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Jixynymanues B, 1.1, ®onomees B.3, Hypraesa I'.K.1'*",
Cepukoouosa A.A."2, Kum C.B.*

'Kazaxckuii HAMOHANBHBINA yHUBEPCUTET UM. anb-Dapabu, Kazaxcran, r. AamMaTsl
"HUNDT®, KazaxcTaH, T. AIMaTsl
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- . . .
e-mail: nurtayevagalyia2017@gmail.com

D-bPAHbI C KOPABMEPHOCTbBIO 1
B MOANOULIMPOBAHHbBIX TPABUTALNUAX

MoanurumpoBaHHble TeOpUM TPaBUTALMM ABASIOTCS OAHOM M3 KOHKYPUPYIOLLMX MOAEAEN AAS
0ObSACHEHWS COBPEMEHHOIO YCKOPEHHOrO paclumMpeHus BceAeHHOM. ITu Teopuu SBASIOTCS, MO-
BMAMMOMY, MPOCTEMLIMM FeOMETPUYECKMM 00600uleHneM O6LLIEN TeoprMu OTHOCUTEAbHOCTU. OHM
OCHOBaHbI Ha 3aMeHe AarpaHunaHa diHLwTenHa-IMAbGepTa R Ha NMPOM3BOAbHYIO (DYHKLMIO OT CKAASIp-
HoW KprBM3HbI f(R). C MaTeMaTyecKkom TOUKU 3PEHNS, NMOAEBbIE YPABHEHUS, MOAYYaeMble BapbUpO-
BaHMEM MOAMMULMPOBAHHOIO AEMCTBUSI MO METPUKE, UMEOT 6oAaee BoraTylo CTPYKTYpY BO3MOMKHbIX
peLLeHMiA, UTO 1 NMO3BOASIET MPUMEHSITb UX AAS MOAYYEHMS HOBbIX (PM3NYECKMX pe3yAbTaToB. B AaHHOM
CTaTbe MOAyYeHbl BaKyyMHbIE NMAOCKO-CUMMETPUYHbIE PELLEHMS B MHOFOMEPHbIX MOANMDULIMPOBAHHBIX
Teopusx rpaBuTaumm tuna f(R) = —aR™, KOTOpble MOXXHO paccMaTpuBaThb Kak thick branes c kopas-
MepHOCTblo =1 B N-MEpHOM MpPOCTPAHCTBE-BPEMEHN. DTN pELUEHUS OMPEAEASIOTCS YeTbIPbMS
napameTpamu. YMCAEHHO MCCAEAOBaHbl 3aBUCUMMOCTU MOAYYEHHbIX PeLleHWt OT 3TUX MapamMeTpoB.
[NokazaHo, YTO B HEKOTOPbIX CAyYasiX, MPY CTPEMAEHWMM COOTBETCTBYIOLIErO napamerpa K 6eckoHeu-
HOCTM, MMeeTCa HacbilleHue. oka3aHo, YTO aCMMMTOTMUYECKOE NMOBEAEHWE BCEX PeLLUEeHUI SBASeTCS
AHTUAECUTTEPOBCKMM.

KatoueBble cAoBa: MOAM(ULMPOBaHHbIE TEOPUM FPaBUTALMK, TEOPUS CTPYH, rycTas HpaHa.

Dzhunushaliev V.2, Folomeev V.3, Nurtayeva G.K.'?",
Serikbolova A.A."2, Kim Sung-Won*

'Al-Farabi Kazakh National University,
2IETP, Kazakhstan, Almaty
3Zh.Zheenbayev physics institute of the NAS of the Kyrgyz Republic, Kyrgyzstan, Bishkek
“Ewha Womans University, Korea, Seoul
“e-mail: nurtayevagalyia2017@gmail.com

D-brane with codimension 1 in modified gravity

Modified gravity theories are one of the competing models for explaining the modern accelerated
expansion of the universe. These theories are, apparently, the simplest geometric generalization of the
general theory of relativity. They are based on replacing the Einstein-Hilbert Lagrangian R by an arbitrary
function of the scalar curvature f(R). From a mathematical point of view, the field equations obtained by
varying the modified action in the metric have a richer structure of possible solutions, which allows them
to be used to obtain new physical results. In this paper, vacuum flat-symmetric solutions in
multidimensional modified gravity theories of type f(R) = —aR™, which can be considered as thick
branes with codimension =1 in N-dimensional space-time are obtained. These solutions are defined by
four parameters. The dependences of the obtained solutions on these parameters are numerically
investigated. It is shown that in some cases, when the corresponding parameter tends to infinity, there
is saturation. It is shown that the asymptotic behavior of all solutions is antidesitteric.

Key words: the modified gravity theories, the string theory, thick brane.
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MoaudmkaumsinaHFaH rpaBUTaLLUSIAAFbI OALLIEMAIAITT 1 TeH, D-6paHanap

[paBUTAUMAHBIH MOAMUKaUMSAAHFAH TeopusAapbl Kasipri 9AeMHIH LiarnwaH, KeHeliH TYCiH-
AlpeTiH 6acekeAec MOAEAbAEPAIH Oipi 60AbIN TabblAaabl. ByA Teopusiaap XKaArbl CAAbICTbIPMAAbIAbIK,
TEOPUSICbIH KapanarbiM FreOMEeTPUSIAbIK, XKaArblAay 60AbIN Tabbiraabl. OAap R DitHwTenH-TAbbepT
AarpaHxmnaHai f(R) CKaASIpAbIK, KMCbIKTbIKTbIH, €pikTi (DYHKUMSICbIMEH aAMaCTbIpyFa HerisA€AreH.
MaTemMaTrKaAbIK, TYPFblA@H aAFAHAQ, METPUKAABIK, TYPAEHAIPIAreH 8peKeTTi e3repTy apKblAbl aAbIHFAH
epic TEHAEYAEPI XaHa (PUBMKAADIK, HOTUXKEAEP aAY YLLIH KOAAAHYFa MYMKIHAIK 6epeTiH weliMaepAiH
6ait  KypbiAbiIMbIHa Me. Bbya >xkymbicta f(R) = —aR™ TUNTI KeneAwemAi MoAMdUKaUMSIAQHFaH
rpaBuUTaLMs TEOPUSICBIHAQ BaKyyMAbI Xa3blK-CUMMETPUSIABIK, LIELWIMAEP aAblHFaH. ByA wewimaepai
OALLIEMAIAIM T TeH N — OALLEeMA| YaKbITTbIK, KEHICTIKTe KaAblH OpaHa peTiHAe KapacTbipyFa 60AaAbl.
Ocbl wewimaep TOPT MapaMeTpMeH aHbIKTaAaAbl. AAbIHFAH LUEWIMAEPAIH OCbl MapameTpAepre
6GanAaHbICTbl TOYEAAIAIri caHAbl 3epTTeAreH. CoMkec napamMeTpAiH LIEKCI3AIKKE YMTbIAYbl Keinbip
>KarAaMAapAa KaHbIKTbIPY KyObIAbICbI 6ap ekeHiH KepceTeAi. bapAbIk, LeliMAepAiH aCUMNTOTUKAABIK,
TOPTIOI aHTUAECUTTEP eKEHi KOPCETIArEH.

Ty¥iiH ce3aep: MOANMDUKALMSIAAHFAH FPaBUTALMS TEOPMUSICI, iLLIEKTEP TEOPUSIChI, KAAbIH, BpaHa.

BBenenune

D —branes siBisieTcs BeChbMa BaXKHBIM 00bEKTOM
B TEOPHH CTPYH. B MX MPUCYTCTBUM KOHIIBI CTPYH
MPUKPEIUIIIOTCS K D — brane u IBUrar0TCs B HEKOEM
obwseMITIONIEeM ITpocTpancTse. B [1] Ob110 MoKa3aHo,
4yT0 D — branes Ha caMOM JieJie SIBIISIOTCS PEIICHUS -
mu Tuna black p-brane B cymeprpasuraruu. B cBoto
ouepeqb, p-brane SIBIAIOTCA  MPOTAKCHHBIMH
pEIICHISIMI B HU3KOOHEPTeTHIECKONU TEOPHUH CTPYH
[2], B KOTOpPBIX UMEETCSI TOPU3OHT COOBITUH. DTH
peIICHUS TTOIYUYCHBI MPU HAUYAH CKaJSIPHOTO H
TEH30pHOr0 moJIed. EcTecTBEHHO, 4TO B 3TOM
Clly4ae BO3HHKAeT BONPOC O CYIIECTBOBAaHHMH Ba-
KYYMHBIX peleHHH, aBisonmuxcs D — Opanamu. B
JAHHOW CTaThe MBI HCCIEAyeM 3TOT BOIPOC H
MMOKa3bIBa€M, YTO PETyJIspHbIE BaKyyMHbIE OpaH-
HEBIE pEIIeHUs MOTYT CyIIeCTBOBATH B MHOTOMEp-
HBIX MOJU(HUIIMPOBAHHBIX TEOPUIX TPABUTAIIHH.

B nacrosimiee Bpemst D4 — branes (Tak Hasbl-
BaeMbIii brane world scenario) akTHBHO HCIIONb-
3YIOTCSL IUIsl pelIeHHs HEKOTOPBIX MpoOiieM B
(hM3HKe BRICOKHUX dHEPTHit (M., Harpumep, [3]-[5]).
B atux mopensx mpearonaraercsi, 9to Hama Bcee-
JIEHHAs SBJISIETCS TAKOTO pojia OpaHOi B HEKOTOPOM
00BEMITIONIEM TIPOCTPAHCTBE, YTO, BO3MOXKHO, 03~
BOJIICT PEIINTh HEKOTOPbIC MPOOJieMbl B (usmke
BBICOKHX JHEPIHid: mpobiemMa uepapxuu pepmMuoH-
HBIX Macc [6, 7], mpupoaa TeMHO# sHepruu [8] u
TeMHoU matepuu [9].

B OTO umeercsa MHOro penieHui, OnuChIBao-
umx D — Opasbl, (cMm., Hampumep o003o0p [10]).
Hackombko HamM HM3BECTHO, A MOJMYYCHHS BCEX
9THUX pelleHUH HeoOXoOuMo Haimmuue Mmatepuu. U
3T0 ¢u3nveckn MoHATHO, Tak kak B OTO pery-
JSIpHBIE DPEIICHHUs] MPaKTHYECKH Bcerga (a MOKeT
OBITH W Bceryaa) MOTYT OBITh MOJy4YeHBI IIPU HaU-
YUHM HEKOTOPBIX MCTOYHHMKOB. TakuMH NpuMepaMu
MOTYT SIBIATBCS PELIEHUs] co cKajuspHbiMu [11],
BEKTOPHBIMU U CIIUHOPHBIMU [12, 13] monsimu. Ec-
TECTBEHHBII BONPOC, BO3HUKAIOIUI B 3TOU CBSA3H,
9TO BOIPOC O HAIMYHMH HJIX OTCYTCTBHH BaKyyMHBIX
peryJsipHbIX OpaHHBIX pemienuii. B [14] 6bu10 moka-
3aHO, 4TO B 5-MEPHOM MPOCTPAHCTBE MOKET CyILEC-
TBOBaTh 4-MepHas OpaHa, SBIIOILASCS PEryJsp-
HBIM BaKyyMHBIM pemieHueM. B 3ToM wuccneno-
BaHUU MBI 1a€M TOJIOKUTENBHBIM OTBET Ha BOIPOC
O CYIIECTBOBAaHHM TaKUX OpaHHBIX pEIIeHHN ¢
KOPa3MEpPHOCTBIO = | B IPOCTPAHCTBE C POU3BOIIb-
HOM pa3MepHOCTHIO, HO MPU 3TOM HEOOXOIMMO I1e-
pefitt or OTO x MOAHPHUIMPOBAHHBEIM TEOPHIM
IpaBUTAIIH.

MonndunupoBaHHble  TEOPHH  TPABUTAIIUN
SIBJISIFOTCS. OJJTHOM U3 KOHKYPUPYIOLIUX MOAEIEH 115t
OOBSICHEHNSI COBPEMEHHOTO YCKOPEHHOTO pPacIIu-
peHust BceneHHOM, OTKPBITOTO B HEAABHEE BPEMs
[15, 16]. DT Teopuu SBISIIOTCS, MO-BHANMOMY,
MPOCTEHUIITNM TEOMETPUIECKHM 0000IIeHneM 00-
el Teopuu OTHOCUTENBHOCTH (cM. 0030p [17]).
OHu OCHOBaHbI Ha 3aMEHE JIarpaHXuaHa DUHIITEN-



D-6pansI ¢ KOpa3MepHOCTHIO 1 B MOTU(UIIMPOBAHHEIX T'PAaBUTAIIUSIX

Ha-I mp0epra R HA MPOW3BONIBHYIO (BYHKITHIO OT
ckaisipHoii kpuBu3HBL f(R). C mareMaTHYecKoii
TOYKHU 3PEHHS, IOJIEBbIC YPAaBHEHHS, MMOJIydyacMble
BapbUpPOBaHHEM MOANDUIIMPOBAHHOTO ACHCTBHUS MO
METpHUKe, UMeIoT Oosiee 0OTaTyio CTPYKTYpy BO3-
MOJKHBIX PEIIEHHH, YTO U IIO3BOJISIET IPUMEHSATh UX
JUISL TIOJTyY€HHS HOBBIX (PH3HUYECKHUX PE3YIIBTATOB.
B naHHOM HccreoBaHMM MBI XOTUM I10Ka3arth,
yro D — branes c kopasmepHocTblo codim = 1
MOKHO TIOJIyYUTh KakK pEryJspHble BaKyyMHBIC
peueHus: B MOAU(DUIMPOBaHHBIX TEOPUSX IPaBUTA-
UK. DTO 03HAYAeT, YTO AJIsl HOCTPOEHUS Takux D —
branes npucyTcTBHE MaTepUH He 00A3aTEIBHO.

YpaBHenus u pemieHusi B f(R)~R" teopun

Paccmorpum D — branes with codim =1 B
MHOTOMEPHOM IIPOCTPAHCTBE-BPEMEHH C pa3Mep-

Mp&1 paccMaTpuBaeM CIEAYOIINI CrielMaIbHBIN
BbIOOpP MOTU(DHUIIMPOBAHHOMN IPaBUTAIIUH

f(R) = —aR™, “4)

HOCTBIO N. COOTBETCTBYIOIIEE TPABUTALMOHHOE
JIefiCTBHE MOYKET OBITh MPEJICTABJICHO B CIIeIyIoIIeh

dhopme
S = [ dVxv—=G[-R + f(R)], (1)

rae f(R) — mpousBombHas (YHKIUS CKaISIPHOU
KpuBM3HBI R; G4p — MHOTOMEpHAsI METPUKA.
Bapuanus peiicteus (1) ortHOcutensHO N -
MEpHOW MeTpukHu (,p NPUBOJUT K YPAaBHEHUSIM
MOU(UITUPOBAHHOMN IPaBUTAIIUU

B_l¢Bp _ #B
rae 3arjlaBHbIC JJATUHCKHEC 6yKBLI A, B =

0,1,..,N—2,N ; mpaBasg 4YacTb OIpeaesieTcs
CJIeIYIOUTUM 00pa3oM:

af 1 o
(G R —50kr + 6hg™ —skg™ () A ¥

rie ¢ >0 U n KOHCTAaHTHL. B 3TOW cTarbe MBI
umeM D -branes ¢ codim = 1 B N -MepHOM
MPOCTPAHCTRBE, IOATOMY METPHKA HMEET BHT

ds? = e2P")[(dx%)2 — (dx1)? — - — (dxV"1)2] — (dxM)2. (5)

Mertpuka (5) UMeeT CIeAyIoIHe KOMIOHEHTHI
TeH3opa Puuun:

Ryo = e2PB" + NB'?2P, (6)
Ryq = _ezﬁ(ﬁn + N,B’Z),
A=12,.., N—1, (7)
Ryn = —N(B" + B'%). (3)
N(1-=N
1-N)p" +—( 3 )ﬂ’z

3nech ' o3Hauaer mpousBoaHyto 1o xV Koop-
OuHaTe. YpaBHEHHE (2) UMEET CTPYKTYpY, KOTopas
COBITQ/IaCT CO CTAHAAPTHBIMHU YPaBHEHHSMH OOIIEH
TEOPUH  OTHOCHTENBHOCTH, Tl€ HMCTOYHUKOM
TPAaBUTAIIMOHHOTO TMOJs sABJNAETCS 3(PPEeKTUBHBII
TEH30p PHEepPruu-umIryibca (3).

[Tocne moacTaHOBKU METPHUKH (5) 1 KOMIIOHEHT
TeH3opa Puaun (6)-(8) B ypaBHEHHS] MOIHPHUITUPO-
BaHHOW TpaBuUTalMU (2), MONYy4YUM CIETYyIOIIHe
YpaBHEHUS:

1
=—(B" + N )fa+5f +

[4N2B'B" + 2N(N? — 1)B'*B" + 2NB + 2N(N + 1)B"?|frr +

[4N2B""2 + 8NZ(N + 1)B'B"B"" + 4N?(N + 1)28"* "] frrr )

N(1-N)

g2 = —N(B" + B*)fa ++f +2N2B'[B" + (N + 1)B'B"  fur. (10)



Jlxynymanues B.JI. u np.

31eck MBI HCHOJIB30BAIH ClIEAylomme 0003-
Hauenus: fr = dF(R)/dR, frr = d*F(R)/dR? u
frrr = A3F(R)/dR3 [Ipumem Takke BO
BHHMaHHE, 4TO CKaJsip Puyum numeer Bux:

R =2NB" + NN + 1)B'%. (11)

(N—-1)(1+N—-2n)

Paccmotpum ypaBaenue (10), Tak Kak, COTJIacHO
ToxnecTBy bbsHkM, ypaBHeHue (9) sBisercd
cnencreuem ypaaenus (10). [lomenwB BcE ypas-
nenue (10) Ha ko3 urents: npu B, momyyaem
ClIeIyIOIlEE yPaBHEHHUE!

2(N+1)(n?+1)-n(3N+5)

m_ 1B
ﬂ n BI +
N-1
4aNn(n-1)

4n(n—-1)

Pemenne B Hawane KOOpAWHAT, COBMEIIIEHHOM C
neHTpom D —brane, uiem B Buje
Ny — N\
B(x™) = Bo+y(x™)° + - (13)
Be3 orpannyenus 0OLUTHOCTH MBI MOYKEM TI0JIO-
*uTh fp =0 4YTO COOTBETCTBYET Iiepeornpe-
JIEJICHUIO KOOpAUHAT ePox4 - x4, A=12, ..
[Tockonpky B ypaBHeHUH (12) umeercs TpeTbs
npousBojHas no xV, To ;g TOro 4rtobbl ATO Ca-
raeMoe ObUIO KOHEYHBIM, HEOOXOAMMO MOJOXHTH

6 > 3. JIugupyrouMMH CaracMbIMA B 9TOM ypPaB-

"2
HEHWHU SBISIIOTCs craraembie ¢ B’ u £ —.

Torna,

noJicTaBissg paznokenue (13) B (12) u mpupaBHUBas
k mymo koodduument mpu (xV)473, momyuaem
crle/ylollee BhIpaKeHUe I napameTpa o&:

5§ =221 (14)

B pesynbpraTe MMeeM HHTEPECHBIA pe3yJbTart:
CBSI3b MEXK]y MapaMeTpaMu 6 U N HE 3aBHCUT OT
pasMepHOCTH OOBeMITIONEero mpocTtpancTtea. C
YYETOM TOTO, 4TO § > 3, MBI MOJTyYaeM cieayromiee
HEPaBEHCTBO IS M:

n<2. (15)
ACHUMIITOTHYECKOE IIOBCACHHUC OIIMCHIBACTCA B
BHUJIE

B =~ k|x"|, (16)
W mocJie moACTaHOBKH B (12) monydaem
S
_ (INN+D]*"™2(n-1)

- {aN(N—2n+1)} a7

YuciieHHbIE pemenus

ITo Bcell BUAMMOCTH MOJy4YEHUE AHAIUTHYEC-
KOTo pemieHust ypaBHeHus (12) ¢ orpaHWYeHHUSIMU
(13) u (14), omnuceBaromero thick D — brane c

B +

[NV + 12 +2np"]" B = 0.

2n(n-1) ﬁ ﬁ -

(12)

codim = 1, weBo3moxkuo. Uncnennoe ucciemnona-
HHUE TOr'0 ypaBHEHUS JAJIS MPOU3BOJILHOW pa3Mep-
HOCTH TaK)k€ HEBO3MOXXHO; IOATOMY MBI BBITOTHUM
YHCJICHHOE HCCIIEIOBAaHNE Il HEKOTOPBIX pa3Mep-
HOCTEM.

OueBUTHO, YTO PEUICHUS C YCTHBIMH 3HAUCHMUSI-
MU mapamerpa 6 = 2p (rae p — LeNoe YHUCIo)
SIBIISIIOTCS.  YETHBIMH  (YHKIHMSIMA  OTHOCHUTEIIEHO
nepemennoit xV . He3aBUCHMBIMH HapamMeTpaMu
uig ypaBHeHHd (12), onpeneisiomyuMy pelieHue,
SIBIISIIOTCS  pa3MEepHOCTh MpocTpaHcTtBa N, moka-
3aTellb CTENEHU N U BEIMYHMHA Y, ONpEIeIsromas
3HaueHue QyHKUUU [ B LEHTPE OpaHBbI.

Hamuoro Oomnee cnoXHbIE peIIeHHsS CyIlec-
TBYIOT TPU TPOHM3BOJIEHOM 3HAYEHUH IMOKA3aTels
CTETICHH M.

* UncneHHbI aHalu3 MoKa3all, YTo MpHU MOoKa-
3atene crenenu n = (2p +1)/(2q + 1), rne p,q
— IIeNbIe YMCIIa, PETYISIPHOE PEIICHHUE CYIECTBYET
npu xV >0, a npu xV < 0 pemenue cranoBuTCS
CHHTYJSIpHBIM. Hamn aHanmu3 mokasal, 4To 3TOM
Cllyyae MOTYT CYIIIECTBOBATH PETYJIAPHBIC PEIICHUS
mpu ¥ < 0. B TakoMm ciay4ae MOXXHO MOJYYHTh
perynsipHyto OpaHy, CIIMBas OTH PETyJIspHbIC
pemierus pu x" = 0. 3TO BO3MOXKHO ¢JieNaTh, TAK
Kak [pH HameMm BbIOOpe Mmokaszarens CTeneHH O
3nauenue ¢ynkuun B(0), a Takke ee mepBas u
BTOpast MPOU3BOIHBIE B IEHTPE OpaHbI pPaBHBI HYJIIO:
B(0) = p'(0) = B"(0) = 0.

* Hamuoro 6osee cioxHOH 3amadel siBiseTcs
MOCTPOCHUE PEIICHUI TSI HPPAOHATBHBIX YHCEI
8. Jlemo B Tom, uto mpu xV < 0 BOMM3M Hauana
KOOpJIMHAT MOXET BO3HUKHYTH CHUTYyallus, KOTIa
Heo0XoanuMoO OyIeT BBIYMCIHTH CTENeHb HEKO-
TOPOTO OTPHUIATEIBHOTO 4YHcha. Beimenss 3HaK
MUHYC TIepe/l TAKAM YUCIIOM, BO3HHUKAET MpodieMa
Beuncienne uncna (—1)% 11 uppammonansHOro
ancna 8. Kak mssectao (—1)% = exp(immd) =
cos(mmé8) + isin(mmné), m — uenoe uncno. B 00-
[IEeM CJIy4Yae 3TO YUCIO CTAHOBHUTCS KOMILJICKCHBIM,
U B 3TOM Clly4ae PeUIeHus, 0 BCeH BUAMMOCTH, HE
CYIIECTBYIOT.
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UccnenyemMble HaMW pELICHUS 3aBUCSAT OT
CJICAYIONINX TTApaMETPOB: MOKA3aTeNb CTENeH! § U
KOHCTaHTa Y B BoIpaxkeHuu (13) ans moBemeHus
¢ynxiun B(x") B6am3u Havana koopauuar xV =
0; KOHCTaHTHI @ W N W3 BRIpaXeHUS (4) I BUAA
MOJU(PUIUPOBAHHONW TEOPUH TPABUTAIMH, TIPUUEM
a SIBIISICTCS HEKOTOPBIM rapaMeTpom,
BBIPKAIOIIUMCS Yepe3 HOBYIO (YHIaMEHTaIbHYIO
JUIMHY B MOAW(HUIMPOBAHHBIX TPABUTALHUSAX TOTO
BHIa, a N OMNpeeNsseT THI MOAN(PHUINPOBAHHON
rpaBUTALUH,

Ha pucynke 1 mokazaHa 3aBUCHMOCTh MeETpPH-
yeckoit pynximm B (xV) or nokazarens crenenu § B
BeipakeHuu (13). Ha pucynke 2 — ¢a3oBbiii moprper
ypaBuenust (12), o ectb 3aBucumocts (). Ha
pHCYHKe 3 ToKa3aHa 3aBUCUMOCTb IUIOTHOCTH SHEPTUH
ot koopmHatel xV . Pucynku 1 1 2 1eMOHCTpHUPYIOT
acummnToTrnyeckoe AdS TOBeleHHE MEeTPUYEcKOH
yaxmmm B: B'(xN > o) > k, rae xoncranra k
ompenessiercs BeipakerueM (17).

Ha pucynkax 4-6 mnpencraBieHbl, COOTBET-
cTBeHHO, MeTpuueckas Gpynxius B(xV), dazosbiit
noprper B (B’) m mmotHOCTs dHeprum T TpH
Pa3IMYHBIX Y.

Ha pucynkax 7-9 mnpencraBieHsl, COOTBET-
cTBeHHO, MeTpuueckas Gpynxuus B(xV), dazosbiit
noprper B (B’) m mmotHocTs dHeprum T TpH
pa3INYHBIX .

Ha pucynkax 10-12 mpencrtaBieHbl, COOTBET-
cTBeHHO, MeTpuueckas Gpynxuus B(xV), dazosblit
noprper B (B') m mnotHocTs dHeprum T TpH
paznmuusbix N.

©
T

1 1 1
1 2 3 4 5

Pucynok 1 — Ilosenenne gysximu B'(x) B 3aBHCHMOCTH OT
Pa3NINYHBIX 3HaUCHUH mapamerpa 6.
st kpussbix 1, 2, 3, 4 cootBercTBeHHO § = 4,6,8,10.
OTO COOTBETCTBYET ITOKA3aTEIIO CTEIICHH N B
MOAN(UIUPOBAHHOM TEOPHH IPAaBUTALIHH
f(R) = —aR™n =3/2,5/4,7/6,9/8 N =3, a=1y =1

AHanu3upysi 3TH pe3ynbTaThl, MOXKHO CHEJaTh
CJICAYIOIINE BBIBOJIBL:

* [Ipu yBenmu4eHUHU MmapaMerpa & MPOUCXOIUT
HaCBILIEHHE: BCE KPUBBIE CTPEMSTCA K HEKOTOPOMY
npeaensy. ITOT pe3ysbTar JIETKO OOBSICHUM: JIeJI0 B
TOM, YTO U3 ypaBHeHus (12) BUIHO, 4TO MOCeHEe
cllaraéMoe B 3TOM YPaBHEHHMH CTPEMHTCS K HYJIIO
MIpH YBEJIMYEHUH @, YTO U IPUBOJUT K YPaBHEHUIO

18" (N-D@A+N-2n) ,
574- in(n—1)

ﬁm _

2(N+1)(n?+1)-n(3N+5)
2n(n-1)

+ B'B" =0, (18)
HE cojepKalleMy Mapamerp «. JTO ypaBHEHHE
JaeT pellieHre, K KOTOPOMY CTPEMSITCS PellIeHHS
ypaBHeHUS (12) Mpy yBETHYEHUHN Q.

e C pocTOM BENMYMHBI MapaMerpa N TaKKe
MMEETCs HACBIIICHUE: BCE KPUBBIC CTPEMSITCS K He-
KOTOpOMY TIpefieity. DTO MOXHO OOBSCHHThH aHaJO-
TUYHBIM 00pa3oM: MPH CTPEMIICHUU N — OO ypaB-
Henne (12) mpruobOpeTaeT CIeay oMM MPOCTOH BUT

B'" +(N+1DB'B" =0, (19)
peUICHUEC KOTOPOIro €CTh
2Incosh cl%(x’\@cz)
B=c3+ ) (20)

N+1

U OHO SBISETCA HNPUOIIDKCHHBIM PEIICHUEM
ypaBHenus (12) nmpu 607bIHX 7N.

Pucynok 2 — ®a30Bblif HOPTPET B 3aBUCUMOCTH OT
pa3IMYHBIX 3HAYECHUH ImapaMeTpa &.
st kpuBsix 1, 2, 3, 4 coorBercTBeHHO § = 4,6,8,1.
DT0 COOTBETCTBYET IOKA3aTENIO CTENIEHH Tl B
MOU(ULUIPOBAHHON TEOPUH TPABUTALIMI
f(R)=—aR™n=3/25/47/69/8. N=3, a=1y=1
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Pucynok 3 — [TnotHocTs sHEprun T B 3aBUCMMOCTH OT Pucynox 4 — IToBenenne ¢pyukunn S'(x)
pa3NIUYHBIX 3HAUCHUH apamerpa 6. B 3aBHCHMOCTH OT Pa3INYHBIX 3HAUCHUI mapamerpa y.
Jns kpuBsbIx 1, 2, 3, 4 cootBetrcTBeHHO § = 4,6,8,10. s xpuBsIx 1, 2, 3, 4, 5, 6 COOTBETCTBEHHO
OTO COOTBETCTBYET MOKA3aTEeNIO CTENICHU N1 B y = 0.1,1.08,2.06,3.04,4.02,5.0.
MOAN(UIIPOBAHHON TEOPHH TPAaBUTALUH N=3,6=6,n=5/4,a=1

f(R) =—aR™n =3/2,5/4,7/69/8. N=3,a=1,y=1

-5

-10
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PucyHnok 5 — ®a30Bblil IOPTPET B 3aBUCUMOCTH PucyHok 6 — I110THOCTB SHEPrUuM B 3aBUCUMOCTH OT
OT Pa3IMYHbIX 3HAYCHUH apamerpa y. pa3INYHBIX 3HAUECHHU IapaMeTpa .
Jns kpuBsix 1, 2, 3, 4, 5, 6 COOTBETCTBEHHO Jns kpuBsix 1, 2, 3, 4, 5, 6 COOTBETCTBEHHO
y = 0.1,1.08,2.06,3.04,4.02,5.0. y = 0.1,1.08,2.06,3.04,4.02,5.0.

N=3,6=6,n=5/4,a=1 N=3,6§=6,n=5/4,a=1
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Pucynok 7 — Iosenenne ¢pyuxunun S’ (x)
3aBHCUMOCTH OT Pa3/IMYHBIX 3HAUCHHH TapaMeTpa «.
s kpuBeix 1, 2, 3,4, 5, 6 COOTBETCTBEHHO
a = 1.0,2.0,3.0,4.0,5.0,6.0.
N=3,6§=6,n=5/4,y=1.0
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Pucynoxk 9 — [ITOTHOCTH SHEPTUH B 3aBUCHMOCTH
OT pa3IMYHbIX 3HAYCHUH ITapaMeTpa «.
Jns kpuBsix 1, 2, 3, 4, 5, 6 COOTBETCTBEHHO
a =1.0,2.0,3.0,4.0,5.0,6.0. N
=3,=6,n=5/4,y=1.0

PucyHnoxk 8 — ®a30Bblii MOPTPET B 3aBUCUMOCTH
OT pa3INYHBIX 3HAYCHHUN TTapaMeTpa o.
s kpuBeix 1, 2, 3,4, 5, 6 COOTBETCTBEHHO
a = 1.0,2.0,3.0,4.0,5.0,6.0.
N=3,6d§=6,n=5/4,y=1.0

05p

Pucynok 10 — I[Tosenenne pynkmun B'(x)
B 3aBUCHMOCTH OT Pa3JIMYHbIX 3HAYCHUI
pa3MepHocTH npocTpanctBa N = 4,6,8,10.
N=3,6=6n=5/4,y=10,a=1
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Pucynoxk 11 — ®a30Bblif MOPTPET B 3aBUCUMOCTHU
OT Pa3/INYHBIX 3HAUYCHUH Pa3MEPHOCTH IPOCTPAHCTBA
N=46810.N=3,6=6,n=5/4,y=10,a=1

O0cyxneHue 1 3aKJII0YEeHUE

Takum 06pa3om, B JAHHOM HCCIIEIOBAHUH MBI IO~
JyYWIM PEryJsipHbIE YeTHbIE IIOCKO-CUMMETPHYHbBIE
pelIeHUsT B MHOTOMEPHBIX MOIM(UIIMPOBAHHBIX TEO-
pusix rpaButaimu tina f(R) = —aR™. C ¢usu-
YEeCKOW TOYKM 3PEHHUs 3T PEIUCHUs IPEeICTaBIIIOT
co0oii thick branes ¢ kopa3mepHoCTBIO 1.

CBoiicTBa 3THX OpaH 3aBHCAT OT YETHIPEX BEJIH-
YHH: ITApaMeTPoB ¥ U §, ONMUCHIBAIOIIUX CBOMCTBA
peLIeHNsT OKOJIO Havyalla KOOpPIUHAT, U apaMeTpoB
@ ¥ M, ONHCHIBAIOMINX THH MOIU(MUITUPOBAHHON
Teopuu TpaBuTauuu. s aHaiM3a MOJyYEHHBIX
pelieHuii ObUIM HalIeHBI CEMENCTBA PEIIeHUH TTPU
(PMKCHPOBAaHHBIX 3HAYCHHAX TPEX MapaMeTpoB W
MEHSIOUIEMCS. 3HAUEHUH OCTaBLIETOCsS] YETBEPTOTO
napamerpa.

B pesynbraTe MBI IOKa3aiy, 4To:

* Bce perynsipable pernenns umetot AdS acumri-
TOTHUKY.

e [lpu yBenmMueHHMH MapaMETPOB @,N — 00
peLICHUsT CTPEMSTCS K HEKOTOPOMY Ipelelty, YxKe
HE 3aBUCSIIEMY OT 3HAUYE€HUH 3TUX MTapaMeTpOB.

s

sk

25
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Pucynoxk 12 — ITnotHocTs sHeprun T¢ B 3aBHCHMOCTH
OT pa3IUYHbIX 3HAYEHUH Pa3MEPHOCTH IPOCTPAHCTBA
N=46810. N=3,6§=6 n=5/4,y=10,a=1

* He mpu Bcex 3HayeHHAX TNapameTpa n
CYIIECTBYIOT PEIICHHS:

-ecm n=2p+1)/2q+1), tne p,q
1eble Yucna, TO pelende peryispao npu xV > 0
¥ MOKET OBITh CHHIYJIApHBIM pu xV < 0;

- eClM TIOKa3aTelb CTENeHH N SBISETCS
WPpAIMOHATBHBIM YUCIIOM, TO PEIICHHH B 00IIeM
cllydae He CyIECTBYeT.

» CormacHo ypaBHeHHIO (2) ero mpaBasi 4acTh
urpaer poib 3SPOEKTUBHOTO TEH30pa DSHEPTHUU-
HUMITyJIbCa ’T‘Mv. MsI mokasainu, 4To B 3TOM CiIydae

>p(deKTHBHAsS TLIOTHOCTh dHepruum Ty sBIseTCS
OTPULIATEIILHOM U UCCIEI0BAIMN €€ 3aBUCUMOCTD OT
3HAYCHHI mapaMeTpoB ¥, 4, a, N.

BJ. u B.®. 6racooapnvl 3a nodoepoicky 6
pamkax epanma BR05236322 no ¢ynoamenmans-
HbIM  UCCAEO08AHUAM 8 00IACU eCMeCmBeHHbIX
Hayk Munucmepcmea obOpazoganuss U - HAyKu
Pecnybnuxu Kasaxcman. Onu maxoice 6aa2o0apibl
Research Group Linkage Programme ®@ownoa I'ym-
00160mMa 3a NOOOEPIAHCKY IMO20 UCCLEO08AHUSL.
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AUTONOMOUS STATION FOR RECORDING RADIATION
IN A THUNDERSTORM ATMOSPHERE
AT THE TIEN SHAN HIGH MOUNTAIN COSMIC-RAY STATION

During the past decades, considerable attention has been paid to the search and registration of elec-
tromagnetic radiation accompanying lightning discharges in the atmosphere when studying processes
occurring in thunderclouds. Such studies are of interest for understanding the mechanisms of lightning
generation and its further development, leading to the generation of an avalanche of charged particles
accelerated by an electric field, the hard bremsstrahlung of which is registered by the detectors. In this
work we consider a compact measuring system, which was created at the Tien Shan High-Mountain Sci-
entific Station for registering radiation during thunderstorm activity. A feature of the system is complete
autonomy, when all its components (detectors, recording electronics, battery) are placed inside a solid
metal casing, which plays the role of an electromagnetic screen and does not have any connections to
external cable lines. This allows one to record radiation directly inside the thundercloud. Examples of
gamma-radiation detection using a Nal crystal scintillation detector, as well as the detection of charged
particles by a special detector, which is a stack of two flat scintillation detectors of a large area and a
rubber filter placed between them, are considered.

Key words: thunderstorm, thundercloud, hard X-ray, high-energy cosmic rays.
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TsaHb-LLlaHb 6MiK TayAbl FapbILUTBIK, COYAEAEpP CTAHLMUSICbIHAAFbI
XKep armocdepacbiHAa Hali3aFai COYAEAEHYIH TipKeyre apHaAfaH
ABTOHOMADI OALLIeY XKYHecCi

COHFbl OHXKbIAABIKTAP iWiHAE aTMOCepaAa HaM3aranmAbIH MarnAa 60AybIMEH Oipre SAeKTPOMarHUTTIK
COYAEAEHYAI i3AeYTe XXoHe TipKeyre, KyH KypKipey KesiHAe nanaa 60AaTbiH MPOLIECTEPAI 3epTTeyre Ker
KOHIA GOAIHAL. MyHAal 3epTTeyAep Hai3arariAbliH nanAa 60AY MEXaHM3MIH >KaHE OHbIH KEMiHTT AaMybIH
TYCiHyre KbI3bIFYLIbIAbIK, TYAbIPaAbl, OAQp 3AEKTP ©piCi apKbIAbl XXEAEAAETIAIMN, AETEeKTOPAApPMEH
>KasblAaAbl. Bya Makarapa Hecep 6GeACEHAIAIri KesiHAe CoyAeAeHyAl >kasy yuliH Tab-LLaHb 6umik
TayAbl FbIABIMM-3EPTTEY CTaHUMSCbIHAQ KYPACTbIPbIAFAH bIKLIAM OALLeY >KyHeci KapacTbIpbIAFaH.
JKyiieHiH epekueAiri peTiHAe OHbIH GapAbIK KOMMOHEHTTEPI (AeTekTopAap, >ka3ba 3AEKTPOHMKAChI,
GaTapest) SAeKTPOMArHUTTIK 3KPaHHbIH, POAIH OMHAMTBIH >K8HE CbIPTKbl KabeAb XXeAirepiHe KOoCblAMan
Typa KaTTbl METAAA KOPMYyCblHA CaAbIHFAH KE3AE TOAbIK, aBTOHOMMSIFA Me GOAybl. ByA KyH coyAaeciHeH
TikeAeln cayAe Tycipyre MyMKiHAIK Gepeai. Nal KpuCTaaAbl CUMHTMAASILMS AETEKTOPbIMEH FaMma-
COYAEAEHYAI aHbIKTayAbIH YATIAEPI, COHAAM-aK, 3apsiATaAFaH OOALIEKTEPAI YAKEH aliMaKTbiH €Ki XasblK,
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CUMHTUAASLIMST AETEKTOPAAPBIHBIH, YK8HE OAAPAbIH apacblHAQ OPHAAACKAH pe3eHKe CY3rilUTiH >KMHaFbl
6OAbIN TabbIAATBIH apHaibl AETEKTOP apPKblAbl aHbIKTAY KApaCTbIPbIAFaH.

TyiiH ce3aep: Hai3aral, KyH KypKipeyi, >KOFapbl 3HEPIMSAbl Fapblll COYAEAEpPi, KAaTTbl PEHTreH
CcayAeAepi.
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ABTOHOMHasi U3MepUTeAbHasi CUCTEMA
AASI PErMCTPaLL MM TPO30BOro M3AyveHus B atmocdepe 3emAan
Ha TsaHb-LLIaHbCKOM BbICOKOTOPHOM CTaHLMM KOCMMYECKUX AydeH

B TeueHune MOCAEAHMX AECATUAETUIN 3HAUYMTEAbHOE BHMMAHME YAEAAAOCb NMONCKY U perncrtpaumm
SAEKTPOMArHMTHOIro N3Ay4vYeHnd, CoOrnpoBOXXAAeMOro pa3pasamMmm MOAHUN B aTmocq:)epe, npn n3yvyeHnmn
npoueccos, NPoONCXoAdLLNX B TPO30BbIX obAakax. Takue MCCAEAOBAHNA MPEACTABAAIOT MHTEPEC AAA
NOHNMaHNA MEeXaHN3MOB reHepaun MOAHUKN N ee TMOCAEAYIOWEro pa3sBmnTnsa, KOTOpPble YCKOPAKOTCA
SAEKTPUYHECKNM MOAEM N PErNCTPUPYIOTCA AETEKTOPaAMU. B AQHHOM pa60Te PaCCMOTPEHA KOMMAaKTHa4qa
M3MepuTeAbHad CMCTeMa, KOTOpPasd CO3AadHa Ha Tanb-LLlaHbckomM BbICOKOFOpHOVI HayLIHOVI CTaHUMN AA4A
perncrpaumm l/I3Ay'~IEHl/ll7I BO BpemMs FpO3OBOl71 AKTUBHOCTU. OCOOEHHOCTBIO CUCTEMbI IBASIETCS MOAHAS
dBTOHOMHOCTb, KOrAa BCe ee KOMIMOHEHTbI (AeTEKTOpbl, perncTpmpyioulaq SAeKTpOoHMKa, aKKyMyAS]TOp)
pa3mMellaloTCa BHYTPU CNAOLLHOIO METAAAMYECKOro KOXKyXa, urparouero poAb 3AEKTPOMarHMTHOro
3KpaHa 1 He nmetoero KaKMx-Am6o MOAKAIOYEHMNI K BHELUHMM KabeAbHbIM AMHMAM. DTO MO3BOASIET
pPerncTpmpoBatb M3AyHeHUd HEenocpeACTBEHHO BHYTPW rpo30BOro obAaka. PaCCMOTpEHbl nprMepbl
perncrTpaumm raMma-n3AyvyeHnsa CUMHTUAAALUMOHHBIM AETEKTOPOM Ha OCHOBE KPUCTAAAOB Nal, a TakKoke
perncrTpaumm 3apsa>kKeHHbIX 4aCTuLl, CNeUNaAbHbIM AETEKTOPOM, KOTOprVI NnpeACTaBAdgeT cobon CTONKY
M3 ABYX MAOCKUNX CUMHTUAAALUMOHHBIX AETEKTOPOB GOAbLLOW NAOWaAMN N PAaSMELLEHHOTIO MeXAY HUMU

pe3nHOBOro uabTpa.
KAtoueBble caoBa:
KOCMMYECKME AYYM.

rposa,

Introduction

During the past decades, considerable attention
has been paid to the search and registration of
electromagnetic radiation accompanying lightning
discharges in the atmosphere when studying
processes occurring in thunderclouds. Such studies
are of interest for understanding the mechanisms of
lightning generation and its further development,
leading to the generation of an avalanche of charged
particles accelerated by an electric field, the hard
bremsstrahlung of which is registered by the
detectors. Examples of such works are experiments
conducted at the height of mountains in Armenia
[1, 2] and Japan [3]. At the complex installation of
the Tien-Shan high-mountain station [4, 5], similar
experiments on the detection of hard X-ray and
gamma radiation from thunderclouds were launched
in the mid-2000s (the Thunderstorm experiment). In
the course of these works, the fine time structure of
short-duration gamma-ray flashes that accompany
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lightning discharges on a time scale of the order of
hundreds and thousands of microseconds [6, 7, 8,
9, 10, 11] was discovered, and the first estimates of
its energy spectrum were obtained in energies from
tens of keV to several of MeV [12]. The correlation
of processes in a thunderstorm atmosphere with
high-energy cosmic rays was also studied [13, 14].
In addition, thermal neutron flashes were observed
at the facility at moments of lightning discharges
[15, 16, 17]. Recent studies have carried out
measurements of all types of high-energy radiation
that accompany lightning discharges [18, 19, 20].
According to theoretical predictions, as well
as the results of the simulation of the development
of electron avalanches in the electric field of a
thundercloud, the distribution function of electrons
in the corners is strongly elongated in the direction
of their acceleration (along the field). Since the
direction of the electric field in a thunderstorm field
isusually vertical, the generated electron avalanches,
as well as gamma-rays of bremsstrahlung propagate
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mainly in the vertical direction. In addition, gamma
rays have relatively small range in the atmosphere
(hundreds of meters). Considering all this, detectors
designed for their registration should be located close
to the area of generation of radiation; preferably
directly inside the thundercloud. At the same
time, special attention should be paid to protecting
recording systems from accompanying close
lightning discharges of powerful electromagnetic
interference, which, with insufficient attention to this
issue, can lead to a strong distortion of measurement
results, as well as to a rapid and complete lay-up of
the installation resulting in disruption of work. The
most suitable for such conditions is the experiment
scheme using portable gamma-radiation detectors
based on modern microprocessor technology of
a compact data collection system and a battery-
powered power supply system independent of
external sources, which should ensure autonomous
operation of the tracking station throughout the
entire period of thunderstorm (1-2 hours). In
this case, the entire measuring system as a whole
(detector, recording electronics, battery) must be
placed inside a solid metal casing, which plays the

role of an electromagnetic screen and does not have
any connections to external cable lines.

The relief of the surrounding mountain slopes
of the Tien-Shan High-Mountain Station provides
a convenient opportunity to conduct experiments of
this kind, allowing one to place the tracking stations
at altitudes of 300-500 m above the Station’s average
level (3340 m above sea level), moreover in such
case the detectors are immersed directly inside the
thunderclouds that are passing over the mountain
pass of the Station. At the same time, relatively
convenient access to the tracking stations and their
continuous connection with the information network
of the Tien-Shan Station is maintained, which
allows organizing round-the-clock staff duty at
these stations to maintain their continous operation,
as well as processing and analyzing the incoming
data using the computer systems of the station in real
time mode. During 2015-2017, such an autonomous
tracking station (Fig. 1) was gradually created at a
point located on the mountain ridge surrounding the
Tien-Shan station, at an altitude of ~ 3800 m above
sea level (~ 400 m above the average level of the
Station).

Figure 1 — Left: remote tracking station near the top (400 m above the Tien Shan station,
3750 m above sea level). In the center: shielded scintillation gamma detector
with an autonomous power supply system. Right: compact microprocessor data acquisition system

Instrumentation

The tracking station is intended for registration
of hard electromagnetic radiation generated at the
time of lightning discharges. For this purpose, a
scintillation gamma detector based on an inorganic
Nal(T1) crystal with a diameter of 110 mm and a
height of 110 mm, with an efficiency of 20-80%

with respect to the detection of gamma radiation in
various energy ranges is used. A block diagram of
the registration of gamma radiation is presented in
Fig.2. The scintillation crystal is coupled to a pho-
tomultiplier tube FEU-110; electrical signals from
the anode of the PMT are fed to a 12-channel pulse
discriminator, which allows measuring the ampli-
tude spectrum of the input signals in a 30-fold am-
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plitude range. Absolute energy calibration of the
detector was performed using a set of radioactive
gamma sources; The discriminator thresholds were
tuned to 12 different energy values in the range
of 30 keV — 1 MeV. The intensities of the pulses
generated by the discriminator are continuously re-
corded using a measuring system built on the basis
of the microprocessor set STM32F407/STM32F-
4DISCOVERY [21]. Measurement of the intensity
of scintillation signals is performed simultaneously
in two time ranges: continuous monitoring of the
current intensity with a time resolution of 1 s and
measurement of time intensity scans with a resolu-
tion of 30-100 ps over a time interval of -1 — +1 s
relative to the moment of lightning discharge. The
measuring system is equipped with an autonomous
power supply based on a car battery and a volt-
age converter, ensuring the possibility of its inde-
pendent operation for at least 2-3 hours during the
passage of thunderstorm clouds. The scintillation
detector, the recording electronics and the autono-
mous power supply system are inside a solid met-
al box made by welding from sheet metal with a
thickness of 2 mm.

The time course of development of a lightning
discharge, which serves as a source of gamma radia-
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tion, is recorded using a special radio antenna system
that operates at the Tian-Shan station in synchroni-
zation with the detectors located on the mountain
ridge of the upper autonomous station. Mutual time
synchronization of the data acquisition system in a
stand-alone unit with a system of radio detectors (as
well as with detectors located on the station’s terri-
tory, intended to record a possible signal from the
neutron component generated during the lightning
discharge radiation process, which serves to locate
the lightning position by a system of acoustic sen-
sors, etc. ) is produced in the period of clear weather
between thunderstorms with an accuracy of no less
than 1 millisecond via a computer network (using
the ntp protocol), or by means of GPS-receivers.
During the summer seasons of 2016 and 2017,
the autonomous gamma-radiation detection system
at the upper detector station operated continuously
for four months, starting in mid-May until mid-
September. During this time, continuous monitor-
ing records of the intensity of atmospheric gamma
radiation were obtained for 12 energy ranges with a
resolution of 1 s, which are supposed to be used for
further studies related to the behavior of gamma ra-
diation background in the atmospheric surface layer
during clear weather and during precipitation.

to "Thunderstorm’
database

The main data
acquisition monitaring
machine data table

| I ——
e — 3 i

Is periodicity

USB-UART |
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time series
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Figure 2 — Block diagram of the gamma radiation detection system
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The peculiarity of the autonomous radiation
registration station is in the principle of selection of
events associated with close atmospheric discharges.
Indeed, the selection based on triggers from light-
ning, which are effectively produced by the radio
system of the Tien-Shan station and broadcast via
cable lines to all installations located in its territory,
is inapplicable in the conditions of a remote location
due to the impossibility of direct cable communica-
tion with its common trigger station system, and at
the same time, the use of any modern means of com-
munication via a radio channel (such as wi-fi, etc.)
is not possible because of the need to work directly
during thunderstorms. Therefore, the set of pro-
grams that provide control of the data collection sys-
tem of an autonomous point was supplemented with
an algorithm for generating its own, purely logical
trigger that triggers the recording of temporal inten-
sity distributions of signals from particle detectors
with high temporal resolution. The essence of this
algorithm is that the software system continuously
monitors the intensity of the current stream of input
pulses and itself, in a purely software way, gener-
ates the trigger signal necessary for its synchroniza-
tion at the moment when this stream satisfies certain
conditions established at the time of launching the
program. In particular, when registering the tempo-
ral distributions of the intensity of gamma radiation
during the summer season of 2017, the condition “a

total number of at least 12 pulses over three consec-
utive time distribution intervals (ie 480 ps)» was ap-
plied. In addition, the program complex provides for
the possibility of mutual binding of all programs that
otherwise independently control the various systems
of detectors located at an autonomous point, but can
synchronize their work with a trigger signal gener-
ated by one (any) of them.
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Figure 3 — The frequency of operation
of the software trigger, depending on the electric field

Figure 4 — Detector of charged particles

The graph presented in Fig. 3 illustrates the
generation frequency of the software trigger
(according to the above algorithm) for different
periods of time, depending on the strength of the
atmospheric electric field, which was measured by
a special detector located at the Tien Shan Station.
It can be seen that the number of trigger signals

per second is minimal in the period of time when
the field is close to zero, has a moderate value as
the thunderstorm clouds passing a station carrying
a negative (relative to the “ground”) charge, and
increases dramatically as the positively charged
of clouds. Thus, this graph shows a reasonably
reasonable dependence of the intensity of triggering
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of the software trigger algorithm on the field
strength: it turns out to be maximum with a positive
field, which really should accelerate negatively
charged particles (cosmic ray electrons) from the
thundercloud in the direction of the measurement
setup.

In the summer season of 2017, the autonomous
detector system at the remote tracking station was
supplemented by a charged particle detector (Fig.
4), which is a stack of two flat scintillation detectors
of a large area and a rubber filter placed between
them. Unlike the crystal scintillator, which is used
in the gamma-ray detector, the sensitive elements of
the newly installed detector are formed by a large
area scintillation plastic (1x1 sq. M), which, due to
its small atomic weight and small thickness (1 cm),

has a high efficiency with respect to the detection of
charged particles, and low with respect to gamma
radiation [22]. Charged particles — electrons are
supposed to be generated during atmospheric
electrical discharges, and the new detector is
designed to directly register them.

The rubber absorber filter between the
scintillator planes with a total thickness of ~ 60 g/
cm? serves to isolate the contribution from charged
particles of different energy to the total signal and
allows a rough estimate of the energy spectrum of
the detected radiation by the presence or absence of
coincidence signals between the scintillator planes.
In the future, this type of detector is supposed to be
supplemented with another 2-3 sensitive rows of
scintillators.
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Figure 5 — Signal intensities in different energy ranges of gamma radiation at the level
of an autonomous detector point for three days in August 2016
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The output signals of a large area scintillation
detectors and the coincidence signals between
them are recorded by a common data acquisition
system of an autonomous detector point, similar
to the signals of a gamma-ray detector. A special
condition was added to the software algorithm for
generating an autonomous trigger that ensures the
selection of events in which signals from a charged
particle detector are observed: recording time
intensity distributions with high temporal resolution
was initiated when recording at least 5 pulses from
any of the planar scintillators during one interval
time scan (160 ps).

First results

Fig. 5 presents examples of the results of
measurements of the intensity of signals in different
energy ranges of gamma radiation at the level of an
autonomous detector point for three days in August

N A i B

- S ST _Il

S S N — T

2016. Measurements of the intensity of scintillation
pulses from a gamma detector were carried out
continuously with a period of 1 s. The sharp increase
in the intensity of gamma radiation on the afternoon
of August 23 is associated with the passage of a
thunderstorm cloud near the Tien Shan Station and
precipitation.

Fig. 6 shows the distribution of the intensity
of gamma radiation in the time vicinity of electri-
cal discharges, measured in the same events with a
resolution of 160 ps and 25 ps.

Fig. 7 shows the results of recording the
intensity of signals from scintillation detectors of
charged particles. The intensities of scintillation
signals from the upper (plastic-up) and lower
(plastic-low) detectors, as well as signals of
coincidence between them (plastic-coin.),
measured with a l-second period during the
passage of a thunderstorm during the afternoon of
August 23 are presented.
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Figure 7 — The time course of the intensity of the signal of the plastic detector;
below — a coincidence signal between the lower and upper detectors
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Figure 8 — An example of the registration of a
temporary change in the intensity of signals from a
gamma detector and detectors of charged particles in the
time around triggering

The temporal distributions in Fig. 8, represent
the intensity course of signals from a gamma
detector and charged particle detectors (the three
lower distributions on each panel are labeled
as PLASTIC-UPPER, PLASTIC-LOWER and
PLASTIC-COINC) recorded with a resolution of
160 pus with an internal trigger from the channels of
the charged particle detector.

Conclusion

An autonomous tracking station for detecting
radiation directly inside the thundercloud was
created at the Tien-Shan High-Mountain Scientific
Station. Its main elements are gamma-radiation
and charged particle detectors, a compact data
acquisition system and a battery-powered power
supply system independent of external sources,
which ensures the autonomous operation of the
measuring point throughout the entire period
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of thunderstorm (up to two hours). The first
data on the measurements of the intensities of
gamma radiation and the charged component
demonstrated the efficiency and high reliability
of all the systems of the autonomous registration
point. The developed new approach to conducting
an experiment under conditions of thunderstorm
activity makes it possible to expand the field of
observation of radiation almost unlimitedly by
increasing the number of observation points and

placing them at different heights of the mountain
massif.
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M3MEPEHNA SMAHALU MU N30TOINOB PAAOHA
B XXUAbIX U AAMUHUCTPATUBHbIX
MOMELLUEHUSAX

AaHHas paboTa MocBsUleHA M3YUYEHUIO  PACMPEAEAEHMS  aAb(da-aKTMBHOCTU  MPUPOAHbBIX
PaAMOHYKAMAOB B LIKOAAX-MHTEPHATAX, HAXOASLLMXCS BOAM3M 30H TEKTOHMUYECKMX PA3AOMOB . AAMAThI.
M3mepeHuns GbiAM MPOU3BEAEHDI B LLIKOAAX-MHTEPHATAX, KOTOPbIE OAHOBPEMEHHO SIBASIIOTCS U SKUABIMM,
M aAMMHUCTPATMBHbIMM MOMELLEHNSIMU. B pesyabTaTe m3mepeHmii Gbiaa mocTpoeHa 2D-Ttonoaorus
pacrnpeAeAeHns MAOTHOCTM MOTOKa aAbda-M3AyUYeHWS M30TOMOB paAoHa M ux ATP oT BbicOTbl
N3MEPEHNS (ITAXKHOCTM) AAS KaXKAOM LLKOAbI-MHTepHaTa 1 2D-TonoAormng pacnpeAeAeHmns NAOTHOCTH
noToka aAb(a-n3AyHeHMs OT PacCTOSHUS AO TEKTOHMYECKOro pasAoMa. 1o pesyAbTaTam M3MepeHui
ObIA HaAeH KO3(MUUMEHT KOHLEHTPALMM PAAOHA OT PACCTOSIHMSI OT TEKTOHWMYECKOro pasAoMa.
McrnoAb3ys MOAYUEHHYI0 3aKOHOMEPHOCTb MOXKHO MOCTPOUTH FPaghuK 3aBUCMMOCTH 0O6bEMHOI aaba-
AKTUMBHOCTU AAS APYTMX LUKOA, €CAM M3BECTHO MX PACCTOSAHMS OT TEKTOHMYECKOrO pa3Aoma.

KAtoueBble cAoBa: pasOH, AOYEpHME MPOAYKTbl pacnaAa pPasoOHa, aAb(a-akKTMBHOCTb, TEKTO-
HUYeCcKMe pasAOMbl, MPUPOAHbBIN PAAMALMOHHbBIA (POH.

Dyachkov V.V.', Biyasheva Z.M.?, Ismagulova D.A.?,
Nuketay A.B.?, Zaripova Y.A."?", Shakirov A.L."2, Yushkov A.V.
'National Nanotechnology Laboratory of Open Type, Kazakhstan, Almaty

?Scientific Research Institute Of Biology And Biotechnology Problems, Kazakhstan, Almaty
“e-mail: Z)_KazNU@mail.ru

Measurements of emanation of radon isotopes
in residential and administrative buildings

The distribution of alpha activity of natural radionuclides in boarding schools located near the tec-
tonic fault zones of Almaty was studied. Measurements were made in boarding schools, which are both
residential and administrative buildings. As a result of the measurements, a 2D topology of the distribu-
tion of the alpha-radiation flux density of radon isotopes and their daughter decay products from the
measurement height (number of storeys) for each boarding school was made. In addition, a 2D topology
of the distribution of alpha-radiation flux density from the distance to the tectonic fault was compiled.
According to the measurement results, the concentration coefficient of radon was found depending on
the distance from the tectonic fault. Using the obtained regularity, it is possible to construct a graph of
the dependence of volume alpha activity for other schools, if their distance from the tectonic fault is
known.

Key words: radon, radon decay daughter products, alpha activity, tectonic faults, natural radiation
background.
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OKiMLUIAIK FUMapaTTapAaFbl XXaHe TYPFbIH Yi-XKalAapAaFbl
PaAOH U30TONTAPbIHbIH, 9MAaHAUUSACDLIH 6ALLEY

ByA kyMbIC AAMaTbl KQAQCbIHbIH, TEKTOHMKAABIK, CbIHbIKTap aiMarbiHa XKakblH OPHAaAACKaH MeKTer-
MHTepHaTTapAa TabUFU PAAMOHYKAMATEPAIH aAba-GeACEHAIAIMIHIH TapaAyblH 3epTTeyre apHaAfaH.
Oaueyaep 6ip ME3TIAAE TYPFbIH Y KoHE SKIMLLIAIK FrMapaT GOAbIN TabbIAATbIH MEKTEMN-MHTEPHATTAPAA
Kypriziaai. HatmkeciHae 2D-paaoH M30TONTapblHbIH, aAb(a-CaYAEAEHY aFblH TbIFbI3AbIFbIHbIH, TApaAy
TOMOAOTMSICbI XKoHe apbip MeKTen-MHTEePHATTbIH GMIKTIriH (kabaT) eAwlen, oAapAbiH EbIO-i men 2D
aAb(ha-COYAEAEHY aFblH TbIFbI3BAbIFbIHBIH TEKTOHMKAABIK, CbIHbIKKA AEMIHTT KalbIKTbIKTa TapaAy
TOMOAOTUSICbI KyPacTbipbIAAbL. OALLEy HeTHXKeAepi OOMbIHILA TEKTOHWKAABIK, CbiHbIKTaH PAAOHHbIH
LIOFbIPAAHY KO3(hUUMEHTI TabbIAABI. AAbIHFAH 3aHAbIAbIKTAPAbI MalAaAaHa OTbIPbIN, erep OAapAbIH
TEKTOHMKAABIK, CbIHbIKTapFa AEMIHI apakallbIK TbiFbl 6EATiAI 6OACA, 6acka MEKTENTEp YLIiH A€ KOAEMAI
aAbpa-6eACeHAIAIKKE TOYEAAIAIK KECTeciH KypyFa 60Aaabl.

Ty#iH ce3aep: PaAOH, PAAOH bIAbIPAYbIHbIH EHLLIIAEC OHIMAEPI, aAb(a-OEACEHAIAITT, TEKTOHUKAADIK,

CbIHbIKTap, TabUFK paaraUMSAbIK, OH.

BBenenue

OmManHanust u30TONoB pagoHa — 2Rn, *°Rn,
22Rn W3 3eMHOW KOPBI CO3IaeT BEPTUKAIBHOE
h-pacnipenenenne 3THX OHKOOIIACHBIX PaIHOAKTHB-
HBIX Ta30B B 3eMHOI arMocdepe. M3oTorbl pajoHa
HACBIIIAOT KJIETKH OpPraHW3Ma M MEXKIETOYHOE
MPOCTPAHCTBO JOYCPHUMH MPOAYKTaAMH pacraja.
[To nanHBIM MexX1yHapOAHON KOMUCCHH T10 PaJIno-
norudeckoit 3amute (MKP3, nmy6omukanun NoS50 u
Ne65) ocHOBHas 10NIT OHKOJOTHYECKHX 3a00JeBa-
HUU JIETKUX U OPOHXOB BBI3bIBACTCS MMEHHO H30-
TOMaMHu pajioHa u, B ocooennoctu, ux JIIP [1, 2].
Panmon xnaccuduimpyercs MexayHapoIHO#H opra-
HU3aIMeH 31paBOOXpaHeHUs, ATEHTCTBOM IO HC-
cnenoannto paka (IARC) B kauecTBe kaHIIEpOTeHA
I rpymmst [3]. BosnmeticTBue pagoHa sSBISIETCS BTO-
POi1 110 3HAYMMOCTHU NIPUYMHON Pa3BUTHUS PaKa Jier-
KHUX U IIEPBOU JUIsl HEKYPSALIUX JroJed B mupe [4].

IlepBbie  WcclenOBaHUS — PAAHOIOTHICCKOTO
BO3JICUCTBUS paJlOHA HA HACEJICHUE TOKA3alu, 4TO
KOHIICHTpAIisl paZioHa B BO3JyXe JKHIBIX JIOMOB,
0COOCHHO OJHOATAKHBIX, YACTO TPEBBIMIACT JTAXKE
YPOBEHb MPENEIBHO MOMYCTUMBIX KOHIICHTPALIUM,
YCTaHOBJICHHBIX Ui PAaOOTHHKOB YPAHOBBIX PYI-
HUKOB, TJC CIy)k0a 0e30macHOCTH TPAJUIIOHHO
Oopercs 3a CHW)KCHUE HAKOIUICHHsS PaJI0JIOTHYe-
CKH OTIACHBIX KOHIICHTpanuii pagoHa. OH morajgaer
B atMoc(epy TOMEIIECHUH Pa3ITMIHBIMHU Ty TSIMU: a)
13 Hapy>KHOTO BO3/yXa; 0) U3 TPYHTOBOI'O OCHOBa-
HUS 3/1aHUS; B) BBICTISICTCS M3 CTPOUTENLHBIX MaTe-
pHAIOB WJIH OTPaKIAIOIINX KOHCTPYKITHH, H3TOTOB-
JICHHBIX C IPUMEHEHUEM T'OPHBIX TTOPOJ; T') BOABI U3
CHCTEMBI BHYTPEHHETO BOJIOCHA0KECHHS 3[JaHHS; 1)

CXKUTAeMOT0 B 3JJaHUU TOIUTHNBA (OBITOBOI Ta3, Ka-
MEHHBIH yroiib, TOpd, Toprovne claHibl) [5-6].

Hecmotps Ha TO, 4TO OHKOJOTHYECKas OIac-
HOCTb pajlOHa U3BECTHA M M3y4aeTCsl JOBOJIBHO JaB-
Ho [1-2,7-10], no 1980 roma Hu B 0[1HO# cTpaHe MuUpa
HE yCTaHABJIMBAIMCh HOPMATHBBI HAa COJEpIKAHUE
pazioHa u ero JOYepHUX MPOJAYKTOB B TOMEIICHUAX.
Uccnenosanust, npoeaennsie B EBporne, CeBepHoit
Awmepuke u Kurae, moaTBepIuim, 4To HU3KUE YPOB-
HU KOHIIGHTPAllMU paZioHa, TAKXKe IPEICTaBISIIOT
PHUCKH JIJIS 3JI0POBbSI U B 3HAYUTEIBLHOU Mepe CIIO-
COOCTBYIOT 3a00JICBAEMOCTH PAKOM JIETKHUX BO BCEM
mupe [9, 11-14]. BorbIUHCTBO JTT0IeH TTOIBEpTacT-
csl caMOMy OOJIBIIIOMY BO3JICHCTBUIO PAJIOHA B ¥KU-
JIBIX IOMaX ¥ MIPOU3BOICTBEHHBIX TOMEILCHUSX [ 12,
15]. Uzorom **Rn maetr mpumepHO 50-55% mo3br
00JIy4eHHSs, KOTOPOE €XKErOJJHO MOJydYaeT KaXK bIi
JKUTENb 3eMJIM OT MPHPOJIHBIX PATUOHYKIHIOB,
uzoron *Rn npubasisietr kK atomy emte ~5— 10%.
MesxnyHapoaHble OpraHU3aluy M0 pagualuOHHON
3amute [16] pekoMeHayeT MPOBOAUTH U3MEPEHUs
YpOBHS pajiloHa BO BCEX JIOMax, Ha pabodnx MecTax
U B JIPYTHUX 3JJaHHUSX C BBICOKUM YPOBHEM 3aHSTO-
CTH, 4TO aKTyalIM3UPYeT JAaHHYIO IPOOIEMY B COOT-
BETCTBYIOIME N3MepeHHs. Pa3BUTHIE CTpaHBI 3aK0-
HOJATEIBLHO PEIIaloT ATy npobdiemy [4, 16], a Taxke
CO3/Ial0T CHEIHATIbHBIE CITYKOBI.

TexkToHnueckue pasnombl Teppuroputo r. All-
MaThl TIEPECEKAIOT 5 KPYIMHBIX TEKTOHHYECKUX
pasnoMoB. B Hacrosimielt pabote ObLT U3yYeH ecre-
CTBEHHBIN anb(da-(hoH IMKOI-WHTEPHATOB, HAXOIS-
IIUXCs BOJIM3H 30H TEKTOHUYECKHUX PA3JIOMOB T. AJI-
MaThl. ICTOYHUKOM pajioHa B IIOMEIIEHUU OOBIYHO
SBIISIETCS] CTPOUTENbHAS IIJIOMIAIKA, Ky 1A PaJIOH I10-
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CTYMAaeT C MOYBEHHBIM I'a30M Yepe3 pa3IOMbl U Tpe-
IIUHEI B QyHIaMEHTE TOCPEICTBOM KOHBEKIINH TT0/T
JIaBJIeHUEM. B HEKOTOpBHIX CiIydasX HCTOYHUKOM
pajioHa MOXKET OBITh OBITOBast BOJA M3 MPOOypEH-
HBIX CKBQXXHH. VICTOUHWKH TTOCTYTIIEHUS pajioHa 13
3eMHBIX HEIp MOYKHO pa3AeIuTh Ha JBE TPyMIbL: 1)
TOpHBIC TIOPOJBI, TNIe PAJOH MOCTYMAaeT B JOMa U3
TaKWX MOPOJI, KaK HaIllpHMep, CIIaHel, IpaHuT. Yto
B pe3yJbTaTe MOXET 00pa30BaTh 3HAYUTEIILHBIC
[0 TUIOMIAIM YYaCTKH C BBICOKOW KOHIEHTpAIlH-
et pagona u npeseimath [IJIK B gecsatku pas (o
1000 Bx/M®); 2) palOHOHOCHBIE TEKTOHHYECKHE
30HBI, KOTOPBIC XapaKTEPU3YOTCS aHOMAIbHBIMH
KOHIIEHTpaluaAMH pajoHa. Teppuroputo r.AaMarbl
MEePECEKAIOT 5 KPYIMHBIX TEKTOHUYECKUX Pa3JIOMOB.
Konnenrpanust pagona B atmocdepe TOMOB, pac-
MOJIATAOIINXCS Ha/l TaKUMH 30HAMH, MOXET JI0-
CTUIaTh BBICOKUX 3HAYEHHH 10 JECITKOB Thicad b/
M*. PajioHOBOE BO3/ICHCTBHE B IOMAIITHUX YCIOBHUSIX
SIBIIIETCSI CAMBIM Ba)KHBIM H3-32 OOJIBIIIOTO BpeMe-
HU dKcno3uniun. OTHAKO, JTFOAH MTOABEPTaIOTCS BO3-
JEHUCTBUIO PaJioHa BO BCEX MOMEIICHUAX, BKIIOYAs
paboune MecTa, JETCKHE Cajabl, ITKOJIBI U OOIIe-
CTBEHHBIC 3aHMs B I1eJO0M. Torga KOHIIEHTpaIuu
pajioHa CHJIBLHO BapbHPYIOTCS B Ipeenax HeOOIb-
X reorpadudecKux paioOHOB M KOJICOFOTCS OT
saauenuii ot 10 Br/m* 1o 50000 Bx/m?® [17-19].

MeToanka u3mMepeHui

W3MmepeHuss mpoBOAWIKNCH DIEKTPOHHOU pa-
TUOMETPUYECKOM ammapaTtypoil — aibda-1o3ume-

tpoM «PKC-01A-COJIO», paspaboranusiii B Pe-
ciiyonuke Kazaxcran [20]. B mpubope PKC-01A
B OJIOKE I€TeKTHUPOBAHUS YCTAHOBJIEH CLIUHTUIIIS-
UOHHBIN JeTeKTop. /lmama3oH w3MepeHHs ILIOT-
HOCTH MOTOKa anbda-dyactui oT 0,2 1o 10° gacr./
(MuH*CM?), @ IMaNa30H PEruCTPUPYEMBIX SHEPTHIA
ot 1,0 no 8,0 MaB. B nmputope PKC-01b B Giioke
JIETEKTUPOBAHUS YCTAaHOBJICH CIMHTUJUISIIIHOHHBII
nerexktop. OH mpeaHa3sHA4YeHb! A1 KOMIIJIEKCHO-
ro paguanMoOHHOIO KOHTPOJISI OKpY’KaloUel cpe-
IIbI, paboYnX MECT, YCTAHOBOK M TPAHCIIOPTHBIX
CPEJICTB M TIO3BOJISIET MPOBOAMUTD UICHTU(DUKAITUIO
PaZIMOHYKIUAHOTO COCTaBa UCCIEAYEMBbIX MPo0 u
OKpy’Katomed cpenpl. B kadecTBe OOBEKTOB HC-
CIIEIOBAaHHUS  BBIOMPAIHCH  IIKOJILI-MHTEPHATHI,
KOTOPBIC OJTHOBPEMEHHO SIBJISIOTCS W JKUJIBIMH, H
aIMUHUCTPATUBHBIMUA TOMEIIEHUSIMHA. JTU IIKO-
JBI-UHTEPHATHI MOJI0OOpaHbl TaKUM 00pa3oM, YTO
OHHM HaXOASTCS BOJIM3M 30H TEKTOHHYECKHX paz-
JIOMOB T. AnMartsl (pUCyHOK 1). DTo cnenuanbHas
LIKOJIa-UHTEpHAT «J{OM HaJeKIb» JJis AeTel Bpe-
MEHHO OCTaBIIMXCS 0e3 MOMEYeHHS POIUTENCH;
OOmeobpa3oBarenbHas MIKojda-uHTepHAT Nel(
IS JeTel M3 ManooOecreueHHEIX cemeii; Oormre-
oOpaszoBarenbHas mkosna-uaTepHatr Nel7. Bee us-
MepEeHUS IPOBOAMIINCEH Yepe3 OJMHAKOBOE PACCTO-
STHUE MEXJYy HM3MepseMbIMM TOUKaMu. B kaxmon
TOYKE BBIMOJIHSIOCH 10 3 M3MEpPEHHUs] Ha paccro-
sHue 1 M oT moBepxHOCTH moja. Jjis usmepeHus
paspaboTaHbl MapuIpyThl, oOecleynBaroue, KaK
2D-tomnonoruto, Tak ¥ 3D-TONOIOTHI0 aKTHBHOCTH
paZoHa B yKa3aHHBIX 00BEKTaX.

KPYKKH — PACIIOJIOKEHUE IKOJI-UHTECPHATOB.

Pucynox 1 — Kapra TeKTOHMYECKHX Pa3IOMOB MPOXOIAIINX Yepe3 I. AJIMaThl
C yKa3aHHeM MO3ULHUH ab(a-pagHoMeTpHIeCKUX H3MEePEHHI
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Pe3y.]Il>TaTbI IKCIIepUMeEHTa

I[To pa3paboTaHHBIM METOJMKAM H3MEPCHHUSI
BEPTUKAIBLHON U TOPU30HTAIBHON TOIMOJIOTHM SMa-
HAI[MH MU30TOIIOB PaJIOHA B 3/IaHUSAX M MTIOMETIEHUSIX
OBUIM TIOJTYYeHBI 3HAYCHUS] aKTHBHOCTEH anb(a-n3-
Jy4YeHUsI B IIKOJaX-UHTEPHATAX T. AJIMATHI: MIKOJIa
Nel (#1, 223 M ot paznoma); mkoja Ne2 (#2, 1060
M OT paznoma); mkoja Ne3 (#3, 190 m ot paznoma).
PaccTosiHust OT TEKTOHMYECKUX PAa3IOMOB JI0 H3Me-
PSAEMBIX MIKOJI-MHTEPHATOB PACCUUTHIBAIH TIPH T10-
moutu nporpammbl Google Earth ¢ yuerom macimra-
0a. PacnonoxeHue mpencTaBIeHO Ha PHUCYHKE 1.
MeTonuka BKIIOYACT B Ce0s ONpeaeIICHIUS TTO3UITHI
W3MEpEeHHs paJIMOMETPUIECKUMH MPHOOpaMHu U CO-
CTOUT MUHMMYM U3 6 TOYEK, paBHOMEPHO pacIiipe-
JISJICHHBIX BJOJIb BCETO 3/IaHUS Ha KaKIOM DTaXKe.
Pesynprarel anbda-u3mMepeHuil MpescTaBlIeHbl Ha
pucyHke 2. 13 momy4eHHBIX pe3yIbTaTOB OTYCTIIH-
BO BHJHA, XOPOIIO W3BECTHAsh B MHPOBOH JHTEpa-
Type, 3aKOHOMEPHOCTh — TOAYMHEHUE O0BEMHON
AKTUBHOCTH paZioHa OapoMeTpuuecKon Qopmyiie
N=N e*"[21]. U3 6ap0M<ETquec1<0171 bopmyibI cite-
AYCT SKCIIOHCHUMAJIBHBIU CIlaJ aKTUBHOCTH paJoHa
C BBICOTOH (3Ta’KHOCTBIO).

IIpoBeneH CTaTUCTUYECKUU aHaIW3 IOJIy4YEH-
HBIX PE3YyJbTAaTOB MU3MEPCHUSA IIJIOTHOCTHU IMOTOKaA
anbda-u3nydeHus: B Bo3ayIHoi cpene. Ilposene-
Ha MPOBEPKa COOTBETCTBUSA 00BEMHOM aKTHBHOCTH
pamoHa Oapomerpuueckoil (opmyiie IKCIIOHEH-

=
h
T

=
L

IL1oTHOCTE MoTOK A anb pa-1acT (TT11),
qacT/(MuH* cv?)
= =]
o T

=
—
T

[MaJBHOTO CI1aJla aKTUBHOCTH PaJiOHA C yBEIWYe-
HHEM BBICOTHI (3TakHOCTH). B mxoie #2 (1060 m
oT pazyioma) anb(a-akTUBHOCTh yYMEHBIIAETCS C
YBEJIIMYCHHEM ATAKHOCTH, YTO HE TAaK CHUIIBHO MPO-
sBisieTcs B mkojax #1 (223 M oT pazinoma) u #3
(190 M oT paznoma), 4TO BEpOSITHO, CBA3AHO C pac-
MOJIO)KEHUEM IO OTHOLICHHIO K TEKTOHHYECKHUM
pazimoMam: TIKONBI #1 U #3, KOTOpBIC HAXOIATCS
Ha pacctosaud 223 M 1 190 M, COOTBETCTBEHHO.
A mkona #2 OoJsiee yaaneHa OoT pasjioMa — Ha pac-
crostare 1060 m. ITosTomy kosddumment cmana
O6apomerpuueckoit popmybl (K0dhHUITUEHT KOH-
LEHTPalUH pajioHa) UMeeT Oobliee 3HaUYCHUE 15
IITKOJTBI #2.

Takum 00pazom, MOXXKHO HaWTH 3aBHCHMOCTH
9TOro K03((uIrenTa oT pacCTOSHUSI OT TEKTOHH-
yeckoro pasznoma. [lomydeHHass 3aKOHOMEPHOCTH
npeacTasieHa Ha pucynke 10. s mxkomnst #1 xo-
3¢ GUIMEHT MEHBIIE, YeM IS LIKOJIBI #3, 4TO CBSI-
3aHO C PACIIOIOKEHUEM IITKOJIBI-HHTEPHATHI BOJIH3H
JIBOTHOTO TEKTOHUYECKOTO pasziioMa (pucyHOK 1).
Takum 00pa3om, HCHOIB3Ysl MOTYUEHHYIO 3aKOHO-
MEPHOCTh (PHCYHOK 3), MOXXHO TIOCTPOUTH Ipaduk
3aBUCUMOCTH O0BEMHOH anb(da-aKTMBHOCTH IS
JOPYTUX LIKOJ, €CIM W3BECTHO MX PAaCCTOSHUS OT

TEKTOHHUYECKOI'O pasjoMa.

AHAJIOTMYHO YPOBEHb IJIOTHOCTH MOTOKA ajb-
(ha-n3mydeHus MOBBILIEH A7l Ko #1 u #3 B cpas-
HEHHHU C 0oJiee YIAICHHON OT pasjioMa ITKOJIOH #2
(pucyHok 4).

IIIT; = 0,39 140105

TIIT, = 0.3843-02628

3 3rax ()

Pucynok 2 — PacnipenenieHue anbga-u3aydeHus H30TOMOB pajoHa
u ux JIIP B mikonax-uHTEepHaTaXx I. AJIMaThl
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Pucynok 4 — 3aBHCHMOCTH IUIOTHOCTH ITOTOKA alIb(a-M3TydeHUS
OT PACCTOSTHHMS OT TEKTOHNYECKOTO Pa3IoMa

3akil0ueHue
Yposens anbda-poHa B mKogaX HE MPEBBIMIAT

JIOIyCTHUMYI HOPMY paJMaliOHHOro (hOHA JJIs T.
Anmatel. OIHaKO €ciii SMIIMPUYECKH Y4YECThb CHU-
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c/eaTh BBIBOJI, YTO M3MEPEHHAs! aKTUBHOCTH IIpe-
BBITIIACT JOIMYCTUMBIH (DOH B IKOJaX OJU3KO pac-
MTOJIOKEHHBIX K TEKTOHHYECKUM pasziiomam (#1, #3).
B mixose #2 win ynaneHHo# oT pa3ioma nogo0Hoe
sBIIeHUe He HaOmogaerca. PasHuiia Mexay sKcre-
PUMEHTAJILHBIMU 1 (1)OHOBLIMI/I JaHHBIMU JOCTOBEP-

Ha 1o Kputeprio CThIOJICHTa Ha YPOBHSAX BEPOSIT-
HoctH p=<0,05.

Cmamuvst n0020MOBIEHA 8 PAMKAX 2PAHMOBO20
DUHAHCUPOBAHUSL HAYYUHBIX UCCIEO08AHUL NO NPO-
exmam NeAP05131884 u NeAP05133577).
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MCCAEAOBAHUE KOO DPULIMEHTA OTPAXEHUS
MAOTHOU ABYXKOMITOHEHTHOMU INAA3Mbl

B paboTe mccaeayeTcs yraoBasi 3aBUCMMOCTb KO3(h(ULMEHTA OTPAXKEHUSI SAEKTPOMArHUTHOIO
M3AYYEHMS OT ABYXKOMIOHEHTHOM MAOTHOM MAa3mbl. B KkauyecTBe AM3AeKTpUUECKOM YHKUMM
pPacCMOTPEHbI Bblpa>KeHUsl, MOAyYEHHblE B paMKaX MeToaa MOMeHTOoB [1] u moaeAan MepmuHa [2] B
CPaBHEHWW C 3KCMEPUMEHTAAbHbIMU AaHHbIMM [3-6]. B MoaeAn MepmmHa MCNOAb30BaAachb Kak
cTaTMyeckas, Tak M AMHaMMyeckasl yactota coyaapeHui. CTaTMueckue XapakTepUCTMKM AaHHOM
CUCTEMbI PacCUMTHIBAAMCH C MOMOLLbIO TEOPUU AMHEMHOIO AM3AEKTPUUECKOro OTKAMKa [7], rae B
KauecTBe TMOTeHLMaAA MEXYaCTMUYHOrO B3aMMOAENCTBMS pacCMaTpMBAeTCs MoTeHUuMaA Aonva.
[Noka3aHo, 4YTO, B OTAMYUME OT METOAA MOMEHTOB, MOAEAb MepMUMHa MOXKET MCMOAb30BaTbCS AULLb AAS
6oAee KOPOTKMX BOAH 30HAMPYIOLLErO M3AYUYEHUs KaK S-, Tak U p-noaspusaummn. C Apyrom CTOpOHbI,
pe3yAbTaTbl, MOAYYEHHblE METOAOM MOMEHTOB, MPUMEHMMbI B GOAEE LIMPOKOM AMara3oHe
WNCCAEAOBAHUI OTPaXK€HUS SAEKTPOMArHUTHOIO U3AYUYEHNS OT MAOTHOM MAA3Mbl.

OTMeueHbl NMYyTU BO3MOXHOIO AQAbHENMLLEro pa3BUTUS TEOPUW OTPAXKEHUS IAEKTPOMArHUTHbIX
BOAH OT MAA3Mbl C MCMOAb30BaHMEM pacyeTa CTaTMYeCKUX CTPYKTYPHbIX (pakTOpOB B pamKax MeToAa
MOMEHTOB C MCMOAb30BaHWEM CBEPXMEPENAETAOLLMXCS Lenoyek.

KAtoueBble CAOBa: METOA MOMEHTOB, MOMEHTbI, KO3((MULMEHT OTpaxkeHus, MOAEAb MepMuHa,
AVHaMMUecKasl 4acToTa COyAapeHui, cTaTuyeckas 4yacToTa COyAapPeHMit.

Ashikbayeva A.B.", Askaruly A.", Syzganbayeva S.A.", Mazhit Z.2

'Al-Farabi Kazakh National University, IETP, Kazakhstan, Almaty
2S.Toraigyrov Pavlodar State University,
Kazakhstan, Pavlodar, e-mail: 02assel@gmail.com

The study of the reflection coefficient
of a dense two-component plasma

In the work, the angular dependences of electromagnetic wave reflection coefficients from two-
component dense plasmas have been investigated. The results for the dielectric function obtained in the
framework of the moments method [1] and of the Mermin model’s [2] are presented in comparison with
the experimental data [3-6]. In Mermin’s model both collision static and collision dynamic frequencies
have been taken into account. The static characteristics of this system are designed to use the theory of
linear dielectric response, where the Deutsch potential is considered as an interparticle interaction
potential [7]. It is shown that, in contrast to the moment method, the Mermin model can be used only
for shorter incident radiation waves of both s- and p- polarizations. On the other hand, the results
obtained by the method of moments are applicable in a wider range of investigations, which concern
the reflection of electromagnetic radiation from dense plasmas.

In the framework of the method of moments in connection with super-intertwining chains the
possible further development ways of the theory of electromagnetic waves reflection from plasmas,
which use the calculation of static structural factors, have been marked.

Key words: moment method, moments, reflection coefficient, the Mermin model, collision dynamic
frequency, collision static frequency.
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Toa-Mapabu aTbiHAafbl Kasak, YATTbIK YHUBEPCUTETI,
IKCNepuUMEHTTIK >KaHe Teopusiablk, pmsmka F3M, KasakcraH, AAMaThbl K.
2C. TopanfblpoB aTbiHAAFbI [aBAOAAD MEMAEKETTIK YHUBEPCUTETI,
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ToIfbl3 €Ki KOMIMOHEHTTI MAA3MaHblIH, LUAFbIAY
k03p UL MEeHTIH 3epTTey

Makanapa eki KOMMOHEHTTI MAa3MaAaH 3AEKTPOMArHUTTIK CoyAellublFapy LafblAy KO3 hu-
UMEHTTEPiHIH OypbIITbIK, TOYEAAIAIKTEpPi 3epTTeAreH. MomeHTTep 8aici TeHiperiHaeri [1] >keHe
MepMuH MoaeAiHaeri [2] AMIAEKTPAIK (DYHKUMS YLLIH ©@pHEKTep 3KCMepUMEHT AepekTepimeH [3-6]
CaABICTbIPbIAbIN KapacTbIpbIAFaH. MepMWH MOAEAIHAE CTaTWMKAAbIK, COHbIMEH KaTap AMHAMMKAAbIK,
COKTBIFbICY >KMiAIKTEPI KOAAAHBIAFaH. bepiAreH >yiieHiH cTaTMKaAbIK, cMnaTTamasapbl 6eALLEeK apabk,
acepAecy MOTeHLMaAbl peTiHAe AOMY MOTEHLMAAbl KapacCTblPbIAFAH CbI3bIKTbIK, AMIAEKTPAIK eAec
TEOPUSChl apKblAbl ecenTeAai [7]. MepMUH MOAEAIHIH, OHblH, MOMEHTTEP SAICIHEH arblPMALLIbIABIFbI,
acep eTylli COYAelbIFApyAblH S- MeH p-MoAsSpM3aLMsAaybiHAQ TeK KbICKQ TOAKbIHAQP YLUiH
KOAAQHbIAYbl apTblK, eKeHi KepceTiaai. backawa anTkaHAa MOMEHTTEp BAICi apKbIAbl aAblHFaH
HoTV>XKeArep MepMUH YATICIMEH CaAbICTbIPFAHAQ TbIFbI3 MAA3MaAaH SAEKTPOMArHUTTIK CBYAeLlblFapy

LLAFbIAYbI KEH 3epTTey AMana3oHbiHAA MalAAAAHBIAYbl MYMKIH.
CTaTMKaAbIK, KYPbIAbIMABIK, (hakTOpAap ecenTeyiH KOAA@HbIM, acKblH TynTeAreH Ti3bekTep

Heri3iHAE MOMEHTTEp BAiCi

TOHIperiHAe 3AeKTPOMArHMUTTIK TOAKbIHAQD MAA3MaAdH  LUAFbIAY

TEOPUSCbIHbIH 8pi Kapain AAMbITY XXOAAAPbl KOPCETIATEH.
Ty#HiH ce3Aep: MOMEHT BAICI, MOMEHTTEP, LaFbIAy KO3MULMEHTI, MEPMUH YATICi, COKTbIFbICYyAQp
AMHAMUKAABIK, XKMIAITT, COKTBIFbICYAQP CTaTUKAAbIK, XKUIAITI.

BBegenne

B uncne crnoco0oB AKCIEPUMEHTAIBHOTO U3Y-
YEHUS CBOMCTB HEHACATHLHOM IIa3MbI €CTh METOIBI,
OCHOBaHHBIE Ha B3aUMOJIEHCTBMM BeEIIECTBA C
3JEKTPOMAarHUTHBIM H3iaydeHueM [3-5, 8]. Ananus
MIPOCTPAaHCTBEHHO-aMILTUTY JHO-(a30BBIX TTapaMeT-
POB M3ITy4eHHUs OTKJIMKA IJIa3Mbl Ha BO3JICHCTBHE
3JIEKTPOMAarHUTHON BOJIHOM IO3BOJISIET, BOOOIIIE IO-
BOpsI, MOJYYUTh Pa3HOOOPa3Hy0 MH(OPMAIUI0 00
3JIEKTPOHHOW KOMIIOHEHTE IUIa3Mbl: O KOHIICH-
Tpalyy U CPeTHEI SGHEPTUH HIEKTPOHOB, HaCTOTE UX
CTOJIKHOBEHMH C IpyTMMM 4acTULAMH U T.A. [9].

OcoObIii MHTEpEC MPENCTABISAET CITydai, Koria
4acTOTa 30HJIUPYIOLIEH 3JIEKTPOMArHUTHOW BOJIHBI
Onmu3Ka K JICHIMIOPOBCKOHM YacTOTe IJIa3MEHHOTO
00BeKTa W H3MEpPEHHE IapaMeTpPOB PACCESTHHOTO
TUIa3MOMN M3Ty4YEHUs BBIIOJIHAETCS B HAIIPABICHUH,
COOTBETCTBYIOIIEM YIIIy 3€PKaJbHOTO OTPAaXKCHUS
sonaupytomeit Boaus [10-11]. Eciu pa3smeps! mnas-
MBI 3HAYUTEIBHO MPEBBIIAIOT JUIMHY BOJHBI U3ITY-
YeHus, TO BCIOJy, KPOME OTpakarouield o0sacTu
MIPUMEHUMO MPUOIMKEHHE T€OMETPUIECKON OMNTH-
KU, U MHTEPIPETALHMIO 3KCIIEPUMEHTANbHBIX OaH-
HBIX MOKHO ITPOBOAUTH C TIOMOIIBIO CPAaBHUTEIHHO
MPOCTBIX (HOpMyYJI, MONYYEHHBIX U3 PACCMOTPEHHUS
Ipolecca paclpoCTPaHEHUs] IIEKTPOMATHUTHOIO
BO3MYILIEHHUS] B Cpefic Ha OCHOBE YpaBHEHHUH Mak-
pockonuueckoi anekrpoauHamuku [12]. Ilpu stom

MOZAeNb s (YHKIUHU JUIJIEKTPUYECKON IMpOHH-
[IAEMOCTH CpeJbl, KOTAA CpeaHssd KHHETHYecKas
SHEPTUsl YacTHUIl NPEBBIIIACT HHEPTUI0 MeKyac-
THUYHOTO B3aMMOJICHCTBHS, MOXKET OBITH TTOJTydeHa B
pamMKax TeopuH HjeanbHOM miasmsl [13].

IMapameTpsl m1a3Mbl
B nanHOW paboTe uccinemyercss IBYXKOMIIO-

HCHTHAas IMOJHOCTBbIO HOHMU30BAaHHAasA BOAOpPOAHAA
jiasMa, KOTOpas OIUCbIBACTCA 663p33M€pHBIMI/I

napamMeTrpaMmu HCHUACAIIBHOCTH, INIOTHOCTH n
BBIPOKACHUA:
2
Pe 1 a
F =—, =—, }'; =—,
a k,T a,
2/3
4 r
0=2|—| =
Or) T

3neck BBeeH pannyc Burnepa-3eiitia
a=13/3/4xn,

e €— 3apsa ONeKTpoHa, Ky— TOCTOSHHAs
Bonbimana, T — Temneparypa, # — KOHLEHTPALHUS

vacTtuy (1, =1,), d, —paguyc bopa.
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HccnenoBanue KOB(l)(i)I/IL[I/ICHTa OTpaXCHUs IUTOTHOM ﬂByXKOMHOHeHTHOfI T1J1a3Mbl

MeTo0oa MOMEHTOB

Hcnonp30BaHne METOJa MOMEHTOB IMO3BOJISIET
OMpPEJICIUTh UICKTPUUCCKHE CBOMCTBA KYJIIO-
HOBCKO# CHCTEMBI, HCIIOJb3ysl HECKOIBKO MEPBBIX
CTeMeHHbIX MOMeHTOB (yHKimu noteps L(k,®),
KOTOPBIE MOXKHO PACCUUTATh, 3HAsT TOTEHIHAT MEX-
YACTUYHOTO  B3aWMOJCHUCTBUSI W  CTAaTHYCCKHUE

crpykrypabie dakropsl S, (k) . locneanue Moryt

OBITh BBIYMCIICHBI, HAIPUMEP, U3 PEIICHUS YpaB-
Henust OpnmreiiHa-lepauke B rumeprenHoM
npubmmwkennu [7,14], HO B JAaHHOW cTaThe OBUIH
HCITONIb30BaHbl BhIpakeHuss CCD, morydeHHBIE B
[7].

3ammmem  Qopmyrny HeBannmuHHBI, omnpene-
JISTONIYIO JURJIEKTPUYIECKHe CBOMCTBA CPeIb:

e (k,o)=
N @, (O(k)+ )
(@’ — o3 (k) + O(k)(@* — & (k))

,» (D)

rie o (k)=C,(k)/ C,(k), @, (k)=C,(k)/C,(k) u
O(k)- oyukius-nmapamerp Hepawnuuusr (PITH)
ompenenseTcs kak B [15,16]:

i @2(b) )
Lo @

(k) =

IMapamerpsl C, (k) 1is KyIOHOBCKOM CHCTEMBI

BBIYUCIAKOTCA CIICAYOIUM O6p a30M:

Cylh) =" i (725, (k) + 225, k)~ 22,5, (K)).

C, =a)p,
C,=w,(1+K(k)+U(k)+H),

(v, k? ( h )2 k’
i I B
w, 2m) o

p

rae

K (k)

s Z\/ij «(Q)dq ,

U(k)=(1/2ﬂ2ne)fp2[See(p 1]/ (p.k)dp,
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2
Fpd)=5/12—(p* 1 4k + L =P V12|
8 pk’ | p— k|
3necs k;, =4zwne’S — BomHOBOE wHCIO,
KOTOpOE 00paTHO paguycy Jebas,

F,,,(17) — cpennuii KBaapar TENI0BOM

<uj>=

CKOpPOCTH DJICKTPOHOB, /1 — WX Macca, (L)p - Ija3s-

MeHHasi 4acToTa cucremsl, [, — nnrerpan ®epmu,

KOTOPBIN OIlpenenseTcs KaK

Fon= -([exp(x n)+1 g

1 = fu — 6e3pa3MepHbIil XUMUYECKHUIA MOTEHIIHAI
CHCTEMBI, OTIpENIEISIEMBII U3 YCIIOBHS HOPMUPOBKHU:

2
F,, () 259 "

JmaaexkTpuyeckass moaeab MepMuHa
C nmpyroil cTOpoHBI, B NPHOJMKEHUH XaOTH-

YECKHUX a3 TIADJICKTpHYECKast hyHKIISA
onpenensiercs kak [17-19]:

sk, 0)=¢ (k,w)+is(k,w), (3)

npuyeM ﬂeﬁCTBHTeHLHaﬂ YaCThb 3aIlIMCBhIBACTCsS KaK

1
& (k,w)=1+— . [g(u+z)—g(u—z)],
F
rae JUIsL pacuera GbyHKIIH
g(x)= j ydy In | y| HEO0OXOMMO

) exp(Dy” 1) +1 |x vl
3Hanue mapamerpa D=0~ u n=fu.

MHuuMasi 4acTh JUIICKTPUYSCKOW (PYHKIIUU B
[IX® 3anuceBaeTCs cuemxyommM 00pa3oMm:

o (ko) = 1 o 1+exp(D[1—(u—z)2])
o _823kF 1+exp(D[1—(u+z)2])




Ammkbaesa A.B. u nip.

31ech W BHINIE BBEACHBI CIEAYIOMME 0003Ha-

k
yenns u = w/kv, w z=——non v, , k, noxpa-
2k,
3yMeBaeTcsi CKOPOCTh M BOJHOBOE umncio depmu,
2_5\1/3
U, =hk,, k, =QGn"n)".
beccronkHoBUTENHEHAS OOJHOKOMITOHCHTHAs
(00b14HO, 3IIEKTPOHHAS ) TUDJIEKTpUYecKas
nporumaemMocts Jlnaaxapaa [20] Oputa 0600meHa
Mepmunom [2], a 3atem Jlacom [21], xoTopsIit
WCTIONB30BAN  allbTEPHATHBHBIA METOJl BapHAIHH

(YHKUMM ~ pacrlpeneneHus,  4YToObl  y4ecThb
CTOJIKHOBEHHSI 3apsKEHHBIX YaCTHIIL:
g, k,w)=
. (@+iv)[egp, (k0 +iv)—1] . (4)
o+iv[e,, (k,o+iv)—1]/[e,,(k,0) 1]
3nech

2 (2 N
=2 _”LMA (5)
3N m (k,T)

- ctarmueckasi yacrtota croinkHoBenuit (CUC).
Il ee pacdera HEOOX0IMMO 3HaHUE 00OOIIEHHOTO
KyJIOHOBCKOro Jnorapudpma A, KOTOpBI MOXKET
OBITh ONPE/ICIICH Yepe3 CTATUYCCKUE CTPYKTYpPHBIC
daxroper S, (k) ¢ momoupsio dopmynsr I'puna-
Ky6o [7].

Ecnu ucnonp3oBaTh Tak Ha3bIBACMYHO JIUHA-
MHYecKyio 4actoTy croikHoBenuit (IUC) v(w)

BMECTO TIOCTOSTHHOM YaCTOTHI CTOJIKHOBEHHH B (3),
00J1aCTh ICHCTBUS STOTO BHIPAXKCHUS PACIIUPSICTCS,
U €€ MOXKHO UCIIOJIb30BaTh B INIOTHON HEUJeaIbHON
IUIa3Me, KaK 3TO OBLIO claellaHo B 000OIIeHHOH
monenu Jlpyne-Jlopenmna miisi oOpaTHOW AMANIEK-
TPUIECKOW (DYHKIMHM IBYXKOMITOHEHTHOM IIa3Ma
(AKII) [22].

B nanHO#l paboTe amHaMuYeckas dYacToTa
CTOJIKHOBEHMI B OOpPHOBCKOM  MPHUOJIMKEHUU
PacCUMTHIBAETCSl C UCIIOIB30BAHUEM CTAaTHUECKOTO
HWOH-MOHHOTO CTPYKTypHOTO (hakTopa [23]:

Vo) =

(6)

RPAe (q,)— Erpae (¢,0)

2

a)a)p

© & N
<[4V (@)S,(q) dq
0

3I[€CI> n, 1 m;, — IIOTHOCTh U Macca UOHOB,

ArZe’

V.(q)=-
ngRPA)g (q: O)

- 3TO CTATUYECKUN SKPAaHUPOBAHHBIN 3JIEKTPOH-
MOHHBIM TTOTEHIIMAJ B3aUMOJICHCTBHS.

Kospduument orpaxkeHus
HUTHBIX BOJIH OT IUVIOTHOMH MJ1a3Mbl

3JIeKTpoMAar-

3HavueHue KOdpPUIMEHTa OTPAXKECHUS  OT
IUIOTHOM IUIa3Mbl OBUIM TOJYYEHBI B CIIEIYFOLINX
JKCIepuMeHTax [3-6] A pasnuyHBIX JUTHH BOJIH
JIa3epHOT0 U3TY4YEHUs, B IPEANON0KEHNH HAINYHS
pe3KOi  IpaHMIBl  IUIa3Ma-CBOOOJHOE  MPOCT-
pancTBo. B 3ToM ciydae pacuer KoddduumeHTa
OTPayKeHHUsI CPeIbl IPOBOAMICS C UCIIOJIB30BAaHUEM
¢dopmyner Openens [24].

Jns s-monsipuzanuu

2
.2
\J € cos0—|&, — & sin" 6

R = . ()

! . 2
\JE cos0+4]g, — & sin”" 0

Jns p-nongapuzanuu

2
\/gcosé? —\& (&, —&sin’0)

R = . ®)

’ \/gcosﬁvﬂ/gl (&, —&sin’0)

3neck 6 — ciaydaiiHBIA yron, &,&, — AMDICK-

TpHuueckue GyHKIUsA ABYX cpex, rae & =1, &, —
Iu3IeKTpudeckas (QyHKIUS (ONMUCAHHBIC BHIIIE),
COOTBETCTBEHHO [UIsl BaKyymMa W JJIsl TUIA3MEHHOU
Cpenpbl.

Ha pucynkax 1-3 mpencraBieHbl pe3yibTaThl
BBIYHCIICHAS KO3(puIMeHTa oTpakeHusl OT yTia
MaJeHUs Ha TUIa3My TpU (PUKCUPOBAHHOMW JJIMHE
BOJIHBI TIQ/IAIOIIETO Jy4a Jja3epa, B CpPaBHEHUU C
YUCIEHHBIM dKcrepumenToM [3-6], misn ['=1.8,
rs= 6.3. Ha pucyHkax KpacHbEIMH 0003HAYCHBI JTaH-
HBIE ISl S-TIOJSIPH3AalUU  TaJ[AioIero JJIEeKTPO-
MarHUTHOTO W3IY4YEHHs, CHHHUMH O00O3HAYEHBI
pe3ynbTaTel It p-nonspu3anud. CIUIONIHBIE JTH-
HUU — 3TO JaHHBIC, PACCUNTAHHBIE METOJJOM MOMECH-
TOB (2), TUpe-THpPE — Pe3yJbTAThI, MOIyUYEHHBIE C
rcrnosb3oBanueM mojenu Mepmuna (4) co CUC (5)
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W TOYKA-THPE — PE3YJIbTAThl MOJNyYSHHBIC C TIOMO-
mpio Mojgenu Mepmuna (4) ¢ JUC (6), kBampa-
THKaMU 0003HAYEHBI YKCIIEPUMEHTAILHBIC JaHHEIC
[3-6].

Laser's A
W 532 nm

& (degree)

Pucynok 1 — Koapdumuent orpaxenus
JIEKTPOMArHUTHO BOJHBI OT IUIOTHOH IJIa3MBI

Laser's A
N 694 nm

& (degree)

Pucynok 2 — Koaddurpent orpaxeHus
9JIEKTPOMATHUTHOM BOJIHBI OT MJIOTHOM ILIa3Mbl

1.0

0.8

0.6

R(&)

Laser's A

0.4 B 1064 nm

0.2

0.0

& (degree)

Pucynok 3 — Koaddumuent orpaxenus
9JIEKTPOMArHUTHOM BOJIHBI OT IUTOTHOH IIa3MBI
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Kak BugHO M3 pUCYHKOB 1-3 MeTOJ MOMEHTOB
HEIJIOXO OIMHCHIBAET AKCIICPUMEHTAIBHBIC TaHHEBIC
M0 YIJIOBOM 3aBUCUMOCTH K03 duimeHTa oTpaxe-
HUS JUIA Pa3jIMyYHBIX JJIMH BOJIH, OCOOCHHO Jist
ciayvasi oTpaxeHus p-BoiHbl. Mogens MepMmuHa,
kak ¢ JJUC tak u co CUC, mis 601ee KOPOTKHX BOTH
MPUOIMKEHHO OIMUCHIBAET DKCIICPUMEHTAILHEBIE
pe3yabTaThl, OHAKO AJis AMUHHBIX BOJH ¢ JJUC HeT
Jla)ke KaYeCTBEHHOTO COTJIacHsl.

3akaouenue

B nanHoli paboTe ¢ MOMOIIBIO0 METOJja MOMEH-
TOB U MOJieJIM MepMIUHa NOIY4YEHbI YTIOBBIEC 3aBU-
CUMOCTH KO3(PPUIIMEHTOB OTPAKEHUS IJIEKTPOMATr-
HUTHOU BOJIHBI OT IJTIOTHOM MJIA3MBI 7151 pa3JIMIHBIX
JUIMH BOJIH B CPaBHEHMH C DKCIEPUMEHTAIBHBIMU
JaHHbIMU. M3 rpad)ikoB BUIHO, YTO MOTyYEHHBIC B
JAHHOW paboTe KpHBBIEC, KaK C TOMOULIBI0O METOMa
MOMEHTOB TaK M B OTICIbHBIX CIy4asX — MOJEIHU
MepMuHa, HEIJIOXO0 COBNAAAIOT C SKCIIEPUMEHTAIIb-
HBIMHU JIaHHBIMH. OCOOEHHO XOPOIIO COTIACyIOTCS
JIaHHBIE, NIOJyYEHHBIE B pPAMKAX METOJa MOMEHTOB
JUIL P -BOJIHBI, B KOTOPOW KoJieOaHUsI BEKTOpa Ha-
MPSPKEHHOCTH AJIEKTPUUYECKOr0 OIS POUCXOIAT B
TUIOCKOCTH TageHus. J{ns Ooyiee KOPOTKUX BOJIH
COTJIaCH€ € DKCIEPUMEHTOM YIIydIlaeTcs U I S-
BOJIHBI. [lanpHelilliee pa3BUTHE PACUETOB B paMKax
METO/1a MOMEHTOB, II0-BHIMMOMY, MOXKET OBbITb CBSI-
3aHO C pacyeTaMH CTATHYECKUX CTPYKTYPHBIX (paK-
TOPOB € TIOMOULIBIO  CBEPXIIEPEILICTAOIINXCS
LIEMIOYEK.

B oTnnuume ot 3TOr0 OTMETUM, 4TO ISl MOJEIU
MepMuHa-OIyYeHHbIE PE3YJIbTaThl, COINIACYHOTCS
C JaHHBIMH DJKCIEPUMEHTOB TOJIBKO Ui Oosee
KOPOTKMX BOIH, a JJs OoJiee UIMHHBIX BOJH TpH
yuere JUC B JId pe3yabTarhl CyIIECTBEHHO OTIIH-
4qarloTcs OT dKcrmepuMeHToB [3-6]. Ilo-Bummmomy,
3TO CBSI3aHO C TeM, 4TO nocneasss J® He yaosier-
BOpsICT TpaBWIIaM CYMM, KakK 3TO OBUIO paHee
rmokasaso B [25].

Paboma nooodepoicana epanmom Munucmep-
cmea obpazosanus u nayku Pecnybauxu Kazaxcman
Ne AP05132333.
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ABTOMATM3MPOBAI:IHbIﬁ KOMIAEKC
AASl UICCAEAOBAHUA CBOUCTB INbIAEBOU INMAA3MblI
BO BHELLUHEM MATHHUTHOM TOAE

B aaHHOM paboTe pacckasbiBaeTcs O pa3paboTaHHOM aBTOMATU3MPOBAHHOM KOMIAEKCe
KOMIMbIOTEPHbIX ~ MPOrpamMmM MO MCCAEAOBAHMIO M MOAEAMPOBAHMIO  (PM3MYECKMX  CBOMCTB
MarHMTOAKTMBHOM MAasMbl. KOMMblOTEPHOE MOAEAMPOBAHME CUCTEMbI ObIAO MPOBEAEHO HAa OCHOBE
MOAEKYASIPHOM AMHAMMKM C YYETOM BAMSIHMSI BHEWHEro OAHOPOAHOrO MarHMTHOMO MoAs. YacTuubl
CMCTEeMbI B3aMMOAEMCTBYIO C NoMoLLbto noTeHumasa KOkasa. Komnaekc paspaboTaH B cpeae 06beKTHO-
OPUEHTUPOBAHHOrO nporpammupoBanms Borland Delphi7 ¢ uncnoAb3oBaHMEM AOMOAHUTEABHbIX
KOMMOHEHTOB. KOMMAEKC COCTOMT M3 HECKOAbKMX MPUAOXKEHMI, C TMOMOLIbIO KOTOPbIX MOXHO
MCCAEAOBATb AMHAMMYECKMEe U CTPYKTYPHbIE CBOMCTBA MbIAEBO MAA3Mbl BO BHELLIHEM MarH1THOM MOAE.
Komnaekc obecrieunBaet nepeaady MHMOPMALIMU MEXAY MOAb30BAaTEAEM-YEAOBEKOM M MPOrPaMMHO-
annapaTHbIMM  KOMIMOHEHTaMM  KOMMbIOTEPHOM CUCTEMbI, AeAaeT OOLleHMe MOAb30BaTeAs C
KOMIMbIOTEPOM MPOCTbIM U €CTECTBEHHbIM, Ha CKOAbKO 3TO BO3MOXHO. MHTepdenc mMakCcMMaAbHO
MPUOAMXKEH MOAb30BATEAID, M MOAb30BAaTEAb MOAHOCTbIO MOXET YMNPaBASATb 32 XOAOM AENCTBUS
nporpammbl. AAsS TOro, 4TOBGbl MakCUMaAbHO MNPUOAM3UTL MHTEpPdENC K MOAb30BaTEAID, OblAM
MCMOABb30BaHbl MPMBbIUHbIE TEPMMHOAOTMM, HACTPOM HA pPeaAru TMOAb30BaTeAs, ApyxeAaobue
nHTepenca 1 NPo3pavHoCTb nHTepdenca. Bo Bpems pacyeTos C MOMOLLbBIO aBTOMATM3UPOBAHHOMO
KOMIMAEKCA MOXXHO MEHSITb MapameTpbl CUCTEMbI, MOAYUMTb TpadMK MOAYUEHHbIX pPE3YAbTaToB,
OCTaHOBUTb U BbINTM U3 MNpOrpammbl. Ha OCHOBE AQHHOrO KOMIMAEKCA MOAYYEHO aBTOPCKOe
cBnaeTeabctBo «Magnetized Dusty Plasman.

KaloueBble  CAOBa:  MOAEKYASIpHAs — AMHaMMKa, MblA€Basi  MAa3Ma, MarHUTHOE  TOAE,
ABTOMATU3MPOBAHHbIA KOMIAEKC.

Masheyeva R.U.", Dzhumagulova K.N., Shalenov E.O.

Al-Farabi Kazakh National University, Institute of Experimental and Theoretical Physics,
Kazakhstan, Almaty, “e-mail: masheyeva.ranna@gmail.com

Automated complex for investigation the properties
of dusty plasma in external magnetic field

This chapter discusses the developed automated complex of computer programs for the investigation
and simulation of the physical properties of magnetized dusty plasma. Computer simulation of the system
was carried out on the basis of molecular dynamics, taking into account the influence of an external
uniform magnetic field. The particles of the system interact with the potential of Yukawa. The complex
was developed in the Borland Delphi7 object-oriented programming environment, using additional
components. The complex consists of several subprograms with the help of which one can investigate
the dynamic and structural properties of dusty plasma in an external magnetic field. The complex
provides the transfer of information between the user-person and the software and hardware components
of the computer system, makes communication with the computer as simple and natural as possible. The
interface is as close as possible to the user, and the user can fully control the course of the program. In
order to bring the interface as close as possible to the user, familiar terminology, customization of the
user's reality, user-friendly interface and interface transparency were used. During calculations using an
automated complex, you can change the system parameters, draw a graph of the results obtained, stop
and exit the program. On the basis of this complex, the author's certificate “Magnetized Dusty Plasma”
was obtained.

Key words: molecular dynamics, dusty plasma, magnetic field, automated complex.
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an-Mapabu aTbiHAaFbl Kasak, YATTbIK, yHUBEpCHUTETI,
SKCNEePUMEHTTIK XKOHE TEOPUSIAbIK, (PU3MKA FbIABIMU-3€PTTEY MHCTUTYThI,
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CbIpTKbl MarH1T OpiCiHAEri TO3aHAbI MAA3MaHbIH, KACUETTepiH
3epTTeyre apHaAfaH aBTOMaTTaAFaH KOMMNAEKC

JKyMbicTa MarHuTTi 6eAceHAl MAasMaHblH (PU3MKAABIK, KACMETTEPIH MOAEAbAEY >KOHE 3epTTey
6OMbIHLLIA KOMIMbIOTEPAIK NMPOrpaMMarapAblH, KYPaCTblPbIAFaH aBTOMATTbl KOMIMAEKCI KapacCTbIpbIAaAbl.
CbIpTKbl GIpPTEKTI MarHUT OPICiHIH 8CepiH eckepyiMeH MOAEKYAAAbIK, AMHAMMKA HEri3iHAE >KYMEeHiH,
KOMIbIOTEPAIK MOAEAbAEYI OTKi3iAal. XKyneHiH GeawekTepi 6ip-6ipimeH OkaBa MOTEHLMAAbIHBIH
KemerimeH apekeTTeceai. Komnaekc HbicaHra 6arbiTtaarad Borland Delphi7 nporpammanay opracbiHaa
KYPACTbIPbIAAbl  >K8HE KOCbIMLLA KOMMOHEHTTEPAIH KeMmeriMeH Kypbiaabl. OA  CbIpTKbl MarHuT
epiciHAEeri To3aHAbl MAA3MaHbIH, KYPbIABIMABIK, XX8HEe AMHAMMKAABIK, KACUETTEPIH 3epTTeyre MyMKiHAIK
GepeTiH KOCbIMLIA MPOrpamMmMarapAaH Typaabl. KOMMAEKC KOMMbIOTEPAIK YMEHIH TyTbIHYLLbI-aAaM
)K8He MporpammAbl-annaparTbl KOMIMOHEHTTEP apacblHAA MYMKIHAITHLIE aknapaTTbl GepyAi Kamra-
Macbi3 eteai. MHTepdenc 6apbiHWa TYTbIHYLWbIFA XXaKbIHAATbIAFAH YK8HE TYTbIHYLUbI MPOrpaMmaHbiH,
OPbIHAAAYbI 0apbICbiHAA GapAbIFbIH TOAbIKTaM Gackapaabl. MHTepdencTi TyTbiHyLIbIFa XKaKbIHAATY
MakcaTblHAQ KYHAEAIKTI TEPMMHOAOIMS, KOAAQHYLIbl HAKTbl >KYMbICbIHA KEATipy, WMHTepdencTin,
ANKbIHABIAbIFbI  KOAAAHbIAAbI. ABTOMATTbIK, KOMIMAEKCTI KOAAQHY apKbIAbl €CEeNTeyAepAil >KYpridy
GapbICbIHAQ >KYMEHIH MapameTpAepiH ©3repTyre, aAblHFaH HOTMXKEAEPAIH Cbi30acblH  Cbi3yFa,
NMporpammMaHbl TOKTaTbIM XXOHE NMPOrpaMMaAaH LLbIFyFa MyMKIHAIK 6epeai. OCbl KOMNAEKCTIH Heri3iHAe
«Magnetized Dusty Plasma» aBTOpPAbIK, KYKbIfbl aAbIHABI.

Ty¥iiH ce3aep: MOAEKYAQABIK, AHAMMKA, TO3aHAbI NAA3Ma, MarHWT epici, aBTOMaTTaAFaH KOMIAEKC.

BBenenune

[IpmeBas muazma mMpencTaBiseT coOOW HOHH-
30BaHHBIN a3 ¢ HAXOMASAIIMMHUCA B HEM 3apsKEH-
HBIMHU YaCTHLIAMH BEUIECTBA MUKPOHHBIX Pa3MEpPOB
(mbutb). MccnenoBanue CBOMCTB MBUIEBOM IIa3Mbl
[1-5] aBnsieTcs kpailHe aKkTyajdbHbIM Ha CETOJIHSIIII-
HUM N1€Hb, YTO MPOJMUKTOBAHO KaK MPHUKIATHON
BAXHOCTBIO, TaK M LIMPOKOW pacIpoCTpaHEH-
HOCTBIO IBUIEBOM IIa3Mbl B IPUPO/IE.

A BOmpoc O TOM, KaK BIUSET MarHUTHOE IOJe
Ha JUHAMHUYECKHUE, TPAHCIIOPTHBIE U CTPYKTYpPHBIE
CBOMCTBAa aHCAMOJIs 3apsHKEHHBIX YaCTHIl Tpea-
CTaBJIsIeT OOJBIION HHTEPEC ISl IMUPOKOTO CIIEKTpa
(m3udeckux cucrem u 3amad [6-10]. Ocoboe BHHU-
MaHUe IIPUBJIEKAET CIIy4ail CUIBHOMU CBS3H, T.€. KOT-
Jla KyJIOHOBCKOE B3aMMOJEWCTBHE NMPEBBIIIAET KH-
HETHYEeCKyIo 3Hepruto. [IpueBas mmasma, o0pasyro-
mascs, B YacCTHOCTH, B IPHCTEHOUYHOW oOjacTu
yctanoBok YTC, xak pa3 W mpeacTaBiseT coOoif
CIJIBHO CBSI3aHHYIO MarHUTOAKTHBHYIO IUIa3My.

HoBusna paboTel 3akiodaercss B AETAIBHOM
M3YYCHHUU U MOJICTHPOBAHHH SIBIICHUS JIOKATH3AIHH
YacTHUIl B PEKUME CHUJIBHONH CBSI3U B CHIIBHOM
MAarHUTHOM IIOJIE C MOMOIIbIO, TaK Ha3bIBAEMbIX
KEWTeHOBBIX aBTOKOPPEISIUOHHBIX (yHKIwA [11-
15]. DOTOT OTHOCHTENBHO HOBBIH TEPMHMH OT aH-
rmiickoro cioBa «Cagey, 03HAYaoMero “KIIeTKa,
camok”, Obul BBeZieH JpaHoM PabaHu u momydun
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pa3BUTHE B CBS3M C MPSIMON KOPpEJSIMel C IMpo-
reccoM AuQPy3ur MHOTOUYACTHIHBIX CHCTEMAX.

MaremaTudeckass ~ MOJEIb  HCCIEAOBAHMS
CBOMCTB MBUIEBOM IUIa3Mbl BO BHEIIHEM OIHOPOJ-
HOM MAarHUTHOM I10JI€ IOCTPOEHA HAa OCHOBE METO/1a
MOJICKYJISIpHOU nuHaMuKH [16-19] (J1aH>keBeHOBOI
JUHAMUKU B CIIydae, €CJIU YUUTHIBAIOTCS CUIa Tpe-
HHS CO CTOPOHBI Oy(epHO# IMIa3Mbl B CaydaiHas
OpoyHOBckasi cwia). s WHTErpuUpOBaHHS YpaB-
HEHWI JBYDKEHUS YacTWIl OB MCIOJB30BaH pas-
HOCTHBI anroputMm Bepie, KOTOphIM He3aMEHUM
MpH  MOJEIMPOBAaHUU (PU3MYECKUX TIPOIIECCOB B
pearlbHOM BPEMEHH.

KomnbroTepHoe MOJIeNMpOBaHUE SIBIAETCS OA-
HUM M3 MOILHBIX CPEICTB H3Yy4YECHHsS] CBOMCTB U
MOBEIEHUSI MHOTOYAaCTHUYHBIX CHUCTEM, OCOOEHHO B
TOM cllydae, KOorja HCIOJIb30BaHUE APYTUX Teope-
TUYECKUX TIOAXOAOB 3aTPyAHHUTENbHO. Tak xe
OOJIBIIMM MTPEUMYLIECTBOM KOMIIBIOTEPHOTO MOJIE-
JIMPOBAaHMS ABJIAETCSA BO3MOXKHOCTb UCCIEIOBAHUS
CBOMCTB CHUCTEMBI B YCIOBHUSX, OMU3KHX K peab-
HOMY DSKCHEPHUMEHTY, HO HE TpeOyIoIUX CTOIb
00IBIINX YKOHOMHUYECKHX 3aTparT.

Ha ceromusmHmii 1eHb UCIIOJIb30BaHUE HH(OP-
MAITHOHHBIX TEXHOJOTHH B (PU3WUKE TUIA3MBI SB-
JISIETCSl OMHUM U3 OYpPHO pa3BHUBAIOIINXCA TPEHIIOB.
B cBs3u ¢ 3TuMm, Ob1 pa3paboTaH aBTOMAaTH3H-
POBaHHBIA KOMIUIEKC KOMITBIOTEPHBIX TPOTPaMM 10
WCCIIEIOBAHUIO W MOJCIHPOBAHUIO (HUIMUECKUX
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CBOMCTB MarHMTOAKTUBHON Iuia3Mbl. Komrekc
pa3pabotaH B cpene 00BEKTHO-OPUEHTHPOBAHHOTO
nporpammupoBanus Borland Delphi7, ¢ ucnons3o-
BaHUEM [IOTIOJIHUTENBHBIX KOMIIOHEHTOB. Kom-
IJIEKC COCTOUT U3 HECKOJBKUX MOIMPOrpamM, C
[IOMOILBIO KOTOPBIX MOXKHO HCCIEN0BATH JTUHAMU-
YECKUE U CTPYKTYPHBIE CBOMCTBA IBUIEBOU IIJIa3MBbl
BO BHEIIHEM MarHUTHOM IIOJIE.

Wutepdeiic mporpaMMbl IPEIOCTABIACT MOIb-
30BaTENI0 BO3MOXXHOCTh 3aJaBaTh IapaMeTpbl
3a/1auy, CIEAUTh 3a XOJAOM PAcueTOB, OCTAHOBUTh
MporpaMMy, U COXpPaHMUTh IOJyUYE€HHBIE pacueThl B
TeKCTOBEIH (haiin. Ilociie okoHYaHHS BpeMEHH
pacdeTa pe3yibTaThl MOXHO IPEACTABUTh B BUIE
rpaduka.

Teopus u pe3yJibTaThl

Marematudeckass MOJENTh OCHOBBIBAETCS Ha
WCIIONIb30BaHUH CTaHAAPTHOTO METOJIa MOJIEKYJIISP-
Ho#t muuamuku (M/I) [20-22] a Takke crerraibHO
oI00paHHbBIX YpaBHEHUH NI 00pa0OTKHU JaHHBIX
KOMIIBIOTEPHOTO 3KcriepuMenTa. C momoribo MJ]
METOJIa MOXHO OTCJIEINUTh BPEMEHHYIO 3BOIIOINIO
CHUCTEMBI B3aUMOJECHCTBYIOIINX YaCTUIl Ha OCHOBE
WHTETPUPOBAHUS UX YPABHEHUM ABUXKEHHUS. YpaB-
HEHUE JIBMKEHUS MBUICBBIX YACTHUII C YIETOM BIIHS-
HUSl MATHATHOTO TIOJS 3aIHCHIBACTCS CIIEAYIONIHM
obpazoM:

d S E()+Q[FxBl, (1)

2
hi

m =
d 2

IZie TIepBbIi WieH B mpaBoii yactu — cuna F (7)

B3aUMOJICUCTBUS, TMOABJISIONIA’CS B Ppe3yJbTaTe
B3aUMOJICUCTBUSI C COCEIHUMHU OKPYXAIOLUMHU
[BUIEBBIMU YaCTULAMH, BTOPOM WIEH — cuja
Jlopennia, y4uThIBaKIlas BIMSHUE BHEIIHETO
MarHUTHOTO TOJISl, CHJIa B3aUMOACHCTBHUS oOIpe-

nensiercst kak F, (r)=—0®(r)/0r, r = ‘}71 - 17/‘

— MEKXYaCTHYHOE PACCTOSIHUE; 711 — Macca MbUICBOU
YaCTHIIBL.

Hwxe Oyner mnpuBeneH airoputM MeEToAa
MOJIEKYJIIPHOM JUHAMUKU JJISL IBYMEPHOTO CIIydas.
Jiss TpexXMEepHOUM CHCTEMBI HCIONB3YETCS TOT Ke
CaMBIl alITOPHUTM, HO C TIEPEXOJOM K KyOWUIeCcKOM
0a30BOll sSUEHKE M MEPEONPEICIICHUEM HEKOTOPhIX
MapaMeTpoB, TaKWX Kak CpEIHee pacCTOsSHHE
MEXKAY YaCTUllaMHU, IJIa3MEHHAas 4acToTa U JIp.

B3auMmopeiicTBie MNBUIMHOK OINUCHIBAJIOCH Ha
OCHOBE JKpaHHPOBAaHHOTO ToTeHNwana KymoHa,

9acTO YIIOHUMAEMOM B JIUTEPATYPE KaK MOTCHITHAT
Jebas-Xrokkens i noreHuan FOkasa [23-25]:

Q2 exp(—r/A,)

#(r)= )
4re, r
5 -1/2
nQ
sgec Q — 3apsAn gactui U A, = -
ek, T
JlebaeBckas uiMHA OSKpaHUpPOBKH. OTHOILICHHE

MEXAY MEXYACTUYHON MOTEHUUANbHONU SHEPTrUil U
TEIJIOBOM 3HEPruil BBIpaXKAETCs uepe3 IMapaMeTp

cosu: I =Q° / 4ng,ak,T ,rne T —temmeparypa,

Kk=all ~  TapaMeTp  OKPAHMPOBKH, s
nsymepHoit cuctemst  a=(1/7n)"*~ pammayc
Burnepa-3eiitiia (cpeaHee pacCTOSHHE MEXKIY

YacTHIAMH), /1 — IIIOTHOCTh YaCTHIL.
Tapamerp marmuthoro nois 3=,/ ®,, rie

@, = 0B/ m —muknotporHas u @, =+/nQ’ / 2ema

— IByXMepHasi IUIa3MeHHasi 9acToTa. OTMETHM, 9TO
JNTAPMOPOBCKHUH PajiyC CTAHOBHTCSI MCHBIIIE Paiiyca
Burnepa-3eiitna mpu > 0.1.

Bpemst Gepercst B eAMHHMIAX, OOpaTHBIX ILUIa3-
MEHHOIl 4acTOTe MBUICBBIX YACTHIl, @ CKOPOCTH B
eAMHUIAX TEIUIOBOIT CKOPOCTHU YaCTHIL

v, = (k, T /m)™"?, (3)

Jua peanuszanuy MeTosla MOIEKYJISPHOW [TH-
HaMHKH BCE TIPOCTPAHCTBO pa3OMBaeTCsS Ha paBHBIS
siueiiku (KBaapaThl), T.C. YaCTHUIIBl JIBUTAIOTCS B
TUIOCKOCTH (X,Y) M TIPEIOIaraeTcsi, 9T0 MarHUTHOE
0JIC OJIHOPOJIHO W HAIPABJICHO MEPICHANKYIISIPHO
aBymMepHOMy cioro yactul, o ectb B =(0,0,B).
OpnHa U3 sYeeK cuuTaeTcs 0a30BOH, OCTaLHBIE —
kormu (perutnkn). Kordurypamwum gactuir 6a30B0oit
SIYEMKU MOBTOPAIOTCSA BO BCEX OCTAJIbHBIX sUEHKaAX.
Ha 6a30Byro siueliky 1 Ha PEIUTMKH ObUTH HAJIOKEHBI
MIEPUOTNICCKHE TPAHUIHBIC YCIIOBUSA, KOJIHMYCCTBO
yacTul B sueiike Opanock pasubiv N =4000 .
HauansHoe pacnpeeneHre KOMIIOHEHT KOOPIUHAT
U CKOpPOCTEW YacTuI] OepeTcsl CIydYailHbIM, OJHAKO
KOMITOHEHTBI CKOPOCTEH MOJDKHBI OBITH pacmpe-
JIEJICHBI 10 TayCCOBCKOMY 3aKOHY C 3aJaHHOU
Temnepatypoil. Ha mepBom aTare MoaenupoBaHuUs
cHcTeMa JIOJDKHA TEePEHTH B paBHOBECHOE COCTOSI-
HUE, YTO MPOUCXOJUT IOCTATOUHO OBICTPO. Tak Kak
MOJCIIUPOBAHUE TIPOBOIUTCS IJIT KAHOHHICCKOTO
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aHcaMOJIsI, MCIOIB3YETCS TEPMOCTAT IS TOJIEP-
JKaHUS TOCTOSTHHOW Temriepatypsl. [locne Toro, kak
B CHCTEME JIOCTHUTAETCS PaBHOBECHE, HAYMHACTCS
cOOp JaHHBIX O CKOPOCTSIX U KOOPJMHATAX YaCTHII,
9TH JaHHBIE HEOOXOAUMBI JJI JaJIbHEUIINX BBEIYHC-

f& MAGNETIZED DUSTY PLASMA

nennii. TakuM 00pa3oM, aNTOPUTM BBIMOIHEHHS
KOMIIBIOTEpHOTO MozenaupoBanust M/ cocrout us
CJICAYIOIINX ITAIOB.

OCHOBHOE OKHO NPOrPaMMHOIO KOMIUIEKCa
MPOIEMOHCTPUPOBAHO Ha PUCYHKE 1.

el

HCCJIEJOBAHHE CBOMCTB OBLIEBOM ILIASMBI
BO BHEHIHEM MATHHTHOM IIOJIE

JHHAMHWYECKHE
CBOHCTBA

CTPYKTYPHBIE
CBOHCTBA

Pucynok 1 — OcHOBHOE OKHO aBTOMAaTH3UPOBAHHOTO KOMILIEKCA

IIporpammMHuBIi uHreppeiic hints
MCCIICIOBAHUS JUHAMUYECCKUX CBOWCTB MBIICBOU
TIJIa3MBl. C MTOMOTIBIO JAHHBIX 0
MHUKPOCKONHMYECKUX CBOICTBaX CHCTEMBI, a
MMEHHO CKOPOCTSX NBUIEBHIX YaCTHUIl, MOXHO
HCCIIEIOBAaTh AaBTOKOPPENANNOHHYIO (QYHKIIHIO
ckopocreit (ADC), koTopas SIBISIETCA OJHON W3
BaXXHBIX JIMHAMUYECKHUX [26-27] XapaKTEepUCTUK
cucrteMbl. JlanHas (QYHKIUS BBIUKCIACTCS Ha
OCHOBE CJICAYIONIETO YPaBHEHHUS:

A4, (1) = (T (1)7(0)), (4)
rac CK06KI/I O3HaAa4YarT pre,Z[HeHI/Ie 10 chaM6J‘I}0

W 10 pa3IWYHBIM HAYaIbHBIM MOMEHTaM
BpeMEHU. A ee HOPMHUPOBAHHOE 3HA4YECHUE

(4,(0)=1) Bepaskaercs cnenyoumm 06pazom:
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(F(0)7(0))
(F(0)%(0))

[lo Bugy aBTOKOPPEISIMMOHHBIX  (HYHKITHIT
CKOPOCTEH MOXKHO CYJUTh O HATMYUU KaKUX-JIHOO
aBTOKOJICOAHUI B cHCTEMe, a TakXe MOXHO
BbIUMCIUTE Kod(hdunment mauddy3un Ha ocHOBe

YNOE (5)

Metona ['puna-Kyb6o. B ocHoBe 3toro wmeroma
JIEKUT CIEAYIOIIEE BRIPAKCHUE:
1 t
D(t)==[4,dt, (©)
d 0

sgech d — pasMmepHOCTh cucTeMbl. HHTepdeiic
3arpy3Kd TpOrpaMMbl [0 pacyeTy aBTOKOppe-
JSIMUOHHOW (DYHKIIMU CKOPOCTEH IMBIIEBBIX YACTHI
NpUBEJCH Ha pHCyHKe 2. A mo pacyery Kod¢d-
¢unmenta quddy3un npeacTaBieH Ha PUCYHKE 3.
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HCCJIEJOBAHUE CBOHCTB IBLIEBOM ILTTA3MBL
BO BHEINIHEM MATHHTHOM IIOJIE

JTHHAMHYECKHE
CBOHCTBA

dyEKOES cKopocTel

Asnoxopp

Keiirenopasi koppensunosnas GyHKOEA

] bdmment xuddymn

atoff:

aporox force rafo :0,0 10053 1567455462
4,93852155380034

3333333333339

— — el
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HCCJIEJOBAHHE CBOHCTB IILLTEBOMH ILTA3MBI
BO BHEIITHEM MATHHTHOM IIOJIE

JTHHAMHYECKHE
CBOHMCTBA
J AgToxoppensnuoHHEas (QYHKNOASA cKOpocTei
D Kefireroeas KoppeTANHOHHEAA (QYHKIHT
Koad dunent and dyimn

C
CBOWCTBA

Pucynok 2 — UaTepdeiic A BEIYUCICHUS aBTOKOPPEISIMOHHBIX (PyHKIMI CKOpocTeit

Tyex Coxpanurs| Beriia |
TIAPAMETPBI CHCTEMBI
Koo anent gubdysan
0.001 cBIm 5
L
z z:: | TMapamerp xpanmposKix 0
0.001 f/
oo omora |05
. |
2 /
| 5100/6000
5200/6000
1 e
5300/6000
| 5300/6000
| 5500/6000
56006000
57006000

5800/5000
5900/5000
6000/6000
end
end

Pucynok 3 — Wurepoeiic qs pacuera koddpunnenta auddysun
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Jns  wWccrmemoBaHHMS — JIOKaaW3alldd  YaCTHII
OTCJI)KUBAETCS N3MEHEHUE OKPYKEHUS OTACIbHON
YACTHUIBI C TTOMOINBIO KOPPEIAIHOHHOTO METOA.

Crmcok cocenmeii [, wactuupl i omnpenensercs

CJICIYFOIUM 00pa3oM:
li = {f(ri,l )af(rzz)f(r,N)} (7

me f(r)=0(,~r,) n © - Qymaws
<r,m =038

Xesucaiina (t.e. ecmu f =1 7, .

L]

MPOTUBHOM ciydae). 31ech rc — paauyc KJIETKU

(cpepuueckoii  dopmsr), u ycmoBue 7, <,

O3HAYACT, YTO YACTUI[BI OJIU3KO PACIIOIOKEHBI PYT
K JIpYTY.

B fmaHHOM ciiydae paaMyc KJIETKH paBeH
r, = 2.42, KOTOpHI NPUOIU3HTENEHO pPaBEH

PacCTOSHUIO IIEPBOI0 MUHUMYMa [ApHOH KOPpEs-
MOHHOM QyHKIMU g (7) TpH OONBIINX 3HAYCHHSX

napamerpa CBs3U. BpIOOp IaHHOrO 3Ha4YEeHUS
03HaYyaeT, YTO COCEJHUE YaCTUIbl PACIIOI0XKEHBI B
MepBOd  KoOpIWHATHOM  obOomouke.  Hamm

T

BBIYHCIICHHS jrg(r)dr KOOP/IMHAIIMOHHOT'O YHCIIa
0

NPUBENN K 3HAYSHUSIM IPUOITMKEHHBIM K 3HAYEHHIO
14, xoropoe ABISAETCS KOJIMYECTBOM MEPBUUHBIX
OMIKANIIINX ¥ BTOPUYHBIX OJIDKANIIINX COCeleH,
kak B OLIK tak u B 'K pemerkax. B sxuakoii ¢ase
3T YaCTHIBI 00Pa3yroT OOy 00O0JIO0YKY BOKpPYT
MPOOHOM YaCTHIIHI.

B3anmopeiicTBue MeXAy OKPYKEHHEM YaCTULBL
B MomeHT Bpemenu f =0 wu ¢ BeluHCIAETCA C
MOMOIIBIO  (PYHKIUH «CIHUCKa», KOTOpas ompeae-
JSIeTCsl Yepe3 CKaJsIPHOE MPOU3BEACHHE COCEIHUX
BEKTOPOB CITHCKA!
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(L(OL(0))

Cl (t) = <ll (0)2 > ’

®)

rIe <> yCpEeIHEHHE TI0 BCEM 4YacTHIaM H IO

Ha4YaJIbHbIM BPCMCHAM. Yucio JacTul, IMOKHUHYB-
X HAYaJIbHYK KIJICTKY YaCTHUIbL I B MOMCHT

BpeMeHu [, OnpesenseTcs CIeay oM 00pasoM:
" () =[LOY|-1(0)-L(), O

[lepBas yacTe JaHHOTO YpaBHEHHS ONpPEAETSIET
YHCIIO YACTHIL, OKPYIKAIOIMX YACTUILY [ B MOMEHT
Bpemenn ¢ = 0, a Bropast 4acTh ONpPEAENAET YHUCIO
YacTHL, KOTOpPbIE OCTAJIHUCh IOCIE HEKOTOPOro
MOMeEHTa BpeMeHH f . KelireHoBasi KOppesroHHas

¢byakmus C

cage °
MIEPBUYHOM TPYTITBI YACTHII B KJICTKE, BBIYHCIISAETCS
Kak aHcamMOJIb W cpemHee Bpems (GYHKIIAH

KOTOpasi XapakTepu3yeT pacmaj

O(c —n") st pasHOro YKCIIA YaCTHII, TOKUHYB-

LIMX KIETKY (OKpy>KeHHe MPOOHON YacTHIIBI):

Cou=(O[c=n™.0)]).  (10)

Keiirenosasi KoppensuoHHas QYHKIHUS MOXET
OBITh BBIYMCIICHA I PA3HOTO YHCIIA 3HAYEHUS C,

00BIYHO C = 7 , TO €CTh, KONMYECTBO YACTHII, IOKH-
HYBIINX KIETKY PaBHO IOJIOBHMHE YHCIA YACTHII,
KOTOpbIE HaXOAWJIHWCh B IMEPBOM KOOPAMHATHON

obonouke (B skuikoit ¢ase). Korma C;ge(t)

¢yskuus onyckaercs A0 0.1, To nepBUYHas rpymma
YacTHI[ CYHUTAETCA YK€ HEKOPPEIHMpPOBAHHOM.
Wntepdeiic BblUUCIEHHST KEHTeHOBOW KOppes-
LUOHHON (YHKIMH HPEACTaBIICH HA PUCYHKE 4.
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HCCJIETOBAHHE CBOHCTB IBLITEBOH ILTA3MBIL
BO BHEHNIHEM MATHHTHOM IIOJIE

JAHHAMHYECKHE
CBOHCTBA

ApTokoppensnnonHas GyYHEOHAS cKopocTel
KelireHoras KOppeIANuOHAAA (HVHKIHS

Koad punent anddyinn

=
T Kedirenosan KoppensLuoHHan dyHiams = | O )

Tycx || Hapucopare | | Coxpamurs Cron

IIAPAMETPBI

Cage Correlation Functions

o

Mapaverp sxpammpopsa [

Tlapamerp casisn

TMapaveTp MaramTHOTO MOAR |15

9300/10000
9400/10000
9500/10000
9500/10000
9700/10000 b tn
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end

Pucynok 4 — Vnrepdeiic 1u1s BEIMUCICHUS KEHTCHOBBIX KOPPEISIUOHHBIX (QYHKINI

[IporpammusbIli UHTEpdEIHC IS HCCIEeIOBAHUS
CTPYKTYPHBIX CBOMCTB IbIJIeBOM m1a3Mbl. O1HOM U3
BaXHEHIINX CTPYKTYPHBIX XapaKTEPUCTHK MHOI'O
YaCTUYHOW CHCTEMbl SABJLSIFOTCA IIapHBIE KOppe-
JSIMMOHHBIE (QYHKLUH.

[Tapnass xoppensunoHHass (GYHKUUS pacmpe-

neneuust F, (7, ,7,) onpenensier BEepOSTHOCTh Ha-
XOXKICHHsI [IEPBOIl YaCTHIIBI B TOUKE 7 M BTOPOIi B

TOUYKE 7, . B cilydae M30TPOIHON CUCTEMBI ITapHas

(yHKUMS 3aBHCUT JIMIIL OT PACCTOSHHSA MEXKAY
YacTHIIaMU M Ha3bIBAETCS pafualibHONW (yHKIHEH
pacnpenenenust  g(r). ITloTeHuuan B3auMOJCii-

CTBHS YaCTHI[ BIUSET Ha TOBEJeHHE (PYHKIIUU pac-
npenenenus. Tam, rie MOTeHIuaN B3auMOACHCTBUS
CTPEMUTCSI K HYJIIO, T.€. Ha OOJBIINX PACCTOSHHSIX
AMeeM HEKOPPEIUPOBAHHOE PaCTIpE/ICIICHIE.

BeposTHOCTE HAXOXKACHUS YACTHII HA 3aIaHHOM
PacCTOSHUM TPUHITO pPacCMaTpuBaTh OTHOCH-
TEJNbHO  HEKOPPEIMPOBAHHOIO  pacHpeeiieHus,
CJIEJIOBATEIbHO, pajuaibHble (PYHKIUU C POCTOM
MEXJaCTHYHOTO PACCTOSHUS JOJDKHBI CTPEMUTHCS
K eIUHUIIE.

Ha ocHoBe 00pa00TKM TaHHBIX KOMIIBIOTEPHOTO
MOJIETTMPOBAHUA MOXKHO TIOJIYYHUTh pagualibHbIe
¢byHKUMM pacnpeaenenus dactun. Korma mmeercs
Ha0Op KOOpAMHAT YacTHUI[ B pa3HbIE MOMEHTHI Bpe-
MeHH (KOH(Hrypauuu), TMOACYET paauaIbHON
(YHKIMHM pacmpelesieHHsT OCYIIECTBISICTCS  Clie-
IOyroumM obpa3zoM. st Kaxao#i 4acTHLbl IIPOCT-

o L
PAHCTBO BOKPYT 3TOU YaCTUIIBI OT 0 A0 — OCIINUTCA
2

Ha KpPYTOBBIC CJIOM TOJIIMHON Ar u mog-
CUHUTBIBACTCS YUCIIO YACTHIL B KAXKIOM ciioe AN (7)

. llomy4yeHnnble 3Ha4eHUS YCPEAHSIOTCS IO BCEM
YacTHLaM JaHHOH KOH(QUTypaluy 1 Mo Pa3iIudHbIM
KOH(UTYpaLusM TpaeKTOPHUHU MapKOBCKOM LIEIIH.

PaguanbHas GyHKUUS pacrpelesieHus BBIYMC-
nsiercst o gopmye

v AN()

g(’”)=2—m P (11)

e v=1/n,, AN(r)- ycpenHenHoe 3Haue-

HHUEC YHCJIa 4aCTUIl B KPYTOBOM CJIO€.
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Bun nannoii ¢pyHKIME cBA3aH ¢ (a3oBBIM cOC-
TosSsHMEM cucTeMbl. MHTepdeiic  pamuanbHOIM
GbyHIMI paciipeneneHus MPEICTaBIeH Ha PUCYHKe

} MAGNETIZED DUSTY PLASMA

5, KOTOpBIM MOSBISAETCS IPH HaXaTUH KHOIIKH
«CTPYKTYpPHBIE CBOICTBa».

o B ]

HCCJIEJIOBAHHUE CBOICTB IBLIEBOM ILIA3MBI
BO BHEIITHEM MATHUTHOM ITIOJIE

T Papmanseas dyHkuma pacnpegenesma

JHHAMHYECKHE
CBOMCTBA

CTPYKTYPHBIE
CBOMCTBA

Pagmanwran GyEKOHA pacnpeneTeHns

|/

g

4900/6000
50006000

TMapameTp cosasn

TlapameTp 3xpanuponkn

6000/5000
end
end

TlapaMeTp MATHHTHOTO MO

Pucynok S — VHTepdeiic st BEIYUCICHUS TAPHOU KOPPEISIIUOHHOMN QyHKINI

3akiaouenune

PaGoTta mocBelieHa KOMIBIOTEPHOMY MOJIEINH-
POBAaHMIO MBUIEBOM IJIa3Mbl BO BHEIIHEM Mar-
HUTHOM IIOJIE C TIOMOIIBI0 METOa KOMIIBIOTEPHOIO
MOJIETMPOBaHUA MOJIEKYJIApHON quHaMUKH. [IpoBse-
JIEHO AETaIbHOE MOJEINPOBAHUE MHUKPOCKOIHYEC-
KHMX ¥ JUHAMUYECKUX CBOMCTB MBIJIEBON TUIa3MbI HA
ocHOoBe HOKaBOBCKOH MoOAEIN B3aMMOJIECHCTBHS,
YUIUTHIBAIOMIEH KOJICKTUBHBIE A()(PEKTHI dKpaHH-
POBKH IIOJISI 3apsDKCHHON IBIIMHKH, OKPYXXEHHOU
1a3mon OydepHoro rasa.

Coznmana mporpamMmHas o0ojiouka ¢ rTpadu-
4ecKUM UHTepdelicoM, MO3BOISIONIAs UCCIIeI0BATh
BIUSIHUE BHEIIHErO MAarHWUTHOIO MOJS Ha [UHA-
MUYECKHE M CTPYKTypHBIe cBoicTBa IOxaBa cuc-

[lo pesynbTaraM KOMIBIOTEPHOTO MOJEIH-
pOBaHUs CO3[aH aBTOMATH3MPOBAHHBIA KOMIUIEKC
JUIE MOJICIIMPOBAHUSI U HCCIICJOBAHUS CBOWCTB
cucrteMbl. KoMIuiekc mporpaMmbl IpeIOCTaBISIET
[I0JIb30BATEIII0 BO3MOXKHOCTh 33/1aBaTh MapaMeTPhl
3aJaud, CJIEIUTh 3a XOJOM pAacyeToB, OCTaHaB-
JUBAaTh MNPOTPaMMy, U COXPAHATH IOJyYCHHBIE
pacueTsl B TekcToBBIN (aiin. Ilocie oxoHuaHHS
BpPEMEHH pacueTa pe3yIbTaThl MOXKHO MPEICTABHTh
B BHIIe Tpaduka.

Hamu OpUIO mONydeHO aBTOPCKOE CBHIE-
tenbeTBO «Magnetized Dusty Plasmay, cBunerens-
CTBYIOIIIEE O HOBU3HE U O OPUTHHAIBEHOCTH JJAHHOTO
MPOTrPaMMHOTO KOMILIEKCA.
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STATISTICAL THEORY OF FULLERITE SOLUBILITY

In this paper, calculated the solubility of fullerite in order to clarify the features of the temperature
dependence in the process. This takes into account the implementation in different temperature ranges
of the crystalline structures of fullerite formed by fullerene molecules of various modifications.
Experimental studies of solutions of fullerene molecules in various organic media made it possible to
establish the features of the temperature dependence of the solubility of fullerite Ceo. Instead of the
expected increase in solubility with increasing temperature, the extremes of its temperature
dependence with a maximum at room temperature were revealed, the endothermicity of the
dissolution process was established. The anomalies of the temperature dependence of the solubility of
fullerenes Cgp in organic matrices are due to a change in the structure of bonds in the framework of
fullerene molecules, which, in turn, affect the structure of solid-phase fullerite. More accurate results
using the formulas obtained can be calculated if the true values of the energy parameters are known
from independent experiments. However, it can be assumed that the nature of the revealed patterns
will remain.

Key words: materials, molecule, fullerite, Face Centered Cubic (FCC), Body-Centered Cubic
(BCCQ), Simple Cubic (SP).
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DyArepUT epiriLTIriHiH, CTaTUCTUKAABIK, TEOPUSIChI

ByA >KyMbICTa OCbl Mpouecke TemrepaTypaHblH TOYEAAIAIK epeKLUeAiriH aHbIKTay MakcaTbIHAQ
dyArepeHHiH epiriwTiri ecenteareH. OHbIMEH KOCa, 8p TYPAI TemMrnepaTypa MHTEPBAAbIHAQ KPUCTAAA
KYPbIABIMABI, 9P TYPAI MOoAMMDUKALUMSAAAFbI (PYAAEPEH MOAEKYAAAAPbIHBIH >KacaAybl, (DYAAEPUTTIH,
namaa 60Aybl ecernke aAblHaAbl. Op TYPAI OPraHMKaAbIK, OpTaAapAarbl (OYAAEPEH MOAEKYAAAAPbIHbIH
epITIHAICIHIH, aKCnepuMeHTaAAbl 3epTTeAyi hyarepuT Ceo epirilTiriHiH TEeMNepaTypaAbIK, TOYEAAIAITiH
aHbIKTayFa MyMKIHAIK 6epai. TemnepaTypa >KOfFapblAaFaH CaiblH - epirilTikTiH,  >KOFapblAaybl
6oAXaHFaH 60AaTbiH, OHbIH OpHbiHA 6eAMe TemrepaTypacblHAAFbl  MAKCUMYyM  3KCTPEMAAAbI
TemrepaTypaAblk, TOYEAAIAIK aHbikTarAbl. OpraHukaablk, MaTpuuasapaa Ceo DyAAepeH epiriwTiriHib,
Temrnepartypara TayeAaAi OOAY aHOMAAMSCHIHbIH, ceb6ebi — hyAAepeH MOAEKYAacbl KaHKACbIHAAFbI
6aliAaHbICTApAbIH,  KYPbIAIMAAPbIHbIH,  ©3repyi, oAap ©3 Ke3eriHae KaTtTbl pasanbl  (DyArepuT
KYPbIAbIMbIHA ©cep eTeai. Erep sHeprus napamMeTpAepiHiH TayeACi3 MOHAepi TayeAci3
3KCrepuUMeEHTTEpAeH  BGeAriai - 6OAca, aAbiHFaH (DOPMYyAAAapAbl MaMAaAaHa  OTbIPbIM, ASAIpeK
HaTMXeAepAi ecenTeyre GOAAADI.

TyitiH ce3aep: MaTeprarAap, MOAEKYAQ, (DYAAEPUT, BETKI OPTAAbIKTAHABIPbIAFAH TEKLLE, KOAEMA]
OPTaAbIKTaHAbBIPbIAFAH TeKLUe, KapananbiM TekLle.
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CraTucTryeckas Teopusi pacTBOpMMOCTH (hyArepuTa

B aaHHOM paboTe paccumMTaHa pacTBOPUMOCTb (DYAAEpUTA C LIEAbIO BbISICHEHUSI 0COBEeHHOCTE
TemrnepaTypHOM 3aBMCUMOCTM 3TOro npouecca. [pun 3TOM yuMTbIBAeTCS peaAm3alms B pa3HbIX Tem-
nepaTypHbIX MHTEPBaAAX KPUCTAAAMUECKMX CTPYKTYP yArepuTa, CHOPMMPOBAHHBIX (DyAAEpeHOo-
BbIMM MOAEKYAaMM PA3HOM MOAMMMKALMKN. DKCMEPUMEHTAAbHbIE MCCAEAOBAHMS PACTBOPOB (hyAne-
PEHOBbIX MOAEKYA B PAa3AMYHbIX OPraHMYeckMX CpeAax MO3BOAMAM YCTAaHOBWUTb OCOOEHHOCTU
TemrepaTypHOM 3aBMCMMOCTM pacTBopuMocTu dyareputa Ceo. BMecTo npeanosaraemoro yBeAu-
YeHMs PaCTBOPUMOCTM C MOBbILIEHVMEM TemMrepaTypbl BbISBAEHA 3KCTPEMAAbBHOCTb €€ TeMrepaTypHOM
3aBMCUMOCTM C MaKCMMyMOM TMpU KOMHATHOW TemrepaType, YCTaHOBAE€HA 3HAOTEPMMYHOCTb
npoLecca pacTBOpeHns. AHOMaAMKM TemriepaTypHOM 3aBUCMMOCTU PacTBOPUMOCTU pyarepeHoB Ceo B
OpPraHUYecKMX Matpuuax O0BYCAOBAEHbI M3MEHEHMEM CTPYKTYypbl CBS3ei B Kapkace (hyAAepeHOBbIX
MOAEKYA, KOTOpble, B CBOKD OUepeAb, BAMSIOT UM Ha CTPYKTYpy TBepAodasHoro yareputa. boaee
TOYHbIE PE3YAbTATbl C MCMOAb30BAHMEM MOAYUEHHbIX (DOPMYA MOTYT ObITb paccUMTaHbl, ecAn ByAyT

M3BECTHbI

M3 He3aBUCUMbIX 3KCNEepMMEHTOB WCTUHHbIE 3HaYeHUd 3HepreTnyeckKmnx rnapamMeTposB.

OAHaKO MOXHO MPEANOAOXKUTb, UTO XapaKTep BbIIBAEHHbIX 3aKOHOMEPHOCTEN COXPAHUTCS.
KAloueBble cAOBa: MaTepuanbl, MOAEKYAQ, (DYAAEPUT, rpaHeLeHTprpoBaHHas Kyoudeckas (FLIK),
006bEMHO-LIEEHTPUPOBaHHasg Kybuueckas (OLIK), npocras kybuueckas (MK).

Introduction
At present, carbon materials, including
nanostructured carbon modifications or their

derivatives are belong to the rapidly developing
field of materials science. A large number of
scientists and engineers are engaged in their
research. Carbon modifications include particles,
one of the dimensions of which does not exceed
100 nm. To a greater extend, the term
nanostructured modifications of carbon can be
attributed to fullerenes and nanotubes and other
similar structures. Fullerenes are spherical hollow
carbon clusters with the number of atoms n = 30-
120. Ceo, C70, C76, and others [1-5] are known to be
obtained in sufficiently large quantities. The most
stable form is Ceo, which spherical hollow structure
consists of 20 hexagons and 12 pentagons.
According to X-ray analysis, the average diameter
of the sphere is 0.714 nm [1-5]. The internal bond
in fullerene between the atoms is larger than the
external one, therefore fullerenes form a solid body
during consideration, with the preservation of their
internal structure (fullerite) with a density of 1.65 g
/ cm®. The ionization potential of fullerene is
7.6 eV, the affinity for an electron is 2.6-2.8 eV.
The dissociation energy with a separation of C, and
the formation of Css-4.6 eV [6-12]. Fullerite is a

molecular crystal formed from Ceo, C70 and other
molecule clusters, called fullerenes. The interest in
the study of fullerenes increased significantly after
the developing technology of their synthesis in
macroscopic, gram quantities. According to some
publications, arc synthesis is the most accessible
and common method for producing fullerene-
containing soot. Almost all technological
parameters, the chemical frequency of evaporated
graphite, as well as the size and shape of graphite
electrodes, have a strong effect on the yield of
fullerenes. The interest in studying the behavior of
fullerenes in solutions is twofold and has both
fundamental and applied aspects [13-19].
Fundamental interest in this issue is primarily due
to the fact that fullerenes belong to the only one of
the three currently known allotropic carbon
modifications (graphite, diamond, fullerenes),
which have appreciable solubility in a wide class of
organic solvents. Another reason for the increased
interest in the study of fullerenes in solutions is the
fact that the there are existing methods for the
preparation and cleaning of fullerenes in
macroscopic quantities based on their use in
solvents. As a result of intense thermal effects on
the surface of crystalline graphite, soot is formed,
which contains up to 20% fullerenes. In this case, it
is most convenient to carry out thermal action by
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means of an arc discharge between graphite
electrodes in an atmosphere of a buffer gas, for
which helium is usually used [20-26]. This report
presents the results of calculations of the solubility
of fullerite in aromatic and other media.

Results of the experiments and discussion

To solve the problem, the free energy of the
system was calculated. The following provisions
were taken into account:

1) implementation of three possible phases of
fullerite with SC, BCC, FCC structures formed by
fullerene molecules of different modifications (@,
®p, ®y) and different activities [9],

2) the method of average energies [6-9], in
which the interaction energy of molecules is
determined by the intermolecular distance and their
chemical nature;

3) model of spherically symmetric hard balls
[10, 11], in which the interaction is taken into
account not between atoms, but between
molecules, as independent structural units;

4) the lack of order in the placement of all
molecules at the sites of the crystal lattice;

5) neglect of the correlation in the substitution
of the positions of the crystal lattices with both
fullerene molecules and solvent molecules;

6) taking into account only the pair interaction
and only the neighbouring molecules;

7) arbitrary composition of fullerite, as well as
its single or two phase in different temperature
ranges;

8) implementation in solution in different
temperature ranges of SC, BCC, or FCC lattices, in
some positions of which P solvent molecules are
located. The latter position is realized at the
boundary of a solid fullerite crystal and a liquid
solvent.

When calculating the phase were designated as
follows:

o phase — fullerite with SC lattice and
®d, molecules,
B phase — fullerite with BCC lattice and
®g molecules, (1)
vy phase — fullerite with FCC lattice and
@, molecules.

The parameters of the considered lattices
depend on the temperature and are somewhat
different in various literature sources. We have
taken the following values:
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aq = 14,08 A for the PC structure,
ap = 14,13 A for the BCC structure, (2)
ay,= 14,17 A for the FCC structure,

The nearest intermolecular distances for each
structure was determined by the following
formulas:

Fo=a,=14,08 A, rg=ag\/§ /2=12,23 A,
rea212=10,02 A, (3)

Thus, intermolecular distances are reduced in
the following sequence: SC — BCC — FCC. The
interaction energy due to this factor should increase
in absolute value. However, it still depends on the
activity of the fullerene molecules themselves,
which largely determines the nature of the
interaction.

To calculate the solubility of fullerite in an
organic medium, the free energies of the a, B, y
phases were determined using the initial formula

F,=E —kTInG,—kTN,In 4,
i=a, B, 7, (4)

where FE; is the internal configuration energy,
determined by the sum of the energies of pair
interactions of the nearest fullerite and solvent
molecules, G; is the thermodynamic probability of
the distribution of fullerene molecules and solvent
molecules, determined by the rules of
combinatorics, N; is the number of fullerene
molecules in the solvent, 4; is their activity, & is
constant Boltzmann, 7 — absolute temperature.

The formula (4) takes into account the
dependence of the free energy of the system on the

number of fullerene molecules (N7 # const) in
the solvent, which changes during the dissolution
of fullerite.

Configuration energy was determined by the
expression:

E = _N(i)u(i) _N(i)u(i) _N(i)u(l') 5)

i Pp o9 pp T pp pp~9p°

@) @)

where N,,, N,
nearest pairs of FF, PP, FR in the phase,

() (i) (i) .
Upps U,y U, are the of their

N;f; are the numbers of the

energies
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interaction, taken with the opposite sign, i = a, £ ¥
are the type of phase.

The numbers of the nearest pairs of molecules
in each phase i are equal

N = lz,.Nl.2 /N, N, = lziNf /N,
(24 2 rp 2 ) (6)
0 _
N,,=zN,N,/N,
where
N = N; + N, #const (7

is the number of lattice sites occupied by @; and P
molecules, N; u N, — the number of &; and P
molecules, z; is the coordination number, which
equals for the structures:

zi =6, 8, 12, respectively, for SC, BCC,
and FCC lattices. ®)

Configuration energy E; taking into account
formulas (5) — (7) is equal to

F,=—————(N}v})
2N, +N,)

)
x(N}vSy + N0\ +2N,N 03)).

Thermodynamic probability is determined by
the rules of the combinatory formula

|
G; =L, (10)
NN !

its natural logarithm with regard to the Stirling
formula InX! = X(InX-1), valid for large numbers
X, is equal to

InG; =NInN-N;InN;-N,InN,. (1)

We obtain the free energy by substituting
expression (4) into (9) and (11)

0+ N2vY + 2NN vy —

PPP p-op

(12)

—kT[(N,+N,)In(N,+N,)=N,InN, =N, In N, kTN, In 4, |.

The equilibrium concentration of fullerenes in
the solid solution is determined by minimizing the
free energy. The latter is conveniently carried out
using the Lagrange indeterminate multiplier
method. For this the function is composed

Y, =F +a9, (13)
where a is the Lagrange multiplier, and
3=N;+N,-N (14)

bond condition (7).
Equilibrium equations were found from the
conditions

8%, /&N, LAY
oN

i

09
¥ /N, +a—-=0, ;=
Y

(15)

Substituting in (15) the free energy (12) and the
bond condition (14), one can find the relations

a, B, y.

—z,(cvS) +c l)('))+ z(c oo + 00 +2¢,c,05))+kTIne, —kTIn 4, + a =0,

pPop p-pp

—zi(c U(l) +c v(’))+

rZep p=rp

mpTep

(16)

z;(c; v(’) +c20% +2¢cc v(’))+kT1ncp+a=0,

i“p“op
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where
¢i = N¢/N, ¢, = NJ/N a7n
concentrations of fullerene molecules and solvent
molecules.
Subtracting the second equation (16) from the
first equation, eliminaing the Lagrange multiplier,
the ratio can be obtained

OENG) ¢
0¥ —cw) = kTIn—t—

z, (v, -V, — A(-c) (18)
where
®, = 20((1)’; — Ufl)’d)) — U((;(); (19)

- mixing energy of each phase and it is taken
into account that

cite=1 (20)
Formula (18) can be rewritten as
. . -1
1 -z 0" -0 —cw,)
=1+ — D e RO (21
¢ 7 xp T 21)

i

This formula or formula (18) determines the
temperature dependence of the solubility of
fullerite in the matrix ¢; = ¢(T). The form of this
dependence is determined by the energy parameter

_ )] )]
V= Zi(U(£¢ - U]jp —¢,0,),

(22)
i.e. the nature of intermolecular interactions.

The study of function (16) on the extremum
showed that for each phase the dependence ¢; = ¢;
(T) is monotonic: with increasing temperature, the
solubility of fullerite increases or decreases
depending on the sign of the energy V; (22).
However, in a wide temperature range, when phase
transitions occur in the SC 2 2BCC Z2FCC and

the sign of the energy parameter V; is possible, the
dependence ¢; = ¢; (T) can be extreme. Thus, the

developed statistical theory of the solubility of
fullerite in an organic matrix, taking into account
the formation of various modifications in different
temperature ranges of fullerene molecules, i.e.
different chemical activity and realization of
fullerite with SC, BCC and FC lattices in these
temperature ranges allowed us to explain and
justify the temperature dependence of the solubility
of fullerite in organic solvents, observed
experimentally in matrix media such as hexane,
toluene, xylene, etc. This fact gives hope on the
existence of three stable isomers of Cgp molecules,
differing in activity and temperature stability,
determined by the processes of changes in
interatomic bonds with intramolecular on external
molecular is realisticc. We also note that more
accurate results with the execution of the obtained
formulas can be calculated if the true values of the
energy parameters are known from independent
experiments. However, it can be assumed that the
nature of the revealed patterns remains.

Conclusion

Thus, the developed statistical theory of the
solubility of fullerite in an organic matrix, taking
into account the formation of various modifications
in different temperature ranges of fullerene
molecules, i.e. different chemical activity and
realization of fullerite with PC, bcc and fc lattices
in these temperature ranges allowed us to explain
and justify the temperature dependence of the
solubility of fullerite in organic solvents, observed
experimentally in matrix media such as hexane,
toluene, xylene, etc. This fact confirms the
existence of three stable isomers of C60 molecules,
distinguished by their activity and temperature
stability, determined by the processes of changing
intra-molecular and inter-atomic bonds to external
molecular ones, is realistic. We also note that more
accurate results with the execution of the formulas
obtained can be calculated if the true values of the
energy parameters are known from independent
experiments. However, it can be assumed that the
nature of the revealed patterns will remain.
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MOAEAUPOBAHUE U PACYET
TEMAO- N ®OTODPUINYHYECKNX XAPAKTEPUCTUK
BbICOKO®DEKTMBHbIX KPEMHUEBDBIX
COAHEYHbIX DAEMEHTOB

C UeAbl0 MCCAEAOBAHMS WM CPABHEHUS (U3MYECKMX XapaKTepUCTMK BbICOKOI(MEKTMBHBIX
KPEMHMEBbIX COAHEUYHbIX SAEMEHTOB C OAHOCTOPOHHEN 1 ABYCTOPOHHEN reHepaumet HocuTeAen ObiAn
NPOM3BEAEHbI PAaCU€Tbl PACMIPEAEAEHNS TEMMNEPATYPHOrO MOAS M PACMpPOCTPAHEHMS CBETA B Aueikax,
MMEIOLLMX CTAaHAAPTHYIO ApXMUTEKTYPY reTepoCTPYKTYPHOIrO KPEMHMEBOrO COAHEYHOrO 3AeMeHTa Ha
OCHOBE Mnepexoaa «aMOPgHbIA KPEMHUIA-KPUCTAAAMYECKUIA KPEMHUIA», TakxKe u3BecTHoro kak HIT.
BbIAO MOKA3aHO, UTO NO CPABHEHMIO C OAHOCTOPOHHUM COAHEUYHbIM SIAEMEHTOM ABYCTOPOHHUI SAEMEHT
MeHee MoABep>kKeH HarpeBaHuio. [1py 3TOM, KOAMYECTBO CBeTa, MPOHMKAKOLWEro B ABYCTOPOHHMUI
COAHEYHbIN 3AEMEHT, MPEeBbIAET KOAMYECTBO CBETa, MPOHMKAIOLEro B OAHOCTOPOHHWIA 3AEMEHT,
6Aaropaps NPUCYTCTBMIO aAbbeAO Ha ypoBHe 17%. B cBolo ouepeab, BO3SMOXHOCTb (POTO3AEKTPU-
4eckoro npeobpas’oBaHMs M3AYUEHWS aAbBEAO WIrpaeT BadKHYO POAb B MOBbILIEHUM CYMMApHOM
BbIPABOTKM IAEKTPOIHEPIUM B ABYCTOPOHHMX COAHEUHbIX DAEMEHTaX M AEMOHCTPUPYET UX Cyllec-
TBEHHOE NMPEVMYLLECTBO MO OTHOLLEHMIO K OAHOCTOPOHHMM (hoTomnpeobpasoBaTeAsM. B nporpamMmHom
nakete MATLAB 6biAn NpousBeaeHbl pacyéTbl pacrpeseAeHus TemnepaTypbl U CBETA B ABYCTOPOHHEM
M OAHOCTOPOHHEM (hOTOIAEMEHTAX, UMEIOLLIMX FreTepornepexoAHyio KpeMHueByto cTpykTypy HIT.

KAtoueBble caoBa: (pOTOBOAbTaMKA, KPUCTAAAMYECKMIA KPEMHWMI, ABYCTOPOHHWI (DOTOIAEMEHT,
Martemartmyeckas umsmka.
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Modeling and calculation of thermal and
photophysical characteristics of high-performance silicon solar cells

In order to study and compare the physical characteristics of high-performance silicon solar cells
with mono- and bifacial generation of carriers, calculations were made of the temperature field
distribution and light propagation in cells having a standard architecture of heterostructure silicon solar
cell based on the "amorphous silicon-crystalline silicon" junction, also known as HIT. It has been shown
that in comparison with a monofacial solar cell, a bifacial cell is less susceptible to heating. At the same
time, the amount of light penetrating into the bifacial solar cell exceeds the amount of light penetrating
into the monofacial cell, due to the presence of albedo at the level of 17%. The possibility of photovoltaic
conversion of albedo radiation plays an important role in increasing the total power generation in bifacial
solar cells and demonstrates their significant advantage over monofacial photovoltaic converters. In the
MATLAB software package, the temperature and light distributions were calculated in two-sided and
one-sided photocells having a HIT heterojunction silicon structure.

Key words: photovoltaics, crystalline silicon, bifacial solar cell, mathematical physics.
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Aca THiMA| KpeMHHUAT KYH 3AeMeHTTepiHiH, XbIAYABIK XaHe
hoTodH3MKabIK, CMMATTaMaAapPbIH MOAEAbAEY XKOHe ecernTey

bip >akTbl >keHe eKi >akTbl aca TWIMAI KpeMHUAI KyH 3AemMeHTTepiHiH ur3MKaabIK
CcMMaTTaMaAapbiH 3epTTey >K8HEe CAAbICTbIPY MakcaTbiHAQ "aMoOpdTbl KPEMHUIA-KPUCTAAAbI KPEMHMIA"
OTKEAI HerisiHAe reTepoKypbIAbIMABI KPemMHUAI KyH 3AEMEeHTIHIH CTaHAApPTTbl apXMTeKTypachl 6ap,
coHpar-ak, HIT petiHae OeAriAi yswWbIKTapAa, TEMMEPATYPaAblK, ©PICTiH XXOHE >KapblK, COYAECIHIH
TapaAy KacueTTepiHe ecenTeyAep >KYPrisiaai. 3epTreyaep »Kypridy HaTuxeciHae 6ip >akTbl KyH
IAEMEHTIMeH eKi >XaKTbl KyH 3AeMEeHTIH CaAbICTbIpbIN KapaFaHAa, eKi >akTbl KyH 3AeMeHTIiHiH
TemMrepartypacbl a3 Kbl3FaHAbIFbl aHbIKTaAbiHAbL. COHbIMEH KaTap, aAbbeao TypakTbicbl 17% -
KepceTKilliHiH 6BOAYbl apKaCbIHAQ, €Ki XKaKTbl KyH SAeMeHTIHEH OTeTiH >KapblKTbiH MOALLIEPI, 6ip XaKTbl
KYH 3AeMeHTIHeH ©TeTiH >KapblKTblH MOALepiH apTTbipaAbl. ©3 ke3seriHAe, (OTO3AEKTPAIK
TYPAEHAIpPYLI aAbbEeAO CoyAeAeHY MYMKIHAIT, eki »akTbl KyH 3AeMeHTTepiHIH SAEKTP SHEePrusCbhiHbIH
OHAIPICIH apTTbipyAa MaHbI3Abl POA aTKapaAbl XXeHe OAapAblH, 6ip >kakTbl (DOTOTYpAEHAIpriwTepre
KaTbICTbl KeNnTereH apTbIKWbIAbIKTapbiH KepceTeai. MATLAB 6Garaapaamanbik, nakeTiHae HIT
reTePO>KOKTbl KPEMHMI KYPbIAbIMbI 6ap €Ki >KaKTbl XKoHe 6ip >KakTbl (DOTOKEAAEPAE TEMMepaTypa MeH

>KapbIKTbIH TapaAybl €CernTeAreH.

Tyiiin ce3aep: HOTOBOAbTAMKA, KPUCTAAAbI KPEMHUM, eKiXakTbl (POTOIAEMEHT, MaTeMaTUKAABIK,

pu3mka.

BBenenue

Ha cerognsmHuii neHb MaTeMaTHYECKUE Me-
TOJIbI UCCIICZOBAHUS SBIISIOTCS OJHUM M3 OCHOBHBIX
WHCTPYMEHTOB HW3y4YeHUS (U3NUECKUX SBICHHUNA U
porieccoB. B 4acTHOCTH, METOABI MATEMATHIECKOMH
(MBUKH IHUPOKO TNPUMEHSIOTCS IS MOJACIHPO-
BaHUS U pacuéra (U3NYECKUX IMPOIIECCOB B IMOIY-
MIPOBOJHUKOBEIX TpuOopax [1-8]. 3HaUUTENHEHBIM
JIOCTHKEHHUSIM B COJTHEYHOW DHEPIreTUKE B IOCIIEI-
HEe BpeMsI CITIOCOOCTBOBAIO PyHIaMEHTAIBHOE 110~
HUMaHHE CBOWMCTB HMCHOJB3YEMBIX MaTepUaIoB M
BO3MOYKHOCTb TOHKOM HACTPOUKH UX CTPYKTYPHI [9-
15]. OnauM METOJ0B, KOTOPBIM MOMOTAET 3HAYU-
TEIBHO COKOHOMUTH BpPEeMsl POBEACHUS pacUETOB U
WCCJICIOBAHUN, SIBISICTCS METOJ KOMITBIOTEPHOTO
MonenupoBanud [16-19]. K npumepy, panee 6b110
MOKAa3aHO, YTO METOJ KOMITBIOTEPHOTO MOJEIHPO-
BaHMSI MOXET YCIICIITHO MPUMEHSTECS JUISI HCCIIEH0-
BaHUS BBIXOJHBIX XapPaKTEPUCTHK KPEMHHEBBIX
dhotoanemenTos [9]. B ymomsiHyTO# pabote, mpu
[IOMOIIIK METO/Ia KOMITBIOTEPHOT'O MOJICIIUPOBAHUS
ObUTa OIlCHEHa IEPCIIEKTHBHOCTh HCIIONB30BaHUS
JIBYCTOPOHHUX COJTHEUHBIX MOJIYJIEH B Pa3IMIHBIX
OpPUEHTAIMOHHBIX KOHpUrypamnusx. Llenbro HacTos-
el paboThl SBISETCS OICHKAa IEePCIIEKTHBHOCTH
UCIIOJIb30BAHMS JIBYXCTOPOHHHUX (DOTORIEMEHTOB
10 CPAaBHEHHIO C OJJHOCTOPOHHUMHU C TOYKHU 3PCHUS
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pazinyusl B apXUTEKType IaHHBIX KJIAcCOB COJI-
HEYHBIX 3JIEMEHTOB, KOTOpasi OTPAXKAeTCs, B 4acT-
HOCTH, B HJIMYHUU JHOO OTCYTCTBHHU CIUIOIIHOTO
TBUIBHOI'O METAJUIMYECKOr0 KOHTakTa. s 3Toro
nporpaMMHoM Tnakere MATLAB Obumi mpowus-
BEJEHBI PACUETHI PACIIPENEICHUA TEMIEPATyphl U
CBETa B ABYCTOPOHHEM W OJHOCTOPOHHEM (OTO-
JJIEMEHTaX, MMEIOIUX TeTEPONEPEXONHYI0 KpEM-
HueByro crpykrypy HIT (ot anrawmiickoro
«heterojunction with intrinsic thin layer»).

MeTOIll/lKa IKCIIEPUMEHTA

Juia uccnenoBaHus paclpeliesieHUs] TemIepa-
TYypsl B OJHOCTOPOHHEM W JIByCTOpOHHEM (HOTO-
aneMeHTax OBUTM  TIPOBENEHBI TEOPETHYECKHE
pacueTsl ipu noMoinu makera Matlab. B maHHBIX
pacyerax OBUTH WCIIOJIb30BAHbI CICAYIONIAE BXOJI-
HBIE TTapaMeTpHI:

— KosppunmeHT TemnonpoBOJHOCTH BO3IyXa
mpu 300 K — 0,022 Bt/(m°K);

— IIpomeHT cBera, OTpaXEHHOTO OT TOBEPX-
HocTH 3eMiH — 17%);

— TemnonpoBomuocts kpemuus npu 300 K —
150 Bt/(M°K);

— KoadduimeHt TermmonpoBoHOCTH cepedpa
pu 300 K — 430 Bt/(m-K);
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— VYgaenbHas TEMIOEMKOCTh KpeMHus — 714
Hx/(xr-K);

— IIOTHOCTH KpPEeMHHUST TpU HOPMAaJIbHBIX
ycroBusx — 2,33 r/em’ = 23300 kr/m’;

— TemmepaTyponpoBOIHOCTE KPEMHHUS IPHU
300K = 89 10 m%/c;

— TommuHa kpeMHEEBOTO PoTornemenTa =200
MKM.

Jlnst pacuéra 3amaum pacpoCTpaHEeHUS TeIia B
cUcTeMe JUIS JBYCTOPOHHEro (OTO3JIEMEHTa Ha
OCHOBE MOHOKPHCTaUNIMYECKOTO KPEMHUS OBLIO
BBIOPAHO AJUIANITHIECKOE YPABHEHHE CIIECIYIOMIETO
BHJIA:

-div(k-grad(1))=Q+h(Tex: — T), (1)

rae k — Ko3pGUIUEHT TEeMIIepaTypPOIPOBOIHOCTH,
O — KOJIU4YeCTBO TOJABacMOro Teruia, i — Ko3(d-
(bUIIMEHT KOHBEKTUBHOW Teruionepenadut, Tey —
TeMIlepaTypa OKpyxXkarouieil cpensl; I' — Temmepa-
Typa Tena. CuuTaeM, YTO HMCTOYHUKOB TeIUIa B
KpEeMHHUH HET, OJHAKO IJIS PeajbHOTO CIlydas, C
peaIbHBIMH a0COJIOTHBIMU TEMIIEPATypaMu  Clie-
JIyeT TIPOBECTH CEPUI0 SKCIIEPHMEHTOB I10 HCCIIe-
JIOBaHHIO (DOHOHHBIX BO3MYIICHUH U (HOHOH-
(hOTOHHBIX B3aUMOJICHCTBHI Ha IOBEPXHOCTH KPEM-
HUEBBIX IUIACTHH. |paHWYHBIE YCIOBHS CO BCEX
CTOPOH JIByMEPHOMW 3aJlaull — IPaHUYHBIC YCIOBHUS
I-ro mi6o 2-ro poma. TemnooOMeH ¢ BHeIIHeH
Cpeloi pacCUUTHIBACTCS 110 3aKOHY Dyphe.

B kadecTBe mepBOro BapuaHTa PEIICHUS 33/1a4l
MCTIOJIB30BANIMCEH TPaHUYHBIE ycinoBus Helimana (2-
ro poja):

nk-grad(T)tq-T=g, (2)

rzie g — IIOTHOCTh TEIVIOBOTO MOTOKA, ¢ — KO-
(hurMenT Teruonepenavm.

TennoBol MOTOK CO CTOPOHBI MAaJCHUS H3IY-
YeHHs MPUHUMAJICS 32 «1», CO CTOPOHBI TOPIIOB —
«0», ¢ TBUIBHON CTOPOHBI «0,17» ¢ ygerom
YCPeIHEeHUS TUTEPATYPHBIX TaHHBIX TI0 OTPAKECHUIO
COJTHEYHOTO W3IYYEHHS OT MOBEPXHOCTH 3€MJIH U
nomnmaaaHuro €ro Ha  TbBUIBHYIO MMOBCPXHOCTH
JIBYCTOPOHHETO COTHEYHOTO dJIeMeHTa (ah0€e110).

Pacnpenenenne TeMmnepaTrypHbIX H30JUHHM
JUIsL  TBYCTOPOHHETO COJIHEYHOTO JJEMEHTa ¢
Y4EeTOM NMPUBEJEHHBIX BBIIIE YCIOBUH MTOKa3aHO HA
pucyske 1.

C muenpi0 CpaBHEHHWS YCJIOBHH pacrpocTpa-
HCHUA TCIIa B OJHOCTOPOHHHUX M JBYCTOPOHHHX
COJTHEUHBIX MOJIYJISIX HA OCHOBE KPUCTAJUIMYECKOTO

KpEeMHUA ObLIIH IMPOBCACHLI  TOIIOJHUTCIILHBIC
pacuetsl. Jlns pacuéra 3amadu pacnpoOCTpaHEHHS
TeIUIa B CHUCTEME JUIS OJHOCTOPOHHETO MOMIYJIS
ObLT0 BEIOpaHO paHee IPUBEIECHHOE JUIMITHIECKOE
ypaBHeHHe. B cucteme ydreHO, YTO 3aHUN ThUIb-
HBII CIUIONTHOW KOHTAaKT COCTOMT U3 cepedpa.
OcTanpHbIe YCIOBHS CpEeAbl aHAJOTUYHBI TIEPBOMY
ciydaro. C ThUIbHOW CTOPOHBI, YUUTHIBAEM OTpaxke-
HUE HETOTJIOMIEHHOTO H3IYUYeHHUsI OT CepeOpsHOTO
KoHTakTa. [[nst aToro ucmonb3yeM 3akoH byrepa-
JlamGepra-bepa:

1(D) = Iye™*at,

rae lo — WHTCHCHUBHOCTh BXOJAIICTO My4Ka, [ —
TOJIIIMHA CJI0S BEIIECTBA, Yepe3 KOTOPOE MPOXOTUT
CBET, k) — mokasarenp noryomieHus. CunraeM, 4To
KOHTaKT HE UMEET TETIO0TBO/Ia, TO3TOMY B MOJIEIH
YYNATBIBA€M TEIUIOOOMEH C BO3AYXOM, a HE C
cepebpom. [lpu 3TOM, yduThIBaeM, 4TO cepeOpo
MIOTJIONIAET B JHMAaIa3oHe mpubauszureasHo oT 300
HM a0 500 BM, yTo coctaBiaser okojio 0,3 or
nornomenus kpemuust [20, 22]. Pacmpenenenue
V30JIMHUN )1 OJHOCTOPOHHETO  COJTHEYHOTO
SJIeMEHTA MOKa3aHO Ha PUCYHKE 2.

U3 mpencraBieHHBIX pacdéTOB Ha OCHOBE pe-
IIEeHUs 3a7aud B ycnoBuax HeliMana BHIHO, 4TO
pasnuuus B KOHQUTYpanusx (HOTORIEKTPUISCKOTO
reHepaTopa UMEIOTCA JIMIIb B TOM, YTO B JBYCTO-
POHHEM SJEMEHTE €CTh OONBIIHMK OTTOK TeIia ¢
TBUIbHOM cTOpOHBI. [Ipu 3TOM JABYCTOPOHHHUE COJI-
HEYHBIC DJIEMEHTHI IEMOHCTPHUPYIOT MOBBIMICHHYO
TeHepaIMi0 JJIEKTPUYECKON SHEepruH, Kak ObLIO
IToKa3zaHo paHee B padbore [9].

BTopbiM BapuaHTOM peleHUs 3aqadd  ObLIO
WCTIONb30BaHNE TPAaHUYHBIX ycinoBuil upuxmne (1-
ro poma), TO €CTh C 33JJaHHON TeMIlepaTypoil Ha
MOBEpXHOCTH. TakuM o00pa3oMm, [UIsl JIUIEBOM
CTOPOHBI JIEMEHTA!

hT=r, 3)

rae h — Bec, r — TeMreparypa. Jis octaabHBIX
CTOPOH COJIHEYHOTO »JJIeMEHTa HCIoJb3yeM (2)
C‘lI/ITaCM, YTO MCTOYHUKOB TCILJIa B KPEMHHUU HCT,
KaK JUisi JABYCTOPOHHETO 3JIEMEHTa, TaK W JUIs
OJHOCTOPOHHET0. AJIFOMUHMEBBIN 3aJIHUM KOHTaKT
MOXET IIOIJIOTUTH TOJIBKO BBICOKOOHEPTECTUYHBIC
(hOTOHBI, KOTOPBIE TOTJIOMIAIOTCS Ha TTOBEPXHOCTH
KpEMHUA, IMOOTOMY KOHTAKT HE HArpeBacTCia OT
COJTHEUHBIX JIyuel, UMEIOIIUX JUIMHY BOIHBI OoJiee
1100 mxM, a otpaxkaeTr ux [23,24]. Temmepatypa
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cpensl paBHa 20°C. BHemrnne U rpaHUyYHBIE yCIIO-
BUSI B3SITHI U3 cTaThu [25]. st Temmiepatypel BHEII-
Hel cpensl ObLT BBIOpaH Mecsi mapT. CpegHroo
TEMIepaTypy Ha MOBEPXHOCTH (OTOIIEMEHTA
orieHmTH paBHO 50°C, 9TO COOTBETCTBYET CpeIHEH
TeMIepaType MOBEPXHOCTH COJTHEYHOTO MOJIYJS B
MapTe U CeHTsOpe.
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Pucynox 1 — PacnpenieneHue TemMnepaTypHbIX U30JIUHUI

110 TOJIE ABYCTOPOHHEI0 KPEMHUEBOT'O 3JIEMEHTA
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Pucynok 3 — Pacnipenienenne TemMnepaTypHBIX H30JIMHUI

TI0 TOJIIIE ABYCTOPOHHET0 KPEMHHEBOTO I€MEHTa
TIpH pellIeHUH IPaHUYHBIX ycinoBuil Jupuxie

Takum o0Opa3oM, pucyHKH 3 U 4 MOKa3bIBAOT,
YTO JBYCTOPOHHUH COJHEYHBIH 3JEMEHT Oonee
3¢ dexTuBeH MpU OTHAUE TEIUTA B OKPYXKAIOIILYIO
cpeny, HeKelIu OJHOCTOPOHHUM.
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Pacnipenenenne TemneparypHbIX W30JIMHUI IO
TOJIIE JBYCTOPOHHEI'0 COJHEYHOIO 3JIEMEHTA Mpe-
ctaBineHo Ha Pucynke 3. Ha Pucynke 4 npezncras-
JIEHO pacrpeieNieHle TeMIEepaTypHbIX H30JIMHUMI 10
TOJIILE OTHOCTOPOHHETO KPEMHHEBOT'0 3JIEMEHTA ITPU
pelleHny  3ajgaud A7 TPAaHWYHBIX — YCIIOBHH
Hupuxie.
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PucyHnok 2 — PacnpenieneHue TemMnepaTypHbIX U30JIHMHUI
TI0 TOJIILE OJJHOCTOPOHHETO KPEMHHEBOTO JJIEMEHTA
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PucyHnok 4 — Pacnipenienenne TemMmnepaTypHBIX U30JIHHUI
T0 TOJIIIE OJJTHOCTOPOHHETO KPEMHHUEBOTO IIEMEHTa
MIpY PELLICHUH TPAaHUYHBIX yCII0BUM upuxie
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B nporpamme Matlab Opia pemena 3agada pac-
NpeAeeHUs] MHTEHCUBHOCTH CBETA B OJHOCTOPOH-
HEM KPEMHUCBOM (bOTOBHCMCHTe " IBYXCTOPOHHEM
KpeMHHEBOM (oToanieMeHTe. B maHHBIX pacuerax
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HCIIOJIb30BAIUCh  CIICAYIOIINE HWCXOJAHBIC Mapa-
METpBIL:

— TIOTJIOIIATENbHAS CITIOCOOHOCTH ISl KPEMHUS
200 mxMm = 0,88;

— a (Tmokaszarteih TOrJomeHusA) mis c-Si (Ha
amane BosHbl 1000 HM) =6 10" em™;

— a ana c-Si (300 am) =2 10° em™';

— a s c-Si (400 am) = 10° em™';

— a ana c-Si (750 am) =2 10° em™';

— a g ¢-Si (600 aM) = 4 10° em™!;

— a s a-Si:H (750 M) = 10% em™';

— a s a-Si:H (400 am) = 10° M.

I'panuyunbie ycnoBus — ycnoBust dupuxie. Jns
3aJlaHUs TIOTJIONICHHUS CBETA 1O TOJIIMHE COJHEY-
HOTO JJIEMEHTa WCHOJb30Bayics 3akoH byrepa-
JlamGepra-bopa. Tak Kak MHTEHCHBHOCTH HEKOTE-
PEHTHOTO CBeTa — BEIWYMHA aJJIUTHBHAs, TO Ha
TpaHUIaX WHTEHCHUBHOCTH OT Pa3HBIX MCTOYHHUKOB
MOKHO CyMMHPOBATh.

C ydYeToM TOTJIOMIEHUSI COJHEYHOTO CBETa II0
BCEH TOJIIIE COJIHEYHOIO 3JIEMEHTAa, MPU YCIOBUHU
BBICOKOH JITUHBI CBOOOTHOTO MPOOEra HEOCHOBHBIX
HOCHTENEH 3apsaa, OyJeM paccMaTpHuBaTh pacrpe-
JICJICHUE UHTCHCUBHOCTU CBETA B MOJIENISX JBYCTO-
POHHETO ¥ OJTHOCTOPOHHETO TOJIYIPOBOJIHUKOBOTO
(hoToanexkTpuaeckoro npeoodpazoparens (OIII) mo
BCEH TOJIIMHE AJIEMEHTOB, a UMeHHO — 200 MKM.
Tak kak o6macTs 00semMHOTO 3apsaa (003), B p-n —
MIEPex0/ie, CO CTOPOHBI KPUCTAJUIMYSCKOTO KPEMHUS
HecpaBHUMO Oonbie, yem OO3 B obnactu amopd-
HOT'O KPEMHHS, TO B pacd€Tax MOKHO HE YUUTHIBATH

0.8
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0.2 02
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06 06

08 08

05 [ 05
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05 0

HaJIM4Me TOHKOTO cJI0si aMOp(HOTO KpeMHHS B Hec-
KOJIbKO HaHOMETPOB (11 (DOTOAIEMEHTOB CTPYK-
Typsl HIT co BcTpoeHHBIM aMOP(hHBIM CITOEM).

Jns mpocToThl pacu€ToB pa3nenum 3ajady Ha
TPU 4YacCTU: MocuuTaeM Kaxnayro monens OIII B
TpEX o0macTsAX UIMH BOJH — (proneroBoit (300 um),
BUAMMOI (opamkeBod, 600 HM), U WHppaKpacHOU
(1000 aM) (puCyHOK 5).

Jns pacu€ra 3amauu pacmpeelieHUusT MHTEH-
CHUBHOCTH CBETa B CHCTEME IS ABYCTOPOHHETO
(doTor1eMeHTa HA OCHOBE MOHOKPHCTAIUTMYECKOTO
KpeMHHUS ObUIO BBEIOPAaHO 3JUIMIITUYECKOE YpaB-
HEHHe CJeIyIoIIero BUaa:

-div(grad(U)) + U= 0,
rae U — uckomasi yHKIHSL.

Ha rpanuue cneBa 3amaéM aMIUIUTYAy BOJIHBI
[IPOHMKIIIETO BHYTPh KPUCTAILJIA CBETA. Y UNTHIBAEM
CBET, KOTOPBIN OTpa3wiicsl OT ThUIBHOW CTOPOHBI U
npumén Ha (QPOHTOBYIO CTOpPOHY. Tak ke yuu-
TBIBa€M CBET, KOTOPBIH OTPA3HJIICS OT ITOBEPXHOCTH
(POHTOBOH CTOPOHBI W BEPHYJCS B KPHUCTAII
obpaTHO.

[lornomenne cBera B KpUCTAJUIE PAaCCUUTHIBA-
nocs no ¢popmyne byrepa-JlamGepra-bepa. Otpa-
JKEHUE CBETA Ha IPAaHULE pa3jiesia cpel KpEeMHUU-
BO3AYyX M KpeMHHIi-cepeOpo pacCUUTHIBAIOCH HPH
OMOIK ypaBHEHU @DpeHenss U COOTHOUICHHS
Cremnuyca. /s ABYCTOPOHHETO COJTHEYHOTO 3Jie-
MEHTa AaHAJOTM4YHBIA pPAcu€T MPOU3BOJUTCI C
rorpaBkoit Ha anpbeno B 17%.

q1.15

o095

0.85

05 05 0 05

B)

a) mpu jyuHe BostHbI 300 HM; 0) mpu anvHe BoHbl 600 HM; B) pu JimrHe BostHBL 1000 HM

Pucynok 5 — Pacuér pacripoctpanenus cBeta B qBycTopoHHeM DOI1
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s pemenust 3amadd s OJHOCTOPOHHETO
ODII uCmoNp30BANKCH AHATIOTHYHEIC YCIIOBUSA, 3a
WCKITIOYCHUEM Yu€Ta anb0eso (PUCYHOK 6).

Kak BUIHO M3 MONy4eHHBIX NaHHBIX (PUCYHKH
5-6), IByCTOPOHHMIA 3JICMEHT 3aCBEUMBACTCS 0OJIb-
11e OJHOCTOPOHHET0, 0COOEHHO 3TO XOPOIIO BUJHO
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B JIUIMHHOBOJIHOBOM Juamna3one. [IpoBenéHHbie
pacdEThl MOATBEPKIAIOT 0O0OCHOBAHHOCTH BHIOOpA
B NIOJIB3Y JBYCTOpOoHHHX DOII, 4T0 aKkTyansHO npu
UCIOJIb30BAHUN  Pa3pabOTaHHON KOH(UTypanuu
(hOTO3IEKTPUUECKOTO

re’eparopa.
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a) npu anvHe BoHBI 300 HM; 6) npu amuHe BoHEL 600 HM; B) npu anwHE BoHEL 1000 HM

PucyHnok 6 — Pacuér pacripoctpanenus cBeta B ofHocTopoHHeM POI1

3akiouenne
B mporpammuHoM makere Matlab  Gbun
CMOJICIIUPOBAaHBl M PACCUUTAHBI  IIPOIECCHI

pacrpeneneHuss TeMIepaTypbl W paclpenesieHHs
cBeTa B KpeMHHEBHBIX (oTodNIeMeHTax. Pe3ynbraTe
pacyéra rokasajid, 4To ABYCTOPOHHUN COJIHEUHBIN
aneMeHT Ooiiee 3(PpQPEeKTUBEH NP OTHaYe TEIuia B
OKPYXAOIIYI0 Cpely, HEXeIW OIHOCTOPOHHHIA.
Kpome TOro, JBYCTOpPOHHHMI  3JIeMEHT B
JUTMHHOBOJTHOBOM JMara3oHe CIEeKTpa
3acBeUMBacTCS OOJbIIe OJAHOCTOPOHHETO. Takum
00pa3om, Ha OCHOBE TPOBEJCHHBIX BHIUUCICHUH, a

TaK¥Ke aHanmza COBPEMEHHOTO YpOBHS
(boTodrneKkTpuIecKoit MIPOMBIIIJICHHOCTH, B
HACTOSIILI MOMEHT, HanOoJjee NEePCIeKTUBHON 13
KPEMHHEBBIX ~ TEXHOJNOTHH C TOYKH 3PEHHSA
3¢ (HEeKTUBHOCTH npeoOpazoBaHus DHEPTUH,
MPOCTOTHI  TEXHOJOTMYECKOTo  Tpolecca |
BBIPA0OTKH AJIEKTPOIHEPTUH B PEATBHBIX YCIOBHUSIX
SIBIISICTCS KOMOMHAaLUs reTeponepexoIHbIX
KPEMHHEBBIX COJTHEUHBIX 3JIEMEHTOB u
JIBYCTOPOHHHX COJTHEUHBIX MOJTYJICH.

Asmopbi svipaicarom bnazooaprnocme
Komumemy nayxu MOH PK 3a ¢unancuposanue 6
pamkax npoecpammol BR05236498.
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MOAEANUPOBAHUE TEMAOPUINYECKHUX INMPOLIECCOB
B AAEPHOM PEAKTOPE HA BbICTPbIX HEUTPOHAX

PasBuTHe peakTOpOB Ha ObICTPbIX HEMATPOHAX M aTOMHOM SHEPreTMKM SBASIETCS aKTyaAbHOM
3apauen. AAs paspaboTKM MPOEKTOB B 0OOAACTUM SIAEPHOM 3HEPreTMKM HEOOXOAMMO MPOBOAMUTbL
pasAMuUHble TernAorMApaBAMYEeckMe pacuyeTbl. MCMoAb3oBaHWE pe3yAbTAaTOB pACUETOB  MO3BOAWT
CBOEBPEMEHHO NMPOBOAUTb KOPPEKTUPOBKY B MPOEKTUPOBAHMU, UTO PE3KO MOBbILLIAET OTBETCTBEHHOCTb
3a HAAEXHOCTb 000PYAOBaHUSI peakTopa.

AaHHasi paboTa NocBsiLEHa MCCAEAOBAHUIO MPOLIECCOB TMAPOAVHAMMKM M TENMAOOOMEHA peakTopa
Ha BbICTPbIX HEMTPOHAX IAEKTPUUECKOM MOLLHOCTbIO 600 MBT C 06bEMHbIM 3HEPrOBLIAEAEHNEM AO
0,494 IB1/m3.

B aaHHOM paboTe MPUMBOASTCS pe3yAbTaTbl pPacyeToB MO MMAPOAMHAMUKE WM TernAoO6GMeHy B
CermeHTe BblAeAeHHon o6aacTn TBC 6bicTporo HatpreBoro peaktopa. B npouecce paboTbl co3aaHa
3D-mopeAb BbibpaHHor o6aactu TBC. KomnbioTepHoe MOAEAMPOBaHWE MPOBOAMAOCH B MPOrPaMMHOM
komaekce ANSYS FLUENT. PacueTbl NMPOBOAMAMCb C MCIMOAb30BaHMEM TYpOYAEHTHOM MoaeAmn k-e
ABV>KEHUSI TEMAOHOCUTEAS.

[Noka3aHbl HepaBHOMEPHOCTM pacrpeAeAeHuit TemrepaTyp Mo BbiCOTE aKTMBHOW 30Hbl B
pasAnuHbIx 06AacTax TBC, pacnpeaeAeHre CKOPOCTU TEMAOHOCUTEAS, a TaKXKe NMOKa3aTeAN AABAEHMS.
AHaAM3 MOAYYEHHbIX pPe3yAbTaTOB MOKa3blBaeT, YTO TemrepaTypbl KOHCTPYKTMBHbBIX 3AEMEHTOB He
NpeBbILAIOT AOMYCTUMBIX TemrepaTtyp, nepenas AaBAEHUSI 3HAUYUTEABHO HMXKE, YeM B peakTopax
Apyroro Tuna.

KAtoueBble CcAOBa: ObICTpble PeakTopbl, TEMAOOOMEH, TENAOHOCUTEAb, TemrepaTtypa, TerAo-
BblAeAsoLLas cOopka, nepenaa AaBAEHUS.

Berezovskaya I.E."", Vityuk G.A.2, Toleubekov K.O.!

TAl-Farabi Kazakh National University, Kazakhstan, Almaty
2Institute of Atomic Energy of the National Nuclear Center of the Republic of Kazakhstan, Kazakhstan, Kurchatov
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Modeling thermophysical processes in a nuclear reactor on fast neutrons

The development of reactors on the fast neutrons and nuclear power engineering is generally
responsible for its formation. One of them is that the responsibility for the reliability of the reactor
equipment, its calculation, creation and operation sharply increases. For the development of projects in
the field of nuclear energy, it is necessary to carry out various thermalhydraulic calculations. Using the
results of calculations will allow for timely adjustment in the engineering.

This work is devoted to the study of the processes of hydrodynamics and heat exchange of reactor
on fast neutrons with an electrical power of 600 MW with a volumetric energy release up to 0.494 GW
/ m3.

In the process of work, 3D model of the selected fuel assembly area was created in the program
Gambit. Computer modeling was carried out in the ANSYS FLUENT software package as a result of
which thermal state of fuel assembly for established mode of heat transfer was defined. The calculations
were carried out using the k-e coolant motion turbulent model.

This article presents the results of calculations on hydrodynamics and heat transfer in a segment of
the selected fuel assembly of a fast sodium reactor. The non-uniformity of temperature distributions along
the height of the active zone in various areas of fuel assemblies, the distribution of the heat carrier
velocity, as well as pressure indicators are shown. The analysis of the results obtained shows that the
temperatures of the structural elements do not exceed the permissible temperatures; the pressure drop
is significantly lower than in reactors of another type.

Key words: fast reactors, heat transfer, heat carrier, temperature, fuel assembly, energy release,
pressure drop.
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LLlanwiaH, HeMTPOHADI SIAPOABIK peakTopaa
XKbIAY(pU3UKAABIK, YAEpICTEPAT MOAeAAeY

LLlanwaH HerMTpoOHAApPAQ >KOHe aToM 3HepreTukacbiHAQ PeakTOPAAPAbl AAMbBITY >KaAMbl ©3iHiH
KaAbINTacyblHa XayarkepuiAik aptaabl. OAapAbiH 6ipi peakTop >kabAbIKTapblHbIH CEHIMAIAIrHE, OHbIH,
ecebiHe, Kypy >keHe MarMAaAaHy YLiH >KayankepLlliAiKTiH KeHeT ecyi GOAbIn TabblAaAbl. SAPOAbIK,
3HepreTmka caAacblHAQ >KOOaAapAbl 83ipAeYy YLIIH TYPAI >KbIAYTMAPABAMKAABIK €CEenTepAi >Kyprisy
KaxxeT. EcenTepaiH HaTMXeAepiH MnarlaasaHy >kobaFa 63 yakbITbIHAQ TY3€Ty EHri3yre MyMKiHAIK
6epeai. Ocbl >KYMbIC IAEKTPAIK KyaTbl 600 MBT, keaemai aHeprus 6eainyi 0,494 IBT/mM3 aeniHri wan-
LaH, HEMTPOHAAPAAFbl PEAKTOPAbIH MMAPOAMHAMMKAABIK, XXOHE >KblAyaAMacy YAEepiCcTepiH 3epTTeyre
apHaAfaH.

Ocbl XXyMbICTa LanLaH HaTpuiAi peakTopAblH XKLLIDK TaHAan aAblHFaH ayAaHbIHbIH, CErMEHTIHAET
rMAPOAMHAMUKAABIK, XOHE XbIAYaAMaCybl GOMbIHLLA eCenTepAiH HOTUXKEAEPi KeATipiAreH. XXyMbICTbIH
vAepiciHae TaHaan aablHFaH XKLLIDK ayaaHbiHbiH 3D MoaeAi >kacaapbl. KomnbloTepaik mMoaeasey
ANSYS FLUENT nporpammanblk —KelleHiHAe >Kypridiaai. Ecentemenep >KblAyTaCbIMaAAQFblILL
KO3FaAbICbIHbIH, k-E TypOYAEHTTIK MOAEAIH ManAaAaHa OTbIPbIM XKYPri3iAAi.

KUK Typai aysaHAapbiHAaFbl GEACEHAT ayMaKTbiH GUiKTIri GoblHILA TemnepaTypaHbiH, Tapa-
AYbIHbIH, BIPKEAKI eMECTIri, KbIAYyTAChIMAAAAFbILL KbIAAAMABIFbIHBIH, TapaAybl, COHAAN-AK, KbICbIM KOp-
CeTKilTepi KOpCeTiAAl. AAbIHFAH HOTMXKEAEPAIH TaAAaybl KYPbIABIMABIAbIK, SAEMEHTTEPAIH Temrie-
paTypacbl pyKcaT eTiAreH TemnepaTtypaAaH apThaniTblHAbIFbIH, KbICbIMHbIH KYPT Tycyi 6acka TmnTi

peakTopAapFa KaparaHAQ eAeyAi TOMEH eKeHAIrH KepCceTTi.
TyiiiH ce3Aep: LarilaH peakTopAap, >KbIAYaAMACY, >KbIAYTACbIMAAAAFbILL, >bIAY LIbIFapFbiLL

JKMHarbl, KyaTTbl 60C3Ty, KbICbIMHbIH aybICMaAbIfbl.

BBenenune

MHorHue crnenuaniucTbl yTBEPKAAI0T, YTO 1alb-
Helllee pa3BUTHE aTOMHOW YHEPTeTHKH HEMBICIH-
MO 0e3 mepexojia K CTPOUTEIbCTBY M AKCILTyaTalluu
peakTopoB Ha OBICTPBIX HelTpoHax. OHU TMO3BO-
0T Oostee A(h(PEKTUBHO MCIONB30BATh 3amlachl
ypaHa, pemaTh 3aJaud OXPaHbl OKPYXKAIOIICH
cpensl. Hakonen, oHu emie Gosee Oe30MacHbI, 4eM
CTpOSsIIIUECS ~ ceWuac  sIEpPHbIC  SHEProOJIOKU
[1-8].

BbezomnacHoCTh AKCITyaTalli aTOMHOM CTaHIIUN
— OJIHAa U3 Ba)KHEHIIMX 3a/1a4 10 00ECICUCHUIO 3a-
ITUTBEI COTPYTHUKOB M OKPY’KaloIIel Cpelmbl OT pa-
JTUAMOHHOTO M3IYYeHUS W IPYTHX TOCIEICTBUM,
KaK BO BpeMsl HOPMaJIBHOUM paboThI, TaK U IIPH BO3-
MOXHBIX aBapusx. [ToaTomy mpu pa3paboTke HE0O-
XOOUMO YYHUTBIBATH BCC BO3MOJKHBIC IMapaMCTPhl U
CUTYaIlMH, KOTOPBIE MOTYT BOHUKHYThH B IPOIECCE
AKCIUTyaTallly I UX HEIOMyIICHUS B OyayIiem
[9-12].

Heo0xoanMocTh pa3BUTHSA METOJOB YHCIICH-
HOro MOJACIMPOBaHHA THUAPOAWHAMHUKU W TEIIIIO-
oOMeHa a1 000CHOBaHUS MPOEKTHBIX PEUICHUN U
0C30MaCHOCTH PEAKTOPHBIX YCTAaHOBOK TPEOYIOT
MPOBEJICHUS IKCICPUMEHTAIBHBIX HCCICIOBAHUIMA

JUISL TIONMYy4YeHUs] JaHHBIX MO (PU3MYECKUM 3aKOHO-
MEPHOCTSIM TeIDIO()U3UIECKUX TPOIIECCOB, Xapak-
TEPUCTUKAM TUPOJAUHAMUKY U TEII000OMeHa B PV,
COOTHOIICHUM AJIs1 3aMbIKAHUSI YPaBHEHUHN YUCIICH-
HBIX MOJIeNed W BEepUPHUKAIMH PACUETHBIX KOJOB
[13].

Taxum 00pa3oM mebI0 JaHHOUW pabOTHI ABISACT-
csl aHaJTM3 OCOOEHHOCTEW THIPOJUHAMHUKH W Tel-
noobmena B TBC ObIcTporo HaTpHEBOTO peakTopa
BBITIOJTHEHUE JIJIsI 0OOCHOBAHHUSI TIPOCKTHBIX Mapa-
METPOB aKTHUBHOW 30HBI SJEPHOTO peakTopa Ha
OBICTPBIX HEHTPOHAX C HATPUEBBIM TEIUIOHOCHTE-
JIEM B peXHMe HOPMaJIbHOM SKCIUTyaTalllu.

IlocTanoBKa 3a7a4u MOACIMPOBAHMSA TEIJIO-
(pusnyeckux npoueccos B IAEPHOM peaKTope HA
OBICTPBIX HEeHTPOHAX

B mpouecce paOoThl BBIIOJHEHO MOJEIUPO-
BaHHE CTAllMOHAPHOIO PEKMMa PabOTHl TEIJIOBBI-
Jensironiei cOOpKHM peakTopa Ha OBICTPBIX HEUTpO-
HaX, KOHCTPYKIHS KOTOPOTO H300pakeHa Ha PUCYH-
ke la. TermnoBbIIeNSIONIHE HIEMEHTHI ¢ HApy KHBIM
IUaMeTpoM duap = 6,9 MM pacnionoxensl B TBC tpe-
YTOJBLHOM YIIaKOBKH (IITaXMAaTHOE PACITOJIOKEHHE) C
marom 7,95 Mm.
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JJ1st YMCIeHHOT0 MOJISIMPOBAHUS TEII000MEeHa
TBC peakropa Ha OBICTpbIX HEHTpOHax Obula
BBIOpaHa pacyeTHas O0JIACTh TEILTOBBIICIIAIONICH
cOopkH, cocTosimas u3 6 PeryIsapHBIX dJIEMEHTap-
HBIX SY€eK, OOpa30BaHHBIX CEMBIO TBIJIAMH.
PacuerHas obnacth npezcTaBicHa Ha pucyHke 10.

Mopnenb ucciieyeMoro TBia Obuia pa3pabo-
TaHa ¢ y4eTOM HaJIM4HS [IEHTPAITLHOTO OTBEPCTHS B

a) | — mecTUrpaHHbIA KOpIyC

2 — TBOYJIBI

0) 1 — TBAIIBI

TOIUTUBHOM CEpPJCYHMUKE U Ta30BOTO 3a30pa MEXKIY
TOILTUBOM U 000JIOYKOH TB3JIA.

PazpaboTka Momenn BBEIOpaHHOM 00JacTH Tel-
JIOBBIJIEIISONIEH COOPKH MTPOBOMIIACH P TTOMOIIIH
nporpammbl  Gambit [16],Bxoismiero B cocrTaB
nporpammHoro komriekca ANSYS FLUENT.
PacuerHas ceTka ans MOAENH IMpeJCTaBieHa Ha
pucyske 1B.

2- TETUTOHOCHTEITh

Pucynok 1 — Ternosinesnstommas coopka (TBC) nnst peakropa BH-600

Ta6auna 1 — TexHuueckre XapakTepUCTUKU

XapakTepucTuka 3HaveHme
Tennosas momHOCTs Qp, MBT 1430
Temmnepatypa Hatpus, K
Ha BXOJIE B PEAKTOP tex 653
HA BBIXOJIC X PEAKTOPA teorx 823
Pa3meps! akTHBHOM 30HBI, M
JuameTp 20,5
BBICOTA 7,6
Tonmuna oTpaxarens, M 4
SlnepHoe TOmIMBO UO2
Yucino TBC B akTHBHOM 30HE n7BC, T 370
Yucio 808 B TBC 7, mr 129
Pacxon TerioHoCcHTENS Yepe3 peaKTop, Kr/c 0,131
Marepuan 06071049KH cTanb
CpeaHsist TeMI0eMKOCTh TeTTIOHOCUTEIS 1344
<Cp>, x/kr K
Bueunuit auametp TBaA dis , MM 6,9
BHerHuit quaMeTp TOMIMBHON TaOIETKH 6,0
dTOH , MM
BHyTpeHHuit [uaMeTp TOIIMBHON TaOIeTKH 1,8
dBH , MM
TermIonpoBoJHOCTh TOILIHBA Aron, BT/(M-K) 3,0
Tonmunaa 060I0YKH 806, MM 0,4
TemmonpoBoAHOCTb 060JIOUKH Aos, BT/(M-K) 45,4
DdpexTUBHAS TEMIONPOBOJHOCTD 3a30Pa Ar, 0,35
Br/(M-K)
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OOBEKTOM  TEIUIOTHIIPABINYECKOTO pacdera
SBIISIETCSl AKTHBHAs 30HA peakTopa Ha OBICTPHIX
HelitpoHax BH-600. Pacuet pacnipenenenus temime-
paTypsl TEIUIOHOCUTENS, 000JIOYKH TB3Ja U IIEHTpa
TOIUMBHOTO cToyiba 1o Beicore TBC mpoBoamics
MpH CIENYIOMIMX 33JaHHBIX WCXOMHBIX JaHHBIX:
3aKOH JHEPTOBBIJCICHUS, PACXO] TEIUIOHOCHUTENS
Ha OJIMH TBAJI, TUII U TEOMETPUS TBIJ, TEMIIepaTypa
temwoHocutenss Ha Bxoae B TBC. Hauanbhble
JTAaHHBIE 7S TPOBEAEHUS TEIUIOTHAPABINYECKOTO
pacyeTa Ha OCHOBE JHUTEPATypPHOrO0 HCTOYHUKA
[17,18] u mpencTaBieHs! B Tadmie 1.

Maccossrif pacxoa HaTpust G onpeaensercs 1o

dhopmyire

— %
CpAT'Tl‘TlTBC

G =0,131«kr/c, (1)

rae (), — TemwioBas MOIIHOCTH peakrtopa, C, —
CpeoHssl TEIIOEMKOCTh TemnoHocurens, AT —
pasHUIla TeMIIepaTyp MEXAy BXOIOM M BBIXOJIOM
TEIUIOHOCUTENs, N — unciao TB3oB B TBC, nrpe —
gucino TBC B aktuBHOM 30HE [19].

BBuay Toro, 4Tto B JaHHOH 3aa4e UMEET MECTO
TEI000MEH € CHIIBHO M3MEHSIOIINMHUCS TEIIo(hH-
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3UYECKMMH CBOMCTBAMHU TEILUIOHOCHUTENSA, HEOOXO-
JIMMO JJIsl pacyera Terioo0MeHa yUYUThIBATh U3Me-
HEHHUE CBOWMCTB TEIUIOHOCHUTENA OT TEMIEPATYpHI.
N3MeHeHne CBONCTB TEIUIOHOCUTENSI YUUTHIBAIUCH
HYTCM BBCACHUSA CJIeleIOH_[I/IX BMHI/IpI/I‘IeCKI/IX
3aBucumocrei (2) [8]:

p(t) =949 — 0.223t — 1.75-107°-t2 (2)

0.6976-p(t)
t

1
u(t) =1.2162-107°-p3-e

Oueproseigenenue, KBT

_—

D

Cp(2) = 1436 — 0.5805t + 4.62 - 107% - ¢2,

rae p(t) — mmotHoCcTh TemnoHocutens, u(t) —
KOA(PPUITMEHT TUHAMHYECKOW BSI3KOCTH TEILIOHO-
curents, Cp(z) — K03hUIMEHT TEMITOEMKOCTH Tel-
JIOHOCHUTES

Temnodu3ndeckue CBOWCTBA TUOKCHIA ypaHa,
000JI0YKH TB3J1a 3a7aBaIKCh Ha OCHOBE [9].

Pacmipenenenre SHEproBBIACTIEHHS IO BBICOTE
peakTopa, MpeCTaBICHHOE Ha PUCYHKE 3, COOTBET-
CTBYET pacipeelIeHHUIO SHEPTOBBIICTICHHS B AKTHB-
HO¥H 30HE peakTopa Ha OBICTPBIX HelTpoHax [10].

BricoTa, M

0 0,1 0,2 0,3 0,4

Pucynok 2 — Pacnipeznenenue sHeprosoiieneHus no Beicote TBC

Jns obecriedeHns 3alaHHOTO JHEPTOBEIACIIC-
HUS TOIUIUBO PAa3JeICHO MO BBICOTEC Ha pPaBHbBIC
gacTh BeIicoToH 0,76 M Kaxkaplii. B uTore, TOrmmso
pa3ouro Ha 10 paBHBIX YacTed. MakcuManbHOE

OHCPrOBBIACIICHUC Ha6J'IIOI[a€TC$I B ICHTPC TOIJIMB-

I'Bt
HOTO CTOJI0a U paBHseTcs q, = 0.494 r

Pe3ym,TaT1>1 YUCJICHHOI'0 IKCIIEPUMEHTA

Jns  mpoBemeHHsT — TEIUIOTUAPABINYECKOTO
pacuera HCIOJIb30BAJICS MPOTPAMMHBIN KOMIUIEKC
ANSYS FLUENT, kotopslii mpuMeHseTCS It
peleHnss 3aJad MOJEIUPOBAHUS TEMJIONepeHoca,

BKITIOYasi pa3IMYHbIC BUBI KOHBEKIMH, H3ITyUCHNUS,
a TaKKe ONpEAeNeHUs Pa3IHYHBIX TETUIOTHIPAB-
JTUYeCcKuX mapameTpos [11].

PacueTs! MpoBOAMINCE C UCTIOIB30BAHUEM TYP-
OyneHTHOW Momenn Kk — & [BWXKEHHUS Temo-
HocuTens [20].

Ha pucynke 4 moka3aHo pacipeeneHue TeMie-
paTypsl TEIIIOHOCUTENS. U 000JIOUYKH 110 BBICOTE aK-
TUBHOM 30HBI. Ilepeman TemmepaTyp COCTaBIsET
AT = 173 K. Temneparypa TENJIOHOCHUTENS Mpak-
TUYECKH COBIAJET C TEMIIEPATYPOi HapyKHOU 000-
JIOYKH TBAJIA. DTO OOBSICHAETCSI BBICOKMM KOA(du-
OUEHTOM  TEIUIOOTJAud  TEIUIOHOCHTEN U
000JTOUKH.
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Temnepatypa, K

Pucynoxk 3 — [one remmeparyp no Beicore TBC

650 T T T

0 0,1 0,2 0,3

@msms TeN10HOCUTE b @ 060/104KA

0,4 0,5 0,6 0,7 0,8

BbicoTa, m

Pucynok 4 — Pacripenenenue temnepatypsl o Beicore TBC

Ha pucynke 5 npezacraBiieHO paclpejelieHue
TeMIepaTyphl TOIUIMBA IIEHTpa SAEPHOTO TOILUIMBA
10 BBICOTE aKTUBHOM 30HBI peakTopa. Makcumanb-
Has TeMIlepaTypa TOIIMBHOTO CepJieuHHKa Ha0IIO-
JTaeTCsl B LIEHTPAJIbHOM YacTH TB3J1a U COCTABISET
2086 K.

68

Ha pucynke 6 npexacraBiieHO paclipeleiieHue
ckopocrtei Ha Bxoae u Beixoae u3 TBC. [Ipoduns
CKOpPOCTH MMEET KJIaCCHYECKyl (popMy CKOpOCTH.
CKOpOCTb TEIUIOHOCUTEINSL OT CEUYEHHs K CEUCHUIO
YBEIMYUBAETCS, 4YTO CBSA3aHO C YMEHBIIECHUEM
IUIOTHOCTH TEIUIOHOCUTEJIS.
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2100

1900

1700

Temnepatypa, K

1500

1300

1100 T T T |
0 0,2 0,4 0,6 0,8

BbicoTa, m

Pucynok 5 — Pacnipenenenue remneparypsl Toriusa 1o seicore TBC

CkopocTb, M/C

282
2.67
2.52
237
223
2.08
1.93
1.78
1.63
1.48
1.34
1.19
1.04
0.89
0.74
0.59
0.45
0.30
0.15
0.00

CKkopocTb, M/C
2.82
2.67
2.52
237
223
2.08
1.93
1.78

Pucynok 6 — Pacnipeenenue ckopocTeid TEOHOCUTETS

a) Bxon B8 TBC 6) Beixon uz TBC

Ha pucynke 7 npeacraBieH nepenaj JaBieHUs  3HAUYUTENIBHO HUXKE [0 CPABHEHHUIO C TOMYJIPHBIMHU
B TBC peakropa Ha ObICTpEIX HeHWTpoHaX. [lepeman  HAa ceromHANIHUN JCHH peakTOpaMH Ha TETUIOBBIX
nasneanss B TBC cocraBuser ~0,15aTM , 4To  HEHTpOHAX.
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Mepenag Aasnexus, Na

14797
[ 14018

13239
r 12460
r 11682
r 10903
r 10124
r 9345
r 8566
r 7788
r 7009
r 6230
r 5451
r 4673
r 3894
r 3115

2336
1558

[ 779
0

Pucynoxk 7 — Ilepenan nasnenus B TBC o BeicoTe Temoocureis

BriBoabI

B pesynbraTe mnpoBeneHHOH pabOThI OBLIM
OTIpeZieNIeHBI:  paclpeieNieHHe TeMIlepaTypsl B
TEIUIOHOCHUTEJIC, 000JIOUKE U CEPACUYHUKE TBIJIA 110
Beicore TBC; ckopocTh u mepemnaj JaBiCHUS IO
BBICOTE TEIUIOHOCHUTENA. AHaTNU3 TOJYYEHHBIX
Pe3yIbTaTOB MOKA3all, YTo:

1) Temmeparypa TEIIIOHOCUTENS MPAKTHIESCKU
COBMAJET C TEMIEpPaTypold HAPYKHOW 00O0JOYKH
TB3Ja. MakcumanpHas TeMmIepatypa OOOJOYKH
TB3J1a coctaBisieT 830 K. D10 00BsACHsSETCS BBICO-
KUM K03 pHUIIMEHTOM TEII00TIau1 TeIIIOHOCUTES
u obomoukn. Temreparypa Ha BBIXOJIE TOCTHTAETCS
0e3 TpEBBIMICHUST JOMYCTHMOW TEMIIEPaTyphl B
TOTUIUBE ¥ 000JI0YKE TBIJIOB.

2) MakcumanbHas TemIeparypa TOIUTHBHOTO
CECpACYHMKA HAXOAUTCA B HCHTpaJ]LHOﬁ YaCTH TBAJ1a
u cocrapisieT 2086 K.

3) TemmepaTypbl KOHCTPYKTUBHBEIX DJIEMEHTOB
peakTopa npu 3aJaHHOM PHEPIrOBBIICICHUHN JISKaT B
JOITyCTUMBIX TIpefieNiaX (TeMIepaTypsl TUIaBICHHS
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s ctanu ~ 1600 K u temmnepaTypsl miiaBieHuUs
U0O>~2920R) [21]

4) Tlepenan naBnenuss B TBC 3HauutensHO
HIDKE TIepernajoB [aBJICHUS, BO3HUKAIONINX B
MpoIecce IKCIUTyaTallud PEeakTOpPOB Ha TEIJIOBBIX
HedTpoHax. B wacTHOCTH, mepemnan AaBiCHUS B
peaktope BBOP cocrasnsier okomo 2 — 2,5 atm [13].
[laBneHue B KOpIyce peakTOphl MOAJEPKUBACTCS
HEMHOTO BBINIE aTMOC(EpPHOro, YTO SBISIETCS
OONBIIUM TPEUMYIIECTBOM 10 CpPaBHEHHMIO C
peakTopamu apyroro tuma [14-15].

5) HepaBHOMEpHOE YHEPTOBBIICIICHIE TBIJIOB B
TBC nmpuBoauT, Kak IpaBUIO, K HEPABHOMEPHOCTH
pactpeneneHusl TeMIepaTypbl TB3JOB, YTO IIpH-
BOJAWT K YBEIMYEHHUIO TEMIEpaTypHOrO Hamps-
>KEHUS Ha TBAJIBL.

Pesynbrarer pacdera u pazpaboTaHHas MOJIENb
TBC mokeT ObITh MCIOAB30BaHA B JAJbHEHIIINX
pacuerax pasNUYHBIX PEXHMOB OSKCILTyaTallHH
pEakTopoB Ha OBICTPBIX HeWTpoHaX. Takke pas-
pabotannas mozaens TBC MoxeT OBITH HCHOMb-
30BaHa B yueOHBIX melsax B BY3ax
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«[MAPAAOKC BAU3HELOB» B ®HU3UKE YACTUL],

AaH BbIBOA PEASTUBMCTCKMX NPeobpasoBaHuii AopeHLa AAS KOOPAMHAT M BPEMEHM, OCHOBaHHbI
Ha TMOCTOSHCTBE CKOPOCTM CBE€Ta BO BCEX MWHEPLUMAAbHbIX CMCTEMax oTcyeTa. McCnoab3ys
PEASTUBUCTCKME COOTHOLUEHUS AAS MMIMYAbCA W MOAHOM 3HEPrMM, MOAYYEHO BbIPAXXEHME AAS
WMHBapWaHTHOM Maccbl. B CBS3M C 3TMM OTMeYaeTCs, UYTO BCTPEYaloLLMECS YaCTO APYrue onpeAeAeHmns
TMMAQ MACCbl MOKOS, PEASITUBUCTCKOM MacCCbl, MACCbl ABMXKEHMS M T.A. HE MMEIOT (PU3NYECKOro
CMbICAQ. YTOUHSIETCS TaKXKe MOAOXKEHWE 00 3KBMBAAEHTHOCTM 3HEPIrUM M MacCCbl: MOXHO FOBOPUTH
TOAbKO 00 3KBMBAAEHTHOCTM Macchl U 3Heprum nokos Eyp. CAeacTBMeM npeoGpasoBaHuii AopeHua
SBASIETCS M3BECTHbIN Mapasokc 6AmsHenoB. OAHAKO, MEPBYIO MPOBEPKY 3TOT 3(PMEKT MOAYUMA B
MMpe 3AEMEHTAPHbIX YaCTULL: CPeAHee BpemMs >KM3HM I -Me30HOB C 3Hepruei 1 3B yBeanumBaetcs
Ha nopsAoK. Bpems >kn3Hm curma-muHyc-runepoHoB ¢ 3Hepruein 600 3B yBeAanumBaetcs aaxe B 500
pa3! O6a 371X acpdekTa NpoBepeHbl SKCNEPUMEHTAABHO.

B paboTe paeTcs KpaTkmii 0630p COCTOSIHWS BOMPOCA B COBPEMEHHbIX MCTOMHUKAX AUTEPATYPbI.

KAtoueBble CAOBa: pPeASTUBMCTCKME Mpeobpa3oBaHusi AopeHla, Teopus OTHOCUTEAbHOCTH,
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«Twins paradox» in particle physics

A derivation of relativistic Lorentz transformations for coordinate and time based on the constancy
of light speed in all inertial reference frames is given. Using the relativistic relation for momentum and
total energy the expression for invariant mass is found. In this connection it is emphasized that the
definitions like the rest mass, relativistic mass, motion mass and so on have no physical meaning. The
equivalence of mass and energy is also pointed out: one can talk only about the equivalence of mass
and rest energy Eo. The consequence of Lorentz transformations is the well-known twins’ paradox.
However, the first test of this effect is in the elementary particle physics: mean lifetime of y—-mesons
with energy of 1 GeV increases for an order. Lifetime of sigma-minus-hyperons with energy of 600
GeV increases even 500 times! Both these effects are tested in an experiment.

A brief review of the state of the question in the modern literature sources is given.

Key words: Lorentz relativistic transformations, relativity, inertial frame of reference, relativistic
momentum, total energy, invariant mass.
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beawektep cdusnkacbiHaarbl «Erizaep napaaokcbi»

bapAblk, MHepuMaAAbIK, CcaHaK, >XYMeAepiHAe >KapblK, >KbIAAAMABIFbIHbIH,  TYPaKTbIAbIFbIHAQ
Heri3AeAreH KOOpAMHATa X8He yakbIT YWiH AopeHL pPeAdTUBTIK TYPAEHAIPYAEPiHiH KOPbITbIHABICHI
OepiareH. VIMNyAbC >KOHE TOAbIK 3Heprus VIiH PEeASTUBTIK KaTblHAaCTapAbl KOAAAHa OTbIPbIM
MHBAPUaHTTbIK, MacCa YLUiH TeHAeY Tabbiaabl. OCbiIMeH GAMAAHBICTbI ThIHBILITHIK, MACCAChI, PEASITUBTIK
mMaccachl, KO3faAblC Maccacbl >KoHe Tafbl 6acka Aa Wi Ke3AeCeTiH macca aHbIKTamaAapblHbIH
(hM3MKAABIK, MaFblHACbIHbIH >KOK, €KEeHAEri anlTblAyAd. DHeprus >koHe MacCaHblH, 3KBMBAAEHTTIAIr
JKOHIHAE >KaFAal anTbIn KETIAYAE: Macca >K8He ThIHbILTbIK, Eg 3HEPrusicbl SKBUBAAEHTTIAIM KOHiHAE
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FaHa anTyra 6oAaAbl. AOpEHL, TYPAEHAIPYAEPIHIH CaAAapbl OeAriAi erizaep napaAoKCbl OOAbIM
TabblAaAbl. AereHmeH, anTbiAFraH 3(EKTTIH eH GipiHLLI TeKcepiAyi sAemeHTap GeALLeKTep SAEMIHAE
TabbiAAbl: 1 3B 3HEprusiAbl L -Me30HAAPABIH, OpTallla emip Cypy yakbiTbl 6ip petke yArasabl. 600
3B 3HeprusAbl cMrma-MmMHYC-rMnepoHAApPAbIH eMip cypy yakbiTbl TinTi 500 ece apTaabl! Eki adbdpexT

Te 3KCMepPUMEHTTE TEKCEPIAAILL

Kasipri 3aMaHfbl (h13MKaAbIK, BAEOMETTE aNTbIAFAH CYPAKTbIH KbiCKALLA WOAYbI GEPIATEH.
TyHiH ce3aep: AopeHL, peASTUBTIK TYPAEHAIPYAEpPI, CaAbICTbIPMaAbl TEOPUSCHI, MHEPLIMAAABIK,
CaHaK, XXyrneAepi, peAITUBTIK UMMYAbC, TOAbIK, SHEPrMs, MHBAPUAHTTbIK, Macca.

BBeagenne

Mexanuka HploTOHA, coOCTaBisioLIasi OCHOBY
KJIACCHYECKON (PU3UKH, SBIACTCS BEIHMYANUIITIM
JIOCTIDKEHUEM deioBedeckoro pasdyma. C ee mo-
MOIIIBI0 PaCCUUTHIBAIOTCS OpOUTHI HEOECHBIX Ted,
TPAeKTOPHH CaMOJIETOB U pakeT. Pa3sutne Qusu-
4eCKOW Teopuu K Hadaly XX BeKa MOKa3allo, YTO
3aKkOHbl HBIOTOHOBCKOW MEXaHUKU CTaHOBSITCS
HEMPUTOAHBIMUA B JBYX CIydasx: JJIs YacTHI[ Ma-
JBIX Pa3MEPOB U B CIIy4ae CUCTEM, ABIXKYLIUXCS C
OOJBIIIIMH  CKOPOCTSIMH, OJIM3KUMHU K CKOPOCTH
cBeta. B nmepBom ciiyuae mexanuka HpioToHa 3ame-
HSAETCS KBAHTOBOM MEXaHHMKOM, a BO BTOPOM — CIIe-
UAJIbHOM, WJIM YaCTHOM Teopued OTHOCHUTEIbHOC-
. OnucEIBaeMble TIOCIETHEN SBICHUS HA3BIBAIOT
PEAATUBUCTCKUMH.

OCHOBHOH BKJIaJ] B pa3BUTHE TEOPUU OTHO-
CUTENBHOCTU BHEC A.DUHINTEHH, XOTS HEKOTOPHIE
€€ HUIEH BBICKAa3bIBAIUCh U JIPYTUMU YUYEHBIMU,
takumu Kak Ilyankape, JlopeHu, MuHKOBCKHHA U
nop. YactHas (cmenuanbHasi) TEOPHUs OTHOCHUTEINb-
HOCTH Oasmpyercs Ha IBYX IIOCTyJarax, OTpa-
JKaBIIUX BCIO COBOKYITHOCTh U3BECTHBIX B TO BPEMS
SKCIIEPUMEHTAIbHBIX JAHHBIX:

1. CxopocTh cBeTa B BaKyyMe SIBISieTCS YHH-
BEPCAJIBHOM TMOCTOSIHHOM, HE 3aBHUCALIEH OT
IBYOKCHUS UCTOYHHKA WITH HAOITIOIaTels.

2. Bce 3akoHBI TpUPOABI B HMHEPIUATHHBIX
CHUCTEMaX OTCYETa, TO €CTh ABIXKYLIUXCA APYT OT-
HOCHUTEILHO Jpyra C IIOCTOSIHHOW CKOPOCTBIO,
MPOUCXOASIT OAUHAKOBO. HUKaKkuM OMBITOM BHYT-
PU OIpPEAENIEHHON CHUCTEMBI HENb3sl YCTAHOBHT,
JIBIDKETCS TaKas CHCTEMa WIJTH MIOKOUTCSL.

N3 3THX MOCTYJnaTOB MOKHO TMOJYYUTH DS
Ba)KHBIX BEIBOJIOB.

O#HmTerH [1] ObUT MEpBBIM, KTO 00CYXIal U
paspentmn napamoke OJU3HENoB, KOTOpeid B 1905
roJly OH HE paccMaTpuBall KaK MapajoKCaNTbHBINA U
CUUTANl €r0 CJIEICTBUEM OTHOCHUTEIBHOCTH OAHO-
BpeMeHHOCTH. OH TPUACPKUBAIICS ITOTO MHEHHS
mo 1914 roga. Opnaxo, B 1918 romy OifHIITEHH
BBIBUHYJI apTyMEHTBI 00 yCKOPEHHBIX CHCTEMax
OTCcueTa, KOTOpPHIE OTOIBUHYIM Ha 3aTHUN IIJIaH

€ro mepBoHadaibHOE penieHne. Ero mepBoHavab-
HBIE apTyMEHTHI OBITM IIOCTETIEHHO 3aHOBO OOHa-
PYKEHBI B IpoOIEccax MOCISAYIONNX JAUCKYCCUI
00 3TOM TTapamokce.

B pabote [2] omucwiBaeTcs MOIU(HUIIMPOBAH-
Hasi BEpCHUS MBICIIEHHOTO JKCIIEPHMEHTA IO Iapa-
JIOKCY ONM3HEIOB, Ha3BaHHAS «ITyTEHIeCTBYIOIIHHA
napajokc ONM3HENOoBY». B 3To#l Bepcuu OJIM3HEIBI
JBWDKYTCS HABCTpEUy IPYT APYTY Ha OJUHAKOBBIX
CPeICTBaxX MePEABMIKEHUS C OJMHAKOBO BBHICOKMMU
CKOPOCTSIMH M3 JIByX HAuYaJbHBIX TOYEK, PacIio-
JIO)KEHHBIX BAOJH OCH X ¢ KoopauHatamu +(L+AL)
u -({+Al), coorBercTBeHHO. bnm3Heus BHauaie
YCKOPSIOTCSA [0 CKOPOCTU V BIONb HISHTHYHBIX
myTeit muHBl AL KaKIbIid, 3aT€M OHU BBIKIIOYAIOT
JBUTATENH M JBWKYTCS JOPYT K APYTY C MOCTOSH-
HBEIMHU paBHBIMEH ckopocTsmu (v). [locie Toro, kak
OHHU TPOE3KAIOT MUMO JIPYT JPYra, OHU HA TaKOM
XKe TMYTH 3aMeISIOTCS W ocTaHaBiuBatoTcs. Ciie-
Hapuil 3TOW BEpPCUU MapajioKkca MOJHOCTBIO SIB-
JISICTCSI CHMMETPUYHBIM, MOpa3yMeBasi, 4TO HEBO3-
MOJKHO TIPEIIOYeCTh OJHOW CHCTEME OTCcUeTa APY-
I'YI0, Kak OBUIO CAENAHO B CIEIUAILHOW TEOPHH
OTHOCHUTEIBHOCTH ISl PEIIeHUs] Mapajokca Oim3-
HenoB. bonee toro, B maTEpBane (-, +{) cucrema
0TCYETa, CBSI3aHHAS C MYTEHICCTBYIONIMMU OIH3HE-
LaMH, SIBJsieTCs MHepuuanbHOU. IlomHas cummer-
pusl MyTEHIECTBYIONIETO IMapajoKca JO/DKHA MpH-
BECTH K CHMMETPUYHOMY PEIICHHIO, COTJIACHO
KOTOpOMY OJHM3HELbI epecekaroTcst B Touke x = 0
U MPU DTOM HAXOJAT APYr JApyra B OJUHAKOBOM
Bospacte. OpnHaKo, TPUMEHEHHE CIEIHATEHON
TEOPUU OTHOCHUTEIBHOCTH K pe3yJbTaraM HOBOM
BEpPCHUH TMapajiokca NPUBOAUT K IMPOTHBOPEUHIO,
COTJIaCHO KOTOPOMY KaXKIIbIM M3 OIM3HEIOB 3a(HK-
CHUpyeT 3aMeJICHHE BPEMEHH OTHOCHTEIHHO
JIpyroro OJIu3Hera.

B pabore [3] B paMkax CHEHHAIBHON TEOpUU
OTHOCUTEIIBHOCTH ~ TIPEIJIaraercsi  BO3MOXKHOCTB
OTIIPaBUTECA B IIyTeNIECTBUE B IIEHTP HAIEH
rajakTuKyl M Jake B KoHel Hamiell BceneHHOM B
paMKax Hamiero BpeMeHH m3HH. Ha ocHoBe xoporio
M3BECTHOTO Tapajiokca ONM3HEIOB, O0OCYKIaeTcs
PaBHOMEPHO YCKOPEHHOE /BIDKEHHE M YKa3bIBAeTCS
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JIOKaIbHASI TIEPCIEKTHBA KaKAoro ONM3Hena Kaca-
TENTPHO B3aWMHOTO OOMEHa CBETOBHIMH CHIHAJIAMHU
MEKITy oOoMMH ONM3HEIIAMH Takke KaK M HUX
Pa3IMYHBIN B3I HA 3BE3/THOE HE0O.

B pabote [4] maercss HecTaHIAPTHBIA BBIBOI
npeoOpazoBanuii JlopeHIia, KOTOPBIA MOKA3bIBAET,
4TO OHH MEpexoisIT B mpeobOpasoBanus [ amuies
npyu  nepeMaciiTabupOBaHUU  MPOCTPAHCTBEHHO-
BPEMEHHBIX KOODIMHAT U B CIABUI BPEMEHH, 3aBH-
CAIIETO OT MPOCTPAHCTBA. JTOT MOAXO 0OeCIIeyH-
BacT TEOMETPUYECKOE TIOHUMAHUE «HEMBICIH-
MOT0» MPHHIIUIIA OTHOCUTEIBHOCTH O TIOCTOSIHCTBE
CKOpPOCTH ¢) CBETOBOTO CHTHaja BO BCEX HHEp-
IUAITBHBIX CHUCTEMax. DJTO PENSTHUBUCTCKAS THUIIO-
Te3a MPOMLTIOCTPUPOBAHA IS CIIy4as UCTOYHHKA
CBETa, HaxoIfuierocss B Hadaie koopauHat O
LEHTPAJIbHON MHEPLUAIBHON CUCTEMBI oTcueTa S,
KOTOpasi MPOM3BOJUT H300paKeHHE HCTOYHHKA
CBETa B TOUKE, U CPEPHUECKH CUMMETPUUIHOE H30-
Opa)keHHE CBETOBOI'O CHTHAJIa B OKPECTHOCTH
TOYkH Hadajga (O(n) OSCKOHEYHOrO YHMCIIa HHEp-
[UAITBHBIX CHUCTEM S(7), ABMXKYIIUXCS OT CHCTEMBI
S ¢ pasasIMu ckopocTsmu V(n) < ¢y (CHHXpOHH-
30BaHHBIX B MOMEHT BpeMeHu ¢ = t(n) = 0, +/- n =
1, 2, 3, ..., ©). O6CcyX)mTar0TCs MapagoKChl PEIIATH-
BUCTCKOM JUIMHBI CTEPI)KHS, 3aMEJICHUS YacoB,
MacChl 4acTHUI] U OJHOBpeMeHHOCTH. Bce pensiTu-
BUCTCKHE (OPMYJIbI CPaBHUBAIOTCS C COOTBET-
CTBYIOIIUMU pe3yJibTaTaMHu (PU3UKU aOCOIIOTHOIO
MPOCTPAaHCTBA-BpEMEHH, KOTOpas IPEAToIaraet
CYIIIECTBOBAHUE CHCTEMBI-TIOIJIONKKH Sy KOCMH-
YecKoro Bakyyma (OIpenensieMoil H30TPOIMHBIM
pacmpocTpaHeHreM cBeta). Teopws aOCOIIOTHOTO
MPOCTPAHCTBA-BPEMEHN OCHOBaHA Ha 0000IICHHBIX
lannunel-koBapuaHTHBIX ypaBHEHHMsIX Makcsesia
JUIE  TPOU3BOJIBHOW  MHEPIMAIBHON  CHUCTEMBbI
orcuera S(r, t, W) CO CKOPOCTBIO TIOJIOKKH W
(aHM30TPOITHOE pacCIpPOCTpaHEHUE CBETa), KOTOPOE
cBoaUTCS K JIOpEHI-KOBAPUAHTHBIM YpPaBHCHHEM
Makcsenna B mpenene w = () (M30TPOIHOE pac-
MpOCTpaHEHHe CBeTa). AHaIOrm4HO, (GopMyIIbl
a0COFOTHOTO TPOCTPAHCTBA-BPEMEHH COJepKat
PENATHBUCTCKHE COOTHOIICHUS KaK CIIeIHATbHBIHN
cryqaii w = (. IlokazaHo, YTO peISITUBHUCTCKas
Teopuss (OTHOCHUTENbHO HaOJromarens co CKo-
POCTBIO V) COTJIACYeTCS C TEOpHEH abCOIIOTHOTO
MIPOCTPaHCTBa-BpEMEHH B ciiydasix (a) w = () TOUHO
(cucrema-TIoIoKKa C W3O0TPOIHBIM PacIpocTpa-
HeHueM cBeta) U (0) w MHOTO MeHblle, yeMm V'
(CHCTEMBI-KBAa3HIIOMIIOKKH C KBa3HMHU30TPOITHBIM
pacupocTpaneHneM cBeta). IIpomecc n3mepeHwmit
lamuiies B mpOUM3BOJBHBIX HHEPUUAIBHBIX CHC-
Temax S(r, t, w) OOBSACHSACTCSA TPH PACCMOTPEHUHU
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¢usndeckoro (B3aUMOJEHCTBUS C  MOJJIOMNKKON)
COKpAIIeHHS JUTHHBI U3MEPSIIOIIEr0 CTEPXKHS, CKO-
pPOCTH 3aMeIICHHS M3MEPSAIONNX YacoB, C IPOU3-
BOJILHOM CKOPOCTBIO Vg = V — W = inv OTHOCH-
TEJIBHO MOAJIOKKHU Sp. CpaBHEHUE C HECKOJIBKUMU
skcnepuMenTtamu (Maiikenscona-Mopnu, Kenne-
nu-Topupaiika, MapunoBa, UepenkoBa, CaHbsika,
Aaponoa-boma, aHOMaJNBHON OJHOIOJIIPHON HH-
IYKIMHA, KOCMHYECKOTO MHUKPOBOJIHOBOTO H3ITyde-
HUS, YBEJIHYEHHUS BPEMEHU >KH3HH MIO-ME30Ha,
raMMa-u3Jy4eHns] YacTHUI] CO CKOPOCTSIMH V OJH3-
KHMHU K CKOPOCTHU Cgp) B TEOPETHUYECKUMU apTyMEH-
TaMu (TO €cTb, TEOPHH aOCOJIOTHOTO MPOCTpaH-
CTBa-BpeMEHH M3 KIIOYEBHIX OKCIIEPHUMEHTOB,
OCHOBAHMSI PEJIITUBUCTCKOW KBAaHTOBOM MEXaHHUKH
Y KBaHTOBOW DJIEKTPOJMHAMUKH), TOKA3BIBAET, YTO
¢usnyeckue ocHOBHI JlopeH-nipeoOpa3oBaHuid
OKa3bIBAIOTCS COMHHTEILHBIMU, M DPACXOXKICHUS
COBpeMEHHOH (DM3HUKU CBA3aHBI C TPUHYIUTENb-
HBIM BBeJleHHeM JIopeHII-KoBapHaHTHOCTH.

B paGote [S5] u3yuaercs pacmaj IBUXKYLICHCS
CUCTEMBI Ui ClTydasi, KOrJla CHCTeMa W3HA4aIbHO
HAXOJWJIaCh B COCTOSIHHM CYIEPIIO3UIMU JIBYX,
MOYTH OPTOTOHANBHBIX, HECTAOUIIBHBIX KBAaHTOBBIX
cucteM. BepostHOCTh BEDKHBaHUA (P — p(t)) ome-
HEHa JJIs KOPOTKOTO | MPOAOJDKUTENEHOTO BpeMEH
JKU3HU B CHCTEME OTCYeTa, TJIe HEMOJBUKHAS
cHCTEMa JIBIDKETCS C MOCTOSIHHBIM HMITYJIBCOM p.
[TnoTHOCTH pacmpeneneHusi Macchl, KOTOpbIe OIH-
CBIBAIOT JIBA HECTAOMJIBHBIX COCTOSHHUS CYIEepITO-
3UIUH, TIPOSIBIISTIOT TOPOTH BOJIM3W HEHCUE3AIOIIHX
HIKHUX TpaHull cmektpa macc (0,1) n p(0,2).
Eciu »Tu 1Be HIDKHUE TPaHMIBI COBIAJAIOT, IPO-
JIOJDKUTEIBHOCTh CYIIECTBOBAHUS HA MPOJOIDKH-
TenbHOe BpeMs (P — p(?)) moka3bpIBaeT JOMHHAHTH-
BIi 3aKOH pacmajga Kak oOpaTHas MOIIHOCTb U
NPUOITU3UTEIBHO OTHOCHTCSI K BEPOSTHOCTH CY-
niecTBoBaHus B okoe (P — 0(t)) uepe3 3amenjicHre
BpeMeHH. MacmTaOupyomuidi MHOKATENb (P, 1)
umeer kKopeHb I + p(2)/u(2)(0,1). Ecnu HuxHUE
rpanunsl 1(0,1) n p(0,2) orawyaioTcs, TO JUIA
BEPOSTHOCTH BBDKUBaHUA (P — p(?)) HabmoaaloTcs
3aTyXxamiue KojebaHusi B TEUYEeHHE JIOJNTOro Bpe-
MEHH W MAaCIITa0HbIE CBSI3M Pa3pyIIAOTCA. OTH
OCHWJUIAMY OrubaroTcs mpoduiieM 3akoHa oOpat-
HOM MOIIHOCTH, KOTOPBINA OIpeesieTcs Mopo-
ramu. V3MeHssl cucTeMy OTcueTa, MEePHUOJ OCIIHJI-
nsui B mokoe (77— () mepexomut B OoJiee MONTHIN
nepuox (T — p) cornacHo (hakTopy, KOTOPBI ecTh
yCpeIHeHHoe cpenHee dakTopoB y(p,1) u x(p,2) c
HeHOpMHpoBaHHBIME Becamu  (0,1) u  u(0,2).
Konebanmst mcue3aroT B yIBTPapelsiTHBUCTCKOM
npejene.
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B pa6ote [6] n3ydeHbI CBOMCTBA MO3THETO Bpe-
MEHHU OKU3HH JBIKYLIUXCS  PEISITUBHUCTCKHUX
yacTull. B paMkax coOCTBEHHOTO PENIITUBUCTCKOTO
paccMOTpEeHus 3a/lauy HalJIeHbl KPUBBIE paciaga u
MI0Ka3aHO, YTO OTKJIOHEHHE MO3/HEr0 BPeMEHHU Be-
POSITHOCTH BBDKMBAaHUSA STHUX YACTULl M3 JKCIIO-
HEHIMATbHOW (OpPMBI 3aKOHa pacmajga, TO €cTh
WHTEPBAJl BPEMEH Iepexona MeXIy OJKCIOHEH-
OUATPHOH W HEIKCHOHEHUIMAIBbHOH  (opMmamu
aMIUTATYIbl BBDKHWBAHWS, IPOUCXOTUT HAMHOTO
paHbIlle, YeM 3TO CIEAyeT U3 KIaCCHYECKOro CTaH-
JAPTHOTO MOJX0/a, U CBOJUTCS K 3aMEHE BPEMEHH
t Bpemerem t/y(L) (tme ¥L) — pENATUBHCTCKUI
Jlopenir nHBapuaHT) B (QopMyIie Ui BEPOSITHOCTH
BeDKHMBaHUA. CIlieICTBHEM SIBISIETCA TO, 9TO (PIIyK-
TyalMd COOTBETCTBYIOLIEH KPUBOM pacnaaa MOTYyT
MOSIBUTHCSL HAMHOTO paHbIlle M HAaMHOTO OOJIbIIe
HECTaOMIBHBIX YaCTHUI] UMEIOT BO3MOXXHOCTH BEI-
JKUTH JI0 3THUX BPEMEH U Mo3Hee. Takxke MmokazaHo,
41O (PIYKTyallud MTHOBEHHOW SHEPTUU JBHKY-
[IMXCS HECTAOMIIPHBIX YaCTHI[ MMEIT MOJO00HYIO
dhopMmy kak GIYKTyallHd B CHCTEME ITOKOS dYac-
THUIBI, HO OHU BUIHBI HAOJIIOAATENIO B €0 CUCTEME
[IOKOSI HAMHOTO paHblIe, YeéM MOXET BHUJETh
Jpyroii MpH 3aMeHe BPEMEHH ¢ BpeMeHeM #/y(L) B
COOTBETCTBYIOIIMX BBIPAXCHHUAX I JTOW JHEp-
THH, U aMIUTATYIa 3THX (QIIYKTyannid MOXKeT ObITh
Jaxe OOJpIe, YeM 5TO CIIeAyeT W3 CTaHJapTHOTO
nonxona. Bece 3TH 3QeKThl OKa3pIBAIOTCS Bax-
HBIMH, KOTJIa WHTEPIPETUPYIOT HEKOTOPBIE IKCIIe-
PUMEHTBl Ha YCKOPHUTENSAX BBICOKHMX OSHEPruil
HECTaOWJILHBIX YacTHL M  IPOaHaIM3HPOBaHBI
MoI0OHBIE BO3MOXHBIE CBSI3U 3TUX A(H(EKTOB ¢
GSI aHoManmeW, W HEKOTOpHIE pE3YJIHTATHI
acTpopU3NICCKUX HAOIIOACHUH.

B ocHoBe paboThI [7] JIEKHUT JOTHUECKUHN TTOA-
xon. PaccmarpuBaeTcs mpupoaa BpeMEHH C JABYX
MEPCTIEKTHB: BpeMs TOTAa, KaKk OHO BOCIPHHH-
MaeTcs, M BpeMs TOrJa, Kak OHO CYIIeCTBYET,
KOrJa OHO HE BOCIPUHUMAETCS, UJIU HE MOXKET
ObITh BoctipuHATO. [lepBhIii mocTyaaT DHHIITEHHA
HE KacaeTcss BpPEMEHH, KOTOpOE€ HE MOXKET ObITh
BOCHpUHATO. BTOpoil mocTynar DiHIITEHHA OMpe-
JIENIIeT CKOPOCTh CBETa KaK KOHCTaHTY, KOTOpas
OlHA W Ta XK€ JUI1 BceX HalOmrojaTenei; TakuM
00pa3oM, CKOPOCTh CBETa HE 3aBHCHUT OT CHCTEMBI
OTCYeTa, B KOTOpOH OHa BocnpuHUMaeTcsa. CMBICHT
STOM pa3sHULBI B TOM, YTO COTJIACHO CHEIUATIbHON
TEOpUH  OTHOCUTENBHOCTH TPUpOJa BpPEMEHH
BOCTIpUSITHSI HE OIHA W Ta JX€, YTO W TPHpPOJa
BpEMEHH, KOTOPOe He BOCHPHUHUMAETC. 311eCh JI0-

MyCKAaeTCs, YTO TAK)KE KaK U MaTEePHs MOXXET MOJ-
pa3nenaTsCs Ha BOCIPHHUMAEMYIO PEalbHOCTH U
(PMBUYECKYI0 peallbHOCTh, BPEMs TaKXe MOXKET
MOAPA3IETATECS Ha BpPEMs, KOTOPOE MBI BOCIPHU-
HUMaeM (BpeMs BOCIIPHUITHSA) U Ha BPEMs, KOTOPOE
MBI MHE MOYKEM BOCHPHHATH ((DU3UIECKOE BpEMs).
dusndeckoe BpeMs OMHKHO HMMETh XapaKTEepHUC-
THKH, KOTOpPbIE HE 3aBHCAT OT BOCHpusatusi. B
(hm3ugecKoM BpEeMEHH, BCE COOBITHS TPOUCXOIAT B
«HacTosmui» MoMeHT. Hactosiiee mnpoucxomut
OJIHOBPEMEHHO NoBCIoAy Bo Beenennoit. OHO cuH-
XPOHU30BAHO, M €CTh KOHCTaHTA, Ybs IPOJIOJI-
JKUTEIBPHOCTh paBHA BpeMmeHH [lmanka, KOTOpoe B
9TOM paboTe 0003HAYAETCS KaK «THK» WM CHTHAIL
AOCONIOTHOE BpeMsi CYIIECTBYeT M COCTOUT U3
HENpPEpHIBHOW, HECKOHYaeMOW IOCIe0BaTEIh-
HOCTH THKOB (CHTHaJIOB). 3aMmeJIeHHe BpEeMEHHU
ATO TOXE AacCHeKT (U3UYECKOTO BpeMeHH. Yem
OpIcTpee OOBEKT IBIDKETCS B TPOCTPAHCTBE, TEM
JoTIbIIe OHO JKuBeT. [locKoNbKy 3aMesieHue Bpe-
MEHHU BBI3BAaHO CKOPOCTBIO, C KOTOpPOH uacTuiia
JBIDKETCS B TIPOCTPAHCTBE, B ATOW paboTe mpen-
Jlaraercs, 4To 3aMe/JIeHHe BPEMEHH €CTh Pe3ylib-
TaT B HACTOSIIEM JBIKCHHSI YacTUIBI JTMOO B
MPOCTPAHCTRBE, JIMOO BO BpeMeHH. PerieHue oTHO-
CUTENBHO CHIETTaHHOTO BEIOOpAa OCHOBAaHO Ha Be-
POSITHOCTH, 2 IMEHHO, Ha CKOPOCTH YaCTHUIIBL, Jie-
JICHHOW HAa CKOPOCTh CBeTa. JTO MOJpa3yMeBaerT,
YTO CKOPOCTh OOBEKTa B MPOCTPAHCTBE €CTh
BEPOSITHOCTb.

B pabote [8] mpencraBiseTcs HOBOE OTpene-
JieHre COOCTBEHHOTO BpPEMEHH, KOTOpOe OOheIu-
HAET BCE (YHIAMCHTAJIbHBIC B3aUMOJCHCTBUS
Takke Kak W neayro rpymnmy Ilyankape. Hosoe
orpeneseHne COOCTBEHHOTO BPEMEHH CBOJHUTCS K
OOBIYHOMY ONpEJEIICHUIO, KOIJla HE paccMmart-
pUBaeTCA KaK HUKAKOE€ M3 B3aUMOJIEHCTBHI KpoMme
IPaBUTAI[MOHHOTO, TaK M HUKaKas HOBasl IpyIa
(tTakas xak Jlopenm) mpeoOpazoBanuii. OOBsC-
HseTCS (PU3UYECKHIl CMBICI 3TOTO HOBOTO OIIpe-
JICIICHUS], U JTAIOTCS TPEANONIOKECHUS IS SKCIIePH-
MEHTA C IEJIBI0 TIPOBEPKH ITOTO OIPEACIICHUS.

IIpeodpa3oBanus Jlopenna

B HprOTOHOBCKOM MEXaHHKE CUMTaJIOCh, YTO
BpeMs TE€UET OJMHAKOBO IS BCEX HAOIIOIaTEIICH.
CBsi3p BpeMEHH W KOOPIMHATHI IS ABMIKYIIETOCS
W HEMOIBIKHOTO HaONrofaTens UMeeT BUJ
(paccMaTpuBaeTCs ABMKEHHUE BIOIL OCH X ):
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31ech U — CKOPOCTb JBUXKYIIEHCS CUCTEMBI.

OTo KIaccHdeckue NpeoOdpa3oBaHusl KOOp-
quHat lamwied. B pessiTUBUCTCKOM Ciy4yae Mbl
JIOJKHBI U3MEHUTH CBS3b MEXKy KOOPAUHATAMH:

!’

x=]/(x+l)-l‘), (1)

rie ¥ — MHOXMHTENb, CTPEMALIMHCS K EIUHHLE

P MaJBIX CKOPOCTSIX U .

B cmyuae oOpatHOoro mpeoOpa3oBaHHs KOOP-
JIUHAT MEHSETCS TOJBKO HANpaBlICHHE CKOPOCTH U
MbI IMEEM aHaJIOTHYHOE PABEHCTBO:

x=7/(x'—u-t'). )

Bemnuuny ¥ B Beipaxenusix (1) u (2) nerko
HaiTH U3 TpeOOBaHUS PAaBEHCTBA CKOPOCTH CBETa B
! !
o0enx cucTemMax KOOpAWHAT: X =cClfu X = ct

ct' =y (ct+ut)

ct =y(ct'—ot') ©)
[epermmmewm (3):
ct'=yt (c + U)
yt'(c—v)=ct @

14 o
OrTcroma, CKIroYas [ U [, HalaeM

W3 mepBoro ypaBHEHHS B cucTeMeE (4) MOTyIIM

1+ 2
¢ __
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Takum 00pa3oM, MbI TPUXOJUM K XOPOIIO
W3BECTHBIM PEJSTHBUCTCKUM TPeoOpa30oBaHUIM
Jlopenna:

)

3HaK + WIM — B BBIpAXEHWIX I X U t° 3a-
BHUCHUT OT TOT'0, B KAKOM CUCTEME, IBUKYIIEUCS WU
HOKOSIILeiics, HAXOAUTCS] HAOII0AATElb.

B Teopun OTHOCHTENBHOCTH, KaK U B KIJIACCH-
YecKOW MeEXaHWKe, Uil 3aMKHYTOH (u3ndecKon
CHCTEMBI COXPAHSIOTCS HMMIYJIbC J W TOJHAs

sHeprus E. OnHaKo, peNsTUBUCTCKHE BBIPAXKEHUS
Ui HHAX OTJIMYAKOTCS OT COOTBETCTBYHOLIUX
KITACCHYECKUX:

p=—F77 (6)

B nokosmeiicss cucreme orcuera (U =0)
SHEPrus Tena

2
E,=mc". (7)

Orto osHeprus mokos. [lannyro dopmymny
O#HmTElHa Ha3bIBAIOT 3aKOHOM  ITPOIMOPIIUO-

HaJIbHOCTH (9K8UBANEHMHOCMU) MACCHI U SHEPTHH.

N3 cootHOmEHM# (6), BO3BOIS UX B KBaApaT U
UCKII0OYasg U, TOJIY4YUM CBA3b MEXKIYy MOJHOU
SHEPTUEN U UMITYJIBCOM

E*=p’c®+m’c". (®)

Yamie Bcero 3T0 COOTHOIIEHUE TIPEICTABISIOT
B BHUJIE

E*—p’c* =m’c*. (8"



Kycynos M.A. u np.

Bce npuBeneHHble (GoOpMysbl SBISIOTCS He-
MPOTHBOpeUnBEIMH.  Hampumep, KuHeTHUYecKas
SHEPTHsS paBHA PA3HOCTH TOJTHOW DHEPrHUU U
SHEPTHH TTOKOS:

EKuH :E_EO :mcz 55
1-0°/c?

| )

Pasnarasi mepBoe cnaraeMoe B KBaJIpaTHBIX
CkoOKax B psam 1o OwHomy HeloToHa wu

OI'paHUYHUBasAChb MaJIbIMHU YJICHAMHA nopsAaaka
2\, 2
v lv
(v*/c?) 1-5 | =l+=5. U us (9)
, HIMCECM c 2c
mo*

umeem FE = , KaK ¥ JOJDKHO OBITh B

HCPCIATUBUCTCKOM Cliy4dac.
I/IHBapI/laHTHOCTb MacCcChbl

B Hacrosmiee BpeMsi BO MHOTHX IIKOJBHBIX H
HEKOTOPBIX BY30BCKUMX Yy4eOHUKax 1o oOrien
¢usuke W, 0COOCHHO B HAYYHO-TIOMYJISAPHOM JIH-
TepaType, COJCPIKUTCS MHOXKECTBO OIpEAeIICHHI
Macchl YacTHIl: Macca MOKOsI My, PENATHBUCTCKAs
Macca, Macca JABW)KCHISI, TIOJHas Macca u T.1. [9].
B ocHoBe 3THX oOmpeneleHuil JIeKUT 3aBOpa-
JKUBAIoIIasi BOOOpaXkeHue hopMya:

B KOTOPOH Mo Ha3bIBAIOT MAcCOU MOKOSI.

OnmHako B CEphE3HOM HAyYHOH JUTEpaType
YHOTPEOIISIeTCS TOIBKO MOHSATHE MAaCChl YACTHIII 11
[9, 10]. Ono momy4aercs W3 PEIATHBUCTCKOTO
BbIpaXeHHUs (8), CBA3BIBAIOIIETO MOJHYIO 3HEPTHUIO
u umnyiec. 13 Hero cienyer, 4To Macca SIBIsIeTCs
WHBapUaHTHON BEJIIMYMHOW, HMMEIOLIMUNA OJIMHAKO-
BBIN BUJ] BO BCEX CUCTEMaX KOOPJUHAT.

Macca He 3aBUCUT OT CKOPOCTH JABUKCHHS
YACTHUIIBI, Macca M30JMPOBAHHON CHCTEMBI COXpa-
Hsiercs. Ho w™acca He oOmamaer CBOHCTBOM
agautuBHoctd. Hampumep, macca sapa He paBHa
CyMME MAacC COCTaBISIOIIUX €ro HYKJIOHOB.

VIMEeHHO 3TO CBOWCTBO JISKHUT B OCHOBE SICPHOMU (1
TEPMOSICPHON ) SHEPTETHKHY.

O6o3HaueHne Ey SBIsIETCS Pa3yMHBIM, TaK Kak
SHEPTUS 3aBUCHUT OT CHUCTEMBI OTCUETAa U HHICKC
HYyJIb YKa3bIBAET, YTO B ATOM CIIy4ae 3TO SHEPTUS B
cucreMe mokos. Ho Torma ob6o3HaueHwe my
HEMPUEMJIEMO, TaK KaK Macca HE 3aBHUCUT OT
CUCTEMEI OTCUETA.

B cBa3u ¢ 3TMM yTBepkIeHHE 00 OSKBHBa-
JICHTHOCTH SHEPTHUHM M MAaCChl, KOTOPOE TaK JIOOAT
(bumocodrl, He SABIAETCS BEpHBIM. JIeHCTBUTENBHO,
BCEr/a, KOTr/a €CTh Macca, €CTb U COOTBETCTBYIO-
mas efl sHeprus nokost Ey = mc?. Ho ne BCerja,
KOT'JIa eCTh dHEPTHs, eCTh Macca. Hampumep, macca
(hoTOHa paBHA HYIIIO, a SHEPTUS €r0 OTIMYHA OT
HyJI. DHEpruHd YacTUI] B COBPEMEHHBIX yCKOPH-
TEJSIX MOTYT Ha MHOI'O TOPSJIKOB IPEBBIIIAT UX
Maccy.

Takum 00pa3oM, MOXHO TOBOPUTH TOJBKO 00
SKBUBAJICHTHOCTU MACChl U SHEPTUU MTOKOSI.

Bompocs! 3T coBceM He TpUBHANBHEIE, TaK Kak
B pa3HOE BpeMs Jake TaKhe KIACCHKU HayKH, KaKk
M. bopu [11], P. ®eitaman [12, 13], JILA. Jlangay
[14], u mp. momycKaay HAIMYXAE MACChHl, 3aBUCSIIICH
OT CKOpPOCTU. DTO OBLIO CBSI3aHO C Pa3IMYHBIMU
npuunHamu. Tak, M. bopn B Havaie 20 Beka,
KOIJla €Ile¢ TEOpUs OTHOCHTEIBHOCTH HE cdop-
MHpOBajach B OKOHYATEIEHOM BHUJE, OIIHOOYHO
WCTIONB30BAN ISl HMMITyJIbCa B PEIATUBHUCTCKOM
o0JacTi 3HEPruil HHIOTOHOBCKOE (HEPEISITUBUCT-
CKO€) BBIPOXKEHUE P = MO.

P. ®deitnMan B Hay4YHO-TIONMYJISApHOM KHuUTE [12]
TOBOPUT O TOM, YTO ‘‘IBUTAasCh, T€Ja CTAHOBSITCS
Tspkenee”. B 3HameHUThIX DEeHHMaHOBCKHUX JIEK-
ousX 1Mo (PM3HKE TOHSITHE PENATUBHUCTCKOM MAacChI
MOJIOXKEHO B OCHOBY TJIaB, MOCBSLICHHBIX TCOPUU
OTHOCHTENBHOCTH. B  momymnspHoit  Oporrrope
JLA. Jlanmay u }O.b. Pymepa [14] omna u3 rias
MOCBAIIEHA Macce, pacTylled CcO CKOPOCTHIO.
«YactuaHoe OOBSCHEHHWE OTUM MPHUCKOPOHBIM
¢dakram», — numet JI.b. Oxyns [10], Hago uckats B
TOM, 4TO JlaXKe Beludaiiime GU3NKA, epexoast OT
HAay4yHON JIESITENBHOCTH K MPOCBETUTENIbCKOM,
MBITAIOTCS TIPUCIIOCOOUTHCS K CO3HAHHIO IIHPO-
KOTO Kpyra 4YuTareleil, BOCHHTAHHBIX Ha

2
onpenenenuu m=FE /¢ ».
Bpemst skn3nmu Me30Ha
Ecnmu 0003HauuTh 70 = £ — 1 — MPOMEKYTOK

BPEMCHH B HENOJBWXHON cUCTeMe (7o Ha3bIBAIOT
COOCTBEHHBIM BpPEMEHEM), TO B JBIDKYIICHCS
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CUCTEME TOT K€ IIPOMEKYTOK thz'—tl', h U3

dbopmyn (5) momyumm: 7 = yr9. CormacHo (6),

E
y = > Taxum oOpazom, Bpems B IBHKYIIEHCS
mc

cucteMe TedeT MemiieHHee. OTcClojja BO3HMKAeT
M3BECTHBIM «Mmapamokc Onm3HernioB» [15]. Ecmm
ovH 13 OJM3HEIOB OCTaHeTCs Ha 3emiie, a BTOPOH
yJleTaeT Ha KOCMHYECKOM Kopabie, IBIKYyLIeMCs
CO CKOPOCTBIO, CPAaBHUMOW CO CBETOBOW, TO, TO
BO3BpAIllecHUN Ha 3eMJIIo, YJIETaBIIUK OIHM3HEI
BCTPETUT CBOETO Opara, BBIMNIAJEBIIAM TOpas3zio
Oonee crapmie. B neiicTBUTENBHOCTH, TPOBEPHUTH
9TOT 3QQEKT BPAI U BO3MOXKHO, TaK KaK cUCTeMa
nepecraeT OBITh MHEPIMATBFHOW Ha TPH KOPOTKUX
MPOMEKYTKa BPEMEHU: IIPU pa3sroHe KOCMUYECKOT0
Kopabisi, MpH €ro IOBOPOTE Ha3ag M TPH €ro
TopmokeHuu. llpaBma, B cymme 3TH TpH Tpo-
MEXyTKa ropa3zio MEHbIIIe BPEMEHH BCETO IOJeTa
KOCMHYECKOTO KOpaOisi. YcloBHE WHEPIHATh-
HOCTH HE HapyLIUTCS, €CId paccMaTpUBaTh JBH-
JKeHHE OBICTPBIX HECTaOWIIBHBIX YacTHIL, HamlpH-

Mep, A -Me30HOB. Macca ux m #cz =106 MaB.

Bpemst sku3HH [/ -Me30Ha B HEMOJBIKHOM CHC-
,6 —
teme 7,=2,2-10" cexynn. 3a sTo Bpems [ -

MC30H, ABUTAACb CO CKOPOCTBIKO CBCTAa, HpOﬁI{CT

cM -

7,c=3-10""——:2,2-10"cex = 660M.
CeK

OnHako, OKa3aJoCh, YTO HAa 3THX M JaXKe TOpaszio

OOJBIINX pacCTodHUAX B 3-4 KM HMHTCHCHBHOCTH

MyTh

mydka OBICTPBIX [/ -ME30HOB C »Heprued £ = 1
I'>B npakrthueckn HEe H3MEHSETCS, TaK KakK JUIs
MooOHBIX 4 -Me30HOB ¥ ~ 10 u cpeaHee BpeMms

JKM3HU BO3pAaCTaCT HA MOPAAOK. Takum O6p330M, B
mpouecce MU3Iy4YCHUA paJuOaKTUBHOIO pacraga

/4 -ME30HOB OBLIO IONYYEHO OJHO M3 CaMBIX

yOeouTeNnbHBIX  JJOKa3aTeNbCTB  CHPABEAIMBOCTH
BBIBOJIA CIELUAIBHON TEOPUU OTHOCUTEJIIBHOCTU O
3aMeJUIEHUN BpEeMEHU B JIBHXKYylIelica cucrteme. I1o
BociomuHaumsiM B. ['eiizenOepra, skcmepumeH-
TaJbHOE J0Ka3aTeNbCTBO 3aMEJJIEHUS BPEMEHU
JKU3HH OBICTPO JABKXKYIIHMXCS ME30HOB CIAcjo
CTOPOHHUKOB ~ TEOPUM  OTHOCUTEIBHOCTH  OT
TOHEHUI CO CTOPOHBI TEPMAHCKOr0 MPaBUTEILCTBA
B xoHIte 30-x roxoB XX Beka.

3akaouenune

B nacrosimee Bpemst 3¢dexT 3ameyIeHus Bpe-
MeHH UIsI  OBICTPO  ABIDKYIIMXCS  YaCTHIL
UCHOJB3yeTCd U1 CO3/IaHusl MYYKOB THUIIEPOHOB.
Tak, manpumep, npu sHeprun 600 B (kotopas
nmocruraercs Ha ' 3BaTpoHe B mabopaTopuy UMEHH

depMu) BpeMs KU3HH 2 -TUIIEPOHOB, MMEOIIHMX
Maccy myc® = 1,2 9B, Bo3pacTaeT OT 3HaueHHit

7,=1,5-10"cex o 7=7,5-10"cex, 10 ects

B 500 pa3! biaromapst 3ToMy OHH, IBHUTAsICh TIOYTH
CO CKOPOCTBIO CBETA, MOTYT MPOJIETATh PACCTOSIHUC
B 22,5 METpoB, 4YTO BIOJHE JOCTATOYHO IS
dbopmupoBanus u3 HuX mnyuyka. OTMETUM TaKKe,
YTO 3aBUCHMOCTH (6) TIOTHOW SHEPTUH U UMITYJIbCca
YaCTHUI[ OT CKOPOCTH YYHUTBIBAIOTCS IPH CTPOH-
TENBCTBE BCe 00JIee MOITHBIX YCKOPUTEIEH.

B mnocnenyromeit myOnwkanmmu HamMu  OyaeT
o poOHO TIOKa3aHO, KaK OMpeAeNIeHne MacChl Kak
WHBApPUAHTHOW BEIMYUHBI TIO3BOJHUT IPOCTHIM
00pa3oM HaXOAUTh XapaKTCPUCTUKUA Pa3IUYHBIX
AJIEpPHBIX TporeccoB [16, 17].

Asmopbr  sbipadicaiom  2nybokyio  brazooap-
Hocmob npogeccopy B.B. Kawkaposy 3a nonesmvle
obcyocoenust pabomeol.

Paboma ewvinonnena npu noodepoicke I panma
Munucmepcmea Obpaszosanusa u Hayxu PK Ne
AP05132952.
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METOAbI PACHETA MATHHUTHOT O INMOAS4
BPALLIAIOLLLETOCSl PACTIPEAEAEHUSA 3APSIAA
CO COEPNUYECKON CUMMETPUEN

B paboTe paccmMaTpuBaloTC METOAbI HAXOXKAEHMS MAarHUTHOMO MOAS BPALLAIOLWENCS U PaBHOMEPHO
3apskeHHom cpepbl. Oco60e BHUMAHNE YAEASIETCS OTHOCUTEABHO HOBOMY TaK Ha3biBAEMOMY METOAY
MapLua, KOTOpbI MOXET 6biTb MCMOAb30BaH AAS LUIMPOKOTO KAACCa 3aAay. AaHHbI METOA MO3BOASIET
AErko HanTn peweHna AA9 3aAaY CO CAOXKHbIMU YCAOBUAMMN. 3Aer METOA NPUMEHAETCAa K MPOCTOMY
chepryecKo-CUMMETPUYHOMY CAYYalo, PeLUeHNs KOTOPOro M3BECTHbl. Bce BbIUMCAEHMS MoKa3aHbl
NMOAPOGHO, C MOAHbIM Pa30GOPOM AHAAMTUUECKUX BbIKAAAOK. [TPUBOAMTCS CpaBHEHUE W3BECTHbIX
METOAOB HaXOXAEHWS MarHMTHOTO MOASl BPALLAIOLLUMXCS 3apsi>keHHbIx cdep. NokasbiBaeTcs, Kak C
NMOMOLLBIO METOAQ Maplua MOXKHO MOCTPOUTb CUMAOBbIE AMHUM MarHMTHOIO MOASl B MPOrPaMMHOM
nakete «Wolfram Mathematica». PaboTta npecaeayer neaarormyeckme LeAn 1 MocBslLeHa CTyAeHTaMm,
MarncTpaHTam, AOKTOpaHTam M MOAOABIM CMELMAAUCTaM BbiCLIero y4yebHOro 3aBeAeHus Mo
CrneumaAbHOCTIM PU3KKa, dAepHas our3mka M aCTPOHOMMSL.

KAtoueBble cAOBa: MarHMTHOE MOAE, YPaBHEHNsI MakCBeAAQ, ypaBHeHMe Aarnaaca, MeToa Mapuua.

Beisenov B., Boshkayev K.A.", Brisheva Z.N., Zhami B.A.,
Kalymova Z.A., Kuanyshbayuly E., Urazalina A.A.

NNLOT, Al-Farabi Kazakh National University,
Kazakhstan, Almaty, “e-mail: kuantay@mail.ru

Methods for calculating the magnetic field
of rotating charge distribution with spherical symmetry

The paper considers the methods for finding the magnetic field of a rotating and uniformly charged
sphere. Special attention is drawn to the relatively new so-called March method, which can be used for
a wide class of problems. This method makes it easy to find solutions for problems with complex
conditions. Here the method is applied for a simple spherically symmetric case, the solutions of which
are known. All calculations are shown in detail, with a full analysis of analytical calculations. A
comparison is made with the known methods for finding the magnetic field for rotating charged spheres.
It is shown how using the Marsh method one can construct force lines of the magnetic field in “Wolfram
Mathematica” package. The work pursues pedagogical goals and is dedicated to students,
undergraduates, Ph.D. students and young specialists of higher educational institutions in the specialties
of physics, nuclear physics and astronomy.

Key words: magnetic field, Maxwell equations, Laplace equation, Marsh’s method.

beincenos b.Y., bowkaes K.A.", bpuwesa X.H., XXomun b.A.,
KaabimoBa X.A., KyaHbiw6anyabl E., YpasaanHa A.A.

ATYH3, an-Dapabu aTbiHaaFbl Kasak, yATTbIK, YHUBEPCUTETI,
KasakcraH, AAmarsbl K., “e-mail: kuantay@mail.ru

Cdbepanblk CUMMETPUSIAbI YAECTIPIAreH aifHaAMaAbl 3apSIATbIH,
MarHuTTiK epiciH ecenTey aaicTepi

JKymbIcTa aiiHaAMaAbl keHe 6ipkeAki 3apsiaTaaraH cdepaHbiH, MarHWAT epiciH Taby aaicTepi
KapacTtbipblAaabl. CaAbICTbIpMaAbl TypAe >KaHa Maplu saiciHe epeklie Hasap ayaapblAaabl. OA KeH,
ayKbIMABI MBCEAEAEPre KOAAAHbBIAYbI MYMKiH. ByA 8AIC KypAeAi kaFaariaapra 6aiAaHbICTbI ecenTepAi
ey Ai xxeHiaaeTeal. XXymbicTa aAic wewimaepi 6eAriai kapanaibiM cpepanblk, CUMMETPUSIAbIK, Kaf-
AaiiFa KOAA@HbIAAAbIL. BapAbiK, ecenTeyAep aHaAMTUKAABIK, OPHEKTEPAI TOABIK, TaAAQY apKblAbl HAKTbl
KepceTireai. MaruuT epicii TabyablH GEATiAl DAICTEPIMEH CaAbICTBIPY XKYprisireai. Mapiu aAiCiHiH
kemerimeH «Wolfram Mathematica» 6arAapAamanblk, MakeTiHAE MarHUT OpICiHiH Kyl CbI3bIKTapbiH
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KaAalm TyprbidyFa 60AaTbiHbl KOPCETIAAL. YKYMbIC MEeAArormkaAblk, MakCaTTapAbl KO3AEWMAl >koHe

>KOFapbl OKY OPbIHAAPbIHbIH, CTYAEHTTEPIHE, MAarMCTPAHTTapbIHA, AOKTOPAHTTapbIHA >KOHE XKac MamaH-

AapblHa, OAAPAbIH iWiHAE hr3MKa, SAPOAbIK, (PU3MKA >K8HE aCTPOHOMMS MaMaHAbIKTapbiHa apHaAFaH.
Ty¥iH ce3aep: MarHuTTiK epic, MakcBeAA TeHAaeyAepi, AanAac TeHaeyi, Mapiu aaici.

BBeaenne

MarsuTtHoOe ToJie MpeACTaBsieT COO0H OJUH U3
BU0B MaTepuu. OHO obOnanaer sHepruei, Koropas
nposiBsieT ce0s B BUIE AJIEKTPOMAarHUTHBIX CHI,
JNEWCTBYIONIMX Ha OTHENbHBIC IBMKYIIUECS 3JIEK-
TpPUUYECKHUE 3apsAbl (3IEKTPOHBI ¥ HOHBI WIIN IpYTHE
HaMarHW4YeHHBIE Tella) U Ha MX IOTOKH, T.€. DJIEK-
TPUYECKUI TOK. MarHuTHOE MOJe CO3AAeTCs ABU-
KYIIUMHUCS 3apsDKEHHBIMHA YacTULAMH M TellaMH,
IIPOBOJHUKAMU C TOKOM M TIOCTOSIHHBIMHU MarHu-
tamu [1-7]. B actpodusuke MarHuTHOE MOJE SIB-
JSIETCS] OTHUM U3 OCHOBHBIX CBOMCTB HEOECHBIX Tell,
HauyMHas OT IIIaHeT, 3Be3]] IJIABHOM mocieno-
BaTEJIbHOCTH JI0 KOMIIAKTHBIX OOBEKTOB, TAKUX KaK
Oemble KapJIMKU 1 HEHTpOHHBIE 3Be3AHI [8, 9].

B pabote mpoBoauTcs aHanM3 B paMKax Kiac-
CHUYECKON DJIEKTPOJAMHAMHUKHU JUISI HCCIIECOBAHUSA
MarHUTHOTO II0JISl, MHAYLUPOBAaHHOI'O pPaBHOMEDP-
HBIM pacrpejelieHHeM 3apsjia Ha cdepruecKoi
MIOBEPXHOCTH, KOrzia cepa BpallaeTcs Kak TBEpIoe
TEJI0 BOKPYT OCH CHMMETPHH C TIOCTOSHHOM
YIJI0BO# ckopocThio. IIpeacTaBiieHs! TP OCHOBHBIX
MeTOoJla pacueTa, KOTOPbIe 4acTO MCIOJB3YIOTCS B
JUTEepaType UId pelIeHHs NPUKIagHBIX 3agad
ANIEKTPOIMHAMUKY U acTpodusuku [10-12].

A

a3 S

it

(2)

IlocranoBka paccmaTpuBaeMOW 3ajjaud BBIT-
msauT cnenyrommM obpasom: «Cdepa panuyca R
BpAILlaeTCs € YIVIOBOM CKOPOCTBIO (® BOKPYT OCH Z.
IloBepxHOCTHAs IVIOTHOCTh 3apsAfa ¢ INOCTOSHHA.
HaliTy Hanps>k€HHOCTh MAarHUTHOTO IOJISI BHYTPH U
cHapyxu cheps» (puc. 1 (a)) [10]. Paccmorpum
pelieHre S3TOM 3aJaud Ha OCHOBE TpPEX YacTo
UCIOIb3yEMBIX METOJIOB.

Metoa ¢ HCHOJIb30BAHHEM pelIeHUsi ypaB-
Henuns Jlaniaca

[ Bparmarommeiics cepbl TOBEPXHOCTHBIHN TOK
3a/1aeTCs CIEAYIOIUM 00pa3oM:

Jros, = 07, (1)
rjie U — JuHelHas CKOpOCTh TOUKH Ha chepe

¥ = [@,R|, )
rne R = Re;, e, — eIMHUYHBIA BEKTOP BIOJb
pamuyc Bektopa 7 [10]. U3 pucynka 1 (b) BumHO,

9TO aOCONIOTHAas BEIMYMHA JMHEWHOH CKOPOCTH
paBHa:

v = wRsin6 3)
A 7

>

gl
[\

=

v

(b)

Pucynok 1 — (a) CxemaTuyeckoe nzo0pakeHue Bpamiarouieiics chepsl pagmyca R,
YIJIOBOM CKOPOCTBIO 3, HAIIPABIEHHOM 110 OCH Z U TIOBEPXHOCTHOM IIOTHOCTHIO T
(b) cooTBeTcTBYIOmNE ChHEepUICCKUE KOOPIUHATHI

83



MeTtoast pacue€Ta MarouTHOI'O IOJIA BpAIlarolEerocs pacipeaeI€Hus 3apssaa co Cq)CpH‘IGCKOﬁ CHMMeTpI/Ieﬁ

W xoneunass Qopmyna aas MOZyJs TMOBEPX-
HOCTHOI'O TOKa UMEET BUJ:

Juos. = OWR sin 6 (@)

[TockonbKy BHYTPU U BHE C(epbl TOKU OTCYT-
CTBYIOT, TO MOXXHO BBCCTH IMOTCHIHAI MAarHuTHOI'O
II0JIA KaK:

r <R BHyTpu cdephl, (5)
BHe cephl.

7= {—Vl/}l npu
—WZ npu r >R

IloacraBmsis nocjeaHee B YpPAaBHCHUC Mak-
CBCIJIa AJIA ILI/IBepl"eHLII/Iﬁ MAaravuTHOro IoJjsd, T.C.

divH = 0 [12], momyunm ypaBHeHwue Jlamtaca:

Tak kak B JaHHO 3a/1a4e UMeeTcs chepuieckas
CUMMETPHS, UCTIOJIB3yEM pellieHrne ypaBHeHus Jlan-
7maca B cepHuecKoi cucTeMe KOOpIWHAT. 3aIv-
ChIBaGM pa3JIOKEHUS MOTCHIMAIOB B cepuueckue
dynaxun [14]:

!rl,bl = Z Cpr"™P,(cos 6) npu r <R,
N (7
Llpz = Z D,r~™*DPp (cos8) mpu r >R,
rac ‘
= Ld_n 2 _1\n
Pu(t) = 5 L (e — 1y, ®)

ecTh mosmHOM Jlexannpa, t = cos 8, C,,, D,, — kod¢-
(hUITUEHTHI Pa3IO’KEHUs, KOTOPHIE BBRIYHUCIISIOTCS W3
rpaHnyHbIX yeqnoput un = 1, 2, 3,...[15].

{2%1 z 8 Epﬁ :iﬁ (6) 3ammmieM miepBble IBa (XOTS MOXKHO PaccMoT-
z P ' peThb OoJiee IBYX) CAaraeMbIX Pa3IOKCHHUS:

{1,[)1 = C;7P;(cos 8) + C,r%P,(cos B) + -+ npu 71 <R, ©)
Y, = Dir7%P;(cos0) + D,v3P,(cos@) + -+ npu 1 >R,

rae P, (cos8) = cos@, P,(cosh) = %(3c0529 —-1). % _ Y, —0

W3 Teopuu KIacCHYECKOW 3JICKTPOIUHAMHKU 165 6{ P (10)
U3BECTHO, YTO TPAHWYHBIE YCJIOBHsS Ha IOBEPX- 10, 104, _
¥ 0 rap  Jos

HOCTH cepbl (Ipu ¥ = R) UMEIOT CIICIYIONTHI BU
[10, 16, 17]:

[oncrasmnsis (9) B rpannunsle ycnosus (10)
npu r = R nosyuum:

3
( C,cos0 + C,R(3 (cosf)?> —1) + --- = =2D;R 3 cos 6§ — EDZR_4(3 (cos8)?>—1) + -,

1
ﬁ(ClR(— sin@) + C,R*(—3cosfOsinf) + ) —

(11)

1
—E(DlR‘Z(— sin@) + D,R™3(—3 cosHsin ) + -++) = j,s = OwWR sin .

UtoOsr HaiiTm kodbdunuenter C, u Dy,
JOCTaTOYHO MCIOIB30BATh METO/I HEOTPEISIEHHBIX
kodpummentoB [18]. OdeBumHO, YTO TOIBKO
k03 ureHTs pu n = 1 UMEIOT HETPUBUAILHBIE
3HaYEHUS

2 2
Y, = —gaRwrcose = —§0R(5-?)

1 1 — o
P, = ﬁawR‘* cos§ =—0oR*(@-7) npu

3r3
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1
D, = §0(uR4. (12)

€, = —=0owR,
1 300

Hns n>1 Bce xodpduumentsr C,, D, = 0.
Torna:

npu r<R,
(13)

r>R.
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HamoMuuM, 9TO TpagueHT CKAISPHOTO IPOMU3-
BEJICHUSI ABYX BEKTOPOB HMMEET CJICAYIOLIUN BU
[10, 19]:

V(@ 7) = grad(@-7) = (@ V)7 +
(@ 1) =grad@ 1) = (0 V)r+ gy
+(T-V)w+[wxrotr]+[r><rotw]=w

rJie TPUHATO BO BHUMAaHHWE, YTO () - MOCTOSHHBIN
BeKTOp. Takxke cileayeT 3aMeTUTh, YTO T'PaJUEHT
NPOM3BENCHHUS IBYX CKIIPHBIX QYHKUUMU g U f
oTpesensieTcs KaKk

V(gf) = grad(gf) = gVf + Vg (15)
Ecmu f = f(r), Torna rpagueHt
W) = gradf () = =T o (16)

Jlns yno6cTBa pacueToB MOXKHO TONOXKUTh § =
—_ > 1
(W-P)uf = =
B wrore, ucnonszys (5), (7), (12), B = ,uuol:i

(mosorast, YTO MarHUTHas MPOHUIAEMOCTh CPEbI
u=1), dopmynasl TrpaaueHTa W  3alKUCHIBas

V4

7

el

ypaBHEHUS B BEKTOPHOM BHJIE, [TOJTy4aeM BETHUNHY
MarHUTHOTO MOJIsl BHYTPH U CHAPYXHU Cephl:

2

§/,L00R5 npu 7 <R,

o1
Il

a7

(@ -F)Fupur > R,

1uqoR* +M00R4
3 73 rs

> —
e @ = wk, 7 = re;, [y — MarHUTHas IOCTOSHHAS.
BHyTpu cepsl mose HampapieHO BAOJNbL . BHe
cepbl MarHUTHOE TOJIE PABHO MOJIO CHCTEMBI C

4m
MarHUTHBIM MOMEHTOM 711 = ?R405 [16]:

5 3
B = — 2L+ L (- )7
4713 4mrS (18)
npu r >R.

MeTtoa HHTEIrPUPOBAHUNA MAJIBIX 3JIEMECHTOB

Hnsa  ynoGcTtBa HMHTErpHPOBaHUS BbIOEpeM
CHUCTEMY KOOPIMHAT TaK, YTOObI 7 ObLI HANpPAaBIEH
0 OCH Z, & (0 HAXOJMJICA B IUIOCKOCTH XZ C YIJIOM
0 x ocu z (puc. 2) [11].

v

Pucynok 2 — Cxematuueckoe n300pakeHue Bpalnaroeiics chepsl paauyca R,
YTJIOBO#i CKOPOCTBIO & B IUIOCKOCTH XZ € YTIIOM 6 K OCH Z U TIOBEPXHOCTHOM TIOTHOCTBIO 0

BekTopHbIli MOTEHIMaN BbIpaXkaeTcs Clie-
nyroled (hopMyJIoi:
- 7 ?,
A(F) — & ]l‘lOB.( )da/ (19)

4 | |7 — 7|

N =
rae 7' = R, Torja 3HaMeHarellb HHTerpaia

(20)

r=|F -7 =|R-7| =

= \/R2 + 12 —2Rrcos6’
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u da’ — >1eMeHT momanu
da' = R*sin6'd6'd¢’ (21)

CKOpOCTb B TOUKE 7' BpAIIAOIIETO TBEPAOTO
Tena:

=i

I]=

v =[d,
U k
= wsin @ wcosf| =

Rsinf' cos¢@’ Rsin@'sing’ Rcos’

-

o~

(22)
= Rw{—(cos 8 sin B’ sin ¢')T
+ (cos 6 sin 6’ cos ¢’
—sinfcos8')j +

N
+(sin 0 sin 8’ sin ¢") k}
3aMeTuM, 4TO uiieHbl ¢ sin@’ u cos ¢’ obpa-
I[AKOTCS B HYJIb IPU HHTETPUPOBAHHN:

2 2w

j cos @' do' =J sing’ de’' =0

0 0

(23)

Toraa BeKTOp MOTEHITHAI

A =
T
_ WRPow sinHJ cos @’ sin @’
2 v
0

R%2 + 12 —2Rrcos@’

24

o'y

[Tpunse u = cos @', nonyvaem:

+1
u
f du =
2 VR2 + 12 —2Rru
R2+r2+rRu\/# +1
:_TZTIZ R?+r —ZRT'U| 1=
=~ 3pzz [(R?+ 1%+ Rr)IR—7| -
—(R*+12=Rr)(R+71)]

(25)

Ecnu Touka HaxomuTcs BHYTpU cdepbl, TO 1 <
R w mpenpinynme BeIpaxkeHue npumer Bun (2r/
3R?); ecnu TOYKa HAXOAUTCSA CHAPYkKHU chepbl, TO

r>R wu Bblpakenue BuraAMT (2R/37?).
VuuteiBas uro [W,7] = —wrsinfj, B wurore,
MOy YaeM:
. §MOR0[5, 7] npu r <R,
A(T) = 1/.10R40' . (26)
33 [@0,7] mnpu r>R.
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3anuiieM poTop BEKTOPHOTO MPOU3BEICHUS
IBYX BeKkTOpoB [10, 19]

V x [@,7] = rot[@, 7] =
= ¢ Va- (@ V)F+
+wdiv? — #divo = 20

27

TaKKe 3amuieM GopMyy s rot( f b), rae b —
MPOU3BOJIBHBIN BEKTOP

V x (fI;) = rot(fg) = froth + [Vf, B] (28)

31ech, TakkKe 1 ya00CTBa PACYETOB, MOYKHO

7 — o 1

nonokute b = [w, 7] u f = =
BBIPAKEHUS JIVI BEKTOPHOTO MOTEHIIMANIA, TI0JYYUM

HWHAYKIUIO MArHUTHOTO MOJIA:

C IOMOIIBIO

npur <R, (29)
1ugoR* _  pooR*
3 13 @+ rs

(@77 nmpur > R.

Metoa Mapma

Bo MHormx 3agayax B KaXJOW TOYKE IPOCT-
paHCTBa IUIOTHOCTh pACTpENCNICHUS 3apsiaa u
IJIOTHOCTH TOKA OCTAIOTCS HEHM3MEHHBIMH. B Takmx
CUTyalusaX MeToJl Mapia Mmo3BoJiieT HalTH OTHO-
CUTEJIBHO JIETKYIO B3aUMOCBSI3b MEXKTy MAarHUTHBIM
TIOJIEM M DJICKTPOCTATHICCKUM TToyieM [ 12].

CHauana OmMIIeM METOJ JJisi MPOU3BOIHHOTO
pacnpeneneHus 3apsa/a, 3aTeM UCIOIB3YEM ero I
HaIero ciaydas. Toraa B o0IeM cirydae BEIpaKeHUE
(1) moxHO 3amucaTh Kak:

jOG'beM.(F) = p(F)ﬁ (30)
TI€ Jogpem. (7)) — OObEMHAs IUIOTHOCTH TOKA, CJie-
noBaTenbHo, p(7) — 00beMHAs IUIOTHOCTH 3apsja.
Toraa BekTopHEI moteHnnan (19) 3anumiercs kKak:

T luo - p(f‘),)d?ﬁ?’ 2 =
A =45 LS = @ene 6D
rie
1 [
60) = [ 52 (32)

9TO BHCKTPOCTaTI/I‘IeCKI/Iﬁ IIOoTCHIIMAaJI B 3aBUCH-
MOCTU OT pacCOopeaciCHUus 3apsia (HOHOF&H, 4qTo
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TMIUDJIEKTPUYECKAs TPOHUIIAEMOCTh cpefbl € = 1),
€9 — DIIEKTpUYECKas TMOCTOsHHAs, ¢ = 1/,/lg€q -
CKOPOCTbH CBETa B BaKyyMe.

Torna MarHUTHOE MMOJIE 3aMUCHIBACTCS KaK:

B® =VxAF) = (B/c) X E®), (33)
rie E = —V¢(#) omexrpocTaTHuecKoe  moje
(HAPSKEHHOCTH IEKTPHUYECKOTO MOJIs).

3neck ypasHenue (30) mpuMeT BU:
j)061>EM.(F) = P(f))ﬁ = P(T_')) [5: 7_")] (34)

Torma BexkTopHBIiA ToTeHIMal (31) Oyaer paBeH
A@®) = @/c?) X F(®)., (35)

rae Gyukuus F(7) Ha3bIBAETCS CYIEPIIOTEHIHATIOM
ANIEKTPUIECKOTO TTOJIS

120N 3320
5o 1 frp(r)dr. (36)

F 7 - - -
Q) 41e, |7 — 7'

Jl06aBJisist ¥ OTHUMAsE BEKTOP 7* OT BEKTOpa 7,
I0JTy4aeM BBIPAKEHHE B BUJIE:

)

F@»wmn———f<ﬁ“‘ﬂmwt (37)

Jlerko yOeaWThCs, YTO BBITIONHAIOTCS Clie-
JTyIOTITE COOTHOIICHUS:
(33)

v F=divF = @ - (7 E@),

- -

V x F = rotF = 39)

(F x E(F)).

Hcnons3oBanue 3TOro Meroga B 3agadax C
aHAJIOTUYHOW cuMMeTpuelt BecbMa 3ddexTuBHo. B

cuty cepUyYecKoro paclpeiieNieHusl CHCTEMBI
3apsanaa:
¥-F =L o) (40)
T dr o),
VxF =0. 41)

Torna cyneprnoTeHIMan MOXHO 3alkcaTh Kak

F = F(r)e,. Pemas ypasuenus (40-41) nonyqaem:
1 r

F(r) = - f r'?
= Jo

% [r'd(r)]dr'. 42)

Ecnu pacnipenenenue 3apsiia UMEET KOHEUHbBIN
pamuyc R, cHapyXW KOTOPOTO IIJIOTHOCThH 3apsia
paBHa HYJIIO, TO MarHWTHOE TIoJe OyaeT Kak
nunonbHoe mosie. CpaBHUBas BEKTOP IMOTEHIIHAI,
BEIP2)XCHHBIN Yepe3 MarHUTHBIA MOMEHT

npu r > R (43)
¢ ¢opmynamu (31), (35), (36) u (42) MoxHO
BBIPA3UTh MArHUTHBIA MOMEHT Yepe3 MOTEHIIAAI

R
d
m= 471'600_))[ rza[rd)(r)]dr npu r > R.

0

(44)

Ora ¢dopMyna MO3BOISAET BHIYMCIUTH MAarHUT-
HOE TI0JIe, TIOPOKICHHOE BpaIlleHHEM JTI000T0 cde-
pUYECKH CHMMETPUYHOTO PACIIPE/ICIICHUS 3apsia C
MIOMOIIBIO €0 BIIEKTPOCTATHYESCKOTO MOTCHIIHANA
[16].

PaccMOTpUM MOTEHIHAN DIIEKTPUIESCKOTO TOJISI
BHYTPH U CHApYXKH 3apspkeHHOU chepsl [1-7]:

(4136 % npu 1 <R,
¢=i1°Q (45)
dme, o npu r >R,

rae () — monHbIH (B HaIIEM clIy4yae MOBEPXHOCTHBII)
3apsn chepsl.
Hcnonp3yem 3nadenms (45) B (42):

F(r) =
(1 1 ,2Q '
_ 4n€0r_2 d 471’603Rr mpur <R, (46)
11 ,zQ 1 Q ,
l4n60r2f r dr’ 41‘[6 ﬁR npur > R.

Crenyer 3aMeTUTh, YTO CYIIEPIIOTEHIIMAT BHE
UCTOYHHKA TaKKE BBIYUCIACTCS C IOMOLIBIO
BHYTpeHHero moreHmanda [12]. EauHCTBeHHAS
pasHHLa COCTOMT B Mpejiesie HHTerpupoBanus. [a-
nee, mpuBeaéM (46) K BEKTOpHOU opMe, YIUTHIBAs,
YTO TOJIHBIA TOBEPXHOCTHBIN 3apsa chepbl Q =
4R?*0

( 1 Q oR

>

< E =7 <R,
dme, 3R T T 3¢, "PMT

1 Q ,. oR*, >R “47)
l4—ﬂeo 32 360T'3r apHT =~ £

F(r) =

[MoacraBnsiem (47) B ypaBHeHus (35) s
HaXOXKJIEHHUS] BEKTOPHOTO TIOTEHITHANA!
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( oR __, | 1 .
g(r): TZEO W, T =§,uORJ[w,r]
1 oR* _, . 1pugR%c

(3c?¢, 73 @T=373

Pe?,y.IILTaT BBIYUCIICHUS 6YI[CT TaKHM K€, KaK BO
BTOPOM METOJIE, €CITU BO3bMEM pOTOp OT (48).
OKOHYATENIbHBIM OTBET TaHHOTO BBIPAKEHUS:

B=Vx4=
2

g,uoaRw npur <R, (49)

1ugoR* _,  pooR*
"3 s ¢ * rs
B urore BHIHO, YTO BCE TPH METOA AAIOT OLMH
U TOT K€ PE3YJIbTAT.

(w-7)7 mpur >R.

— =

Ho -
) = ) > R’
w,T] o [m,#] npur

npur <R,
(48)

—

r3

[IpumeuarenbHO, YTO MarHUTHOE TOJI€ BHYTPU
chepbl omHOpoaHOE. UTOOBI HArMSAHO 3TO TMPO-
JIEMOHCTPHUPOBATh JIOCTATOYHO 3HATh BBIPAKEHHUE
st F. Ecnu NpUHSTBE OCh Z KaK OCh BpalllEHUs, TO
Benu4yuHa XF /1, TA¢ T BBIUHCIAETCS B IUIOCKOCTH
Xz, sSiBseTCs QYHKITUEH TTOTOKa MarHUTHOTO TIOJISI B
mockoctd xz. KOHTYypBl MOCTOSHHOW BETMYHUHBI
XF /r 6yayT MarHUTHBIMH CHUIOBBIMU JTUHUSAMH. Tak
Oymer yaoOHO TpadWyUecKH TPEACTABUTh Mar-
HUTHOE TI0JIe, €CIH 3HaueHHe QyHKIUU F U3BeCTHO

(puc. 3).

Pucynoxk 3 — CusioBbie TMHUM MarHUTHOTO TOJISI Bpalaromieics chepsl paauyca R,
YIIIOBOH CKOPOCTBIO (@ ¥ MIOBEPXHOCTHOM IIOTHOCTEIO 0. YIJIOBas CKOPOCTh HANPABJICHA 110 OCH Z.
CuoBble JMHUY HalpaBJIeHbl U3 CEBEPHOI'O MOJIIOCA K I0)KHOMY IOJIIOCY

3akioueHne

B pesysbraTe Mbl BUIUM, YTO JUIsl JAHHOW 3a-
Jla4dl HCIOJIb30BaHUE BCEX TPEX METOJOB TOXKIEC-
TBEHHO JKBUBAJICHTHBL. OIHAKO CTOWUT OTMETHUTH,
4yTo MeToauka Mapmia (T.e. TpeTuil metoxa) Ooiee
JaKOHMYHA M MpaKkTU4ecku ynoOHa. Ilockonbky
3HasT TOJBKO 3HAYEHHE [OTEHLMana BHYTpPU
paccMaTpuBaeMoro Tejla, MOYKHO BBIYUCIUTD HHAY-
LOUPOBaHHOE MAarHUTHOE I10JIE BPAIAIOLIETOCS Tea
IpU yCJIOBUH, YTO OOBEKT He AeHOPMHUPYIOTCS TIPU
BpauieHuu [20].
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311ech ciIeIyeT 3aMEeTUTh, YTO aCTPOPUINICCKUC
OOBEKTHI OT IUIAHET J0 KOMITAKTHBIX 3BE3J UMEIOT
dhopmy modTH He OTIMYAIOIIEHCS OT ceprudaecKoit
cumMmerpuil [21, 22]. bonpimue OTKIOHEHUS OT
cepbl MOSBIAIOTCA B cliydae OBICTPOTO BpaIIeHUs
BOJIM3M KEIUIEPOBCKOro mpenaena. M3 nabmoaeHuii
M3BECTHO, YTO BpalllcHHEe HEOECHBIX TeNl ropasjo
MEHBIIIE, YeM KEIUICpOBCKHA TIpenen. CienoBaTelb-
HO, UX OTKJIOHCHHE OT C(HEPHUYECKON CHMMETPHUHU
HE3HauuTeNbHO [23].

Bmecre ¢ Tem Mmertonauka Mapiia Oonee yHH-
BepcasiibHa N Ooyiee MIMPOKOrO Kiacca 3ajad.
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Torna xkak IpUMEHEHUE APYTHX METOAOB CIIOXKHO,
WM J1aXKe HEBO3MOXKHO AJII HEKOTOPBIX CIy4acB.
Meton Mapma Mo3BOJISET OTHOCHUTENBHO JIETKO
MOJIyYUTh 3TU peweHus. Mcnonp3oBaHue Mmerona
Mapma 11 onpeneneHuss MarHUTHOTO IO Bpa-
MIalMKXcS 00BEKTOB ¢ aKCHaJIbHOM CHMMeTpHeil
OyZeT pacCMOTPEHO B MOCIEAYIOLUIUX PaboTax.

Ipunoxenne. Cuiiosbie

Paboma 6vina evinonnena 6 pamxax npoexma:
«DynoamenmanvHbvle U NPUKIAOHbIE UCCTIEO0BAHUS
8 CMeJCHbIX 00nacmsax @QuU3UKU 3eMHbIX, OKO-
JIO3eMHbIX U AMMOCPEPHbIX NpoYecco8 u ux
npaxmuueckoe npumernenuey» HPH BR05236494
MOH PK.

JIMHUNA MarHUTHOTO ITOJIS.

BrruucniM MarHUTHBIC CHIIOBBIC JIMHUH ¢ TIOMOIIBIO IporpaMMHOro nakera Wolfram Mathematica 8.0 (xoTst umerotest 6onee
no3aHue Bepcun) [24-26]. Jlns sToro BeIOEpeM HampaBieHHE YITIOBOH CKOPOCTH BpamieHHs cgepbl o ocH z (0OCh CHMMETPHH).
3HaueHUe CyneproTeHnNala BHYTPH U BHE cepbl n3BecTHO U3 GopMyisl (46) wmm (47). st ynodcTBa BeIOEpeM Tak, 4TOOBI Bee
k03¢ durreHTs! (TOCTOsSHHBIE) B hopMyIte (46) OblIM paBHBI eIMHUIIE, BKITIOYas paauyc chepbl. Toraa 3HaueHne cynepnoTeHIuana

B INTOCKOCTHU XZ MPUMET BU/:

Vx? + 22
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HapI/ICYCM CHavala OKPYXHOCTb B MJIOCKOCTU XZ KaK IOIECPEUYHOC CECUCHUC C(l)epbl. I[J'ISI OTOr'0 BOCIOJIL3YEMCH KOMaHI01

«ContourPlot» B Mathematica u ypaBHeHHEM OKPY>KHOCTH:

n#)= P1 = ContourPlot[x’ +2® = R?, {x, -2.3, 2.3}, {z, -1.5, 1.5}, ContourStyle - Thin,

FrameLabel -» Automatic, BaseStyle » {FontFamily -» "Times", FontSize - 22},

AspectRatio » 0.65, ImageSize -» 400}
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Jlanee, HapuCyeM CHJIOBBIE JIMHUM MarHUTHOTO TOJISI:

= P2 = ContourPlot[; F[x, z], {x
xz + ZZ

{z, -1.5, 1.5}, ContourStyle - Thin

ContourShading -+ None, BaseStyle -

AspectRatio » 0.65, ImageSize -» 400

,-2.3,2.3},

, FrameLabel -+ Rutomatic,
{FontFamily » "Times", FontSize - 22},

1.5¢ -

1.0}

0.5}

wo 0.0F
T —0.5)
—1.0F
—1.58 .
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Teneps ABa pUCYHKa MOKHO HAaJIOXKUTH IPYT Ha Apyra koMaHnou «Show». B pesynprare momyunm Puc. 3:
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MHTETPUPOBAHHOCTb 3HAHUM
MO bA30BOU AUCLUIMIMAUHE «®U3UKA» U
NMPOPUAUPYIOLLUM AUCLUMAUHAM KAK CPEACTBO
PEAAU3ALIMU MPAKTUKOOPUEHTUPOBAHHOIO
OBYYEHUSA CTYAEHTOB

PaccMmoTpeHa peaAmsaumsi MpPakTUKOOPUEHTUPOBAHHOTO OOYYEHMS MPU OCBOEHUM MPOMUAN-
pytlowmx AMCUMNAMH. OTMEYEHO, UYTO CPEAM CTYAEHTOB HaOAIOAAETCS HEAOCTAaTOUYHOE MOHUMaHUe
BO3MOXXHOCTEN MCMOAb30BAHMUS 3HAHMI, MOAYYEHHbIX MPU M3ydeHn 6a30Boi AMCUMMAMHDI «Dusmkar,
NpW U3yUYeHUU MPOPUAMPYIOLLIMX AUCLUMIAMH, YTO MPUBOAMUT K TPYAHOCTSIM MPU peLieHmnm NpakTUUYeckmx
3aAa4, CBA3aHHbIX C OyAyllen MnpodecCMOHAAbHON AESITeAbHOCTbIO CTYAEHTOB. [lokasaHo, 4To
MHTErpaumsl 3HaHuii no 06a3oBon aucumnanHe «Dusnka» M NPOMPUAAMPYIOWIMM  AMCLIMIIAMHAM,
Harnpumep, Mo AMCUMINAMHE «TenAoduranyeckme CBOMCTBA BELLECTB», SBASETCS BaXKHbIM CPEACTBOM
peLueHns MPoECCMOHAAbHbBIX 3aAayv, OPUEHTUMPOBAHHBIX Ha PelleHMe peaAbHbIX NMPOBGAEM B pamKax
KOHKPETHOM CMeLmMaAbHOCTU. AHAaAM3 TaKoM OPraHn3aumm 06yUYeHns BbISBUA HAAMYME MOTUBALMOHHOIO
obecrieyeHns y4e6HOro npoLLecca, KOTOPOe BbIpaXkaeTCsi B CO3HATEAbHOM OTHOLLEHUM K U3Yy4aemoi
AVCLMMAMHE M aKTUBHOCTM CTYAEHTOB B NMPOLECCe 00CYKAEHNS MPOOAEMHbIX BOMPOCOB. YCTaHOBAEHO,
yTO MHTerpaums 6a30BbIX (U3MUECKMX 3HAHWIA B pPELLIEHUE MPAKTUKOOPUEHTUPOBAHHBIX 3aAad
MPUBOAMT K Pa3BUTUIO NMPAKTMUYECKMX HABbIKOB, HEOOXOANMbIX AAS (POPMMPOBAHMS MPO(ECCUOHAAbHbBIX
KomneTeHuMin. [lokasaHa BO3MOXHOCTb TMPUMEHEHUS METOAOAOTMM TMPUHATUS  PeLLeHUd  Mpu
MOCTPOEHUN MPAKTUKOOPUEHTUPOBAHHOIO 06yueHusi. OTMEUEHO, YTO MPOLIECC MPUHATUS PeLIeHUs
Npy peaAmnsaLmm NpakTMKOOPUEHTUPOBAHHOIO 00YUEHMSI AOAXKEH BKAIOUATb: BbIIBAEHME NMPOOAEMHON
CUTYaLMU, MbICAEHHOE BbIABM>KEHME Pa3AMUHbIX BAPUAHTOB PeLLEeHKs, OLEHKY BbIABMHYTbIX BAPMaHTOB,
BbIGOP TOr0 BapuaHTa PeLIeHUs, KOTOPbIN 00eCrneunT AOCTMXKEHNE TPeOYEMOro pe3yAbTaTa, a TakxKe
yCTaHOBAEHWe 0OpaTHOM CBS3M, FAE MPOUCXOAMT OLEHKa PeLleHMs M COMoCTaBAeHUe haKTUUeCKmX
pe3yAbTaTOB C OXKMAAEMbIMU. YCTAaHOBAEHO, YTO MCMOAb30BaHME 3TOM METOAOAOT MU NPU peaAm3aLmm
NPaKTUKOOPUEHTMPOBAHHOIO 00yUEHMsI MO3BOASIET OPraHM30BaTb HOBbIE (POPMbl CaMOCTOSITEABHOM
pPaboTbl OOYYAIOLMXCS M AKTMBHOTO OBAAAEHMSI HaBbIKaMM MPAKTUYECKON AEATEABHOCTM M 00606LLEHNUS
MOAYYeHHbIX pe3yAbTaToB. OTMEYEHO, YTO MHULIMMPOBAHUE AESTEAbHOCTU, NMPUBOASILLEN K PA3BUTUIO
CMoCOOHOCTEN aHaAM3MPOBaTb M 0606LLATb, MPOUCXOAMUT MPU ONMUCAHMU MPOBAEMbI NMPEAAOYKEHHOIO
3aAaHUS, T.e. KOrAQ OMPeAeAsIOTCSl TeopeTUUeckme NoAOXKEHUs KOHKPETHOro Bornpoca.

KAloueBble cAOBa: MpPakTUKOOPUEHTMPOBAHHOE OOYYEHWE, MHTErpaums 3HaHWiA, METOAOAOIMS
NPUHSATUS peLleHnit, NPodeccMoHaAbHas KOMMNETEeHTHOCTb, NPOgeCcCMOHAAbHbIE 3HaHMS 1 HABbIKM.

Moldabekova M.S., Fedorenko O.V.,
Mukamedenkyzy V., Asembaeva M.K.
Al-Farabi Kazakh National University,

Kazakhstan, Almaty, e-mail: mairamold@mail.ru
Integration of knowledge on the basic discipline “Physics”
and major disciplines as a means of implementation
of the practice-oriented training of students

The implementation of practice-oriented learning in the mastering of majors is considered. It is
noted that among students there is a lack of understanding of the possibilities of using knowledge ob-
tained in learning of the basic discipline “Physics” in studying the majors, which leads to difficulties in
solving practical problems associated with the future professional activity of students. It is shown that
the integration of knowledge in the basic discipline “Physics” and profiling disciplines, for example, in
the discipline “Thermal Physical Properties of Substances”, is an important means of solving professional
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problems oriented to resolve real problems within a particular specialty. The analysis of such organiza-
tion of training has revealed the presence of a motivational support for the educational process, which
is expressed in a conscious attitude to the discipline being studied and the activity of students in the
discussing process of problematic issues. It has been established that the integration of basic physical
knowledge into the solution of practice-oriented tasks leads to the development of practical skills, which
are necessary for the formation of professional competencies. The possibility of using a decision-making
methodology in the construction of practice-oriented learning is shown. It was noted that the decision-
making process in the implementation of practice-oriented learning should include the following: the
identification of the problem situation, the mental suggestion of various solutions, the evaluation of
the options put forward and the choose of the solution that will achieve the desired result, as well as
the establishment of a feedback where the decision is evaluated and comparison of actual results with
expected one is carried out. It is established that the use of this methodology in the implementation of
practice-oriented learning allows one to organize new forms of the independent work of students and
active mastering the skills of practical activities and summarizing the results. It is noted that the initiation
of activities leading to the development of the ability to analyze and summarize occurs when describing
the problem of the proposed assignment, i.e. when the theoretical positions of a particular question are
determined.

Key words: practice-oriented learning, integration of knowledge, decision-making methodology,
professional competence, professional knowledge and skills.
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«®u3unka» 6azablk MoHi XxoHe beiiiHAeyLi NaHAep 60MbIHLIA
OiAiM MHTErpauMsaCbl CTYAEHTTEPAIH,
NpPaKkTUKaAbIK-0aFbITTaAFaH OKbITYbIH )KY3€ere acbipy KypaAbl peTiHAe

Makanapa GeniHAIK MOHAEPAI MrepyAe MpakTMKaAbIK-0arbITTaAFaH OKbITYAbl >Ky3ere acblpy
KapactbipbiAFaH. CTyaeHTTep apacbiHAaa “Dusmka” 6GasaAblk, MoHIH OKy KesiHae, OeitiHaeylwi
MOHAEPAI OKY Ke3iHAe aAFaH GIAIMAEPAI MarMAaAaHy MyMKIHAIKTEPiIH TyciHbGeyi 6arikaraabl, OyA
CTYAEHTTEPAIH 60AaLlaK, KaCibu KbiI3MeTIMEH OaMAaHbICTbI MPAKTUKAABIK, MIHAETTEPAI LeLly Ke3iHAEri
KMbIHAbIKTapFa aAbin KeAeAi. “®Dusmnka” 6asabik, MoHi oHe OeniHAeyLIi NoHAep OOMbIHLLA, MbICAAbI,
“3aTTapAblH, >KbIAY(PU3MKAABIK, KacMeTTepi” NoHi 6oiblHILA BIAIMHIH, MHTErpaumsacbl HaKTbl MAMaHAbIK,
leHOepiHAE HaKTbl MOCEAEAEPAI luelryre OarbITTaAfaH KacCibuM MIHAETTEPAI LIEWYAiH MaHbI3Abl
KypaAbl 60AbIn Tabbiraabl. OKbITYAbIH OCbIHAAM YMbIMAACTBIPbIAYbIH TaAAQy OKbIAATbIH TMOHre
CaHaAbl KapbIM-KATbIHACTa >XoHe MPOBAEMAAbIK, MOCEAEAEPAI TaAKbIAay OapbICbIHAA CTYAEHTTEPAIH
GEACEHAIAITIHAE KOpPIHETIH OKYy MpOLECIH YOXXAEMEAIK KamTamacbl3 eTyAiH OOAyblH KepceTeai.
[pakTMKaAbIK-0arbITTaAFaH MIHAETTEPAI LWelyAe 6a3anblk PU3MKaAbIK OIAIMAT MHTErpaLmsAay Kocion
KY3bIPETTIAIKTI KAAbINTACTbIPY YLIIH KaXXeTTi MPaKTUKAAbIK, AAFAbIAQPAblI AAMbITYFa aAbIl KeAeA|.
CoHbIMEH KaTap, MNpakTMKaAblK-6aFAapAbl OKbITYAbl KYypyAa LIewiM KabbIAAAyAbIH dAiCHamMacbiH
KOAAQHY MYMKIHAITI kepceTiareH. [MpakTukabik-6aFAapAbl OKbITYAbl iCKe acbipy Ke3iHAe Lwellim
KabbIAAQY YAEPICI MbIHAAAPAbI KaMTybl THIC: MPOBAEMAAbIK, XXaFAaMAbl aHbIKTay, LIELIMHIH, 8P TYPAI
HYCKaAapblH OMMEH YCbIHY, YCbIHbIAFAH HYCKAAapAbl OaraAay, TaAan eTIAETIH HOTUXKEre KOA >KeTKIi3yAi
KamTamacbI3 eTeTiH LeLliM HYCKACbIH TaHAQY, COHAAM-aK, WeLiMAT 6araAay >KoHe HaKTbl HOTUXKEAEPAI
KYTIAETIH HOTMXKEAEPMEH CaAbICTbIPATbIH Kepi 6arAaHbICTbl 6eAriaey. Ocbl dAiCHaMaHbl MpakTUKara
GarbITTaAFaH OKbITYAbl XKY3€re acblpy KesiHAE KOAAaHy GiAIM aAylblIA@pAbIH ©3iHAIK >KYMbICbIHbIH
>KaHa HbICaHAAPbIH YMbIMAACTBIPYFa >KOHE MPaKTUKAAbIK, iIC-OpEKET AaFAbIAAPbIH OEACEHA] MeHrepyre
JKOHE aAbIHFaH HOTMXKEAEPAI KOPbITyFa MyMKIHAIK GepeTiHAIM aHbIKTaAAbl. TaAAdy XKOHE KaArMblAdy
KabiAeTTePiHIH AaMyblHa 9KEAETIH KbI3METTi 6acTay YCbIHbIAFAH TarcCbipMaHblH MOCEAEAECIH cuMaTTay
Ke3iHAE, 9FHU HAKTbl MOCEAEHIH TEOPUSIABIK, epexxeAepi aHbIKTaAFaHAQ XKYPri3iAeAi.

Ty#iH ce3aep: NpakTMKaAbIK-0aFr AAPAbI OKbITY, GiAIM MHTErpaumschl, WwelliM Kabbiaaay 9AiCHamMachl,
KaCibM Ky3bIPETTIK, KaCiOM BiAIM MEH AaFAbIAAp.

Beenenne HOBHOC HAIPABJICHUE MOJICPHU3AINN BBICIIETO
o0Opa3oBaHust 00YCIOBIICHO IIOITOTOBKOW KBaTU(H-

HanmonanpHast cuctemMa BBICIIETO M TOCJIEBY-  IIMPOBAHHBIX, KOHKYPEHTOCIIOCOOHBIX KaJlpOB, OT-
30BCKOro oOpa3oBaHMs (cpenHee, BBICIIEE M IO-  BEUAIOIINX COBPEMEHHBIM TPEOOBAHUSIM K KAYECTBY
CJIEBY30BCKOE) HENpephIBHO MozepHu3yercs. Oc-  CIEIHAIMCTOB KaK CO CTOPOHBI paboTojaTescii u
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COLIMANIBHOTO 3aIlpoca O0ILIEeCTBa, TaK U Pa3BUTHEM
COBpEMEHHBIX HayKoeMKHx TexHonorui [1-3]. [lo-
3TOMY O0Y4YEHHUE CTYJCHTOB B By3€ JOJKHO PUHH-
MaTh BO BHUMaHHE 3TH IPYIITbI B3aUMOCBSI3aHHBIX
(aKTOpOB, KOTOpPBIC MPEINONAraT, ¢ OJHOH CTO-
POHBI, BKIIOYEHHOCTHh (yHIAMEHTAJIBHBIX (HU3HU-
YECKUX 3HAHUW M METOJOB B TEXHMYECKHE U TEX-
HOJIOTHYECKHE WHHOBAIMU M, C JIPYTOH CTOPOHBI,
3¢ PEeKTUBHOE HCIOIB30BAHME STHX HWHHOBALUN B
Hay4YHBIX FCCIIEIOBAHMIX, CIIOCOOCTBYIOIINX IOJTY-
YEHUIO HOBBIX, IPUHIUIAAIBHO BaXKHBIX Pe3yJbTa-
TOB [4-6]. 13 Bcero BEINIECKa3aHHOTO CIEAYET, UTO
B HACTOsIIIEe BpeMsl UPE3BbIYAHO aKTyaJbHOH 3a-
Jadei SIBISETCSI COBEPIICHCTBOBAHNE HEMPEPHIBHOM
U IPEEMCTBEHHON CHCTEMBI ITOJITOTOBKHU CIICLIHAIIH-
CTOB K Oymyriei mpoeccnoHaabHOU AeSITETEHOCTH
MyTEM OpraHU3alMy NPaKTHKOOPHUEHTHPOBAHHOIO
00y4YeHUs CTY/ICHTOB C UCTIOJIH30BAHUEM HH(pOpMa-
LUOHHBIX TEXHOJOTWH, WHTErpaluyu 0O0pa3oBaHMUs
n Hayku [7-10]. Pasymeercs, Bce 310 mpearmonara-
€T CYIIECTBEHHYIO KOPPEKTHPOBKY MPHOPUTETOB
M aKIIEHTOB B CHUCTeME NMPO(ECCHOHATBHBIX KOM-
METeHIUH, B LENAX U3MEHEHUs] UX JIMYHOCTHOH U
conyanbHON 3HaunMOCTH. Tem GoJee mpoBeieHHOE
HaMH MCCJICOBAaHME I0Ka3aj0, YTO MHTCHCHBHOE
B3aMMOJICHCTBHE U B3aUMOIIPOHUKHOBEHHE (yHIa-
MEHTAJbHBIX M NPHUKJIAAHBIX (U3UUECKUX 3HAHUN
MOJKET UIPaTh POJIb KIIIOUYEBOTO KOMIIOHEHTa B 00-
el cucreMe TpeOOBaHMH K pe3ysibTaraM 00yUyeHus
Ha ocHoBe JlyOIMHCKHX IECKPHUIITOPOB IEPBOTO
(OakamaBpuaT) U BTOPOTO ypOBHS (MarucTpatypa),
BBIp@XEHHBIE Yepe3 KomreTeHuu [4-6]. B naydno-
METOAMYECKOH JIUTEpaType UMEETCsl HemMajo pador,
MOCBSAIICHHBIX aHAIN3Y Pa3BUTHsI HHTETPAIlUN 00-
pa3oBaHMsI U HAyKH B mporiecce oOydenus [7-11].
Opraxo Bompoc 00 MX B3aMMOOTHOIICHHSIX B MPaK-
THUKO-OPHEHTHUPOBAHHOM OOYYEHHH CTYIEHTOB H3-
y4eH ellle HeJI0CTaTOYHO.

B nmanHo#i pabote mpennpuHATa MOMBITKA BbI-
SIBUTh OCOOCHHOCTH WHTETPAINH 3HAHWHA 110 0a30-
Boi aucuuminHe «®Pusnka» ¥ NpoGUIMPYIOLIMM
JTUCIMITIIMHAM KaK CpPEACTBA Peaju3alliyl MPaKTH-
KO-OpUEHTHPOBAHHOTO 0O0YUYEHHUS CTYICHTOB B TIPO-
[lecce OBIIAJCHUS HEKOTOPBIMHU CIIeNN(UISCKIMH
METOAAaMH PacyeTHOTO ONPEAETICHUSI BAXKHBIX (QH-
3UKO-XUMHYECKHX BEJIMYMH U CBOWCTB BEIECTB,
HEOOXOIUMBIX B MPUKIAIHBIX pacyeTax, HayYHbBIX
WCCIIEIOBAHNAX M TP TMPOEKTUPOBAHUH. JKCIIe-
PUMEHTaIbHOE K€ ONpEeACTICHUE TaKUX CBOMCTB U
BEJIMYMH CIIOKHO M TPeOyeT 3HaYMTEIbHBIX 3aTpaT
BPEMEHH U CPEJICTB.

94

Peanu3zanus
o0yueHust

MNPAKTHUKOOPUCHTUPOBAHHOI'O

OpraHn3aioHHO-METOJUUECKOe OobecreueHe
MPaKTUKOOPUEHTUPOBAHHOTO OOYUYEHHUS CTYICHTOB
TpeOyeT pemreHus 1enoro Komruiekca 3amad [7-10].
B npakTUKOOPUEHTUPOBAHHON CUCTEME IOJATOTOB-
KM CTY/ICHTOB B BY3aX MOKHO PEaIn30BaTh HECKOJIb-
KO TTO/IXOJIOB, KOTOPBIE Pa3InYaroTCs Kak CTETIEHBIO
0XBaTa 3JIEMEHTOB I1€1arOTMYECKOT0 MpoLiecca, Tak
U JIeITENBHOCTBIO ero cyobekToB. OQUH U3 TIOAX0-
JIOB CBSI3BIBACTCSI ¢ OpraHu3anuedl yueOHOH, mpo-
W3BOJICTBEHHONM M TNPEIAUINIOMHOM IpPaKTHKaMU
TakuM 00pazoM, YTOObI HauboJIee TUIMYHBIM OKH-
JTaeMBIM Pe3yJIbTaTOM 10 MOKa3aTeNsIM TOTOBHOCTH
CTYACHTOB K MNpPO(EeCCHOHATIBHON IesTEIbHOCTU
SIBUJIUCH 3HAHUS, YMEHHS U MPAKTHUYECKHUE HABBIKH,
HEOOXOIUMBbIE ISl YCIEIIHOTO TPYI0yCTPOHCTBa 1
KapbepHOro pocta. /[pyroil moaxo mpeamnojaraet
HCIIO0JIb30BaHMs NPO(ECCHOHATbHO-OPUEHTUPOBAH-
HBIX TEXHOJOTUH 0OyuYeHHS U METOAMK MOJICIHPO-
BaHUS (pparMeHTOB OyAyIIed TMpodeccHoHATEHON
JeSITeIPHOCTH TIPH M3y4eHUH 0011eo0pa3oBaTeib-
HBIX, 0a30BBIX M NPOQWIMPYIOMUX JUCIMUIUIMH
Ha OCHOBe yueOHOW mporpammbl. CyliecTByeT U
TPEeTUil MOAX0J, MPEANOoaralouil MpruodpeTeHne
OMbITa TMPAKTUYECKOW NeATEJIbHOCTH B Ipoliecce
00y4YeHHS C LEeNbI0 JOCTHKEHUS TPo(ecCHoHaTbHO
U COIMAIBHO 3HAUYMMBIX KOMIETEHTHOCTEH. DTOT
MOJXO0J TMpelycMaTpUBaeT CO3JaHUE CPEAbl, OCy-
HIECTBISIONIEH COBMECTHYIO JEATENbHOCTh IIpe-
MoJaBaTeNs U CTYJCHTOB, C LEJIBIO Pa3BUTUS yBe-
PEHHOCTH B cebe, OTBETCTBEHHOCTH, CaMOaHajN3a,
peduiekcnn, He0OXOAMMBIX B Oyaymiel mpodeccu-
OHAJBHOW JesiTenbHOCTH. Torma B OakajaBpuare
oOpasoBaresbHasl NporpaMma JI0JDKHA OPHEHTHPO-
BaThCsS B IOJIB3Y MPOECCHOHATBHO-MPUKIIATHOTO
HaIlpaBJICHHs, HALEJICHHOT'O Ha M0JIy4YCHHUE IPaKTH-
YeCKOT0 ONbITa AEATEIBHOCTH KaK CPeJICTBA pa3BH-
THS TPO(HECCHOHATBHON KOMIIETCHTHOCTH.

Kak u3BecTHO, 110 €CTECTBEHHOHAYYHOMY U TEX-
HUYECKOMY HalpaBJICHHIO IpodeccoHaIbHast IOA-
roToBka TpeOyer u3yueHus puznku. OaHaAKO, 4aCTO
MHOTHE CTYACHTBHI HEIOCTATOYHO MOHHMAIOT BO3-
MOKHOCTH HCIIOJIb30BaHUS TOJYYEHHBIX 3HAHWUN
no 0a3zoBoil aucrumnHe «Pu3nKa» Ipu U3ydeHUN
NPOQUIUPYIONMX AUCHUILIIMH U OKa3bIBalOTCS B
3aTPpyIHCHHMU TNPH PEHICHUH NPaKTHYECKUX 3ajad,
CBSI3aHHBIX C UX OyAylIeH mpodeccHOHaIbHOM fe-
ATeNbHOCTBI0. OCTpoTa MPOoOIEMBI 00YUEHUS ONpe-
JIeNsieTcss TeM OOCTOSATENILCTBOM, YTO TEMITBI pa3-
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BUTHSI COBPEMEHBIX TEXHOJIOTUH M TEXHUKH OYEHBb
BBICOKH. [T03TOMY 0COOEHHO BaykHA pa3padoTKa Me-
To210B 3(phekTuBHOrO 00yUeHHsT Oy YIIMX CTIeLra-
JICTOB, (POPMUPOBAHHS Y YEIOBEKA ONPEJICIICHHBIX
CHCTEM, BaXKHBIX JUISI pa0OTHI KAUeCTB, B YACTHOCTH
(dhopMHupoOBaHUS MPOPECCUOHATBHBIX 3HAHUN W Ha-
BBIKOB.

BMmecTe ¢ TeM MOTHBalMOHHAsI COCTaBIISIONIAS
NPAaKTUKOOPUEHTUPOBAHHOTO OOyuYeHMs SBIISICT-
Csl BAYKHBIM B PEHICHUM €XKETHEBHO BO3ZHHKAOIIMX
y4eOHBIX 3a7a4 MOOYXIOEHUs CTyAeHTa K dQek-
TUBHOMY TPYAY, K ACHCTBHIO. MOTHUBBI JESTEIBHO-
CTH — ATO KOHKPETHBIE BHYTPCHHUE MOOYIUTENN K
JeHCTBUIO, TpeACTaBIsIoNe co00i OTpakeHHe B
CO3HAHUU JIIOJIEH UX OOBEKTHBHBIX MOTPEOHOCTEH
u uHTepecoB [12-14]. ®dopmupoBaHre MOTHBAIH-
OHHOW cdepbl y CTyAEHTa SIBISAETCS BaKHEHIICH
BOCTIMTATEbHOM 3ajadeil B mporecce oO0ydeHWUs,
TaK KaK OHO PAacKpbIBaeT MEPCIEKTUBBI €ro Mpo-
(eccnonanbHOro cTaHOBICHHA. Pe3ynapTaToM Tako-
ro HOAXOJAa CTAaHOBUTCS PAa3BUTUE YOEKIEHHOCTH
y CTYAIGHTOB B TOM, YTO HMHTETpalusi (pU3NUECKUX
3HaHUHM MO0 0a30BOW JUCLUILIUHE U MPOPUITUPYIO-
MM JUCLUIUIMHAM SBIISIETCS BaXKHBIM CPEICTBOM
pemiennst nMpodecCHOHATBHBIX 3aj]lad4, OPUEHTUPO-
BaHHBIX K PEaJbHBIM MpobjeMaM KOHKPETHOH crie-
L1AJIbHOCTH.

Baxnast ponb B cucTeMe MOATOTOBKH CTYJICH-
TOB K NPUMEHEHHUIO NPHOOpETaeMbIX 3HAHUK B
NPAaKTUYECKUX LEIX MPUHAMICKUT JUCHUILITHAM,
KOTOPBIE SBISIOTCS KOMIIOHEHTOM 10 BBIOOPY IIHK-
Ja MpoUIMPYIOMUX AUCHUILIMH B 00pa3oBaTeib-
HO¥ TIporpaMme OakaiaBprara, Harpumep «Termo-
¢dusnueckue cBOMCTBA BemecTB». OnHON U3 1eneit
NpenoJaBaHusl TaKUX AWUCIMIUIMH SBISIETCS BO3-
MOYKHOCTb IIPO(eCCHOHAIBHO-HANIPABICHHOIO H3-
YUeHHsI TEPMOJMHAMUYECKOTO MMOAX0Aa K pacueTy
TEPMOJIMHAMUYECKUX CBOWCTB CaMbIX pazHO00Opas3-
HBIX OOBEKTOB — OT YUCTOro OAHO(A3HOIO Belle-
CTBa JI0 XMMHYECKH PEardpyOUIMX MHOTOKOMIIO-
HEHTHBIX 1 MHOTO()a3HBIX CUCTEM U O3HAKOMJICHHE
C TEeXHUYECKUMM AOCTHKECHHUSIMH B TEIUIOIHEpre-
THKE U TeruloTexHuke. Cienyer OTMETHTh, YTO pe-
HICHHUE JIIOOBIX MPAKTHYECKUX TEXHHUYECKHX 3ajad
CBSI3aHO C pa3pabOTKOH U CTIienHalIu3auei huzmdae-
CKUX JIUCIMIUIMH U BO3MOYKHO HA OCHOBE MHTETpa-
UM ¥ YTITyOneHust cofepkanust GyHIaMeHTaIbHbBIX
Y TIPUKJIQJAHBIX 3HAHUH.

B npouecce o0ydeHUs 3TOW JAUCIMIUIMHE Pa3-
nen 06a30BoW AMCHUILIMHBI «MosekyspHas Gu3u-
Ka» BBICTYIAET ONOPHBIM AJIsl 3HAHHUH 1O (PU3HKE.
Hanpumep, Bo3bMeM sl aHalW3a OJHY U3 TEM,
M3y4aeMbIX B MOJICKYJSIpHOU (u3nke — «SIBiIeHus
HePeHOca», C KOTOPOW CTYIEHThI 3HAKOMBI C IIpe-

JBITYIEero Kypca. [lpu paccMOTpeHHH MpaKTHUKO-
OpPHEHTHPOBAHHBIX 33]1a4 110 PO IITUPYIOIEH TUC-
muiuinHe «Teruiopu3ndyeckre CBONCTBA BEILECTBY
pe3ynbTaThl pacueToB Ko3((UIIMEHTOB IEepeHoca
(BSI3KOCTH, TETUIOMPOBOJIHOCTH, AU(PPYy3HuH), II0-
Ka3pIBAIOT, 4YTO HX 3HA4YCHHs, BBIYHCJICHHBLIC IIO
3JIEMEHTAPHOW KHHETUYECKOH TEOPHUHU T'a30B, HE CO-
BITAJIAIOT C SKCIIEPUMEHTAIbHBIMU JaHHBIMA. CTy-
JACHTaM IMpeAIararoTCs BbIACHUTL NMPUYMUHBI TAKOI'O
OTKJIOHCHHS.

AHanm3upysi COOTHOIICHHS, IPUBEICHHBIE B
MOJICKYJISIPHON (M3WKe Ui OMHCaHUs TeMIiepa-
TYpHOH M Oapu4ecKoi 3aBUCHMOCTH KOd(PPHULINCH-
TOB TIEpEHOCA Ta30B, CTY/IEHTHI BBISICHSIOT, YTO IS
PCAIBHLIX T'a30B 3TU COOTHOUICHHA MMCIOT TOJIBKO
npuOrKeHHbIN Bua. [loaToMy-T0 Botipoc 00 oBma-
JICHUH YMEHUEM YNTaTh H aHATTN3UPOBATH (DOPMYITBI
NPECTaBISIET OCOOCHHBIA MHTEpEC ISl M3Y4YCeHUS
B3aMMOOTHOIIICHUI MEXIy MapaMeTpaMu, BXOs-
muMHA B Qusudeckne Gopmyisl. OOCyxaas mpo-
6HeMy OTKJIOHCHU A SKCIICPUMECHTAJIbHBIX JaHHBIX B
3aJlaye OT TEOPETUYCCKU BBIYMCIICHHBIX, CTYACHTHI
BBIICHAIOT, YTO B JIEMEHTAPHOU KUHETUYECKOU Te-
opHH K03 PHUIUEHTHI IepeHOCa BBIPAXKAIOTCS Yepe3
BEIMYMHY CpeIHEH IUTMHBI CBOOOJHOTO Tpobera,
KOTOpasi TIpY TIOCTOSTHHOM TIOTHOCTH HE 3aBUCHUT
OT TEMIIEPATYPHI, a IIPU ITOCTOSHHOM JaBJIEHUH OHA
psIMO  TIPOTIOPIIMOHANIbHA TeMIieparype. OaHako
mpu 0oJiee CTPOTOM MPUONFDKCHUN IS peajbHBIX
ra3oB OKa3bIBAETCs, YTO CPEIHSS JIMHA CBOOOIHO-
ro npobera He BBICTYNAaeT CTOJIbh HEMOCPECTBEHHO
IIpH ONHMCAaHWU TIPOIIECCOB TepeHoca. Takxke 00-
pamar0T BHUMAaHWE Ha TO, YTO 3Ta TCOpU NPCAIlo-
JaraeT HalM4he ONPEACIICHHBIX OTHOIICHUHA MO-
JIEKYJISIPHBIX TIOCTOSHHBIX, KOTOPBIE HE MEHSIOTCS
IIPU TIEPEX0/Ie OT OJIHOTO BEIIECTBA K APYrOMY U HE
M3MEHSIOTCS 3aMETHO ¢ Temreparypoil. Crienosa-
TeIbHO, HEOOXOINMO paccMaTpHBaTh 00OCHOBAH-
HOCTh NOJTYYCHHBIX PE3YyJIbTaTaO0B B INPHUMCHCHHUU
K OTJCIbHBIM THIIAM MOJIEKYJ B OTPEICICHHBIX
YCIOBHSAX IO TEMIIepaType W JIaBIICHUIO, a Jei-
CTBUTEIIbHBIC TEMIIEPATYyPHBIC 32aBUCUMOCTH KOA (-
(bMIIMEeHTOB TIepeHoCca JIOJDKHBI BKITFOYATh BIIUSHUC
B3aUMOJICUCTBUIM, KOTOPbIE UMEIOT MECTO MEXKIY
peajibHBIMU MOJIEKyJlaMu. B TakoMm ciiydae mpo-
SIBJISICTCSL MHTEp(EpPUPYIOIIECe BIHMSHUEC HABBIKOB
aHanu3a (HYHKIWOHAIBHBIX 3aBHCHMOCTEH mapa-
METPOB, Pa3BHBACIOTCA U (OPMUPYIOTCS HE TOJb-
KO CIelUaTbHbIC TPEIMETHBIC KOMIICTCHIINH, HO U
npodeccronanbHbIe. [103TOMY MpH IpaKTHIECKOM
npuMeHeHUH (OpPMYIT TEOPUH ISl pacueToB KOd(-
(bMIIMEHTOB BSA3KOCTH, TEIUIOMPOBOTHOCTH U JU]-
(hy3uu MOJIE3HO PacCMOTPETH JOMYIICHUS U Mpe-
MOJIOKCHHMSI, UCIOJIb3yeMbIe MpHU 00Jiee CTPOroM
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PaccMOTPEHUHU BBIpaXCHUN s K03()HuuneHToB
repeHoca.

B Takoii opraHuzanuu OOy4eHHs MPOUCXOHUT
MOTHBAIIMOHHOE OoOecredeHrne yueOHoro mporecca
1 CBS3b OOYYCHHS C MPAKTHYECKUM IMPUMEHEHHEM
M3yYeMbIX TEM JUCIHILIHHBI, MPOSBISIOTCS COT-
3HATEeNbHOE OTHOLICHHE W aKTHMBHOCTH CTYACHTOB
B Iporecce OOCYXICHUS MPOOIEMHBIX BOIIPOCOB.
HecomHeHHO, B paMKax MpaKTHKOOPUEHTHPOBAH-
HOro 0OyueHHs pa3BUBACTCS BHYTPEHHSSI MOTHBA-
1Sl y9EHUS, TaK KaK MOSBISETCS BO3SMOXXHOCTB CBO-
00/1HOTO BEIOOPA CIIOCOOOB pellIeHuUs 00Cy K IaeMOn
npodaembl. OIHUM CIOBOM CTYIEHTHI YyBCTBYIOT
COOCTBEHHYIO KOMIIETEHTHOCTh W HCIIBITHIBAIOT
COOCTBEHHYIO HE3aBUCHMOCTH B IPHUHSTHH ITyTEH
peuenus mpodiieM U 3ajiad, a Takke crnocoOoB J10-
CTIDKEHUS JKEIaeMOTO pe3yIIbTaTa.

B 0CHOBHOM B IPOQHUIMPYIONIMX AUCIUIUTHHAX
METOAMKH pacueTa Kod(p(HUIHEHTOB MEepeHoca pe-
ANBHBIX Ta30B 0A3UPYIOTCS HA YPAaBHEHHUAX CTPOTON
KMHETUYECKON TEeOpuH, TeopuH YemmeHa-DHCKOTa
[15, 16] 1 Ha 3aKOHE COOTBETCTBEHHBIX COCTOSHUMN
[15-17]. TlpemogaBaTenb TOKEH POBECTH CIICIIH-
IBbHYI0 paboTy MO pazbsCHEHUIO MOJX0Ja, OCHO-
BBIBAIOILIETOCS HA CTPOrOM KMHETUYECKOH TECOPHH,
a TaK)Ke PacCMOTPETh MPENIOIOKEHUS, UCTIONb-
3yeMble B TEOPHHU, U I'PAHHILI €€ MPUMEHUMOCTH.
YrtoObl HE MOPOKIATH MPU PEIICHUH MPAKTHUECKUX
3a/1ad  pa3sHOOOpas3Hble OIMHMOKH, IPEIOaaBaTEIIO
HEOOXOIUMO TPOBECTH TOYHYIO auddepeHim-
POBKY MEXIY HOBBIMH M paHee MpHOOpPETCHHBIMU
3HaHusMHU. Tak kak B Teopuu YenmeHa-DHCKora
KO3 PUIIUEHTHI TTEPEHOCA BHIPAKAIOTCS Yepe3 Io-
TCHIUAIBHYIO SHEPIuI0 B3aUMOJACHCTBHUS MEXKAY
JIBYMsI MOJIEKYJIaMH B Ta3e, IpH MPaKTHIECKOM HUC-
MOJIb30BAHUM DTOH TEOPUHU IS PacyeToOB HYIKHO
3HaTh AuaMmeTp 3PQPEKTUBHOIO IMOMEPEYHOTO Ce-
YeHHsI COY/JapeHHs MOJIEKYJ 0 W MaKCHMaJbHYIO
SHEPTUIO TIPUTSHKCHUS MEXIY Tapod MOJEKYJ &,
a TaKKe MHTerpan croikHoBenuit QY. HeoOxo-
TUMO 00paTWTh BHMMaHHWE CTYAEHTOB Ha TO, YTO
MHTETpaj CTOJKHOBEeHUH QU SBIsIeTCS CI0XHON
(ynxuueit 6ezpasmepHoii Temnepatypel T =kT /e,
(hyHKIIMOHANBHAS 3aBUCUMOCTh KOTOPOH MEHSETCS
C BBIOOPOM MEKMOJIEKYIISIPHOTO MIOTSHIINANIA B3au-
MOJCHCTBUSL.

IIpornecc perieHust NpeasioKEHHON 3a/1a4l BbI-
CTyHaeT Kak NpOLECC MHOTOKPATHOTO €ro mepe-
ocMbIcieHUs. B Hamem skcmepuMeHte TpeOoBa-
JIOCH HE MPOCTO PacCMOTPETh cBoiicTBa QU9 HO M
OTIPEIEITUTh PSI/I PA3TMYHBIX BO3MOXKHBIX 3HAYCHUHN
WHTETPAIOB CTOJIKHOBEHHH IJISi KOHKPETHBIX IO-
TEHITMAJIOB MEXMOJIEKYISIPHOTO B3aWMOJICHCTBUSI.
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Takum 00pa3oM, HaBBIK pacueToB KoddduiueH-
TOB TIepeHoca ObLI TOCTaBJICH B HOBBIC YCIIOBHS,
oTiMyarolmecs OT npenbiaymux. JlanbHeiniee
M3y4YCHHE TEOpPUHU TMOKa3ano, 4to mnoreHiuan (6,
12) Jlennapn-Jl>xoHca ISl HETOSIPHBIX MOJIEKYII
u norenuuan ltokmaiiepa Juisi MOJSPHBIX MOJE-
KyJ JOCTaTOYHO IIMPOKO HCIONB3YIOTCS AJsl pac-
YETOB MHOIMX CBOMCTB Ta30B M KUIKOCTEH INpu
Pa3IUYHBIX TEPMOAMHAMHYECKUX MapameTpax. Ta-
KHM 00pa30M, CTYACHTHI MOHUMAIOT, YTO PEUICHHE
MPaKTUYECKUX 3aJa4 BO3MOKHO IPU COBMECTHOM
[IPUMEHEHUHU YPAaBHEHUI KMHETUYECKON TEOPUH ra-
30B ¥ YPaBHEHUUH COCTOSIHUS, KOTOPhIE 00pa3yroT
OCHOBY JUIsl U3YUEHHsI TUHAMUKY T'a3a U )KUJIKOCTH.
N3ydeHue Takux TEM, UHTETPUPYIOIIUX Oa30BbIC
(u3UYecKUe 3HAHUS B PEIICHUE MPAKTHKO-OPUCH-
TUPOBAHHBIX 3a]a4, IPUBOJUT K PA3BUTHIO IPAKTH-
YECKUX HaBBIKOB, HEOOXOIUMBIX Jisi (OPMHUpPOBa-
HUS IPOPECCUOHATBHBIX KOMITCTECHITHH.

[lepBoHavabHBIMK ~ AJTOPUTMAMHU  JIEUCTBUI
Mo pacyery KO3(PQHUIMEHTOB MEPEHOCA CTYICHTHI
OBJIAJICBAIOT B paMKax «MOJICKYISIpHOW (PUIUKI.
CdopmupoBaHHbIE HA MPAKTUYECKAX 3aHATUAX ajl-
TOPUTMBI ICHCTBHUI SIBJISTIOTCS OOIMMH IS JTFOOBIX
(U3MYECKUX AMCUMUIUIMH, T€M CaMbIM 3TH 3HaHUS
MOTYT OBITh NCTIOIB30BAHBI IIPH U3YYEHUH MTPOHUII-
JUPYIOMNUX TUCIUTUINH CIENUATbHOCTH, T.€. OHU
007a1at0T CBOMCTBOM TpaHC(OPMAIIUY WITH TIEPEHO-
ca 3aHnHMi. Ha nociienyronux Kypcax 3TU 3HaHUS,
YMEHUS W HABBIKA YIPOUUBAIOTCS, PACIIUPSIOTCS
U NPUBOIAT K UX CHUCTEMATU3aLUU. DTH CHUCTEMa-
TU3UPOBAHHBIC 3HAHMSI KaK OJIHUH W3 PE3yJbTATOB
rpoiiecca HHTETPAIuU MPEAMETHBIX KOMITCTCHITUMN,
OTIIMYAIOTCS, KaK MMOKA3aHO BBIIIE, HOBBIMH, d(h(ek-
TUBHBIMH (hOpMaMH YIOPSTOYEHHOCTH M CITIOCOOHBI
OKa3bIBaTh MOIIHOE CTUMYJIUPYIOIIEE BO3ICHCTBUE
Ha JajbHEiIIee pa3BUTUC JUYHOCTH CTYACHTA.
Bwmecre ¢ Tem uHTerpaius 3HaHUM B IPaAKTUYECKON
NEATEeTLHOCTH OPTaHW3yeT TO WJIM WHOE COoNeprKa-
HUE OOY4YeHHs, 3aKpeIUIseT OIPEACICHHBIN ATarl
€ro pa3BUTHUA, HOpManu3yeT ero. lIpakruueckas
NeATETLHOCTh Ha MPAKTHUYECKUX 3aHATUAX yOexma-
€T CTYJICHTOB B CYLICCTBOBAaHUHU TAKUX BOIPOCOB,
YIOBJIETBOPUTEIIBHOE PELICHUE KOTOPBIX HE MOXKET
OBITh TMOJIYYCHO IMPHU KCIOJIb30BAHUU TOHATHI U
METOJIOB JIMIIb OJHON KaKOW-THOO JMCIUTUIHHEIL.
[lo3HaBarenpHass UEHHOCTh MHTETPALMKM 3HAHUN B
TaKOU JESATEIHHOCTU COCTOUT B TOM, YTO OHA OPH-
CHTUPYET Ha MEXIUCUUIUIMHAPHOE UCCIEIOBAHUE,
Ha KOMIUIEKCHOE HCIIOJIb30BAHUE IOHSATUH U Me-
TOJIOB Pa3JIUYHbIX (PU3UYCCKUX AUCIHUIUIMH B MPO-
[[ecce PElICHUs CI0XKHON podIeMbl — mpodeccro-
HaJHHOW IMOATOTOBKH [9].
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MetonoJiorusi TNPUHATHSL PelleHUuil npu
MOCTPOEHUM NPAKTUKOOPHEHTUPOBAHHOI O
o0y4eHust

Jlrobast yenoBeveckasi NEATEILHOCTh BKIIIOYA-
€T MPHUHATHE PEIICHNs, TO3TOMY Ha MPaKTHIECKUX
3aHATHUAX TPU BBINTOJIHCHUU KOHKPCTHBIX 3aI[aHI/II71
nepes CTyIEHTaMH BO3HHUKAIOT CHTYallUd BBIOO-
pa METOJOB pPACUYETHOTO OIPENEICHNs BaXXHBIX
(I)I/ISI/IKO-XI/IMI/I‘IGCKI/IX BEJIMUYMH W CBOWCTB Ta3oB,
JKUJIKOCTEH M TBEPIBIX BELIECTB, HEOOXOIUMBIE B
MPUKIIATHBIX pacueTax, HAyYHBIX HCCIETOBAHMIX
U IIPOEKTUpOBaHUU. L{enbro OBIaJeHNs paCUETHbI-
MH METOAAMHU SIBIISIETCS MOJIyYEHUE JTOCTOBEPHBIX
JAHHBIX O (PU3UKO-XMMHYECKUX BEJTMYNHAX M CBOH-
CTBAX pas/IMYHLIX BCIICCTB IIPU PA3HBIX YCJIOBHUAX.
HeoGxonumocTs cuTyauun BeIOOpa METOZa pacye-
Ta COOTBETCTBYIOMICH (PH3NKO-XUMHUECKON BEIH-
YHMHBI, OIICHKA TOYHOCTH PAacdyeTOB Takke TpeOyer
OpuHATHA pemeHus. TakuM o0pa3oM, MOSBISET-
Csl CHUTYyaIusi, BKJIIOYAIONIAs HEOIPEeIeHHOCTh U
CJIe/IoBaTeIbHO, TpeOylollast MPUHITHS PELICHHUs.
Takyio cuTyanuio NIpUHITO Ha3bIBaTh NPOOIEMHON
[18-20].

Pemrenust tunmynbie ans GyHKOuME oOydeHHs
— 3TO IUIAHWPOBAHUE, OPraHU3alysl JesITeIbHOCTH
00yJaronxcs, MOTHBAITUS M KOHTPOJIb. BakHeii-
[IMM CYIIHOCTHBIM 3JE€MEHTOM YKa3aHHBIX (YHK-
Ui OyJyT JUYHBIC PEICHUs Kak IperojaBaTeds,
TaKk W 00yJaroImuXcs, TaK KaKk MPUHATHE PEIICHHS
— 3TO MCHUXOJOTHYecKui npouecc. Pemenue mpo-
Onem mpencTasisieT coOoil mpouece, BKIIYAIOMINN
PSA TIOCTIEOBATENbHBIX 3aWMOCBSI3aHHBIX II1aroB,
MoATOMY TpeOyeTcsl He eIMHUYHOE PEIIeHNUE, a COo-
BOKYITHOCTb BEIOOPOB.

IIpomecc permeHnss TPaKTHYECKUX TEIUIO(H-
3UYECKUX 337a4 CBSI3aH CO CIIOXKHOW CTPYKTYpOH
MIPUHTUS PELICHUS, KOTOPAasi CBSA3aHA C MBICIIEHHBIM
MaHUIYJIHPOBAHUEM TEOPETHUECKUMH TIPEICTaBIIe-
HUSIMHU IO M3y4aeMOMY BOIIPOCY U OTpe/eleHHeM
croco0a BBINOJIHEHUST TOI'0 MJIM WHOTO JEHCTBUS.
ITockonpKy TOTHA BEIOOP pEIICHUs 3adadd OyaeT
00yCIIOBJIEH TEOPETHYECKUMH 3HAHHAMHU MO pac-
CMaTpuBaeMOl TeMe, TO pelieHne OyIeT OCHOBaHO
Ha cyxaeHusX. OgHaKO BO MHOTHX CIIydasx Ipe-
nmogaBaTejib B COCTOAHUUN CYIICCTBECHHO IMOBBICUTH
BEPOSITHOCTh NPAaBWIIBHOTO BbIOOpa 00y4Yaromy-
MUCS, TIOIXOAS K PEIISHUIO 3a7]a9i PallMOHAIBHO.
HOBTOMy B XOAC pCUICHHS BaXHO HCIIOJB30BATh
peneBanTHYI0 HHGOpManuo. CienoBaTenbHo, Ipo-
IIeCC MPUHSTHS PEIICHHS Ha TTPAKTUIECKIX 3aHATH-
SAX MPU BBIMIOJIHEHUU 3aJaHus CTYJCHTAMH NOJIKCH
BKJIIOYATh: BBISIBICHUE MPOOJEMHOM CHTYyaluy,
MBICTICHHOE BBIJBIDKEHHE PA3JIMYHBIX BapHaHTOB

pElIeHus, OIECHKY BBIIBHHYTBHIX BapHAHTOB, BbI-
0Oop TOTO BapuaHTa PEHICHUS, KOTOPBIA 00eCIIeUnT
JOCTIDKeHHE TpedyeMoro pesyibrarta. Emie ogHuM
9TaroM, BXOJSIIMM B MPOLECC TPUHSTHUS PEILICHUS
SIBIIICTCSl YCTAaHOBJICHHE 00paTHOM cBsizu. Ha aTom
JTane MPOMCXOANUT OLIEHKA PEIIeHHs] M COMOCTaB-
neHne (GaKTHYECKUX PE3yJIbTaToOB C TEMU, KOTOpPHIC
MIpeToAaBaTesb U CTYACHTHI HAJISSIUCh TTOYyYUTh.
[Ipexxne Bcero, cieayer MpaBUIBLHO OIMUCATh
mpobieMy, HalpuMep, BBUSICHUTH KAaKWE BOMPOCHI
W 3a7a9d HEOOXOAWMO PEIINTb, TNIe 3TH BOMPO-
CBI M 3aJla4y BO3HUKAIOT MM MUMEIOT MECTO, KaKue
aCTEKThl MPU 3TOM HIPAIOT CYIIECTBEHHYIO POJIb.
OnpenensroTcss TEOPETHYECKUE TTOJNOKEHUS KOH-
KPETHOT'0 BOIIpOca, HarpuMmep, o Teme: «CBoiicTBa
ra3oB W >KUIKOCTEH B KPUTUYECKOM COCTOSIHUNY.
PaccmaTpuBatoTcss aBa MeToma pacyera KpUTH-
YeCKUX MapaMeTpoB. Bo-mepBbIX, METOIbI, OCHO-
BaHHBIC Ha KOHCTUTYTHUBHBIX CBOHCTBaX MOJICKYI,
KOTOpBIE OCHOBaHBI Ha CYMMHPOBAHHUU aJITUTHB-
HBIX COCTaBJISIOIIMX J10JI€i. BBIACHSETCSA, YTO TIPU
OTCYTCTBHM 3KCIIEPUMEHTAIBHBIX W CIPaBOYHBIX
JAHHBIX 00 WMHTEPECYIONMX HAac B 3aJ[aHUH CBOWi-
CTBaxX BELIECTB MOXKHO HCIOJb30BAaTh WX 3aBUCH-
MOCTH OT POZa M 4YHClia aTOMOB, TPYIII aTOMOB U
crocoda CBS3M B MOJIEKYJE, T.€ KOHCTUTYTHBHBIC
cBoiicTBa. BO-BTOPBIX, Kakue 3KCIEPUMEHTAIbHbIE
JaHHBIC O PAcCMaTPUBAEMbIX CBOHCTBaX BEILECTB,
HarpuMep, INIOTHOCTh, TeMIIepaTypa KATICHHs, JaB-
JIEHWE HACBHIIIEHHOTO Tapa | T.J1., U3BecTHBI. O ToM,
YTO 3HAYCHHS KPUTHUCKUX MApaMEeTPOB 3aBUCAT OT
CBOMCTBB MOJIEKYJI, U3 KOTOPBIX COCTOHT BEIIECTBO
CTYJICHTaM HW3BeCTHO (MoJeKyispHas (usuka, Oa-
kanaBpuar). OpHako Ha Beln4uHsl p,,V, I, Kpu-
TUYECKHX MTapaMeTPOB BIUAIOT Macca MOJIEKYJIbI, €€
o0beM, popma, MEKMOJIEKYIISIPHBIE CHITBI, a TAKKE
JUTIOJIBHBI MOMEHT, MOJIbHasI pepakius, mapaxop
Y TOJSIPU3YEMOCTh MOJIEKYJ. DTO BIMSHHUE OYCHb
CIIO)KHOE U B paMKax MOJIeKyJsipHol ¢usuku B Oa-
KaJlaBpUTae OHU HE pacCMaTPUBAIOTCS. DTH BOIPO-
CBI M3YYAIOTCS B IPOPIIAPYIONUX JUCIATIINHAX.
[TosToMy nns yAOBIETBOPHUTEIHHOTO OIKCA-
HUSI CBOMCTB peasibHBIX BEIIECTB (IJIOTHBIX TI'a30B
1 KHUJIKOCTEH) TPY BBHIMOJHEHUH 33/I1aHUS IO BbI-
OpaHHO TeMe B NPOQHUIMPYIOUICH IUCIMIUIMHE
HEOOXOIMMO BBISICHUTH, II€ 3TH BONPOCHI U 3a/1a41
BO3HUKAIOT WM UMEIOT MECTO, KaKhe acTeKThl MPH
3TOM HTPAIOT CYLIECTBEHHYIO POJIb U KaKue Teope-
THYECKUE BOTPOCHI, MOHATHUS U 3aKOHBI M3BECTHBI
n3 0a30BOH MUCIUTLINHBI «DPu3ukay. MHATHHPO-
BaHUE JESITEeIbHOCTH, MPUBOAAIIEE K Pa3BUTHIO
CIOCOOHOCTEW aHaIM3UpOBaTh U 0000MIATh, TPO-
WCXOIWT TIPU OTMCAHUH TTPOOIIEMBI MTPEI0KEHHO-
ro 3aJlaHusi, KOT/la ONPEAETSIOTCS TeOpEeTUYeCKHe
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MOJIOKCHUSI KOHKPETHOI'O BOIIPOCa, HAarpuMep,
oTpe/ieNIeHne KPUTHYECKOW TOYKH (MOJEKYJISIpHas
(u3uka, OakamaBpuar) U 3aKOHa COOTBETCTBEHHBIX
COCTOSIHUH (MpoduIMpyIoIHe AUCIUILTNHbI, Mari-
CTpaTypa) BO B3aUMOCBS3H.

O TOM, YTO 3TOT 3aKOH IEPBOHAYAIBHO OBLI
chopmynupoBan Ban-gep-Baanscom u ocHoBaH Ha
BBIPQKCHUH TTEPEMEHHBIX B WX OTHOIICHWH K 3Ha-
YECHHUSIM B KDUTHYECKOM TOYKE M3BECTHO CTYACHTaM
u3 MonekyisipHor ¢usuku. IlosTromy oGcyxneHue
WCTIONIb30BaHMs 3aKOHA COOTBETCTBEHHBIX COCTOSI-
HUH, KOTOPBIN SIBJISETCSI €AMHCTBEHHOW HamnboJjee
BaXHOM OCHOBOW Uil pa3pabOTKH KOppeNsiuuidl u
pacdeToB (PH3UKO-XMMHYECKHUX CBOWCTB YHCTBIX
BEIIECTB M UX CMECEH MpH JIOOBIX TeMIlepaTypax
W JaBICHUAX HA MPAKTHYCCKUX 3aHATHAX NPU pe-
IIeHUH TPAaKTHKOOPHUEHTHPOBAHHBIX 3a/1ad, OKa-
3BIBACTCSl OYCHb BAKHBIM. Ha MHTErpupoBaHHOCTH
3HAaHUH 110 MOJIEKYJISIPHOH (hU3HKe U TPOPHIHPYIO-
MM JIACITUTUIMHAM BHUMaHHE CTY/ICHTOB oOparia-
eTCsl, B YaCTHOCTH, KOT'Jla pacCMaTpPUBAIOTCS TaKue
MaKpOCBOMCTBA, KakK KO3(pQHUIMEHTH TepeHoca,
KOTOpBIE SBJISIOTCS (DYHKITUSMU IECTH BEIHYUH: 0,
T, m, k, 0, ¢. AHanmu3upys cBoiicTBa K03dduimeH-
TOB MEPEHOCA CTYACHTHI NPUXOIAT K BHIBOAY, UTO
Oe3pasMepHbie KomMOmHamu D*, n*, 1* aBugroTcs
(GyHKUMAME TONbKO 0¥, T*, T.e. D :D*(u*,T*) ,
77* :77* (U*,T*), 1= (U*,T*)-

Takum 00pa3oM, BO3HWKAET IEIOCTHOE TIpe-
CTaBJICHHE O TOM, YTO ()YHKIIMOHAIBHBIA BHJ| MIPHU-
BEJCHHBIX KOA(P(GUIMEHTOB TMepeHoca 3aBUCHUT
TOJILKO OT BHWJA TpeanojaraeMon (yHKITMH MEeX-
MOJIEKYJIIPHON MOTEHIUAJIBHOW SHEPTUH.

CrnenoBaTenbHO, MpPU TNPHHATHH PELICHUS B
MIPaKTUKOOPUEHTUPOBAHHOM OOYYEHHUH CTYJEHT
OBIIAJICBACT YMCTBEHHBIMH JIEHCTBUSIMH, IOCPE]-
CTBOM KOTOPBIX OCYIIECTBSUTIOTCSI BBIYMCIHTEIIb-
HBIE U JIOTHYecKHe oneparun. GopMupoBaHue Hau-
Oosiee 3PPEKTHBHBIX MTPUEMOB MPUHSTHS PELICHUS
Ha OCHOBE MHTETPUPOBAHHOCTH 3HAHUH 1O 6a30BOH
muctuioinae «Pu3nka» u npoUIHPYIONUM JTUC-

[UIUIMHAM B TIpoIiecce OOY4YEeHHsI CTYJIECHTOB CO-
CTaBIIIET BXHEWITYIO 3a/1a4y Oyaymien mpodeccu-
OHAJILHOM MOJATOTOBKH.

3akaouenne

B nannHo# paboTe MBI MONBITATUCH TPUMEHHUTD
METOJOJIOTHIO HPHUHATHUS PELICHUs ISl HPaKTH-
KO-OPHUEHTUPOBAHHOTO OOy4YeHHUs! CTyJEHOB. JTa
METOJOJIOTHS, KaK OAMH M3 OOIIUX WHCTPYMEH-
TOB YJIYYILEHHUS! KaueCTBA, MOXET OBbITh HCIOJb-
30BaHa Kak MpH KOJUIGKTHBHOH padoTe, Tak U B
nporecce MHAUBUAYAIBHON paboOThl KaKA0ro 00-
yyaromerocsi. B 3Tom ciayyae nmpakTHKOOPHUEHTH-
poBaHHasi cucremMa oOydeHUs] (U3UKE HAa OCHOBE
WHTETpalliy 3HAaHWH, YMEHUH W HABBIKOB MOXET
ObITh IIepeBellcHa HAa YPOBEHb WHHOBALMOHHON
TEXHOJIOTHH, KOTOpas IMO3BOJISIET MpeoOpa3oBaTh
Xapakrep o0yueHHs B OTHOLICHUH 1IeJICBOH OPHEH-
TalUM, CIIOCOO0B B3aMMOJAEHCTBUS NpenojgaBaTe-
TSl U CTyJICHTA, BO3MOKHOCTH TU(PEepeHIIuAIIH,
OpraHM3anMuy HOBBIX (JOPM CaMOCTOATEIBHOH pa-
OOTBI M AKTUBHOI'O OBJIaJICHUS] HaBbIKAMM IPAKTHU-
YECKOH JIeATEIHbHOCTA U 0000IIECHUS TT0JyYSHHBIX
pe3ynbTaToB. B Hammx npuMepax oHa IpUMEHEHa
UL 3aKPEIJICHUs] TEOPETUUYECKUX 3HAHUH, I0JTy-
YeHHBIX B TMpolecce OOy4YeHHs, NPUOOpEeTEeHUs
MPAKTHYECKUX HABBIKOB, KOMIETCHLUUH M OMBITA
podeCCHOHABEHON NEATEIEHOCTH 110 00ydJaeMoit
CHEIMaNbHOCTH, a TaKXKe OCBOCHHUS MEPEOBOTO
omnbITa. COOTBETCTBYIOMIMN BEIOOP KAKUX-THOO0 Me-
TOZOB, MHCTPYMEHTOB U METOAOJIOIMH KOHTPOJIS
aHaJn3a, yIpaBJIeHus, 00eCIIeUeHHsS U YITyUIICHUS
KayecTBa 0OydeHHUs! (MOJTOTOBKH BBIITYCKHHUKOB)
MOJKET OBITh peasn30BaH MHOTMMH croco0aMu u
npueMamu. [Ipudem, HaBepHOE, HE UMEETCS OJTHO-
3HAYHBIX OTBETOB, TaK KaK BapUaHTHI BIOOpA MO/~
XOJSIIIUX METOJO0B OyIyT 3aBUCETh KaK OT paccMa-
TPUBAEMOU MPOOJIEMBI, HO H OT HHIUBUAYAIbHBIX
0COOCHHOCTEH M MPEeNNOYTeHHH MpernojaBaTenei
1 00yJaroIuxcs.
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