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METOA MHTETPAAbHbIX YPABHEHUI
AAS MbIAEBbIX YACTUL, KOHEYHbIX PASMEPOB

B AaHHOM paboTe MCMNOAb3YyeTCs MPEAAOXEHHas paHee MCEeBAOMOTEHLMAAbHAS MOAEAb
B3aMMOAENCTBMS YacTUL, MbIAEBOM MAA3Mbl, KOTOpasi KOPPEKTHO YUMTbIBAaeT KOHEYHOCTb pa3mepoB
MbIAMHOK B PaMKax KAQCCUMYECKOW IAEKTPOAMHAMMKM MAa3Mbl B MPUOAMMKEHMM XaoTuueckux as.
[MOCTPOeHHbIM TakMM 06pPa3oM MOTEHLMAA 3HAUYUTEABHO OTAMYAETCS OT LUMPOKO MPUMEHSIEMOrO
noTteHumaa lOkaebl (Aebas-XIoKKeAs!) Mpy AOCTaTOUYHO BOAbLLMX 3HAYEHMSIX MapameTpa SKPaHMPOBKM,
UYTO OOBSICHSIETCS MCMOAb30BAHMEM PAa3HbIX TPAHWUYHBIX YCAOBMI Yy MOBEPXHOCTU  MbIAMHOK.
[NpeaAo>KeHHast MCEeBAOMOTEHLMAAbHAS MOAEAD MPUMEHSIETCS AAS ONIPEAEAEHWS PAAMAABHbBIX (PYHKLMIA
pacrpeAeAeHust U CTaTUUYEeCKMX CTPYKTYPHbIX (DAaKTOPOB MbIAEBbIX YaCTWUL, METOAOM WHTErpaAbHbIX
ypaBHeHWn. B uacTtHocTM, wucnoab3yetcs ypaBHeHue OpHwTenHa-LlepHuke B runepuenHom
NPUBAMMKEHUM C MOCTMKOBbBIMU MOMPaBKaMU AAS TOUEYHbIX YacTuL,. Tak Kak B AQHHOM MCCAEAOBaHWUM
pa3Mepbl MbIAEBbIX YaCTUL, MPEAMOAAraloTCS KOHEYHbIMM, TO BbIUMCAEHME TaK>Ke MPOBOAMTCS B pamKax
KOMOWMHMPOBAHHOIO METOAQ MHTErpaAbHbIX YPaBHEHWI, KOTOPbIM OCHOBAH Ha TOM, UTO BHauaAe
BbIUMCASIIOTCS KOPPEASLIMOHHbIE (DYHKLMM AAS CUCTEMbl TBEPABIX LWAPOB B ypaBHeHun [lepkyca-
MeBuKka, a 3aTemM AeAaeTcsl NepexoA K MOAEAM TBEPAbIX 3apsikeHHbIX LWapoB B 6a30BOM runepLIenHoOM
npubAMMKeHUn. Pe3yAbTaTbl MOKasblBAlOT, YTO MPU BGOAbLUMX MAOTHOCTSIX YMAKOBKWM pPaAMaAbHble
(pYHKLMM pacripeAeAeHm s v CTaTUYeCcKue CTPYKTYPHbIe (DaKTOPbl ABMOHCTPUPYIOT BOAEE 3HAUMTEAbHbIE
MMKKW MO CPaBHEHUIO C NMPOCTbiIM MeToAoM OpHuuTerHa-LlepHiuike B runepuenHoM npubAM>KeHUH, YTO
CBMAETEAbCTBYET 06 06pa3oBaHMM OAMMKHErO M AQAbHEro MOPSiAKA B PACTIOAOXKEHUW MbIAMHOK Mpu
GOAbLLMX 3HAYEHMSX UX MapameTpa CBS3U.

KatoueBble caoBa: [bineBas nAasMa, 3pgekTbl 3KPaHUMPOBKM, MOAEAb B3aUMOAEMCTBUS YacTuL,
paAManbHble (PYHKLMKM pacripeAeAeHns, CTaTUYeCcKne CTPYKTypHble hakTopbl, MHTErpaAbHOE ypaBHEHUe
OpHuTeiiHa-LlepHuke, ypasHeHue Mepkyca-Mesuka.
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Method of integral equations for dust particles of finite size

In this paper we make use of the earlier proposed pseudopotential model of interaction of dusty
plasma particles, which correctly takes into account the finite size of the dust particles in the framework
of classical plasma electrodynamics in the random-phase approximation. The potential thus constructed
differs significantly from the widely used Yukawa (Debye-Hiickel) potential at sufficiently large values
of the screening parameter, which is explained by the engagement of different boundary conditions at
the surface of dust particles. The proposed pseudopotential model is applied to determine the radial
distribution functions and the static structural factors of dust particles by the method of integral equa-
tions. In particular, the Ornstein-Zernike relation in the hypernetted-chain approximation with the bridge
functions for the point-like particles is numerically solved. Since the dimensions of the dust particles are
assumed to be finite, the calculations are also carried out within the framework of the combined method
of integral equations, which is based on the determination of the correlation functions for the system of
hard spheres within the Percus-Yevick equation with further transition to a model of solid charged balls
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studied within the modified hypernetted-chain approximation. The results show that at high packing
fractions, the radial distribution functions and the static structural factors exhibit more significant peaks
in comparison with the simple Ornstein-Zernike relation in the hypernetted-chain approximation, which
indicates the formation of short-range and long-range orders in the arrangement of dust particles at rather
large values of their coupling.

Key words: Dusty plasma, screening effects, interaction model, radial distribution function,the static
structural factors, the Ornstein-Zernike integral equation, the Percus-Yevick equation.
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LLlekTi eAemAi To3aH 66ALLEKTEpPI YLIIH MHTErPAAAbIK TEHAEYAEp dAICi

Ocbl >KYMbICTa KAQCCUMKAAbIK, 3AEKTPOAMHAMMKA asiCbiHAAFbl pPeTCi3 hasa >KakblHAQYbIHAQ
TO3aHAQPAbIH, LLEKTI OALLEMAIAINIH YUCbIHAbI €CernKe aAaTblH, epTepekTe YCbIHbIAFAaH TO3aHAbI NMAasMa
GOALLEKTEPIHIH MCEBAOMOTEHLUMAAABIK, YATiAE BCepAecyi KOAAaHbIAaAbl. OcblAaiiila  KypblAFaH
NMoOTEeHLMAA, SKPAHAAAY MapaMeTPiHiH XXETKIAIKTI YAKEeH LlaMacbiHAQ KEHIHEH KOAAAHbIAATbIH HOkaBa
(Aeban-X1oKKeAb) MOTEHLMAAbIHAH aliTapAbIKTal anblpMaLLbIAbIFbI 6ap, OA TO3aHLIaAapAblH OeTKi
KabaTbIHbl TOHIPEriHAE 8PTYPAI LLEKAPaAbIK, LIAPTTAPAbIH, KOAAAHBIAYbIMEH TYCIHAIPIA€AI. YCbIHbIAbIM
OTbIpFaH TMCEBAOMOTEHLUMAAABIK, YA MHTErpaAbAblK, TEHAEYAEp OAICIMEH To3aH GeAleKTepiHiH
paAManbAbl (OYHKLMSAQPbIHBIH, TapaAybl MeH CTaTMKaAbIK, KYPbIABIMADBIK (PaKTOPbIH aHbIKTay YLUiH
KOAA@HbIAQABI. JKeKeAen alTKaHAQ, HYKTEAIK OALEMAl GeALllekTep YLWiH KemipAik Ty3eTyAepimeH
runepuenTi kyblkTayAarbl OpHwTelH-LlepHnk TeHAeyi KoAaAaHbiAaabl. Ocbl 3epTTeyae To3aH
OOALLIEKTEepIHIH ©ALIeMi LUEKTi Aen YHFapbIAFAHAbIKTAH, €ecernTey Tafbl MHTErpaA TeHAEYAepiHiH
KOMOMHAUMSABIK, YATICi asdCbIHAQ XKYPri3iAeAi, OA MblHaFaH HEri3AEAreH, AAAbIMEH KATTbl LLIAPAAP XKYMECI
yuwin Mepkyc-MeBuk TeHaeyiHAeri KOppeAsUMSAbIK, (hyHKLIMSIAAD ecenTeAiHeAi, COAaH COH e3repTiAreH
rUMNepLEenTiK >KYbIKTayAarbl 3apsATaAFaH KaTTbl LapAap YATICiHE eTy >KacaAblHaabl. HeTukeaep
YAKEH TbIFbI3AbIKTapAQ PaAMaAbAbl (DYHKLMS TapaAybl XKOHEe CTaTWMKAAbIK, KYPbIABIMABIK, hakTopAap,
KapananbiM runepuenti XybiKTayAarblOpHLWTENH-LIepHNK YAFiCIMEH CaAbICTbIpFaHAQ, alTapAblKTan
WbIHAQP KOpCeTiM TypFaHblH KepceTeAi, aA OA 6arAaHbIC MapamMeTpiHiH YAKEeH LamMaAapbiHAQ
TO3aHAAPAbIH OPHAAACYbIHAQ AAbIC XKOHE >KaKbIH PETTIKTiH nanaAa GOAYbIH aitFakTalAbl.

Tyiin ce3aep: To3saHAbl ©TKi3rilw OGeAwekTepi 6ap MnAasma, 3KpaHMpoBka 3dekTiAepi,
GOALLEKTEPAIH BCEPAECY MOAEAI, PAAMAAAbI TapaAy (DyHKLMSChI, CTaTMKAABIK, KYPbIAbIMABIK, (aKkTop,

OpHuwTenHa-LlepHuke nHTerpasabik, TeHaeyi, INepkyc-MeBuk TeHaeyi.

BBenenue

B nocnegnue necstuneTHs akTUBHO INPOJOJI-
JKAKOTCSI UCCIIEIOBAHUS MBUIEBOM IUIa3Mbl, TO €CTh
OOBIYHOW TIa3MbI, B KOTOPOH MPHUCYTCTBYIOT dYa-
CTHIIBl MHMKPOHHBIX DPa3MEpOB, Ha3bIBAEMBIE IIbI-
nuakamu [1,2]. FI3BecTHO, 94TO NMBUIMHKY B IIIa3Me
MpUOOpETAIOT TaKOW, B OCHOBHOM OTPHIIATEIbHBIH,
ANeKTpUUecKuil 3apsn [3,4], 4To PHEprus ux B3au-
MOJCHCTBHUS CTAHOBHUTCS MHOTO OOJBIICH B CpaB-
HEHHUU C KUHETUYECKON SHEPTUEN UX Xa0TUUYECKOTO
nBuKeHus [5,6]. Ilpu 5TOM OBUIMHKY B CBOEM pac-
TMTOJIO’KEHUH 0 OTHOIIEHHUIO IPYT K JAPYyTy 00pasy-
10T CTPYKTYPY, HATOMHHAIOIIYIO0 KPUCTAIITHIECKYIO
PELIETKY U HAa3bIBAEMYIO IJIa3MEHHBIM KPUCTAJIIOM
[7,8].

[Ipu1eBast mi1a3mMa 4acTo BCTpevaeTcs Kak B MpH-
POJIHBIX, TaK U B JabopaTopHbIX ycnoBusx [9,10].
Hanpumep, ona wm3ywaerca B acTpo(M3HUECKUX
MIPUJIOKEHUSIX U DKCTIepUMeHTax B kocmoce [11,12],
POKIAETCsl NpU KOHTAKTE IJIa3Mbl CO CTEHKaMU
YCTaHOBOK YTPABISIEMOTO TEPMOSAEPHOTO CHHTE-
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3a [13,14], ucnonb3yercs B MEAUIIMHE IS JICUCHUS
paka [15,16] u 1.1. IlpineBas mnasma COXpaHseT U
cBoe (yHAaMEHTalIbHOE 3HAYEHHE, TaK Kak IOBe-
JICHHE YaCTHUII JIETKO UKCUPYETCS B IKCIIEPUMEHTE
C TIOMOUIbIO BHJICOKAMEPhl BHICOKOTO pa3peLIeHUs
[17,18], 9TO TO3BOISIET HEMOCPEICTBEHHO TECTHUPO-
BaTh TEOPETHYECKUE METOJBI, pa3paboTaHHBIE IS
OTKPBITBIX M HEUACAIbHBIX MHOIOYAaCTHYHBIX CHU-
crem [19,20].

B coBpemenHo# nuteparype mo (u3MKe TbI-
JIeBOM IIa3Mbl TJIaBHBIM 00pa3oM IMPHUMEHSIOTCS
IBPHUCTUYECKHE TOAXOJBI JUISI MCCIeIOBaHMS Tep-
MOJIMHAMHUYECKHUX CBONCTB MBUIEBON KOMIIOHEHTHI,
KOTOpbIE B TOM WM MHOH Mepe OCHOBAHBI Ha HC-
nmoyib3oBaHUM moreHnuana FOkaBwer (Ilebas-Xrok-
kenst) [21,22] ¢ mocTossHHBIM 3apsiioM vactuil. [o
KOHIIa TaKO€ NPUOJIKEHUE HeJb3sl CUUTATh yJIOB-
JIETBOPUTEIBHBIM, TaK KaK IMPHU BBIBOJIE MOTEHIHA-
na FOxaBbl CyIIECTBEHHO HCIIONB3YETCSl TOT (aKT,
YTO YaCTHULbI JOJKHBI OBITH TOYEUHBIMH, HO TOT'ZA
OHM HE CMOTYT HPUOOpeTaTh JJIEKTPUUECKUi 3a-
psa. B 3TOM cMBICiIE TOTHYECKH MTOCIIEI0BATENBHOE
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HCCIIEIOBAHHOE HEOOXOIUMO MPOBOAMUTH MO Hpea-
JIO)KEHHOW B JAHHOM IIPOEKTE METOIUKE, KOTopas
0azupyeTcs Ha OnpeIeICHUH IOTEHIIMAIOB B3aUMO-
JEHCTBUSA, IPSIMOM BBIYMCIEHUH 3apsiia MBIIIMHOK B
paMKax MeTo/ia OTPaHMYCHHOT0 OPOUTAIBHOTO IBU-
JKCHUSI, OTPE/ICIICHUH PaJualbHbIX (QYHKIUH pac-
MIpEJIENIeHNs] U COOTBETCTBYIOLMX UM CTaTHUECKUX
CTPYKTYPHBIX (PAKTOPOB METOJAMM HHTETPAIbHBIX
ypaBHeHuil, MonTe-Kapio u MonexkynspHoOi TuHa-
MUKH, W, HAKOHEI], pacyeTe Ha UX OCHOBE TEPMO-
JUHAMHYECKUX XaPaKTEPUCTHK IIBUIEBOM KOMIIO-
HeHThl. [ToqoOHOe paccMOTpeHne MO3BOIISIET TOUHO
PacCUNTBIBATE CHEKTP MbLIE-aKyCTHUECKUX BOJIH, B
KOTOPOM YYHTHIBAETCS TpOIecC Tepe3apsiiKu ca-
MUX MBIIEBBIX YaCTHUL, XapaKTepHOE BpeMs KOTOPO-
r'o JOJKHO OCTaBaThCsI MHOTO MEHBLIMM 0OpaTHON
YacTOTHI JISTMIOPOBCKUX KOJIeOaHUH MBUTHHOK.

B nanHoli paboTe HCHONB3yeTCs NOTEHLIUAI
B3aUMOJICUCTBUSI, MOJYYEHHBI B [23] B pamkax
KJIACCHMYECKOM 3JIEKTPOAMHAMUKH TIa3Mbl M yUH-
THIBAIOIIMH KOHEYHOCTh PAa3MEpPOB IMBUIEBBIX 4Ya-
ctull. CTporo roBopsi, ¢ GU3NIECKON TOUKU 3PEHUS
MPAKTHYECKN OYEBHIHO, YTO BCE KOPPEISAIIMOHHBIC
(YHKLIMHU CHCTEMBI ONPEEIISIOTCS TOTCHIUATBHON
SHEpruer B3aMMOJIEUCTBUA €€ KOMMIOHEHTOB. Oi-
HUM 13 Hanbomee 3PPEKTUBHBIX METOJIOB UX OIIpE-
JICJIEHUS] ABIISIETCSI METOJ, MHTETPAIbHBIX ypaBHE-
HUH, TO3BOJISIONINHA U3y4aTh paiaibHble (yHKITHH
pacrpe/ielieHlst U CTaTHYECKHE CTPYKTYypHBIE (ak-
TOPBI B IIMPOKOH 007aCTH U3MEHEHUS TapaMEeTPOB
CHUCTEMBI.

B nacrosiiem mccieioBaHuM MPOBEIEHO CpaB-
HEHME JIByX METOJIOB C LEJIbI0 YCTaHOBJIEHUS BIIUS-
HUSl KOHEYHOCTH Pa3MepoB IBUIMHOK Ha UX KOppe-
JSIIMOHHBIE QYHKIMHU. B mepBoM moaxoze 4acTHIibl
CUMTAIOTCS TOYEYHBIMH, TaK YTO B3aUMOAEHCTBHE
MEXIy HUMH peanusyercs noreHuuainoMm HOkassl, a
BBIYKCIICHHE PAJHANbHBIX (QYHKLUUHA pacrpeaeneHus
U CTaTUYECKHUX CTPYKTYPHBIX (PaKTOPOB IIPOBOAUTCS
B pamKax ypaBHenus OpHintelina-L{eprauke B rumep-
LEMHOM NPUOIMKEHUH ¢ MOCTUKOBBIMU MOIpaBKa-
mu [24,25]. Bo BTopoM METOJIe YaCTULIbI pacCMaTpU-
BAaIOTCS KaK TBEP/IbIC 3apsHKCHHBIC IIAPBI, TPH 3TOM
BHauaJie BBIYUCIISIOTCS KOPPEISIHOHHBIE (QYHKIMN
MIOJICUCTEMBI TBEPABIX IIAPOB B PAMKAX YPABHEHMUS
[epkyca-Mesuka [26], a 3ateM pemaercs Moaudu-
LupoBaHHOe ypaBHeHue OpHiuteliHa-l{epHuke B ru-
TIEPIIETTHOM TTpUOMKeHnH [27].

IMapameTpsl MIa3Mbl

VALY AT
or) ="

PaccMoTpuM  OTHOKOMITOHEHTHYIO TIBUIEBYIO
IU1a3My C KOHIIEHTpalMel MbUIMHOK 7 W TeMIiepa-
Typoit T . CaMu IbIIEBBIE YACTUIIBI OYyJIEM CUMTATh
chepuiecKuMy ¢ paguycoM R U 3JIEKTPUYECKUM
3apsiioM Ze, TIe e — 3apsi 2JIeKTpoHa, a Z — 3a-
PAZ0BOE YUCIIO MBUIHHOK.

CocTosiHuE NBUIEBOM KOMIIOHEHTHI IJIa3MBbI Xa-
paKTepu3yeTCs MapaMeTpOM CBSI3H

7%
ak,T

r

5 @

1/3
rne a =(3/4xn)"” — cpenHee pacCTOAHUE MEXKTY
IObIJICBBIMU 4YaCTHLAMH, kB — nocrossHHasg boiib-
1IMaHa, a TaK’Ke HapaMeTpOM SKPaHUPOBAHHUS

K = ak,, 7))

B KOTOPOM K, — BOJIHOBOE YHCIIO, OOPATHOE pajiu-
ycy Jlebas 7, 5KpaHHPOBaHMs MOJIS DIEKTPOHAMH U
noHaMu Oy(hepHO MIa3MBbl.

Jist yuyeta KOHEUHOCTH pa3Mmepa IbUICBBIX Ya-
CTHII BBEJIEM ITapaMeTp, KOTOPBIH ONpeesisieT 100
00beMa CHCTEMBI, 3aHATON MBUIMHKAMH, W Ha3bIBa-
eTCsl TNIOTHOCTBIO YITAKOBKH

n= %ﬂnR3. 3)

BBenenHble mapamMeTphl TOTHOCTHIO OTIPEIesi-
FOT COCTOSIHHE TTBIIEBON KOMIIOHCHTHI TIJIA3MBI C Ya-
CTULIAMU KOHEYHBIX Pa3MEPOB.

IoTennuan B3auMoJelCTBUA
YaCTHIL

NbIJIE€BbIX

B coBpemeHHOl nuTeparype 1O (DU3MKE IIbI-
JIEBOM IIa3Mbl IIMPOKO MCIOJIB3YETCS MOTEHLHAI
FOxaBbI B3anMOIEHCTBHS TTBIIEBBIX YaCTHII, UMEIO-
MUK BUT:

2 2

o(r) = exp(—kpr). “)

7

Panee B pabote [23] ObUT IPEIIOKEH CIICIYFO-
NIMA TOTCHIUAN B3aUMOJICHCTBUS THUIMHOK, Y4H-
THIBAIOLIMHA KOHEUHOCTh UX Pa3MEPOB

[1-exp(—k,r)—k,RB(r)], ®)
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rae

B(r) = exp(k, (2R + r)) Ei(k, (2R + r)) —exp(k, (2R — r)) Bi(2k,,R) +

C 9KCIIOHEHIIMATBHOW UHTErpAIbHON (QYyHKIHEH
. T exp(—t
Ei(x)= | exp(=D) 4y )
t

CrnenyeTr OTMETHTH, YTO B NPHUBEICHHBIX BbI-
paxenusx (5) u (6) paccTossHAE MEKITY MBUICBBIMU
YaCTUIIAMU OTCUUTHIBAETCS OT MX MOBEPXHOCTEH,
YTO HEOOXOAMMO YUUTHIBATH MPU BCEX JAIBHEHIINX
pacueTax METOJIOM HHTETPATbHBIX YPaBHEHHUH.

Ha pucynke 1 npoBeaeHo cpaBHEHUE MTOTEHIH-
anos (4) u (5) mwia mapamerpos miasmer I =100,
x=1u 1 =0.1. U3 pucyHka BUAHO, YTO IOTCHIH-
an (5) nexut BeIIe oTeHIHana (4), Tak Kak sKpa-
HUPOBKA HAUYMHAET JEHCTBOBATH TOJIBKO OT MOBEPX-
HOCTH YaCTHII.

0

1.0 1.5 2.0 25 3.0
rla
Pucynok 1 — [IpuBenennas noreHIuanbHas SHEPrust
B3aNMOIEHCTBYS MBUIEBEIX YacTUIl B OydepHoii mia3me
mpu I' =100, x =1 un=0,1. lltpuxoBas muaus: popmyma
(4); crutomrHas nuHUS: hopmyna (5)

Koppeasiunonnbie pyHKIMU NBITMHOK

s ompeneneHus pajauaibHbIX (YHKIHNA pac-
MpeAeeHUs] IIUPOKO HCHOJB3YETCS METOJ WHTE-
rpaJIbHBIX ypaBHEHUH. [Ie10 B TOM, UTO C TOYKH
3peHUs] CTATUCTHYECKON (PU3MKH MHOTOYAaCTUYHBIC
(GYyHKIIMH pacTpeneneHus] H3BECTHB TOYHO W BHI-
paxkarorcst pacnpenesienuemM ['m66ca. OnHako OHU
HECYT B ce0e MHOIO JIUMIIHEH WH(pOpPMAIH, KOTO-
pasi He Hy>KHa Ha ipakTruke. C TOYKH 3peHUs BBIUHUC-
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+exp(—k, (2R +r))[Ei(2k,R) - Ei(=k,(2R+r)] )

JIEHHsI TEPMOMHAMUYECKHX XapAKTEPUCTHK CPEIIbI
JI0CTATOYHO 3HATH BCETO JIMIIb MAPHYIO KOPPEJIALHU-
OHHYIO (DYHKIIMIO MJIH COOTBETCTBYIOIIYIO paIHallb-
HYI0 (QYHKIIHMIO pacrpeaeCHHs..

W3 craticTHYecKoi (DM3MKH PaBHOBECHBIX CH-
CTEM MHOTHX YaCTHI[ U3BECTHO, YTO MpsMas KOp-
pemsiionHast ¢pyukuust C(r) u mapHask KOppeis-
roHHast GpyHkims A(r) CBSA3aHBI COOTHOIICHUEM,
HasblBaeMbIM ypaBHeHHeM OpHiureitHa-llepauke,
KOTOPOE JIJIsl OJIHOKOMITOHEHTHOM CHCTEMBI UMEET
BUJL

h(r)=C(r)+n j C(r-r")h(r")dr', ®)
raec

h(r)=g(r)-1, ©

a g(r) — napHasi KOppesIIHOHHAsT QYHKIIUS U 1 —
KOHIICHTPAIHS JACTHII.

Ypasuenus (7) u (8) ABIAOTCS (HaKTHICCKH
OMpeIeTICHUSMH, a TI09TOMY TOYHBI B MaTeMaTHYe-
CKOM U (pU3MIECKOM CMBICIIaX, HO HX HEJIO0CTATOYHO
TS OTIPE/ICTICHHS TPEX HEM3BECTHBIX (DYHKIIHIA.

Cy1ecTByer eiie 0JHO COOTHOIICHHE, KOTOPOE
SIBIISIETCSL TOYHBIM U BBIPAXKAET PAIUATIbHYI0 DYHK-
MO pacrpe/eieHus] dyepe3 Tak Ha3blBAEMYIO MO-
CTHUKOBYIO momnpaBky B(r) B Buie

g(r)=exp —%+h(r)—€(r)+B(r) . (10)

B

VYpasuenue (10) He 1aeT HAM HUYETO HOBOTO C
TOYKH 3PSHHS BO3MOYKHOCTH HAXOXK/ICHUS paIHaihb-
HBIX (DYHKIHMNA pacmpeneseHus], TaKk Kak OHO OJHO-
BPEMEHHO BBOJUT €IE OJHO HEM3BECTHOE Iepe-
menHoe B(r). IToatomy paccMOTPUM HECKOJIBKO
MPAKTUYECKUX CIIOCOO0B, MPEIIOKEHHBIX B JINTE-
patype.

Hamubonee mpocTeIiM SBIISIETCS TaKk Ha3bIBAEMOE
TUTIEPIICTTHOE TMPHUOIMIKEHUE, KOTOPOE COCTOUT B
TOM, YTO MOCTHUKOBAs IOMPaBKa MPOCTO OOHYJIISET-
csl, TO €CTh TI0JIaraeTcst

B(r)=0. (11)
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B atom citydae cuctema ypasaenuti (8)-(10) mo-
JKET OBITh pellleHa YICIEHHO ITyTeM UCTIOIh30BAHUS
UTEpaIMoHHOro anroputMa. CpaBHEHHE C PE3yIib-
TaTaMH YACICHHOTO MOJISITMPOBAHUS TIOKA3aJI0, YTO
TUTIEPIICITHOE MPUOIIKEHNE OYCHB XOPOIIO pado-
TaeT JUIsl HE CJIMIIIKOM CHUJIBHO CBSI3aHHBIX CHCTEM.

C yMeHBIIICGHHEM pPACCTOSIHMNA MEXIYy YacTH-
[IaMH OTKJIOHEHHUS THIICPIECITHOTO IPUOIKEHUS
OT pe3yibTaTOB MOJCIUPOBAHUS METOIOM MOHTe-
Kapmno n MonekysspHOW TUHAMHKH JIOCTHTACT 3Ha-
YUTEIBHBIX BEJIWYHH, YTO CTUMYJIHPOBAIIO Jajlb-
HeMIlKe KCCleIoBaHus B 3TOM HarpaBiieHuu. bouio
OTMEYEHO, YTO MPH OYCHb OOJIBIINX Iapamerpax
CBSI3M CHUCTEMBI pajfialibHble ()YHKIIMH CTaHOBATCS
MMOX0XXUMHU Ha T€, KOTOPbIe HAOIIOMAOTCS AJIS CU-
CTEMBI TaK Ha3bIBAEMBIX TBEPJBIX MIAPOB, KOTOPHIC
00BIYHO aHANTU3NPYIOTCS B ipuOmmkennn [lepkyca-
WeBuka [26]

C(r)y=g(r)|1-exp % . (12)

3TO MPUBOJUT K TOMY, UTO panuanbHas QyHK-
LSl pacupeneseHus: oOpaiaercst B HyJdb TaM, I/Ie
MTOTEHITHAT TBEPABIX chep obparmaeTcs B O6CKOHEY-
HOCTb, @ 3TO B CBOIO OUY€PE]b MO3BOJISIET PELIUThH
MOJYYEHHYI0 CHCTEMY YPaBHEHUH M TIOJHOCTBIO
OTIPE/IETTNTh BCE HEW3BECTHBIC (DYHKIMH IS TBEP-
Ibix cep. OOHyneHue paguanbHOl QyHKIMU pac-
IpeaesieHns Ha PACCTOSHUSX, MEHbILIE JUaMeTpa
B3aMMOJICHCTBYIOIINX YaCTHII, IBISIETCS €CTECTBEH-
HBIM (QH3MYECKHM TpeOOBaHUEM MOJEIH TBEPABIX
cdep, KOTOpble HE MOTYT NMPOHUKATh APYT B ApyTa.
st 9TOTO JTOCTATOYHO BCIOMHHTH (DH3UUICCKUI
CMBICIT pafraibHON (PYHKIHMU pacnpeaeieHusi, Ko-
TOpasi MPEACTABIIET COO0M IIIOTHOCTH BEPOSITHO-
CTH OOHapYXEHHs YacTHUIl HA HEKOTOPOM PaccTos-
HUM Apyr oT npyra. Ciemyer 0co00 MOAYEPKHYTD,
YTO Pe3yibTaThl KOMIBIOTEPHOTO MOJEINPOBAHHUS
CHUCTEMBI TBepIbIX cep meTonamu Monrte-Kapio n
MOJICKYJISIPHON TMHAMUKHU TTOJIHOCTBIO MOATBEPIH-
JI CTIPaBEUTHBOCTH ypaBHeHus [lepkyca-Fepuxa.

OTOT ycIex sl CUCTEM TBEPIbIX chep MOo3BO-
JIWJT TIPOABHHYTHCS JTANIbIIC, BBIIBUHYB IETBIN Pt
BO3MOXHBIX MPUOIMKEHHBIX PELICHUHN I TIPOU3-
BOJIBHOTO TIOTEHIIMAaJa B3auMoieiicTBrst. OCHOBHAA
UX U7es COCTOUT B TOM, YTOOBI HCIIOIb30BATH CH-
CTeMy TBepAbIX cdep B KadecTBe 0a30BOil U mpen-

CTaBUTh pEAJBHBIA IOTCHIMAT B3aUMOJICHCTBUS
KaK CyMMY JIBYX YacTel, OJHa U3 KOTOPHIX COCTaB-
JIIET TIOTEHIMANl TBEPABIX cep, a apyras >KeCTKO
ompeziesicHa OTEHIINAIOM B3aUMOJICHCTBUSI CaMO
CUCTEeMBI. Bce 3TH MeTO/IbI TaK WM MHAYe UCTIONb-
3YIOT TOT (haKT, YTO MOCTHKOBBIEC BKJIaJIbI CJ1a00 3a-
BUCAT OT TMOTCHIIMAIA B3aUMOJICHCTBUS U O3TOMY
MOTYT OBITh (DAKTHUYECKHU B3SATHI U3 PEIICHUS YPaB-
HEHUS HepKyca-erBMKa st TBepAbiX cdep. Tak
MOSIBUJIOCH MPOCTeEiiIiee, Tak Ha3plBaeMoe 0a30BOe
TUTIEPIICITHOE TPpHOTIKeHHe [27].

B nanphelimem Jlano nmpenyioxusl yCiI0KHUTh
CXeMy, TaK Kak ObUIO HE BIIOJHE SICEH BBIOOp pa3-
Mepa dactull. OH TPEIOKII MHHHMH3HPOBATH
CBOOO/IHYIO SHEPrUI0 CHCTEMbI NP BapHalliu pa-
JUATEHOW (DYHKIIMU pacrpeiencHus. Takas cxema
MOJTydMJIa Ha3BaHWE MOIU(HUIIMPOBAHHOTO THITEp-
LEnHOro npudmxenus [28].

Pozendensn u Aukpodt [29] momuy ere 1aib-
e ¥ TPeIOKWIA MHHUMH3HPOBATH CBOOOIHYIO
SHEPI'HI0 MPOM3BO/I BapHAIIMI0 BCEX MapaMeTpoB
CUCTEMBI/, 4TO TIO3BOJIWIIO HE KOHTPOJIUPOBATH BhI-
MTOJTHEHHE JOMOIHUTEIBHBIX YCIOBHH, KOTOPHIE TT0-
SIBJISTUCH B 0230BOM THIICPIICITHOM MPUOJIHMKCHUH.
DTOT METOA B JUTEepaType TMOIY4HSl Ha3BaHHUC Ba-
PHAIIMOHHO-MOTU(UITIPOBAHHOTO  THIIEPIIETTHOTO
MPUOTMKEHUSL.

B Hamreli cucteMe mbUIEBBIE YACTHIIBI CAMU TI0
cebe SABJIAIOTCS 3apsHKEHHBIME TBEPIBIME cepaMu,
M03TOMY BapbHUpPOBAHHE MX pa3Mepa He MpPeCTaB-
JISICTCSI BO3MOXHBIM. B ATOW CBSI3M KaXkeTcs pas-
YMHBIM HCTOJB30BaHHE 0a30BOTO THIIEPIIETTHOTO
MPUOJIMKEHUS, & TAK)KE T0/1X0/1a, OCHOBAHHOT'O Ha
penieHnu o0buHOTO ypaBHeHuss OpHirretrina-Llep-
HUKE B THIIEPIIETTHOM MPHUOIIKEHUH C N3BECTHBIMU
MOCTHUKOBBIMH BKJIaJIaMH.

CpaBHeHMe pauallbHBIX (PYHKIIUH pacrpeene-
HUS IS TIPETIOKEHHOTO paHee IMOTeHIIHajla B3au-
MOJICHCTBHUS U ToTeHIMana KOkaBbl IpeCTaBICHO
Ha pucyHkax 2-7. Ilpum 3TOM clemyer OTMETHUTb,
YTO OT/EIHHO HE MPUXOAUTCS TpeOOBaTh OOHYJIe-
HUE paJuajbHONW (YHKIMH paclpeieCHus TaM,
IJIc PacCTOSHUE MEXKAY YacTHIIAMU (PaKTHYCCKH
YMEHbBIAETCS A0 3HAYEHHs, MEHBIIETO IHaMeTpa
B3aMMOJICHCTBUS MMBUIEBBIX YACTHII. DTOT PEe3yJIbTaT
rapaHTHPYETCs UCIOIb30BAaHUEM CaMOT0 METO/Ia, B
KOTOPBI OPraHUIHO BXOJUT UCIIOJIB30BAHKE perie-
Hus ypaBHeHus Ilepkyca-MeBnka Ui moTeHImana
TBEpIBIX cdep.
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PucyHnox 2 — PaguanbHele pyHKIMU pacripeeseHus,
pacCUUTaHHbBIC Pa3HBIMH METOJAMH
npu I' =10, k= 1.5 un = 0.3. ltpuxoBas nuHus:
THIIEPLETTHOE MPUOIMKEHUE C TIOTEHIUAIOM (4);
CIUTOIIHAS JIMHKA: 0a30BOE TUIEPLEITHOE PUOIIKEHNE
¢ oTeHumasnom (5)

R=riay

Pucynoxk 4 — PaguansHble GyHKIUH pacripeiesIeHus,
paccuuTaHHbIE Pa3HbIMU METOJAMU
npu I' = 60, k= 1.5 un = 0.3. lITpuxoBas auHus:
THIEPIEITHOE IPHOIMKEHHE C ITOTeHIHAIoM (4);
CIUIOIIHAS JIMHUS: 6a30BOE THUIIEPIEITHOE PUOIIVDKEHHUE
¢ noreHmaioM (5)

AHaJIN3 MOJYYSHHBIX TPAPUUSCKUX JaHHBIX T10-
3BOJISIET CIENaTh CIeMyrolIiue BhIBOABL [Ipu oueHb
MaJbIX IUIOTHOCTSIX YIMAKOBKH M MajbIX IapamMe-
Tpax CBs3M 00a MCIOJIb30BAaHHBIX METO/A, TO €CThb
ypaBHeHue OpHiuteiiHa-llepHuke B rumepuenHoM
MpuOIIKEeHUH ¢ ToTeHmanoMm FOkaBel (4) u 6a30-
BOC THUIEPLENHOCTPUOIIKEHHE C TMOTEHIUAIOM
(5), maroT MpaKTHYECKH COBIAIAIOIINE PE3YIIbTaThI.
IIpu 5TOM BEnMYMHA NEPBOTO MMKA HA PajnalbHON
¢byHKIMU pacnpeseneHust B 0a30BOM THIIEPIEITHOM
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0.0 -

R=r/ay

Pucynoxk 3 — Pajguanbible GyHKIUH pacripeiesieHus,
paccuMTaHHBIE PA3HBIMU METOJAMHU
npu I' =10, k = 1.5 un = 10°. llltpuxosas IuHMs:
THIIEPLETTHOE IPUOIMKEHUE C TIOTEHIUAIOM (4);
CIUTOIIHAS JIMHUA: 0a30BOE TUIEPLEITHOE IPUOIIKEHNE
¢ noreHuamoM (5)

R=ri/ay

Pucynox 5 — Pajguansable GyHKIUH pacripeiesICHus,
paccuuTaHHBIC PA3HBIMHA METOJAMHU
npu I' =60, k = 1.5 un = 10°. Ultpuxosas JIuHUS:
THIEPIIEITHOE IPHOIMKEHHE ¢ TTOTeHIHAIoM (4);
CIUIOIIHAS JIMHUS: 0a30BOE TUIIEPLIETTHOE MIPUOIIIIKEHUE
¢ moteHImaiom (5)

MPUOTMKEHUN PE3KO BO3PACTACT C YBEIHMUYCHHUEM
IIJIOTHOCTH YIIAKOBKH, @ CaM OH PACIIOJIaraeTcst 3Ha-
YUTEJIBHO TPABEE TAKOI'0 K€ MUKA B TMIIEPLEITHOM
MPUOTMKEHUH, YTO CBUACTEIBCTBYET O HEOOXOIM-
MOCTH KOPPEKTHOIO M IIOCIEI0BATEIBHOIO Yy4YeTa
pa3mepa nbiIeBbIX yacTull. CieayeT OTMETUTh, UTO B
MBIJIEBOM TUTA3ME, BCTPEUAIOLIENCS B PEATIbHBIX IKC-
NIEPUMEHTAJIBHBIX YCTaHOBKAX, IIJIOTHOCTD YIIAKOBKU
OOBIYHO HE SIBJISICTCST OOJBIION U MOKHO TIPUMEHSTh
00bIYHOE THIepLenHoe npuommkeHne. OQHAKO 3TO
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MOIKCT OKa3aTbCsl HCCIPABCJIMBBIM JIJI TAK HA3bIBa-
C€MBIX KOJIJIOMIHBIX CYCHCHSHﬁ, K KOTOPBIM ITOCTPO-

AHanoruyHoe CpaBHEHUE BBIMIOJIHEHO JJI CTa-
TUYECKUX CTPYKTYPHBIX (PAaKTOPOB M MPEICTABICHO

CHHas TCOPETUYCCKAA MOJCIIb TaAKIKE ITPUMEHHUMA.

g(R}

R=r/ay

PucyHnok 6 — Pagnanbublie GyHKIMU pacnpeeaeHus,
paccunuTaHHbIE pa3HBIMH METOJAMU
npu I' = 120, k = 1.5 u n = 0.3. llITpuxoBas auHUs:
runeplenHoe NpuoImKeHue ¢ NoTeHuuanom (4);
CILIOIIHAS JIMHUSL: ©a30BOE THIIEPICITHOE NPUOIIDKEHHE
¢ moTeHuuaiom (5)

PucyHnok 8 — Crarnueckue cTpyKTypHbIe (DaKTOPBL,
paccuuTaHHbIC Pa3HBIMH METOJIAMU
mpu I'=10, k= 1.5 u = 0.3. IlItpuxoBas TuHUsL:
TUIEPLENHOE IPUOIIKEHUE ¢ TIOTEHIMAIOM (4);
CIUTOLIHAS JIMHKA: 6230BOE THIIEPLEIHOE PUOIIKEHIE
¢ noTeHuuaiom (5)
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Ha pucyHkax 8-13.

g(R}

R=r/a,

Pucynok 7 — PagnanbHble GpyHKIMN pacnpeaeeHus,
paccyMTaHHbIE Pa3HBIMUA METOIAMH
npu I' =120,k = 1.5 un = 10°. llltpuxoBas THHHS:
TUneplenHoe NpuoImKeHne ¢ noTeHuuanom (4);
CIIOIIHAS JIMHUSL: 6a30BOE THUIEPIETTHOE MPUOIIIKEHHE
¢ oTeHuuanom (5)

0 2 4 6
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[=:

-
o
=y
Mo
=y
=

Pucynok 9 — Crarnueckue cTpyKTypHbIE (haKTODBI,
paccUUTaHHbIC Pa3HBIMH METOJAMU
npu I' =10, k= 1.5 u 10°°. IllTpuxoBas TuHUS:
TUIIEPLETHOE NPUOIMKEHUE C TOTEHIUAIOM (4);
CIUTOLTHAS IMHUA: 6A30BOE THIIEPLENHOE PUOIIKEHUE
¢ ToTeHuuasom (5)

Becrauk. Cepust pusmyeckas. Ne3 (62). 2017



Epmnmberosa JI.T.

Pucynok 10 — Crarnueckne CTpyKTypHBIE (haKTOpBHI,
paccuuTaHHbIE Pa3HBIMU METOJAMU
npu I' = 60, k= 1.5 un = 0.3. llITpuxoBas auHus:
THIEPIIEITHOE IPHOIIKEHNE C TTOTeHIHAIoM (4);
CIUIOIIHAS JIMHUS: 0a30BOE THUIIEPIETTHOE IPUOIIIDKEHHUE
¢ noreHmaioM (5)

Pucynok 12 — Crarnyeckue CTpyKTypHbIE (GakTopbl,
paccyuTaHHBIE Pa3HBIMU METOIAMH
npu I' =120, k= 1.5 n n = 0.3. IlITpuxoBas auHus:
THIEPLEITHOE NIPHOIIKEHHE C TOTeHIHANIoM (4);
CIUIOIIHAsS JIMHUSL: 6a30BOE TUIIEPLEITHOE PUOIIVIKSHHE
¢ noteHimanoM (5)

M3 ananu3a nojy4eHHBIX JAHHBIX JUIS CTaTH-
YECKUX CTPYKTYPHBIX (PaKTOPOB MOYKHO CIEJIaTh
BBIBOJIBI, AHAJIOTMYHBIE CIETaHHBIM Ul paguallb-
HBIX QyHKIUI pacnpenencHus. B yactHocTH, pu
MaJIbIX IIJIOTHOCTSX YIIAKOBKU U ITApaMeTpax CBs3U
00a MCHOJIb30BAHHBIX METOJA JAI0T MPAKTHUYECKU
coBnajaromue pesynbrarel. IIpu sToM Bennuu-
Ha IIEpBOr0 IHKAa HAa CTATUYECKOM CTPYKTYPHOM

ISSN 1563-0315

Pucynox 11 — Crarnueckue cTpyKTypHbIe (aKTOpBI,
paccunTaHHBIC PA3HBIMH METOJaMHU
npu I' =60, k = 1.5 un =10 Ultpuxosas TuHUS:
THIIEPIIEITHOE TIPHOIIKEHHE ¢ TIOTeHIHAIOM (4);
CIUIOIIHAS JIMHUS: 6a30BOE THIIEPIETTHOE PUOIIIKEHIE
¢ moteHImaiom (5)

Pucynox 13 — Crarudeckue CTpyKTypHbIe (pakTophl,
paccuMTaHHBIE PA3HBIMH METOAMH
npu I' =120, k= 1.5 un = 10°%. HITpuxoBast TUHUSL:
THIIEPILICITHOE PHOIMKEHHE ¢ ITOTeHIHAIoM (4);
CIUIOIIHAS JINHUS: 6a30BOE TUIIEPLICITHOE TPUOIIVIKEHUE
¢ noteHImaiom (5)

(hakTOpe B 0a30BOM THIIEPICITHOM MPUOIMIKCHUN
pPE3KO BO3pACTaeT C YBEJIMYEHUEM IUIOTHOCTU
VIIaKOBKH, a caM OH, B OTJIMYHE OT paauaabHOMN
(yHKIMU pachpesieNicHus], pacrojiaraerTcst 3Ha-
YUTEJIBHO JIEBEE TAKOIO K€ MUKA B THIEPLEITHOM
MIPUOITMKEHUH.

Jannas paboTa BBINIOJHEHA B paMKax IPOCKTa
MOH PK 3120/T'®4 «CamocoriacoBaHHast MOAEID
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CTaTUYCCKUX CBOMCTB IBUICBOM IIa3MBbI C qacTua-
MM KOHCYHBIX PasMEPOB».

3akioueHne

B nanHoi#l paboTe Oblia WM3y4YeHBl pajdalibHbIC
(GyHKIMH pacrmpeneNieHus] M CTaTUYeCKHe CTPYK-
TypHBIE (DaKTOPHI MBUICBBIX YaCTHI], PACCUNTAHHBIC
pa3HBIMH MeToJlaMH. B 4acTHOCTH, pacueThbl POu3-
BOJIMITHCH B paMKax MeTojia 0a30BOr0 TUIEPLEITHOTO

MPUOITMKEHUSI C MOJISITH TBEP/IBIX 3apsKEHHBIX II1a-
poB. BbUTO yCTAaHOBIICHO, YTO JUIS YACTHUI] TOUCUHBIX
pa3MepoB PHU HE CIMIIKOM OOJIBIINX 3HAYCHUSIX I1a-
paMeTpoB CBSI3M PE3YJIBTAThI 10 KOPPEISIIHOHHBIM
(OYHKITUSIM CHCTEMBI HE OTJIMYAIOTCSI OT OOBITHOTO
TUTICPUETIHOI'O HpI/I6HI/I)KCHI/I$1 C MOCTHKOBBIMHU IIO-
npaBkamMu. C yBEJIMYCHHWEM IUIOTHOCTH YHAKOBKH
HaOJTIOTAIOTCS CYIIIECTBEHHBIC PA3IMIHsI 000X Me-
TOJIOB, CBUICTEIIHCTBYIOIIEE O HEOOXOMMOCTH yue-
Ta KOHEYHOCTH Pa3MEPOB TBUICBBIX YaCTHII.
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