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The word combination “hydrogen sulfide energy” was implemented after a series of publications dedicated to solving the problem of
obtaining the energy from hydrogen sulfide of the Black Sea. This direction of research is a part of area of expertise which recently
has been intensively developing — hydrogen sulfide energy. It is known that there is no hydrogen sulfide in the Black Sea in a thin
surface layer with thickness 100 - 150 m, with a maximum depth of the basin about two kilometers. Starting from the depths of 100-
150 m the concentration of hydrogen sulfide is increasing and reaches the value of ~ 10 mg/1 at the bottom of the sea. Extraction of
the hydrogen sulfide accumulated in waters of the Black Sea is a serious problem. Therefore, at present, a big number of technologies
were offered to obtain hydrogen sulfide from waters of the Black Sea. All of them are resource and energy-consuming. The most
preferable one, according to the stated parameters, is the hydrogen sulfide gas-lift technology of delivering water at a certain height
above the sea level, its decontamination due to fast decompression, and subsequent discharge to a depth where the concentration of
hydrogen sulfide corresponds to its concentration in the discharged water. Ecological risks appear when implementing such a tech-
nology, which may be leveled by conducting of special activities. Hence, implementation of gas-lift technology provides delivery of
big volumes of deep sea waters at the level higher than the sea level, there is a possibility of additional obtaining of energy due to
differences in temperatures, salinity of surface and deep waters, as well as hydrostatic power of water lifted at certain level above the
sea level. If such energy generating facility can be constructed on the bases of floating platform, then there is a possibility to increase
the generating capacity of the complex using energy of waves, wind and the sun. Thus, this paper provides the possibility of creating
a floating power generating facility for extraction of different types of energies that are concentrated in the Black Sea.

KEYWORDS: hydrogen sulfide energy, Black Sea, gaslift technology, waves, wind, sun, floating power generating facility

CIPKOBOJHEBA EHEPTETUKA YOPHOI'O MOP#
M.O. Azapenkos %, B.B. Bopu', B.I. Tkauenko'"?
! Hayionanenuii naykosuii yenmp «Xapriecokuti (isuko-mexuiunuii incmumymy
61108 Vxpaina, m. Xapkie, eyn. Akademiuna, 1
? Xapriscokuil nayionansuuii ynisepcumem iveni B.H. Kapasina
61022, Yxpaina, m. Xapxis, ni. Ceoboou 4

CrnoBocnoy4eHHs "CipKOBOJECHb €Hepris" Oyio 3alpoIoHOBaHO Micis cepii myOmikamild, MPUCBSIYEHHX BUPINIEHHIO MpoOieMu
OTpUMaHHS eHeprii 3 cipkoBoaHI0 YopHOTro Mopsl. Liei HanpsiIMOK TOCTIKEHb € YaCTHHOIO TaTy3i 3HaHb, sIKa OCTAHHIM YaCOM 1HTECH-
CHBHO PO3BUBAETHCS - CIPKOBOJIHEBA eHepreTHka. Binomo, mo B YopHOMY MOpi B TOHKOMY HMOBEpXHEBOMY wiapi ToBumHOw 100 -
150 M, npu MakcuManbpHIH TIHOKHI GaceliHy OIM3BKO IBOX KUIOMETpIB, HE MICTHTBCS CipkoBoaeHb. Ilounnaroun 3 raubuau 100-
150 M KOHIIEHTpAisl CIPKOBOJHIO 30LTBIIYETHCS 1 mocsrae 3HadeHHs ~ 10 Mr / 11 Oinst gHa Mopsi. BunoOyTok cipkoBOIHIO, HAKOIH-
4yeHoro B Bojgax YopHoro mopsi, € cepio3Horo mpobiemoro. ToMy 10 TenepimHboro yacy Oyio 3alpONOHOBAHO BENHKY KUTBKICTh
TEXHOJIOTIH ISl OTPUMaHHs CipKoBOHIO 3 Boau YopHoro Mops. Bei BoHU pecypco- i eHeproemui. Hai0inbi kpamym, BiImnoBigHo
JI0 3a3HAYCHUX MApaMeTpiB, € ra3midTHa TEXHOJIOTis MiAioMy MOPCHKOI BOAM Ha MEBHY TEXHOJIOTIYHY BHCOTY HaJ piBHEM Mops, il
Jiera3ailis BHACIIIOK IIBUAKOTO 3HIDKEHHS THCKY, 1 MOJAIBIINI 3UB HA TIHOWHY, 1€ KOHIIEHTpAIis CIpKOBOIHIO BiANOBiTae Horo
KOHIIEHTpaIii y BOJI, [0 3MUBAETHCS. Pearizalist Takoi TEXHOJIOTI] MOB'sI3aHa 3 eKOJIOTIYHUMHE PH3UKAMH, SIKi MOXYTh OYTH BUpILIEH]
IIISIXOM TIPOBEJECHHS CIIeNialbHUX 3axoiB. OTxe, peamizalis ra3midTHOTo TexHonorii 3abe3mnedye JOCTaBKy BEHKHX OOCSTIB TIH-
OMHHIX MOPCBKHX BOJ Ha PiBEHb BHINE PIiBHS MOpSI, € BHHHKAE MOXIIUBICTD JOJaTKOBOIO OTPUMAHHS €HEprii 3a paXyHOK Pi3HUII
TeMIepaTyp, COIOHOCTI MOBEPXHEBHX i IIMOMHHUX MOPCHKUX BOJ, @ TAKOX TiJPOCTaTHYHOI €HEeprii BOAN, MiTHATOI Ha IIEBHY BUCOTY
HaJ piBHEM Mops. SIKIIO Takui eHeproreHepyrounii KOMIUIeKe Oyae moOyoBaHMI Ha OCHOBI IIaBarO4ol IIATGOPMHU, TO BUHHKAE
MOXKJIUBICTB 301IBIIMTH HOT0 eHeproreHepyroUi MOTY)KHOCTI B pe3y/bTaTi BUKOPUCTAHHS €Hepril XBUIIb, BiTpy 1 coHus. Takum 4u-
HOM, B poOOTi NPOMOHYETHCS CTBOPEHHS IUIaBAIOYOTO €HEProreHepydoro KOMIUIEKCY 1 BUIOOYBaHHS Pi3HUX BHAIB €HEpril, ki
3ocepemkeHi B YopHOMY MODi.

KJIFOYOBI CJIOBA: enepris cipkoBonHio, YopHe Mope, Ta3miTHA TEXHOJIOTIs, XBHJIi, BiTep, COHIIE, IUTABAIOYNI CHEPTOreHEePYIO-
Y1l KOMILIEKC

CEPOBOJOPOJHAS DHEPTETUKA YEPHOI'O MOPS
H.A. Azapenkos'?, B.B. Bopu', B.H. Tkauenko'?
! Hayuonansnwlii nayumwiii yenmp «XapbKo8eKkuti puauKo-mexHuseckuii uHcmumym»
61108, Yxpauna, 2. Xapvkos, yi. Axademuueckas, 1
? Xapwrosckuil nayuonansuwlii yuusepcumem um. B.H. Kapasuna
61022, Ykpauna, 2. Xapwvros, ni. C60600b1 4
CrnoBocouetanue "cepoBOIOPOa SHEPTHU" OBLUTO MPEITIOKEHO MOCTIE CEPUH ITyOIHKAINIA, TOCBSIIEHHBIX PEIICHHIO MPOOIEMBI MOy~
YeHHs PHEPTUH U3 cepoBojpopona UepHoro Mops. DTO HampaBlIeHHE HCCIIENAOBAHMI SBISETCSA YacThiO OOJIACTH 3HAHUH, KOTOpOE B
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rocjegHee BpeMsi HHTEHCUBHO Pa3BUBAEeTCsA- CEPOBOAOPOJHAS 3HepreTuka. V3zpectHo, uto B UepHOM MOpe B TOHKOM IIOBEPXHOCT-
HOM cioe ToamuHoit 100 - 150 M, mpu MakcuMaiIbHOM IimyOuHe OacceifHa OKOJIO IBYX KMJIOMETPOB, HE COIEPIKUTCA CEPOBOJIOPO.
Hauwnnas ¢ rmy6unst 100-150 M KOHIIEHTpaIys cepoBOIOPOA YBEIUYUBACTCA U TOCTHraeT 3HaueHus ~ 10 mr/n y aua mops. J1oOsrua
CEpOBOAOPO/Ia, HAKOIUIEHHOTO B BoAax UepHOro Mops siBisieTcs cephe3Hoil mpobiemoii. [loaTomy m0 HacTosmero BpeMeHu ObLIO
MIPEUTOKEHO OOJIBIIOE KOMMYECTBO TEXHOJIOTHH IS TTOIydeHHs CEpOBOOpoa U3 Boasl YepHoro Mopsi. Bee onm pecypce- u aHEepro-
emkre. Hanbosee nmpeAnodTHTEIFHEIM, B COOTBETCTBHHU C YKa3aHHBIMU ITapaMeTpaMy, SBISETCS Ta3NMu(THas TEXHOIOTHS MOxbeMa
MOpPCKOH BOZBI Ha ONPEAENEHHYIO0 TEXHOJIOTHUECKYIO BBICOTY HAaJ YPOBHEM MOpS, €€ Jera3anys BCIEACTBHE OBICTPOrO CHYDKCHUS
JaBJIECHUs, M MOCIEAYIONMH CIMB Ha TIyOUHY, TZie KOHIIEHTPAIHs CEPOBOAOPOAA COOTBETCTBYET €ro KOHIIEHTPAIMH B CIIMBAEMOIt
BoJie. Peann3anust Takoil TEXHOJIOTHH CBsI3aHA C SKOJOTHYECKUMHU PUCKaMH, KOTOPBIE MOTYT OBITH PEIICHBI ITyTeM MPOBE/ICHNUS CIie-
LHAJIBHBIX MeponpusThil. Clie1oBaTeNIbHO, peann3anys ra3au@THOr0 TEXHOJIOTUH 00ECIeUNBaET JOCTABKY OOJBLIINX OOBEMOB IIy-
OMHHBIX MOPCKHUX BOJ Ha YPOBEHbH BBIIIE YPOBHS MOPSI, TJIe BOSHUKAET BO3MOXKHOCTD JJOMOITHUTEIBHOTO MOTyUSHUS SHEPTHHU 32 CUET
Pa3HOCTH TEMIIEPATYP, CONEHOCTH MMOBEPXHOCTHBIX M ITyOMHHBIX MOPCKHX BOJI, @ TAK)KE THIPOCTATHUECKON SHEPTUH BOABI, TOTHS-
TOW Ha OMpENEICHHYIO BBICOTY HaJ ypoBHEM Mops. Eciu Takoil sHeproreHepupyromui KOMIUIEKC OyAeT MOCTPOEH Ha OCHOBE IlIa-
BaloIel mIaTgopMbl, TO BOZHHKAET BO3ZMOXKHOCTh YBEIMIUTH €T0 SHEProreHepUpyIOMUe MOITHOCTH B PE3yJIbTaTe HCIOIb30BaHUS
SHEPrHU BOJIH, BETpa U CONHIIA. TakuM 00pa3oM, B paboTe IpeaaraeTcs Co3laHue IUIaBaloIiero YHEProreHepUPYIOIIero KOMIUIeKca
UL U3BJICUEHUS] PA3JIMUHBIX BUJIOB SHEPTUH, KOTOPbIE COCPEOTOYEHEI B UepHOM Mope.

KJIFOYEBBIE CJIOBA: sHeprusi cepoBogopona, YepHoe mope, ra3nu)THas TEXHOJIOTHS, BOJHBI, BETEP, COJHIIC, MJIABAIOIIUI
SHEProreHepUpPYIOIIUi KOMILICKC

European Union (EU) has set a goal to increase the production of energy from the renewable energy sources (here-
inafter. RES) up to 12% by 2010 with the approximate share of 6% in 2000. However, the corrected and a more pessi-
mistic outlook based on the dynamics shown by the introduction of the RES introduction in the EU, shows the real val-
ue of the achievable share in the total energy balance of 8 — 10 % [1].

The share of energy production in Ukraine using RES is less than 1 % of all its fuel and energy resources [2]. The
share of alternative power industry is planned to increase up to 10 % by 2010. Such prediction is based on the fact that
the potential of natural resources for the development of alternative energy in Ukraine is not inferior to most countries
in the European Union. This ratio is also confirmed by the study of RES potential carried out by the National Academy
of Sciences which rates the possibility to use wind energy, solar energy, energy of small rivers, biomass energy, geo-
thermal energy, the surrounding area energy, energy of the dumped energy and technological potential, unconventional
fuel energy.

Necessity to develop the alternative power industry in Ukraine is also conditioned by extreme degradation of ener-
gy complex, considerable expenses on import of energy resources, availability of a well-developed industrial infrastruc-
ture for power plants, environmental issues associated with the fuel and energy complex.

Thus, the search for alternative environmentally friendly energy sources can now be attributed to the most relevant
and promising for the power industry of Ukraine. According to one of the working hypotheses, actively discussed at
present, hydrogen can be used to obtain such type of fuel because it is an environmentally friendly energy resource. Use
of technology for hydrogen extraction from natural hydrogen sulfide of the Black Sea deep waters would be one of the
possible methods to obtain hydrogen along with utilization of electricity overproduced by nuclear power plants (water
electrolysis).

It should be noted that possible volumes of hydrogen sulfide energy use are not considered in the balance of RES
sources in Ukraine, as well as related wave, wind, heat and related salinity gradient energies of the Black Sea region.

The following discussion will focus on the status, problems and prospects of energy utilization Black Sea hydro-
gen sulfide.

The aim of this work is discussion of the status, problems and prospects of energy utilization Black Sea hydrogen
sulfide and other types of renewable, alternative energy sources of the Black Sea region.

STATUS, PROBLEMS AND PROSPECTS OF HYDROGEN SULFIDE POWER INDUSTRY OF THE
BLACK SEA
Hydrogen sulfide resources of the Black Sea

Let’s discuss the basic facts related to generally accepted points of view on formation, detection, reproduction and
distribution of hydrogen sulfide in the Black Sea [3]. This information has a fundamental meaning. The fact is that until
recently, there exists a point of view about the irrationality of extraction of hydrogen sulfide from the sea water due to
unpredictable ecological consequences and low energy efficiency of the expected effect due to low concentration of
hydrogen sulfide. In our article we will try to present our vision of the possibility to use hydrogen sulfide resources of
the Black Sea based on up-to-date technological developments concerning its extraction and its ecologically safe dis-
posal.

Chronological background. Dense Mediterranean waters reached the Bosphorus about 9 000 years ago due to
global warming and sea level rise, and that was the start of their entry into the freshwater Black Sea Basin. This led to a
stable salinity of lower layers of water, displacement and rise of deep and new-euxine waters, rich in nutrients, into eu-
photic area; significant increase of biological capacity of the basin which was followed by concentration of organic mat-
ter in water and sediments. Simultaneous development of density stratification limited sharply the flow of oxygen into
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deep waters where it was consumed intensively by oxidation of a large number of deposited organic matters. As a result
of these processes, a constant area with anaerobic conditions was formed 7 000 — 8 000 years ago in deep sea layers and
later it reached a modern physical and chemical state after a number of transformations.

Sources of hydrogen sulfide flow into the Black Sea waters. First, existence of deep waters infection was found
by N.I. Andrusov, the Assistance Professor of the Novorossiysk University, during participation in an oceanographic
expedition to the Black Sea in 1890. According to his proposed theory, hydrogen sulfide was extracted during the de-
composition of organisms that became extinct not long ago.

In 1891 N.D. Zelinskiy, Assistant Professor, had another opinion on occurrence of hydrogen sulfide in the Black
Sea waters. Based on analysis of soil samples from different depths in different areas of the Black Sea he convincingly
demonstrated that hydrogen sulfide in seawater is a waste product of special bacteria that live in the bottom of the sea.

Analysis of literature data available at present allows to make a conclusion that there are three basic sources of
H,S flow into water reservoirs of the Earth and they are different by significance. Relatively they could be divided by
the method of hydrogen sulfide flow into water.

The first source provides its flow as a result of renewal of sulfides that are in the water and occur during decompo-
sition of organic matter.

The second source supplies hydrogen sulfide that occurs during the decay of organic matters.

The third source delivers hydrogen sulfide from cracks of the earth crust, i.e., has a volcanic origin (hydrogen sul-
fide of hydrothermal waters or oil layers).

According to many researchers opinion, the considerable part of the Black Sea hydrogen sulfide is obtained in sur-
face layer of sediments of anaerobic area. Yu. I. Sorokin in 1960 investigated for the first time the intensity of sulfide
reduction in deep Black Sea sediments. He found that the most intensive process of hydrogen sulfide formation occurs
in the surface layer of the bottom sediments with thickness of 1-2 cm. The rate of sulfide reduction decreased in 20-30
times on the depth of 5 cm in comparison to surface, and this process was not observed at all on the depth of 10 cm.

Intensity distribution of sulfide reduction along the area of the sea floor is not uniform. The maximal values are
recorded on slopes in periphery regions (50-100 mg/m” per day), minimal — cholestasia area (1-5 mg/m” per day).

Based on available data we calculated the annual production of sulfur renewed from hydrogen sulfide area of sed-
iments (5,53 x 10° t/year) and quantity of the renewed sulfur accumulated in sediments (0,28 x 10° tones). The total H,S
sulfur flow into water is calculated as difference between total produced and accumulated sulfur — 5,25 x 10° t/year. In
terms of H,S it is 5,58 10° t/year.

Presence of sulfide reduction process in sediments is undoubtful, but the direction and volume of hydrogen sulfide
flow over the water-sediment boundary could be judged only by knowing laws of its distribution in silt and bottom wa-
ters.

Comparison of data on hydrogen sulfide distribution in bottom and silt waters of surface sediments demonstrate
that entry of H,S from sediments into water could occur only in areas of slope and periphery of a cavity. H,S concentra-
tion in silt waters is essentially less than in the sea bottom along the huge areas of deep sea waters, and its diffusion
from sediments is impossible. Thus, experimental data do not confirm the widespread idea that the sea bottom sedi-
ments along the entire area of anaerobic zone are the source of hydrogen sulfide in the water depths of the basin.

Generally, the sea bottom sediments not only consume hydrogen sulfide from water in approximate quantity of
4x10° t/year but also generate about the same quantity of hydrogen sulfide (3-5)x10° t/year.

Formation of hydrogen sulfide due to sulfide reduction in the Black Sea occurs not only in sediments but in the
water depths as well. The most actively this process occurs under the upper boundary of hydrogen sulfide distribution in
the layer of maximum intensity of its oxidation. 48,5-111,5 (average is 80) mg of H,S (m*/day) are formed in depths of
180-300 m with 9°C or 8,7 x10° t of H,S/year, and 1,35-64,5 (average is 33) mg of H2S/ (mz/day) or 3,6x10° t of
H,S/year are formed in depths of 1700-2000 m.

Total production of hydrogen sulfide due to sulfide reduction in water depths of the Black Sea sediments is in 10-
100 times higher than in water. It is caused by a considerable thickness of water layer (in 100-1000 times thicker than
sedimentary) where sulfide reduction is observed.

Huge influence of water layer thickness on total production of hydrogen sulfide is evident in consistent pattern of
H,S distribution in the Black Sea. On the horizons of 800-1500 m the concentration of hydrogen sulfide in water above
the slope and on the periphery of deep-water cavity is higher than in central areas of sea. It is because the intensity of
sulfide reduction in water above the slope is higher than in central areas due to bigger quantity of fresh organic matter
which is formed and flows here. Besides, the hydrogen sulfide reaches water from sediments in the slope area.

Increase of hydrogen sulfide in the Black Sea waters due to processes of sulfide reduction in water depths is domi-
nating and is estimated as 87-96% from its total increase.

Together with the described above biogenic concepts of formation and occurrence of hydrogen sulfide in the Black
Sea, there is an abiogenic (geological) concept as well. According to the latter, about 4-20 % of hydrogen sulfide come
to the Black Sea in a ready form mainly from the bottom breed on tectonic faults with ground waters (for example, hy-
drogen sulfide sources on Eastern coast of the Black Sea in limestone of Jurassic period, resort area Matsesta) and from
oil layers.

The date given above allows to consider the Black Sea as one of the world hugest hydrogen sulfide deposit which,
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in fact, could be a source of commodity sulfur as well as energy. If to assume that annual increase of hydrogen sulfide
of the Black Sea is not less than 4-9 million of tones, then the total of its reserves could be estimated by fairly impres-
sive value of 28-63 billion of tones. Rational and ecologically friendly use of at least the reproductive part of H,S could
give an essential supplement to energy balance of Ukraine and, which is more significant; it could stop the further in-
crease of hydrogen sulfide contamination. Supplies of hydrogen sulfide in the Black Sea are renewable in contrast to
other fossil minerals, which is very important as well.
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sulfates. These processes occur simultaneously, making the Black sea a dynamic equilibrium and maintaining almost
constant depth near-surface area free from hydrogen sulfide. Calculations show that not more than one quarter of hy-
drogen sulfide is converted into sulfates per year as a result of oxidation in the Black Sea.

If annually remove from the Black sea about 25 million tons of hydrogen sulfide it would be equal to obtaining

Hydrogen sulfide concentration on the surface waters is
controlled by its oxidation. Fig. 1-3 shows the average oxy-
gen (O,) distribution along the defined sea area, and from
data given in the figures it is clear that the average quantity
of H,S dissolved in the Black Sea, based on one liter of sea
water is: 1.2 mg — at a depth of 200 m, 2.34 mg — at a depth
of 300 m, 8.84 mg — at a depth of 1000 m and 9.6 mg — at a
depth of 2000 m.

It should be noted that the levels of hydrogen sulfide in
seawater given above are in 1000 times smaller from satura-
tion concentration (hydrogen sulfide solubility at standard
conditions is 4.62 ml per 1 ml of water which is equal to 7 g
per 1 liter of water).

Atmospheric oxygen, which dissolves in water, reacts
with hydrogen sulfide, turning it into sulfuric acid. Acid
reacts with mineral salts dissolved in water thus forming
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energy of about 9.25 billion kilowatt-hours (burning of one kilogram of hydrogen sulfide gives energy of 1334 kJ, and
kilogram of methane — 2044 kJ). This rate is 6.3 % of the RF NPP power production (147.6 billion of kilowatt-hours in
2005) and 10.4% of Ukrainian NPP power production (88.782 billion of kilowatt-hours in 2005).

Thus, the Black Sea as the source of hydrogen sulfide could provide an essential supplement into the energy bal-
ance of Ukraine. But how to implement this idea in practice?

Methods of hydrogen sulfide extraction

The solution of technical task of H,S extraction from seawater is caused by the following factors which are differ-
ent on complexity:

- H,S is present in seawater in both free and bound states as a part of hydrosulfates. Taking into account the
above mentioned data, one tone of deep water contains from 1.2 up to 10 g of H,S and its compounds;

- the problem of raising the saturated deep sulfurous mass of sea water;

- the allocation of hydrogen sulfide extraction from sea water.

Existing proposals and methods in this area have varying degrees of testing and, as a consequence, their real op-
tions for technical implementation.

Let us consider some of them.

Available proposals and practices in this area have different degree of testing and, as a result, options of their
technical implementation. Consider some of them.

The [3] describes the proposal of raising the bottom layers of seawater from areas with abnormally high levels of
hydrogen sulfide composition on certain technological height, where it is then exposed to electro hydraulic impact
which provides the separation of hydrogen sulfide, and return the treated water back into the Black Sea.

Other project offers to use the membrane absorbers with high-selective modified membrane (for example, sulfur
gel, sulfacil) or glycol and amines straight at depth. H,S is dissolved in these absorbers hundreds of times better than in
seawaters which makes very efficient extraction of H,S from seawaters with its further extraction on the surface.

The same project offers a method to extract the hydrogen sulfide from seawater based on the fact that under the ef-
fect of ultraviolet radiation of a specific wavelength (180-253 nm) H,S selectively dissociates into hydrogen and sulfur
H,S + hv — H + HS. During implementation of this method it is offered to place the powerful source of UV radiation at
a required depth where photo dissociation of H,S and hydrosulphites will occur. The resulting hydrogen will rise along
with the water-insoluble sulfur.

Promising is to use ozone, bubbled into the seawater to the required depth for oxidation of hydrogen sulfide and
hydrosulphites. The method is based on the known technology for purification of reservoir and drainage waters of sulfur
plants. The sense of this method is in oxidation of hydrogen sulfide in water by ozonated air to form water and sulfur.

A rather elegant solution is offered to treat the seawater by UV or ozone without lifting it to the surface: to put
down to a depth a pipe with the closed bottom part and specially shaped holes from which water jets (V ~ 100 m/s) are
scattered at the bottom level of pipe and vibrator under influence of hydrostatic pressure. H,S and hydrosulphites ex-
traction and dissociation occurs in the tube due to such physical influences. The formed gas is pumped out to the sur-
face, the aerosols are condensed on walls, flow down into special modules from which a condensate is pumped to the
surface or into the sea.

Appealing is the copyright certificate for the method to clean natural reservoirs from hydrogen sulfide where it is
offered to use vertical channel with rigid walls in the sea. Rising the water by this pump from this channel once, one can
get gas and water fountain due to difference in the sea hydrostatic pressure at the level of lower-cut of the channel and
mixture of gas and water pressure at the same level inside the channel. Thus, according to the authors, there is almost no
need to spend energy on pumping the deep layers to the surface to lift the hydrogen sulfide masses from the sea bottom
using the so-called air-lift effect (gas lift). The essence of this is the following.

Vertical plates, for example, from activated aluminum which is typically used in the galvanic protection of ship
hulls, are placed in the bottom part of the tube (channel) to provide the upward water movement along the tube. In in-
teraction with seawater such an alloy partially decomposes water, emitting the hydrogen. Hydrogen, going upwards,
takes water with it along the tube (primary air-lift). The dissolved hydrogen sulfide starts its emission from water-
hydrogen mixture that moves to the water surface due to pressure drop and, thus, enhancing the air-lift effect.

We propose a method to extract hydrogen sulfide from natural aquatic environment and from deep water layers of
the sea by acidizing the sour water with a mineral acid and its aerating. According to the authors of the project, part of
the sulfuric acid obtain here with is assumed to use for acidizing the initial water, and to dispose the heat obtained as a
result of hydrogen sulfide oxidation.

Methods of disposal (dissociation) of hydrogen sulfide
In addition to the problem of hydrogen sulfide disposal from natural ponds there is also a problem of disposal of
hydrogen sulfide obtained as a result of different multi tonnage technological experiments. Thus, for example, in a con-
centrated form it is formed during hydro treatment of oil, during extraction from natural, technological and ventilation
gases. Studies in this area are directly related to the problem of disposal of hydrogen sulfide from the Black Sea.
A method to produce electricity from the Black Sea water by extracting hydrogen sulfide from it and its burning in
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gas-turbine machine, is given in [3] and it was developed by other authors. Here, characteristics and scheme of power
plant with 10 MW power are given and estimation of economic efficiency as well. However, direct burning of hydrogen
sulfide is not the only one method to obtain energy. Besides, this method has an essential disadvantage: associated gases
are emitted into the environment and require use of highly expensive purification.

One of the possible methods to eliminate this disadvantage is to use such methods of hydrogen sulfide dissociation
as plasma-chemical, radiation (radiolysis), thermal and photolysis.

Works in the area of plasma-chemical dissociation have been carried out for a long time already and they are suc-
cessful. These studies offer a cost-effective diagram of the technological process of plasma-chemical dissociation of
hydrogen sulfide to produce two valuable products — polymeric sulfur and hydrogen.

One of the methods to obtain hydrogen both from water and hydrogen sulfide is radiolysis.

Values of radiation yield of hydrogen G (H,) for pure water are in the range from 0.45 up to 1.65 mol./100 eV de-
pending on conditions and radiation. It is possible to increase significantly G (H,) at radiolysis of powder-like hydrox-
ides or hydrates that restore by water or steam during dehydration. In this case, radiation yield of hydrogen is in average
0f20.41 mol./100 eV.

Studies of radioactive decomposition of hydrogen sulfide are of specific interest for obtaining hydrogen from hy-
drogen sulfide. Experiments in this area were performed in two stages.

The first stage includes series of experiments performed on pure hydrogen sulfide (temperature - 250 °C, radiation
dose — 1.5 Mrad).

The second stage includes decomposition of hydrogen sulfide with fine-dispersed catalyst Al,O; (with tempera-
tures 200 °C and 25 °C, radiation dose y-radiation was 0.5 Mrad). Results of studies are given in the Fig. 4.

As it is clear from the Fig. 4., all dependencies of gaseous hydrogen yield from density of hydrogen sulfide in the
studied area have a linear character. Increasing the density of H,S and temperature we increase the hydrogen yield.

In order to increase the hydrogen yield we experimentally exposed to ionizing radiation mixture of hydrogen sul-
fide with carbon monoxide. It was found, that the most optimal temperature range for this process is 400-500 °C, and
radiation dose is (2.5-3.0):10'7 eV/em®. Herewith, the conversion level was 50%.

With thermal dissociation of hydrogen sulfide it was shown that H,S dissociation becomes evident starting with
400 °C and goes almost until the end with temperature of 1690 °C.

Thermal dissociation of H,S is observed also using

80~ *® Termoradioliz solar oven that provides temperature of 1027-1727 °C.
o Thermal catalyst radioliz (200°C) Typically, the Claus process is used to split H,S
704 v Catalystradioliz (25°C) Yo into hydrogen and sulfur: method of industrious produc-
I~ tion of sulfur from hydrogen sulfide. However, this pro-
> 604 . .
© cess is used to extract sulfur in a number of catalyst
o . .
S 50 ; converters with Al layers with temperature of 204-
= 260 °C, which is obtained by burning part of H,S in the
8 40+ air (about 1/3).
ZN 30 Thus, we obtain steam as well. Associated gases
I are emitted into environment or undergo costly purifica-
O 20+ tion.
Comparison of economic and energy efficiency of
10 0 the Claus process and the use of solar oven show the

advantage of the later. Using solar oven instead of

p H,S (mg/ cm’) steam we obtain hydrogen. Heat from its burning in the

air — 286 kJ/mol, and for its obtaining we spend only

Fig. 4. Dependency of gaseous hydrogen yield from density of 124.5 kJ/mol and additional 34 kJ/mol of electric heat-

hydrogen sulfide p. ing to heat H,S if there is no sunshine. Besides this en-

ergy efficiency, heat on solar oven is also profitable

from ecological point of view, since it is related to emissions of harmful associated gases into the atmosphere. Using
solar oven from ~ 3 mol of H,S we obtain 1 mol of H,. Therefore, the conversion level is approximately equal to 34%.

The basic principle of photolysis dissociation is to select such a wave length of luminous radiation which is subject
to dissociation of the substance that this irradiation should mould meet (or should be close to maximum (pick)) of lumi-
nous absorption. Such maximum corresponds to fluctuation frequencies of atoms in molecules of this substance. These
fluctuations are enhanced under light influence with the wave frequency close to the frequency fluctuation wave, since
are in resonance with luminous wave similar to the dissociation process of triatomic molecule of nitrogen dioxide de-
scribed in [4]. Such resonance interaction explains strong luminous absorption with the corresponding wave frequency
which, as a result, leads to breaking the bonds between atoms of hydrogen sulfide.

H,S molecule has a structure close to isosceles triangle with S atom on the top of it. Angle between bonds of S
with H atoms is equal to 92°13’, interatomic spacing 2(S-H) is 1.336 A°. Fluctuation wavelength of hydrogen atoms
with respect to sulfur atom is about 2730 A° (rather 2721.92 A° and 2733.36 A°). These frequencies are in the wave-
length range of the emission spectrum of a mercury lamp (2483-5770 A °), the most intense line in this spectrum has a
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wavelength of A = 2537 ° close to the oscillation frequency of the hydrogen atoms in the molecule of H,S.

Primary action of photolysis effect on H,S is in splitting of atomic hydrogen to form free radical SH.

H,S — H + SH.

Further, SH radicals and H atoms react with each other to form molecular hydrogen and sulfur. It is shown that

among all possible reactions, reactions related to change in ratio between SH radicals are mainly implemented:
SH+SH —H,S+S (87%), (1)
and
SH+SH — H, +S,(13%) (2)
i.e., only 13% of radicals form hydrogen, and 87% of radicals react with regeneration of H,S molecules and sulfur for-
mation.

In order to study hydrogen one can use photocatalyst decomposition of H,S on cadmium sulphide deposited on
cation-exchange film. In some experiments films were activated by small-grain associates (new phase formation) depos-
ited on them, containing atoms of noble metals. Thus, film with thickness of 0.3 mm of cation-exchange polymer based
on sulfonated fluoropolymer M®-4CK similar to nafion were used. The photocatalyst film was put into the solution of

Na,S and it was irradiated with filtered light from a mercury lamp JIPIII-1000. Results of such studies are given in the
Table 1.

Table 1.
Photocatalyst activity of sulfides of Zn, Cd, Sn on polymer M®-4CK in reaction H,S — H, + S
(Na,S = 10~2 mol/l, pH = 10)
Active component of photo- cds CdS-Pd | CdS-Pt | CdS-ZnS ZnS SnS,
catalyst
A, (nm) 436 | 365 | 436 | 365 436 365 436 365
Quantum yield (%) 0.00 | 0.08 | 1.5 1.5 3.0 9.5% 0.009 0.3

*) Na,S = 10"'mol/l

As it is clear from the table, quantum yield of hydrogen increases when photocatalysts are activated by salts of no-
ble metals.

Marginal efficiency of solar energy conversion in reaction of H,S photocatalitic decomposition is in the range of
A > 2000 nm and does not exceed 10 %. At the same time, for reaction of H,S photocatalitic decomposition it would be
reasonable to consider “commercial” marginal efficiency determined as combustion heat of the obtained hydrogen
(AH) ratio to solar energy falling into the photocatalitic system.

For A,,=1000 nm marginal efficiency is 43%, i.e., rather high. Thus, the conversion efficiency of solar energy fall-
ing on 1m’ area on a clear day at the latitude of Novosibirsk (= 500 W/m?) would allow to receive up to 60 1 of hydro-
gen per hour.

Considering the above given methods of extraction and decomposition (dissociation) of hydrogen sulfide it is nec-
essary to mention the following disadvantages:

The described methods are rather complicated and resource and energy intensive;

The descriptions almost do not contain data on economic efficiency and estimation of their use in the closed com-
plex of energy production.

However, despite this and with appropriate improvement, separate elements of each method mentioned above
could be used to create hydrogen sulfide energy generating complex (HSEGC).

Based on the given above data one can make a conclusion that it is necessary to develop the concept of optimal
HSEGC.

ENERGY FREE METHODS TO EXTRACT HYDROGEN SULFIDE WATER WITH A GIVEN WATER
DEPTH
Concept of optimal HSEGC

The problem of energy free extraction of hydrogen sulfide water of the Black Sea from the given depths is the
main problem in the list of important problems (without which it is impossible to develop the concept of hydrogen sul-
fide power industry and creation of HSEGC on its basis). It is a key problem not only for extraction of hydrogen sulfide
to the sea surface, but it has huge importance for improvement of environment ecology. Thus, in the later case it is nec-
essary to consider the effect of positive effect of hydrogen sulfide extraction on deep sea layers (decrease of hydrogen
sulfide composition on the given sea depth) and to remember that waste-water has a residual contamination by hydro-
gen sulfide and should be delivered to the depth which corresponds to natural level of its composition bin the sea water.

Why do authors put a question on searching for the method to extract the hydrogen sulfide water to a height of
technology, and do not discuss the problem of producing the hydrogen sulfide at depth and its delivery to the sea sur-
face?

The answer is the following:
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First of all, obtaining of hydrogen sulfide at depth assumes arrangement of complicated and costly equipment on
big depths in aggressive environment.

Secondly, this equipment should be either constantly moved due to the depletion of hydrogen sulfide in the sur-
rounding layers of the water or rest still, but it would be necessary to move the water flows at big depths which is ener-
getically unprofitable and, therefore, unrealistic.

Method to lift the hydrogen sulfide water to the level exceeding the sea level (technological height of lift) with fur-
ther extraction of hydrogen sulfide by natural or some other method is an alternative to the method of hydrogen sulfide
generation at depth. At the same time, the hydrogen sulfide water delivered to the sea surface will emit the hydrogen
sulfide dissolved in it as a result of decrease of pressure in hundred times [5-7]. The volume of hydrogen sulfide, simi-
lar to data on preliminary oil stabilization (degassing), could reach up to 50 — 60% of its primary composition under
normal conditions.

With such method we have solution to several problems that allow increasing efficiency of HSEGC work:

- Almost complete extraction of hydrogen sulfide from water and its further utilization with generation of hydrogen
and polymeric sulfur;

- Generation of electric power on hydro power generators that convert into electricity the potential sea water energy
lifted to technological height;

- Generation of electric power in thermal machines (for instance, Sterling engine) from the use of the temperature
difference between surface and deep waters;

- Increase in received power from hydro power generators by increasing the height of the technological rise of water,
caused by the use of the difference between the depth and the surface salinity of sea water.

Thus, search and justification of methods for energy profitable lift of hydrogen sulfide to a necessary technological
height above the sea level is relevant and timely challenge problem to encourage the development of a fundamentally
new type of hydrogen energy — hydrogen sulfide.

The task of search for energetically low cost methods to extract hydrogen sulfide water from the bottom of the
Black Sea in not new. A big number of studies have been performed in this area and encouraging results have been re-
ceived. However, all above described methods have either costs for electric energy or chemical reagents to ensure the
lift of sea hydrogen sulfide water. Therefore, the task to search the alternative and energetically profitable schemes
based on new physical mechanisms is still relevant.

The following description will focus on energetically profitable method to extract hydrogen sulfide water from the
set depth of the Black Sea.

Justification of possibility to lift hydrogen sulfide from the Black Sea water depths specified by gas lift

The method to calculate the fountain oil lift in well is used to calculate the lift of hydrogen sulfide water from the
bottom of the Black Sea. The fountain well operation is one of the basic methods of oil extraction. The fountain method
of oil extraction is the cheapest one because it does not require additional energy costs on oil lift and only the reservoir
energy is used when this method is applied.

Calculation of fountain lift comes to determination of length and diameter of eduction tube, its capacity and the
pressure distribution along the depth.

Let’s consider the element of the lift with length of dl. The pressure drop on this site we mark as dp. Considering
the process to be static and neglecting the inertial resistance which is small in real terms, and write the equation of mo-
mentum conservation in the form of:

dp = 7mdl+anl . 3)

Here, y,, — specific weight of hydrogen sulfide water which is depth function H, a — factor that characterizes fric-
tion losses. In equation (3) we do not take into account water temperature and its effect on gas emission along the lift
length.

Neglecting gas density in comparison to seawater density write the expression for gas specific weight of water-gas
mixture in the form of:

Vo =7, /(14W), 4)
where W — volume in relation to single water volume which is occupied by hydrogen sulfide in this section; y,~ specific

weight of seawater. We assume that gas solubility in seawater is described by linear law — Henry isotherm. In this case,
the gas volume G emitted from one unit of seawater at pressure p, will be equal to:

G=Gs—a-(ps—p), (5)
where G—initial gas factor (gas saturation), i.e. the volume of hydrogen sulfide dissolved in a unit volume of liquid at
saturation pressure p; a — solubility factor of hydrogen sulfide in seawater (solubility factor of gas in liquid at a given
temperature, equal to the volume of the dissolved gas (in ml) per 100 g of water at a partial pressure equal to the atmos-
pheric pressure). Please bare in mind that gas volumes G and G; are reduced to normal conditions. Assuming gas to be
ideal, from (5) we obtain that volume of the emitted gas at this depth G; and reduced to pressure at the same depth p, is
equal to:
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G -G Goelbn), ©
p p

If gas bypass is small, i.e., relative velocity of gas bubbles and seawater is small in comparison to speed of lift,
then we can put W = G;.

Similar to gas-oil lifts, we will assume that partial phase separation and formation of “gas bearing” near pipe walls
is observed for the lift of hydrogen sulfide water as it moves in the trunk blower. The reason for such phenomenon is
the following. Presence of parabolic velocity profile of the liquid (Poiseuille profile), leads to different velocity of gas
bubble regarding the liquid at its different points (bubbles) of the surface. Since the gas bubble moves somewhat faster
than liquid, then, the liquid velocity regarding the bubble surface from the side turned to the pipe wall is bigger than
from the side which is closer to the pipe centre. Thus, in cross-section of the pipe there is a pressure drop directed from
the axes of the pipe to the wall. Under the effect of this pressure drop there is a displacement of bubbles to the periphery
(wing lift effect). As a result, gas bubbles are concentrated near the pipe surface, the near wall gas layer occurs and it
decreases dramatically the loss of gas-water mixture for friction.

Minor value of friction forces is confirmed by calculations and practical results of lifting of gas-oil mixtures. In
the calculation of trunk blowers for gas-oil mixtures the practice shows that friction losses in trunk pipes are typically
minor and do not exceed several percents from total pressure drop along the lift length between bottom hole and en-
trance. The lift, where the phase slip and losses are neglected, is called “ideal”. Thus, in further calculations we will
neglect the latter component in the right part of the equation (3).

For equilibrium conditions with fixed temperature according to Gibbs phase rule (J. W. Gibbs found that the num-
ber of coexisting equilibrium in any system of phases cannot be greater than the number of generators of these compo-
nents plus phase, usually, 2 (published in 1876)) the status of the system is determined by a single parameter — pressure
and for non-equilibrium conditions —another parameter is velocity of pressure change in the system dp/dr.

One can consider the hydrogen sulfide water lift process under nonequilibrium conditions. Let the equilibrium sol-
ubility isotherm is described by a linear Henry law: G = a-p, and the nonequilibrium process of gas emission (hydrogen
sulfide) — by equation [5]:

dG
t—+G=a-p, 7
"t p (N

where ¢, — relaxation time.
Since the defining parameters in equation (7) are pressure p and its time derivative dp/dr, it is not difficult to ob-

tain its solution in general form:
t
G=a-[p—fexp(—t TJd—pdr}. (®)
t, )dr

0 0

Solution (8) can be analyzed. Equation (8) corresponds to the Henry law at very small pressure rates in the system
(dp/dr=0), as well as at very small relaxation time, i.e., at instant relaxation time (¢y)—0). At finite values of dp/dr the
dissolution curve is characterized by hysteretic dependence: when pressure is reduced dp/dr<0 then nonequilibrium
curve is above the equilibrium G = ap, i.e., gas emission is reduced as compared with equilibrium process and at
dp/dr>0 — below the equilibrium curve the gas emission increases compared to equilibrium process.

This concept can be used to calculate fountain lift. Operation of perfect lift for gas-water mixture can be consid-
ered to determine its basic qualitative and quantitive characteristics.

Under equilibrium conditions the pressure dependence in fountain lift from the depth is determined by equation,
that follows from (3) and (5):

1 4 1
_71; = . 9
7 1+[G,~a(p-p)]"
where p) — atmospheric pressure.
Under nonequilibrium conditions the equation describing the operation of perfect lift will be the following:
%% = lt p . (10)
v /4 Po
1+|Gg—a| p—ps— | Ft—7)——dr ||—
|: s (P Ps I[ ( ) dr J:| »

In perfect lift, the rate of pressure decline should be constant dp/dr=d=const. In our case, this can be the imple-
mentation of the requirements:
o-(1+W
% __o(1+m) (11
t 7/v

In view of (11) the equation of nonequilibrium lift (10) can be rewritten as:
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e 1 , (12)
y, dl p y
1+ G —a| p—p,+05-[F(t)dt
p 0
where: U =22
o

Thus, the theoretical concepts allow to describe the pressure distribution in the fountain lift along the depth for
cases of equilibrium and nonequilibrium lift.

Numerical simulation of hydrogen sulfide seawater lift from given depth by gas-lift method
Dependence of pressure in the fountain lift from driving depth can be calculated using equation of perfect equilib-
rium fountain lift (9). The following value of parameters can be selected for calculations [5]: G,=7.0-107 (m’/m’);
a=7.0-10* MPa™'; p,=0.1 MPa; H=1000 m; y,= 10.0-10° Pam™.
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Fig. 5. Dependence of pressure p; (MPa) in the sea and in  Fig. 6. Dependence of pressure drop in the sea and in the fountain lift
the fountain lift p, (MPa) from dimensionless depth I/H. A p= p; - p; from dimensionless depth //H.

Fig. 5-6 provide the results of numerical solution of equation (9) and they show the dependence of pressure and
pressure drop in open sea as well as inside the fountain lift from depth. From Fig. 5 it is clear that hysteretic dependence
of pressure from depth of the fountain lift is observed with chosen lift parameters. In the open sea, pressure p; changes
from 0.1 MPa on the sea surface up to 10.1 MPa at the depth of 1000 m. Another picture of pressure dependence from
depth is observed when fountain lift is filling with deep water with maximum composition of hydrogen sulfide
(~10 mg/1 H,S). In this case, liquid column in open sea is not compensated by pressure of gas-saturated water and, thus,
there is a hysteretic dependence of pressure from depth (See insertion in Fig. 5). The “Coercive force” that corresponds
to pressure difference in the lift and in the open sea, characterizes the fountain lift efficiency.

Numerical calculations of pressure drop at the sea level for the selected parameters (Sea Fig. 6) give a value of the
order of 0.15 MPa which is equivalent to the height of water rise 2=15 m.

Now, pressure dependence from depth can be considered under the same parameters that are used above, in
nonequilibrium fountain lift. To do this, in equation (12) we specify a function of non-equilibrium in the form of
F(1) = exp (-t/ty). Missing parameters assume to be equal to: =-0.1 MPa/min, #,=0.3 min.

Numerical calculations show that taking into account the nonequilibrium of the fountain lift leads to minor in-
crease of pressure drop p, — p; = 0.16 MPa and to increase of the lifting height of hydrogen sulfide water up to #=16 m.

Analysis of the performed calculations shows that the lift efficiency increases with the increase of thickness of
non-hydrosulfuric layer near the sea surface and with increase of driving depth of the lower cut-off fountain lift [8].

Mechanism for energetically efficient process to extract the hydrogen sulfide from the Black Sea water

A great number of patents are dedicated to the problem of energetically efficient process to extract hydrogen sul-
fide from the seawater. Two of them will be described as an example; their description is given in [5].

The essence of one of them is to place a vertical pipe at the necessary depth with polymer gas-permeable mem-
brane selective to hydrogen sulfide which is pre-installed on the low end and the subsequent creation of the vacuum
after the membrane. The membrane is oscillated due to energy of sea waves to intensify the process of hydrogen sulfide
extraction. Partial pressure of hydrogen sulfide at the necessary depth reaches significant value and because of vacuum
after membrane the hydrogen sulfide diffuses through its wall into the pipe and then it is compressed for further use.

The disadvantage of this method is the necessity to use mechanisms to create vacuum after membrane as well as
decrease of hydrogen sulfide concentration in layers close to membrane which is caused by speed limit of hydrogen
sulfide diffusion in deep layers. The latter circumstance causes poor efficiency of hydrogen sulfide extraction.
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The second method of hydrogen sulfide extraction from seawater involves placing a vertical pipe into the seawater
at the necessary depth, the transmission of water with hydrogen sulfide along the pipe and separation of hydrogen sul-
fide from water. Plates from activated aluminum, for example, are placed in the bottom part of the pipeline to create the
gas-lift effect. The plate material partially decomposes water interacting with the seawater and emitting, herewith, hy-
drogen which rises upwards and draws water into the pipe. The extraction of the dissolved hydrogen sulfide starts be-
cause of pressure drop from the suspension moving towards the water surface, and it contributes to the effect of gas-lift.

The disadvantage of this method is the necessity to use activated plates that leads to rise in cost of the process of
hydrogen sulfide extraction caused by the necessity of periodic change of spent plates. Moreover, hydrogen produced at
water decomposition, reacts with impurities in the seawater that limits the gas-lift effect and, ultimately, causes small
efficiency of hydrogen sulfide extraction from water.

The alternative towards the mentioned above methods of hydrogen sulfide extraction from the seawater is the
method proposed by the authors of this article as well. The idea of the proposed method of hydrogen sulfide extraction
should be taken from above section of numerical simulation. They allow to formulate basic requirements to energetical-
ly efficient method to extract hydrogen sulfide water from the given depths.

The proposed above method to extract hydrogen
sulfide from given depths is schematically shown in the
Fig. 7 and is implemented as follows:

Vertical pipeline 1 is equipped with shutter 2 and
placed into the seawater on the required depth. The cav-
ity of the pipeline is free of water. Thereafter, the shut-
ter 2 is opened and water enriched with hydrogen sul-
fide raises upwards by pipeline 1. As pressure raises
upwards, and therefore, downwards, the higher water is
the more saturated by hydrogen sulfide it gets, and it
further vertical movement upwards is provided by the
gas-lift effect. In the mechanism 3, hydrogen sulfide is
separated from water and, using compressor 4, it is
transferred to the mechanism 5 where it is decomposed
on hydrogen and polymeric sulfur. Water purified from
hydrogen sulfide is returned to the sea through the
branch pipe.

Efficiency of this mechanism is determined by the
cross-sectional area of the pipeline, depth of it immer-
sion in the sea and height of lift of the lower level of the
mechanism 3 (height of lift of hydrogen sulfide water in
the pipeline). According to numerical calculations, the
efficiency of the machine will make not less than
20 I/min of hydrogen sulfide [5] upon condition that

Fig. 7. The method to extract hydrogen sulfide from the Black
Sea water.

50% of hydrogen sulfide emission from the seawater.

Thus, the machine described above to extract hydrogen sulfide from the given depths allows in a manageable way
and without energy costs to deliver water, enriched by hydrogen sulfide, to a sufficient height where it will be sequen-
tially degassed and then undergo potential and heat energy by known methods [9].

The obtained hydrogen can be used as ecologically pure fuel and polymeric sulfur - as raw materials for the chem-
ical industry. The return water with residual composition of hydrogen sulfide should be directed to the sea at the depth
where the concentration of hydrogen sulfide in the return and sea water are the same.

Experimental simulation of energetically efficient method to extract hydrogen sulfide from the Black Sea

The method described above to lift the hydrogen sulfide from water with gas-saturation of 10 mg/l, that equal to
depths of the Black Sea of 1000 m was implemented in simulation experiment.

The machine, scheme of which is given in the Fig. 8, allowed simulating the gas-saturation of water at the neces-
sary level.

Air was used instead of hydrogen sulfide in experiment. The pump 5 through T-socket 4 produced the overpres-
sure in the capillary with internal diameter of 0.02 m which led to the emergency of regular sequence of bubbles
(Fig. 9). The size of air bubbles and the resulting gas-saturation were estimated visually using line-up. In the Fig. 9 one
can see the meniscus that was raised to the level of water in the tank 1 in the capillary 3 and two air bubbles moving in
the capillary.

Experiments showed that the height of gas-saturated water lift was 0.01-0.015 m when the length of capillary 3
was 1 m. The obtained result could be converted using the principle of similarity to estimate the water lift in a full-scale
facility. In this case, the value of its lift in the pipe equal to 10-15 m could be obtained under condition of complete wa-
ter degassing which is observed in this experiment. This value quantitatively corresponds to the result of numerical
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simulation given in the above section.
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Fig. 8. Scheme of the facility for simulation of water gas-lift: 1 — Fig. 9. Fragment of the facility during simulation of air-
glass vessel; 2 — ruler; 3 — capillary; 4 — T-adapter; 5 — pump. saturated water lift.

Thus, possibility to lift the gas-saturated water is demonstrated in this model experiment and this is an encouraging
factor in solving the problem of energetically efficient method to extract the hydrogen sulfide from the Black Sea water.

ALTERNATIVE ENERGY OF HYDROGEN SULFIDE WATER OF THE BLACK SEA AND THE BLACK SEA
REGION
Stimulus and basic elements for the development of hydrogen sulfide energy of the Black Sea Region

Stimulus for the development of the RES-based energy industry is an anticipation of depletion of traditional ener-
gy-producing materials and environmental degradation as a result of traditional energy functioning [10].

RES-based energy industry is the most dynamic and perspective sector of the global energy industry which solves
a number of problems of depletion of traditional organic energy resources but also contributes to environmental safety.
The most obvious areas of RES development are:

Hydrogen energy;
Wind;
Solar;
Geothermal;
Hydroenergy (large and small);
Bioenergy;
Energy based on hydrogen sulfide dissolved in the seawater or being in the gas phase of mud volcanoes;
Environmental energy (secondary resources such as municipal solid wastes (MSW), differences in salinity of sea
and fresh water).
Predictions of global energy development in the coming decade are that in 2040 50% of electricity will be pro-
duced from RES, including in Ukraine — at least 30%. In particular, it will be stimulated by the Law of Ukraine “On
Alternative Energy Sources” (No. 555-1V of 23/02/03), as well as programs and legal documents developed on its basis.
The Black Sea Region, in this respect, is the most promising because here together with existing traditional renew-
able energy resources there is almost inexhaustible reserve of hydrogen sulfide which is not much inferior to the energy
value of natural gas. Naturally, a comprehensive study of the problem of complex energy extraction from all existing
sources of the Black Sea and Near Black Sea Region is of great interest.
Search of optimal methods to use it in relation to specifics of the Near Black Sea Region is an important problem.
The following description will focus on types of energy storage contained in the Black Sea and Black sea Region, as
well as how it could be recycled.
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Hydrogen sulfide energy sources

The Black Sea is not the only one water pond on our planet waters of which are full of hydrogen sulfide. Hydrogen
sulfide is also in waters of Cariaco basin, Red Sea, near the Peru coast, Namibia, in some deep fjords of Norway. The
Red Sea waters have one of the biggest concentrations of this gas; however, the Black Sea has the first place among the
above listed regions on weight of the hydrogen sulfide dissolved in its waters.

Until recently, there was an opinion that it is unreasonable to extract hydrogen sulfide from the Black Sea water
due to its unpredictable ecological consequences and small energy efficiency of the expected effect because of low level
of the hydrogen sulfide concentration. The hydrogen sulfide is absent in surface layer of 100-150 m thickness of the
Black Sea. Its concentration increases with the increase of depth and becomes maximal at the bottom of the Black Sea
which is of the order of ~ 10 mg/1 [3].

However, a closer study of the problem of deposing the Black Sea hydrogen sulfide showed that the possibility to
obtain hydrogen sulfide from the depths of the Black Sea based on the latest technological developments that allow to
extract the hydrogen sulfide water spending minimal energy on its rise in an ecologically safe manner [11] and provid-
ing the optimal conditions of extraction the gaseous hydrogen sulfide from sea water [12].

Electricity could be produced from the obtained hydrogen sulfide directly using high-temperature solid oxide fuel
elements or decompose it into polymeric sulfur and hydrogen which naturally will require additional costs for hydrogen
sulfide decomposition.

If annually extract about 25 million tones of hydrogen sulfide from the Black Sea it would be equal to obtaining
energy of about 9.25 billion of kilowatt-hours (one kilogram of hydrogen sulfide generates 1334 kJ when it is burnt).
This rate is 10.4% from the level of electricity production on NPPs of Ukraine (88.782 billion of kilowatt-hours in
2005). Thus, the Black Sea as a source of hydrogen sulfide could provide an essential contribution to the energy balance
of Ukraine [3].

To have such a contribution it is necessary to solve a problem of energy efficient delivery of hydrogen sulfide to
the sea surface.

The authors of this article [5] proposed a solution to this problem using natural gas-saturation of the Black Sea wa-
ter.

Hydrogen sulfide extracted in such a way is sent immediately to obtain electricity directly in high-temperature sol-
id-oxide fuel element or to ¢ decomposed into hydrogen and sulfur.

Specific hydroelectric resources of the Black Sea

Hydroelectric resources proposed for conversion into electricity are of specific nature: they could be acquired only
by the rise of hydrogen sulfide water to a given height of technology. [5].

The height difference generated due to gas lift could be effectively converted into electricity using hydraulic tur-
bines. The hydraulic turbine converts the energy of under pressure water into mechanical energy of rod rotation. Tidal
hydroelectric hydropower plant (THP) can be used as the prototype. However, unlike THP which always operate with
variable pressure, the proposed power plant will operate with constant pressure drop.

Parameters of THP that are going to be constructed in Russia in Tugursky and Penzhinsky Bay of the Okhotsk Sea
and in Shantar Islands where the tide height is 13 m [10] could be compared with their parameters to assess the effec-
tiveness of hydropower station on the return hydrogen sulfide water.

As it was mentioned in [5, 13], height drop may reach 13-15 m when hydrogen sulfide water is extracted. Use of
micro hydropower plant with propeller wheel with force equal to 4.0-10.0 m, area of an intake machine of 0.45 m” and
flow of 10-0.21 m*/s can provide electricity with power up to 10 kW.

Technologies for conversion of the Black Sea thermal energy

Since the Black Sea is giant heat storage of solar energy, it is possible to use its heat. One of the technologies to
obtain electric power from thermal energy of the Black Sea is OTEC technology (abbr. from Ocean Thermal Energy
Conversion) [9].

OTEC works best when temperatures drop between the warmer upper layer of the ocean and colder deep ocean
water is 20°C. In the Black Sea Region this ratio is lower and is equal to 15-16°C near the border cost between Russia
and Georgia and 14.5-15°C near the Eastern coast of the Crimea. At such a temperature difference, there are several
ways to use different types of technologies OTEC.

Closed-cycle technology. This technology uses liquid with low boiling point such as ammonia which rotates the tur-
bine to produce the electric power. Warm surface seawater evaporated the liquid with low boiling point passing through
thermal exchanger. The expanding steam turns the turbine located on the same shaft with electric generator and cold
“deep seawater” condensates the spent steam back to liquid passing through the second thermal exchanger.

In 1999, the Natural Energy Laboratory commissioned a 250 kW pilot closed-cycle OTEC which is the largest op-
erating power plant ever commissioned.

Open-cycle technology. The closed-cycle technology uses the warm surface water of tropical oceans to produce
electricity. The technology includes the following: warm seawater goes to low pressure tank and boils. The expanding
steam turns the low pressure turbine connected to the electric generator. Steam, which is almost distilled water, is con-
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densed back to water again by cold deep ocean water.

Hybrid technology. This technology combines features of technologies of opened and closed cycles. In this hy-
brid system the warm seawater goes to vacuum tank where it is converted into steam like in the open-cycle technology.
The water steam evaporated liquid with low boiling point the steam of which makes turbine to produce electric power.

Among the mentioned above technologies the advantage of OTEC open or hybrid technologies is clear, because
there is production of electricity and fresh water. Theoretically, such technologies as OTEC allow to produce up to
2 MW of electric power and to obtain daily up to 4300 m’ of distilled water.

Thus, despite the fact that the Black Sea Region is not the tropical, the temperature drop of seawater is enough to
use OTEC technologies designing HSEGC.

The salinity energy gradient of the Black Sea

The most promising methods to utilize the salinity energy gradient are based on use of osmotic pressure. Thence,
they often talk about the energy of the salinity gradient, as osmosis energy [14].

The osmosis phenomenon is the following. If we take a semi permeable membrane and place it as a partition in a
vessel between fresh and salt water (semi-permeable membrane - partition, which transmits fresh molecules in half of
the vessel filled with salt water and salt molecules in the membrane does not miss half of the vessel with fresh water),
the osmotic forces will deliver fresh water to salt water. Because of this the membrane is called semi permeable. Energy
generated during this process appears in the form of high pressure that occurs in the part of the vessel with salt water.
This is called the osmotic pressure (sometimes called osmotic waterfall). High pressure generated in the half of the ves-
sel with salt water balances osmotic forces that displace fresh water molecules into salt water through semi permeable
membrane.

It is necessary to have a source with lower concentration near the concentrated salt solution to obtain the osmotic
energy. In the oceans such sources are the mouth of the rivers flowing into it. In the Black Sea this could be difference

between salinity of deep (more than 1500 m) and upper layers (less than 50 m) of the sea that reaches values of
5-6 “/go. Such salinity drop can provide osmotic pressure of 0.3° MPa, which equal to the salt water rise up to 30 m
height.

The salinity gradient energy, calculated from the osmotic pressure, is not subject to restrictions on the efficiency
related to the Carnot cycle. This is one of the positive features of this type of energy. The problem is how best to con-
vert this kind of energy into electricity.

Practical implementation of osmotic converters is possible in the nearest time. Thus, the largest Norwegian elec-
tricity concern Statkraft builds world's first osmotic power plant.

For the Black Sea the osmotic water rise to the height up to 30 m will allow to obtain up to 100 kW of electricity
from the area of 1 m” during the operation of micro hydropower plant MHPP-100 K, for example. Thermal power ob-
tained herewith from direct burn of hydrogen sulfide will be ~ 80 kW.

Wind waves and swell of the Black Sea

Wind waves and swell are common everywhere on open surfaces of water of small reservoirs as well in the vast
oceans and seas.

Wind waves are called surface waves caused when the wind stops and the water is covered with swell the height of
which is gradually disappears. The height of wave or swell is called a vertical distance that separates the cavity wave
from its crest.

The first theory of surface waves was proposed by Mr. Gerstner, the Professor of Prague University, in 1802.
However, it referred to swirling motion of water and did not determine the maximal possible height of the wave. Much
later, Kelvin and Helmholtz independently performed works to explain the instability of surface water under wind influ-
ence [15, 16].

In these works it was shown that the wind waves occur due to instability development [17] which later was called
"Kelvin-Helmbholtz instability". Such waves can accumulate huge amounts of energy. In addition, these waves can be
characterized by quite unusual behavior of their amplitudes: they can grow in size in a very short period of time in an
explosive manner. [18].

It is necessary to determine basic parameters of waves and swells that are inherent to the Black Sea to evaluate the
effectiveness of the wave power plant in the Black Sea Region.

First, about maximal values of the wave parameters that should be used when designing the wave power plants.

Thus, the biggest height of the Black Sea waves was 14 m and length — 200 m. The unique wave was recorded by
stationary buoy near Gelendzhik coast in 2001. Its height was above the background height of waves of 2-2.5 m in
3.9 times, and the wave length of the order of height. Herewith, typical lifetime of such formation is only 4-5 sec (dur-
ing this time the wave runs 20 m).

According to a special nine-point scale of the sea surface it is assumed that 1 point of excitement corresponds to a
wave height of 25 cm, 2 points — 25-75 cm, 3 points — 75-125 cm etc.

Estimation of average power of the wave power plant is performed based on average wave parameters.

Average annual wave height in the Black Sea in 2003 was 90-100 cm based on wave station DATAWELL data.
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Hence, in the North-Western Pacific Ocean the average wave height is about 1.25 m, the power of wave power plant is
about 75 kW/m, the similar power obtained from the Black Sea waves with length not more than 20 m will be about
25 kW/m.

The advantage of this method to generate energy is that one should not look for special places with specifically fa-
vorable geographic conditions, unlike tidal stations, to use energy of wind waves and swell. Waves and swell are in any
area. Besides, one should not construct big and costly dams to use energy of wind waves (and swell).

Solar energy of Crimea

Solar radiation flux that passes through an area of 1 m* and located perpendicular to the radiation flux at a distance
of one astronomical unit from the Sun centre is 1367 W/m? (solar constant). Maximal flux of solar radiation at the sea
level is 1020 W/m?* due to absorption of the Earth's atmosphere. According to other reference data [19] the real solar
radiation flux of Earth is about 1 kW per meter square. Note, however, that the daily average solar radiation flux per
unit area is at least three times smaller (because of the change of day and night and change the angle of the sun above
the horizon).This value is half as much during winter in temperate latitudes. Besides, the prospects to develop solar en-
ergy also reduce because of global dimming caused by human-induced decrease in solar radiation reaching the Earth's
surface.

The mentioned above quantity of energy from unit of area defines possibilities of solar energy.

The main contribution to the density of the solar radiation flux falls on the visible and infrared radiation, as contri-
bution to the solar radiation flux with wavelength bigger than 2.5 um is negligible [19].

Herewith, the share of direct solar radiation is: from November till February is 20-40%; from March till October —
40-65%. On the Southern coast of the Crimea in the summer months — up to 65 — 70%.

The Crimea has also the biggest number of solar days during the year (290-300 days per year) that creates energet-
ically favorable and cost-efficient situation for wide practical use of solar energy.

The main technological methods to use the solar energy are: photovoltaic conversion of solar energy into electrical
energy or generating the heat energy for heating buildings (mirror hub, water heater, and thermal hub).

Below we will briefly discuss the specific application of these techniques.

Photovoltaic converter of solar energy. Present production of photocells is almost entirely based on silicon. Pro-
spective application of silicon photovoltaic of solar energy is due to their environmental performance, significant PV
service life (over 25 years at average rate of degradation of the photoelectric properties of the battery of 1% per year)
and low maintenance costs. About 80% of all modules is produced using poly or single crystal silicon and the rest 20%
use amorphous silicon.

Solar batteries from amorphous silicon have their own distinctive and unique features: high efficiency of solar en-
ergy conversion into electrical energy (up to10%); low cost of the obtained electricity 10-12 cent/(kilowatt-hours); law
weight per unit of capacity; resistance to mechanical damage (hit, bend and damage effect such as shot or shrapnel
damage).

The capacity of photovoltaic converters of solar energy that are currently implemented in the Crimea by 2010
planned be up to 3.0 MW which will provide fuel saving up to 1.7 thousand tones of conventional fuel in independent
power supply systems [20] (thermal value of conventional fuel is 29.33 MJ/kg).

Currently, there is an increasing capacity of solar power plants of Crimea. If 7.5 MW was in operation in the first
half of 2011, then by the first half of 2012 there were more than 219 MW in operation that corresponds to 7% of the
energy consumed in Autonomous Republic of Crimea [21].

Efficiency of photovoltaic converters could be estimated based on solar energy rates reaching ground in the Cri-
mean region. The annual average daily solar radiation power in the Crimea (about 45°C of North Latitude) is estimated
by value of 448.6 W/m® [22]. When conversion efficiency is 10-14%, then, 44.8-62.8 W of electric power could be ob-
tained from 1°m?” of photovoltaic converter. The power obtained from one square meter will allow to save 132 kg of
conventional fuel per year.

Mirror converter. The operation principle of mirror converter is to focus solar rays, for example, using a concave
mirror. Mirror is a main part of solar concentrator, a device where parallel solar rays are collected inside a concave mir-
ror and are directed to the vessel with an effective absorber, for example, water. Mirrors used in machines are tradition-
al, made of glass, or from polished aluminum.

Thermal power of mirror concentrator is determined by quantity of solar radiation, working absorption surface and
its thermal efficiency (typically 20-50%). So, for example, with power flow of solar radiation of order of 850 W/m” the
efficiency of thermal conversion is 30% and absorption area of order of 1.25 m” it is possible to obtain 320 W of ther-
mal power or 260 W of electric power (with 80% efficiency of thermal power conversion into electric power in steam
turbines).

Water heater. Another promising direction of solar power engineering is: direct irradiation of thermal energy for
heating the buildings. Average annual density of solar energy flow in Ukraine is 180-250 W/m? (in the Crimea this ratio
is higher in 1.5-2.5 times). This energy is enough to heat 100-120 liters of water from one square meter up to the tem-
perature of 45-55°C.

Large number of sunny days in the Crimea (290-300) makes a perfect perspective to use solar collectors. Consid-
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ering the predicted growth of prices on energy resources and environmental cleanliness of the obtained energy, the use
of solar energy is very profitable. The proposed systems are more effective on sites the thermal supply and hot water
supply of which is done from boiler houses that use liquid fuel (heating oil, fuel oil, diesel fuel). Maximum effect is
achieved at the resort - recreational facilities, where the peak of hot water demand coincides with the maximum number
of hours of sunshine per day. The proposed solar systems work reliably together with automated boiler houses due to
the perfect system of automated control. Daily energy production at the 50th latitude is about 2kW-hour from the meter
square. The temperature in the tank-battery reaches 60.....70 degrees. The facility efficiency is 40 %.

Thermal concentrator.Thermal concentrator — is the capacity of different geometry made of thermal isolating ma-
terial, one side of it is covered by a single or double glass. A corrugated metal plate is installed inside the box for max-
imal absorption of sun rays. Heated air or water inside the box periodically or continuously are withdrawn by a fan or a

pump.

Wind energy of the Crimea

Average annual, winds of Northern horizon dominate in the Crimea, they are of relatively small power (less that
6 m per second or 2 points, Beaufort).

The biggest speed during heavy storms is 20 meters per second and more, and at high altitudes above Yalta reach-
es up to 40 meters per second.

With the increase of height the wind speed also increases in 2-2.5 times, and, therefore, the value of generated en-
ergy. Thus, it is very important for Ukraine to develop wind energy conversion technologies at altitudes above 50-
100 m with maximal efficiency and it can also increase the efficiency of HSEGC.

The use of a simple formula to calculate electricity generated by wind power plant created on the basis of low
speed turbine, wind concentrator, output device for optimal modes of wind passing through the turbine, as well as new
constructional materials, allow to increase efficiency up to 50-55% [23]. Thus, the quantity of the obtained electricity
increases up to 8-15.6 times per unit of the swept surface by increasing the selection height of the wind energy, as well
as increase of efficiency of wind turbine in 2-2.5 times.

Calculations show that use of high-altitude wind energy (100 m and higher) may increase energy balance of the
Crimean Region up to 70 W per 1 m” of the swept surface.

Energy of deep heat flow of the Earth
In the Crimea it is possible to use energy of deep heat flow of the Earth. Typically, the temperature in mines in-
creases on 25-30°C with every kilometer of depth. The background values of the deep heat flow are about 44 mW/m? in
the most parts of Ukrainian shield, and in the areas of anomalies they reach values of 70-90°mW/m?, and in some cases
even up to 130 mW/m?. Such areas are recorded in the Crimea as well. Economic estimations indicate cost effectiveness
of geo-energy resources for heat supply with minimal geothermal gradient of 0.02-0.025 C/m, where C — heat capacity
per unit volume of geological material equal to 2.5 mJ/m® [24].

Energy of human waste

Energy power of constantly renewable municipal solid wastes (MSW) is particularly important for the Crimea
considering uniquely high requirements to ecology in this region where in 2007 it was accumulated about 1 million
tones [25] according to official data. The most pure way of processing this quantity of MSW is “Thermoselect” on
which Japan already has 7 plants, the first of which was started in 1998. This technology does not pollute the atmos-
phere and does not form secondary wastes — everything is converted into synthesis gas and other useful products [25].
One tone of MSW produces 1090 kW/t of energy, part of it goes for internal needs of production, at 750 kW/t goes for
external consumption. And besides, this technology can be used for processing of almost all types of toxic wastes (ex-
cept for radioactive wastes) including up to 20% of liquid wastes which is very important for the Crimea.

Accumulation of energy

Currently, expensive pumped storage systems are constructed to compensate daily fluctuations of electricity con-
sumption generated by nuclear power plants (NPPs), thermal power plants (TPPs), and they are often associated with
flooding the effective areas and cause ecological imbalance. Some renewable energy sources (wind, solar) are exposed
to daily and seasonal fluctuations. Such methods as electrolysis of water for hydrogen production are already used to
accumulate energy of these sources. Therefore, there is still an important problem of development economically effec-
tive and environmentally sound technologies to accumulate energy of big power that is equal to power of pumped stor-
age facilities.

SUMMARY
As it was noted earlier, the mentioned above complex extraction of the renewable energy sources from hydrogen
sulfide area of the Black Sea and the Black Sea Region could not only increase significantly the energy balance of the
Crimea but also contribute to social and economic development of the region.
This is confirmed by the Fig. 10 and the bar chart in it that describes absolute values of specific contribution of
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each type of renewable energy sources of the Crimean region.
\
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Fig. 10. Bar chart of specific contribution of renewable energy sources of the Crimean region
1 — Hydraulic power, kW/m?; 2 — Energy of hydrogen sulfide, kW/m?; 3 — OTEC, kW/m?; 4 — Osmosis energy, kW/m?; 5 — Energy
of waves, kW/m; 6 — Solar energy=100, kW/m?; 7 — Wind energyx100, kW/m?; 8 — Energy of thermal flowx100, kW/m?*; 9 — Energy
of MSW reprocessing=x100, kW/kg

From the bar chart it is clear that specific hydro power resources of hydrogen sulfide area of the Black Sea (hydro
energy power production and osmosis) could provide essential contribution into traditional energy balance of the Cri-
mean region along with the use of hydrogen sulfide, OTEC and wave technology, as well as reprocessing of MSW in
industrious scale. Other types of RES have lower specific energy rates and could be recommended for industrious use in
the form of separate power generating plants (solar, wind or converting the heat of the Earth) as well as for individual
use in private sector.

Summarizing all mentioned above, it could be stated that complex use of environmental renewable energy sources
can solve a problem on transition to a clean alternative energy at the present level of technological development. On the
example of the Crimea and the Black Sea it is shown that use of RES can transform the Near Black Sea Region from
energy consuming into energy producing region.

This, of course, will require considerable investments but their payback and environmental feasibility are obvious.

Analysis of similar complex use of renewable energy sources is necessary to perform in every region of Ukraine
and on its basis to develop programs of real progress in this area. Using tautology, it could be stated that there is no al-
ternative way. And this problem is not of an uncertain future, and of the pressing present.

CONCLUSIONS

Thus, the performed study showed that hydrogen sulfide in the Black Sea could legitimately be included into the
alternative energy balance of Ukraine.

Currently, there is an urgent need for extraction and utilization of hydrogen sulfide of the Black Sea.

Increase of hydrogen sulfide in the Black Sea due to sulfate reduction process in water column is a dominant and
is estimated to be 87-96% from its total inflow with 4-20% of hydrogen sulfide comes ready-made mainly from the rock
bottom on tectonic faults and groundwater from oil reservoirs.

Total storage of hydrogen sulfide in the Black Sea is 28-63 billion tones and its annual increase is not less than 4-9
million tones.

Average quantity of hydrogen sulfide dissolved in the Black Sea per one litter of seawater is: 1.2 mg — at depth of
200 m, 2.34 — at depth of 300 m, 8.84 — at depth of 1000 m and 9.6 and more — at depth of about 2000 m and in
1000 times less that from the saturation concentration.

Extraction and processing of hydrogen sulfide can provide significant increase of energy balance of Ukraine (up to
10% of electricity generated by Ukrainian NPPs).

Technology of fountain lifts could be used to lift hydrogen sulfide from the deep layers of the Black sea water and
its extraction; this technology is well designed and is widely used for development of oil fields. Active element during
water extraction is hydrogen sulfide dissolved in it. Effectiveness of the lift operation increases with the increase of the
depth of hydrogen sulfide water sampling, and also with increase of thickness of sea surface layer without hydrogen
sulfide. Calculations and simulation experiments show that pressure drop of the fountain lift could reach 0.15 MPa
which corresponds to the lift of hydrogen sulfide water on the height up to 15 m (on condition of complete extraction of
hydrogen sulfide from the seawater).

The mechanism of energy efficient method to extract hydrogen sulfide from deep depth Black Sea water was pro-
posed to implement technologies of fountain lifts. Its efficiency is determined by the area of the pipeline cross-section,
depth of its dipping into the sea and the height of hydrogen sulfide water lift in the pipeline.

The capacity of this plant is not less than 20 I/min of hydrogen sulfide per 1 dm” on condition that 50% of hydro-
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gen sulfide is extracted from the seawater and delivered to the sea surface.

Specific hydro energy power resources of hydrogen sulfide area of the Black Sea (hydro energy power and osmo-

sis) along with could provide essential contribution into traditional energy balance of the Crimean region along with the
use of hydrogen sulfide, OTEC and wave technology, as well as reprocessing of MSW in industrious scale.
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The brief analytical review of literary data concerning the processes which are a physical basis of vacuum-arc coating deposition
technology is presented. The phenomena responsible for formation of films by condensation of substance from plasma of arc
discharge in vacuum or in a gaseous ambience of low pressure are described.. Interaction of metal plasma with a gas target, a
substrate and other surfaces of working chamber, the processes of nucleation and condensate growth, influence of energetic
parameters of a deposition process (kinetic and potential energy of metal ions, activation degree and sort of the gas ) on properties of
condensates and near-surface layers of the substrate are described.
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®I3NYHI ACITEKTHA BAKYYMHO-AYTI'OBOT'O OCA/I’IKEHHSA ITOKPUTTIB
LI. AkcbonoB, /I.C. AkcbOHOB
Hayionanenuii naykosuti yenmp "Xapxiecoruil @izuxo-mexniynuti incmumym"
eyn. Akaoemiuna 1, Xapxie 61108, Ykpaina

HaBeneHO KOpOTKMil aHAMITUYHMA OIJIA] JITEPAaTypHHX IAaHUX ILIOA0 IPOLECIB, SIKI CTAHOBIATH (Di3MYHY OCHOBY TEXHOJOTIT
BaKyyMHO-ZyTOBOI'O OCa/KEHHsI MOKPUTTiB. OnucaHi sSBHIIA, 110 BiANOBinar0Th 3a GOPMyBaHHs IUTIBOK KOHJICHCALIEI0 PEYOBHHU 3
IUIa3MH TYTOBOTO PO3psAY Y BaKyyMi 4d B ra30BOMY CEPEIOBHILI HU3BKOTO THCKY. PO3IIISIHYTO B3a€EMOZII0 METAJeBOi IUIa3MH 3
ra3oBOI0 MIMIEHHIO, 3 MiAKIAJKOI W 3 MOBEPXHEI0 IHIIMX EJIEMEHTIB po00Y0i KamepH, MpPOLECH 3apOAKOYTBOPEHHS 1 pOCTY
KOH/ICHCATY, BIUIUB €HEPreTHYHUX ITAPaMeTPIiB MPOIECY OCaKeHHs (KIHETHYHOI ¥ MOTEHLIANBHOI eHeprii i0HIB MeTaiy, CTyHeHs
aKTHBALil i POy ra3y) Ha BIACTUBOCTI KOHJICHCATY i MPU MOBEPXHEBHUX MIAPIB ITiJKIAIKH.

KJIFOYOBI CJIOBA: BakyyMmHa ayra, Iuia3Ma, KOHJCHCAIlis, TMOTCHI[ial 3MIMICHHS, 10HHW, PO3MWICHHS, MOKPHUTTS, BHYTPIMIHI
Harpy>KeHOCTi

OU3UYECKHUE ACITEKTbBI BAKYYMHO-AYI'OBOI'O
OCAKJIEHMS ITIOKPBITHUIA
HU.N. Akcénos, 1.C. AkcéHon
Hayuonanvnvrii Hayuneii Llenmp "Xapvrosckuil pusuxo-mexnuueckuu uncmumym"
yn. Akademuueckas 1, Xapvkos 61108, Ykpauna

[puBenen kpaTkui aHATUTHYECKUH 0030p JIUTEPaTypHBIX JaHHBIX O IIPOIECccaX, COCTABIIONMX (HH3HIECKYI0 OCHOBY TEXHOJIOTHH
BaKyyMHO-yTOBOT'O OCa)XJIeHUsI MOKPHITHH. ONHCaHbI SIBJICHUS, OTBETCTBEHHBIE 32 (popMHUpOBaHHE INIEHOK KOHJICHCAIlEH BelllecTBa
U3 IJIa3Mbl JyTOBOTO pa3psia B BaKyyMe MM B ra3oBOH cpelie HU3KOro JaBieHHs. PaccMOTpeHbl B3auMoaeicTBIe MeTaNINuecKon
IUIa3MBI C Ta30BOIl MUIIEHBIO, NTOJUIOKKON U APYTHMH IOBEPXHOCTSIMU pabodell kaMephl, POLIECChl 3apOAbIIIe00pa3oBaHus U pocTa
KOHJIGHCATa, BIIMSHUE SHEPreTUUECKUX IapaMeTpoB TMPOIEcca OCAXKACHHs (KMHETUYECKOH M MOTEHIMANbHOW SHEPruHM HOHOB
MeTaJlla, CTENEeHH aKTUBALUK U POJia Ta3a) Ha CBOMCTBA KOHICHCATOB M MPHIIOBEPXHOCTHBIX CIIOEB MOATOKKH.
KJIIFOYEBBIE CJIOBA: BakyymHas jayra, Ijia3ma, KOHICHCAIWs, MOTCHIWANl CMEIICHUS, HWOHBI, PaclbUIEHHE, MOKPBITHE,
BHYTPCHHHE HATPSDKCHUS

B mpomecce ¢GopmupoBaHMS TOBEPXHOCTHBIX IUIEHOK KOHJIEHCATa OCAaXICHWEM MeETaula W3 IUIa3Mbl,
TEHEPUPYEMON BaKyyMHOH JyroH, peanu3yercs TaK Ha3bIBA€MbIH PEXHM BBICOKOIHEPreTHUYECKOM KOHACHCALUU.
TepMHH «BBICOKORHEpTeTHUYECKas KOHACHcAHs (energetic condensation)» BriepBeie ncnoiabp3oBaH Kommmronom [1, 2].
OTHM  CIIOBOCOYETaHHMEM O0O3HAYaeTCsl TMPOIECC OCAXKICHHWS KOHAEHCATa, KOTAAa 3HAYUTENbHAas  4acTh
KOHJIeHCUpYouXxcs ((GopMHUPYIOIINX MIEHKY) YacTUll 00JIalaeT THIEepPTEIUIOBO sHeprueil. B OonblIMHCTBE Clly4daeB
oHa cocraBisger npuMepHo 103B wu Gombine. [ BBICOKOIHEPreTHUECKON KOHICHCALMM XapakTepeH psj
TOBECPXHOCTHBIX W MOANMOBEPXHOCTHBIX IMPOLECCOB, TAKMX KaK z[ecop6um[ a}:[COp6I/IpOBaHHI)IX MOJICKYJI, MTOBBINICHUE
MOJIBMYKHOCTH MUTPUPYIOIIMX MO ITOBEPXHOCTHBIX aTOMOB, TOPMO)KEHHE M OCTAHOBKA MaJAlOIINX HOHOB IIOJ
MIOBEPXHOCTBIO.

PaccMoTpuM BHadane pocT M 3apojblnieo0pa3oBaHue ISl Cydasi OOBIYHOTO (HH3KOIHEPreTHYECKOoro) Mmpolecca
¢usngeckoro ocaxaeHus U3 maposoi ¢assl (physical vapor deposition — PVD) [3]. B 3aBucuMocTH OT TOTO, SBISETCS
JH CBSI3b MEXIy IMOJOOHBIMH JIpYT APYTY aJaToOMaMH CHIJIbHEE, YeM MEXIy aJaTOMOM M aTOMOM ITOJUIOKKH, WIIN
crmabee, MOJKHO pa3iIMuaTh TPHU OCHOBHBIX PEXHMa pocTa KoHAeHcarta: (i) TpEXMEpHBIH WM OCTPOBKOBEIN pocT, (ii)
JBYMEPHBIA M TIOCIONHBIN pocT, u (iii) CMEIMIaHHBIA PeXHUM, KOTOPBIH HAUYMHAETCS C JBYMEPHOTO, TMEPEXOISAIICTO
3areM, Mocyie 00pa3oBaHMs OJHOTO WM Ooliee MOHOCIOEB, B OCTPOBKOBBIM pekuM. B ciydae nBymepHoOro pocra
KOHJICHCUPYIOIINECS] YacTHIBl 00JIafaloT CPOACTBOM K aTOMaM IOJJIOKKH: OHU CBSI3BIBAIOTCSI C MOIJIOXKKOH Ooiee
CHJIBHO, YeM MeXIy co0o0il. B mpoTHBHOM ciTydae aJaTOMBI BBICTPAUBAIOTCA B TPEXMEpPHBIE OCTPOBKH, PACTYIIHE BO
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BCCX HaIlpaBJICHUAX, B TOM YHUCJIC — U B HAIIPAaBJICHUHU, HOPMAJIbHOM K ITOBEPXHOCTHU. PaCTyume OCTPOBKH CJIMBANOTCA,
COIIpPHKAcasACh APYyT ¢ JPYroM, U, B KOHEUHOM cuére, 00pa3yloT CILIOIHYIO IIEHKY. HakoHel, B clydae cMEIIaHHOTO
peXrMa pa3HHLA MEXIY MHTEHCUBHOCTSAMH CBSI3€H OJMHAKOBBIX aTOMOB M HEOAMHAKOBBIX aTOMOB HE3HAuUUTEIbHAs.
Cucrtema cBA3el M3MEHSETCA KaK TOJBKO ITOBEPXHOCTHBIE aTOMBI IMOKPHIBAIOTCS M 3aXOPOHSIOTCS OJHUM WM JBYMs
MOHOCIJIOSIMH, TOCJIE 4Yero HadynHaeTcs (OPMHUpPOBAaHHE OCTPOBKOB. [t OOBSCHEHMS 3TOr0 HEOOXOAWMO CTPOTO
YUUTHIBATh SHEPIETUYECKOE COCTOSHHE BCEH CHCTEMBbI, BKIIOYAIONIEE BKJIAJ SHEPTUH AedopManuu, o0yCIOBICHHON
paccorIacoBaHHOCTHIO B KPUCTAUTHYECKON PEeMIETKE U CBOOOIHOM MMOBEPXHOCTHOM YHeprueit [3—7].

Bonbmioit mHTEpEC MpencTaBIseT HU3KORHEpreTHUecKas o0JacTh paccMaTpHBacMOro TUIA KOHAEHCAIWH, T.C.,
pPEKUM, B KOTOPOM KOHACHCHUPYIOIIMECS YacTHUIBl OONamaroT 3HEpruei, IOCTaTOYHOM Mg WHTeHCH(UKarmn
TIOBEPXHOCTHOM IOJBIKHOCTH, HO HE JOCTATOYHOW JJIsI MOBPEXICHUS PACTYLIEro MOKPHITHS. 37eCh KHHETHYEeCKas
SHEprus NajarouX YacTUI] cOCTaBisieT 5—25 3B.

Yame, 01HaKO, BEICOKOIHEpreTHYecKas KOHICHCALU pacCMaTPUBACTCs KaK MPOLECC, B KOTOPOM dHepruu Oosee
BBICOKHE, TaK YTO TaKylO0 KOHAEHCAIIMIO MOXHO CUUTATh MPOIECCOM, B KOTOPOM DHEPrHs INIEHKOOOPa3yIomnuX HOHOB
WIN aTOMOB IIPEBBIIIAET DHEPTHIO cABHTa K, YTO MO3BOJISET UM NPOHHUKHYTH B IOANOBEPXHOCTHYIO oOmactb. Poct
IJIEHKH, T03TOMY, IPOMCXOAUT CKOpPEE IMOJ MOBEPXHOCTBIO, HEXKENIN Ha MOBEpXHOCTH. DOpMUpOBaHHE KOHAEHCATa
BCIIEACTBHE TakoW cyOommimiantanuu [8—10] accomumpyercst ¢ MIOTHOM M TBEPIOW TUIEHKOH, YTO CBHAETEILCTBYET O
HaJIMYUH BBICOKOH BHYTpPEHHEH HaNpspKEHHOCTH. B pesynbpTare mepemenmmBaHHUsS MaTepuasa IIEHKU C IOMIOXKKOW 1
(opMHpOBaHNS XUMHYECKHX CBA3eH TakWe IDIEHKH OO0NIQJaloT XOpOIIed anre3nell K TOIJIOKKE, €CIH TOJBKO
BHYTPEHHHE HAINPSIKEHUSI HE JOCTUTAlOT YPE3MEPHO BBICOKOTO YPOBHS, MPU KOTOPOM IIPOMCXOAMT OTCIIAMBaHHE
mi¢Hkn. CyOMMIUIaHTAIIMOHHBIA POCT IUIEHKH emE HE O3HAa4aeT, YTO IOBEPXHOCTHBIMH IIPOLIECCAMH MOXKHO
npeHeOpedb. HanmpoTus, BEICOKORHEpreTHUECcKas KOHJICHCAIMs IPU CyOHMMIUIaHTAMOHHBIX 3HEPIUAX BBI3BIBAET YXOJ
aTOMOB C TIOBEPXHOCTH (iecopOuusi, pacibuIeHHE), a TAK)Ke CHAOXKAeT MOBEPXHOCTHBIE aTOMBI SHEPIUEi, TEM CaMbIM
CTUMYJIMPYSl UX TOBEPXHOCTHYIO MUIpPalMi0O B TEPMOJMHAMHYECKH Oojiee BBIFOJHBIE MECTa, YTO CIIOCOOCTBYET
MUHHUMH3aLUHN CBOOOHON SHEPTUU CUCTEMBI.

Llenbro HacTOsIEH pabOTHI SBJISETCS aHAIU3 U CHCTEMAaTHU3alMsl UMEIOIIUXCS B HACTOSIEE BPEMsI JIUTepaTypHBIX
JaHHBIX O (HU3MKE IIPOIECCOB, COCTABISIOIIMX OCHOBY IOJYYHMBLIMX IIMPOKOE pPAaCHpOCTPAaHEHHE TEXHOJIOTHH
BaKyyMHO-ZyBFOBOI'O OCAX/IE€HUS MOKPBITHH.

CYBUMILTAHTAITMOHHBIN POCT IVIEHOK KOHAEHCATA

Kak yxe oTMeJanoch BBIIIE, OCYIIECTBICHHE PEXHUMA BBICOKOIHEPTETHIECKOW KOHAEHCAIMH OOBIYHO
MIPOMCXOIUT B CIIydae OC@KACHHUS IOKPHITUH W3 METALUIMYECKOM IUIa3Mbl, T€HEPHPYEeMOH BaKyyMHO-IyTOBBIM
HCTOYHHKOM.

Yckopsiemble B IIpoIiecce 3MEeKTPOH—MOHHOTO B3aMMOIEHCTBHSA, a TaKKe MOJT BO3ACHCTBUEM I'PaMICHTa AaBICHHUS,
HemnoJanéKy OT KaTOAHOTO IISITHA MOHBI JOCTHIal0T CBEPX3BYKOBOM CKOpPOCTH. DTy M3HAYAIBHYIO, «ECTECTBEHHYIO),
CKOpPOCTh 0003HaYMM Kak Vj. Torga cOOTBETCTBYIOILAS KWHETHUECKash SHEPIusi MOHA B BAKyYMHOH Jyre KaTOJHOI'O
TUIIA paBHA

E, :miviz()/z' (D

IToka woH mBWraeTcs K IIOMJIOXKKE, 3Ta DHEPIHS MOXKET H3MCHUTHCS BCIEACTBHE CTOIKHOBEHHUS HOHA C
HEUTpalaMl WINM B CBSI3UM C JPYTMMM BHJAMH €TO B3aHMMOJCHWCTBHSA C KOMIIOHEHTAaMM IOTOKa Iu1a3Mbl. Eciu Ha
MOJJIOKKY IOHaH OTpI/IHaTeJ'lI)HI)II\/’I (OTHOCI/ITCHBHO l'lJ'laSMI)I) TMOTCHIIUAI — OTPULATCIIBHOC HAIIPAKCHUC CMCIICHUS,
MOJIOKUTENBHBIM HOH MepeA COyJapeHHEeM C IOAJIOKKOW B IPUIOBEPXHOCTHOM CJO€ MOJIYYHUT JIOTIOJHUTEIHHOE
YCKOpEHHUE. 3apsiIoBOC YKCIIO Z, KOTOPOE I MHOTHX METAJJIOB PABHO 2 WM 3, TPEACTABISACT COOOW MHOXHUTEIb IS
KHHETHYECKONH DJHEpruM, OINpenenseMol NaJeHHEeM HampshKeHus Vg B IPUIOBEPXHOCTHOM CJO€ Y IOJUIOXKKH.
CyMMapHasi KHHETHYECKasl SHEpIysl HOHa B MOMEHT COYJIapEHUs C TIO/UI0KKOH MOXKET OBITh 3aIlicaHa Kak
Ei;kin = EiO + Zer ) 2
TZie e — AIIeMEHTapHbIN 3apsa. [Ipeamnonaraercs, 9To B IPUIIOBEPXHOCTHOM cJI0€ He ObUIO CTONKHOBeHHH. Hekoropyio
HEeOOJBIIYI0 J00aBOUHYI0 KHHETHUECKYIO SHEPTHIO Ej. HOH IPHOOPETaET 110/ BO3ICHCTBHEM HABEACHHOTO 3apsaaa (CM.
HIKE).

Vonbl BakyyMHOH AyT'W KaTOXHOTO THMA OOJIAAl0T HE TOJIBKO KUHETHYECKOI, HO M MOTEHIHATBHOW SHEPTHEH,
KOTOpasi COCTOUT U3 SHEPTUHU KOTe3nH E., KyMyJISTHBHOW SHEPIUU HOHHU3ANH Ej,, U SHEPTUU BO30YKACHUSI CBA3aHHBIX
3IEKTPOHOB E.ye, €CIIM 3TH 3JCKTPOHBI HAXOIATCS B BO30Y)KIEHHOM COCTOSHHUH. BbIpaykeHHE UIs MOTCHIUATLHON
SHEPrUH MOXKET OBITh 3aIIHCAHO KaK

E, (Z)=E. +E,+E,,. 3)

Bxiag sHeprum BO30YXKICHHS OTHOCHUTEIHHO HEBEIHMK M MOITOMY M3 NAIbHEHINNX OOCYXICHHUH MOXET OBITh
HUCKJIFOUEH.
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OHeprusi HOHU3ALMKU OYeHb 3HAYUTENIbHA, OCOOEHHO Ui MHOTO03apsIHBIX MOHOB. DHEPrusi HOHM3auu E; — 310
SHEprus, Tpedyromasicss sl TOro, YToObl YJalUTh AJIEKTPOHBI U3 MOHA, HAXOASILIEroCsl B 3apsI0BOM COCTOSIHUM Z U
MPEBPATUTh €r0 B MOH C KpaTHOCThIO MoHM3auuu Z+1 [11, 12]. TlosToMy, paccuuTbiBas KyMYJISITUBHYIO DHEPIHIO
HMOHU3AlMK, KOTOpasi JOJDKHA OBITh NepeaHa IUIEHKe, HalpuMmep, TPEX3apsiHbIM HOHOM, CIIEAYET CIOKHTh SHEPrHU
MOHHM3alMN BCceX TPEX cTyneHed HoHM3arud. (BenwmumHbl KyMyJNSTHBHOW SHEPTHMM HMOHHU3AIMU M SHEPTHUH KOTE3WH
npuBeqeHB B Tabnmnax B.4 u B.8, coorBeTcTBeHHO, B MOHOTpaduu AHnepca [2]). KyMmynsaTuBHast SHEPTHs HOHU3AINN
paccYuTHIBANIACH 110 POpMYIIe

E, =E" ZE g @

on

sum
Hanpumep, £7

HPEACTABISIET COOOH KyMyJIITHBHYIO 3HEPIHMI0 MOHM3AIMH, KOTOPYIO INEepefaéT MOAT0XKKE
JIByX3apsIHbI HOH.

UYroObl Jy4llle MOHATh CYTh BBICOKOIHEPIeTHYHOH KOHAEHCAIMH, HEOOXOoAMMO 0ojiee NeTalbHO pPacCMOTPETh
(u3nuecKkre sSBJICHUS, MPOUCXOAAIINE, KOT/Ia HOH MMaJaeT Ha MMOBEPXHOCTh MOJUIOKKH. Korna MoH mpubimxaercs K
METATMYECKOH MOJIOKKE Ha PACCTOSIHUE B HECKOJILKO HAHOMETPOB, B MOJIOKKE HABOANUTCS 3apsiil TPOTUBOIIOI0KHON

noJsipHOCTH (pHUC. 1), KOTOPBIH BO3JEHCTBYET HAa MOH C CHIIOH
F =(e2)[(47z,(2d)"). )

rze d — pacCTOsIHNE MEXIy HOHOM U ITOBEPXHOCTBIO TOJI0KKH. DTa CHIa BBI3BIBAET YCKOPEHNE HOHA 110 HAIIPaBJICHUIO
K TOJIOXKKE, YTO OOECIIeYNBAET JOMOJHUTEIBHBIH TOJYOK MOHY, CIIETKa IOBBIMIAs €ro KMHeTHYecKyro sHepruro. C
COKpAIIIEHNEM pacCTOSHHUSA d 3JEKTPUYECKOE II0JIC MOHA CHIDKAET NMOTECHIMAIBHBIM Oapbep, KOTOPHIH B OOBIYHBIX
YCIIOBUSIX YAEP’KHBAET 3JIEKTPOHBI OT BBIXOJA B BaKyyM. OJIEKTPOHBI MeTaula BOIM3M ypoBHS PepMum MOTyT
OCYIIIECTBUTh PE30HAHCHBIA IEPeXoi] Ha BO30YXIEHHBIN YpOBEHb MAJAIOIIEro MOHA, €CIHM MOTCHIMANbHBIN Oapbep
MEXIy METAJUIOM M HOHOM JOCTHraeT ypoBHA Pepmu, T.e. KOrZa IEpPEXOi COBEPIIACTCS B COOTBETCTBHU C
kiaccuueckoi ("ckBo3b 6aprep') mozensto [13]. [lepexon a1eKTpoHa OCYIIECTBISETCSI HA KPUTHIECKOM PACcCTOSTHUH

d (Z)~a,E, [ep(8Z +2)"*, (6)

rae ag — panuyc bopa, Ey — sHEeprusi MOHU3aIUK BOAOPO/IA, e¢ — pabora Beixoza [13].

IMocne mepexona 3apsit MOHA M HaBEJICHHBIN 3apsi/l YMEHBIIAIOTCS, a BBICOTa Oapbepa yBennunBaercs. B cimydae
MHOT'03aps/THOTO MOHA BO3HUKAET 0ojee KOPOTKOE KPUTHYECKOE PacCTOSHHUE, HA KOTOPOM CTAHOBHUTCS pa3peIléHHBIM
Iepexo]; BTOPOTO OJJIEKTPOHA. 3apsii MHOTO3aPSIHBIX HOHOB yMEHBIIAeTCSd CKAadyKooOpa3HO, CTymeHdaro. B
CTYIICHYATOH anmpoKCUMAaIINN BEIPAKCHHE JJIs1 KWHETHIECKOW YHEPTHH 3a CUET HaBEICHHOTO 3apaaa umeeT Bu [ 13]

ZZA‘ 2Z-i)-1 o
7 J8(Z —i)+2

Cutyanusi BBITJSIIUT HHA4Ye, €CIH HOH
HaJIeTaeT Ha IIOBEPXHOCTH M30JIATOPA, TOCKOIBKY
B O3TOM CiIyda€ B 30HE IPOBOAWMOCTH HET
ANIEKTPOHOB. MOXKHO CUNTATh, YTO () (HEKTHBHBIN
HABEJICHHBIN 3apsJl TENepb paBeH Zy=EZ, rae &
byHKIMS ~ OTKIMKAa jaudnektpuka [11]  mpum
0<&<1. JlobaBka OSHEpPruM OMpEACICTCS
HaBEJCHHOW DJHEprueid, NpuoOpeTeHHOH Ha
paccTosiHUN d.| 3aXBaTa NEPBOTO JIEKTPOHA!
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ot Ilocne  3axBaTa  IIEPBOrO  DIEKTPOHA
- TMOBEPXHOCTH JIOKaJIbHO 3apsKacTcs
IIOJIOKHUTCIIBHO. yCKOpeHI/IC, BbI3bIBAEMOC
HaBCACHHBIM 3apAaa0oMm, YaCTUYHO
KOMIICHCUPYCTCS TOPMOKCHHUEM BHOBb

BO3HUKIIIHM HNOBEPXHOCTHBIM 3apsoM, ¥, TaKHM
o0pa3oM, JampHEHWIero mpuOaBIeHUsI SHEPTUN
noHa He mpoucxoaut [11].

Ilpn 3axBaTe BIEKTPOHA, DHEPTUS MOXKET
ObITh BBICBOOOXKICHA B BHIE HW3JIyueHHs MWIM IyTéM ucmyckanus Oxe snekTpoHa. CTaTUCTUYECKH, MOJIOBHHA

Puc. 1. Cxema arieKTpHUYECKUX MOJIeH, yCKOPSIOIIMX HOH B MOMEHT
TepeJt ero CoyJJapeHueM ¢ OBEPXHOCThIO KOHJEH AU [2]
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paaMaliOHHONM DSHEPrUM OCBEIAeT MOJUIOKKY M pacTyllylo IUIEHKY. 3axBaueHHbBI 3JEKTPOH HaXOIUTCS B
BO30YKAEHHOM COCTOSIHHH, TIOCKOJIBKY BPEMsI MEX/Iy 3aXBaTOM M COYAapEeHHEM C IOBEPXHOCTHIO HEJOCTATOYHO JUIs
mepexojia B OCHOBHOE COCTOSIHHE, TaK 4YTO TEIeph MBI UMeeM Jieno ¢ "HemomHoneHHBIM aroMoM" (hollow atom) [15].
Bpems Mexay 3aXBaTOM JIEKTPOHA U COYAApPEHUEM HOHA C MOBEPXHOCTBIO COCTABIIAET IPUMEPHO HECKONBKO JECATKOB
(heMTOCeKyHI.

Korma woH (Temeps yke HEMONHOIICHHBIM aTOM) IIOMAjgaeT Ha IIOBEPXHOCTb, TMIIyOWHA €ro BHEIPECHHUS
OINPEEINAETCS €r0 MOMEHTOM WJIM KMHETHYECKOW 3Hepruel. I[Ipum cKopoCcTH moTeph KMHETUYECKOW SHEPIUU MOpsIKa
100 »B/HM HOHBI MPOHUKAIOT BIIIyOb Tella MOAJIOXKH Ha HECKOJIIBKO MOHOCIOEB (cyOmmrnianTtarws). Kuaerndeckas
SHEprus MOXeT OBITh CBSi3aHa C KOPOTKMMH KacKaaM{ CTOJIKHOBEHHS M CMEIIeHHsS aToMOB. KakIaplii cMeIEHHBIN
aTOM 3aHMMaeT HOBOE MECTOIOJIOXKEHUE, COBEPIINB OTHOCUTEIHHO HETro KoeOaHus OOJBIION aMIUTUTYIBI — IIpOIece,
JMan€Kuil OT TEPMOJUHAMUYCCKOIO PABHOBECHS. ATOMBI, BOBJICUEHHBIC B KACKaJbl CTOJKHOBCHHUH, 3aHUMAIOT COOOM
00BEM BBICOKOTENEPATYpPHOrO Marepualia aToMapHoro maciiraba. TerionpoBoIHOCTh Marepualia BeIET K ObICTpOMY
paccesiHMIO TEIJIOBOW HHEpPruM yKa3aHHOro oObémMa. B cBs3M ¢ HepaBHOBECHOW IpUpONOW  Ipolecca
BBICOKOOHEPT€THYHOTO OCAXJICHUSI HOHOB CJEAYeT OBITh OCMOTPUTEIBHBIM, YNOTpeOssisi TepMuHBI "Teruora u
"remneparypa".

BbIcBOOOXICHNE TIOTEHIIMAIBEHON SHEPTUU U €€ BIMSHUE HA CBOMCTBA OCaKAAEMbIX MOKPHITHH MEHee H3yUeHO, U
€10 YacTO MPEHEOPETaloT B CBSI3U C TEM, UYTO OOJBITMHCTBO MCCICIOBAHUI Kacaloch KOHICHCAINN HEUTPaIbHBIX ApOB
WIH He MHO0203apsA0HbIX WOHOB. B ciydae BaKyyMHO-IYTOBOHM IIa3Mbl NMOTEHIHMATbHAS SHEPTUS WMeEeT OObIIoe
3Ha4YeHHe. DHEPrus MOHU3AIlNH BBEICBOOOXKIAeTCs B JBa dTama. Ha mepBoM 3Tame BBHICBOOOXIEHHE MPOUCXOIUT Ha
MMOIX0€ K MOBEPXHOCTH IOCPEACTBOM HU3MydeHHs n Oxe MPOIeccoB, a BTOPOU 3Tal MPOMCXOJUT B TBEPIOM TeJe.
YacTe NOTEHIHMAIBHONW YHEPTHUH MEPEXOTUT B TBEPOE TEIO HOCPEACTBOM IEKTPOHHOTO BO30YXaeHuA [16]. DnekTpon-
(oHOHHAs CBsI3b BEAET K JIOKAIBHOMY HarpeBY KPUCTAIMYECKOH CTPYKTYpPbI; MAacIITad BpeMEHH HEOOXOIUMOTO st
JOCTIDKEHHUSI PAaBHOBECHS MEXIY OSJIEKTPOHHOM TeMIepaTypod M TeMIepaTypodl peHETKH COCTaBISET OKOJIO
1 nukocexynasl [17]. Bblcokas mnoTeHIMandbHAas »HHEPIUs NaJalOMIero HOHA MOXET MPUBECTHM K OSMHUCCHHU
MOBEPXHOCTHBIX aTOMOB (HOTEHIMaJIbHOE pacnbuleHue [15]). B cinydyae JuaneKTpUYecKMX MHOBEPXHOCTEH,
TIOJIOKUTEIBHBIA TTOBEPXHOCTHBIA 3apsi/i IMPUTSATHUBAET JJICKTPOHBI W3 IUIa3Mbl. MOXKHO CYMTaTh, YTO O3HEPIHs
MOHM3ALUU TMOIVIOIIEHa TBEPABIM TEIOM, €CIAM Ha TOBEPXHOCTb MOCTYMWJI 3JIEKTPOH, KOMIEHCUPYIOIIUI
MTOJIOXKUTETBHBIN 3apsan. KoresmoHHas »Heprust mposBiseTcs (IIpeBpamacTcs B TEIUIOTY), KOTAa MOCTYMUBIIAN Ha
MMOBEPXHOCTh MOH CTAaHOBHUTCS aTOMOM IUIEHKH, T.e. €r0 AJIEKTPOH BCTYHAaeT B CBA3b C COCENHMMH aTroMaMu. B
BBICOKOHEPTETHICCKOM OCAXKICHUM BaKyyMHO-IYTOBOM IDIa3Mbl KaXKIbI HOH HecéT B cede 3HAYUTEIHHYIO
KMHETHYECKYI0 ¥ TIOTCHIHAIBHYIO HEPTHI0, KOTOphIe 0OpamaioTcsi B TaK Ha3bIBAEMBIH HAarpeB aTOMHOTO MaciuTaba
(atomic scale heating, ASH [2]). Kunernueckasi 3HEprus U MOTEHIMAIbHASL SHEPT sl OOBIYHO MTPEBBILIAIOT 110 BEIHMYHHE
SHEPTUI0 MTOBEPXHOCTHOM CBS3M M HHEPTUI0 aKTHUBALUH, 00ECHEYMBAIOIIYIO MOBEPXHOCTHYIO AUGQY3HUI0, a TOTOMY
MOXXHO OXHAATh, 4TO 00€ 3TH DHEPrHU, KUHETHYECKas M IOTCHLHUAJbHAs, OKa3bIBAlOT 3HAYUTENHHOE BJIMSHHE Ha
SBOJIIOI[MOHHBIE TPOIECChl B IJIEHKE M, B KOHEYHOM cuére, Ha e€ cBoilctBa. CyMmMapHas SHeprus, KOTOPYIO
Z-3apsiHBIA MOH TepelaéT MOMJIOKKE, MOXKHO OIPEAEINTh, 100aBUB KHHETHYECKYIO M IOTEHIMAIbHYIO0 SHEPTUH 32
BBIYETOM DHEPTHH, TPEOYIOMIEHCS JUIs U3BIICUCHHUS Z DIIEKTPOHOB U3 MOJJIOKKH, TaK 4TO

Z-1
Etota[ (Z) = Ekin,O + Ze I/sheath + Eic + Ec + Eexc + Z E v Z€¢ : (9)

Z'=0

B pabore [18] mokazaHo, yto ASH MoXeT 3aMeHHTh OOBIYHBIA HAarpeB M, TaKUM 00pa3oM, MHTEHCU(HKAIUEH
MTOBEPXHOCTHON MHI'PAllMM IPH MHTETPAIBLHO XOJIOJHON OCHOBE (IOJIOKKE) OOYCIOBHTH (POPMHUPOBAHHE ILUIOTHOU
k. Koneuno, ASH, B koHeuHOM cuéTe, BeZ€T K MOBBIIICHUIO TEMIIEPATyPhl BCEH TMOATI0XKKHA BMECTE C pacTynien
wiéakoi. Ecnm moaoxka cHaOXeHa MOAJIOXKKOAEpXkKaTesieM, 00eCHeunBaONIMM TEIUIOOTBO 32 CYET BOASHOTO
OXJIAXKIICHUSI, TO TIO/IIOXKKA MOXKET COXPAHATh EPBOHAYANIBHYIO TEMIICPaTypy, HapHMep, KOMHATHYO.

Jaxe B OTCYTCTBHE NPUHYAUTEIBHOTO MOTEHIIMANA CMELICHHS KHHETHYECKAsk YJHEPTUsl HOHA JIOCTATOYHO BEJIMKA
JUTS TOTO, 9TOOBI MOH (TIOCIIe HEUTpaIu3aluy — aTOM) OBUT BHEIPEH B MMOBEPXHOCTH, T.€. B CAMBIH BEPXHUH MOHOCIION
KOHJIEHCATa, YTO ¥ OOYCIIOBIIMBALT €T0 YIUIOTHEHUE U MOSBJICHUE B HEM BBICOKHX HAIPSDKCHUH COKATHAL.

CoynapeHne ¢ KOHIEHCAaTOM HOHa ¢ sHeprued B amamazoHe 103B — 10 k3B Beaér x cyOMMIIIaHTAIIMOHHBIM
MpoleccaM Jajieko OT TEPMOJMHAMHYECKOTO PaBHOBECHS, B PE3yJIbTaTe Yero B TEUEHHE BPEMEHHOrO MHTEpBaja OT
(heMTOCeKYH/I 10 MMKOCEKYHI MOTYT ()OPMUPOBATHCSI METACTaOUIIbHBIE aMOP(HBIE MITH HAHOKPUCTAIITHYECKUE (Da3bl.

IOMHccHs BTOPUYHBIX 3JIEKTPOHOB
B mporecce BEICOKORHEPreTHUECKOI KOHJICHCAIMN MOXKET BO3HHKHYTh SMHCCHS BTOPUYHBIX 3JIEKTpOoHOB (OBD).
[osiBienne OBD MoXkeT HMETb MOCTaTOYHO 3aMETHOE BIIMSHHE Ha MPOLECCHl, MPOMCXOASAIIME B IUIa3Me B
HETIOCPEICTBEHHOW OJIM30CTH K MOAoXKe. Paznuyaror kuHeTHdeckyro sMuccuio (K3J) M MoTeHIMaIbHYIO SMHUCCHIO
(IT9), xoTOpBIE OCHOBaHBI HAa TOM, KakOW BWI SHEPTHMHM OTBETCTBEH 3a Mpolecc >MHccHU. KuneTndeckas smuccus
3HAUMTEIbHA B TOM CiIydae, KOTAAa KHHETHYECKas SHEprusl MaJaiollero HMOHa NpeBbIIaeT npuMmepHo 1 k3B n
CTaHOBUTCA JOMMHMpYIOIIEH INpU HECKOJAbKUX K3B. Ecnu, mpeamnosnoxum, Mbl UMEEM [€10 € IUIa3MOM, CpenHss
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3apsIHOCTh HOHOB KOTOPOM COCTABIISACT 2, TO IPH JFOOOM MMOTEHIMAlIe cMelleHus, npepbimatonieM 500 B, Oyaer umers
MECTO KWHETHYECKas AIMUCCHS 3JIEKTPOHOB C BBIX0J0M He MeHee 0,1 (BBIXOX OmpesenseTcs Kak cpeJHee KOJIUYeCTBO
BTOPHYHBIX YacCTHII, B JAHHOM Clly4ae — 3JICKTPOHOB, SMUTHPYEMBIX Ha OJHY IaJAloNlylo MepBUYHYI0 yactuiy). [Ipn
OuUeHb OOJBIIMX OSHEPTUSAX, OIPENENseMbIX BBICOKMMH IOTEHIMATaMHd CMEIICHHS B pPEXHMax TpaBICHUS U
AMIUTaHTalMd WOHOB TorpykeHueMm B 1uiasmy (PIII — plasma immersion ion implantation), BBIXOJ KHHETHYECKON
SMHUCCHHU D3JICKTPOHOB MOXKET TOCTHUTaTh OONBIIMX BedwdWH. Ha puic. 2 B KadecTBe MpuMepa MpPUBEICHBI KPUBBIC
3aBHCHMOCTH K0d(h(HHUIHIEHTa BTOPHYHOH AIIEKTPOHHON SMUCCHH OT SHEPTHH MOHOB IIUPKOHUS PA3IMIHON 3apsSIHOCTH,
60MOapANPYIOMHKX ATIOMHUHHUEBYIO TIOJUIOKKY. Pric. 3 WILTIOCTpUpYyeT BIUSHHUE CPEeTHEH 3apsSAHOCTH HOHOB PAa3TMIHBIX
METaJIOB, OOMOapANPYIONINX MOMAIOKKY U3 HepxKaseromeil cramm [19].

IIpu Oomee HHM3KMX 3HAYCHHUAX KHHETWYCCKOH OHHEPIUM BBIXOJ KHHETHYECKOH OMHCCHH DIEKTPOHOB
NpeHeOPEeIKUMO Mall, U JIOMUHHUPYIOIIEH SIBISETCS MOTEHIMANIbHAsE AMUCCHS, XOTS MO abCONIOTHOMY 3HA4YEHHIO OHA
Takxke HeBenrka. Beixon [1D He3HAUNTENbHBIN 1 00BIYHO TOPA3I0 MCHBIIIE €HMHUIIBL.
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Puc.2. BpIxon BTOPHYHBIX OJIIEKTPOHOB u3 amomMuHHeBOH Pumc. 3. Koaddunmenr BTOPHYHON SMHCCHH BIIEKTPOHOB JUIS

o

MumeHn npu  OomOapampoBke e€ OQHO-, OBYX- W MHIICHH U3 HEp)KaBeIOIIeH CTalud, yCpemaHEHHBIH o
TpEX3apsAHBIMH HMOHAaMH LHPKOHMS B 3aBUCHMOCTU OT paclIpelelCHUI0 3apsJHOCTU MOHOB pa3HBIX METaloB, B
YCKOPSIOLIEro HAIIPSKEHUs Ha MOAI0XKe [2,19] (YHKIMY yCKOpSIIOLIEro HampspkeHus [2,19]

Kak TONBKO TMpOW30NUIA 3MUCCHS BTOPUYHBIX JJICKTPOHOB, OHHM TONANAIOT B 3JCKTPHUCCKOE TMOJIC
MIPUITOBEPXHOCTHOTO CJIOSI, KOTOPOE YCKOPSUIO (ITOJIOKHUTEIBHBIC) MOHBI, a TEIeph OHO YCKOPSET (OTPHUIIATEIIBHBIC)
AJIEKTPOHBI B IPOTUBOIIOJIOKHOM HANPABICHUU. DTH JCKTPOHBI MOTYT B3aUMOJICHCTBOBATH C IIa3MOH, OCOOCHHO C
OoJiee XOJOJHBIME JJICKTPOHAMH IIa3MBbl, 8 TAKXKE C OCTATOYHBIM Ta30oM, €CIH TaKOBOH MPUCYTCTBYET, TEM CaMBIM
[OBBIIIAs IUIOTHOCTH IUIA3MBL. JTa 100ABOYHAS MOHM3ALMS MOXET OBITh 3HAYUTEIHHOM MM HET B 3aBHCUMOCTH OT
JUTUHBI CBOOOAHOTO Tpobera, KoTopas sBisiercs: PyHKIMeH SHEPTUu AJIEKTPOHa (3aBHCAIICH OT MaJCHUS HAPSDKEHUS
Ha MIPUIIOBEPXHOCTHOM CJIOE), IDIOTHOCTH IUIAa3MEHHOH "MUIIeHH" W CeYeHUs B3aMMOACHCTBHSI C YaCTUIIAMH MHIICHH.
Bo MHOrHX city4asix IOMOJHUTEIbHAS NOHU3AIMS HE3HAUUTENbHA, U IOTOMY [[eJIeCO00Pa3HO MEPEHTH K PACCMOTPEHHUIO
JIPYTUX BTOPHUYHBIX YACTHUI] — ATOMOB, TOCTYIAIOLIHUX C TIOBEPXHOCTH MOJIONKKH.

CAMOPACIIBIVIEHME U "HEITPUJIUMITAHUE"

Korzia BEICOKORHEPreTHUHBII HOH HaleTaeT Ha IOJUIOKKY, OH 00pEeTaeT COCTOSHUE MOKOs JIMOO Ha MOBEPXHOCTH,
100 1O/ TMOBEPXHOCTHIO, BHOCS TaKMM 00Opa3oM BKJIAJ B TpOIEcC OCaXKAeHHs KoHzeHcara. OpHaKo HEe BCE HMOHBI
BXOJST B COCTaB NOAJIOXKKU WMIM KOHJEHcaTa. B 3aBHCHMOCTM OT PHEpPruM W yria HaJeHHs HOHAa, OT MaTrepuana
TTOJUTOKKH HEKOTOPbIe MOHBI MOTYT "OTCKOYHMTH" B BHIE HEHTPATM30BAHHBIX aTOMOB, CIOCOOCTBYS TakuM 0Opa3zoM
IUIOTHOCTH 00Jlaka HEHTpaJbHBIX aTOMOB, a HE POCTY IUIEHKH. [ MOCTyHaromyX K IMOBEPXHOCTH YHEPreTHYECKHX
HMOHOB MOYKHO BBECTH T0Ka3aTellb "BEpOATHOCTh npunnnanus’. K Tomy ke, caelyeT OTMETUTb, YTO IPU BEPOSATHOCTH
MIPUJINIIAHUS MEHBINEW €JUHHIBI IPOUCXOAUT TOBBIIIEHHE IUIOTHOCTH HEMTPANIOB B IUIA3ME, YTO BEAET K CHUIKECHHUIO
3apsAAHOCTH MHOT03apsAJHBIX HOHOB.

Jpyroii MexaHnu3M reHepUpOBaHUs 3aKII0UYacTCs B cienytomeM. Iloctynaromuii Ha OANI0KKY aTOM BXOAMT B €€
COCTaB, HO KacKajJ COYJapeHHH I0Jl MOBEPXHOCTHIO BEAET K BBHITAJIKUBAHUIO OJHOTO (MM Oojiee) MOBEPXHOCTHBIX
aTOMOB. OTOT MpOLIECC HA3bIBAIOT pacHbuleHHeM. B ToMm ciyuae, korja MajaloUIMid MOH M pacHbUIEHHBIH aToMm
SABJIAIOTCA YaCTUAMU OJHOTO M TOro K€ Marepuajia, IMpPOLECC Ha3bIBAIOT CaMOPACHbUICHUCM. HOH)ITHO, 4qTo
CaMOpPACHbIJICHUE CHUXKAET CKOPOCTb POCTa MOKPBITUS, a B Cly4yae, €CIM BBIXOJ CAMOPACIBUICHUS IPEBBIIIAET
€IMHUILY, pOCTa MIEHKHU HE IPOUCXOUT.

ITo BEIXOQY caMoOpacHbUIEHHS HpH KOHJACHCAUM BaKyyMHO-AYTOBOW IIa3Mbl AN HU3KHUX DJHEPIUil, T.€. B
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OTCYTCTBUC OTPULATCIHLHOIO0 CMCIICHWA Ha MNOMJIOXKKE HWIMW IIPU MaJbIX BEJIMYMHAX CMCHICHHSA, HUMECTCA OUYCHDb
HeOOJBIION 00BEM JKCIIEPUMEHTAIBHBIX JaHHbIX. CaMopacnbuieHHe OyJleT, KOHEYHO, 3aBUCETh OT OCOOCHHOCTEH
paccMaTpuBaeMoro Marepuaia, 1 MOXHO OKHJIaTh, YTO CaMOPACIbIJICHHE OCOOCHHO CYIIECTBEHHO JUISi MaTepHAaJIOB C
TSDKENBIMA MOHAMHM M MaJIOW SHEepruei MOBepXHOCTHOW CBsi3M (Zr, Au). YCTaHOBJIEHO, YTO Ul TaKUX MaTepHajioB
TOJIIMHA TTOKPBITHS CHJIBHO 3aBUCHT OT BEJIMYMHBI OTPHULATENHEHOTO CMEIICHUS HA IOJUIOKKE, TaK 4TO AAaHHBIE MO
TOJIIMHE KOHJEHCAaTa MOTyT OBbITh NMpeoOpa3oBaHBl B BEIWYHMHBI BBIXOJA caMopacIblIeHUs. B ciaydae 3osota Ha
o0pa3max He ObLTO0 0OHAPYKEHO CIIEZIOB IOKPBITHS MPH cMemieHnn cBhime — 50 B.

Ha puc. 4 n 5 nmoka3aHsl IpUMeEPHI 3aBUCUMOCTEN BBIXOa CaMOPACHBIIICHHUS M BEPOATHOCTH MPHIMIAHNS OT yIila
nazeHus noHa. [Ipy majneHnu MoHa MO HOPMalX K MOBEPXHOCTH KO3(GGHULIMEHT NPUIUNAHKUA OJNM30K K €IUHUIE JUIs
BCEX METAJIOB, a BbIXoja camopacibuieHus mpu 100 3B, mo manaeM [20] u [21], coctaBnsn 0,2 mist amomunus, 0,3 1is
Hukenst ¥ 0,5 s meau. [Tpyu HopManbHOM MajieHUH HOoHA KO3((GUIMEHT MPUIMIIAHUS TOYTH PaBEH eAWHHIIE, TIOTOMY
YTO KMHCTHUYCCKas SHEPTrUsA HOHOB BaKyyMHO-Z{yFOBOﬁ IJ1a3Mbl JOCTAaTO4YHA JIA CABUI'a MPUIIOBEPXHOCTHBIX aTOMOB 1
OCTaHOBHTBCS B IOJIOBEPXHOCTHOH 30HEe. [IpyM HaKJIOHHOM NaJeHWM MPOHWKHOBEHHE HMOHA B IOUIOKKY (WM B
OCaXIAaeMbIil KOHJIEHCAT) CHIIBHO 3aTPYIHEHO: MOH, B3aMMOJIEHCTBYS C IIOBEPXHOCTHBIMU aTOMaMHM, HEHTpau3yerTcs,
TIOTJIONIAs] DJIEKTPOHBI B KOJIMYECTBE, COOTBETCTBYIOIIEM €TI0 NEPBOHAYAIIBHOM 3apsITHOCTH, U TEPSISL [IPU 3TOM 3HEPTHI0
U MOMEHT. B pesynbraTte, B IutazMe MOSBIISCTCS HEWTPAIBHBIN aroM ¢ 3HEprued Ooliee HU3KOW 10 CPaBHEHHIO C
SHEpruel NOHa Iepe]] COyIapeHHEM.
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Puc. 4. Kospounuent camopacnbuicHuss B (QyHKIMHA yria Puc. 5. BeposATHOCTh mpwinmnaHus B (QYHKIMHA yriia TaacHUS
najfeHus (OTHOCUTENBHO HOpPMalM K IOBepXHocTH). Hukenb  (OTHOCHTENbHO HOpManu K moBepxHocTH). Hukens [2,42]
[2.42]

Jlpyroe OTKJIOHEHHE OT 0OIIero npasuia (TMOBBIMICHUE BEPOSITHOCTH MPWINIAHUS IO Mepe MPUOIIDKEHUS yriia
HaJeHus K MPIMOMY YIJIy) BO3HHKAET, KOrJa MOH OUeHb JIETKOTO JIEMEHTA yAapseTcs O MOII0XKKY, peléTka KOTOPOi
COCTOMT U3 TSDKENBIX aTOMOB C BBICOKO# 9Heprueii cmemenus. JIErkue atombl He oueHb d((GEKTUBHBI JIsI CJIBUTA STHX
aTOMOB M BEpOSITHOCTH OOPAaTHOTO PAacCEesiHUs CYIIECTBYET Aa)ke NPpU HOPMAIbHOM NajaeHuH. Hampumep, pacuérsl
MOKa3bIBAIOT, YTO BEPOATHOCTh OOPATHOTO pACCesHUS HOHOB ANIOMUHUS, COYAApSIOIUXCA C MMOBEPXHOCTBIO
BoJIb(pama, cocrasisieT okosto 50% B anamnazone snepruit 30 — 100 »B.

DopMHUpPOBaHUE HEUTPANOB BCIEACTBUE PACHBUICHUS U "HENpUWIMNAHUA" BEAET K MOBBIIIEHUIO KOHUEHTPAaLUU
9TUX HEUTPANOB HAJ MOBEPXHOCTBIO. JIEWCTBUTENIBHO, HAaJ MOBEPXHOCTHIO, HA KOTOPYH BO3JEHCTBYIOT MOTOKAMU
BaKyyMHO-IYTOBOH IUIA3MBl, JIETKO HAOIIOAATh yCUIICHHE JINHAN TaKUX HEHTPaJIOB.

CBOWMCTBA INUTEHOK, IOJTYYEHHBIX BBICOKOHEPI'ETUYECKOMW KOHAEHCATIMEN
JAuarpaMMbl CTPYKTYPHBIX 30H

OcaxieHre TOKPHITHH (MEHOK) MyTEM BBICOKOOHEPTETUYECKOW KOHACHCAIMM WOHOB U3 IUIa3Mbl BaKyyMHOH
I[yFI/I MOXET 6I)ITI) OCyH_ICCTBJ'ICHO B HII/IpOKOM JAuara3oHe TeMnepaTyp IIOOJIOXKKHU. BO MHOTHX cnyqaﬂx ITIOBBIILIICHHAA
TeMIepaTypa MOJUIOKKH KpailHe ejaTeldbHa Uil TOrO, YTOOB! KOHTPOJIMPOBATH (CHM)KATh) BBEJEHHE B KOHJEHCAT
BOJIOPOJIa U3 BOJSHBIX TAapOB, a TAKKe CIOCOOCTBOBATH (HOPMHPOBAHUIO HEOOXOMUMBIX KPUCTAIUIMYCCKON (ha3bl U
opueHranuu. OcaxIcHUe NP KOMHATHON Temmeparype (WIn OJIM3KOH K Hel) MO3BOJISIET OCYIIECTBIIATh OCAXKICHUC
MOKPBITUSL HA TOJJIOXKKHU U3 MaTepUalOB, YyBCTBUTEIBHBIX K HArpeBy, Hampumep, monumepoB. [Ipu 3Tom mpouecc
0oyee IKOHOMHYCH, TaK KaK He TpeOyeTcsl pacxoja SHEPIHH Ha HArPEB WK OXJaXJIcHHE. B o0meM BuIe HArIIIHOE
MpEACTaBICHUE O BO3JACHCTBUM MapaMETPOB MpPOLECCa Ha CBOMCTBA MOKPBITUS MOXET JaTh JUarpaMMa CTPYKTYPHBIX
30H, KOHIICTIIIAS KOTOPOW BIEpBEIC ObLTa mpemokeHa MoBuanoMm m lemunmiHebM [22]. B mepBoHaYampHOM BHIE
IuarpaMma cojepikaiia TOJNBKO OJHY TEpEMEHHYI0 — TeMIepaTypy, — IIOCKOJBKY OHa (IuarpamMma) co3IaBayiach IS
CITydasi OCaKICHUS KOHACHCATa U3 MapoBOi (a3pl. DTa TeMiepaTypa Oblia HOPMHUPOBAHA 110 TeMIepaType IUIaBICHUI
Marepuaina nokpeitst 7/7,,. DTO OTHOIIEHHE U3BECTHO Kak rOMOJIOTHYECKAsl TeMIeparTypa.
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PacnpocTpaHuB KOHIENIMIO TOMOJIOTHYECKOI TemIepaTypbl Ha IUIEHKH, MOJTy4YE€HHBIE METOJOM paclbUICHHUS,
Toputon (Thornton) BBEM B auarpaMMy JONOJHHUTENBHYIO OCh — JaBJIEHHWE, HPU KOTOPOM OCYLIECTBISUIOCH
pacmsutenue [23] (puc. 6). B nnarpamme TopHTOHA OCh aBlIeHUSI MOKET OBITH MHTEPIPETUPOBAaHA KaK OCh SHEPIUH,
Ha KOTOpOH OoJiee HHM3KOE JaBJIEHHE COOTBETCTBYET Ooiiee BBICOKOHM 3Hepruu. Takash B3aMMO3aBHCUMOCTH MEXIY
JIAaBJICHHEM W SHeprueil o0ycIIOBIICHAa MOBBIIICHWEM HANPSDKEHHWS pACTBUICHHS M 0Ooiee HU3KOW BEPOSTHOCTBHIO
CTOJIKHOBEHMH C YaCTHILAMHM ra3a IpH MOHMKEHHOM JaBJICHHH. BOIPOCHI, Kacaromyecs: B3aUMOCBS3eH CTPYKTYpHI U
(azoBOro cocTaBa pa3MYHBIX KOMIIO3WIIMOHHBIX TOKPBITHH C TOMOJIOTHYECKOH TeMmMmepaTypoil © »Heprueit
KOHJCHCHPYIOIINXCS dacTull, Oojiee MOAPOOHO pacCMOTPEHBI B pasfenax, MOCBAIIEHHBIX MHKPOCTPYKTYpe
KOHJICHCATOB, OCAKAEHHBIX HOHHO-IIA3MEHHBIMH METOJAMU.

Puc. 6. [lnarpamMma ctpyktypHBIX 30H TopHTOHA [23]

BuyTpeHHue HANPSKEHUs] M IPEeUMYIIeCTBEHHAs] OPUEHTALUS
PasnmuaroT BHeNIHWE W BHYTpPEHHHE HAIPsDKEHHS MOKPHITHI. BHemIHee TemioBoe HampshKeHHE OOYCIOBICHO
oTiamgueM KO3()(UIIMEHTOB TEPMHYECKOTO PACIIMPEHUS MOUIOKKH M MaTephaja TOKPBHITHS W BO3ZHUKACT IIPH
OXII@XJICHUM TMOIJIOKKHU C TOKPBITHEM OT TEMIIEPATYPhI OCaXAECHUS T4, 10 KOMHATHOW Trr. BHemHee HampsuKeHnue
MOXKET GBITB KaK CXKUMAKIIUM TaK U paCTf{FI/IBa}OH_II/IM B 3aBUCHUMOCTHU OT KOB(I)(I)I/IL[I/IQHTOB TepMI/I‘IeCKOFO pacumpem/m
Osub and Olcoat [24]

Y
Gextr = _(asub - acoat )(T;Jep - TRT): ’ (10)

rae Y u v moayns ynpyroctu (FOura) u koaddunuenr [lyaccona MaTepuana moKphITHsI, COOTBETCTBEHHO.

Buemnee nanpspkenne peaxo npessiaet 1 ['Tla [24, 25] u mosToMy nenecoo0pa3HO paccCMOTpPEHHE BHYTPEHHUX
HaNpsOKEHUH WM HaNpsDKEHUHM pocTa KOTOpBIE B IPOLIECCE BBICOKOIHEPTETUYHOM KOHIEHCALUU MOTYT JIOCTUTaTh
3HAUUTEIBHO OoJiee BHICOKHMX 3HaueHMH. [Ipu 3TOM 0co0oe BHMMAaHHUE CIIEAYET YAEIUTh BIMSHUIO SHEPTMH HOHOB,
MOCTYMAIONIMX HAa TIOBEPXHOCTh KOHJEeHcamuu. [Ipu KpaliHe HU3KHX JHEPrHsAX, HaONIOJalomMXcs B Ipoleccax
TEPMHYECKOTO MCTIAPEHHS, SHEPT U KOHACHCHPYIOIIMXCSI aTOMOB ISHCTBUTENBEHO OYEHb HU3KA U cocTaBisieT k7 < 1 3B,
rae T — TtemiepaTypa HMCTOYHHMKa mMapoB. B pesymbrare dopmmpyercss Ii€HKa ¢ HU3KOW IIOTHOCTBIO, ¢ OOJBIIMM
KOJIMYECTBOM TI0p, CO CTOJIOUATOH MUKPOCTPYKTYPOH M ¢ BHYTPEHHHMH PacTATMBAIOIINMH HanpspkeHusAMU. [lepexons
K 0ojee BBICOKMM 3HEPIHsM, XapaKTEPHBIM ISl PACTIbUIMTENBHBIX YCTPOWCTB, MOIy4aeM Oojee IUIOTHBIC IIIEHKU CO
CKMMAIOMIMMHU HAINPsDKEHISIMHA, OCOOCHHO TPH HU3KHX JaBICHUAX paclbUieHHA. B ciiydae 3HauuTenbHO Ooiee
BBICOKHX DHEPTUH, XapaKTepHBIX I BaKyyMHO-AYTOBOTO OCaXICHHsI, BHYTPCHHUE HANIPSHKEHNUS OUYCHb BBHICOKH.

ABTOpamu padot [26, 27] ycTaHOBIICHO, YTO MPH MOAAYE HA MOJUIOKKY B HPOLECCE OCAKACHHS BHICOKOBOJIBTHBIX
OTpHUIATENIFHBIX UMITYJIbCOB, (DOPMUPYIOTCS TIEHKU C BBICOKOHM aJre3uel K NOBEPXHOCTH KOoHJeHcauuu. bonee Toro,
W3BECTHO TaKXXe, YTO KaYeCTBO M CBOMCTBA aiMa30-MOA00HBIX IUIEHOK 3aBHCUT OT SHEPTHMHM KOHJCHCHPYEMBIX HOHOB
[28]. 31O mo3BOISLET OCAKAATH MHOTOCIONHBIE YINIEPOA—yTIEePOAHbIE IIEHKH, T.€. INEHKU C YePEAYIOIUMHUCS CIOSIMHU
C ONpenenéHHbIMU CTPYKTYpHBIMH NokazatensMmu [29]. Ilpum wnccienoBaHMM METONOB HOHMKEHUS BHYTPEHHHX
HanpspKeHnH ObUTo OOHApy’KEHO, YTO MPUMEHEHHE HUMITYJIBCHOTO BBICOKOBOJIBTHOTO CMEIICHHUS SBISAETCS HE TOJBKO
CPE/ICTBOM «CIIMBKHM» MOKPBITHSA C MOAJOXKKOH: OHO MOXET OBITh HCIIOIB30BAHO IJISi 3HAYMTEIHHOTO OCIAOICHUS
BHYTPEHHHUX HAaNpPKEHMA W Jaxe JUId yCTAaHOBIEHHMS IPEHMYIIECTBEHHBIX OPHEHTALMN, KOrAa IUIEHKH
MOJIUKPHCTAIITHYECKHE.

B cinyugae TiN, BcE emé momyiasspHOM BO MHOTHX TPHOOJIOTHYECKHUX MPUMCHCHUSAX, HAONIOMACTCS CHUKCHUE
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BHYTPCHHUX HampspkeHuit Oosee, yem Ha 50% [30]. Bmaromapss 3omotucromy mnBery TiN ocraércs mmpoko
MOMYJISIPHBIM ~ KaK JIEKOPaTUBHOE IIOKPHITHE, HECMOTPS Ha TO, YTO OTOT MaTepHal I10 TPHOOIOTHYECKUM
XapaKTepUCTHKaM CHIbHO ycTynaeT cepoBatomMy TiAIN. Coenunenne TiAIN oGmamaer Gosee BRICOKOH CTOHKOCTBIO K
OKHCIIEHHIO 1 Oosiee HU3KUM KoddduimenTom Tpenusi, yeM TiN, 4yTo npuaaér eMy NperMYIIECTBO KaK MOKPHITHIO HA
POKYIMX HMHCTPYMEHTaX, a TakkKe B CIy4yae [JpYyrMX NPUMEHEHWH B KadecTBE MOKPHITHS C BBICOKUMH
Tpubonormueckumu cBorictBamu [31, 32]. Ha puc. 7 moka3zaHO, YTO NMPHMEHEHHE BBICOKOBOJBTHBIX HMITYJIECOB TPH
OCaXJICHUH W3 TUIa3MbI BAaKyyMHOH AYyTH CHM)KaeT BHyTpeHHHE HanpspkeHus ot 7 — 8 GPa mo 2 GPa xak mmsa TiN [30],
tak U gaua TiAIN [33]. KagecTBeHHO 3TO MOXKHO OTHECTH 3a CYET TEPMOIHKOB, KOTOPBIC MPHBOIAT K OTKHTY
Marepuaia B o01acTsax HaHopa3MepHoro maciraba [34, 35].

7 HamomHmMm,  4TO ~ yCKOpEeHHE  HOHOB B

T O TiN MPUIOBEPXHOCTHOM CJIO€ IIJIa3MBl 3aBHCHUT OT HX

g 6 ® TiAIN 3apsiIOBOIO  COCTOSHMSA, a 3apsAAHOCTL THUTaHAa U
= aJrOMUHUS cocTaBiisaeT 3+ [36], U mo3TOMY B IpoLecce
°S5 5 Y4acTBYIOT HMOHBI C DHEprHeil B HECKOJIBKO K3B.
3 Hanbomnee 3HauWTeNpHOE CHW)KEHHE BHYTPEHHHX
& 4 HalnpsDKeHUH ~ MPOMCXOAWT  TIPU  MMITYJIbCHBIX
=3 o MOTeHIMaNax cMenieHust okono 1 —2kB. Oddekr
% 3l e o HaHOMACIITaOHBIX ~ TEPMONHKOB  MOXET  OBITH
o ° n300pakeH B BHIC (YHKIUN HAMPSHKCHHUS CMEICHHS
EIIE) 5L o © 8 8 o (oHeprmm  WOHOB), Kak IIOKa3aHO Ha  pHC. 7.
e $  AHajlOrMYHO BBINJISAST KPUBBIE, €CJIH  CHHKECHHE
= HaIpsDKeHUI n300paxcatorcst B BUJE (QyHKIUIT 4acTOTHI
@ 1r UMITyJIbCOB  WIM  KO3(h(UIMEeHTa  3aloJHEHHs
UMITyJIbCHOTO  HamnpspkeHus. [loMMMO — CHWDKEHHMs

0 ' : : : : [ : 1 HanpsDKeHWH ~ HAaHOMACIITAOHBIM ~ OTXKUT  TaKxke

0 2 4 6 8 10 12 14 16 18  (cpocobGerByeT — BHIDABHHBAHMIO — KPHMCTAIUTMYECKHX

MMFIy.I'IbCHOG HanpsXeHne cMeLleHud, kB
Puc. 7. Ocnabnenne BHyTpeHHux HanpspkeHnit TiIN u TiAIN
TIOKPBITUH, MONYyYEHHBIX C HCIIOJIb30BAHHEM BBICOKOBOJBTHBIX
HUMITyJIbCOB HANpPsDKEHHMsT CMEIICHHs B IIpoLecce BaKyyMHO-
nyrosoro ocaxkaenus [30,33].

3épeH u, CJIEI0BATEIIBHO, (hopMHpOBaHUIO
MpenMyIecTBeHHOH opueHTanuu. B cmydae TiAIN
wiockocty {200} mapaiuIenbHBI TOBEPXHOCTH TUIEHKH.
ITpenMymiecTBEHHas ~ OPHEHTALMsI  MOXET  OBITh
0o0BSCHEHA  MUHMMH3ALMEH  BHEPIHM  CHCTEMBI
(npuHUMasi BO BHUMaHHUE MOBEPXHOCTHYIO SHEPTHIO U dHeprHio aedopmaiun) [32, 37].

Anresus

Anresust MOKPHITHH, MOJYYEHHBIX BaKyyMHO-IYTOBBIM CIIOCOOOM, MOXET OBITh Kak OY€Hb XOpOLIed, TaKk |
IUIOXOH — B 3aBUCHMOCTH OT MaTE€PHUAJIOB IOKPBITHS U MOJIOKKH U OT BHYTPEHHUX HanpspKkeHni. Marepuansl TUIEHKH,
o0pa3syronye CHIbHYI0 XMMHYECKYIO CBSI3b C MAaT€pPHAIIOM IOJUIOKKH OOBIYHO XapaKTePH3YIOTCs BBICOKOH aire3men.
Hanpumep, yriaepoaHsie mIEHKM MOTYT UMETh CHJIBHOE CLEIUIEHHE ¢ KapOM1000pa3yronMyn MaTepraiaMi. Anre3us
0COOCHHO CWJIbHA, KOTAAa MEXIY HOMJIOXKKOH M TOKpHITHEM (HOPMHPYETCS HMPOMEKYTOUYHBIH TI'paJMCHTHBIN CIIOH
("moxcmoit", "wHTEpdeiic") B pe3ynpTare IMepeMEIIMBAaHUS BCIEACTBHE HOHHON OomOapmupoBku. bombapmmposka
BBICOKO’HEPTETUYHBIMHA HOHAM OOBIYHO BEAET K BOSHMKHOBEHHIO HANPSHKEHUH CXKATHSL, OCOOCHHO €CIIM 3HEPTHs MOHA
IIPU COyAapeHHH cocTaBisieT BenuuuHy nopsiaka 100 3B. HampsokeHne MOXKET JOCTHTaTh OYCHb BBICOKOTO YPOBHS,
3agacTyto cBeire 5 I'Tla. OOycnoBneHHas 3TUM 3Heprus AehOpMaIl OTPAHUYNBACT TOJIIUHY HOKPHITUS, TOCKOIBKY
OHa MOXET IIPEBBIIIATh PHEPIHI0 CBA3M HHTep(eiica: MOKpBITHE TpecKaeTcss U orciauBaeTcs. MHorma mosicnoi
OKa3bIBACTCsl Kpenue KOre3MOHHOW MPOYHOCTH MOJIONKKH, W TOTJA TPEUIMHBI MOTYT BO3HHUKATh B NOJUIOKKE, a HE B
uHtepdeiice n nokpeiTuu. OTClaMBaHHE MOXET MPOHMCXOMUTH C JOBOJBHO OOJNbIION cuiioi. ToJcThie HUTPUIHBIC
MOKPBITHS Ha CTald, HANpUMEp, INIPH OXJIAKICHWM MOTYT OTCJIAWBAaThCS C TPOMKHMM IIyMoM. PparmeHThI
OTCIIOMBIIIETOCS TTOKPBITUSI MOTYT TPEACTABISATL COOOH JOCTATOYHO OMACHBIE «CHAPSIBD) (I0ITOMY 3aIUTHBIE OYKH B
TaKUX Cllydasx He JMIIHUE). B 1pyrux ciyuasx oTciiauBaHHe MPOMCXOIUT MEIJIEHHO, B TEUEHHE MUHYT, YacOB U Jaxe
JTHEH.

CooTHomenune Xouia—Ilerua
Mexny pasmepamu 3EpeH U IPEACiIOM TEKy4eCTH Marepualia CyIeCTBYeT TBEPIO YCTaHOBHUBILEECS
COOTHOIIICHHE: KJIacCHYecKoe CcooTHolleHne Xoiuta—IleTya, B COOTBETCTBMM C KOTOPBIM YeM KpYIHEE 3epHO
KPHUCTAJIIMYECKOTO MaTepHaa d, TeM HIKE €ro TpeJieN TeKydecTH g,. ITO COOTHOIIEHNE HMEET BH

_ _1/2
o,=0,+kd """, an

rae k, — KOHCTaHTa Jjd JAaHHOIO MaTepuana, a o) — KOHCTAHTa, XapaKTepHU3ylollas HadalbHOE HalpsKeHHUE,
obecneunBaroIee ABMKCHUE AUCTIOKALUH.
OTO COOTHONIEHHE 0a3upyeTcss Ha NPEANOIOKEHHH, 4YTO TpaHWIBl 3€pHa SBISIOTCS  Oapbepamu,
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HPEISATCTBYIOIIMMH CKOJIBKEHHIO TUCIOKAIIUH, T.€., YTOOBI JUCIOKALKS Ipeoiosiea 0apbep U MOoIy4ria BO3MOKHOCTh
JIBUTAThCSI, TpeOyeTcs Ooee Bricokast sHeprus [38].

OpmHako mpu O4YEHb MaibIX pasMmepax 3€peH, okojio 20 HM U MeHee, KllacCuuecKkoe cooTHolueHrne Xoa-Ilerua
peBepcupyeT u3-3a HM3MCHEHHS MexaHusMa naedopmanmu. [lmactudeckas pedopMamusi Tenepp MPOUCXOAHUT HE
BCJIC/ICTBHE CKOJNBKCHHS TUCIOKAWH, a B pe3ylbTare CKOJNBXCHHSA TPAHWIl TpaHSH W TNPHBOAWT K HHBEPCHU
(peBepcupoBannoo) cooTHomeHUs Xoimia—IleTda: TBEPHOCTh MaTepuana, M €ro IMpeneNl TeKyYeCTH YMEHBIIAIOTCS C
YMeHbIIICHHEM pa3MepoB 3épeH. C OoMmOapaupyomuMu  HOHAMH, Ha TOBEPXHOCTh PACTyIIeH IMJIEHKH IOCTYHArOT
SHEeprus W MOMEHT, BO3ACHCTBYS, TakMM oOpa3oM, Ha e€ MHUKPOCTPYKTYypy. Temmeparypa HOBEPXHOCTH BBIIIE
TEeMIIepaTypbl IMOUIOKKH, TaK YTO BBICOKOPHEPTETHUYECKas KOHICHCAINSI HEIOCPEICTBEHHO OIpeleNsieT pa3Mepsl
3¢peH, HE3aBUCUMO OT TEMIIEPATyPHI MOIOKKH (€€ MAaCCHBHOM 4acTH).

HMOHHOE TPABJIEHUE METAJLJIOB

[Ipu oTpUIATEIEHOM HAMPSHKCHUH CMEIIEHHs, KOTOopoe 00bIYHO cocTaBisiecT 1000 B mmm Heckonmbko BbIIIE,
KOX(PUIMEHT CaMOPACTIBUICHUS, pa3yMeeTcsl, OyIeT MPEBBINIATh SAUHUILY (pHC. 8), U poCTa IIIEHKU HE MPOUCXOMUT: B
pe3yibpTaTe yaaleHHs MaTepuaja pachbUICHHeM. Y ObUIb MaTepraa MOUIOKKH BCICACTBUE PACIBUICHUS MPEBEIMIACT
MIOTOK MaTepualia B BUJE OCaXJa€MbIX MOHOB M aTOMOB. DTOT MPOLECC YacTO HA3bIBAIOT MOHHBIM TPABJICHUEM.
Hcnonp3oBaHue IS TPaBICHHUSI HOHOB METAJUIa, SKCTPATUPYEMBIX U3 IIa3Mbl BAKYYMHOM AYTH, IMECT 3HAUATEILHBIC
MIPEUMYIIECTBA TIepeT PacIpOCTPaHEHHBIM TPABICHNEM HOHAMH aproHa.

B mporiecce OYMCTKM MOHHBIM TPABIICHHEM HOHBI CMEIIAIOT MOBEPXHOCTHBIE aTOMBI M OCTaHABIHMBAIOTCA IIOJ
moBepxHOCThI0. Korma nenomp3yercst Takoi 6JaropoJHbIi Ta3 Kak aproH, HOBBIH aToM He 00pa3yeT CBs3€il, MOCKOIBKY
€ro 3JIEeKTPOHHAs 000JI0YKa MOJHOCTHIO 3aI0HEHAa. BoJIpIIMHCTBO aToMOB aproHa qud@yHANPYeT K MOBEPXHOCTH U
MOKHIACT TEJIO0 MOMIOKKH. HO HEKOTOphIC aTOMBI aproHa OCTAlOTCS U YYaCTBYIOT B (POPMHPOBaHUH Ae(HEKTHOrO,
HEMPOYHOr'0 MPOMEKYTOUHOTO CJIOS TMEpe] MOKPHITHEM, HAHOCUMBIM TIOCIE OYMCTKH WOHHBIM pacHblIEHHEM. JTO
MOJKET MPHUBECTH K MPOOJeMaM IPU HarpeBe MOMJIOKKH U MOKPBITHS MOJOOHO TOMY, YTO IPOUCXOAMT NPH padoTe
WHCTPYMEHTA C MOKPBITUEM. B 3TOM cilydae aTOMBl aproHa CTAHOBSATCS TOIBIDKHBIMU M CIMBAIOTCS B HEOOJBIIHE
My3BIPHKU, KOTOPBIC CHIBHO ocialusroT umHTepdeiic. B pesynprate B mporecce OXIaXICHUE WIH TO3KE MOXKET
MIPOU30MUTH KaTacTPOPUICCKOE OTCIANBAHUC TOKPHITHS.
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MCTaJIJIOB B q)yHKHI/II/I OHEPIruu UOHOB. 9HepFeTI/I‘ICCKa${ IKajia
no 4 k3B BmosnHe npuemiieMa AJjid TUIIAYHOI'O HaIlpsiKEHUsS

(HanpsDKeHUs] CMENIEHHsI) HAa CKOPOCTh OCAXKAEHHMS TOKPBITHS U
pacnbuieHust ook (P6MS5) B moTokax mia3mel MonuOaeHa,

XpOMa, LHPKOHUs i TuTaHa. OcTaTouHslii Bakyym ~ 1-107> Topp.
HltpuxoBas kpuBas — IUla3Ma TUTaHA, JaBJIEHUE a30Ta
2:107* Topp [41]

cMenieHus 10 1 k3B npu HaTuuuy MHOTO3apAHBIX HOHOB [2]

Hanpotus, npu TpaBiieHIH HOHAMH MeTaJlIa 00pa3yeTcsi 00Jiee COBEPIICHHBIN, TPOYHBIA IPOMEKYTOYHBIA CITOM,
OTJIMYAIOIIMICS MOBBIIIIEHHON KOHIIEHTpALlMe MeTaia, HOHbI KOTOPOTO MCIIOJIB30BAIMCh NpU TpaBiieHuH. Hampumep,
NIPY TPABJICHUH HEPIKABEIOIIEH CTall MOHAMH XpoMa 00pa3yeTcsl MOBEPXHOCTHBIN CJIOHN C MOBBILICHHBIM COJIEp)KaHHEM
xpoma. XpOM MOKET CTaTh YacThIO IOJJIOXKKH, IOCKOJIBKY, B COOTBETCTBHH ¢ (ha30Boil muarpammoii [39], on
XapakTepu3yeTcs HeOrpaHUYCHHOW PacTBOPHUMOCTBIO B JKejie3e Nmpu Temmeparype Huxe 512°C. B cropoHy MOKpBITHS
XPOM JIETKO CBA3BIBACTCA C IPYTMMHU METaJJIaMU WU C a30TOM, WM C KHCIIOPOJIOM.

TpaBnenne 6oMOapaMpPOBKO MOHaMHU MeTajuia u3BecTHO ¢ 1970x. Vike B mepBbIx skcrepumenTax (XOTU) no
OCaXICHUIO W3HOCOCTOMKHX TMOKPBITHH Ha pEeXylue HHCTpyMEeHTHI B 1970 T. ounMcTKa MOBEPXHOCTH MEpe]
OCKIECHHEM IOKPBHITHH W3 HUTPHIA MOJIMOJEHA OCYNIECTBIUIACH OOMOapIMpOBKON MOHaMH MONMOIeHa, a Iepen
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OCaXJEHUEM HHMTpHUJA TUTaHa OOMOapIMpOBKa MPOU3BOMIACE HOHAMH TUTaHA. J[aHHBIE 1O pe3ysbTataM W3MEpeHUi
3aBUCHMOCTH CKOPOCTH OC@JCHHUS TOKPBITHH M TpaBieHUS (MHCTPYMEHTalbHAas M HEp)KaBelollas CTalM) OT
MTOTEHITMAJIA [TOIOKKH JUIT MOHOB MOJTUO/ICHA, XpOMa, IUPKOHUS, U TUTaHa MIPUBEICHKI B paborax [40 — 42] (puc. 9).

W3 npuBeneHHBIX KpPUBBIX CIEAYET, YTO IO MEPE YBEIMYEHHs OTPHULATEIBHOTO HANPSIKEHUS CMEIEHHs Ha
TIOJUTOXKKE OT HYJIS 10 HEKOTOPOT'O 3HAYECHUSI CKOPOCTh OCAXKACHHS MOKPBITHS MaJacT A0 HyJs, [Ipu 3ToM HanpspkeHun
(oHEpruM MOHOB) MHTEHCHUBHOCTH MPOLIECCOB OCAKACHHUS M MOHHOTO TPaBJIEHHs BbIpaBHHBaIOTCA. C NalbHEHIINM
TIOBBIIICHUEM OTPHUIATENPHOTO CMEIIEHHS IPEBATHPYET MPOIECC TpaBieHHA. [l03TOMy NpH OYHMCTKE HOHHBIM
TpaBJICHUEM HAIPSIKEHHE CMEIIEHHMS Ha IOJJIOKKE CIEAyeT BBIOMPATh TaKHM, YTOOBI €ro BENWYMHA IIPEBBIIIANA
3HaUYeHHe B TOuke paBHOBecus. OOpamaer Ha ceOs BHHUMAaHHE TO, YTO IIOJIOKCHHWE TOYKHM PABHOBECHS HAa OCH
HaIpsDKEHUST CMEIEHNsI CUIIBHO 3aBUCHT OT JIaBJICHHsI OCTATOYHBIX MM PaboduX ra30B B KaMepe: YeM BBILIE AaBJICHHE,
TeM Ipu OoJiee BBICOKOM OTPHUIIATEIbHOM HANpPSDKEHWH CMEIIEHHsT Ha IOJUIOKKE HACTYIaeT PaBHOBECHE MEXIY
npoleccaMu OocaxkJeHus: u TpaBiieHus (kpuBble st Ti Ha puc.9). Crnexyer UMeTh B BUJY, YTO 3apsiJHOCTh HOHOB
METAUIOB OOBIYHO TIPEBBINIACT EIUHMIYY, M TOITOMY HaNpsDKEHHE CMEIleHHs, paBHoe, ckaxem, — 1000 B,
TpaHcopMHpyeTCsl B SHEPTHUIO, IPEBHIIAIONTYI0 2 Wi 3 K3B.

OpHUM W3 HEJOCTATKOB TpPaBJICHHUsS OOMOAapANpPOBKONH MOHAMH METAIJIOB M3 IIa3Mbl BAaKyyMHOW JyrH (C LENBIO
OYHCTKH MOBEPXHOCTH IEPeJl OCAKACHUEM MOKPBITHSA) SBISIETCSI HAIMYME B MOHHOM ITOTOKE MaKpOYaCTHIl KaTOIHOTO
MaTepraa, KOTOpble yXy AT KaueCTBO OCAXIAaeMOoro MOKphIThs. HemocTaTtok ycrpaHsercs MyTéM HCIIOIb30BaHUS
HOHOB, SKCTPArHPYEMbIX U3 (DMIBTPOBAHHOW , OUMIIEHHON OT MaKpOYacTHII, BaKyyMHO-IyTOBOH IIa3Mbl. DTOT IPUEM
MTOJTHOCTBIO OMpaBhail ce0si B TEXHWKE OCAXKICHHWS HUTPUAHBIX TMOKPHITHH [41], a Takke B TEXHOJOTHH OCAKICHUS
aIIMa30MOA00HBIX TOKPHITHH [28].

HUOHHAS UMIIJIAHTAIIUS U OCAKJIEHUE IOT'PYKEHUEM B
IUVIABMY METAJIJIOB (MePIIID [2])

Bo MHoOrumx ciydasx nenecooOpa3HO TpaBieHHE HOHAMH METAJUIOB M BBICOKODHEPTeTHUYHYIO KOHJICHCAIMIO
MIPUMEHATH OJTHOBPEMEHHO B €IMHOM TEXHOJIOTMYECKOM Ipoliecce. B 3aBHCMMOCTH OT MCHOJIB3YEMBIX MaT€pHalIOB U
SHEPrUil 5TO MOXKET MPHUBECTH K PsiIy HOBBIX BO3MOXHOCTEH mporecca. CoueTaHue BBICOKO- W HHU3KOIHEPreTHIHON
HNOHHOH 00pabOTKM MOXHO paccMaTpHBaTh KaK YACTHBIM CIIydail HMOHHO-IUIa3MEHHON HMIUIAHTALMH W OCAXKICHUS
(plasma-based ion implantation and deposition — PBII&D), u3BecTHbIil Takke Kak MpoLecc NOHHON MMIUIAHTALMK U

OCaKJICHUS TIOTPYKeHHEM B TuIasMy (plasma immersion ion implantation and deposition — PIII&D) [43 — 47]. YtoOst

o0ecreunTh YCKOPeHHe MOHOB, JOCTATOYHOE JJIsi MX UMIUIAHTALUMH, TPHUMEHSETCSI JOBOJBHO BBICOKOE HAaNpsHKEHHE
CMEUICHHs, Hanpumep, B JAECATKH KWIOBOJIbT. OJHaKO, B TNOCIEAHHE TOJbl OOJBLUIMHCTBO HCCJIEIOBaHUMN
COCpPE/IOTOYCHO Ha 3HAYUTENHHO 0o0Jiee HU3KMX JHEPIUsX, B HECKOJBbKO KHJIOBOJBT M JIaXKEe MEHee, 0OCOOCHHO B TeX
Cily4asix, KOrJa KOHEYHBIM pe3yJIbTaToM O0OpaOOTKHM ITOBEPXHOCTH SBJSIETCS TOKPHITHE, a HE IPOCTO HOHHO-
MMIUIaHTHPOBaHHAs TIOBEPXHOCTh. B aTOM cMbIcne mepBoHavaibpHble paboThl o PIII BXoxsaT B coctaB Gonee oOreit
KaTeropuy CTUMYJIMPOBAHHBIX IJIa3MOH METOJIOB, JUIsl KOTOPBIX THIIMYHBIM SIBJISICTCSI CMEIEHHE OKOJIo 1 KB mim Hike.

DaKTUYECKH, HJIes] BEICOKOAHEPTETHUECKOI KOH/ICHCAIINN, CTUMYJIMPOBAaHHOW MOHM3ALMEH TTapoB M CMELICHHEM
Ha TOJUIOXKKE, N300peTanachk HECKOIBKO pa3. Ho mMeronmimM permarornee BIUSHAE OBIT METOI HOHHOTO OCaKIeHHA (ion
plating), mpemroxxenusrii MatTrokcom (Mattox) B 1960x [48]. BakyymHO-IyroBoe OCaXICHHE C OTPHUIIATEIBHBIM
CMEIICHHEM Ha MOJUIOKKE MOXHO pacCMaTpHUBaTh KaK BEPCHIO MOHHOTO ocaxaeHus. OmHoil m3 ocobennocter PIII
METO/a SIBJIAETCA MCIONB30BAHUE MMITYyJIbCHOTO CMEUICHUS] B OTIMYHE OT MOCTOSHHOTO HIIM BBICOKOYACTOTHOTO [2].
IIpu couetanuM MMIIYJIBCHOIO CMELICHHS C KOHJCHCUPYEMOW IIIa3MOM BaKyyMHOH JIyI'M BBICOKOBOJbTHAas U
HHU3KOBOJIbTHAs (ha3bl CMEILEHUSI COOTBETCTBYIOT (pa3e MOHHOW MMIUIAHTAIlMUM M TpaBieHus, u ¢ase HopMHUpOBaHUS
IUIEHKHU, COOTBETCTBEHHO. OCHOBHBIMM TapaMeTpaMH IIpoliecca SBIAIOTCS YPOBHU HAaNpsDKEHUS CMELIeHHS U
OTHOCHTEJIbHBIE JIMUTEIILHOCTH MMIUIAHTAlMK/TpaBieHust U ocaxaenus (puc. 11). Eciu ckopocTh HOHHOTO TpaBJIeHUs
(pacmbUIeHHEM) TPEBBIIACT CKOPOCTh KOHJEHCAlMM, TO B OTOM Cllydae TIIPOLECC CTaHOBHUTCS YHCTO
«MMIUIAHTaOMOHHBIMY». [lepexox oT pexnMma OCaKIEHHs K PEeKHMY TPaBICHUS M HWMIUIAHTalWU HAOIIofaeTcsi IpH
PaBEHCTBE CKOPOCTEH OCAXKICHUS U TPABIICHUS:

(771“]1' + 77an )(Ton + Tof ) = Q/iJiTOn ? (12)
rne 7, Ji 1 Jy— KO3(Q(OUINEHT NPHINNAHNSA, TOTOKH HOHOB M HEWTPAIOB COOTBETCTBEHHO, T,, — AIMTEIBHOCTH
HMITyJIbCA BBICOKOBOJIBTHOTO CMEILICHUS, Tofr — AJUTENBHOCTD MAay3bl MEXAYy HMITYyIbCaMH, J; — KOI(DOHUIHUEHT
pacnbuleHHs (KOJINYECTBO PACHbUIEHHBIX aTOMOB Ha OJMH MAJAI0NINI HOH).

BosBpainasics K BOIPOCY O BBICOKMX CKUMAIOIIUX HAMPSDKEHUSAX M BO3MOXKHOCTH MX OCNAOJIeHUs] TEPMUYECKUMU
MMUKaMH, BbI3BAaHHBIMHM MAJAIONIMMHA HOHAMH, MOXHO BHICTh, uTo MeTon MePIIl obOecneunBaeT yHUKAIBHYIO
BO3MOKHOCTh HCIOJB30BAaHUS CTHUMYJIHPOBAHUS «COOCTBEHHBIMM» HMOHAMHU OC@XKICHUSA IOKPHITHMH M oOcialleHus
HaIpsDKeHUH OCPEACTBOM MOJaYl UMITYJIBCHOTO HampspkeHus: cmenienus (puc. 10). O1o Habmronanocs emé B Havanie
1990-x [49], HO MoTy4MIIO OOBSCHEHHUE JINIIL CPaBHUTENEHO HexaBHO [50]. [lapamerpamu, onpeaensomyuME CTENeHb
CHIDKEHUSI HAaPSDKEHHS, MOTYT OBITH ITPOM3BEICHNE HAIPSDKEHHUS CMELICHUS M YacTOTHI CJIeIOBaHMS (IIPH TIOCTOSIHHOM
JUINTETBHOCTH HMMITYJIbCOB) MJIM IIPOM3BEJCHUE HANPSDKEHHUS CMEINEHHs W Kod(dduimeHTa 3aroigHEeHUs HWMILYJIbCOB
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cmenteHust [51]. dusnueckn 3T TPOW3BEAEHHS OIPEIEISIIOT Ty 4YacTh 00bEMa KOHJEHcaTa, KOTOpas 3arojHeHa
TEPMOITUKAMH, OCJIAOJSIONMMHU  HanpspkeHust. DddexT ocnabiaeHuss HanpspKeHHs JIOCTHIaeT HACBIMICHHs, KOraa
00BEMBI TEPMOIIMKOB TEPEKPHIBAIOTCS YT APYroM. DTOT 3¢¢eKT HalOmogaercs Uil MHOTMX MarepualioB, TaKhX,
HaIpuMep, KaK CIUIaBbl M KOMIIO3UTHI Ha OCHOBE TUTaHa WIIM yIiepoAHble KoHIeHcatsl [2]. Puc. 11 mmmoctpupyer
BIIMSHUE aMIUTUTYAbI HMITYJIbCOB CMEIICHNS Ha KaYeCTBO MOIYYaeMbIX TOKPBITHH.

Meton PIII&D moxeT OBITH MCIIONB30BaH IJIs paBHOMEPHOH 0O0pabOTKHM BCEX MOBEPXHOCTEH HM3IEIHN CIOKHOM
(OpMEI, B TOM YHCJIE€ M TaKHX, KOTOPBIE MMEIOT TIIyOOKHWE BIaaWHbI, menu. [IoCKOmbKy H3Jenue Morpy’kaercs B
IU1a3My, HOHBI MIPUTSATUBAIOTCSI KO BCEM MOBEPXHOCTSIM, B TOM YHCJIE M K BHyTpeHHHM. OIHAKO Ul pPaBHOMEPHOCTH
00pabOTKM BHYTPEHHUX IIOBEPXHOCTEH HEOOXOAMMO, YTOOBI OTHOIICHHWE pa3MepoB BHAAMH K TOJIIMHE
TIPUTIOBEPXHOCTHOTO CJI0S OBIJIO OCTATOYHO BENWKO [2].

MMnyrbC UMMynbC TOK .
TOKa aoyrv TOKa ayrv CTauymoHapHou
Aym
S —_— a) —_— — )
MMNyIbChbl
> HanpsbkeHus
CMeLLEHNs Ha|

NOANOXKe WMNMaHTauMs  KoHAeHcaums
TOK TOK
cTaumnoHapHon cTaumnoHapHon
nyrm nyrm
__________________ B) —_—— r)
| [ UMMy bChI
NOCTOSIHHOE HAMPSHKEHNE CMELLEHMS 4. HanpsixeHust
CMeLLieHNs

NOCTOAHHOE HanpsXeHne cMmelleHusa

Puc. 10. lmarpaMMbI TOKa XyTH U HaNPsHKEHHUST OTPHIIATEIFHOTO CMEIEHUSI Ha TOJUTOKKe. VIMITy TbCHBII pexkuM ayTH (a); pexnm
JIyTH ITOCTOSIHHOTO TOKa — CTaIlMOHapHO# ayrH (0, B, T)

Puc. 11. Mukpodotorpadun mnénokx Ag/YBa,Cu;0, Ha KpeMHUH, OCAXIEHHBIX U3 (QHIBTPOBAHHOH ITa3Mbl. JIeBBIH CHUMOK:
I0JUI0KKA 3a3eMJIEHHAs; IOCPEUHE: Ha MOAT0XKKY [101aBaJIuCh UMITYJILChI aMILIUTYA0M 10 — 200 B; cipaBa: ummynscHoe
HanpspKEHUE cMeleHus 0bu1o moBkIieHo 70 — 2000 B [2, 49]

OBPABOTKA BUITOJIAPHBIMUA UMITYJIBbCAMHU

HampspkeHne cMelleHuss Ha IOJUIOKKE OOBIYHO HMEET OTPHUIATENbHYIO IOJISIPHOCTh, YTO OOecrednBaeT
YCKOPEHUE MOJIOKUTEIbHBIX HOHOB M OTTAJKMBAaHHE 3JICKTPOHOB. JIs TpaBlIeHHMA HOHAMU BAaKyyMHOH Ayru Ha
TIOJUTOXKKY TTOJIAIOT TTOCTOSIHHOE CMEIIeHHe. AJIbTepHATHBA: Ha TMOJIOXKKY Uepe3 COTIACYIONIyI0 CXeMy MOXKET OBITh
MOJJAaHO BBICOKOYACTOTHOE HampsbkeHue. Ilpm 3ToM B pe3ynbrare OONBIION pasHHUIBI MEXAY HOABHKHOCTSIMHU
3JIEKTPOHOB M MOHOB HA MOJIOXKKE YCTAHABIMBACTCS CaMOCOTIIACOBAaHHOE OTpHIATeIbHOE cMmemenue. [1o cymecTBy, B
3TOM CIIydYae MOJydYaloT CMELICHHE, TOA00HOe TOMY, KOTOPOE HMEET MECTO B PEKHME ITOCTOSIHHOTO TOKa. B peknme
MePIIl orpunarenbHOE€ CMELIEHUE HA MOAJOXKKY MOAAETCd B BHIE KOPOTKUX BBICOKOBOJBTHBIX HMITYJIBCOB,
CJIEIyIOIIMX C BBICOKOM YaCTOTOM.

PaccmoTpuM  pexxum ¢ OHNONSAPHBIMM HMITyJbcaMH. HamoMHUM, dYTO CMEIUIeHHE SBJSETCS Pa3HOCTHIO
MOTCHIMAJIOB TIOBEPXHOCTU MOJJIOKKM M IJIa3Mbl, M 3Ta pa3sHOCTb MOTCHIHUAJIOB COCPENOTOYEHa B CIIOE
OPOCTPAHCTBEHHOTO 3apsjid, KOTOPBIH HA3LIBAIOT MPUIOBEPXHOCTHBIM CloeM. OnekTpuueckoe mone F =V,
00yCIIOBIIEHHOE IPOCTPAHCTBEHHBIM 3apsI0M, olpenesseTcs ypaBHeHueM [lyaccona

dV(z 1 (13)
dz* &g, p2)

rae z — KoopauWHaTa MO HOPMaJld K IMOBCPXHOCTHU, & — AUDJICKTPHUYUCCKAA TOCTOSHHAA, &y — AUDJICKTPUYICCKAsA
NPOHUIACMOCTb BAKyYyMa.
B To0 BpEMs, KaAK OTPULATCIBHOC CMCIICHUC HNPUTATUBACT K IOJJIOKKE HOHBI, IOJOXHUTCIBHOC CMCIICHHUC
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IPUTATUBACT >JIEKTPOHBL. B mo0oMm ciydae, sHeprus, MOcTylarollas Ha IIOUIOKKY, HpEICTaBiseT co0oi cymMmy
NOTCHIMAJIBHOW W KHUHETHYECKOW SHEPruil MajaloluX Ha IOJUIOKKY 4YacTHLl. B ciy4ae »JeKTpoHOB, 310 AT,
(T, — Temneparypa 9JEKTPOHOB IUIa3Mbl) IUIIOC DHEPrHs, NPUOOpETEHHass B  pe3ysbTaTe YCKOPEHUs B
MIPUIIOBEPXHOCTHOM CIlo€ eV, ¥, HAKOHEIl, OTeHIHaIbHas SHEPTHUs padOTHI BEIXOJA €.

MotuBanueil K HCIOJB30BaHHIO HE TOJBKO OTPHLATENHFHOTO, HO M IIOJOXKUTENFHOTO CMELICHHS, SBILICTCS
NPUMEHEHHE DJICKTPOHOB KaK JHEPreTHYECKOro CpPENCTBA I HarpeBa IOBEPXHOCTH MACCHBHOTO MaTepHana WIIH
pactymiedl uIEHKH Ge3 omaceHMsl Iepefadd CKOJIbKO-HHOYAb CyHNIECTBEHHBIX MOMEHTOB, MOTYLIMX IPHBECTH K
"HOHHOMY TIOBPEXJCHHIO" KPUCTAIIIMUECKONW CTPYKTYpHl. KpoMe Toro, B ciaydae HEAIEKTPOIPOBOIAIIESH TOBEPXHOCTH
MIOAJTIOKKH TOTOK O3JIEKTPOHOB MOXKET OBITh HCIIOIB30BAaH ISl HEWTPaIM3allMU IOJOKHUTEIBHOTO IOBEPXHOCTHOTO
3apsa, HaKaIUTUBAIOIIETOCs B OTPULATENbHON (ase cmemeHus. B pexume ¢ OUNOISAPHBIME UMITYIbCAMH TTOKPBITHE
HarpeBaeTcsi, B TO BpeMsI KaKk MacCHUBHasl NOJIOKKA OocTaéresl Mpu OoJiee HU3KOW TeMIeparype, 4TO BeCbMa BaKHO B
Ccllydae, ecJId MaTepHual IOUI0KKH YyBCTBUTENEH K HATPEBY.

Jlist TeXHUKM OMITOJISIPHBIX MMITYJIBCOB XapaKTepHa acHMMETpPHUsSl TOKOB, HANPsDKEHMH W JMTENbHOCTEH (as3.
[Ipomecc Moxer OBITH ONTUMH3MPOBAaH MyTEM moabOOpa 3TUX TpEX mapaMeTpoB. B ToM ciywae, ecnn
JIEKTPOIIPOBOAHOCTh 00pabaThiBacMOil IMOBEPXHOCTH CPABHUTEIBHO HEBENMKA, YHUIIOJSPHOIO HMITYJIbCHOTO
CMEIIEHHUSI MOXET OBITh JOCTATOYHO B TOM OTHOLICHHUH, YTO BO BPEMs OTCYTCTBUS HANPSDKEHHS MEXKTY UMITYJILCAMHU
MIPUITOBEPXHOCTHBII CJIOH CXJIONBIBAETCS M, B CBSI3HM C TEM, YTO Ha MOBEPXHOCTH HAKOIUICH MOJOXKHUTEIBHBIH 3apsiy,
9JIEKTPOHBI IIa3MBI MOTYT JIOCTHYb IIOBEPXHOCTH 0€3 IpeJHAMEPEHHON IoJayd Ha MOIOKKY IOJIOKUTEIEHOTO
HMITYJIbCa CMEILCHUS.

IOTEHHHAJIbI CMEIIEHUSA ITOJJIOKKHA U ITVIA3ZMbI
CmeenneM V), 00bIMHO HAa3BIBAIOT PA3HOCTh MOTEHIUANOB MOAIOKKH V ¥ IIa3Mbl V),

V. EVS—VP. (14)

OT moTeHIMaaa CMCIICHHS 3aBUCST MOTOKM M DHEPIUs YACTHII, MOCTYMAIONIMX Ha MOMJIOXKKY. B OOJbIIMHCTBE
CIy4aeB Ha TMOJIOXKKY IMOJAI0T OTPHUIATENIbHOE HAMPSIKEHHE CMEIIeHHsI, IMOCKOJIbKY HaMEPeBarOTCs YCKOPHTH
MOJIOXKHUTEIBHBIC HOHBI C TEM, YTOOBI TOJYYUTh BO3MOXKHOCTH YIPABIATH HMX OJHEPrUCH IpH COYAAPCHUU C
MMOBEPXHOCTHIO MOJJIOKKH, UTO SIBIICTCS PEIIAIOIINM O0OCTOSITEIBCTBOM, OMPEACISIOIINAM PE3YIBTUPYIONIYIO CKOPOCTh
OCaxJIeHUsI (CKOPOCTH MOCTYIUICHHSI YaCTUI] MHHYC CKOPOCTh PACIIBUICHUS ) U CBONCTBA MOKPHITHS.

OOBIYHO, MOTCHIUAN IUIa3MBl TOYHO HE U3BECTCH. DUKCHPOBAHHBIM SIBISCTCS MOTCHIHAN 3EMIIH, H IO3TOMY
TOYKOH 0TCcUéTa MOTCHIMANIA B OOJBIIMHCTBE ciiydacB siBisgercs "3eminst". CTporo roBopsi, IPHIIOKEHHOE HAMIPSDKCHHE
OTHOCHTENFHO 3eMJIA HE €CTh HAIPsDKEHHE CMEIICHUS, onpenenseMoe ToxaecTBoM (14). OmHako, ecian IpuiiokeHHOe
HaTpsDKCHUE BBICOKOE, V' >> kT /e, TO pa3sHUIICH MKy MOTESHIIMATAMU 3eMIIH U TUIa3MBI, KOTOpast 0OBIYHO COCTaBISIECT
BenIuHy okoo 3k7T,/e ~ 10 B, MoxxHO TIpeHeOpeUs.

B T0 Bpems, kak B MOAABIAIONIEM OOJBIIMHCTBE TEXHOJOTHH C IPUMEHEHHEM CMEIIEHHs, Ha TOUIOKKY ITOJAI0T
OTPHILIATENFHBIN MOTCHIIHAN (OTHOCHTENBHO 3€MJIM WJIM OTHOCHTEIBHO MOTEHINANA IIa3MBbl), IIPEICTABIIACTCS BIIOJHE
BO3MOXXHBIM CMECTUTH TOTEHITHAN TUTa3Mbl (OTHOCUTEIIHLHO 3€MJIM WITH 3a3eMJIEHHON MOJUIOKKH). DTO MOXKHO Ha3BaTh
MOTEHIIMATIOM (HANpPSDKEHHWEM) CMEIEHUs TUIa3Mbl B OTJIMYHME OT MOTEHIMala (HampsDKEHUS]) CMEIEHUS TOJIONKKH.
[TonoxutensHOE CMEIIEHHE IUIa3Mbl SKBHUBAJICHTHO OTPHUIATEILHOMY CMEIEHHUIO TMOJUIOKKH. B KpaltHMX ciydasx,
YTOOBI TMOBBICUTH CYMMApHOC HANPSHKCHUEC CMEIICHHUS, MOTYT OBITh OJHOBPEMEHHO CMEHICHBI IOTEHIMATBI Kak
MTOJUTOKKH (B CTOPOHY OTPUIATEIHHOTO HAMIPSDKCHHS ), TAK U IUIa3MBbI (B CTOPOHY MOJIOKUTEIBHOTO HAMIPSDKEHHS) [2].

CwMmelleHue Mia3Mbl MOXKET CTaTh BBIXOJIOM U3 IOJIOXKEHHSI B TOM Cllydae, €CJIM Ha MOJUIOKKY Hellb3sl 0JIaBaTh
HapsDKCHUE, HAIPUMeEp, KOT/Ia IMOI0XKKH PAcIloNaraloTCs Ha IMOCTOSHHO 3a3eMIIEHHBIX EpiKaTelsIX, 3arpyKaeMbIX U
pasrpy’kaeMbIX poOboTaMu.

Cnemyer, oOnmHaKO, OTMETHTh, YTO TPUMCHEHHE HANPSDKEHUS CMEHICHUS Ha TOAJOXKKE  SBISACTCS
MPEINOYTUTENFHBIM, T.K. HaXOXKIEHHE IUIA3MBI MOJ BBHICOKHM IIOJIOKUTEIBFHBIM ITOTCHIIHAIOM MOXET IPHUBECTH K
HEe)KeJaTeIbHBIM IMOOOYHBIM SIBJICHUSAM, HAallpUMEp, K PACIBUICHUIO BCEX 3a3eMJIEHHBIX AeTanell B pabodeil kamepe, B
TOM 4Hcie — e€ CTeHOK. bojee Toro, mpy BEICOKOM MOJIOKHUTEIHHOM MOTEHIMAJIE IUIa3MBl Ha YIIOMSHYTHIX 3JIEMEHTax
CHCTEMBI MOTYT BO3HHMKATh KATOJHBIC MATHA (TaK HA3bIBACMbBIC «MHKDPOIYTH»), UTO MHPEACTABISICT COOOM KpailiHe
HeXeNaTeIbHOe SBICHUE.

MHUKPOAYT'H

Mukpozayra BO3HUKAeT B TOM Ciydae, KOTJa HalpsDKEHHOCTH JIOKAIBHOTO JIEKTPHYECKOrO MOl Ha TOJI0KKE
WIN Ha TOBEPXHOCTH KaKOro-JIMOO IPyroro 3J€MEHTa CHCTEMBI IOJA OTPHULATENbHBIM HANpSHKEHHEM CMEIICHHS
NPEBBIIACT [OPOroByi0 BenmuuHy okono 10°B/m. "IToa OTpHUATENIBHBIM HANPSKEHHEM CMEIICHHS" CleayeT
MMOHUMATh Kak "oTBewarommii ypaBHeHUo (14)". M3 atoro cremyer, 9T0 MHKPOAYTa MOKET BO3HHUKHYTH TakkKe W Ha
TTOBEPXHOCTH 3a3EMJIEHHOTO HJIEMEHTA.

JleficTBuTENbHAS BENMYMHA TOBEPXHOCTHON HANPSPKEHHOCTHU MOJSL, IPU KOTOPOH BO3HUKAET MUKPOIYTa, 3aBUCUT
OT MaTepuajga M COCTOSHMS TOBEPXHOCTH. Jlake HpU OTHOCUTEIBHO HEBBICOKON HANPSHKEHHOCTH MO MOXKET
BCIBIXHYTh MHUKPOJAYTra, MOCKOJIbKY HAIIPSKCHUC MaJa€T Ha TOHKOM IPHIIOBEPXHOCTHOM CJIOC, U B IIPOMCEKYTKE
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HOJI0KKa—CTEHKa MM MOJJI0KKa—MCTOYHUK PAaCHpeiesisieTCsi HEepaBHOMEPHO. B IIIOTHOM 1u1a3Me IPUITOBEPXHOCTHBIIN
CJIO MOXET OBITh OYE€Hb TOHKUM, MHUJUIMMETP WJIM MHOTO MEHBLIE, U ITOTOMY ITOBEPXHOCTHAs HANPSDKEHHOCTH IMOJIS
MOXeT OBITh BECbMa BBICOKOH. B YCIIOBHSX CHJIBHOTO IIPHIIOBEPXHOCTHOTO IOJISI aBTOAMHUCCHSI SJIEKTPOHOB W3
JIOKaJIEHOTO AMHUCCHOHHOT'O IIEHTPa MO>KET BBIMTH M3-II0 KOHTPOJIS, IIEPEHTH B HECTAIIMOHAPHBIN PEXUM H Jjajiee — BO
B3pBIBHYIO (pa3y ¢ 00pa3oBaHHEM KaTOIHOTO IATHA BAKyyMHO-IyTOBOro paspsina [52].

[InoTHass 1na3Ma, MCTEKArolmlasi W3 KaTONHOTO IIATHA, BBI3BIBACT 3aKOpayMBaHHWE HANPSDKCHUS Ha
NPUIIOBEPXHOCTHOM cJioe, ero mnpodoi. Ilpm sTomM HaGmomaercs ckadukooOpasHOe YBEIMYEHHE TOKa, KOTOPOE
COBMECTHO C HU3KUM HaIPsDKEHHEM SIBIISIeTCS "'0II03HABATENIFHBIM 3HAKOM'" TIpo00s U (POpMHUPOBAHUS KaTOJHOTO IISITHA
MHUKpPOAYTH. B cBs3M ¢ TeM, 4TO BHYTpEHHEE CONPOTHUBICHWE BHEIIHEH MM BBICOKOBOJBTHOTO HAIPSDKCHUS
CMEILEHUsI CPaBHUTENIBHO BEIIMKO, MHKPOIYra TOPHUT CPaBHUTEIBHO HEJNOJIT0 — OT MHKPOCEKYHI IO HECKOJBKUX
MuuMcekyHa. Ho 3Toro B GONMBIIMHCTBE CiIydaeB JOCTATOYHO JUIA TOrO, YTOOBI MPOM3BECTH Ha 00padaThIBaeMOH
MOBEPXHOCTH IMOJJIOKKH HEAOIMYCTHMBIC MOBPSKICHUS. [30ekKaTh BOSHUKHOBCHHS MHKPOIYT HJIH, [0 KpaiHeH Mepe,
CHHM3UTb BEPOSTHOCTh WX IIOSBJICHUS MOXKHO, HCIIONBb3Ys HMITYyJILCHOE CMelleHue, Oojee HHU3KOE HarpspKeHue
CMeEIIEHsI, TOHWKEHHYIO ITIOTHOCTH IUIa3Mbl MJIM KOMOMHAIMIO ATHX PUEMOB.

CoBpeMeHHbIE HCTOYHHMKH HANpSDKEHHS CMELICHHsS CHAa0XXEeHbl OBICTPOACHCTBYIOIIMMH YCTPOWCTBAMH  JUIS
TIOJJABJICHUS] MUKPOJIYT, KOTOpHIE "dyBCTBYIOT" CKauKOOOpa3HOE YBEJIMYEHHE TOKa W/WIHM TajieHue HampsokeHus. Ecim
3TO MPOMCXOIUT, HCTOYHHK OBICTPO OTKIIIOYAETCS, BOSHHUKIIEE KaTOAHOE IATHO "moracaer”, ero KpaTep OCThIBaeT (Ha
3TO YXOIUT OOBIYHO HECKOJIBKO MWJUIMCEKYHJ), 3aTeéM IIojada HalpsDKeHHS CMEIICHHS BO30OHOBISETCS IS
MPOJIOJDKEHHUS paboyero rnpomuecca ¢ MUHUMAIBHBIMHU €r0 HapyLIIeHHSIMH.

JIYTOBOM PA3PA/ B IPUCYTCTBUM I'A30B HU3KOI'O JIABJIEHUS
Pa3psa B npucyTCTBHHU aproHa

B GoJpIoIMHCTBE CilyyaeB NMPOMBIIUIEHHOTO NMPUMEHEHHS BaKyyMHO-IYTOBBIX METO/IOB OCAKACHHS MOKPBITHH 1
MTOBEPXHOCTHOTO MOJU(UIIMPOBAaHHS NPOLIECC BEIYT B IPUCYTCTBUH PEaKIMOHHBIX ra3oB B paboyeii kamepe. Hanbomee
pacrpocTpaHéH 3TOT NPUEM B TEXHUKE MONYYCHUS TBEPABIX W/HMIM JIEKOPATUBHBIX MOKPBITUH CIIOKHOTO COCTaBa,
takux, Hanpumep, kak TiN wmmm TiAIN. 3neck ocHOBHOH yrop OyneT caeinaH Ha TPOLECCHI, NPOUCXOASAIINE B
MIPUCYTCTBUU PEAKIIMOHHBIX I'a30B, HAa OJUIOKKE U Ha KaTOJE.

Just crabunmzanmu ayroBoro paspsiza B pabodylo Kamepy 4acTo BBOJISAT MHEPTHBIA Ta3 MpPHU JABJICHUU HOpSIKa
107 ITa. JInst 5TOro 0GBIYHO HCIOIB3YIOT APrOH B CBA3M C €I0 CPABHUTENBHO HEBBICOKOI CTOMMOCTBIO. IHEpTHOCTH
ra3a O3HadaeT ero Oe3BPEAHOCTh IO OTHOMICHHIO K OKPYXKAaIOIMIEH Cpene, TEXHOJOTHYECKOMY OOOpYJOBAaHHIO H
oOciry)xuBaroImeMy nepcoHany. Beibop aprona oOycioOBI€H TakXKe TE€M, UTO STOT Ta3 YIOOOCH Ui OCYIIECTBICHUS
Tpoliecca pacibUIeHUs (TPaBICHMS).

[IpucytcTBUE aproHa ycHIHMBaeT 0OpaTHBIN MOTOK MOHOB HA KaTOJ B OKPECTHOCTSAX IIEHTPA YMHCCUHU, TEM CaMBbIM
NOBBILIAs BEPOSTHOCTh MHUIMUPOBAHUS HOBBIX 3MHUCCHOHHBIX LEHTpOB (T 3 [2]). DTOT OOpaTHBIH MOTOK HOHOB
COCTOUT KaK M3 HMOHOB MeTajlla, TaK M M3 HMOHOB rasza. Ilociennue oOmanmaroT sHeprueil (’Heprueil MOHM3ALUM),
JOCTaTOYHOW ISl TOTrO, 4TOOBI BBI3BAaTh MOTEHIMAJIBHYIO 3MHCCHIO BTOPHUYHBIX JJIEKTPOHOB, KOTOpbIE, Oyay4n
BBICBOOOXK/ICHBI, YCKOPSIIOTCS B KAaTOAHOM CJIO€, XOTS W HE BCE, M BCEro JHIIb TOIbKO 10 20 3B, THNMYHBIX s
KaTOJHOTO TMajaeHus B ayre. M3-3a ¢uykryanuil HanpspkeHHS B KaTOXHOM CJIO€ HEKOTOPBIE AJIEKTPOHBI MOTYT OBITH
YCKOPEHBI JI0 PHepruil, maxe mpessimaromeir 20 3B. Tak wim mHade, gaxe 20 3B — 3T0 MHOrO OoJbIIe, HEXKEIH
TEeMITepaTypa 3JIEKTPOHOB B IUIA3ME OYyTH, OOBIMHO cocTaBisiomas 2 — 4 3B. YcKopeHHbIE 3JEKTPOHBI MOT'YT BBI3BAaTh
MPAMYIO YAapHYI0 HMOHM3AIMIO, XOTs Oojiee BEPOSTEH HArpeB 3JEKTPOHHOIO ra3a C IOCIEAYIONIMM YCHICHHEM
Iponecca HOHM3anuu. MoHnW3anus aproHa CyIIeCTBEHHO OOJerdaercst HamudueM B HEM MeTacTaOMIBHBIX aTOMOB C
OOJIBIINM BPEMEHEM JKU3HH.

IIpucytcTBUE aproHa He SBISETCS HEOOXOIUMBIM YCIOBHEM T'OPEHHS BaKyyMHOM JIyTH: MPOIECCHI B KaTOJHOM
IITHE MOTYT IPOMCXOIUTHh B BBICOKOM U JJa)kKe B CBEPXBBICOKOM BaKyyMe IIPH YCIOBHH, YTO TOK IYTH JOCTaTOYHO
Besiuk (00bruHO 100 A M Gornee), a HaNpsHKEHUE XOJOCTOTO XO/a CHUCTEMbI JIEKTPONUTAaHUs Bbicokoe (00brdHO 80 B
iy Bble). [IpucyTcTBre aproHa MoXKeT ociaOuTh TPeOOBaHUS K ITUM MapaMeTpaM, a TOpeHue AyTH cleiath Oojee
CTaOMIILHBIM, HO B TO K€ BPEMsl €TI0 IPUCYTCTBHE MOBIHUSET HA CTPYKTYPY OCXKIAEMOTo KOHIEHCaTa.

PeakTnBHOE OCca:xkaeHHE

[TockonbKy CTaOMAM3aLUsl Iy aproHOM SIBISETCS, MPAKTHYECKH, OOLICHPUHATHIM HPUEMOM, PEAKTHBHOE
OC@XICHHE OCYIIECTBIAETCS M00aBICHHEM pPEaKIMOHHOTO Ta3a B aproH, XOTS PEAaKLIHOHHBIH Ta3 MOXET OBITh
HCIOJB30BaH M 0e3 cMemuBaHuA ¢ aproHoM. CioBO "peakIMOHHBIN" OTHOCHTCSA K CIydaro, KOTAa MEXIy aTOMaMu
MeTaa MIa3MEHHOTO TTOTOKa M aToMaMHu (M MOJIEKYJIaM{) Ta3a yCTaHABIMBAECTCSl XUMHUUECKas CBA3b. Takumu razamu
Yalie BCEro SIBIISIOTCS a30T, KUCIOPO/ U YIIIEPOACOACPIKAIIE T'a3bl.

peaKHHOHHBIe raspl BCTYHNAIOT B PCAKIHWIO C MCTAJUIOM HE TOJBKO Ha IMOJJIOXKKE, HO TaKXE YYaCTBYIOT B
npoteccax (GopMHPOBaHUS IUIEHOK HAa CTEHKAX KaMephl, SKpaHaX, MOAJI0XKKOAepKaTelsiX, aHoie 1 karoae. OcaxneHne
MOKPBITUSL HA aHOJE MOXKET MpPUBECTH K 'medanbHO" wu3BecTHOMY d¢¢eKkTy "HCUe3HyBIIero axoma'", Korma
CHHTE3MPYEMOE Ha aHOJE IMOKPBITHE COCTOUT M3 JJIEKTPOM3OJIILIMOHHOIO Marepuania. KarogHas r€Hka nmpUBOAWT K
(hopMHPOBaHUIO KaTOAHBIX IISITEH 1-T0 THMA, JUIl KOTOPBIX XapaKTepHBI KpaTepbl MEHBIINX Pa3MEpoB U Ooliee HU3KHE
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CKOPOCTH 3PO3HU 10 CPABHEHHUIO CO CKOPOCTSIMU 3PO3UHU YHUCTBIX IIOBEPXHOCTEN MeTaa.

[Tpu ocymiecTBIEHNH TyrOBOTO METO/A OCaKACHHS BBIOJIHACTCS OalaHCc MEXIy (OPMHUpPOBAaHHEM M yAaJIeHHEM
KOMITO3UTHOTO CJIOS C IMOBEPXHOCTH KaTojaa. DTOT OajaHC OMpenensiercss LEeNbIM psaoM (akTopOoB: MaplHaIbHBIM
JIaBJICHHEM PEaKLMOHHOTO ra3a, akTHBaIMeH 3TOro rasa (Jucconuaniei, Bo30yXIeHueM, HOHHU3aIiel ), TeMIiepaTypon
MHIICHH WJIH KaToJa, CpeIHEH IUIOTHOCTHIO MOIIHOCTH, a TaKXKe TE€M, B KaKOM PEKHME MPOMCXOIHUT MPOLECcC — B
HMITYJIbCHOM HJIH B CTalJHOHAPHOM.

B uMITynbcHOM pexuMe KOMIIO3UTHBIH CII0H Ha katoxe GOpMHUpYETCs B MIPOMEKYTKAX MEXIY MMITyJIbCaMH, TaK
YTO JIyra TOPUT C KaTOAHBIMH IIITHAMH IIPEHMYIIECTBEHHO IIEPBOTO TUMA. B pexuMe IOCTOSHHOTO TOKAa WM B
UMITYJIbCHOM PEXHME C OYEHb BBICOKMM KOI((UIIMEHTOM 3arodHeHUs (IPU AJIMHHBIX UMITYJIbCaX U BBICOKOH 4acToTe
MIOBTOPEHUS), CUTyalus Goiee CI0XKHAs U 3aBHCHT OT CKOPOCTH (JOPMUPOBAHUS U CKOPOCTHU yJaJ€HHs: KOMIO3UTHOTO
ciosi. Ecnu pabGouas moBepXHOCTh KaToa Maja, a MapluaJbHOE AaBICHUE PEaKIMOHHOTO ra3a HU3KOE, I HTAJIBIIHA
(opMHpOBaHUS KOMIIO3UTA HEBEJIMKA, TO KOJMYECTBO YAAISIEMOro IISITHOM KaTOAHOTO MaTepuana OoJblie, 4eM
KOJIMYECTBO (pOpMHUPYEMOTro KOMIIO3UTHOIO Marepuasia. B aToM ciyyae nyra ropuT ¢ KaToOJHBIMU ISITHAMH BTOPOTO
THIIa U B COCTaBE IUIA3Mbl JOMHHHUPYET METalll, OAO0OHO CIIydyaro Jyrd B BBICOKOM BakyyMme. B IpoTHBOITIOIOXKHOM
cilyyae, KOrja IUIONIaJb KaroJa BeJIMKa, NaplMalbHOE JaBJICHHE PEAKIHMOHHOTO TIa3a BBICOKOE, a KOMIIO3UT
XapaKTepu3yeTcsl BBICOKOW SHTaibIUEeH (GopMHUpoBaHMs, Ha KaTtoae (GopMHpyeTcs IUIEHKa KOMIO3UTA, Jyra TOPHUT C
KaTOIHBIMHU ISITHAMH IIEPBOTO THIIA, U B COCTAaB FEHEPHPYEMOIl IIIa3Mbl BXOIAT KaK HOHBI METAJUIA, TaK U HOHBI Ta3a.
PasnyHbIe KaTOJHBIC MaTEepUalbl 0OIAAIOT PA3INYHBIM CPOACTBOM K PEAKIIMOHHOMY Ta3y. B okpecTHOCTSX ropsdero
KpaTepa, OCTaBIIEMOr0 KaTOOHBIM IIITHOM, Tra3 MoxeT auddyHaupoBaTh BrIy0b KaTOXHOTO MaTepHala.
HcenenoBanus NoKa3aiy, 4TO B CIydae KaToAa U3 THTaHA B MPUCYTCTBHH a30Ta IOBEPXHOCTH JIEKTPOA CTAHOBHIIACH
YMEPEHHO a30TUPOBAHHOH, B TO BpeMs KaK MOBEPXHOCTh KAaToAa M3 XpOMa OCTaBajach METaJUIMYECKOH laxke IpH
OTHOCHTENBHO BBICOKMX JaBJCHUAX a3zoTa [53]. B mpucyTcTBMM KOMITO3UTHOTO CJOS Ha KaToOAE BBICOKas
HaNpsDKEHHOCTD JIOKAJIBHOTO AJIEKTPUYECKOTO IMOJIsI CIIOCOOCTBYET MHMIMALMK HOBOTO KAaTOMHOTO IMSATHA. DTO MOJe
BO3HHUKAET B Pe3yJbTaTe HAKOIUICHUS 3apsja Ha IIOBEPXHOCTH KOMIIO3UTHOTO CJIOS, YTO OCOOEHHO aKTyalbHO B ClIydae,
€CIIM KOMITO3MTHBIM CJIOH SIBJISETCS JIIEKTPOU3OIMPYIOIIUM, T.K. IPOBOJUMOCTH CJIOS ONpEAENSeT IOTSHIUAI
roBepxHOCTH. [T0BEpXHOCTHBIA 3apsy ompenensercss aareOpandeckod CyMMOW TOKOB MOHOB M 3JIEKTPOHOB, TOKa
CMEIICHUS] U TOKa YTEUKH 4Yepe3 KOMIIO3UTHBIN ciiod Ha karoje. Ecimu 3TOT cioif oyeHb TOHKHMIL, wiam obOiamaer
3HAYHUTEIBHON MPOBOIUMOCTBIO, TO TOK YTEUKH BEJUK, U MOTSHIMAI IOBEPXHOCTHU ITOYTH paBeH MOTEHIUANy Katona. B
NPOTHBHOM Cily4ae, Korna (OpMUpYyeMBIil ciioi 00iamaeT BBICOKMMH H30JILMOHHBIMH CBOHCTBAMH, TOKOM YTCUKH
MOKHO IIpeHeOpeydb, 1 MOBEPXHOCTh MPHUOOPETAeT IUIABAIOIIN MOTEHIHANI. DTO 3HAYUT, YTO MMOTESHIHAN OBEPXHOCTH
CaMOpETyJIHPYyeTcs TaK, YTOOBI IOTOKH JICKTPOHOB W MOHOB W3 IUIa3MbI ObLIH cOanaHCcHpoBaHbl. [I0HATHO, YTO B 3TOM
Clly4ae 3HaYMTeJbHasl YaCTh HANPSHKEHMS MalaeT Ha KOMIIO3UTHOM CJIO€ M MOKET IIPUBECTH K €ro Ipodoro.

Ecnu KOMIO3UTHBIHA CIIOH SBISETCA JUAIEKTPUKOM, a TOJIIMHA €T0 COCTABIISAET BCETO HECKOJIBKO MOHOCIOEB, TO
3apsA MEPeHOCHTCSA CKBO3b CJIOH TyHEIIMpoBaHHEM. Uepes 3aKOpOUYECHHbIH HMOTEHIUATIBbHBIA Oapbep OCYIIECTBISAETCS
YCUIICHUE AaBTOOMUCCHUU DJICKTPOHOB. Cl/ITyaLII/IH U3MCHSCTCs, KOI'ZJa TOJIIIMHA KOMIIO3UTHOI'O CJIO0OA JOCTUTACT
HECKOJIBKUX HaHOMETPOB. B ciioe MOryT BO3HHKAaTh OYCHb CHIIBHBIE TIOJISI, KOTOPBIE CIOCOOHBI MPUBECTH K MPOOOIO
JVDJIEKTPUKAa W 32)KUI'aHUI0O KaTOAHOTO IISITHA IIEPBOTO THIA. BeposSTHOCT WHHUIMALMK ISATHA TPH HAJIMYUN
JIMIJIEKTPUYECKON IUIEHKN BBIIIE, YEM B Clydae HaHOOCTPHH, IMOCKOJIBKY KOI(GHUINEHT YCUICHUS JIOKAJIBHOTO OIS,
00YCIIOBIICHHOTO AMAJICKTPHUYECKUM ClloeM, Bblmie. [103ToMy MHHIMHpOBaHME KAaTOAHOTO ISITHA HA TOBEPXHOCTH C
IMJICKTPUYCCKUMH TIEHKAMH U BKIFOYSHHSMH 00Jiee BEpPOSTHO, YeM Ha IePOXOBATOH, HO YHCTOH MOBEPXHOCTH.

Crnemyer OTMETHTH emI¢ OOHY W3 NMPHYUH MTOBBIIIEHHOTO BHUMAHUS K BOIIPOCY O SIBIICHUH "OTpaBICHUS" KaTona
BaKyyMHO-IYTOBOTO Pa3psiia B TEXHHUKE OCAXKICHHUS IOKPBHITHH M IOBEPXHOCTHOIO MOAW(DHIIMPOBAHHMS MATEPHAJIOB.
@opMHpOBaHUE TUAICKTPUIECKON IIEHKHM Ha Karoje B Ipormecce "oTpaBieHHS" cHocoOCTByeT 3(deKTHBHOMY
MIOAABJICHUIO YMUCCUH 00Jiee MM MeHee KPYIHBIX MaKpOYacTHIl, KOTOPbIE HCILyCKAIOTCS KATOAHBIMHU IIATHAMH BTOPOTO
THIIa Ha YACTHIX METAJUIMYECKHUX MMOBEPXHOCTAX. KpaTepsl MEHBIINX pa3MepoB, popMUpyeMbIe MIITHAMH [IEPBOTO TUIIA,
HC MOT'YT UCIIYCKaTb MaKpO4YaCTHUIIbI 6OJ'II)HII/IX pasMEpoOB, U 3TO CHJIbHO CKa3bIBA€CTCA Ha 3HAYUTCIbHOM ITOBLIIICHUN
Ka4yecTBa OCAKIAEMOT0 IMOKPBITHS JAaXKe B OTCYTCTBHE IJIa3MEHHOTO (QHIIBTpA.

B3anmoaeiicTBue MeTa/NIMYeCKO# IJ1a3Mbl IYTH € Ta30BOH MUIIEHbIO, 3aPObILLIE00pPa30BaHuE U POCT
KOH/ICHCATA

[TpucyTcTBHE pPEaKIMOHHOTO Ta3a BO3/ACHCTBYET Ha IUIa3My BaKyyMHOW JyTH Ppa3lWYHBIMH IyTSIMH. 1w
KaTOJHBIX MATEH M YCJOBHUS 3PO3MU CHJIBHO 3aBHCAT OT YCJIOBHHM Ha KaToOAE€, YTO, B CBOIO OYEPEdb, ONpEAeIseTCs
MIPUCYTCTBYIOMIEH Tra3oBoil aTMocdepoir. MeTammndeckas Ira3Ma B3aUMOJICHCTBYET ¢ ra3oM, KOTOPBIA BO3AEHCTBYET
Ha TOTOK WM 3HEPTHI0 MOHOB. B3anmozelcTBue 3aBHCHUT OT JaBICHMS Tasa, OT TUMA ra3a U OT APYrHX (PakTopos,
KOTOpBIE MOTYT BBI3BaTh TypOyJIEHTHOE IepeMEINBaHNe, yJapHbIE BOJIHBI, PACCESTHUE U OXJIAXKIECHHE YaCTHIL IIIa3MBl.
MOFyT MMPOUCXOAUTH PA3JIMYHBLIC IIJIA3MOXUMHYCCKUE pPCaKIUH, BKIIOYasA MPOMLCCChI MEPE3apAAKU U AUCCOLHAIINN
MOJIEKYJ, YTO aKTHBUPYET Ta3, CIOCOOCTBYS ()OPMHUPOBAHUIO KOMIIO3UTOB Ha MOBepxHOCcTH. [lon axTHBarmei
NOHMMAIOT BCE ITIPOLECCHI, CIIOCOOCTBYMONIME (POPMUPOBAHUIO ITHX KOMIO3UTOB. DTO — JIUCCOLMALNS, MOHU3ALNS,
JIEKTPOHHOE BO30Y’KIE€HHE aTOMOB U MOJIEKYJI r'a3a.

OCHOBHBIE BOIIPOCHI 00pa30BaHMUs 3apoJbIIIel U POCTa KOHJAEHCaTa M3JI0XKeHB! B [2]. Boutn BBeneHBI MOHATHS
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KJIACCUYECKUX PEKUMOB POCTa — IMOCIOWHBIN (ABYMEPHBIN) peXXUM, OCTPOBKOBBIH (TPEXMEPHBIN) PEXXUM U MOCIOHHBIN
C IePeX0JIOM Ha OCTPOBKOBBIH POCT (CMELIaHHBII PEXHUM).

B mpouecce peakTUBHOTO OCaXIEHUS BO3HUKAIOT JalbHEHIINE H3MEHEHHs PpEeXHMOB. Bo-mepBhIX, cremgyer
MIPUHATH BO BHUMAHUE TO, YTO Pa3HbIe OCAXKIAOIINECS] KOMIOHEHTHI MOTYT IIOCTYNAaTh Ha HOBEPXHOCTh KOHJEHCALNH C
OospIIMM Pa30pOCOM BENMYMH KHHETHYECKOH 3Hepruu. TUNHYHBIM SBISIETCS CIydal, B KOTOPOM METaNTMYECKUI
KOMITOHEHT IIOCTaBIIICTCS BAKyyMHOM Jyrod KaTOZHOTO THIA W, CJIEAOBATENbHO, O0JIafaeT BBICOKOW 3JHEPTHEH,
CBOMCTBEHHOM IPOLIECCY BBICOKOIHEPTETUYHON KOHAEHcauuu. MOHBI MeTauia MOTYT CTaJKUBAaThCA C MOJIEKYJIaMHU
ra3a, U MO3TOMY HX JHEPrHsl MOXKET OBITh HIDKE, YeM B YCJIOBHAX BakyyMma. MIOHBI MOTYT MMETh Oosiee HH3KYIO
3apsIIHOCTD, YTO SIBIAETCA €I OJHUM (DAKTOPOM CHIDKEHHUSI KMHETHYECKOM SHEPTHH, TOCKOJIBKY YCKOPEHHE TaKHX
HOHOB B KaTOJHOM ciioe MeHee >(¢dexTuBHO. YacTh OCaXOAIOIMXCS aTOMOB MOJKET IIOCTYIaTh M3 ra3oBOil (asbl.
Takue aTOMBI, B OTJIMYUEC OT MOHOB METAJJIa, ITPOXOJAT CKBO3b KaTOI[HI)II‘/II CJ'IOI71, HE UCIBIThIBasA YCKOPCHUA.

C [lpyFOﬁ CTOPOHBI, B CPABHECHHUU C PECAKIIMOHHBIM OCAXKICHUEM METOAOM PACHbUICHUA WJIN UCTIApCHUs, B Cllydac
BaKyyMHO-IYTOBOTO OCaXJICHWSl Ta30BbIi KOMIIOHEHT OoJjiee DJHEpPreTM4eH W aKTHBUPOBaH B CBS3H CO
B3aMMOJICHICTBUEM C DHEPreTHUHBIMU YaCTHIIAMU IOTOKOB, UCITyCKa€MBbIX KaTOJHBIMU ISATHaMU. AKTHBALlUs — OYEHb
Ba)XKHBIH (PAaKTOp, BIMSIOIUN Ha CTEXHOMETPHUIO (POPMHPYEMOT0 KOMITO3UTHOTO ciiost. Tak, TpoifHasi cBS3b MOJICKYJIbI
azota N, o4eHb cuiabHa. Takue 4acTUIBI, MAaJalOIlMe HAa MOBEPXHOCTh, HE Y4YaCTBYIOT HH B KaKUX XUMHUYECKHX
peaknusax U ¢ OONBIIONH BEPOSITHOCTHIO OTCKAKMBAIOT Has3aj] B IPHIIOBEPXHOCTHOE IIPOCTPAHCTBO. AKTHBHPOBAHHBIC
gactumbl (N, N*, N, Nz* N, B clIydae a30Ta) BCTYMAIOT B PEaKIHIO TOpa3/o Jierde, 4eM MojeKyida N, B OCHOBHOM
COCTOSIHMH. Peakmum mpoucxomsiT MPEeHMYIIECTBEHHO Ha IOBEPXHOCTH: 3[€Ch TPEOOBAHME COXPAHEHUS 3HEPTHU U
MOMEHTA JIETKO BBIMOJIHSIOTCS, T.K. TEJO MOMI0KKHU TOTJIOMIAET JII0Oble W3IMIIKKA 3HEPTHU WK MoMeHTa. HampoTus,
JBYXYaCTHYHbIE CTOJIKHOBEHUS PEAKO IMPUBOAAT K XMMUUECKUM CBSI35M — YaCTHIIBI Yallle CTAIKUBAIOTCS, HE BCTyMas B
PCaKIUI0 JaXXE NpU HAJIUYHUU SHCPIUU, }IOCTaTO‘IHOI‘/'I JJI IPpCOAO0JICHUA SHEPTETUUCCKOTO 6ap1>epa JJIA BCTYIIJICHUSA B
peaxIuio.

PeakuyoHHOe ocaxkJieHHE HE BCET[a O3HAYaeT MCIOJIb30BaHME peakIUoHHOro rasza. Ecim ucmonb3yercs Oolee
OJTHOTO OCak[JaeMOro MaTepHaja, TO Ha IIOBEPXHOCTH OHM MOTYT BCTYINaTh B peakuuio, GopmMupys cioii KOMITO3HTA.
Tak, HanpuMmep, MCHONB3Ysl NBYXKATOAHBIM MCTOYHMK IUIA3Mbl, HA IOJUIOKKY MOXXHO HAIPaBUTh IIOTOKM THUTaHa U
YIJIepo/ia; yKa3aHHBIE 3JIEMEHTHI MOTYT BCTYNUTH B peaknuio ¢ oopaszosanueM TiC cros.

Boasinble napbl M BOAOPOJ

[TpakTHyeckn Bce MPOIECCHl PEAKIMOHHOTO OCAXKICHHS OCYIIECTBISIFOTCS B BBICOKOBaKYyMHBIX pPabOdmx
Kamepax. B HHX OCTaTOYHBIA Ta3 COCTOMT B OCHOBHOM M3 BOSHBIX IApOB MPHU YCIOBHH, YTO CKOJBKO-HHOYIb
CYLIECTBEHHBIE TEUH OTCYTCTBYIOT. BOIsIHOW map HaXxomuTCs B TEPMOJMHAMHUYECKOM PAaBHOBECHHU C IUIEHKOW BOJBI,
aIcopOUPOBAaHHON Ha BCEX MOBEPXHOCTAX, B TOM YMCIIE Ha CTEHKaX KaMepbl, Ha IOUIOXKKAX M MOAJI0KKOAEePKATEIISIX.
Tonumua azcopOUPOBaHHOTO CIIOSI 3aBUCHT, INIAaBHBIM 00pa3oM, OT TeMrneparypbl. [loBbilieHe TeMIepaTypbl BEIET K
CMEIICHHIO paBHOBECHs K 00Jiee TOHKUM aJCOPOMPOBAHHBIM CIIOSIM — 3TO OCHOBA JUISl CHCTEM «CYILIKH IIPOTPEBOM.
Bona moxer ObITh 3(GQEKTUBHO yhajeHa IyTEM KOMOWHHMPOBAHHMS NPOrpeBa C YIbTPadHONETOBBIM OO0IydYeHHEM
BHYTPUKAaMEPHBIMH JIAMITAMH, & TAKXKE «ITPOMBIBKOI» TOPSIYUM a30TOM.

BosBparasics k HermporpeBaeMbIM KaMepaM M BHYTPUKaMEpHOH OCHACTKE NPY KOMHATHOM TeMIeparype, ¢ y4éTom
W3JI0)KEHHOTO MOKHO KOHCTaTMPOBATh NPUCYTCTBHE B HHUX BOJBL. JlecopOums BOASHOW MIEHKH CTHUMYJIHMpYETCS
SHEpruel, MOCTyMaromed Ha MOBEPXHOCTh B pa3nuuHoil ¢opme, u 310 Hambonee >PpPEeKTHBHO MPOMCXOAWT IIpU
KOHTaKTE MOBEPXHOCTH C IIOTOKaMH IIa3Mbl. Hampumep, B MMITyJIbCHON BaKyyMHO-IYTOBOH CHCTEME ILTa3MEHHBIN
MIOTOK B3aMMOJEHCTBYET CO BCEMH €€ KOMIIOHEHTAMH, M TIO3TOMY BOASHBIC Mapbl CTAHOBATCS COCTAaBIISIOIIEH 3TOrO
MIOTOKA, OCOOEHHO cpa3y TOcie 3aXHuraHusi Iyru. 1IocKonbKy BOja SIBISCTCS OAHUM W3 KOMIIOHEHTOB IUIa3MBbI, HE
YAUBUTENBHO, YTO B KOHAGHCHPYEMOM MOKPBITHM OOHApy>KHBAIOTCS BOJOPOA U Kuciopon. Takue cBoOHCTBa Kak
TBEPAOCTb, MOJYJIb YIPYIOCTH M IOKa3aTelb HMPEJOMIICHUS KOMIIO3UTHBIX IUIEHOK, COIEPIKAIMX CMECh OKCUIOB C
THJPOOKCHIaMH, OyAyT OTIMYaThCs OT COOTBETCTBYIOLIMX IOKa3zaTelel IUNIEHOK Ha OCHOBE OKCHAOB. B cimydae
OCAKAEHUSI HUTPHUIIOB IJIEHKU MOTYT COJIEpyKaTh HEOXKUAAHHO OOJIBIINE KOIMYECTBA KUCIOPO/Ia H BOJOPO/I.

Mepamu ocabiieHnsT HEXENAaTeNbHOTO MOTJIOMIEHHUs BOJOPO/ia SBISIOTCS: (1) yIydllleHHe BaKyyMHBIX YCJIOBHUI B
TEXHOJIOTHUECKOI cucTeme, (ii) paboTa B peKMMe IIOCTOSIHHOTO TOKa, & HE B MMITYJIbCHOM, (ii1) IPOTpeB MOIIOKKH.

HcTounnkoM Bogopo/a, MOMaIaomiero B KOHJICHCAT, MOXKET OBITh HE TOJBKO BOJa. DTOT ra3 MOXKET OBITh BBEJICH
B pabouyro Kamepy NpeIHaMEpeHHO, HAlpUMep, IPH HCIOJIB30BAHUH Ta3000pa3HbIX yIJIEBOJIOPOIOB Ul HOITYyYCHHUS
TIOKPBITHH Ha OCHOBE KapouaoB. Iloriomenne BOJOPOAa CHIIBHO 3aBHCUT OT TeMIeparypsl. Tak IIEHKH, OCaXIEHHbIC
pu TeMiepatype nomioxkkn 500°C u HiKe, comepKanu OOJbIIoe KOJTUIECTBO BOJOPOIA, B TO BPeMs Kak B IUIEHKAX,
ocaxnéuupix mpu 600°C, BomOpon MpaKTHUECKH OTCYTCTBOBal. be3BomOpoaHBIE IUIEHKH IO HM3HOCOCTOHKOCTH M
AHTU3PO3HOHHBIM Ka4eCTBaM IIPEBOCXOAAT BOAOPOACOAEPKALINE MIIEHKH.

I_IJ'IH MHOTHUX IMOJIOKEK OYCHb BBICOKHC TEMICPATYPHI HEAOITYCTUMBI U3-3a HECXKEIATCIIbHBIX (baSOBI)IX H3MEHEHU N
(motepst TBEPIOCTH MHCTPYMEHTAIBHBIMH CTAISIMH) MM HEOOPATHUMBIX MOBPEKACHUN (B M3/ENUSAX M3 MOJIMMEPOB).
[TosTOMy B KaJIOM cCilydae Cle[yeT paccMarpuBaTh, Kakol YypOBEHb KOHIEHTpAlMU KHUCIOpoJa W BOJOPOJA
Tpebyercs, 1 Kakoil — nomyctuM. KpaTkue cBeieHHs O BOJE M BOAOPOJE NPHBEICHBI 3/1€Ch C LIENBIO MIPEAOCTEpeyb
YHUTaTEN OT BO3MOXXHOW HEJJOOLIEHKH X POJIH B IIPOIeccax BaKyyMHO-YTOBOT'O OCaX/ICHHS TIOKPBITHH.
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OcaxxaeHne HUTPUAHBIX NOKPBITHII U3 Xa0TH3HPOBAHHBIX NOTOKOB IVIa3Mbl

B pesynbrate nzydyeHus BIMSHUS JaBJIeHUS ra3a Ha napaMeTpbl polecca KOHACHCAMH 00HAPY)KEHO ITOBBIILICHUS
CKOPOCTH OCa)KJICHHUSI TOKPHITHI B 00JIaCTH TOBBIICHHBIX AaBieHui azora (cBbimie ~ 1 I1a). Tak B padote [54] mpu
HCCIIEIOBAaHUN TIpouecca ()OPMHUPOBAHWSI IOKPHITUH HAa OCHOBE HUTpPHIA THUTaHAa B cHcTeMe C (DOKYCHPOBKOH
IUTa3MEHHOTO TIOTOKAa OOHApYXEH POCT CKOPOCTH OCAXKICHUS KOHACHCATa HpHW JaBieHuH okoio 5 [la. Dror sddekr
aBTOPHI OOBSCHSIOT CHIDKCHHEM IUIOTHOCTH KOHIEHCAaTa NpW TaKMX MJaBICHHAX Taza. VcciaemoBaHus mporecca
OCaXIIECHUS TIOKPBHITHA W3 HUTPUAOB THTAaHA B CHCTEME CO BCTPEYHBIMH IUIA3MEHHBIMH ITOTOKaMH (CHCTEMe
(dopmupoBaHus paauaibHBIX TOTOKOB — COPII) [55] mokasamm pocT CKOPOCTH OCaKAECHUS B 00JacTH NaBICHUI
1 —2,51Ta. OTo sBIEHUE aBTOPHI OOBACHAIOT YBEIWYCHHEM DPAJHAIBHOTO IMMOTOKA YACTHUIl BCJICACTBHE XaOTH3AINU
IIa3Mbl B LIEHTPE CHUCTEMBI, IZleé NPOUCXOAWUT BCTpPeYa, W CMEUICHHWE JBYX IEPBHYHBIX IIOTOKOB B pe3yibTare
CTOJIKHOBEHHS MOHOB MeTajla C YaCTHUIaMH ra3a. [Ipu ropeHnn qyru B peXUMe C IMOJIOKUTEIFHBIM aHOAHBIM ITaJIeHHEM
noTeHIMana (qaejieHue nopsaka 5 — 6 [1a) taxke HaOMIOJAIOTCS OBBIIIEHHBIE CKOPOCTH POCTa TOJIIMHBI KOHJEH caTa
[56]. T'openne ayru ¢ TONOXKHUTEIBHBIM AHOAHBIM MAaJECHUEM IOTEHIMAla XapaKTepu3yeTcs 3HAUYUTENBHBIM (JI0
40 — 50 B) pocrom HanpspkeHHEM TopeHns paspsina. [1o MHEHHIO aBTOPOB, 3TO, B CBOIO O4Yepellb, BEAET K ITOBBIIICHHUIO
CTeneH! (OKYCHUPOBKH INIa3MEHHOT'O ITOTOKA, YTO M 00YCIIOBIMBACT POCT CKOPOCTH OCAXKICHUS! HUTPHIHBIX TIOKPBITHH

PesynbraThl  WcceOBaHWA, TPUBEACHHBIE B IUTHPYEMBIX pabotax [54 —56] 1OMONHEHBI JaHHBIMU,
moTy4YeHHbIMH JICOHOBBIM 1 XOPOIINX, U3yYaBIINX BIUSHIE JABICHHS a30Ta U HEKOTOPBIX IPyTrux pabounx ra3os (O,,
Ar), TEOMETPHUH U MOTCHIIHANIA CMEIICHHUS Ha MOUIOKKE, a TAKXKEe HHAYKIUKA MarHUTHOTO TIOJSI Ha TIPOIECC OCAKICHUS
MOKPBITHH W3 TOTOKOB IIIa3Mbl BakyyMHOW ayru [57 —59]. IlomydeHHBIE MMH pe3yiabTaThl MOTYT OBITH KPaTKO
c(hOpMYIHPOBAHBI CIEAYIONINM 00pa3oM:

— XapakTep BIUSHUS AaBJIeHUS pa3HBIX 1a30B (N,, O,, Ar) Ha CKOPOCTh OCAXKICHHUS TTOKPBITHI pa3IHyCH.

— IIpu maBnenuum azota 1,5 — 5,0 [la mpouCXOAWT MOBBIMIEHUE CKOPOCTH OCAXKICHHUS MOKPBITUH, CYIIECTBEHHO
3aBHCAIIEE OT Pa3MEPOB MOIOKKH.

— Oco0eHHOCTBIO TIpoLiecca OCAXK/ICHUS MOKPBHITHH U3 HUTPUA THUTAHA SIBJISIETCS MOBBIIICHUE TUIOTHOCTH MTOTOKA
Macchl KaTOHOrO MaTepuaia (TUTaHa) B IPUOCEBOI 00IacTH TIa3MEHHOTO MOTOKa TpH AasieHuu azora 2 — 10 Ia.

— Ilpu ropeHnu ayru B MPHCYTCTBHU a3oTa B obnactu pasieHud 1,5 — 5,0 [1a HaGmomaeTcs BBICOKasl CTENEHb
KOppENsIMUN 3aBUCUMOCTEH HMOHHOTO TOKAa U CKOPOCTH OC@XKICHHMA HHUTPHUIHBIX IOKPBITUH Ha MOBEPXHOCTH
KOHJICHCAIIMH OT BEMUYMHBI MarHUTHOTO moiisi. B obmactu Gonee Hu3kux mapneHwii aszora (0,5 — 0,8 [1a) momoOHas
KOPPEIAIHS OTCYTCTBYET.

— C IOBBIIIEHUEM JaBJICHUS ra3a B pa3psiIHOM IPOCTPAHCTBE MPOUCXOAUT YBEIHUYCHHE KOHIIEHTPAIMH TUIa3MEl,
00yCJIOBJICHHOE CHI)KEHHEM JHEPTHH HOHOB METalUla MPH CTOJKHOBEHHH C MOJEKYJIaMH Ta3a. DTH CTOJIKHOBEHUS
MPUBOJAT TaKKe K MOTEPE HANPABICHHOCTH IIa3MEHHOTO ITOTOKA, T.€. K Xa0TH3aLUH TIa3MBl.

— CHMXEHHUE SHEePTrul HOHOB U Xa0TH3allKs [Ia3MEHHOT'O MTOTOKAa 00YCIOBIHBAIOT BEICOKHE CKOPOCTH OCAXKACHHUS
nokpeITuil. Kpurepuem MmanocTu pa3MepoB 00padaThIBaeMbIX H3JENUI CIY)XKUT MPOTSHKEHHOCTH CJOSI 00BEMHOTO
3aps/ia MOHOB Ha TPAHUIIE MIa3Ma-MOI0XKKA.

— BnusiHMe nNOTEHIMAata CMENIeHUs] Ha CKOPOCTh KOHJEHCAallMd OCOOCHHO CHIIBHO MpOSIBIIETCS B cliydae
HWIMHIPUYECKUX MOJJIOKEK Majoro auamerpa, oOpabaThIBaEMBIX B IPUCYTCTBHHM a30Ta. I TakuX ITOJUIOKEK
oOHapyXeH CYyIIECTBEHHBIH (IIpUMEpHO B 4 pa3a) POCT CKOPOCTH OCAXKICHHS C IIOBBILICHHEM OTPHLATEIHHOTO
MOTEHIAIa CMEIISHHS TOI0KKHY B auamna3one ~ 100 — 700 B u maBnenus raza ~ 0,3 — 2,5 Ila.

— [lokpeITHsA, TmMONydaeMble TPH IOBBINICHHBIX JaBICHHUSX a30Ta, OOJAagar0T BBHICOKAMH MEXaHWYECKUMH
xapakTepucTukaMu. OTINYNS B CBOMCTBAX MOKPHITHH, OCAXKIEHHBIX Ha JIUIIEBOH IO OTHOIIECHHUIO K MCTOUYHUKY TIIa3MBI
U Ha oOpaTHOW cTOpOHEe O0pasia, CBA3aHBI C BIMSAHHEM KareidbHOH (as3sl 3po3mM KaToja, MPHUCYTCTBYIOUIEH Ha
JIUIEBOI CTOPOHE TIOBEPXHOCTH 00pa3ia.

3AKJIIOYEHUE

Ananu3 Ooiiee TIOJyCOTHH HamOoJiee M3BECTHBIX Pa0OT, OIMYOJMKOBAHHBIX, INIABHBIM 00pa3oM, Ha MPOTSIKCHUH
JBYX IOCIEAHHUX NECATUICTUH, IO3BOJIUI MOIy4UTh Oojee-MeHee OIpeleéHHOe NpecTaBlIeHe O (HHU3UKe SBICHUH,
MIPEACTABISIONMX ~ OCHOBY  TEXHOJIOTHYECKHX  IIPOIECCOB  BaKyyMHO-IYTOBOI'O  OCAXJECHHS  IOKPBHITHH U
MIOBEPXHOCTHOTO MOAM(HUIMPOBAHUS MaTepHanoB. PaccMOTpeHBI BOIPOCHI, KacalOUIMEecsl BBHICOKOIHEPreTHYECKOH
KOHJICHCAllU! M CYyOMMIUIaHTallMH, BKIIOYAs SIBICHUS SYMHUCCHU BTOPHYHBIX 3JICKTPOHOB, CaMOPacCIbIICHUs, HOHHOTO
TpaBJICHUS, HOHHOM WMIUIAHTAMM W OCAKACHUS MOTPY)KCHHEM B IUIA3My METAJUIOB. [IpommirocTpupoBaHa
3aBHCUMOCTh CBOMCTB IUIEHOK (CTPYKTYpBI, YPOBHS BHYTPCHHHX HANpSDKCHUH, aiare3sud W 1p.), HOJYYCHHBIX
BBICOKOPHEPIeTHYECKOI KOHIICHCALNEH, OT IapaMeTpoB MpoLecca OCaXIACHHs; OKa3aHa Pojb MOTCHIHAIA CMEILCHUS
TIOJIOXKKH M IUIa3MBI B IPOCTPAHCTBE MEXKAY KaTOIOM H IOIJIOKKOH. PaccMOTpeHBI 0COOEHHOCTH AYyroBOTO paspsina B
BaKyyMe M B IPHCYTCTBHH I'a30B (MHEPTHBIX M XUMUYECKU AKTHBHBIX), B3aHMOJIEHCTBHE METAUIMYECKON ILIA3MBbI C
ra3oBou MUIICHBIO, POJIb BOJAAHBIX IMApPOB W BOAOpPOAA B MPONICCCE CHHTE3A HOKpBITI/Iﬁ Ha OCHOBC COG}II/IHCHI/Iﬁ
METaJJIOB ¢ HEMETaJUIAMH, OTTMCaHbl OCOOEHHOCTH KOHACHCAIMH M3 XaOTH3HUPOBAHHBIX TIOTOKOB I1a3Mbl. [loiyueHHas
KapTUHa (PU3NYECKHX SBJICHUH B MPOIECCE CHHTE3a MOKPBHITHH OCAXKICHUEM M3 IJIa3Mbl BAKYYMHOM JIyTH MOXET OBbITh
TIOJIE3HOW TIPH pa3pabOTKe TEXHOIOTHUECKHX MTPOIIECCOB CO3/IaHMSI HOBBIX (DYHKIIMOHAIBHBIX MOKPBITHH.
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The results of kinetic consideration of nonequilibrium dynamics of electron-phonon system of a crystal in a strong electric field
based on a proposed method of numerical solution of a set of Boltzmann equations for electron and phonon distribution functions
without expansion of electron distribution function in a series by phonon energy are presented. It has been shown that
electromagnetic action excites electron subsystem which by transferring energy to the phonon subsystem creates large amount of
short-wave phonons which effectively influence the lattice defects (point, linear, boundaries of different phases) that results in
redistribution and decrease of lattice defects density, damage healing, decrease of local peak stress and decrease of construction
materials properties degradation level.
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HaBezneHi pe3ynpTaTH KiHETUYHOTO PO3IJISILYy HEPIBHOBAKHOI JAWHAMIKHM €IEKTPOH-(GOHOHHOI CHCTEMH KPHCTAIy B CHIBHOMY
€JIEKTPUYHOMY TOJIi Ha OCHOBI 3alpOIIOHOBAHOTO METOJY YHCIOBOTO PO3B’S3Ky CHCTEMH KIHETHYHHUX PIBHSAHb bojbplMaHa st
eNeKTPOHHOI Ta (POHOHHOT (yHKIIIH po3noaity 6e3 BUKOPUCTaHHS PO3KIafeHHs (YHKIIi PO3MOAUTY ENEKTPOHIB B PsA MO eHeprii
¢onony. [lokazaHo, IO €TEKTPOMAarHiTHA Aif 30YMKY€ €IEKTPOHHY MiICHCTEMY, CTBOPIOE BEIHKY KIIBKICTh KOPOTKOXBHIIBOBUX
(OHOHIB, sKi epeKTUBHO HifOTh Ha Ae(eKTH (TOYKOBI, JHIHHI, MEXi PO3AUTY Ta BUAUICHHS Pi3HHUX (a3) KPUCTATIYHOI PEUIiTKH, 10
MIPHU3BOAUTH JI0 TIEPEPO3NOIUTY Ta 3HWKEHHS TYCTHHH Je(eKTiB KPUCTATIUHOI PEIIiTKH, 3aJiKOBYBaHHS MOLIKO/KEHb, 3MEHIIICHHS
JIOKaJBHOI MIKOBOT HANIPYTH Ta 3HIKCHHS PiBHS Jerpafalii BIaCTUBOCTEH KOHCTPYKLIHHUX MaTepiaiB.
KJUIIOYOBI CJIOBA: kiHeTHKa, €IeKTPOH, (POHOH, ENEKTPUYHE Ta MarHiTHe IoJjs, Ae(QeKTH PeLIiTKH, KPUTHYHA Hampyra,
EJIEeKTPOIIACTUYHUH Ta MarHiTOIIACTUYHUN e(eKTH.
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3JIEKTPOHOB B Pl MO 3Hepruu GoHoHa. [TokazaHO, YTO 3MEKTPOMAarHUTHOE BO3ICUCTBHE BO30OYKAAET JICKTPOHHYIO MOACUCTEMY,
KOTOpasi, lepeaBasi SHEPruio B OHOHHYIO MOJICHCTEMY, CO3aeT OOJBLIOE KOINYECTBO KOPOTKOBOIHOBHEIX (POHOHOB, 3(pdeKkTHBHO
BO3ICHCTBYIOIINX Ha Ae(EKTH (TOYeUHbIE, THHEHHBIC, TPAHUIIBI pa3/ielia U BBIACICHUS Pa3InuHbIX (ha3) KPUCTAIIMIECKON PelIeTKy,
YTO MPUBOAUT K MepepacipeefIeHHI0 U CHIDKSHHIO TIOTHOCTH Je()EeKTOB KPUCTAIMIECKON PeLIeTKH, 3aJICYMBAHHUIO MOBPEXKICHHH,
YMEHBIICHHUIO JIOKAIFHBIX THKOBBIX HANPSKEHUN M CHIDKCHUIO YPOBHSI JICTPaIalliii CBOHCTB KOHCTPYKIIMOHHBIX MAaTCPHUAIIOB.
KJHKOUYEBBIE CJIOBA: xuHeTHKa, 3JCKTpOH, ()OHOH, IJIEKTPUYECKOC M MArHUTHOEC IOJsS, JAC(EKTHl PEIIeTKH, KPUTHICCKOE
HaTpsHKEHHE, CICKTPOIUIACTUICCKUI U MarHUTOTUIACTHICCKUI 3 HEKTHI.

In the sixtieth of the XX century a phenomenon of abrupt decrease of plastic deformation resistance of metals in
case of excitation of their conductivity electron subsystem by irradiation or conduction of electron current of high
density j=10%-10°A/m* was discovered. This phenomenon has been called electroplastic effect (EPE) [1]. This effect is
already being applied in industry in the processes of drawing and rolling of metallic products.

Since then soviet and american scientists have carried out series of experiments on metal deformation under
electric current influence and also at irradiation of samples by accelerated electrons. In that experiments the
manifestation of EPE under different conditions has been studied and also has been ascertained the dependence of the
phenomenon intensity on such parameters as:

- kind of the sample being deformed

- temperature

- current density amplitude

- current pulse frequency

- current pulse duration

- current direction

- dopant concentration in sample

- orientation of crystal samples being deformed

- deformation rate

Creation of ab initio theory of electroplastic effect is complicated by that fact that for explanation of the results of
the experiments on crystal deformation under the influence of electric current it is necessary to take into account
different mechanisms of current influence on the deformation processes. These mechanisms include:

- thermic influence of the current that results in thermal expansion of the sample and also in softening.

- skin effect.

- pinch effect i.e. influence of the pressure of the magnetic field created by current inside of the sample.

- electron-dislocation interaction which appears in momentum and energy transfer to the dislocations from both
electrons directly and collective excitations such as plasmons.

- phonon mechanism i.e. electrons which gain energy from the electric field create phonons that excite the
dislocation vibrations which can result in dislocation depinning from stoppers.

- magnetic field influence i.e. magnetoplastic effect.

Let us enumerate some experimental regularities of EPE.

In the most pure state EPE can be observed in monocrystals of Zn, Cd, Sn, Pb. If during the deformation one
passes through the samples of that materials pulse electric current with density of j=10%-10°A/mm?or if the samples are
irradiated by accelerated electrons (with the energy less than atomic knocking-out threshold from the lattice node) in the
slip direction, than softening of the samples which exhibits itself in spasmodic drops of deforming stress is revealed [1].

For monocrystals a strongly expressed dependence of the effect magnitude on the orientation of the samples being
deformed is observed. At such crystal orientations when the basal slip is complicated the magnitude of deforming stress
drop if small and the stress from which plastic deformation begins is large. Maximum stress drop magnitude can be
obtained for medium crystal orientations which are characterized by easy basal slip. In this case the stress of the drop
start has its minimum [1].

The EPE magnitude dependence on the current density has threshold character, i.e. it starts to become apparent
with particular value of the pulse current density. This value depends on the sort of crystals being deformed and also on
the temperature and on the deformation rate. For zinc at 7=77 K it is equal 400-500 A/mm?[1].

The temperature dependence is almost absent in a wide range of temperature. For zinc this interval is 77-300 K.
For titan the threshold current density magnitude from which the effect begins with cooling from 300 down to 78 K
increases by hundreds of A/cm? [1].

EPE is sensitive to external factors. The effect intensity is influenced by surface active media. For example
specific crystallographic shift of amalgamated zinc monocrystals at the temperature of 300 K and under influence of
current pulses with j=600-1000 A/mm?, pulse repetition frequency of 0.1...0.5 Hz and pulse duration of tp:10'4 c
increases by 50-60% [1].

The dopant presence also influence upon spasmodic metal deformation. As a result of doping the drop magnitude
can grow by dozens of percents (up to 100%). Within the scope of relatively small substitutional impurity the
magnitude of the effect grows linearly with concentration as it has been shown in the experiments with zinc, doped by
cadmium from10™ up to 10™at. % (other impurities content did not exceed 2-107at. %). The brittle strength of zinc



42
EEJPVol.1 No.32014 V.. Karas, A.M. Vlasenko et al

crystals grows by 50-70% depending on dopant concentration. This fact can be connected with general increase of the
critical shearing stress in the doped crystals [1].

The increase of the current pulse repetition frequency decreases the deforming stress threshold value but also
decreases stress drop magnitude. Pulse duration growth at constant amplitude increases the depth of stress drops. This
phenomenon was registered both in stress relaxation tests and in creep tests [1].

The main EPE regularities, revealed at monocrystal deformation can be observed in weaker form also in
experiments with polycrystal materials. However the EPE magnitude decreases with structure refinement and even
disappears in nanocrystal state [2]. Thus EPE is a structure-sensitive phenomenon.

Similar phenomena are observed at irradiation of the material by pulse packets of accelerated electrons.
Plasticizing action enhances with the increase of electron energy up to atomic knockout threshold. At further energy
increase the intensity of the effect decreases at the expense of radiation strengthening. The combination of current
action and irradiation results in the intensification of the metal strength loss effect [1].

Mechanisms, connected with the action of electron wind on dislocations, pinch-effect and also thermal influence
of the current on deformation processes are reviewed in detail in the work [1]. It is shown, that they are not sufficient
for the quantitative explanation of the EPE.

In this work the phonon mechanism of the influence on dislocation is considered [3, 4].

The purpose of this work is to show that experimentally observed regularities of electroplastic effect can be
explained quantitatively if one takes into account the influence of nonequilibrium phonons excited by electrons
that gain energy from the electric field upon the dislocations.

ABOUT THE INFLUENCE OF PHONONS ON DISLOCATIONS
Plastic deformation of crystals under the action of external loads in most cases is accomplished by dislocation
glide. The main equation describing the kinetics of the process of the plastic deformation — the Orovan modified
equation (see for example [5]):

&4 = blpyvy(c*), o =0 — o, Q)
where &, is the strain rate, b the Burger’s vector, [ the mean distance between stoppers, p, the mobile dislocations
density, v,(c*) the frequency of the stoppers overcoming by dislocations, ¢ the effective shear stress, g; the
internal shearing stress in the glide plane.

For the case of thermodynamic equilibrium the expression v, (¢*, T) has the form of:
* _.0 __H(eM)
vy(c*,T) = vdexp( ol ) 2
The explicit form of the H(c*) function depends on the potential barrier model. For the consideration of a more
general case, i.e. when electron and phonon subsystems can be, generally speaking, not in the state of equilibrium the
Landau-Hoffman model will be used [6].
The potential pit has parabolic form:

sz;lxlsxcr
U(x) =
) {o,|x|>xcr

The displacement of the dislocation segment of length L under the stress o will be described in the approximation
of the elastic string vibrations (Granato-Llcke model [6,7]:

:Zxczr = UO' (3)

9%u u %u _

2
Here u(y,t) is the displacement of the dislocation line at the point y in the direction x, M = % is the effective mass

of the length unit, p the material density, B the coefficient of the dynamic friction force per unit of length, C = GTbZthe

linear tension of the string, G the shear modulus, f(t) the force of the random pushes that are exerted by crystal upon the
unit of dislocation length.
Boundary conditions:
u'(0,6) = ku(0,6); —'(L,t) = ku(L, t); k = 2. (5)
The equation is linear, so its solution can be written as a sum
u(y, t) = ug (y) + uys. (v, t), where ug, (y) is the static deflection, caused by external stress o, and u,4.(y, t) the
oscillations under the action of a random force.

— 2_1,2
U () = 2L L 2 (3,6) = By Qa0 (sin(0y) + L cos@) ) ctg(any) = L (6)
The quantity of Q,,(t) satisfies the following equation:
M3 (t) + BQu(t) + MoZQu(t) = £(8); w2 = q2~ Y

Let us consider a “fixing point” at y=0. Let the segment lengths on both sides of it be equal to L. Then the total
deflection at the “fixing point” is equal to:
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ﬁ(o: t) = Zust(}’) + Zuosc(yl t) = ﬁst()’) + e (y' t) (8)

The case of a random force was considered in the work [8]. We shall now provide some of the calculations for the

reference purpose. If at some time moment occurs a random event such that 6% (0, t) > &ii, then the condition of

obstacle overcoming in the direction on the loading action will be satisfied. Let f,,(t) be a stationary Gauss process.

Since the equation (7) is linear, Q,,(t) and correspondingly (0, t) is also stationary Gauss process for which the mean
number of exceeding a particular quantity &ii., per unit of time is equal to:

_1 ¥ 5uzy
V=T e P {_ zw(o)}‘ ©)
~ 2 — - 2
WO = 2302115 0 (@O0 + 0 = 2802, S U(D), (10)
~ bL CkXcr
8ucr = X¢r — C_: = X¢r (1 — Uicr)‘ O = b); ) (]_]_)

where W(t) is the random process &% (0,t) correlation function expressed by means of random process Q,(t)
correlation function ¥(t); W''(0) is the second derivative with respect to t at t = 0. For the Fourier components
(Q,), of Q,,(t) we can write:

b = [ @n%e  dw, (12)
where the definition of the quantity (Q,,)?2 is given by the relation
()o@ = Q5 8(0 + ") (13)
Each harmonic can be formally considered as an independent vibrator with friction x and frequency w;:
mQ +xQ + mw2Q = F, (14)

where m is the proportionality coefficient between the generalized momentum and velocity Q, x the friction coefficient,
F the random force [9].
_ g LEn _ plEa _ ¢ L _4_ 2 4
m=M=", y=B=" F=f=" §=1-—+73 (15)
So for the Fourier component we obtain the following formula:
(F)?
Qe =% (16)

mz(m%—wz)zﬂ(zmz

Random force spectral density can be found from the expression [8]:
(ﬂ)2=%hm<%+N0®). (17)

Hence to estimate the force exerted by phonons upon dislocations one must first find the phonon distribution
function N (w).

KINETIC EQUATIONS

In some works on electron-phonon subsystem dynamics in metal films an assumption about Fermi form of
isotropic part of the electron distribution function with time-dependent temperature was used [10]. In the given work
we do not make that assumption and thus the distribution functions can be, generally speaking, not thermodynamically
equilibrium. In such case the behavior of electrons and phonons is described by means of distribution functions.

For the description of the electron-phonon system nonequilibrium dynamics it is necessary to solve a set of kinetic
Boltzmann equations for electron and phonon distribution functions correspondingly. For electron distribution function
the Boltzmann equation has the form of:

af | -0f , Ofdp _

E+v§+a_ﬁz_lee+lep+16d’ (18)
B _ o{EG D) + [3,BG 1))}, (19)

dt

where # is the velocity, # the momentum, t the time, 7 the radius-vector, E the electric field strength, B the magnetic
induction. Hereinafter we consider the magnetic field absent. The electric field and also electron distribution function
we consider spatially uniform.

- I, is the electron-electron collision integral. In the general case of quantum mechanics it has the form of [11-13]:

lee = ooz [ A dBadBaW B, Bl B2) [ B B (1 — F@B0) (1 = f@) — FBF G — f@))(1 —
_f(ﬁ3))] 8(e+e — & —&3)8(P + Py — P2 — P3), (20)

where f(p) are the occupation numbers, W (P, B, |p,, P3) the matrix element that describes screened coulomb
interaction.

W(ﬁ: ﬁ1|ﬁ2'ﬁ3) = (21Th)32e4(|ﬁ1 - ﬁ3|2 + a%)—z (21)
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where W (P, P, |B,, D) the transition probability for electrons with momenta p,and p to the state with momenta  and
P, as a result of collision. For relatively small electric fields the contribution from electron-electron collisions is
essentially less than the contribution from the electron-phonon interaction and thus hereinafter at small time intervals
electron-electron collisions will not be taken into account.

Iy is the electron-phonon collision integral [11-13]:

lep = [ dgw(@ {8(e@ + §) — @) — hAU@D)[fB+ DA~ fF@)N@ + 1) = fFBE(1 ~ B+ D)N@] +
+8(e(® — @) — e(®) + hAUD)[FF - D(1 = F@IN@ - FB)(1 - fFG - D)N@D + D]} (22)

I.q is the electron-impurity and electron-defect collision integral. It can be obtained by setting in I, 7Q = 0 and
N=0.

lea = [ dpwea(B - 5)8 (e(B) — e®)) {F () — FB)) (23)

Phonon distribution function also satisfies the kinetic equation:

NG | 5 ING@ _
SE+ 3L = Do + Ly + Da, (24)

L. is the phonon-electron collision integral [11-13]:

Ipe = [ dpw(@{8(e(B + §) — e(B) — RAUD)[f B+ D(1 — FB)N@ + D] = FB (1 - FB + P)N(@)} (25)
The phonon-phonon and phonon-defect collision integrals in T-approximation have the following form:
L, is the phonon-phonon collision integral.

T3s
acTEM.

Ipp = —Vpp(ﬁ)[N(ﬁ) - NT(ﬁ)]v Vpp(q) = Vppoqz; Vppo = (26)

L4 is the phonon-defect collision integral
Ipd = —Vpa ((7) [N(ﬁ) - N((_j)] (27)
-1
where N;(§) = [exp (h?ﬂ) — 1] is the thermodynamically equilibrium phonon distribution function — Bose-Einstein

function; N(q) = ﬁf N(G)dO is the phonon distribution function, averaged over the angles.

Since electron-impurity, electron-defect and electron-phonon collisions result in distribution function
isotropization, we shall search it in the form of the sum of isotropic function and small anisotropic additive:

RN COBEIACORLY (28)
w(@) = woa; Wo = s4—; hA(q) = sq. 29)
After concretization we obtain:
Ly, = _Vpdoq[N(‘_j) = Nz (@], (30)
I TACK EEMACL: (3D)

where v,; =3-10" s is the electron-impurity collision frequency which in the given case (of low temperatures)
determines the electron distribution function isotropization.

2 E _ 2 E _ mwg V8me 3 1
L {i©) 2} = @)% v(e) = % [ dag* [V (@) +5] (32)
For anisotropic additive we have the equation:

0hP _ g 0B _ . ZN\D
2 » eEv ey vedf(s)p, (33)

Collisions with defects and impurities occur very often, i.e. at a time scale that is small compared to characteristic
time of interaction of phonons with electrons, therefore the anisotropic additive can be considered stationary and also
spatially uniform.

As a result we obtain the final set of two equations for isotropic electron and acoustic phonon distribution
functions [3,4,14] which has to be solved without electron distribution function Tailor expansion:

3 5
z- 4A§§1L/2% L] =1a {éfos— A& Epn[F(E = Epn)N(Epn) + FE(F(E—Epn) — N(Epn) — 1)] +
o dEonEon? [FE+ E) [N En) + 1] = F® (F(E+ Eon) + NE)) |} (34)
D = [Pz [(f(5+Epn) — F®) NEpn) + FE+En) (1 - F@®)]: (35)
Here the following designations are used:
_oms? . e*E’tepo . £ . _ fpn .z _ t . _ @andhp _ _
= A% = GmVEdk;’OTe, €= Epn = #Te’ = - Tep0 = poi?, = 3.446-1077s.
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Integration limits which are obtained with respect to the energy conservation law are correspondingly equal:
2 h Epn
£_ = min [4(\/5 ), &pn ] £, = min [4(\/5+ ), & ] g=—1-—"+a (36)
Distribution functions of electrons f(g) and phonons N(q) are dimensionless quantities that satisfy the following
normalizing conditions:

=& ) [P e fe)de=n, (37)
where n is the electron density in the valence band (for metals also conductivity band as it is only partially filled).
L (&) K" N (g < o, (38)
where qp is the Debye phonon momentum which is determined by the equality:
ap =" (39)

a
All quantities are taken for nickel: s=2.96-10° cm/s is the transverse sound velocity, n=2.5-10% cm? the
conductivity electron concentration, a=3.5-10 cm the lattice constant, p;! = 0.333 - 10 Sm/cm.
Thermodynamically equilibrium electron energy distribution function is the Fermi-Dirac function:

-1
fole) = [exp (g °F ) + 1] . (40)
For nickel =5-10"J.
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Fig. 1. Dependence of the electron distribution function decimal Fig. 2. Dependence of the phonon distribution function
logarithm on dimensionless electron momentum p at E=1.68 multiplied by dimensionless phonon momentum § cubed on
Vicm for different time moments t=0; 1; 5; 10; 15; 20. The dimensionless phonon momentum at E=1.68 V/cm for different
curves correspond to these time moments in such order: 1, 2, 3, time moments t=0; 1; 5; 10; 15; 20. The curves correspond to
4,5, 6. these time moments in such order: 1, 2, 3, 4, 5, 6.

NUMERICAL SOLUTION OF THE KINETIC EQUATIONS SET FOR ELECTRON AND PHONON
DISTRIBUTION FUNCTIONS AND DISCUSSION OF THE RESULTS

For the numerical solution of the equation set (34-35) the finite difference method of the first order approximation
over time and second order over space coordinates was used. The system (34-35) was presented by the following set of
difference equations [15]:

V+1_ V+1_ v+l o VL, oVl
fl. - fI. — 6A~fl+12h§ 1 + 4~ A~fl+1 };l;:z +fl 1 +]“ (41)
Ji=3 sa52{21 0 heynEpn; RN+ (R =N = )] + X 0 hepnEpn; RN +1) - (R + N +

Yj=o sphgph]+12[fk iNja + £ (fk 1= N 1)] +2j=0 sphfph +12[fz+1(NJ+1 + 1) Y (fz+1 j+1)]}a (42)
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JT] = ZEZ" hz[(fk —fONY + ff (= ) + (feher — fRDN + flea (1 — fl‘jrl)]' (43)

R=f(8—%n,) £ =FE+Em,) (44)

The summation limits are determined from (26). Grid steps were chosen in such way that:
Ei - Ephj = gk, El’ + Ephj = gl (45)

Here k and | are natural numbers. As a result of calculations electron and phonon distribution functions have been found.

On the Fig. 1 and Fig. 3 is presented the dependence of the electron distribution function decimal logarithm on
dimensionless electron momentum for different time moments and two values of the electric field strength: 1.68 V/cm
and 33.6 V/cm. On the Fig. 2 and 4 is presented the dependence of the phonon distribution function multiplied by
dimensionless phonon momentum cubed on the dimensionless momentum. The curves illustrate uninterrupted growth
of the number of high-energy electrons and phonons with time. The curves for the time t=0 correspond to equilibrium
distribution functions. In particular, phonon distribution function multiplied by dimensionless phonon momentum cubed
for the electric field strength of 33.6 VV/cm at the time moment (t=1.0) of an order less than for the field of 1.68 V/cm
(t=10) is more than 66 times greater. For the same values of t and electric field strengths the values of the electron
momentum at which the electron distribution function equals to 10730 differ in 1.23 times.

For clearness on Fig.5 is presented a dependence of the phonon distribution function on the dimensionless
momentum at electric field strength £=16.8 V/cm for different time moments: t=0;0.25;0.5;0.75;1;1.25.

tg(f () N@)-§®
o — : : : - ’ 100 000 -
2
.4 S0 000 -
6 80 000 -
X
-10 70 000 -
e 60 000 -
-14
-16 50 000 -
-18
20 40 000 -
-22 30 000 -
-24
26 20 000 -
-28 10 000 -
-30 . .
40 42 44 46 48 S50 52 54 56 P S 10 15 20 25 30 35 40 éj

Fig. 3. Dependence of the electron distribution function Fig. 4. Dependence of the phonon distribution function multiplied
decimal logarithm on dimensionless electron momentum at by dimensionless phonon momentum cubed on dimensionless
E=33.6 V/cm for different time moments: t=0; 0.25; 0.5; 0.75; phonon momentum at E=33.6 V/cm for different time moments:
1; 1.25. The curves correspond to these time moments in such  t=0; 0.25; 0.5; 0.75; 1; 1.25. The curves correspond to these time
order: 1, 2, 3,4, 5. moments in such order: 1, 2, 3, 4, 5.
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Fig. 5. Dependence of the phonon distribution function on the dimensionless phonon momentum.
E = 16.8 V/cm for different time moments: t=0; 0.25; 0.5; 0.75; 1; 1.25.
The curves correspond to these time moments in such order: 1, 2, 3, 4, 5, 6.
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For estimation of the influence on the plastic deformation, let us plot the dependence:
(Fﬁ)z B (%+N(t?)>
(Fao)”  (3+No@)
where N, (§) is the Bose-Einstein function for the temperature of 32K, i.e. 12K more than the initial temperature. In the
most part of the experiments [1] the heating did not exceed 0.5-3K. N (§) is the phonon distribution function found as a
result of numerical calculations.
From Fig. 6 and Fig. 7 one can see that the force exerted by phonons upon dislocation is greater than in case of
simple heating and it has trend to grow with time.

(F)y 42 F3-
(szffu 4+ )

(46)

[N A
(F2)¢U1 1

(Fa)’

2

Fig. 6. Dependence of the ratio ((:7))2 on the dimensionless Fig. 7. Dependence of the ratio o) on the dimensionless
qo qo

phonon momentum for different time moments: t=0.25; 0.5; phonon momentum for different time moments: t=0.25; 0.5;

0.75; 1; 1.25 at £E=16.8 V/cm. The curves correspond to these 0.75; 1; 1.25 at £=33.6 V/cm. The curves correspond to these

time moments in such order: 1, 2, 3, 4, 5. time moments in such order: 1, 2, 3, 4, 5.

COMPARISON WITH THE EXPERIMENTAL RESULTS
Fig. 8 presents the dependence in double logarithmic scale of the phonon distribution function multiplied by
dimensionless phonon momentum cubed on dimensionless momentum for different situations:
e thermodynamic equilibrium phonon distribution functions at 20K (curve 1) and 32K (curve 2),
correspondingly;
e the nonequilibrium phonon distribution function which was obtained as a result of numerical calculations
at the electric field strength E=16.8 V//cm for the time moment of t=2.5 (curve 3).
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Fig. 8. Dependence of the phonon distribution function Fig. 9. Dependence of the loading drop [MPa] on the current
multiplied by dimensionless phonon momentum cubed on density [A/cm?]. Squares are the experimental data provided
dimensionless electron momentum. The curve 1 and curve 2 by Troitsky [1]. Triangles correspond to the experiments of
refer to the equilibrium state at 20K and 32K correspondingly.  Lebedev [16]. Crosses correspond to our results obtained on
Curve 3 is for the phonon distribution function obtained as a the base of Granato-Liicke and Landau-Hoffman model with
result of numerical calculations the electric field of E=16V/cm  phonon distribution function at time moment t=2.5us for
at the time moment of t=2.5. electric field strength of 1.6;2;4;8;16;V/cm, empty circles —
results for time moment t=15us for electric field strength of
1.6;2;4 V/icm.
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The value of the loading drop has been found in the following order. First of all we substituted the obtained values
of phonon distribution function into the formula (17) and found the random force spectral density. Then we have put

this result into (16) and found (Q,,)3.
%hm(%+N(m)>
m2(wf-w?)’ +x2w?’

Q& =

Knowing (Q,,)% we calculated the correlation function (0) and it’s second derivative using the formula (12).

(47)

) . %hw(%+N(w))
W(0,N(@)) = lime [ —F—"2—— (a7

After that we found W(t) and W'’ (0) using (10).

. o Xne3(E+N () .
e Tdw, §"(0,N(w)) = —limyo "‘”(2 w) e Tdw, (48)

m2 (m%—mz)zﬂ(z w2

w(0,N()) = 2551 % (0, N(w)), (49)
W (0,N()) = 2 Zh-y L (0,Nw)), (50)

After substituting (9) into (1) we have the following relation which allows us to find 2. when all other quantities

are known:
. 1 [ ¥"(oN(w) _ sug
€a = blpq Zn\’ w(0,N(w)) exp{ 2!1!(0,N(m))}’ (51)
§tic, (N(w)) = \/ZW(O,N(w))ln (;lt—"z /—%) (52)

Finally we find ¢ from (11):

0 = O (1 - W), (53)
AG(N((.O)) = Opyt — O'(N (w)) (54)

The comparison between the calculation results and experimental data was made for nickel at following values of
experimental parameters: the applied external stress o,,; = 68.885 MPa, £; = 1.19-10"*s™%, b =3.52-10"% cm,
and the product of Ip; = 435 cm™, Uy=3.34-10"°J, x,, = 0.2b, L = 3.5-10"%cm, B =2-10"° N-s-cm™2.

The Fig. 9 clearly demonstrates that our approach gives results that are of the same order with experimental data.
The expected loading drop in case of heating under the conditions of thermodynamic equilibrium is several orders less
that the loading drop observed in experiments. That is why we don’t even put it on our figure. The loading drop that
was calculated using the obtained data must be considered as lower estimate because the time moments at which the
calculation was finished are several times less than the current pulse duration in the experiments.

CONCLUSIONS

In the given work a kinetic consideration of nonequilibrium dynamics of the electron-phonon system of a crystal
in a strong electric field has been carried out.

A method of numerical solution of kinetic Boltzmann equations system for electron and phonon distribution
function without expansion of the electron distribution function in a series by phonon energy has been proposed.

It has been shown that under the influence of a strong electric field the electron distribution function becomes
nonequilibrium in the vicinity of Fermi energy and the influence of electron-phonon collisions becomes commensurable
with the influence of the field. Phonon distribution function gets “heated” while remaining nonequilibrium in the region
of long-wave phonons.

Basing on the Granato-Luicke and Landau-Hoffman model and using the calculated phonon distribution function it
has been shown that the force of the action of the phonons on the dislocations is greater than it would be in case of
thermodynamic equilibrium at heating by 12K.

More early results were defined more precisely. The conditions of applicability of the Tailor expansion of the
electron distribution function by the phonon energy depending on temperature have been obtained.
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In this work there are set experimental data of the reaction *He(y,pn )d at the energy of photonic beam of E, +30-100 MeV, received
by the streamer chamber method on the coherent beam of y-rays. The beam of photons was received in the result of coherent
bremsstrahlung radiation (CBR) of electrons from the accelerator LU-2000 on the diamond mono crystal. There are measured
energetic and angular correlations of the reaction products. It is shown, that the behavior of angular and energetic distributions,
received by the diffusion chamber method on the bremsstrahlung beam of y-rays with the help of streamer chamber on the coherent
beam are the same, that allows us make a conclusion about reliability of identification of events. The presence of the deuterons with
high kinetic energy and big angle recession with the proton can be explained by absorption of the y-rays by three or more correlated
nucleons.

KEYWORDS: photons, nucleons, protons, correlations, helium nucleus, streamer chamber, coherent bremsstrahlung radiation

KOPEJIALI BTOPUHHUX YACTUHOK B PEAKIIII PO3UIEILTFOBAHHS ‘He(y, pn)d HA ITYUKY

KOI'EPEHTHOI'O 'AJIbBMIBHOI'O BUITPOMIHIOBAHHSA
L.B. Jorwct
Hayionanenuii naykosuii yenmp «Xapkiscokuil (izuxo-mexHiuHuil incmumymy
8yn. Akademiuna, 1, m. Xapxkis, 61108
V wiit poboTi mpuBeneHi excriepuMenTanbHi mani peakiii “He(y,pn)d mpu eneprii hoTOHHOrO mydka E, +30-100 MeB, orpumani
METO/IOM CTPUMEpHOI KaMepH Ha KOI€PEeHTHOMY IIydKy Y-KBaHTiB. ITydok ¢OTOHIB BHXOIAMB B pe3yJbTaTi KOTEpPEHTHOrO
ranpmiBHOTO BHUnpominioBaHHS (KI'B) enextponiB Bix npuckoproBada JIIT-2000 Ha MoHOKpHCTami anMa3y. BuMipsHi eHepreTHyHi i
KyTOBi Kopemswil mpoxykTiB peakiii. IToka3aHo, mo mOBeIiHKa KyTOBHUX 1 €HEPreTHYHHX PO3IOIUIIB, OTPUMAHHX METOIOM
mudy3iiHOT KaMepH Ha TaJbMIBHOMY ITyYKY Y- KBaHTIB i 32 JOIOMOTOI0 CTPUMEPHOI KaMepH Ha KOTEpPEHTHOMY ITy4YKy CITiBIaaf0Th,
110 /T03BOJISIE 3pOOUTH YKIIaJeHHS NTPO HAAIHHICTD ineHTH(ikanil noxaiil. HasBHICTS NEHTPOHIB 3 BHCOKOIO KIHCTUYHOIO EHEpTi€lo i
BEJIMKHM KYTOM PO3IIBOTY 3 HIPOTOHOM MO>Ke OyTH IOSICHEHa MOTIMHAHHSAM Y-KBaHTIB TPbOMa 1 OiIbIe KOpeITbOBAHUMH HYKIOHAMH.
KJIIOYOBI CJIOBA: ¢oToHn, HYKJIOHH, NPOTOHH, KOpPENSIii, SApo Telifo, CTpUMEpHa Kamepa, KOTepeHTHE TIalbMiBHE
BUIIPOMIHIOBaHHS

KOPPEJIAAIMA BTOPUYHBIX YACTHUI] B PEAKIIUU PACHIETIVIEHUA 4He('y, pn)d HA ITYYKE
KOI'EPEHTHOI'O TOPMO3HOI'O U3JIYYEHUSA
HN.B. Jorwocrt
Hayuonanvnoui Hayyneiii Llenmp “Xapvkoeckuti @uzuxo-mexnuyeckuii Mucmumym’
ya. Akademuyeckas 1, e. Xapvros, Yxpauna, 61108
B naHHO# paGoTe MpHBEIEHb! SKCIIEPHMEHTATbHBIE AaHHbe peakmun “He(y,pn)d npu sHEpriu GOTOHHOrO MmydKa E, +30-100 M>aB,
MOTyYeHHBIE METOAOM CTPUMEPHOH KaMepbl Ha KOTEPEHTHOM ITydKe Y-KBaHTOB. IIydok (OTOHOB moirydancs B pe3yibTaTe
korepeHTHOro TopMo3Horo uamydeHus (KTH) anextponoB ot yckopurens JIY-2000 Ha MOHOKpHcTayuie anmasa. M3MepeHs
JHEPreTHYECKUE M YIJIOBBIE KOpPpEIALUU IpOoAyKToB peakuuu. Iloka3aHo, 4YTO mNOBEIEHHE YITOBBIX U 3HEPreTUYECKHUX
pacmpeneneHuii, MOTydeHHBIX MeToqoM AuQQy3HOHHOI Kamepsl HA TOPMO3HOM IIydKe Y-KBAaHTOB M C MOMOINBIO CTPHMEPHOH
KaMepbl Ha KOTEPEHTHOM ITyYKe COBIAJAIOT, YTO MO3BOJISET CAENATh 3aKIIOUCHHE O HaJEeKHOCTH HICHTH(OUKAINH COOBITHH.
Hanmmume neHTpOHOB ¢ BBICOKONW KHHETHYECKOH SHepruedl M OONbIIMM YyIJIOM pasjieTa C IIPOTOHOM MOXET OBITh OOBSCHEHO
TIOTJIOIICHUEM Y-KBAaHTOB TpeMs B 00Jiee KOPPEIUPOBAaHHBIMH HYKJIOHAMH.
KJIIOUEBBIE CJIOBA: ¢oToHBI, HyKJIOHBI, IPOTOHBI, KOPPEJISILIUY, SAPO TENUs, CTPUMEpHasi KaMepa, KOrepeHTHOE TOPMO3HOE
U3IIydeHue

>

There is a set experimental fact that on the small distances between nucleons in the nucleus there emerge
correlations. The investigation of the nucleon — nucleonic correlations, two-nucleonic correlations in particular, is visual
in the reactions of photodisintegration with the exit of the nucleon pairs. For investigation of the mechanism of the
absorption of the photons by nuclei there is a reasonable investigation of the (y,pn) — processes on the few nucleon
nuclei, on the *He nucleus in particular.

Three-body photodisintegration reactions of the helium nucleus ‘“He (y,pn)d studied at intermediate energies range
from the reaction threshold up to 150 MeV by the diffusion chamber method on the y-ray bremsstrahlung beam from an

© Dogjust 1.V, 2014
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electron accelerator with an energy of 300 MeV [1-3]. The study results were interpreted by the authors as an evidence
of a significant contribution to this process of the mechanism of photo absorption by pn-pair ‘He.

During the investigation of the mechanism of interaction of electromagnetic radiation with light nuclei, in
particular, the correlations of the nucleons in the nucleus “He it is interesting to study this reaction by qualitatively
different procedure, using the photon beam, which spectrum differs from the bremsstrahlung. This paper presents new
data about the reaction *He (y,pn)d, obtained by processing the experimental results on coherent photon beam electron
accelerator 2 GeV using the streamer chamber. These angular and energy correlations of secondary particles are
compared with those obtained by the method of diffusion chamber on the beam bremsstrahlung y-rays beam.

The aim of the present work is to conduct investigation by new method, i.e. method of streamer chamber on the
coherent bremsstralung beam of y-rays, received earlier with the help of diffusion chamber of products correlations of
photodisintegration reaction *He(y,pn), its comparison. The coincidence of the results justifies the reliability of
identification of experimental data. Later, more accurate information about the reaction mechanism “He( 7 ,pn)d , about

the relative contribution of one nucleon and mesonic exchange currents can be received from the asymmetry of the
products reaction on the polarized beam of y-rays, received by the same method. Nowadays there is no experimental
data about the investigation of the reaction mechanism “He(# ,pn)d on the polarized beam of y-rays at E, up to

150 MeV.

METHODOLOGY OF THE EXPERIMENT
Photon beam was obtained as a result of coherent bremsstrahlung (CB) of electrons from electron accelerator LU-
2000 with an energy of 600 MeV and 800 MeV on diamond mono crystal with thickness t,= 0.3 mm and t, = 0.14 mm
[4]. The position of the first maximum in the CBR spectrum was set at an energy Ey™= 60 MeV and 80 MeV. In the

coordinate system, in which the X-axis coincides with the direction of the photon impulse, and Z-axis — with the
direction of the magnetic field and with the axis of photographing, the polarization vector y-rays beam was placed at an
angle of +45° to Z. In Fig. 1, the solid line shows the spectra of the photon beam CBR, after passing through the
streamer chamber.

The events of this reaction were selected and visually identified by the following criteria: two-pronounced stars
events were considered throughout the whole chamber volume, the apex of which is within the y-rays beam, the
recession angle between the tracks that do not exceed 160°. The impulses of the particles, forming an angle with the
direction of the magnetic field less than 45° could not be measured with sufficient accuracy, so these events were not
considered. Coordinate measuring tracks was performed with semiautomatic microscopes. Kinematic parameters of the
particles were determined by program of geometrical reconstruction of events. Accuracy of determination of impulse of
the reaction products (AP/P) was 8%, the polar angle — 3°, azimuth angle — 8°.

By visual selection of events to identify the proton and deuteron were taken into account the following: the
ionization track, its characteristic change along the track, the angle to the median plane and calculated after processing,
the kinematic parameters of the particles. Track method did not allow to determine the amount of emitted neutral
particles, and consequently, to reliably calculate the reaction *He (y,2p2n) [5]. Dubious events in which the proton and
deuteron were difficult to distinguish, were -5% of the events.

Background reactions were excluded in the process of visual selection and analysis of kinematics of the events
after the measurement. Two-pronounced stars events processes ‘He(y, p)T, “He (y, 2d) were separated from the reaction
of interest on the balance of the cross-impulse.

Energy of the incident y-rays and neutron parameters were calculated by the measured kinematic data of charged
particles - the proton and deuteron [6].

If P,, Py, P, - total projections of the proton and deuteron impulses per axis X, Y, Z and E - their total energy, then
the energy of the gamma- is determined by the formula:

2 2 2
g oMt Plo(M, B O
‘ 2(M, -E+P,)

where P = ( sz + Py2 + P_f )% , M, — mass of the target nucleus, m, — mass of the neutron. Impulse P, and energy E, of

the neutron were determined by correlations: P,y =E, - Py, Py, =- Py, P, = -P,.
Hence:

1
P, = (P2 +P2+P2)"
n ( nx ny nz ) . (2)
1
E, = (P} +m2)"
Thus, in the process of treatment the kinematics of the process was completely restored. In Fig.1 points represent
the experimental data of spectrum, obtained using the streamer chamber for the reaction of photodisintegration
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“He(y,pn)d at the photon energies, in mark E;‘“‘" = 60 MeV (a) and 80 MeV (b) with AE,=5 MeV. The errors are

statistical. Solid curve — is a calculated spectrum CBR, dashed - calculated bremsstrahlung spectrum [4].
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Fig.1 The CBR spectrum of photons
(a) — E;"ax = 60 MeV, (b) — 80 MeV. Experimental points obtained using the streamer chamber for the reaction of

photodisintegration *He (y,pn)d. Solid curve — is a calculated spectrum CBR, dashed - calculated bremsstrahlung spectrum [4].

ANGULAR AND ENERGETIC CORRELATIONS
One of the most "sensitive" distributions, allowing to evaluate the role of nucleon correlations in the nucleus, is the
distribution of the relative energy of pairs of the reaction products, defined by expression [7]:

D D 2
Y R € DR B 3)
2(m,; + m,)

where T;, Tk, P;, P, m;, my — kinetic energies, impulses and mass of the secondary particles, Ey — the sum of kinetic
energies of all reaction products.

Fig. 2 shows the distribution of relative energy pairs of products “He(y, pn)d reaction. Statistical distributions are
plotted by the curve, in the calculation of which it was assumed that the correlations are determined by the phase space,
the matrix elements of transition from the initial to the final state are constants and interaction in the final state does not
affect on the result [7]. Upon receiving of distributions in the energy range (30-60) MeV were used events obtained for

the photon beam E;‘ax =60 MeV, and for distributions in the energy range (60-100) MeV events received for

tik

E;"ax =80 MeV.
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Fig. 2 Distributions on the relative energy of pairs of the reaction products of *He (y, pn)d
(a)— E;mx = 60 MeV, (b) — 80 MeV, resulting in a beam of coherent bremsstrahlung of photons. Dark circles - pn pairs, sprockets -
pd pairs, light circles - nd pairs, curve - statistical distributions [7].

Since experimental data were obtained by summation of events throughout the chamber volume, i.e. summed over
all angles, they do not depend on the polarization of the photon beam.

These distributions indicate that the proton-neutron pair takes a significant part of energy, i.e. in the reaction
*He(y,pn)d absorption of y-rays, that mainly occurs in the correlated proton-neutron pair. Distribution obtained by the
diffusion chamber method on a beam of bremsstrahlung photons also indicate a strong correlation of pn-pairs having the
maximum possible relative energy, and with increasing E, this correlation becomes more clear [3].
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When interacting y-rays with a correlated proton-neutron pair can be expected that the proton and neutron will fly
in opposite directions.

The following figures show the experimental data obtained on the coherent bremsstrahlung photon beam by the
method of streamer chamber by the number of events depending on the angle recession with a proton and neutron
(Fig. 3a,b) and proton and deuteron (Fig. 3c,d) and applied to the data obtained on the bremsstrahlung beam of y -rays
with the help of diffusion chamber. Results are normalized to the same area. Within experimental error data from
diffusion and streamer chambers coincide. The curve shows normalized onto the experimental data, theoretical
calculations from the streamer chamber [1] in quasideuteron approximation.

For proton - neutron pair there is a noticeable deviation of the experimental data from the theoretical curve, and for
proton - deuteron pair the consent of experimental data with the theoretical curve is satisfactory. Such disagreement
does not allow to draw conclusions about justice of quasideuteron mechanism for description of the experimentally
obtained angular correlations.
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Fig.3 Dependence of the number of events from the angle recession ¢,,, of proton and neutron and ¢,4 for proton and deuteron

(a,c) — energy y-rays (30-60) MeV, (b,d) — (60-100) MeV. Dark circles - data from the streamer chamber, light circles — data from the
diffusion chamber [3], curve - theoretical calculations in the pole approximation of the quasideuteron type [1].

Fig.4 shows the dependence of number of events on the kinetic energy of the deuteron for two intervals of energy
photon beam (30-60) MeV and (60-100) MeV obtained by coherent bremsstrahlung and bremsstrahlung beams y-rays.
There is providing a comparison with theoretical calculations. Results are normalized to the same area. Within
experimental error data from diffusion and streamer chambers agree qualitatively. Theoretical calculations carried out
under the assumption that the polar diagrams [1] are most similar to the description of experimental data for the two
energy intervals.
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Fig. 4. Dependence of number of events from kinetic energy of the deuteron at the energy of y-rays
(a) - in the range (30-60) MeV, (b) — (60-100) MeV. Dark circles - streamer chamber, light circles - diffusion. Curves - theoretical
calculations: solid curve - theoretical calculations for the pole diagram [1]. Dotted and dash-dotted curves — triangle diagrams [2].
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It should be expected that during the absorption of y-rays by the nucleon pair, deuteron is a spectator and should
have a much lower kinetic energies than the proton.

In the analysis of experimental data of three-particle photodisintegration of “He nucleus at energies y-rays up to
100 MeV [8], obtained on the basis of the diffusion chamber located on the bremsstrahlung beam of y-rays, there was
observed yield of deuterons with high kinetic energies.

Fig. 5 shows the number of events from the kinetic energy of protons and deuterons. The errors are statistical.

As shown in Fig.5 the significant part of the deuterons has a much lower energy than protons. With increasing
energy, at the kinetic energies of 7 MeV the number of protons and deuterons coincides. This also coincides with the
results obtained in the [8].

During the study of the reaction *He(y,pn)d on the

140- bremsstrahlung beam of vy-rays, there was made a
120- % conclusion [3], that the main mechanism of the reaction at
100 photon energies above 50 MeV is the absorption of
n + electromagnetic radiation by the nucleon pair of the
€ 80 ‘+ + nucleus, i.e. quasideuteron mechanism. However, the
°>’ 60- § presence of deuterons with high energy and large angle
o 40 recession with a proton contradicts this conclusion and may
4 q)@{; @g @@@Q be explained by the absorption of y-rays by three or more
20 g Q QQQQQ ele correlated nucleons.
CD

0 5 10 1 5 20 25 CONCLUSIONS

T, MeV Streamer chamber method on the coherent

bremsstrahlung beam of y-rays there was investigated
photodisintegration reaction *He with yield of nucleon pairs
*He(y,pn)d in the energy photons range from 30 MeV to
100 MeV. Identified as the reaction “He(y,pn)d ~ 1000 two-pronounced stars events at energy y-rays at peak

Fig. 5. Dependence of the number of events from the kinetic
energy: light circles - protons, dark circles — deuterons

ET™ =60 MeV and £ =80 MeV. Energy and angular correlations of reaction products are measured. It is shown

that the behavior of the angular and energetic distributions of the experimental data on the bremsstrahlung and coherent
beams coincide, that allows us to do a conclusion about reliability of identification of events. Comparison with
theoretical predictions does not allow to make a definite conclusion about the reaction mechanism. Availability of
deuterons with high kinetic energy and large angle recession with a proton can be explained by the absorption of y-rays
by three or more correlated nucleons.

Currently there is no experimental data on the investigation of the reaction *He( 7 ,pn)d polarized beam of y-rays at

energies up to 150 MeV. For more information about the mechanism of the reaction type (7 ,pn), the relative

contribution of one-nucleon and meson exchange currents, one can hope to get during he investigation of asymmetry of
the reaction products.

In the conclusion author expresses her gratitude to prof. Sorokin P.V. for constant attention to this work and for
discussion of the received results.

REFERENCES

1. Arkatov Yu. M., Vatset P.I., Voloshchuk V.I. et al. On the mechanism of three-particle photodisintegration of *He // Yad. Fis. -
1980. - T. 32, No.1 (7). - S. 5 -10.

2. Arkatov Yu.M., Vatset P.I., Voloshchuk V.I. et al. The role of the mechanism of triangular diagrams in reaction *He(y, pn)*H //
Ukr. Fis. Journal. — 1982. — T. 27, No.6.- S. 826-829.

3. Arkatov YuM., Vatset P.I, Voloshchuk V.I. et al. Studies of pair correlations in few-nucleon systems by ‘He
photodisintegration // Ukr. Fis. Journal. — 1980. —-T.25, No.6. — S. 933-936.

4. Lyakhno Yu.P., Voloshchuk V.I., Ganenko V.B. et al. Measurement of angular dependence of the asymmetry of the cross
section for *He(y, p)T and *He(y, n)°H reaction induced by 40, 60 and 80 MeV linearly polarized photons // Yad. Fis. — 1996. —
T.59, No.1. - S.18-22.

5. Arkatov Yu.M., Vatset P.I., Voloshchuk V.I. et al. Analysis of the reaction mechanism for *He(y, 2p2n) // Yad.Fis. — 1985. —
T.41,No.5.—S. 1105-1108.

6. Baldin A.M., Gol'danskiy V.M., Maksimenko V.M., Rosental I.L. Kinematics of nuclear reactions. — Atomizdat, 1968. — 455s.

Kolybasov V.M. Correlations at 7" - mesons capture by nuclei // Yad. Fis. — 1966. — T.3, No.5. — S.965-972.

8.  Glaznev M.S., Gorbenko E.S., Bespalov A.L., Murtazin R.T., Khodyachikh A F. Study of *He(y, pn)d reaction for E, up to 100
MeV // Problems of Atomic Science and Technology. —2013. — No.3(85). — P. 187-191.

=



55

EAst EUROPEAN JOURNAL OF PHYSICS

East Eur. J. Phys. Vol.1 No.3 (2014) 55-67

PACS: 28.41.Qb, 96.50.Vg, 78.70.-g, 32.80.Cy, 78.70.En, 81.05.-t, 81.05.Ni, 81.20.Vj, 02.70.-c, 02.70.Uu

MONTE CARLO EVALUATION OF THE RADIATION SHIELDING EFFICIENCY OF
LAMINATED COMPOSITES UNDER ELECTRON AND PHOTON IRRADIATION

B.V. Borts', MLL. Bratchenko', S.V. Dyuldya’,

I.G. Marchenko'?, D.A. Sanzharevsky', V.I. Tkachenko'?
! National Science Center “Kharkiv Institute of Physics and Technology”
Akademichna Str. 1, 61108, Kharkiv, Ukraine
2V.N. Karazin Kharkiv National University
Svobody Sq. 4, 61022, Kharkiv, Ukraine
E-mail: tkachenko@kipt.kharkov.ua
Received June 26, 2014

The heterogeneity effect on the shielding efficiency of laminated composites under electron and gamma irradiation of moderate
(~MeV) energies was studied. The effect was quantified, by means of Monte Carlo method, in terms of the asymmetry of the
bimetallic dual layer system’s AIW shielding efficiency depending on the direction (AI-W vs. W—Al) of both electron and photon
irradiation. The charged particles and bremsstrahlung radiation transport was simulated for electron irradiation of the 9-layer
composite test sample fabricated by the vacuum hot rolling solid phase welding of Ti—-Ni—Cu—Nb—Cu—(W—Cu), layers. Dose and
photon kerma rates behind the laminated shielding were calculated and the prospects of its application under severe constraints both
on shielding weight and dimensions were substantiated.
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OIIHIOBAHHS METOIOM MOHTE-KAPJIO PAIALIAHO-3AXACHOI EOEKTUBHOCTI IIAPYBATHX
KOMIIO3UTIB 1] ONPOMIHEHHAM EJIEKTPOHAMMU I @OTOHAMU
B.B. Bopu', M.IL. BpaTllemco', C.B. Illo.m,)m', LT. Mapqemcol’z, ILA. CanmapeBcLRnifI', B.L Txadenko'’
! Hayionanenuii naykosuii yenmp «Xapriecokuti (isuko-mexniuuiii incmumymy
61108 Vxpaina, m. Xapkie, eyi. Akademiuna, 1
? Xapriscokuil nayionansuuii ynisepcumem iveni B.H. Kapasina
61022, Vxpaina, m. Xapxis, ni. Ceoboou 4

JlociipKeHnit BIUIMB TeTepPOreHHOCT] apyBaTHX KOMIO3UTIB Ha e()eKTUBHICTh 3aXUCTY HUMH BiJl €IEKTPOHHOTO Ta Y-OIPOMiHEHHS
noMipauX (~MeB) enepriit. Metomom MonTe-Kapio BiH oxapakTepn30BaHUH KiJIbKICHO B TEpMiHAX aCHMETPii 3aXUCHUX NOKa3HUKIB
OimeramiuHoi nBomrapoBoi cucremu AIW B 3amexHocti Big Hampamky (Al-W um W-Al) ompominenHs o6ox BuaiB. s
CJIEKTPOHHOTO OIPOMIHECHHS €KCIePHMEHTANBHOrO 3pa3ka 9-mapoBoro kommo3ura Ti—Ni—Cu-Nb—Cu—(W-Cu),, BUTOTOBICHOTO
3’€IHAHHAM IIapiB y TBepHii (a3l IUIIXOM rapsdoi NPOKAaTKH B BaKyyMi, IIPOMOJETHOBAHHIN IEPEHOC y 3pa3Ky 3apspKeHOi i
raJbMiBHOI KOMIIOHEHT BHIIPOMIHIOBAaHHS, PO3PaxOBaHi IOTYXHOCTI J03M U ()OTOHHOI KepMH 3a 3aXHCHOIO CTPYKTYpOIO Ta
0o0IpyHTOBaHa IIEPCHEKTUBHICTS 1 3aCTOCYBaHb 3a KOPCTKUX 0OMENKEHb OJJHOCTAMHO 3a Baroko Ta rabapuTaMy 3aXUCTYy.
KJIFOUOBI CJIOBA: enextpony, GoToHH, pajaiauiiHuil 3aXucT, apyBaTi KOMIO3UTHI MaTepiany, metox MounTte-Kapio.

OLIEHKA METOJIOM MOHTE-KAPJIO PAJUALIMOHHO-3AIIIATHOM 3®PEKTUBHOCTHU CJIOUCTBIX
KOMIIO3UTOB 1O OBJIYYEHHUEM 3JIEKTPOHAMU U ®OTOHAMUA
B.B. Bopu', M.N. Bpaqumcol, C.B. I[lOJ]b}Jﬂl, nr. Map-{emcol’z, ILA. Caﬂmapescxnﬁ', B.W. Tkauenko'”
! Hayuonanonvrii HayuHbll yeHmp «XapbKOGCKULl (YU3UKO-MEeXHUYECKUL UHCIUMY Y
61108, Vkpauna, 2. Xapvkos, yi. Axademuueckas, 1
2 Xapuvrosckuti nayuonansuoii ynusepcumem um. B.H. Kapasuna
61022, Vkpauna, 2. Xapvkos, ni. C60600b1 4
VccnenoBaHo BIHMSHHE TETEPOT€HHOCTH CIOHCTBIX KOMITO3MTOB Ha 3((EKTHBHOCTh 3alIUTHl UMU OT 3JIEKTPOHHOTO M Y-00TydeHUs
yMepeHHbIX (~M»3B) snepruil. Meronom MonTe-Kapiio oHO oxapakTepH30BaHO KOJMYECTBEHHO B TEPMHHAX aCUMMETPHHU 3aIlUTHBIX
rokasareseit Gumerauinueckoil AByxcioiHoi cucrembl AIW B 3aBucumoctr ot Hanpasienus (Al-W umn W—Al) oGiydenus o6oux
BUOOB. [l 5IEKTPOHHOTO OOIy4eHHs OSKCIepUMEHTanbHOro obpasna 9-cnoitHoro kommosuta Ti—Ni—Cu-Nb—Cu—(W—Cu),,
H3TOTOBJIEHHOTO COCIMHEHHEM CIOEB B TBEPAOH (aze MyTEM ropsueil MpOKaTKH B BaKyyme, IPOMOJICIHPOBAH MEpeHOC B oOpasie
3apsHKEHHON M TOPMO3HOI KOMIOHEHT M3ITydeHHs, PaCCUUTaHbl MOIMHOCTH O3Bl M ()OTOHHOH KEpPMBI 3a 3aIIUTHON CTPYKTYPOH U
000CHOBaHa NEPCHEKTUBHOCTH €€ IPIMEHEHHUH [P KECTKUX OTPaHUUCHUSIX OJHOBPEMEHHO 10 BeCy U rabapuraM 3aliyThl.
KJIIOUEBBIE CJIOBA: snexTpoHbl, ()OTOHEL, paJHallHOHHasl 3allUTa, CJIOMCThIE KOMIIO3UTHBIE MaTepHaisl, Meto Monrte-Kapio.

R&D of materials for efficient protection against ionizing radiation [1,2] still remains an actual direction of
radiation physics and engineering. Biological shielding of nuclear reactors, neutron sources and charged particles
accelerators, tanks for spent nuclear fuel and radioactive waste, protective components of medical equipment and
clothing [3] are common applications of shielding materials. Other applications of great fundamental value are the
background minimization in low-background experiments on Dark Matter [4] and double B-decay searches, protection
of radiation detectors [5] and electronics in nuclear medicine as well as on interplanetary spacecrafts and satellites of
the Earth [6,7].

The general function of shielding materials is to reduce the rate of absorbed dose D [1,2,8] of radiation in the vital
© BortsB.V., Bratchenko M.I., DyuldyaS.V., Marchenko |.G., Sanzharevsky D.A., TkachenkoV.I., 2014
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parts of a system to an acceptable level compliant to working standards, or objectives and conditions of experiments.
The shielding material optimum selection is then determined by the kind and energy spectrum of radiation. The
optimization issues are often occasioned by an urgent need of simultaneous efficient protection against various kinds of
radiation, e.g., neutrons and y-rays in nuclear reactors, electrons, protons, X- and y-rays in space applications, and so on.

It is worth noting that such a diversity is not only due to multi-component nature of primary radiation sources but
also emerges, in matter, from secondary processes at cascade development of electromagnetic (e.-m.) and nuclear
interactions. Typical examples are y-rays produced at inelastic interactions of neutrons with nuclei of reactor fuel,
structural and shielding materials, bremsstrahlung of accelerated relativistic electrons as well as the electron-photon,
muon and hadron showers at passage of high-energy cosmic rays through matter [4].

From the standpoint of end-user industrial applications, special attention, in the design of radiation shielding and
the selection of appropriate materials, has to be paid to the minimization of weight and/or geometrical dimensions of
shielding relevant component parts of different equipment and devices, as well as to the durability of their operation
under extreme conditions of high temperature and mechanical stress. These requirements are usually considered as opti-
mization criteria which are specific to each application.

A promising way of the complex radiation environments operating shielding optimization is the application of
composite materials and, in particular, of laminated multi-layer structures and coatings. Just the heterogeneity of these
structures improves their protective efficiency taking into account all the above-mentioned constraints peculiar to
specific applications. For example, to protect against y-rays used are the so called “graded-Z” laminated structures [3]
having atomic numbers Z of layer materials successively decreasing from high-Z (Pb, W, Ta) to low-Z (Sn, Cu, Fe, Al)
ones in the direction of radiation propagation. The main function of the sequence of low-Z layers is to absorb the
secondary Auger electrons and fluorescent X-ray photons emitted at scattering and absorption of y-rays in the preceding
Z-ordered layers of higher-Z materials. Such a protective structure is frequently more lightweight than the single-layer
heavy metal shielding. Laminated composites of materials of different Z were also proposed [6,7,9,10] for protection
against protons and fradiations (moderately relativistic electrons) especially relevant to a shielding of spacecrafts in
Earth orbits [9,11]. In this case of charged particles irradiation, the due selection of the layers alternation promotes the
suppression of the yield of secondary bremsstrahlung y-quanta extremely undesirable in view of their high penetrability.

From the point of view of the materials science and technology, of great practical value is the perfecting of the
laminated shielding composites fabrication methods. This is especially true in poor compatibility of the materials they
should be composed of. One of these methods, the joint of layers of dissimilar materials in the solid phase by their
vacuum hot rolling [12], is developed and practicing in NSC KIPT. It allows to obtain multilayer composite materials
having high physical and mechanical properties. This makes the laminated composites thermal stress resistant and well-
deformable to impart the specific applications’ required shapes without the loss of layers integrity. The method is
applicable to virtually arbitrary combinations of metals in the multilayer composite. However, the structural complexity
of such laminates confronts the shielding design engineers with the task of reliable prediction of their radiation
protection parameters which do not reduce to the well-known tabular data [1,2] for standard shielding materials.

The design and optimization of compositionally and structurally complex radiation shielding requires both the
large amount of experimental tests carried out in conditions close to the expected radiation environments and the fine
preliminary calculations of the efficiency of the developing material and/or structure with an accuracy comparable with
that of experimental measurements. The application of computational technique to the design of heterogeneous
shielding has a long history [1,9,13,14] and can significantly reduce the costs of finding of the most appropriate option
and the amount of ionizing radiation sources involvement in the R&D procedures. Currently, the precise methods of
computer modeling of radiation propagation through heterogeneous media are widely used for these purposes.
Particularly, this is the Monte Carlo (MC) method [15]. It is implemented in numerous computer codes which offer the
most adequate and comprehensive simulation of all elementary physical processes of interaction of ionizing radiations
with materials and structures complex by their geometry as well as by their elemental and isotopic composition.

The present paper deals with the application of Monte Carlo simulation to the study of peculiarities of the passage
of MeV-energy electrons, the accompanied bremsstrahlung, X-ray and y-beams through dual and multilayer shielding
structures. This advances the previous studies of the authors [16—18], and extends the use of simulation to the
assessment of shielding efficiency of the sample of multilayer structure obtained by the solid phase welding of metals.

PROBLEM SETUP

The objective of this work is the detailed computational description of the spectral and dosimetric characteristics
of radiation passed through certain typical examples of laminated shielding structures.

We restrict ourselves to the protection against electrons of moderately relativistic energies E. = 0.5+3 MeV as well
as against photons of energies E, = 10'+10° keV in the X-ray and y-range, the topical cases for many electro-physical
irradiation processes, medical, and space applications. We shall consider different, by the layers’ composition and
alternation order, laminated shields under irradiation by broad parallel beams of electrons and photons.

Our task is to calculate the energy spectra of various kinds of the shielding emerged radiation along with the
efficiency relevant and the dosimetry standards compliant physical quantities [1,2,8] such as the attenuation factor %, the
photon air-kerma K and the dose D absorbed in a solid-state detector located immediately behind the shielding.
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Two interrelated goals are pursued in this paper at the subsequent analysis of the results of calculations.

First, we investigate quantitatively the laminated shields’ heterogeneity impact on their radiation-protective
efficiency ratings. For model bimetallic dual layer system of tungsten and aluminum, this is done in terms of the
asymmetry of these ratings depending on the order (Al-W vs. W—Al) of layers the relativistic electron or photon beams
pass through the shield. We identify and discuss the essentially different nature of the asymmetry effect in these two
cases.

Next, we proceed to the example of a real multilayer shielding composite TINiINbWCu fabricated by the solid pha-
se welding of different metals and designed for optimized protection against electrons with energies up to 3 MeV. The
goal is to rate this laminated composite quantitatively for this specific use-case. The results of calculations of various
dosimetric quantities are compared, as functions of electron energy, with the corresponding results for typical single-
element materials widely used for protection against S and y-radiation. Basing on such a comparative analysis, we
discuss possible applications of this novel composite material and the prospects of application of our computational
technique to further R&D of composite shielding.

SIMULATON METHOD AND COMPUTER CODES

To simulate the (e,y) transport in laminated shields, we use two completely independent general-purpose MC
codes, the extensively validated commercial code PENELOPE [19,20] (we already used it earlier in refs. [17,18]) and
the multi-purpose code RaT 3 [21] developed in-house in NSC KIPT on the basis of the open-source libraries GEANT4
OO Toolkit [22]. Both of these codes make use of the Monte Carlo method of the numerical modeling of the radiation
interaction with matter. The method consists in the successive sampling of random events of the elementary processes
of radiations interaction with atomic nuclei and electrons of the medium and the statistical estimation (“tallying”) of the
expected mean values of various physical quantities, including the dosimetric ones, to be measured in real experiments.
Thus, these codes implement the computer experiment methodology [21] to simulate a natural one at a very limited use
of model assumptions. This allows to predict and, in prospect, to optimize the parameters of the systems under design.

In our calculations, both of the applied codes took into account the complete systematics of the e.-m. processes of
radiation particles interaction with media. These are: the electrons and positrons ionization and radiation stopping
resulted in their slowing-down and emission of bremsstrahlung photons; the multiple nuclear scattering of charged
particles and the production of high-energy d-electrons; the photoabsorption which produces secondary electrons and
fluorescent photons; the photons incoherent (Compton) and coherent (Rayleigh) scattering and their y-conversion to e"-
pairs followed by emission of annihilation y-quanta. Hadronic processes (such as photonuclear reactions) were omitted
from calculations as irrelevant to the considered energy range of radiations.

The PENELOPE code is focused exclusively on the simulation of e.-m. processes of leptons and photons
interaction with matter in a wide (~10'+10° eV) range of energies. In this area, the code manifests an outstanding
accuracy of physical models, data and algorithms [20]. This allows to rate it as a reference code. On the other hand, the
research code RaT 3 inherits all the variety of physical models and data banks of GEANT4 package [22] which cover
the physics of elementary particles as well as the high-energy hadron, and neutron physics. Therefore, it has a much
wider range of applications [21]. RaT 3 fully incorporates various options of physical models of the above-listed e.-m.
interaction processes. Moreover, modern versions of GEANT4 contain a set of e.-m. models which is specifically focused
on the reproduction (‘emulation’) of the physics of the standard code PENELOPE. We mainly used this subset of
GEANT4 models for the RaT code based simulations. It is worth noting here that the extra task of this paper, the
methodical one, was the comparison of the modeling results obtained using both options of the applied software,
PENELOPE and RaT.

ASYMMETRY OF THE PROTECTIVE EFFICIENCY OF BIMETALLIC COMPOSITES

Aluminum with density px = 2.7 g/em’, and the pyw = 19.3 g/cm’ dense tungsten were chosen as the conventional
shielding materials for protection against different kinds of radiation which we consider in this paper. Aluminum is
widely used for protection against electron flows of moderate energies (particularly, in aerospace engineering having in
mind its low specific gravity). However, it is a lightweight material which is ineffective for protection against y-radiati-
on due to its small Z= 13 (and, hence, a low concentration of electrons), and low density. The heavy tungsten (Z = 74)
is preferable with respect to both of these parameters, and is widely used in X-ray and y-radiation shielding. However,
under irradiation by relativistic electrons of energies we consider here, the use of tungsten as a shielding material is
impractical since, despite of the relatively small ranges Rw ~ 1 cm of such electrons in W, tungsten is one of the most
efficient converters of their energy into bremsstrahlung. This virtually annuls all the protective effect.

We will study the protective properties of a laminate of these materials depending on which side it is irradiated by
electrons or photons. So, we consider two systems having the low-Z (Al-W) or the high-Z (W—Al) metal at front.

Electron irradiation
Let’s first compare the spectral properties of radiations observed behind the equally thick plates of each of the
considered materials the bimetallic composite is made of.
The PENELOPE code calculated energy spectra f(E) of electrons of initial energy E. =2 MeV after the passage
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through ;= tw = 1 mm thick slabs of aluminum and tungsten are shown in Fig. 1(a). Obviously, they are different
qualitatively, as well as differ quantitatively by several orders of magnitude.
Such a behavior of MC simulated spectra of Fig. 1(a) is quite explainable and agrees well with simple estimations.
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Fig. 1. Energy spectra of electrons (a) and photons (b) behind the 1 mm thick slabs of aluminum (Al) and tungsten (W) calculated for
electron beam initial energy E. =2 MeV. Monte Carlo simulation by means of the PENELOPE code.

According to the U.S. NIST standard calculator ESTAR [23], the CSDA range Ra; of 2 MeV electrons in
aluminum equals to 1.224 g/cm” =4.53 mm > f,; = | mm. Therefore, the 1 mm thick aluminum plate lets through a
significant (~70%) fraction of primary electrons having the well shaped energy spectrum. At the same incident beam
energy, the same ESTAR code reports the total specific stopping power S=p "-|dE/dz| of Aluminum
Sxi=1.518 MeV-cm®/g which results in the mean energy loss rate |dE/dz| = pa;-Sa; = 410 keV/mm. This explains the
pronounced spectral peak of Fig. 1(a) at £~ 1.6 MeV =2 MeV — 410 keV/mm x 1 mm. The finite peak width is mainly
due to the energy loss fluctuations taken into account by the simulation code. The low-energy spectral tail is the result
of the electrons path length fluctuations due to multiple scattering by target atoms.

In tungsten, the range Rw(2 MeV) = 1.613 g/cm” = 0.8 mm < ty = 1 mm. Therefore, the primary beam electrons
are almost completely absorbed in the tungsten slab of chosen thickness. At first glance, this manifests its good
protective ability. However, this conclusion is wrong if we recall the secondary bremsstrahlung produced by electrons.
In Fig. 1(b), shown are the PENELOPE code calculated energy spectra f{£,) of photons behind the same slabs of Al and
W. By photon energy E,, they spread from X-ray energy range (<100 keV) up to the initial energy of electrons.

In a low-Z Aluminum, photoabsorption is unsubstantial down to very low photon energies £, <30 keV [24]. Thus,
the f{E,) shape agrees well with the known shape (cc 1/E,) of the Shiff bremsstrahlung spectrum. For high-Z and dense
tungsten, the strong self-absorption of bremsstrahlung photons occurs in a target. This violates the Shiff spectral
dependency below E, < 0.5 MeV, and results in a relatively broad spectral maximum near E, =~ 300 keV. Besides, the
sharp low-energy peak of fluorescent X-ray photons is observed at energies in the vicinity of the Tungsten K, u Kz
series (=60+70 keV). These secondary X-rays emerge from the thin surface layer at the rear edge of the tungsten slab.

As concerns the radiation-shielding properties of materials, Fig. 1(b) clearly shows that the spectral density of
high-energy (E, > 0.2 MeV) highly penetrable bremsstrahlung y-quanta is significantly higher for the tungsten shield as
against that of the shield of lightweight aluminum. With respect to this parameter, tungsten acts as a converter rather
than the shielding material.

Now let’s proceed to the sandwich structures AI-W and W—Al which correspond to the heterogeneous bimetallic
composite of the same slabs having total thickness ¢ = t5 + ty =2 mm and irradiated, from different sides, by 2 MeV
electrons. The data of Fig. 1(a) clearly show that both sandwiches guarantee an excellent protection against the primary
beam electrons since 1 mm thick layer of tungsten is common to both of the structures. Therefore, it is sufficient to
compare them with respect to the intensity parameters of the produced secondary bremsstrahlung.

Energy spectra of photons emerged from Al-W and W-Al targets are shown in Fig. 2. In this figure, the
simulation data of the PENELOPE code (markers, we obtained these data earlier in ref. [18]) are supplemented with the
results of the RaT code simulation (histograms). We note the good quantitative agreement of the simulation results of
both codes throughout the whole range of photon energies. This also confirms the possibility to focus hereinafter on the
outputs of the RaT code which is more flexible in respect of the problem setups and deep analysis of the modeling
results.

By shape, the Fig. 2 spectra are similar to each other as well as to the Fig. 1(b) spectrum of photon emission from
the tungsten plate. However, about 1.5+2 times high asymmetry of AI-W and W—AI systems is found with respect to
the spectral density values in the whole range of the bremsstrahlung energies. The same order of magnitude quantifies
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the asymmetry of the spectral energy distributions F(E,) = E,f(E,) of emitted photons as well as that of the integral

dosimetric functionals like oc I Hen(E,)-F(E,)AE, with photon-to-medium energy transfer coefficient zen(E,). With respect

to all these parameters, the system AI-W looks more preferable, as a shielding structure, than the W—Al system.

, . , . , . The main physical reason of the effect

1.8 E =2MeV ] consists in the well-known correlation of ionization
€

L6k (IdE/dz]ion o Z/4) and radiative (|dE/dz]g o= Z2/A)
14l ?4 i, PENELOPE RaT ] energy loss rates of relativistic electrons in a
I T XVI_AI T ] material having an atomic number Z and atomic
> 1.2 I ; (:;‘ W ] mass A. The ratio r=|dE/dz|.q/ |dE/dz]ion ¢ Z
2 1.0 i 4 grows approximately 1inearly with the increase? gf
o 0.8 T an atomic number of a material. For Tungsten, it is
Z Vo ] substantially greater (rw/raj=5.7) than for
0.6 i y Aluminum.
<N 0.4 I ] This suggests a simple qualitative explanation
< HE of the observed effect of asymmetry. Since the

0.2 [

ranges of secondary d-electrons are too small for

0.0 & s s : Ladadavan their noticeable escape from the shield, the role of
0.0 0.5 1.0 1.5 2.0 ionization stopping |dE/dz|,,, reduces only to a
E (MeV) slowing down of the e -beam particles which pass

¥

through a material. From the other hand, radiative
stopping |dE/dz|,q transforms the energy of
electrons into that of highly penetrating secondary

Fig. 2. Energy spectra of photons behind the 2 mm thick dual layer
laminated composite of 1 mm thick plates of tungsten and aluminum
depending on the order of W and Al layers the 2 MeV electrons pass

through. Simulation by means of the PENELOPE (markers) and RaT 3 bremsstrahh.mg.. For both _Of AW and W-Al
(histograms) Monte Carlo codes. systems, principal production of bremsstrahlung

occurs inside the layer of tungsten. For the W—Al
system, bremsstrahlung is only slightly attenuated in the successive aluminum layer where its local production rate is
significantly weaker (see Fig. 1(b)). In the AI-W structure, the tungsten layer is effectively irradiated by electrons
having the noticeably smaller energies (~1.6 MeV and less, see Fig. 1(a)) than the incident beam energy, 2 MeV.
Radiative energy loss rate of electrons decreases approximately linearly with the decrease of their energy. Therefore,
the production rate of y-quanta in a tungsten layer decreases, as it is clearly evidenced by the data of Fig. 2.

Photon irradiation

Let’s proceed to the case of AI-W and W—Al systems irradiation by photons of different energies E,.

For this case, we adopted the layers thicknesses ¢4 = 0.25 cm and #y = 0.25 mm since the shielding properties of
such a sandwich were experimentally studied in NSC KIPT [16]. We shall also compare certain results of simulation of
such a “thin” laminate with those we obtain for its tenfold scaled version, the “thick” system having ¢4, =2.5 cm and
tw = 0.25 cm. As of their mass per unit front surface area, these laminated composites are equivalent to the slabs of an
effectively homogenized alloy Alsg3Wy;7 (%wt) having a density per =4.21 g/cm3 and the thicknesses z.;;=2.75 mm
and 2.75 cm, respectively for “thin” and “thick” options.

10° ——gr————r—r , ——rry The natural measure of the photon irradiation rele-
’L;L E —e— Al-W —— W-Al ] vant shielding efficiency is the attenuation factor . It is
= 0 experiment (W-Al) 1 defined [1,2] as the ratio of the values of any (but the

same) dosimetric functionals [8] of the photon flux ¢
] (e.g., the energy flux @, exposure X or air-kerma K)
N just before, and behind shielding. For definiteness,
10' \ below we calculate the attenuation factor k(E,) of the

energy flux ®(E,)=Ex¢(E,) of monochromatic

250 um W
2500 ym Al ] photons. In these terms, k(E,) = Dy(E,)/ D(E,) where
] zero subscripts the primary energy flux.
RaT 3.0 | The RaT code calculated k(E,) of “thin” bimetallic

composites AI-W and W—ALl are shown in Fig. 3 for a
wide range of photon energies E,. The data calculated
for the homogenized alloy Alsg3Wy4;7 lie between the
E (keV) curves for AI-W and W-Al systems.

! This figure also presents the W—Al sandwich atte-
Fig. 3. Energy dependencies of attenuation factors k(E,) at passage  nuation factor measurements results [16]. They are well
of photons with different energies £, through dual layer bimetallic ~ described by simulation for the cases of spectral lines
laminated composites AI-W (®) and W—Al (O)in comparison with 57 (122 and 136.5 keV). A little bit worse agreement
experimental data [16] for the system W-Al (D). is found for the 59.5keV line of Americium **'Am.
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This is probably due to ~10% variance (which was omitted in our model) of the thickness of the foils used for
measurements. In general, the agreement of simulation and experimental data is quite satisfactory.

As expected, the attenuation factors of Fig. 3 generally increase with decreasing of E, but manifest a resonant
behavior near the energies of the absorption edges of Tungsten. For our simulation statistics, ~10° histories of primary
photons per each E,, the Monte Carlo estimation r.m.s. statistical error is smaller than the size of the Fig. 3 markers.
Therefore, their exists the statistically valid difference of attenuation factors k(Al’W)(EY) and k(W’Al)(EY) for all E,. Note
that mostly k(A"W)(Ey) > k(W’Al)(EY). Thus, similar to the above considered case of electron irradiation, the asymmetry of
shielding efficiency takes place. As a whole, the “light—to—heavy" combination is preferable.

To quantify the observed effect, let’s introduce the asymmetry factor 77(E,) = k(Alfw)(Ey) / k(wal)(Ey). Its energy de-
pendence is shown in Fig. 4(a) and is supplemented, in Fig. 4(b), with the results obtained at the simulation of the
scaled “thick” system. Besides, these plots’ open markers indicate the ratio 7.4(E,) = k(Al’W)(Ey, t=tarttw)/ k(eff)(Ey, Letr)
where £ is the attenuation factor of the t.sr thick mass-equivalent slab of effectively homogenized alloy Alsg; Wy, 7.

1’10 ] 20: T T T T T T L L 'I""""I""""I"""":
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Fig. 4. Photon energy dependencies of the asymmetry factor 7= k" /k"-2D (@) and the heterogeneity ratio 7.;=k“""/ k™ ()
for monochromatic photons attenuation by “thin” (a) and “thick” (b) dual layer bimetallic composites of aluminum and tungsten.

The data of Fig. 4 reveal several important patterns.

First, 77.(E,) # 1. The heterogeneous and homogenized systems data divergence indicates the significant impact of
the shielding layered heterogeneity on the attenuation of photons. It is also clear that the curves for multilayer systems
(Al-W), shall lie between those of the dual layer and the homogenized systems tending to the latter one when n — oo.

Secondly, 77(E,) increases with the increase of the laminated shielding total thickness ¢. The asymmetry is
relatively small, less than 10%, in the “thin” system (the experimental measurements [16] gave a rough estimate of the
effect of ~5% at £, < 100 keV). In the “thick” system, the effect is grown in magnitude to about 70% at E, =~ 160 keV.

Finally, 7(E,) <1 for the “thin” system in the upper vicinity E, = 75+100 keV of the photoabsorption K-edges of
Tungsten. The W—AI system is more efficient there with respect to its protective properties.

All these features cannot own to the attenuation of an uncollided energy flux of primary photons. It obeys [1,2,8]
the exponential Beer’s law CI)(prim)(Ey, 1) = Oy(E,)-exp[—u(E,)£] where ¢ is a uniform slab thickness, ((E,) = /1’1(EY), cm’,
is the linear attenuation coefficient of its material (the x(E,)/p data for various media can be found, e.g., in ref. [24]),
A(E,) is the photon’s mean free path length (MFP). Since the attenuation factor A*"™(f) = @y/DP™(f) = &' = " at
each E,, the attenuation factor of a laminated composite having x; # 1, (i #j) in each i"™ of n layers of thickness  is

e 3= explE, )T T K1)

As a product, it is the layers alternation order independent.

Therefore, the asymmetry is absent to the 1 order of the number of photons interaction events in the laminated
shielding. It can be explained only taking into account the secondary effects of photons scattering and production of
secondary radiations. The common practice of shielding calculations [1-3] treats these effects phenomenologically by
the introduction of the so called buildup factors B[u(E,):t] > 1 which are pre-calculated, for a set of conventional
shielding materials, in such a way that ®(E,, f) = CI)(prim)(Ey, H*B[1(E,)-t] in a homogeneous shield. Then, for our dual
layer system, the asymmetry 7= k“"") /gW-AD = gOWV-ADy ) AW o, 1 arises if BV ) 2 BA™™) Besides, it can be due to
some other effects of photon scattering and re-emission such as, e.g., their backscattering from the front surface of a
shield.

These considerations are confirmed in our modeling. The RaT code calculated energy dependencies of the buildup
factor B(E,) and energy albedo Rg(E,) for bi-directional photon irradiation of the “thin” system Al-W are plotted in
Figure 5(a,b). Though all curves are qualitatively similar, the substantial quantitative differences both of B(£,) and
Rg(E,) are evident for the cases of AI-W and W—Al systems. They can be immediately confronted with the asymmetry
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observed in Fig. 4.
Secondary effects are noticeable (B > 1) already in a “thin” laminate. They are much more significant in a scaled
“thick” system having attenuation factors k ~ 10° and the layer thicknesses 75 and fy which substantially exceed the
MFPs A(E,) for all photon energies E, under consideration. This explains the much greater values of the asymmetry
factors 77(E,) clearly seen in Fig. 4(b).
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Fig. 5. Energy E, dependencies of buildup factors B(E,) (a) and energy albedo Rg(E,) (b) for photon irradiated dual layer bimetallic
composites AI-W (O) u W-Al (@).

Correlating the Figs. 4(a) and 5(b) data quantitatively, we also found that ﬂ(Ey)z (1— ROV-AI( Ey))/ (1 — RAW)( Ey))

for y-quanta of sufficiently high £, >> 10> keV in a “thin” system. No such a correlation is observed for the “thick”
system of Fig.4(b) up to E,=1MeV. This is easy to explain if we introduce the reflectance R = Ry(E,), the
transmittance 7(E,), and the shielding absorbed fraction 4(E,) of radiation energy flux in such a way that R+ 4 + T'=1.
Since, by definition, k=T"'=(1-R-A)'=1-R)'X[(1-R)/(1-R-A)]=(1—-Ry'x[(T+A)/T]1=(1-R)
'x(1 +"/7), the necessary and sufficient condition of the observed correlation consists in the smallness “/; << 1 of the
share A4 of absorbed radiation as against 7, that of radiation passed through the shield. This is satisfied only in rather thin
systems having ¢ ~ A(E,) and k(E,) ~ 1, the case of our “thin” structure. In this case, the asymmetry effect is mainly due
to the enhanced reflectance of the AI-W system. The “asymmetry—albedo” correlation is broken either at sufficiently
low E, or in thick (#>> A(E,), k(E,) >> 1) shields. In such cases, 4/7>>1 and the asymmetry is mainly due to the
difference in absorption.

In Fig. 5, the attention should be drawn to the abnormally high values of buildup and backscattering factors in the
vicinity of the K-series photoabsorption edges of Tungsten just above the Kz, line energy, 69.088 keV. The anomaly of
energy albedo is also well traced at E, above the L-series edges energies, 8+-12 keV. It is very probable that this determi-
nes the anomalous behavior of the asymmetry factors 77 (E,) of Fig. 4(a) in the correspondent range of photon energies.

To clarify these fine details of the asymmetry effect foundation, we calculated, by means of the RaT code, the
energy spectra of the photon energy flux behind “thin” AI-W 1 W—AI laminates for two photon energies, £, = 220 keV
and 75 keV, which lie far from, and in the upper vicinity of the photoabsorption edge, respectively. The results are
presented in Fig. 6(a,b). Smaller values of the spectral density, esp. in a high-energy range E,,~ E, which mainly
contributes to the transmitted photons energy flux ®(E,), correspond to better protective properties of the laminated
shielding.

To understand the Fig. 6(a) spectra, one should note that the cross-section of incoherent Compton scattering
exceeds the photoabsorption cross-section above E,~50 keV in Al while only above E, =500 keV in W [24]. This
means that Aluminum is predominantly the Compton scatterer while Tungsten is mainly an absorber of 220 keV
photons.

At energies E,, far above the K-edge of Tungsten, the Fig. 6(a) W—AI system relevant spectrum manifests the
distinctive features of the Compton scattering of those photons which had not been absorbed in the tungsten layer.
Indeed, according to the Compton effect kinematics, the final energy E£' of a E, energy primary photon single scattered
at an angle 6 is E'(E,,0) = Ey~mecz/ {E, (1 —cos@)] + m.c*} where m.c®=511keV is the rest energy of electron. The
energy E' is minimal at sideways scattering, = "/,. In our case, E'(220 keV,"/,) = Epin = 154 keV.

Both spectral densities of Fig. 6(a) leap down at the scattered photon energy E,, = Eni,. However, the single
scattering peak at E,, = 160 keV > E,i, is observed only for the W—Al system. It is absent in the spectrum of the AI-W
system where scattered photons are efficiently absorbed in tungsten. At E,, =~ 100 keV, the broader peak of double
Compton scattering is seen in the W—Al spectrum. This peak is also lost in the AI-W system where multiply scattered
photons, along with their enhanced absorption in W, can scatter back from Al and contribute to the Fig. 5(b) albedo. At
Eqo > 70 keV, all these effects make the transmitted photons spectral density lower for the AI-W system. In Fig. 4(a),
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this results in the asymmetry factors 77(E,) > 1 at sufficiently high E,.
In the low-energy part, the Fig. 6(a) spectra are complicated because of secondary fluorescence of Tungsten. This

has an opposite effect on the shielding transmittance asymmetry, and is illustrated in detail in Fig. 6(b).
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Fig. 6. Spectral distribution of the energy flux of photons of different energies E,, behind the laminated composites AI-W (bold
curves) and W—Al (dashed curves) irradiated by monochromatic photons of energies £, = 220 keV (a) and 75 keV (b).

For E, =75 keV, even the small-angle (6<<1) Compton scattering of primary photons can shift their energy by
6+-8 keV down to the energies of Tungsten K-series photoabsorption edges. Resonantly absorbed, these scattered
photons induce the emission of fluorescent radiation having a discrete energy spectrum. The peaks in the high-energy
part of Fig. 6(b) (also traceable in the low-energy part of Fig. 6(a) as a result of multiple Compton scattering of 220 keV
primaries) correspond to different spectral lines of this X-ray response of the high-Z layer. The peak channel energies
Eq agree well with those of W-Kg (69.088 keV) and W-Kp, (67.248 keV) spectral lines as well as those of K-series
(=58+59 keV) for the strongest peaks. The ~10>* times weaker fluorescent response of the Tungsten L-series is also
well resolved in the low-energy part E,,; = 8+12 keV of the emission spectrum.

Of key importance is that the X-ray yield of “thin” dual layer laminate is higher for AI-W system in all spectral
peaks of Fig. 6(b). This is because of two reasons. First, the tungsten layer’s effective thickness in the AI-W system
becomes greater than the geometrical thickness #y for photons Compton scattered in the preceding aluminum layer. This
enhances the photoabsorption yield in tungsten. Secondly, some part of fluorescent photons emerged from the preceding
tungsten layer of the W—Al system is absorbed in the successive layer of aluminum. Added in phase, both these effects
result in the Fig. 4(a) asymmetry factor 77(E,) <1 just above the Tungsten photoabsorption edge energy.

Besides, the high flux of fluorescent X-ray photons explains the anomalously high values of the buildup factor
B(E,) in this range of energies (see Fig.5(a)) while the abnormally high energy albedo Rg(E,) of Fig. 5(b) is
predetermined, in this energy region, by their practically isotropic angular distribution.

Discussion

The observed asymmetry effect justifies that the selection of a suitable alternation of layers of light and heavy
materials can improve the efficiency of protection against both the electron and the photon irradiation. In both cases, the
heterogeneity of the laminated composite affects only the characteristics of scattered and secondary radiations. Our
calculations suggested that the “low-to-high-Z* sequence with increasing atomic number of the material is generally
preferred in respect of the minimization of their production yield. However, this preference is of the essentially different
physical reasons for these two cases of charged and neutral particles irradiation.

For electron irradiation, the “low-to-high-Z” sequencing allows suppression of the parasitic bremsstrahlung in the
high-Z material by reason of the prior ionization slowing-down of the e -beam in the layer of low-Z material which
mainly plays a role of a beam energy damper. Obviously, this scenario is not something new since AI-W or Al-Pb
composites are used for this reason, and for decades, in space, e.g., in the design of manned spacecrafts [9]. In our
simulation, the prevailed role of electrons stopping over that of their scattering is confirmed by the similarity of the
shapes of bremsstrahlung spectra from Al-W and W-Al systems (see Fig. 2) which differ only by the photons yield
magnitude.

The photon irradiation scenario is much less straightforward. On the one hand, the most dangerous high-energy v-
quanta are better absorbed in the “low-to-high-Z” structure by reason of the enhanced photoabsorption, in a high-Z
layer, of those photons which have been heretofore Compton scattered in the low-Z layer material. This also promotes
their enhanced backscattering off the shield. However, the inverse “high-to-low-Z” grading is more suitable for
protection against X-rays because of suppression of resonance re-emission of fluorescent photons.

The natural idea [7,10] to combine the benefits of these two options can be embodied into the innovative designs
of multilayer (n > 2) laminated composite shielding. One of such designs is considered below in the present paper.
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ASSESSMENT OF THE RADIATION PROTECTION EFFICIENCY OF THE ATOMIC NUMBER
PROFILED MULTILAYER COMPOSITE

The system under simulation consists of nine single-element metal layers positioned, in the direction of radiation
propagation, in the following order:

1 Z =22 1Z =28 Z=29 Z =41 Z=29 Z =174 Z =29 Z =74 zZ=29.
T10.2 mm %Nlo.lmm - CuO.lmm HNbOQ mm ﬁcuO.Imm %WOS mm chO.Imm - W0.3 mm %CuO‘lmm

Here superscripts denote the atomic numbers of the materials of layers while subscripts are their thicknesses.

At first, the layer material atomic number increases monotonically. Then this is followed by the alternating layers
of heavier (Nb,W) and lighter (Cu) materials. The whole structure is an implementation of the “low-to-high-Z” option.
It is similar to the AI-W system of the previous section with the peculiarity that the heavy metal layers alternate with
thin (0.1 mm) layers of lighter copper. The functionality of these copper layers is of two kinds. First, they promote
better adhesion at the metal interfaces and thereby improve the mechanical properties of the composite. Secondly, these
local “high-to-low-Z" substructures act as scatterers and absorbers of fluorescent X-rays and secondary electrons from
the heavy layers. Obviously, the main role plays the last copper layer located behind a thicker (0.3 mm) layer of
tungsten.

The mass thickness p-¢ of the shielding structure was chosen to be equal to the CSDA range of 3 MeV electrons in
Aluminum, R (3 MeV) = 1.868 g/ecm” according to the ESTAR code calculation. This corresponds to the total
thickness # = 1.5 mm of the laminated composite and to the thickness #4; = 6.927 mm = 4.614-¢ of the mass-equivalent
aluminum slab.

The objective of this section is to describe the passage of relativistic electrons with energies E. up to 3 MeV
through this multilayer structure by means of the MC simulation and to evaluate, in such a way, its shielding efficiency.

The RaT code calculated depth z profiles of the radiation energy absorption rate are depicted with open markers in
Fig. 7(a) for incident energies E. = 1, 2, and 3 MeV. The solid curve indicates the PENELOPE code simulation data for
E.=2 MeV. They agree well with those of RaT modeling. All these data describe the beam energy absorption integrally
considering both the stopping of primary electrons and the attenuation of the produced bremsstrahlung y-quanta. The
energy loss rate slowdown by the end of the target qualifies it as a perfect electron absorber of a reasonably chosen

thickness. Jumps at the boundaries of layers are due to different electron stopping powers and photon energy absorption
coefficients of their materials. These jumps are especially great in the vicinity of Cu—W—Cu interfaces.
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Fig. 7. The depth z dependencies of the electron beam energy absorption rate |dE4,/dz| (a) and energy fluxes ® of primary and
secondary electrons and bremsstrahlung y-quanta (b) inside a laminated composite shielding TININbWCu. The overlaying numbers

on curves denote the electron beam incident energy E. in megaelectronvolts. The results of calculations by means of the RaT 3
(markers) and PENELOPE (solid curve in figure (a)) Monte Carlo codes.

The more detailed picture of physical processes which occur at the e -beam propagation through the laminated
shielding is characterized by the RaT code calculated depth dependencies of the energy flux ®(z). They are shown in
Fig. 7(b) and can be used to compare the development, in the target, of various radiation components such as primary
beam electrons, bremsstrahlung y-quanta, and the accumulating secondary electrons including 8- and photoelectrons,
photon Compton scattering recoil electrons, and those of y-conversion.

The incident beam electrons mainly contribute to ®@(z) in the first layers of the target. The ®(z) profile is shaped by
the competitive effects of their stopping and scattering. The former one augments @ due to the increase of the electrons
path length in a layer. The latter one dumps electron’s energy thus reducing ®@. As a result, ®(z) is only weakly varying
there, esp. for E.=2 and 3 MeV. More in depth z, the stopping becomes dominant, and the primary electrons energy
flux drops down by 5+6 orders of magnitude to the end of the 5™ layer (Cu) at E. = 1 MeV, the end of the 7" one (Cu)
at 2 MeV, and to the target edge at 3 MeV. This corresponds to the decrease in the beam energy down to the lower
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energy threshold of the simulation (~10 ¢eV), is fairly consistent with the profiles of Fig. 7(a), and reconfirms the
optimal choice of the shield thickness. However, this does not mean the absence of the charged component of radiation
behind shielding. The simulation shows that ®(z) of secondary electrons is very weakly depth dependent. This is due to
their permanent makeup by the bremsstrahlung produced in the target. At the shielding exit, the energy flux of this
virtually irremovable component in about 10*** times higher than that of primary electrons. Finally, in considering the
most problematic y-component of ®d(z), we see that its production in the frontal, light, layers is more than compensated
by its attenuation in the subsequent heavy layers of the laminate. Again, this demonstrates the close to optimal balance
of its composition and construction which prevent turning of the electron beam protector to its converter into y-
radiation.

In total, this corollary is illustrated in Fig. 8 which shows the results of the PENELOPE and RaT codes
calculations (note, again, their good agreement with each other) of the energy dependence of the conversion factor, the
ratio of the total energy of y-radiation behind shielding and the electron beam energy E., in comparison with the
simulation data for a tungsten slab of the same thickness #w = 1.5 mm. One can see that the multilayer structure has the
smaller conversion ratio than that of tungsten and, therefore, should be a more efficient shielding when irradiated with
electrons.

0.05 : : More reasoned evaluation of the shielding
| PENELOPE RaT | efficiency can be obtained by calculating the
—0— —e— TiNINbWCu o absorbed dose D in the objects to be protected.

s This requires either a comprehensive simulation
of the target system “shielding + object” or
calculations made in some reference conditions.
The former task is quite doable but goes beyond
the scope of this paper. The latter approach is
7 adopted in the present study. We focus not so
much on the magnitudes of dosimetric quantities
(which are the radiation source strength and
exposure time dependent) but on the comparison
of calculation results obtained, under identical
conditions, for the TiNINbWCu laminated
shield and for other shielding materials. We

Ee (MeV) chosen to compare with the above studied

Fig. 8. Electron energy E. dependencies of the e-to-y energy conversion ~ Single-element materials, lightweight aluminum

ratio for 1.5 mm thick laminated composite TININbWCu and tungsten slab ~ (an €electronic protector) and heavy tungsten (a

of the same thickness. Simulation by means of PENELOPE (open  gamma-protector). The correspondent results of

markers) and RaT (closed markers) MC codes. calculations are shown in Figs. 9 to 10, and are
discussed hereinafter.

Fig. 9 shows the RaT code calculated energy dependences of the photon kerma rate (per one electron of an
incident e -beam) in the air behind shielding. The air-kerma rate K, “the total kinetic energy of charged particles

0.04

0.01

0.00

released per unit time by indirectly ionizing radiation in the volume of standard air of unit mass” [8], quantifies only the
effects owing to the photon component of radiation. It scales with the exposure rate X , Roentgens per hour, and, in
dosimetry, is a conventional measure of the strength of sources of ionizing radiation and the efficiency of biological
shielding [1].
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Fig. 9. Electron energy E. dependencies of the photon air-kerma rate behind the laminated composite TiININbWCu shield (®) as
compared with the simulation data obtained for Al (O), W (M) and Ru (<) slabs of the same mass (a) and geometrical (b) thickness.
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In Fig. 9(a), the multilayer composite simulation data are compared with those relevant to the weight-equivalent
slabs of different shielding materials of the same mass thickness 1.868 g/cm’. Since the smaller rate means better
protection, the laminated composite is much better than tungsten but yields to aluminum in K at E.>1MeV yet

surpassing it at lower E.. The reason is simple. As E. grows, the thickness of a lightweight Al slab of the same mass is
not enough to produce the same magnitude of bremsstrahlung flux the layered shield is first accumulating and then
absorbs.

The picture is somewhat different if optimization is not subjected to weight but to dimensions of shielding. The
data of Fig. 9(b) show that the multilayer shield outrank both W and Al slabs of the same thickness (1.5 mm). For
aluminum, this is evident at £, <2 MeV. At higher energies, the photon air-kerma rate comparison is radiation shielding
irrelevant since the range R, exceeds the shield thickness 74; = 1.5 mm starting already from E. ~ 800 keV. Therefore,
the 1.5 mm thick Al slab is not suitable for protection against electrons of higher energies where it is just a filter.

Fig. 9 also presents the comparative data for ruthenium (Ru) slabs. Obviously, this rare metal is not used for
radiation shielding purposes. Nevertheless, it can be considered as a natural homogeneous analogue of our
heterogeneous composite TININbWCu having both an effective atomic number Z.¢ and an effectively averaged density
et close to the atomic number Zg, = 44 and the nominal density pr, = 12.41 g/cm’ of ruthenium, respectively.

The Fig. 9(a,b) data for both Ru slabs of equivalent mass and geometrical thickness illustrate again the essence of
the heterogeneity effect on a laminated composite shielding efficiency gain. In Fig. 9, the laminate looks much better
than its homogeneous analogue which is clearly far from optimal protection against relativistic electrons of all energies
considered. Indeed, despite of its much smaller Z (44 vs. 74), ruthenium is almost only as efficient as tungsten.

Since compact and lightweight laminated composites are frequently targeted to the radiation shielding of
semiconductor detectors and electronics in aerospace engineering [6,7], we also evaluated, by means of the RaT code
simulation, the reference dosimetry quantities valuable for these applications, the rates of Total Ionization Doze (TID)
D,, and photon kerma K in Silicon (Si, Zs; = 14, ps; = 2.33 g/em®). The calculation results are shown in Fig. 10.
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Fig. 10. The electron energy dependencies of the Silicon total ionization dose (a) and photon kerma (b) rates behind the TININbWCu
laminated composite shielding (®) compared to those of W (B) and Al (O) slabs of the same mass thickness.

To avoid ambiguities arising from the non-trivial spatial distribution of doses absorbed inside a massive detector,
both TID and kerma rates were detected in a negligibly thin (0.1 um) Si layer located in vacuum immediately behind
the shielding. In Fig. 10, the characteristic range of their magnitudes (~10°+1072 Gy per day) corresponds to the
characteristic value, ¢= 10"’ ¢ /cm® per day, of an electron flux at Low-Earth Orbits (LEO) outside the radiation belts
[11].

The Total Ionization Dose (TID) D is a key parameter the accumulation of undesired irradiation effects in
semiconductors is scaled with. Along with the contribution of the photon component of radiation, the charged
components of a shielding outer surface emerged radiation contribute to TID. For this reason, D, > K, in Fig. 10. This

difference is substantial in a Silicon detector surface layer comparable in thickness with the ranges of a shielding
emitted secondary electrons but thin as compared with the characteristic MFPs A of the secondary bremsstrahlung y-
quanta.

For all considered energies of electrons, the comparison of the TININbWCu system TID relevant data of Fig. 10(a)
with those of W and Al shields of the same mass per unit area shows that our laminated composite substantially
surpasses the tungsten shield and is practically equivalent to that one made of the common material, Al, applied in
space.

However, it is worth noting that the aluminum shielding of the same protective efficiency and weight is almost
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five times thicker (6.921 mm vs. 1.5 mm). Therefore, the developed and vacuum hot rolling solid phase welding
fabricated laminated composite shielding has good prospects of application in environments where the simultancous
optimization of radiation shielding by weight, dimensions, and physical and mechanical properties is crucially
important.

CONCLUSIONS

This paper presented the consistent procedure of the laminated shielding calculation analysis by means of the
Monte Carlo reference code PENELOPE and the original code RaT 3 (NSC KIPT) radiation transport simulation. As
against the traditional conservative semi-analytical calculations, its benefits are (i) the detailed reproduction of the ra-
diation shielding design features in the calculation model and (ii) the possibility to obtain the approximation-free and
well-founded quantitative results which take into account all the processes of interaction of both primary and internally
generated secondary radiations with shielding medium using the up-to-date banks of atomic and nuclear data.

Two interdependent problems were solved within this procedure, (i) a fundamental problem of identification and
analysis of physical reasons influencing the shielding efficiency and (ii) an applied problem of calculations of reference
dosimetric quantities of transmitted radiation with an adequate view of its complex spectral composition. Our results
confirm the potential of this approach by the case of assessment of shielding efficiency of dual and multi-layer
composites designed for protection against electrons of moderately relativistic energies, X- and y-rays.

At detailed simulations of the (e,y)-beams passage through a simple bimetallic dual layer system Al&>W we
found an asymmetry of the energy spectrum and dose relevant quantities depending on the order the beam passes
through the shielding layers. The “low-to-high-Z” ordered shielding AI-W was generally rated as the most efficient one.

We identified the physical reasons of the observed asymmetry. Commonly to both e -beam and y-irradiation, it ari-
ses only due to secondary radiation (bremsstrahlung, or scattered and fluorescent) produced by a primary beam. Thus,
the magnitude of the effect increases with increasing of the layers thicknesses measured, for y-irradiation, in the mean
free path lengths of the photons of characteristic energies, and probably in radiation lengths for the electron incidence.

Other reasons depend on the kind of irradiation and deserve special attention in the photon case. It was shown that
the heterogeneity driven asymmetry is maximal for the dual layer AI-W shielding. The shielding efficiency reduces at
homogenization or at the increase of the number of Al/W periods. The effect is due to photons Compton scattering in
the front lightweight layer (Al) followed by their enhanced absorption in the rear heavy layer (W) or by their
backscattering removal. The gain in absorption dominates in thick shields having the attenuation factors £ >> 1. The y-
albedo enhancement prevails in thin (k~ 1) systems. We also revealed that the asymmetry is strongly spectrally
sensitive i.e. an optimal “scatterer<>absorber” arrangement depends on the photon energy. In the upper vicinity of the
absorber’s photoabsorption edges, the W—AI shielding is more efficient by reason of the resonance fluorescent X-ray
yield reduction.

The innovative design of the laminated composite shielding manufactured, in NSC KIPT, by the method of the
solid phase vacuum hot rolling joint of layers of materials conforms to all these regularities. The multilayer atomic
number shaped structure accounts for both a general trend towards greater efficiency of the “low-to-high-Z grading
and a special use of “high-to-low-Z" grade to suppress the fluorescence response of the absorber layers.

Its Monte Carlo modeling based design assessment has been accomplished by means of the RaT code radiation
transport calculations. Their results were successfully benchmarked against those of the reference code PENELOPE.

This allowed us to quantify, in great detail, the development of radiation cascade in the laminated shielding
materials. The detailed picture of the passage, development, and absorption of both electron and bremsstrahlung
components in the multilayer shield has been obtained. At last, the calculations of photon air-kerma and Si-absorbed
dose rates behind a laminated composite shielding and the comparison with other reference shielding materials (W and
Al) have shown that its design is close to optimum for protection against electrons with energies up to 3 MeV when
both the shielding weight and dimensions are simultaneously constrained in possible applications.

It can be concluded that the combination of the NSC KIPT advanced techniques of laminated composites
manufacturing with the computer-aided prediction, assessment and optimization of their protective efficiency opens up
rich possibilities of creating novel radiation protection systems, and is a promising direction for further R&D.

Finally, it is worth noting that the most computationally demandable problem of the laminated composite shielding
efficiency optimization still remained beyond the scope of the present paper. To solve it efficiently, it is extremely desi-
red to narrow the extent of Monte Carlo simulations. For this purpose, of great interest is the development and
application of the simplified 1D models of different kinds of radiation production and attenuation in the multilayer
structures. This went us back to the conventional semi-analytical approach to the shielding dosimetry [1]. The models
can make use of certain parameterizations of electrons [23,25] and photons [24] interaction with matter and shall
incorporate the operations research techniques (e.g., dynamical programming, or neural networks) for maximization of
the shielding efficiency regarding it as a criterion function. The obtained guess design can serve as the reasonable initial
problem setup for the subsequent Monte Carlo simulation. The high-precision technique of this paper can be applied to
the final design stage for fine optimization of the laminated shielding in view of all fine details of its specific
applications.
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Response functions of CdZnTe detector, developed for measurement of electron energy spectra, are investigated. The experimental
response of CdZnTe detector is compared to the spectra simulated by Monte-Carlo method. A satisfactory agreement of simulated
and experimental data is reached with introduction in the theoretical detector model of two fitting parameters — products of mobilities
and lifetimes of electrons and holes. It is shown that the main disagreement of experimental and simulated spectra is connected to the
high level of noise in the preliminary amplifier.
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MOJEJIIOBAHHA METOJOM MOHTE-KAPJIO BIAI'YKY CdZnTe AETEKTOPIB BETA-BUITPOMIHIOBAHHSA
0.0. 3axapuenko, O.B. Puoka, JI.M. /lauaos, A.A. BeppoBkin, B.€. KyTniii, M.A. Xaxmypanos
Hayionanvnuii naykosuti yenmp “Xaprigcokuii ¢izuxo-mexuiunul incmumym”
eyn. Akademiuna, 1, 61108 Xapxis, Yxpaina
Hocnimpkeni ¢pynkuii Binryky CdZnTe nerekropa, o NPH3HAYAETHCS YISl BUMIPIOBAHHS CIIEKTPIB €HEprii eneKkTpoHiB. Bumipsanit
excriepuMeHTanbHO Biryk CdZnTe nerekropa MOpIBHIOETHCS 31 CIEKTPaMH, pO3paxoBaHMMHU MeTo oM Monte-Kapio. 3anoBinsHoro
Y3TO/DKEHHSI PO3PaxXyHKOBHX Ta EKCIEPHMMEHTAJbHUX JaHUX MOXKHA JOCATTH IIPU BHUKOPUCTAHHI B MOJEN JETEeKTOopa ABOX
napameTpiB MiArOHKH — J0OYTKIB pyXJIMBOCTI Ha CEPeAHiil 4ac XHUTTS eIeKTPOHIB Ta Iipok. [lokazaHo, 1110 OCHOBHI pO30IKHOCTI MiXk
eKCIePUMEHTAIbHUMH Ta PO3PAXyHKOBUMH CHEKTPAMH IIOB’3aHi 3 BACOKUM PiBHEM LIyMiB NONEPEIHBOTO MiACHIIOBAYA.

KJIFOYOBI CJIOBA: CdZnTe nerexrop, OeTa-BUnpoMiHOBaHHS, MeToa MoHTte-Kapio, GyHKIis BiIryKy

MOJEJMPOBAHUE METOJOM MOHTE-KAPJIO OTK/IUKA CdZnTe JETEKTOPOB BETA-U3JIYUYEHUSI
A.A. 3axapueHnko, A.B. Prioka, JI.H. laBbin0B, A.A. BepeBkun, B.E. Kyruuii, M.A. Xaxmypangos
Hayuonanvholii nayunsiii yenmp “Xapvkockuti ousuxo-mexnuyeckuii uncmumym”’
yi. Axaoemuueckas 1, Xapvkos 61108, Ykpauna
Uccnenosansl ¢pynkumu orkianka CdZnTe nerexropa, mpeqHa3HaYeHHOTO AJIsl H3MEPEHHS YHEPreTHYECKUX CIEKTPOB AJICKTPOHOB.
OKkcnepuMeHTanbHO u3MepeHHbIH oTkiuK CdZnTe nerekropa cpaBHHMBaeTCs CO CIEKTPaMH, PAaCCUYMTAHHBIMU MeTOAoM MoHTe-
Kapno. YnoBnerBopuTensHOE COTache PacdyeTHBIX M AKCIIEPUMEHTANBHBIX JAHHBIX JOCTHUTAeTCs MPH HCIOIB30BAHUH B MOJENU
JETEKTOpa JBYX MOJATOHOYHBIX MapaMeTpOB — MPOW3BEACHHUN MOIBIKHOCTH Ha CPEAHHE BPEMEHA >KU3HH DIJIEKTPOHOB M JIBIPOK.
[Toka3aHo, YTO OCHOBHBIE PACXOXICHHS SKCIEPHMEHTAIBHBIX H PACYCTHBIX CIEKTPOB CBSA3aHBI C BBICOKHM YPOBHEM MIYMOB

MPEBAPUTEIEHOTO YCHUITUTEIISL.
KJIFOYEBBIE CJIOBA: CdZnTe nerexrop, 6eta-usnydenue, metoq Monte-Kapio, GyHKIus OTKINKa

Semiconductor compounds CdTe and CdZnTe are widely used in manufacturing of gamma-ray detectors for
operation at room temperatures. Absence of additional cooling allows creating compact highly effective devices which
are used for various purposes in gamma-ray spectrometry and dosimetry. The shortcoming of CdTe (CdZnTe) is a low
mobility of holes that worsens detectors’ energy resolution in the high energy range of gamma quanta (higher than
0.5 MeV). In order to overcome this disadvantage a number of technical solutions has been offered recently [1, 2]
which allowed to reach at 662 keV ('*’Cs gamma-ray source) the resolution which is close to a theoretical limit.

Besides the tasks connected with measurement of gamma fields, room temperature CdTe (CdZnTe) detectors also
have good prospects at the registration of beta radiation. In particular, considerable interest is attracted to a problem of
the extraction of beta spectra from the measurement of the mixed gamma and beta radiation [3]. Detectors of beta
particles are also in demand in research of radiation protective properties of materials when there are rigid restrictions
on the admissible size and weight of protective designs [4].

At measurement of electron energy spectra an ultrahigh resolution of detectors is not required. This is due to the
fact that intensive quasimonoenergetic lines are present only in spectra of a few beta sources (for example, groups of
closely located lines of conversion electrons in '*’Cs spectrum). Besides, the interaction of electrons with air (not to
mention more dense environments) leads to a considerable smearing of initial lines or their total disappearance.
Therefore, one can expect that in measurements of beta spectra the energy resolution requirement to detectors of high-
resistance semiconductor compounds CdTe and CdZnTe (i.e. the requirement to crystal quality) may be less stringent
than at registration of gamma quanta. At the same time, higher density and average atomic number of CdTe (CdZnTe)

© Zakharchenko A.A., RybkaA.V., Davydov L.N., VierovkinA.A., Kutny V.E., Khazhmuradov M.A., 2014



69

Monte-Carlo simulation of response of CdZnTe detectors... EEJPVo0l.1N0.32014

in comparison with germanium and silicon provide more effective slowing-down of electrons in detector working
volume that allows using less expensive thinner detectors.

We present below a research of a response of a planar CdZnTe detector to the irradiation from a reference *Sr/*’Y
source. The main objective of the work was a restoration by the Monte-Carlo method of the response function of
CdZnTe detector to beta radiation. For comparison we use and cite here for the first time the experimental data received
previously during the adjustment of a measuring channel in papers [4, 5]. Besides the electron spectra measured with an
unshielded *°Sr/”Y source, spectra of electrons, which have passed through aluminum and lead slowing-down filters,
were also investigated. In all cases we compared the response functions measured with CdZnTe detector to the response
functions simulated by the Monte-Carlo method. We established that satisfactory agreement of simulated and
experimental response functions due to the introduction in the detector model of two fitting parameters: products of
carriers mobility and average lifetime. Meanwhile, the remained observed discrepancies necessitate considerable
decreasing of noise level in devices with detecting units based on CdTe (CdZnTe) crystals for registration of beta
radiation below 100 keV. An agreement between experimental results and simulation data is considerably improved
with the application of thin metal filters in measurements or with the increase in the lower discrimination threshold.

MEASUREMENTS OF BETA-SPECTRA

Registration of the radiation from *’Sr/*°Y source was carried out at the measuring bench created at NSC KIPT. It
consists of CdZnTe detector sized 6x6x3 mm?, a charge sensitive preliminary amplifier (the measured ratio of charge-
voltage transformation was 0.96 mV/fC), Canberra Model 2026 Spectroscopy Amplifier, the analogue-digital Canberra
Model 8706 converter (ADC) and the Canberra Model 3106D power supply. The operational detector displacement
voltage was U, = 150 V. Efficiency of charge collection (CCE) in the CdZnTe detector at the indicated displacement
voltage was about 34%. The detector was placed in the silumin case of 2 mm thickness. A beryllium window of
23 micron thickness, located in a front part of the case, allows a transmission of electrons with the minimum energy
loss. Measurements of *’St/*°Y radiation spectrum were carried out with the reference source of beta radiation 1SO-135
which was placed at about 12 mm above the detector surface. The spectrometry of *’Sr is an important task [3].
Besides, a wide range of electron energies allows using this source for an assessment of radiation protective
properties of different materials [4, 5].

The initial (theoretical) spectrum of the “S1/*Y source is shown in Fig. 1. The data presented in Fig. 1 are the
results of simulation with a universal package Geant4 [6] modeling the interaction of nuclear radiation with matter. The
electron spectrum consists of two branches: the initial part up to the energy about 0.5 MeV corresponds mainly to the
electrons which are formed at decay of *°Sr (T, = 28.74 years) — *°Y. The high-energy branch of the spectrum is
formed at the subsequent disintegration of *°Y (T, = 64.1 hours) — *°Zr [7]. At decay of *°Y an insignificant number
of y-quanta (Table 1) also is formed, which do not influence essentially the general detector pulse statistics. When
modeling the line of y-quanta with energy of 1.76 MeV they were distributed over two neighbor energy sampling levels
with total intensity of (5.2 + 6.3 = 11.5)x10~ quantum per decay that corresponds to the probability of the relevant
channel of disintegration: 0.011% (Table 1).

Table 1.
Radiation characteristics of *°Sr/*’Y source
Nuclide Probability of the electrons y-quanta
decay channel, % Epax, keV Eiqaie, keV E,, keV
*Sr (T, = 28.74 year) 100 546.0 195.8 —
99.989 2280.1 993.7 —
Y (T, = 64.1 hour) 0.011 519.4 185.6 1760.7
1.4x10° 93.8 25.0 2186.2

The spectrum of 1SO-135 source, obtained with the above measuring bench, is shown in Fig. 2. Time of
measurement was 1 hour. The energy calibration of the measuring bench (the top axis in Fig. 2) was carried out using
the measurements of photopeak centroid positions in the spectra of '*’Cs and **' Am reference gamma-ray sources (Fig.
3). The maximum energy of the registered electrons corresponds to the maximum energy of the electrons which are
formed at beta-decay of *°Y (2.28 MeV).

The shape of the initial section of the spectra in Fig. 2 (£ <0.1 MeV) essentially differs from theoretically
predicted one (Fig. 1) as a result of a considerable noise level in the preliminary amplifier (equivalent noise charge
(ENC) is about 400 e units of the electron charge, the maximum of the measured noise spectrum corresponds to energy
about 100 keV). Other sections of the experimental spectrum (Fig. 2) also have some differences from the simulated
spectrum of *’Sr/*Y source in Fig. 1. In particular, a shape of curve at the energy, where the spectra of electrons formed
at disintegrations of *°Sr and *°Y (E~ 0.5 MeV) come together, appears strongly blurred in comparison with the
simulated spectrum in Fig. 1.
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SIMULATION OF CdZnTe DETECTOR RESPONSE

For simulation of CdZnTe detector response to the radiation of *°Sr/*’Y source we used model of a wide-gap
radiation detector which was in detail described in our previous papers [8, 9]. For speeding-up the calculations we
assumed that the thickness of the **Sr/’"Y source equals zero. In each numerical experiment 4x10’ decay chains of **Sr
were modeled. Simulated and experimental response functions of a CdZnTe detector were compared in absence and in
the presence of filters from aluminum and lead which slow down electrons.

As is evident from Fig. 4 and 5, the proposed model provides as a whole a good agreement between the simulated
and experimental response functions of CdZnTe detector to *°Sr/’°Y radiation source. Also satisfactory agreement of

average pulse amplitude is observed (Fig. 6), which was calculated as E, , = Zi-Ni / Z N, . Here i is the number of

m,

ADC channel, N; is the number of pulses in the channel. The only fitting parameters of the applied model were products
of mobility p and average life time t of electrons and holes in CdZnTe detector. Direct experimental measurements of
products (ut).n are impossible without disassembling and damaging the detector [10]. Response functions of the
CdZnTe detector in Fig. 4, 5, 7 and 8 were obtained for values (ut). = 2.2x10™* cm*/V, (ut), = 1x10° cm?*V. The
fitting values of (i), correspond to the measured efficiency of charge collection, CCE = 34 %.

Fig. 4 displays the simulated and experimental response functions of CdZnTe detector without slowing-down
filters. It is evident that in the experimental pulse distribution the region, where the electron spectrum is formed due to
the disintegrations of **Sr and *’Y, remains more distorted in comparison to the simulated spectrum. At the same time,
in the presence of slowing-down filters the simulated and experimental spectra in this region agree much better (Fig. 5).
The better agreement in Fig. 5 against Fig. 4 could be explained with the assumption that between the radiation source
and detector an additional thin slowing-down layer is present, unaccounted in the simulation model. This assumption is
corroborated by the fact that the experimental value of average pulse amplitude in the presence of slowing-down filters
appeared constantly lesser in comparison with the simulation data (Fig. 6). Probably for electrons such additional
slowing-down mechanism is created by the contact gold plate on the detector surface which is covered by a layer of an
electrical insulating material. However, we did not manage to select the effective thickness of this layer, which would
improve the agreement of simulated and experimental average pulse amplitudes.
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Table 2 compares the modifications in experimental
and simulated electron spectra due to the installation of the
slowing-down filters from aluminum and lead between the
source and detector. The energy flux, which is registered
by CdZnTe detector, is determined by the expression
W, :EADCZI’-N,, , where Eapc is the ADC step size in

MeV. The relative change in the energy flux, recorded by
CdZnTe detector in the presence of a filter, is determined
as W, fie/We o ratio. For all filters the energy flux,
calculated according to the applied model, appears
permanently larger at 3-5 %.

The average amplitude of the spectrum measured
without slowing-down filters, considerably exceeds the
corresponding value for the simulated spectrum (Fig. 6).
In the presence of filters the reversed situation is observed:
the average amplitude of the simulated spectrum exceeds
the value of E,;4 for the experimental spectrum.

Table 2.
Characteristics of electron spectra of *°Sr/*’Y measured with CdZnTe detector
. Relative average .
) Relative energy flux . ' . Relative average
Filter Thl;:rl:rrrlless, We fitter! We air amplitude Emld st/ Emia amplitude Epig/Emid Al
atr
experiment | simulation | experiment | simulation | experiment | simulation

1 2 3 4 5 6 7 8
No filter (air) - 1.00 1.00 1.00 1.00 0.88 0.72
Al 0.5 0.53 0.57 1.14 1.40 1.00 1.00
Al 1 0.29 0.34 1.02 1.24 0.90 0.89
Pb 0.1 0.43 0.48 1.19 1.47 1.05 1.05
Pb 0.2 0.17 0.20 1.01 1.24 0.89 0.89

In Table 2 the changes in the pulse amplitude averaged over the spectrum were determined in columns 5 and 6 by
the ratio Eid fier/Emid air- AS @ result, we have a more than 20 % disagreement between the simulated and experimental
data. If to consider relative change of average amplitudes only in the presence of filters, the simulated and experimental

values appears identical (Table 2, columns 7 and 8).

As is evident from Fig. 4 and 5, the most appreciable disagreement of the calculated and measured response functions
of CdZnTe detector is observed at low energy. In this region of experimental spectra the pulses of low energy electrons
are superimposed with noise pulses. In Fig. 7 and 8 the simulated and experimental response functions of CdZnTe
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detector to the *’Sr/*°Y radiation source are shown in the case when the lower discrimination level of a measuring
channel Egy, is set for 180 keV (channel no. 150). The selected value of the lower discrimination level is somewhat
higher than the lower limit of the registered energies range of the commercial scintillation beta-spectrometers. For
example, for the AT1315 Gamma Beta Radiation Spectrometer the lower limit of the operating energy range is 150 keV
[11].

The spectra obtained in the presence of slowing-down filters display no essential changes (Fig. 5 and 8). At the
same time, in the absence of slowing-down filters the agreement of simulated CdZnTe detector response functions with
experimental data in the low energy range (from 0.2 to 0.5 MeV) is considerably improved (Fig. 7).
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Fig. 9. Dependence of average pulse amplitude of CdZnTe detector
on the surface density of the slowing-down filter.

Table 3 compares the characteristics of simulated and experimental spectra of electrons when the lower
discrimination level is set for 180 keV. In this case the spread of the relative change in average pulse amplitudes for
experimental and simulated spectra makes only 4 — 6% (Table 3, columns 5 and 6) against more than 20% discrepancy
with zero discrimination level. If to compare only the spectra with filters the relative changes of the experimental and
simulated average amplitudes (Table 3, columns 7 and 8) again remain almost identical. The relative energy flux in the
presence of slowing-down filters changes insignificantly compared to the previously considered case when the lower
discrimination level equaled zero.

In the cases when the measuring the electron fluxes of low energy (below 100 keV) with CdZnTe (CdTe)
detectors is needed, one has to decrease considerably the noise level of the measuring equipment (down to 10 keV) in
order to avoid the essential distortion of the obtained experimental data.

The comparison of experimental and computed response functions at different discrimination levels shows, that
the noise of the preliminary amplifier is a major factor in distortion of measurement data. It is necessary also to take
into account that the temperature dependence of the noise can impede the correct comparison of measurements
performed under different conditions. However, the simulation has shown that the increase in the lower discrimination
threshold largely eliminates divergences between measurement and simulation data. A similar effect is achieved at the
application of thin metal filters (in this case it is possible also to abandon the beryllium window in the detecting unit
that simplifies its construction). In both cases the investigated model can be used for calibration of the response of
CdZnTe detecting units to the radiation from different beta-sources.
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Table 3.
Characteristics of electron spectra of **St/*°Y source at 180 keV discrimination level

Thickness Relative energy flux R.e lative average Relative average amplitude
Filter , W sitted/ We air amplitude imid fter/Emia Enid/Emid Al
mm experiment | simulation | experiment | simulation | experiment simulation
1 2 3 4 5 6 7 8
No filter (air) - 1.00 1.00 1.00 1.00 0.94 0.89
Al 0.5 0.54 0.59 1.07 1.13 1.00 1.00
Al 1 0.29 0.35 1.01 1.05 0.95 0.93
Pb 0.1 0.44 0.50 1.14 1.20 1.07 1.07
Pb 0.2 0.17 0.20 1.09 1.15 1.02 1.02
CONCLUSIONS

The electron energy spectra of *°Sr/*°Y radiation source were measured with a planar CdZnTe detector. The model
of the wide gap semiconductor gamma-ray detector, developed earlier [8, 9], was used for the simulation of CdZnTe
detector response functions by Monte-Carlo method. The simulated response functions of a CdZnTe detector agree well
with the experimentally measured response functions after the introduction in the detector model of only two fitting
parameters: products of mobility and average lifetime for electrons and holes. Other parameters of the model (bias
voltage, equivalent noise charge, shaping time, detector unit geometry) correspond to the actual characteristics of the
measuring channel. This agreement allows using instead of the measured response function the simulated one, obtained
in the proposed detector model, for example, in the problem of extraction of beta radiation spectrum at measurements in
the mixed beta and gamma fields (i.e., at in situ determination of *’Cs and *’Sr sources activity).

In research of radiation protection ability of a material the best agreement of experimental and simulated electron
energy spectra is reached at rather high discrimination level (more than 100 keV). The noise of the preliminary
amplifier is a major factor in distortion of measurement data. The simulation has shown that the increase in the lower
discrimination threshold largely eliminates divergences between measurement and simulation data. A similar effect is
achieved at the application of thin metal filters. In both cases the investigated model can be used for calibration of the
response of CdZnTe detecting units to the radiation from different beta-sources. When exact measurement of beta
spectra for energy less than 100 keV is needed, it is necessary to use a measuring channel with noise level of 10 keV
and below.
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It was performed the practical approval of special computational method PFSEM for reconstruction of EB characteristics on the base
of two-parametric fitting of semi-empirical model for the depth-dose curves (DDC) of electrons beam. The measurement of DDC of
electrons into standard dosimetric wedge were performed in the process of radiation sterilization of medical devices on the radiation
facility with EB accelerator into INCT, Warsaw, Poland. It was shown that satisfactory agreement between the measurement results
and simulation of the DDC of electrons beam with using PFSEM method is observed.

KEY WORDS: clectron beam energy, dosimetric wedge, semi-empirical model, computational method PFSEM, Monte-Carlo
method

OTPUMAHHS IAPAMETPIB ITYYKY EJEKTPOHIB HA PAIIALIIMHO-TEXHOJOITYHUX YCTAHOBKAX JIJI5
MOJEJIOBAHHS MPOLIECIB OITPOMIHEHHS
B.T. Jlasypux', B.M. Jlazypux’, I.®. Ilonos", 3. 3imex™
*Xapriscokuii Hayionanvhuil yHigepcumem im. B.H. Kapasina
nn. Ceoboou 4, 61022, Xapxis, Yrpaina
**nemumym AHoeprnoi Ximii ma Texnonoeitl
03195, Bapwasa, [lonvwa, éyn. [Jopoona 16
[IpoBenena anpoGamis cneniarbHOro po3paxyHkoBoro meroxy PFSEM miis BigHOBIEHHS XapakTepuCTUK MydKy enekTpoHis (I1E) na
OCHOBI JIBOMIApaMETPUYHOI MiATOHKH HamiBeMIipu4HOi Mojemni st TauOuHHOI 3anexHocti no3u (I'3/) I1E. BumiproBanus no3u
CJIEKTPOHIB B CTaHJIAPTHOMY IO3MMETPUYHOMY KIMHI MPOBOIMJIOCH B TPOIECi pamiamiiHOi cTepuIii3amii MeINYHUX BUPOOIB Ha
panianiiiHoMy oOJamHaHHI i3 TpHCKOpIOBaueM eneKTpoHiB B Incrutyti fneproi Ximii ta Texnoxoriii, Bapmasa, Ilombma.
Cnocrepiraiocsi 3aJOBUIbHE Y3TOJUKEHHSI MK pe3yibTaTamu BuMiproBaHHs Ta MoxemoBanus ['3/] I1E i3 Bukopucranasm PFSEM
METOZy.
KJIFOUOBI CJIOBA: eneprist my4Ky elneKTpOHiB, 103UMETPUYHHI KIIMH, HalliBEMIipHYHA MOJeTIb, po3paxyHkoBuit metoq PFSEM,
metox MonTe-Kapio

ONPEJAEJEHHUE TAPAMETPOB ITIYYKA 3JIEKTPOHOB HA PAANALIMOHHO-TEXHOJIOT'HYECKHX
YCTAHOBKAX JJI51 MOAEJIUPOBAHUS MTPOLECCOB OBJIYYEHUS
B.T. Jlazypux’, B.M. JIa3ypux", [.®. Ilomoz", 3. 3umex”
“Xapurosckuti Hayuonansnwui Ynusepcumem um B.H. Kapasuna
ni. Ceoboowt 4, 61022, Xapvkos, Yrpauna
™ Unemumym Hoepnoii Xumuu u Texnonozuii

03195, Bapwasa, [lonvwa, yn. [Jopooua 16
[IpoBenena anpoOanus creUaNbHOIO BRIYUCIUTENbHOT0 MeTofa PFSEM miis BocCTaHOBIEHHUS XapaKTEPHCTHK ITy4Yka 3JEKTPOHOB
(IT9) Ha ocHOBe ABYXMapaMETPHUYECKOH MOATOHKH IMOMYIMIUPUYECKOH MOIENH IUIA ITyOmHHOW 3aBUcuMocTH no3bl (I'3]]) I1D.
W3mepeHus 103bI NEKTPOHOB B CTAHAAPTHOM JIO3UMETPHUYECKOM KIIMHE NPOBOAMINCH B MPOIECCEe PaJHAlMOHHON CTepHIM3AINN
MEIVIUHCKUX U3JETHH Ha paaualioOHHOM 000pYIOBaHHUHN C YyCKOPHUTETIEM JIeKTpoHOB B UHCcTHTYTE SnepHoit Xumum u TexHonorni,
Bapmagsa, [Tonsmra. HaGmonanocs yjoBI€TBOPUTENIBHOE COTIIACHE MEXIY pe3yiabTaTaMu H3MepeHuil n Moxenuposanus ['3/] 110 ¢
ucnons3oBanueM PFSEM merona.
KJ/IFOYEBBIE CJIOBA: 3Heprus my4ka 3J€KTPOHOB, O3MMETPHUYECKUN KJIMH, MOJIYySMIMPUYECKas MOJEb, BHIYUCIUTENIbHBIN
metox PFSEM, metox MonTe-Kapno

The process of radiation sterilization of medical devices refers to “critical technologies”. These technologies are
conducting under continuous dosimetric control of all basic parameters of radiation facility and process irradiation.
Control parameters on the EB accelerators are the following: energy and EB current, scanner characteristics, velocity of
conveyer line, and value of EB absorbed dose on the surface of irradiated target — so called as sterilization dose. EB
energy in time irradiation is controlled with dosimetric wedge or stack that together with irradiated products overpass
all cycle irradiation. Sterilization dose control is realized with dosimetric calorimeter. The measurement of EB absorbed
dose distribution in an irradiated product in detail is performed with dosimetric films.

Determination of the electron beam (EB) characteristics on the base of measurement results was performed with
use of standard [1] and special [2-7] computation methods. Computer simulation of irradiation process allows profitably
to perform dose mapping for EB and gamma irradiation, determination of location for maximal and minimal values of
© Lazurik V.T., Lazurik V.M., Popov G., Zimek Z., 2014
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absorbed doses (D, and Dy« ) into containers with irradiated products, calculates productivity of irradiated product [8].
In this case the volume of routine dosimetric measurements essentially decreased.

Quality factor of the computation methods of EB characteristics determination was based on calculation of the
mean square deviation between measurement results and Monte Carlo (MC) simulation results for the DDC into
standard dosimetric wedge. Determination of parameters that are necessary for correct computer simulation the
irradiation process of product by EB, X-rays and gamma rays on radiation facility are actual tasks.

Available standard computational methods [1] do not allows correctly reconstruct spectral and angular EB
characteristics. As a result, there are no possibility correctly simulate the absorbed depth-dose distribution of electrons
into standard dosimetric devices such as wedge and stack.

Goal of the present work is investigation of possibility determination the electron beam characteristics on the base
of measurement results of the absorbed depth-dose distribution of electrons into standard dosimetric wedge or stack.
These results should be obtained with necessary accuracy for correct simulation the processes irradiation on the real EB
radiation facility into practical activity of the radiation-technological centers.

PROCEDURE AND MEASUREMENT RESULTS

Irradiation of 2 standard Al wedges with PVC, CTA and B3 dosimetric films was performed on the electron linear
accelerator Elektronika 10/10 at INCT, Warsaw with electron beam energy of 10 MeV [9]. Two Al wedges with PVC,
CTA and B3 dosimetric films in form of strips were located in one Al box irradiated with a scanned electron beam of
energy 10 MeV, pulse duration 5.6 ps, pulse frequency 370 Hz, average beam current 1.04 mA, scan width 58 cm,
conveyer speed was in the range 1-0.1 m/min, scan frequency 5 Hz. Electron beam energy was measured with two Al
wedges. Control of dose delivered to the wedges in time irradiation was performed with RISO polystyrene calorimeter
[10].

The absorbed dose of irradiated materials was delivered in the range of 10-50 kGy. The maximum of combined
uncertainty related to dose determination in the Al wedges with PVC, CTA and B3 dosimetric films for values of doses
greater than 5 kGy did not exceed 8% (k=2). The uncertainty is a combination of the uncertainties related with
dosimetric film calibration, in reproducibility of the series of experiments, the dose given at electron accelerator,
spectrophotometer reader variability. The uncertainty of the length value measurement of dosimetric strips is 0.1cm.

PVC, CTA and B3 dosimetric films were calibrated against alanine dosimeter which is traceable to National
Physical Laboratory, Teddington, Middlesex, UK [11].

Characteristics of dosimetric films are the following:CTA- Cellulose Triacetate film: density 1.32 g/cm’, thickness
0.125mm, width 8mm; PVC - Polyvinylchloride film: density 1.3 g/cm3, thickness 0.26mm, width 8mm or 16 mm; B3
— Polyvinylbutyral film: density 1.12 g/cm®, thickness 0.02mm, width 10-15mm.

The SEMCO S/E, spectrophotometer in automatic mode was used for reading the optical density at a wavelength
of 394 nm from PVC strip films with a step of 0.1 cm along the film length. The FDROO1 spectrophotometer in
automatic mode was used for reading the optical density for CTA strip films using a wavelength 280 nm. The RISO
flat-bed scanner was used for processing B3 dosimetric films.

Comparison of experimental and simulation results will be illustrated on the CTA dosimetric films located into
standard Al wedges and irradiated with scanned EBs. The CTA films into wedges were irradiated with electrons in two
regimes: at dose of sterilization — 35 kGy (regime 1), and 28 kGy (regime 2).

50 Preliminary processing of measurement results was
performed. Initial points of the absorbed depth-dose curves in

401 CTA dosimetric films located in dosimetric wedges were
- ' determined. The systematic inaccuracies for values of absorbed
2 30 [ dose were eliminated. Results of preliminary processing of
g e experiments data for the depth-dose curves of EBs into CTA
5 dosimetric films are presented in Fig. 1. Curves 1 —corresponds

to irradiation regime 1, curves 2 — irradiation regime 2. The
tangent curves were used for determination the practical range

10} R, of electrons and the most probably energy - E, for electrons
of beam.

: As it is seen from the Fig.1 the changes of working
0 3 4 I 3 regimes irradiation into electrons beam accelerator can be lead
Depth, cm to essential changes of electrons beam characteristics and
Fig.1. The depth-dose curves of electrons in CTA respectively the changes of the depth-dose curves for electrons

dosimetric films located in standard dosimetric wedges. in the dosimetric wedges.
Curves 1 —irradiation regime 1, curves 2 — irradiation Investigation of results repeatability for the depth-dose
regime 2. curves of electrons in CTA, PVC and B3 dosimetric films

located into standard Al wedges were performed in set of experimental measurements. The measurement results
repeatability was estimated on the base of the mean square deviation for each pair of measurement results and relatively
averaged data of the absorbed depth-dose distribution curves into measurement series.
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As result of estimations - repeatability of measurement results for absorbed dose EB is good. For example, the
deviation for average value of absorbed dose for CTA dosimetric films did not exceed 1%. Relatively of repeatability
for the absorbed dose measurements in separate spatial points — the mean square deviation did not exceed 2%.

STANDARD METHODS FOR DETERMINATION OF ELECTRON BEAM CHARACTERISTICS

The possibilities of computational methods which are realized of standard methods for determination of electron
beam characteristics on the base of the depth-dose curves measurements into standard dosimetric wedge were
investigated.

The various computational methods for determination of standard EB characteristics such as most probably energy
- E, and average energy - E,, for electrons of beam were analyzed.

First of all, the methods difference related with possibility to use into Standard [1] two various functions for
approximation of dependence E(R,) for most probably energy of electron beam as function of the practical range R, of
electron:

- linear function

E,=5.09-R,+0.2. )
- square-law function

E, = 0.423 +4.69-R,+ 0.0523 R,". 2)

Furthermore, the method for determination of value R, demands processing results of measurements with using
approximation of discrete data for which the function type is not determined into standard. Therefore, both of linear
function [1,7] and fourth polynomial [2,3] are used in practice.

In calculations, based on set of measurement results, it was shown that at determination of value R, calculation
results with use linear interpolation [1, 7] - and fourth polynomial [2] are putted to values difference that exceed 2%.
Some calculations results are presented in the Table 1. Else more greater differences appears off use above empirical
dependences E,(R,) on the base of linear (1) or square-law approximations (2) and, for set of measurement results, they
can exceed 5%.

In accordance with R, value the most probably energy - E, was calculated with use linear dependence (1) (column
E,, (1)) and square-law dependence (2) (column E,, (2)). Most probably energy - E, and average energy - E,, for
electrons are presented in Table 1 for comparison.

Table 1.
Electron beam parameters calculated with various computational methods on the base experimental data A,,
that were obtained by averaging results in measurement series for irradiation regime 1

Computational
methods R,, cm. E,(1), MeV Ey(2), MeV E.., MeV
Ay, [2] 1.70 8.54 8.86 7.88
Ay, [1] 1.66 8.35 8.67 -

Data of experimental results A, (separated points), received by averaging of a set of measurements in CTA
dosimetric films for first irradiation regime and simulation results of the depth-dose curves of EB into CTA dosimetric
films on the base of semi-empirical model [6] with using of parameters EB from Table 1 are presented in Fig. 2.

50T The depth-dose curves for mono-energetic electron
1 beams of various energies for comparison are presented in
40 Fig. 2:

» E,, — average energy, calculated with use standardized
procedure (curve -1);

* E, — most probably energy, calculated with use
standardized procedure on the base of square-law
dependence from R;, (curve -2).

These curves are normalized in a such way, that
absorbed dose of electrons into target is fixed (do not
depend from energy of electrons) and corresponds to
measurement results.

w
=

Dose, kGy
)
=)

10

2 4 o . .
0 Depth, cm 6 As it is seen on Fig. 2. the back decline of the

Fig.2. Comparison of experimental results- separate points -  apsorbed depth-dose distribution curves can be described
curve 3, with simulation results for the depth-dose curves of using standard parameters of EB. But the results will be
EB in CTA dosimetric films located into dosimetric wedge on  received with big value of uncertainty. Relatively the
the base of semi-empirical model - continuous curve 4. depth-dose curves in the region of target from entrance
surface up to thickness, where observe maximum of dose (Dy,y) - utilized models for determination of EB parameters
are do not satisfactory. Indeed, relation for dose value on the target surface D(0) to maximum dose value into irradiated
target - D« for semi-empirical models approximately equal 0.62, that differs from experimental data - 0.77.
Accordingly, standard computation methods for processing of measurement results obtained into dosimetric
wedge or stack do not allow to receive EB parameters, that will be sufficient for correct computer simulation the
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absorbed depth-dose distribution into standard dosimetric wedge and stack.

It seems that difference between measurement and simulation results testify about essential role of angular
distribution of electrons in the process of dose field formation into irradiated target. Furthermore, it is necessary to take
into consideration the electron beam spectrum. But today, there are absent the methods and facilities for control of
spectral and angle characteristics of EB in the process of target irradiation.

DETERMINATION OF ELECTRON BEAM CHARACTERISTICS ON THE BASE OF TWO-PARAMETRIC
SEMI-EMPIRICAL MODEL

For control of spectral and angle characteristics of EB it is proposed to use two-parametric semi-empirical model
for EB. In this model it is supposed that spectral and angular characteristics of EB falling on the target surface coincides
to characteristics of mono-energy and mono-directional EB, which cross some material layer.

Model parameters are the following: electron energy (Eq) of mono-energy EB and thickness (X,) of material layer
which is located before target. Model parameters can be determined by fitting of semi-empirical model parameters for
the depth-dose dependence of mono-energy EB into semi- infinite area to experimental results obtained with dosimetric
wedge. Herewith, fitting parameters of semi-empirical model are the following: electron beam energy (E,) and
displacement of initial point (dX) on depth-dose curve.

Into computational scheme, the method of coordinate descent was used for determination with prescribed accuracy
the value of EB energy and depth displacement of the initial point on the depth-dose curve. These characteristics ensure
of minimum square deviation between data calculated into model and normalized measurement data.

Thereby, accounting of spectral and angular characteristics of EB falling on the target surface is defined by
selection of model EB energy and thickness of material layer located before target which allows correctly simulate the
depth-dose curve into irradiated target.

Some results calculations of EB characteristics with standard methods and with use of two-parametric model are
presented in the Table 2. It was assumed that model layer was made by aluminum also as dosimetric wedge. It should
be note, that for all set of experimental data, the energy values simulated with various methods are correlated, but also
can be greatly differs by values (Table 2).

Table 2.
Results calculations of EB characteristics with standard methods and with use of two-parametric model
Regimes irradiation R, cm Ey(2), MeV Ey, MeV Xop, cm
Regime 1 1.72 8.63 9.96 0.31
Regime 2 1.89 9.43 11.39 0.42
Regime 1A, 1.70 8.54 10.01 0.32

Practical approval results of parametric fitting of semi-empirical
model (PFSEM) method for determination of electron beam
characteristics on the base of two parametric model are presented in
Fig.3. Electron beams parameters for which represented results
simulation are presented in the Table 2. It should be note that row of
Table 2 (regime 1A,) include of EB parameters for which results
simulation are shown in Fig.2.

Package of Curves 1 include the following information:
experimental curve which was measured in regime 1; smooth curve
corresponds to results simulation with two-parametric semi-empirical
model; histogram curve — result simulation with Monte Carlo method
\ using RT-Office software [8]. Package of Curves 2 include the same
. = information only related with irradiation regime 2.

0 2 Deptli em 6 8 As it is seen frpm F1g 3 ap@ from comparison of averaging
Fig. 3. The depth-dose curves of electrons in measurement results with semi-empirical model results (curve 4) on the
CTA dosimetric films. Curves 1 — irradiation  Fig-2. — agreement between measurement and simulation results is good.
regime 1, curves 2 — irradiation regime 2. Difference of model approximation from measurement results for all set
of experimental data is less 1%.

INVESTIGATION RESULTS

¢ The measurement results of the depth-dose curves of electrons into standard dosimetric wedge were performed.
Changes of working regimes irradiation into electrons beam accelerator can be lead to essential changes of electrons
beam characteristics and respectively the depth-dose curves of electrons in dosimetric wedge.

* Repeatability estimation of measurement method the depth-dose curves into dosimetric wedge was performed.
The measurement results repeatability was estimated on the base of the mean square deviation for each pair of
measurement results and relatively an averaging curve. Estimates for these two methods were agreed and measurement
errors were less than 2% of average value for absorbed dose in an irradiation area.
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* Investigations of possibility for utilization of electron beam characteristics, that were obtained by standard
dosimetric wedge, for computer simulation of process irradiation were performed. It was shown that these
characteristics are insufficient for correct simulation of the depth-dose curves into dosimetric wedge and stack. The
reasons of essential difference between results simulation and measurement were established.

* The practical approbation of two-parametric semi-empirical model for determination of EB characteristics on the
base of measurement results, obtained with standard dosimetric wedge, was performed. The errors of PFSEM method
were estimated on the base of the mean square deviation between measurement and simulation results. Approximation
error did not exceed 1% from average value for absorbed dose in an irradiation zone. It means that irradiation regimes,
that corresponds to performed experiments, can be adequately simulated on the base of obtained parameters EB.

CONCLUSIONS
It was proposed and tested the computational methods for processing of measurement results obtained with
dosimetric wedge for determination of electron beam parameters on the base of which it is possible to realize of correct
computer simulation of the depth-dose curves of electrons in wide diapason of target depth.
It should be interesting to perform the verification and validation methods into wide diapason of EB energy and on
the various types of EB accelerators.
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This paper considers features of the formation and microstructure revealing of profound n- and p-type silicon monocrystals. Influence
of hole and electron conductivity in semiconductors on the pattern of anodic etching is determined. Correlation among silicon
microstructure, dislocation density and minority carriers’ lifetime has been studied. Influence of impurity diffusion from the surface
into the space of the crystal on electrical properties’ changes of the semiconductor is shown.
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MOHOKPHUCTAJIA KPEMHIIO B HETPAIUIIVWHIA EHEPTETHIII
M.O. Azapenkos!, B.€. Cemenenxo’, A.I. OBuapenko’
! Xapxiecoxuii nayionansnuil ynieepcumem imeni B.H. Kapasina
Maiioan Ceo600u 4, Xapxie 61022, Vkpaina

PosrasiHyTO 0COOMMBOCTI YTBOPEHHS Ta BUABICHHS MIKPOCTPYKTYPH JOCKOHAJIMX MOHOKPHCTAIIIB KPEMHIIO n- 1 p-Tumy. BuzHaueHo
BIUTHB JipKOBOI Ta €JIEKTPOHHOT MPOBIAHOCTI HAIIIBIPOBITHHUKIB HA XapaKTep aHOJHOTO TPaBJiICHHS. BCTaHOBICHO B3a€MO3B'SI30K MiK
MIKPOCTPYKTYPOIO TYCTUHH JHCIIOKAIIH 1 9acOM JXHUTTS HEPIBHOBAXHUX HOCI{B crpymy. Ilokasano BmmB audysii JOMIIOIOK C
MOBEpXHi B 00'eM KpHCTaJIa Ha 3MiHY €IEKTPHYHUX BIACTHBOCTEH HAIIBIPOBITHUKA.

KJIFOYOBI CJIOBA: MOHOKpHUCTa, HAIMIBIPOBITHUK, COHSYHHMIA MOAYJb, MUCIOKAIlI, CIpPsIMOBaHA KPUCTaTi3allis, eICKTPOHHA
HPOBIIHICT

MOHOKPHUCTAJLIbI KPEMHUSI B HETPATALIAOHHOM SHEPTETUKE
H.A. Azapenxos', B.E. Cemenenko', A.W. Opuapenko'
! Xapvroeckuii Hayuonanonvii ynusepcumem umenu B.H. Kapasuna
ITnowaos Ceob00vt 4, Xapvkos 61022, Vkpauna

PaccMoTpensl ocoGeHHOCTH 00pa30BaHMS M BBISBICHHS MHKPOCTPYKTYPHI COBEPIIEHHBIX MOHOKPHCTAIOB KPEMHUS N- U P-THIIA.
OmpeneneHo BIWSHUE IBIPOYHOW W DIEKTPOHHOI NPOBOAMMOCTH IIOJYIPOBOJIHUKOB Ha XapaKTep aHOJHOIO TpPABJICHUS.
YcraHoBIeHa B3aUMOCBSI3b MEXKIY MUKPOCTPYKTYPOH, TNIOTHOCTBIO JMCIOKAIMKA M BPEMEHEM >KU3HH HEPaBHOBECHBIX HOCHUTENCH
Toka. IlokasaHo BimsHue auddys3um mnpumeceil ¢ NMOBEPXHOCTH B 00BEM KpHUCTa/Ula HA M3MEHEHHE SJICKTPUYECKHX CBOMCTB
MOTYTIPOBOAHHKA.

KJIFOYEBBIE CJIOBA: MOHOKpHCTAII, MOJyNPOBOJHHUK, CONHEYHBIH MOMYJb, AMCIOKAIMM, HANpaBiCHHAs KPHUCTAJUIM3AIHS,
3NIEKTPOHHAS MPOBOIIMOCTD

Modern development of scientific and technical progress conditions the necessity of creating new materials for
nuclear and renewable energy search and development. The problem of economical use of natural and development of
alternative energy sources becomes more acute. Among various non-traditional methods of energy production,
conversion of solar radiation into electricity using semiconductor materials is the most promising one. It is a serious
alternative to traditional fuel, nuclear and other forms of energy. In the vast majority of papers degradation of solar
energy materials properties is being indicated [1-3]. However, structural analysis, analysis of the impact of heat
treatment and radiation on the thermal stability, efficiency of solar cells, etc. is missing. The use of semiconductor
materials in various fields of alternative energy conditions the need of their production in monocrystalline form with a
near perfect structure [4-8].

Solar cell efficiency is defined by semiconductor materials physical-mechanical properties and phase-structural
transformations that are present in them. The problem of a crystalline silicon solar cell fabrication, creation of a material
based on crystalline silicon by using alloying and heat treatment techniques to achieve the maximum power output of a
solar module is actual. The principal material for solar cells manufacturing is a nondirect gap semiconductor — silicon
(amorphous, polycrystalline and monocrystalline). Semiconductor material that is the best for high-efficient solar cells
production must be selected with the condition of obtaining the maximum output power, not the maximum short-circuit
current or open-circuit voltage individually [9]. It is known that the optimal material for converting radiation of the
solar spectrum into electricity are semiconductors (Si, GaAs, InP, CdTe, Ge, GalnP) with a band gap (E,) ~1.3-1.5 eV.
Light quanta with energies less than the bandgap are not absorbed by the semiconductor and are not involved in the
photovoltaic process. Silicon band gap depends on temperature T the following way: £, = 1.21 — 3.6 - 10 - T; while
gallium arsenide has the value of E, close to optimal. In theory, the maximum efficiency of solar cells based on it is
31% (Shockley-Queisser limit). It should be noted, however, that GaAs solar cells, lose their photoelectric properties if
influenced by radiation. In space radiation, silicon solar cells have a clear advantage over other semiconductor materials
[10,11]. This explains its extensive use for photoelectric converters production (Fig. 1). Apparently, change of the band
© Azarenkov N.A., SemenenkoV.A., Ovcharenko A.l., 2014




80
EEJPVol.1No.32014 N.A. Azarenkov, V.A. Semenenko et al

gap E, under the influence of doping makes silicon solar cells work. The use of achievements of nanotechnology helps
improving the characteristics of silicon solar cells [12]. Devices based on thin films (second generation of solar cells)
and high-efficient and low-cost devices (third generation), which increase the energy extraction efficiency, are of an
unquestionable interest [7]. It is worth mentioning that pure silicon is very rarely used in solar modules. Efficiency of
solar cells based on amorphous poly- and monocrystalline silicon is 15, 17 and >25% respectively. Grain boundaries in
multicrystalline silicon (mc-Si) create additional defect levels in the semiconductors’ band gap, being the local centers
of a high recombination rate, reducing the lifetime of minority current carriers. In addition, grain boundaries reduce the
efficiency by preventing current flow through the system and creating a shunt path for the current flow through the p-n
junction [13,14].

multi c-Si 45.2% It should be noted that there is no unambiguous data
considering the acceptor (boron) and donor (phosphorus)
impurities solubility in silicon in the literature, which is
necessary for the analysis of the impact of structural-phase
transitions on the work of solar modules. It is supposed that
the stability of a solar cell work, and thus their controlled

Others 0.1%

CIS 0.5%
= —— Ribbon ¢-Si 2.2%

CdTe 4.7% structural-phase condition offsets the cost of their production
substantially. Along with the purity of solar silicon (SOG-Si,
a-SifucSi 5.2% solar grade, 99.999%), in order to eliminate the degradation of
solar cell properties utter doped monocrystals with controlled
oG 651 42.9% structure and properties are needed.

The object of this work is to study the influence of
impurities, linear and point defects generated during the
controlled liquid-solid phase transition on the structure and
properties of monocrystalline silicon.

Fig. 1. Semiconductor materials used for solar modules
and their portion of the total usage.

MATERIALS AND EXPERIMENT

As a source material polycrystalline silicon was used. Its impurity composition was: B — 0.3 ppm (1.16:10° wt.%),
Al-0.1(9.6:10%), P - 0.2 (22:10°), C — 3 (1.29-10°), Fe — 0.03 (5.98:10"*), Ni — 0.1 (2.1:107), Zn — 0.1 (2.34-107), O —
10 (5.71-10), Cr — 0.01 (1.86:10™). As a donor impurity boron was used, acceptor — phosphorus, concentration of
which was 2.6 ppm (10 wt.%) and 1.4 ppm (1.5-10* wt.%) respectively. They form substitutional and interstitial
solution, as their atoms have valence electrons on s- and p-orbits [15].

Silicon n- and p- type monocrystals with resistivity between about 0.001 and 200 Ohm-cm were obtained using
directional crystallization (Czochralski method, vacuum of less than 10™ Pa) [9]. Crystallization rate R was ~ 30 ... 100
mm/h (8.33 - 10 ... 2.78 - 10° m/s), the temperature gradient G at the solid and liquid phases — 50 ... 100 K/cm.

Metallographic, electron microprobe and microscopic analyzes of the crystals were conducted. Microstructure of
n- and p-type silicon crystals was revealed by anodic etching with preliminary polishing using boron carbide 220 and
subsequent chemical polishing in a mixture of HF(48%):HNO5(58%) = 10:15 acids solution. Longitudinal and lateral
sections of the samples were examined. One side of the sample was nickeled, the other one was immersed in the
electrolyte, a platinum plate served as a cathode. For the n-type samples current density was 15-20 mA/cm’,
temperature — 5-15 °C, time of etching t — 5-7 min, for p-type — the current density was 50-60 mA/cm?, T — 5-10 °C, T —
10-12 min.

Dislocation decoration in silicon was conducted using copper diffusion at a temperature of about 900 °C. Coating
with a layer of nitrate copper followed by hydrogen heating was implemented. Upon heating copper diffuses along the
interstices and segregates along the dislocation lines. Since silicon is not transparent to visible light, dislocations were
observed using infrared rays.

In this paper conductivity type, resistivity (four-probe method) and nonequilibrium carriers’ lifetime were
determined before and after the heat treatment of p-type (vacuum <10™ Pa, 800 and 1200 ° C) samples. Conductivity
type was determined using a thermal probe and a current-voltage characteristic. The minority carriers’ lifetime — using
photoconductive decay method [2,9].

RESULTS AND DISCUSSION

During metallographic analysis of the samples, it was found that the nature of n- and p-type silicon crystals
etching is different. This is explained by a different electrochemical behavior of studied semiconductor materials in
electrolyte solutions. A relatively small concentration of free charge carriers (~10"* wt.%) in semiconductors influences
the structure of the double electrical layer formed at the semiconductor-solution interface. In metals, electric charge is
concentrated in the surface layer of the depth of 10® cm. In semiconductors, volume charge layer depth depends on the
carrier quantity and can be up to 10°-10"* cm. Participation of the charge carriers of the opposite sign in electrochemical
reactions determines different behavior of silicon monocrystals of electron and hole conductivity type in electrolyte
solutions. On the p-type silicon electrode, where major charge carriers are holes, anodic process occurs smoothly and
anodic behavior of the electrode is not very different from the one of a metal. N-type silicon — holes are minority charge
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carriers, their concentration in the volume is small. As a result, rate of anodic process is determined by the rate of
volume charge layer generated holes’ inflow to the electrode surface. It was determined that all the factors that
contribute to the increase of holes in the near-electrode space concentration: surface lightning, semiconductor heating,
holes injection, etc; increase the n-type silicon anodic dissolution rate. Etching developed technique is of undoubted
interest in solar modules production.

It was found that during a crystal growth using Czochralski method, impurities’ concentration decreases. Its
impact is equivalent to one pass of a molten zone in floating-zone refining method. It should be noted that in order to
suppress a movement of fluid flows in electrically conductive melt and prevent a non-uniform impurities distribution in
the growing crystal, the crucible with the melt was placed in a magnetic field, which slows the movement of the
conductive melt. Magnetic viscosity effect — an increase of melt viscosity in the magnetic field to a value that exceeds
its own kinematic viscosity is observed. Purification efficiency is determined by the distribution coefficient (k) of
impurities in solid and liquid phases, according to expression [14]

_k
k= %fo +(-ky)exp(-Ro/ D))’ M)

where kj is equilibrium distribution coefficient; R — linear crystallization rate, cm/s; & — diffusion layer thickness, cm;
D, — dopant diffusion coefficient in the melt, cm?/s. Diffusion layer thickness, which is present in (1) can be determined
frorzn an empirical relation & = 1.6D,"*v°0™"? , where o — crystal rotation frequency, s'; v — kinematic melt viscosity,
cm’/s.

Maximum impurities’ solubility in silicon is observed at temperatures of 1100-1300 °C, and is estimated using
distribution coefficient between solid and molten silicon. Tetrahedral covalent radii of boron and phosphorus are 0.88
and 1.10 A, respectively. Maximum boron solubility (at 1200 °C) is 5:10*° cm™ (0.38 wt.%), phosphorus (at 1150 °C) —
1,3-10*' em™ (2,8 wt.%). It is determined that boron and phosphorus dopants diffuse in accordance with the vacancy
mechanism during solar cell operation. It was also established that such impurities as Li, Cu, Au, diffuse through the
crystal lattice interstices at high velocities.

It was determined that the most effective purification is observed for Zr, Mo, W, Ta, Nb, Cd, Bi, as well as a quite
effective removal of such metals as Ti, V, Cr, Mn, Fe, Co, Zn, Ni, Cu, Ga , Ag.

Silicon nitride crucibles (instead of quartz ones) and tungsten heaters (instead of graphite ones) that were used in
the current study allowed to significantly reduce the content of harmful impurities. This way, oxygen concentration in
the product was 2:10'° - 210" cm™ (2.29:10 - 2.29:107 wt.%), carbon part — 5-10'°- 5.10'7 cm™ (4.29-107 - 4.29:10°
wt.%), nitrogen portion —<10"? cm™ (107 wt.%).

10 M

a b
Fig. 2. Formation of monocrystal silicon structures
a - selective crystal growth (the arrow indicates direction of the growth), b - monocrystalline silicon.

A monocrystal seeds with [111], [110] and [100] orientations were used for doped silicon monocrystals grows. Fig.
2 shows the character of monocrystal structure formation.

As can be seen from the Fig., under certain conditions, grains did not have the same orientation throughout their
volume. Selective growth of monocrystal grains was observed. It has been found that acceptor and donor impurities
concentration of one atom per million (P — 1.1-10° wt.%, B — 3.86:10” wt.%) is sufficient to cover the grain boundaries
that consist of pure silicon, with a layer of impurity atoms.
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It has been determined that while crystal growth with the [100] and [111] orientations, significantly fewer
dislocation density (< 10? cm™) than in the [110] and [112] orientations is observed.

G, Klem
110

0.0 0.5 Lo 1.5 20 15 X

E. mm/min

Fig. 3. Growth dislocations in silicon crystals. Fig. 4. The influence of the crystallization rate on the temperature
gradients along the axis of the crystals (1) and the average
dislocation density (2).

For silicon monocrystals with low pyq growth the "overclamping" method was used. It involves supersaturation
with vacancies near the crystallization front of the growing crystal by increasing the crystallization rate and temperature
gradient. This facilitates the dislocations inflow to the surface of the crystal and prevents dislocations from penetrating
the growing crystal (Fig. 3). According to the calculations, equilibrium concentration of vacancies in silicon at room
temperatures is 10’ — 10° cm™, and that it increases to 10" — 10'® cm™ when temperature is raised up to 1000 °C.

With the help of radiometal and electron microscopic analyses dislocation loops, vacancy clusters and their
complexes were revealed. During the crystal growth microdefects (MD) were formed as a result of impurity complexes
capturing by a growing crystal. In the post-crystallization period MD formation was observed as a result of the
supersaturated solid solution decomposition.

The influence of the rate of growing silicon on the dislocation density during directional crystallization was
determined (Fig. 4).

Analysis of the obtained data (Fig. 4) shows that the change in the average dislocation density of silicon
monocrystals correlates with the change of the maximum radial temperature gradient value in range of studied
crystallization rates. This dependence is exponential. In order to reduce the dislocation density, it is expedient to have
the maximum value of G observed not at the crystallization front, but in the volume of the growing crystal. The lowest
value of the maximum radial G in the crystal was observed when the phase boundary was slightly convex to the melt. It
was ~10-15 °C and corresponded to the minimum of observed values of pg = 3.4-10 cm™.

Fig. 5 shows the etch pits and dislocations found in n- and p-type silicon monocrystals. Dislocation density in the
most perfect crystals was less than 10% cm™.

Fig. 5 Silicon microstructure
a - etch pits, b - dislocation structure.

It is known that heat treatment of the semiconductor materials leads to a substantial change in minority carriers
lifetime, however, the relationship between the magnitude of the dislocation density in doped silicon monocrystals and
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thermal stability, electrical properties remains unclear. Typically, heat treatment leads to a significant reduction of
carriers lifetime. In order to avoid harmful effects of heat treatment, preparatory treatment with special organic reagents
of silicon monocrystals surface, annealing in chlorine containing atmosphere, coarse sanding, ion bombardment and
other methods are used.

In various papers authors claim that they are studying "dislocation-free" silicon crystals, but at the same time, it is
known that the most perfect monocrystals with low dislocation density are whisker crystals with the dislocation density
paof <10'-10% cm™[17, 18].

It is also known that the rate of dopants diffusion along dislocations is 10°-10” times greater than the rate of
volume and grain boundary diffusion [19]. This is likely to be the reason why monocrystals with a high dislocation
density are more sensitive to surface impurities’ influence and their nonequilibrium carriers’ lifetime alters more
significantly after diffusion annealing.

In this paper the effect of p-type samples heat treatment (vacuum < 10 Pa, 800 and 1200 °C) on the type of
conductivity, resistivity and nonequilibrium charge carriers’ lifetime t is revealed (Table 1).

As can be seen from the table, when heated up to 1200 °C, the difference in the value of dislocation density has no
significant effect on the T — post-heat treatment minority carriers’ lifetime. On the contrary, when heated up to 800 °C
the difference in the value of dislocation density influences the change of t heavily. In dislocation-free crystals (pg <
10% cm™) the lifetime has virtually unchanged after the heat treatment, while in crystals with pg = 10* cm™ it was 8 times
less. The findings may serve as an indirect evidence of a significant influence of impurity diffusion from the surface
into the volume of a crystal on the reduction of nonequilibrium carriers’ lifetime in silicon after being heated up to
800 °C.

Table 1.
Influence of dislocation density on the change of electrical properties of silicon.
At 800 °C
Properties before heat treatment After
Dislocation density, cm™ p, Ohm-cm T, US p, Ohm-cm T, US
510 10.8 39 12.9 5
2.3-10° 11.9 37.4 13.1 4.6
4.5-10° 13.7 37 13.6 5.4
<107 54 19 60.5 18
<10’ 67 20 49 15
<10’ 70 17 65.4 16
At 1200 °C
>10" 12.3 27 12 <3
510 11.9 23 15.4 <3
3-10* 12.4 27 13.4 <3
<10’ 51 23 66.6 <3
<10’ 68 39 64 <3
<10’ 56.5 21 70.1 <3
CONCLUSIONS

The optimal n- and p-type silicon monocrystals formation conditions were determined. During the crystallization
with high values of G and R oversaturation with vacancies of the growing crystal near the crystallization front is
observed. For [111] seed orientation this helps dislocations to come to the surface of a crystal.

Distinctive features of the n- and p-type silicon monostructure revealing that are associated with the existence of
the electric double layer formed at the semiconductor-solution surface, were determined. Surface lightning,
semiconductor heating, injection of the holes, etc. increase the rate of anodic dissolution of n-type silicon.
Interconnection of the dislocation structure of the crystals, crystallization rate and temperature gradient was revealed.
The minimal silicon perfect monocrystals’ dislocation density was 102 cm™.

High-temperature heat treatment of the n-type samples (up to 1200 °C) with different dislocation density has no
significant impact on the nonequilibrium carriers’ lifetime. A similar pattern is observed in the case of heat treatment
with <800 © C of crystals with low dislocation density. In doped perfect silicon monocrystals with pg <10* cm™ lifetime
virtually unchanged after the heat treatment. There was an evident decrease of the minority carriers’ lifetime (8 times
less) of the crystals with high dislocation density (heat treatment <800 °C), which is caused by the impurity (O,) and
recombination centers’ diffusion from the surface into the volume of the crystal.
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Established that the resulting of heat treatment of single crystals of NbSe, and NbSe; formed selenium vacancies. With the complex
investigation of the temperature dependences of resistance NbSe; and NbSe;, in different environments (air, vacuum, argon vapor
selenium) in the field of 300 - 550 K, the investigations of the relative change of the linear dimensions NbSe,, and the X-ray
diffraction investigations have shown that during heat treatment NbSe; and NbSe, formation of selenium vacancies, which cause a
deviation from the linear dependence of the resistance. The presence of selenium vacancies decreases the dimensions of the samples
along NbSe, layers and increases the lattice parameters. Found that the effective energy of vacancy selenium in quasi-single crystals
NbSe, decreases on the exposure time, that is, with increasing concentration of vacancies of selenium.

KEY WORDS: eclectrical resistivity, quasi two-dimensional monocrystals NbSe, quasi one-dimensional monocrystals NbSe;, point
defects, selenium vacancies

BJIACHI TOYKOBI JE®EKTH B AHI3OTPOITHUX KPUCTAJITYHUX CUCTEMAX (KBA3IIBOBUMIPHHUX
NbSe, I KBA3IOJHOBHUMIPHHUX NbSe;)
A.O. Mamaayii*, T.M. llenect*, H.b. ®ar’sanoBa*, K.O. MinakoBa*, H.H. 'ansnoB**
** Hayionanehuti mexniunuil ynisepcumem «XapKigCoKuil NOAIMexXHiuHuLl iIHCmumymy
M. Xapkie, eyn. @pyuze, 4, Vrpaina
* Dizuxo-mexuiynutl incmumym Huzvkux memnepamyp HAH Yxpainu im. b.1. Bepxina
M. Xapxie, np. Jlenina, 47, Yxpaina
BcranoBneno, 1o B pe3ynbTaTi TepMooOpoOku B MoHOkprcTanax NbSe, i NbSe; yTBoprooThcs BakaHcii celieHy. 3a JOMOMOIOI0
KOMITJIEKCHOTO JOCHIKEHHS TeMIIepaTypHuX 3ajexHocteil onopy NbSe; i NbSe, B pi3HUX cepeoBHIIaxX (MIOBITPS, BAaKyyM, aproH 3
mapamu cejeHy) B nmiamazoni temmeparyp 300-550 K, mocmimkeHs BigHOCHOI 3MiHM JiHIHHEX po3MmipiB NbSe,, a Takox
PEHTTCHOCTPYKTYPHUX IOCIHIIKEHb IMOKa3aHo, W0 MpU TepMidHiil o0pobmi NbSe; i NbSe, yTBOproroThCs BakaHCii celeHy, sKi
00yMOBIIIOIOTE BIAXWIICHHS ONOpY BiJ JIiHINHHOI 3anexHocTi. HasBHICTH BakaHCIH celleHy NMPU3BOAWTH 10 3MEHIICHHS PO3MipiB
3pa3kiB NbSe, y310Bxk mapiB Ta 10 30UIBIIEHHS ITapaMeTpiB penIiTkU. BcraHOBIEHO, M0 e(eKTUBHA €HEprisl yTBOPEHHS BaKaHCIi
ceJieHy B KBa3iJIBOBUMIPHMX MOHOKpHCTanax NbSe, 3MEHIIYETHCS BiJl 4acy BUTPHMKH, TOOTO 3 POCTOM KOHIIEHTpALl BaKaHCIH
CeJICHY.
KJIFOUYOBI CJIOBA: enexktpuuHHii orip, KBa3igBoBUMipHI MoHOKpHCcTanu NbSe,, kBaziognoMipHi moHokpuctanu NbSes;, To4koBi
nedexTH, BakaHCil ceneny

COBCTBEHHBIE TOYEYHBIE JE®EKTbBI B AHU30TPOIIHBIX KPUCTAJVNIMYECKUX CUCTEMAX
(KBA3BUJBYMEPHBIE NbSe, 1 KBASUOJHOMEPHBIE NbSe;)
A.A. Mamanyii*, T.H. llleqectr*, H.b. ®arbanoBa*, K.A. Munakosa*, H.H. 'anbuoB**
** HayuoHnanbHolll mexHuyeckuti yugepcumem «XapoKoGCKUll NOJUMEXHUYECKUL UHCTIUNTYILY
2. Xapvkos, yn. @pynse, 4, Yxpauna
* Qusuro-mexnuyeckuu uncmumym Huskux memnepamyp HAH Yxpaunot um. B.1. Bepxuna
2. Xapvkoe, np. Jlenuna, 47, Yepauna
YCcTaHOBIIEHO, YTO B pe3ysbTare TepMooOpadoTKi B MOHOKpHcTamuiax NbSe, n NbSe; oOpa3yrorcs Bakancuu ceneHa. C MOMOIIBIO
KOMITJIEKCHOTO HCCIIEIOBaHMUsI TEMIIEPaTYPHBIX 3aBHCUMOCTel comporuBieHus NbSe; u NbSe, B paznuunbix cpemax (BO3OyX,
BaKyyM, aproH C mapamu ceieHa) B uHTepBaie temmeparyp 300 —550 K, wmcciiemoBaHnii OTHOCUTENBHOTO M3MEHEHHUS JTHHEHHBIX
pa3mepoB NbSe,, a TakKe PEHITCHOCTPYKTYPHBIX HCCIIEOBaHMI IMOKa3aHO, YTO HMpH TepMudeckod obpaborke NbSe; m NbSe,
00pa3yloTcss BaKaHCHU CeJIeHa, KOTOpble OOYyCIIaBIMBAIOT OTKJIIOHEHHE CONPOTHUBICHWS OT JIMHEHHOW 3aBucuMocTH. Hammane
BaKaHCHH CeJieHa NPHBOJWT K yMEHBIICHHIO pa3MepoB oOpa3uoB NbSe, BIONB CIOEB M YBEIMYEHHIO IapaMeTPOB PEIIETKH.
VYcraHoBieHO, 4To 3¢ eKTHBHAs SHEPrust 00pa30BaHUs BAKAHCHI CelieHa B KBa3UABYMEPHBIX MOHOKpHcTauiax NbSe, ymeHblaercs
OT BPEMEHH BBIIEP)KKH, TO €CTh C POCTOM KOHIIEHTPAI[MY BaKaHCHUI celeHa.
KJIFOYEBBIE CJIOBA: »53nekTpHuecKoe CONPOTHBICHHE, KBa3HIBYMEpPHBIE MOHOKpUCTAIBI NbSe,;, KBa3HOAHOMEpHBIE
MOHOKpHUCTaIsl NbSes;, ToueuHble [edeKThl, BAKAHCHH CElIeHa

Intrinsic point defects in metal crystals have traditionally attracted a keen interest of researchers. By means of intrinsic point
defects implemented process diffusion mobility in condensed matter Point defects (mainly vacancies) occur in the lattice of metals in
the pre-melting temperatures and also in the presence of a variety of external influences (high-energy particle radiation, plastic
deformation, rapid changes in temperature over a wide range), which are often subjected to materials in the implementation of
service functions.

© Mamalui A.A., Shelest T.N., FatyanovaN.B., MinakovaK.A., Galtsov N.N., 2014
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A unique experimental method of "small perturbations” (because of the small value of the equilibrium concentration at high
temperatures Cy < 107 at. % [1]) is an opportunity to experimentally modify the properties of metals due to the presence of intrinsic
point defects, periodically returning to the main defect-free state as a result of rapid heating or cooling. This method can correctly
identify changes in the properties of metals due to the presence of vacancies.

The formation of representations about the vacancies in metals is an opportunity to test the main outstanding ideas of modern
solid state physics about the peculiarities of the phonon and electron spectra, the electron-phonon interaction in metals [2, 3]. This
applies to the model of single vacancies in metals as an analogue of the substitutional impurity "zero" valence and weight [4, 5].

A special interest is the solution of such issues for a sharply anisotropic lattice - in the case of quasi-crystals of low-
dimensional systems (2d and 1d). It is known that for the lattice high-temperature superconductors are characterized by low-
dimensional structures (for example, YBa,Cu;O;, — quasi one-dimensional chain CuO, quasi-two-plane CuQ,), containing a
significant number of point defects (vacancies of oxygen) [6,7]. The complicated structure of high-temperature superconductors
makes the interpretation of the results of investigation of the influence of defects in such systems on their properties. At the same
time, the study of systems which possess or quasi one-dimensional or two-dimensional quasi structural elements can greatly simplify
analysis of the experimental results.

Theoretically, the transition metal chalcogenides are model systems for the study of physical phenomena inherent in systems
with reduced dimensionality. For example, a study of the kinetic and thermodynamic properties of low-dimensional crystals with
point defects topical due with the problem of stability of the crystal lattice.

The typical representatives of transition metal chalcogenides are quasi two-dimensional monocrystals NbSe, and quasi one-
dimensional monocrystals NbSe;.

THE OBJECTS OF INVESTIGATION

A quasi two-dimensional monocrystalsNbSe, have a layered structure in the form of sandwiches each of which
consists of two layers of selenium atoms and niobium layer there between. The connection of atoms Nb and Se in the
sandwich is relatively strong (predominantly covalent). The layers NbSe, are interconnected in a crystal by weak van
der Waals forces. MonocrystalsNbSe, are known in the three versions: type 2H - NbSe,, 3R - NbSe, and 4H - NbSe,
[8].

Of all known modifications NbSe, is the most studied 2H - NbSe,. 2H - NbSe; is a metallic conductor type with a
hole conductivity at temperatures above 26K. The hole concentration is 1.4x10** sm™ [8]. The temperature for NbSe,,
according to [8], is Tp = 222 K. At the temperature of 7.2 K niobium diselenide becomes superconducting. At the
temperature of Tp = 35 K NbSe, undergoes a Peierls transition with the formation of a charge density wave (CDW).

The quasi one-dimensional crystals NbSe; made up of chains formed by trigonal prisms of selenium atoms. In the
center of the prisms is niobium atom. MonocrystalsNbSe; have a monoclinic lattice with a spatial group P2;/m. he
concentration of charge carriers at room temperature is n ~ 10*' sm™. On the temperature dependence of the electrical
resistance observed two large anomalies at the Tp; = 145 K and Tp,= 52 K are caused by the two independent Peierls
transition and the formation of a CDW [10].

POINT DEFECTS IN LOW-DIMENSIONAL STRUCTURES (LDS)

A significant effect on the properties of low-dimensional systems is the presence of point defects, in particular
vacancies. The basic methods of creating relatively significant concentration of point defects are the radiation and high-
temperature heating. These methods have substantial differences. Irradiating the crystals with high-energy particles are
generated different types of defects - internodes, vacancies and their complexes.

Study the influence of irradiation on the properties of low-dimensional chalcogenides is dedicated to a
considerable amount of articles [11 - 14]. In the article [11] theirradiation of NbSe, by electrons (2.5 MeV) leads to a
decrease in the temperature of the superconducting and CDW transitions. In the article [11] irradiation of
NbSeselectrons (under 3 MeV) leads to an increase in residual resistance, which is associated with the disorder in the
article lattice and electron localization, in the [12] is associated with the disorder in the lattice and the localization of the
conduction electrons. The irradiation of NbSe; by protons (2.5 MeV) [13] has on the temperature dependence of the
resistance is the same effect as the electric field, that is, leads to the suppression of the CDW.

In the article [14] found that irradiation of 2H - NbSe, by fast electrons leads to a redistribution of electron density,
namely, to an increase in the planes with a high packing density - base and prismatic — {110}, {210}. The appearance of
the diffuse scattering of X-rays and electrons at high doses is associated with an increase in the density of the electron
Fermi liquid.

A small number of works is dedicated to the study of the influence of defects produced by heating and rapid
cooling (quenching) on the physical characteristics of the studied LDS [15, 16]. In the article [15] monocrystals were
heated to 620 C for about 4 minutes and then subsequent rapid (less than one second) cooling to ambient temperature. It
was found that as a result of quenching of the CDW transitions are suppressed and the superconducting state is realized
at 7.2 K. It is caused by the transformation of NbSe; in to NbSe, in the heat treatment.

In the article [16] established that at a deviation from the stoichiometric composition (31.7 — 34.3 at. % Nb) 2H -
NbSe,, the degree of the anisotropy the structure is not substantially altered. It is shown the correlation between the
state of niobium sublattice and the critical temperature of the superconducting transition. Thus, almost no literature
details on the influence of on the properties of low-dimensional positions systems. Therefore, this work is devoted to
the experimental study of the effect of vacancies of Se on the structural and electrical properties NbSe, and NbSe;.
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HIGH-TEMPERATURE RESEARCHES OF THE ELECTRICAL RESISTIVITY AND THE THERMAL
EXPANSION

In [17] the creation of vacancies in single crystals of NbSe3 and NbSe2 was carried out using degassing selenium
atoms with isothermal samples in the region of high temperatures.

On the quasi two-dimensional monocrystals NbSe, and quasi one-dimensional monocrystals NbSe; explored
quasi-temperature dependences of electrical resistivity in the temperature range 300 — 550 K along the layers and along
the chains, respectively. Measurements of electric resistance were carried out with direct current by the compensation
scheme. We used a standard four-probe method for measurement. Researches carried out in different environments
(vacuum, air, argon selenium vapor). At T > 410 K there is a significant deviation from the linear dependence on all
temperature dependences of the electrical resistivity.Fig. 1 shows a typical temperature dependence of the resistivity of
single crystals of NbSe,.
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Fig. 1. Temperature dependence of the reduced the electrical Fig. 2. The relative increase (Al/l) length of the splice NbSe, of
resistivity quasi two-dimensional single crystal NbSe, in the 300  the temperature (T).
—450 K (measured along the layers).

As the connection in NbSe, saturated and intercalation processes and oxidation processes in NbSe, begin only at
T > 620 K [18], we can assume that the observed changes in the electrical resistivity associated with the formation of its
own equilibrium point defects (even when heated in air).

To investigate the formation of the lattice relaxation of point defects to splice NbSe, 6 mm in length was studied
the thermal expansion parallel to the plane (ab) during the continuous heating from 300 to 550 K by the standard
dilatometer Shevenara. Heating up to 550 K was carried out for 2.5 hours. The temperature dependence of the relative
elongation Al/l of the sample NbSe2 shown in Fig. 2. The figure shows that the temperature dependence of elongation
deviates from linearity to lower values and saturates. The temperature of start deviations correlated with the data on the
electrical resistivity.

The linear expansion coefficient NbSe, decreases by increasing the concentration the equilibrium point defects and
its average value is 3-10—6 K—1, which is in agreement with the findings Gavarri J.R. and others[18]. The relative
decrease of the length of the sample at the ambient temperature after high temperature exposure was Al/l =— 0,4 %. The
reducing Al/l agrees well with the mechanism of vacancy selenium caused by discontinuity bonds Nb-Se and Se-Se,
followed by degassing selenium atoms, i.c., is caused relaxation of the system due to the presence of selenium
vacancies. In this sample was produced X-ray diffractometry analysis (Fig. 3).

It was found that after the heat treatment the sample is a single phase and has a hexagonal structure with lattice
parameters a=3,456 A u ¢ =12,591 A. Before heating the lattice parameters have values a=3,44 A uc=12,54 A.
Thus, there is a slight increase in the lattice parameters of the formation of selenium vacancies. The relaxation of atoms
surrounding the vacancy, should lead to a shift their in the direction of the vacancies, which is equivalent to the full
stretch of the entire lattice in the case of an increase in the lattice parameters (unit cell volume). This process leads to a
decrease of the crystal volume. According to [18] layered hexagonal phase is maintained with decreasing selenium up
to 57% (at.). The period a varies weakly, and the period ¢ assumes the values intermediates between 12.54 and 13.00 A.
Our values of the lattice periods suggest that in the research process after several exposures to high temperatures 490 K
the samples of NbSe, retain a layered hexagonal structure and change their properties is caused by presence of selenium
vacancies. According to the method described in [19], evaluated Se vacancy concentration, which for this sample was
2.6 % (at.).

For studying the process diffusion redistribution of vacancies selenium and care process selenium from the
NbSe, measured the electrical resistivity of the samples along the layers during a series of isothermal exposures in the
air environment as in the case of HTSC [17]. Fig.4 shows typical results of measurements in one sample by
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consecutive isothermal exposures in the field of 353-453 K. The nonmonotonic character of the dependencies evidence
of implementing complex (composite) processes that accompany the formation of vacancies selenium.
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Fig. 3. X-ray diffractometer spectrum of the splice NbSe, before (a) and after (b) the high temperature exposure.

The temporary cross section obtained isothermal dependence of the electrical resistivity, which in the rough
assumption immutability of character defect, allowed us to estimate the dependence of vacancy formation energy of
selenium on the exposure time [17]. Fig. 5 is a plot of the effective vacancy formation energy of selenium on the
exposure time for the first series of isothermal exposures. The figure shows that the formation energy decreases with
time and exposure energy value ranges 0,8 + 0,3 eV.
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Fig. 4. Isothermal dependence of electrical resistivity NbSe,. Fig. 5. The dependence of vacancy formation energy of selenium

in NbSe, on the exposure time.

Decrease in the effective vacancy formation energy of selenium with increasing exposure time can be
associated with the dependence of the energy of formation of the vacancy concentration.

The process of formation of a vacancy of selenium must be accompanied by an increase number of carriers in
the conduction band due to the electrons, "liberated" from participating in covalent bonds Nb-Se. This injection of
carriers in the conduction band should lead to a shift of the Fermi energy to higher values, i.e. to a change in the density
of electronic states near the Fermi level, and as a consequence, to a change in the corresponding thermodynamic and
kinetic properties. In addition, due to of this injection of carriers in the conduction band should be a redistribution the
values of the binding energy due to changes in the electrostatic contribution. We can conclude that the experimentally
observed decrease of the effective vacancy formation energy of selenium according to the time of exposure conditioned
by weakening of bonds Nb-Se and strengthening links Nb-Nb as the concentration of selenium vacancies by increasing
the carrier concentration in the layers of Nb.

Decrease in the effective energy, characterized by the formation of vacancies with increasing concentration can
also be associated with the formation of vacancy clusters, or structural transformations, as in the area observed change
in selenium content in the sample. According to the phase diagram in the sample can be some weakly different

polymorphs [13].
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TRANSFORMATION RATIO AT PLASMA WAKEFIELD EXCITATION BY LASER
PULSE WITH RAMPING OF ITS INTENSITY ACCORDING TO COSINE
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Plasma wakefield excitation by shaped laser pulse, the intensity of which slowly increases up to its maximum in longitudinal
direction according to cosine and sharply cuts off at the tail of the pulse, is numerically simulated with the purpose to increase the
transformation ratio. The transformation ratio determines the maximum energy, to which electrons can be accelerated, and it is
estimated by the ratio of the amplitude of the wake wave after the pulse and the amplitude of the plasma perturbation within the
pulse. The length of the shaped laser pulse is selected to be longer than the plasma wavelength. The radius of the pulse is selected to
be much smaller than its length. It is shown that for the considered type of laser pulse shaping with these parameters the
transformation ratio can be much larger than the limiting value of two, which follows from Wilson theorem developed for particle
bunch, and which corresponds to any symmetric particle distribution in a bunch.

KEY WORDS: plasma wakefield excitation, laser pulse, transformation ratio, numerical simulation, asymmetric distribution

KOE®IIIEHT TPAHC®OPMALILL IIPH 35Y/)KEHHI KIIbBATEPHOI'O I1OJIA B IVIA3ZMI IPO®LIBOBAHUM
JJABEPHUM IMITYJIbCOM I3 HAPOCTAKOYOIO 3A KOCUHYCOM IHTEHCHUBHICTIO
B.I. Macaos, O.M. CBucTYH
Hayionanenuii naykosuii yenmp «Xapxiscokuil Qizuxo-mexniynuti incmumymy HAHY
8yn. Axademiuna, 1, Xapxis, 61108, Yrpaina

[Iposeneno 2d3v-uncioBe MoaemoBaHHs 30yKEHHS KUTEBATEPHOTO MO Y IUIa3Mi IPOQIIbOBAHIM JIA3EPHUM IMITYJILCOM i3 METOIO
30ibIIeHHS KoedinieHTa TpaHcdopmariii. [HTeHCHBHICTE J1a3epHOTO IMITyJIbCy MOBUIBHO HApPOCTAa€ 32 KOCHHYCOM Y IO3JIOBXKHBOMY
HanpsMKy Bil NepeIHbOro (GPOHTY 0 MaKCUMyMy i MOTIM pi3ko oOpuBaeThcs Ha 3amHboMy (poHTi. KoediuieHT Tpancdopmarii
BU3HAYa€ MaKCHMaJbHY EHEprio, OO0 sIKOI MOXYTb OYTH HpPHUCKOPEHI EIIEKTPOHH, 1 OILIHIOETHCS BIAHOIICHHSAM aMILITYIu
KUTbBaTEepHOI XBWJI MICHSA IMITYJIbCY 1 aMIUTITyIu 30ypeHHS IJIa3MH BCEpPEeIuHI iMIysbCy. [loBxkHHA MpOQiIbOBaHOTO JIa3epHOTO
IMIyJbCy BHOpaHa TaKUM YMHOM, 100 OyTH OiNBIIOIO 3a TUIA3MOBY IOBXKHHY XBHIi. Pamiyc iMmynbcy BuOpaH Tak, mo0 OyTH
Habarato MeHIUM Horo foBXuHHU. [lokazaHO, IO 3 TAKMMM IapaMeTpaMH Ta THIOM IPO(]iTIOBAHHS JIA3€PHOTO IMITYNBCY, IO
posrisinaeTsesi, KoeilieHT TpaHC(OpMaIlil 3HAYHO IEpeBHIIye I'paHUYHE 3HA4YeHHSA 2, IO BHUIUIMBA€E 3 TeopeMH BinbcoHa, sxa
PO3BUHEHA JUIS 3TYCTKY 3apsi/DKEHHX YacTHHOK, 1 BIAIOBifae BHIIAIKy 30y/DKEHHS KUTbBaTEpHOI XBWII y IUIa3Mi 3TyCTKOM i3
CHMETPUYHHIM PO3IOAITIOM 3aps/KEHUX YaCTHHOK.

KJIFOYOBI CJIOBA: 30ymKeHHS KibBaTEPHOTO MOJS Yy IJia3Mi, Ja3epHHU IMIyJbC, KOoedillieHT TpaHcopMallii, YucioBe
MOJICITIOBAaHHSI, ACUHMETPHYHHI PO3IIOILT

KOS®OPUILHUEHT TPAHC®OPMAIINU TP BO3BYKIEHUU KWJIIBBATEPHOI'O ITOJISA B IIVIABME
MPO®UINPOBAHHBIM JIASEPHBIM UMITYJIbCOM C HAPACTAIOIIEM ITO KOCUHYCY
HMHTEHCHUBHOCTBIO
B.A. Macaos, E.H. CBuctyn
Hayuonanvhuuii nayunwlii yenmp «Xapvrosckuii pusuxo-mexuuueckutl uncmumymy HAHY
ya. Akademuueckas, 1, Xapwvros, 61108, Yrpauna
IIpoBeneno 2d3v-uncieHHOE MOAENTUPOBAaHHWE BO30YKACHHS KWIBBATEPHOTO MO B IUIa3Me HPOQHIMPOBAHHBIM JIa3€PHBIM
HMITYJIbCOM C LIENbI0 YBeNnueHus koddduimenrta Tpancopmaruu. NHTEHCHBHOCTD J1a3epPHOTO UMITYJIbCa MEIJICHHO HApacTaeT 1o
KOCHHYCY B TPOJOJBHOM HAmpaBICHUH OT MepeaHero (poHTa 10 MaKCHMyMa M 3aTeM Pe3KO OOpbhIBaeTCsl y 3aaHEro (poHTa.
Koadduipentr tparchopmanuu omnpenensieT MaKCHMAIbHYI0 JHEPTHIO, A0 KOTOPOW MOryT OBITh YCKOPEHBI JIEKTPOHBI, U
OIICHUBAETCS OTHOIICHHEM AaMIUTUTYABl KWIIFBATEPHOH BOJHBEI TIOCIE HMITYJIbCA M aMIUTUTYIbl BO3MYIICHHS IUIa3Mbl BHYTPHU
nmITyibea. JHa pogrIMpoBaHHOTO JIA3epHOTO MMITYJIbca BBIOpaHa TakuM 0Opa3oM, 4TOOBI OBITH OOJbIE IUIa3MEHHON JUTHHBI
BOJIHEL. Pannyc nmirynbca BEIOpaH HAMHOTO MEHBIIUM €ro JUIMHEL [loka3zaHo, 4TO IS paccMaTpHBAaEMOro THIA MPO(UINPOBAHUS
JIa3epHOT0 MMITYJIbCA C TAaKMMH NapaMeTpaMu, KodpduiueHT TpaHchopManuy 3HaYUTEIBHO NPEBBINIAET MpPeIesIbHOE 3HAYCHUE 2,
Clieqyroliee M3 TeopeMbl BHIIbCOHA, Pa3BUTOH Ul CrycTKa 3apsDKCHHBIX YacTHI, M COOTBETCTBYIOIIEH Ciiydaio BO30YKICHHS

KWJIBBAaTEPHOI BOJIHBI B ITa3Me CTYCTKOM C CHMMETPUYHBIM Paclpeie/ieHHeM 3apsDKCSHHBIX YaCTHII.
KJIFOYEBBIE CJIOBA: B030yxIeHHE KWJIBBAaTEPHOTO MOJIS B IUIa3Me, JIA3epHBIH HMIYJbC, KOXPPHUIUEHT TpaHCHOpPMAINH,
YHCIIEHHOE MO/IETIMPOBAaHNE, ACHMMETPHYHOE pacipe/le/icHHe

For many applications it is important to obtain the beams of high-energy accelerated particles. One of the most
effective and promising method for formation of such beams is the acceleration of charged particles in wakefield
excited in the plasma by an intense laser pulse[1 — 7]. However, if the laser pulse length does not exceed the length of
the plasma wave, the level of plasma perturbations in the laser pulse region and after it (in the wake) are close. The
latter leads to the dissipation of the laser pulse on a relatively small spatial interval [8]. In this paper we numerically
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examine the physical mechanism of increase of the product of the longitudinal accelerating electric wakefield and the
length of the spatial interval in which this field is excited. This product is proportional to the transformation ratio. The
transformation ratio can be estimated by the ratio of the amplitude of wake wave behind the laser pulse to the maximum
plasma perturbation within the laser pulse. The transformation ratio is always less than or equals 2 for any symmetric
particle bunch distribution [9]. We suppose that it is correct for laser pulse. The transformation ratio can be increased by
altering the distribution of the driving bunch [9 — 11], the length of which is longer than the plasma wavelength. In
papers [9, 10] mechanisms of increase of the transformation ratio are considered for the case of the plasma wakefield
excitation by shaped electron bunch. The question arises about possibility of the transformation ratio increasing at the
plasma wakefield excitation by shaped laser pulse. To examine the mechanism of plasma wakefield excitation by
shaped laser pulse, the intensity of which slowly rises in longitudinal direction according to cosine and sharply cuts off
at the tail of the pulse, we numerically simulate the laser pulse interaction with the plasma on the basis of kinetic model.
We present the results of fully relativistic electromagnetic two dimensional particle — in — cell simulation, which was
performed by a modified version of the UMKA2D3V code (Institute of Computational Technologies) [12 — 14]. The
geometry of the considered problem, the parameters of the laser pulses and plasma are as follows. A computational
domain (X, y) has a rectangular shape with the following dimensions: 0 <x <300A and 0 <y <501, A is the laser pulse
wavelength. The number of particles per cell is 8 and the total number of particles is 596:10*. The simulation of each
considered case carried out up to 300 laser periods. The period of the laser pulse ty = 2m/w,, where w, is the laser
frequency. The s-polarized laser pulse enters the computation region which is filled with uniform plasma from the left
boundary and is incident normally on the plasma. The plasma density no=0.01016n., where n. is the critical plasma
density. All considered laser pulses have an asymmetric distribution in which the pulse intensity in the longitudinal
direction rises gradually according to cosine from the front of the pulse toward the peak and then falls off sharply. All
pulses have a Gaussian profile in the transverse direction. The longitudinal dimensions of the laser pulses are selected to
be longer than the plasma wavelength and are equal to 30X\ at half maximum. The transverse dimensions of the pulses
are selected to be less than the length of the pulse and FWHM (full width at half maximum) = 8\. The considered laser
pulse is fully entered in the plasma at the time t = 75t;. The simulations were performed for normalized amplitudes of
the laser vector potential, by = eEo/(m.cwg) =3, 4, 5,6, 7,8,9, 10, 11, 12 and 21 where e is the electron charge, Eyg is
the electric field amplitude, m, is the electron mass, ¢ is the speed of light. Below coordinates x and y, time t, electric
field amplitude E, and electron plasma density n, are given in dimensionless form in units of A, 27/wy, m.cwy/(27we),
m.m,*/(167°e?), correspondingly.

The main aim of this work is the research of the possibility of an increasing the transformation ratio in the Laser
Plasma Wakefield Acceleration scheme. For this purpose, a numerical simulation of the wakefield excitation in the
plasma by a laser pulse with an asymmetric intensity distribution was carried out.

WAKEFIELD EXCITATION IN PLASMA BY SHAPED LASER PULSE

At first we consider the wakefield excitation by one shaped laser pulse with a low intensity by =3 and b, =4. In
the case of a laser pulse with an intensity b, = 3 after 120 laser periods (t = 120ty) from the beginning of the interaction
the transformation ratio is equal to 3.8. The transformation ratio reaches a maximum value at the time t = 160t, and it
equals 4.3 (Fig. 1). The transformation ratio equals 5.9 at the time t = 120t, in the case of wakefield excitation in the
plasma by a laser pulse with an intensity by =4 (Fig. 2). The bunch of accelerated electrons is formed after 160 laser
periods (Fig.3) and destroyed after 280 laser periods. If an intensity of the laser pulse is byp=25 then the
transformation
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Fig.1. Longitudinal component of the wakefield E, excited by Fig.2. Longitudinal component of the wakefield E, excited by
one laser pulse with intensity by = 3 at the time t = 160t one laser pulse with intensity b, = 4 at the time t = 120t
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Fig.3. Wake perturbation of plasma electron density, excited by one laser pulse of low intensity by = 4 at the time t = 160t,

ratio reaches the value 6.26 at the time t = 120t, and the accelerated electron bunch, which was formed after 160 laser
periods, is not destroyed up to t = 300t,. When the plasma wakefield is excited by a laser pulse with an intensity by = 6,
the transformation ratio reaches a value 7 after 80 laser periods from the beginning of the interaction and is equal to
5.65 at the time t=120t,. In the case of wakefield excitation by the laser pulse with an intensity by=7 the
transformation ratio is equal to 5.6 at the time t = 80ty and equals 6.3 after 120 laser periods (Fig.4). Also the formation
of explicit bunch of accelerated electrons occurs after 160 laser periods for cases of laser pulses with an intensity by = 6
and by = 7 (Fig.5), at this time, the transformation ratios are equal to 3.4 and 5.2, respectively. The transformation ratio
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Fig.4. Longitudinal component of the wakefield E,
excited by one laser pulse with intensity b, = 7 at the
time t = 120t,

Fig.5. Wake perturbation of plasma electron density, excited by one laser
pulse with intensity b, = 7 at the time t = 160t,

equals 5.8 at the time t = 80ty and 7.4 at the time t = 120t, in the case of plasma wakefield excitation by a laser pulse
with an intensity by = 8. If the intensity of the laser pulse equals by =9 then the transformation ratio is equal to 6.2 after
80 laser periods and is equal to 7.9 after 120 laser periods. The transformation ratio reaches the value 7.6 at plasma
wakefield excitation by the laser pulses with intensities by = 10 (Fig.6) and by = 11 (Fig.7). However, for these cases at
the time of formation of the accelerated electron bunch (t=160ty) transformation ratio equals 4.4 and 5.5,
correspondingly.
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Fig.6. Longitudinal component of the wakefield E, excited by
one laser pulse with intensity by = 10 at the time t = 120t,

Fig.7. Longitudinal component of the wakefield E, excited by
one laser pulse with intensity by = 11 at the time t = 120t,
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Now we consider wakefield excitation by a laser pulse of large intensity by = 12. The transformation ratio is equal
to 6 after 80 laser periods from the beginning of the interaction and reaches the maximum value 9 at the time t = 120t
(Fig. 8). The accelerated electron bunch is formed after 160 laser periods (Fig. 9), and is not destroyed up to t = 300t,
(Fig. 10).

50

0.10 Ne/Nno
0.05
40 0.05
0.00
-0.05 30
x
w .o.10 >
-0.15 20
-0.20
10
-0.25
0 20 40 60 80 100 120 1 =
50 70 90 110 130 150 HW1.95

Fig.9. Wake perturbation of plasma electron density, excited by one laser pulse
of large intensity by = 12 at the time t = 160t,

Fig.8. Longitudinal component of the wakefield
E, excited by one laser pulse of large intensity

by =12 at the time t = 120t
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Fig.10. Wake perturbation of plasma electron density, excited by one laser pulse of large intensity b, = 12 at the time t = 300t

When the laser pulse of large intensity by = 21 excites the wakefield in the plasma, the transformation ratio reaches
the value 7.6 at the time t = 120t (Fig. 11). In this case the formation of accelerated electron bunch occurs at the time

t = 180t, (Fig. 12), in addition, we observe the formation of a sequence of quasi bunches of electrons (Fig. 13).
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CONCLUSIONS
It is shown that for an asymmetric laser pulse distribution in which the pulse intensity rises gradually according to
cosine from the front of the pulse toward the peak and then falls off sharply behind the peak, the transformation ratio
can be much larger than two. The numerical simulation shows that, in order to reach the value of the transformation
ratio larger than two, it is necessary that the length of the exciting pulse be greater than the plasma wavelength. In
addition, the pulse radius must be much less than the pulse length. Finally, the numerical simulation of the laser plasma
wakefield excitation indicates that for a given driving pulse, the bunch of accelerated electrons is formed.
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DEFINITION OF CONTRIBUTION AND TYPE OF PARTICLES IN MIXED SIGNAL
DETECTORS
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Procedure of particle type definition in mixed signal detectors was developed by the results of the device operation simulation and by
the results of experimental processing of telemetry data arriving from the orbit. The procedure is based on calculation justification of
predominately electron signal in the electron detection channel, lack of electron and gamma signals in the mode of measuring protons
in the energy range of 7.4-10.0 MeV, possibility to study the device operation in the range of an authentic proton flux when an
electronic component is absent. The latter case allowed to confirm record of bremsstrahlung in the mode of high energy particle
detection using the device when the satellite passed through the Brazilian magnetic anomaly (BMA). Basing on the characteristic
properties of the electron and proton channels, an attempt was made to define the type of particles in the background fluxes. The
simulation was performed using GEANT 4.7 package intended for designing nuclear processes of high-energy charged particles
passage through the satellite spectrometer-telescope STEP-F. The programs were developed using C ++ and they work under control
of OS RadHat LINUX 6.2 .

KEY WORDS: recording channel, silicon matrix, radiation belt, background fluxes, flux correlation, time/space distribution

BU3HAYEHHSA BHECKY TA TUITY YACTOK Y JETEKTOPAX 31 SMIIIAHWUMU CUT'HAJIAMHU
B.M. /lyouna
Xapxiscoruti nayionanvnutl ynieepcumem im. B.H. Kapazina, ®TD
np. Kypuamosa, 31, Xapxis, 61108, Ykpaina

Po3pobneHa MeToqMKa BU3HAYEHHS THITy YacTOK y JETEKTOpax 3i 3MilIaHMMH CHIHAJaMM 3 Pe3yJbTaTiB MOJENIOBAHHSA POOOTH
npubopy Ta AaHUX EKCIIEPUMEHTAIBFHOI 00pOOKH TeIeMEeTpUYHOI iHpopMalii oTpuMaHoIO 3 opOiTH. B OCHOBY MeTony MOKIaIeHO
PO3paxyHKOBE OOTPYHTYBAHHS IIE€PEBAXKHO €IEKTPOHHOTO CHTHAIY 3 KaHAIy eIeKTPOHHOTO JETEKTYBAaHHS, OpaK eIeKTPOHHOTO Ta
raMa-CHTHaIy y pEeXKUMI BHUMIPIOBaHHS MPOTOHIB Yy niama3oHi eHeprid 7.4-10.0 MeB, MoXiIHBiCTH AOCHIIKYyBaTH poOOTY
o6asHaHHA y 00JIacTi JOCTOBIPHOTO MOTOKY HMPOTOHIB Ta OJHOYACHO BIJICYTHICTIO €l1eKTpOHHOI KoMIoHeHTH. OCTaHHIl BUIagoK
JIO3BOJIMB IATBEPIUTH PEECTPALiI0 TAIEMOBOTO BHIIPOMIHIOBAHHS y PEKMMI JETEKTYBaHHS MPUJIAJOM YaCTOK BHCOKOI €Heprii mpu
MIPOXO/KEHHI CYIyTHUKOM Bpa3minbepkol MarHiTHOT aHoMaiii . Buxomsuu 3 ocoGIMBOCTI poOOTH €JIEKTPOHHOTO Ta IPOTOHHOTO
KaHaJiB, 3pobieHa crnpoba BU3HAYEHHS TUITy 4acTOK y (OHOBHMX MOTOKax. IIporpamm MonemroBaHHsi pobotu npunany CTEIT-O
po3pobieni Ha MoBi C++ Ta mpartrorots Ha atdopmi OC Red Hat LINUX 6.2 FEDORA .

KJIFOYOBI CJIOBA: kananmu peecTpaiii, KpeMHi€Ba MaTpuIlsl, pafialiifiHuii mosc, (OHOBI MOTOKH, KOPEJLis IOTOKIB,
YaCOBHH/TIPOCTOPOBHUIT PO3MTOILIT

OMNPEJEJIEHUE BKJIAJIA U THITA YACTHUI B JETEKTOPAX CO CMEIIAHHBIMU CUT'HAJIAMHU
B.H. lyouna
Xapvroeckuii Hayuonanvhwulil ynusepcumem um. B.H. Kapazuna, @TD
np. Kypuamoesa, 31, Xapwvrxos, 61108, Yxpauna

Pa3paboraHa MeTOJMKa ONpPEACNICHHsS THIA YAaCTHIl B JETEKTOPAX CO CMEIIAHHBIM CUTHAJIOM II0 PE3yJbTaTaM MOJEIUPOBAHUS
paboThl mpubOpa U JaHHBIM AKCIIEPUMEHTAIFHONH 00pabOTKH TeslleMeTpUdYecKoi MH(pOPMAIMK MOCTyMaBIIeil ¢ opoutel. B ocHoBe
METOJHKH JISKUT pPacuéTHOe 00OCHOBAaHHME MPEUMYIECTBEHHO 3JIEKTPOHHOTO CHTHAJA MO KaHAIy 3JIEKTPOHHOTO JIETeKTUPOBAHMS,
OTCYTCTBHE >JIEKTPOHHOTO U raMMa CHTHala B PEKHME M3MEpPEHHUs NIPOTOHOB B Auama3oHe >Hepruii 7.4-10.0 MsB, Bo3MOXXHOCTH
HccIenoBaTh paboTy mpubopa B 00NAacTH JOCTOBEPHOTO MOTOKA MPOTOHOB IIPH OJHOBPEMEHHOM OTCYTCTBUH 3JIEKTPOHHOI
KoMIoHeHTHI. [locnmenuuii ciaydail MO3BONMI IOATBEPAMTH PETHCTPALMIO TOPMO3HOTO W3IYYEHHS B PEXUME IETEKTHPOBAHUS
IIPUOOPOM YacTHUIl BBICOKOH SHEPIHHU IPHU NPOXOXKICHUN CITyTHHKOM Bpasmibckoii MarHuTHOM aHoManuy . Mcxonst n3 ocodbeHHocteit
PpaboTHI IEKTPOHHOTO ¥ IPOTOHHOTO KaHAJIOB, C/IeJIaHa TIOIMBITKA ONpeeIeHHs THIIA YacTHI] B (OHOBBIX MOTOKaX. MoJeanpoBaHue
MIPOBOJMIIOCH C UCIOJIb30BaHUEM MakeTa pazpabdorunka GEANT 4.7 snepHo-pu3nyeckux MPOLECCOB MPOXOXKICHUS 3apsLKEHHBIX
YacTHUIl BBICOKOM HEPrHM uepe3 CIyTHHKOBBIN crekTpomerp-teneckon CTIII-®. Ilporpammsr paspaboranbl Ha s3pike C++ u
paboratot nmox ynpasnenunem OC RadHat LINUX 6.2 .

KJIFOYEBBIE CJIOBA: kaHaibl perucTpaldy, KpeMHHEBAs MaTpHUIld, PaIHAllMOHHBIA MOsC, (OHOBBIC IOTOKH, KOPPEIALUS
MIOTOKOB, BPEMEHHOE/TIPOCTPAHCTBEHHOE PaCIIpe/IeNICHHUE.

The scientific experiment with satellite telescope of electrons and protons STEP-F, as a part of the “CORONA-
PHOTON” complex, was carried out in accordance with the agreement between the V.N. Karazin Kharkov National
University and the National Research Nuclear University (MIPhI).

The object of the experiment was to study the energy spectra dynamics and pitch-angle distribution of high energy
electrons, protons and alpha-particles of the Earth radiation belts during magnetospheric storms and substorms as well
as exposure of the Earth magnetosphere to the high speed flows of sun wind.
© DubinaV.N., 2014
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The device consists of a detector unit (STEP-FD) installed outside the hermetic compartment of the spacecraft and
a digital information processing unit STEP-FE placed inside the hermetic compartment.

The telescopic system of the detection head in the STEP-FD detector unit consists of two identical silicon
position-sensitive matrix detectors D1 and D2 (each of dimensions 45x45 mm and thickness 380 um) placed in series,
and two scintillation detectors based on Cs(T1) monocrystals “scanned” by photodiodes of large area (in D3 detector)
and by photomultiplier (in D4 detector) [1,2].

The aim of this work was to achieve the correspondence between calculated and measured data by modeling
possible spectrum distribution of primary particles.

The simulation was performed using GEANT 4.7 package intended for designing nuclear processes of high-energy
charged particles passage through the satellite spectrometer-telescope STEP-F. The programs were developed using
C ++ and they work under control of OS RadHat LINUX 6.2 [3].

SIMULATION OF MIXED FLUX RECORDING WITH THE STEP-F DEVICE

When studying the experimental results of STEP-F device operation, some special model calculations were made
to determine possible contribution of protons to an electron signal.

Possibility to record ions in the recording channel with 0.18-0.51 MeV electrons (hereinafter — D1e) is determined
by energy losses of protons (the lightest ions) with energy from 3.5 MeV. The minimum energy of the protons recorded
in the first positional-sensitive matrix, is determined by their maximum path in an aluminum screen with thickness of
105 microns. As soon as a particle with near-threshold energy can leave in D1 (hereinafter — the first silicon positional-
sensitive matrix detector) rather small energy, there is a probability to record protons with such energy in channel Dle.

With the aim to estimate the potential contribution of protons in the electron recording channel the absorption
probability of proton sub-threshold energy in D1 was calculated. For the proton recording channel calculation was
fulfilled in the energy range of 3.7-7.4 MeV, threshold of registration - 500 keV. The calculations were made in the
energy range of 3.5-3.7 MeV (Fig.1a, Tab.1).

For the proton energy of 3.68 MeV, the minimum absorbed energy in D1 was 600 keV. Basing on the energy
range of protons of 3.51-3.67 MeV which can be recorded in the electron channel (Tab.1), the proton flux in channel
Dle, according to the calculations carried out in approximation of the uniform spectral distribution of a proton flux by
energies can make 4.3 % from the proton flux recorded in channel D1p. In approximation of exponential distribution of
protons by energies (Fig.1b), the proton component contribution to the electron signal can reach 12 % of the proton flux
recorded in channel D1p.
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Fig.1. Effects of simulation of the STEP-F device operation with protons in D1

a — Dependence of the absorbed energy in D1 on the primary energy of the proton (threshold energy = 3.5 MeV);
b — fragment of an exponential spectral distribution of protons [4].

Accordingly, the maximum proton contribution of full signal in channel Dle can make 12% at low level of the
electron signal compared with the proton flux. The correlation with the experimental data will be demonstrated below.

Table 1.
Distribution of potential absorption in the first silicon matrix at energy less than 500 keV.
E, MeV 3.51 3.58 3.59 3.60 3.61 3.65 3.67
Recording probability in Dle 100 % 100 % 90 % 80 % 70 % 50 % 40 %

Preliminary analysis of the experimental data on the electron fluxes confirms the calculation results [2]. In its turn,
after the completion of the analysis of the entire available experimental data array on the protons spectral distribution,
the calculated values of the protons contribution to the electron channel will be specified.

Low energy of the device threshold in the mode of recording electrons can result in recording X-rays and gamma-
quanta. One of the X-ray sources effecting on the device are electron fluxes with energies of up to 170 keV. Electrons in
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this energy range do not get to the detector, being absorbed by the input aluminum window with thickness of 105 um
and by collimator of the STEP-F device. The value of this flux can exceed the values of the electron flux in the energy
range that is recorded by D1e by almost a factor of ten (see experimental part of article).

Model calculations of bremsstrahlung generation in the protective window, and in the STEP-F device input
collimator, as well as this bremsstrahlung record by silicon matrixes were carried out. Fig.2 presents spectral
distribution of gamma-quanta getting to the first detecting matrix (Fig.2a) and to the second silicon positional-sensitive
matrix (hereinafter — D2) (Fig.2b).
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Fig. 2. Bremsstrahlung spectra getting on D1 — a, and D2 — b, when the device is irradiated with monochromatic electron flux with
energy of 150 keV for electron beam Ng=10°

As Fig.2 shows, the bremsstrahlung spectrum getting to D1 is essentially softer than that getting to D2, so its
intensity is also more essential. Calculations showed that besides the secondary gamma rays getting in D1, about 2% of
the primary electrons with energy of up to 150 keV get there too, what can also make its contribution to D1 detector
reading, at essential values of fluxes in the range of low energies of electrons. As to the detecting matrix D2, electrons
in this range of energies virtually do not get there. The results of the device operation simulation have also shown that
the signal from the gamma-quanta, recorded in D1, is nearly by a factor of a hundred stronger than the signal in D2. So
irradiation of the detector silicon matrixes with gamma-quanta from the input window transmits a signal practically
only to DI1. Radiation yield from the aluminum foil, as well as from the input collimator of STEP-F device for the
primary electron energy of 150 keV was 2.028¢ per one electron [5].

In case of the electron flux excess in this energy range by a factor of a hundred compared to the electron flux
which is recorded in the D1e channel, the extra particle flux can rise to 20% due to bremsstrahlung. Model calculations
showed that in the energy range of gamma rays from 50 to 200 keV at bremsstrahlung generation on the side of the
input window, the Compton scattering signal in D1 can add up to 1.5% of the total particles flux recorded by the
detector. The bremsstrahlung generated by the electron flux incident on the device on the side of the input window and
the collimator can provide an effective contribution to the reading of D1 within the limits of 1% over the entire energy
range.

To estimate the share of the electron component of the particle flux recorded in the mixed radiation channel
p(E,.7-7.4 MeV) + e(E~=0.55-0.95 MeV), hereinafter D1p, simulation of the STEP-F device response to the real
electron fluxes obtained under the CORONAS-PHOTON experiment was carried out.

The model is developed in the approximation of the continuity of spectral distribution of the primary electron flux
and isotropic nature of the primary electron angular distribution.

Before calculating the integral components of the recorded flux for each energy of spectral distribution of the
primary electrons recorded by the detecting matrices, calculations of the electrons absorption probability distribution
between the matrix detectors D1 and D2 when irradiating the STEP-F device by electrons both at normal angle of
incidence to the surface of the protective foil and when irradiating the device by electron flux with isotropic angular
distribution were performed (Fig.3). Figure 3a presents the calculation results for the electron detection efficiency in
channels D1le and D1p both for the case of normal incidence of the primary electron flux, and for the case of isotropic
distribution of that in the range of angles corresponding to the STEP-F device apertures. The dependence of the number
of interacted electrons on their energy loss in the silicon matrix was calculated for each primary electron energy
(Fig.3b). The calculation was performed as follows: for each electron energy a flux with known angular distribution was
simulated and in accordance with the pre-selected power range, the events with the same energy loss were summed. To
calculate the detection efficiency in the channel D1p the obtained curves were integrated, starting with the threshold
energy for D1p channel (Fig.3b).Detection efficiency in Dle channel was calculated as the ratio of the particle flux
recorded in D1 and not caught by the second silicon matrix to the particle flux incident on the protective foil.

When simulating electron angular distribution corresponding to STEP-F device aperture essential decrease in
efficiency of low energy electron recording was observed as compared to simulation of normal angle of incidence, but
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in this case the absorption probability of electrons with energies exceeding the range of the electron detection in channel
Dle — 0.18-0.51 MeV increased (Fig.3). Recording of electrons in channel Dlp is due to the fact that for the high-
energy electrons a certain probability of their complete absorption always exists. As is evident from Fig.3, when
electrons are incident at wide angle the absorption probability for high-energy electrons also increases (Fig.3a,b).
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Fig.3. Sensitivity of D1 detector when recording primary electron flux in Dle and D1p channels
a: A —Dle at normal angle of incidence;  — at irradiation angles in the range of 0 - 79 °; ® and ¥ — the same for D1p channel.
b: A — distribution of energy loss of monochromatic electron flux in D1 detector of SETEP-F device, N, = 10°, E, = 1.2 MeV at
normal angle of incidence; ¢ — at angle of 50 °; vertical dashed line — threshold of D1p recording channel.

Calculations have shown that the most part of the flux in the energy range recorded in channel D1p, is recorded in
the channel for electrons with energy ranging from 0.35 to 0.95 MeV, hereinafter — D2e (Tab.1). It should be noted that
electrons of this energy range are also recorded in channel Dle (Fig.3a), but as is clear from the Figure, low-energy
electrons predominate considerably in the recording channel D1e, what makes it difficult to obtain a stable correlation
between the fluxes in channels D1e and D1p despite their identical geometric factors.

Table 2.
Probability of electron recording in channels D1p and D2e
Primary electron energy Recording efficiency in D1p channel Recording efficiency in D1p channel
keV % %
550 2.8 48
700 6.6 81
800 52 89
900 4.5 79
1200 3.9 38

Possible distinction of the electron primary flux distribution in different recording channels can be both spectral
distribution of a primary flux, and the character of primary angular distribution. Simulation of hitting of the electron
fluxes to the device recording surface at different angels was carried out. For example, when irradiating the device with
the wide-angle beam of 53°, the ratio of recorded fluxes D1p/D2e for E. = 1200 keV increased twice as compared to the
data obtained at isotropic irradiation of the STEP-F device.

Calculation of primary electron spectral distribution was simulated using the following power function:

E Y
N(E) =| Zmin
()(E), (1)

where parameter b > 0, E,;,— the minimal energy in the spectrum.

Such algorithmization well corresponds to the characteristic distribution of electrons incident on satellite (see the
part of comparison with another data sources). Parameter b was chosen so as to get real relation between the fluxes of
electrons detected by the detecting silicon matrix (hereinafter referred to as D1 and D2) for the whole analyzable period
of the satellite operation.

The electron flux recorded by each matrix was calculated as the integral of the product of spectral distribution of
the electron primary flux and electron absorption probabilities in each recording channel within the whole energy range
of each matrix allowing for the isotropic angular distribution (Fig.4).

Variation of spectral distribution using power function showed no significant spectral dependence for the electron
flux absorbed in D1p channel. Part of the electron flux recorded in the mixed channel (D1p) ranged from 4% to 5.5% of
the electron flux detected in D2e channel, at changing of the flux ratio Dl1e/D2e from 9 to 2, what corresponds to the
variation of parameter b from 4 to 2 ((1) and Fig.4).
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Variation of angular distributions (predominance of wide or lack of small angles) has shown potential growth of
ratio for fluxes D1p/D2e irrespective of the dependence on the primary spectral distribution of the electron flux.
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Fig.4. Simulation of recorded flux distribution in electron recording channels
e —a primary flux; ¥ — the flux recorded in D1le; A — the flux recorded in D2e; 5 — the flux recorded in channel D1p.
In a — parameter b = 4; In b — parameter b = 2. |

PROTON COMPONENT SELECTION IN THE MIXED RECORDING CHANNEL D1p DATA FROM
STEP-F DEVICE

At "Coronas-photon" satellite passage through radiation belts, spatial distributions of the fluxes recorded in
channels D2e and D1p, practically coincide, but the intensity recorded in channel D1p, is essentially lower than that in

D2e (Fig.5).
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Fig.5. Temporal (spatial) distribution of particle fluxes recorded in channels D1e — the upper curve, D2e — the dashed curve, D1p —
mark +, D2p — mark x.

Figure 5 shows how spatial distribution of the fluxes recorded by electron channels recur in D1p, an exception is
BMA area in which, at least, in its peripheral part, a marked discrepancy between indications of proton and electron

channels is observed (at 3:50:24) .

Electron fluxes, when penetrating through detecting matrices, are distributed in recording channels according to
the electrons path range, and in case of the mixed recording channel D1p they are selected by the level of the absorbed
energy threshold. However, due to the probabilistic character of electron energy loss, as well as high degree of angular
scattering dispersion, electrons of the same energy can be recorded in all the channels under study (Fig.4).

As regards to the recording channel D1e, high energies are recorded not due to complete absorption of electrons in
D1 (in this case, they are recorded in D1p channel), but due to their missing in the second matrix. Most part of the flux,
which can enter the channel D1p, is recorded in D2e channel (Fig.4).
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To study correlation of fluxes recorded in different channels and flux detectors, relations between D2e/D1p and
D1e/D2e have been analyzed (Fig.6a and 6b, respectively).
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Fig.6. Correlation of particles fluxes recorded in different channels

a: In channels D1p and D2e, D2e — bold curve; relation D2e/D1p — triangle markers;
b: In channels D1e and D2e, D2e — bold curve, ratio D1e/D2e — triangle markers.

Presence of the expressed maximum in the areas corresponding to passage through the radiation belts is
characteristic for curve D2e/D1p. This maximum correlates with D2e¢/D1p ratio which is about 20. In the model the flux
recorded in channel D1p makes 4-5 % of the flux recorded in channel D2e. The model calculations have shown that this
value depends on the threshold of recording in the mixed channel (D1p).

At 3:48:00 and 5:22:30 minimum of curve D2e/Dlp is observed what denotes practically complete absence of
electrons recorded in channel D2e in these areas. Thus, it can be assumed that a proton flux detected by the mixed
recording channel (D1p) prevails here, what is also confirmed by presence of fluxes detected in D2p channel at these
moments (Fig.5).

In the area of background fluxes, "between" the radiation belts (in Fig.6 it is presented by sample points of time
4:26:30, 6:46:00, etc.) equality of fluxes recorded in channels D1p and D2e is observed. According to our calculations,
in the areas of electron fluxes only up to 5% of electrons with energy above the threshold of those recorded in channel
D2e can be absorbed in D1p. Hence 95 % of the flux recorded in the area of background fluxes in channel D1p with
energy above threshold must be of no electronic nature and have the absorbed energy above that peak which electron
leaves in the detector matrices, i.e., up to SMeV [3]. The calculations and analysis allow affirming that the background
fluxes are of mixed nature. As it will be shown below, similar data on background fluxes have been obtained in some
other researches.

In the area of two “neighboring” crossings of the radiation belts, at descending and ascending orbit, at 5:56:00 and
6:07:00, considerable difference in the ratio of the fluxes D2e/D1p is observed, i.e., 9.68 and 21.2, respectively. And
with an absolute reduction of the flux in channel D1e (see. Fig.6-b), the ratio D1e/D2e increased from 3 to 10. As model
calculations on electron fluxes distribution between proton and electron channels, in the wide range of spectral
distribution of primary electrons, have shown, such a change in ratio of indications for D1p and D2e is impossible for
the case of isotropic angular distribution. Model studies of the recorded fluxes distributions have shown that this might
happen not due to sharp changes in the electron spectral distribution but due to the predominance of angular distribution
of the primary flux of electrons with wide angles (appropriate calculations are presented in section “Simulation”). In
such a way a reference criterion for determining the degree of isotropy of the initial radiation flux was obtained; the
effect of interaction between the device and the directed flux not getting normally on the sensitive surface of the
detector was confirmed.

Even greater decline in the ratio D2e/D1p (Fig.6a, at 7:31:30; 7:42:00) is accounted not only for the predominance
of wide angles in the primary flux, but also for the presence of the proton component in the mixed flux recorded in D1p
channel comparable with electrons, as it was mentioned above.
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Ratio D1p/D2e in the central part of BMA (at 7:06:00) shows prevalence of electron fluxes in the energy range of
0.35-0.95 MeV over proton fluxes in this area of space. Nevertheless, unlike the area of crossing radiation belts by the
satellite, contribution of electrons to the proton channel is not dominant. As is clear from Fig.6a (at 6:52:00 and
7:06:00) the electron flux increase in channel D2e in the BMA area more than twice, compared to that in the RB
crossing area, was accompanied by increase of the flux recorded in the channel D1p by more than 5 times. According to
our model calculations, it could not happen exclusively due to the electron component detected by the mixed flux
channel.

As it was noted earlier, the relative growth of electron component of the mixed signal in channel D1p was
observed at prevalence of wide angles in the area of the flux detection by STEP-F device, and was accompanied by
decrease in the integrated flux recorded by the device. In the central area of BMA, at high intensity, anisotropy of
radiation fluxes, in particular lack of normal angles when radiation hits the device input window, is improbable.

Proceeding from the assumption of isotropic angular distribution of particles hitting the STEP-F device in the area
of BMA, when using model calculations of fluxes distribution in channels D1p and D2e, we obtained the following
distribution mode of the flux proton component recorded by the mixed channel D1p(see Fig.7):
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Fig.7. Spatial and temporal distribution of protons according to the data of D1p (bold line) and D2p (triangle marker) channels.

The developed model has allowed analyzing the relationship between electron fluxes recorded in different
channels. An attempt was made to differentiate angular and spectral characteristics of the electron fluxes. Use of the
developed model makes it possible to restore spectra both proton, and electron spectra of primary fluxes hitting the
STEP-F device.

COMPARISON OF DATA FROM DETECTING MATRICES OF STEP-F DEVICE IN THE AREA OF
BACKGROUND FLUXES WITH THOSE OBTAINED IN OTHER RESERCHES

In the area of the radiation belts crossing the electron fluxes are usually much slower as to the count rate than in
the area of BMA (Fig.5,6), but they are accompanied by low-intensity, but spatially extended fluxes of particles.
Channel that do not records electrons (D2p, Fig.5,7) reproduce this distribution.

First of all attention should be paid to the fluxes recorded in channels D2e and D1p (Fig.5). In the area of
background fluxes, the latter ones recorded in channels D2e and D1p, have practically the same intensity (Fig.5). As it
was shown above, the electron part of the flux in the mixed channel D1p should be considerably lower, more than five
times than the flux recorded in channel D2e. The equality of the fluxes recorded in channels D1p and D2e, also occurs
in some arcas of BMA when electron flux recorded in channel D2e and even in Dle, is of the same value as the flux,
recorded by the mixed recording channel D1p (Fig.6, time points 3:52:00, 5:26:00 ).

According to the simulation of STEP-F device operation equality of the particle fluxes recorded in channels D2e
and D1p may indicate nothing but different nature of these particles.

Localization of equal fluxes of particles with different energies in one area of magnetosphere is possible only in
case of different types of these particles (Fig.8)

Figure 9 presents the data from the satellite "Meteor-M # 1" [7], and Fig.10 from the device "Electron-M-Peska"
which was also used in the "Coronas-photon" experiment [8]. Mixed nature of the background fluxes is proved by the
results of similar experiments with "Coronas-photon" using "Electron-M-Peska" device [8] recording both the electron
component of the flux in the energy range of 0.2-1MeV, and the proton component in the energy range of 4-16 MeV
(Fig.9).

Distribution of electrons in the energy range of 100-300 keV and protons in the energy range of 0.8 -1 MeV
marked by triangle, electron distribution with energy of more then 300 keV, marked by circle, and proton distribution
with energy more then 8 MeV (marked by square) are presented in Fig.9.

The results received with "Electron-M-Peska" device working on the orbit at the same time and under the same
conditions as the STEP-F device are presented in Fig.10, where electron distribution is marked as “@” and proton
distribution was marked as “]ﬂ”. As the figure shows the number of high energy electrons (more then 1 MeV) is
significantly less then that of protons in the energy range of 4-16 MeV. But electron flows with energy more then
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200 keV significantly stronger then those of protons for any energy, especially under radiation belt crossing. For us it is
important that proton were registered during the whole process of measuring. The same results were obtained when
modeling and processing the STEP-F data (see Fig.7).
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Fig.10. Variations of electron fluxes with energy of 0.2-4 MeV and protons fluxes with energy 5-16 MeV and above 80 MeV in the
period of UTC making 2 hours on July 6, 2009 received on "Electron-M-Peska".

In the course of all the loops “Meteor-M # 1" recorded protons in the energy range of 8 - 65 MeV, not only in the
BMA area (see. as example, Figure 9, UTC 1:20 - 1:35), but also in the area of background fluxes, as well as electrons
in the energy range of > 0.3MeV.

CONCLUSION

Presence of areas with spatially separated electron and proton fluxes in the part of magnetosphere under study
allows to analyze the mechanism of recording of the mixed flux in channel D1p.

The developed computer model of electron flux recording by the device allowed to define distribution principle
regularity for electrons with the same energy between different channels designed for recording particles.

When measuring proton fluxes, one may define the electron component contribution to signal D1p by electron
spectral distribution law, and can be estimated and calculated for concrete magnetospheric and other conditions.

When the proton fluxes are absent the channel D1p records electron component of the flux, its high-energy part,
when the electron with its range of path exceeding the value of the silicon matrix thickness, still leaves all its energy in
D1 channel. The electrons are recorded by the proton channel both due to the wide angle of their income, and due to the
wide scale of the electron energy absorption probabilities (Fig.3b).

Possibility to differentiate the proton and electron fluxes when processing the experimental data would allow
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analyzing the spectral distribution law for electrons and protons.
The detector channels which do not record the electron component of particle flux, as well as relation of the fluxes
recorded in D2e and D1p would allow detecting presence of ions in the background fluxes for certain.

The author thanks Ph.D. A.V. Dudnik, for the presented STEP-F device parameters and the primary data obtained
through the use of CORONAS-PHOTON satellite.
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The vortex structure in a space-homogeneous Bose-Einstein condensate of two particle species with different masses has been
studied. It is shown that the vortex structure in the two-component condensate is described by three dimensionless parameters, which
define the system. That is different from the usual one-component condensate, where the vortex is described by a parameter-less
dimensionless equation with a fixed structure. A few types of vortices with different qualitative structure are explored. In particular,
it is shown, that the vortex structure strongly depends on the sign of “interaction” constant of the components. There can exist the
super-density vortices, when the “interaction” constant is positive. These vortices have the near-axis density greater than the
equilibrium density of a homogeneous space Bose-Einstein condensate. We show that there can exist the vortices with opposite
direction of the condensate rotation near the axis and far off the axis.

KEY WORDS: Bose Einstein multi-component condensate, Gross-Pitaevskii equations, quantum vortex

PO CTPYKTYPY BUXPIB ¥ JIBOXKOMIIOHEHTHOMY BO3E-EMHIITEAHIBCbKOMY KOHIEHCATI
A.IL. IBamun, FO.M. IToyekToB
Hayionanvnuii naykosutl yenmp “Xapriecokuil izuxo-mexuiunuil incmumym’
61108, m. Xapxie, eyn. Axademiuna, 1

JIOCHi/PKEHO CTPYKTYpY BHXPIB Yy HPOCTOPOBO-OJHOPITHOMY 003¢ - CHHINTCHHIBCHKOMY KOHJIICHCATI YaCTHHOK JIBOX COPTIB 3
pisanMu Macamu. [loka3aHo, IO Yy JBOXKOMIIOHGHTHOMY BHIIQJKy CTPYKTYypa BHXpa BH3HAUa€ThCs TpboMa 0€3p0o3MipHUMHU
napameTpamy, 1I0 XapaKkTepu3yloTh cucTeMy. Lle cyTTeBO BiApi3HAETHCS BiJ 3BUYAHOTO OJHOKOMIIOHEHTHOT'O BHUMAJKY, JIe BUXOD
OIMHUCYEThCST PIBHIHHSM, sike y 0e3po3MipHiil gopmi B3arami He MIiCTHTh MapaMeTpiB CHCTEMH, a TOMY HOro CTPYKTypa HEe3MiHHA.
BuBueHO neski TUNM BHUXPIB 3 SIKICHO BiAMIHHOIO CTPYKTYpoOI0. 30KpeMa, ITOKa3aHo, IO CTPYKTypa BHXpa iCTOTHO 3aJIeKUTh Bil
3HaKa IMMOCTiHHOI "B3aemonii" koMmoHeHT. [Ipu MO3NTHBHOMY 3HAY€HHI IIi€i MOCTIHHOI MOXXYTh iCHYBaTH "BHXPH 3 IiIBHIIECHOIO
TYCTHHOK". Y TakWX BHXPIB I'yCTHHA MOOIH3Y OCi BHXpa OLUIbIIe 3a PIBHOBAXHY T'YCTHHY IMPOCTOPOBO-OJHOPITHOTO KOHICHCATY.
[Tokazano, Mo MOXYThH ICHYBaTH BHXPH, y SKUX KOHAEHCAT MOONM3y OCi i Ha BEIMKHX BiJCTaHSAX BiJ Oci BUXpa 00epTaEThCI B
TIPOTHIIEIKHI CTOPOHH.
KJIFOUOBI CJIOBA: 603e - eifHIITEHHIBCBbKil 6araTOKOMIOHEHTHUI KOH/IeH AT, piBHAHHS ['poca - [TiTacBchbKOro, KBAHTOBaHUMA
BUXOD

»

O CTPYKTYPE BUXPEM B JIBYXKOMIIOHEHTHOM
BO3E-DMHIITEHHOBCKOM KOHJIEHCATE
AL Wsamun’, 0.M. Moayskros™
Hayuonanvneiii nayunviii yenmp “Xapvrosckuil puzuxo-mexnuseckuii uncmumym’”’
61108, 2. Xapvros, yn. Axademuueckas, 1

HccnenoBana cTpykTypa BUXpedl B NPOCTPaHCTBEHHO-OJHOPOJHOM 003e-3HHINTEHHOBCKOM KOHJEHCATe 4YacTUL[ JBYX COPTOB C
pa3nuyHBIMH MaccamH. [loka3zaHO, YTO B JBYXKOMIOHEHTHOM Cllydae CTPYKTypa BHUXpsl ONpEACNseTcss Tpems Oe3pa3MepHBIMU
rapaMeTpamMu, XapaKTepU3yOMUMU CHCTEMY. DTO CyIIECTBEHHO OTIMYAETCS OT OOBIYHOTO OJJHOKOMIIOHEHTHOTO CITydJas, T/ie BUXph
OTIMCHIBAETCS] ypaBHEHHEM, KOTOpoe B 6e3pa3MepHoi Gopme BooOIe HE COAEPKHUT MapaMeTPOB CUCTEMBI, a TOTOMY €ro CTPYKTypa
Heu3MeHHa. M3ydeHbl HEKOTOpble THUIBI BUXpPEH C KAayeCTBEHHO pas3iuyarolleicsi CTpyKTypoil. B uacTHOCTH, moOKa3aHo, 4TO
CTPYKTYypa BUXpS CYIIECTBEHHO 3aBHCHT OT 3HAKa IOCTOSIHHOM «B3aMMOJEHCTBHUS» KOMHOHEHT. [IpM MONOKXHTETPHOM 3HAUYCHHU
9TOH NOCTOSTHHON MOTYT CYIIECTBOBAaTh «BHXPH C YIUIOTHEHHEM». Y TaKWX BHUXpeH INIOTHOCTH BOJHM3HM OCH BUXPS NPEBOCXOIHUT
PABHOBECHYIO IUIOTHOCTh IPOCTPAHCTBEHHO-OJHOPOJHOIO KOHJEHcara. Iloka3aHo, YTO MOTYT CyLIeCTBOBaTb BUXPH, y KOTOPBIX
KOHJIGHCAT BOJIM3M OCH M Ha OOJIBIIIMX PACCTOSHUAX OT OCH BUXPs BPAILIAETCsl B IPOTHBOIOJIOKHBIE CTOPOHBL.
KJIFOYEBBIE CJIOBA: 003¢-3{{HIITE/{HOBCKMIT MHOTOKOMITIOHEHTHBIH — KOHZIEHcaT, ypaBHeHusi [ 'pocca-ITuraesckoro,
KBaHTOBaHHBIN BUXPb

B pabotax [1,2] Opta uccrnenoBaHa KBaHTOBaHHAS BHXpEBas HUTHh B cllaboHenaeamsHOM Oo3e-raze. CTpykTypa
9TOTrO BUXPSI TaKOBa, YTO HAa OCH BUXPS IDIOTHOCTH 003e-difHmTeiHOBCKOTO KoHAeHcaTa (BOK) obparmaercs B HOMB U
MOHOTOHHO BO3pPacTaeT [0 pAaBHOBECHOTO 3HAYCHUS IUIOTHOCTH IPOCTPAHCTBEHHO-OJHOPOJHON CHCTEMBI.
XapakTepHOE pPacCTOSHUE, HA KOTOPOM MEHSETCSl IUIOTHOCTh BOJM3M OCH BHXPS, OINpPEAEISIETCS KOPPEIAMOHHON
JUIMHOM, 3aBHCSIIEH OT MAacChl 4aCTHIBI, PABHOBECHOW IJIOTHOCTH U MOCTOSHHOW MEXYaCTHYHOIO B3aMMOJECHCTBHS.
KoppensiimonHass JAfnvHA OMNpeJENseT pa3Mep CeplEBUHbI BHUXpS. YpPaBHEHHE, OIUCHIBAIOLIEE BUXPb B
OJTHOKOMIIOHEHTHO# CHCTeMe, €CIIM ero 3amucath B Oe3pa3MepHoil Gopme, sIBISIeTCS YHUBEPCAILHBIM U HE CONEPKHUT
HUKaKUX @apaMeTpoB, XapaKTepu3yIoImMx cucteMmy [3], a, cleaoBaTeNbHO, CTPYKTypa BHXped BO Bcex

© lvashin A.P, Poluektov Yu.M., 2014
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OJTHOKOMIIOHEHTHBIX ~CHUCT€Max OJMHakoBa. BimsHue 5((QEKTOB HENOKAJbHOCTH HAa CTPYKTYPY BHXpS
paccMmaTpuBanoch B [4].

Coznanne BOK B aTOMHBIX ra3zax IIEJIOYHBIX 3JIEMEHTOB, YAECPKUBAEMbIX B MATHUTHBIX WIN Ja3€pHBIX JIOBYIIKaX
[5-8], mO3BOAMIIO MOMYYUTh U HKCHEPUMEHTANBHO U3ydaThb BUXPHU B MPOCTPAHCTBEHHO-HEOAHOPOIHBIX yCIOBUAX [9-
13]. HccnenoBanuch He TONBKO OJHOKOMIIOHEHTHBIE CHCTEMbI, HO ObUIa pealn3oBaHa BO3MOXKHOCTH CO3aBaTh
KOHJICHCAThl CMECH JIBYX HJIM HECKOJIBKHX COPTOB YAaCTHIl M BUXPEBBIC COCTOSHHS B TaKMX OOJIee CIIOKHBIX CHCTEMax
[11-13]. Xors mByxkomnoHeHTHble BOK B noBymkax M BUXpH B HHX HM3y4aluch Teopetnuecku [7,8,14-18], HO
JETalbHbIl aHAIM3 CTPYKTYPbl BHUXpS B TaKMX CHCT€MaX B 3aBUCHUMOCTH OT XapaKTEPUCTUK CPENAbI, HACKOJIBKO
H3BECTHO aBTOPAM, OTCYTCTBYET Ul IPOCTPAHCTBEHHO-OJHOPOIHOTO CITy4asi.

Lenpto maHHON paOOTHI SBISIETCS MCCIENOBAaHHME CTPYKTYPBHl BHXPEH B IMPOCTPAaHCTBEHHO-OJHOPOTHOM 0Oo03e-
SHHINTEMHOBCKOM KOHJEHCAaTe 4YacTHL[ JBYyX COPTOB C pa3nu4yHbIMM Maccamu. [lokazaHo, 49TO B 3TOM
JBYXKOMIIOHEHTHOM Cllyyae CTPYKTypa BUXpPs 3aBUCHUT OT TpeX Oe3pa3MepHbIX MapaMeTpoB. V3MeHeHHe IUIOTHOCTEH
KaX10M M3 KOMIOHEHT, CYMMAapHOH IUIOTHOCTH, a TaK)Ke IUIOTHOCTH MOTOKA MACChl B 3aBUCUMOCTH OT PacCTOSIHHUSA 10
OCH BUXpsl ONpENessieTcsl 3HAaYeHUSIMH OTHX mapamerpoB. OOpariaercs BHHMaHHE, 4TO PAacCMOTpPEHHas CHCTEMa
CYLIECTBEHHO OTIMYAaeTCs OT OJHOKOMIIOHEHTHOTO Cilydas, IJl€é BUXPh OIMCHIBACTCS YHHUBEPCAIbHBIM HEIHHEHHBIM
ypaBHEHHEM, KOTOpoe B Oe3pa3MepHON (opme BOOOIIE HE COACPKUT XapaKTepUCTUK cuctembl [1-3]. M3yueHsl
HEKOTOpHIE BO3MOXKHBIC, KaueCTBEHHO pa3IMYHbIE CTPYKTYpbl BUXpeHd IIpH pPa3IM4YHBIX Ha0Opax mHapameTpos,
XapaKTepU3yHOIIUX ABYXKOMIOHEHTHbIN KOHJeHcaT. [loka3aHo, 4TO CTPYKTypa BUXPs CYLECTBEHHO 3aBUCHUT OT 3HAaKa
MOCTOSIHHOM ~ «B3aMMOJCHCTBUS» KOMIIOHEHT. B 4acTHOCTHM, NpU MNONOXKUTENIBHOM 3HAa4€HHU IOCTOSHHOU
B3aNMOJEHCTBHUS, OKa3bIBAETCS BO3MOXKHBIMH CYIIECTBOBAaHHE CBOCOOPA3HBIX «BHXpEH C YIUIOTHEHHMEM». B Takux
BUXPSIX TIONHAs IUIOTHOCTh BOJHM3M OCH MOET NPEBOCXOJUTH PABHOBECHYIO IUIOTHOCTh HPOCTPAaHCTBEHHO-
OJHOPOJHOTO KOHJEHCAaTa, 4YTO HEBO3MOXXHO B OJHOKOMIIOHEHTHOM ciy4ae. IlokasaHo Takke, 49TO MOTYT
CYIIECTBOBATh BHXPH, Yy KOTOPBIX KOHJEHCAT BOMM3M OCH M Ha OOJBIIMX PACCTOSIHUSAX OT OCH BHXps BpamlaeTcs B
MPOTHBOIOJIOKHBIE CTOPOHBL.

B cratee cucrema ypaBHenmid I'pocca-IlutaeBckoro (I'Tl) mms nByxkommonentHoro BOK mpencraBiena B
6e3pa3MepHOi cuMMeTpudHOi popme. CucTema COIepKUT MATh Oe3pa3sMepHBIX MapaMeTPOB, 3 KOTOPBIX TOIBKO TPH
napamerpa siBJIstoTcsl He3aBucuMbiMu. Jlanee ypaBuenust ['T1 s Monyneli MakpOCKOMMYECKUX BOJHOBBIX (DYHKIMN
3alucaHbl B IUIMHIPUYECKON CHCTeMe KOOpAMHAT NPU HAIWYMKM BUXPEBOTO ABWKEHMS C JABYMsS KBAaHTOBAHHBIMHU
mupKysinusamu. ViceiaenoBana acMMOTOTHKA pelIeHHH Ha OOJBIIMX pacCTOSHUAX OT ocu Buxps. IlokaszaHo, uTo
pellIeHus] YPaBHEHUI MOTYT CTPEMHUThCA K CBOEMY aCUMITOTHYECKOMY 3HAUEHHUIO KaK «CBEPXY», TaK U «CHU3Y», TaK
YTO TPU ONPE/AEIEHHBIX YCIOBHSAX MOJNHAS IUIOTHOCTh BOJIM3M OCH BHUXPS MOXET OBITH OOJbIIE paBHOBECHOW
IUIOTHOCTH Ha OECKOHEYHOCTH. HekoTopble, KauecTBEHHO pa3IMYHBIC CTPYKTYPHI BHUXpPS INPH pa3IMuHBIX Habopax
MapaMeTpoB, OINHUCBHIBAIOIIMX CUCTEMY, HU3y4Y€Hbl UHUCIEHHO. PaccMOTpeHBl ciy4yaw, KOrja OTIMYHA OT HYJA
LUPKYJSONS TOJBKO OJHOW W3 KOMIIOHEHT M KOTZla HE pPaBHBI HyN0 o0e nupkymsiuu. [IpoanamusmpoBaHO
pacnpeneneHue MIOTHOCTH MMOTOKA MAacChl B BUXPEBOW HUTH.

YPABHEHMS I'POCCA-IIUTAEBCKOTO ISl IBYXKOMIIOHEHTHOM CUCTEMBbI
bo3e-3MHITEeHHOBCKUI KOHAEHCAT COCTOSIIUM U3 YacTHIl IByX COPTOB C MaccaMH m, , 1, U INIOTHOCTSAMH 7, 1,

OIMMCBIBACTCS CTAllMOHAPHBIMU YPAaBHCHUSAMU FpOCCEI-HI/ITaCBCKOFO 1A MaKpOCKOIMMYECKUX BOJIHOBBIX (l)yHKHI/If/'I
@, (r),®,(r) [7.8]

2

h
_%A(Dl (r)+ gu®, (r)|(1)1 (l‘)|2 +8,P, (r)|CD2 (l‘)|2 = 1P, (r),
!

) (1)
AD, (1) + g, ®, (r)|@, (1) +g,®, (r)|®, (r)] = 1@, (r).

2m,
Urcno 9acTHIl KaXXI0TO COpTa ONPEAeIISIeTCS COOTHOMICHUSAMU
2
N, =[lo,(r)dr,  (i=12). )
B nampHeiimem OymeM moOnb30BaThCs WHACKCAMU i,k =1,2 g1mi1 o0O3HAYEHHWS COPTOB YACTHII W KOMIIOHEHT
KOHJeHcaTa. B KOMIUIEKCHBIX (YHKIHMAX MOXKHO BBIIEIUTh MOIYIH O, MU (a3bl jy,, 3alUCaB HX B BHIE
d)i(r):pi(r)exp[i ;(l.(r)] Torma IUIOTHOCTH 4YHCIIAa YaCTHIL ni(r) U CKOPOCTH vi(r) KaXI0H KOMIIOHEHTEI
BEIPaXKAFOTCS Yepe3 MOAYIb U a3y
h
2
n(r)=pi(r). v, (r):;V;(i(r). 3)
i

B NPOCTPAHCTBEHHO-OAHOPOAHOM COCTOSAHMM XMMHYECKUEC IIOTCHUUAIBI 4, 4, CBA3aHbBI C PABHOBECHBIMH

IUIOTHOCTSAMU
H =& + &1l Hy = 8l + 8517 - “4)
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Bynem mpeamnonaraTe BBIIOTHEHHBIMU YCJIOBHS YCTOMYMBOCTH MPOCTPAHCTBEHHO-OJHOPOIHOTO COCTOSIHHSA CHCTEMBI
[7.8]
81>0, g,>0, 2,8, _g122 >0. (5)
Ynobuo mepeiltu Kk Oe3pasmepHbIM GyHKUMAM Y, =D, / \/a , w,=0, / \/a . OmnpenenuM  UIMHEI

KOICpCHTHOCTH IJIA HCpBOP‘I u BTOpOﬁ KOMITIOHCHTBI KOHJACHCATaA COOTHOIICHUAMNU
h h

§ =F—, & =— (6)
\2m g, my, N2m, 8,51y
u BBeleM d(PQPEKTUBHYIO JUIMHY KOTEPEeHTHOCTH & =./&7+E,7, ¢ moMmomibio KOTOpoit omnpenenum Ge3pasmMepHbie

KOOpAMHATBL F=r/&, Tak uto A= E£7A . B nanbHeiiniem 3HAaYOK THIBIBI GyaeM omyckaTh. B GespasmepHoii hopme

cucreMa ypaBHeHui (1) nmpuHUMaeT Bua
-A ¥ (l‘)+ Al (|l//1 (l‘)|2 _l)l/ll (r)'H”B] (|‘//2 (r)|2 _1)(//1 (l’) =0,
-A ¥, (l‘)+ Az (|'//2 (l‘)|2 _1)V/2 (r)+u32 (|l//| (r)|2 _1)l//2 (l‘) =0.

Cucrema ypaBHeHHWH (7) 3ammcaHa B CHMMETPHYHOH (opMe M COACPKHT IATh Oe3pa3MepHBIX K03(uImeHToB:

(7

A,4,,B,B, n u=g, / \&18y - Koobdurmentsr 4, B, He SBIAIOTCS HE3aBUCHMBIMH, a BHIPAXAIOTCSA dYepe3 J(Ba
0e3pasMEpHBIX IOJOKUTENBHBIX MapaMeTpa, OJMH U3 KOTOPBIX ONPENENAETCS OTHOIIEHHEM JUIMH KOTePEHTHOCTH

2 o o o o
412 = (52 /51) , @ BTOPOM BBIPAXKACTCA YCPC3 OTHOLICHUC MJIOTHOCTEU U MOCTOAHHBIX B3aUMOACHUCTBUSA B KAXKIOU U3

KOMIIOHEHT 7] = (n20 [y, )1 |g,,/2,, - Takum 06pa3om, peleHust CHCTEMbl ypaBHEeHHIT (1) 3aBHCSAT OT TPeX HE3aBHCHMbIX

6e3pa3MepHBIX ITapaMETPOB, B KAUeCTBE KOTOPBIX BHIOEPEM BEINYNHBI

gzz{g—zj, p=t 82 _8n ®)

, u= .
& Mo N 8n VEii82

Iepsble aBa MapameTpa B (8) MOJIOKUTENBHbL, a U TPEThEro, B CUITy YCIOBHiA (5) CIpaBelIuBO HEPABEHCTBO 1 < 1.
Koaddunmentsr B ypaBHenusx (7) uepes napameTpsl (8) BeIpaxkatoTcs GopMyIamMu
2 -2
4 =1+4¢7, A4, =1+¢7,
— _ -1
Bl = A177> Bz = A277 .
Crenyer mom4epKHyTh, YTO B OTJIMYME OT OJHOKOMIIOHEHTHOTO Cilyyas, I/ie ypaBHeHHE B Oe3pasMepHOi (opme He
COJZIEP)KUT TIapaMeTPOB Cpelbl M SIBISETCS YHHBEPCAIbHBIM, B JIByXKOMIIOHEHTHOM KOHJEHcare Kod(QQUIHEHTHI

CHUCTCMbI ypaBHeHI/Iﬁ OIMPCACIIAIOTCA TPEMS 6€3pa3MepHI>IMI/I HC3aBUCUMBIMU TMapaMETpaMu (8) B 3aBucumocTu ot
BCJIMYMHBI 3TUX KOB(i)(i)I/IHI/IeHTOB BUXPb, KaK 6y;[eT IMOKa3aHO, MOXKET UMETH PA3JIMYHYIO CTPYKTYpPY.

)

YPABHEHMUS I'POCCA-IINTAEBCKOI'O JJIs1 BUXPSI
Bynem wuckaTh CHMMETpPHYHBIE OTHOCHTEIBHO OCH z peIeHus cucreMbl ypaBHeHud (7) B Buzae

v, (r,¢) =f (r)exp[i X (¢)] , The r,¢ - TWINHAPHYECKNEe KOOPIUHATHI. [ TakoW (YHKIMH CKOPOCTH KOMITOHEHT

HUMCIOT BU]J

n dy(4)
v. - ¢, (10)
mr d¢ ¢
i
T/€ €, - SMHUYHBIA BEKTOP, HATIPABIIEHHBIH 110 KACATENBHBIM K OKPYXKHOCTSM C LIEHTPOM Ha OCH Z .

Juist bynkumii f; (r) u3 (7) monydaeM cucTeMy ypaBHCHHIA:

d? 1d 12
LS VAR I 0 B (1 -1 =0,
dr rdr r (an
d? 1d L?
AL YA L g B (-1, =0,
dr rdr r

Byzem nsy4ath pelleHus TUX ypaBHEHHUIl IPH CIIEAyIOMMX TPaHUMHbIX ycnoBusx: mpu * >1 nomaraem f(0)=0 nu
fi()=1,anpu [, =0 nonaraem (df,/dr)(0)=0, f(x)=1.
TToHast IUIOTHOCTB YHCIIA YACTHIL B BUXPE
n(r)=mofy (r)+mef; (r). (12)

Banu or ocHM BHXps [IOJIHAS IIOTHOCTh YHCIA YACTHI| PABHA PABHOBECHOM IIOTHOCTH n(o0)=n, =n, +ny . Daza
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MaKpPOCKOIIMYECKON BOJIHOBOH (DYHKIIMH BBIOMpACTCS B BHJC ;(L(¢) =/¢, rne [, =0,£1,+2,.... 3HaK BeIUYMHBI /,

OIpeJe/sSeT HAPABICHHE BPALICHUS BUXPS. B IBYXKOMIOHEHTHOW CHCTEME C BHXPEBBIM [BIDKCHHEM B KaXIOi U3
KOMIIOHEHT MOXKET ObITh CBSI3aHa CBOSI KBAHTOBAHHAS LIUPKY LIS
2rhl,

Fizmvi-dl: g (13)

i

HHTepecHO 0COOEHHOCTHIO JBYXKOMITOHEHTHOTO KOHJICHCATa SIBJISETCS BO3MOXKHOCTH CYIIECTBOBAHHS BHXDS
TOJBKO B OJHOM M3 KOMIIOHEHT, TOT/Ia KaK B JAPYroil KOMIIOHEHTE JBIJKCHHE OCTaeTcsi OE3BUXPEBBIM M B 3TOH
KOMIIOHEHTE LMPKYJSIIUS paBHA HYJII0. OTOW CHTyalluM OTBE4aroT Habopel umcen [ =x1 wu [, =0, mmbo

[,=0 [,=%1. Eme oxHa cyLecTBeHHas OCOOEHHOCTb IPOSBISETCS B BO3MOXKHOCTU BpAlllCHUS KOMIIOHEHT B
IIPOTUBOIIONIOKHBIX HAINlPaBICHUSX, Y€MY, HallpuMep, COOTBETCTBYeT Habop umcen [, =+1 u [, =—1. IlmoTHOCTH

IMIOTOKa MacCChl B anpeBoﬁ HUTHU ABYXKOMIIOHCHTHOI'O KOHJICHCATa OIPEACICHa COOTHOMICHUEM

h
J :7[l1n10f12 (’/)_FlZnZOfZ2 (r)]e¢ EJ«J (r)e¢ ’ (14)
C ydeTom 3Toro, YrIIoBOH MOMEHT BUXps L = I[r xJ ]dr B AByXxKkoMmoHeHTHOM BOK maercs popmymoit
L=a(lN,+L,N,)e._, 15)

©

IIe €, - OpT BHONb OCH BUXpA, a N, =27n, L, J. f: (r)rdr - MOJHOE YHCIIO YacCTHI copTa i, L, - JUIMHAa BUXpA.
0

O6patM BHUMaHHE, YTO PACNpPE/ENEHHE IJIOTHOCTEH KOMIIOHEHT HE 3aBMCHMT OT 3HAaKa LMPKYJIALMH, a YIJIOBOH

MOMEHT (15), ecTecTBEHHO, OT HEro 3aBHCHUT. Ecin BpalleHHe KOMIIOHEHT MPOTHBOIOJOKHOE, TO NPH BBIIOJHEHUH

ycnoBus [ny, +1,n,, =0 NOIHBIA MOMEHT BpallleHUs! BUXPs 00paIaeTcs B HOJIb.

PEINEHUSI YPABHEHUM JIJISI BUXPS HA BOJIBIIINX PACCTOSIHUSIX
Paccmorpum acumnroTnky perneHuid ypasHenui (11). Ha Gonpmmx paccrosHusix r >>1 peleHus ypaBHEHHH

a.
(11) nmerot Bug f; = l+r—;, e

(112‘42 _”77122‘41) (lzzAl _“7771[12‘42)
="l ay=—————L (16)
24,4,(1-u) 24,4,(1-u)

3HaMeHaTenb B 3THX (OpMyJax BCET/Aa MOJOXKUTEICH, a YUCIUTENh MOXKET UMETh pa3HbIi 3HaK. B 3aBucmuMocty ot
3HaKa IapamMeTpa ¢, MOAYJIb MAaKpPOCKONHYECKOH BOJIHOBOH (YHKIMM K CBOEMY PAaBHOBECHOMY 3HAUEHHUIO Ha

0ECKOHEYHOCTH PaBHOMY €IMHHIIE MOKET MPUOIMKATHCS MO0 CO CTOPOHBI OOJBIIMX (KCBEPXY»), TMO0 CO CTOPOHBI
MEHBIINX («CHU3Y») 3HaueHuil. OueBUHO, YTO eciu # < 0, To 00a mapamerpa g; oTpuuarenbHsl. Eciu sxxe u >0, T0

BO3MO’KHA CHTYAIlWsl, KOT/a OJIUH M3 3THX NapaMeTpOB TIOJIOKUTENIEH, a IPYTroi — oTpuiatenen. [lycts BHavane I > 0
u [; >0 . Torma npu u >0 MOTYT Pealn30BBIBATHCS CIIEIYIONIUE CIyYanu:

1) ecu 4,/ 4 <u77(122/112) ,10 @, >0,a,<0,

2) eciu w](lzz/llz) < AQ/A1 <u’177(l§/112), 10 @, <0,a,<0,

3)ecmu 4,/4 >u"'n(L/I}), a,<0,a,>0.

Eciu e y OmHOH H3 KOMIIOHEHT, HaIOpuUMep Yy BTOpOH, LUpKymanus oTcyrctByer [, =0, To
a, = —112A2/2A1A2 (l—uz), a, = ur]']llez/ZAlA2 (1—u2). B sToMm ciyvae Bcerna a, <0, a 3HAK @, MOXET OBITh KaK
HOJIOXKUTEIbHBIM, TaK U OTPUIATEIbHBIM U COBNAAET CO 3HAKOM IIOCTOSHHON B3aUMOAEHCTBUS MEXy KOMIIOHEHTaMH
u= glz/\/gngzz .

[ToBexenye NONMHON MIOTHOCTH HAa OOJBIIMX PacCTOSHMUSAX, cornacHo (12), (16) onpenensercs popmynoi

M=1+ 2“2 , (17)
}’lo I’lol”

rac
|:<n10112A2 + ”20122‘41 ) —u (”1077122‘41 + ”2077_1112‘42 ):|
24.4,(1-u’) '

ap =an, +a,n,, =—

(18)

Iapamerp a,, (18) obpamaercs B HyIb OpU U = u, , T
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"y = (”10112‘42 + nzolzzAl) (19)
' (”207771112‘42 +montl 4, )

Ecnu monoxuTenbHBIN napameTp u, >1, TO HpHU JIFOOBIX JAOIIYCTUMBIX 3HAYCHMUAX U BCCria dap <0 u,

CJICAOBATCIbHO, MOJIHAA IUIOTHOCTH K CBOEMY pPABHOBCCHOMY 3HAYCHUIO Ha 6GCKOHC‘IHOCTI/I MOAXOAUT «CHHU3Y».
WHTepecHas BO3MOXKHOCTh BO3HHUKAET, eclH u, < 1. B 3TOM ciydae BO3MOXKHA CUTyanus, Korma u >u, u a, >0.3to
03HA4acT, 4YTO IOJIHagd IJIOTHOCTHL K CBOEMY PABHOBCCHOMY 3HAYCHUIO Ha 0ECKOHEUYHOCTH MOAXOJUT «CBEPXY», T.C.
IIJIOTHOCTH B6HPI3I/I OCH BUXPs OKa3bIBACTCA 60.]'[])]1]6 paBHOBeCHOﬁ IIJIOTHOCTHU Ha 6CCKOHC'-IHOCTI/I. HO}I'-IepKHeM, qTo
BO3MOXHOCTDb CYIIECTBOBAaHUSA TAKUX ((BHXpeﬁ C YIULIOTHCHUEM» B6HI/I31/I CCPAUCBUHBI ABJIACTCA OCO6€HHOCTI)IO UMCHHO
MHOI'OKOMIIOHEHTHOI'O KOHACHCAaTa.
Korna Bo BTOpoil KOMIOHEHTE LUPKYJIALHA OTCyTCTBYeT [, =0, T0 a,, uMeeT pocToil BUx
2 -1
I} (”10 —un ”20) 20)
adn=——"F—-—".
D
24 (1-u*)

[Ipy BBINIONHEHUH YCIOBUS 7, > U1) 1, , KOTOPOE C YYETOM OMNpEAENEHUH (8) SKBHBATEHTHO YCIOBHIO £, > g, 5

koaddunuent (20) monoxkuresaeH. B 3ToM ciaydae mosiHas IUIOTHOCTh BOJM3M OCH BHXPSI OKa3bIBacTCs OOJIbINE
PaBHOBECHOI'O 3HAYCHUS IJIOTHOCTH Ha OECKOHEYHOCTH.

CTPYKTYPA BUXPS ITIPU PA3BHBIX 3HAKAX
MOCTOSIHHOM B3AMMOJIEMCTBUS KOMIIOHEHT
Hccnenyem 4HCIEHHO CTPYKTYpY BHUXPSl MPU Pa3HbIX 3HAKaX M BEJIMYMHE TMapamMeTpa i, ONPEAEISIOLEro
«B3anmopeticteue» kommnoHeHT BOK. PaccmorpuM BHawanme ciydaif, Korga BHUXpEBOE IBIJKEHHE BO BTOPOI
KOMIIOHEHTe OTCYTICTBYeT, Tak uTo [, =0. IlosoxuM Hpu 4YUCIEHHBIX pacuerax, 4To § =7 =1, cleJoBaTelnbHO,

A=4,=B =B,=2, u u,=n,/n, (19). IlapamMerp MeKKOMIIOHEHTHOTO B3aUMOJAEICTBHUS MOKET MEHATbCA B

uHTEepBayle —1<u <1.
UYucnennsle pemreHus ypaBHeHui (11) 1 moBeneHne MONHON IUIOTHOCTH B 3aBUCHMOCTH OT PACCTOSIHHS 10 OCH
Buxps npu u = 10,9 mokazaHsI Ha pUCYHKE 1.

1

0,8

064 1
n n
—-=—h 0,6 / i
0,4 4 =5 ] ;v —-=5
045 ¢
i)
0,2 [
] o,z—ff
,' -.
0 . . . : ) ] . . : . ‘
] 2 4 g 8 10 ] 2 4 3 8 10
r r
a) 0)

Puc.1. Pemenns ypasraenuii [T f| (r) (mpu I} =1), f, (r) (upu [, = 0) ¥ HONHAS IIOTHOCTH n(r) ra) u=-0,9;
6) u=0,9 . Bepxusis CIUIONIHAS KPHBasi [IOKA3BIBACT IIOBESACHIE MOJHOM INIOTHOCTH IPH U, = My / 1y, =2/3 < 0,9, mimkesst —
npu U, =ny, /nyy =1>0,9.

Ha ©pwuc. la mnpencraBinensl perneHuss ypaBHenmd (11) ©  moOBeleHWE TIONHOM — IUIOTHOCTH — TIpH
u=-0,9,u,=n,/ny,=2/3.B 3T0OM cirydae MOIyJIb MAKPOCKOIINYECKOH BOTHOBOI (DYHKIIMM KOMIIOHEHTHI C BUXPEM,
Ha OCH O0pallaeTcsi B HOJIb, @ Y KOMIIOHEHTHI, TJIe BUXPh OTCYTCTBYET, OH MPUHUMAET KOHEYHOE 3HAYCHUE MEHbIIEEe
enuHuLBl. BonHoBbIe (yHKIMHM 00€MX KOMIIOHEHT W OTHOCHTENbHAsl TOJIHAs IUIOTHOCTh MOHOTOHHO BO3pAacTaroT C
paccTosiHueM, MPUOIMKasCh K PaBHOBECHBIM 3HaueHHSM. [lojiHAs TIOTHOCTh HAa OCH TaKOro BHXps, B OTJIMYHE OT
00BIYHOTO BUXPs 0gHOKOMITIOHeHTHOro bOK, He oOpamaercs B HyJIb.

Ha puc. 16 noka3zansl aHamorn4ssle 3aBucuMmoctd npu u =0,9 . 31ech, B OTIIMUME OT HPENBIAYIIEro Cirydas,
BEJINYMHA MOJYJIsI BOJIHOBOH (DyHKIIMM KOMIIOHEHTHI 0€3 BUXPEBOTO BI)KEHHS, HA OCH BUXPsI OOJIbIIEC €€ 3HAUCHHS Ha

6CCKOHG‘IHOCTI/I, 1 OHa MOHOTOHHO y6BIBaCT C YBCIIMYEHUEM PACCTOSHUS, HpI/I6J'II/I)Ka}ICb K €AVMHUIIE CBEPXY. MOI[yJ'IB
BOJTHOBOM d)yHKLH/II/I KOMIIOHCHTBI C BUXPEBBIM JBMKXCHHUCM MOHOTOHHO BO3pacTacT C pacCTOAHHUEM OT HYJA 10
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paBHOBecHOTO 3HaueHUs. [loBeIcHHE MTOTHOW TUIOTHOCTH B JAHHOM CITy4ac MOXKET OBITh PAa3IMYHBIM: TIPU # > U, OHA
MOHOTOHHO yOBIBae€T OT 3HAUCHHMs, OOJIBIIEIO PABHOBECHOTO (BEPXHsA CIUIONIHAS KpHWBas Ha puc. 10), a mpu u <u,

IUIOTHOCTh MOHOTOHHO BO3pacTacT OT KOHCYHOI'0 3HAYCHHA Ha OCH, MCHBIICTO €AMHUIIbI (Hl/DKHﬂH CIIJIoUIHas KpuBast
Ha puc. 16) HOJ’Iy‘{eHHLIe YHCJICHHO BUXPEBLIC PCHICHUSA C KOHEYHOM IIJIOTHOCTHIO Ha OCH, U BUXPEBBIC PCUICHUA Y
KOTOPLIX INIOTHOCTH HAa OCU OoJible paBHOBeCHOﬁ, KAueCTBEHHO OTJIMYHEI OT OOBIYHBIX BPIXpeﬁ B OJHOKOMIIOHCHTHOM
BOK.

YuceHHbIH pacyeT My MCHBIIIUX 110 a0COJIFOTHOM BEIMYUHE IMOCTOSHHBIX B3aPIMO,I[€I>'ICTBPI$I |u| IIOKa3bIBACT, YTO

B OTOM CIIy4ae KauyecTBEHHO MOBeAeHue pemeHnid ypaBHeHus ['T1 u monHo# mioTHOCTH HEe MeHseTcs. C ocnabieHneM
B3aMMOZEHCTBUS MEXIy KOMIIOHEHTAMH, PACIpeeICHNE MOIYJsl BOJHOBOW (YHKIMH B O€3BHXPEBOM KOMIIOHEHTE
CTaHOBUTCA O0JIee PaBHOMEPHBIM, IIPHOJIIAKASACH K OAHOPOJHOMY pacipeseseHuto f, =1.

[lepeiieM K paccMOTPEHMIO Clydas, KOLJia ¢ BHXDEM CBS3aHbl JBE UMPKyIsiuu, monaras | =[; =1. Ipu
YHCIIEHHBIX PacyeTax, Kak M BhIIIE, ojaraeM 4to & =1, a mapameTp 77 MOXXET UMETh ITPOM3BOIBHOE MOIOKUTEIBHOE
snauenue. Cnenosatensho, 4, =A4, =2 u B =25, B, =25"". TlapaMeTp MeXKOMIOHEHTHOTO B3aUMOJIEHCTBHUS TIO-

MpeXXKHEMY MOXET MEHATbCS B WHTepBasie —l<u <1. 31mech, Kak U B PACCMOTPEHHOM BBIIIE CIIy4ae, BO3MOKHBI
CUTyaIllH, KOTJa INIOTHOCTH KOMITOHEHT K CBOMM PaBHOBECHBIM 3HAYCHUSM Ha OECKOHEYHOCTH OYIOYT MOIXOAUTH
«CHHU3Y» U «CBEPXY» B 3aBUCUMOCTH OT 3HaKa MIOCTOSIHHBIX a, B (16). Bo3MoXxHBI cieqytommue ciydau:

1) npu u > 71 umeem a, <0,a, >0;2) npu 7 >1/u umeem a, >0,a, <0;3) npn u <n <1/u umeem a, <0,a, <0.

’r“"‘-...,____
].——T— —=T
e
0,5
0,6
n n
-4 —_——h
04 -4, ==t
0,2 A
0 T T T T |
0 2 4 53 8 10
I r
a) 0)

Puc.2. Pewenus ypasrenuii [Tl f| (r) Sy (r) ¥ TI0JIHAS TUIOTHOCTb n(r) mpu I} =1 =1:

au=07,600u=0,9.({=1,n=2,u,=0,8,n,=n,).

Ha puc. 2 mpuBenmeHsl 3aBUCUMOCTH pemreHui ypaBHeHuil [Tl mpm mapamerpax, Korga OZHO W3 pEUICHHN
CTPEMHUTHCA K 3HAYEHHIO HAa OECKOHEUYHOCTH «CHH3Y», a Ipyroe — «cBepxy». Eciam mapameTp u MeHbIIE KPUTHIECKOTO

3HadeHus u, (19) (puc. 2a), To MOJTHAS TIOTHOCTH MOHOTOHHO BO3PACTacT C YBEIUYCHUEM PAacCTOSHUS 1o och. Ecim

K€ U >u,, TO peaqu3yercs CTPyKTypa BUXps, KAUYECTBEHHO OTJIMUHAsSL OT CTPYKTYpbl BUXPS B OJHOKOMIIOHEHTHOM

s
cirydae (puc. 20). II10THOCTE OT HyJEeBOro 3Ha4eHHsS Ha OCH BO3pAacTacT J0 HEKOTOPOro MaKCHMAJILHOTO 3HAuYCHWS,
MIPEBOCXO/IAIIETO TUIOTHOCT Ha OECKOHEYHOCTH, a 3aTeM OHa MOHOTOHHO YOBIBAa€T C pacCTOSHHEM /0 PaBHOBECHOU
IUIOTHOCTH. B 3TOM citydae BUXpb IpencTaBiseT co0ol cBoeoOpa3Hyro TpyOKy, HOUTH ITyCTYIO0 BHYTPH, OTPaHHYCHHYIO
IUTOTHOM cTeHKOH. TakuM 00pa3oM, OKa3aHO, YTO MOTYT CYIIECTBOBATh JIBa THIIA «BUXPEH ¢ YIULIOTHEHHEM». B onHOM
clly4ae IDIOTHOCTh Ha OCH BUXPS IPEBOCXOIUT PABHOBECHYIO, MOHOTOHHO YOBIBas ¢ paccTostHUeM (puc. 16). B npyrom
Ciy4yae, NpPH paBHOH HYJNIO IUIOTHOCTH Ha OCH, IUIOTHOCTh JOCTHTaeT MaKCHMaJbHOTO 3HA4YEHUs, OOJNBIIETO
PaBHOBECHOTO, HA HEKOTOPOM PACCTOSIHUH TOPSIKA KOPPEIAINOHHON ITHHEI (pHC. 20).

MJIOTHOCTH NOTOKA MACCHI B BUXPEBO HUTHU
[MpeacraBnsier MHTEpEC PacCMOTPETh HM3MEHEHHE C PACCTOSHUEM OT OCH BHXpPs IJIOTHOCTH IIOTOKa MAacChl,
omnpeneneHHon Ghopmysioii (14), KOTOpyIo ya00HO 3amucaTh B 0e3pa3MepHOM BHUJIE
J,(r) 1], n n
[4 10 2 20 £2
—= = = ()L () ] @1
J r|  n, n,

@0

e J,, =hn, Jé. Mpu r<<1 m [}#0, [; #0 pemenns ypasuenuii (11) oGpamaiorcs B Hylb IO 3aKOHY
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fi=Cr, f, =C,r. YuutbiBag 3TO, a TaKXkKe TO, 4TO NIpU »>>1 umeeM f, ~ f, =1, Hax0QUM BBIpAXKEHUS M

IDIOTHOCTH MTOTOKA MAaCChI HA MAJBIX ¥ OOJBIINX PACCTOSHUAX:
J (r J (r
Azj/or, (7”<<1); Lz&’ (r>>1)_
J o r
Hanpasienus BpaieHHss BOJU3M OCH BHXPS M Ha OOJBIIUX PACCTOSHHSAX OINPEICNSIOTCA 3HAKAMHU
K03 punueHToB

(22)

n n n n
— 10 2 20 2 — 10 20
Vo =h—C +1, 25 Vo =h—+1 ‘ (23)
T 0 Ty g
Kosddunuentst C;, C, aHaIUTUYECKH PACCUUTAHbl OBITH HE MOTYT, HO YHCIECHHBIE PACUEThl I10KA3bIBAIOT, YTO IIPH
IPOTHBOIOJIOXKHBIX 3HaKax /, U /, koaddunuenTs! (23) MOI'yT UMETh pa3HbIH 3HaK. DTO O3HAYAEeT, YTO B TAKOM CIIydae

KOHJICHCAT B BUXpPE BOJIM3M OCH M Ha OOJNBIIMX PACCTOSHHSX BpallaeTcsi B MPOTHBOIOJIOXKHBIE cTOpoHbL. Ha puc. 3
MOKa3aHbl 3aBUCUMOCTH IUNIOTHOCTU IIOTOKA MAacChl B BUXPE OT PACCTOSIHUS IO €70 OCH.
CrutomrHasi KpuBasi OTBEUYaeT CIydaro, KOrja 3Hakdu /, u [, onuHakoBBl. B 3TOM ciydae pacipeneneHue MOTOKa

MacChl KaueCTBCHHO HE OTJIMYACTCS OT pacipenesicHus B ogHOKoMmoHeHTHOM BOK (todeunas kpusas). Hambosee
UHTEpECeH Cily4yail, KOrja 3Hakd [, U [, IPOTHBOIOJIOXKHBL 3aBUCUMOCTH IUIOTHOCTH HOTOKA MAacChl B BHXpE OT

paccTOSHUSA IO €ro OCH B 3TOM Ciydae I0Ka3aHbl IITPUXOBBIMH JIMHUSMHU. 3aBHCUMOCTH Ha PHCYHKE 3a pacCUUTaHBI
1111 Habopa mapaMeTpoB: ny, /ny, =3/2, {=+3/2, n=4/3, u=0,7. B oTOM ciyuae BpalleHUEe KOHJEHCAaTa Ha

1000M PacCTOSHUM OT OCH IPOUCXOAUT B OJHY cTOpoHY. I[Ipn HaGope mapamerpos n,, /n,, =2/3, {=~2/3, n=3,
u=0,7, peamu3yercsi CUTyaIl¥sl, IPU KOTOPOIl BpallleHHEe KOHACHCATa BOJU3U OCH BUXPS M Ha OOJIBIIMX PACCTOSHUSIX
HAIPaBICHO B IPOTUBOIOIOXKHBIE CTOPOHBI (pHC. 30).

Puc.3. TIonHbIe IIIOTHOCTH MOTOKA MACCHI KaK (DyHKIIMH PACCTOSHHUS JI0 OCH BHXPsl. [10 OCH Op/IMHAT OTIIOKEHA BENMYHHA
J, (r) / J o s J o =hny, /& . CrnolnbIe KpHBBIE OTBEYAIOT OAMHAKOBBIM 3HaKaM [, 1 [, , a IITPUXOBbIE KPUBBIE - PA3THYHDBIM.

Ha pucyHke 0) mokasaH ciy4aii nepeMeHsl HalpaBJIeHHs BpalleHUs B BUXpe. TodyeuHast KpuBas OTHOCHTCS K OOBIYHOMY
OJHOKOMITIOHEHTHOMY CITy4alo.

OTMeTuM, 4YTO HEKOTOphle 3(P(EKTHl B KBAaHTOBAaHHBIX BHXPAX C IIPOTHUBOIOJIOKHBIM BpAIleHHEM B
JIByXKOMITOHCHTHOM KOHJIEHCAaTe B aTOMapHBIX r'a3ax MCCICIOBATICH TaKXKe B HemaBHel padore [19].

BbIBO/JbI

B onnoxommnonenTHOM BOK cTpykTypa BuXps yHHBepcadbHa M HE 3aBUCHUT OT XapaKTepUCTHUK cpensl. MMeer
MECTO CBOEOOPa3HBIN 3aKOH COOTBETCTBEHHBIX COCTOSIHUM, COCTOSIIMI B TOM, YTO YpaBHEHHUE JUIS BUXPS, 3alIMCAHHOE
B Oe3pa3MepHOil popMe He COAEPKHUT HUKAKHUX MapaMeTPOB, XapaKTEPU3YIOIIUX CHCTEMY. JTO HE BBIMOIHSIETCS UIs
KOH/IGHCATOB, COCTOAIIMX M3 YacTHUIl pa3sHOro copTa. B wacTHocTH, BUXpU B JBYXKOMIIOHEHTHOM KOHJEHCATe
XapaKTepU3yIOTCsl TpeMsl HE3aBHCUMBIMH Oe3pa3MepHBIMU ITapaMeTpaMH M, B 3aBUCHMOCTH OT COOTHOIICHHS MEXIY
HUMH, MOTYT MMETh DPa3IM4YHyI0 CTPYKTypy. HekoTopsle BO3MOXHBIE CTPYKTYPbl BHUXpEH, HECYIIMX OJHY W JIBE
KBaHTOBaHHBIC IIMPKYISLHUH, B AByXKoMHnoHeHTHOM BOK paccmorpens! B manHoW paborte. [IpuBeneHbl dnciieHHBIC
pemenust cuctems! ypasHenuid Tl mpu pasnuunbix nmapamerpax. [lokasaHo, 4To pacmpesesneHne INIOTHOCTH B BUXpE
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CYILIECTBEHHO 3aBUCHUT OT 3HaKa MapameTpa, OMMCHIBAIONIETO B3aMMOACHCTBHE KOMIOHEHT. IIpu ero mojaoxureasHOM
3HA4YEHHH, UMEIOTCS PEIIeHHUs], KOT/la TNIOTHOCTh BOJIM3M OCH BHXPs OKa3bIBaeTCs 0OJIbIlle pABHOBECHOW TUIOTHOCTH Ha
0ECKOHEYHOCTH («BHXPH C YIUIOTHEHHEM»). Ecii BUXph HeceT OJJHy KBaHTOBAHHYIO IUPKYJISILUIO, Y HETO IUIOTHOCTh
Ha OCU MOJKET I0CTUTaTh MaKCUMAJIbHOTO 3HAYEHUS, IPEBOCXOSAIIET0 PABHOBECHYIO TNIOTHOCTD. J{J1s BUXpel ¢ AByMs
KBaHTOBAaHHBIMH LUPKYJSIUSAMH IJIOTHOCTh Ha OCH paBHAa HYJNIO, a MaKCHUMyM IUIOTHOCTH, IPEBOCXOISIINN
PaBHOBECHOE 3HAUYEHUE, JOCTUTAETCS Ha PACCTOSHUU OT OCH MOPSAAKAa KOPPEIALUOHHON AJTUHBIL.

Eme onna wHTEpecHas OCOOEHHOCTh BHMXpEH, pPacCMOTpPEHHass B IaHHOH padoOTe, COCTOMT B BO3MOKHOCTH
W3MCHEHHs HaNpaBIICHHWs BpamieHWs BHYTpH BHUXpsA. Iloka3aHO, 9TO MOTYT CyIIECTBOBATh BUXPH, y KOTOPBIX
HalpaBJICHUs] BpAIeHNs] BONMM3M OCH BUXpPS M BIANM OT HEE IPOTHBOIIOJIOKHBI. M3ydeHBl aCHMITOTHKH BHXPEBBIX
pemieHnii Ha OONBIINX PACCTOSAHUSX M ITOKA3aHO, YTO MX aHAIM3 MO3BOJIICT JI€TaTh KAaueCTBEHHBIE 3aKIIOUCHHUS O
CTPYKTYpE BUXDA.
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“PARADOX” OF THE VOID NUCLEATION
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On the basis of advanced before a method of phase diagrams martensitic transformations into systems such as « iron - carbon -
vacancies », are determined energy of activation of formation of vacancies and voids. It is shown, that elastic volumetric deformation
11-th elementary tetragonal cells of iron (circuit beitna) on 4,2 %, leads to formation of one structural vacancy. The data testify to
significant power advantage of formation of vacancies (0.04 eV) and voids the critical size (3eV) on the mechanism of the opposites
martensitic transformations, in comparison with ordinary diffusion mechanism (more 1eV- vacancy, and some tens eV-the void).
KEYWORDS: «iron-carbon- vacancies» system, martensitic transformation, vacancy and voids formation energy, radiation effects

«ITAPAJOKC» 3APOXKIEHUSA IIOP
H.H. JIal'lTeBl, A.A. HapXOMEHKOI’Z, B.W. Tkauenko'?
' Hayuonanvruii nayumwiii yenmp «Xapukosckuii ousuKo-mexHueckusi UHCMumymy
ya. Axademuueckas 1, 2. Xapvros 61108, Yrpauna
2Xapbkoscxmi HayuoHanvuwll yHueepcumem umenu B.H. Kapazuna
nn. Ce0600wi 4, 2. Xapvros, 61022, Vkpauna

Ha ocnHoBe pa3BuToro panee Merona (a3oBBIX AWarpaMM MapTEHCHUTHBIX IPEBPAILCHUH B CHCTEMaxX <OKEeNe30 — YIJIepon -
BaKaHCHUWY, OIPEIEeIICHBl YJHEPT U aKTUBAIMU 00pa30BaHus BakaHcHil U nop. [lokasaHo, uTo ynpyras oobemHas nedopmarms 11-tu
anemenTapHelx OLIT sueek xenesa (cxema beitna) Ha 4,2% npuBOANT K 0Opa30OBaHHIO OJHOW CTPYKTYPHOW BakaHcuH. JlaHHbIE
CBUJETENBCTBYIOT O 3HAYUTENbHOW SHEPreTHUecKod BhIrOJHOCTH oOpa3oBanusa BakaHcuil (0,04 5B) um 3apoxsimeil mop
KpuTH4eckoro pasmepa (33B) mo MexaHun3My OOpaTHBIX MAapTEHCHTHBIX IpEBpAaIlleHHH, MO CpPaBHEHHIO C AUPGY3MOHHBIM
MexaHu3MoM (Oomee 19B - BakaHCHS, I HECKOIBKO JECSITKOB 3B - mopa).

KJIIOUEBBIE CJIOBA: cuctema «Kene30-yriiepo-BaKaHCHI», MAPTCHCHTHEIE NIPEBPAILCHUs, SHeprusi 00pa30BaHUs BaKaHCHI U
TI0p, paguaoHHbIe 3P heKTHI

«I[TAPAJOKC» 3APOAKEHHSI ITIOP
I.M. Jlanres', 0.0. HapXOMeHKOl’Z, B.I. TkaueHko'
' Hayionanvhuii nayxkosuii yenmp «Xapriecokuil (pizuxo-mexuisnuil incmumymy
eyn. Akademuuna 1, m. Xapxie 61108, Yrpaina
2Xﬁtpki@cwmﬂ HayionanoHuu ynieepcumem imeni B.H. Kapa3zina

na. Ceoboou 4, m. Xapxis, 61022, Vkpaina
Ha ocHOBI po3BuHyTOrO paHime Merony (a3oBuX JiarpaM MapTeHCHTHHX HMEPETBOPEHb y CHCTEMAaX «3aili30-ByIJIEIb-BaKaHCII»,
BH3HAYeHI eHeprii akTuBalii yTBopeHHs BakaHciil Ta mop. [lokazano, mo npyHa 00'eMHa fedopMalist OTUHAIIATH eIeMEHTapHIX
OLT — suiifok 3amiza (3a cxemor beitna) Ha 4,2% npU3BOAWUTH 10 CTBOPCHHS OJHi€l CTPYKTYypHOI BakaHcil. JlaHi cBim4ath mpo
3HAYHy €HepPreTUYHy BUTIIHICTh yTBOpeHHs BakaHciii (0.04eB), Ta nop (3eB) 3a MexaHi3MOM 3BOPOTHIX MapTEHCUTHUX MEPETBOPECHB
y NOpiBHSHHI i3 AndYy3iitHuM MexaHi3MoM (Oinbil, sik 1eB - BakaHcis, Ta qekinbka necsaTkiB eB - mopa).
KJIFOYOBI CJIOBA: cucrema «3ami30-Byrjlelb-BaKaHCi», MapTEHCUTHI MEPETBOPEHHS, SHEPris yTBOPEHHS BaKaHCI W TOp,
paniamiiizi egextu

PaGora sBIsleTCS NPOJOIDKEHHUEM MCCIICOBAHMM, HANpaBJICHHBIX HA pa3BUTHE HOBBIX, aJbTEPHATUBHBIX
CYIICCTBYIOIINM, TIPEACTABICHUA O MEXaHM3MaX 3apOXICHHS TOp B CHIHLHOHEPABHOBECHBIX CHCTEMAaX, TAKHX, Kak
00JTy4eHHBIE MaTEePHAIB], C TIOMOIIHIO MeToa (Pa30BIX AUArpaMM MapTEeHCUTHBIX mpeBpamenwii (OIMII) [1- 4].

B pabore [1] mpemmoxxken cam wmeron DJIMII, opurnHaidbHas MOIENb 3apOKACHHS MOpP W TPEIIMH B
HEpaBHOBECHBIX CHCTEMax Ha OCHOBE JKele3a, 3a cueT 00pa3oBaHUS BaKaHCHH, BBIACIIOMINXCA TPH OOpaTHBIX
MapTEHCUTHBIX MPEBPAIICHUAX, a TaK kK€ HOBBIM MexaHu3M xpymnkoro paspymenus OLIK meramnos. Kak moka3ano B
9TOil paboTe, MO/ENb HAXOJUTCS B IOJHOM COIVIACHM C JKCIIEPUMEHTANIbHBIMU (hakTamu: B3pBIBHOH XapakTep HX
o6pasopanus (107c) 3a BpeMeHa cpaBHMMBIC ¢ BpeMEHaMH 00OPa30OBaHMS MAPTEHCHTA, MPOLECC MPOTEKACT B yIPYTOil
obnactu nedopmannii, AEHCTBYONIME HAMIPSKEHHUS — TPEXOCHOE PacTsHKEHHE, CTPEMSIIIIEECs K THAPOCTaTHIECKOMY .

B pabore [2] mnpemiokeH MexaHM3M ~OOpa3OBaHMsS ~MapTEHCHTA IOJ JCHCTBHEM OONydeHHS B
HU3KOZHEPTreTUYECKUX KacKalax cMelleHuid, ¢ sHeprueil [IBA He mpeBblaromei 5 K3B, yxkKe MPH HUZKUX 033X
peakTopHoro obryueHust -mMeHee 0.01 cHa. Mojens 00BsCHSET pe3yIbTaThl MATHUTHBIX H3MEPCHUI METallIa KOPITYCOB
peaxTtopoB Tuna BBOP 1000, aBisomuxcst OCHOBOU SiA€PHOM SHEPreTUKN Y KPauHBbI.

B paGore [3] ma ocHoBe M®JIMII mnpenmokeHa HOBas KOHICMINS WMHTAUN W POTHO3HPOBAHUS
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panuanuoHHOro oxpyruuBaHus. CoryiacHoO eif, B KayecTBE IJIABHOI'O TPEeOOBAHUSI BBIIBUracTCs HE JOCTH)KEHHE
1o100us 1e(PeKTHON CTPYKTYPHI MaTepHaIOB, OOIyUYSHHBIX B PEAKTOPAaX U B YCKOPHUTEISIX, @ HEOOXOIMMOCTh CO3/IaHMs
B pe3yibTaTe HMHTAIMOHHOTO oOIydeHus, JAeOopMHpOBaHUS, LUKIUPOBAHUS W T.JI. MOA00OMS aehOpMaIMOHHO-
HaIPsDKEHHOTO COCTOSIHUSL.

B pabote [4] aBTOpHI BBENW MOHATHE O T.H. «TUXOM» PACTPECKHBAaHHM MeTajula KOPIyCOB PEaKTOPOB, KaK
pe3yibTaTe 3apOXKICHUs IOp 10 MeXaHH3My OOpaTHBIX MAapTEHCHUTHBIX NPEBPALICHHH C IIOCICAYIOMUM HX
00BEeIMHEHUEM TT0]] JeHCTBIEM PACTATUBAIOIINX HANPSHKEHUH B 3apOABIIIN TPEIIHH.

B nmanHo#t paboTe mpoaHaTM3UpPOBAHEI CYIIECTBYIOMNE, GakTmdeckn Auddy3noHHBIE, TOIXO0ABI K 3apOXKACHUIO
IIOp Ha OCHOBE T.H. TOMOT'€HHOHN M T'€TepPOTeHHOH MOAeIIeH, CBA3aHble C BAKaHCHOHHBIM IepechinieHrneM. CyTh Te3uca o
«mapajiokce MopooOpa3oBaHHA» COCTOMT B TOM, YTO BAaKaHCHOHHOE MEPECHINEHHEe He MOXeT ObITh NPUYHHOU
3apOXKICHUS TOp NPU BpeMEHaX MOBPEXKJAEMOCTH HE MPEBBIMAIMNX AUGPY3UOHHbBIE, KaK MPU CKUMAIOIINX, TaK U
IPU PaCTATUBAIOLIMX HANPSDKEHUSX.

[TpennoxeHHbIH OpPUTHHAJIBHBIA MEXaHM3M 3apOXKJICHUS MOP YCTpaHseT ChOPMYIMPOBAHHBINA BBINIE «HapagoKc
OPOOOPa30BaHUA», U MTOKA3bIBAET BO3MOYKHOCTh MOBBIIICHUS PaJIMAallMOHHON CTOMKOCTH PEAKTOPHBIX MaTepHalIoB, HE
3a cueT OOpBOBI C paclyxaHHWEeM KakK TaKOBBIM, a 32 CUET yCTPAHEHHs NPHUYHMH €ro BBI3BIBAIOLINX, MO aHAJIOTHH C
W3BECTHOMU TMIIEMMOM: JICYNTH OOJIE3Hb, WM YCTPAHHUTH €€ IIPHUHHY.

Lenbto maHHO# paboOTHI sABIsAETCS aHAMU3 S(PGEKTHBHOCTH OOpa30BaHWS BAaKAaHCHA M WX KOMIUIEKCOB (TIOD,
IeTeNb) 3a CYeT MeXaHU3Ma OOpaTHBIX MAPTEHCUTHBIX NPEBPAIlCHUH B CHCTEMax Ha OCHOBE JKeJe30-yriepon, (B ToM
YHCIIe B KOPIIYCHBIX CTaJIsIX aTOMHBIX PEaKTOPOB) M OLIEHKA DHEPTeTHUSCKUX ITapaMeTpOB IpoLecca.

JUODPY3UOHHBIE MEXAHUWU3MBbI 3APOXKJIEHHUSA IIOP HA OCHOBE PE®@EPEHCA

OOuenpuHATHIEe, TaK Ha3bIBAEMBIC, TOMOT€HHAs! U TeTEPOreHHAsi TCOPHH OMHICHIBAIOT MPOIIECC 3apOXKACHUE TOpP C
noMouiplo UM Y3MOHHBIX MEXaHM3MOB IIOCJIEOBATEIbHOIO TPUCOCIMHEHHsT BaKaHCUH K Jpyr Apyry Ion
o0JIlydyeHNEeM B YCJIOBHMSX BaKaHCHOHHOW mepechimieHHocTH [5]. Ilpu 3TOM, MCTOYHHMKOM camoOil BakaHCHOHHOM
MIEPECHIIEHHOCTH CIYyXUT 3(¢dexT npedepeHca, CBS3aHHBIA C NPEUMMYLIECTBEHHOW aJcOpOIMEN MeXI0y3elbHBIX
aTOMOB JUCIOKALUSAMH 110 CPABHEHUIO C BAKAHCUSIMH [6].

Opnako eme B 80-X romax IpONIUIOTO BeKa OBUIO MMOKa3aHO, YTO OOpa3oBaHWE 3apOJBIINICH IMOp B YCIOBHAX
Xa0THYECKOH KoayecueHnnu nudyHIupyOmuX BaKaHCHH SBIISETCS HEPEINCTUYHBIM 0€3 yJacTusi aToMoB rasa [7].
Tot ¢akr, yTO BakaHCHH camH 1O cede He MPUBOIAT K MOPOo0OPa30BaHMUIO, MOATBEPAMICS U B padoTax [8,9] rue 6puI0
MTOKa3aHo, YTO U B MEJIH, M B HEP)KaBEIOMICH CTaJH, KOTOpbIe OBIIN 00e3rakeHHI Iepel] 00IydeHneM, IIopoodpa3oBaHme
OBLJIO [IOJABIIEHO.

B psge pabor ObLIO MOABEPrHYTO COMHEHHIO CaMO CYIIECTBOBaHWE MpedepeHca B pealibHbIX 00JydaeMbIX
marepuanax. Tak Naudorf [10] , mpoBonst Tonkme nuddy3HMOHHBIE SKCHEPHUMEHTHl Ha MeTaulax I0Kas3aj, 4To B
CBOOO/IHO MUTPHPYIOIINX JIePeKTax COACPKUTCS OANHAKOBOE KOJIMUECTBO BaKaHCHH M MHTEPCTULNH, HE OCTAaBUB IPH
3TOM MecTa Ut npedepenca. Takoe ke 3akimroueHue cuenan u Abromeit [11] nccnenys cTpyKTypsl, oOpasyromuecs B
0OJTy4EeHHBIX MaTepHalax.

Crenyer ocTaHOBUTHCS TAKXKE HA BOIPOCE O MPOCTPAHCTBEHHOH JIOKaTU3alny MecT 3apokaeHus nop. CormacHo
KIIACCHYECKUM TpedepeHIINaIbHbIM MEXaHU3MaM 3apOXKICHUS 110p, OHHU JOJDKHBI OBITh HEMOCPEICTBEHHO CBSI3aHBI C
auciokanusamud. B monorpadum UepHseBod W Ip. NPHBEAECHO MHOXKECTBO IIPUMEPOB HAXOXKACHUS IOp Y
JUCIIOKALIMOHHBIX JTUHUNA, B OCHOBHOM, B CHJIBHO pacmyXmmx Marepuanax[5]. OmHako, 3TH IpUMEPHl XapaKTEPU3YIOT
ckopee a3y pa3BHUTHs, a HE 3apOXKICHUS IOPUCTOCTH B HMHTEpBAJE TEMIIEPaTyp OOJydeHHs BhIIIE MaKCHMyMa
pacmyxaHus. B aTux ycioBusix mopooOpa3oBaHue HayMHAETCS NP J03aX MOpsIKa AECATKOB CMEIIeHHH Ha atoMm. B
yCnoBusX «Hu3KoTemmeparypHoro» (100-200°C) 06/1ydeHus MOphl HAYMHAIOT OOPA3OBBIBATHCS B UMCTHIX METasIax
MIPU J103aX B THICSIYM pa3 HipKe. VIMEHHO 31ech, IPH MOPHUCTOCTH COTHIE JOJHM IPOIEHTA JIydIlle BCEro HaOII0IaTh
0COOCHHOCTH MX 3apoxJieHns. Takue uccienoBanust ObUIH MpoBeaeHk! B pabote [12]. OHM moka3ainu, 4To 3apoXkIeHNE
IIOp HaYMHAETCs B 00JIACTAX CBOOOIHBIX OT JUCIIOKAIMH, B Oe31eeKTHBIX 00acTsIX KpucTamia. 1o MHEHHIO aBTOPOB
9TO CTaBUT IO/l COMHEHHE pOJb MpedepeHca B 3apOXICHHH MOp. DTOT PE3yNbTaT COOTBETCTBYET NPEUIOKCHHON
aBTOpaMHM MOJIENTM 3apOKACHHUSA IMOp B HACWIBHBIX O0OJACTSIX KpHUCTala 3a CYET OOpaTHBIX MapTEHCHUTHBIX
npeBpareHui| 1 ].

Bosppamasice k npobieMe NOpooOpa3oBaHMS B paMKax IPEACTABICHUA O OHUCIOKAlMOHHOM mpedepeHce,
OTMETHM €IIIe OJTMH BaYKHBII MOMEHT. /[es10 B TOM, 4TO HapsAy C BAKAHCHUSAMH K 3apOJIBIIIaM MOP UIET OTPOMHBII MOTOK
MEXXJI0y3€JIBHBIX aTOMOB. YUeT 3TOTr0 00CTOSTENIbCTBA MPUBOAUT K TOMY, YTO 3apOXKJIEHHE MOpP MOXKET UMETh MECTO
JIMIIb [IPU 3HAYECHUSIX TUciokaionHoro npedepenca Boime 10% [13]. Takum oOpaszom, eciu BepHbI OOLICIPUHSTHIC
3HaueHus npedepeHca Ha ypoBHe 1-2 %, TO BO3HMKHOBEHHE BaKaHCHOHHBIX IIOp 110X OOJy4eHHEM, IO MHEHHIO
ABTOPOB ATOH PabOTHI- HEBO3MOXKHO.

Eme omauM (akTopoM, CHIKAIOIIMM BEPOSITHOCTh pabOTHl  MCIOKAlMOHHOTO mpedepeHca sBiseTcs
oOpazoBanme armocep w3 mpumecedl Ha auciokarsgx. Norris [14] mokasam, 9TO KOHIICHTpalWs IIpPUMECEH B
o0iryyeHHOM Marepuane Ha ypoBHe 0,02 MOXXET IMOJIHOCTBIO TOJaBHTh NpedepeHc depe3 BIMSHUE Ha yIpyroe Ioie
JCITOKAIINH.

Crenyer OCTaHOBUTHCS €IIE Ha OJJHOM Ba)KHOM acIleKTe B3aHMMOJCHCTBHS TOYEUHBIX IE()EKTOB C TUCIOKAIHIMHI.
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Jlerno B ToM, 4TO moronieHne qe(eKkToB AUCIOKAUSIMU IIPOUCXOMUT Ha CTyNEHbKaxX U Ioporax. JHEprus o0pa3oBaHus
Mopora HanpsMylo CBsi3aHa C IIMPHHOW paclIelUIeHHs IUCIOKalud, T.e. ¢ ee dHepruell nedekra ymakoBku. B psje
paboT, Ha LENIOM psiJie MaTepHaloB, yJIaloch Moka3arb[15,16], yTo obmydeHue, ra3000pa3HbIe MPOAYKTHI SIEPHBIX
peakuuii M, B YacCTHOCTH, I'eJMi MOTYT NPHUBOJIUTH K 3HAYUTEIHHOMY YBEIMUYCHHUIO PACIICIUICHUS IHCIOKaUMH U
CHW)KCHUIO JHeprud nedexra ymakoBKH. TakuMm o0pa3oM, MOA OOIyYEeHHEM MOXKET 3HAYUTENBHO 3aTpyIHATHCS
npoLecc MOTJIOIIEHUST TOYCUHBIX Ie(eKTOB 3a CYeT TPYIHOCTH C 0Opa3oBaHUEM IOPOroB. TPYIHOCTH 3apOXKICHUS
ITOpPOTOB, M 00JIeeT IpsMBIE (TI0 CPABHEHUIO C HCXOIHOM CTPYKTYPOH) IMCIOKAINN HaOIoaamiuch B padorax [17,18].
Takxum 06pa3om, U CyIIecTBOBaHHUE TIpedepeHca, i OOMENPUHATHII MEXaHU3M 00pa30BaHUs BAKAHCHOHHBIX ITOp B
YCIIOBHSX BAKAHCHOHHOM NEPECHIIEHHOCTH B PeaIbHBIX 00 Ty4aeMbIX CIUIaBaX HAXOIUTCS IO OOJNBIINM COMHEHHUEM.

POJIb BAKAHCHM B PA3PYILIEHUHA MATEPHUAJIOB

KoHueHTpanus HepaBHOBECHBIX BaKaHCHIl B 3aBUCHMOCTH OT HAIPSDKEHUS! U TEMIIEpaTyphl B JIOKAJIbHOM 00beMe

MoXeT ObITh Haiinena u3 gopmyusr [19]:

C=C,exp (0,V,/kT),

rae o, (wmm npocto P — maBnenme) m T — cOOTBETCTBEHHO, HampspkeHWe W Temmeparypa, C, — paBHOBecHas
KOHIICHTpALlsl BakaHCHN B HEHATrpPyXKCHHOM KpHcTamie, V, — aTOMHBIH 00beM, K- mocrosHHas bomprmana. s
obnactu cxarus cienayer Oparb (+o,), s pactsokeHuss — (-o,). CreoBatenbHO, B MeTalaXx W CIUIaBaxX 3HaK
JNEHCTBYIOINX BHYTPEHHUX T'HIPOCTATHYECKUX HAPSOIKEHUH OINMpeensieTcs COCTOSHUEM BaKaHCHOHHOM IMOJCHCTEMBI:
B JII000H crucTeMe ¢ 00pa3oBaHUEM B Heil BAKAHCHOHHOTO TIEPECHIICHHS JEHCTBYET IHPOCTATHYECKOE CKATUE, a ECITH
KOHIICHTpALUs BAaKaHCUN HUXKE PAaBHOBECHOI'O YPOBHS, - BO3HUKAET T’UAPOCTATUYECKOE PACTSKEHHUE.

W3BecTHO, 4TO TMAPOCTATHUECKOE CXKATHE ITOJaBIsieT HopooOpa3oBanue [19], T.e. BAKAHCHOHHOE TEPECHIICHHE
HajaraeT 3ampeT Ha o00pa30oBaHME BAaKAHCHOHHBIX KOMIUIEKCOB. B yCIIOBHMSAX pacTsHKEHHs BaKaHCHOHHAs
HEI0CTaTOYHOCTh, B COOTBETCTBHE C KJIACCHYECKMMH TeopusiMu [5,20] Taxke He MO3BOJSIET 0Opa3oBBIBATHCS
KoMmIuiekcaM. M1 B TOM M B ApPYroM ciydae camMa BaKaHCHOHHAs IOJCHCTEMa HajaraeT 3ampeT Ha Juddy3rnoHHBIH
MEXaHHU3M 00pa30BaHMs Op. B 3TOM U 3aKII0UaeTCs «Iapagokey IopoodpasoBaHusl.

Tem He MeHee, XpyIKOe pa3pylleHHe METAIUIOB (T.€. pa3pylieHne 0e3 MIacTHIeCKO nedopManni, Kyaa CIemayeT
OTHOCHTh M 00pa3oBaHHME IOP U MHKPOTpPEINWH), HAOIIOAAeTCs B YCIOBHAX JEHCTBUS HMMEHHO BCECTOPOHHHX
PaCTATHBAIONINX HANPSHKEHUH, T.€. B YCIOBUAX BAKAHCHOHHON HEIOCHIIIEHHOCTH U, CJIEIOBATEIBHO, B IPOTHBOPEYHH C
CYIIECTBYIOIIUMH TEOPUSIMHU.

XapakTepHOil 0COOEHHOCTBI0 MEXaHH3MOB MOPOOOPa30BaHMs SBISIETCS €r0 «B3PBIBHOM» XapakKTep, MOTyUUBILUHA
CBOE Ha3BaHHWe OJarogaps SKCIEPUMEHTAILHOMY OINPEJEIICHUIO BPEMEH 3apOXKICHUS TIOp U MUKPOTPEIIMH B Ipolecce
JneOopMaIuK, COCTABIISIFOIIUX MOPSIKa 10 [20]. DTOoT (pakT, IO MHEHHIO aBTOPOB, SABJSICTCS OJHHM U3 TJIABHBIX
apryMEHTOB NPOTHB TOMOTEHHOT'O MEXaHH3Ma MX 3apoxjeHus. OOpa3oBaHue 3apojblniel mop (TpEeIluH) pa3MepoM
0.01-0.1 MKM 3a Takue BpeMeHa TpeOyeT MTHOBEHHOTO OOBEIMHEHHUS THICSY BaKaHCHH, KOTOPBIM HEOTKY/la B3AThCA (B
COOTBETCTBYIOIINX 00BEMax MaTepHaOB) AaXe NMPH MAKCUMAaIbHO BO3MOXHBIX MX KOHIIEHTpaNnusX, OyAb TO 3aKalka,
o0iryyeHue, WIM MHTEHCUBHAS AedopMarysa. Bo Bcex ykasaHHBIX Mpolieccax HpenesibHas KOHLEHTPALMs BaKaHCHH B
MeTannax He mpeBbimmaer 107,

CymiecTBOBaHHE BCEX 3THX (PAKTOPOB IMPUBOAUT K MBICIH 00 albTEPHATUBHBIX MEXaHMU3Max 3apOXICHHUS TOp B
00yyaeMbIX MaTepuaiax.

Ha puc.1 npencrasineHa mnetiis ructepesuca ySo (a3oBbIX IpEeBpAICHHUi, TOCTPOCHHAs Ul CUCTEMBI JKENe30-
yriepon [1]. B BepxHeM M HIKHEM yrilaX METJIM M300pa)KEHBI IO JIBa XapaKTEPHBIX CHJIOBBIX BEKTOpPA Gt U Opin,
KaXJBI W3 KOTOPBIX OTBEYACT HANPSHKCHUSIM YUCTOTO CIBUra W MHUHHMAJIbHBIM HANpsHKEHUsIM 00pa3oBaHMs
MapTEeHCHTA COOTBETCTBEHHO. EcIii BEpXHMIT yToJI METIN ONMCHIBAET IPOIECCH! IPSIMBIX MAPTEHCUTHBIX NTPEBPAILEHUH,
TO HIDKHHH — OTBEYAET 32 0OpaTHBIE MPEBPALICHUS.

ITockonpKy meTis 00JIagaeT yriloBOH CHMMETpHEH (ITIOBOPOT METIIH BOKPYT IEHTpaIbHOM ocw Ha 180° mpuBOAUT K
MIOJTHOMY COBIIQJICHUIO BCEX €€ TOUEK), TO COOTBETCTBYIOIIME CUIIOBBIE BEKTOpA PaBHOBEIIUKH, HO B K0l mape G; >
Omin- JTO O3HAYAeT, YTO KaK TOJILKO B KPUCTAJJIe HAYMHAET ()OPMHUPOBATHCS TEH30P TPEXOCHBIX CKUMAIOLIMX HIIU
pacTATUBAIONIMX HANpPsDKEHUH, Tak cpasy BO3HUKAIOT YCJIOBHS, MOJABISIONIME IUIACTHYECKYI0 Jae(OpMalHI0 U
o0Jieryaronye MapTeHCUTHBIC TIPEBPAIICHUS.

[TnotHOCTP ymakoBku o W 7y (a3 xeneza pasnuuHa. [losTomy ¢azoBble y-0 (B TOM YHCIE€ W MapTEHCHTHBIE)
MIPEBpPAIICHHUS MPOTEKAOT ¢ M3MeHEeHHeM oObema. O0beM (a30BOro HECOOTBETCTBHSI MOXKET OBITh HOPMHPOBAH Ha
00beM BakaHCHH. B mpomecce 00paTHOrO MapTEHCHTHOTO MPEBPAINEHHS 3TOT OOBEM IODKECH BBIIEISITHECS B BHUIE
BaKaHCHUH WM MX KOMIUIEKCOB. ITockospKy 00pa3oBaHHe MapTEHCHTa — MPOIECC KOJUICKTHBHBIN, TO U 00BEM MOXKET
BBIJICTISITHCS B BU/I€ BAKAHCHOHHOTO KOMILIIEKCA.

Ecnu B OOIIENPHHATHIX MOIXO0JAX K 3BOJIOIMU Ne(EeKTHOI CTPYKTYpbl, HAapUMep, MmoJ o0JiydyeHHeM 0a30BbIM
coObITHEM SBJIsIETCS BHIOMBaHUE aTOMOB M3 MX MO3MLMI B penieTke, TO A oOpa3oBaHus BakaHcuu B mpouecce MIT
JIOCTAaTOYHO CMEIIEHMs TPYNIBl aTOMOB Ha JOJIO MapameTpa pemeTkd. Takoil Moaxoll, MO3BOJSET OTKa3aThCs OT
muddysuonnsix [20] m mucnokaMoHHBIX [21] Mozened 3apoXIeHHsS TOp W TPEUIMH, M OCTaBISIET HANekKay Ha
COBEPIIEHHO €CTECTBEHHBII crIoc00 00pa30BaHMs 3apOJIbIIIEH TPEIIMH U TI0p - Yepe3 KOJUIAIC YIpyrux Jedopmannii
pacTsHKEHHS C CO3JIaHUEM JIOKATM30BaHHBIX COCTOSTHHM.
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[TpeacraBneHnss 0 BakaHCHSX TOJNBKO KaK O TOYEYHBIX Ae(eKTax OOCTHSET UX MPHUPOAY M CO3IaeT HPOOIJIEMBI,
HarpuMep, Npu OOBSICHEHUH IPOLIECCOB 3apOXJICHNsI BaKaHCHOHHBIX MMOp M TpemnH. Ha camom nene, BakaHcust —
COCTaBHAs 4YacTh CBOOOJHOTO 00BbeMa KpPHCTAUIMYECKOW pemeTkd. IIpu 3TOM BakaHCHS MOXKET HaXOIUTHCS Kak B
JIOKJIN30BAaHHOM (TOYEYHBIN Ne(EKT U CXKUMAIOIIIE HAIIPSHKEHUS ), TaK U JIEIOKAIN30BaHHOM («pa3Ma3aHHbI» nedekT
1 pacTATUBAIONINE HAITPSHKECHUS) COCTOSTHUH.
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Puc.1. Iletns rucrepesuca I'LIK — OLK ¢a30BbIx npeBpamienuii B yuctoM xenese[1].

O nyanu3Me BakaHCHH NpPU KPUOTEGHHBIX TEMIEpaTypax M BO3MOXKHOCTH CYIIECTBOBAHMS «Pa3Ma3aHHBIX)
BaKaHCHOHHBIX ne(heKTOB (me)eKTOHOB) BIEPBBIC OBUIO CKa3aHO B pabore [22], mpH OOBIUHBIX TEMIEpATypax —
JeKJIapupoBaHo B Haieil pabote [1].

O0pa3zoBaHne BaKaHCHUHM HEPa3pbIBHO CBS3aHO C MPUHIUIIOM IOCTOSIHCTBA TUIOTHOCTH BHYTpEHHEH sHepruu [23].
YKa3aHHBIN TPUHIUIT 3aKJII0YAETCS B TOM, YTO B IIPUpPAIIEHHOM 00bEeMe MPH PaclIupeHHH KOHJEHCUPOBAaHHBIX CHCTEM
BCJIEAICTBHE HarpeBaHMUs JIOJKHO BBIOJIHATHCS YCIOBHUE: TUIOTHOCTh BHYTPEHHEH SHEPTHH Py OCTAETCS TOCTOSTHHOM.

Po= QC/ VO)
rrne Q. — aHeprus cyoaumanny, Vo — 00beM MOJIS BEIIeCTBA ITPH a0COIMIOTHOM HYyJIE.

B cooTBeTcTBMM C 3THM NPHHIUIIOM, KOHEYHBIM COCTOSHHEM 3BOJIOINH, JI000H HEpaBHOBECHOH CHCTEMBI,
TIOTJIOIAIOIIEH SHEPTHIO U3BHE (B YaCTHOCTH, 0OIy4aeMOro KpHCTasa), TOKHO OBITh BCECTOPOHHEE PacTsHKEHHE.

Jyanmu3m BakaHCHI TO3BOJIAET: BO-TICPBBIX - BCErJa MOJJEPKMBAaTh MHHUMAIBHOW MX KOHIICHTPAIWIO B BHIC
TOYEUYHBIX 1e(EKTOB B METAILIAX, BO-BTOPBIX - H3MEHATh 00BEM C H3MEHEHHEM BHYTPEHHEH SHEPTUH.

C nenpio BBIACHEHUS! IPUPOIBI 3aPOKACHUS IOp M TPEIIMH B HEPABHOBECHBIX CHCTEMax (3aKaika, oOirydeHue,
Jne(OPMHUPOBAHUE) M3YyUCHBI MEXaHH3MBI 00pa30BaHMs CBOOOAHOTO 00BeMa 3a cuer Oe3anddy3nOHHBIX (Pa30BBIX
IIPEBPALICHUI MAPTEHCUTHOTO THUIIA.

To, uro oOpa3oBaHKME BaKaHCHOHHBIX MMOp W TpelIMH 1o Mexanu3my MII sHepreTndecku Oosiee BBITOJHO, YEM
i dy3HOHHO, MONTBEPXKAAIOT IJIEMEHTapHbIE pacueThl PHEPrHuU OOpa3oBaHUsI BakaHCHH B jkene3e. Takue pacyers
ObUTM TIPOBE/IEHBI C KCIOJB30BAaHWEM M3BECTHBIX JaHHBIX MO HW3MEHEHHMIO TETParoHaJbHOCTH MapTEeHCHTa B
3aKaJeHHBIX YITIEPOANUCTHIX CTAIX [24] M tnarpaMMbl MapTEHCUTHBIX (Da30BbIX MTPEBPAIICHHH.

AHanmi3 TOJyYeHHBIX Pe3yJbTaToB, MOKA3al, YTO OOBEMBI SYEEK AyCTCHHUTAa W MAapTEHCHTAa YBEIMYUBAIOTCS C
POCTOM cozepskaHus yriepoja B xenese. OqHako, 00beM (pa3oBOro HECOOTBETCTBUS (Pa3HOCTh OOBEMOB AyCTCHUTA U
MapTeHcuTa) AV 3IIeMEHTApHOW SUYEHKH HE 3aBHCHT OT COJAEPXKAHUS yIJIEpoJa B JXKEJE3€ M COCTAaBISICT B CPETHEM
1,015A°, TlocrosiHHoe 3HauyeHHe AV yKa3blBaeT Ha TO, 4TO CYIIECTBYeT HEH3MEHHas 0/ 00beMa (ha30BOro
HECOOTBETCTBHS, KOTOpasi 00yCIOBIEHA TONBKO BAaKAaHCHSIMH.

B aycrenunTHOW (haze ikeme3a yriepoq He (GOPMHPYET TETParoHANbHBIX HCKQKEHUH, MOCKOJIBKY ero
pacnpesienieHHe B KPUCTAUIMYECKOH pelleTKe HM KaK He CBS3aHO C ymnopsjoueHueM. IloaTomy oOpa3oBaHue
TCTparoHaJbHbIX UCKaXKECHUHN U O6'beMHbIe U3MCHCHHSA B aYCTCHUTEC OO0 IMPEBpalllCHUs OHNPEACTIA0TCA TOJBKO
BaKaHCHUSIMH, yCPEIHEHHAs KOHIIEHTpaNusl KOTOPhIX cocTaBisieT ~ 4,2 00.%. (KoHueHTpanus: BakaHCHi onpenensieTcs
kak ¢, = AV/V, rge AV=1,015A°, a V — YCpEJHEHHOE 3HAYCHHE O0BEeMa SJIEMCHTAPHON SUYCHKH MapTEHCHUTA
V=24,14A%).
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[ToHsATHO, YTO Takas KOHLEHTPALUs BaKaHCH HE MOXET ObITh OJHOBPEMEHHO JOCTHTHyTa BO BCEM OOBeMe
Marepuaia, HO JIOKaJIbHO M B IUIOCKOCTH 00Opa3oBaHMs MapTEHCHTa 3TO BIIOJHE peayibHO. VMEHHO aHW30Tponus
pacmpeneneHuss BaKaHCUM B PA3IMYHBIX IUIOCKOCTSAX IOPOXKAAET TETParoHaJbHbIE HCKAXKEHUS B H30TPOMHOM
KpHcTaJuIM4eckor pemierke. OO aHWU30TPONHOM paclpeAeiIeHHHM BaKaHCHH CBHIETENBCTBYET cama ¢opma
MapTEHCUTHBIX KPUCTAJLIOB.

TakuM 00pa3oM, KOHIEHTpanus BaKaHCHH IOCTUTAaeT MAKCHMAJBbHBIX 3HAUYCHWH B IUIOTHO YIAKOBAHHBIX
IUTOCKOCTSIX, YTO NPHBOJIUT CHCTEMY (JIOKAIbHO) B OJHO M3 3KCTPEMAJBbHBIX COCTOSHHWH €€ BHYTPEHHEW 3HEPIHH U
MOCIIETYIOIEMY MapTEHCUTHOMY ITPEBPAILEHHIO.

Ha puc.2 npencrasiensr: neris rucrepesuca (aszosix ['TIK-OIK mpepparienuii, a Takxe rpadukd U3MEHEHHUS
BHYTpPEHHEH PHEPIruU BIOJHh BEPXHEW M HIDKHEH BETBEH METIM THCTepe3rca M ee MepBOM MPOM3BOIHOHN (KoTopas
oOpaiaercsi B SKCTpeMyMe B HyJIb) JUIsl MJEaIBHOTO KpHCTaJUIa jkelle3a B mpolecce ySa npespamenuil. ['paduku
JEMOHCTPHPYIOT, YTO BHYTPEHHSS dHEPTHsl, U3MEHSACh BAOJb METIH, UMEET JBa IKCTPEMyMa, KOTOPBIM OTBEYAOT
HanpspKeHus okouio 328 u 968 Kr/mMM” ¢ TETParoHaJIbHOCTHIO ¢/a mopsinka 1,313 (otknonenwue ot 1,4142) mis aycteHura
u 1,106 (otknonenue ot 1) ast heppuTa, COOTBETCTBEHHO.

VYKa3aHHBIM TETPAaroHAIBHBIM HMCKa)KEHHSM OTBEUAIOT 3HA4YEHHs OTHOCUTEIbHOro obdbema AV/V B cpermHem
pasaoe 0,021. OmpeneneHHoe M3 SKCHEPHMEHTANBHBIX JaHHBIX 3HAUYEHHE OTHOCHTENIBHOTO O00BbEMa MpH TPSIMOM
npeBpameHnn (3akanka) AV/V = 0,042. CregoBaTenbHO, CHCTEMa OKa)XETCS B AKCTPEMyME, HCIIONB3Ys IPUMEPHO
TIOJIOBHHY OOpa30BaBIIMXCS TP 3aKalKe, BaKaHCH. BTopas WX IONOBMHA yHIET HA CO3JaHHMe TEH30pa HANPSHKCHUN
CIIOCOOHOTO peann30BaTh MAPTEHCUTHOE MIPEBPAIICHHE.
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Puc.2. Iletns rucrepesuca - kpussle 1-2. I'paduku, KOTOpBIE IEMOHCTPUPYIOT: XapakTep u3MeHeHus sHepruu (3,4) U MpOU3BOIHOI -
OE/ 0c (5,6). [TonoxeHus 3KCTpeMyMOB Ha IIeTiIe TUCTepe3nca onpexensier ycinosue (OE/ 0o) = 0.

3Has 00bEM BaKaHCHH, JIETKO MOJCYMTATh YUCIO sYEEK, MAapTCHCHUTHOE IPEBpalleHHE B KOTOPBIX CIIOCOOHO
TIOPOANTH ONHY BaKaHCHIO, a BBHIUYMCIMB M3MEHEHHE 3HEPIWH OJHOW 3JIEMEHTAapHON SUEHKH 3a CUeT M3MEHEHHUsS ce
00BeMa, TOACYNTATh SHEPTHIO 00pa30BaHUSI OTHOM BaKaHCHH.

OnpenenuMm wu3MeHeHHe dSHeprum sneMeHtapHoii OLT sueiikm B pesynbraTe MapTEHCHTHOTO (ha30BOTO
IIpeBpalleHNs Kak:

AE* = K(AV/V),
rae K=16,8-10°kI"/Mm*> — Mozxyib 06beMHOro cxatus, AV/V - H3MeHEHHe OTHOCHTEIBHOTO 00beMa ayCTEHHTA IpH
IpEeBpalleHUH ero B MapTeHcUT paBHoe 0,042.

Pacuer naet 3Hauenne uameHenust sneprun oquoit OLT stueiikn kpucramna AE*~ 0,00363B.

[Monaras, 4To 06BEM BaKaHCHH paBeH o0beMy aToMa xkene3a V, ~ 12A%, nerko et sHEpruo oGpazoBanus
OJIHOW BaKaHCHHM IIPU MapTEHCUTHBIX NIPEBPAILECHIUX B yIIepoaucThIX ctanax. [lomyuennoe 3Hauenue E, = 0,045B B 30
pa3 MeHblIle PHeprun oOpa3oBaHus BakaHcuu 1o MexanusMaM Llortku wim ®@penkens. TeopeTndecke OLEHKH 3THUX
SHEepruil Ui Keneza Haxomsarcs B mpenenax 1,1 + 1,453B [5]. DHeprus oOpa3oBaHus BaKaHCHH, BO3HUKAIOMICH NpH
MII - E, = 0,045B, siBisieTcsl BEIMYMHON OCTOSIHHOM U HE 3aBUCUT OT pa3Mepa MOpbl WIIM TPELLMHBL.

Takum o0pa3oM, TpocTEHImINiI pacdyeT MOKa3bIBACT, YTO MAPTCHCHUTHOE MpeBpamieHne NpHOIMm3uTeIbHo |1-TH
aneMeHTapHBIX staeek OL[T mckakeHHON KPUCTAUTMIECKOH PEIIeTKH MOPOKAaeT (MK MOTJIOMIAeT) CBOOOAHBIN 00beM
paBHbI 06BEMY OJHOMN BaKaHCHH (B BH/IE TOUEUHOro aeekta 0bbemMom V= 12A%) mox neficTBHEM IHApOCTATHIECKHX
HanpsokeHuil. MHauye cnenyeT NOHMMarb, 4YTO pAacTBOPEHHas B O0beMe BAaKaHCHs OKa3bIBACTCS PaBHOMEPHO
«pa3MazaHHO» MPUOTM3UTENBHO 1O 11-1 37IeMEHTapHBIM STYeHKaM.

Juarpamma ['TIK-OLIK wmapTeHCHTHBIX (a30BBIX NpEBpaICHUH W MeXaHH3Mbl 00pa3oBaHHUs MapTEHCHTA,
UCIIOJIb30BAaHHBIE JUISl €€ ITOCTPOSHHS, ITO3BOJISIIOT YTBEPXK/IaTh, YTO 00pa3oBaHKE IMETENb JTUCIOKAIMH BaKaHCHOHHOTO
Tuna B (eppure He Hyxmaerca B quddy3un BakaHcHi. JHepreTHdecku Oojiee BHINOAHO MX 0Opa3oBaHHE 3a CYET
C/IBUTOBBIX Jedopmanuii, BOSHHKAIONIMX IIPH 00pa30oBaHUK MapTeHCUTa. B aToM ciryyae oOpasyromuiicss MapTeHCHUT —
(aza Oonee IIOTHAs, YeM O-MaTPUIAa W MPSMO IIPHU CABHTE HAJ OOBEMOM IIPEBPAIIECHHS BO3ZHHKAIOT PACTSDKEHUS
MOJOOHBIE TEM, KOTOPBIE CO3/1aeT METJIS ANCIOKAIIMH BAKAHCHOHHOTO THIIA.
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Cunrasi, MEXaTOMHOE PAacCTOSHUE TOpsaKa 3A, MOKHO 0XKMAaTh, YTO MAapTEHCHTHAs IPOCIOWKA TONIIMHOM
30+35A mopoaMT MONHYI METNIO JMCIOKALMH. DHEprHs 06pa3oBaHMS TakoH meTinu ¢ pamguycoM 6A, cocrosmeit
npuban3nTenbHo u3 40 BakaHcuii He TpeBBICHT 1,6 3B, yTO HaMHOrO HMXXE YHEPTUM 00pa30BaHMS IETENb TOTO K
pasMepa, MOIy9eHHOH B paMKaX KJIacCHYeCKOH Moenu ynpyroro koutuayyMma (30...40 3B) [25].

3Has KPUTHUYECKHH pPaanyC 3apojblllla BaKaHCHOHHOM MOpPBI, MOXHO OIICHHTH pa3Mep MapTeHCUTHOH (a3bl
criocoOHON ero oOpazoBarb. Ciiemyst JUTEpaTypHBIM SKCHEPHUMEHTAIBHBIM IaHHBIM [25] momaraem, 4YTO pajauyc
CTaGHIBHOTO 3apojbiia paBeH ~ 6A. Torma, oGbeM mopsl paBeH ~ 905A°, uncio BakamcHii, ero o6pasyiommx — 75, a
00beM MapTEHCHTHOTO KPHCTAUIA, KOTOPBIH MOPOXIaeT Takyko mopy ~ 21720A°. Dueprus o6pa3oBaHus mopsl u3
Takoro uyucina pakancuii E, = 0,04x75 = 35B. Dro 3HayeHMEe Ha NOPANOK HUKE 3HAYEHHsA IOPOrOBOH JHEPIUM
muddy3noHHOTO 00pa3oBaHUs MOpHI, KoTopas orneHuBaercss B 30 + 35 3B [25]. Urobbl mpeomosieTs 3TOT MOPOT
nuddy3roHHO, Takas mopa JODKHA 00pa3oBaThesl GIYKTYAI[MOHHO U3 75 BaKaHCHUH B BHJE TOYEYHBIX e(EKTOB, UYTO
NpaKTHYECKH He peaibHO [26]. MexaHu3M 00pa3oBaHMs MOpP Ha MapTEHCUTHBIX (Pa30BBIX MPEBPAIICHHUAX T1O3BOJISET
JIETKO TPEOJOoNeTh dHepreTudeckuit 6aprep B 33B 3a cuer Oe3muddy3noHHOro Koutanca yrpyrux aedopmarui
pacTsHKeHHSI.

Cunraercsi, 4TO IJIsl IOJHOTO pPa3pbiBa MEXAaTOMHBIX CBsi3eil (0OpasoBaHME TPEUIMHBI) OCTATOYHO YIAIUTh
aTOMBI Ha PaccTOSHHE paBHOE JIBYM IapamMeTpaM KpHCTaJUTMUecKoil pemreTkn. OOpaTHBIN mepexos ¢ oOpa3oBaHHEM
MapTEHCUTHOH IUIACTUHBI TOJIIUMHOW BCETO B 70+75A MPUBEAET K TOMY, YTO Takas TPELIMHA BO3HUKHET BAOJb BCEH
Mex(a3HOH TrpaHUIIEL.

ITomxydennsie B paboTe pe3ynbTaThl HaXOAAT 3KCIEPHMEHTAIBHOE TOATBEP)KIACHUE MPU M3YYCHHH CTPYKTYpHO
(a30BOI IBOTIONMK KOPITYCHBIX CTajei. VMcciemoBaHms MmoKa3aln Hajludue accormanuii HaHo mop u wactum [TIK
($a30BBIX BBIACICHHN Ha MEIHOM OCHOBE B 00JydeHHBIX KopmycHbIx craimsix (OLIK) ¥ MomenpHBIX CHCTEMaX,
o0pa3zoBaBIIMXCcs MO0 MexaHu3My Oe3andy3nOHHBIX MpeBpalleHui MapreHcuTHoro tuna [27,28]. EcrectBenHo, uTo
3TOT MPOIIECC JODKEH MPUBOIUTH K dPQPEKTy pasMarHUYMBAHUS KOPIYCOB, YTO M HAOJIIOACTCSA AKCICPUMEHTAIBHO.
Hanpumep, B padote [29], BbimonHeHHO# Ha koprycHoi cranu 15X2HM®A peakropo BBOP 1000, o6syyenHo# 10
no3el MeHee 0,1 c.H.a MOKa3aHO, YTO OCTaTOYHAs HAMAarHWYEHHOCTh yMEHbIIaeTcs rocie obimyueHus Ha 48%. Ecnn
NIPEACTAaBICHHBI TIOAXOA SBJSIETCS TPAaBWIBHBIM, TO B CTAJIIX ayCTEHUTHOIO Kiacca JOJDKHA HaOIoAaThes
NIPOTUBOIIONOXKHAS ~KapTWHA: TMPSMOE MapTEHCUTHOE MpEBpalleHWe JIOJDKHO NPUBOAWTH K  YBEIHUCHHIO
HaMarHWYEHHOCTH CTaiu. IIpoBefeHBI HAaMM HCCIIEAOBAHMS MAarHUTHBIX XapaKTepHCTHK PEaKTOPHOM cTanu
OX16H15M3B o6myueHHOl 10 TOro xe ypoBHs nospexaenuit (1072...107 ¢.H.a.), 94TO U KOPIYCHbIE CTATH MOKA3aIH,
YTO MPOUCXOAUT CYIIECTBEHHOE, B Pa3bl, yBEIMUEHNE OCTATOYHON HaMarHUIeHHOCTH B pe3yibraTte odmydenus [30].

3AK/IIOYEHHUE

C menpio BBIICHEHHUS MPUPOABI 3apOXKISHHS HOp M TPEIIMH B HEPaBHOBECHBIX CHCTEMax (3akaika, OOlydeHHe,
ne(pOpMHUPOBAaHUE) M3yUEHBI MEXaHH3MbI 00pa3oBaHMs CBOOOJHOTO 0OBeMa 3a cueT 0e3auddy3uOHHBIX (Pa30BBIX
MpeBpalieHnii MapTeHcuTHoro tumna. [lokazano, uto ynpyras oobemuas aedopmanus 11-tu anementapabix OL[T sueex
xkene3a Ha 4,2% MPUBOJAUT K 00pa30BaHUIO OJTHOM CTPYKTYPHOH BaKaHCHH.

[MTonnas obbeMHas aedopmanys SBISIETCS CyMMOM NPUMEPHO paBHBIX yacTei B 2,1%: o7Ha M3 HUX OTBEYAET 3a
00bEeMHbIE U3MEHEHHS 32 CUET CABHIA, a BTOPas 3a 00bEMHbIE H3MEHEHHS 1101 IeHCTBUEM THAPOCTATHKH.

OmnperneneHa 3HEPrUs aKTHBALMKA 00pa30BaHUs BAKaHCHH 110 3TOMY MEXaHHM3MY, COCTABUBILIAs NMPHOIU3UTEIHEHO
0,043B, 9TO B TpUALIATH pa3 HIXKE, YeM IpU 00pa30BaHUU BakaHCcHH 110 MexaHm3MaM [llorTku nmn Openkens.

OnpeniesnieHa >Heprus 0OpPa30BaHUs BAKAHCHOHHON MOPBI KPUTHUECKOTO pasMepa (pamuyc 6A) mpubmmsurensno
paBHas 33B.

ITokaszaHo, 9TO MapTeHCHTHas Mpocioiika TommuHo# 30+35A, BosHHKaromas mpHM OOPATHOM MHPEBpAIICHHH,
MOPOXKAAeT METII0 AMCIOKAIMM BAKAaHCHOHHOTO THMA. EciaM TommMHA MapTEHCUTHOH MPOCIOWKH OKa3bIBAETCS
nopsaxa 70+75A, B Meranme oOpasyercs TpeliuHa Miu mopa. M3 3TOro cliemyer, 4TO MOIIHOCTh MAapTEHCHTHON
MPOCIOWKM KaK MCTOYHMKA BaKaHCUH (MITH MEXJI0Y3JIMI) ONpeessieTcs ee TOMIINHOMN.

[MpexncraBneHHble B paboTe JaHHBIE CBUJICTENBCTBYIOT 00 SHEPreTHIECKON BBITOJHOCTH 00pa30BaHUs 3apOAbIIIeH
Iop 10 MEXaHu3My OOpaTHBIX MAapTEHCHUTHBIX NPEBpAILCHUH IO CPaBHEHUIO C IUPQY3HOHHBIM MEXaHH3MOM, B
KOTOPOM 3HEprusi 00pa3oBaHMs MIOPHI KPUTHYECKOTO pa3Mepa COCTABIISIET NECSITKU 3JIEKTPOH-BOJIBT.

Oco0o0 cienyer NoauepKHyTh, YTO MAapTEHCUTHBIC ()a30BbIE NMPEBPALIEHUS] — HE TOJBKO MEXaHW3M 00pa30BaHMs
rop 1 TpenrH. OHU SABISFOTCS Takke 3P (HEeKTHBHBIM HCTOYHUKOM ANCIIOKAMOHHBIX ITE€Teh KaK BAKAHCHOHHOTO, TaK 1
MEXXI0Y3€IbHOTO THIIA.

@DaKkToOpoM, ONPEACIAIOINM CTEINeHb OXPYNUUBAHUS JIO00H HEPAaBHOBECHOM CHCTEMBI, SIBIISIETCS POCT
TETPArOHAJIbHBIX HCKAKEHUH KPUCTAIUIMYECKONW PEIIETKH B YCJIOBHAX (POPMHpOBAHMS TEH30pa BCECTOPOHHUX
pactaruBaronx HampspkeHud. Jlrobas OILIK cucrema okakeTcst B XpPYIKOM COCTOSHHH, KOT/Ia TETparoHaJbHBIC
UCKaXCHUSI B HEU IOCTUTHYT HKCTPEMAJIbHOrO 3HaueHus. Hamuuue BSA3KOWH COCTaBIAIOLIEN B XPYNKOM DPa3pyLICHUH
00BsICHSIETCS «JIOKanu3aluei» odbeMa, B KOTOpPOM (GOpMHUpYETCs TEH30p THAPOCTATHYECKOTO pacTskeHus. Yem
0oJibIIie 00BEM MTPEBPAILCHHSI, TEM MEHbIIIE BSI3Kask COCTABIISAIONIAS.

Vka3aHHasi BBIIIE <«JIOKAIM3alMsD» KOPEHHBIM 00pa3oM OTIMYaeTcs OT TOH, KOTOpas HCIOJB3YeTCs B Tak
Ha3bIBAEMOM «JIOKaJdbHOM Hoaxonae» [20], MOCKONBKY CBA3aHA C JIOKaJU3alMed XPYyIKOro pa3pylIeHus, a He ¢
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«JIokanu3anueil miactudeckoir nedopmanum». OOpa3zoBaHHe NETIM AMCIOKALMK BAKAHCHMOHHOIO THIIA TPHBOAUT K
JIOKQJIBHOMY POCTY CBOOOZHOTO 00beMa W YBEJIIMUEHHIO BHYTpEHHEH SHepruu. Ee 3HaueHHWe B OKPECTHOCTH METIH
ctpemutcs Kk Q.. OGpasoBaHHE BTOPOrO CJIOS BAKaHCHl TpH TONIIMHE MApTEHCHTHOH mpocnoiiku Gompme 70A
MIPUBOJUT K TOMY, 4TO OTHolIeHHe E/V B 3TOM JoOKann3oBaHHOM oObeMe craHoBUTCs Ooinbiie Q./Vy M KpucTami
JIOKAJIBHO pa3pymaeTcs, 00pa3ys MOpy WIN TPELIHHY.
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