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ALUMNI OF THE SCHOOL OF PHYSICS AND TECHNOLOGY - ITS MATTER OF
PROUD

V.D. Khodusov

V.N. Karazin Kharkiv National University
4, Svobody Sq., Kharkov, Ukraine, 61022

E-mail: vkhodusov@ukr.net
Received February 22, 2013

Recently, V.N. Karazin Kharkiv National University celebrated two memorable events. 65 years ago, nuclear
physicists graduated from the University for the first time. 50 years ago, School of Physics and Technology was
established on the base of the Department of nuclear Physics. 2872 young people have graduated from the School since
that time. If the alumni of the Department of Nuclear Physics are taken into account then total number of the nuclear
alumni is 3428. 733 alumni graduated from the School with diplomas with distinction. 78 persons more graduated with
such diplomas from the Department. Among the nuclear alumni there are over one thousand Doctors and Candidates of
Science, 28 Academicians and Corresponding Members of the Academy of Sciences, Hero of Socialist Labor
O.1. Pavlovsky, Hero of Ukraine V.G. Baryakhtar, authors of three inventions which were registered in the Soviet
register of inventions, directors of the largest research institutions and enterprises, heads of physical laboratories all
over the Ukraine and abroad, well-known political figures and managers of science. More than one hundred alumni are
laureates of different prizes: State Prizes of USSR, Ukrainian and other Republics, Prizes of Academies.

What is the secret of such a high efficiency in educating the specialists? The answer is simple: the secret consists
in so-called "fiztech" system of education that was introduced from the very first days of functioning of the Department
of Nuclear Physics. This system is based on the fundamental education in Mathematics and Physics as well as on
including of the students into real research carried out in physical institutions (first of all - national Science Center
"Kharkiv Institute of Physics and Technology") for which the School prepares the specialists. Leading researchers of
these institutes give lectures on special issues, supervise the students' research projects. Students start to carry out the
research on the third-fourth year. Experimental equipment of the institutes is available for the students' research, for the
BSc and MSc thesis preparation, for the industrial practice, etc.

In the paper below, one can find biographical data on the most outstanding alumni of the Department of Nuclear
Physics and School of Physics and Technology, which had become Academicians. We hope, it will be interesting for
those indifferent persons and, especially, for the youth.

AZARENKOV Mykola Oleksiyovych was born on December 15, 1951 in Kharkiv
region in the village of Muravlynka, Novovodolazhsky district. In 1976, he graduated
with honor from the School of Physics and Technology (SPhT), KhSU and was
assigned to work at this University, to which he devoted all of his life. In 1980, he
defended PhD thesis, and in 1991, he defended doctorate thesis. All these years, in
parallel to the scientific activity, he teached. Since 1983, he worked as an assistant,
since 1987 — associate professor, since 1992 — full professorship at the Department of
General and Applied Physics. Since 1996, Professor M.O. Azarenkov headed the
Department of Materials for Reactor Engineering. Since 1996 till 2005 he was a dean
of the SPhT. Now he occupies the position of vice-rector of the University. In 2006, he
was elected a corresponding member, and in 2012 - academician of the NASU. He
actively participated in the establishing of new Computer Science School and School of
Physics and Energy, and in establishing a new structure for the University - Institute of
High Technologies, bringing together the three schools. He was the first director of this Institute.

Scientific work takes a special place in the work of Professor M.O. Azarenkov and has a breadth of scientific
topics and scientific approaches. This is evident from his primary scientific activity: physics of limited plasma-like
media, the physical basis of plasma-technological devices, parametric processes, nonlinear physics, semiconductor
physics, radio physics, plasma electronics, material science, nanomaterials and their application for the development of
new materials for nuclear power engineering, nanotechnology, and nuclear methods in materials. To each of these areas
of scientific activity, together with his students and colleagues, he has made a significant contribution. With his students
I. Denysenko and K. Ostrikov he developed the theory of linear antennas in magnetoactive plasma, which is called in
the literature as the theory of ADO.

In 2008 he was awarded the honorary title of "Distinguished Professor of V.N. Karazin Kharkiv National
University". In collaboration with colleagues, he has published more than 20 teaching materials, textbooks and
monographs and over 500 papers. He has supervised 4 doctoral and 11 PhD theses. He is currently a member of the
Coordinating Committee for the implementation of government agreements between Ukraine and the European Union
on cooperation in the field of nuclear power engineering and in the field of controlled thermonuclear fusion.

© Khodusov V.D., 2013
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Professor M.O. Azarenkov was awarded the distinctions of Ministry of Education and Science of Ukraine
"Excellence in Education of Ukraine" (2000) and "For scientific achievements" (2010). In 2002, he was awarded the
title "Honored Worker of Science and Technology of Ukraine". In 2005, he was awarded a Diploma of the NASU, and
in 2010, honors of NASU "For scientific achievements". In 2010, he was awarded the K.D. Sinelnikov Prize of NASU
(together with Prof. V.M. Voevodin and Prof. 1.O. Girka).

AZHAZHA Volodymyr Mykhailovych (19.11.1931 — 23.12.2009) was born in the
village of Velyki Sorochynci of Poltava region. In 1956, he graduated from the
Department of Nuclear Physics (DNPh), School of Physics and Mathematics, Kharkov
State University (KhSU). In January 1957 following the job assignment was sent at
Institute of Physics and Technology, Academy of Science of Ukrainian SSR (at present
- National Science Center "Kharkov Institute of Physics and Technology" -NSC
KhIPhT), in which he was working all of his life, passing the scientific career from
research assistant up to academician. He was a director of the Institute of Solid State
Physics, Materials Science and Technology of NSC KhIPhT since 2004 till 2010. In
1964 he defended PhD thesis, and in 1986 — doctorate thesis.

V.M. Azhazha was well known scientist in solid state physics, material science
and atomic energy. He was one of the founders of new scientific and technical area —
vacuum and ultrahigh-vacuum metallurgy of ultra-pure metals and alloys with special
physical features. He made a significant contribution to the development of physical
bases, new methods and technology of producing the constructional alloys for atomic power engineering. He published
more than 500 scientific papers, among them 5 monographs, 31 reviews, 36 inventions. He was scientific adviser of 5
doctorate and 15 PhD theses. He was a member of several specialized and coordinating councils, particularly, section
“Rare Metals” of International association of Academies of Science, scientific council on chemistry and technology of
ultra-pure matter of Russian Academy of Science, member of the bureau of the nuclear physics and power engineering
of National Academy of Science of Ukraine (NASU). He was the editor of scientific journal series “Problems of Atomic
Science and Technology”.

In 1982, V.M. Azhazha was awarded the State Prize of Ukraine in science and technology. In 1990, he was
awarded the title of Professor. In 2003, he was elected a corresponding member of NASU, and in 2006 — academician
of the NASU. In 2008, he was awarded the title "Honored Worker of Science and Technology of Ukraine". He was
awarded the "Badge of Honor", medals "For Valiant Labor", "For long and dedicated work," "In honor of the 100th
anniversary of Lenin's birthday", diploma of Council of Ministers of Ukraine and other marks of distinction. In 2009, he
was awarded the title "Honorary Doctor" of V.N. Karazin Kharkiv National University (KhNU).

BAKALI Olexander Stepanovych was born on September 16, 1938 in Kharkiv city. He
graduated from the DNPh, KhSU in 1961. In 1966, he defended PhD thesis, and in
1972, he defended his doctoral thesis. Since 1961, he has worked in NSC KhIPhT. He
started as a research assistant passing to the head of the theoretical division (since
1981). In 1977-1999, he was a Professor of KhSU, and in 1994-1998 — professor of
Belgorod Pedagogical University. His research areas are as follows: theoretical and
mathematical physics.

He developed the theory of nonlinear multiwave phenomena in continuous media
- plasma, ionospheric plasma, solid state; he developed the theory of moderate
turbulence in plasma; he formulated the poly-cluster model of amorphous solids and
studied the physical properties of poly-clusters; he built the structural phase diagrams
of binary alloys under reactor irradiation; he heads the programs on the development
and testing in experiments with irradiating the materials for the reactors of the fourth
generation.

Professor O.S. Bakai is a member of the Shevchenko Scientific Society (2007), academician of NASU (2009),
Soros Professor (1996), winner of K.D. Sinelnikov Scholarship (2003). Scientific work by professor Bakai on the
theory of poly-cluster amorphous bodies was awarded the State Prize of Ukraine (1992), and the work on nuclear power
was awarded the O.I. Leypunsky Prize of NASU (2008).

He was awarded the medals "For Valiant Labor", "In honor of the 100th anniversary of Lenin's birthday" (1970),
"For Labor Valor" (1981), "Veteran of Labor" (1987). He was awarded the Gratitude of the Council of Ministers of
Ukraine (2003), the honor of NASU "For scientific achievements" (2008). Among his students — 13 PhDs and 5
Doctors of Science. He has a portfolio of about 300 scientific papers and 5 monographs.
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BAR’YAKHTAR Viktor Grygorovych was born on August 9, 1930. He graduated
from the DNPh, KhSU in 1953. In 1959, he was awarded the title of PhD, and in 1965
— the title of Doctor of Physics and Mathematics. In 1972, he was elected a
corresponding member of the Academy of Sciences of the Ukrainian Soviet Socialist
Republic, in 1978, he was elected an academician.

In 1954-1973, he was a researcher, a head of the laboratory of theoretical division
at KhIPhT, AS of Ukrainian SSR, led by academician O.I. Akhiezer; in 1973-82, he
was a head of the department, deputy director for science at Donetsk Institute of
Physics and Technology of the AS of Ukrainian SSR; and in 1985-89, he was a head of
the department of theoretical physics and director of the Institute of Metal Physics, AS
of Ukrainian SSR. In 1982-89, he was an academician-secretary of the department of
physics and astronomy of the AS of Ukrainian SSR; in 1989-94, he was a vice-
president of NASU; in 1994-98, he was a senior vice-president of NASU. Since 1995,
he is a director of the Institute of Magnetism of the NASU and Ministry of Education and Science of Ukraine.

Professor V.G. Bar'yakhtar was actively involved in efforts to eliminate the consequences of the Chornobyl
disaster. He was a chairman of the Committee on nuclear policy under the President of Ukraine, chairman of the
commission on Chornobyl of the NASU.

Academician V.G. Bar'yakhtar is the author of over 500 scientific papers, including 16 monographs on physics
and 5 monographs on eliminating the consequences of the Chornobyl disaster, co-author (with O.I. Akhiezer and
S.V. Peletminsky) of discovery of "Magnetoacoustic resonance in ferro-, ferri- and antiferromagnetics" (1956).

Professor V.G. Bar'yakhtar gave lectures at KhSU, University of Donetsk, Taras Shevchenko Kiev National
University and National Technical University of Ukraine "KPI". Among the students of professor Bar'yakhtar there are
25 doctors and more than 50 PhDs, six winners of the State Prize of Ukraine, the two heads of research institutes
(V.N. Varyukhin and V.F.Klepikov), academician V.P.Seminozhenko, corresponding members of NASU
V.F. Klepikov, B.A. Ivanov, and a member of the Academy of Pedagogical Sciences Yu.l. Gorobets.

Academician V. G. Bar'yakhtar is a founder and the first President of the Ukrainian Physical Society, a member of
the American and the Italian Physical Societies, member of the Russian Academy of Arts, a member of the New York
Academy of Sciences. The evidence of great public importance of the activity of academician V.G. Bar'yakhtar is
rewarding him with three awards and honorary of President of Ukraine, as well as the medal of Pope John Paul II. In
2010, he was awarded the title "Hero of Ukraine".

DOVBNYA Anatoliy Mykolayovych was born on 12" of May in 1940 in Krasnograd,
Kharkiv region. In 1962, he graduated from M. Gorky KhSU (DNPh). All his further
work and scientific activities was closely associated with KhIPhT (now NSC KhIPhT).
There he started to work as an intern-researcher, and nowadays he is a Director of the
Science and Research Unit “Accelerator” and a Director of the Institute of High-Energy
Physics and Nuclear Physics. He defended the PhD thesis in 1972, and in 1993, he was
given a degree of Doctor of Science, then he became a Professor. Since 1979, he was a
Head of the Laboratory. Further, since 1990 he was a Head of the Department of the
Accelerator LEA 2 GeV, where all the works on improvement of the KIPT’s linear
electron accelerators were carried under his direct leadership. Since 1992, a new stage
in his scientific and organizational activities has been started. It is the stage of
development and constructing of the relatively small accelerator complexes and their
applications for the solution of various fundamental and applied problems. A large
number of researches for the medical isotopes production were carried out under
A. Dovbnya’s initiative. Ongoing developments will provide Kharkiv region with medical radionuclides, which are
necessary both for diagnostics and for treatment of various diseases. A large complex of studies on the high-energy
physics, the nuclear physics, the development of the charged particle detectors, the development of the computer
technologies, the constructing of the complex of accelerators and storage rings were carried out under A. Dovbnya’s
leadership in the IHEPNP. A. Dovbnya is a famous scientist in the field of the accelerator physics, the nuclear and
radiation physics. He is the author of more than 300 publications. He is a member of the Ukrainian and American
Physical Society. He is the editor of the journal "Problems of Atomic Science and Technology". He is a Corresponding
Member of NASU since 2006.

The fruitful work of A. Dovbnya was awarded by the government according to his deserts. He was awarded the
Order “For Services” of III class by President of Ukraine. Also he was awarded the A.I. Leypunskiy Prize by NASU.
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FOMIN Petro Ivanovych (20.06.1930 — 05.10.2011) was born in Zhikharevo village,
Orel region. In 1952, he graduated from the DNPh, M. Gorky KhSU. After
postgraduate study, Petr Fomin started to work as a Researcher at the O.I. Akhiezer
Theoretical Department of the KhIPhT of AS of Ukrainian SSR (now NSC KhIPhT).

His science and creative activity inseparably connected with the Institute and the
University for 21 years. There he grew up as a scientist. He defended the PhD thesis in
1957, and in 1972 he was given a degree of Doctor of Science. P. Fomin carried out the
advanced researches on the theory of the radiative corrections to the electron
bremsstrahlung in the external electromagnetic field. He determined the structure of the
mass renormalization electron in quantum electrodynamics based on the adding the
perturbation theory major terms in the renormalization group approach.

Without leaving off the quantum field theory research, P.Fomin began to
investigate the fundamental problems of astrophysics and cosmology. The main task of
it was the problem of the Universe origin. He proposed the theory of the Universe
spontaneous creation from the vacuum due to its gravitational instability. In 1972,
P. Fomin moved to Kiev, where he headed the Department of Astrophysics and Elementary Particles at the Institute of
Theoretical Physics of the AS of Ukrainian SSR. P. Fomin developed the quantum-field theory of the quasars activity
and the radio galaxies. The model of the spontaneous formation of the vacuum crystal-like structure at the Planck scales
was proposed by him.

P.I. Fomin was an excellent educator as well as talented scientist. He lectured firstly at the KhSU and then at the
Kiev University for many years. Since 1979, he was a Professor at the Kiev National University. He trained more than
20 PhDs, including 5 Doctors of Science. He was the author of more than 170 publications. He was a Corresponding
Member of the NASU since 1990. He was the State Prize winner in Science and Technology of Ukraine, the
Barabashov Prize of NASU. he was also a "Honored Worker of Science and Technology of Ukraine".

GNATCHENKO Sergiy Leonidovych was born on March 20, 1947 in Kupyansk city
of Kharkiv region. In 1971, he graduated from the SPhT, KhSU. From the first years of
his activity at Institute of Low Temperature Physics and Engineering which he joined
after graduating from the University, the main focus of his scientific work was formed,
i.e. the study by means of magneto-optical methods the low-temperature magnetic
phase transitions and properties of domain structures, which are formed during these
transitions in magnetic dielectrics. Further development of experimental studies of low-
temperature magnetic phase transitions in antiferromagnetics and ferrimagnetics
culminated in the formation of a new area - the study of the static and dynamic
properties of magnetoinhomogeneous states formed during phase transitions in
multisublattice magnetics. The second important area of his scientific activity is the
study of photoinduced phenomena observed at low temperatures in magnetic materials
and superconductors. The obtained results in this area are not only foreground and
principal for low-temperature solid-state physics, but also are of great practical
importance. S.L. Gnatchenko has written more than 100 scientific papers published in
leading specialized journals. In 1987, S.L. Gnatchenko with his co-authors was awarded the joint prize of the AS of
USSR and the Polish Academy of Science for the study of magneto-optical inhomogeneous states in magnetics. The
series of his works on "New optical and magneto-optical phenomena in antiferromagnetics" was awarded the State Prize
of Ukraine in the field of science and technology in 2004.

Professor S.L. Gnatchenko successfully combines his scientific study with a science management and training of
young highly qualified researchers. For many years he headed the department of low-temperature magnetism, was the
deputy director for research of B.I. Verkin Institute for Low Temperature Physics and Engineering (ILTPE) of the
NASU, and now he heads this institute. Under the leadership of professor S.L. Gnatchenko 5 PhD students defended
their theses in physics and mathematics.

He is the deputy chairman of the Scientific Council of NASU on the problem of "low-temperature physics and
cryogenic technology," chairman of the specialized council for doctoral theses at ILTPE of the NAS of Ukraine, a
member of the editorial board of "Low Temperature Physics" journal.
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IVANOV Borys Oleksiyovych was born in 1948. In 1972, he graduated from SPhT,
KhSU. After finishing the PhD course in 1974, he started to work at Institute for Low
Temperature Physics and Engineering in Kharkiv as a Junior Researcher (1974-1978)
and then as a Senior Researcher (1978-1983). After that, he was working in Institute for
Physics of Metals NAS of Ukraine in Kyiv as a head of laboratory (1983-1992) and as a
Leading Researcher (1992-1995). Since 1995, he has been working in Institute of
Magnetism NASU and Ministry of Education in Kyiv as a Principal Researcher. He
defended the PhD thesis “About the theory of magnetic domains” in 1974 under
supervision of Academician V.G. Baryakhtar). He defended the doctoral thesis
“Dynamical and topological solitons in magnetic” in 1983. In 2009, he was elected as a
Corresponding Member of NASU. Under B.O. Ivanov’s supervision 14 PhD students
had prepared and defended their thesis successfully, three of them were given the
Doctor of Science degree after that.

He is giving lectures on “Theoretical Mechanics”, “Solid State Physics”, “Selected
Questions of Theoretical Physics”, “Physics of Magnetism” in Taras Shevchenko National University of Kyiv.

The area of his scientific interests covers the solitons in solid state, the non-onedimensional solitons, the theory of
magnetic domain structures, the magnetic relaxation, the macroscopic quantum phenomena, the magnetic nanoparticles.

He published 4 monographs, 8 reviews and more than 200 papers in referred scientific journals. Prof. Ivanov was
awarded the O.S. Davydov Prize of NASU in 2005 for a series of works “Vortex dynamics of magnets” (shared with
0.S.Kovalev and D.D. Sheka).

KARNAUKHOYV Ivan Mikhailovych was born on January 19, 1937 in the village of
Syrcevo of Ivnyansk district of Belgorod region. After graduating from the DNPh,
KhSU in 1959 he was hired by KhIPhT of AS of Ukrainian SSR. Formation and
development of scientific talent of .M. Karnaukhov was held in the Institute (now NSC
KhIPhT), where he started as a research assistant and rose up to the deputy director
general for research (1997). Here, he defended his Ph.D. (1967) and doctorate (1982)
thesis. In 1991, he was awarded the title of professor. In 2009, he was elected a
corresponding member, and in 2012 - academician of the NASU. His academic research
focuses on the physics of nuclei and elementary particles, radiation physics, physics of
synchrotron radiation. Studies of polarized phenomena in double polarization
experiments using the developed by him a complex of experimental setups with
polarized proton and deuteron targets brought him worldwide fame. Designed and
created by him experimental setups work in ErFI (Armenia), Institute of Nuclear
Physics (Russia), JINR (Dubna, Russia) and in the Institute of Solid State Physics
(Julich, Germany). Of particular interest is the work carried out by him to create electron storage ring in order to obtain
high-power monochromatic collimated beams. The main equipment of the storage is installed and the study of how to
run the installation is initiated. Professor .M. Karnaukhov took the initiative to develop a safe clean nuclear energy in
Ukraine, which is based on sub-critical assemblies that are driven by a powerful beam. He heads the finalization of the
development of the conceptual project "Neutron source, based on the subcritical assembly controlled by linear electron
accelerator” and initial stage on this project under the financial support from the Argonne National Laboratory (USA).
With rich experience of working with powerful radiation fields, professor [.M.Karnaukhov actively participated in the
formation and implementation of the proposed by NSC KIPT program to make the fourth unit of Chornobyl NPP an
environmentally safe area. [.M.Karnaukhov is an author of 231 scientific papers and two monographs; he was a
supervisor of eleven PhD and one doctorate theses. For many years he taught at the V.N. Karazin KhNU. Professor
.M. Karnaukhov is a member of International Advisory Committee "Synchrotron Radiation Instrumentation", and a
member of the editorial board of the journal "Problems of Atomic Science and Technology." Scientific achievements
and labor services of I.M.Karnaukhov was awarded the State Prize of Ukraine in science and technology (2002). he was
awarded the marks "Veteran of Nuclear Energy and Industry of the Russian Federation" and "For the preparation of
scientific generation" of NASU. He was awarded the Diploma of the Ministry of Education and Science of Ukraine for
the significant contribution to the development of national science and fruitful scientific activity.
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KHARCHENKO Mykola Fedorovych was born on October 21, 1939 in a family of
teachers in rural farm village HTZ of Chutovski district of Poltava region. In 1960, he
graduated from the DNPh, KhSU. In 1961, M.F.Kharchenko started to work at the
ILTPE of the AS of Ukrainian SSR. Since then for more than 50 years, scientific
activity of M.F Kharchenko is inseparably linked to this institute. There he was
promoted from engineer to the head of the department. In 1969, M.F.Kharchenko
defended his PhD, and in 1984 - his doctoral thesis. In 1995, he was elected a
corresponding member of NASU, on the specialty "experimental physics," and in 2009
- a member of NASU.

M.F. Kharchenko is a renowned expert on magnetism and optics of magnetically
ordered systems, whose works cover a wide range of physical problems. He obtained
important results in scientific and technical aspects in various fields of physics of
magnetism of solids that forever enter in the treasury of world science. Among the
main results of M.F.Kharchenko there are the pioneering research of new magneto-
optical effects, which are called "linear magneto-optical effect" and "quadratic magnetic rotation of the plane of
polarization of light." M.F.Kharchenko was the first to realize the optical imaging of collinear antiferromagnetic
domains, developed methods for switching collinear antiferromagnetic domains in the crystals with different magnetic
symmetry and demonstrated the possibility of preparing the antiferromagnetic domain structure with a predetermined
configuration.

He is a co-author of the monograph "Magnetic optics and spectroscopy of antiferromagnets," published by the
publishing house "Naukova Dumka" and later reprinted by «Shpringer-Verlagy». He is an author of over 150 scientific
papers and reviews.

M.F.Kharchenko is a chairman of the Scientific Council of the ILTPE on the problem of "Low temperature
magnetism and optics of ferroics", a member of the editorial boards of the journals "Low Temperature Physics" and
«Ukrainian Journal of Physical Opticsy.

M.F. Kharchenko pays a great attention to teaching and training of scientific personnel. About 30 years, he is
actively cooperating with the V.N. Karazin KhNU, where he teaches courses at the department of General Physics and
acts as a head of the branch of the department at ILTPE. Six PhDs were prepared and defended under his supervision.
Among the students of M.F. Kharchenko there are one academician of NASU and two doctors of sciences.

M.F. Kharchenko was awarded the K.D. Sinelnikov prize of AS of Ukrainian SSR (1985), prize of the AS of
USSR and the Polish Academy of Sciences (1987) and the State Prize of Ukraine in science and technology (2004).

KLEPIKOV Vyacheslav Fedorovych was born in Kharkiv in 1949. In 1971, he
graduated from the Department of Theoretical Nuclear Physics, SPhT, Maxim Gorky
KhSU. During 1971-1990, he was working at KhIPhT NASU. During 1990-1992, he
was organizing a new institution in NASU — Center of Electrophysical Machining
(nowadays it is the Institute of Electrophysics and Radiation Technologies of NASU).
He is a Director of the institute now.

The following main scientific results are obtained by V.F.Klepikov. The
conditions of the giant amplification of the nuclear magnetic resonance in the thin
magnetic films are predicted; the physical principles of the data storage devices with
the record parameters, which can work under a radiation, are developed; the radiation
methods of recovering the nuclear material properties are developed; the effects of the
radiation stimulated superplasticity are predicted; the methods of the quantum
electrodynamics are generalized for the cases of the non-local fields of matter, and they
are applied for solving the problems of the electromagnetic interactions in nuclei; the methods of the modification and
phase transformation using beams of the charged particle are proposed, and the new nuclear and radiation technologies,
which are now widely implemented in practice, are developed; the new radiation technologies of diagnostics, safety
control and lifetime prolongation for the nuclear reactors and other equipment of the NPPs are developed; the radiation
technologies for medicine, agriculture and security are developed; the mechanism of the spontaneous breakdown of the
discrete analog of the supersymmetry for the field theories with the highest derivatives is proposed; the particle spectra
in the critical areas in the scope of the nonlinear field theories are studied..

His students prepared and defended 4 theses for Doctor of Science degree and 5 PhD thesis. For many years he is
giving lectures at SPhT of V.N. Karazin KhNU. In 2003, he was elected as a Corresponding Member of NASU.

Since organizing the Division of the Nuclear physics and energy in NASU, V.F.Klepikov is a Deputy
Academician-Secretary of the Division, and he has brought a lot in its formation and in organization of its activities. He
is a Head of Expert Council on State Nuclear Program of Ukraine.

V.F. Klepikov is a Honoured Science and Technology Worker of Ukraine, and he was awarded the S. Pekar prize
of NASU and M. Ostrovsky Prize.
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MIROSHNYCHENKO Valentyn Ivanovych was born in Ivanovka village,
Volchansk district, Kharkiv region on 21" of May in 1935. In 1958, he graduated from
Maxim Gorky KhSU (DNPh). After graduation V. Miroshnychenko started to work at
KhIPhT of AS of Ukrainian SSR (now NSC KhIPhT) as a Junior Researcher. In 1967,
he defended his PhD thesis, and in 1989, he was given a degree of Doctor of Science.
He has been a Senior Researcher since 1975.

Since 1995, he has been a head of the Electrostatic Accelerators Department at the
Institute of Applied Physics, NASU, in Sumy. Since 2006, he has been a Deputy
Director on Scientific Activities. He was elected a Corresponding Member of NASU in
2006. He is a "Honored Worker of Science and Technology of Ukraine" since 2009.

He is the author of the pioneer papers about the application of the relativistic
electron beams for generating the short-wave electromagnetic radiation on the basis of
the stimulated coherent scattering of electromagnetic waves by the relativistic electrons.
He developed the free electron laser non-linear theory in the so-called Raman regime
simultaneously with American scientists for the first time. He is one of the developers
of the plasma free electron laser nonlinear theory. In this theory Langmuir wave excited in a plasma is the undulator.
Another pioneer paper of V.I. Miroshnychenko is devoted to the studies of the plasma instability due to the ion-
cyclotron heating. This study initiated a wide range of both theoretical and experimental works carried out at NSC
KhIPhT for solving the problem of the controlled thermonuclear fusion. His scientific advances of the last decade are
related to the development and construction of the analytical accelerating complex in IAP NASU for the study of the
elemental composition and structure of the matter by the nuclear-physical methods. These investigations were finished
by launching the scanning nuclear microprobe for the local non-destructive analysis of the matter structure and
elemental composition. This microscope is the first in the CIS.

V.I. Miroshnychenko takes an active part in the young human resource development. He gives courses of lectures
on the “Physical basis of the charged particle acceleration” and "Fundamentals of Plasma Physics" in Experimental and
Theoretical Physics Department of the Sumy University, working part-time as a professor.

ORAEVSKY Viktor Mykolayovych (09.03-1935 — 23.11.2006) was born on March
9, 1935 in Poltava city. He graduated from the DNPh, KhSU in 1957. During 1958 —
1965, he was a senior laboratory assistant, associate researcher at the Institute of
Nuclear Physics of the USSR Academy of Sciences. During 1965-1970, he was a
senior scientist at the Institute of Physics of the AS of the Ukrainian SSR. From 1970
till 1974, he was a head of the department of the Institute of Nuclear Research, AS of
the Ukrainian SSR. In 1974-1979, he was a head of the section of the SPA "Energy".
From 1979 till 1989, he was a head of laboratory, head of the department of the
Institute of terrestrial magnetism, ionosphere and radio wave propagation, AS of the
USSR. In 1989-2003, he was a director of this institute. He was a head of international
satellite projects. He was a doctor of physics and mathematics, professor, academician
of the Academy of Natural Sciences (1996), a member of the International
Informatization Academy, International Academy of Astronautics, the New York
Academy of Sciences. He was awarded the title "Honored Worker of Science of
Russia" (1996). He was a winner of the State Prize of the Ukrainian SSR, State Prize of the USSR (1987), the State
Prize of Russia (1997). he was a foreign Member of the NASU in "space physics" (2003). He was a specialist in the
theory and calculations of plasma processes.

PAVLOVSKY Olexander Ivanovych (27.06.1927-12.02.1993) was born in

Zaporizhzhya city. In 1951, he graduated from the DNPh, KhSU. In the same year he

was sent to work tt Arzamas-16. There under the supervision of A.D. Sakharov and Yu.

{ } B. Khariton he worked to develop the thermonuclear weapons. He was responsible for
' wiba 4 the creation of high-intensity neutron sources, neutron physics, and nuclear fission. At
.. first O.1. Pavlovsky worked as a senior laboratory assistant, after a while headed the
laboratory, and from 1960 he led a major research department of All-Russian Research
Institute of Experimental Physics (VNIIEF). In 1953, O.I.Pavlovsky awarded the Stalin
Prize. In 1971, he led the division of fundamental and applied research, and then
became deputy and first deputy of supervisor of VNIIEF while leading the department.
He was doing research in the field of neutron physics, pulse technology, physics and
technology of accelerators, high energy density physics, and quantum electronics. He
was one of the founders of a new direction in high energy density physics - magnetic

—
—
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cumulation. Under his leadership, cumulative phenomenon was studied and powerful pulsed sources of energy based on
magnetocumulative generator, a device for generating ultra-high pulsed magnetic fields, was created. In 1963,
Olexander Pavlovsky defended doctor thesis. In the same year he was awarded the Lenin Prize. In 1979, O.Pavlovsky
was elected a corresponding member of the USSR AS (the department of nuclear physics). By the Decree of the
Presidium of the Supreme Soviet of the USSR from 29.07.1966 O.l.Pavlovsky was awarded the title of Hero of
Socialist Labor with awarding the Order of Lenin and the Gold medal "Hammer and Sickle" for his work in nuclear
physics used in the interests of nuclear and thermonuclear weapons. In 1983, he became a laureate of the State Prize of
the USSR. In 1988, he was awarded the title "Honored Scientist of the RSFSR." In 1991, O.1.Pavlovsky was elected an
Academician of the Russian AS. In 1999, he was awarded the State Prize of Russia (posthumously) for outstanding
results on generators of microwave radiation.

PELETMINSKY Sergiy Volodymyrovych was born on February 14, 1931 in urban
village Tetkino of Kursk region. In 1953, he graduated from the DNPh, KhSU and was
enrolled in graduate school to O.1. Akhiezer. In 1957, he started to work in KhIPhT
(now NSC KhIPhT of the NASU). Here he went from a research assistant to the head
of the laboratory of statistical physics. From 1989 till 1996, he was a head of theoretical
physics department. In 1959, S.V. Peletminsky defended his PhD thesis, and in 1966 -
his doctoral dissertation. In 1969, he was awarded the title of Professor. In 1978,
Professor S.V. Peletminsky was elected a corresponding member, and in 1990, he was
elected an academician of the AS of the Ukrainian SSR.

Research interests of S.V. Peletminsky are associated with the different areas of
theoretical physics and are devoted to solving the fundamental problems of quantum
field theory, statistical mechanics, the physics of quantum liquids and crystals, theory
of magnetic phenomena in crystals. He owns a number of fundamental results,
recognized by the international scientific community. Together with O.I. Akhiezer and
V.G. Bar'yakhtar he predicted a new physical phenomenon, i.e. the "phenomenon of interaction of hypersonic and
magnetic (spin) waves in ferro-, ferri-and antiferromagnetics (magnetoacoustic resonance)" registered as a discovery
under the number No. 46 in 1956 year. Studies by S.V. Peletminsky, 1.O. Akhiezer and V.G. Bar'yakhtar on the theory
of high-frequency relaxation processes in magnetic materials have been awarded the K.D. Sinelnikov prize of AS of
Ukrainian SSR in 1978. In his studies on statistical mechanics S.V. Peletminsky refers to the proposed by
M.M. Bogolyubov method of reduced description of nonequilibrium processes. In a series of works by professor
S.V. Peletminsky and his students, this method has been successfully used both for kinetic equations describing
irreversible processes, and to find the asymptotic properties of the Green's functions of different physical systems. For
the study of systems with spontaneously broken symmetry in 1986 year S.V.Peletminsky was awarded the
N.M. Krylov prize of the AS of Ukraine. In the 80s years, professor S.V. Peletminsky and his students developed semi-
phenomenological Fermi-liquid approach as applied to the description of superfluid systems. The proposed theory was
the generalization for the superfluid system as a Landau-Silin normal Fermi liquid and for the BCS-Bogolyubov
equations. In 1996, S.V. Peletminsky with a group of scientists was awarded the State Prize of Ukraine in science and
technology for the set of works "Kinetic processes in quantum liquids and crystals". In 2002, he was awarded the
M.M. Bogolyubov Prize of the NASU for the set of works "Field theory and the theory of disordered systems".
S.V. Peletminsky has authored and co-authored over 250 scientific publications and 5 monographs published in Ukraine
and abroad. S.V. Peletminsky pays a lot of attention to the training of researchers. He created the world famous school
on statistical physics. Among his students there are twenty PhDs of physics and mathematics, twelve of which are
doctors. Over 45 years, he gave lectures on quantum electrodynamics to the students of SPhT, KhSU. In 2001,
S.V. Peletminsky was awarded the medal "Excellence in Education of Ukraine" for outstanding scientific achievements,
selfless teaching career, and a great contribution to the development of the University. In 2004, he was awarded the title
"Honorary Doctor of Kharkiv University."

SEMINOZHENKO Volodymyr Petrovych was born on June 9, 1950 in Kiev. In
1972, he graduated from the SPhT, KhSU. In 1974, he defended his PhD thesis, and in
1984 - his doctoral thesis. He is a Professor, corresponding member of the AS of
Ukrainian SSR (1988), academician of the NASU (1992).

Until 1985, he worked as a senior research fellow at ILTPhE. In 1985, he was
appointed a general director of SPA "Monokristallreaktiv." Since 1991, he has headed
the STC "Institute for Single Crystals" NASU. Since 1992, he is a member of the
Presidium of the NASU, chairman of the North-East Scientific Center of NASU and
Ministry of Education and Science of Ukraine. Professor V.P. Seminozhenko is an
author of more than 500 scientific papers, 80 patents and inventions. He is the editor in
chief of the journals "Problems of Science" and "Functional Materials", the anthology
of comparative studies "Ecumene", member of editorial board of several scientific
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journals, including the scientific journal of the National Security and Defense of Ukraine "Strategic View", etc. He was
thrice elected to the Parliament of Ukraine. In 1996-1998, he was a Minister of Science and Technology. In 1999 and
2001-2002 he was a Deputy Prime Minister of Ukraine. In 2003-2005 he was an Advisor to the President of Ukraine. In
2006-2007 he was an Advisor to the Prime Minister. In 2010, he was appointed a head of the State Agency for Science,
Innovation and Informatization of Ukraine. V.P. Seminozhenko is twice winner of the State Prize of Ukraine in science
and technology (1992, 2000), and the International Prize in nuclear physics (1999). He was awarded the Order "For
Merit" I, IT and IIT degrees, "Holy Prince Vladimir" IV degree, diplomas of the Council of Ministers and the Parliament
of Ukraine, etc. he is a Honor Full Member (Academician) of the Academy of Arts of Ukraine. he is a Honorary doctor
and president of the alumni association, faculty and friends of V.N. Karazin Kharkiv National University. He is a
honorary Citizen of the city of Kharkiv (2010).

SHUL’GA Mykola Fedorovych was born on September 15, 1947 in Kharkiv. After
graduating in 1965 with silver medal from high school, he enrolled to study at the
SPhT, KhSU. After the graduating from KhSU in 1971, M.F. Shul’ga was drafted into
the Soviet Army and served as an officer for two years in the city of Volgograd. From
1973 until the present time, he works at KhIPhT (now NSC KhIPhT). Within its walls,
he defended his PhD in 1977 and doctoral thesis in 1985. In 2009, he was elected an
academician of the NASU. Academician M.F. Shul’ga is one of the founders of the
Institute for Theoretical Physics of NSC KhIPhT and is the first its director (1996).

Academician M.F. Shul’ga is a leading expert in quantum electrodynamics and
high energy physics. The fundamental results obtained by him in these areas are well
known and recognized throughout the world. Together with S.P. Fomin he predicted
the suppression of bremsstrahlung in a thin layer of the material (this effect is called in
the literature as the effect of Tarnovsky-Shul’ga-Fomin), and developed the
quantitative theory of this phenomenon. Together with A.A. Grinenko, he predicted the stochastic slewing of the high-
energy particle beams by bent crystals, thus opening up new opportunities for a relatively simple solution of the
problem how to output beams of different charged particles from accelerators. On the initiative and with direct
participation of M.F. Shul’ga a number of critical experiments were carried out to test the predicted pehnomena on the
accelerators at CERN (Switzerland), SLAC (USA), MAMI and S-DALINAS (Germany), as well as at KhIPhT. In the
late 90's, M.F. Shul’ga with O.1. Akhiezer have initiated the work in theoretical physics at KhIPhT on physics of fast
neutron reactor, which operates in a wave of slow nuclear burning.

M.F. Shul’ga pays much attention to the education of decent scientists. For many years, M.F. Shul’ga gives
lectures at V.N. Karazin KhNU on quantum electrodynamics at high energy in the matter. He is the head of a branch of
the department of Theoretical Nuclear Physics of SPhT of V.N. Karazin KhNU at NSC KhIPhT. Among his students
there are four doctors and eight PhDs in Physics and Mathematics.

M.F. Shul’ga is an author and co-author of over 250 scientific papers (including 8 monographs and monographic
reviews). In 2000, the scientific work of M.F. Shul’ga was awarded the O.S. Davydov prize of NASU. In 2002, he was
awarded the State Prize of Ukraine in science and technology. M.F. Shul’ga is a member of the Scientific Council of the
NASU on the subject "Nuclear Physics and Nuclear Energy" and of the Scientific Council of the CIS countries on the
application of nuclear physics methods in the interdisciplinary areas.

He is a member of the editorial boards of the "Ukrainian Physics Journal", "Problems of Atomic Science and
Technology", "Journal of Kharkiv University," and enters a number of scientific councils of NSC KhIPhT and
V.N. Karazin KhNU. In 2004, M.F. Shul’ga was elected a vice-president of the Ukrainian Physical Society.

SLYUSARENKO Yuriy Viktorovych was born on 24th of January in 1957 in Lesnoy
village, Kirov region of Russia. In 1980, he graduated from the SPhT, Maxim Gorky
KhSU. Since finishing the PhD course and till 1991, he was working at the laboratory
of ion processes of KhSU. There he obtained the important theoretical results on the
description of the interaction of the charged particles with the solid state surface. These
results have been used for the statement and interpretation of the new experiments. In
1984, he defended the PhD thesis. Since March 1991 till present, he is working in
O.1. Akhiezer Institute for Theoretical Physics, NSC KhIPhT. Now, he is a head of the
Department of Statistical Physics and Quantum Field Theory. Due to his efforts, the
method of the reduced description of the nonequilibrium states of the systems with a
large correlation radius was developed. It gives a possibility to describe the kinetics and
hydrodynamics of the long range fluctuations. In 1996 he defended the thesis for
Doctor of Science degree.

Then his scientific interests were directed to studying and describing the Bose-Einstein condensation phenomenon.
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In 1998 in co-authorship with Academicians O.l. Akhiezer and S.V. Peletminsky he carried out the pioneer
investigation on the Bose-Einstein condensation of the particles with the integer spin in the external magnetic field.
Recently he has developed the original scheme of the approximate method of the secondary quantization of the systems
in the case of the bound states. This scheme can be used for the small kinetic energies of the particles.

He is managing the scientific projects of State Programs of NASU, and he is participating in the set of
international projects. He published 120 papers in scientific journals. During many years he is giving lectures on
"Kinetic Theory", "Quantum Statistics", "Probability Theory" and "Higher Mathematics", "Solid State Physics" at
V.N. Karazin KhNU and Belgorod State University (Russia). In 2009, he was elected as a Corresponding Member of
NASU.

SOLOSHENKO Igor Oleksandrovych (01.01.1942 — 29.04.2007) was born in
Lugovka village of Sumy region in Ukraine. In 1963, he graduated from the SPhT,
Maxim Gorky KhSU and started to work at the Institute of Physics AS of Ukrainian
SSR in Kyiv. His entire science and job career was related with the institute, where he
worked at positions from an engineer to a head of laboratory and a director. In 2000, he
was elected as a Corresponding Member of NASU.

He worked in different areas of plasma physics, radiation physics and physics of
intense ion beams, i.e. ion sources, interaction of ion beams with solid state surface, gas
discharge in low-density gases and atmosphere. His most significant results were
related with problems of the space charge compensation of the positive and negative
ion beams; the oscillation excitation in the compensated ion beams; the long range
transport of the ion beams. Due to the obtained results, the prediction of the intense ion
beams behavior in various systems became possible, i.e. in the neutral beam injectors
for the controlled nuclear fusion, in accelerators and other technological systems. Most
of these works were carried out in 1970s and 1980s. These works founded the principles of the new branch of plasma
physics, i.e. physics of ion-beam plasmas. It still excels the analogous works, which are carried out in other
organizations worldwide.

The research of the plasma sources of the negative ions is widely known among specialists in Ukraine and abroad.
In these works by 1.O. Soloshenko the main mechanisms of the negative ion formation and breakdown are determined;
the emission characteristics of the sources are calculated; the steady state source of the negative ions of hydrogen with
the record parameters is constructed. His studies on the interaction of the ion fluxes with the metal surface were
recognised. One of the most important work among applied works of the 1.0O. Soloshenko is the new technology of the
cold sterilization of medical instruments based on the gas discharge plasma. This technology should replace the
environmentally dangerous technology which is based on the use of the toxic gases. The innovation excels by its
performance, universality and simplicity of usage. Now it has been successfully implemented to production in Ukraine
and USA.

STEPANOV Kostyantyn Mykolayovych (24.03.1930 — 19.04.2012) was born in
Leningrad. In 1952, he graduated from the DNPh, Maxim Gorky KhSU. After
graduation, he started to work at KhIPhT (now NSC KhIPhT), where he carried out his
researches at positions of Researcher, Senior Researcher (since 1959 roaa) and a head
of a laboratory (since 1967). Since 1976, K.M. Stepanov headed newly arranged
Department of Radiofrequency Heating and Plasma Theory at the Plasma Physics
branch of KhIPhT (since 1993 Department of Plasma Theory at the Institute for Plasma
Physics of NSC KhIPhT). In 1958, he defended PhD thesis, and in 1965 he defended
the thesis for Doctor of Science degree. In 1961, he was given a degree of Senior
Researcher, and in 1969, he was given a degree of Professor. In 1992, he was elected as
a Corresponding Member of NASU.

Main works of K.M. Stepanov are related to plasma physics and controlled
nuclear fusion. In this area he obtained a set of fundamental results on the kinetic
theory of propagation, absorption and mode conversion of the electromagnetic waves in
the plasma in the external magnetic field; the theory of the charged particle fluxes and the strong electromagnetic fields
interaction with the plasma in the external magnetic field; the theory of plasma stability in the magnetic traps.

He is one of the founders of the Plasma Electrodynamics in the magnetic field. He had proposed new effective
methods of the radiofrequency plasma heating, which nowadays have become the basis for experiments on RF heating
in the largest toroidal traps (tokamaks and stellarators). These methods are promising for tokamak-reactor.

K.M. Stepanov was an author and a co-author of more than 600 scientific works, including 5 monographs and 10
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inventions, which were well-known to scientist worldwide. He had prepared 26 PhD and 14 Doctors of Science, among
them D.G. Lominadze, who is an Academician and a Vice President of Georgian AS. More than 40 years,
Prof. Stepanov carried out scientific and teaching work at V.N. Karazin KhNU. These activities were awarded by giving
him the degree of Honorary Doctor of V.N. Karazin KhNU, the degree of Soros’s Professor and by awarding him the
sign “Excellent Education Worker of Ukraine”.

For many years K.M. Stepanov was a member of the burcau of the United Scientific Council on Problems of
Plasma Physics in AS of Ukrainian SSR, member of the bureau of the Plasma Physics Problem Council in AS of
Ukrainian SSR, a member of the editorial boards of journals: “Plasma Physics Reports”, “Problems of Atomic Science
and Technology” Series: “Thermonuclear fusion” and The Journal of Kharkov National University (Physical series
"Nuclei, Particles, Fields"), headed Scientific Council on Problems of Plasma Physics and Plasma Electronics in NASU.
He was awarded by the Order of the Red Banner of Labour, Diploma of the Presidium of the Supreme Soviet of the
Ukrainian SSR and medals, he was given the honorary degree "Honored Worker of Science and Technology of
Ukraine" and State Prize in the Area of Science and Technology of Ukraine.

STORIZHKO Volodymyr Yukhymovych was born on October 26, 1935 in the
village of Ol’hovatka of Kharkiv region in the family of rural intellectuals. In 1958, he
graduated from the DNPh, KhSU. In 1962, he finished postgraduate studies at the
department of experimental nuclear physics under the guidance of the eminent nuclear
physicist academician Anton Karlovych Walter, and was hired in KhIPhT. Here he
created a new direction - study of subbarrier reactions with protons by nuclei of
medium atomic weight, which process analysis is based on a statistical model, or on the
basis of the model-independent method for the angular correlations of aligned nuclei.
This is a rapidly developing area and now it is supported by his students and followers.
It has been shown in his works that to obtain the maximum information on the structure
of atomic nuclei the measurements of angular correlations should be carried out near
the reaction threshold, at which the maximum alignment of cores is achieved and where
the data analysis is weakly dependent on the parameters of the optical potential. These
studies identified the conditions under which the angular correlations are isotropic or anisotropic. In 1974,
V.Yu. Storizhko successfully defended his doctoral thesis, and in 1978 he was awarded the title of professor.

Since 1988, professor V.Yu. Storizhko concentrates on establishing of the Institute of Applied Physics of the
NASU, in Sumy city. And from 1991 till now, he is its director. The accelerator, complex physical installations and
equipment, which are actively used in various areas of applied physics, are built in this institute. In 1992,
V.Yu. Storizhko was elected a corresponding member, and in 1995 - a member of the NASU; he was awarded the title
of "Honored Worker of Science and Technology of Ukraine".

V.Yu. Storizhko is an author and co-author of about 300 scientific works and inventions. He has supervised 2
doctors of science and 14 PhDs. He is a member of scientific councils of the NASU, member of the specialized councils
of the V.N. Karazin KhNU and NSC KhIPhT.

At the same time professor V.Yu. Storizhko actively manifests itself as a statesman. From 1994 till 1998, he was a
deputy of Parliament of Ukraine, member of the Presidium of the Parliament of Ukraine, Chairman of the Committee
on Science and Education, Chairman of the State Committee for Science, Technology and Industrial Policy, chairman
of Interstate committee for scientific and technological development, member of the bureau of the Department of
physics and astronomy and the Division of nuclear physics and power engineering of the NASU.

STRUTINSKY Vilen Mitrofanovych (16.10.1929 —28.06.1993) was born in
Danilova Balka village, Ulyanovsk district Kirovograd region. In 1952, he graduated
from M. Gorky KhSU (DNPh). After graduation, V. Strutinsky started to work to
L.V. Kurchatov Institute of Atomic Energy (group of nuclear theory), where he worked
since 1953 till 1970. In 1959, he defended the PhD thesis, and in 1965 he was given a
degree of Doctor of Science. He underwent an internship in Niels Bohr Theoretical
Physics Institute, Copenhagen, Denmark (1957-1958). In 1967, V. Strutinsky was
invited to Niels Bohr Institute for development of his theory, and he worked there until
1970. After that he returned to Kiev. He was a Head of Nuclear Theory Department at
the Institute of Nuclear Research of AS of Ukrainian SSR till 1991. Since 1992 till
1993 he was a Senior Researcher of Nuclear Theory Department of INR NASU.

The first research period of V. Strutinsky was related with development of new
concepts of the complex nuclei structure, because of the discovery of its non-spherical
shape. Using these concepts he specified the dependences of the alpha decay probabilities, known as Alagi’s rules. The
next series of studies were devoted to the classical interpretation of the quantum angular momentum, the additional
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rules of the quantum angular momentums and correlation between orbital angular momentum of the particle and its
motion direction. As a result, the simple expressions for angular distributions of the debris of the rotating nucleus
(Halpern-Strutinsky formula), angular distributions of the particles emitted from the rotating compound nucleus
(Erikson-Strutinsky formula) and the angular correlation in the processes of mixed type were obtained. V. Strutinsky
carried out fundamental work, which was devoted to the quantitative description of the geometric shapes, which the
nucleus undergo during its fission. In the following investigations of the nuclear fission theory he showed the
equivalence of the liquid drop model of the deformed nuclei and the statistical models which are using the energy
density functional. These studies had shown the need of the shell effect accounting in the nuclei deformation. And they
became the basis for the method of calculating the net binding energy of a nuclei (the method of the shell corrections),
which has been developed in 1965 - 1968's by V. Strutinsky, and which received his name further. V. Strutinsky theory
gave a possibility to explain many known features of the nuclear fission process as well as to predict its new properties,
which were unexpected from the point of view of the traditional concepts of the Niels Bohr theory. The theoretical
conclusions of V. Strutinsky were confirmed completely by the following intensive researches and experiments. For the
first time his theory has provided the ability to predict the nuclear masses, and many properties of the fissionable nuclei,
in particular, the stability of the superheavy nuclei. The theory has been widely spread and it took place in the principles
of nuclear physics.

A significant place in investigations of V. Strutinsky and his colleagues is occupied by the theory of the collective
motion in nuclei under the high amplitudes and the finite value of the velocity. They obtained fundamental results,
which were important for developing the quantitative theory of such nuclear processes. New theoretical model for the
dynamics of the collective processes in heavy nuclei, namely the gas-liquid drop model (GLM) was proposed and
developed by them. Such expressions as "the Strutinsky energy theorem", "the Strutinsky shell correction method", "the
Strutinsky double-peak fission barrier" widely entered to the world scientific literature on the nuclei theory and nuclear
physics.

The phenomenon of the shell structure existence in the strongly deformed nuclei and formation of the intermediate
metastable state during the nuclear fission, predicted by V. Strutinsky, were registered as a discovery in the USSR (the
State Register of Scientific Discoveries of the USSR Ne 200, 1977).

A large number of specialists were trained under his supervision. Many of his students were given a degree of PhD
and Doctor of Science, became Professors. V.M. Strutinsky was an Alexander von Humboldt Science Prize winner
(1991), and he was given the T. Bonner Award for Nuclear Physics of the American Physical Society. He was awarded
a medal "For Labor Valor" (1983) and "In memory of the 1500™ anniversary of Kiev." He was a Honorary Doctor of
Sciences of Copenhagen University since 1979.

TERESHIN Volodymyr Ivanovych (17.01.1938 - 11.07.2010) was born in Donetsk.
In 1960, he graduated from the DNPh, Maxim Gorky KhSU, and started to work at
KhIPhT (now NSC KhIPhT). There he had started career at position Junior Researcher

; and finally became a Director of Institute for Plasma Physics in NSC KhIPhT. In 1968,
‘\ S V.I. Tereshin defended PhD thesis, and in 1992 he defended the thesis for Doctor of
f Science degree. In 2009, he was elected as a Corresponding Member of NASU.

Scientific interests of V.I. Tereshin were concentrated in the field of the

~" i
. &) experimental plasma physics. He studied the parametric resonance, which takes place

, ; in the rippled magnetic field with plasma fluxes, he spent a lot of time developing the
complex plasma accelerator, which generates the plasma fluxes with suitable

parameters for injection into stellarator magnetic traps; he developed the methods of the

particle plasma diagnostics and the multichannel analyzers for measuring the energetic

characteristics of the moving plasma (this work was awarded by Silver medal on the

Exhibition of Achievements of the National Economy UdSSR and the invention
certificate was obtained).

Under supervision of V.I. Tereshin, the constructing and the wide class of researches of quasi-stationary plasma
accelerators had been started. As a result of these activities, the plasma fluxes with record parameters were obtained.
These fluxes can be used in different areas of plasma physics and plasma technologies. In the framework of the
international program on the tokamak-reactor ITER V.I. Tereshin in a close collaboration with German physicists had
been involved in studies on the experimental simulation of the processes at the divertor plates in the reactor in the case
of the extreme scenarios of operation. Immediately he launched the investigation of the surface modification of the
structural materials under the strong plasma fluxes in order to improve their physical and chemical characteristics.

V.I. Tereshin was a Professor of the Department of Physical Technologies at SPhT, V.N. Karazin KhNU, where
he was giving lectures on Plasma Dynamics, supervising the diploma studies of students and PhD students. Under his
supervision, 6 PhD theses were defended, and he was a scientific consultant in one work for Doctor of Science degree.
He published more than 300 scientific papers. Besides that several inventions were developed. In 2007, he was awarded
the State prize in the field of Science and Technology.
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TOLOK Volodymyr Tarasovych (25.12.1925 — 11.12.2012) was born in Uman city
of Cherkasy region. In 1951, he graduated from the DNPh, Maxim Gorky KhSU and
started to work at KhIPhT (now NSC KhIPhT). He was starting his scientific activities
at the laboratory of accelerator equipment. In 1957, V.T. Tolok defened the PHD thesis.
His scientific advisor was Academician K.D. Sinelnikov.

Since 1958, on recommendation of K.D. Sinelnikov V. Tolok started new in that
time area of physics, i.e. plasma physics and controlled thermonuclear fusion. These
work has just launched at the institute, and he was involved in studying the constant
and alternate fields' interaction with plasma and gases. Besides that, he dealt with the
developing of the plasma heating methods, and took part in the constructing of the
sources of the energetic plasma fluxes. In 1960, on the recommendation of
K.D. Sinelnikov and on the direct instructions of Academician [.V. Kurchatov he was
entrusted to head the new scientific program related with developing of principles of
the controlled thermonuclear fusion reactor.

Since 1966, he was entrusted to head the whole stellarator program at KhIPhT. As a result of activities carried out
for many years at the institute, a set of stellarators were constructed starting from Sirius, Uragan-1 and then Uragan-2
and much later Uragan-2M. The milestone in the upgrowth of the Plasma branch at KhIPhT was constructing the
torsatron Saturn for the first time in the world in 1970. The new concept of the magnetic system of the device was
proposed by a physicist of the Institute V.F. Aleksin. In 1982, the largest at that time torsatron Uragan-3 was
constructed. Its modification Uragan-3M was launched with the magnetic system placed in the vacuum vessel.

In the early 1970s, the study of the non-equilibrium plasma chemistry with high energies was started on the
V.T. Tolok’s initiative. As a result the new technology of the vacuum-plasma coatings was developed (condensation
with ion bombardment). It gave an opportunity to increase the endurance of the cutting tools up to several times, and to
rise the reliability and service life of the mechanism docking assembly with friction. This new technology got a wide
spread in our country as well as abroad (in 1982 the license on this technology was sold to the American company
Multyarcs for the first time in the history of KhIPhT and of Ministry of Medium Machine-Building Industry).

V.T. Tolok started to work at the Kharkiv university since the end of 1966, when he had headed the Department of
Plasma Physics on the invitation of G.A. Milyutin - the dean of the SPhT. The Department was arranged by
K.D. Sinelnikov. V.T.Tolok headed the Department till the beginning of 1971. Since that time he maintained a close
relations with the Department and the SPhT constantly. In 1988, V.T. Tolok with the help of the university
administration organized the vacuum-plasma laboratory at the university.

In last his years, V.Tolok paid much attention to the popularization of the science and technology achievements.
He published a lot in different editions including the university journal Universitates, which is published by the
V.N. Karazin KhNU Association of Alumni, Tutors and Friends. At the apogee of these activities the book ‘Physics and
Kharkiv’ was published in 2009.

V.T. Tolok was awarded by the Order of the October Revolution, the Order of the Patriotic War of the 2™ class,
the Order of the Badge of Honour, the Order For Courage of the 3™ grade and numerous medals. On 2™ of November in
2012 V.T. Tolok was awarded the medal and the diploma of the Honored Doctor of the V.N. Karazin KhNU.

VOLKOV Dmitry Vasylyovych (03.07.1925 - 05.01.1996) was an outstanding
physicist theoretician, academician of the NASU, a major specialist in the field of
elementary particles, quantum electrodynamics, nuclear physics, quantum field theory,
condensed matter physics.

He was born in Leningrad. In 1943 he was drafted into the Soviet Army. In 1947,
he joined the school of physics of Leningrad University. In 1951, he moved to study in
Kharkiv, where he graduated from the DNPh, KhSU in 1952. After completing his
graduate studies at the University under the supervision of academician O.I. Akhiezer
and his defense of PhD in scalar quantum electrodynamics in 1956, D.V. Volkov was
assigned to work for the theoretical department of KhIPhT headed by O.I. Akhiezer.
There for nearly forty years, he has made a career from researcher to the head of the
laboratory, to the academician. In 1959, he proposed a new scheme of field
quantization - the so-called parastatistics or statistics of Green-Volkov, which was the
important instrumental in the development of concepts of the quark structure of
hadrons. The discovery of a new type of symmetry — supersymmetry (in 1972, co-authored by V.P. Akulov) and built
upon it the supergravity theory, which generalized Einstein's theory of gravitation (in 1973, co-authored by
V.A. Soroka) brought V.D. Volkov the international fame. In 1968, he defended his doctoral thesis. In 1976, he was
elected a corresponding member of the AS of Ukrainian SSR, was awarded the Order of the Red Banner of Labor. In
1977, he received the title of Professor. In 1988, he was elected an Academician of NASU. He was awarded the title of
"Honored Worker of Science and Technology of Ukraine". In 1997 (posthumously), he was awarded the International
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W. Thirring Prize for the discovery of supersymmetry and supergravity, and in 2010 (posthumously), he was awarded
State Prize of Ukraine in Science and Technology.

VOYEVODIN Victor Mykolayovych was born in Kharkiv on 24™ of April in 1946.
In 1970, he graduated from Maxim Gorky Kharkiv State University (klhSU) (School of
Physics and Technology (SPhT)). After its graduation, V.M. Voyevodin started to work
at the KhIPhT (now NSC KhIPhT). He started to work there as an intern-researcher,
and nowadays he is a Director of Institute for Solid-State Physics, Materials Science
and Technologies. In 1984 he defended the PhD thesis, and in 1995 - the doctoral
degree. In 2012, he has been elected a Corresponding Member of the NASU.

V.M. Voyevodin is a known specialist in the experimental radiation material
science and nuclear energy. The main area of his scientific interests is the material
science of fuel and constructional materials of nuclear reactors (exploited ones and
promising innovative concepts). He has carried out the cycle of researches on the
features of the structure and composition of the zirconium alloys under irradiation in
nuclear reactors. He is one of the founders of the environmentally-friendly method for
simulating the reactor damage using particle accelerators.

He combines research and teaching activities successfully. During many years he gives a course of lectures on the
“Radiation Material Science” at SPhT of the V.N. Karazin KhNU. Besides that he is a head of the branch of the
department of Reactor Materials and Physical Technologies at NSC KhIPhT. Three PhD thesis were prepared and
defended under his supervision. He is the author and co-author of more than 300 publications, reviews and patents
including 3 monographs.

He was the winner of the Prizes of the Committee on the Peaceful Uses of Atomic Energy of the USSR for the
best work on the physics of radiation damage in 1985 and in 1989. He is a Honorary Professor of NSC KhIPhT since
2003, and K.D. Sinelnikov prize of the NASU winner in 2010.

ZALYUBOVSKY lllya Ivanovych (15.06.1929 — 21.02.2013) was born in Butenki
village, Kobelyatsky district, Poltava region. In 1954, he graduated from M. Gorky
KhSU (DNPh). All his further life was closely associated with the University. In 1958,
he defended the PhD thesis. In 1963—1965, he was a head of the group of scientists,
who carried out a scientific work and trained highly qualified specialists in the Atomic
Center of the United Arab Republic of Egypt. In 1966, he was given a degree of Doctor
of Science, he was a Professor since 1967. Since 1965, he was a head of the
Department of Experimental Nuclear Physics, and since 1967, he was a Vice-President
on Scientific Activities at the University. In 1968, he took part in the scientific research
and gave a course of lectures in Manchester (former Rutherford) laboratory in England.
He was a Corresponding Member of NASU since 1988. From the beginning of his
scientific activities, 1. Zalyubovsky carried out the investigations on the accelerated
particle interaction processes with atomic nuclei and their structure.

For the first time in our country the problem of atomic nuclei static electromagnetic moments measuring was
formulated and solved by I. Zalyubovsky together with Academician A.K. Walter using the method of the perturbed
angular correlations. This work has been received further development on modern accelerators. In 1983, the series of
these investigations was awarded the K.D. Sinelnikov Prize by Ukraine's Academy of Sciences.

The effect of the radio-frequency emission of the wide air showers of the cosmic rays was discovered under the
leadership of I. Zalyubovsky, and then a detailed experimental study of its formation mechanism was carried out.
Obtained experimental results are interesting for the theory development and understanding the radio emission, as well
as for the development of new methods of the detecting the cosmic rays with ultrahigh energies. In 1971, the series of
these works was awarded the State Prize of Ukraine. Under the leadership of 1. Zalyubovsky, a new areas of study were
opened and successfully developed. They were the acoustic phenomena in the interaction process of radiation with
matter; a set of the nuclear-physical methods of the solid state physics. The series of works on complex research of the
atomic nuclei and the processes of interaction of particles, nuclei and radiation with various energies with matter was
awarded by the Yaroslav Mudry Prize in 1994. 1. Zalyubovsky contributed significantly to the organization and
development of School of Physics and Technology (SPhT) in V.N. Karazin KhNU. He was the first dean of SPhT. He
was the author and co-author of more than 400 publications, including 5 monographs, “Nuclear Physics” and "Nuclear
Spectroscopy" textbooks for university students. The fourth edition of the "Nuclear Physics" textbook was awarded the
State Prize of Ukraine in 1993.

1. Zalyubovsky organized the scientific school, he trained the hundreds highly skilled professionals. Among his
students there are 8 Doctors of Science and 40 PhDs.

He gave much energy to the organizational and social work. He was a Chairman of the Science Expert Council of




18
«Journal of Kharkiv National University», Nel041, 2013 V.D. Khodusov

Ministry of Education and Science of Ukraine, a member of the Council of the State Prize of Ukraine in Science and
Technology, a member of the Scientific Council of NASU on nuclear physics and high energy physics. For many years,
he presented the government of Ukraine in the Joint Institute of Nuclear Research (Dubna, Russia).

1. Zalyubovsky was a "Honored Worker of Science and Technology of Ukraine". He was awarded two Orders of
the Red Banner of Labor (1976, 1986), the Orders of Merit of III, IT and I grades (1998, 2004, 2008.). In 2007 he was
awarded by title of “Honorary Citizen of Kharkov”.

ZELENSKY Viktor Fedotovych was born on February 18, 1929 in the village of
Globunivka of Novopokrovsky district of Saratov region. In 1951, he graduated from
the DNPh, KhSU. Since 1951, all of V. Zelensky's life is connected with KhIPhT (now
NSC KhIPhT). He was a graduate student and part-time laboratory technician, junior
researcher, senior researcher, head of the laboratory of VM-2, MR department head,
head of section, deputy director. Since 1980 till 1997 he was a director of the KhIPhT
and then a director of NSC KhIPhT.

He defended PhD thesis in physics and mathematics in 1956, and doctoral thesis in
technical sciences - in 1966. Topics of his work were related to the problems of the
Soviet nuclear program. In 1978, V.F. Zelensky was elected a corresponding member of
the AS of the Ukrainian SSR. In the same year, he was awarded the title "Honored
Worker of Science and Technology of Ukraine". In 1988, he was elected an academician
of the NASU.

He is a famous scientist, his main research interests lie in the fields of radiation damage physics, nuclear
technology and radiative study of materials. he was an initiator of research in the new scientific field devoted to the
development of rapid diagnostic methods of radiation damages of the materials of nuclear and fusion reactors by means
of irradiation of these materials at the accelerators of multi-charged ions and electrons. In 1971, V.F. Zelensky has
initiated a research program of the USSR on radiation physics and radiation material science and supervised the
implementation of this program over 20 years. He is the author of the world's first heavy ion material testing accelerator
(1973), which operates up to this day. Together with I.M. Neklyudov he made a decisive contribution to the scientific
basis of the method of forecasting the reactor damages of steels and alloys. In co-authoring with O.S. Bakai he
developed a new theory of the creation of steel and alloys, which are stable under radiation exposure. Under his
leadership, the work was carried out in the area of nuclear materials, i.e. the study of the nature of instability of uranium
fuel in industrial and power reactors and the search for ways to eliminate this instability, the creation of steel resistant to
swelling, development of heat-resistant magnesium-beryllium "pseudoalloys", creation of high temperature reactor
heat-generating element with a gas-coolant and other studies.

V.F. Zelensky is an author of several monographs and more than 400 original research papers and 60 inventions.
For many years he was teaching at KhSU. Among his students there are about 30 PhDs and doctors of science. He is a
laureate of the State Prize of the USSR (1972), the State Prize of Ukraine (2007). He was awarded the Orders of the
USSR, Czechoslovakia and Ukraine.
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A brief review of research findings, pilot projects and application of nanomaterials in the nuclear power industry and engineering is
presented. Examined are the prospects of creation of nanostructural materials and coatings for building blocks in NPPs and future
fission reactors with a view to improving mechanical properties, increasing radiation resistance. Also, investigated are the main
problems arising from development of methods for nuclear fuel modification, development of dispersion-hardened steels.
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[IpencraBieHO KOPOTKMII OTIISL pe3yibTaTiB JOCHIKEHb HAaHOMAaTepiamiB Ui sSAEpHHN eHepreTHHi. PO3IISHYTO NepCcreKTHBU
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KJIFOYOBI CJIOBA: HaHoMaTepiainy, HAHOTEXHOJIOTII, ACPHUIA MaTUBHUN UK, padialliiiHa i Kopo3iiiHa CTIHKICTh

Nuclear power is a major source of electric and heat energy in Ukraine. In Ukraine, many nuclear fuel cycle (NFC)
elements are already available, and for their further successful operation and development, it is necessary to carry out
intensive fundamental and applied research [1, 2]. In nuclear power engineering, the issue of upgrading fuel and
constructional materials for the reactor core is of critical importance. The fuel materials include a wide range of
uranium and transuranium elements and their compounds. The nuclear reactor constructional materials include austenic,
ferritic, ferritic-martensitic and other steels, graphite and carbon materials, zirconium alloys and various ceramic
materials.

Therefore, one of the tasks is to develop basic and applied research in the field of radiation materials science and
radiation technologies, creation of new fuel and constructional/engineering/structural materials, as well as new methods
for analysis and control of materials. Over the last decades nanotechnologies have been used practically in all areas of
advanced technologies, and in fact have turned into an interdisciplinary field of science and engineering. In the nuclear
sector, nanotechnologies had been used even before the word ‘nano’ became popular with researchers because newly
created heat and structural materials were largely based on qualitative changes in materials properties which occurred
when going down to the nanometric size range [3-5].

The purpose of this paper is to present a summary of outcomes of the last research and developments in the area of
application of construction and functional nanostructural materials in the nuclear power industry and engineering.
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STATUS OF NANOMATERIALS IN THE NUCLEAR POWER INDUSTRY
Nanomaterials in nuclear power engineering

Among the top priorities in R&D support for creation of NFC constructional materials one can note research
works aimed to ensure design and beyond-design (30-60 years) operational life of nuclear units, as well as development
of improved constructional/engineering/structural materials for thermal neutron reactors, increase of the depth of
nuclear fuel burnup. The areas of application of nanotechnologies in the nuclear power industry are rather diverse and
cover practically the whole range of problems relating to the nuclear fuel cycle and created fusion fuel cycle [6-33]:

e  Creation of a new high-density nuclear fuel with nano-sized additives, fuel compositions for fuel assemblies of
the NPP reactor core (active zone of nuclear reactors). Creation of a new class of mixed uranium-plutonium mixed
oxide (MOX) fuel. Development of the torium-uranium cycle [7].

e Creation of nano-disperse construction and functional materials (zirconium alloys for nuclear fuel elements,
oxide dispersed strengthened (ODS) ferritic-martensitic steels or nano-dispersed ODS steels.

e Research and development of materials for quick neutron reactors and future Generation IV reactors. Research
of irradiation-induced microstructure. Microstructure grounds for a possibility to extend operational life of reactor
elements: vessel excluding swelling.

e Development and production of fast-quenched solder alloys for high-temperature flux-free soldering of
zirconium alloys, corrosion-resistant steels, transition joints of steel-zirconium and steel-titanium, and other dissimilar
materials providing a preset level of radiation and corrosion resistance of soldered joints.

e Creation of nano-membranes and nano-filters for spent nuclear fuel (SNF) and radioactive waste (RAW)
conversion technologies, ceramic materials for afterburning of radiolytic hydrogen.

e Development of metrological assurance for application of constructional and functional units based on
nanomaterials for nuclear facilities.

e  Multi-scale simulation of nanostructures, materials and processes.

e Nanogages and nanosensors for NPP management and control systems.

e Research and development of materials for future nuclear fusion reactors. Nanostructural materials for the
ITER blanket and first wall. Nanostructural low- and high-temperature superconductors for ITER magnets.

In the process of solution of the above-listed tasks, experimental-industrial technologies are developed to obtain
functional materials and products with application of nanotechnologies and nanomaterials for nuclear, thermonuclear,
hydrogen and conventional fuel power production, as well as pharmaceutical drugs. Let us look at some of the results
obtained in the course of research and development of nanostructural materials in the nuclear power industry.

Nuclear fuel with nanometric additives

The Ukrainian energy strategy stipulates gradual introduction of new MOX fuel nuclear power technologies with
nuclear fuel cycle closure. Further development of the nuclear power industry requires inclusion of fast neutron reactors
into the NPP capacity structure. Out of all types of such reactors only sodium loop reactors (BN) are commercially
manufactured. The BN-600 reactor, which has been working at the Beloyarsk NPP (Russia) since 1980, may serve as an
example of such reactors. In 2012, there is a plan to launch the 4-th power generating unit of the Beloyarsk NPP with a
BN-800 reactor, set up MOX fuel production and implement a closed fuel cycle based on this reactor. One of the pre-
requisites for higher NPP efficiency is an increase of the depth of nuclear fuel burnup. To ensure a deep fuel burnup,
there is a need to create nuclear fuel macrocrystalline structures with controlled porosity. Nuclear fuel macrocrystalline
structures confine gaseous and volatile fission products, prevent transportation of fission fragments on grain boundaries
towards the fuel element jacket, which results in considerably lower level of damageability of the fuel element jacket.
To obtain a macrocrystalline state, when the fuel ceramics is being pressed from UQO,, (U, Pu)O,, (U, Pu)N) it is being
added ultradispersed powder UO, with nano-crystals of a size of ~40 nm. As a result, the fuel ceramics sintering
temperature goes down to ~ 200 degrees, ceramics density increases, and the grain size increases up to 35+40 pum
without degradation of other characteristics. Activation of the sintering process due to nano-additives may become one
of the trends in creation of technologies for new types of uranium-plutonium oxides and nitrides for the nuclear fuel of
the fast reactors nuclear power industry (Fig. 1).
These trends are as follows:
e modification of nuclear fuel;
e  creation of complex carbonitride doped with nanodiamond UZrCN;
e fine tuning and modernization of the pilot plant project for production of MOX fuel for BN-800;
e development of a model of solid structures formation on the solid-liquid boundary (solid-melt interface) of reactor
materials;
investigation of interaction of prototypes of melted materials in the reactor core with the reactor vessel,;
e study of the mechanism of explosion of liquid metal drops;
e large-scale simulation of reactor core (RC) materials.

Paradoxically, the process of application of ultradisperse additives in fuel ceramics manufacturing lies in
utilization of nano-additives to produce a structure which is close to monocrystalline (syngle-crystalline).
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Fig. 1. Microstructure of nuclear fuel.
a - standard microstructure, b - microstructure obtained with application of nano-additives

Ocxide dispersion strengthened ferritic-martensitic steels. Nano-dispersed ODS steels

Application of nanomaterials and nanostructures becomes more wide and efficient, particularly in development of
ODS steels. ODS steels are various chromiferous steels of the ferritic-martensitic class, strengthened with nano-sized
oxide particles. The chromium content in steels is in the range of 9+18 wt. %, while content of other alloying elements
(Al, W, Mo, Nb, Ti, Zr etc.) may be at a level of a few percents and less. The main strengthening oxide particle with a
size of <10 nm is Y,0; (down at 0.5 wt. %). Along with yttrium oxides, also used are oxides of aluminum, titanium and
other metals. Increase in performance efficiency and length of operational life of prospective fast neutrons reactors
requires first of all increase in burnup fraction up to 18-20% without degradation in performance of heat-carrying
medium. Solution of these problems is inseparable from development of radiation resistant
constructional/engineering/structural materials. These materials are to be exploited in fast neutron reactor cores (E > 0.1
MeV) in fluencies up to 2:10'® n/(sm’s) with damaging doses 160...180 dpa at temperatures 370...710 °C. Radiation
resistance of constructional materials in fast neutrons reactors is defined by swelling, creep, high- and low-temperature
embrittlement, as well as stability of the material structure properties in the neutron irradiation field. Similar problems
arise in creation of radiation resistant constructional/engineering/structural materials for the first wall and blanket of the
ITER (International Thermonuclear Experimental Reactor). Solution of this problem requires creation of a new class of
radiation resistant metallic materials strengthened with nanoparticles of metal oxides. These materials should have the
following properties [14-19]:
e low creep at temperatures up to 970 K and dimensional stability, long operational life ~9 years;
e  high radiation resistance to neutron irradiation with irradiation doses ~250 dpa;
e combination of radiation resistance and increased heat resistance;
e high mechanical properties: high rupture resistance of >300 MPa at 970 K, creep rupture strength of >120 Mpa at

10* hrs at 970 K, percentage of elongation of >1%;
e high corrosion resistance compared to heat-carrying medium under an elevated temperature and chemical

compatibility with the fuel,
e high chemical compatibility when in contact with the fuel and sodium flow.

One of the ways to solve this problem is to create and use a new class of ferritic-martensitic radiation resistant
steels strengthened with nano-sized oxide particles (ODS steels).

One should note that this task is an element of the global development of constructional/engineering/structural
materials strengthened with high-disperse non-metallic particles (nanoparticles) and designed for reactor core elements
in prospective nuclear reactors. This line of research is being intensively developed in countries which have developed
nuclear power ITER structures (Russia, USA, Japan, China, France, Ukraine) [20-29]. Radiation swelling is the main
criterion for selection of prospective nuclear reactor constructional/engineering/structural materials. Dose dependencies
of swelling for materials of austenite and ferritic-martensitic classes are considerably different. Swelling and creep
strains of EP-450 cladding from high burn-up fuel assemblies in BOR-60 fre presented on Fig. 2. Currently available
data to ~163 dpa imply that the void swelling rate of EP-450 is very low. It is reasonable to assume that the swelling
rate will always be low, especially at dose levels not yet reached in reactors. Ion bombardment can be used to explore
swelling at very high dpa levels. A dpa rate of 10 dpa/sec is available on accelerator.

At present there is a great variety of ODS steel grades and types grouped according to their producer countries:
Belgium: DT2906 (Fe - 13Cr — 1.5Mo — 2.9Ti — 0.6 O,); DT2203Y05 (Fe — 13Cr — 1.5Mo — 2.2Ti - 0.30 - 0.5 Y,,0;
USA: MA957 (Fe — 14Cr — 0.9Ti — 0.3Mo — 0.25Y203); 12CrY1 (Fe — 12.4Cr — 0.25Y,05); 12CrYWTi (Fe — 12.3Cr —
3W —0.39Ti - 0.25 Y,05)

Europe: ODS EUROFER (Fe —9Cr—1.1W - 0.2V —0.14Ta - 0.3 (0.5) Y,05)
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China: K7 (Fe — 13Cr—1.1Ti— 0.2Mo — 2W - 0.39Y,053)
Japan: Fe — 9Cr — 0.12C — 2W - 0.20Ti - 0.35Y,0;
Fe—-12Cr-0.3C-2W —-0.3Ti— 0.23Y,05
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Fig. 2. Dose dependencies of for different swelling. Swelling and creep strains of EP-450 cladding from
high burn-up fuel assemblies in BOR-60. Povstyanko et al., 2011 [33]

On this background, stand out chrome-rich (up to 22%) steels with Al additives (up to 4.5 %). 9Cr-ODS steels
developed for sodium-cooled fast neutron reactor shells turned out to be unpromising for super critical water cooled
fast reactors (SCWFR) and liquid bithmuth energetic fast reactors (LBEFR) due to high corrosion levels.

Table.
OD Steels of Russia
Steel Y,0; Content Ti Content MgAlL,O, Content
(wt. %) (wt. %) (wt. %)
EP450 0.5 - -
EP450 0.25 0.3 -
EP450 - . 1
F1 (18%Cr) 0.25 0.3 -
EK181 1 1 -
EK181 0.25 0.3 -
C+S68 0.25 0.3 -
AISI 316

(waterdispersed) 0.25 0.3 )

The structure of ODS steel is characterized by precipitation of oxide phase particles of various sizes, composition

and distribution density against the matrix background (Fig. 4).

Presence of nano-oxide particles substantially improves mechanical properties, e.g. significantly changes thermal
creep parameters (Fig. 4). The main results of earlier studies of oxide dispersion strengthened ferritic steel [27-29] and
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developed powder ferritic steels (based on Crl3 steel for the whole class of ferritic stainless steels) [30] after
strengthening them with high-dispersion oxides drive us to the following conclusion: under all irradiation conditions (in
a heavy-iron accelerator, in VVR-M and BN-600 reactors) embrittlement of material is not observed. In fluencies of up
to 2.6:10% n/sm” swelling of material makes 0.25%, residual plasticity is 3...4%.

Fig. 3. Nano-oxides in steel EP450 ODS

Corrosion resistance of dispersion strengthened steels in liquid lithium, lithium-lead eutectics, cesium and
tellurium vapors is equal or somewhat higher than it is for the best industrial reactor steels. The steel has a sufficient
heat resistance at 970 K, high radiation and corrosion resistance in liquid metal environments and fission products. In
spite of the above named facts, powder technology does not ensure sufficient homogeneity of products. Over the last
years, Russian researchers have developed a number of ODS ferritic-martensitic steels for fast neutron nuclear reactors,
including those based on steel EP450 (Fe-13Cr-2Mo-Nb-V-B-O, 12C) which is used as operational material of BN-600
reactor fuel assembly [14, 33].
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Fig. 4. Thermal creep of EP450 (matrix) and EP450 ODS steels.

Fig. 5 shows that in transition from scale 50 nm to scale 5 nm the particles structure displays an order with a
hexagonal or octaedric symmetry (Fig. 6).
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Yttria particles smaller than 5 nm in
diameter were dispersed in a high
density

Fig. 5. Nanoscale oxide dispersion: 203 particles have the size of

less than 5 nm in diameter and are disperse distributed with high

density (bottom left corner). (Data according to Kyoto University)
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Fig. 6. Structure of precipitates in SOC steels

The best creep resistance characteristics (Fig. 7) are obtained in formation of the maximum amount of evenly
distributed nanoclusters with the size of 1-2 nm (Fig. 8).
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Fig. 7. Creep resistance characteristics of ODS steels
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In the process of additional alloying with zirconium, dispersion of oxide yttrium particles shifts towards smaller
sizes, close to optimal (Fig. 9). High density of particles enriched in Ti, Y and O (Fig. 10) is observed. The mean size
and concentration of oxide particles in initial and annealed samples of 12YW and 12YWT ODS steels (alloyed with
titanium) are also close to values of 2-3 nm at a high mean concentration.

40

30} 12Cr—0.25Y,0,

20+

10} - i = "

0

30l 12Cr—0.8Ti—0.25Y,0, ;
S 20 e Py -
‘OE 10 - sk .
> - -\.H_ -
8 0 N e i vd
S 3} 12Cr—0.5Nb—0.25Y,0, 2 s
g 20
AL i =
20
5 30} 12Cr—1V—0.25Y,0, :
& 2 B L =

10F s ;

0

30 12Cr—0.7Zr—0.25Y,0, 3 "

20 &

10 B

0 s 3+ M S FETaa) PR

0 2 4 6 81012141618 2022 24 26 28 30
Particle size (nm) O Ti Y w
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ferritic steel alloyed with Ti, Nb, V and Zr.

annealed at 1300°C.
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Besides, MA K3-ODS steel contains mostly Y4Al,O9 (YAM) particles with a monocline structure (Fig. 11a). Fig.
11b shows another type of ordered oxide structure at a scale of 2 nm.

a b
Fig. 11. Disperse oxide particles in SOC-1 steel without irradiation Z=[111]
a - general view of the microstructure, b - nanostructure of ordered oxide particle

ODS STEELS: IRRADIATION

Radiation swelling of ODS steels of different compositions was intensely investigated in neutron irradiation, as
well as in one-beam, two-beam (metal, gas) and three-beam irradiation. When analyzing irradiation results, various
models of oxide nanoparticle formation mechanism are used.

Formation of nanoparticles is done in three stages:

1) Fragmentation of moving Y,0; particles at the early stages of globe mill processing.

2) Clasterization and solid-state amorphization of Y,0; fragments mixed with matrix components at later stages
of globe mill processing.

3) Clystallization of amorphous agglomerates of a size less than 2 nm to form oxide nanoparticles with a nuclear
shell structure at the steel consolidation stage.

Nanoclasters of a size of less than 2 nm remain amorphous (disordered) or have a crystal structure similar to the
matrix. These nanoclusters play a critical role in ODS steel radiation resistance.

The irradiation results given below (Fig. 12) show that a substantial change in the steel structure takes place with
doses of 65 dpa and at T=700 C.

On the other hand, an important element which characterizes irradiated ODS steels is formation of voids in
nanoclusters. Electron microscope investigations allowed to study the crystal structure and density of oxide particles in
the ODS ferritic steel, investigate the density and distribution of radiation-induced voids in original steel Fe-14Cr
(without oxide strengthening) and in ODS steel Fe-16Cr-4A1-2W-0.3Ti-0.3Y,05. Partial inputs of the crystal matrix and
oxide nanoparticles nucleus/shell structure have been defined.

Preliminary results have shown that the swelling process slows down due to increase of oxide particles density in
ODS steels. Complex oxides ensure stability of the structure after ion irradiation of up to 60 dpa at 650 °C. Given
below is an example of an irradiated area in SOCP-1 steel, 300 °C, 60 dpa. An evident contrast of damage caused by
ion irradiation as well as dense dislocations in irradiated and non-irradiated areas are observed. Synergy effect of He and
H was clearly demonstrated in triple ion beam (Fe3+ He+ H+) irradiation. Average swelling in F82H steel was
considerably accelerated under the influence of triple ion beam irradiation. To create more sophisticated irradiated
conditions, researchers of the NSC KIPT (Kharkiv, Ukraine) apply irradiation in a triple ion beam mode on the basis of
the ESUVI accelerator with Cr, Cr+He, Cr+H, Cr+He+H ions.

The study of irradiated K3-ODS steels shows that: there are voids formed in nanoclusters; a homogeneous
distribution of voids filled with helium in the matrix of K3-ODS steel similar to high-density disperse nanoclusters is
observed; nanoclusters enhance heterogeneous bubble nucleation near the clusters which results in retardation of
transformation of bubbles into pores.

Analysis of chemical properties of nanoclusters in ODS steels is an important issue. Experiments on homogeneous
saturation of ODS materials with He atoms have been conducted at different temperatures on the RRC KI cyclotron.
Fast helium ions stop in targets forming profiles of radiation-induced damage, degradation and development of which
result in homogeneous saturation of ODS materials with helium. Mechanical tests of irradiated and non-irradiated ODS
materials have shown presence of helium embrittlement in irradiated ODS steels at T=450°C. Helium bubbles are
observed in irradiated ODS materials at Cy, = 500 appm at 300°C and 450°C.

The structure and composition of oxide/matrix boundaries which depend on the size of Y4Al,Oy particle for Super
ODS steels are shown. Incoherent particles beecome larger much quicker due to the higher boundary energy leading to
changes in the strength of flows which take up pin holes and helium bubbles. A large precipitate (of size > 15 nm) is
characterized by an incoherent boundary with the matrix associated with/ the spherical -shaped shell. In The small
precipitates (of size < 10 nm) with a semi-coherent boundary associated with/ the facets.
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Fig. 12. Structure of MA957 (Fe -14Cr — 1 Ti - 0.3 Mo — 0.25 % Y,05) after irradiation in reactor JOYO
a - without irradiation, b - 65 dpa, 500°C; ¢ - 101 dpa 710°C, d - 101 dpa, 500°C

CONCLUSIONS

One can see from the quoted results that nano-structural materials take on an important role in the nuclear power
industry as construction and functional materials which are being used in practically all stages of the nuclear fuel cycle.
Extremely important is formation in irradiated nano-structural materials of an ordered nanostructure composed of new
phases with a period of a few nanometers. This structure facilitates retention of materials properties in high-dose
irradiation. The discovered phenomenon may initiate development of a new trend in the radiation materials science —
creation of structural materials “positively” responding to radiation exposure. The prospect of application of
nanotechnologies in the nuclear power industry is related to the opportunity of creation of structural and functional
elements of nuclear and thermonuclear facilities with the required complex of mechanical, corrosion and radiation
resistance properties. Impressive characteristics of ODS steels make it possible to plan application of this kind of
materials in the thermonuclear power industry as materials for first wall and blanket. Transition to nanostructural
materials will make it possible to create materials with new, game-changing properties for the nuclear power industry
and set up create new departures in development of power generating equipment. This is why the crucial task is to
accelerate development of projects in the field of nanotechnologies and nanomaterials to ensure economic stability and
innovative industrial transformations.
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SURFACE VIBRATIONS IN SEMI-INFINITE CHAINS WITH CONSIDERATION OF
LONG-RANGE INTERACTION. SURFACE VIBRATIONS IN CUBIC CRYSTALS
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Vibrations within infinite and semi-infinite monoatomic and diatomic chains in approximation of nearest and next nearest neighbors
have been considered. Phonon dispersion relations in an infinite and a semi-infinite cubic crystal have been studied. Calculations
have been carried out using a unitary methodology based on solving the difference equations. The following methodology is of broad
generality and can be used for studying of both continuous and discrete spectrum in crystal models close to real systems. For cubic
crystals volume vibrations zones and localized states representing surface waves have been calculated.

KEY WORDS: phonons, localized state, surface waves, force constants matrix, adsorbed monolayer, long-range interaction.

HNOBEPXHOCTHBIE KOJIEBAHUS B TIOJTYOI'PAHUYEHHBIX HETTIOYKAX C YYHETOM
JAJTBHOJEVICTBHA Y B KYBHYECKNX KPUCTAJLIAX
M.C. Kiouko', A.A. Mamanyii , K.A. Munakosa ™, A.A. Poxkop™, E.C. Cbhipkun’
* duzuro-mexnuyeckuil uncmumym Huskux memnepamyp HAH Ykpaunvt um. B.U. Bepxuna
2. Xapvkos, np. Jlenuna, 47, Yepauna
** HayuonanoHwlil mexHuueckuil ynueepcumem «XapbKoSCKUll NOTUMEXHUECKUL UHCTNUMYM »
2. Xapvkos, yn1. @pynse, 4, Ykpauna
W3zydens! konebaHns B OECKOHEYHBIX U MOIyOTPAHHYEHHBIX OJHO- U JBYXaTOMHBIX IETIOYKAX B MPHOIIKEHHN IEPBBIX U BTOPBIX
coceneil. MccnenoBaHbl 3aK0OHBI AUCTIEPCHH (DOHOHOB B KyOM4ECKOM OECKOHEYHOM U MOJyOTrpaHWYEHHOM KpHCTaie. Beraucnenus
IIPOBEIEHBI C IIOMOIIBIO €ANHON METOJMKH, OCHOBAHHOM HA PEIICHUH Pa3sHOCTHHIX ypaBHeHHH. Mcnons3yemast MeToauka obragaer
IIMPOKOH OOIHOCTBIO U MOKET OBITH UCIIOIB30BaHA B MOJEIISIX, OJIM3KHMX K PEIbHBIM CHCTEMaM, ULl H3y4EeHHs KaK HEeIPEPHIBHOTO,
TaKk ¥ JIUCKPETHOro CIeKTpa KonebaHuili kpucramia. s KyOMUecKMX KPHCTAUIOB HAiJIeHBl 30HBI OOBEMHBIX KoJieOaHWH WU
BBIYHMCJICHBI JIOKAJIU30BaAHHBIC COCTOAHMNA, COOTBETCTBYOIIMUE IMTOBEPXHOCTHLIM BOJIHAM.
KJIOUEBBIE CJIOBA: ¢(oHOHBI, JIOKaJIM30BaHHOE COCTOSIHHUE, MOBEPXHOCTHBIC BOJIHBI, MATpPHLA CHJIOBBIX ITOCTOSHHBIX,
a71copOUpOBaHHBIN MOHOCIIOHN, TaTbHOAEHCTBHE.

TOBEPXHEBI KOJINBAHHA Y HAIIIBOEMEKEHWX JIAHITIO)KKAX 13 YPAXYBAHHSAM JTAJBHOIIT
TA Y KYBIYHHUX KPUCTAJIAX
M.C. Kiouko', A.O. Mamaayii™, K.O. Minakosa™", O.A. Poxkos™", €.C. Cupkin*®
* Dizuxo-mexuivHutl incmumym Huzvkux memnepamyp HAH Yxpainu im. b.1. Bepxina
M. Xapxie, np. Jlenina, 47, Yxpaina
** Hayionanohuti mexniunuil ynisepcumem « XapKigCoKuil NOAMeXHIYHUL IHCIUNymy»
M. Xapkie, eyn. Ppyuze, 4, Vrpaina
PosrnsiHyTO KONMMBaHHS, IO BUHHUKAIOTH y OE3KIHEYHHMX Ta HAMiBOE3KIHEYHHX OFHO- 1 JABOATOMHHUX JIAHIIOXKKAX 13 YpaxyBaHHSAM
B3a€MOIl MK MEPIIMMH 1 APYTHMH CyCilaMH, a TaKOX IpH ypaxyBaHHI JanbHOAIl. JlocmimkeHo 3aKkoHU mucriepcii (GOHOHIB y
KyOiYHOMY O€3KiHEYHOMY Ta HaIiBOE3KIHEWHOMY KpHCTaii. Po3paxyHkm Oyno MpoBeIEeHO 3a JOMOMOTH €IMHOI METOIUKH, L0
OCHOBaHA Ha PO3B’SI3aHHI PI3HUIEBUX DIiBHSAHb. BHKopHcTaHa MeTOJWKa Ma€ MIMPOKY CIUIBHICTH 1 MOXe OyTH BHKOpHCTaHA y
MOJIENAX, OJIM3BKHUX 10 PealbHUX CHUCTEM, JUISl BUBUCHHS SIK Oe3MepepBHOTO, Tak i JUCKPETHOTO CHEKTPY KOJIMBAaHb Kpucramna. s
KyOIYHHX KPHCTAJiB 3HAHIEHO 30HM 00’€MHMX KOJMBaHb Ta BHPAaxyBaHO JIOKAJi30BaHi CTaHMW, IIO BiJIIOBIJAalOTh MOBEPXHEBUM
XBUJISAM.
KJIIOUYOBI CJIOBA: ¢GoHOHH, JIOKaNi30BaHUI CTaH, MOBEPXHEBI XBUII, MATPHUII CHIOBHX KOHCTAHT, aJCOPOOBaHUI MOHOIIAp,
JATbHOMIS.

The main purpose of the article is the use of one-dimensional models, as it is of definite interest, since they can be used to find
out the basic properties of more complex physical objects close to reality. And, in addition, to provide a solution in closed form,
which can be used to control the interpretation of the approximate and numerical solutions obtained in the expansion of real systems.

ATOMIC VIBRATIONS IN MONOATOMIC AND DIATOMIC CHAINS

A necessity of comparison the results with some reference physical models often rise in a process of studying the
excitation spectra of different quasiparticles in real crystalline structures. In this connection the exactly solvable models
can be used (for example, one-dimensional atomic or molecular chain) [1]. On one hand, these one-dimensional models
are of academic interest, since they may be used for studying of the basic properties of more complex physical objects
that are close to real systems. On the other hand, such model systems are also help to carry out the exact solutions used
© Klochko M.S., Mamalui A.O., Minakova K.A.,

Rozhkov A.A., Syrkin E.S., 2013
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for comparison and interpretation of the approximate and numerical solutions obtained for real systems.

In this section we consider vibrations which take place in monoatomic and diatomic chains when considering the
nearest and the next nearest neighbours interaction. When taking into account an influence of the next nearest
neighbours a situation may occur when ¢, constant corresponding the next neighbour interaction is of different sign
with «, which is for interaction between nearest neighbours. This situation may be applied to so-called metamaterials
simulation [2]. Presence of a negative constant ¢, leads to a problem of solutions stability which can be resolved by
setting the restriction on the force constants. Consider now possibility of consideration a long-range interaction within
such chains. In this connection we use a model representation of force interaction close to the real one. Account of the

long-range interaction solves a problem of solution instability which arises when the long-range interaction is not
considered.

Acoustic vibrations in a monatomic chain within approximation of first and second neighbours
2 el - oY) ne?  med Consider an infinite one dimensional monatomic
7 7 7 x  chain which consists of atoms connected with each other
by means of force elastic interaction (Fig. 1). Consider a
to be the interatomic distance, «, is a force constant

i

Fig. 1. The monoatomic chain model corresponding for nearest neighbour interaction and «, is

for the next nearest one.
The motion equation for the displacement of any n-th lattice-point atom within approximation of first and second
neighbours is as follows:

mﬁn = al (un—l + un+l - 2”7[ ) + az (un—Z + un+2 - 2un ) (1)

The equation (1) is sought in the form of plane waves

u, (t)=u, exp{i(nka—ot)}. 2)
Here u, is a plane wave amplitude, w and & are frequency and wave number correspondently.
After substituting (2) into (1) we receive
ma’ =2¢, (1-coska)+2a, (1-cos 2ka) (3)
The dispersion equation (3) can be rewritten as:
mao’

= 4sin2@+4&sin2 ka )
Q 2 Q

mar' Introduce a  designation  p=a /o, .

X Dispersion curves for a monatomic chain in
approximation of nearest neighbours (p =0,

dashed curve) and second nearest ones (p = -1\2,
\ : / curve 1; p = -1\4, curve 2; p = 1\4, curve 3; p =

I3

. 1\2, curve 4) are shown in Fig. 2. An instability
solution takes place at negative values of Here
g the condition of instability of negative values of,

% ¥

R a,/a, < -1/4 which is also represented at Fig. 2

(curve 1, p=-1\2). This situation can be applied
B i . in the simulation of metamaterials. The system
= = considered is stable if o« /o, <-1/4 (a,is

positive, (4)).
In case of an oscillating (alternating)

. . . . . . I interaction a restriction imposed on force
Fig. 2. Dispersion curves for a one dimensional monoatomic chain with

accounting of nearest and next nearest neighbours (p =-1\2, -1\4, 0, 1\4, constants comgs Ol%t' . .
12). On considering interaction between the

third neighbours, the dispersion equation

=t

transforms as following:

2
mao o ka o, a  ,3ka
——— =4sin” —+4—2sin ka+4—3*sin” —. (5)
a 2 a a 2

1 1 1
Existence condition of a stable solution to implement in equation (5) is:
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a a
1+4—2+9—2>0. (6)
a a

1 1
Thus, when considering oscillatory (alternating) interactions a problem of system stability arises. It demands
particular restriction on force constants connection.

Acoustic oscillations in the one-dimensional monatomic chain with long-range interaction
It is of high interest to take into account an interaction that exponentially decays with distance increasing (i.c.,
long-range interaction). This fact was shown in [3,4]. Therefore, consider interaction between all the atoms in an
infinite chain. Motion equation is as follows
+00
mi = X (un+m'—un) (7

n m’z_(x)

The solution of equation (7) is sought in the form of plane waves (3). Thus,

+00

me’ = Z a, (1—6"""‘“). ®)

m'=—o0
From symmetrical reasoning @, = «, ., and we have

2 1o

mo- =2 X ay(l-cosim'ka). )
m'=—o0
Otherwise,
P —+00 '
meo =4 2 &k ,sinzmka,
__ m 2
m =-=0 (10)

km/ = am,/al, kl =1.
The given equation cannot be solved without choosing of an appropriate model of force constants ¢ , changing.

The further the interacting atoms are situated the weaker the interaction is.
Consider the following model

q/<1, (1n
which is an analog of RKKI exchange interaction which simplified obtaining of the magnetic materials excitation
spectra [5]. It allows one to take into account when solving the problem of finding the excitation spectrum of the
infinite-dimensional chain, the impact of long-range. Since in the model allows the existence of alternating force
constants, it can be used to solve problems in physics metamaterials.

Substituting (11) into (10) and summing the expression, we get:

ma? I+¢q 1—coska

— m'—1
am' =oq ’

:2 . . 12
a 1-g 1-2gcoska+q” (12)

Dispersion curves for a monatomic chain in
approximation of nearest neighbours (q = 0, dashed
curve) and for long-range interaction (q = -1\2, curve
1; q =-1\4, curve 2; g = 1\4, curve 3; q = 1\2, curve
4) are shown in Fig. 3. Account of the long-range
interaction removes the problem of solution
instability which appears when considering a finite
number of neighbours.

Stability analysis of the equation (12) leads to
the conclusion that solutions within the whole ¢

range of definition are stable. When interaction
between second and third neighbours is not
considered a stability solution range narrows. As for
=t ' only second neighbours consideration p should be p
= [-1/4; 1]. Thus, consideration of the long-range

Fig. 3. Dispersion curves for a one dimensional monoatomic chain in
approximation of nearest neighbours and when considering long-

range interaction (q = -1\2, -1\4, 0, 1\4, 1\2). restrictions imposed upon the stability range of

interaction (when |q|<1) allows removing the
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dispersion equation solution.

Acoustic vibrations in an infinite monoatomic chain having a point defect
Consider an infinite chain consisting of atoms with m masses (Fig. 4) and a point defect with m' one within
approximation of nearest neighbours interaction ¢ . Maximum value of a square frequency for monoatomic ideal
infinite chain is:

4a
0= (13)
m
Let us study conditions of appearing and characteristics of so-called local vibrations.
-3 -2 -1 0 1 ) 3 4

m W m M m m m m

U L leq
Fig. 4. An infinite atomic chain within which there is an impurity
atom.

Without losing generality suppose that a defect atom is located in the grid origin. Solution is sought in the
following form
m'iiy =—a(u, +u_, —2u,)
mii, = —a(u, +u, —2u,)
mii_, =—a(u,+u_,—2u_)

As for the other motion equations, they correspond those of the volume atoms (located far from the impurity one).
We seek the solutions that coordinate the amplitudes decreasing on the sides of the defect atom, i.e.

{uZ_ulqﬂ |q|<l. (14)
u,=u_q,
In (11) we had g for interaction decreasing parameter and in (14) it is an amplitude displacement parameter.
Considering (14) we obtain a system below (we should take into account that u ~ exp(—iwt) , see eq.(2))
m'e* o -u, = {2uy —u, —u_,},
ma’ Joc-u; = {2u, -u, —u,q},

ma)z/a U, = {Zufl -u, —uflq},

which has nontrivial solution if

(m'e* o) -2 1 1
1 (mo* [a)-2+q 0 =0. (15)
1 0 (ma* [a)-2+q

Equation (15) is an equation for ¢ expressed in terms of m®’. Besides of it, we need the following equation to
find gq:

mwjza{2—l—q}. (16)
q
Hence,

g=¢/(¢-2), (17)

where &=m'/m. From (17) it is obvious that |q| <1 if m'/m<1 which means that local vibrations appear without a

threshold.
After substituting ¢ into (16) we have:

A (8)
a e(2-¢)
Ratio of local and maximum frequencies (13) is:
w’ 1
4= - 1. (19)

@ e2-¢)

m

Dependences of @’ /@’ on ¢ and ¢ on & are given in Fig. 5 (a and b respectively).
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40 -

w2lwmax™2

! 1 T -1 1 1

0 0.5 1 0 0.5 1

Fig. 5. Dependence of @’ /e’ on ¢ (a)and of gon & (b).

Local vibrations in one-dimensional semi-infinite chain having an impurity boundary atom
Consider a one-dimensional semi-infinite atomic chain consisting of atoms with m masses (Fig. 6) and one
impurity m’ boundary atom. Let us assume that m' < m . Similarly to the discussed above case of an infinite chain,
local excitations will take place in the considered model. These local states are an analogue of the surface waves in one-
dimensional system.

-4 -3 -2 -1 0
m m m m “'l’ x
U,

Fig. 6. A semi-infinite monoatomic chain having an impurity
boundary atom.

We have obtained the following system in the given model
m'iiy =—a{u_, —u,},
mii_| = —a{ufz +u, —2u, } ,
mii_, =—a {u73 +u_ —2u, }
As we did in (14) let us rewrite this system in a following form
me[ouy ={u —u,},

20
me’ fo-u_, ={u_q+u,—2u_}, 20

which has a non-trivial solution on a condition that

(m'e? Ja)-1 1 ~
( 1 (ma)z/a)—2+q)_0' 2D

For the second atom we have mii_, = o {u_, +u_, —2u_,}.

Hence,
ma? =a{2—l—q} 22)
q
and

g=——, lq|<1. 23)
-1

So, we can see that ¢ is negative at & =m'/m < 5 It is also obvious that local vibrations arise if mass of an

impurity boundary atom is twice lighter than the host one [6].
After substituting ¢ into (22) we have:

mo, 1 24)
a e(l-¢)
Its maximum value is:
ol a=4/m. (25)

Ratio of local and maximum frequencies is:
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Dependences of o’ /o’ oi/g(2ndk) on & are given in Fig. 7 (a and b respectively).

o, _
@ de(l-¢)

2
1

m

w2 wmax”2

‘a

1
0 02

Fig. 7. Dependence of o’ /a); o1l /g(Qyand of g on ¢ (b).

Diatomic infinite chain in model of the second-neighbour interaction
Consider a diatomic chain (Fig. 8). Assume the even numbers to be those of atoms with M

numbers to be those with m ones.

&

04

22 el

Fig.8. A diatomic chain.

Znwf

(26)

ok

=03

—1r

0

Zn2  2nd

1
02

&

{muzn =0, (Uy, +ity, = 2u,,) + 0y (U, Ty, —2u,y,),

Mi,, ., = (u,, +ty,., =21, )+ 0y (Uy, |+, 5 —2u,,.,). (27)

The system equations are sought in the form of plane waves

u,, =u, exp{i(2nka—ot)},
u2n+l = uZ exp {l([zn + l]ka - a)t)} .
Substituting (28) into (27) we get

{ma)zul =20, (u, —coska-u,)+2a,(1-cos2ka)u,,

M o’u, =2a,(u, —coska-u,)+2a}(1—-cos 2ka)u,.

This system has non-trivial solutions for u, and u, if

—2q, coska

20, —m’ +4a, sin® ka

—2a, cos ka

=0
20, - Mo’ +4a) sin’ ka

After evaluating a determinant obtained we get a dispersion relation for a diatomic chain.

where

Ak) = jli

Solutions of (29) are as follows

o (k)= %A(k) i%«/Az(k)—4B(k).

+Ma .
L (m+M)+4m—az—alsm2 ka,
M mM

4o}
B(k)=—"2
(k) .y

o' — A(k)a” + B(k) =0,

. a +al . l6a. ! .
sin® ka + 8a, —*—2sin” ka + —22sin" ka.

masses and the odd

(28)

(29)

(30)

€2))

Dispersion curves for a diatomic chain in approximation of nearest neighbours (p = 0, dashed curve) and second
nearest ones (p = -1\2, curve 1; p = 1\2, curve 2) are shown in Fig. 9. Here optical modes are marked with thin curves
and acoustical ones are marked with thick curves.

Such plots demonstrate a condition of instability appearing for the acoustic vibrations within negative values of
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%< —i (p=-1\2). This result may be applied in simulation of metamaterials in acoustics.

(24
ma’ There are optical and acoustical vibrations in a
t, diatomic chain (unlike a monoatomic one which doesn’t
A = have them). In our work we marked a)+(k) as for optical

modes and @ (k) as for acoustical ones. Solutions of

N ,"/ . oo (30) are stable if A(k)>0, 0< B(k)< A (k).
Considering the form of A(k) and B(k), these

4 conditions bind both force constants and masses of various
LTS WA atoms. There is a gap between optical and acoustical
6725 »
F

v hES : " S excitations that appears in an infinite diatomic chain
- Sele? ~ consisting of atoms of different type. The gap width can
= ,WD_\ S~ " be estimated according to the dispersion curves form.
K The lowest border is an optical mode which is
Fig. 9. Diatomic infinite chain with accounting of nearest , m+M
and next nearest neighbours. (p=-1\2, 0, 1\2). @ | min™ M and the upper one responds for

1 1
acoustical vibrations @ _ 2= 5 A(k) - 7 A2 —4B_ .

2 4
Here A4, = v (a(m+M)+2(ma, + M az' ), B, = Y (@, +2¢, (a, + az' )+ 40(20!2’ if accounting the next

nearest neighbours.

Infinite diatomic chain with taking a long-range interaction into account
As for two types of atoms we have the following equations of motion:
mao’u, =2u, 3 o, (1-cos(2ska)) + 23 o, ,, (u, —u, cos[(2r + )ka]),
- - (32)
M&'u, =2u,y a, (1-cos(2ska)) + 23 a,,,, (u, —u, cos[(2r + 1)ka)).
s=1 r=0
It is convenient to make a replacement
{ma)zul = F(ka)-u, + G(ka)-u,,

2 (33)
Mo u, = G(ka)-u, + F(ka)-u,,

where F =23 a, (1-cos(2ska)), G=2% a, ,,(1—cos[(2r + )ka]).
s=1 r=0

Equation system (33) has non-trivial solutions for «; and u, if
F (ka) - mao’® G(ka
(ka) ) |_, G
G(ka) F(ka)-M o

Thus, we obtain
o — A(ka)o® + B(ka) =0, (35)
m+M F?(ka)— G’ (ka)

where A(ka) = F(ka), B(ka)=————— Weget F(ka) and G(ka) .
mM mM

Hence,
coska(1-g*)
+q* —2¢* cos2ka’

2a, (cos2ka—q’)-q

F(ka) = N

-2, 7 > ,
—q 1+q" —2qg° cos2ka

Solution of (35) is
o’ (ka) = %A(ka) * %\/Az (ka)—4B(ka),
A and B are presented above.

Dispersion curves for a diatomic chain in approximation of nearest neighbours (q = 0, dashed curve) and second
nearest ones (q = -1\2, green curve; q = 1\2, red curve) are shown in Fig. 10. Here optical modes are marked with thin
curves and acoustical ones are marked with thick curves.

Account of the long-range interaction removes the problem of solution instability which appears when considering

a finite number of neighbours. Long-range interaction takes away a restriction that o, < 0.

Glka) =201 -
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Fig.10. Diatomic infinite chain with accounting of nearest and next
nearest neighbours. (¢=-1\2, 0, 1\2).

INFLUENCE OF SURFACE PLANE ORIENTATION ON DYNAMICS OF VIBRATIONAL STATES IN
A SEMI-INFINITE CUBIC CRYSTAL

Different theoretical and experimental studies of surface states of various nature (including elastic surface waves)
cause deep interest both in the context of fundamental studies and technological applications. Pure shear surface waves
having a horizontal polarization are of special interest. Such waves depend on surface characteristics much stronger
than waves possessing Rayleigh polarization, for example [7, 8]. This comes from the fact that penetration depth of
purely shear surface wave exceeds that of the Rayleigh wave within the long wavelength limit. If geometry of a studied
crystal is of sufficiently high symmetry, pure shear surface waves split from the Rayleigh waves then.

Thus, without losing generality it is possible to study such surface waves using the so-called scalar models
characterized by one displacement direction. For example, spin waves in magnetically ordered systems in the magnon
approximation are described using this model.

In our paper we studied dispersion relations of phonons in a cubic crystal. For our calculations we used
methodology stated in [9, 10]. The following methodology is of broad generality and can be used for studying of both
continuous and discrete spectrum in crystal models close to real systems.

In a microscopic assumption we have studied zones of volume vibrations and properties of the single-component
surface waves split off the volume zone, depending on surface orientation, direction of two-dimensional wave vector
and its values in a two-dimensional Brillouin zone.

Volume vibrations
The equation of atomic motion for an ideal crystal in scalar model in harmonic approximation is as follows [11]:

mii(n,t) = —zn,(i)(n,n’)u(n’,t). (36)
Here u(n, t) is a time-dependent displacement of the atom in the n = (n,,n,,n,) site from its equilibrium position,

®d(n,n") is a force matrix and m is an atomic mass. Solution of (36) is sought in the form

u(n,t) — u(ﬂ}) . ei(kana—wt) . (37)
Here k,_ are the components of a three-dimensional wave vector along a,,a,,a, (the unit vectors), o =1,2,3; o

is the wave frequency.

In order to study the surface waves, we examine first the situation where the chosen orientational plane is located
deep in the crystal. Consider (001), (110) and (111) orientational planes. With (1) and (2), dispersion relations for each
of the orientational planes in SC, FCC and BCC can be obtained.

o Simplecubic:

o] (001) plane

2
may,

=6-2cos[ka,]—2cos[k,a,]—-2cos[k,a,]. (38)
a

Let us construct a diagram for volume vibration zone as a function of two-dimensional wave vector y(k,,k,) at

fixed k, (see Fig. 11, shaded area). For SC crystal lower and upper borders are as follows
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m ((0; )min
——— . =6-2cos[k,]-2cos[k,] -
“ (39)
———% = 6-2cos[k;]-2cos[k,]+2.
a
01 1o 13 20 2 ) 1k ky)
&)
Fig. 11. A diagram of volume vibrations (shaded area) for (001)
surface orientational plane in SC crystal.
Similarly, it is possible to find volume vibration zones for any other orientational plains.
o] (110) plane
Equation for volume vibrations is
maoy,
aV =6—4cos[K, \/_]cos[K3 \/_] 2cos[K,a,]. (40)
And, hence, for lowest and highest boundaries we have (see Fig. 14, shaded area)
2
MO _ 6 4cos[K, 11— 2cos[K,a, ],
J—
m(w;) “h)
——om — 6+ 4cos[K, —2cos[K,a,].
« Nel
o] (111) plane
As for (111) orientational plane we have
may, a,
=6-2cos[K —L1-4cos[K, —=]cos[K, K,—], (42)
« R AR U A
and (Fig. 12, shaded area)
m(@;) a4
—Lmin = 6-2cos[K, —=]—4cos[K, —=]cos[K, —=],
a «f f V6 “3)
m(w;) a,
—Lm = 6+ 2c0s[K, —=]+4cos[K, —=]cos[K, —=].
« N B
mwz
@

0.5 1.0 1.5 2.0 2.5 3.0 x(kl kzj
a,

Fig. 12. A diagram of volume vibrations (shaded area) and surface
wave for (110) surface orientational plane in BCC crystal.
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e Face-centred cubic:
o] (001) plane

Similarly to what was calculated for simple cubic crystal, for FCC with (001) orientational plane we have

2
"%y =12—4cos[k, —=]*cos[k

« et et

The lowest and the highest boundaries are as follows (Fig. 13, shaded area):

—21- 4cos[k1 ]cos —21-4cos[k cos[k3 (44)

oot 51

2
m(a)V )mm

=2—4cos[k, —=]*cos[k —4coslk, —4cos[

f J’ 5t

—~1+4cos[k,

\/_

=2—4cos[k, —=]*cos[k,

(45)

2
MOy ) e —21+4cos[k

(=5
2\/5'

P N

B N

0.3 1.0 T3 20 s a0 7k k)

Fig. 13. A diagram of volume vibrations (shaded érea) and
surface wave for (001) surface orientational plane in FCC crystal.

o] (]JO)plane
mo; 2cos[K,

- 2\/—
2

O s _ 15 _ 9 cos[K. 2
” 2ﬁ
2

MO D _ 15 2cos[K,

a 2\/_ \/E]

The corresponding diagram is shown in Fig. 14, shaded area.

%o &
5 \/E]cos[lg > ) (46)

Jeos[K, —o],

02

——=]—-2cos[k, —=]—8cos[K, —=]cos[K,

J— 2(

%-1-2cos[k, a_o] —8cos[K, %

202 22

+8cos[K, ¢

_0
NP

(47)
—]—2coslk,

Z
o

a

0 i 15 0 23 BEr I(kl Xs)
4y

Fig. 14. A diagram of volume vibrations (shaded area) and surface
wave for (110) surface orientational plane in FCC crystal.

o] (111) plane
In this case equations for volume vibrations are

;/_ —4cos[K,—~]cos[K, a";/g] (48)

30)\/_ \/_

moy_y, 2cos[K -4cos[K, "Of] os[(K,

" 1\/_ 2cos[(\/_+K)\/_
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and (see Fig. 15, shaded area):

2
MO s _ 15 _ 5 cogK,

« o

2
U D _ =12 -2cos[K,

-
a "22

RIS aO]—4cos[Kl#] os[K, “°f

NG

—=]-4co Jeos[K, it

K%
K V2

——=]+4co s[K1

f

(49)

2 cos[ ] +4cos[K, #] cos[K, os[K, #].

NG

2J_ «/—

Fig. 15. A diagram of volume vibrations (shaded area) and surface wave for
(111) surface orientational plane in SC crystal.

e Base-centred cubic:
o] (001) plane
As for BCC, we have

=8—8cos[k, S0

NG

Thus, dispersion equations for the lowest and the highest boundaries are as follows (see Fig. 16, shaded area)

2
MO D _ g g cos[k, 2] coslk, ]

P J§ ﬁ

2
O Do _ =8+38 cos[k1

« N

- J-costh, ~eosll, 2. (50)

(51
2] cos[k2

Nl

Fig. 16. A diagram of volume vibrations (shaded area) and surface
wave for (001) surface orientational plane in BCC crystal.

o] (110) plane
Similarly,

ma;

=8 4cos[K, = TleosiK, D _1-4cos[K, %O]COS[K

;i 1, (52)

a

32ﬁ
a

%o ]-4cos[K, 70]

NG

2
O i _ =8— 4cos[K
o

> (53)
LGN =8—4cos[K a_o]

9
a - l2 22\/5

%
[Kl 7]
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The following diagram is shown in Fig. 12, shaded area.
o] (111) plane
In the following case, we have

2
mZ)V =8— 4cos[§](la0 1-4 cos[ga0 (K, —%)] cos[glgao] 54)
and (Fig. 17, shaded area)
mwz
a

05 ' '1.0 '1.5 2.0' 1.5' ' 30 Ix(kpk),}

a
0

Fig. 17. A diagram of volume vibrations (shaded area) and surface
wave for (111) surface orientational plane in FCC crystal.

2
_ K
MO s _ g 4 cos[2 K a, - 4 cos| > a, (K, ~22)]
a 9 9 J2 (55)
(o), 2 2 K
# = 8—4005[5 K]a0]+4c0s[§ a, (K, —T;)]

Surface waves in cubic crystals
We use a Lifshitz Rosenzweig model [12] for describing a surface. In an infinite crystal we lay a plane that
corresponds the needed orientation and then just “throw away” one of the halves of our crystal.
From (1) and (2) for surface plane we get

mar*u(ny) =Y, Dln,nisn,n,), (56)

Here <i>(n,n3';n] ,n,) is a reduced dynamic matrix. Equation (56) are linear equations in finite differences of order
2s which set a sequence of U(n)(n=0,1,2,...). It follows from the theory of finite difference equations [13] that,

beginning from n = N,U(n) can be presented as a sum of geometric progressions
um) =3 V4 (57)

Here V; are amplitudes of 2s partial waves, characterized by ¢, parameters which determine degree of decrease

(increase) of the partial wave with penetrating into crystal depth. ¢, are solutions of the algebraic equation of 2s
degree (in scalar model):

mo’ =" ®(nk)g" =0 (58)

As for 0 <n < N+ atomic motion equations for atoms situated in defect and intermediate layers (see (57)) play

the role of boundary conditions and are used to determine relationship between the V; and atomic vibrational

amplitudes in defect layers. There are s summands left in (58) in case of SC, |q| =<1 for all of them. It was interesting
for us to determine values of ¢ and mw?/«a for different orientational surfaces.
Boundary conditions (motion equations for defect and intermediate layers) form a system of N +s homogeneous

linear equations for ¥, and u(n)(n=0,1,...N —1). The number of equations and unknowns are equal. Equating the

determinant of this system to 0, we arrive to the equation for SC structure dispersion relation. Mathematically, the
matter is to solve an algebraic equation and there is no need in integration over a continuous spectrum.

dispersion relations for phonons in cubic crystal with different orientational surface have been studied. So let us
illustrate the technique used on some specific models.
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(001) plane
e Simplecubic structure (SC).
There are one defect n=0(s =1) and one intermediate planes n =1(N =1) for (001) surface plane in a SC crystal.
Surface wave may be presented in the form of u(n)=V4". For a n=1 intermediate layer and a n=0 surface defect layer
equation system (58) transforms into:

2
MO _ 6-2 coslk ay -2 cos[k,a - (g ), n>1,
a q
mao’ (59)
~— =5-2cos[k,a,]-2cos[k,a,]—-q, n=0.
(04

Here V is an atomic vibrational amplitude; s is a solution for a SC structure and @, is its frequency. From the
expression for n=0 it’s obvious that surface atoms have 5 neighbours, while those situated in any other layer inside the
crystal have 6 neighbours.

An equation for n=0in (59) plays the role of a boundary condition for surface waves. From (59) we obtain:

=1

ma) =4-2{cos[k,a,]—cos[k,a,]} (60)

Thus, for the considered surface orientation equation o, (k) , a surface wave corresponds the lowest boundary of
volume vibration zone (see (38)). For such a situation we have ¢ =1 which means that there are no surface vibrations
for (001) orientational plane in SC. It is illustrated in Fig. 11.

(D)) i _ m_wvz

a a

A splitting value A= is a difference between dispersion relations for volume and surface

2 2
mws — m(a)V)min
o (04

vibrations. As for the considered situation it equals A=0, as =4-2cos[ka,]—2cos[k,a,]

e Face-centred cubic structure (FCC).
Consider unit translation vectors and a two-dimensional vector o be as follows, respectively: 4, = 4, =a, / V2,
k, =k, . Then, we get:

ma)

a
=12—4cos[k, —~=]cos[k -2(q+ ){cos 1+ 4cos[k, —=]}, n >
a f f et
ma)2 (61)
=8—4cos[k,—]cos[k —2q{cos[k, ]+4cos[k ]} n=
Values for me? /o and q are obtarned frorn (61):
(cos 1+ cos[k % )
\/— 2 \/z
ma)2 a (62)
* =8—4cos[k, —=]cos[k, —=]—cos’ [k, —=]+ cos’[k, —=
In Fig. 16 the line beneath the shaded area corresponds to a surface wave. For (001) orientational plane in FCC
m(wy) me?

crystal we have the following splitting value: A = min _ 7 = 4(1-¢)*, which shows that a surface wave exists in
a

a
such an orientation.
e Base-centred cubic structure (BCC).
For defect n=0 and intermediate n=1 layers we have:

ma =8 —4cos[k,—=]cos[k 1(g + ) n>1
« oot 5]
. ; (63)
5 =8 —4qcos[k,—~]cos[k, —~],n=0
f '3
= cos[k, Jcos[k &]
- f JE
me? a (64)
=4 —4cos’[ Jcos’[k, —=
p \/— [k \/5]
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In Fig. 13 a curve beneath the shaded reach corresponds to a surface wave. The splitting value is:

5 2
N =%_m7@=3(1_|q|)2 :

a
(110) plane

e SCdtructure.
As for (110) surface orientational plane in simple cubic crystal we choose unit transition vectors as follows

| =a, / V2 (110) A, =a,(001). The two-dimensional wave vector will have the following components then

K, =k / V2 (liO) K, =k,(001) . Number of defect and intermediate layers are s = N =1. Equations for atoms in n>1

and n=0 are
mao,
=6-2cos[K, \/_](q +—) 2cos[K,a,], n>1
e’ (65)
=4-2gcos[K —2cos[K,a =0
p q \/, ol n
a.ls 1.Io 1.I5 1.Io l.lj s.le ;"-(kl :klj
%
Fig. 18. A diagram of volume vibrations (shaded area) and surface
wave for (110) surface orientational plane in SC crystal.
A solution for (65) is
a
g = cos[K, —=]
V2
‘ (66)

2
i =4-2cos’[ —2cos[K,a,]

a f
From (66) it follows that there is a surface wave for such a surface orientational plane. The penetration depth of
the wave considered varies from a minimum value in X, =k, / J2(110) direction up to infinity when spreading in

=k,(001) direction. In Fig. 18 a curve beneath the shaded area corresponds to a surface wave. The splitting value is:

A e MOL
a a

e FCCdructure.
From the equations forn>1 and n=0:

ma? a a a a 1
S =12-2cos[K, —=]-2cos[K, —=]—4cos[K, —=]cos[K, —=](g+—), n>1,
a ‘2\/5 22 "2V2 2277 g 7
me? a a a '
L =8-2cos[K, —=]—2cos[K, —=]-4gcos[K, —=]cos[K, —=], n=0
o [ \/— [ \/E] q [ 12\/5] (K, 2\/5]

We get values of o,
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q =cos[K, Jcos[K. Zi],|q|-<l,
J_ 22 68)
ma) a
—= =8-2cos[K,—=]—2cos[K —4cos[K, Jeos[K, —]
« N 207 el s
Splitting of a surface wave from the continuous spectrum is shown in Fig. 14 and equals
A= m(a)lz)min _ ma)rz :4(1_q)2‘
a
e BCCstructure.
2
MO —8—4cos[K, L cos[K, —2—]-2 cos[K, = g+ )n>1
* ? Zﬁ (69)
me’

—=6-4cos[K, ]cos[

a 2 2J—

For unit translation vectors 4, =a,/2(001), 4, =a, /272 (110) we obtain the following equation system for defect

2q cos[K, ,n=0
—=1—2gcos[K, 2]n

n=0 and intermediate n=1 layers:
Hence,

ma? g (70)
—* =6-4cos[K, ]cos[K —21-2cos’[K, 70]

a
a 2 22

In Fig. 12 a curve beneath the shaded area corresponds to a surface wave. The splitting value is:
m(Wi;)min mW52

A= - =2(1-q)?
p po Q-9

which shows that a surface wave exists in such an orientation.

(111) plane
e SClattice.
In case of SC crystal with (001) orientational surface we choose the following unit vectors in coordinate and
impulse spaces: 4, = a, / V2 (110), A4, =a, / J6 a 15) ;K =k, / V2 (110),[(2 =k, / V2 (liO). The dynamic equations for
atoms located in defective (n=0) and intermediate (n=1) layers are as follows, respectively:

mwz ay 3K, -0
Ll+e “ﬁ),n21

iKza—0 3K, —=
L 6-4ge P Qcos[K, e Ryl f(zcos[
q

"2
—3iK, 2
0 _3_ge f(zcos[ o qye VY =0

‘2

Dispersion relation and ¢ values are as follows then

f (71)

ma)

—iK, 2
q—; f(zcos[K—]+e V2,

. V2 ~ (72)

o, =—(2 cos’[K, \/E] cos[K, aO]cos[Kz%])

2
The surface wave is shown in Fig. 15 as a curve splitting from continuous spectrum.
e FCCllattice.

Having 4, =a,/2~2(110), 4, = a, /246 (112) we get

ma) 3q, -iky = a =
=12 -2cos[K, —=] - 4cos[K, —=]cos[K, —=]— ge o 0 l+e 2P)-
2\/— 2ﬁ 26 "2\2
1 71(2—6 a, 731’1(2%
—e 1+e ), n=1 73
'35 (73)
mwz 3q —ik, - a 3iK, -2
=9—2cos[K, —=] - 4cos[K, —=]cos[K, —L]—ge 2 (2cos[K,—=]+e 2%), n=0.
J— J— NG '22
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From (73) we obtain

4

iKa—0 =3i
_, 2% 4 *246
g=e *°(Q2cos[K,—=]+e ),
1\/5

(74)
ma; E(2 —cos?[K, ~2 - cos[K, 22 ]cos[K 3i])
a 3 1 2 \/E 1 2 \/E 2 2 \/g
2 2
Splitting of a surface wave from the continuous spectrum (Fig. 17) equals A = % - % =2(1-¢)*.

Cubic crystals having an adsorbed surface monolayer
Consider a cubic crystal that has a simple cubic lattice and (001) surface orientational plane of the (001). Consider
now an adsorbed monolayer which consists of impurity atoms and is situated on the top of the surface layer. Equation
(38) allows one to write the dispersion relations for the adsorbed surface monolayer (#=0) and a boundary layer

located below it (n=1):

2
mO a)s

U, =(5—-2cos[ka,]-2cos[k,a,])U, -U,
(75)

2
mao;

U, =(6—-2cos[k,a,]—2cos[k,a,))U, —U,-U,q

Here m, is a mass of an impurity atom and m is a mass of a host one. We had the dispersion relation for n>1
layer given above (see (59)). From (75) we find the following determinant:

2
T 544 1
¢ . =0. (76)
1 L S
o

Hereinafter we introduce the following notation 4 = 2 cos[k,a,]+ 2cos[k,a,] . Equations (59), (76) are a system of

two equations having two unknowns, ¢ and ma; / a . For q in general case we have

= [y (6= A) = m(5 = A)] £ \[[my (6 = 4) = m(5 = AP +4m,(m—m,)

2(m—my,) (77)

A boundary transition should be hold: ¢ =1 at m, =m (see (51), a (001) surface orientational plane in SC
crystal). Denominator equals 0 then, so take a limit of (77). Let us set X =[m,(6 — 4A)—m(5—A4)], ¥ =4m,(m—m,).
Hence,

Y
_x+Jx2+7? -X+t(X+—)

2(m—my) = and g =lim, ,2m, ; —2m, ; 2X__Since |g|< 1, only a positive root matches, and we
0
get:
m, m
=—0_-" . 78
1=5% =% (78)

Thus, the boundary condition is satisfied. It is easy to obtain ma’ / a knowing ¢ .
Consider a situation when impurity atoms are lighter than the host ones m, < m . Consider also a situation of

heavy impurity atoms m, > m .

For light impurity atoms (m, < m) . In this connection M _ % and 20 = 1 have been studied.
m m
2
MO 6+ A+~ 4 —84+20
m, 1 a
= . (79)
m 4—4—~A-84+20

q= )

At such ratio between masses of host and impurity atoms a surface wave splits off just from the highest boundary
of the continuous spectrum (see Fig. 19).
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ma?  105—-204+5V16 4% —1524+377
m_ 1, o 8 . (80)
m 2 q_19—4A—\/16A2—152A+377
8

Note that in both cases ¢ < 0. Let us determine a splitting value now. From Fig. 19 it is obvious that a surface

wave splits off the highest boundary of the continuous spectrum, so:

ma!  m(w))

A: s max >O, (81)
(24 o
ML A—g—a—2g-0, (82)
m 2
ﬂ:l;A=17—4A—5q>o. (83)
m 5
my 1
13k E_E

0E L

0.8

.
o4t ‘-\H—\""x

-oas | -
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Fig. 19. A diagram of volume zone vibrations and surface waves for m,/m=1/2 and

m,/m=2 (a); dependence of g on a two-dimensional wave vector if m,/m=2 (b)
and m,/m=1/2 (c). All considered for a (001) adsorbed surface monolayer in a SC
crystal.
Here g are the coefficients presented in (79) and (80) for each of the ratios. It’s obvious that in both cases A >0

because . ¢ <0, |q|-<1and A changes from -4 to 4 depending on the value of two-dimensional wave vector
x(k k)= [0,7[] .

m m .
For heavy atoms (m, > m ). Here —~ =2 and —- =5 have been considered.
m m
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To_5.) @ 20 (85)
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Fig. 20. A diagram of volume zone vibrations and surface waves for m,/m=1/5 and

m,/m=5 (a); dependence of ¢ on a two-dimensional wave vector if m,/m=>5 (b) and

m, /m=1/5 (c). All considered for a (001) adsorbed surface monolayer in a SC crystal.

A surface wave splits off the lowest boundary of the continuous spectrum (Fig. 20), so the splitting value is as

follows:

2 2
— m(a)V )min _ ma)s — 0
(24 a

A

(86)
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For m,/m =2 we have a=3=4tq

From the form of (86) it isn’t clear if A >0 as A varies from -4 to 4. However, in case of y =0 and 4=-4 we
have ¢ =1 and A=0. With increasing of y from 0 to /2, g value decreases, and A>0 will always be true.
Therefore,

_3-A4+gq

A >0. (87)

As for my/m=35 we get

A 10-34+2q

(88)
g are given in (84) and (85). Similarly to m,/m =2 we find out that A >0 is realized for any y . Based on the above

stated, we conclude that, both in the cases of lights and heavy impurity atoms a surface wave splitting off the
continuous spectrum exists. Diagrams for the continuous spectrum and surface waves splitted are shown in Fig. 20.
With decreasing of impurity atoms mass a splitting value increases. However, when averaged over all three values

of wave vector k (k,,k,,k,) the surface waves frequency gets into continuous spectrum. However, there is a sufficiently

light impurity mass for a gap between volume zone and surface wave to appear. Let us find an appropriate ratio between
impurity and host masses.
From Fig. 19 it’s well seen that the lighter the impurity atoms are the greater the minimal surface wave frequency

is. As for SC (001) m(w;), . /a =12 (see Fig. 11). We need to find an appropriate m,/m at which a gap exists, i.e. at
e . We find ¢ from:

m(@}) ey [ =12=2~(q +1/q) (89)

q=75+\/2_z—1.101. (90)

which ma? [ = m(@;)

max

After substituting into (76) we get m,/m~11. Thus, a gap within spectrum appears if impurity atoms are lighter than
the host ones in about 11 times.

CONCLUSIONS
The paper is dedicating to consideration of dispersion relations of an infinite and semi-infinite atomic chains
consisting of similar and different types of atoms in approximation of the nearest neighbours. When taking to account
the next nearest neighbours interaction it turns out that as for the model chosen both attractive («, >~ 0) and repulsive

(a, = 0) interactions take place. In the first case of problems with the stability of solutions arise. There are no stability
problems for attraction, when there should be restriction imposed on ¢, in case of repulsion. In its turn, long-range
interaction removes restriction at «, < 0 .The same situation arises within diatomic chains. The features studied come
up to the foreground when considering altering-sign chains within metamaterials (a sign before ¢ alters)

Phonon and surface waves dispersion relations in cubic crystal are studied in the second section. Allowing for
interactions between the nearest neighbors, dispersion relations of volume and surface vibrations for pure shear waves
have been found in cases of (001), (110) and (111) surface orientations for simple cubic, face-centered cubic and body-
centered cubic crystals. Method described in [14], has been used.

Furthermore, we have considered a monolayer adsorbed on crystal surface both having lighter atoms than those
the crystal has, and having heavier ones. For the lighter atoms, consideration was given tom, /m =1/2 and m, /m =1/5

; for heavier atoms we studied m,/m=2 and m,/m=5 (here m, is a mass of impurity atom in the adsorbed

monolayer, m is a mass of one host atom). For light impurity atoms we have obtained splitting from the top edge of the
continuous spectrum; for heavy atoms surface wave splits off from the lowest edge. Surface wave amplitude decreases
monotonously in case of heavy atoms; in case of light ones amplitude decrease is oscillating (not monotonous). It has
been shown that a gap within continuous spectrum and surface wave appears if m,/m ~11.
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NUCLEAR BURNING WAVE REACTOR: SMOOTH START-UP PROBLEM
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The search for a smooth start-up method preventing the excessive increase of neutron flux and power production in the prospective
fast reactor at the stage of establishing the self-sustained nuclear burning wave (NBW) regime is carried out. The problem is studied
by means of numerical simulation of the initiation and evolution of NBW in such a reactor. For this simulation we use the
deterministic approach based on solving the non-stationary neutron diffusion equation using the effective multi-group approximation
together with a set of burn-up equations for fuel components and equations of nuclear kinetics for precursor nuclei of delayed
neutrons. The special composition of the ignition zone composition that provides a smooth start-up of the NBW reactor is proposed.
The features of the initial stage of the NBW reactor are studied in detail.

KEY WORDS: fast reactor, nuclear burning wave, smooth start-up method, intrinsic safety, non-stationary diffusion equation.

PEAKTOP C BOJIHOM SAAEPHOI'O I'OPEHUSI: IIPOBJIEMA IVIABHOI'O 3AITYCKA
A.C. ®omun!, C.II. ®omun’?, 10.I1. Meabuuk', B.B. Iwmmnenxo’, H.®. ]J_[yJ11>ra1’2
! Hayuonanonsiii Hayunbll yenmp «Xapoko8ckull Pu3uUKo-mexHU4eckKuti UHCIUmymy
61108, r. XapbkoB, yi. Akagemuueckas, 1, Yxpauna
2 Xapvkosckuil nayuonanvhvlll ynusepcumem umenu B.H. Kapazuna
61022, nn. Ceobo0wl, 4, Xapvkos, Ykpauna

[IpoBeneH MOMCK METOOWKH IUIABHOTO 3aIlyCKa IEPCHEKTUBHOIO OBICTPOrO peakTopa, paboTAIOIEro B PEKMME BOJHBI SIEPHOTO
ropeHus, u30eras 4pe3MEpHOTo YBEJUUYCHUS MOTOKAa HEWTPOHOB M MOIIHOCTH PEaKTOpa HAa HAYAIBHOM JTare 10 BBIXOAA HA
CTAI[OHAPHBIA pexXnuM Oerymei BoaHbL. [Ipobirema m3ydaeTcs: ¢ HIOMOIIBIO YUCISHHOTO MOAENINPOBAHHMS, OCHOBAaHHOTO Ha PEIICHUU
HEeCTallMOHAPHOTO ypaBHEHMs TH((Dy3UH HEHTPOHOB COBMECTHO C CHCTEMOH ypaBHEHUH BBHITOPAHUS A KOMIIOHEHTOB TOIIMBA U
YPaBHEHHS SIACPHOI KMHETUKH siep IPeIIeCTBEHHUKOB 3aIa3/(bIBAlONINX HEHTPOHOB C UCIOIB30BaHHEM 1()(HEeKTHBHOTO MHOTO-
IpymnmnoBoro npuOmmKkeHus. IIpeanoxeHa crenuangbHas KOMIIO3WIUS 30HBI 3amajia, KOTopas OOecIeunBaeT IUIaBHBIM 3aIyCcK
peakropa. VcciaenoBansl 0COOCHHOCTH HA4JIBHOTO 3Tarna paboThl peakTopa ¢ BOJIHOM SAePHOTO TOPEHUS B 3TOM CITydae.
KJIFOUYEBBIE CJIOBA: ObicTphIii peakTop, BOJIHA SACPHOTO TOPEHHS, IIABHBINA 3aIyCK PEaKkTopa, BHYTPEHHSA 0€30MacHOCTb,
HEeCTalllOHApHOE ypaBHEHUE TUPPy3Uu.

PEAKTOP 3 XBUJIEIO SIEPHOI'O I'OPIHHSA: ITPOBJIEMA IIJIABHOI'O 3AITYCKY
0.C. ®omin', C.IT. ®omin" 2, ¥0.I1. Measuux', B.B. Iniaunenko!, M.®. ].[lym;ral’2
! Hayionansnuii naykosuii yenmp «Xapiecoxusi (isuko-mexivHuii iHcmumymy
61108, m. Xapxis, gyn. Akademiuna, 1
2 Xaprxiecvkuil nayionanvHutl yrieepcumem imeni B.H.Kapas3ina

61022, m. Ce0600u, 4, Xapxie, Yrpaina
[IpoBeneHo MOIIyK METOAWKM IUIABHOTO 3allyCKy MEPCICKTUBHOTO IIBHAKOTO PEaKTOpa, IO MpAI0€ B PEXUMI XBHII SAEPHOTO
TOPiHHS, YHHKAIOYH HAIMIpHOTO 30UIBIICHHS MOTOKY HEHTPOHIB 1 MOTY)KHOCTI peakTopa Ha MOYATKOBOMY €Talli 10 BHXOAY Ha
CTAaLliIOHAPHUHM PEXHUM XBWIi, MmO ObKUTh. [IpoOiema BHBYAa€ThCA 3a IOMOMOTOI YHCEIHFHOTO MOJENIOBAHHS, 3aCHOBAaHOTO Ha
pillleHHI HecTallioHapHOTO pPIiBHAHHA Iu(y3ii HEHTPOHIB pa3oM i3 CHUCTEMOIO PIBHSHb BUTOPSHHS Ul KOMIIOHEHTIB MajHWBa i
PiBHSHHS SICPHOI KIHETHKH SAep NONEPEIHUKIB 3aMi3HUTMX HEHTPOHIB 3 BHKOPUCTAHHSIM e(EeKTHBHOTO OaraTo-rpyHnoBOTO
HaOMIKEeHHS. 3ampoIlOHOBAHO CIENialbHy KOMIIO3WIIIIO 30HM 3amana, mo 3ales3lnedye IUIaBHUN Iyck peakropa. JlocimimkeHo
0COOIMBOCTI IOYATKOBOTO €TaIy poOOTH PEaKkTopa i3 XBHJICIO SAEPHOTO TOPiHHS B IEOMY BUIIAIKY.
KJIOUOBI CJIOBA: mBuikuii peakTop, XBWIS SACPHOrO TOPIHHS, IUIaBHUM 3allyCK peakTopa, BHYTpIIIHS Oe3meka,
HecTauioHapHe PiBHAHHS AUQy3il.

After the Chernobyl accident, the ensuring of real safety of the operation of nuclear reactors has become a
foreground requirement made to their construction. In this context a great interest has been shown in some new
concepts of nuclear fission reactors with the so-called intrinsic safety, in which the development of uncontrolled chain
nuclear reaction is impossible due to the physical principles of their operation.

One of such concepts is based on the phenomenon of self-sustained nuclear burning wave (NBW) in a fast reactor
(FR), which was discovered and preliminary studied by Lev Feoktistov [1, 2]. The non-linear self-organizing regime of
the NBW arises owing to a high conversion ratio from fertile to fissile materials in the FR. The main advantage of this
type FR is that it does not require a reactivity control and therefore the initial fuel composition of the reactor will
evolve according to neutron-nucleus processes without an external intervention and any refueling or fuel shuffling
© Fomin O.S., Fomin S.P., Mel’nik Yu.P,,

Pilipenko V.V., Shul’ga N.F., 2013
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during the full FR lifetime. The FR is automatically sustained in a state close to the critical one due to a specific type of
the negative reactivity feedback, which is inherent to this regime ensuring the intrinsic safety of the NBW reactor.

Further, this concept was developed by several groups of investigators using different approaches and different
names for this phenomenon: deflagration wave [3], criticality wave [4], CANDLE [5, 6], nuclear burning wave [7—11]
etc. Lately, the most frequently used name is the Traveling Wave Reactor due to Bill Gates and TerraPower activity
[12]. To simplify solving the essentially nonlinear non-stationary problem of neutron transport in such a system,
Feoktistov [1, 2], as well as many authors later (see, e.g., [4—6]), considered a self-similar solution of this problem. This
solution describes only a steady-state regime in the form of traveling NBW. This approach does not allow one to
investigate the stability of the nuclear burning process in the reactor relative to different external perturbations, as well
as to study the behavior of the FR in transient operation modes, such as the reactor start-up, emergency shutting down
and restarting, partial coolant loss and so on.

In our previous works [7-11], a deterministic approach for describing the space-time evolution of the self-
organizing regime of NBW in a critical FR has been developed in the framework of multigroup diffusion
approximation. This approach is based on solving the non-stationary diffusion equation for neutron transport together
with the burn-up equations for fuel components and the equations of nuclear kinetics for precursor nuclei of delayed
neutrons, and has allowed us to simulate initiation of the NBW regime and to study its stability relative to distortions of
the neutron flux as well as the mechanism of reactivity feedback inherent in this regime. In this approach, a number of
studies of the NBW regime behavior were performed for the FR with metal fuel of U-Pu, Th-U and mixed Th-U-Pu
cycles with taking account of typical volume fractions of fuel, constructional material (Fe) and different coolants (Na or
Pb-Bi eutectic). In these studies, we used a rather simplified FR start-up scenario in which the NBW propagation in the
breeding zone filled with the fertile material is initiated by an external neutron flux that irradiates a homogeneous
ignition zone enriched with fissile isotopes. These calculations showed, in particular for the U-Pu metal fuel, a principal
possibility of initiating the NBW, which then steadily propagates in the breeding zone during a long time period
(decades). However, this simplified start-up scheme leads to an essential initial increase of the neutron flux in the
ignition zone up to very high values that are unacceptable from the practical point of view and can even destroy the
reactor. This initial neutron-flux increase develops slowly enough so that it could be prevented by means of
conventional mechanisms of the reactor control in the ignition zone, but it is also interesting to elaborate a method of
smooth start-up of this FR, which would include choosing a proper composition of the ignition zone that could ensure
acceptable neutron flux values and a moderate power production. The aim of the present study is searching for such a
method of smooth start-up of the NBW reactor with using the fuel of U-Pu cycle.

DESCRIPTION OF THE CALCULATION MODEL

In this research, we consider a critical FR of the cylindrical form with the metal fuel of U-Pu cycle in which the
NBW would propagate along the cylinder axis (the axial direction). The FR under consideration consists of the ignition
zone, that contains ***U enriched with plutonium (the isotope composition of plutonium was
29py : %Py : *'Pu: ?Pu = 0.70 : 0.22 : 0.05 : 0.03) and the breeding zone adjacent to the ignition one, that is filled
with the fertile 2**U isotope (see Fig. 1). The both zones also contain the constructional material Fe and the Pb-Bi
eutectic coolant. In the simplified start-up scheme [7—11], both these zones are homogeneous with the sharp boundary
between them. The initiation of the nuclear burning process in the system is done by an external neutron flux j.,, that
irradiates the end of the ignition zone. The initial configuration of the FR is chosen to be very close to the critical state
by solving the corresponding criticality problem on reactor parameters that determine the variants of the size and the
initial composition of the FR.
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Fig.1. The initial critical assembly for the cylindrical FR with metal U-Pu fuel.

We solve the non-stationary problem under consideration in the so-called effective multigroup approach that was
developed by us (see, e.g., [8, 10]). According to this approach, we can write down the one-group non-stationary
diffusion equation with allowance for delayed neutrons and using the radial buckling concept in the following form
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where @ is the scalar neutron flux; X,, X, are the effective macroscopic absorption and fission cross-sections and
D =1/(3Z,) is the diffusion coefficient (X, being the effective macroscopic transport cross-section); v&,= Z(v;0p);,
where v, is the mean number of neutrons produced at a single nuclear fission event and / is the number of the fissioned
nuclide; B=X,8(vZ )/ (V) is the effective fraction of delayed neutrons, 4 = %,4/, where 3/, C/ and 4/ are the
fraction of delayed neutrons, the concentration and the decay constant of the precursor nuclei in the i-th group of the /-
th fissioned nuclide, v is the one-group neutron velocity. The buckling coefficient is B, =2.405 /(R + J,), where 9, is
the extrapolation length. We use the value , = 20 cm, which corresponds to the case of a thick radial reflector of heavy
material (U, Pb) [13].
The boundary conditions for the flux @ at the FR ends (z=0 and z = L) are:

(@+2V)|_, =2j.. (®-2V)_, =0. )

Zz=l

For all values of z in the interval 0 <z <L, an initial distribution of the neutron flux at the moment # =0 is
specified, which is chosen as a small scalar neutron flux for the initial critical assembly.

The fuel composition in the FR changes with the time course according to the nuclear transformation chain of the
U-Pu fuel cycle. In this transformation chain, we consider, as in [7-11], ten nuclides which are numbered as follows:
1-*U, 2-2°U, 3 - Np, 4 — *°Pu, 5 —**Pu, 6 - **'Pu, 7—**Pu, 8 —**Am, 9 —**'Am, 10 — fission products (FP).
The concentrations of these nuclides obey the following burn-up equations:

aé\ljl - _O-alq)Nl ) (3)
AN, .
== (0@ AN, + (0@ + Ay )Ny + 0PN, (1=2+8), @)
AN, N
=AN,, ==Y ¢ NO, 5
T AN = 1_%;7 N 5)

where o, =0,+ 04, 04, 0y are the effective one-group microscopic cross-sections of absorption, neutron radiative
capture and fission for the /-th nuclide; A, = In2/ Tliz and Tll/2 are the decay constant and the corresponding half-

life for the /-th nuclide. Only the S-decay constants A,, Az and Ag are considered to be nonzero. At the initial moment,
certain concentrations of nuclides are specified: N,(z, #=0)= Ny (z) . In the calculations, we allow for the fission
process for the nuclei with numbers 1, 3-7. Note that in our earlier studies we neglected the intermediate nuclide ***Np
burn-up, following [13]. The contribution of ***Np burn-up can be essential for high values of the neutron flux. We use
the kinetics equations for the concentrations of precursors of delayed neutrons in the approximation of one equivalent
group of delayed neutrons (see, e.g., [7]). The method of solving the burn-up equations (3)—(5) and the nuclear kinetics
equations is analogous to that described in [7].

The diffusion equation (1) is solved numerically using the conservative finite difference method (see, e.g., [14])
the implicit difference scheme by [15] with a variable time step, as is described in our previous works [7—11]. In the
effective multigroup approach, at each time layer we also solve a multigroup stationary criticality problem with using
the radial buckling concept for the assembly composition that changes with time according to the equations of fuel
component burn-up. The calculations of the corresponding eigen functions are performed in the 26-group
approximation, using the group neutron constant library [16]. The found group neutron fluxes are used to calculate the
effective one-group microscopic cross-sections by the averaging procedure described in [13]. Thus, these cross-sections
are corrected at each time step according to the neutron spectrum at each space mesh node. Solving the non-stationary
problem in the effective multigroup approach with allowance for the mentioned alteration of neutron spectra can
describe the evolution of the total (summed over groups) neutron flux accurately enough (see, e.g., [8]).

RESULTS OF CALCULATIONS

We have carried out a series of calculations of the space-time evolution of the NBW regime for different variants
of the reactor parameters, which correspond to different compositions and geometrical dimensions of the initial critical
FR assembly with using different variants of the ignition zone design. Below, we present the calculation results
obtained for a variant of the NBW reactor with the simplified start-up scheme and, beside it, for the analogous FR with
using the improved ignition zone design we found for a smooth start-up. First, let us discuss the results obtained for the
simplified scheme. In Fig. 2a and b we present the axial distributions of some constituents of the composition of such a
critical FR assembly and corresponding scalar neutron fluxes (normalized to the average energy release 20 W/cm®).
Calculations were performed in the 26-group and effective multigroup approximations for such geometrical dimensions
of the reactor: the FR length L =500 cm, the cylinder radius R =105 cm, the axial size of the ignition zone
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Lig=72.75 cm.

We have chosen the following values of the volume fractions of fuel, Fp, =44%, the constructional material Fe,
Fr.=20%, and the Pb-Bi coolant F.,, =36%. The value of the fuel void fraction p =0.2. The concentration of
plutonium in the ignition zone was chosen at 10%.
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Fig. 2. Axial profiles (z in cm) for the initial critical FR compositions with the simplified (left) and improved smooth (right) start-up
schemes.

a) and c) presents the concentrations N (102 b”'em™) of the actual N, (short dashes) and equilibrium N, (solid line) values for **°Pu;

and other values divided by 8: N, (dashes) for ***U, Npy,g; (dash-dotted) for Pb-Bi and Ny, (dots) for '*'Ta; b) and d) presents the

neutron flux @ (b"'day™) in the effective multigroup approximation (dashes) and 26-group calculation (solid line).

The comparison of calculations of the neutron flux summed over 26 groups with the flux calculated in the
effective multigroup approximation shows that the latter calculation reproduces the exact result in the multigroup
approximation quite accurately. From Fig. 2b, it follows that in the simplified scheme the maximum neutron flux is
reached approximately in the ignition zone center. The neutron flux on “the tail” of its axial distribution, which
illuminates the breeding zone and determines the speed of isotope ***Pu production near the border of the ignition and
breeding zones, is not large enough. From Fig. 2a, one can see the ratio between the actual initial ’Pu concentration
and its equilibrium value, which is able to ensure, according to [1, 2], the self-sustained burning process and the NBW
formation in this FR. The equilibrium value, N., = 6.1N,/ (64 + 0.4), is determined as the value of 2Py concentration to
which it tends asymptotically with the time course under a constant irradiation of the fuel by a neutron flux [1, 2].

The chain reaction in this FR with the simplified start-up scheme is initiated by an external neutron flux with
intensity j.. ~ 10" cm?s™ which is turned off at £ = 30 days. As a result, after the initial period of approximately 2 years
a stationary wave regime of nuclear burning is set in the FR under consideration. Figs. 3a,b present the corresponding
time dependences for the NBW velocity V" and the integral power of energy production P,. Note that for the chosen FR
radius and the breeding zone composition, the steady NBW regime has a rather small velocity of the wave
(~0.05 cm/day) and a long reactor campaign (~ 20 years). The reactor power value at the stage of the stationary
burning wave is ~3 GW. However, at the very beginning of the campaign, when the wave front is formed near the
ignition zone border, there is a huge increase in the neutron flux in the ignition zone to values that are more than an
order of magnitude higher than the flux value at the steady NBW stage, which is unacceptable from a practical point of
view. In Fig. 3a, this effect is manifested by a sharp surge of the velocity V at ¢ = 150 days which is also accompanied
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by a very high increase of the reactor power P; up to values of ~ 30 GW (Fig. 3b).
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Fig. 3. The NBW velocity V (a, ¢; cm/day) and the total energy production power P; (b, d; GW) versus time ¢ (years) for the FR
variants with the simplified (left) and improved smooth (right) start-up schemes, whose critical configurations are shown in Fig. 2.

For a better understanding of the process of forming the NBW front and the origin of the above-described
unacceptable phenomena, in the left part of Fig. 4 we consider the space evolution of the axial distributions of the
neutron flux and main fuel components at the initial stage of the nuclear burning in the FR with the simplified start-up
at several time moments at regular intervals (40 days) during the first year of the FR operation. It is seen from Fig. 4a,
that at # < 150 days (the moments: #;—#;) a large increase of the flux @ occurs, while the position of its maximum is
almost the same. Then (the moments: #,—13), the @ value gradually decreases to a level close to its value in the NBW
and the position of the flux maximum gradually moves to the breeding zone, i.c. the wave starts to move. Fig. 4b shows
that the time interval ¢, —#4, during which the flux @ has the largest values, corresponds to the most radical changes of
the axial profile of the 2*’Pu concentration, which consist in its rapid production in the breeding zone near the ignition
zone. This leads to creating its distribution form characteristic of the wave front. Then, with a decrease of the flux @
during the time interval #4,—#;, slower changes of the *’Pu profile and the final formation of the wave front occur. From
Fig. 4c, it is seen that during the time interval #,—1#,, the most rapid transformation and burning of the fertile By
isotope are observed, and at the interval #,—f these processes are slower but the NBW front moves further into the
breeding zone. From the above-mentioned facts, we can draw the following conclusions. For the simplified type of the
ignition zone, a too radical rearrangement of the axial distribution profiles of the main fuel components is necessary to
form the NBW front. However, the neutron flux fraction that irradiates the most important region of the *’Pu
production at the breeding zone border is rather small (Figs. 2a and 4a). A characteristic feature of the self-organizing
process of nuclear burning in FR of this type is that the system itself adjusts in such a way that provides the neutron
flux sufficient for the formation of NBW, which leads to its excessive growth.

The observed excessive increase of the neutron flux and energy production is rather slow, and it could be
suppressed by a conventional system of external reactor control. However, this method would deprive this FR of its
attractive features of self-regulation at the early stage of the NBW initiation, which would be prolonged for many years.
Therefore, in this paper, we set the task to provide an acceptable passage of the initial stage of the FR operation without
violating the self-regulating nature of the burning regime by choosing an optimal composition of the enriched ignition
zone itself. When choosing the ignition zone structure, we aim, firstly, to provide the displacement of a large part of the
neutron flux distribution to the breeding zone, and secondly, to facilitate the necessary rearrangement of the initial
composition of the ignition zone during the NBW front formation.

It should be noted that in [17], to solve the problem of the smooth start-up of the CANDLE reactor, the authors
tried to bring the initial reactor composition maximally close (in terms of ki) to the composition characteristic of the
steady NBW stage. The calculation method, used in [17], is based on the self-similar solution of diffusion equation for
neutron transport [5, 6]. This approach is quite sufficient for description of the steady NBW stage; however, it is unable
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to describe the non-stationary processes at the initiation of the NBW regime adequately.
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Fig. 4. Initial evolution of axial profiles (z in cm) near the ignition zone for the neutron flux @ (x10'7 cm™ s™') and the *°Pu and 2*U
concentrations N, and V; (><1021 cm'3) for the FR with simplified start-up scheme(left or @, b, and c) at the time moments ¢, = 40,
t, =80, t; =120, 1, = 160, t5 = 200, #; = 240 , t; = 280 and #3 = 320 days, and with the improved smooth start-up (right or d, e and f)
at the moments ¢, = 100, #, = 200, #; = 300, ¢4 = 400, #5 = 500, #; =600, t; =700, g = 800 and ¢, = 3000 days.

In this paper, we have considered a number of possible variants for the ignition zone structure to optimize the
regime start-up stage. On the basis of this analysis, we have proposed an improved ignition zone configuration for this
FR, the use of which we consider below.

In the right part of Fig. 2, we present the characteristics of the initial critical FR assembly with the improved
ignition zone of this type. The main parameters of the considered FR are the same as presented above, except the
ignition zone. Now the plutonium content in the ignition zone is not constant, but varies by the linear law:
Npy=Nilei+z(e;—ey)/Ly], where Ny is the concentration of the fuel nuclides in the breeding zone, and the
coefficients e; and e, characterize the fuel enrichment in the ignition zone. In the breeding zone, in the layer adjacent to
the ignition zone, L, <z<L,+4A, we add an exponential “tail” enriched with plutonium: Np, = Nre;exp[—(z -
L;g)/A]. This “tail” essentially facilitates forming the NBW front. The fuel volume fraction in the ignition zone varies
linearly: F{'® (z) = Fy[uy + (1 —uy) z/ L;,]. The decrease of the fuel fraction in the ignition zone is chosen in such a way
that the corresponding content of ***U would ensure the equilibrium values N., being nearly at the level of the actual
%Py concentration (Fig. 2¢).

The volume freed from the fuel is filled up with a mixture of the Pb-Bi alloy, which weakly absorbs neutrons, and
18174 that is used as an absorbing material in fast reactors [13]. The relative volume fraction of BITa Fr,=0.58, is
chosen so that this mixture, in its absorption properties, could imitate the presence of fission products on the back side
of the wave. An important effect of introducing this absorber in the ignition zone is shifting the maximum of the initial
distribution of the neutron flux (Fig. 2d) in the direction of the breeding zone. Thus, an essential fraction of the flux
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falls on the region of forming the NBW front in the breeding zone. The values of the above-mentioned parameters of
the ignition zone used in the case under consideration are as follows: L;;= 58.5 cm, ¢;=0.079, e,=0.122, A=13.5 cm,
u;=0.687.

Here, we also use a more effective scheme of bringing the initial neutron field in the FR to a chosen optimal level
by using an additional absorbing '*'Ta regulator in the ignition zone. The initial configuration of FR is chosen with a
little reactivity excess, p ~ 10*. The system is brought to a subcritical state by the additional tantalum absorber, which
is gradually withdrawn from the system after turning the external neutron flux (j, =~ 10" cm™s™), until the neutron
field in the FR reaches the chosen level. Note that in this case we can use a significantly lower value of j,,. According
to this, the additional concentration of '8'Ta varies with time as: Nra(?) :NTa(O)(T — 1)/ T. In the presented calculation we
put Ne.2=2.510*b"'em™, T=40 days, and the neutron flux was brought to ~ 80% of its level in the NBW regime,
after which the regulator withdrawal was stopped and j,, was turned off.

In the right part of Fig. 3, we present the time dependencies of the NBW velocity / and total energy production
power P; during the reactor campaign for the FR with the above-described improved ignition zone. Fig. 3d shows that
employing the improved start-up scheme allows us to prevent the exorbitant increase of the reactor power. There is no
great surge of velocity value V' (Figs. 3¢ and 3a), as well.

The NBW regime is formed slightly slower (for about 2.5 years) than in the case presented in the left part of
Fig. 3. Note that the wave moves, at first, with a less velocity and a less power P, than at the stage of the steady NBW
regime, which, probably, is due to the influence of edge effects from the ignition zone residuals. Finally, the NBW
reaches the steady regime in several years, which is not an essential disadvantage of the considered scheme, because at
this stage the FR power should be adjusted according to current demands by some proper methods (e.g., by changing
the radial reflector efficiency), which are not considered here.

In the right part of Fig. 4, we consider the space-time evolution of the distributions of neutron flux and main fuel
components at the beginning of this FR campaign. We present the axial profiles of these quantities for several initial
moments of time # — #3 of the reactor operation at regular intervals (100 days) and for the moment #, when the NBW
has reached the steady regime. Unlike the left part of Fig. 4, here there is no excessive increase of the neutron flux, and
the rearrangement of the system components and the formation of the wave front occur smoothly. During the interval
t; — tg, the maximum of the neutron flux gradually shifts toward the breeding zone. Note also that Figs. 4e and 4f show
that the initial profile of the ignition zone, in fact, imitates roughly the form of NBW front. It is interesting that, for the
moment 7, the 2**Pu and 2**U distributions in the wave front coincide with those for the moment t, in the steady regime,
but the level of the neutron flux at #; is slightly lower, which corresponds to the initial slowdown of the burning wave
mentioned above.

CONCLUSION

The results of studies of establishing the stage of self-sustained NBW regime in the prospective FR under
consideration show that an excessive increase of neutron flux and power production, that is mainly due to a lack of
adequate amount of fission products at the ignition stage, as compared with the steady state of the NBW regime, can be
prevented by using a special smooth start-up method proposed in this paper. This method is based on the selection of
the ignition zone composition featured by the fuel component distribution and neutron flux profile roughly similar to
the corresponding characteristics inherent to the steady state regime of the NBW propagation in FR. The absence of
fission products at the initial stage of the reactor start-up compensate with adding a certain amount of the metallic
tantalum, which is a good neutron absorber. The composition and spatial distribution of the fuel components (uranium
and plutonium) and absorber (tantalum) in the ignition zone are selected in a way that provides a significant
displacement of the neutron flux in the initial assembly of FR to the border between ignition and breeding zones.

The problem is studied by means of the numerical simulation of initiation and evolution of the NBW in a
cylindrical FR with metallic U-Pu fuel in the framework of the deterministic approach based on solving the non-
stationary diffusion equation of neutron transport together with a set of burn-up equations for fuel components and
equations of nuclear kinetics for precursor nuclei of delayed neutrons with making use of the effective multigroup
approximation and radial buckling concept.

Basing on this calculation scheme, we have also considered a gradual initial bringing of the neutron flux to an
optimum level by using an additional tantalum regulator in order to ensure a relatively short time period of forming the
self-sustained NBW regime. This scenario also provides a reduction of the intensity and duration of the external
neutron flux used for initiating the NBW regime. The features of the initial stage of operation of the NBW reactor with
improved ignition zone are studied in detail. It is shown that using the proposed start-up method makes it possible to
suppress the initial increase of neutron flux almost by a factor of ten in comparison with the simplified start-up scheme
and to get its value very close to the neutron flux value at the steady NBW regime (Figs. 4a,d). The residual variation of
the neutron flux which takes place at the start-up of FR is very slow and has a small enough amplitude and, therefore,
can be easily removed in a real reactor by means of control rods or a corresponding change in the efficiency of the
radial reflector.

This work was partially supported by the Task Comprehensive Program of Scientific Research of National



56
«Journal of Kharkiv National University», Ne1041, 2013 0.S. Fomin, S.P. Fomin...

Academy of Science of Ukraine “Scientific and Technical Support of Nuclear Power and Radiation Technologies
Utilization in the Industry”, Project X-5-3.

REFERENCES
Feoktistov L.P. An analysis of a concept of a physically safe reactor. Preprint IAE-4605/4. IAE, Moscow, 1988.
Feoktistov L.P. Neutron-induced fission wave // Sov. Phys. Doklady. - 1989. — T.34. — S.1071-1073.
Teller E. Nuclear Energy for the Third Millennium. Preprint UCRL-JC-129547, LLNL, Livermore, CA, USA, 1997.
Van Dam H. Self-stabilizing criticality waves // Ann. Nucl. Energy. - 2000. — Vol. 27. — P.1505-1521.
Sekimoto H., Ryu K., Yoshimura Y. CANDLE: the New Burnup Strategy // Nucl. Sci. Engin. - 2001. — Vol.139. — P.306-317.
Sekimoto H. A Light of CANDLE: New Burnup Strategy. - Tokyo: Institute of Technology, 2005.
Fomin S.P., Mel’'nik Yu.P., Pilipenko V.V., Shul’ga N.F. Investigation of self-organization of the non-linear nuclear burning
regime in fast neutron reactors // Ann. Nucl. Energy -2005. — Vol.32. — P.1435-1456.
8. Fomin S.P., Mel’'nik Yu.P., Pilipenko V.V., Shul’ga N.F. Fast reactor based on the self-sustained regime of nuclear burning
wave / In: Cechék, T., etal. (Eds.), Nuclear Science and Safety in Europe. Springer, the Netherlands, 2006. — P.239-251.
9. Fomin S.P., Mel’nik Yu.P., Pilipenko V.V., Shul’ga N.F. Initiation and propagation of nuclear burning wave in fast reactor //
Prog. Nucl. Energy. - 2008. — Vol.50. — P.163-169.
10. Fomin S.P., Fomin A.S., Mel’nik Yu.P., Pilipenko V.V., Shul’ga N.F. Safe Fast Reactor Based on the Self-Sustained Regime of
Nuclear Burning Wave. In CD: Proc. of 1st Int. Conf. “Global 2009, Paris, France, Paper 9456, 2009.
11. Fomin S.P., Fomin O.S., Mel’'nik Yu.P., Pilipenko V.V., Shul’ga N.F. Nuclear burning wave in fast reactor with mixed Th-U
fuel // Prog. Nucl. Energy. - 2011. - Vol.53. — P.800-805.
12. Gates Bill. Technology, Entertainment, Design (TED), 2010, February 12. http://www.ted.com/talks/bill gates.html
13. Waltar A.E., Reynolds A.B. Fast Breeder Reactors. - New York: Pergamon Press, 1981.
14. Potter D. Computational Physics. - London - New York - Sydney — Toronto: John Wiley&Sons, 1973.
15. Crank J., Nicolson P. A practical method for numerical evaluation of solutions of partial differential equations of the heat-
conduction type // Proc. Camb. Phil. Soc. - 1947. — Vol.43. - |P.50-67.
16. Bondarenko LI., et al. Group Constants for Nuclear Reactor Calculations. - New York: Consultants Bureau Inc., 1964.
17. Sekimoto H., Miyashita S. Startup of “Candle” burnup in fast reactor from enriched uranium core // Energy Conv. Manag. -
2006. — Vol.47. — P.2772-2780.

NN R W=

FOMIN Oleksiy Sergiyovich — Ms.Sci., Junior Scientific Fellow in Akhiezer Institute for Theoretical
Physics of National Science Center "Kharkov Institute of Physics & Technology". His scientific interests
are in High Energy Particle Interaction with Matter, Nuclear Reactor Physics. He is the co-author of more
than 10 scientific publications.

FOMIN Sergii Petrovich — PhD, Senior Scientific Fellow in Akhiezer Institute for Theoretical Physics of
National Science Center "Kharkov Institute of Physics & Technology" and also Senior Scientific Fellow
of Karazin Kharkov National University. His scientific interests are in the Quantum Electrodynamics, High
Energy Particle Interaction with Matter, Nuclear Reactor Physics. He is the author and co-author of more
than 100 scientific publications.

MEL’NIK Yuri Petrovich — PhD, Senior Scientific Fellow in Akhiezer Institute for Theoretical Physics
of National Science Center "Kharkov Institute of Physics & Technology". His scientific interests are in the
Theory of polarization phenomena in photo- and electrodisintegration of the few body systems, Theory of
fast neutron reactors. He is the author and co-author of about 100 scientific publications.

PILIPENKO Volodimir Vladislavovich — Doctor of Science, Leading Scientific Fellow in Akhiezer
Institute for Theoretical Physics of National Science Center "Kharkov Institute of Physics & Technology".
His scientific interests are in the Theory of Nuclear Reactions and Nuclear Structure, Nuclear Reactor
Physics. He is the author and co-author of more than 100 scientific publications.

SHUL'GA Mykola Fedorovich — Doctor of Science, Professor, Academician of NAN of Ukraine,
Director of Akhiezer Institute for Theoretical Physics of National Science Center "Kharkov Institute of
Physics & Technology" and also Professor of Karazin Kharkov National University. His scientific interests
are in the Quantum Electrodynamics, High Energy Particle Interaction with Matter, Nuclear Reactor
Physics. He is the author and co-author of more than 300 scientific publications.




57
«Journal of Kharkiv National University», Nel1041, 2013 A.F. Bukhanko

physical series «Nuclei, Particles, Fields», issue 2 /58/ Magnetostatic waves...

PACS 75.30.Ds

MAGNETOSTATIC WAVES IN STRUCTURE WITH TWO ANISOTROPIC LAYERS
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In this paper we present a theoretical investigation of the magnetostatic volume wave propagation in bilayer structure consisted of two
ferromagnetic layers. The magnetic anisotropy field is assumed to be different in the two layers, and hence the magnetization in one
layer can be aligned at an angle with respect to the magnetization direction in the other layer. The case of cubic and indused uniaxial
anisotropy have been considered. Numerical calculations for YIG (yttrium-iron-garnet) ferrites show anisotropic propagation of the
volume magnetostatic wave in that structure. Dispersion curves for YIG bilayer structure are shown to illustrate the effects of angle
between the magnetization vectors in the magnetic layers and propagation direction on the properties of magnetostatic waves.

KEY WORDS: magnetostatic waves, bilayer structure, noncollinear orientation, anisotropy, dispersion relationship.

MATHUTOCTATHYECKHUE BOJIHbI B CTPYKTYPE C IBYMSA AHU3O0TPOITHBIMH CJIOSAMU C
HEKOJLLIMHEAPHOM OPUEHTALMEN HAMATHUYEHHOCTER
A.D. Byxanbko
Joneyxuit pusuxo-mexnuuecxkuu uncmumym HAH Yrpaunovl
ya. PJlhokcembype 72., 83114, /loneyx, Ykpauna

B oTOli cTathe MpEACTaBIEHO TEOPETUUECKOE HCCIENOBAHUE PACHPOCTPAHEHUS MAarHUTOCTaTHYECKUX OOBEMHBIX BOJH B
JBYXCIIOWHOM CTPYKTYype, COCTOsIIEH 13 IBYX (peppoMarHUTHBIX ciioeB. [IpeamnonaraeTcs, 4To mojie MarHUTHONH aHH30TPOIHH B 3THX
CIIOAX PA3JIUYHO U CIEAOBATEIHHO HAMATHUYEHHOCTh B OJTHOM CJIO€ MOXET OBITh HEKOJUTMHEapHA HAMAarHMYEHHOCTH B IPyTOM CIIOE.
Paccmotpen ciy4ait kyOndeckoit U MHIYIUPOBAHHON OMHOOCHOH aHM30Tporuu. YncneHnslid pacuer mst XKUT (5kene30-UTTpueBbIi
rpaHaT) MoKa3aj, YTO PpacHpOCTPAHEHNE MATrHUTOCTATHIECKHX OOBEMHBIX BOJH B JAHHOM CTPYKTYpE SIBIISIETCSI aHM30TPOIHBIM. JI1st
WIIIOCTPALUY BIMSAHMS YIJa MEKAY BEKTOPAMU HAMAarHUYEHHOCTH MAarHUTHBIX CJIO€B U HaNpaBlICHUS PAacIpOCTPAHEHHs Ha
CBONCTBAa MAarHUTOCTATUYECKUX BOJH IPUBE/EHBI JUCIIEPCUOHHBIE KpuBbIe 1isl AByXcloiHON XKUI' cTpyKTypBbI.

KUJIIOUYEBBIE CJIOBA: marHuTOCTaTH4eCKUE BOJHBI, ABYXCJIOHHas CTPYKTypa, HEKOJUIMHEAapHas OpUEeHTALusl, aHU30TPOIusd,
JIMCIIEPCHOHHOE COOTHOILICHHE.

MATHUTOCTATHYHI XBUJII' Y CTPYKTYPI 3 IBOMA AHI3OTPOITHUMMH IHAPAMMU 3
HEKOJIIHEAPHOIO OPIEHTAIIEIO HAMATHIYEHOCTER
A.®. Byxanbko
Jloneyvkuil izuxo-mexuiunuii incmumym HAH Ykpainu
eyn. P. Jlokcembype 72, 83114, [oneyvk, Yrpaina

V wiit cTaTTi NpeacTaBiIeHo TEOPETHYHE JOCIIHKEHHS MOMINPEHHS] MArHITOCTATHYHNX 00'€MHUX XBUJIb B IBOIIAPOBIH CTPYKTYPI, IO
CKJIaaeThesi 3 ABOX (epomarHiTHMX miapiB. IlepenbavaeTbes, 10 MOJie MAarHiTHOI aHi30Tpomii B LUX IIapax pi3He 1 OTKe
HaMarHiueHiCTh B OJHOMY LIapi Mo)ke OyTH HeKoliHeapHa HAMarHideHOCTi B iHIIOMY Miapi. Po3risiHyTHI BHMagok KyOidHOI Ta
1HIyKOBaHOI OJHOBICHOI aHi3oTpomii. UucenpHuii pospaxyHok s 3II(3amizo-iTpi€BHi TpaHaT) MOKa3aB, IO HOUIMPEHHS
MAarHiTOCTaTHYHUX O0'€MHHX XBWIb B MHaHIA CTPYKTypi € aHi3oTpomHuM. Jlms imrocTpamii BIUIMBY KyTa MK BEKTOpaMu
HAMAarHiYeHOCTI MarHiTHUX IIapiB 1 HANPsAMY MOIIUPEHHS Ha BIACTHBOCTI MArHITOCTATUYHUX XBWJIb TPUBENICHI AUCHEPCIiHHI KPUBI
quis aomaposoi 31" ctpykrypu.

KJIFOYOBI CJIOBA: marHWUTOCTaTMYHI XBHJI, JBOXIIApOBa CTPYKTypa, HEKOJHEapHa OpI€HTAIlis, aHI30TpOMis, IHCIepCiiiHe
CITIBBIHOIIEHHS.

Over the last years the magnetostatic waves have attracted extensive attention on both theoretical and
experimental aspects. Their phase velocity is small compared to the speed of light and so in describing magnetostatic

waves we can use the equations of magnetostatics. If we take wave vectors in the region 30 cm'1<|k| <10° em™ the

dispersion relationship can be derived without taking exchange interactions and electromagnetic retardation into
consideration.

Magnetostatic waves have been studied at first by Damon and Eshbach [1]. These waves are separated into three
categories: magnetostatic surface waves (MSSW's) and magnetostatic backward-volume waves (MSBVW's) for the in-
plane-magnetized film case and magnetostatic forward-volume waves (MSFVW's) for the perpendicularly magnetized
film case. It should be pointed out that the exchange effects are not very important for backward-volume waves.

Increased interest in multilayer structures with noncollinear orientation of magnetization vectors associated with
the fact that the external magnetic field applied in the plane of a film allows characteristics of the system to be easily
changed by varying the angle between the magnetization vectors in the layers [2]. From the application point of view,
having a bilayer with noncollinear orientation of magnetization vectors instead of a single film offers more degrees of
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freedom for tailoring special properties. Moderately simple and proficient control of properties magnetostatic modes in
that structure by means of applying an external magnetic field open up fresh opportunities for their practical
implementations.

A deficiency of magnetic or nonmagnetic ions in YIG can give rise to anisotropic terms different from cubic
symmetry. The authors [3] found for YIG disks that can be uniaxial in-plane induced magnetic anisotropy as a result of
the lattice mismatch. Also, the Bi-doped YIG film have strong induced magnetic anisotropy. For Bi-doped YIG, by
controlling the factors affecting the induced magnetic anisotropy one can make the easy axis be either perpendicular or
parallel to the structure.

Various authors have considered the influence of anisotropy on magnetostatic waves [4-7]. A substantial amount
of work has been devoted to the analysis of magnetostatic waves in multilayers composed of ferromagnetic materials
and dielectrics [8-12]. In [7] the theory is developed for dispersion characteristics of spin waves in ferromagnetic films
taking into account both dipole-dipole and exchange interactions, crystallographic anisotropy and mixed exchange
boundary conditions on the film surfaces.

So far as we know for the investigation of the magnetostatic waves such geometry of structure was employed only
by Sun K and Vittoria S. [6]. In [6] the spectrum of MSSW has been studied for structure with noncollinear orientation
of magnetizations (M, # M,) but no consideration has been given to volume magnetostatic waves.

We now consider this problem for the volume magnetostatic waves. The purpose of this paper is to investigate the
effect of anisotropy on magnetostatic wave propagation in the layered structures with noncollinear orientation of
magnetization vectors. As will be seen, these effect is of more interest in the case of the noncollinear magnetizations as
compared to the parallel one. Our investigation have been restricted to the case of magnetization in the plane of the slab.

MODEL AND METHOD
Let us consider the magnetic structure consisting of two ferromagnetic films separated by a nonmagnetic interlayer
(Fig.1), where equilibrium orientation of the magnetization vectors in the magnetic layers is supposed to be in the film
plane and make a certain angle y between each other. The film is assumed to be magnetically anisotropic. An external
static magnetic field H is applied in the film plane at an angle ® relative to the X -axis so that the total internal
magnetic fields also lie in the planes of the layers. For simplicity assume that thicknesses of the ferromagnetic layers
d, =d,. Fig. 1 shows a bilayer structure placed in X-Y-Z coordinate system so that the plane of the film coincides with

the X-Y plane. The vector k and angle ¢ designate the in-plane wave vector and propagation angle, respectively.
For YIG the X-,Y,Z- axes represent
(L) the crystallographic directions for the cubic
single crystal.
* We make the simplifying assumptions
(1 that the film is infinite in the X- and Y-
----------- directions and has a thickness d in the Z-
direction. An additional x-y-z coordinate
(o system is also shown (the x-axis is along the
B M, vector).
3 The saturation magnetization vector
2 M, coincides with vector H and the
- T saturation magnetization vector M, is at
e HE ) some angle @ relative to the X-axis. The

internal fields H" and H* also lie in the

plane X-Y. The quantities H” and H'” can
r H
\‘! be expressed in terms of the external field
H, the static cubic anisotropy field
components H'’ and H'”, and the static-

induced  in-plane  anisotropy  field

Fig.1. Film, field and magnetizations geometry. a .
component H;’, where the superscripts (1)

and (2) denote the layers corresponding to M, and M.

We use the macroscopic phenomenological theory: Maxwell's equations, considering the boundary conditions of
the structure and the Landau-Lifshitz equation of motion for the magnetization. The macroscopic approach treats the
total energy in terms of the magnetization. The magnetostatic dispersion relationship may be expressed in terms of
permeability tensor elements for each rnagnetic layer.

The Landau-Lifshitz equation of motion for the magnetization of film i (i=1,2) is written as
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%Mm:«/[M”) foP] (i=1,2),

) —

R VIO VTR VIL
X y z

F=F,—~M(H+h)

where F, - magnetocrystalline anisotropy free energy density, H, — total internal field, H - external static magnetic

field.
An magnetocrystalline anisotropy free energy density is written as

F, =K, (1I-M} /M}) + K, (MiM] + MM, + MOM? ) 2)
where K, denotes a uniaxial anisotropy energy density parameter, K, denotes a first order cubic anisotropy energy

density parameter.
The internal H'” consists of the static effective field H, and dynamic effective field h components, that contain

anisotropy terms in the dynamic response for magnetostatic waves. Also, the magnetization is written as the sum of a
static part M and a fluctuating part m. For layer (1), in the small signal limit in which
Im(r,t)l << M, (M, —saturation magnetization ) is satisfied, m has only transverse components m,, and m,,.

In order to obtain the magnetostatic dispersion relations, one has to find the permeability tensor elements for each
layer.

By linearizing the Landau-Lifshitz equation (1), after some algebraic manipulations, the dynamic permeability
tensors are obtained. For layer (1), where the lowest order terms in a small amplitude dynamic response involve only
the y- and z- components of the total magnetization vector M, it is given by

b\ a(h)\ (1+k, —iv\(h
Vl=pl Y= bl
b, h, v vk |k

©00-07 T 00 -0 Q,0,-0
H
Q — OJ/’Y , Qq 6 — a.p
4nM T 4nM
where
sin® (2@
H, =Hcos(©—-®)+H, cos’ (P)+H, 1—¥
2 4)
Hg = H cos(®—®)+ H, cos(2®)+ H , cos(4D)
For layer 2 it is given by:
b, h, 1+ sin’(y) —k® cos(y)sin(y)  ivsin(y) \(h,
b, |= n h, |=| =k cos(y)sin(y)  1+k cos’(y)  —iveos(y) || A,
b, h, —ivsin(y) ivcos(y) 1+ k> h
Q Q 5
ka — o = k[5 _ B —, V= Q _ ( )
Q,0,-0 Q,0Q,-0 0,0,-Q
H
Q= (D/Y 5 ap o s
4TM P 4
where
sin’ (20)
H, =H+H,|1-——
2 (6)

Hy = H +H  cos(40).
The fluctuating part of the dipole field h and the magnetization m must satisfy the magnetostatic form of Maxwell's
equations
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div[h+4mm]=0, roth=0. (7)
Under the magnetostatic approximation h:grad[\yexp(—iwt)] , where y is a magnetic scalar potential. The problem is

now reduced to finding the propagating normal mode solutions for the scalar potential ¢ which satisfy the condition (7), that

gives simple equation:

) Oy Oy oy oo Oy
0 0 ) 0 _
My o + Uy o + U3 o +2u;, oxdy =0
)
where
i =Lug =1+ k0 ng =1+ k" ul) =0
Y =1+ kD sin® ()05 = 1+ A cos® ()l =1+ &5 wi3) = =k cos(y)sin(y);
The scalar potential functions y"? are taken in the form:
y? = (a“’z)exp (k;l’z)z) +b"exp (k;l’”z)) exp (iKE(l’z)X) exp (iK(yl’z)y) )
k"* parameters are related to the propagation wave number K:\/ k2 42 = \/K(Xm +x? through Eq.(8):
KD =iy~ (14 k0 sin* (@) [(1+K), K2 =i [~(14 2 sin(y—)) /(1+ &7 ) (10)

Under the magnetostatic approximation, by imposing the usual electromagnetic boundary conditions, a set of
homogeneous equations is generated. The condition for the existence of a nontrivial solution yields the dispersion
relation.
F(Q,xd)F, (Q,kd)-e ™" P (Q,kd)P, (Q,kd)=0 (11)
where
F(Q,x) = x+ix, u) + k"l [ (Bexp(2kd,) -1)/(Bexp(2k"d,) +1) |

Fy(Qk) = k=i 12 - i 1 - kU@ [(7 exp(2k ) (d, +d,)) -1/ (V exp(2k (d, +d,) + 1]

B(Q,x) = k-ik 1) -k ul [ (Bexp(2kd,)-1)/(Bexp(2kd,) +1) |
P(Q,x) =k +it 1) ik, 1) + kP [ (7 exp2k (d, +d,) -1 /(7 exp(2k(d, +d,)+1) |

N I AR () @@ e 1@ e @
K-k Uy, + k1 _ k.7 ps; - K-IK Uy - IK sy @) _ (D/Y
T M oMM V= @), N NG exp(-2k; (2dl+dﬁ))’Q_ :
K U5+ - K k. 7Wsy + K IK UG +iK ) 4nM

The dipersion relation includes two parts. One is the product of the individual dispersion of each layer. The other
is the coupling term due to the interaction between the two ferromagnetic layers. As the separation between the
ferromagnetic layers goes to infinity, than one can obtain the individual dispersion relation for each layer.

NUMERICAL RESULTS
Numerical calculations have been performed to investigate the magnetostatic volume wave properties. The
following thicknesses of layers are used:d, =1 um, d,=1 pm, d =20 nm. Specifically, the case of YIG ferrites have

been considered (H =800 Oe, HY =-900e, H{’ =-860e, ©=57°,H{ =200 Oe) [5]. For Fig. 2 and Fig.3, which
show the dispersion curves, M, =M, =1750G . Fig.4 shows other example of the effects of anisotropy for
ferromagnetic layers with different static magnetizations M, =1750 G, M, =1256 G [6].

We can see from Fig. 2-4 the two set of dispersion curves corresponding to layer 1 and layer 2 with different
volume mode band limits (Fig. 5). Each set and volume mode band corresponds to the individual magnetic layer. It is
important to realize at this point that there is an infinite manifold of volume mod dispersion curves. For the range of kd
values, the dispersion curves cover the entire volume mode band for each set. All curves correspond to the roots of
transcendental equation (11). In the case of one layer (Fig. 3a), only one set of curves exist.

For YIG materials the volume mode band similar for the band for the isotropic film, except for a surviving band

width even at in-plane propogation angle ¢ =90° (as can be expected, in the limit — 90° the volume mod band has

reduced but has a nonzero width).

As seen from Fig. 2, the propeties of volume magnetostatic modes in that structure are substantially determined by
the angle between magnetization vectors in the magnetic layers and the rotation of the direction of propagation in the
plane of the film. We can see that splitting between the dispersion curves for layer (1) and layer (2) will rise with a rise
in-plane propagation angle ¢.



61

physical series «Nuclei, Particles, Fields», issue 2 /58/ Magnetostatic waves...

L2

° kd

Fig. 2.Dispersion curves of reduced frequency Q vs. reduced wave number kd for three values of the propagation angle ¢.
a)for angle y=0; b)for angle y=13° (y — angle between magnetization vectors in the magnetic layers)
In Fig. 3(b) (for M, =M, =1750 G ) we can see that the dependence of wave number k from in-plane propogation
angle ¢ for layer (1) differs from that of layer (2).

a) b)

o
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00 05 10 1.5 00 0.5 10 15
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Fig. 3.The reduced wave number kd as a function of in-plane propagation angle ¢ (reduced frequency Q=0.8)
a) for one layer, b) for bilayer




62
«Journal of Kharkiv National University», Nel041, 2013 A.F. Bukhanko

Numerical calculations demonstrate that for ferromagnetic layers with different static magnetizations
M, =1750G, M, =1256 G the dependence of wave number k from in-plane propogation angle ¢ can have

qualitatively another character than for case ferromagnetic layers with equal static magnetizations.
Similar to Fig. 2, in Fig. 4, for a different propagation direction, the dispersion curves are different.

a) b)

11 . S e ¥ ey
SN o ——

03| o3, -

0B f Iy

o 03

06 | Ly

5| Ly

: - -2 i = 5

N 1
Kd Kd
Fig. 4.Dispersion curves of reduced frequency Q vs. reduced wave number kd .

a) for in-plane propagation angle ¢=0; b)for in-plane propagation angle ¢=43°

The volume mode bands as a function of in-plane propagation angle ¢ are shown in Fig.5. It should be pointed out,
that contrary article [13], (where the propagation characteristics for backward volume waves were described only for
propagation direction parallel to the bias field) in Fig.4 and Fig.5 one can see the overlapping of the volume mode
bands for the ferromagnetic layers without any discontinuous. Because of the different static magnetizations in the
ferromagnetic layers (Fig.4, Fig.5b), the volume mode band limits for magnetostatic wave excitation for layer (1)
strongly differs from that of layer (2).

In the case of the different static magnetizations in the ferromagnetic layers (Fig. 5b), overlapping of the volume
mode bands is substantially reduced as compared to Fig. 5a. Also, at that case, as seen from Fig.4 and Fig.5b, the
overlapping of the volume mode bands will fall with a rise in-plane propagation angle ¢.

Q Q
==

08

08

07}

07

08 |

.;—_-__/l/u'sl"ll.;:'l"lil " 05 m s
¢ (radians) ¢ (radians)

a) b)
Fig. 5.The volume mode bands as a function of in-plane propagation angle ¢

a)for M, =1750 G, M, =1750 G ,b) for M, =1750 G, M, =1256 G

CONCLUSION
This work deals with volume magnetostatic modes of bilayer structure with noncollinear in-plane orientation of
magnetization vectors. This is caused by the anisotropy field difference in the layers. The essential dependence of the
properties of volume magnetostatic modes is demonstrated on an angle between the magnetization vectors in the layers.
In the case of the different static magnetizations and induced in-plane anisotropy fields in the two different layers
the dependence of wave number x from in-plane propogation angle ¢ for layer (1) differs from that of layer (2).Also,
the difference between static magnetizations reduce overlapping of the magnetostatic waves volume bands.
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Since the angle between magnetization vectors in the magnetic layers y has a strong influence on volume

magnetostatic waves propagation the angle between magnetization vectors is a potential control parameter for
magnetostatic waves based devices.

10.
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PHASON SINKS OF RADIATION DEFECTS IN QUASICRYSTALS
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Phason sinks of radiation defects in quasicrystals are considered as partial point defects. The kinetics of point defect absorption by
single phasons is studied. A model of the dislocation loop with the phason fault under irradiation is developed. The capture
efficiency of the dislocation loop for point defects is derived. The dependence of the dislocation loop bias on the loop radius is
obtained. It is shown that the phason defects decrease the total bias in a quasicrystal as compared to an ordinary crystal.

KEY WORDS: quasicrystal, irradiation, dislocation loop, phason fault, bias.

DA30HHBIE CTOKH PAIUAIIMOHHBIX JE®PEKTOB B KBASUKPUCTAJIJIAX
I'.H. Jla3apeBa, A.C. bakaii
Hayuonanvnvui nayunviii yenmp Xapoko6ckuil pusuko-mexHuyeckuii UHCmumym
ya. Akademuyeckas, 1, 2. Xapwvros, 61108, Vkpauna

@Da30HHBIE CTOKM DPAJAHALMOHHBIX AE(PEKTOB B KBa3HKPUCTAUIAX DPACCMOTPEHBI B KAYECTBE YACTHUYHBIX TOYECUHBIX AE(EKTOB.
Hccnenyercst KMHETHKA TOTJIOIIEHHUS TOYEYHBIX Je(eKTOB OAMHOYHBIMH (hasoHamu. OnmcaHa MOJedb JUCIOKALMOHHOW HETIH C
(azoHHBIM JeeKTOM yIakoBKH 1o obiyuenueM. Haiinena adekTHBHOCTD 3aXBaTa TOUYEUHBIX AS()EKTOB IUCIOKALMOHHON METIIeH.
ITosyueHa 3aBUCUMOCTD NpedepeHca AUCIOKAalMOHHOM NeTIn oT paguyca newid. Ilokasano, 4to ¢a3oHHbIe 1e(eKThl yMEHBIIAIOT
CyMMapHBIii ped)epeHc B KBa3UKPUCTAIIIE IO CPABHEHHIO ¢ OOBIYHBIM KPUCTAIIIIOM.
KJUIFOYEBBIE CJIOBA: kBa3sukpucTaLi, 00dydeHHe, TUCIOKAMOHHAs TeTiisl, (ha3oHHBbIH nedeKT, npedepeHc.

®A30HHI CTOKH PAJTIALIMHUX JE®EKTIB B KBABIKPHCTAJIAX
I'.M. JlazapeBa, O.C. Bakaii
Hayionanenuii nayxosuii yenmp Xapkigcokuil (izuxo-mexniunuil incmumym,
8yn. Akaoemiuna, 1, m. Xapxie, 61108, Yxpaina

@Da3oHHI CTOKM pajialiiHuX JedeKTiB B KBa3iKpHCTajdaX PO3IMJSHYTI B SIKOCTI YaCTKOBHX TOYKOBHX AedekTiB. JloCiimKyeThes
KIHETHKA MOTJIMHAHHS TOYKOBHX Je(eKTiB okpeMuMH (azonHamu. OnucaHa MoAeb MUCIOKALIHHOI meTni 3 (a3oHHUM aedexTom
NaKyBaHHS IiJ ONpOMiHEHHAM. 3HaiineHa eeKTHBHICTh 3aXOIUTIOBAHHS TOYKOBHX Ae(EKTiB AMCIOKauiiHoo merneo. OTpumaHa
3anexHicTh HpedepeHcy aucnokaiiiHoi metdi Bix paxmiycy nermi. ITokasano, mio (a3oHHi Ae(eKTH 3MEHINYIOTh CyMapHUil
npedepeHc B KBa3iKpucTalli y MOPiBHIHHI 31 3BUYAHUM KPUCTAJIOM.
KJUIFOYOBI CJIOBA: kBa3ikpucraj, ONpOMiHEHHs, JUCIOKalliiHa meTisl, (ha3oHHuUi AedekT, npedepeHc.

Quasicrystals discovered in 1984 have since then been an object of diverse theoretical and experimental research. These solids
have a unique structure possessing non-crystallographic rotational symmetry and lacking long-range translational order [1]. The
specific structure induces physical, mechanical, and other properties of quasicrystals to be different from the ones of crystals and
amorphous solids [2]. Many features of quasicrystals are investigated, however the studies of quasicrystals under irradiation are
scarce. It was shown that icosahedral Al-Cu-Fe can easily be amorphized by low-energy ion irradiation, however swift heavy ion
irradiation only leads to the production of defects [3-5]. The stability of icosahedral Zr-Ti-Ni-Cu under irradiation with swift heavy
ions was examined in [6]. It was indicated that the irradiation with Kr ions did not lead to any changes in the quasicrystalline
microstructure, whereas the phase was completely amorphized by the Au-ions. Irradiation-induced vacancies were detected in
icosahedral Mg-Zn-Ho and Al-Pd-Mn after electron irradiation [7]. Phase stability of icosahedral Ti-Zr-Ni under X-ray irradiation
was reported in [8]. There it was also shown that the quasicrystalline diffraction pattern changes with increasing irradiation dose.
This indicates the accumulation and rearrangement of phason defects and dislocations. The objective of this study was to employ a
theoretical approach for describing some peculiarities of radiation damage in quasicrystals.

MODEL OF PHASONS AS PARTIAL DEFECTS

In addition to the defects inherent in crystals, i.e. point defects (vacancies and self-interstitial atoms (SIAs)),
dislocations, grain boundaries, quasicrystals have distinct topological structural defects referred to as phasons. They
appear as a result of one part of the material shifting relative to the other one (e.g., owing to the movement of
dislocations) due to the lack of translational symmetry. The shifts also disrupt the orientational order of structural
elements. The phasons that are schematically formed as the non-coincident sites after the shift of aperiodic structural
elements are shown in Fig. 1.

The non-coincident site topologically corresponds to the cavity between the regular sites of a quasicrystal lattice
and coincident sites in the shift layer. The non-coincident site can be vacant or occupied by an atom. A vacant non-

© Lazareva G.N., Bakai A.S., 2013
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coincident site is a vacancy-like defect, but it has smaller volume than the vacancy volume. It can be regarded as a free
volume associated with surrounding atoms. The non-coincident site occupied by an atom is an interstitial-like defect,
since the volume related to the non-coincident site is greater than the volume of regular interstitial cavities but smaller
than the volume of a regular vacancy. Non-coincident
sites do not form extended chains in the shift layer due to
the lack of translational invariance.

Similar structural defects exist in amorphous solids
and are described in [9] for the case of structures with
> — short-range order. Such structural defects are in a less
b b defined form known as the “free volume” and “antifree
volume” in metallic glasses. These defects are similar to
p- and n-defects introduced in [10,11] during the analysis
of amorphous structures obtained by MD methods.

Partial point defects actively participate in the kinetic processes of regular point defects (PD) [12,13]. Let us

—-—
T

Fig. 1. Displacement along a slip plane in a crystal (left) and a
quasicrystal (right).

denote the phason quasi-vacancy as ¥ and phason quasi-interstitial as i . Since the movement of these defects requires
cooperative rearrangement of their environment, they are almost immobile localized defects. However, they may
undergo structural transformations while interacting with regular point defects, i.e. SIAs (i) and vacancies (Vv ):
itveT:
S M
VHIieo .
The reverse transformations (1) which are accompanied by the formation of regular point defects require a
significant energy ( E, or E;) increase and are unlikely. The frequency of direct reactions depends on the concentration

of freely migrating regular point defects. It increases considerably in the presence of excess point defects formed under
irradiation (as Frenkel pairs).

The quantitative description of the kinetics of freely migrating point defects and phasons is given by the following
system of equations (in the chemical kinetics approximation):

OChh _ iy :
8: ==/ Copn+ JiCpn > @
o TCo =1, (3)
aC aC;
i ~D,—Y ;j. ~D— | 4
Jv v ar . Jl i ar ‘~ ( )
where C;h , C;h are the concentrations of phason quasi-interstitials and quasi-vacancies, correspondingly, j;, is the

average flux of SIAs (vacancies) on a phason, D, ; are the diffusion coefficients of vacancies (SIAs), C;, are the

concentrations of regular SIAs (vacancies).
The equilibrium concentrations of phasons can be derived:

Cl = exp(- £y /kBT) 5
P exp(— E; /kyT )+expl- E; /kBT) | )
Cop = C;;h exp[(E; —-E- )/kBT]’ (6)

where E;, E; are the energies of phason defects in vacant and occupied states, kjp is the Boltzmann constant, 7 is the

temperature. The reverse transformations (1) are not considered in (2). They should be accounted for while describing
the structural relaxation of phasons in the absence of irradiation.
The relation for equilibrium concentrations of phason defects in the irradiated quasicrystal follows from (2):

i _ ] i v
Con="Cpp. 7)
Jv
In this approximation the i -type (V -type) phasons are the sinks for vacancies (SIAs) with the bias equal to 1.

Owing to mutual transformations of structural states of phasons, on time average they are nonbiased sinks, which is
appropriate for recombination centers of point defects with variable polarity discussed in [14].

BIAS OF THE DISLOCATION LOOP
Dislocations are known to be the sinks of point defects. In a quasicrystal the behavior of dislocations under
irradiation is somewhat different from that in a crystal due to phason defects. Experiments have shown that a moving
dislocation in a quasicrystal trails a phason fault which exhibits gradual thermally activated “phason dispersion” [15,16].
In view of this, we consider a simplified model of a circular dislocation loop under irradiation containing a phason
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“disc” inside. We presume the temperature to be low enough for the phason disc not to disperse in the bulk. A theory of
the dislocation loop sink strength in crystals was proposed in [17].
In order to be applicable for quasicrystals this model has to
be modified taking into account the phason trail of the dislocation
loop.
A dislocation loop of radius # and its local sink-free

environment (Fig. 2) is to be placed in the effective medium. We
assume that there is a negligible probability that any other sink lies
within a spherical volume of radius 7, containing the loop and the

|2r,|

phason disc as one diameter.
If we neglect the point defect (PD), vacancy or SIA,
generation as well as other sinks, a simplified diffusion problem for PD concentration C near the dislocation loop is

Fig. 2. Dislocation loop with the phason trail inside.

AC=0, ®)
subject to conditions
Cc(R)=C, ©)
oC Cy,
on S D (10)

where R is the size of the sample, C,v, is the PD flux density at the loop surface, v, is the transfer velocity on the

toroidal sink surface S, of the loop and C; is the concentration there. This problem has an electrostatic analogue: we

. oC e
can take C as the counterpart of the potential and — as the value of the electric field at the surface of a metal torus.

n
Thus, we are given that the ‘electric field’ is Wn , where C; is the ‘metal potential’. It is also equal to 47 times the
‘surface charge’:

Cyv, . CC,

D Vs (11
where C; is the sink capacitance.

The sink strength is defined as follows:
k2 — Nsinks J
vV DC’ (12)

where N, is the number of sinks in the volume V, J =Cv,S is the total PD flux on the sink surface. Substituting
C,v, from (5.4) in (5.5) we obtain

k2=NS‘;'1kS 47ZCY' (13)

The capacitances of the phason disc and the dislocation loop torus are, respectively,
2 m

=—rn, C;,=——.
T 1 d (Sl’lj (14)
In| —
To

Combining (13) and (14) we obtain the sink strengths of the dislocation loop and phason disc:
2 N,
2 i 2 = —d8r 1>

ki=p,———,
d d [8/‘1] ph v
In| —
To

where p, is the dislocation loop density, r, is the PD capture radius.

5)

Another important concept of the theory of point defect reactions in materials undergoing irradiation is the capture
efficiency of the sink for point defects, Z" :
N
zZ"=—, (16)
Ps
where p, is the density of sinks.

For quasicrystals the diffusion problem can be solved analytically in the approximation of a simple superposition
of sinks. Evidently, the interplay of sinks in this approximation is ignored. In this case the capture efficiencies of a
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dislocation loop for vacancies and SIAs are

G2 4
zvi= T 47

qcr
In 8r1‘ g a7n
rOV,l

The bias factor determines the swelling rate of a material under irradiation. The dislocation bias is defined as
follows:

ZVL'V
By, =1-——. (18)

chr
The dependencies of the dislocation loop capture efficiencies and the loop bias on the loop radius (in the units of
Burgers vector value, b) for crystals and quasicrystals are calculated using the experimentally obtained parameters for

the Al-Pd-Mn quasicrystal (see Fig. 3,4). The capture radius for vacancies is considered to be r,, = b, and for the SIAs

}’0[ = 3b .
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Fig. 3. Capture efficiencies of the dislocation loop for vacancies Fig. 4. Dislocation loop bias as a function of loop radius.

and SIAs as functions of loop radius.

As expected, the capture efficiencies for point defects in a quasicrystal are greater than those in a crystal because
of the higher concentration of sinks. The bias of dislocation loops towards SIAs, on the other hand, is lower in
quasicrystals, and it significantly depends on the loop radius.

CONCLUSIONS
Regarding phasons as partial point defects we have shown that phason quasi-interstitials and quasi-vacancies are
the sinks for vacancies and SIAs, correspondingly, with the bias equal to 1. Still on time average they are non-biased
sinks due to mutual transformations of structural states of phasons. A simple model of a dislocation loop with non-
dispersing phason trail inside under irradiation was also described. We have found that the absorbing capacity of
dislocation loops in quasicrystals is several times greater than that in crystals due to the contribution of phason defects.
The difference in dislocation loop bias for crystals and quasicrystals increases with the loop radius.
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MOJOBUE B OIIMCAHUHU 1D IAPAMETPUYECKON HEYCTOMYNUBOCTHU
JIJETHMIOPOBCKHX BOJIH
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INokazano, 9TO ImponecCH MOAYISIHOHHON HEYyCTOHYHMBOCTH JUTMHHOBOJTHOBBIX JICHTMIOPOBCKHUX KOJIe0aHMI KaK B TOpsTIeH, Tak U B
XOJIOJJHOH IUIa3Me HMMEIOT Ty JK€ CHMMETPHIO M MEXaHH3MBI BO30YXICHUs KOPOTKOBOJIHOBOTO cCriekTpa. [Ipm yMmeHbIIeHHH
aMIUTUTY (bl HAKAYKA MaKCUMyM MHKPEMEHTa B XOJIOJHOH IIa3Me C/IBUraeTcs B KOPOTKOBOJIHOBYIO 00JAcTh, a B TOpsdel mia3Me —
YMEHBIIaeT HHKPEMEHTHI BO BCei o0JlacTH crekTpa. MakCHMalIbHEI HHKPEMEHT B XOJIOAHOH IU1a3Me MPU YMEHBIICHHH aMILTHTY bl
MOJIsI HAKaYKH HE M3MEHSETCs, B ropsueii — yMeHbIaeTcs. [|BHKeHne SHEPrMH B KOPOTKOBOJIHOBYIO YacTh CIIEKTPa OOYCIIOBIECHO
B3aUMOJEHCTBHEM MOJI, HO B XOJIOJHOH IJIa3Me 9TOMY TaKXKe CIIOCOOCTBYET CIIBUT MAaKCUMyMa JINHEHHOTO HHKPEMEHTA, a B ropsueit
1a3Me - OOJNbIINEe HHKPEMEHTBI B KOPOTKOBOJIHOBOM UacTH criekTpa. Ecnn Bo3MyIeHHs HOHOB CHMMETPUYHBI B ITPOCTPAHCTBE, TO
CTPYKTypa TIONSl M JIEKTPOHHON IIIIOTHOCTH OyJIeT MpeJCTaBIsATh COOOH CTOAYYI0 BOJHY, aMIUIMTyAa KOTOPOH pacTeT, a
MOTyIHUpHHa yMeHbIIaeTcst. [Ipi oTCyTCTBUM Takoil CHMMETPHH II0JIe M UCKaXKEHUS INIOTHOCTH (JOPMHUPYIOTCS 3@ CUET CIIOXKHOI
HHTEpGEPEHIINN BO3MYIIIEHHH pa3HBIX MacIITa0oB.

KJIIOUEBBIE CJIOBA: MonysiioHHAasl HEYCTOHYMBOCTD, JICHTMIOPOBCKHE KOJIEOaHNs, TOPSYasl M XOJIOAHAs IU1a3Ma, CHMMETPHHN
MIPOCTPAHCTBEHHBIX BO3MYILEHUH

SIMILARITY IN 1D DESCRIPTION PARAMETRIC INSTABILITIES OF LANGMUIR WAVES
V.M. Kuklin

V.N. Karazin Kharkiv National University

4, Svobody Sq., Kharkov, Ukraine, 61022
It is shown, the modulation instability processes of long-wave Langmuir oscillation in hot and cold plasmas are possessed such a
symmetry and mechanism of short-wave oscillation excitation. The maximum of the growth rate of the instability in cold plasma
moves in short-wave part of spectrum, in hot plasma the growth rates in all over the spectral region are reduced, if the amplitude of
pump wave has decreased. The value of the growth rate maximum in cold plasma in this case not changes, but in hot plasma similar
value decreases. The energy motion along the spectrum is due to mode coupling and in cold plasma the drift of the growth rate
maximum, in hot plasma — large-scale increments in short-wave part of spectrum. The spatial symmetry of ions perturbation is
associated with such symmetry type of field and electrons perturbation. The amplitude of standing wave structure, which is appeared
in that case, is increasing and the half-width of it is reducing in initial stage of the instability. When such symmetry is absent, the
field and the density deformation are formed at the expense of the interference of different scale perturbation.
KEY WORDS: modulation instability, Langmuir oscillation, hot and cold plasmas, spatial symmetry

MOJIBHICTH B ONUCI 1D MAPAMETPAYHOI HECTIHKOCTI JJEHTMIOPIBCHbKIX XBUJIb
Xapxiscoruti nayionanvhutl ynigepcumem imeni B.H. Kapa3zina
M. Xapxie, nn. Ceoboou, 4, Ykpaina, 61022

[okazano, 1m0 mporecu MOYJIALIAHOT HECTIHKOCTI JOBrOXBUIIEBUX JICHTMIOPIBCHKHX KOJIMBaHb, K Yy TapsAdidd, Tak i B XOJOAHIN
IUTa3Mi MAalOTh TaKy K CHMETPII0 Ta MEXaHi3MH 30yMKCHHS KOPOTKOXBHJIEBOTO CHEKTpy. [IpH 3MeHIIEHHI aMIUTITYyAW HakKauykd
MakCHMyM IHKPEMEHTY B XOJIOIHIH IUla3Mi HpsMye OO KOPOTKOXBHJICBOI YacCTHHM CIIEKTPY, a y Tapsdii Iuiasmi 1e 3MeHIye
IHKpPEMEHTH BCHOTO CIEKTPY HECTIHKOCTi. MakcHManbHUH IHKPEMEHT Y XOJIOAHIH I1a3Mi IpH 3MEHIICHH] aMIUTITy U TTOJIsI HaKauKH
HEe 3MIHIOETBCA, a MAaKCHMalbHHH IHKpEeMEHT y Tapsdid IuasMi 3a THX yMOB cTae MeHmHUM. Pyx eHeprii B HampsiMKy
KOPOTKOXBWJICBOT YAaCTHHM CIIEKTPY, IO OOYMOBJEHO B3a€EMOMIEI0 MOJ, y XOJOAHIH IUIa3Mi TaKoX MiJTPUMYETHCS 3CYBOM
MaKCHMyMy IHKPEMEHTY, a B Tapsuiil mia3Mmi MoOB's3aHO 3 THM, 110 B KOPOTKOXBHJICBOI YAaCTHHI CIIEKTPY HAWOLIbIII iHKPEMEHTH
niHiliHO1 HectiiikocTi. Koy ioHHI 30yIKeHHS CUMETPUYHI B IMPOCTOPI, TO CTPYKTypa MOJIsL Ta EINEKTPOHHI 30yIHKEHHS (GOPMYIOTh
CTOSIYY XBUITIO, aMILTITY/Ia SIKOT 3pOCTaE, a HaMiBIIMPUHA 3MEHIYEThCS Ha HAYaJIbHOI cTail mpolecy. 3a BiACYTHOCTI Takol cuMeTpil
0JIe Ta MOPYLIEHHS TYCTHHHU (OPMYIOThCS 3a paXyHOK CKJIaIHOI iHTepdepeHii 30y keHp pi3HOTO MacITady.

KJIFOYOBI CJIOBA: monynamiiiHa HeCTIHKICTh, JIEHTMIOPOBCHKI KOJTMBAHHS, Tapsdya Ta XOJIOJHA TUIa3Ma, CUMETPii IPOCTOPOBUX
30yKeHb

WHTepec K mapaMeTpU4ecKod HEYyCTOWYMBOCTH WHTEHCHUBHBIX JICHTMIODOBCKMX BOJH, KOTOPBIE JIETKO
BO30YKAAIOTCA B IUIa3M€ pa3IMYHBIMH HMCTOYHUKamMu [1-9], Obu1 0OyCIOBICH, B YacTHOCTH, OTKPBIBIINMHUCS
BO3MOXHOCTSIMU HarpeBa 3JIEKTPOHOB M MOHOB. KOppeKTHBIN ammapar onucaHus napaMeTpUYecKOl HEYCTOMUHMBOCTH
JITMHHOBOJTHOBBIX JICHTMIOPOBCKHX KoJIeOaHMid (haKTHUIeCKH ObLT cO3/laH B OCHOBoMojarammux padorax B.I1. Cunnna
[10] u B.E.3axapoma [11]. VYxe B mepBbIXx uuCIeHHBIX 1D sKkcmepuMeHTaXx IO MapaMeTPUIECKOMY pacmary
JICHI'MIOPOBCKHMX KoJieOanuit [12] ObuiM moATBepkIeHBI TeopeTndeckue npencrasienus [10] (em. taxxe [13,14] u
0030p [15]). OmHako HAaUOOJBIIMI HHTEPEC Y IKCIIEPUMEHTATOPOB BBI3Ba 00Hapyx)eHHbIH B.E. 3axapoBsiM MexaHH3M
JUCCHITAlIUH BOJIHOBOM OHEPIruu. AHanuTH4ecKue HCCIICJOBaHusA, alnnapaTHbIC U YUCJICHHBIC OKCIICPUMEHTHI CLIC Ha
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panHeii craguu [16-18].u3ydeHnst 3TUX SBIEHUH MOATBEPAMIN TOT (AKT, YTO B HEKOTOPBIX ClIydyasx 3aMeTHas 4acTh
SHEpPIuu MoJid HaKaukyd B pe3yJbTaTe HEYCTOWYMBOCTH NEPEXOAUT B HDHEPTUI0 KOPOTKOBOJIHOBOTO JIEHIMIOPOBCKOI'O
CHEKTpa ¥ MOSBIAIOTCS BEIOPOCH OBICTPBIX YacTHIl [16-27].

B wactHOCTH, nake B OJHOMEPHOM YHCIIEHHOM MOJEIMPOBAHMHU IIpoliecca Ha 0a3e OOOOIICHHBIX YypaBHEHUH
CunuHa [28-30] MoxxHO OBIIO HAOMIOAATh YaCTHYHBIH OOMEH SHEpPruedl MEeKAy CHEKTPOM W MHTEHCHBHOH BOJHOM
Hakauky. VIOHHas KaBepHA «CXJIONBIBANACH», TO €CTh, IIEPEXOAMIA B PEKUM IIEPECceUeHns] TpaeKTopui gacturn [31].
OTtMmeTnM, YTO OUHAMHKA IpoIlecca COBIMAfalia C paHee BBIIIOJHEHHBIMH YHCICHHBIM pacdetamu [19]. Dueprus,

1 o
KOTOPYIO0 OTOMpaK HOHBI, OKasajach nopsaka (m, / m;) " HauanbHoit SHeprun BonHb! Hakauku [31] (3mech M, u M, -

MacCChbl DJICKTPOHOB W HMOHOB, COOTBeTCTBeHHO). I[J'IH QJICKTPOHOB IEPEXO B PECIKUM ICPECCUCHUA TpaeKTOpI/Iﬁ Mor
CACPKUBATHCA CYIIECCTBOBAHUCM MOHHBIX KaBEPH, YTO CII0COOHO OBLIO CUHXPOHHU30BATb BI)I6p0C 6I)ICTpBIX DJICKTPOHOB
U MOHOB B MOMEHT €€ pa3pyuicHus. 3KCH6pI/IMGHTBI 10 CO3JaHUIO BOJIM3H ILUIa3MEHHOIO pE30HaHCa B HeO,Z[HOpO,Z[HOﬁ

IUIa3Me 3HAYNUTEIIbHOM IJIOTHOCTHU OHCPIruu 1Mo W 5 HpCBLIIHaIOLHeI;‘I IUIOTHOCTh TEILIOBOI OHCPIrUU II1a3Mbl neOTL , C

4acTOTOH, ONMM3KOM K JICHTMIOPOBCKOW, JEMOHCTPHUpOBANIM Ha (poHE HarpeBa SJIEKTPOHOB BOJM3H IUIA3MEHHOTO
pe30HaHCa TOSBICHNE KOPOTKHX MMITYJIbCOB OBICTPHIX YacTull. [Ipudem, Hapsmy C 3JIEKTPOHAMH MMEN MECTO BBIHOC
SHEPTUU U3 00JacCTH MIa3MEHHOro pe3oHaHca moHamH [32-33] ¢ AOCTaTOYHO OOJIBIIMMHU SHEPTUSMHU (CM., HAIIPUMED,
0030pHYyI0 padoTy [34]). O6IaCTh HCTOYHHUKOB AJICKTPOHHBIX HMIIYJIBCOB COOTBETCTBOBAIA MAJbIM pa3MepaM KaBepH
mwiotHocTH. COOTHOIIEHHE OHEPIruu, 3allaCEHHOM KaK B 6I)ICprIX HOHaX, TaK U B 6I)ICTpI)IX QJICKTpPOHAX, MOCJIC
pa3pylIeHus KaBepHBI IPUMEPHO OTBEYAJIO IIPHBEJICHHBIM B TeopuH [31] 3HaUSHHSIM.

PaccMoTpeHue nporeccoB napaMeTpui4ecKkoll HeyCTOWYHBOCTH JICHTMIOPDOBCKHX BOJIH B YCIIOBHSIX TPUMEHUMOCTH
ypaBHeHHI 3axapoBa U ypaBHeHHH CHIIMHA 0OBIYHO PAaCCMATPHBAJIOCH TEOPETHKAMHU PA3ICIbHO, XOTS IKCIIEPUMEHTHI
4acTO He pa3/ieNsuId 3TH npouecchl. B naHHoW paboTe aBTOp cenai MOMBITKY Ha MPUMEPE OJHOMEPHOTO OIMHMCAHMS
COTJIacOBATh 3TH OJIM3KHE O PU3MIECKOMY IPOSIBICHUIO MOJIEINHN, N3yYUTh CHMMETPHIO BO3MYIIIEHHH ¥ HATH yCIIOBUS
nepexoja OT OHOW MOJENH K ApYroi. Beibop omHOMEpHBIX Mojeneil mpoiieccoB, kak ormerun Jlx. JlaycoH, yacto
COXpaHSeT OCHOBHBIE UEPTHI MPOIIECCOB, CYHMIECTBEHHO YIIPOIIasi ONMMCAaHWE M MOHNMaHNe (HU3NIeCKHUX siBIeHm [35].
OO6cyxaeHne ocoOeHHOCTEH MOI00HUS M CHMMETPHH YpaBHEHHUH, KpOME BCETO MPOYETO, CIIOCOOHO MPOSCHUTH MPUINHY
JIOCTATOYHO PEAKHX ClIy4aeB HaOIIO/ICHHS B HKCIIEPUMEHTAX PEKHMOB C 000CTPEHUEM, TIPUBOASIINX K aHOMAITBHOMY
HarpeBy JJIEKTPOHOB U TeM 0oJiee HOHOB.

BBICOKOTEMIIEPATYPHAS IIJIAZMA, OJHOMEPHBIE YPABHEHUS 3AXAPOBA
OnwucaHye TOBEJCHUS DJIEKTPOHOB IUIa3Mbl B YCIOBHUSIX, KOorja (ha3oBble CKOPOCTH JICHTMIOPOBCKHX BOJIH
MIPEBOCXOMAT HX TEIUIOBYIO CKOPOCTb MOXET OBITh THIAPOJMHAMHYECKUM. LOHBI MOXHO OIHMCHIBaTH Kak
TUIPOAMHAMHUYECKH, TAK U KUHETUYECKH. [[J1d ynpoIeHys ONUCAHUsI HUXKE OrpaHUYUMCcs OJHOMEPHBIM ciaydaeM. Ilpu

3TOM, ISl CKOPOCTH V, M INIOTHOCTHU 1, 3JIEKTPOHOB CIPABEIMBEI CIEAYIONINE YPABHEHHS

o, +2E+ ! %——{v -iv} 1
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o ox ox Ox
Taxum 06p330M, JJIs1 p€30HAaHCHBIX BO3MyIHeHHI7[ MJIOTHOCTH CIIPABCAJIMBO YPAaBHCHUC
(£1) 2 2 2 2.2
au n — = wpe CUO +k On v Te (1) — wO ninfm (1)
Fi u +—n-Z—-u =0, (17
n m
ot 2w, 2n m
HJIK IepEeX0oasl K HAIPSIKCHHOCTH DJICKTPHUICCKOT'O TOJIA
() _ g (ED)
E®V =d4zieu™" |2k, (18)
2 2,72 2.2
OE®D o —w-+k* nv
n — =+ pe 0 0 Te (+1) T i
Fi E n =0. 19
at 2600 Z in—m m ( )
ECJ'II/I HOHBI OMMMUCBIBATHL KPYITHBIMU YaCTULIAMU, YPABHCHUEC JABUKCHUSA IJIS1 KOTOPBIX
e = .
:—Z E, -exp{ikynx,}, (20)
m, %
TO INIOTHOCTH HOHOB OIIPEACINM KaK
wlky
my =y [ explink, -3, (v, 0] dv,g 1)

—rlky
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3aMeTuM, YTO ONHCAaHME HOHOB KPYMHBIMM YacTUI[AMM, KpOME BCEro Mpodero, Kak IMoka3aHo B [31] mo3Bomser
YBEIMYHUTh YCTOHYMBOCTh PACUeTHON cXeMbl. KOMIOHEHT MEJIEHHO MEHSIIOIIEroCs JIEKTPHUECKOTO OISl MOXKET OBbITh
orpeziesieH caeaytomuM oopazoM. Tak Kak Uit MEAJICHHBIX ABHKEHUH CIIPaBENIMBO MPHOIIIKECHNE

ep—U
ne:no.exp{f” } (22)
T
TO YACPIKUBAs B YPABHCHUU HyaCCOHa TIEPBBIC WICHBI PA3JIOKCHUA TOJIYYUM
* — ep —U
—¢ =4re-| ——n,—n, |, 23
o’ ( 7 Mh 23)
rae ¢ u En =—ik0n¢7n MOTEHIMA M HAMPSKEHHOCTh YCPETHCHHOro MO OBICTphIM ocumumiiusiM moist. s BU

2
. e _
TOTCHIMANA (] = %" U, exp {ikynx}» TPHIM 7 = —— %" F® ECD.
o 4mea)p

Od4eBHIHO JIEBOM YacThIO ypaBHEHHs (23) MOXHO TpeHeOpedb B YCIIOBHIIX kv | @?, =vi /vl <<1 ¥ TOrza
e pe e D

HAIPSHKCHHOCTh YCPETHEHHOTO MO OBICTPHIM OCHMIIISAIASAM OIS
— ~  —iknn, T —ik,ne
_ 7 _ 0
En - _lk()n¢n - = z

E’E,". (24)

en,

OnuckBaTh NOHBI MOXKHO U TUAPOJANHAMHUYCCKHU. ypaBHeHI/Ie JJI1 MCJICHHBIX BOSMyHIeHI/Iﬁ IUIOTHOCTU U CKOPOCTU
HOHOB UMCIKOT BUJ

on,

6;1 +v,, ikyn-ny =—ikyn- E My Vim> 2
ov, e =
—n_ _— FE=—ik - E mv, . -

at ' 0 - m—m

i

Vin (26)

[paBeiMu yacTsiMu (25) u (26) npenedpexeM, rojarast UX MajabIMH. Torzaa Juist BO3MYIIEHUH INIOTHOCTH CIIPaBE/IIINBO
ypaBHEHHE
62
ot’

kZ 2
e Kinicin, =~ 3 g0 B @)

i om

I7le CKOPOCTb 3BYKA . = [T /;» . OTMETHUM, UYTO INpHU BBIIOJHEHUU YCIOBUH kzn Vr /a) —Vr / vq, << 1 naHHOE

ypaBHEHHE MOXXHO TOIY4HUTh, HCIOIB3Ys COOTHOIIEHHE (22) U TepBbhIe WICHHI pa3noxkeHus (23).
Ypasuenus (19) u (27) npu @, = @ ,. B BAE

2 2
E Ve izE—w”"’-niE:O, (28)
8t 2(0176 Ox 2n,

o’n,  ,0n 1 &
-—c, El> 29
o ze 167rm ox’ o EF (29)

W3BECTHBI KaK ypaBHeHUs 3axaposa [11] B oqHOMEpPHOM cirydae.

Cummetpun
Mo>XHO yOEeTUTHCS, B TOM, YTO KOMIIEKCHO COHpSI)KeHHOG ypaBHeHue (19) npu BepXxHEM 3HAKE MPUHUMACT BUJT
EV Y @) —w) + 0tV
AE 2 T e (0 yesi 2, (B) 4 3 %, (B, )41 =0 (30)
w, m#0

B T0 e Bpems 11 OTPULATEIBHBIX HHIEKCOB, 3TO Ke ypaBHeHI/Ie MOKET OBITh 3aIKCaHO (PH CYMMHMPOBAHUH MOXKHO
3aMEHUTH HEMOM MHAEKC m — —m )
— 2 2 2 2.2
OE'Y  w,—w, +k nv,
P CEC ”-i-l {n_ (1)+Zn_ (1)} 0. (31)
a 2 1,—n 1,—n+m
t (00 m#0

-1 1
a) Jlerko BuzieTs, uto Mpu ECV = (EV)* 1 p,

i,—n

=(n,,)* ypaBHCHUs (30) u (31) unentrunbl. TOYHO TaKKE MOKHO
ybenutbes, uTo0 M3 1non0OHbIX mpeoOpasosanuii cnenyer ECV =(EU)* u p_ =(n )*. To ectb, BO3MyuIcHHE

IUIOTHOCTU MOHOB 00J1alaeT CUMMETPUEH 5 = (p, )*. IIpH 9TOM [l KOPPEKTHOTO ONKMCAHKS TAKOH MOHHOMN KaBEPHbI
i,—n in

JIOCTaTOYHO MCIOJIb30BaTh KOMITOHEHTH BY moss E}gl) 5 Eil) E(l) a TaK)KC BO3MYIICHHUS NJIOTHOCTHA HOHOB 71, TakK

in?

KaK OCTAJIbHBIC BEJIMYWHBI BBIPAXKAKOTCA YE€PE3 HUX, TO €CTh MOXXHO OTKAa3aTbCA OT MCIOJIB30BaHNA BEPXHETO MHICKCA.
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Cucrema ypaBrenuii (18), (27) B 3TUX yCIIOBUSX MOXKET OBITh 3allCaHa B BUJC
0E @, -, +k’;n™V',

a,
n_j_pe E-i—/.>Nn E =0, 32
at 20)0 n 2n0 ; m-—m m ( )
o'n, 220 kin® .
— = tfon’cin, =——2—>»E_E - 33
atZ 0 s Vin 167Tm Z n-m"—~-m ( )

i om

WK 1pyu ONMUMCAaHUXW MOHOB 4YaCTHLAMM, MOKHO BOCIIOJIB30BATHCS YPABHCHUSAMU JBUKCHUS (20) 1 BBIPpAKCHUEM JI
HOHHOH IJIOTHOCTH (221), TAC HAMPAKEHHOCTb MEJICHHO MCHAIOIIETOCS JICKTPUICCKOTO I10JIA

E, = _ik()”&n =

—ikynn, T~ —ik,ne .
o+ E
e}’lo 4me a)pz Z n—m m (34)

I[.]'ISI 10JI1 HaKa4KH, KOTOpOﬁ SABJIACTCA Z[J'II/IHHOBOJ'IHOBEISI JICHITMIOPOBCKas BOJIHA 60.]'[]:]1[017[ AMIUIMTY Ibl, IIOJIYYHUM
Zn E, =0 (35)

OTMETHUM, 4TO BEITUYHHBI, OTBEYAIOIIIHEC pa3HOMy 3HAKY HW)KHEr0 MHIEKCa IPU ITOM HE3aBUCUMBI, YTO MPUBOJUT
K IIPOCTPAHCTBEHHOMY HCKa)KCHUIO0 MHTETPAJIBHBIX BO3MYILUEHHUI, HE TOJBKO H3-3a MU3MEHEHHS aMIUIMTYAbI, HO U 3a
CYeT MPOCTPAHCTBEHHOTO C/IBHUTa BO3MYIIEHUH pa3HOTO MacIiTada.

6) Kcratu, ecmu ,;, = n,,=(n,)*> TO €CTh, BO3MYIICHHS WOHHOH IMJIOTHOCTA HE MEHSIIOT CBOETO IOJIOKEHHUS B

-
mpocTpaHcTBe, To BUY  osnekTpudeckoe — Mojie  TAaKKe ~ OCTaeTCs  CHUMMETPUYHBIM B IIPOCTPAHCTBE
EDV = EV = (ECVy*= (ECV)* ¥ [UIsl OIMCAHKs IpoLecca JIOCTaTOYHO 3HAYCHHIH E(l) M 7, 4T0 00YCIOBICHO XKCCTKOI
CBA3bIO BCJIMYMH, OTBCUAIONIUX PasHOMY 3HAKY HMXKHETO MHACKCA. CprKTypa I10JIs1 U IMJIOTHOCTH 6y}1€T MpEACTaBIIATh
co00¥ HEMOABIKHYIO MPOCTPAHCTBEHHYIO CTPYKTYPY, aMIUIMTYa KOTOPOH PaCcTeT, a MOJIyIIUPHUHA YMCHBIIACTCS, 110
KpaiiHell Mepe B Onpe/ieNieHHOH 001acTy.

B) C Zpyroil CTOpOHBI, BO3MYIICHHC HOHOB BHJA ; =—(p )* OKA3bIBACTCS 3alPCIICHO OICKTPOHHON

Jucrepcue.

J03ByKOBOIi pexuM
B ycnosusix, korna 8°n,, /n,0t” << kyc’ , Tae k , - BonnoBoI1 BekTOp KONEGaHML, ypaBHeHue (33) ynpouaercs
1
M D
n =— E’ EV. 36
in 16ﬂ'micf ; n—m>—m ( )
[Toncrasnss 3HaueHus #, B ypaBHEHUE (28), IIPEICTaBUM €0 B BUJIE

6E oE v, &

—E+———|E["E=0.
6t @, o 32mc l i (37)
B npyroii hopme MOKeT OBITh 3aIIMCaHO B BUJIE
OE a); -, + kv, iw, .
g e ‘E + . E _ E E =0. 38
ot 2, " 2xmnc’ zmlzp: e (38)

CBepx3BYKOBOii pe:kum
2 2 2.2
Upu &%n, /n, 0" >> kjc? BO3MOXKHO pa3sBUTHE CBEPX3BYKOBOIO pesknMa mpolecca. B stom ciyyae ypasuenue (27)

JJIA MCIJICHHBIX BOSMyH_IeHI/Iﬁ MIPUHUMAET BU]T

o’n, kzn2 .
= Enmefm’ 39
ot 167rm, m;n (39)
WIH
62n. 1 &
. El.
or? 167mz ox? el (40)

JI71s1 BOTHBI OONBIION aMIUTUTY/ bl (BOJTHBI HAKAYKH) BOJIHOBOM BEKTOP KOTOPOHM CTPEMHUTCS K HYJIIO CIPABEIJIMBO
ypaBHenue (35), a 4711 KOPOTKOBOJIHOBBIX BO3MYIIIEHUI
0E @, —w +k v,

n_ E — E,+ E 0,
o 2o, y 2 - {n, Zon b} = (41)
o’n, kon’ .
L TR {EE +EE + > E, E }- (42)
o 16zm Zo

HpI/IBCIIGM TaKXKC 3HAUCHUC OJI1 MCAJICHHO MeHﬂmmeﬁCH HANPs?>KEHHOCTH I1OJI € Y4€TOM BOJIHBI HAKaYKH
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— -~ —iknn, T ik,
En :—ik0n¢n = 17ty B o (E E +E Efn Z n—m fm (43)
en, 4me60p m#0,n

XOJIOOHASA IIJTABMA, OJJTHOMEPHBIE OBOILIEHHBIE YPABHEHUS CUJIMHA
B cnyyae OOJbIION HMHTCHCHMBHOCTH BHEIIHETO JJIMHHOBOJHOBOTO TMOJISA [UIS XOJOJIHON IUIA3MbI, CIEIYET
BOCIIOJIB30BaThCS MTOIXO0M, U3TI0XKEHHBIM B padoTtax B.I1.Cununa [38].

ov 0 0
5 e Ve B v a"a}’ (44)
on 0 0 0
Ly, —n, A1, —V,-=—{—(n,-v,)}, 45
51 an ax na naO ax va {ax (na Va)} ( )
0
aE:Mz;eﬂ-nﬁ. (46)

YacTuupl HaxoJsATCS B I0JIE BHEIIHEW BOJIHBI, JJIMHY KOTOPOM Ji YNPOILUEHUH pacueToB IMOJIOKHUM paBHOU
0CCKOHCYHOCTH, OCHWJLTHUPYS CO CKOPOCTBHIO u,, =—(e, |E, |/m,-@,) - Cos® , KOMIIOHEHTbl HANPHKEHHOCTH OIS

BHEINIHEN BOJHBI OIIPCACIIAIOTCA CICAYOIIUM 06pa30M
=—i(| E, | expliopt +ig}—| E, | expi~ioyt —ig}) /2. 47)

WUcknwouas E, =—4rie(n, —n,,)/ k,n , N€PENHILIEM IEPBOE ypaBHEHUE cUCTeMBI (44)-(46) B crienyromeM Buje

a;;" +u,, ikpn-v,, + ::eml Zeﬂ ng,, = =ik, Zm Vonem "V (48)
I/IcnonwyeM HHWIKE CICAYIOIINE NIEPEMCHHBIC
v,, =e, n, -expi-ia,, - Sin®}, (49)
8, =v,, expi-ia,, -SinD}, (50)
rae a,, =nek,E,/m,-ap, ®=wpt+¢. (5D

[Ipu aTOM mepBEIe 1Ba ypaBHEHUS cUCTeMEI (44)-(46) MOXKHO 3am¥caTh B BUIE
ov

6;’” +0,, ikyn-e,n,, =—ik, -n~2v0m7m 0, (52)
06 4re,i
— v, -expii(a,, —a,,) Sin®}=—ik,- > m0, . -6, .
at kon ma ; pn p{( pn an) } ; an—-m am (53)

_ 2 2N o L2y
Oueupno, uro  a, —a, =n(ekE, / m, -wy)+n(ek,E, I m,-wy)=n(ek,E,/ m,-@,)=a,, TAe BeIn4InHA
k, = nk,, KaK W TIIPEKIE, ONPEIEIAET JUCKPETHBIH HAOOP BOIHOBBIX YMCEN MO CIEKTPa. ISl SIEKTPOHOB ypaBHEHH

(52)-(53) moxHO 3amHcaTh KaKk

a@t -0, -ikn-en, =—ik,-n- Zv 6, (54)
%— kael v, +v,, -expiia, - Sin®}) = —ik, - Zm ) m O (55)
Hcnonb3yeM IpeacTaBiIcHIe
V= ul expliswy 1) =ul” +ul’ - +ul Ve 4y PN 4y P e (56)
s
6, =Y v explisw, 1) = vi¥ + v e 4y e 4D R 4y g (57)
s
U U3BECTHOE Pa3JIOKEHHE
exp{ia-Sin®} = i J,(a)-exp{im®}, (58)

TAC J (x)- ynkums  beccens, mpudem J (x)=J,(-x), J,(x)=-J,(-x)=J_(-x),J,(x)=J,(x)=J,(-x) [39],

HalileM HePe3OHAHCHBIC BeIMYMHbI BO3MymleHmii mnotsoctn  u'” ,u'® u'™ u ckopoctn @ v (2 g

n 2 s Vn
OCHWJLTHPYIOIIEH CHCTEME OTCYEeTA:
0 e
(0> _ o (+1> (-1) (—n NO) vy Oy o
VO =22 (n=m), v -y )= [ v v, (59)

@, iw, Ox Ox

u® =—v, J(a)+k“” e S0 v =y, (a,) -

m

a 2[ VOV | (60)
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v =a 2Dy g expl2ig]F 0 Y i, v, =
3k,n-en, - w, 5 1)
2 @
—+ 2% (0 expl£2ig] 5 [y,
3kyn-en, - io, Ox

2 ¢
g (62)

en, 0 v
2

1 k’n-en
U, =2 o) explE2ig] == BT v, =

—[—v*] .
1) c')x[ Ox L

pe

= %Vm -J,,(a,)exp[+2ig]+

J1n1st pe30HaHCHBIX BEIMYMH CIIPABEAINBO YPaBHEHHUE

2 2
o’ _ w,-o
. — . pe 0 ) —
2iw,{ = LFi s u’, Fiv,
0

2 ©) (1) (1) ©)
+k 0n~en02m[v e VOV T
m

o.J,(a,)-exp(+ig)
. 5 } =
a)()

(63)
—ik,-n-(tiw, )Z w® v +u® v 14
m

) &) ) . . (£2) (F1)
+k o ~enOva wem V' m —lko ~n~(iza)o)Z[u nem Ve
m

m
B paborax [28-30] Obuio wucnonb3oano mupencrasnenue yV =tk n-eny™’ /@, =ikyn-E'"V /4x  (rne
VD = 4jeE D /mgﬂ)o)' B oatom ciyuae, BBIICNSAS B TMpaByr dacTh (63) ciaraeMble, OTBETCTBEHHBIC TOJBKO 3a

QJICKTPOHHYIO HeHHHeﬁHOCTB, NEPEnruICM 3TO YPaBHCHUC JIs1 KOPOTKOBOJIHOBBIX BOSMyIIleHI/Iﬁ B BHJIC

o w - o, (a,) exp(tig)
im,{ A 1ot 4
ot 2w, 2w,
2 (64)
w ; Vi - .
H Y S, O () expl2ig] +u, Ty (@, )= (kyn-eny | @) 1.
0 m
OueBUHO, U B 3TOM ciIydae npaBast 4acTh (64) oka3siBaeTcsi paBHOH Hyio. [lepenmiem (64) B Buze [28]
814@1),, _ .a)lz;e _a)oz =) — . a);e‘]il(an)-exp(ii¢)
Fi u’ Fiv, - +
ot 2w, 2w,
W -V (63)
F S, o (@) expIE20g] e, - (a,,)]=0.
0 m

Ecnu ucnonb30Bath npesicTaBiaenue s noss B Buae (2.10) torna £V — EY /2 = —47iu'*" / kyn , u ypaBHeHue

(65), MOXKHO 3amucaTh HHAYE

EC @& -w) ., 81wV,
E_, Fi—L D ECD 3N (a,) exp(Lig) +
ot 2w, 2kyn

o (66)

11 2 g Vinfm .[Em(ﬂ) : ']12 (anﬂn ) CXp[i2l¢] + Em(il) : JO (an—m )] = 0
en,

[IpuBeaem Takke ypaBHEHUE 17151 BOJHBI HAKAUKU
OE™Y  8nw Vi - . .
—F = [u, ™ T, (a, ) exp[£2ig]+u, " - Jy(a_,)]=0. (67)

ot 2enyk, T m
W3  mpencraBicHHs ~— BOJMHBI ~ HAKAYKH,  COOTBETCTBYIOIETO  BBIOPAHHOM  CKOPOCTH  OCIMILISIIIUA
u,, =—(e,E,/ m,-@,)-Cos® (3.4), momyunm E, —>—iE, 1 Eo N iE; u s E ypaBHeHHE (67) moxHO mepenucath [28]

8E0 87”(00 Vi —m (-1 . (+1)
— = E — -J +2ig)+ -J, ,
o 2emk, & {u, »(a_,)exp[+2ig]+u, o(a,)] (68)

rae A= (a)zg — a)oz) / 2@, , K, BBIpAKas BO3MYIIEHHS [LIOTHOCTH Y€PE3 HANPSHKEHHOCTH SJIEKTPUYECKOTO MOt MO,

OF @, - . +
=%y {E,"-J,(a,)exp[2ig]+ E,"" - J(a,)]. (69)
ot 2en,

MC,I[J'IGHHO N3MCHAIOIIAACA BO BPEMCHU HAIIPSI)KCHHOCTD DJICKTPHUYICCKOT'O MMOJISL [30]
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4ri
_(—k—)(({vm exp{-ia, -Sin®})+v, )=

0

4ri ) -ig () i

—(—k—){ V1= T30+ 2@+ ) e S (a,) €] (70)
0
J ( )z n-m_ (a ) Z (]) . (l)me*2f¢ +u(*l)n7m .u(*l)mezw]}.

MOKET OBITh npeacTaBjicHa MHa4Ye

4ri 2 1 i - i
B = o Wl =3 @)+ S @I @) e B 0,)-¢ ]

ink,
J E(l) E( 1) _
“lox (a, ); n-m (71)

ik,
167e

YTO TTO3BOJISIET OIMCHIBATH MOHBI KPYITHBIMHU YaCTUI[AMH, YPAaBHEHUS ABM)KEHHS UL KOTOPBIX NMpHBeAeHB! Boime (2.20)
Y IJIOTHOCTh MOHOB TaKXKe ompenensercs BeipaxkeHusMu (21). Mcmons3ys ypaBHeHus (52)—(53), B KOTOPBIX HMpaBBIMA
YacTSIMA MOKHO IpeHeOpedb BCIEACTBHE MX MalOCTH, MOXKHO MEPEUTH K THAPOJMHAMHYECKOMY OIHCAHUIO HOHOB.
YpaBHeHUE 11 HOHHON TNIOTHOCTH MPH 3TOM [28]

J@)meuw Y S e R Y g |

2
i 2
%:—Qf{v,-,,[l—Jé(a»+—J;(an)]+[ 07 (@)% +ul T (a,) )~
(72)
J (a, )z J J(a,)- Z (1) . (1)me72i¢+u(71)n7m -uH)mez""’]},
501058
2
%§?=—QH [=J5(a,)+3 2/ ﬂ+ [EmJaz)éW E™J (a)-"]-
lnzk2 B
T ear OZJ o(a)E® - ET (73)
ﬂz("—m)[E(” EW ey ECD L ECD @,
6472'261’10 m n=m m n—-m m

CummeTpun
Tak Kak ¥ BBIIE, MOKHO YOEIHUTHCS, B TOM, YTO KOMIUIEKCHO COMpPSDKEHHOE ypaBHeHHe (67) MpH HIDKHEM 3HaKe
MpUHUMAET BUJ (P CyMMHUPOBAaHUH MOKHO 3aMEHHUTh HEMOI UHICKC m —> —m )

R dne (v, )*
OETD)* 1= gy ya_ 470 (Vi) J(a)-explig)—

E( 1 *
at 20, kon

o) FE, D) * T 5 (a ) expl2ig]+(E., ) *J, (a,,,,)] = 0.

(74)

—i
2en,
B T0 k¢ BpeMs 1L HONOKUTENBHBIX HHIEKCOB, 3TO K€ yPaBHEHHE MOXKET OBITH 3aIMCaHO

OE" a)f,,—woz 4w v
p_ (L= po TN g (a ) explid) -
ot 20, ! kyn 2 (4,)exp(i)

(75)

-2 Ny [E, " Jy(a,  )exp[2ig]+E, V- J,(a, )] =0.
2en, <

a) Jlerxo Buzets, uto mpu EC" =(E)* un v, ,=(v,,)* ypasHenus (72) u (73) unentnunbl. TOYHO Takke MOKHO

yOemuThCs, 9TO U3 MOJ00HBIX IPe0OpasoBanuii crenyer £, D = (Efln)) *uv, =(,_,)*. Toecrp, Bo3MyIlCcHNs 3apsina

MOHOB 00JA[al0T CUMMETpHeH n, = (n, )*. Ilpu 3TOM 1Sl KOPPEKTHOrO ONHCAHHS MPOLECCa HEYCTOHYMBOCTH

JOCTAaTOYHO UCIONB30BaTh KoMIoHeHTsl BY mona gV, g u E(()”, a TaKXKe BO3MYIIECHUS 3apsia WOHOB V,, TIpH

TMIOJIOKUTEIIBHO OIPEJENIEHHBIX 3HAUEHUAX UHIEKCa /1 . Tak Kak OCTaJlbHBIE BEIMYMHBI BEIPAXKAIOTCS Yepe3 HUX, TO €CTh
MOYKHO OTKa3aThCsl OT HCIIOJb30BaHMs BepxHero mujaekca. Cucrema ypaBHeHUH (66), (71) B 3THX yCIOBHAX MOXKET
OBITh 3amKcaHa B BUZIE
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OE, @, - 4rw, v, .
toi—h E,———"—J(a,)-exp(if) -
Ot 2, kyn
(76)
S A, 5 (a,., ) eXPL2ig1+ E, - J (4, , )] =0,
2en0 p
821/ .
= =-Q v, [1-J;(a, )+ J (a,)]+ —-E -e”]-
) 77
in k ink; 2i . Y
Jola)E, —_— n-m)[E, _, -e"¢+E CET MY,
e N AL enog( il B )

WIN TIPU OMHMCAHUU MOHOB YaCTUI[AMHU, MOXKHO BOCIIOJIb30BaThCS ypaBHEHUsIMH JBHKeHHs (20) ¥ BBIpaXKEHHEM JUist
HMOHHOM TUIOTHOCTH (21), TIe HanpsHKEHHOCTh MEUIEHHO MEHSIOMIET0CS JIEKTPUIECKOTO TTOJIS

E,- (—%m[l )2 <an>+§J;<an)]+%J1 (@)E, ¢ ~E, -]
n

“Tozen, S L (78)

“Tomen @) 2= mE, By € By By ]

s Eo TAK)KE MOKHO 3aMUCaTh YpaBHEHHUE
OF, , .
0 _ 0 .
- 2en Vi {E.,, - Jy(a,)expl2ig]+ E, - Jy(a,)]. (79)
t en, 7

OTMeTHM, YTO BEIMYMHBI, OTBEYAIOLINE PA3HOMY 3HAKY HMIKHETO MHJCKCA MPH 3TOM HE3aBUCHMBI, YTO IPUBOIUT
K TPOCTPAHCTBEHHOMY HMCKa)KCHHIO MHTETrPATbHBIX BO3MYIICHHI, HE TOJBKO M3-32 U3MECHEHHs aMILUTUTYJbI, HO M 3a
CUYET MPOCTPAHCTBEHHOTO CIIBUra OTJEIbHBIX KOMIIOHEHT MaKeTa.

6) B ciyuae ecnu n,_ =n,, =(n, )*,TO €CTb, BOSMYIIECHNsS HOHHON IUIOTHOCTH HE MEHSIOT CBOETO MOJIOKEHHS B
npoctpaHctBe, To BY  ajekrpudeckoe  moile  TAKKE ~ OCTAeTCs  CHMMETPHUYHBIM B MPOCTPAHCTBE
Er(,l) = ES} =( E’E*”)* =( Ef;”)* U JUTsl OTIMCAHKS TIPOLECCa IOCTATOYHO 3HaYeHUH £V U 1, , 9TO, KaK OTMEYEHO BBIIIIE,
0OYCIIOBJICHO JKECTKOW CBSI3bI0 BEIIMYWH, OTBEYAIOIIMX pa3HOMY 3HAaKy HWKHero wuHuekca. CTpykTypa mons u
IUIOTHOCTH Kak B Cllydyae ONHUCAHHOM B MOJeNd 3axapoBa, OyJeT NPEACTaBIsATh COOOH HEMOIBHKHYIO
IIPOCTPAHCTBEHHYIO CTPYKTYpPY, aMIUIMTyZla KOTOPOH pacTeT, a IOJYLIMPHHA YMEHBIIAETCS, [0 KpailHed Mmepe B
oTpejieIeHHOM 00JacTH.

— *
B) Pactyiue Bo BpeMeHU BO3MYILEHUS 71 HOHOB BUA n,_, =—(n,,)* HE PEATU3YIOTCA.

[pu a, <<1 ypasuenus (76)-(78) ¢ yuerom mpencrasnenus J(a,)~a,/2, Jy(a,) =1, J,(a,)~a. /8§ coBNanaer c

MOJY4YEHHBIMU paHee Juis BhICOKOTeMmeparypHoro ciy4ast (41)-(43), ¢ TOYHOCTBIO O BEIWYMHBI PACCTPOMKH M C
ydueToMm 3aMeH E, — —iE, u E, —iE, TouHO Takxke COBNANAlOT NPU 3TUX XK€ YCJIOBUAX YPABHEHHS IS BOJHBI

Hakauku (79) u (35).

JINHEUHAS TEOPUS
OrpaHuuuMcsl HIKE PacCMOTpPEHHEM HanOoJiee MHTEPECHOTO CiTydasl JJTMHHOBOJHOBOW Hakadkd. M3 ypaBHeHHH
3axaposa (32) u (33) B IMHEHHOM CiTydae, HCIIONB3YS NpeAcTaBieHue OF / EOt = i) MOXHO MONYYUTh TUCTIEPCHOHHOE
2 2 2.2 2
YPaBHEHHUE JUIsl BLICOKOTEMIIEPATYPHOTO Cily4asi B CBEPX3BYKOBOM NIPEAENe o°n, /n, 0t° >> kic’n

—QMHO A} +A-A=0, (80)

1jm, nvn |E|
2 m, 20, A4znT,

IZie paccTporKa paBHa A = vy, nzk2 / 2a) s A= w° -C Ipyroit CTOpoHbI, JMHEApU3ysl ypaBHEHUs
pe

(76) u (77), mony4nuM TOYHO TaKOE MKe ILI/ICHepCI/IOHHOG ypaBHEHHE I ClIydas XOJOJHOW TuIa3Mmbl, TJe, OJHAKO,

2 2
Ae Aozwpf% , @ BEIMIMHA 4 =] (a, )a) . 3ameTnm, 4TO JucrepcuoHHble ypaBHenus (80) mpu g <<1 U €
m

2w, i
yueToM 3ameH E, — —iE, " Eo - iE; B 3THUX [BYX Cilyd4asx CoOBMafarT. [loMOKUTEabHAsS ONpPEACICHHOCTD
o 2 272 o _ 2 2
paccTpoiiku A = v n'ky / 2w, B MonenH 3axapoBa OYEBHIHA, @ YTO KACACTCS PACCTPOUKH A _(a)pe -w,")/ 2w, B
Monenn CunmHa, TO, B KHUTE [9] mMOKa3aHO, YTO OHA TAaKXKe IOJIOKUTENFHO OTpeneNeHa, 1o KpaifHel Mepe, B cirydae
BO30Y’KJIEHHS JUTMHHOBOJHOBEIX JIEHTMIOPOBCKHX KoIeOaHHil ¢ JacToTol @, < @,,, CHITBHOTOYHBIM PEIATHBHCTCKHM
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IIYYKOM DJICKTPOHOB.
I[J'IH HOPMUPOBAHHBIX BCJIMYNH 5:Q/(ope u 4—-> A4/ a);eB Ta6J'II/IIIe MNPUBCACHBI 3HAYCHUSA, OTBCUANOMINC JIBYM

MOACIAM OIIMCAaHUA MOﬂyJ’IfIL{HOHHOﬁ HCYCTOfIQHBOCTH JICHTMIOPOBCKHX BOJIH.

Tab6muma.
[TapameTpsl Mogenen
Mopgenn 3axapoBCKast MOJIETIb CunuHckas MOAEIb
VcnoBus |E, |2 /4 |E |2
IIPUMEHUMOCTH — - =—<<lI A0l T o5
4rn T, nT, 4rxn,T. n,T.
Ksagpar A2 A A2 a8
HONPABKU K O =—= J—+AA 52=?i T+AA
HOPMHUPOBAHHOM 2 4
4acToTe
Paccrpolikn @, VIR — @ VR PO
A” =~ 3 ~ L 02 A= Ao __pe 0
20)11[.’ 2a)11€ 2a)‘1276
Koapunment 1 22 (B P
A A=A(n)=— _—VT‘A AZA(}’Z)Z J]Z(a”)
2\ M 20, 47nl, )

B monenn 3axapoBa, HOPMHpPOBaHHAs Ha JICHTMIOPOBCKYIO YacTOTy MOIpaBKa §=0) @, BOOOIIE TOBOPS,

2 AZ ¢ 2
5 ="t |5+ BA?, (81)
2 \4

p_1 m, |E [
2 m; 4rn,T,

Tax kak (A*+4BA%)"> —A>C pOCTOM A MOHOTOHHO PAcTeT, HE UMes BHIPAKEHHOIO MAaKCHMYMa, TO TIPU MalbIX

JIOJKHA OBITH 3aIlMcaHa B BUJIE

rue
} (82)

A’ << B, Q* ~—AvB ,npu s1oM | Q’ |< B, @ MHKPEMEHT HEYCTONYMBOCTH PaBEH

12 1/4
kgnzvzre 1 |E, |2

ImQ = Q= > —-| o,. (83)
2w, 2 4nn,T, m,
Ipu Gonbmmx A* >> B, O’ ~-B, IIPH 3TOM HHKPEMEHT HEYyCTOIUUBOCTH
12
E 2
mQ Q| LBl m (84)
2 4rznyT, m,

To ecTh, MHKPEMCHT YBEIIMYUBACTCS C POCTOM BOJIHOBOTO YHCJIa BO3MYIICHHMA, BEIXOJIS MPH OOJBIINX 3HAUCHHSIX
BOJIHOBOT'O YHCJIa Ha CBOE HanbobIIee 3HaucHUE (84).

B mopenn CunmHa mpu 3HAYSHUSX PACCTPOMKH A’ = 4/2 WIM, YTO TO XK€ CaMOE A — ( )1/3 J2/3(a )

OTHOCHTEIIbHBII HWHKPEMCHT JOCTUTAaCT 3Ha‘IeHPII>‘I

_ A=

A

Bosmylienus ¢ BOJHOBBIM YMCIIOM k, = k,n, U KOTOpbIX q, =1,84, 3Hauenne Qpynkuun beccens MakCuManbHO U

)”3,] 2/3(an) (85)

BCJIMYMHA OTHOCUTEJIIbHOI'O MHKPEMCHTA JJI TaKUX BOSMleJ,eHl/Iﬁ JOCTUTracT CBOCTO HarOOJIBIIErO 3HAYEHHUS

5. =+0. 441( Dy, (86)

I
Takum oOpazom, B mMozenu CwimHa HaOOJNBIIUM HHKPEMEHTOM OOJaJaloT BOJIHOBBIE BEKTOPA, AJIS KOTOPBIX
a, =1,84. Ilpu pasBuTHHM HEYCTOHYMBOCTH aMIUIMTY/Ad BOJIHbI HAKaykd YOBIBAET, M MAKCUMyM HMHKDEMEHTA

nepeMeniacTesa B KOPOTKOBOJIHOBYHO 00J1aCTh.
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BaxHO oOTMeTHTh, 4YTO 3HA4YEHUS MAaKCHUMAJbHBIX HHKPEMEHTOB IapaMeTpUYecKoil HeyCTONYMBOCTH
YBEJIMYHMBAIOTCS TP YMEHBIIEHMHM Macmtaba Bo3mymieHud. Ilpuuem, ecim B Mojnenu 3axapoBa YMEHBIICHHE
aMIUIMTYZBl TOJIS HAKaYK¥ TPUBOAUT CHIMKEHUIO MHKPEMEHTOB BO BCei 00JacTH HEYCTOWYHMBOCTH, TO B MOJICIH
CwimHa NOJOOHBIN TIpOIlEcC CIOBUTaeT MAaKCUMyM HMHKPEMEHTa B KOPOTKOBOJIHOBYIO 00JacTbh, HE yMEHbIIAs €ro
3HaueHns (86). Takum oOpa3om, mporecc MEepeKadkd MO CIEKTPYy B JABYX MOJENSX B 3HAYUTENBHOH CTENCHH
00YCIIOBJICH JINHEHHBIMH MEXaHU3MaMH1 POCTa BO3MYIICHHUI.

BbIBO/IbI

CymecTByeT iIyOOKasi CBSI3b MEXAY TMPOIEcCCaMid MOAYJALNOHHOW HEYCTOHYHBOCTH JITMHHOBOJTHOBBIX
JICHTMIOPOBCKUX KOJIEe0aHWH Kak B ropsded, Tak M B XOJOTHOW IuTa3Me. XapakTep BO3OYXKICHHS HMEET Ty JXKe
CUMMETPHIO, MEXaHU3MBI BO30YKICHHUS OOIIMPHOTO KOPOTKOBOJIHOBOTO CIIEKTpa TaKKe MOJO0HEI. J[BHKEeHHE YHEPTUU
CHEeKTpPYy B Mozensx 3axapoBa U CuirMHA CBS3aHO HE TOJBKO C MEPECTPOMKON MO - B3aUMOACHCTBHEM MO MEXKIY
co0oM, a B 3HAYUTEIHHOI CTENEHM €CTh CIEICTBHE JHHEHHONW HEyCTOHYMBOCTH. MaKCHMallbHbleé MHKPEMEHTHI IS
MoJenu 3axapoBa C YMCHbBIICHHEM MaciiTaba BO3MYINCHHM yBenuuuBaroTcs. B momenn CuiarHAa MaKCHMaabHBIN
WHKPEMEHT TpU YyMEHBIICHWH aMIUIMTYAbl HaKayKH CIBUTAeTCsi B KOPOTKOBOJHOBYIO oOmacte [10,38], uro
MOATBEPAWIIA PE3yJbTaTbl M3yU€HHUs HeNWHEWHOW cTaauu mpouecca [29]. BaxHo Taxke, 4TO MaKCHUMAaJIbHBII
MHKPEMEHT B XOJOAHOH Ia3sMe MPU YMEHBIIEHUM aMIUIUTYZbl IOJIS HAaKaukKd HE HM3MEHSeTCs, a MHKPEMEHTHl B
ropsiaei ImIa3Me IpH TeX XKe yCIOBHIX YMEHBIIAIOTCS BO Beeil 001acT HeyCTOHYNBOCTH.

Boz0yxmaembre CHIBHOTOYHBIM ITYYKOM 3apsDKCHHBIX YACTHIL JICHTMIOPOBCKHE KOJIEOAHUS OOIBIION aMILTATYIBI
AMEIOT [UIMHY BOJHBI HE OoJiee YeM Ha JIBa TOpsIKa OOJBIIYIO JJIMH BOJH BO30YXKIaeMOro criekTpa. Bo30yxneHus B
I1a3Me€ B 3TOM Ciydae IPEICTABISIOT COOOH Ja)ke NMPH TOJTHOM CHHXPOHW3AIMH (a3 MO CIIeKTpa KHOMAAIHHYIO
BoyHY. Takyl0 CHHXPOHH3AIMIO MOJ CIIEKTpa MOXHO (HhOpMabHO MOICTHPOBATH, MPEANojarasi, 9YTo BO3MYIICHHUS
HMOHHOW IJIOTHOCTH HE MEHSIOT CBOETO IOJIOKEHHS B IIPOCTPAHCTBE, IPU 3TOM SJIEKTPHUECKOE IOJIE TAKXKE OCTAETCS
CUMMETPUYHBIM B TpocTpaHcTBe. CTpyKTypa MONS W IUIOTHOCTH OyAET NPEACTaBIATh COOOW CTOAYYIO BOJHY,
aMIUTUTYa KOTOPO# pacTeT, a MoJynupruHa yMeHbIiaercs. [TogobHas cummerpus obcyxnanack Bie (0). [ToHsATHO,
YTO KaBEPHbI IUIOTHOCTH B TaKOW CHMMETPH30BaHHOW 3amaue OymyTr HambOonee riybokumu [31]. Mx MoxHO
paccMmarpuBaTh Kak IMpeJieNIbHbIA 1, BUJNMO, TPYIHO JOCTIKUMBIN citydail. B apyrux o0cykaaeMbIX BhIlIe ciiydasx (a)
BO3MYILEHHSI OJIHOTO MaciuTada, HO MMEIOIIME pPa3HOE HalpaBieHHE (a30BOH CKOPOCTH, OCTAIOTCS HE3aBHCHMBIMH.
MeutleHHO MeEHSIOIIeecss BO BPEMEHM Tosie OyJeT TpelCTaBIATh cOOOH CIOXHYI0O MHTEP(EPEHIMIO BO3MYIIECHHH
pasubeix MacmTaboB. MHTEepdepeHmms B 3ToMm ciaydae Oymer BoIHYyxkaeHHas [40], ympaBisemas BHEIIHUM MOJEM
HaKayky. BO3HUKHOBEHNE TIyOOKHX KaBEpH, CIIOCOOHBIX 3aXBATHIBATH 3aMETHYIO YacTh MOHOB, momoOHO [31,41], B
MIPOU3BOJIEHOM CITy4ae MOXKET OCIOKHATHCS HHTEP(EPEHIIMOHHBIMHU MPOIIECCaMH B OyJIET OTHOCUTEIBHO PEIKUM, UTO,
BHIMMO, U HAOIFOTAITH KCTIEPIMEHTATOPHL.
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The model is proposed for describing a real water molecule by its two-dimensional analog, namely, the virtual molecule (VM). The
proposed VM model provides the condition of coincidence between the fundamental eigenfrequencies of the real molecule and its
virtual analog. The other VM parameters (bond length and atomic mass) are renormalized so that the molecule should steadily exist
for a long time interval. Linear dynamics of VM atoms in the field of a monochromatic electromagnetic wave has been investigated.
It is shown that under the action of an external electromagnetic field on the molecule at a resonance frequency, secular modes of
vibrations are observed. The last ones are characterized by a time-linear growth of atomic oscillation amplitudes. The influence of the
turn on of an external force at the time of stabilization of eigenfrequencies of the VM on the stability of VM atomic oscillations were
made. It is shown that in some cases breaking of one of the VM bonds inevitably leads to the VM dissociation as a whole. As a result
of numerical simulation, it has been established that the bond breaking has a threshold character, i.e., dissociation is not observed at
the external force, which is below a certain value. In the region of forces exceeding the threshold values, the variation in the external
electromagnetic field frequency is insensitive to the resonance effects that are due to the presence of dedicated frequencies of the
VM. It is demonstrated that in the region, where the H—O bond breaking always takes place, there exist the H—H bond stability
islands. Optimum parameters of VM dissociation have been determined.

KEY WORDS: virtual water molecule, eigenfrequencies, bond length, atomic mass, external force, dissociation.

JACCONMALIMS BUPTYAJIBHOM MOJIEKYJIBI BOJBI BO BHEIITHAX 3JIEKTPOMATHUATHBIX MOJISIX
* %k * * k%
A.B. Aadeposa’ , B.B. bopnu , B.. Tkayenko °
*Hayuonansnwiii Hayunoni IJenmp «Xapbko6ckuti (pusuKko-mexnuueckuii uHcmumymy
61108, Xapvkos, Akademuueckas, 1
" Xapokosckuii nayuonansuwiti ynugepcumem umenu B.H. Kapasuna
ni. Ceoboowl, 4, Xapvkos, 61022, Vrpauna

B pabore npennoxxeHa MOJIeNb ONMCAHUS PEAIbHON MOJIEKYJIBI BOJIBI €€ IByMEPHBIM aHaJIOTOM — BUPTyanbHOU Mojekynoi (BM). B
npeaioxeHHol Moaen BM obecriedeHo ycinoBre COBIaIeHUS OCHOBHBIX COOCTBEHHBIX YAaCTOT MOJIEKYJIBI U ee aHanora. OcTanbHbIe
nmapameTpsl BM (1iiHa cBsi3eld M MacChl aTOMOB) IEPEHOPMHUPOBAHBI TAKUM 00pa3oM, 4TOOBI MOJIEKYJIa yCTOWYHNBO CYIIECTBOBAIA
JUTMTETHHBIA MHTEpBAI BpeMeHHU. VccnenoBana nuHEHas TuHaMuKa atoMoB BM B 1oiie MOHOXpOMATHYECKOW 3JIEKTPOMArHUTHON
BOJTHBL. [loKa3aHO, 4TO MPH BO3NIEHCTBIH BHEITHETO AJICKTPOMArHUTHOTO TIOJIS HA MOJICKYITy Ha PE30HAHCHOW YacTOTE HAOIIOar0TCs
CEKYJISIPHBIE PEKUMBI KOJICOAHHIA, KOTOPBIE XapaKTePHU3YIOTCS JIMHEWHBIM BO BPEMEHH POCTOM aMIUTUTYJ KOJcOaHUH aTOMOB.
HccnenoBano BiMsSHUE BKJIFOUCHUS BHEIIHEH CHIIBI B MOMEHT YCTaHOBJICHHS COOCTBEHHBIX KoyicOanuii BM Ha ycTOWYHMBOCTH
KonebaHuii ee aToMoB. [loka3aHo, 4TO B HEKOTOPBIX CIIydasX pa3pblB OAHOW M3 cBA3ell BM Hen30e:xHO MPUBOAMT K €€ pacmnany B
LeJIOM. B pesyipTaTe 4uCIeHHOT0 MOJSTUPOBAHUS YCTAHOBIEHO, YTO Pa3phbIB CBA3EH MMEeT OPOTOBEII XapakTep, T.€. JUCCOLUaNns
He HaOJromaercss MpH BHEHIHEH CHIIe, MEHbUICH ONpENeNIeHHOTO 3HaueHWs. B o0macTu cuil, NpeBHILAIOIIUX ITOPOTOBEIE,
BapbUPOBAaHME YACTOTHI BHEIIHETO JJIEKTPOMATHUTHOTO MOJS HE YyBCTBUTEIBHO K PE30HAHCHBIM 3(p(eKTaM, 00YCIOBICHHBIM
HAJIM4UEM BBIJeNeHHBIX 4acToT y BM. [lokazano, uto B oONacTH, rie Bcerna MPOMCXOAWUT pa3peiB cBsizm H-O cymiecTByroT
OCTpOBKH cTtabminbHOCTH cBsi3n H-H. OnpeneneHbl onTuMaibHbIC TapaMeTphl auccormaru BM.

KJIFOYEBBIE CJIOBA: BupTyanbHas MOJIEKyJa BOJbI, COOCTBCHHBIC YaCTOTHI, JUTHHA CBSI3W, aTOMHAs Macca, BHEIIHSS CHIIA,
JIUCCOIUAIIHS

JUCOLIALIA BIPTYAJIbHOI MOJIEKYJIA BOJAM B 30BHIIIHIX EJIEKTPOMATHITHHUX ITOJIAX
O.B. Angpwoposa”™™", B.B. Bopy", B.I. Txauenxo"""
" Hayionanohuii Hayxosuii Llenmp «Xapxiecokuil Qizuxo-mexHivHutl incmumymy
61108, Xapxis, Axademiuna, 1
**Xapkiecwuzi Hayionanvruil yHieepcumem imeni B.H. Kapasina
m. Ce0600u, 4, Xapkis, 61022, Yrpaina
Y po6oTi 3amporoHoBaHa MOJIEh OMUCY PEATBHOI MOJICKYJIH BOJM 11 JBOBUMIPHHUM aHAJIOTOM - BIpTyalbHOIO MoJiekynow (BM). ¥V
3anpornoHoBaHoi Moaeni BM 3abesnedena ymoBa 30iry OCHOBHHX BJIaCHMX YacTOT MOJIeKynH i i anHamora. IHmi mapamerpu BM
(moBkuHA 3BSI3KIB i MacH aTOMiB) NEPEHOPMOBaHI TaKUM YHHOM, LI00 MOJEKyJa CTiHKO iCHyBaja TpHBAJIWil iHTepBaa dacy.
Hocnimkeno mniHiHY AWHaMiky aTtoMiB BM y mHomiMOHOXpOMaTH4YHOI enekTpoMarHiTHOi xBmii. IlokazaHo, 1m0 mpu BIUIMBI
30BHIIIHBOTO €JIEKTPOMATHITHOTO TIOJII Ha MOJIEKYJTy Ha PE30HAHCHIM YacTOTI CIIOCTEPIraloThesl CEKYISIPHI PEXKUMH KOJNUBAaHb, SKi
XapaKTEepPU3YIOThCS JTIHIHHAM y 9aci 3pOCTaHHAM aMILTITYI KOJMBaHb aToMiB. JlOCIiIKEHO BIUIMB BKIIFOUEHHS 30BHILIHBOI CHIIHA B
MOMEHT yCTaHOBJICHHS BJIaCHUX KOJHBaHb BM Ha cTiliKicTh KoNHMBaHb ii aToMmiB. [Ioka3aHo, 110 B AE€SIKUX BUNIAIKAX PO3PUB OJIHI€T 31
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3B's13kiB BM HemMuHyYe npHBOAMTH 10 ii po3maay B HUTOMY. Y pe3yNbTaTi YMCIOBOTO MOJEIIOBAHHS BCTAaHOBJICHO, IO PO3PUB
3B'A3KIB Ma€ TPaHMYHHUI XapakTep, TOOTO AMCOLIAllis HE CIOCTepiracThCsi MPH 30BHIIIHIA CHIIi, MEHIIOI MEBHOTO 3HAa4YeHHs. B
obmacTi CWi, IIO MEPeBHIIYIOTh TI'PAaHWYHI, BApIIOBaHHS YacTOTH 30BHILIHBOTO EJNEKTPOMATHITHOTO MOJNS HE BIAYYTHO 0
pe3oHaHCHUX e(eKTiB, 00yMOBICHUX HAasSBHICTIO BuAUIeHHX 4dactoT y BM. IlokaszaHo, mo B obnacTi, ne 3aBKAHM BigOyBaeThCs
po3puB 3B"s13Ky H—O, iCHYIOTh OCTpiBIi CTaOUTBHOCTI 3B's13Ky H—H. Bu3HaueHO onTUMalbHI TapaMeTpy aucoriamnii BM.
KJIFOYOBI CJIOBA: BipTyasisHa MOJIEKYJIa BOIH, BIACHI YaCTOTH, JIOBKUHA 3B'S3KY, aTOMHA Maca, 30BHIIIHS CHJIA, TUCOMIaIlis

Today, many economically advanced countries are more closely consider hydrogen not only in the traditional
application, but also as a basis for energy tomorrow. Against the background of the catastrophic environmental
degradation and depletion of the world hydrocarbon resources, it is tempting to use hydrogen as a fuel is harmless to the
means of transport, heating in remote regions, autonomous and stationary sources of secondary energy. Hydrogen is
chosen as the most abundant element on the earth and in space, but in nature it almost does not occur in pure form and
must be extracted from chemical compounds (H,O, HCI, HF, etc.)

Triatomic molecules (H,O, CO,, NO,, SO,, H,S, etc.) are characterized by the presence of a fine structure of their
absorption spectra. A full and exact information on the parameters of these spectra is of basic importance for solving
many applied and fundamental problems such as the development of theory and practice of femtochemistry [1]; analysis
of the impact of volcanic outbursts, “greenhouse” effect, ozone layer on the ecology and climate variations of the Earth
[2]; creation of alternative energy sources based on the controlled molecule dissociation in external electromagnetic
fields [3,4].

One of the methods to control the internal dynamics of triatomic molecules is to act upon them through an
electromagnetic field, which is oscillating at frequencies close to the frequencies of atomic oscillations in molecules
[3,4]. Since the frequencies of atomic oscillations in molecules lie in the infrared spectrum [5], the resonance action on
the internal dynamics of the molecule is entirely feasible with the use of lasers that generate electromagnetic radiation
of corresponding wave lengths [1].

The other method of water molecule dissociation, different from laser technologies, has been described by
Meyerin his patent [6]. Here, to achieve the objective, a sequence of special-shape unipolar voltage pulses was used,
with the voltage-time step function for the leading and trailing edges of the pulse and the exponentially increasing
function for the pulse peak.

Since the above-described methods of triatomic molecule dissociation by external electromagnetic fields are far
from creating of adequate model [3,4] or are based on empirical facts [6], it appears of importance and necessity to
continue the research in this direction. The present paper deals with the modeling of the interaction between the real
triatomic molecule (H,O as an example) and the external electromagnetic fields of the virtual molecule (VM).

The aim of this work is a study of the steady state of virtual water molecules, which simulates a real molecule of
water, and determination of its dissociation conditions in external electromagnetic fields.

THE MODEL OF WATER MOLECULE
The water molecule presents a triatomic molecule H,O that consists of one oxygen atom and two hydrogen atoms.

Its schematic view is shown in Fig. 1.
@ 95.84 pm

104.75°

() Q

Fig. 1. Scheme of water molecule

The oxygen atoms are linked with the hydrogen atom by covalent chemical bonds, each bond involving two
electrons (in the figure, the bonds are shown by lines). The equilibrium length of the H—O bond makes 0.9584 A. The
valence angle (angle between valence bonds) is equal to 104.75° [4]. The H-O bond energy is determined to be
101.3 kcal/mole [7]. This energy is also called the dissociation energy, because its excess leads to bond breaking, and
that corresponds to the molecule dissociation.

DETERMINATION OF FICTITIOUS H-H BOND COEFFICIENT AND VM PARAMETERS
Similarly to ref. [8], we consider a planar (two-dimensional) model of water molecule. We shall represent the
atoms by point masses, denoting the hydrogen atomic mass by my , and the oxygen atomic mass by mg. In the
equilibrium state, the hydrogen atoms are situated at the ends of the base of the isosceles triangle, and the oxygen atom
is found at the vertex of the angle formed by its lateral sides. We introduce the notation ay and ayyy , which correspond
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to the equilibrium distance between the oxygen atom and the hydrogen atom, and between hydrogen atoms,
respectively.

In the centre-of-mass system (C.M.S.) the equations of motion for the molecule atoms being in the external
electromagnetic field are written as

cR
H =Lyt FH,O Ly,
R, .
m i =FO+FOH, + Loy, (1)
R, . . .
my, = 2 :FH2 +FH20 +Fy -

Here R, = {X O,YO} » Ry = {X Y, }I/I Ry, = {X H,YH, }are the radii-vectors of oxygen and hydrogen atoms,
drawn from the centre of mass; F,, F, H, JF, 1, are the vectorial forces of electromagnetic field action on oxygen atoms;

F, 1,0 ﬁOHl , F, H,0 ﬁOHZ , F, HH, F, w,u, are the vectorial action forces of atoms indicated by the first on the atoms

indicated by the second.

We suppose that the electromagnetic field can be described by a monochromatic wave propagating in the assigned
direction, and take into consideration only the electric field strength. Since the treatment is carried out in the C.M.S.,
and the molecule is immobile, then the total action of the electric field strength on the molecule equals zero. In this
case, the following equalities may be considered as fulfilled for the moduli of external forces:

==~ ol =1 g

The external force direction F is given by the unit vectore : F :‘13 ‘~E , and the force value is given by the

relation: ‘ﬁ ‘ ~d'-E(t), where d' - is the derivative of the dipole H—O bond moment with respect to the interatomic

distance, is the electric field strength amplitude prescribed externally.
For intramolecular forces the relationship F,; = —Fj, is valid.

We now determine the intramolecular force values proceeding from the assumption that the forces are paired and
central. The assumption is corresponds to the Morse potential representation of the interaction force field [§]

[145(7) = D 15 (exp(—2a 45 (r —a ) — 2exp(@ 45 (r —a4p))) , 3)

where D ; = Dp,is the binding energy between the atoms 4 and B, « ,; = ap, is the equlilibrium distance between
them, a5 = ap, is the parameter describing the width of potential well.
Using eq. (3) we can determine the value and direction of force between the atoms 4 and B:

- d - - R,-R
Fup=——TIl4(Ry _RB)#'
dr ‘RA _RB‘

The analysis of a linearized set of equations (1) in the absence of the external electromagnetic field and with due
regard for eq. (4) leads to the following equations for the eigenfrequencies:

“)

(zmoaflo + moafiH ) Cro— ZmHmOafma)z =0 (5)

Zaflomomila)4 + (milaleCHo - 4m§1a1210CH0 - 4m0mHal2~IOCHH - 2momﬂazloCHo ) o+
2 2 2 2 (6)
+4m o010 CrroCryy +8my, 0o Chuo Cry = oy Cruo Crygy = 2my € Cpyyy = 0,
where C 5 =2a’%,D ,; are the stiffness factors of molecule bonds.
If in Egs. (5,6) all the parameters were prescribed, then it would be possible to determine from them the
eigenfrequencies of antisymmetric @, (eq. (5)) and symmetric o

s

w§2> (Eq. (6)) molecular oscillations.
However, in our case we have only the experimentally measured eigenfrequencies, molecular dimensions ) ,

oy and the bond energy D, . Their values are listed in Table 1 [9, 10].

The Tabl. 2 gives the width values of potential wells & ;5 =+/C ,53(2D,5)" in the Morse representation. Note that
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to calculate the unknown width of the H—H bond potential well, we assume the relation D, = 0,2- Dy, to be true [4].

Table 1.
Equilibrium parameters of the nitrogen dioxide molecule
Parameter Notation Values
SI units Hartree units
Oxygen atomic mass my, 2.657-10% kg 29176
Hydrogen atomic mass my 1.6737-10% kg 18373
H — O bond dissociation energy Dy 101.3 kcal/mole 0.1614
H — O bond equilibrium distance Aoy 0.93 A 1.81474
H — H bond equilibrium distance Ay 1.53 A 2.8922
Antisymmetric vibration frequency Wy =, 3938.7 cm’! 17.92-107
=0 . -3
Symmetric vibration frequency @O 38354 o, 17.45 12
o, = 1647.6 cm 7.49-10

Since the eigenfrequencies have been observed and measured for the real molecule, for the transition from its
three-dimensional model to the planar one some parameters must be renormalized, i.e., they should be changed so that
egs. (5), (6) should become jointly. As a result of these manipulations, the parameters of the two-dimensional VM
would be determined, with the use of which the processes in the real molecule could be modeled.

3

ik
L) o
Gho(z) |

i e,

13077

0.01 H 0.5

Fig. 2. Solution of eq. (9) for y versus x, and the molecule stiffness factor Gho-10° and Ghh-10° as a function of the parameter x.

For this purpose we assume the eigenfrequencies @, in egs. (5), (6) be prescribed, and the parameters that have to

. . . . . my 1 ayy
be determined (i.e., their new values should be found (renormalized)), will be puttobe x = —"—; y=—| — | . In
m, 2\ ayy
this case, the stiffness factors C,, -m;{l and C,, -m;,l are expressed in terms of the eigenfrequencies X,y in the
following way:

2
@

J— _] J—
Guo=Cho-my =

7
1+ xy @

1

Gy = HH-m;I:%(a)g+a)12+a)22)— I+x 2 ®)

o -

I+xy

Transforming eq. (6) with regard for eqgs. (7), (8) it is not difficult to derive the required equation, which relates the
renormalized parameters X, y (Fig. 2.):

22(x,y)—Z(x,y)(1+x)(l+y)+1+x(2—y)—(1+xyj2 [ﬂjz —(&jz 2 ~0. ©)

2 @, @,
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where

2 2
Z(x,y)=l+2xy 1+[ﬂ] +[&j —x1

@y 2

As in [8] were calculated parameters of virtual molecules listed in Table 2.

Table 2.
VM parameters

Parameter Notation Hartree units
Oxygen atomic mass (renormalized) m; 149967
Hydrogen atomic mass my 18373

O-H bond stiffness factor Con 4.658

H-H bond stiffness factor Cun 0.885
Equilibrium length of the O—H bond (renormalized) aZH 1.557
Equilibrium length of the H—H bond Ay 2.8922
Width of potential well for the H—O bond Ao 3.798

Width of potential well for the HA—H bond Ay 3.703

LINEAR DYNAMICS OF VM ATOMS IN THE FIELD OF MONOCHROMATIC
ELECTROMAGNETIC WAVE
We write down the external force created by the electromagnetic wave field, which exerts action on the molecule
atoms, as:

|F|=d'-E@)-é=d"Ee ™" ¢, (10)

where E,w,0 are, respectively, the amplitude, frequency and control phase of the electric field strength of the wave.
Let us investigate the linear response of the molecule to the action of the external electromagnetic field. To this
end, we derive the equation describing the temporal variation of the bond lengthening X, o EéﬁHl “€y,0> Which

characterizes small deviations of the hydrogen atom H; from the equilibrium position along the O — H; bond. In this
case it is necessary to use the VM parameters presented in Table 2.

Since in the proposed model the atoms of water molecule are described by the triangle with the corresponding
stiffness coefficients, to estimate the dynamic strength of this structure, it will suffice to have information about the
lengthening of one of the bonds, e.g., O — H;.

After linearization of the initial set of equations (1), assuming the peak value of force‘ﬁd‘ =d'-Ey(t) to be the

function weakly dependent on time (70 << wE),we obtain the equation that describes the temporal variation of the
t

bond lengthening X;; , under the action of the external field with the frequency @, :

My

Cyo(1+2—2)
dX _Fy o mep (1)
Z H,0 ——TWCOS% Cos@,
H"H

where ¢, =37.625° is the renormalized angle at the base of the molecule, ¢ is the angle between the external force

direction and the H; — H, direction, is the time in Hartree units, & = 5

It is not hard to show that the lengthening of oxygen bonds with other atoms of the molecule is determined through
X0 in the following way:

&QH] .EH207/_1 :&QHI .EH]HZﬂ_l :—5RH2 'EH]Oy_l :_5RH2 'EHZO :5RH2 'EH]HZIB_I :5RH1 .éHIO’ (12)
2
where f=-21_~ 0929y =[“L] =-0.726.
aOH aOH

From eq. (11) it follows that the O — H; bond length increases linearly with time at the angles of action

% <@p< 377[ . The length of other bonds also changes with time by the linear law in accord with relations.
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Thus, the presence of secular regimes in eq. (11), which result from the action of the external electromagnetic field
on the molecule at a resonance frequency, points to the adequacy of the proposed model to the physical processes,
which are to take place in the real molecule.

Since the linear dynamics of the molecule displays its resonant properties, it appears of interest to retrace the VM
behavior at great atomic displacement amplitudes, i.e., to investigate VM nonlinear oscillations up to the bond breaking.

NONLINEAR DYNAMICS AND DISSOCIATIVE MODES OF THE VM IN THE MONOCHROMATIC
ELECTROMAGNETIC WAVE FIELD
Nonlinear dynamics of the VM
The investigation on the VM nonlinear dynamics in external fields must be started from the adjustment of
nonlinear oscillations of a free molecule, i.e., from initial data fitting in the original equations (1) in the absence of

external fields. As a result of this adjustment, the VM oscillation spectrum must comprise eigenfrequencies @.. In this

case, the initial arrangement of VM atoms must be in accord with the linear theory.

The numerical calculation data on the temporal change of VM atom coordinates as well as their spectral resolution
are presented in Fig. 3,4. It follows from these figures that with time the molecular atoms fit into the parameters of the
Morse potential, i.e., oxygen atoms oscillate relative to the points with the coordinates X, = 0.0; Yo =~ 0.057 and the
hydrogen atom oscillates relative to the point with the coordinates Xy; > = £1.44735; Yy 2 =~—0.4917.
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Fig. 3. Coordinates of hydrogen and oxygen atoms in the molecule versus time t.

The VM oscillation spectrum intensity Ig was obtained by the use of a fast Fourier transform of atomic
displacement projections in the X,y , coordinates, calculation of their arithmetic mean and a subsequent moving

average smoothing (Fig. 4). For identification of peaks of the thus obtained spectrum we make use of the fact that the
maximum resonance frequency €, should have the peak intensity (Very Strong), and the lowest frequency €2, should
have a lower intensity (Strong).

In view of the above, the spectrum analysis permits us to separate the following resonance frequencies of VM
oscillations: Qy~ 0.13916; Q;~0.27588; Q,~ 0.41016 which the appropriate choice of a new mass of an oxygen atom
m, equivalent to the eigenfrequencies @,. So, the data given in Fig. 4, show that the proposed model adequately

describes nonlinear nitrogen dioxide molecular oscillations: the eigenfrequencies of VM oscillations correspond to the
frequencies of symmetrical and antisymmetrical oscillations of real nitrogen dioxide.
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Fig. 4. Averaged and smoothed intensities I of the oscillation spectrum of water VM atoms. After appropriate transformations, the
peaks, marked with dashed lines, coincide with resonant frequencies of the real water molecule ;.

VM dissociative modes in the field of a monochromatic electromagnetic wave

Examine dissociative modes VM fields of external electromagnetic radiation. To do this, at the moment the
eigenfrequencies of the VM to include the external force. The force value is determined by expression (10), where the
control phase may equal zero, and the force direction is prescribed by the unit vector e .

As it follows from the calculations, at the moment of external force switch on, the molecule atoms oscillate in the
neighborhood of vertices of the isosceles triangle with the coordinates Xy, gy = +1.44735; Yy; 1o~ —0.4917; Xp~0.0;
Y5~ 0.057. This state of the VM will be characterized as equilibrium.

In numerical calculations, the harmonic component of the external force is prescribed in the form of = F*sin(Qf),
where the amplitude F varies in the range 0 < F'< 3, and the angle of force action ¢ ranges within 0 < @ <27 .

In calculations, we shall assume that an increase in the H—H or H—O bond length by more than two times leads to
bond breaking. And if one takes into account that all the calculations are carried out in the C.M.S., then the breaking of
one of the bonds gives such a reactive force to the other VM atoms, that it inevitably results in the VM dissociation as a
whole. This conclusion is confirmed by numerical simulation, too.

The main question of numerical simulation of VM dynamics in the field of external forces consists only in what
bond will be the first to break and at what conditions. The answer to this question is given by numerical simulation of
atom dynamics of the triatomic VM in the field of the external electromagnetic wave.

Fig. 5-8 show the numerical simulation results for VM bond dissociation versus the F amplitude and the angle of
action of the external force, @ specified by both the electromagnetic wave (Fig. 5-7) and the stationary electric field

(Fig. 8). In the figures, the bottom plane specifies the parameters of the H—H, bond breaking, and the top plane — H—O
bond breaking. The areas in the planes, marked by small squares with a side length of 0.1, correspond to these bond
breakings.

The data presented in Fig. 5-8 are characterized by the periodicity in the angle of external force action @ .

From Fig. 5-7 it follows that for all resonance frequencies the bond dissociation does not take place at the external
force lower than a certain value F < 0.5+0.8, the range of this value being dependent on the angle @ .

At F' > 0.8 the change in the frequency of the external electromagnetic field gives no resonance effects specified
by the presence of dedicated frequencies of the molecule.

This may be due to a strong nonlinear link of atoms in the molecule, when linear connections cannot manifest
themselves. The observed correlation of minimum forces F, leading to breaking of H—H and H-O bonds, can also be
attributed to a strong nonlinear link of atoms in the molecule.

From Fig. 5-7 it can be seen that at /' > 0.4 the H—O bond breaking always takes place, whereas the H—H bond
may exhibit the stability islands. This is particularly evident for the resonance frequency €, which is characterized by
the maximum amplitude of oscillations.

Since the VM dissociation occurs at breaking of any bond, it is of interest to find the optimum parameters of
dissociation, viz., the minimum force and the corresponding to it angle of action on the molecule.
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Fig. 7. Electromagnetic field frequency Q. Fig. 8. The electromagnetic field is constant.

The numerical simulation data on the optimum parameters of dissociation are presented in Table 3.

Table 3.
Optimum VM dissociation parameters
Electromagnetic wave field of the Force, F’ Angle of action, @
frequency, Q
Q 0.4 7(4/15)<p<x(2/5)
Q 0.4 7(23/15) < p £ 7 (49/30)
7(16/15) < < 7(61/30)
Q, 0.4
7(26/15) < p < x(61/30)
Constant field 0.3 7(46/30) < 9 <7(49/30)

Theoretical studies have shown that the development of the experimental cell needs to apply a constant field with a
rectangular pulse of force F = 0.3 in units of Hartree in the Si units F = 2.2 V/cm and at angles of impact of n(46/30) <
¢ <m(49/30).

CONCLUSIONS

Thus, we have proposed the model for description of the real water molecule by its two-dimensional analog,
namely, the virtual molecule (VM). In the proposed VM model, the condition of coincidence between the
eigenfrequencies of the molecule and its analog is provided. The other VM parameters (bond length and atomic mass)
are renormalized so that the molecule should steadily exist for a long time interval.

Linear dynamics of VM atoms in the field of a monochromatic electromagnetic wave has been investigated. It has
been shown that under the action of an external electromagnetic field on the molecule at a resonance frequency, secular
regimes of oscillations are observed. The last ones are characterized by a time-linear growth of atomic oscillation
amplitudes. The increase in the atomic oscillation amplitudes places the molecule in the nonlinear regime. Under these
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conditions, the dynamics of VM atoms in the field of the monochromatic electromagnetic wave causing the VM
dissociation can be investigated only by the numerical simulation method. To this end, after the VM eigenfrequencies
settled, the action of the external force on the molecule dissociation was investigated. It has been demonstrated that in
some cases the breaking of one of VM bonds inevitably leads to the VM dissociation as a whole. As a result of
numerical simulation, it has been established that the bond breaking has a threshold character, i.e., dissociation is not
observed at the external force, which is lower than a certain value of /' < 0.3+0.7. The range of external force variations
depends on the angle of external action ¢ . In the range of forces exceeding the threshold values, > 0.7 the variation in

the external electromagnetic field frequency is insensitive to the resonance effects that are due to the presence of
dedicated frequencies of the VM. It has been demonstrated that at F > 0.4 the H—O bond breaking always takes place,
whereas the H—H bond may exhibit stability islands. Optimum parameters of VM dissociation have been determined
and set parameters of the experimental cell.
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The influence of angular momentum on the dynamics of the heavy nucleus interaction in the capture process is analyzed on a
dynamic-statistical approach. The range of light nuclei and stability region for angular momentum, where capture is possible, are

determined on the basis of analysis of the nucleus-nucleus potential for reactions with heavy nuclei %3 U, *+Pu, *+Cm and *,Cf.

The capture cross sections of compound nuclei with Z; =120 and 126 are calculated, and the most perspective reactions to obtain

the superheavy elements are pointed out.
KEY WORDS: angular momentum, synthesis of superheavy elements, stability region, capture cross section.

POJIb YTJIOBOI'O MOMEHTA B ITPOLIECCE 3AXBATA TSAXKEJIbIX SAIEP
P.A. Anoxun, K.B. ITaBauii
Hayuonanvnouii nayunutii yenmp «Xapvkosckuil pusuko-mexHudeckuti UHCmunymy
ya. Akademuueckas, 1, 61108, 2. Xapvkos, Yrpauna
Ha ocHoBaHMU TMHAMUKO-CTaTUCTUYECKOTO OIMCAHUS pacCMaTpUBaeTCs BIMSHUE YIJIOBOIO MOMEHTAa Ha TUHAMHUKY B3aUMOAEHCT-

BHUS TSOKEIBIX AACP B MPOLIECCE 3axXBaTa. I[I/IaHaSOH JIETKUX AA€p U 00J1acTh CTAOMIBLHOCTH YIJIOBOTO MOMEHTA I'I€ BO3MOXKEH 3aXBaT

OMpesIesieHbl MIPU aHATH3E SPO-AIEPHOTO MOTEHIMANA YISl PEAKIH ¢ TSKEIBIME SApaME 5 U, “sPu, “eCmu “;Cf. Bbuio pac-

CUYNTAHO CEUCHHUE 3axBaTa AJs COCTaBHBIX sfep ¢ Z, =120 u 126 u onpezneneHsl Haubosaee NEPCIEKTUBHbBIE PEAKIUU IS TTOTyde-

HUSI CBEPXTSKENBIX JIEMEHTOB.
KJIIOUEBBIE CJIOBA: yrioBoii MOMEHT, CHHTE3 CBEPXTSDKEINBIX JIEMEHTOB, 00JIaCTh CTAOMIBHOCTH, CEYCHHE 3aXBaTa.

POJIb KYTOBOI'O MOMEHTY B ITPOLIECI 3AXBATY BAXKKHUX SIJIEP
P.O. Anoxin, K.B. IlaBiii
Hayionanenuil naykosuil yenmp «XapkiecoKuil (i3uKko-mexHiuHuil incimumymy
eyn. Axademiuna, 1, 61108, m. Xapxis, Ykpaina
Buxonsun 3 TMHAMIKO-CTaTUCTUYHOTO OITUCY PO3TJISAAETHCS BIUIUB KyTOBOI'O MOMEHTY Ha AMHAMIKY B3a€MOJIT BaXKKHX sJep B IPO-
neci 3axBaty. Jliamas3oH JIerkux siaep i 061acTb cTabiIbHOCTI KYTOBOrO MOMEHTY Jie MOJKJIMBHH 3aXBaT BH3HAUCHI PH aHAJIi31 sapo-
A7IEPHOTO TIOTEHIANY /ISl PEAKILill 3 BAXKUMH spamu s U, “siPu, eCm i %, Cf. Byno po3paxoBaHO mepepis 3axBaTy JUTsl CKJIaje-
HUX s7ep 3 Z, =120 i1 126 Ta BU3Ha4eHO HANOUIbII IEPCIIEKTHBHI PeaKIii A1 OTpUMaHHs HaJBaXKKHUX €JIEMEHTIB.

KJIIOYOBI CJIOBA: kyToBHif MOMEHT, CHHTE3 Ha/IBaXKKHIX €IEMEHTIB, 00J1acTh CTaOIIbHOCTI, TIepepi3 3axBary

“Cold” and “hot” fusion reactions are used in the experimental study of mechanisms of synthesis of new
superheavy elements (SHE). Increase of the charge number of the heavy nucleus enables synthesizes of new elements
with accelerators. SHE with Z; =112 (charge number) and Z, =113 118 [1-3] were obtained in the “cold” and “hot”
fusion reactions respectively. The improvement of acceleration technology with increase of beam intensity is required
in the course of SHE formation for the purpose of further promotion of experimental works on Z, scale, since the
expected cross section of new SHE does not exceed several femtobarn [3]. In NSC KIPT acceleration structures are
developed for the purpose of experimental study of heavy nuclei fusion characteristics [4, 5].

In the description of heavy nuclei fusion with fixed mass A, and charge Z, numbers (i=1,2) SHE formation
cross section is calculated [6] as follows:

GER = zccap (Ecm’L).PCN (Ecm’L).Ws (Ecm’L) > (1)
L=0

where o, (E,,,L) — partial capture cross section of the incident nucleus capture by the target nucleus; Py (E,,,L) —

cm? cm?

probability of the compound nucleus formation after capture; W, (E,,,,L) — survivability of the compound nucleus with

cm?
respect to fission, L — angular momentum, E,, — light nucleus kinetic energy.
The aim of this article is to study influence of the angular momentum on the capture probability and cross section
for perspective fusion reactions of heavy nuclei with Z, = Z, +Z, equal 120 and 126.

© Anokhin R.A., Pavlii K.V,, 2013
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INTERACTION POTENTIAL AND DYNAMICS
The main process determining the capture cross section is the dynamics of interacting nuclei from the moment of
contact to the minimum of the nucleus-nucleus potential (interaction potential). The kinetic energy of the beam, which
is almost completely converted into the excitation energy, decreases during the change of distance between the nuclei
centers; in addition, the angular momentum of the interacting nuclei is reduced leading to the change in the nucleus-
nucleus potential.

Interaction potential
In describing dynamics of interacting nuclei, an important role is played by the choice of nucleus-nucleus

potential, which is determined as follows: V_ (R,L)=V.,(R)+V,(R)+V, (R,L). V., (R)- Coulomb potential

rot

which is calculated from the partial overlap of the nuclei volumes according to [7]. V, (R)— nuclear potential of short-

range forces (proximity potential) which has almost no fitted parameters [8]. V,

ot

(R,L) - centrifugal potential, where
the expression for the solid momentum of inertia of the nuclear system is applied:
W’L(L+1
-asD @
2uR
where R — distance between the centers of nuclei, 7#— Planck constant, |L— reduced mass, and L — system angular

Vl’Ot (R7 L)

momentum. Nucleus-nucleus potential allows to determine the following parameters influencing the dynamics:
Coulomb barrier B, quasifission barrier B, distance between the centers of nuclei at the touch, at the Coulomb

barrier (maximum) and at the minimum of the nucleus-nucleus potential.
In determining capture cross section, according to [6], Bsf >0 is required, i.e. the existence of potential pocket in

the nucleus-nucleus potential is necessary, otherwise 6. will be equal to zero. Fig. 1 shows the dependence of the

cap
potential pocket depth AV, on the charge number of light nucleus for different isotopic configurations of light nuclei,

with heavy nucleus — *¢Cm. These calculations are made for heavy fragments % U, *:Pu, 5:Cm and *;Cf, from

which it follows that the depth of the potential pocket is deeper for more asymmetric reactions, while the capture cross
section is higher [9]. With increasing the quantity of neutrons in the light nucleus, the depth of the potential pocket
increases. Therefore, the choice of the target nuclei and the beam can be made in planning of experimental work on the
accelerator. However, as the potential pocket depth is reduced, the probability of capture and, consequently, the capture
cross section of the interacting nuclei decrease. Therefore, these characteristics are to be correctly calculated.
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Fig. 1. Dependence of the potential pocket depth in the nucleus-nucleus potential on the charge number of light nucleus with
different numbers of neutrons, heavy nucleus — ;28 Cm.
Dependencies of AV, on Z, (Fig. 1) are calculated at L=L, =0. As a rule, a series of angular momenta, which
contribute to the determination of the capture cross section, is involved in fusion reactions. A critical value of the
angular momentum L, exists; if L>L_, then the capture is impossible and o, (L>L,)=0. Fig. 2 shows the

dependence of the interaction force (dV,, /dR =F ) on the distance between the centers of nuclei at different values of

cap

the angular momentum.
As L increases, the potential pocket depth decreases and convergence of R, and R __ (point of minimum and

n max

maximum values of V, ) takes place; it corresponds to F,, =0 on the graph. When L=L_, F, becomes less than
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zero. Consequently, the stability region, in which the capture is possible, is determined for each reaction by L  value

(Fig. 3). The capture condition, from which L, is derived, can be written as follows:

A% 0
—=—(Veu+tV,+V, )20. 3
o= Ve ) ©
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Fig. 2. Dependence of dV_ /dR =F_ on the distance between Fig. 3. Stability region depending on the angular momentum.
the centers of nuclei at different values of the angular
momentum.

However, the angular momentum of the system at the point of capture depends on dynamic parameters, the
influence of which cannot be disregarded, i.e. L =L(t). For dynamic stability, when the angular momentum depends
on the time, system of equations (4) is to be solved. Consequently, nuclei with different initial values of the angular
momentum L, are involved in the fusion reactions; this should be considered within the nucleus-nucleus potential
from the contact point to the momentum of capture.

In studies of the dynamics of interacting nuclei at the initial stage of formation of SHE (capture), the dynamics of
change in the centrifugal potential and, therefore, of the angular momentum, as it makes a significant contribution to the
capture cross section, and, thus, in the cross section of SHE formation, are to be taken into consideration.

Dynamics
For dynamic description of the interacting nuclei the following system of equations [7, 9] is used:

dR() ,, (VA (R)Y =
h— +kR[ R jR(t)—Fm(R,u
: @)

dt

L (v, (R)Y .
m +ke( . ]L(t)—O

where k, =1-107 s/MeV and k, =0.01-10 s/MeV are radial and tangential friction coefficients respectively [9].
This system was numerically solved on the range of R from the contact point of interacting nuclei
R, =1.28(A}” +A}®) up to the momentum of capture, where the following condition is met:

cont
h
JAE_ -AR < . (5)
2-J2u
This condition is met in the minimum of the potential pocket of the nucleus-nucleus potential, when E_ — 0
(relative kinetic energy of interacting nuclei), and R — R, . In the solution of the system (4), the step was chosen by

kinetic energy — 1 MeV, and by angular momentum 1. Fig. 4 shows the dependence of change in the kinetic energy on
the distance between the nuclei centers for different initial values of the angular momentum. The figure shows that the
system enters the capture channel after overcoming the Coulomb barrier R, , with a sharp decrease of the kinetic

energy (curves 1 —4), for 0<L; <72.
After overcoming the Coulomb barrier the system oscillates around the interaction potential minimum with decay
of the amplitude of E__, due to dissipative forces, Fig. 4. Then, the condition (5) can be rewritten as follows:

cm 2
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VY mar < ©)
R 2-2u”

where j — number of steps in one oscillation. In the solution of system (4) and the evaluation of expression
(6)j=70;R™, RY™ — distance between the centers of interacting nuclei with E_ — 0 (see Fig. 5). The change in

lim

joe

oscillation period was determined by the change of sign JE_, /ot from minus to plus. The integral in expression (6) was
numerically calculated for each step according to At up to the change in the sign oE_, /ot.

Step by time was chosen (0.1+1)-107>, while the average change in distance between the centers of interacting
nuclei after the passage of the Coulomb barrier is equal to ~107* fm, the stopping of calculations was performed under
AE_ <0.3-10° MeV according to the expression (6). Fig. 4 shows the curve 5 for L, =80, the system does not
overcome the Coulomb barrier and is disintegrated with the increase in the kinetic energy if L, >80. In this case the

solution of system (4) was terminated under conditions where R >R __ . Consequently, the role of change in the

max

angular momentum and thus the centrifugal potential are principal in the determination of the capture cross section.
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Fig. 4. Dependence of change in the kinetic energy on the Fig. 5. Dependence of the kinetic energy on the time in the
distance between the centers of nuclei. Dynamics of the area of minimum of the nucleus-nucleus potential.

process is shown from right to left. The arrows indicate the

regions of R maximum and R_;, minimum values of the

ax n

nucleus-nucleus potential.
Fig. 6 shows the dependence of change in the centrifugal potential on the time required for reaction *Ti+ *'Cf
with different values of L.

35 27+ ef
f E_=324MeV
30 j
5-1L =5
25 ™ o L
\\ ; 4-1,=20
2 20 ‘\ 3- L,=40/
= 2- L =60
>"§ 1541 ~—— ) \\ e
0
10 / \\
——
. 3 S
4
0

0 5 10 15 20 25 30 35 40 45 50 55
41075
Fig. 6. Dependence of the centrifugal potential on the interaction time for reaction OTi+ *'Cf. 1-Ly=80,2—Ly=60,3 —
L=40, 4 — Ly=20, 5 — Ly=5.
The figure shows that at the initial instant the centrifugal potential increases due to the reduction of the distance
between centers of nuclei. After overcoming the Coulomb barrier, V_, is reduced due to more strong exponential

rot
dependence of the angular momentum on time and reduction of relative velocity of nuclei. This conclusion is supported
by the fact that the change of L(t) should be considered in the calculation of the capture cross section, since the change

of the Coulomb barrier and the quasifission barrier leads to changes of energy, required for its overcoming, and,
consequently, to change in the capture probability.
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L0 o 3 Fig. 7 shows the dependence of the change in the
/T 1-L,=5 relative angular momentum for different L, on the
091 77 / \ 2-L, =200 | time when initial kinetic energy E_ =324 MeV.
3-1, =40

( \ 4_L°:60 Curve 5, if L,=80, shows the decay of
08 5'LZ:80— interacting nuclei, which have not overcome the
o \ Coulomb barrier; it also demonstrates the need to
= , S~—. consider L_ in the calculation of the capture cross
073 SOTiijf sections. Other curves show the entry of the system into
Eu 324 MeV the capture channel. With increase of L, the velocity

3 . .
06" of entry (JE_ /OR) into the capture channel is
95 100 105 110 115 120 125 decreased; it is determined by the rate of the angular
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. momentum change after the Coulomb barrier. This
Fig. 7. Dependence of the reduced angular momentum on the observation illustrates usefulness of condition (6).

relative distance between centers of nuclei. It should be borne in mind, that condition (6)

limits the dissipation of the kinetic energy into the excitation energy at the capture momentum. Then the system inertial

momentum is equal to UR* + j, + j,, where j, and j, - inertial momenta of light and heavy nuclei.

CAPTURE CROSS SECTION AND PROBABILITY
The expression averaged over all possible angular momenta L, which were involved in the reaction [9] was used

in order to calculate the capture cross section 6, for a fixed isotope configuration of interacting nuclei:

Tl:h2 1 L¢ (Egn>Loi)
: 2L, +1)P(E. L),
ZMECm Lmﬂx (ECm) LUIZ=0 ( o ) ]( . ) (7)

L,) — capture probability, E

GC (ECIT'I ) =

where P,(E
L (E
value of angular momentum.

Maximum value of the angular momentum L __ can be easily obtained from the energy balance at contact points

. . . )
of interacting nuclei: E_ -V -V — Vo™ =uR* /2, where Vo, Vi and V" - Coulomb, nuclear and

rot n rot

. — kinetic energy, L=m, -m,/(m, +m,) — reduced mass of nuclei,

cm? ci

L,,) — critical (maximum) value of angular momentum, contributing to the capture cross section, L — current

cm?

centrifugal potentials at the contact point. The angular momentum is defined as [7]: |L|=uRRsin6, where

R=R,+R,, R — velocity at the contact point, O — angle between the axis of the beam and distances between centers
of interacting nuclei, which is equal to w/2 for determination of the maximum value, thus:

_2URP(E,, — Ve — V(A= 72)+ 28" 0577
e 1+7

L

>

if i* >0:

Lmax (Ecm) = (Rl + RZ) ' \/2IJ’(Ecm - Vézz; - VW"‘) . (8)

n
Verification of expression (8) was carried out in the reactions below and confirmed the correctness of the chosen
assumption.
At the fixed kinetic energy of the beam and the initial angular momentum the capture probability is determined by

[9]:
E_..(L)-AE (E_,L)
P- E ,L- =1_CX _ qf (i) i i cm i , 9
l( - l) p[ ei(Ecm’Li) ( )
where O,(E_.L,)= \/12E:(Ecm,L,.)/ A, - temperature of nuclei after dissipation of the kinetic energy into the
excitation energy E;(L,). E o (L) — energy which is required to overcome the quasifission barrier and is determined

L)= ET(i)(E L)- E;(i)(E
energies of heavy and light nuclei. With regard to the fact that nucleons are not transferred from one nucleus to another
and there is no emission of nucleons prior to the momentum of capture, the excitation energy is calculated in proportion
to the mass numbers of interacting nuclei. It follows from the above expressions that capture cross section depends on
the angular momentum in a complicated fashion.

Fig. 8 shows dependences of the capture probability for **Ti+ **'Cf reaction on the angular momentum which
were calculated by means of (9) for various initial kinetic energies of the beam. The calculations showed that with the

from the interaction dynamics. AE;(E

o s Cm,Li)| — difference between the excitation
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increase of the kinetic energy, at first, the contribution of values of the angular momentum in the capture reaction is
increased, and as E__ is further increased, L value was reduced by the decrease of the energy required to overcome the

cm

quasifission barrier E ;. The capture probability is close to 1 with a relatively small E_ , but with energy which is

cm
sufficient to overcome the Coulomb barrier. With increase of E, the excitation energy is increased and E is
decreased, therefore, the capture probability is decreased. This process limits L, values in reaction. Changes in the

critical angular momentum for “*°Ti+ *'Cf reactions from the kinetic energy are shown in Fig. 9.
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Fig. 8. Dependence of the capture probability on the angular Fig. 9. Dependence of the critical value of the angular
momentum for different kinetic energy of the beam for momentum on the kinetic energy.

OTi+ P'Cf reaction.

It follows from the graphs that L_ is increased with increase of the kinetic energy due to overcoming the Coulomb
barrier by nuclei with higher angular momenta. Maximum L_ is attained after the maximum value of the capture cross
section. Then the excitation energy is increased and the capture probability is decreased to zero. While increasing E_

the system temperature rises, but it does not bring significant contribution to the capture cross section. Such
dependences were observed in all reactions.
1.6 s - Since the increase of E_ leads to the increase

/‘”ﬁ% of the excitation energy which is removed from the

(‘/\' Y ]
L4 / #%‘f '\ compound nucleus by the emission of nucleons and
12 iyl \\ 3. y-quants, thus reducing the probability of SHE
//;/ TN formation, experimental works should be carried out

at energies when 0<o, <o . Therefore, Fig. 10

shows the dependence of capture cross sections on
the kinetic energy of the beam in the range of the
capture cross section growth. With increase of the
- BTier neutron number in the light nucleus the kinetic

N
S
w%wwe\\i\xﬁ
T

. /{/ W o a1 energy range is increased with increase of the
0.2 W - TrCr capture cross section from zero to a maximum value.

/ ///// - Tiler Growth of curves with increase in the kinetic
0.0 ‘ ‘

. S S S A energy (Fig. 10) is due to the 1nc}us10n of higher
values of the angular momenta which contribute to

E, MeV the reaction. In addition, the excitation energy
Fig. 10. Dependence of the capture cross section on the difference is increased and, consequently, the capture
kinetic energy. probability is decreased (Fig. 4). Almost upon

attainment of the maximum value, the capture probability falls due to the decrease of the quasifission barrier. As the
initial angular momentum L, is increased, L, values, contributing to the capture, are decreased and the system passes

into the quasifission channel upon disappearance of the quasifission barrier, where G, becomes zero.

RESULTS AND DISCUSSIONS
Probabilities (9) and capture cross section (7) have been calculated while solving system (4), from the contact of
nuclei to the capture moment which is defined by expression (5). The results of these calculations are shown in Fig. 11,
12 and Table 1.
Calculations showed that the angular momentum has significant effect on the capture process. The increase of the
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initial value of the angular momentum leads to the increase of the centrifugal potential and therefore, to the decrease of
the quasifission barrier height. For example, for **Cr+***Cm reaction with Ly= 0 Byr=4.21 MeV, and with Ly= 70 By=
0.02 MeV. Consequently, the capture is impossible for angular momentum that exceeds a critical value.

Table 1.
Results of the calculations
Reaction E. /E™, MeV L. L o, mbn E'/E,,, MeV
Z,+2Z,=7,=120
9Ge+2Rn 366 —371/368.5 189 — 196 25 0.1 67.75—71.98 / 69.87
BGe+*Ra 355 —362/358.5 177 — 185 30 0.14 65.34 —71.59 / 68.47
"*Ge+*Ra 354 —364 /359 183 — 195 37 0.19 64.5 —73.58 /69.04
Ge+?*Ra 350 — 366 / 358 179 — 199 48 0.325 61.86 —76.58 / 69.22
“Gat+?* Ac 329 —349 /339 149 — 174 49 0.425 4743 —62.59/55.01
Gat+* Ac 329 —351/340 142 — 174 57 0.61 4544 — 65.48 / 55.46
4 7n+22Th 345 — 349 / 347 166 — 173 16 0.025 65.07 — 68.48 / 66.78
7n+2Th 341 —350/345.5 168 — 177 29 0.15 62.15—68.98 / 65.57
77n+>>Th 339 — 351 /345 171 — 183 36 0.23 60.68 — 69.78 / 65.23
87n+2’Th 338 —353/345.5 166 — 185 44 0.31 60.21 —73.27/ 66.74
07n+22Th 335 — 355/ 345 166 — 192 53 0.47 58.21 —76.27/67.24
SCu+>"Pa 334 —347/340.5 157 — 172 33 0.22 60.98 — 69.98 / 65.48
Cu+?'Pa 332 —349/340.5 159 — 180 45 0.385 58.58 — 73.58 / 66.08
*Ni+7*U (1a) 332 -336/334 157 - 162 21 0.09 62.1 — 6736/ 64.73
Ni+2*U (1b) 329 -339/334 161 — 173 36 0.235 60.23 — 69.5 / 64.87
*INi+*U (1¢) 327 -339/333 159173 41 0.33 59.6 — 69.98 / 64.79
©Ni+78U (1d) 327 —342/334.5 159 - 177 50 0.44 58.19 —72.42/65.31
¥Ni+7*U (le) 323 —343/333 160 — 186 57 0.62 53.93 — 74.96 / 64.45
>Co+""Np 319-336/327.5 151 -173 51 0.529 55.2-72.27/63.74
*Fe+**Pu (2a) 313 -324/318.5 144 — 158 39 0.405 56.07 — 66.25/ 61.16
Fe+**Pu_(2b) 309 —328/318.5 142 — 166 51 0.624 53.6 —71.55/62.58
"Fe+**Pu (2¢) 307 —324/315.5 142 — 163 48 0.71 51.74 — 67.84/59.79
Fe+**Pu (24d) 308 —331/319.5 148 — 177 60 0.82 52.41 —74.44 / 63.43
SMn+**Am 297 -326/311.5 136 — 173 59 0.892 48.73 —76.25/ 62.49
Cr+***Cm (3a) 292 —315/303.5 127 - 156 51 0.797 48.46 — 70.94 / 59.7
2Cr+**Cm (3b) 289 —319 /304 130 — 165 62 1.021 46.59 —76.03 / 61.31
SCr+**®Cm (3c) | 288 —1323/305.5 130 — 174 65 1.092 45.78 —79.83 / 62.81
ACr+*Cm (3d) | 286 —325/305.5 128 — 179 69 1.178 44.68 —82.83 / 63.76
v +24BK 280 — 318 /299 122 — 168 65 1.2 44.06 —81.14/ 62.6
Sy +2¥Bk 278 —320 /299 121 — 173 69 1.3 42.61 —84.24 / 63.43
Ti+2!CS (4a) 274 —305/289.5 116 — 154 58 1.24 43.56 — 74.62 / 59.09
YTi+2CE (4b) 273 -310/291.5 120 — 163 64 135 42.69 —79.82/ 61.26
BTi+2'CE (4¢) 271 -312/291.5 120 — 169 68 1.4 41.49 —82.53/62.01
PTi+2Cf (4d) 270 —315/292.5 121 — 174 72 1.5 40.84 — 85.93 / 63.39
OTi+2ICE (4e) 268 —318 /293 121 — 180 76 1.59 39.6 — 89.62 / 64.61
BSc+22Es 262 —306 /284 113 — 161 67 1.583 40.19 - 83.32/61.76
BCat*Fm 245-298/271.5 111173 82 2.13 33.36 — 86.8 / 60.08
Z,=126

O7n+*Cm 360 — 363 /361.5 185 — 187 16 0.033 66.5 — 68.56 / 67.53
ONi+21Cf 346 — 350 / 348 166 — 169 17 0.03 65.4 —68.24 / 66.82
ONi+2ICF 343 —351 /347 169 — 179 31 0.17 64.36 — 68.87 / 66.62
PCo+>*Es 339 — 343 /341 163 — 166 21 0.08 62.88 — 65.95 / 64.42
Fe+>"Fm 328 —335/331.5 153 — 162 26 0.15 58.5—65.14/61.82
'Fe+>"Fm 327 -337/332 158 — 171 35 0.245 58.08 — 67.34/62.71
SFe+>"Fm 326 — 340 /333 155 — 169 41 0.35 56.24 — 69.24 / 62.74
SMn+2Md 316 -331/323.5 148 — 166 43 0.46 54.37-68.43/61.4




physical series «Nuclei, Particles, Fields», issue 2 /58/

109

Role of angular moment...

< \ \
d _Ye
15 e 8 1-"7n"Cm. 5- " Fe+™Fm
- 0.4
4’,b,,~' 2-"Nief. 6-TFe +”7F
2l L9 /'7 3-"NisPef. 7-¥Fer™Fm
b | A 03 4-YCot™Es. 8- "Mn+*Md
N
% 0.9 3 d £
2 a" e J E
5 c.:/ g 0.2
E - e
6 0,61 n
1- AN1 Jr238U 4 I 3
2 - *Fet™Pu ag’ 01
034 |3 -*Cri**Cm Cw Ay Z 1
4-ATives L1 P o .
3
3"10 320 330 340 0 o 0 %0
E_, MeV P MeV

Fig. 11. Dependence of the maximum value of the capture cross
section on the initial kinetic energy for perspective reactions of

SHE with Z, =120 . Reactions shown in the graph are
specified in the Table 1.

Fig. 12. Dependence of the maximum value of the capture cross
section on the initial kinetic energy for some reactions of SHE with

Z,=126.

Calculations of the dynamics of interacting nuclei showed that the value of the angular momentum is reduced to
30% of the initial value, and therefore there is a potential well in the interaction potential, while it is absent at the
momentum of contact. This means that greater number of the angular momenta contributes to the reaction. For example,
the critical value for **Ca+*’Fm reaction is 68, but the value amounting to 82 takes part in the reaction.

In case of the isotope configuration it follows from the obtained data that it is appropriate to use elements with
high charge asymmetry and neutron-rich light nuclei. The charge asymmetry has an influence due to the fact that the
Coulomb potential is reduced with increase of the asymmetry and accordingly the Coulomb barrier is decreased. For

example, for **Ge+*’Rn reaction which has m, =0.43,L™ =25, Ogp =0.1mbn and for *¥Ca+”"Fm  reaction —

crit
n, =0.67, LG =82, o, =2.13 mbn. With decrease of mass asymmetry, where 1,

crit

= Const , the nuclear potential is

increased, and, therefore, the height of quasifission barrier is increased. For example, for *'Ti+*'Cf reaction with
n, =0.68, LT =64, 6m =1.24 mbn and for *’Ti+*'Cf reaction— m, =0.67, L% =76, 61> =1.59 mbn .

crit crit

Number of the angular momenta due to which light nucleus overcomes the Coulomb barrier is increased with
increase of the kinetic energy, as well as the critical value of angular momentum is increased. This leads to increase of
the excitation energy and therefore, to the decrease of the capture probability. That is to say that smaller number of
angular momenta contributes to the capture process and the capture cross section decreases. Therefore, it is appropriate

max

to carry out experimental works at energies when 0 <G, <G

Increase of the compound nucleus charge reduces the capture cross section and the critical angular momentum,
while the kinetic energy and the excitation energy is increased. For example in *Mn+>*°Md—>'"126 reaction these pa-

rameters are one =0.46 mbn, LT% =43, E"® =323.5 MeV, E, =5437 MeV. For *Cr+**Cm—’"120 reaction
these parameters are o,,* =1.178 mbn, LT =69, ET¥ =305.5 MeV E . =44.68 MeV. In addition the parameters

of mass and charge asymmetry are the same for the above reactions.

CONCLUSIONS
Effect of the angular momentum on the capture cross section and the excitation energy is shown on the basis of the
dynamic-statistical description of the capture process in fusion-quasifission reactions of heavy nuclei. Based on this
description, it became possible to determine the stability region where the capture and thus the SHE formation are
possible. Consequently, effect of the angular momentum on isotope configuration of a target beam and on the collision
kinetic energy should be taken into consideration during the planning of experiments.
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BIMONOCRYSTALL MATERIALS - IN SITU REFRACTORY MICROCOMPOSITES
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This article contains observation on the bimonocrystal materials received by using heavy gradient direct crystallization with a high
content of the carbide phase. The effects of heat treatment on the microstructural changes and the growth of technological ductility
were investigated. The dislocation structure of the phase boundaries, matrix and strengthening phases were studied. High-temperature
mechanical testing was performed, mechanism of composition and mechanical microcomposites hardening was observed.

KEY WORDS: solidification, bimonocrystall carbide materials, implementation phase, dislocations, strengths

BUMOHOKPUCTAJVIMYECKHUE MATEPHAJIBI - ECTECTBEHHBIE ) KAPOITPOYHBIE MUKPOKOMO3HUTBI
H.A. Azapenkos, B.E. Cemenenko, A.B. JleonoBuu, T.A. KoBajienko
Xapvroeckuii Hayuonanvnwvill ynusepcumem um B.H. Kapaszuna, Uncmumym 6bicoOKux mexuono2uti
61108, 2. Xapvkos, np. Kypuamosa, 31

PaccMaTpuBaroTcsi OHMOHOKPHCTAUIMYECKHE MaTepHallbl, IOJYYEHHBIE C MOMOIIbI0O BBICOKOTPAIMEHTHON HaIpaBiIeHHOM
KPUCTAUIM3ALMN C BBICOKUM cOJepXaHueM KapOumHoW ¢as3pl. MccnemoBaHo BiMAHHE TepMHYECKOH o00pabOTKHM Ha
MHUKPOCTPYKTYpPHbIE H3MEHEHHS M POCT T€XHOJIIOTMYECKOH MIAaCTUYHOCTH. M3ydeHa MuciIoKaoHHasT CTPYKTypa (ha30BBIX TPAHMII,
MaTpudHoe H (pa3oBoe ympodyHEeHHWE. BEIMOTHEHBI BHICOKOTEMIICpATYypHBIE MEXAaHHYECKHE WCIBITAHUS, PAacCCMOTPEH MpOIecC
KOMITO3UIIMOHHOTO ¥ MEXaHIMIECKOTO YIIPOUHEHHSL.

KJ/JIIOUEBBIE CJIOBA: xpucrammm3anusi, OMMOHOKpHCTaJUIMYECKHEe KapOHWIHBIE MaTephaisl, (a3za BHEIPEHHMs, THCIOKAIHH,
MIPOYHOCTD

BIMOHOKPUCTAJIMYHI MATEPIAJIA — ITIPUPOJHI ) KAPOMILHI MIKPOKOMITIO3UTHU
M.O. A3zapeHkoB, B.€. Cemenenko, A.B. Jleonosuy, T.O. KoBasenko
Xapxiecvruil nayionanvHutl ynieepcumem im. B.H. Kapa3sina, I[ncmumym eucokux mexHonoziu
61108, 2. Xapxis, np. Kypuamosa, 31

PosrnsHyTi GIMOHOKpHCTANIYHI Marepiand OTpHMaHi 3a IOIMOMOTOI BHCOKOTPAIIEHTHOI CIIPSIMOBAHOI KPUCTAaNi3alii 3 BUCOKHM
BMicTOM KapOimHOi ¢asu. JlochipkeHO BIUIMB TepMidHOI OOpOOKM Ha MIKPOCTPYKTYpHI 3MIHHM 1 3pOCTaHHSI TEXHOJOTIYHOI
IUTacTUYHOCTI. BuBUeHa amcnokamiiiHa cTpykTypa (a3oBHX Mex, MaTpuuHe i (ha3oBe 3MillHEHHS. BUKOHaHI BHCOKOTeMIepaTypHi
MeXaHi4HI BUIPOOYBaHHS, PO3TIISIHYTHH IPOIIeC KOMIO3UIIHHOTO Ta MEXaHIYHOTO 3Mil[HEHHS.

KJIFOYOBI CJIOBA: kpuctanizaitis, 6iMOHOKpHCTATIUHI KapOiaHi MaTepiaiu, pa3a BOpoBaHKEHHS, TUCIOKAIli, MII[HICTh

One of the greatest challenges nowadays is creating construction
materials based on refractory compounds and their alloys which would be
capable of working in difficult conditions like high temperature, shock and
radiation. There is high perspective in carbide and boride alloys
researching, which are an important part of the heat- and wear-resistant
materials (cermets in nuclear technology, the blades of gas turbine engines,
high-speed steels). Gas temperature in modern aviation turbine is close
enough to the melting point of the nickel alloys limiting their use in
rockets and space technologiesdeveloped in Ukraine[1-4]. Requirements
for high-temperature materials in nuclear reactors are increasing. It is clear
that increasing working operating temperature due to the use of the
refractory materials as .the basis of construction materials is relevant [5, 6]. Fig. 1 Formation of strong o-bonds Me-x in
Most of the known high-temperature alloys (based on refractory metals  refractory monocarbides and mononitrides
and strengthened by the introduction phases) are formed by transition  due to the overlapping Px, Py, Pz - orbitals
metals of IV- V(VI) A groups. The nature of hardening is mostly  split p® shells Me", C, N [7].
determined by the amount and structure of reinforce phases and changes depending on the temperature. At temperatures
above 1800 K the best solution is carbide hardening due to high stability of the carbide phase in comparison with the
oxide and nitride phases. That is explained with the presence of the strong o-bonds formed by overlapping orbitals of
the P6 shells (Fig. 1) [7, 8]. The analysis of the phase diagrams of the Me’-Me’’-X indicates that there are eutectics
between the bec refractory metal and refractory phase which is formed by the introduction of elements X and metal
Me’’. Therefore, these systems can be considered as quasi-binary. The main difficulty we faced using heat-resistant
alloys is their low temperature brittleness. This is caused by several features that are typical for cast alloys. They are
micro-heterogeneity of the supersaturated solid matrix dissolve, the presence of thermal stress, the release of a large
number of eutectic carbides that has a detrimental effect on plastic morphology, embrittle influence of carbon.
Intensively developing diffusion processes in these types of alloys define temperature range as 0.6-0.7 Tpciing. A
© Azarenkov N.A., Semenenko V.E.,
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promising way to increase service characteristics of high-temperature alloys is to create optimal primary structure of the
ingot and solidification management. It’s clear that directional structure formation technology has high relevance. It
allows us to create controlled regular structure in the quasi-eutectic alloy systems. However, available data is limited
mainly by low-melting systems. “Practical composites” like NiTaC, CoTaC with exploitation area limited to 1500-1700
K are being developed. The main difficulties of creating high-temperature materials are active components and high
melting point of refractory eutectic. Besides, difficult architectonic of the eutectics and their exceptional morphological
diversity causes variety of contradictory eutectic structure scheme hypotheses, especially regular ones [5,9].

The main aimes reviewed in this work are the study of structure particulars of Me-Me'X microcomposites (Me —
Mo, Nb, Ta; Me'- Zr; X-carbon) with high volume fraction of the reinforcing phase, investigation of bimonocrystal
materials obtained with highgradient direct solidification, the effect of various types of heat treatment on the composite
microstructure stability and strength properties of materials.

MATERIALS AND METHODS

Starting materials are: Mo - technical purity 99.8 wt%, Zr — 99.97 wt%, Ta, Nb - electron beam melting, C -
spectral purity[11]. Volumetric fraction of the carbide phase in quasi-eutectic is: Mo -20-22%ZrC; Ta (Nb)- 28-
30%Ta,(Nb,)C; Mo - 44-46% Mo,C.

Microcomposites were prepared by the modified method of electron-beam zone recrystallization (vacuum < 107
Pa). Direct structure formation was produced by electron beam circular sweep. High static gradient G was supported
during whole process. Zone refining of refractory metals presented during smelting process allowed the use of source
materials of technical purity. Metallographic studies including stereometric analysis were completed on microscope
MIM-8M. Drone-4M was used in X-ray diffraction analysis. The last were done in two parts. First part: identification
of samples - qualitative analysis. Second part: determination of the relative content of the second phase - quantitative
analysis. Dislocation structure was studied on thin foils using transmission microscopy (TEM) microscope JSM-200CK,
acczelelration voltage-200 kV [10,11]. Bursting test (Instron) performed in temperature range 300-2500K, stretch speed-
107 s™.

RESULTS AND DISCUSSION

Tested systems of Me-carbide form faced-unfaced phases during solidification with sharply different fusion
entropies. Therefore, it’s necessary to create high static temperature gradient G on crystallization front during whole
process to obtain spatially ordered homogeneous structures. (G = 400-650 K/cm, growth rate R = 107°...107 m/sec). It is
found that in the process of complete phase growth the increase of temperature gradient G reduces the area of
concentration supercooling, crystallization range, basic phase lead distance. This reduces the possibility of its dendrite,
undirected branching (Fig. 2a,b). This confirms the referral criteria of structure formation G /R > AT/D (AT —
crystallization range, D — diffusion coefficient). In the process of solidification driven metallic phase decorates leading
microrelief of carbide phase. Preferential growth direction (GD) is observed. GD |[<110>ZrC||<110>Mo,

, <010>Ta,C(Nb,C).

Fig. 2 Influence of temperature gradient on microstructure in system Mo - Mo,C
R=3.5 10" m/sec, a) dendrite structure G = 350 K/cm b) regular bimonocrystal structure G=550K/cm; longitudinal section; X 650;
light areas — carbide phase

The legacy effect of oriented fuse microstructure by growing bi-crystal was discovered. Bimonocrystal materials
were obtained after 1 — 2 zone passing. Structure had the appearance of threadlike carbide single crystals embedded in a
single-crystal refractory matrix under equilibrium growth conditions. It was found that the dominant morphology of
carbides was plate for Mo- Mo,C, rod for Mo-ZrC, fibrous for Ta(Nb)-C.
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According to TEM researching carbide single crystals with a
diameter of 0.6...0, 8 um contain only stacking faults, other defects
weren’t detected. Defect concentration decreases during stationary
growth. The dislocation density (p) of threadlike carbide crystal is
p ~10°cm™ while in metal matrix - p~10°cm™. It was found that in
studied systems with condition of equal R and G for minimal phase
inconsistency (Ad = 4.3% for Mo-ZrC), the dislocation density of the
matrix phase : p<10?cm™. In case of Ad = 11.7 % for Mo-Mo,C, p = 5.9
10%... 10°cm™. Epitaxial dislocations grid extending to a depth of
25 -45 nm was observed on a semi-coherent phase boundary surface
(Fig. 3). It was determined that bimonocrystal materials had a local
cleaning of metal matrix as a result of heat treatment after crystallization
(T> 1500 K, T = 3...5 hours). This is explained by the diffusion carbon
transfer to the surface of the crystal base carbide. The latter plays the
role of substrate in the decay of a supersaturated solid solution.
(Fig. 4a,b). Dislocation density of the matrix phase is p < 10’cm™.

Fig.3 Dislocation structure of microcomposite
Ta-Ta,C; R-10"*m/sec; X 15 000

Fig. 4. Mo-ZrC system microstructure
a) initial composite, b) after annealing T= 1500 K, annealing time -3h.

As a result of after crystallization annealing the system of Mo-ZrC 10 weight % C was mostly cleaned from
carbon. Observed treatment effect complies with the best results of complex refractory metals active crystals refining.
That promotes technological ductility of carbide alloys [11].

The overall result established for the case of isothermal annealing of bicrystal materials is coarsening in areas of
accelerated diffusion or defect areas. They are priority one phase expansion areas and places of similar plates
consolidation where high density of dislocations is 10°...10'%cm™. Bimonocrystal materials with regular structure are
thermally stable up to 0.9 melting temerature. This is due to reduction of migration interphase boundary capability
compared to large-general type grain boundaries. The deformation and hardening nature of microcomposite during
explosive tests at 300 - 2500K were defined. It was found that the interaction between dislocation (moving in the
matrix) and field of interfacial dislocations increase during deformation process. The field length was the same as the
distance between the dislocations at phase interfaces 40...80 nm. In case of Mo-ZrC deformation in <110> direction
was carried out in (110) plane. New slip plane in the matrix and carbide phases activate at temperatures higher than
0.7 Teiing. Different carbide crystallographic peculiarities of sliding along the (110) and (100) in <110> direction
disappear. Slipping is carried out in one of the close-packed plane according to tension direction. Local stresses were
created on carbide surface as a result of dislocation accumulation. These stresses exceed the theoretical shear strength of
monocrystalcarbide. Most of the load is carried by extended threadlike carbide single crystals (I /d ~ 1000, where 1 —
length, d- carbide diameter). monocrystalscan withstand multiple fragmentation saving specific strength up to reaching
the critical value: 1/d critical = 6 /2 1 (o}, -carbide strength,t- matrix yield strength).

As we can see from Fig. 5 bimonocrystal materials strength is 2 — 4 times higher than the strength of known cast
structure alloys within temperature range of 300-2500K[11].

The maximum strength values were observed in Mo-ZrC system and exceeded similar values of the best refractory
materials such as W-(Zr,Ti,W)C with isotropic structure[12,13]. Microcomposite technological plasticity increased due
to refractory matrix treatment. High strength was caused by typical mechanism of composite reinforcement.
Deformation matrix hardening in combination with high recrystallization temperature (over 1800K) of bimonocrystal
materials provides additional opportunity to improve the heat resistance of carbide heterophase materials. That kind of
materials will surely find new application areas.
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Fig. 5. Temperature dependence: 1 - rupture strength(cy); 2 -
plasticity (8) after annealing; 3 - plasticity (8) before annealing;
Mo-ZrC system

CONCLUSIONS

In this work specific type of bimonocrystal material is considered in detail. Structure of this material takes form of
threadlike carbide monocrystalswhich are embedded in the refractory metal matrix. Relationship between structural
defects of bicrystal materials, dislocation density and structural stability was defined up to 0.9 melting temperature.

It was detected that the dislocation structure of interphase boundaries and the matrix is determined either by
crystallization conditions or growth and relaxation processes. It was found that there is structure improvement during
the after crystallization period coursed by movement of the phase boundaries into the matrix. Found conditions of
material heat treatment leads to the matrix purification from carbon, embrittling carbides and eliminating pockets of
local phase hardening.

It was possible to increase carbide materials technological ductility by 10-15%, while maintaining the highest level
of specific strength. The behavior of materials with a large content of the carbide phase combined with high
recrystallization temperatures was investigated. Such conditions provide additional opportunities to improve heat
resistance and technological plasticity of carbide construction materials. Such materials will undoubtedly find new
application areas as template stamps for high pressure equipment, wear-resistant coatings or materials for nuclear
technology.
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In the work a technology of tungsten films and two-layer copper-tungsten coatings deposition on stainless steel substrates was
developed. The coatings were deposited by magnetron and arc sputtering of materials with condensation of them on the testing
substrates. The deposition objects were probe of the ICRF antenna on fusion devices and reference samples, on which the properties
of obtained coatings were studied. The possibility of tungsten coatings forming on long-length elements of functional blocs was
considered.

KEY WORDS: sputtering systems, multilayer coatings, tungsten films, copper films, adhesion

HAHECEHME MMOKPBITUI BOJb®PAMA U IBYXCJIOMHON KOMIIO3UIIUHA ME/Ib-BOJIb®PAM
C.C. AiinmoB, H.A. A3zapenkos, B.B. bookos, U.U. Oxceniok, A.A. CkpbinHuk, P.. Ctaposoiitos, JL.II. Tumenko
Xapvrosckuil Hayuonanvuwill yHugepcumem umenu B.H. Kapasuna
2. Xapwvxos, ni. Ceoboow 4, 61022, Ykpauna

B nmanHoit pabote pa3paboTan croco0d HaHECSHHUS IUICHOK BOJIb()paMa M IBYXCIOWHBIX HOKPHITHH Meb-BOIb(PaM Ha MOMTIOKKH U3
HeprkaBerolel cranu. [IoKpbITHs HAHOCWIINCh METOaMH MarHeTPOHHOTO U JlyTOBOTO PACIbUICHHS MaTepUaIoB ¢ KOHICHCAIMEH HX
Ha TECTHUpyeMbIe INOJUIOKKH. B kadecTBe 0OBEKTOB Uil HaHeceHHs: BblcTynanu npoOHukd ICRF aHTeHHBI BBICOKOYAaCTOTHOTO
Harpesa IUIa3Mbl B YCTaHOBKAaxX YMPaBISEMOro TEPMOSAEPHOTO CHHTE3a M 00pas3LbI-CBUAETENN, Ha KOTOPBIX H3YyYalUCh CBOHCTBA
MOJIYYEHHBIX IOKPBITHH. PaccMoTpeHa BO3MOXHOCTH (OPMUPOBaHHS BOJIBGPAMOBOTO IMOKDPHITUS HA JUIMHHOMEDHBIC BIEMEHTHI
(YHKINOHATBHBIX Y37I0B.

KJIIFOYEBBIE CJIOBA: pacnbuiUTEIbHBIE CHCTEMBI, MHOTOCIOHHBIC MOKPBHITHA, BOJb(PAMOBBIC IUIEHKH, MEIHBIC IUICHKH,
azaresust

HAHECEHHS TOKPUTTIB BOJb®PAMY I JIBOIIIAPOBOI KOMITO3UIIII MIb-BOJb®PAM
C.C. Auimos, H.A. A3apenkos, B.B. bookos, L.I. Okceniok, A.O. Ckpunuuk, P.I. Craposoiitos, JL.II. Tumenxo
Xapxiecvkuil nayionanvuuil ynieepcumem imeni B.H. Kapaszina
M. Xapxie, nn. ceoboou 4,61022, Vrpaina

VY nmaHiit poboTi po3pobaeHO Crocid HaHECEHHS IUTIBOK BOJb(paMy i ABOIIAPOBHX MOKPUTTIB Migb-BOJNB(GpPaM Ha MiJKIAIKH 3
HepxaBirouoi ctaii. [IoKpUTTS HaHOCWIIKCS METOJaMH MarHETPOHHOTO i AyrOBOTO PO3MMJICHHS MaTepialliB 3 KOHICHCAIE iX Ha
TECTOBaHI MiAKIagKH. B skocTi 00'exTiB Ui HaHeceHHs BUCTynany npoOHuku ICRF anTeHM BHCOKOYAaCTOTHOTO HArpiBy IUTA3MH B
YCTaHOBKaX KEPOBAaHOTO TEPMOSAEPHOTO CHHTE3y Ta 3pa3KH-CBIIKM, HA SKHX BHBYAJIHCS BIACTHBOCTI OTPUMAHHUX HOKPUTTIB.
Po3risiHyTO MOXIHBICTE (hOpMyBaHHS BOJIB(GPAMOBOTO IIOKPUTTS Ha JOBIOMIPHI €JIEMEHTH (YHKLIOHAIBHUX BY3IiB.

KJIIOYOBI CJIOBA: po3nuioBaibHi CHCTEMH, 6araTolapoBi IOKPUTTS, BOJIb()PaMOBI ILTIBKY, MiJTHI TUTIBKH, afre3is

The problem of the first wall is the most relevant at the present stage of creating of installations of controlled
thermonuclear fusion [1]. In the systems with magnetic plasma confinement surfaces of structural materials facing the
plasma will undergo intensive thermal load. According to the experts estimation heat flux on the first wall will be
1 MVt-m™ It could reach 20 MVt-m™ in the divertor area and limiters. As energetically loaded elements antennas of RF
heating of the plasma also may be considered. The first wall materials should withstand such heat flux without
degradation. Besides of the high thermal resistance of structural materials, in fusion power devices the requirements to
the influx of impurities from the wall into the plasma should be kept. The most important demand is the low level of
impurities atoms as they may lose electrons in the plasma filament not in full; that resulting in radiation cooling of
plasma [2]. For reducing energy losses due to radiation effects elements with low atomic number Z should be preferably
used as the materials of the first wall. Atoms of these elements must be fully ionized in fusion devices plasma and
radiation losses by impurity atoms will be minimal. The next important parameter to determine the applicability of a
particular material is the retention of the hydrogen isotopes, especially tritium, in a material [3].

As main candidates for construction elements facing plasma carbon composite materials, beryllium and tungsten
are consider. Beryllium has the smallest Z among them so it is the most do for the first wall material. At the same time
its insufficient thermal resistance does not permit use it for elements [exposed with under powerful thermal fluxes
(limiters and divertor plates). Carbon and carbon composite materials seem more attractive as compared with beryllium
because after their thermophysical properties they can stand up to powerful thermal load [4]. At this the impurity atoms
going into the plasma have acceptable atomic number and do not resulted in intense plasma cooling. But it should be
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noted that at all positive properties carbon-base materials suffer from grave shortcomings. Carbon easy forms chemical
compounds with hydrogen isotopes, including tritium. In the conditions existing in fusion devices chemical degradation
of carbon-base structural materials may be rather high. Besides, carbon-hydrogen compounds spread to vacuum
chamber and form films of complicated chemical compositions on construction elements. Such surface contaminations
include chemically bounded tritium. That required additional radiation safety precautions for personnel leading in turn
to deterioration of operating characteristics of fusion devices. MAGATE recommendation limites trititum amount
accumulated in different constructional elements. Therefore the ways to remove carbon-hydrogen contaminations from
the surfaces of structural elements of fusion devices are searched.

In spite of high atomic number tungsten has a number of incontestable advantages. These include: high thermal
resistivity (the melting temperature is 3380 °C), low sputtering coefficient for hydrogen ions and isotopes, weak
hydrogen isotopes retention. High atomic number is a considerable limitation for the material of the fusion devices first
wall. For this allowable concentration of tungsten atoms incoming in the plasma must be several orders lower than one
of low Z element. In spite of the severe restrictions imposed on the flow of impurity atoms from the wall into the
plasma tungsten is considered as a promising material for facing plasma functional assemblies which are exposed to
powerful thermal loads in ITER [5]. The studies [6, 7] show validity of this approach.

Tungsten having a number of positive properties that determined its applicability in the fusion devices is a hard
and brittle material. Production of irregular shape objects from pure tungsten is technologically complex and expensive
task. It is possible to reduce the costs of production of future reactors assemblies, using cheaper and more
technologically promising structural materials, protecting the plasma facing surfaces with tungsten-based coatings. In
this regard, the development of technology of tungsten and tungsten-based composite coatings on structural elements of
experimental facilities of controlled thermonuclear fusion is an important task.

Functional elements of RF heating antennas facing the plasma filament work in hard conditions. Between the
antenna and the plasma filament there are powerful high-amplitude high-frequency fields. Functional coatings for
antenna elements working in such conditions must have properties characteristic of tungsten. In addition they must be
mechanically strong, have good adhesion strength to the substrate, to withstand without breaking repeated cyclic
thermal loads. Also, some specific requirements to these coatings exist: they must withstand repeated microbreakdowns
without significant coating crippling, have low capacity for arcing. Microbreakdown may be caused on the surface of
the coating by local impurities having low electron work function, and by point micro irregularities. Therefore, reducing
the surface roughness is an additional technological problem in coatings creating.

In this work the method of deposition of tungsten films and two-layer copper-tungsten coatings on stainless steel
objects of irregular shapes was developed. A modifying object was the probe of the ICRF antenna [8]. The aim of this
paper is to get the tungsten films of 0.5 pm and 2.2 um thicknesses on stainless steel (stl.st) and on stl.st with copper
sublayer of the thickness at least 3 um. It was assumed that the copper sublayer reduced the local heat load at the
microbreakdown through the redistribution of heat in the volume of material with high thermal conductivity [9]. This
resulted in reducing the local temperature and, consequently, to reduce the possibility of arcing. Copper sublayer could
also be a damper redistributing the stresses at the locations of microbreakdowns, increasing the mechanical resistance of
tungsten coating.

MATERIALS AND METHODS

The list of ways to get the tungsten coating is limited. Metal films can be obtained by electron-beam evaporation,
plasma-arc deposition and magnetron sputtering. We chose the latter, as it compares favorably with the previous two. In
electron-beam evaporator the source of the coating material is a small region of the melt. In the magnetron one the
source of coating material is extended zone of erosion, which is preferable at the coating of objects with irregular
shapes. In plasma-arc method material comes on the surface of the modified objects both as an atomic vapor and as
clusters. At this there are droplets of molten material of the cathode, and in the case of tungsten even some particulates
of the material. These particulates are pulled out from the surface of the cathode by the stresses that arise as a result of
strong local overheating of the applying material in the area of the cathode spot. The presence of droplets and particles
worse the quality of the surfaces of the coatings; magnetron deposition method is practically free from this
imperfection.

The coating deposition was made on the device VUP-5 with the planar magnetron sputtering system of direct
target cooling [10] placed on the top of working chamber. The target diameter was 180 mm. It permitted to realize
deposition of uniform coating on bulky objects. The targets from pure tungsten, copper and titanium were used.

In addition to carried researches on the creation of multi-layer coatings and check-out of the effectiveness of their
use in controlled thermonuclear fusion devices trial experiments on deposition of these coatings on long-length
functional units were done. Despite named shortcomings of arc method of application, this method is the most suitable
for the modification of large-size products. To realize such a task the coatings deposition on the extended arc sputtering
device was tested.

For the coatings deposition by arc discharge in the work modernized in accordance with our requirements
extended tube-type arc vapor source of continuous operation was used (Fig. 1) [11-13].
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Fig. 1. Extended tube-type arc vapor source
1 — chamber; 2 — tube-type cathode; 3 — arc positional-sensing detector; 4 — ignition unit; 5 — circuit of ignition unit control; 6 — arc
power supply unit; 7 — commutation circuit.

Continuous operation mode was provided with two identical power supply units (0-100 V, 0-300 V) [14]. Each
modified unit (Fig. 2) was a three-phase thyristor rectifier used three-phase power transformer with a falling current-
voltage characteristic and high leakage inductance. Powers from these units were connected to the opposite ends of a
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Fig. 2. Arc power supply unit.

Voltage was commuted with a control unit by a signal of arc positional-sensing detector [15]. The modernized
circuit (see Fig. 3) was a pulse former converted a signal from the arc positional-sensing detector into an actuating
signal for arc power supply thyristors. It permitted to prevent arc extinction in a reconnection moment as the control
unit provided short-time simultaneous work of the power supply units before one of them switching-off. Besides, such
option of the arc power supply enabled to avoid the commutation of high-current (up to 250 A) circuits.

Arc ignition was done by an electromechanical device powered directly from the cathode. The simplicity of design
and small number of operations at continuous duty of arcing provided high reliability of the device and eliminated the
relatively complex and often quite uncertain circuits of the high-voltage ignition.
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Fig. 3. Diagram of commutation of arc power supply unit

RESULTS AND DISCUSSION

The experiments showed that a tungsten film deposited on a cold substrate had high tensions. They appeared in the
process of a tungsten coating forming. Internal stresses were so strong that caused film destruction. In some cases, the
destruction of coating as well as the surface layer of the reference samples from a silicon single crystal was observed.
We achieved satisfactory results depositing tungsten on the substrate heating up in the temperature range 330-350 °C.
The choice of this temperature range was due to the optimum level of adhesion and was consistent with the regime of
tungsten-based coatings deposition described in [16].

As our experiments shown coating strength and its adhesion parameters were influenced not only by strains arisen
in the film itself but also by intrinsic strains in the substrate and in intermediate layers. The objects for the coating
deposition were made from the stainless steel of the next composition: Cr 20 at.%, Fe 70 at.%, Ni 8.5 at.%, Ti 1.5 at.%.
Under the requirements to the surface roughness the objects were preliminary polished. Samples were annealed in high
vacuum at 800 °C and the residual pressure in the chamber 1-10 > Torr during 30 min to remove intrinsic strains. Then
the samples were cooled in high vacuum down to the room temperature. The surfaces of samples became lustreless after
annealing, defects that appeared in the result of preliminary mechanical treatment revealed. The surfaces of annealed in
vacuum samples were polished again using a diamond paste of a small grain-size. As pastes were additional
contaminant sources the sample surfaces were thoroughly rinsed and degreased in an ultrasonic bath.

In the coatings deposition chamber reference samples were placed on a heated table. RF probe was placed on the
specially made heated holder that permitted to rotate the simulator angularly to the flux of the deposited material. The
position and rotation velocity of the holder were chosen so as the thickness variations of the coatings did not exceed
15%. The table surface was copper-made to ensure the uniform temperature distribution. The samples temperature was
controlled with a thermocouple attached to the copper table. The distance between the table and the target was 150 mm;
that ensured the uniform thicknesses of coatings on the samples.

The time of deposition was chosen so as the film thicknesses on the RF probe and on the planar objects were
within defined parameters. The chamber was evacuated to a high vacuum by a diffusion pump with a nitrogen trap. The
target and substrate were preliminary cleaned in glow discharge. The samples were heated in vacuum up to 330-350 °C.
Than the titanjum sublayer was deposited on the heated samples with the thickness up to 100 A. The discharge
parameters were the next: discharge current was 2.5 A, discharge voltage was 450 V, the chamber pressure was
1-10” Torr, the working gas was argon, the deposition time was 30 s. Titanium covered samples cooled in a high
vacuum down to the room temperature. After that nitrogen was inlet in the chamber up to air pressure. This prevented
the oxidization of the surface. The copper target was mounted in the magnetron sputtering system. The copper
deposition was done at the substrate temperature 300-350 °C. The samples were kept in a high vacuum at this
temperature during 15-20 min and after that the discharge in the magnetron sputtering system was light up.

In the first 5+10 min on all the stage of deposition there was a baffler between the sputtered target and work-in-
process items. During this time the target surface was cleaned. Oxides and other contaminations sputtered from the
target surface settled on the baffler and did not fall on the object surfaces. That heightened a purity of obtained coatings.
Copper was deposited at the next discharge parameters: discharge current was 2.5 A, discharge voltage was 560 V, the
chamber pressure was 1-10~ Torr. The copper film was deposited on reference samples for 30 min, the first 3 minutes of
which deposition was done on hot objects, and then the heating was switched off. The reason of the heating switching
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was a substantial sample temperature rising due to heat transmission from the magnetron sputtering system and
deterioration of coating adhesion and structure in the result. When depositing the copper in the operation condition the
objects temperature decreased from 330-350 °C to 180 °C. The obtained in such conditions copper film had tolerable
surface roughness. Copper layer was deposited to a thickness of 3 +~ 4 um. Samples after the copper deposition cooled
down in vacuum to the room temperature.

Fig. 4 shows an electron microscope image of surface of the copper film deposited on the object with the
temperature during deposition higher 350 °C. Pores are clearly seen.

The important stage of copper coating deposition was also transient-state conditions from the beginning of the film
formation at indirect heating to further the film building-up without this heating. In the experimental conditions of films
under study formation if the time of deposition on samples with indirect heating was less than 3 minutes, the substrate
cooled down under 150 °C. At this the film was overstressed and had more porous structure than at the deposition on
the overheating substrate but consisting from separate columns of significantly smaller cross-section.

At forming the film with transient-state regime at more than 3 minutes there appeared some relief on it and it
became lustreless. This is due to the increasing size of the columns that formed up the film.

Studying the structure of the coating in a scanning electron microscope revealed that the film has a densely packed
fibrous structure. Fig. 5 shows an electron microscopy image of this copper. Between arrows there is a fracture of the
object with a copper coating. It is seen that the lateral dimensions of columns are less than a micron. This is consistent
with the results presented in [17]. After that titanium sub-layer was deposited on the copper coating on the technology
described above, but without pre-heating of objects.

i
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Fig. 4. Copper film on the overheating object. Fig. 5. Fracture of the object with copper coating deposited at

the working operating mode

Tungsten was deposited on the hot samples. At that the temperature range 330-350 °C was strictly kept as only at
such temperatures good adhesion of tungsten films to the surface of copper or stainless steel was achieved. The
discharge parameters at the tungsten deposition were: discharge current was 2.5 A, discharge voltage was 520-560 V
and the chamber pressure was 6-8-107 Torr. Tungsten films of 2.2 um thickness were created during 1 hour, and of
0.5 um thickness — in 15 minutes. Samples cooled in a vacuum to the room temperature. The surface morphology of
composite structures (stl.st + W) and (stl.st + Cu + W) is shown in Fig. 3. Roughness of the two-layer copper-tungsten
coatings apparently was due to the restructuring of the copper sub-layer in the result of copper heating at the deposition
of subsequent coating layers.

Along with the deposition of coatings on RF antenna probe for the study of the capture and retention of helium and
hydrogen isotopes reference samples of 2 x 10 mm were prepared using the same technology. They were also used for
electron microscopic studies. The substrate was stainless steel of 0.5 mm thickness. The samples of two types were
created: 1 - stainless steel with Ti sub-layer of thickness up to 10 nm and 0,5 um or 2.2 pm W layers (stl.st + W (nm,
um)) 2 - stainless steel with Ti sub-layer of thickness up to 10 nm, Cu layer of 3 pm thickness, Ti sub-layer of less than
10 nm thickness, the W layer of 0.5 pum or 2.2 pum thickness (stl.st + Cu + W (nm, pm)).

Tungsten coatings in composite structures (stl.st + Cu + W) had polycrystalline bee structure with the average
grain size near 20 nm in (stl.st + Cu + W (nm)) and 60 nm in (stl.st + Cu + W (um)) (Fig. 6,7 and Fig. 8,9 respectively).

The tungsten coating was texturing in a little degree (Ay > 30°), a texture axis was [110]. The texture axis was
inclined towards the normal to the tungsten film to the angle Ap~4-14°. Tungsten coatings had a little tensile
macrostress 6 = +0.64 GPa in the composite structure (stl.st + Cu + W (2.2 um)) and compressive macrostress
o = -8.0 GPa in the composite structure (stl.st + W (2.2 pm)).
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Fig. 7. Microdiffraction pattern of W coating
(stl.st + Cu + W (nm)) composition.

Fig. 6. Electron microscope image of W coating
(stl.st + Cu + W (nm)) composition.
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Fig. 9. Microdiffraction pattern of W coating

Fig. 8. Electron microscope image of W coating
(stl.st + Cu + W (um)) composition.

(stl.st + Cu + W (um)).

The studies of tungsten coatings obtained with the magnetron sputtering system showed that in films there were
residual stresses (see the Table ). Internal stresses could be both compressive and tensile depending on the thickness of
the tungsten film and elemental individuality of the substrate. In any case the presence of the copper sub-layer reduced
internal compressive stress

Table.
Values and the type of internal stresses in the coatings
Cu layer thickness, | W layer thickness, | Internal stresses The type of
UM UM o, GPa internal stresses

- 0.5 -10.0 compressive
- 2.2 -8.0 compressive
3 0.5 -4.5 compressive
3 2.2 +0.6 tensile

The coatings in the form of copper sub-layer and working tungsten film coated by the arc sputtering device
considerably differed from those formed with magnetron method. After deposition of the copper sub-layer with the
thickness of several um on stainless steel substrate by this technology the strong surface relief turned out so before
deposition of the final tungsten layer tumbling of the object surface was needed. After tumbling cold deformation of the
copper sub-layer was done. As a result at the following tungsten deposition there appeared high internal stresses that
prevented forming final continuous coating. Annealing the object with the deposited copper layer in vacuum at 450°C,
the following polish using a diamond paste of a small grain-size and thoroughly surface cleaning in solvents were the
necessary operation to get good adhesion of tungsten films to the copper sub-layer.
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CONCLUSION

The method of deposition of tungsten and two-layer copper-tungsten coatings on the objects of irregular shapes
from stainless steel by magnetron sputtering was developed in the carried studies. It was established that the substrate
temperature should be held in the range 330-350 °C to get optimal adhesion and allowable object surface finish class.
To get the necessary properties the initial item should be expose to normalizing anneal in vacuum.

It was established that increasing of the coatings thickness leads to the decrease of internal stresses and, if the
copper sub-layer is present, to changing of the stress type. The obtained coatings were polycrystalline but with the
dominating W [110] plate outcome. Produced with the mentioned above technology coatings on RF probe agreed the
requirements to mechanical strength, adhesion and surface roughness. On objects produced by this technology, studies
of coatings resistance to the influence of the particle fluxes, the capture and retention of hydrogen isotopes were carried
down.

Multilayer copper- and tungsten-based coatings were got with the arc sputtering system. At this the surface
roughness was higher than at the magnetron sputtering system using. Functionality of such coatings needed further
investigations.
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coatings, surface modification. - K.: Naukova Dumka, 2012. — 727 p.
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Nikolay Azarenkov - Academician of National Academy of Sciences of Ukraine, D.Sc., Professor, Honoured
worker of science Ukraine, Head of department of nuclear materials, Prorector from scientifically-educationally
work of the Kharkiv national university named V.N. Karazin.

Scientific interests: physics of the systems of lacking amenities, nonlinear physics of plasma, cooperation of
plasma with substances, radiation materials.

An author and coauthor are the over 400 publications.

Valentyn Bobkov - D.Sc., Assoc. Professor, Head of Research Laboratory.

Scientific interests: Interaction of the ion beams and plasma with matter, radiation resistance of materials,
diagnostics of substance.

An author and coauthor are the over 200 publications.
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Lyudmila Tischenko - Doctor of science in physics and mathematics, Leader of the Branch of Radiation
Resistance of Materials under lon Bombardment. Scientific interests:

Scientific interests: radiation resistance of materials by ion bombardment.

An author and coauthor are the over 130 publications.

Roman Starovoytov - Senior Researcher, Expert in plasma processing of solid surface.

Scientific interests: interaction of ions with a solid surface, interaction of plasma flows to the surface, ion
implantation, desorption of gas from a material, problem of the first wall.

An author and coauthor are the 47 publications.
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ILLYA IVANOVYCH ZALYUBOVSKY

(15.06.1929 - 21.02.2013)

A prominent physicist and organizer of national science, Honored scientist of Ukraine, laureate of the State Prizes
of Ukraine, corresponding member of the National Academy of Sciences of Ukraine, professor Illya Ivanovych
Zalyubovsky passed away.

His personal contribution to the development of nuclear physics, radiation physics of solids, cosmic ray physics
and biophysics significantly influenced the level of research in the experimental physics in general.

Professor 1.I. Zalyubovsky was born in 1929 in Poltava region. In 1949 he entered the School of Physics and
Mathematics of Krarkiv State University (now V.N. Karazin Kharkiv National University). Since that time the fate of
LI. Zalyubovsky was inseparably linked with the University. Here in 1952, he started his scientific career under the
supervision of academician A.K. Walter. He successfully combined his scientific work with training in graduate school,
and then - with teaching. In 1963-1965, he headed a group of soviet scientists engaged in scientific research and training
of highly qualified specialists in the Nuclear Center of the Arab Republic of Egypt. In 1966, he defended his doctoral
thesis, and in 1967 he became a Professor. In 1968, he took part in the research and lectured at Manchester (former
Rutherford) laboratory in United Kingdom. Since 1965, he has headed the Department of Experimental Nuclear
Physics, and since 1967, he was a Vice-president of the University.

Professor I.I. Zalyubovsky dedicated the first series of his scientific research to studying the interaction of
accelerated particles with nuclei. The results of these studies, which were notable by systematic nature and ingenuity,
not only stimulated the development of new theoretical models, but also significantly expanded the possibilities of using
the nuclear reactions for experimental studies of the nucleus structure. Professor I.I. Zalyubovskiy managed solving the
problem of measuring the static electromagnetic momentum of atomic nuclei by methods based on the phenomenon of
perturbing the angular correlations. In 1983, this work was awarded the K.D. Sinelnikov prize of Academy of Science
of Ukraine, it was applied for the further development on modern accelerators.

After L.I. Zalyubovskiy became a head of the Department of Experimental Nuclear Physics, the range of his
research interests expanded significantly. He founded new (for himself and for the department staff) branches of
research related to space physics, radiation physics of solids and biophysics.

At the initiative of Professor LI. Zalyubovsky the development of experimental methods for studying the
interaction of cosmic rays with the atmosphere and the Earth's magnetosphere had rapidly started. At the beginning of
these studies, due to a series of precise experiments carried out under his leadership, it was discovered a new physical
phenomenon - the effect of radio extensive showers of cosmic rays, and then the mechanism of its occurrence was
studied in detail. In 1971, this work was awarded the State Prize of the Ukrainian SSR in science and technology.

Under the leadership of L.I. Zalyubovsky a powerful experimental basis for solving the fundamental problems of
radiation physics of solids, radiation material science, biophysics and medical physics, radiation tests and technologies,
as well as microanalysis of substance was built in V.N. Karazin Kharkiv National University.

During the comprehensive experimental studies, organized by professor, on interaction of radiation of different
origin and energy with substances or materials, previously unknown patterns and phenomena associated with radiation
effects on physical properties of metals, alloys, semiconductors, polymers, and biological objects were found. In
particular, the effect of amplifying the acoustic signal generated by the flow of radiation in metals under the influence
of static tensile stresses was discovered. It was found to be a general property of acoustic radiation phenomena in any
combination of substances and materials, and the mechanism of sound generation by means of radiation fluxes was
found to be universal one. In 1994, L.I. Zalyubovsky was awarded the Yaroslav the Wise Prize for the series of complex
studies of nuclei and processes of interaction of particles, nuclei, and radiation of different energy with the matter.
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Scientific style of Professor I.I. Zalyubovsky formed at the first stage of his entry into science was characterized
not only by the depth and fundamentality of approaches, but also by the close connection with the application prospects.
One of the most active periods of scientific activity of I.I. Zalyubovsky was associated with the implementation of
scientific achievements in the military defense orders.

Professor L.I. Zalyubovsky was giving special importance to the improvement of organization of scientific
research. The structural units, which were organized by him and which are headed by highly qualified specialists trained
by him, continue previously initiated research in collaboration with institutions of NAS and National Space Agency of
Ukraine, as well as with leading nuclear physics research centers in other countries. In the framework of international
cooperation, the structure of exotic nuclei was studied on heavy ion accelerators. The low-background experiments on
the neutrino nature and dark matter search with the use of highly sensitive installations designed in collaboration with
Baksan neutrino observatory of Institute for Nuclear Research of Russian Academy of Science were carried out. The
successful testing of unique telescope of energetic charged particles that was developed by physicists of the University
(project "CORONAS-PHOTON") was carried out on the Russian satellite. Professor L.I. Zalyubovsky provided the
scientific management of all of these activities.

Among scientific papers published by professor I.I. Zalyubovsky, which in total are more than 400, there are 5
books, the textbooks "Nuclear Physics" and "Nuclear Spectroscopy" for University students. In 1993 the fourth edition
of "Nuclear Physics" was awarded the State Prize of Ukraine.

Educating a new generation of scientists for the new branches of physics had always been considered by professor
L.I. Zalyubovsky as the most important problem. He was much merit in the organization and further development of the
School of Physics and Technology, the first dean of which he was at Kharkiv State University. Department of
Experimental Nuclear Physics, which was headed by Professor 1.I. Zalyubovsky, constantly searched for new forms of
improving the teaching in Nuclear Physics. There are 8 doctors of science and about 40 PhDs among his students.

LI Zalyubovsky gave much efforts to the organization of scientific and social work. He was a member of the
committee on the State prizes of Ukraine, an authorized representative of the government of Ukraine at the Joint
Institute for Nuclear Research and vice-president of the Ukrainian Physical Society.

For many years, he was the chairman of the Council of vice-rectors for research of the Ministry of Education and
Science of Ukraine, chairman of the Scientific and Expert Council for the professional branch of "Physics" at Scientific
and Methodological Council of the Ministry of Education and Science of Ukraine, chairman of the Professional Council
for licensing and accreditation of higher educational institutions of Ukraine on natural sciences, member of the
scientific councils of National Academy of Science of Ukraine on nuclear physics and high energy physics, head of the
specialized council on defending the doctoral and PhD theses in the field of Nuclear Physics, Elementary Particle
Physics, Plasma Physics, chief editor of the journal of Kharkiv University "Nuclei, Particles, Fields", member of the
editorial board of the "Ukrainian Journal of Physics."

Professor 1.I. Zalyubovsky was a Honored Worker of Science and Technology of Ukraine, the Excellent in
Education of Ukraine. He was awarded two Orders of the Red Banner, the Order "For Merit" of all the three degrees,
and medals. In 2007, he was awarded the title of "Honorary Citizen of the city of Kharkiv."

Fruitful scientific, pedagogical and scientific-organizational activity, the sincere kindness, the willingness to
always come to help earned for Professor I.I Zalyubovsky a deep respect and love of his colleagues and students.

Memory of Professor L.I. Zalyubovsky will live forever in the hearts of his students and friends, of all those who
worked with him, and had the happy fortune to communicate with him.

M.O. Azarenkov, O.S. Bakai, V.S. Bakirov, V.G. Baryakhtar, Yu.A. Berezhnoy, 1O. Girka, —A.M. Dovbnya,
A.G. Zagorodny, V.F. Zelensky, I M. Karnaukhov, L.M. Lytvynenko, V.I. Muratov, I.M. Neklyudov, A.G. Naumovets,
S.V. Peletminsky, V.P. Seminozhenko, V.Yu. Storizhko, I.D. Fedorets, V.D. Khodusov, V.M. Shul'ga, M.F. Shul'ga,
V.M. Yakovenko
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ITPABUJIA JJIS1 ABTOPIB

“BicHuk XapKiBCbKOI0 HalliOHAIIBHOTO yHiBepcuTeTy” (cepist: dizuuna «Sapa, 4acTHHKH, OJIs») € 30ipHUKOM HAyKOBHUX POOIT
3 (i3UKN eNeMEHTAapHUX YaCTUHOK, sAepHOi ¢(isukm, (isukm minasMu Ta IJIa3MOBHX TEXHOJOTiH, (i3MKM TBepHoro Tima Ta
paxianiitnoi ¢izuku. XKyprHan myOnikye HayKoOBi CTaTTi, KOPOTKI MOBIJOMJICHHS, OTJISAZOBI CTAaTTi Ta peuensii Ha kHuru. [o
myOuikanii y 30ipHUKY NpPUAMArOTBCS CTAaTTi, SIKi MIATOTOBJICHI y BIANIOBIAHOCTI IO NpPaBHJI ISl aBTOPIB 1 SIKI OTpUMAalH [IBi
TIO3UTHBHI peren3ii. Pykomucy, siki He BiITOBIalOTh IPaBHIIaM HE PO3TIIAAIOTHCSL.

Jlnisa penaryBanns tekety y MS Office Word MoxHa 3acTOCOBYBaTH 1Ia0JIOH 3 TOTOBUMH CTHJISIMU, SIKMIA PO3MIILICHUI HA CalTi
KypHaIy:

http://www-nuclear.univer.kharkov.ua.

O0'em crarTi, MOBa, cynpoBiaHi gokymeHTH. JI0 pemakmii mojaeTsest pykomuc o00'eMOM HE MeHIIE 3-X CTOPIHOK
YKpaTHCBHKOIO, POCIHCHKOI0 a00 aHTITIHCHKOI MOBaMH B JIBOX €K3EMIULIpax 3 HAIPABJICHHSIM 3aKJIaLy 1 aKTOM EKCIIEPTH3H, a TAKOXK
MOBHUI €JIeKTpOHHMI BapiaHT cTarTi y ¢opmari MS Office Word, a takooxk OKPEMO enekTpoHHI BapiaHTH yCiX PHCYHKIB y
¢dopmarax "bmp", "tiff" a6o "jpg". Be3nocepenHs BcTaBka pUCYHKIB 3 iHIIMX IIPOrpaM He JOMYCKAeThesl. SIKICTh PUCYHKIB TOBUHHA
OyTH DOCTaTHBOIO [UIsl BIATBOPEHHS TOHKHX JIiHIN, Tpafariif BiATIHKIB Ta KOJIbOPIB IpH YOpHO-Oinomy apyui. Pexakuis 3anuiuae 3a
c00010 IPaBO BUMAraTH MOJIIMIICHHS SIKOCTI MAIIOHKIB JJIsl OTPUMAHHS 33JOBLIBHOT SIKOCTI YOPHO-0110T0 APYKY.

Hamnip, dopmar, moas. Texkct apykyerbcs Ha Oinumx juctax Qopmaty A4 uepe3 onauH iHTepBai. PexoMeHmyerbcs
BUKOpHCTOBYBath peaakrop MS Word, mpudr Times New Roman (Cyr), penaktop dopmyn MathType Bepcis 5.0 i Bume. [Tonst
CrpaBa, 371iBa i 3HU3Y 0 2 CM, 3BEPXY - 3 CM.

Hymepanisi cropinok. CTOpiHKHM HyMepyIOThCs ITOCTIZOBHO Ha 3BOPOTHOMY OOIIi JIMCTa OJIIBIIEM.
Hignucu aBTopiB. ONUH eK3eMIUISP PYKOITUCY TIOBHHEH OYTH IMiAMMCAHUM Ha 3BOPOTHOMY OOIIi JIMCTa yCiMa aBTOPaMH.
NOCJIIAOBHICTD POSMIIIEHHSA MATEPIAJTY
Inpexc kaacudikanii. Ha nepmiif cropinmi 3BepXy HpOIMyCKaIOThCS ABA PAOKA; Y TPETHOMY PSAKY Y JTiIBOMY BEPXHBOMY KyTi
npykyersest YK (kypcus, 9 pt.) i/abo PACS i 3naueHHs iHIEKCY.

Ha3zBa craTTi, cnucok aBTopiB cTaTTi. Himkue iHnekcy knacugikarii micias MpomycKy OJHOTO PSIIKa PO3MIILYEThCs Ha3Ba
crarTi (MpAMuil HamiBKupHUHA mpudT, 12 pt., yci OyKBU NPOIUCHI, BUPIBHIOBAHHS 10 LIEHTPY). Hibk4e Ha3BH CTATTI MiciIA IPOITYCKY
OJTHOTO PsIKA IPYKYIOTCS iHILia! 1 Mpi3BUINA aBTOPIB (IPSIMUM HAIIBXUPHUH WIPUQT, 12 pt., BUPIBHIOBAHHS 110 LEHTPY).

Ha3sga i agpeca oprani3aniii, 110 npecTaBAsAIOTL aBTOPU. Hiokde criicky aBTOpIB y HACTYITHOMY PSIKY APYKYIOThCS MTOBHI
HA3BU 1 aJipecu OpraHi3aliii, 1Ki IpeACTaBISIOTh aBTOpH (IIpUDT Kypcus, 9 pt., BUPIBHIOBAHHS MO IIEHTPY), Y HACTYITHOMY PSAKY -
ajipeca eNeKTPOHHOT MOIITH JJIS IEPENMUCKH. SIKIIo opraHizariil JeKinpKa, To A1 BKa3iBKH BiANOBIAHOCTI aBTOPIB 1 OpraHizarii ciifg
3aCTOCOBYBATH BUHOCKH 31pOUKOI0 a00 nudpamu.

JaTta npejcraBjieHHs cTaTTi B pepakuio. Hikue agpecu eneKTpoHHOI MOIITH APYKY€TbCS AaTa NPEACTABICHHS CTaTTi B
PemaKLiio: YUCIo - HU(pamMu, MiCAIb - IPOIHCOM, PiK - Huppamu (puUdT OpsaMuii, 9 pt., BUpiBHIOBAaHHA 1O LIEHTPY ).

Pedeparn, kao4oBi cioBa inmmvu MoBamu*. Tlicist IponycKy OZHOTO psijika APYKYETHCS pedepaT MOBOIO CTATTi 00’ €MOM
He MeHiue Hixx 500 3HakiB 6e3 BiACTYMIB, 3 KOPOTKUM BHKJIAIOM ITOCTAHOBKH 33/1a4i, METOMIB, 1110 OyJIX BUKOPHCTaHI Ta OCHOBHHX
pe3ynbratiB (pudt npsmuit 9 pt., BupiBHIOBaHH: 1o mmpuHi). CioBo "pedepat” He APYKyeThes. Y HACTYIHOMY PSAKY IICHs CIIiB
(moBoto crarti) "KJKOYOBI CJIOBA:" (mpommcom, mpudT mnpsMail HamiBXUpHHH, 9 pt., 0e3 BiACTyIy) MOBOIO CTaTTi
PO3MILIYIOThCS KIIFOUOBi cioBa (5-8 ciiB, mpudt mpsmuii 9 pt., BUpiBHIOBaHHA MO mmpwHi). [aji micis mpommycKy OTHOTO psaKa
JIBOMA IHIIMMHU MOBaMH APYKYEThCS Ha3Ba CTarTi (pHT NpsMUHA HamiBXUpHUK 9 pt., BUPIBHIOBAHHS IO IIEHTPY), CIHCOK aBTOPIiB
(mpudT npsamuii HaMiBXUPHUH 9 pt., BUPIBHIOBAHHS 110 IIEHTPY), CIIMCOK OpTaHi3alliif, 0 IpecTaBIsIoTh aBTOpH (IIpUPT Kypcus 9
pt., BUPIBHIOBaHH 110 LICHTPY), TEKCT pedepaTy Ta KIFOYOBI CIIOBA.

OcHOBHU TeKCT cTaTTi, ad3annmii Bincryn. Hiwkde pedepaty miciast mpomycKy OJHOTO psAAKa APYKYEThCS OCHOBHHN TEKCT
crarti (mpudT npsamuii 10 pt.). A63amuuii Binctyn 0,75 cM.

Po36uTTs cTaTTi Ha po3ian. PexoMeHayeThCst pO3OUTTS CTATTI Ha Taki po3Aiin: BCTyH (Ha3Ba LBOTO PO3LTY HE APYKYETHCS)
MATEPIAJIM I METO/IM (0608's13k0B0 1 excriepuMeHTanbHux po6it), PE3YJIBTATU I OBI'OBOPEHHS, BUCHOBKH.

Jis TeopeTMUHUX POOIT NOMycKaeThes OUTBII BUIBHHM PO3MOALT MaTepialy Ha pO3ALIH, HANPUKIAL, 3aMiCTh PO3ALIY
MATEPIAJIN I METOJM pexomenaytotscst po3nimn IOCTAHOBKA 3ABJAHHS, MOJEJIb i Tomy noni6ue. Po3ninu He
HYMEpYIOTECS, B Ha3BaX PO3ALTIB yci OyKBH IIPOINCHI I BUAUIAIOTHCS HAMIBXUPHUM MIpAQGTOM, BUPIBHIOBAHHS N0 HeHTpY. [Ipn
HEOOXiJHOCTI PO3IUTH IUIATHCS Ha miapo3miad. Ha3Bu migpo3miniB APYKYIOTHCS 3 BEIHMKOI JITEPH 1 BUAUIIOTHCS HAIliBXKUPHUM
mpuTOM, BUPIBHIOBAHHS 110 LEHTPY. [1ic/si KOXKHOTO pO3JIiTy YU MipO3IiTy 3IIUIIAETHCS OJUH ITyCTHH PSIJIOK.

@onau, rpaHTH. HampukiHIi TEKCTY CTATTI MIiCIs MPOIYCKY OJHOTO PSAAKa, SKIIO MOTPiOHO, BKAa3yeThCs Ha3Ba (QOHAY, KU
(inaHcyBaB poOOTy, i HOMEp TpaHTy.

Dopmyan, Ta6auIi, MATIOHKH, NIIMKCH, HyMepauisi. MaTeMaTHyHi i XiMi4HI CHMBOJIH, PiBHSIHH 1 GOpMyIIH IPYKYIOThCS B
TEKCTi CTaTTi 3a jomomororo mporpamu Math Type. PrucyHKH BCTaBISIOTBCS B TEKCT CTaTTi y dopmaTax: «bmpy, «tiffh abo «jpg».
Bci Hagnucu Ha pHCYyHKax i OcAX APYKYIOThes mpudrom He MeHme 8 pt. [limmucn mixg pucyHKamu OpyKyrOThCs mpupToM 9 pt.
®opmyiy, Tabuni i PUCYHKH TIOCTIJOBHO HyMepyIOThesl apabchkumu nudpamu, Hanpukiaxn: (1); Tadn. 1; Puc. 1. Ha3sa tabmunp i
PUCYHKIB € 000B'I3KOBHUMH.

Hocunanng i cnucok Jitepatypu. Bukopucrani y pykomucy JTiTepaTypHi [HKepena HyMEPYIOThCS B MOPSAAKY LHUTYBaHHS B
TEKCTi, HOMEp MOCWIaHH: APYKY€EThCS B KBAAPATHUX AyKKax. CIHCOK JiTeparypH (Mpudt npsiMuii 9 pt.) po3MimryeTses Bigpasy 3a
OCHOBHMM TekcToM crarTi 1 Buaimstersest sik po3nirt CIIMCOK JIITEPATYPHU (mpudt npsmuii Hamimxupauii 9 pt.). He
JIOIYCKAIOThCS TOCHIIAHHS Ha HEOIyOJIiKoBaHi poboTH.

* For foreign authors is sufficient to provide abstracts in Russian and English.
Jlst 3apyGeKHBIX aBTOPOB JIOCTATOUHO pe)epaToB Ha PYCCKOM U aHTIIMICKOM.
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