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REACTOR MATERIALS-MODERN STATUS
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This paper presents short description of modern status of reactor materials for nuclear. The fast growing energy demand and concerns
about climate changes require nuclear energy to play a role among other energy sources to satisfy future energy needs of mankind.
Exactly core materials behaviour provides safe and economy exploitation of nuclear power plants. Metals and alloys used in nuclear
service serve in very challenging environments involving high temperatures and stresses, as well as exposure to high irradiation
doses. Problems of radiation resistance of materials for exploitation reactors and reactors of next generation are described.

KEY WORDS: nuclear energetic, radiation resistant materials, radiation defects, impurities, reactors on thermal neutrons, fast
reactors.

MATEPHAJBI IJISI PEAKTOPOB — COBPEMEHHBIN CTATYC
H.A. AzapenkoB*, U.M. HexionoB, B.H. BoeBoqun**
*Xapvrosckuil nayuonanvuwili ynusepcumem umenu B.H. Kapasuna
Vxpauna, 61022, 2. Xapvros, ni. Ce0600v1 4
**Hayuonanvnoii Hayunwiii Llenmp «Xapvrosckuii Quauxo-mexHuecKuil UHCmumym»»
Vrpauna , 61108, Xapvros, yn. Axademuueckas 1

JlaHHasi CTaTbsi MPEICTABISET KPAaTKOE OIMMCAHHE COBPEMEHHOTO COCTOSHHUS PEaKTOPHBIX MAaTepHANIOB IS SIACPHOH SHEPreTHKH.
BricTpo pacTymmii cpoc Ha 3HEPTUIO M 03a00YEHHOCTH 10 MOBOIY M3MEHEHUsS KIUMaTa TpeOyIoT OT SepPHON SHEPreTHKH HIpaTh
Ba)XKHYIO POJIb CPEAN JPYTHX HCTOYHUKOB SHEPTHH IS YIOBIETBOPEHHs OyIyIINX MOTpeOHOCTEH BCEro 4eIOBEYEeCTBAa B SHEPIHU.
VIMeHHO OCHOBHOE TIOBEJICHIE MaTepHAaIOB OOecreunBaeT Oe30IacHyI0 1 SKOHOMUYHYIO SKCIUTYyaTaI[HI0 ATOMHBIX 3JIEKTPOCTaHIHH.
Mertasutsl U CIIaBBI, HCTIONb3YEMBIE B SIIEPHOI OTpaciiy, paboTaloT B OYEHb CIIOXKHBIX YCIOBHAX NP HAJTWYNH BBICOKUX TEMIIEpaTyp
U HaNpsDKCHUH, a TakKe BO3JICHCTBUHM BBICOKMX 103 oOnyueHWil. B maHHO# craThe Takke ONMMCaHBI MPOOIEMbI PaHalliOHHOM
CTOWKOCTH MaTepHaJIOB TIPU KCILTyaTallid PEaKTOPOB B HAIlIE BPEMs, @ TAKXKE PEAKTOPOB CIIELYIONIEro HOKOJICHHS.

KJIFOUYEBBIE CJIOBA: saepHas SHepreTHka, paJdalliOHHO-CTOMKHE MaTephalbl, paJHaldoHHbIe Ae(eKThl, IPUMECH, PEaKTOPHI
Ha TEIJIOBBIX HEMTPOHAX, PeakTOPbl Ha OBICTPBIX HEHTPOHAX.

MATEPIAJIH JJI51 PEAKTOPIB-CYYACHUI CTATYC
H.A. A3zapenkos *, .M. Hexmionos, B.H. BoeBoain **
* Xapxiecvruil HayionanwHutl yrnieepcumem imeni B.H.Kapasina,
Yxpaina, 61022, m. Xapxis, na. Ceo6o0u 4
** Hayionanvuuii Haykosuii Llenmp "Xapxiecoxuti @izuxo-mexHiunuil incmumympy,
Vxpaina, 61108, Xapxie, eyn. Axademiuna 1
JaHa cTaTTA SBJIsI€ KOPOTKUH OIKC CYYaCHOTO CTaHy PEaKTOPHHUX MaTepialliB A saepHOi eHepreTuky. LIIBuako 3pocTarodnii TOnuT
Ha CHEPrifo 1 3aKJIONOTAHICTh 3 MPHUBOLY 3MiHHM KJIIMaTy BHMAaraloTh BiJl SIEpHOI CHEPTeTHUKH BiJirpaBaTH BaXXJIHBY POJIb CEpel
IHIUX JpKepen eHeprii Ay 3aIoBOJICHHS MaiOyTHiX moTped BChoro mojcTBa B eHeprii. Came OCHOBHa IOBEJiHKa MaTepiaiiB
3a0e3neuye Oe3nevHy i eKOHOMIYHY €KCIUTyaTallil0 aTOMHUX eJIeKTPOCTaHLiil. MeTau i CIiaBy, sIKi BAKOPUCTOBYIOTHCS B SCPHIM
rajy3i, IpamioloTh B JyXKe CKIaJHAX YMOBax NP HAasBHOCTI BHCOKHX TEMIEpaTyp i Hampy>KeHb, a TAKOXX BIUIUBI BHCOKHX /03
ONPOMiHEHb. Y JaHiil CTATTi TakoX OIMHcaHi MpoOieMH paiialiiHol CTIHKOCTI MaTepialiB peakTopiB, IO EKCILTyaTyIOThCS B HaIll
yac, a TAKOX PEaKTOPiB HACTYITHOTO MOKOJIHHSA.
KJIFOUYOBI CJIOBA: siiepHa eHepretuka, pagiaiiiiHo-cTiiiki Marepianu, pagiauiiini aeeKTd, TOMIIIKHA, PEaKTOPH Ha TEIIOBHX
HEUTPOHAX, pEaKTOPH Ha HIBUJIKUX HEUTPOHAX.

Today’s nuclear power is the more real in the world that possesses the humanity for the production and supply of
low cost electrical and thermal power for distant prospective with guarantee of nuclear, physical, ecological and
technical safety in amounts corresponding with society needs.

Three factors emphasize on the nuclear power — exhausting of hydrocarbon resources, environmental contamination,
necessity to control the power safety [1].

According to the data of IAEA more than 500 nuclear power units of research and other reactors are now in
operation. In spite of Fukushima accident nuclear energetic at the world is developing stable and consequently.

It is just the behavior of structural materials of operated and developed reactors that determines the safe and
economical operation of nuclear power stations.

Materials of operating and designed fission reactors may be divided on three groups:

- fuel materials — nuclear fuel: uranium, plutonium, thorium and their alloys.

© AzarenkovN.A., Neklyudovl.M. , VoyevodinV.N. , 2012
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- structural materials — ferritic-perlitic and ferritic-martensitic steels (pressure vessels of water-water

reactors), bainite steels (wrappers and claddings of fuel elements (FE) for fast reactors, pressure vessel internals of
water-water reactors, first wall of fusion reactors); ferritic-martensitic steels (wrappers of FU for fast reactors, first wall
of fusion reactors); ferritic ODS steels — low-activated steels for fusion reactors and reactors of next generation,
zirconium alloys-materials for claddings and channels of thermal reactors (materials of control systems (CR)) —
materials absorbing neutrons B, Cd, Hf absorb thermal neutrons, B, Ta, Eu absorb fast neutrons.
The importance of structural materials consists not only in the guarantee of stability of the core geometry for overall
operational time and, first of all, stability of fuel assemblies and of fuel elements, but also in the retention of fission
products, in the maintenance of serviceability of control systems and in the guarantee of minimal consequences of
possible accidents, that is, in the solution of the key problems of reactor plants safety.

Reaching of high burn-up of fuel is limited by radiation resistance of materials for wrappers and ducts of fuel
assemblies and the term of operation of reactors on thermal neutrons is limited by the service life of pressure vessel and
pressure vessel internal materials.

Unfortunately, structural materials have more potential restrictions for reaching of high levels of radiation damage
and impede the reaching of high burn-up of nuclear fuel [2].

Development of structural materials of operating and of developed nuclear plants is extremely complicated
science-technical problem. Under the influence of fast particles and radiation complex structure-phase transformations
occur in crystalline bodies that cause considerable variation and, unfortunately, degradation of their initial physical-
mechanical characteristics [3]. Radiation resistance is determined by the microstructural composition and by structure
state of irradiated material. Expediency of the use of the materials in nuclear power plants of definite type depends on
special features of NPP, on used coolant, on energy spectrum of neutrons and so on.

The aim of this work is the study and understanding of the properties of materials used in nuclear power and the
prospects for improvement in the growing nuclear industry, which is designed to provide humanity soon enough cheap,
environmentally friendly and safe energy.

MATERIALS OF REACTORS ON THERMAL NEUTRONS

Now thermal-neutron reactors, pressurized water reactors or boiling reactors serve as the basis of the world
nuclear power (WWER- 440. 1000. PWR, BWR). WWER-type reactors are manufactured by Russian plants,
PWR,BWR- in foreign countries. The main components of thermal reactors that are subjected to the intensive radiation
exposure are the pressure vessels, fuel elements claddings, pressure vessels internals.

The structural materials employed in current power plants both in the pressure vessel and in the core materials, are
conventional materials, low allow steels in the case of the pressure vessel (clad internally with stainless steel) and
austenitic stainless steels and nickel-base alloys in the case of internal structures.

PRESSURE VESSEL MATERIALS

Materials of pressure vessels must guarantee the safe operation during the whole service life. Typically ferritic-
perlitic (Russia) and ferritic-bainitic steels (USA, France, Japan) are used for the fabrication of pressure vessels.

WWER-440 - 15Cr2MoA (C-0.11-0.21; Si-0.17-0.37; Mn-0.3-0.6; S-0.012-0.018; P-0.009-0.0038; Cr-2.5-3.0;
Cu-0.09-0.17; Ni-0.19-0.27; Mo0-0.6-0.8; V-0.25-0.35);

WWER-1000 — 15Cr2NiMoPA, 15Cr2NiMoPAA (C-0.13-0.18; Si-1; Mn-1; S<0.035; P<0.01; Cr-1.8-2.3; Ni-
1.0-1.5; Mo-0.5-0.7; V-1.1-0.12);

PWR, BWR - A533-B (C<0.25; Si-0,15-0.30; Mn-0.15-1.50; S-0,4); P-0.035; Ni-0.40-0.70; Mo-0.45-0.60.

Given in Table 1 data of the operational conditions of thermal neutron reactor show that rather low fluences and
rather low operational temperatures are the characteristic properties of pressure vessel material operation for the reactor
of such type.

Table 1.
Reactors on thermal neutrons: WWER, PWR, BWR (power 440-1200 Mw)
Mean density of thermal neutron flux in core 2.7-4.4.10"° n/em® sec
Mean density of fast neutrons in core 1.9-4.0.10"
The rate of dose setting-up 10" dpa/s
Temperature of coolant (pressure vessel) On inlet 285-290°C
On outlet 320-325°C
Density of fast neutron flux on pressure vessel 1.10"n/cm’sec

Fluence of fast neutrons (E,>0.1 MeV) on pressure | ®t=5.10"-1.10*"n/cm>
vessel during 40 years of operation
Rate of damaging rate (steel) 10""°dpa/sec
Dose of radiation damage of pressure during 40 years 0.1 dpa

The initial microstructure of these materials is one of the parameters that will influence their behavior under
irradiation. Ferritic, tempered martensitic or bainitic microstructures are usually found in RPV steels containing
different types of precipitates with size ranging from 10 nm to micrometer.

Exposure to high energy neutron coming from the fission of fuel, together with the overall nuclear reactor core
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environment (e.g. gamma radiation, neutrons, radiolysis of water), affects significantly the physical and mechanical
properties of these materials, resulting in ageing degradation effects during the life of the NPP that could result in early
failure of these structural components if not detected or mitigated. Such events or necessary replacements are
potentially expensive, impacting not only safety, but also economic viability of nuclear power plants [4].

Typically the wall of the RPV is exposed to high energy (e.g.>0.1 MeV) neutron irradiation, which results in
localized embrittlement of the steel and welds in the area of the reactor core (i.e. the RPV core beltline region).

Obviously that such radiation-induced degradation of mechanical properties of pressure vessel steels during
operation is the result of microstructure changes of nanostructure scale (nm). Evolution of microstructure under neutron
irradiation at temperature of operation of pressure vessel (270- 300°C) depends not only on the migration of point
defects formed by irradiation, on their interaction and clustering but also on complex interaction with impurities.

Three main mechanisms responsible for the change of microstructure of pressure vessel steels under irradiation are
now considered [4]:

1) Direct damage in the matrix due to the formation of radiation-induced clusters and dislocation loops. . It was
detected that matrix damaging evolves with irradiation dose, the rate of dose set up and with irradiation temperature;
this damage gives the resulting hardening proportional to the square root of accumulated dose [5].

2) Radiation-accelerated formation during matrix damage of matrix-coherent nano-precipitates and this also causes
matrix hardening and embrittlement. Elements of solid solution of pressure vessel steels have the trend to radiation-
accelerated clustering and formation of precipitates with nanosize (2-3 nm). These precipitates mainly enriched by
copper and called copper-rich precipitates.

It must be noted that chemical composition of these precipitates remains uncertain, different elements are present
in these precipitates (Fe, Mn, Ni and possibly Si and P). Even insignificant variation in steel composition and in neutron
spectrum causes the significant differences in morphology and concentration of precipitates [6]. In steels of reactor
WWER-1000 precipitates are radiation-stimulated and in steels of reactor WWER-440 they are radiation-induced [6].

3) Radiation induced segregation (RIS) on grain boundaries and interphase boundaries of embrittling elements
such as phosphorus, sulphur, arsenic, also in combination with matrix damage or attracted into the Cu-rich precipitates

Now the question about relationship of contributions into the radiation embrittlement of different mechanisms
demands the further investigation under higher irradiation doses.

Investigation of Ni role in the processes of embrittlement is of special interest because due to the technological
causes in pressure vessels of nuclear reactor operating in Ukraine the content of nickel exceeds 1.5 % weight. The
deleterious effect of nickel on temper brittleness of steel Cr-Ni-Mo-V was known a long time ago and the existing
experimental data on nickel contribution to the radiation embrittlement of reactor steels are limited

Thus, most of these mechanisms are classified as “hardening” ones (matrix damage, copper-rich precipitates,
partially also segregations when they are inside grains), but P segregation on grain boundaries is classified as “non-
hardening” (non-hardening embrittlement, since not detectable with conventional hardness tests). The last type of
embrittlement can manifest itself as intergranular (grain boundary) fracture, rather than the usual transgranular cleavage
fracture. Thus, their effect on radiation hardening and embrittlement can be quite different (Fig.1).

Vacancies, intersticials, 200
transmutations, etc.

) 180
h Ultra-fine 160 ]
\\( Precipitates Total | ——
Ultra-fine 140

':A/‘.\/Cu, etc.

u L]
®Cu, P Ni, etc
-
P

Segregation
at grain

boundary
F, Mn, etc.

80 Precipitation|{Cu lead) | d____1
_ B0+ T T
Segregation 7 e Segregation (P lead)

at grain 40 7 N ———
boundary facancies, intersticia [" e — T " Direct mattix damage|
F, Mn, etc. transmutations, etc. 20 i
I
0+ 1

1.00E+18 5.10E+19 1.01E+20 1.51E+20 2.01E+20
Fluence, n cm
Fig. 1. Schematic embrittlement processes for RPV Fig. 2. Schematic diagram showing the effect of three damage
materials mechanisms on irradiation embrittlement of RPV steel

Sum radiation embritterment curve (change of the temperature of brittle-ductile transition) is presented on Fig.2.

In high —nickel (Ni) RPV steels (with Ni content more than approx.1.2 mass %-it is typically for few Ukrainian
and Russian units) another damage mechanism can be observed as previously predicted based on thermodynamic
considerations and modeling. This “late blooming effect” can cause an additional increase in yield stress and higher
transition temperature shifts at larger neutron fluences, where a saturation trend usually takes place (Fig.3).

Key issues are the combined effects of irradiation temperature, content of Ni, Mn and Cu and neutron flux/fluence
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Fig. 3. Late blooming effect in high-nickel WWER-1000 weld metals with a possible extension 80-100 to [7].

ZIRCONIUM- BASE ALLOYS

Zirconium alloys are of special importance for nuclear power as material of fuel cladding for water-cooled reactors
due to unique low cross section of neutron capture (0.18-0.19 barn) and high radiation and corrosion resistance. These
elements are subjected to the considerably higher radiation load in comparison with materials of pressure vessels. The
main problems revealed under zirconium alloys operation are radiation growth and related phenomenon of radiation
creep caused by the anisotropic nature of a-zirconium.

Zirconium alloys (domestic: E110. E125, E635 and foreign Zry-2, Zry-4, M5, ZIRLO) (Table 2) used now in
reactors WWER, RBMK, PWR, DWR differ considerably by radiation growth, radiation creep, corrosion resistance,
high-temperature strength, hydrogenation and other characteristics that guarantee reliability of articles.

Despite the high number of studied round the world zirconium alloys, including that containing niobium, it is
recognized that only five alloys are well studied and prepared for operation in reactors PWR and WWER , namely
American Zircaloy-4 and Zirlo, Russian E110 and E635 and French M5 (Table 2 [8]).

The characteristic feature of zirconium alloys of Russian production that are used in nuclear reactors of Ukraine is
the presence of niobium. Niobium is the main alloying element for binary and for multi components alloys. Base
zirconium alloys of foreign production (Zircaloy-2 and Zircaloy-4 are alloyed by tin, iron, chromium and nickel.
Different chemical composition of alloys strongly influence on their radiation and corrosion behaviour.

Alloy E110 is based on the system Zr-Nb where niobium is completely soluble in high-temperature phase of
zirconium and is poorly soluble in low-temperature phase (to 1% [8]). Increase of this alloys strength is related with the
presence of heterogeneous structure consisted of a-solid solution with inclusions of dispersed particles of Byp.

This alloy is used in recrystallized state, its ductility reaches 40% but is highly dependent on oxygen content.

Table 2.
Chemical composition of zirconium alloys used in modern reactor
Alloys Chemical composition, %
Nb Sn Fe Cr Ni C [0) N S
E110 0.9-1.1 - - - - <2:10? <10’ <6107 -
E110M | 0.9-1.1 - 0.1 - - <2:10? 0.12
E125 2.5 - - - - <2:10? <10 <6107
Zircaloy -2 - 12-1.7 | 0.07-02 | 0.05-0.1 | 0.03-0.08 | <2.7-102 - <8107 -
Zircaloy -4 - 1.2-1.7 | 0.18-0.24 | 0.07-0.13 - <2.7-107 - <8107 -
E635 0.9-1.1 | 1.0-1.5 | 03-0.5 - - <2:10? <10? | <6107 -
Zirlo 0.9-1.1 | 0.9-1.1 | 0.09-0.11 - - <2.7-10% - - -
M5 0.8-1.2 - 0.015-0.06 - - 0.0025-0.012 | 0.09-0.18 - <0.0035

Typically irradiation behaviour of Zr-base alloys is determined by behaviour of structural elements- mainly
dislocation in Zr-1%Nb alloy, precipitates in Zr-2.5Nb alloy, dislocation components and aged solid solution-in alloy
E635. In conditions of reactor irradiation under the doses higher than 15dpa formation of dislocation loops of the type
<c¢>[0001] is observed in the microstructure of alloy E110. This correlates with the start of the stage of accelerated
radiation growth.

It is shown that alloying of Zr-1%Nb with oxygen to concentration 0.19% leads to the suppression of dislocation
loops <c> production and, consequently, to the shift of the start of accelerated radiation growth to higher irradiation
doses (Fig.4) [9].
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Alloy E110M (Zr, 1% Nb, 0.1% Fe, 0.12% O) is produced on the base of alloy E110 by alloying with increased
content of iron and oxygen (0.1 Fe%, 0.12 O %). This modified alloy demonstrates higher resistance to creep and lower
radiation growth (Fig.5).
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Fig. 5. Radiation growth versus chemical composition E110 alloy

Alloy E125 is specially developed for channel tubes, casings and elements of fuel assembly hangers for reactors
RBMK, also for Candu-type reactor. The main requirement for material of channel tubes is the minimal rate of diameter
creep (not more 1-1.5-10" %/hour). The high creep resistance and resistance to radiation growth of this alloy is attained
due to the presence in its microstructure of high density of precipitates of p-Nb (6:10*’m™)

From the point of view of microstructure, the resistance to the radiation growth may be explained by the special
features of dislocation structure evolution under irradiation (Fig.6, 7, 8). In alloy E635 with very high resistance to the
radiation growth the high concentration of radiation-induced dislocation loops of <c> type responsible for the processes
of radiation growth may be formed only under very high irradiation doses (>50 dpa) that are practically unreachable in
commercial reactors. This singularity of alloy E635 evolution may be explained by the role of a-solid solution enriched
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MATERIALS OF PRESSURE VESSEL INTERNAL (PVI)

A new important challenge for radiation material science is now the substantiation of radiation resistance of
materials of pressure vessel internal (PVI) for reactors PWR and WWER. These structures play an important role as
they support the reactor core, they channel the water flow inside the vessel and they support and guide the
instrumentation necessary for controlling and monitoring the reactor PVI were designed as not replaceable element of
construction with the operation delay equal to the service life of the reactor pressure vessels [10]. Currently, the first
commercial WWER units are approaching their design lifetime of 30 years. Consideration is now being given to life
extension for another 10 to 30 years. Life extension requires that an assessment be made of the potential behavior of
PVI materials under long-term irradiation.

Characteristic property of PVI elements and, first of all of the baffle, produced for Russian reactors of steel
CrO8Nil18Til0 and for reactors of type PWR and BWR, where baffle is manufactured from steel AISI 321, is that
during operation they accumulate quite high fluence of neutrons and have the temperature level caused by the
absorption of y-quanta and of neutrons; the considerable volume changes of the material of PVI may occur at such
temperature level due to the vacancy swelling under irradiation (Fig.9). This problem is potentially more dangerous for
reactors WWER-100 the baffle of which has more complicated shape and is thicker than in reactors PWR. This causes
the local increase of temperature up to 460°C and leads to the void formation even without temperature shift. Early the
possibility of such radiation swelling in this temperature range was rejected. Recently it became known that this
phenomenon may proceed in light-water thermal reactors.

In American, French, Japanese and Russian works voids were detected in PVI of reactors of PWR type (Fig.10)
[11,12].

In the 1990s and 2000s, it was realized that the dpa rate is important, if not more important, than the irradiation
temperature in determining the duration of the incubation or transient regime of swelling of austenitic stainless steels
[14-16]. Based on experimental data from EBR-II over a wide range of dpa rates a bilinear swelling equation was
developed for annealed AISI 304 stainless steel that explicitly incorporated the dpa rate, as well as the total dpa and
temperature as variables that determine the development of swelling [16]. The effect of dpa rate on swelling was very
pronounced, with the transient regime of swelling reduced very strongly as the dpa rate increased. Despite the fact that a
great number of experimental results on radiation effects in 18Cr10NiTi steels is currently available obtained in
different reactor and accelerator conditions as well as for different constructional materials, there are still no rated or
conventional dependencies of swelling versus the dose, temperature and displacement rate. Approximating function
describing 18Cr10NiTi steel swelling over a wide range of dose rates was obtained in [17]. The empirical dependence
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of 18Cr10NiTi steel swelling against the dose, irradiation temperature and dose rate reads:
(T-690-15.5In k)z}
2-(123-19k) |
where S is swelling in %, D is the damaging dose in dpa; 7 is the irradiation temperature in °C; k is the dose rate in
dpa/s; (D(X) =X- H(x) and H(x) are Heaviside unit step functions; @(x) =1, x>0 o0r 0, x<0.
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Fig. 9. Temperature-dose field in section with maximum of neutron flux on ~ Fig. 10.Voids observed in pressure vessel internal of
height [13]. reactor WWER-1000 (steel 06Cr18Ni10Ti) RNPS -3
[13].

Fig. 11 presents dose-temperature maps of 18Cr10NiTi steel swelling calculated with function (1) with different
dose rates typical both for irradiation on an accelerator (k = 10~ dpa/sec) and for fast neutron (k = 10 dpa/sec) and
thermal neutron (k = 10 dpa/sec) reactors.
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Fig.11. Temperature-dose maps of 18Cr10NiTi steel swelling for different dose rates calculated with modeling function equations (1)

The present results demonstrate that with due attention for dose rate scaling the basic physical processes involved
in the swelling phenomenon occur under both heavy-ion and fast reactor irradiation conditions in a very general
manner.

Employing simulation by heavy-ion irradiation it has been demonstrated that with a decrease in dose rate toward
levels characteristic of WWERs the temperature regime of swelling for 18Cr10NiTi steel will get broader and show a
shift of the swelling peak toward lower temperatures. Increased swelling at lower dpa rates develops primarily from a
decrease in the incubation period of swelling and an apparent increase in the post-transient swelling rate. Increases in
irradiation temperature were also found to decrease the post-transient swelling rate. These results agree with the results
of other neutron irradiation studies on this steel and other austenitic steels.

On the basis of the developed empirical equation relatively large levels of swelling are anticipated to occur in the
WWER baffle ring, especially at dose levels to be reached following plant life extension. Such information is crucial in
making decisions concerning extended operation of WWERs, with or without replacement of the internals.

The main task for the solution of the problem of low-temperature swelling is the study of the operational
conditions (rate dose, temperature, doses, environment, synergetic effect of gaseous impurities, stresses, material
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composition, its initial condition and others).

In nuclear power installations besides creation of radiation defects at co-operating of neutrons with the atoms of
materials of PVI of reactors it takes place to formation of foreign atoms from the nuclear reactions of transmutation.
The special value of nuclear reactions of transmutation consists in the generation of gas transmutation- helium and
hydrogen. In the intercase devices of thermal reactors of type of VVER work of helium and hydrogen for 30 of
exploitation of reactor exceeds 1000 and 2000 appm accordingly [18,19]. Such high concentrations of gases can change
character of the structural-phase converting into materials. In this connection research of speed of work of gases is a
necessity as an additional parameter. Such researches are now conducted in National Science Center “Kharkov Institute
of Physics and technology”.

MATERIALS FOR REACTORS OF NEXT GENERATION

o Generation III light water reactors (LWRs) are

250000 anticipated to be built in large numbers to replace
? / exist in nuclear power plants or to augment the
mZUUUUU . .

o e peamopy/,/ nuclear . productlon capacrcy.. Be}{ond the
= 50000 commercialization of best available light water

& reactor technologies , it is essential to start now the
ooy / "\\ development of break through technologies that will
& e _— BbiCTpble peaKTopbi . be needed to prepare the longer term future for

50 TbIC.T/ rog nuclear power. Fast neutron reactors (sodium , gas or

lead cooled) with a closed fuel cycle which afford
making an efficient use of uranium resource (more
than 80% instead of 1% at most by light water
reactors which essentially consume 235U) and
minimizing long-lived radioactive waste, thus making nuclear energy more sustainable[20].

Development of large-scale nuclear power is not possible without the use of fast-neutron reactors guaranteeing the
nuclear fuel breeding and using in nuclear power cycle of all produced nature uranium and consequently — of thorium
(Fig.12).

High temperatures and irradiation doses in reactors fast neutrons (Table 3) lead to the situation that the problem of
structural material production for claddings of fuel elements became the key one; such material must have the complex
of mechanical and technological properties, compatibility with coolant and fuel material and also stability of properties
under irradiation.

a
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Fig.12. Forecast of the world needs in uranium up to 2100 year [21]

Table 3.
Parameters of fast-neutron reactors
Density of neutron flux 3.10"-10"®n/cm’sec
Rate of He generation 20-30 appm/year
Rate of dose setting 10-50 dpa/year (Totally 150-200 dpa)
Temperature 400-600°C

These challenging requirements imply that in most cases, the use of conventional nuclear materials is excluded,
even after optimization and a new range of materials has to be developed and qualified for nuclear use. Stainless steels
of different classes with different alloying and after different thermo-mechanical treatments are more reliable materials
as clads and wrappers of such type reactors.

AUSTENITIC STAINLESS STEELS

The most investigated and have technological attractive for the core of fast reactors, are austenitic stainless steels.
Austenitic steel shows excellent corrosion resistance, overall mechanical property, but poor irradiation resistance.

These steels were developed intensively in different countries (Table 4).

Radiation swelling up to now is the major problem for using this type of structural materials [22].

Phenomena of swelling in multi component ASS is the result of complex structure-phase transformations during
irradiation therefore the achievement of necessary level of resistance of austenitic steels to swelling may be obtained
only on the base of understanding of all phenomena involved in the processes of radiation swelling.

In authors opinion the achievement of minimum level of swelling is related with the increase of stability of all
structural components (dislocation structure, solid solution, systems of secondary phases precipitates) under irradiation.

Radiation resistance of ASS may be improved at the expense of introduction of insignificant quantities of alloying
elements and subsequent thermal-mechanical treatment [23]. Component and impurity composition of steels influencing
on energy of stacking fault and energy characteristics of point defects may modify the evolution of dislocation structure
during irradiation.

It must be noted that the local variation of composition induced by radiation induced segregation (RIS), leads to
the decay of solid solution and forms the precipitates of two types:

P precipitates suppressing the swelling at the expense of accelerated recombination of point defects on interface
particle-matrix. These are carbides of type MC (principally TiC, NbC, VC), phosphides Fe,P or Ni;Ti (Fig. 13 a, b);
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P precipitates produced in the result of solid solution decay (especially due to the segregation of Ni and Si) are the
sign of radiation resistance loss on last stages of evolution of structure - M¢C and G-phase (Fig.13 c).

Table 4.
Chemical composition of austenitic steels used in core of nuclear reactors
Steel Ni Cr Mo | C Ti Nb Si \ P S Mn Others
AISI 316 10.00- 16.0 2.0- | <0.08 - - <1,0 | - - - <20 | B
USA 14.00 18.0 3.0 0.0002
D9 USA 14.0- 14.0 14- | - 0.2- - 0.8- | - - - 1.8- | -
16.0 2.3 0.35 1.0 2.3
PNC316 Japan 13.8 16.5 2.5 - 0.098 | 0.07 | 093 | - 0.031 | - 1.78 | B
0.0044
15/15Ti, France 14.5- 14.5- 1.3- | - 0.45- - 0.5 - 0.007 | - 14- | B
15.0 15.0 1.5 0.5 1.6 0.0065
FV-548,Great Britain 16.0- 11.5- | 1.1- | 1.4- 0.9- - 03- | - - -
17.0 12.0 1.2 1.5 1.0 0.4
09Cr16Ni15Mo3B(EI- 14.0- 15.0- | 2.5- | <0.09 | - 0.8- | <0.8 | - - - <0.8 | -
847), Russia 16.0 17.0 3.0 0.9
15Cr15Ni2Mo2GTP 14,0- 15.5- 1.9- | 0.06- 0.2- - 0.3- | 0.1- | 0.014 | 0.004 | 1.1- | B<0.005
(ChS-68) Russia 15.5 17.0 2.5 0.08 0.5 0.6 0.3 2.0
EK-99 Ukraine 15.0- 15.0- | 2.0- | - 0.2- - 0.2- | - 0.010 | - 0.9- | B<0.005
16.0 16.0 2.5 0.4 0.4 1.3

*base-iron

Key processes leading to instability of fine MC or Fe,P particles appears to be segregation mechanisms on
precipitates surface. After irradiation at a higher dose, precipitates which have a coherent interface or interfaces with
low degree of incoherence are observed in the steels. The higher stability of coherent precipitates can be connected with
absence of defect sites on coherent interface and minimization of segregation [20]. The change in phase composition
with the dose increasing is explained by the infiltration of Ni and Si into MX phases through the incoherence stage of
evolution and MX—G-phase transition, where (in G-phase) interstitial elements are dissolved.

initiation of voids and its growth.

b)

Fig.13. Precipitates of second phases in irradiated ASS
a) phosphydes Fe,P; b) carbides TiC; ¢) G-phase (Ti, V, Nb, Mn)e(Ni, Co),¢Si7).
Deceleration of formation G-phase and n-carbides and containing such elements P, Ni and Si, influence on the
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The principal effect of cold working in these
steels is a shift the MC precipitation curve to lower
doses and to displace the G-phase curve to higher
doses. Cold work provides a higher density of
nucleation sites for MC precipitates, beside it, the
segregation solute will be distributed between
much higher density sinks than in the solution
annealed case.

The onset of the regime of swelling at a high
rate appeared to be associated with the dissolution
of fine titanium - rich MC type precipitates with
dose increasing. It’s significant that the moment of
changing in precipitate form coincides with the
beginning of steady state swelling (Fig.14).

Evolution of defected structure is the result of
“competition” between the evolution of phases
preventing the swelling, and phases produced in the
result of decay of solid solution. This
“competition” may be extended by the selection of

optimal composition and by the thermal-mechanical treatment (Fig.15). Unfortunately, the role of precipitates as the
main mechanism suppressing the swelling depends on the matrix surrounding and may vary during irradiation. The
alloying elements included into precipitates change the nature of precipitates and modified precipitates interact with
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point defects in different way under irradiation. Interaction of matrix and precipitates throughout the flows of point
defects makes the processes of evolution of microstructure complex and creates some contradictions for understanding
of the influence of alloying elements or the role of precipitates.

Structural stability and void swelling in austenitic steels
I.Neklyudov, V.Voyevodin,

Swelling versus temperature and dose for EK-164 steel
(16Cr19Ni2Mo2Mn2VNbTiB)CW

20

Swelling, %
—_
>

1 1 T
550 600 650
Temperature, °C

Swelling, %

0 30 60 90 120 15
Displacement dose, dpa

National Science Center "Kharkov Institute of Physics and Technology"

27

Fig.15. Swelling versus temperature and dose

The obtained results show:

» The maintenance of desirable swelling is directly coupled with maintaining a more stable microstructure
during neutron exposure. Alloying influence together with treatment consists in:

» Formation of more stable dislocation structure (mainly existence of slow mobile Frank loops number density)
up to higher doses. It can be achieved due to cold work or segregation processes on dislocation components, which
restrict dislocation mobility;

» Save small precipitates of carbides and phosphides (prolong their life), which serve as dominant swelling
suppressor in these steels, from dissolution - shift dose interval of formation for G-phases and n-carbides to region of
higher doses;

» Retarding of G-phase and m-carbides formation will keep in solid solution sufficient quantities of such
elements as Ni, Si and P, which mainly influence on void nucleation and growth;

> Typically for all analyzed steels stability of fine precipitates is necessary condition for preventing of high
swelling.

FERRITIC-MARTENSITIC STEELS

Ferritic-martensitic steels are now the more attractive materials-candidates for claddings and wrappers of nuclear
reactors and for the first wall of fusion reactors due to their low induced activity, low void swelling and creep, high
resistance to high-temperature and helium embrittlement.

There are different international programs of development of reactors of 4 generation and of fusion reactors. These
programs are based on the use of ferritic-martensitic steels that will operate in the wide range of temperatures under
damaging doses of 200 dpa and higher and also of high levels of gases production (of helium and hydrogen) [24-26].

American company “TerraPower” develops a new concept of fast reactor named Traveling Wave reactor (TWR).
This reactor concept uses the principle “produce and burn up”; this concept was proposed by Russian scientist Feinberg
in 1958. Such reactor may produce more energy than thermal reactor. Depleted uranium or natural uranium may be
used as fuel material for this reactor.

The designed burn-up in such reactor will be 20 and possibly 30%. (Let us note that Russian nuclear power poses
the task of reaching the fuel burn-up of 20% in fast reactors).

Under such level of burn-up the damaging doses will be 400...500 dpa. In view of this it is necessary to select the
structural materials for claddings and wrappers of fuel assemblies and investigations of materials-candidates under
super-high irradiation doses are needed.

It is supposed to use ferritic-martensitic steels for claddings in reactor TWR; it is known that these steels have the
lower swelling under high doses of irradiation.

The investigation of swelling of industrial ferritic-martensitic steels EP-450 (of Russian production) under
irradiation by chromium ions up to the doses of 300 dpa is presented on Fig. 16. Irradiation by heavy ions is used for
investigation of radiation resistance of this material. This simulation method is used in KIPT for a long time and gives
many useful results during the study of mechanisms of radiation damage and selection of prospective reactor materials
[26]. And now this is the only method round the world for reaching the super-high irradiation doses.
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Mixing the alloy additives promote the formation of precipitates in ferritic martensitic steels. It has some
properties, which important for developing stable micro structure.

F/M STEELS PRECIPITATES BEHAVIOUR

The Cr behaviour in irradiated ferritic steels affects mainly the evolution of the second phase precipitates. It was
showed [27] that during irradiation 9% and 12% Cr steels to have formation of a few kinds of second-phase
precipitates:

» MgX and M,;Cg precipitates are distributed mainly at grain boundaries and did not change their composition
during irradiation.

» o'-phase precipitates are predominantly Cr (up to 85-90%), are <10 nm in size, and are uniformly distributed
through both ferrite and tempered martensite. Most of the precipitates are coherent. Irradiation of lower Cr-content
steels (9% to 10% Cr) can also reduce the amount of Cr sufficiently to cause the formation of the 'a-phase.

» MyX precipitates exist in 13% as well in 9% Cr steels. They can have a needle-shaped form (in EP-450 steel)
and are finely dispersed (in 9Cr-1Mo-NbVB steel).

» New phase - the formation of Si-enrichment precipitates with stoichiometric compositions (Cr,Fe)oNb;Sig, as
well as the enrichment of Cr,N and M¢X precipitates with silicon and vanadium, can serve as proof that segregation
processes occur in irradiated ferritic steels.

» Typical for Laves phases Fe,(Mo,Nb) in 10Cr6MoNbV steel it was founded the phase transformation to
% (Fes¢Cri2Moyo) phase according with suggested model of phase transformations.

Table 5.
Chemical composition of some 9-12% chromium steels [28]
Steel mark/ C Si Mn Cr Ni Mo A" W Nb B Other elem
country
EMI12 0.08- 0.30- 0.90- 9.0- 1.9- 0.25- 0.35-
Belgium/France 0.12 0.50 1.20 10.0 2.1 0.35 0.45
F82H Japan 0.10 0.20 0.50 8.0 0.20 2.0 0.003 Ta-0.04 N-
less 0.01
JLF-1 Japan 0.1 0.05 8.0 0.2 1.95 Ti-0.002
Ta-0.09
N-0.023
EUROFER, 0.10.- 0.05 0.4- 8.0- 0.20- 1.0- 0.004- Ta-0.06-
Europe 0.12 0.6 9.0 0.30 1.2 0.006 0.10;
n-0.02-
0.04
FV448, England 0.10 0.46 0.86 10.7 0.65 0.60 | 0.14 0.26 N-0.05
EP-450. 0.10- 0.60 0.60 11.0- 0.05- 1.2- 0.10- 0.30- 0.004
Russia 0.15 13.5 0.30 1.4 0.30 0.60
EP-823, Russia 0.10- 1.15- 0.5- 11.3 0.5- 0.6- 0.32 0.5- 0.26- 0.006 Ti 0.004
0.18 1.3 0.8 0.85 0.82 0.8 0.4

The main attention is paid to the analysis of swelling in ferritic-martensitic steels. The Fig. 15 illustrated dose
dependence of swelling for the most investigated ferritic martensitic steel EP-450 (13Cr2MoNbVB). As it is seen from
this Figure the dose dependence of swelling of duplex steel EP-450 have took the traditional form characteristic for all
metals and alloys, namely, the presence of incubation period, transient stages with increasing rate of swelling and
steady state stages of swelling The high increase of swelling rate in steel EP-450 is related with the high increase of
void size (Fig. 16). The mean size of voids under the dose >200 dpa makes more than 50 nm and some voids reach the
size more than 100 nm and contribute substantially to swelling.

During the steady state stage the rate of swelling
of steel EP-450 makes 0.14%/dpa. Due to the
201 ] comparatively high rate the swelling of ferritic steel
under the dose 300 dpa reaches~20%. Such swelling of
15] ] ferritic steel is unexpected because ferritic steels were
considered as material with low swelling [26].

25 T T T T T

Swelling, %

DISPERSION-HARDENED STEELS
59 ] Many studies are directed toward the development
of innovative metallic materials for applications in the
50 100 150 260 25')0 360 350 nuclear industry [29, 3 0] , fulﬁlhng the design
Dose, dpa requirements for fission or fusion nuclear reactors.
Among these are oxide dispersion strengthened (ODS)
Fig.16. Dose dependence of swelling of steels EP-450 (T=480°C)  alloy materials [31] obtained by powder metallurgy [32]
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which are of interest as structural materials due to their creep rupture strength at high temperature [33] and their
resistance to severe neutron exposure. This high temperature creep strength [34] comes from the presence within the
matrix of nanometric size oxide populations, blocking the motion of dislocations and thus making it possible to consider
nominal operating temperatures over 1000 C for some ODS materials (Fig.17).
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Fig. 17. The preference of dispersion hardened steels

Dispersion hardened ferritic steels( which contain 9-12Cr%) are now ones of the more prospective materials for
FA clad of fast reactors and first wall of fusion reactors (FR) and also as structural material of reactors of next
generation (See Fig.18).

PM 2000 ~ EUROFER 97
(HT: recrystallization at 1250°C, 1k ) (HT: 979°C/1h, 51 min+ 739°C/3 h, 42 min)

Fig. 18. Initial structure of dispersion hardened ferritic steels

The required increase of high-temperature strength is attained by the proper dispersion hardening of fine particles
of titanium (TiO,) and/or yttrium (Y,0s;). The unique combination of fine grains, of high density of dislocations and
nanoclusters containing atoms of solution Y-O and Y-O-Ti supposes the production of materials with unique properties
[35-36].

The more important factor influencing on the properties of dispersion hardened steels is the provision of the
deformation dissolution in steel matrix of sufficiently “coarse” oxides of yttrium with dimension 40-100 nm and their
subsequent precipitation as effectively hardening nanooxides.

The necessity of the investigation of material properties under such severe operational conditions is caused by the
last observations that make doubtful the serviceability of ferritic-martensitic steels for their use at high temperatures and
high rates of gases generation [24]. Therefore it is necessary to analyze the evolution of microstructure and modification
of composition for better understanding not only the nature of low swelling but also the cause of the embrittlement.

The features of these ODS-steel will be nanosize particles introduction of that to the initial matrix gives all
material the improvement of his properties. It is such excretions as: Y,0;, TiO, Y4AL,Oy, YAIO;, Y3Al50:,, Y5Si,04,
ALOs, Y,Ti,04, FeY, Y,TiOs, Y,Ti,05, that have different composition, different methods of receipt, but have one goal
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- increase of descriptions of different types of ODS-steel, that can become construction materials of the future before
long. Although irradiation data are scarce, the bcc crystalline structure should present an excellent resistance to
swelling.

The necessity of the investigation of material properties under such severe operational conditions is caused by the
last observations that make doubtful the serviceability of ferritic-martensitic steels for their use at high temperatures and
high rates of gases generation. Therefore it is necessary to analyze the evolution of microstructure and modification of
composition for better understanding not only the nature of low swelling but also the cause of the embrittlement. The
road map of development of materials for fast breeder reactors is shown on picture (Fig.19).

klcrochemical
anktion —

Incubation dose for Void
swelling depends on Stability
of TiC, Fe-Ti-P and Miy{SiTi)
precipitates

<:::> Stability of nano oxide
dispersion at high dpa

Fig. 19. The road map of development of materials for fast breeder reactors

The main in-service issues, in the low temperature range, remain the effect of the a/a' unmixing on the mechanical
properties and, in the high operating temperature domain, the required stability of the oxide dispersion to maintain the
improved creep resistance of this type of material and the absence of heavy intermetallic phase precipitation that could
degrade the toughness the cladding. Preliminary results under mixed and fast neutron spectrum show that a/a’ demixing
should allow this type of materials to keep reasonable ductility and fracture toughness. The under irradiation stability of
the oxide dispersion is an open issue to be settled. The required increase of high-temperature strength is attained by the
proper dispersion hardening of fine particles of titanium (TiO,) and/or yttrium (Y,03). The unique combination of fine
grains, of high density of dislocations and nanoclusters containing atoms of solution Y-O and Y-O-Ti supposes the
production of materials with unique properties.

The more important factor influencing on the properties of dispersion hardened steels is the provision of the
deformation dissolution in steel matrix of sufficiently “coarse” oxides of yttrium with dimension 40-100 nm and their
subsequent precipitation as effectively hardening monoxides.

CONCLUSION

In spite of considerable efforts of researchers in all countries developing the nuclear power the economically
necessary levels of operation of existing nuclear reactors are not reached so far.

It is determined in considerable degree by the insufficient radiation resistance of the main structural materials of
existing nuclear facilities — of zirconium base alloys and different classes of stainless steels.

Challenges of the 21 Century for radiation material science are the guaranteeing of the problems of security and
economy of nuclear power plants.

The main of them are:

1. Substantiation of overhaul period prolongation for operating thermal reactors, that is, study of the
influence of the dose, of rate dose, of processes of segregation, special features of material (composition, thermal
treatment, structure) on microstructure evolution in structural materials during operational period of reactor.

2. Development of radiation-resistant materials for reactors of new generations. Study of the influence on the
material physical — mechanical properties of the dose rate, of stresses, of segregation processes (fast reactors); influence
of the dose, of gas concentration (He, H), of gaseous and solid transmutants (fusion reactors, electronuclear systems
(“spallation”).
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The presented aims may be realized only on the base of modern understanding of the role of microstructural

processes responsible for the evolution of structural state under irradiation and for degradation of initial physical-
mechanical properties.
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New theoretical description of well-known physical phenomena are announced. 1. The description of wave interaction in plasma in
terms of spontaneous and stimulated processes is discussed. Such a description is not only attractive from the methodological point
of view, but also offers new possibilities for the understanding of physical processes related to the interaction of radiation with
matter. Moreover, there exists an intimate relationship between spontaneous and stimulated processes that can simplify the
calculation of nonlinear terms for systems with multi-wave interactions. 2. It is shown by the example of two-level system that
generation of coherent radiation is realized in excess of the threshold, determined by the equality of the squared population inversion
to the half of the total number of all possible states. 3. The spectrum of waves emitted by oscillator, trapped in an external potential
well is analyzed. It is assumed that the eigenfrequency of the oscillator is much greater than the frequency of oscillations in the
potential well. The effect of the recoil on the absorption and emission of the oscillator is discussed. Since the energy of the slow
oscillations in well is equal to the recoil energy, the intensity of the absorption and emission lines at the eigenfrequency exceeds the
intensity of other spectral lines. 4. The formation of gravity surface waves with abnormally high amplitude, that occurs only in initial
stage of nonlinear regime of modulation instability in the ocean, is considered. 5. The intensive long-wave Langmuir oscillation in
plasma has been generated by a high-current charged-particle beam and a maser radiation is unstable. It being known the field energy
density often exceeds the thermal energy density of plasma. In this case the modulation instability of intensive oscillation results one
plasma density cavity over a wavelength of the intensive oscillation. It is shown, that kinetic limitation mechanism of cavity
deepening is the local capture of ions. It should be noted, the potential of cavity is quite low for capture of great part of electrons with
considerable kinetic energy.

KEY WORDS: spontancous and stimulated processes, multi-wave interactions, threshold of coherent radiation, emission by
oscillator, trapped in an potential well, modulation instability.

O HOBBIX OTIMCAHHUSIX XOPOILO U3BECTHBIX ®U3NYECKHUX SABJEHUI
B.M. Kykiaun
Xapvrosckuil Hayuonanvuwlil yHueepcumem umenu B.H. Kapaszuna
ni. Ce0600vt 4, 61022, Xapvkos, Ykpauna

AHOHCHPOBaHBI HOBBIE OIMCAHUS H3BECTHBIX (GH3MYecKHX sBIeHUH. 1. OOGCykmaeTcst omMcaHHe BOJIHOBBIX B3aHMMOJCHCTBUH B
1a3Meé B TEPMUHAX CHOHTAHHBIX M MHIYLIUPOBAaHHBIX IIpoLeccoB. Takoe omnucaHue IPUBJIEKATEIbHO HE TOJIBKO C
METOJOJIOTHYECKON TOUKHU 3pEHHMs, HO U OTKPHIBACT HOBbIE BO3MOXKHOCTH JUIsl HOHUMAaHUs (pU3HUECKNX MPOLECCOB, OTHOCSIIUXCS K
B3aUMOJEHCTBHIO U3IydeHus ¢ BeuiecTBoM. Kpome Toro, cymecTByeT IiyOokasi CBS3b MEX/IY CIIOHTAHHBIMH U MHAYLIMPOBAaHHBIMU
MpoLeccaMu, KOTOpasl TO3BOJIIET YNPOCTHTh BBIYMCICHUS HENUHEHHBIX CIaraeMblX B BBIPAXEHMAX JUII MHOTOBOJIHOBBIX
B3auMojelcTBuil. 2. Ha nmpuMepe nByXypoBHEBOI CHCTEMBI ITOKAa3aHO, YTO BOSHIKHOBEHNE KOTEPEHTHOTO M3Ty4SHNUS BO3MOXKHO MPH
MIPEBBIICHAN TIOPOTa, OMPEIETIEeMOr0 PAaBEHCTBOM KBaJpaTa WHBEPCHHM HACEICHHOCTEH IIOJIOBHHE ITOJHOTO YHCIA COCTOSHHI
cucteMsl. 3. VI3ydeH CIIeKTp BOJIH, TeHEPHPYEMBIX OCHIIUIITOPOM, 3aXBaYEHHBIM BO BHEITHIOIO IOTEHIHAIBHYIO siMy. CoOCTBEeHHAs
YacTOTa OCLIJUIATOpPA IIPH 3TOM MHOTO OOJBIIE YacTOTHI €ro KoieOaHWil B IOTEHIUAIBHON sMe. YUuThiBaeTcst 3pdeKT oTmadu
OCLIJUIATOpa NPH H3TyYeHUHM M IOTJIOIICHWH. B ToM ciydae, ecim SHeprus OTAadM paBHA SHEPTHMHM MeEUICHHBIX KoyeOaHmit
OCLIJUISITOpPa B MOTEHIMAJIBHON SIME, HHTEHCHBHOCTD JIMHHUI M3JyYeHHUS M IOIJIOLICHHs Ha ero COOCTBEHHOM 4acTOTE MpPEeBBIILIAET
MHTCHCHBHOCTH JIPYTHX CHEKTpanbHbIX JuHUHA. 4. [lokazaHo, 4To (opMHpOBaHHE TIPABUTALMOHHBIX I[TOBEPXHOCTHBIX BOJH
AQHOMaJIbHO OOJBIION  aMIUIMTYABI, MPOMCXOAUT TONBKO HA HAYalbHOM CTaguM HEIMHEHHOTO pPEXHMa MOIYJSIMOHHOM
HEYCTOWYMBOCTH OKEAaHCKOTO BOJHEHUS. 5.1 eHepupyeMble MyuKaMu 3apsHKEHHBIX YaCTHI] TN Ma3epHBIM H3Iy4eHHEM HHTCHCHBHBIE
JUTHHHOBOJIHOBBIE JICHMIOPOBCKHE KOJIeOaHMS IIA3Mbl OKa3bIBAIOTCS MOJYJAIMOHHO HEYCTOWYMBBL. [IpmueM 9acTo IUIOTHOCTH
SHEpPrHM MOJI JOCTHTaeT M IIOpOH NPEBOCXOMUT  IUIOTHOCTH TEIUIOBOM OSHEpPrHMHM IUIa3Mbl. B 3TOM ciydae pe3ymbTaTtoM
MOJIYJISIINOHHOW HEYCTOWYMBOCTH SIBIISIETCS BO3HMKHOBEHHE KaBEPHBI IUIOTHOCTH IUIa3Mbl Ha MacmITabax IIMHBI WHTCHCHBHOM
BONHEL [loKka3aHO, YTO KMHETHYECKMM MEXaHH3MOM CTaOMIM3alMi JaJbHEHIIero yriayOneHHs KaBepHBI IUIOTHOCTH SIBIISIETCS
JIOKIBHBIA 3axBaT HOHOB. OTMEYeHO, YTO NOTEHNIWAl KaBEepPHBI OKAa3bIBACTCSl HEJOCTATOYHBIM JUIS 3aXBaTa OOJIbIIEH YacTH
3JIEKTPOHOB, 00T IAIONINX 3HAYUTEILHON KHHETUIECKOM SHEPTHEH.

KJIFOYEBBIE CJIOBA: crioHTaHHBIE U HHIYyLHMPOBAaHHbIE IMPOLECCH], MHOTOBOJHOBBIE B3aUMOJEHCTBHs, MOPOT KOTE€PEHTHOM
TeHEepaliy, U3TyueHHE OCIMIIIATOPA, 3aXBaU€HHOTO B IOTEHINAIBHYIO SIMY; MOAYJISIIHOHHAST HEYCTOMYHBOCTb.

ITPO HOBI OITMCH JOBPE BITOMUX ®I3UYHUX SIBAILILL
B.M. Kykain
Xapkiecokuti Hayionanvhuti ynisepcumem imeni B.H. Kapasina
M. Ceob0o0u 4, 61022 Xapxis, Yrpaina
AHOHCOBaHO HOBI omucH BinoMux ¢(isnunux sBUII. 1. OGroBOpIOETHCS ONKMC XBHICBHX B3aEMOIH B IIa3Mi y TepMiHax
CIIOHTAaHHMX Ta BUMYIIEHHX IpoueciB. Takuii omyuc npuBepTae yBary He TiIbKH 3 METOOJIOTIYHOI TOUKH 30Dy, @ TAKOX BiIKPUBAE
HOBI MOXJIMBOCTI [UIsl pO3yMiHHS (i3HYHHX MPOLECIB, 10 BiHOCATHCS 10 B3a€MOJii BUIIPOMIHIOBAaHHS 3 pedoBHHOI0. Kpim Toro

© Kuklin V.M., 2012




20
«Journal of Kharkiv National University», Ne1017, 2012 V.M. Kuklin

ICHy€ 3HaYHUI 3B'I30K MK CIIOHTAHHMMH Ta BUMYIICHUMH HPOIIECaMH, L0 JTO3BOJISIE CIIPOCTHTH OOYNCIICHHS HENIHIHHUX JJO/IaHKiB
B BHpa3ax Ui OaraToXBWIbOBHX npoueciB. 2. Ha mpukiajgl ABOPIBHEBOI CHUCTEMM II0Ka3aHO, I10 BHHMKHEHHS KOI'€PEHTHOIO
BUIIPOMIHIOBAaHHA MOXJIMBO IIPH TIEPEBUIIECHHI MOPOTY, IO BU3HAYA€THCS PIBHICTIO KBajpaTa iHBepcii IMOJIOBHHI MOBHOTO YHCIIA
craniB cuctemi. 3. [IpoaHanizoBaHO CIIEKTP XBHJIb, IO TEHEPYE OCLIIATOP, KU 3aXBa4€HO B 30BHIIIHIO OTEHIIHY sAMy. BrachHa
4acToTa OCHWIIATOpPa Habarato OiNbIla YacTOTH HOTo KOJMMBAaHB B MOTCHLIHHOI siMi. BpaxoBaHo edekt Bimmadi ocumisropa mpu
BUIIPOMIHIOBAaHHI Ta MOTJIHMHaHHI. B ToOMy BHIanKy, KOMM €Hepris Bimgadi MOPIBHIOE €Heprii MOBUIBHHMX KOJMBAHb OCHIIIITOpPA B
MIOTEHIIIMHOT sIMi, IHTEHCHUBHICTB JIIHIH BUIIPOMIHIOBAHHS Ta ITOTJIMHAHHS Ha HOTO BIIACHOI YaCTOTI 3HAYHO ITEPEBHIILY€ IHTEHCHBHICTh
IHIMX JiHIA criexTpy. 4. [Toka3aHo, mio GopMyBaHHS rpaBiTalifHAX ITOBEPXHEBHX XBWJIb aHOMAIBHO BEIUKOI aMIUTITYyH B OKEaHi
MOXKHAa NMOOAYHUTH TITBKM HAa HAa4YaJbHOI CTanil HENiHIHHOTO PeXUMy MOJIYJIALIHHOI HECTiMKOCTi XBHJIb B OKeaHi. 5. IHTeHCHBHI
JOBFOXBHJIEB] JICHTMIODIBCBKI KOJIMBAaHHS, IO TE€HEPYIOThCA IyYKaMH 3aps/UKCHHX YacTOK Ta MAa3epPHUM BUIIPOMIHIOBAHHSM,
BUSBIIIOTHCS] MOYJIsIIiHE HECTIHKUMHU. JJOCUTH 4acTO TyCTHHA €Hepril Mo 3HAYHO MEePEBUIIY€E T'yCTHHY TEIUIoi eHeprii ma3mu. B
LBOMY BHIIAJKY PE3yJIbTATOM MOIYJISLIHHOI HECTIHKOCTI € BUHUKHEHHS OIHI€i KaBepHU T'YCTHHH IIa3MH Ha MacmTadi OBXKHHU
iHTeHcHBHOI XBUIIi. [loka3aHo, I10 KIHETHYHUM MEXaHI3MOM OOMEXEHHS MPOLECy MOTINOIICHHS KaBEPHH € JOKAIbHUIA 3aXBaT 10HIB.
BiamivyaeThes, 110 MOTEHIIAN KaBepHH 3aMaJlnil JUlsl 3aXBaTy 3HAUYHOI YaCTHHHU EJICKTPOHIB, SIKi MAIOTh 3HAYHY KiIHETHYHY CHEpIil0.
KJIIOYOBI CJIOBA: crnonTaHHI Ta BUMYyIIEHI IpOIEcH, 0araTOXBIJIbOBI B3a€MOJIi, IOPIr KOT€PEHTHOTO BHIIPOMIHIOBAHHS,
BUIIPOMIHIOBaHHS OCIIHJIATOPA, IO PyXa€ThCs B 30BHIIMIHBOT HOTEHIIHHOT sIMi, MOIYJISIIIHA HECTIHKICTB.

1. INTRODUCTION

That paper announces new theoretical description of following well-known physical phenomena and new results
of its analyses. At first we apply this concept for a description of some processes in plasma in terms of spontaneous and
stimulated emission. By spontaneous emission, one means the process by which an emission source such as a charge or
current emits an electromagnetic wave and this emission does not depend on the external electromagnetic field at the
same frequency. By stimulated emission (or absorption), we mean the process, caused by the interaction between an
emission source (absorption channel) and an external electromagnetic field at the corresponding frequency. It is not
difficult to generalize the method suggested by Einstein [1] and derive [2,3] the equation for the radiation energy

density W, =hw- N, :
dw, /dt=S, + 05
o(hw)

here N, - number of emitted quanta, S, the change in energy density on level n caused by spontaneous processes. The

w,, ©))

term (S, —S,)N, =W, -0S, /0(hw) corresponds to stimulated processes. Interaction between waves and currents has an

allocated character and depends on the integral phase relations, which causes some difficulties in the interpretation of
these processes as radiative. But one can formulate a simple criterion for the existence of spontaneous radiation. If the
work done by the field on the current, which generates this field, has a non-zero real part, then spontaneous radiation
takes place. This criterion becomes very important when the current and the related field occupy the whole interaction
space, e.g. the current is not localized and the field in the far-field zone cannot be analyzed. In the 2 part one can see
that oscillations, generated by nonlinear currents at combined frequencies, demonstrate all the characteristics of
spontaneous and stimulated emission.

The major problem is the interpretation of an induced radiation in quantum description as coherent radiation. In
contrast to the classical description here is impossible to say something about field phases of atoms and molecules
radiating. But though Charles Townes considered that “...energy is radiated from molecular systems has the same field
distribution and the same frequency as external emission, and consequently permanent (probably zero-order) phase
difference” [4]. Stimulative problem for thinking are degree of coherence in maser; inversion level, which is the
necessary value for coherent radiation and the role of noncoherent radiation in depletion of inversion. The other
unsolved problem is the physical role of noise emission into the process dynamics of generation for traditional and
plasma electronics devices. That problems [5] are proposed for discussion in the 3 part.

The scattering of high-energy photons by free electrons results in a decrease in energy of photons due to the recoil
effect (the Compton effect). This fact together with the phenomenon of the photoelectric effect confirmed the basic
principles of quantum theory of radiation [6-8]. The processes underlying the interaction of radiation and matter are
characterized by an impressive variety and form the basis for many physical research directions [9]. One of the
problems, that arises when considering the processes of absorption and emission by a substance, is the problem of
interaction with the external radiation field of the oscillating particle trapped in the potential well formed by the spatial
structure of the medium. This problem requires the use of the quantum model for describing the behavior of the
excited oscillator in a potential well, take into account the effect of the recoil. The purpose of the 4 part is discussion
[10] of the quantum-mechanical model of the interaction between a charged particle-oscillator trapped in the potential
well and an external electric field.

The modulation instability of regular spatial patterns form the spectra of perturbations, which growth rates have
local maxima both in the bands of small and large scales [11-12]. The modulation instability occurs, for example, in
systems described by the Lighthill equation (or NSE) [11]. It also underlies the instability of Langmuir waves in plasma
described by Zakharov equations [13] or Silin equations [14]. In recent years, the attention of researchers was attracted
to the phenomenon of large-amplitude short-lived waves observed in various nonlinear dispersive wave media. These



21

physical series «Nuclei, Particles, Fields», issue 3 /55/ On new representations of...

waves were named as freaks or rogue waves. Of particular interest are the experimental observations of extreme ocean
waves. A complete review on the various phenomena yielding to rogue waves in ocean can be found in the book [15].
Later, it has been found experimentally that freak waves can be generated in optical systems [16-17] and in space
plasma [18]. Zakharov and co-authors (see detailed review [19] and book [20]) have formulated the theory of the
nonlinear stage of modulation instability based on excites the spectrum satisfying the conditions of space-time
synchronism of the form 2@, = w(k)+ w(—k) and interaction by pairs of waves symmetric with respect to the pump
w(k)+ w(-k) = o(k")+ w(-k") . This model, as shown in the 5 part, allows to analyze some specific futures of the
instability, in particular, the symmetry breaking of the excited spectrum during the progress of the modulation
instability in a medium with strong dispersion and the formation of gravity waves with abnormally high amplitude [21].

The intensive long-wave Langmuir oscillation in plasma has been generated by a high-current charged-particle
beam and a maser radiation is unstable. It being known the field energy density often exceeds the thermal energy
density of plasma [14]. In this case the modulation instability of intensive oscillation results one plasma density cavity
over a wavelength of the intensive oscillation [13,14]. In the 6 part one may see the potential well bottom is capable of
ions capture, but the potential of cavity is quite low for a capture of great part of electrons. The energy of captured ion
considerably exceeds initial energy of electron. But capture region is too small and the total energy of ions is
substantially smaller the initial total energy of system. That local capture of ions is the kinetic (but non hydrodynamic)
limitation mechanism of cavity deepening.

2. WAVE INTERACTIONS IN PLASMA IN TERMS OF SPONTANEOUS AND STIMULATED PROCESSES
Let us consider the interaction of three ion-acoustic waves in non-isothermal plasma. Let two ion-acoustic waves

with frequencies @, and @, propagate in a nonlinear medium and excite a nonlinear current, j,,, capable of radiating
proper waves of the medium at a frequency @, under conditions of spatial-temporal synchronism @, = @, + @, and

lgl = 1?2 + l% . The radiation of quanta @, by the nonlinear current j,, can be considered as a spontaneous process if one
takes into account the action of waves of frequencies ®,,®, on j,,. The Fourier transform of the current at

combination frequency @, + @, can be represented as follows:

. n,e’ {E,E,}
]23(a)ak):(k2+k3)w5(k1 _kz_k3)» (2)
m; 0,0,
where for £, E; and {E,E;}, we use the expressions
1 2 /A2
{E,Es}, = {E2E3}omexp{_(w_wz —;)" /A 923} > 3)
Q23

By applying the Borel theorem at small detunings —(@, —@, —@,) =A_,,; = A, (A,,; - is dispersion spreading) the rate
of emission at the frequency @, due to the interaction of the field with the nonlinear current at combination frequency

, + w,1s determined by the following expression:

2
. ) e 8 w
D f;§>+E;§u;§>>/z:a[—j w8 @
my, 3 w,0,

where ;¥ is the nonlinear current, which is generated by two ion-acoustic waves with frequencies @, and @,, and

Eg) is the field at a frequency @, which is generated by that current in turn. Note that the sign of the rhs of (4) is

positive and does not depend on phases of interacting waves, which correspond to the emission process. This sign-

definiteness is characteristic of spontaneous processes. In addition, the generation at the frequency @, is provided by an
P p g q y @ 18p y

external source in relation to the wave at the frequency , (here by the waves at frequencies @, and @) that also

. . 1 o€ Q° )
common to spontaneous processes. We have used the following notation: W, = g—a)1 8_| E =2 2 — | E, " - is the
10} 70

1

intensity of oscillations at the frequency «, and A,y = (-0 +0,+ o) =300,0,/ Esz is a frequency detuning via
dispersion,
3ww,o, 1

2Qz‘2 Agys ‘/;

A similar equations can be written for the number of quanta N, =W, / hw, :

a=rx eXp[—(wl -, - w,)’ /A2923:| ®)
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ON, 2Q°¢E,E,E
_lzaﬁ _° N2N3—Re#+
ot 3\ my, TV, 0,00,
) (©)
+ﬁ(—e j [@' NN, +aN,(N, +N,)].
3\ myy,
and for the slow phase of oscillations at frequency , :
2 *
0 Q’¢E E.E
N OO _Bh e |y N EBBE
ot 6\ my, ’ mhv, o, 0,0, e

_8n
6

The first term in the rhs of (6) and (7) describes the spontaneous effects, the second term governs the interaction of all
three waves and the third term is responsible for stimulated self-action (oc N,”) and cross-modulation effects, which can

(Lj [N,N, = N,(N, + N,)].
m.y

i’s

be obtained by direct calculation. Equation (6) can be rewritten without considering the self-action term oc N> as
follows (compare with (1)):
oS

o (o) m ®)

aw, | dt = S+{ j,E, + j,E, |

2
W, W,
where Szat§ ¢ o —=—=.
3\ my, w, o,

Unexpectedly, ex facte, the equation for the slow phase (7) can be rewritten by the same sort. The term oc N> is

responsible for stimulated self-action can be obtained by such procedure [22]. Note that the first terms in (6) and (7) are
of the same order as the last terms of these equations. This gives reason to believe sometimes that the physical
mechanisms for which they are responsible are of the same type, which is not true. Note that spontaneous emission of
nonlinear currents gives rise to terms of fourth order on the field and has no appreciable effect on the dynamics of wave
processes, where the third-order terms play a dominating role. Moreover, if one knows the term of emission at the
frequency @, due to the interaction of the field with the nonlinear current at combination frequency , + @,, one will

find all other terms of fourth order on the field. Such fourth order terms can be decisive in determining the steady-state
emission spectra of plasma systems.

3. ON THRESHOLD OF COHERENT GENERATION
According to conception, formulated by A. Einstein, the description of two level system in presence of radiation

with transition frequency &, —&, = ha@,, the following:

ony /0t =—(uy +wy N, )-ny +w, N, -n, ©

anl/at:—le‘Nk‘n1+(u21+W21'Nk)'n2’

where general number of particles of system is invariable n, +n, = Const,U,, * 1, - the rate of change of quantum
number on second excited level at the expense of spontaneous emission. The expressions w, N, -n, and , .N, .5

determine the rate of change of quantum number at the expense of induced emission and absorption, respectively. Here
N, - quantum number on transition frequency. The equation, which describes the behavior of N, is

ON,

67;:(“2]+W21'N/:)'n2_(W]2'Nk)'nl' (10)

It will be recalled that the oscillator radiates with the same frequency and phase as the outer emission. Note, the

outer radiation and induced emission of oscillator are appeared coherent [6,23,24] (also see [25-29]). The more
intensive coherent component of outer radiation, the more energy in unit time the oscillator loses. The spontaneous
emission does not depend on the outer emission and is noncoherent. Assume on qualitative level the terms in right side
of equation (9), (10), which are proportional to N, , to be responsible for coherent processes [5]. It is reasonable to

submit g =n, —n,, N, = N, + N, and represent the equations (9)-(10) in a form

20n, /0t =0u/ 0t =-2n,-2u-N,“";  oN, """ /67 =n,; oN“" /ot = - N, (11)
where u, =w, =w,, T =Uu,, -f.From the solution (11) one can see the threshold of coherent generation [5]
M= Hyy =N2N (12)

where N =n, + n, - general number of states. Let illustrate the dynamics of generation process by the instrumentality
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of numerical solution of equations (12) in handy shape

ON, /0T =N,/2; ON_/80T =M-N_; OM /8T =—-N,—2M -N, (13)
where N =N, " /y s N =N/ s M=puluys T=w, -, t=p, 7, the single free parameter is N, = N/u?,
initial conditions: M(T =0)=1, N_ (T'=0)==0,001, N_(T =0)=0,001. The results of the calculations are represented

inc

on Fig.1. The value of normalized quantities N, (solid curve 1), M ( solid curve 2), N, (solid curve 3), and the

stationary solution of Egs. (9)-(10) N, / g, (upper dotted line) and M = 4/ 4, (lower dotted line) are demonstrated in

the line of Y-direction.
12p In case of sufficiently large initial inversion

Mo =104/N, exponentially fast (7oc20) current

value of inversion tent to zero, coherent quanta
number N, " reaches /2, it is typical of super-

0.8

radiation. Noncoherent component is smallish under
such conditions. After that in what follows normalized
coherent quanta number N decreases, but noncoherent

0.6

quanta number N, ~on the contrary is increasing
(Fig.1). In <case of small initial inversion
4y, =~N/30, growing noncoherent component

rapidly depletes current value of inversion and
coherent field is depressed by stimulated absorption.
The growth (even not exponential) of coherent
component N below threshold (12) is impossible.

02 1 1 1 1 1 1 1 | 1 |
0 10 20 30 40 50 60 70 80 90 100
t

Fig.1. The dynamic behavior of normalized noncoherent quanta 4. ON THE EMISSION AND ABSORPTION
number N, (1), relational inversion M (2) and normalized SPECTRA OF OSCILLATOR, TRAPPED IN
2 THE POTENTIAL WELL

coherent quanta number N, (3); N, =N/, =0.01. The The important problems that arises when
dashed lines - the stationary solution of Egs. (9)-(10): N, / t{;  considering the processes of absorption and emission
(upper dotted line) and M = y¢/ g, (lower dotted line). by a substance is the problem of interaction with the

external  radiation  field of the  oscillating
particle trapped in the potential well. Suppose that a charge Q is at rest near the bottom of the outer potential well. We

also assume that the recoil energy is not enough to ensure that the particle has left the potential well in which it is
located. Upon emitting the high-frequency quantum E, = 7ii(w, +€2), the charged particle obtains the recoil momentum

M,V,, becomes the excited oscillator with the proper frequency «,, which executes a slow periodic motion in the

well. The particle motion can be represented as x = hsin Q¢ The conservation laws at this take the form:

(e, +Q)Jc=M,V,, hQ=M,V; 2. (14)
Note that the energy of oscillations in the potential well is equal to #Q . That is why the energy of the absorbed photon
must exceed the energy of the oscillator excitation 7%, namely on this value. The frequency of oscillations in the
potential well can be found from Egs. (14)

thwzo/ZMch. (15)

Here we assume the condition 7A@, <<2M ch is fulfilled. On the other hand, Eq. (15) implies the circle frequency of

oscillations in the potential well is equal Q =V, /b . Since the energy of the quantum #Q is equal to the recoil energy,
it follows [30]

obfc=kb=2. (16)

Note that the potential well should be significantly wider than 4 and the wavelength A =27/k = zb and deeper

than the recoil energy (15). The highest intensity of the absorption and emission lines is observed on the eigenfrequency
of the oscillator just when the recoil energy is equal to energy of the quantum of low-frequency oscillations in the
potential well [10]. The Hamiltonian’s correction of interaction between the oscillator and the field can be written in the

fOl“m(Qze,MQ =m)
H'=—e-v A /c 17

The interaction energy (17) is proportional to the product of the velocity of the oscillator on the field at the point where
it is located. Note, v, = V, COS@yt - velocity of the oscillator , A = V2. ¢,Cos((w+Q)t)- Cos{kbsin Q¢ + 5} - component
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of the vector potential. Minus sign corresponds to absorption, when the energy of the absorbed quantum must exceed
the value of the excitation energy on the value of the recoil energy (14). Plus sign corresponds to emission when the
energy of the emitted quantum must be less than the value of the excitation energy on the value of the recoil energy.
The interaction energy under condition is nonzero at @ = @, + (mF1)Q:

H'=_%"0 qoﬁ.ZJnl(kb)~cos§. (18)

c
Authors of [10] consider the cases of absorption (m=-1) and emission (m=+1) on the proper frequency
(eigenfrequency) of the oscillator @, and when the oscillator is not at rest on the bottom of the potential well. That is
the frequencies of the absorbed and emitted field are the same and equal to @,. The probability of transition with the
emission (upper sign) and with absorption (lower sign) on the proper frequency of the motionless oscillator @,

=S 40 |2>-Jf(kb>-Cos25-{”;l} (19)
Note that under condition (16), the intensity of the absorption and emission lines at the frequency @, in le (kb)/ J* o (kb)

times exceeds the intensity of spectral lines @ =@, £Q.

5. MODULATION INSTABILITY OF GRAVITY WAVES IN OCEAN WITH DAMPING AND FORCING
Consider the modulation instability of externally driven wave in a medium with sufficiently strong dispersion and
weak dissipation, which can be observed in plasma wave-guides, as well as on the water surface and other physical
situations. We use below the following dispersion relation that characteristic, as an example, of gravity waves on deep
water [31]:

w=\Jgk {1+ LK /2+ ..} (20)

where g is some dimensional coefficient (for the gravity waves on deep water it is the acceleration of gravity).
Experimental data for ocean waves give us the following characteristics [32]: the maximal steepness of stable
waves = H/A=0.13-0.14, where H «c24 and A are the vertical distance between the wave crest and the deepest trough
preceding or following the crest and wave-length correspondingly. It follows from here that Ak <1. Denote frequency
o, the average wave amplitude as |4, [, the average wave height as H=2] 4,|. The gravity waves with
H =(2+3)-2] 4, | are considered as extremely high. It follows from here that (4+6)| 4, |k, /27 o« 0.13 and it is easy to
see that the width of spatial spectrum of the instability in this case is not so small. The simplified representation [19-21],
which describes only in initial stage of nonlinear regime of modulation instability, one takes into consideration to the
following diagrams 2, = w(k)+ w(—k) and interaction by pairs of waves symmetric with respect to the pump
(k) + o(—k) = w(k")+ (k") . Introducing real amplitudes and phases A, =|u, |exp(ip, ), we have obtained the

system of equations, which describes the modulation instability in a medium with strong dispersion [21]:

Oup
k=
where @, =2¢, —¢, —¢_, is the total phase (or the phase of the instability channel). A distinction needs to be drawn

~Su, +(1+K)*S {u_,(ug S, +u 3w sin(® —@K)}, @b

K#K,0

between modes with wave numbers K and K and phases @, and ®, =@, +¢  —¢ —@ .

aﬂ——£<4/(1+1()—1)—(1+K)2'5|:2u§+u,2<+2 > uf(,+uf_1<u§cosCDK + Xk D ey cos(d)K—(DK)}, (22)
a

or K'2K,0 Uy Uy K#K.0

where the mode frequencies are w(K)- @, = olk,(1+K)]-w(k,) =+/gk,(1+ K) —,/gk, - We use the following
notations  w¢/2=7/a, a=k|4 > K=(k-k)/ky A/ A(r=0)=a, =u,explip,}, and also

Ay =2(1/(1+K)—1]+1/(1—K)—1)/a, P, =2(1+K)* +2(1-K)** -2.

In order to analyze the wave height distribution (e.g. the distribution of vertical distances between the wave crest
and the deepest trough preceding or following the crest), we take a third of highest waves. Then we find the average

height of all waves U, , average height of a highest third and the maximum wave height U,,,, in consideration

USWH
domain (¢ cL=27/(AK/k)=2zN/K, =zN/\2a, where AK =2K, /N, ¢=kx, X - spatial value). Calculations were
performed for 600 modes in the spectrum. The ratio of dissipation level & to the maximum growth rate was chosen as
0.1 (e.g. 0 =0.1). In order to provide the unit amplitude of the fundamental wave at the initial stage of the instability
we have also chosen the value of the external drive force as G=§=0.1. The results of that calculations are represented
on Fig.2.

Note that the criterion which defines the extremely high waves with amplitude U ,; is U, > 2U,,, or something

SWH
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like this, should be used with caution because this criterion as usual is applied to statistics obtained on sufficiently large
observation periods, but the highest amplitudes are observed at the initial stage of the instability.

The considered model shows that the appearance of
waves with abnormally large amplitudes is characteristic of the
initial stage of the modulation instability. The average and
maximum wave heights noticeably decrease with the
development of the instability. However, even in the later case
(7 oc30) abnormally high waves can be detected according to

the criterion U, >2Ug,, , although their amplitude is

already one and a half - two times less than in the most
interesting case (ro«c10). There are few waves fits at the
modulation length in the initial stage of the process and one of
which may be abnormally large in some realizations (that
result [21] comes to agreement with observed data [15,33]). At
the stage of developed instability, the number of waves for the

o 10 20 30 40  so  modulation length increases to three or four times. The
Time probability of abnormally high wave events in our numerical

Fig. 2. Time evolution of wave height parameters: U ., — simulations is qualitatively consistent with the known
observations of ocean waves. It should be noted that the total
energy of wave motion is approximately conserved with
reasonable accuracy in the domain under consideration (both
in time and space) and the condition that the amplitudes of
individual side-band modes remain much smaller of the fundamental wave amplitude is satisfied during the entire
simulation time [21]. The latter allows us to assume such a description of the modulation instability sufficiently correct.

Wave height

the average height of all waves in the observation domain,
Uy, — the average height of a highest third, U,,,, — the

maximum wave height [22].

6. THE LIMITATION MECHANISM OF THE DENSITY CAVITY DEEPING ON MODULATION
INSTABILITY OF INTENSIVE OSCILLATION IN PLASMA
Let us consider the behavior of electrons (o =¢) and ions (« =i) of cold plasma in the electric field of intensive

Langmuir oscillation £ = E, - Sin(e,t — k,x + @) with the frequency @, near Langmuir frequency o, = ,/4;;62,10 /m,
where e charge, m,, - mass of a particles, E, , @ - slowly varying amplitude and phase of the field. The generalized

1D Silin’s equations, which are describing the modulation instability [34] ( see also [35]) of intensive oscillations with
excitation of wave spectra (the wavelength of whichis 27/ nk,, where n <100) are

ON, /0t —iAN,—iM, -J (na)/2n = O.SiZMm N, Jy(ma)-N* _ -J,(ma) exp(2ig)], (23)
dla-exp(ip)]/ 0t =2iy M -[J,(sa)N, +J,(sa)- N * -exp(2ip)], (24)
2
d 6: = iZ:{ZJ1 (na)-Re[N, exp{-ip}]+
dr 2 n , (25)
+n-) Jy(na,)N*, N, , —J,(na)Re(N*, N*,_, expi=ip})}-sin2zns)
where §.t=7; S=(m,/m)"”; a,=a-n=n-ekE,/ maw,; N, =u, /enn,- Telative disturbance of electron and

M =5 '.[0.5 d&, -cos(2mné) - ion densities, J (x)- Bessel function, A =A, + pn’ :_5_1(1_0’; [ @*)+3k,T, | 46m,0” -
n -0.5
detuning; T- electron temperature in units of energy. Let us assume the condition EO2 /4xn,T, =W [ n,T, >>1 is

satisfied. The result of the solution of equations (23)-(25) is represented in [34] on conditions that
a(r =0)=k,eE,(r =0)/ m,w,” =v,/c=0.06; n<100, §=0.1, which answer the requirements the high-current

electron-beam excitation.
The energy of intensive long-wave ( Ao =271 ky=27c/ a),,g) oscillation in plasma reaches several tens of percent of

total beam energy. The maximum value of modulation instability increment ~ - @, - J,(na) is achieved when an ~2.
It follows from this that the number of spectra modes » > 30. The electric field amplitude of mode is E, ~ Nna’ozme / kye -
The numerical experiment [34] shows ny ~102 . The electrons on a scale of intensive oscillation length
(A, =271k, zz;zc/wpy) practically are not captured by the plasma density cavity. Therefore the spectra growth
transmits on the modes with numbers n_ ~60. HF energy flux becomes formed just because increment maximum
moves in short-wave region n ~2/a on account of intensive long-wave oscillations amplitude is decreasing.

The half of initial energy approximately is transferred in the short-wave HF spectra energy. The ratio of ion
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oscillation frequency at the bottom of potential well of plasma density cavity to linear increment of modulation
instability is

max

\/ekOZsES I magd® =10"n,, 5" /2~1- (26)

There is the fulfillment of conditions of ions capture. This fact explains the choice of ion kinetic description (25).
The ions capture occurs on a small scale z/n_ k,, and the ion oscillation frequency at the bottom of cavity on the

order of linear increment of modulation instability. Therefore at the bottom of cavity ion velocity is
~méw, I n,, k, ~0.05-co and its energy considerably exceeds initial energy of electron. The major portion of ions on

max
periphery of the cavity and a great distance away from it is moving in opposite direction, “fill up” the cavity, at the
same time disintegrate previous interaction between the Langmuir spectrum and the ion oscillations. However,
summarized energy of ions is remained substantially least of the initial total energy of system [34-37].

CONCLUSION
The purpose of that paper is to announce new theoretical description of following well-known physical
phenomena.
The nonlinear current (2), which generated by the fields with frequencies w,, @,, radiates the wave with

frequency @, and this emission does not depend on the external electromagnetic field at the same frequency. That

features is typical ones for emitter of spontancous radiation. If such emitter characteristics are known, it is not difficult
to determine all components of the induced radiation with frequency @,, which is proportional to the intensity of the

spectrum line. Such procedures are applied to the phase expression.

If the induced radiation is believed an coherent radiation, and spontaneous radiation is random process, very low
threshold and pulse shaping of coherent (maser) radiation can be find out. The pulse has sharp rise-up portion and very
lengthy descending part.

The high-frequency oscillator in the external potential well is capable of linear spectrum emission. Let emission
and absorption of HF quantum accompany the recoil effect. When the recoil energy is equal to energy of the quantum of
low-frequency oscillations in the potential well, the highest intensity of the absorption and emission lines is observed on
the eigenfrequency of the HF oscillator. That assertion is consequence of the quantum description, which is discussed in
[10] and in that paper.

The theory of the nonlinear stage of modulation instability based on excites the spectrum satisfying the conditions
of space-time synchronism of the form 24, = w(k)+ w(~k) and interaction by pairs of waves symmetric with respect to

the pump w(k)+ o(-k) = w(k")+ w(-k") is reviewed. That description is applied to analysis of sea waves instability and

detects gravity surface waves with abnormally high amplitude, that occurs only in initial stage of nonlinear regime of
that process. The high coincidence of theoretical results and observed data is succeed.

The plasma density cavity is formed as a result of the modulation instability of intensive long-wave Langmuir
oscillations. The instability scales down of density cavity. There is no hydrodynamic mechanisms to stabilize the
dimension of density cavity, except the dispersion and the damping of short-wave Langmuir spectrum. But often cavity
dimension in hydrodynamic description comes not nearer to that critical scale [34-36, 38]. However there is the kinetic
limitation mechanism of cavity deepening. The potential well bottom of cavity is capable of ions capture and the cavity
will be not become deeper. The condition of ions capture (26) is determined the minimum dimension of cavity.
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A review of polyadic systems and their representations is given. The classification of general polyadic systems is done.
The multiplace generalization of homomorphisms, preserving associativity, is presented. The multiplace representations
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IIOJIMA/INMYECKUWUE CUCTEMBI, ITPEJCTABJIEHNSA I KBAHTOBBIE I'PVYIIITHI
C.A. dynawnit
ILlenmp mamemamuru, Hayku u obpasosarus, yrusepcumem Pameepca, ITuckamasati, 08854-8019, CIIIA

[IpuBesen 0630p MoOJIMAMIECKUX CUCTEM U UX IIPEJICTABICHMIA, JJaHa KyacCcudUKalys obmux nouagudecknx cucreM. [To-
CTPOEHBI MHOTOMECTHBIE 0DODIIEHNST TOMOMOP(MU3MOB, COXPAHSIIONINE ACCONMATUBHOCTD. OIpene/ieHbl My/TbTUIEHCTBUST
¥ MYJIBTAMECTHBIE TIpejicTaBieHus. [IpuBeieHbl KOHKPETHbIE IIPUMEPbl MATPUYHBIX IIPEJICTABICHUI JjIs HEKOTOPBIX TeP-
HapHbIX rpynn. OupesesieHsl TepHapHble ajarebpbl 1 Xord anrebpbl, n3ydeHbl UX CBoiicTBa. B 3akirouenne, npeiCcTBiIeHb!
HEKOTOPbIe TepHAPHBIE 0000OINEHNST KBAHTOBBIX I'PYII U ypaBHeHus1 fura-Bakcrepa.

KJIFOYEBBIE CJIOBA: n-apuas rpynma, Teopema llocra, KoMMyTaTruBHOCTD, ToMOMOpPGMU3M, I'PYIIOBOE JIeiCTBHE,
ypaBuenne fAura-Bakcrepa

IIOJITAZINYHI CUCTEMU, ITPEICTABJIEHHSA I KBAHTOBI I'PVIIN
C.A. Oynuniit
Lenmp mamemamuru, Hayky ma ocetmu, ywisepcumem Pameepcy, ITickamaset, 08854-8019, CIIIA

3pobireHo OrJIsiy MOaUIHIUX CUCTEM Ta IX NPEeJCTaBJIeHb, JaHa Kiacudikallis 3arajJbHUX HoJiaanauux cucreM. [1oby-
noBaHi baraToMicHi y3araJbHeHHsT roMoMopdi3MuiB, 1m0 36epiraoTs acoriarusaicTs. Busnadeni MysbTumil 1 MyabTrMicHi
npenacrasiends. HaBemeni KOHKpeTHI MPUKJIAIM MATPUIHUX MPEICTABICHD I JEeSIKNX TeEPHAPHUX I'pyn. Busnadeni Tep-
HapHa aJjirebpa i anrebpu Xorda, BUBUYeEHI 1X BiacTuBocTi. Ha 3akindeHHs1, mpeJCcTBIIeH] JIesIKi TepHAPHi y3araJbHEeHHS
KBAaHTOBUX I'DYI Ta piBHaAHHA fHra-Bakcrepa.

KJIFOYOBI CJIOBA: n-apua rpyna, Teopema [locra, komyTaruBaicTb, roMoMopdi3M, rpymnoBa mist, piBHaHHs fHTa-
Baxkcrepa

One of the most promising steps in generalizing physical theories is consideration of higher arity algebras [1],
in other words ternary and n-ary algebras, in which the binary composition law is substituted by ternary or
n-ary one [2].

Firstly ternary algebraic operations (with the arity n = 3) were introduced already in the XIX-th century
by A. Cayley in 1845 and later by J. J. Silvester in 1883. The notion of an m-ary group was introduced in
1928 by [3] (inspired by E. Néther) which is a natural generalization of the notion of a group. Even before in
1924, a particular case, that is, ternary group of idempotents, was used in [4] to study infinite abelian groups.
The important Post’s coset theorem explained the connection between n-ary groups and their covering binary
groups [5]. The next step in study of n-ary groups was the Gluskin-Hosszi theorem [6,7]. Another definition
of m-ary group can be given as a universal algebra with additional laws [8] or identities containing special
elements [9].

The representation theory of (binary) groups [10,11] plays an important role in their physical applications
[12]. It is initially based on a matrix realization of group elements and abstract group action as a usual matrix
multiplication [13,14]. The cubic and n-ary generalizations of matrices and determinants were made is [15,16],
and their physical application appeared in [17,18]. In general, particular questions of n-ary group representations
were considered in and matrix representations were derived by the author [19], and some general theorems

*On leave of absence from V.N. Karazin Kharkov National University, Svoboda Sq. 4, Kharkov 61022, Ukraine.
© Duplij S.A., 2012
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connecting representations of binary and n-ary groups were presented in [20]. Here to generalize the above
constructions of n-ary group representations to more complicated and nontrivial cases.

In physics the most applicable structures are nonassociative Grassmann, Clifford and Lie algebras [21-23],
and so their higher arity generalizations play the key role in further applications. Indeed, the ternary analog of
Clifford algebra was considered in [24], the ternary analog of Grassmann algebra [25] was exploited to construct
various ternary extensions of supersymmetry [26].

The construction of realistic physical models is based on the Lie algebras, such that the fields take their
values in the concrete binary Lie algebra [23]. In the higher arity considerations the standard Lie bracket is
replaced by a linear n-ary bracket, and the algebraic structure of the corresponding model is defined by the
additional characteristic identity for this generalized bracket, the Jacobi identity [2]. There are two possibilities
to construct the generalized Jacobi identity: 1) The Lie bracket is a derivation by itself; 2) A double Lie bracket
vanishes, when antisymmetrized with respect of its entries. The first case leads to so called Filippov algebras [27]
(or n-Lie algebra) and second case corresponds to generalized Lie algebras [28] (or higher order Lie algebras).

The infinite-dimensional version of n-Lie algebras are the Nambu algebras [29, 30], and their n-bracket is
given by the Jacobian determinant of n functions, the Nambu bracket, which in fact satisfies the Filippov identity
[27]. Recently, the ternary Filippov algebras were successfully applied to a three-dimensional superconformal
gauge theory describing effective worldvolume theory of coincident M2-branes of M-theory [31-33]. The infinite-
dimensional Nambu bracket realization [34] gave possibility to describe a condensate of nearly coincident M2-
branes [35].

From another side, Hopf algebras [36-38| play a fundamental role in the quantum group theory [39,40].
Previously, it was introduced their Von Neumann generalization in [41-43], also their actions on quantum plane
were classified in [44], and the ternary Hopf algebras were defined and studied in [45, 46].

The goal of this paper is to give a comprehensive review of polyadic systems and their representations.
First, we classify general polyadic systems and introduce n-ary semigroups and groups. Then we consider their
homomorphisms and the multiplace generalizations, paying attention on their associativity. We define multiplace
representations and multiactions, give examples of matrix representations for some ternary groups. We define
and investigate ternary algebras and Hopf algebras, study their properties and give some examples. At the end
we consider some ternary generalizations of quantum groups and the Yang-Baxter equation.

PRELIMINARIES

Let G be a non-empty set (underlying set, universe, carrier), its elements we denote by lower-case Latin
letters g; € G. The n-tuple (or polyad) g1,..., g, of elements from G is denoted by (g1, ..., gn). The Cartesian
n

product! G x ... x G = G*™ consists of all n-tuples (g1, ...,9gn), such that g; € G, i = 1,...,n. For all equal
elements g € G, we denote n-tuple (polyad) by power (¢"). If the number of elements in the n-tuple is clear
from the context or is not important, we denote it in one bold letter (g), in other case we use power in brackets
(g(”)). Introduce two important constructions on sets.

The i-projection of the Cartesian product G*™ on its i-th “axis” is the map Prz(-") : G*™ — G such that
(915 Gir- 1 Gn) = Gi-

The i-diagonal Diag, : G — G*" sends one element to the equal element n-tuple g — (g™).

The one-point set {o} can be treated as a unit for the Cartesian product, since there are bijections between
G and with G x {e} ™", where G can be on any place. On the Cartesian product G*" one can define a polyadic
(n-ary, n-adic, if it is necessary to specify n, its arity or rank) operation p, : G*™ — G. For operations we use
small Greek letters and place arguments in square brackets p, [g]. The operations with n = 1,2, 3 are called
unary, binary and ternary. The case n = 0 is special and corresponds to fixing a distinguished element of

G, a “constant” ¢ € G, and it is called a 0-ary operation ,u((f), which maps the one-point set {e} to G, such

that uéc) : {e} — G, and formally has the value ugc) [{e}] = ¢ € G. The 0-ary operation “kills” arity, which can
be seen from the following [47]: the composition of n-ary and m-ary operations p,, o i, gives (n +m — 1)-ary
operation by

Then, if to compose p,, with the 0-ary operation u(()c), we obtain

1 9] = pn lg. ], (2)

because g is a polyad of length (n — 1). So, it is needed to make a clear distinction between the 0-ary operation

,ugc) and its value ¢ in G, which will be seen and important below.

1We place the sign of the Cartesian product (x) into the power, because the same abbreviation will be used below also for other
types of products.
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A polyadic system G is a set G which is closed under polyadic operations.

We will write G = (set |operations ) or G = (set |operations |relations ), where “relations” are some additional
properties of operations (e.g., associativity conditions for semigroups or cancellation property). In such definition
it is not needed to list the images of 0-ary operations (e.g. unit, zero in groups), as it is done in various other
definitions. Here, we mostly consider concrete polyadic systems with one “chief” (fundamental) n-ary operation
i, which is called polyadic multiplication (or n-ary multiplication).

A n-ary system G,, = (G| up) is a set G closed under one n-ary operation p, (without any other
additional structure).

Note that a set with one closed binary operation without any other relations was called a groupoid by
Hausmann and Ore [48] (see, also [49]). However, nowadays the term “groupoid” is widely used in the category
theory and homotopy theory for a different construction with binary multiplication, the so-called Brandt
groupoid [50] (see, also, [51]). Alternatively, and much later on, Bourbaki [52] introduced the term “magma”
for binary systems. Then, the above terms were extended to the case of one fundamental n-ary operation
as well. Nevertheless, we use some neutral notations “polyadic system” and “n-ary system” (when arity n is
fixed /known /important), which adequately indicates all their main properties.

Let us consider the changing arity problem:

For a given n-ary system (G | p,) to construct another polyadic system (G | p,,) over the same set G,
which multiplication has different arity n'.

The formulas (1) and (2) give us the simplest examples, how to change arity of a polyadic system. In

general, there are 3 ways:

1. Iterating. Using composition of the operation pu,, with itself, one can increase arity from n to n},., (asin (1))

without changing signature of the system. We denote the number of iterating multiplications by /,,, and use
the bold Greek letters ,u,l;“ to for the resulting composition of n-ary multiplications, such that

Zl»"
o e, def s 1x(n—1) : 1x(n—1)
My = Mgt = fhn © | fn 0 ... |y X id Looxid , (3)
where
n =njer =0, (n—1) +1, (4)

which gives the length of a polyad (g) in the notation uf{‘ [g]. Without assuming associativity there many
variants of placing u,’s among id’s in r.h.s. of (3). The operation uff is named a long product [3] or
derived [53].

2. Reducing. Using n.. distinguished elements or constants (or n. additional 0-ary operations ,u(()c"), i=1,...n.),

one can decrease arity from n to n/_; (as in (2)), such that?

Ne

iy = et E o [ s ) g e | (5)

where
n/ = Nyred = N — Ng, (6)
and the 0-ary operations péci) can be on any places.

3. Mixing. Changing (increasing or decreasing) arity by combining the iterating and reducing (maybe with
additional operations of different arity). If we do not use additional operations the final arity can be presented
in general form using (4) and (6). It will depend on the order of iterating and reducing, so we have two
subcases:

(a) ITterating— Reducing. We have

n' = Niter—red = Eu (n - 1) —ne+ 1. (7)

/ —
iter—red —

The maximal number of constants (when n 2) is equal to

C

ng®™*=/¢,(n—1)—1 (8)

and can be any by increasing the number of multiplications /,,.

2In [54] /1,7(161"'6"6) is named a retract (which is already busy and widely used in the category theory for another construction).
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(b) Reducing—Iterating. We obtain
n = nped—iter = Ly (n —1—n.) + 1. (9)
Now the maximal number of constants is
ne™ =n —2 (10)
and is achieved, only when ¢, = 1.

To give examples to the third (mixed) case we put n = 4, £, = 3, n, = 2 for both subcases of opposite
ordering:

1. Iterating— Reducing. We can put
’uécl,@)/ {9(8)} = pa[91, 92, 93, 114 (94, G5 g6, 114 [97, g8, €1, C2]]] - (11)
2. Reducing— Iterating. We can have
(cr,e2)r | (4)| _
|22 g = U4 [91,017027M4 [92a617627p“4 [93761702794”]‘ (12)

It is important to find conditions, when the iterating and reducing compensate each other, i.e. they do not
change arity. Indeed, let the number of the iterating multiplications ¢, is fixed, then we can find such number
of reducing constants ngo), that the final arity will coincide with the initial arity n. The result will depend on
the order of operations. There are two cases:

1. Iterating— Reducing. For the number of reducing constants ngo) we obtain from (4) and (6)

n® = (n—1)(6, 1), (13)
such that there is no restriction on £,.
2. Reducing— Iterating. For ngo) we get
n = =D 2l Uéf“ = (14)

and now ¢, <n — 1. The requirement that ngo) should be integer gives two further possibilities

n—1
n =3 5 k=2 (15)
n—2, f,=n-—1

The above relations can be useful in the study of various n-ary multiplication structures and their presentation
in special form needed in concrete problems.

SPECIAL ELEMENTS AND PROPERTIES OF POLYADIC SYSTEMS
Let us remind definitions of some standard algebraic systems and their special elements, which will be
considered in this paper, using our notation.

A zero of a polyadic system is a distinguished element z (and the corresponding 0-ary operation u(()z))
such that for any (n — 1)-tuple (polyad) g € G*(*~1 we have

1229 [g,z] =z, (16)

where z can be on any place in the Lh.s. of (16).

There is only one zero (if not to fix its place) which can be possible in a polyadic system. As in the binary
case, an analog of positive power of an element [5] should coincide with the number of multiplications ¢,, in the
iterating (3).

A (positive) polyadic power of an element is

g(e“) _ Mf{" [gZ}L(n71)+1:| . (17)
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An element of a polyadic system g is called £,-nilpotent (or simply nilpotent for £, = 1), if there exist
such /,, that
gt = 2. (18)

A polyadic system with zero z is called £,-nilpotent, if there exist such ¢, that for any (¢, (n — 1) + 1)-
tuple (polyad) g we have
it lg) = 2. (19)
Therefore, the index of nilpotency (number of elements whose product is zero) of £,-nilpotent n-ary
system is (¢, (n — 1) 4+ 1), while its polyadic power is¢,, .
A polyadic (n-ary) identity (or neutral element) of a polyadic system is a distinguished element e

(and the corresponding 0-ary operation uée)) such that for any element g € G we have

Hn [ga en—l} =9 (20)

where g can be on any place in the Lh.s. of (20).
In binary groups the identity is the only neutral element, while in polyadic systems, there exist neutral
polyads m consisting of elements of G satisfying

fn g, m] = g, (21)

where g can be also on any place. The neutral polyads are determined not uniquely. It follows from (20) that
the sequence of polyadic identities e®~! is a neutral polyad.

An element of a polyadic system ¢ is called ¢,-idempotent (or simply idempotent for £, = 1), if there
exist such ¢, that

g =g. (22)

Both zero and identity are ¢,-idempotents with arbitrary £,. We define the (total) associativity as
invariance of the composition of two n-ary multiplications

12 g, byl = o [g, o [B] ] = inv (23)

under placement of the internal multiplication in r.h.s. with the fixed order of elements in the whole polyad of
(2n — 1) elements £~ = (g, h,u). Informally, “internal brackets/multiplication can be moved on any place”,
which gives n relations

by, © (un X idx(nfl)) =...=lpo (idx(nfl) Xﬂn) . (24)

There are many other particular kinds of associativity which were introduced in [55] and studied in [56,57]. Here
we will confine ourselves the most general total associativity (23). In this case, the iterating does not depend of
the placement of internal multiplications in the r.h.s of (3).

A polyadic semigroup (n-ary semigroup) is a n-ary system which operation is associative, or GS¢™*9" =
(G| pn | associativity ).

In a polyadic system with zero (16) one can have the trivial associativity, when all n terms is (23)
are equal to zero, i.e.

By lgl =z (25)

for any (2n — 1)-tuple g. Therefore, we state that

Any 2-nilpotent n-ary system (having index of nilpotency (2n — 1)) is a polyadic semigroup.

In the case of changing arity one should use in (25) not the changed final arity n/, but the “real” arity
which is n for the reducing case and ¢, (n — 1) 4 1 for all other cases. Let us give the examples.

In the mixed (interating-reducing) case with n = 2, ¢, = 3, n. = 1, we have a ternary system (G | us)

iterated from a binary system <G | pa, ,u(()c)> with one distinguished element c (or an additional 0-ary operation)?

1 19 hou] = (g (h- (u-¢))), (26)

where for binary multiplication we denote g-h = pso [g, h|. Thus, if the ternary system <G | ugc)> is nilpotent of

index 7 (see 9), then it is a ternary semigroup (because ugc) is trivially associative) independently of associativity

of usy (see, e.g. [19]).
It is very important to find the associativity preserving conditions (constructions), when associative
initial operation p, leads to associative final operation p,, during the change of arity.

3This construction is named the b-derived groupoid in [54].
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The associativity preserving reducing can be given by construction of the binary associative operation
using (n — 2)-tuple ¢ consisting of n. = n — 2 different constants

157 (g, 0] = pin [g, ¢, ). (27)

The associativity preserving mixing constructions with different arities and places were considered in [54,
57,58].

An associative polyadic system with identity (20) is called a polyadic monoid.

The structure of any polyadic monoid is fixed [59]: it can be obtained by iterating of a binary operation [60]
(for polyadic groups this was shown in [3]).

In polyadic systems, there are several analogs of binary commutativity. The most straightforward one comes
from commutation of the multiplication with permutations.

A polyadic system is o-commutative, if u,, = u, oo, or

tin 9] = pin [0 0 g], (28)

where 0o g = (g,,(l)7 e ,go(n)) is a permutated polyad and o is a fixed element of S,,, a permutation group of
n elements. If (28) holds for all o € S,,, then a polyadic system is commutative.
A special type of the o-commutativity

tn (9, h] = pn [y 2, 9], (29)

where t is any fixed (n — 2)-polyad, is called semicommutativity. So for a n-ary semicommutative system we
have

fin [g, 0" 7] = p [A71 9] - (30)

If a n-ary semigroup G*“™"? is iterated from a commutative binary semigroup with identity, then G*¢™%"P
is semicommutative.
Let G be the set of natural numbers N, and the 5-ary multiplication is defined by

s 9] = g1 — g2 + g3 — g4 + g5, (31)

then Gy = (N, us) is a semicommutative 5-ary monoid having the identity e, = s [9°] = g for each g € N.
Therefore, G? is the idempotent monoid.
Another possibility is to generalize the binary mediality in semigroups

(911 - 912) - (921 - g22) = (911 - g21) - (912 - G22) , (32)

which, obviously, follows from the binary commutativity. But for n-ary systems they are different. It is seen that
the mediality should contain (n + 1) multiplications, it is a relation between n x n elements, and therefore can
be presented in a matrix from. The latter can be achieved by placing arguments of the external multiplication
as a column.

A polyadic system is medial (or entropic), if [56,61]

Hn, [911»~~~,91n] Hn [911,~~.7gn1]
Hn = Hn . (33)
Hn [gnly"-agnn] Hn [glny---ygnn}

For polyadic semigroups we use the notation (3) and can present the mediality as follows
pi |G = py [GT], (34)

where G = ||g;;|| is the n x n matrix of elements and G* is its transpose. The semicommutative polyadic
semigroups are medial, as in the binary case, but, in general (except n = 3) not vise versa [62]. A more general
concept is o-permutability [63], such that the mediality is its particular case with o = (1,n).

A polyadic system is cancellative, if

Hn [ga t] = Un [h, t] =g = h, (35)

where g, h can be on any place. This means that the mapping u, is one-to-one in each variable. If g, h are on
the same i-th place on both sides, the polyadic system is called i-cancellative.
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The left and right cancellativity are 1-cancellativity and n-cancellativity respectively. A right and left
cancellative n-ary semigroup is cancellative (with respect to the same subset).

A polyadic system is called (uniquely) i-solvable, if for all polyads ¢, u and element h, one can (uniquely)
resolve the equation (with respect to h) for the fundamental operation

pn [u, b t] =g (36)

where h can be on any i-th place.
A polyadic system which is uniquely é-solvable for all places i is called a n-ary (or polyadic) quasigroup.
It follows, that, if (36) uniquely i-solvable for all places, than

pl fuht] =g (37)

can be (uniquely) resolved with respect to h being on any place.

An associative polyadic quasigroup is called a n-ary (or polyadic) group.

The above definition is the most general one, but it is overdetermined. Much work on polyadic groups was
done [64] to minimize the set of axioms (solvability not in all places [5,65], decreasing or increasing number of
unknowns in determining equations [66]) or made it in terms of additionally defined objects (various analogs of
identity and sequences [67]), as well as using not the total associativity, but various partial ones [57,68,69].

In a polyadic group the only solution of (36) is called a querelement of g and denoted by g [3], such that

Hn [hag] =9 (38)

where g can be on any place. So, any idempotent g coincides with its querelement g = g. It follows from (38)
and (21), that the polyad

ny = (5"%9) (39)
is neutral for any element of a polyadic group, where g can be on any place. If this i-th place is important,
then we write n,;. The number of relations in (38) can be reduced from n (number of possible places) to only
2 (when g is on the first and last places [3,70], or other 2 places ). In a polyadic group the Dérnte relations

o (95 Tehsi] = o M5, 9] = g (40)

hold valid for any allowable 4, j. In the case of a binary group the relations (40) become g-h-h~! = h-h=!.g = g.
The relation (38) can be treated as a definitions of the unary queroperation

plgl =g (41)
A polyadic group is a universal algebra
GI'"P = (G | pn, 11 | associativity, Dérnte relations ) , (42)

where p,, is n-ary associative operation and fi; is the queroperation.

A straightforward generalization of the queroperation concept and corresponding definitions can be made
by substituting in the above formulas (38)—(41) the n-ary multiplication u, by the iterating multiplication uf{"
(3) (cf. [71] for £, = 2).

Let us define the querpower k of g recursively

§<<k>> _ <§<<k—1>>)7 (43)

k

where §{9 = ¢, g{1) = g, or as the k composition AS* =Ty o i o...o fi; of the queroperation (41).

For instance [66], fi$? = p”~3, such that for any ternary group fi$? = id, i.e. one has § = g. Using the
queroperation in polyadic groups we can define the negative polyadic power of an element g by the following
recursive relation

Hn [9““7”,9”72,9“5“)} =y, (44)
or (after use of (17)) as a solution of the equation
uip g, gm0 ] = g, (45)

It is known that the querpower and the polyadic power are mutually connected [72]. Here, we reformulate
this connection using the so called Heine numbers [73] or g-deformed numbers [74]

[[K]], = : (46)
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which have the “nondeformed” limit ¢ — 1 as [k], — k. Then
gk — g(=lklla) (47)

which can be treated as follows: the querpower coincides with the negative polyadic deformed power with the
“deformation” parameter ¢ which is equal to the “deviation” (2 — n) from the binary group.

HOMOMORPHISMS OF POLYADIC SYSTEMS
Let G,, = (G; pp) and G, = (G'; ul.,) be two polyadic systems of any kind (quasigroup, semigroup, group,
etc.). If they have the multiplications of the same arity n = n’, then one can define the mappings from G, to
G/,. Usually such polyadic systems are similar, and we call mappings between them the equiary mappings.

Let us take n 4+ 1 mappings <piGG/ :G—G',i=1,...,n+ 1. An ordered system of mappings {goiGG/} is
called a homotopy from G,, to G/, if

S (i (g1, -5 gn)) = 1y |07 (91) -, 059 (gn)|, 9 €G. (48)

In general, one should add to this definition the “mapping” of the multiplications

(nu')
L

[ S . (49)
(n')

In such a way, the homotopy can be defined as the extended system of mappings {gol»GG,; Unn }

(1)

The existence of the additional “mapping” ¥n, ’ acting on the second component of (G;u,) is tacitly

(")

nn’
{ore st}

Gn = e (50)

implied. We will write/mention the “mappings” manifestly, e.g.,

as needed only. If all the components cprl of a homotopy are bijections, it is called an isotopy. In case of
polyadic quasigroups [56] all mappings <piGG/ are usually taken as permutations of the same set G = G'. If the
multiplications are also coincide p,, = ), then {apiGG; id} is called an autotopy of the polyadic system G,,.
Various properties of the homotopy in universal algebras were studied, e.g. in [75,76].

A homomorphism from G,, to G/, is given, if there exists a mapping ©%C" . G — @ satisfying

% (tn lg1,- - gn)) = 1y {wGG' (g1) 5., 9%¢ (gn)] . gi€G. (51)

Usually the homomorphism is denoted by the same one letter QDGG/

GG,; 1/),(%” )} We will use both notations on a par.

, while it would be more consistently
to use for its notation the extended pair of mappings {cp

We, first, mention some small subset of known generalizations of the homomorphism (for bibliography till
1982 see, e.g., [77]) and then introduce a concrete construction for an analogous mapping which can change
arity of the multiplication (fundamental operation) without introducing additional (term) operations. A general
approach to mappings between free algebraic systems was initiated in [78], where the so-called basic mapping
formulas for generators were introduced, and its generalization to many-sorted algebras was given in [79]. In [80]
it was shown that the construction of all homomorphisms between similar polyadic systems can be reduced to
some homomorphisms between corresponding mono-unary algebras [81]. The notion of the n-ary homomorphism
as a sequence of n consequent homomorphisms ¢;, ¢ = 1,...,n, of n similar polyadic systems

n

G, Ada, 3. "5 el Gy (52)

n n n

(generalizing the Post n-adic substitutions [5]) was introduced in [82], and studied in [83,84].

The above constructions do not change arity of polyadic systems, because they are based on the corresponding
diagram which is a definition of an equiary mapping. To change arity one has to:

1) add another equiary diagram with additional operations using the same formula (51), both do not
change arity;

2) use one modified (and not equiary) diagram and the underlying formula (51) by themselves, which will
allow us to change arity without introducing additional operations.
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The first way leads the concept of the weak homomorphism which was introduced in [85-87] for non-
indexed algebras and in [88] for indexed algebras, then developed in [89] for Boolean and Post algebras, in [90]
for coalgebras and F-algebras [91] (see also [92]). To define the weak homomorphism in our notation we should
incorporate into the polyadic systems (G; u,,) and (G'; p),,) the following additional term operations of opposite
arity v @ G — G and vl G'™*"™ — G and consider two equiary mappings between (G;p,, v, ) and
(G i ).

A weak homomorphism from (G, vy) to (G’ ul,, v
satisfying two relations simultaneously

/
n

) is given, if there exists a mapping @GG, G — G

% (ptn [g1, -+ 9al) = Vi [ (1) .65 (90)] (53)
O (g1, gur]) = i [#9 (g1) - 6% (gu)] - (54)

If only one of the relations (53) or (54) takes place, such a mapping is called a semi-weak homomorphism
[93]. If @GG/ is bijective, then it defines a weak isomorphism. Any weak epimorphism can be decomposed into
a homomorphism and a weak isomorphism [94], therefore the study of weak homomorphisms reduces to weak
isomorphisms (see also [95-97]).

MULTIPLACE MAPPINGS OF POLYADIC SYSTEMS

Let us turn to the second way of changing arity of the multiplication and use only one relation which we
modify in some natural manner. First, recall that in any set G there always exists the additional distinguished
mapping, viz. the identity idg. We use the multiplication p,, with its combination of idg. We define an ({iq-
intact) id-product for the polyadic system (G; u,,) as

.Ugfid) = Hn X (idG)Xéid ) (55)
Mgleid) . GX(TH-eid) N GX(1+€id)_ (56)

To indicate the exact i-th place of u, in r.hs. of (55), we write u%‘d) (), as needed. Here we use the

id-product to generalize the homomorphism and consider mappings between polyadic systems of different arity.
It follows from (56) that, if the image of the id-product is G alone, than £;g = 0. Let us introduce a multiplace

(n)

mapping ®, acting as follows
o) gk L, (57)
We are allowed to take only one upper @,gn’n ) , because of one G’ in the upper right corner. Since we already
know that the lower right corner is exactly G’ xn’ (as a pre-image of one multiplication ., ), the lower horizontal

(n)

arrow should be a product of n’ multiplace mappings @, . So we can write a definition of a multiplace analog
of the homomorphism which changes arity of the multiplication using one relation.
()

A k-place heteromorphism from G,, to G, is given, if there exists a k-place mapping @, (57) such
that the corresponding defining equation (a modification of (51)) depends of the place i of u,, in (55). For i =1
it can read as

Hn [gla e agn}
n,n’ In+1 nyn’ non'
(") _ = [0 el : . (58)

9k Gkn’
In+tia

This notion is motivated by [98, 99], where mappings between objects from different categories were
considered and called chimera morphisms. See, also, [100].
In the particular case n =3, n’ =2, k =2, £ig = 1 we have

HB32) < 13 (91, 92, 93] > _ {@(3,2) < g1 ) ,<I>(3’2) ( 93 ﬂ . 59
2 9 Ho | P2 9 2 9 (59)

This formula was used in the construction of the bi-element representations of ternary groups [19]. Consider
the example.
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Let G = M$" (K), a set of antidiagonal 2 x 2 matrices over the field K and G’ = K, where K = R, C, Q, H.
The ternary multiplication us is a product of 3 matrices. Obviously, us is nonderived. For the elements g; =

( I? %i >, i = 1,2, we construct a 2-place mapping G x G — G’ as

o2 ( i: ) = ajasby by, 0

which satisfies (59). We can introduce a standard 1-place mapping by ¢ (g;) = a;b;. It is important to note,
that ¢ (g;) satisfies (51) for a commutative field K only (= R,C) becoming a homomorphism, and in this case

we can have the relation between the heteromorhism <I>é3’2) and the standard homomorphism

3,2
o0 () =g l) (o). (61
where the product (-) in Lh.s. is taken in K, such that (51) and (59) coincide. For noncommutative field K (= Q
or H) we can define the heteromorphism (60) only.

A heteromorphism is called derived, if it can be expressed through ordinary (1-place) homomorphism. So,
in the above example the heteromorphism is derived (by formula (61)) for a commutative field K and nonderived
for a noncommutative one.

For arbitrary n a slightly modified construction (59) with still binary final arity, defined by n’ =2,k = n—1,
lig =n— 2,

Hn [gla"'ugnfhhl] 0 hl

ha . 2) .
: : : 1 : - (62)

hnfl In—1 hnfl
was used in [53] to study representations of n-ary groups. However, no new results compared with [19] (other
than changing 3 to n in some formulas) were obtained. This reflects the fact that a major role play the final
arity n’ and number of n-ary multiplications in Lh.s. of (59) and (62). In the above cases, the latter number
was one, but can make it arbitrary below n.

A heteromorphism is called a £,-ple heteromorphism, if it contains ¢, multiplications in the argument of

(P,(Cn’” ) in its defining relation. According this definition the mapping defined by (58) is the 1,,-ple heteromorphism.
So by analogy with (55)—(56) we define a ¢,,-ple {ig-intact id-product for the polyadic system (G; p,) as

Mgua[id) _ (Mn)xfu > (idg)xfid7 (63)
#%w&d) s G butlia) _y < (butlia) (64)

(n)

A (,-ple k-place heteromorphism from G, to G/, is given, if there exists a k-place mapping ®,
(57). The corresponding main heteromorphism equation is

Hn [gla e 7gn] 3
. eﬂ
, ' , g1 ) k(n'—1)
q)lgn,n ) Hn [ng(éu—l), s ;gnfu} _ u;ﬂ cI)](Cn,n ) o 7‘1)](:,” ) . (65)

gnéu+17

. 9k 9kn’
bia
9nt,+ta

Obviously, we can consider various permutations of the multiplications in both sides, as further additional
demands (associativity, commutativity, etc.), which will be considered below. The system of equation connecting
initial and final arities is

kn' = TLE# + liq, (66)
k=20,+laq. (67)
Excluding ¢, or {iq, we obtain two arity changing formulas, respectively

-1

TL, =Nn— L&d, (68)
k
-1

n = ”Téu +1, (69)
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where "T_léid > 1 and "T_lﬁu > 1 are integer. The following inequalities hold valid
1<, <k, (70)
0< g <k—1, (71)
bi<k<(m-1)0, (72)
2<n' <n, (73)

which are important for further classification of heteromorphisms. The main statement follows from (73):

(n.n')

The heteromorphism ®, defined by the relation (65) decreases arity of the multiplication.

Another important observation is the fact that only the id-product (63) with £;q # 0 leads to change of
the arity. In the extreme case, when k approaches its minimum, k£ = kyijn = £,, the final arity approaches
its maximum n;,. = n, and the id-rpoduct becomes a product of ¢, initial multiplications p, without id’s,
since now fjq = 0 in (65). Therefore, we call a heteromorphism defined by (65) with ¢iq =0 a k(= ¢,)-place
homomorphism. The ordinary homomorphism (48) corresponds to k = ¢, = 1, and so it is really the 1-place
homomorphism. An opposite extreme case, when the final arity approaches its minimum n ., = 2 (the final
operation is binary), corresponds to the maximal value of k, that is &k = kmax = (n — 1) £,,. The number of id’s
now is fiq = (n —2) ¢, > 0, which vanishes, when the initial operation is binary as well. This is the case of the
ordinary homomorphism (48) for both binary operations n’ =n =2 and k = ¢, = 1. We conclude that:

Any polyadic system can be mapped into a binary system by means of the special k-place £,,-ple heteromorphism

@,(Cn’n ), where k£ = (n—1)¢, (we call it a binarizing heteromorphism) which is defined by (65) with
gid = (n — 2) fﬂ.

In the relation with the Gluskin-Hosszi theorem [7] (any n-ary group can be constructed by the special
binary group and its homomorphism) our statement can be treated as an opposite one: any n-ary system (not
only a group) can be mapped into a binary system, but now using another construction, that is, the binarizing
heteromorphism.

The case of 1-ple binarizing heteromorphism (¢, = 1) corresponds to the formula (62). Further requirements

(associativity, commutativity, etc.) will give additional relations between multiplications and @,(Cn’n ), and fix
the exact structure of (65). Thus, we arrive to the following
Classification of £,,-ple heteromorphisms:

1. n=n__. =n— @,i"’") is the £,-place or multiplace homomorphism, i.e.,

max
k = knin = 4. (74)
2.2<n <n= (I’,(cn’n ) is the intermediate heteromorphism with

k= ¢ (75)

n—1"

In this case the number of intact elements is proportional to the number of multiplications

!

n—n
Eid == m we (76)

3. n=nl,; =2= <I>,(cn’2) is the (n — 1) £,,-place (multiplace) binarizing heteromorphism, i.e.,
k= kmax = (n— 1) €. (77)

In the extreme (first and third) cases there are no restrictions on the initial arity n, while in the intermediate
case n is “quantized” due to the fact that fractions in (68) and (69) should be integer. Thus, we have established a
general structure and classification of heteromorphisms defined by (65). The next important issue is preservation
of special properties (associativity, commutativity, etc.), while passing from p,, to p,,, which will further restrict
the concrete shape of the main relation (65) for each choice of the heteromorphism parameters: arities n, n/,
places k, number of intacts {4 and multiplications ¢,,.
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ASSOCTATIVITY AND HETEROMORPHISMS

The most important property of the heteromorphism, which is needed for its next applications in the
representation theory, is associativity of the final operation y/,,, when the initial operation fx,, is associative. In
other words, here we consider the concrete form of semigroup heteromorphisms. In general, this is a complicated
task, because it is not clear from (65), which permutation in Lh.s. should be taken to get an associative product
in its r.h.s. for each set of the heteromorphism parameters. Straightforward checking of the associativity of the
final operation u,, for each permutation in Lh.s. of (65) is almost impossible, especially for higher n. To solve
this difficulty we introduce the concept of the associative polyadic quiver and special rules to construct the
associative final operation p!,.

A polyadic quiver of product is the set of elements from G,, (presented as several copies of some matrix
of the elements glued together) and arrows, such that the elements along arrows form n-ary product p,. For
instance, for the multiplication g4 [g1, ha, g2, u1] the 4-adic quiver is denoted by {g1 — ha — g2 — w1 }. Here the
elements from G,, are arbitrary and have no connection with heteromorphisms.

Next we define polyadic quivers which are related to the main heteromorphism equation (65) in the
following way: 1) the matrix of elements is the transposed matrix from r.h.s. of (65), such that different letters

(n)

correspond to their place in ®, and the low index of an element is related to its position in the y,, product;
2) the number of polyadic quivers is ¢, which corresponds to ¢, multiplications in the Lh.s. of (65); 3) the
heteromorphism parameters (n, n’, k, {iq and £,) are not arbitrary, but satisfy the arity changing formulas
(68)-(69). In this way, a polyadic quiver makes clear visualization of the main heteromorphism equation (65);
4) The intact elements will be placed after semicolon.

For example, the polyadic quiver {g1 — ho — g2 — uq; hy,us} corresponds to the heteromorphism with
n=4n"=2k=3l6g=2and {, =11s

ta (g1, ha, g2, u1] g1 g2
(¥ hy = | @82 hy |, By | (78)
U2 Uy U2

As it is seen from (78), the product p} is not associative, if p14 is associative. So, not all polyadic quivers preserve
associativity.

An associative polyadic quiver is a polyadic quiver which ensures the final associativity of u], in the
main heteromorphism equation (65), when the initial multiplication pu,, is associative.

So, one of the associative polyadic quivers which corresponds to the same heteromorphism parameters as
the non-associative quiver (78) is {g1 — ha — w3 — g2; h1,u2} which corresponds to

ta (g1, ha,ut, g2] g1 g2
(bi(’)4’2) hy = /LIQ (I)gl’z) hy R (I):(;l’z) ho . (79)
U2 Uy U2

‘We propose the classification of associative polyadic quivers and the rules of construction of the corresponding
heteromorphism equations, and use for the heteromorphism parameters the classification of £,,-ple heteromorphisms
(75). In other words, we describe the consistent procedure of building the semigroup heteromorphisms.

Let us consider the first class of heteromorphisms (without intact elements ¢ig = 0 or intactless), that
is £,,-place (multiplace) homomorphisms. In the simplest case, associativity can be reached, when all elements
in a product are taken from the same row. The number of places k is not fixed by the arity relation (68) and
can be arbitrary, while the arrows can have various directions. There are 2¥ such combinations which preserve
associativity. If the arrows have the same direction, this kind of mapping is also called homomorphism. As an
example, for n =n’' =3, k =2, {,, = 2 we have

33 [ Hal91,92,98) \ _ / [463 ( @1 3.3) (92 33 ( 93 ]
2 ( 3 [, ha, hs] ) — s _(I>2 ( ha )’(1)2 ( ha ),@2 ( hs ) - (50)
Note that the analogous quiver with opposite arrow directions is
@.3) ( #3lo,92,93) \ _ o [g69 (0 3.3) [ 92 33 (93 )
®2 ( 13 [hg,hg,hﬂ ) = M3 _(I)Q < hl ) 7@2 ( h2 ) aq)Q ( h3 )_ : (81)

The latter mapping was used in constructing the middle representations of ternary groups [19].
The important class of intactless heteromorphisms (with ¢4 = 0) preserving associativity can be constructed
using analogy with the Post substitutions [5], and therefore we call it the Post-like associative quiver.
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The number of places k is now fixed by k = n —1, while n’ = n and ¢, = k = n— 1. An example of the Post-like
associative quiver with the same heteromorphisms parameters as in (80)-(81) is

3.3) [ w391, h2, 93] ) ) { (3,3) ( 9 ) (3.3) < 9 > <3,3)( 93 )]
® — | D ) . 82
2 ( w3 [h1, g2, hs] Hs | ™2 hy 2 ha 2 hs (82)

This construction appeared in the study of ternary semigroups of morphisms [101-103]. Its n-ary generalization
was used in consideration of polyadic operations on Cartesian powers [104], polyadic analogs of the Cayley
and Birkhoff theorems [84,105] and special representations of n-groups [106,107] (where the n-group with the
multiplication pf was called the diagonal n-group). Consider the example.

Let A be the Grassmann algebra consisting of even and odd parts A = Ag @ A1 (see e.g., [108]). The odd

part can be considered as a ternary semigroup Ggi) = (A1, ps), its multiplication pg : A X A; x A; — A7 is
defined by us[a, B,7] = « - B - ~, where (-) is multiplication in A and «, 8,7 € A7, so Gg) is nonderived and
contains no unity. The even part can be treated as a ternary group Géﬁ) = (I_X@, ws) with the multiplication
wh o Agx Agx Ag — Ag, defined by ps [a,b, ¢] = a-b-c, where a,b, c € Ag, thus Ggo) is derived and contains unity.

We introduce the heteromorphism Géi) — Ggﬁ) as a mapping (2-place homomorphism) <I>é3’3) A7 X A7 = Ag
by the formula
o) ( g ) =a-p, (83)

where «, 8 € A7. It is seen that (DS"S) defined by (83) satisfies the Post-like heteromorphism equation (82), but
not the “vertical” one (80), due to anticommutativity of odd elements from A;. In other words, Ggo) can be

treated as a nontrivial example of the “diagonal” semigroup of Gg) (according to the notation of [106,107]).
Note that for & > 3 there exists additional (to the above) associative quivers having the same heteromorphisms
parameters. For instance, when n’ = n = 4 and k = 3 we have the Post-like associative quiver

aa [ [91, ha, us, g4] an [0 aay [ 92 way [0 aay [ 92
o5 pa [ha,uz, g3, hal | = ply | Py hi |,®5” ha |,®57 hi |,®57 ha . (84)
pa [u1, g2, h3, ugl L Uy U U1 uz ) |
Also, we have one intermediate non-Post associative quiver
[ F [91,u2, h3, g4] I an [ O an [ 2 aa [ 01 aw [ 2 1
Q5 pa [P, g2, u3, hy) = Nil ®3” hy @37 he @37 hy @37 hs . (85)
pa [ur, ha, g3, w4l L uy () uy ug /|

The next type of heteromorphisms (intermediate) is described by the equations (66)-(76), it contains intact
elements (i > 1) and changes (decreases) arity n’ < n. For each fixed k the arities are not arbitrary. There
are many other possibilities (using permutations and different variants of quivers) to obtain an associative
final product !, corresponding the same heteromorphism parameters. The above examples are sufficient to
understand the rules of their construction for each concrete case.

MULTIPLACE REPRESENTATIONS OF POLYADIC SYSTEMS

The representation theory (see e.g. [109]) deals with mappings from abstract algebraic systems into linear
systems, such that, e.g. linear operators in vector spaces, or into general (semi)groups of transformations of
some set. In our notation, this means that in the mapping of polyadic systems (50) the final multiplication .,
is a linear map. This leads to some restriction on the final polyadic structure G/,,, which are considered below.

Let V be a vector space over a field K (usually algebraically closed) and EndV be a set of linear
endomorphisms of V', which is in fact a binary group. In the standard way, a linear representation of a binary

semigroup Go = (G; us) is a (1-place) map Iy : Go — End V, such that II; is a homomorphism

0y (p2[g,h]) =111 (g) * Iy (), (86)

where g, h € G and (%) is the binary multiplication in End V' (usually, it is a (semi)group with multiplication
as composition of operators or product of matrices, if a basis is chosen). If G is a binary group with the unity
e, then we have the additional condition

IT; (e) = idy . (87)

We generalize these known formulas to corresponding polyadic systems along with the introduced above
heteromorphism concept. Our general idea is to use the heteromorphism equation (65) instead of the standard
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homomorphism equation (86), such that the arity of representation will be different from the arity of the initial
polyadic system n’ # n.

Consider the structure of the final n/-ary multiplication y, in (65), taking into account that the final
polyadic system G/, should be constructed from End V. The most natural and physically applicable way is to
consider the binary EndV and to put G/, = der,s (EndV), as it was proposed for the ternary case in [19].
In this way G/, becomes a derived n'-ary (semi)group of endomorphisms of V' with the multiplication p, :

(End V)™ — EndV, where
o (U1 o] =v1 %ok vy, v; € End V. (88)

Because the multiplication u), (88) is derived and therefore, associative by definition, we consider the
associative initial polyadic systems (semigroups and groups) and the associativity preserving mappings, that
are the special heteromorphisms constructed in the previous section.

Let G,, = (G} ) be an associative n-ary polyadic system. By analogy with (57), we introduce the following
k-place mapping

H,E”’" ). &% 5 EndV. (89)
A multiplace representation of an associative polyadic system G,, in a vector space V is given, if there

exists a k-place mapping (89) which satisfies the (associativity preserving) heteromorphism equation (65), that
is

/*Ln[glau'vgn]v n'
. 0
, ' , 91 , Jk(n'—1)
H}En,n ) M, [gn(gu,l), - ,gneu] _ H[gn,n ) : - H]En,n ) ’ (90)
gne,+1,
. 9k 9kn'
liq
Inl, +tiq
where ug‘“e‘d) is given by (63), ¢, and ¢iq are numbers of multiplications and intact elements in the Lh.s. of

(90), respectively.

The exact permutation in the Lh.s. of (90) is given by the associative quiver presented in the previous
section. The representation parameters (n, n', k, £, and {q) in (90) are the same as the heteromorphism
parameters, and they satisfy the same arity changing formulas (68) and (69). Therefore, a general classification
of multiplace representations can be done by analogy with one of the heteromorphisms (74)—(77) as follows:

1. The hom-like multiplace representation which is a multiplace homomorphism with n’ = nl, = n,
without intact elements l;q = li(glm) = 0, and minimal number of places
k= kmin = £. (91)

2. The intact element multiplace representation which is the intermediate heteromorphism with 2 <

n’ < n and the number of intact elements ,

n—n

b=l (92)

3. The binary multiplace representation which is a binarizing heteromorphism (77) with n’ =n/ . =2,
maximal number of intact elements ll(én ) = (n —2) ¢, and maximal number of places

k=kmax =(n—1)4,. (93)

The multiplace representations for n-ary semigroups have no additional defining relations, as compared
with (90). In case of n-ary groups, we need an analog of the “normalizing” relation (87). If the n-ary group has
the unity e, then one can put

H,E"’”) Dok | =idy. (94)
&

If there is no unity at all, one can “normalize” the multiplace representation, using analogy with (87) in the
form

I (h' % h) =idy, (95)
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as follows B
h
4,
H,ﬁ"’” ) = idy, (96)
h
ool
h

for all h €G,,, where h is the querelement of h. The latter ones can be placed on any places in Lh.s. of (96) due
to the Dornte identities. Also, the multiplications in Lh.s. of (90) can change their place due to the same reason.

A general form of multiplace representations can be found by applying the Dérnte identities to each n-ary
product in Lh.s. of (90). Than, using (96) we schematically have

3]
91
n,n’ n,n’ téu
| =nl) , (97)
9k g
: liq
g
where g is an arbitrary fixed element of the n-ary group and
ta:/ln[galv“wganflng a:]-v"‘vg,u' (98)

This is the special shape of some multiplace representations, while the concrete formula should be obtained
in each case separately. Nevertheless, some conclusions can be done from (97). First, the equivalent classes on

’
n,n

which H,g ) is constant are determined by fixing ¢, 4+ 1 elements, i.e. by the surface t, = const, g = const.
Second, some k-place representations of n-ary group can be reduced to ¢,-place representations of its retract. In
the case ¢, = 1, multiplace representations of n-ary group derived from a binary group correspond to ordinary
representations of the latter (see [19,53]).

The above formulas describe various properties of multiplace representations, but they give no idea, how to
build representations for concrete polyadic systems. The most common method of representation construction
is using the concept of group action on a set. Below we extend this concept to the multiplace case, as it was
done above for homomorphisms and representations.

MULTIACTIONS AND G-SPACES
Let G, = (G; p) be a polyadic system and X be a set. A (left) 1-place action of G,, on X is the external

binary operation p§”) : G x X — X such that it is consistent with the multiplication u,, i.e. composition of the

binary operations p; {g|x} gives the n-ary product, that is,

P L lgrs - gal I} = o0 {aulo™ {gal - P {gubc} ) o} grigee GoxeX (99)

If the polyadic system is n-ary group, then in addition to (99) it is implied the there exist such e, € G (which may
or may not coincide with the unity of G,,) that pln) {ex|x} = x for all x € X, and the mapping x pgn) {ex|x}
is a bijection of X. The right 1-place action of G,, on X is defined in the symmetric way, and therefore we will
consider below only one of them. Obviously, that we cannot compose pgn) and pgn/) with n # n'. Usually X is
called a G-set or G-space depending of its properties (see, e.g., [110]).

The application of the 1-place action defined by (99) to the representation theory of n-ary groups gave
mostly repetitions of the ordinary (binary) group representation results (except mentioning trivial b-derived
ternary groups) [20]. Also, it is obviously seen that the construction (99) with the binary external operation
p1 cannot be applied for studying the most important regular representations of polyadic systems, when the X
coincides with G,, itself and the action arises from translations.

Here we introduce the multiplace concept of action for polyadic systems which is consistent with heteromorphisms
and multiplace representations. Then we show, how it naturally appears when X = G,, and apply it to construct
examples of representations including the regular ones.

For a polyadic system G,, = (G; uy,) and a set X we introduce an external polyadic operation

pr: GF X = X, (100)
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which is called a (left) k-place action or multiaction. To generalize the l-action composition (99), we use
the analogy with multiplication laws of the heteromorphisms (65) and the multiplace representations (90) and
propose (schematically)

Mn[glv"'agn]> n'
: Y4
tin [t —1)s- -+ Gt ] ! 7 ey
n n |n(l,—1)>--->Y9nL, n . n .
ol (6u—1) xp=pmd | D Ixpepe o (101)
gn€u+1a
. » gk Jkn
9ne, +4;q

The connection between all parameters here is the same as in the arity changing formulas (68)—(69).
Composition of mappings is associative, therefore in concrete cases we can use the associative quiver technique,
as it is described in the previous sections. If G,, is n-ary group, then we should add to (101) the “normalizing”
relations analogous with (94) or (96). So, if there is a unity e €G,,, then

e
pé") D lxp=x, forall xeX. (102)

e

In terms of the querelement the normalization has the form

h
e
(n) h
Py, N xp =x, forall xe X and for all h € G,. (103)
: gid
h
The multiaction p,in) is transitive, if any two points x and y in X can be “connected” by p}cn), i.e. there
exist g1, ..., gk €G, such that
91
p,(Cn) Doxp =Y. (104)
Gk
If g1,...,g9% are unique, then p,(gn) is sharply transitive. The subset of X, in which any points are

connected by (104) with fixed g1, ..., gr can be called the multiorbit of X. If there is only one multiorbit, then
we call X the heterogenous G-space (by analogy with the homogeneous one). By analogy with the (ordinary)
1-place actions, we define a G-equivariant map ¥ between two G-sets X and Y by (in our notation)

g1 g1
v xp | =p"d e e, (105)
9k 9k
which makes G-space into a category (for details, see, e.g., [110]). In the particular case, when X is a vector

space over K, the multiaction (100) can be called a multi-G-module which satisfies (102) and the additional
(linearity) conditions

91 g1 9
P’ S axtbyp =apV St Ixp b S |y (106)
9k Ik 9k
where a,b € K. Then, comparing (90) and (101) we can define a multiplace representation as a multi-G-module
by the following formula
5N 91
Hl(cn’n ) (x) = p,(cn) Doxop. (107)
Ik 9k

In a similar way, one can generalize to the polyadic systems many other notions of the group action
theory [109].
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REGULAR MULTIACTIONS

The most important role in the study of polyadic systems plays the case, when X =G,,, and the multiaction
coincides with the n-ary analog of translations [111], so called i-translations [56]. In the binary case ordinary
translations lead to the regular representations [109], therefore we call such action a regular multiaction

p.? (") In this connection, the analog of the Cayley theorem for n-ary groups was obtained in [105,112]. Now
we show in examples, how the regular multiactions can arise from i-translations.
Let Gs be a ternary semigroup, k = 2, and X =Gg, then 2-place (left) action can be defined as

P9 { z

This gives the following composition law for two regular multiactions

reg(3 g reg(3 g
p2g<>{ hi p2g<>{ hz

u} déf M3 [gv h, U’] : (108)

u}} = U3 [gl7h17/’l’3 [927h27u]]

= p3 (3 [g1, P, g2] , ho,u] = pgeg(?’) { H [91;21792] ‘U} . (109)

Thus, using the regular 2-action (108) we, in fact, derived the associative quiver corresponding to (59).
The formula (108) can be simultaneously treated as 2-translation [56]. In this way, the following left
regular multiaction
91
p;;eg(n) Clh def tn g1, 98, B, (110)
9k
corresponds to (62), where in r.h.s. there is the i-translation with ¢ = n. The right regular multiaction
corresponds to the i-translation with ¢ = 1. The binary composition of the left regular multiactions corresponds
to (62). In general, the value of i fixes the minimal final arity n;.., which differs for even and odd values of the
initial arity n.
It follows from (110) that for regular multiactions the number of places is fixed

breg = -1, (1)
and the arity changing formulas (68)—(69) become
Nyeg =1 — bia (112)
Ny = b+ 1. (113)

From (112)—(113) we conclude that for any n a regular multiaction having one multiplication £, = 1 is
binarizing and has n — 2 intact elements. For n = 3 see (109). Also, it follows from (112) that for regular
multiactions the number of intact elements gives exactly the difference between initial and final arities.

If the initial arity is odd, then there exist a special middle regular multiaction generated by the i-
translation with ¢ = (n + 1) /2. For n = 3 the corresponding associative quiver is (81) and such 2-actions were
used in [19] to construct middle representations of ternary groups, which did not change arity (n’ = n). Here we
give a more complicated example of middle regular multiaction, which can contain intact elements and therefore
can change arity.

Let us consider 5-ary semigroup and the following middle 4-action

g i=3
p269(5) Z s =us |g,h, g R (114)
v

Using (113) we observe that there are two possibilities for the number of multiplications ¢,, = 2,4. The last case
¢, =4 is similar to the vertical associative quiver (81), but with more complicated Lh.s., that is

s (91, R, 92, ha,gs3]

739(5) M5 [h’37 94, h47 95, h5]
P M5 [u5,v5,u4,v47u3]
M5 [U37U2,U27U1,U1]

9 92 g3 94 9s
reg(5) hi reg(5) ha reg(5) hs3 reg(5) hy reg(5) hs
Py uy Py s Py us Py Uy Py us S : (115)

U1 V2 U3 Vg Us
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Now we have an additional case with two intact elements {iq and two multiplications {,, = 2 as

s (91, hi, g2, b2, 93] g1 92 g3
reg(5) hS reg(5) hl reg(5) h2 reg(5) hS
s p = s , 116
P s [hs, v3, ug, V2, U] P up | P4 uy | P4 u3 (116)
U1 (%1 V2 U3

with changing arity from n =5 to n’mg = 3. In addition to (116) we have 3 more possible regular multiactions

due to associativity of us, when the multiplication brackets in the sequences of 6 elements in the first two rows
and the second two ones can be shifted independently.
For n > 3, in addition to left, right and middle multiactions, there exist intermediate cases. First observe

that the i-translations with ¢ = 2 and i« = n — 1 immediately fix the final arity n!_, = n. Therefore, the

re
composition of multiactions will be similar to (115), but with some permutations in l.h.éq.

Now we consider some multiplace analogs of regular representations of binary groups [109]. The straightforward
generalization is considering the introduced regular multiactions (110) in the r.h.s. of (107). Let G,, be a finite
polyadic associative system and KG,, be a vector space spanned by G,, (some properties of n-ary group rings
were considered in [113,114]). This means that any element of KG,, can be uniquely presented in the form
w=>,a;-hi, ay €K, hy € G. Then, using (110) and (107) we define the i-regular k-place representation
by

g1
HZE“’(” : (w) = Zal CHkt1 (91 - Gic1haGivr - - Gk - (117)
Ik !

Comparing (110) and (117) one can conclude that all general properties of multiplace regular representations
are similar to those of the regular multiactions. If i = 1 or ¢ = k, the multiplace representation is called right
or left regular representation correspondingly. If k is even, the representation with i = k72 + 1 is called
amiddle regular representation. The case k = 2 was considered in [19] for ternary groups.

MULTIPLACE REPRESENTATIONS OF TERNARY GROUPS

Let us consider the case n = 3, k = 2 in more details paying attention on its special peculiarities, which
corresponds to the 2-place (bi-element) representations of ternary groups [19]. Let V' be a vector space over K
and End V' be a set of linear endomorphisms of V. From now on we denote the ternary multiplication by the

square bracket only, as follows u3 [g1, g2, 93] = [919293], and use the “horizontal” notation IT ( zl > =1I(g1,92)-
2
A left representation of a ternary group G,[]) in V is a map II* : G x G — End V such that

115 (g1, g2) o T1¥ (g3, 94) = T1* ([919293) , 94) » (118)
" (g,9) = idv, (119)

where 9,91,92,93,94 € G.

Replacing in (119) g by g we obtain IIZ (g, g) = idy, which means that in fact (119) has the form ITX (g, g) =
I1* (g,9) = idy, Vg € G. Note that the axioms considered in the above definition are the natural ones satisfied
by left multiplications g — [abg|. For all g1, g2, 93,94 € G we have

1% ([919293)  94) = II* (g1, [929394]) -
For all g, h,u € G we have
1" (g, h) = I1* ([gua], h) = 11" (g,u) o 11" (7@, h) (120)

and
1" (g,u) o II* (w,g) = II* (u,g) o I1* (g, u) = idy, (121)

and therefore every IT* (g, u) is invertible and (I1% (g,u)) ' — 11% (@, 9). This means that any left representation
gives a representation of a ternary group by a binary group [19]. If the ternary group is medial, then

11" (g1, g2) o 1" (g3, 94) = 11" (g3, g4) o 11" (g1, g2) ,

i.e. obtained group is commutative. If the ternary group (G, [ ]) is commutative, then also II* (g, h) = II* (h, g),
because

" (g,h) = 11" (g,h) o 11* (9,9) = 1" ([ghg], 9) =" ([hgg], g) = 11" (h,g) o 11" (9, 9) = 11" (h, g).
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In the case of the commutative and idempotent ternary group any its left representation is idempotent and
(11 (9, )
groups.

Let (G,[]) = der (G,®) be a ternary group derived from a binary group (G, ®), then there is one-to-one
correspondence between representations of (G, ®) and left representations of (G, [ ]).

Indeed, because (G,[]) = der (G, ®), then g ® h = [geh] and € = e, where e is unity of the binary group
(G,®). If 7 € Rep (G, ®), then (as it is not difficult to see) I1* (g, h) = 7 (g) o 7 (k) is a left representation of
(G,[]). Conversely, if IT* is a left representation of (G,[]) then 7 (g) = II” (g, e) is a representation of (G, ®).
Moreover, in this case I1¥ (g, h) = 7 (g) o 7 (h), because we have

Yot (g, h), so that commutative and idempotent ternary groups are represented by Boolean

1" (g, h) = T1" (g, [ehe]) = 11" ([geh], e) = 11" (g, ) o II* (h,e) = 7 (g) o m (h).

Let (G, []) be a ternary group and (G x G, %) be a semigroup used to the construction of left representations.
According to Post [5] one says that two pairs (a,b), (¢,d) of elements of G are equivalent, if there exists an
element g € G such that [abg] = [edg]. Using a covering group we can see that if this equation holds for some
g € G, then it holds also for all g € G. This means that

HL(aa b) = HL(Cv d) — (aa b) ~ (Ca d)»
ie.
1% (a,b) = (¢, d) <= [abg] = [cdg]
for some g € G. Indeed, if [abg] = [edg] holds for some g € G, then
I (a,b) = 1" (a,b) o 11" (g,) = 11" ([abg], 9)
= 11" ([edg], g) = 11" (¢, d) 0 11*(g,9) = 11" (c, d).

By analogy we can define
A right representation of a ternary group (G, []) in V is a map II¥ : G x G — End V such that

1% (g3, g4) o I (g1, 92) = T1% (g1, [g2g394]) , (122)
11" (g,g) = idv, (123)

where 9,91,92, 93,94 € G.
From (122)-(123) it follows that

1% (g, h) = 1% (g, [umh]) = II¥ (@, h) o I1¥ (g, u) . (124)

It is easy to check that II%(g,h) = II* (h,g) = (IIX (g,h))_l. So it is enough to consider only left
representations (as in binary case). Consider the following example of group algebra ternary generalization [19].

Let G be a ternary group and KG be a vector space spanned by G, which means that any element of KG
can be uniquely presented in the form t = > | k;h;, k; € K, h; € G, n € N (we do not assume that G has
finite rank). Then left and right regular representations are defined by

erg (91792) t= Z kl [gnghl] 5 (125)
=1

IR, (91,92)t =Y ki [higiga] . (126)
=1

Let us construct the middle representations as follows.
A middle representation of a ternary group (G, |[]) in V is a map 1™ : G x G — End V such that

1Y (g3, hs) o IM (ga, ho) o I (g1, hy) = TI™ ([g3gagn] , [Rahahs]) (127)
11" (g,h) o IIM (g,h) =11 (g, k) o I (g, h) = idy (128)

It is seen that a middle representation is a ternary group homomorphism II" : G x G°? — der End V. Note
that instead of (128) one can use 11" (g,ﬁ) olIM (g, h) = idy after changing g to g and taking into account that
g = g. In the case idempotents elements g and h we have ITM (g, h) o 1™ (g, h) = idy, which means that the
matrices II" are Boolean. Thus all middle representation matrices of idempotent ternary groups are Boolean.
The composition TIM (g1, hy) o IM (go, hy) is not a middle representation, but the following proposition holds.
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Let II™ is a middle representation of a ternary group (G, [ ]), then, if [TX (g, h) = ITM (g, u)oITM (h, ) is a left
representation of (G, []), then IZ(g,h) o IIL (¢',n') = 1L ([gh'], '), and, if [1E(g, h) = TTM (u, h) o TM (7, g)
is a right representation of (G,[]), then IIf(g,h) oI (¢ n') = 11 (g, [hg’R]). In particular, IIL (IIF) is a
family of left (right) representations.

If a middle representation II™ of a ternary group (G, []) satisfies I (g,g) = idy for all g € G, then it is
a left and right representation and II1™ (g, h) = II™(h, g) for all g, h € G. Note that in general H%g(g,g) # id.
For regular representations we have the following commutation relations

107, (g1, 7) o T (92, ha) =TI (g2, ho) o T, (91, ha) -

Let (G,[]) be a ternary group and let (G x G,[]) be a ternary group used to the construction of the
middle representation. In (G, [ ]), and in the consequence in (G x G,[]'), we define the relation
(a,b) ~ (¢,d) < [aub] = [cud]

for all u € G. It is not difficult to see that this relation is a congruence in a ternary group <G x G, | ]'> For
regular representations IT2! (a,b) = ILY (c,d) if (a,b) ~ (¢,d). We have the following relation

a~a < a=[gdg] for some g€ G
or equivalently

a=~a <= ad =|[gag] for some g € G.

It is not difficult to see that it is an equivalence relation on (G, | |), moreover, if (G, [ ]) is medial, then this
relation is a congruence.
Let <G x G, | ]/> be a ternary group used for a construction of middle representations, then

(a,b) = (a’,b) <= d’ = [gag] and
b = [hbb] for some (g,h) € G x G
is an equivalence relation on (G x G,[]'). Moreover, if (G,[]) is medial, then this relation is a congruence.
Unfortunately, it is a weak relation. In a ternary group Zs, where [ghu] = (¢ — h + u) (mod 3) we have only

one class, i.e. all elements are equivalent. In Z4 with the operation [ghu] = (¢ + h + v+ 1) (mod 4) we have
a~a < a=d. But for this relation holds the following statement. If (a,b) = (a’,’), then

trITM (a, b) = tr IIM (d/, V).
We have tr(AB) = tr(BA) for all A,B € EndV, and
tr 1M (a, b) = tr 11" ([ga'g], [hb'R] ) = tr (TM (g, k) o IV (a', V') o 1IM (7, 1))
= tr (HM(g,E) oM (g, h) o TIM (o, b’)) =tr (idv o HM(a’b’)) =tr IIM (d/, V)

In our derived case the connection with the standard group representations is given by the following.
Let (G,®) be a binary group, and the ternary derived group as (G,[]) = der (G,®). There is one-to-one
correspondence between a pair of commuting binary groups representations and a middle ternary derived group
representation. Indeed, let 7, p € Rep (G,®), 7 (g)op(h) =p(h)om(g) and II* € Rep (G,[]). We take

Y (g,h) =m(g)op(h™"), m(9) =" (g,¢), p(g9) =11 (e,7).

Then using (127) we prove the needed representation laws.
Let (G,[]) be a fixed ternary group, (G x G,[]') a corresponding ternary group used in the construction

of middle representations, ((G x G)*,®) a covering group of (G x G,[]'), (G x G,0) =ret(,1)(G x G, ()). If
1M (a,b) is a middle representation of (G, [ ]), then 7 defined by

m(g,h,0) = 11" (g,h),  w(g,h,1) =TI" (g, h) o T1™(a, )
is a representation of the covering group [5]. Moreover
p(g:h) = HM(g’ h) o HM(a»b) =m(g,h,1)

is a representation of the above retract induced by (a,b). Indeed, (@,b) is the identity of this retract and
p(@,b) = 1M (@, b) o 1M (a,b) = idy . Similarly

p((g, h) < (uvu)) =p (<(g7 h), (a7 b), (u’u») =p ([gau], [Ubh]) =1 ([gau]7 [Ubh])) o HM(CL, b)
= HM(g’h’) © HM(avb) OHM(“?”) © H]VI(a’b) = p(g7h) op(u,u)
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But 7(g) = (g,9) is an embedding of (G,[]) into (G x G,[]'). Hence p defined by p(g,0) = 11" (g,7) and
wu(g,1) =11M(g,g) o1 (a, @) is a representation of a covering group G* for (G,[]) (see the Post theorem [5] for
a = ¢). On the other hand, B(g) = 1" (g,g)oITI™ (a, @) is a representation of a binary retract (G, -) = ret, (G, [ ]).
That § can induce some middle representation of (G,[]) (by Gluskin-Hosszi theorem [7]).

Note that in a ternary group of the quaternions (K,[]) (with norm 1), where [ghu] = ghu(—1) = —ghu
and gh is a multiplication of quaternions (—1 is a central element) we have 1 = —1, =1 =1 and g = g for
others. In (K x K, [ ]") we have (a,b) ~ (—a, —b) and (a, —b) ~ (—a, b), which gives 32 two-elements equivalence
classes. The embedding 7(g) = (g,9) suggest that 1M (i,7) = 7(i) # 7(—i) = M (=i, —i). Generally 11" (a, b) #
M (—a, —b) and 1IM (a, —b) # 1M (—a, b).

The relation (a,b) ~ (¢,d) <= [abg] = [cdyg] for all g € G is a congruence on (G x G, *). Note that this
relation can be defined as "for some ¢". Indeed, using a covering group we can see that if [abg] = [edg] holds
for some g then holds also for all g. Thus 71 (a,b) = I1X(c,d) < (a,b) ~ (c,d). Indeed

I1(a, b) = 11*(a,b) 0 I1*(g,5) = I1*([a b g]. 9)
= 11" (e d g],9) = 11*(c,d) o 11" (g, ) = 11" (c, d).
We conclude, that every left representation of a commutative group (G,[]) is a middle representation.
Indeed, - _ 7 _
11" (g, h) o I1*(g,h) = 11*([g h g],h) = T1*([g g k], h) = T1*(h, h) = idy
and

1% (g1, g2) o 11* (g3, g4) © 11" (g5, g6) = 11" ([[919295]9495], 96) = 11" ([[919392]9495], 96) = 11" ([9195[929495], 96)
= 11" ([9195[959492]1, 96) = 11" ([919595). [929296]) = 11" ([919395], [969492])-

Note that the converse holds only for the special kind of middle representations such that 1" (g, g) = idy .
Therefore,

There is one-one-correspondence between left representations of (G,[]) and binary representations of the
retract ret, (G, [ ]).

Indeed, let I1%(g,a) is given, then define p(g) = II*(g,a) is such representation of the retract which
can be directly shown. Conversely, assume that p(g) is a representation of the retract ret,(G,[ ]). Define
11(g, k) = p(g) o p(h)~", then TI*(g, h) o II* (u, u) = p(g) o p(h) ' o p(u) o p(@) ™! = p(g® (h) ™" o @u) o p(uw)~" =
p([lgalahal]au]) o p(@ ' = pllghg]) o p(@)~* = UE([ghul,u),

MATRIX REPRESENTATIONS OF TERNARY GROUPS
Here we give several examples of matrix representations for concrete ternary groups. Let G = Z3 > {0, 1,2}
and the ternary multiplication is [ghu] = g — h + u. Then [ghu] = [uhg] and 0 = 0, 1 = 1, 2 = 2, therefore
(G,[]) is an idempotent medial ternary group. Thus I1*(g, h) = I1¥(h, g) and

1% (a,b) = I*(c,d) <= (a — b) = (c — d)mod 3. (129)
The calculations give the left regular representation in the manifest matrix form
1 0 0
L
Hreg (0’ 0) = HrLeg (2’ 2) = erg (1’ 1) = Hﬁeg (07 0) = Hﬁeg (27 2) = Hﬁeg (17 1) = 010 = [1] S [1] D [1]7
0 0 1

(130)

01 0

L
Iy (2,0) =17, (1,2) = I, (0,1) =107, (2,1) =I5, (1,0) =TI, (0,2) = { 0 0 1
1 0 0
1 V3
—me|l 2 2 |=qe Yolnle-l L (131)
- VA 2 2" 2 2"V
2 2
0 0 1
L
Iy (2,1) =107, (1,0) = 107, (0,2) =T, (2,0) = 1177, (1,2) = I, (0,1) = | 1 0 0
01 0
1 V3
—me| % 2 |=Mo|-s-1iv3|0|-s+iv3 (132)
- Vi1 | 2 2 2 2"V
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Consider the middle representation construction. The middle regular representations is defined by

LY, (g1,92) t = ki lgihiga] .

i=1
For regular representations we have
Y (g1, h1) o 1L, (g2, ho) = 11, (ho, hy) o ILY (g1, 92) (133)
H%g (gla hl) o erg (927 hQ) - erg (gla 92) o Hrj’vf{g (hQ& hl) : (134)

For the middle regular representation matrices we obtain

1 0 0
H%Q(O,O):H%g(lﬂ):l'[%g(zl): 8 ? (1) ’
01 0
H%g(oal):H%g(170):1_[%g(272): (1) 8 (1) ’
00 1
Y (0,2) =12, (2,0) =117, (1,1) = (1) (1) 8

The above representation I} of (Zs,[]) is equivalent to the orthogonal direct sum of two irreducible
representations

[ -1 0
I (0,0) =1, (1,2) = IRL, 2. D) =[] & | o | |,
L
H%g (07 1) = H%g (170) = H%g (272) = [1} S 3/3 % )
L2 2
(1 V3
H%g (072) = H%g (270) = H%g (17 1) = [1} D \;g 21 ’
L 2 2

i.e. one-dimensional trivial [1] and two-dimensional irreducible. Note, that in this example 11 (g, g) = 1M (g, g) #
idy, but I (g, h) o 1™ (g, h) = idy, and so I are of the second degree.

Consider a more complicated example of left representations. Let G = Z4 > {0,1,2,3} and the ternary
multiplication is

[ghu] = (g + h +u+ 1) mod 4. (135)
We have the multiplication table
1 2 3 0 2 3 01
2 3 01 3 0 1 2
[g>h70}_ 3 0 1 2 [g,h,l]— 01 2 3
01 2 3 1 2 3 0
3 0 1 2 01 2 3
01 2 3 1 2 3 0
2 3 01 3 0 1 2

Then the skew elements are 0 =3, 1 =2, 2 =1, 3 =0, therefore (G,[]) is an (non-idempotent) commutative
ternary group. The left representation is defined by expansion erg (g1,92)t = > ki [g192h;], which means
that (see the general formula (117))

Ik, (g, h) |u >= |[ghu] > .

reg

Analogously, for right and middle representations

I, (9,h) [u>=[[ugh] >, T}, (g,h) |u>=|[guh] > .

reg reg
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Therefore | [ghu] >= | [ugh] >= | [guh] > and
L, (g,h) =10

reg

reg (9, 1) [u>= 112, (g,h) |u >,

so Ik, (g,h) = TE (g,h) =11 (g,h). Thus it is sufficient to consider the left representation only.

reg reg Teg
In this case the equivalence is 11¥(a,b) = I1*(¢,d) <= (a+b) = (c¢+ d)mod 4, and we obtain the following
classes

T'eg (O 0) T'eg (1 3) T'eg (2 2) T'eg (3 ]')

reg (0 1) reg (1 O) reg (2 3) reg (3 2)

L L L L _
1 (07 2) Hreg ( ) Hreg (27 O) Hreg (37 3) -

reg

erg ( ) erg ( ) erg ( ) Hfﬂg ( ) =

O OO HOOODO O OO OO O
OO RO OO0 HPOOO O oo
O OO OO OOk +»HOOoOo
H OO0 OO0 OO OO o

It is seen that, due to the fact that the ternary operation (135) is commutative, there are only one-dimensional
irreducible left representations.

Let us “algebralize” the above regular representations in the following way. From (118) we have for the left
representation

Mg (i,4) o Mg (k1) = 1L (i, [5K1)) (136)

reg reg
where [jkl] = j —k+1, i,5,k,1 € Z3. Denote ~* erg (0,%), i € Zs, then we obtain the algebra with the
relations

VU = i (137)
Conversely, any matrix representation of v;v; = viy; leads to the left representation by IIY (i, j) = Vj—i- In
the case of the middle regular representation we introduce ’yk_H = Hreg (k,1), k,l € Zs, then we obtain

FYZJW’Y]IMWIJCW W[Jgkb i7j7k € ZB' (138)

In some sense (138) can be treated as a ternary analog of the Clifford algebra. As before, any
matrix representation of (138) gives the middle representation IIM (k,1) = 4.

TERNARY ALGEBRAS AND HOPF ALGEBRAS

Let us consider associative ternary algebras [2,115]. One can introduce autodistributivity property [[zyz] ab] =
[[zab] [yab] [zab]] (see [72]). If we take 2 ternary operations { , , } and [, , ], then distributivity is {[zyz] ab} =
[{zab} {yab} {zab}]. If (+) is a binary operation (addition), then left linearity is

[(z + 2),a,b] = [zab] + [zab] . (139)

By analogy one can define central (middle) and right linearity. Linearity is defined, when left, middle and
right linearity hold valid simultaneously.

An associative ternary algebra is a triple (A, 13, 77(3)), where A is a linear space over a field K, us is
a linear map A® A® A — A called ternary multiplication us(a ® b ® ¢) = [abc] which is ternary associative
[[abc] de] = [a[bed] €] = [ab [cde]] or

pz o (p3 ®1d®id) = ps o (Id®pus ®id) = pz o (Id®id ®us) . (140)

There are two types [45] of ternary unit maps n® : K — A:
1) One strong unit map

[i3 © (n(3) 7% ® id) = 3o (n(g) ®id ®77(3)) = pugo (id on® @ n(g)) =id; (141)
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2) Two sequential units 7753) and 775’) satisfying

pso (nf @l @id) = o (n* @iden?) = ps o (ien® @ nf’) = id; (142)

In first case the ternary analog of the binary relation 7 (z) = x1, where z € K, 1 € A, is
n® (z) = [z,1,1] = [1,1,2] = [1,z,1]. (143)
Let (A, a,na), (B, up,ns) and (C, uc, nc) be ternary algebras, then the ternary tensor product space

A® B ® C is naturally endowed with the structure of an algebra. The multiplication pagpgc on A ® B ® C
reads

[(a1 ® b1 ® c1)(as ® ba ® c2)(a3 ® bs @ c3)] = [a1a2a3] @ [b1b2b3] ® [c1eacs3], (144)

and so the set of ternary algebras is closed under taking ternary tensor products. A ternary algebra map

(homomorphism) is a linear map between ternary algebras f : A — B which respects the ternary algebra
structure

flzy2]) =[f (@), f (y), f (2)], (145)
f(1a) =1p. (146)

Let C be a linear space over a field K.
A ternary comultiplication A() is a linear map over a field K such that

As:C—>C®C&C. (147)

In the standard Sweedler notations [37] Az (a) = .1 | af ®a] ® ' = a1y ® a2y ® a(3). Consider different
possible types of ternary coassociativity [45,46].

1. A standard ternary coassociativity
(Az ®id®id) o Az = (id®A3 ®id) 0 Az = (id ®id ®A3) o Ag, (148)
2. A nonstandard ternary X-coassociativity (Gluskin-type positional operatives)
(A3 ®id®id) o Ay = (id® (0 0 Az) ®id) o Ag,

where 0 0 Az (a) = Az (a) = a(1)) ® A(s(2)) @ a(e(3)) and 0 € X C S3.

3. A permutational ternary coassociativity
(A3 ®id®id) o Az = 7o (id ®A3 ® id) o Ag,
where 7 € II C S5.
A ternary comediality is

(A3 ® A3 ® Az) 0 Az = Opmedial © (A3 ® Az ® Ag) 0 Ag,

where Opedial = (Tacanonny) € So. A ternary counit is defined as a map e® : C' — K. In general, ¢® # ¢®

satisfying one of the conditions below. If A3 is derived, then maybe £(3) = () but another counits may exist.
There are two types of ternary counits:

1. Standard (strong) ternary counit

e® 2e® ®id) oAz = (¥ @id®e®) 0 Az = (id®e® @ e®)) 0 Az =1id, (149)

2. Two sequential (polyadic) counits 5§3) and 5&3)

(3)

P 2l @id)oA = (P ®ideel’) oA = (id2e® ® () 0 A = id, (150)

Below we will consider only the first standard type of associativity (148). The o-cocommutativity is
defined as 0 o Az = As.
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A ternary coalgebrais a triple (C7 Ag, 5(3)), where C'is a linear space and Agj is a ternary comultiplication
(147) which is coassociative in one of the above senses and £(®) is one of the above counits.

Let (A, ,u(3)) be a ternary algebra and (C, A3) be a ternary coalgebra and f, g, h € Homg (C, A). Ternary
convolution product is

[f.g.h], =P o (f@g@h)ol; (151)

or in the Sweedler notation [f, g, h], (a) = [f (a(1)) g (a@2)) h (a))].
A ternary coalgebra is called derived, if there exists a binary (usual, see e.g. [37]) coalgebra Ay : C —
C ® C such that

Az der = (Id ®A2) ® As. (152)

A ternary bialgebra B is (B, 13 G As, 5(3)) for which (B, ), n(3)) is a ternary algebra and (B, Ag, 5(3))
is a ternary coalgebra and they are compatible

Azopu® =13 oAy (153)
One can distinguish four kinds of ternary bialgebras with respect to a “being derived” property:

1. A A-derived ternary bialgebra

Az = Az ger = (Id®Ag) 0 Ay (154)
2. A p-derived ternary bialgebra
0, =12 = i o () 1) a5

3. A derived ternary bialgebra is simultaneously p-derived and A-derived ternary bialgebra.

4. A non-derived ternary bialgebra which does not satisfy (154) and (155).

Possible types of ternary antipodes can be defined using analogy with binary coalgebras.
A skew ternary antipod is
1@ o (8% @id®id)o Ay = pu® o (i[d@SP)  @id)o Az =pu® o (ideideS) JoAs=id.  (156)

If only one equality from (156) is satisfied, the corresponding skew antipod is called 1left, middle or right.
Strong ternary antipod is

(u@) ® id) o ((d@S%) | ®id)o Ay =1@id, (id ®M<2>> o ((d@id®SP), )0 Ay =id@l,

where 1 is a unit of algebra.
If in a ternary coalgebra the relation

AgOS:T130(5®S®S)OA3 (157)

3
1

A ternary Hopf algebra (H, 13 G Ag B 5(3)) is a ternary bialgebra with a ternary antipod S) of
the corresponding above type .

Let us consider concrete constructions of ternary comultiplications, bialgebras and Hopf algebras. A
ternary group-like element can be defined by Az (g) = g ® g ® g, and for 3 such elements we have

hold valid, where 113 = (:1,)3 ), then it is called skew-involutive.

A3 ([919293]) = Az (91) Az (92) Az (g3) - (158)

But an analog of the binary primitive element (satisfying A® (z) = 2 ® 1 + 1 ® z) cannot be chosen simply
as As(z) =zr®Re®e+e®@r®e+e®e® x, since the algebra structure is not preserved. Nevertheless, if we
introduce two idempotent units e, es satisfying “semiorthogonality” [ejejes] = 0, [eaezer] = 0, then

As(z)=2Re1 Qe+ eaR@RrRe;+e1Rea®a (159)
and now A3 ([.271.’1321‘3]) = [Ag ([El)Ag (1‘2)A3 (I‘g)] USiIlg (159) 6(:17) = O7 5(6172) = 1, and S(S) ($) = —x,

S(3) (e1,2) = e1,2, one can construct a ternary universal enveloping algebra in full analogy with the binary case
(see e.g. [39]).
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One of the most important examples of noncocommutative Hopf algebras is the well known Sweedler Hopf
algebra [37] which in the binary case has two generators z and y satisfying

p? (z,x) =1, (160)
1 (y,y) =0, (161)
Uf) (zy) = -0 (2y). (162)
It has the following comultiplication
Ay (z) =2z, (163)
A (y)=yor+1ey, (164)

counit ) (z) =1, ¢® (y) = 0, and antipod S (z) = 2, S® (y) = —y, which respect the algebra structure.
In the derived case a ternary Sweedler algebra is generated also by two generators x and y obeying

1@ (2, e,0) = u® (e,2,2) = p® (x,2,¢) = e, (165)
o? (lyey)) =0, (166)
o ([wey)) = =0 ([vey)). (167)

Az(z)=2z@zQx, (168)
As(y) =yRr0r+eRydr+eRe®y, (169)
e® () =@ (x)=1 (170)
W (y) =Py =0 (171)
SO (z) =8P (z) = x, (172)
S (y) = 8 (y) = —, (173)

and it can be checked that (168)-(170) are algebra maps, while (172) is antialgebra maps. To obtain a non-
derived ternary Sweedler example we have the possibilities: 1) one “even” generator z, two “odd” generators y; 2
and one ternary unit e; 2) two “even” generators x1 2, one “odd” generator y and two ternary units ey . In the
first case the ternary algebra structure is (no summation, i = 1, 2)

[zzx] = e, (174)

[yiyiyi] = 0, (175)

o (lyiwy]) = ot ([ayia]) = 0, (176)
[vey:] = — [zyie],

lexys] = — [yiwe], (177)

eyix] = — [yiex], (178)

o (raya]) = = (yraya)) . (179)

The corresponding ternary Hopf algebra structure is

Az(z)=2@zQx, Az3(112) =122 +e12Q0Y21 T +e12Q€21 Y21,

)

In the second case we have for algebra structure

[ixjx] = 6ij0i05ei,  [yyy] =0, Uf) ([yziy]) = 0, O’f) ([ziyxs]) =0,
@ (yizya]) =0, 0P ([yrzya)) = 0, (181)
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and the ternary Hopf algebra structure is

As(x;) = 2, @ z; ® xy,

Az(y) =yRu1 @1 +6 QYyQrs+e Qe Y, (182)
e® (z;) =1, (183)
B (y) =0, (184)
SO (2;) = i, (185)
S (y) = —y. (186)

TERNARY QUANTUM GROUPS
A ternary commutator can be obtained in different ways [116]. We will consider a simplest version called
a Nambu bracket (see e.g. [2,30]). Let us introduce two maps wgf’) ARARA—- AR A® A by

WP @®bR®)=a®b@ctbOc®atcRadb, (187)
W(fg)(a®b®c):b®a®0+c®b®a+a®c®b. (188)

Thus, obviously (%) owgf ) = a(i?’ Jo 1), where af ) € S denotes sum of terms having even and odd permutations

respectively. In the binary case wf) =id®id and w(_g) = 7 is the twist operator 7 : a®b — b®a, while () ow(_2)

is permutation 0(_2) (ab) = ba. So the Nambu product is w](\:;’) = wf) — w(_s), and the ternary commutator is

[7 JN = 05\?) = Uf) — 0(73)7 or [30]
la,b, c]y = [abc] + [bea] + [cab] — [cba] — [acb] — [bac] (189)

An abelian ternary algebra is defined by vanishing of Nambu bracket [a, b, ¢] ;, = 0 or ternary commutation

(3)
+

relation o)’ = a@. By analogy with the binary case a deformed ternary algebra can be defined by

Jf) = g0 or [abc] + [bea] + [cab] = g ([cba] + [acb] + [bac]) , (190)

where multiplication by ¢ is treated as an external operation.

Let us consider a ternary analog of the Woronowicz example of a bialgebra construction, which in the

(2) @) (

binary case has two generators satisfying xy = qyz (or o} (zy) = g™’ (2y)), then the following coproducts

Ay(z)=2®@07 (191)
Ar(y)=y®z+1xy (192)

are algebra maps. In the derived ternary case using (190) we have

o{? ([zey]) = g0 ([zey)), (193)

where e is the ternary unit and ternary coproducts are

As(e)=e®e®e, (194)
As(z) =z, (195)
Az3(y) =yRz@r+eRy@r+eRedy, (196)

which are ternary algebra maps, i.e. they satisfy

o\ (A5 (2) As (€) A (9)]) = 0@ ([A5 (2) Az (e) As (1)) - (197)

Let us consider the group G = SL (n,K). Then the algebra generated by aé» € SL (n,K) can be endowed by
the structure of ternary Hopf algebra (see e.g. [117] for binary case) by choosing the ternary coproduct, counit
and antipod as (here summation is implied)

Ag(a}) =af @af @dl, &(ai) =6 SO (a}) = (a—l); . (198)

This antipod is a skew one since from (156) it follows

1 o (8®) @id®id) o Ag (af) = S (a,) afaé- = (ail)i afaé» = 5;@; =d). (199)
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This ternary Hopf algebra is derived since for A(?) = a§ ® ai we have
Ay = (i0A®) © A® (o)) = (i02A®) (0} © af) = af © AP (aF) = af @ of @ ). (200)

In the most important case n = 2 we can obtain the manifest action of the ternary coproduct As on
components. Possible non-derived matrix representations of the ternary product can be done only by four-rank

n X n X n xn twice covariant and twice contravariant tensors {a?jl} Among all products the non-derived ones

are only the following a}’ib%c?f and ai]}cb%cf’l” (where o is any index). So using e.g. the first choice we can define

the non-derived Hopf algebra structure by

A (a})) = aity @ ajf @ af, (201)
- 1/ .
e (al) = 5 (1] + 1)) (202)
and the skew antipod szl =56 (a%) which is a solution of the equation sff;)a};;’ = 5;5,‘:5;’.
Next consider ternary dual pair k (G) (push-forward) and F (G) (pull-back) which are related by k* (G) =
F (G) (see e.g. [118]). Here k (G) = span (G) is a ternary group algebra (G has a ternary product [ | or ug’))

over a field k. If u € k (G) (u = u'z;,x; € G), then
[uow], = u'viw [z2;2)], (203)

is associative, and so (k (G),[],) becomes a ternary algebra. Define a ternary coproduct As : k (G) = k (G) ®
k(G)®k(G) by
As(u) =u'e; @ x; @ x4 (204)

(derived and associative), then Az ([uvw],) = [Az (u) As (v) Az (w)],, and k(G) is a ternary bialgebra. If we
define a ternary antipod by S,(f) = u'Z;, where 7; is a skew element of x;, then k (G) becomes a ternary Hopf
algebra.

In the dual case of functions F (G) : {¢ : G — k} a ternary product [], or u(;’) (derived and associative)
acts on ¢ (z,y, 2) as

(120) @) = (@,2,2), (205)
and so F (G) is a ternary algebra. Let F(G) @ F(G) @ F (G) =2 F (G x G x G), then we define a ternary
coproduct Az : F(G) = F(G)® F (G) @ F (G) as

(Azp) (2,9, 2) = ¢ ([xy2] 7)), (206)

which is derive and associative. Thus we can obtain Az ([p19p203] z) = [A3z (¢1) A3 (p2) Az (¢3)] £, and therefore
F (G) is a ternary bialgebra. If we define a ternary antipod by

S () = o (@), (207)

where 7 is a skew element of z, then F (G) becomes a ternary Hopf algebra.

Let us introduce a ternary analog of R-matrix. For a ternary Hopf algebra H we consider a linear map
R®: HoH®H -+ H®H®H.

A ternary Hopf algebra (H, 3 G Ag B S(S)) is called quasifiveangular? if it satisfies

(A3 ®id®id) = RS RSLRSY. (208)
(d®As ®id) = R RE.RE. (209)
(id®id @A) = RELRERE), (210)

where as usual index of R denotes action component positions.
Using the standard procedure (see e.g. [39,119,120]) we obtain set of abstract ternary quantum Yang-Baxter
equations, one of which has the form

3 3 3 3 3 3 3 3 3 3
Ry R, RGE R RiGs = RiGRYS RS RYL R, (211)

4The reason of such notation is clear from (211).
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and others can be obtained by corresponding permutations. The classical ternary Yang-Baxter equations for
one parameter family of solutions R (¢) can be obtained by the expansion

RO M) =exexe+rt+0O (1), (212)
where 7 is a ternary classical R-matrix, then e.g. for (211) we have

7'342712571457135 1 T243T12571457135 + 7'2437°34271457135 + 7'243734271257135 1 7243734271257'145

= T13271457'2457345 + T123714572457°345 + 7"123713272457345 + 7"1237°13271457345 + T12371327°1457°245-

For three ternary Hopf algebras (HA,B,CH MS”)B,C, 77,(5)3 o Af}ac, Ef’)&C, Sf’,)ac) we can introduce a non-

>(3)

degenerate ternary “pairing” (see e.g. [119] for binary case) (, , : Hy x Hg x Ho — K, trilinear over K,

satisfying

(0 (@),b.c)"”
<b ) (b) ’C><3>
<a b, 77(3)( )>(3)

(0@ 0),e)" {an @) = (5 @ ,be)”
(05,520 (0@ @) = (a2 @)
(9 @.0e)” (0 @) = (0. @),

(3)
<ﬂf)(a1®a2®a3 ,b,C> a1®a2®a3,A()() C> ’
(

3)

(AD (a), b1 @ b2 @b, > a ) (b1 @ b2 @bs) c)

<a 1) (by ® by @ by) ,c>

(3)
<a7 Ag) (b) c1 ®ca® 03> a, Cl X co ® 03)> R

(3)
AS bCl ®C2®C3> R

(3)
,u3) (a1 ® as ® a3) b,c> ,

=
{
<a by ®b2®b3,A(3)( )>(3)7
(a:b
{
{

<a,b,ug) c1 ®co®cs >
)"

<a1 ® as ® as, b, A(

<sf43) @ C><s> _ <a’5§) ) 7C><3> _ <a,b, S (c)><3> ;

where a,a; € Ha, b,b; € Hp. The ternary “paring” between Hy @ Hy ® Hy and Hp ® Hp ® Hp is given
by (a1 ® as ® az, by @ ba ® b3>(3) = {ay, b1>(3) (a9, b2>(3) (as, b3>(3). These constructions can naturally lead to
ternary generalization of duality concept and quantum double which are the key ingredients in the theory of
quantum groups [39,120,121].

CONCLUSIONS

In this paper we presented a review of polyadic systems and their representations, ternary algebras and
Hopf algebras. We classified general polyadic systems and considered their homomorphisms and the multiplace
generalizations, paying attention on their associativity. We defined multiplace representations and multiactions,
gave examples of matrix representations for some ternary groups. We defined and investigated ternary algebras
and Hopf algebras, and give some examples. Then we considered some ternary generalizations of quantum groups
and the Yang-Baxter equation.
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Simple model of hydrogen-like atoms is proposed. Model is based on consideration of electron core, which consists of electrons in
complete shells, using Thomas-Fermi model. Outer-shell electron is described by wave function. The model has no fitting
parameters. Calculations of Rydberg correction for high-excited states with zero angular momentum are done. Calculations of energy
of single ionization of hydrogen-like atoms and comparison with experimental data are done. The developed model can be used for
further research of interaction of Bose-Einstein condensate and electromagnetic field.

KEY WORDS: Rydberg correction, alkali metals, atomic spectrum, Thomas-Fermi theory, atomic Bose — Einstein condensate.

K TEOPUU CIIEKTPA BOJOPOAOIIOAOBHBIX ATOMOB
FO.M. Ioysxros’, B.H. CaBuenko”
*HHL XOTH
ya. Akademuueckas, I, Xapvros, 61108
** XHY um. B.H. Kapaszuna
ni. Ceoboowi 4, Xapvros, 61022

[pemnoxkeHa 10CTaTOYHO MPOCTast MOAENb BOZOPOAOIOJOOHBIX aTOMOB, OCHOBAaHHAS! HA TOM, YTO OCTOB, COCTOSIIIHI U3 JIEKTPOHOB
3aIlOTHEHHBIX 000JI0YeK, OMHCHIBaeTCS Mojenbio Tomaca-depMu, a BHEIIHHN BaJCHTHBIA SJIEKTPOH - BOJHOBOHW (yHKImeH. B
paMKax TIIpeUIOKeHHOI Monenu Oe3 WCIONb30BaHHS IOJATOHOYHBIX ITAapaMeTpPoOB BBIYMCIECHBI MompaBka Pupbepra s
BEICOKOBO30YX/ICHHBIX COCTOSIHAII C HYJIEBBIM MOMEHTOM M OJHEpPIusi OJHOKpPATHON HWOHM3AIMM, IIPOBEICHO CPAaBHEHUE C
9KCIIEpUMEHTAIBHEIMI JaHHBIMU. Pa3BuTas MoJeib BOJOPOJOIONOOHBIX aTOMOB MOXET OBITh MCIIOJB30BaHA VIS JaJbHEHIIEro
Pa3BHUTHS TEOPHUHU B3aUMOJICUCTBHUS 003e-IHHINTEHHOBCKUX KOHJICHCATOB C JIEKTPOMArHUTHBIM ITOJIEM.
KJIFOYEBBIE CJIOBA: nonpaBka Punbepra, mienodnsle MeTajbl, CIeKTp atoma, Teopusi Tomaca-depmu, aToMapHbIid 603e-
SHHINTEHHOBCKUM KOHJIEHCAT.

J0 TEOPIi CHEKTPA BOJHBOIIOAIFHUX ATOMIB
IO.M. IToayexToB*, B.M. CaBuenko**
* HHI] XOTI
eyn. Axaoemiuna, 1, Xapxis, 61108
** XHY im. B.H. Kapaszina
nn. Ceoboou, 4, Xapxis, 61022

3anporoHOBaHa JOCTATHBO IMPOCTa MOAENb BOAHBONONIOHMX aTOMIB, 3aCHOBaHa Ha TOMY, L0 OCTOB, SKHil CKJIQIA€ThCs 3
CJIEKTPOHIB, 1110 3HAXOIATHCS y 3alIOBHEHUX 00OJIOHKAX, OMUCYETHCS 3a JOIOMOroko Mozaeni Tomaca-depmi, a 30BHIMIHIA BaIEHTHUI
CJIEKTPOH OIUCYETHCS XBHIBOBOI (yHKLi€r0. B mexax manoi moneni 0e3 BHKOPHCTaHHS MIATOHOYHHX IMAapaMETpiB OO0YMCIICHI
morpaBka Pimbepra ans BUCOK030yKEHUX CTaHIB 3 HYJIbOBHM MOMEHTOM, €HEpris OJAHOPa30Boi i0Hi3alli{ BOJHBOIIONIOHNX aTOMIB,
Ta TPOBEACHO MOPIBHSIHHSA 3 EKCIICPUMCHTAIRHIMHU IaHUMH. 3alpOIOHOBaHA MOJETh BOJHBOIONIOHMX aTOMIB MOXe OyTh
BHKOPHUCTaHA JIJIs TOJIANIBIIIOT0 PO3BUHEHHS TEOPii B3aeMOii 003¢-eHHINTEHHIBCHKIX KOH/ICHCATIB 3 €JICKTPOMArHITHUM MOJICM.
KJIIOYOBI CJIOBA: mnomnpaBka PigOepra, nyxHi MeTald, CIEKTp aroma, Teopis Tomaca-depmi, atomapHuii 603e-
EMHIITEHOBCEKUM KOHAEHCAT.

Hydrogen atoms and ions, that contain one electron, like, for example, He", Li"", in non-relativistic approximation
are described precisely [1-5]. Strict analytic calculations for atoms and ions containing two electrons, such as H™, He,
Li", are impossible, however these objects are simple enough to use different approximate methods, that provide
sufficient accuracy [1-5]. Hartree - Fock self-consistent method usually is used to compute more complex atoms [6], but
such calculations appear to be rather bulky, especially for atoms containing many electrons. Thomas-Fermi statistical
method is widely used to investigate structure of many-electron atoms [7, 8]. Significance of this approach is simplicity,
though it gives less accurate results and does not reproduce periodical dependence of atomic sizes and ionization
potentials from atomic number.

Hydrogen-like atoms have simple enough energy spectrum similar to that of hydrogen atom. Atoms of alkali
metals Li, Na, K, Rb, Cs, Fr, and so called Rydberg atoms, that have one electron in high-excited state [9], are

considered as hydrogen-like atoms. Atoms of alkali metals drew attention in recent years, because they are used to
obtain and investigate Bose-Einstein condensates in magnetic traps [10-12]. Phenomena in such condensates are
theoretically described by Gross - Pitaevskii equation [13]. However, more consistent description of interaction of
© Poluektov Yu.M. , Savchenko V.N., 2012
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Bose-Einstein condensate with electromagnetic field should take into account inner structure of atoms in condensate.
Generalization of Gross-Pitaevskii equation, that takes structure of hydrogen-like atoms into consideration, is proposed
in [14]. Influence of inner structure of atom on Bose — Einstein condensation in ideal gas of hydrogen-like atoms is
considered in works [15, 16]. Development of rather simple model, that allows description of inner structure of alkali
atoms, is significantly important for further development of theory of interaction of Bose-Einstein condensate with
electromagnetic field.

Investigation of Rydberg atoms is of interest for astrophysics and for usage of such atoms as detectors of long-
wave radiation [9]. Research of so called “Rydberg matter”, which is metastable crystal consisting of high-excited
atoms with the same principal quantum number [17], is of significant interest. Such matter should have density 10'® —
10" ¢m™ and thus be condensed matter with gas density and unique properties.

The aim of the present work is to develop rather simple model of structure of hydrogen-like atoms, which would
allow taking into account influence of finite size of electron core, which consists of electrons in filled shells, on energy
levels of valence electron with sufficient accuracy. In the proposed model electrons in atomic core are described by
Thomas-Fermi approach and valence electron — by single-particle wave function. Calculations of quantum defect,
energy of low-lying levels and ionization energy are done. The model has no fitting parameters.

MODEL DEFINITION
Hamiltonian of valence electron in hydrogen-like atom can be set as

hZ
H=——A+U(r), (1)
2p
where g =mM / (m +M ) is reduced mass, m is electron mass, M 1is overall mass of atomic nucleus and electron core,
U (r) is potential energy of electron in the field, produced by nucleus with charge Z |e| and electron core with total

charge —(Z - 1)|e| . Hamiltonian of hydrogen-like atom (1) can be stated as sum of Hamiltonian of hydrogen atom and

additional potential related to finite size of electron core

H=H,+V(r), )
where
2 2
oo A 3)
2u r
is Hamiltonian of hydrogen atom, and
2
V(r)=U(r)+<. “)
r
Potential energy can be stated as
U(r):—|e|CD(r), (5)

where CD(r) is potential, created by nucleus with charge Z|e| and electron core with full charge —(Z —l)|e| , that
satisfy Poisson equation

A(D(r) :—47rZ|e|5(r)+47z|e|n(r). (6)
In (6) n(r) is particle number density, which satisfies normalization condition

o

47rj drr2n(r) =7Z-1. @)

Here 7, is boundary radius, where particle number density comes zero. As it is known [7, 8], neutral atom hasz, =0,
and for positively charged ion, as in our case of nucleus and electron core, 7, is finite quantity.

In order to obtain electron core potential Thomas-Fermi approach is used. In this approach equation for electron
density distribution is derived from condition of equality zero of variation of energy, which consists of kinetic energy,

own electron potential energy and energy in external field [7, 8]. Thus, one has the equation
2

5 h o, 8
——c,—n"” =U(r)+u=0, ®)
397, (r)+u
where ¢, =3 g4 /10 ~2,871. Chemical potential u introduced in equation (8) allows taking into consideration

o
conservation of overall electron number N =Z —1=4ﬁjdrr2n(r). From condition of turning electronic density
0
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n(r,) =0 into zero one concludes connection of chemical potential with electron core radius

2
p=U(rn)=-%. ©)
0
It is sufficient to use following function in further considerations

2(r)=U(1)-U(r). (10)
This function is divergent from zero in 0 <7 <, range, is nonnegative everywhere and satisfies boundary conditions:
2

at r—>0 an

Z
;((ro)zo, ;((r)—) i
and equation
5 n o2
GRS 12

In the sequel it is suitable to introduce dimensionless function !//(x)
ze’
Z(F)=7V/(x)» (13)

which depends from dimensionless variable x =r/L . Here L denotes characteristic length, proportional to Bohr radius

a, =hz/me2 :

2
L= % (3_”J/ (14)
2 Z% 4
Taking into account (6), (11), (12) and (14) one gets Thomas-Fermi equation
2
x%d V/(x):(//%(x) (15)
dx’
with boundary conditions
v(0)=1,  w(x)=0, (16)
where x, =7, /L . Radius 7, can be obtained from condition of continuity of electric field in point 7,
_do | a7
ar|,_, I

Exact solution of Schrodinger equation for hydrogen atom is known. Influence of finite size of electron core (4) is
considered with the use of perturbation theory. In terms of function (10) perturbation (4) takes the following form
e e
———xl(7), npu  r <r,
vin-{r 5 A P ()
0, opu  r>r,.

Hydrogen functions are known ¥, =R, (7)Y,

Im

(Q), where Q=(94,4) are angular variables, and radial functions are

normalized by condition j drr’R’, (r) =1. Every level is degenerated 2n° times. Perturbation partially splits the levels.
0

Using perturbation theory for degenerated states [2], one finds energy levels
E, = E(O) +E(;), (19)

where E

n

= —( ue' / 2h2n2) are hydrogen energy levels. Under act of perturbation every level with given n splits into

n levels, that are 2(21 + 1) times degenerated. Correction to energy of the ground state is

) 2 eZ
E,E;) = '(‘;drranzl (r){%—z—;((r)J . (20)

Solution of equation (15) is needed in order to obtain this correction.

APPROXIMATE SOLUTION OF THOMAS-FERMI EQUATION
Approximate solution of equation(15), obtained by Sommerfeld [7, 8], for neutral atom
vy (x)=(1+2) ", @n
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where z = (x/ 144 )4? .Here 4, =7,772, 4, =0,772 ,and 44, = 6. For positively charged ion solution of (15) has the

form

1+z,

v (9)=vi () 1—[1”]2 , @)

where z, = (xo / 144 )% . Taking (17) into account, boundary radius is found from relation

_Z-N - dt//(x)|

, 23
q 7 e |x (23)
0
where N =Z -1 is number of electrons in core. Substitution (22) into (23) gives the equation for obtaining z,
Z
A4 —O).l =q. (24)
(1+z, )7+

In the primary formulation, which is stated above, Thomas-Fermi theory took into consideration energy of self
electric field of electrons. However, only energy of interaction of charged particles should be taken into account in
quantum-mechanical description (see discussion in [18, 19]). Approximate way to eliminate self-field energy in
Thomas-Fermi approach was proposed by Fermi and Amaldi [7].

Results of numeric calculations of electron core radii for atoms of alkali metals are stated in Table 1. Symbol *
marks results obtained taking into account Fermi-Amaldi correction. We should state that, strictly speaking, for lithium
atom, which consists a few electrons, given model is non-applicable. Specifically, it appears in the fact, that equation
for electron core radius for lithium atom with Fermi-Amaldi correction doesn’t have solutions. Note, that elimination of
self-field energy leads to decrease of core radius.

Table 1
Radius 7, of singly ionized positive ions
Atom Li Na K Rb Cs Fr
1 /a, 2.555 4.483 5.100 5.742 6.074 6.419
1./ a, - 3.025 3.546 4.102 4.396 4.705
CALCULATION OF RYDBERG CORRECTION
Energy of high-excited levels of hydrogen-like atoms can be described by equation
R
E,=—2—, ©25)
(n -0, )

where Ry = ue* / 21" is Rydberg constant, and J, is quantum defect or Rydberg correction, which usually has positive

sign. Taking quantum defect into account leads to splitting of energy levels, which are degenerated by principal
quantum number in hydrogen atom. Rydberg correction is connected with first order correction to energy (20) by the

following equation
3

5 =——E. (26)
2Ry
Since the perturbation in our case is always negative the first order correction is also negative. Thus, Rydberg correction
is positive. Under the condition r << na, solution for radial part of wave function is expressed in terms of Bessel

2 8r
R= 2 3 J21+1 ( _J . (27)
ragn \ 4,

Obtaining matrix element of perturbation with function (27) and substituting it into (26), one finds equation for Rydberg
correction

function [1]

1% 8r
8, =———drV (r)J;,| |— | 28
=l £ g

Results of computations with equation (28) and experimental values are stated in Table 2. Obtained values at /=0
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appeared to be understated in comparison with experimental values [5]. However, accuracy of calculations, as one
should suppose, increases with atom number. Calculated values of Rydberg correction at /=1,2,3 appear to be

significantly understated [20], what is conditioned by neglecting electric polarization of electron core by valence
electron in present model.

Table 2
Values of Rydberg correction at / =0
Atom Li Na K Rb Cs Fr
5, 0.148 0.832 1.402 2.482 3.403 4.823
Bpexp 0.41 1.37 2.23 3.20 4.13 -

IONIZATION ENERGY OF HYDROGEN-LIKE ATOMS
In order to obtain ionization energy let’s consider solutions for energy levels with azimuthal quantum number
[ =0.Let R, be radial part of solution of Schrodinger equation for valence electron

HR, = ER,, (29)
where H is stated by equation (1). Solution R, can be expanded into series in hydrogen radial functions with /=0:

R, =2 .C R, (30)

nn

where R

nl

are radial functions for hydrogen atom. From Schrodinger equation (29) and series (30) one concludes
infinite set of equations for expansion coefficients (30)

>C (£ -E)s,, +(n|r7|n')) =0 n=1,23... 31)

System of equations (31) has nontrivial solution if determinant equals zero. Calculations considered a few lowest levels.
Number of levels taken into account is determined from condition, that adding one more level changes energy less than
on 1%. Results of such calculations are stated in Table 3. The last line of the table states the energy levels neglecting
size of electron core.

Table 3
Ionization energies of atoms of alkali metals
Atom Li Na K Rb Cs Fr
Number of levels taken into account 4 10 13 16 18 20
Calculated energy, eV 4.61 4.49 3.51 3.50 3.11 3.08
Experimental value, eV 5.32 5.14 4.34 4.18 3.89 -
Point-like core, eV 3.40 1.51 0.85 0.54 0.38 0.28

Taking into account finite size of electron core significantly improves agreement between theoretical calculations and
experimental values, especially for massive atoms.

CONCLUSION

Simple enough model of hydrogen-like atoms, which are atoms of alkali metals and Rydberg atoms, is described
in the present paper. In this model electron core, which consists of electrons in filled shells, is described by Thomas-
Fermi approach, while outer-shell valence electron is described by wave function, which satisfies Schrodinger equation.
Radii of electron cores, which are radii of singly ionized ions, are calculated. Rydberg corrections for high-excited
states are calculated. Obtained values for s-states are in good agreement with experiment. Also, energies of single
ionization of hydrogen-like atoms are calculated and compared with experimental data. It is shown, that taking into
account finite size of electron core significantly improves agreement between theory and experiment. The theory allows
further modification, related, in particular, with taking into considerations polarization of the core by valence electron.
Core polarization should significantly influence on valence electron states with /> 0. Performed calculations lead to
conclusion, that present model can be used, in particular, for describing many-particle systems of alkali metals, Bose-
Einstein condensates and Rydberg matter.
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ON PHYSICAL PARAMETERS OF THE DEMONSTRATION STELLARATOR-
REACTOR OPERATING IN THE MODE OF SELF-SUPPORTED THERMONUCLEAR
REACTION
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With the use of a one-dimensional spatial-temporal numerical code under conditions of ambipolarity of neoclassical transport fluxes
the regimes of the self-supported DT-fusion reaction in a reactor-stellarator are calculated. Cases of heating both ion and electron
plasma components are considered. It is shown that powers of heating of plasma of scale 25 MW can be sufficient for excitation in
reactor of the steady-state self-supported burning. Technical and physical parameters of such reactor correspond to characteristics of
a demonstration reactor.

KEY WORDS: reactor-stellarator, ambipolar electric field, neoclassics, transport fluxes, plasma heating, power balance.

O OPUBNYECKUX TAPAMETPAX JEMOHCTPAIIUOHHOI'O PEAKTOPA-CTEJIVIAPATOPA, PABOTAIOLIEI'O B
PEXKUME CAMOIIOIEPKUBAIOIIEVICSI TEPMOSIIEPHOM PEAKIIAN
B.A. Pynakos
Huemumym ¢pusuxu naasmor HHL] XDPTHU,
Yxpauna, 61108, Xapvros, yn. Axademuueckas, 1

C HCTONB30BaHMEM  OJHOMEPHOTO MPOCTPAHCTBEHHO-BPEMEHHOTO  YHCICHHOTO KOAAa B  YCIOBMSX aMOHIIOISIPHOCTH
HEOKJIACCHYECKUX TPAHCIOPTHBIX ITOTOKOB PACCUUTAHBl PEKUMBI MOMKHTa caMomomjepkuBaromencss peaknuun DT-cuntesa B
peakTope-cTemiaparope. PaccMOTpeHs! cIydan HarpeBa Kak MOHHOTO, TaK M DJIEKTPOHHOTO KOMIIOHEHTOB IUIa3Mbl. [lokazaHo, 4To
MOIIIHOCTH HarpeBa IDIa3Mbl Macmraba 25 MBT Moker OBITH JOCTATOYHO JUISi BBIBOJA PEAKTOpPAa B PEKUM YCTOWYHBOTO
CaMOIOAICP)KUBAIOIIETOCsT TopeHns. TexHuueckne n (pU3nYecKHe ImapamMeTpbl TAKOr0 PeakTopa COOTBETCTBYIOT XapaKTepPUCTHKAM
JEMOHCTPAIMOHHOTO PEaKkTopa.

KJIFOYEBBIE CJIOBA: peakTop-cTemiapaTop, aMOHUMOJSPHOE 3JIEKTPUYECKOE IO0Je, HEOKJIACCHUKa, TPAHCIOPTHHIC MOTOKH,
SHEpPreTHYeCKUi OanaHc.

IIPO ®I3UYHI HAPAMETPUA JEMOHCTPALIAHOI'O PEAKTOPA-CTEJIAPATOPA, IKHM JI€ B PEXKUMI
TEPMOSIIEPHOI PEAKIIIT I3 CAMOIIATPUMAHHSIM
B.A. Pynaxos
Inemumym ¢hizuxu nnazmu HHI] XDTI,
VYkpaina, 61108, Xapkis, yn. Akademiuna, 1

I3 BHMKOPUCTaHHSAM OJHOBHUMIPHOTO IPOCTOPOBO-YACOBOIO YHCEIBHOTO KOJYy B YMOBaX aMOINOJISIPHOCTI  HEOKJIACHYHUX
TPAaHCIIOPTHHUX TIOTOKIB PO3paxoBaHi pexuMu minnamy peakuii DT-cunTesy, MO CaMOMITPUMYETHCS B pPEAKTOPi-CTENapaTopi.
OKpeMO pO3TIITHYTI BUITAIKH HArpiBaHHSA 10HHOTO 1 €JIEKTPOHHOTO KOMIOHEHTIB Iuta3Mmu. [loka3aHo, 110 MOTYXXHOCTI HarpiBaHHS
m1a3Mu Macmrady 25 MBT Moxe OyTH JOCTaTHBO IS BUBEIEHHS PEAKTOPa B PEXKHM CTIHKOTO TOPIiHHSI, MIO CaM IiATPHMYETHCS.
TexHiuHi Ta Qi3UYHI MApaMETPH TAKOTO PEaKTOPa BiIIOBIIAI0Th XapaKTEPHCTHKAM JIEMOHCTPAIiHHOTO peaKkTopa.

KJIIOUYOBI CJIOBA: peakrtop-crenaparop, amOINosipHe eNeKTPHYHE MOJIe, HEOKIACHKa, TPAHCIIOPTHI MOTOKH, HarpiBaHHS
IUIa3MH, EHepPreTHYHMH OaaHC.

Possibility of steady-state fusion reaction ignition and absence of global plasma disruptions, characteristic for
tokamaks, can be considered as main properties of a stellarator determining its potentiality as a base for a fusion reactor.
A stellarator possesses also some important features such as:

e  Vacuum magnetic configuration providing the steady-state plasma confinement in the processes of burn phase and
operating mode start-up and change;

e No pulsed thermal and power loads onto the first wall and equipment decreasing the device operating life;

e  Lowering of design requirements to superconducting magnetic field systems and plasma heating systems;

e  Possibility of divertor developing on the base of a natural magnetic field configuration.

Disadvantages of a classical stellarator include the complexity of a magnetic system including a toroidal field
system and a helical field system. The problem was somewhat simplified by the torsatron idea, namely, to use
unidirectional helical currents for creation of toroidal confining and helical magnetic fields, that was first suggested in
[1] and subsequently developed in [2]. It turned out that it is possible to obtain longitudinal and helical magnetic fields
using a solely system of unidirectional helical currents. A further research into simplification of the stellarator magnetic
system resulted in different ideas on the modular system construction [3-6]. A modularity of the construction
substantially simplifies the fabrication and maintenance of the system.

High plasma losses caused by the helical and toroidal magnetic field nonuniformity influence on the charged
© Rudakov V.A., 2012
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particle drift motion, first predicted in [7], until recent times were one of the main obstacles in developing the fusion
stellarator-reactor. Therefore, earlier fusion reactor studies led to large device sizes compared to similar projects on the
base of a tokamak system. A prototype reactor developed in the USSR [8] had a major torus radius R=36 m and the
minor plasma radius a=1.8 m. In the German project of a HSR reactor the major torus radius was equal to 22 m for the
case of a five-field-period (M=5) and to 18 m in the M=4 variant [9,10]. The Japan projects of Force-Free Helical
Reactors, (FFHR), based on the LHD experimental facility in different variants give a major radius R in the 10 — 20 m
range [11].

In further investigations [12-14] the plasma losses under conditions characteristic for a fusion reactor were studied
in more detail. An important peculiarity of these investigations was to learn about the role of an ambipolar electric field
in the transport processes. The ambipolar electric field establishes the equality of ion and electron diffusion fluxes
with conservation of plasma quasi-neutrality. It has been established that there are three electric field values permitting
the equality of ion and electron diffusion fluxes [4], two of them being stable. It seems that the fusion modes permitting
to realize a positive sign of radial electric field [14] (electron root) are more preferable.

The fusion plasma is characterized by the relatively low frequencies of Coulomb collisions at which the transport
coefficients are strongly dependent on the amplitude of magnetic field ripples &, produced by helical harmonics. A high
plasma loss level in the traditional stellarators because of a relatively high value of &, has stimulated the research of
magnetic configurations providing confinement properties close to these of tokamaks. These properties can be reached
by a special choice of a magnetic field harmonic composition when the effective helical field ripple is appreciably
decreasing. Such configurations are referred to as quasi-symmetric ones. Therefore, in recent years the designing and
building of new stellarator-type fusion facilities (e.g. NCSX, W7-X and CHS) is carried out with taking into account the
idea of quasi-symmetry. When designing such magnetic systems high requirements are set up for accuracy in
fabrication of magnetic field coils having a complicated spatial configuration that make their production difficult.
Therefore the period of W7-X construction was prolonged in time and the NCSX facility creation was stopped. Besides,
the magnetic systems with a LHD-type continuous helical winding and the modular version having similar properties
allows one to obtain the field with sufficiently low values of helical ripples [6,15].

At forecasting the parameters of reactors and large-scale experimental facilities it is necessary to take into account
the existing correspondence between the losses predicted by the neoclassical theory and losses observed in experiments
using operating facilities. Paper [16] analyses the data of comparison between the experimental results and the
neoclassical theory for three stellarators: LHD, W7-AS u TJ-1I. The electric field values were calculated by the DKES
code using the plasma density and plasma temperature distributions experimentally observed. In the case of ECR
plasma heating the electron root is realized with a low plasma density (#<3-10""’m™) and the ion root — with n>4-10""m"
[17]. For the central region of plasma column certain accordance between the neoclassical theory and experiment was
obtained in the facilities LHD and TJ-II [18, 19].

Design works on stellarator-reactors are carried out practically in all the scientific centers where the plasma
confinement in the stellarator systems is studied: Helias in Germany [10,20], series of FFHR reactors in Japan [11],
ARIES-CS compact reactor project in the USA [21]. In this works one uses numerical codes considering the
neoclassical transport (sometimes in combination with an anomalous one) and the ambipolar electrical field. The
scalings obtained from analysis of experiments at fusion facilities are taken into account too. Although, there are many
projects, it is difficult to find now these in which the steady-state fusion reaction can be realized as a result of a self-
consistent solution from the coupled diffusion and heat conduction equations with given sources. In particular, the
DKES code [22] is frequently used in which the spatial electric field distribution and other parameters are calculated
from the given plasma density and temperature profiles. Only the transport TOTAL P code realizes self-consistent
solutions, which have been developed by T. Amano and K. Yamazaki, can be mentioned according to the available
information [10]. One of the first results of this code application was density decreasing observed in the central plasma
region under conditions of the reaction sustaining by fuel pellet injection.

In the previous author’s paper [23] the one-dimensional space numerical code has been applied in which the
system of heat conduction equations for ions and electrons, as well as, the diffusion equations with given initial and
boundary conditions was used. The initial conditions were chosen so that the transition to the self-sustaining steady-
state burn could occur without additional plasma heating sources. The LHD device was used as an analog for the
structural model. The ambipolar electric field has been calculated from the condition of equality between the diffusion
fluxes of electrons and ions. As a result, the system was self-consistently evolving to the steady state sustained by the
fuel pellet injection model. It has been shown that using the fuel injection into the plasma column center it is possible to
reach the self-sustaining steady-state burn in the comparatively compact reactor with major radius R=10 m, minor
plasma radius ¢=2 m and magnetic field B=5 T. The results obtained were used to study in more detail the
demonstration experiment feasibilities.

It is obvious that a necessary stage of R&D works on the problem of controlled nuclear fusion is the creation of
the demonstration stellarator-reactor in order to demonstrate the self-sustaining fusion reaction of deuterium and tritium
nuclei with expending costs as minimum as possible. The problem posed is not to realize an economically profitable
project suitable for commercial use. Major R&D issues specific to the compact reactor include the following: the fact of
demonstration of fusion burn modes and development of control methods for them. In solving this problem the
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technical feasibilities for the project realization and its cost are very important. In particular, the engineering factors
such as sizes, magnetic field values and plasma heating source powers, as well as, structural materials and design
requirements should be within the limits of realizability. Then the reactor cost is proportional to its volume. In other
words, the smaller is the reactor volume the lower is its cost.

The purpose of the presented work was to reach the self-sustained burn in the reactor having sizes as small as
possible with conservation of acceptable magnetic field values using low plasma heating source powers as far as
possible. In the work the author uses a set of equations described in [23] with thermal neoclassical transport
coefficients. There the heat conduction equation includes additionally a term taking into account the energy exchange
between ion and electron plasma components due to the radial electric field action. The nonzero plasma heating sources
are used too.

SYSTEM OF EQUATIONS AND NUMERICAL MODEL
The system of equations being solved includes two heat conduction equations (for electrons and ions) and the
diffusion equation describing the spatial-time behavior of plasma in the stellarator-reactor. A one-dimensional space
dependence of plasma parameters on the average minor plasma radius is assumed. The system of equations differs from
that of [23] as the heat conduction equations for electrons (1) and ions (2) contain an additional term taking into account
the particle energy change as a result of their radial motion in the electric field.

2
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The third equation in the system is the diffusion equation. The first term in the right-hand side of electron heat
conduction equation (1) determines the temperature change provoked by the heat flux corresponding to the transport
mode 1/v in the neoclassical theory [13]. The second term in the right side describes the heating of electrons produced

during the fusion by a— particles with the energy £,=3.52 MeV. An equal deuterium and tritium content in the reactor
plasma is assumed. The coefficient K f determines the energy fraction given to electrons. It is considered that 95% of

energy and a—particles goes for plasma heating, therefore in the calculations we have taken K =0.95. The next terms
in the right-hand side of equation (1) are: Oy, - heating from external sources; Q,; - heat exchange with ions as a result
of Coulomb collisions; Q- bremsstrahlung; Q. - cyclotron radiation; Qg - particle energy change in the electric field

due to their radial motion. When these reactor parameters are used the cyclotron radiation can transport a significant
part of energy and, at the same time, it is well reflected from the chamber wall, therefore in the calculations its
reflection coefficient is taken equal to 0.95. As a result, the main part of cyclotron radiation remains in the plasma and
only 5% of power is absorbed by the reactor walls.

For numerical simulation we used different models of plasma heating by external sources: only the electron
heating, only the ion heating or simultaneous heating of two components. It has been supposed that the specific heating
power is proportional to the plasma density: Q, = k,y-N , where the subscript j denotes electrons or ions depending on

the equation. The total heating power was determined by the integral through the plasma volume: By, = §Qh jdv .
4
The ambipolar electric field effect on the plasma particle energy is taken into account by the quantity Qg =-S; E,
under conditions when the diffusion fluxes of electrons and ions are equal: S,=S;.
In [23] and in this paper the heat fluxes and diffusion particle fluxes determined in [13] were used. The plasma
electrons were assumed to be in the regime when the diffusion coefficient had the inverse dependence on the collision
frequency and the ion diffusion follows the dependence+/y . The right-hand side of density equation (3) contains the

diffusion term and the term with the source S 5 with which the plasma density has been maintained at an approximately

constant level. Diffusion losses have been compensated by the model of fuel pellet injection. As is shown in earlier
studies [23] from the point of view of plasma confinement the fuel injection into the central plasma column region is
optimum.

The system of equations (1 - 3) was supplemented with boundary and initial conditions. It has been assumed that

the spatial derivatives of density, temperature and potential in the plasma column center are equal to zero.
T'J',FO:O’N)C:O:O ) ¢x=020’ TX= =or, N, —1:511 )

x=]

and the initial conditions satisfy the expressions:
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where the subscript j denotes a particle sort, x is the current plasma radius normalized to unity. In most calculations the
exponent n at x in the initial conditions was taken equal to 2. The constants &, and oy determine the values of plasma
density and temperature at the plasma column boundary. In these calculations they were taken equal to zero.

The electric field has been determined from the equation of equality between the ion and electron fluxes, Se = S;, at
each step of space grid in the numerical code. Note, that in the general case there are three roots of the equation under
consideration [14]. The calculations show that in different sections of the plasma radius there are the solutions with one
and three roots simultaneously that complicates the choice of a solution which can be realized in the reactor. In [23] and
in this paper it has been assumed that in all cases the electric field corresponds to the left (ion) root giving its negative
values. Such a choice is not optimum from the point of view of reactor confinement properties. The more suitable might
be the regime in which the electric field positive values are realized [14] (electron root), however, such solutions exist
not always unlike the left (ion) root. It is logical to suppose that the reactor transition into the regime with a positive
sign of ambipolar electric field will not lead to termination of the self-sustaining reaction and its power can be regulated
by changing the corresponding parameters, for example, by the plasma density choice.

CALCULATION RESULTS
The present work similarly to [23] uses as a base the reactor concept providing the confining magnetic field B,
equal to 5 T with a minor plasma radius ¢=2 m. The value of helical magnetic field ripple amplitude at the plasma edge
&, has been taken 0.06. In the LHD stellarator the effective ripple at the plasma edge is 0.05 if the magnetic axis is

shifted on the radius R = 3.53 m [15]. In [23] the self-sustaining burn regime has been set by the self-consistent
evolution of plasma parameter profiles from the given initial conditions. The steady-state burning was successfully
obtained in the reactor with R — 10 m by the fuel injection into the center of plasma column.

Here also the fuel pellet injection was simulated by the expressionodn =n p(1—=1/A) that corresponds to their

“throwing” into the center of plasma having the evaporation region half-width A . The value A has been taken equal to
the half plasma radius a. The fuel pellet mass contained 1% of the particle number in the reactor volume. The next fuel
pellet is injected into the plasma when its density is less by 0.99 than the given value. In this case the energy losses on
heating the injected particles are taken into account, and the energy losses on the pellet evaporation and atom ionization
are neglected as they are comparatively small.

Unlike [23] here the fusion reaction ignition has been performed by the plasma heating starting from the relatively
low temperatures. Following the results of [23] firstly the calculations have been carried out for parameters of the
reactor with a major plasma radius R = 10 m. A total power of plasma heating used was varying from 20 to 80 MW.
External heating sources were shut down after reaching the given fusion reaction power, then the steady-state burn was
set with self-consistent spatial distributions of density, temperature and electric potential. In the case with a given
average value of the plasma density independently on the initial distributions of rest parameters, the reactor reaches the
ignition regime characterized by the same shape of spatial distribution of parameters and the same total fusion power.

In the process of heating and evolutionary alteration of parameters the shape of their distributions undergoes
appreciable changes. Fig.1 shows the initial density and temperatures distributions with mean values <Ny>=7-10"" m™

and <T,p> = lkeV, <Tj;> =1.5 keV, as well as, the ambipolar electric field distribution found from the equality of
electron and ion diffusion fluxes, the initial conditions being given. The high gradient and the value of the ambipolar
electric field are observed at the plasma boundary. A maximum negative electric field value is 60 kV/m at relatively
low electron and ion temperature values.
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Fig.1 Initial distributions of plasma parameters
a — density, temperatures of ions and electrons, b — ambipolar electric field. R=10 m, a=2, B;=5 T.
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The Fig. 2 shows the behavior in time of the reactor fusion power and average values of electron and ion
temperatures in the process of heating with subsequent transition to the self-sustaining burn regime. In the case under
consideration the ion heating has been carried out (P, = 40 MW). After reaching the thermal fusion power of 800 MW
the heating source was shut down and the system evolved to the steady-state regime with a power of about 900 MW. It
should be noted that this regime may be named as steady only conditionally because it is easy to see a slight variation
with time in the temperature of both components and in the total reactor power too. Are these variations a consequence
of in-reactor processes or the cause is related with the numerical code instability? It is yet not clear. Only one argument
argues for internal processes: similar solutions are repeated independently on the initial conditions and heating power.
By conserving the same average value of the plasma density the solutions give the same thermal power value in the
steady-state burn regime.

Note also that unlike the results of [23] the reactor thermal power is significantly lower (in that case with R=10 m
and <N>=6.4-10"" m™ the steady-state burn was started at P= 1500 MW) that is a consequence of the lower ion
temperature. The difference between the ion and electron temperature values is also appreciably larger then in the case
published earlier. The causes of the difference will be explained below.

1000 Py 1.2-

Te
800 1,0

T;
600 > 0.8-

v,
= 400- S 06
2001 0,41
0+ 0,2
0 5 10 5 20 0 5 10 15 20
S S
a b

Fig. 2. Ignition process and reactor transition into the steady-state burn regime
a —reactor thermal power in time, b — variation of electron and ion temperatures. R=10 m, a=2 , By=5 T, <N>=7- 10”m?, ion
heating P, = 40 MW up to P, =800 MW

Fig.3 illustrates the spatial distribution of the density, electric field, ion and electron temperatures of the plasma for
the case of the steady-state burn. In the internal half of plasma column the plasma density considerably increases to N=6
10 m™ in the center. In the external radius section the plasma density decreases almost by two orders of magnitude as
compared with the center of plasma. The electrical field behavior is the same as described in [23] — decreasing from
zero in the center of plasma to 80 kV/m in the region of radius middle with a subsequent sharp rise to the close-to- zero
values at the plasma boundary. The phenomenon of a deep minimum of radial electric field is revealed in experiments
and is confirmed by calculations in installation W7-AS [16].
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Fig.3. Spatial distribution of parameters in the steady-state burn regime
a — densities of plasma and electric field, »— ion and electron temperatures. R=10 m, a=2 m, By=5 T, <N>=7-10"m’, ion
heating P;, =40 MW up to P,=800 MW, r=19.75 s.

The profiles of ion and electron temperatures are very different from these obtained in [23]. In the external half of
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plasma radius the ion temperature behaves similarly to the plasma density profile decreasing with a sharp gradient in the
middle radius section. In the external half of plasma the electron temperature has a convex profile with a much larger
value than that of ions. The difference in the spatial temperature distributions is caused by the electron-ions interaction
with the radial electric field: ions, overcoming the positive potential, give up their energy to the field, and electrons,
moving radially, on the contrary, take away the energy from the field. As a result, the average ion temperature is
appreciably lower than the average electron temperature that leads to the thermal reactor power lowering.

The calculations confirmed that the self-sustaining reaction can be reached not only for the case with a major
radius R = 10 m, but also in the reactor with R = 8 m by conserving the confining magnetic field values and minor
plasma radius: B¢=5 T, a=2 m. The Fig.4 represents the fusion power variation in time in the process of ion component
heating with P, = 40 MW for three values of the average plasma density: <N>=0.7..; 0.75... and 0.8-10* m™. The figure
also shows the temperature behavior in time for the case <N>=0.75-10**m™. In all the cases the heating source has been
shut down after reaching the fusion power of 800 MW. In the case of the plasma density <N> = 0.8-10°" m™ the fusion
power increase continues up to the level of 900 MW. When <N> = 0.75-10%° m™, the reactor power decreases and
reaches the steady-state level of about 780 MW. An appreciable power decreasing is observed when the plasma density
decreases to <N>=0.7-10°*m™. In this case the thermal reactor power reaches the level of 600 MW.
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Fig. 4. Ignition process and reactor transition into the steady-state burn regime
a — thermal reactor power in time:1 - <N>=7- 10,2 - <N>=17,5-10",3 - <N>=38-10" m™; b — variation of electron and ion
temperatures <N> = 7.5- 10" m3, R=8 m, @=2 m, By=5 T, Pj; = 40 MW up to P, =800 MW.

In the case of R = 8 m the spatial distributions of plasma density, electric field, temperatures, electrons and ions
are similar to the distributions given in Fig.3 for the reactor with the major radius R = 10 m. The Fig. 5 illustrates the
behavior in time of the bremsstrahlung and cyclotron radiation powers in the process of plasma heating and reactor
transition into the steady-state burn regime. The figure shows also the change in time of the electric potential difference
between the center and the edge of the plasma for the average density <N> = 7.5-10" m™ and the plasma heating power
P, =40 MW. After the reactor transition into the steady-state burn regime (¢ > 5 s) the potential, as well as, the rest
plasma parameters are not changing.
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Fig. 5. Ignition process and reactor transition into the steady-state burn regime:
a — cyclotron radiation power - P, and bremsstrahlung power — P, in time ; b — behavior of the electric potential difference - A@
between the center and edge of the plasma. <N>= 7.5:10° m>. R=8 m, a=2 m , By=5 T, Py; = 40 MW up to P, =800 MW.
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In the reactor with a power of 800 MW no more than 160 MW is released due to the a— particle energy absorption
in the plasma. As a result of bremsstrahlung and cyclotron radiations the power losses are 65 MW that makes more than
one third of all the power lost by the plasma. But, in the problem the impurity losses are not taken into account and, in
particular, one should consider the loss increase provoked by the bremsstrahlung due to the presence in the plasma of
some fraction of a— particles. Besides, in the problem it is assumed that only 5% of cyclotron irradiation is taken up by
the first reactor wall, and the rest 95% are absorbed in the plasma. An appreciable decrease in the coefficient of
cyclotron radiation can complicate the problem of obtaining steady-state burn regimes.

The energy loss increasing along the bremsstrahlung channel due to the a— particle presence in the plasma will be
evaluated using the following considerations. Denote the o— particle lifetime in the plasma by the symbol 7,. A
number of o— particles produced in the process of fusion in time 1, is easily determined using the division of the total
reactor power by the energy of one fusion event with the multiplication by the a— particle confinement time

Na = Ptta/Efa (6)

where E; is the energy released as a result of one fusion event. And the relative a— particle fraction is the result of
number N, division by the total number of plasma ions. Such an evaluation for the reactor with R = 8 m, average
density <N>=7.5-10"" m™ and thermal power P,=800 MW gives for the a— particle fraction

o= No7o/ <N>V=6.2-10" 1,

where V is the plasma volume. It may be assumed that the order of a— particle diffusion is comparable with the main
diffusion order. If the particle lifetime is approximately 3 s, a possible fraction of a— particles will be about 2% and
their influence on the bremsstrahlung loss value will be, probably, insignificant.

The Fig. 6 presents the spatial distribution of the specific fusion power P, and the quantity /S determining the ratio
of gas-kinetic and magnetic pressures. Also, in the figure shown is the time dependence of the pellet number that allows
one to determine the particle loss rate and. consequently, to determine their confinement time. Note the high level of the
quantity £ in the plasma center (about 25%) despite a relatively low level of its average value. The dependences under
consideration are the result of relatively sharp plasma density and temperature profiles. The same spatial distributions of
S and specific fusion power were observed in [23] too.
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Fig. 6. Spatial distributions of specific fusion power and £ values, and the time dependence of the pellet number
a — specific fusion power - Prand quantity Bin percents; b — increase of the pellet number in time. <N>= 7.5:10" m>. R=8 m, a=2
m, B=5 T, Pp; =40 MW up to P,=800 MW

The Fig. 2-6 illustrate the ignition and steady-state burn regimes in the stellarator-reactor for the heating power
P, =40 MW. The calculations for other heating powers have shown that the self-sustaining fusion reaction can be
reached with lower fusion powers. The Fig. 7 shows the fusion power behavior in the process of plasma heating using
three power values from three heating sources - 40, 30 and 25 MW, as well as, the ion and electron temperature
variations in time by injecting 40 and 25 MW into the plasma.

The use of a 40 MW heating power allows one to reach a 800 MW thermal fusion power in 7.5 s after the heating
startup, and then the reactor turns into the steady-state regime of the self-sustaining reaction. In the case of 25 MW
heating power the reactor reaches the 800 MW power level approximately in 14 s after the heating startup. When lower
powers have been used, the reactor transition into the self-sustaining burn regime was not achieved. Note that
independently on the Pj, value, having other parameters conserved, the reactor goes to the fusion power level with like
distributions of spatial density, electric field and plasma component temperatures.
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Fig. 7. Time dependences of the total thermal reactor power and of the plasma temperature calculated for different values of
plasma heating power - Pp; a — thermal power behavior: 1- Py; =40 MW, 2 - 30 MW, 3 — 25 MW; b — time dependence of the
temperature for two values of Pj; — 40 and 25 MW. lon heating up to 800 MW with subsequent shut down of the heating source.

<N>=7-10" m”, R=8 m, a=2 m, B=5 T.

DISCUSSION AND CONCLUSION
The table presents the result of reactor parameter calculations for two values of the major torus radius R = 10 m
and R = 8 m, and the parameters of the demonstration reactor of the DEMO-C tokamak are given too [24]. The minor
plasma radius, magnetic field and amplitude of helical magnetic field distortion in all the stellarator-reactor variants
were unchangeable. The average plasma density for the case R = 10 m was taken equal to 7-10" m™, and for R = 8 m
the density was changing from 7-10" to 8-10" m’. All the rest parameters are the consequence of the self-consistent
solution of the system of equations (1-3) with a given initial and boundary conditions determined by expressions (4, 5).

Table
Reactor parameters
RSt-1 DSt-2 DSt-3 DSt-4 | DEMO-C [24]
Confining magnetic field —B, T 5 5 5 5 1.7
Major torus radius — R, m 10 8 8 8 7.8
Minor plasma radius — a, m 2 2 2 2 1.5
Mean density — <N>,10""/m’ 0.7 0.7 0.75 0.8 1.55
Electron temperature — 7, keV 10.7 8.8 9.5 10.1 21
Ion temperature — 7}, keV 8 7.1 7.3 7.6 23
Helical ripple at the plasma boundary—epmax 0.06 0.06 0.06 0.06 0
Total thermal power — P, MW 920 600 780 900 2400
Load onto the wall — Oy, MW/m’ 1.15 0.94 1.22 1.4 2.5/3.4
Plasma pressure — <>, % 2.1 1.7 2.2 2.26 4.6
Energy confinement time — T, s 1.33 1.4 1.24 1.16 2.1
Particle confinement time — 1y, s 3.1 3.3 2.8 2.44 b

Note a distinct difference in the reactor temperature and power from the results of [23] for the variant of a reactor
with a major radius R = 10 m. Consideration of the radial electric field has led to the appearance of a significant
difference in the ion and electron temperatures in the external plasma region. The average ion temperature was
approximately by 2 keV lower as compared to the electron temperature. As a result, the reactor power was decreased.
Nevertheless, the regime of self-sustaining burn was conserved.

In the tokamak reactor the major radius is sufficiently close to the torus radius dimension of the stellarator-reactor
in the variant with R=8 m. The minor plasma radius in the tokamak is distinctly less (¢=1.5 m against 2 m in the
stellarator), however, its decrease is compensated by the significant increase of the magnetic field induction from 5 T to
7.7 T. The paper [24] does not contain information how have been obtained the plasma-physical parameters of the
demonstration tokamak reactor. Note that the plasma temperature and density values in the tokamak reactor are several
times higher than the corresponding values in the stellarator-reactor. As a result, the average value of fin the tokamak
reactor is more than twice higher than in the stellarator-reactor despite the higher value of the confining magnetic field.

! The time of particle confinement is unknown.
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Taking into account that the plasma temperature and density distributions have a maximum in the center of plasma, the
local values of f here can reach several tens of percents and, consequently, there is a problem of a steady-state
operation in such regimes. The local values of B for the case of the stellarator-reactor are shown in Fig.6 where
Lnax=25%. So, the problem of £ values is common for both reactor types.

The present work shows a possibility for the reactor to reach a self-sustaining burn regime using a comparatively
low (25 MW) power of the heating sources. Note, that in the DEMO-C project it is planned to use the plasma heating
sources with a power up to 110 MW [24]. And at the same time the reactor in any case will not operate in the regime of
self-sustaining reaction. Also here is shown the opportunity to control the reactor power by varying the plasma density.
When the average plasma density is changing from 7-10" m’ to 8:10° m™ the reactor power increases by a factor of 1.5. At
the same time, the fusion reaction ignition in the stellarator-reactor occurs with a much lower value of the confining
magnetic field and, consequently, under conditions being less stressed in the view of engineering problems. And so, the
demonstration stellarator-reactor seems more preferred than the tokamak reactor.
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Properties of response functions of room temperature gamma-radiation detectors based on wide band-gap semiconductors are
researched using Monte-Carlo method. It is shown that approximate formulas which connect detector sensitivity with absorbed
energy of monochromatic radiation in the energy range between 0.06 and 3 MeV can be obtained for some kinds of semiconductors.
We determined gamma-quantum energy regions and detector thicknesses where obtained approximate formulas are correct. Regions
of maximum error of approximate formulas are also determined.
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ONPEJAEJEHUE YYBCTBUTEJBbHOCTHU NNOJYINPOBOJHUKOBBIX JETEKTOPOB 'AMMA-U3/1YUYEHUSI
A.A. 3axapyeHko
Hayuonanvhoii Hayunvii yenmp «XapbKosckuil (pusuKo-mexHuiecKutl UHCmumymy»
61108, 2. Xapvros, yn. Axademuueckas, 1

Metonom Monre-Kapno uccienoBansl cBoiicTBa (DyHKIMI OTKJIMKa KOMHATHO-TEMIICPATYPHBIX JIETEKTOPOB IaMMa-H3JIydeHUs Ha
OCHOBE IIMPOKO30HHBIX IOJYNPOBOAHHKOB. Iloka3aHo, YTO I psiia MOIYNPOBOAHHKOB MOXHO IOJYYHTh HPUONMKECHHBIE
(OpMyJIBL, CBA3BIBAIONIME YYBCTBUTEIBEHOCTh IETEKTOPOB C SHEPTUEH MOIIIONaeMOro MOHOXPOMATHYECKOT0 M3JTyUeHNsI B Inana3oHe
0,06...3 MaB. HccnenoBanel 00JacTH OJHEPTrUii TraMMa-KBaHTOB M TONIIMH AETEKTOPOB, TA€ CIPABEUIUBBI IOTy4YCHHbIC
3aBUCUMOCTH. Takxke onpeenaeHbl 001acTH MAaKCUMAaJIbHON MOTPELIHOCTH MPUOIIKEHHBIX GOpMyII.

KJIFOYEBBIE CJIOBA: mnonynpoBOIHUKOBBI JETEKTOp, raMMa-usiaydeHue, meron Monrte-Kapno, ¢yHKOUS —OTKIMKA,
4yBCTBUTEIILHOCTb.

BU3HAYEHHSA YYTJIUBOCTI HANIBITPOBIJHUKOBUX JETEKTOPIB TAMMA-BUITPOMIHIOBAHHSI
0.0. 3axapyenko
Hayionanenuii naykosuti yenmp « Xapkiecokuil Qizuxo-mexHiuHutl iHCmumymy
eyn. Akademiuna 1, m. Xapxie 61108, Ykpaina

Meronom Mownre-Kapio mociimkeHi BracTuBocTi GpyHKLi# BiATyKy KIMHATHO-TEMIIEPaTypPHUX AETEKTOPiB raMMa-BUIPOMIiHIOBaHHS
Ha OCHOBI IIMPOKO30HHUX HaIiBOpoBinHUKIB. [TokazaHo, mo A5 psAAy HAIIBOPOBIIHMKIB MOXKHA OTPUMATH HAaOMMKeH1 Gopmynu,
o0 MOB’SA3yI0Th YYTJIHUBICTH neTekTopiB B miamaszoHi 0,06...3 MeB 3 eHepriecto MOHOXPOMAaTHYHOTO BHIIPOMIHIOBAaHHS, IO
MOTJIMHAaEThcA. BuzHaueHi obnacTi eHepriii raMMa-KBaHTIB 1 TOBIIMHU JETEKTOPIB, 1€ CIPaBEIIMBI OTPUMaHI 3aiexHOoCTi. Takox
BH3Ha4eHI 00J1acTi MAaKCHMaJIbHOI ITOXHOKHM HaOMIDKeHUX (opmyIr.

KJIIOUOBI CJIOBA: HamiBIpoBiJHUKOBHH JETEKTOp, IaMMa-BHIPOMiHIOBaHHS, Meron Monre-Kapno, ¢yHKUis BiAryky,
Yy TIIUBICTB.

The measurement of energy dependence of gamma-radiation detector sensitivity is one of the laborious problems
at investigation of room-temperature semiconductor detectors (SCD) which work in the pulse counting mode or pulse
amplitude analysis mode. More than 10 certified gamma-radiation sources are required for measurement of SCD
sensitivity in the energy range between 0.03 and 3 MeV. Most of these sources are produced from short-lived
radioactive isotopes that have half-live about 1...2 years [1]. The lack of uniformity of electrophysical characteristics of
room-temperature SCD [2] is a reason of considerable spread of absolute value of sensitivity & and reason of necessity
of detailed measurements of energy dependence &(F£,) for each detector. Through instability of SCD contact
characteristics [3] it is necessary to repeat these measurements of &(£,) periodically in order to have an opportunity to
agree data obtained at different time periods.

Moreover isotopic gamma-radiation sources are not monochromatic. Efficiency of low energy (less than 60 keV)
gamma-quantum registration with SCD is no less than 80%. At the same time the efficiency of relatively high energy
(more than 500 keV) gamma-quantum registration of SCD does not exceed 5—7% (detector thickness is about 3 mm).
When these both energy lines are present in the spectrum of the same source the Compton scattering region of high
energy gamma-quanta is distorted by pulses from fully absorbed low energy quanta.

The Monte-Carlo simulation of SCD response can be used to overcome these difficulties but to obtain coincident
results it is necessary to know control parameters of detector model with adjusted precision that is not always
possible [2].

In this work we present results of numerical experiments to study the gamma-radiation semiconductor detector
response functions 3(£,) for Hgl,, TIBr and CdZnTe semiconductor compound. Approximation formulas for calculation

© Zakharchenko A.A., 2012
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of energy dependence 8(E,) of SCD sensitivity are obtained based on the analysis of properties of detector response
functions. These formulas can be efficient for detector sensitivity calculation in the whole range of gamma-quantum
energy between 0.06 MeV and 3 MeV using experimental measurements at the few energies. Maximum disagreement
between approximation formula data and detailed Monte-Carlo calculation are evaluated.

The main objective of this work is to obtain the minimal set of approximate formulas which would allow to
quickly calculating the sensitivity of wide band-gap semiconductor detectors nearly in the whole energy range of
gamma-quanta emitted by radioactive isotopes.

FACTORS AFFECTING MEASUREMENTS OF ENERGY DEPENDENCE OF SCD SENSITIVITY

The sensitivity 6 of semiconductor detector which used to detect single gamma-quanta (discrete sensitivity) is
defined as ratio of pulse number N to unit of radiation dose [4]. Energy dependence of cross-sections of gamma-
quantum interaction with detector material is a basic factor which defines the behavior of sensitivity 8(£,) with change
of gamma-quantum energy. The total attenuation coefficient of gamma-quantum flow (p) in the semiconductors is
changed on four orders of magnitude in the energy range between 10 keV and 1 MeV (Fig. 1). The final form of 8(Z,)
(Fig. 2) depends on charge collection efficiency (CCE) of nonequilibrium carriers that are created at full or partial
absorption of gamma-quantum energy inside detector material.

W, em. 8/ 8,
* 0] —O— CdTe
10 10 —=— Hgl,
102 3 10"1 4
1 00 3 1 0’2 E
10° 107 10" 10° 10" £, MeV 102 10" 10" E , MeV
Y
Fig. 1. The linear. attenuation coe_fﬁcient of gamma-quantum Fig. 2. The dependence of sensitivity vs gamma-quantum energy
flow in the some semiconductors [5]. for CdTe [6] and Hgl, [7] detectors.

Fig. 2 shows examples of experimentally measured dependencies of 8(E,). For convenience both curves are
normalized to detector sensitivity 8y; which is measured at the energy £, = 0.1 MeV. CdTe detector with thickness of
2.8 mm is investigated in the Ref. [6] so Scare(£y) is measured in the energy range between 0.06 and 1.2 MeV. The
energy dependence of CdTe detector sensitivity dcqre(£,) is built according to measurement results with 9 gamma-
radiation sources. Thickness of Hgl, detector was about 0.5 mm and the measured energy dependence 8., (E,) is

restricted within range between 0.005 and 0.3 MeV [7]. Thickness of Hgl, detector is a reason of low efficiency of
gamma-quantum registration in the energy range more than 0.2 MeV and observable sharp loss of detector sensitivity
(Fig. 2).

CCE is defined by great number of factors: coordinates of gamma-quantum interaction inside detector, mobility
and lifetime of charge carriers (electrons and holes) and internal electric field intensity inside the detector [8, 9]. When
detector with planar contacts and uniform distribution of internal electric field registers interaction between single
gamma-quantum and detector material that CCE function has the rather simple form [8]:

—(d-x)d —xd
CCEx,d, 7,0y 7, U) = 2o = 2 (1 —e Ml ]+—W"U [1 — et ] ; M

Q[Ol d ? d ?

where Q;,q — charge that is induced on the detector contacts; O, — average charge that is produced at absorption of the
energy E in the detector; d — detector thickness; x — depth of gamma-quantum interaction with detector matter
(0 <x <d); pen (7.) — average mobility (mean lifetime) of electrons and holes; U — SCD bias.

Considerable variations of mobility () and mean lifetime (7.,) of nonequilibrium charge carriers are
characteristic feature of all semiconductor materials which can be used for producing room-temperature gamma-
radiation detectors [2]. The reasons of nonuniformity of electrophysical detector characteristics were not finally
determined. For example, tellurium precipitate formation in the single crystal growing process can be defined as one of
the factors that have influence on the characteristics CdZnTe detectors [10]. The sizes of these tellurium precipitates are
changed in the range from about 1-2 pm to several hundred microns [11]. A great number of vacancies are formed near
the bounds of Te precipitate. They form complexes of defects with Te atoms and trap holes at energetic levels located
near top of the valence band [12]. These complexes of traps can be reason of the dark current increasing. As the traps
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are non-uniformly distributed in the crystal [10, 11] that variations of dark currents and, correspondingly, variations of
intrinsic noises are unpredictable from one detector to another.

The Refs. [10, 11] also showed that considerable variety of defects (point, lengthy, volumetric) is typical for as-
grown CdZnTe ingots. In the aggregate these defects can essentially decrease charge carrier mobility and life time in
the detector and at the same time they also can increase dark currents. The negative consequence of these effects is
reduction of limiting work detector bias. The results of Ref. [13] show that if at selected SCD bias the intensity of
internal electric field is less than 150 V/mm that planar CdZnTe detectors have inactive areas with null charge
collection efficiency CCE. If the internal electric field intensity is less than 100 V/mm that CCE in the CdZnTe
detectors can be decreased down to 4-5 times relatively maximum for specific detector.

One more factor which influences on the gamma-radiation SCD sensitivity is an polarization effect. In the general
case the term «polarization» is used for identification of uncontrolled time changes of nuclear radiation detector
characteristics after bias set up [14]. These changes can appear at the time distances from about a few minutes to a few
weeks. Good known demonstrations of such changes are time variations of the energy resolution and gamma-quantum
registration efficiency. The change of the registration efficiency directly influences on SCD sensitivity.

In the next part Monte-Carlo simulation of SCD response is used for illustration of influence of some above-listed
processes on detector sensitivity.

SIMULATION OF RESPONSE FUNCTION OF ROOM-TEMPERATURE SCD
The model of calculation of response functions of room-temperature SCD was originally developed and tested for
CdTe and CdZnTe detectors equipped planar contacts [15, 16]. Subsequently, this model has been applied for analysis
of characteristics of other wide band-gap semiconductor materials [17, 18]. The universal EGSnrc code for the Monte-
Carlo simulation of the passage of photons, electrons and positrons through matter [19] was used for computation.
Besides interaction of gamma-quanta and charged particles with detector matter the model Ref. [15] allow to take into
account the influence of noises and losses of nonequilibrium charge on the output signal amplitude.

]vi/]vtot ]vi/]vtot 2
1 Mel - x 10™ Hel,,
10-1_ 1x1x1 cm v ‘\ 1x1x1 cm,
) 7.5 U=2500V
-3 ] .
10 - 5.0
s 3
~ <t
10°4 [~ & 2541
] i
i I
o =
107 . . 02 04 E, MeV
0.2 0.4 E, MeV ' ' ’

Fig. 4. The response of Hgl, detector at the output of the

Fig. 3. The response function of Hgl, detector on gamma-quanta measuring channel corresponded to Ref. [20].

with energy 662 keV without taking into consideration the
charge collection and noises.

Fig. 3 and 4 show calculated response function of Hgl, detector equipped planar contacts on gamma-quanta with
energy £, = 662 keV ("*"Cs source) and its transform in the measuring channel. Plot ordinate is defined as the ratio of
pulse counts »; in i channel of the simulated analog-digital converter (ADC) to total pulse counts N, :ZN,. .

Detector parameters correspond to data of Ref. [20]: sizes of 1x1x1cm’, charge transport characteristics —
(u1)e = 5%107 cm?/V, (ut), = 3x10~° cm?/V, SCD bias U=2.5kV. Fig. 3 demonstrates processes of gamma-quantum
energy absorption and nonequilibrium charge production in the detector. The investigated detector has sufficiently high
probability of the complete absorption (photoeffect) of gamma-quanta with energy E, = 662 keV. Simulation shows that
about fifty percent of the interacted quanta are fully absorbed. The efficiency of gamma-quanta registration for energy
E,= 662 keV is about 42% and so absolute probability of scattering in the photopeak is about 21%. It means that less
than 25% of input gamma-quantum flow is fully absorbed in Hgl, at the length 1 cm. Escape peaks corresponded to
characteristic gamma-quanta of the mercury and iodine which have left the detector volume are clearly visible on the
Compton valley background (0.45 <E <0.65MeV). The ratio of photopeak amplitude E, to the average pulse
amplitude in the Compton continuum region (0 <E <0.45MeV) exceeds two orders of magnitude. Small peak
spreading is connected with fast electron energy losses due to the generation of lattice vibrations (losses up to 5%).

Fig. 4 shows changes of response function of Hgl, detector (Fig. 3) at the output of the measuring channel. A main
part of pulse amplitudes is shifted to the Compton continuum region. The escape peaks are almost completely spreaded.
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The ratio of the photopeak amplitude E, to the average amplitude in the Compton continuum region (i.e. where 0 < E <
0.45 MeV) is less than 1.3. In whole the response function (Fig. 4) has satisfactory agreement with calculation in Ref.
[20].

The total number of pulses N, is the same in both cases (Fig. 3 and Fig. 4). However it is necessary to notice that
in the real measurements the initial part of region of small amplitudes is not taken into account by reason of its
overlapping with noise region. If the discrimination threshold is specified as 26.34 keV (it is one of the gamma-lines of
' Am source) that calculated sensitivity value 8; is about 1249.4 (Fig. 3) and 84 is about 1163.9 pulse/uR (Fig. 4),
respectively. In other words experimentally measured value of sensitivity does not exceed 93% from theoretically
possible value (ratio 84/8; is about 0.93). It is an acceptable result.

Unfortunately, mentioned value of difference is not final. Results of simulation (Fig. 4) are satisfactorily
conformed to calculations that presented in the Ref. [20] but the shape of the showed there experimental '*’Cs spectrum
differs from the shape of calculated spectrum. The most important distinctions are the photopeak lack and higher value
of experimental ratio Ny/Nyy at the initial energy range in comparison with simulation. The variation of the model
parameters showed that we can achieve such spectral distribution if the intensity of internal electric field inside the
detector is much less than expected value that is U/d = 2500 V/cm for planar detectors. It can be a consequence of the
distortion of the internal electric fields near numerous growth defects of semiconductors as in Ref. [13, 21]. This case
can be reproduced within the used model at lower bias U (Fig. 5). From Fig. 5 it follows that the photopeak is absent as
it occurs for the real spectrum of *’Cs source that was presented in Ref. [20]. The pulse number in the initial channels
exceeds the average value of pulse number in the Compton continuum up to one order of magnitude.

Fig. 6 shows change CCE(x) corresponding to reduction of the internal electric field intensity inside the detector.
At the same time the detector thickness-averaged collection efficiency CCE is decreased from 57.6% to 42.9%. It leads
to complete degradation of the 662 keV photopeak (Fig. 5).

]vi/]th Qind / Qtot
Hel,, L0 Hel, | —=—Fig.4,U=2500Vv
3 Ix1x1 cm, : —0—Fig. 5, U=800V
2x107 1 U=800V

: > 0.54

1x10°1 \ 3
-
(ag]
O

W E,

Y

— \»\“’/\‘
T T OO T 1
0.2 0.4 E, MeV 0.0 0.5 1.0 x,cm
Fig. 5. The change of Hgl, detector response for lower bias. Fig. 6. The change of the charge collection efficiency CCE(x) in

the Hgl, detector.

Calculated sensitivity corresponding to condition of simulation that showed on Fig. 5 is 85 ~ 1033.4 pulse/uR and
ratio (0s/03) is about 0.83. With the noise level increasing the discrimination threshold needs to be specified up to
60 keV and more. As the result the difference between measured sensitivity and maximum possible value of sensitivity
can be even worse than mentioned ratio (8s/0;).

This example presents mediated influence of the defects on SCD sensitivity and problems of recovery of the
energy dependence of SCD sensitivity 8(E,) using the Monte-Carlo method. The change of value of the internal electric
field intensity is one of the ways to make agree between simulation and experiment data. The similar result for this Hgl,
detector can be obtained by changing the ratio between (ut). and (ut),. Additional experimental measurements are
necessary to choose the variant of matching.

Approximate formulas with several (2 or 3) fit parameters which allow to quickly calculate the sensitivity value
O(E,) for the wide gamma-quantum energy range (for example, 0.06...3 MeV) can be useful at the limited set of the
experimental data.

RESULTS AND DISCUSSION
This part presents the results of the simulation of the gamma-radiation SCD response functions and the calculation
of the 8(E,) function. The group of the semiconductor materials which are intensively researched for the past years [22]
was chosen for this investigation. For comparison simulation of the cooled germanium detector was run, too. Table 1
contains the parameters of the simulated detectors.



79

physical series «Nuclei, Particles, Fields», issue 3 /55/ Determination of sensitivity...
Table 1.
The characteristics of the simulated gamma-radiation detectors

No Detector Sizes (1), cm*/V (W), cm*/V UV Refs

1 Hegl, 25x25x2.89 mm® 5x10°° 3x107° 2800 [23]

2 |TIBr 7 mm’ x 1 mm 5x107 2x10°° 200 [24]

3 | CdZnTe 6x6x3 mm’> 1.1x10°" 1.3x10°° 300 [15]

4 | CdZnTe 4x4x2.5 mm’ 4x10°° 2x107° 400 [25]

5 [Ge 1000 mm*x13 mm 1 1 1000 [26]

The intensity of the simulated gamma-quantum flux is the same (10° quantum/s) for whole considered energy
range between 0.04 and 3 MeV. It is supposed that values of noise characteristics of the simulated measuring channel
are like that: equivalent noise charge is 300 e (charge units) and leakage current (or dark detector current) is 5 nA.
Thus total noise level (detector + measuring channel) is about 400 ¢ or less than 2 keV. The discrimination threshold
for calculation of the sensitivity has been specified as 26.34 keV because it is proper to set up in the experimental
measurements using **' Am source. The shaping time is 1 us. The dead time of the simulated analog-digital converter is
100 ps.

Fig. 7 shows the results of simulation of the sensitivity dependence 8(£,) from the energy of the registered
gamma-quanta for CdZnTe detectors no. 3 and 4 (Table 1). Previously it was demonstrated that the simulation data
satisfactorily agree with results of the metrological measurements [15]. The comparison between Fig. 2 and Fig. 7
confirms the trend of the &(£,) curves. The smaller volume of detector no. 4 as compared with detector no. 3 is the
cause of lower absolute values of its sensitivity o(E,).

d, pulse/uR 1/8, uR/pulse
104 ] CdZnTe
—4—no0. 3
—0—no. 4 0.104 CdZnTe
103 | —£A—no. 3
—O—no. 4
10%4 0.05+
10"
T T 0.00 - T T
0.1 1 E ,MeV 1 2 E ,MeV
Fig. 7. The dependence of sensitivity vs the energy of registered Fig. 8. The dependence 1/8 = fy(E,) for CdZnTe detectors.

gamma-quanta for CdZnTe detectors.

The analysis of the functional dependence 8(E,) for CdZnTe detectors is simplified if the inverse function
1/8 = fo(E,) is used. Fig. 8 shows that the functions 1/3 are nearly linear in the energy range £, above 0.2 MeV. It allows
to suppose that the dependence 8(£,) at £, > 0.2 MeV can be restored using the function 1/65 = ag*E, + by. The Table 2
contains the fitting data obtained with the method of least squares at the different initial energies E, included in the
fitting region.

Data from Table 2 show that the coefficients of the fitting curve are weakly changed even if the nonlinear region
between 0.06 and 0.2 MeV is also fitted. Fig. 9 shows the relative difference n between the inverse sensitivity values of
CdZnTe detector no. 4 obtained using the simulation data 1/8,, and using the next expression for linear function
I/Sﬁt = Cl()><E‘y + bo:

—
—_

=
>

n= w x100% . 2)

3

The difference curves for CdZnTe detector no. 3 do not demonstrate essentially distinctions in comparison with
detector no. 4. Fig. 9 shows that the satisfactory fit between the simulation and the fitting data in the energy range E,
above 0.5 MeV is obtained even if the initial point of fitting specified as £, = 60 keV. It means that high-energy part of
the 8(£,) dependence for CdZnTe detectors can be restored with satisfactory accuracy using measurement results with
three sources: **'Am (E, equals 60 keV), B7Cs (E, equals 662 keV), %Co (doublet 1173 and 1333 keV). Ukrainian
national primary standard of the units of exposure dose and exposure dose rate of X- and y-radiation contains these
three sources. Fig. 10 shows the examples of the spectra of '*’Cs and “°Co sources calculated for CdZnTe detector no. 3.

simul
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Table 2.
The parameters of the linear fitting of 1/8(E,) for CdZnTe detectors (Fig. 8)
Initial point, no. 3 no. 4
MeV ao by ao by
0.06 0.0175+0.0002 —0.0024+0.0002 0.0476+0.0005 —0.0064+0.0006
0.1 0.0177+0.0002 —0.0027+0.0002 0.0482+0.0005 —0.0074+0.0006
0.2 0.0180+0.0002 —0.0032+0.0003 0.0489+0.0005 —0.0086+0.0007

The simulation of the spectra of *’Cs and ®*Co sources illustrates above mentioned problems of the experimental
sensitivity measurement connected with the non-monochromatic of gamma-radiation. Although the relative intensity of
low-energy multiplet of *’Cs source centered around 32.2 keV is about 6% (at the same time the intensity of 662-keV
line produced by the "*’Cs source is 85%) but its contribution in the value of & can be considerable. Thus, if the
discrimination threshold is specified as 26.34 keV that the value of sensitivity of CdZnTe detector no. 3 calculated
using the simulation of the '*’Cs source (Fig. 10) is 166.1 pulse/uR whereas for the 662-keV monochromatic line
sensitivity is 120.4 pulse/uR.

n 5 % ]vi/]vtot
/32'2 keV CdZnTe, no. 3 o 1¥c
40 1 CdZnTe, no. 4 107 o s
—o—E, =02 MeV % —v—"Co
—0—FE,=0.1MeV é
20+ —<—E =0.06 MeV e > >
0 3 9 < o 9
107+ = =
e o
04 = A
> R
g
4 | <
20 1074]™ i
[
S
T T | T T
0.2 1 2 E ,MeV 0.0 0.5 1.0 E MeV
: . 137 60,
Fig. 9. The difference between the inverse sensitivity Fig. 10. The calculated spectra of the °'Cs and ""Co sources for
CdZnTe detector.

values for the simulation and fitting (Fig. 8).

The problem of the nonmonochromaticity for the '*’Cs source can be solved using the thin metallic filter absorbed
low energy gamma-quanta or increasing the discrimination threshold up to 40—45 keV. However the separation of the
neighboring lines with the same intensity is not possible for the ’Co source. The calculated value of sensitivity for the
%Co source is 48.5 pulse/uR (Fig. 10). It corresponds to gamma-quantum energy about 1.28 MeV. The simulation
predicts the sensitivity values 55.4 (1173 keV) and 46.8 (1333 keV) pulse/uR for monochromatic lines that correspond
to “°Co source. In other words at the experimental measurements of S(E,) the characteristics of the real %Co source need
to be recalculated for the equivalent source of gamma-quanta with energy 1.28 MeV.

n, % As Fig. 11 shows the satisfactory approximation 1/8 = fy(E,)
CdZnTe, no. 4 in the energy range E, above 0.2 MeV can be obtained if function
—=— quintic Jo(Ey) has either quintic polynomial form or form of
204 ——ELM

1 abE ;"'

1_8 3
5 1+bE/* S

where a, b and ¢ — — the fitting parameters of the extended
Langmuir model — ELM.

The number of the experimental points which are necessary
for the reliable determination of the polynomial coefficients can
exceed the number of the usually accomplished measurements of
' ' detector sensitivity. Moreover the difference between the both

0.2 1 2 Ey . MeV approximate formulas (the quintic or ELM) and the data of the
Fig. 11. The difference between inverse sensitivity  sensitivity simulation of the CdZnTe detectors in the energy range
values for the simulation and different kinds of the £ below 0.2 MeV is too large. The Fig. 12 shows that power
fitting. function can satisfactorily fit 1/8 in the energy range between 0.06
and 0.3 MeV. The uniform distribution of the section of fitting between 0.06 and 0.1 MeV by experimental data is
desirable for the reliable determination of the power function coefficients. However in practice either one point
(60 keV, **'Am) is presented in the energy range between 0.06 and 0.1 MeV [6] or all measurements are grouped
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around one or two energies [1, 7].

1/8, uR/pulse n, %
CdZnTe, no. 4 CdZnTe, no. 4
o Simulation N
—a—F <03 MeV
—e—1/8=p+qgxE’ 20 )
B r —A—F >0.3 MeV
4x107 ’

2x1071
O ]
0.0 0.1 02 E ,MeV 1 2 E,MeV
Fig. 12. The fitting of the dependence 1/8 using the power Fig. 13. The difference between the approximate formulas (4)
function for CdZnTe detector (p, ¢, s — fitting parameters). and the Monte-Carlo simulation data for CdZnTe detectors.

As Fig. 12 and Fig. 13 show the satisfactory fit between approximate and simulated values of 1/6(E,) in the whole
energy range between 0.06 and 3 MeV can be obtained with increasing the number of the points in the energy range E,
from 0.06 to 0.1 MeV. The maximum error of the approximate formulas for the calculation of 1/8(E,) for CdZnTe
detectors is found in the energy range E, between 0.3 and 0.4 MeV and can exceed up to +10% (Fig. 13). Consequently
the maximum error of the calculation of 8(£,) using the approximate formulas is —10% in relation to the Monte-Carlo
8(E,) simulation data. Thus the obtained detector sensitivity value will be found underestimated.

Consequently for CdZnTe SCD the approximate formulas for the calculation of 8(E,) are expressed as

pP+qE;, E, <03MeV, (a)
1 1-c
g= abE,

1+bE "

) 4)
E,>0.3MeV, (b)

The maximum difference between S(E,) values calculated using the formulas (4) and the detailed Monte-Carlo
simulation data is about 10%.

1/5, uR/pulse n, %

Hgl, ,no. 1 Hgl, , no. 1
—o— Simulation
—e— Formula (4b)

204 +E‘/ <0.3 MeV
——E >03MeV

2x107 1

104

1x107 1

0 h T T - l O T T
0 1 2 E ,MeV 1 2 E ,MeV
Fig. 14. The 1/6 dependence for Hgl, detector. Fig. 15. The difference between the approximate formulas (4) for
calculation of 1/8 and the Monte-Carlo simulation data for Hgl,
detector.

The subsequent simulation of the sensitivity 6(£,) for other semiconductor materials (Hgl,, TIBr) was run for
verification of the universality of formulas (4) obtained for CdZnTe detectors. The Fig. 14 shows the dependence of 1/
for Hgl, detector (no. 1, Table 1) and its fitting using the formula (4b). The Fig. 15 shows the difference between the
calculation by formulas (4) and the data of the simulation of sensitivity Hgl, detector in the whole energy range between
0.06 and 3 MeV. Simulation demonstrates that the linear dependence of 1/ is disturbed for Hgl, detectors at energy E,
above 2 MeV (Fig. 14). It means that the method of the reconstruction of the high-energy part of 8(E,) using three
measurements can not be used for Hgl, detectors although it has been worked for CdZnTe detectors (Fig. 8). At the
same time the difference between the results of the 1/6 calculation used the approximate formulas (4) and the Monte-
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Carlo simulation data for Hgl, detectors (Fig. 15) is similar with that for CdZnTe detectors (Fig. 13). The maximum
error of the approximate formulas (4) for Hgl, detectors also was found in the energy range E, between 0.3 and
0.4 MeV and can exceed up to +15%. It is slightly worse than for CdZnTe detectors.

The Fig. 16 shows the 1/5 dependence for TIBr detectors (no. 2, Table 2) in the energy range E, below 0.3 MeV
and its fitting by the formula (4a). The Fig. 17 presents the full 1/86 dependence and its fitting by the formula (4b). As
we can see the 1/6 dependence linearity is absent for TIBr detector at £, above 1.5 MeV. Thus the method of the
reconstruction of the high-energy part of 8(E,) using three measurements can not be used for TIBr detectors, too
(similarly Hgl,).

1/8, uR/pulse 1/8, uR/pulse
TI1Br, no. 2
o Simulation 0.6
3 —*—15=p+gxE]
8x107 1
0.4
4X10-3 1 02 TIBr, no. 2
’ —o— Simulation
—e— Formula (4b)
O T T OO B T T
0.0 0.1 02 EV , MeV 0 1 2 EV , MeV
Fig. 16. The 1/8 dependence at E, below 0.3 MeV for TIBr Fig. 17. The total 1/8 dependence for TIBr detector.

detector.

The Fig. 18 presents the difference between the 1/0 calculation used the formulas (4) and the data of the TIBr
detector simulation in the energy range from 0.06 to 3 MeV. The obtained results show that the more essential
difference between the approximate formulas (4) and the detailed Monte-Carlo calculation is typical for TIBr in the
gamma-quantum energy range from 0.3 to 0.4 MeV. The maximum error of the 1/8 calculation exceeds up to +25%.
Consequently the maximum error of the calculation &(E, = 0.3...0.4 MeV) is —25%. Moreover the calculation error
d(E,=0.07 MeV) by the formula (4a) exceeds up to about +20% for TIBr detector. It is considerably greater than for
CdZnTe (Fig. 13) and Hgl, (Fig. 15) detectors.

n, % n, %
TI1Br, no. 2 TIBr, 2 mm, U=400 V
+E/ <0.3 MeV +E/ <0.3 MeV
20 —A—E/ > 0.3 MeV 20 N —A—E/ > 0.3 MeV

204 . . -20 [ . ;
1 2 E ,MeV 1 2 E ,MeV
Fig. 18. The difference between the approximate 1/8 Fig. 19. The difference between the approximate 1/5
calculation with formulas (4) and the Monte-Carlo simulation data  calculation with formulas (4) and the Monte-Carlo simulation
for TIBr detector with the thickness of 1 mm. data for T1Br detector with the thickness of 2 mm.

The simulated T1Br detector has the least thickness among all investigated detectors (Table 1). Thus the simulation
of the TIBr detector of 2 mm thickness with bias correspondingly increased up to 400 V was run to find out the reasons
of so essential errors. From Fig. 19 it follows that for thicker TIBr detector the approximation error of 1/3 is decreased
in the energy range between 0.3 and 0.4 MeV similarly to error of 1/8 for energy E, equal 0.07 MeV. However the
difference between the approximate formulas and the Monte-Carlo simulation is remained maximum for TI1Br detectors
in comparison with CdZnTe and Hgl, detectors.

Sensitivity 8(£,) of Ge gamma-radiation detector with characteristics corresponded to the GLP-36360/13P4
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detector (ORTEC production [26]) was also calculated in order to compare that with results for detectors based on the
wide band-gap semiconductor compounds. The difference between the simulated value of 1/8 and the approximate
formulas (4) is minimum among all materials investigated in this work (Fig. 20). The maximum error for Ge detector is
about +6% and it was found in the low energy range (E, below 0.2 MeV) in contrast to the room-temperature
semiconductor detectors.

Table 3 contains the calculated exponent values of the formulas (4) for all investigated semiconductors. From

Table 3 it follows that for wide band-gap semiconductors %~ E;3"'3’5) in the low energy gamma-quantum region. The

dependence of 1/6 from E, is square-law in this energy range for Ge detector. For wide band-gap semiconductors the
sharper form of dependence of 1/8 from E, is probably connected with the jump increasing of the cross-section of full
gamma-quantum absorption in the energy range between 0.06 and 0.3 MeV (Fig. 1). These jumps occur near the K-edge
absorption of Hg, Tl, Cd, Te atoms. The binding energy of K-electrons in Ge is considerably less (about 11.1 keV) and
thus the absorption coefficient changes more smoothly for this semiconductor.

Table 3
The main fit parameters of the formulas (4)
no. SCD s, (4a) ¢, (4b)
1 Hgl, 3.075£0.032 | —0.855 (£0.034)
2 TIBr 3.4540.11 —0.96 (£0.05)
3 CdZnTe 2.98+0.08 —0.626 (£0.033)
4 CdZnTe 3.4610.06 —0.618 (£0.032)
5 Ge 2.07+0.12 —0.367 (£0.019)
n A . It should be noted that for wide t?and-gap
? semiconductors the maximum difference
Ge, no. 5 between the fit formulas and the simulation

E <03 MeV resu.lts in the low energy range correspond.s to

! the jumps of the total absorption cross-sections
—— [ >0.3 MeV (between 70 and 80 keV).

- The obtained formulas (4) are correct for
SCD with thickness of more than 1 mm. As
Fig. 2 shows the SCD sensitivity value in the
gamma-quantum energy range E, above 1 MeV
is the same order with the noise level due to
smaller  thicknesses.  Consequently  the
measurement of the sensitivity of the thin SCD
in this energy range does not have the practical

significance.
CONCLUSIONS
' ' ! ' The new approximate formulas that allow
1 2 EV 5 MeV to calculate the dependence of the

semiconductor detector sensitivity 8(E,) from
the energy of the registered gamma-quanta in
the range between 0.06 and 3 MeV have been
obtained. These formulas can be efficient when there is lack of experimental sensitivity measurements for more exact
calculation. These approximate formulas can be also used instead of the detailed Monte-Carlo simulation of the 8(£,)
dependence in the cases when the main control parameters of model (for example, the product of mobility and mean
lifetime for electrons and holes and/or the detector internal electric field intensity) can not be determined with accuracy
that is necessary for correct reconstruction of the SCD response functions.

It is shown that for the room-temperature detectors the maximum difference between the exact Monte-Carlo
simulation and calculation with the approximate formulas is between 10 and 20% depending on the material. The region
where maximum difference was found corresponds to the gamma-quantum energy range £, between 0.3 and 0.4 MeV.
The expected difference is from 2 to 4 times less in the range £, below 0.3 MeV and in the range E, above 0.4 MeV the
expected difference is from 4 to 10 times less.

The obtained approximate formulas are correct for room-temperature semiconductor detectors with thickness of
above 1 mm because the sufficiently great value of efficiency of the registration of the gamma-quanta with above
0.5 MeV energy can be received at this thickness range.

Further planned work related to the experimental verification of the obtained approximate formulas.

Fig. 20. The difference between the approximate 1/8 calculation formulas
(4) and the Monte-Carlo simulation data for Ge detector.
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DIRECT-ACTION ACCELERATOR BASED ON THE MAGNETRON GUN WITH A
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Studies have been made into the parameters of the electron beam produced by the accelerator with the secondary-emission cathode
magnetron gun as the basis. The experiments were performed in the energy range between 80 and 150 keV with a specific beam
power on the target from 5 to 20 J/cm?, this permitting the use of the beam for irradiating material surfaces. Plane metal samples
were subjected to irradiation, and the radiated structure of material surface was examined by metallography methods. Experiments
were made to measure the accelerator beam size in both decreasing and increasing magnetic fields; the possibility of irradiating inner
and outer of cylindrical surfaces was demonstrated.

KEY WORDS: accelerator, magnetron gun, secondary-emission cathode, electron beam, irradiation, cylindrical surface.

VCKOPUTEJD ITPAMOT O JIEMCTBUS HA OCHOBE MATHETPOHHOM ITYIIKH C
BTOPUYHOSMUCCHUOHHBIM KATOJAOM U EI'O NIPUMEHEHHUE B PAIMAIIMOHHBIX TEXHOJIOT' UAX
A.H. J10B6Hs, B.B. 3akyTun, H.I'. Pemnernsax
Hayuno-Hccnedosamenvcrkuii Komnnexce « Yckopumens»

Hayuonanvnvui Hayuneiii Lenmp «Xapvrosckuii @usuxo-Texnuueckuti Mncmumymy»

Yxpauna, 61108, Xapvkos, 1, yn. Axademuueckas
WzydeHsl mapamMeTphl SJIEKTPOHHOTO IyYKa YCKOPHTENS Ha OCHOBE MAarHETPOHHOH MYHIKH ¢ BTOPHYHOAMUCCHOHHBIM KaTOIOM B
obnactu snHepruid 80...150 k9B ¢ yaenbHOI MOIIHOCTBIO IMy4YKa Ha MUMICHH 5...20 I[)K/CMZ, YTO MO3BOJIMJIO MCHOJIB30BAThH €ro I
o0rydeHss IOBEpXHOCTH MaTepHanoB. IIpoBeneHo OOIydeHHE MOBEPXHOCTH IUIOCKMX METALIMYECKHX OOpasloB W H3ydeHa
CTPYKTypa IIOBEpXHOCTH MaTepuaja Iociie oOIydeHus MerauiorpaduueckumMu MeroiamH. IIpoBeNeHBI SKCHEPHMEHTHI IO
H3MEPEHHIO pa3MepoB ITyyka YCKOPUTENS B CIAJAIONIEM U HapacTalOlleM MAarHUTHBIX MOJSIX U MOKa3aHa BO3MOXKHOCTH OOTydYeHUS

BHYTPCHHEH 1 Hapy>KHOU MOBEPXHOCTH LIMIMHIPHYCCKUX 00IacTei.
KJIIOUEBBIE CJIOBA: yckoputeib, MarHETpOHHAsl IyIIKa, BTOPHYHOIMHCCUOHHBIA KaTOJ, 3JICKTPOHHBIA My4OK, 00JIydeHHe,
LWINHAPUYECKas TOBEPXHOCTb.

IPAUCKOPIOBAY IIPSIMOI JIIi HA OCHOBI MATHETPOHHOI TAPMATH 3 BTOPUHHOEMICCIMHUM
KATO/JIOM TA MOI'O 3ACTOCYBAHHS B PAIMAIIMHUX TEXHOJIOTISIX
AM. JloBous, B.B. 3akyrin, M.I'. PemeTnsix
Hayxoeo-0ocnionuii Komnaexc «Ilpuckopiosauy
Hayionanvnuii Hayxosiii Llenmp «Xapxiscoxuu @izurxo-Texniunuii Inemimymy
Yxpaina, 61108, Xapxis, éyn. Akademiuna

BuBYeHI mapaMeTpu eNeKTPOHHOIO IMyuKa IPHCKOPIOBaua HAa OCHOBI MAarHETPOHHOI rapMaTH 3 BTOPHHHO-€MICIHHHUM KaTOIOM B
mianasoni enepriit 80...150 keB 3 MHTOMOIO MOTYKHICTIO MydKa Ha Mimeri 5...20 Jlk/cM?, 0 JO3BONMIO 3aCTOCYBATH HOTO s
ONPOMiHEHHS TIOBEpXHi MeTaiiB. [IpoBeneHO OmpoMiHEHHS MOBEPXHI IIACKUX METAJeBHX 3pa3KiB 1 BHBUEHA CTPYKTypa IOBEpPXHi
MaTepially IcJisi ONMPOMIHEHHS MeTanorpadiyHUMH MeToAaMHu. [IpoBeieHO eKCIepUMEHTH 3 BUMIPIOBAaHHS PO3MIpIB ITydKa
MIPUCKOPIOBada B CIaJal0q0My Ta HAPOCTAIOUOMY MAarHiTHHX MOJISIX 1 TOKAa3aHO MOXJIMBICTE OIPOMIHEHHS BHYTPIIIHIH Ta 30BHINTHII
TIOBEPXOHb NWITHAPUIHHX 00JIacTel.
KJIIOUOBI CJIOBA: npuckoproBady, MarHeTpOHHA rapMmara, BTOPUHHO-eMICIHHMH KaToJl, €JIeKTPOHHMI ITy4OK, ONpPOMIHEHHS,
[WTiHAPUYHA TOBEPXHSL.

At present in many countries the beam methods (technologies) for material working with energy fluxes are
developed and introduced into the industrial production. Using these methods it is possible to increase the wear
resistance, corrosion resistance, fatigue strength, surface polishing of materials etc. For solving such problems one uses
extensively the accelerators of intense electron beams with electron energy from 100 to 400 keV [1].

Over the last few years, the work is performed at the NSC KIPT Research Complex “Accelerator” to investigate
cold-cathode electron sources operating in the secondary emission mode in crossed electric and magnetic fields [2-4].
Physical processes occurring during beam formation were investigated, with particular attention given to the study of
beam current stability, azimuthally homogeneity, beam sizes, the influence of magnetic field components on the current
amplitude, the electron bunch formation per voltage pulse, etc. [2,5]. Relying on the previous studies, in 2005 the
electron accelerator was created. Parameters of a tubular electron beam from the accelerator [4] have been investigated
in the electron energy range from 80 to 150 keV and with pulse duration from ~15 ps. Advantages of the secondary-
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emission source are as follows: no heating, simple design, ability to work under conditions of technical vacuum
(~10°...10° Torr), high current density (~50A/cm’ of the unit of transverse cathode area), cathode emission is not
weakened after the air admission. According to evaluations it is generally accepted that the lifetime of cathodes is
~ 100000 hours.

The aims of the present work have been to investigate the electron beam parameters at particle energies between
80 and 150 keV, to modify the surfaces of metals and alloys during their exposure to the electron beam of the
accelerator, and also to explore the possibility of the electron beam application for working the internal and external
surfaces of cylindrical articles and increasing their corrosion resistance was studied.

ACCELERATOR DESCRIPTION AND RESEARCH TECHNIQUES

The schematic diagram of the accelerator is shown in Fig. 1. The accelerator consists of the following basic units:
feeding high-voltage pulsed generator 1, a magnetron gun with secondary-emission cathode C and anode A placed in a
vacuum chamber 3, solenoid 4, generating a longitudinal magnetic field, a target device with Faraday cup FC, and
computer-aided measurement system 6 for measuring the beam parameters Iy, 2,5 —passed insulators, 7 — control unit. A
feed voltage pulse from pulsed oscillator / is fed to the cathode of the magnetron gun. In the circuit of the supply pulse
generator used is a full battery discharge through the correcting circuit to the step-up transformer, the voltage pulse
being formed with the peak surge. Pulsed generator 1 provided the formation of a voltage pulse with an overshoot
amplitude of up to 190 kV, an overshoot decay time of ~0.6 ps as for the development of secondary-emission
multiplication processes, an amplitude of the flat part of the voltage pulse of up to 150 kV, its length of ~15 ps, and a
pulse repetition frequency of (2...10) Hz.

N, a.u.

02 | M

0 20 40 60 80 100
, keV
Fig.1. Schematic diagram of the accelerator Fig.2. The energy spectrum of the electron beam of the
accelerator

The source of electrons is placed in a vacuum chamber 3 with a pressure of ~10° Torr. The magnetron gun used
to generate an electron beam has the following dimensions: the cathode diameter is 40 mm, the cathode length is 85 mm
and the inner diameter of the anode is 78 mm, the anode length is 140 mm; the cathode material is copper and the anode
material is stainless steel. The principle of operation of the gun is based on the back bombardment of the secondary-
emission cathode with the electrons returned by the magnetic field, the formation of an electron cloud near the cathode,
and the shaping of a beam [2].

The magnetic field for the generation and transportation of an electron beam is produced by solenoid 4. The
amplitude and longitudinal distribution of the magnetic field can be controlled by varying the current magnitude in the
sections of the solenoid. During irradiation, the beam current was considerably varied using this effect, as is shown in
the Table, which lists the beam parameters upon the irradiation of the targets

Table
Parameters of accelerator
Energies I, A W, J/em?
50 55 -
60 68 -
80 85 20
100 110 -
120 125 ~25

The electron-beam generation bandwidth over the magnetic field was AH ~ 300 Oe, which is of great importance
for adjusting the accelerator used for technological purposes. Via processing the current and voltage oscillograms, we
derived the energy spectrum of the beam (Fig. 2), which shows that ~80% of the beam electrons are in a range of £7%
with a maximum at 0.93eU (U is the cathode voltage).

The target device is placed on the Faraday cup end part which is made of stainless steel, water-cooled, and at a
100mm distance from the gun. The targets to be irradiated were mounted and fastened at the end face.
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IRRADIATION OF METAL TARGET FLAT SURFACES

Irradiation has been performed on targets of various metals: steel, stainless steel, Ti, Zr, Zr+1%Nb alloy. The steels
under consideration were chosen for surface hardening and zirconium alloys, applied in reactors, for upgrading their
strength properties.

The targets were irradiated under similar conditions in one experiment, when a set of 3 -4 samples was fastened at
the target device. The beam energy density was varying in different experiments within the range from 5 to 20 J/cm®.
The results obtained [6] have shown that the electron beam with characteristics, being used for metal surface irradiation,
can produce appreciable changes in the near-surface layer structure, decrease the grain size, surface fusing,
microhardness changes, etc.

Irradiation has been performed on targets of various metals: steel, stainless steel, Ti, Zr, Zr+1%Nb alloy. The steels
under consideration were chosen for surface hardening and zirconium alloys, applied in reactors, for upgrading their
strength properties.

The targets were irradiated under similar conditions in one experiment, when a set of 3 -4 samples was fastened at
the target device. The beam energy density was varying in different experiments within the range from 5 to 20 J/cm®.
The results obtained [6] have shown that the electron beam with characteristics, being used for metal surface irradiation,
can produce appreciable changes in the near-surface layer structure, decrease the grain size, surface fusing,
microhardness changes, etc.

By irradiating the targets of Zr1%Nb and the energy density of the beam up to W = 20 J/cm® leads to the rapid
heating of the sample surface to the melting point and, after the completion of the exposure pulse, the heated layer of

10kv  X30,000 0.5um

| a) b) ©)

Fig.3. Surface of metal after irradiation.
a) W=20 J/cm?, mark 300 pm (down on b) W=20 J/cm?, mark 30 pm (down on ¢) mark 0,5 um (down)
the right) the right)

the material is rapidly cooled. As a consequence of this, the structure and properties of the surface layer change. The
modified surface and the interface between the irradiated and unirradiated portions of the sample are shown in
Fig. 3a, 3b. The surface differs from the initial surface: cleaner and wider grain boundaries are observed and the grain
size hardly changed. By irradiating the targets of stainless steel with a beam current pulse sequence, the nanosized
(~100 to 200 nm) formations were obtained at the steel surface (Fig.3c).

The accelerator beam is a circular one, therefore it can be used for annular article irradiation, for example, for
modification of collar bushings made from one-piece metal or composed of two layers from different metals [6], and for
material surface alloying. Nanosized formations can be used for the research and development of autoemission cathodes
and for electron-beam excitation of localized plasmons [7, §].

IRRADIATION OF THE INNER AND OUTER CYLINDRICAL SURFACES OF THE SAMPLES

Using the accelerator annular electron beam propagating in the magnetic field it is possible to irradiate the internal
(in the decreasing field, Fig. 4) or the external (in the increasing field, Fig.6) cylindrical surfaces of tubular samples.

Experiments on the measurement of the sizes of the beam (in the decreasing field, Fig.5c) show, that by during the
transportation of the beam in a uniform magnetic field (H~1400 Oe) to a distance of ~100 mm, its diameter is almost
unchanged (Fig.5a, curve 2). Further, during the transportation of the beam in a decreasing magnetic field to H ~ 600
Oe, the outer diameter of the beam increases to ~6 cm with a wall thickness of ~4 mm. At a distance of ~240 mm from
the edge of the anode of the magnetron gun in a magnetic field of H~300 Oe, the outer diameter of the beam was ~8.5
cm with a wall thickness of 5—6 mm.

Preliminary experiments on the electron beam transport in the copper pipe placed at a distance of ~90 mm from
the magnetron gun exit in the decreasing magnetic field were carried out to find optimum conditions for irradiation of
the metal pipe internal surface. The copper pipe of 63 mm diameter and 150 mm length (Fig.5b) was composed of 5
rings, each of 30 mm length, the gap between rings from 1,5 to 2 mm. The pipe was placed in the magnetic field
produced by a solenoid consisting of 4 sections.

Investigation results show that with ~80 keV electron energy, ~ 70% of beam current are dissipated at the internal
pipe surface in the region of the 4™ ring (Fig.5a, curve 3) on the ~30 mm length. In the increasing magnetic field
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(Fig.5a, curve 1) ~65% of the current is dissipated at 5™ ring (Fig.5a, curve 4), the current at the 4™ ring decreases by a
factor of 5, and, at the same time, the current going onto the central electrode increases by 20%.

Fig. 4. Scheme of irradiation of the inner cylindrical
surface of samples in the decreasing magnetic field
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Fig. 5. Experimental results of irradiation of the inner cylindrical surface.
a) longitudinal magnetic field distribution in two cases (curves 1,2),

current dissipated at rings (curves 3,4) in two cases of longitudinal
magnetic field distribution (curves 1,2), b) layout of the metal pipe and
gun components, c¢) diameter of the electron beam D at different distances
from the anode of the gun.
To study possibilities for irradiation of the external cylindrical surfaces the experiments have been carried out in
which the external and internal beam diameters were measured during the beam transport in the increasing magnetic

field.

Scheme of irradiation of the outer cylindrical surface of samples in the increasing magnetic field show on Fig.6.
Experiments on measuring the outer of the beam during its transportation in an increasing magnetic field were carried
out at a beam energy of ~60 keV and a beam current of ~50 A (Fig. 7). It is evident from the figure that the diameter of

the beam decreases and its thickness is also reduced.

Fig. 6. Scheme of irradiation of the outer cylindrical surface
of samples in the increasing magnetic field.
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Fig. 7. Dependence of the (D1) outer and (D2) inner diameters of the
beam on the amplitude of magnetic field (H) at a distance of 5 cm
from the anode.
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CONCLUSION
The direct-action accelerator based on the magnetron gun with the secondary-emission cathode can be

recommended to use it for the oriented modification of flat and cylindrical surfaces of various metals and alloys, for
scientific research and different radiotechnologies.

1.
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Investigations related with developments of computer simulation and computational methods for spectrometry of sources irradiation
are actual for decision of wide class of scientific tasks into industrial radiation processing. Investigations of influence of electron
beam spectrum characteristics on the spatial absorbed dose distributions formation into materials with various atomic numbers were
performed. Simulation of spatial distributions of electrons absorbed dose in an irradiated targets was accomplished with the Monte
Carlo method by the program ModeRTL. Analysis of numerical experiments results are discussed.

KEY WORDS: computational spectrometry, spectrum electrons, dose distribution, Monte Carlo method, software ModeRTL

HUHTETPALUA BBIYUCJIUTEJBHBIX METOA0B B CHEKTPOMETPUIO
SJIEKTPOHHBIX ITYYKOB
B.T. Jlazypuk, B.M. Jlazypuk, I'.®. [lonos, }0.B. Poros, I'.J. CapyxaHsin
Xapvroeckuii nayuonanvhwiil ynusepcumem um B.H. Kapasuna

nn. Ceoboowl 4, 61022 Xapwvkos, Yrpauna
UccnenoBanus, HampaBlIeHHBIE HA PAa3BUTHE CPEACTB KOMIIBIOTEPHOIO MOJEIHPOBAHMA M BBIYHUCIHTEIBHBIX METOIOB IS
CHEKTPOMETPHUH WCTOYHHMKOB W3IIydEHHS, SBISIIOTCS AaKTyaldbHBIMH ISl pEIIeHHs IIHPOKOro Kiacca HAydHBIX 3amad B
MIPOMBIIUIEHHBIX PaJUAllIOHHBIX TeXHOJMIOTHAX. IIpoBeneHO McciieoBaHWE BIMSHUS CIIEKTPAJIBHBIX XapaKTEPHCTHK ITydka
JIEKTPOHOB Ha (HOPMHUPOBAHUE pACIpeeIeHHH IOMIONIEHHOH O3Bl B MaTepHalaX C pa3IMYHbBIMA aTOMHBIMH HOMEpPaMH.
MopenupoBaHre MPOCTPAHCTBEHHBIX pacHpeleNIeHNUH IOTIONIEHHOH J03bI AJIEKTPOHOB B 00Jy4YaeMbIX MHIICHSIX MPOBOANIOCH
merogoM Mounte Kapro ¢ ncnonb3oBanuem nporpammsl ModeRTL. OGcysxaatotcst pe3yabTaThl YUCIACHHBIX SKCIIEPUMEHTOB.
KJIFOYEBBIE CJIOBA: xoMmbioTepHass CHEKTPOMETPHSA, pacHpeAeieHHe I03bl, CIEKTp 3JIeKTpoHOB, meron Monrte Kapro,
nporpamma ModeRTL

IHTET'PYBAHHS OBYUCJJIIOBAJIBHUX METO/IB Y CHEKTPOMETPIIO
EJIEKTPOHHUX ITYYKIB
B.T. Jlazypuk, B.M. Jlazypuk, I'.®. [lonos, FO.B. Poros, I'.E. Capyxansn
Xapkiscoruti Hayionanvhutl ynisepcumem im. B.H. Kapa3zina
nn.Ceoboou 4, 61022 Xapxis, Vkpaina

JocnimkeHHs, cOpsAMOBaHI Ha PO3BUTOK 3ac00iB KOMI'IOTEPHOTO MOJEIIOBAHHSA 1 PO3PaXyHKOBHX METOMIB JUIA CIEKTPOMETpii
JUKepen pajialifHOrO BUIPOMIHIOBAHHS, SIBISIOTHCS AKTyadbHHMH MJs PIMICHHS MIMPOKOrO KiIacy 3aJad B MPOMHCIOBHX
pamiamifiHux TexHoJOTisX. I[IpoBeIeHO MOCTIMKeHHS BIUIMBY CIEKTPATbHUX XapaKTEPUCTHK IydYKa eIeKTPOHIB Ha (HOpMyBaHHS
po3ToaLTy MOTIMHEHOT 03U y Marepianax i3 pi3HUMHA aTOMHUMH HOMEpaMHu. MoIeNoBaHHs POCTOPOBOTO PO3IOALTY MOTIMHEHOT
JIO3H EJICKTPOHIB B OMPOMIHIOBAHUX MIIICHAX MPOBOMMWIOCH MeTonoM Monte Kapmo i3 BukopucranasMm mporpamMu ModeRTL.
OOGroBOpIOIOTECS PE3yJIbTaTH YHCEIBHUX EKCIIEPUMEHTIB.

KJIOYOBI CJIOBA: koMmm’roTepHa CIEKTPOMETPisi, PO3MOJIN JI03H, CIEKTP EIeKTpoHiB, MeToax Monrte Kapmo, mporpama
ModeRTL

At present electron beam (EB), X-ray and gamma processing are widely used in different industrial radiation
technologies, such as sterilization of medical devices, mail sterilization, foodstuff irradiation, advanced composites
modification, cross-linking of cables, bulk polymer modification, polymerization of monomers and grafting of
monomers onto polymers, tire and rubber pre-cure treatment, decontamination of clinical waste, purification of water
and gas wasters and others. The implementation of radiation technology in various fields of industry is accompanied by
an increasing number of industrial radiation facilities, expansion of assortment of products treated by ionizing radiation
and the development of new methods for radiation processing [1-2]. The usage of new industrial radiation technologies
require in increasing of number of controlled variable parameters of process irradiation as well as enhancement of
accuracy in determination of these parameters value. In particular it is concerned to monitoring of electron beam energy
and spectrum at EB accelerators.

The dosimetric devices and suitable mathematical methods recommended into International Standards for
radiation technologies based on EB accelerators allows to obtain only two scalar characteristics for EB spectrum:
average energy and most probable energy [3, 4]. Information about influence of an EB energy spread on an absorbed
dose distribution formation in an irradiated targets practically is absent. It means, that in the area of radiation processing
dosimetry there are the tasks, that are need in developments of new methods for computational dosimetry and
spectrometry of ionizing radiation. It should be noted that computational dosimetry and spectrometry do not required
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the use of special physical processes or it is difficult realized conditions to performing measurements. These techniques
are founded on use of mathematical calculations and special computing methods developed on base of mathematical
model of the measurement process for absorbed dose distribution of electrons in an irradiated material.

Investigations related with development of computer simulation and computational methods for spectrometry and
dosimetry of powerful sources irradiation are actual for quality control of radiation processing.

The objective of this study was the detailed computer analysis of influence of the EB spectrum on an absorbed
dose distribution formation in an irradiated targets. Estimation of uncertainties for method of EB energy control with
use of traditional devices such as dosimetric wedge and stack by computational dosimetry method are discussed in the
report. Computational dosimetry method suppose the use of computer simulation of radiation-technological process for
selected spectrum of electrons.

COMPUTATIONAL APPROACH IN SPECTROMETRY OF ELECTRON BEAMS

International Standards for radiation technologies based on EB accelerators allows to obtain only two scalar
characteristics for EB spectrum: E,, — average energy and E, — most probable energy [3, 4]. Uncertainties for an
absorbed dose distribution of electrons in the “critical” points of dose map as well as the values of non-uniformity for
absorbed dose of electrons when only two scalar characteristics £,, and £, for EB spectrum are controlled should be
estimated. “Critical” points of dose map are characterized by locations of the dose minimum (D,,;;,) and dose maximum
(Dmax) for the dose map in an irradiated product. Non-uniformity for absorbed dose distribution of electrons in an
irradiated product is characterized by relation DUR=D,,,,/Dy,. It is obvious that in general case the reply cannot be
obtained.

In practice for determination the spectral characteristics of electron beams the following parameters are used: £,
E, and energy spread E,, - is the full width of spectrum on the half of maximum. Therefore it is preferable to examine the
models of EB spectrum, which use these parameters.

Simplest form, that corresponds to three-parameters function y(E) is triangular form with parameters: £, F . -

the value of minimum energy of electrons in an EB spectrum, f_ - the value of maximum energy of electrons in an

» E

max

EB spectrum. The parameters E,» E

min

interlinking with £ _, E, E, by following equations:
E..=15E, -E —05E, E  =15E,+E, - 0.5E,- EB spectrum is described by the following formula:
h(E_Emin)/(Ep_Emin)’ Emin<ESEp
y(E) = h(E_Emax)/(Ep _Emax > Ep <E< Emax
0, E<E ,.VE=ZE_,.
- Emin) is the maximum function y(E).

max

where = y(E,) = 2/(E

max

EB FACILITY AND SIMULATION MODEL OF RADIATION PROCESSING

Schematic representation of the EB facility used for simulation of the electron depth dose distributions in the
heterogeneous target irradiated with scanned EB and on moving conveyor are shown in Figs. 1(a) and (b). The gap
between exit window of accelerator and the incident surface of irradiated target is filled with air.

Simulation of EB dose distributions in an irradiated targets was accomplished with the Monte Carlo (MC) method
in a 2-dimensional geometrical model with the program ModeRTL [5, 6]. In the program a source of electron beam
including spectral characteristics, a scanner, a conveyor line and an irradiated target are considered as uniform self-
consistent geometrical and physical models.

The following processes of interaction of electrons with substance and their modeling conceptions were included
in the physical model of software ModeRTL:

» electrons lost energy by two basic processes an inelastic collision with atomic electrons and bremsstrahlung;

« inelastic electron collision with atomic electrons lead to excitation and ionization of the atoms along the path of
the particles (model of grouping of the transferred energy);

« emission of the secondary electrons (model of the threshold energy);

« electrons participated in elastic collisions with atomic nuclear lead to changes in the electron direction (model of
grouping of transferred pulse).

In the default mode of the software ModeRTL, the values of energy cut off and threshold energy of electrons are
selected in automatic regimes to provide the necessary space distribution for absorbed dose of electrons in an irradiated
target. All physical processes which assure obtaining of results with predetermined accuracy are taken into account at
simulation of an absorbed dose distribution of electrons. For example, for EB radiation processing in the energy range
of incident electrons from 20 keV to 10 MeV and irradiated materials with atomic number Z< 30, the model uncertainty
is less than 5% for calculated dose distribution in the field of the basic EB energy absorption. Software ModeRTL was
validated in some benchmarking experiments [5, 6, 7].

The software ModeRTL provides the end-user with: data sets in the graphic and tabular form for an absorbed dose
and charge depositions within the target irradiated with a scanned EB; comprehensive comparative analysis of output
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data; cognitive visualization of output data; decision of optimization problems with using dynamic and statistical
databases; presentation of physical and operational characteristics for radiation processing.

The features of the software ModeRTL are the following: 1. Detailed decomposition of spectral characteristics for
irradiation source. 2. Built-in tools for statistical analysis. 3. Built-in tools for uncertainties estimation of results
simulation due to uncertainties of input data for radiation facility. 4. Estimation of uncertainties for physical models. 5.
Comparison Modulus for visual and a numerical analysis of calculated and experimental data and for decision of

optimization tasks in radiation processing.
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Fig.1. Schemes of EB radiation facility with target and package box placed on moving conveyor.
a) The target irradiated by EB with triangular scanning. b) The target irradiated by EB with non-diverging scanning. Axis X -
direction of EB incidence, axis Y - direction of EB scanning, axis Z - direction of conveyer motion.

RESULTS AND DISCUSSIONS
Comparison results of the MC simulation of the absorbed dose distributions (ADD) of electrons in the
polyethylene (PE) target irradiated by scanned EB with various energy spread are shown in Fig.2. The flat PE target
with density 0.94 g/cm’ and thickness 4.7cm irradiated with scanned EB from two opposite sides.
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Fig.2. Comparison results: influence of the EB energy spread on absorbed dose distributions of electrons in the PE target. EB average
energy -5MeV. Two-sided irradiation. Non-divergent scanned EB. MC simulation.

Curves 1 and 2 — ADDs in the target center irradiated from opposite sides by scanned EB with triangular spectrum. Spectrum

parameters: E,,= E, = SMeV, E,, = 2.5 MeV. Curve 3 — total ADD from curves 1 and 2. Curve 4 - ADD in the target center.

Spectrum parameters: E,,= E, = 5MeV, E,, = 0 (mono-energy EB). Curve 5- ADD in the target center. Spectrum parameters: E,,= E,,

=5MeV, E, =5 MeV.

Analysis of the presented results (Fig.2) have shown that under changing of EB energy spread E,, the values of the
ADD of electrons significantly change in the target center and insignificantly change near the entrance surface of EB
into target. The target center is the critical area, because in this area the changing of an ADD influenced on the values of
dose uniformity ratio DUR=Dy,,,/Dyi, and on the optimal target thickness.

The values of relative variation for absorbed dose of electrons in the target center at 2-sided irradiation due to
variation of EB spectrum are represented in the Table. MC simulation was performed for process irradiation of target
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with optimal thickness by mono-energy EB with E,~= 0 and EB with wide triangular spectrum E,= E,. Calculation was
performed at various values of EB energy £, in the range from 1 to 10 MeV.

Presented results in the Table show that variation of absorbed dose values for EB in the center target at 2-sided
irradiation is increased with decreasing of EB energy for materials with small atomic number (PE, Water) and weakly
depends for materials with greater atomic numbers (Aluminum). Comparison of the MC simulation results for value
variation of the relative absorbed dose AD/D for EB in the center of target at 2-sided irradiation of various materials
irradiated with various EB energy as function of £,/ E, value are presented in the Fig.3.

Table
Variation of absorbed dose values for EB in the center target
E,, MeV 1 2 3 4 5 6 7 8 9 10
Material
AD/D, %

Polyethylene | 30.2 | 279 | 252 | 21.1 | 20.1 | 149 | 145 | 133 | 16.1 | 11.0

Water 305 | 259 | 28.0 | 247 | 222 | 22.1 | 194 | 164 | 17.6 | 12.6
Aluminum 196 | 213 | 21.8 | 21.9 | 209 | 219 | 21.2 | 21.1 | 18.6 | 184

Results (Fig.3) show that dependences of the absorbed dose AD/D as function of EB energy spread E,, have similar
view for various EB energy and atomic numbers of target materials. Therefore, for detection of general regularities, it is
interesting to compare obtained dependences at various conditions of normalization. The values of the absorbed dose
variations AD normalized on the value of maximal deviation for the absorbed dose ADy,, at EB energy E,, = E,, that is
(i.e.) when the width of EB spectrum is taken the maximal value, are presented in Fig.4. The values AD and AD,,, were
calculated in the target center at 2-sided irradiation with EB of various energy.
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Fig.3. Variation of the relative absorbed dose AD/D for EBin ~ Fig.4. Dependence of the absorbed dose variations AD normalized
the center of target at 2-sided irradiation. on the value of maximal deviation for the absorbed dose AD,,,, as
function £,/ E,, value.

As it is seen from Fig.4, the EB absorbed dose distributions into materials with various atomic numbers irradiated
with EB of various energy have similar view.

CONCLUSION

Investigations of influence of EB spectrum characteristics on the absorbed dose distribution formation into
materials with various atomic numbers irradiated with EB of various energy were performed with use of the
computational methods. It was shown, that at 2-sided irradiation of target by EB with variation of EB energy spread the
following features were observed:

* under changing of EB energy spread E,, the values of the absorbed dose distribution of electrons significantly
change in the target center and insignificantly change near the entrance surface of EB into target.

» variation of absorbed dose values for EB in the center target at 2-sided irradiation is increased with decreasing of
EB energy for materials with small atomic number and weakly depends for materials with greater atomic numbers.

* dependences of the absorbed dose AD/D as function of EB energy spread E,, have similar view for various EB
energies and atomic numbers of target materials.

Results simulations have shown that EB dose map variations can be greater in comparison with predetermined and
acceptable in practice uncertainties. This effect can be due to variation of EB energy spread even when controlled EB
characteristics such as an average energy and most probable energy are fixed. Therefore, further growth of dosimetry
and spectrometry for EB radiation processing related with development of hardware and software for control of the
energy spread. In particular, for realization this purpose the development of devices and spectrometry methods on the
base of charge deposition registration into multi layer absorber can be used.
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This paper studies the stratification conditions of the positive column of the dc glow discharge in nitrogen in tubes of various radii. In
each discharge tube the striations are observed in closed regions with respect to current and applied voltage values within the limited
range of gas pressure values. We revealed that the first striation (counted from the cathode end of the positive column) was clearer
expressed and it possessed the maximum thickness. Striation length is weakly dependent on discharge current but it decreases with
gas pressure growing. Again the striations with a large order number (counted from the cathode edge of the positive column) possess
lesser thickness. We find out that positive column stratification obeys similarity laws well. The extinction curves and striation
existence regions registered in different discharge tubes and plotted against the product of gas pressure and inter-electrode distance
pL coincide. Reduced striation thickness d/R (striation thickness d divided by tube radius R) in different tubes also is in good
agreement with each other when plotted against pR. We observe that the reduced striation thickness obeys the Goldstein-Wehner law
d/R = C/(pR)", the constants for nitrogen being C = 1.05 and m = 0.32.

KEY WORDS: direct current glow discharge, positive column, striations, nitrogen, low pressure.

CTPATUO®UKALNMSA TOJOXKHUTEJBHOI'O CTOJIBA PA3PSIA ITIOCTOSHHOI'O TOKA B A3OTE
B.A. JIucorckuii 2, B.A. JepeBsiHKO L EIL ApTIOLIEHKO LB Eropenkos !
! Xapvkogckuil HAYUOHANbHBIL YHUBEPCUMEM
61022, Xapwvkos, nn. Ceob600vt 4, Yrpauna
2 Hayunwiii pusuro-mexrono2useckuii yenmp
61022, Xapwvkos, nn. Ceo6o0vt 6, Yrpauna
B nanHo# paboTe ObUIM HCCIICIOBAHBI YCIOBHS CTPATH(GHUKAINH MOJ0KUTEIBLHOTO CTOJI0A TIICIOIIETO pa3psiia MOCTOSHHOIO TOKA B
a3oTe B TPyOKax pa3iM4HbIX paguycoB. [loka3aHo, 4To B KaXxJ0il pa3psaHOil TpyOke cTpaThl HAOIIOJAIOTCS B 3aMKHYTBIX 00JIacTIX
[0 TOKY U MPUIOKEHHOMY HAlpsDKEHUIO B OPAaHMYCHHOM JAWAna3oHe AaBiieHuit rasa. [lomydeHo, 4to mepsas (¢ KaTOJHOrO KOHIA
MOJIOKUTENIBHOTO CTONI0A) CTpaTa sipuye BhIPAXKEHAa M MMEeT HAaHOONBIIYI0 [UTUHY. TONIINHA CTPAT Ciabo 3aBUCHUT OT Pa3psaHOrO
TOKa, HO YMEHBIIACTCSI C POCTOM J[aBICHUs Ta3a. TakKe CTpaTbl C OOJBLIMM TIOPSAKOBHIM HOMEpPOM (OT KaTOAHOTO Kpas
MOJIOKUTENBHOTO  CTOJIOA) MMEIOT MEHBIIYI0 TONMUHY. [lokazaHo, 49TO CTpaTH(UKamus MHOJIOKHUTEIBHOTO CTOJI0A XOPOIIO
nom4yMHseTcs 3akoHaM noxobus. HaGmomaercst coBnageHne KpUBbIX MOracaHus M 00JacTell CyIecTBOBaHHUS CTPAT, U3MEPEHHBIX B
pa3NMYHBIX pa3psIHbIX TPYOKaX M IOCTPOSHHBIX B 3aBHCHMOCTH OT IIPOM3BEICHHS IaBJICHHS Ta3a M PACCTOSHHS MEXIY
anekTponamu pL. IIpuBeneHHbIe TONUHEL CTPaT d/R (OTHOLIGHHE TONIUMHBI CTPAT d K pamuycy TpyOku R) B pa3iuyHBIX TPyOKax
TAKKe XOPOILIO COINIACYIOTCS JPYT ¢ APYTOM IPH MOCTPOSHUH UX B 3aBHCUMOCTH OT pR. IToka3aHo, 4TO MPHUBEACHHBIC TOJIIMHBI
CTpaT noquuHsoTCs 3akoHy [onpaiureiina-Benepa d/R = C/(pR)™, nipu stoMm aist a3ota koHetautsl C = 1.05 u m = 0.32.
KJIFOYEBBIE CJIOBA: Tieromuii pa3psa HOCTOSIHHOTO TOKA, MOJI0KUTENBHBIA CTONO, CTPAThI, a30T, HU3KOE JaBJICHUE.

CTPATU®IKALIAS IIO3SUTUBHOI'O CTOBIIA PO3PAAY IIOCTIAHOI'O CTPYMY B A30TI
B.O. JlicoBchknii 2, B.O. leper’sinko ', K.I1. Apriomenko ', B.JI. Eropenkos '
! Xapriecexuii nayionanenuii ynisepcumem
61022, Xapxis, ni1. Ceoboou 4, Ykpaina
? Hayroeuii pizuxo-mexnonoziunuii yenmp
61022, Xapxie, nn. Ceoboou 6, Yrpaina
V wiit poborti Gynu mocnimkeHi yMoBH cTpaTrdikalil MO3UTHBHOTO CTOBIA TIiI0YOr0 PO3PsILY MOCTIHHOTO CTPYMY B a30Ti B TpyOKax
pisHux paziycis. IlokazaHo, 1m0 B KOXHIH pO3psAAHIA TPyOWi CTpaTH CHOCTEPIraroTbCs B 3aMKHYTHX OOJAacTIX MO CTpyMy 1
MPUKJIaJeHId Hampy3i B 0OMeXeHOMY Aiama3oHi THCKiB razy. OTpuUMaHO, IO Mepia (3 KaTOTHOTO KiHIS MO3UTHBHOTO CTOBIA)
CTpaTa sCKpaBillle BHpPaKCHA i Mae HaiOuIbmy noBKHHY. TOBIIMHA CTpaT ci1abo 3aleXUTh BiJ PO3PAAHOTO CTPyMy, aje
3MEHIIY€ETHCS 3 POCTOM THCKY rasy. Takox CTpaTH 3 BEIHKUM IOPSAKOBHM HOMEPOM (BiJ KaTOXHOTO KPaio IO3UTHBHOTO CTOBIIA)
MaOTh MEHIIy TOBIIMHY. [loka3aHo, mo cTpaTHdikamis HO3UTUBHOIO CTOBHA HOOpEe MiAKOPSEThCS 3aKOHAM IOJiOHOCTI.
Crocrepiraerscs 30ir KpUBUX 3racaHHs i o0ilacTel iCHyBaHHS CTpaT, BUMIPSHUX B Pi3HUX PO3PSIHHX TpyOKax i moOyaoBaHHX B
3aJIe)KHOCTI Bil JOOYTKY THCKY rasy i BiAcTaHi MiXk ejekrponamu pL. HaBeneni ToBmuHN cTpaT d/R (BiJHOLICHHS TOBIIUHHU CTPAT d
o paziyca TpyOku R) B pi3HHX TpyOKax TakoX H0Ope Y3TrO/KYIOTBCS OMH 3 OJHUM IpU MOOYAOBI iX B 3ale)HOCTI Big pR.
Ioka3zaHo, IO HaBE/ICHI TOBIIMHH CTPAT MiAKOPSIIOTHCS 3akoHy [ombamreiina-Benepa d/R = C/(pR)", npu upoMy mis as3ory
koHcTaHtu C=1.051m =0.32.
KJIFOYOBI CJIOBA: Tiirounii po3ps/ MOCTiHHOTO CTPyMY, TO3UTHBHUI CTOBII, CTPATH, a30T, HU3bKHUH THCK.
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The dc glow discharge is widely applied in such devices of glow discharge as gas discharge voltage stabilizers
(stabilitrons), rectifiers on the ground of glow discharge, as well as gas discharge lasers (neon-helium, carbon dioxide
with nitrogen admixture etc) [1]. Positive column stratification lowers the gas discharge laser efficiency therefore it is
of considerable interest to study the existence conditions of striations and their characteristics [2-6].

The uniformly glowing positive column under certain conditions is split into striations — consecutive bright and
dark regions (layers). In molecular gases they occupy, as a rule, a substantial portion of the positive column whereas in
noble gases they are strongly damped or are in a state of constant motion, and their observation is impeded. Standing
striations can be seen with a naked eye and they are most easily observed in molecular gases such as hydrogen, nitrogen
as well as in mixtures of noble and molecular gases [4,5]. In pure noble gases the steady striations may exist to the
anode side of the substantial plasma nonuniformity, e.g. the cathode part of the discharge, a probe with a large negative
potential, abrupt tube narrowing; however, their strong damping is observed along the column. An eye cannot observe
moving striations because of the large speed of their propagation.

Experimental study and description of standing striations started much earlier than that of moving ones because
one did not require special equipment for their observations. Reviews of papers devoted to research into standing and
moving striations may be found publications [4,5,7-9]. However, reviews by Nedospasov [7] and Pekarek [8] devoted
only little attention to standing striations. At the same time one can observe standing striations in molecular gases in the
broad range of discharge current and gas pressure values and they are most clearly expressed.

From the viewpoint of plasma technology it is most important to elucidate the conditions under which the uniform
positive column becomes stratified. The authors of paper [6] presented the diagram of various states of plasma
discharge in neon showing the existence regions of the uniform and stratified discharges. Papers [10,11] studied the
moving striations in nitrogen. Conventionally a positive column of the glow discharge in nitrogen demonstrates
standing striations, therefore for observing moving striations an additional electrode was introduced in the column and a
weak alternate voltage of a kilohertz range was applied. Authors of papers [10,11] determined the existence regions for
every type of striations, their phase and group velocities, dispersion curves (frequency of ionization oscillations against
wave number k) and voltage drop across each type of striations depending on discharge current for different nitrogen
pressure values.

Klyarfeld [12] dealt mainly with standing striations and concluded that there is no fundamental difference between
standing and moving striations — they are the periodic repetitions of the local perturbation in plasma in the direction of
the electron drift. Zaitsev [13] studied moving ionization waves and produced them from outside either with an
additional internal electrode or through modulation of the discharge current with the alternate voltage of the frequency
close to that of the waves.

The authors of paper [14] studied the formation of moving striations in neon in experiment. They found that the
striations were formed out of small anode spots usually oscillating with the growing amplitude, increasing in size and
then leaving the anode surface. These striations moved with a high speed to the cathode edge of the positive column and
then disappeared. The author of paper [15] suggested a refined method with which he determined the value of the
critical current (limiting the existence region of striations) in argon and xenon.

In helium, neon and their mixtures the critical current for ionization wave excitation, the dispersion law, the
velocity and the waveform and their dependence on gas temperature were studied in experiment in the discharge tubes
of 1 to 3 mm in diameter [16]. The authors of paper [17] performed the spatial-temporal probe measurements of plasma
parameters in S- and P-striations in neon. Paper [18] proposed a nonlinear model describing the modes of ionization
waves in plasma. This model revealed the hysteresis transition between different modes on changing the discharge
current. S-, P- and R- striations which may be observed in dc discharge in noble gases at low pressure and small
discharge current were studied in paper [19] employing the numerical solution of the Boltzmann kinetic equation.

Authors of paper [20] found out that the layered positive column in molecular gases acquired a macroscopic
instability under certain conditions. This instability manifests itself either in a slow spontaneous displacement of the
layered positive column to the anode with the velocity order of 1 cm/min, or in slow longitudinal oscillations of the
column as a whole. The existence regions of standing as well as moving striations possess a complicated shape. For
hydrogen and oxygen they are given, e.g. in paper [8], and for nitrogen they are obtained in [7]. Comparison between
the existence regions of standing and moving striations shows that standing striations, as a rule, are observed at lower
gas pressure and current values than moving ones.

In noble gases [21] the standing striations in neon exist mainly inside the region free of moving striations (with
current values of 1 — 10 mA and pressure values of 0.1 — 1 Torr). In papers [22,23] evanescent standing striations
were observed in helium, neon and argon with pressures up to 10~ Torr and currents up to 100 mA.

If you intend to elucidate the nature of standing striations, then a question arises on how possible values of their
length d depend on discharge conditions. The length of standing striations usually has the order of the tube radius R and
it decreases with current increasing approaching a certain constant value [4]. Also the length of standing striations d
decreases on increasing pressure p and decreasing radius R according to the empirical law of Goldstein-Wehner [4,24]
(d/R)-(pR)" = const, where m < 1 and it depends on the nature of gas. In noble gases standing striations are usually
substantially longer than in molecular gases, their length exceeding several times the tube diameter especially at low
pressure. Molecular impurity added to a noble gas makes standing striations the shorter the larger is the impurity
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content [25].

Many researchers [12,22,23,26] remark that the striation closest to the cathode somewhat differs from the rest of
them being not only the sharpest but also the longest.

Despite a large number of articles devoted to the research into moving and standing striations in the dc discharge,
the references lack data on the link between the existence region of striations and the regions of appearance and
existence of the discharge itself (its ignition and extinction curves, respectively). Again, the references do not contain a
united opinion about the striation shape. For example, in papers [5,26] the first striation (located at the cathode edge of
the positive column) shines brighter but its length equals approximately that of subsequent striations (located closer to
the anode). However, as was said above, in papers of other researchers [12,22,23] they report that the first striation
closest to the cathode is the longest. Still again, the references do not contain detailed information on the behavior of
each separate striation against gas pressure and discharge current. Therefore this paper aims at studying extinction
curves of the dc discharge in nitrogen, existence regions of standing striations, as well as lengths of separate striations
against gas pressure and current.

EXPERIMENTAL CONDITIONS

In order to study the existence conditions and characteristics of striations in the positive column of the dc
discharge we employed the discharge chambers shown schematically in Fig.1. Measurements were performed with the
tubes of inner radius R =4 mm, 6 mm, 12.5 mm, 27.5 mm and 39.5 mm. We used the discharge devices of similar
design. For example, for the tube of radius 27.5 mm the inter-electrode distance was 395 mm. For other tubes the inter-
electrode distance also was about 14.4 times larger than the radius.

The studies were performed in nitrogen within
the pressure range p =0.05— 0.5 Torr. The cathode Cathode Anode
was fed with the dc potential U, <3000 V. The

resistor of 75 kOhm was switched in series between Gas
the cathode and the dc source.

Before measurements we cleaned the cathode supply
surface igniting a glow discharge in nitrogen at the
pressure of p~0.1 Torr and discharge current of Pumping
I;. =5 mA during 10 minutes. Under these conditions -]
the ion flux onto the cathode is sufficiently high to
remove monolayers of gases, which remained on the

cathode surface after mechanical grinding and R
polishing, but the discharge current is still insufficient @
for producing cathode spots eroding the cathode
surface. We did not employ any external ionization
sources for discharge igniting.

We have taken photos of striations. The obtained
images are downloaded to the computer. In order to
process them any program can be applied which can
separate a rectangular region (Adobe Photoshop,
MBizGroup PhotoEditor etc.). If necessary, the
images have to be rotated if the discharge tube is
located not horizontally but at some small angle. Fig.2
depicts the photo from which you can see how to
determine the first striation thickness. As is seen from
the photo, it amounts around 9.3 mm. In the same
way you can determine the thickness values for the
second striation etc which are usually a little thinner
and dimmer than the first one, but in this work they

Fig.2. Discharge photo at the nitrogen pressure of p = 0.6 Torr
and the discharge current of 1.6 mA.

are not important. The matter is that near the  Anode is to the left, and cathode is to the right. d is the first striation

boundaries of the pressure range you can observe 1-2  thickness. The tube of inner radius R = 6 mm.

striations and further the positive column glow

becomes uniform. Therefore it is expedient to deal with only the first striation as the brightest one, long and existing in

the broadest range of gas pressure.

EXPERIMENTAL RESULTS
The aim of these studied was to clarify the existence conditions for standing striations together with their length
for different current and nitrogen pressure values. Fig.3 depicts the discharge extinction curve U, (the minimum
voltage of discharge burning against the product of gas pressure and inter-electrode distance pL) limiting the existence
region of standing striations in the glow discharge from below. The voltage U,y is the maximum voltage at which the
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striations disappear. At the section of the Uy, curve growing with gas pressure the total length of the cathode sheath,
negative glow and dark Faraday space approached the inter-electrode distance and the positive column disappeared.
Together with it the striations also disappear because they may be observed only in the positive column. Fig.4 presents
the photos of the discharge in the tube of 27.5 mm in radius with a stratified positive column for different current
values. At small current values we observe only 2-3 first striations located at the cathode edge of the positive column.
The rest of the column seems to be uniform visually. However, on increasing the current almost the total positive
column becomes stratified, the striations are readily seen and the column length decreases. And at some maximum
values of the voltage U, and current 7, the positive column with the striations disappear completely.

R=27.5mm
2500 - e U
ext
" Uhigh
2000 | R=4mm
—o—U_
> 1500 F Ay
< low
N B
1000 | -
500 | =
1 10 100
pL, Torr cm

Fig.3. Discharge extinction voltage U,,; and maximum voltage of
striation existence Ujg, in the tube of 27.5 mm in radius, as well as
discharge extinction voltage U,,,, minimum and maximum voltage of
striation existence U, and Uy, in the tube of 4 mm in radius against
nitrogen pressure.

a

Fig.4. Discharge photos at nitrogen pressure of p = 0.2 Torr and
discharge current values:
a) 0.7 mA; b) 1.7 mA; ¢) 9 mA; d) 29.3 mA.
Anode is to the left, and cathode is to the right.

At the descending section of the curve Uy, the
positive column did not disappear with the current
growing but the striations were broadened and the
column became uniform. At nitrogen pressure above
1 Torr (for the tube of 27.5 mm in radius) the
striations were not observed in the total range of
discharge current values studied in the present paper.

As the experiments were performed in
geometrically similar tubes then the discharge
characteristics had to obey similarity laws. Let us
check whether similarity laws apply to a stratified
glow discharge.

As we observe in Fig.3, the extinction curves
registered for discharge tubes of 27.5 mm and 4 mm
in radius and plotted to the scale U,,, (pL) actually
match each other. The maxima voltage values Uy,
for the striation existence in both tubes also match. It
indicates the validity of similarity laws in describing
the processes of discharge stratification and
extinction. The descending section of the maximum
voltage Uy, in the narrow tube was not registered
due to technical reasons because at large gas
pressure a strong discharge current flowed through
the tube leading to substantial cathode sputtering and
discharge chamber heating. However the knowledge
of the behavior of this descending section in a wide
tube may help us to predict its path for a narrow
tube.

Photos in Fig.4 demonstrate that the striation
thickness does not remain constant at gas pressure
fixed but it experiences changes with the discharge
current growth. Fig.5 shows the dependence of the
first striation thickness (counted from the cathode
end of the positive column) on discharge current at
different nitrogen pressure values. The first striation
thickness demonstrates a nonuniform pattern with
discharge current growth remaining almost constant.
The pressure increase leads to the decrease in the
first striation thickness.

Photos in Fig.4 also demonstrate that the
striations in the positive column do not have the
same value because the first of them counting from
the column cathode end is thicker and brighter than
subsequent ones. The authors of papers
[12,22,23,26] also observed that the first striation is
the longest one. Fig.6 depicts the striation thickness
against its ordinal number (counted from the column
cathode end) registered for three different sets of
discharge conditions. The figure evidences that the
farther is the striation from the cathode end of the
positive column the narrower it is. But the striations

with large ordinal numbers (N > 4) have approximately equal thickness.
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As follows from Fig.5, the striation thickness
p, Torr experiences little variation with the discharge current

a
. \,01, ® 0.06 increasing. Therefore we averaged the striation thickness
40 —0—0.1 value for each fixed gas pressure value. Fig.7 shows the
g 30 r P —A—0.2 average thickness of the first three striations thus found
g D.jﬂ/\-‘:‘ ——03
0—\0\‘

N
S
T

against nitrogen pressure. In the figure we observe that the

~" 20 | -m— 04 average thickness of striations uniformly decreases with gas
I ——05 pressure, the speed of their narrowing with pressure being
10 F 906 about equal.
L In order to compare between the striation behaviour in
0 Y B S Y B S S the tubes of various radii it is expedient to use a dimensionless
0,1 1 10 100 (reduced) tube thickness. To this end we divide the striation
I, mA thickness d by the tube radius R in which the striations were
10 - b Torr measured. Fig.8 shows in logarithmic scale the reduced
- p, 1o average thickness of the first striations against the pR product
—0—03
g 8 e ) for all discharge tubes we employed. The figure clearly
= 6 DA oA 0 A0 O gg demonstrates that the striation reduced thickness is well
- A— N A AN —A— . .
- : described by the following dependence
..G'-* L —O—m—m-00 —— 1.4 d C
ar ~m25 —= (1)
‘ —0—50 R (pR)"
2L
that is called the Goldstein-Wehner law [4, 24]. However we
0 ] remark that Wehner [24] presented in his paper contradictory
0,1 1 10 100 data. He approximated his data for the striation reduced

I, mA thickness (black squares in Fig.8) with the curve (1)
corresponding to the constant values C=2 and m=0.32,
though actually the best match between his measured data and
formula (1) is observed with the value C=0.6. Our results
also are well described with formula (1) but with C=1.05.
From axial profiles of discharge glow at different nitrogen
pressure values given in paper [5] we determined the thickness of the first striations and also presented it in Fig.8. This
figure demonstrates good agreement between the reduced thickness values for the first striations with our results. In the
broad range of discharge conditions the thickness of the first striation comprises from one to two radii of the discharge
tube. We also determined the thickness of the first striation in nitrogen from the axial profile of the electric field
strength measured by Graham [30] (see Fig.12 [30]). The obtained value is also shown in Fig.8 and it is above the
results of our work and that of paper [5]. One can see from the description of the experimental conditions given in [30],
that Graham employed the mercury manometer therefore the nitrogen in his tube was contaminated with mercury
vapour. As the mercury atoms possess a low ionization potential, their presence makes the ionization process easier and
makes striations longer. The mercury manometer in [30] was vacuum-sealed without grease and, consequently, organic
contamination in nitrogen was absent.

40 - —e—0.15 Torr, 0.8 mA

Fig.5. Thickness of the first striation against
discharge current at different nitrogen pressure
values. Tube radius is 27.5 mm (a) and 4 mm (b).
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Fig.6. Striation thickness against its ordinal number. Fig.7. Average thickness of the first three striations against
Tube radius is 27.5 mm. nitrogen pressure. Tube radius is 4 mm.

Note that Wehner made vacuum sealing with cement containing resin and wood oil therefore due to the presence
of organic vapour the striation thickness values he had obtained happened to be remarkably lower that in our work and
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in paper [5].) The admixture of air does not affect noticeably the applicability of the Goldstein-Wehner law. This can be
observed from our results for air presented in Fig.8.

3 2/(pR)0'32| CONCLUSIONS
e ¢ 8mm This paper clarifies the stratification conditions
2F Ve i gm of the positive column of the dc glow discharge in
:. ?Ag& A 55 mm nitrogen in tubes of radii R =4 mm, 6 mm, 12.5 mm,
~ T ‘6%8 @m O ¢ 79 mm 27.5 mm and 39.5 mm. The striations are observed in
S T m O% B Wehner closed regions with respect to current and applied
1+ / - . %&Séoo O Garscadden voltage values within the limited range of gas
! - . CAA QQ_ g %“ﬁ;nmkir pressure values. We found that the first striation
0.6/(pR)"* | g ‘ (counted from the cathode end of the positive
I 1.05 /(pR)(m column) is clearer expressed and it possesses the
- maximum thickness. Striation length is weakly
0.4 = e ' dependent on discharge current but it decreases with
0.1 e Tot 6 1 gas pressure growing. Again the striations with a

Fig.8. Ratio of averaged thickness of the first striation to tube radius

large order number (from the cathode edge of the
positive column) possess lesser thickness.

We found out that positive column stratification
obeyed similarity laws well. The extinction curves
and striation existence regions registered in different

against the product of gas pressure and tube radius.

discharge tubes and plotted against the product of gas pressure and inter-electrode distance pL coincide. Reduced
striation thicknesses d/R (striation thickness d divided by tube radius R) in different tubes also are in good agreement
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®
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each other when plotted against pR.
We observed that the reduced striation thickness obeyed the Goldstein-Wehner law d/R = C/(pR)", the constants
itrogen being C = 1.05 and m = 0.32.
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In present work the influence of high pressure on the conductivity in the basal plane of the oxygen underdoped HoBa,Cu;0-_; single
crystals is investigated. It is found that excess conductivity Ac(T) in the HoBa,Cu;0-_; single crystals over a wide temperature range
(T.<T<T*, where T, is the critical temperature and T* represents the mean field temperature of the superconducting transition) obeys
an exponential temperature dependence. The description of the excess conductivity with 4o~(1-T/T*)exp(4*,,/T) can be interpreted
in terms of mean field theory. The temperature dependence pseudogap is satisfactorily described within the framework of the BCS-
BEC crossover.

KEY WORDS: excess conductivity, hydrostatic pressure, HoBaCuO single crystals, high-temperature superconductivity, crossover,
pseudogap state.

BILJIMB THIYKOBAHOI BUCOKUM THCKOM CTPYKTYPHOI PEJIAKCAIIIT HA EBOJIOIIIO
TEMIOEPATYPHOI 3AJIEXXHOCTI IICEBAOIIIIMHA MOHOKPUCTAJIB HoBa,Cu;0-.;
3.®. Hazupos, H.M. 3aBropoaus, P.B. Bosk, K.A. KorBunska
Xapkiscokuti Hayionanvuutl ynieepcumem im. B.H. Kapa3zina
VYrpaina, 61022, m. Xapxis, na. Céo600u 4

B po6oTi mociiJkeHO BIUIMB BHCOKOTO THCKY Ha MpoBimHicTh B 0OasucHiil rumonmmHi BTHII-monokpucranie HoBa,Cu;O75 3
HecTayelo KUCHI0. BcranoBieno, mo HamgmumkoBa nposiaHicTs Ac(T) monokpucranis HoBa,Cu;O;5 y mmpokoMmy iHTepBaii
temneparyp T.<T<T* miakopsieTbcsi eKCIOHEHIIHHIN TeMepaTypHiii 3anexHocTi. [Ipu 1bOMy OIMMCaHHS HAIHIIKOBOI MPOBIJHOCTI
3a joromMororo criBBigHomeHHs A o~(1-T/T*)exp(4*,/T) Moxe OyTH iHTEpIpeTOBaHO B TepMiHaxX Teopii cepenHporo mois, e T *
NPEJCTAaBICHA, SK CEPeAHBOIONILOBA TEMIEpaTypa HAANPOBIJHOTO MNEpexoay, a TeMIepaTypHa 3aJIeXHICTh MCeBIOLIUIMHA
3aJ0BIJIBHO ONHUCYETHCA B paMKkax Teopii kpocosepa BKIII-BEK.

KJIFOYOBI CJIOBA: HammmmkoBa NPOBIOHICTh, TiAPOCTaTHYHHK THCK, MoHOKpuctamn HoBaCuO, BucokoremmepaTypHa
HA/IMIPOBIIHICTE, KPOCOBEP, NICEBIONIUTHHHUI CTaH.

BJIMSITHUE UHAYLIUPOBAHHOM BBICOKUM JABJIEHUEM CTPYKTYPHOM PEJTAKCALIUU HA SBOJIIOIUIO
TEMIEPATYPHOM 3ABUCUMOCTH IICEBAOILIEJIA MOHOKPUCTAJIJIOB HoBa,Cu;07.;
3.®. Hazupos, H.H. 3aBropoansis, P.B. BoBk, K.A. KorBuukas
Xapvrosckuii nayuonanvuwlil ynueepcumem um. B.H. Kapasuna
Vrpauna, 61022, 2. Xapvros-22, ni. C60600b1 4

B pabote wmccrienoBaHO BIMSHHE BBICOKOTO JaBJICHHs Ha TPOBOIUMOCTE B 0asucHON Ttwiockoctn BTHII-mMoHOKpHCTAITOB
HoBa,Cu;07.5 ¢ HepocTaTKOM KHCIOpOoJa. Y CTAaHOBJIEHO, YTO U30bITOuHAs mpoBoanMocTh Ac(T) moHOokpucTamuioB HoBa,Cu;075 B
mupokoM uHTepBaie temrepatyp T.<T<T* momunHsAeTCS SKCIOHEHIMANBHON TeMIepaTypHOil 3aBHCUMOCTHU. [Ipu 3TOM ommcaHue
HM30BITOYHONW TPOBOJUMOCTH C TOMOIIBIO cooTHoeHust Ao~(1-T/T*)exp(4*,,/T) MoxeT OBITh MHTEPIPETUPOBAHO B TEPMUHAX
TEOpHHU cpenHero mois, rae T* mpencraieHa, Kak CpeIHENONeBas TeMIepaTypa CBEPXIPOBOIAIIETO MEPEeXoa, a TeMIIepaTypHas
3aBUCHMOCTD IICEBJONIENH YAOBIETBOPUTEILHO OMUCHIBAETCS B paMKkax Teopuu kpoccoBepa BKII-BOK.

KJIOYEBBIE CJIOBA: wu30bITOYHAs TMPOBOJAMMOCTh, THIPOCTATHYECKOE JaBlieHHWe, MOHOKpuctamisl HoBaCuO,
BBICOKOTEMITEpATypHAasi CBEPXMPOBOTUMOCTh, KPOCCOBEP, MICEBAOIIEIICBOE COCTOSIHUE.

Study of pseudogap anomalies (PG) - a significant decrease in the density of electronic states observed in the
phase diagram of underdoped compounds, continues to be one of the most important areas of physics of high
temperature superconductivity (HTSC). However, despite the large accumulated literary material, still remain unclear as
the nature of origin of PG and questions about its role in the formation of the superconducting state in HTSC. Currently
in the literature are discussed extensively two basic scenarios of pseudogap anomalies in HTSC systems. According to
the first occurrence of PG associated with short-range order fluctuations of "dielectric" type, for example,
antiferromagnetic fluctuations, waves of charge and spin density, etc. [1]. The second scenario allows for the formation
of Cooper pairs at temperatures significantly above the critical value T * >> T, followed by the establishment of phase
coherence at T <T [2,3].

Among the theoretical studies, which supporting the second view, we should note the theory of the crossover from
the BCS mechanism to the mechanism of the Bose-Einstein condensation (BEC) [3], which were obtained by the
temperature dependence of the pseudogap in the case of weak and strong coupling. In general, these relationships are
described by the equation:
© Nazyrov Z.F., Zavgorodnya N.N., Vovk R.V., Kotvitskaya K.A., 2012
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A(T) = A(0) - A(O)\/% /%0) exp[—@} 1+erf

where x, = u/A(0) (u is the chemical potential of the carrier system and A(0) is the value of energy gap at the zero
temperature and erf(x) is the error function. In the case that of xo—oo (weak coupling), Eq. (1) becomes:

A(0)

A(T) = A(0) - A(0)\27A(0)T exp {—T} )

that is well known in the BCS theory. In the limit of the strong interactions in the three-dimentional case (x, < -1), Eq.

(1) becomes:
AT =A0) -, (@) exp{——v'u A (O)}. o)

Jxg+1-1

T/A(0)

(1

>

T

At the same time, as was shown in [2], at a sufficiently high accuracy values A(7T) of the pseudogap in a wide

temperature range can be determined from the dependency p,,(7) (resistivity in the basal plane) at temperatures below a
characteristic value T * (temperature the opening of the pseudogap).

The most promising for research on this issue is the connection ReBa,Cu;07.; (Re =Y or other rare-earth ion),
which is associated with a wide range of variation of their conductive properties and critical parameters by varying the
degree of oxygen nonstoichiometry [2] or replacement of components of the component [4]. An important feature of
HTSC compounds ReBa,Cu;07;5 is the ability to implement them in a nonequilibrium state with a certain degree of
oxygen deficiency [5,6], which can be induced by external influences, such as temperature [5] or high pressure [6]. This
condition is accompanied by processes of redistribution of labile oxygen and structural relaxation, which in turn has a
significant impact on electrotransport parameters of the system [5,6]. An important role is played by the replacement of
yttrium, rare earth isoelectronic analogamiami it. Of particular interest in this aspect, is replacing yttrium by holmium,
which has a large (more than 10 pg) magnetic moment [7], which provides connections paramagnetism in its normal
state. However, as in the case of other rare earth elements in the implementation of the replacement of Y on
paramagnetic ions Re = Ho, Dy doped superconducting properties of oxygen compounds ReBa,Cu;07; with 6 < 0.1, do
not change significantly [7]. Apparently this is due to the localization of these ions away from the superconducting
planes, which, in turn, prevents the formation of long-range magnetic order. At the same time, we know that in samples
of HTSC 1-2-3 system, the oxygen non-stoichiometric composition, rare-earth ion can serve as a sensor which is
sensitive to local symmetry of its environment and the distribution of charge density, since they change affects the
crystal field forming the electronic structure of the ion [5].

In the absence of a microscopic theory of high temperature superconductivity, of particular importance were the
experimental methods to identify the parameters of superconductors, which greatly affect the whole of their physical
characteristics in the normal and superconducting state. One of the most important methods in this respect is the use of
high pressure [2,6,8]. Analysis of a very extensive study of literary material for PG in the 1-2-3 system shows that to
date there are enough small number of papers in which the effect of pressure on the PG mainly in samples close to the
stoichiometric composition [8]. However, with this in mind, the most informative is the study of this sample with low
oxygen content, because it not only helps to clarify the role and influence of the structural features of the formation of
super state, but also allows us to model the leading characteristics and the critical parameters of the superconductor.

The goal of this paper are investigation of the influence of high hydrostatic pressure up to 11 kbar on the different
types of conductivity in HoBa,Cu;0-; single crystals with oxygen deficient & < 0.35 and the critical temperature T, =
67 K.

EXPERIMENTAL TECHNIQUES

HoBa,Cu;07.; single crystals were grown from the flux in a gold crucible using similar technology as for the
growth of YBa,Cu;04.5 single [2,6]. To obtain samples with oxygen concentrations having 6 < 0.15, the crystals were
annealed in an oxygen flow at a temperature of 370-410°C for five days. For the resistance measurements the single
crystal were selected and had dimensions: 1.7 mm X 1.2 mm X 0.2 mm. In these sample the c-axis was oriented along
the smallest dimension. To reduce the oxygen concentration, the crystals were annealed in an oxygen flow at higher
temperature range for three to five days. Electric contacts were formed with the standard four-contact scheme by
applying silver paste onto the crystal surface and the connection of silver conductor. The resistance in the ab plane was
measured using the standard method for two opposite directions of a direct current up to 10 mA. The hydrostatic
pressure was produced in an autonomous chamber of the piston—cylinder type [2,6] and was measured using a
manganin manometer. The temperature measurements were performed using a copper-constantan thermocouple which
was mounted at sample level on the outside surface of the chamber. To determine the influence of the structural
relaxation, the measurements were made a few days after the pressure application and removal, when the relaxation
processes were completed.
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RESULTS AND DISCUSSION

Fig. 1 presented the temperature dependence of resistivity measured at the orientation of the transport current I.Le
(pab(T)) and different pressures. The application of pressure leads to a decrease in resistivity and an increase in T at
dT./dP ~ 0.7 K-kbar, in qualitative agreement with published data [2,6], obtained for samples of YBa,Cu;O7.s with
reduced oxygen content. It is important to note that the decrease in resistivity is not only a result of exposure to
hydrostatic pressure, but also in the process of isobaric holding the sample at room temperature immediately after the
application of high pressure. For example, in Fig. 1 curves 2 and 3 correspond to dependence, measured immediately
after the application of pressure at 4.8 kbar, and also after isobaric sample extracts with the same pressure at room
temperature for five days, respectively. It is evident that such exposure leads to an additional decrease in resistivity of
about 5%.

Qualitatively similar behavior of curves p,,(T)
was observed after removal of high pressure. Thus,
in the same figure curves 1 and 4 correspond to
£ 15 dependence, measured before application and
70010°{ £ 6 § 4 o 4 immediately after the removal of pressure.
] il 3 Comparison of these curves shows that the
measurement results depend significantly on the
time of exposure of the sample at room
temperature. Thus, immediately after the removal
of pressure, the value of the resistivity of the
sample at room temperature, the value was
approximately 4% lower than measured before
application of pressure to continue to relax for
"0 250 300 T, about three days to an equilibrium value. After that,
the value pab (290K), saturates, and depending
pan(T) is almost completely identical (curve 5) to
the original curves (curve 1), measured before the
application of high pressure. This indicates that the

p, Ohm.cm

— 7T
50 100 150

Fig. 1. Temperature dependence of the resistivity p,,(T) for
HoBa,Cu307.5 sample at different pressures.

Curve 1 was obtained prior the application of pressure; curve 2 —was oy e1s
obtained immediately after the application of pressure 4.8 kbar; curve 3 reversibility Of.the.process.

— was measured after keeping the sample in room temperature under ) .The application of pressure, also leads .to a
pressure 4.8 kbar within a week; curve 4 — was obtained immediately significant (up to 15 K) expansion of the linear
after the removal of pressure and curve 5 — was measured immediately ~ interval of the p,,(T) dependence in the region of
after keeping the sample for three days under zero pressure. The insets  the higher temperatures. The last one appears to
show the resistivity transitions to the superconducting phase. reduce the value of the temperature T*, at which
the systematic deviation of experimental points begins downwards from the linear dependence. According to previous
work the T* corresponds to the initiation temperature of the PG [1-6]. This will be discussed in more details in what
follows.

The abrupt decrease of the p,,(T) value, which is observed at temperatures T <T *, indicates the appearance of the
so-called excess conductivity 4o in the crystal. The temperature dependence of excess conductivity is usually
determined from the equation:

Ac=0-0,, 4
where 6,=p, ' = (A+BT) " is the conductivity obtained from the extrapolation of the linear part to the zero temperature,
and 6 = p”' is the experimental value of the conductivity in the normal state. Analysis has shown that the experimental
dependence Ac(T) in the coordinates InAc - 1/T are straight lines in a wide temperature range, which corresponds to
the description of the exponential dependence of the form:

Acexp(4%,/T), )
where 4*,, the value that defines a thermal activated process across the energy gap - the pseudo-gap.

The exponential dependence of 4o (T) was also observed earlier, in YBCO samples [2]. In [2] was demonstrated
that the description of experimental data can be significantly expanded by introducing the factor (1-7/7%*). The excess
conductivity becomes proportional to the superconducting carrier density n, ~ (1-7/T*) and inversely proportional to
the pairs ~exp(A*/kT), that are destroyed by thermal motion:

Ao~(1-T/T*)exp(4*./T), (6)
where the temperature interval 7. < 7'< T*, in which the PG regime exists is defined by the phase of the order parameter
that depends on either the oxygen hypostoichiometry or the dopant concentration. Therefore, by using the method [8§]
we can construct on the experimental curve InAc for the temperature dependence A*,,(T) until the T*.

Fig. 2 shows the temperature dependence of the PG in 4*(T)/A4,,,, versus T/T* coordinates, where A,y is the A*
value in the plateau, away from T*, measured under different pressures. The 4*(7)/4(0) versus T/T* dependence is
calculated using Egs (2), (3) in the mean-field approximation within the context of the BCS—BEC crossover theory [3].
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The values of the crossover parameters 1/4(0) = 10 (limit of the BCS) and /4(0) = =2, =5, —10 (limit of the BEC) are
shown in Fig. 2 as the dotted lines. From this figure it is observed that by increasing the applied pressure there is a
shifting of the experimental curves from Eq. (3) (strong coupling) to Eq. (2) (weak coupling). This behaviour is
qualitatively similar to the effect of transformation temperature dependence of the pseudogap samples YBCO, observed
during the reduction of oxygen non-stoichiometry [2,6]. It is obvious that these correlations in the behaviour of the
curves A*(T) are not arbitrary. Indeed, as is well known from the literature (see eg. [6]), the application of high
pressure to the samples of HTSC 1-2-3 system, as well as decreasing the oxygen content leads to improved conductive
propertles which include the increases in the critical temperature and significant reductions of the electrical resistivity.
o~ It should be noted that the structural relaxation is
observed in the isobaric holding the sample at room
temperature immediately before and after the application of
high pressure has a significant influence on the qualitative
behavior of the dependences A*(T). This shows a comparison
of curves 2 and 3 in Fig. 2, corresponding to the dependence
of the measured immediately after the application of pressure
at 4.8 kbar, and also after isobaric sample extracts with the
same pressure at room temperature for five days, respectively.
It is evident that the direct application of pressure leads only
: to a shift from dependence on the experimental curve of the
0,0 T T T g form (3) (2), while retaining some qualitative differences in
0,4 0,6 0,8 1,0 . . .
/T the behavior of the theoretical and experimental curves. At the
same time, after isobaric aging the sample at room

Fig. 2. The temperature dependence of the PG for the temperature, there is almost complete coincidence of these
YjBa,Cu;0-5 single crystal, in 4*(7)/4,,,, versus T/T* curves.

coordinates, where Ay is the A* value in the plateau, It is important to note once again that after removing the
away from T*.

The numbering of the curves corresponds to the numbers in pressure and the comp letion of all th? rela}xation Processes,
the Fig. 1. Dotted lines for the A*(T)/A(0) versus T/T* depending p,,(T) is almost complete.Iy 1Qent1cal to the original
dependence were calculated according Eq.(3) for the  CUIVeS, measured before the application of high pressure,
values of the crossover parameters 1/4(0)=10 (limit of the indicating the reversibility of the process. Thus, given a
BCS, curve 6) and w/A4(0) = -2, -5, -10 (limit of the BEC,  certain arbitrariness of determining the value of the opening
curves 7-9). of the pseudogap at T* depending on reject p,,(T) from linear
behavior, the agreement between experiment and theory in this case can be considered quite satisfactory.

A¥(T)/A*

0,24 —

CONCLUSIONS
In conclusion, we briefly sum up the main results obtained in this work. The application of high pressure to
HoBa,Cu;0,; single crystals (6~0.35) leads to a significant expansion of the interval linear dependence p,,(T) and a
narrowing of the temperature section of the implementation of the pseudogap regime. In this case excess conductivity
obeys an exponential temperature dependence in wide temperature range and temperature dependence of the pseudogap
- 1s satisfactorily described within the framework of the BCS-BEC crossover.

REFERENCIES

Sadovskiy M.V. Psevdoshchel' v vysokotemperaturnykh sverkhprovodnikakh // UFN. - 2001. - T.171, Ne5. - S.539-564.

Vovk R. V., Zavgorodniy A. A., Obolenskii M. A., Goulatis I. L., Chroneos A., Pinto Simoes V. M. Influence of high pressure

on the temperature-dependence of the pseudo-gap in oxygen deficient YBa,Cu;0;; single crystals // Modern Physics Letters B

(MPLB) Condensed Matter Physics. —2010. — Vol.24, Ne22. — P.2295-2301.

3. Babaev E., Kleinert H. Nonperturbative XY-model approach to strong coupling superconductivity in two and three dimenshions
// Phys. Rev. B. - 1999. - Vol.59. - P.12083-12089.

4.  Vovk R.V., Obolenskii M.A., Zavgorodniy A.A., Bondarenko A.V., Goulatis I.L., Chroneos A.l. Excess conductivity and
pseudo-gap state in YBCO single crystals slightly doped with Al and Pr // J. Mater. Sci: Mater in Electron. - 2007. - Vol.18. -
P. 811-815.

5. Vovk R.V., Obolenskii M.A., Zavgorodniy A.A., Goulatis I.L., Beletskii V.I., Chroneos A. Structural relaxation, metal-to-
insulator transition and pseudo-gap in oxygen deficient HoBa,Cu;0;5 single crystals / Physica C. — 2009. — Vol.469. —
P.203-206.

6.  Vovk R.V., Obolenskii M.A., Zavgorodniy A.A., Bondarenko A.V., Goulatis I.L., Samoilov A.V., Chroneos A.I. Effect of high
pressure on the fluctuation conductivity and the charge transfer of YBa,Cu;0,; single crystals // Journal of Alloys and
Compaunds. —2008. — Vol.453. - P.69-74.

7. Ginsberg D.M. (ed), Physical properties high temperature superconductors I. — Singapore: Word Scientific, 1989.

8. de Mello E.V.L. et. al. Pressure studies on the pseudogap and critical temperatures of a high-T, superconductor // Phys. Rev. B.
—2002. —Vol. 66. - P. 092504 (1-4).

N =



106
«Journal of Kharkiv National University», Nel017, 2012 Z.F. Nazyrov...

.

e

.-\
<

= 4

W

Ruslan V. Vovk — D.Sci. in physics and mathematics, Professor in the School of Physics of V.N. Karazin
Kharkov National University, Head of the Physics Department at the Ukrainian State Academy of Railway
Transport (USART) in Kharkov.

Scientific activities cover a wide range of materials science with the main focus being in high temperature
superconductivity and superfluidity. He is author and co-author of more than 150 papers.

Zarif F. Nazyrov - Ph.D. in Physics and Mathematics, Associate Professor, prorector on educational work of
V.N. Karazin Kharkov National University.

Scientific interests: Methods of approximate computing, Theory of functions and mathematical physics, Spectral
methods for Maxwell's equations in non-stationary problems, Solid State Physics, Superconductivity. He has
more than 40 publications of their scientific and educational works in international and domestic trade
publications.

Nina N. Zavgorodnyaya - Ph.D. in pedagogics, Associate Professor of "Computer Science and Control
Systems" Ukrainian State Academy of Railway Transport, assistant professor of social work and sociology of
management of V.N. Karazin Kharkov National University.

Scientific interests: - applied science questions, solid state physics, superconductivity, modeling complex
systems, the socialization of the individual. She is co-author over 40 scientific and educational articles and
developments.

Claudia A. Kotvitskaya - Senior Lecturer of Physics of the Ukrainian State Academy of Railway Transport.
Scientific Activities - solid state physics. She is co-author of eight articles.



107
«Journal of Kharkiv National University», Nel017, 2012 LS. Guk, S.G. Kononenko...

physical series «Nuclei, Particles, Fields», issue 3 /55/ The basic summaries of...

UDC 621.384.6.

THE BASIC SUMMARIES OF WORKING OUT OF RECIRCULATOR SALO
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Effects of modelling moving an electron beam in the optimised magnetooptical structure recirculator SALO are in-process resulted.
Modelling is spent with the account of agency of nonlinear components of a magnetic field of dipole magnets and quadrupole lenses
with use of programs TRANSPORT and MAD-X. The gained effects testify to a possibility of a beam production of the given sizes
in points of a leading-out and beam acceleration without essential losses along accelerator.

KEY WORDS: electron, recirculator, dipole magnet, quadrupole lens, SALO.

OCHOBHBIE UTOT'H PA3PABOTKH MATHATOONTHYECKOW CUCTEMBI PEIIUPKYJISITOPA SALO
H.C.T'yk, C.I'. Kononenko, ®.A. Ilees,
Hayuonanvnvuii nayunviii yenmp «Xapbrosckuil (pusuKo-mexHuieckutl UHCmumymy»
ya. Axademuueckas 1, 61108, Xapvkos, Yxpauna

B pabGore mpuBeneHBI pe3yiabTaThl MOACIUPOBAHUS IBIDKCHHUS IydKa 3JIEKTPOHOB B ONTHMU3MPOBAHHONH MAarHHTOONTHYECKOI
cTpykType penupkyisropa SALO. MonennpoBaHue MpOBEJEHO ¢ YYETOM BIUSHUS HEIMHEHHBIX KOMIOHEHT MAarHUTHOTO ITOJIS
JIUIIOJIbHBIX MAarHUTOB U KBaJPYNOJbHBIX JIUH3 ¢ ucnonab3oBaHueM nporpaMM TRANSPORT u MAD-X. IloinyueHHble pe3yabTaThl
CBHJIETEIBCTBYIOT O BO3MOXKHOCTH MOIYy4YEHUs ITy4Ka 3a/JaHHBIX Pa3MepOB B TOYKAX BHIBOJA U YCKOPEHHMS ITyuKka Oe3 CyIIeCTBEHHBIX
HOTEPh BJIOJIb BCEIO YCKOPUTEILS.

KJ/IFOYEBBIE CJIOBA: 31eKTpOoH, peLupKyJIATOpP, AUMIONIBHBIA MarHUT, KBaapymnois, SALO.

OCHOBHI NIJICYMKHU PO3POBKH MATHITOONITHYHOI CHCTEMH PEITUPKYJIATOPA SALO
I.C. I'yk, C.I'. Kononenko, ®.A. Ilees,
HHI] “Xapxiscokuil ¢izuxo-mexuiunuu incmumym” HAH Ykpainu
eyn. Akademiuna 1, 61108, m. Xapxie, Yrpaina,

VYV poboTi mnpuBeneHi pe3ysNbTaTH MOJCTIOBAaHHS pPyXy IIydKa EJIEKTPOHIB B ONTHMI30pOBaHii MarHiTOONTHYHIN CTPYKTypi
petupkyiasaropa SALO. MozentoBaHHs IPOBE/ICHE 3 ypaxyBaHHSIM BIUIMBY HEJHIHMX KOMIIOHEHTIB MArHiTHOIO IOJIS AUIOJIbHHUX
MAarHiTiB 1 KBaJpynonbHUX JiH3 13 BUKOpucTaHHAM mporpaMm TRANSPORT i MAD-X. Otpumani pe3ynabTaTH CBig4aTh IIPO
MOJKJIMBOCTI OZIEp’KaHHS MydYKa 3aJaHUX PO3MIpiB B TOYKAaX BHBOAY 1 NMPHCKOPCHHS IMyd4Ka 0e3 iCTOTHHX BTpaT y3AOBXK YCHOTO
MIPUCKOPIOBAYA.

KJIIOYOBI CJIIOBA: enexTpoH, penuupKyIsTop, JUIMOIBHUH MarHiT, KBagpymnons, SALO.

Making of major electrophysical facilities usually includes some stages. For developed in NSC KIPT a base
accelerating facility on a nuclear physics and a high-energy physics such stages is working out of the perspective
program of experiments where the urgency of examinations with electron beams to 1 GeV is displayed, the basic
demands to beams are formulated, importance of making on the basis of facility a powerful source of neutrons that will
allow to spend a number of applied researches [1, 2] is specified.

On the basis examination of the basic trends in development of the accelerating high technology in the world the
select of the plan of the accelerator has been spent, allowing to gain electron beams of the given performances with the
account features of its arrangement in existing capital buildings in NSC KIPT [3-7].

At following stage technical requirements to recirculator electromagnetic system basic elements have been
formulated and preliminary designs of dipole and quadrupole magnets and all system as a whole [8] are developed. This
design has displayed technical possibility embodying of the chosen magnetic structure and has given data for
conducting of estimation facility cost. On the other hand, it has determined necessity of the further recirculator structure
optimization for unification of magnetic devices and regimes of their operation, and also improvement of performances
of output beams.

For support of the continuous regulation of energy on beam lines on an inlet regulating of injection energy has
been injected into recirculator accelerating system [9]. Because to the present time the electromagnet with length of
poles 100 mm, displayed good performances [10] is designed, made and tested, unification magnets of injection system
and magnets of the snake has been spent. For the optimization score it was possible to expel a number of the strong
quadrupoles from structure and to diminish fields in quadrupoles of the first and second recycling ring [11]. The
General view of modified accelerator magnetic system is presented on Fig. 1.

The main task of this paper is description of the optimized recirculator magnetic system and analysis of beam
parameters on an inlet in transportation channels of beams to physical installations. Simulation driving of corpuscles
© Guk LS., Kononenko S.G., Peev F.A., Tarasenko A.S., 2012
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and magnetic structure optimization was carried out by means programs TRANSPORT [12] and MAD X [13] and the
methods included in these programs. For deriving of the effects, the most approximate to really implemented in the
future facility, used values of effective length of dipole magnets, quadrupole and sextupole field components gained
from experimentally measured allocations of fields in magnets, and also models exposition of fields in dipoles and the
quadrupoles, widely used in the literature and displayed good coincidence to experimentally measured performances of
these magnetic devices [24].

Assuming from features of corpuscles driving at various stages of acceleration and assuming from various designs
for the magnetic devices used on these sections, it is convenient to view effects of simulation for system of injection, a
gap with accelerating sections, the first turnover of a recycling and the second turnover.

I e I B - - -
FEL

Fig. 1. The General view of recirculator magnetooptical system

RECIRCULATOR ELECTROMAGNETIC SYSTEM DEVICES

As a result of the spent optimization of structure and equipment unification, the recirculator electromagnetic
system consists from: dipole magnets system of injection and a snake, quadrupole magnets of system of injection,
dipole magnets of the first ring of recirculation, quadrupole magnets of the first ring (they also are used and on the
second ring), dipole magnets of the second ring and dipole magnets system of correction.

Dipole magnets (9 copies) injection systems have an s-shaped construction, poles cross-section 100x100 mm,
25 mm distance between poles [10]. Spools windings are executed from a copper wire with heatproof and
radioresistance isolation. Cooling of windings is carried out at the expense of air natural circulation. The maximum
value of an induction of a field - 0.3 T. The magnet copy is made, the field topography is measured in all effective range
of fields. The effective length of a magnet, equal 133, 8 mm, quadrupole and sextupole field components is measured.
Maintenance of a pre-production model of a magnet on an exit of technological accelerator "EPOS" within more than
one and a half years in the conditions of the strong radiation fields has displayed reliability of a construction and
necessary longevity on all prospective expected life.

Quadrupole lenses of injection system [6] (14 copies) are used both on an injection section, and for beam focusing
on a section of an arrangement accelerating structures. The maximum value of a field gradient — 6.4 T/m. Diameter of
the lens aperture is equal 32 mm. The lens geometrical length is equal 80 mm, settlement effective length - 100 mm.
The lens construction is developed on the basis prototype; it is a lot of years operated on electron linacs in NSC KIPT
[16]. Cooling of windings air, natural.

10 dipole magnets of electron storage ring EUTERPE [4, 17] are used as dipole magnets of the first ring of
recirculation. These magnets have an s-shaped construction with the right-angled poles cross-section 120x480 mm. The
positive allowance altitude is equal 25 mm. The magnetic circuit is made of transformer steel leafs, a winding - from the
copper tube, chilled by water. The maximum field in a magnet — 1.35 T. Effective length of magnets equal 516 mm.
Values of integral sextupole field component along a path of corpuscles [17, 18, 19] which are used in calculations of a
path beam driving have been measured also.

28 quadrupole lenses of the first and second turnover of recirculation have been developed and made for ring
EUTERPE [4, 17]. The maximum gradient - 15 T/m. The pole length of lens is equal 250 mm, effective length —
274 mm. The radius of the lens aperture is equal 25 mm. The lens yoke is made of a transformer steel. Windings are
made of a copper tube and chilled by water.

The design of a dipole magnet of shell-type type is developed for the second ring of recirculation [8]. Cross-
section of a pole this magnet equally 120x610 mm, a distance between poles is equal 25 mm. The maximum field of a
magnet equally 1.34 T, settlement effective magnet length - 658 mm. The magnet construction guesses manufacture of
a yoke from leafs of a transformer steel width 0.35 mm. Windings are supposed to be produced from the copper tube
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chilled by water. In total it is necessary to make for a ring 10 magnets.

The construction of the corrector is developed on the basis of the prototype operated on NSC KIPT accelerators
[8,16]. The maximum field — 0.02 T, settlement effective length - 100 mm. It has a window construction, is made of a
steel, the winding has an air cooling. In total for recirculator it is necessary to make not less than 18 correctors.

SYSTEM OF ELECTRONS INJECTION

As it was already noted [4, 6] acceleration of beams of the polarized and not polarized electrons is supposed in
recirculator.

On the given time beams of polarized electrons are actively used in physical experiments on recirculator S-
DALINAC in Darmstadt, recirculator CEBAF in Jefferson Laboratory, on microtron MAMI and on accelerator SLAC
in Stanford Linear Accelerator Center. Build-up of polarized electron sources typically for all these accelerators [4]. It
is longitudinal polarized electrons gain on the basis of a photoeffect from a surface of specially prepared monocrystals
of arsenide gallium. These electrons are sped up in a constant electric field to energy 100 KeV and carried to a magnet
which gives the chance to spend further beams both polarized, and not polarized electrons on one channel. This channel
usually contains the Faraday cup for measuring of a current amount, the Wine filter for regulating of an angle of a spin
precession of electrons and Mott polarimeter for measuring magnitude of beam polarization. Further electrons get to
accelerating structures, magnetic system and are carried in the experimental halls. No special demands for polarized
beams transportation on all facilities are present. The Wine filter allows controlling magnitude of an angle of
polarization of electron beams in the experimental halls, canceling an angle of rotation of polarization of the beam,
linked with a spin precession of a beam in the course of acceleration. On recirculator SALO there is enough place for
disposing of the Wine filter and Mott polarimeter which demand about 1.5 m along an injection line in accelerating
section.

Beams parameters of chosen for recirculator prototypes sources of the polarized and not polarized electrons
essentially do not differ [4, 6]. But that the not polarized electrons source is supposed to be used in much major number
of problems, known measuring of an emittance of this source and design values for different operating modes [14,15]
are in-process used for calculations. All reduced values of beam parameters are counted for emittance, equal
1.88 107 mrrad. The traversal beam cross-section after a gun is presented on Fig. 2.
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Fig. 2. Traversal cross-section of an injected beam Fig. 3. Structure of the channel beam injection

Electrons are speed up in the accelerating module with superconducting section TESLA to energy 6.66 ... 20 MeV
after injector and, by means of magnetic system of the transportation presented on Fig. 3, shaped on an entry in the
basic accelerating recirculator structure. The traversal cross-section of a beam on an entry in system (a magnet 01M1) is
presented on Fig. 4.

The main requirements to the transportation system are isochronism and achromatism. This is achieved by a
system consisting of six magnets and 9 quadrupole lenses and the requirement of equality to null elements 1-6, 2-6, 5.6
six-dimensional matrix of transition from the exit of the injection accelerating section up to the entrance to the main
accelerating structure [26]. Selection of these requirements was carried out by means of program TRANSPORT [12]
and MAD X [13]. Besides, quadrupole lenses of system together with lenses 11JI1, 11J12 realize traversal focusing of a
beam on an entry in the basic accelerator.

Amplitude focusing functions PBx, By and the dispersion function Dx in this area, calculated by the program
TRANSPORT [12] and MAD X [13], shown in Fig. 5 and 6.

The envelope of the beam, which represents the maximum deviation from the equilibrium particles orbit,
calculated using TRANSPORT [20], is shown in Fig. 7. Obviously, the loss of the beam with dimensions on the path of
the injection at the chosen aperture of the magnetic elements will be negligible.
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Fig. 4. The cross-section of the injection beam Fig. 5. Focusing functions Bx, By the channel beam injection

The structure of the channel (see Fig. 3) consists of dipole magnets 01M1 - 01M5 and 11M4 dipole magnet, which
is part of the snake 11M1 - 11M4. Induction of the field in the magnets in the working range of energies varies from
0.249 to 0.063 T. Quadrupoles 01JI1 — 01JI9 and 11JI1, 11JI2 allow obtaining the necessary achromatism and
isochronous system. The maximum value of the gradient in the quadrupole reaches 3.18 T/m. Correctors 0K 1, 0K2 can
adjust the position of the beam at the entrance of the accelerating section.
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Fig. 6. Dispersion function Dx of the channel of injection Fig. 7. Beam envelopes on a transportation section

STRAIGHTNESS GAP WITH ACCELERATING STRUCTURE

Snake magnets 11M1 - 11M3 and 11M4 (see Fig. 3, 8), intended to compensate for the effect of the injection field
of the 11M4 magnet after the first and the next turns in the first and second ring is located in the straight-line recycling
interval length 25.02108 m. Further, in this interval are 6 modules with two superconducting accelerating structures
TESLA, allowing to obtain an increase of energy equal to 240 MeV [4]. Calculation of the beam during the passage of
the accelerator was carried out under the program MAD-X, which took into account the influence of the transverse
defocusing the beam, especially when the injection beam has energy in the energy range 6.67 - 20 MeV. Doublet of
quadrupole lenses 11JI1, 11JI2 and triplet-11JI13-11JI5, located before and after the accelerator to compensate
defocusing the beam in the accelerating structure and implement its fine-tuning at the entrance to the structure after the
first turn without changing modes of magnetic arches of the first and second turn. The maximum gradient is required to
perform these procedures does not exceed 4.4 T/m.

The traversal cross-section of a beam on an entry in the accelerator is presented on Fig. 9. On Fig. 10 the cross-
section of a beam after acceleration on an entry in the first arch of the first turn of recirculation (a magnet 12M1) is
shown.

It is necessary to note, that the specified sizes of a beam correspond to an injector operating mode with average
current 1 mA, necessary for implementation operation of the accelerator in the capacity of the driver subcritical
assembly [2, 5] and for manufacture isotopes [23]. At this alternative of use of the accelerator it is supposed, that rate of
acceleration in superconducting sections equal 10 MeV/m. Really such situation will be already implemented on the
accelerating complex ELBE working many years [21, 22] with use of two accelerating modules. At energy spread less
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than 0.2 % the beam with such parameters and aggregate power about 140 KW can be transported on tens meters lost-
free on a target as it is offered in articles [2,4,5,7], or can be used in a hall of the SP-103 hall for manufacture isotopes
of medical appointment [23].

) S
1ZMIG 1M1
11M2 11M3

Fig. 8. Structure arches of beam recirculation

We have not detected essential change magnitude of beam losses at emittance magnification in the chosen
structure twice.
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Fig. 9. Beam sizes on an entry in the basic accelerating structure Fig. 10. Beam sizes on an entry in the first arch

The beam current will not exceed 30 LA by recirculator operation on nuclear physics program [25], therefore both
the emittance and energies spread of a beam will be less than in a high-current regime. The voltage gradient in the
accelerator thus is supposed there will be equal 20 MeV/m.

THE FIRST RING OF RECIRCULATION

The point on an entry in a magnet 12M1 is initial for implementation the first extraction channels of particles from
recirculator. First of all, as it has been mentioned above, in a SP-103 hall the direct beam with energy to 260 MeV
(140 MeV in a high-current regime) can be received. Besides, at magnet 12M1 turning on, in a hall it is possible to
receive the turned beam in the same interval of energies. At partial use of magnets and lenses of the first and second
ring of recirculation the beam can be extracted in channels N1-N3 and E, D [25].

The basic demands to sampling of structure and operating modes magnetic devices of arcs the first ring is
achromatism, the isochronism and a beam dynamic stability in structure. The length of an equilibrium orbit of a beam
was chosen to the multiple wave length of an accelerating field for maintenance of arrival electron bunch in accelerating
structure synchronously with an injected beam. The change of path length which is brought in by presence snake of
magnets 11M1-11M4 was thus considered. Beam turning angles are equal in all magnets 36°. As a part of the first ring
used 10 dipole magnets of storage ring EUTERPE - 12M1-12M10 and 12 quadrupole lenses made for this storage ring -
12J11-12J112 (Fig. 1, 8). The maximum field in magnets — 1.02 T, the maximum gradient in lenses — 9.2 T/m.

The rectilinear gap of a ring can be used for free electron laser installation [4]. Studying influence magnetic
structure of the laser on beam dynamics in recirculator should become a theme of separate analysis as in magnetic
structure of the laser there can be beams the second turn of recirculation with it is essential other energy. The gap does
not contain focalizing devices.

Focusing and dispersion functions for the first turn are presented on Fig. 11 and 12.
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Fig. 12. Dispersion function Dx of the first ring

From the presented data it is visible, that the chosen optimized structure answers the installed measure, and
traversal sizes of a beam on all sections of a path equal O'(S) =./&b iS i, do not exceed presented on Fig. 10, 13-15.

The traversal beam cross-section on an exit first and on an entry of the second arch is presented on Fig. 13 and 14.
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The traversal beam cross-section on an exit of the second arch of the first turn is presented on Fig. 15. Sizes of a
beam after double passage of the accelerator (on an entry in a magnet 12M1) are presented on Fig. 16.

The deformation of traversal cross-section of a beam is called by essential change of phase motion of a beam
under the influence of nonlinear field component of dipole and quadrupole magnets [24].
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The particles with the maximum energy 500 MeV can be utilize after the first ring of recirculation in SP-103 hall
and, with use of dipoles and quadrupoles of the second ring, in channels E and D [25].
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THE SECOND RING OF RECIRCULATION
The same demands were made to sampling parameters magnetic system of the second ring of recirculation, as for
first, both on geometry, and on optimization of regimes. Characteristic of this ring is lack of a place for disposing
quadrupole lenses on a section which is bordering on to the channel of an extraction of particles in SP-103 hall. Such
problem has originated that magnets 12M1, 12MS5, 12M6 and 12M10 are used as rotary and as parting rings of
recirculation and an extraction of particles on the maximum energy. Focusing and dispersion functions for the second

turn are presented on Fig. 17, 18.
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Traversal beam sizes on 12M5magnet exit, on an entry in magnet 12M6 and on 12M10 magnet exit are presented
on Fig. 19-21.

At calculations the sextupole component field of magnets 23M1-23M10 was accepted to the equal magnitude
measured for magnets EUTERPE. This magnitude a priori is oversized for the construction of a shell-type dipole
magnet, however real magnitude it is impossible to gain because the magnet is not made yet. At sextupole component,
equal 0, traversal sizes of a beam in the points figured on Fig. 20, 21 are resulted on Fig. 22, 23. As it is possible to see,
it does not lead to an essential dimensional change of a beam size because corpuscles energy essentially major, and the
gain is less, than at the first passage of the accelerator.

The beam angle rotation in magnets 23M1-23M10 is equal 28.516°. The maximum value field induction in dipole
magnets of this ring attains magnitude 1.25 T and maximum gradient of quadrupole lenses — 15.6 T/m.
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Traversal beam sizes on an entry in the transportation channel in SP-103 hall are presented on Fig. 24.

CONCLUSION

Optimization of structure and operating modes magnetic devices of recirculator magnetooptical system has
allowed gaining the required parameters of electron beam in points leading-out to physical facilities by means of three
types of dipole magnets and two types of quadrupole lenses. Nonlinear component fields of dipole and quadrupole
lenses work upon traversal beam cross-section, however at shut down sextupole field component of dipole magnets on
the second ring of recirculation an essential dimensional change and the beam shape does not occur. The maximum
beam sizes along accelerator do not exceed 6 mm; therefore losses of corpuscles at the chosen aperture of magnetic
devices will be very small.
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In order to minimize the radioactive waste volume at the Ukrainian NPP (nuclear power plants) solid waste is burned and compressed
and liquid one evaporated. This dramatically increases their activity as well as their radiation doses during of operation process. In
accordance with the ALARA principle the technological solutions that reduce doses to personnel were proposed. First part of the
complex built on Zaporozhye NPP consists of processing waste incinerators and pressing facilities. The characteristics of the
radiation fields for varying geometries of this facility and isotopic composition of obtained waste was simulated using PENELOPE
and GEANT codes. Part of the results was performed using the software packages developed by the authors using point sources
method. During operations with burned waste pressed ash the wall thickness of buildings, where equipment is placed is needed, up to
40 cm of concrete. Thickness of the steel technological doors for these premises is required to be of about 12 cm. The alternate
design of technological doors (= 2cm of steel) by adding special gateway system is to be proposed.

KEY WORDS: radioactive waste, burned radioactive waste, pressed radioactive waste, liquid radioactive waste, radiation doses.

HNEPEPABOTKA TBEPJABIX U ’KUJKHUX OTXOJ0B 1 YMEHBIIEHHUE 103 TEPCOHAJIA
H.A. A3ap8HK0B1, B.T. Pynmqesl, C.A. HﬂCbMeHeHKHﬁl, E.B. Pynbmesz,
II.C. BansmM3, C.1. ]J_Ianaplf, E.B. BoicraBuas’®
"Xaporosckuii nayuonansnwiii ynusepcumem um. B.H. Kapasuna
2. Xapwvkos, 61022 Yxpauna, nn. C60600vi, 4
Hayuonansneiii Hayunviii Llenmp «Xapbrosckuti husuxo-mexnuyeckuti ucmunymy
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Xapuroscruii uncmumym Suepeonpoexm

2. Xapwvkos, 61003 Yxpauna, np. Mocxosckuii 10-12
C menmpio MUHUMH3aIUH O0BEMa PAaAMOAKTHBHBIX OTX0A0B Ha yKkpamHCKHX ADC TBepaple OTXOABI IOABEPTaloT CXKHIAHUIO H
MIPECCOBAHMIO, A KUAKHAE — YHAPUBAHUIO. JTO 3HAYMTEIHHO MOBBIMIAET UX YACNBHYIO aKTHBHOCTH U /103y OOJydYeHHUs B IIporecce
nepepaboTku. B coorBercTBnu ¢ npuHIimnoM ALARA Obuti npeioxkeHbl TEXHOJIOTHYECKUE PEIIeHNs], KOTOPBIE COKPAIIAIOT 036
nepconana. [lepBas oyepenp Komriekca, BO3BOIMMOro Ha 3anopoxckoi ADC, COCTOMT M3 yCTaHOBOK CIKHUTAHHUS U MPECCOBAHUS
OTX070B. XapaKTEepPUCTUKU PAIUALOHHBIX IHOJNEH A pa3HbIX F€OMETPUil 3TUX YCTAaHOBOK M M30TOIHOIO COCTaBa MPUHMMAaEMbIX
oTx010B O0buTH paccuutansl ¢ nomouipio nporpaMMm PENELOPE u GEANT. Yacts pe3ynpTaToB OblIa MOJyYeHa C UCIOIb30BAHHEM
MIPOrpaMMHOTO oOecredeHns, pa3pabOTaHHOTO aBTOpaMH Ha OCHOBE MeTOJa TOUYEYHBIX MCTOYHMKOB. Ilpm omepammsx c
MIPECCOBAHHON 3070 COMOKEHHBIX OTXOAOB TOJNIIMHY CTEH B MOMEMIEHUSX, TJe IKCIUTyaTHpyeTcss 000pyIoBaHHe, MOTPeOOBaIOCh
yBennauThb 10 40 cM GeroHa. HeoOxoanmast TONMMHA CTABHBIX TEXHOJIOTHIECKHX JBEpEeH JJISI THX MOMEIIEHHIH COCTaBISIET OKOJIO
12 cm. IlpeanokeH anbTepHAaTUBHBIM BapHaHT KOHCTPYKIMH TEXHOJOTHYECKHX JBeped (Tmopsiika 2 CM IO CTallM), KOTOPBIi
COJIEP>KUT CHELUAILHOE 3aLUTHOE OrpaKACHUE.
KJ/IFOYEBBIE CJIOBA: panuoakTHBHbIE OTXOJbl, CXHIacMble PaJlOAKTUBHBIE OTXOBI, MpPEcCyeMble paJdOaKTHBHBIE OTXOIBI,
KHUIKHE PaJOaKTHUBHBIE OTXO/bI, 03Bl H3ITyUCHUSL.

HNEPEPOBKA TBEPAUX I PIAJKHUX BIAXOAIB TA 3SMEHIUNEHHSA 103 HEPCOHAJIY
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3 MeTor0 MiHiMizamii 00’eMy panioOaKTUBHHX BigxoXiB Ha ykpaiHcbkux AEC TBepai BiIXoau CHANIOIOTH 1 MPECyroTh, a Pilki —
BHMApPOBYIOTh. Lle 3HAYHO MiABHINYE iXHIO MUTOMY aKTHBHICTH 1 O3y ONPOMIHEHHS B Mpoleci mepepoOKH. Y BIAMOBITHOCTI IO
npuanury ALARA Gyio 3anponoHOBaHO TEXHOJOTIUHI PillIeHHs, SKi 3MEHIIYIOTh T03H HepcoHaiy. [lepma gepra KoMImiekcy, skuit
cropy/pKyeTses Ha 3anopisbkiii AEC, ckiamaeTsest 3 yCTaHOBOK CIITIOBAHHS 1 IPECYBaHHS BIIXOMIB. XapaKTePHCTHKU pasiallifHIX
TIOJIB TP PI3HUX T'€OMETPISX LUX YCTAHOBOK 1 130TONMHOMY CKJaji IepepoOIroBaHHMX BiIXOMIB OyJIM po3paxoBaHi 3a JOIIOMOTOIO
nporpam PENELOPE i GEANT. YactuHy pe3ysbTariB 0yJIo OTPHMAHO 3a JOMOMOIO0 NMPOrpaMHOTo 3a0e3nedeHHs, po3pobaeHoro
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aBTOpaMH Ha OCHOBI METOIy TOYKOBHX Jkeped. IIpu omepallisix i3 MPecOBaHOK 30JI0K0 CMAICHUX BiIXOMAIB TOBIIMHY CTiH y
MPUMILICHHSX, € eKCIUTyaTyeThCs YCTAaTKyBaHHs, Oyino moTpiOHO 36imbmuté 10 40 cM GeroHy. HeoOXinHa TOBIIMHA CTaIbHHX
TEXHOJIOTTYHUX ABEpeil y IMX MPUMIIIEHHAX cKiagae 12 cM. 3ampornoHOBaHO albTePHATHBHUM BapiaHT KOHCTPYKIIT TEXHOJIOTIHHIX
nBepeit (61M3pK0 2 cM cTati), SKuil mepeadayae crenialbHy 3aXUCHY OTOPOXKY.

KJIFOYOBI CJIOBA: panioakTHBHI BiIXOJH, PaIiOaKTHBHI BIIXOIH SKi CHATOIOTHCSA, PATiOAKTHBHI BIAXOAH MPECYIOTHCS, PiKi
PamioaKTUBHI BiIXOIH, 03U OIPOMIHEHHSI.

The complex of solid radioactive waste (RW) and liquid radioactive waste (LRW) reprocessing is intended for
higher productivity of utilization process of the RW stored at Zaporozhye nuclear power plant (NPP) warehouses and
minimization of the amount of RW produced as a result of the RW recycling. The amount of RW produced both in the
process of regular operation of a nuclear power plant and during carrying out of any repair work as well as during an
accident (any emergency) is considerable enough. In the sequel these volumetric RW are stored at the nuclear power
plant (NPP). The problem how to make the waste compact is the matter of topical interest for all the NPP in Ukraine.

As a rule to make solid RW compact they are pressed, and as for combustible waste, they are burned and then
pressed. Liquid RW are evaporated, and the combustible, such as oil, for example, are burned. Three units of a complex
for RW utilization, namely, units for burning and super-pressing, and also a fragmentation module, are planed to be put
into operation at the Zaporozhye NPP. To place the units for burning and super-pressing a special building is under
design and the fragmentation module will be disposed in the existing building of the storage site for solid RW.
According to the design, in the new building some import processing equipment, delivered under TACIS program, is
stipulated to be installed: a burning unit, with productivity of 30 kg/hour; a super-pressing unit, with pressing effort of
150 tons.

The aim of this work is to analyze radiation environment in the premises of RW processing complex both under
normal operation of the units, and when any emergency occurred. The layout of the basic burning unit elements is
shown on Fig. 1.

Fig. 1. General layout of the burning unit.
1 — load of RW to be burned, 2 — combustion furnace, 3 — ash unloading; 4 — gas cleaners; 5 — burned RW storage; 6 — service
premises.

RADIATIONS CHARACTERISTIC OF RW

Radio nuclide composition of RW and LRW consist of such nuclides: %7, *Nb, 124Sb, 65Zn, Sicr, PFe, SgCo,
HomA g 14Ce, *Mn, “Co, '*Cs, '¥'Cs. Spectrums of gamma radiation for all types of the waste taking into account
these nuclides were obtained by SpectrOJAT package [1]. To determine the flow density of beta-particles at the RW
exposed surface the total beta-ray spectrums for RW, ash, oil and pressed solid RW were calculated taking into account
isotopic composition of the radio nuclides contained in them. The calculation results are given in Fig. 2. The given data
show that the radio nuclides contained in oil, generate electrons with high enough energy due to the presence of '**Sb in
it. Obtained were used further for estimation of the dose rate in the premises of RW processing complex.

CALCULATION PROCEDURES
The RW processing complex at Zaporozhye NPP includes a combination of ionizing radiation sources of various
shape and composition, namely: cylindrical volume radiation sources in the form of steel barrels with volume of 170,
200 and 280 1; solid RW, inside a box with a “glovebox”, packed into packages of 15 kg, which when moving over a
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table, take the form of a cylinder with diameter of ~ 45 cm and height of ~3.5 m; the RW, being in a powdery-gaseous
state, filling up the cylindrical volumes of a boiler and of a bag filter. The radiation sources as a part of the RW
processing complex are exposed radiation sources and represent hybrid beta-gamma emitters.
When calculating the dose rate from the mentioned radiation sources, the following techniques and program codes
were used:
10 VOLUME M - The program complex
developed in KhNU, as well as the well known
MicroShield package based on the method of

c Ash volumetric or surface integration of point sources,
_Z allowing calculating gamma-quantum flows from the
5 0 7 sources of different shape provided that some
= protective constructions are present [2]. Often enough
2,10 Pressed HRW situations occur when a radiation source (RS) is
£ partially shadowed with a protective construction or
- any other radiation source. In this case the source

27 radiation is divided in two parts: direct radiation and

radiation transmitting through the shielding (Fig. 3).
0, Using MicroShield package one cannot calculate

a situation like this, but at the same time solution of
such problems is possible when using VOLUME_M
Fig. 2. Spectrums of beta particles of the major in-process RW (ash, ~ package. During the process of reload and
pressed solid RW, oil) transportation of the RW prepackaged in barrels (solid
RW for pressing, ash, briquettes) the barrel may fall
down and the radioactive waste may spill out on the
floor. The doze rates from the barrel’s content spilled
out (volume — 170, 200 and 280 1) depend both on the
RW composition, and on the shape (the geometrical
sizes) of the generated radiation source. For
calculation of the dose rate of the spilled out RW (ash,
solid RW) different model geometries of radiation
sources, such as: a semi-cylinder lying on a surface

and hemisphere were used.
L EMID Package. EMID program module [3] is
Shielding based on the use of empirical formulas and algorithms
of electrons transport. The package allows calculating
various characteristics both of electrons, and of a
Fig. 3. Geometry of a self-absorbing cylindrical volumetric matter when fast electrons are passing through
radiation source with partial shadowing heterogeneous structures. The package allows to
calculate the path range of electrons with different

spectral composition in various materials and to determine dose characteristics.

PENELOPE — the program code for carrying out calculations on transport of electrons and gamma-quanta
through various objects and mediua [4]. The code is used for calculations of the dose rate provided that protection is
heterogeneous. In the given paper some geometrical blocks describing geometry of the radiation sources: barrels,
furnaces, «glovebox” , super-pressing device components were created for the PENELOPE package.

SpectrOJAT — a package allowing to calculate spectral composition and intensity of gamma radiation from spent
nuclear fuel or any combination of radio-nuclides at any given moment of time [1]. A special feature of the package is
feasibility to calculate gamma-quanta spectrum with partition into any arbitrary specified energy intervals. Databases
for quantum yields of each radionuclide were generated on the basis of JEF2.2 package [5] with addition of the data
from JEF3.2 package [6].

MCNP - the program code developed by Los-Alamos National Laboratory [7] for Department of Energy in the
USA. MCNP program is widely used for the analysis of protective shielding in the nuclear industry of the USA. In the
present paper the MCNP was used for check and verification of the gained results.

Energy, MeV

RESULTS OF CALCULATIONS
Calculations of gamma radiation dose rate for the above mentioned radiation sources existing in the devices of the
RW processing complex were carried out at different points near them. Ash as well as pressed ash has the greatest
specific activity. For the radiation source in the form of cylinder (barrels of 170 and 200 1) dependences of the dose rate
on the distance at points laying at semi-height of the cylinder filled with ash whose density is 0.65 g/cm’, and pressed
ash with density of 2.2 g/em’, calculated using VOLUME and MCNP packages, are presented in Fig. 4. The dose rate
calculated using VOLUME package, exceeds the dose rate, calculated using MCNP package by 5+10 %. Attention
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should be paid to high values of the dose rate near surface of the objects under consideration. For safety improvement
during transportation of the barrels filled with ash and any other kinds of the RW on special carts it was offered to
install protective shields. The most effective in this case are shields made of lead. In comparison with a steel shield of
the same weight (1-cm of Pb and 1.45-cm of Fe) the dose rate behind the shield made of Pb is lower by ~1.3 times.
Fig. 5 presents dependences of the dose rate on the distance in presence of a Pb-shield with thickness of 1 cm for ash,
pressed ash as well as for solid RW and liquid RW. For the cases with complex geometry of radiation sources and
shielding elements in PENELOPE package a geometrical model was designed and calculations of the dose rate for

improvement of biological shielding characteristics were carried out in order not to exceed the norms of radiation
safety.

1000
—+- Pres.ash_200 = Ash_170
\ —= Pres. HRW_200 -+ HRW_170
1000 1%
——170_MCNP
—=—170_VOLUME 100 -
< ——200_VOLUME \\
= ——200_MCNP <
; 3
3 100 &
T 3
-
10 ==
10 |
’ 1 T T T
0 100 200 300 400 0 50 100 150 200

Distance, cm Distance, cm

Fig. 4. Dependences of the dose rate on the distance for radiation
sources in the form of cylinders (barrels of 170 and 200 1) filled
with ash and the pressed ash.

Fig. 5. Dependence of the dose rate from the barrel with ash on
the distance in the presence of a 1-cm lead shield.

Fig. 6 illustrates geometrical models and arrangement of detectors (MCNP package) when calculating the dose
rate chart from 3 caissons in which the barrels are filled with ash.
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Fig. 6. Geometrical model for calculation of dose rate in the room where the ash channel caissons are placed.

The dose rate from each caisson was calculated, and then the dose loads were added together. As is evident from
the data presented in Fig. 4,5 the dose rate, generated by the 1-st container with ash, and especially with the pressed ash,
is great enough. This imposes some restrictions on quantity of containers with ash (pressed ash), that are temporarily
housed in buffer warehouses with reasonable parameters of biological shielding observed.

Fig. 7 represents distribution of the dose rate from 7 barrels with ash (disposed in a buffer warehouse) behind a
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concrete wall whose thickness is 40 cm. Figures on the insulated lines correspond to the dose rate in uZv/h, the sizes in
the figures are given in cm. Increase in quantity of the barrels, their arrangement near a wall or decrease of the wall
thickness would lead to excess of the admissible dose rate indoors behind the wall of the buffer warehouse.

.
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Fig. 7. Distribution of the dose rate from 8 barrels with ash indoors behind a
concrete wall with thickness of 40 cm. Figures on insulated lines indicate the
dose rate in uZv/h.

According to the norms of radiation
safety, a biological shielding in the form of
walls (made of concrete), and doors (as a
rule made of steel) should bar from
exceeding of the dose loads. At thickness of
a concrete wall of 40 cm, equivalent
thickness of a steel door ~10+12 cm as to
radiation protection (depends on geometry
of radiation sources arrangement).

Using ALARA principle, we offered
to restrict the free access zone by mounting
Rabitz fence. The Rabitz fence is mounted
at a distance providing non-excess of the
dose rate with essential reduction of the
doors thickness in the premise containing
radiation sources. It should be noted that
reduction of the doors thickness would not
lead to increase of the personnel body
burden due to decrease of time necessary for
opening and closing of the doors. Fig. 8
presents the layout of Rabitz fence at the

entrance and exit of a premise which houses a pressing device and a buffer warehouse for barrels with ash (the zone of
free access is shaded). Taking of such measures would provide the steel doors thickness of =1+2 cm to be sufficient.
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Fig. 8. Layout of Rabitz fence at the entrance and exit of a premise housing a pressing device and of the buffer warehouse for barrels

with ash

CONCLUSION

The radiation environment in the premises of the RW processing complex both under normal operation of the
units, and when any emergency occurred was analyzed. The design characteristics of the mentioned units specified by
their manufacturers, as well as operative norms and rules in Ukraine on the RW treatment were taken as the initial data

for the paper.
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Al

For radiation sources of complex geometry and isotopic composition VOLUME_M package, allowing to calculate
protective properties and dose loads in real problems, was modified.

It was shown that when processing RW, treatment of such waste demands application of special accident control
measures (protective shields) because of essential increase of the RW specific activity.

Some measures for improving safety of the personnel work in the premises where the radiation sources are
disposed were offered. That allows essential improvement of the biological shielding design, in particular,
reducing thickness of the doors between premises.
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We consider the problem of nuclear gamma-resonance observation and the effects of displacement energy gamma rays in conditions
of combined linear and quadratic Doppler effect. The main result of this experiment was concluded in the possibility of realization of
second order Doppler shift observation in the range of the combined shits with help of commutation electronic schemes for coherent
transverse and linear shifts. This gives simplifications in experimental procedure. We reached the values of minimum measurable
linear velocity of about 10~ mm/s- pulse using the isotope Sn''’. It confirms the real possibilities of measurement method Doppler
shift using the Mossbauer effect to determine the maximum acceleration and the prospects for development of such researchers.

KEY WORDS: Nuclear gamma resonance, linear and quadratic Doppler effect, the scheme of registration, the shift of the spectrum,
extended theory of relativity, maximal acceleration

HABJIOJIEHUE SITIEPHOI'O TAMMA-PE3OHAHCA B YCJOBHUSIX KOMBUHUPOBAHHOI'O JTUHEMHOI'O M
MNONEPEYHOI'O JOIIVIEPOBCKHUX CABUT'OB 1 OCOBEHHOCTU TEOPUU OTHOCUTEJBHOCTHU
B.I'. Kupuuenxo', O.B. KoBasenko', T.A. Kopasuenko', FO.1. Fodpman
! Xaporosckuii nayuonanvuwiii ynugepcumem umenu B.H. Kapasuna, Hucmumym 6bicokux mexnonoauti
61108, 2. Xapvros, np. Kypuamosa, 31
Hepycanumexuii mexnonozuueckuii uncmumym - Maxon Jles, Omoenenue npuxiadnoii usuxu

n.s. 16031, HUepycanum 91160, Hzpaurw
PaccmoTpena mnpobnema HAOMIONEHUS SAEPHOTO TaMMa-pe30OHaHCAa M CMEIIEHHE DSHEepPruM TraMMa-M3Iy4eHHs B YCIOBHSIX
KOMOHMHHMPOBAHHOTO JIMHEHHOTO M KBajgpaTuaHoro 3¢ dekra Jlorrepa. OCHOBHOH pe3yibTaT 3TOTO SKCIIEPUMEHTa 3aKIII0YAeTCs B
BO3MOJKHOCTH PeaTH3aliy HaOIIOJCHHS JOIUIEPOBCKOTO CIBHIAa BTOPOTO MOPSAKA C TOMOIIBIO MIEKTPOHHBIX CXEM KOMMYTAIUH IS
KOTEPEHTHBIX MOINEPEUHBIX M JIMHEHHBIX CIBUIOB. JTO yNpOLIaeT MPOBEICHNE IKCIIEPHMEHTa. MBI JOCTUIIIM C TIOMOLIBIO M30TOMNA
Sn'" MHHEMATBHO H3MEPUMOTo 3HAUCHHS THHEMHOH CKOPOCTH 0K0710 107 MM/C-HMIT. DTO MOATBEP/KAACT peaIbHbIE BO3MOKHOCTH
METO/Ia W3MEPEeHUs JOIUIEPOBCKOro cOBHra ¢ momoupio 3ddexra MeccOayspa s ompeneneHuss MaKCHMalbHOTO YCKOPEHHS M
MIEPCTIEKTUBHI JUIS Pa3BUTHS TAKUX UCCICIOBAHHH.
KJIIFOUYEBBIE CJIOBA: snepHblii ramMMa-pe3oHaHC, JMHEWHBIH W KBaipaTW4HeId 3¢ ¢ext Jlomiepa, cxema perucTparii,
CMeIIIeHHe CIEeKTPa, PACIIMPEHHAs! TEOPHUsI OTHOCUTEIBHOCTH, MAKCUMAJIFHOE YCKOPEHHE

OCOBJUBOCTI CHOCTEPEXEHHSA AAEPHOI'O TAMMA-PE3OHAHCY OBEPTOBUX OB'EKTIB TA
PO3IIUPEHA TEOPISI BITHOCHOCTI
B.I'. Kipiqemcol, 0.B. Kosasenko!, T.0. Koanenko', 10.11. FO(I)MaHZ
Xaprxiecokuil nayionaneHull ynieepcumem imeni. B.H. Kapa3zina, Incmumym eucokux mexnonoziu
61108, m. Xapxie, np. Kypuamosa, 31
2Epycanumncoruii mexnonoziunuii incmumym - Maxon Jles, Bidoirenns npukiadnoi izuxu
n.c. 16031, €Epycanum 91160, I3paine

PosrisiHyTO mpoGiiemMa CrOCTepeXeHHS SAEpPHOTO TaMMa-pe30OHaHCy 1 3CyB eHeprii raMMa-BHIPOMIHIOBAaHHS B YMOBax
KOMOIHOBaHOTO JIiHiiHOTO 1 KBagpaTHyHOTO edekty Jlomiepa. OCHOBHHUIA pe3yibTaT IbOT0 EKCHEPUMEHTY IOJSrae B MOXIIMBOCTI
peanizarii cnocTepeKeHHs! JOIIePiBCHKOr0 3CYBY APYroro IMOPsIKY 3a JOMOMOTOK0 €IEKTPOHHUX CXeM KOMYTalil s KOTepeHTHUX
TOTepeyHHX i THIHHIX 3pyuieHs. Lle CrpolLye MpoBeAeHHs eKCIIepUMEHTY. M1 10oCArH 3a gormoMoroko izotomy Sn''® miniMansHo
BUMIPHOTO 3HAYEHHS NiHiitHOT mBHAKOCTI 61H3pko 10~ MM/crimm. Lle MiATBEpIKYe peatbHi MOKIHBOCTI METOLY BHMIpIOBAHHS
JOTIIEPIBCBKOTO 3CYBY 3a JomoMoroio edexty MeccOayepa [l BU3HAYEHHS MAaKCUMAIbHOTO IPUCKOPEHHS 1 MEPCIEKTUBH IS
PO3BUTKY TaKHUX HOCIIIKCHb.
KJIFOYOBI CJIOBA: sinepuuii ramMmma-pe3oHaHC, JiHIHHAN 1 kBampatnuHuil edekt Jlomuepa, cxema peecTpamii, 3CyB CIEKTpa,
po3MmpeHa Teopist BiJHOCHOCTI, MAKCHMAaJIbHE IIPUCKOPCHHS

Some fundamental problems of physics such, as gravitational red shift, Planck mass /,, and Planck length /,,
acceleration of particle to ultrahigh energies corresponded to wave length A~ /,, expansion of the universe and many
others solved and can be solved by using Doppler effect. As well known, Doppler effect is the dependence of wave
frequency from velocity of observer or analyzer relative to its source. Doppler effect is widely used in astronomy to
measure radial velocities of stars and galaxies, temperature measurement in plasma physics and astronomy, Doppler
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radars, medical imaging, flow measurements and many other applications [1, 2].

In recent years, scientific and technical interest to the problem of monitoring and implementation of the Doppler
effect in the Mssbauer spectroscopy was renewed. This is due both to the possible use of the Mossbauer effect in the
technique of detection of small shifts, angles, speeds and acceleration for implementation of the Mossbauer effect in
solving the fundamental physics problems of space — time: the unit of length, the anisotropy of space, the stability of the
temporal and spatial intervals, minimum and maximum velocities and accelerations.

For effective using of the unique resolution of the nuclear gamma-resonance known as Mossbauer effect [3] is
necessary to create new methods of observation. Application of the nuclear gamma - resonance for the experimental
verification theory of relativity and theory of gravity is based on minimum ratio AE/E (4E = I' - line width and E - the
energy of gamma - quanta) which values reaches 3.1 - 10" and 5.2 - 107 for the isotopes Fe*” and Zn®’ respectively,
and on the rare possibility of using for it’s observation combined linear and quadratic Doppler effect. This made it
possible to verify the presence of the gravitational red shift on Earth [3] with accuracy to within 1%, to test the central
field of the Schwarzschild equation [4-8]. It is noted that in nuclear gamma - resonance experiments it is necessary to
use more accurate measure of linear and quadratic Doppler effect. This method should include the improvement devices
of measurement and control the speed and acceleration of moving objects in space, which have previously created
gyroscopic device based on the Mossbauer Effect [9-11].

An important application of the Mdssbauer effect in modern physics is an experimental verification of the
extended theory of relativity (ETR). It obtained from the new approach to the analysis of relativistic effects which is
based on the symmetry of space-time, the isotropy of the space and principle of relativity [12,13]. This approach
explains existence of the limit speed of light from fundamental properties of space-time, in particular. ETR predicts the
existence of a maximal acceleration [14]. This is fundamentally new relativistic phenomenon, which relates the special
and general relativity, requires a careful verification. Evaluation of maximum acceleration
a=(1.006 + 0.063)-10" m/s2, was given in [14] from experimental date [7]. But it requires repetition and new types of
experiments with the use of modern high-precision experimental techniques, of course. A maximum acceleration effect
is more shows at high values of accelerations, thus. It expect or very high force or very small masses or both together.
Analysis of the acceleration for different physical phenomena in cosmology, nuclear physics and other areas of modern
physics show that the greatest acceleration observed in collisions of nuclear particles [15], in particular.

The aim of this study is to improve the accuracy of nuclear gamma-resonance observation and the effects of
displacement energy gamma rays in conditions of combined linear and quadratic Doppler effect in physical systems
related with moving and rotating objects.

EXPERIMENTAL RESEARCH METHOD
For alternative to [16, 17] the source of the Mossbauer isotope Sn''’gamma - rays was used the nuclei Sn''’ in
CaSn'!”™O; matrix. The refined wavelength with energy 23.87 keV is A = [18]. The scheme of observation of combined
linear and transverse Doppler shifts is given on Fig. 1.

Absorber This scheme was realized the synchronous
motion of the source Sn''’gamma — rays (linear
Source Doppler shift) and absorber SnO, (transverse
_ [Modulator 1 :D Detector Doppler shift). It was very simple and gives the
time interval of synchronization with accuracy 107

s.
Spectrometer 2 Modulator 2 Operation of the scheme is to the
synchronization of the radial and transverse motion
| —‘ [ of the source and absorber in the same spatial plane.
Synchronization The ability to change the angle between the axes of
scheme the source and absorber is provided. This can be
used to study the effects of anisotropy. The number
Spectrometer 1 of studies to measure the second order Doppler
shifts using the Mossbauer isotope Sn''’is small.

This is because the line width is much greater than
Fig. 1. The scheme of combined linear and transverse Doppler shifts that of the isotope Fe’’. On the other hand, the
observation 119

119

observation of the Mossbauer effect on Sn " is less
sensitive to vibrations. Previously it was shown that at the measurement of small linear and angular displacements of
objects the cross Doppler effect with the Mossbauer technique obstacles arise first of all due to the vibrations, the
pulses, disturbance of the strict orientation of objects in space, the inhomogeneous distribution of resonant nuclei on the
surface of the object.

RESULTS AND DISCUSSION
Traditionally, the experimentally measured value of the isomer shift of the absorption line or scattering relative to
the standard is the resultant of two shifts: the shift determined by the electron density distribution 8cpiy, and the shift
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determined by the rms velocity fluctuations of the nuclei Semp:
8is = Schim+ 6temp- (1)

Determination of second order Doppler shifts was carried out by measuring demp. According to the Einstein model
of solids for dimp the following expression can be obtained:

3 hae, ho,
== Ecth| —£ |, 2
T4 M, [2ij @

Values g, in turn, can be determined from the temperature dependence of the effect probability
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The calculation results suggest that the observed increase &;, with decreasing temperature fully explained by the
second order Doppler effect. And besides this shift of the spectra in the direction of positive values of the Doppler radial

velocity does not depend on the type of the Mdssbauer isotope, because it does not include the nuclear characteristics,
unlike to the shift defined by electron density.
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Fig. 2. Mossbauer spectrum of SnO, Fig. 3. Mossbauer spectrum of SnO, under influence transverse
motion

We try to show that in our case, spectral shift toward positive values Doppler of radial velocity is observed under
the transverse motion of the absorber. It is shown the spectrum of the initial absorber SnO, at absence of transverse
motion (Fig. 2). The splitting of a single line of SnO, and the formation of an asymmetric doublet spectrum with very
weak asymmetry (Fig. 3) is observed at synchronization with an accuracy of up to 10™*s a linear shift required for the
registration of the spectrum and the transverse motion.

In our case the source and absorber, characterized by single lines of emission and absorption were used. The
dependence of the resonant transmission of gamma rays from linear radial Doppler velocity (spectra on Fig. 2, 3) under
the parameter X = Ao for the determination of small displacements was obtained, where the A — amplitude © —
frequency of transverse motion.

The Doppler shift energy of gamma - rays for the laboratory coordinate system, i.e. the frequency U of y — rays, is

given by:

g 19
v=y, 1+—cosoz—5—2 ) 4)

C C

Here v, - frequency of ) - rays for fixed relative to each other the source and absorber, & - the angle between the

recording ¥ - rays and the velocity vector of the relative motion of the source or sink, U - the relative velocity of

source on to the absorber. Usually in the expression (4) it is necessary to take the instantaneous values ¥ (t) .

It is necessary to search for ways to effectively eliminate its influence on the instrument readings. In addition to
measuring the linear velocity and displacement by nuclear gamma - resonance it is possible to carry out measurement
and control of transverse velocities and accelerations.

It were built dependences of the velocities of linear displacement of the number recruited in each point of the pulse
and had a trend line (Fig. 5,6) for a more complete analysis of the asymmetry of the weak positive (velocity in Fig. 3)
and the negative part of the spectrum.
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Linear dependences (Fig.3,4) allow us to
evaluate the achieved accuracy of spectrum shift in the
transverse displacement, which is standard value of
0.01 mm/s under normal conditions reached maximal
accuracy  evaluation is  10° mm/s-pulse  at
measurement accuracy of the resonance transmission.
Shift of the right side of the spectrum relative to the
left side is 3-10”. This is due to the use of an isotope
with a broad emission line, which eliminates the
advantages of insensitivity to vibrations.

The main result of this experiment was
concluded in the possibility of realization of second
order Doppler shift observation in the range of the
combined shits with help of commutation electronic
schemes for coherent transverse and linear shifts. This
gives simplifications in experimental procedure.

As example the values of the contributions from
the second order Doppler shift for Fe’’ nuclei are
small and approximately equal to 0.00005 mm/s [16].
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Fig. 6. Dependence of the linear Doppler velocity of the number of

pulses on the most steep part of the resonance curve of the positive
part of the spectrum (Fig. 3,4)

N-10%, pulses
Fig. 5. Dependence of the linear Doppler velocity of the
number of pulses on the most steep part of the resonance curve
in the negative part of the spectrum (Fig. 3,4)

The maximum high accuracy of electromagnetic irradiation frequency measurement using Mossbauer effect
allows to test of one of the consequences of general relativity -"transverse Doppler effect" [16]. As shown [12] in the

ERT Doppler shift between inertial system K' and accelerated system K moving together is determined by the

coefficient (1 - a/A) due to the acceleration K relatively K'. Evaluation of maximum acceleration a = (1.006 + 0.063)
10" m/s2, using experimental data [5] was carried out. Such a significant acceleration it is possible to reach at modern
experimental installations, at particular, at CERN’s the muon storage ring [17].

CONCLUSIONS
The main result of this experiment was concluded in the possibility of realization of second order Doppler shift
observation in the range of the combined shits with help of commutation electronic schemes for coherent transverse and
linear shifts. This gives simplifications in experimental procedure. We reached the values of minimum measurable
linear velocity of about 10'mm/s- pulse using the isotope Sn'". It confirms the real possibilities of measurement method
Doppler shift using the Mossbauer effect to determine the maximum acceleration and the prospects for development of
such researchers.
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FORMATION OF ASSOCIATES FROM NANOSIZED COMPLEXES OF URANIUM
IN THE WATER - SUPERCRITICAL CARBON DIOXIDE SYSTEM
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The paper describes the results from studies into the role of water in the formation of associates from nanosized complexes of
uranium in a supercritical carbon dioxide (SC CO,) medium. It has been demonstrated experimentally that water in the SC CO, exists
in the form of microdrops. It is found that at a pressure of 10 MPa and a temperature of 40°C the UO»(NOs),-2(C4HqO);PO complex
may take on hydrophilic properties. The conclusion is made that in that event the mentioned complex would concentrate in water
microdrops. The concentration of the complex in water microdrops gives rise to the formation of associates, the size of which is
determined by microdrop dimensions.

KEY WORDS: supercritical carbon dioxide, supercritical fluid extraction, uranium, water, tributyl phosphate.

®OPMHAPOBAHUE ACCOLIMATOB U3 HAHOPASMEPHBIX KOMILIEKCOB YPAHA B IBYX®A3HO CUCTEME
BOJIA - CBEPXKPUTHUYECKHI TUOKCHUJ YTJIEPOIA
B.B. Bopu”, C.®. Cxopomuas”, B.1. Tkauenko"?
Y HHIJ ”Xaporosckuii pusuxo-mexuuueckusi uncmumym”
2. Xapwvkos, 61108, yn. Akademuueckas, 1, YVkpauna
? Xapvroeckuii nayuonansubii ynusepcumem umenu B.H. Kapasuna
2. Xapwvkos, 61022, nn. Ceoboovl, 4, YVkpauna
[TpuBeneHs! pe3ynbpTaTe UCCIEAOBAHMS PONU BOIBI B 00pa30BaHUM ACCOIMATOB M3 HAHOPa3MEPHBIX KOMILIEKCOB ypaHa B cpege CK
CO,. DkcriepuMeHTaBHO ToKazaHo, uto Boaa B CK CO, cymecTByeT B BHIe MUKpoOKarens. OTMeueHo, uto mpu gapinennu 10 MIla
u temneparype 40 °C xommiekc UO,(NOs),-2(C4Hy0);PO Moxer nprnobperats ruapoduinbHble cBoiicTBa. CenaH BBIBOA O TOM, UTO
BCJIC/ICTBUE MPUOOPETEHHS 3TUM KOMIUIEKCOM THIPOMWIBHEIX CBOHCTB OH OyAeT KOHIEHTPHPOBATHCS B MHKPOKAIUISIX BOJBI.
KoHneHTprpoBaHHEe KOMIDIEKCA B MHKPOKAIUIIX BOABI NPHBOJUT K 0OOpa30BaHHMIO B CHCTEME acCOIMATOB, pa3Mep KOTOPBIX
OIIPEAEISAETCS Pa3MEPOM MUKPOKATIEIb.
KJIFOYEBBIE CJIOBA: CcBepXKpUTHYECKHI YIJICKUCIBIA Tra3, CBEpPXKpUTHUecKas (QronaHas OJKCTpakuus, ypaH, BoJa,
TpubyTHndocdar.

YTBOPEHHSA ACCOIUATIB I3 HAHOPO3MIPHUX KOMIIJIEKCIB YPAHY
B CUCTEMI BOJIA - HAIKPUTUYHUI JIOKCHU]I BYTJIELIO
B.B. Bopu”, C.®. Cxopomua®, B.I. Tkauenxo" 2
Y HHIJ ” Xapriscouii hizuxo-mexuiunuii incmumym”
m. Xapxis, 61108, eyn. Akademiuna, 1, Yrpaina
D Xapriecokuii HayionanbHuil ynieepcumem imeni B.H. Kapa3zina
M. Xapxie, 61022, m. Ceoboou, 4, Yrpaina

HaBeneno pesynbTari HOCTIKEHHS POJIi BOAM B YTBOPEHHI acoliaTiB 3 HAHOpa3MipHUX KOMIUIEKCiB ypaHy B cepenouiii HK CO,.
ExcnepumentanpHo mokaszaHo, mo Boga B HK CO, icHye y Burisimi Mikpokpamenbs. Bimsnadeno, mo mpu Tucky 10 MIla i
temmepatypi 40 °C xommieke UO,(NO;3),2(C4HyO);PO Moke mpunbaBaTu TimpodisibHi BIACTHBOCTI. 3p0o0IeHO BUCHOBOK TIPO T€,
IO BHACHIZOK HPUIOAHHSA UM KOMIIIEKCOM Tigpo(UIPHHX BIIACTHBOCTEH BiH Oyme KOHIEHTPYBAaTHCS B MIKPOKpAIUIIX BOAU.
KoHIeHTpyBaHHS KOMIUIEKCY B MIKPOKpAIUIAX BOIM NPHUBOJWTH IO YTBOPEHHS B CHCTEMI acoLiaTiB, po3Mip SKHX BH3HAYA€THCS
PO3MiIpOM MIKpOKpameb.
KJIFOYOBI CJIOBA: HagKpuTHYHUHN BYTJICKHCINI ra3, HAAKPUTUYHA (QIIIOIIHA eKCTPaKIlis, ypaH, Boaa, TpubyTindocdar.

Among vital issues in the development of nuclear-power engineering are the nuclear fuel production as well as the reprocessing
of spent nuclear fuel (SNF) and uranium industry wastes. However, the advance in this respect is hindered by a number of factors
such as the exhaust of raw-material resources base, environmental degradation of uranium industrial estates, and low economic
indicators of traditional methods of uranium fuel production and reprocessing due to large quantities of liquid radioactive wastes.
Therefore, the elaboration of new, ecologically safe technologies, which would be helpful in avoiding the mentioned problems or in
solving them in a new way, is one of the most important tasks of nuclear-power engineering.

Currently, supercritical fluid technologies (SCFT) of extraction are finding increasing use in various spheres of industrial
production, e.g., in pharmaceutics; in fat-and-oil, chemical industries; in coal conversion and petroleum refining. Along with the
mentioned applications, the SCFT hold a particular position in SNF and uranium industry waste reprocessing, and also, in the
processes of deactivation and selective extraction of actinides [1, 2]. At that, preference is given to supercritical carbon dioxide (SC
CO,) as an extractant, because it appears a most economical and ecofriendly solvent as compared to those employed in traditional
chemical processes. The SC CO, is harmless and is noted for its low critical temperature and pressure values, this being of
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undeniable advantage. Besides, the technology under discussion makes it possible [3]:

- to reduce considerably the volume of secondary liquid radioactive wastes;

- to give up the use of inflammable, toxic or expensive solvents;

- to carry out pre-separation of extractable compounds at the extraction stage due to an essential change in the solving power of SC
CO, at insignificant variations in the extractor temperature and pressure;

- to decrease corrosion load on the equipment elements;

- to use water-insoluble selective reagents;

- to reduce essentially the process flow scheme and operating areas of radiochemical facilities.

The presence of small water portions is known to improve the extraction efficiency. It has been demonstrated in [2] that the
presence of water is the necessary condition for SC CO, extraction of metals. It has been established by experiments that in the
absence of water the process of metal extraction is not observed at all. An increase in the quantity of water added up to a certain limit
leads to an increase in the efficiency of SC CO, extraction of metals. A further increase in the quantity of water added exerts
practically no effect on the extraction efficiency.

In [4], it has been shown by theory and experiment that, as in [2], with an increase in the quantity of water the extraction
efficiency increases up to a certain peak level. However, after that, as the quantity of added water increases, the extraction efficiency
drops. In the opinion of the authors of [4], this drop in the extraction efficiency is due to the following two reasons:

- the existence of water solubility limit in SC CO,;
- competition between the uranium complex and pure water on their dissolving in a restricted volume of SC CO,.

Though in recent years an array of experimental data has been obtained about the influence of water on the extraction

efficiency of uranium complexes (e.g., see refs. [1-3]), some aspects of the problem still remain unclear. Among them, we should
mention, first of all, a clear understanding of the structure of the resulting uranyl nitrate+tributyl phosphate (TBP) complex, the
description of possible ways of associate formation [5] from nanosized complexes of uranium in the SC CO, medium in the presence
of microquantities of water, and also, the determination of the form and size of the associates.
Despite the fact that the authors of refs. [6, 7] have analyzed the processes of micelle formation during supercritical fluid extraction
of uranium, as well as the processes of spontancous formation of associates in the SC CO, medium during uranium extraction from
SNF, their substantiations are not based on a common ground, i.e., the phenomena of micelle formation and associate formation were
analyzed as separate processes.

Therefore, the objectives of the present work are to analyze the parameters of a nanosized uranyl nitrate+TBP complex; to
describe possible ways of associate formation from nanosized complexes of uranium in the SC CO, medium in the presence of
microquantities of water; and to determine the form and size of the associates from a unified standpoint.

EXPERIMENTAL STUDIES ON PHASE STATES IN THE TWO-PHASE WATER-SC CO, SYSTEM

The determining influence of the presence of water on the extraction process has been indicated in [2, 4].
Previously, there were reports in the scientific literature about some peculiarities of water solubility in supercritical
carbon dioxide (e.g., see [8, 9]). For all that we have made a series of experiments to investigate the phenomenon at the
SFE-U facility [4] (modification of SCFE-1 [10]).

From the experimental data reported in [4] it follows that in the pressure range under study (7 to 17 MPa) at a
temperature of 40°C the mole fraction of water dissolved in SC CO, is practically constant and makes about 0.0054.

So, at a given temperature the supercritical fluid can dissolve only a certain quantity of water, i.e., the supercritical
fluid is characterized by the water solubility limit. The excess water remains on a filter paper, and thus cannot
participate in the SFE-CO, process.

Laser diffractometry

Along with the evaluation of water solubility in SC CO,, the phase state of water dissolved in SC CO, was also
analyzed.

In-situ measurements have been carried out to investigate the phase state of water in SC CO, using the SFE-U
facility, where at outlet from the reactor, 48.13 c¢cm’ in volume, there is an optical high-pressure cell (HPC) with
sapphire windows. After the extraction has been made, the eluent was discharged into the HPC for investigating its state
by optical methods such as laser light diffractometry and optical microscopy. The cell design is shown in Fig. 1.

The water-phase laser diffraction was investigated in accordance with the scheme presented in Fig. 2. The cell was
placed in the holder with the outside surface of the HPC sapphire window perpendicular to the laser beam at a distance
of no less than 0.5 m from the laser exit aperture. The screen was removed from the cell at the distance L=3.3 m. Along
the perimeter of the screen there were two mutually perpendicular rules with 0.5 cm divisions, intended for evaluating
the dimensions of diffraction pattern elements.

The spectral range of single-crystalline sapphire window transparency lies within 280 to 1200 nm. The sapphire
windows are 10.0 mm in diameter and 6.0 mm in thickness. The windows in the cell are sealed in such a way as to
exclude the sapphire-metal contact and to prevent their mechanical failure. Ceramic heaters and a chromel-alumel
thermocouple are fastened to the side walls of the cell. The temperature of the cell is maintained with a control device in
the range from room temperature to 50°C to an accuracy of +1°C. The cell casing is made from stainless steel and is
rated for pressures up to 20 MPa. The cell volume is 1.57 cm’.

The optical path length of the cell could be varied from 0.1 mm up to 21.0 mm. This could be attained by
introducing additional 3.0 mm thick glasses and positioning them at the sapphire window facing the laser beam source.

In the course of experimentation it was established that the water phase in SC CO, existed in the form of
microdrops. Their dimensions were evaluated from diffraction patterns obtained when passing red laser beam through
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the optical HPC. The occurrence of diffraction patterns at laser beam scattering by water microdrops in SC CO, is due

to the fact that the refraction indices of water and SC CO, are different. As is known, the diffractional lattices are

formed even in a transparent liquid or gas, where the refraction index is changed by travelling or standing ultrasonic

waves [11].

- The HPC contents were
investigated using the diffraction
patterns induced by the scattered laser
radiation. A red laser diode-based

4 pointer of < 1 mW power that generates
radiation in the wavelength range A =
655.7 £ 2.5 nm was used as a laser beam

f source.

Water-phase laser diffractometry

experiments were performed in the

2 7 \ ! \ f— following order.
\ & - A filter paper, soaked in 0.5 ml of
N R N\ distilled water, was placed in the SFE-U
AN reactor. According to the quality
~1 - certificate, the original water content in
carbon dioxide at standard conditions
; N - (pressure 101.3 kPa, temperature 20°C)
—] was less than 0.076 g/m’. The estimates
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Fig. 1. Design of the optical high-pressure cell. the I.)é()pegl W?ter c}? nten}tl n CO? Wasf
1- optical channel; 2 — sapphire window; 3 — inlet/outlet connection; 4 — casing considerably less than the quantity o
2 5 water taken up on the filter paper. On

e attaining the required reactor pressure
AN and after the 5 min dwell time, a part of

6 the fluid was forwarded through the
inlet/outlet connection (see Fig. 1) to the

W optical HPC. The cell fluid with the
5 water solved in it was examined with
the red laser. The laser radiation that

passed through the cell was directed

J 4 onto the screen (see Fig. 2). The time-
varying diffraction pattern, obtained at a
definite pressure, was being shot with a

Fig. 2. Diagram of diffraction pattern formation at laser beam scattering by the video camera for 5 min. The obtained

water microdrops. video was split into separate shots,
1 — screen; 2 — SC CO,; 3 — HPC metal casing; 4 — water drop of diameter d; 5 - which represented static diffraction
sapphire windows; 6 — laser beam source.

patterns comprising the information on
water drop sizes in SC CO,.

Figure 3 shows one of the images of the static diffraction pattern for the 6.0 mm optical path to the HPC (to reduce
the optical path length, 5 glasses were used) at CO, pressure of 10.0 MPa and a temperature of 40°C.

Based on a series of the resulting static diffraction patterns, it can be assumed that certain microquantities of water
in SC CO, form water droplets, which present spherical particles of diameter d (water drops) distributed in a
supercritical fluid. In the pressure range from 8.0 MPa to 16.0 MPa at a temperature of 40°C, in accordance with the
phase diagram of CO, [12], the weight of water microdrops is greater than the weight of the fluid forced out by the
microdrops. For this reason, the microdrops like small shots in oil slowly settle down under the action of gravity, and
simultaneously move in convective streams (these being due to the temperature gradient) with changing their position in
space. Since the medium is optically transparent, all particles being on the optical path in the cell can be considered as
the ones being in the same virtual plane P. In this case, the analysis of the above-given diffraction pattern is similar to
the analysis of diffraction patterns from a two-dimensional grating.

We now describe the experimentally observed evolution of diffraction patterns at laser radiation scattering by
water microdrops in the SC CO,.

With a red laser, the diffraction pattern image on the screen generally represents slowly moving light spots. At
certain instants of time the microparticles in the SC CO, may be distributed randomly in the virtual plane P and give
diffraction patterns, from which one can evaluate the average size of water microdrops in the SC CO,.

Let us estimate the water drop size for the diffraction pattern shown in Fig. 3. Here, the laser beam of oval shape
(major diameter 3 mm, minor diameter 2 mm), escaping from the source 6 (Fig. 2) is scattered by the water drops
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located in the virtual plane P. From experimental observations it follows that the laser spot area is great in comparison
with the water drop size. Therefore, the influence of the laser radiation spot limitation on the diffraction pattern is
neglected.

The superposition of different quantities of water
microdrops, which are projected onto the plane P on the
principle of belonging to one and the same laser beam,
will create an inhomogeneously illuminated surface, i.e.,
at the greatest quantities of water drops give the highest
intensity of illumination, and at the least quantities - the
lowest illumination. In the ideal case, the regions of
maximum illuminance correspond to concentric
superposition of water drops, while the lowest-
illumination regions correspond to the absence of this
superposition. So, laser radiation should scatter on the
plane with randomly arranged circles of diameter d,
where d is the diameter of spherical water drop
projection onto the plane P. In this case, the diffraction

pattern must look like a bright circle at the center,
surrounded by a sequence of dark and light rings [13].
The bright circle at the center has an angular radius

Fig. 3. Image of the static diffraction pattern at a pressure of 10.0 9 = 2 =1 22& Hence. one would think that this
b . b

MPa and the 6.0 mm optical path in the HPC.
A white square contour in the left bottom corner with a lateral
length of 10.0 mm is given for evaluating the diffraction pattern
element dimensions.

provides a simple evaluation of the water drop size as
AL
d= 2,443. In actual fact, at the periphery of Fig. 3

one can see rows of spots that form a certain quantity of radial rays, about 12 to 14 in number. This fact is the evidence
that diffraction occurs not on randomly arranged circles, but on their pileup forming a rectilinear polygon with # sides.
At that, it is known that the number of rays is always even, i.e., 2n [14]. Reasoning from this, we determine the average
d value. For the purpose, we assume that, at least, two inscribed circular projections of water drops fall on one side of
the polygon (a greater number of them smoothes-off the angles and makes the rays disappear). Then, by setting the
perimeter of the bright circle in the diffraction pattern (Fig. 3) equal to the polygon perimeter with inscribed 2# circles
of diameter d we find the average drop size:

AL

d=2,44r
2nD

@)
Substituting the experimental data into expression (1), we evaluate the average size as d =45 + 50 um.

Optical micrometry evaluation of water microdrop dimensions

To verify the results obtained by the laser methods, we have also examined the eluent discharged into the HPC,
using a 32-power optical microscope. In this case, instead of the microscope slide we placed the HPC in such a way that
the sapphire window area should be orthogonal to the microscope-head optical axis. For the analysis of water phase
state, an oblique flare with a wide light beam was used provided that the light source should not get into the field of
viewing, and the eluent was against a dark background.

As a result of direct optical observations it has been established that the water dissolved in the SC CO, at a
pressure of 10 MPa and a temperature of 40°C exists in the form of microdrops. According to optical microscope
measurements the diameter of these microdrops was estimated to be 5543 pm.

So, the experimental investigation into the existence of phases in the two-phase water-SC CO, system has
demonstrated that the water is characterized by the limit of solubility in the SC CO,, i.e., the molar fraction of dissolved
water is constant with an increase in pressure.

The water in the SC CO, exists in the form of microdrops, the diameter of which, for example, at a pressure of 10
MPa and a temperature of 40°C is found to be about 50 um. It is evident that the droplet diameter decreases with an
increase in pressure.

ANALYSIS OF THE PARAMETERS OF NANOSIZED URANIUM COMPLEXES AND THEIR
SOLUBILITY IN WATER. FORMATION OF ASSOCIATES
For an understanding of the kinetics of uranium extraction to the SC CO, medium it is necessary to decide the
following issues: to determine the structure of the resulting uranyl nitrate+TBP (uranyl nitrate+(C4Hy0);PO) complex,
and to describe possible ways of associate formation from that sort of complexes.
In spite of the existence of a sufficient number of publications on the matter (e.g., see [15, 16]), the problems still
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remain to be solved.

Thus, it has been shown in [15, 16] that the HNO;+TBP complex efficiently extracts uranium to the SC CO,
medium. The complex reacts with uranium oxide to form the UO,(NO;),-2TBP compound, which is extracted to the SC
CO,. Figure 4 and Table give the structure and the values of coupling parameters of the complexes formed by uranyl
nitrate with water and triethyl phosphate (TEP), respectively [17].
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Fig. 4. Schematic diagrams of complex structures
a) UOy(NO3),2H,0, b) UO,(NOs),-2TEP [17, 18]

As it follows from Fig. 4, two water molecules from dehydrate of uranyl nitrate (on the left) are replaced by two
TEP (CgH;504P) molecules (on the right). In the UO,(NOs),"2TEP complex the two TEP molecules freely rotate and
can take up any conformation, while the interatomic spacing between U and O atoms (just as for the P=O coupling) is
harmonically fixed to the equilibrium distance.

Table
Geometrical characteristics of the UO,(NOs),-2TBP complex, [15-20].

Complex ru-o (A) tu.0avo (A) ru. (A) Ou.or (deg)
UO,(NO;),2H,0 1.77 2.52 2.40 —
UO,(NO;),2TMP 1.78 2.53 2.36 161£7
UO,(NOs),2TBP 1.78 2.54 2.41 172+10

It is known that TBP shows a relatively low solubility in the aqueous phase [21]. It represents a compound ether of
phosphoric acid and butanol, which can hydrolyze, for example, in acidic medium. In acidic aqueous solutions there
occurs breaking of carbon-to-oxygen bonds of TBP with gradual abstraction of butanol molecules and formation of
dibutyl phosphate (DBP), monobutyl phosphate (MBP) and, eventually, phosphoric acid. It should be noted that MBP
forms with uranium the compound, which shows a strong aqueous phase affinity. The ratio of the formed DBP and
MBP is approximately 10:1. The hydrolysis reactions occur in both aqueous and organic phases. The rate of TBP
hydrolysis appreciably increases with increase in temperature. For example, as temperature rises from 25 to 40°C, the
rate of DBP formation increases by a factor of 5, and with a rise up to 75°C — by a factor of 25.

So, based on the structure of the resulting complex and the temperature conditions of the experiment (40°C), it is
believed that the UO,(NO;),:2TBP complex can hydrolyze, i.e., may take on diphilic (one TBP molecule of the
complex forms the MBP molecule) or fully hydrophilic properties (two TBP molecules of the complex are transformed
into the MBP molecule). In this case, because the complex takes on hydrophilic properties in the SC CO, medium
comprising water microdrops dissolved in it, the complex will concentrate in the aqueous phase to form supramolecular
assemblies [S]. The last ones represent polymolecular associates resulting from spontaneous association of uranium
complexes into a specific phase, in our situation, the water microdrop (inverted water micelle [1]).

This concentration apparently leads to the formation of associates in the system, the size of which is determined by
the size of water microdrops, and the way of assembling of nanosized complexes still remains to be elucidated. It is
evident that the water microdrop represents a microreactor, where the extraction processes occur. A detailed
investigation of the structure and properties of these microreactors is of importance for understanding the nature of
current processes, and this in total should contribute towards the improved extraction of uranium complexes efficiency
into the SC CO, medium.
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CONCLUSIONS

In summary, as a result of studies of the role of water in the formation of associates from nanosized complexes of
uranium in a supercritical carbon dioxide (SC CO,) medium, it has been established that at given temperature the water
exists in the form of microdrops, the diameter of which makes, for example, at a pressure of 10 MPa and a temperature
of 40°C, about 50 pm.

It has been noted that at a pressure of 10 MPa and a temperature of 40°C the nanosized UO,(NO;),-2TBP complex
can take on hydrophilic properties.

As a result of taking on hydrophilic properties, the UO,(NO;),2TBP complex will concentrate in water
microdrops.

The concentration of the complex in water microdrops leads to the formation of associates in the system, the
associate size being determined by the size of water microdrops.
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The advantage of the new method of electromagnetic isotopes separation in the crossed electric and magnetic fields in comparison
with an ordinary method with the presence of only magnetic field is shown in the paper. It is also shown that the theory of ordinary
method of isotopes separation in the magnetic field of linear current, written in article of Bardakov V.M. etc. in ZTF, 2010, Vol. 80,
No. 10, pp. 115-119, is built wrong.

KEY WORDS: electromagnetic field, isotope, separation, current, trajectory

EIIE PA3 O IPEUMYIUIECTBAX HOBOI'O METOJIA SJIEKTPOMATHUTHOI'O PA3JAEJEHUSA U30TOIIOB
10.A. Kupouknn', A.JO. Kupouknn®
! Xapvroscxuii nayuonansmoui ynusepcumem um. B.H. Kapasuna
61022, Xapvkos, nn. Ce0600vl, 4
ZHaquHaﬂbezﬁ YHUBEpcUumem epaxcOancKoul sauumol Yxpaunol
61023, Xapvkos, yn. Yepuviwesckozo, 94

B pabore mokazaHO MPEUMYIIECTBO HOBOI'O METOJA AIICKTPOMATHUTHOTO Pa3leNICHHS U30TOIOB B CKPEIICHHBIX AJICKTPUICCKOM U
MarHUTHOM TIOJISIX TIO CPaBHEHHIO C OOBIYHBIM METOJOM IPH HAJHYHH TOJIBKO MAarHUTHOTO mois. Takke MOKa3aHO, YTO TEOPHUs
00BIYHOTO METO/IA PA3ICNICHHs] U30TOIIOB B MArHUTHOM TI0JIC JIMHEHHOTO TOKa, H3JI0XkKeHHast B pabote bapnakosa B.M. u np. B XKTD,
2010, T. 80, Beim. 10, C. 115-119, noctpoeHa HeBepHO.
KJIFOYEBBIE CJIOBA: s51eKTpOMarHuTHOE 10J1€, U30TOII, pa3AeieHHe, TOK, TPACKTOPHS

HIE PA3 ITPO MIEPEBATH HOBOI'O METOJIA EJIEKTPOMATHITHOI'O PO3AIVIEHHSA I30TOIIIB
10.0. Kipouxin', O.FO. Kipoukin®
]XapKiBCbKuﬁ Hayionanenuil ynieepcumem im. B.H. Kapasina
61022, Xapxis, ni. Ceoboou, 4
°Hayionanenuii YHIgepcumem YuginibHo2o 3axucmy Yrpainu
61023, Xapxis, eyn. Yepnuwescokoeo, 94

B pobori noka3ana rnepeBara HOBOro METO/Ia €JIEKTPOMArHiTHOrO PO3IJICHHS i30TOIB Y CXPEIICHUX EIEKTPUYHOMY Ta MarHiTHOMY
MOJISAX Yy TOPIBHSAHHI 31 3BUYaHUM METOIOM HPH HASBHOCTI TiJIbKM Mar"iTHOro noss. Takok Mmoka3zaHo, [I0 TEOpis 3BUYAHOr0 Me-
TOJIa PO3ATICHHS 130TOMIB Y MarHiTHOMY MOJI JIIHIHOTO cTpyMy, BHKJIaAeHa y po6oTi bapaakosa B.M. ta in. y XKT®, 2010, T. 80,
Bum. 10, C. 115-119, nobyzoBana HeBipHO.
KJIFOYOBI CJIOBA: enekTpoMarHiTHe 1oJie, i30TOI, pO3ALIEHHS, CTPYM, TPAEKTOPIs

Two works [1, 2] devoted to the theoretical research of a new method of electromagnetic separation of isotopes
moving in constant electromagnetic field of a cylindrical capacitor and a linear current flowing along its axis (nonzero
fields strengths H_, and E, are inversely proportional to the distance » from the capacitor axis z; r, a and z are
the cylindrical coordinate system) offered by the group of the Kharkov scientists (also including authors [1, 2]) that
were published in 2007 year. In papers [1, 2] expressions for isotopes trajectories in the form of rather simple single
integrals, which numeral integration enabled to present trajectories graphically and ipso facto to determine the experi-
mental setup basic parameters, are obtained.

RESULTS AND DISCUSSION
On the face of it there can be a question: but isn’t it simpler to separate isotopes in the same setup under only the
magnetic field H, (i.e. by E. =0)? In works [1, 2] this special case was not examined in detail. Authors considered

that this, maybe, old method (further denoted My) is considerably worse than the new one (further denoted My). This

assertion is easily proved by a limiting process £, — 0 (or 7 =——— — 0) in isotopes path equations obtained within
DtVO

the bounds of My. Supposing 7 =0 in the formulas (19-22) of [1], one obtain the isotope path equation in {& plane

z r . . . .
(¢ =—, &=—, a is adistance of isotopes source from an axis)
a a

© Kirochkin Yu.A., Kirochkin A.Yu., 2012
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. Iné&
arcsm{m_]}
£(&)=—x(1+65.)e+) jdﬁsin Qerltohing | < g < 2l )
:
2

mecv,

2 J is a linear current strength, m and ¢ are isotope mass and charge, v, = Ezv0(1+5z) is initial
q

where x =

. . . ov
velocity of an isotope emitted from the source, 6, = —=, v

is the fluctuation of the initial velocity, and |5z| <<1,
Vo

z

& =1,and ¢, =0 are isotopes source coordinates, &, = >

(l+ﬁz)

is an isotope turning point transverse coordinate at its

motion in the line of » growth, £, =e"

z growth (see [1] (13), (18)).
Using (1), one graphs trajectories of lithium isotopes and heavy in comparison with them uranium isotopes at the
same parameters with My and assume a =3 cm.

is an isotope turning point transverse coordinate at its motion in the line of

20F

S0 F

A0k

A0 F

-BO F

FOF

— )8 o , ¢
] 20 40 B0 80 o 20 40 B0
Fig. 1. Lithium isotopes trajectories Fig. 2. Uranium isotopes trajectories

Graphs are built at the following parameters values:
oLi: k =1, =2; & =0,033; curve (‘)4’0(5) at §, =—0, curve (*)4’0(5) at 9, =+0;

Li: k=K, = f%xo =2,16; 6 =0,033; curve (')4’1(5) at o, =90, curve (+)4’1(§) at §, =+0;
0

B0 k=, =2; 5=9,03-10"; curve V¢ (&) at 5. = =5, curve V¢, (&) at 5. =+5;

B3 =k = |, =2,01277; §=9,03-107; curve OZ,(&) at 5. =—5 , curve F¢, (&) at 5. =+6.
1y

From a Fig. 1 we find that maximal transversal distance between the beams of separated lithium isotopes is
Ar, =0 n —) r, =2a =6 cm, longitudinal size of chamber Az =90a =270 cm, chamber radius R, = 70a = 210 cm.

As it is obvious from a Fig. 2 approximately the same dimensions turn out at the uranium isotopes separation (only the
distance between beams is half). Comparison with the proper dimensions in My leads to an essential difference in the
setup transversal dimensions: in Mg a setup radius must be about 2 m, and in My ~20 cm. This is one of essential ad-
vantages of My. Moreover, My setup can be used for the decision of other physical problems (mass-spectrometer crea-
tion, electromagnetic traps etc.).

One notices that in Mp maximum distance between separated isotopes at its motion in radial direction is approxi-
mately equal to the difference of its turning points coordinates, each of which depends on the value of its own x and is
determined by formula (1)

(+)r _ aez;«(lm‘:)
By this formula the minimum transversal setup radius, decreasing with x decrease, is determined. However maximum
transversal distance Az, between separated beams decreases with x, and «, decrease that reduces separation effi-

ciency. As is obvious from expression for x , it can be decreased either due to J growth, and it is difficult at the al-
ready large values of J (in a fig. 1 and 2 J =5 kA) or due to isotopes initial velocity decreasing, that is not desirable
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(in opinion of experimenters; in the fig. 1 v, ~4-10° cm/s, in the fig. 2 v,, ~1,5-10° cm/s). Thus, My is much better

than Mg!

Now about remarks on work [3] which describes the isotopes separation on Mp. Authors of this work did not give
expression for the ion trajectory, limited with the remark that this problem «analytically cannot be solved and the ion
trajectory can be found only by numerical calculationsy». But this assertion is refuted with the above mentioned expres-
sion (1) with the use of which the isotopes trajectories, presented on a fig. 1 and 2, are right built. For description of
isotopes separation the authors of work [3] used equation (2) from this work as basic, which in the previous paragraph
of that article is written in physically more transparent form

r v r
— — z0
v, =v,—uln—=u ==—-In—|,
7, u 7,

or, passing to our notations, one obtains

2
ﬁ:vﬁ K'_lni ’K:&:—mc vOZ'
dt xu a u 2Jq

It’s easy to see that this equation determines the isotope turning point transversal coordinate at its motion along an
. . L r. .
axis z (without taking in account &), namely &, == =¢",ie. v, >0 at £<& , v.=0 at £=¢, and v, <0 at
a

& > £ . Because, according to our calculations, isotope turning point transversal coordinate at its motion in the line of

r growth equal to &, = e is greater than & then an isotope will not perform radial oscillations (see fig. 1 and 2), as
authors of work [3] assert. As it is obvious from a fig. 1 and 2, isotopes separation near a coordinate &, is insignifi-
cantly in comparison with a separation near a coordinate ¢&,, therefore separation theory Mg near a coordinate &, , of-

fered by the authors of work [3], does not have practical application. One can notice that work [3], as well as our work
[1], is published in ZTF, however there are no references on our works there [3].

CONCLUSIONS
Definite advantage of new method of isotopes separation in the magnetic field of constant linear current flowing
along the axis of cylindrical capacitor — separation chamber and the electrostatic field of the same cylindrical capacitor
in comparison with the isotopes separation method in the same setup in the absence of the electrostatic field, whereupon
the second (old) method is found practically inapplicable. Moreover, errors done in the process of construction and
validation of the second (old) method of isotopes separation are found.
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Chaos and self-similarity are the state-of-the-art problems in various areas of modern science and technology, thus network systems
are not exception from this rule. Increasing number of various network protocols, applications and services leads to the fact that
network traffic becomes more complex and unpredictable. It has been shown that phenomenon of self-similarity is caused by the
properties of network traffic whose origin is the behavior of TCP protocol. And all this properties became more significant with
appearing of the high-speed data transmission technologies. Finally this behavior leads to congestion in network and packet losses as
the result of it. But even modern congestion control mechanisms handle such kind of situations quite unfair. For example, as shown
by W. Feng et al., TCP Reno loss rate exceeds 5% in a heavily congested network. So it’s easy to calculate that over a Gigabit
Ethernet link such loss rate translates into a loss of over 50 Mb/s. Obviously this level of loss rate is unacceptable. However models
that describe behavior of information systems sufficiently and give a possibility for scientists to apply all set of classical methods of
chaos theory and analyze particular nonlinear dynamical system have not been offered so far. Phase portraits of the studied system
were built and Lyapunov exponents for different values of the basic system parameters were calculated. In the present paper a new
approach in analysis of the packet switching networks behavior with TCP protocol is proposed. These networks are analyzed as
nonlinear dynamical systems that show chaotic properties at a certain value of parameters.

KEY WORDS: self-similarity, network traffic, chaos, packet loss, quality of service, TCP/IP.

MU3YYEHUE XAOTHYECKOI'O MOBEJAEHHUS BBICOKOCKOPOCTHBIX CETEHN CBSI3U HOOPMALIMOHHBIX
CUCTEM
A.B. Kapnyxun, U.H. KynpsiBues, A.B. bopucos, JI.U. I'punus
Xapvrosckuii nayuonanvuviil ynueepcumem umenu B.H. Kapazuna
ni. Ceoboowl 4, 61022, Xapwvros, Yxpauna

[Ipobaema camononobus B pa3nu4HBIX 00NACTIX HAyKW U TEXHUKH WHTEpEcOBaja MccieqoBaTesniel AaBHO. [losBieHne u mmpoxoe
pacmpocTpaHeHe KOMITBIOTEPHBIX CETEH, a TaKKe YBEIMYEHHE KOJMYECTBA Pa3sHOOOPA3HBIX CETEBBIX YCIYT MPHUBEIO K TOMY, YTO
ceTeBoil Tpaduk cTan Oolee CIOXKHBIM M HempeackazyeMbiM. OCOOEHHO CHIIBHO 3TH CBOMCTBA CTaIN MPOSIBISTHCS C IOSBICHHEM
TEXHOJIOTHH BBICOKOCKOPOCTHOH Tiepeladd JaHHBIX. DTO CBS3aHO C TEM, YTO OJHUM U3 OCHOBHBIX IMoKa3arelneil kadectBa (QoS)
paboThI ceTell ¢ MakeTHOW mepenaveii sBsIeTCs] KOMYECTBO MOTEPSIHHBIX MakeToB. [loTepsi MakeToB MPUBOIUT K JIOTMOTHUTEIEHON
Harpy3ke Ha CeTh M, B KOHEUYHOM CUETe, K «3aropamy. [Ipu OOIBIINX CKOPOCTSAX Mepeiavn JaHHBIX TOTEPH MAKETOB, BHIPAYKAFOIIHECS
B JIOJISIX MPOLICHTA, IPUBOIAT K 3HAUUTENIBHBIM OTEpsM HH(popManuu. B MHOrO4HCIeHHBIX paboTax, NOCBSIICHHBIX UCCICIOBAHHIO
cereBoro Tpaduka, ObUIO MOKA3aHO, YTO yKa3aHHBIC BBIIIE SIBICHHS CBSA3aHBI CO CBOICTBaMHU caMornomobus Tpaduka, OCHOBHOM
MIPUYMHONW KOTOpOTO sBisieTcs noBeaeHne mpotokona TCP. OmHako 10 cuX mop He OBUTH TMPEIOKEHBI MOJIENH, aJeKBaTHO
ONHCHIBAIOIINE TIOBEICHHE CHCTEM CBS3M HWHQPOPMAIMOHHBIX CHCTEM, MO3BOJIIIOMIAE MPUMEHUTH BECh apCEHANT KIIACCHYECKHX
METOJIOB aHaIN3a HeMMHEHHBIX TUHAMHUYECKIX cUcTeM. B pabote mpemaraetcss HOBBIM MOAXO]] K aHAIHM3Y MOBEACHUS CETEH CBS3U
MHPOPMAIMOHHBIX CHUCTeM ¢ TpoTokoioM TCP — paccMOTpeHHME WX KaK HENIWHEWHBIX IHMHAMHYCCKAX CHUCTEM, MPOSBISFOIIIX
Xa0THYECKUE CBOMCTBA MPHU OIPEICICHHBIX 3HAYCHUSAX mapameTpoB. [locTpoeHbl (a3oBble MOPTPETHI HCCIEAYEMOH CHUCTEMBI,
paccumTaHbl MoKaszaTenan JISmyHoBa AJsl pa3MYHBIX 3HAUCHHUN OCHOBHBIX MapaMETPOB CHUCTEMBI. [IpeiosKeHbl peKOMEHAAIMH 10
MIPOCKTHPOBAHUIO U FKCIUTyaTallUH BBICOKOCKOPOCTHBIX ONTHYECKHUX CeTeil CBsI3H HHYOPMAIIMOHHBIX CHCTEM.

KJIFOUEBBIE CJIOBA: camomnonobue, ceTeBoi Tpaduk, Xaoc, MoTepH MakeToB, kauecTBO oocnyxuBanus, TCP/IP.

BUBYEHHSI XAOTUYHOI IOBEAIHKY BUCOKOIIBHUIKICHUX MEPEX 3B’S13KY IHOOPMAIIMHUX
CHUCTEM
0.B. Kapnyxin, .M. KyapsBues, O.B. Bopucos, /I.I. I'puuis
Xapxiscorutl nayionanonutl ynieepcumem imeni B.H. Kapazina
M. Ceob600u 4, 61022 Xapxis, Yrpaina
IIpoGnema camornonobu B pi3HUX 00NACTAX HAYKHM Ta TEXHIKM LiKaBHJIA AOCTIJHUKIB naBHO. [losiBa Ta IIMPOKE PO3MOBCIOKCHHS
KOMIT FOTePHUX MEpeX, a TaKOXK 3PICT KIIBKOCTI Pi3HOMAHITHHUX IMOCIYT MPHBENO A0 TOTO, IO MepexeBHi Tpadik craB Oinmbin
CKJIagHUM 1 HemepeabadyBaHUM. OCcoOIMBO CHIBHO Ii BIACTHBOCTI CTAJIH MPOSBIATHCA 3 MOSBOIO TEXHOJOTH BUCOKOUIBHIKICHOT
nepenavi qanux. Lle moB’sS3aHO 3 THM, IO OJHHUM i3 OCHOBHHX IOKa3HHKIB sKOCTI (Q0S) poOOoTH Mepeki 3 MaKeTHOK Iepenadecio
JaHUX € KiJIbKICTh BTPAa4eHUX IMaKeTiB. BTpara makeTiB MPHU3BOAWTH [0 JAOJATKOBOTO HABaHTAXKEHHS HAa MEPEXy 1 3pEIITO 10
«3aropiBy». IIpyu BENMKHX IIBHAKOCTSAX Iepeiayi JaHUX BTpaTa IAKeTiB, IO BUPAKAEThCS B JOJAX BiACOTKA CIIPUs€E 3HAYHHM
cTparaM iHpopmartii. B 6araTounciieHHUX poOoTaX, MPUCBIYCHHUX JOCIIKCHHIO MEPEXKEHOT0 Tpadika Oyo Mmoka3aHo, 0 BKa3aHi
BHUINIC SBHIIA TOB’S3aHI 3 BJIACTHBOCTSAMH CaMOMOMIOHOTO Tpadika, OCHOBHOI MPUYMHOIO SKOTO € ToBedinka mpotokony TCP.
Ipote o cix mip He OyiM 3amPOINOHOBaHI MOJEIi, sIKi 6 aJeKBaTHO ONMUCYBAJIM MOBEIIHKY CHCTEM 3B’s3Ky iH(GOpMaLiHUX CHCTEM,
10 JO3BOJIMJIM O 3aCTOCYBAaTH BECh apCEHANl KJIIACUYHUX METOJIB aHANi3y HENHIMHUX TUHAMIYHUX cUCTeM. B poOoTi mponoHyeTbes
HOBHH MiAXiJ IMOJ0 aHaJi3y MOBENIHKH Mepex 3B’AKy iHpopMamiitHux cucteM 3 npotokonoM TCP — posrmsaa iX sk HeTiHIHHUX
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JUHAMIYHUX CHCTEM, IO MPOSBISIOTh XaOTHYHI BIACTUBOCTI 3a HasSBHOCTI BH3HAYCHUX 3Ha4deHb mapameTpiB. [ToOynoBaHi ¢a3oBi
MOPTPETH JIOCII/DKYBAHOI CHCTEMHM, PO3paxoBaHi IMOKAa3HMKH JIAMyHOBa A pi3HMX 3HAYEHb OCHOBHHMX MAapaMEeTPiB CHUCTEMH.
3anponoHOBaHi PeKOMEH/AIi] 1010 MPOEKTYBAaHHA Ta €KCIUTyaTallii BICOKOIIBUAKICHUX ONTHYHUX MEPEX 3B SA3Ky iH(popMamiiHIX
CHCTEM.

KJIIOYOBI CJIOBA: camomnonoba, MepexxeHuit Tpadik, Xaoc, BTpara HakeTiB, sKicTh o0cayroBysanus, TCP/IP.

For a long time the problem of self-similarity was interesting for researchers in different fields of science and
engineering (hydrology, geophysics, biophysics, biology, financial economics) (an extensive enough bibliography is
contained in [1]). Network traffic has become more complex and unpredictable because of appearance and wide
propagation of computer networks and growth of different network services. Especially with appearance of high-speed
data transmission technologies these qualities have shown up themselves strongly. It is connected with one of the major
network work characteristics (QoS) with packet transmission is a number of lost packets. The loss of packets leads to
additional load on any network and congestions in the final analysis. The high-speed data transmission loss of packets
expressed in percentage leads to considerable loss of data. And even the bandwidth increasing of network affects on the
improvement of its work poorly.

For the first time applying the conception of self-similarity for telecommunication systems was proposed by
B. Malderbrot [2].

In the following numerous studies dedicated to the network traffic research has been shown all the above
mentioned phenomena are connected with self-similarity traffic properties.

For the last 10-15 years a great amount of studies has been dedicated to the self-similarity network traffic problem.
They can be divided into two large groups symbolically. The first group and the most extensive one includes the studies
which the authors analyze the network traffic and define its statistic characteristics. The data analyzing source is either a
full-scale experiment (for instance [3]) or modeling by means of application software (for instance ns [4], OPNET [5]).

To the second group related the studies (unfortunately they are not numerous) in which the data system is
considered to be the dynamic one where self-similarity is an inner property of the system itself [6].

The goal of the given article is to consider the data communication networks with TCP protocol as non-linear
dynamic systems which show some chaotic properties under certain parameter values and a new approach to behavior
analysis of such systems is proposed.

THE CAUSES OF THE NETWORK TRAFFIC SELF-SIMILARITY

Most researchers believe that TCP is the main reason of traffic self-similarity (the basic transport Internet
protocol). To understand the influence of TCP protocol on the network traffic self-similarity is to describe the TCP
operation algorithm in general terms [7,8,9].

TCP is a service directed to the connection which ensures reliable (in accurate sequence) delivery of byte flow.
Releasing applications from necessity “to worry” about missed or reordered data. It includes the control mechanism
which ensures that a sender doesn’t overfill the recipient buffer and the congestion control mechanism tries to prevent
the oversized data volume injection in network (which leads to the loss of packets). While the window size of the data
flow control is static, the congestion window size is changing during long time in compliance with the network status.
There are several modifications of the TCP protocol implementation (Reno, Vegas, Tahoe). Obviously, the most
widespread is TCP Reno [10].

The TCP Reno congestion control mechanism is composed of two phases: (1) slow start and (2) congestion
avoidance. At the slow start phase the congestion window size increases exponentially (i.e. it doubles every time when
the sender transmits the amount of bytes successfully which is equal to the current congestion window size in network)
until doesn’t emerge the timeout which means the loss of packets. At that moment the Threshold value is set in an
amount of a half the window. TCP Reno restarts the congestion window size to one packet and returns at the slow start
phase increasing the congestion window exponentially to the value of Threshold. When threshold reached TCP Reno
enters the avoidance congestion phase in which the congestion window is increased by one packet each time as the
sender transmits content of window successfully in network. When a packet is lost during the avoidance congestion
phase TCP Reno attempts the same actions as when a packet is lost during slow start phase.

Here and now TCP Reno implements fast retransmit as well and it carries out the fast recovery mechanism for
both the congestion avoidance phase and the slow start phase. If the sender receives three double ACK (an indication
that some packet had been lost but subsequent packets were received) then the sender will retransmit a lost packet
immediately (fast retransmit) instead of carrying out a timeout situation waiting acknowledgement (ACK) of the lost
packet. Since subsequent packets were received the network congestion is considered to be less serious than if all
packets were lost. And the sender just decreases its congestion window by half and returns at the avoidance congestion
phase repeatedly evading the slow start phase again.

TCP Vegas introduces the new congestion control mechanism which tries to prevent them and it doesn’t react to
appeared congestions. When the congestion window size increases then expected transmission rate (ER) increases as
well. But if actual transmission rate (AR) remains the same it will mean that the available bandwidth is poor to provide
transmission rate ER. Hence any extension of the congestion window size will result in overfilling the router buffer in
the bottleneck gateway. TCP Vegas tries to detect this phenomenon and avoid congestion in the router bottleneck
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gateway adjusting the congestion window size and consequently ER adapting for the available bandwidth. TCP Vegas
defines two threshold values @ and f for the congestion avoidance phase to regulate the congestion window in a

proper way. The third threshold value y is defined for crossing between the congestion avoidance phase and the slow

start phase. Conceptually, & =1 means that TCP Vegas tries to keep at least one packet from each flow located in a
queue of the router while B =3 keeps three packets maximum. In consideration of Diff = ER — AR Vegas increases

the congestion window linearly during the next RTT (Round Trip Time) if Diff <« . When Diff > then Vegas

decreases the congestion window linearly during the next RTT otherwise the congestion window stays invariable. The
parameter ¥ can be considered as “initial” value when TCP Vegas enters its congestion avoidance phase. To improve

more TCP characteristics Floyd and the others proposed to use RED routers (Random Early Detection) [12] to detect
incipient congestion. The RED routers support weighed mean lengths of a queue. While the weighed mean length of a
queue stays below minimum threshold (min %), all packets remain in a queue. When the weighed mean length of a
queue exceeds (min ¢k ) packets will be skipped (lost) with probability P. And when the weighed mean length of a
queue exceeds maximum threshold ( max ¢4 ), still arriving packets will be lost.

In recent years several new modifications of TCP protocol have been proposed. There are Binary Increase Control
TCP (BIC-TCP), CUBIC TCP, Westwood TCP (TCPW), Parallel TCP Reno (P-TCP), Scalable TCP (S-TCP), Fast
TCP, HighSpeed TCP(HS-TCP), HighSpeed TCP Low Priority (HSTCP-LP), Hamilton TCP (H-TCP), Yet Another
Highspeed TCP(YeAH-TCP), Africa TCP, Compound TCP etc.

Almost all of them are based on well-known old TCP versions and they differ from each other various congestion
avoidance means. To be more precise they are based on different ways of detecting the packets loss occurrence fact
which means appearance of congestion. Various formulas for cwnd (congestion window) calculation are used in
different modifications.

ESSENCE AND RELEVANCE OF THE PROBLEM

To study congestions arising in computer networks and avoidance methods is the very topical question at modern
stage of the computer network development. New technologies such as GRID and distributed calculations are appearing
and they transmit quite great amount of data via network. Videoconferences and applications for transferring voice
represent more and more tough quality of service (QoS) requirements. The Internet network is developing and at the
same time an amount of users is increasing as well. Hence growth of the transfer traffic capacity which compounds
about 7500-1200 PBytes per month at the end of 2009. All these factors are precondition for appearing congestions in
computer networks.

Well studied and tested methods of the theory of chances are suitable for describing and preventing network
congestions. Also the Internet architecture of protocols places certain limitations. For example competitive TCP flows
and all plurality of transport protocols used in computer networks don’t know anything about each other but various
models of the congestion control in TCP and other protocols should coexist in harmony. If one of implementations turns
out to be more aggressive than the others then it will use a major part of the bandwidth which can prevent from the data
transmission in “adjacent” connections. At the same time unnecessary conservatism of an algorithm will have a
negative impact on the general protocol performance.

THE TEST BED

It has been used the discretely temporal simulator with source code NS-3
(Network Simulator 3) in the present work for investigating TCP flows. NS-3
gives a researcher the class set which can be used and modified. Thus it is
possible to simulate the wide range of protocols and processes occurring in
computer networks. Also the simulator makes possible to model processes in real
time and integrate it with the test bed making this a part of modeling network etc.
The NS-3 simulator includes the great amount of tests for all components which
SR guarantees veracity obtained results. The model of TCP/IP network has been
a bottleneck created by means of the given simulator where all hosts connected with a router
by the point-to-point connection type (Fig. 1). The work of the application has
been simulated in sender hosts sending data with permanent bitrate to the host
recipient where the application worked and received data from the both type of
hosts. The data generation rate of senders (Cy), the delay (dp) and the bandwidth of
a recipient pipes in the bottleneck and also the delay and the bandwidth of pipes in host
senders were varied specifying particular parameters for each numerical
= experiment. The type Drop Tail Queue (Q,) queue size also was varied in the

Fig. 1. The model network topology  royter network interface connected with the recipient.
The receiving host window (rwnd) was made very large deliberately to make limiting factor the only value of the

congestion window (cwnd).

Obviously in such network the congestion state will be occurred when total rate sending data from the sender host

a sender a sender
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exceeds the bandwidth of the recipient channel. Therewith the key parameters affecting on congestion appearance are
Cs, dy, Cp, and Q; because sender hosts have sufficient bandwidth and low delay and it won’t affect on the congestion
control algorithm by TCP protocol. There will be shown the values only these parameters in the further description of
numerical experiments.

THE BEHAVIOR STUDYING METHODOLOGY OF TCP PROTOCOL

The variables number characterizing state of the given system is very large even in such simple system with two
TCP connections. But it can be chosen a suitable section of the phase space by force of proper selection these variables.
The magnitude of congestion window has been chosen because it affects on the data transmission rate directly.

It was tracking an alteration of each TCP flow cwnd values from the sender to the recipient during the work
simulation process of two TCP-connections. A new value and a time moment were recorded into the file for each cnwd
value variation when this alteration happened. Finally two time sequences specifying the step-type function which
contains cwnd dependence of time have been obtained for two hosts (as cwnd value is stored in memory all the time
and it changes at fixed time moments).

But there is not enough cwnd dependence of time for studying given process in details. The problem lies in the
fact that the congestion window value is just a projection of the full set of system variables. Therewith the cwnd(t)
function is not continuous. The second problem is that the congestion window value doesn’t make possible to draw a
conclusion about system status in details starting from the certain time moment.

In this work it has been proposed to use averaging over N values of the time sequence [x,,xt,a.,,xt,w_t,...] as

easy measured characteristic of complex systems and showed that it can be used for recovery of the hidden
multidimentional trajectories. The given method applied to the congestion window values (cwnd) leads to the relations

[6]:
1 N
Mil=- > ewnd [i - jl, (1)
N j=1

I .
V[il=— E cwnd [i - j].
NS

Two TCP flows are indicated as x and y here. The N quantity is responsible for a scale of averaging and the more
N the more hidden dimensions of the system can be recovered.

In this case cwnd(t) functions are different for hosts and only moments of changing values this function are fixed.
Therefore to apply mentioned above method and to plot a phase portrait means to get the congestion window values at
the same moments of time.

THE PHASE PORTRAIT
Such system seems to be easy enough and it shows quite difficult behaviour under certain parameters of the test bed.

Specifically the graphics of cwnd(t) dependence if Cy =5Mbps, d,=10ms, C,=5Mbps, Q=20 packets' and more hard
mode under Qs=2 packets are mentioned below. Regular beating can be noticed in the both plots. And each TCP flow
takes an advantage one over another by turns at the particular time intervals.
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Fig. 2. The congestion window dependence of time
a) the first TCP-flow under Cy=5Mbps, d,=10ms, Cy,=5Mbps, Q,=20,
b) the second TCP-flow under C¢ =5Mbps, d,=10ms, C,=5Mbps, Q=20

cwndl, bytes
cwndz, bytes

60000 T T T T T
1

According to described algorithm in the previous section the associating phase portraits are obtained by data
processing and displayed respectively in the Fig. 2-3. In case of N=2000 and d=10 ms the phase portraits are shown in
the Fig. 4-5.

' packet =536 bytes, in all conducted numerical experiments
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Fig. 3. The congestion window dependence of time
a) the first TCP-flow under Cy=5Mbps, dp=10ms, C,=5Mbps, Q=2
b) the second TCP-flow under C;=5Mbps, d,=10ms, C,=5Mbps, Q=2
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Fig. 4. The phase portrait Fig. 5. The phase portrait
under Cy=5Mbps, d,=10ms, C,=5Mbps, Q=20 under C¢=5Mbps, d,=10ms, C,=5Mbps, Q=2
(the regime initialization transient process was removed) The cycle section was scaled up to make possible to see its

complex structure.

As can be seen the phase trajectories shape the limit cycle which has a quite delicate structure. And this trajectory
is pretty steady because an image point after little “roaming” begins to describe the same closed trajectory in process of
TCP flows start time changing relatively one another. For comparison data and the phase portrait are stated below when
senders don’t overfill the recipient pipe. In other words there is no congestion (Fig. 6 and Fig. 7). In this case the cwnd
value of both hosts increases indefinitely as expected and there is no any anomalies in the phase portrait.
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Fig. 6. The congestion window dependence of time
under C;=2Mbps, d,=10ms, C,=5Mbps, Q=100 (there is no
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Fig. 7. The phase portrait
under Cy=2Mbps, dp,=10ms, C,=5Mbps, Q=100

THE MAXIMUM LYAPUNOV EXPONENT

Phase portraits are useful not only to show the dynamic system status. If you have a phase portrait you will be able
to calculate a maximum Lyapunov ” exponent A. It’s the quantity which is able to characterize the recession rate of close
trajectories and usually its positive value is considered to be an indicator of the system chaotic behaviour.

However to graph the system phase portrait is possible only in a few cases. When one adds a new sender into the

% For example using Benettin’s algorithm [15]
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simulated network then the analyzed phase space dimensionality will increase by one and to analyze obtained data will
be more complicated. Apart from the phase space visualization is possible if its dimensionality is fewer than 4.

Thus it is necessary to have the instrument which allows obtained data to be tested aside from a number of
available TCP sessions. For this purpose the utility package TISEAN has been chosen [16]. It is intended for analysis of
time series and based on the theory of nonlinear deterministic dynamic systems or the chaos theory. TISEAN is
represented to be an implementation of the theory chaos algorithms. However these algorithms don’t give “simple”
answers to questions taking into account the research field newness where hasty utilization of algorithms can bring to
incorrect, unclear or false results. Therefore for instance asking the question about attractor dimensionality it can’t be
given the finite numerical answer. Instead of this it will be computed the correlated sum which can be analyzed by other
utility package. A researcher is responsible for correct interpretation of work results.

The utility lyap k from TISEAN package has been used for calculating the maximum Lyapunov exponent. The
result of its work is the data set which represents the logarithm coefficient of trajectories recession dependence of time
S(&,m,An)[17], it is computed in the following way:

@
S(e,m,An) = Z In L

X z (Sno +An Sn+An ( ’

\U(s | <0

where ¢ is neighbourhood of SnO point, m is dimensionality of the phase space, An is time, and U (Sno) -
neighbourhood of the point S "o with diameter &.

In the given algorithm the point § o is chosen in the phase space and its “neighbours” remote from S o within ¢
distance are marked. Then average distance to all the “neighbours” is calculated as a function of passed An time. Thus
at the time moment n, + An (plus a logarithm of the initial state) a logarithm of average distance is some effective
rapidity of trajectories recession during An time. All fluctuations have been averaged out under repetition described
steps for quite large amount n, values. If S (8, m, An) quantity shows linear increase with the same slope in the

reasonable range of & values then slope ratio approximating this part of the line can be considered to be roughly equal to
the maximum Lyapunov exponent.
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Fig. 8. The Lyapunov exponent calculation
(Qs=20: 1 ~0.029)

The results obtained after processing and visualization cwnd(t) time series are represented here and they have been
brought into accordance with Fig. 4,5 and 7 (take a look at Fig. 8 — 10) with the aid of lyap k utility. The curves
S (S,m,An)for five different ¢ values and the line y =a + bx approximating linear section of these curves are
pictured in the figures. Thus b value equals to the maximum Lyapunov exponent numerically.

The data obtained in process of the network work simulation in the absence of congestion have been analyzed. In

this case as expected if A < 0 such system doesn’t show chaotic behaviour proceeding from experiment definition as can
be seen in the graph.
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Fig. 10. The Lyapunov exponent calculation
C;=2Mbps, d,=10ms, Cy,=5Mbps, Q,=100:
A ~-0.00006 means absence of chaos

THE CONCLUSIONS AND FURTHER RESEARCH DIRECTIONS

The carried out research makes possible to conclude that the router buffer size is one of the key parameters
influencing on TCP protocol work.

According to our reckoning the further way consists of describing communication networks of data systems using
the TCP protocol as nonlinear dynamic systems. In this case there is a possibility to apply all the classical methods set
of behavior analysis such systems developed by Poincare, Lyapunov, Birkhoff. It concerns with qualitative analysis of
the dynamic system behavior in the phase space which gives an opportunity to define all possible system motion (work)
modes and to detect parameter values that cause undesirable chaotic phenomena (the loss of packets, performance
decreasing) In the first place these questions are topical for the ISP (Internet providers) who unfortunately don’t pay
proper attention to them. Obviously to solve the problem of congestions and the loss of packets is not possible on a
global scale the whole of Internet network in connection with inability to redesign the whole network in virtue of
technical and economical reasons.

However it is possible to give some recommendations to design (and further exploitation) for the limited in scale
networks (even large enough) that allows negative phenomena of chaotization to be minimized.
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