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A record of atmospheric 210Pb distribution in the industrial city

E.A. Buraeva, V.S. Malyshevsky1, V.V. Stasov, L.V. Zorina
Southern Federal University, 344090, Rostov-on-Don, Russia,

e-mail: vsmalyshevsky@sfedu.ru

Abstract. The total distribution of the atmospheric 210Pb in the industrial city Rostov-
on-Don, Russia from 2002 to 2010 has been measured. The variations in annual 210Pb
deposition �ux appear to be mainly correlated with the number of rains and signi�cant
amount of anthropogenic 210Pb, polluted into the surface layer of air in the home-heating
period. The average 210Pb deposition is 1.75 mBq/m3. Several meteorological parameters
which are strongly associated with the �uctuations of concentrations of 210Pb are identi�ed.
These results are useful to provide typical information on the atmosphere radioactivity in
an industrial city.

Êëþ÷åâûå ñëîâà: Lead-210, radioactive lead, atmospheric deposition, precipitation.

Introduction. Natural radionuclide of terrestrial origin 210Pb is decay products of 238U.
The half-lives of this radionuclide is 22.3 years. The 210Pb appears in the atmosphere from
the decay of inert gas 222Rn. The higher levels of radon in the air is characteristic of areas
with radioactive anomalies in uranium deposits, as well as in areas of tectonic faults. Thus
the 222Rn (and as a result 210Pb) may be either of natural and technogenic origin (for
instance, due to various processes with the mineral raw materials). The purpose of this paper
is to determine the characteristics of the climate e�ects, weather, and possibly man-made
factors on the variation of 210Pb in aerosols and precipitation in the surface air of industrial
city Rostov-on-Don, Russia (moderate latitudes and temperate arid climate. Latitude: 47◦

14.1834' N, Longitude: 39◦ 42.8334' E).
The long-term monitoring of radioactivity in air provides useful information about the

radiation in the environment due to natural and man-made sources and helps to evaluate their
impact on man. Monitoring of the 210Pb behavior in the atmosphere is carried out in di�erent
laboratories. Here are just some of the earlier studies. For instance, concentration 210Pb in air
was continuously monitored, using a high-volume air sampler and a high-resolution gamma-
ray spectrometer, at the University of Malaga [1]. Studies of radionuclide activities in aerosol
particles have been carried out by Duenas C. et.al. [2]. The 210Pb deposition over the North
Sea was investigated by Beks J.P. et. al. [3]. Activity concentrations of the long-lived natural
radionuclide 210Pb in surface air were measured by Hotzl H. et.al. [4] twice monthly at a
semi-rural location 10 km north of Munich (FRG) for the time interval 1983-1985. The 7Be
to 210Pb concentration ratios in ground level air on two monitoring stations in Belgrade
area were determined from 1996 to 2001 by Todorovic D. et.al [5]. According to Todorovic
D. the 7Be to 210Pb ratios were in the range of 1.7�12.7, with summer maxims and winter
minimums. There is a strong correlation between the seasonal radionuclides concentrations

1Corresponding author.
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and the seasonal average of temperature; it is quite likely this is one of the master variables
that control the amount of radionuclides concentrations in air (Azahra M., et. al. [6]).

The results presented in this paper are a part of research on atmospheric radioactivity
in the south of Russia (Buraeva E.A. et. al. [7]).

Experimental.Measurements of the 210Pb content in aerosols (1 per week) and precipita-
tion (1 per month) are performed at the aspiration station of the Southern Federal University
(Rostov-on-Don, Russia) in 2002�2010 as part of the monitoring of the radioactivity of the
atmospheric layer at the ground in Rostov-on-Don (47◦14' NL; 39◦42' EL). The location of
the station at temperate latitudes with a temperate continental climate and comparatively
low precipitation imparts special signi�cance to the systematic monitoring of 210Pb in the
atmosphere.

Ðèñ. 1: Volume activity of the 210Pb.

A ventilation setup with a �lter consisting of FPP-15-1.7 Petryanov fabric with total
area 0.56 m2 and a liquid Lambrecht micromanometer were used to obtain the samples.
According to the measurements, the air �ow rates were approximately 630 m3/h initially
("fresh"�lter) and 510 m3/h after 7 days of exposure. The exposed �lter was air dried and
pressed into 35 mm in diameter and 10�30 mm high pellets. Three or four days after the
�lter was removed, the γ-ray spectrum was measured in 12�24 h with a Ge(Li) or HPGe
detector of the low-background setup. The dust content in air was found according to the
mass di�erence between the exposed and clean �lter.

Results and discussion. The 210Pb volume activity in the lower atmosphere of industrial
city Rostov-on-Don (Russia) was measured during 2002-2010. In general, the activity of 210Pb
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in the lower atmosphere varies within a wide range (0,5 - 5,0) mBq/m3, with the average for
the whole period of observation 1.75 mBq/m3 (see Fig.1 and Table 1).

Obviously, regardless of the origin of 210Pb (natural or man-made) its content in atmospheric
aerosols decreases with the increase in rainfall due to more intensive leaching. Additionally for
the natural 210Pb decreases due to reducing the rate of radon exhalation from the moist soil
as well. The maximum values of the activity 2.2 - 3.3 mBq/m3 achieved with a combination
of relatively high temperatures 16 - 26 ◦C and the relatively small amount of precipitation
29 - 43 mm/month (Table 1).

Ðèñ. 2: Volume activity of 210Pb in surface air
from January 2002 since December 2010.

Ðèñ. 3: Mean monthly atmospheric volume
activity of 210Pb averaged over the period
2002-2010.

Òàáëèöà 1: Volume activity of 210Pb and meteorological parameters averaged over the year.

Year Activity, Precipitation, Temperature, Wind Relative Atmospheric
mBq/m3 mm ◦Ñ speed, m/s humidity, % pressure, mm Hg

2002 1.41 38.5 10.0 1.8 65.9 756.1
2003 1.55 50.7 8.3 2.0 71.5 756.7
2004 1.26 25.3 9.6 1.8 74.6 755.8
2005 1.40 32.7 10.3 1.9 72.3 756.2
2006 2.19 38.2 10.6 3.2 69.4 755.7
2007 1.85 37.6 10.9 4.3 65.1 755.6
2008 2.05 27.6 11.1 4.2 69.4 756.1
2009 2.27 27.3 11.0 4.2 71.6 755.2
2010 2.25 25.3 9.7 5.6 71.3 755.3
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Seasonal dependence of the 210Pb activity is shown in Fig. 2. To illustrate the overall
picture of the relationship of the individual parameters that characterize the radioactivity of
the atmosphere, we present their seasonal dependence, averaged over the whole observation
period (Fig.3). It is seen that in the winter months with minimal amounts of precipitation
and minimum temperatures the 210Pb activity in aerosols reach the highest values. This
can only be associated with a signi�cant amount of anthropogenic 210Pb, polluted into the
surface layer of air in the home-heating period. High values of 210Pb activity of anthropogenic
aerosols are accompanied by stability of the atmosphere in the winter. A slight increase in
activity in the winter after the 2006 is associated with colder winters in these years and as a
consequence a great burning of fossil fuels. The low 210Pb activity values in aerosols in this
period (for instance in March) associated with the turbulent mixing in certain months.

For the spring-summer period the behavior of the 210Pb activity are explained by the
restructuring of the spring atmosphere and the maximum amount of precipitation in June.
This maximum rainfall separates spring and summer maximum of 210Pb activity for two
(April and September) and deposition density of 210Pb on the Earth's surface in June.
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Àííîòàöèÿ.Íà îñíîâå ñàìîñîãëàñîâàííîé ñèñòåìû ìàãíèòîãàçîäèíàìè÷åñêèõ óðàâ-
íåíèé â ïëîñêîïàðàëëåëüíîì ïðèáëèæåíèè äëÿ òåðìè÷åñêè è õèìè÷åñêè ðàâíîâåñíîé
ïëàçìû ñìåñè àðãîíà è âîçäóõà ðàññ÷èòàíû õàðàêòåðèñòèêè àðãîíîâîé äâóõñòðóéíîé
ýëåêòðè÷åñêîé äóãè, ãîðÿùåé â àòìîñôåðíîì âîçäóõå. Ïðîâåäåí ñðàâíèòåëüíûé àíàëèç
ðàññ÷èòàííûõ õàðàêòåðèñòèê àðãîíîâûõ äóã, ãîðÿùèõ â àòìîñôåðå àðãîíà è âîçäóõà.
Ïîêàçàíî, ÷òî ó÷åò ñìåøåíèÿ àðãîíà è âîçäóõà óëó÷øàåò ñîãëàñîâàíèå ðàññ÷èòàííûõ è
ýêñïåðèìåíòàëüíûõ õàðàêòåðèñòèê ýëåêòðè÷åñêîé äóãè.

Ââåäåíèå. Ìîäåëèðîâàíèå äâóõñòðóéíîé ýëåêòðè÷åñêîé äóãè [1], ïðîâåäåííîå â
[2�4] íà îñíîâå ìàãíèòîãàçîäèíàìè÷åñêèõ (ÌÃÄ) óðàâíåíèé â ïëîñêîïàðàëëåëüíîì ïðè-
áëèæåíèè äëÿ òåðìè÷åñêè ðàâíîâåñíîé ïëàçìû àðãîíà, ïîêàçàëî, ÷òî â ðåçóëüòàòå èñ-
êðèâëåíèÿ ïëàçìåííûõ ñòðóé èç-çà ýëåêòðîìàãíèòíîãî îòòàëêèâàíèÿ ôîðìèðóåòñÿ îá-
ùèé ïîòîê ïëàçìû, îáðàçîâàííûé äâèæóùèìèñÿ â îäíîì íàïðàâëåíèè ñòðóéíûìè òå-
÷åíèÿìè è ðàçäåëåííûé âîâëå÷åííûì ñ âíåøíåé ìåæñîïëîâîé ãðàíèöû ñïóòíûì ãàçîì.
Ðàññ÷èòàííàÿ òåìïåðàòóðíàÿ è ýëåêòðè÷åñêàÿ ñòðóêòóðà äâóõñòðóéíîé ýëåêòðè÷åñêîé
äóãè êà÷åñòâåííî ñîãëàñîâûâàåòñÿ ñ ïîëó÷åííûìè â [1] ýêñïåðèìåíòàëüíûìè äàííûìè.
Êîëè÷åñòâåííîå íåñîîòâåòñòâèå (ðàñ÷åòíàÿ òåìïåðàòóðà â ñòðóÿõ çàâûøåíà, à íàïðÿ-
æåííîñòü ýëåêòðè÷åñêîãî ïîëÿ â ìåæñòðóéíîì ïðîìåæóòêå, íàîáîðîò, çàíèæåíà) ìîæíî
îáúÿñíèòü òåì, ÷òî â [2] ðàññ÷èòûâàëèñü õàðàêòåðèñòèêè àðãîíîâîé äóãè â àòìîñôåðå
àðãîíà, à â ýêñïåðèìåíòå àðãîíîâàÿ äóãà ãîðèò â àòìîñôåðíîì âîçäóõå. Ïðè âûòåêàíèè
ïëàçìåííûõ àðãîíîâûõ ñòðóé â âîçäóõ ïðîèñõîäèò ÿâëåíèå âçàèìíîé äèôôóçèè ãà-
çîâ, è ïëàçìà ñòàíîâèòñÿ íåîäíîðîäíîé ïî õèìè÷åñêîìó ñîñòàâó. Ñëåäóåò îæèäàòü, ÷òî
ïåðåíîñíûå ñâîéñòâà ïëàçìû ñìåñè àðãîíà è âîçäóõà ïðèâåäóò ê áîëåå èíòåíñèâíîìó
îõëàæäåíèþ àðãîíîâûõ ñòðóé è, êàê ñëåäñòâèå, ïîâûøåíèþ íàïðÿæåííîñòè ýëåêòðè÷å-
ñêîãî ïîëÿ. Ïîýòîìó öåëü äàííîé ðàáîòû: îáîáùèòü ÌÃÄ ìîäåëü ïëîñêîïàðàëëåëüíîé
äâóõñòðóéíîé ýëåêòðè÷åñêîé äóãè [2] ó÷åòîì âçàèìíîé äèôôóçèè ãàçîâ ïðè âûòåêàíèè
àðãîíîâûõ ñòðóé â àòìîñôåðíûé âîçäóõ, è ïðîâåñòè ñðàâíèòåëüíûé àíàëèç õàðàêòåðè-
ñòèê àðãîíîâûõ äóã, ãîðÿùèõ â àðãîíå è âîçäóõå.

Ìîäåëü. Ðàññìàòðèâàåòñÿ äâóõñòðóéíàÿ ýëåêòðè÷åñêàÿ äóãà, ïëàçìåííûå ñòðóè
êîòîðîé ôîðìèðóþòñÿ çà ñ÷åò íàãðåâà è óñêîðåíèÿ ïëàçìîîáðàçóþùåãî ãàçà àðãîíà
(ãàç A) â ýëåêòðîäíûõ ñîïëàõ (ðèñ. 1). Ïðè âûòåêàíèè ïëàçìåííûõ ñòðóé èç ñîïåë â àò-
ìîñôåðíûé âîçäóõ (ãàç Â) ôîðìèðóåòñÿ ñòðóêòóðà îáùåãî ïîòîêà ïëàçìû è ïðîèñõîäèò
çàìûêàíèå òîêîïðîâîäÿùåãî êàíàëà äâóõñòðóéíîé äóãè.
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Ðèñ. 1: Ðàñ÷åòíàÿ ñõåìà äâóõñòðóéíîé äóãè â âîçäóõå: 1 � êàòîäíàÿ è 2 � àíîäíàÿ
òîêîâûå ñòðóè ïëàçìû; 2β � óãîë è 2R0 � ðàññòîÿíèå ìåæäó îñÿìè ýëåêòðîäíûõ íàñàäêîâ
ñ ðàçìåðàìè Rin, Rex; GC , GA � ðàñõîäû ïëàçìîîáðàçóþùåãî ãàçà àðãîíà.

Ïðè ìàòåìàòè÷åñêîì îïèñàíèè äâóõñòðóéíîé äóãè â ñîîòâåòñòâèè ñ ïîëó÷åííûìè â
[1] ýêñïåðèìåíòàëüíûìè äàííûìè, êàê è â [2], ïîëàãàåòñÿ, ÷òî âñå ïðîòåêàþùèå ïðîöåñ-
ñû ñòàöèîíàðíûå, òå÷åíèå äîçâóêîâîå, ëàìèíàðíîå, ïëàçìà ëîêàëüíî êâàçèíåéòðàëüíàÿ,
òåðìè÷åñêè è õèìè÷åñêè ðàâíîâåñíàÿ. Ñìåøåíèå àðãîíà è âîçäóõà ïðè âûòåêàíèè âûñî-
êîòåìïåðàòóðíûõ àðãîíîâûõ ñòðóé â àòìîñôåðíûé âîçäóõ ðàññìàòðèâàåòñÿ êàê âçàèì-
íàÿ äèôôóçèÿ ìíîãîêîìïîíåíòíûõ ãàçîâ A (àðãîí) è B (âîçäóõ), êîòîðûå õèìè÷åñêè íå
âçàèìîäåéñòâóþò ìåæäó ñîáîé è ñîñòàâ êîòîðûõ â êàæäîé òî÷êå ïðîñòðàíñòâà îñòàåòñÿ
õèìè÷åñêè ðàâíîâåñíûì, ò.å. îïðåäåëÿåòñÿ òîëüêî ëîêàëüíûì çíà÷åíèåì òåìïåðàòóðû
ïðè àòìîñôåðíîì äàâëåíèè. Â òàêîì ïðèáëèæåíèè, êàê ïîêàçàíî â [5], îïèñàíèå âçà-
èìíîé äèôôóçèè ìíîãîêîìïîíåíòíûõ ãàçîâ ñâîäèòñÿ ê êîíâåêòèâíî-äèôôóçèîííîìó
ñìåøåíèþ ãàçîâ A è B ñ ýôôåêòèâíûì (êîìáèíèðîâàííûì) êîýôôèöèåíòîì äèôôóçèè,
çàâèñèìîñòü êîòîðîãî îò òåìïåðàòóðû è ñîñòàâà àðãîí-âîçäóøíîé ñìåñè òàáóëèðîâàíà
â [6]. Îòìåòèì, ÷òî àíàëîãè÷íûé ïîäõîä ïðèìåíÿëñÿ â ðàáîòàõ [7�8] ïðè ìîäåëèðîâà-
íèè âûòåêàþùåé â àòìîñôåðíîé âîçäóõ áåñòîêîâîé ïëàçìåííîé îñåñèììåòðè÷íîé ñòðóè
àðãîíà.

Óðàâíåíèÿ. Ñ ó÷åòîì ñäåëàííûõ äîïóùåíèé õàðàêòåðèñòèêè äâóõñòðóéíîé ïëî-
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ñêîïàðàëëåëüíîé ýëåêòðè÷åñêîé äóãè îïèñûâàþòñÿ ñèñòåìîé ñòàöèîíàðíûõ äâóìåðíûõ
óðàâíåíèé íåïðåðûâíîñòè, Íàâüå � Ñòîêñà, áàëàíñà ýíåðãèè, íåïðåðûâíîñòè ýëåêòðè-
÷åñêîãî òîêà, Ìàêñâåëëà è óðàâíåíèÿ âçàèìíîé äèôôóçèè ãàçîâ A è B [2, 5] â âèäå:
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Çäåñü v(vx, 0, vz) - ñêîðîñòü; p - äàâëåíèå; T - òåìïåðàòóðà; ϕ - ñêàëÿðíûé ïîòåíöèàë;
E(Ex, 0, Ez) = −∇ϕ - íàïðÿæåííîñòü ýëåêòðè÷åñêîãî ïîëÿ; B(0, By, 0) - èíäóêöèÿ ìàã-
íèòíîãî ïîëÿ; j = σE - ïëîòíîñòü ýëåêòðè÷åñêîãî òîêà; Qj = j ·E - óäåëüíàÿ ìîùíîñòü

äæîóëåâà òåïëîâûäåëåíèÿ; JA(Jx, 0, Jz) = −m̄Am̄B

M̄2
ρD̄x

AB∇XA − D̄T
AB∇lnT - ïëîòíîñòü

äèôôóçèîííîãî ïîòîêà ãàçà A; XA - ìîëÿðíàÿ è YA =
M̄A

M̄
XA � ìàññîâàÿ êîíöåíòðà-

öèè àðãîíà; ρ, σ, λ, η,Ψ, Cp, m̄A, m̄B, M̄A, M̄ , D̄x
AB, D̄

T
AB - ïëîòíîñòü, ýëåêòðîïðîâîäíîñòü,

òåïëîïðîâîäíîñòü, âÿçêîñòü, èçëó÷àòåëüíàÿ ñïîñîáíîñòü, óäåëüíàÿ òåïëîåìêîñòü ñìåñè
ãàçîâ, óñðåäíåííàÿ ìàññà òÿæåëûõ ÷àñòèö ãàçîâ A è B, óñðåäíåííàÿ ìàññà âñåõ ÷àñòèö
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(âêëþ÷àÿ ýëåêòðîíû) ãàçîâ A è B, ýôôåêòèâíûå êîýôôèöèåíòû äèôôóçèè, àññîöèèðî-
âàííûå ñ ãðàäèåíòàìè ìîëÿðíîé êîíöåíòðàöèè àðãîíà è òåìïåðàòóðû ïðè àòìîñôåðíîì
äàâëåíèè ñîîòâåòñòâåííî; � ðàçíîñòü ýíòàëüïèé ÷èñòûõ ãàçîâ A è B; e � çàðÿä ýëåêòðî-
íà; k � ïîñòîÿííàÿ Áîëüöìàíà; X,Y,Z � äåêàðòîâû êîîðäèíàòû (ðèñ. 1).

Ìåòîä ðåøåíèÿ. Ñèñòåìà ÌÃÄ óðàâíåíèé (1�7) äîïîëíÿåòñÿ ãðàíè÷íûìè óñëîâè-
ÿìè äëÿ çàâèñèìûõ ïåðåìåííûõ íà êîíòóðå ðàñ÷åòíîé îáëàñòè. Ðàñïðåäåëåíèÿ õàðàêòå-
ðèñòèê àðãîíà íà ãðàíèöàõ ðàñ÷åòíîé îáëàñòè âíóòðè ýëåêòðîäíûõ íàñàäêîâ îïðåäåëÿ-
þòñÿ ïî çàäàííûì çíà÷åíèÿì ñèëû òîêà è ðàñõîäà ãàçà èç óñëîâèÿ îäíîðîäíîñòè ïîòîêà
â ïîïåðå÷íîì ê åãî îñè íàïðàâëåíèè; íà ñòåíêàõ íàñàäêîâ äëÿ ñêîðîñòè èñïîëüçóþòñÿ
óñëîâèÿ ïðèëèïàíèÿ è íåïðîíèöàåìîñòè, à äëÿ òåìïåðàòóðû � óñëîâèå ñîïðÿæåíèÿ ñ
çàäàííîé òåìïåðàòóðîé ñòåíîê; íà ñâîáîäíûõ ãðàíèöàõ èñïîëüçóþòñÿ óñëîâèÿ íîðìàëü-
íîãî âòåêàíèÿ õîëîäíîãî âîçäóõà èëè âûòåêàíèÿ ñìåñè ãàçîâ ïðè ôèêñèðîâàííîì íà
ýòèõ ãðàíèöàõ àòìîñôåðíîì äàâëåíèè.

Ñèñòåìà óðàâíåíèé äèñêðåòèçèðóåòñÿ ìåòîäîì êîíòðîëüíîãî îáúåìà íà ïðÿìîóãîëü-
íîé ðàâíîìåðíîé ñåòêå. Äëÿ êîìïîíåíò ñêîðîñòè èñïîëüçóþòñÿ ñìåùåííûå ñåòêè, à ïîëå
äàâëåíèÿ îïðåäåëÿåòñÿ ìåòîäîì êîððåêöèè SIMPLER [9]. Èíäóêöèÿ ìàãíèòíîãî ïîëÿ
âû÷èñëÿåòñÿ ïî ìåòîäèêå, ðàçðàáîòàííîé â [10]. Äëÿ ÷èñëåííîãî ðåøåíèÿ äèñêðåòíûõ
àíàëîãîâ äèôôåðåíöèàëüíûõ óðàâíåíèé èñïîëüçóåòñÿ èòåðàòèâíûé ìåòîä ñ íèæíåé ðå-
ëàêñàöèåé.

Ðåçóëüòàòû ðàñ÷åòà.Ïðîâîäèòñÿ ðàñ÷åò õàðàêòåðèñòèê ïëîñêîïàðàëëåëüíîé äâóõ-
ñòðóéíîé äóãè ñ ãåîìåòðèåé íàñàäîê èç ýêñïåðèìåíòà [1]: Rin = 2.5 ìì; Rex = 10 ìì;
R0 = 15 ìì; 2β = 60◦. Âåëè÷èíû ïîãîííûõ ðàñõîäîâ àðãîíà è ñèëû òîêà ïîëàãàþòñÿ
ðàâíûìè GC = GA = G/(2Rin) = 0.012 ã/(ñ·ìì); I = 4 À/ìì. Òîêîâûå ïëàçìåííûå
àðãîíîâûå ñòðóè âûòåêàþò â íåïîäâèæíûé âîçäóõ ïðè àòìîñôåðíîì äàâëåíèè.

Òåðìîäèíàìè÷åñêèå ñâîéñòâà è êîýôôèöèåíòû ïåðåíîñà ñìåñè àðãîíà è âîçäóõà ïðè
àòìîñôåðíîì äàâëåíèè çàäàþòñÿ ôóíêöèÿìè ñîñòàâà (ìàññîâîé êîíöåíòðàöèè àðãîíà)
è òåìïåðàòóðû ïî äàííûì [6].

Ñòðóêòóðà äâóõñòðóéíîé ýëåêòðè÷åñêîé äóãè ôîðìèðóåòñÿ â ðåçóëüòàòå ñëîæíîãî
âçàèìîäåéñòâèÿ âûòåêàþùèõ èç ñîïåë ïëàçìåííûõ ñòðóé äðóã ñ äðóãîì è ñ âíåøíåé
ñðåäîé (ðèñ. 2 � 4).

Ïî ñðàâíåíèþ ñî ñëó÷àåì ãîðåíèÿ àðãîíîâîé äóãè â àòìîñôåðå àðãîíà ðàññ÷èòàí-
íàÿ â âîçäóõå ãàçîäèíàìè÷åñêàÿ êàðòèíà òå÷åíèÿ êà÷åñòâåííî íå èçìåíÿåòñÿ (ðèñ. 2). Â
ðåçóëüòàòå ãàçîäèíàìè÷åñêîãî ñòîëêíîâåíèÿ ñòðóé, îñëàáëåííîãî èñêðèâëåíèåì ñòðóé
èç-çà ýëåêòðîìàãíèòíîãî îòòàëêèâàíèÿ, ôîðìèðóåòñÿ îáëàñòü ïîâûøåííîãî äàâëåíèÿ
(ðèñ. 5). Â ýòîé îáëàñòè êàæäàÿ èç ñòðóé, ðàñòåêàÿñü íà �íåïðîíèöàåìîé� èç-çà ñèììåò-
ðèè vx(x = 0, z) = 0 îñè z, ðàçäåëÿåòñÿ íà äâà ïîòîêà, äâèæóùèõñÿ â îòðèöàòåëüíîì
è ïîëîæèòåëüíîì íàïðàâëåíèÿõ z. Âáëèçè òîðöîâ ñîïåë äàâëåíèå ïîíèæåíî, ïîýòîìó
ðåàëèçóåòñÿ ïîäñîñ îêðóæàþùåãî ãàçà ñ îáåèõ ñòîðîí îò êàæäîé âûòåêàþùåé ñòðóè.
Âîçäóõ, �ïîäñàñûâàåìûé� ñ ìåæñîïëîâîé ãðàíèöû z = zmin, ñòàëêèâàåòñÿ ñ âîçâðàòíû-
ìè ñòðóéíûìè òå÷åíèÿìè, â ðåçóëüòàòå ÷åãî ôîðìèðóåòñÿ âèõðü ïåðåä îáëàñòüþ ïîâû-
øåííîãî äàâëåíèÿ (ðèñ. 2). Îãèáàíèå âèõðÿ óâåëè÷èâàåò äëèíó ëèíèé òîêà âîçäóõà ñ
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Ðèñ. 2: Ôðàãìåíòû (à, á) ïîëåé ëèíèé òîêà ãàçà (ñëåâà: ñòðóéíîãî � ñïëîøíûå, ñïóòíîãî
� ïóíêòèðíûå ëèíèè) è èçîòåðì (ñïðàâà: 0,5 ; 1; 2 è äàëåå ñ øàãîì 2 êÊ) â àðãîíîâîé
äóãå, ãîðÿùåé â àòìîñôåðå àðãîíà (à) è âîçäóõà (á).

Ðèñ. 3: Ôðàãìåíòû (à, á) ïîëåé èçîëèíèé ïîòåíöèàëà, ëèíèé ýëåêòðè÷åñêîãî òîêà è
èçîòåðìà 4 êÊ â àðãîíîâîé äóãå, ãîðÿùåé â àòìîñôåðå àðãîíà (à) è âîçäóõà (á).

ìåæñîïëîâîé ãðàíèöû è, ñîîòâåòñòâåííî, óñèëèâàåò ðîëü âçàèìíîé äèôôóçèè àðãîíà
è âîçäóõà. Ïîýòîìó ñòðóéíûå òå÷åíèÿ, äâèæóùèåñÿ â ïîëîæèòåëüíîì íàïðàâëåíèè z,
ðàçäåëåíû íå âîçäóõîì, à ñìåñüþ ãàçîâ A è B (ðèñ. 4).

Ðàñ÷åò ïîêàçûâàåò, ÷òî â îòëè÷èå îò ãàçîäèíàìè÷åñêîé çàâèñèìîñòü òåïëîâîé ñòðóê-
òóðû äâóõñòðóéíîé äóãè îò ðîäà âíåøíåé ñðåäû ïðîÿâëÿåòñÿ â áîëåå ñèëüíîé ñòåïå-
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Ðèñ. 4: Ôðàãìåíòû ïîëåé èçîëèíèé ìîëÿðíîé (ñëåâà), ìàññîâîé (ñïðàâà) êîíöåíòðàöèé
àðãîíà è èçîòåðìà 4 êÊ.

íè. Ïðè ãîðåíèè ýëåêòðè÷åñêîé äóãè â âîçäóõå, îáëàäàþùåì áîëåå âûñîêèì êîýôôè-
öèåíòîì òåïëîïðîâîäíîñòè, ÷åì àðãîí, çàìåòíî âîçðàñòàåò êîíäóêòèâíîå îõëàæäåíèå
ïëàçìåííûõ ñòðóé. Òåìïåðàòóðà â ñòðóÿõ îò ñðåçà ñîïåë âíà÷àëå, äî ñå÷åíèÿ z = 1
ñì, èçìåíÿåòñÿ ñëàáî èç-çà ïðåîáëàäàíèÿ êîíâåêòèâíîãî òåïëîïåðåíîñà, à çàòåì ðåçêî
óìåíüøàåòñÿ äî 6 êÊ è äàëåå ìåäëåííî óìåíüøàåòñÿ (ðèñ. 2). Â ïðèîñåâîé îáëàñòè äâóõ-
ñòðóéíîé äóãè ïðàêòè÷åñêè îò ìåñòà ñëèÿíèÿ èçîòåðì 4 êÊ ñòðóé ïîëå òåìïåðàòóðû
ñëàáî íåîäíîðîäíî (ðèñ. 5).

Ïðîñòðàíñòâåííàÿ íåîäíîðîäíîñòü ðàñïðåäåëåíèé òåìïåðàòóðû (ðèñ. 2) è êîíöåí-
òðàöèè àðãîíà â ñìåñè ãàçîâ A è B (ðèñ. 4) ôîðìèðóåò ñàìîñîãëàñîâàííóþ ñ íèìè
êàðòèíó íåïðåðûâíûõ ëèíèé ýëåêòðè÷åñêîãî òîêà (ðèñ. 3). Ñèëüíîå îõëàæäåíèå âûòå-
êàþùèõ èç ñîïåë àðãîíîâûõ ñòðóé ïðèâîäèò ê óìåíüøåíèþ �ïîïåðå÷íîãî ñå÷åíèÿ� òîêà
è, êàê ñëåäñòâèå, âîçðàñòàíèþ ïëîòíîñòè ýëåêòðè÷åñêîãî òîêà è óäåëüíîé ìîùíîñòè
äæîóëåâà òåïëîâûäåëåíèÿ íà îñè ñòðóé. Äàëåå ëèíèè ýëåêòðè÷åñêîãî òîêà ðàñõîäÿòñÿ
ê îñè äâóõñòðóéíîé äóãè. Ïî ñðàâíåíèþ ñî ñëó÷àåì ãîðåíèÿ äóãè â àòìîñôåðå àðãîíà
â âîçäóõå çîíà ïåðåòåêàíèÿ ýëåêòðè÷åñêîãî òîêà ñìåùàåòñÿ âíèç, ïðàêòè÷åñêè íå èç-
ìåíÿÿ ðàçìåðà âäîëü îñè z. Ïîñêîëüêó âî âòîðîì ñëó÷àå â ìåæñòðóéíîì ïðîìåæóòêå
òåìïåðàòóðà (è ýëåêòðîïðîâîäíîñòü) çàìåòíî íèæå, òî íåïðåðûâíîñòü ïðîòåêàíèÿ ýëåê-
òðè÷åñêîãî òîêà îáåñïå÷èâàåòñÿ ðîñòîì íàïðÿæåííîñòè ýëåêòðè÷åñêîãî ïîëÿ áîëåå ÷åì
â 2,5 ðàçà (ðèñ. 5).

Ñðàâíåíèå ðàññ÷èòàííûõ õàðàêòåðèñòèê àðãîíîâûõ äóã, ãîðÿùèõ â àòìîñôåðå àð-
ãîíà è âîçäóõà, ñ ýêñïåðèìåíòàëüíûìè äàííûìè [1] ïîêàçûâàåò, ÷òî âî âòîðîì ñëó÷àå
ó÷åò ÿâëåíèÿ âçàèìíîé äèôôóçèè àðãîíà è âîçäóõà ëó÷øå ïðèáëèæàåò ðàñ÷åò ê ýêñ-
ïåðèìåíòó êîëè÷åñòâåííî. Òàê, â ìåæñòðóéíîì ïðîìåæóòêå â çîíå ïåðåòåêàíèÿ òîêà
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Ðèñ. 5: Ðàñïðåäåëåíèÿ (a) òåìïåðàòóðû; (á) íàïðÿæåííîñòè ýëåêòðè÷åñêîãî ïîëÿ; (â)
äàâëåíèÿ; (ã) ñêîðîñòè íà îñè àðãîíîâîé äóãè, ãîðÿùåé â àòìîñôåðå àðãîíà (øòðèõîâûå
ëèíèè) è âîçäóõà (ñïëîøíûå).

ðàñ÷åòíàÿ è èçìåðåííàÿ òåìïåðàòóðû ðàâíû 6 êÊ è 6 � 7 êÊ ñîîòâåòñòâåííî. Õîòÿ è
â íåäîñòàòî÷íîé ñòåïåíè, íî óëó÷øàåòñÿ êîëè÷åñòâåííîå ñîãëàñîâàíèå è ïî ìàêñèìàëü-
íîé íàïðÿæåííîñòè ýëåêòðè÷åñêîãî ïîëÿ: ðàñ÷åòíîå çíà÷åíèå ∼ 16 Â/ñì (äëÿ äóãè â
àðãîíå 6 Â/ñì); â ýêñïåðèìåíòå 40 Â/ñì. Ýòî íåñîîòâåòñòâèå, à òàêæå ðåçêîå óìåíüøå-
íèå òåìïåðàòóðû â ñòðóÿõ äî 6 êÊ ïðè z > 1 ñì, ìîæíî îáúÿñíèòü çàâûøåííûì �âçà-
èìîïðîíèêíîâåíèåì� âîçäóõà è àðãîíà â äâóìåðíîì (ïëîñêîì) ïðèáëèæåíèè. Ïîýòîìó
àäåêâàòíîå ìîäåëèðîâàíèå äâóõñòðóéíîé äóãè, ãîðÿùåé â âîçäóõå, ñëåäóåò ïðîâîäèòü ñ
ó÷åòîì åå òðåõìåðíîñòè.

Â çàêëþ÷åíèè àâòîðû âûðàæàþò áëàãîäàðíîñòü ïðîôåññîðó Murphy A. B., ëþáåçíî
ïðåäîñòàâèâøåìó íåîáõîäèìûå äëÿ ðàñ÷åòà òàáëè÷íûå äàííûå ïî çàâèñèìîñòÿì êîýô-
ôèöèåíòîâ ïåðåíîñà ñìåñè àðãîíà è âîçäóõà ïðè àòìîñôåðíîì äàâëåíèè.
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Calculation of characteristics two-jet argon electric arc burning in atmospheric
air

E.B. Kulumbaev, T.B. Nikulicheva
Belgorod National Research University, Belgorod, Russia,
e-mail: kulumbaev@bsu.edu.ru, nikulicheva@bsu.edu.ru

Abstract. On the basis of self-consistent system of magnetogasdynamic equations at
the plane-parallel approximation for thermally and chemically equilibrium plasma mixture
of argon and air characteristics of the argon two-jet arc burning in air are calculated.
Comparison analysis of calculated characteristics argon arc burning in argon and air is done.
There are shown that inclusion of argon and air mixing improves agreement between the
calculated and experimental characteristics of the electric arc.
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Àííîòàöèÿ. Ïðèâåäåíû ðåçóëüòàòû îáðàáîòêè äàííûõ ïî èññëåäîâàíèþ âûõîäà
ïàðàìåòðè÷åñêîãî ðåíòãåíîâñêîãî èçëó÷åíèÿ ïîä ìàëûìè óãëàìè ê ñêîðîñòè ÷àñòèöû
(ÏÐÈ âïåðåä)â êðèñòàëëå âîëüôðàìà, âûïîëíåííîìó íà òîìñêîì ñèíõðîòðîíå ñ ïîìî-
ùüþ êðèñòàëë-äèôðàêöèîííûõ ñïåêòðîìåòðîâ íà îñíîâå ìîçàè÷íûõ êðèñòàëëîâ ïèðî-
ëèòè÷åñêîãî ãðàôèòà.Ïîëó÷åíû çíà÷åíèÿ óãëîâîé ïëîòíîñòè èíòåíñèâíîñòè ÏÐÈ âïå-
ðåä äëÿ ýíåðãèè ôîòîíîâ ω=40 êýÂ è 28.3 êýÂ. Îáñóæäàåòñÿ âëèÿíèå äèôðàêöèè ôî-
òîíîâ òîðìîçíîãî èçëó÷åíèÿ è ìèêðîñòðóêòóðû êðèñòàëëà íà âûõîä ðåçóëüòèðóþùåãî
èçëó÷åíèÿ.

Êëþ÷åâûå ñëîâà: áûñòðûé ýëåêòðîí, äèôðàêöèÿ, êðèñòàëë, èçìåðåíèå, ïàðàìåò-
ðè÷åñêîå ðåíòãåíîâñêîå èçëó÷åíèå, êðèñòàëë-äèôðàêöèîííûé ñïåêòðîìåòð, ìîçàè÷íîñòü,
îáðàáîòêà, óãëîâàÿ ïëîòíîñòü èíòåíñèâíîñòè èçëó÷åíèÿ.

Ââåäåíèå. Äèôðàêöèÿ êóëîíîâñêîãî ïîëÿ äâèæóùåéñÿ â êðèñòàëëå áûñòðîé çàðÿ-
æåííîé ÷àñòèöû ïðèâîäèò ê âîçíèêíîâåíèþ ïàðàìåòðè÷åñêîãî ðåíòãåíîâñêîãî èçëó÷å-
íèÿ (ÏÐÈ) [1-3]. Òåîðèÿ ïðåäñêàçûâàåò ñóùåñòâîâàíèå äâóõ ðåôëåêñîâ ÏÐÈ. Îäèí èç
êîòîðûõ ðàñïðîñòðàíÿåòñÿ â íàïðàâëåíèè áðýããîâñêîãî îòðàæåíèÿ, à âòîðîé ïîä ìàëûì
óãëîì ê ñêîðîñòè ÷àñòèöû. Îäíàêî, åñëè äëÿ ïåðâîãî èç ðåôëåêñîâ, äåòàëüíî èññëåäî-
âàííîãî òåîðåòè÷åñêè è ýêñïåðèìåíòàëüíî, íàáëþäàåòñÿ õîðîøåå ñîãëàñèå ýêñïåðèìåíòà
ñ òåîðèåé (ñì., íàïðèìåð [4,5] è öèòèðîâàííóþ òàì ëèòåðàòóðó), òî ÏÐÈ ïîä ìàëûìè
óãëàìè ê ñêîðîñòè ÷àñòèöû, èëè, êàê åãî èíîãäà íàçûâàþò, ÏÐÈ âïåðåä, îáíàðóæåíî
ñðàâíèòåëüíî íåäàâíî â ýêñïåðèìåíòàõ ñ êðèñòàëëàìè âîëüôðàìà [6,7] è êðåìíèÿ [8] è
íå èìååò ïîêà àäåêâàòíîãî òåîðåòè÷åñêîãî îïèñàíèÿ. Ðàñ÷¼òû, âûïîëíåííûå â [6,9], êà-
÷åñòâåííî îáúÿñíÿþò èçìåíåíèå õàðàêòåðà ïðîÿâëåíèÿ ýôôåêòà ñ óìåíüøåíèåì ýíåðãèè
ôîòîíîâ, íî íå äîâåäåíû äî êîëè÷åñòâåííîãî ñðàâíåíèÿ. Â íèõ, â ÷àñòíîñòè, ïðåäñêàçû-
âàåòñÿ âçàèìíàÿ êîìïåíñàöèÿ óâåëè÷åíèÿ âûõîäà èçëó÷åíèÿ, ñâÿçàííîãî ñ ïðîÿâëåíèåì
ÏÐÈ âïåðåä è åãî óìåíüøåíèÿ èç-çà äèôðàêöèè òîðìîçíîãî èçëó÷åíèÿ âíóòðè êðèñòàë-
ëà äëÿ ýíåðãèè ôîòîíîâ ω=40 êýÂ, òîãäà êàê â ýêñïåðèìåíòå äëÿ ýòîé ýíåðãèè ôîòîíîâ
ðåãèñòðèðîâàëèñü óâåðåííûå ïèêè âûõîäà èçëó÷åíèÿ.

Îñíîâíàÿ òðóäíîñòü â ñîïîñòàâëåíèè ðåçóëüòàòîâ èçìåðåíèé ÏÐÈ âïåðåä ñ òåîðèåé
ïî ñðàâíåíèþ ñ òðàäèöèîííûì ÏÐÈ ñîñòîèò â òîì, ÷òî ÏÐÈ èñïóñêàåòñÿ ïîä áîëüøèìè
óãëàìè ê íàïðàâëåíèþ äâèæåíèÿ ïó÷êà ÷àñòèö, è ïîýòîìó ìîæåò áûòü ñðàâíèòåëüíî
ëåãêî îòäåëåíî îò ôîíà òîðìîçíîãî èçëó÷åíèÿ è èçìåðåíî îáû÷íûìè äåòåêòîðàìè ðåíò-
ãåíîâñêîãî äèàïàçîíà. Â òîì æå íàïðàâëåíèè, ÷òî è ÏÐÈ âïåðåä, èñïóñêàåòñÿ ïåðåõîä-
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íîå è òîðìîçíîå èçëó÷åíèÿ, ïîýòîìó âûäåëåíèå ýòîé êîìïîíåíòû ÏÐÈ îêàçàëîñü âîç-
ìîæíûì òîëüêî ïðè èñïîëüçîâàíèè êðèñòàëë-äèôðàêöèîííûõ ñïåêòðîìåòðîâ (ÊÄÑ) íà
îñíîâå ìîçàè÷íûõ êðèñòàëëîâ ïèðîëèòè÷åñêîãî ãðàôèòà [6] è ñîâåðøåííûõ êðèñòàëëîâ
êðåìíèÿ [7,8].

Ýôôåêòèâíîñòü ÊÄÑ çàâèñèò îò ñïåêòðàëüíî-óãëîâîãî ðàñïðåäåëåíèÿ ðåãèñòðèðóå-
ìîãî èçëó÷åíèÿ, ÷òî çàòðóäíÿåò ïðÿìîå ñîïîñòàâëåíèå ðåçóëüòàòîâ èçìåðåíèé ñ ðàñ÷¼-
òîì, ïîñêîëüêó ðàñ÷¼ò äîëæåí ó÷èòûâàòü õàðàêòåðèñòèêè èçìåðèòåëüíîé àïïàðàòóðû.
Èìåííî ïîýòîìó ðåçóëüòàòû èçìåðåíèé â óæå öèòèðîâàííîé ðàáîòå [6] ïðèâåäåíû â
îòíîñèòåëüíûõ åäèíèöàõ èç-çà îòñóòñòâèÿ òî÷íîé èíôîðìàöèè î ðàçðåøåíèè è ýôôåê-
òèâíîñòè èñïîëüçîâàííûõ äèôðàêöèîííûõ ñïåêòðîìåòðîâ. Äîïîëíèòåëüíàÿ ñëîæíîñòü
ñîñòîèò è â òîì, ÷òî ôîòîíû òîðìîçíîãî èçëó÷åíèÿ, ðîæä¼ííûå âíóòðè êðèñòàëëà, ãäå
ãåíåðèðóåòñÿ ÏÐÈ âïåðåä, òàê æå ìîãóò äèôðàãèðîâàòü â í¼ì, ÷òî ïðèâîäèò ê óñëîæíå-
íèþ èíòåðïðåòàöèè ðåçóëüòàòîâ èçìåðåíèé. Íåñîâåðøåíñòâî ñòðóêòóðû êðèñòàëëà òàê
æå ìîæåò ñêàçàòüñÿ íà õàðàêòåðèñòèêè ðåãèñòðèðóåìîãî èçëó÷åíèÿ. Ñëåäîâàòåëüíî, çà-
äà÷à îïðåäåëåíèÿ âûõîäà ÏÐÈ âïåðåä â ýêñïåðèìåíòå [6] ñ ó÷åòîì âñåõ âûøåíàçâàííûõ
ôàêòîðîâ ïðåäñòàâëÿåòñÿ âàæíîé è àêòóàëüíîé.

Ýêñïåðèìåíòàëüíàÿ àïïàðàòóðà è ìåòîäèêà èçìåðåíèé. Ïîñêîëüêó ðåçóëüòà-
òû èçìåðåíèé ñ ïîìîùüþ ÊÄÑ çàâèñÿò îò ýêñïåðèìåíòàëüíûõ óñëîâèé, ïðèâåäåì êðàò-
êîå îïèñàíèå ñõåìû ýêñïåðèìåíòà [6] (ñì. ðèñóíîê 1) è õàðàêòåðèñòèêè ðåãèñòðèðóþùåé
àïïàðàòóðû. Ýëåêòðîíû, óñêîðåííûå äî êîíå÷íîé ýíåðãèè E0=500 ÌýÂ, ñáðàñûâàëèñü
íà ìîíîêðèñòàëëè÷åñêóþ ìèøåíü, óñòàíîâëåííóþ â ãîíèîìåòðå. Èññëåäóåìîå èçëó÷å-
íèå ïðîõîäèëî ÷åðåç êîëëèìàòîð, î÷èùàëîñü ìàãíèòîì è ïîñòóïàëî â ýêñïåðèìåíòàëü-
íûé çàë, ãäå áûëà óñòàíîâëåíà ðåãèñòðèðóþùàÿ àïïàðàòóðà. Ïàðàìåòðû ýëåêòðîííî-
ãî ïó÷êà, ýêñïåðèìåíòàëüíîé àïïàðàòóðû, ìåòîäèêà îðèåíòàöèè è èçìåðåíèÿ ñïåêòðîâ
äèôðàãèðîâàííîãî èçëó÷åíèÿ ïðèâåäåíû â [10,11,12]. Èçìåðåíèÿ ïðîâîäèëèñü íà ìîíî-
êðèñòàëëå âîëüôðàìà ñ ðàçìåðàìè Ø8.5×0.41 ìì3, îðèåíòàöèåé <111> è ïîâåðõíîñòíîé
ìîçàè÷íîñòüþ σ ≤ 0.2 ìðàä.

Ðèñ. 1: Ñõåìà ýêñïåðèìåíòà [6]. W - êðèñòàëë âîëüôðàìà; ÏÃ - êðèñòàëëû ïèðîëèòè÷å-
ñêîãî ãðàôèòà; NaI −NaI(T l) ñïåêòðîìåòðû.
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Äëÿ âûäåëåíèÿ èçëó÷åíèÿ ñ ôèêñèðîâàííîé ýíåðãèåé èñïîëüçîâàëèñü äâà êðèñòàëë-
äèôðàêöèîííûõ ñïåêòðîìåòðà íà îñíîâå ìîçàè÷íûõ êðèñòàëëîâ ïèðîëèòè÷åñêîãî ãðà-
ôèòà è NaI(Tl) äåòåêòîðîâ c ðàçìåðàìè Ø40×1ìì3. Äëÿ óñëîâèé ýêñïåðèìåíòà [6] ýíåð-
ãåòè÷åñêîå ðàçðåøåíèå ñïåêòðîìåòðîâ ∆ω/ω ∼ 1-2% ñëàáî çàâèñèò îò ìîçàè÷íîñòè êðè-
ñòàëëîâ, à îïðåäåëÿåòñÿ èõ óãëîâîé àïåðòóðîé è óãëîì êîëëèìàöèè äèôðàãèðîâàííîãî
èçëó÷åíèÿ ∆Θx=0.4-0.7 ìðàä. Ðàñïðåäåëåíèå ìîçàè÷íîñòè êðèñòàëëîâ ãðàôèòà áûëî
îïðåäåëåíî â ïðîöåññå èçìåðåíèÿ äèôðàêöèîííîé êðèâîé è âûõîäà íà ïèê äèôðàêöèè
äëÿ êàæäîãî èç óãëîâ ðàñïîëîæåíèÿ äåòåêòîðà â ýêñïåðèìåíòå [12] è êîíòðîëèðîâàëîñü
â ïðîöåññå âûõîäà íà ïèê äèôðàêöèè ïðè ïåðåñòðîéêå ýíåðãèè ôîòîíîâ, íà êîòîðóþ
íàñòðàèâàëñÿ äèôðàêòîìåòð, â ýêñïåðèìåíòå [6].

Â îòëè÷èå îò òðàäèöèîííûõ ñïåêòðîìåòðîâ ðåíòãåíîâñêîãî èçëó÷åíèÿ ÊÄÑ "âûðå-
çàåò"óçêóþ ñïåêòðàëüíóþ ëèíèþ ñ ∆ω/ω ∼0.01-1% [13], à åãî ýôôåêòèâíîñòü è ýíåð-
ãåòè÷åñêîå ðàçðåøåíèå îïðåäåëÿåòñÿ õàðàêòåðèñòèêàìè èñïîëüçîâàííîãî êðèñòàëëà è
ãåîìåòðèåé èçìåðåíèé [13,14]. Ïðè èñïîëüçîâàíèè ñîâåðøåííûõ êðèñòàëëîâ ýíåðãåòè÷å-
ñêîå ðàçðåøåíèå ÊÄÑ ñóùåñòâåííî ëó÷øå è ìîæåò äîñòèãàòü çíà÷åíèé 10−4− 10−5 äëÿ
ýíåðãèè ôîòîíîâ ω ∼ 100 êýÂ [13]. Òåì íå ìåíåå èõ èñïîëüçîâàíèå â ýêñïåðèìåíòàëü-
íîé ôèçèêå îãðàíè÷åíî, â îñíîâíîì, îïðåäåëåíèåì òî÷íûõ çíà÷åíèé ýíåðãèé â ÿäåðíîé
ñïåêòðîìåòðèè èç-çà å¼ íèçêîé âåëè÷èíû ∼ 10−10 è íåîïðåäåë¼ííîñòè çíà÷åíèÿ ýôôåê-
òèâíîñòè, ñóùåñòâåííî çàâèñÿùåé îò êà÷åñòâà ñòðóêòóðû êðèñòàëëà.

Ïðè èñïîëüçîâàíèè ìîçàè÷íûõ êðèñòàëëîâ ýôôåêòèâíîñòü ñóùåñòâåííî âîçðàñòàåò,
à ðàçðåøåíèå óõóäøàåòñÿ. Òåì íå ìåíåå, âûáîðîì ãåîìåòðèè èçìåðåíèé ìîæíî îáåñ-
ïå÷èòü ðàçðåøåíèå, ñîïîñòàâèìîå ñ ðàçðåøåíèåì ïîëóïðîâîäíèêîâîãî äåòåêòîðà, ñì.,
íàïðèìåð [6,15]. Ãëàâíûì äîñòîèíñòâîì ìîçàè÷íûõ êðèñòàëëîâ ñ õàðàêòåðíûì ðàçìå-
ðîì áëîêîâ ìîçàèêè ìåíüøå äëèíû ïåðâè÷íîé ýêñòèíêöèè ðåãèñòðèðóåìîãî èçëó÷åíèÿ
èëè òàê íàçûâàåìûõ ìîçàè÷íûõ êðèñòàëëîâ êëàññà b [16] ÿâëÿåòñÿ âîçìîæíîñòü âûïîë-
íåíèÿ àáñîëþòíûõ èçìåðåíèé, ïîñêîëüêó ýôôåêòèâíîñòü ñïåêòðîìåòðà, ñäåëàííîãî íà
èõ îñíîâå, ìîæåò áûòü ðàññ÷èòàíà ñ ïîãðåøíîñòüþ íå õóæå 5% [15]. Ñàìûì èçâåñòíûì
ïðåäñòàâèòåëåì òàêèõ êðèñòàëëîâ ÿâëÿåòñÿ ïèðîëèòè÷åñêèé ãðàôèò [17,18]. Â ïîñëåäíåå
âðåìÿ, â îñíîâíîì äëÿ öåëåé íåéòðîíîãðàôèè [19], ðåíòãåíîâñêîé è ãàììà-àñòðîíîìèè
[20] ñîçäàþòñÿ äðóãèå êðèñòàëëû, îáëàäàþùèå òàêèìè æå ñâîéñòâàìè.

Äëÿ êðèñòàëë-äèôðàêöèîííîãî ñïåêòðîìåòðà ñ ýôôåêòèâíîñòüþ ε(ω, θ) âûõîä ðåãè-
ñòðèðóåìîãî èçëó÷åíèÿ ñ ôèêñèðîâàííîé ýíåðãèåé ωi â çàäàííûé òåëåñíûé óãîë ∆Ω,
îïðåäåëÿåìûé ðàçìåðàìè è ðàñïîëîæåíèåì êðèñòàëëà-àíàëèçàòîðà, Y (ωi) ìîæåò áûòü
çàïèñàí â ñëåäóþùåì âèäå:

Y (ωi) =

∫
∆ωi

dω

∫
∆Ω

ε(ω, θ)
d2I(ω, θ, ϕ, T )

dωdΩ
dΩ, (1)

ãäå ∆ωi - ñïåêòðàëüíûé êàðìàí, âûðåçàåìûé êðèñòàëë-äèôðàêöèîííûì ñïåêòðîìåòðîì

äëÿ i-òîãî ïîðÿäêà îòðàæåíèÿ, à d2I(ω,θ,ϕ,T )
dωdΩ

ñïåêòðàëüíî-óãëîâîå ðàñïðåäåëåíè èíòåí-
ñèâíîñòè ðåãèñòðèðóåìîãî èçëó÷åíèÿ. Èíòåãðèðîâàíèå âåä¼òñÿ ïî âñåì óãëàì âûëåòà è
ýíåðãèÿì ôîòîíîâ ñ ó÷¼òîì ïîïàäàíèÿ èçëó÷åíèÿ â êðèñòàëë-àíàëèçàòîð è ýôôåêòèâ-
íîñòè èñïîëüçóåìîãî êðèñòàëë-äèôðàêöèîííîãî ñïåêòðîìåòðà.
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Â ñëó÷àå óçêîãî óãëîâîãî çàõâàòà ñïåêòðîìåòðà ïî ñðàâíåíèþ ñ õàðàêòåðíûì óã-
ëîì èçëó÷åíèÿ γ−1 çàâèñèìîñòüþ ýôôåêòèâíîñòè ñïåêòðîìåòðà îò óãëà âë¼òà ôîòîíà
ìîæíî ïðåíåáðå÷ü. Ýòî ïîçâîëÿåò îïðåäåëèòü ñïåêòðàëüíî-óãëîâóþ ïëîòíîñòü èíòåí-
ñèâíîñòè ðåãèñòðèðóåìîãî èçëó÷åíèÿ I(ω, θH) ïî ðåçóëüòàòàì èçìåðåíèé. Çäåñü θH -
óãîë íàáëþäåíèÿ îòíîñèòåëüíî îñè ïó÷êà èçëó÷åíèÿ.

I(ω, θH) =
ω∆N(ω, θn, i)

∆Ω(θH)ε(ωi, θH , i)∆ωi
. (2)

Çäåñü ∆N(ω, θn, i) - çàðåãèñòðèðîâàííûé âûõîä ôîòîíîâ äëÿ ýòèõ ω, θH è i-òîãî ïî-
ðÿäêà îòðàæåíèÿ, ε(ωi, θH , i) - ýôôåêòèâíîñòü ñïåêòðîìåòðà äëÿ ýòèõ óñëîâèé, óñðåäí¼í-
íàÿ ïî ýíåðãåòè÷åñêîìó çàõâàòà ∆ωi, ∆Ω(θH) - òåëåñíûé óãîë, ïåðåêðûâàåìûé êðèñòàëëîì-
àíàëèçàòîðîì äëÿ óãëà íàáëþäåíèÿ θH .

Â ýêñïåðèìåíòå [6] áûëî âïåðâûå çàðåãèñòðèðîâàíî äâà êîíêóðèðóþùèõ ýôôåêòà:
óâåëè÷åíèå âûõîäà ôîòîíîâ ôèêñèðîâàííîé ýíåðãèè çà ñ÷¼ò ïðîÿâëåíèÿ íîâîãî äèíà-
ìè÷åñêîãî ýôôåêòà- ÏÐÈ âïåðåä â îáëàñòè ýíåðãèé ôîòîíîâ ω < γωp, ãäå γ-Ëîðåíö-
ôàêòîð, à ωp-ïëàçìåííàÿ ÷àñòîòà ñðåäû, è óìåíüøåíèå âûõîäà èçëó÷åíèÿ çà ñ÷¼ò äè-
ôðàêöèè ôîòîíîâ òîðìîçíîãî èçëó÷åíèÿ, ðîæä¼ííîãî âíóòðè êðèñòàëëà, íà åãî êðè-
ñòàëëîãðàôè÷åñêèõ ïëîñêîñòÿõ â äèàïàçîíå ýíåðãèé ôîòîíîâ ω ∼ γωp (ñì. ðèñóíîê 2à).
Ïîñëåäíåå ïîëó÷èëî â öèòèðóåìîé ñòàòüå íàçâàíèå äèôðàêöèîííîãî ïîäàâëåíèÿ âûõîäà
òîðìîçíîãî èçëó÷åíèÿ. Îáà ýôôåêòà íàáëþäàëèñü ïðè âûïîëíåíèè óñëîâèé äèôðàêöèè
íà ïëîñêîñòÿõ êðèñòàëëà âîëüôðàìà äëÿ ôîòîíîâ ñ ýíåðãèåé, íà êîòîðóþ áûëè íàñòðî-
åíû äèôðàêòîìåòðû.

Ðèñ. 2: Îðèåíòàöèîííûå çàâèñèìîñòè âûõîäà ðåíòãåíîâñêîãî èçëó÷åíèÿ â ýêñïåðèìåíòå
[6]. 1 - ω=96 êýÂ; 2 - ω=67 êýÂ; 3 - ω=40 êýÂ 4 - ω=28.3 êýÂ.

Ñòåïåíü ïðîÿâëåíèÿ îáîèõ ýôôåêòîâ îïðåäåëÿåòñÿ ñîîòíîøåíèåì ñîáñòâåííîé øè-
ðèíû ñïåêòðàëüíîé ëèíèè êàæäîãî èç ýòèõ ìåõàíèçìîâ è ýíåðãåòè÷åñêîãî çàõâàòà ÊÄÑ.
Èíûìè ñëîâàìè, äëÿ àíàëèçà ðåçóëüòàòîâ ýêñïåðèìåíòà [6] âàæíà íå òîëüêî ýôôåê-
òèâíîñòü ÊÄÑ, îïðåäåëÿåìàÿ, â îñíîâíîì, ìîçàè÷íîñòüþ èñïîëüçîâàííûõ êðèñòàëëîâ
[15], íî è ýíåðãåòè÷åñêîå ðàçðåøåíèå, çàâèñÿùåå îò ãåîìåòðèè èçìåðåíèé è, â ÷àñòíî-
ñòè, îò òî÷êè âûëåòà ôîòîíà èç êðèñòàëëà-àíàëèçàòîðà, òî åñòü ÷èñëà ïåðåîòðàæåíèé
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ôîòîíîâ â í¼ì. Ïîýòîìó èñïîëüçîâàíèå óæå èçâåñòíûõ ìåòîäèê ðàñ÷¼òà îòðàæàþùåé
ñïîñîáíîñòè ìîçàè÷íûõ êðèñòàëëîâ ïèðîëèòè÷åñêîãî ãðàôèòà [12,17] è ñâÿçàííûõ ñ íåé
õàðàêòåðèñòèê ÊÄÑ îêàçàëîñü íåäîñòàòî÷íî äëÿ àäåêâàòíîé îáðàáîòêè ðåçóëüòàòîâ èç-
ìåðåíèé [6] è áûëà ðàçðàáîòàíà íîâàÿ ìåòîäèêà ðàñ÷¼òà õàðàêòåðèñòèê ÊÄÑ íà îñíîâå
ìîçàè÷íûõ êðèñòàëëîâ ñ ïîìîùüþ ìåòîäà Ìîíòå-Êàðëî [15] íå èìåþùàÿ îãðàíè÷åíèé
íà ÷èñëî ïåðåîòðàæåíèé ôîòîíà â êðèñòàëëå è ïîçâîëÿþùàÿ áîëåå òî÷íî ó÷èòûâàòü
âñå ýêñïåðèìåíòàëüíûå óñëîâèÿ.

Ðàñ÷¼ò âûõîäà ðåíòãåíîâñêîãî èçëó÷åíèÿ. Äëÿ âûäåëåíèÿ âêëàäîâ ÏÐÈ âïå-
ðåä è ýôôåêòà äèôðàêöèîííîãî ïîäàâëåíèÿ òîðìîçíîãî èçëó÷åíèÿ, à òàêæå ñ öåëüþ
ïðîâåðêè àäåêâàòíîñòè ðàññ÷èòàííûõ â [15] çíà÷åíèé ýôôåêòèâíîñòè êðèñòàëë-
äèôðàêöèîííûõ ñïåêòðîìåòðîâ ïî ìåòîäèêå áëèçêîé ê ìåòîäèêå, èñïîëüçîâàííîé â ðà-
áîòàõ [12,21], ïðîâåäåí ðàñ÷¼ò ñïåêòðàëüíî-óãëîâîãî ðàñïðåäåëåíèÿ γ-èçëó÷åíèÿ èç êðè-
ñòàëëà âîëüôðàìà â ýêñïåðèìåíòå [6] è ðåãèñòðèðóåìîãî ÊÄÑ âûõîäà èçëó÷åíèÿ, â òå-
ëåñíûé óãîë, âûðåçàåìûé êðèñòàëë-äèôðàêöèîííûìè ñïåêòðîìåòðàìè.

Äëÿ ýíåðãèé ýëåêòðîíîâ ïîðÿäêà 1 ÃýÂ, ïðîõîäÿùèõ ÷åðåç êîíäåíñèðîâàííîå âåùå-
ñòâî, ýëåêòðîìàãíèòíîå èçëó÷åíèå â îáëàñòè ýíåðãèé ôîòîíîâ ω ≤ 200 êýÂ ãåíåðèðóåòñÿ
÷åðåç ìåõàíèçìû ïåðåõîäíîãî è òîðìîçíîãî èçëó÷åíèé. Ñïåêòðàëüíî-óãëîâîå ðàñïðåäå-
ëåíèå èíòåíñèâíîñòè ïåðåõîäíîãî èçëó÷åíèÿ (ÏÈ) íà ãðàíèöå âàêóóì-ñðåäà ìîæåò áûòü
ïðåäñòàâëåíî â âèäå [22]:

d2W

dωdθ
=

2e2θ3

π

∣∣∣∣ 1

θ2
γ + γ−2

− 1

θ2
γ + γ−2 + ω2

p/ω
2

∣∣∣∣2, (3)

ãäå θγ - óãîë âûëåòà ôîòîíà, îòñ÷èòûâàåìûé îòíîñèòåëüíî íàïðàâëåíèÿ äâèæåíèÿ ýëåê-
òðîíà. Äëÿ óñëîâèé àíàëèçèðóåìîãî ýêñïåðèìåíòà ÏÈ ãåíåðèðóåòñÿ òîëüêî íà âûõîä-
íîé ãðàíè êðèñòàëëà, òàê êàê òîëùèíà ìèøåíè áûëà ñóùåñòâåííî áîëüøå äëèíû ïî-
ãëîùåíèÿ ôîòîíîâ ñ èíòåðåñóþùåé íàñ ýíåðãèåé. Ïî ýòîé æå ïðè÷èíå èíòåðôåðåíöèÿ
ïåðåõîäíîãî èçëó÷åíèÿ ñ âõîäíîé è âûõîäíîé ãðàíåé íå ó÷èòûâàëàñü.

Äëÿ óëüòðàðåëÿòèâèñòñêèõ ÷àñòèö è ìÿãêèõ ôîòîíîâ ( ω � E0) ñïåêòðàëüíî-óãëîâîå
ðàñïðåäåëåíèå èíòåíñèâíîñòè òîðìîçíîãî èçëó÷åíèÿ (ÒÈ) íà åäèíèöó äëèíû ïóòè â
àìîðôíîì âåùåñòâå ìîæåò áûòü ïðåäñòàâëåíî â âèäå [22]:

d2I

dωdΩ
=

γ2

πX0

1 + γ4θ4
γ

(1 + γ2θ2
γ)

4
, (4)

ãäå X0 - ðàäèàöèîííàÿ äëèíà, à θγ - óãîë âûëåòà ôîòîíà

Èçâåñòíî (ñì., íàïðèìåð. [1,23]), ÷òî òîðìîçíîå èçëó÷åíèå â ïëîòíîé ñðåäå â îáëàñòè
÷àñòîò ω ≤ γωp ïîäàâëåíî âñëåäñòâèå ýôôåêòà ïîëÿðèçàöèè ñðåäû, à ñòåïåíü ïîäàâëå-
íèÿ çàâèñèò êàê îò ýíåðãèé ôîòîíà è ýëåêòðîíà, òàê è îò óãëà âûëåòà ôîòîíà. Â ðàñ-
÷¼òàõ èñïîëüçîâàëîñü âûðàæåíèå äëÿ ñïåêòðàëüíî-óãëîâîãî ðàñïðåäåëåíèÿ òîðìîçíîãî
èçëó÷åíèÿ, ïðèâåä¼ííîå â ðàáîòå [24].
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d2I

dωdΩ
=

γ2

πX0

(1 +
γ2ω2

p

ω2 )2 + γ4θ4
γ

(1 +
γ2ω2

p

ω2 + γ2θ2
γ)

4
. (5)

Óãîë âûëåòà ôîòîíà â âûðàæåíèÿõ 3-5 îòñ÷èòûâàåòñÿ îò íàïðàâëåíèÿ äâèæåíèÿ
èçëó÷àþùåãî ýëåêòðîíà. Òîãäà êàê â ýêñïåðèìåíòå, êàê ïðàâèëî, èçìåðÿåòñÿ ðàñïðåäå-
ëåíèå âûõîäà ðåçóëüòèðóþùåãî èçëó÷åíèÿ Y (ω, θ) â çàâèñèìîñòè îò óãëà íàáëþäåíèÿ θ
â èíòåðâàëå òåëåñíûõ óãëîâ, îïðåäåëÿåìîì êîëëèìàòîðîì ñ óãëîì êîëëèìàöèè ϑc.

Äëÿ ïîëó÷åíèÿ òàêîé èíôîðìàöèè íåîáõîäèìî ó÷åñòü ðàññåÿíèå ýëåêòðîíîâ âíóò-
ðè ìèøåíè. Äëÿ ðàñ÷¼òà ñïåêòðàëüíî-óãëîâîãî ðàñïðåäåëåíèÿ òîðìîçíîãî èçëó÷åíèÿ ñ
ó÷åòîì ìíîãîêðàòíîãî ðàññåÿíèÿ â ñîîòâåòñòâèè ñ ìåòîäèêîé [12,21] ìèøåíü ðàçáèâàåò-
ñÿ íà áîëüøîå ÷èñëî ñëîåâ òîëùèíîé ∆t. Óãëîâîå ðàñïðåäåëåíèå ýëåêòðîíîâ P (t, θe, ϕe)
ïîñëå i-òîãî ñëîÿ ðàññ÷èòûâàåòñÿ ïóò¼ì ñâåðòêè ðàñïðåäåëåíèÿ ïî óãëàì ìíîãîêðàòíîãî
ðàññåÿíèÿ ÷àñòèö â ýòîì ñëîå ñ ðàñïðåäåëåíèåì âëåòàþùèõ â íåãî ýëåêòðîíîâ. Ïðåä-
ïîëàãàëîñü, ÷òî óãëîâîå ðàñïðåäåëåíèå ýëåêòðîíîâ ïîñëå ïðîõîæäåíèÿ ñëîÿ âåùåñòâà
òîëùèíîé ∆t îïèñûâàåòñÿ ðàñïðåäåëåíèåì Ìîëüåðà [25].

Â ýòîì ñëó÷àå ñïåêòðàëüíî-óãëîâîå ðàñïðåäåëåíèå òîðìîçíîãî èçëó÷åíèÿ, ðîæä¼í-

íîãî íà çàäàííîé ãëóáèíå t âíóòðè êðèñòàëëà, d2I∗(ω,θ,ϕ,t)
dωdΩ

îïðåäåëÿåòñÿ ïîñðåäñòâîì
ñâåðòêè ñïåêòðàëüíî-óãëîâîãî ðàñïðåäåëåíèÿ òîðìîçíîãî èçëó÷åíèÿ (4) èëè (5) â çà-
âèñèìîñòè îò óñëîâèÿ çàäà÷è ñ óãëîâûì ðàñïðåäåëåíèåì ýëåêòðîíîâ íà ýòîé ãëóáèíå è
ìîæåò áûòü çàïèñàíî â âèäå:

d2I∗(ω, θ, ϕ, t)

dωdΩ
=

∫
P (t, θe, ϕe)dΩe

∫
d2I(ω, θγ, ϕγ)

dωdΩγ

f(~n, ~ne, ~nγ)dΩγ. (6)

Çäåñü ~ne(θe, ϕe) è ~nγ(θγ, ϕγ) âåêòîðà, îïèñûâàþùèå íàïðàâëåíèÿ ðàñïðîñòðàíåíèÿ
ýëåêòðîíîâ è ôîòîíîâ â ëàáîðàòîðíûé ñèñòåìå îòñ÷¼òà è â ñèñòåìå, ñâÿçàííîé ñ íà-
ïðàâëåíèåì äâèæåíèÿ ýëåêòðîíà, ñîîòâåòñòâåííî. ~n(θ, ϕ) = ~ne + ~nγ - âåêòîð íàïðàâëå-
íèÿ ôîòîíà â ëàáîðàòîðíîé ñèñòåìå êîîðäèíàò, à f(~n, ~ne, ~nγ) - ôóíêöèÿ, îïèñûâàþùàÿ
ñâÿçü ýòèõ âåêòîðîâ ìåæäó ñîáîé.

Ñïåêòðàëüíî-óãëîâîå ðàñïðåäåëåíèå ðåçóëüòèðóþùåãî òîðìîçíîãî èçëó÷åíèÿ èç êðè-
ñòàëëà òîëùèíîé T ìîæåò áûòü ïîëó÷åíî èíòåãðèðîâàíèåì âûðàæåíèÿ (6) ïî òîëùèíå
ìèøåíè ñ ó÷åòîì ïîãëîùåíèÿ èçëó÷åíèÿ â íåé.

d2I∗(ω, θ, ϕ, T )

dωdΩ
=

T∫
0

d2I∗(ω, θ, ϕ, t)

dωdΩ
exp(−µ(ω) · (T − t))dt, (7)

ãäå µ(ω) - ëèíåéíûé êîýôôèöèåíò ïîãëîùåíèÿ ôîòîíîâ ñ ýíåðãèåé ω.
Äëÿ ÊÄÑ ñ ýôôåêòèâíîñòüþ ε(ω) (ñì. êîììåíòàðèé ê ôîðìóëå 2) âûõîä èçëó÷åíèÿ

ñ ôèêñèðîâàííîé ýíåðãèåé ωi â çàäàííûé òåëåñíûé óãîë ∆Ω ìîæåò áûòü ïðåäñòàâëåí â
ñëåäóþùåì âèäå:

Y(ωi) =

∫
∆ωi

ε(ω)dω

∫
∆Ω

d2I∗(ω, θ, ϕ, T )

dωdΩ
dΩ, (8)
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ãäå êàê è ðàíüøå ∆ωi - ñïåêòðàëüíûé êàðìàí, âûðåçàåìûé êðèñòàëë-äèôðàêöèîííûì
ñïåêòðîìåòðîì äëÿ i-òîãî ïîðÿäêà îòðàæåíèÿ, à èíòåãðèðîâàíèå âåä¼òñÿ ïî âñåì óãëàì
âûëåòà è ýíåðãèÿì ôîòîíîâ ñ ó÷¼òîì ïîïàäàíèÿ èçëó÷åíèÿ â êðèñòàëë àíàëèçàòîð è
ýôôåêòèâíîñòè èñïîëüçóåìîãî êðèñòàëë-äèôðàêöèîííîãî ñïåêòðîìåòðà.

Äëÿ îáëàñòè ýíåðãèé ôîòîíîâ ω ≤ γωp íåîáõîäèìî äîïîëíèòåëüíî ó÷åñòü âêëàä ïå-
ðåõîäíîãî èçëó÷åíèÿ. Ñ ó÷åòîì ðàññåÿíèÿ ýëåêòðîíîâ â ïðîöåññå ïðîõîæäåíèÿ ìèøåíè
ñïåêòðàëüíî-óãëîâîå ðàñïðåäåëåíèå ÏÈ, èñïóñêàåìîãî ñ âûõîäíîé ãðàíè ìèøåíè, èìååò
âèä:

d2I∗(ω, θ, ϕ, T )

dωdΩ
=

∫
P (T, θe, ϕe)dΩe

∫
d2I(ω, θγ, ϕγ)

dωdΩγ

f(~n, ~ne, ~nγ)dΩγ. (9)

Çäåñü P (T, θe, ϕe) - óãëîâîå ðàñïðåäåëåíèå ýëåêòðîíîâ íà âûõîäå èç ìèøåíè. Îñòàëü-
íûå îáîçíà÷åíèÿ ñîâïàäàþò ñ ââåä¼ííûìè âûøå. Ïî àíàëîãèè ñ (8) âûõîä èçëó÷åíèÿ,
çàðåãèñòðèðîâàííûé êðèñòàëë-äèôðàêöèîííûì ñïåêòðîìåòðîì, ìîæåò áûòü çàïèñàí:

Y(ωi) =

∫
∆ωi

ε(ω)dω

∫
∆Ω

d2I∗(ω, θ, ϕ, T )

dωdΩ
dΩ, (10)

Ïðè îòñóòñòâèè èíòåðôåðåíöèè ìåæäó ÏÈ è ÒÈ ïîëíûé âûõîä èçëó÷åíèÿ, çàðåãè-
ñòðèðîâàííûé ñïåêòðîìåòðîì, îïðåäåëÿåòñÿ ñòàíäàðòíûì îáðàçîì:

Y (ωi) = Y(ωi) + Y(ωi). (11)

Âûðàæåíèÿ 8-11 äëÿ âûõîäà èçëó÷åíèÿ, ðåãèñòðèðóåìîãî êðèñòàëë-äèôðàêöèîííûì
ñïåêòðîìåòðîì, çàïèñàíû äëÿ ðàñïîëîæåíèÿ êðèñòàëëà-àíàëèçàòîðà íà îñè ïåðâè÷íî-
ãî ïó÷êà ýëåêòðîíîâ. Â ñëó÷àå íåîáõîäèìîñòè òàêèì æå îáðàçîì ìîæåò áûòü îïðå-
äåëåí è âûõîä èçëó÷åíèÿ Y (ωi, θH) äëÿ ïðîèçâîëüíîãî óãëà ðàñïîëîæåíèÿ êðèñòàëë-
àíàëèçàòîðà θH .

Îáðàáîòêà ðåçóëüòàòîâ èçìåðåíèé. Îïðåäåëåíèå âûõîäà ÏÐÈ âïåðåä.
Ðåçóëüòàòû èçìåðåíèé âûõîäà èçëó÷åíèÿ âíå îáëàñòè äèôðàêöèîííûõ ýôôåêòîâ,

ïîëó÷åííûå â õîäå îáðàáîòêè äàííûõ ýêñïåðèìåíòà [6], ïðèâåäåíû â òàáëèöå 1. Ïîãðåø-
íîñòü àáñîëþòèçàöèè ýêñïåðèìåíòàëüíûõ äàííûõ ∼ 15% îáóñëîâëåíà ïîãðåøíîñòüþ
èçìåðåíèÿ ÷èñëà ýëåêòðîíîâ, ïðîøåäøèõ ÷åðåç êðèñòàëë, ñ ïîìîùüþ èíäóêöèîííîãî
äàò÷èêà [10,11].

Ðàçëè÷èå çàðåãèñòðèðîâàííûõ âûõîäîâ èçëó÷åíèÿ äëÿ ðàçíûõ ýíåðãèé ôîòîíîâ îáó-
ñëîâëåíî ñèëüíîé çàâèñèìîñòüþ îòðàæàþùåé ñïîñîáíîñòè êðèñòàëëà ïèðîëèòè÷åñêîãî
ãðàôèòà îò ïîðÿäêà îòðàæåíèÿ è ýíåðãèè ôîòîíîâ, à òàêæå çàâèñèìîñòüþ ñå÷åíèÿ ïî-
ãëîùåíèÿ ôîòîíîâ è ýôôåêòèâíîñòè èõ ðåãèñòðàöèè äåòåêòîðîì NaI(Tl) îò ýíåðãèè
êâàíòîâ. Âûõîä èçëó÷åíèÿ äëÿ ýíåðãèé ôîòîíîâ 28.3 êýÂ, 40 êýÂ, 67 êýÂ è 96 êýÂ ïî-
ëó÷åí íåïîñðåäñòâåííî èç èçìåðåííûõ îðèåíòàöèîííûõ çàâèñèìîñòåé âûõîäà èçëó÷åíèÿ
â îáëàñòè îòñóòñòâèÿ äèôðàêöèîííûõ ýôôåêòîâ [26]. Çíà÷åíèÿ âûõîäà èçëó÷åíèÿ äëÿ
ýíåðãèé ôîòîíîâ 80 êýÂ è 120 êýÂ ïîëó÷åíû èç ñïåêòðîâ èçëó÷åíèÿ äëÿ îäíîé îðèåí-
òàöèè êðèñòàëëà ãðàôèòà è ðàñïîëîæåíèÿ äåòåêòîðà äèôðàãèðîâàííîãî èçëó÷åíèÿ è
íåñêîëüêèõ ïîðÿäêîâ îòðàæåíèÿ â îáëàñòè îòñóòñòâèÿ äèôðàêöèîííûõ ýôôåêòîâ [27].
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Òàáëèöà 1: Ðåçóëüòàòû èçìåðåíèÿ âûõîäà èçëó÷åíèÿ ñ ïîìîùüþ ÊÄÑ â ýêñïåðèìåíòå [6]

ω, êýÂ Y , èìï./ýëåêò. P−1
al P−1

âîç
εω KΣ

28.3 0.48·10−9 1.21 1.82 0.91 2.4
40 1.24·10−9 1.07 1.504 1 1.61
67 7.87·10−9 1.031 1.352 0.74 1.88
80 0.13·10−9 1.025 1.325 0.45 3.00
96 1.45·10−9 1.022 1.316 0.36 3.76
120 0.57·10−10 1.02 1.297 0.21 6.30

Äâå ñëåäóþùèå êîëîíêè òàáëèöû ó÷èòûâàþò ïîãëîùåíèå èçëó÷åíèÿ â âûõîäíîì
ôëàíöå óñêîðèòåëÿ (0.5 ìì àëþìèíèÿ) è â âîçäóõå íà ïóòè îò óñêîðèòåëÿ äî äåòåêòîðà
Pal è P, ñîîòâåòñòâåííî. εω - ýôôåêòèâíîñòü NaI(Tl)-äåòåêòîðîâ, èñïîëüçîâàííûõ â àíà-
ëèçèðóåìîì ýêñïåðèìåíòå, äëÿ ýíåðãèè ôîòîíîâ ω, ðàññ÷èòàííàÿ ìåòîäîì Ìîíòå-Êàðëî
â ðàáîòå [14]. Íåîáõîäèìîñòü èñïîëüçîâàíèÿ ìîäåëèðîâàíèÿ âìåñòî òðàäèöèîííîãî ïîä-
õîäà, ó÷èòûâàþùåãî òîëüêî ñå÷åíèå ïîãëîùåíèÿ èç-çà ôîòîýôôåêòà è òîëùèíó ñöèí-
òèëëÿòîðà, îáóñëîâëåíà òåì, ÷òî â ñïåêòðàëüíûõ èçìåðåíèÿõ (ω=80 êýÂ è 120 êýÂ)
âûëåò ôîòîíîâ ÕÐÈ éîäà óìåíüøàåò ðåãèñòðèðóåìûé âûõîä èçëó÷åíèÿ â "ôèòèðóå-
ìîì"ó÷àñòêå ñïåêòðà.

KΣ = 1
Pal·P·εω

- èòîãîâûé ïîïðàâî÷íûé êîýôôèöèåíò, ñâÿçûâàþùèé èçìåðåííîå çíà-
÷åíèå âûõîäà èçëó÷åíèÿ ñ åãî "èñòèííûì"çíà÷åíèåì.

Yexp = Y ·KΣ. (12)

Äëÿ ïîäòâåðæäåíèÿ àäåêâàòíîñòè ìåòîäèêè ðàñ÷¼òà âûõîäà èçëó÷åíèÿ, ïðèâåä¼í-
íîé â ïðåäûäóùåì ðàçäåëå, è ìåòîäîâ îïðåäåëåíèÿ ýôôåêòèâíîñòåé ÊÄÑ è NaI(Tl)-
äåòåêòîðîâ, ðàçâèòûõ â [14,15], â òàáëèöå 2 ïðèâåäåíû ðåçóëüòàòû ñîïîñòàâëåíèÿ ýêñ-
ïåðèìåíòàëüíûõ è ðàñ÷¼òíûõ âûõîäîâ èçëó÷åíèÿ, ïîëó÷åííûõ â ñîîòâåòñòâèè ñ âû-
ðàæåíèÿìè, ïðèâåä¼ííûìè â ïðåäûäóùåì ðàçäåëå. Òî åñòü ó÷òåíû ïîäàâëåíèå èíòåí-
ñèâíîñòè òîðìîçíîãî èçëó÷åíèÿ èç-çà ýôôåêòà ïëîòíîñòè [24], ïîãëîùåíèå èçëó÷åíèÿ
â êðèñòàëëå âîëüôðàìà, âêëàä ïåðåõîäíîãî èçëó÷åíèÿ ñ âûõîäíîé ãðàíè ìèøåíè è
ñïåêòðàëüíàÿ çàâèñèìîñòü ýôôåêòèâíîñòè èñïîëüçîâàííûõ â ýêñïåðèìåíòå êðèñòàëë-
äèôðàêöèîííûõ ñïåêòðîìåòðîâ.

Èç òàáëèöû 2 âèäíî, ÷òî íåñìîòðÿ íà îòìå÷åííûå âûøå ðàçëè÷èÿ çíà÷åíèé èçìå-
ðåííûõ âûõîäîâ èçëó÷åíèÿ, çàâèñèìîñòü ýôôåêòèâíîñòè ðåãèñòðàöèè è ïîãëîùåíèÿ
ôîòîíîâ îò èõ ýíåðãèè ðåçóëüòàòû èçìåðåíèé ñîãëàñóþòñÿ ñ ðàñ÷¼òîì â ïðåäåëàõ ïî-
ãðåøíîñòè àáñîëþòèçàöèè ýêñïåðèìåíòàëüíûõ äàííûõ.

Õîðîøåå ñîãëàñèå ðåçóëüòàòîâ èçìåðåíèé ñ ðàñ÷¼òîì ïîäòâåðæäàåò âîçìîæíîñòü èñ-
ïîëüçîâàòü ÊÄÑ íà îñíîâå ìîçàè÷íûõ êðèñòàëëîâ êëàññà b äëÿ èçìåðåíèé ñïåêòðàëüíî-
óãëîâîãî ðàñïðåäåëåíèÿ èçëó÷åíèÿ íåèçâåñòíîãî ñîñòàâà. Ïîëó÷åííàÿ èç ýêñïåðèìåí-
òàëüíûõ äàííûõ òàáëèöû 2 ïî ôîðìóëå 2 çàâèñèìîñòü ñïåêòðàëüíî-óãëîâîé ïëîòíîñòè
èíòåíñèâíîñòè èçëó÷åíèÿ îò ýíåðãèè ôîòîíîâ ïðèâåäåíà íà ðèñóíêå 3 - òî÷êè. Îøèáêè
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Òàáëèöà 2: Ñðàâíåíèå ðåçóëüòàòîâ èçìåðåíèÿ è ðàñ÷¼òà âûõîäà èçëó÷åíèÿ äëÿ óñëîâèé
ýêñïåðèìåíòà [6]

ω, êýÂ Yexp ôîò./ýëåêò Ycalc ôîò./ýëåêò Yexp/Ycalc
28.3 1.16·10−9 1.27·10−9 0.96
40 2.00·10−9 2.13·10−9 0.95
67 14.8·10−9 15.5·10−9 0.95
80 0.40·10−9 0.36·10−9 1.1
96 5.1·10−9 5.15·10−9 0.99
120 3.6·10−10 3.47·10−10 1.04

ñòàòèñòè÷åñêèå è íå âêëþ÷àþò ïîãðåøíîñòü îïðåäåëåíèÿ ÷èñëà ýëåêòðîíîâ, ïðîøåäøèõ
÷åðåç êðèñòàëë. Çäåñü æå ñïëîøíîé ëèíèåé ïîêàçàíà ðàñ÷¼òíàÿ çàâèñèìîñòü ÒÈ+ÏÈ,
ïîëó÷åííàÿ ñ ñîîòâåòñòâèè ñ ïîäõîäîì, ïðèâåä¼ííûì â ïðåäûäóùåì ðàçäåëå, äëÿ êðóã-
ëîãî êîëëèìàòîðà ñ óãëîì êîëëèìàöèè ϑc=0.5 ìðàä (∆Ω = 7.854 · 10−7 ñòåð).

Ðèñ. 3: Óãëîâàÿ ïëîòíîñòü èíòåíñèâíîñòè èçëó÷åíèÿ âíå îáëàñòè âëèÿíèÿ äèôðàêöèîí-
íûõ ýôôåêòîâ â ýêñïåðèìåíòå [6]: ◦ - ýêñïåðèìåíò, êðèâàÿ - ðàñ÷¼ò.

Â êà÷åñòâå ∆N èñïîëüçîâàëîñü çíà÷åíèå âûõîäà èçëó÷åíèÿ, ïðèâåä¼ííîå âî âòîðîì
ñòîëáöå òàáëèöû 2. Îñòàëüíûå ïàðàìåòðû: ∆Ω(ωi) = ∆θx · ∆θy - òåëåñíûé óãîë, ïåðå-
êðûâàåìûé êðèñòàëëîì àíàëèçàòîðîì ïðè èçìåðåíèè âûõîäà èçëó÷åíèÿ ñ ýíåðãèåé ωi,
ε(ωi) - ýôôåêòèâíîñòü ñïåêòðîìåòðà äëÿ ýòîé ýíåðãèè ôîòîíîâ è ïîðÿäêà îòðàæåíèÿ,
óñðåäí¼ííàÿ ïî ýíåðãåòè÷åñêîìó çàõâàòó ñïåêòðîìåòðà ∆ωi, ðàññ÷èòàíû ïî ìåòîäèêå
[15] ñ ó÷åòîì ïðîñòðàíñòâåííûõ ðàçìåðîâ ïó÷êà ýëåêòðîíîâ íà êðèñòàëëå [10] è ïðèâå-
äåíû â òàáëèöå 3. Âåëè÷èíà ∆ωi îïðåäåëÿëàñü êàê ýíåðãåòè÷åñêèé äèàïàçîí, ãäå âûõîä
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Òàáëèöà 3: Õàðàêòåðèñòèêè äèôðàêòîìåòðà äëÿ óñëîâèé ýêñïåðèìåíòà [6]

ωi, êýÂ ∆Ω = ∆θx ·∆θy, ñòåð. ε(ωi)% ∆ωi, êýÂ
28.3 2.26 · 10−7 7.68 0.433
40 2.27 · 10−7 6.08 0.628
67 2.39 · 10−7 3.35 1.052
80 2.27 · 10−7 0.32 1.22
96 3.35 · 10−7 0.97 1.98
120 2.27 · 10−7 0.047 1.79

äèôðàãèðîâàííîãî èçëó÷åíèÿ íà óðîâíå 10−3 îò çíà÷åíèÿ â ìàêñèìóìå è âûøå.

Êàê è ñëåäîâàëî îæèäàòü, ýêñïåðèìåíòàëüíûå è ðàñ÷¼òíûå çíà÷åíèÿ ñïåêòðàëüíî-
óãëîâîé ïëîòíîñòè èíòåíñèâíîñòè èçëó÷åíèÿ ñîãëàñóþòñÿ ìåæäó ñîáîé ñ òî÷íîñòüþ
ïîðÿäêà ïîãðåøíîñòè îïðåäåëåíèÿ ÷èñëà ýëåêòðîíîâ, ïðîøåäøèõ ÷åðåç êðèñòàëë âîëü-
ôðàìà. Ýòî ïîäòâåðæäàåò âûñêàçàííîå ðàíåå óòâåðæäåíèå, ÷òî êðèñòàëë-äèôðàêöèîííûå
ñïåêòðîìåòðû íà îñíîâå ìîçàè÷íûõ êðèñòàëëîâ êëàññà b ìîæíî èñïîëüçîâàòü äëÿ èç-
ìåðåíèÿ ñïåêòðàëüíî-óãëîâîé ïëîòíîñòè èíòåíñèâíîñòè èçëó÷åíèÿ íåèçâåñòíîãî ñïåê-
òðàëüíîãî ñîñòàâà. Çäåñü ñëåäóåò îòìåòèòü, ÷òî â ðàáîòå [7], ãäå èñïîëüçîâàëñÿ òîò
æå êðèñòàëë âîëüôðàìà è ÊÄÑ íà îñíîâå êðèñòàëëà êðåìíèÿ, èçìåðåííûé âûõîä èç-
ëó÷åíèÿ îêàçàëñÿ â äâà ñ ëèøíèì ðàçà áîëüøå, ÷åì ðåçóëüòàòû ðàñ÷¼òà, ÷òî ñâÿçà-
íî, ïî-âèäèìîìó, ñ íåñîâåðøåíñòâîì èñïîëüçîâàííîãî â öèòèðóåìîé ðàáîòå êðèñòàëëà
êðåìíèÿ.

Â òîæå âðåìÿ, ñëåäóåò îòìåòèòü, ÷òî âîññòàíîâëåííûå çíà÷åíèÿ âåëè÷èíû I(ω) ∼
íà 10% ìåíüøå ðàñ÷¼òíûõ, òîãäà êàê ðåçóëüòàòû èçìåðåíèé â ñðåäíåì íà 5% ìåíü-
øå ðåçóëüòàòîâ ðàñ÷¼òà (ñì. òàáëèöó 2). Ïî-âèäèìîìó, ýòî ñâÿçàíî ñ çàìåíîé ðåàëüíî-
ãî ðàñïðåäåëåíèÿ ñïåêòðàëüíîé ýôôåêòèâíîñòè ñïåêòðîìåòðà, êîòîðîå èñïîëüçîâàëîñü
äëÿ ðàñ÷¼òà âûõîäà èçëó÷åíèÿ, ïðèâåä¼ííîãî â òàáëèöå 2, ïðÿìîóãîëüíèêîì ñ òîé æå
ïëîùàäüþ â âûðàæåíèè 2. Äðóãîé ïðè÷èíîé ìîãóò áûòü íåñêîëüêî ðàçíûå òåëåñíûå
óãëû äëÿ êàæäîé èç çàâèñèìîñòåé. Ðàñ÷¼ò ñïåêòðàëüíî-óãëîâîé ïëîòíîñòè èíòåíñèâíî-
ñòè èçëó÷åíèÿ âûïîëíåí äëÿ òåëåñíîãî óãëà ∆Ω = 7.854 ·10−7 ñòåð., òîãäà êàê ðåàëüíûå
óãëû, ïåðåêðûâàåìûå êðèñòàëëîì-àíàëèçàòîðîì ñïåêòðîìåòðà, ìåíÿëèñü îò ∼ 2 · 10−7

ñòåð. äî ∼ 3 · 10−7 ñòåð. (ñì. òàáëèöó 3).

Óäîâëåòâîðèòåëüíîå ñîãëàñèå âîññòàíîâëåííûõ ïî ðåçóëüòàòàì èçìåðåíèé ñ ïîìî-
ùüþ ÊÄÑ çíà÷åíèé ñïåêòðàëüíî-óãëîâîé ïëîòíîñòè èíòåíñèâíîñòè èçëó÷åíèÿ ñ ðàñ÷¼-
òîì âíå îáëàñòè âëèÿíèÿ äèôðàêöèîííûõ ýôôåêòîâ (ñì. ðèñóíîê 2) ïîçâîëÿåò ïîëó÷èòü
çíà÷åíèå âûõîäà ôîòîíîâ ÏÐÈ âïåðåä íà îñíîâå äàííûõ, ïîëó÷åííûõ â ýêñïåðèìåíòå
[6] äëÿ ýíåðãèè ôîòîíîâ ω=40 êýÂ è 28.3 êýÂ.

Äëÿ ýíåðãèè ôîòîíîâ ω=40 êýÂ, òåëåñíîãî óãëà ∆Ω =2.27·10−7 ñð è ýíåðãåòè÷åñêîãî
çàõâàòà ñïåêòðîìåòðà ∆ω =0.628 êýÂ (ïîëíàÿ øèðèíà) çàðåãèñòðèðîâàííîå ïðåâûøåíèå
âûõîäà â ìàêñèìóìå îðèåíòàöèîííîé çàâèñèìîñòè äëÿ ïëîñêîñòè (011̄) ∆Yexp = (0.58±
0.1) · 10−9 ôîòîí/ýëåêòðîí∼28% îò ñóììàðíîãî âûõîäà òîðìîçíîãî è ïåðåõîäíîãî èç-
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ëó÷åíèé âíå îáëàñòè âëèÿíèÿ äèôðàêöèîííûõ ýôôåêòîâ. Ñëåäîâàòåëüíî, ñïåêòðàëüíî-
óãëîâàÿ ïëîòíîñòü èíòåíñèâíîñòè ÏÐÈ ïîä ìàëûì óãëîì ê ñêîðîñòè ÷àñòèöû â êðè-
ñòàëëå âîëüôðàìà â ýêñïåðèìåíòå [6] I(ω)= 2.58 (ñð*ýëåêòðîí)−1.

Äëÿ ýíåðãèè ôîòîíîâ ω=28.3 êýÂ çàðåãèñòðèðîâàííûé âûõîä ôîòîíîâ ÏÐÈ âïåðåä
∆Yexp = (0.26 ± 0.05) · 10−9 ôîòîí/ýëåêòðîí ∼22% îò ñóììàðíîãî âûõîäà òîðìîçíîãî
è ïåðåõîäíîãî èçëó÷åíèé. ×òî äëÿ òåëåñíîãî óãëà ∆Ω=2.26·10−7 ñð è ýíåðãåòè÷åñêîãî
çàõâàòà ñïåêòðîìåòðà ∆ω=0.433 êýÂ äà¼ò çíà÷åíèå ñïåêòðàëüíî-óãëîâîé ïëîòíîñòè èí-
òåíñèâíîñòè ÏÐÈ âïåð¼ä I(ω)= 0.96 (ñð*ýëåêòðîí)−1. Ìåíüøåå çíà÷åíèå âûõîäà ôîòî-
íîâ ÏÐÈ âïåðåä äëÿ ýòîé ýíåðãèè ôîòîíîâ îáóñëîâëåíî èõ áîëåå ñèëüíûì ïîãëîùåíèåì
â âåùåñòâå êðèñòàëëà. Ïðè óìåíüøåíèè ýíåðãèè ôîòîíîâ ñ 40 êýÂ äî 28.3 êýÂ äëèíà
ïîãëîùåíèÿ óìåíüøàåòñÿ ñ la=48.38 µì äî 19.42 µì

Â ðàáîòå [26] íà îñíîâå àíàëèçà ðåçóëüòàòîâ ýêñïåðèìåíòà [6] äëÿ ýíåðãèé ôîòîíîâ
ω=67 êýÂ è 96 êýÂ ïîêàçàíî, ÷òî êðèñòàëë âîëüôðàìà, èñïîëüçîâàííûé â ðàáîòàõ [6,7],
íå ÿâëÿåòñÿ ñîâåðøåííûì, à ïðèíàäëåæèò ê ìîçàè÷íûì êðèñòàëëàì êëàññà aα [16]. Òî
åñòü, îí ñîäåðæèò ìèêðîáëîêè, ðàçìåð êîòîðûõ áîëüøå äëèíû ïåðâè÷íîé ýêñòèíêöèè,
ðàçîðèåíòèðîâàííûå äðóã îòíîñèòåëüíî äðóãà íà óãîë ïîðÿäêà σ≈ 0.2 ìðàä. Ïîýòîìó
ïðè âûïîëíåíèè óñëîâèé äèôðàêöèè äëÿ êàêîé ëèáî ýíåðãèè ôîòîíîâ â ýòîì êðèñòàëëå
íàáëþäàåòñÿ ýôôåêò äèôðàêöèîííîãî ïîäàâëåíèÿ âûõîäà òîðìîçíîãî èçëó÷åíèÿ ñ ýòîé
ýíåðãèåé [6,26].

Èíòåíñèâíîñòü ÏÐÈ ïîä ìàëûìè óãëàìè ê ñêîðîñòè ÷àñòèöû ñòðîãî âäîëü íàïðàâëå-
íèÿ ñêîðîñòè ýëåêòðîíà ðàâíà íóëþ, à ìàêñèìóì â óãëîâîì ðàñïðåäåëåíèè ñîîòâåòñòâó-
åò óãëó θFPXR|| = 1√

3

√
γ−2 + (ω0/ω)2 [28]. Ïîñêîëüêó θFPXR|| ≈1.3 ìðàä � σm0.2, ýôôåêò

äèôðàêöèîííîãî ïîäàâëåíèÿ íà í¼ì íå ñêàçûâàåòñÿ. Îäíàêî ïîñêîëüêó îáà ýôôåêòà ðå-
àëèçóþòñÿ äëÿ îäíèõ è òåõ æå óãëîâ îðèåíòàöèè êðèñòàëëà âîëüôðàìà, à ðàçðåøåíèå
ÊÄÑ ñóùåñòâåííî õóæå, ÷åì ýíåðãåòè÷åñêèé ýêâèâàëåíò øèðèíû "ñòîëèêà"Äàðâèíà
∆ω ∼20-40 ýÂ, ýôôåêò äèôðàêöèîííîãî ïîäàâëåíèÿ óìåíüøàåò âûõîä ðåãèñòðèðóåìî-
ãî èçëó÷åíèÿ. Ñëåäîâàòåëüíî, íàáëþäàâøèåñÿ â ðàáîòå [6] îðèåíòàöèîííûå çàâèñèìî-
ñòè (ÎÇ) âûõîäà ôîòîíîâ ôèêñèðîâàííîé ýíåðãèè ñ ω=40 êýÂ è 28.3 êýÂ ïðåäñòàâëÿþò
ñîáîé ñóììó íåïðåðûâíîé ïîäëîæêè òîðìîçíîãî è ïåðåõîäíîãî èçëó÷åíèé íå÷óâñòâè-
òåëüíîé ê îðèåíòàöèè êðèñòàëëà, íà êîòîðîé ïðàêòè÷åñêè äëÿ îäíîãî è òîãî æå óãëà
îðèåíòàöèè êðèñòàëëà íàáëþäàþòñÿ äâà ðàçíîíàïðàâëåííûõ äèôðàêöèîííûõ ýôôåê-
òà. Ýôôåêò ÏÐÈ âïåðåä, óâåëè÷èâàþùèé âûõîä èçëó÷åíèÿ, è ýôôåêò äèôðàêöèîííîãî
ïîäàâëåíèÿ âûõîäà ÒÈ, óìåíüøàþùèé âûõîä ðåãèñòðèðóåìîãî èçëó÷åíèÿ. Âåëè÷èíà
èòîãîâîãî ýôôåêòà îïðåäåëÿåòñÿ ýíåðãèåé ýëåêòðîíîâ è ôîòîíîâ, õàðàêòåðèñòèêàìè
êðèñòàëëà è ñòåïåíüþ íåñîâåðøåíñòâà åãî ìèêðîñòðóêòóðû.

Â ñîîòâåòñòâèè ñ ðåçóëüòàòàìè ðàáîòû [26] äëÿ óñëîâèé ýêñïåðèìåíòà [6], ñîâåð-
øåííîãî êðèñòàëëà, ïëîñêîñòè (011̄) è ýíåðãèè ôîòîíîâ ω=40 êýÂ ãëóáèíà ïðîâàëà,
îáóñëîâëåííîãî äèôðàêöèåé òîðìîçíîãî èçëó÷åíèÿ, äîëæíà áûòü ∼ 4.5% îò èíòåíñèâ-
íîñòè ÒÈ. Äëÿ ýôôåêòèâíîé äëèíû ïðîáåãà ôîòîíîâ äî âûõîäà èç êðèñòàëëà lph ≈ 63
µì, ðàññ÷èòàííîé ïî ìåòîäèêå [29], è ñðåäíåãî ðàçìåðà áëîêîâ láë ∼ 40µì (ñì. òàì
æå) èç-çà íàëè÷èÿ ìîçàè÷íîñòè äîëæíî äîïîëíèòåëüíî íàáëþäàòüñÿ äèôðàêöèîííîå
ïîäàâëåíèå âûõîäà òîðìîçíîãî èçëó÷åíèÿ â êðèñòàëëàõ êëàññà aα ïîðÿäêà 7% îò âêëà-
äà òîðìîçíîãî èçëó÷åíèÿ. Ñ ó÷åòîì òîãî ôàêòà, ÷òî äëÿ ω=40 êýÂ âêëàä ÒÈ â ïîëíóþ
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èíòåíñèâíîñòü èçëó÷åíèÿ ≈ 80% [26], èñòèííîå çíà÷åíèå ñïåêòðàëüíî-óãëîâîé ïëîòíî-
ñòè èíòåíñèâíîñòè ÏÐÈ ïîä ìàëûì óãëîì ê ñêîðîñòè ÷àñòèöû äëÿ ýíåðãèè ôîòîíîâ
ω40 êýÂ I(ω) ≈ 3.0 (ñð*ýëåêòðîí)−1.

Äëÿ ω=28.3 êýÂ ýôôåêòèâíàÿ äëèíà ïðîáåãà ôîòîíîâ â êðèñòàëëå âîëüôðàìà lph ∼
24 µì ìåíüøå õàðàêòåðíîé äëèíû ìèêðîáëîêà [29], ïîýòîìó äèôðàêöèîííîå ïîäàâëå-
íèå âûõîäà òîðìîçíîãî èçëó÷åíèÿ áóäåò ïðàêòè÷åñêè òàêèì, æå êàê è äëÿ ñîâåðøåííîãî
êðèñòàëëà, è ñîñòàâëÿòü ∼5.5% îò èíòåíñèâíîñòè òîðìîçíîãî èçëó÷åíèÿ [26]. Ïîñêîëüêó
äëÿ ω =28.3 êýÂ âêëàä ÒÈ óæå íå ÿâëÿåòñÿ ïðåîáëàäàþùèì (∼32% îò ïîëíîé èíòåíñèâ-
íîñòè èçëó÷åíèÿ [26]), ïîòåðè íàáëþäàåìîé èíòåíñèâíîñòè ÏÐÈ âïåðåä èç-çà ýôôåêòà
äèôðàêöèîííîãî ïîäàâëåíèÿ ÒÈ íå ïðåâûøàþò 1.5-2% îò óðîâíÿ ïîäëîæêè. Ïîýòîìó
óãëîâàÿ ïëîòíîñòü èíòåíñèâíîñòè ÏÐÈ ïîä ìàëûì óãëîì ê ñêîðîñòè ÷àñòèöû äëÿ ýòîé
ýíåðãèè ôîòîíîâ I(ω) ≈ 1.0 (ñð*ýëåêòðîí)−1.

Êàê óæå îòìå÷åíî âûøå, èíòåíñèâíîñòü ÏÐÈ âïåðåä äëÿ ýíåðãèè ôîòîíîâ ω =28.3
êýÂ ìåíüøå, ÷åì äëÿ ω=40 êýÂ â òîì ÷èñëå è èç-çà èõ áîëåå ñèëüíîãî ïîãëîùåíèÿ â
âåùåñòâå êðèñòàëëà. Ïîýòîìó äëÿ ïîíèìàíèÿ ñîîòíîøåíèÿ âûõîäîâ èçëó÷åíèÿ è ñðàâíå-
íèÿ ñ òåîðèåé áîëåå èíôîðìàòèâíûì ïðåäñòàâëÿåòñÿ ñîïîñòàâëåíèå çíà÷åíèé ñïåêòðàëüíî-
óãëîâîé ïëîòíîñòè èíòåíñèâíîñòè èçëó÷åíèÿ íà åäèíèöó äëèíû ïóòè. Ñ ó÷¼òîì ðàç-
ëè÷èÿ ýôôåêòèâíûõ äëèí ïðîáåãà ôîòîíîâ ðàçíûõ ýíåðãèé â êðèñòàëëå âîëüôðàìà
óäåëüíûå óãëîâûå ïëîòíîñòè èíòåíñèâíîñòè ÏÐÈ ïîä ìàëûì óãëîì ê ñêîðîñòè ÷àñòè-
öû â ýêñïåðèìåíòå [6] áóäóò ∼ 476 (ñð*ýëåêòðîí*ñì)−1 è ∼417 (ñð*ýëåêòðîí*ñì)−1 äëÿ
ýíåðãèè ôîòîíîâ 40 êýÂ è 28.3 êýÂ, ñîîòâåòñòâåííî, òî åñòü îòëè÷àòüñÿ ìåíåå, ÷åì íà
20%. Ñ ó÷åòîì ïîãðåøíîñòè íîðìèðîâêè (∼15%) è âîññòàíîâëåíèÿ çíà÷åíèÿ óãëîâîé
ïëîòíîñòè èíòåíñèâíîñòè èçëó÷åíèÿ ïî ðåçóëüòàòàì èçìåðåíèé (∼5-10%, ñì. êîììåíòà-
ðèé ê ðèñóíêó 3) óäåëüíûå óãëîâûå ïëîòíîñòè èíòåíñèâíîñòè ÏÐÈ âïåð¼ä äëÿ ýíåðãèè
ôîòîíîâ 40 êýÂ è 28.3 êýÂ ñîâïàäàþò. Ñëåäóåò îòìåòèòü, ÷òî èç-çà ìåíüøåãî çíà÷åíèÿ
ýôôåêòèâíîé äëèíû ïðîáåãà ôîòîíîâ ñ ω=28.3 êýÂ ýëåêòðîíû, êîòîðûå ãåíåðèðóþò
ôîòîíû ñ ýòîé ýíåðãèåé, ïðåæäå ÷åì äîéòè äî îáëàñòè ãåíåðàöèè èñïûòûâàþò áîëåå
ñèëüíîå ìíîãîêðàòíîå ðàññåÿíèå, ÷òî òàêæå óìåíüøàåò âûõîä ôîòîíîâ ñ ýòîé ýíåðãèåé.

Çàêëþ÷åíèå. Ðåçóëüòàòû ïðîâåä¼ííûõ èññëåäîâàíèé êðàòêî ìîæíî ñôîðìóëèðî-
âàòü ñëåäóþùèì îáðàçîì:

1)Êðèñòàëë-äèôðàêöèîííûå ñïåêòðîìåòðû íà îñíîâå ìîçàè÷íûõ êðèñòàëëîâ êëàñ-
ñà b, íàïðèìåð, ïèðîëèòè÷åñêîãî ãðàôèòà, ìîãóò áûòü èñïîëüçîâàíû äëÿ èçìåðåíèé
ñïåêòðàëüíî-óãëîâûõ ðàñïðåäåëåíèé èçëó÷åíèÿ áûñòðûõ ýëåêòðîíîâ.

2)Àïðîáèðîâàíû ìåòîäèêè ìîäåëèðîâàíèÿ õàðàêòåðèñòèê êðèñòàëë-äèôðàêöèîííûõ
ñïåêòðîìåòðîâ íà îñíîâå ìîçàè÷íûõ êðèñòàëëîâ êëàññà b è ýôôåêòèâíîñòè òîíêèõ êðè-
ñòàëëîâ NaI(Tl).

3) Ïðîâåäåíà êîëè÷åñòâåííàÿ îáðàáîòêà ðåçóëüòàòîâ ýêñïåðèìåíòà [6] ïî ïîèñêó è èñ-
ñëåäîâàíèþ ïàðàìåòðè÷åñêîãî ðåíòãåíîâñêîãî èçëó÷åíèÿ ïîä ìàëûì óãëîì ê ñêîðîñòè
÷àñòèöû â êðèñòàëëå âîëüôðàìà è ïîëó÷åíû îöåíêè óãëîâîé ïëîòíîñòè èíòåíñèâíîñòè
ýòîãî èçëó÷åíèÿ.

4) Ïîêàçàíî, ÷òî ñ ó÷åòîì ïîãðåøíîñòè íîðìèðîâêè è âîññòàíîâëåíèÿ çíà÷åíèÿ óã-
ëîâîé ïëîòíîñòè èíòåíñèâíîñòè èçëó÷åíèÿ ïî ðåçóëüòàòàì èçìåðåíèé â ýêñïåðèìåíòå
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[6] óäåëüíûå óãëîâûå ïëîòíîñòè èíòåíñèâíîñòè ÏÐÈ âïåð¼ä äëÿ ýíåðãèè ôîòîíîâ 40
êýÂ è 28.3 êýÂ íå îòëè÷àþòñÿ.

Àâòîðû âûðàæàþò áëàãîäàðíîñòü ñîàâòîðàì ðàáîò [6,26,27,29] çà ó÷àñòèå â ðàçðà-
áîòêå è ðåàëèçàöèè ìåòîäèê, èñïîëüçîâàííûõ â ïðîöåññå èññëåäîâàíèé, è ïîìîùü ïðè
ïðîâåäåíèè èçìåðåíèé.
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Yield determination of Parametric X-ray radiation at small angle to the
velocity of fast electrons in tungsten crystal
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Abstact.Treatment results of experimental data on investigation of yield of parametric X-ray at

small angles along the electrons velocity in a tungsten crystal are presented. The measurements were

made on Tomsk synchrotron by means of crystal grating spectrometers based on mosaic crystals of

pyrolytic graphite. Values of forward PXR angular density for the photons energy of ω=40 keV and

28.3 keV were obtained. In�uence of bremsstrahlung photons di�raction and microstructure of the

crystal on the resulting emission yield is discussed.
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Abstract. The deposition �ux of cosmogenic 7Be in the industrial city Rostov-on-Don
(Russia) from 2001 to 2011 has been measured. The variations of annual 7Be deposition �ux
appear to be mainly correlated with the number of the meteorological parameters and solar
activity. For the �rst time correlations of the volume activity of cosmogenic 7Be with such
meteorological parameters as temperature, precipitation, wind speed, atmospheric pressure,
relative humidity are identi�ed.

Keywords: 7Be, beryllium, atmospheric �ux, cosmogenic radionuclides, precipitation,
sunspot activity, aerosols.

Introduction. To date, the monitoring of radionuclides in the atmospheric boundary
layer suggests that a substantial contribution to the radioactivity of the surface air gives a
short-lived isotope 7Be (T1/2=52.3 days) of the cosmogenic origin. Variations of the contents
of 7Be in the air are associated with the solar activity and have a characteristic seasonal
variation and latitude dependence. Due to the rapid decay, its activity in plants varies
depending on the synoptic conditions. Therefore, 7Be is of interest not only in terms of
radiation exposure on biological systems but can also be an indicator of rates of exchange in
plants, and, as a consequence, an indicator of the accumulation by natural environments of
pollutants entering the atmosphere. 7Be is one of the few radionuclides that are independent
of anthropogenic activity. Therefore it can be used as a monitor to detect sources of other
radionuclides into the atmosphere. This is what makes 7Be a convenient indicator for a rapid
assessment of potential air pollution and air exchange in the environment. Therefore, the
study of occurrence processes, transportation and migration of the radionuclide 7Âå in the
environment is of great interest.

It is believed that the main reactions leading to the formation of beryllium isotopes
in Earth's atmosphere occur in the interaction of cosmic rays with nuclei of nitrogen and
oxygen (Nagai, et.al., [1]), which are the main components of the air. These are the so-
called �spallation� reactions: 14N(p,X)7Be, 16O(p,X)7Be (up to 70�80%), 14N(n,X)7Be and
16O(n,X)7Be (up to 20�30%) (Yoshimori, [2]). Another possible mechanism of formation of
beryllium isotope 7Be in the upper atmosphere can be the photo-nuclear reactions 14N(γ,X)7Be,
16O(γ,X)7Be and 12C(γ,X)7Be. It is shown (Bezuglov, et.al., [3]) that the contribution of the
photonuclear mechanism is comparable with the contribution of the proton and neutron
channel of 7Be formation in the atmosphere. The contribution of the photonuclear reactions
to the total 7Be production in the atmosphere is not less than 10%.

During changes in the solar activity (reduced number of sun spots is the Wolf number,
URL [4]) within the 11-year solar cycle and aperiodic bursts of solar activity, the geomagnetic

2Corresponding author.
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�eld changes, cosmic rays are de�ected and, correspondingly, the 7Be production rate changes
(Taplos, et.al., [5]). A decrease of the 7Be production rate corresponds to an increase of solar
activity (increase of the Wolf number) and vice versa, i.e., there is an anticorrelation between
the 7Be content in the atmospheric air and the Wolf number with coe�cient k = −0.81
according to Ioannidou A. [6] and k =-0.83±0.03 according to Stozhkov [7]. Over the
11-year solar cycle, the yearly average content at the maximum and minimum di�ers by
approximately 45%. The 7Be production rate also depends on the geographical coordinates
of the observations station because of the e�ect of the Earth's magnetic �eld on the cosmic
ray distribution (Papastefanou, et.al. [8]).

Long (more than two cycles of solar activity) systematic measurements on the global
network of stations must be performed in order to determine reliably the relation between
the 7Be volume activity in the air layer at the ground and the solar activity against the
background of variations of a di�erent origin. The results of the determination of 7Be in the
atmosphere in 1974�1999 at 26 stations were analyzed by Taplos, et.al., [5]. The existence
of the anticorrelation indicated above, which explains about 54% of all temporal variations
of the 7Be for stations in Australia, New Zealand, and North America and only 18% of the
variations for the stations in South America and Antarctica, has been proven.

Long-time measurements (1987�2003) were performed by Papastefanou, et.al. [9] at
temperate latitudes (40◦38'). Under especially favorable conditions (regularity of measurements
of the meteorological parameters, absence of any e�ect due to some of them, and so forth), a
correlation between the 7Be content and the Wolf number can be determined reliably. Thus,
measurements performed under the conditions of a dry and hot climate showed (Al-Azmi,
et.al., [10]) that the changes of the yearly average volume activity of 7Be depend on the
Wolf number. A correlation cannot be established under di�erent, less favorable, conditions
(Petrova, et.al. [11]).

Almost immediately after they are formed, the 7Be nuclei precipitate in submicron-size
aerosols, and transport with air masses, settling, and washing out by precipitation determines
their subsequent fate. The methods used to determine the life time of aerosols (the period of
time during which half of the initial content of the aerosols is removed from the atmosphere)
and the results obtained are presented by Papastefanou [8,9]) together with data for other
observation points (Greece, Germany, California, Hong Kong). It has been suggested that
the data be divided into two groups: 2.6�15 days (average 8.8 days) for the air layer at
the ground and 21�35.4 days (average 28.2 days) for the troposphere. According to other
ideas, the �rst group describes tropospheric and the second stratospheric aerosols. Estimates
obtained using the model of Koch, et.al., [12] give 24�30 days for tropospheric aerosols and
1 yr. for stratospheric aerosols.

Materials and methods. The variations of the 7Be volume activity in the air layer at
the ground depend on the exchange of air masses between the stratospheric and tropospheric
reservoirs, dry and wet fallout, and tropospheric processes (vertical transport, advection) [13].
Measurements of the 7Be content in aerosols (1 per week) and precipitation (1 per month)
are performed at the aspiration station of the Southern Federal University (Rostov-on-Don,
Russia) in 2001-20011 as part of the monitoring of the radioactivity of the atmospheric
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layer at the ground in Rostov-on-Don (47◦14' NL; 39◦42' EL). The location of the station at
temperate latitudes with a temperate continental climate and comparatively low precipitation
imparts special signi�cance to the systematic monitoring of 7Be in the atmosphere.

A ventilation setup with a �lter consisting of FPP-15-1.7 Petryanov fabric with total
area 0.56 m2 and a liquid Lambrecht micromanometer were used to obtain the samples.
According to the measurements, the air �ow rates were approximately 630 m3/h initially
("fresh"�lter) and 510 m3/h after 7 days of exposure. The exposed �lter was air dried and
pressed into 35 mm in diameter and 10-30 mm high pellets. Three or four days after the �lter
was removed, the γ-ray spectrum was measured in 12-24 h with a Ge(Li) or HPGe detector
of the low-background setup. 7Be was determined according to the 477 keV peak. The dust
content in air was found according to the mass di�erence between the exposed and clean �lter.

Results and discussion. As a result of continuous measurements of 7Be volume activity
in surface air of Rostov-on-Don for the period 2001-2011 we found that the atmospheric
aerosols concentration varies from 0.025 to 27.0 mBq/m3, with an average grade on record
6,0 mBq/m3.

Analysis showed that the data are su�cient to determine the anticorrelation between
the 7Be volume activity and the solar activity. We were able to establish the dependence
of the 7Be volume activity for the second half of the 23rd and the �rst half of the 24th
cycles of solar activity. The yearly and monthly average 7Be volume activity (Figs. 1 and
2, respectively) increases toward the end of the 23rd cycle and reaches a maximum at solar
activity minimum of the 24th cycle at 2008. The corresponding scatter plot for the period
2001-2011 is shown in Fig. 4f. There is an anticorrelation between the 7Be content in the
atmospheric air and the Wolf number with coe�cient k = -0.42.

It is clear the volume activity of 7Be does not react to short-time variations of the Wolf
numbers. To reliably determine the dependence of the 7Be concentration in the surface layer
of the atmosphere on solar activity variations the systematic determination of 7Be in the
global network of stations (more than 2 cycles of solar activity) are needed.

The seasonal variation of 7Be in aerosols, which is well known for di�erent latitudes and
climatic conditions and is associated with the spring rearrangement of the atmosphere in the
stratosphere�troposphere system, is quite clearly detected. As a rule, the seasonal variation
of the 7Be volume activity exhibits a spring�summer maximum and an autumn�winter
minimum. Thus, for temperature latitudes (Greece) the summer maximum is 7.29�6.96
mBq/m3 and the winter minimum is 2.75�4.09 mBq/m3 (Ioannidou, et.al., [6]). For Moscow
(Russia), the spring�summer maximum is 4.3�4.6 mBq/m3 and the autumn�winter minimum
is 2.6�3.3 mBq/m3 (Petrova, et.al. [11]). Our data show that spring�summer maximum of the
7Be volume activity in aerosols is observed yearly (Fig. 2) and on the average over 2001-2011
(Fig. 3).

The average ratios of the maximum to minimum values of the seasonal average of the
7Be content equal approximately 2.6 (for Moscow 1.6 over 1996�2001). Fourier analysis of
the entire set of data over ten years con�rms the seasonal variation - the period of the
�rst dominant harmonic is 52 weeks. Previously obtained (Buraeva, et.al., [13]) the �ve-
year average (2001-2005) of 7Be volume activity in aerosols in Rostov-on-Don was about
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Ðèñ. 1: The yearly average 7Be volume
activity and solar activity for period 2001-
2011 (note that to be placed on the same
graph the 7Be volume activity increased 10
times).

Ðèñ. 2: The monthly average 7Be volume
activity and solar activity for period 2001-
2011 (note that to be placed on the same
graph the 7Be volume activity increased 10
times).

3.9 mBq/m3. The increase in the average 7Be volume activity nearly doubled (up to 6.0
mBq/m3) due to the minimum of solar activity in 2008 and growth in the production of
cosmogenic beryllium in the atmosphere as a consequence.

The salient features of the seasonal variation of the 7Be content in aerosols from one
year to another are related with the changes in the meteorological conditions (temperature,
precipitation, wind speed, atmospheric pressure, relative humidity). The Table 1 shows the
average meteorological parameters for the city of Rostov-on-Don during the observation
period 2001-2011. The corresponding scatter plot for the period 2001-2011 and correlation
coe�cients are shown in Fig. 4.

At temperate latitudes, the amount of precipitation has the greate e�ect on the 7Be
concentration. The generalized results of an analysis of the relation between the 7Be content
in aerosols and precipitation show (Fig. 4c) the presence of anticorrelation with a coe�cient
k = -0.21. The opposite relation between the 7Be content in aerosols and precipitation is
due to selective washing out of the atmosphere by precipitation. The volume activity and
atmospheric pressure are similarly linked (Fig. 4a). This is understandable, because the
increase in precipitation is accompanied by a decrease in atmospheric pressure.

After falling onto the ground, 7Be accumulates in the soil�vegetation cover. The maximum
amount of precipitation, occurring in June�July, decreases the 7Be concentration in aerosols
immediately after its summer maximum in July. On the whole, this is in agreement with the
data on the e�ect of precipitation on the 7Be content in the atmosphere at temperate latitudes
(Ioannidou, et.al., [6]). Wet precipitation is the most e�ective mechanism for removing 7Be
from the atmosphere. The wash-out coe�cient is estimated by Buraeva, et.al., [13] to be
30�60% and depends on the dispersity of the aerosol and the type of precipitation (snow,
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Ðèñ. 3: The yearly average for period 2001-2011 seasonal variation of 7Be volume activity and
solar activity (note that to be placed on the same graph the 7Be volume activity increased
10 times).

Òàáëèöà 1: Volume activity of 210Pb and meteorological parameters averaged over the year.

Year Rainfall, Temperature, Wind speed, Relative Atmospheric
mm ◦ m/s humidity, % pressure, mm Hg

2001 67.0 10.0 1.9 71.7 755.5
2002 46.0 10.3 1.8 69.2 756.0
2003 52.0 9.0 1.9 70.8 756.8
2004 78.0 10.2 1.7 75.1 755.3
2005 58.0 10.8 1.9 71.6 756.2
2006 47.0 10.4 3.1 69.8 755.9
2007 31.0 12.3 4.2 64.8 755.3
2008 36.0 10.8 4.3 69.5 756.3
2009 51.0 10.9 4.4 70.8 755.5
2010 45.0 11.9 5.1 68.8 755.0
2011 48.0 10.1 4.4 69.2 756.1

rain, downpour, protracted), which lower the 7Be content almost all year.
Seasonal course of 7Be repeats the change in temperature for the observation period.

There is a direct correlation of these parameters. The temperature dependence of the 7Be
concentration (Fig. 4d) is determined over a period of ten years and the correlation with
temperature (Fig. 4, k = 0.61) has been established.

During the observation period the wind speed since 2006 has doubled (see Table 1), which
may assist to increase the role of wind lifting of radionuclides in the near-surface atmosphere.
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Ðèñ. 4: Scatterplot showing the correlation between meteorological parameters, solar activity
and volume activity.

Since 2006 the east and north-east winds was dominated, and in 2009 just east wind was
dominated. These changes in meteorological parameters (mostly wind speed/direction, and
relative humidity) contribute to the winds lifting of the soil dust and increase the volume
activity of beryllium in the air. The correlation with wind speed is k = 0.34 (Fig. 4e).

The dependence of the activity concentration of 7Be in the surface atmosphere of Rostov-
on-Don on the relative humidity of the air is inverted (Fig. 4b, k = -0.62). Basically, at
the highs of 7Be activity in surface air the relative humidity decreases. In most cases the
maximum volume activity of 7Be for the period of July to September with the lowest values
of relative humidity (below 50%). Such a dependence of the 7Be in atmospheric aerosols
on the amount of rainfall and relative humidity con�rms the washout of aerosols by the
precipitation.

Conclusions. On the whole, the results of our analysis of the 7Be content in atmospheric
aerosols and meteorological parameters illustrate the main features of the variation of these
quantities and their relation with the regional climatic characteristics. The variations of
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annual 7Be deposition �ux appear to be mainly correlated with the number of the meteorological
parameters and solar activity. For the �rst time correlations of the volume activity of
cosmogenic 7Be with such meteorological parameters as temperature, precipitation, wind
speed, atmospheric pressure, relative humidity are identi�ed. The correlations allow one to
predict radioactive contamination of the atmosphere in future.
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Preparation and investigation of Cu2ZnSnS4
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Abstract. Synthesis of Cu2ZnSnS4 was realized by the pyrolytic decomposition method
of stoichiometric composite of salines CuCl2 · 2H2O (0.01M), ZnCl2 (0.005M), SnCl2 ·
2H2O (0.005M) and thiourea SC(NH2)2 beforehand dissolved in 50% alcoholic solution.
X-ray powder di�raction analysis was carried out. That con�rms the synthesis of stannite
Cu2ZnSnS4 with space group I42m. The analysis of temperature dependence of the electrical
conductivity polycrystalline samples Cu2ZnSnS4 shows that the behavior of the resistance
of the sample Cu2ZnSnS4 in the temperature range 60-180 K is a subject of Mott hopping
conduction mechanism of variable-range hopping.

Keywords: pyrolytic decomposition, photovoltaic structures, semiconductors, electronic
materials.

Introduction. Expansion of solar energy face quite a few problems and �rst of them is
high price of photovoltaic structures and its low performance characteristics. The reasons of
such a high cost of solar batteries is high price of traditional materials and technological
processes. There are lost of attention payed to investigation of new materials for solar
energetics. One of perspective materials for thin absorbing layers absorbing solar energy
in photovoltaic structures is Cu2ZnSn(S, Se)4 composite. These quarter connections are
direct gap semiconductors with forbidden band of 1-1.5 eV and quite a big absorption
index(∼ 104cm−1) [1,2]. One of apparent advantages is low price and absence of toxicity.
Maybe some day they will compete expensive layers with high absorbing CuIn1−xGaxSe2

that are used in solar units with performance ∼ 20 % [3]. Cu2ZnSnS4 also is very interesting
for investigators such as thermo electrical material and photocatode material for extraction
hydrogen out of water [4, 5].

Basic for Cu2ZnSnS4 are kesterite structure with space group I4 and stannite with space
group I42m. In these sublattice structures, occupied by S atoms are similar, but metals atoms
are placed in di�erent ways. In kesterite structure there are alternating layers Ñu-Sn and
Cu-Zn, but in stannite structure layers are Zn-Cu and Cu-Cu [6]. It has been found that
the most stable structure for the Cu2ZnSnS4 is kesterite structure, but the di�erence in the
total energy with the structure of stannite is very small [6].

In presented article it is described the technology of obtaining and presented the results
of thermal relation of electroconductivity of polycrystalline samples Cu2ZnSnS4.

Experiment. Synthesis of Cu2ZnSnS4 was realized by the pyrolytic decomposition
method of stoichiometric composite of salines CuCl2 · 2H2O (0.01M), ZnCl2 (0.005M),
SnCl2 · 2H2O (0.005M) and thiourea SC(NH2)2 beforehand dissolved in 50% alcoholic
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solution. The obtained solution. was subjected to drying at the temperature 70 − 80◦Ñ for
30 hours. After this the material was grinded. The obtained powder was roasted in an oven
at the temperature 400−450◦Ñ during one hour in weak vacuum until full replacement of Cl2.

Cu2ZnSnS4 was obtained using the following reaction:

2CuCl2 + ZnCl2 + SnCl2 + 4SC(NH2)2 + 8H2O → Cu2ZnSnS4 + 4CO2 + 8NH4Cl

Ðèñ. 1: The powder di�raction spectrum of Cu2ZnSnS4 sample.

X-ray powder di�raction analysis was carried out on di�ractometer Rigaku IV on powder,
observation θ−2θ, angle range 10-100 deg., step 0.04 deg., velocity 2 deg/min., �lter Ni(Kβ),
CuKα λ = 1, 54056�A, without monochromator, in Bragg-Brentano geometry. Obtained
powder di�raction pattern shown on �gure1.

The main peaks in Figure 1 coincide in position and relative intensities with those
obtained in [7,8]. That con�rms the synthesis of stannite Cu2ZnSnS4. We were not able
to identify two weak less than 1% in the intensity peaks, marked by red arrows.

Electrical conductivity was tested in compressed polycrystalline samples of parallelepiped
shape 2.6×7.8×1.4mm3. Measurements were made using a standard four-point probe method
at temperatures ranging from 10 up to 320 K.

Results and discussion. Figure 2 shows the results of research by the four-point probe
method of temperature dependence of the unit resistance in the temperature range from
10 up to 300 K. As seen from Figure 2, the temperature decreases leads to unit resistance
growth. For the description of the electrical conductivity in heavily doped, disordered and
amorphous semiconductors are often used various mechanisms of hopping conduction.



ÍÀÓ×ÍÛÅ ÂÅÄÎÌÎÑÒÈ Ñåðèÿ Ýêñïåðèìåíòàëüíàÿ è Ïðèêëàäíàÿ Ôèçèêà.

2014 �7(178). Âûïóñê 1
45

According to the existing theoretical concepts, the temperature dependence of the unit
resistivity ρ(T ) in the hopping mode is described by a universal law [9,10]:

ρ(T ) = ApT
mexp

(
T0p

T

)1/p

(2)

Where Ap is constant pre-exponential factor, T0p is a characteristic hopping temperature,
p = 1 corresponds to the mechanism of conductivity over nearest neighbors, in the mode
hopping conductivity with variable range of hopping (HCVRH) p = 4 with Mott mechanism,
à p = 2 corresponds to the conductivity type of Shklovsky - Efros (SE) [10,11].

Ðèñ. 2: The temperature dependence of the unit resistivity Cu2ZnSnS4.

The temperature dependence of the unit resistivity Cu2ZnSnS4 in the coordinates
ln(ρ/T 1/4) = f(T−1/4) with decreasing temperature in the range from Tm ≈ 60K up to
Tv ≈ 180K dependence becomes linear, which is perfectly consistent with the Mott law.
Calculated from the slope of this dependence, the value of T04 was 2.5× 104.

An important parameter that determines the conductivity:

W0 = k(T 3
ν T04)1/4 (3)

From (2) we obtain W0= 50.1 meV. This parameter is related to the width of the
impurity band, W ≈ W0/2. This obtained value W0 is comparable with obtained on samples
Cu2ZnSnS4 in [12], where for some samples Cu2ZnSnS4 reached W0= 45.1 meV.

Conclusion. Thus, we were able to synthesize Cu2ZnSnS4 and X-ray analysis, con�rming
the results of the synthesis of stannite with space group I42m. In the present article were
investigated the temperature dependence of the electrical conductivity polycrystalline samples
Cu2ZnSnS4. The analysis of these dependences shows that the behavior of the resistance
of the sample Cu2ZnSnS4 in the temperature range 60-180 K is a subject of Mott hopping
conduction mechanism of variable-range hopping.
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Ïîëó÷åíèå è èññëåäîâàíèå Cu2ZnSnS4

Â.Ñ.Çàõâàëèíñêèé, Íãóåí Òõè Òõàì Õîíã, Ôàì Òõè Òõàî, À.Í.Õìàðà,
Ñ.Â.Òàðàí, Ñ.Â.Èâàí÷èõèí
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óë. Ñòóäåí÷åñêàÿ, 14, Áåëãîðîä, 308007, Ðîññèÿ, e-mail: zakhvalinskii@bsu.edu.ru

Àííîòàöèÿ.Ñèíòåç Cu2ZnSnS4 îñóùåñòâë¼í ìåòîäîì ïèðîëèòè÷åñêîãî ðàçëîæåíèÿ
ñòåõèîìåòðè÷åñêîé ñìåñè ñîëåé CuCl2 · 2H2O (0.01M), ZnCl2 (0.005M), SnCl2 · 2H2O
(0.005M) è òèîìî÷åâèíû SC(NH2)2 ïðåäâàðèòåëüíî ðàñòâîð¼ííûõ â 50% âîäíîì ðàñ-
òâîðå ñïèðòà. Áûë îñóùåñòâë¼í ïîðîøêîâûé ðåíòãåíîôàçîâûé àíàëèç îáðàçöîâ, ïîä-
òâåðäèâøèé ñèíòåç ñòàííèòà Cu2ZnSnS4 â ïðîñòðàíñòâåííîé ãðóïïå I42m. Òåìïåðà-
òóðíàÿ çàâèñèìîñòü ýëåêòðîïðîâîäíîñòè ïîëèêðèñòàëëè÷åñêèõ îáðàçöîâ Cu2ZnSnS4 â
òåìïåðàòóðíîì äèàïàçîíå 60-180 K ñîîòâåòñòâóåò ìåõàíèçìó ïðûæêîâîé ïðîâîäèìîñòè
ñ ïåðåìåííîé äëèííîé ïðûæêà ïî Ìîòòó.

Êëþ÷åâûå ñëîâà: ïèðîëèòè÷åñêîå ðàçëîæåíèå, ôîòîâîëüòàè÷åñêèå ñòðóêòóðû, ïî-
ëóïðîâîäíèêè, ìàòåðèàëû ýëåêòðîíèêè.
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Ðàâíîâåñèå è óñòîé÷èâîñòü òðîéíûõ ñòûêîâ â íàíîëàìèíàòå ìåäü-íèîáèé

À.Î. Áîåâ, À.Ã. Ëèïíèöêèé

ÍÎèÈÖ ¾Íàíîñòðóêòóðíûå ìàòåðèàëû è íàíîòåõíîëîãèè¿,
óë. Êîðîëåâà, 2à, Áåëãîðîä, 308034, Ðîññèÿ,

e-mail: antoha0022@gmail.ru, lipnitskii@bsu.edu.ru

Àííîòàöèÿ. Ìåòîäîì ìîëåêóëÿðíîé ñòàòèêè èññëåäîâàíû âîïðîñû ñòàáèëüíîñòè
ñëîèñòîé ñòðóêòóðû â ìíîãîñëîéíîì êîìïîçèòå ñ íàíîìåòðîâîé òîëùèíîé ñëîåâ Cu/Nb
ñ îðèåíòàöèåé áëèçêîé ê îðèåíòàöèè Êóðäþìîâà-Çàêñà, êîòîðàÿ ïðåèìóùåñòâåííî ðå-
àëèçóåòñÿ â äàííûõ êîìïîçèòàõ. Èç ðåçóëüòàòîâ ìîäåëèðîâàíèÿ óñòàíîâëåíî, ÷òî ñëîè-
ñòàÿ ñòðóêòóðà ñîõðàíÿåòñÿ áëàãîäàðÿ óñòîé÷èâîñòè òðîéíûõ ñòûêîâ, êîòîðûå îáðàçó-
þòñÿ ïðè âûõîäå ãðàíèöû çåðíà â Nb íà ìåæôàçíóþ ãðàíèöó Cu/Nb.

Êëþ÷åâûå ñëîâà: ìåäü-íèîáèé, ýíåðãèÿ ìåæôàçíîé ãðàíèöû, óñòîé÷èâîñòü òðîé-
íîãî ñòûêà.

Ââåäåíèå. Â íàñòîÿùåå âðåìÿ ìåòàëëè÷åñêèå ìíîãîñëîéíûå êîìïîçèòû, ïîëó÷åí-
íûå ðàçëè÷íûìè ìåòîäàìè (ìåòîä ìàãíåòðîííîãî íàïûëåíèÿ, ïðîêàòêà è ò. ä.), íàõîäÿò
øèðîêîå ïðèìåíåíèå â ðàçëè÷íûõ îòðàñëÿõ ïðîèçâîäñòâà, íàïðèìåð, â ìèêðî-
ýëåêòðîíèêå[1], ÿäåðíîé ýíåðãåòèêå[2] è äðóãèõ. Ñâîéñòâà êîìïîçèòîâ íàïðÿìóþ ñâÿçà-
íû ñî ñòàáèëüíîñòüþ èõ ñòðóêòóðû[2], êîòîðàÿ îïðåäåëÿåòñÿ óñòîé÷èâîñòüþ òðîéíûõ
ñòûêîâ, îáðàçîâàííûõ ãðàíèöàìè çåðåí è ìåæôàçíûìè ãðàíèöàìè. Ñìåùåíèå òðîéíûõ
ñòûêîâ ïðèâîäèò ê òîìó, ÷òî êîìïîçèòû îòêëîíÿþòñÿ îò ïåðâîíà÷àëüíûõ ñëîèñòûõ
ñòðóêòóð è ìîãóò îáðàçîâûâàòü äðóãèå êîíôèãóðàöèè (íàïðèìåð çèã-çàã îáðàçíàÿ â
ðàáîòå[3]) ïðè ïîâûøåííûõ òåìïåðàòóðàõ. Äâèæóùåé ñèëîé òàêèõ ïðîöåññîâ ÿâëÿåòñÿ
ñòðåìëåíèå ê ìèíèìóìó ñâîáîäíîé ýíåðãèè.

Íà ñåãîäíÿøíèé äåíü âîïðîñû óñòîé÷èâîñòè òðîéíûõ ñòûêîâ, îáðàçóåìûõ ãðàíèöà-
ìè çåðåí è ìåæôàçíûìè ãðàíèöàìè, êîòîðûå ÷àñòî íàáëþäàþòñÿ â ñòðóêòóðå ìíîãî-
ñëîéíûõ êîìïîçèòîâ ñ íàíîìåòðîâîé òîëùèíîé ñëîåâ ïðè âûõîäå ãðàíèöû çåðíà íà ìåæ-
ôàçíóþ ãðàíèöó, îñòàþòñÿ ìàëî èçó÷åíû. Òåîðèÿ, îïèñûâàþùàÿ ðàâíîâåñèå è óñòîé-
÷èâîñòü òðîéíûõ ñòûêîâ, áûëà ðàçâèòà â íåäàâíåé ðàáîòå[4] è åùå íå ïðèìåíÿëàñü
äëÿ êîíêðåòíûõ ñèñòåì. Îñíîâíûìè âåëè÷èíàìè ýòîé òåîðèè ÿâëÿþòñÿ ýíåðãèè ãðàíèö
(ìåæôàçíûõ è ìåæçåðåííûõ), îáðàçóþùèõ òðîéíîé ñòûê, à òàêæå àíèçîòðîïèÿ ýòèõ
ýíåðãèé. Äàííûå âåëè÷èíû òðóäíî îïðåäåëèòü èç ýêñïåðèìåíòàëüíûõ èññëåäîâàíèé â
òâåðäûõ ôàçàõ, ïîýòîìó èõ óäîáíî ïîëó÷àòü, èñïîëüçóÿ êîìïüþòåðíîå ìîäåëèðîâàíèå.

Â íàñòîÿùåé ñòàòüå ðàññìàòðèâàåòñÿ òðîéíîé ñòûê â ìíîãîñëîéíîì êîìïîçèòå ñ íà-
íîìåòðîâîé òîëùèíîé ñëîåâ (∼ 10 íì) êàæäîãî êîìïîíåíòà (íàíîëàìèíàòå) Cu/ Nb
(ñòðóêòóðà èçîáðàæåíà íà Ðèñ. 1). Ñèñòåìà Cu/Nb ÷àñòî ðàññìàòðèâàåòñÿ â êà÷åñòâå
ìîäåëüíîé ïðè èçó÷åíèè ñâîéñòâ ìåòàëëè÷åñêèõ íàíîëàìèíàòîâ. Äëÿ îïèñàíèÿ ìåæ-
àòîìíîãî âçàèìîäåéñòâèÿ â ñèñòåìå Cu/Nb èñïîëüçîâàëèñü ìåæàòîìíûå ïîòåíöèàëû[5],
ïîñòðîåííûå â ðàìêàõ ìåòîäà ïîãðóæåííîãî àòîìà.
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Ìåòîäû èññëåäîâàíèÿ è îáðàçöû. Ðàâíîâåñèå òðîéíîãî ñòûêà â ñèñòåìàõ ñ àíè-
çîòðîïèåé ýíåðãèé ãðàíèö ðàçäåëà γi îïèñûâàåòñÿ óðàâíåíèåì Õåððèíãà[4]:

3∑
i=1

(
γil̂i +

∂γi
∂θi

n̂i

)
= 1 (1)

Ãäå γi - ýíåðãèÿ ãðàíèöû i, l̂i - åäèíè÷íûé âåêòîð, ïàðàëëåëüíûé ãðàíèöå i è ïåðïåí-
äèêóëÿðíûé ëèíèè òðîéíîãî ñòûêà, ∂γi

∂θi
- � ïðîèçâîäíàÿ ýíåðãèè ìåæôàçíîé ãðàíèöû

ïî óãëó, îïèñûâàþùåìó ïëîñêîñòü ïîëîæåíèÿ ãðàíèöû, n̂i - eäèíè÷íûé âåêòîð, ïåðïåí-
äèêóëÿðíûé ãðàíèöå i.

Â ñëó÷àå îòñóòñòâèÿ àíèçîòðîïèè ýíåðãèè ãðàíèöû, ïðîèçâîäíàÿ ∂γi
∂θi

= 0, è òîãäà
óðàâíåíèå (1) ïåðåïèñûâàåòñÿ â ñëåäóþùåì âèäå:

3∑
i=1

γil̂i = 1 (2)

Ýòî óðàâíåíèå øèðîêî ïðèìåíÿåòñÿ ïðè îïèñàíèè ìåòàëëè÷åñêèõ ìàòåðèàëîâ, íî â
ñëó÷àå àíèçîòðîïèè ýíåðãèè ìåæôàçíîé ãðàíèöû ó÷åò ïðîèçâîäíîé ÿâëÿåòñÿ ïðèíöè-
ïèàëüíûì. Óðàâíåíèå Õåððèíãà (1) îïèñûâàåò ðàâíîâåñèå òðîéíîãî ñòûêà, îäíàêî åãî
íå äîñòàòî÷íî äëÿ ïðîãíîçà óñòîé÷èâîñòè òðîéíîãî ñòûêà â àíèçîòðîïíûõ ñèñòåìàõ (íà-
ïðèìåð ìåæôàçíàÿ ãðàíèöà Cu/Nb íà 1), òàê êàê äëÿ àíèçîòðîïíûõ ñèñòåì ñóùåñòâóåò
3 âîçìîæíûõ ðåøåíèÿ óðàâíåíèÿ: ìàêñèìóì (íåñòàáèëüíîå ïîëîæåíèå), ìèíèìóì (ñòà-
áèëüíîå ïîëîæåíèå), ñåäëîâàÿ òî÷êà. Ïîýòîìó äëÿ îïèñàíèÿ óñòîé÷èâîñòè òðîéíîãî
ñòûêà â àíèçîòðîïíûõ ñèñòåìàõ íåîáõîäèìî ââåñòè äîïîëíèòåëüíûå êðèòåðèè.

Àâòîðàìè[4] áûëî ïîëó÷åíî óñëîâèå óñòîé÷èâîñòè òðîéíîãî ñòûêà â àíèçîòðîïíîé
ñèñòåìå:

∂2γi/∂θ
2
i ≤ −γi (3)

Òàêèì îáðàçîì, äëÿ îïðåäåëåíèÿ ðàâíîâåñèÿ è óñòîé÷èâîñòè òðîéíîãî ñòûêà èç óðàâ-
íåíèé (1) è (3) íåîáõîäèìî çíàòü çíà÷åíèÿ ýíåðãèé ãðàíèö, îáðàçóþùèõ òðîéíîé ñòûê
â íàíîëàìèíàòå Cu/Nb, à òàêæå èõ çàâèñèìîñòü îò ïîëîæåíèÿ ïëîñêîñòè ìåæôàçíîé
ãðàíèöû (àíèçîòðîïèþ).

Â äàííîé ðàáîòå ïðîáëåìà ðàâíîâåñèÿ òðîéíûõ ñòûêîâ ðàññìîòðåíà íà ïðèìåðå
âûõîäà âûñîêîýíåðãåòè÷íîé ãðàíèöû çåðíà â íèîáèè

∑
33 íà ìåæôàçíûå ãðàíèöû

Cu[111]/Nb[110] è Cu[111]/Nb[-1-10] (Ðèñ. 1).
Äëÿ ðàñ÷åòà ýíåðãèé ãðàíèö áûë èñïîëüçîâàí ìåòîä ìîëåêóëÿðíîé ñòàòèêè, â êî-

òîðîì äëÿ îïèñàíèÿ ìåæàòîìíûõ ïîòåíöèàëîâ â ñèñòåìå Cu/Nb èñïîëüçóåòñÿ ìåòîä
ïîãðóæåííîãî àòîìà[5]. Ìåòîä ðàñ÷åòà ýíåðãèè ìåæôàçíîé ãðàíèöû çàêëþ÷àåòñÿ â ïî-
ñòðîåíèè äâóõ ðÿäîâ ìîäåëüíûõ îáðàçöîâ äèñêîâîé ôîðìû ðàçíîãî ðàäèóñà èç ìåäè è
íèîáèÿ. Ïåðâûé ðÿä îáðàçöîâ � äèñêè èç ìåäè è íèîáèÿ, ñîåäèíåííûå ñ ìèíèìàëüíûì
ïðîìåæóòî÷íûì ðàññòîÿíèåì, íà êîòîðîì ìåæäó àòîìàìè ìåäè è àòîìàìè íèîáèÿ ñó-
ùåñòâóåò ìåæàòîìíîå âçàèìîäåéñòâèå (Ðèñ. 2). Âòîðîé ðÿä îáðàçöîâ � äèñêè èç ìåäè è
íèîáèÿ, ñîåäèíåííûå ñ ïðîìåæóòî÷íûì ðàññòîÿíèåì, íà êîòîðîì ìåæäó àòîìàìè ìåäè
è àòîìàìè íèîáèÿ ìåæàòîìíîå âçàèìîäåéñòâèå íå ïðîèñõîäèò (Ðèñ. 3).
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Ðèñ. 1: Îðèåíòàöèÿ ñëîåâ ìåäè è íèîáèÿ â îáëàñòè òðîéíîãî ñòûêà

Ðèñ. 2: Ãåîìåòðèÿ èñïîëüçóåìûõ â ìåòîäå ìîäåëüíûõ îáðàçöîâ äëÿ ðàñ÷åòà ñóììû ïî-
âåðõíîñòíûõ ýíåðãèé ìåäè è íèîáèÿ è ýíåðãèè ìåæôàçíîé ãðàíèöû Cu/Nb (æåëòûé
öâåò � àòîìû ìåäè, ñèíèé � àòîìû íèîáèÿ).

Ðèñ. 3: Ãåîìåòðèÿ îáðàçöîâ äëÿ ðàñ÷åòà ñóììû ïîâåðõíîñòíûõ ýíåðãèé ìåäè è íèîáèÿ
(æåëòûé öâåò � àòîìû ìåäè, ñèíèé � àòîìû íèîáèÿ).

Ýíåðãèÿ ìåæôàçíîé ãðàíèöû ìîæåò áûòü ðàññ÷èòàíà èç ëèíåéíîé èíòåðïîëÿöèè
çàâèñèìîñòè:

∆E(R)

R
= (γCu/Nb + γCu(111) + γNb(110))πR + γs2πh (4)

Ãäå γCu/Nb � ýíåðãèÿ ìåæôàçíîé ãðàíèöû, γCu(111) � ýíåðãèÿ ïîâåðõíîñòè (111) ìåäè,
γNb(110) � ýíåðãèÿ ïîâåðõíîñòè (110) íèîáèÿ è γs � ñðåäíÿÿ ýíåðãèÿ ïîâåðõíîñòè áîêîâîé
ãðàíè öèëèíäðà, îòíåñåííûå ê åäèíèöå ïëîùàäè ñîîòâåòñòâóþùåé ãðàíèöû, h � âûñîòà
äèñêà, R � ðàäèóñ äèñêà.

Ïðè íàðóøåíèè óñòîé÷èâîñòè òðîéíîé ñòûê, îáðàçîâàííûé ïðè âûõîäå ãðàíèöû çåð-
íà íèîáèÿ íà ìåæôàçíóþ ãðàíèöó Cu/Nb, ìîæåò ïåðåìåùàòüñÿ âäîëü ïëîñêîñòè ãðàíè-
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öû Nb1/Nb2 ñ ñîêðàùåíèåì ïëîùàäè ãðàíèöû çåðíà. Ïðè ýòîì ïëîñêîñòü ìåæôàçíîé
ãðàíèöû Cu/Nb1 áóäåò ïîâîðà÷èâàòüñÿ íà óãîë �θ, à ïëîñêîñòü ìåæôàçíîé ãðàíèöû
Cu/Nb2 áóäåò ïîâîðà÷èâàòüñÿ íà óãîë θ, êàê ïîêàçàíî íà Ðèñ. 4.

Ðèñ. 4: Âîçìîæíîå ïåðåìåùåíèå òðîéíîãî ñòûêà â ñèñòåìå ìåäü-íèîáèé ïðè ñîõðàíåíèè
îðèåíòàöèè êðèñòàëëîâ ìåäè è íèîáèÿ.

Äëÿ èññëåäîâàíèÿ ðàâíîâåñèÿ è óñòîé÷èâîñòè òðîéíîãî ñòûêà â ñèñòåìå Cu/Nb ñ
ïîìîùüþ óðàâíåíèé (1) è (3), íàìè áûë ïðîâåäåí ðàñ÷åò çíà÷åíèé ýíåðãèé ãðàíèö,
îáðàçóþùèõ ýòîò ñòûê, è àíèçîòðîïèè ýíåðãèé ìåæôàçíûõ ãðàíèö Cu/Nb1 è Cu/Nb2
ïðè îòêëîíåíèè íà óãîë θ, êàê ïîêàçàíî íà Ðèñ. 4.

Ðåçóëüòàòû ðàñ÷åòà. Â ðåçóëüòàòå íàìè áûëè ðàññ÷èòàíû çíà÷åíèÿ ýíåðãèé ãðà-
íèö, îáðàçóþùèõ òðîéíîé ñòûê â ñèñòåìå Cu/Nb, à òàêæå ïîñòðîåíà àíèçîòðîïèÿ ýíåð-
ãèé ìåæôàçíûõ ãðàíèö, èçîáðàæåííàÿ íà Ðèñ. 5. Èç ïîñòðîåííîãî ãðàôèêà àíèçîòðîïèè
ýíåðãèè ìåæôàçíûõ ãðàíèö ñèñòåìû Cu/Nb âèäíî, ÷òî â îáëàñòè, âáëèçè çíà÷åíèÿ óãëà
ðàçîðèåíòèðîâêè θ=0 ãðàäóñîâ, èìååòñÿ ìèíèìóì ýíåðãèè. Ýíåðãèÿ ìåæôàçíûõ ãðàíèö
ðåçêî è ïðàêòè÷åñêè ëèíåéíî âîçðàñòàåò ïðè îòêëîíåíèè îò ïîëîæåíèÿ ìèíèìóìà íà
3-4 ãðàäóñà è äàëåå êîëåáëåòñÿ â äèàïàçîíå 0-0,1 Äæ/ì2.

Èíòåðïîëÿöèÿ ëèíåéíûõ ó÷àñòêîâ çíà÷åíèé ýíåðãèè â îáëàñòè, âáëèçè θ=0 ãðàäó-
ñîâ, ìåòîäîì íàèìåíüøèõ êâàäðàòîâ (Ðèñ. 6) äàåò íàì çíà÷åíèÿ ïðîèçâîäíûõ ýíåðãèè
ìåæôàçíîé ãðàíèöû ïî óãëó, îïèñûâàþùåìó ïëîñêîñòü ïîëîæåíèÿ ãðàíèöû, êîòîðûå
âõîäÿò â óðàâíåíèå (1).

Òàáëèöà 1: Ðàññ÷èòàííûå íàìè çíà÷åíèÿ ýíåðãèé ãðàíèö è èõ ïðîèçâîäíûõ ïî óãëó,
îïèñûâàþùåìó ïëîñêîñòü ïîëîæåíèÿ ãðàíèöû, â åäèíèöàõ Äæ/ì2

Cu/Nb1 Cu/Nb2 Nb1/Nb2 ∂γCu/Nb1/∂θ ∂γCu/Nb2/∂θ
-0.25 -0.13 1.04 2.87 5.67

Ïîäñòàâèâ äàííûå çíà÷åíèÿ â (1), ìû óñòàíîâèëè, ÷òî ñèëà, êîòîðàÿ óäåðæèâàåò
òðîéíîé ñòûê â ïîëîæåíèè, èçîáðàæåííîì íà Ðèñ. 1, ðàâíà 9 Äæ/ì2, à ñèëà, êîòî-
ðàÿ ñìåùàåò òðîéíîé ñòûê âãëóáü ãðàíèöû Nb1/Nb2 (êàê ïîêàçàíî íà Ðèñ. 4) ðàâíà 1
Äæ/ì2. Òî åñòü, çíà÷åíèå ñèëû, ñäåðæèâàþùåé îòêëîíåíèå îò ïîäîáíîé êîíôèãóðàöèè,
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Ðèñ. 5: Àíèçîòðîïèÿ ýíåðãèè ãðàíèöû Cu/Nb1 è àíèçîòðîïèÿ ýíåðãèè ãðàíèöû Cu/Nb2.

Ðèñ. 6: Ëèíåéíàÿ èíòåðïîëÿöèÿ ó÷àñòêîâ âáëèçè ìèíèìóìà ýíåðãèè ìåæôàçíîé ãðàíè-
öû.

ïîëó÷èëîñü íà ïîðÿäîê âûøå çíà÷åíèÿ ñèëû, îòêëîíÿþùåé òðîéíîé ñòûê îò ïîëîæåíèÿ
ðàâíîâåñèÿ.

Òàêèì îáðàçîì, ïðè ïîäñòàíîâêå ðàññ÷èòàííûõ äàííûõ â (1), íàìè áûëî óñòàíîâ-
ëåíî, ÷òî òðîéíîé ñòûê, îáðàçóþùèéñÿ ïðè âûõîäå çåðíà Nb íà ìåæôàçíóþ ãðàíèöó
Cu/Nb óñòîé÷èâ. Íî äëÿ òîãî, ÷òîáû ïîäòâåðäèòü åãî óñòîé÷èâîñòü, ìû èñïîëüçîâàëè
óðàâíåíèå óñòîé÷èâîñòè òðîéíîãî ñòûêà äëÿ àíèçîòðîïíûõ ñèñòåì (3) è ïîëó÷èëè, ÷òî
ýòî íåðàâåíñòâî âûïîëíÿåòñÿ áëàãîäàðÿ îòðèöàòåëüíîìó çíà÷åíèþ ýíåðãèè ìåæôàçíîé
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ãðàíèöû Cu/Nb[6] (0<0,25 äëÿ ãðàíèöû Cu/Nb1, 0<0,13 äëÿ ãðàíèöû Cu/Nb2).

Çàêëþ÷åíèå. Â íàíîëàìèíàòå Cu/Nb òðîéíûå ñòûêè, ôîðìèðóåìûå ãðàíèöåé çåð-
íà â Nb è ìåæôàçíîé ãðàíèöåé Cu/Nb ñ îðèåíòàöèåé, áëèçêîé ê îðèåíòàöèè Êóðäþìîâà-
Çàêñà, óñòîé÷èâû ïî îòíîøåíèþ ê èçìåíåíèþ óãëîâ â òðîéíîì ñòûêå, áëàãîäàðÿ àíèçî-
òðîïèè ýíåðãèè ãðàíèöû Cu/Nb è åå îòðèöàòåëüíîìó çíàêó âáëèçè îðèåíòàöèè Êóðäþìîâà-
Çàêñà. Óñòàíîâëåííûé ìåõàíèçì óñòîé÷èâîñòè òðîéíîãî ñòûêà ìîæåò áûòü èñïîëüçîâàí
äëÿ ïîíèìàíèÿ ñòàáèëüíîñòè ñòðóêòóðû íàíîëàìèíàòîâ, ôîðìèðóåìûõ èç ïîëèêðè-
ñòàëëè÷åñêèõ ñëîåâ.

Ðàáîòà âûïîëíåíà ïðè ôèíàíñîâîé ïîääåðæêå Ìèíèñòåðñòâà îáðàçîâàíèÿ è íàóêè
Ðîññèéñêîé Ôåäåðàöèè â ðàìêàõ Ãîñçàäàíèÿ � 2.2437.2011 è Äîãîâîðà � 02.G25.31.0103.
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Abstract. Using molecular static technique we investigated eqilibrium and stability of
Cu/Nb nanolayered structure with orientation similar to Kurdjumov-Sachs which is primarily
implemented in these composites. From simulation results, we established that stability of
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layered structure is associated with stability of triple junctions which formed if Nb grain
boundary reaches the Cu/Nb interface boundary.

Keywords: copper-niobium, interface energy, eqilibrium of triple junction
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ÓÄÊ 538.975

Âëèÿíèå îòæèãà â âàêóóìå íà èçíîñîñòîéêîñòü ìíîãîñëîéíûõ
íàíîðàçìåðíûõ óãëåðîäíûõ ïîêðûòèé, ïîëó÷åííûõ èìïóëüñíûì

âàêóóìíî-äóãîâûì ìåòîäîì

Ì.Å. Ãàëêèíà, Æ.Â. Ãåðóñ, À.ß. Êîëïàêîâ, À.È. Ïîïëàâñêèé, Å.Í.
Áîíäàðåâà

Áåëãîðîäñêèé ãîñóäàðñòâåííûé íàöèîíàëüíûé èññëåäîâàòåëüñêèé óíèâåðñèòåò,
óë. Êîðîëåâà, 2à, ã. Áåëãîðîä, 308034, Ðîññèÿ, e-mail: kolpakov@bsu.edu.ru

Àííîòàöèÿ. Ïðèâåäåíû ýêñïåðèìåíòàëüíûå ðåçóëüòàòû èññëåäîâàíèé âëèÿíèÿ îò-
æèãà â âàêóóìå íà èçíîñîñòîéêîñòü ìíîãîñëîéíûõ íàíîðàçìåðíûõ óãëåðîäíûõ ïîêðû-
òèé Ñ-ÑN è Ñ-Ti, ïîëó÷åííûõ èìïóëüñíûì âàêóóìíî-äóãîâûì ìåòîäîì. Èñïîëüçîâàí
ìåòîä îïòè÷åñêîé ìèêðîñêîïèè âûñîêîãî ðàçðåøåíèÿ äëÿ èññëåäîâàíèÿ ïîâåðõíîñòè
òåñòèðóåìûõ îáðàçöîâ ïîñëå èñïûòàíèé è îïðåäåëåíèÿ ðàçìåðîâ ëóíîê èçíîñà. Óñòà-
íîâëåíî, ÷òî â èñõîäíîì ñîñòîÿíèè èçíîñîñòîéêîñòü ïîêðûòèÿ Ñ-ÑN ïðèìåðíî â 2,5
ðàçà âûøå, ÷åì ïîêðûòèÿ Ñ-Ti. Îòæèã ïðèâîäèò ê ïîâûøåíèþ èçíîñîñòîéêîñòè ïî-
êðûòèÿ Ñ-ÑN íà 35%, à â ñëó÷àå ïîêðûòèÿ Ñ-Ti íàáëþäàåòñÿ íàðóøåíèå åãî àäãåçèè ê
ïîäëîæêå.

Êëþ÷åâûå ñëîâà: ìíîãîñëîéíûå íàíîðàçìåðíûå óãëåðîäíûå ïîêðûòèÿ, èìïóëüñ-
íûé âàêóóìíî-äóãîâîé ìåòîä, èçíîñîñòîéêîñòü.

Ââåäåíèå.Íàíîðàçìåðíûå óãëåðîäíûå ïîêðûòèÿ, ïîëó÷åííûå èìïóëüñíûì âàêóóìíî-
äóãîâûì ìåòîäîì, ïîâûøàþò ïðî÷íîñòíûå õàðàêòåðèñòèêè ïîâåðõíîñòè êðåìíèÿ (ìèê-
ðîòâåðäîñòü, òðåùèíîñòîéêîñòü, èçíîñîñòîéêîñòü) [1]. Ëåãèðîâàíèå àçîòîì ïîçâîëÿåò
ïîâûñèòü ýëåêòðîïðîâîäíîñòü óãëåðîäíûõ ïîêðûòèé, ÷òî äåëàåò ïåðñïåêòèâíûì èõ
ïðèìåíåíèå â ìèêðîýëåêòðîíèêå è íàíîòåõíîëîãèè, â ÷àñòíîñòè, íà êàíòèëåâåðàõ ñêà-
íèðóþùèõ çîíäîâûõ ìèêðîñêîïîâ, èñïîëüçóåìûõ äëÿ ïðîâîäÿùèõ ìåòîäèê, ïðè ýòîì
íå óõóäøàåò èõ òðèáîëîãè÷åñêèå ñâîéñòâà [2,3]. Èçâåñòíû ðàáîòû, â êîòîðûõ óãëåðîä-
íûå ïîêðûòèÿ íàíîñèëè â âèäå ìíîãîñëîéíîé ñèñòåìû ñ ÷åðåäîâàíèåì ñëîåâ óãëåðîäà
è ñëîåâ ìåòàëëîâ äëÿ ïîâûøåíèÿ èõ àäãåçèè, èçíîñîñòîéêîñòè, ìèêðîòâåðäîñòè è òåð-
ìîñòàáèëüíîñòè [4,5]. Ïðåäñòàâëÿåò èíòåðåñ èññëåäîâàíèå âëèÿíèÿ ìîäèôèöèðîâàíèÿ
ïîâåðõíîñòè êðåìíèÿ ìíîãîñëîéíûìè íàíîðàçìåðíûìè óãëåðîäíûìè ïîêðûòèÿìè Ñ-
ÑN è Ñ-Ti íà åãî òðèáîëîãè÷åñêèå ñâîéñòâà.

Ìåòîäèêà ýêñïåðèìåíòà. Äëÿ íàíåñåíèÿ íàíîðàçìåðíûõ ìíîãîñëîéíûõ óãëåðîä-
íûõ ïîêðûòèé èñïîëüçîâàëè ýêñïåðèìåíòàëüíóþ óñòàíîâêó, îñíàùåííóþ èìïóëüñíûì
èñòî÷íèêîì óãëåðîäíîé ïëàçìû ñ ðàñõîäóåìûì ãðàôèòîâûì êàòîäîì, èçãîòîâëåííûì
èç ãðàôèòà ÌÏÃ-6, è èìïóëüñíûì èñòî÷íèêîì ïëàçìû ñ ìåòàëëè÷åñêèì (òèòàíîâûì)
êàòîäîì, èçãîòîâëåííûì èç òèòàíà ìàðêè ÂÒ1-0. Äëÿ ïðåäâàðèòåëüíîé î÷èñòêè ïîäëî-
æåê èñïîëüçîâàëè èîííûé èñòî÷íèê òèïà ÈÈ-4-0.15.

Óãëåðîäíûå ïîêðûòèÿ òîëùèíîé ïîðÿäêà 100-130 íì îñàæäàëè íà ïîëèðîâàííûå
ïëàñòèíû ìîíîêðèñòàëëè÷åñêîãî êðåìíèÿ ìàðêè ÊÝÔ-4,5 ñ îðèåíòàöèåé (100). Èññëå-
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äîâàëè äâà òèïà îáðàçöîâ: 1) ìíîãîñëîéíîå óãëåðîäíîå ïîêðûòèå, ïîëó÷åííîå ïîñëåäî-
âàòåëüíûì îñàæäåíèåì ñëîåâ óãëåðîäà è íèòðèäà óãëåðîäà; 2) ìíîãîñëîéíîå óãëåðîäíîå
ïîêðûòèå, ïîëó÷åííîå ïîñëåäîâàòåëüíûì îñàæäåíèåì ñëîåâ óãëåðîäà è òèòàíà Ñ-Ti. Â
ïîêðûòèè Ñ-ÑN êîëè÷åñòâî ñëîåâ: C � 3, CN � 2, à â ïîêðûòèè C-Ti: Ñ- 3; Ti � 2.
Òîëùèíó îòäåëüíûõ ñëîåâ ïîêðûòèé çàäàâàëè êîëè÷åñòâîì èìïóëüñîâ ðàçðÿäà.

Äëÿ ïðîâåäåíèÿ îòæèãà îáðàçöû ïîìåùàëè â âàêóóìíóþ ïå÷ü GHA 10/600 êîìïàíèè
¾Carbolite¿ è îòæèãàëè ïðè òåìïåðàòóðå 600◦Ñ â òå÷åíèå 10 ìèí. Ïðè ýòîì âûõîä
íà çàäàííûé òåìïåðàòóðíûé ðåæèì ñîñòàâëÿë 40 ìèí. Îáðàçöû âûíèìàëè èç ïå÷è íà
ñëåäóþùèé äåíü ïîñëå ïîëíîãî åå îñòûâàíèÿ.

Îöåíêà èçíîñîñòîéêîñòè ïîêðûòèé ïðîâîäèëàñü ïðè êîìíàòíîé òåìïåðàòóðå íà ñòåí-
äå äëÿ òðèáîëîãè÷åñêèõ èññëåäîâàíèé ïî ñõåìå ¾âðàùàþùååñÿ êîíòðòåëî � íåïîäâèæ-
íûé ïëîñêèé îáðàçåö ñ èñïûòûâàåìûì ïîêðûòèåì¿ â óñëîâèÿõ ñóõîãî òðåíèÿ. Êîíòð-
òåëî ïðåäñòàâëÿëî ñîáîé äèñê äèàìåòðîì 12,8 ìì, èçãîòîâëåííûé èç ñòàëè 12Õ18Í10Ò.
Íàãðóçêà íà äèñê ñîñòàâëÿëà 20 ã. Èññëåäîâàíèÿ ïðîâîäèëè ïðè ñêîðîñòè îòíîñèòåëüíî-
ãî ñêîëüæåíèÿ 0,5 ì/ñ. Çà êðèòåðèé èçíîñîñòîéêîñòè áûë ïðèíÿò ïóòü òðåíèÿ êîíòðòå-
ëà, ïðîéäåííûé äî íàðóøåíèÿ ñïëîøíîñòè èñïûòûâàåìîãî óãëåðîäíîãî ïîêðûòèÿ. Ïóòü
òðåíèÿ ðàññ÷èòûâàëñÿ ïî êîëè÷åñòâó îáîðîòîâ êîíòðòåëà äî ïðîòèðàíèÿ ïîêðûòèÿ ïî
ôîðìóëå:

S = πdN, (1)

ãäå d - äèàìåòð êîíòðòåëà (ì), N - êîëè÷åñòâî îáîðîòîâ.
Èññëåäîâàíèå ïîâåðõíîñòè òåñòèðóåìûõ îáðàçöîâ ïîñëå èñïûòàíèé è îïðåäåëåíèå

ðàçìåðîâ ëóíîê èçíîñà ïðîâîäèëè ñ èñïîëüçîâàíèåì öèôðîâîãî îïòè÷åñêîãî ìèêðîñêî-
ïà HIROX ÊÍ-7700.

Ðåçóëüòàòû è èõ îáñóæäåíèå.Íà ðèñ. 1 ïðèâåäåíû îïòè÷åñêèå èçîáðàæåíèÿ ëó-
íîê èçíîñà íà ïîâåðõíîñòè ïîêðûòèé C-CN è C-Ti, òîëùèíîé 130 íì äî îòæèãà.

à) á)

Ðèñ. 1: Èçîáðàæåíèÿ ëóíîê èçíîñà íà ïîâåðõíîñòè ïîêðûòèé C-CN (à) è C-Ti (á) äî
îòæèãà.
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Õàðàêòåð èçíîñà èññëåäóåìûõ ïîêðûòèé â èñõîäíîì ñîñòîÿíèè ñóùåñòâåííî íå îò-
ëè÷àåòñÿ. Îäíàêî, èçíîñîñòîéêîñòü ïîêðûòèÿ C-CN âûøå ïî ñðàâíåíèþ ñ èçíîñîñòîé-
êîñòüþ ïîêðûòèÿ C-Ti, î ÷åì ìîæíî ñóäèòü ïî âåëè÷èíå ïóòè òðåíèÿ. Òàê, ïóòü òðåíèÿ
ñîñòàâèë 219 ì è 92 ì äëÿ ïîêðûòèé C-CN è C-Ti, ñîîòâåòñòâåííî.

Îòæèã íå îêàçûâàåò çíà÷èòåëüíîãî âëèÿíèÿ íà õàðàêòåð èçíîñà â ñëó÷àå ïîêðûòèÿ
C-CN. Îäíàêî ïóòü òðåíèÿ îáðàçöà ñ äàííûì ïîêðûòèåì ïîñëå îòæèãà óâåëè÷èâàåòñÿ
ñ 219 ì äî 296 ì ïî ñðàâíåíèþ ñ èñõîäíûì ñîñòîÿíèåì.

Íà ðèñ. 2 ïðèâåäåíî îïòè÷åñêîå èçîáðàæåíèå ëóíêè èçíîñà íà ïîâåðõíîñòè ïîêðûòèÿ
C-Ti òîëùèíîé 130 íì, ïîñëå îòæèãà â âàêóóìå ïðè òåìïåðàòóðå 600◦Ñ.

Ðèñ. 2: Èçîáðàæåíèå ëóíêè èçíîñà íà ïîâåðõíîñòè ïîêðûòèÿ C-Ti ïîñëå îòæèãà.

Îòæèã ïîêðûòèÿ C-Ti ïðèâîäèò ê ðåçêîìó ñíèæåíèþ åãî èçíîñîñòîéêîñòè, î ÷åì
ñâèäåòåëüñòâóåò ñíèæåíèå ñðåäíåãî çíà÷åíèÿ âåëè÷èíû ïóòè òðåíèÿ äî 12 ì, à òàêæå
êàðòèíà ïîâåðõíîñòè èçíîñà, ïîëó÷åííàÿ ìåòîäîì îïòè÷åñêîé ìèêðîñêîïèè (ðèñ. 2).
Ïðè îòæèãå ïðîèñõîäèò ïðîöåññ îòñëàèâàíèÿ ïîêðûòèÿ C-Ti âîêðóã ëóíîê èçíîñà, ÷òî
ñâÿçàíî ñ íàðóøåíèåì åãî àäãåçèè ê ïîäëîæêå.

Ðåçóëüòàòû èññëåäîâàíèÿ òàêæå ïîäòâåðæäàþòñÿ äèíàìèêîé èçìåíåíèÿ êîýôôèöè-
åíòà òðåíèÿ KTP . Íà ðèñ. 3 ïðèâåäåíà çàâèñèìîñòü êîýôôèöèåíòà òðåíèÿ èññëåäóåìûõ
ïîêðûòèé â ïðîöåññå èñïûòàíèé îò ÷èñëà öèêëîâ òðåíèÿ â èñõîäíîì ñîñòîÿíèè (ðèñ.
3à) è ïîñëå îòæèãà (ðèñ. 3á). Âèäíî, ÷òî â èñõîäíîì ñîñòîÿíèè KTP ìíîãîñëîéíûõ ïî-
êðûòèé ïëàâíî âîçðàñòàåò è ïðèáëèæàåòñÿ ê ñðåäíåìó çíà÷åíèþ 0,18 äëÿ Ñ-ÑN è 0,16
äëÿ Ñ-Ti. Ïîñëå îòæèãà äèíàìèêà KTP ïîêðûòèÿ C-CN ïðàêòè÷åñêè íå èçìåíÿåòñÿ, à
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â ñëó÷àå C-Ti ïîêðûòèÿ KTP ðåçêî äîñòèãàåò ïðåäåëüíîãî çíà÷åíèÿ, ÷òî ïðèâîäèò ê
áûñòðîìó èçíîñó ìàòåðèàëà ïîêðûòèÿ.

à)

á)

Ðèñ. 3: Äèíàìèêà èçìåíåíèÿ êîýôôèöèåíòà òðåíèÿ ìíîãîñëîéíûõ óãëåðîäíûõ ïîêðû-
òèé C-CN è C-Ti: à) â èñõîäíîì ñîñòîÿíèè; á) ïîñëå îòæèãà â âàêóóìå.

Â òàáëèöå 1 ïðåäñòàâëåíû çíà÷åíèÿ êîýôôèöèåíòà òðåíèÿ KTP , ïóòè òðåíèÿ S è
ðàçìåðû ëóíîê èçíîñà (l � äëèíà, d - øèðèíà) äëÿ êàæäîãî òèïà èññëåäóåìûõ ïîêðûòèé
â èñõîäíîì ñîñòîÿíèè è ïîñëå îòæèãà.

Âûâîäû.

1. Õàðàêòåð èçíîñà ïîêðûòèé C-CN è C-Ti â èñõîäíîì ñîñòîÿíèè ñóùåñòâåííî íå
îòëè÷àåòñÿ, íî èçíîñîñòîéêîñòü ïîêðûòèÿ C-CN ïðèìåðíî â 2,5 ðàçà âûøå.
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Òàáëèöà 1: Èçìåðèòåëüíûå õàðàêòåðèñòèêè öèôðîâîé êàìåðû Canon EOS 400D.

Ïîêðûòèå Èñõîäíîå ñîñòîÿíèå Ïîñëå îòæèãà
Ðàçìåðû ëóíêè Ðàçìåðû ëóíêè

KTP S,ì èçíîñà, ìêì KTP S,ì èçíîñà, ìêì
l d l d

C-CN 0.18 219 252 117 0.19 296 219 122
C-Ti 0.16 92 289 110 0.19 12 260 138

2. Îòæèã â âàêóóìå ïðè òåìïåðàòóðå 600◦Ñ ïðèâîäèò ê óâåëè÷åíèþ çíà÷åíèÿ ïóòè
òðåíèÿ ïîêðûòèÿ C-CN íà 35% ïî ñðàâíåíèþ ñ èñõîäíûì ñîñòîÿíèåì, à êîýôôè-
öèåíò òðåíèÿ èçìåíÿåòñÿ îò 0,18 äî 0,19.

3. Îòæèã â âàêóóìå ïðè òåìïåðàòóðå 600◦Ñ ïðèâîäèò ê ðåçêîìó ñíèæåíèþ èçíî-
ñîñòîéêîñòè ïîêðûòèÿ C-Ti íà 87% ïî ñðàâíåíèþ ñ èñõîäíûì ñîñòîÿíèåì, ÷òî
ñâÿçàíî ñ íàðóøåíèåì àäãåçèè ïîêðûòèÿ C-Ti ê ïîäëîæêå, à êîýôôèöèåíò òðåíèÿ
èçìåíÿåòñÿ îò 0,16 äî 0,19.

4. Ïðè÷èíó íàðóøåíèÿ àäãåçèè ïîêðûòèÿ C-Ti ïîñëå îòæèãà ïðåäïîëàãàåòñÿ èññëå-
äîâàòü ñ èñïîëüçîâàíèåì ìåòîäà âòîðè÷íîé èîííîé ìàññ-ñïåêòðîìåòðèè.
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E�ect of vacuum annealing on wear resistance of multilayer nanosized carbon
coatings formed by pulsed vacuum-arc deposition

M.E. Galkina, J.V. Gerus, A.Ya. Kolpakov, A.I. Poplavsky, E.N. Bondareva
Belgorod National Research University, Koroleva St., 85, Belgorod,

308015, Russia, e-mail: kolpakov@bsu.edu.ru

Abstact. Experimental results of vacuum annealing in�uence on wear resistance of
multilayer nanosized carbon coatings C-ÑN and C-Ti formed by pulsed vacuum-arc deposition
are presented. To investigate the surface of the samples after the tests and to determine the
size of the wear holes the method of high resolution optical microscopy was used. It was
found that in the initial state the wear resistance of C-CN is approximately 2,5 times more
than Ñ-Ti. Annealing leads to an increasing of wear resistance of C-CN coating, in the case
of the C-Ti there is a violation of its adhesion to the substrate.

Keywords:myltilayer nanosized carbon coatings, pulsed vacuum-arc method, wear resistance.
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ÓÄÊ 537.9

Ýëåêòðîïðîâîäíîñòü íàíîðàçìåðíûõ íàíîñòðóêòóðíûõ ïîêðûòèé íà îñíîâå
àìîðôíîãî óãëåðîäà ñ äîáàâëåíèåì ñåðåáðà

À.ß. Êîëïàêîâ, È.Â. Ñóäæàíñêàÿ, À.È. Ïîïëàâñêèé, Ì.Å. Ãàëêèíà,
Ñ.Ñ. Ìàíîõèí

Áåëãîðîäñêèé ãîñóäàðñòâåííûé íàöèîíàëüíûé èññëåäîâàòåëüñêèé óíèâåðñèòåò,
308015, ã. Áåëãîðîä, óë. Ïîáåäû 85, e-mail: sudzhanskaya@bsu.edu.ru

Àííîòàöèÿ.Ìåòîäîì èìïóëüñíîãî âàêóóìíî-äóãîâîãî ðàñïûëåíèÿ ãðàôèòîâîãî êà-
òîäà ñ äîáàâëåíèåì ñåðåáðà ïîëó÷åíî íàíîðàçìåðíîå íàíîñòðóêòóðíîå ïîêðûòèå C:Ag
íà îñíîâå àìîðôíîé óãëåðîäíîé ìàòðèöû è âêëþ÷åíèé íàíîêëàñòåðîâ ñåðåáðà ñ ðàç-
ìåðàìè 20 � 60 íì. Ýêñïåðèìåíòàëüíî ïîëó÷åííàÿ çàâèñèìîñòü ýëåêòðîïðîâîäíîñòè îò
òîëùèíû ïîêðûòèÿ â äèàïàçîíå 20 � 75 íì íîñèò íåëèíåéíûé õàðàêòåð. Ýëåêòðîïðî-
âîäíîñòü ïîëó÷åííîãî ïîêðûòèÿ óìåíüøàåòñÿ áîëåå ÷åì íà ïîðÿäîê ïðè óìåíüøåíèè
åãî òîëùèíû îò 75 íì äî 20 íì. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû
â íàíîòåõíîëîãèè äëÿ õàðàêòåðèçàöèè ïîêðûòèé C:Ag, êîíòðîëÿ èõ òîëùèíû â ïðî-
öåññå ôîðìèðîâàíèÿ, à òàêæå â ðàçëè÷íûõ âèäàõ äàò÷èêîâ, îñíîâàííûõ íà èçìåíåíèè
ñîïðîòèâëåíèÿ.

Êëþ÷åâûå ñëîâà: àìîðôíûå óãëåðîäíûå ïîêðûòèÿ, ñîäåðæàùèå ñåðåáðî, ñòðóê-
òóðà, ýëåêòðîïðîâîäíîñòü .

Ââåäåíèå. Íàíîñòðóêòóðíûìè íàçûâàþò ìàòåðèàëû, êîòîðûå ñîäåðæàò ñòðóêòóð-
íûå ýëåìåíòû (êëàñòåðû, êðèñòàëëèòû èëè ìîëåêóëû) ñ ðàçìåðàìè â äèàïàçîíå 1 � 100
íì, îñîáûé èíòåðåñ èññëåäîâàòåëåé âûçûâàþò ìíîãîôóíêöèîíàëüíûå íàíîñòðóêòóð-
íûå ïëåíêè è ïîêðûòèÿ, îáëàäàþùèå óíèêàëüíûìè ñâîéñòâàìè [1]. Áîëüøîå çíà÷åíèå
èìååò ïðèìåíåíèå íàíîñòðóêòóðíûõ ìàòåðèàëîâ è ïîêðûòèé â ìåäèöèíå. Ïîñëåäíèå äî-
ñòèæåíèÿ â îáëàñòè íàíîñòðóêòóðíûõ ìàòåðèàëîâ äëÿ ìåäèöèíñêîãî ïðèìåíåíèÿ ñòàëè
ðåçóëüòàòîì äâóõ ôàêòîðîâ. Âî-ïåðâûõ, ýòî ñîâåðøåíñòâîâàíèå îáîðóäîâàíèÿ äëÿ ïî-
ëó÷åíèÿ è õàðàêòåðèçàöèè ýòèõ ìàòåðèàëîâ. Âî-âòîðûõ, íàíîñòðóêòóðíûå ìàòåðèàëû
ïðîäåìîíñòðèðîâàëè ñïîñîáíîñòü ñïåöèôè÷åñêîãî âçàèìîäåéñòâèÿ ñ ïðîòåèíàìè, ÄÍÊ,
âèðóñàìè è äðóãèìè íàíîðàçìåðíûìè áèîëîãè÷åñêèìè îáúåêòàìè. Àëìàçîïîäîáíûé óã-
ëåðîä èëè DLC [2] ìîæåò áûòü âîñòðåáîâàí âî ìíîãèõ ìåäèöèíñêèõ óñòðîéñòâàõ, âêëþ-
÷àÿ êîðîíàðíûå àðòåðèàëüíûå ñòåíòû, ñèíòåòè÷åñêèå êëàïàíû ñåðäöà, âñïîìîãàòåëü-
íûå óñòðîéñòâà è èñêóññòâåííûå ñåðäöà [3]. In-vitro èññëåäîâàíèÿ ïîêàçûâàþò ìåíüøóþ
àêòèâàöèþ òðîìáîöèòîâ è èõ àäãåçèþ íà ïîâåðõíîñòÿõ ïîêðûòûõ àëìàçîïîäîáíûì óã-
ëåðîäîì ïî ñðàâíåíèþ ñ òèòàíîì, êàðáèäîì è íèòðèäîì òèòàíà, à òàêæå íåðæàâåþùåé
ñòàëüþ. Ïîêðûòèå óìåíüøàëî àäãåçèþ êëåòîê è ïðîòåèíîâ íà ïîâåðõíîñòè ñåíñîðîâ è
ìåìáðàí èç ïîëèêàðáîíàòîâ. È, íàêîíåö, DLC ìîæåò ñëóæèòü ïðîìåæóòî÷íûì ñëîåì
ìåæäó áèîëîãè÷åñêè àêòèâíûì ñëîåì è îñíîâíûì áèîìàòåðèàëîì. Óãëåðîäíûå àëìàçî-
ïîäîáíûå ïîêðûòèÿ ñ ïðåîáëàäàíèåì sp3- ãèáðèäèçàöèè ýëåêòðîííûõ îðáèòàëåé ÿâëÿ-
þòñÿ äèýëåêòðèêàìè ñ óäåëüíûì ýëåêòðè÷åñêèì ñîïðîòèâëåíèåì 106÷1011 Îì·ñì [2].
Ñåðåáðî äîáàâëÿåò äîïîëíèòåëüíûå áèîëîãè÷åñêèå ñâîéñòâà óãëåðîäíîìó ïîêðûòèþ,
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ïðè ýòîì äîëæíû èçìåíÿòüñÿ ýëåêòðè÷åñêèå õàðàêòåðèñòèêè ïîêðûòèÿ. Êàê èçâåñò-
íî, ïðèçíàêîì íàíîîáúåêòà ÿâëÿåòñÿ çàâèñèìîñòü åãî ñâîéñòâ îò ðàçìåðíîãî ôàêòîðà,
â äàííîì ñëó÷àå ïðåäñòàâëÿåò íàó÷íûé èíòåðåñ çàâèñèìîñòü ýëåêòðîïðîâîäíîñòè óã-
ëåðîäíîãî ïîêðûòèÿ, ëåãèðîâàííîãî ñåðåáðîì îò òîëùèíû, ÷òî ïîçâîëèò èñïîëüçîâàòü
èññëåäóåìóþ çàâèñèìîñòü äëÿ õàðàêòåðèçàöèè íàíîðàçìåðíîãî ïîêðûòèÿ è êîíòðîëÿ
åãî òîëùèíû. Íàó÷íûé èíòåðåñ ïðåäñòàâëÿåò äèíàìèêà èçìåíåíèÿ ñòðóêòóðû è ýëåê-
òðîïðîâîäíîñòè, êàê ñòðóêòóðíî-÷óâñòâèòåëüíîé õàðàêòåðèñòèêè.

Öåëü äàííîé ðàáîòû � îïðåäåëåíèå âëèÿíèÿ òîëùèíû íàíîðàçìåðíîãî óãëåðîäíîãî
ïîêðûòèÿ ñ äîáàâêàìè ñåðåáðà íà åãî ýëåêòðîïðîâîäíîñòü.

Ìàòåðèàëû, îáîðóäîâàíèå è ìåòîäèêà ýêñïåðèìåíòà. Äëÿ ïîëó÷åíèÿ ïîêðû-
òèé íà îñíîâå óãëåðîäà ñ äîáàâëåíèåì ñåðåáðà (C:Ag) èñïîëüçîâàëè èìïóëüñíûé âàêóóìíî-
äóãîâîé ìåòîä. Â êà÷åñòâå ðàñõîäóåìîãî êàòîäà èñïîëüçîâàëè îñîáî ÷èñòûé ãðàôèò ñ
äîáàâëåíèåì ñåðåáðà. Òåõíîëîãè÷åñêèå ïàðàìåòðû: åìêîñòü íàêîïèòåëÿ � 2000 ìêÔ,
íàïðÿæåíèå çàðÿäêè íàêîïèòåëÿ � 300 Â, ÷àñòîòà ñëåäîâàíèÿ èìïóëüñîâ âàêóóìíî-
äóãîâîãî ðàçðÿäà � 5 Ãö, òåìïåðàòóðà ïîäëîæêè le100◦Ñ. Ïðîèçâîäèòåëüíîñòü ïðîöåññà
íàíåñåíèÿ ïîêðûòèÿ ñîñòàâèëà 0,05 íì/èìï.

Äëÿ èññëåäîâàíèÿ ñòðóêòóðû è îïðåäåëåíèÿ òîëùèíû ýòèõ ïîêðûòèé èñïîëüçîâàíû
ìåòîäû ýëåêòðîííîé ïðîñâå÷èâàþùåé ìèêðîñêîïèè (TEM), â òîì ÷èñëå ýëåêòðîííîé
ïðîñâå÷èâàþùåé ìèêðîñêîïèè âûñîêîãî ðàçðåøåíèÿ (HRTEM). Èñïîëüçîâàëè ïðîñâå-
÷èâàþùèé ýëåêòðîííûé ìèêðîñêîï âûñîêîãî ðàçðåøåíèÿ Tecnai G2 F20 S-TWIN. Ýëå-
ìåíòíûé ñîñòàâ ïîêðûòèÿ èññëåäîâàëè ìåòîäîì ýíåðãîäèñïåðñèîííîé ðåíòãåíîâñêîé
ñïåêòðîñêîïèè (EDX) íà ýòîì æå ìèêðîñêîïå. Ïðè ýòîì èññëåäîâàëè íàíîðàçìåðíûå
ïîêðûòèÿ, ïîëó÷åííûå íà ñêîëå ìîíîêðèñòàëëà NaCl ñ ïîñëåäóþùèì îòäåëåíèåì èõ ïî
ñòàíäàðòíîé òåõíîëîãèè â äèñòèëëèðîâàííîé âîäå.

Èñïîëüçóÿ äàííûå ïî ïðîèçâîäèòåëüíîñòè, è çàäàâàÿ êîëè÷åñòâî èìïóëüñîâ ðàçðÿ-
äà, ïîëó÷èëè îáðàçöû ñ ïîêðûòèÿìè òîëùèíîé 75 íì, 38 íì è 19 íì íà ïîäëîæêàõ
èç ïîëèðîâàííîãî ñèòàëëà ÑÒ50-1-1-0,6 ðàçìåðîì 30×10 ìì. Ýëåêòðè÷åñêèå êîíòàêòû
ïîëó÷àëè íàíåñåíèåì òîêîïðîâîäÿùåé ïàñòû íà îñíîâå ñåðåáðà. Óäåëüíóþ ýëåêòðîïðî-
âîäíîñòü ïîêðûòèé îïðåäåëÿëè ïî ðåçóëüòàòàì ïðÿìûõ èçìåðåíèé ñîïðîòèâëåíèÿ ñ ïî-
ìîùüþ ìóëüòèìåòðà MastechMas-345.

Ðåçóëüòàòû è èõ îáñóæäåíèå. Íà ðèñ. 1 ïðèâåäåí ýëåêòðîííî-ìèêðîñêîïè÷åñêèé
ñíèìîê ïîêðûòèÿ C:Ag òîëùèíîé ïîðÿäêà 40 íì. Àíàëèç ýëåìåíòíîãî ñîñòàâà ïîêàçàë,
÷òî ïîêðûòèå ñîñòîèò èç àìîðôíîé óãëåðîäíîé ìàòðèöû ñ âêëþ÷åíèÿìè íàíîêëàñòåðîâ
ñåðåáðà ñ ðàçìåðàìè 20 � 60 íì. Íåîáõîäèìî îòìåòèòü, ÷òî íàíîêëàñòåðû ñåðåáðà èìåþò
óïîðÿäî÷åííóþ êðèñòàëëè÷åñêóþ ñòðóêòóðó. Â äàííîì ñëó÷àå, à èìåííî, ïðè êîíäåíñà-
öèè ïëàçìû, ñîäåðæàùåé èîíû óãëåðîäà è èîíû ñåðåáðà, íàáëþäàþòñÿ òðè ìåõàíèçìà
ðîñòà ïëåíêè: âî-ïåðâûõ, îáðàçîâàíèå àìîðôíîé óãëåðîäíîé ïëåíêè â íåðàâíîâåñíûõ
óñëîâèÿõ (ïðè íèçêîé òåìïåðàòóðå ïîäëîæêè è ñîïóòñòâóþùåì èîííîì îáëó÷åíèè), âî-
âòîðûõ ôîðìèðîâàíèå îñòðîâêîâ ñåðåáðà èç èîíîâ ñåðåáðà, èìåþùèõ áîëüøóþ ñâÿçü
ìåæäó ñîáîé, ÷åì ñ àòîìàìè ìàòðèöû óãëåðîäà è íàêîíåö, ïîñëîéíûé ðîñò îñòðîâêîâ
ñåðåáðà ñ óïîðÿäî÷åííîé êðèñòàëëè÷åñêîé ñòðóêòóðîé, êîòîðûå ìîæíî õàðàêòåðèçî-
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Ðèñ. 1: Ýëåêòðîííî-ìèêðîñêîïè÷åñêèé ñíèìîê ïîêðûòèÿ C:Ag òîëùèíîé 40 íì.

âàòü êàê íàíîêëàñòåðû. Ýòî ìîæíî áûëî áû ðàññìàòðèâàòü, êàê ñòàâøèé óæå êëàññè-
÷åñêèì ìåõàíèçì ôîðìèðîâàíèÿ íàíîñòðóêòóð òèïà êâàíòîâûõ òî÷åê, åñëè íå ó÷èòû-
âàòü íèçêóþ òåìïåðàòóðó è èìïóëüñíûé õàðàêòåð ïðîöåññà ïîñòóïëåíèÿ ìàòåðèàëà íà
ïîäëîæêó, ò. å. âûñîêèå ïåðåñûùåíèÿ.

Íà ðèñ.2. ïðèâåäåí ýëåêòðîííî-ìèêðîñêîïè÷åñêèé ñíèìîê ïîêðûòèÿ C:Ag òîëùè-
íîé ïîðÿäêà 20 íì. Îòäåëüíûå êëàñòåðû ñåðåáðà âûäåëåíû ïðÿìîóãîëüíèêàìè, îñîáûé
èíòåðåñ íà äàííûõ ñíèìêàõ ïðåäñòàâëÿþò îáëàñòè, ïðèëåãàþùèå ê êëàñòåðàì. Ìîæ-
íî ïðåäïîëîæèòü, ÷òî â ýòèõ îáëàñòÿõ, íåïîñðåäñòâåííî ïðèëåãàþùèõ ê êëàñòåðàì,
íàáëþäàåòñÿ ïðîöåññ êîàëåñöåíöèè êëàñòåðîâ ìåíüøåãî ðàçìåðà â � áîëüøèå. Ýòî ïîä-
òâåðæäàåò âîçìîæíûé ìåõàíèçì ôîðìèðîâàíèÿ êëàñòåðîâ (îñòðîâêîâ) ñåðåáðà.

Íà ðèñ. 3 ïîêàçàíà çàâèñèìîñòü óäåëüíîãî ñîïðîòèâëåíèÿ ïîêðûòèÿ C:Ag îò òîë-
ùèíû. Íåîáõîäèìî îáðàòèòü âíèìàíèå íà íåëèíåéíûé õàðàêòåð çàâèñèìîñòè, à èìåííî
ðåçêîå óìåíüøåíèå ýëåêòðîïðîâîäíîñòè ïðè òîëùèíå ïîðÿäêà 20 íì, ÷òî áîëåå ÷åì
íà ïîðÿäîê ïðåâûøàåò ýëåêòðîïðîâîäíîñòü ïðè òîëùèíå 75 íì. Àíàëîãè÷íûå ðåçóëü-
òàòû áûëè ïîëó÷åíû íàìè ïðè èññëåäîâàíèè íàíîðàçìåðíûõ óãëåðîäíûõ ïîêðûòèé
ëåãèðîâàííûõ àçîòîì [4]. Êðîìå òîãî ýôôåêò çàâèñèìîñòè óäåëüíîãî ýëåêòðè÷åñêîãî
ñîïðîòèâëåíèÿ îò òîëùèíû ìåäíîé ïëåíêè îïèñàí â ðàáîòå [5]. Ïî äàííûì àâòîðîâ çà-
âèñèìîñòü êîððåëèðóåò ñ èçìåíåíèåì ñðåäíåãî ðàçìåðà êðèñòàëëèòîâ â çàâèñèìîñòè îò
òîëùèíû ïëåíêè. Ïðè òîëùèíå ïëåíêè áîëåå 60 íì îíà âåäåò ñåáÿ ïîäîáíî ìàññèâíîìó
ýëåêòðè÷åñêîìó ïðîâîäíèêó, ò.å. óäåëüíîå ýëåêòðè÷åñêîå ñîïðîòèâëåíèå íå çàâèñèò îò
ìàñøòàáíîãî ôàêòîðà - òîëùèíû ïëåíêè. Ïðè òîëùèíàõ ïëåíêè ìåíåå 60 íì åå ñ ïîë-
íûì îñíîâàíèåì ìîæíî îòíîñèòü ê ðàçðÿäó "òîíêèõ"ïëåíîê, ò.ê. êîíñòàíòà ìàòåðèàëà -
óäåëüíîå ýëåêòðè÷åñêîå ñîïðîòèâëåíèå îêàçûâàåòñÿ çàâèñèìûì îò òîëùèíû ïëåíêè. Ñ
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Ðèñ. 2: Ýëåêòðîííî-ìèêðîñêîïè÷åñêèé ñíèìîê ïîêðûòèÿ C:Ag òîëùèíîé 20 íì.

åå óìåíüøåíèåì ðåçêî âîçðàñòàåò ýëåêòðè÷åñêîå ñîïðîòèâëåíèå. Ïðè òîëùèíå ïëåíêè
13 íì óäåëüíîå ýëåêòðè÷åñêîå ñîïðîòèâëåíèå ñòàíîâèòñÿ áîëåå ÷åì íà ïîðÿäîê âûøå â
ñðàâíåíèè ñ "òîëñòîé"ïëåíêîé. Âûñîêîå ýëåêòðè÷åñêîå ñîïðîòèâëåíèå "òîíêèõ"ïëåíîê
îáóñëàâëèâàåòñÿ äîïîëíèòåëüíûì ðàññåÿíèåì ýëåêòðîíîâ íà ãðàíèöàõ ïëåíîê, åñëè òîë-
ùèíà èõ ñîèçìåðèìà ñ äëèíîé ñâîáîäíîãî ïðîáåãà ýëåêòðîíîâ ïðîâîäèìîñòè. Ðàññåÿíèå
ýëåêòðîíîâ âîçíèêàåò òàêæå íà ãðàíèöàõ êðèñòàëëèòîâ, òåì áîëåå, êîãäà èõ ðàçìåðû -
íàíîìåòðîâûå, è, ñëåäîâàòåëüíî, ãðàíè÷íàÿ îáëàñòü ñ íåóïîðÿäî÷åííûì ðàñïîëîæåíè-
åì àòîìîâ çàíèìàåò çíà÷èòåëüíûé îáúåì ïëåíêè.

Â íàøåì ñëó÷àå êàðòèíà áîëåå ñëîæíàÿ, òàê êàê ìû èìååì íàíîðàçìåðíûé íàíî-
ñòðóêòóðíûé îáúåêò, ñîñòîÿùèé èç àìîðôíîé óãëåðîäíîé ìàòðèöû ñ äîñòàòî÷íî âûñî-
êèì óäåëüíûì ñîïðîòèâëåíèåì, è ìåòàëëè÷åñêèõ êëàñòåðîâ, ðàññòîÿíèå ìåæäó êîòîðû-
ìè ìîæåò óìåíüøàòüñÿ ïî ìåðå óâåëè÷åíèÿ òîëùèíû ïîêðûòèÿ. Êðîìå òîãî íåîáõîäèìî
ó÷èòûâàòü íåðàâíîâåñíûå óñëîâèÿ ôîðìèðîâàíèÿ ïîêðûòèÿ C:Ag (íèçêàÿ òåìïåðàòó-
ðà ïîäëîæêè, îãðàíè÷èâàþùàÿ òåðìîñòèìóëèðîâàííóþ äèôôóçèþ àòîìîâ â ïðîöåññå
ôîðìèðîâàíèÿ, à òàêæå äîñòàòî÷íî âûñîêóþ ýíåðãèþ èîíîâ óãëåðîäà è ñåðåáðà (100 �
200 ýÂ).

Âûâîäû. Ìåòîäîì èìïóëüñíîãî âàêóóìíî-äóãîâîãî ðàñïûëåíèÿ ãðàôèòîâîãî êàòî-
äà ñ äîáàâëåíèåì ñåðåáðà ïîëó÷åíî íàíîðàçìåðíîå íàíîñòðóêòóðíîå ïîêðûòèå C:Ag íà
îñíîâå àìîðôíîé óãëåðîäíîé ìàòðèöû è âêëþ÷åíèé íàíîêëàñòåðîâ ñåðåáðà ñ ðàçìå-
ðàìè 20 � 60 íì. Ýêñïåðèìåíòàëüíî ïîëó÷åííàÿ çàâèñèìîñòü ýëåêòðîïðîâîäíîñòè îò
òîëùèíû ïîêðûòèÿ â äèàïàçîíå 20 � 75 íì íîñèò íåëèíåéíûé õàðàêòåð. Ýëåêòðîïðî-
âîäíîñòü ïîëó÷åííîãî ïîêðûòèÿ óìåíüøàåòñÿ áîëåå ÷åì íà ïîðÿäîê ïðè óìåíüøåíèè



ÍÀÓ×ÍÛÅ ÂÅÄÎÌÎÑÒÈ Ñåðèÿ Ýêñïåðèìåíòàëüíàÿ è Ïðèêëàäíàÿ Ôèçèêà.

2014 �7(178). Âûïóñê 1
65

Ðèñ. 3: Çàâèñèìîñòü óäåëüíîãî ñîïðîòèâëåíèÿ ïîêðûòèÿ C:Ag îò òîëùèíû.

åãî òîëùèíû îò 75 íì äî 20 íì. Ïîëó÷åííûå ðåçóëüòàòû ìîãóò áûòü èñïîëüçîâàíû â
íàíîòåõíîëîãèè äëÿ õàðàêòåðèçàöèè ïîêðûòèé C:Ag, êîíòðîëÿ èõ òîëùèíû â ïðîöåññå
ôîðìèðîâàíèÿ, à òàêæå â ðàçëè÷íûõ âèäàõ äàò÷èêîâ, îñíîâàííûõ íà èçìåíåíèè ñîïðî-
òèâëåíèÿ.
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Conductivity of nanosize nanostructured �lm on basis amorphous carbon with
silver addition

A.Y. Kolpakov, I.V. Sudzhanskaya, A.I. Poplavsky, M.E. Galkina,
S.S. Manokhin

Belgorod National Research University, str. Pobedy, 85, Belgorod, 308015, Russia
e-mail: sudzhanskaya@bsu.edu.ru

Abstract. Of method impulse vacuum-arc sputtering graphite cathode with addition
of silver obtain nanosize nanostructured �lm C:Ag on basis amorphous carbon matrix and
inclusion nanoclusters of silver with sizes of 20 � 60 nm. Nonlinear dependence of conductivity
from thickness �lms in range 20 � 75 nm was determined experimentally. Obtained results
by uses in nanotechnology for characterization �lms C:Ag, control theirs thickness in process
forming, as well as diverse forms sensors, bases on change resistivity.

Keywords: amorphous carbon �lms, with silver addition, structure, conductivity.
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Âëèÿíèå ïîêðûòèÿ íèòðèäà òèòàíà, ïîëó÷åííîãî âàêóóìíî-äóãîâûì
ìåòîäîì, íà ìîäóëü óïðóãîñòè è ìèêðîòâåðäîñòü ñèñòåìû ¾ïîäëîæêà �

ïîêðûòèå¿

Î.À. Äðó÷èíèíà1∗, Â.À. Õàð÷åíêî2

1ÖÊÏ ¾Äèàãíîñòèêà ñòðóêòóðû è ñâîéñòâ íàíîìàòåðèàëîâ¿
2ÍÈË ïðîáëåì ðàçðàáîòêè è âíåäðåíèÿ èîííî-ïëàçìåííûõ òåõíîëîãèé

Áåëãîðîäñêèé ãîñóäàðñòâåííûé íàöèîíàëüíûé èññëåäîâàòåëüñêèé óíèâåðñèòåò,
308015, ã. Áåëãîðîä, óë. Ïîáåäû 85, e-mail: druchinina@bsu.edu.ru

∗òåë. (4722) 58-54-15

Àííîòàöèÿ. Â ðàáîòå ïðåäñòàâëåíû ðåçóëüòàòû èññëåäîâàíèÿ âëèÿíèÿ ïîêðûòèÿ
íèòðèäà òèòàíà, ïîëó÷åííîãî âàêóóìíî-äóãîâûì ìåòîäîì, íà ìîäóëü óïðóãîñòè è ìèê-
ðîòâåðäîñòü ñèñòåìû ¾ïîäëîæêà � ïîêðûòèå¿. Ïîêàçàíî, ÷òî íèòðèä òèòàíà çàäåðæè-
âàåò ïðîöåññû ïëàñòè÷åñêîé äåôîðìàöèè ïîâåðõíîñòíûõ ñëîåâ íà ìèêðîóðîâíå, î ÷åì
ñâèäåòåëüñòâóåò óâåëè÷åíèå ìèêðîòâåðäîñòè ïðè ìàëûõ íàãðóçêàõ íà èíäåíòîð è èçìå-
íåíèå ìîäóëÿ óïðóãîñòè ñèñòåìû â ïðîöåññå èñïûòàíèÿ.

Êëþ÷åâûå ñëîâà: Äèíàìè÷åñêèé ìåõàíè÷åñêèé àíàëèç, ìèêðîèíäåíòèðîâàíèå,
âàêóóìíî-äóãîâîé ìåòîä, ïîêðûòèå, íèòðèä òèòàíà.

Ââåäåíèå. Â íàñòîÿùåå âðåìÿ øèðîêîå ðàñïðîñòðàíåíèå ïîëó÷èëè ïîêðûòèÿ íèò-
ðèäà òèòàíà, îáëàäàþùèå äîñòàòî÷íîé òâåðäîñòüþ è âûñîêèìè çàùèòíûìè ñâîéñòâàìè,
÷òî äåëàåò èõ ïðèâëåêàòåëüíûì èíñòðóìåíòîì äëÿ ïîâûøåíèÿ èçíîñîñòîéêîñòè äåòà-
ëåé òðåíèÿ è ïðîäëåíèÿ ñðîêà ñëóæáû èíñòðóìåíòîâ äëÿ ìåõàíè÷åñêîé îáðàáîòêè [1, 2].
Èçâåñòíî, ÷òî äëÿ èçäåëèé, ðàáîòàþùèõ â óñëîâèÿõ èçíàøèâàíèÿ, íàèáîëåå âàæíûìè
ñâîéñòâàìè ÿâëÿåòñÿ òâåðäîñòü è ïîâåðõíîñòíàÿ ïðî÷íîñòü ïðè ñîõðàíåíèè ïëàñòè÷-
íîñòè îñíîâíîé ìàññû äåòàëè. Òîíêèå ïîâåðõíîñòíûå ñëîè äåòàëåé ìàøèí âî ìíîãèõ
ñëó÷àÿõ îïðåäåëÿþò îñíîâíûå èõ ýêñïëóàòàöèîííûå õàðàêòåðèñòèêè. Îáùåïðèíÿòûì
ñïîñîáîì îöåíêè ñâîéñòâ òîíêèõ ïîâåðõíîñòíûõ ñëîåâ ÿâëÿåòñÿ ìåòîä ìèêðîèíäåíòè-
ðîâàíèÿ [3].

Àíàëèç ëèòåðàòóðû ïîêàçûâàåò, ÷òî åñëè â ïðîöåññå èñïûòàíèÿ ãëóáèíà ïðîíèêíîâå-
íèÿ èíäåíòîðà ïðåâûøàåò òîëùèíó ïîêðûòèÿ, ïîëó÷àåìûå ýêñïåðèìåíòàëüíî çíà÷åíèÿ
â ýòîì ñëó÷àå ñîîòâåòñòâóþò ìèêðîòâåðäîñòè êîìïîçèöèè ¾ïëåíêà � ïîäëîæêà¿ [4, 5].
Ñ óâåëè÷åíèåì òîëùèíû ïîêðûòèÿ è óìåíüøåíèåì íàãðóçêè íà èíäåíòîð ïîêðûòèå
âëèÿåò íà ìåõàíè÷åñêîå ïîâåäåíèå êîìïîçèöèè ïðè íàãðóæåíèè, ïîñêîëüêó ïåðåðàñ-
ïðåäåëÿåò íàïðÿæåíèÿ â ñèñòåìå ïðè âîçäåéñòâèè íà íåå èíäåíòîðà [6,7]. Â ýòîì ñëó÷àå
ñëåäóåò îæèäàòü, ÷òî èçìåíåíèå ôèçèêî-ìåõàíè÷åñêèõ ñâîéñòâ ïîâåðõíîñòè ìàòåðèàëà
ïîñëå íàíåñåíèÿ ïîêðûòèÿ íèòðèäà òèòàíà, îêàæåò âëèÿíèå íà òàêèå õàðàêòåðèñòèêè
ñèñòåìû ¾ïëåíêà � ïîäëîæêà¿, êàê ìèêðîòâåðäîñòü è ìîäóëü óïðóãîñòè.

Ó÷èòûâàÿ ýòî, ïðåäñòàâëÿåò èíòåðåñ èññëåäîâàíèå ìåòîäîì äèíàìè÷åñêîãî ìåõàíè-
÷åñêîãî àíàëèçà è ìåòîäîì ìèêðîèíäåíòèðîâàíèÿ ìîäóëÿ óïðóãîñòè è ìèêðîòâåðäîñòè
ñèñòåìû ¾ñòàëüíàÿ ïîäëîæêà � ïîêðûòèå TiN¿ ïî ñðàâíåíèþ ñ èñõîäíûì ìàòåðèàëîì
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áåç ïîêðûòèÿ.

Ìåòîäèêà ïðîâåäåíèÿ ýêñïåðèìåíòà. Íàíåñåíèå ïîêðûòèÿ íèòðèäà òèòàíà îñó-
ùåñòâëÿëîñü â âàêóóìíîé êàìåðå óñòàíîâêè ÓÂÍÈÏÀ-1-002, îñíàùåííîé äâóìÿ ýëåê-
òðîäóãîâûìè èñòî÷íèêàìè ïëàçìû. Ïðîöåññ âêëþ÷àë äâà îñíîâíûõ ýòàïà: î÷èñòêó ïî-
âåðõíîñòè ïîäëîæêè è êîíäåíñàöèþ.

Î÷èñòêà ïðåäâàðèòåëüíî ìåõàíè÷åñêè ïîëèðîâàííûõ, îáåçæèðåííûõ îáðàçöîâ
(47,78,71,2 ìì) ñòàëè 12×18Í10Ò ïðîèçâîäèëàñü â âàêóóìå (2,4·10-3Ïà) ïóòåì ðàñïûëå-
íèÿ ïîâåðõíîñòíûõ ñëîåâ óñêîðåííûìè èîíàìè òèòàíà. Ïðîöåññ êîíäåíñàöèè îñóùåñòâ-
ëÿëñÿ íåïîñðåäñòâåííî ïîñëå îïåðàöèè î÷èñòêè ïîâåðõíîñòè ïðè ñíèæåíèè óñêîðÿþùå-
ãî ïîòåíöèàëà.

Äëÿ ïîëó÷åíèÿ êîíäåíñàòà, ïðåäñòàâëÿþùåãî ñîáîé ñîåäèíåíèå òèòàíà ñ àçîòîì, â
êàìåðó ïðè ïîìîùè èãîëü÷àòîãî íàòåêàòåëÿ ââîäèëñÿ àçîò. Åãî äàâëåíèå ïîääåðæèâà-
ëîñü íà çàäàííîì óðîâíå è êîíòðîëèðîâàëîñü âàêóóììåòðîì ÂÌÁ � 14. Âðåìÿ êîíäåí-
ñàöèè ñîñòàâëÿëî 11 è 22 ìèí.

Ìèêðîèíäåíòèðîâàíèå îáðàçöîâ ïðîèçâîäèëîñü ñ èñïîëüçîâàíèåì ìèêðîòâåðäîìåðà
DM8-B â äèàïàçîíå íàãðóçîê 0,01-0,5Í. Ìîäóëü óïðóãîñòè èñõîäíûõ îáðàçöîâ è îáðàç-
öîâ ñ ïîêðûòèåì îïðåäåëÿëñÿ ìåòîäîì òðåõòî÷å÷íîãî èçãèáà ïðè ïîìîùè äèíàìè÷åñêî-
ãî ìåõàíè÷åñêîãî àíàëèçàòîðà DMA 242 E. Èñïûòàíèÿ ïðîâîäèëèñü ïðè òåìïåðàòóðå
25◦Ñ â äèàïàçîíå íàãðóçîê 0,04Í÷6Í ïðè ÷àñòîòå êîëåáàíèé ïóàíñîíà f=1Ãö.

Ýêñïåðèìåíòàëüíûå ðåçóëüòàòû è èõ îáñóæäåíèå. Äëÿ îöåíêè âëèÿíèÿ ïî-
êðûòèÿ íà ìåõàíè÷åñêèå ñâîéñòâà ñèñòåìû ¾ïîäëîæêà � ïîêðûòèå¿, áûëè ïðîâåäåíû
èçìåðåíèÿ ìèêðîòâåðäîñòè îáðàçöîâ â çàâèñèìîñòè îò íàãðóçêè íà èíäåíòîð. Äàííûå
èçìåðåíèé ïðåäñòàâëåíû íà ðèñóíêå 1.

Ðèñ. 1: Çàâèñèìîñòü ìèêðîòâåðäîñòè ñèñòåìû ¾ïîäëîæêà � ïîêðûòèå¿ îò íàãðóçêè íà
èíäåíòîð.
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Äàííûå èññëåäîâàíèÿ ïîêàçûâàþò, ÷òî ïîêðûòèå íèòðèäà òèòàíà çàäåðæèâàåò ïðî-
öåññû ïëàñòè÷åñêîé äåôîðìàöèè ïîâåðõíîñòíûõ ñëîåâ íà ìèêðîóðîâíå, î ÷åì ñâèäå-
òåëüñòâóåò óâåëè÷åíèå ìèêðîòâåðäîñòè ïðè ìàëûõ íàãðóçêàõ íà èíäåíòîð. Òîðìîçèòñÿ
îáðàçîâàíèå äèñëîêàöèé â ïîâåðõíîñòíîì ñëîå, à òàêæå âûõîä äèñëîêàöèé èç âíóòðåí-
íèõ îáúåìîâ íà ïîâåðõíîñòü, çàòðóäíÿåòñÿ ôîðìèðîâàíèå äåôîðìàöèîííîãî ðåëüåôà,
ò.å. çàòîðìàæèâàþòñÿ ïðîöåññû ïëàñòè÷åñêîé äåôîðìàöèè íà ìèêðîóðîâíå íå òîëüêî
ïîâåðõíîñòíûõ, íî è âíóòðåííèõ îáúåìîâ äåôîðìèðóåìîãî òåëà.

Àíàëèç ðåçóëüòàòîâ èçìåðåíèé ïîçâîëÿåò ãîâîðèòü î òîì, ÷òî äëÿ íàãðóçêè â 0,025Í
âåëè÷èíà ìèêðîòâåðäîñòè îáðàçöîâ ñ ïîêðûòèåì óâåëè÷èëàñü ïî îòíîøåíèþ ê èñõîäíîé
ïîäëîæêå â 2,6 ðàçà ïðè òîëùèíå ïîêðûòèÿ 5 ìêì, è áîëåå ÷åì â 7 ðàç ïðè òîëùèíå
ïîêðûòèÿ 10 ìêì. Ïðè ýòîì ïðîöåññû õðóïêîãî ðàçðóøåíèÿ îòäåëüíûõ ìèêðîîáúåìîâ
ïîêðûòèé, ñîïðîâîæäàþùèå ïðîöåññ ìèêðîèíäåíòèðîâàíèÿ ïðè óâåëè÷åíèè íàãðóçêè
íà èíäåíòîð, âëèÿþò íà çíà÷åíèÿ èçìåðÿåìîé ìèêðîòâåðäîñòè ñèñòåìû ¾ïîäëîæêà �
ïîêðûòèå¿.

Ðèñ. 2: Ðàçðóøåíèå ïîêðûòèÿ ïðè ìèêðîèíäåíòèðîâàíèè. Íàãðóçêà íà èíäåíòîð 0,05Í.
à) Òîëùèíà ïîêðûòèÿ 5 ìêì; á) Òîëùèíà ïîêðûòèÿ 10 ìêì.

Ïðè óâåëè÷åíèè íàãðóçêè ñâûøå 0,05 Í ìèêðîèíäåíòèðîâàíèÿ ñîïðîâîæäàåòñÿ õðóï-
êèì ðàçðóøåíèåì îòäåëüíûõ ìèêðîîáúåìîâ ïîêðûòèÿ, ÷òî ïðèâîäèò ê îáðàçîâàíèþ
çîíû õðóïêîé ïîâðåæäàåìîñòè â ðàéîíå îòïå÷àòêà, âêëþ÷àþùåé âñåâîçìîæíûå íàðó-
øåíèÿ îäíîðîäíîñòè (ðèñ.2).

Ìîæíî ïðåäïîëîæèòü, ÷òî â ðåçóëüòàòå ðàçëè÷èÿ ìîäóëåé óïðóãîñòè ïîêðûòèÿ è
ïîäëîæêè ðàñïðåäåëåíèÿ íàïðÿæåíèé è äåôîðìàöèé íåîäíîðîäíû óæå íà ñòàäèè óïðó-
ãîãî äåôîðìèðîâàíèÿ ìàòåðèàëîâ. Êîíöåíòðàöèÿ íàïðÿæåíèé âáëèçè ãðàíèöû ðàçäåëà
¾ïîêðûòèå-ïîäëîæêà¿ óñèëèâàåòñÿ ïðè ïëàñòè÷åñêîì òå÷åíèè ïîäëîæêè, êîãäà â ñòàëü-
íîé îñíîâå çàðîæäàþòñÿ ïåðâûå ïëàñòè÷åñêèå ñäâèãè.

Äëÿ èññëåäîâàíèÿ âÿçêîóïðóãèõ ñâîéñòâ îáðàçöîâ ïðèìåíÿëñÿ äîâîëüíî øèðîêî èñ-
ïîëüçóåìûé â íàñòîÿùåå âðåìÿ ìåòîä äèíàìè÷åñêîãî ìåõàíè÷åñêîãî àíàëèçà (ÄÌÀ) [8].
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Òðåõòî÷å÷íûì ìåòîäîì íà äèíàìè÷åñêîì ìåõàíè÷åñêîì àíàëèçàòîðå áûëè ïðîâåäåíû
èçìåðåíèÿ ìîäóëÿ óïðóãîñòè èñõîäíîé ñòàëè áåç ïîêðûòèÿ è ñ ïîêðûòèåì ðàçíîé òîë-
ùèíû ïðè êîìíàòíîé òåìïåðàòóðå è ïîñòîÿííîé ÷àñòîòå ïðè ðàçëè÷íîé íàãðóçêå. Â ïðî-
öåññå èñïûòàíèÿ çíà÷åíèå ñòàòè÷åñêîé ñèëû ôèêñèðîâàëîñü, îíî ñîñòàâëÿëî Fs=0,1H,
à âåëè÷èíà äèíàìè÷åñêîé íàãðóçêè èçìåíÿëàñü â äèàïàçîíå îò 0,04Í äî 6Í. Âðåìÿ
èñïûòàíèÿ ïðè êàæäîé íàãðóçêå ñîñòàâëÿëî 20 ìèíóò.

Ðèñ. 3: Çàâèñèìîñòü ìîäóëÿ óïðóãîñòè îáðàçöîâ îò íàãðóçêè ïðè òîëùèíå ïîêðûòèÿ 5
ìêì.

Ðèñ. 4: Çàâèñèìîñòü ìîäóëÿ óïðóãîñòè îáðàçöîâ îò íàãðóçêè ïðè òîëùèíå ïîêðûòèÿ 10
ìêì.

Ïðè îáðàáîòêå èñõîäíûõ ýêñïåðèìåíòàëüíûõ äàííûõ áûëè ïîëó÷åíû çàâèñèìîñòè
ñðåäíåãî çíà÷åíèÿ ìîäóëåé óïðóãîñòè îáðàçöîâ îò ïðèêëàäûâàåìîé â ïðîöåññå èñïû-
òàíèÿ íàãðóçêè íà ïóàíñîí. Òàê íà ðèñóíêå 3 è 4 ïðåäñòàâëåíû çàâèñèìîñòè ìîäóëÿ
óïðóãîñòè èñõîäíîé ñòàëè è ñ ïîêðûòèåì íèòðèäà òèòàíà òîëùèíîé 5 ìêì è 10 ìêì
ñîîòâåòñòâåííî. Èç ãðàôèêîâ âèäíî, ÷òî óïðî÷íÿþùåå ïîêðûòèå íèòðèäà òèòàíà âëè-
ÿåò íà ìîäóëü óïðóãîñòè ñèñòåìû ¾ïîäëîæêà � ïîêðûòèå¿ äî îïðåäåëåííîé íàãðóçêè.
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Â çàâèñèìîñòè îò òîëùèíû ïîêðûòèÿ, çíà÷åíèÿ ìîäóëåé óïðóãîñòè ëèáî ïðàêòè÷åñêè
ñîâïàäàþò ñî çíà÷åíèÿìè äëÿ èñõîäíîé ïîäëîæêè (ðèñ. 3), ëèáî áëèçêè ê íèì (ðèñ.4).

Ïîëó÷åííûå ðåçóëüòàòû ïîçâîëÿþò ãîâîðèòü î òîì, ÷òî ìåòîä äèíàìè÷åñêîãî ìåõà-
íè÷åñêîãî àíàëèçà ïîçâîëÿåò çàôèêñèðîâàòü óïðî÷íÿþùåå âëèÿíèå ïîêðûòèÿ íèòðèäà
òèòàíà ïî èçìåíåíèþ ìîäóëÿ óïðóãîñòè ñèñòåìû ¾ïîäëîæêà � ïîêðûòèå¿ ïî ñðàâíåíèþ
ñ èñõîäíîé ñòàëüíîé ïîäëîæêîé. Äëÿ îáðàçöîâ ñ ïîêðûòèåì äàííàÿ âåëè÷èíà âûøå,
÷åì äëÿ èñõîäíûõ ñòàëüíûõ îáðàçöîâ, õîòÿ ðàçáðîñ çíà÷åíèé ìîäóëÿ óïðóãîñòè ïðè
ìàëûõ íàãðóçêàõ äîâîëüíî çíà÷èòåëüíûé. Â ïåðâîì ñëó÷àå äëÿ èñõîäíîé ïîäëîæêè îí
ñîñòàâëÿåò îò 190 äî 212 ÃÏà, à äëÿ ñòàëè ñ ïîêðûòèåì òîëùèíîé 5 ìêì � îò 208 äî
230 ÃÏà. Âî-âòîðîì ñëó÷àå, äëÿ ïîäëîæêè ðàçáðîñ çíà÷åíèé ñîñòàâëÿåò îò 186 äî 210
ÃÏà, à äëÿ îáðàçöà ñ ïîêðûòèåì òîëùèíîé 10 ìêì � îò 198 äî 238 ÃÏà.

Âûâîäû. Òàêèì îáðàçîì, äàííûå èññëåäîâàíèÿ ïîêàçûâàþò, ÷òî ïîêðûòèå íèòðè-
äà òèòàíà çàäåðæèâàåò ïðîöåññû ïëàñòè÷åñêîé äåôîðìàöèè ïîâåðõíîñòíûõ ñëîåâ íà
ìèêðîóðîâíå, î ÷åì ñâèäåòåëüñòâóåò óâåëè÷åíèå ìèêðîòâåðäîñòè ïðè ìàëûõ íàãðóç-
êàõ íà èíäåíòîð. Ïðè ýòîì, óïðî÷íÿþùåå ïîêðûòèå íèòðèäà òèòàíà âëèÿåò íà ìîäóëü
óïðóãîñòè ñèñòåìû ¾ïîêðûòèå-ïîäëîæêà¿ äî îïðåäåëåííîé íàãðóçêè. Â çàâèñèìîñòè
îò òîëùèíû ïîêðûòèÿ, çíà÷åíèÿ ìîäóëåé óïðóãîñòè ëèáî ïðàêòè÷åñêè ñîâïàäàþò ñî
çíà÷åíèÿìè äëÿ èñõîäíîé ïîäëîæêè, ëèáî áëèçêè ê íèì.

Èññëåäîâàíèÿ âûïîëíåíû ñ èñïîëüçîâàíèåì îáîðóäîâàíèÿ Öåíòðà êîëëåêòèâíîãî
ïîëüçîâàíèÿ ¾Äèàãíîñòèêà ñòðóêòóðû è ñâîéñòâ íàíîìàòåðèàëîâ¿ ÍÈÓ ¾ÁåëÃÓ¿
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Abstract.The article presents the results of investigation of the in�uence of titanium
nitride coatings obtained by vacuum - arc method on the elastic modulus and micro-hardness
of "substrate - coating"systems. It is shown that the coating of titanium nitride retains the
processes of surface layers of plastic deformation at micro level, as evidenced by an increase
in the microhardness at low loads, the indenter and the change of the modulus of elasticity
in the system during testing.

Keywords: Dynamic Mechanical Analysis, microindentation, vacuum- arc method, the
coating of titanium nitride.

ÑÂÅÄÅÍÈß ÎÁ ÀÂÒÎÐÀÕ

Äðó÷èíèíà Î. À. � êàíäèäàò ôèçèêî-ìàòåìàòè÷åñêèõ íàóê, ñòàðøèé íàó÷íûé ñî-
òðóäíèê ëàáîðàòîðèè ìåõàíè÷åñêèõ èñïûòàíèé Öåíòðà êîëëåêòèâíîãî ïîëüçîâàíèÿ íà-
ó÷íûì îáîðóäîâàíèåì ¾Äèàãíîñòèêà ñòðóêòóðû è ñâîéñòâ íàíîìàòåðèàëîâ¿ ÍÈÓ¾ÁåëÃÓ¿

Õàð÷åíêî Â. À. - ìëàäøèé íàó÷íûé ñîòðóäíèê íàó÷íî-èññëåäîâàòåëüñêîé ëàáîðàòî-
ðèè ïðîáëåì ðàçðàáîòêè è âíåäðåíèÿ èîííî-ïëàçìåííûõ òåõíîëîãèé ÍÈÓ ¾ÁåëÃÓ¿
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Çàðÿäîâî-÷óâñòâèòåëüíàÿ æèäêîêðèñòàëëè÷åñêàÿ ðåøåòêà â ñòðóêòóðå
Si/íåìàòèê/ITO

Â.Á. Åëøàíñêèé∗, Ñ.È Êó÷ååâ, Þ.Ñ. Òó÷èíà
Áåëãîðîäñêèé ãîñóäàðñòâåííûé íàöèîíàëüíûé èññëåäîâàòåëüñêèé óíèâåðñèòåò,

308015, ã. Áåëãîðîä, óë. Ïîáåäû 85, e-mail: kucheev@bsu.edu.ru
∗Lucent Technogies-Chezara, Ltd. Îäèíöîâà 25, ã. ×åðíèãîâ 14030, Óêðàèíà

Àííîòàöèÿ. Â ðàáîòå ïîêàçàíî, ÷òî øèðèíà îáåäíåííîãî ñëîÿ â êðåìíèè ìîæåò êîí-
òðîëèðîâàòüñÿ ñïåöèôè÷åñêèì îòâåòîì ñòðóêòóðû Si/íåìàòèê/ITO â âèäå ôîðìèðîâà-
íèÿ äèôðàêöèîííîé ðåøåòêè â ñëîå æèäêîãî êðèñòàëëà. Ðåøåòêà ôîðìèðóåòñÿ âñëåä-
ñòâèè ôîðìèðîâàíèÿ ïåðèîäè÷åñêîãî ïîòåíöèàëà íà ïîâåðõíîñòè êðåìíèÿ, â êîòîðîì
ìåòîäàìè ôîòîëèòîãðàôèè è ëåãèðîâàíèÿ ñôîðìèðîâàíû íå îáåäíÿþùèåñÿ ýëåìåíòû
ñîîòâåòñòâóþùåé ãëóáèíû, êîòîðûå çàäàþò ïåðèîä ðåøåòêè. Òî÷íîå çíàíèå ïîëîæåíèÿ
óðîâíÿ ãðàíèöû îáåäíåíèÿ êðåìíèÿ ïîçâîëÿåò ïðîâåñòè îöåíêó ïîâåðõíîñòíîãî çàðÿäà.

Êëþ÷åâûå ñëîâà: êðåìíèé, ýôôåêò ïîëÿ, íåìàòèê, äèôðàêöèîííàÿ ðåøåòêà.

Ââåäåíèå. Ìîäóëÿöèÿ ïîâåðõíîñòíîé ïðîâîäèìîñòè ïîëóïðîâîäíèêà (íèæå êðåì-
íèé) âíåøíèì ýëåêòðè÷åñêèì ïîëåì (ýôôåêò ïîëÿ) èãðàåò ÷ðåçâû÷àéíî âàæíóþ ðîëü â
ïîëóïðîâîäíèêîâûõ ïðèáîðàõ. Îáû÷íî, ðåæèì îáåäíåíèÿ îñíîâíûìè íîñèòåëÿìè çàðÿ-
äà èíäóöèðóåòñÿ ýëåêòðè÷åñêèì ïîëåì ìåòàëëè÷åñêîãî ýëåêòðîäà (çàòâîð), íà êîòîðûé
ïîäàåòñÿ ïîòåíöèàë ñìåùåíèÿ, çíàê ïîëÿðíîñòè êîòîðîãî ñîîòâåòñòâóåò òèïó ïðîâîäè-
ìîñòè êðåìíèÿ [1]. Îäíàêî ýëåêòðè÷åñêîå ïîëå ìîæåò èíäóöèðîâàòüñÿ òàêæå äðóãèì
ñïîñîáîì, íàïðèìåð âñòðîåííûì çàðÿäîì â äèýëåêòðèêå (ôëåø ïàìÿòü), èîíàìè âîäî-
ðîäà â âîäíûõ ðàñòâîðàõ (ñåíñîðû pH) è ò.ä., ÷òî ïîçâîëÿåò çíà÷èòåëüíî ðàñøèðèòü
ôóíêöèîíàëüíûå âîçìîæíîñòè ïðèáîðîâ íà ýôôåêòå ïîëÿ.

Òî÷íîå çíàíèå øèðèíû îáåäíåííîãî ñëîÿ â ïîëóïðîâîäíèêå ìîãëî áû ïîçâîëèòü ðå-
ãèñòðèðîâàòü âåëè÷èíó ïîâåðõíîñòíîãî çàðÿäà, ÷òî îòêðûëî áû âîçìîæíîñòü êîíòðî-
ëèðîâàòü çàðÿäîâûå ïðîöåññû íà ïîâåðõíîñòè, íàïðèìåð, ïðîòåêàþùèå â áèîëîãè÷åñêè
àêòèâíûõ ìîëåêóëàõ, ÷àñòî èñïîëüçóåìûõ â êà÷åñòâå îðèåíòàíòîâ æèäêîãî êðèñòàëëà.
Îäíàêî â áîëüøèíñòâå ñîâðåìåííûõ ïðèáîðîâ, ôóíêöèîíèðóþùèõ íà ýôôåêòå ïîëÿ,
íåïîñðåäñòâåííûé êîíòðîëü øèðèíû îáåäíåííîãî ñëîÿ íå âûïîëíÿåòñÿ, à èçìåðÿåòñÿ
èíòåãðàëüíûé òîê ìåæäó ñòîêîì è èñòîêîì.

Ïðåäìåòîì ïðåäñòàâëÿåìîé ðàáîòû ÿâëÿåòñÿ äåìîíñòðàöèÿ æê ïðèáîðà, ïðèíöèï
ôóíêöèîíèðîâàíèÿ êîòîðîãî îñíîâàí íà ðåãèñòðàöèè îòíîñèòåëüíîãî ðàñïîëîæåíèÿ ãðà-
íèöû îáåäíåíèÿ â êðåìíèè è ãëóáèíû íå îáåäíÿþùèõñÿ ýëåìåíòîâ, â âèäå ôîðìèðîâà-
íèÿ ðåøåòêè â æê ñëîå, à òàêæå ïðîäåìîíñòðèðîâàíî, ÷òî óïðàâëåíèå ðåøåòêîé (âêëþ-
÷åíèå è âûêëþ÷åíèå) ìîæåò îñóùåñòâëÿòüñÿ èîííûì çàðÿäîì, ëîêàëèçîâàííûì ó ïî-
âåðõíîñòè êðåìíèÿ.

Ýêñïåðèìåíò. Íåñìîòðÿ íà î÷èñòêó æê ìàòåðèàëîâ â íèõ îñòàåòñÿ íåêîòîðîå êî-
ëè÷åñòâî èîíîâ, ïðîèñõîæäåíèå êîòîðûõ ñâÿçàíî ñ äèññîöèàöèåé èëè ýëåêòðîäèññîöè-
àöèåé ìîëåêóë, à òàêæå èíæåêöèåé ýëåêòðîíîâ èç ýëåêòðîäà ñ îáðàçîâàíèåì èîíîâ [2].
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Â ýëåêòðè÷åñêèõ ïîëÿõ âîçìîæíû ïðîöåññû ïðîñòðàíñòâåííîãî ðàçäåëåíèÿ è íàêîïëå-
íèÿ èîíîâ ó ïîâåðõíîñòè âñëåäñòâèè ýëåêòðîìèãðàöèè èîíîâ ñ ðàçíûì çíàêîì ýëåê-
òðè÷åñêîãî çàðÿäà, ÷òî, êàê èçâåñòíî, ìîæåò íåãàòèâíî ñêàçûâàòüñÿ [3, 4] íà èñïîëü-
çóåìûå ýëåêòðîîïòè÷åñêèå ýôôåêòû â ïðèáîðàõ îòîáðàæåíèÿ è îáðàáîòêè îïòè÷åñêîé
èíôîðìàöèè (äèñïëåè, ìîäóëÿòîðû ñâåòà è ò.ä.), òàê è öåëåíàïðàâëåííî èñïîëüçîâàòüñÿ
äëÿ ìîäóëÿöèè ñâåòà. Ðàññìîòðèì ñòðóêòóðó Si/LC/ITO ñ áîëüøèì ÷èñëîì ïàðàëëåëü-
íûõ âûñîêîëåãèðîâàííûõ n+ êàðìàíîâ, âûïîëíåííûõ ôîòîëèòîãðàôè÷åñêèì ìåòîäîì
â êðåìíèè n - òèïà ïðîâîäèìîñòè. Â Si îáðàçöå, êîòîðûé èñïîëüçîâàëñÿ â ðàáîòå, øè-
ðèíà îòäåëüíîãî êàðìàíà áûëà 4 ìêì, à ðàññòîÿíèå ìåæäó ñîñåäíèìè êàðìàíàìè îêîëî
15 ìêì, ïðè ãëóáèíå H ëåãèðîâàíèÿ äîíîðíîé ïðèìåñüþ îêîëî 1-1,5 ìêì, ðèñ.1 [5].

à) á)

Ðèñ. 1: Ñõåìàòè÷åñêèé âèä ñòðóêòóðû Si/LC/ITO. H � ãëóáèíà âûñîêîëåãèðîâàííûõ
n+ êàðìàíîâ, L � ãðàíèöà îáåäíåííîãî ñëîÿ, LC � íåìàòè÷åñêèé æèäêèé êðèñòàëë.
à � ïåðèîäè÷åñêîå ðàñïðåäåëåíèå äèðåêòîðà (ðåøåòêà). á � îäíîðîäíîå ðàñïðåäåëåíèå
äèðåêòîðà (ðåøåòêè íåò).

Ðåôåðåíòíàÿ ïîâåðõíîñòü ITO ïðåäñòàâëÿëà ñîáîé ïðîçðà÷íûé ýëåêòðîä, ïîêðûòûé
ïîëèèìèäíîé ïëåíêîé, íàòåðòîé â îäíîì íàïðàâëåíèè äëÿ ôîðìèðîâàíèÿ ïëàíàðíîé
îðèåíòàöèè æèäêîãî êðèñòàëëà 5ÑÂ (Ìîíîêðèñòàëëðåàêòèâ, Õàðüêîâ). Òîëùèíà æê
ñëîÿ ñîñòàâëÿëà 5 ìêì. Ïîâåðõíîñòü êðåìíèÿ êàêîé-ëèáî äîïîëíèòåëüíîé îáðàáîòêå íå
ïîäâåðãàëàñü. Áëàãîäàðÿ ïðàêòè÷åñêîìó îòñóòñòâèþ ðåëüåôà íà ïîâåðõíîñòè êðåìíèÿ,
êîòîðûé íå ïðåâûøàåò 2 � 3 íì [6], è å¼ ôèçèêî-õèìè÷åñêîé îäíîðîäíîñòè, îðèåíòàöèÿ
æê ìîëåêóë íà ïîâåðõíîñòè êðåìíèÿ îäíîðîäíà, è êàêîãî ëèáî ïðèñóòñòâèÿ ïåðèîäè÷-
íîñòè â èñõîäíîé îðèåíòàöèè ìîëåêóë æê íå íàáëþäàåòñÿ. Ýòî îçíà÷àåò, ÷òî äèôðàê-
öèåé ìîæíî ïðåíåáðå÷ü ïðè îáëó÷åíèè òàêîé ïîâåðõíîñòè êðåìíèÿ è ñëîÿ æê íà íåé
êîãåðåíòíûì ñâåòîì.

Èîííûé çàðÿä ó ïîâåðõíîñòè êðåìíèÿ, ïðîèñõîæäåíèå êîòîðîãî ìîæåò áûòü ñâÿ-
çàíî ñ íàêîïëåíèåì, àäñîðáöèåé (êàê â ïðîöåññå ñáîðêè æê ÿ÷åéêè, òàê â ïðîöåññå å¼
ñòàðåíèÿ) ñ ïîâåðõíîñòíîé ïëîòíîñòüþ σ ôîðìèðóåò ýëåêòðè÷åñêîå ïîëå Es = σ/2εε0,
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(1). Ïîâåðõíîñòíîå ïîëå ìîæåò âûçâàòü ðÿä ýôôåêòîâ [7, 8] ñ âîçíèêíîâåíèåì ëåãêîé
îñè îðèåíòèðîâàíèÿ, à òàêæå âûçâàòü èçìåíåíèå ïîâåðõíîñòíîé ïðîâîäèìîñòè êðåìíèÿ.
Ïîä äåéñòâèåì ñóììàðíîãî ýëåêòðè÷åñêîãî ïîëÿ îò ITO ýëåêòðîäà è ïîëÿ (1) èîííîãî
çàðÿäà ïðè ñîîòâåòñòâóþùåé ïîëÿðíîñòè, ïîâåðõíîñòíûé ñëîé â êðåìíèè îáåäíÿåòñÿ
îñíîâíûìè íîñèòåëÿìè çàðÿäà íà ãëóáèíó L. Ãëóáèíà îáåäíåíèÿ îïðåäåëÿåòñÿ ñîãëàñíî
âûðàæåíèÿ [1].

L =

√
2ε1ε0(−2 | φn | +U)

eNd

(1)

ãäå U - ïðèëîæåííîå ê êðåìíèþ íàïðÿæåíèå; Nd - êîíöåíòðàöèÿ äîíîðíîé ïðèìåñè
â êðåìíèè; ε1 - äèýëåêòðè÷åñêàÿ ïðîíèöàåìîñòü êðåìíèÿ ( 10). Ïîâåðõíîñòíûé ïîòåí-
öèàë äàåòñÿ âûðàæåíèåì φn = kT

e
lnNd

ni
, ãäå ni - ñîáñòâåííàÿ êîíöåíòðàöèÿ íîñèòåëåé â

êðåìíèè [1] ( 1010cm−3) ; k - êîýôôèöèåíò Áîëüöìàíà è T - òåìïåðàòóðà. Â ðàññìàòðè-
âàåìîé êðåìíèåâîé ñòðóêòóðå êîíöåíòðàöèÿ äîíîðîâ ðàâíà N+

d ∼ 10191/cm3 â êàðìàíàõ
è Nd ∼ 10151/cm3 íà èñõîäíûõ ó÷àñòêàõ êðåìíèÿ ñîîòâåòñòâåííî. Èç âûðàæåíèÿ (2) ìû
ìîæåì ïîëó÷èòü, ÷òî äëÿ òèïè÷íî ïðèëîæåííîãî ê ñòðóêòóðå íàïðÿæåíèÿ (íå áîëåå
÷åì 5Â), L ∼ 0, 01µm â n+ êàðìàíàõ è L ∼ 1µm äëÿ èñõîäíîãî êðåìíèÿ ñîîòâåòñòâåííî.
Ïîýòîìó ìû ìîæåì ïðåíåáðå÷ü îáåäíåíèåì â n+ êàðìàíàõ, òîãäà êàê ïîâåðõíîñòü èñ-
õîäíîãî êðåìíèÿ îáåäíÿåòñÿ. ×àñòü âíåøíåãî íàïðÿæåíèÿ ïàäàåò íà îáåäíåííîì ñëîå,
ïîýòîìó íà ïîâåðõíîñòè êðåìíèÿ ôîðìèðóåòñÿ ïåðèîäè÷åñêîå ðàñïðåäåëåíèå ïîòåíöè-
àëà, ÷òî â ñâîþ î÷åðåäü âûçûâàåò ïåðèîäè÷åñêîå ðàñïðåäåëåíèå äèðåêòîðà ñ ïåðèîäîì
çàäàííûì ðàñïîëîæåíèåì êàðìàíîâ íà ïîâåðõíîñòè êðåìíèÿ, ðèñ. 1à.

Òàêèì îáðàçîì, ðåøåòêà â æê ñëîå ôîðìèðóåòñÿ, åñëè L< H (ðèñ. 2) è îòñóòñòâóåò
ïðè L>H (ðèñ.1á) èëè êîãäà L∼0 (êðåìíèé íå îáåäíåí). Ó÷èòûâàÿ, ÷òî ãðàíèöà ëåãè-
ðîâàíèÿ â íèæíåé ÷àñòè êàðìàíà ìîæåò áûòü íå ðåçêîé, ìû äîïóñêàåì, ÷òî ïîÿâëåíèå
ðåøåòêè áóäåò èìåòü ìåñòî ïðè ìåíüøåé øèðèíå îáåäíåííîãî ñëîÿ L â ñèëó âîçìîæíî-
ñòè îáåäíåíèÿ n+ êàðìàíà â íèæíåé åãî ÷àñòè.

Ðàñïðåäåëåíèå èîííîãî çàðÿäà ó ïîâåðõíîñòè êðåìíèÿ èìååò ýêñïîíåíöèàëüíóþ ôîð-
ìó [9]. Ïî÷òè âñå èîíû â ýòîì ñëó÷àå áóäóò ëîêàëèçîâàíû â ñëîå ðàâíîì íåñêîëüêèõ
Äåáàåâñêèõ äëèí ýêðàíèðîâàíèÿ,[10], ãäå q - çàðÿä èîíà è n - êîíöåíòðàöèÿ èîíîâ (â
æê). Ìû ïîëàãàåì, ÷òî èìåííî ýòîò èîííûé çàðÿä â ýòîì ñëîå èíäóöèðóåò îáåäíåííûé
ñëîé L â êðåìíèè ïîñðåäñòâîì ýôôåêòà ïîëÿ.

Åñëè ïðåäâàðèòåëüíî íà ÿ÷åéêó äåéñòâîâàëî ïîñòîÿííîå íàïðÿæåíèå ñ ïîëÿðíîñòüþ
+ U îòíîñèòåëüíî êðåìíèÿ, ó ïîâåðõíîñòè êðåìíèÿ äîëæåí íàêîïèòüñÿ èîííûé çàðÿä
ñ îòðèöàòåëüíûì çíàêîì, êîòîðûé ïîñðåäñòâîì ýôôåêòà ïîëÿ áóäåò îáåäíÿòü ïîâåðõ-
íîñòü êðåìíèÿ íà íåêîòîðóþ ãëóáèíó L. Åñëè ïîñëå ïåðåêëþ÷åíèÿ íà òåñòèðóþùåå ïå-
ðåìåííîå íàïðÿæåíèå â æê ñëîå ðåøåòêà íå ôîðìèðóåòñÿ, ýòî îçíà÷àåò, ÷òî L ðàñïîëàãà-
åòñÿ ãëóáæå H. Îäíàêî ÷åðåç íåêîòîðûé ïðîìåæóòîê âðåìåíè, ïðè êîòîðîì ïðîèñõîäèò
ðåëàêñàöèÿ èçáûòî÷íîãî èîííîãî çàðÿäà, ðåøåòêà íà÷èíàåò ôîðìèðîâàòüñÿ. Íàëè÷èå
èëè îòñóòñòâèå îáåäíåííîãî ñëîÿ â êðåìíèè, êîãäà ðåøåòêà â ñëîå æê íå íàáëþäàåòñÿ,
ïðîâåðÿåòñÿ òåñòèðîâàíèåì ñâåòî÷óâñòâèòåëüíîñòè ñòðóêòóðû. Î÷åâèäíî, ðåãèñòðàöèÿ
ñâåòî÷óâñòâèòåëüíîñòè îçíà÷àåò, ÷òî ïðèïîâåðõíîñòíûé ñëîé êðåìíèÿ îáåäíåí. Íà ðèñ.3
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Ðèñ. 2: Äèôðàêöèîííàÿ ðåøåòêà, ñôîðìèðîâàííàÿ â ñëîå æèäêîãî êðèñòàëëà â ñòðóê-
òóðå Si/LC/ITO. Òåñòèðóþùåå íàïðÿæåíèå 4,5 Â. ×àñòîòà 105 Ãö.

ïðåäñòàâëåíû êðèâûå, ñîîòâåòñòâóþùèå âðåìåíè ïîÿâëåíèÿ ðåøåòêè â æê ñëîå ïîñëå
ïåðåêëþ÷åíèÿ ñ ïîñòîÿííîãî íà òåñòèðóþùåå íàïðÿæåíèå. Õîðîøî âèäíî, ÷òî âðåìÿ
ïîÿâëåíèÿ ðåøåòêè çàâèñèò îò äëèòåëüíîñòè äåéñòâèÿ è âåëè÷èíû ïîñòîÿííîãî íàïðÿ-
æåíèå, ïðè êîòîðîì èäåò ïðîöåññ íàêîïëåíèÿ èîííîãî çàðÿäà ó ïîâåðõíîñòè êðåìíèÿ.
Ýòî ïîäòâåðæäàåò, ÷òî èîííûé çàðÿä, íàêîïëåííûé ó ïîâåðõíîñòè êðåìíèÿ, îêàçûâà-
åò âëèÿíèå íà ñòåïåíü îáåäíåíèÿ êðåìíèÿ. Ìû ïîëàãàåì, ÷òî â ìîìåíò ôîðìèðîâàíèÿ
ðåøåòêè â ñëîå æèäêîãî êðèñòàëëà óðîâåíü L äîñòèãàåò ãëóáèíû H êàðìàíîâ ñíèçó.
Çíàíèå òî÷íîé ïîçèöèè óðîâíÿ îáåäíåííîãî ñëîÿ ïîçâîëÿåò îïðåäåëèòü ïîâåðõíîñòíóþ
ïëîòíîñòü çàðÿäà σ.

Ïðè êîìíàòíîé òåìïåðàòóðå ïîâåðõíîñòíûé ïîòåíöèàë φ(z) îïðåäåëÿåòñÿ èç óðàâ-
íåíèÿ Ïóàññîíà:

∂2φ(z)

∂z2
=
∂φ(z)

∂L2
D

(2)

ãäå LD =
√

kTε1ε0
2ne2

Äåáàåâñêàÿ äëèíà äëÿ êðåìíèÿ (äëÿ èñõîäíîãî êðåìíèÿ LD ∼ 0,1

ìêì).
Ðåøåíèå ýòîãî óðàâíåíèÿ åñòü φ(z) = A · exp(−z/LD). Ìû ðàññìàòðèâàåì ýëåê-

òðè÷åñêîå ïîëå Es ïðîíèêàþùåå â êðåìíèé, ïîýòîìó â âûðàæåíèè (1) ïðèìåì, ÷òî

ε = ε1. Èñïîëüçóÿ (1) êàê ãðàíè÷íîå óñëîâèå è Es = −∂φ(0)
∂z

= +A/LD ìû ïîëó÷àåì,
÷òî A = σLD/ε1ε0. Âåëè÷èíà À (â âîëüòàõ) ïðèâîäèò ê çíà÷åíèþ ∼ Ns × 1, 6 × 10−12

[ãäå Ns â 1/cm2]. Èñïîëüçóÿ âûðàæåíèå (2) è ïðèíèìàÿ âî âíèìàíèå, ÷òî U = A, ìû
ìîæåì íàéòè, ÷òî äëÿ ôîðìèðîâàíèÿ îáåäíåííîãî ñëîÿ òîëùèíîé L ðàâíîé ãëóáèíå n+
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Ðèñ. 3: Âðåìÿ ïîÿâëåíèÿ (ôîðìèðîâàíèÿ) ðåøåòêè â æê ñëîå â ñòðóêòóðå Si/LC/ITO
îò äëèòåëüíîñòè äåéñòâèÿ ïîñòîÿííîãî íàïðÿæåíèÿ ñ ïîëÿðíîñòüþ +U îòíîñèòåëüíî
êðåìíèÿ. Òåñòèðóþùåå íàïðÿæåíèå (4,5 Â, 105 Ãö).

êàðìàíîâ (H∼1 ìêì) ïîâåðõíîñòíàÿ ïëîòíîñòü èîíîâ äîëæíà áûòü Ns = 10121/cm2.Ns

íàõîäèòñÿ â õîðîøåì ñîãëàñèè ñ [11], â êîòîðîé îöåíêà ïîâåðõíîñòíîé ïëîòíîñòè çàðÿäà
âûïîëíåíà äðóãèì ìåòîäîì.
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Charge-sensitive liquid crystal grating in Si/nematic/ITO structure
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Abstract.In the work it is shown that the width of depleted layer in silicon can be
manifested and analyzed by speci�c reaction of Si/nematic/ITO structure via the formation
of di�raction grating in liquid crystal layer. The di�raction grating is due to the formation
of periodical surface electric potential because of existing the no depleted elements in silicon
which are obtained by photolithographic and doping methods. These so called pockets with
certain depth sets the period of di�raction grating. Exact knowledge of position of depleted
layer in silicon allows to estimate the surface charge in liquid crystal structure.

Keywords: silicon, �eld e�ect, nematic, di�raction grating.
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Âçàèìîäåéñòâèå âûñîêîýíåðãåòè÷åñêèõ ïó÷êîâ áûñòðûõ ýëåêòðîíîâ ñ
êîíñòðóêöèîííûì ìåòàëëîêîìïîçèöèîííûì ìàòåðèàëîì íà îñíîâå

àëþìîñîäåðæàùåé ìàòðèöû

Þ.Ì. Áîíäàðåíêî, Ï.Â. Ìàòþõèí, Â.È. Ïàâëåíêî
Áåëãîðîäñêèé ãîñóäàðñòâåííûé òåõíîëîãè÷åñêèé óíèâåðñèòåò èì. Â.Ã. Øóõîâà,

308012, ã. Áåëãîðîä, óë. Êîñòþêîâà, 46

Àííîòàöèÿ. Èçó÷åíû ôèçè÷åñêèå ïðîöåññû âçàèìîäåéñòâèÿ ïó÷êîâ áûñòðûõ ýëåê-
òðîíîâ ñ ðàäèàöèîííî-çàùèòíûìè ýêðàíàìè. Â êà÷åñòâå ìèøåíè èñïîëüçîâàí êîíñòðóê-
öèîííûé ìåòàëëîêîìïîçèöèîííûé ìàòåðèàë, ñ ðàçðàáîòàííûì ðàíåå ñîñòàâîì, íà îñíî-
âå àëþìîñîäåðæàùåé ìàòðèöû, íàïîëíåííîé âûñîêîäèñïåðñíûìè ìîäèôèöèðîâàííûìè
îêñèäàìè æåëåçà è âèñìóòà. Îáùåå ñîäåðæàíèå íàïîëíèòåëÿ â ìåòàëëîêîìïîçèöèîííîì
ìàòåðèàëå ñîñòàâëÿëî 60%. Â ðàáîòå ïðèâåäåíû ðàñ÷åòíûå ðåçóëüòàòû ïî ìîäåëèðîâà-
íèþ âçàèìîäåéñòâèÿ âûñîêîýíåðãåòè÷åñêèõ ïó÷êîâ áûñòðûõ ýëåêòðîíîâ ñ ðàññìàòðè-
âàåìîé ìèøåíüþ ñ ïðèìåíåíèåì îðèãèíàëüíîé ïðîãðàììû, ðàçðàáîòàííîé íà áàçå áèá-
ëèîòåêè ¾GEANT4¿. Äëÿ îöåíêè ñðàâíèòåëüíûõ ïàðàìåòðîâ ïàðàëëåëüíî ïðîâîäèëèñü
ðàñ÷åòû ñ êîíñòðóêöèîííîé ñòàëüþ ìàðêè Ñò3. Äëÿ êîíñòðóêöèîííîãî ìåòàëëîêîìïî-
çèöèîííîãî ìàòåðèàëà íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû òåîðåòè÷åñêè îïðåäåëåí
ýôôåêòèâíûé ïðîáåã ýëåêòðîíîâ ñ Å = 1 - 5 ÌýÂ ïðè ôëþåíñå 1016 ýëåêòðîíîâ/ñì2, à
òàê æå ãëóáèíà ìàêñèìàëüíîé êîíöåíòðàöèè íàêîïëåííîé äîçû, êîýôôèöèåíòû îòðà-
æåíèÿ è ïîãëîùåíèÿ. Ïðîâåäåí ñðàâíèòåëüíûé àíàëèç ðåçóëüòàòîâ, òåîðåòè÷åñêè ðàñ-
ñ÷èòàííûõ ïî ìåòîäó Ìîíòå-Êàðëî, ñ ýêñïåðèìåíòàëüíî ïîëó÷åííûìè äàííûìè.

Êëþ÷åâûå ñëîâà: ýëåêòðîíû, ðàäèàöèîííî-çàùèòíûé ýêðàí, ìåòàëëîêîìïîçèöè-
îííûé ìàòåðèàë, ðàñ÷åòíàÿ ìîäåëü, àëþìîñîäåðæàùàÿ ìàòðèöà, ìåòîä Ìîíòå-Êàðëî,
GEANT4

Ââåäåíèå. Ðàäèàöèîííî-çàùèòíûé ýêðàí � ýòî èíæåíåðíûé áàðüåð, ïðåäñòàâëÿ-
þùèé ñîáîé ïåðåäâèæíîé èëè ñòàöèîíàðíûé ùèò, îáåñïå÷èâàþùèé ïîãëîùåíèå ëèáî
îñëàáëåíèå èíòåíñèâíîñòè ïîòîêà âûñîêîýíåðãåòè÷åñêîãî èçëó÷åíèÿ â îïðåäåëåííîì íà-
ïðàâëåíèè [1].

Âûÿâëåíèå îñîáåííîñòåé ðàäèàöèîííûõ ïðîöåññîâ, ïðîòåêàþùèõ ïðè ïðîõîæäåíèè
÷àñòèö âûñîêèõ ýíåðãèé ÷åðåç çàùèòíûé ýêðàí, ÿâëÿåòñÿ âàæíåéøåé ïðîáëåìîé ðàäè-
àöèîííîé ôèçèêè è õèìèè ðàäèàöèîííî-çàùèòíûõ ìàòåðèàëîâ, ïîñêîëüêó ðàçëè÷íûå
êîíöåíòðèðîâàííûå ïîòîêè ýíåðãèé íà ïîâåðõíîñòíûå ñëîè ìàòåðèàëà ïðèâîäÿò ê ãåíå-
ðàöèè áîëüøîãî êîëè÷åñòâà äåôåêòîâ, îáðàçîâàíèþ ìåòàñòàáèëüíûõ ôàç è òåðìîîêèñ-
ëèòåëüíîé äåñòðóêöèè [2, 3].

Ýëåêòðîííûé ïó÷îê ÿâëÿåòñÿ ýêîëîãè÷åñêè ÷èñòûì ýíåðãîíîñèòåëåì, äàþùèì âîç-
ìîæíîñòü ââîäèòü â îáúåì îáðàáàòûâàåìîãî ìàòåðèàëà áîëüøîå êîëè÷åñòâî ýíåðãèè çà
ìàëîå âðåìÿ, ðåçêî ìåíÿÿ åãî ñîñòîÿíèå. Ýëåêòðîííûé ïó÷îê ñîçäàåò áîëüøèå ãðàäè-
åíòû ýëåêòðè÷åñêîãî ïîëÿ, âûçûâàþùèå ýëåêòðè÷åñêèå ïðîáîè ïî ãðàíèöàì çåðåí, ÷òî
ìîæåò ïðèâîäèòü ê ðàçóïðî÷íåíèþ ìàòåðèàëà ïî ãðàíèöàì ôàç [2 - 4].
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Â íàñòîÿùåå âðåìÿ äëÿ ìîäåëèðîâàíèÿ âçàèìîäåéñòâèÿ èîíèçèðóþùåãî èçëó÷åíèÿ,
â òîì ÷èñëå âûñîêîýíåðãåòè÷åñêèõ ïó÷êîâ áûñòðûõ ýëåêòðîíîâ, ñî ñëîæíûìè îáúåê-
òàìè ïðèìåíÿþò ðàçðàáîòàííûé â Åâðîïåéñêîì öåíòðå ÿäåðíûõ èññëåäîâàíèé (ÖÅÐÍ)
ïàêåò êîìïüþòåðíûõ ïðîãðàìì ¾GEANT4¿, îñíîâàííûé íà ñòàòèñòè÷åñêîì ïðÿìîì ìî-
äåëèðîâàíèè ìåòîäîì Ìîíòå-Êàðëî (ìåòîä ñëó÷àéíûõ èñïûòàíèé) [5].

Â äàííîé ðàáîòå ïðåäñòàâëåíà îöåíêà çàùèòíîãî ýôôåêòà, à òàê æå ýêñïåðèìåí-
òàëüíûå è ðàñ÷åòíûå äàííûå âçàèìîäåéñòâèÿ âûñîêîýíåðãåòè÷åñêèõ ïó÷êîâ áûñòðûõ
ýëåêòðîíîâ ñ êîíñòðóêöèîííûì ìåòàëëîêîìïîçèöèîííûì ìàòåðèàëîì íà îñíîâå àëþ-
ìîñîäåðæàùåé ìàòðèöû.

Öåëü èññëåäîâàíèÿ. Èçó÷èòü âîçìîæíîñòü ïðèìåíåíèÿ îðèãèíàëüíîé ïðîãðàì-
ìû, ðàçðàáîòàííîé íà áàçå áèáëèîòåêè ¾GEANT4¿ [6, 7], ê çàäà÷àì ðàñ÷åòíîãî ìîäåëè-
ðîâàíèÿ ðàñïðåäåëåíèÿ áûñòðûõ ýëåêòðîíîâ â êîíñòðóêöèîííîì ìåòàëëîêîìïîçèöèîí-
íîì ìàòåðèàëå èçâåñòíîãî ñîñòàâà. Äëÿ îöåíêè ñðàâíèòåëüíûõ ïàðàìåòðîâ ïàðàëëåëüíî
ïðîèçâåñòè ðàñ÷åòû ñ êîíñòðóêöèîííîé ñòàëüþ ìàðêè Ñò3.

Äëÿ ìèøåíè ïðåäñòàâëåííîé êîíñòðóêöèîííûì ìåòàëëîêîìïîçèöèîííûì ìàòåðèà-
ëîì íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû ïðîâåñòè ñðàâíèòåëüíûé àíàëèç ðåçóëüòàòîâ,
òåîðåòè÷åñêè ðàññ÷èòàííûõ ïî ìåòîäó Ìîíòå-Êàðëî, ñ ýêñïåðèìåíòàëüíî ïîëó÷åííûìè
äàííûìè.

Ìàòåðèàëû è ìåòîäû èññëåäîâàíèÿ. Â êà÷åñòâå ìèøåíè èñïîëüçîâàí êîíñòðóê-
öèîííûé ìåòàëëîêîìïîçèöèîííûé ìàòåðèàë íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû, íà-
ïîëíåííîé âûñîêîäèñïåðñíûìè ìîäèôèöèðîâàííûìè îêñèäàìè æåëåçà è âèñìóòà. Ñî-
äåðæàíèå íàïîëíèòåëÿ â ìåòàëëîêîìïîçèöèîííîì ìàòåðèàëå ñîñòàâëÿëî 60 %. Ðàíåå
áûëî óñòàíîâëåíî, ÷òî äàííûé ñîñòàâ ÿâëÿåòñÿ îïòèìàëüíûì äëÿ èñïîëüçîâàíèÿ ýòîãî
ìàòåðèàëà â óñëîâèÿõ çíàêîïåðåìåííûõ òåìïåðàòóð è âîçäåéñòâèÿ àãðåññèâíûõ ñðåä [8
- 10].

Ìåòîä Ìîíòå-Êàðëî èñïîëüçîâàí äëÿ ðàñ÷åòà ðàñïðåäåëåíèÿ áûñòðûõ ýëåêòðîíîâ
â êîíñòðóêöèîííîì ìåòàëëîêîìïîçèöèîííîì ìàòåðèàëå. Äëÿ ýòîãî ïðèìåíÿëè îðèãè-
íàëüíóþ ïðîãðàììó, ðàçðàáîòàííóþ íà áàçå èçâåñòíîé áèáëèîòåêè ¾GEANT4¿ [6, 7].

Â êà÷åñòâå èñõîäíûõ äàííûõ áûëè ïðèíÿòû ñëåäóþùèå óñëîâèÿ: ãåîìåòðè÷åñêàÿ ìè-
øåíü � îáðàçåö êîíñòðóêöèîííîãî ìåòàëëîêîìïîçèöèîííîãî ìàòåðèàëà íà îñíîâå àëþ-
ìîñîäåðæàùåé ìàòðèöû, èçãîòîâëåííûé â ôîðìå öèëèíäðà äèàìåòðîì 25 ìì è òîë-
ùèíîé 8 ìì; ìîíîýíåðãåòè÷åñêèé ïó÷îê èç 500 ýëåêòðîíîâ (Å = 1 � 5 ÌýÂ) ñå÷åíèåì
20×20 ìì, ïàäàþùèé íà ìèøåíü ïî íîðìàëè ïîâåðõíîñòè. Ïî íîðìàëè ïîâåðõíîñòè
ìåòàëëîêîìïîçèöèîííûé ìàòåðèàë ðàçáèâàëñÿ íà 100 îòðåçêîâ ðàâíîé äëèíû (ïî 0,08
ìì). Åñëè ïðè ïðîõîæäåíèè ÷åðåç âåùåñòâî ýëåêòðîí òåðÿë ýíåðãèþ, òî ïîòåðÿííóþ
ýíåðãèþ íà êàæäîì øàãå ðàñ÷åòíîãî ìîäåëèðîâàíèÿ, çàïèñûâàëè â ÿ÷åéêó ñ íîìåðîì,
ñîîòâåòñòâóþùèì êîîðäèíàòå äàííîé ÷àñòèöû. Òàêèì îáðàçîì, îáðàáàòûâàëèñü äàííûå
ïî âñåì âûïóùåííûì ýëåêòðîíàì.

Äëÿ ïîëó÷åíèÿ ýêñïåðèìåíòàëüíûõ äàííûõ îáðàçåö ðàññìàòðèâàåìîãî êîíñòðóêöè-
îííîãî ìåòàëëîêîìïîçèöèîííîãî ìàòåðèàëà îáëó÷àëè â ïó÷êå áûñòðûõ ýëåêòðîíîâ íà
ëèíåéíîì óñêîðèòåëå ÈÌÅÒ ÐÀÍ (ã.Ìîñêâà). Ýíåðãèÿ ïó÷êà â èñïûòàíèÿõ îò 1 äî 5
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ÌýÂ. Ìîùíîñòü äîçû 0,4 � 0,7 êÃð/ñ. Ïëîòíîñòü òîêà íà îáðàçöå � 0,20- 0,33 ìêÀ/ñì2.
Ôëþåíñ ýëåêòðîíîâ äî 1016 ýëåêòðîíîâ/ ñì2. Çà îáëó÷àåìûì îáðàçöîì âïëîòíóþ ê åãî
âíåøíåé ïîâåðõíîñòè çàêðåïëÿëè äîçèìåòð, êîòîðûé áûë ýêðàíèðîâàí îò ïîïàäàíèÿ
ýëåêòðîíîâ, ðàññåÿííûõ â êîíñòðóêöèè óñêîðèòåëÿ. ×óâñòâèòåëüíûì ýëåìåíòîì äîçè-
ìåòðà ñëóæèë àëìàçíûé äåòåêòîð, ïðåäñòàâëÿþùèé ñîáîé ïëàñòèíó ïëîùàäüþ 0,25 ñì2

è òîëùèíîé 300 ìêì ñ íàïûëåíèåì íà ïëîñêîé ïîâåðõíîñòè äèñêà çàïèðàþùèì è èí-
æåêòèðóþùèì êîíòàêòàìè.

Ðåçóëüòàòû è èõ îáñóæäåíèå. Çàêîíîìåðíîñòè ïðîõîæäåíèÿ áûñòðûõ ýëåêòðî-
íîâ â òÿæåëûõ ñðåäàõ îáóñëîâëåíû ìíîãîêðàòíûìè ïðîöåññàìè óïðóãèõ è íåóïðóãèõ
âçàèìîäåéñòâèé, îïðåäåëÿþùèõ èõ ãëóáèíó ïðîíèêíîâåíèÿ â çàùèòó [4]. Ïðè ïðîõîæ-
äåíèè ÷åðåç âåùåñòâî ýëåêòðîíû (β-÷àñòèöû) ëåãêî ðàññåèâàþòñÿ â âåùåñòâå, â ñâÿçè ñ
÷åì, èõ òðàåêòîðèÿ â 1,5 - 4 ðàçà ïðåâûøàåò ïðîéäåííóþ òîëùèíó ñëîÿ âåùåñòâà. Ïî-
ýòîìó ïðîáåãîì β-÷àñòèö äàííîé ýíåðãèè â âåùåñòâå íàçûâàþò íå äëèíó òðàåêòîðèè, à
ìèíèìàëüíóþ òîëùèíó ïîãëîòèòåëÿ, ïðè êîòîðîé ïðàêòè÷åñêè ïîëíîñòüþ çàäåðæèâà-
þòñÿ âñå ýëåêòðîíû íà÷àëüíîãî ïîòîêà [11].

Ïðè âûáîðå íàèáîëåå ïðèåìëåìûõ âàðèàíòîâ è ñîîòâåòñòâóþùèõ ïàðàìåòðîâ îáëó-
÷åíèÿ íåîáõîäèìî îïðåäåëèòü ðàñïðåäåëåíèå ïîëÿ ïîãëîùåííûõ äîç â ïëîñêîñòè ïîïå-
ðå÷íîãî ñå÷åíèÿ ìàòåðèàëà [7].

Ðàñ÷åòíàÿ ìîäåëü ðàñïðåäåëåíèÿ âûñîêîýíåðãåòè÷åñêèõ ïó÷êîâ áûñòðûõ ýëåêòðîíîâ
â êîíñòðóêöèîííîì ìåòàëëîêîìïîçèöèîííîì ìàòåðèàëå íà îñíîâå àëþìîñîäåðæàùåé
ìàòðèöû è êîíñòðóêöèîííîé ñòàëè ìàðêè Ñò3.

Íà ðèñ. 1 ïðåäñòàâëåíî ãðàôè÷åñêîå ðàñïðåäåëåíèå ìîùíîñòè äîçû ïî ãëóáèíå êîí-
ñòðóêöèîííîãî ìåòàëëîêîìïîçèöèîííîãî ìàòåðèàëà íà îñíîâå àëþìîñîäåðæàùåé ìàò-
ðèöû è êîíñòðóêöèîííîé ñòàëè ìàðêè Ñò3 âäîëü íàïðàâëåíèÿ îáëó÷åíèÿ ýëåêòðîííûì
ïó÷êîì ñ E = 1 -5 ÌýÂ, ðàññ÷èòàííîå íà áàçå áèáëèîòåêè ¾GEANT4¿ (÷èñëî ðàçûãðû-
âàåìûõ ÷àñòèö 10−3).

Íà ðèñ. 1 íàáëþäàåòñÿ ýêñòðåìàëüíûé õàðàêòåð ðàñïðåäåëåíèÿ ïîãëîùåííîé äîçû
ïî òîëùèíå ðàññìàòðèâàåìûõ ìàòåðèàëîâ. Äëÿ ïó÷êà ýëåêòðîíîâ ñ ýíåðãèÿìè 3 � 5
ÌýÂ ïîëîñà ìàêñèìóìà óøèðÿåòñÿ è îõâàòûâàåò áîëåå ãëóáîêèå ñëîè, ïî ñðàâíåíèþ
ñ ýíåðãèåé ýëåêòðîíîâ 1 ÌýÂ. Ïîÿâëåíèå ìàêñèìóìà ÿâëÿåòñÿ ðåçóëüòàòîì ïðîöåññà
èîíèçàöèè â ìàññå îáëó÷àåìûõ ìàòåðèàëîâ. Ðàçâèòèå ýòîãî ïðîöåññà ñâÿçàíî ñ ïîâûøå-
íèåì ïëîòíîñòè èîíèçàöèè ñðåäû çà ñ÷åò îáðàòíîãî ðàññåÿíèÿ âòîðè÷íûõ ýëåêòðîíîâ íà
áîëüøèõ ãëóáèíàõ, ÷òî ïðèâîäèò ê ðîñòó ïîãëîùåííîé äîçû èçëó÷åíèÿ. Ñïàä íà êðèâûõ
ðàñïðåäåëåíèÿ ïåðåäàííîé ýíåðãèè îáúÿñíÿåòñÿ ïîãëîùåíèåì è ðàññåÿíèåì ýëåêòðîíîâ.

Ðåçóëüòàòû ðàñ÷åòîâ ïîêàçûâàþò (ðèñ. 1), ÷òî ãëóáèíà êîíöåíòðàöèè ìàêñèìàëüíîé
íàêîïëåííîé ýíåðãèè â êîíñòðóêöèîííîì ìåòàëëîêîìïîçèöèîííîì ìàòåðèàëå âäîëü íà-
ïðàâëåíèÿ îáëó÷åíèÿ ïó÷êîì ýëåêòðîíîâ ñ Å = 1 ÌýÂ ñîñòàâëÿåò 0,24 ìì; ñ ýíåðãåòèêîé
3 ÌýÂ ñîñòàâëÿåò 1,2 ìì; ñ ýíåðãåòèêîé 5 ÌýÂ ñîîòâåòñòâåííî 2 ìì. Äëÿ ñòàëè ìàê-
ñèìàëüíàÿ íàêîïëåííàÿ ýíåðãèÿ ïðè îáëó÷åíèè ýëåêòðîíàìè ñ Å = 1 ÌýÂ ñîñòàâëÿåò
0,24 ìì; ñ E = 3 ÌýÂ ñîñòàâëÿåò 0,8 ìì; ñ Å = 5 ÌýÂ ñîîòâåòñòâåííî 2 ìì.

Íà ðèñ.2 ïðèâåäåíà íàãëÿäíàÿ ìîäåëü ðàñïðåäåëåíèÿ ìîíîýíåðãåòè÷åñêîãî ïó÷êà
ýëåêòðîíîâ ñ ÷èñëîì ÷àñòèö � 500 è ýíåðãèÿìè Å = 1 � 5 ÌýÂ ïî ãëóáèíå êîíñòðóêöè-
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Ðèñ. 1: Ðàñ÷åòíîå ðàñïðåäåëåíèå ïîãëîùåííîé äîçû D(R) ïî ãëóáèíå êîíñòðóêöèîííîãî
ìåòàëëîêîìïîçèöèîííîãî ìàòåðèàëà íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû (1 - 3) è
êîíñòðóêöèîííîé ñòàëè Ñò3 (4 - 6) äëÿ ýëåêòðîíîâ ñ ýíåðãèåé: 1 � 1 ÌýÂ; 2 � 3 ÌýÂ; 3
� 5 ÌýÂ; 4 � 1 ÌýÂ; 5 � 3 ÌýÂ; 6 � 5 ÌýÂ.

îííîãî ìåòàëëîêîìïîçèöèîííîãî ìàòåðèàëà íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû (à,
á, â) è êîíñòðóêöèîííîé ñòàëè (ã, ä, å), îñóùåñòâëÿåìàÿ ïðè ïîìîùè ïðîãðàììíîãî
êîìïëåêñà íà áàçå áèáëèîòåêè ¾GEANT4¿ (êðàñíûé öâåò � ýëåêòðîíû, çåëåíûé öâåò �
òîðìîçíîå èçëó÷åíèå). Âèäíî, ÷òî ïóòü ýëåêòðîíîâ ñîñòîèò èç îòðåçêîâ, îïðåäåëÿåìûõ
ðàññòîÿíèåì ìåæäó äâóìÿ ïîñëåäîâàòåëüíûìè àêòàìè óïðóãîãî ðàññåÿíèÿ ïðè àòîìíîì
ñòîëêíîâåíèè. Òðàåêòîðèÿ ïó÷êà ýëåêòðîíîâ ïîñëå ðàññåèâàíèÿ ñòàíîâèòñÿ íàñòîëüêî
ñëîæíîé, ÷òî íàïîìèíàåò ïðîöåññ äèôôóçèè ÷àñòèö â âåùåñòâå. Àáñîëþòíàÿ ãëóáèíà
ïðîíèêíîâåíèÿ ýëåêòðîíîâ â ìàòåðèàëå îêàçûâàåòñÿ íàìíîãî ìåíüøå, ÷åì ïîëíûé ïóòü
äî òîðìîæåíèÿ, îïðåäåëÿåìûé èîíèçàöèîííûìè è îò÷àñòè ðàäèàöèîííûìè ïîòåðÿìè.

Èç ðàñ÷åòíûõ êðèâûõ ðàñïðåäåëåíèÿ ïîãëîùåííîé äîçû ïî ãëóáèíå (ðèñ.1), è ðå-
çóëüòàòîâ ìîäåëèðîâàíèÿ ïðîõîæäåíèÿ ìîíîýíåðãåòè÷åñêîãî ïó÷êà èç 500 ýëåêòðîíîâ
(ðèñ.2), ñëåäóåò, ÷òî ýôôåêò ïîãëîùåíèÿ ýëåêòðîíîâ íàèáîëåå âûðàæåí ó êîíñòðóê-
öèîííîãî ìåòàëëîêîìïîçèöèîííîãî ìàòåðèàëà íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû.
Ïðè îäèíàêîâûõ ýíåðãèÿõ îáëó÷åíèÿ ýôôåêòèâíûé ïðîáåã ýëåêòðîíîâ â ìåòàëëîêîì-
ïîçèöèîííîì ìàòåðèàëå íåçíà÷èòåëüíî áîëüøå ýôôåêòèâíîãî ïðîáåãà ýëåêòðîíîâ â ñòà-
ëè. Ïîñêîëüêó, ïëîòíîñòü êîíñòðóêöèîííîãî ìåòàëëîêîìïîçèöèîííîãî ìàòåðèàëà (ρ =
3848 êã/ì3) [8, 9] â 2 ðàçà ìåíüøå ïëîòíîñòè êîíñòðóêöèîííîé ñòàëè (ρ = 7860 êã/ì3)
[12], òî ìîæíî ãîâîðèòü î òîì, ÷òî êîíñòðóêöèîííûé ìåòàëëîêîìïîçèöèîííûé ìàòåðè-
àë íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû â 2 ðàçà ýôôåêòèâíåå, ÷åì ñòàëü, òàê êàê ïðè
îäèíàêîâîé òîëùèíå çàùèòû ìàññà ðàäèàöèîííî-çàùèòíîãî ýêðàíà èç ìåòàëëîêîìïî-
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a) á) â)

ã) ä) å)

Ðèñ. 2: Ðàñ÷åòíîå ðàñïðåäåëåíèå ìîíîýíåðãåòè÷åñêîãî ïó÷êà ýëåêòðîíîâ ÷åðåç êîí-
ñòðóêöèîííûé ìåòàëëîêîìïîçèöèîííûé ìàòåðèàë íà îñíîâå àëþìîñîäåðæàùåé ìàòðè-
öû (à, á, â) è êîíñòðóêöèîííîé ñòàëè Ñò3 (ã, ä, å) ñ ýíåðãèåé: à - 1 ÌýÂ, á - 3 ÌýÂ, â -
5 ÌýÂ, ã � 1 ÌýÂ, ä � 3 ÌýÂ, å � 5 ÌýÂ.

çèöèîííîãî ìàòåðèàëà áóäåò â 2 ðàçà ìåíüøå, ÷åì ìàññà ýêðàíà, ñäåëàííîãî èç ñòàëè.
Ñ óâåëè÷åíèåì ýíåðãèè ýëåêòðîíîâ îò 1 ÌýÂ äî 5 ÌýÂ ïðîèñõîäèò óâåëè÷åíèå ðà-

äèàöèîííûõ ïîòåðü ýòîé ýíåðãèè, êàê ñëåäñòâèå, è òîðìîçíîå èçëó÷åíèå ñòàíîâèòñÿ
áîëåå èíòåíñèâíûì. Ïðè îáëó÷åíèè ïó÷êîì ýëåêòðîíîâ ñ Å =1 ÌýÂ, îñíîâíàÿ ìàññà
ýëåêòðîíîâ â ìàòåðèàëå (ðèñ.2. à è ã) è èõ òîðìîçíîå èçëó÷åíèå ñîõðàíÿþò íàïðàâëå-
íèå äâèæåíèÿ ïåðâè÷íîãî ïó÷êà ýëåêòðîíîâ. Ïðè îáëó÷åíèè ñ Å= 5 ÌýÂ (ðèñ. 2. â è
å), ðàññåÿíèÿ íàñòîëüêî èíòåíñèâíûå, ÷òî íàáëþäàåìûé ïîòîê ýëåêòðîíîâ è êâàíòîâ
òîðìîçíîãî èçëó÷åíèÿ, ðàññåÿííûõ íà 180 ãðàäóñîâ, ñîñòàâëÿåò çíà÷èòåëüíóþ äîëþ îò
ïåðâè÷íîãî ïîòîêà ýëåêòðîíîâ.

Ðàñ÷åòíîå ðàñïðåäåëåíèå ìîíîýíåðãåòè÷åñêîãî ïó÷êà ýëåêòðîíîâ íàãëÿäíî ïîêàçû-
âàåò (ðèñ. 2 â è ðèñ. 2 å), ÷òî èíòåíñèâíîñòü òîðìîçíîãî èçëó÷åíèÿ â êîíñòðóêöèîííîì
ìåòàëëîêîìïîçèöèîííîì ìàòåðèàëå íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû ìåíüøå, ÷åì
â êîíñòðóêöèîííîé ñòàëè, ñëåäîâàòåëüíî, è ìåíåå ýôôåêòèâíî ãåíåðèðóåòñÿ â ìåòàë-
ëîêîìïîçèöèîííîì ìàòåðèàëå æåñòêîå ýëåêòðîìàãíèòíîå èçëó÷åíèå, îáëàäàþùåå áîëü-
øîé ïðîíèêàþùåé ñïîñîáíîñòüþ, ÷åì â ñòàëè.

Ðàäèàöèîííûå èñïûòàíèÿ êîíñòðóêöèîííîãî ìåòàëëîêîìïîçèöèîííîãî ìàòåðèàëà íà
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îñíîâå àëþìîñîäåðæàùåé ìàòðèöû â ïó÷êàõ áûñòðûõ ýëåêòðîíîâ.
Ýêñïåðèìåíòàëüíûå ðåçóëüòàòû ïî ðàñïðåäåëåíèþ ìîùíîñòè äîçû ïî ãëóáèíå îá-

ðàçöà ìåòàëëîêîìïîçèöèîííîãî ìàòåðèàëà íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû âäîëü
íàïðàâëåíèÿ îáëó÷åíèÿ, ãäå ìîùíîñòü äîçû çà îáðàçöîì D îòíåñåíà ê íà÷àëüíîé ìîù-
íîñòè ïîãëîùåííîé äîçû D0, ïðåäñòàâëåíû íà ðèñ.3. Ïðè îáðàáîòêå ïó÷êîì óñêîðåííûõ
ýëåêòðîíîâ ðàçëè÷íîé ýíåðãèè îäèíàêîâàÿ äîçà äîñòèãàåòñÿ íà ãëóáèíå, êîòîðàÿ â ïðè-
áëèæåíèè ïðÿìî ïðîïîðöèîíàëüíà ýíåðãèè ýëåêòðîíîâ â îáëàñòè 1 - 5 ÌýÂ.

Ðèñ. 3: Ðàñïðåäåëåíèå ïîãëîùåííîé äîçû ïî ãëóáèíå êîíñòðóêöèîííîãî ìåòàëëîêîìïî-
çèöèîííîãî ìàòåðèàëà íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû äëÿ ýëåêòðîíîâ ñ ýíåðãè-
ÿìè 1 � 5 ÌýÂ.

Äëÿ ñîçäàíèÿ áîëüøåé ðàâíîìåðíîñòè îáëó÷åíèÿ âûïîëíåíî äâóõñòîðîííåå îáëó-
÷åíèå îáðàçöà ìåòàëëîêîìïîçèöèîííîãî ìàòåðèàëà. Íà ðèñ. 4. ïðåäñòàâëåíû ðåçóëü-
òàòû ðàñïðåäåëåíèÿ äîçû D(R) ïî ãëóáèíå îáðàçöà êîíñòðóêöèîííîãî ìåòàëëîêîìïî-
çèöèîííîãî ìàòåðèàëà íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû, îáëó÷åííîãî ñ äâóõ ñòî-
ðîí ïó÷êîì áûñòðûõ ýëåêòðîíîâ ñ Å = 3 ÌýÂ. Òåîðåòè÷åñêè ðàññ÷èòàííûå ïî ìåòîäó
Ìîíòå-Êàðëî ðåçóëüòàòû (ðèñ. 1) ñîãëàñóþòñÿ ñ ýêñïåðèìåíòàëüíî ïîëó÷åííûìè äàí-
íûìè (ðèñ. 3, ðèñ. 4).

Îöåíêà çàùèòíîãî ýôôåêòà ïðè ïðîõîæäåíèè âûñîêîýíåðãåòè÷åñêèõ ïó÷êîâ áûñò-
ðûõ ýëåêòðîíîâ ÷åðåç êîíñòðóêöèîííûé ìåòàëëîêîìïîçèöèîííûé ìàòåðèàë íà îñíîâå
àëþìîñîäåðæàùåé ìàòðèöû Ðåçóëüòàòû ìàòåìàòè÷åñêèõ ðàñ÷åòîâ èçìåíåíèÿ êîýôôè-
öèåíòîâ îòðàæåíèÿ, ïîãëîùåíèÿ ýëåêòðîíîâ ðàçëè÷íîé ýíåðãèè, èõ ýôôåêòèâíîãî ïðî-
áåãà, à òàê æå ãëóáèíû êîíöåíòðàöèè ìàêñèìàëüíîé äîçû äëÿ êîíñòðóêöèîííîãî ìå-
òàëëîêîìïîçèöèîíîãî ìàòåðèàëà íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû ïðåäñòàâëåíû
â òàáëèöå 1.

Ðåçóëüòàòû ðàñ÷åòîâ (òàáë. 1) ïîêàçàëè, ÷òî äîñòàòî÷íî â øèðîêîì ýíåðãåòè÷åñêîì
ñïåêòðå 82 � 97 % ýëåêòðîíîâ ïðèõîäèòñÿ íà ïîãëîùåíèå â êîíñòðóêöèîííîì ìåòàë-
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Ðèñ. 4: Ðàñïðåäåëåíèå ïîãëîùåííîé äîçû D(h) ïî ãëóáèíå êîíñòðóêöèîííîãî ìåòàëëî-
êîìïîçèöèîííîãî ìàòåðèàëà íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû, îáëó÷åííîãî: 1- ñ
îäíîé ñòîðîíû; 2 � ñ äðóãîé; 3 � ñ äâóõ ñòîðîí.

Òàáëèöà 1: Ðàñ÷åòíûå ïàðàìåòðû ðàñïðåäåëåíèÿ ýëåêòðîíîâ â ïîâåðõíîñòíûõ ñëîÿõ
êîíñòðóêöèîííîãî ìåòàëëîêîìïîçèöèîííîãî ìàòåðèàëà íà îñíîâå àëþìîñîäåðæàùåé
ìàòðèöû

Ýíåðãèÿ Ýôôåêòèâ- Ãëóáèíà êîíöåí- Êîýôôèöèåíòû
ýëåêòðî- íûé ïðîáåã òðàöèè ìàêñè- Îòðàæåíèÿ Ïîãëîùåíèÿ
íîâ, ÌýÂ ýëåêòðîíîâ, ìàëüíî äîçû, ïî ïî ïî ïî

ìì ìì ýíåðãèè ÷àñòèöàì ýíåðãèè ÷àñòèöàì
1 1,6 0,24 0,17642 0,176 0,82358 0,824
3 4,64 1,2 0,0538 0,1 0,9462 0,9
5 7,92 2 0,024696 0,058 0,975304 0,942

ëîêîìïîçèöèîííîì ìàòåðèàëå íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû, ïðè÷åì ñ âîçðàñ-
òàíèå ýíåðãèè ýëåêòðîííîãî ïó÷êà ýôôåêò îòðàæåíèÿ óìåíüøàòñÿ. Äëÿ ýëåêòðîíîâ ñ
ýíåðãèåé ≥ 3 ÌýÂ ãëóáèíà êîíöåíòðàöèè ìàêñèìàëüíîé äîçû çàìåòíî óâåëè÷èâàåòñÿ.
Ïðè ýíåðãèè 1 ÌýÂ êîýôôèöèåíò îòðàæåíèÿ ïî ýíåðãèè âûøå, ÷åì ïî ÷àñòèöàì, à
äëÿ áîëüøèõ ýíåðãèé ýòî ñîîòíîøåíèå ìåíÿåòñÿ â îáðàòíóþ ñòîðîíó. Ýòî ñâÿçàíî ñ
ïðåîáëàäàíèåì íåóïðóãîãî âçàèìîäåéñòâèÿ ýëåêòðîíîâ ñ àòîìàìè âåùåñòâà, à òàê æå
÷àñòè÷íîé ïîòåðåé ýíåðãèåé â ïîâåðõíîñòíûõ ñëîÿõ è âûëåòîì çà ïðåäåëû îáðàçöà çà
ñ÷åò îáðàòíîãî ðàññåèâàíèÿ.

Âûâîäû. Ïðè îáëó÷åíèè ïó÷êàìè áûñòðûõ ýëåêòðîíîâ ðàçëè÷íîé ýíåðãèè â ìå-
òàëëîêîìïîçèöèîííîì ìàòåðèàëå îäèíàêîâàÿ äîçà äîñòèãàåòñÿ ïî ãëóáèíå, êîòîðàÿ â
ïðèáëèæåíèè ïðÿìî ïðîïîðöèîíàëüíà ýíåðãèè ýëåêòðîíîâ â îáëàñòè 1 � 5 ÌýÂ.

Ïðè ýíåðãèÿõ ýëåêòðîííîãî îáëó÷åíèÿ äî 5 ÌýÂ ýôôåêò ïîãëîùåíèÿ ýëåêòðîíîâ
íàèáîëåå âûðàæåí ó êîíñòðóêöèîííîãî ìåòàëëîêîìïîçèöèîííîãî ìàòåðèàëà íà îñíîâå
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àëþìîñîäåðæàùåé ìàòðèöû, ÷åì ó ñòàëè ìàðêè Ñò3. Äëÿ áûñòðûõ ýëåêòðîíîâ ñ ýíåðãè-
åé äî 5 ÌýÂ 82 � 97 % ýíåðãåòè÷åñêèõ ÷àñòèö ïðèõîäèòüñÿ íà ïîãëîùåíèå â êîíñòðóêöè-
îííîì ìåòàëëîêîìïîçèöèîííîì ìàòåðèàëå íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû. Ïðè
ýíåðãèÿõ âûøå 1 ÌýÂ âîçðàñòàþò ïðîöåññû íåóïðóãîãî âçàèìîäåéñòâèÿ ýëåêòðîíîâ ñ
àòîìàìè âåùåñòâà çà ñ÷åò ÷åãî, àëüáåäî ïî ýíåðãèè ñòàíîâèòñÿ ìåíüøå, ÷åì ïî ÷àñòèöàì.
Òàê æå íàáëþäàåòñÿ ýêñòðåìàëüíûé õàðàêòåð ðàñïðåäåëåíèÿ ïîãëîùåííîé äîçû ýëåê-
òðîííîãî îáëó÷åíèÿ ïî òîëùèíå êîíñòðóêöèîííîãî ìåòàëëîêîìïîçèöèîííîãî ìàòåðèàëà
è ñ óâåëè÷åíèåì ýíåðãèè ýëåêòðîííîãî ïó÷êà ïîëîñà ìàêñèìóìà óøèðÿåòñÿ. Ïîñêîëü-
êó, ïëîòíîñòü êîíñòðóêöèîííîãî ìåòàëëîêîìïîçèöèîííîãî ìàòåðèàëà â 2 ðàçà ìåíüøå
ïëîòíîñòè ñòàëè, òî ìîæíî ãîâîðèòü î òîì, ÷òî êîíñòðóêöèîííûé ìåòàëëîêîìïîçèöèîí-
íûé ìàòåðèàë íà îñíîâå àëþìîñîäåðæàùåé ìàòðèöû â 2 ðàçà ýôôåêòèâíåå, ÷åì ñòàëü,
òàê êàê ïðè îäèíàêîâîé òîëùèíå çàùèòû ìàññà ðàäèàöèîííî-çàùèòíîãî ýêðàíà èç ìå-
òàëëîêîìïîçèöèîííîãî ìàòåðèàëà áóäåò â 2 ðàçà ìåíüøå, ÷åì ìàññà ýêðàíà, ñäåëàííîãî
èç ñòàëè.

Ïðè îáëó÷åíèè ýëåêòðîííûì ïó÷êîì ñ Å= 5 ÌýÂ èíòåíñèâíîñòü òîðìîçíîãî èçëó-
÷åíèÿ â êîíñòðóêöèîííîì ìåòàëëîêîìïîçèöèîííîì ìàòåðèàëå íà îñíîâå àëþìîñîäåð-
æàùåé ìàòðèöû ìåíüøå, ÷åì â ñòàëè ìàðêè Ñò3, ñëåäîâàòåëüíî, è ìåíåå ýôôåêòèâíî
ãåíåðèðóåòñÿ â ðàññìàòðèâàåìîì ìåòàëëîêîìïîçèöèîííîì ìàòåðèàëå æåñòêîå ýëåêòðî-
ìàãíèòíîå èçëó÷åíèå, îáëàäàþùåå áîëüøîé ïðîíèêàþùåé ñïîñîáíîñòüþ, ÷åì â ñòàëè.
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Interaction of high-energy beam of fast electrons with constructional
metallokompozition material based on matrix aluminum

P.V. Matyukhin, Y.M. Bondarenko, V.I. Pavlenko
Belgorod Shukhov State Technology University, Kostukova St. 46, Belgorod,

308012, Russia

Abstract. The physical processes of the interaction of fast electron beams with radiation
protective shields. The target was material used in constructional metallokompozition material
with the previously developed composition based on the matrix aluminum �lled with �nely-
modi�ed iron oxides and bismuth. Content of �ller in the metallokompozition material was
60%. The paper presents the results calculated by modeling the interaction of high-energy
beams of fast electrons with the target under consideration using the original program,
developed on the basis of library ¾GEANT4¿. To assess the comparative parameters were
calculated in parallel with structural steel grade St3. For constructional metallokompozition
material based on matrix aluminum theoretically de�ned e�ective range of the electrons
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with E = 1 - 5 MeV �uence 1016 elektronov/sm2, as well as the depth of the maximum
concentration of the accumulated dose, re�ection and absorption. A comparative analysis of
the results, the theoretically calculated by the Monte Carlo method, with the experimentally
obtained data.

Keywords: electrons, radiation protective screen, metallokompozition material, calculation
model, aluminum-matrix, Monte Carlo method, GEANT4.
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Ââåäåíèå. Èññëåäîâàíèå ïðîöåññà äâîéíèêîâàíèÿ â ðåàëüíûõ ìåòàëëàõ ñâÿçàíî ñ
ðÿäîì òðóäíîñòåé, íå äàþùèõ â ïîëíîé ìåðå ýêñïåðèìåíòàëüíî èññëåäîâàòü äàííûé
ôèçè÷åñêèé ïðîöåññ. Â ïåðâóþ î÷åðåäü ýòî ñâÿçàíî ñ âûñîêîé äèíàìèêîé è ñêà÷êîîá-
ðàçíîñòüþ ïðîõîæäåíèÿ ïðîöåññà çàðîæäåíèÿ è ðàçâèòèÿ äåôîðìàöèîííûõ äâîéíèêîâ
[1]. Êðîìå ýòîãî ñóùåñòâóþùèå ìåòîäû èññëåäîâàíèÿ åäèíè÷íûõ äâîéíèêîâûõ ïðîñëî-
åê ïðèìåíèìû äëÿ ìîíîêðèñòàëëè÷åñêèõ ýêñïåðèìåíòàëüíûõ îáðàçöîâ [2] è íå äàþò
âîçìîæíîñòè èññëåäîâàòü ïðîöåññ äâîéíèêîâàíèÿ â ïîëèêðèñòàëëè÷åñêèõ âåùåñòâàõ ñ
îòíîñèòåëüíî íåîäíîðîäíûì ðàñïðåäåëåíèåì äèñëîêàöèé è íåîïðåäåëåííîé êðèñòàëëè-
÷åñêîé îðèåíòàöèåé îòäåëüíûõ ôðàãìåíòîâ ñòðóêòóðû èññëåäóåìîãî ìåòàëëà. Ðåàëè-
çîâàííàÿ â äàííîé ðàáîòå ìåòîäèêà ñ ïðèìåíåíèåì àêóñòè÷åñêîé ýìèññèè ïîçâîëÿåò
ïîëó÷èòü ïðåäñòàâëåíèå îá èñòî÷íèêàõ äâîéíèêóþùèõ äèñëîêàöèé â ðåàëüíîì âðåìå-
íè ðàçâèòèÿ äåôîðìàöèîííûõ ïðîöåññîâ â îáúåìå êðèñòàëëè÷åñêîãî òåëà.

Îïèñàíèå ìåòîäèêè. Â êà÷åñòâå ìàòåðèàëà èññëåäîâàíèÿ èñïîëüçîâàëèñü ïðóòêè
òèòàíà, êîòîðûå ïðîêàòûâàëèñü íà ñòàíå ÂÝÌ-3 ÑÌ ïðè òåìïåðàòóðå 500◦Ñ ñ ñóììàð-
íîé ñòåïåíüþ îáæàòèÿ 75% è 15% îáæàòèÿ çà ïðîõîä. Ïîëó÷åííûå ïëàñòèíû îòæèãà-
ëèñü â âàêóóìå ïðè òåìïåðàòóðå 700◦Ñ â òå÷åíèå îäíîãî ÷àñà. Äëÿ ïîëó÷åíèÿ êëèíî-
âèäíûõ ìåõàíè÷åñêèõ äâîéíèêîâ èñïîëüçîâàëàñü ìåòîäèêà ìèêðîèíäåíòèðîâàíèÿ. Íà
ýëåêòðîïîëèðîâàííûõ îáðàçöàõ òèòàíà ïîñëå ÌÒÎ ñ ïîìîùüþ ìåòîäèêè EBSD-àíàëèçà
ñòðîèëàñü êàðòà ðàçîðèåíòèðîâîê (ðèñ.1).

Ïî ýòîé êàðòå íà ïîâåðõíîñòè òèòàíà íàõîäèëèñü çåðíà, îðèåíòàöèÿ êðèñòàëëè÷å-
ñêîé ðåøåòêè â êîòîðûõ ñîîòâåòñòâîâàëà ïëîñêîñòè (0001). Â îòìå÷åííûå çåðíà ñ ïî-
ìîùüþ ìèêðîòâåðäîìåðà ¾DÌ-8B¿ ïðîèçâîäèëîñü âäàâëèâàíèå àëìàçíîé ïèðàìèäêè ñ
ìèíèìàëüíîé íà÷àëüíîé íàãðóçêîé íà èíäåíòîð - 10ã. Ïðîèçâîäèëîñü ôîòîãðàôèðîâà-
íèå ïîâåðõíîñòè â çîíå îòïå÷àòêà, ïîñëå ÷åãî îñóùåñòâëÿëîñü ïîâòîðíîå èíäåíòèðîâà-
íèå â òî æå ìåñòî ñ áîëüøåé íàãðóçêîé (ïîñëåäîâàòåëüíî 25,50,10,200,300ã). Â ïðîöåññå
âíåäðåíèÿ èíäåíòîðà â ïîâåðõíîñòü îáðàçöà ðåãèñòðèðîâàëèñü ñèãíàëû ÀÝ, ÷òî ïîçâî-
ëèëî ïðîàíàëèçèðîâàòü äèíàìèêó îáðàçîâàíèÿ è ðàçâèòèÿ äåôîðìàöèîííûõ äåôåêòîâ,
â òîì ÷èñëå è äâîéíèêîâûõ.

Ïîëó÷åííûå ïîñëå èññëåäîâàíèÿ îáðàçöû ñ êëèíîâèäíûìè äâîéíèêàìè èññëåäîâà-
ëèñü ñ ïîìîùüþ çîíäîâîãî ìèêðîñêîïà ¾Integra Aura¿. Ïîëó÷åííûå ñ ïîìîùüþ ñêà-
íèðóþùåãî çîíäîâîãî ìèêðîñêîïà ðåçóëüòàòû (ÑÇÌ - èçîáðàæåíèÿ) èññëåäîâàëèñü ñ
ïîìîùüþ ïðîãðàììû ¾Nova¿. Ñòðîèëèñü ïðîôèëè ñå÷åíèÿ âäîëü è ïîïåðåê äâîéíèêî-
âîé ïðîñëîéêè, ïîñëå ÷åãî â òîé æå ïðîãðàììå èçìåðÿëèñü óãëû è ðàçìåðû äâîéíèêîâûõ
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Ðèñ. 1: Êàðòà ðàçîðèåíòèðîâîê îáðàçöà òèòàíà, ïðîøåäøåãî îòæèã ïðè òåìïåðàòóðå
700◦C.

ïðîñëîåê è ïðèëåãàþùèõ ê íèì çîí. Îòñíÿòûå îáðàçöû õèìè÷åñêè ïðîòðàâëèâàëèñü â
ðàñòâîðå: 2 ìë HNO3; 2 ìë HF; 96 ìë H2O â òå÷åíèå 15ñ. Ïîëó÷åííûå îáðàçöû ñíîâà èñ-
ñëåäîâàëèñü ñ ïîìîùüþ îïòè÷åñêîãî è çîíäîâîãî ìèêðîñêîïà. Îñóùåñòâëÿëàñü ñúåìêà
òåõ æå äâîéíèêîâ, ÷òî è äî òðàâëåíèÿ.

Èññëåäîâàíèå ìåòàëëîâ ïðîâîäèìûõ ñ ïîìîùüþ îïèñàííîé ìåòîäèêè ïîçâîëÿþò ïî-
ëó÷èòü ñëåäóþùèå ðåçóëüòàòû:

- îïðåäåëåíèå ïðåèìóùåñòâåííûõ ìåõàíèçìîâ äåôîðìàöèè íà ðàçíûõ åå ýòàïàõ[3];
- ïîëíîöåííîå èññëåäîâàíèå äèíàìèêè ðàçâèòèÿ ìåõàíè÷åñêèõ äâîéíèêîâ[4,5];
- èññëåäîâàíèå âëèÿíèÿ äåôåêòíîé ñòðóêòóðû íà ïðîöåññ äâîéíèêîâàíèÿ[6].
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Àííîòàöèÿ. Â ñòàòüå àíàëèçèðóþòñÿ ñîñòîÿíèå ñòðóêòóðû, çàâèñèìîñòü ýëåêòðè-
÷åñêèõ, àêóñòè÷åñêèõ è ìåõàíè÷åñêèõ õàðàêòåðèñòèê îò òåìïåðàòóðû íàãðåâà è ïîñëå-
äóþùåãî ìåäëåííîãî ( 1.8 ãðàä/ìèí) îñòûâàíèÿ â âàêóóìå â äèàïàçîíå 550 � 1100◦C.

Êëþ÷åâûå ñëîâà: îòæèã, ýëåêòðîñîïðîòèâëåíèå, ìèêðîñòðóêòóðà.

Ââåäåíèå. Ðàçâèòèþ ñîâðåìåííûõ ïðîìûøëåííûõ ïðîèçâîäñòâ, êàêèìè ÿâëÿþòñÿ
àòîìíàÿ ýíåðãåòèêà, õèìè÷åñêîå ìàøèíîñòðîåíèå, àýðîêîñìè÷åñêàÿ îòðàñëü è äð., ñïî-
ñîáñòâîâàëî èíòåíñèâíîå èññëåäîâàíèå ñâîéñòâ òèòàíà, öèðêîíèÿ è ãàôíèÿ è ðàçðàáîò-
êà òåõíîëîãèé ñ ïðèìåíåíèåì íàçâàííûõ ìåòàëëîâ. Îäíàêî ïîëó÷åíèå íîâûõ òåõíîëî-
ãèé èëè óãëóáëåíèå ïðåäñòàâëåíèé î ïðîöåññàõ, ïðîòåêàþùèõ â îïðåäåëåííûõ ôèçèêî-
ìåõàíè÷åñêèõ óñëîâèÿõ, òðåáóþò äîïîëíèòåëüíûõ èññëåäîâàíèé. Ëèòåðàòóðíûå èñòî÷-
íèêè ðåçóëüòàòîâ èññëåäîâàíèé è ýêñïëóàòàöèîííûå äàííûå óñòàíîâèëè, ÷òî èçäåëèÿ èç
òåõíè÷åñêè ÷èñòîãî òèòàíà ÂÒ1-0 ñïîñîáíû ñîõðàíÿòü ôèçèêî-ìåõàíè÷åñêèå ñâîéñòâà
â óçêîì òåìïåðàòóðíîì äèàïàçîíå â çàâèñèìîñòè îò òåìïåðàòóðû è ñòåïåíè ïðåäâà-
ðèòåëüíîé äåôîðìàöèè. Ïîýòîìó èçó÷åíèå âëèÿíèÿ îòæèãà â äèàïàçîíå 550 � 1100◦C
íà ôèçèêî-ìåõàíè÷åñêèå ñâîéñòâà òèòàíà ÂÒ1-0 ñîçäàñò óñëîâèÿ äëÿ ðàñøèðåíèÿ ïðåä-
ñòàâëåíèé î ìåõàíèçìàõ, ïðîòåêàþùèõ â ìàòåðèàëå ïîñëå ïëàñòè÷åñêîé äåôîðìàöèè â α
� ñòðóêòóðå. Íàñòîÿùàÿ ðàáîòà ïîñâÿùåíà èçó÷åíèþ ïîâåäåíèÿ ýëåêòðè÷åñêîãî ñîïðî-
òèâëåíèÿ, àêóñòè÷åñêîé ýìèññèè (ÀÝ), ìàêðîñòðóêòóðû, ïðî÷íîñòíûõ õàðàêòåðèñòèê
òåõíè÷åñêè ÷èñòîãî òèòàíà ÂÒ1-0, ïîäâåðãíóòîãî òåìïåðàòóðíîìó âîçäåéñòâèþ.

Ìàòåðèàëû, îáîðóäîâàíèå è ìåòîäèêà èññëåäîâàíèé.Ìàòåðèàëîì èññëåäîâà-
íèÿ ÿâëÿëñÿ òèòàí ìàðêè ÂÒ1-0. Òèòàíîâûå ïîëîñû ïðè òåì-ïåðàòóðå 500◦C ïîäâåðãà-
ëèñü ïðîêàòêå íà ïðîêàòíîì ñòàíå ÂÝÌ-3 ÑÌ ñ îñòàòî÷íîé äåôîðìàöèåé 75% ñ îáæàòè-
åì çà ïðîõîä 15-20%. Îáðàçöû âûðåçàëèñü íà ýëåêòðîýðîçèîííîé óñòàíîâêå ¾Sodick AQ
300 L¿ âäîëü ïðîêàòêè èç ëèñòîâûõ çàãîòîâîê â âèäå ëîïàòîê ñ øèðèíîé ðàáî÷åé ÷àñòè
2 ìì è äëèíîé 12 ìì äëÿ ðàñòÿæåíèÿ â èñïûòàòåëüíîé ìàøèíå ¾INSTRON 5882¿ ñî
ñêîðîñòüþ íàãðóæåíèÿ 1,5 ìì/ñ ïðè êîìíàòíîé òåìïåðàòóðå. Äëÿ ñíÿòèÿ äåôåêòíîãî
ñëîÿ, âîçíèêøåãî â ðåçóëüòàòå ðåçêè, ïîëó÷åííûå îáðàçöû ïîäâåðãàëèñü ìåõàíè÷åñêîé
øëèôîâêå. Îòæèã îáðàçöîâ ïðîèçâîäèëñÿ â âàêóóìíîé ïå÷è Carbolite ñ îñòàòî÷íûì
äàâëåíèåì íå íèæå 10-5 Ïà ïðè òåìïåðàòóðàõ 550, 700, 850, 900, 1000, 1050 è 1100◦C
ñ ïîñëåäóþùèì ìåäëåííûì îõëàæäåíèåì ñ ïå÷üþ â òå÷åíèå 10 ÷àñîâ. Èçìåðåíèå ìèê-
ðîòâåðäîñòè îáðàçöîâ âûïîëíÿëè íà ìèêðîòâåðäîìåðå ¾DM-8B¿ ñ èñïîëüçîâàíèåì ïè-
ðàìèäêè Âèêêåðñà ñ íàãðóçêîé íà èíäåíòîð 100 ãðàìì. Ðàçìåðû çåðíà îïðåäåëÿëè ñ
ïîìîùüþ ìèêðîñêîïà ¾OLYMPUS G71¿. Ñèãíàëû àêóñòè÷åñêîé ýìèññèè ðåãèñòðèðîâà-
ëèñü ñ ÷àñòîòîé äèñêðåòèçàöèè (÷àñòîòîé ¾âçÿòèÿ¿ îòñ÷åòîâ íåïðåðûâíîãî âî âðåìåíè
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ñèãíàëà) 1 ÌÃö. Ýëåêòðè÷åñêèé ñèãíàë, ïîëó÷åííûé îò ïðåîáðàçîâàíèÿ ìåõàíè÷åñêèõ
ïðîöåññîâ â îáðàçöå ïüåçîýëåêòðè÷åñêèì äàò÷èêîì, ðåãèñòðèðîâàëñÿ êîìïüþòåðîì ñ
ïîìîùüþ ÀÖÏ L783. Óäåëüíîå ñîïðîòèâëåíèå èçìåðÿëîñü ñ ïîìîùüþ íàíîâîëüòìåòðà
¾Agilent 34420A¿ ÷åòûðåõçîíäîâûì ìåòîäîì.

Ðåçóëüòàòû èññëåäîâàíèé è èõ îáñóæäåíèå. Èçìåíåíèå ìèêðîñòðóêòóðû ïðè
íàãðåâå ïðîêàòàííîãî òèòàíà ñ îñòàòî÷íîé äåôîð-ìàöèåé 75% ïðåäñòàâëåíî íà ðèñóí-
êå 1. Ðåíòãåíîñòðóêòóðíûé àíàëèç ïîêàçàë, ÷òî ñòðóêòóðíîå ñîñòîÿíèå ïîñëå ïðîêàòêè
ïðè 500◦C è ïîñëåäóþùåãî îòæèãà äî 850◦C ïðåäñòàâëÿåò ñîáîé ñòàáèëüíóþ α � ìîäè-
ôèêàöèþ, èìåþùóþ ÃÏÓ ðåøåòêó (α � Ti). Ìåõàíè÷åñêèå ñâîéñòâà â çàâèñèìîñòè îò
òåìïåðàòóðû îòæèãà ïðåäñòàâëåíû â òàáëèöå 1.

Òàáëèöà 1

� Òåìïåðàòóðà
îòæèãà,◦Ñ

Ðàçìåð çåðíà
(d), ìêì

Ìèêðîòâåðäîñòü,
HV

σ0,2,
ÌÏà

σB,
ÌÏà

1 Ïðîêàòêà
ïðè 500

4.5 232 623 669

2 550 7.3 217 430 508
3 600 21 192 360 440
4 650 29 187 340 420
5 700 47.8 183 314 393
6 850 53.1 175 280 380
7 900 60.4 165 250 365
8 1000 119.3 211 355 437
9 1050 130 217 371 483
10 1100 136 223 383 510

Ìàêðîñòðóêòóðà îáðàçöîâ òèòàíà, ïîëó÷åííûõ ïðîêàòêîé ñ îñòàòî÷íîé äåôîðìàöè-
åé 75%, ñîñòîÿò èç ôðàãìåíòîâ ñóáçåðåí è çåðåí ñ áîëüøåóãëîâûìè ãðàíèöàìè (ðèñ.
1, à). Çåðíà è ñóáçåðíà èìåþò íåðàâíîîñíóþ ôîðìó è âûòÿíóòû âäîëü íàïðàâëåíèÿ
ïðîêàòêè. Ïåðåõîä îò íåðàâíîîñíîãî ñîñòîÿíèÿ ñóáçåðíà, ïîëó÷åííîãî â ïðîöåññå ïëà-
ñòè÷åñêîé äåôîðìàöèè, äî ñòðóêòóðû ñ ðàâíîîñíûì ñîñòîÿíèåì íàáëþäàåòñÿ óæå ïðè
îòæèãå 550◦C (ðèñ. 1, á).

Ïîâûøåíèå òåìïåðàòóðû îòæèãà äî òåìïåðàòóðû ïîëèìîðôíîãî ïðåâðàùåíèÿ ïðè-
âîäèò ê ðåêðèñòàëëèçàöèîííûì ïðîöåññàì, ñïîñîáñòâóþùèõ óâåëè÷åíèþ ñðåäíåãî ðàç-
ìåðà çåðåí è ñíèæåíèþ ïðî÷íîñòíûõ ñâîéñòâ [1]. Ïðîöåññ óïðóãî - ïëàñòè÷åñêîãî òå-
÷åíèÿ ìåòàëëîâ ñîïðîâîæäàåòñÿ íåïðåðûâíûì èçìåíåíèåì ïëîòíîñòè ñòðóêòóðíûõ äå-
ôåêòîâ. Èõ íàêîïëåíèå ïðîÿâëÿåòñÿ â âèäå äåôîðìàöèîííîãî óïðî÷íåíèÿ è îáðàçîâàíèÿ
ïðåïÿòñòâèé, êîòîðûå òðåáóþò óâåëè÷åíèÿ ìåõàíè÷åñêîãî íàïðÿæåíèÿ äëÿ ïðîäîëæå-
íèÿ äåôîðìàöèè [2, 3].

Õàðàêòåðíîé îñîáåííîñòüþ ðàçâèòèÿ óïðóãî � ïëàñòè÷åñêîé äåôîðìàöèè äëÿ äåôîð-
ìèðîâàííîãî ïðîêàòêîé òèòàíà ÿâëÿåòñÿ ðåçêîå ïîâûøåíèå óäåëüíîãî ýëåêòðîñîïðîòèâ-
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Ðèñ. 1: Ìàêðîñòðóêòóðà òèòàíà ïîñëå ãîðÿ÷åé ïðîêàòêè ñ îñòàòî÷íîé äåôîðìàöèåé 75%
(à), ïðîøåäøåãî îòæèã ïðè 550◦C (á), 700◦C (â), 850◦C (ã), 900◦C (ä), 1000◦C (å), 1050◦C
(æ) è 1100◦C (ç)

ëåíèÿ ñ îäíîâðåìåííûì ïîÿâëåíèåì àêóñòè÷åñêîé ýìèññèè (ðèñ. 2, à). Ïðè àíàëîãè÷íûõ
èñïûòàíèÿõ ïëàñòè÷åñêè äåôîðìèðîâàííîãî òèòàíà, íî ïðîøåäøåãî îòæèã ïðè 700◦C,
÷òî ñîîòâåòñòâóåò çàâåðøåíèþ ðåêðèñòàëëèçàöèîííûõ ïðîöåññîâ, íå áûëî îáíàðóæåíî
ïëîùàäêè òåêó÷åñòè è â ïëàñòè÷åñêîé îáëàñòè íàáëþäàëîñü ðåçêîå ïîíèæåíèå çíà÷å-
íèé óäåëüíîãî ýëåêòðè÷åñêîãî ñîïðîòèâëåíèÿ è ñóùåñòâåííîå ñíèæåíèå àêòèâíîñòè ÀÝ
(ðèñ. 2, á). Ïðè ýòîì îòìå÷àåòñÿ íåáîëüøîå óâåëè÷åíèå óäåëüíîãî ýëåêòðîñîïðîòèâëå-
íèÿ â óïðóãîé îáëàñòè, çíà÷åíèå êîòîðîãî, íåñìîòðÿ íà ïëàâíîå óâåëè÷åíèå åãî ïðè
äàëüíåéøåì ïëàñòè÷åñêîì òå÷åíèè âïëîòü äî ðàçðûâà, òàê è íå äîñòèãëî ïåðâîíà÷àëü-
íîãî çíà÷åíèÿ.

Ðèñ. 2: Ðàçâèòèå ÀÝ è èçìåíåíèå óäåëüíîãî ýëåêòðè÷åñêîãî ñîïðîòèâëåíèÿ â ïðîöåññå
äåôîðìàöèè ðàñòÿæåíèåì òèòàíîâûõ îáðàçöîâ: ïîñëå ïðîêàòêè (à), ïîñëå îòæèãà ïðè
700◦C (á)

Ìîæíî ïðåäïîëîæèòü, ÷òî â äåôîðìàöèîííî óïðî÷íåííûõ îáðàçöàõ ãëàâíóþ ðîëü
èãðàþò äèñëîêàöèè è âíåäðåííûå àòîìû, îáðàçîâàâøèåñÿ â ïðîöåññå ïëàñòè÷åñêîé äå-
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ôîðìàöèè ïðîêàòêîé. Èõ îòíîñèòåëüíûé âêëàä â äèíàìèêó è êèíåòèêó äåôîðìàöèè
çàâèñèò îò ìíîãèõ ôàêòîðîâ, íî îñíîâíûìè ÿâëÿþòñÿ ñòåïåíü äåôîðìàöèè, ïëîòíîñòü
äåôåêòîâ, ñêîðîñòü è òåìïåðàòóðà äåôîðìàöèè. Ïðè áîëüøèõ ïëîòíîñòÿõ äèñëîêàöèé
è òî÷å÷íûõ äåôåêòîâ óâåëè÷èâàåòñÿ âåðîÿòíîñòü èõ àííèãèëÿöèè è ïåðåðàñïðåäåëå-
íèÿ, à óìåíüøåíèå ñêîðîñòè äåôîðìàöèè è ïîâûøåíèå òåìïåðàòóðû àêòèâèçèðóþò ýòè
ïðîöåññû.

Ïîâûøåíèå àêòèâíîñòè ÀÝ è îñîáåííî çíà÷åíèé àìïëèòóäû �U� äàåò âîçìîæíîñòü
ïðåäïîëîæèòü, ÷òî ïðåîäîëåíèå áàðüåðà Ëîìåðà � Êîòòðåëà ïðîèñõîäèò ãëàâíûì îá-
ðàçîì çà ñ÷åò äâîéíèêîâàíèÿ. Ýòî åùå ðàç ïîäòâåðæäàåò òåîðåòè÷åñêèå ïðåäïîñûëêè,
÷òî áàðüåð Ëîìåðà � Êîòòðåëà íå ìîæåò ñêîëüçèòü íè â îäíîé èç âîçìîæíûõ ïëîñêî-
ñòåé è ÿâëÿåòñÿ ýôôåêòèâíûì ñïîñîáîì äåôîðìàöèîííîãî óïðî÷íåíèÿ êðèñòàëëîâ ïðè
ìíîæåñòâåííîì ñêîëüæåíèè [1].

Â îòîææåííûõ ïðè 700◦C îáðàçöàõ â ïðîöåññå äåôîðìàöèè â íà÷àëå íàáëþäàåòñÿ
íåáîëüøîé ðîñò óäåëüíîãî ýëåêòðè÷åñêîãî ñîïðîòèâëåíèÿ, êîòîðîå â ïåðåõîäå â ïëàñòè-
÷åñêóþ îáëàñòü ðåçêî ïàäàåò, à çàòåì, íåñêîëüêî óâåëè÷èâàÿ çíà÷åíèå, ïëàâíî ðàñòåò
âïëîòü äî ðàçðûâà îáðàçöà (ðèñ. 2, á). Ïîëó÷åííûå ðåçóëüòàòû ñâèäåòåëüñòâóþò î çà-
ìåòíîì ñíèæåíèè ïàðàìåòðîâ ÀÝ (ðèñ. 2, á), â ñðàâíåíèè ñ ðåçóëüòàòàìè, ïðåäñòàâëåí-
íûìè íà ðèñóíêå 2, à.

Ïðè òåìïåðàòóðå îòæèãà âûøå 900◦C íàáëþäàåòñÿ ïîâûøåíèå ïðåäåëà ïðî÷íîñòè.
Ìàêñèìóì ñêîðîñòè ïîâûøåíèÿ ïðåäåëà ïðî÷íîñòè è ìèêðîòâåðäîñòè äîñòèãàåòñÿ ïðè
îòæèãå â îáëàñòè 900 - 1000◦C. Â äàëüíåéøåì ñ ïîâûøåíèåì òåìïåðàòóðû äî 1100◦C
ñêîðîñòü ïîâûøåíèÿ ïðî÷íîñòíûõ õàðàêòåðèñòèê çíà÷èòåëüíî ïîíèæàåòñÿ. Õàðàêòåð-
íîé îñîáåííîñòüþ ïðè ýòîì â îáëàñòè 1000 - 1100◦C íàáëþäàåòñÿ àíîìàëüíîå ïîâåäåíèå
ìåõàíè÷åñêèõ ñâîéñòâ (òàáëèöà 1),ýëåêòðè÷åñêèõ (ðèñóíîê 3) è ñîñòîÿíèå çåðíà.

Ðèñ. 3: Çàâèñèìîñòü óäåëüíîãî ýëåêòðè÷åñêîãî ñîïðîòèâëåíèÿ îò òåìïåðàòóðû îòæèãà

Óâåëè÷åíèå ïðî÷íîñòíûõ õàðàêòåðèñòèê, íàáëþäàåìîå ïîñëå âûñîêîòåìïåðàòóðíîãî
îòæèãà â β ôàçå â öåëîì ìîæåò áûòü ñâÿçàíî ñ ðîñòîì ñòåïåíè äåôåêòíîé ñòðóêòóðû,
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óðîâíåì åå ôðàãìåíòàöèè è èçìåíåíèåì ñîñòîÿíèÿ ãðàíèö ôðàãìåíòîâ.
Ïðè ýòîì õàðàêòåð ýâîëþöèè äåôåêòíîé ñòðóêòóðû ñ ïîâûøåíèåì òåìïåðàòóðû

îòæèãà îò 900◦C äî 1100◦C ñóùåñòâåííî ðàçëè÷åí. Îá ýòîì ñâèäåòåëüñòâóþò äàííûå
èçìåðåíèÿ óäåëüíîãî ýëåêòðîñîïðîòèâëåíèÿ (ðèñóíîê 3). Ïî ìåðå ðîñòà òåìïåðàòóðû
îòæèãà çíà÷åíèå óäåëüíîãî ýëåêòðîñîïðîòèâëåíèÿ áûñòðî óâåëè÷èâàåòñÿ, çàòåì â îá-
ëàñòè òåìïåðàòóðû îòæèãà 1050◦C ðåçêî ñíèæàåòñÿ, à äàëåå èìååò ìåñòî òåíäåíöèÿ
ïîñòåïåííîãî ðîñòà ñîïðîòèâëåíèÿ. Îáðàùàåò íà ñåáÿ âíèìàíèå òîò ôàêò, ÷òî ñïàä
óäåëüíîãî ýëåêòðîñîïðîòèâëåíèÿ â îáëàñòè òåìïåðàòóð îòæèãà 1050◦C ñîâïàäàåò ñ óâå-
ëè÷åíèåì ïðî÷íîñòíûõ ñâîéñòâ. Òàêèì îáðàçîì, ìîæíî ïðåäïîëîæèòü, ÷òî â íàçâàííîé
òåìïåðàòóðíîé îáëàñòè ïðîèñõîäèò äèíàìè÷åñêèé âîçâðàò, àííèãèëÿöèÿ äâèæóùèõñÿ
äèñëîêàöèé ïîä äåéñòâèåì òåðìè÷åñêèõ íàïðÿæåíèé, ÷òî ïðèâîäèò ê ñíèæåíèþ ýô-
ôåêòèâíîé ïëîòíîñòè äèñëîêàöèé è êàê ñëåäñòâèå, íàáëþäàåìîìó ïîâåäåíèþ ôèçèêî-
ìåõàíè÷åñêèõ ñâîéñòâ.
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Abstract. The article analyzes the state of the structure, the dependence of electric,
acoustic and mechanical properties of the heating temperature and subsequent slow
( 1.8◦C/min) cooling under vacuum in the range of 550 - 1100◦C.
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Àííîòàöèÿ.Íàñòîÿùàÿ ðàáîòà ïîñâÿùåíà àíàëèçó ïðèìåíåíèÿ ëèíåéíûõ óñêîðèòå-
ëåé ýëåêòðîíîâ (ËÓÝ) è ñîïóòñòâóþùèõ âûñîêîòåõíîëîãè÷íûõ óñòðîéñòâ äëÿ ëó÷åâîé
òåðàïèè (ËÒ) â îíêîëîãè÷åñêèõ ó÷ðåæäåíèÿõ ñ öåëüþ âîçìîæíîãî âûáîðà è ïðèîá-
ðåòåíèÿ óñêîðèòåëüíîãî êîìïëåêñà äëÿ ïðîâåäåíèÿ ËÒ â Öåíòðå ßäåðíîé Ìåäèöèíû
(ÖßÌ) ÍÍÖ ÕÔÒÈ. Â ñòàòüå ïðèâåäåíû ñòàòèñòè÷åñêèå äàííûå îá îíêîëîãè÷åñêèõ
áîëüíûõ â Óêðàèíå è ìèðå. Ðàññìîòðåíû òåõíè÷åñêèå õàðàêòåðèñòèêè ËÓÝ è äîïîë-
íèòåëüíîãî îáîðóäîâàíèÿ ðàçíûõ çàðóáåæíûõ ôèðì. Îïèñàíû òåðàïåâòè÷åñêèå âîç-
ìîæíîñòè ñèñòåì. Îáîñíîâàíà âàæíîñòü ïðèîáðåòåíèÿ ñîâðåìåííîãî ËÓÝ ñ ãîòîâûì
êîìïüþòåðíûì îáåñïå÷åíèåì, îõâàòûâàþùèì âñå çâåíüÿ ËÒ, êîìïëåêñîì àïïàðàòó-
ðû àâòîìàòèçèðîâàííîãî óïðàâëåíèÿ ïðîöåññîì ËÒ è âñïîìîãàòåëüíûìè ðàäèàöèîííî-
òåðàïåâòè÷åñêèìè óñòðîéñòâàìè.

Êëþ÷åâûå ñëîâà: äèàãíîñòèêà, óñêîðèòåëè ýëåêòðîíîâ, ÿäåðíàÿ ìåäèöèíà, ôîòî-
íû, ýëåêòðîíû, ëó÷åâàÿ òåðàïèÿ.

Ââåäåíèå. Â ïîñëåäíèå äåñÿòèëåòèÿ ÷èñëî îíêîëîãè÷åñêèõ áîëüíûõ âî âñåì ìèðå
íåïðåðûâíî óâåëè÷èâàåòñÿ. Ïðåæäåâðåìåííûé óõîä èç æèçíè ëþäåé îò çëîêà÷åñòâåí-
íûõ íîâîîáðàçîâàíèé çàíèìàåò âòîðîå ìåñòî ïîñëå ñåðäå÷íî-ñîñóäèñòûõ çàáîëåâàíèé.
Ýòî êàñàåòñÿ êàê ýêîíîìè÷åñêè ðàçâèòûõ, òàê è îòñòàëûõ ñòðàí. Â ðàìêàõ îòäåëüíîãî
ãîñóäàðñòâà, íàïðèìåð, Óêðàèíû [1] ïîêàçàòåëè áîëåçíè ñëåäóþùèå. Â 2008 ã. çàðåãè-
ñòðèðîâàíî 152935 ïàöèåíòîâ ñ äàííîé ïàòîëîãèåé. Èç íèõ 82519 ÷åëîâåê óìåðëî â òîì
æå ãîäó. 35.1% ëþäåé, ó êîòîðûõ áûë ïîñòàâëåí òàêîé æå äèàãíîç â 2007 ã., íå ïðî-
æèëè è ãîäà. Íà ñåãîäíÿøíèé äåíü êîå÷íûé ôîíä ðàäèîëîãè÷åñêîé ñëóæáû Óêðàèíû
ñîñòàâëÿåò 2731 ìåñòî, ÷òî ÿâíî íåäîñòàòî÷íî, ïîñêîëüêó êîëè÷åñòâî îíêîëîãè÷åñêèõ
áîëüíûõ ñ êàæäûì ãîäîì âîçðàñòàåò. Â 2011 ã. áûëî ïðîëå÷åíî áîëåå 82 òûñÿ÷ ïàöèåí-
òîâ, â 2012 ã. � áîëåå 87 òûñÿ÷ [2].

Â ãëîáàëüíûõ ìàñøòàáàõ êîëè÷åñòâî îíêîëîãè÷åñêèõ áîëüíûõ - ìèëëèîíû. Ïî äàí-
íûì Àìåðèêàíñêîãî Îáùåñòâà Ðàêà â 2008 ã â ìèðå çàðåãèñòðèðîâàíî 12662554 íîñèòå-
ëåé çëîêà÷åñòâåííûõ íîâîîáðàçîâàíèé è 7.6 ìëí. ñìåðòåé [3]. È ýòî òîëüêî â ñòðàíàõ, ãäå
ìåäèöèíñêîå îáñëóæèâàíèå íàõîäèòñÿ íà äîñòàòî÷íî âûñîêîì óðîâíå è âîçìîæíî ïðîâå-
ñòè õîòÿ áû ïðèáëèçèòåëüíûå îöåíêè. Ïî ïðîãíîçàì Âñåìèðíîé Îðãàíèçàöèè Çäîðîâüÿ
ê 2030 ã. ÷èñëî çàáîëåâøèõ óâåëè÷èòñÿ äî 21 ìëí. è 13 ìëí. áóäóò óìèðàòü åæåãîäíî.
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Äàííûå î ÷èñëå çàáîëåâøèõ ðàêîì â ìèðå è ðàçëè÷íûõ ðåãèîíàõ ïëàíåòû â 2008 ãîäó,
îñíîâíàÿ ëîêàëèçàöèÿ îïóõîëåé è îæèäàåìûé ðîñò îíêîëîãè÷åñêèõ ïàöèåíòîâ ê 2030
ãîäó, ïðåäñòàâëåíû íà ðèñ. 1. Ïðèâåäåííûå ñòàòèñòè÷åñêèå äàííûå ñâèäåòåëüñòâóþò,
÷òî ÷èñëî çàáîëåâàíèé ðàñòåò è ïîêà íå âèäíî èçìåíåíèÿ ýòîé òåíäåíöèè â áëèæàéøåì
áóäóùåì. Âñå âûøåñêàçàííîå âûçûâàåò íåîáõîäèìîñòü ðàçâèòèÿ ñîîòâåòñòâóþùåé èí-
ñòðóìåíòàëüíîé áàçû è âûñîêîýôôåêòèâíûõ ìåòîäèê (â òîì ÷èñëå è ËÒ) äëÿ áîðüáû ñ
íåäóãîì.

Ðèñ. 1: Êîëè÷åñòâî ëþäåé, çàáîëåâøèõ ðàêîì â ðàçëè÷íûõ ðåãèîíàõ ïëàíåòû â 2008 ã.,
îñíîâíàÿ ëîêàëèçàöèÿ îïóõîëåé è îæèäàåìûé ðîñò ÷èñëà îíêîëîãè÷åñêèõ ïàöèåíòîâ ê
2030 ã.
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Ïåðâûå øàãè ê âîçíèêíîâåíèþ ëó÷åâîé äèàãíîñòèêè è òåðàïèè áûëè ñäåëàíû ïðàê-
òè÷åñêè ñðàçó æå ïîñëå îòêðûòèÿ Ðåíòãåíîì â 1895 ã. Õ-ëó÷åé. Ñ òåõ ïîð, äàííîå
íàïðàâëåíèå ìåäèöèíû íåïðåðûâíî ðàçâèâàëîñü è ñîâåðøåíñòâîâàëîñü. Ïðîíèêàþùåå
ðåíòãåíîâñêîå èçëó÷åíèå çàíÿëî äîñòîéíîå ìåñòî â êëèíè÷åñêîé ïðàêòèêå. Äîñòàòî÷íî
ñêàçàòü, ÷òî íà ñåãîäíÿøíèé äåíü â áîëüíèöàõ ìèðà íàñ÷èòûâàåòñÿ äî 5 ìëí. ðåíòãå-
íîâñêèõ àïïàðàòîâ [4]. Êà÷åñòâåííûé ñêà÷îê â ËÒ áûë ñâÿçàí ñ ñîçäàíèåì óñêîðèòå-
ëåé çàðÿæåííûõ ÷àñòèö - ëèíåéíûõ óñêîðèòåëåé ýëåêòðîíîâ, áåòàòðîíîâ, âûñîêîâîëüò-
íûõ òðàíñôîðìàòîðîâ, ãåíåðàòîðîâ Âàí-äå-Ãðààôà, ìèêðîòðîíîâ. Âûøåïåðå÷èñëåííûå
óñòàíîâêè îêàçàëèñü ïåðñïåêòèâíûì ñðåäñòâîì áîðüáû ñ íîâîîáðàçîâàíèÿìè ðàçëè÷íîé
ïðèðîäû. Êîëè÷åñòâî ìåäèöèíñêèõ óñêîðèòåëåé â ðàçíûõ ñòðàíàõ ñòàëî óâåëè÷èâàòü-
ñÿ íàðàñòàþùèìè òåìïàìè. Ïåðâûé ýëåêòðîííûé óñêîðèòåëü ñ ìàêñèìàëüíîé ýíåðãèåé
òîðìîçíûõ ôîòîíîâ 1 ÌýÂ äëÿ ëå÷åíèÿ îíêîëîãè÷åñêèõ áîëüíûõ áûë ïîñòðîåí â Ëîí-
äîíå â 1937 ã., à ê ñåðåäèíå 2010 ã. â ìåäèöèíå óæå ðàáîòàëî 10.5 òûñÿ÷ óñêîðèòåëåé
ýëåêòðîíîâ [4].

Íà ñåãîäíÿøíèé äåíü èç 10500 óñêîðèòåëåé ýëåêòðîíîâ, ðàáîòàþùèõ â ìåäèöèíå,
4400 íàõîäÿòñÿ â ÑØÀ, 3200 � â Åâðîïåéñêîì Ñîþçå, 2100 � â ßïîíèè, 100 - â Ðîññèè,
700 � â äðóãèõ ñòðàíàõ. Íà îäèí óñêîðèòåëü â Ðîññèè ïðèõîäèòñÿ 1.5 ìëí. æèòåëåé,
â Åâðîïå - 100000 ÷åëîâåê, â ÑØÀ � 80000 æèòåëåé. Â Åâðîïå ñîîòíîøåíèå óñêîðè-
òåëåé è êîáàëüòîâûõ èñòî÷íèêîâ, äåéñòâóþùèõ â ðàäèîëîãèè 21, à â Ðîññèè 13 [4].
Ëå÷åáíóþ íàãðóçêó íà êàæäûé óñêîðèòåëü Ðîññèè ìîæíî îöåíèòü èñõîäÿ èç îïûòà
ÐÎÍÖ èì. Í.Í. Áëîõèíà ÐÀÌÍ, ãäå äëÿ ëó÷åâîé òåðàïèè èñïîëüçóåòñÿ øåñòü ñîâðå-
ìåííûõ óñêîðèòåëåé ýëåêòðîíîâ: SL-20 (Philips, Àíãëèÿ), Clinac-2100C (Varian, ÑØÀ),
Primus (Siemens, Ãåðìàíèÿ), SL-75-5 (Philips, Àíãëèÿ), ÑË75-5-MT (Ñàíêò-Ïåòåðáóðã)
� 2 óñòàíîâêè. Åæåäíåâíî íà êàæäîì èç óñêîðèòåëåé ïðîõîäÿò êóðñ òåðàïèè îò 50 äî
80 ïàöèåíòîâ [5].

Íåñìîòðÿ íà âñå âîçðàñòàþùóþ ïîïóëÿðíîñòü äëÿ òåðàïèè äðóãèõ ìåòîäèê îáëó÷å-
íèÿ îïóõîëåé, â ÷àñòíîñòè, ïëîòíî-èîíèçèðóþùèìè ÷àñòèöàìè � íåéòðîíàìè, -ìåçîíàìè,
ïðîòîíàìè, òÿæåëûìè èîíàìè, îñíîâíîé îáúåì ðàäèàöèîííî-òåðàïåâòè÷åñêèõ ïðîöåäóð
ïî âñåìó ìèðó ïî-ïðåæíåìó ðåàëèçóåòñÿ ïðè ïîìîùè ËÓÝ. Êîìïàêòíûé, ïðàêòè÷íûé
è óíèâåðñàëüíûé óñêîðèòåëüíûé êîìïëåêñ ñïîñîáåí ñóùåñòâåííî ðàñøèðèòü âîçìîæ-
íîñòè ëå÷åíèÿ î÷àãîâ ðàêà ðàçëè÷íîé ëîêàëèçàöèè.

Â íàñòîÿùåå âðåìÿ âî âñåì ìèðå èíòåíñèâíîå ðàçâèòèå äëÿ äèàãíîñòèêè è òåðà-
ïèè ïîëó÷èëà ÿäåðíàÿ ìåäèöèíà. ×òî êàñàåòñÿ Óêðàèíû, òî ïðîáëåìà ñîçäàíèÿ äè-
àãíîñòè÷åñêèõ è òåðàïåâòè÷åñêèõ êîìïëåêñîâ, îáåñïå÷èâàþùèõ åäèíûé òåõíîëîãè÷å-
ñêèé ïðîöåññ ëå÷åíèÿ äîáðîêà÷åñòâåííûõ è çëîêà÷åñòâåííûõ íîâîîáðàçîâàíèé, ÿâëÿåò-
ñÿ ÷ðåçâû÷àéíî àêòóàëüíîé. Ðàñïîðÿæåíèåì êàáèíåòà ìèíèñòðîâ Óêðàèíû îò 13.03.2013
ã. óòâåðæäåíà êîíöåïöèÿ ðàçâèòèÿ ÿäåðíîé ìåäèöèíû â Óêðàèíå, öåëüþ êîòîðîé ÿâëÿ-
åòñÿ ðàçâèòèå òðåõ íàïðàâëåíèé: äèàãíîñòè÷åñêîãî, ëå÷åáíîãî è íàó÷íîãî. Â ñâÿçè ñî
ñêàçàííûì, íà áàçå ÍÍÖ ÕÔÒÈ ïëàíèðóåòñÿ ñîçäàíèå ÖßÌ, êîòîðûé ñòàíåò ñîñòàâëÿ-
þùåé òåõíîïîëèñà ¾Ïÿòèõàòêè¿. Äëÿ äèàãíîñòèêè è òåðàïèè îïóõîëåâûõ î÷àãîâ áóäóò
èñïîëüçîâàòüñÿ ðàäèîàêòèâíûå èçîòîïû, ïðîèçâîäñòâî êîòîðûõ â ïåðñïåêòèâå äîëæíî
áûòü íàëàæåíî â ÍÈÊ ¾Óñêîðèòåëü¿ [6], öèêëîòðîíå CV-28 [7] è óñòàíîâêå ¾Èñòî÷íèê
Íåéòðîíîâ¿ [8].
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Îäíàêî â ñâÿçè ñ ðÿäîì îáúåêòèâíûõ è ñóáúåêòèâíûõ ïðè÷èí ðåàëüíàÿ ðàáîòà ÖßÌ
ÍÍÖ ÕÔÒÈ îæèäàåòñÿ â äàëüíåé ïåðñïåêòèâå. Â òî æå âðåìÿ, ó÷èòûâàÿ, ÷òî äî 60%
îò ÷èñëà áîëüíûõ ñ ðåêîìåíäîâàííîé ËÒ ëå÷àòñÿ ñ ïîìîùüþ ôîòîííîãî è ýëåêòðîííîãî
èçëó÷åíèÿ, ïðèîáðåòåíèå ìåäèöèíñêîãî ËÓÝ äàñò âîçìîæíîñòü íà÷àòü ïðîöåññ ýôôåê-
òèâíîé òåðàïèè î÷àãîâ ðàêà çàìåòíî ðàíüøå, íå äîæèäàÿñü ââîäà â ýêñïëóàòàöèþ ÖßÌ.

Òàáëèöà 1: Îïóõîëè, äëÿ ëå÷åíèÿ êîòîðûõ ýôôåêòèâíà òåðàïèÿ íà ËÓÝ ¾Elekta
Synergy¿

Ãîëîâíîé ìîçã Ãîëîâà è øåÿ Ïåðâè÷íûé ðàê ïå÷åíè
Ýïèíäèìîìà Ïîëîñòü ðòà Îïóõîëè ïîäæåëóäî÷íîé æåëåçû I-IV ñò.
Ìåäóëëîáëàñòîìà Ãóáû Îïóõîëè ïèùåâîäà I-IV ñò.
Øèøêîâèäíàÿ
æåëåçà

Ãëîòêà Îïóõîëè æåëóäêà I-IV ñò.

Ãëèîáëàñòîìà Ãîðòàíü Ìåòàñòàçû â ëèìôîóçëû áðþøíîé ïîëîñòè è
çàáðþøèííîãî ïðîñòðàíñòâà è ìàëîãî òàçàÃåðìèíîìà Ñëþííûå æåëåçû

Êðàíèîôàðèíãèîìà Âåðõíå÷åëþñòíàÿ
ïàçóõà íîñîãëîòêè

Ìî÷åïîëîâàÿ ñèñòåìà

Ìåíèíãèîìà Ðàê ùèòîâèäíîé
æåëåçû

Ðàê ìî÷åâîãî ïóçûðÿ
Ìåòàñòàçû ðàêà â
ìîçã

Ðàê ïî÷êè III-IV ñò. ñ ïîðàæåíèåì ëèìôàòè-
÷åñêèõ óçëîâ è íàäïî÷å÷íèêîâ

Îïóõîëè 3-4 ñòåïåíè Ñïèííîé ìîçã
Ëåãêèå Àñòðîöèòîìû Ðàê ïðîñòàòû I-IV ñò.
Îïóõîëè I-IV ñòåïå-
íè

Õîðäîìû Ñåìèíîìà ÿè÷êà

Ìåçîòåëèîìà ïëåâ-
ðû

Ìåòàñòàçû â ïî-
çâîíî÷íèê

Ðàê ïîëîâîãî ÷ëåíà I-IV ñò.

Ìîëî÷íàÿ æåëåçà Ãåìàíãèîìû Ðàê òåëà ìàòêè è øåéêè ìàòêè I-IV ñò.
Ðàêîâûå îïóõîëè I-
IV ñò

Ìåíèíãèîìû Ðàê âóëüâû, âëàãàëèùà I-IV ñò.

Êîñòè, ñóñòàâû è
ìÿãêèå òêàíè

Ýïèíäèìîìû Êîæà

Õîíäðîìû Áàçàëèîìà
Ìèåëîìû Õîíäðîñàðêîìû Ñàðêîìà Ìåðêåëÿ
Ñàðêîìû Æåëóäî÷íî-

êèøå÷íûé
òðàêò

Ñàðêîìà Êàïîøè

Ëèìôîìà Ìåòàñòàçû â ïå-
÷åíü

Ëèìôîìà êîæè

Ëèìôîãðàíóëèìàòîç Îïóõîëè òîëñòîé
è ïðÿìîé êèøêè
I-IV ñò.

Ðàê êîæè
Íåõîäæêèíñêàÿ
ëèìôîìà

Ìåëàíîìà (êóðñ ïîñëå îïåðàöèè)

Ïàðàìåòðû óñêîðèòåëåé ýëåêòðîíîâ äëÿ òåðàïèè îïóõîëåé. Îïûò ìèðîâîé
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êëèíè÷åñêîé îíêîëîãèè ïîêàçàë, ÷òî ËÓÝ ñ ýíåðãèåé 4 - 25 ÌýÂ ïðåäñòàâëÿþò ñîáîé
íàèáîëåå âàæíûå, ïðàêòè÷íûå è óíèâåðñàëüíûå èñòî÷íèêè èîíèçèðóþùåãî èçëó÷åíèÿ
äëÿ íóæä ËÒ. Ñîâðåìåííûå óñòàíîâêè ìîãóò ðàáîòàòü â äâóõ ðåæèìàõ: ñ âûñîêèì
òîêîì ïó÷êà äî 100 ìêÀ äëÿ ôîðìèðîâàíèÿ òîðìîçíîãî èçëó÷åíèÿ -êâàíòîâ è òîêîì
ìàëîé èíòåíñèâíîñòè äî 500 íÀ äëÿ íåïîñðåäñòâåííî ýëåêòðîííîãî îáëó÷åíèÿ (îêîëî
10% ïàöèåíòîâ) [9]. Ñ ïîìîùüþ ñïåöèàëüíîãî îáîðóäîâàíèÿ èçëó÷åíèå íàïðàâëÿåòñÿ â
îáëàñòü îïóõîëè. Ôîòîíû ïðèìåíÿþò äëÿ îáëó÷åíèÿ ãëóáîêî ëåæàùèõ î÷àãîâ, à ýëåê-
òðîíû - äëÿ ëå÷åíèÿ íîâîîáðàçîâàíèé, ðàñïîëîæåííûõ áëèçêî ê êîæå.

Ïî ñëîæíîñòè è ìîùíîñòè âåñü ñïåêòð ËÓÝ, ïðåäëàãàåìûõ íà ðûíêå, ìîæíî óñëîâ-
íî ðàçäåëèòü íà ñëåäóþùèå ãðóïïû [10]: íèçêîýíåðãåòè÷åñêèå, âûñîêîýíåðãåòè÷åñêèå,
ñòåðåîòàêñè÷åñêèå è ðàäèîõèðóðãè÷åñêèå. Óñêîðèòåëüíûå ñèñòåìû äàííûõ ãðóïï îáëà-
äàþò âñåìè êà÷åñòâàìè è òåõíè÷åñêèìè âîçìîæíîñòÿìè äëÿ ïðîâåäåíèÿ òåðàïèè ñ íàè-
ìåíüøèì íåãàòèâíûì âîçäåéñòâèåì íà îêðóæàþùèå òêàíè, ìàêñèìàëüíûì êîìôîðòîì
äëÿ ïàöèåíòà è ýôôåêòèâíîãî ëå÷åíèÿ øèðîêîãî êðóãà ðàêîâûõ îïóõîëåé. Îñíîâíûå
âèäû íîâîîáðàçîâàíèé, êîòîðûå ñîãëàñíî äàííûì Êèáåð Êëèíèêè Ñïèæåíêî (Êèåâ)
[11] ïîääàþòñÿ ëå÷åíèþ íà ËÓÝ, ïðèâåäåíû â òàáë. 1.

Ïåðâûå ËÓÝ äëÿ ËÒ ïîÿâèëèñü â Óêðàèíå â 2006 ãîäó. Ñ òåõ ïîð öåëûé ðÿä ãîñó-
äàðñòâåííûõ è ÷àñòíûõ êëèíèê ïðèîáðåëè óñêîðèòåëè è ñîïóòñòâóþùåå îáîðóäîâàíèå
èçâåñòíûõ çàðóáåæíûõ ôèðì. Ïðèâåäåì ïåðå÷åíü óñêîðèòåëüíûõ êîìïëåêñîâ, íàõîäÿ-
ùèõñÿ â îíêîëîãè÷åñêèõ öåíòðàõ êðóïíûõ ãîðîäîâ. Â îòäåëåíèè ËÒ Âñåóêðàèíñêîãî
Öåíòðà Ðàäèîõèðóðãèè (Ôåîôàíèÿ, Êèåâ) ðàáîòàåò ËÓÝ ¾Clinac iX¿ è ¾Novalis Tx¿
(Varian, ÑØÀ). Â Êèáåð Êëèíèêå Ñïèæåíêî (Êèåâ) äèñòàíöèîííàÿ ËÒ ïðîâîäèòñÿ
íà óñêîðèòåëå ïîñëåäíåãî ïîêîëåíèÿ ¾Elekta Synergy¿. Â Äîíåöêîì îáëàñòíîì ïðîòè-
âîîïóõîëåâîì öåíòðå ËÒ çëîêà÷åñòâåííûõ íîâîîáðàçîâàíèé îñóùåñòâëÿåòñÿ íà ËÓÝ
¾Clinac 600C¿, ¾Clinac 2100C/D¿ è ñîâðåìåííîì ãàììà-òåðàïåâòè÷åñêîì àïïàðàòå ñ èñ-
òî÷íèêîì èçëó÷åíèÿ 60Ñî ¾Òåðàòðîí Ýëèò 80¿. Â Õàðüêîâñêîì èíñòèòóòå ìåäèöèíñêîé
ðàäèîëîãèè çàêàí÷èâàþòñÿ íàëàäî÷íûå ðàáîòû íà êîìïëåêñå ¾Clinac 600C¿, êîòîðûé
áûë çàêóïëåí â 2008 ã.

Òèïè÷íûé âèä íåêîòîðûõ, òåðàïåâòè÷åñêèõ óñòàíîâîê äëÿ ËÒ, ïðèâåäåí íà ðèñóí-
êàõ 2, 3. Âèäíî, ÷òî óñêîðèòåëüíûå ñèñòåìû ñìîíòèðîâàíû íà ïîâîðîòíîé ïëàòôîðìå,
êîòîðàÿ ìîæåò âðàùàòüñÿ âîêðóã ãîðèçîíòàëüíîé îñè â äèàïàçîíå óãëîâ ïîðÿäêà 180.
Êðàòêèå õàðàêòåðèñòèêè ËÓÝ Óêðàèíû ñëåäóþùèå:

¾Clinac iX¿ - âûñîêîýíåðãåòè÷-íûé ËÓÝ. Ðàçìåðû 371 124 264 ñì. Âåñ 9660 êã. Ýíåð-
ãèÿ ôîòîííîãî ïó÷êà 6, 18 ÌýÂ, ýíåðãèÿ ýëåêòðîíîâ 4, 6, 9, 12, 15, 18 ÌýÂ. Ìîù-
íîñòü äîçû ôîòîííîãî ïó÷êà 800 ÌÅ/ìèí (1ÌÅ=10-2·Ãð) ñ âîçìîæíîñòüþ óâåëè÷åíèÿ
äî 1000 ÌÅ/ìèí. ËÓÝ èìååò äî òðåõ çàäàâàåìûõ ýíåðãèé ôîòîííîãî ïó÷êà, êîìáè-
íèðóåìûõ ïðîèçâîëüíûì îáðàçîì. Ïîëíàÿ ïîääåðæêà ôóíêöèé 3D-CRT, IMRT, IGRT.
Ôóíêöèÿ 3D-CRT � (3D � òðåõìåðíàÿ êîíôîðìíàÿ ËÒ) êîìáèíàöèÿ äâóõ ïó÷êîâ ñ
ðàçëè÷íûìè ãåîìåòðè÷åñêèìè ðàçìåðàìè ôîðìèðóåò òðåõìåðíóþ îáëàñòü îáëó÷åíèÿ,
áëèçêóþ ê ôîðìå îïóõîëè. IMRT (intensity modulated radiotherapy) � ËÒ ñ ìîäóëÿ-
öèåé (èçìåíåíèåì) èíòåíñèâíîñòè âî âðåìÿ ïðîâåäåíèÿ ñåàíñà òåðàïèè. IGRT (image
guided radiotherapy) � ËÒ ïîä âèçóàëüíûì êîíòðîëåì äëÿ ëå÷åíèÿ îïóõîëåé îïðåäå-
ëåííîé ëîêàëèçàöèè (ëåãêèå, êèøå÷íèê è äðóãèå âíóòðåííèå îðãàíû) ïðè åñòåñòâåííûõ
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Ðèñ. 2: CLINAC 600C

Ðèñ. 3: ELLUS-6Ì

äâèæåíèÿõ òåëà è îðãàíîâ.

¾Novalis Tx¿ (Varian, ÑØÀ) � Ðàäèîõèðóðãè÷åñêèé ËÓÝ. Èçìåíÿåìàÿ ìîùíîñòü
äîçû 0 - 2400 ÌÅ/ìèí. Êîìïëåêñ ïðåäíàçíà÷åíû äëÿ ïðîâåäåíèÿ ìåäèöèíñêîé ïðîöå-
äóðû, ñîñòîÿùåé â îäíîêðàòíîì îáëó÷åíèè áîëüøîé äîçîé èîíèçèðóþùåãî èçëó÷åíèÿ ñ
âûñîêîé ïðîñòðàíñòâåííîé òî÷íîñòüþ äîáðîêà÷åñòâåííûõ è çëîêà÷åñòâåííûõ îïóõîëåé,
àðòåðèîâåíîçíûõ ìàëüôîðìàöèé è äðóãèõ ïàòîëîãè÷åñêèõ î÷àãîâ ñ öåëüþ èõ óíè÷òî-
æåíèÿ èëè ïðèîñòàíîâêè ôóíêöèîíèðîâàíèÿ. Â ïåðâóþ î÷åðåäü ðàäèîõèðóðãèÿ èñïîëü-
çóåòñÿ äëÿ ëå÷åíèÿ çàáîëåâàíèé ãîëîâíîãî ìîçãà, à òàêæå ïîçâîíî÷íèêà. Âî èçáåæàíèå
ïîñòëó÷åâûõ îñëîæíåíèé ðàçìåð î÷àãà îãðàíè÷åí 3 - 3.5 ñì.

¾Elekta Synergy¿ - âûñîêîýíåðãåòè÷åñêèé ËÓÝ. Âîçìîæíîñòü ãåíåðàöèè òðåõ ýíåð-
ãèé ôîòîíîâ (6, 10, 15 ÌýÂ) è øåñòè - ýëåêòðîíîâ (4, 6, 9, 12, 15, 18 ÌýÂ). Ðàäèîòåðà-
ïèÿ íàçíà÷àåòñÿ áîëüíûì ñ ðàñïðîñòðàíåííîñòüþ ïðîöåññà îò I äî IV ñòàäèè ñîãëàñíî
ìåæäóíàðîäíûì ñòàíäàðòàì. Ïåðå÷åíü îïóõîëåé, äëÿ êîòîðûõ ýôôåêòèâíà òåðàïèÿ íà
óñêîðèòåëüíîì êîìïëåêñå, ïðèâåäåí âûøå â Òàáë. 1. Ñòîèìîñòü îäíîãî äíÿ ëå÷åíèÿ íà
óñêîðèòåëå ñîñòàâëÿåò 1600 - 2400 ãðí., à âåñü êóðñ îáîéäåòñÿ ïàöèåíòó îò 13000 äî
111000 ãðí â çàâèñèìîñòè îò ñëîæíîñòè ëå÷åíèÿ.

¾Clinac 600C¿ - íèçêîýíåðãåòè÷íûé ËÓÝ. Ðàçìåð 272 127 269 ñì. Âåñ 6668 êã. Ýíåð-
ãèÿ èçëó÷åíèÿ ôîòîíîâ 6 ÌýÂ. Âîçìîæíûå ïðîöåäóðû - ôîòîííàÿ ðàäèîòåðàïèÿ, âêëþ-
÷àÿ ¾Photon-arc Therapy¿, ¾3D-CRT¿, ¾IMRT¿, ïîëíîå îáëó÷åíèå òåëà. Ñíàáæîí ñèñòå-
ìàìè Portal Vision, Portal Dosimetry, Portal imagin.

¾Clinac 2100C/D¿ - âûñîêîýíåðãåòè÷íûé ËÓÝ ñ öèôðîâûì óïðàâëåíèåì, èíòåãðèðî-
âàííûì ÌËÊ è ñèñòåìîé ïîðòàëüíîé âèçóàëèçàöèè. Ãåíåðèðóåò ôîòîíû íèçêîé ýíåðãèè
4 èëè 6 ÌÝÂ; ìîùíîñòü äîçû 100 - 600 ÌÅ/ìèí; ôîòîíû âûñîêîé ýíåðãèè âïëîòü äî
23 ÌÝÂ; ýíåðãèÿ ýëåêòðîíîâ 6, 9, 12, 16, 20 ÌýÂ; Ìîùíîñòü äîçû 100 - 1000 ÌÅ/ìèí.
Ïðåäíàçíà÷åí äëÿ äèñòàíöèîííîãî îáëó÷åíèÿ â ðàçíûõ ðåæèìàõ âñåõ îðãàíîâ è ñèñòåì.

Êàê áûëî ñêàçàíî âûøå, â îíêîëîãèè ìàññîâî èñïîëüçóþòñÿ ïó÷êè òîðìîçíûõ ôî-
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òîíîâ ñ ýíåðãèåé 4 - 20 ÌýÂ, ïîëó÷àåìûå íà óñêîðèòåëÿõ ýëåêòðîíîâ. Ãëàâíîå äîñòî-
èíñòâî òàêîãî èçëó÷åíèÿ � áîëüøàÿ ïðîíèêàþùàÿ ñïîñîáíîñòü. Ïîëîæåíèå ìàêñèìóìà
äîçû ñìåùàåòñÿ âãëóáü áèîëîãè÷åñêîé òêàíè ïðè óâåëè÷åíèè ýíåðãèè -êâàíòîâ. Îäíàêî
áîëåå ãëóáîêîå ïðîíèêíîâåíèå èçëó÷åíèÿ â òêàíü ïðèâîäèò ê âûñîêîé äîçå íà âûõîäå
îáúåìà îïóõîëè è îáëó÷åíèþ êðèòè÷åñêèõ îðãàíîâ, ðàñïîëîæåííûõ ðÿäîì ñ íîâîîáðà-
çîâàíèåì. Èç ïðèâåäåííûõ ðàññóæäåíèé âûòåêàåò âîïðîñ îá îïòèìàëüíîì ñîîòíîøå-
íèè èíòåãðàëüíîé äîçû â îïóõîëè, òåëå ïàöèåíòà è ýíåðãèè èçëó÷åíèÿ. Ñòàòèñòè÷åñêèå
äàííûå ãîâîðÿò î òîì, ÷òî â ìèðå íàñ÷èòûâàåòñÿ îêîëî 2000 òåðàïåâòè÷åñêèõ óñòàíî-
âîê íà áàçå íåáîëüøèõ óñêîðèòåëåé ñ ýíåðãèåé â íåñêîëüêî ÌýÂ [9]. È â íàøå âðåìÿ
ïðîèçâîäèòåëè ËÓÝ çà ðóáåæîì àêòèâíî çàíèìàþòñÿ ðàçðàáîòêîé è ñîçäàíèåì áîëåå
ñîâåðøåííûõ óñòàíîâîê ñ ýíåðãèåé ôîòîíîâ ≤ 6 ÌýÂ. Êðîìå òîãî, ïðèìåíåíèå íèçêî-
ýíåðãåòè÷åñêèõ óñêîðèòåëåé ñ ìàêñèìàëüíîé ýíåðãèåé ôîòîíîâ äî 6 ÌýÂ âûãîäíû íå
òîëüêî ñ òî÷êè çðåíèÿ ôèçè÷åñêèõ õàðàêòåðèñòèê, íî è ñ òî÷êè çðåíèÿ ýêîíîìè÷åñêîé,
÷òî ÷ðåçâû÷àéíî âàæíî â óñëîâèÿõ êëèíèê, êîòîðûå íå èìåþò äîñòàòî÷íîãî ôèíàíñè-
ðîâàíèÿ [5]. Âñå âûøåñêàçàííîå ãîâîðèò î òîì, ÷òî íèçêîýíåðãåòè÷åñêèå ôîòîíû äëÿ
ËÒ � ýòî íåêèé êîìïðîìèññ ìåæäó ýíåðãèåé, ýôôåêòèâíîñòüþ ëå÷åíèÿ îïðåäåëåííîãî
êëàññà îïóõîëåé, ñòîèìîñòüþ óñêîðèòåëÿ è ñîïóòñòâóþùåãî îáîðóäîâàíèÿ.

Îòâëåêàÿñü îò ïðåäñòàâëåííûõ íà ðûíêàõ äàëüíåãî çàðóáåæüÿ ËÓÝ äëÿ ËÒ, óïîìÿ-
íåì ðàçðàáîòêè àíàëîãè÷íûõ óñòàíîâîê â Ðîññèéñêîé Ôåäåðàöèè. Çäåñü øèðîêîå ðàñ-
ïðîñòðàíåíèå ïîëó÷èëè óñêîðèòåëè ýëåêòðîíîâ ÑË75-5-5ÌÒ [5] ñ ìàêñèìàëüíîé ýíåð-
ãèåé òîðìîçíîãî ñïåêòðà 6 ÌýÂ. Ìîùíîñòü äîçû ôîòîííîãî èçëó÷åíèÿ â èçîöåíòðå 100
- 400 ÌÅ/ìèí. Ìàêñèìàëüíûé ðàçìåð ïîëÿ îáëó÷åíèÿ 40×40 ñì. Ðàññòîÿíèå ìèøåíü-
èçîöåíòð 100 ñì. Ïîòðåáëÿåìàÿ ìîùíîñòü 22.5 êÂò. Òèïè÷íàÿ ïðîïóñêíàÿ ñïîñîáíîñòü
8 - 12 ÷åëîâåê/÷àñ. Ðåæèì ðàáîòû � äâóñìåííûé 2 - 6 ÷. 5 äíåé â íåäåëþ. Ýòèì êîìïëåê-
ñîì îñíàùàþòñÿ ñåé÷àñ îíêîëîãè÷åñêèå ó÷ðåæäåíèÿ Ðîññèè. ÑË75-5-5ÌÒ ïðîèçâîäÿò-
ñÿ â ÍÏÊ ËÓÖ ÍÈÈÝÔÀ èì. Ä.Â. Åôðåìîâà (Ñàíêò-Ïåòåðáóðã) ïî ëèöåíçèè ôèðìû
PHILIPS. Ê íàñòîÿùåìó âðåìåíè ñîçäàíî îêîëî 60 óñòàíîâîê.

Â òîì æå ÍÏÊËÓÖÍÈÈÝÔÀ ðàçðàáîòàíà áîëåå ñîâåðøåííàÿ ìîäåëü ¾ELLUS-6M¿,
êîòîðàÿ ïðåäíàçíà÷åíà äëÿ ïðîâåäåíèÿ 3-õ ìåðíîé êîíôîðìíîé ËÒ ïó÷êîì ôîòîíîâ ñ
ýíåðãèåé 6 ÌýÂ â ìóëüòèñòàòè÷åñêîì è ðîòàöèîííîì ðåæèìàõ. Ìîùíîñòü äîçû ôîòîí-
íîãî èçëó÷åíèÿ â èçîöåíòðå 3.5 - 5 Ãð/ìèí. Ðàçìåð ðàäèàöèîííîãî ïîëÿ â ïëîñêîñòè
èçîöåíòðà íà ðàññòîÿíèè 100 ñì îò 2 2 äî 40 40 ñì. Ìàêñèìàëüíûé óãîë âðàùåíèÿ
ïëàòôîðìû 185. Ãîëîâêà äëÿ èçëó÷åíèÿ âûïîëíåíà ïîäâèæíîé äëÿ âîçìîæíîñòè ðîòà-
öèîííîãî îáëó÷åíèÿ (óãîë ïîâîðîòà 180). Îòêëîíåíèå öåíòðà ïó÷êà îò èçîöåíòðà ïðè
âðàùåíèè ìåíåå 1 ìì. Ïîòðåáëÿåìàÿ ìîùíîñòü 17 êÂò. Êîìïëåêñ èìååò ìíîãîëåïåñò-
êîâûé êîëëèìàòîð (ÌËÊ), ñèñòåìó âåðèôèêàöèè îáëó÷åíèÿ íà îñíîâå óñòðîéñòâ ïîð-
òàëüíûõ èçîáðàæåíèé, à òàêæå ðåíòãåíîâñêóþ ñèñòåìó äëÿ àíàòîìî-òîïîìåòðè÷åñêîé
ïîäãîòîâêè è âåðèôèêàöèè ïîëåé îáëó÷åíèÿ.

Ïîä÷åðêíåì, ÷òî äëÿ òåðàïèè íåêîòîðûõ ôîðì ðàêà [5], ýíåðãèÿ òîðìîçíîãî èç-
ëó÷åíèÿ 6 ÌýÂ íåäîñòàòî÷íî ýôôåêòèâíà. Äëÿ äîñòèæåíèÿ ïîëîæèòåëüíûõ ðåçóëü-
òàòîâ òðåáóåòñÿ ýíåðãèÿ ôîòîíîâ áîëüøå 6 ÌýÂ. Âûÿñíèëîñü, íàïðèìåð, ÷òî âåðîÿò-
íîñòü âîçíèêíîâåíèÿ ðåöèäèâà ðàêà ïðîñòàòû ñíèæàåòñÿ ñ ðîñòîì ýíåðãèè îáëó÷åíèÿ.
Â äèàïàçîíå 8 - 20 ÌýÂ âåðîÿòíîñòü ðåöèäèâà ïîñòîÿííà è ðàâíà 10% (ïðè ýíåðãèè 6
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ÌýÂ ýòà âåëè÷èíà � 18%). Ýòè è äðóãèå ïîõîæèå ðåçóëüòàòû åñòåñòâåííî ïîáóæäàþò
èñïîëüçîâàòü ôîòîíû âûñîêèõ ýíåðãèé. Íî óñêîðèòåëü ñ ýíåðãèåé èçëó÷åíèÿ 10 ÌýÂ
èìååò áîëåå ñëîæíóþ êîíñòðóêöèþ, áîëüøèå ãàáàðèòû, òðåáóåò óñèëåíèÿ ðàäèàöèîí-
íîé çàùèòû è ñòîèò äîðîæå. Äëÿ îáñëóæèâàíèÿ óñòàíîâêè òðåáóåòñÿ áîëåå âûñîêàÿ
êâàëèôèêàöèÿ ïåðñîíàëà. Òåì íå ìåíåå, çàðóáåæíûå êîìïàíèè íàðÿäó ñ ËÓÝ ñ îäíîé
ýíåðãèåé -êâàíòîâ 6 ÌýÂ âûïóñêàþò è ìíîãîöåëåâûå óñêîðèòåëüíûå ñèñòåìû ñ íåñêîëü-
êèìè ôîòîííûìè è ýëåêòðîííûìè ïó÷êàìè âûñîêîé ýíåðãèè. Òàê, óñêîðèòåëè: SL-20
(Philips, Àíãëèÿ) âûïóñêàåòñÿ ñ äâóìÿ ýíåðãèÿìè ôîòîíîâ è 8 ýíåðãèÿìè ýëåêòðîíîâ,
Clinac-2100C (Varian, ÑØÀ) èìååò 2 ýíåðãèè ôîòîíîâ è 5 ýëåêòðîíîâ, Primus (Siemens,
Ãåðìàíèÿ) ðàáîòàåò ñ äâóìÿ ýíåðãèÿìè ôîòîíîâ è 6 ýíåðãèÿìè ýëåêòðîíîâ.

Îáÿçàòåëüíîå âûñîêîòåõíîëîãè÷íîå îáîðóäîâàíèå. ßñíî, ÷òî ïðåæäå ÷åì íà-
÷àòü ëå÷åíèå ðàçíîãî ðîäà î÷àãîâ ðàêà, ñëåäóåò òî÷íî îïðåäåëèòü èõ ëîêàëèçàöèþ,
ðàçìåðû, ñîîòíîøåíèå ñ ñîñåäíèìè îðãàíàìè. Çàáëàãîâðåìåííî âûÿâèòü çëîêà÷åñòâåí-
íûé ó÷àñòîê ìîæíî ïðè âèçóàëèçàöèè âíóòðåííèõ îðãàíîâ ðàçëè÷íûìè ñïîñîáàìè, â
òîì ÷èñëå, ïîçèòðîííîé ýìèññèîííîé òîìîãðàôèåé (ÏÝÒ), îäíîôîòîííîé ýìèññèîííîé
êîìïüþòåðíîé òîìîãðàôèåé (ÎÔÝÊÒ), êîìïüþòåðíîé òîìîãðàôèåé (ÊÒ), ìàãíèòíî-
ðåçîíàíñíîé òîìîãðàôèåé (ÌÐÒ). Íàèáîëåå ïðîäâèíóòîé ìåòîäèêîé ñ÷èòàþòñÿ ãèáðèä-
íûå ñèñòåìû, â ÷àñòíîñòè ÏÝÒ/ÊÒ (ÏÝÒ-òîìîãðàô, ñîâìåùåííûé ñ êîìïüþòåðíûì
òîìîãðàôîì). Ñèñòåìà ïîçâîëÿåò îáíàðóæèòü ðàê íà ðàííåé ñòàäèè, ïîêàçûâàÿ èçìå-
íåíèÿ íà êëåòî÷íîì óðîâíå çàäîëãî äî ïîÿâëåíèÿ àíàòîìè÷åñêèõ èçìåíåíèé, à òàêæå
äàåò âîçìîæíîñòü ïðîñëåäèòü èçìåíåíèÿ ïàòîëîãè÷åñêîãî î÷àãà â äèíàìèêå. Íà ðèñ. 4
ïîêàçàíà óñòàíîâêà ÏÝÒ/ÊÒ ôèðìû �Philips�, êîòîðóþ æåëàòåëüíî èìåòü â ÖßÌ.

Ðèñ. 4: ÏÝÒ/ÊÒ òîìîãðàô

Äëÿ ñíàáæåíèÿ ÏÝÒ- òîìîãðàôà èëè ÏÝÒ/ÊÒ- ñèñòåìû îñíîâíûìè ïîçèòðîí- èç-
ëó÷àþùèìè ðàäèîíóêëèäàìè 11C,13N,15O,18 F,68Ga (T1/2 = 20.4; 10.1; 2.07; 112; 68 ìè-
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íóò ñîîòâåòñòâåííî) ïëàíèðóåòñÿ èñïîëüçîâàòü êîìïàêòíûé öèêëîòðîí CV-28 è ïîä-
êðèòè÷åñêóþ ñáîðêó ¾Èñòî÷íèê Íåéòðîíîâ¿. Óñòàíîâêè íàõîäÿòñÿ íà òåððèòîðèè ÍÍÖ
ÕÔÒÈ îòíîñèòåëüíî íåäàëåêî îò áóäóùåãî ÖßÌ. Ïî-âèäèìîìó, îñíîâíîå óñèëèå ñëå-
äóåò íàïðàâèòü íà ïîëó÷åíèå ðàäèîèçîòîïà 18F, ïîñêîëüêó ïðåïàðàò íà îñíîâå 18F �
ôòîðäåçîêñèãëþêîçà (18F FDG), óñïåøíî èñïîëüçóåòñÿ âî âñåì ìèðå äëÿ äèàãíîñòèêè
îíêîëîãè÷åñêèõ çàáîëåâàíèé. Â ÷àñòíîñòè, ÷èñëî åæåãîäíî ïðîâîäèìûõ â ÑØÀ òåñòîâ
ñ åãî èñïîëüçîâàíèåì ñîñòàâëÿåò ïî÷òè 90% âñåõ ÏÝÒ-ïðîöåäóð [12].

Îáÿçàòåëüíûì äëÿ âñåõ òåðàïåâòè÷åñêèõ óñêîðèòåëåé ÿâëÿåòñÿ íàëè÷èå íàâåñíîãî,
óïðàâëÿåìîãî êîìïüþòåðîì, ÌËÊ, êîòîðûé ñîçäàåò ïðîõîäíîå îòâåðñòèå äëÿ èçëó÷å-
íèÿ, äîâîëüíî òî÷íî îòîáðàæàÿ ïîïåðå÷íîå ñå÷åíèå îïóõîëè. Ñèñòåìà ïîçèöèîíèðîâà-
íèÿ ëåïåñòêîâ îáåñïå÷èâàåò ôîðìèðîâàíèå ãðàíèöû ôèãóðíîãî ïîëÿ íà ðàññòîÿíèè 1 ì
ñ òî÷íîñòüþ íå õóæå 1 ìì, à ãåîìåòðè÷åñêèå ðàçìåðû ïîëÿ -èçëó÷åíèÿ ìîãóò ìåíÿòüñÿ â
øèðîêèõ ïðåäåëàõ [13]. Íàïðèìåð, ÌËÊ íà óñêîðèòåëå ¾ELLUS-6Ì¿ îáåñïå÷èâàåò ìàê-
ñèìàëüíûé ðàçìåð ïîëÿ 20 20 ñì. Íà ðèñ. 5 ïîêàçàíà âîçìîæíîñòü ÌËÊ îáåñïå÷èâàòü
ðàäèàöèîííîå ïîëå ñëîæíîé êîíôèãóðàöèè.

Ðèñ. 5: Ðàäèàöèîííîå ïîëå ïîñëå ÌËÊ

Ïðè ËÒ ïàöèåíò óêëàäûâàåòñÿ íà àâòîìàòèçèðîâàííûé ëå÷åáíûé ñòîë ãðóçîïîäú-
åìíîñòüþ 200 êã è æåñòêî êðåïèòñÿ ñïåöèàëüíûìè ôèêñàòîðàìè. Ìåõàíèçìàìè âåðòè-
êàëüíîãî, ïðîäîëüíîãî è ïîïåðå÷íîãî ïåðåìåùåíèÿ óïðàâëÿåò ñïåöèàëüíàÿ êîìïüþòåð-
íàÿ ïðîãðàììà. Êàæäûé ïðîèçâîäèòåëü ðàçðàáàòûâàåò è ñîçäàåò ñâîè ñòîëû, êîòîðûå
âåñüìà ðàçíîîáðàçíû ïî äèçàéíó è êîíñòðóêòèâíîìó ðåøåíèþ.

Çàêëþ÷åíèå. Äî ìîìåíòà çàïóñêà ÖßÌ â ýêñïëóàòàöèþ ïðåäñòîèò ðàçðàáîòàòü
Òåõíèêî-Ýêîíîìè÷åñêîå Îáîñíîâàíèå ïðîåêòà, ïîäãîòîâèòü ñîîòâåòñòâóþùèå ïëîùàäè,
ïîäâåñòè êîììóíèêàöèè, îñóùåñòâèòü êàïèòàëüíîå ñòðîèòåëüñòâî, ïðîâåñòè ðåìîíò çäà-
íèé è ïîìåùåíèé äëÿ ðàçìåùåíèÿ îáîðóäîâàíèÿ, èíæåíåðíî-òåõíè÷åñêîãî, ìåäèöèíñêî-
ãî ïåðñîíàëà, ïàöèåíòîâ. Âûïîëíèòü ñòðîèòåëüíî-ìîíòàæíûå è íàëàäî÷íûå ðàáîòû íà
öèêëîòðîíå CV-28 è óñòàíîâêå ¾Èñòî÷íèê íåéòðîíîâ¿, çàâåðøèòü ñòàäèþ ïîëó÷åíèÿ ðà-
äèîíóêëèäîâ â ÍÈÊ ¾Óñêîðèòåëü¿. Ñîçäàòü äèàãíîñòè÷åñêèé öåíòð. Ýêñïåðèìåíòàëüíî
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íàðàáîòàòü íóæíîå êîëè÷åñòâî, ñîîòâåòñòâóþùåãî êà÷åñòâà ðàäèîèçîòîïû è ôàðìïðå-
ïàðàòû. Ïðîâåñòè öåëûé ðÿä äëèòåëüíûõ ìåäèêî-áèîëîãè÷åñêèõ èññëåäîâàíèé, ïðîéòè
ðàçëè÷íîãî ðîäà ñîãëàñîâàíèÿ è ïîëó÷èòü ðàçðåøåíèå íà ïðèìåíåíèå ïîëó÷åííûõ ñî-
åäèíåíèé íà ëþäÿõ. Âñå ýòî ñóùåñòâåííî çàäåðæèò íà÷àëî ðåàëüíîé ðàáîòû ÖßÌ.

Â òî æå âðåìÿ, ïðèîáðåòåíèå ËÓÝ ïîñëåäíåãî ïîêîëåíèÿ ñ ãîòîâûì êîìïüþòåð-
íûì îáåñïå÷åíèåì, îõâàòûâàþùèì âñå çâåíüÿ ËÒ, è âñïîìîãàòåëüíûì ðàäèàöèîííî-
òåðàïåâòè÷åñêèì îáîðóäîâàíèåì, ïîçâîëèò äîñòàòî÷íî áûñòðî (íà èìåþùèõñÿ ïëîùà-
äÿõ ÔÒÔ ÕÍÓ èì. Â.Í. Êàðàçèíà) ðåàëèçîâàòü òåðàïèþ ïàöèåíòîâ ôîòîííûì è ýëåê-
òðîííûì èçëó÷åíèåì. Ýòî çàìåòíî ðàñøèðèò âîçìîæíîñòè ëå÷åíèÿ â ÖßÌ îíêîëîãè÷å-
ñêèõ çàáîëåâàíèé. Íàëè÷èå â ÍÈÊ ¾Óñêîðèòåëü¿ âûñîêîêâàëèôèöèðîâàííîãî íàó÷íîãî
è èíæåíåðíî-òåõíè÷åñêîãî ïåðñîíàëà, ðàçðàáàòûâàþùåãî, ñîçäàþùåãî è îáñëóæèâàþ-
ùåãî ËÓÝ, îáåñïå÷èò íàäåæíóþ ðàáîòó êîìïëåêñà.

Áåçóñëîâíî, îêîí÷àòåëüíûé âûáîð êîíêðåòíîãî ËÓÝ è âûñîêîòåõíîëîãè÷íîãî îáî-
ðóäîâàíèÿ äîëæíû ñäåëàòü ñïåöèàëèñòû, îðèåíòèðóÿñü íà òåõíè÷åñêèå ïàðàìåòðû, òå-
ðàïåâòè÷åñêèå âîçìîæíîñòè è ñòîèìîñòü, à òàêæå îïèðàÿñü íà îïûò ðàáîòû â êëèíè-
÷åñêîé îíêîëîãèè çà ðóáåæîì è íà Óêðàèíå. ßñíî, ÷òî âíåäðåíèå íîâîé òåõíèêè è åå
óñïåøíàÿ ðàáîòà, ïîòðåáóåò ïðåäâàðèòåëüíîé ïîäãîòîâêè âûñîêîêâàëèôèöèðîâàííûõ
ñïåöèàëèñòîâ, êîòîðûå áóäóò íåïîñðåäñòâåííî ðàáîòàòü íà óñêîðèòåëüíîì êîìïëåêñå.
Ýòó áåçîòëàãàòåëüíóþ çàäà÷ó ñëåäóåò ðåøàòü óæå ñåé÷àñ.

Ïîòåíöèàëüíûìè ïîòðåáèòåëÿìè ïó÷êà ìîãóò ñòàòü íå òîëüêî æèòåëè ãîðîäà è îá-
ëàñòè, íî è ïàöèåíòû ñîñåäíèõ ðåãèîíîâ Óêðàèíû. Ðàçâèòèå ðàáîò ñ èñïîëüçîâàíèåì
ËÓÝ ïîñëåäíåãî ïîêîëåíèÿ ïîçâîëèò Õàðüêîâó íå òîëüêî íå îòñòàòü â ðàçâèòèè íî-
âåéøèõ òåõíîëîãèé è ìåòîäèê òåðàïèè, íî è â ïðîöåññå ôóíêöèîíèðîâàíèÿ ïîëó÷àòü
ýêîíîìè÷åñêèé ýôôåêò.
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tumors at nuclear center of NSC KIPT
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Abstract. In this work, analysis of applying a linear electron accelerator (LEA) and
related high technological equipment to radiation therapy (RT) at oncological facilities is
given in order to do a possible choice and purchase of an accelerator complex for realization
of RT at Nuclear Medicine Center (NMC) of NSC KPIT. In the article, statistical data on
oncological patients in Ukraine and the world are considered. The technical characteristics
of LEA and additional equipment of di�erent foreign �rms are examined. Therapeutic
opportunities of the equipment are described. It is motivated importance of purchase of
the modern LEA with integrated computer software providing all of RT subdivisions, a
system of fully automated control of a RT process and accessory radiation � therapeutic
devices.

Keywords: diagnostics, electron accelerators, nuclear medicine, photons, electrons, radiation
therapy.
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ÈÍÔÎÐÌÀÖÈß ÄËß ÀÂÒÎÐÎÂ

Â ñåðèè Ýêñïåðèìåíòàëüíàÿ è ïðèêëàäíàÿ ôèçèêà æóðíàëà "Íàó÷íûå âåäîìîñòè
ÁåëÃÓ" ïå÷àòàþòñÿ ñòàòüè, íàïèñàííûå íà ðóññêîì èëè íà àíãëèéñêîì ÿçûêàõ, ñîäåð-
æàùèå îðèãèíàëüíûå íàó÷íûå ðåçóëüòàòû ïî âñåì íàïðàâëåíèÿì ôèçèêè, ðàíåå íå ïóá-
ëèêîâàâøèåñÿ è íå ïðåäñòàâëåííûå ê ïóáëèêàöèè â äðóãèõ èçäàíèÿõ. Ïðåäñòàâëÿåìàÿ
äëÿ ïóáëèêàöèè ðóêîïèñü ñòàòüè äîëæíà áûòü çàêîí÷åííûì íàó÷íûì èññëåäîâàíèåì
è ñîäåðæàòü íîâûå íàó÷íûå ðåçóëüòàòû. Ñòàòüÿ äîëæíà áûòü íàïèñàíà ñ äîñòàòî÷íîé
ñòåïåíüþ ïîäðîáíîñòè è ñ òàêèì ðàñ÷¼òîì, ÷òîáû áûòü ïîíÿòíîé íå òîëüêî óçêèì ñïåöè-
àëèñòàì ïî âûáðàííîìó àâòîðîì(àìè) íàïðàâëåíèþ èññëåäîâàíèé, íî áîëåå øèðîêîìó
êðóãó èññëåäîâàòåëåé.

Ñòàòüè îáçîðíîãî õàðàêòåðà ïèøóòñÿ, êàê ïðàâèëî, ïî ñîãëàñîâàíèþ ñ ðåäêîëëåãèåé
æóðíàëà. Âîçìîæíà òàêæå ïóáëèêàöèÿ ñòàòüè, íîñÿùåé ìåòîäè÷åñêèé õàðàêòåð. Ðåøå-
íèå î âîçìîæíîñòè ïóáëèêàöèè òàêîé ðóêîïèñè ïðèíèìàåòñÿ ðåäêîëëåãèåé îòäåëüíî.

Ñòàòüè, ÿâëÿþùèåñÿ ðåçóëüòàòàìè ðàáîò, ïðîâåä¼ííûõ â ó÷ðåæäåíèÿõ, äîëæíû èìåòü
íàïðàâëåíèå îò êàæäîãî èç íèõ. Ïî çàïðîñó ðåäêîëëåãèè èçäàíèÿ àâòîðû îáÿçàíû
ïðåäîñòàâèòü àêòû ýêñïåðòèçû î âîçìîæíîñòè îòêðûòîé ïóáëèêàöèè ìàòåðèàëîâ ñòà-
òüè.

Íàïðàâëÿÿ ðóêîïèñü ñòàòüè â ðåäàêöèþ, àâòîðû ïåðåäàþò ðåäêîëëåãèè ïðàâî îïóá-
ëèêîâàòü å¼ íà ðóññêîì ÿçûêå. Ïðè ýòîì çà àâòîðàìè ñîõðàíÿþòñÿ âñå îñòàëüíûå ïðàâà
êàê ñîáñòâåííèêîâ ýòîé ðóêîïèñè. Àâòîðàìè äîëæíî áûòü ïðåäñòàâëåíî ïèñüìî â ñëå-
äóþùåé ôîðìå:
Ìû, íèæåïîäïèñàâøèåñÿ àâòîðû,
...............................................................................................................
ïåðåäà¼ì ðåäêîëëåãèè ñåðèè Ýêñïåðèìåíòàëüíàÿ è ïðèêëàäíàÿ ôèçèêà æóðíàëà "Íà-
ó÷íûå âåäîìîñòè ÁåëÃÓ" ïðàâî îïóáëèêîâàòü ñòàòüþ
................................................................................................................
íà ðóññêîì (àíãëèéñêîì) ÿçûêå.
Ìû ïîäòâåðæäàåì, ÷òî äàííàÿ ïóáëèêàöèÿ íå íàðóøàåò àâòîðñêîãî ïðàâà äðóãèõ ëèö
èëè îðãàíèçàöèé.
Äàòà Ïîäïèñè

Âñå ïðåäñòàâëåííûå ðóêîïèñè ñòàòåé ïðîõîäÿò ðåöåíçèðîâàíèå. Ïîðÿäîê ðåöåíçèðî-
âàíèÿ óñòàíîâëåí ñîîòâåòñòâóþùèì äîêóìåíòîì, ðàçìåù¼ííûì íà ñàéòå Èçäàòåëüñòâà
ÍÈÓ ÁåëÃÓ. Ðåøåíèå îá îïóáëèêîâàíèè ñòàòüè ïðèíèìàåòñÿ ðåäêîëëåãèåé èçäàíèÿ íà
îñíîâàíèè ðåöåíçèè.

Ïðîñüáà ðåäêîëëåãèè î ïåðåðàáîòêå ðóêîïèñè ñòàòüè íå îçíà÷àåò, ÷òî ñòàòüÿ ïðèíÿòà
ê ïóáëèêàöèè; ïîñëå ïåðåðàáîòêè ðóêîïèñü ñòàòüè âíîâü ðàññìàòðèâàåòñÿ ðåöåíçåíòîì
èëè ðåäêîëëåãèåé èçäàíèÿ.

Â ñëó÷àå íåïðèíÿòèÿ ê ïóáëèêàöèè ñòàòüè ïî ñîäåðæàòåëüíîìó àñïåêòó ðåäêîëëå-
ãèÿ èçäàíèÿ íàïðàâëÿåò àâòîðó ìîòèâèðîâàííûé îòêàç. Ðóêîïèñè ñòàòåé, îôîðìëåííûå
íå â ñîîòâåòñòâèè ñ óêàçàííûìè ïðàâèëàìè, ðåäêîëëåãèåé íå ðàññìàòðèâàþòñÿ è âîç-
âðàùàþòñÿ àâòîðàì.

Â îïóáëèêîâàííîé ñòàòüå óêàçûâàåòñÿ äàòà ïîñòóïëåíèÿ ðóêîïèñè ñòàòüè â ðåäêîë-
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ëåãèþ. Â ñëó÷àå ñóùåñòâåííîé ïåðåðàáîòêè ðóêîïèñè ñòàòüè óêàçûâàåòñÿ äàòà ïîëó÷å-
íèÿ îêîí÷àòåëüíîãî òåêñòà ñòàòüè.

Â ðåäàêöèþ ïðèñûëàåòñÿ ñëåäóþùàÿ èíôîðìàöèÿ:

1. Îñíîâíàÿ ñîäåðæàòåëüíàÿ ÷àñòü ñòàòüè, ïðåäñòàâëÿåìàÿ íà ðóññêîì èëè àíãëèé-
ñêîì ÿçûêàõ. Ïðè ýòîì íàçâàíèå ñòàòüè äîëæíî ñîñòîÿòü íå áîëåå ÷åì èç 20 ñëîâ.

2. Èíäåêñ ÓÄÊ òîãî íàó÷íîãî íàïðàâëåíèÿ, êîòîðîìó ïîñâÿùåíà ñòàòüÿ;

3. Ñïèñîê àâòîðîâ ñ óêàçàíèåì ïîðÿäêà èõ ðàçìåùåíèÿ ïðè ïóáëèêàöèè ñòàòüè;

4. Àííîòàöèÿ íà ðóññêîì ÿçûêå; å¼ îáú¼ì íå äîëæåí ïðåâûøàòü 10-12 ñòðîê, íàïè-
ñàííûõ øðèôòîì 12pt;

5. Ñïèñîê êëþ÷åâûõ ñëîâ (íå áîëåå 10-12);

6. Òåêñò ïåðåâîäà çàãîëîâêà ñòàòüè, àííîòàöèè è êëþ÷åâûõ ñëîâ íà àíãëèéñêîì ÿçû êå;

7. Ñïèñîê ëèòåðàòóðíûõ èñòî÷íèêîâ, íà êîòîðûå èìåþòñÿ ññûëêè â òåêñòå ðóêîïèñè;

8. Äàííûå îá àâòîðàõ ñòàòüè ñ óêàçàíèåì ìåñòà èõ ðàáîòû, òî÷íîãî ïî÷òîâîãî àäðåñà
ïðåäïðèÿòèÿ. Äîëæíû áûòü óêàçàíû àäðåñà ýëåêòðîííîé ïî÷òû. Ýòè äàííûå íåîá-
õîäèìî ïðåäñòàâèòü òàêæå íà àíãëèéñêîì ÿçûêå. Êðîìå òîãî, äîëæíà áûòü äàíà
ëàòèíñêàÿ òðàíñêðèïöèÿ ôàìèëèé àâòîðîâ. Ñîîòâåòñòâåííî, äëÿ ñòàòåé íà àí-
ãëèéñêîì ÿçûêå äîëæíà áûòü äàíà òðàíñêðèïöèÿ ôàìèëèé àâòîðîâ êèðèëëè öåé;

9. Ñïèñêà ïîäïèñåé ê ðèñóíêàì, åñëè îíè èìåþòñÿ â ðóêîïèñè.

Ïîðÿäîê îôîðìëåíèÿ ýòîé èíôîðìàöèè â ýëåêòðîííîì ôàéëå óêàçàí â ïðèëîæåíèè
â êîíöå íàñòîÿùèõ ïðàâèë (ñì. ï.5) òðåáîâàíèé ê ýëåêòðîííîìó íàáîðó).

Â ðåäàêöèþ ïðèñûëàåòñÿ ýëåêòðîííûé ôàéë ðàáîòû. Îí äîëæåí áûòü ïîäãîòîâëåí
â ðåäàêòîðå LaÒåÕ (LaTeX2e, AMSLaTeX). Ôàéëû, ïðèãîòîâëåííûå â äðóãîì ðå-
äàêòîðå, ðàññìàòðèâàòüñÿ ðåäêîëëåãèåé íå áóäóò. Ïðè ýòîì íóæíî ïðèñûëàòü
ôàéë ðàáîòû ñ ðàñøèðåíèåì ¾tex¿ è pdf-êîïèþ ôàéëà ðàáîòû, äëÿ òîãî, ÷òîáû ðåäàê-
öèÿ èìåëà âîçìîæíîñòü ñðàâíåíèÿ åãî ñ àâòîðñêèì îðèãèíàëîì ïðè ðåäàêòèðîâàíèè è
âåðñòêå æóðíàëà.

Îñîáûå òðåáîâàíèÿ ê ýëåêòðîííîìó íàáîðó â ðåäàêòîðå LaTeX (è òîìó ïîäîá-
íûì ðåäàêòîðàì) ñëåäóþùèå.

1. Íåëüçÿ èñïîëüçîâàòü ââîäèìûå àâòîðàìè íîâûå íåñòàíäàðòíûå êîìàíäû.
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2. ¾Âûêëþ÷íûå¿ ôîðìóëû äîëæíû áûòü ïðîíóìåðîâàíû â ïîðÿäêå èõ ïîÿâëåíèÿ
â ðóêîïèñè â òîì ñëó÷àå, åñëè íà íèõ åñòü ññûëêè â òåêñòå. Ïðè èñïîëüçîâàíèè
ðåæèìà equation äëÿ íàáîðà âûêëþ÷åííûõ ôîðìóë îáÿçàòåëüíî óïîòðåáëåíèå äëÿ
èõ íóìåðàöèè ñîîòâåòñòâóþùèõ íîìåðîâ ôîðìóë â òåêñòå.

3. Â ñëó÷àå, åñëè â ñòàòüå èìåþòñÿ ðàçäåëû â âèäå ïðèëîæåíèé â êîíöå îñíîâíîãî
òåêñòà ðàáîòû, íóìåðàöèÿ ñîäåðæàùèõñÿ â íèõ âûêëþ÷åííûõ ôîðìóë ìîæåò áûòü
íåçàâèñèìîé îò íóìåðàöèè îñíîâíîãî òåêñòà. Ïðè ýòîì â ïðèëîæåíèÿõ ðåêîìåí-
äóåòñÿ óïîòðåáëåíèå äâîéíîé íóìåðàöèè, â êîòîðîé ïåðâûé ñèìâîë ìîæåò áûòü
ïðîïèñíîé áóêâîé èëè íîìåðîì ïðèëîæåíèÿ. Êàæäûé èç ðàçäåëîâ-ïðèëîæåíèé
íà÷èíàåòñÿ ñëîâîì ÏÐÈËÎÆÅÍÈÅ ñ ïîðÿäêîâûì íîìåðîì ýòîãî ïðèëîæåíèÿ.
Ýòî ñëîâî äîëæíî áûòü âûðîâíåíî ïî ïðàâîìó ïîëþ ñòðàíèöû. Çàòåì ñëåäóåò
çàãîëîâîê ýòîãî ïðèëîæåíèÿ.

4. Ëèòåðàòóðíûå èñòî÷íèêè â ññûëêàõ íà îñíîâå êîìàíä cite (èëè íåïîñðåäñòâåííî)
â ýëåêòðîííîì òåêñòå ðóêîïèñè íóæíî îáîçíà÷àòü öèôðàìè, ñîîòâåòñòâóþùèìè
èõ ïîðÿäêîâîìó íîìåðó ïîÿâëåíèÿ â òåêñòå.

5. Íèæå ïðèëàãàåòñÿ øàáëîí, ñîãëàñíî êîòîðîìó äîëæåí îôîðìëÿòüñÿ ôàéë ñòàòüè.
Äëÿ àâòîðîâ ñëåäîâàíèå ýòîìó øàáëîíó îáÿçàòåëüíî.

Øàáëîí äëÿ ïðèãîòîâëåíèÿ ôàéëà ñ ðóêîïèñüþ

\setcounter{figure}{0}

\setcounter{equation}{0}

MSC XXX (ïî èíäåêñ íàó÷íîãî íàïðàâëåíèÿ Mathematical Subject Classification)

\vskip 0.3cm

\begin{center}

\textbf{ÍÀÇÂÀÍÈÅ ÑÒÀÒÜÈ}

\medskip

\textbf{È.Î. Àâòîð1, È.Î. Àâòîð2, ... }

Ó÷ðåæäåíèå,\\

óë. Íàçâàíèå óëèöû (ïð. Íàçâàíèå ïðîñïåêòà, ïë. Íàçâàíèå ïëîùàäè è ò.ä.),

Íîìåð äîìà, Ãîðîä, Èíäåêñ, Ñòðàíà, e-mail: \underline{èìÿ@àäðåñ}

\end{center}

\textbf{Àííîòàöèÿ.} Òåêñò àííîòàöèè.

\textbf{Êëþ÷åâûå ñëîâà:} ñëîâî1, ñëîâî2, ... .\\

Òåêñò ñòàòüè
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\begin{center}

\textbf{Ëèòåðàòóðà}

\end{center}

\begin{enumerate}

\bibitem{1} Èñòî÷íèê 1

\bibitem{2} Èñòî÷íèê 2

...

\end{enumerate}

\begin{center}

\textbf{TITLE} \\

\medskip

\textbf{N.N. Author1, N.N. Author2, ...}

Enterprize,\\

Street St. (Avenue Av., Square Sq. and so on), Number, City, Index, Country,

e-mail: \underline{name@address}

\end{center}

\textbf{Abstract.} Text of abstract.

\textbf{Keywords:} word1, word2, ... .

Ðèñóíêè

Îñîáîå âíèìàíèå ïðè ïîäãîòîâêå ðóêîïèñè ê ïå÷àòè äîëæíî áûòü óäåëåíî ðèñóí-
êàì, åñëè îíè èìåþòñÿ â òåêñòå ðàáîòû. Îíè äîëæíû áûòü êà÷åñòâåííî âûïîëíåíû è
ïðåäñòàâëåíû â ðåäàêöèþ â ýëåêòðîííîé ôîðìå â âèäå îòäåëüíûõ ôàéëîâ â ôîðìàòå
¾ps¿ èëè ¾jpeg¿. Ôàéëû ðèñóíêîâ íåîáõîäèìî ïðîíóìåðîâàòü â ñîîòâåòñòâèè ñî ñïèñêîì
ïîäïèñåé ê ðèñóíêàì.

Íà ïðåäñòàâëÿåìûõ â ýëåêòðîííîì ôîðìàòå ðèñóíêàõ íå ñëåäóåò íàíîñèòü òå êîì-
ìåíòèðóþùèå èõ ïîäïèñè, êîòîðûå ïðèñûëàþòñÿ â ðåäêîëëåãèþ îòäåëüíûì ñïèñêîì.

Âíèìàíèå! Â ñëó÷àå ïðèñûëêè â ðåäàêöèþ ðàáîòû ñ íåêà÷åñòâåííî âûïîëíåííûìè
ðèñóíêàìè, îíà áóäåò âîçâðàùåíà àâòîðó(àì) íà äîðàáîòêó.

Òàáëèöû

Åñëè â òåêñòå ðàáîòû åñòü òàáëèöû, òî èõ ñëåäóåò ôîðìèðîâàòü íà îñíîâå ïðîãðàì-
ìû LaTeX è íè â êîåì ñëó÷àå íå îôîðìëÿòü â âèäå ðèñóíêîâ.
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Ñïèñîê ëèòåðàòóðíûõ èñòî÷íèêîâ

Îáðàùàåì âíèìàíèå àâòîðîâ íà òðåáîâàíèå ê êà÷åñòâåííîìó îôîðìëåíèþ ñïèñêà èñ-
ïîëüçóåìûõ â ðàáîòå ëèòåðàòóðíûõ èñòî÷íèêîâ. Â ñâÿçè ñ òåì, ÷òî òðåáîâàíèÿ, ïðåäú-
ÿâëÿåìûå ÃÎÑÒîì, ïðè îôîðìëåíèè òàêîãî ñïèñêà âåñüìà ñëîæíû è îðèåíòèðîâàíû íà
ðåøåíèå çàäà÷, ñâÿçàííûõ ñ öåíòðàëèçîâàííûì ïîèñêîì è õðàíåíèåì íàó÷íîé èíôîð-
ìàöèè, êîòîðûå íå ñïåöèôè÷íû äëÿ íàó÷íî-èññëåäîâàòåëüñêîé ïðàêòèêè, â æóðíàëå
èñïîëüçóåòñÿ ñîáñòâåííàÿ ñèñòåìà åãî îôîðìëåíèÿ. Òèïû ëèòåðàòóðíûõ èñòî÷íèêîâ
êà÷åñòâåííî äîâîëüíî ðàçíîîáðàçíû. Ïîýòîìó ðåäàêöèÿ íå ïðåäëàãàåò óíèâåðñàëüíûé
ðåöåïò èõ îôîðìëåíèÿ. Åäèíñòâåííûì îáùèì ïðèíöèïîì, êîòîðûì äîëæåí ðóêîâîä-
ñòâîâàòüñÿ àâòîð, ñîñòîèò â òîì, ëèòåðàòóðíàÿ ññûëêà äîëæíà îôîðìëÿòüñÿ òàê, ÷òîáû
÷èòàòåëü èìåë ìàêñèìàëüíî òî÷íóþ èíôîðìàöèþ î òîì, êàê íàéòè è îçíàêîìèòüñÿ ñ
íàó÷íûì ðåçóëüòàòîì, íà êîòîðûé îïèðàåòñÿ åãî ðàáîòà.

Íåñìîòðÿ íà îòñóòñòâèå îáùåãî ðåöåïòà îôîðìëåíèÿ ñïèñêà, ðåäàêöèÿ òðåáóåò ñî-
áëþäåíèå ñòðîãèõ ïðàâèë îôîðìëåíèÿ ññûëîê íà ëèòåðàòóðíûå èñòî÷íèêè äâóõ òèïîâ,
êîòîðûå ÿâëÿþòñÿ íàèáîëåå ðàñïðîñòðàíåííûìè. Ýòî êàñàåòñÿ ñòàòåé â ðåãóëÿðíûõ ïå-
ðèîäè÷åñêèõ èçäàíèÿõ (â æóðíàëàõ) è êíèã (ìîíîãðàôèé è ó÷åáíèêîâ). Ïðèíÿòûå â
æóðíàëå ïðàâèëà îôîðìëåíèÿ ëèòåðàòóðíûõ èñòî÷íèêîâ óêàçàííûõ äâóõ òèïîâ äåìîí-
ñòðèðóþòñÿ ñëåäóþùèìè ïðèìåðàìè:

Æóðíàëüíûå ñòàòüè �

\item Öåãåëüíèê Â.Â. Ãàìèëüòîíèàíû, àññîöèèðîâàííûå ñ òðåòüèì è ïÿòûì óðàâíåíèÿìè

Ïåíëåâå~// Òåîðåòè÷åñêàÿ è ìàòåìàòè÷åñêàÿ ôèçèêà.~-- 2010.~-- 162;1.~-- C.69-74.

\item Demidov A.S., Kochurov A.S., Popov A.Yu. To the problem of the recovery of

non-linearities in equations of mathematical physics~// Journal of Mathematical

Sciences.~-- 2009.~-- 163;1.~-- P.46-77.

Êíèãè (â ÷àñòíîñòè, ìíîãîòîìíûå èçäàíèÿ) �

Ðûòîâ~Ñ.Ì., Êëÿöêèí Þ.À., Òàòàðñêèé~Â.È. Ââåäåíèå â ñòàòèñòè÷åñêóþ ðàäèîôèçèêó~/

Ñëó÷àéíûå ïîëÿ, ò.2~/ Ì.: Íàóêà, 1978.~-- 464~c.

(åñëè èçäàíèå îäíîòîìíîå, òî ïîçèöèÿ ìåæäó äâóìÿ ñëýø-÷åðòî÷êàìè ñòàíîâèòñÿ íåíóæ-
íîé è, ïîýòîìó èñ÷åçàåò).

Îáðàùàåì âíèìàíèå íà òî, ÷òî:

1. äîëæíû áûòü óêàçàíû ïîëíûå íàçâàíèÿ æóðíàëüíûõ ñòàòåé, à òàêæå óêàçàíû íå
òîëüêî íà÷àëüíûå ñòðàíèöû ýòèõ ñòàòåé, íî îáÿçàòåëüíî òàêæå è êîíå÷íûå;
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2. ïðè óêàçàíèè æóðíàëüíûõ ñòàòåé ïîñëå ãîäà èçäàíèÿ ñòîèò íîìåð (îáÿçàòåëüíî
àðàáñêèìè öèôðàìè) òîìà æóðíàëà (åñëè îí èìååòñÿ) è ÷åðåç òî÷êó ñ çàïÿòîé ñòî-
èò äîïîëíèòåëüíàÿ èíôîðìàöèÿ (íîìåð âíóòðè òîìà, â ÷àñòíîñòè, íîìåð âûïóñêà
è ò.ä.); ïðè ýòîì íîìåð òîìà ìîæåò èìåòü ñëîæíîå íà÷åðòàíèå è íå âûðàæàòüñÿ
òîëüêî îäíèì ÷èñëîì;

3. íàçâàíèå æóðíàëà íóæíî äàâàòü ïîëíîñòüþ áåç ñîêðàùåíèé;

4. êàæäàÿ èç êíèã â ñïèñêå öèòèðóåìîé ëèòåðàòóðû îáÿçàòåëüíî äîëæíà áûòü äàíà
ñ óêàçàíèåì ïîëíîãî ÷èñëà ñòðàíèö.

Ïðè íåñîáëþäåíèè îïèñàííûõ ïðàâèë îôîðìëåíèÿ ëèòåðàòóðíûõ èñòî÷íèêîâ ðàáîòà
áóäåò âîçâðàùåíà àâòîðó(àì) íà äîðàáîòêó.




