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BBEJIEHHUE

B npencraBnennoit pabote paccMarpuBaeTcsi IpUMEHEHUE METO/1a KOMITbIO-
TEPHOTO MOJIEIUPOBAHUS ISl UCCIIE0OBaHUS OPUEHTAIMOHHBIX 3P (HEKTOB, BO3HHU-
KaIOMIMX TMPU JIBIKEHUU OBICTPHIX 3apsSKEHHBIX YACTHUI[ Yepe3 KPUCTAUIBL. DTO
KaHAJIMPOBAHUE U CBSI3aHHBIEC C HUM SIBJICHUS, TAKHE KaK, BBIXOJ YACTHUI[ U3 KaHa-
JIOB (JIeKaHAJMPOBAHUE), TOTEPU PHEPTUU U MHOTOKpaTHOe paccesiHue. OCHOBHOE
nposBiieHre dpPexTa KaHATUPOBAHKS COCTOUT B TOM, YTO TMOJIOKHUTEIHHO 3apsi-
YKEHHbIC YaCTHIIbI, JBKYIIUECS MO HAMPABJICHUSM, COOTBETCTBYIOIIMM KaHaJlaM
KpUCTaJJIa, MOTYT MPOHUKATh Ha OOJBIIYIO TIIyOMHY, YeM MO IPYyTUM HarmpaBlie-
HUSIM, JJI OTPULIATENBHBIX YaCTHUILl, HA00OPOT, MPOOETH MO ITUM K€ HAMPABIICHU-
M HauMEHbIIME. YBEJIWYECHUE MPOHUKHOBEHUS MPOUCXOIUT MOTOMY, YTO MPH
MPOXOXKIACHUU 33JaHHOTO PACCTOSIHUS 10 KaHAJUPOBAHHOW TPACKTOPHUH TEPSIETCS
MEHbIIIAsi SHEPIHsl, TaK KaK 3Ta TPACKTOPHS JEKUT B 00JACTH HU3KOM AJIEKTPOH-
HOHM TIoTHOCTH. Takxke, B paboTe HcCCIeqyeTCsl BIMSHUE M3rMda M OpUEHTAIuU

KpucTajjla Ha ABHMXKCHHUC YCPC3 HCI'O YaCTHUII.

HccnenoBanre OpUEeHTAIMOHHBIX CBOMCTB KPUCTAJIOB HAYajlOCh B Hadale
20 Beka ¢ 9KCIEPUMEHTOB 10 AUGPAKIIUKU PEHTTEHOBCKUX JIy4e Ha KpUCTaJTHYe-
CKOM pemieTke, B X0Jie KOTOPBHIX ObUIO J0KAa3aHO YHOPSAIOYEHHOE PACIIONIONKEHUE
aToMoB B Kpuctamie. B 1912r. memenkwuii dpusuk W.IItapk (J.Stark) mpenckasan
BO3MOKHOCTh KaHaJIMPOBAHUS, CIIETAB MPEANOJIOKEHHE O BIUSHHE YIOPSIOYECH-
HOT'O pacIOJIOKEHUsI aTOMOB KpUCTaJUIa Ha ABMKEHHUE 3apsDKEHHBIX YacTHL, B Ya-
CTHOCTH MPOTOHHOTO IydyKa WU Mpeajarajl MpPOBEPUTh 3TO SKCHEPUMEHTAIbHO. B
1960-x rogax ObUIO MPOBEACHO MEPBOE KOMITBIOTEPHOE MojieaupoBanue [1], a 3a-
TE€M M SKCIIEPUMEHTHI 110 MPOXOKACHUIO HOHOB C SHEPTUsIMU nopsaka M»>B uepes
kpuctauibl. Bo Bropoit monmoBuHe 1960-x romoB Obuia omyOiukoBaHa paboTa
M.JInnxapna [2], riae paspabaThiBanack TeopHs KaHAIMpoBaHus. Ha ocHOBe mpH-
MEHEHHSI 3aKOHOB KJIACCUYECKOM MEXaHHKHU K OMHCAHUIO JIBUKEHUS OBICTPBIX 3a-

PSDKEHHBIX YacTHUIl B KPHUCTaUIMYECKON pemérke. B pamkax teopum JIuHaxapna



ObUIO0 00OCHOBAHO MpUMEHEHHE AU(PPY3HOHHON MOAETH U HENPEPHIBHOTO MOTEH-
1uana B3auMOJICHCTBUSA, & TAK)KE ONPE/IEICHBI YCIOBUS KAHATUPOBAHUS.

B 1976r. D.H.llpiranoB (OO0beAMHEHHBI MHCTUTYT SIACPHBIX HCCIEAO0Ba-
Hui, Jlyona) B pabore [3] nmpeackaszan BO3MOXXHOCTb OTKIIOHEHUS PEISITUBUCTCKUX
3apsOKEHHBIX YaCTHI] M30THYTHIMU KPUCTAJUIAMH, YTO OBLIO MO3KE MOJTBEPKACHO
JKCIIepUMEHTalbHO. B pabote [3] mpeanaranoch MCHOJB30BaTh 3JIEKTPUUYECKOE
M0JIE U30THYTOTO KPUCTAJUIA JUIsl yIPaBIEHUS TyYKaMH 3apsbKeHHBIX yacTull. [Ipu
3TOM MPEIO0JIaranoch, YTO KAHAJIMPOBAHHBIE MOJOKUTEIBHO 3apsKEHHbIE YacTH-
bl OyIQyT clienoBaTh M3THOY KpUCTAJIa 10 HEKOTOPOTO KPUTUYECKOTO pajuyca
u3rnba kanainoB ("paauyc LlpiranoBa”), KOTOpBIN ompenensieTcss MaKCUMalbHON
HANpPsHKEHHOCTBIO YCPEIHEHHOTO BJIOJb IUIOCKOCTEH 3JEKTPUYECKOTO MOJISI aTo-
MOB KpHCTaJlJIa U YHEPTUel KaHAJTUPOBAHHOW YaCTUIIBI. DKCIIEPUMEHTAIBHO ObLia
0o0OHapy’KeHa TaK)Ke€ BO3MOKHOCThH (DOKYCHPOBKH ITyYKOB 3apSKEHHBIX YACTHII.

B nacTosimee BpeMs MmomoOHBIN cIOCOO OTKIOHEHHS 3apsSKEHHBIX YACTHIL
W30THYTHIMU KPUCTAJUIAMH IIMPOKO MPHUMEHSETCS sl (OPMHUPOBAHUS M TPaHC-
NOPTUPOBKU MTyYKOB 3apsKEHHBIX YACTHUIl M BBIBOJA MX U3 yckoputenei. JJocTur-
HyTa 3ppexTuBHOCTh OTKIOHEHUsT Oonee 50% [4]. [IpumeneHne U30THYTHIX KpHU-
CTAJJIOB JUIsl TaKUX IEJIe UMEET psii MPEeUMYIIECTB, HApUMep, MEHbIINE PU3HU-
YECKHE pa3Mepbl OTKJIOHSIONIETO YCTPOMCTBA 110 CPAaBHEHHUIO CO CIOCOOOM OTKJIO-
HEHHUSI 3apSHKEHHBIX YACTHUI] BHEIIHUMH MAarHUTHBIMHU IOJISIMHA, MEHBIIHI pajana-
IMOHHBINA (POH, OTCYTCTBUE 3aTPaT SHEPTHUU.

B xone nccnenoBanuii KaHAIUPOBAHMS B U30THYTHIX KpHCTau1ax ObLIN 00-
HapyXeHbl Takue (P PeKTrl, Kak 00BEMHBIN 3aXBaT [S] U 00BEMHOE OTpakeHue [6],
UHTEPECHBIEC NJIs1 KPUCTAJUIOONTUKH 3apsKEHHBIX NMydkoB. Cpeau COBpPEMEHHBIX
paboT 1o 3tuM 3pdekTam MOKHO Ha3BaTh paboTy [7], T/Ie ONMUCHIBACTCS IKCIIEPH-
MEHT TI0 OTKJIOHCHHIO TIPOTOHHOro Imy4yka ¢ »Heprueit 70I1"B B (111)-
IUIOCKOCTHBIX KaHaJIaX paBHOMEPHOI'O M30THYTOr0 KpHUCTaJlla KpeMHUs. B mpose-
JNEHHOM HKCIIEPUMEHTE Hal0Jt0/1a10ch 00bEMHOE OTpa)KeHUE MPOTOHOB. B pabote
[8] mpuBOaATCA (PU3MYECKHE OCHOBBI U PACCMATPHUBAIOTCS PEKUMBI PaObOTHI MPH-

MeHsieMoli B UDPBD cxembl BbIBOJA IPOTOHOB M3 YCKOPUTENS C UCIOJb30BAaHUEM



KOPOTKUX KPHUCTAJUIOB KPEMHHS, a TaKKe OOCYXIAIOTCS CIOCOOBI M3TrHO0B KpHU-
cramioB. B 0630ope [9] coobmaercst 06 sxcniepuMenTtax, nposenéHusix B [IEPH ¢
1EJIbI0 U3YUYEHUS KaHAJTUPOBAHUS B U30THYTHIX KpUcTaiuiax. MccnenoBanock Bius-
HUEe Ha 3P(HEKTUBHOCTH OTKJIOHEHHS SHEPTUM KaHATMPOBAHHBIX YACTHUI] U PA3JIHU-
HBIX CIOc000B m3rnba kpucramia. B padore [10] paccmarpuBaroTcsi 0cCOOEHHOCTU
JBIDKCHUSI KAHAJIMPOBAHHBIX YACTHUIl U JaE€Tcsi 0030p Pe3yIbTaTOB HCCIEI0BaHUs
KaHAJIMPOBAHUS YaCTHUIl B U30THYTOM Kpuctamie. B 063ope [11] yka3siBaroTcs pe-
3yJbTaThl UCCIICIOBAHUIN KaHAJUPOBAHUS B M30THYTHIX KPUCTAIAX, a TaKKe 00-
JIACTU MIPUMEHEHUS U30THYTHIX KPUCTAJUIOB.

Kpome ynpaBneHuss mydkamMu 4acTHUIl U30THYTBIM KPUCTAIIOM, SIBJICHUE Ka-
HAJUPOBAHUS MOXKHO TPUMEHSITh U B APYTUX IeisaX. Tak, U30THYThIM KpHUCTaII
MO>KHO HCTIOJIb30BaTh B (PU3MUECKUX HKCIIEPUMEHTAX ISl U3MEPEHHS] MAarHUTHOTO
MOMEHTa KOPOTKOKUBYIIMX YACTHIL 1O MPELECCUU UX cluHA. TeopeTudeckue oc-
HOBBI TOBOPOTA CMHMHA B 3JEKTPUUYECKOM T0JI€ INIOCKOCTHOTO KaHalla U30THYTOIO
KaHaya omucaHbl B padote [12]. JlaHHas BO3MOXKHOCThH Obliia dKCIEPUMEHTAIBHO
noATBepxkAcHa. [Ipu MpoXokKaeHNUN JIETKUX 3aPSKEHHBIX YaCTHUIl Yepe3 KPUCTAIIIbI
MOHO TMOJYYUTh KECTKOE MOHOXPOMATHYECKOE HU3IYyUYEHHE, T.€. BO3MOXKHO CO3-
JJAaHWE WMCTOYHMKOB HM3JIyYCHHMSI B TaMMa- M PEHTTeHOBCKOM jauana3zoHax [13]. C
MOMOIIBI0 MPOMYCKAHUS TSKENBIX 3apPSXKEHHBIX YacTHUI[ MOXKHO aHAJIM3UPOBATH
COBEPIIIEHCTBO KPUCTALTMYECKON PEIIETKHU, ONPEACNATh HATHNUnUe Ae(PEKTOB U Me-
CTOTIOJIOKEHHUSI aTOMOB TIpuMeceil. Bo Bcex 3TUX HampaBiEHUSX MOJTYyYEeHbI UHTE-
pECHBIC PE3yJIbTATHI, YTO TOEPKUBACT OOJBINON MHTEpeC K A PeKxTy KaHAIHUPO-
BAHUA U CBA3aHHBIM C HUM SIBJICHUAM. KOCBEHHBIM MOATBEPKIACHUEM aKTyaJIbHO-
CTH TOJ0OHBIX UCCIEOBAHUN MOKHO Ha3BaTh TOT (PaKT, YTO €KEr0THO MPOBOISAT-
Csl Hay4YHbIe KOH(EpEeHIIUU, BHIXOAUT MHOXKECTBO IMYOJIMKAIIUN 1O B3aMMOJIEHCT-
BHIO YaCTHI[ C KPUCTAIIJIAMM.

Bo3moxxkHocTh ipuiMeHeHUsT ¢ (deKTa KaHATUPOBAHUS IS aHAJIM3a CTPYK-
Typbl KpUCTaJlIa CBSI3aHA C SIBICHUSIMU IUIOCKOCTHBIX KOJIeOaHUM OBICTPBIX 3apsi-
YKEHHBIX YaCTUI] B KpUCTaJUIaxX U pe3epdopI0BCKOTO 0OpaTHOrO pacCesHus, KOTO-

PBIC ABJIKOTCS HNPOABICHUAMU IMPOUCCCA YCTAHOBJIICHUSA CTATUCTUYICCKU PABHOBEC-



HOTO NIPOCTPAHCTBEHHOI'O pAacHpeleieHus] KaHAIMPOBaHHBIX dYacTul. Hannuue
npuMeceil win AeeKTOB B KPUCTAUIE B 3aBUCUMOCTH OT UX PACIOJIOKEHUS MpPHU-
BOJMUT K U3MEHEHNIO MHTEHCUBHOCTH 00paTHOTO paccesiHus. Takum oOpa3oM, aHa-
JU3UPYSl CHEKTPbl OOPAaTHOTO pPAcCEesTHUSI MOXHO TOYHO YCTAaHOBUTH MECTOIIOJIO-
xeHue Aedekra uim aroma npumecH. VccnenoBanusam B JaHHOM 00JIacTH MOCBS-
uieHsl padotsl [14-16], u apyrux asropoB. Hanpumep, B padore [17] uccnenyercs
CHEKTp oOpaTHOTO paccesHHs IJisi MOHOB renus ¢ ’Heprueit 1.9 MaB B xenese, B
[14] npuBOasATCA CHEKTpPhl OOpPAaTHOIO paccesiHUsi MOHOB TeNusl C DHEprueu He-
CKOJIbKO M3B B Kpucramie KpeMHuUs ¢ IPUMECIMH BUCMYTa, a B padore [16] aHa-
JU3UPYIOTCS CHEKTPBI Uil KPUCTAJUIa KPEMHUSA C MPHUMECHIO MBIIIbSKA C MOMO-
IIBI0 METOJIa "HEpaBHOBECHOTO KaHanupoBaHusi”. B pabote [15] onucano npume-
HEHUE KOMIBIOTEPHOM MPOrpaMMbl, OCHOBAHHYIO Ha MOJICTUPOBAHUH B (ha30BOM
MIPOCTPAHCTBE MONEPEUHBIX KOOPJIUHAT U UMITYJIbCOB MeToA0M MoHTe-Kapio nis
U3YYEHUS IJIOCKOCTHBIX KOJEOaHW MPH IJIOCKOCTHOM KaHAJIMPOBAaHUHU; MPOLECC
YCTaHOBJICHUSI CTAaTHUCTHYECKOTO PABHOBECHUS IMOKa3aH Ha rpadukax >SBOIIOIUU
pacnpeneneHus yacTul B (ha30BOM IMPOCTPAHCTBE.

Takxe MpOBOAATCS UCCIEAOBAHUS KaHATUPOBAHUS OTPULIATENBHO 3apsiKEeH-
HBIX yacTull. Hampumep, B pabote [18] npencraBieHbl pe3ysibTaThl SKCIIEPUMEH-
TAJIBHOTO MCCJICIOBAHUSA KaHAJWPOBAHUSA AHTHUIPOTOHOB C 3Hepruen 1.4 MsB B
oceBoM kaHaie <100> kpucramia KpeMHHs TOJMUHON 0.5 MKM.

B pab6ote (cM. HampuMmep, [19]) skcnepuMeHTanbHO OBLIO O0OHAPYKEHO, TaK
Ha3bIBAEMOE, PE30HAHCHOE JIEKAaHAIIMPOBAHUE MOHOB IPHU NEPEXOAE U3 OCEBBIX B
IJIOCKOCTHBIE KaHAJIbI, COCTOSAIIEE B paCKaUyKe MOMEPEUHbIX KOJIeOaHU KaHaTupo-
BaHHBIX MOHOB MPU COBIAJICHUHU NEPUOIa COOCTBEHHBIX KOJeOaHU HOHOB B KaHa-
JaX ¢ BpEMEHEM MPOJIETa MEXKIY COCETHUMU ATOMHBIMU LIETIOYKaMHU.

B pa6ote [20] coobmanocs 06 oOHapykeHUU HOBOTO 3(dekTa, BOZHUKAO-
IIEro MpY KaHAIMPOBAHUU MEPBOHAYAIBHO U30TPOITHOIO IMyYKa TSHKEIBIX HOHOB B
KpHUCTaie KpeMHusl. B akcriepuMenTe HaOI0AaI0Ch N3MEHEHNE MHTEHCUBHOCTH B
YIJIOBBIX paclpe/ieleHUsIX HOHOB, NMpoUIeAmnX udepe3 kpuctrami. Halmromanock

a1n00 yMEHbBICHUE (OXJIAKICHUE), THOO0 yBEIUUYCHHE (HarpeB) MOMEPEYHON dHEP-



THH, TIPH 4éM, YKa3zaHHbIE 2 (EKThI 3aBUCAT OT COPTa U YHEPIHH KaHATMPOBAHHBIX
MOHOB, a TAaK)K€ OT TOJILMHBI KpucTtajuia. IIpeamnonaraercs, 4ro Takoe mnepepac-
NIPEACIICHUE CBSA3AHO C NMOTEPSIMU DHEPTUM HA DJIEKTPOHAX M 3aXBATOM YACTHUIl B
KaHajbl. YKa3bIBaeTCsl, YTO JAHHOE SIBJICHUE HE OOBSCHSETCS KIACCHUECKOH Teo-
pueil KaHaIMpPOBaHUs, U HE ObLIO BOCIPOU3BENECHO C MOMOIIbIO KOMIIBIOTEPHOIO

MOJCIIMPOBAHMA.

[Ipenmy1IECTBEHHOE PA3BUTHE TEOPUH KAaHAJIMPOBAHUS MPOXOJUIO B paM-
Kax METOJla KMHETHMYECKHX YpPAaBHEHUH JBW)KEHHS, OINMUCHIBAIOLIMX 3BOJIIOLIMIO
IUIOTHOCTHU TOTOKA KaHAJIMPOBAHHBIX YaCTHUIl KaK B ()a30BOM MPOCTPAHCTBE MOIIE-
PEUYHBIX KOOPJAWHAT M CKOPOCTEH, TaK W B MPOCTPAHCTBE IMONEPEUHBIX SHEPIH.
Kunernueckoe onucanue 3p¢dhexkra KaHATMPOBaHUS OBICTPBIX 3apSKEHHBIX YaCTHUIL
B KpHCTaJUIax ObUIO BIEpBbIe mpeuioxkeHo M. JTuuaxapaoM [2] ¢ OMOIIbIO ypas-
HeHusl ABvkeHust auddysunonnoro tuna. FO.B.MapteiHenko B paborte [21] npen-
JIOKWJI UCIIOJIb30BaTh KNHETHYECKOE ypaBHeHUE Dokkepa-Ilnanka B mpocTpaHcTBe
MOTIEPEYHBIX dHEPTruil Juisi onucanusa dddexra kaHamupoBaHus, a B padore [22]
ObUIO BHEPBBIE MPEIOKEHO NPUMEHEHHUE KMHETHMYECKOro ypaBHeHHs Dokkepa-
[1nanka B ¢a30BOM MPOCTPAHCTBE MOMEPEUHBIX KOOPAMHAT M CKOpocTel. B aToi
e paboTte ObLIH paccMOoTpeHbl KoddduiineHTsl AudPy3un KaHATUPOBAHHBIX Yac-
THUL Ha Ipax U JIEKTPOHax Kpucrtamwia. B padore [23] yka3bIBaJIOCh, UTO PELICHUE
KMHETHUYECKOoro ypaBHeHus1 Pokkepa-Ilnanka B mpocTpaHCTBE NMOMEPEYHBIX KOOP-
JUHAT U UMIYJbCOB MPEACTABISIET COOOM BEChbMa CIOXHYK B MaTeMaTHYECKOM
OTHOLIEHUM 33Jady, a B KaUeCTBE OJHOTO M3 BO3MOXHBIX METOJIOB €€ peleHUus
Ipeaarajioch UCIOJIb30BaTh METO] YMCIEHHOTO MOJECIUPOBAHUS TPACKTOPUHN Ka-
HaJMpPOBaHHBIX YacTUl. B [24] mpencraBiieHbl TOYHOE penieHne ypaBHeHUsT Dok-
kepa-Ilnanka as rapMOHUYECKOTO MOTEHIIMAIA TUIOCKOCTHOTO KaHajia W MpuOJIn-
XKEHHOE pelIeHUE I aHTAPMOHUYECKOT0 MOTEHI[Maa MIIOCKOCTHOTO KaHaa.

Takum 00pazoM, OJJHOI M3 aKTyaJbHBIX 3324 TEOPHH OBbUT MOUCK PELICHUS
ypaBHeHus @okkepa-Ilianka B ciaydae, korga:

1. HenpepbIBHBIN MOTEHLIMAN TUIOCKOCTHOTO KaHajla YYUTBHIBAET TEIUIOBBIE

KoJIcOaHHUsI aTOMOB Kpucraaia, a TaKXKC MCCTOIIOJOKCHHNA aTOMOB B 3JICMCHTAap-
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HOM KPHUCTAJUIMYECKON SYEMKE, U PACKJIAABIBACTCA B TPUTOHOMETPUYECKHU P
®dypre, a koMmrnoHeHTa Dypbe MOTEHIMAIa H30JIMPOBAHHOIO aroMa OepyTcs B
npubnmxeHusx Moawsep uinu Hoiinsa-Tépuepa.

2. DnexkTpoHHBIN K0dPduneHT Auddy3un BBIYUCISIETCS B TPUOINKECHUU
JIOKAJbHOW AJIEKTPOHHOM IUIOTHOCTH, a SJIEpHBIM B mpubiamxeHun KuraraBbi-
Onyku. DJeKTpOHHAs IUIOTHOCTh, BXOAsIIasd B (popMyily AJisi 3JIEKTPOHHOIO KO-
sbdummenta auddy3un BeauciseTcs B npuOmmkeHusx Monsep wiam Jloiins-
Tépuepa.

OnHo#t U3 aKkTyanbHBIX 3a7au pu3nku 3¢ (deKkra KaHAIUPOBAHUS PEISTHBH-
CTCKHUX YacCTHUIl, HE TMOJYYMBIIUX OOBSICHEHHS BIUIOTH JO HACTOSILIETO BPEMEHU
ObLT d(PPEeKT yMEHBIIIEHUs] CKOPOCTH JI€KAaHATUPOBAHUS TOJIOKUTEIBHO 3apsKEH-
HBIX PEJSATUBUCTCKUX MPOTOHOB U3 IJIOCKOCTHBIX M OCEBBIX KAaHAJOB KPHUCTAILIOB

KPEMHUS U TepMaHusl, OOHAPYKEHHBIN B SKcriepuMeHTe [25].

OmHuM U3 CIOCOOOB MCCIICIOBAHUS SBJIICHUN, CBSA3aHHBIX C MPOXOXKICHUEM
3apsHKCHHBIX YaCTHI] Y€PE3 KPUCTAIUIBI SBJISIETCS KOMIIBIOTEPHOE MOJAECIUPOBAHHUE,
MOJIYYMBIIIEE B HACTOSIIIEE BPeMsi OOJIBIIINE BO3MOXKHOCTH U3-3a PA3BUTHUSI KOMIIb-
IOTEPHON TeXHUKU. KOMIIBIOTEpHOE MOAEIMPOBAHUE TPACKTOPUN KaHAJIWUPOBAH-
HbIX YacCTHIl SIBJIIETCS B HACTOSIIEE BPEMSI €IMHCTBEHHBIM METOJOM, MO3BOJISIO-
MM [UIAHUPOBATh SKCIIEPUMEHTAIBHBIE HCCIIENOBAHUS HA KOJIUYECTBEHHOM
YpOBHE, U B TOXE BpeMs SBJSETCS HauOoyiee TMOKMM METOJOM HCCIICIOBAHUS.
Pa3penienne no nonepeyHor KOOPAMHATE U CKOPOCTH, YHCIIO U JJIMHBI OTPE3KOB
MPOCIICKUBAEMBIX TPACKTOPUN YaCTHUIl U JIPyTHE MapameTpbl MOTYT OBITh JIETKO
ONTUMHU3UPOBAHBI B 3aBUCUMOCTH OT LM KOMIIBIOTEPHOIO 3KcriepuMenTa. Kpome
TOT0, KOMIIBIOTEPHOE MOJIEIUPOBAHUE 3HAUUTEIHHO JICIIEBIIC (PU3NUECKUX DKCIIE-
PHUMEHTOB.

B nanHo#t paGote npejaraercs nporpaMMa KOMITBIOTEPHOTO MOJEIUPOBa-
HUS JBWKCHUS PENATUBUCTCKUX 3apSKEHHBIX YaCTHUI[ B ajJIMa30MOJ00HBIX KpH-
craiax. Marematuueckass MOAENb ITPOrpaMMbl OCHOBBIBAETCSI HA YUCICHHOM pe-
meHun ypaBHeHuss dokkepa-Ilnanka B ¢a30BOM MPOCTPAHCTBE MOIMEPEUHBIX KO-

opauHaT U ckopocTeil. C MOMOIIBI0 MpeyiaraeMol KOMITbIOTEPHON MPOrpaMMbl
9



IMPOBOJATCA YHCJICHHBIC JKCIICPUMCHTHI 110 HM3YUYCHHUIO IINIOCKOCTHBIX KoJieOaHu i
HOHOB I'CJIHNA B KPUCTAJJIC KPCMHUA, ICKAHAJIUPOBAHUA PEILITUBUCTCKUX IIPOTOHOB
1 BIIMSHUS M3ruoa KpucTajjla KpECMHUS Ha ABUKCHHUC YCPEC3 HCTO IMPOTOHOB. Ilo-

JIYYCHHBIC PC3YJIbTATHI XOPOLIO COIJIaCYIOTCA C OKCIICPUMCHTAJIbHBIMA JaHHBIMU.

esin padoThi:

1. Pa3zpaboTka KOMIBIOTEPHOU MPOTrPaMMBbI sl UCCIICIOBAHUS IBUKEHUS KaHAIH-
POBaHHBIX HOHOB B KaHajaX aiMa30MoJO0HBIX KPUCTAIIOB, YUUTHIBAIOIIYIO U3THO
KpUCTaJlJla, MHOTOKPATHOE paccesiHre, HAa4aJIbHYI0 PacXOAUMOCTh Iy4YKa YacTHII,
pa3MyHbIE alIPOKCUMAIMU MOTEHIINAIA OTJEILHOIO aTOMA.

2. V3ydeHue ¢ MoMOIIbIO KOMITBIOTEPHOTO MOJICTUPOBAHUS TMHAMUKHU MMOTOKA ObI-
CTPBIX YacTull] (TPOTOHOB, MOJIOKUTEIBHBIX MOHOB) B PEXHUME IJIOCKOCTHOTO Ka-
HAJIMPOBAHUS B aIMa301MOJO0HBIX KpHUCTAJIIaX.

3. UccnenoBanue BIMSIHUS M3ruda KpHUCTajljla Ha CBOMCTBA MOTOKAa KaHAJIMPOBAaH-

HBIX YaCTHII.

Metoa ucciaegoBaHus — KOMIBIOTEpHOE MojenupoBaHue. KoMmmnproTepHas mpo-
rpaMMma MOJEJIUPOBAHUS TPACKTOPHUI, OCHOBAHHAsI HA YMCIICHHOM PENICHUH YpaB-
HEHUS JBW)KEHUS YaCTUIl B KaHajlax KPUCTAUIOB C YYETOM MHOTOKPATHOIO pac-
cesHusi. OCHOBY MAaTeMaTUYECKOW MOJEIW [IBUKEHUS KAHAIMPOBAHHBIX YacCTHUIL
COCTaBIISIET METOJ] YUCIEHHOTO penieHus ypaBHeHus Dokkepa-Ilnanka B pazoBom
IIPOCTPAHCTBE MONEPEUYHBIX KOOPAUHAT U CKOPOCTEU, KOTOPOE PEIIAETCS METOIOM
MaJioro IIymMa Ha HEOOJBIINX OTpe3KaxX TPaeKTOpUHU. B kauecTBe YMCIEHHOTO Me-
TO/MA peUIeHUus CUCTeMbl NU(PPEpPeHITNATBHBIX ypaBHEHUN MPUMEHSETCS METO
Pyure-Kyttol 4 nopsinka Tounoctu. g yuéra oOpaTHOTO BIMSHUS MHOTOKPATHO-
r0 PacCesiHUs Ha TPACKTOPUM KaHAIMPOBAHHBIX YACTUI] PUMEHSIETCA MeTol MoH-
te-Kapno. B pamkax cO31aHHOM KOMIIBIOTEPHOM IPOTPAMMBI BO3MOKHO IIPOBO-
JUTh pacy€T 1o TpéM MojesiM: 0e3 MHOTOKpPAaTHOTO paccesHus (Bepcus XV), ¢
y49€TOM MHOTOKPATHOTO paccesiHus 1mo moaeisim PST (mpemmaraemerit cioco6 omnw-

CaHUsI MHOTOKpaTHOro paccesHusi) 1 SM ("cranmaptHas Moaens” - pean3yercs
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CIOCO0 OMUCaHUSI MHOTOKPATHOI'O paccesiHUsl, TOAOOHBIA UCIOJIB3YIOIMMUMCS B Ha-

CTOSIIIIEE BPEMS B CYLIECTBYIOLIUX KOMIIBIOTEPHBIX MTPOrpamMmax).

O00CHOBAHHOCTH H I0CTOBEPHOCTH MOJYYEHHBIX Pe3yJbTATOB
OOG0CHOBAHHOCTH MOJTYUYEHHBIX pPe3yJbTaTOB OCHOBaHA HA TOM, YTO B KAYECTBE UC-
XOJIHOM TOCHUIKM ObLIM BbIOpaHbl ypaBHeHHs (ypaBHeHHs Dokkepa-Ilnanka u
Hbrorona), onuceiBaronme JBUKEHUE 3aPSIKEHHBIX YACTUIl B KYJIOHOBCKOM IIO-
TEHILIMAJIE 3JIEKTPOHOB U fAJIep aTOMOB Kpuctaiuia. OiyKTyaluuud MOTEHUHANA U
KOppEJSIIMOHHbIE (YHKIMU (UIYKTyaluid moTeHIuanaa ObLIM ONpeesieHbl B paM-
Kax OOIIEenpHUHATON Teopuu. PemieHns ypaBHEHUH IBHKEHHUS MCKAJUCh C ITOMO-
IIBI0 METOJIa MAJIOTO IIyMa [26] U MeTOo/1a MHOTHX MaciTaboB [27].
JIOoCTOBEpPHOCTh PE3yIbTATOB CBSI3aHa C XOPOIINM COTJIACUEM TOJIyYEHHBIX B

pe3yJibTate MOAEIUPOBAHUSL PE3YJIHTATOB C IKCIEPUMEHTAIBHBIMU JAaHHBIMU [4],

[14] u [25].

Hay4ynasi u npakTu4eckasi 3HAa4UMOCTH PadOThI

OnucanHas B pa0oTe MmporpamMma MOJICIUPOBAHUS TPACKTOPUM KaHAIMPOBAHHBIX
MOHOB MOXET OBITh NMPUMEHEHA ISl TEOPETUUYECKUX OIEHOK M MpeACKa3aHus HO-
BBIX JKCIEPUMEHTAIBHBIX pe3yapTarToB. [IpeacraBieHHbII METOJ UCCIIEIOBaHUs
MO3BOJIAET HANEKHO MHTEPIPETUPOBATH SKCIIEPUMEHT, a TAKXKE IMPOBOJMTH IIA-
HAPOBAHWE U MPOTHO3UPOBAHHE HOBBIX 3KCIEPUMEHTOB MO B3aWMOJIEUCTBUIO pe-

JLITUBUCTCKHUX YaCTHUI C KPHUCTAJLJIaMH.

HayuyHnasi HOBU3HA U pe3yJIbTAaThl, BBIHECEHHbIE HA 3AIUTY:

1. IlpennmoxeH u peain30BaH METOJ YUCICHHOTO penieHus ypaBHeHuss Dokkepa-
[Inanka B ¢)a30BOM MPOCTPAHCTBE MOMEPEUHBIX KOOPAMHAT U CKOPOCTEH C MOMO-
b0 KOMITBIOTEPHOT'O MOJICITMPOBAHUS TPACKTOPHI KaHATUPOBAHHBIX YaCTHII.

2. Ipennoxxken komiuiekc ainroputmoB u mporpamma PST (the Phase Space of
Transversal coordinates and velocities) MoaenMpoBaHusl TPACKTOPHH, MPEICTaB-
JSIOMAas cO00M aTOPUTMHUYECKOE HAMOJTHEHUE MOJENN JIBIKCHUS 3apsSKEHHBIX

HaCTHll B INIOCKOCTHBIX KaHaJIaX aJ'IMa3OHOI[06HI>IX KpHUCTAJJIOB.
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3. Pe3ynbTatrhl UCCIENOBaHUS IBMXKEHHS 3apSKEHHBIX YacTUL B KpHCTajllax, IO-
JTy4YEeHHbIE C IOMOILBIO NTporpaMmbl PST.

4. OGHapyKEHHbII B KOMIIBIOTEPHOM 3KCIIEpUMEHTE 3(PPEKT YMEHBIIEHHS CKOPO-
CTH JECKAHAJUPOBAHUS DPEJATHUBUCTCKUX ITOJIOKHUTEIBHO 3apsDKEHHBIX YacTHIl B

IIJIOCKOCTHBIX KaHaJIaX KPUCTAJIJIOB KPCMHHA U TCPMaHUA.

Anpobanus padoTbl
OcHOBHBIE pe3yibTaThl PAOOTHI JOKJIAIBIBATUCH HA CIACAYIOMNUX HAYYHBIX KOH(E-
pEHLIMSX:
- 34-36 MexayHapogHbie KOHGEPESHITNHN 110 (PU3MKE B3aUMOCHCTBUS 3apsHKCHHBIX
yacTull ¢ kpuctamiamu (Mocksa, MI'Y, 2004-2006r.)
- 17 MexnayHapoaHOi KOH(pEpEeHIMH "B3aUMOJEHCTBUE MOHOB C MOBEPXHOCTHIO”
(BUII-2005) (3Benuropoa, 2005r.)
- Sixth International Symposium on Swift Heavy lons in Matter (I'epmanus,
2005r.)
- 4-6 OTKPBITBIX OKPY>KHBIX KOH(GEPEHIUSIX MOJOABIX YUEHBIX "HayKa U MHHOBA-
nuu XXI Beka” (Cypryt, 2003-2005r.)
KonudectBo pabot no nuccepraruu - 19.

B paborax [45,46] paccMmaTpuBaeTcs B3aUMOACHCTBHE MHOTO3aPSIHBIX HO-
HOB C aTOMaMH KpHUCTalJla U CTPOUTCS MOTEHUHAJIbHAS YHEPrUsi TAKOTrO B3aHMO-
JENUCTBUSA B MPHUOIMKEHUU DKPAHUPOBAHHOTO KYJIOHOBCKOTO moTeHiuana. [loka-
3aHO, YTO BUJ MOTEHIIMAILHON PHEPIUU 3aBUCUT KaK OT 3apsjia sJipa MOHA, TaK U
oT 3apsaa camoro noHa. B [47-49] npuBoauTcs MaTeMaTU4eCKasi MOJIeNIb KOMITbIO-
TEepHOU MporpamMMmbl MojaenupoBanus Tpaektopuii PST. Pa6otsr [50-53] mocssie-
HbI MCCJICJIOBAaHUIO BJIMSHUS MOTEHIMAIA MEPEXOIHON 00JaCTH OCh-TIJIOCKOCTh Ha
JIBKEHUE KaHAJIMPOBAHHBIX 4YacTHIl, B 4acTHOCTH B [50,51] mpuBOAMTCS BBIBOL
NOTEHIIMAalIa IEPEXOAHON 00JIaCTH, UCXO/I U3 PELICHUs] YPABHEHMSI IBUXKEHUS Ka-
HAJUPOBAHHBIX YAaCTUIl METOJOM MHOTHMX MACIITabOB, a TaKXKE€ MPOU3BOIAUTCS
KOMITBIOTEPHOE MOJICTTUPOBAHUE TPACKTOPHI OBICTPHIX 3apsDKEHHBIX YacCTHUI B
ATOM Clydae C 1elblo 0O0Hapy)eHusl 3 (PEKTOB pe30HAHCHOTO HArpeBa U OXJIaX-

nenus. B [52,53] yuutbiBaeTcsl BIUSAHUE MEPEXOJHON OOJACTU HA BBIXOJ MOHOB
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TSI B CBSI3M C UCCIACAOBAHUSIMH IUIOCKOCTHBIX KojieOanuii. B [54-56] Ha ocHOBe
JIAHXEBEHOBCKOI'O IMOJX0/1a K TEOPUH KaHajaupoBaHus [29] mpemyiaraeTrcsi HOBBIN
METOJ| pacyé€ra CpeJHEU CKOPOCTHU IOTEPh YHEPIrUU KAHAIMPOBAHHBIX YACTHUI] HA
AJIIEKTPOHAX KPUCTAIA, a TAKXKE MPEJICTABICHBI PE3YyJIbTaThl PACUETOB CIEKTPOB
noteph dHepruun. Mccnenopanuto a3hdekra yMEHBIICHUS CKOPOCTH JCKaHAIMPOBa-
HUS PEJIITUBUCTCKUX MPOTOHOB MOCBsieHa padota [58]. B [59-61] npousBoauTcs
MOJEJIUPOBAHUE TPACKTOPUM IPOTOHOB B H3OTHYTHIX KpUCTalIax. Pe3ynbrarsl
MOJIEIMPOBaHMs, TOJyYEHHbIE C IOMOIIbIO pa3padoraHHOM mporpammbl PST,
TaK)Ke onyOJMKoBaHbl B [62,63], rae mpoU3BOAMTCS MOJAEIUPOBAHUE TPACKTOPUI
KaHAIMPOBAHHBIX PEISTUBUCTCKUX JJICKTPOHOB C IEJBI0 pacuéra CHEKTpabHOU

HMHTCHCUBHOCTH U3JTYYCHUS.
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I''/TABA 1. TEOPUS KAHAJIMPOBAHUA

braronapss 0COOEHHOCTSM CTPOEHHUs KPUCTAIJIOB BO3MOYKHO YCTOMYMBOE
JBUKEHHE OBICTPBIX 3apsDKEHHBIX YACTHUI] MEXIY MapauieIbHbIMU PsIaMU aTo-
MOB, 00pa3yoIINUX KpUCTAUIMUECKyto pemérky (puc. 1.1). Ilpu 3ToM npocTpanct-
BO MEXIY psAJaMU aTOMOB Ha3bIBAIOT "KaHajIoM”, IBUXKYIIHECS B KaHaye ObICTpbIE
3apsKEHHBIE YaCTULbI — "KAaHAIIMPOBAHHBIMHU " 4acTUIIAMH, a CaM IIPOLIECC — sIBJIE-
HUeM "KaHanupoBaHus”. Pa3numyaroT oceBOe KaHAIMPOBAHUE, KOT/IA YacTULA JIBU-
KETCA MEXKIY INapajulesIbHBIMU PSAIAMHU aTOMOB, U IUNIOCKOCTHOE — IIPU JABUKECHUU
YaCTHULBI MEXJly aTOMHBIMU IIJIOCKOCTSIMHU, KOTOPBIE B CBOIO O4epeab 00pa30BaHbl

M3 aTOMHBIX psAA0B WX LCIIOYCK.

o o O © O o o O O

Puc. 1.1 Cxema aBuKeHHUs OBICTPBIX 3apsKEHHBIX YACTHI] B KaHajaxX KpUCTalia.
Tpaextopuss "1" xapakTepHa [Uisi HEKaHAJIMPOBAHHON YacCTUIBI — OHA JIBUKETCSA
1101 OOJIBIIIUM yTIIOM OTHOCUTENHHO LIETIOYKH ATOMOB M PACCEUBAETCS; TPACKTOPHS
"2" — KaHaJIMpOBAHHAS 4YaCTHUIA; TpaeKkTopus "3" — mepexoji YacTUllbl U3 OJIHOTO
KaHaja B Ipyrou.

B 1969 roxy 6bi1a omy6mukoBana padora M.JIunnxapna [2], B KOTOpOii GbI-
J¥ TIPEJICTaBJICHBI OCHOBBI TEOPHH KaHAIMPOBaHUSA. DTy pabOTy MOXKHO Ha3BaTh
GyHIaMEHTAILHOH B TEOPUH KaHAJTUPOBAHMS, T.K. BO-TICPBBIX, MPEICTABICHHBIC
MIOJIOKEHHUSI TEOPUU HAILIM CBOE TMOATBEP)KICHUE B DKCIEPHUMEHTaX, a TaKXKe B
JIPYTHX TEOPETHUECKUX MOJIENSIX, BO-BTOPBIX, OBUTM MPEIJIOKEHBI HEKOTOPHIC
MPEAMOIO0KEHNS, OCHOBBI M KPUTEPUH KaHAJTUPOBAHUS, KOTOPHIE HCIOJIB3YIOTCS
1o ceit ieHb. [ onucanus IBYKCHHS TSHKENBIX KaHAIMPOBAHHBIX yacTull JIMH-
Xap]l KCTIOIb30BaJl 3aKOHBI KJIACCUYCCKON MEXaHUKH, a JIsSI OTIMCAHUS B3aUMO/ICH-
CTBUS KaHAIIMPOBAHHOM YACTHUIIBI C aTOMaMU KpHUCTalIa Mpeatoxkmt quddy3uon-
HYIO MOJIEJIb U MaJIOYTJIOBOE MPUOIMKCHHE, COTIIACHO KOTOPOMY, TIPH MaJIOM YTJIe

BJIETA BapH)KeHHOﬁ 4aCTUulhbl 110 OTHOLICHHIO K aTOMHOM OCIIOYKE IIOCICA0BATCIIb-
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HbI€ CTOJIKHOBEHHS YaCTHUIBl C aTOMaMHU CKOPPEIUPOBAHBI MEXKIY COOOM M HAI0
paccMaTpuBaTh B3aMMOJCHCTBUE CO BCEM aTOMHOM LIEMOYKOM, T.€. 4acTULA pac-
CEMBAETCS HAa MAJIBIA YTOJI IIPU B3aUMOJICUCTBUU C OJHUM aTOMOM U Cpa3y ke Io-
IaJeT Mo ACHCTBUE CIEAYIOIIETO aTOMa B LIENOYKE, U, T.K. CUJIbI B3aUMOIEUCTBUSA
C 3TUMU aTOMaMH HaIlpaBJICHbl B OJIHY U Ty K€ CTOPOHY, TO IMPOUCXOJIUT CPABHHU-
TEJIBHO IUIABHBIM IOBOPOT MMITYJIbCA YAaCTULBI BCIEICTBHUE B3aWMOJCUCTBUU C
OOJBIINM YHUCIOM aTOMOB enouku. Taxoke JIMHAXapa Npeuiokuil UCIIONIb30BaTh
BMECTO IOTEHIHAJIOB OTAECIBHBIX aTOMOB YCPEIHEHHBINM HENPEPBIBHBIA IIOTEHIIU-
an. B reopun xananupoBanus Jlunaxapaa G110 OMpeeneHo TJIaBHOE YCIOBHE Ka-
HaJUPOBAHUS YACTHUI] — KPUTHYECKUM yroy kaHamupoBanust ¥, (cwm. puc. 1.1), ko-
TOPBIA 3aBUCUT KaK OT CBOMCTB KPUCTAJLIA, TAK U OT SHEPTUU U 3apsA/ia YACTULIBL.
Kpome B3anmozeicTBus ¢ sapaMyu aTOMOB KpUCTaJlila HEOOXOIMMO YUHThI-
BaTh U BIIMSHHUE aTOMHBIX 3JIEKTPOHOB. [[y1s1 onucanusi B3auMoeHCTBUS ObICTPOM
3apsUKEHHOM YacTHLBI C aTOMaMM KPHUCTaJUIa M aTOMHBIMM JJIEKTPOHAMM ITPUMeE-
HAKOT NOTEHLMaN B3auMoAeucTBus. Ho, T.K. onucaHue peanbHBIX yCIOBUU ITpPaK-
TAYECKU HEBO3MOYKHO M3-3a CIIyYalHOI'O XapakTepa JIBUKEHUS aTOMOB U JJIEKTPO-
HOB, JUIsl MOJCJIMPOBAHMS UCIIONB3YIOT YCpeaHeHus! (IyKTyaluil aTOMOB U 3JIEK-
TPOHOB U MPUMEHSIOT MOJIEJIbHbIE TPUOIMKEHUS MOTEHIIMANIOB. B X01e nBukeHus
KAHAJIMPOBAHHAS YaCTHIA B3aUMOJECHCTBYET C aTOMaMHU M MX JJIEKTPOHAMM H3-32
4ero BO3MOKHO PacCcesHUEe YacTHIIbl Ha OOJIBIION yros U BBIXOJ €€ U3 KaHaua (Je-
KaHamupoBaHue). [ onucaHus paccesHHsl 4acTHUIl UCHOJB3YIOT KOA(hDUIIEHTHI
g y3un: dIEKTPOHHBIN Ui OMHMCAHUSA PACCEIHUS Ha DJCKTPOHAX U SACPHBIM.
[Tpu nr060M B3aMMOJEHCTBUM KaHAJUPOBAHHAS YacTHUIA TEPSIET CBOIO YHEPIHIO
(MOHU3AIMOHHBIE TOTEPU SHEPIHUH, U3TyueHue). MloHn3amoHHbIe TOTEPU SHEPTUU
CBSI3aHbI C MOHU3alMeEN U BO30YXJIEHUEM aTOMOB KpHCTasla U 00yCIIOBIIEHBI IIpe-
K7€ BCEro B3aWMOJICHCTBUEM MABWXKYIIEHCS OBICTPOM 3apsyKeHHOM YacTUIBI C
anexkTpoHaMmu. [lorepu sHEprum 1 KaHATMPOBAHHOM ITOJIOKUTENIBHO 3aPsKEHHON
YaCTULBI MEHBIIE YeM JJIsI HEKaHAJIMPOBAHHOM, BCIEACTBUE TOTO, YTO TPAEKTOPHUS

KaHAJIMPOBAHHOM YaCTHIIBI JISKUT B 00JIACTHU HU3KOU JIEKTPOHHOMU MJIOTHOCTH.
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1.1. T'eomeTpus KPUCTALIOB

Kpucramibl otnmnyaiorcs oT aMOphHBIX BEIIECTB YMOPSAOYEHHBIM PACIO-
JIO’)KEHHUEM YaCTHUIl B y3JaX KPUCTALTUMYECKON PEIIETKH, COCTOAIIEH U3 OJMHAKO-
BBIX DJIEMCHTApPHBIX sueek. JTMHY 3JeMEHTapHOU SYEHKH BIIOJIb KaKOTO-HUOY/Ih
HAIPaBJICHUS HA3BIBAIOT TOCTOSHHON peméTku. B cBoro odepens, dieMeHTapHas
siuYelKa COCTAaBJISICTCS U3 OJHOW MJIM HECKOJIbKUX YacCTHll, KOTOpPhIE Ha3bIBAlOT Oa-
3ucoM. [Ipu BbIOOpE AleMEHTapHON SYEHKHU CTpeMsITCsl K Hanbosiee nmpocToi ¢op-
Me, coJieprKaiield HanOoJIbIIee KOJTUIECTBO MPSMBIX YIJIOB, U K MUHUMAJIBHOCTH €€
00BéMa.

HampaBnenust B KpUCTANTMYECKON PEIIETKE 3aal0T KOOPJAWHATAMU MX Ha-
MPABJISIIONIETO BEKTOpa B 0a3MCHBIX BEKTOpax a,b,c (puc. 1.2), o0b4HO UX 3a-
KITFOYAIOT B KBaJpaTHbIe CKOOKU. [Ipy 3TOM 3HaK MUHYyCa B Cly4ae OTPUIATEIHHO-
CTH KOOPJIMHATHI M300pakaroT Haa unciaoM. Hambosee BakHbIC HalpaBJICHHS 3a-
JAIOTCSA, KaK TMPaBUJIO, IENBIMH YHCIIaMH. Takue HampaBiIeHHS OOBIYHO IMapai-
JIeJIbHBI MPOCTPAHCTBEHHBIM JIMArOHANIAM M AUAroHaIsIM OCHOBaHUM Ky0a (a1 Ky-
OMYeCKON KPUCTALIUYCCKON pemreTkr). HekoTopeie HanpaBIeHHUs] B CHITy CUMMET-
PUYHOCTU pemieTku (u3udecku paBHOIEHHBI, Hampumep [110], [101], [011] u

[110]. Jdns onmucanusi TaKOTO CEMEMCTBA HAMPABICHUN UCTIOJIB3YIOT TPEYTOJIbHbBIC

ckoOku (110) [28].

Puc. 1.2 Kpucramnorpadpuueckue ocu a,b,c .

JlJis OTHOTO OMUCAaHMs CTPYKTYpbl KPUCTAJUIa TOCTATOYHO 3HATH Oas3uc U

IPOCTPAHCTBEHHYIO PEIIETKY, NMOJyyaeMyro MyTEM MapajjieIbHbIX IEPEHOCOB OJI-
HOW TOYKM Ha BCE BEKTOpBI TpaHcimsauuil 1 =na-+n,b+nyc, rae ny, ny, ny —

LEJbIC YHCJIa, OIIMCBIBAIOIINUE OAHY W TY K€ TOYKY 6a31/1ca, HO B pPa3HBIX 3JICMCH-
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TapHBIX sueiikax. [IpocTpaHCTBEHHYIO PEMIETKY XapaKTepU3YIOT Oa3UCHBIMH BEK-
Topamu d,b,C , 3a71aB UX JJIMHBI U yIUIbl MeXay HuUMH (puc. 1.2). basuc npuHsTO
3a/1aBaTh, OMHCAB IOJOXKEHUS BCEX aTOMOB B OJIHOW sUEiKe HAOOpOM paauyc-

BEKTOPOB 7; = X;d +y;b +z,C, rOae uucna Xx;,y;, z; 3a0a0T MOJOXKEHHUS aTOMOB B

JOJISIX BEKTOPOB a,b,¢. B ¢busnke TBEPAOro Tejla MpPU ONMUCAHUU SBJICHUN JIU-
bpakuuy U pacnpoCTpaHEHUs! BOJIH M YACTHUIl B KPUCTAJJIAX MPUMEHSIOTCS MOHS-
THSL 00paTHOM peméTku U o0paTHOTO MpocTpaHcTBa (mpocTpancTBa Dyphe). Bek-
TOpBl TPSIMOM U OOpaTHOM PEMmETOK CBS3aHBI CICAYIOIMIUMU COOTHOIICHUSMU
Ad=2r-bxé|v, B=2x-[exalv, C=2x-|axb|v, rae ¥ =(ix|p x| - o6n-
&M dJIeMEHTapHOU sueiiku. BekTopbl 00paTHOM pemETKU UMEIOT Pa3MEePHOCTh, 00-
pPaTHYIO pa3MEPHOCTH BEKTOPOB MPSIMON pelIETKU. BeKTop TpaHCIsIUu y3710B 00-

paTHOU peméTku (uin "BekTop oOpatHOM pemérku”) B npoctpanctBe Dypre 3a-
nuceiBaercs Kak g = hA+kB+I1C, tne h, k, [ — nenvie yucna.

Bcé€ mHOr0o06pasue KpucTauioB MOXKET OBITh OIMKMCAHO C MOMOIIbI0 14 TH-

MOB KPUCTAUTMYECKUX PEmIETOK (pemeéTok bpae), paznuyarommxcs COOTHOIIIE-
HUSIMA MEXIY BEIMYMHAMU 0a3UCHBIX BEKTOPOB d,b,C W YIIIOB MEXIy HUMHU.

B xpucramne Gonbpiioe 3HaUYCHHE MMEIOT OCOOBIE KpucTauiorpaduaeckue
IUIOCKOCTH, TPOXOJISALIUE Yepe3 Y3ibl KPUCTALTNYECKON pereTku. MiMeHHo Kpu-
cTayuiorpaduueckre MIOCKOCTH, Ha KOTOPBIX PACIONIOKEHO OOJBIIOE KOITUIECTBO
y37I0B KPUCTAJUTMYECKON PEIIETKH, BAXKHBI KaK JUIsl MPEACKA3aHUs OTPAHKU KpPH-
CTajyia, Tak M MPU PACCMOTPECHHUH NBWDKCHHS dacThil B HeM. Kpucramiorpadude-
CKHE TJIOCKOCTH MPUHSTO OMHUCHIBATh HHACKCAaMU Muuiepa - HabOpoM TpeX MeITbIX
quCeJl, 3aKJTI0OUCHHBIX B KPYTJIble CKOOKH (/4 k [). 3HaK MUHYC OTPUIIATEILHOTO WH-
JieKca MPUHATO CTaBUTh HAJ HUM. ['eOMETpHYeCKHil CMBICT WHIEKCOB Mmiiepa
CBOAMTCS K YIJIOBBIM KO3 (UIIMEHTaM B “‘ypaBHEHUHU IUIOCKOCTH B OTpe3Kax’ .
Wunexcsl Musiepa onpenesstoTes cleyonmM 00pa3oM: HaXOAsSTCS TOUYKH, B KO-
TOPBIX OMHCHIBaEMasl MIOCKOCTh MEPECEKAET OCHOBHBIE KOOPIMHATHBIE OCH; KOOP-
JIMHATHI HAWJICHHBIX TOYEK 3alHMCHIBAIOTCS B €IMHUIIAX IMOCTOSTHHOM PEIIeTKH; Ha-
XOIIATCS OOpaTHBIC 3HAYCHHMSI MMOTYUYEHHBIX YHCIIC, TPUBEACHHBIC K UX HAUMCHb-
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meMy »OejJIoMy, IOJYYCHHBIC 3HAYCHUA U CCTb MHICKCHI MI/IJ'IJ'Iepa. I[J'If[ KY6I/I‘-IC—
CKOM PCHICTKH CYIICCTBYIOT TPHU OCHOBHBIX THIIA KpI/ICTaJIJIOFpa(I)I/ILIGCKI/IX ITJIOCKO-

creit: (100), (110) u (111) (puc. 1.3).
ooy oy A iy

Puc. 1.3 OcHOBHbIE THUIIBI KPUCTATUIOTPAQUIECKUX MIIOCKOCTEH KyOUYECKUX KpHU-
CTaJLIOB.

OTH MJIOCKOCTH, U3-32 0COOOT0 PACHOJIOKEHHUS] aTOMOB KpuUcCTauia, OyayT
pazIuYaThCs MO AIEKTPUUECKUM CBOMCTBAM: pa3iv4usl MO BhICOTE U (opMe To-
TEHUMaIbHON »Heprun ("moTreHunuana”) B3aMMOJEUCTBHS C HaJETAIOUUMU 3apsi-
YKEHHBIMU YacTUIaMU. J[J11 omnucaHus NBUAKEHUS B KaXJOM U3 IJIOCKOCTHBIX Ka-
HAJIOB HEOOXOJIMMO 3HAaTh KOOPJAMHATHl aTOMOB KPHUCTaJJIa B COOTBETCTBYIOIIEH
CUCTEME KOOpUHAT.

B pabote paccmarpuBaroTcsi anMas3onoo0HbIe KPUCTAIBI, K KOTOPBIM OT-
HOCSITCS: aJiMa3, KPEMHHM W TepMaHui. AJIMa30mol00Hast perieTka MOKET ObITh
npeacTtaBieHa kak pemerka ['TIK (rpanenieHTpupoBaHHas KyOudeckas) ¢ aToMamMu
MO y3J7aM U CMEIICHHbIMU OTHOCHUTENBHO HUX Ha Y4 MPOCTPAHCTBEHHOU AMAaroHa-
mu. basucom Ttakoit I'IIK pemerku bpaBe OynyT aBa atoma ¢ KOOpJAWHATaMU
(0; 0; 0) m (Ya; Ya; ¥4). OnHAKO B KA4EeCTBE JIEMEHTAPHOM SUEHKH amMasa yao0Hee

BBIOMpaTh Ky0 ¢ 6azucom u3 8 atomoB (puc. 1.4).

Puc. 1.4 DnemeHTapHasi KpUCTAIMYECKAs TYEHKA aIMa30M0g00HOT0 KpUCTalIa.
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MOo’KHO 3aMEeTHUTbh, UTO KaXKJIbIil aTOM OKPYXEH YeThIpbMs OMMKaUIIIMH CO-

CCIIMHU Ha PACCTOSAHHUU Ya JJINHBI HpOCTpaHCTBeHHOI\/’I AWuaroHajain, pacIiOJOKCH-

HbIMH OTHOCHUTCJIIBHO HETO KaK YIJIbI IIPABHUJIBHOI'O TCTpasapa OTHOCHUTCIIBHO €ro

OEHTpa, ¢ HUMH OH COCAWMHCH KOBAJICHTHBIMU CBA3JIMH, O6pa3YIOHII/IMI/I PaBHBIC

YIUIBI APYT C APYT'OM. KOOpI[I/IHaTLI BOCHMH 0a3HMCHBIX aTOMOB JJIA OCHOBHBIX IIJIO-

CKOCTHBIX HaIlpaBJICHUN alIMa30I0J00HBIX KPUCTAIIOB MpUBEAeHBI B Tabmuie 1.1:

Taoanna 1.1

iT1 ] 2 3 4 5 6 7 8
Ix[ o [ o 7 v Vi Vi % %
Sly| o | v 0 vy v, 2 Y Ya
“[z] o v, v, 0 Vi Y4 Y4 Vi
X oo | N2/4 | V2/4 | V2/2 | V2/4 | V22 | V2/2 | 3-42/4
=lv| o | v2/a | -v2/4] o 0 | v2/4 | —2/4] o
"z o | % , 0 Y, % % Ve
x| o | N3 ] B | N [3/aV3)/(3) [7/av3) | 7/(43)
=|ly| o | v2/a |-v2/4] o0 0 V2/4 |-2/4 0
“z| o /a3N2/E) -1/Ne | 0 V2/a43)V2/(6v3) -2 /(243)

3/1ech KOOpAUHATHI aTOMOB MIPUBEICHBI B €IMHUIIAX MOCTOSHHOW PEIIETKHU d

[24]. Y noGHee moib30BaThCsl KOOPAMHATAMU aTOMOB, BBIYMCICHHBIMU B €IMHUIIAX

ay, ay, a; — NICPpHOAUIHOCTH PACIIOJIOKCHMA aTOMOB KpHUCTalJla IO HalPpaBJICHUAM

oceir OX, OY, OZ, B cucremax KOOpPAUHAT, CBSI3aHHBIX C 3aJJaHHBIM IIOCKOCTHBIM

HarpaBiieHueM (puc. 1.5, rabnuma 1.2).

Q
-~

(100)
?
—O0—+—0
© Q I © ©
I & 1 O
L9
Q Q | Q Q
AFREY
@ ®) @
RN
I—Ch——

i (110) G -
-O—0 A B o
| l o - —

o I}

: | T

Q [ o a?lo (I'J f; I;T)

! o o o

Ie o | O
4 O——0) O—C

\'E: C:-J X r : : ﬁ X "
= a .{A '| ! a;"’

Puc. 1.5 CxeMmbl pacmnoioKeHHsl aTOMOB aJIMa30M0I00HOT0 KPUCTAIIA B TIOCKO-
ctHbix HamnpaieHusx (100), (110) u (111). Ocu z, z', z" cOOTBETCTBYIOT MPO0JIb-

"

HOMY HallpaBJCHUIO JABW)KEHHUS KaHAJIUPOBAHHBIX 4YacTUl, ocu X, x', x" -
IIONIEPEYHOMY HANPABIICHUIO.



Taoauma 1.2

j a; 1 2 3 4 5 6 7 8
x| 4 0 0 | % | % | V| v | % | %
S|y, d 0 Vs 0 v | Y | Y| Y | Y
“lz| 4 0 | v | w | o | wul| % | %]
x| d/v2 0 | % | % 1 Vs 1 1| %
=l a/v2 | o | v | ] o] o] »n | %] o
“z 4 o | w | % | o | vl ul| % | v
x| 43 0 1 1 1 Yo | | | Y
=|y| 4/v2 0 | % | % | 0 0 | % | % | 0
“Nzla/zz | o | v [ v | %] o | w | wl| »

PaccMoTpumM cxemy nepecuéra KOOpJAMHAT MPU TOBOPOTE CUCTEMBI KOOPIU-

HaT Ha yroua ¢ (puc. 1.6). Bo3pMéM NpOU3BOJIIBHYIO TOUKY M ¢ KOOpJAMHATaMu B

“crapoit” cucreme (x, y). B “HoBo#1” (1MOBEPHYTOI) cHCTEME KOOPIAUHAT COOTBET-

CTBYIOIIIME KOOPAUHATHI OyAyT (x', 3').

Y

y_____

P | X

Puc. 1.6 TloBopoT cucTeMbl KOOPJIMHAT HA YTOJ @

Paccmotpum Bexktop OM, npOBEAEHHBIN U3 Hadala KOOPAUHAT K TOYke M.

Bektop OM MOHO NIpeACTaBUTh KaK CyMMY JIBYX NEPIEHIUKYJSIPHBIX BEKTOPOB

JUTSL K&KJIOM CHCTEMBbI KOOP/IMHAT.

—_ —

OM=x-i+y-j
W:x'-f'+y'-j'

}:x-?+y-]:x'-f'+y'-j'

3aech i,j - €AMHUYHBIC HANpaBISAIONIME BEKTOpa B cucreme XY, i',j' - enuHn4-

HbIC HaIlpaBJIstoIIMe BekTopa B cucteMe X'Y', X, y, X', ' - COOTBETCTBYIOIIME KO-

OpAVHATHI TOYKU M.
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Takum 006pa3om, MbI TOTYYHIIA (DOPMYJTBI JIJIsl TIepecuéTa KOOPAUHAT TIPU
MOBOPOTE:
X'=x-0-i'%y-j-i'= x-cos(go)+y-cos(900 —go): x-cos(go)+y-sin(go)
V=x-i-j4y-j-j'=x- cos(90O + ¢))+ y- cos((p) =—Xx- sin((p)+ - cos((p)
Jns mepecu€ra KOOpJIUHAT, COOTBETCTBYIOUX TUIOCKOCTH (100) B KoopIu-

HaThel Twiockoctd (110) Hamo MOBEPHYTH CHCTEMY KOOpPAMHAT BOKPYr ocu Z (B

miockoctu XY) Ha yron ¢ = 45° (puc. 1.7).

ZINZ 0 1-d Y
<011>

|
|
{2-d

Puc. 1.7 Cxema nepexonaa koopaunar B (100) B koopaunatsi (110).

T.e. Takoii epexo]; MOKHO OMKCATh CIAEAYIOMMME (OPMYyIaMu:

X':X—cos(go)+Y—sin(g0)=X-cos(450)+ Yosin(450)=X-%+Y-g:%-(X+Y)
Y'=Y-cos((o)—X-sin((p):Y-cos(450)—X-sin(450):Y-%—X-Tzzg-(Y—X)

7'=7
Jlnia ompezeneHus KOOPAMHAT aTOMOB B CUCTEME, COOTBETCTBYIOIIEH TIIOC-
koctu (111) Heobxoaumo moBepHyTh cuctemy koopaunat (110) Bokpyr ocu V' (B

miockocty X'Z) Ha yron 6 (puc. 1.8).
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3d

2

Puc. 1.8 Cxema nepexonaa koopaunar B (110) B koopaunatst (111).

T.e. Takoil mepexoa MOKHO OINHKCATh CIEAYIOMUMHU (HOPMYIIaMU:

X"= X"cos(0)+ Z"sin(0) = X'-% + Z'-%
Y!I — Y!
"= Z'-cos(@)— X'—sin(&) = Z'-Q — X'.L

NERENE]

1.2. XapaxkTepUCTHKH aJIMa30M0100HbIX KPUCTAJIOB

[Tpu omucanuu CBOMCTB KPUCTAIOB B JJAHHOW pabOTe UCIONB3YIOTCS Clie-
OYIOIINE XapaKTePUCTUKN KPUCTAIUIOB:
1. d - mocTostHHAs KPUCTANINYECKON PEIIETKY;
2. Z, — 3apsin anpa atoMa (3apsiioBO€ YUCO0);
3. M, - macca aToMa;

2 . . .
5. 0" - cpenuuii kBaapat GIYKTyaIriil TETIOBBIX KOJIeOaHUI aTOMOB KpHCTAaJIIA.
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B tabnuue 1.3 npuBeeHbl 3HaYCHHS YKa3aHHBIX XapaKTEPUCTHK AJIsi KPUCTAIIIIOB

KpEMHUA, TCPMAHUA U aJIMa3a.

Ta6auna 1.3

KpeMHUH repMaHui ajma3s
Z, 14 32 6

M,, a.e.m. 28.085 72.59 12.01
o, A’ 0.075 0.085 0.258
d, A 5.431 5.657 3.567
= a., A 5.431 5.657 3.567
S a, A 5.431 5.657 3.567
~ a, A 5.431 5.657 3.567
= a, A 3.840 4.000 2.522
- a, A 3.840 4.000 2.522
~ a, A 5.431 5.657 3.567
~ a., A 3.136 3.266 2.059
= a, A 3.840 4.000 2.522
~ a, A 4.434 4.619 2.912

1.3. IloreHuuaJbHas YJHEPrusi B3aMMOAeCTBUA OBICTPbIX HOHOB

C aTOMaMH KpHUCTaJLJIa

[Tpu nBU>KEHUU B KpHUCTAJJIe ObICTpas 3apsiKEHHAsl YacTUIla HAXOJUTCS MO/
JEHUCTBUEM JIEKTPUUYECKHUX ITOJIEHN sIIEp aTOMOB KPUCTAIIIA U MX AJIEKTPOHOB. 1lo-
TOMY JJIi ONHUCAHMs JABMXKEHHS OBICTpOM 3apspKEHHOM 4YacTuIbl HEOOXOAMMO
YUYUTBIBAaTh B3aUMOJEHCTBUE YACTHULBI C KAXKIBIM SIAPOM U KaXKIbIM 3JIEKTPOHOM
KPUCTAJIJIA, YTO SABJISIETCS MPAKTUYECKH HEBBIIIOJIHUMBIM.

CornacHO Teopuu KaHAJIMPOBAHUS, NpeaaoxeHHou Jlunaxapaom [2], npu
MaJOM yIJIe BJIETAa OBICTPOM 3apsSKEHHOM YacTHLBI IO OTHOIIEHHIO K KPHCTAIIO-
rpaduyecKkoil MIOCKOCTU €€ B3aWMOJAEWCTBHUE C IOCIEA0BAaTEIbHOCTHIO aTOMOB
CKOPPEIUPOBAHO, U B 3TOM CJIy4ae MOKHO paccMaTpHUBaTh ABUKEHUE OBICTPOIl 3a-
PSYKEHHOM 4acTULBI B YCPEAHEHHOM JJIEKTPUYECKOM ITOJIE IIOCKOcTer. [Ipu 3TOoM
JBUYKEHUE TSHKENBIX PENSITUBUCTCKUX YacTHI] (TPOTOHOB, MOHOB), a TAKXKE JIETKUX
yacTull (37eKTpoHOB) Tipu 3Heprusix Boimie 100 MaB MoxkHO omucaTh 3aKoHaMu

KJIACCUYECKOU MEXAHUKHU.
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Cyrneprno3uiusi yCpeIHEHHBIX JIEKTPUUYECKUX TOJIEM OT aTOMHBIX IIOCKO-
cTeil 00paszyeT B MPOCTPAHCTBE MEXKIY HUMU MOTEHIMaNbHYI0 siMy U(x) s mo-
JIOKUTEIIBHO 3apSXKEHHBIX YaCTHII.

PaccMoTpuM B3auMOAENCTBHE ABUXKYIIEHCS 3apsSKEHHOM YacCTULBI C AJIEK-
TPUUYECKUM I0JIEM KpUCTauia. byzeM HCHoJib30BaTh aTOMHYK) CHUCTEMY E€IUHHII.
DneKTpUueCcKUi MOTEHIMA KpUCTaJIa CKIAbIBAETCA U3 KYJIOHOBCKUX MOTEHIMA-
JIOB aTOMHBIX SIZIEP, PACIOJIOKEHHBIX B y3JIaX KPUCTAUIMYECKOW PELIETKU, U KYy-
JIOHOBCKHUX MOTEHIUAIOB aTOMHBIX 3JIEKTPOHOB:

U= Unucl + Uel ’
/i€ TOTEHIIUAIbI B3aUMOJIEUCTBUS OBICTPOTO MOHA C SApaMH aTOMOB U aTOMHBIMU

QJICKTPOHAMHU KpUCTalJla UMCIOT BU:

Z,Z,e* Z 7,6
Unucl:z—- — UeI:_ZZ_, ~ [
v |F =7, n [F -7,

31ech Zje U Z,e - 3apA]l MOHA U s[pa aTOMa KpUCTala; 7, =71, + OF,; BEKTOP

Foo = {axnx, a,n,, aznz} OINPEAENACT MOI0KEHUE 1-TO y3]la KPUCTAIINYECKON pe-

HIETKHU; 4, - Iepuoj, pemeTrku B HampaBieHun ocu OX (puc. 1.9), a
n,=0;+1; £2; ...; BEKTOp OF, ONUCHIBAET CMEILEHHUE Spa 7-TO aTOMa KpUCTalIa
U3 y3lla KPUCTAIMYECKOM pEIIeTKH Oyiaromapss TEIUIOBBIM — KOJICOAHMSIM;

Fy =T, +OF,;; BEKTOp O7,; ONPEACISCT MOJIOKEHHUE j-TO ICKTPOHA [0 OTHOLIe-

HHIO K ITOJIOKCHUIO 71-T'O aTOMHOTI'O A1pa.

yacTuya ‘/
TpaekTopusi

APO C 3apsjioM e

) Y

a, \J ./
Ii :l \n-i y3en aToMHOH LLenouku

Puc. 1.9 CxematnuHoe n300pakeHHE TPACKTOPUU OBICTPOI 3aps>KEHHOM YacTH-
1[I B OKPECTHOCTH aTOMHOM LIETIOYKH [29].

TennoBbie KoieOaHMsI ATOMHBIX SiIEp M KBAHTOBBIE (MIYKTyal[Ml aTOMHBIX

AJIEKTPOHOB BBI3BIBAIOT (IIYKTyallMM TMOTEHIMajda B3auMojencTBus. Tak Kak
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y4ecTh Takue (IyKTyalluu CI0XHO, YaCTO MCHOJIB3YIOT YCPEAHEHHbIE MOTEHIHA-
JIbI U30JIAPOBAHHOTO aTOMa, aTOMHOM LIETIOYKH, ATOMHOM INIOCKOCTH. Y CPETHEHHE
IPOU3BOAMUTCS MO KOOPJIAUHATAM BCEX SAJIEP U JIEKTPOHOB KpUCTaJUIa, M1 0003HaYa-
ercst ... [29].

JUis 4uCIeHHBIX PacuéToB ABMKEHUS OBICTPBIX 3apsKEHHBIX YacTUIl B KpU-
CTaJulaX MCHOJIB3YIOT ANNPOKCUMALMM IOTEHIHANA W30JIMPOBAHHOIO aToOMa, Ha-
npumep, annpokcumanuu onnsa-Tépuepa u Momnbep.

[ToTenmman u3oaupoBaHHOro atoMa B npudmmkenun Joinsa-TEépuepa nmeer

BUA:

2
V(r) = 2aoezZ1 . i Lexp{— —J ,

= 27 Bl-3

2

rae: ao=0.529 A — paguyc Bopa; B; = fi/4n°, 3Hauenns k0d>QPUINEHTOB a;
U f; 3aBUCAT OT KOHKPETHOTO KpucTtayia. B tabnuue 1.4 npuBeneHs! 3HaU€HUs KO-
¢ purmentoB npubmkenust Joins-TEépHepa nns KpUCTalIOB KpEMHHUS, repMa-

HHUA M aJIMa3a.

[ToTeH1an U30JUPOBAHHOTO aTOMa B MPUOIMKEHUH Mosibep UMeeT BU/L:
Z,Z,e* 3 r
V(’”): =2 Y a; -exp| = B, — |,
r i=1 a
L 213 2/3y-172 :
rae: a=0.88534-ay(Z,"" + Z,"°) """ — paguyc s3xpanupoBanus Tomaca-Depmu;
a;, f; — 6e3pa3zmepHblie ko3 puirenTs npudamxennss Monbep. 3HaueHHus KO3 Q-
dburnmenToB npubamxKeHuss Monbep npuBeAeHb! B Tabmuie 1.5.

Taomuua 1.4 Kosdduuments npudbnmxenus Joing-TépHepa 11 noTeHInana

KpeMHUH repMaHui ajama3s
a;, A 2.1293 2.4467 0.7307
a, A 2.5333 2.7015 1.1951
az, A 0.8349 1.6157 0.4563
ay, A 0.3216 0.6009 0,1247
pi, A 57.7748 55.893 36.9951
B, A’ 16.4756 14.393 11.2966
fs, A’ 2.8796 2.4461 2.8139
Bu A 0.3860 0.3415 0.3456
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Ta6auua 1.5 Koapdunuents npubmmkenus Mombsep

i 1 2 3
a; 0.35 0.55 0.10
B 0.3 1.2 6.0

[TpeumymiectBo npubamxenuss Moabep COCTOMT B TOM, UYTO MpPUBEAEHHBIE
KOA(PPUIIUEHTHI MOKHO TMPUMEHUTH JJI OMUCAHUS JTFOOOTO MOHOATOMHOI'O KpH-
crayia. Kpucramn B 3ToM NpuONIMKEHUN OMPEIeNseTcsl TONbKO 3apsiIOBbIM YHC-
JIOM Z5.

Jlnst onucaHusl MOTEHIMAIbHOW 3HEPrUM B3aUMOJEUCTBHUS OBICTPOM 3aps-
KEHHON YacCTHUIIbl C aTOMaMH, 00pa3yIOLMMHU KPUCTAIIMYECKYIO PEIETKY MpUMe-

HSIOT pa3fioKeHHe B TpUroHoMerpudeckuit psg Oypoe:

U(r)=§U(g)-exp(i-§-f),

rne §=027-n,/a, 27 kja,,2r- I/a, ) — BexTOp OGPATHOIH peITeTKHY;

n., k, [ - naIeKchl Musuiepa (ONMChIBAIOT aTOMHYIO IIETIOUKY ).
U(g)=d ¥, (g)-expl-g%02 J2—i-g -7,
J

rje exp[-gz-ajz/2] — (akTop [lebas-Bamnepa ydumThIBacT TEIUIOBBIE KOJICOAHMS

sIIep aTOMOB KPHCTAJUIA; F; — KOOPJUHATEL aTOMOB B JJIEMCHTapHOH KPHUCTAILIN-

) ) 2 ) 9
4eCKOM sUelKe; 0, — CpEeIHUM KBaapaT aMIUIMTY/bl TEIUIOBBIX KOJeOaHUH aTOMOB
kpuctama; Vy(g) — komnonenta @ypbe NOTEHIUAIBHON SHEPIHMH B3aUMOIEHCTBUS

aToMma j-ro copTta ¢ OBICTPOIl 3apsKEHHOM YaCTHIICH.

Takum 00pa3zoM, MOXKHO 3alMcaTh MOTEHLMAT B3aUMOJEUCTBHS C yU4ETOM
TEIJIOBBIX KOJI€OAaHUI aTOMOB KpHUCTaIa U MECTOIOJIOKEHUI aTOMOB B 3JIEMEH-
TApHOW KPUCTAJUIMYECKOM SYEUKE, PA3JIOKEHHBIM B TPUTOHOMETPHUYECKUHN P
dypre:

3w 2 2
Ulx)=d™-Y ZV( x)-exp[—a g5 /2]-cos 2rn, -\x—x; ), (L.
ny J=1
rae: V(g) — xomnoneHnTa @ypre NoTeHIHana OTAEIBHOIO aTOMa, KOTOpasi MOKET

OBITh 3aMucana B MpUOIMKeHUsIX Mobep:
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3
V(g*)=4r-2\Z,¢" gla,-/ (8/ay + 2] (1.2)
u Jlons-Tépuepa:
V(g2)=27z-Z1 .e? “ag - iai -exp[—ﬂ’l— -g2/167z2]; (1.3)
i=1

30€Ch o, B — K0d(D(PUIIMEHTHI, COOTBETCTBEHHO, MpHOIIMKEeHnH Mombep
(tabn. 1.4) umn Joiins-Téprepa (tabm. 1.3); g = (2mny/ay)’ — KBaApaT KOMIIO-
HEHTBl BEKTOpAa OOpaTHOM pEIETKHU; X; — X-KOOPAMHATBI aTOMOB JJIEMEHTAPHOU
STYCUKH.

Ha puc. 1.10 npeacrasnens! rpaduku NOTEHIUAbHAS YHEPTUS B3aUMOIEH-
CTBHSI C TPOTOHOM ISl TNIOCKOCTHBIX HampasieHui (100), (110) u (111) kpucran-

J1a KPEMHHUSL.

(100) —_—M
12 — —T 20
9] m 15 }
o
6T =10 |
2
3} X
0 1 1 ) O L 1 L )
0,5

0 0,25 0,75 1 0 0,25 0,5 0,75 1 0 0,25 0,5 0,75 1
x | ax x [ ax x / ax

(111)

U(kx), 3B

[&]

Puc. 1.10 TloreHnmansl MIOCKOCTHBIX KaHAJIOB KPUCTAJIA KPEMHUS IS MPOTO-
HOB, BBIYUCJICHHBIE B NpuOImxkeHusx Momwep u Jloina-Tépuepa.

1.4. Koadpduumenrs! 1updy3un

CTONKHOBEHUS KaHAJTUPOBAHHBIX YACTHI] C SAPAMUA aTOMOB KPUCTAIIA M UX
AJIEKTPOHAMHU OIUCHIBAIOTCS € TMOMOIIbI0 Kod(pduimentoB muddy3uu. MoxHO
BBIICIIUTH OT/ACIBHO 3JIEKTPOHHBIA KOA(DPHUIIMEHT, OTBETCTBCHHBIA 3a paccesHue
Ha KBAaHTOBBIX ()IYKTYaIMsIX aTOMHBIX AJICKTPOHOB U SEPHBIA KOADUITMEHT, OT-
BETCTBEHHBIN 32 paccesiHuEe Ha TEIUIOBBIX (PIYKTyallUsiX aTOMOB.

D(X) = Del(x) + Dnucl(x)
DOnekTpoHHBINH Kodpuiment nuddy3uu 6yneM BBIYUCISITH B TPUOTUKEHUH JIO-

KaJIbHOM 3JIEKTPOHHOM INIOTHOCTU:
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Do =21/(Z1Z5€”) Lo pei(x), (1.4)

rae: L, = In[2:m,f*y* / I]- f* — aneKTpoHHbIiT TorapudM.
SAnepubiii ko3Pppunuent auddyszun OyaeM BbUUCIATH B npubamxeHun Kurara-
BBI-O11yku [22]:

Dyuer = 2/0(Z1°€%) “Ly pruci(x), (1.5)
IZ€ B KadecTBe L, B Claydae PEIIATUBUCTCKUX JHEPIUM HCHOJB3YETCS ‘‘paauali-
oHHbIH Jorapudm”: L, =2:In[138 / Z,'], a B ciayaae MaB-sHepruii KaHaIHpOBaH-
HEIX JACTHI] - pUOKEHUE, MPEITTIOKEHHOE JIunxapom [2]:
L,=n[1.29-a-E-M, | (Z\Z> (M +M,) -€%)].
I=11.5'Z, — cpenHuii HOHU3AIMOHHBIA MOTEHIHAN JJIsI KpUcTaiia, E — sHeprus
YaCcTULI, M, — Macca dJIEKTPOHA, e — 3apsn dnekrtpona, My, M, v Z,, Z, — Macchl

U 3apsiIbl OBICTPOM YAaCTHUIIBI U SApa aToMa KPUCTaILIa,

Pel(X), Pruci(X) - TUIOTHOCTH AJIEKTPOHOB U SIFIEP B TUIOCKOCTHOM KaHaJlle KpHCTalia

MOYKHO 3aITiCaTh B BUJIE PA3JI0KEHUS B TPUTOHOMETpHUECKUM psag Dypre:

Pret ()= >y Zglexp[— ngi /2]-003[27znx -(x—xj )], (1.6)
=1

ny Jj=
Po(x)= A>3 %F(gi )-exp[— azgf /2]-003[27znx -(x—xj )], (1.7)
n, j=1

rae: F'— ¢popM-dakTop, KOTOPHII MOKHO BBIUUCIATH B MPUOIMKEHUIX Moubep:
Fle) =2 Sa,-(6,/af |6, /a) +¢2] 18)
u Jloins-Tépuepa [30]:
Fle) =S exol- 42/ 4nf o, (19)

311€Ch: a;, i, ¢ — KodhPumenTs! npudmmkeHut Monsep (tadnuua 1.4) unu oii-
ns-Tépuepa (Tabmuua 1.6).

PaccmoTpum BeIBOZ hopmyitbl it hopM-dakTopa B mpubIKeHrn MoJib-
ep. Pypbe-KOMIIOHEHTa MOXKET OBbITh 3anMcaHa B BUaax [29]:
Vig.)=4r-2,-2,-& i%
g; +(B;/a)
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47, -e*
V(gx): 72-—216 ’ [ZZ B F(gx)]
8x
[TpupaBHsB MpaBble YaCTH, TOTYUUM:
1 3 a;
LR )2 3N
g2 T T g2+ (B /a)

Otkyna:

5 g 3 g:
Flg )=27,-|1- w [Tl L - ;
l&x)=2, { l'zlg;%+(ﬁi/a)2i| : Elal { g§+(ﬁ"/a)2}

Tx. a;+a+ a3 =0.35+0.55+0.10 = 1, BepaxkeHue s ¢Gopm-pakropa OKOHYA-

TCJIIBHO 3aIllMIICTCA.

_ 2 ai‘(ﬂi/a)z
R

3mech g, =2mn,/ a,.
3HaucHUS KOIPPHUIMEHTOB @, f;, U ¢ I KPUCTAIUIOB KPEMHUS, TEPMaHMs U ajMa-

3a npuBeeHbl B Tabauue 1.6.

Taoauna 1.6
KPpeMHUI repMaHuil ajama3s
a, A 6.2915 10.0816 2.31
a, A 3.0353 6.3747 1.02
a, A 1.9891 3.7068 1.5886
as, A 1.5410 3.6830 0.865
pi, A’ 2.4386 2.8509 20.8439
pr A 32.3337 0.2516 10.2075
L, A’ 0.6785 11.4468 0.5687
fs, A 81.6937 54.7625 51.6512
c 1.1407 2.1313 0.2156

Ha puc. 1.11 npuBenénsl rpaduku siACpHBIX INIOTHOCTEN MJIOCKOCTHBIX Ka-
HaJoB Kpuctaiuia kpemHus. Ha puc. 1.12 cpaBHUBatOTCS TpadUKU 3JIEKTPOHHBIX
IUIOTHOCTEH TUIOCKOCTHBIX KaHAJIOB KpUCTAIa KPEMHHS, PACCUMTAHHBIE B IPH-
ommxenussx Monwep u [Joitng-Tépuepa. Ha puc. 1.13 cpaBHuBaroTcs rpapuku Ko-
s purmentoB nuddy3un ais npoToHoB ¢ dHepruen 450 ['B B MI0CKOCTHBIX Ka-

HaJIaX KpucCTajlla KpEMHHUA B ClIydasaX, Korga 3JICKTPOHHAA IJIOTHOCTb BBIYHUCIIACT-
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cs B npuOmkennax Monwep u Joinsa-Tépuepa. M0oXHO BUAETh, YTO OTINYUS 110

NPUOIMKEHUSIM HEOOIbIIHE.

(100)
0,3
o2
<
.02
£3
s
H
Q0,1
.
0 0,25 0,5 0,75
x [ ax

A3

pnuct (X),

0,5

0,4

(110)

|

04 F ”
. 03
. <
%02 H
3
a
0,1 -k J
O 1 1 1 J
0 025 05 0,75 1
x [ ax

Puc. 1.11 Snepubie mioTHOCTH IOCKOCTHBIX KaHanoB (100), (110) u (111) xpu-

cTajuia KpeMHHUSI.

(100) M
2 — —Aar
*T%1,5
Z 4
-
(=%
05 |
0
0 025 05 0,75
x [ ax

0,25

0,5
x [ ax

0,75

0 0,25 0,5

x [ ax

0,75 1

Puc. 1.12 DiexkTpoHHBIE TUIOTHOCTU TIOCKOCTHBIX KaHaoB (100), (110) u (111)
KpHUCTaljla KpEMHHUSI, pacCUMTaHHbIe B puOmmkenusx Moinbep u loinsa-TEpuepa.

1,E-01 (100) M
s
« 1,E-02
=
s
©
o
% 1,E-03
=
a
1,E-04 1 1 1 ]
0 025 05 0,75 1
x [ ax

D, Mmkpap?/Mkm

1,E-01

1,E-02

1,E-03

1,E-04

(110)

—M

0

0,25

x [ ax

0,5

0,75 1

1,E-01 (111

-
m
o
N

1,E-03

D, Mmkpam?/MKM

1,E-04 L L L )
0 0,25 0,5 0,75 1
x [ ax

Puc. 1.13 Koaddbunuents nuddys3un st nporoHoB ¢ sHeprueii 450 I'B B mio-
ckocTHbIX KaHanax (100), (110) u (111) xpucranna kpemMHus B ciaydasx, Koria
AIIEKTPOHHAs IUJIOTHOCTh BBIYMCIAETCS B HNpuOmmkeHusx Monsep u  Jloiiis-

Tépuepa.
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1.5. YpaBHeHMe ABHKEHHSI

JIBm>keHHne 0HOTO OBICTPOro MOHa OyAeM OMHCHIBATH C MOMOIIBIO KIIACCH-

YCCKOI'0 YpaBHCHH:A ABHIKCHUA

%(m?):f, (1.10)

rne m=ymy, y=(1-p)"?- lopenn-dakrop; pS*= }72/02 ; Mo - Macca TOKOs
OBICTPOTO MOHA; C - CKOPOCTh cBeTa; [ =—gradU ; U= U(x, y, z) - TOTEHIIMAIbHAS

SHEPrus B3aUMOJACHCTBUS OBICTPOrO HOHA C AaTOMaMU KpUCTalIa.

U Fx[ Uy
1
[

Y

Puc. 1.14 Cxema nBuKeHUS KaHAJTUPOBAHHON YACTUIIHI B KaHAJIE.

X ——

CucreMy KoopAMHAT BbIOEpeM TakuM oOpa3zoM, 4yToObl ock OX OblLia mep-
NEHAUKYJsSIpHA, a ock OY ObUla mapaielibHa aTOMHBIM IIJIOCKOCTSIM, HO MEpIIEH-
JUKYJIIpHA HAIIPaBJICHUIO MAaJICHUs HOHOB Ha KPHUCTAJUI, KOTOPOE IMPOUCXOIUT B
HanpasieHun ocu OZ (puc. 1.14). Pemenne ypaBuenus (1.10) Oynem uckatb B Ma-
JIOYTIIOBOM IPUOIMKEHNUH, KOTOPOE UMEET BU/]L

f.=0. (1.11)

Ycaosue (1.11) obecrieunBaeT IBMKEHNE HOHA C TIOCTOSTHHOW CKOPOCTHIO Ha

HEOONBIINX OTPE3Kax TPAeKTOPUH B HamnpasiaeHUH ocu OZ, T.e.
P = (Z'/c) = const

Henunelinoe croxactuueckoe ypaBHenue (1.10) moxer ObITh IMHEAPU30Ba-
HO C IOMOIIBIO pa3JoKEHUs B psij MO MajoMy Hapamerpy (METOJ Majloro nryma
[26]), ponb KOTOpOro urpaer (iayKTyauus MoTeHuana. B ciydae MmioCKOCTHOIO
KaHaJIUpoBaHus, peuieHre ypaBHenus (1.10) npencraBuM B BUjie CyMMBI JBYX He-
3aBHCUMBIX JBM)KCHHMH, OJJHO M3 KOTOPBIX IPOUCXOIUT MO PETYJISIPHOU TPaeKTo-
pHH, a APyroe SABIsAeTCS Malol GIyKTyupyromiei 100aBKkoi

X=X+0x
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BripaxeHue [uis MOTEHIIUAIA PA3JIOKHUM B PsiZl IO CTETIEHSIM O X B OKpPEcCT-
HOCTU PETYJISPHON TPAEKTOPHUHU, YUUTHIBASI TOJIBKO JIMHEHHBIE IO 0 X 4YJICHBI
UF+06x)=U(x)+U (%) x,
SU(X+0x,2z)=~0U(X,z),
Tae z < 0't; U - CKOPOCTh KAaHATMPOBAHHON YaCTHIIBL.
B pesynbrare nomy4um cucreMy ypaBHEHHM, OJHO M3 KOTOPBIX OIMCBHIBACT

JBWKEHHUE YACTHUL IO PETYISIPHON TPACKTOPUHU

a Apyroe — 1o XaoTU4eCKOn

méi+U, S0x=0f,

e f,=-0U(x.z)/ox; of, =-00U(%.z)/ex): U, =(0°T/ex?)

1.5.1. Onucanue paykryaumui
3amnuiem CUCTCMY ypaBHeHHﬁ, OIIUCBhIBAOIINX IBUKCHHUC KAaHAJITUPOBAHHBIX
4acTUll B HAITPABJICHUH, IICPICHAUKYIIIPHOM aTOMHBIM ITJIOCKOCTSM
mx+U,_=0, (1.12)
moi+U _0x=0f.(%,1), (1.13)
e 5 f, =0/, (%.t), ox=0xlx,»,2,0F), Ur=0U/éx.

CocTaBuM cucTEMY YpPaBHEHUH JUIS CPEIHUX KBAAPATOB (UIyKTyaluii JuHa-
MUYECKUX BEIUYHH.

[TomyuuMm ypaBHeHHME A7l CpelHEro KBajpara (QayKTyauuid ObICTpoil 3apsi-
’KeHHOM YaCTHIIBI I10 TOMEPEUHON KoopauHaTe: ox° = (dx)° = dx-dx
HaiinéM mponsBOgHYIO OT dx° IO CIEAYIOMIEH (opMyIIe:

iaxz =2-5xi5x:2-5x-5x
dt dt

2 o
YcpenHuM Mpou3BOIHYIO OT Ox~ 10 ¢. [Ipr 5TOM cpeaHee OT IpOU3BOAHON PaBHO

o 2
IMPpOMU3BOAHOU OT CPCAHETO, T.K. O0X~ HE 3aBUCHUT OT BpPCMCHU:

ié‘xz =—§
dt dt
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dig—z ox- 0% (1.14)

HOJ’IY‘{I/IM YPaBHCHUC JII CMCITAHHOTO MOMCHTA!
%(&-5:&): Sx-0%+0x-0% = 6x° +l5x-(5f—Uxx(x)-5x)
m

6% momyuum u3 (1.13):

=(6f-U,_-0x)/m (1.15)

i5x5x = g‘i‘iax : (5f _Uxx (X) 5)()
dt m

A o5 =08 + L 5% f (Rl = U _(x)-5%° (1.16)
dt m m

[TomyunMm ypaBHEHHUE A7l CpeaHEro KBajpara GIyKTyaluil ObICTpOi 3apsyKEeHHON
YaCTHI[BI 10 IONIEPEYHON CKOPOCTH:
do i
dt

15—2 O0x-0X
dt

=2-0x-0X%

C yuérom (1.15) okoHUATENIHHO 3aMUIIIEM:
35_ 2 536 /G0 -U, (x)-656x] (1.17)
N3 (1.14), (1.16) u (1.17) MOKHO COCTaBUTh CUCTEMY YpPaBHEHUH NI BTOPBIX MO-

MEHTOB ()YHKLIHUH pacipeieICHus:

ié‘x =25x0%
dt
diaxéxzaxz—iUxxax%laxafox,t) (1.18)
m
dié‘x ——EU 5x5x+ 5x5fixti
m

BrrauciuM Koppesisiuonnsie byukimn ox0 f,(xX,t) u 0x6 f.(x,t). YactHoe pe-

meHre ypaBHeHus (1.12) HaliieM ¢ IOMOIIBI0O METO/a BapHalluu MPOU3BOJIbHBIX
MOCTOSTHHBIX

ox = Cl 5X1+C2 5)(?2, (119)
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TJI€ 0X] U OX; — PELIEHUS] OJHOPOIHOTO MU hepeHITNaTbHOTO YpaBHEHUS:
m5x12 +(7xx5x12 :O.
Torma Mo)keM COCTaBUTH CIEAYIONIYI0 CHUCTEMY YPaBHEHUN Ui ONpeAeTCHHS

IMPOU3BOJIBHBIX ITOCTOAHHBIX C1 151 CZ:

Cl 5)(1 +C2 5)62 :O

¢ 5% +Cy 55, = 2L 5D (120
m
[Toctosituuabie Cy u C, OyzeM OnpeaesIuM U3 CISIYIONIINUX BhIPaKEHUN:
q:ﬁ '2:& (1.21)
A A

rjae A — onpenenuTenb cucteMbl ypaBaeruit (1.11):

ox; Ox,
oX, O0x,
Ay u Ay — Taxoke onpenenutenu cucteMbl (1.20) cocTaBiaeHHBIE COOTBETCTBEHHO

OTHOCHTCIILHO IICPBOTO 1 BTOPOT'O CTOJI6I_IaI

ox; 0 5
Az = 5f =—5x1—f.
S, m
m

Teneps 3Hast A, Ay u A, nepenumiem Beipakenus (1.21) ayist npou3BOIBHBIX MO-

crosaHHbIX C;, C,crenayoomuM o0pa3oMm:

oo L oxdf eo_ 1 oxof
Y m xSk, — 6x,0% > mox %, - 6x,0%

Otkyzna uckombie k03pdunuentsl C; u C,, He0OXOAUMBIE ISl TIOTYUYECHHS pellie-

HUA YpaBHCHUA ABWIKCHUS 110 Xa0THYECKOMU TPAaCKTOPHH, ITOJITYIUM KaK:

SRR PR (G N—
m”ox;(t)ox,(t") = x, ()0 x,(t)
Cz(t):—lj Sx (1) f () g

m’ Sx, ()%, (t') — 5, (') 5%, (t')
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C yueroM 3TOro pelieHre uHrepecyeMoro Hac ypaBHenus (1.19) mpeacraBumo B

CIICAYIOIIEM BHJIE:

5x(t) - _ §xl (t) .[ 5)(2 (t') 5f(t,) dt' +
Ox, ()0, (1) = 82, ()% (1)
, S%(0) S@SI@)

Wu mocie HeOGOBIIOro 3JIEMEHTaApPHOTO TIPeoOpa3oBaHus:

Sx(y =L I[5x2(r)5x1(tf)—5x1(r)5x2(x'?] S/ 0
m> xS, (t) — Sx, ()%, (1)]

Koppemnsiuronnsle pyHkunn 6xo f, ()?,t) uoxof, ()_c,t) MOXHO 3aMucaTh Kak:

)
|03, ()0, (¢) = 6% (), ()] 6 £ (%, )0 £, (¥.1)
(62 (£')6%, (') = 5, ()53, (¢')] ’

5i0)o fx()_c,t):%:j)

rae 8 £, (x',¢') =6 £[x(").0']
B [29] 651110 MOKa3aHO, YTO €CNU KOppeasiunoHHas QyHKIMS (IIyKTyauui
CIIy4alHOW CHJIBI ABJISICTCS AEJIbTa — KOPPEIUPOBAHHOU
of(%.1)51,(x".1')= D(x)s(t 1),

10 ox(t)5 f.(%,t)=0 u Sx(t)5f.(x,t)= %@.

m

Takum o6pa3zom, cuctema ypaBHenuit (1.10) mpumert Bua

L 5x? =25x5%
dt

4%&5;&:@—1@@ (1.22)

m

453 27 s 2
dt m m?

Cucrema ypaBHeHuii (1.22) u ypaBHEHHE JBUKEHUS PEIIAIOT 334y OIMUCa-
HUS TMPOIlEcCa MHOTOKPATHOTO PACCESHHS KaHAJTUPOBAHHBIX MOHOB B IIOCKOCT-
HBIX KaHAJlaX KPUCTAUIa HAa HEOOJBIINX OTPE3KaX TPACKTOPHUH, JUTHHA KOTOPBIX

OI'paHUYCHAa HCPABCHCTBAMU
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ox(ty <x(t)’,  &x(t) <x(e).

Hepasenctsa (1.14) onpenenstor 001acTh NPUMEHMMOCTH METOIA MAaloro
IIyMa, a UMCHHO: CPEeTHIE KBAJPAThl (PIyKTyalnil TMHAMUYECKUX BEIIMYHH, TAKUX
KaK TOMNepevyHas KOOpAuHAaTa U CKOPOCTh, JAOJDKHBI ObITh MEHBIIE KBaJIPaTOB UX
CpEeIHUX 3HAYCHHIA, TIOCIIC TIPOXOXKICHHSI KaHAIMPOBAHHOM YacTHUIIeH OTpe3Ka Tpa-

€KTOPHUH MPONOPLUHUOHAIBHOTO BPEMEHH £.

1.5.2. YpaBuenue ®okkepa-Ilianka

VYpasuenue ®okkepa-Ilnanka B pazoBOM MpoCTpaHCTBE MOMEPEUHBIX KOOP-
JMHAT U CKOPOCTEH, KOTOPOE MPUMEHSIOT JJisi onucanus dpdekra mIoCKOCTHOTO
KaHAJIMPOBAHUS, UMEET BUJ:

of .of F(x)of  D(x)o*f
— Xt =
t ox m Ox 2m? ox?
3nech: D(x) — koadpdumment qubdys3uun, F(x)=-0U/Ox — koadduiiueHt cHoca.
VYpaBaenue @okkepa-Ilnanka mogoOHOTO BUAa BCTPEUYAETCS B pa3IMYHBIX 00OJac-
TX GU3UKU. B 9acTHOCTH, TIPU ONMCAHKUH TPOTIECca JACTECHUS THKETBIX saep Ooee

20 net Ha3aja ObLT MPEIJIONKEH METOJ] PEIICHUS ATOTO ypaBHEHUs B padbote [32].

Periennie OyieM nckaTh METOJIOM MaJioro 1ryma (pa3ioKeHUEM B Pl B CO-

OTBETCTBUM C TEOPUEH BO3MYILICHUN):

f=f"+ef

371eCh € — (OpMaITbHBIN apaMeTp, BBOAUMBIN C 1ETBI0 0003HAYCHHS KO3 DHUTIH-

CHTOB OJHOI'O ITIOpAAKAa MaJIOCTH.

B HyneBoM npuOnmxkeHnu npeHedperaeM MHOTOKPATHBIM PacCcesiHUEM, T.€. MoJa-

raem D = (0, Torna:

(0) (0) (0)
/AN M) LA
ot Ox m Ox
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MpI nonyuunu ypasHenue Jlnysuis. Pemenne ero ectb npousBeaeHne IByX
nenbra-Qysxumit Tupaka: 0 = 5(x = %(1))- 5(x = X(r)), rne ¥(¢)=d %(r)/dt.
X(t) — aBnsiercs pemieHueM ypaBHeHus: HproToHa:

d’x
mﬁ = F(X)

CO CIeTyIOIMMHI HAYaIbHBIMH yCIOBHAME: X, = X(t =0);, X, = x(¢ =0).

Hanném Bun ypaBaenusa ®@okkepa-Ilnanka B nepBOM NOPSAKE TEOPUU BO3-
MYLIECHUU:
x=%X+en, x=x+en; n=(x-%)e, 1n=(x-%)/& - haykryammuu monepeu-
HOW KOOPJIMHATBI U CKOPOCTH.
OO0o3HaunuM s = f, P(n,ﬁ,s) = gf(x, )'c,t)
Haitném npownsBoiHbie, BXoasmme B ypaBHeHrue @okkepa-Ilnanka:

oP_oPon  aPony oPds __%op_¥oP 0P

ot onot 0ot oOsot  edn £0n Os
OP 0POy 10P. 0P 0P 10P.

ox onox eon’ o onox eon’

o°P _10°P
ot & on?

IToncrasnsem npousBoaubie B ypaBHeHne Pokkepa-Ilianka:

oP .oP F(x)oP  , D(x)d*P
— Xt ——F—— =" ——
ot ox m Ox 2m?* ox?

oP x0oP 1F(x) P | (4 o)t OP  F(¥+en)oP _ , D(E+en) 1 0°P

Os €0n € m 0n gon me 0N 2m* &% on?
oP  .oP [F(x +en)-F(x)]oP _ D(x+¢n)o°P

s on me on om®  op’

F(f+g;7)z F(f)+ F’(f)-gn +.5 F'()_c)z —Uxx()?); D()_c+ 577)% D()_c)+

oP . oP F'(x) oP D(x)o*P
—— N+ N = :
o 'on  m " 0n 2m* on*
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Taxum o6pa3om, B IEPBOM MOPSAIKE TEOPUHN BO3MYIIEHHs ypaBHeHHEe DOKKepa-
[Inanka umeer BUA:

oY o0 Feo)a” D)o’ f?
ot on m  on 2m*  on®

3nech koddummentst muddysun D(X(t)) u caoca F(¥(¢)) apnarorcs dpyHKmmsaMu
pemenus ypasHeHus HproToHa. T.e. MBI MOIy4YHIM ypaBHEHHE, B KOTOPOM KO3(]-
(pUIIEHTHI 3aBUCST HE OT MONEPEYHON KOOPIUHATHI, & OT BPEMEHHU.

PemenneM mnocnenHero ypaBHEHUs SBISETCA (QYHKLUS pacHpelelcHus

GbayKTyanuii mornepeyHon KOOpAMHATHI K CKOPOCTH:

10 1) = o) expl (7?0 + 1705 - 2imBai ) 202,
rae A’ = W —5x0% ,
€CJIM BTOPbIE MOMEHTHI YIOBJIETBOPSIOT CUCTEME ypaBHeHui (1.22).
1.6. IloTreHumaJ nepexoaHoH 00JIaCTH OCh-TIJIOCKOCTh

PaccmoTpum  nBMKEHHE OBICTpOM 3apsHKEHHOM YacTHIl B KpHUCTAIE.

YpaBHEHUE ABHKEHUS IS HEE UMEET BU:

m—=—gradU(r) (1.23)

[loTeHuManbHasi SHEPrusi B3aMMOJCUCTBUS NMPOTOHA C aTOMaMU OOpasylo-

MIMMU KyOHMYECKYIO0 KPUCTAITTMYECKYIO PEIIETKY CO CIOXKHBIM 0a3uCOM, UMEET BH]L

Ulr)=2U(g)-expli-g 7).

2 2
1 g o, . . .
U(g)=?§Vj(g)'eXP T, g,
JIBI>KeHNE KaHAIMPOBAHHBIX YACTHUIl B IUIOCKOCTH ZOY, KOTOpask KOMILIa-

HapHa COOTBETCTBYIOIIECH KpHUCTaIOrpaduueckol MIOCKOCTH, Ha HEOONbIIHNX

y4acTKaxX TPAeKTOPUH MOYKHO CUUTATh CBOOOMHBIM. [1ycTh
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T=v0t;, y=rtsind;, z=r1cosH,
rze 6 — yroja Biera 4acTull B KpUCTaJUI, B IiockocTu ZOY.

[lepenuiiem ypaBHeHue qBUXKeHUsA ¢ yueToM (1.17) B Buze

2 2
d X:_ & QU(X,T),

1.24
dr? Vi O (129

2
1€ & = Via/PV — KBaZIpaT MaJIOTO O€3pa3MepHOro mapamerpa &; Viy.x — MakcH-

MaJIbHOC 3HAYCHUC HCIIPCPBIBHOT'O ITOTCHIIHMAIA aTOMHOM IUIOCKOCTH KpucTajia.

C momol1pi0 MeTofa MHOTUX MaciTaboB [26], [33] Oyaem uckath perieHue

ypaBHenus (1.24) B Bue psja 1o CTENEHSIM MaJIOCTH &

X :XO(To,T1,T2,...) + & )C](To,T],Tg,...) + 82‘ Xg(To,TbTZ,...),

2
rnely=t1,1T,=¢1t,1T,=¢"1.

VpaBuenue (1.24) B HOBbIX IEPEMEHHBIX UMEET BU/I

2 2 2
0 xzo |0 x21+2 07X, N
2 2 2 2

8T02 aTo 87} 6712 aTo aTz ax() Vinax

Pemenunst ypaBHEHH HYJIEBOTO M NMEPBOTO MOPSAIKOB MaJIOCTHU 110 &, B KOTO-

PBIX UCKIIIOYCHBI CCKYJIAPHBIC ClIara€MbIC, UMCIOT BU/I

XO:)CO(T],TZ,...); X]:X](T],Tg,...).

YpaBHEHHE BTOPOTrO NOPSIAKA MAJIOCTH 10 &€ UMEET BU/JL

0’x, 0°x 1 0 _ ) )
8T022 " aTlg " Vo % %U(g )-explily - g, + Tylg, sin0+ g. cosO)]} (125)

ITycts 0 = Oy + AO, T.€. pacCMOTPUM JBUKEHUE KAHATUPOBAHHBIX YACTHI]
MOJT MaJIbIM YTJIOM Af > ¢ K OHON M3 KpHUCTaUIOrpadudecKoil ocei, U3 KOTOPhIX
COCTOMT aTOMHasl MJIOCKOCTh. Torna yron 6, onpenensomuil HanpaBieHUe KpU-
crayorpaduueckoit ocu <0k{> B atomnoi miockoctu (100), cBszan ¢ koapduiu-

eHTamu paga Oypee n, =k n n, = { COOTHOILIEHHEM
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Gy Sinby + g cost = 0,

rae gy =2mk/a, n g, =2nl/a..

Jliist Toro 4ToOBI MCCIEN0BATh ABUKEHUE KAaHAIIMPOBAHHBIX YACTHUIl B JIPY-
rOM IUIOCKOCTHOM KaHajie HeoOXOJHMMO OCYIIECTBUTH MEPEX0] K HOBOM cucreme
KOOpJIMHAT, KOTOpast OyJeT MOBEpHYyTa OTHOCUTEIHFHO CTApPON CUCTEMBI KOOPIMHAT
Ha 3aJJaHHBII YToJl, U IepPecUuTaTh KOOPJAUHATHI AaTOMOB B DJIEMEHTAPHOM sUeiike
OTHOCHUTEJIBHO 3TOW HOBOH cucTeMsl koopauHar. Takum oGpaszom, mpu n, =k,
n,=¢ u AO>¢ B ypaBHenuu (1.25) mosBIsAEeTCA MaJbIli TapaMmeTp
gie = [k-sin(Gy +AO) + €-cos(Oy, TAO)] > &, ecii MBI COBEpPIIUM MaciITabHOE TIpe-
oOpazoBanue T — 2m't/d u x — 2mx / d, OTHOCUTENTFHO KOTOPOT'O HHBAPUAHTHO
ypaBHeHUE JBIKeHUs. HTerpupys ypaBHeHue 1o 7y, MIpUpaBHSIEM K HYJIO CEKY-
JSIPHOE CJIaraéMoe, 4TO JJaCT HaM YpaBHEHHE IBOJIOLUU I Xg = Xo(1;, T, ...), KO-

TOPOE UMEET BU]]

0% x 1 0 .
=T Y{U(g,.0,0)-exp(i-xy- g,)+
oT, Voax OXo gx 126,

2r-g
; Kt
+U(gxagyk:gz€).exp l'|:x0gx+ Ti }
g-d
Pemenune ypaBuenus (1.25) mnst x; = x,(7y, 74, ...) ABISAETCA OBICTPOOCIIHII-
JUpYIOMIed (QyHKIMEH BTOPOTrO MOPSJIKA MAJOCTU MO € K PEUICHUIO ypaBHEHUS
(1.26), koTOpO€E ONMUCHIBAET TPACKTOPUHU KAHATMPOBAHHBIX MPOTOHOB B MEPEXO/I-
HOM 00J1acTH OCh-INIOCKOCTh. TakuM 00pa3oM, MOTEHIHMAT NEPEXOAHOU 00JacTh
OCBh-IIJIOCKOCTh UMEET BU/L:
U, (x,1) = Z{U(€,,0.0) - exp(i-x-g,) +
8x , (1.27)
+U(gx7gyk9gzﬁ)'exp[i'(x'gx +a)k( ZL)]}
e oy =2m0v'gy/d -4acroTa, ¢ KOTOPOU MPOTOH MEPECEKaeT aTOMHBIE LEMOYKU

<0kt>, nexaniue B arToMHOMU 1tockoctu (100).
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Puc. 1.15 TloTenmnuan nepexoaHoi 00JacTU OCh-IUIOCKOCTh JJISI IPOTOHOB B IIJIO-
ckoctHoM HampasieHnuu (100) npu yrie pazopuentauun Af > ¢ MO OTHOIIECHUIO K
atomHo# nenouke <010>. [To ocsiM OTIIOXKEHBI: X/d — MoNIepeyHas KoopAuHaTa B
CAMHUIIAX TOCTOSHHOW peméTku, T — 0e3pa3MepHas rinyouna, U — BbICOTa MOTEH-
1MajJbHOTrO Oaphepa.

N oA /
Il
\ ’ 51,' "'/// \/ "t‘i""“ ,,/’

1/,; ///ﬁ

¥ V//I‘" I» o:" sk
1%y
g "l’"(“\:/’l \:'lf‘ "I’\"t\
T ' ‘ // \!‘ “““

Rd' ”I

,_,.' "4[ " “‘!// &
- ¥ *'m»
5 ) N “\““ a_ A

Puc. 1.16 Ilortenuuan nepexoHoi 00JaCTH OCh-IUNIOCKOCTD JUIsl HIPOTOHOB B IJIO-
ckoctHoM Hamnpasieruu (100) mpu yrie pazopuentanuu A = 5-¢ 10 OTHOIICHHUIO
K atoMHOM nenouke <011>. O6o3HaueHus Takue xe Kak Ha puc. 1.15. MoxHo BU-
JI€Th, YTO B ATOM CJIy4ae MOTEHIHAI U3MEHSIETCS MEPUOJUYECKH B 3aBUCUMOCTH OT
[IIyOMHBI IPOHUKHOBEHUS.

MoxHo noka3atsb, 4To B (100) MI0CKOCTHBIX KaHajgaxX KPpeMHUs, TepMaHUs U
anMasa BTopoe ciaraemoe B opmyie (1.27) pasao nHymto nipu |/| + k| = £1, £2,.....
[ToreHuman nepexoHOM 001aCTH OCh-IUIOCKOCTh MOJIY4YEH IpH yciaoBuu A > g,
MOCKOJIBKY MPU MEHBIIUX yriax pa3opUeHTAlMU HapyILIAeTcsl yCIOBHUE NMPUMEHU-

MocTH dopmyibl (1.23), Tak Kak TPOTOHBI B 3TOM CIIydae COBEpIIAIOT (PUHUTHOE
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JIBIJKEHUE B OCEBOM KaHajle KpUCTauia, 00pa3oBaHHOM 1enoukamMu <0k(>. Bepx-
HIOIO TPaHHUIly yrijia pazopueranuu A6 MOXHO OLIEHUTH KakK YTJOBOE PAaCCTOSHUE
OT BBIJICJIEHHON aTOMHOMU 1eno4ku <0k{> 1o Onuxaiiieid BBICOKOMHJIEKCHON KpH-
ctayutorpaduueckor 0CH, KOTOpast MOXKET OKa3aTh 3aMETHOE BIIMSIHHUE HA XapaKTep
JBUKEHUS IPOTOHOB B TNIOCKOCTHOM KaHaJIE.

[ToTeHman nepexogHo 00JaCTH OCh-INIOCKOCTh B BUJE PAa3JI0KEHHS B

TPUTOHOMETpUUECKUH psasl Pypbe 3aMUCHIBACTCS CIETYIONTIM 00pa3oM:

Usp(x,t)zaf_3 -Z%V( x)-exp[—azgi/Z]'cos[%znx'(x—xj)]
=1

ny j=

+7(gy, ) expl-o2g2 J2]x (1.28)
xcos[Zﬂ-[nx -(x—xj)+t¢,d/5—k-yj —l-zj]],
rae: V(g) — komnonenta Oypre MOTEHIHANIa U30JIMPOBAHHOTO aTOMA;
g’ =Qrn/ay, gw=Cn)[(nda,)’ + (ka,) + (I/a.)’] - xBagpar BekTOpa 06paT-
HOU PELIETKH; ay, dy, d.— IEPUOBl PEIIETKH 10 HanpasieHusM ocel OX, OY, OZ,
Xj, Vj, Zj — KOODAMHATEI aTOMOB 2JIEMEHTAPHOH SYEHKU B €IUHMLAX IOCTOSHHOM
pemérku (tabmuua 1.1); Af - yron pa3opueHTalMM HAmpaBiICHHs MydYKa YacTHUIL
OTHOCUTEILHO KpUCTAILIIOTpaduIeCcKoi OCH;
Qe = sSIn(Oy + AO)k-d/a, + cos(O, + AO)-C-d/a., Oy = -arctg[(l-a,)/(k-a.)] - yron, on-
peAeNAONNA HanpaBJIeHne Kpuctawtorpadguaeckoi ocu <0kI[> B aTOMHOU IIIOC-

KOCTH.

1.7. Ilorepu 3Hepruu

[Tpoxoast yepe3 BelecTBO, ObICTpas 3apsyKEHHAs YaCTHUIIA 33 CUET KYJIOHOB-
CKOr0 B3aUMOJCHCTBHSI PACCEMBAETCS HA ATOMHBIX JJIEKTPOHAX, IepefaBas UM
4acTh CBOEH SHEPIHH, KOTOPAsl pacXolyeTcsi B OCHOBHOM Ha MOHU3AILIUIO aTOMOB.
[TorTOMy Tako# mpollecC Ha3bIBAIOT MOHU3AIMOHHBIMU MOTEPSIMU dHEpruu. B Ha-
CTOsIIIIee BpeMs IMIMPOKO ucronb3yeTcs dhopmyna bere-binoxa [34] nns onucanus
MOHU3AIMOHHBIX TOTEph. B Haiiem ciydae, Jjisi ONMMCaHUs CKOPOCTH M3MEHEHUS
MOJIHOM SHEPruM 3a CUET MOTEPh PHEPTrUU OBICTPHIMU MOHAMHU Ha AJIEKTPOHAX MpHU

MJIOCKOCTHOM KaHaJIMPOBAaHUM OyJieM 10Jib30BaThes popmyoit bére-binoxa ¢ yué-
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TOM IIpaBuJia PaBHOPACIIPCACICHHUA .HI/IHI[XElpI[a N PCILITUBUCTCKUX IIOIIPABOK B

KYJOHOBCKOM Jiorapume:

a’E_47z-le-(e2)2
dt myc* - B

L, - pi(x), (1.29)

rne: Le=1n[2mec” B/ 11- - 012, p'dx) = (pex) + po) / 2,

po=Z>8/ d’ — cpeamee 3HAUCHME HIESKTPOHHOI IIIOTHOCTH Ha | aTOM KpucTana,
0 = 2In[/icw, By / I]-1 - nonpaBka, cBsi3aHHAs C 3PPEKTOM INIOTHOCTH,

how, = [47-Z>'N-e*(Fic)* | m.c*]"* - mnasmeHHast qacToTa (YacToTa KOIeOaHH il IeK-

TPOHOB B LIEHTpe KaHana), /ic=1972.8 5B-A.
1.8. Mogaenu n1ekaHAJINPOBAHMS

B xone nBuxeHUs OBICTPBIX 3apsKEHHBIX YAcTUI[ B KaHallaX KpHUCTallia
BO3MOKHO HMX PACCESHHUE MU BBIXOJ M3 PEKMMa KAaHAIUPOBAHUSA — JTO SIBJICHHE HA-
3bIBACTCS JCKaHAIUpPOBaHWEM. PaccesHue 4acTHIl MOXKET IPOUCXOINUTh U3-3a Ha-
JUYMSI B KPUCTAJLJIE TPUMECHBIX aTOMOB, 1€()EKTOB KPUCTAIIMYECKON PEETKU U
T.I. B 1anHo# paboTe KpuCTaJlI CUUTAETCA UACATIbHBIM, IIO3TOMY, JE€KaHAIUPOBa-
HUE IIPOUCXOJUT TOJIBKO M3-32 MHOI'OKPATHOI'O PACCEsSHUs KaHAJIMPOBAHHBIX Yac-
THUILI, KOTOPOE UMEET CIy4arHbIi xapakrep. PaccuuTeiBaeMble pe3ysbTaThl JEKaHA-
JUPOBaHUs (BBIXOJA) YaCTHUL NpaBUiIbHEE ObLIO OBl Ha3bIBATh ‘‘BEPOSTHOCTBHIO Jie-
Ka”HanupoBaHus . Hanpumep, yactuua, s KOTOPOH, BBINOJIHSAIOTCS YCIOBUSA Jie-
KAHAJIMPOBAHUSA, MOKET U HE BBIXOJAUTH U3 KaHaja. YacTua MOKET CUMTAThCS Jie-
KaHaJIMPOBAHHOM, €ciid €€ yroJ 0oJbllle KPUTUYECKOTO YIJla KaHAJIUPOBAHUS, €CIIN
OHA MOAXOAMUT OJIM3KO K CTEHKAaM KaHaja, €CJIM OHa UMeEET OOJIbIINE [TOTEPU IHEP-
ruu. Ha 3Tux ycioBHUsX OCHOBaHbI CIEAYIOLINE MOJEIN ACKAHAIUPOBAHMS:

1. Or0op nexkaHaNMPOBAHHBIX YACTUIl MO MONEPEYHBIM KOOpPAMHATAM (MOJEIb
KPUTHYECKOTO TPUOIIKEHNU):

JlekaHanupoBaHUE PaCCMaTPHUBAECTCS KaK IIPOLIECC BBIXOJA YACTHUIl UX KaHa-
JIOB KPUCTaJla, BbI3BAHHBIM CMEIIECHUEM TPACKTOPUN YaCTULl K CTEHKaM KaHAJIOB,
T.€. B 00J1acTh, TJI€ HAXOJATCS Y3JIbl KPUCTAINIMYECKONW PEIIETKH, U CYIIECTBYET

OoJbIIas BCPOATHOCTL PACCCAHUA ABIKYIIUXCA YaCTHI[ HAa aTOMax KpuUCTaJIa.
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Paccrosinne HanOoapIIEro COMMKEHUS IBMXKYLIEHCS YaCTULIBI C TPAaHMIIEH KaHalla
CBS3aHO C aMIUIUTYJIOM TETUIOBBIX KOJI€OaHUN aTOMOB KpUCTaJUIa, U OOBIYHO OMpe-
JesieTCs Kak aMIUTMTY1a TeIUIOBBIX KOJIeOaHUN aTOMOB KpUcTallia (g) OT CTEHKU
kaHaya. [Ipu 3TOM mponecc AEKaHAUIMPOBAHUS IS KAXKIOM OTAECIBHOM JIBUKY-
HIEHCS YaCTHUIbl pACCMATPUBAETCSI KaK BEPOSITHOCTHBIM, T.€. YaCTHLbI HE PACCEU-
BAIOTCA HA aTOMax PEUIETKH, a MEPEXONAT B COCEIHHME KAHAIBI M IPOJOJIKAKOT
cBoe JBMKeHUE. Vcnonb30BaHne TakOW MOJIENIN ONPABIAHO TEM, YTO peajibHas Be-
POSITHOCTh PacCesHUS 4YacTULbl 04eHb Majia. OJTHAKO Mbl CUMTAEM BEPOATHOCTH
nexananupoBanust paBHo 100%, HO BBIOBIBaHMS YacTHUIIBI HE Tpoucxoaut. T.e.
MBI T0JYy4YaeM BEpPOSTHOCTh Mpoliecca JEKAHAIUPOBAHUS KaK BPEMsI HAaXOXKIACHUS
Y4acTHUIbl OJM3KO K I'paHulle KaHana. Eciu CIoXUTh BCe BEPOSITHOCTU JIEKAaHAIIUPO-
BaHUS KKIOW OT/EIbHON YAaCTULIbI, TO MbI MOJIYYUM OOIIYIO0 BEPOATHOCTDH JIeKa-
HaJMPOBAHUS Iy4YKa YaCTHI], KOTOPYIO MOKHO IMIOHUMAaTh KaK BBIXOJI YACTHII.

2. OTOOp 1O NOMEPEUHBIM CKOPOCTSM:

IToniepeuHasi CKOPOCTh YaCTHULbI CBS3aHA C YIVIOM €€ HallpaBJICHUS B KaHAJIe
Kpuctamia. I3 Teopun KaHaIupOBaHUS U3BECTHO, YTO YACTUIA MOXKET OBbITh KaHa-
JMPOBAHHOM, €CIIM yroji €€ HaIpaBiICHUS B KaHaje MEHbUIE KPUTHYECKOIO yIJIa
kaHanupoBanus Jlunnxapna ¥;. Takum oOpa3om, eciiu yroyl 4acTHIIbI, TPHU MPO-
XOKJEHUU KpUCTalIa BBIXOAUT 3a npenensl (-¥;; ¥;), To TaKyr YacTHILy MOKHO
CUMTATh ACKAHAJIUPOBAHHOM.

3. OT60p 1o MOTEPSIM IHEPTUU:

OT100p YacTuIl 1O MOTEPSIM SHEPTUU MPUMEHSETCS B PAJEC HIKCIIEPUMEHTOB C
LEJIBIO BBIICJICHHUS] KaHAJIMPOBAHHBIX YacTUL. JlJIsl 3TOM LEIu UCIHOIb3YIOT BCTPO-
€HHbIE TMOBEPXHOCTHO-OaphepHble AeTekTopbl. [IpuHuun otrbopa 1Mo mnoTepsm
DHEPTHH CICAYIONIUI: T.K. BCIICJICTBUE IBIKCHUS B 00JIaCTH HU3KOH AJIEKTPOHHOM
IUIOTHOCTH KaHAJIMPOBAHHBIE YACTUIIBI UMEIOT HEOOIbIINE MTOTEPU IHEPTUH, a He-
KaHAJIMPOBAaHHbBIE, T.€. JBMXKYLIMECS MOJ OOJIBIIMM YIJOM K PsiIaM aTOMOB KpH-
cTajlyla U TMEpPECeKaIoLe X TEPSIIOT OONBIIYI0 YHEPrHI0, MOKHO HAWTHU TaKylO
“KpUTHYECKYIO DHEPIHI0, KOTOpas pa3leiseT KaHAIMPOBAHHBIE M HEKAHAJIUPO-

BAaHHBIC YaCTHUIIbI.
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I'JTABA 2. MOJAEJNPOBAHUE JABUKEHUS BBICTPBIX 3APAKEH-
HBIX YACTHUI B KAHAJIAX KPUCTAJIJIA

MeTto1 KOMIIBIOTEPHOTO MOJIEIUPOBAHUS TPACKTOPUM PEISTUBUCTCKUX 3a-
PSYKEHHBIX YaCTHUIl B KPUCTAIIAX SBIISETCA HAauOoJee TMOKUM U JIETATbHBIM METO-
JIOM HCCIEZIOBaHUs SIBJICHUS KaHaaupoBaHus. OCOOEHHOCTH KOMITbIOTEPHOTO JKC-
MEPUMEHTA MO3BOJISIIOT MPOCIEAUTh XapaKTEPUCTUKHU JIBUKECHUS YaCTUI] B JTHOO0OM
MECTE KPUCTAJIA, JIETKO U3MEHATH YCJIOBUS JKCIIEPUMEHTA, YTO TPYAHO BBIIOJ-
HHUMO B PEAIbHBIX SKCIIEPUMEHTaxX. BO3MOXHOCTh NpeACKa3aHusl HOBBIX PE3yJibTa-
TOB, OCOOCHHOCTEH JBIKCHUS TAKXKE SIBIISICTCS MPEUMYIIECTBOM KOMITBIOTEPHOTO
skcniepuMeHTa. ClaeayeT OTMETUTD, UTO B HACTOSAILEE BPEMSI, B CBA3U C PA3BUTHEM
BBIYUCIIUTEILHON TEXHUKH METOAbl KOMIBIOTEPHOTO MOACIUPOBAHUS MTPUOOpETa-
10T OOJIBIITYIO AKTYaIbHOCTb.

MopaenupoBaHue TPAaCKTOPHUI PENSITUBUCTCKUX 3aPSKEHHBIX YACTHUI B KaHa-
JIaX KPUCTAJUIOB SIBJISIETCS CIIOKHOW 33/1a4€il, MOTOMY YTO MPHU CBOEM JIBUKECHHU
PEIATUBUCTCKUE YACTHUIBI HAXOMATCA B JJIEKTPUYECKOM IOJIE SIAEP aTOMOB KpH-
CTaj/la U UX DJEKTPOHOB, KOTOPHIE MOJIBEP>KEHbI TEIJIOBHIM U KBAHTOBBIM (hITyK-
TyaIrusiM; TakK e HaJ0 YYUTHIBaTh TOT (HaKT, YTO MPHU JBIKCHHUH 4Yepe3 KPUCTAILI
YacTHULA TEPSIET YaCTh CBOW YHEPTUH; KPOME TOT0, ONPEAEIEHHYIO TPYAHOCTh MPU
MOJICJTTMPOBAHUN TPEACTABISET MPOLECC MHOTOKPATHOTO paccesaHus. Eciam s
perieHus mepBoil MpoOIeMbl MOKHO BOCITOJIB30BATHCS MAJIOYTIIOBBIM MPUOIIHKE-
HUEM U OMUCHIBATH B3AMMOJICHCTBUE YaCTHUIIBI C ATOMaMHU KpUCTaIa Yepe3 yCpea-
HEHHBIE HEMPEPBHIBHBIC MTOTCHIMAJIBI B COOTBETCTBUU C TEOPUEH fI.HHHﬂxapﬂa [2],
TO JIJIsl ONMKMCAHUS MHOTOKPAaTHOTO pacCestHUusl MPUXOIUTCS MPUMEHSTh BEPOSITHO-
CTHBIE METOJIbl. BMecTe ¢ TeéM, yUET MHOTOKPATHOTO PacCesiHUus B METOJI€ KOMIIb-
IOTEPHOTO MOJICIMPOBAHUS OCOOCHHO BaXKEH MJisi 00Jee TOYHOTO OMHMCAHMS JBU-
KEHUS, T.K. MO3BOJISIET YUYECTh (DIyKTyaluu, MPOUCXOASIINE B JIOOBIX peabHBIX
ycioBusix. Jlns yu€ta MHOTOKpPATHOIO paccesiHus B CBOE BpeMsi ObLUIM CO3JaHBI
MOJIEJIA, OCHOBAHHBIE HA CIIyYallHOM CMEIICHUU TPACKTOPHUM, T.€. HA UX IMEPEOI-

pEIENEHNN UM PO3BITPHILIE, TaK Ha3biBaeMble "MeToapl MonTe-Kapno”.
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2.1 KoMnboTepHOEe MOAeJIMPOBAHNE MIPOLECCOB, CBA3aHHBIX

C KaHaJIMPOBaAHUEM

[lepBble KOMIBIOTEPHBIC IKCIIEPUMEHTHI, OTHOCAIIHUECS K d(DPeKTy KaHaIH-
poBanus, Obu1H TIpoBeAcHBI B 1960-x romax. CoOCTBEHHO, caMoO SIBJICHHUE KaHAJIH-
poBaHusl ObLIO OTKPBHITO OJjarofapsi KommnboTepHoMy MoaenupoBanuio [1]. C Tex
nop ObLIO pa3padOTaHO MHOI'O KOMITBIOTEPHBIX MPOrpamMM, MOJETUPYIOUIUX JBU-
KEHUE OBICTPBIX 3apsHKEHHBIX YacTHUI] B KpucTtawiax. Hambosee u3BeCTHHI ciie-
JYIOILIWE MPOTPAMMBI:

- BINCOL (1984r.) [35] — nporpamMma, OCHOBaHHasi Ha MOJICJIM MAPHBIX CTOJIKHO-
BEHUI YaCTUIIBI U aTOMOB, COIVIACHO KOTOPOM, /JIsl MOJYyUYEHUs TPACKTOPHUS YaCTHU-
I[bI HEOOXOAMMO YUYUTHIBATH B3aMMOJCHCTBUSI YACTHUIIBI C KaXKJbIM aTOMOM KpH-
craya. [ onucaHus 3JIEKTPUYECKOro MOJI KPUCTAIa UCHOJIb3YETCSl MOTEHIIH-
an JIuHaxapnaa, Takke YYUTBHIBAIOTCS TEIJIOBBIE KOJIeOaHUSI aTOMOB KpHUCTalia U
HE YUYUTHIBAETCA B3aUMOJCICTBUE C IeKTpoHamu. [laHHasi mporpaMma HNpUMEHs-
Jach IJIs MOJCIMPOBAHUS JIBMKCHHS OBICTPBIX 3apsHDKCHHBIX YaCTHUIl B U30THYTOM
KpHUCTaIE.

- CATCH Capture And Transport of Charged particles in a crystal —
(B.M. buprokos, 1993r.) [36] — Monte-KapioBckas nmporpamMmma Jijisi MOJIEIUPOBa-
HUA A()PEKTOB KaHATUPOBAHUSA B H30THYTHIX KpPUCTAIIAX C Y4ETOM MPOIECCOB
paccestHust (OJHOKPATHBIX M MHOTOKPATHBIX) HA BJIEKTPOHAX U SIAPAX U MOTEPD
sHepruu. Mcnonwszyercs npubmmxkenue Mosbep ajs MOTEHUMajda B3auMOJACHCT-
BUsl. [[71 4MCIEHHOTO pEIICHUs YpaBHEHUS JBHXKCHUS MPUMEHSETCS alrOpuTM
Bepie.

- K2 — (T.Trenkler u J.B.Jeanneret, 1994r.) — MOHTe-KapJIOBCKasi mporpamma Jijisi
MOJENUPOBAHUSL PACCESTHUS MTPOTOHOB, YUUTHIBAIOIIAsi MHOTOKPATHOE paccesiHue,
Tupakinio, HEYIIPYTue SAEpPHbIE CTOJIKHOBEHHS M MOTEPH DHEPTUU B aMOop(hHOM
MaTepuaie.

- SRIM/TRIM The Stopping and Range of Ions in Solids — (J. F. Ziegler, J. P.
Biersack u U. Littmark, 1985-2003rr.) [37] — mporpamma 1j1st pacuéra JIJTMH TPo-

Oera ¥ MOTEpPh SHEPIUM JBHKYIIMMHUCS MOHAMH B BEIIECTBE (HEYNOPSAIOYEHHON
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cpene).
- [Iporpamma K.Saitoh [15].
- [Iporpamma A.M.Taparuna [10].

[IpemnokeHHble B CBOE BpEMs pa3IMUHbIE MOJEIN KOMIIBIOTEPHOIO JKCIIE-
PHUMEHTA, UMEIOT OIpEJCIEHHBIE NIPEUMYIIECTBA U Henoctatku. Hampumep, Mo-
7ieNib OMHAPHBIX COYJIapeHUI, B KOTOPOH TPAEKTOPHS YaCTUIBI (POPMUPYETCS B pe-
3yJIbTaT€ B3aUMOJCHUCTBUSA C KaXIbIM aTOMOM KPHUCTAJLIA HA IIYTH JBHKECHUS 4Yac-
TULBI HanOoJee EeTaJbHO ONMUCHIBAET JBUKEHUE, HO M3-3a OOJIbLIUX 3aTPaT KOM-
NBIOTEPHOTO BPEMEHU HE MO3BOJISIET PACCMATPUBATh KPUCTAJLIBI OOJIBIINX pa3Me-
poB. Jlnsl yBenMUEHUsS CKOPOCTH PacyETOB OOBIYHO UCIOJIB3YIOT METOJIbI TPYTIIH-
POBKH CTOJIKHOBEHHMH, HAIlpUMEP MOJIENb OTPE3KOB. B Moaenn oTpe3koB myTh 4ac-
THUIBI pa30MBaETCs Ha OTPE3KU ONpeIeEHHON AuHbL. VI3MeHeHne coCTOsHUS yac-
THULIBI B KOHIIE OTPE3Ka ONPEIEIAETCSI MHOTOKpaTHbIM paccessuueM [10]. s yuéra
00paTHOro BJIMSHUS MHOTOKPAaTHOI'O PACCEsIHUS Ha TPACKTOPUU KAHAJIMPOBAHHBIX
MOHOB OOBIYHO MPUMEHSIOT BEPOATHOCTHBIN MeToq Monte-Kapno. B pabore [15]
npeajaraeTcsi TeopeTudeckas MOJENb ONMMCAHUS TUIOCKOCTHBIX KOJIeOaHUM, OCHO-
BaHHasg Ha Meroje MoHTte-Kapiio ¢ pOo3bIrphIlIEM TPACKTOPUM IO ITONEPEYHOU
CKOpPOCTH.

B nameit pabote npeaiaraeTcs HOBbIM MOJIX0/1 K YU€TY MHOTOKPATHOI'O pac-
CEsSHMs B METOJAE KOMIIBIOTEPHOTO MOJACIMPOBAHUSA TPACKTOPUN KAHAIIUPOBAHHBIX
YaCTULl B IUIOCKOCTHBIX KaHajax Kpuctaiuia. CyTh HAIETO MOAXOJAa COCTOWUT B
TOM, YTO PO3BIIPHIII IIPOU3BOIUTCS MO MOIEPEYHBIM KOOPAUHATE U CKOPOCTH C
IIOMOILBIO CIIyYaWHOW BEJIMYMHBI, pACIPEAEIEHHON IO HOPMAJIbHOMY 3aKOHY, 3a-
BUCALLEH OT (DIYKTyallii onepeyHoOl KOOpAUHATHI U yTria, COOTBETCTBEHHO; KPO-
M€ TOTO, YYMUTBIBACTCS BIMAHUE MOTCHLMAJIA HA 3BOJIOLMIO CPEAHUX KBAJIPATOB
GbayKkTyanuii mOMepeyHbIX KOOPJAWHATHI M CKOPOCTH YACTHUIIbI, YTO MPUBOJUT K
YMEHBIICHUIO CKOPOCTH JIEKAHAJIMPOBAHMS B CIIydac ITOJIOKHUTEIBHBIX YACTHUIl U
0oJsiee TOUHOMY CXOJCTBY C KCIEPUMEHTAIbHBIMU JTaHHBIMH.

Ha ocHOoBe Monenn ABMKEHUsI, pealn3yIolle yYKa3aHHbIMA BBILIE NOAXOX K

OIMCAaHWIO MHOTOKPATHOTO paccesHusi, Obuta pa3paboTaHa KOMIBIOTEpHAs MpO-
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rpaMMa MOJICIIMPOBAHUSI TPACKTOPHUI OBICTPBIX 3apsHKEHHBIX YaCTHI[ B KaHalax
anMa3ornoonoHbIX KpucTtauioB, Ha3BaHHas PST (the Phase Space of Transversal
coordinates and velocities), T.k. MoAeIMpOBaHUE TPOU3BOIUTCA B (Pa3oBOM IMpo-
CTpPaHCTBE MOIMEPEUHBIX KOOPAUHAT U CKOPOCTEM.

[Ipumensemblid st pacdy€ra TPACKTOPUK YHUCICHHBIA METOJI OCHOBAaH Ha
YUCJICHHOM METOJIC pelieHus] cUCcTeMbl TudPepeHnralbHbpIX ypaBHeHU PyHre-
Kyrthl 4 nopsiaka. [Iporpamma PST no3Bosisier BecTH pacu€r AJisi TPEX MIOCKOCT-
Hbix Harnpasienuit (100), (110) u (111) kpuctaiuioB KpeMHHUs, FepMaHusl U ajiMa3a
JUISL TIOJIOKUTENIBHO U OTPUIATEIBHO 3apsiKEHHBIX YacTHUI] (IPOTOHBI, HOHBI, TSKE-
JIble OTPULATENIBHO 3apsKEHHBIE YacTULbI), s annpokcumanuii Monsep u Jloii-
nsa-TépHepa mOTEHUHANIa U30JIMPOBAHHOTO aTOMa M AJIEKTPOHHOM IOTHOCTH. C
noMoIIbI0 nporpaMmbl PST MOXKHO MONYYUTh CIEAYIOLINUE PE3YIbTaThl: TPAEKTO-
puu, (a3oBbie TPAEKTOPUH, YIJIOBbIE W MPOCTPAHCTBEHHBIC pACIpEACIICHUS I
JI000T0 CeUeHUs! KpUCTalia, CIEKTPHI MMOTEPh SHEPTUU HA DJIEKTPOHAX, BEPOATHO-

CTHU J€KaHAIUPOBaHUs (BBIXO/bl YACTHUIL) U OPUEHTALIMOHHBIE 3aBUCUMOCTH.

2.2 MOI[CJIL ABUMIKCHUA PCIATUBUCTCKUX 3aAPHKCHHBIX HaCTHI B KaHaJIaX

KpHucTaLia

JIBuKeHue OBICTPBIX 3apsSKEHHBIX YaCTUIl B KpHUCTAJIaX SBISETCS CTOXac-
TUYECKUM MPOLECCOM, TAK KaK TEIUIOBbIE KOJEOAHUSI aTOMOB KPUCTAJLJIa U KBAHTO-
Bble (UIYKTyalMH, KOTOpPbIE HMCIBITHIBAIOT ATOMHBIE AJIEKTPOHBI, U3MEHSIOT CIIy-
yallHBIM 00pa30M 3HAYCHUE IONEPEYHON CHJIbI, MPUBOJAIICH K MaJOyIrJIOBOMY
paccesiHuto. M3BECTHO, YTO CTOXAaCTHUYECKHE MPOLIECCHl MOTYT OBITh ONMCAHBI C
IIOMOILBI0 METOJA KUHETUYECKUX YPABHEHUU JBUKEHHUSI, METO/1A UHTETPUPOBAHUS
B (DYHKIIMOHAJIbHBIX MPOCTPAHCTBAX U METO/A JIAHKEBEHOBCKUX (CTOXACTUYECKHX)
ypaBHEeHU# ABMkeHud. [IpenmyriecTBeHHOEe pa3BUTHE Teopuu dp¢eKTa KaHaIu-
pOBaHUs NPOUCXOAWIO B paMKax METOJa KMHETUYECKUX YPaBHECHUHN JBUKCHUS,
OMMCBIBAIOIINX 3BOJIOLUIO TUIOTHOCTH OTOKA KAHAJIMPOBAHHBIX YACTHUIL KaK B (a-
30BOM IIPOCTPAHCTBE IONEPEYHBIX KOOPAUHAT U CKOPOCTEH, TAK U B IIPOCTPAHCTBE

nornepeunsix sHeprui [24,31,38,39]. JlaHkeBEHOBCKUI NOAXO0 K TEOPUM KaHAIH-
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poBaHus ObUT pa3BUT B pabore [29]. M3BeCcTHO, UTO pelIeHUs JTUHEAPU30BaHHBIX
CTOXaCTUYECKUX U KHHETUYECKUX YPaBHEHUI COBMAAAIOT MEXTy COOOM.

Takue pelieHHs] OMHUCHIBAIOT MPOLIECC KAHATUPOBAHUSI B TOHKUX KpPUCTAJI-
jax. YToObl MONYYUTh pellieHre MO BCEH JIIMHE HEKOTOPOTro KpUCTajuia MOCTyma-
10T cienyromuM obpazoM. Kpucramn pazduBaeTcs Ha CTONKY TOHKUX KPUCTAILIIOB
(otpe3koB). [Ipu 3TOM HeTMHEHHOE CTOXACTUUYECKOE YPABHEHUE JBUKEHUS MOKET
OBITh JINHEAPU30BAHO B KAXKJIOM M3 TOHKHX KpUCTALIOB. C MOMOIIBIO JINHEAPU30-
BAHHOT'O CTOXACTUYECKOE YPaBHEHHE JIBHXKCHUSI YUUTHIBACTCS BIUSHUE JUHAMHUKU
M3MEHEHHUS CPEAHUX 3HAYCHUN NUHAMUYECKUX BEIMYUH HA 3BOJIOLUIO (PIIyKTya-
IUA OTHOCUTENBHO ITUX cpenHux. OOpaTHoe BiIUsgHUE DIYKTyalluil Ha JUHAMUKY
M3MEHEHUSI CPEAHUX 3HAYCHUN TUHAMUYECKUX BEJIMYUH YUUTHIBAETCS C TOMOIIBIO
CBEPTKU (PYHKIIUU paclpeieNieHUs MPU Mepexo/ie OT OAHOT0 TOHKOTO KpUCTaia K
JIPYroMy.

B meTone KOMIBbIOTEPHOTO MOJICTUPOBAHUS TPACKTOPHUI 3TO 03HAYAET, UYTO
IpU MEPEXOJe OT OJHOI0 TOHKOIO0 KpHUCTAJIa K JAPYroMy 3HAUYE€HHUS! MONEPEUYHOU
KOOPAWHATHI U CKOPOCTH Pa3bIIPhIBAIOTCS C MOMOIIBIO (PYHKIIMHM pacrpeeicHus
bayKTyanuii monepevyHor KOOPAMHATHI U CKOPOCTH OTHOCUTEIBLHO CBOMX CPEITHUX
3HaueHui. CuctemMa ypaBHEHU [ MOMEHTOB (DYHKIIUU PACTIPEICICHUS CTPOSATCA
C TIOMOIIIbIO CUCTEMbI JIUHEAPU30BAHHBIX CTOXACTUUECKUX ypaBHeHUU. [Ipu nepe-
X0J1€ OT OJJHOTO TOHKOTO KpHCTaJIa K JPYroMy CIEAYET NePEoNpeesiTh HE TOJIb-
KO 3HAYEHUS MOMNEPEUHOU KOOPJUHATHI U CKOPOCTH, HO U TOJHYIO SHEPIrHUI0 Yac-
tull. Heo0X0IMMO OTMETUTD, YTO YKAa3aHHBIA METOJ| UMEET CIEeAYIOIINI HeA0CTa-
TOK: CpeqHUM KBaapar (GIyKTyaluil NMOMepeyHON CKOPOCTH, SBIISIFONIUICS B JaH-
HOM METOJI€ €JMHCTBEHHON XapaKTepUCTUKON Mpoliecca pacCesiHUsl KaHAJIUPOBaH-
HBIX YaCTHI] Ha (IIYKTyalusax MOTEeHIIMAaIa, BBOAUTCS smnupuaecku [10,15,36].

[Ipennaraemspiii B Hamieil paboTe MeTOJl y4€Ta MHOTOKPATHOTO PACCESHHUS
IpU KOMIIBIOTEPHOM MOJCIMPOBAHUU TPACKTOPUN KaHAIMPOBAHHBIX YacTHUIl B
MJIOCKOCTHBIX KaHAJIaX KPUCTajla OCHOBAH Ha HMCIOJb30BaHUU YPAaBHEHUN 3BO-

JIOUMUA CPEHUX KBAAPaTOB (IYKTyallMd AMHAMUYECKUX BEJIWYUH (MOmepeyHas
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KOOpJIMHATa, CKOPOCTh), KOTOPBIE OBLIM IMOCTPOEHBI MCXOIsS M3 MHKPOCKOIIHYE-
CKUX YpaBHEHUH JaBUKeHUs [29].
Mopens PST ocHOBaHa Ha pelIEHWH CUCTEMbl YPAaBHEHUM, ONMMCHIBAOLIEH

JABHXXCHHC 6I)ICTpI>IX JacTul B KaKAOM M3 TOHKHX KPHUCTAJIJIOB, KOTOpasa HMCCT BU

[29]:

d . d. 0U(x)

—Xx=Xx, —Xx=———+

dt dt Oox

d ~——> S

zé‘x =20x0x
X L ) L (2.1)
igxgx:&ﬁ _iw.g

dt m x>

_ 2

dga_ 20UK) s, D()
Ldt m 6)(2 m

Te: m=y-my— PEIATHBUCTCKAs Macca GbicTpoil yactuipl, y=(1-5%)"* — Jlo-
peHi-baktop, f=v/c, ¢ — CKOPOCTb CBETA, D — CKOPOCTh YACTHIIBI; B KAUECTBE
U(x) MOXHO MCHOJIb30BaTh MOTEHIINAN INIOCKOCTHOTO KaHaina (1.1) unu nepe-
X0HOU 00mactu ochk-mockocTs (1.28); Koaddumnuent nuddysuun

D(x) = D (x) + Dyyei(x) cOCcTOUT U3 ABYX claraeMbix: D, (x) — 3JIEKTPOHHBIN KO-
s purment nuddysuu (1.4), u D, (x) — snepHbiil kod3pdunment quddy3uu

(1.5).

MHoOrokpaTHoe paccesHHe ONPEACIACTCS C MOMOLIBIO PO3BITPHINIA 3HAYE-
HUH MONEPEYHON KOOPAMHATHI M CKOPOCTH (yria) 4acTULlbl. PO3BICPHIIT COCTOUT B
OJTHOBPEMEHHOM IIEPEOIPEACIICHUN MTONIEPEYHON KOOPANHATBI U CKOPOCTH YaCTHU-
bl U OOHYJIEHUU BTOPHIX MOMEHTOB Ha JJAHHOM Ilare pelieHusl, 4T0 U COOTBETCT-
BYET PACCESIHUIO YaCTULBI. Y CIOBUSIMU PO3BITPHILIA SBISIOTCSA YCIOBHUS MAJIOCTH

bayKTyalmii, T.e. pO3BITPHIII MPOU3BOJUTCS MPHU MPEBBIIIEHUN MOPOTOBBIX 3HaYe-

HHUM BTOPBIX MOMEHTOB Sx? max  AITH 5x’ max - PO3BITPBIII 3alIPEIIAETCs, €CIIU T10-

cJie TPEABIAYIIETO PO3bIrPhIlIa MPOUACHO PACCTOSIHUE, MEHbIIEE 7Ty, KOTOPOE
ONPENENIeTC MUHUMAIbHBIM KOJMYECTBOM CTOJIKHOBEHHMM YaCTHIBI C aTOMaMu
KpUCTaJIIa, MOCe KOTOPOTO BO3MOXKHO paccessHue (B pacuérax Ty,, Opayioch mo-
pAZIKa JUIMHBI OJTHOTO IIAra pemenus, Ho 6ombimuM 60 A).

[lepeonpenenenne 3Ha4€HUM MOMEPEUYHBIX KOOPJUHATHI U CKOPOCTH MPOU3-

BOIUTCS CﬂyqaﬁHLIM 06p3.30M, T.€. “HOBOC” 3HAUCHUE HaXOJUTCA U3 I'ayCCOBCKOI'O
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pacrpeieNieHus CO CIEAYIONMMHE IMapaMeTpaMu: CpeIHee 3HAYCHHE COOTBETCTBYET

“cTapoMy”’ 3HAYCHHIO KOOPJIWHATHI WIIK CKOPOCTH, a CPEAHEKBAAPATUIHOE OTKJIIO-
2 2
HEHHUE PABHO COOTBETCTBEHHO 4/OX~ WU 4/ OX" .

2.3 KomnbrorepHas peajquzauust moaeau PST

Ha ocHoBe TeopeTnyeckor MOAENIN NBUKEHHUS PEISITUBUCTCKUAX 3apsiKEH-
HBIX YaCTHIl B KaHaJIax KpucTaia Obljla cO3/laHa KOMIIBIOTEpHAs MporpaMma pac-
yéTa XapakTEpUCTHUK IBWKEHMS 4acTul. B pamkax coszmaHHou nporpammel PST
TaK)K€ BO3MOKHO BECTH PACUET TPACKTOPHM 06e3 yuéTa MHOTOKPATHOTO pacCesHus

13 929 1 1"

(Bepcus “XV”) u nmo "craHgapTHON” MOAEIN MHOTOKPATHOIO paccesHus (Bepcus
“SM”). Ha3zBanue "cTtangapTHOM” MOJENM CBSI3aHO C TE€M, YTO B HEH peanusyercs
CHoco0 ONMUCaHUS MHOTOKPATHOI'O paccesiHUs, OJOOHBIN UCTIOIB3YIOLIMMCS B Ha-

CTOSIIEE BPEMSI B CYIIECTBYIOIINX KOMIBIOTEPHBIX porpammax [ 10, 15].
2.3.1 Bepcuu XV u SM

B Bepcun XV TpaekTtopus KaHAJIMPOBAaHHOM YaCTHUIIBI MOJIy4aeTCsl P pe-

LICHUU CIIEAYIOLIEH CUCTEMbI YPABHCHUN:

d :
EXZX

2.2
d . _ 0U(x) 2
dt ox

Otnuune crangaptHoit Mmoaenu ot moaenu PST cocrout B TOM, YTO B CHUC-
TeMe ypaBHeHuil gBrkenns (2.1) monoxeno 9*U(x) /0x” = 0. MHOrokpatHoe pac-
cessHUe B Bepcur SM yunTHIBAETCS B paMKaxX CTaHIAAPTHOW MOJIENH, COTIACHO KO-
TOPOW CKOPOCTh MPUPAIICHUS CPETHETO KBaApaTa yria MHOTOKPATHOTO PacCesHUs
Ha €IMHUIIC JJIMHBI IyTH MPONOPIHOHATbHA IFIOTHOCTH PACIIPEACIICHHUSI aTOMHBIX
AJIEKTPOHOB U SIIEP B TOW TOUYKE MPOCTPAHCTBA, T/I€ HAXOAWTCS KaHAIWPOBAHHAS
yactuia. TakuM o0pa3om, Uil TOJIyYeHHS] TPACKTOPUH KaHAJTMPOBAHHOM YaCTUIIbI

B Bepcuu SM pemiaercs cieayronas CHCTEMa YPaBHECHUI:
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d d . oU(x)

— X=X, —X=——17-+

dt dt ox
zﬁ —25x0%
) df - (2.3)
L 5x8x% = 6x?
dt
d 52 P
dt m2

2.3.2 Oo0e3pazmepuBaHue NAPAMETPOB ABUKEHHUS

Tak kak JJI9 OnmUcaHus JABM)KCHUS YACTHI] B KPUCTAJIC IPUMEHSETCS YHUC-
JICHHOE pelIeHue CUCTeMbl nuddepeHmalIbHbIX ypaBHEHUH, a pealbHbIe 3HaYe-
HUS TapaMETPOB JIBIDKCHHSI MOTYT pa3IMyaThCs Ha HECKOJBKO IOPSIIKOB, IS
obecrieueHus: KOPPEKTHOM pabOThl YUCIEHHOIO METOJa HeoOXoauMo obe3pasme-
PUTH TIapaMeTPhI ABMKCHUS TaKUM 00pa3oM 4TOOBI XapaKTepHbIC WHTEPBAIBI H3-
MEHCHHS THHAMUYCCKUX MTEPEMEHHBIX OBLIU MOPSIKA ¢THHUIIBL.

O6e3pa3MeprBaHie COCTOUT B MPUBEJACHHUE JUTMH K MMOCTOSIHHOM PeméTKku d
KpHUCTaJlIa, T.C.

T'=T,/d - 6e3pa3zmepHas riryOrHa, Ha KOTOPYIO TPOHUKAET YaCTHUIIA 32 BPEMS .

B cBoro ouepenp, 77 onpenensiercss kKak 1 = &1, TI€ T= V1, g = Vinax / mo* =
Vimax / po (cMm. 1.1.5); Takum oOpazom, 7' =gvt/d.

X=x/d, o'=c/d, a'=ald-06e3pa3zmepHbic nomnepeyHas KOOpAUHATA, CPEI-
HSsl aMIUTATYa TEIUIOBBIX KOJIeOaHW aTOMOB KpUCTallla M Paauyc dKpaHHPOBa-
Hus Tomaca-depmu, COOTBETCTBEHHO.

C yuérom o0e3pa3meprBaHus HEMIPEPHIBHBIN MIIOCKOCTHON MOTEHITHAI 3a-
MUIIETCS CIETYIONIUM 00pa3oM:

-3 8 2 2

U(X)=d>-3 ZIV(gx)-exp[—a g2/2)cospron, (X —x; dfa,). @4)

ne j=

a IIoTCHIajl H@p@XOI[HOfI 00J1aCTH OCh-TIJIOCKOCTD IMPpUMCT BU:
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U, (X.T)=d" sz( )-expl02g2 /2] cospprn (x —x, -dfa, ||+

n, j=1
+ V(gkl)' exp[— ’gu/ 2]X (2.5)

xcos[Zﬂ-[nx(X—xj d/ax)+T-¢kl/8—k-yj dla, -1z, d/az]],
TOE  Xj, Vj, Zj — KOOPAMHATHI aTOMOB 2JIEMEHTApPHOM AYEHKH KPHCTAJlIA B €AMHHUIIAX
a,, ay, a., COOTBETCTBEHHO (Tabnmia 1.2);

= 2un/ay), gw=Qr) [(nday)’ + (k/ay) + (¢/a.)’] — kBagpaT BeKTOpa 0OPAT-
HOH PEINETKH; @i = SIN(Oy + AO)-k-d/a, + cos(Oy + AO)-t-d/a.,
O = -arctg[(¢-a,)/(k a.)] - yron, onpenensolyii HalpaBlIeHUE KpUCTawLIorpadu-
4yeckoi ocu <0k[> B aTOMHOM TJIOCKOCTH.
DopmyIibl i1 DJIEKTPOHHOU U SIACPHOM IINIOTHOCTEN B 3TOM CJIy4yae 3alUIIyTCs:

Pt X)=d Zexp[ o' i/2]-cos[27rnx-(X—xj d/ax)], (2.6)

n, j=1
pu(X)=d?.¥ zF( 2).expl-02g2 /2] cospprn, (¥ -x,d/a, ). @7)
n, j=1
OnpenenumM NONEepPeYHy0 CKOPOCTh B 0€3pa3MepHBIX NEPEMEHHBIX:
_dx_ dx _ dx e dx d(X-d) dX
X _— = — =D E - —=DE——L=D-E-—,
dt  d(z/v) T dT, d(T-d) dT
3amnumem YpPaBHCHUA Ha BTOPBIC MOMCHTLI B 663paBMepHLIX INCPCMCHHBIX.
Omnpenenum 6e3pazmMepHbie QIyKTyaluu:
x=Xd— ox=n4d,

. dX
X=——0-& > 0X=1-€V,
dT

Sx-0x=(m-d)-(n-s-v)=ni-d-¢-v.
ITogcraBuM NMOTY4YEHHBIE BBIPAXKEHUS U QIIyKTyalluii B yPaBHEHHsI HA BTOPBIE

MOMCHTHBI:

st(n d) -(d-g-u-%);
0

8t(m7 d-e- U) -(77_2-52-02)_82U(X)-(77_2-d2);




[ 2
m%(ﬁz.gz .02):_2.aa()]((j(),(%.d.g.u)_F%.D(X),

[Tepeiiném K TPOU3BOIHBIM 1O O€3pa3MEpPHON JJIMHE:

0 0 ¢-U.

0
..tzT'd/ ° —_— = = .
i 0 0 S = o ae o) of 4

VYpaBHeHue U1l cpeiHero KBajapara (GayKTyaluil o MonepeyHor KoopAuHaTe 3a-

ITUIICTCA:
on? . —
U _9.0p.
5 =2

[TonyurnM ypaBHEHHUE JIsI CMENIAHHOTO MOMEHTA!

o _ 2 nt UWX).
m-— - =m 2 2 2
oT 7L oX

o _oz o w’ QUX)_a o’ 2Ux)
oT et pv  0X? Voo 0X?

[Tony4ynm ypaBHEHHE JUIsl CpeIHETrO KBaapaTa GIyKTyaluil 1o monepeyHon CKopo-

CTH.

on’ _ 2.y 9°U(X)  2-d

= .D(X),
oT Vi  0X?2 g0 m? (x)

Crnaraemoe ¢ ko3 purueHTOM AP HY3UN MOKHO MEPENHUCATH:

2-d-D(X) 2-d-D(X) gd 2-DX)esv ,, 2-DX)
—_— .U.—.—: . .d = — 2.
&3 .03 m? 83-p2-02-m2 ed v._? d y 2

g-v-d,

on*  2-np 2*U(X) 2-d
o oT :_Vmax. ox? +$3-u3-m2'D(X):

_ 2. 2°U(X)  2-D(X)
Voax  0X° Vi

max

s ynoOcTBa o6e3pa3MepeHHbIe BTOPbIE MOMEHTHI 0003HAYNM:
MA=06n*, MB=0dnny, MC=odn*.
Teneps MOXHO 3amucaTh CUCTEMY YPaBHEHUW JBUKEHUS, COCTABIISIOLINX

mozenb PST ¢ yuérom obe3pazmepuBanus MepeMEHHbIX:
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iVx—— 1 aU(X), d XV
dT Viaw  OX dT
4 Ma=2. mB;
< ) (2.8)
A v - -0 U(z )-MA;
max aX
2
4 ye=29 px)-—29 UX) g
dT Vrﬁax Vmax aXZ

2.3.3 Onucanue nporpamMmsl

[Tporpamma PST nammcana Ha si3p1ike Object Pascal B mporpammHoii cpene
Borland Delphi 1 cocTouT u3 cieayrommx MoayJIen:
- Mopayns 3aiaHus Ha4anbHBIX YCIOBUN U TTapaMeTpoB pemieHus (cM. puc. 2.1);
- Pemarens tpaekropuit;
- Monynb pacuéra morepb sHepruu (cMm. puc. 2.8);

- Moayne rpaduueckoro npeacTaBiIeHUsl pe3yIbTaToB pacu€ToB (CM. puc. 2.4).
2.3.3.1 Moayab 3aJaHUS HAYAJbHBIX YCJIOBHI M MAapPaMETPOB pelleHusl

B kadecTBe HAYaBHBIX YCIOBHUU MOXXKHO 3a/JaBaTh. XapaKTEPUCTHKU KpH-
cTajia: KpucTal (KpEeMHH, TepMaHUN WM ajiMa3, TUIOCKOCTHOE HaIpaBJICHUE
(100), (110) mmm (111); XapakTepUCTUKHU YACTHUIIBI: TOJIHAS HadajbHAsl dHEPIus,
Macca (B aTOMHBIX €IMHHIIAX MACCHhI), 3apsij, TUana3oH TOYEK W YIJIOB BIETA Jac-
THUIl, a TaKkKe BUJ (YHKIMH pacrpeiesieHus Mo yriaMm Bi€Ta (HOpMajabHOE WU
paBHOMEpHOE pacmpeiesieHUE); MapaMeTphbl PEIICHUs: KOJTHYECTBO WICHOB Pa3iio-
xeHus B psag Oypwe mns moreHnuana u kodddumuenta nuddysuun, ammHa pac-
CMaTPUBAaEMOTO CIIOSI KpUCTAIIIa, KOJMYECTBO MIAroB (W “‘y3JI0B”) pEIICHUs st
3aJIaHHOM JITMHBI CJIOS KPUCTAIIA, & TAKXKE YCIOBUS PO3BITPHIIIA (MHOTOKPATHOTO
paccesiHus).

3HayeHue mapameTpa & OIPCACIIACTCA II0 3daJJdHHBIM 3HAYCHUAM CJIICAYIO-

UM oOpa3zoM: & = \/Vmax/(E +M1m0c2/(1 +M1mocz/E», rae moc” ~ 931 3B —
SHEPIHUs, SKBUBAJIEHTHAs Macce MOKOs HYKJIOHA.
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2.3.3.2 Pemaresab TpaekTopHii

B Monyine pacuéra Tpa€KTOpUi ONMKUCHIBAETCS MPOLIECC MOMIArOBOro pacyéra
3HAYCHUH MapaMeTpoB JIBMXKEHUS YacTUIbl. PaccunThiBaeMble mapaMeTphl JBHKE-
HUS 3TO NONEPEYHAasi KOOPAUHATA U yTOJl YaCTHULIbI, & TAKKE 3HAYEHHUSI BTOPBIX MO-
MEHTOB (D)YHKIIMM pacIpe/iesieHrss Ha HEKOTOPOM Iiare peuieHus (iar “ysen’” pe-
IIEHUS] COOTBETCTBYET IIyOuHe). Pacuér mapameTpoB ABMKEHHS OCHOBaH Ha Me-
TOJIE YHUCJIICHHOTO peIIeHUs CUCTEMBbI IudPepeHInanbHbIX ypaBHeHU PyHre-
Kyt 4 mopsiaka. Beibop merona Pynre-KyTThl cBsI3aH € T€M, YTO 3TOT METOJ
4acTO MPUMEHSETCS IPU MOJACTUPOBAHUU (PU3NYECKUX MPOLIECCOB U UMEET OTHO-
CUTEJILHO HEOOJIBIIYIO MOTPEUIHOCTh, OJHAKO, PACUET ATUM METOJOM 3aHUMAET B
HECKOJIbKO pa3 (2+4) Oosbllie BpeMEHHU, YeM, HallpUMep, METOI0OM Diliepa.

Merton PyHre-KyTTbl mO3BOJISIET BBIYMCIUTH 3HAUYECHUS [1APAMETPOB CUCTE-
MbI audPepeHImaIbHbIX YpaBHEHU Ha HEKOTOPOM Iare (TJiyOuHe), 3Has 3Haue-
HUS ATUX MapaMeTpoB Ha npeasiaymeM mare. [Ipu 3ToM perienre npou3BoaUTCS
0 CIEAYIONIeH cxeMe (A1 cucTeMbl U3 ABYX MuddepeHnnanbHbIX YpaBHEHUH):

% = f(e, y(z), x())

< gle. (o) (1)

3naueHuns QYHKIMN Ha KOKIOM IIare HaXoAsTcs 1Mo popMymam:
Yarl =Y T (ki + 2ky + 2:k3 + ky) / 6
Xort =Xn T (g1 + 22+ 2.3+ q4) 1 6
i1t =t T A,
rae: & — mar pemnieHus,
ki, gi - koopduunents! Penre-KyTThi:
ki=f(t Yn Xo), q1 =g (ts Yur Xn),
ky=f(ta+ N2, yotki-h/i2, xo +q1-h/2), qa=g (ta+ N2, yo+ ki-h/2, x, + q1h/2),
ks=f(ta+ N2, yothkyhl2, xo +q2h/2), q3=g ta+ N2, yothkrh/2, x,+ q2h/2),
ky=f(tar1, yot ksh, x,+ q3°h), qs=g (tas1, Yot k3h, x, + q3°h).
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Paccmorpum npumenenune meroma Pynre-KyTrsl mims pemeHuss cuctemsl
ypaBHeHu# (2.8). B 3TOM cnyudae B cucteMe U3 mATU IudpepeHInalbHbIX ypaBHe-
HUU IEPBOro MOPSAIKA B3aUMOCBA3aHHBIMU SIBJISIOTCS TOJBKO /1Ba (ypaBHEHUs Ha X
u V,); ocranpHble Tpu auddepeHnnanbHbIX ypaBHEHHUS (ypaBHEHHS Ha BTOpbHIE
MOMEHTBI) PEIIAIOTCS C MCIOJIb30BAHUEM IMOJYYEHHBIX JJIsi TaHHOTO Y3Ja pellie-
HUs 3HaUueHU X U V,, 1 B TOKE BpeMs HE OKa3bIBAIOT MPSIMOTO OOPATHOTO BIIWS-
HUsI Ha ypaBHeHUs g X U V. BausgHue 3HaueHU BTOPBIX MOMEHTOB Ha TPAEKTO-
puu (4eM M OMHUCHIBAECTCS BIUSHHE MHOTOKPATHOIO PACCESHMs), ONMPENEISIeTCs C
IIOMOIIIBIO PO3BITPHIIA, TOJIBKO IPU BBITOJIHEHUN YCJIOBUM MHOTOKPATHOTO pac-
cesHHs. PO3BITpBIII MPOU3BOAMUTCS C MPUMEHEHHUEM HOPMAJIBHOTO CIIYYalHOTO
pacnpeneneHus: “‘HoBoe” 3HaueHue X wiH V', BEIOMpaeTcs cliy4ailHbIM 00pa3oM u3
HOPMAJIBHOTO PacIpeAesIeHNs CO CPEHUM 3HaYE€HUEM, PABHBIM “‘CTapoMy’’ 3Haue-
HUIO X Wiy V, U cpeHEKBaIpaTUYHBIM OTKJIOHEHUEM, PABHBIM COOTBETCTBYHOIIIE-
My BTOpoMy MoMeHTY MA nmn MC. Ilpuuém, B 3aBUCUMOCTH OT YCJIOBHI MHOI'O-
KPaTHOT'O PacCesiHUs PO3BITPBILI 110 X WIH Vy MOXKET BBIIIOIHATHCS KaK COBMECTHO,
IIPU NIPEBBILIEHUHA OJHUM M3 BTOPBIX MOMEHTOB MA nnu MC KpUTHYECKOTO 3HA-
YEHUs, TaK U OTAEJIBHO — TOJIBKO I10 X WJIM TOJIBKO 110 V.

[IpaBble yacTH Ka)xAOro W3 ypaBHEHUN 3aMEHUM COOTBETCTBYIOIIMMHU (PYHKIIUSI-
MU:

RV, (T, VX,X):—VLGZ—)((X);

max
Rx(T,V,X)=V,;
RMA (MA,MB,MC,X,T)=2-MB;

2
RMB (MA,MB,MC,X,T)=MC - L g U(zX)-MA;
Vmax aX
2
RMC (MA,MB,MC,X,T)= géd .D(X)- V2 2 ;JX(f() .MB.

MoxHO BUJICTDb, UTO IICPBLIC JIBa YPABHCHHUA HC 3aBUCAT HAIIPAMYIO OT pPC-

IICHU I ypaBHeHI/Iﬁ Ha BTOPBIC MOMCHTHBI, 3aTO BTOPBIC MOMCHTBI CBA3aHbI MCIKIAY
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co0OH M 3aBHUCAT OT 3HAYEHHUS X, [TOJIy4YAaEMOr'0 U3 PEIICHMS MEPBBIX ABYX YpaBHE-
HUU.

Jliist pelieHrs cHavasa onpeesitoTCs HadyajabHbIe YCIOBUS: HayaabHas IIy-
OuHa T, KOHEUHAS TIIyOUHA T gcpih, HAYATIBHBIE TOIEPEUHBIE KOOPIAUHATBI Xyt U
YTIbL Vi gart, KOJIMYECTBO 1IATOB (Y3JIOB) pEICHUS, HayalbHbIe 3HAYEHUSI BTOPBIX
MOMEHTOB. VcX0as W3 HavyanbHBIX YCIOBHUM, paCCUMTHIBAETCS BEJIMYMHA IIara Io
riyonse i = (Taepth - Tstart) / (n-1).

Bcest rmyOuHa paccMaTpuBaeMoOro ciosi KpucTtaia pa30MBaeTcs Ha OTPE3KU
(y3u1bl pemieHusi) ¢ marom A. Pacuér TpaekTopuil BBINOIHIETCS MOIArOBO /s Ka-
K01 yacTuipl. PaccMOTpUM pelieHue Ha OAHOM IIare Jjisi OAHOW TPaeKTOPHH.

3HaueHUs MapaMeTpoB JBMKEHHUA Ha miare n+1 HaXOIATCA MO yXkKe HalJleH-
HBIM [TapaMeTpam JUIs NpeAblayIIero mara 1no GopmMyiam:

T =T,+h,
Vinet = Vot he(hyx 1 + 2kyxo + 2k + kvxa) 16
Xon1 =Xt he(bhgy + 2k + 20k 3+ hia) /6
MAwi = MAy + he(kva 1 + 2kvaa + 2kvas + kviag) /6
MByi = MBy + he(kys 1 + 2:kvp 2 + 2-kvp 3 + ks 4) / 6
MChy = MC, + he(kvic 1 + 2kmc 2 + 2'kvics + kvca) /6
Koadduruents! k onpeneisroTcs cleayomumM o0pa3oMm:
kvx 1= RV (To, Vin, Xo),
kv =RV, (Ty + h/2, Vot kyoihl2, X,+ keh/2),
kvis =RV (Ta+h/2, Vinthkyoh/2, X,+ ko hl2),
kvxa =RV, (Toe1, Vint kvxsh, xo+ kah);
kg =Rx (T, Vin, Xa),
koo =Rx (Ty+h/2, Vion+hkyx1rh/2, X,+ ke h/2),
kis=Rx (T, +hi2, Vint+hkyohl2, X,+ ko hl2),
kxa = Rx (Tor1, Vint kvxsh, xot kah);
kma1 = RMA (MA,, MB,, MC, X, T,
kmian = RMA (MA,, + kyarh/2, MBy, + kygi-h/2, MCy, + kyei-h/2,
Xot+ kah/2, T,+ hi2),
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kvas = RMA (MA, + kviaxh/2, MB, + kypy'h/2, MCy + ke h/2,
Xot kohl2, Ty+ h/2),
kmas = RMA (MA,, + kvash, MBy + kyssh, MC, + kycsh,  Xo+ kah, Tin);
kwvsr = RMB (MA,, MB,, MC,, X, T,),
kv, = RMB (MA, + kmarh/2, MBy ~+ ks h/2, MCy, + kvcr-h/2,
Xot kahl2, T,+ h/2),
ks = RMB (MA, + kmaoh/2, MBy, + kvpah/2, MCy, + kvcah/2,
Xot korhl2, T,+ h/2),
knvips = RMB (MA,, + kviazh, MB, + kypsh, MC,+ kycyh, xn+kah, fh);
kvcr = RMC (MA,, MB,, MC,, X, T,),
knc: = RMC (MA,, + kvar-h/2, MB, + kygi-h/2, MC, + kyci-h/2,
Xot kahl2, Ty+ h/2),
kvics = RMC (MA, + kaxh/2, MB, + kypa'h/2, MC, + ke h/2,
Xot kohl2, T,+ h/2),
kvca = RMC (MAy + kviazh, MB, + kvpsh, MCy+kvcsh, Xo+kah, Th).
3areM, MPOBEPSIOTCS YCIOBUS PO3BITPHINIA (MHOTOKPATHOTO PACCESHUS):
€CJIi Tociie TPEbIIYIIEro PO3bIrphlllia IPOHACHO PACCTOSIHUE Ty, a TAKXKE 3HA-
YEeHHUE XOTsI Obl OHOI'O U3 BTOPBIX MOMEHTOB IPEBBILIAET KPUTHUECKOE, TPOU3BO-
JUTCS TIepeoripeie]ieHIe 3HaUeHUH MOMepeuyHO KOOpAMHATHI U YIJIa, a 3HAYeHUs
BTOPBIX MOMEHTOB 0OHYJIsIt0TCS. [lepeonpeenenne 3HaYeHUI KOOPAUHATHI U yIiia
npous3BoAUTCsS ¢ noMmoulpio QyHkiuuu RandG (Bo3BpamiaeT ciyyailHoe 4MCIO U3
HOPMAJIbHOTO pacIpe/ieleHNs; 3a/1al0TCsA apaMeTphl: CpeHee 3HaUCHUE, CpeIHe-
KBaJIpaTUYHOE OTKJIOHEHHUE), BXOAAIIEH B HaOOp Maremarndeckux QpyHkuuii Del-
phi. IIporpaMMHO 3TO 3anKCBIBAETCS CIEAYIOUIUM 00pa3oM:
Vine1 = RandG(Vsn, NIMG,);
X1 == RandG(X,, V|MA4,));
MA,.; =0, MB,,:=0; MC,,:=0.
B mporpamme nmeercs BO3MOKHOCTb IPOM3BOJUTH PO3BITPHIII OTAEIBHO
s X B ciaydyae JOCTHIKEHHUS KPUTHYECKOTO 3HAUEHHUS BTOPBIM MOMEHTOM MA, u

OTZIETBHO M0 V), NpU TOCTHMXKEHUM KpUTHYECKOro 3HaueHus MomeHToM MC. Tax
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K€ MOYKHO YCTaHOBUTH 3HAUYEHHE ITyOMHBI, IPOMIEHHON OT MPEABIIYIIEr0 PO3bI-
rpbia 7p,x, HA KOTOPOH IMPOU3BOAUTCS PO3BITPHILI, AK€ €CIIU BTOPbIE MOMEHTHI

HE JJOCTUTJIA CBOMX KPUTUYECKUX 3HAUCHUH.
2.3.3.3 Moayab pac4yéTa norepb 3HEPruu

[ToTepu 3HEPTUM ONPEAETAIOTCS C MOMOIIBIO YUCIEHHOTO UHTETPUPOBAHUS
ypaBHeHus (1.29). JInsg 4MCI€HHOrO0 MHTErpUPOBAHUS IPUMEHSIETCS METOJI Tparie-
uuid. [Ipyu 3TOM HaxoIATCs 3HAYECHHS] OTEPh YHEPTUU HA KAXIOM IlIare Juisl Kax-
IOM TpaeKTopuu. Taxke MOXKHO paccyuTaTb IIOTEPU DHEPIUM, OTHECEHHBIE K
MPOMJICHHON JJIMHE WM K €AUHUIE JJIUMHBI. Tak Ha3bIBaeMmble, YJIeJIbHbIC MOTEPU
HHEPTUU MPUMEHSIOTCS JIs pacu€ToB JIEKaHAIUPOBAHUS METOJOM OTOOpa MO MO-
TEpsIM SHEPTUMU.

[ToTepu sHEeprun Ha eqUHUILY NIUHBI dE/dz HaXoaATCs CIeAYIOMUM 00pa3oMm:

1. 3amaéres mmHa "moaciosn” dz B aHrcTpeMax M BCS JJIMHA PacCMaTPUBAEMOTO
CJI0S KpUCTaJUIA JIETUTCS Ha MOJICIOU € IIaroM dz.

2. Haxopstcs 3HaueHust motepb dHepruu dE B Hauane (dE,) u B koH1e (dE,) Kax-
JIOTO MOJICIOA.

3. Onpenenstorcs MOTEPH PHEPTUM HA €OUHUILY JUIMHBI ISl KaKJIOrO MOJCIOS,

KaK pa3HOCTh 3HaueHuut dF, - dE, nenéHHas Ha JJIMHY MMOJICIIO0s dz.
2.3.3.4 Peanuzanusi MeTOI0B PACcCY€Ta JeKAHAJIMPOBAHUS

Meton otOopa JeKkaHaIHMPOBAHHBIX YACTHUI[ [0 MOTEPSIM YHEPIUU aHAJIOTHU-
YEH NPUMEHEHHOMY Ha MPAKTUKE B PAJIE IKCIIEPUMEHTOB METOAY, KOrAa JETEKTO-
pbI OBUIM BCTPOEHBI B CaM KpUcCTaul. B 3TOM ciydae paccMaTpuBaeTcs CHEKTp IO-
TEeph SHEPTUU Ha eAUHUIYy MIUHBI dE/dz, B HallleM cily4yae 3TO THCTOrpaMmma pe-
3yJBTAaTOB pacyéTa yAEeNbHBIX MIOTEPh SJHEPTUU. B CTPyKType Takoro Crekrpa Mox-
HO BBIJICJNTH JBa MUKA — MEPBbIA B 00JaCTH OTHOCUTEIHHO HEOONBIINUX MOTEPh
DHEPIUM CBS3aH C KAHAIIMPOBAHHBIMU IOJOKUTENBHO 3apsKEHHBIMU YaCTHUIIAMU,
BTOPOM IpHU 00JIee BBICOKUX MOTEPAX SHEPTUH CBSI3AH C HEKAHAJMPOBAHHBIMU Yac-

TUuaMu. B cBs3u ¢ yeM, MOKHO BBIOpaTh KPUTUYECKOE 3HAYCHHE TIOTEPh SHEPTUH,
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pazzenstonee KaHaIMPOBaHHbIE U HEKAHAJIIMPOBaHHbIE YacTUIbl. CpaBHEHHUS MO-
JYYEHHBIX B X0JI¢ KOMIIbIOTEPHOT0 MoenupoBanus no mojaenu PST cnextpos mo-
TEpb PHEPTUU CO 3HAYECHUSAMHM MOTEPh SHEPTUH B HEYNOPSAJOUECHHOM Cpesie Mo Mpo-
rpamMe SRIM [37] noka3sIBaroT, YTO KPUTUUECKOE 3HAYEHUE MOTEPh SHEPIUU Ha-
10 puHKUMaTh paBHbIM 0.95 oT 3Hauenust dE/dz nis BTOpOro mnuka.

MeTton oTbopa AeKaHAIMPOBAHHBIX YaCTHI] MO MOMEPEYHBIM CKOPOCTSIM Op-
TaHU30BAH IPOCTOW MPOBEPKOM 3HAYCHUM MONEPEYHBIX CKOPOCTEM IS KaXKIOu
YacTHI[bl HA HEKOTOPOM LIare perieHus, COOTBETCTBYIOLIEH 3alaHHOM TITyOHHeE.

B cnyyae yuéra nekaHanMpoBaHUS 0 KPUTHUECKOMY HPHUOIMKEHHUIO Yac-
THUIBI K CTEHKE KaHajla JiJIsl TOro, 4YTOOBI ONPEEIUTh BEPOSITHOCTD JeKaHaIUPOBa-
HUSl YaCTHULBI MpoBepsieTcs €€ mornepevHas KoopauHara. B ciydae npuOnmxeHus
YaCTULIBI K CTEHKE KaHalla HA PacCTOSHUE, MEHbBIIEE KPUTUYECKOTO BEPOSTHOCTH
e€ JleKaHAIMPOBAHUS IPUHUMAETCS paBHOM 1, B ocTalibHBIX citydasix — 0.

[IporpamMmMHO yKa3aHHas MPOBEPKAa OCYILIECTBIEHA CIEIYIOIIUM OOpa3oM.
T.k. B xone ob6e3pazmepuBaHust IJIMHBI IPUBOJMINCH K IOCTOSTHHON PEIIETKU KpU-
cTajuia, NIEPUOJMYHOCTh MIIOCKOCTHBIX KaHAJIIOB OKa3ajiach KpaTHOH a,. Hanpumep,
B unrepBaie 0 <x/a,<1 pacnonaratorcs 4 miaockocTHbIx kanana (100), 2 mio-
ckocTHBIX KaHaja (110) wim 1 mmockocTHOM kaHan (111), cocTosmuii U3 MUPOKO-
ro (0<x/a,<0.75) u y3xoro (0.75 < x/a, <1) xananos. [lonepeunsie koopau-
HATBI YaCTUIl MOTYT MPUHUMATh OOJBIINE 3HAYEHHUS, OCOOCHHO B CIIy4asx JJIMH-
HBIX KpucTaioB. Mcnonb3ys TOT ¢akrt, 4To ApoOHas 4yacTh JHOOBIX 3HAYEHUH 3a-
kmoyeHa B 0 <x/a,<1, 1OCTaTOYHO OmUcaTb WHTEPBAJbl JACKAHAIUPOBAHUSA B
npenenax 0 <a, < 1.

Tak ns mmockoctHoro HanpasiaeHus (100) uHTepBabl AEKaHATUPOBAHUS
oynyr: x/a,<o/a, 0.25-6/a,<x/a,<0.25+c/a,, 0.5-c/a,<x/a,<0.5+0/a,,
0.75-0/a, <x/a,<0.75+c/a,, x/a,>1-0/a,.

WHTepBanbl JeKaHATMPOBaHUS JJIs IJIOCKOCTHOTO HanpasieHus (110):
x/a.<o/a, 0.5-c/la,<x/a,<0.5+c/a,, x/a,>1-0/a,.
WuTepBanbl JeKaHATMPOBaHUS AJIs IJIOCKOCTHOTO HanpasieHus (111):

x/a,<o/a, 0.75-c/a,<x/a,<0.75+c/a,, x/a,>1-0/a,.
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3HAYEHHUS a, PA3TUYAKOTCS U1 PA3IMYHBIX IIIOCKOCTHBIX HANPABICHUN.
2.4 AuaroputM padoThl ¢ IPOrpaMMoit

Paboty ¢ nmporpaMMoil MOKHO ONUCATh CIEAYIOLIUM AJITOPUTMOM. 3aJaroT-
Csl HayaJbHBIC YCIOBUS: KPUCTAILI, TJIOCKOCTHOM KaHal, riyOWHa paccMaTpuBae-
MOTO Yy4YacTKa, XapaKTEPUCTHKM YaCTHIIbl: Macca, 3apsj]l, MOoJHas SHEprus (CM.
puc. 2.1), HayaJabHBIE YIIIOBbIE U TPOCTPAHCTBEHHBIC PACIIPEICTICHUS YacTHUI B Ka-
Hase (puc. 2.2), mapaMeTpbl MHOTOKpaTHOTO paccesinus (puc. 2.3). Taxxke 3a1a10T-
cs: npubnkenne Monbep win Jlonns-TépHepa, KOJTUYECTBO YJICHOB B pa3ioke-
Hun Oypre, 4uciio y310B pemeHus. [locne yero, 3amyckaercs pacyér TpaeKTOpUid,
P KOTOPOM PACCUUTHIBAOTCS 3HAYEHHUS TONEPEYHON KOOPAMHATHI U CKOPOCTH, a
TaK)XKe 3HaYCHUsI BTOPHIX MOMEHTOB (PYHKIIMM paclpe/iesIieHUs IJis KaXKJ0ro Imara
pemienus. [lo mony4eHHBIM pe3yibTaTaM MOXHO MPOCMOTPETh TpauKu TPACKTO-
puit (puc. 2.4), IpoCTpaHCTBEHHBIE U YTJIOBBIE pacHpeesICHUsl YacTHUIl Ha 000
r1yOuHe B Kpuctamie (puc. 2.5), mocTpouth rpaduk BepOSITHOCTH JEKaHAINPOBa-
HUS 110 MOJICJIM KPUTHYECKOTO MPUOIIKEeHUs (puc. 2.6) U1 OpUEHTAIIMOHHYIO 3aBHU-
cuMocThb (puc. 2.7). Ecnu no ycnoBusiM 3amauu TpeOyeTcs paccuuTaTh NOTEpU
DHEPTUHU, TO TOCNEe pacdyéTa TPACKTOPUN BBIOMPAIOTCA YCIOBHUS pacdyéra MoTephb
DHEPIUM: YUET PENIATUBUCTCKUX IOIMPABOK, MPaBUja PAaBHOPACIIPENEIEHUS U pac-
CUUTBIBAIOTCSL MOTEpU 3HEpruu (puc. 2.8). Jlanee MOXHO MOCTPOUTH CIEKTP IO-
Tephb PHEPTUHU, rpaduK BHIXOAA YACTHI] IO TToTepsiM 3Hepruu (puc. 2.9). s ynoo-
CTBa pabOTHI C PACCUNTAHHBIMH JJAHHBIMU €CTh BO3MOKHOCTh UX COXpPaHUTh. Tak-
e B MPOrpamMMme €CTb MOAYJb IpaHuecKoro MpeACTaBICHUS Tpa(HUKOB MOTEH-

nuana, kodddunuenton auddy3uu u aApyrux byHkui (cMm. puc. 2.10).

Al PacuéT TpaeKTopri yacTuy, € 21= 1, maccoid = 1,00727647 a.e.m. B Aot N [=] ]
I R e ——
) 2 Flx] | =v(t) | Nivx]| Jex | AE 0% |
z1=1 e | [51 =l [oom =] k=1 1=J0" npubnxenme Moneep | ni=[a0
m= [1.00727647 aem | Ag=[0.003 P Lnucl Paguaumonmsin = |
I 450E+9 3B | =|278435475280915E-0000 g -
o= [5.35106700247160E 0006 | [nyina  AManasod no rnyfde KOIBOYSIOS pelier
1 or [0.0 a0 [10 Pacuér TpaexTopui |
Jlo6aBneHwHe TpaexTopHi | ¥ 5 yp-Hdii © poseirpbiuem
Cury =[O x1+ [0 17
CyuTaTk CAEAYOLIHA CaoR

MPOrPEMME PCUETE THASKTOPMMA BRICTRE Z3PAREHHSK UACTHL B MNOCKOCTHEX KaHANSX KPUCTANNOE KPEMHUS,
repMaHia W anwaza / BEPCKA 7042006
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Puc .2.1 T'nmaBHOE OKHO IpPOrpaMMbl. 31€CH 3a/1aI0TCSI OCHOBHBIE HAYAJIbHBIE YC-
JIOBMSI, TAKME KAK XapAKTEPUCTUKH KPUCTAILJIA U YaCTHLIBI.

Puc.2.2  ®opma qns 3amaHus HaydaldbHBIX MPO-
= CTpPaHCTBEHHOIO W YIJIOBOTO pPACHpPEACIICHUM Yac-

lepsa:wpae&'mpwﬂ WE CepuM lﬂ:neﬂnnn'rpaem’npvlﬂ W3 CepuM TI/IH B KaHaﬂaX KpI/ICTaHHa‘ 3aﬂaIOTCH: I[HaHaSOH
o S 3HAYEHWI TMONEPEYHBIX KOOPAMHAT TOYEK BIETA,

: D s | BUI (DYHKLIHHU pPACIpENETCHUs YacTHUL] 1O yriam

] X onens BJIETA — PAaBHOMEPHOE WJIM HOPMAJIbHOE pacmpere-
[ -0 -0 V003 JEHUs, B CIy4ae pPABHOMEPHOIO pacIpeneiIeHus
YKa3bIBaeTCs AWana3OH 3HAYEHUM YIJIOB BIIETA, a4 B
Lo | ClIydyac HOPMAJIbHOI'O pacHpeleiICcHUusT — CpeaHee

3HAYCHHUC U CPCAHCKBAAPATHUYIHOC OTKIIOHCHHC.

KouecTea TpaekTopuit
[10n000

NapameTpol pO3LIrPLILA TPACKTOPHA.... x|
Beifipan pesxum pacyéTa TRAEKTOpHI © po3eirpeillen. Mpu 3T0M COBMECTHD
pewakTcA 5 ypaHerui (Ha X, %, 3 BTOpeX MOMEHTE).

T max = |1E+100| Anr. = 9,85341E93 Tay

T min = [1000 Awr.= 0,000985341 Tay  [# OK=her s ray Puc. 2.3 CDOpMa IJIA 3aaHUA 11apaMCTPOB
WA max- o004 1) MHOT'OKPaTHOI'O PACCESHUSL.
MC_max = W [VZ]

¥ Poatirpeiw npu npeesitleHkn M_max

IV CoBMECTHEIA PO3EITALIL NPH MPEELILLEHUA 0AHOMD 3 BTOPLIX MOMEHTOR 3I[eCL SaHa‘}OTCﬂ HOPOFOBBIe 3HaquHﬂ BTO_
BTopble MOMEHThI pacHTLIBAKTCA CO pLIX MOMeHTOB, HHI/IHI)I Tmln I/I Tmax R a TaK)I(e

At L L Pac4ET ¢ po3EIpEIIen

KX = HH(R] '_ : s = Unsix,
P s | BBIOMPAETCS MOJIENb MHOTOKPATHOTO paccest-
Le = In(Z*mec2*B2*Y2 / | )-B2 = Pemarts 5 yp-Hufi Ge3 po3kIrphIma .

= 20,105956838644 Hus SM (U XX O) nmm PST.

Lnuc! [2°In{183/22+(1/3))] = 8 559600752606 Ormenn

Diffuz ()= De {x) + Dn (x)

=10l
x(t) 04
V() 03
= 0s
02
02

o
>

o

o

3
3

=%
=N
B2
e
)
a o
7 =

En oB (L) L

E sB/A (b))
Ock Y: ¥ Auto
vin=[-0,3575400 02
Wex= |0 3978400 028

j

03
Ock X: W Auto ’
win= [0,08731272 0.3
Wax= |0,16268727 04 T T T T T T T T
002 0,1 o 012 0,13 0,14 015 0,16
o X (t) /ax
N YECTHLY & HOMEREMI xp e 1 (=0} | Xaw= 1.00000000000000E-D001 | Vee= 3.00000000000000E-0001
nnagcex oOT(0 gofo

JAnA cnaa no myBuHe (o yanam)
ana seex ot [0 oo 3989

[ Moxwsams gexenamposare
[~ OK= myfrma b Anr /'ray’

[~ Brigemure spifiparmyso Tp-to. [ Tpademcs Excel
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Puc. 2.4 OxkHO rpaduueckoro npeacTaBiIeHUs pe3yJbTaTOB pacyéTa TPAeKTOPUI.
Jlna mpumepa nokazaHa (a3oBasi TpaeKTOpHs NOA0apbEePHON YaCTHIIbI, BHIYUCIICH-
Has 1o moaenu XV.

A Pacnpe ieneH1a No NONepeyHbIM CKOPOCTAM H KOOD AHHATAH ... [ ] P23}
> [WCTOrpamma no CKopocTAM 200
2 cTpoutca ¢ paspeluennen dv 20
S ANA BCEX BOIMONKHBIL
= ckopocTed Ha 334aHHOA 360
E myBure T 340
g o1 320
S AV=|0 200
=
4 280
=
] 260
H 240
=
H Mo = 10000
g ™ Hopmupoears Ha o _
g = 200
S PacuEr kon-ea. 4acTuy co < m
@ | CKOPOETAMM %OT - Yoo Ha 150
=S | 2ananHoR rnybune T
2 140
s Y QT 0,00 120
£ O (1,00 e
8 Ao . an
o
=l [= | 299 &0
g = 40
S 20
=
I— 0 b " T T T T T T f " *
Coybuna. war= |100 5 ) 3 2 El o 1 2 3 4 5
i)
Mo yana = [0 4| »r | i
0may JNA HECTHLL © HOMERSMM Oc ¥: [v futo OceX: [V Auto
anaBcex OT(0 4o (9988 w
min= IEI min= |-5,3594435
0 AHr Anacnoano mySuHE (No ysnan Q/
* ana scex o7 [0 L] max:ldDD mak= |5 04055647 X

Puc. 2.5 OxnHo pacuéra U rpa@uueckoro MpeacTaBIeHUs] TPOCTPAHCTBEHHOTO U
YTJIOBOTO pacnpeneneHuil. s npumepa mokasaH rpa@uk HayaiabHOTO pacrpese-
JIEHUS YaCTHI] MO MONEPEYHBIM CKOPOCTSIM.

4 DEKAHANHPOBAHKE - BCE YaCTHLbI ;lglil

DYHKLUR GEKaHANUPORIRLA RO 2RyEUHE

1100

1050

1000

= Xpex]
o
&
=]

S00

]

800

750

700

Nper, it [Kox-ro yacTm ¢ X

650

600

550 T T T T T T
o 200 000 400 000 BO0 000 800 000 1000 000
rayGuHa, AHT.

AnadacTry c Ne |0 na He (9999 ¥ AHriTay

[~ Aek. 4acTHUE BrIBkIESRT " HuxoA N0 KOOpAMHATAH I
[~ HopmWpoBaTS Ha KOAMMECT B0 YacTiy ( No = 10000 )
Brixoa no nonepeyn. 3Hepr.| 100%

MADWEAE ABKEHANMPOEaHMA = 71833 &g

OpHEHTAUMOHHAS 38BUCHMOCTE 333> | x

Mo Boaft myGiHE EbiBbEa0T 0 YacTHL,

Puc. 2.6 Monaynb pacuéra pyHKINN JeKaHATUPOBAHUS 10 MOJEIN KPUTUUECKOTO
IpUOTKEHUSI.
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Al OpreHTauMoHHAs 3aBHCHMOCTE (=] 3]

- 0.000 | 6334
.
‘ 150 | Puc. 2.7 Monayns pacuéra opueHTa-
35000 530 } P o
] 0350 | 3704D IIMOHHOUN 3aBHUCHUMOCTH.
e \ 0300 | 20047
o : .| 500 | 5253 OpueHTaMOHHYIO 3aBHCHUMOCTbD
: ,
. MOYHO CTPOUTH MO MOJEIN KpUTHYE-
" o CKOro MpUOJMKEHUSI U METOJIOM OT-
s P e Oopa 1o MoTePsIM PHEPIUH.
] EcTh BO3MOXHOCTH IPOCIEIAUTH W3-
YTOM BIETA, TRAK,

ETTEETT— MEHEHHE BMJa 3aBUCHMOCTH C TIIy-
Ilﬂﬂﬂ _ teym=f ([ GHHOIA.

0,3 tay _—
[~ 0K =nodEddl 483 74842240641 Axr _
[~ OK = CuiraTe ToAKO Ha 3Tai FyGiHe x

A 3neprus: BapranT N2 4; Yuér gamma, delta; roe:=(roe(x)+roe0?)/2 =101 x|

5 Pacuér noTepanHoi aHepruk o000 000
% ANA BCEX MACTHL NO BLel
rnyGiume 5 000 000

e [P Puc. 2.8 Oxkno pacuéra u rpadu-

o YECKOro MpPEACTaBJICHUSA IOTEPh
¥ p=ip+p07)/2 Ugauuuu
B b (@l oo DHEPruMu, CIEKTPOB U BBEIXOHOB,
Boco CBSI3AHHBIX C ITOTEPSIMHU DHEPIHUMU.

- Jlns mpumepa mpuBelieHbl Tpadu-
- KM  [OTepb  JHEPrudM  JUis
[T 301 nmporoHa c sHeprueit 450 ['>B

1) 100060000 20000‘0000 300060000 400060000 500 000 B (1 1 1) HHOCKOCTHOM KaHaﬂe HSO-

rayénna, Axr.
| 4= e e ) AnA $ACTHILE HOWEpaNIA Oco¥: [ Auto OcaX: [¥ Auto rHyTOrO KpI/ICTaHHa erMHH}[ .
[~ Ok = 3repna & oBiAHr. [ 3B OpMBHTALIOHHEA Ana gcex o0 Aofso ||l l”— e l”— v

3BMCMMOCTE Jina oA Mo Myl (o yanam)

ana soex ot [0 A0[690 | maw=[30286147 4 max=[502045339 X

| CneKTp No 3HeprHAM |Pacnp. no rnyGHHe |rm:|nlpanma noE | Pa

0

azx Pue. 2.9 OxHoO pacuéra u rpadu-
5 CREnEUEHHE ¥ B zBitr. 160

s e | YECKOr0 IIPEACTaBICHUSA THCTO-
m,— rPaMMBl  pacCIpEaeICHUs] YaCTHUILl
o 110 YIEIBHBIM MOTEPSIM DHEPTUU U

e orfeens pofi B | B o BBIXOJ0B, ITOJyYECHHBIX METOIOM
econmpsaaune 0 otbopa 1o morepsiM dHepruu. Jis
[IprMepa MOCTPOEHA TUCTOrpaMMa

'_ . pacopeaciacHus M0 yACJIbHBIM I10-
. B L TEPSIM JHEPIHMH IOTEPh DHEPTUU
nyuka u3 301 mpoToHa ¢ sHeprueu

dE cnort [3B] /AT cost [Anr]

e ST || [ O (e 450 I>B B (1 1 1) ILUIOCKOCTHOM
Ne yana = [350 _I‘ _Ib OpUEHTALMOHHEA and scex 0T [0 AD[300 | e ln— min= lnszBEﬁ o

350 Tay 3BMCMMOCTE JinA oA Mo Myl (N0 yanam)

254650708 759959 Anr Ans Boex mlo_ ADW max:lﬂsz— max:m X KaHaHe I/I3OFHYTOFO KpHCTaHHa
KpEeMHHUs Ha riryouHe 2.55 cMm.

a
=
= m

=
EHNES)
HNE]

r

<

OH = CiyGinna & Anr. /'Tay"

N (50 THYECTBY YACTHIL), 1rT
2

iz
I7 vauTbieaTh paspeweHye dE
r

Hopuupoeare He Random

m
o
2
b

|Cnemp N0 3HEPTHAM |Pacnp. no rnyGHHe | ucrorpaMMano E Pacwi
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+F AByMepHeie rpadukd dyHKW WA (NOTEPHLMAN, NPOH3E0AHBIE, MAOTHO —1al x|
Xor=|000 Fpacbux nomenyuana Ufx)

Xao= [1 4

War no X = |0.01 2
T = (00O 20

anal(xT]

Tpadux:

[ERT ) Puc. 2.10 Mogaynb rpadpuueckoro
Ipe/ICTaBlICHUs MMOTEHIMANa, dJIEK-

Mnowase Nog PEEEoM = 10

i TPOHHOU U SIIEPHOM INIOTHOCTEM,
‘ kod(ppunmerToB quddy3un.

0 01 02 03 04 05 0§ 07 03 03
x/ax

Mnockoere (111] ¢k =1, 1=0> MpuSnmrerie Monsep | Lnucl=2In[183/Z2"(1/3]]
i 1 2 3 4 5 |3 7 a

j | 00000 | 05774 | 05774 | 05774 | 0.4330 | 1.0104 | 1.0104 | 1.0104 || ax= 31356
. | 00000 | 0.3536 | 03538 | 0.0000 | 0.0000 | 0.3536 | -0.3536 | 0.0000 || ap= 3.8403
B U T) -» " dat | | 00000 | 0.2041 | 02041 | -0.4082 | 00000 | 0.2041 | 0.2041 | 04082 || az = 4.4344

e

JIucTuHr porpaMMsel IPUBEAEH B IPUIIOKEHUH.

2.5 JloCcTOBEpHOCTH Pe3yJIbTATOB

TouHocTh pacuéra obecrneunBanach CICAYIOUMMHI CPEACTBAMH:

1. OGe3pa3zmeprBaHue TUHAMUYECKHUX IMMEPEMEHHBIX, BXOIAIIMX B AuddepeHiu-
anbHbIe ypaBHEHUs IBIKeHUs. O0e3pa3MeprBaHie IPOBOAMIOCH TAKUM 00pa3oM,
YTOOBI XapaKTepHbIE WHTEPBaJIbl M3MEHEHUS JUHAMHUYECKUX TMEPEMEHHBIX OBbLIN
NOpAJIKa €IMHHULIBI.

2. Uucno wieHoB pasnokenus (7,) B pan Oypbe 1 moTeHIraia u kodpduimenta
mubdy3un mondupanock TakuMm o0pa3oM, YTOOBI BUJ yKa3aHHBIX (YHKIMHA, a
TaKKe EPBOM M BTOPOM IPOU3BOAHBIX MOTEHIIMANA HE 3aBUCENH OT 1,. B pacuérax
n, = 40.

3. JlnuHa mara peiieHust BbIOMpanach Tak, YTOOBI BBITIONHSJICS 3aKOH COXPAHEHHUS

SHEPruu JJisl 1010aphEePHON YaCTHUIIHI.

Ha navanpHOM dTane pa3paboTKH MpOTrpaMMEbl TIEPBBIE PE3YIbTAaThl CPABHU-
BAJIUCh C pe3yJIbTaTaMH, MOJYYCHHBIMH C IOMOIINBI0 MaTEeMaTHYECKOTO ITaKeTa
Maple 8 xommanuu Waterloo Maple Inc.

B pesynbrate obe3pa3zpasmMepuBaHusl IEPEMEHHBIE CTAHOBSITCS OIHOTO IO-
psaka. CaM YHCIICHHBIA METOl, HCIIOJIb3YEMbIH JIJIsl PEIICHUS] YPaBHCHUS JBHKE-
HHSI, YaCTO MPUMEHSIETCS ISl MOJCIIMPOBAHUS PA3IHUHBIX (PU3UIECKUX MPOLIECCOB

)41 O6Haﬂa€T OONBIION TOYHOCTHIO. 3,ZICCB HCO6XOI[I/IMO OTMCTHUTDL, YTO TOYHOCTB
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pEILICHMs 3aBUCHUT OT BEJIMYMHBI 11ara peuenus. Tak, metonom noadopa, ObuIo yc-
TAHOBJICHO, YTO NpH Iare pemieHus, paHoMm 1/500 6e3pazmepHoil riyOUHBI, TO-
JY4arTCs XOpOIIME pPe3yJbTaThl, HO B pacy€rax Mbl 3aJaBajid Ilar, PaBHBIM
1/1000 6e3pazmepHoit Tiyounsl. [Ipu mombope BeTWYUHBI 1Iara MpoBEPsIOCh CO-
XpaHEHHE 3aKOHA COXPAHEHMS SHEPTUM IS M0J10apbhbepHON YaCcTULIBI IPU pacuére
0e3 MHOrokpaTHOro paccesinus (cM. puc.2.4). Takxke CBOIO poJib B TOYHOCTh pe-
IIEHUS BHOCUT YKCJIO YIEHOB 7, pa3liokeHusa B psia Dypbe s MOTEHIMaNa U
dbopm-hakTopa 3JIEKTPOHHOM TUIOTHOCTU. BBUIO ycTaHOBIEHO, 4TO Tipu 71, = 20
BU/JI MIOTEHLIMAJA YK€ HE 3aBUCHUT OT M, , T.€. BO3SMOYKHO BECTH Pacy€T 1Mo MOJAEIN
XV, npu n,=30 0T n, nepecTaroT 3aBUCETh TAKXKE BUJ TIEPBOM U BTOPOIl MPOMU3-
BOJHBIX MOTEHIMANA, IPA 3TOM MOXHO paccuuThiBaTh 1o moxaenu PST. Jlns pac-

4€TOB MBI UCIIOJIB3yeM 7, = 40.
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I'JTABA 3. MOJAEJIUPOBAHUE ABUKEHUS BBICTPBIX
SAPAKEHHBIX YACTHUII B ITPAMBIX KPUCTAJIJIAX

B nanHOI rnmaBe paccMaTpuBaeTcs NPUMEHEHUE METOJa KOMIBIOTEPHOTO
MOJICTUPOBAHUS K OMUCAHUIO JBMXKCHHS OBICTPBIX 3apsHKEHHBIX YACTHUI[ B TNIOCKO-
CTHBIX KaHajax MpSMbIX KpUCTALIOB. C MOMOIIBI0 KOMIIBIOTEPHOTO MOJAEIHPOBA-
HUS UCCIIEAYETCS CIEKTP MOTEPb YHEPTUU OBICTPHIX 3apsHKEHHBIX YacTHII, a TAKKe
BBIXOJ] YacTHI] (JIEKaHAIUPOBAHUE), PACCUUTAHHBIN METOJIOM OTOOpa MO MOTEPsM
sHepruu. [Ipon3BoAUTCS CpaBHEHUE BBIXOJOB PEISTUBUCTCKUX MPOTOHOB U MOHOB
renus ¢ sHeprusamu 14 MaB u 14 I'3B U3 1m10CKOCTHBIX KaHAJIOB KPUCTAJUIOB Tep-
MaHHSI U KPEMHUS, OJIYYEHHBIX 110 CTaHAAPTHON Mojenu u no moaenu PST. [lns
BBISICHCHUSI IPUYMH PACXO0KJACHUS BBIXOJOB, PACCUMTAHHBIX MO CTaHAAPTHOU MO-
nemu u monenu PST, mpuBopsTcs rpaduky TpaeKTOpHii M BTOPHIX MOMEHTOB
GbyHKUUU pacripefiesieHust A PeNATUBUCTCKUX U HEPEJSITUBUCTCKUX 3apsHKEHHBIX
yacTull. Takxe, UCCIETYIOTCS MJIOCKOCTHBIE KOJIEOaHUSI MOHOB TEusl ¢ SHEPruen
2 M5B B (110) nmnockocTHOM KaHalle KpUCTAJIJIa KPEMHUSI U CTPOUTCSI OPUEHTALIH-
OHHas 3aBUCUMOCTb. Kpome Toro, ¢ 1esiapto J1eMOHCTPAllMM BO3MOMXHOCTH CO3/1aH-
HOUM KOMITHIOTEPHOU TIPOrpaMMbl pabOTaTh ¢ OTPUIIATEIHHO 3apSXKEHHBIMU YaCTHU-
aMH, MPUBOAATCS rpaduKH MOTEHIMATa M TPACKTOPUM IJii aHTUIPOTOHOB C
sHeprueit 15 B B (100) miockocTHOM KaHalle KpucTajia repManus. Takxke, uc-
CIIETyIOTCS OCOOCHHOCTH JBMKEHUS OBICTPHIX 3apsDKCHHBIX YAaCTHIl B DJICKTpUYE-
CKOM MOJie MEePEeX0JHOM 00JacTH OCh-IUIOCKOCTh. IIpuBoasTCs TpéxmepHble rpa-
(GUKH TMOTEHITNAJIOB, B CIydYasx JABWKCHUS OBICTPOU 3apsHKEHHON YacTHUIIBI B TUIO-
ckoctHoM KaHasie (100) moa HeOOMBIIMM YIJIOM K aToMHOM 1enouke <010> u npu
JBYX Pa3JMYHBIX YIJIAX OTHOCUTEIBbHO aTOMHOM nemnouyku <011>. IToka3ansl Tpa-
€KTOPUH, TPOCTPAHCTBEHHBIC U YTJIOBBIE PACIPEACIICHUSI YaCTHUIl B ATUX CIIyYasXx.
3nech HEOOXOIUMO OTMETUTh, YTO HECMOTPS Ha BUJI MOTEHIIMAJA MEPEXOTHON 00-
JACTH U MOKa3aHHbIE UCKAKEHUSI TPAEKTOPHil, B YCIOBHIX HKCIIEPUMEHTOB, 00pa-
OOTaHHBIX C MOMOIIBIO CO3JAHHONW KOMITBIOTEPHON MPOTPaMMBI BIIMSIHHE Tepe-

XOJHOHU 00J1aCTH OKa3bIBAETCS HE3HAYUTEILHBIM.
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3.1. UccaeaoBaHue MJIOCKOCTHBIX KOJIE€0AHUN

Uccnenosanne 3¢ dexra MIOCKOCTHBIX KOJEOAHHM OBICTPBHIX 3apsHKEHHBIX
YaCcTHIl B KpUCTaJIaxX SIBJSETCS aKTyaldbHOM 3amaudeid. Jlanubiil 3pdekT npumeHs-
eTCsl JUIsl ONPENIENICHUs] MECTOMOJIOKEHUS aTOMOB MpPHUMECEN B KpHUCTauiax (cM.,
Harpumep [14,16]). B pabore [14] uccnenoBayics crekTp oOpaTHOTO paccestHus
noHoB He' 171 ompesienieHNs MECTONONOKEHHH aTOMOB MPHMECH BUCMYTA B KPH-
craine KpeMuus. Ilydox noHOB He' HampaBnsncs Ha KpPUCTaal KPEMHHUS TOJ He-
oonpmiuM yrioM A6 x kpuctammorpaduueckoir ocu (puc. 3.1). Ilpoxons uyepes

KPHCTAJLI, YaCTh YaCTHUI] paccenBaiach (pe3epPopaoBcKoe 00paTHOE paccesHue).

Random .

| TeTeKTOp 0
% 400

OTCHYETLI

1
150 200

; Kpreramm Si 0
HoMep kaHana

Puc. 3.1. Cxema sKcriepuMeHTa U TOJYYECHHbIE CIIEKTPbl: MOHBI T'eIHsl HaIlpaB-
msoTes mox yriom Af = 7° k ocu <011> B miockoctHOM Hampasiernn (100) mox
HEOOJBIIMMU yIJIaMU K IUIOCKOCTH, OOpPAaTHOE paccesHUe OIpenessieTcsl ¢ MOMOo-
IIbI0 JIETEKTOpa. B MOJy4YeHHOM € MOMOUIBIO JIETEKTOpa CIEKTPE MOYKHO BHJIETH
IUIOCKOCTHBIE KOJI€OaHUs, BUA KOTOPHIX 3aBUCHUT OT yria BJIETA YAaCTHUI[ MO OTHO-
HICHUIO K MIOCKOCTH. CHEKTphl HyMEPYIOTCS B MOPSAKE YBEIWYCHHS YIJia OTHO-
CHTEIBHO IUIOCKOCTH (cmekTp “1”  cootBerctByer yrimy ¥=-0.086°, “2”-
¥ ~0.134° “37- ¥~ (.183°, “4”- ¥~ 0.252%). Cnextp, 0603HaueHusI “Random”
COOTBETCTBYET OOJILLIOMY YTJy K IJIOCKOCTH.

N3BecTHO, 4YTO KOJeOaHUs B CIIEKTPE OOPATHOTO pacCesHUs CBSI3aHbI C KO-
nebaHUsAMM YacTUIl B KaHajax KpucTtamia. Yactuia, npu JBUKEHUU B KaHalle, CO-
BepIIaeT KoueOaHus MEXy “CTeHKaMH’ KaHalla, IJie BEPOATHOCTh PacCesHUA Yac-
TULIBl MaKCUMaJbHasl, a TaKK€ 3TH MECTa XapaKTePU3YIOTCs MOBBIIMICHHOW JIeK-
TPOHHOU TUIOTHOCTHIO. [lodTOMY KOJNEOaHMsI B CIEKTpe OOpaTHOTO paccesHUs

MOJKHO CBSI3aThb M C KOJcOaHUSIMU B CIICKTPC IIOTCPb OSHCPIrHMU HaA 3JICKTPOHAX.
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O‘-ICBI/II[HO, 4TO XApPaKTCPp ABHUIKCHUA 6I)ICTpBIX 3apPsKCHHBIX 4aCTUIl B KaHaJIaX 3a-

BUCHUT OT MX yTJjia BIETa OTHOCUTENIBHO MIIOCKOCTHOTO HarpaBieHus (puc. 3.2).

—1.2
600 |

—0.3

400

» l' "M*HM*'MMW“

|

I

O 1 1 1 1 )
0 0,1 0,2 0,3 0,4 0,5

rnyébmHa, MKM

Puc. 3.2. T'paduku Bbix010B 2 M3B HOHOB renusi, BIETAIOIMMX MO YIJIOM
AO=7"k ocu <011> B mnockocTHOM Hanpasieruu (100) mox yrmamu ¥ =0°,
0.3°, 1.2° otHOCHTENBHO aToMHO# mIockocTH (110) ¢ yrioBoii pacxoaumo-
ctbio 0.05°. Pacuérsl mposoamuck i 1000 noHos renms mo nporpamme PST.
VYcnoBue po3birpaima T, = 0.01 mxm. JlekaHanupoBaHUE pacCUUTHIBATIOCH Me-
TOJOM OTOOpA MO MOTEPSAM SHEPIHH, IOPOTrOBOE 3HAUCHHE

(AE/AL) = 242 x3B/mxwMm. TlpencraieHHbie Tpa@uKu BEIXOI0B PACCUUTAHbI
npu pazpenieHuu no riryoune 0.0162 mxm. BepTukaibHOM MyHKTUPHOMN JTMHUEH
MOKa3aHa rpaHulla MHTEPBaJIa, B Mpeiesiax KOTOPOro paCCUUThIBANIACh OPHEHTA-
LMOHHAs 3aBUCUMOCTb, IIPEACTaBIEHHas puc. 3.3.

¥ = 0° cOOTBETCTBYET TOUHOI OPUEHTALHH IIydYKa B INIOCKOCTHOM KaHAIIe
(110): aTOT cnyyail COOTBETCTBYET MUHUMAJIbHBIM YAEIbHBIM MOTEPSM SHEPTUU
KaHAJIMPOBAHHBIX YACTHUIl U OMPEACIACT Yy - TAK HA3bIBAEMbIN, MUHUMAJIbHBIN
BbIXOA1. ITy4ok, Hanpasiaennsli mo ¥ = 0.3" nmeer HauGOIBIINE yACTbHBIC ITO-
TE€PU U COOTBETCTBYET “IJieyaM’ OPUCHTAIMOHHON 3aBUCUMOCTH (KPUTHYECKUIA
yron kanamuposanus ¥ = 0.27°). Hanpasienne myuka ¥ = 1.2° cootBercTByeT
Xa0TUYECKOMY (HEKaHAIIMPOBAHHOMY) HarpaBieHuto. lIpeBbillieHne BbIXOAA
COOTBETCTBYIOIIETO 3HAYEHUS ISl XaoTH4ecKoro (“paHioMHOro"”) HampaBiaeHUs
CBSI3aHO C KaHAJIMPOBAHHBIMU YACTUIIAMH, JABMXKYITUMUCS B 00JIACTH MOBBIIICH-
HOM 3JIEKTPOHHOM TIOTHOCTU. OTMETUM, UTO B padote [17] ObuIO BriepBbIE KC-
NEPUMEHTAIBHO IMOKA3aHO, YTO MOTEPH 3HEPIHMU B OCLMLISALUAX MPEBBILIAIOT

pPaHAOMHEIC.
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OpHeHTalMOHHAs 3aBUCUMOCTh CTPOUTCA KaK 3aBUCUMOCTh IUIOLIAAM IOJ
rpaukoM HOPMHPOBAHHOT'O BbIXoAa OT yria ¥. HopMupoBaHue npou3BOANUTCS Ha
o e mox rpadukom Beixoxa mpu yrime ¥ = 1.2°. ITpu 3ToM Hac HHTepecyer
IUIOIIA]Ib, paccunTaHHas 10 riayouHs! 0.05 MKM, T.K. 3Ta rIyOMHA COOTBETCTBYET

YCTBCPTH IICpUOJAa IIIIOCKOCTHBIX KOJICOaHM.
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Yron k nnockoctu (110), rpaa.

Puc. 3.3. OpueHTanmoHHbIE 3aBUCUMOCTH IS HOHOB reiius ¢ sHeprued 2 MaB B
(110) mmockocTHOM KaHalle Kpuctaiia kpeMuus. [IpencraBieHHbIe OpUEHTAIIUOH-
HBIE€ 3aBUCUMOCTH MOCTPOEHBI MO pe3ysibTaram pacy€ToB 24 myudkoB mo 1000 uo-
HOB TeJHs, BICTAIONMX B KpHcTamt mox yriaamu ot 0 10 0.6° ¢ yriaosoit pacxou-
moctbio 0.05°. YcoBHsS pO3BITpHINIA M [IOPOrOBOE 3HAYCHHE YACHBHBIX MOTEPh
SHEPIuM Kak Ha puc. 3.2. Ha pucyHke npou3BOIUTCA CPAaBHEHUE OPUEHTALIMOHHBIX
3aBUCUMOCTEM, PACCUUTAHHBIX IO MOJEISAM JAEKAHAIMPOBAHUS, CBA3aHHBIMU C OT-
OopamMu MO TOTEPSIMU HPHEPTUU U MO TOMEPEYHBIM KOOPAUHATAM C DKCIEPUMEH-
TaJIbHBIMH JIAaHHBIMHU.

Ha puc. 3.2 BUgHO, YTO MIOCKOCTHBIE KOJIEOAHMS 3aTyXalOT C TIIyOMHOM,
YTO MOXHO OOBSCHUTH YCTAHOBJICHUEM JIBUYKEHUS OBICTPBIX 3apsKEHHBIX YaCTHUIL
B KaHajax Kpucramia. ['myOnHa, Ha KOTOPOW 3aTyXarOT IUIOCKOCTHBIE KOJIeOaHUs

COCTABJISCT MOPSJIKA ABYX IMEPHUOIOB KOJIOAHUM YaCTHUIIBI B KaHAJIC.
3.2. UcciienoBanue 1eKAHAJUPOBAHUSA PEJSITUBUCTCKUX YaCTHI

B paborte [25] coobmanocs 00 00HApYKEHNH YMEHBIIICHUSI CKOPOCTH JIEKa-
HAJTMPOBAHUS TTOJIOKUTENHHO 3aPSHKEHHBIX PENIATUBUCTCKUX YACTHUIl U3 TUIOCKOCT-

HBIX W OCCBBIX KaHAJIOB KPHUCTAJJIOB KPEMHUA W I'CPpMaHU. I[O HACTOAIICTO BpE-
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MeHH AaHHbIN 3¢ dekT He ObuT 00bsicHEH. B pamkax monmenu PST yuér BnusHus
NOTEHIMaJIa YMEHbIIaeT (IYKTyallMd YacTUIbI 1O TOMEpPeYHOM KOOpJIHUHATE U
CKOPOCTHU TPHU PENSTUBUCTCKUX HSHEPTUAX, YTO MPUBOAUT K YMEHBIICHUIO UHTEH-
CUBHOCTH MHOTOKPATHOT'O PACCESIHUS IO CPAaBHEHUIO CO CTAHIAPTHON MOJIENBIO, U,
CJIeI0BaTEIbHO, YMEHBIIACTCS TakXKe M JAeKaHadupoBaHue. Takxe HW3BECTHO, YTO
CTaHJAapTHAasl MOJEJIb XOPOIIO ONMUCHIBAET 3KCIEPUMEHTAIbHBIE JaHHBIE ISl He-
oonbimx (~M»aB) anepruit [6].

JlexananupoBaHue OyJleM pacCUUTHIBATH METOAOM OTOOpa MO MOTEepsM
3HEepruu. PaccMOTpuM MpUMEHEHUE ITOr0 METo/a 0TOOpa UIsl MPOTOHOB C 3HEP-
rueit 15 1mB B (100) muiockocTHOM KaHayle Kpucrtauia repmanus. Ha puc. 3.4
IpeCTaBlieHa THCTOrpaMMa pe3ybTaTOB pacyéra pacupenesieHuss Mo yAEIbHbIM

notepsm sHeprun 1000 mpotoHoB ¢ sHeprueit 15 I'9B Ha rinyoune 0.4 mwm.

200 }
150 }
Z 100 }

50 |

O 1 1 1
0,5 0,6 0,7 0,8 0,9 1 11 1,2
AE/AL, kaB/Mkm

Puc. 3.4. T'ucrorpamma pe3yibTaToB pacyéra pacnpeiesieHus N0 yAeIbHbIM I10-
tepsim sHepruu 1000 mpotonoB ¢ sueprueit 15 I'9B na rmybune 0.4 mm B (100)
IUIOCKOCTHOM KaHaJIe KpHUCTajula F€PMaHUs, PAaCCUUTAHHAS C Pa3pelICHUEM I10
sHepruun 0.04 kaB/MkM. B cTpykType criekTpa MOXHO BBIJICIIUTDH JBA MMHKA: JIEBBIN
npu 0.55 k3B/MKM CBf3aH C KaHaJIMpPOBAaHHBIMU YaCTHIIAMM, TPABbIA mpu
0.9 xaB/MKkM — ¢ [exkaHadMpoBaHHBIMU yacTHIlaMH. [loporoBoe 3HaueHUE
(AE/AL); =0.0855 xaB/MKkM 0003Hau€HO BEPTUKAIBHOW JIMHHEH. YKa3zaHHOE
3HaueHue (AE/AL);; HallleHO KaK 3HaYEHUE yAEIbHBIX MOTEPh IHEPTUU BO BTOPOM
nuke, yMHOkeHHoe Ha 0.95. Uuciio nekaHanupoBaHHBIX YaCTHI] ONPEEsIeTCs KaK
IUIOLIAAb MOJT BTOPHIM MTMKOM (3aKpallieHHas 00J1acTh).

I'padux oTHOCUTENBHOTO BbIXOAA (pHC. 3.5) CTPOUTCS Kak 3aBUCUMOCTb J0-

JIM ACKaHAJIMPOBAHHBIX YaCTHUIL OT FJIY6I/IHI)I IMPOHNKHOBCHUA B KPpUCTAJII. I[J'If[ 9TO-
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T'O paCCUUTHIBACTCA TIOIIA/JIb I1IOA BTOPBIM ITMKOM B THUCTOI'paMMC CpCI[HCﬁ CKOpO-

CTH IIOTCPb DOHCPIUU HaA I‘JIY6I/IH3X, KpaTHBIX 3a/ITaHHOMY PAa3pPCHICHUIO.

08 r

N/No

O 1 1 1 1
0 0,1 0,2 0,3 04
rnyobmnHa, mMm

Puc. 3.5. I'paduku otHOCHTENBHBIX BbIX0/10B 1000 mpoToHOB ¢ 3HEeprueit 15 ['2B
B (100) mI0CKOCTHOM KaHajie KpUCTalljla TepMaHusl, paCCUMTAHHbIE MPU pa3peliie-
HUU 110 TIyoune 15 mxm mo mozensim SM u PST. Beixossl paccYuThIBAIUCH METO-
JIOM 0TOOpa 10 MOTEPSIM YHEPTHUH.

Ha puc. 3.6 npencraBieHsl rpaduku BBIXOJOB MOHOB TENUS C DHEPTHUSAMU

14 MaB u 14 I'3B, paccuntannsie o moaensiMm SM u PST.

03

N/No

—SM

01
—PST

T T
Puc. 3.6. I'paduikyu OTHOCUTEIBHBIX BBIXOJOB MOHOB resusi ¢ 3Heprusimu 14 ['B
(;eBbrit Tpaduk) u 14 MaB B (110) MIOCKOCTHOM KaHajie KpUCTaia KPEeMHUS,
paccuutanusle o MozensiM SM u PST. 'myOuna npezacrasieHa B 6e€3pa3MepHbIX
€IMHMIIAX, COOTBETCTBYIOIIMX MEPUOAY IUIOCKOCTHBIX Kojebanuil. Boixonbl pac-
CUUTBIBAJIUCH METOAOM OTOOpA MO MOTEPSIM SHEPTUU.

B xone cpaBHEHUs JaHHBIX, MTOJYYEHHBIX ¢ moMoibio Mojaeneit PST u SM,
OBLIIO YCTAaHOBJIEHO, YTO JIJIsi HU3KUX 3Hepruit (M»aB) 3Hauenus Beixoq0B 1o PST u
SM 6nu3kH, a g OOJIBIIUX YHEPTHM BBIXOA MO0 SM UAET BHIIIE, YTO HE COOTBET-

CTBYET SKCIEPUMEHTAJIbHBIM JaHHbIM. Takxke Obulo oOHapykeHo, uTo s ['HB-
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DHEPruil KOJUYECTBO AKTOB MHOTOKpPATHOro paccessHus no moaenu PST meHsblue,

gyeM 1o mojenu SM (cm. puc.3.6).
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Puc. 3.7. ['paduxu TpaeKTOpHil U BTOPHIX MOMEHTOB, Ui OJHOTO MPOTOHA TIO
mozaenu PST (BbiaeneHHas JUHUS) U OAHOTO MPOTOHA MO Mojaenu SM ¢ sHepruei
450 I'>B B (100) muiockocTHOM KaHaJle KpUCTala KPEMHUS, TPU HAYaJIbHBIX YCIIO-
Bus x/a, = 0.1, V,=0 (neBwie rpaduku), u aias 100 M»>B nporonos B (110) mo-
CKOCTHOM KaHajle KpucTajlla KpeMHus, ripu x/a, = 0.24, V, = 0.

Jlist HanOapbepHBIX TPACKTOPUN PA3NHUUSA MO YUCITY PO3BITPHIINICH MEXIY
pe3ynbTatamu, nosydeHHbIMH 1o MozessiM PST u SM, oTcyTCTBYIOT npu yriax
BJIETAa YACTHUIIBI MHOTO OOJBIINX KPUTUYECKOTO yIyia KaHanupoBaHus Jlunaxapna

¥, (puc. 3.8).
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Puc. 3.8. ['paduxu TpaekTopuil U BTOPHIX MOMEHTOB, JUIsi OAHOTO MPOTOHA TI0
mozaenu PST (BbiaeneHHas JUHUS) U OAHOTO MPOTOHA MO Monaenu SM ¢ sHepruen
450 I'>B B (100) miiockocTHOM KaHajle KpUCTa/Ia KPEMHUS, TPU HAYAJIbHBIX YCIIO-
Bus x/a, = 0.1, V., =9 (aeBsie rpaduxu), u ans 100 MaB mporonos B (110) mo-
CKOCTHOM KaHaJjie KpucTayuia KpeMHuus, ipu x/a, = 0.24, V, = 9.

3.3. /IBH:KeHHE OTPULATEIbHO 3aPSIKEHHBIX YaCTHIL

JI1s oTpULIaTeNbHO 3apSYKEHHBIX YaCTHULL TIOTEHIMAN B3aUMOIEUCTBUS UMEET
BHJI, NIPEACTABICHHbIA HA puc. 3.9. Ilpyn 3TOM moTeHuuManpHas siMa JUIsl OTPULIA-
TEIbHO 3apsKEHHBIX YACTHUL HAXOAMUTCS B OOJIACTH PACIOJIOKEHHMS sIep aTOMOB
KpPHUCTAJUIA, a paclpeesieHue 3JIEKTPOHHOM IIIOTHOCTU U KO3 ULUEeHTh AU Py-
3WM, OTBETCTBEHHBIE 3a PACCESTHUE OCTAIOTCSI TAKUMH XKe, KaK B CIydae JBHKCHUS
IIOJIOYKUATEIIBHO 3apsDKEHHBIX YacTull. M3 4ero MOXHO caenaTh BBIBOJ, YTO IS
no0apbepHON (KaHAIMPOBAHHOM) OTPULIATENBHO 3apsDKEHHOM 4YacTHIbl MHTEH-
CHUBHOCTb MHOTOKPATHOT'O paccesHus OyAeT Oonblle, yeM Julsd Haa0apbepHOU dac-

THIIBI, YTO MOXKHO BUJIETh Ha puc. 3.10, re mpeacTaBieHbl TPaeKTOPUHU MOAOAph-
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epHOM M HajgdapbepHOM dYacTull, paccuuTaHHble 1mo mojenu PST. Takxke Ha
puc. 3.10 MOXXHO BHJIETh, YTO TOTEPU SHEPIUM MOJ0APHEPHON OTPUIIATENILHO 3a-

PSOPKEHHOM YacTUIlbl OO0JIbIIE, YeM JIJIsl Ha0aphepHOil.
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Puc. 3.9. Ilorenuman miuockoctHoro kanana (100) kpucramna repmaHus Uil aH-
TUIIPOTOHOB, PACCUYMTAHHBIN B ipuOImxkeHusx Momwep u Joitns-Tépuepa.
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Puc. 3.10. ['paduku TpaekTopuii x(f), MONEPEUHBIX CKOPOCTEH V(f), MOTEPb HEP-
ruu U (a3oBble TPACKTOPUHM AaHTUNPOTOHOB ¢ 3Hepruit 15 I'3B B (100) mnockoct-
HOM KaHajle KpHCTajula TepMaHus. (s cpaBHEHHUS TPEICTaBJIICHBI TPACKTOPUHU
noadapbepHON (BBIJICIICHHAS JIMHMS) YacTHUIbI (HayajabHble yciaoBusa x/a, = 0.01,
v=0) u "HagbapbepHoui yactuibl (x/a,=0.01, v=1.5). M0oXHO 3aMeTUTh, YTO
YHUCJIO PO3BITPHINICH I T010aphepHON YaCTUIIBI HAMHOTO OOJIbINE, YeM JJI Ha-
OapbepHOI.
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3.4. UcciienoBanue BIMSHUS NEPEeXOTHOH 00JIaCTH 0Ch-TIJIOCKOCTh

[ToTennman nepexoAHOW 0O0JACTH OCH-IJIOCKOCTh OBLI TMOJyYEeH MpPH pPEIICHUU
YpaBHEHUS JBUKEHUS ObICTPOM 3apsyKEHHOM YacCTHUIbI B KPUCTAJJIE METOJJOM MHO-
ruX MacmTaboB, ¢ y4€TOM TOTO, YTO aTOMHAs IIOCKOCTh COCTaBJIEHA U3 aTOMHBIX
LernoYeK. bbll MojlydeH NOoTeHMal, COCTOAINNA U3 IBYX CIaraéMblX, OJHO U3 KO-
TOPBIX ONMUCBHIBAET B3aWMOJEHUCTBUE C ATOMHBIMU INIOCKOCTSMH, a APYIro€ - BIIWs-
HUE aTOMHBIX 1lenouek (cMm. 1.28, 2.5).

TpéxmepHbie Tpa@uku MOTEHIIMATIOB, B CIydyasX JBUXKEHUS OBICTpOH 3aps-
YKEHHOW JacTuIlbl B TIockocTHOM KaHase (100) moa HeGOabIM yTII0M K aTOMHON
nenoyke <010> u npu AByX pa3iWyHBIX Yriax OTHOCUTEIBHO aTOMHOW LEMOYKH
<011> npusenens! Ha puc. 3.11 -3.13. Ha puc. 3.11 BunHO, 4TO B Ciyyae IBHKE-
HUSL OBICTPOI 3apsSKEHHOM YaCTHUIIBI B MJIOCKOCTHOM KaHaJie MOJi HEOOJIBIITUM yT-
jgoM A6 k atomHoit ienouke <010> mposBiisieTcst TOIBKO MIIOCKOCTHON MOTEHIIHAIL.
N3 cpaBHenus puc. 3.12 u puc. 3.13 MOXKHO cenaTh BBIBOJ, UTO IIPU YBEIUYECHUU

yria A6 xonebaHus MOTEHITANA 110 TITyOHHE CTAaHOBSTCS 00Jiee YaCThIMHU.

Puc. 3.11. IloTeHuuan nepexogHON OOJACTH OCh-TUIOCKOCTh Jii MPOTOHOB B
rmIockocTHOM Hamnpasyienuu (100) npu yrie pazopueHtaiuu A6 > ¢ 1o OTHOIIIE-
HUIO K aToMHOM 1ienouke <010>. [To ocsiM OTIIOKEHBI: X/ax — oNepeyHasi KOOPIH-
HaTa, 1", — 6e3pa3mepHas riyouHa, U — BbICOTa MOTEHLIUATIBLHOTO Oapbepa.
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Puc. 3.12.  IloTeHuuan mepexogHON O0O0JAaCTH OCh-TUIOCKOCTh JJii MPOTOHOB B
miockoctHoM Hampasiienuu (100) npu yrie pazopuentauun A6 = 4.5-¢ 1o oTHO-
[ICHUIO K aTOMHOM 11enouke <011>.
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Puc. 3.13.  ITloreHnuan mepexogHONW 00JacCTH OCh-IUIOCKOCTH JAJIsi MPOTOHOB B
iockocTHOM Harpasienud (100) mpu yrie pazopuentaiuu A0 = 9-¢ 1o OTHO-
IICHUIO K aTOMHOM nenouke <011>.

Cyns mo npuBenEHHBIM BHIaM MOTEHIIMAJIOB, JB)KCHHUE KaHAJTUPOBAHHBIX
OBICTpBIX 3apspkeHHBIX yacTull B (100) MIOCKOCTHOM KaHaje KpucTauia MpHu 3a-
JTAHHOM 3HAYEHUU yTJIa pa3opueHTaruu Af 1Mo OTHOIIEHUIO K aTOMHBIM IIEMTOYKaM

<100> u <110> g0mXKHO OBITH CYIIECTBEHHO PA3JTMYHBIM.
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Jlns uccnenoBaHusl BIMSIHUS TEPEXOJHON 00JIACTH OCh-IIJIOCKOCTh OBbLIN
paccuutanbl Tpacktopuu 1000 mpotoHoB ¢ 3Heprueit 1 [9B B (100) miockocTHOM
KaHaJIe KpHUCTajUla KpeMHUsSl. YTOJ OTHOCUTeNbHO 1enodyek <010> u <011> 6but
AO=0.05°, uto coorBercTBYeT Af =~ 9-¢. TouKH BIéTA GBLIM PABHOMEPHO pacIpe-
nenensl B uHTepBaie 0 <x/a, <1, T.e 3acensioch 4 MIOCKOCTHBIX KaHalla, a More-

pEYHbIE  CKOPOCTH  OBUIM  PAaBHOMEPHO  pacOpelesieHbl B MHTEpBaJIe
2 < V. < V2,1e.B npeaeax KpUTHYECKOrO yIJia KaHauupoBaHus JInHaxapaa.

N3 puc. 3.14 u puc. 3.15 MOKXHO BHUIETh KaK MEPEPACHPEAECIAIOTCS 4acTH-

1], TIOCJIE TPOXOXKJIEHUS CJIosl KpucTauia 5.8 MKM. HacTh 4acTHl], OCTaBIIUXCS B

untepBaie 0 <x/a, <1 pacnperenuwiuch MO YETHIPEM IIOCKOCTHBIM KaHAJIAM.

MOXHO OTMETUTh HAJIMYKWE CHMMETPUU B PACHpPENEICHUSAX B CIy4yae IBUKECHUS
OTHOCHUTENBHO 1Henouku <010>.

100 f

—<010>

75 F —<011>

111
25

x / ax

Puc. 3.14. PacnpeneneHust 4acTHI IO HONEPEUYHBIM KOOPAUHATAM, I1OCIIE ITPOXO-
JKJICHUS CI0Sl KpUCTallIa, JyIMHOU 5.8 MkM. Pacnipenenenust paccuuTaHbl ¢ paspe-
mrenueM x/a, = 0.05.
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Puc. 3.15. PacnpeneneHust 4acTHI] IO HOMEPEUHBIM CKOPOCTSAM, MOCIIE MPOXOK-
JIEHUS CII0Sl KpHCTallIa, JUIMHOM 5.8 MKM. Pacnipenenenus paccuuTansl ¢ pa3pele-
Huem v = 0.2,

Ha puc. 3.16 u puc. 3.17 npoBoauTCsl CpaBHEHHE IPAPUKOB BBIXOJA MPOTO-

. . 0
HOB ¢ sHeprueit 1 B npu ux Biaére moa HebompmumM yriaom A6 = 0.05" orHOCH-
tenbHO 1enoyek <010> u <011>, paccuyuTaHHBIX METOAAMHU OTOOpa JIeKaHATIUPO-

BAaHHBIX YaCTHII I10 IIOIICPCYHBIM CKOPOCTAM H I10 IIOTCPAM DHCPIUH.

150
100

50 F —<010>

—<011>

rnyébmHa, MKM

Puc. 3.16. T'paduku BbIXOAOB YacTHII, PACCUUTAHHBIE METOAOM OTOOpa MO MOIIe-

peuHbIM cKopocTsM. ['paduku ObLTM paccuuTaHbl C pa3pelieHHEM IO TiayOuHe
3

5.8:10™ MKMm.
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Puc. 3.17. T'paduku BBIXOJIOB YaCTHULl, pACCUUTAHHBIE METOJIOM OTOOpa MO MOTe-
psM osHepruu. ['papuku ObUIM paccyuTaHbl C pa3pelieHueM MO0 TIyOHHe
5.8:10 mxM. [ToporoBoe 3HaueHHE TOTEPb SHEPTHH (AE/AL); = 0.4731 k3B/MKM.

PaccmoTpum neiicTBre nepexoHoi 00JacTH OCh-TUIOCKOCTh HAa TPAEKTOPUHU
npotoHoB ¢ 3Heprueil 1 [3B B (100) mIockoCTHOM KaHaje KpHUcTaljia KpeMHHUSI.
Ha puc. 3.18 noka3anbl rpaduky TpaeKTOPHil, TOMEPEYHBIX CKOPOCTEH U (Pa3oBBIX
TPAeKTOPU B CllydasiX OTCYTCTBHSI MEPEXOAHON 00JaCTH (IBUKEHUE OTHOCUTENb-
HO <010>) U mpy HampaBieHHH YacTHI Hox yriaoMm Af = 0.05° oTHOCHTENBHO Iie-
nouku <011>. 31ech MOXHO BHACTh HEOOJBIINE OTIWYHUS B rpaduKax TPaeKTo-
pHii, UCKaxeHHs rpauKOB MOMEPEUHBIX CKOpOocTel u (ha3oBbIX Tpaektopuid. [Ipu
MeHbIeM yriie Af otHocuTenbHO 1enouku <011> aeiicTBue nepexoHoi 0bIacTu
0onee 3ametHo. Ha puc. 3.19 npuBeaeHsl Tpa€KTOPUH NPOTOHOB ¢ 3Heprueit 1 ['5B
B (100) miaockoCTHOM KaHaje KpucTajla KPEMHHs, HAlpaBJICHHBIX MO YIJIOM

AO = 0.025° k aromuOii nernouke <011>.
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Puc. 3.18. I'paduku TpaekTopuil U MOMEPEUHBIX CKOPOCTEH, a Takke (Pa3oBBIX
Tpaektopuil g 10 npotoHoB ¢ sHepruerd 1 [3B B (100) miockocTHOM KaHaie
KPHCTAIIA KPEMHHMS, HAMPABIEHHBIX 1101 yrioM Af = 0.05° Kk aTOMHBIM IeoYKam
<010> (neBble rpaduku) u <011>. HavanbHbie yCIOBHS JJIs TOYEK U YIJIOB BIETA:
(0;-1.4), (0.11;-1.09), (0.22;-0.78), (0.33;-0.47), (0.44;-0.16), (0.56; 0.16),
(0.67;0.47), (0.78; 0.78), (0.88; 1.09), (1; 1.4).
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x [ ax

rnybmHa, MKM

Puc. 3.19. I'paduku tpaexrtopuii mis 10 mporonos ¢ sueprueit 1 I5B B (100)
IJIOCKOCTHOM KaHaJIe KPUCTANIa KPEMHHS, HalpaBJIeHHBIX 110]] yriom A6 = 0.025°
K aromHOM nenouke <011>. HavanbHble ycinoBus s TOYEK U YIJIOB BIIETA TAKUE
e, Kak Ha puc. 3.14.

Takum 00pa3oM, MOXKHO CIENaTh BBIBOJ, YTO HanbOoJee 3aMETHOE JIeHCTBUE
nepexoaHas 00JacTh OKa3bIBAaeT MpU HEOONbIIOM yriie Af K aTOMHOM IETOYKe,
OpU yBEIUYEHUU yria A6 yBeIudyMBaeTCs 4acToTa KoJieOaHWM MOTEHIuana Io
rIIyOuHE, a IeHCTBHE MEPEXOIHOM 001aCTH Ha TPAEKTOPUU YMEHbBIIIAETCH.

HecmoTpst Ha BuA moTeHIMaNa MepexoJHOW 00acTh M MOKa3aHHbIE HCKa-
KEHUS TPACKTOPHH, B YCIOBUSAX HKCIIEPUMEHTOB, 00paOOTaHHBIX C MOMOIIBIO CO3-
JAHHOM KOMIIBIOTEPHOM MPOrpamMMbl BIMSHUE NEPEXOAHON 00JaCTH OKa3bIBAETCS
He3HaunTeabHbIM. Hanpumep, Ha puc. 3.20 1mokasaHoO CpaBHEHUE OPHUEHTALIMOH-
HBIX 3aBUCUMOCTEH JJIsl MOHOB Tenus ¢ 3Heprueit 2 MaB B (110) mmockocTHOM Ka-
HaJle KpHCTaJlJla KPEMHUS Ul CIy4aeB HAIpPaBJICHHs Iy4Ka MOHOB IOJ yrjaMu

AO=7"=36¢ u AO=0.7"=3.6¢ x aToMHOIi nemouxe <011>,
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OTHOCUTenNbHbIN BbIXo4

0 1 1 1 1 1 J
0 0,1 0,2 0,3 0,4 0,5 0,6

Yron k nnockoctu (110), rpaga.

Puc. 3.20. OpueHTaunOHHBIE 3aBUCUMOCTH ISl HOHOB Tenusl ¢ 3Hepruen 2 M»>B
B (110) MIOCKOCTHOM KaHaJle KpHCTaIa KPEMHHs, HANPABJICHHBIX O yIIaMH 7'
u 0.7° k aTomHo#t nenouxe <011>. YCIOBHS PO3BIIPHIIA H CIIOCOO ONMPE/IeTeHNs
JNeKaHAIUPOBaHUs Kak Ha puc. 3.2.
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I''TABA 4. UCCJIEAOBAHUE BJIMSAHUA U3T'UBA HA TPAEKTOPUHN
JAPAKEHHBIX YACTHUIL B KAHAJIAX KPUCJIAJIJIOB

B nanHO# rnaBe paccMaTpUBAKOTCS BOIPOCHI IPUMEHEHHSI METO1a KOMITBIO-
TEPHOTO MOJEIUPOBAHMS JBUKEHHSI OBICTPBIX 3apsKEHHBIX YACTHIl B IIOCKOCT-
HBIX KaHaJlaX M30THYTHIX KpUCTaoB. [y y4ué€ra u3ruda mpuMeHsieTcsl MOJEIb
3¢ ($EeKTUBHOTO MOTEHIINANA C IIEHTPOOEKHON 100aBKOM, NEUCTBYIOIIEH Ha YacTH-
Iy B U30THYTOM KpHUCTaJIe, IpeaoKeHHast B padote [39] mis aHanusza A0JIU OT-
KJIOHEHHBIX U30THYTHIM KPUCTAJIOM YacTull. KpuBH3Ha, BXOAsIIas B BhIPAXKEHUE
JUTSL HEHTPOOEKHOW 100aBKH NOTEHIMAJIA HAXOAUTCS B paMKaxX TEOPUHU yHPYTroCTH
13 PEIICHUs] YPAaBHEHUSI pABHOBECHS JJIsl TOHKOM TimacTUHKH [40].

Takke paccMaTpUBaIOTCS OCOOEHHOCTH NMPUMEHEHUS METOAOB YuéTa JeKa-
HAJIMPOBAHMSI B ClTydyae M30THYTOTO Kpucramia. Tak, npu oToope AeKaHaIupOBaH-
HBIX YaCTHII 110 TOTEPSIM SHEPTUU HA AJIEKTPOHAX YUCIIO IEKAHATMPOBAHHBIX Yac-
TULl © THTEHCUBHOCTh LEHTPOOEKHOr0 JEKaHAJTUPOBAHUS OOJIbIIE, YEM ITPH METO-
Jax oTOOpa Mo MONepeyHbIM KOOPAMHATAM U CKOPOCTSIM.

JIJ1si KOMIIBIOTEPHOTO MOJETUPOBaHUs ObU1 BhIOpaH MpoBeAEHHBIN B 1993
rojly SKCHEPUMEHT MO OTKJIOHEHHIO MPOTOHOB ¢ 3Hepruei 450 I'3B uzornyTthiMm
Kpuctayiiom kKpeMHus [4]. Ilo pe3yibratam yKa3aHHOTO SKCHEPUMEHTA BBILLIO
MHO>KECTBO MyOJIMKaIMii, COOOIIANOCh O JOCTUTHYTOM BBICOKOH 3(hPexkTHBHOCTH

OTKJIOHCHHUA IIPOTOHHOI'O ITyYKa.
4.1. Bausinue u3ruda KPUCTAJJIa HA TPACKTOPHUHU KAHAJIUPOBAHHBIX YaCTHUII

Ha BpIxozme u3 npsAmoro Kpucrajijia KaHaJUPOBAHHBIE U PACCESIHHBIC YaCTH-
bl IBUXKYTCS BMeCTE. X IPOCTpaHCTBEHHOE pa3/ieJIECHHE BO3MOYKHO C ITPUMEHE-
HUEM M30THYTOro Kpuctawia. [Ipu ABUXKEHUM OBICTPHIX 3apSHXKEHHBIX YACTHUIL Ye-
pe3 ci1ado M30THYTHIN KPUCTAILT YacTh UX MOBOPAYMBAETCS (OTKIOHSETCS), CIACAYS
3a U3rMOOM KpHUCTaslia, a OCTAJIbHBIE IBUXKYTCS B IEPBOHAYAILHOM HAINPABIICHUU.
B nacrosiiee BpeMs 3TO CBOMCTBO IIMPOKO MCIIOIB3YETCS, HAPUMED, IS YIIpPaB-

JICHUA IIYYKaMU 3apsAKCHHBIX YaCTHII. B cBs3u ¢ 4CM, aKTyaJIbHBIMHU ABJIAKOTCA HUC-
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CJICO0BaHUA 3(1)CI)GKTI/IBHOCTI/I OTKJIOHCHHUA YaCTULl KpUCTaJlJIIaMH. 3KCHepI/IMeH—
TAJIBHBIC UCCIICAOBAHN ITOKA3aJIN, YTO IIPHU ABUIKCHUU YCPC3 I/ISOFHYTBIﬁ KpUCTaJJI
JacTuma MOKCET HCIBITBIBATL KAaK JACKAHAIMPOBAHUEC, BCICACTBHC I[CflCTBPISI OcH-

TPOOEKHOM CUJITBI, TAK K HA00OPOT, 0OBEMHBIN 3aXBaT B KaHAJIBI.

4.1.1. D¢ ¢eKTHBHBINA NOTCHIHUA

PaccmoTpum nBukeHuE OBICTPOI 3apsyKEHHOM YacTHIbI B U30THYTOM KpHU-

craiuie. Ilycts wactuna c¢ sHeprueit £y u UMIyJIbCOM P, = m - U, BJIETAET B U30-

THYTBIM KPUCTAUT B TJIOCKOCTU XZ MOJ MalibIM yTiioM 6y = py / p, K ocu Z (31eCh

m — peNSATUBUCTCKAsT Macca 4YacCTHUIIbl, U,- €€ CKOPOCTh, px U p, — COOTBETCTBEHHO

nomnepevHasi ¥ Mpo10bHasi COCTABJISIONINE UMITYJIbCA p, YaCTHUIIHI).

R

el

el

Z

Puc. 4.1. Cxema BrkeHHsI OBICTPOM 3apsyKEHHOM YacTULIBI B U30THYTOM KpH-
cTaie.

N3rud kpucraiiga nNpou3BOIUTCS B HAIpaBICHUU OCHU X, T.€. yroyl u3ruoda
IUIOCKOCTHBIX KAaHAJIOB paBeH yriy u3ruba kpucrama. Eciam pagumyc R usruba
IUIOCKOCTEH BENUK 110 CPABHEHHIO C MEKIUIOCKOCTHBIM PACCTOSHUEM d),, TO U3THUO
HE U3MEHHUT yCpeaHEHHOro norteHuana U(x), HO IpUBEET K MOSABICHUIO LIEHTPO-
OexHoil cunel I = p,-v,/ R(z), 3aCTaBISIONIYI0 KaHAIWPOBAHHYIO YACTHILy IBU-
ratbcsl BAOJIb U30THYTOro KaHayia. VIHBIMH clloBaMu, U KaHAJIMPOBAHUU B U30-
THYTOM KpHUCTaJJIe Ha JBHUXKYIIYIOCS YAcCTUIy JNEHCTBYET JOMOJHHUTEIbHAS CHUIIA,
U3-32 YEero MPOUCXOIUT CMEIIEHUE TPACKTOpUHU B HampaBieHUW u3ruda. T.k. gac-
TULA IBUYKETCS O] MaJIbIM yIJIOM 6y K OCH Z, €€ NONEePEUYHOE IBUKEHUE MOXKHO

OIIMCBIBATH C IIOMOIIBIO HETIPCPBIBHOI'O IMTOTCHIIMAIA TINIOCKOCTHOT'O KaHaJIa.

86



I[J'IH OIMrUCaHuA IBUKCHHA KAHAJIMPOBAHHBIX YACTHIL B 3JICKTPUYICCKOM II10JIC

U30THYTOTO KPHCTAJUIa MPUMEHSIOT 3P EKTHBHBIA MOTEHIINA KaHaja:
U,p(x) = U(x) + po x / R,

rae: U(x) — moTeHIual mpsMoro Kpucramia, v = v, T.K. yroa 6y Mai, v,,=zt.

120

90

3B

30

x [ ax

Puc. 4.2. DddextuBHbli nmoteHnuan npu R =250 cMm (criomnrHas KpacHas Jiu-
Hus), R =100 cm (BepxHuil rpaduk) ¥ MOTEHIMAT HEU3O0THYTOTO KpUCTajia s
npoToHOB ¢ 3Hepruei 450 ['3B B (111) minockocTHOM KaHalle KpUCTaJla KPEMHUS
B IpubImxenun Moibep.

YpaBHeHHe IMOTICPCYHOI'0 ABMIKCHUA YaCTUIl B U30THYTOM I10 paanuycCy R

KpHUCTaIe:

[lepenumiem ypaBHeHue ¢ yaéToM 3¢(HEKTUBHOTO MOTEHITHAIIA:

2 2
d x+8[U(x)+pu-x/R]:pUd x+8U(x)+8[pU-x/R]:
dr’ Ox dr’*  ox Ox

2
d §+6U(x)+pz)@:0
dt ox R Ox

pv




rne: k= 1/R — xpuBU3HA KpUCTAILJIA.

B pesynbrate pelienus ypaBHEHUS ABUKEHUS TOJyHYaOTCSl TPACKTOPUHU
YaCTHI], KOJIEOIIOIINECS] OTHOCUTENBHO LIEHTPA, CMEIIEHHOTO B HANPABIICHUH pa-

JIAyca.

[Ipu n3rube kpucramia MUHIMYM HOTEHIIMAJa CMEUIAeTCsl U3 LIEHTPa B CTO-
pOHY U3ruba, 4YTo MPUBOIUT K CMEUICHUIO TPACKTOPHI KaHATMPOBAHHBIX YaCTHUIL K
CTEHKaM KaHaJIOB (CMELIeHHE LEeHTpa KoueOaHuil) U Mpu 3TOM yMEHbIIAETCs TIIy-
OWHa MOTEHIUATBHON SIMBI — TO SIBIISIETCS] OOBSICHEHHEM SIBJIICHUS [IEHTPOOEIKHOTO
nexaHanupoBaHusi. ¢ (HEeKTUBHBIN NOTEHIIMAN 3aBUCUT OT pajauyca u3ruda u sHep-
MU JBUOKYIIKXCS YacTuill. O4YeBUIHO, YTO MPU HEM3MEHHOM pajyce u3ruda Kpu-
cTajula, JeKaHAIMPOBAHHE, BBHI3BAHHOE ACWCTBHEM IEHTPOOEKHON CHIIBI Oynaer
YBEJIMYUBATHCS C YBEJIMUYEHUEM SHEPIUU ABMKYIIUXCS yacTHll. i Kaxkaol KOH-
KPETHOM SHEPrUr JABWKYUIMXCS YACTHUIl MOXXHO HAWTH CBOM KPUTHUECKUI paanyc
u3ruda R, Mpu IPEBBIIIEHUH KOTOPOTO ABMKYILIHECS YaCTUIBI OyAyT JeKaHAJIU-

pOBaTh.
R.=pv / Ui(x.),

rje: X.— IomepeyHasi KoopJuHaTa, COOTBETCTBYIOIIas rpaHulle "paboueit obnac-
™" kaHama, Ug(x.)= 0U/Ox|x-x.- NIpOU3BOAHAS OT TMOTEHIMAIa MPSIMOI0 KpH-
cTajia B TOYke x = x.. OTMETUM, 9TO B TOUKEe X =X, Uy NpUHUMAET MaKCHUMAaJlb-
HOe 3HayeHue. Takum oOpazoMm, dopMmyiy Ui HaxoxAeHHs pamuyca llpiranosa

MOKHO 3aIIucaTh:
RC :pD / UX max-

B cnydae HepaBHOMEpHOro M3ruda Kpucraaiia He0OXOJUMO YUUTHIBATh U3-
MEHEHHE KPUBU3HBI ¢ TyOuHou k() = 1/R(t). B kpucraiie, "30rHyToM HEpaBHO-
MEpHO, Ha YYaCTKE C HApacTarollell KpUBU3HOM ONpeeN€HHast A0S MyYKa YacTHUIl
BBIOBIBAET U3 PEKMMa KaHAIMPOBAHUSA 3a CUET MEXaHU3Ma LIEHTPOOEKHOIO JeKa-
HaJaupoBaHus. B m3rubaromux ycTpoiicTBax ¢ TpeMsl OmopamMu KpUBH3HA U3ruda
MEHSIETCA 10 BCEH JJIMHE U30THYTOM YacTH KpUCTAJJIa: KPUBU3HA M3rM0Oa JIMHEWHO

YBEIUYHUBAETCS OT HYJS J10 kp.x Ha y4acTKe MEXAy NEpPBOM U BTOPOU (LIEHTpaib-
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HOI1) oropamu, a Jajee — 10 TPETbel OMOphl — JIMHEWHO YMEHBUIAETCS 0 HYJIS.
[{enTpoOexHOE NEeKaHAIMPOBAHUE MIPOUCXOJUT B ATOM Clydyae Ha BCEM MPOTSKE-
HUM y4yacTKa KpHCTaJljla C HapacTarolleld KpUBU3HOM U MPECTaBiIseT coOO0M IJIn-
TEJNbHBIN MpoLecc, 00yCIOBICHHbBIN MOCTENIEHHBIM YMEHBLICHHUEM TIIyOUHBI (-
(GeKTUBHOM MOTEHIMAIBHON SIMbI U CMEIICHHUEM TPACKTOPHUI YacTHUI K BHEIIHEH
cTeHke kaHana. B [41] moka3zaHo, 4TO B rapMOHUYECKOM MPUOJIMKEHUU J0JIS Jie-
KaHaJMPOBAHHBIX YACTHUIL I YYaCTKa C JIMHEMHO YBEJIMYUBAOIIECUCS KPUBU3HOU
pacTér JUHENHO C TIIYOUHOU Ny = [e't. TlocTOSIHHYIO [ MOKHO Ha3BaTh WH-
TEHCHUBHOCTBIO LIEHTPOOEKHOTO JEeKaHATUpPOBaHUsA. B X0Je KOMIBIOTEPHOTO MO-
JEUPOBAHUS MPOXOKACHUS TPOTOHOB Yepe3 U30THYThIN KPUCTAIT KPEMHHUSI ObLIO
00Hapy>KEHO, YTO YKa3aHHas JIMHEWHAsl 3aBUCUMOCTb COXPAHSIETCS TOJIBKO A0 TTy-
OMHBI, HA KOTOPOM KPUBU3HA KpUCTAJJIa CTAHOBUTCS OOJIbIIE KPUTUYECKOTO 3Ha-

YCHMUL.

4.1.2. Cnioco0b1 n3ruda KpucTaia

Hcnonp3yembie Ha IPAKTHUKE CIIOCOOBI M3rH0a KPUCTAIIIIOB M U3TUOHBIC YCT-
pOICTBA pa3IMUaOTCs 1O CIIOCO0Y CO3/IaHMsI U3rubda U MO BUIY KPUBU3HBI.
Hamnpumep, MOCTOSIHHYIO KPUBU3HY KPHUCTaIa MOXKHO TOJIYYUTH CIEAYHOIIUMU
crnocobamu:

- “O” — kpuctamuibl — Kpuctaiisl U — oOpa3Hoi GopMbl, 00eCTIeYMBAOIINE PaB-

HOMEPHBIN U3rud padouei 00J1acTh MyTEM CHKATHUS HOMKEK.

Puc. 4.3. Cxema “O” — xkpucramna [42].

- “II” — KpuCTaJIBI — OCHOBAHBI HA AHU30TPOINHBIX CBOMCTBAX KPUCTAIIMYECKUX

PCUICTOK. HpI/I MU3ru0e TOHKOM ITOJIOCKHU KpucTajijla 110 BBICOTC B ITOIICPCYHOM HaA-
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MIPaBJICHUH BO3HUKAIOT JehopMaIiuu, IpuHUMAIOIre ceaooopasnyo hopmy. Ta-

KM 06pa30M MOJKHO ITOJIYUYHUTH U30THYTBIC KPHUCTAJLJIbI HeOOJIBIION JJIINHBI.

Puc. 4.4. Cxema “II” — xkpucramia [8].
- Kpucramnel ¢ HaHeCcEHHBIM cioeM okcuaa Metamia. M3rub co3naérces 3a cyéT Te-

IIJIOBOTO PaCIIMPEHUSI HAHECEHHOM MOJIOCKH.
ZnQ

Si 9 f

Puc. 4.5. Cxema usruba kpucTamia ¢ HaHECEHHBIM OKCHIOM MeTaiuia [43].

HepaBHomepHbiit u3ru0 co3naércst B TPEX M YETHIPEXTOUCUHBIX HM3TUOHBIX

YCTPOMCTBAX.

—

E =
10O 30

Puc. 4.6. Cxema TpEXTOUEYHOTO U3THOHOTO YCTPONCTBA

TpéxToueyHoe M3rHOHOE YCTPONUCTBO COCTOUT U3 TPEX MPUKUMOB-POTIUKOB,
MEKJ1y KOTOPBIMH IIOMENIAETCS IUIACTUHKA KpucTasuia. [lepBolid u TpeTnii npuxu-
MBI HETIOJIBUKHBIE, & BTOPOM (IIEHTpaIbHBIN) ¢ TOMOIIBIO BUHTA OKa3bIBAE€T HEOO-
XOIMMO€ JIaBJICHHME HA IUIACTUHKY KpHUCTala, PEryjaupys KpUBU3HY H3ruoa.
OOBIYHO PACCTOSHUS MEXYy MEPBBIM — BTOPHIM U BTOPBIM — TPETHUM POJIUKAMHU

OJIMHAKOBBIC, ITPH 3TOM KPUBHU3HA MCXKAY IICPBLIM U BTOPBIM IMPHKHUMaMHU KPHUBU3-
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Ha yBENIMUYUBACTCS Kak k(f) = ay't (ax = const — yriioBoit Kodh(UIMEHT), a MEKTY

BTOPBIM M TPEThEM MPUKUMAMH — YMEHbIIaeTCs A(f) = -ay't.

2 3
- 10 4O

Puc. 4.7. Cxema 4eThIpEXTOUEUHOTO U3TMOHOTO yCTpOMCcTRA [44].

-

[Ipu derpipéxTOoUueHOM M3THOE 00JIaCTh JUHEWHOTO YBEIWYCHUS] KPUBU3HBI
HAXOJUTCS MEXKIY TEPBBIM W BTOPHIM NPWKUMaMH, 00JIACTh JIMHEHHOTO YMEHB-
IICHUS KPUBU3HBI — MEKIY TPETHUM M UYETBEPTHIM MPHIKUMAMU, a IICHTpPaIbHAsS
0051acTh (MEXIYy BTOPBIM U TPETHUM NMPHWKUMaMHU) — 00JIaCTh C TMTOCTOSSHHON KpH-
BU3HOM.

B Xojze skcriepuMeHTaIBHBIX HCCIIeI0BaHU ObIII0 OOHApPYKEHO, YTO B 00-
JIACTH MPUJIETaHUs TPKUMa K TJIACTUHKE KpHUCTaJIa MPOUCXOAUT Pe3Koe JAeKaHa-
JMPOBAHHUE YACTHUIl, ABMKYIIUXCS B KaHAJAX CJIOEB CO CTOPOHBI mpwxuma. J[ims
CI0€B, YIAIEHHBIX OT MPHUKKMMA — B IIEHTPE INIACTUHKY KPUCTAJIA M Jajee 3To Jie-
KaHAJIMPOBAaHUE TOYTH OTCYTCTBYET. OOBSACHACTCS STO CISAYIOIIMM 00pa3oMm:

IMPHUKHUM-POJIMK JABUT HAa KPHUCTAJLJI, BBI3bIBAs B HEM MECTHBIC I[C(l)OpMaHI/II/I.

4.1.3. YpaBHenue aepopmauuu

B nmpakThuecku peamu3oBaHHBIX CIydasX HM3rM0 KpUCTayia MPOU3BOIMICS
Ha HEOOJIBIIONW YyTroj (~MKpaja), YTO COOTBETCTBYET paauyCy HU3ruda mopsaka
1 MeTpa, caM KpucCTal MpPeACTaBiseT cOOOM IUIACTUHKY, IUPUHON OKOJO 1 cM,
BbICOTOM 0.5 €M, JJIMHOM OT HECKOJIBKUX MM JI0 HECKOJIBKUX cM. T.e. nedopmanun
TaKMX KPHUCTAJUIOB HE3HAYUTENIbHBI U SBISIOTCA YHPYTUMH. /{151 KOMIIBIOTEPHOIO
MOJICJIMPOBAHUS yUUTHIBaTh KPUBU3HY KpHUCTallIa OyJeM C MOMOUIbIO PEIIEeHHUs
ypaBHEHUS AJI1 YIPYTUX CMEIIECHUN.

[lon BIMsIHMEM NPWIOKEHHBIX CHII TBEPABIC TEIa B TOM WIA WHOW CTEIIEHU
ne(pOopMUpPYIOTCS, T.€. MEHSIIOT CBOIO (hopMy U 00BEM. J[J1 MaTeMaTUUECKOTO OIH-
caHusl AepopMalMK TeJa MOJOKEHHE KaKI0H TOUKU Teja ONpPEAeIoT e€ paauy-

COM-BEKTOPOM 7 (C KOMIOHEHTAMH X; = X, X; =), X3 =Z) B HEKOTOPOU CUCTEME
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koopauHat. [Ipu nepopmupoBanuu Tena Bce TOUKU OynyT cMmemaTthcs. Paccmot-
pUM KaKyro-HHUOyAb ONPENCIEHHYI0 TOUKY Tela; €Clau €€ paauyc-BeKTOp 10 Je-
dbopmupoBaHus ObUT 7 , TO B 1€(OPMUPOBAHHOM TeJI€ OH OYJET UMETh HEKOTOPOE

Apyroe 3HaueHue 7' (¢ KOMIOHEHTaMH x ;). CMelleHne TOYKHU Tea mpu aedhopMu-

pPOBaHMM H300pa3HUTCS BEKTOPOM 7 —7, KOTOpBIA 0OO3HauaeTcs OykBoM ( :

§i =X —X.

Bekrop ¢ HazbBaroT BekTOpoM aedopmariii (MM BEKTOPOM CMEIICHUSA).
Koopauuate! x'; cMEEHHOM TOUYKH SBIAIOTCS GYHKIUAMH OT KOOPJIMHAT X; TOM JKe
TOYKH JI0 cMmemeHus. [1oaToMy u BekTop aedopManuu sBiseTcs GYHKIIHEH KOOp-
nuHAT x ;. 3aganue BekTopa ¢ Kak (yHKIMH OT X; IIOJHOCTBIO ompeaenser aedop-
Mall1IO TeJa.

[Tpu nedopMupoBaHUU Teda MEHSIIOTCS PACCTOSHHUS MEXKIY €ro TOYKAMHU.
Paccmotpum kakue-HHOYIb 1Be OeCKOHEUHO Oym3kue Toukd. Eciu pagnyc-BeKTop
MeXIy HUMH 10 JehopMUpoBaHus ObLT dx;, TO B 1e(OPMUPOBAHHOM TeJle paanyc-

BEKTOpP MEXIy TeMH €€ JABYMs ToukaMu Oyner dx; = dx; + d{;. Camo paccrosiHue

MEXJly TOYKaMU 10 AePOpMHUpPOBaHUs ObLTO paBHO dl = \/ abcl2 + dx% + dx_% , a To-

cie nedopmupoBanus dl' = \/ dx® + dx + dx5’ .

[InacTuHKA SABIAETCS TOHKOM, €CIU €€ TOJIIIHMHA MaJla 110 CPAaBHEHUIO C pas-
MEpaMH B JABYX IPYTHX HalpaBieHusAx. Jlepopmaiuu cuuTaroTcs MaabIMU; KPUTE-
pueM Majoctu nedopManuu SBISETCS MaJIOCTh CMELICHUM TOUYEK IUIACTUHKU IO
CpaBHEHUIO ¢ €€ TOMMMHOU. [Ipu crubaHnm MiIacTUHKU BHYTPU HEE B HEKOTOPBIX
MECTax BO3HMKAIOT PACTsKEHUS, B IPYTUX — CKaThsl. Ha BBITyKIION CTOpOHE IuIa-
CTUHKHU IPOUCXOAUT PACTSHKEHUE; 110 Mepe YIIyOJeHHUs B TOJILLY IJIACTHUHKHU 3TO
pacTsHKEHUE MOCTENIEHHO YMEHBIAETCs, JOCTUrasl B KOHIIE KOHIIOB HYJIs, BCIIE 3a
YeM B JAJIBHEHIIUX CJIOAX HAYMHACTCS IOCTEIIEHHO YBEIMYMBAIOIICECS CIKATHE.
Takum oOpa3oM, BHYTpH IUIACTUHKM MMEETCSl HEHUTpajibHas MOBEPXHOCTh, HA KO-
TOPOM pacTsDKEHHE BOOOIE OTCYTCTBYET, a IO JIBYM CTOpOHaMm e€ nedopManus
MMeeT MPOTUBONOJIOKHBIA 3HaK. OYEBHUIHO, YTO 3Ta NMOBEPXHOCTH PACIIOJIOKEHA

10 CCPCAUHC TOJIMIWHBI IIJTACTHHKH.

92



Puc.4.8 W3ru6 Tonkoi miactuaku [40].
BriGepem cuctemy KOOpAWHAT ¢ HAYAJIOM B KaKOM-HUOYb TOUKE HEUTPAIb-
HOW MOBEPXHOCTU U OCBIO X, HAIIPABJICHHOM MO HOpMmaiu K Heu. Ilmockocte YZ
COBMIAJACT C IUIOCKOCTHIO HeaehopMHUpOBaHHOW TmacTUHKA. OO003HAUYNM BEpPTH-
KaJIbHOE CMEIIICHHE TOYEK HEUTpaTbHON MOBEPXHOCTH, T.€. UX X-KOOPAUHATY, OY-
KkBOM (. UTO KacaeTcsi KOMIIOHEHT CMEIICHUN ATUX TOYEK B MJIOCKOCTH )z, TO OHU
ABJISIFOTCS, OYEBUIHO, BEIMYMHAMHU BTOPOTO MOPSIKA MAJOCTH MO CPABHEHUIO C {
U TIOTOMY MOTYT OBITh MOJIOKEHBI PAaBHBIMH HYJI0. TakuMm 0Opa3om, BEKTOp cMe-
LICHHS TOYEK HEUTPAIbHON NOBEPXHOCTH:
CZ(O) — Cy(o) =0, CX(O) — C(,V,Z)-
VYpaBHeHUE paBHOBECHUS IJIACTUHKU, U3TM0AEMOM 1eCTBYIOIIUMH HA HEE
cunamu [40]:
4
D- d—f = P(x)
dx
rae: D — kodpdunuenT KECTKOCTH MIIACTUHKY MPU U3TUOeE,
P(x) — neiicTByrolasi Ha TJIACTUHKY BHEIIHSIA CUJIA, OTHECEHHAs! K €AUHULIC
€€ IJIoIaau.
JIJ1st KOMIIBIOTEPHOTO MOJIETUPOBAHMS TPEXTOUEYHOTO M3ruba ObLIN crelna-
HBI CJIEAYIOIINE MPEANOT0KEHHUS:
- B akcniepumenTe cuiia P(x) nelicTByeT Ha IJIACTUHKY TOJIBKO B TOUYKAX — MECTax
npuxuMa (Cujia TSHXKECTU HE YUUTHIBACTCS ).
- MectHble nedopMaiinu, co3aBaeMble IPKUMAMHU-POIMKAMU HE YUUTHIBAIOTCS.
T.K. cuia TSKECTH HE YYUTHIBAETCS, TO YPABHEHHUE PABHOBECHS ISl KaXKJI0TO U3
Y4aCTKOB KPUCTAJIa MEXAY MPUKUMAMU OYJIET:
d*¢
=0
dz*
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Oto muddepeHInaTbHOE YpaBHEHUE YETBEPTOTO MOPSIIKA PEIIAeTCs HHTETPUPO-
BaHUEM.

(= 01-23 + cz-z2 + c¢3'z + ¢4 - BeKTOp cMmenieHus (nedopmanun);

d
d—g =3-¢- 2 +2. ) - Z + ¢3 - IIepBas IPOU3BOIHASA BEKTOPA CMEILEHUS BBIPAXKAET
'z
yroia 0 uzruba miacTUHKY;
d*¢
=6-c;-z+2-c, - BTOpasi NpOU3BOJIHASI BEKTOPA CMEUIEHUS XapaKTepU3yeT
d 2 1 2
'z

KpUBHU3HY (MMEHHO 3Ta KPUBU3HA BXOJUT B YPAaBHEHHE JIBHKEHUSI OBICTPOM 3apsi-

JKCHHOM YaCTHUIbI B U30THYTOM KpI/ICTaJ'IJ'Ie);

d*c
=2 =6-¢.
dz
PaccMmoTtpum penieHrne ypaBHEHUSI pABHOBECHS JUISl CIIydasi TPEXTOYEYHOTO

I/I3FI/I6a. yCTpOﬁCTBO JJIA TpéXTOLICI{HOFO I/ISFI/I6a INIACTUHKW KpUCTAJIJIAa MOXKXHO
HpCI[CTaBI/ITB B BUJIC Cﬂeﬂymlﬂeﬁ CXCMBI.
/ ‘ | ‘ /VJ
L
2% ]
—E _1h
19 4 3

I I I -
Z1 Zo Z3 =

Puc. 4.9 Cxema Tp€XTOUEUHOr0 U3rnda

h — TONIMHA MIACTUHKU

L — mmHa 1acTHHKHA

@ — PACCTOSIHUE MEXKY NPUKUMAMU-POJIUKAMU

R, — paguyc nprKUMa-poJukKa (171 pac4€ToB IpUHUMAETCS, 9T0 R,—0)
[TnacTuHKY KpucCTaljia MOKHO Pa3leiUTh Ha YeThIpe 00JacTH (MU ydacT-

Ka):

I — or “Havana” kpucramia 70 NEpBOro Npwxuma u IV — oT TpeTbero npuxmuma ao

“KOHIIQ” KpUCTaia Heu30rHyThie obnactu (k= 0);
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IT 0o6sacTh MEX Ty IEPBBIM M BTOPHIM MPUKUMAMU — 00JIaCTh C TUHEHHO YBEIIMYH-
BAIOIIEHCS KPUBU3HOM;
III 065acTh MEX1y BTOPBIM U TPETHUM MPUAKUMAMU — 00JACTh C JUHEHHO YMEHbB-
HIAKOMIEHCS KPUBU3HOM.

T.x. U3BMEHEeHHE KPUBU3HBI MPOUCXOAUT Todbko obsactsax II u 111, To mus
HAXOXKJICHUS BUJIa KPUBU3HBI HAJI0 PEIIUTh YpaBHEHHE paBHOBecHs (Iedopmariun)
JUTst 3TUX BYX obnacteit. st pemenus nuddepeHimanbHoro ypaBHeHHsI He00X0-
JIMMO 3HATh HAYaJIbHbIE YCIIOBUS:
d’Cy(z) _d*¢y(z) _ . d°¢(z) _ Yosu,

dz* dz* ’ dz* a’
dgy(z) —_0: A (23) .

dz ’ dz ’
Cu(zy) =Cp(z3)=0

OTU YCTIOBUSl 03HAUYAIOT, YTO BEKTOpP CMEIIECHUSI B TOYKax z; W z3 paBeH 0,
T.€. TUTACTHHKA B 3THX TOYKaX >KECTKO 3aKpeIieHa W HE CMEIIAeTCs; KpUBHU3HA B
TOUKe z; paBHa (), KpUBU3HA B TOUKE Z, PABHA KPUBU3HE K,y ; YTOJI M3THOA B HAYAIIE
IUIACTUHKH (z,) paBeH 0, B cepeluHe IJIACTUHKU PaBeH cpefaHeMy yriy 0 = Oogiy/2 ,

B KOHIIE IJIACTHHKH (23) — YTy Oopiy.

d
doy =3'CIH°ZZ+2°C£I'Z+C3H=O
dz |7
2
d
—4/211 :6'C1]I'Z+2'C£I:0
dz" |,_,
2
d Oos
é;” :6-clll-z+2-c§1= 2”
dz= |,_. a

/4 3 1 2 Vi Vs Vs
gl[‘Z:O_Cl Z +Cz  Z +C3 'Z+C4 —O:>C4 —O

1 6
iy _Yobl | CI]_O;

1 - 2 2 =
6 a
pemenue ams I obnacru: g
OB
c3H S L cf =0
2
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_Oosi; 3 Oosiy
Cp=—>b 2 —— 'z
a 2

dey _ 3 osu 2 Oos111

dz a’ 2
2
d°¢y _Yosu
dz* a*
3
d"¢y _ Gosuy
dz* a*
d
dem =3-c{[-22+2-c£[-z+c3][=¢905[U
dz Z=2a
42
—42]” :6-c{1-z+2-c£1:0
dz Z=2a
d’ 6
Tm| g off vl =L08
dz= |,_. a

a3, 0 2 I/ n_
gl[‘Z:Za_cl 27 4c) z0+ey cz4+cey =0=¢, =0

u_ 1 OGosu | A

G = 5> ¢ =05
6 a

pemenue s 11 obmactu:

6,
OB,
03111 _ Josi . cfl -0

_ bosu; 5 Oosiy
Cmp=——> 2 +——
a 2

z

Ay :_3"905111 g2y Qo511

dz a’ 2
d2§111 :_005111 s

dz* a’
d3§111 —_ 00511[

dz* a’

Takum 00pa3oM, M3MeHeHHEe KpUBU3HBI Ha ywacTke II omuceiBaeTcs kak

6
ky(z)= (ZZEZIU "z,
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0,
nHa yuacrke I1I: &, (z)=— 0P ., = —ky(z).

a
0,6
s
04 |
X
©
I
(]
2
= 0,2
o
x
0 ]
0 1 2 3 4 5

rnybumHa, cwm

Puc. 4.10. T'paduku u3MEeHEHUs KPUBU3HBI C TIyOMHOM NIl TEX Pa3IUYHBIX yT-
JIOB M3ruba Kpucrasmia.

4.2. JKcnepMMeHTAJIbHbIE JaAHHbIE

B pa6orte [4] onuckIBaeTCs SIKCIIEPUMEHT MO OTKJIOHEHUIO MTy4YKa TPOTOHOB C
sHeprueit 450 5B B (111)-mI0CKOCTHBIX KaHAJIaX M30THYTOTO KPUCTAIIIA KPEM-
Hus. [ns u3ruba kpucraiia NPUMEHSIIOCh TPEXTOUEUHOE U3TMOHOE YCTPOMCTBO,
MO3BOJISIOLIEE MEHSTh KPUBHU3HY WIHM paguyc U3ruda M, TEM CaMbIM, U3MEHSTh
yrojl TOBOPOTa KAaHAIMPOBAHHBIX YacTUL. Pa3Mepbl IUIACTUHKH KpHCTallia
0.9 x 10 x 50 MM, paccTOsiHME OT Haudajia KpHUCTaja J0 MepBOro mpuwxuma 1 cm,
paccTosiHEEe MEXAy nprkuMmamu 1,5 cM. B xozae skcmeprMeHnTa ObLIM U3MEPEHBI
3G (HEKTUBHOCTH OTKJIOHEHHUS YaCTHUI[ IPU HECKOJIBKUX yriax moBopora oT 1.4 mo
11.7 mpaa. B pesynbrare cooOiianock 0 00binoi 3pHEeKTUBHOCTH TOBOPOTA MPO-
TOHHOTO Tyuka. [loxoxue 3KCIepUMEHTHI MPOBOAUINCH HAa T€PMAHHEBBIX KpH-
craimax npu sHepruax npotoHoB 200 u 450 ['3B, a Takxe MIaHUPYIOTCS UCCIE0-
BaHus npu >Heprusx 400 ['9B u 7 ToB. Pe3ynbTaThl TakMX 3KCIIEPUMEHTOB MPH-
BOJSITCS B CPaBHEHHM C TEOPETHUYECKMMH pacyéTaMu MO Teopuu JiuircoHa [44].
Heo0xoauMo OTMETUTH, YTO TeOopus DJUIMCOHA HE YUYMUTHIBAET MHOTOKPATHOTO
paccessHus. OTHAKO 3Ta TEOPHS XOPOIIO OMHCHIBAET IKCIIEPUMEHTAIbHBIE JaHHBIC

U IIPUMCHACTCA HJIsI OOCHOYHBIX paCIIéTOB 3(1)(1)€KTI/IBHOCTI/I IIOBOpPOTA.
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4.3. KoMnblTepHOe MO/eJIMPOBAHNE

JUis MOZIEIMPOBaHUS TPAEKTOPUNA OBICTPBIX 3apsSKEHHBIX YACTHI] B U30THY-
TOM KPHUCTAJUIE MPUMEHSIIMCh KOMIBIOTEPHBIE ITporpaMMbl PST u SM ¢ yuérom
KpuBU3HBI Kpuctaia. [lepenuiiem ocHOBHOe coaepskanue nporpammbl PST s
JTOTO CiIyYas.

Cucrema ypaBHEHUH, OMHUCHIBAIOUINX SBOIOIUIO CPEIHUX KBAIPaTOB (PIyK-

Tyalui MONepeyHol KOOPAUHATHI U CKOPOCTH, UMEET BUI [29]:

L ox?=20x6%
dt

m%&cax:m&xz ~U,. 6 (4.1)

m%§=—2Uxxé'xé'x+D,

rne U, =0"Ulx)/6x* U=U() u D=D(x)— HenpepbIBHbIH IOTEHIMAI U KO-
sddunreHT quddy3un 3aBUCAT OT MONEPEUYHON KOOPAMHATHI, KOTOpas SBJSCTCS
pEIICHIEM YPaBHCHHUSI IBHKCHHUSI

mi=-U_+F(k), (4.2)
re m— peNATUBUCTCKas Macca; x =dx/dt; F(k) — ueHTpobexuas Cuia, 3aBUCs-

masi OT KPUBHU3HBI M3rMba KpUCTalia, MPU 3TOM B cliydyae TPEXTOYEUHOTO M3Truda
cama KpuBH3HA k sIBJISIETCS TMHEHHON (PyHKIMEH rmyOuHbl £
k(t) = kp(t - ty) = ket + ko.
HavanbHble ycrmoBus K ypaBHEHHIO (4.2) MepeonpeiessitoTesl CIIydailHbIM
00pa3oM (pa3bIrPHIBAIOTCS) C TTOMOIIIBIO pelieHus ypaBHeHul (4.1) mocie npoxo-
KICHUS KaHAIMPOBAHHOM YAaCTHIICH OTpe3Ka TPaeKTOPHH, JJIMHA KOTOPOro Orpa-

HHWYCHA HCPABCHCTBAMHU

Sx*(t)<d*-25-107%, Si*(t)<o® - WP-4-107%, =T, (4.3)
rae d — TMOCTOSTHHAS KPUCTALTUYECKON PEIIeTKH; U — CKOPOCTh KaHaIUupPO-
BaHHON wacTuipl; Vi = (2Vimax / mv*)" — KPUTUYECKUN yroJl KaHAUIMPOBAHHUS

Jlunnxapna [2].
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3anuimiem cucteMmy ypaBHeHuit (4.1) u (4.2) B 6e3pa3mMepHBIX IEPEMEHHBIX.

O6e3pa3zmepuM ypaBHEHHE IBUKEHUA (4.2).

d*x  oU(x)
md12 =2 + pu-k(t)

[Ipumensis T =v'f, NOIYYUM:

2 2
m1)2d X :—aU(x)+pu-k(r) dx __ 1 8U(x)+k(z_)
dr? ox dr? pv  Ox

Ucnonezyem T;=¢71:

2
gzd.)zé':_ 1 aU(x)-i—k(Tl)
dT, pv Ox
d* 1 oU 1 1 oU 1
o), Ly L), L
dT, g -pv Ox ¢ Voex OX &

[lepeiiném k 6e3pa3mepHbIM niepeMeHHbIM X =x/d; T = T)/d = ev-t/d

1d°x 1 oulx), 1

2
X 1 X
2 2k(T) d - 8U( )+izk(T)
d dT d-V. ©0X & dT Viax 00X E

Cucrema ypaBHeHuil (4.1) B Oe3pa3MepHBIX NEPEMEHHBIX ObLIa MOJIyYeHa B
. 2.3.2. Tenepb MOKHO 3allMCaTh CUCTEMY YPAaBHEHUMN JIBUKEHUS, COCTABIISIIOLIAX

mozenb PST nist u3orHyTOro Kpucramia ¢ yu€étoM oOe3pa3MepuBaHUs MMEepeMeH-

HBIX:
iVx = —LaU(X)+ik(T); 4y V.
dT Viex 0X &2 dT
A MA=2. MB;
dT w4
2 .
4 yp—pc-—L9 U(X)-MA;
dT Voo 0X2
2
4 ye=29 px)--2-2 UX), yp,
dT Vnzlax VmaX aXZ

[ToporoBbie 3HaUCHUS BTOPHIX MOMEHTOB (4.3) B O€3pa3MepHBIX MePEMEH-

HBIX 3anuIyTCs: MAyax = 25-10'4, MCpx =4 107,
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4.4. Pe3yabTaThl MOJEJIMPOBAHMS U BHIBO/bI

Pacuétel mpoBogunuck s nyuka u3 301 nporona ¢ sueprueit 450 ['3B B

(111) mnockocTHOM KaHaie KpucTaia KpeMHusa. HauanabHble 3HAYEHUS TOYKH

BJI€Ta OBUIM paBHOMEPHO pacnpezencHsl Ha uHrepBase 0<x/a,<1, a,=d / V3,

T.€. 3aCeNsUICs OJIMH TUIOCKOCTHOM KaHal; yIJibl BJIE€Ta ObLIM HOPMAJIBHO pacmpe-
JeJ€Hbl BOKPYT cpeaHero 3HaueHus V, =0 co cpelHeKBaJIpaTUYHbIM OTKJIOHEHH-
€M, PaBHBIM 3 MKpaJ. Y CJIIOBHS PO3BITphIIIa TpackTopui 1y nmporpamm PST u SM
OBUTH OJMHAKOBBIMH, Ty = 750 A. Beum paccuuTaHbl ciiydau M3ruda Kpucramia
Ha yrubl 1.4, 2.4, 3.7, 4.7, 6.3, 8.1, 8.9, 9.8, 11.7 mpan no monensm XV, SM u
PST.

JlexaHanmupoBaHUE PaCCUYUTHIBAIOCH MO TPEM MOJIENISIM — METOIaMH OTOOPOB
MO TMOTEPSIM PHEPTUU, MO MOMEPEUHBIM KOOPJMHATAM M IO TMOMEPEYHBIM CKOPO-
ctsaM. B cinydae mpumeHeHus 0TOOpa YacTHIl MO TOTEPSM SHEPTUH MBI TIOTYYHIIN
3aBBIIIEHHBIE 3HAYEHUs JAcKaHaHaNUpoBaHus Ha Il ydacTke M30rHYyTOrOo KpHcCTa-
Ja, a UMEHHO, HauMHas ¢ yria u3ruba 6.3 mpan Ha Il yyacTke M30THYTOrO KpH-
CTajljla BCE YaCcTULbl JCKAaHAIUPYIOT, a nanee, Ha IIl yuactke uucno aexananupo-
BAHHBIX YACTUL HEMHOT'O YMEHBIIAETCA, MPUYEM 3TO YHUCIIO 3aBUCHUT OT yIJjla U3TH-
06a — yem OoJibllie yroj, TeM MeHbIne JacTuil. HeobXxoaumMo OTMETHTh, YTO YTOJ
n3ruba 6.3 Mpajg COOTBETCTBYET KpuBM3He k. = k./3, tne k.= 1/R., R.~ 80 cm —
paauyc l{piranoBa jJ1st JaHHOTO ciaydasi). Pe3ynbTaThl pacuéToB IeKaHATUPOBAHUS
MO0 MOJIEJISIM, CBSI3aHHBIM C MOMEPEUYHBIMU KOOPAMHATAMU U CKOPOSITSIMU YaCTHII
COBIIAJIAOT, oAHako, Ha Il gekaHanmnpoBaHue HAET MEIJIEHHEE UM YMEHBIICHUS
yycia JAeKaHAIMPOBaHHBIX yacTull Ha III ydacTke m30rHyToro kpucramia HE Ha-
OJro1aeTcsl.

Ha puc.4.11 noka3ansl rpadMKu BBIXOJIOB U3 PEKUMA KaHAIUPOBAHUS MPO-
TOHOB, PacCUMTaHHbIC MO Mojenu XV s ciydyaeB u3ruda Ha yriel 8.1, 6.3 u
3.7 mpan (muuaum "1", "2" u "3" cooTBETCTBEHHO). JleKaHAIIMPOBAHHBIC YACTHUIIBI
otOupanuch 1o norepsm sHeprun. Ha [ u IV ydactkax u30rayToro kpucrajiia Ko-

JNYCCTBO BBIMICAMINX 4YaCTHUI CHUJIBHO HC N3MCHIACTCIA, HA II Y4aCTKC IMPOUCXOIUT
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X | ay

yBelIMYeHHne BhpIXoAa yactul. B Hawane Il ygacTka 4mciio nexkaHanvMpOBaHHBIX
YaCTHUI[ HEMHOTO YMEHbIaeTcs g yrioB um3ruba 8.1 u 6.3 mpan. Taxke Ha
puc.4.11 nokazanbsl rpadukd M3MEHEHUS KPUBU3HBI ISl JAHHBIX YTJIOB HU3ruoda

kpuctaina (muaum "1', "2 u "3").

o -
4 =
=~ -
Z»] =
0,75
0,5
N
. /// §'\\\
0725 B /////// \\\\:\\
Rt \\\\\\
2= X
0 Dé/ 1 1 = J
0 1 2 3 4 5

rnyébuHa, cm

Puc. 4.11 Bsixoasl MpoTOHOB, pacCCYMTaHHBIE METOJIOM 0TOOpA IO TIOTEPSIM DHEP-
ruu. Pacuér tpaexropuil npoBoauiica 0e3 yuéTa MHOTOKPAaTHOTO pPACCEsSHHUS.

Oddext ncuesnoBenus: kananupoBanHbix yactui Ha Il u Il yyactkax, mo-
Jy4YEHHBIH MpH 0TOOpE JAeKAaHAIWPOBAHHBIX YACTHUI[ MO MOTEPSIM SHEPIHMH MOYKHO
OOBSICHUTh TE€M, UTO HAaYWHas C yria u3ruda 6.3 Mpaa TpaeKTOpUHM KaHAJIUPOBAH-
HBIX YacTHI] MOMAaJaloT B 00JacTh MOBBIIIEHHOW 3JE€KTPOHHOM IJIOTHOCTU (CM.
puc. 4.13). T.e. B JaHHOM cily4ae MOTEPU PHEPIHMM KaHAJIMPOBAHHBIX YACTHUI[ CTa-

HOBATCS HC MCHBIIC ITOTCPb SHCPIUH B PA3OPUCHTUPOBAHHOM KPUCTAJLIC.

3 3t
2F 2
bd
[x]
>
1k 2 1}
M
D 1 1 L 1 1 D 1 1 1 1 L
0 1 2 3 4 5 0 1 2 3 4 5
rnyéumHa ¢™m rnyémHa, c¢cm™m

Puc. 4.12 TI'paduxu Tpaekropuii x(f) B ciydyae M3ruOOB KpUCTaUla Ha YIJIbI
4.7 mpan (neBsiii Tpaduk) u 8.9 mpaj, paccuuTaHHble 0€3 y4éTa MHOTOKPATHOTO
paccestHusl. TpaekTopuu 4acTull, KaHAIUPYyOWUX B MHUPoKuX (111) miaockocTHIX
KaHajax o0o3HayeHsl 1", B y3kux kaHamax - "2".
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MosHO BUAETH, YTO B IIEHTpe KpucTama (konen obnactu Il - Hagano o0-

nactu III) TpaexkTopuu KaHaIUPOBAHHBIX YAaCTHI] NPH YIrjie U3ruba Kpucraiia

8.9 mpana komnebntorcst B uHTEepBasie x/a, =~ 0.64+0.72, 4TO COOTBETCTBYET 3HaAYeE-

HHAM BHGKTPOHHOﬁ IINIOTHOCTH, OOJIBIINX CPCOHCTO 3HAYCHHA, KAK IIOKA3daHO Ha

puc. 4.13.

, M2B

En

x [ ax

12

leo

0,75

05

0,25

0 1 2 3 4
rnybuHa, cm
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Puc. 4.13 ['paduk snekTpoHHOU
TUIOTHOCTHU JJIs TIPOTOHOB C SHEP-
rueit 450 =B B (111) mmockoct-
HOM KaHaJle KpUCTaia KpeMHUSI.

Puc. 4.14 TI'paduk norepp 3HEp-
MU IPOTOHAMHU B KpHUCTaJUIE, U30-
THYTOM Ha yroi 4.7 mpaj, paccuu-
TaHHbIE 0€3 y4€Ta MHOTOKPAaTHOTO

11 paccesnus. ITotepn sHeprum s

YJaCTHUIl, KaHATUPYIOIIUX B IIHUPO-
kux (111) MIOCKOCTHBIX KaHaiax
o0o3HaueHsl "1”, B y3KMX KaHamax

"2". BumHOo, 4TO HaAHOOJBIINE
OTepU WMEIOT YaCTHUIlbl, W3HA-
YaJIbHO HAMpaBICHHBIE B Y3KHE
KaHaJIbI.

Puc. 4.15 BpIxoasl NpOTOHOB,
paccUMTaHHBICE METOJIOM OTOOpa
M0 TIOTIEPEYHBIM  CKOPOCTSIM.
Pacuér Tpaexkropuii mpoBOAMIICS
o moaenu PST nnst cnydaeB us-
ru6a Ha yrisl 8.1, 6.3 u 3.7 Mpan
(maMm "1, "2" u "3" coorBeT-
CTBEHHO).
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Puc. 4.16 DddexkTuBHOCTU OTKIOHEHUS YACTHI], pACCYUTAHHBIE IO MOJIEIH JIe-
KaHAJIMPOBAaHUS, CBA3AaHHOW ¢ OTOOPOM YaCTHIL IO MOTEPSIM dHEPruu (JIEBBIUA Tpa-
GuUK) 1 IO MOJIENH, CBSI3aHHOM C M3MEHEHHUEM YTJIa.

03

Puc. 4.17 VYrnoBoe pacmpe-
0.2 JIeJIEHHE MPOTOHOB Ha BBIXOJIE
U3 KpHUCTajlla TpH HU3rude Ha
yron 3.7 mpan. Iluk 1pum
01 F 0 =0 mpan cBsi3aH C HEKaHa-
JUPOBAaHHBIMU YacCTULAMH, a
npu 6=3.7Mpan — C OTKIIO-
HEHHBIMH YaCTHUIIAMU.

N/No

0, mMmpanpg

-120

-150

3 4 5 3 4 s}
rnySmMHa, <¢M rmyémHa, <¢mM™m

Puc. 4.18 I'paduxu Ttpaekropuii x(f) B cinydae u3ruba KpucTajia Ha Yroi
2.4 mpaz, paccunuTaHHble 0e3 yuéTa MHOTOKPATHOIO paccesiHus (J1eBbli rpauk) u
o moxeau PST.

Ha puc. 4.18 npuBenensl rpaguku TpaeKTOpUid B ciiydae M3ruda Kpucraiia
Ha yroia 2.4 mpaz, paccuutanHble o monensiM XV u PST. MoxHO BUAETH, 4TO

yacTh 4yacTull B | obmactu (6e3 m3rmba) CHIBHO OTKIIOHSETCS OT HANpaBlICHUS
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IUIOCKOCTHOT'O KaHajla — 3TO0 HaabaphepHble yacTulbl. [lpu mepexonae ko BTOpoi
obsacT KpucTaia (¢ Uu3ruoom) Ta 4acTh HaA0APbEPHBIX YACTHUII, KOTOPHIE JIBUTA-
JIMCh B CTPOHY OTPULIATEIBHBIX 3HAUEHHUH X/a, MOBOPAYUBAET; ATOT 3(PPEKT MOKHO
OOBSICHUTH SIBIIEHUEM OOBEMHOTO OTpaxeHHs. B ciydae yuéra MHOTrOKpaTHOro

PacCCAIHUA MOKXHO BUACTH 3aXBAThI YACTHUIl B KaHAJIbI — 00BEMHEIN 3aXBar.

W3 nosy4eHHbIX pe3yJIbTaTOB MOKHO CIIEJIaTh CIEAYIOLINE BbIBOIBI:

1. OGHapyxeH MHTepBall JOKAJIbHBIX paauycoB u3ruda R. <R < R. B mpexaenax
KOTOPOT'0 MOTEPU YHEPIUHU KAHAIMPOBAHHBIX YACTHUL] CTAHOBATCA HE MEHBIIIE, YEM
IIOTEPHU SHEPIUU YACTHUL] B PA30PUECHTUPOBAHHOM KPUCTAILIE.

2. Yuér nexkaHanupoBaHUS B paMKax KOMIIBIOTEpHOM mporpamMmbl PST HEMHOTO
yMEHbIlIaeT 3HaueHUs d()(PEKTUBHOCTU OTKJIIOHEHMsI 110 CPaBHEHHUIO C pe3yJibTaTa-
MU pacuéra 0e3 y4éTa MHOTOKPATHOI'O paccesHUsl KaHAIMPOBAHHBIX IIPOTOHOB Ha
3IIEKTPOHAX U Anpax Kpuctamia (mporpamma XV). Pacuér appexTuBHOCTH OTKIIO-
HEHUS B paMKax KOMIIBIOTEPHOM IporpaMmbl SM TEMOHCTPHUPYET CTOJIb CHIIBHOE
JEKaHAITMPOBAHUE HM3-3a MHOTOKPATHOTO PACCESIHUA, YTO 3TO MPHUBOJMUT K 3HAYH-
TEJIBHOMY PACXOKICHHUIO C PE3yJIbTaTaMU DKCIIEPUMEHTA.

Xopouiee coriacue ¢ 3KCIEPUMEHTOM [4] MOJIyYEeHO C IMOMOLIBI0 KOMIIbIO-
TepHOU mporpammel PST, 4To CBSI3aHO C YMEHBLIEHUEM CKOPOCTH JEKaHaJIUpOBa-
HUS PEISITUBUCTCKUX IIPOTOHOB BCJIEICTBUE IIPUMEHEHHs] HOBOT'O MOAXO0AA K OIHU-
CaHUIO ABOJIIOLMU CPEIHHUX KBaApPaTOB (IYKTyallMid MONEPEYHOM KOOPAWHATHI U

CKOPOCTH.
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SAK/IIOYEHHME

[TpuBenEmM OCHOBHBIE PE3YIbTATH PAOOTHI:

1. Pa3paboTana KoMIbIOTEpHAs MporpamMMa JIjisi UCCIICIOBAHUS JIBHXKCHUS KaHAJH-
POBaHHBIX HOHOB B KaHajaX aiMa30MoJ00HBIX KPUCTAIIOB, YUUTHIBAIOIIYIO U3THO
KpHUCTalJla, MHOTOKPATHOE paccessHue, HauyaJbHYI PACXOJMMOCTh MyYKa YacCTHII,
pa3InyHbIE alMIPOKCUMAIMU MOTEHIINAIA OTJECILHOIO aTOMA.

2. C noMouip0 KOMOBIOTEPHOTO MOJIETIMPOBAHUS M0 MPEIJIOKEHHON Mporpamme
OBLIIM WCCNEOBAHbl: JIMHAMHUKA MOTOKAa OBICTPHIX YacTull (MPOTOHOB, MOJIOMKH-
TEIHHBIX MOHOB) B PEKMME IUIOCKOCTHOTO KaHAJTWPOBAHHUS B aliMa30IMO00HBIX
KpHUCTaJIax, BIMSAHUE MOTEHIMAIa IEPEXOAHONU 00JaCTH OCh-TUIOCKOCTD, BIMSHUS
n3ruba KpucTaiia Ha CBOMCTBA MOTOKA KAHAJIMPOBAHHBIX YaCTHII.

[Io pe3ysbTartam KOMIBIOTEPHOTO MOJEIUPOBAHMS MOXKHO CHENaTh Clje-
JYIOIINE OCHOBHBIE BBIBOJIBI:

1. OOHapy>KeHO YMEHBIIEHUE CKOPOCTU JICKAHAIMPOBAHUS PEISITUBUCTCKUX I0-
JIOKUTEITHLHO 3aPsHKCHHBIX YaCTHUIL B INTOCKOCTHBIX KaHallaX KpUCTaJIa.

2. Ilepexoanast 00JaCTh OCh-IJIOCKOCTh HE OKA3bIBAET 3aMETHOTO BIMSHUS Ha Xa-
paKkTep ABUKEHUS KaHATMPOBAHHBIX YACTHII.

3. B ycnoBusix akcnepumenTa (S.P. Moller et al. (1994)) obnapy>xeH unTepBa Jio-
KaJTbHBIX PaJyCOB U3rH0a, B Mpeesiax KOTOPOTO MOTEePH SHEPTHUH KaHATHPOBAH-
HBIX YaCTHI[ CTAHOBSATCSA HE MEHBIIE, YeM MOTEPU DPHEPTUU YACTHUIl B PA30PUCHTHU-
POBaHHOM KpHUCTAJLJIE.

B oTHOmeHnn co3gaHHONM KOMIbIOTEpHOU Tporpammbl PST HeoOxommmo
OTMETHTb, YTO JIaHHAs BEPCHUS MPOTPaMMBbl peain30BaHa TOJIbKO VISl aiMa30IoA0-
OBIX KPUCTAJJIOB M TPEX TJIABHBIX KPUCTAIIOTPAPUUECKUX TIIOCKOCTHBIX KaHAJIOB
(100), (110) u (111). Jlannast Bepcusi mporpaMMBbl peaanu30BaHa KaK JJIS THKETBIX
MOJIOKUTENIBHO 3apsSXKEHHBIX YacTull (TPOTOHOB, MOHOB), TaK U JUIS TSIKENBIX OT-
pULIATENIFHO 3apSKEHHBIX YacTUll (AaHTUIPOTOHBI, T -Me30HBI). OJHaKo, cxema

OIIMCaHUA KpHUCTaJlZIa, IIPHUMCHACMAA B IIPOIrpaMME, MOKCT OBITH KCITOJIb30BaHAa
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JUTSI OTIMCAHMS JTIOOBIX aTOMHBIX KPHCTAJJIOB, TaKXE MOXHO OIUCATh W JAPYTHE
IIJIOCKOCTHBIE HAIIPABIICHHUS.

JIOCTOBEpHOCTh MOJYYEHHBIX PE3YyJIbTATOB MOKHO OOOCHOBAaTh XOPOILIUM
COTJIaCHUEM C JKCIEePUMEHTAIBHBIMU pe3yibTaTamu. s obecreueHrs TOYHOCTH
pacy€ToB OBLIM MPUMEHEHbI TaKUe MPUEMBI, KaK MO00p Il1ara YUCICHHOTO pelie-
HUS JuddepeHInaIbHbIX ypaBHEHUH TakuM 00pa3oM, YyTOOBI COOIIONAC 3aKOH
COXPAHEHHUS HEPTUHU IS T010apbepHON TpaeKTOpUn 0e3 MHOTOKPAaTHOTO pacces-
HUS, TOJ00p KOJIMYECTBA YJIEHOB 7, pa3ioxkeHus B psag Dypbe Takum olOpazom,
yTOOBI COOTBETCTBYIONINE (DYHKIIMU HE U3MEHSIM CBOUM BHJ NPU YBEIUUYECHUU H,.
Opnako, g pacu€ToB Opanack He Oonbinas ctatuctuka (100, 301 wim 1000 yac-
THUILl), YTO, KOHEYHO, BHOCUT OIPEACIEHHYIO MOrPEIIHOCTh U 3TO HEOOXOAMMO
YYUTHIBATh TIPU CPaBHEHUAX pe3yJbTaTOB pacu€TtoB. K cokaneHuto, B3sTh 0O0JIb-
1Iee YUCJIO0 YacTHI] JIsl pacu€TOB HE ObUIO BO3ZMOXHOCTH, T.K. JJII 3TOr0 HEOOXO-
JTUMBI KaK OOJIBIIION 00BEM KOMIBIOTEPHOW MaMsTH, TaK U BpeMs. Tak, Hanmpumep,
pacuér ogHoro nyyka u3 301 nmpoToHa B U30THYTOM KpHUCTaslie, IJIUHOW 5 cM 3a-

HuMaeT 36 yacoB 1 0ko0j10 100 I'6 mamsTu.
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