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BBEJAEHHUE

[TpoGiiema B3aMMOAEHCTBUS OBICTPBIX 3aPSHKEHHBIX YaCTHUI[ C KpUCTAIaMHU
NPEACTABISACT 3HAYMTEIbHBI MHTEPEC C PA3IMYHBbIX TOYEK 3peHus. [Ipexne Bcero
IIPU NPOXOXKACHUM YaCTHUL[ BBICOKMX JHEPIMH 4Yepe3 KPUCTAJUT IPOSBIIFOTCS KOre-
peHTHbIE U UHTepPepeHInOHHbIE () ()EKThI, 00YCIOBICHHBIE B3aUMOJICHCTBUEM Yac-
THLBI C PAa3JIMYHBIMM aTOMaMHU pPELIECTKU. biarogaps TakuM sIBJIEHUSAM BEPOSTHOCTHU
IIPOLIECCOB B3aMMOJEHMCTBUS YAaCTHUIBI C aTOMAMHM PEIIETKH MOTYT CHJIBHO BO3pac-
TaTh 10 OTHOUIECHUIO K BEPOATHOCTSIM AHAJIOIMYHBIX IMPOLECCOB, CBA3AHHBIX C OT-
nenbHbIME atromMamu. Kpucrann npezacraBiser co0oil YHUKAIbHYIO CUCTEMY C OOJIb-
IIMMU BHYTPEHHUMM 3JIEKTPUUECKUMHU NOJsiIMU. CpeHue 3Ha4Y€HHs] BHY TPUKPHUCTAJI-
JUYECKUX INOJIeH MOTYyT Ha HECKOJbKO HOPSAIKOB OBITH BBIIIE CYIIECTBYIOLIMX MaK-
POCKOIIMYECKUX BHEIIHUX II0JIEH, CO3JaBAEMBIX BHEIIHMMH MCTOYHMKaMH. Ilpum
JNBWKCHUM YAaCTUL B TAKUX MOJIAX MOXET BO3HUKHYTH SIBJIEHHE — KaHAJIUPOBAHUE,
IpU KOTOPOM YacTHUIa JBUKETCS B KaHAJIax 00pa30BaHHBIX aTOMaMH KpucTaljia, ec-
JIM TPAEKTOPUS YACTHUILBI 3aKJIFOYEHA MEXKIY JBYMS aTOMHBIMH IIJIOCKOCTSIMH, TO TO-
BOPST O IJIOCKOCTHOM KaHAJIMPOBaHUM (puUC. 1), B OTIMYME OT OCEBOIO KaHaJIUpPOBa-
Hus (puC. 2), IpU KOTOPOM YacTHIla JABUKETCS MEXAY COCEAHUMU PsiAaMH aTOMOB.
ITpu oceBOM KaHaIMPOBAHUU IONEPEYHOE ABUKEHUE IPOUCXOJUT B JBYX HaIlpaBlic-
HUAX, IEPIEHIUKYJISIPHBIX OCH [2].

MHTepec K NMPOXOKIACHUIO 3apsHKEHHBIX YaCTHI] 4Yepe3 KPHUCTAJUIBI BIIEPBBIC
BO3HHUK elle B Hadyase XX BeKa, BCies 3a AKCIEPUMEHTaMU M0 JUu(pakiud peHTre-
HOBCKHX JIy4yel Ha KPUCTAIUIMYECKON PEILIETKE, JOKA3aBIIMMHU YIOPSAIOYEHHOE pac-
nojio’keHue atoMoB B kpuctasuie. [lltapkom B 1912 r. 6bU10 BBICKA3aHO MPEIIOIIO-
KEHUE, YTO KPUCTAIT B ONPEEICHHBIX HAPABICHUIX JOJIKEH ObITh OTHOCUTEIBHO

Mpo3paduCH MJIA 3aps’KCHHBIX YaCTHIIL. HpOBCpI/ITB CBOC IIPCAITIOJIOKCHUEC OH IIpCJia-
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raj B KCIIEPUMEHTaX C MPOTOHHBIMU MyYKaMH. JTH TEPBbIC HJIIEH O KaHATUPOBAHUU
3apsKEHHBIX YaCTHUI] B KPUCTAIUIAX OBLIM 3a0BITHl M BHOBb BO3POJWIHCH JIUIIb B Ha-
gane 60-x ronos, koraa 3p¢GeKT KaHaTUPOBaHU ObLIT 3aHOBO OTKPBHIT aMEPUKAHCKH-
mu puzukamu M. T. Poounconom u O. C. OysHoM u, He3aBUcuMo, buiepom u Becko
IyTeM YHCICHHOTO MOJCIMPOBAHHS JBIKCHHS 3apsDKCHHOW 4acTuibl Ha DBM, 00-
HApPY>KUBIIMX aHOMAIBLHO OOJbININE MPOOErH MOHOB, BIICTAIOIIMX B MOHOKPHUCTAJLI

BJI0JIb €r0 IJIaBHBIX KpUCTAUIOrpauuecKux HanpasiieHui [4].
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Puc. 2. OceBoe kaHanupoBanusi [3]



OCHOBBI TEOPUHU KaHAJTMPOBAHUS ObUTM Pa3BUTHI B (GyHAAMEHTAIbHON paboTe
Jluaaxapaa [6], B koTopoil ObUTM pa3paboTaHbl OCHOBHI TEOPUU KaHATWPOBAHUS.
Oco0oe 3HaueHue 3Toi pabOThl B TOM, YTO B HEH OINpEIENICHbl KPUTEPHH BBIXOJA
YaCTHI] U3 PEeKMMa KaHATUPOBAHUS, SIBJSIOLIMECS U MO CETOAHSIIHUNA 1€Hb KOHCTaH-
TaMH, Ha KOTOPBIX MPOBEPAIOTCA T€ WIM WHBIE TEOPETUUECKUE MOJEIIH U DKCIIEpU-
MEHTaJbHbIE PE3YJbTaThl. ITU KPUTEPUHU LIUPOKO MPUMEHSIOTCS NPH HHTEpIpeTa-
MU pPEe3yJbTaTOB, MOJYYEHHBIX C HCIOJb30BaHUWEM 3((deKTa KaHAIMPOBAHUSA IPU
peLIEeHNH TPUKIAIHbIX 3a/1a4. /(s onucanus npouecca paccessHus 3apsHKEeHHBIX dac-
THUIl B YIIOPSAOYEHHBIX CTPYKTypax JIMHAXap UCIOJIb30BaJ MPEICTABICHUS KIACCH-
YECKOM MEXaHWKH, a JUIsl pacyeTa KOHKPETHBIX MMapaMeTpoB NPHUMEHWI CTaTUCTHYE-
ckoe onucanue. [Ipu mocTpoeHUu TEOpUU KaHATMPOBAHUS UM ObLIO CHENAHO Clle-
IYIOILIEEe OCHOBHOE MPEIIOJIOKEHHE: MMPOLECC PACCESHUS 3apSHKEHHBIX YacTUL MPEI-
CTaBJIIET COOOM COBOKYITHOCTh KOPPEIMPOBAHHBIX CKOJIB3SAIINX CTOJIKHOBEHHH C OT-
JENbHBIMA aTOMaMU LEMOYEK WM IUIOCKOCTEH, MOTEHLIHal KOTOPhIX HENPEPBIBEH U
paBHOMEPHO pachpenaeseH [7].

JIJi MJIOCKOCTHOTO M OCEBOr0 KaHalIUpoBaHMs JIMHAXapaoMm ObUIM BBEACHBI
npezesbHble yribl 3axBaTa. Tak aiist miockocT (110) kpemHus B ciiydyae IPOTOHOB C
sHepruet 70 I'3B MoryT 3axBaTbhIBaThbCs B PEKUM KaHAIUPOBAHMS T€ YACTULBI, JUIS
KOTOPBIX Yroj ¢ IUI0CKOCThI0 He npesbimaer 0,0014° [12]. Ha puc. 3 cxemMaTtudHo
n300pakeHa TPAaeKTOpUs YaCTHULbI, MaJarolledl Mo yrioM K aTOMHOW IIOCKOCTHU

(umu aromHOM nenoyku). /Ui yriaoB MeHbuie kputudeckoro yria Jlunnxapna W,

HA0JII0/1aeTCsl KaHAIMPOBAHUE, YAaCTULIBI JK€, KOTOPBIE MMaJal0T 1Mo OOJIbIIMMU yIiia-
MU, pacCEeUBaIOTCA.

TpaexkToprs KaHaTUPOBAHHBIX YACTHUI[ MPOXOIUT Jaibllie OT SiAep aTOMOB
KPUCTAINIMYECKON PEIIETKH, YEM TPACKTOPHUS HE KaHATMPOBAHHBIX YACTHII, T.K. pac-

CCAHNC Ha AApax 6BICTpO BBIBOAWT YaCTHUIY N3 PCKUMaA KaHAJIUPOBAHMUA. 210 IIPpHUBO-
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JUT K BOXHBIM CIEACTBUSM: 1) jyinHa mpoOera 4acTHI] B KaHalle 3HAUUTEJIbHO yBe-
JIMYMBAETCS, TaK KaK JJIEKTPOHHAS IUIOTHOCTH B KaHAJIAX MEHbBIIE, YEM B CPEIHEM B
KPHUCTAJIE, YTO YMEHBIIAECT SHEPreTUYECKUE MOTEPU KAHAIMPOBAHHBIX YACTHUIl Ha
3JIEKTPOHHOE TOPMOXKEHHE. B COCTOSIHMY KaHAIMPOBAHUS YACTUIIA MOKET IMPONTHU B
Kpuctaiie canTuMmeTpsl (B 9B — Hol oOsactu 2Hepruii). YBenudeHue AJIUHBI MMPO-
0era MOHOB IMPU KaHATMPOBAHUM UCIIOIB3YETCS IPU UOHHOM JIETUPOBAHUU MTOITYTIPO-
BOJHUKOB. 2) [ToCKOJIbKY KaHaIMPOBaHHBIE YACTHUIIBI IBUKYTCS CPABHUTEIBHO Jajie-
KO OT s/iep U OJMU3KUX K HEMY AJIEKTPOHHBIX 000JIOYEK, BEPOSATHOCTH SIEPHBIX peak-
IUA U BO30YXKJCHUSI PEHTICHOBCKOTO MU3JIYYCHUS MO ACHCTBHEM KaHAIMPOBAHHBIX

YaCTHUIl HAMHOTO MEHbIIIE [2].

Z.e

Z.e

p 3

Puc. 3. Tpaexropus yactuusl [1]

Oddextr kaHamupoBaHHs 00€CIEUMBAECT CIOCOO HCCIEAOBAHMS CTPYKTYPHI
KPUCTAJVIOB W SIBJICHUH, CBSI3aHHBIX C B3aUMOJICHCTBUEM H3JIYUEHHUS C BEIICCTBOM.
Yactuipl, IBIKYIIMECS B KaHAJIaxX, MOTYT BBIXOAWTHh M3 KaHAlla B pe3yJbTaTe pac-
cessHUS Ha JedeKTax B KpHUCTaIe, YTO HMCIOJIb3yeTcs Uil u3ydenus nedexros. Ha
OCHOBE IPHUHIIMIIOB KAHAJIMPOBAHUS MOTYT OBITh CO3/IaHbI HOBBIE MCTOYHUKH PEHT-
T€HOBCKOTO U TaMMa-H3JIy9CHHS, COCTOSIITUE U3 YCKOPUTENIECH 3JIEKTPOHOB WM TIO3H-
TPOHOB M TOYHO OPHUCHTUPOBAHHBIX KPHCTAJJIOB TEPMaHMs, KPEMHUS WIW JPYTUX

9JICMCHTOB. HOI[O6HI>IC KpUCTAJJIBI, ITOTJIOMIAIOIINEC BBICOKOIHCPTICTUICCKOC U3JIIYyUC-



HUE, MOTYT CIIYKUTb J€TEKTOPAMH IaMMa-U3JIy4EHUs, YTIIIOBOE Pa3pEIICHHE KOTOPBIX
HAaMHOTO JIy4Ill€, YeM Y YCTPOMCTB, IPUMEHSIEMBIX B HAcCTOsILIeE BpeMs [2].

HNHTepecHBIME TIPEACTABISIOTCS OOHApYKeHHbIE 2(h(DEKThI HArpeBa U OXJIAXK-
nenus [8,9], a Takke KOrepeHTHOTO BO30YK/IEHUS KaHAIMPOBaHHBIX HOHOB [10,11].

Tot ¢dakt, uro cam 3dekr kaHanupoBaHUs OBLT OOHAPYKEH B pe3yjbTaTe
KOMITBIOTEPHOT'O MOJICITUPOBAHUS, 00YCIaBINBACT BAXKHOCTh U 3(PPEKTUBHOCTH TIPH-
MEHEHHSI METOJI0OB KOMIIBIOTEPHOTO MOJICIIUPOBAHUS JIsl pacueTa mapameTpoB, JIBU-
KYIIUXCS B KPUCTAILIIE YACTULL.

B nacrosimiee BpeMs B Mmupe pazpaOb0TaHbl pa3InyHbIE MOJIEIH, TIO3BOJISIOIIHNE
OTHCHIBATH JIBIKCHHUE KaHATUPOBAHHON YacTuIlbl. OcTaHOBUMCS OoJiee MOAPOOHO Ha
HEKOTOPBIX U3 HUX. OnucaHue nporecca KaHAIMPOBAHUS B HUX MPOU3BOJAUTCS B (a-
30BOM IPOCTPAHCTBE MONEPEYHBIX KOOPAUHAT U CKOPOCTEMN.

BINCOL [13] — nporpamma pacyeTa TpaeKTOPUN YaCTHUIl 0 MOJEIU MapHbIX
CTOJIKHOBEHHI YaCTHI] U1 aTOMOB, TO €CTh YUUTBHIBAETCS B3aUMOJICHCTBUE YACTHUIIBI C
KaXKJIbIM aTOMOM KpucTaiuia. He yuuTeiBaeTcsi B3aMMOAECHCTBHE C 3JIEKTPOHAMM.

CATCH (Capture And Transport of Charged particles in a crystal, B.M. bu-
ptokoB, 1993 r.) [14] — nporpaMMa MOAEIMPOBAaHUS KAHAIUPOBAHUS B M30THYTHIX
KpUCTaJIax ¢ YYETOM MPOLECCOB PACCESHUS Ha JJIEKTPOHAX U fAJlpax, a TAKKe C yye-
TOM ToTepb 3Hepruu. Mcnonszyercs npubnmkenre Modbep Uil TOTEHIIMANA B3au-
MOJICUCTBHUS 3apsKEHHOM 4acTHIlA U aTOMOB KpHUCTasuia. /{1 4YKMCIEHHOTO pelieHus
ypaBHEHHUS ABUKEHUS UCIIOJIb3YEeTCs alroputm Bepie.

[Iporpamma K. Saitoh [16] — 3aech npeajaraeTcsi TeopeTuyeckasl MoJieb OIHK-
CaHUs TJIOCKOCTHBIX KojieOaHui, ocHOBaHHas Ha MeToae Monte-Kapio, ¢ mepeonpe-
JIEJICHUEM MOTNEePEUYHON CKOPOCTH YaCTHIL.

[Iporpamma A.M. Tapatuna [17] — B Mmozxenu sl TpyNIUPOBKA CTOJIKHOBEHUI

HCIIOJIB3YCTCA MOJACIIb OTPC3KOB. HYTL JaCTHUIlbI p2136I/IBa€TCH Ha OTPC3KH OIIPCaAC-
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JIEHHOM JUIMHBI, U3MEHEHUE COCTOSIHUSA YaCTHUIbl B KOHLE OTPE3Ka OMPEACIISIETCS
MHOT'OKPATHBIM PaCcCESHHUEM.

B Hacrosdiiee BpeMsl TEOPETHUYECKHME W SKCIEPUMEHTAJIBHBIE HUCCIIEI0BaHUS
npolecca OTKJIOHEHUS MyYKOB PEISTUBUCTCKUX YAaCTHI] MU30THYTHIMU KpPHUCTAJIaMU
MPOJIOJKAIOT OCTAaBAThCSA OJAHUM M3 AKTyalbHbIX HAyYHBIX HamnpaBieHUU. B nukie
pa6ort [18,19,20], Bemonuaennsix B [IUAD, MBS u LIEPH 6511 06Hapyxen 3¢ dext
00BEMHOI0 OTPAKEHHUS PEISTUBUCTCKUX MPOTOHOB M30THYTHIM KPUCTAJIOM KpEM-
HUS, TIpecKa3anHbii B padote [21]. B navane 90x rogos B IIEPH Opina nocturnyra
BbICOKasi 3(h(PEeKTUBHOCTH OTKIOHEHUS TPOTOHOB ¢ dHeprusmu 200 u 450 1B kpu-
CTaJUIOM I€pMaHus, U30IHYTOI0 YCTPOMCTBOM C TpeMsi TOYKamu ornopbsl. Kommero-
TEPHOE MOJIETMPOBAHUE PE3YIBTATOB ATOTO SKCIEPUMEHTA TaK U HE ObLIO BBIMOJIHE-
HO. O/1Ha U3 MPUYMH TAKOIO IMOJOXKEHUS JEJ COCTOsIa B TOM, UTO IPUMEHEHHUE Me-
TOJ1a KOMITBIOTEPHOTO MOJICIMPOBaHMs B (Pa30BOM MPOCTPAHCTBE MOMEPEUHBIX KOOP-
JUHAT U CKOpOCTeH TpedyeT OOJbIIMX 3aTpaT KOMIIbIOTEpPHOro BpeMeHu. Kpome To-
ro, NEPCIEKTUBHBIM SIBIISETCA HCIOIb30BAHUE KPUCTAUIOB C OOJIBIIMM aTOMHBIM
HOMEPOM Z, HO pacdeT B TaKUX KpHUCTAJUIaX MPHUBEACT K elle OOJIbIIUM 3aTpaTaM Ha
KOMITBIOTEPHBIN pacyeT. M3BECTHO, YTO JUIsl COKPALIEHUS! MAIIMHHOTO BPEMEHH CYe-
Ta ONHUCaHUE MPOLEcca KaHAIMPOBAHUS MPOU3BOAAT HE B (Pa30BOM MPOCTPAHCTBE
MONEPEYHBIX KOOPAUHAT U CKOPOCTEM, a B MPOCTPAHCTBE MOINepeyHbIX dHepruil. Cy-
LIECTBYIOT Pa3jIUYHbIE MTOAXOAbI K IOCTPOECHUI0 KUHETUYECKOTO ypaBHEHUsT DOKKe-
pa-lIlnanka B mpoCTpaHCTBE MONEPEYHBIX JHEPTUNA. B paMKax KMUHETUYECKOTO MOAXO0-
Jla K TEOPUU OCEBOTO [22] M IJIOCKOCTHOIO KaHanupoBaHus [23,24] paccMaTpUBarOT
b dy3rnoHHOe MPUOIMKEHNEe 711 UHTETPo-AuddHepeHIInaIbHOT0 YpaBHEHUS mepe-
HOCa B TIPOCTPAHCTBE MOMEPEUHBIX dHEPTUid. B padote [25] ObUI0 TMOKA3aHO, YTO KH-

HETUYEeCKOe ypaBHeHHE AU(P(Y3MOHHOTO TUIa [22] HE ONMUCHIBAET PE3yIbTaThl IKC-

IIEPUMEHTA C PEIATUBUCTCKUMU IIPOTOHAMH B <1 10> OCEBOM KaHaJle KpucTajljia rep-
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MaHMUsI. HpI/I‘II/IHa HECOoIrJIaCusl MCKIAY TCOpPIGﬁ " 3KCIICPUMCHTOM A0 CUX IIOp HC yC-

TaHOBJICHA.

eab pabdoThbI:

1. Ilouck pemenust ypaBHeHnus: Pokkepa-Ilnanka B mMpoCcTpaHCTBE MONEPEUHBIX
DHEPTUM.

2. Pa3paboTka KOMIBIOTEPHOU MPOTPAMMbI HA OCHOBE HOBOTO IMOAXOJA K pellie-
Huto ypaBHeHus Dokkepa-Ilnanka. B mporpamme nomkHbl OBITH MPETyCMOTPEHBI
BO3MOKHOCTH I10 BapbUPOBAHUIO HAYaJbHBIX YCJIOBUH, B TOM YHCIIE€ BO3MOXKHOCTb
U3MEHATh HAYaJIbHYI0 PAaCXOAUMOCTH ITy4YKa, MCIIOJIb30BATh PA3JIMYHBIE aIIPOKCH-
MaIy MOTEHIalIa OTAEIBHOro aroma. Takke JOHKHBI OBITh MPETyCMOTPEHBI pa3-
JIMYHBIC BapUAHTBI MOJIEIIEN IeKaHATUPOBAHUS.

3. HccnenoBanue ¢ MOMOIIBIO KOMIIBIOTEPHOTO MOJEIMPOBAHMS IWHAMHKHU II0-
TOKa 3apsOKEHHBIX YaCTHUI[ B MPSAMBIX U M30THYTHIX alMa30NoOJ00HBIX KpHCTaiax

IIPpH INIOCKOCTHOM KaHaJIMPOBAHWH.

Meton uccienoBanus — KOMIbIOTEpHOE MoJieupoBanre. Ha ocHoBaHuM HO-
BOT'O TTO/IX0/1a K OMMCAHUIO JABMKCHUS 3apSKEHHBIX YacTHI] B (ha30BOM MPOCTPAHCTBE
MOTICPEYHBIX DHEPrUil ObLIa CO3/1aHa MaTEMaTHIECKass MOJICTh, PEATM30BAaHHAS B BU-
ne kommnbioTepHo nporpammbl STE (the Space of Transversal Energy). Marematu-
YyecKasi MOJIeJIb OCHOBAaHA Ha pEUICHUU KMHETH4YecKoro ypaBHenus dokkepa-Ilnanka
B ()a30BOM MPOCTPAHCTBE IMOMEPEUHBIX SHEPTHM, PEIICHHE KOTOPOrO0 CBOJIUTCS K
YUCJIICHHOMY PEIICHUI0 CUCTeMBbI AuddepeHIInaibHbIX YpaBHEHUNH MeTooM PyHre-
Kytthl 4 nmopsinka TouHocTu. J[Jis ydeTa oOpaTHOro BJIMSIHUS MHOTOKPATHOI'O pac-

CCAHHA Ha ABMXKCHHUC YaCTHUILBI ITIPUMCHACTCA MCTO MOHTG-KapJ'IO.
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O00CHOBAaHHOCTb M I0CTOBEPHOCTH MOJYYECHHBIX Pe3yJIbTATOB

B kadyecTBe UCXOAHBIX ypaBHEHUI OBLIM BBHIOpAaHBl M3BECTHBIE YpPaBHEHUS
doxkkepa-Ilnanka u HproToHa, ONMChIBaOIe ABUKEHUE 3aPSHKEHHBIX YACTUL] B KY-
JIOHOBCKOM MOTEHIMAJE DJIEKTPOHOB U sIEp aTOMOB KpucTaia. PIyKTyaluuu IO-
TEHIMaJIa U KOPpEJALUOHHbIE (QYHKIMU (IIyKTyaluii MOTeHIMala ObUIM OIPE/IEIICHBI
B pamMKax oOUIenpuHATON TeopuH. Pemienne ypaBHEHUN NBHKEHUS MCKAJIUCh C IO-
MOIIBI0O MeTOAa Mayioro Imyma [28] u MeTtoga MHorux macmTaboB [29]. Takxe xo-
polee Corjacue IOIYYEHHBIX pe3yJbTaTOB KOMIBIOTEPHOTO MOJEIMPOBAHUS 110
nporpamme STE B CpaBHEHUU € DKCIIEPUMEHTAIBHBIMU TAHHBIMU U PE3YJIBTATAMMU 10
IpyruM mporpammam [45,46] mo3BossieT rOBOPUTh 00 00OCHOBAHHOCTH U JIOCTOBEP-

HOCTH ITOJYUYCHHBIX PE3YyJIbTATOB.

HayuyHnasi u npakTu4yeckasi 3Ha4YUMOCTb PadoThI

Onucannyto B paboTe mporpamMmy MOAEIUPOBAHUS IUIOCKOCTHOTO KaHAJIMPO-
BaHUS 3apsHKEHHBIX YaCTHI], OCHOBAHHYIO Ha penieHun ypaBHeHus dokkepa-Ilnanka
B MPOCTPAHCTBE MOMEPEUHBIX IHEPTUd, MOKHO MCIIOIb30BATh JJI aHAIW3a U TUIaHU-
POBaHMS HOBBIX AKCIEPUMEHTAIIbHBIX UCCIEIOBAHHUN MO MPOXOKICHUIO 3apsKEHHBIX
YaCTHUIl B MPSAMBIX U U30THYTHIX OPUEHTUPOBAHHBIX AIMA30MOJA00HBIX KPUCTAJIAX.
KomMmmnbroTepHoe MojenupoBaHue, ucclenys Te ke (U3NYECKHe MPOIECChl, YTO M
HKCIIEPUMEHT, UMEET PsiJi MPEUMYIIECTB, TAKHE KaK OTHOCUTENbHAS JICIIeBU3HA KOM-
NBIOTEPHOTO 3KCIIEPUMEHTAa U BO3MOXHOCTh IIMPOKOTO BapbUPOBAHUS MMApPAMETPOB
3amaud. 3BeCTHO, YTO MCMOJIB30BAaHUE M30THYTHIX KPUCTAJUIOB JJIsl BHIBOJA MYUYKOB
3apSKEHHBIX YaCTUIl U3 YCKOPUTENEH SKOHOMUT 3HAYUTEIIbHOE KOJTUYECTBO SHEPIHUH.
KomMmmbroTepHoe MojenupoBaHue, TaKUM 00pa3oM, JOIOIHIET TECOPUI0 M DIKCIEPH-

MCHT.
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HayuyHnasi HOBU3HA U pe3yJIbTAThl, BBIHECEHHbIE HA 3alIIUTY:

1. IlpennokeH u peaau3oBaH METOJ YUCIEHHOIO pelleHus ypaBHeHus: Pokkepa-
[Tnanka B pa30BOM MpOCTpaHCTBE MOMEPEUHBIX SHEPTUN C TOMOIIBI0 KOMITbIOTEPHO-
ro0 MOJEIUPOBAHUS TPACKTOPHUI KaHATHMPOBAHHBIX YACTHII.

2. B ToHKOM KpucCTajie MOCTPOEHO ypaBHeHUE NU(DPy3uu, OMUCHIBAIOIIEE IBO-
JTIOIUI0 (QIIYKTyalnid MOMEePeuHO SHEPrul KaHAJUPOBAHHBIX YACTHI[ BJOJb OTpPE3-
KOB TPAaEKTOPHUH B INIOCKOCTHOM KaHaJjle, U HalJIEHO €ro pelieHue.

3. IlpennoxeHsl KOMIUIEKC anropuTMoB u nporpamMma STE mMonenupoBaHus Tpa-
eKTOpHUH, MpeACTaBisAomas co00il alropuTMHUUECKOE HAIOJHEHHE MOJENHU JBHKE-
HUS 3apSYKEHHBIX YaCTHUI B IUIOCKOCTHBIX KaHalaxX ajaMa3oIoA00HbIX KPUCTAJUIOB.

4. BrepBble ¢ MOMOIIBIO METOJIa KOMIIBIOTEPHOTO MOJIEIUPOBAHMS HCCIIEJOBAaHA
3G (HEKTUBHOCTh OTKJIOHEHHUS BBICOKOIHEPTETUYECKUX MPOTOHOB B M30THYTOM KpH-

CTaJJIC I'CPMAHMA.

AnpobGanus padboThl
OcHOBHBIE pe3yibTaThl pPabOThl JTOKIAABIBAIUCh HA CIEAYIOIIUX HAYYHBIX
KOH(epeHIUsIX:
- 34-37 MexnyHapoHble KOHGepeHIuU 1Mo (U3NKE B3aUMOJICUCTBUS 3aps>KEHHBIX
yactull ¢ kpuctamiamu (Mocksa, HUUAD MI'Y, 2004-2007 rr.);
- Sixth International Symposium on Swift Heavy lons in Matter (Aschaffenburg,
I'epmanus, 2005 r.);
- 17 MexnynapoaHoit koHpepeHuu “BzanmoaeiicTBUe MOHOB C MOBEPXHOCTHIO”
(3Benuropon, 2005 r.);
- 4-6 OTKpBITBIX OKPY>KHBIX KOH(PEPEHIMIX MOJOJbIX yUeHHbIX ‘Hayka um mHHOBa-
uun XXI Beka” (Cypryt, 2003-2005 rr.);

KonunuecTBo paboT no nuccepramuu — 18.
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B pa6orax [32-34] paccMaTtpuBaroTcsi 00IIHME MOIXO0AbI K OMMMCAHUIO JIBUKEHUS
3apsHKEHHBIX YacTHUI B MIPOCTPAHCTBE MOINEPEUHbIX AHepruil. [loTeHunanbHas sHep-
TUsl B3aUMOJCIHCTBUS MHOTO3apSAJIHBIX MOHOB C aTOMaMHU KpHUCTauia CTPOUTCS B
[35,36,37]. B pabotax [38,39] npuBOAUTCS BHIBOJI MOTEHIIMAIA IEPEXOIHOM 00JIACTH.
Onucanuio pacyera MOTepb HEPIUU KAHAJTMPOBAHHBIX YACTHUI[ MOCBAILIEHBI paOOThI
[40-43]. Onucanue MaTEeMaTHYECKONW MOJEIM COCTaBISIONICH OCHOBY CO3JaHHOM
KOMITBIOTEPHOU MPOTPAMMBI U €€ CPaBHEHHE C APYTUMHU MPOrpaMMaMH MOKHO HANTH
B [44,45,46]. B pabote [46] uccnenyercst 3pdeKkT yMEeHbIICHUSI CKOPOCTH JIeKaHAIH-
pOBaHHUs PENSATUBUCTCKUX NPOTOHOB. B [47-48] paccMarpuBaroTcsl OTEPU SHEPTUU
IpU JIBUKECHUU PEIIITUBUCTCKUX MOHOB CBUHIIA B TUIOCKOCTHBIX KaHAJIaX KPEMHHSI.
Pabota [49] nocBsleHa KOMIBIOTEPHOMY MOJEIUPOBAHUIO JBMXEHHUSI MPOTOHOB B

HN30THYTBIX KPpHUCTAJLJIAX.

Crpykrypa u 00beM padoThbI.

JluccepranronHas paboTa COCTOWT U3 BBEICHUS, YETHIPEX TJ1aB U 3aKITIOUCHUS,
BKJIFOUaeT 36 PUCYHKOB, 6 TaOIHII, a TAK)KE CONEPIKUT CITUCOK JIUTEpaTypsl U3 75 Ha-
UMEHOBaHUU W MpuioxkeHue Ha 195 crtpanuimax. OO6muii o0beM pabotsl 295 crpa-

HHII.
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I'TABA 1. ABUXEHHUE 3APAXKEHHBIX YACTHUII B IIVIOCKOCTHBIX
KAHAJIAX KPUCTAJJTIA

1.1 IToreHuMaa KpucraLiia

3H€KTpH‘-I€CKHﬁ MOTCHIOMAJI KPHUCTAJUIa CKIAABIBACTCA H3 KYJIOHOBCKHUX IIO-

TCHIHUAJIIOB AaTOMHBIX €D, PACIIOJOKCHHBIX B Y3JIaX KpHCTaHJII/I‘ICCKOfI PECIICTKH U

KYJIOHOBCKHUX IMOTCHIUAJIOB dTOMHBIX 3JICKTPOHOB

U(|F) =U,a ([F) + U (17]) (1.1)
_ Ze
Unucz(‘r)zzn:—F ie;; )

TA€ 7 — BEKTOP, ONPEIEISAIONINI MTOJIOKEHHUE 3apPSHKEHHON YaCTHLBI JBWKYIIEHCS B

KPHUCTAJLIE, B OKPECTHOCTH HEKOTOPOM aTOMHOM LENOYKH; 7, =7, + OF, — BEKTOp, OIl-
pEENAIOIUI I0JI0KEHHE N — IO aTOMHOTO si/Ipa C 3apaoM Z,e ; BEKTOp 7, OIpele-
€T TOJIOKEHHE N-TO y3J1a KPUCTAJUIMYECKOW PEUIETKH, a BEKTOP OF, OIKCBHIBAET

CMEIIEHHE Spa N-ro aToMa KpUCTajuia U3 y3ja KpUCTaUIMYeCKON perieTky Onaroaa-

ps TCILJIOBBIM KoJeOaHMsIM.

Ue,(\f\)=—22r%,

TJie 7,, — BEKTOP, ONPEIENAIONINIA TIONOKEHUE | — IO DIIEKTPOHA, IPUHAIEKAIIETO N
— My SUIpy; 7, =T, + OF,;; BEKTOp OF,; OUPENENACT MOJ0KCHHUE J-T0 SJICKTPOHA 10 OT-

HOHICHHUIO K ITOJIOKCHHUIO N-I'0 aTOMHOTO sApa.

Torna noTeHIKMall KpUCTalia 3aluIIeM CIEIyOIUM 00pa3oM

p ‘r—rn

~ 7 o Z, 2
Ui =2 P 2 r
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B ciydac B3aI/IMOI[CI\/iCTBI/IH 6I>ICTp0FO HOHA C ATOMaMHM KpHUCTaJlJIa, ITIOTCHIIUAJI

BSaHMOI[efICTBHﬂ MOJKHO IIPCACTABUTDb KaK

- ZZ 2 Z, Z 2
U()= Y| 222 —;‘F_l‘;_ ,
= nj

rae Ze - 3apsj HOHa.

Ycpennenue nmoTeHIMala KpUCTalia, M0 KBAaHTOBBIM (IIYKTyalusiM MECTOIO-
JIO’KE€HUS aTOMHBIX AJIEKTPOHOB OyJIeM OCYIIECTBIATH ¢ moMoulsio Meroaa [S50], ko-
Topbiii bere ucmonb30Banm s BBIUMCICHUST aTOMHOTO (opMm-akTopa u 0003HA-

qars (.. .

e
7).,

rue V(‘F - 17,1‘) — IMOTEHLMAJI N — I'0 U30JINPOBAHHOIO aTOMa.

<U@r)> = V(-

CymiecTBYIOT CIEAYIOIINE XOPOIIO U3BECTHBIC MPUOIMKEHUS JJI1 TMOTCHIINA-

JIOB U30JIMPOBAHHBIX aTOMOB [5]:

— npubmwkenue Tomaca-DepMu ¢ aHATUTHIECKON anmpokcumariieit mo Mosbepy;

— npubmmkenue Tomaca-Oepmu — Jlupaka ¢ aHATUTHYECKOW ampOKCUMAIMEn 1o
®upcosy;

— npubmmkenne Xaptpu — Poka ¢ yuyeTom, Korja 3TO HEOOXOAUMO, PENSTUBHUCT-
CKMX TOIPaBOK (aHaMuTUUYECKas anmnpokcuManus gana Jloinem u Tepuepom, Kok-
coMm u bouxemom, a Takxke bapperTom).

[Tpu yucneHHBIX pacyeTax B JIAaHHOM paboTe MCIOJIb30BANIACH AMIPOKCUMAIIUS

aToMHOTO ToteHnmana V(r) B npubnmwxenun [oitna — Tepuepa u Moabsep. ATom-

HBINM MoTeHMan B npudmmkenun Jloins — TepHepa numeer BUJT

v(r)

=2a,e’Z, Z\/zﬂ?exp -—— (1.2)
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rne a,=0.529 A — paguyc bopa; Z,— aTOMHBII HOMEp HAJETAIOUICH YacTH-

el B, = b, >. 3Ha4enms q;, b, 11 KpUCTAIOB KPEMHUS M TEPMAHUS NIPUBEIIECHBI B
2
tabmume 1.1.
Kpemnaun I'epmanui
. . 2 - 02
a,, A b, A a, A b, A
2.1293 57.7748 2.4467 55.893
2.5333 16.4756 2.7015 14.393
0.8349 2.8796 1.6157 2.4461
0.3216 0.3860 0.6009 0.3415

Tabmuua 1.1. 3Havenunsia,, b, KpUCTAIIIOB KPEMHUSI U Te€pMaHUs

ATOMHBIM IIOTCHIIMAJI B HpI/I6J'II/I}K€HI/II/I Monbep HNMCCT B[

V(r)= 77,6 ia,- exp(_’”_ﬁfJ , (1.3)

rooa a
-1/2
rae Z, — aTOMHBIM HOMEp aTOMOB KPHUCTajlla; a = 0.88534a0(212/ v 73 3) — panu-

yc okpanupoBanus Tomaca — @epmu; «;, f— KOOPPULHUEHTHI, 3HAYEHUS KOTOPBIX
npenacTaBiieHbl B Tabauue 1.2.

Taxxe MOXHO IMPUBCCTHU BUJ AlIIPpOKCHUMAIIMKM ATOMHOI'O IIOTCHIMAJIA B IIPHU-

ommxennn dupcona [5]

V()= ZZ,e*  sh’BC
r shzﬂ(C+r/a) ’

-1/2
; C

rae f= 0.4(Z12/3 + sz) 1.7.

Q
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a, p;

0.35 0.3
0.55 1.2
0.10 6.0

Tabmuua 1.2. «;, f,—xo3dpdunnents! B npudamxenun Moisep

1

IMOoTCHIMAaIa U30JIMPOBAHHOI'O aTOMa

1.2 YcpeaHeHnue 3JIeKTPHYECKOr0 MOTEHIMAJIA KPUCTAJLJIA MO TEMJIOBBIM KoOJIe-

oOaHuAM

N3BecTHO, uTO (pirykTyaruu moteHnuana U(7) BBI3BIBAIOTCS TETUIOBBIMU KO-

JeO0aHUsIMU aTOMHBIX SIIEP M KBAHTOBBIMHU (DIYKTyallMsIMU, KOTOPHIE UCIBITHIBAIOT
aTOMHBIE JJIEKTPOHBI. TenoBble K0JeOaHUs aTOMOB U3MEHSIOT MOTEHIMAJ CTaTuYe-
CKOM peleTky BOJU3U IUIOCKOCTH Ha PAcCTOSHUSX MOpPsAKa aMIUIUTYJbl TEIJIOBBIX
kosiebanuit [26]. [ToTeHIMan U30IMPOBAHHOTO aTOMa MOXKET OBITh Pa3JIOKEH B MHTE-

rpan Oypbe

v(F-7))= [ -Bv (g)exp -ig(F - 7,)].

e (27[)

rae V(g) — ®@ypbe KOMIOHEHTA NOTEHIMAIA U30JIMPOBAHHOIO aTOMa; 7., — BEKTOP

OTIPEICIIAIONTUN TOJIOKEHHUE N — IO y3JIa KPUCTAIUIMYECKON PEIIETKU; ¢ — OJTHOMEp-
HBII BEKTOp 0OpaTHOM pEeIIeTKH, g2 = gf + gi + gz2

@dypre KOMIIOHEHTa IMOTEHIIMAajda H30JIMPOBAHHOTO aToMa B MPHUOJIMKEHUU

MouJibep umeeT Bua
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3 a.
V(g) =47erZzezz :

1.4
i=1 (,b’,./a)2+g2 ( )

@dyppe KOMIIOHEHTa MOTEHLHMajda H30JMPOBAHHOTO aToMa B MPHUOJIMKEHUU

Howns-TepHepa umeet BU
4
— 2 2
V(g):27eraOe Zai exp(—B,g"/4) . (1.5)
i=1
VYcpenHenue Mo HE3aBUCHMBIM TEIUIOBBIM KOJIEOAHUSIM aTOMOB KpHUCTasia

OCYLIECTBJISIETCS. C MOMOIIbI0 (QYHKIUU pacrnpeaeneHus ['aycca u o00o3Hadaercs

CHUMBOJIOM <>T

<U@F) >, =2 <V (F-7])>;,

Torna sneKTpUYECKUd MOTEHIMAT W30JMPOBAHHOTO aTOMa YE€pe3 HHTErpal

®dypbe ycpeIHEHHOTO 0 TETJIOBBIM KOJIEOaHUSM MPEICTABUM B CIEAYIOIIEM BUIE

1€ O — aMIUIMTyJAa TEIUIOBBIX K0JIeOaHUN aToMa, B cllyyae KpUcTalsla KpEMHUS,

npu Temmeparype 293°K , o =0.075A [27].

1.3 HenpepbIBHBIH MOTEHIHAAJ ATOMHOM MJIOCKOCTH KPUCTAJLJIA

OcHoBHas ujes, ynpolaroas TeopeTuueckuil ananm3 r¢dexra kaHamupona-
HUS B LIE€JIOM, COCTOUT B 3aMEHE MUCTHHHOTO MOTEHIHAJIa aTOMOB KpHUCTasia MOTEH-
IIUAJIOM, YCPEIHEHHBIM IO KOOPAMHATAM aTOMOB B KPUCTALTOTpa)UUECKONW OCH WITH
II0CKOCTU. Takoe npuonmxeHne 0cooeHHo 3PPEeKTUBHO, €ClU Yo NaJeHUs YacTH-

ObI HaA OChb HJIHN INNIOCKOCTH AOCTATOYHO Mall. HI/IHI[XElpIIOM u OBLIO II0Ka3aHoO, 4TO
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IpY MaJOM YIJI€ NaJIeHUs 3apsKEHHON 4acTUIBI 10 OTHOLICHUIO K KpUCTaJuIorpadu-
YECKOW OCU MJIM IUIOCKOCTH IOCJIEOBATEIbHbIE CTOJIKHOBEHUS YaCTULBI C aTOMaMHM
pEIIETKHA CKOPPETUPOBAHBI MEXKIY COOOM, U CIEeyeT paccMaTpUBaTh B3aUMOJICHCT-
BHE 3ApPSKEHHOW YacTHULBI C ATOMHOM LENMOYKOM MM AaTOMHOM IUIOCKOCTBIO, TO
€CTh KOT'JIa YaCTHILa, PACCEUBAsICh HA MAJIbIM YI'OJI IOCIE B3aUMOJCHCTBUS C OJHUM
aToOMOM, TOMaaeT B 00JaCTh ACHCTBUS CIAEAYIOUIETO M, MOCKOJIBKY CHIIbI MPUTSIKE-
HUSL TUMHU aTOMaMM (WM CUJIbl OTTAJIKUBAHUSA, €CIM YaCTULIA MOJOXKUTEIBHO 3apsi-
’KEHA) HAIPABJICHBI B OJHY CTOPOHY, IPOMCXOJUT CPABHUTEIBHO IJIaBHBIA MTOBOPOT
UMIIYJIbCA YaCTUILIbI BCIEACTBUE CTOIKHOBEHHMH C OOJIBIINM YHCIOM aTOMOB OCH WU
IIOCKOCTH. Toraa B MajoyriioBOM NPUOIMKEHUH MOKHO 3aMEHUTH MOTEHIHAJIBI OT-
JEJIbHBIX aTOMOB YCPEIHEHHBIM HEMpPEpbIBHBIM MOTEHIMaNOM. [lo oTHOHIEHUIO K 3a-
PSOKEHHOM 4acTHIle, ABWXKYILIEHCS B KPUCTAJUIE BJIOJIb OJHOM M3 €ro OCeH CUMMET-
pHUH, aTOMBI B KPUCTAJUIE PACIOIO0KEHBI MPUOIU3ZUTENBHO TaK, KaKk OYCHHKU Ha HaTS-
HYTOW HUTKe. Ecnu yacTuiia npoxoauT OJIM3KO K OJHOMY M3 aTOMOB, TO OHA MPOMAET
TakKe OJIM3KO U K COCEJHMM aToMaM TOH )K€ LIETIOYKH, B pe3yjbTaTe LENoYKa aTo-
MOB JIEHCTBYET KaK €JMHOE LIEJI0€, OTKJIOHSS 3apsHKEHHYIO YacTUIly TaK, CJIOBHO IIO-
TEHUUAJIbl aTOMOB OJTHOPOJHO PACIPEIENIECHBI 110 €€ JMHEe. Takke U aTOMHbIE IIOC-
KOCTH, B KpUCTAJIJI€ IEUCTBYS MOJ0OHO MIOCKMM OrPAHMYMBAIOIIMM MOBEPXHOCTSIM,
JAl0T BO3MOXKHOCTbh HAOJII0J1aTh KaHAJIUPOBAHUE 3apsDKEHHBIX YacTul. B atom ciy-
Yyae yacTHlla ABMXKETCS, COBEpILask KOJeOaHUs MEXKIY COCEAHUMHU IUIOCKOCTSIMU KpH-
ctaya [4]. [[BukeHrne KaHaIMpPOBAaHHBIX YACTHUIL B IDIOCKOCTHBIX KaHAJIAX KpUCTAJLIA

MIPOUCXOJIUT B MOTEHITHAJIEC, KOTOPBIM MOKHO MPEACTABUTE B CICAYIOIIEM BHJIC
U(r)=U(x,y,z)=U(x)+ 00U, (1.6)
rne U(x,y,z) — amektpudeckuii moteHmuan kpucramia (cM. (1.1));U(x)— memnpe-

prBHbIﬁ IJIOCKOCTHOM IIOTCHOHAJI, y‘II/ITBIBa}OHlI/Iﬁ BJIIMSAHHNC BCCX AaTOMHBIX IIJIOCKO-
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cTel, nmpuueMm OyJziem 0603Haanb...:<...>eT; oU — daykryalys HENpPEPHIBHOTO IMO-

TCHIIMAJJIa aTOMHOﬁ IIJIOCKOCTH. B Cﬂyqae MaJonrJIOBOFO paCCCHHI/IH KaHaJII/IpOBaH—
HBIX 4aCTHUI] (bJIYKTyaHI/Iﬂ IIOTCHIIMAJIa HE HpCBBIIlIaeT cro CPCAHCTO 3HAUCHUA
oU <U.

Toraa MOHATHO, YTO HEMHOTOYMCIIEHHBIE CIydad PacCcesHHs Ha OONBIION yron He
OKA3bIBAKOT 3HAYUTCJIBHOT'O BJIMJAHUA HA AWNHAMUKY ITOTOKA, IIOTOMY KaK 3TH 9YaCTHIIbI
BBI6BIBaIOT n3 pe>I(I/IMa KaHaJ]I/IpOBaHI/IH U COOTBCTCTBCHHO U3 O6HaCTI/I I[eﬁCTBHH HC-
IPEPBIBHBIX OTEHIMAIOB. HenpephIBHBIN MOTEHIHAT M30JMPOBAHHON KPHCTAIIO-
rpadUuUecKoil IIOCKOCTH, MOJYyYEHHBIA YCPEIHEHUEM II0 IBYM KOOPAUHATAM B

IIJIOCKOCTH, ITPCACTABHUM KaK

J,(x)= Nd, T T V(\/xz -y P t(z—z ) )dydz,

rae y,, Z, — KOOpAHWHATBl 4TOMOB, KOTOPBIC U CO31Aar0T I[aHHBIfI HOTCHHI/IaJI;N—

0o0BbEMHas! MJIOTHOCTh aTOMOB, KOJIMYECTBO aTOMOB B eMHULE 00beMa. [IpumepHsbIi
BUJI JBWKECHUS 3aPSDKEHHOW YaCTHUILIbI IBVDKYLIEKUCS MAapaJuIeIbHO ATOMHOM IIIIOCKO-
CTH NOKa3zaH Ha puc. 1.1, B mockoctn XZ . BUJIHO, 4TO HENPEPBIBHBIN MOTEHIUAT
ABIIAETCS (PYHKUMEH DPACCTOSHMSI MEX]y YacTULEM M aTOMHOM miiockocThio. [lo-

CKOJIBKY ITOJIO’KCHHUC aTOMOB B ATOMHOM MJIOCKOCTH SIBJISICTCS NEPUOAUICCKHUM, TO

Z V(\/ X +(y-y,) +(z—2z,)’) — dIEKTPUYECKMI MOTEHLMAN H30JMPOBAHHOM
m,n

aTOMHOM IIJIOCKOCTH MOYKHO DPa3ioXuTh B psaa Pypee. HempepsIBHBIN NOTEHIMAI
ATOMHOW IUIOCKOCTH MMEET CMBICI HYJIEBOIO WIEHA pas3iokeHus B psax Dypbe 110
IPOJOJIBHBIM KOOpAWHATAM Y, Z NOTEHIMaIa aTOMHOM IUIOCKOCTH, YCPEIHEHHO-
ro 10 HE3aBUCUMBIM TEIUIOBBIM KoseOaHusM. [lanee noa ycpenHeHUeM MOTeHIMania,

KoTopoe OyzeM 0003Ha4aTh YepToM, Oy/IeM ITOHUMATh YCPEIHEHHE, ITPOBOIUMOE KaK
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110 HC3aBHUCHUMbLIM KBAHTOBLIM (i)HYKTyaHI/I}IM, TaK M II0 KBAHTOBLIM q)HYKTyaI_II/IHM
ATOMHBIX JJICKTPOHOB.

[TpubnvxeHne HEMPEPHIBHOTO MOTEHIIMAA TMOIYYHIIO MIMPOKOE PaCIpOCTpa-
HEHUE Kak OOIIMII METOJ UCCIEIOBAaHUS MPOXOKIEHUS Yepe3 KPUCTAIUIbl OBICTPBIX
YaCTHII. DTO MO3BOJISIET HCCJICA0BATb MHOT'MC BOIIPOCHI CBA3AHHBLIC JIBHMXKCHHEM Ka-
HAJIMPOBAHHBIX YACTHUL B HEMIPEPBIBHBIX MOTEHLIHANAX [5].
oL—oo-C

~ O "~ O
OO0

O

d, /\ Z
\/

Q

N
\SE R |
X

e T = T = I = - T ., A W

P
J

Puc. 1.1. Tpaekropus yacTul B XZ MIOCKOCTU MapaIEIbHO aTOMHOM MIOCKOCTH

HOJIy‘{I/IM HCHpGpBIBHBIfI IMOTCHIOMAJI aTOMHOM IIOCKOCTHU ML KpuCTajlla
KpEMHHU, IIPHU UCIIOJb30BaHUHU IIOTCHIMAJIA U30JIMPOBAHHOI'O aTOMaA B HpI/I6J'II/I)I(eHI/II/I

Monsep. Ilepennmem @Pypbe KOMIOHEHTY IOTEHIHMAIA HW30JMPOBAHHOIO aToMa

0

_ 1 _
V() (cM. 2.6), HCIIONB3Ys COOTHOLICHHE — = Ie P'dt , cleayIonmM 06pazom
P %

3 «© ﬂ 2

V(g) :4ﬂZlZzezzaiIexp || Z | +g7 | |dt,
i=1 0 a

TOrJa NOTEHIHA U30JIMPOBAHHOW aTOMHOM IUIOCKOCTH, YCPEAHEHHBIN MO TEIJIOBBIM

Kose0aHusIM B IpUOIMKeHMH Modbep, MOJyYuM CIEAYIOIUM 00pa3oM:

U (x)=<V(x—x,)>=
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47ZZZ P Za Jdt e [%)2 a . ngx .e—gﬁ[‘fﬂ]—igx(x—xno) _

2rS ‘S 19 %
2
Lo -
2
4ZZZS6 Za_[dt exp —t(ﬂj |z = | exp —M =

ndp, ons e

rae x,, = n=0; £I; £2..
‘ (n+%)dp, ona e’

=1/(Ndp) — IUIOLIAJb, MPUXOIAIIASACS HAa OJWH aTOM B aTOMHOM IUTOCKOCTH,

d=5,431 A — nmepuoz dNMEMEHTAPHOM pelIeTKH KpeMuusi; d, =d / V8- paccTosHue

MEXIYy COCETHUMHU aTOMHBIMH TUIOCKOCTSMH B ciydae miockocta (110); N =8/d 3

¢’ =14,45B-A.

AHaAJOTUYHO MOKHO TOJYYHTh BBIPAKECHHUE JJIsI HU30JMPOBAHHON aTOMHOMU
IJIOCKOCTH, YCPEAHEHHOM IO TEIUIOBBIM KoJie0aHusIM, B TpuOmmkeHun [loins-
TepHepa

2
T.(x) = 27’2, Z,Nd & S ik 1) MY
) =2/re aOZ ¥ (b, /27) +20° @y +207)

rae a,, b. — ko3 GuIueHTHI, KOTOpBIE ONpeesIeHbl B TabnuLe 1.
PaccMoTpuM HenpephIBHBIN MIIOCKOCTHOM MOTEHIHAN ¢ YYETOM BKJIaaa OT 4-X

ATOMHBIX IIJIOCKOCTEM

Py



3d
2

_ — d — d — — 3d
U(x)=U1(x+7p)+Ul(x—?p)+Ul(x+ 2Y+ U, (x— 2”), (1.7)

[Io puc. 1.2 MOKHO OLICHUTHh KaKOM BKJIAJl BHOCSAT B HENPEPBIBHBIN NOTEHIIMAI

IINIOCKOCTHOI'O KaHaJla ITIOTCHIIUAJIbI OT 4-x OTACJIBHBIX U30JIMPOBAHHBIX IIOCKOCTEH.

304
284
204
157

107

e
e
[u]
[
]
.
ol

W, A
1
[
1
U]

#-3/2dp)
y-dpi2
KRz
H+3/2dp)

Puc. 1.2. Cnaraembie u3 ¢popmynsi (1.7) B npubnmxennn Moibep

[ToTeHUMaNbHYIO PHEPrUI0 B3aUMOJEHCTBUS YaCTUIBI C aToMaMH 00pa3yto-
MIMMU KyOUYECKYI0 KPUCTAJUIMUECKYIO PEIIETKY, MOYKHO MPEACTaBUTh B CIEAYIOIIEM

BUJIE

U(r)= Y U(F) expligr),

rae g = {Zﬂnx/d ;27n,/d;27n,/d } — BEKTOp 00paTHOM pemeTku; d — MOCTOSHHAS

pELIETKH.

2

o1 go; . _
U(g)=EZVJ(g)eXp — T ign | (1.8)
J
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rae exp(— g'of. / 2) — (paxrop Jlebas-Bannepa, yuuThiBaeT TEIIOBbIE KOJIeOaHUS sIIep

aTOMOB KpI/ICTaJIJIa;I_";.— KOOpANHATBI aTOMOB B BJIGMGHTapHOﬁ H‘lCﬁKC, a 0'12. — Cpca-

HHUH KBaJpaT aMIUIUTYAbI TEIUIOBBIX KOJIEOaHMH aTOMOB KpHcTaiia; V(g) — komo-
HeHTa Dypbe NOTeHIUATBHON YHEPTHH B3aUMOJICHCTBUS aTOMa j-TO COPTA C HOHOM.
B Hamewm ciiyyae nmoTeHuuagbHas dHEPrus B3auMOJEUCTBUS OBICTPOrO MOHA C

HCIIPCPBIBHBIM ITOTCHIUAJIOM INIOCKOCTHOI'O KaHaJlda KpUCTaJlJIa UMCCT BU

U(x) =D U(g,)explig,x). (1.9)

&x

U(x)= %ZZSLV(gX) -exp(~07g} /2)-cos| 27, (x~ x,) |. (1.10)

n, j=1
rae V(g,) — @ypbe KOMIOHEHTa MOTEHIMANAa aToMa, B IMpuOmmkeHnn Mombep cM.

(1.4), B mpubnmwxkenuu Joing-TepHepa cm. (1.5).

[IprMepsl HENPEPBIBHBIX TOTEHIIAAIOB, PACCYMTAHHBIE C TIOMOLIBIO PA3IMYHbIX
npUOIKEHUHM MOTEHIMalIa H30JUPOBAHHOIO aTOMa B CiIy4ae INIOCKOCTHOTO KaHaJu-
poBanus (111) mpoTOHOB B KpUCTasie KPEMHHUS U TepMaHus, TPUBEACHBI Ha puc. 1.3.

['myOuHa noTeHunanbHOM AMbl 00pa3oBaHHON IutockocTaMH (111) kpucranna
KpEeMHHS B Cilydae npuOmmkeHuss Monbep npuOimu3uTenbHO paBHa 25,2 5B, B npu-
ommxennn Jlonnsa-Tepuepa 23,13 5B, mis kpucramuia repMmanus B IPHOIMKEHUS
Mounwep 40,72 5B, B npubmmkenun oiinsa-Tepuepa 32,16 3B. B npubnwxennn J{oi-

JI;I-TepHepa BbICOTA HCIIPCPBIBHOI'O ITOTCHIIMAJIa MCHBIIIC, YCM B HpI/I6JII/I}K€HI/II/I Moisb-

ep.
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Puc. 1.3. HenpepbIBHBIE MIOCKOCTHBIE MOTEHIUAIBI 7151 TPOTOHOB B (111) kanane
KpHUCTauia KpeMHMs U repmanus. CIUTOIIHAs JIMHUAS — NOTEHIMAIT U30JIMPOBAHHOTO

aToMa B mpuOImkeHnu Mosep, myHKTHpHas — B ipubmmkennn Jloiins-Tepuepa

1.4 Koappuuuent nuddysun

JIBrkeHue OAHOW OBICTPON 3apsyKEHHON 4YacTHIbl ONUCBHIBAETCS Kilaccuye-
CKUM YpaBHEHUEM JIBUKCHUSA:

d*r
m—2=
dt

7, (1.11)

rac f:—g”'adU’ m:y-moz(l_ﬁZ)—l/2m0 — Macca ‘-IaCTI/IHBI; 7/:(1_,82)—1/2;

ﬂ = U/C; m,— MaccCa IIOKOs 4YaCTHUIlbl, U — CKOPOCTb HaCTHIbI B HAIIpaBJICHHU OCHU

oz .
[lepenuiiem Gopmyny (1.6) npencraBuB ciaraeMoe, yuuThiBaroiiee Quykrya-

A0 SJICKTPHUYICCKOTO IMOTCHIMAJIA B BUIC CYMMBI 2-X cllaraeMplX:

Ur)=U+6U.+5U, (1.12)

25



rie U =U(x,y) — HEenpepbIBHBIN MOTEHIIUAJ IIOCKOCTHOTO (OCEBOI0) KaHajla KpH-

craia; oU_ (r)= <U (x, y,z)>e - U — monpaBka K HENpephIBHOMY TOTEHIHATy TII0-

CKOCTHOI'O KaHalla, KOTOpas CBiA3aHa C JUCKPCTHOCTBIO PACIIONIOKCHUA aTOMOB KpH-

craia; oU(r) — daykryarusi moTeHIMana, BbI3BaHHAS TETUIOBBIMU KOJIEOAHUSIMU

ATOMHBIX SAJICP U KBAHTOBBIMH CI)J'IYKTyaLII/IHMI/I MCCTOIIOJIOKCHHA aTOMHBIX 3JICKTPO-

HOB.
Jlanee nepenuiieM ypaBHEHHE ABMKECHUS:
0~ 0
mx+—|U+0U._ |=—(0U),
8x[ Z} 8x( )
my +3[U+5UZ] =3(5U).
oy oy
m)’c'+8U +5(5U2) =0f,,
ox ox
_ (1.13)
my + oy + o0Y.) =0f,.
oy Oy ’
o(oU o(oU
rned f, = —%, of,= —% — (yKTyauus MONepevyHor CHUIIbl, CUJIbI C KOTO-
X y

pOM KpUCTAJUT BJIOJIb HAIIPABIICHUS X U ) JCUCTBYET HA KAHAIMPOBAHHYIO 3aPsKEH-

HYIO YaCTHILY.

CucreMmy KOOpAMHAT BbIOEpEM TakuM 00pa3om, 4ToOsl och OX OblTa TIepreH-
JTUKYJIApHa, a ock QY Obula mapajuielibHa aTOMHBIM TUIOCKOCTSIM, HO MEPHEHIUKY-
JISipHA HAMPAaBIICHUIO TAJCHHUS MOHOB HAa KPUCTAJI, KOTOPOE MPOUCXOAUT B HAIPaB-
nenuu ocu OZ . B cnydae mI0CKOCTHOIO KaHAIMPOBAaHUS ocb OZ HalpaBuM Mapa-
JIEJIBHO TIJIOCKOCTSIM, a B CIIy4ae OCEBOr0 — aTOMHBIM LIETIOYKaM KpucTauia. Pemenue

ypaBHeHus (1.13) OyneM uckarh B MajoyriioBOM NPUOIMKEHUH, KOTOPOE UMEET BU/T
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f.=0.

JlanHO€ ycioBHe 00ecneurBaeT ABUKEHUE HOHA C TOCTOSIHHOW CKOPOCThIO Ha

HEOOJBIINX OTPE3KaxX B HarpaBieHuu ocu OZ, TO €CTh
P =(z/c)=const,
rne z=v-t.

B [6] OpL10 MOKa3aHO, YTO MOXKHO IpeHeOpeub BIMsHUEM onpaBku oU_(r) K
HENPEPHIBHOMY MOTEHUMATY Ha JIBH)KEHHE KaHAJIMPOBAHHOM YacTHIBI B OCEBOM Ka-
Haje. AHanM3 3TOM MonpaBKu OyJIeT MPOU3BEJIEH Mo3ke B naparpade 1.5 nocpsieH-
HOMY PaCCMOTPEHHUIO MOTEHIIUAJA IEPEXOAHON 00JIaCTH OCh-TNIOCKOCTb.

Henuneiinoe croxactuyeckoe ypaBHeHue (1.11) MoxeT ObITH TUHEAPU3OBAHO
C TIOMOIIBIO PA3JIOKEHUS B PSJ IO MAJIoOMy MmapameTpy (Metoj Manoro myma [28]),
POJIb KOTOPOro UrpaeT (uiyKTyauus noreHuuana. Pemenue ypaBuenus (1.11) npen-
CTaBUM B BUJIE CYMMBbI HE3aBUCUMBIX JBUKEHUH IO PETYJISIPHON TPAEKTOPUH, TO €CTh
0e3 yuera QIyKTyaluii, 1 Majgo QIyKTyupyrolein 100aBku

X=X+0x,
(1.14)

y=y+oy.
Pa3noxuM fanee B psJ MO CTENEHsIM Ox U Oy moteHnuan U u3 Beipaxenus (1.12) B
OKPECTHOCTH PETYIISIPHON TPAEKTOPUHU U OYJIeM YUYUTHIBATH TOJIBKO JUHEHHBIE IO OX

U Oy YJCHBI, TOTAQ
U(x,y)=U(x+6x,5+6y)2UX,7)+U,(%.7)6x+U,(X,7)5y,
oU(x,y)=0U(x+x,y+0y)=0U(X,y), (1.15)

Sf(x,y,t)=0f(X+6x,y+5y,t)=5f(X,).1).
[ToacraBum (1.14) u (1.15) B (1.13)

mx +méx+U +U 6x+U, 6y=6f,,
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mj_}+m5j}+17y +l7yx5x+l7yy§y=§fy.

JlaHHbBIE YpaBHEHHSI MOXKHO IIPEACTABUTh B BUJE 2-X CUCTEM YPaBHEHUI, OJJHA U3 KO-

TOPBIX OMKCHIBANIA Obl ABMKEHUE YACTHI] MO PETYJSIPHOM TPACKTOPHH, a Apyras Io

Xa0THYECKOU
mx =1,
2o J} (1.16)
my:fy,
mox+U _6x+U_Sy=6f.,
- - y=0/ (1.17)
m5j}+ny5x+Uyy5y:5fy.
_ L o o
e = Q0GR 5o AOUET) 00 5 00w
ox ox 4 6)_65)7 Y 6)_/5)7

[Tepetinem ot (1.16) u (1.17) k cucTeme ypaBHEHUH ONKMCHIBAIOIINUX JIBUKEHUE
KaHAJIMPOBAHHBIX YACTHI] B MEPHEHAUKYJSIPHOM HAIMpaBIE€HUU OTHOCUTEIHLHO aTOM-

HBIX TIJIOCKOCTEM

mx = f.

x?

(1.18)

msi+ U _Sx=5f. (1.19)
HaiiieM poM3BOJHYIO OT CpefHEero KBajaparta (GIyKTyalldH HOMEepeyHol KOOpAHHA-
TEIOX , IpuueM Ox” = (5x)” = Ox - Sx, CIAEAYIONMM 00pa3oM

4
dt

ox*=2- 5x%5x =20x0x.

Tak kak Sx° He 3aBHCUT OT BPEMEHH, TO

i&cz = d

= 5x? =26x0% . (1.20)
dt dt

[Tony4yum BeIpaXkeHue AJi CMEIIAHHOTO MOMEHTA, Ucob3ys (1.19)
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%(§x-55c)=5x-55c+5x-5562

=55c2+l5x-(5fx—Uxx5x):§5c2+l5x-§fx—lUxx5x2,
m m m
d oo w02 l—ws— 1, =3
— 0x0X =0x"+— ox0f, ——U_ox". (1.21)
dt m m

[Tony4ynm BeIpaXkeHUE JJI CPEAHETO KBajipaTa (QUIyKTyalluid MOMEepeyHO CKO-

poctu
d .., Lo ! 2( .. :
—0x%° =2-6%-6X=2-6x—(6f, U _6x)==| 8x6f, —U, 6x6x |,
dt m m
d w7 2(—= .
—O0x" =—| O0xo0f —-U_ 0xdx |. (1.22)
dt m

C nomomisto ypaBaenus (1.20), (1.21), (1.22), mocTpoum cucTeMy ypaBHEHUU

JUTSI BTOPBIX MOMEHTOB (DYHKIIUU pacipeiesieHus

d

— Ox° =2 OoxOx

dt

d - = 1= 5 1l =

— Ox0x=0x"——U_(X) Ox +—05x0f.(X,t) (1.23)
dt m m

4 ox* = —EUXX(;?) 5iox 42 5%0 1.(x,1)

dt m m

HaitneM pemeHne ypaBHEHHS JABHKEHUS [0 XAOTUYECKOM TPACKTOPUH —
ypaBHenue (1.17) ¢ momoibio MeTOAa BapUallMu MPOU3BOJILHOM nocTosiHHOU. Torna

pelieHre ypaBHEeHUs MPEACTaBUM CIIEAYIOIUM 00pa3oM

ox=C,0x,+C,0x,. (1.24)
raedx,, 0x, — peueHns oJHOPOAHOro AudGepeHnanbHOro ypaBHEeHUs:
mox, , + U, (X)ox,,=0
Torma MOXeM COCTaBHTBH CICAYIOIIYI0 CUCTEMY YPaBHCHHH I ONpPEICICHUS TPO-

U3BOJIBHBIX NOCTOSAHHBIX C, u C,
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Cox, +C,0x,=0

, . 7.1) - (1.25)
5% +C,o1, = 2L &0
m
[Toctosuuble C, u C, OyaeM onpeaeanumM 13 CIeIyIONUX BhIpaKeHUH
A s A
C,=—"L,C,=—2=%. 1.26
=500 (1.26)

rae A — onpeaenuTenab cucTeMbl ypaBHeHuH (1.25)

ox, Ox,

ox, Ox,

=0x,0X, — 0X,0X,

Am A, — Taxxe onpenenureny cucreMsl (1.25) cocTaBieHHbIE COOTBETCTBEHHO OT-

HOCHUTCJIBHO IICPBOI0 U BTOPOTO CTOJ'I6I_Ia

0 ox,
of
A =5 |==0x,—,
=1L OXx, 2 m
m
ox, 0
of
A, = =—0x,—.
2 16%, of "'m
m

Teneps 3Hast A, A, u A, nepenuiieM BoipaxkeHus (1.26) U NIPOU3BOIBHBIX IIOCTO-

STHHBIX Cl’ C2 CJIcayromumM 06p.’:130M

oo L1 oxdf oo L oxéf
L moxOx, —8x,0% " °  mOx,0x, — Ox,0%

Otkyna nckomslie ko3¢ dunuentsl C, 1 C, HeOOXOAUMBIE JUIS OTYUYEHHS] PEILICHHS

YPaBHCHUA ABUKCHUA 110 Xa0TUYECKOM TPACKTOPHH, ITIOJIYIUM KaK

C](t):—lj ' 5')62("')5][(1')' —_ar,
m* ox,(t)ox,(t") —0x,(t")ox,(t")

Cuy=- [ OO gy
m? Ox,(t)ox,(t")— ox,(t)ox,(t")
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C ydeToM 3TOro penieHue HHTepecyeMoro Hac ypaBHenus u3 (1.24) nmpeacraBumo B

CJIEAYIOIIEM BUJIE

a0 [ WOy
m 9 5x,(t)0%,(t') — 5x, ()%, (t')
S 000,

m ° Ox,(t)ox,(t")— ox,(t)ox,(t")
Wi mocne HeOOIBIIIOro 3JIEMEHTAPHOTO MPeoOpa3oBaHMs

5x,(1)x,(t') — 6x,(1)5x, ()] 51 (1) 4
[6x, ()55, (") — 5x, ()5, ()] '

5x(1) = ij[
m

Koppensunonnyto QpyHKIUIO, COCTABICHHYIO U3 (QIIyKTyalluid MONepeyHon KO-

OpAHHATBI U CHUJIBI MOKHO 3allMCaTh KakK

6x,(1)0x, (') = 8x,()5x, ()] 51, (S f,(£)

: : dr'. (1.27)
[5)61 (t’)5x2 (t,) - 5x2 (t’)§X1(t’)]

50570

C nomoIipo KOppessiTopa, COCTAaBICHHOIO U3 (PIYKTyaluil MonepeyHon CUIIbl
JeHCTBYIOMEH Ha OBICTPYIO 3apsDKeHHYI0 dacTully u3 (1.27) B pa3Hble MOMEHTHI
BPEMEHU, MOKET OBITh BBIYMCIICH TaK Ha3bIBaeMbIil K03 uniueHT quddys3un ObICT-

PBIX 3apsHKEHHBIX YACTHI B [OJIE aTOMHOM TUIOCKOCTH D(X), KOTOPBIN SIBJISIETCS Tpa-

EKTOPHO—3aBUCSIIECH PyHKIIUEH, TO €CTh MTyCTh

of.(x,t)of.(x',t"Y=D(x)o(t -1,
rae O(t—t') — nenvra—dynkius Jupaka. Toraa nanee
Sx(0)51,(1)=0.
Koppensitop, coctaBiaeHHbIH 13 (IyKTyaluil MonepeyHol CKOPOCTH W CHIIBI,

MPEACTaBUM CJICIYIOIHIM 00pa3oM

[63,(1)5x,(t") = 5%, (1)5x, (1) 5 f,()Sf.(1) gy = PX)
[6x,(£)5%, (1) — 8x, (1) 5%, (1")] 2m

55057, 0= |
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C Y4YCTOM BCCTO BBIIIC CKA3daHHOI'O MOKCM IICPCIINCATH CHUCTCMY ypaBHGHI/Iﬁ

JUTsI BTOPBIX MOMEHTOB (GyHKIMU pacnpeneneHus (1.23)

iﬁxz =20x0x

dt

d - a2 1= =3
1—0x0x =0x"——U_0Ox (1.28)
dt m

457 =27 swoi+ 2D

dt m m

JlanHasi cucteMa SIBJISIETCS 3aMKHYTOM, OMKMCHIBAET JIBMXKCHHS OBICTPOM 3apsi-
YKEHHOMW YacCTHUIIbl B KPUCTAJLIIE 10 XaoTH4ecKoi Tpaekropuu (1.17).

OrneHuM, Kakyro pazMepHocTh umeeT kodddunment nuddysuu D(x) . s sto-

IO HCIIOJIb3YyeM TMOHSATHE TIyOWHBI MPOHUKHOBEHHS KaHAIMPOBAaHHOW YaCTHIIBI B
KpUCTal Z =0 -, a TaKKe rpy00 MOJI0KUM, UTO BTOpAsi IPOU3BOIHASI OT HEMPEPHIB-

HOT'O TJIOCKOCTHOT'O MOTEHIMANA 10 MOMEePEeYHON KOOPAUHATE X B MOCIEIHEM TPETh-
eM ypaBHeHUH cucteMsl (1.28) paBHa Hymo, To ectbU _(X) =0. Torna ypaBHeHue Ha

kodhunreHT nuddys3uun 3anuiieM ciaeayomuM 00pa3om

d (m 57 ) D(x)
dz 2 my

W3 nocneaHero ypaBHeHHs CleayeT, 4YTO pa3MepHOCTh kKodddunrienta nudady-

3N IIPUBCACHHOI'O K MACCC KaHEU'II/IpOBaHHOI?I qaCTUllbl U €€ HpO,Z[OJ'ILHOfI CKOpO-

2]
m3 A

B IMOJIYIIPOBOAHUKOBBIX KPUCTAJJIAX KPCMHUA W I'CpMaHMA, OOBIYHO HCIIOJIb-

CTHV , UMEET CIIEAYIOIINUN BU]T

3yEeMbIX B DKCIIEPUMEHTaX MO KaHAJMPOBAHUIO, KOHIIEHTpAIus 1e(EeKTOB OUeHb He-
3HauuTeNbHA. KaHamnpoBaHHasl 4acTUILIA pACCEMBAETCS HA OYEHb MaJblid yroJl IpU

CTOJIKHOBEHHHM C DJIEKTPOHAMU. YTOJ, IPU KOTOPOM YaCTHULA IMPOXOIUT YEPE3 LIEHTP
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KaHaJla, MOHOTOHHO YBEJIMYMBAETCS M3-3a TAKOIO MHOTOKPATHOTO pACCEsHUA U Ta-
KUM 00pa3oM YBEJIMYUBAETCA KOJIMYECTBO YACTHUII, MOAXOMSAIIMNX OJIM3KO K psAIaM UIIH
MJIOCKOCTSIM. Takue 4acTUIIbI MOTYT UCHBITaTh OJM3KUE CTOJKHOBEHHUS C aTOMaMH
pelIeTKH, CMEIIEHHBIMU OTHOCUTEIBHO UX MOJIOKEHHUS PAaBHOBECHS B PE3yJIbTaTe Te-
IUIOBBIX WJIM HYJIEBBIX KoyieOaHUU. B Takux CTOJKHOBEHMSX YacTHIIa MOXET pacce-
ATHCS HA YTOJI, OOJBITUN KPUTHUECKOTO yTiia KaHAIMPOBaHUsA. PaccessHue kaHammpo-
BaHHOM YaCTHIIHI HA AJIEKTPOHAX M HA TEIUIOBBIX KOJEOAHUAX S/Iep KPUCTAIIMUECKOMN
pelIeTKy, a Takxke 1edeKToB KpucTaiia (37ech paccesHue Ha nedeKkTax He paccMmar-
pUBaeTcs, TaKk KaK CYUTAEM KPHUCTAILI MJICaJbHBIM) BEET K HE COXPAaHEHHUIO IOIe-

PEYHOU DHEPruM KAaHAIUPOBAHHBIX YaCTULl £ W pacrpenesieHHe IOTOKAa 4acTHl] B

KaHaJie MeHseTcs. B pe3ynpTaTe akTOB paccestHUs 4acTHIa U3MEHSIET CBOE COCTOSIHHE
U MOXET BBIMTH M3 peXHMa KaHAJIUPOBAHUS — MPOLECC AeKaHalupoBaHus. Bo3mo-
KEH M oOpaTHBIN MPOLECC — 3aXBaT YACTULbI B PEXKUM KaHasinpoBaHus. C mporecca-

MU paccesiHusl cBs3aHbl AU((y3noHHBIE KOI(D(UIUEHTHI, COOTBETCTBEHHO D, (X) —
AJIEKTPOHHBIN, OTBETCTBEHHBII 32 MHOIOKpPATHOE paccessHue Ha 3M1eKTpoHax, D (x)—
SJIEPHBII, OTBETCTBEHHBIN 3a paccestHUE Ha TEIUIOBBIX KoJjeOaHusx saep. D(x) ume-
€T CMBICII CyMMapHoro ko3 dunrenta nuddysun, To ecTh
D(x)=D, (x)+ D,(x). (1.29)
Snepubiit koappunment nupdysun D, (x) 3anumem B npubnmxenun Kurara-

BBI-O1yku [51]
2 )
D (x)=—-Ze -L, -p,.(x), (1.30)
)
rne L, :ln[l.29-a-E-M2 (Z,Z,(M, +M2)-ez)] — sAEpHBIA Jorapudm, B ciaydae
M>5B-3nepruii, npubnuxenue, npeaioxenHoe Jlunaxapaom [6]; L, = 21n[138/Z;/ 3}

— s7epHbI Jorapum, A PeIATHBUCTCKUX SHEPIHil; e’ — 3apsj sinekTpoHa; M,
33



M, — maccel yacTuLBl U Apa aTomMa Kpucramia; p, ,(x) — IJIOTHOCTh paclpenesie-

HUS SJEP B INIOCKOCTHOM KaHaje KpUCTallja, mocie pa3noxeHus B psg Oypoe

pnud(x)— ZZe p{ :|COS|:27Z'I’Z (x—x, )} (1.31)

n, j=1
OnekTpoHHbI K03 duuueHtT nuddys3uu, B TpUOTUKEHUU JOKATBHOU 3IIEK-

TpOHHOﬁ IINIOTHOCTHU

27
Dy (=== Z,2,¢" L, py (%), (1.32)

rne L, = [1n(2me,6’27/2 /]) —ﬂz] — 3JIeKTPOHHBIN Jorapudm; [ =11.5-Z, — cpennuit

I/IOHI/IBaHI/IOHHHﬁ noTcHIaJl Kpucrajuia, P, (x) — IINTOTHOCTBL PACHPCACICHUA IJICK-

TPOHOB B INIOCKOCTHOM KaHAJIC KpUCTAJLJIA, ITOCJIC PA3JIOKCHHUA B TPUT'OHOMCTPHUYC-

ckuli pax Oypbe umeer BUI

pel(x)—d—ZZF(gx)exp{ ;gz}cos[%m (x-x)], (1.33)

n, j=1

rae F(g,) — hopM-dpakTop aroma Kpucrasia, B npudmkenuu Jloins-TepHepa

B g,
F(g)= Za ep{ (4n )} c.

®opmM-pakTop aToMa KpucTaia B NpuOImKkeHun Mosbep

_ \ ai(ﬂi/a)z
F(gx)—Zle:l:gi Bl (1.34)

3HaveHus Ko3pUIUEHTOB «,, [, ¢ Ul KPEMHUS U FepMaHUsl, B IPUOIIMAKe-

nuu Jlovns-TepHepa, npusenensl B Tadmnuie 1.3.

['paduk koapdunmenta nuddyszun D(x) (1.29) nis nporoHoB ¢ sueprueii 200

[B B mockoctHoM kaHane (110) kpucrtamia repmaHust 1jsi MPUOIMKEHUS] TTOTESH-

1yana u3oaupoBaHHoro aroma Moubep u Jloina-TepHepa umeer Bujl, U300pakeH-
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HBIM Ha puc. 1.4. BuaHo, 4TO /IS 9acTHII, ABMXKYITUXCS B IICHTPAJILHON YacTH KaHa-
na, kodpounueHT quddy3un HEBEIUK, TaK KaK 37eCh HAOIIOAACTCS pacCcessHUEe TOJb-
KO Ha aTOMHBIX JJIEKTPOHAX, a MPH MPUOIMKCHHH K aTOMHBIM IUIOCKOCTSM KpPH-
cTajuia OyJIeT TOMHWHHUPOBATh PAacCESHHE HAa aTOMHBIX SApax, KOTOPOE, KaK BUIHO,

ropa3go CUJIIbHCC BJIMACT HA IIPOLUCCC BbIXOAA YaCTHUIl U3 KaHaJIa.

Kpemunit ['epmannit
i a,, A B, A’ a,, A B, A’
1 6.2915 2.4386 16.0816 2.8509
2 3.0353 32.3337 6.3747 0.2516
3 1.9891 0.6785 3.7068 11.4468
4 1.5410 81.6937 3.6830 54.7625
c =1.1407 c=2.1313

Tabmuua 1.3. Koadpdunuentsie;, B, ¢ 11 KpUCTAIIIOB KPEMHHUS U T€PMaHUs

1a

| | | |
| | | |
I L 1 _l _|
| | | |
_ | | | |
P oo ==+ ——
3 | | | |
5 oo | | | |
)
[
0,001
00001
a 0,2 0,4 0,6 0,8 |
zla,

Puc. 1.4. Koappuuuent nuddys3un ans nporoHos ¢ 3ueprueit 200 I'3B B minockocT-
HoM (110) kanane kpucramia repmanus B npudnmxkenun Monsep u Jloitna-Tepuepa.

CromHas nuHus B npuOnmxennu Monbep, myHktupHas — Jloins-Tepuepa
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1.5 IloTeHMa MEePEeXOAHOM 00JIACTH OCh-TIJIOCKOCTh

B [8] (cm. Taxxke 0630p [52]) OpuT0 cOOOIIEHO 00 0OHAPYKEHHH HOBOTO (-
dekTa, BO3HUKAIOIIETO MPU KaHATMPOBAHWM TIEPBOHAYATIHLHO H30TPOITHOTO TOTOKA
MOHOB. B 3aBUCMMOCTH OT yCJIOBHI SKCIIEpUMEHTa Ha0I0AaeTcs TM00 YMEHbIIICHHE
MOTICPEYHON dHEpruM, JHOO YBEIWYCHUE TIOMEPEYHON IHEPTUU HOHOB, KOTOPHIC
JBIKYTCSI B OPUCHTHUPOBAHHOM KpPHCTAJUIC. Y IOBJIETBOPHUTEIBHOTO TEOPETHUECCKOTO
00BsICHEHHsI 3TOTO (DeHOMEHA K HACTOSIIEMY BPEMEHH HE HaJIEHO.

B pa6ore [53] 6b11 BriepBbie 0O0HapykeH 2 EKT BIUSHUS aTOMHBIX IEMOYEK,
U3 KOTOPBIX COCTOUT KpHUCTaorpaduyeckas IIOCKOCTh, Ha JIBIPKCHHUE KaHAIUPO-
BaHHBIX MOHOB. TeopHsl pe30HAHCHOTO JCKaHAIMPOBAHUS, OMHMCHIBAIONIAs 3TOT 3(-
dekr, Obula mocTpoeHa B [54]. B pamkax 3Toil Teopuu ObLIO MOKa3aHO, YTO HEMpe-
PBIBHBIM MOTEHIIMAT B IIEHTPAJIBHOM YacTu MIocKocTHOro kanana (110) xpucramna

KpCMHHUA HCO6XOI[I/IMO AOIIOJIHUTE ClIara€MbIM, C IIOMOIIBKO KOTOPOI'0O MOKET OBITH

YYTEHO NEPUOAUYECKOE BO3JIECUCTBUE ATOMHBIX LIETIOYEK <110> Ha JBIKCHUE KaHa-

JIMPOBAHHBIX NOHOB.

Cnenys padoram [38], [56] mocTpouM SIBHBIM BHJI 3TOTO JIOMOJHUTEIHHOTO
cJIaraeMoro, ¢ MOMOIIbI0 KOTOPOTrO MOXKET ObITh OMUCAHO JBHKCHUE KaHAJIUPOBaH-
HBIX MOHOB B KyOMUYECKHX KpHUCTAJIaX CO CJIIOKHBIM 0a3HCOM.

JIBr>KeHNE KaHATUPOBAHHBIX YaCTHUI B TIOCKOCTH Z(OY , KOTOpasi KOMILIaHap-
Ha COOTBETCTBYIOIIEH KPUCTALIOTparuecKoi MIOCKOCTH, Ha HEOOIBIITNX y9acTKaX
TPAEKTOPUU MOXKHO CUUTATh CBOOOAHBIM. [1yCcTh

T=v-t; y=1-sinf; z=1-cosb, (1.35)

rae @ — yrod BieTa 4acTUll B KpUCTAIUI, B INIOCKOCTH ZOY .

[Tepenumem ypaBaenue (1.11) ¢ yuerom (1.35) B Buzie
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X E O y(xe), (1.36)

V
2
rae & =—"% — KBajpaT Majoro 6e3pasMepHOro napamerpa &; V., — MakCHMallb-

mo
HOE 3HAYCHHE HEMPEPHIBHOTO MOTEHIIMANIA AaTOMHOM MJIOCKOCTH KPUCTAILIA.
C moMomipi0 MeTosia MHOTHX MacimTaboB [29] (cMm. taxxke [55,57,58]) Oymem

UCKaTh perieHue ypaBHeHnus (1.36) B Buje psja no CTENEHSIM MaJIOCTH &
2
x=x,(1,,1,,T,,..)+&-x,(1,,1,,T,,..) + & - x,(1,,1,,T,,...) ,
e T, =7, T,=¢-7,T,=¢"7.

VYpaBuenue (1.36) B HOBbIX IEPEMEHHBIX UMEET BU/T

0°x, 0’x, 0°x,
+e- +

oTy oT; 0T, - 0T,

2 62x22+2 ox, +82x3+2 &x, L0 Ul(x,,T,)
o7, oT,-0T, oT, oT,-0T, ox, V.

max

+& =0

Peliennst ypaBHEHUI HYJIEBOrO M MEPBOrO MOPSAIKOB MAaJOCTH 10 &, B KOTO-
PBIX UCKIIIOYCHBI CCKYJIIPHBIC CJIaracMbIC, HMCIOT BUL
Xo =X(1,T,,...); x, =x/(T,T,,...).
VpaBHEHHE BTOPOTO IOPSIKA MAIIOCTH [0 & UMEET BUJL

o’x, 0x, 1

0 - . :
87:)2 T 8T12 v ox, ZU(g)'eXp{l[xogx +7})(gy sinf+g. cosﬁ)]}. (1.37)

g

[lycte@=0,+ A6, TO eCTb pacCCMOTPUM JIBUKEHHE KaHAJIMPOBAHHBIX YACTHIL

1oJl MaJibiM yriioM A6 > & K OAHON W3 KpUCTAIOrpaduyuecKoil ocei, U3 KOTOPHIX

COCTOUT aTOMHas IUIOCKOCTh. Torma yroné,, ompeaesstoluii HarpaBlieHHUE KpH-

crautorpaduueckort ocu < 0k/ > B aromuoi#t miockoctu (100), cBsa3an ¢ kodhdumm-

eHtamu psina Pypee n, =k u n, =/ COOTHOLICHHEM
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g -sin@,, + g, -cosf, =0,
rne g, =27-kla,; g, =2x-1/a..
J1st Toro, 4TOOBI UCCIEN0BATh IBUKEHHE KaHATHMPOBAHHBIX YaCTHL B IPYTrOM
INIOCKOCTHOM KaHaJle HEOOXOMMO OCYIIECTBUTh EPEX0 K HOBOM CHUCTEME KOOPIU-
HaT, KoTopas OyJeT MOBEpPHYTa OTHOCHTENIBLHO CTapOM CHUCTEMbl KOOPAMHAT HA 3a-

JTAHHBIN YroJ, ¥ IEPECUYUTATh KOOPAUHATHI aTOMOB B JIEMEHTAPHOM STYEMKE OTHOCH-

TENbHO 3TOW HOBOW CHCTEMbI KoopiauHar. Takum oOpasom, mpu n,=k, n =/ u
AO>¢ B YpaBHEHUH (1.37) MOSIBJISIETCS MaJIbIi napameTp
g = [k : sin(@ke + A@) + /- cos(er + Aé’)] > ¢ . Unrerpupys ypaBuenue (1.37) no T,

IIPUPABHAEM K HYJIO CEKYJSIPHOE ClIaraéMoe, 4TO AAacT HaM YpPaBHEHHE 3BOJIOLUHU

i x, = x,(7;,7,,...) , KOTOPOE UMEET BUJ

0°x, 1 ©
=— U(g.,0,0)-exp(i-x,-g.)+
o1 Vi 6x0§{ (80,00 exp(l%8.) (1.38)

+U(2,80>8.0) - oxpi-[ 308, + 272, /(5 d)~T1])},

Pemenune ypasuenus (1.37) nna x, =x,(7,7,,...) sBisgercss ObICTPOOCLUILIN-

pytomieil pyHKIMel BTOPOro Mopsijka MaJoCTH MO & K pelieHuto ypaBHeHus (1.38),
KOTOpPOE OIUCHIBAET TPACKTOPUU KAHAIMPOBAHHBIX YACTHI[ B MEPEXOIHON oOmacTu
OCh-TJIOCKOCTh. TakuM 00pazoMm, MOTEHLHANT MEPEeXOJHOM 00JAaCTH OCh-TNIOCKOCTD

NMCCT

Usp(xﬁt) = Z{U(gx,0,0)eXp(l .x.gx) +

X
+U(2,28-8.0)-expli-(x- g, + 1) ]},
rae @, =27-0-g, — 4YacTora, C KOTOPOMl YacTHIa MEPECEKAET aTOMHBIE [EMOUKH

<Okl >, JeXxalue B aToMHo# miockoctH (100).
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[ToTenmuan mnepexonHON 0OJACTH OCh-IUIOCKOCTh TMOJYYeH MpPU YCIOBHH
A6@ > g, MOCKONBKY MPU MEHBIINX YTIiIaX pa30pUEHTAIlMN HAPYIIAETCS yCIOBUE MPHU-

MeHuMocTH (popmyibl (1.35), Tak Kak 4aCTHUIIBI B ’TOM CIIydae COBEPIIAIOT (PMHUTHOE
JIBIDKEHUE B OCEBOM KaHaje KpHcTaia, 00pa30BaHHOM uenquaMH<Okl > BepxHroro
IpaHuUIly yriia pazopueHTtauuud A@ MOXKHO OIIEHUTh KaK YIJI0BO€ pacCTOSIHUE OT BbI-
JICJICHHON aTOMHOM IICTIOYKH <Okl> 70 Omvkaiield BHICOKOMHIEKCHOM KPHUCTAJLIO-
rpaduIecKoil ocH, KOTOpas MOKET OKa3aTh 3aMETHOE BIUSHUE HA XapaKTep JBUKE-
HUSI YaCTHII B TIJIOCKOCTHOM KaHaJe.

O4eBHUIHO, YTO PE30HAHCHOE ACKAHAIIMPOBAHUE, BBI3BAHHOE MOTEHI[MAIOM ITe-
PEXOIHON 00JIACTH OCh-TIIIOCKOCTh HEOOXOJAMMO paccMaTpUBaTh KaK JTOTIOJHEHUE K
TOMY, 9TO 00CYXIamch B pabotax [8], [52].

[ToTenman nepexoAHoW 00JaCTH OChb-IUNIOCKOCTh B BHUJIE PA3JIOKEHUS B TPH-

roHoMeTpudeckuit psig Oypbe 3amnuchIBAeTCs CISAYIONUM 00pa3oM

U, (x,1) =%22V(gx) : exp[_gzgf /2]-cos[27mx(x—xj)] + 30
n, Jj= .

+ V(gk,)exp[—azg,f,/ﬂ-cos[27r-(nx(x—xj)+t¢k,/5—k-yj —l-zj)],
rae g’ =(27n,/a, )2, g, = (27[)2 .[(nx la)’ +(k/a,) + (l/az)z} — KBaZIpaT BEKTOpa
00paTHOW pELIETKH; d,, @,, a. — MNEPHOJBI PELICTKU MO HampasieHusM oceil OX ,

OY, OZ; x;, y,, z; — KOOPIUHATHI ATOMOB JJIEMEHTAPHOM AYEHKH B €IMHUIIAX 10-
CTOSIHHOH pemeTku; A6 — yron pa3opHeHTalliy HAIPaBIICHUS MTydKa YacTHUI] OTHO-
CUTEIIbHO KpucTauorpaduueckon ocu; 6, = —arctg[(l -a,)/ (k “a, )],
@y =sin(@, +A0)-k-d/a,+cos(0,+A0)-1-d/a.— yron onpepensrommii Hampas-

JIeHUe KpucTaimorpaduyeckon ocu <Okl > B @TOMHOM TJTIOCKOCTH.
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Ha puc. 1.5 u puc. 1.6 npeacrapiieHbl MOTEHIIUATIBI IEPEXOAHONU 00JIACTH OCh-
IJIOCKOCTh JUIsl TIOCKOCTHOro KaHana (111) xpucranna repManust AJjis MPOTOHOB C

sneprueit 200 1B, nns yrimoB pazopuentannun A =3,7¢ uAf = 6,le, cOOTBETCT-

BCHHO.

I, =B

Puc. 1.5. Ilorennman nepexoIHON 00JIACTH OCh-INIOCKOCTh JJI INIOCKOCTHOTO KaHa-

na (111) kpucrania repmanus s mpoToHoB ¢ sHeprueit 200 I[HB, A6 =3,7¢
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Puc. 1.6. [ToTenmuan Hepexozxﬂoﬁ 00J1aCTH OCh-IIOCKOCTh JJIA IIIIOCKOCTHOI'O

kaHana (111) kpucramna repmanus Ay npoToHoB ¢ 3Heprueit 200 3B, Af = 6,1¢
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I'TABA 2. ®YHKIHUSA PACHIPEAEJIEHUA KAHAJIMPOBAHHBIX
YACTHIL B MIPOCTPAHCTBE INIONEPEYHBIX DHEPT UM

2.1 YpaBHenue @okkepa — Ili1anka B IPpOCTPaHCTBE MONEPEYHbIX JHEPTrUil

JIBrxeHne OBICTPBIX 3apsHKEHHBIX YAaCTHIl B KPUCTAIIAX SBISETCS CTOXACTH-
YECKUM IPOIIECCOM, TaK KaK TEIJIOBbIE KOJeOaHUs aTOMOB KpHUCTaljla U KBAaHTOBBHIC
GayKTyaluu, KOTOPbIE HCHBITHIBAIOT aTOMHBIE 3JEKTPOHBI, U3MEHSIOT CIy4alHbIM
0o0pa3oM 3HAUYEHHE TMOMEPEUHON CHIIBI, TPUBOMASAIICH K MaJOYTJIOBOMY PAaCCESHUIO.
[IpenmymmecTBeHHOE pa3BUTHE Teopuu d(PderTa KaHATUPOBAHHS MPOUCXOAWIO B
paMKax MeTo/Ja KWHETHMYECKUX YpPaBHEHUU JBIKCHHS, OMHUCHIBAIOIIMX SBOJIOIUIO
IUIOTHOCTH TOTOKAa KaHAJUPOBAHHBIX YACTHI[ Kak B ()a30BOM MPOCTPAHCTBE IOTIE-
PEUYHBIX KOOpPAMHAT M CKOPOCTEW, TaK W B NIPOCTPAHCTBE MOIMEPEUHBIX SHEPrUi
[59,60,61]. Jlan>)xeBeHOBCKUM MOAXO0J K TEOPUU KaHATMPOBAaHUS ObUT pa3BUT B pado-
Te [62,63]. OCHOBHBIM (PaKTOpPOM, OMPEACIISIFONIMM IBOIOLMIO MOTOKA KaHAIUPO-
BAaHHBIX YACTHII, SIBIISIETCS MHOTOKPATHOE PACCESIHUE Ha TEIUIOBBIX KOJIEOAHUSX H
KBAaHTOBBIX ()IYKTyalluid aTOMHBIX SIJIEP U JIEKTPOHOB KPUCTAIIOB.

Kunetnueckoe onucanue rpPexra kKaHATUPOBaHUs OBLJIO BIEPBBIE MPEJIOKE-
Ho Jlungxapaom [6] ¢ moMoribio ypaBHeHus ABMxkeHus quddy3rnonnoro tumna. 0. B.
MapTbeiHEHKO Opeanioxun [64] ucrnoab30BaTh KUHETHYECKOE ypaBHeHHE Dokkepa-
[Tnanka B MpOCTpaHCTBE MOMEPEUHBIX YHEPTUH JIsl onucaHus 3 dekra KaHaTupoBa-

HUusA

p__ 0 [AE.D-p] 1[BE.D p]

2.1
ot OF, 2 OE * @1
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p=p(E ,t) — dyHKIUA pacupeleneHns yactul Ha rinyoune; A(E ,t)— xoddpdunm-

eHT cHoca U B(E ,t) — koapuuueHt auddysun onpeneistorcs caeayomuM odpa-

30M [65]
ACE ,t ,
( ) at—0 At
B(E, ,t)=1lim ( )2
L a0 At '

HonepeqHon 9HCPIri0 KaHAJIMPOBAHHBIX YaCTHUII, MOKHO IIPCACTABUTH KaK

E, = mf +U(x). 2.2)

Haiimem mporn3BOAHYIO OT MONIEPEYHON IHEPTUN YACTULIBI

dE, _ ... aU(x)@:(m.. aU( ))x S

dt ox Ot

Brionb perynsipHoil TpaeKTOpUM OYyJET BHIMOIHATHCS YpaBHEHUE

dE,

~x5f.,
a - ol

rae X =x(t) — pemenue ypaBuenus HproToHa B OTCYTCTBUU (DIyKTyaruit

mx + U x) =0.
ox

Torna npupamenue £, 3a Majnoe BpeMsi Af oIlpenensercs CleayouM o0pa3oM

AE, = Hft?céfxdt.

t

Hcnonb3ys 310 BeIpakeHue, Haiiaem kodpunuentsl A(E ,t) u B(E 1)

t+at

A(E, =lim25 —limijx;5_fxdt:0

at—>0 At at=>0 Af
t

TaK KaKk 5_fx=0.
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B(E | ,t) momyunM uctionb3ys koppensitop O f.(¥,t)o f.(x",t") = D(x)o(t' —t"),
rae D(X) — koaddumenT auddy3un 3apsHKeHHBIX YaCTHUIL B 10JI€ aTOMHOM MIIOCKO-

CTH

B(E,,t)= fim AE) limitTt?c(t’)dt’tT[é F (S f.(Nx(")dt" =

at—0 At at—0 At
t t

t+at

~ lim—- j D()X(¢)dt' =X D(%).

at—0 At‘
t

IToncraBum nomnydeHHsle kodpduuuentsr A(E ,¢) n B(E ,t) B (2.1) u nomy-

4YiM ypaBHeHUE TudPy3un B IPOCTPAHCTBE MOMEPEYHBIX YHEPTUN

of NEt) _BOfU(ELL)
ot 2  OE’

, (2.3)

rne fV(E,,t)= p(E,,t) — pemenue ypasHenus ®okkepa-Ilnanka B mepBoM HOpPsIKE

Teopun Bosmymienus. Oynkumo " (E ,¢) onpenenum B naparpade 2.4.

dSE;
dt

B=x’D(x)= (2.4)

— ko3¢ dunuent auddy3un B TPOCTPAHCTBE TOMEPEUHBIX DHEPTUH, BHIYUCICHHBIN

BJIOJIb KJIACCUYECKON TPACKTOPHUH, TAK)KE OMMUCHIBAECT IBOJIIOLIMIO CPETHETO KBaJpaTa
¢iykTyanuii monepeyHoi SHEpru, 5—Ei— cpenHuil kBagpat (GIyKTyalui momeped-
HOU sHeprun. @opmyna (2.4) BnepBbie OblIa OTMEUYeHa B pabote [24]. Pemenne ku-
HETHYECKOro ypaBHeHHus: Pokkepa-Ilimanka B MpOCTPAHCTBE MONEPEYHBIX YPABHEHUM

Ha HEOOIBIINX OTPEC3KaAX TPACKTOPHHN B TOHKHUX KPUCTAJUIAX CBOAUTCA K PCIICHHUIO

ypaBHeHus auddysuu (2.3).
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2.2 YpaBHeHHe IBOJIOLNH CpeIHero Kpaapara (JIyKTyauuil momnepevHoil Hep-

'

N3BecTHO, 4TO pelIeHUs JTMHEAPU30BAHHBIX CTOXAaCTUYECKUX U KMHETHYECKUX
YpaBHEHHM COBIIAJIAIOT MEXKy coOoi. Takue pemeHus: OMMChIBAOT MPOIECC KaHaH-
pOBaHUSI B TOHKMX KpuUcCTalIax. PenieHue JIHMHEaApU30BAHHOTO CTOXACTUUYECKOTO
YpaBHEHHUS ABUKEHUSI MOXKET ObITh 3aITMCAHO B MPOCTPAHCTBE MOMEPEUHBIX YHEPTUM.

Hcnonb3ys TaHKEBEHOBCKUM TMOJXOJ K OMUCAHUIO KaHaIMpoBaHus [62,63],
MOJIYYHM ypaBHEHHE ABOJIONMH CpeHEro KBajpaTa (IyKTyaluid MONIepeYHON dHEep-
ruu (2.4).

[Tonepeunas sHeprus B 11000 MOMEHT BpeMeHH (2.2)

22
mx

EL:T-FU(X).

OnyKTyauus MonepevyHor SJHEPTUU
OE, =mxdx+U Ox.
Haiinem ckopocTh n3mMeHeHus QIyKTyaruu MornepeyHon SHEPTUn
SE, =mxSx +mxd%+U _XO0x+U 6% =mxoxi+U _xSx=X0f.,
rae 8 f. =mdi+U_Jx, cm (1.19).
CKopocTh U3MEHEHHUS CpeHEro KBajapara (IyKTyaluil monepeyHonl SHEepruu,

MHaYe ypaBHEHHE HBOJIIOIMU CPEAHET0 KBaApara QUIyKTyaluid MonepeyHon SHEpriu,

3aIIMIICM KaK

dSE;
dt

=20E,0E, =2(mx* 555 f, + U X5x5f,) = 2mx’ 6%5 f, = ¥*D(%),
TaK KaK 3HaeM, 4YTO KOppesuoHHble pyHKuuu ox(¢)o f (1) =0,
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- D .
ox()of (t)= # Takum 006pa3om, HCIIONIB3YS JTAHKEBEHOBCKHM MOIXO0 K TCOPUHU
m

KaHAJIMPOBAHUS MbI TIOJIYUWJIU YK€ u3BecTHOe 1o maparpady 2.1 ypaBuenue (2.4).

2.3 YpaBHenue @okkepa-Ilinanka B npocTpaHCcTBe NMONEPEYHbIX KOOPAMHAT U

CKopocTei

Kunernueckoe ypaBuenue dokkepa-Ilnanka B ¢a3oBoM MpocTpaHCTBE MOTE-
PEUYHBIX KOOPAUHAT U CKOPOCTEH OBLIIO BIEPBBIC MPEIOKEHO AJis onucanust dpdek-

Ta KaHajaupoBaHusa B padote Kurarasel u Omyku [51]

ot ox m ox 2m® 0x* .

Petiennie sToro ypaBHeHust OyJeM HCKaTh METOJIOM Majoro myma [28]. B Hy-
JIEBOM TMPUOIMKEHUH MPEeHeOperaéM MHOTOKPAaTHBIM paccessHUeM, TO €CTh IoJiara-

em D =0, torna ypaBHenue @okkepa-IInanka 3anuiiem

(0) (0) (0)
o +)'caf +F(x) o =0.
ot ox m Ox

Mg nonyuninu ypaBHenue JImyBuiuis. Perenne ero ectb Mpou3BeICHUE ABYX
nenbta-pyukumit  Jupaka: £ =6 (x -X (t)) ¥e) (x -X (t)) , rtoe x(t)=dx(t)/dt,
X(t) — sBnsieTcs penieHreM ypaBHenus HproToHa

d’x oU
" o (2:6)

HayaJIbHbIE YCIOBUS K yPaBHEHHUIO UMEIOT BUA: X, =x(f =0); X, =x(¢=0).
Haiinem Bun ypaBHenust @okkepa-Ilnanka B mepBoM MOPSAKE TEOPUH BO3MY-

menuit. Ilycts x=X+eén,Xx=x+¢en; n=(x-x)/e, n=(x—-X)/& - Qaykryamuu
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MOTEPEYHON KOOPAMHATHI U CKOPOCTH; 31IECh & - (POpMabHBINA MapaMeTp, BBOAUMBINA
C Uenpl0  O0O3HAYEHUs] BEJIMYMH OJHOTO Tmopsiaka Majoctu. (O0o3Ha-
yums =t , P(n,n,s)=¢& f(x,x,t). Haiinem mnpousBoaHbIe, BXOAAIIME B YpaBHECHHE
®doxkkepa-ILianka

oP_0Pon  0OP01  OPOs _XOP XOP OP

ot onot onot esor eon z0m o5

0P _0Poy _10P 0P _0POj _10P

ox 8778x 5877’ % 8778x 5877’

oO°P_10°P
o’ g’ ont

[Toacrasnsiem npousBoiHbie B ypaBHeHHe Dokkepa-Ilnanka

oP 0P F(x)0P ,D(x)0°P
— A ———— =g —
ot ox m Oox 2m* Ox*

npunucaB kodhduimenty nud@ys3un Bropoi nopsaok mainoctd no &. Ilocne nHe-

CJIOXHBIX MTpeoOpa3zoBaHUi MOITYIUM

8_P_x oP xF(x)8P+(f+gﬁ)18P+F(x+877)6P 2D(x+2577) 1 6P
os €0n & m 0On gon me  0n 2m

&> on*’

oP 0P [F(X+en)—F(X)|oP D(X+en)d’P
—+n—-+ = > — -

on

0s on me on 2m

Pa3noxxuM B psi MO CTEMEHSM Majoro mapaMmerpa & MOMEpPeUHyIo CHIIy U K03(pdu-
uueHT Auddy3un
F(x+en)=FX)+F'(x)-en+...,
F'x)=-U_(x), D(x+en)=D(Xx)+...

CoxpanuM B ypaBHeHUM Pokkepa-Ilnanka dyneHbl OIHOrO NOpsAIKa MaJOCTH IO &

op 0P F'(T) oP_D(X) P
os Tont T Ton T 2m o
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Takum oOpa3oMm, B MEpBOM MOpPSJIKE TEOPUU BO3MylleHUs ypaBHeHue Dokkepa-

II;manka nMmeeT BUL

o . of" U 0] o  DIx(0)]8°f"
o on m o 2m’ o

ren =Xx—X; 7 =%—X - QIyKTyallun TOMepedyHoil KOOPJMHATEI U CKOPOCTH, a KO-
sbdummentsl quddyzun D(X(¢)) u cHoca F(X(t)) aBastoTCS PYHKITUSIMU PEIICHUS

ypaBHeHUs: HproToHa. B HyneBoM mpuOIMKeHUN TEOPUHU BO3MYIICHHS yPaBHCHHE
doxkkepa-Ilnanka onuchIBaeT IMAAKYI0 TPACKTOPHUIO, a B MEPBOM MHPUOIMKEHUU —
GbayKTyalnuu OTHOCUTENBHO TIAJKON Tpaekrtopuu. Pemenuem ypaBHeHuss dokkepa-

[Inanka B mepBOM MOPSAKE TEOPUU BO3MYILEHUS B (ha30BOM IMPOCTPAHCTBE MOMNepey-

HBIX KOOPJIMHAT U CKOpOCTeil siBsieTcsa cepTka (GpyHkiumii pacnpenenenuit [, f

SOk =[x =X =m)Se—% =) [ (.1,0)dndr 2.7
HenocpeacTBeHHON MOACTaHOBKOM MOYHO II0Ka3aTh, YTO PEIICHUEM ypaBHE-
Hus (2.5) saBnsercs cienyromas GyHKUUS pacnpeneneHus (Qpaykryanui nornepeyHou

KOOpOIWHATBI U CKOPOCTHU

7 (6x) + 7 (6%) = 2191 - 5x - 5%
2A°

5

1
W) (49
,17,t) =——-€ex
VAMUR/R)) 7 p

rae A* =(0x)* - (6x%)* = (0x-6x)*, fOn,17,t=0)=5(n)-0(17), ecnu BTOpble MOMEH-
ThI YJIOBJIETBOPSIIOT cucTeme ypaBHeHui (1.28)

d

&L 5x> =26x0x%

di

4 ssi=ov -1T ¢

dt m

L5 =-27 swox+ 20
dt m m
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2.4 ®yHKums pacnpeaeJeHusi YaCTHL B IPOCTPAHCTBE MONEPEYHbIX YHEePruii

[TpumeHeHne MeTo/1a KOMIIBIOTEPHOTO MOJEIUPOBAaHUS B (Pa30BOM IPOCTpaH-
CTBE MOINEPEUYHbIX KOOPJIMHAT U CKOPOCTEH JUIsl 4acTHI] C OOJIbLION 3HEepruei 3a-
TPYAHUTENbHA, TAK KaK BPEMs pacuyera JOCTATOYHO BEJIMKO. IIepCrieKTUBHBIM SBIIA-
€TCs UCII0JIb30BaHNE KPUCTAILIOB € OOJNBIIMM aTOMHBIM HOMEPOM Z, HO pacyeT B Ta-
KHX KpUCTaJUIax MPUBEAET K elie OOJbIINM 3aTpaTaM KOMIIbIOTEpHOTO BpeMeHH. Kak
yKe OTMEYaJIOCh, U COKPALLCHUS MAIIMHHOIO BPEMEHU CYETa ONKMCAaHUE Ipolecca
KaHaJIMPOBaHUS MPOU3BOJAT HE B (pa30BOM MPOCTPAHCTBE MOMEPEUHBIX KOOPAUHAT U
CKOpOCTEH, a B (ha30BOM MPOCTPAHCTBE MOMEPEUHBIX IHEPTHIA.

Haiinem pemenne ypaBHeHust Pokkepa-llnanka B mpocTpaHCTBE MONEPEYHBIX
SHEPIUil B MEPBOM IOPSIKE TEOPUU BO3MYILEHUS, 3TO OyAeT QyHKUUs pacrpeaese-

HUS, IOCTPOCHHAS C IIOMOIIBIO (2.7)
FOE )= j j S| B, —mi® 12-T(x) | O (x, %, t)dxdlx . (2.8)
[lepenumiem (2.8)

FOE, )= j FOm, n,t)dndnj S| E, —mi* 12-T(x) |5(x X - )S(i = ¥ — 1j)dxdlx ,

m x + — . .
FOE= [ 5{ nC g +77)}f“)(77,77,t)d77d77- 2.9)
Hcrosb3ys CIeayronee BhIpakeHue

5{& O (’“’7)} ~ 5[, ~E,, ~ni¥i -0 )] =—5(f =
mx‘

E -E ,+U.(X)n OE +U.(X)n

rﬂ;e 77/' = = _-
mx mx

npouHTterpupyem (2.9)
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0

M _ _77
SOELN= j P

B — 2
1 ox* —=(0F, +77U(x)
-exp| — ———(O0F, +U +§x —-2no6xox
P 2A% | m*x? (OF, xﬂ)] =20 mx 272'A I ‘mx‘
I 2 2e 2 : 5 -
exp| - 772 Uxf:; N 5).(2_2Ux5;x§x ~ 12 Ux5l;7i25x _5Ep;x5x ~
2A°| mXx mx A mx mx

L SESY |1 27N’ m’5 .
20 m’x’ 2Almx| \| U 5x* +m*%> 6% + 2U , dxdsmx

o] L 5Ei§+ 1 (USE, 6x —mxSE, 5x0%)
PlToa e o m%{z]jﬁ — 2Ux5x5ch

sy T OXT + —
m-x mx

— R . -1/2
- (2;z(Uj 5>+ miF? S5 + 2Uxm)?5x55c)) :

i ’ . 2 e o2 ~1/2
-exp —% Ok = z—z(Uxi:Jr—ézxaxaf) : :(2” (Ux5x+mxax)2)

I 2A°m°x U.0x™ +m’X 0x" + 2mxdxSxU

[ SE? U’ (ﬁ) + % Sx - O —Zm);cUxﬁéxé‘fc
-exp| — L —

| 20'mx? U 5x + misx)’

- \2 . _— . 2
U’ (5x2) +2mxU 5x* 6x6% —m’x” (5x55c)
(U 6x + mxox)’

ITocne COKpalmCHUA cClIaraCMbIX B OKCIIOHCHTC MW HCIOJIB3yd OIPCACICHUC

A’ =(8x)* -(6x)* —(Sx-5X)>, a Taxke BBOAA OOO3HAYEHHE CPETHETO KBAJApaTa

GuykTyaruii monepeyHon YHePruu

SE> = (U Sx +midx)’ =UX(X)Sx” + m*¥> 6% +2U (¥)mxoxox,  (2.10)

noJIy4rM (YHKITMIO pacripeaenienus GpIykTyanuii monepevyHoil S Hepruu

-1/2

FOE, = (27Z'§Ei) exp[—é‘Ef /25Ei}
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KOTOPYIO TAKIKC MOKEM 3allCaTh B CICAYIOIICM BHUIC

1/2
f“KElJ):(ZﬂéEf) exq}{ﬁl—fgﬂy/25ﬁf}. 2.11)

MoxHO IIOKa3aTb, 4TO C YYCTOM YpPaBHCHHA ABUKCHUSA 110 KJIaCCHYECKOMU Tpa-

extopuu (2.6) u cuctemsl ypaBHeHu# (1.28) mpousBoaHast 5—Ei (2.10) 6ynet paBHa

dSE:

—L=¥D(3). (2.12)

[Tonyuennas ¢pyHkuus pacnpenenenus (2.11) siBnsercs: pelieHneM ypaBHEHUs

®dokkepa-Ilnanka B mpocTpaHCTBE MOMEPEYHBIX YHEPTUN B IEPBOM MOPSAKE TEOPUU

Bo3MymieHuit. Hemocpencreennoii nmopcranoskoit [ (E | ,t) B ypaBHeHHe Dokkepa-

[Li1anka MOXKHO TTOKa3aTh, 4YTO IS §Ei OyIlyT BBITIOJIHATHCS yYpaBHeHUs (2.3), (2.4).

PﬁCHp@I{CJ’IeHI/IC JaCTUIl B KaHAJIC II0 IMOICPCUYHBIM SHCPIUAM MOKHO ITOCTPO-

UTh CIEAYIONTUM 00pa3oM
F(E 0= ["(E.1).
Ha puc. 2.1. npeacraBieHo pacnpeiereHue MpoTOHOB ¢ sHeprueit 6 I'HB B
mwiockocTHOM (110) kanane kpucraiia repManus Ha rryouHe 2,2 MkM B cirydae 50 u

150 yactun. HavanbHOE pacnpeneneHne 4acTull 3aJaBaIOCh PABHOMEPHBIM B IpeJie-

JIaX TJIOCKOCTHOTO KaHayla. YTOJI BiieTa yacTtuil 3,79 Mpa.
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0,2

0,16 4 fl - S H— N A S —

0,12

F(E, 1)

0,0a

0,04

0 10 20 30 41 50 60 7
E 5B

Puc. 2.1. Pactipenenenue 1o nonepevyHbIM SHEPTUAM IPOTOHOB ¢ 3Hepruei 6 1B
B I10ckocTHOM (110) kaHane kpucraiia repManus Ha riryoune 2,2 Mmxm. Ocuusuim-

pytoiuii rpaduK yUUThIBAeT BKJIAAbI oT 50 wacTul, rimaakuii — ot 150 gactui

2.5 UccienoBanue ypaBHeHUs BOJIOLMHU CPeIHEro KBaapara puyKkryauui no-
IepeYHoN IHEPIrumn

B pa3HbIx maparpagax 1aHHOM riaBbl MBI Pa3HBIMU MOAX0/IaMU [TOKA3aJId, YTO
npu pemeHnu ypaBHeHuss @okkepa-Ilnanka B MpoCTpaHCTBE MOINEPEYHBIX YHEPIUM
BaXKHBIM SIBJISIETCSI YPaBHEHHUE 3BOJIIOIIMM CPEAHEro KBajpaTa (piykTyanui nomeped-
HOW SHEPIUM YaCTHUIlBl, KOTOpOE TaKXke ompeaenser kodpduuueHT audpdys3uu B

muddy3rnoHHoM ypaBHeHHH (2.3)

dSE?

=x’D(X).
P (x)
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Ha puc. 2.2 uzo0OpaxxeHbl TPA€KTOPUH U MONEPEUHbIE CKOPOCTH JIBYX YACTHI] B
peKUMe KaHAIMPOBAHUSA M HAJ0ApbEPHOTO JBUMKEHUS /IS MPOTOHOB M aHTHUIIPOTO-
HOB ¢ 3Hepruel 6 3B B mnockoctHoM (110) kanane kpucrania repmanus. Takxke Ha

PUCYHKE MOKa3aHa JUHAMHUKA U3MEHEHMs Cpe/lHero KBajpaTa QiIyKTyaluid moneped-

o 2
HOM 3Hepruu OE| N1y NaHHBIX YacTUL. BUIHO, YTO CKOPOCTH BO3pACTaHUsl CPEHETO

KBajpata QIyKTyaluid MOonepeyHo YHEPrul KaHATUPOBAHHBIX MPOTOHOB paBHA HY-
JII0 B TOYKaX MOBOPOTA TPACKTOPUH, KOTOPHIE PACIIOJIOKEHBI MAKCUMAILHO OJIM3KO K
ATOMHBIM TUIOCKOCTSIM Ha ITyOuMHE MPOHUKHOBEHUS 2 MKM, 6 MKM 1 10 mxMm. Takum

o0pa3oMm, JeKaHaJIUPOBAHUE OBICTPHIX MPOTOHOB OYET MOJABJICHO, TaK KaK MpPOUC-

XO0OUT YMCHBIICHUC ITPUPAIICHUA 5Ei 3a CYCT MHOI'OKPATHOI'O pacCCCAHUA Ha AApax

aTOMOB KpucTtauia. [[is aHTHUIPOTOHOB yMEHbIIIEHUE JCKaHATUPOBAaHHS OyIeT He-

SHAYUTCIIbHBIM, TdK KaK YMCHBIICHHUC IIPHUPAILICHUSA 5EJ2_ 3a CUCT MHOI'OKPATHOI'O

PaCCCAHNUA aHTHUIIPOTOHOB HA ApaX aTOMOB KpPHUCTAJIJIA AOCTHUIACTCA TOJIBKO IIpU HUX

ABHUKXCHHNHU B I_[eHTpaJILHOI;'I HaCTH IINIOCKOCTHOI'O KaHaJIa.
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Tnybuna, nocm Tnybuna,

Puc. 2.2. TpaekTopuu 1 nonepevHble CKOPOCTU JIBYX YaCTHI] B PEKUME KaHATUPOBa-
uus (I) u nagbapeepuoro (I1) ABMKeHUS 11 TPOTOHOB (CJIeBa) U AaHTUIIPOTOHOB

(copaga) c aHeprueit 6 ['9B B miockoctHOM (110) KaHanme kpucTaia repMaHus U CO-

OTBCTCTBYIOIIAAd UM JHUHAMHWKA U3MCHCHUA §Ei
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I'JTABA 3. KOMIIBIOTEPHAS IPOTPAMMA PACUETA TPAEKTOPUI
KAHAJIMPOBAHHbBIX YACTHI]

3.1 KomnboTepHoe MoeiupoBaHie U KoMnboTepHast nporpamma STE

YToOBI MOTYYUTH PEIICHHE 110 BCEH JUTMHE HEKOTOPOTO KPUCTAIIA, TOCTYIIAI0T
cieayronmM obpazoM. Kpucramn pazOuBaercs Ha CTONKY TOHKUX KpucTauioB. [Ipu
ATOM HETUHEHHOE CTOXAaCTUYECKOE YpaBHEHUE IBMKCHHSI MOXKET OBITh JIMHEAPU30-
BaHO B K&XKJOM M3 TOHKUX KpUCTALIOB. C MOMOIIBIO JIMHEAPU30BAHHOTO CTOXACTH-
YECKOE ypaBHEHUE JIBWIKEHUS YUYUTHIBACTCS BIUSHUC TUHAMHUKU U3MEHEHUS CPETHUX
3HaYEHUW TWHAMHWYECKHX BEIIMYWMH HA 3BOJIONHIO (DIYKTyaluii OTHOCHTEIHHO ATHX
cpenaux. OOpaTHOE BIMsIHUE QUIYKTyallii Ha TMHAMUKY U3MEHEHHUsS CPETHUX 3Hade-
HUW TUHAMUYECKUX BEIIMYUH YUYUTHIBAECTCS C MOMOIIBIO CBEPTKU (PYHKIIMU pacipe-
JIeNIeHUs TIPH MIEPEX0/ie OT OJHOTO TOHKOT'O KPUCTAIIA K IPYTOMY.

B MeTone KOMIBIOTEPHOTO MOJSIMPOBAHMS TPACKTOPHHA ATO O3HAYAET, YTO
IIPH MEePEX0/ie OT OJTHOTO TOHKOTO KpHUCTAIa K IPYroMy 3HA4Y€HUS MOTEPEUHON KO-
OPJIMHATHI M CKOPOCTH Pa3bITPHIBAIOTCS C TOMOIIBI0 QYHKIIUU paciipeaesieHus QryK-
TyaIriil MoMepeyHON KOOPAUHATHI U CKOPOCTH OTHOCUTENIBHO CBOMX CPEIHHMX 3Haue-
Huil. CuctemMa ypaBHEHHUH JJIi MOMEHTOB (DYHKIIMH PaCTpEENICHUsI CTPOSATCS C T0-
MOIIIbIO CHCTEMBI JIMTHEAPU30BAHHBIX CTOXACTHUECKUX ypaBHeHHi. [Ipu mepexone ot
OJTHOTO TOHKOTO KpHCTAJIJIa K APYroMy CJIEIyeT MEPEoNpeaesiaTh HE TOJIbKO 3HAYe-
HUS TIOTIEPEYHON KOOPIUHATHI M CKOPOCTH, HO H TIOJIHYIO dHEpruto yactuil. OveBu-
HO, YTO 0OJiee MPEANOUYTUTETHLHBIM SIBIISIETCS Pa3BUTHE METOJIa KOMIBIOTEPHOTO MO-
JENMUPOBAHUS TPACKTOPUN KaHAJTUPOBAHHBIX YACTHI] B MPOCTPAHCTBE IOMEPEUHBIX

JHEPIUi.
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Pemienne nrHEapr30BaHHOTO CTOXACTUYECKOTO YPAaBHEHUS IABHUKECHHUS MOXKET
OBITH 3aITUCAHO B MPOCTPAHCTBE MOMEPEeUHbIX dHepruil. [Ipeanaraemsrii B pabote me-
TOJ y4€Ta MHOTOKPATHOTO PAacCEesHUS MPHU KOMIIBIOTEPHOM MOJEIMPOBAHUM TPACK-
TOPUM KaHAJMPOBAHHBIX YACTHI] B IJIOCKOCTHBIX KaHajgax KpHUCTallIa OCHOBAaH Ha
YpaBHEHUU 3BOJIOLMU CPEIHETO KBajpara (IyKTyalluu MONepedyHor >Hepruu. Tak
cpemHuid KBaApaT (IyKTyaruil MOMEepeYHON IHEPTUHU, PACCUUTHIBAEMBINA BIIOJIh KaXK-
JIOM TPAaeKTOPHH, BBICTYIIAET OCHOBHOW XAapAaKTEPUCTHUKOM IMpOLECCa PACCESHUS Ka-
HAJIMPOBAHHBIX MOHOB Ha (IIYKTyalMsX MOTEHIMala aTOMHOM TJIOCKOCTH.

bruta cozmana kommbeloTepHas mporpamma, umerorias HazBanue STE (ot the
Space of Transversal Energy), Tak kak MOAeTUpOBaHUE TPACKTOPUI KaHAJIMPOBAH-
HBIX YaCTHUIl TPOU3BOAUTCS B MPOCTPAHCTBE monepeuyHbix 3Hepruil. [Iporpamma STE
OCHOBaHa Ha pelIeHUH CUCTeMBbI ypaBHeHUH (2.4) u (1.18), onuchIBarOmUX IBIKCHUE

9aCTHIl B Ka)KIOM TOHKOM KPHUCTAJLIIC

- oU
mx = —a—
@ 3.1)
4oF, _ x*D(X)
dt

raelU(x), B 3aBUCUMOCTH OT 3a/1adydl MOJICTTUPOBAHUS 3TO, MMOTEHITHA TJIOCKOCTHOTO
ka"ana (1.10) unm moTreHHMan nepexogHor o0jacTu ochb-ockocTh (1.39); D(x)—

koddpumment nuddysun, cm. (1.29). 3nech u nanee B JaHHOM pasjeiie moa x Oyaem
IIOHUMATb X = X .

MHoOTOKpaTHOE paccessHue OMPEENieTCs] ¢ TTOMOIIBI0 PO3BITPHIIIA 3HAYCHHM
MOTIEPEYHOMN CKOPOCTH (yTiia) YaCTHIIBL. Y CIIOBUSIMH PO3BITPHIIIA SBJISIOTCS yCIOBUS

MajocTy (QIIyKTyaluid, TO €CTh PO3BITPHIII TPOU3BOJAUTCS MIPHU MPEBBILLIEHUN TOPOTO-

BOTO 3HAYCHHUs CPEJHEro KBajapara (IyKTyalluy rorepedHoil sueprun SE; . Po-

max

SBITPLIIT 3aIlIPpCIIaCTCA, CCJIU ITOCIIC IMPCALIAYIICTO PO3bIIPhIIIa HpOfII[GHO pPacCTOA-
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HUC, MCHBIICC Tmin: KOTOPOC OonpecaciricTCa MUHHUMAJIIBHBIM KOJIHUYCCTBOM CTOJIKHO-
BCHUM JacTuObl ¢ aTOMaMH KpHUCTAIa, IIOCJIC KOTOPOI'O BO3MOKHO pPACCCAHUC. B

pacuérax T, Opanoch MopsaKa AJUHBI OJHOTO IIara pemeHus, Ho O0onbimuM 60 A,

adE> |, =(0,05-7,.) .

m

[Iepeonpenenenye 3HaYCHUM NONEPEYHOW CKOPOCTH IPOU3ZBOIAUTCS CIIy4au-

HBIM 00pa3zom

Z‘EJ_ il U(xm)‘ B

m

X, =k A=k +

1

‘xl.

; (3.2)

roe E

| ;.1 — HOBOE 3HAaYEHME NONEPEYHON PHEPIruu MOHA, IOJIYYEHHOE U3 paclpene-

neHus I'aycca, B KOTOpOM CTapoe 3Ha4eHHE IONEPEYHOM dHepruu E , Urpaer poib

CpeJHero, ./5Ei ;, — CPEIHEKBAIPaTUYHOTO OTKJIOHECHHS.

B pamkax mporpammbel STE cucrema (2.7) pemiaercs 4YMCIEHHO HCIIOIb3YS
cxeMy Pynre-KyTThl yeTBepTOoro nopsiaka TouHoctu. VMcnonp3zoBanue cxemsl PyHre-
KyTTBl 7151 cUCTEMBI ypaBHEHUH AOCTaTOYHO TPAJAULMOHHO NpHU pacuerax Ha OBM.
[Iporpamma pacuera TpaekTopuil kaHanupoBaHHBIX MOHOB STE Obuia HamucaHa Ha
00BEKTHO-OPUEHTUPOBAHHOM sI3bIKe MporpammupoBanusi Object Pascal B mporpamm-
Hoit cpene Borland Delphi 7.

[TpousBenem obe3pa3zMepuBaHUe YpaBHEHUW M MapaMeTpPOB BXOMSIIHUX B CHC-
TeMy. O6e3pa3MepruBaHie COCTOUT B MPHUBEJIECHUU MapaMeTPOB JBUKEHUS K TOCTO-

SHHOW peleTKkn Kpuctauia d . Beenem Oe3zpasmepHnyro riyouny I =7,/d Ha xoto-

2 2
pYIO IIPOHMKAET YacTHULA 3a BpeMs ¢, 1ne [, =¢-7, t=v-t, & =V__/mv” cM. pas-

nen 1.5, £:‘PL/\/§, rne W, =42V, /mv’ cm. [17]. Torma T=¢-v-t/d. O6es-

pasMepuM TomnepedHyro koopaunaty X =x/d , a Takke o' =o/d — cpeanss aMILId-
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TyJla TETUIOBBIX KOJICOAHUH aTOMOB KpUCTAUIa U @' =a/d — paanyc 3KpaHUPOBAHHUSI

Tomaca-®epmu. O6e3pazMeprM MONEPEUHYIO0 CKOPOCTh

dx dx dT, dc  d(X-d) dx
y=—= =&V =—EL—————=&sv—.
dt dT dt dT d(T-d) ~ dT

Haiimem BTOpYHO MPOU3BOAHYIO 11O X

d’x v d’X
dt? d dr*’

WCIIOJIB3Ys BRIpAKEHWE £ =V, /mv’ NepenumiemM ypaBHEHHE JBMKEHHS — MEPBOE
ypaBHEHUE CUCTEMBI (2.7)
me’v’* d*X  oU

d dr*  ox’

d’X 1 oU

dT? vV oX

max

O06e3pa3MepuM BTOPOE ypaBHEHHUE CUCTEMBI (2.7), 3alUIleM JIEBYIO 9acTh

dSE] dJSE: dT, gudaEi _svdSE]
dt dT, dt dr, d dT

AaJICC 3aIINIICM IIPaBYIO 94aCTb

X-D(x):(gu)z(j); j D(X).

OObeIMHUM JIEBYIO U MIPaBYIO YacTh

& d5_Ei = (51))2 (d—ij D(X)
d dT dT ’
2 2
ok, = 50d(de D(X).
dT dT

Torpa nocne npoueaypsl o0e3pa3mepuBanus cuctemy (3.1) 3anuiieM B BUe
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d’X 10U
T’ V. 08X
dSE> dx G-3)
=&V d( j D(X)
dT dT

Takum >xe obpasom o0Oe3pazMepuM BbIpakeHue (3.2), Mo KOTOpOMYy B IIpoO-

IrpaMMC ICPCOINPCACIIACTCA MOoINCpeIHasd CKOpOCTh

2|E, . ~U(x,,)
. . . . Li+l 1
xi+1=xl.iAx:xl.i\/ & -

v -

max

O6e3pa3zmMepuM HenpepbIBHBIN MITOCKOCTHOM noTeHnuan U(x) (1.10)

U(x)— ZZV(gx) exp(-o'’g2/2)- cos{27m (X—xjiﬂ (3.4)

n, j=l a

X

U B Cllydae NePEXOTHON 00JaCTH OCh-IUIOCKOCTb

U, (X.T)= %ZZSIV(gx)exp[—a’zgﬁ /2}00{27[11){ [X -x, iﬂ

ny ]:1 ax

(3.5)

a

x v z

+V(gkl)exp[—a'2g1§l /2} COS[Z%’(VIX (X —X; ij +Tg,le—k-y, da_ [z, iﬂ
a a
3anumeM Takke IMociae Ipouedaypsl o0e3pasMepuBaHus p, ,(x) IUIOTHOCTb

pacripeieieHus siep B IUIOCKOCTHOM KaHane cM. (1.31), BXondinyro B siIEpHBINA KO-

yppuument nupdysuun D, (x)

o et R B S P

n, j=1 a,

U p,(x) INIOTHOCTh PacCHpEleNICHNs MIEKTPOHOB B IUIOCKOCTHOM KaHaie cM. (1.33),

BXOSIYIO B 3IEKTPOHHBINA K03 puunenT nudpdysuu D, (x)

P (x)=

7 ZZF(g»exp{ ';gi }co{zﬂn{){ -, aiﬂ (3.7)

n, j=1 x
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Taxum oOpa3oM BBeneHHEM Oe3pa3MEpPHBIX NEPEMEHHBIX BMECTO JUHAMMYE-
CKHX NEPEMEHHBIX, BXOAAIUX B Ju(depeHIraIbHble YpaBHEHUS ABUKEHUS oOecte-
YuBaJlaCh TOYHOCTh YHCIEHHOrO pacuéta B nporpamme STE. Ota npouenypa npoBo-
JUJIOCh TAKUM 00pa3oM, 4TOOBI XapaKTepHbIE HHTEPBAIbl U3MEHEHUS TUHAMUYECKUX
NEPEMEHHBIX ObUIM MOpsAaKa eAUHULbI. Kpome TOro, 4ymciio 4ieHOB Pa3jIOKEHUS B
psa Oypoe ans notennuana u kodpduuuenta Auddys3un moadupasoch Takum odpa-
30M, 4TOOBI BUJ YKa3aHHbIX (DYHKIIMI, a Takke MepBOi U BTOPON MPOU3BOJIHBIX MO-
TEHI[MaJla He 3aBUCEJIM OT JaHHOro uucia. M niuuHa 1mara pemeHus: BeIonpanach Tak,
4TOOBI JIJIS1 YACTHUIIBl BBIMOIHSIICSA 3aKOH COXPaHEHUS SHEPTUU B OTCYTCTBUU MHOTO-

KpPaTHOTO PACCESIHUS.

3.2 OcHOBHBIEC MOAYJIH M BO3MOKHOCTH nporpamMmmsel STE

Ha nannbiii MOMEHT ¢ moMoIibio nporpammsl (Moaenu) STE mMoxHO Moaenu-
pOBaTh MPOLECCHl BO3HUKAIOIIME IMPU IMPOXOKICHUU 3aAPSHKEHHBIX YaCTHUL] CKBO3b
KpucTamul. YacTuilbl MOTYT OBITh KaK MOJIOKUTEIHHO TaK U OTPULIATETHLHO 3apsHKECH-
HbIe (MPOTOHBI, aHTUIPOTOHHKI). [Iporpamma MO3BOJIAET BECTU pacyeT JJisi TPEX ILUIO-
ckocTHbIX KaHasoB (100), (110), (111) u paccMarpuBaTh MOTEHIIMAT U30JIUPOBAHHO-
ro aromMa M JEKTPOHHYIO IJIOTHOCTh B Ciydae anmpokcumanuii Monwsep u Jlonmns-
Tepuepa. Cpenu Hanboliee BaXKHBIX PE3YJIbTATOB, KOTOPHIE MOXKHO TMOJYYHTH C TO-
mompio Tiporpammbl STE, 3T0: Tpaektopuu B (a30BOM MPOCTPAHCTBE, IUIOTHOCTH
pacnpenesneHus B KaHaje Mo MOMEPEYHON SIHEPTUH, CIIEKTPBI MOTEPh SHEPTUH, BBIXO-
bl dactull. lIporpammol mpeayCMOTpEeHbI BO3MOXHOCTH CUYETa Uil KPUCTAJLIOB
OOJBIION TOJIIMHBI U ABTOMAaTUYECKUM COXPaHEHHWEM HACUMTAHHBIX NaHHbBIX. [Ipo-
rpamma STE nmeer mmpokue BO3MOXKHOCTH IO BapbHUPOBAHHUIO HAYaJIbHBIX Mapa-

METPOB U MOACTPONKH MPOTPaMMBbI MOJT KOHKPETHBINH 00CYUTHIBAEMbI SKCIIEPUMEHT.
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[Iporpamma Hanmcana Ha si3bike Object Pascal B mporpammHuoii cpeae Borland

Delphi 7. [Iporpamma cOCTOUT W3 CIEAYIOIIMX OCHOBHBIX MOHyJeH (OJIOKOB), CM.

Tabnuiy 3.1:
Ne i/ | Ha3Banue Onucanue

| STEtraject ['11aBHBIN MOAYITH
2 STEaddTr; Monynb no6aBiaeHUsI TPACKTOPUNA
3 STEoptions Moynp OCHOBHBIX apaMeTpPOB
4 OurPlotting Moayns noctpoeHus rpaduKkoB
5 Constants Moaynb onpesienieHtsi TOCTOSTHHBIX BETMYUH
6 Solver Mopynb pacuera TpaeKTOPUNA YaCTHI]

Ta6muma 3.1. OcHoBHBIE MOy Tiporpammbl STE

B rnmaBHOM Moayne (puc.l) monp30BaTeNo Mpeagaraercsi ONpeNeIuTb Kpu-
CTaJlJ1 KPEMHUSI WM T€pPMaHUs, INIOCKOCTHOE HAIPaBJIEHUE, 3a/1aTh 3apsi/i YaCTHULIbI

Z,, ee oHepruro £ u atomHyro maccy M, . Taxxke 31eck 3a1at0TCs OCHOBHBIE I1apa-
METPBI pacyeTa TPACKTOPHUH, CPEIU KOTOPBIX KOJIMYECTBO YWICHOB PA3JIOKECHUA 1, B

psan @ypwe i noteHnuana u koddduiumenta auddy3un, TONIKMHA paccMaTpUBae-
MOI0 KpHUCTaJlJIa, 3aJaeTCs KOJIWYECTBO Y3JIOB JUIsl pElIaeMbIX ypaBHEHMU. Takxke
UMEETCSI BO3MOXKHOCTh 3a/1aBaTh 3HAUCHUSIAH, k w | TIpu HCIOIH30BAHUU TTOTCH-
uana NepexoAHOW O00JAaCTH OCh-INIOCKOCTh. Ha IiiaBHOE OKHO BBIBOJUTCSA 3HAYe-

HHC &, KOTOPOC BBIMHUCIIACTCA CIICAYIOIIUM 06p8,30M

7

max

E+Mmc* /(1+Mmc’/E)’

riae myc’ =931,5 MaB, [M1] =a.e.m.
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ES STE. MogeaMpoBaHMe TPAEKTOPMM YACTHL B KPMCTaAI1ax

®arn  Pacdet  Momowg

: JosaeuTe Onuu MhadiEM OUKMCTMTE A8HHEIE STE 4T30S

N0 PEZN0HEHHHA B
roe a0
Ary W 0 Iwpee, Ny

w0 me
ol Jxed
OT|-1E+1D|}-{,£I,0|1E+1EI |

PO < 23555 56 200571 E-0006 By Pacusr '
%
0%

JAaMmyska HA4aNEHEIX A3HHEIX EBINONHEHS. ..

Puc. 3.1. I'maBHO€e 0kHO nporpammel STE

B Moayne ompeneneHuss NOCTOSHHBIX BEJIMYMH OMNPEICNIAIOTCS IMOTEHIIMAI
Kpuctauia u kodpduumentsl nudpdysun. Takxke onpenensioTcs MepeMeHHbIE HC-
MOJIb3YEMBIC B APYTUX MOTYJISX.

B monyne noGaBneHust TpaekTopuil s pacdera (puc. 3.2) 3a7ar0TCs KOJIMYe-
CTBO YacCTHII, [UANa30H TOYEK U YIJIOB BIETA YACTHI], a TaKXKe 3aJaeTCsl HadyajabHOe
pacmpesienienne 1o yriam BI€Ta MO0 HOPMajJbHOMY 3aKOHY WM paBHOMEPHOE pac-
npezencHue.

B monyne ocHoBHBIX mapameTpoB (puc. 3.3) 3aaar0Tcs YCIOBHS MPUMEHEHUS

MHOI'OKPATHOI'O paCCCAHM:A, I1apaMCTPbI T

' . ¥ TIOpOT 3HAYCHWM CpeAHero KBajapara
9] 2
uyktyanuii SE| mpu NpeBBILIEHUH KOTOPOTO MepeonpeenseTcs: nonepeyHas Ko-

OpJAMHATA YACTHUIIbI. 3aJal0TCA TAKXKE alMPOKCUMAIUK MOTEHIMAJIA OTAEIBHOTO aTo-
Ma B mpuOmmkeHnn Momibsep unu Jloins-Tepuepa, ycinoBusi MpUMEHEHUS] MOJIENEH

ACKaHAJIIMPOBAHUA, TAPAMETPbl aBTOMATUYCCKOI'O pacdcTa U COXpaHCHUS JAHHBIX.
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x)

Hobap/ie HHe TpaeKToOpHH

H= u=
0 | L |
Y= y=

0 | LE |
F.onMyecTEn TpaskTORHIA

| a1 |

[ | CKOpOCTE MO FAYCEOBGY DACTPELETEHU0

[ o TpuHATE H X Orrena ]

Puc. 3.2. Monyns no0aBiieHUsI TPaeKTOPUI K pacueTy

B85 Onumm npu pacuete

5B Facuer CoxpaHeHHe TpaekTopKHA

BeQxHAR rpaHuLa |0.025 e Fl,u,eprlﬁ Ln - pagHaLnoHHEIR (no [l AeTocoxpanenme TpaskTopui;
ymonuzHuio no Bopyl;

Y¥paBHEHKME HA CpefHUA kEaapaT doy-
[¥] kTyauui peluaseTca MeTogomM TRaNeLMi
Mopor pozeirpeiwa no rnybuHe (No ymonyaHuio MeTogom PyHre-KyTTel); I:I

M (10000000000 | 4 DI'IpHEnH}KEHHe HoAna-TepHepa (no

YMONYAHWK NpHBnrkeHre Moneep);
[HHIII >>] flin |550 | A,

[[1BriAEnATE HaaBapkepHEE TRAEKTORHH;

I:ll'IuTepH IHEPMMH CUMTAHITCA, 2 BAPMAHTA

YUMTEIEATE NPM POZEIFPLILIE NEOLOEHYH
[FI pa g 3 PoA y pacyeTa;

COCTOENAKILLLYH;
L " [(JCumTate W coxpanaTs BiX0;
DYuHTblBaTb NOTEHUMAN NEpEX0L4HoA

obnacTu OCE-NNOCKOCTE, I:I

YUMTLIBATE MHOMOKPATHOE PACCEAHME;
[ Byraver | . - | o reaenemy
PacysT
)
[ AeTopacyer ¢ warom Tay, [JHopmupoeaTe

[ Tpextoveuneli wzrmb;  [1MNokazate,

[ TekaHanupoEanue == ]

OnucaHune

AnepHeid norapudm =2Inl1g3, 2L
P aoraput L =2k83/7")

2,2 4.2
3NekTpOHHLIA norapudm L, = Tmec \;;c; -w¥ict-dE/2
H-wiic

(L] Mama gua aprocozpagema CADatal..
He erifipas pexun aETOCORDAHEHHA TRABKTORHE

Puc. 3.3. Mojtysib OCHOBHBIX ITapaMeTPOB

B momyne pacuéra TpaekTopuii peaqM30BaH IPOIECC IOIIAroBOro pacyéra

3HAYCHUMN napaMeTpoOB JABHMXKXCHHUSA YaCTHUIIBI. CpCI[I/I OCHOBHBIX 3TO ITOIICPCUYHAA KOOp-
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JUHATHI U YTOJI YaCTHIIbl, a TAKXKE 3HAUCHUS CpeHero kBajapara GiayKTyalui mormne-
PEUYHOU SHEPTUH.

B mMopyne noctpoenus tpaektopuil yactun (puc. 3.4, puc. 3.5) MOXKHO CTpo-
uTh 20 pa3nTu4HBIX rPaduKOB, KOTOPHIC Pa30UThI HA 4 OCHOBHBIC TPYIIITBI: KPUCTAIL,

TPaeKTOPUHU, paclpeie]ICHUSI U TOTePU YHEPTHUU.

B85 STE ['pagmua

["pacpari | | T PaEsKTOpHH YacTHL Y], Al

= KpWcrann
+ L[x)

Ll (=]

Uft)
D=
thao_el [#]
tho_nucl (=]
=3 TpaekTopud

s u[t]

s [t

Jexananposatue »> ] ’DI’DGHMHEHMH >>]

.
=3 PacnpensnsHqa
+ [noTHOCTE pacnpedeneHUA
+ Cp. KE. ®NYKT. NONEPEYH 3 HEprH
s [ucTorpanraa M [v)
s [ucTorparma M =]
5 Morepu sHepris
« [Morepd no raybuHe
+ Y 4acTHU OT NOAHGA SHEPrMW
& Y 4acTHu OT NOTERAHHON 2HEPr
+ Y yacTuy 3a NpoMaeHHEE Cnok
+ [lorepu za npoligeHHeii cnobi
+ Bemog vactiy

< | |B|,¢q EDﬁLI.lHBHaCTDDI:iKH;: haDaMBTDbI CrarvcTuea |

Puc. 3.4. Moaynb NOCTPOCHUS TPACKTOPUIA YACTHIL

B rpynny kpuctanin o6bequHEHBI ClieAyomue rpaduki: MOTeHIUal KPUCTa-
Ja, TiepBasi ¥ BTOpas MPOM3BOAHBIE OT MOTEHIMANA KpUcTaia, KodhPuiueHT aud-

(y3uH, INIOTHOCTH paclpeneieHus aaep p,,.,(X) U INIOTHOCTb PaclpeneieHus JIeK-
TPOHOB p,,(X) B INIOCKOCTHOM KaHajle. B rpynmy TpaeKTOpuu: TPacKTOPUU YacTUL,

TPaeKTOPUH YACTHUILL B (Da30BOM IPOCTPAHCTBE MOMEPEUHBIX KOOPJIMHAT U CKOPOCTEM.
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B rpynny pacnpeneneHus BXOAAT: INIOTHOCTh PAcCHpeAcsICHHAs YaCTHLl B KaHAJE I10
MOTIEPEYHOMN SHEPTHUH, CPEAHUMN KBaapaT (PIyKTyaluil momnepeyHol SHEPTUM YacTHIl,
TUCTOTPAMMBbI PACIpENEIeHUs] YaCTUIl 110 IMOIEPEYHON KOOPAHMHATE U CKOPOCTH. B
IpyIIly MOTEPU SHEPruu: rpadMkKu U3MEHEHHs MOTEPb SHEPTUU M MOJHOM SHEPIUU
YaCTHULBI OT TITyOUHBI, YUCIIO YAaCTHUI] IO MOTEPSM SHEPTUU U rpauK BbIXOJA YACTHII.
MHorue u3 nepeurciaeHHbIX rpapuKOB MOKHO CTPOUTH 1711 KOHKPETHOM 3a/1aBaeMOii
r1yOuHsbl. ['paduku MOXKHO NpUOIMXKaTh, Bpamarh (111 TPEXMEPHBIX), pacredaThl-
BaTh, KOIIMPOBaTh B Oydep oOMEHa AAHHBIX, U COXPaHITh B BUAE TpadUuecKoro
daiina wim ¢aina naHHbIX MO0 Toukam. [lpeanaratorcs MMpPOKHE BO3MOXKHOCTH TIO

HACTPOIKE MapaMeTpOB OTOOpaXKEHHsI IEPEUUCICHHBIX TPAPUKOB.

B5 STE I pachuna

_ ! Ia:F/aaD;M_jﬂ%n

Tpaduku | . I!'-Iucno 4aCTHL, N OT NOTEPAHHON 3HERMMM 53 NPORLEHHEIN CNOR. _I
== |

5 i e Hucno yacTHy N HOprMPOBaHD Ha ooles YMcno vacTmy Mo, I
'J TpaskTopMM L — — — — |
==

G s Ay E-E 2D
‘2 Morepu aHepriv

+ [oTepu no rayduHeE

+ Y 4acTHWL OT NOAHON 3HEPMHK
¢ H uaCTUL OT NOTEpAHHOI 3Hepr |
+ HacTiu 33 npofiaentii cnoi Loss of Energy on depth 50019378672 A (in 13585 point)
+ [loTepu sa NpoRLEHHEIR CAORA
+ Bbrog vacThy e e ety i i L — — — — i ;
364 - : i ; ; : : :
34
2
30 4
25
Lo
244
224 --
20
16 4
164 ---1
o
q24---4
10

[eraHanpoBanme > ] ’DI’DGHHHBHMH >>]

Counts

003 o004 005 008 007 005 009 04 041 042 043 044 0435
AF/AL, sB/s (A =500193786.72 &)

< | 2 | Bug | Ofwme HacTpofike | Maparetpel | Cratkeika)

Puc. 3.5. Moaynbs NOCTpOEHHS TPAEKTOPUI YaCTHUIL
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3.3 JonoanurtenbHbie MOAY/IM porpamMmmel STE

Omnucanue AOMOJHUTENBHBIX MOAYyNel (OJI0KOB) MPEICTaBICHO B BUAE TaOIu-

el 3.2.
Nen/m | Ha3Banme Onucanue
. WNudopmarnus o 3arpyxkeHHoM (aiine ¢ nan-
1 AboutFiles
HBIMU
2 AboutProgram Nudopmarus o mporpamme
JloTIOTHUTENbHBIE OMIINK K MOJIYJIO Tpaduku
3 AdvOptToOurPlot
(puc. 3.6)
4 DialogToSave Jlnanor coxpaHeHus TaHHBIX B (aiii
YcTraHoBKa OrpaHUYEHHUH Ha BBIBOJ TPAEKTO-
5 Limit U 110 IEPEYHOU KOOPAUHATE UJIU CKOPOCTH
(puc. 3.7)
Br160op Mozenu gexaHaaupoBaHusl, 1Mo pac-
6 ModelDechan CTOSIHUIO HauOOJIbLIEro CONMKEHUS UITU TIO
MOTEPSIM SHEPTUHU
_ . CrernuanbpHas 3arpy3Kka 0oJIbIINX M0 00bEMY
7 SpecialLoadFails
JaHHBIX (hailsoB
' _ XapakTepHbIe MapaMeTPshI IS TPEXTOUCYHOTO
8 ThreePointBending
n3ruba Kpucrauia
YucneHHsle 3Ha4eHUsI MOTEHIMAaNa 1 Ko du-
9 ValueLog
UEHTOB T dy3un
o Monynb ycranoBku ["ayccoBoro pacnpezerne-
10 NormalDistribution
HUS
11 Plotting Mopyib pacuera moTepb YHEPTUH

Tabnuua 3.2. JlononHUTENbHBIE MOAYIH porpaMMbl STE
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X)

B8 [lonoaHHTE AbHbIE DALMH

[oTepu 3 HEpriK

LleHa kaHana FPazpeweHue
1 1 War &AL
© ® 10 e
@1 aBid &)1 aBrA,
ekaHanMposaHi9e PacnpeneneHue
Or.aB/A o, =B M (s 1i |
Orfiop no noTepar ||:| | ||:| 5 | EBHTP IAAA TH HACTULEL

[ ] DeraHanqposaHie ¢ nogcnoame
[ ] HoprupoEaTE gekaHanqposaHUe Haﬂﬁal{bEprm
Ha 3Tl raubkHe

1 Precoat
Dechannaling average [ | Mekn HanBapeepHee
[ ] MNoafiop wara 4 paspeleqmHa [HCTOrpartaa
[T 2anaHHEIMH FPEHHUARM N0 0CH a6LHEE Pazpewenue [no v =]
| | o | i |
Cpaduk, B AHr.

Puc. 3.6. Moynb TONOTHUATEIBHBIX OMITUN K MOAYJIIO TpaduKku

B8 OrpaHuue HuA

Byayr nokaseIBaTECA TONRKD TRAEKT ORMK
C Sa0AHHEIMA NARAMETPaRM

[peaenke! orpaHueHIA

W

ar | 0 | fila] | 1 | [ M pUrAEHITE ]

[ OTragHa orpaHUHeHIE ]

u:rr|U | ﬂ.u:u|1 |

[ Brixan ]

BrinenaTe apyrui LEETOR

[]He nokasbiBaT ApYrke TRAEKTORM

T 04K &-OpHEHTHP N0 KOTOPON BYIET NPMMEHATECA OFpaHUYEHME;

[ Nocneanan Touka TpaskTopMM

o - 0,005 Tay = 3034 48 4

Puc. 3.7. Monynb yCTAaHOBKHM OTpaHUYEHUN HA BBIBOJ TPACKTOPHM YaCTUIL]
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3.4 Mopenu nekaHaaupoBanus B nporpamme STE

B nporpamme STE peannzoBano 2 Moienu AeKaHATUPOBAHUS:
1. ITo paccrosiHuio HauOoJbIIETO COMMKeHus [62,63].

Mogens peanuzoBaHna BrepBbie. C momoinbio ypaBHeHus (1.19) MoxkHO mpouns-
BECTH JIMHEHHBIN aHAIU3 YCTOMYMBOCTHU JBHKCHUSI KAHAJTMPOBAHHBIX YacCTHUIl B OKpe-
CTHOCTH KJIACCUYECKON TPaeKTOpUHU

mox+U_(X)0x=01.(X). (3.8)

Kospuuuent U_(X) Ha HEGOJIBIIMX BPEMEHHBIX OTPE3KAX JIOMYCTHMO pac-
CMaTpHUBaTh KaK HE 3aBUCSINYIO0 OT BpEMEHU BeIMUMHY. Pelienue ypaBHeHus Oyaem
MCKaTh B CIEIYIOIIEM BUIE

ox=A-exp(pt).
Torna noiay4um XapakTepUCTUYECKOE YPAaBHEHHE
mp®> +U _(X,)=0. (3.9)

Jlerko BHJIETH, UTO B 3aBUCMMOCTH OT 3Haka U_(X,) peanusylorcs U0 yc-
TOYMBBIE, TMOO HEyCcTONuMBBIE pelieHus ypaBHeHus (3.8). Touka neperunba rpadu-
Ka (yHKIMHU MOTEHIMAILHON SHeprun Haxoxutces u3 ypasHenuaU (X .)=0. Touka

X ONpCACIACT ITOJIOKCHUC MAaKCHUMyMa HAIIPSKCHHOCTH JJICKTPHUYCCKOI'O I10JIA

4

aTOMHOM IIJIOCKOCTH W pa3feisieT 00JacTH CTOXAaCTUYECKH YCTOMYMBOIO U HEYCTOM-
YMBOIO JBHKCHHS KaHAIMPOBAHHBIX YacTHL. IIo MOpsAKy BEJMYMHBI X, COBIANACT
CO 3HAUYEHHUEM pacCTOSHUS HaMOOJbIIET0 COMMKEHUS KaHAJIWPOBAHHBIX IOJOXKH-
TEJIBHO 3apsKEHHBIX YaCTHIl C aTOMHOM IIIOCKOCThIO. Takum 00pazom, UMEET MECTO
KaTtacTpouyeckoe BIUSHUE 3HAKA 3apsja Ha XapakTep IBUKEHHs OBICTPBIX 3apsi-

JKCHHBIX YaCTHUI[ B INIOCKOCTHBLIX KaHaJIaX KpPpHCTAJLIA. Haﬁz[eM, pEeIICHUC CHUCTCMBI
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(1.28) mist kaHATUPOBAHHBIX YAaCTHUIl B Cilydyae, Korjaa Kod(pQHUIIUMEHThl ypaBHEHUS
(1.28) ocTaroTcs MOCTOSTHHBIMYM BEIMUMHAMHU BJI0JIb TPACKTOPUHU YACTUILIBI
Uxx [)_C(t)] = Uxx()_CO) ) D[f(t)] =D(X,).
3aKOH U3MEHEHUS CO BPEMEHEM CpeIHEero KBaapara (UIyKTyaruil momnepeuHon

CKOpPOCTH NMCCT BUI

x> =(D(x,)t/m*)-(1+sh(2pt)/ 2pt),

rae sh(2pt)= [exp(2 pt)—exp(—2 pt)]/ 2; p= (—Uxx (,)/ m)l/2 — KOpEHb XapaKTepu-
CTUYECKOro ypaBHeHus (3.9).

OKCIOHEHIMATBHBIA POCT CPEAHETO KBajpara (BIyKTyalui MOMEpEeYHON CKO-
pocTH HAOIIOJAeTCs A TE€X YYacTKOB TPACKTOPUU KAHAJIMPOBAHHBIX YaCTHI, IS
KOTOPBIX

Uxx[)_co]<0. (3.10)

Ha puc. 3.8 uzobpakena BTopas mpou3BOIHAS OT HEMPEPBIBHOTO MOTEHITHATA

U_.(x) TONOXWUTENBbHO 3apsyKCHHON 4YacTHIbI, BUJHO, YTO OOJACTH, MPU KOTOPBIX

BbInosiHsAeTcs (3.10) pacnonokeHbl BOJIU3M aTOMHBIX TJIOCKOCTEH, YTO IO CMBICIY H
nousTHO. HepaBenctBo (3.10) ompenensieT 00acTh CTOXaCTUYECKONH HEYCTONYHBO-
CTH MOIEPEYHOr0 JIBUKEHUS KaHAIMPOBAHHBIX YACTHIL], TaK KaK BEJIMYMHA CPEIHErO
KBajipaTa QIyKTyalui sBIsSIETCS MEpOM pa3deranus TPaeKTOPHil, B JaHHON o0nacTtu
4acTULA JEKAHAIHUPYET.

B ciyyae kaHanupoBaHHs OTPULIATENIBHO 3apsbKEHHBIX yacTull yciosue (3.10)

MCHJACT 3HAK

U.[%]>0.

2. MOI[CJIB IO IMOTCPAM SHCPIUU. OT60p KaHaJIMPOBAHHBIX YaCTUIl BBIIIOJIH-

CTCA 110 IIOTCPAM OHCPIHH. PaccuntbeiBaroTcs IIOTCPH SHCPIUU, I 4CTO0 KpHUCTAJI
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pa30MBaeTCsl Ha OAMHAKOBBIE CJIOM, JUISI KaXKJI0M YacTHUIIbl PACCUUTHIBAETCS pPa3HULA
DHEPrUU B Ha4aJle U KOHIIE KaXKIO0I0 €0 U ACIUTCA Ha JUIMHY ciios. Ecnu vactrna
MMEET IOTEPU YHEPIUU MEHBIINE IIOPOTOBOTO 3HAYEHHUs], TO OHA CUUTAETCS KaHAJU-
poBaHHOU. [Ioporosoe 3HaueHne NOTEPHL dSHEPrUM NpuHUMaeTcs paBHbiM 0,95 ot no-
TEpPb DHEPIMM YacCTHUL B Pa30PUEHTUPOBAHHOM KPHUCTAJIE, TAK KaK HE YUYUTBIBAJICS
pa3opoc noreps 3Hepruu. [Ipumep rpa@ukoB NoTepp 3HEPruu MOKHO YBUIETH B Ia-
parpade 4.1 (puc. 4.3 u puc. 4.5)

B Mozenu 1o nmorepsiM SHEPTUH BBIXOJ CTPOUTCS KaK 3aBUCHUMOCTb YHUCIIA Je-
KaHaJIMPOBAHHBIX YACTHUI] OT IIIyOMHBI MPOHUKHOBEHUS C 33/JaHHBIM pa3pelieHueM

1o FJ'IY6I/IH6, KOTOPOC HC MOKCT OBITh MEHBIIIE TOJIIIMHBI ITOACIIOA

10000

5000

-5000

U (32)

-10000

-15000

-20000

-25000

Puc. 3.8. Bropas npousBoaHas oT HenpepbeIBHOrO noteHnuana U _ (x)
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IJTABA 4. KOMIBIOTEPHOE MOJIEJIMPOBAHUE KAHAJIMPOBAHUS
YACTHII

B nanHOM Ty1aBe NMPUBOIATCS pacdeTshl MO KOMIBbIOTEpHON mporpamme STE,
HallOMHHM OCHOBHBIE TOJIOKEHHMSI, UCHOJBb3yEMBIE IPU PACUYETE B MATEMATUUYECKOM
mMonenu. Snepubiii kodhdunuent nuddy3un BeYUCTUICS B npuOmmkennn Kurara-
BBI-Onyku [51], cm. (1.30), a snextponHbiit k03dduimenT auddy3un BEIYUCISIICS B
NPUOIMKCHUN JIOKAJTBHOW SJIEKTPOHHOU IIOTHOCTH [6], cMm (1.32). HempepniBHBINM
noteHnuan u kodgdurment quddy3un ObUTH pa3NoKEHBI B IepHoandecKuii psjg Dy-
phE C y4eToM CTPYKTypHOTro (aktopa. Dypbe-KOMIIOHEHTHI MOTEHIIMATa aroMa |
3JIEKTPOHHOM TIJIOTHOCTH Opanuck B npubimxkenun Mombep, cM. (1.4) u (1.34). Ilo-
TE€PU SHEPIUU KAHAIMPOBAHHBIX YACTHUIl BBIUUCIUIACH BIOJIb KAXKI0M TPAECKTOPUU C
nomoieio Gopmyinel bere-bioxa ¢ yuetom mpaBuna paBHopacnpesnenenust JIuum-
xapaa [6], adbdexra MIOTHOCTU U PENISTUBUCTCKUX TMOMPABOK B KYJIOHOBCKOM JIOTa-
pudme, cm (1.61).

OT60p KaHAJTMPOBAHHBIX YACTHUIL BHITIOJHAETCA B Pa3HBIX CIydasx MO pa3iud-

HBIM MOACIISIM JICKAHAJIMPOBAHMA.

4.1 CpaBHeHue pe3yJbTaToB pacueToB no nporpamme STE ¢ apyrumu npo-

rpaMmmMamMu

B pabotax [45,46] Obuti IpOBEIEHBI COBMECTHBIE KOMITBIOTEPHBIE PACUETHI 110
nporpamme STE, u no nporpammam [72], B KOTOPbIX MOAEIUPOBAHUE MPOUCXOIUIIO
B (ha30BOM IPOCTPAHCTBE MOMEPEUHBIX KoopauHaT u ckopocreid, PST u SM. B npo-

rpamme PST 3a ocHOBY Gepercst peleHre CUCTEMbI ypaBHEHUH, OMUCHIBAIOIINX IBO-
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JIOUHUIO CPEIHUX KBaJIpaToB (hIYKTyalMil MOMepeyHol KOOPAUHATHI U CKOpOCcTH. B
nporpaMMe SM MHOTOKpAaTHOE pacCesiHUE YUYUTHIBAETCS B paMKaX CTaHIAPTHOU MO-
JIEIHU, COTJIACHO KOTOPOM CKOPOCTHh IPHUPAILIECHHUS CPEIHErOo KBajJpaTa yIjla MHOTO-
KPAaTHOTO pPAacCEsHHS Ha €IWHULE JIUHBI MYTH MPONOPIMOHANIbHA TIJIOTHOCTU pac-
MIPEAEIICHUSI AaTOMHBIX JJIEKTPOHOB U SIIEP B TOM TOYKE MPOCTPAHCTBA, IIE HAXOIUTCS
KaHaMpoBaHHas yactuiia. [IpakTuueckn KoMinbloTepHasi mporpamMmma SM oTiinuaercst
ot PST Tem, uTo B pemaemMon cucTeMe ypaBHEHUN BTOpasi MPOU3BOJHAsA OT HEIpE-
PBIBHOTO MOTEHIIMANA MOJI0KEHA PABHOW HYIIIO.

B pa6ore [31] cool1ianock 0 3HaUUTEILHOM YMEHBIIICHUH YHCIIa JICKaHATUPO-
BAHHBIX MPOTOHOB U3 OCEBBIX M IJIOCKOCTHBIX KaHAJOB KPUCTAIJIOB KPEMHHUS U TEP-
MaHus B auana3zoHe 3Hepruu ot 2 1o 15 I'3B. Ha puc. 4.1 u puc. 4.2 npencrapiieHbl
rpauKy OTHOCHUTEIBLHOT'O BBIX0/1a MPOTOHOB ¢ AHeprueit 15 u 250 I'B B miockocT-
HoM (100) xanane kpucramuia repManus u3 padoTsl [46]. Pesynbrarsl Obun mONTyYe-
HbI Jy1s myuyka u3 301 nporona. HauanbHble TOUKH BiieTa ObUIA paBHOMEPHO pacripe-
JIEJIEHbl B TpeJeNiax MIOCKOCTHOTO KaHajia, Yroy BJIET OblI paBeH HYJIO, PacXou-

MOCTb ITy4Ka He yuuTbiBanack. Paccroguue 7, . =0,02 MKM JiJIs1 IPOTOHOB C DHEPTUEH
15 I»B u T =0,06 mxm — ¢ sHeprueit 250 I'9B. U3 npeacraBneHHbIX rpadukoB

BUJTHO, YTO OTHOCHUTEJIbHBIE BBIXO/IbI, MOMy4deHHbIe 110 nporpammaM STE u PST cos-
ajalT MEeXIy coOoil. JlekaHallMpoBaHHUE PEISTUBUCTCKUX IMPOTOHOB OKAa3bIBAETCS
HE3HAYUTEIbHBIM, B TO BPEMS KaK pacder Mo nporpamMmme SM AeMOHCTpUPYET 3HAUU-
TEIbHBIA POCT YKCIA JACKAHATUPOBAHHBIX MPOTOHOB, YTO HE HAOIIOJATIOCh B DKCIIE-
pumente [31].

B pabore [45] ObuTH TIOSTYYEHBI pe3yJIbTAThI 1O BHIXOJAM MOHOB Telus B ILIO-
ckoctHOM KaHaze (110) kpucramna kpemuus ¢ 3Heprueii 14 MsB u 14 I'3B. B pabore
Opaics nmydok yactul u3 301 nona renus. HauansHoe pacrnpezaenenre yacTull 1o no-

HCpC‘IHOﬁ KOOpAHUHATC OBLIO PaBHOMCPHBIM B IIPCACITAX JABYX INIOCKOCTHBIX KaHa-
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JIOB, YI'OJI BJICTA 6paJ'ICH PaBHBIM HYIJIIO, PaCXOAUMOCTD ITYUKa HC YUUTHIBAJIACh. Pac-

crosanue 1 . =10 HM 1u1g noHOB ¢ dHeprue 14 MaB u T . =20 uMm — ¢ sHepruei 14

[B. Jlng ot6opa KaHAIUPOBAHHBIX YAaCTHI] HCTIOJIb30BAJIaCh MOCIHH JIeKaHAIUPOBa-
HUS 1O NOTepsM dHepruu. [loporosoe 3HaueHue MOTEPh SHEPTUU B JAHHOM CIIydae
OMPEIENUIOCH C MTOMOILBIO KOMITbIOTEpHOU Tporpammbl SRIM [15] (mporpamma mist
pacyera ajuH nmpoOera u noTepb dHepruu yactull B Bemectse). Ha puc. 4.3 u puc.4.5
IpecTaBleHbl rpaduKu pacdyeTa CpeHEe CKOPOCTH MOTEPh SHEPTUHU MOHOB TEIHS C
sHeprueit 14 MaB, c pazpemenuem no sueprun 1 KaB/Mkm u 14 5B, ¢ paspemenu-
em 1o sHepruu 0,03 KoB/MxkMm. Ha nanHbIX rpadukax MOKHO BBIJEIUTH JBa MHKA:
JIEBBIN CBA3aHHBIN C KAHAJMPOBAHHBIMU YaCTULIAMH U ITPABbIi CBA3aHHBIN C JI€KaHa-
JUpoBaHHBIMU YacTuiiamMu. Ha puc. 4.4 npencraBieHbl rpa@uKyd BbIX0JIa HOHOB Te-
ausi ¢ ’Hepruit 14 M»B, B 1ienom HaOIIOJaeTCsA COIJIACHE PAacueToOB MO TPEM MPO-
rpammam (puc. 4.4). Ilpu snepruu nonos 14 B rpaduxk Beixona (puc. 4.6) 1o mnpo-
rpamme SM nipoxoaut Beiie, yeM 1o STE u PST, nmo kotopsiM HabmI01a€TCS 3HAYH-
TEJIbHOE YMEHBIICHUE YNCIIA JEKAaHAIMPOBAHHBIX PEIIATUBUCTCKUX UOHOB I'EJvs, YTO
XOPOIIO COTJIACYETCs C pe3yIbTaTaMH dKCIIepUMEHTaIbHOM paboThl [31].

Takum 00pa3om, B IIMPOKOM JIMAIia30HE SHEPTUl HAOIIOJAeTCsl corjacue me-
XKy nByms HezaBucuMbIiMU nporpammamu STE u PST, mockonbky dyHKIMN pacmpe-
JICTICHHS] 4aCTUIl B TOHKOM KPHUCTAaJIJIE B IMMPOCTPAHCTBE IOMEPEUHBIX SHEPTUU U IPO-
CTpPaHCTBE MOMEPEUHBIX KOOPAUHAT U CKOPOCTEH CBsI3aHBI MEXAYy coOoi. JlaHHBIN
¢dakT MO3BOJISET TOBOPUTH O JOCTOBEPHOCTH U OOOCHOBAHHOCTH IMOJYYaEMBIX IIO

nporpamme STE pe3ynbTaTos.
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4.2 IloTepu 3HEePruy HOHOB CBHHIA B KPUCTAJLIEe KPEMHUS

Bonwmmoii mHTEpEC MPEACTABISIIOT OpUEHTAMOHHbBIE Y()()EKTHI B TOHKUX KPH-
cTajyiax JUisl PeSITUBUCTCKMX MOHOB. B TOJCTBIX KpHUCTalaX MPUMEHSIOT METOA
KOMITBIOTEPHOT'O MOJICIMPOBAHUS TPACKTOPUN KaHAJTUPOBAHHBIX YACTHUIl. BhI3bIBaIOT
WHTEpPEC padOTHl CBS3aHHBIC C BBICOKODHEPTETHUYCCKUMH BBICOKOMHTCHCUBHBIMH
nyukamu angpoHoB (http://care-hhh.web.cern.ch), ObulM BBIIOTHEHBI 3KCIIEPUMEHTHI
0 MPOXOKIAEHUIO [73], MO MOBOPOTY MOHOB CBUHIIA [74], a Takke MIIAHUPYIOTCS HO-
Bble. BbUIO MPOBENEHO KOMIBIOTEPHOE MOJIETMPOBAHUE MOTEPh SHEPTUU PEISATUBU-
ctckux noHOB cBUHIA B (111) 1 (110) mIoCcKOCTHBIX KaHAJIaX KpUCTAILJIa KPEMHUSI.

[IpencraBieHHble pe3ysibTaThl ObUIM MOJMy4deHbl Ay nydka u3 1000 moHOB
CBHUHIIA ¢ aTOMHOU Maccoit 207.5 a.e.M. u sHepruent 33.2 ToB npu kaHAIMPOBAaHUU B
0.3 mm kpucramie. [lyqok MOHOB MMEIN YTIIOBYIO PacXOJIUMOCTh B COOTBETCTBUU C
rayCCOBBIM paclpeieIeHUEM U PaBHOMEPHO Majall Ha KpUCTall B mpeaenax 4 mio-
CKOCTHBIX KaHAJIOB.

Ha puc. 4.7 uzo0paxkensl norepu »Hepruu B 1miockoct (111) ¢ HavanpHOM
pacxoaumocTtbio 50 MKpana AJisl 5S-U ciydaeB: SKCHEpUMEHTaldbHasi KpuBas [73, c.4]
(xpuBas 1), mo mporpamme PST (kpuBas 4), no nporpamme STE (kpuBas 5), no npo-
rpamme SM (kpuBas 3) u 6e3 yuyera MHOTOKpaTHOTo paccesHusi (kpuBas 2). CTout
OTMETHUTh, YTO HCCJICAOBAHHUE MOTEPh PHEPruu B 1iockocTu (110) mpuBoauT K pe-
3yJapTataMm MofgoOHbIM il miiockocTd (111), a UMEHHO K TOMY, 4TO y4YeT BIUSHUS
MHOTOKPATHOTO paccestHUs HE AaeT HUKAKoro 3¢ dexra.

Ha puc. 4.8 uzo0paxkensl nmorepu suepruu B miockoct (111) ansa 3-x ciyda-
€B: AKCIEpUMEHTaJIbHasl KpuBas ¢ pacxoauMoctbio 50 mkpan [73, c.4] (kpuBas 1),
0€3 yueTra MHOTOKPATHOTO pacCesiHusl ¢ pacXoauMocTbio 50 Mkpaj (kpuBas 2) u 0e3

y4eTa MHOTOKPAaTHOT'O PaCCEesHUSA C PaCXOIUMOCTbIO 25 MKpaJl (KpuBas 3).
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Puc. 4.8. Ilotrepu sHepruu B mnockoctu (111), ¢ paznuyHoil pacXoquMOCThIO. JKC-
NepUMEHTAIbHASI KPUBAs ¢ pacxoauMocThio 50 MKpan — kpuBas 1, 6e3 yuera MHOTO-
KpPaTHOTO pacCesiHUA C pacXoAUMOCThI0 50 MKpaa — KpuBasi 2, 03 yueTa MHOTOKpaT-

HOTO PacCesHUs C paCXOJUMOCTBIO 25 MKpaJ — KpuBas 3
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Ha puc. 4.9 uzo0paxensl norepu sHepruu B miockoctd (110) mnsa 3-x cioyda-
€B: AKCIEpUMEHTaJbHAasl KpUBas ¢ pacxoauMoctbio 50 mkpan [73, c.3] (kpuBas 1),
0€3 yueTra MHOTOKPATHOTO paccesiHusl ¢ pacxoauMocTbio 50 Mxpas (kpuBast 2) u 0e3

y4eTa MHOTOKPAaTHOT'O PACCEsSHUA C PaCXOAUMOCTbIO 25 MKpas (KpuBas 3).
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Puc. 4.9. ITorepu snepruu B miockoctu (110), ¢ pa3nuuHoi pacXxoIUMOCTbIO. DKC-
NepUMEHTAIbHAS KPUBAs ¢ PacXoAuMOCThio 50 MKpan — kpuBas 1, 6e3 yuera MHOTO-
KpPaTHOTO PAaCcCEsTHUS C pacXoaAUMOCThi0 50 MKpaa — KpuBas 2, 6€3 yueTra MHOTOKpaT-

HOT'O PACCESIHUS C PaCXOJIMMOCTBIO 25 MKpaja — KpuBas 3

[Tonyuennsie rpaduku nOTEph dHEPTrUn puc. 4.7-4.9 npuBeeHbl OTHOCUTEIb-
HO SKCHEPUMEHTANBbHBIX KpuBbIX [73]. IllupuHa mpaBOro muka B CHEKTpE MOTEPH
DHEPrUU PACCYUTAHHOTO MO PA3JIUYHBIM KOMIIBIOTEPHBIM MPOTrpaMMaM MEHBIIIE, YEM
Y 3KCIIEPUMEHTAIBHBIX KPUBBIX, IO-BUIUMOMY, 3TO CBSI3aHO C TEM, YTO B IPOTpaAMME
STE u mporpammax u3 [72] PST u SM He yuuThiBajcsi pa30poc Mo NOTepsSIM dHEPTUH.
W3 nosy4eHHbIX Pe3yabTaTOB CIEAYET, YTO YUET MHOTOKPATHOT'O PACCESHUS IO TPEM

pa3IUYHBIM MOJEINISIM HE BIUSET Ha pe3yibTaT (BUAHO, U3 puc. 4.7), TO €CTb KpHU-
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CTaJlJ1 SIBJISIETCA JOCTaTOYHO TOHKUM M YTO (pOopMa CIIEKTpa OINpENesieTCs] pacXoau-
MOCTBIO TTy4Ka (BUIHO, U3 puc. 4.8, 4.9). [lo-BuauMomMy, TakKe pacXoJUMOCTh My4YKa
B [73], ucxolsd U3 COeKTpa MOTeph SHEPIUH, HE SABISETCSA rayccoBoil. OTMeTHM, elie
TOT (PaKT, YTO B MPOBEAECHHOM KOMIIBIOTEPHOM MOJEIMPOBAHUU HAOJIOAETCS 3aBU-

CUMOCTDH IIMPHUHBI CIICKTPA OT PACXOJAUMOCTH ITy4Ka.

4.3 Pacuer 3¢ (pekTHBHOCTH OTKJIOHEHUA NPOTOHOB ¢ IHepruei 200 u 450 I'>B B

H30THYTOM KpPHCTAJLJIe FepMaHus

Kak Obu10 ckazaHO BHaYasie, UCCIIENOBAHUSI OTKJIOHEHUS MTyYKOB PEJISITUBUCT-
CKHMX YaCTHUI[ M30THYTHIMU KPHUCTAJJIAMU SIBJISAIOTCS aKTyaJbHBIMU Ha MPOTSHKEHUU
JUTUTEIBHOTO BpeMeHH. BomnpocaMm MpuMEHEHUsI N30THYTHIX KPUCTAIIOB MPH MPOXO-
YKJIEHUU YacTHI] B KpUCTAIJIaX MOCBSAIIEHBI pa3nyHble padoThl [66,67,68,69,70]. B
[HEPH B 90x romax ObUIM MOJyYEHbI PE3yIbTaThl IO OTKIOHEHUIO MMPOTOHOB C SHEP-
rueit 200 u 450 B kpucramnom repmanus [30]. beina o6HapyxkeHa BbicoKas -
(EeKTUBHOCTHh OTKJIOHCHHS MPOTOHOB KPUCTAILIOM repmanus. J{ns m3rubda kpucramia
MPUMEHSIIOCh TPEXTOUEUHOE M3THOHOE yCcTpoucTBO (puc. 4.10), mo3Bositoniee me-
HSTh KPUBU3HY WM PalyCc U3ruda u, TeEM CaMbIM, U3MEHSATHh YToJl MOBOPOTa KaHa-
JUPOBAHHBIX 4YacTUll. Pa3mepsl miactuHku kpuctamia 1 x 10 x 50 mm, paccrosiHue
OT Hayaja KpHucTajlla J0 MEPBOTO MpPIKUMa 1 CM, pacCTOsIHUE MEXAY NPHKUMaMU
1,5 cm.

N3rub kpucramia y4duThIBAJCS BBEJACHUEM JIOTIOJHUTEIBHON IEHTPOOSHKHOM
CHUJIBI, 3aCTaBJISIONIEH YaCTUILy JBUTAThCS BIOJIb U30THYTOro KaHana. C 3TOU LETbIO
UCIOJIb30BaNICs 3P PEKTUBHBIN MOTEHIIMAT KpUCTAILIA

U,,(x) =U(x) + puxk,
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rne k=1/R — KpuBU3Ha KpucTaiia; R— paauyc u3ruba IJIOCKOCTEH KpucTai-

na; U (x)— NoTeHIHaI MPSMOT0 KPUCTAILIA; p — UMITYJIbC YaCTHIIBI.

Puc. 4.10. Tperoueunoe u3ruoHoe yctpoicTBo [30]

B cnyyae TpexToueyHoro u3ru0a B MIIACTUHKE KPHUCTAJIJIa MOXHO BBIICIHUTH 4
ydacTka: | y4acTok, OT Hadaja [0 IEpBOro IpWXKUMa, 2 — MEXKLy IIEPBBIM U BTOPBIM
IPWKUMaMH, 3 — MEXY BTOPBIM M TPETHUM IPH>KUMaMH, 4 — OT TPEThEro NpHKUMa
1o koHa kpucramwia. Ha 1 n 4 yuactkax kpuBu3zHak =0, Ha 2 yyacTke KpUBHU3HA JIU-
HEWHO YBEJIMYMBACTCS, Ha 3 y4acTKEe KpHMBHW3Ha JIMHEWHO yMmeHblaercs. Ha stmx
y4acTKax KpUBU3HA KPUCTAIIA U3MEHSETCSA 10 CIIEAYIOEMY YPAaBHEHHUIO [71]

k(t)=k, -t+k,.
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B takom ClIy4ac YpaBHCHHUC IBUKCHUA 6y,H€T HNMCTb BHU]]

X = U + puk(t).
ox

3

AHaIOruYyHO TOMY, KaK 3TO JieJanock B nmaparpade 3.1 o6e3pazmMepum mnocie-

HEE ypaBHEHHE

1 oU d
=— +—k(T).
V. oX & )

max

d’X
dT’

s pacuera MOAEIUPOBAHUSL JIBUKEHHS MPOTOHOB ¢ sHeprusiMu 200 u 450

[B B u3orHyToM kpucramie repMaHusi ObLIIM PacCUMTaHbl MapaMeTphbl U3ruda Kpu-

craiia, cM. Tabmuiry 4.1.

Ne Yron lu4d
n/m | u3ruba, | y4yacToK 2 yacToK 3 yacrox
Mpan k. | k, k, k, k, k,
MpOTOHHI ¢ sHeprueit 200 ['7B

1 2,07 0 | 01,094-10° | -9,32:10"* |-1,097-10" | 3,738-107"
2 4,88 0 | 0 |2,553-10° |-2,175-10"" | -2,56-10° | 8,722-107"
3 7,37 0 | 0 ]3855107° |-3,284-10" |-3,866-107 | 1,317-107"
4 8,7 0 | 0 ]4533.10° | -3,861-10"" | -4,546-10" | 1,549-107"
5 10,25 0 | 0]5314.10° | -4,527-10™"" | -5,329-10" | 1,816-107"
6 12,88 0 | 0 |6,721-107 |-5726-10" | -6,739-107 | 2,297-107"
7 14,32 0 | 017451107 |-6,347-10™" | -7,471-107 | 2,546-107"
8 16,7 0 | 0 8,701-107° | -7,412-10™" | -8,725-107 | 2,973-107"
9 18,56 0 | 019691-10° |-8256-107" |-9,718-10" | 3,311-107"
10 19,47 O |0 |1,017-107 |-8,655-10™"" | -1,019-107 | 3,471-107"

Tabnuua 4.1 [NapameTpsl n3ruba KpucTaia repMaHus
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MPOTOHHI ¢ SHepruei 450 ['>B
1 0,49 0 0 |8,783-10" | -2,227-107"* | -8,783-10™* | 8,893-107"
2 1,32 1 0 | 0 | 2283107 |-5,789-107" | -2,283-107° | 2,312-107"
3 1,97 0 0 |3,513-10° | -8,907-10™"* | -3,513-10" | 3,557-107"
4 1,92 0 0 |3,337-10° |-8,461-107" |-3,337-10" | 3,379-107"
5 2,62 0 0 |4,567-10° | -1,157-10™" | -4,567-107 | 4,624-107"
6 3,06 0 0 | 5445107 | -1,38-10™" |-5,445-10" | 5,514-107"
7 3,92 0 0 | 6,85-10° |-1,737-10"" | -6,85-10" | 6,937-107"
8 4,68 0 0 |8,256-107 | -2,093-10"" |-8,256-10" | 8,36-107"
9 4,96 0 0 |8,783-10° | -2,227-10™"" | -8,783-10" | 8,893-10"
10 6,18 0 0 |1,089-107 | -2,761-10"" |-1,089-107 | 1,103-107"
11 7,9 0 0 |1,388-107 | -3,518-107"" |-1,388:107 | 1,405-107"°
12 9,45 0 0 |1,669-10° | -4,23-10"" |-1,669-10° | 1,69-107"
13 10,96 | 0 0 11,932-107 | -4,899-107" |-1,932:107 | 1,957-107"°
14 13,35 1 0 0 |2,354-107 | -5,968-10"" |-2,353-107 | 2,383-107"
15 14,88 | 0 0 |2617-107 | -6,636-107" |-2,617-107 | 2,65-107"
16 16,91 | 0 0 |2,969-107 | -7,526-10"" |-2,969-107 | 3,006-107"
17 18,08 | 0 0 |3,179-107 | -8,06-10"" |-3,179-107 | 3,219-107"°
18 18,88 | 0 0 | 3,32:107 |-8,417-10" | -3,32-107 | 3,362-107"

Ta6mumna 4.1. I[Tapametpsl uzruda kpuctaia repManust (IMpoI0JKEHHE)

B xone skcniepumMenTta Obutn m3MepeHbl 3GGHEKTUBHOCTH OTKIOHEHUS YaCTHII
IIPY Pa3IWYHBIX yIVIaX MOBOpOTa A mpoToHOB: ¢ sHepruer 200 1B or 2.07 mo
19.47 mpan, ¢ sueprueit 450 I'3B ot 0.5 go 18.8 mpa.

Crenytomnye pe3yabTaThl ObUIM MONTy4eHb! Juist yuka u3 301 npotoHa ¢ sHep-
rueit 200 u 450 I'5B B (110) miiockocTHOM KaHaje KpucTaiuia repmanus. I heKkTus-

HOCTb IMOBOpPOTa OMNPCACIACTCA KaK A0JIA KaHAJIWPOBAHHBIX YaCTHUI[ HAa BBIXOAC U3
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Kpucraiia. HauanpHbIC 3HaUYEHUS TOYKHU BjIeTa OBLIU PaBHOMCPHO pacCIpcacCICHbBI B

npenenax 0 nod/a_, a yriasl BaeTa OblIIM HOPMAIBHO PAaCIpeNeIeHbl BOKPYT CpEIHE-

ro 3Ha4CHH:A, PAaBHOI'O HYJIIO CO CPCAHCKBAAPATHYHBIM OTKIIOHCHHCM, PABHBIM 7

mpan aig 200 1B u 3 mpag qs 450 9B, Paccrostnue T

min

YCTaHaBIMBAJIOChH IS
200 IsB -T, =0.045MmkmM, 450 I'5B —7 . =0.065 Mmxm. OTOOp A€KaHATUPOBAHHBIX

YAaCTHI] OCYIIECTBIISUICS IO MOJIETU JIEKAHAIMPOBAHUS 110 PACCTOSHUIO HauOOJIBIIIETO
CONMKEHUS.

Ha puc. 4.11-4.12 u300paxeHbl TpaeKTOpUH MPOTOHOB C 3Heprueit 450 1B
s yria u3ru6a 0.5 mpan. Ha puc. 4.8-4.9 noka3ansl yriloBbIE pacipeiesieHus yac-
TUI] Ha BBIXOJIC€ M3 KpUCTalIa, TaKXe i1 IPOTOHOB ¢ 3Heprueit 450 B s yria
usruba 0.5 mpaz. Puc. 4.13 cOOTBETCTBYET pacyeT ¢ y4eTOM MHOTOKPATHOTO paccesi-
Hus, a puc. 4.14 0e3 yuera MHOTOKPAaTHOTO PACCESIHUS.

U3 puc. 4.11 BUgHBI TpaCKTOPUHM KaHAIMPOBAHHBIX YACTHI] (TPACKTOPHUH THUIIA
1) u nexaHanMpPOBaHHBIX YacTuil (Tpaekropuu Tumna 2). Ha puc.4.11 taixke HabIo0-
natorcs 3PGeKTsl 00BEMHOTO OTPAKEHUS, Ta YaCTh YaCTUIl HAMOAPHEPHBIX YACTHII,

KOTOPBIE [BUTAJINCh B CTOPOHY OTPULATEIBbHBIX 3HAYEHHUH X/a_ NOBOPAYUBACT

[18,75] (Tpaektopuu Tuna 3) u oOBEMHOrO 3axBaTa — HEKOTOPBIC YaCTHUIIbI H3-3a
MHOTOKPATHOTO pacCestHUS 3aXBaThIBAIOTCS B KaHAJbI (TPACKTOPUM TUTIA 4).

N3 cpaBHEHUs TPACKTOPUU YACTHUL U YIJIOBBIX PACIPEACICHUN PACCYUTAHHBIX
C YYETOM MHOT'OKpaTHOro paccesuus (puc. 4.11,4.13) u 0e3 MHOrOKpaTHOro pacces-
Hus (puc. 4.12,4.14) BUAHO HACKOJIBKO Ba)K€H YYET MHOTI'OKPATHOI'O PACCESHMS,
MOJKHO cJieJaTh BBIBOJ, YTO O€3 €ro ydera Henb3sl aHAIU3HPOBaTh MOJydYaeMble pe-

3YyJIbTATHI.
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Puc. 4.12. I'paduku Tpaektopuit x(¢) npoToHOB c 3Heprueit 450 I'5B B cinydae usru-

0a kpuctajia repmanus Ha yroia 0,5 Mpaj paccuuTaHHble 0e3 ydyeTa MHOTOKPaTHOTO
paccesiHus
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6, mMpan
Puc. 4.13. YrinoBsle pacnpeeneHus B ciIydae u3ruda KpucTtauia TepMaHus Ha yroj
0,5 Mpan, paccCuMTaHHBIE C YU€TOM MHOTOKPATHOIO paccestHus. [lyHKTupHOM JITMHUI

0003HAYCHBI BCE HJaCTHUIbI, CILUIOLIHOM JIUHHUEH - 06T)CMHOOTpa}KeHHBI€
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N/No
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0, Mpapg

Puc. 4.14. YrnoBsle pacnpeneneHus B ciaydae u3ruda KpucTaia TepMaHus Ha yrojl
0,5 mpan, 6e3 yaeTa MHOTOKpAaTHOTO paccesiHus. [IyHKTupHOW TuHUN 0003HAYCHBI

BCE€ YACTHUIIbI, CILIONTHON JIMHUEH — 00BEMHOOTPAKEHHBIC
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Puc.4.16. DdpdexTuBHOCTH OTKIOHEHHS POTOHOB ¢ SHeprueit 200 B

HN30TrHYTBIM KpHUCTAJJIOM I'CpMaHus
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Puc. 4.17. Db dexTuBHOCTH OTKIOHEHUS POTOHOB ¢ dHEepruen 450 [9B u3oruyThiM

KPUCTAJIJIOM Te€pMaHus

Ha puc.4.15 nokazana quHaMuKa JI€KaHAIMPOBaHUS IPOTOHOB ¢ sHepruei 200
['5B aJist HECKOIBKUX YIIJIOB M3rHMOa KpPUCTalIa, BUJAHO KaK CUIILHO BO3pPACTAET JIOJIS
JeKaHAJIMPOBAHHBIX yacTull s Oosbimux yrioB. Ha puc. 4.16 u puc. 4.17 npen-
CTaBJIEHBI pe3yybTaThl 3kcnepumenTa [30] u paccuntannbie 1o nporpamme STE 3Ha-
yeHus: 2PGEeKTUBHOCTH OTKJIOHEHUSI poTOHOB ¢ sHepruein 200 u 450 I'B kpucran-
jom repmanus. Ha puc. 4.17 npencraBneno 3nadeHue 3h(HEKTUBHOCTH OTKIOHCHHUS
st yrina uruba 13,35 Mpan, paccuntanHoe B npubmkenun [oitng-TepHepa s
@ypbe-KOMIIOHEHTHI MTOTEHIMAaIa aTOMa U AJIEKTPOHHOM IUIOTHOCTU. BuaHO, 4TO pe-
3yJbTaThl pacueTa, MOTyYeHHBbIC B MPHOIMKEHUU MOJbep MO3BOJISIOT JIYUIIE OTH-
ChIBaTh AKCIIEPUMEHTaNIbHbIC JaHHbIe. Ha mpsiMoM ydacTke KpucTaiia Obljia BEIYHC-
JeHa OTHOCHUTENIbHAsI TMOrPEIHOCTh 3PPEKTUBHOCTH OTKJIOHEHHS MPOTOHOB, LIS
npotoHoB ¢ sHeprueir 200 I'3B ona cocrtaBuna 5%, ayst npotoHOB ¢ sHepruei 450

["B — 4,5%. Ilony4yeHHble B X0[€ KOMIIBIOTEPHOTO MOJEIUPOBAHUS 3HAUYCHUS d(]-
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(EeKTUBHOCTH OTKJIOHEHUs MPOTOHOB ¢ dHeprueit 200 u 450 I'B kpucramiom repma-

HUSI TTOKA3bIBAIOT XOpOIIIee coryacue ¢ akcrnepumenTom [30].
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3AKIIOYEHHUE

1. Pa3paboTaHa KOMIIBIOTEpHAs NPOrpaMMa Ha OCHOBE HOBOI'O MOAXOAA IS HC-
CJIEIOBaHUS JIBM)KEHMSI KaHAJIMPOBAHHBIX YACTHUL (MOJIOKHUTENIBHBIX U OTPULATENb-
HBIX: [IPOTOHOB, HOHOB, aHTUIIPOTOHOB) B IJIOCKOCTHBIX KaHajlaX aJMa30noI00HBIX
KPUCTAJJIOB, YYMTBIBAIOIIAsi MHOTOKPATHOE pPAacCesiHUE, ¢ BO3MOXKHOCTBIO 331aBaTh
HaYaJIbHYIO0 PAacCXOAUMOCTh ITydKa YacCTHUL, Pa3JINYHbIE alMPOKCUMALUKA NOTEHIMAA
OTZIEJIBHOTO aTOMA, KPUBU3HY KPUCTAJLIA.

2. IlonydyeHo pemieHue KuHeTHYeCKOro ypaBHeHHsT Dokkepa-Ilnanka meTtomom
KOMIIBIOTEPHOT'O MOJEIMPOBAHNS KaHAJMPOBAHUS YACTHUIl B IIPOCTPAHCTBE IOIEpey-
HBIX dHepruil. Pemenne ypaBHenus @okkepa-Ilnanka B TOHKUX KpUCTaJLUIaX CBOJIUT-
Csl K PELICHUI0 ypaBHEHUs AU(Py3uu B MPOCTpaHCTBE MONEPEUHbIX 3Hepruid. Oc-
HOBHBIM YPaBHEHUEM 3/I€Ch SBJISETCA YPAaBHEHHUE HBOJIOLMHU CPEIHEro KBajJpara
bayKTyalnuii MonepeyHoil HEPruM 4acTHUIIbl, KOTOpOe Takxke ompezaenser Kodhdu-
UeHT U@ Qy3un B IPOCTPAHCTBE MONEPEUHBIX dHEPruil. /laHHOE ypaBHEHUE TaKkxKe
ObUIO TMOJYYEHO MCXOMS W3 JIAHKEBEHOBCKOTO IMOAX0/1a K TEOPUH KaHAJIWPOBAHMS,
IIPOBEJICHO €0 UCCIIEIOBAHUE.

3. C noMo1Ipl0 KOMIBIOTEPHOTO MOJEIMPOBAHUA MO pa3padOTaHHON MPOrpaMme
ObUIa MCCIeI0BaHa JUHAMMKA [TOTOKA OBICTPBIX YACTHI] B PEXKUME INIOCKOCTHOTO Ka-
HAJIMPOBAHMSI B aJIMa30M0JOOHBIX IPSIMBIX U U30THYTHIX KpHCTaJIax.

[IpoBeneHoO MCCIenOBaHUM MOTEPh DHEPTUU PENSATUBUCTCKHUX sIE€p CBUHIA B
KPEMHUU U CpaBHEHHE C pe3yibTatamMu padoTel [73]. OOHapyxkeHa 3aBHCHMOCTb
CIEKTpa MOTEPb SHEPTUU OT HAYAJIbHOM pacXxoauMocTu myudka. Taxke Obuio 0OHapy-
JKEHO, YTO YYET MHOT'OKPATHOTO PAaCCEsIHUA HE OKA3bIBAET BIUSHHUE HA CIIEKTP IOTEPh

SHEPrUHU.
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[IpuBeneHsl pe3ynbTaThl KOMIBIOTEPHOIO MOAEIUPOBAHUS BBIXOJla IPOTOHOB
¢ s"epruent 15 u 250 I'3B u nonos ¢ sueprueit 14 MsB u 14 I'3B. [Tonydeno xopo-
€€ COrjacue ¢ 3KCHEPHUMEHTAIbHBIMU JTaHHBIMU M PE3yJIbTaTaMU IO JAPYTOM Mpo-
rpaMMme, B KOTOPOH MOJEIMPOBaHUE MPOUCXOIUT B (a30BOM IPOCTPAHCTBE MOIE-
PEUYHBIX KOOPJUHAT U CKOpocTeil [72].

Brniepbie npomoienupoBana KpuBasi 3(Qp(PpeKTUBHOCTH OTKIOHEHHUS MPOTOHOB C
sHepruei 200 n 450 I'3B n3ornyTeiM KpuctaiuioM repmanusd. [lo Hacrosmee Bpems
HE CYIIECTBYET MOJ0OHBIX padOT Mo pacuery 3PGHEeKTUBHOCTH OTKIOHEHUSI BBICOKO-
HHEPreTUYHBIX MMPOTOHOB B T€PMAHUU M3-3a OOJBLIMX 3aTPAT MAIIMHHOTO BPEMEHU

cyuiecTByromux nporpamm. [lonydeHno xopoiiee cornacue ¢ sxcnepumeHTom [30].
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