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IlepexpecTHBIE CCHLIKA HA POJACTBEHHBIE 3asIBKH

CornacHo HACTOSIIEH 3asBKE MCIPAIIMBACTCS MPUOPUTET B COOTBETCTBUY C 3asABKOW HA BBIIAYY ITATCHTA
CIIIA Ne14/566 520, momannoit 10 nexadps 2014 r. mox HazBanueMm "Estimation of Conductivity for Nanoporous
Materials", koTopas BKJItoU€Ha B HACTOSIIIHN TOKYMEHT BO BCEH IMOTHOTE TIOCPEICTBOM CCBHUIKH.

3asiBjieHMe KacaTeJbHO GUHAHCHPYEMBIX U3 (peiepabHOI0 Ol0IKeTa Hcce0BaHuil U pa3padoTok

B cootBercTBum ¢ moroBopoM Ne DE-AC04-94AL85000, 3akimr0o9eHHBIM MeX Ty MHHHACTEPCTBOM dHEPTE-
tuku CHIA n xopnoparmeirt Sandia Corporation, mpaButenbctBo CoenuHeHHbIX [1ITaToB AMeprKy HMeeT TpaBa
Ha 3T0 U300peTeHue s padboThl CaHIUHCKAX HAIIMOHATBHBIX Ja00paTOpHH.

IIpeanochbUIKU K CO3JaHUI0 HACTOSIIET0 U300peTeHust

Hacrosiee n3o0pereHre OTHOCHTCS K aHAIU3Y 00pa3lioB TOPHBIX TOPOJ Ul ONPECIICHHS METPOpI3nYe-
CKHX CBOWCTB.

OCHOBOTOJIATAIOIIUM TIPUHIIMIIOM B He()TEra3oBoi 00JacTH SABISICTCSA 3HAHUE CBOMCTB MaTCpUANIOB ILIa-
CTOB TOA3EMHO TTOPOJIBI, TO BAXKHO ISl OICHKH KOJUICKTOPOB YTICBOJAOPOAOB B TOJIIE 3¢MIIH U s (hopMy-
JUPOBAHUS CTPATETUU Pa3pabOTKU TaKUX KOJUICKTOPOB. B 00NacTH TEXHHUKH, K KOTOPOW OTHOCHUTCS HACTOSIICE
M300peTeHNe, XOPOIIO U3BECTHBI Pa3HOOOpa3HbIe MPUOOPHI U METOAMKH TMOJIYICHUS TaKOW WH(POPMAIIUHU, KOTO-
pBIE BKIIIOYAIOT aHAN3 CEHCMIYECKUX NAaHHBIX, MTOydeHHEe 00pa3oB KepHa M3 M3yYaeMbIX IJIACTOB U MX aHa-
T3, a TAKOKE pazIMYHBIe KOCBEHHBIE H3MEPEHHS 3eMJIH, TIOIyIaeMbIe BO BpeMsI Iporiecca OypeHws..

Hambonee pacrpocTpaHeHHBIM CIIOCOOOM aHaIM3a MOA3EMHOTO IIACTa SBISETCS KapoOTaX IO METOIY CO-
TIPOTHUBIICHUS BIOJb CTBOJIA CKBKMHBI B TuiacTe. CortacHO TPaIWIMOHHOMY KapOTaxy IO METOAY COIPOTHB-
JICHUS M3MEPSIOT AJIEKTPUUYCCKUH OTKJIMK IUIACTa, PACIOI0KEHHOTO BOKPYT CTBOJA CKBAXXHMHBI, KaK IPABHIIO,
JUTSL TIOJTYYCHUS 3HAYCHUS, HA3bIBAEMOTO TUIACTOBBIM KO3 (QUITMEHTOM, KOTOPBIH MPEJCTAaBIsICT COO0M OTHOIIIE-
HHUE YICIHFHOTO CONPOTUBJICHUSA HACBHIICHHOW >KUAKOCTHIO MOPOJBI K YACITBHOMY CONPOTHUBICHUIO CaMOW Ha-
chImarmei xunkoctu. CorllacHO COOTHOLICHHUIO ApPYH TUTACTOBBIM KOA((MHUIIMEHT 3aBUCUT TOJIBKO OT T€OMET-
pHUH IIOPOBOTO MPOCTPAHCTBA MOPOJBI, H C MOPUCTOCTBHIO €r0 MOXHO YBSI3aTh, UCIOJIB30BaB TIOKA3aTeIb, HA3bI-
BacMbI MOKa3aTelieM [eMeHTau. Kak clieicTBUe, aHATU3UPYs TPATUIMOHHYIO TUarpaMMy KapoTaxa o Me-
TOILy CONPOTHBIICHHS, MOKHO IOJYYUTh BAXHYI0 WHPOPMALHIO O MOPHUCTOCTH WM BOJOHACHIIIEHHOCTH H3Y-
yaeMoro Iiacta. bomee Toro, Ha OCHOBaHHMHU JAWArpaMMbl KapoTaka 0 METOIY CONPOTHBICHHUS B COUYCTAHUH C
MIPABIIILHOH pacmupoOBKONH PU3NIECKUX CBOWCTB IMOPOIBI MOKHO MOJYUUTH MOAPOOHYI0 HHPOPMAIIHIO O TPO-
HHUIIAEMOCTH IIJIACTA.

HecmoTps Ha TO, 9YTO COOTHOIIEHHE APYH IIUPOKO HCIIONB3YETCS UL TOJKOBAHMSA SJICKTPHIECKOTO OT-
KJIIMKa Ha OCHOBAaHWW MH(OPMAIINHN U3 THarpaMM KapoTaka M 00pa3IoB KepHa, W3Ha4YaJbHO OHO OBLIa COCTaBIIe-
HO JUTS psifia SKCIIEPUMEHTAIBHBIX M3MepeHnid. OIHaKO OBUIO OTMEYEHO, YTO COOTHOIICHUE ApYH CIpaBeTHBO
TOJIBKO IS IJIACTOB MOPOJIBI C MPOCTHIMH METPOGU3NICCKAMHU CBOMCTBAMH, HAIPUMEP, YACTOTO IMecka. Takxke
OBLIO OTMEYEHO, YTO COOTHOIICHUE APYH HE MOJIXOMUT JUIS TIIMHUCTOTO TIeCKa, & UMCHHO TMECKa, COACPKAIIEro
TIMHUCTBIC MUHEpabl. TpaJuIIMOHHBIN MOAX0]] aHAIHN3a AUArpaMM KapoTaxka IO METOAY CONPOTHBIICHUS, I0-
JYYCHHBIX JIJIS TJIMHUCTOTO TECKa, Ha3bIBACTCSI B 0OJACTH TEXHHKH HACTOSIIETO M300pPETEHUS METOIOM YakKc-
MaHa-CmuTa. OTHAKO HA TPAKTUKE TAKOW MOAXO0]] HECKOJIBKO OTPaHUYCH, TIOCKOJBKY JUIS TOTO, YTOOBI YBSA3aTh
yAEIbHOE CONMPOTHUBIICHHUE C BOJOHACHIIIEHHOCTHIO U MTOPHCTOCTHIO, HEOOXOIUMO 3HATh KATHOHOOOMEHHYIO €M-
KOCTb TJIMHHCTOTO MUHEpaJa B TIIMHUCTOM IIECKE.

Bruto oTMedeHo, 9TO MPHUCYTCTBUE TIIMHBI B 00pasiie TOPHON ITOPOABI YCIOXKHIET pacmu(pOBKY TaHHBIX
3JIEKTPOPa3BEIKH, IMTOYICHHBIX U3 IHarpaMM KapoTaxka u oOpasioB kepHa. OTHON W3 MPUYMH ITOTO SBISCTCA
TO, YTO DJIEKTPUICCKUE CBONCTBA TJIMHUCTBIX MUHEPAIOB (maniee - "TIUHBI") MaJO TOHATHBL. B CBSI3U ¢ 3THM
pacimppoBKa IIIEKTPUICCKUX CBOWCTB TIHH (4 TaKKE CBS3aHHBIX CBOMCTB, TAKUX KaK KaTHOHOOOMCHHAS €M-
KOCTB), U3MEPCHHBIX B JIAOOPATOPHBIX YCIOBUAX, 3aTpyaHCHA. Takke pacmm(poBKa JaHHBIX JIIEKTPOPa3BEIKU
B IIMHAX YCIIOKHSICTCS M3-32 HAHOPA3MEPHOCTH CTPYKTYPHI OOBIYHBIX TJIMH, KOTOpPask 3HAYNTEIBHO MCHBIIC Ha-
HOPa3MEPHOCTH CTPYKTYPHI MECKa, 3a CUCT Yero TIIMHBI MCHBIIIC TTOANAIOTCS SKCIICPUMEHTAM U aHAIIU3Y C aTOM-
HBIM pa3pernieHueM. boree Toro, KpUCTaUTHUECKas CTPYKTYPa TIMHICTHIX MHHEPAJIOB YaCTO JOBOJIBHO HEOHO-
pOIlHAasI, HATIPUMEP COCTOUT M3 TOHKUX IUIACTHHOK, PACIIONIOKECHHBIX HE MapauIeIbHO APYT APYTY, C MPUIY TN~
BBIMH T'PaHHUIIAMH ¥ IOpaMHu HEoObIIHOH (hopMBL. Kpome Toro, B rmHaxX 9acTo MPHUCYTCTBYIOT MIPUMECH, B 4acT-
HOCTH Ha BHEIIHWX NMOBEPXHOCTSIX IUTACTHHOK, M OHHM CMEMIAIOT APYTHe aTOMBI, 3aMellas UX, U U3MEHSIOT pac-
npeeNieHne 3apsa0B B TIMHHUCTOM Martepuaie. B menom, Takue CI0XHOCTH, 00YCIOBICHHBIE HAHOPAa3MEPOM
KPHUCTAJJIOB, HEYHOPSIOUYCHHBIM PACIIOIOKEHHEM KPHUCTAIIOB ¥ IUTACTHHOK, a TaK)Ke CJIIOKHBIH COCTaB TIIMHH-
CTBIX MUHEPAJIOB KpaifHe yCIOKHSIIOT MPSIMOE U3MEPEHUE TMEeTPOPU3NIECKUX CBOUCTB IIIHH.

C HeZaBHHX TOP I ONpEIeTICHU CBOMCTB MaTeprasia 00pas3oB TOPHOI MOPOABI MPUMEHSIETCS TEXHOIIO-
THsI TIPSIMOTO YUCICHHOTO MOJCTHPOBAHUS CBOMCTB MaTepHalia HA OCHOBaHUHU IH(POBEIX M300paKCHUHN MOPO-
IBI. B COOTBETCTBUM € 3THUM MOJIXOIOM IS IMOJIyYeHHsI 00BEMHOTO IIH(PPOBOTO H300paKECHUS, OMUCHIBAIOIIETO
o0paszelr TOPHOM MOPO/IBI, MOTYYalOT PEHTTCHOBCKOE TOMOTpaduieckoe H300pakeHUe 3TOro oopasmna. 3aTeM Hal
00BEMHBIM IUGPOBBIM U300paKEHUEM MPOBOJSAT BEIYUCIUTEIBHBIN SKCIIEPUMEHT ISl MOACTHPOBAHUS (hU3UYIC-
CKUX MEXaHW3MOB, Ha OCHOBAaHHH KOTOPBIX MOKHO U3MEPUTH (PU3MUYECKHE CBOUCTBA TOPHOM mopojsl. C momo-
IIBI0 METOJA MPSIMOTO YHCICHHOTO MOJICIUPOBAHUS MOXKHO OINPENCIIUTh TAKHE CBONCTBA TOPHOM MOPOJIBI, KaK
MOPHUCTOCTH, a0COJIIOTHAS IPOHUIIAEMOCTh, OTHOCUTEIbHAS TPOHUIIAEMOCTh, IIIIACTOBHIN KO3 (HUIIHEHT, MOAYIIN
YOPYTOCTH H T.1I.
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B wactHOCTH, TpsIMOE YMCIIEHHOE MOJCIHPOBAHME AIICKTPUUECKHX CBOICTB Ha OCHOBaHWMHM IIM(POBBIX
N300paKCHUH MTOPOABI OCYIIECTBISIETCS] TOCPEACTBOM ANNPOKCUMAIMH WM PEIICHUS! COOTBETCTBYIOLIUX DJICK-
TPUYECKUX ypaBHEHWH, HampuMep ypaBHeHHs Jlammaca, ¢ mepeMeHHBIMH K03((HIIMEHTaMH U COOTBETCTBYIO-
IIAMHU TPAHUIHBIMH YCIOBUsMH. OIHAKO TaKOH MOJXOM MPEAIoiaraeT, 9To JIEKTPHUIECKHE CBOHCTBA COCTaB-
JSIOIIMX MaTepHAJIOB B IOpPOJE M3BECTHHI. Hampumep, TBepabie 3epHa (HampuMep, KBapll) MOKHO paccMaTpH-
BaTh B MOJICJIM KaK HEMPOBOJSIINE, TIMHICTHIEC (PPAKINHU - KaK YACTHIHO IPOBOJAIINE, a MMOPOBHIE KHUIKOCTH,
Takye Kak coJIeHas BOJa, - Kak Hanboee mpoBosmyio dazy. HecMoTpst Ha TO, 9TO Takoe pacmpeaeieHue mpo-
BOJIAIINX CBOMCTB XOPOIIIO U3BECTHO IS TBEPIBIX 3€PEH M MIOPOBBIX KUAKOCTEH, (GU3MIECcKasi OCHOBA IS TAKO-
TO pacrpeesieHns] POBOJSIINX CBOMCTB Cpean TJIMH NpHUHATa He Oblia. Takum 0Opa3om, HCIOJIB30BaHUE 3a-
JAHHBIX BEJIMYWH VISl YAEIbHOW MPOBOIUMOCTH TJIMHBI MPUBOJIUT K MOSBICHHIO HEONPEIEIICHHOCTEH B O0bIU-
HOM MOJICJIMPOBAHHH JICKTPHYECKOTO OTKIIMKA B TIMHOHOCHBIX MECKAX.

E1me onHo# MpeAnockIkod MOXHO Ha3BaTh MOJICIIMPOBAHIE METOAOM MOJICKY IsApHO# nunamuxu ("M/I"),
MO KOTOPBIM I10/Ipa3yMEBAETCsl BBIYNCIUTENBHBIN METO ONMUCAHMS N3MEHEHHS C TEYEHHEM BPEMEHH KOHEYHOM
MOJIEKYJISIPHON MJIM aTOMHOM CHCTEMbl, OCHOBAaHHBIM Ha MPUOIMXEHHOM BBIPQKEHHH (T.€. HA CHIIOBOM IIOJIE),
OTIPENIeNAONIEM TTOTCHIIHATBHYIO SHEPTHIO KaXKIOoro atoMa B cucteme. COTJIacHO TPaJuIIMOHHOMY MOJEIHPO-
BaHUIO MeTonoM M/l maHHEBIe, TaKue KaK KOOPAWHATHI, CKOPOCTH M CHIIBL, ISl KQXKIOTO aToMa B CHIIOBOM II0JIE
COXPaHSIOTCS Yepe3 ONpe/IesIeHHbIC TIPOMEXYTKH BPEMEHHU. 3aTeM 3TH JaHHBIC HCIONIB3YIOTCS IS BRIYUCICHUS
MT'HOBEHHBIX W YCPEIHEHHBIX IT0 BPEMEHH CBOICTB, TAKMX KaK TPACKTOPHH aTOMOB M MOJEKYJ, MPOGUIA aTOM-
HOW MJIM MOJIEKYJISIPHOM INIOTHOCTH B OJHOM HJIHM IBYX M3MEPEHUIX, MEKaTOMHAsI CTPYKTypa (Hanpumep, pazu-
anbpHast PyHKIMS pacupesenenus), kodddumuentsr quddy3nn, KkosredarensHas CTPYKTypa U T.11.

Kpartkoe packpbITHe HACTOSIIEr0 H300peTeHus

B cooTBeTcTBMM ¢ BapnaHTaMM OCYLIECTBIICHHS! HACTOSIIETO H300pETEHNUS IPEIOCTABISIETCS C1I0co0 U CHU-
CTeMa TOYHOW OIIEHKH JJIEKTPUYECKOTO OTKIIMKA TJIMHUCTBIX MHHEPAJIOB M MECKOB, COJEPKAIINX TIIMHHUCTHIC
MUHEPAJIBL.

B cooTBeTcTBMM ¢ BapnaHTaMM OCYLIECTBIICHHS! HACTOSIIETO H300pETEHNUS TIPEIOCTABIISIETCS CII0co0 U CHU-
cTeMa Ui M3MEPEHHS METOJOM MpPSIMOTO YHCIEHHOTO MOJENIHPOBAHMUS MEeTPO(U3NIECKUX CBOHCTB oOpasma
MOJ3eMHOTO TIIAcTa, COAEPIKAIIETO TIIMHUCTHIC MHHEPATIHI.

B cooTBeTcTBHU ¢ BapHaHTaMU OCYIIECTBIICHHS HACTOAIIETO H300PETEHUS PEAOCTABIACTCS CIIOCO0 U CH-
cTeMa Ui MIPUMEHEHHUS U3MEPEeHUH, HallpuMep U3MEPEHHH MPSIMBIM YHCIEHHBIM MOJISIUPOBAHUEM, dIICKTPHUIC-
CKOTO OTKJIKAa HAHOPa3MEPHOTO MaTepHaja, TAKOTO KaK TIIMHUCTHIN MUHEpaJ WIH IEeCKH, COJepKalliue TINHH-
CTBIE MUHEPAJbI, U1 60Jiee MacIITaOHOTO ONPEICTICHHS XapaKTePUCTUK TUIACTA.

B cooTBeTcTBMM ¢ BapnaHTaMM OCYLIECTBIICHHSI HACTOSIIETO H300pETeHNUS IPEIOCTABIISIETCS CII0co0 U CHU-
cTeMa JUIsl OIIEHKH IUIaCTOBOTO KOA(QHUIMEHTa COCTABHBIX IJIACTOB, COJEPIKAIINX HAHOPa3MEpHbIE KOMIIOHEH-
TBI, TAKHE KaK TJINHBI.

Jlpyrue neny u npeuMyIlecTBa BApUaHTOB OCYIECTBICHHS HACTOSIIEr0 H300pETEeHHs CTaHyT MOHSATHBIMHU
CIEIUAINCTaM B 00JACTH TEXHUKH HACTOSILET0 M300pPETEHHMS MOCIIE 03HAKOMIICHHUS C TIOAPOOHBIM PACKPhITHEM
U TIPUJIAaTaeMBIMU (PUTYPaMH.

BapmuaHTBI OcyIIecTBICHHS HACTOSIIETO H300PETEHUS MOTYT OBITh peaM30BaHbl CIIOCOOOM MOJEIHPOBa-
HUS DJIEKTPUIECKOTO OTKIIMKA KOMIIOHEHTAa TIIMHUCTOTO MUHEpaia U CHCTEMOI JIsl OCYIIECTBICHIS TaKOTO MO-
nenupoBaHus. Mojens MOJIEKYISPHOM TJIMHUCTOW CUCTEMBI BBINOJHEHA B BH/I€ MHOTOCIONHOM CTPYKTYpHI, CO-
OTBETCTBYIOIICH TIIMHUCTOMY MHHEPATy, aHAJOTHIHOMY H3y4aeMoil TTIMHE, B KOTOPOH TOJIMBAICHTHBIE KaTHO-
HBI BEIOPaHHOTO BHAA BCTAaBICHBI B CTPYKTYPY IPH BHIOPAHHOH IJIOTHOCTH 3apsiia, a HECKOJIBKO BOJOHOCHBIX
CJIOEB BCTABJICHBI B MEKCIJIOHHOE TIPOCTPAHCTBO MEXKAY CIIOSIMHU B CTPYKTYpE B COOTBETCTBHHU C BEIOpAaHHOM BO-
JIOHACHIIEHHOCTHI0. CKOHCTPYHPOBAHHOW MOJEIH TJIMHBI Ha3HAYaIOT MapaMeTphl CHIOBOTO TIOJIS, XapaKTepH-
3YIOIE MEKaTOMHBIE CHIIBI M IEpEMEHHBIE MOJCINPOBAHUS, COOTBETCTBYIOIINE TPEOYyEMBbIM YCIOBUSIM MOJIE-
JMPOBaHMUs, TAKUM Kak JaBJIeHHE, TEMIIEPATypa, 00beM U T.II. 3aTeM IJIs ONpeesieHns] KOdpPHUIUEHTOB tuddy-
3UM MEXCJIOHHBIX MOHOB B CHCTEME TJIMHBI BBITOJIHAIOT MOJAEIMPOBAHNE METOJOM MOJICKYIIPHON TUHAMHKH.
[ocne wero mpuMeHsIOT cooTHoueHne HepHeTa-DiHIITEHHA, KOTOPOE MO3BOJISIET OLUEHUTh HOHHYIO NTPOBOM-
MOCTB TJIMHBL.

B cooTBeTcTBMM C APYrEMH BapHaHTAMH OCYIIECTBIICHHS HACTOSIIETO M300pEeTEeHUs MpPEIOCTaBIIACTCS
croco0 M COOTBETCTBYIOMIAs CHCTEMA IS BRITTOJHEHHUS MIPSIMOTO YHCIEHHOT'O MOJICIMPOBAHUS TOPHOU ITOPOJIBL,
B KOTOpOIl conmepkaTcs TIUHHUCTEIE (pakunud. [locpeacTBOM PeHTTE€HOBCKONW TOMOTpa(Uu MOIYydaloT TpexMmep-
Hoe (3D) oObeMHOE M300pakeHre 0Opasia TOPHOH MOPOJIBI, TIOCIIE Yer0 00bEMHOE H300paKEHHE CETMEHTHPY-
FOT [T pasnuieHus Ga3 HempoBOAANUX (Ppakiuii TOPHOM MOpoAb! (HampuMep, KBaplia), YaCTHIHO TPOBOISIITUX
(pakumii (HarpuMep, TIIMHBI) B TOPOBOTO IIpOoCcTpaHcTBa. Kakmoil cerMeHTHpOBaHHOI (as3e MprucBanBaioT Ipo-
BOJISIII[MIE CBOWICTBA U BBITIOJHSIOT YUCIOBOE MOJCIMPOBAHNE TSI OLIEHKH 3JIEKTPUYECKOro OTKIMKA o0beMa. 13
CMOJICIIMPOBAHHOTO OTKJIMKA OLICHMBAIOT OJHO WJIM HECKOJBKO DJIEKTPHYECKUX CBOMCTB COOTBETCTBYIOIIETO
o0pasia IITIMHOHOCHOW TOPHOM OPOJIBL.

B cooTBeTcTBUM ¢ APYrMMH BapHaHTAMH OCYILECTBICHHS HACTOSIIETO U300PETEHHS CTPOST MOJIENb MOJIe-
KYJISIPHOH JKUIKOCTHOM CHCTEMBI U 3aIlOJIHSIOT €€ BOJOH Mpy TpeOyeMol IIIOTHOCTH, I'ie BRIOpaHHBIE IPOTHBO-
MOHBI pa3MeIeHbl B CTPYKTYPE MOJEIH B IMOPAIKE BHEAPCHUS ¢ TpeOyeMoil KOHIeHTparuen 3apsiaa. s moze-
JIM Ha3HAYal0T KO3((PUIIMEHTHI CHIIOBOTO TOJS M BHIMONHSAIOT MOJCTHPOBAHUE METOAOM MOJEKYISIPHOHN IHHA-
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MUKH JUIS OTIPENICIICHUs] 00BEMHON YICIBHOM MPOBOIUMOCTH YKHIKOCTH B Ka4eCTBE KOHTPOJBEHOW MOJETH. 3a-
TEM Ha OCHOBAaHUU OTHOIICHUS OOBEMHOHN yIEIEHON MTPOBOIUMOCTH KOHTPOIBHOM KUAKOCTHON MOJICIH K CMO-
JIETUPOBAaHHBIM MOHHBIM MTPOBOIUMOCTSIM CHCTEMBI TNIMHBI BEIYUCIISAIOT IDIACTOBEIN K03 puItneHT rmmHoHOCHO-
ro MaTepHaa.

Kparkoe onucanue ¢puryp

Ha ¢ur. 1 cxemarndeckn noka3aHa JIEKTPHUUECKasi CXeMa CETEBOW KOMITBIOTEPHOM CHCTEMBI, 3alIporpam-
MHPOBAHHOW Ha BBHIIOJIHEHUE PA3IMYHBIX MPOIECCOB CO3MAaHMU MOJEIECH H MOACIMPOBAHUS HEPTETa30BhIX KOJI-
JIEKTOPOB B COOTBETCTBHHU C BAPHAHTAMH OCYILIECTBIICHHS HACTOSIIETO H300pETCHHUS.

Ha ¢wur. 2 Taxke moka3aHa OJIOK-CXeMa IPOLECCa ONCHKH MOHHON MPOBOJMMOCTH CHUCTEMBI TIHHHUCTBIX
MUHEPAJIOB B COOTBETCTBUU C BAPUAHTAMU OCYIICCTBICHHS HACTOSIIETO H300PETCHUS.

Ha ¢ur. 3 mokazaHa 0I0K-CXeMa TOCTPOCHUS MOJICKYJIIPHON MOJEIH CUCTEMBI TJIHMHUACTHIX MUHECPAJIOB B
COOTBETCTBHUH C MPOIECCOM, TIOKa3aHHBIM Ha (UT. 2, B COOTBETCTBUH C OJHUM BaPHAHTOM OCYIICCTBICHUS Ha-
CTOSIIIIETO M300pPETEHHSI.

Ha ¢wur. 4a-4g moka3aHbl cCXeMaTHYCCKUE TUATPAMMEBI MOJCKYIISIPHBIX MOJEICH CHCTEM TIIMHUCTHIX MHUHE-
paJIOB Ha Pa3IUYHBIX CTAIAMIX MpoIecca coryiacHo ¢ur. 3.

Ha ¢wur. 5 moka3ana 010K-cxema Ipoiiecca OIEHKH TUIACTOBOTO KOA((GHUITUEHTa CUCTEMBI TIIMHUCTHIX MH-
HEpaJoB B COOTBETCTBHH C OJHUM BAPHMAHTOM OCYILIECTBICHHS HACTOSIIETO H300pETCHHUS.

Ha ¢ur. 6a-6b moka3zaHo PEHTT€HOBCKOE MHKpOTOMOTpaduueckoe M300pa)keHre M CErMEHTHPOBAHHOE
TpECTaBICHNE, COOTBETCTBEHHO, 00pa3iia COCTAaBHOIO IUIACTa, COEPIKAIIETro TIMHNUCTHI KOMIIOHEHT, JIIs IIPO-
BEICHHUS aHAJIM3a B COOTBETCTBUH C BapHAaHTAMH OCYIICCTBICHNS HACTOSIIETO H300PETEHNUSI.

Ha ¢wur. 6¢ nokasan rpauk miacToBoro Ko3pQGHUIMeHTa sl TPEX Pa3HBIX TITHHOHOCHBIX MIECKOB, COCTAB-
JICHHBIA METOJIOM MPSMOTO YHCICHHOTO MOJCITUPOBAHUS B COOTBETCTBUU C OHHM BapUAHTOM OCYILNCCTBIICHHUS
HACTOSIIETO H300PETCHUS.

Ha ¢wur. 7 moka3zana O0JI0K-cXeMa MpPOIECcCa BBIMOIHCHHS MPSMOTO YHCICHHOTO MOJCITHPOBAHUS A 00-
paslia cOCTaBHOTO IUIACTA TAKOTO, KaK IOKa3aH Ha ¢ur. 6a u 6b, Uil IPUMEHEHUS COBMECTHO C TUarpaMMaMH
KapoTaka 10 METOAY CONPOTHBIICHUS W M3MEPEHHSMHU B COOTBETCTBHH C OJHHUM BapHaHTOM OCYIIECTBICHHUS
HACTOSIIETO N300pETCHMSL.

IoapoOHoe pacKkpbITHE HACTOAILET0 N300peTeHNA

[aee HacTosmee n3o0peTeHne OyIeT OMMCaHo CO CCHUIKAaMU Ha BapHAHTHI €r0 OCYIIIECTBICHHUS, 2 UMCHHO
croco0 M cHCTeMy HOCTPOCHHUS MOJENei TIIMHUCTHIX MUHEPAJIOB, B YACTHOCTH, U NIPUMEHEHHS B KOHTEKCTE
MPSAMOTO YHCIIEHHOTO MOJEIHMPOBAHUS, ITOCKOJIBKY IMPERNojiaraeTcs, YTo Hacrosimee n3o0peTeHne OyaeT oco-
6ceHHO 3(p(peKTUBHBIM B 3TON 0OMacTH mpuMeHeHus. OHAKO MPEIIOIaracTCs, YTO BApUAHTHI OCYIICCTBICHUS
HACTOSIIETO U300PETCHHS MOTYT O0CCIICYUTh 3HAYUTENBHBIC OJIAarONpUATHBIC 3Q(EKTH ¥ IPESUMYIIIESCTBA B IIIH-
POKOM JHamna3oHe 00JIacTeld HOMUMO TOM, KOTOpasi OTHCaHa B HACTOSIIEM JTOKyMeHTe. COOTBETCTBEHHO CIICAYET
MOHUMATB, YTO HIDKECIICIYIOIICE PACKPBITHE MPHUBEIACHO UCKITIOYUTEIHFHO B KaYECTBE MPUMEpa U HE OTPaHUYH-
BaeT UCTHHHBIA 00BEM 3asBICHHOTO U300pPCTCHUSI.

B Tedenue mocieqHUX JIET IUIACTHI TIUHBI W TIMHHUCTOTO CIIAHIIA 3aHSUIM BECOMYIO YacTh B pa3paboOTKe H
no0brde HeTH U Tra3a. BeIIo 0TMEUeHO, YTO HEKOTOPHIE U3 TaKUX TJIMH COJEpKAT MPUMECH 3aMEIIeHHs, TaKHe
KaK aTOMBI aTIOMHUHUS, 3aMeIIaloIe aTOMBI KPEMHHUS B KPUCTAJUIMIECKON CTPYKTYpe, MIIM aTOMBI MarHus WIn
JKele3a, 3aMEIIAoNTie aTOMBI aTIOMUHAS B KPUCTAJUIMIECKOH CTPYKType. Takne KaTHOHHBIC IPUMECH MEHSIOT
3apsAA0BOE PAaBHOBECHE KPUCTAIIMUECKON CTPYKTYPHI TIIMHBI TAKUM 00pa3oM, ITO ISl COXpaHEHUs] HEUTpaIbHO-
CTH 3apA0B HEOOXOIMMEI aJcOpOMpPOBaHHBIE BHEPEUICTOUHBIC HOHBI. Takue agcopOHMpOBaHHBIE BHEPEIICTOY-
HBIC MOHBI MIPUCYTCTBYIOT HAa BHEITHUX MOBEPXHOCTAX TIMHBI U CaMH 10 ce0e HE SBISFOTCS YaCThIO TIIMHUCTON
CTPYKTYPBIL.

Kak ObLJ10 omucaHo BBIIIE, AHATPAMMBI KapoTaxka 110 METOy COMPOTUBIICHUS NAIOT BAXKHYIO HH(POPMAIIHIO
0 KOJIMYECTBE KHUIKOCTH, 00bEME JKUAKOCTH U TMOPOBOH CTPYKTYpE MOA3EMHBIX TIacTOB. OHAKO MPUCYTCTBUE
TJIMHUCTHIX KOMITOHCHTOB B IJIACTE HETATUBHO CKA3hIBACTCS HA OTHOIICHUW MEXIY M3YY4aeMBIM YACIHHBIM CO-
MPOTHUBIICHHEM M (PU3UYCCKAMU CBOWCTBAMH, TIOCKOJIBKY U SMITUPUICCKUC, U (PU3MUCCKUC AIPOKCHMAITIH Xa-
PaKTEPUCTHK TIIMHBI IMEIOT 3HAYUTENbHBIC HEOTIPEISIeHHOCTH. TakuM 00pa3oM CyIIecTByeT HeOOXOAUMOCTE B
0oiee TOYHOM NMOHUMAHUU (PU3UUECKUX MEXAHH3MOB, 3a/IeHiCTBOBAaHHBIX B W3MEHEHHWHU yIEIBHOW MPOBOIUMO-
CTH TJIMHUCTBIX MUHEPAJIOB.

B cootBeTcTBHE ¢ BapHaHTaMH OCYIIECTBICHHS HACTOSIIETO H300pETCHNUS MPENOCTABIISIOTCS HHCTPYMEH-
THI 1 METOJVKH TOIyIeHHUs O0Jiee TOYHOTO MOHUMAHUS (PU3NIECKUX MEXaHU3MOB, OT KOTOPHIX 3aBHCAT CBOUCT-
Ba TIIMHUCTHIX MHHEPAJIOB B MOA3EMHBIX IUIacTax. boiee Toro, kak OymeT OmmcaHO HIDKE, STH MHCTPYMEHTH U
METOJMKH Jal0T BO3MOXKHOCTBH MPOBOJAUTH 0OJee MAacIITaOHBIN aHAU3 TIMHOHOCHBIX IUIACTOB Ooiee 3ddek-
TUBHBIM ¥ TOYHBIM CIIOCOOOM.

ABTOMATH3NPOBAHHAS CHCTEMA

B cooTBeTCcTBUH ¢ BapHaHTaMH OCYIIECTBIICHHS HACTOSIICTO W300pETCHUS MPEIIoiaracTcs, 4To 3TH WH-
CTPYMEHTBI M METOJUKHU OYAyT pealn30BaHbI, IO MEHBINCH Mepe YaCTUYHO, aBTOMATU3UPOBAHHOMN CHCTEMOM,
KOTOpast OyIeT YUYUTHIBATh XapaKTep U MaciuTad TpeOyembIx BeruncieHuil. Ha ¢ur. 1 mokasan mpumep peanmsa-
MU OJTHOT'O BapHaHTa OCYIIECTBICHUS HACTOSAIIETO M300peTeHHs B (hopMe aBTOMATH3UPOBAHHOUW cHCTEMBI 20,
BBITTOJTHSIONIECH OTEpaIiy, ONMUCAHHBIC B HACTOSIIEM PACKPBITHH, I (P (PEKTHBHOTO MOACITUPOBAHHS CBOWCTB

-3



039610

TJIMHACTOTO MUHEpaa, B YaCTHOCTH, C LIEJIBIO OLCHKU YAEIbHON MPOBOIMMOCTH OJHON MJIM HECKOJIBKUX IJINH, a
B COOTBETCTBMH C HEKOTOPBHIMH BapHaHTaMM OCYIIECTBIICHUS /IS OLEHKH Y/ACIHHON NMPOBOJMMOCTH U JAPYTHX
MeTpOU3HMIECKUX CBOHCTB 00pa3iia TOPHOH MOPOJIBI, COACPIKAIIECH TIIMHUCTBI KOMITOHEHT, TIOCPEACTBOM TIpsI-
MOTO YHCJICHHOTO MOJIEIIMPOBAaHM. B coOTBeTCTBHH ¢ 3TUM mpuMepoM cucteMa 20 MOXKeT OBITh pealn3oBaHa
MOCPENICTBOM KOMIBIOTEPHOH CHCTEMBI, B COCTaB KOTOPOH BXOAWT pabouas ctaHnus 21, coenuHEHHAs ¢ cepBe-
pom 30 mo ceru. besycnoBHO, XapakTepHas apXUTEKTypa W KOHCTPYKIMS KOMITBIOTEPHOHN CHUCTEMBI, IPHMEHSse-
MO B KOHTEKCTE HACTOSIIETO M300PETEHNUS, MOXKET CYIIECTBEHHO oTim4arbes. Hampumep, cucrema 20 Moxer
OBITH pearn30BaHa OJHUM (U3NIECKUM KOMITBIOTEPOM, TAKHM KaK TPaIUIOHHAs pabodas CTaHIIUS WK TIepco-
HaJIbHBIA KOMITBIOTEP, WM aJIbTEPHATHBHO KOMITBIOTEPHON CHCTEMOH, pealli30BaHHOW MOCPECTBOM paclpese-
JICHUS 1I0 HECKOJIKUM (PM3NUecKHM KoMIbioTepaM. COOTBETCTBEHHO 0000IIEHHAsI apXUTEKTypa, TI0Ka3aHHas Ha
¢wur. 1, nokazaHa UCKIIOUYUTEIBHO B KaYeCTBE IIpUMepa.

Kaxk noka3zano Ha ¢wur. 1, a Takxke kak ObIJIO YKa3zaHo Bblle, cucteMa 20 copeput pabouyio cranuuio 21 u
cepsep 30. PabGouast crannus 21 colepXUT LEHTPAJIBLHBIA mporieccop 25, KOTOPHIH MOAKIIOYEH K CUCTEMHOM
mmHe BUS. Taxxke k cucremuoil munae BUS nmonkimroyen untepdelic 22 BBoa-BbIBO/IA, KOTOPBIH OTHOCHUTCS K
TeM HHTEepPQEHCHBIM pecypcaM, HMOCPEICTBOM KOTOPHIX mNepudepuiiHple (yHKIMOHATIBHBIE 3JIEMEHTH BBOJA-
BBIBOZA (HAIIpUMep, KJIaBUATypa, MBI, TUCIDICH U T. J.) B3aUMOACUCTBYIOT C APYTUMH KOMIIOHEHTaMH pabo-
yelt crannuu 2 1. LenTpanpHbIii iporieccop 25 MoxkeT 00pabaTeiBaTh JaHHBIE s pabodei ctaHiyu 21 U, TakuM
00pa3zoM, MOXKET OBITh peali30BaH OJAHHMM WM HECKOIbKUMU siapamu LTI, cxemoil coBMecTHOW 0OpabOTKH U
T.11. CrienuuaHast KOHCTPYKIMSI ¥ BO3MOXHOCTh IIEHTPAILHOTO Tpoleccopa 25 BeIOpaHa coryiacHO padbodnm
TpeboBaHusAM pabdodei ctaHIMU 21, KOTOpBIE BKIIIOYAIOT, TI0O MEHBIIEH Mepe, BBITIOJHEHNE (PYHKIIHMA, OTHCAH-
HBIX B HACTOSILEM PACKPBITUH, a TAKXKe APYruX (YHKIHMHA, KOTOpbIE MOTYT OBITh BBINOJHEHBI cucteMoii 20. B
apxuTeKType cucteMbl 20 COrJIacHO 3TOMY IPUMEpY CHCTEMHasi HaMsTh 24 coeAMHEeHa ¢ CUCTEMHOW IIMHOM
BUS u npenocraBisier pecypcsl namsaTu TpedyeMoro THIIa, UCIIONb3yeMble KaK ITaMsITh AaHHBIX Ul XpaHCHUS
BXOJUIIINX AaHHBIX M PE3YJIbTaTOB 00paOOTKH, BHIIIOIHIEMON IIEHTPAIBHBIM MIPOLECCOPOM 25, a TakkKe Kak Ipo-
rpaMMHasi TAMATh JUTS XpaHCHHsI MAITHHHBIX KOMaH]I, BBIMOJHACMBIX IICHTPAIBHBIM TPOIIECCOPOM 25 BO BpeMs
BBITTOJTHEHHS TakuX (QyHKIHA. be3ycnoBHO, Takas KOMIIOHOBKA MAaMSTH MPHUBEACHA TOIBKO B KadeCTBE IpUMeEpa;
CIIeyeT MOHUMATh, YTO CHCTEMHAs MaMATh 24 MOXKET Peai30BbIBATh TaKylO MAaMATh JAHHBIX U IIPOTPAMMHYIO
MaMATh B OTJENIBHBIX pecypcax U3HIECKON MaMITH WIH MOXKET OBITh pachpezelieHa [EIUKOM M YaCTHYIHO 32
npenenamu padodeii crannuu 21. bonee Toro, kak mokazano Ha ¢wur. 1, Tarke padodas craHius 21 MOXeT 1o-
Jy4aThb OT CHUCTeMBI 28 (GopMUpOBaHWs W300pakKeHHMI depe3 mHTepdeiic 22 BBOJA-BBIBOJA NaHHBIC B (hopme
obveMHOTO MH(poBOrO M300paKeHUsT 00pas3ia 28 TOpPHOH MOPOBI, TIOTydeHHBIC OT JATYMKOB U Mpeodpa3oBa-
TelNe, pa3BepHYTHIX B CKBKMHAX HA TEPPUTOPHH MECTOPOXIeHUs. Takue BXOJHbIE JaHHBIC 3MEPEHUH MOTYT
XPpaHHTBCS B pecypce NaMsTH, K KOTOpoMy pabodas cTaHus 21 MOXKET IoJIydaTh JA0CTYI MO0 JIOKAJIbHO, MO0
yepes ceTeBoil uaTepdeiic 26.

CeteBoit naTEepdeiic 26 padoueit cranunu 21 npencrasiser co0oil TpaIUIMOHHBIM MHTepdeic nim anan-
Tep, C MOMOIILIO KOTOPOro padoyast craHuus 21 mosydyaeT JOCTYI K CETEBBIM pecypcaM 1o ceTd. Kak nmokazaHo
Ha ¢ur. 1, ceTeBble pecypchl, K KOTOpEIM paboyas ctaHius 21 mosrydaeT AoCTyI 4epe3 ceTeBoi uHTepdeiic 26,
BKIITOUatoT cepsep 30, pacmoNoKeHHBIN B JTIOKAJILHOW CETH WIH B TJI00ATBLHOM CETH, TAKOW KaK HHTPACETh, BUP-
TyaJlbHas JacTHas CeTh, WK B MHTepHEeTE, 1 K KOTOpoMy pabouas cTaHIus 21 moxydaeT ZOCTyH Yepes3 OgHY U3
TaKHAX CETEBBIX KOMIIOHOBOK M COOTBETCTBYIOIIHE MPOBOIHBIEC MM OSCIIPOBOAHEIC (MIJIM M TO M IPYTOE) CPENCT-
Ba CBS3M. B COOTBETCTBHH C 3THM BapHaHTOM OCYIIeCcTBICHUS ceprep 30 mpeacraBiseT co00i KOMIBIOTEPHYIO
CHUCTEMY TPAJIUIMOHHON apXHUTEKTYPbI, aHAJIOTHIHON B OOIIEM CMBICIIe apXHUTEKType pabodeit cranuuu 21, u,
TaKUM 00pa3oM, COAEPKHUT OAWH HIIM HECKOJIBKO [IEHTPAILHBIX POLIECCOPOB, CHCTEMHBIX IIIHH, PECYPCOB MaMsi-
TH, (QYHKIIMOHAIBHBIX 3JIEMEHTOB CETEBOTO MHTepdelica U T.I. B cOOTBETCTBHUU ¢ 3TUM BapHaHTOM OCYILECTB-
JIeHUsI HacTosero n3odperenus cepsep 30 coeMHEH C MPOrpaMMHOI MamMsThI0 34, KOTOpast MPEACTaBISIET CO-
0011 MaIIMHOYNTAEMBI HOCUTENb, HA KOTOPOM XPAHSTCS BBINOJHSAEMbIE KOMITBIOTEPOM IPOrpaMMHBIE KOMaH-
JIbl, B COOTBETCTBHH C KOTOPBIMHU crcTeMa 2() aHann3a BBIIOJIHSET Ollepalyy, ONMCAHHBIE B HACTOSIIIEM PacKphl-
THUH. B COOTBETCTBHHM C 3TUM BapHaHTOM OCYIIECTBJICHHS HACTOSINETO M300PETEHUs] 3TH KOMITBIOTEPHBIE TPO-
rpaMMHBIE KOMaHJBI BBHITONHAIOTCS cepBepoM 30, HampuMmep, B GpopMe HHTEPAKTHBHOTO IMPHIIOKECHHS IOCIE
BBOJIa TaHHBIX, TIEPENaHHBIX OT paboduei cTaHIuu 21, 1A CO3MaHMs BBEIXOTHBIX JAHHBIX M PE3YIbTaTOB, IEpe-
JlaBaeMbIX Ha pabodyro cTaHmuio 21 s oTOOpakeHUsI WM BHIBOJIA MMOCPEIACTBOM MEPU(EPUITHBIX YCTPOUCTB
BBOJIa-BBIBO/IA B (popMe, ymoOHOM 1ytst osk3oBaTens paboueid crannuu 21. bomee toro, cepep 30 (1, BO3MOX-
HO, paboyas cTaHmus 21 1O JTOKaJIBHOH WM TII00AEHOM CETH) MMEET JOCTYI K OMbanoTeke 32, B KOTOPOH Xpa-
HUTCSl apXWBHAsI WM CIIpaBOYHas MHQOpMAIMs, KOTopas MOXKET MoHamoOuThes cucteme 20. bubnmorexa 32
MOXET HaXOJHUTHCS B JPYTOH JOKAJIBHOM CeTH, MM albTEPHATHBHO K HEH MOXKHO TIOJTy4aTh JOCTYN 4depe3 MH-
TEpHET WIN JPYTYIO IN00albHyo ceTh. [Ipenmnonaraercs, 4ro 1octyn K 6ubnmoreke 32 Takke MOTYT MOJIy4aTh
JpyTHe CBSI3aHHBIE KOMITBIOTEPHI B 0011IEi ceTu.

BesycioBHO, cnenuduuHbIi pecypc MaMsATH WM PACIONIOKEHUE, B KOTOPOM (PHU3MUECKH HAaXOAsATCS pe-
3yJIBTaThl U3MEPEHHH, OnbaroTeka 32 U nmporpaMMHasi TaMsITh 34, MOTYT OBITh PEIN30BaHBI B Pa3INIHBIX Me-
CTOIIOJIOKEHUSX, K KOTOPBIM y cucteMbl 20 ecTs goctyn. Hanpumep, Takue JaHHBIC U IPOTrPaMMHBIE KOMaHIbI
MOTYT XpPaHUTHCS B JIOKAJIBHBIX pecypcax MmaMsaTh Ha pabodeit cranmmu 21, cepBepe 30 win B JOCTYITHBIX ITO
ceTH Ui ATHX QYHKIHMH pecypcax mamsTh. boiee Toro, Kak W3BECTHO B YPOBHE TE€XHHKH, BCE 3TH JAaHHBIC U
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pecypchl MPOrpaMMHON MaMsTH caMH 10 cebe MOTYT OBITh pacIpeieieHbl BO MHOKECTBE MECTOIOJIOKEHHH.
[Ipennonaraercst, 4TO CHEIUAIMCTH B 00JACTH TEXHUKU HACTOSIIEr0 M300peTeHus 0e3 Tpyaa CMOTYT pean3o-
BaTh XPAHCHNE U U3BJICUEHHE IPUMEHUMBIX PE3YIbTaTOB N3MEPEHMH, MOJeNeH 1 Apyroil HHPOpMaIHH, UCTIOINb-
3yeMOi B KOHTEKCTE 3TOrO BapHaHTa OCYLIECTBICHHS HACTOSIIETO M300pETCHMS, MOAXOSIIIMM 00pa3oM st
Ka)KJIOTO KOHKPETHOTO MPHUMEHEHUSL.

B cooTBeTCTBUH C 3TUM BapHaHTOM OCYIIECTBJICHHS HACTOSIIETO N300pETEHHUs B KaUeCTBE MPUMEPa B CH-
CTEMHOI TaMATH 24 ¥ B IPOrpaMMHOHN MamsTu 34 XpaHATCA MalIMHHbIE KOMAHBI, BHITIONHAEMbIE IIEHTPATbHBIM
nporieccopom 25 u cepBepoM 30, COOTBETCTBEHHO, JJISl BBIMMOJHSHUS (HYHKIIUH, ONMMUCAHHBIX B HACTOSIIEM pac-
KPBITHU. DTH MalllMHHBIE KOMaH/(bl MOT'YT OBITh IpEJCTaBJICHBI B pOpME OJHON MM HECKOJBKHUX BBITTOTHIEMBIX
IporpamMM WK B (hOpPME MCXOIHOTO KOJa WIIM BEICOKOYPOBHEBOTO KO/, M3 KOTOPBIX IOJy4EHBI, COOpaHbI, HH-
TEpHPETUPOBAHBI WIIN CKOMITMIIMPOBAHBI OJIHA MM HECKOJIBKO BBIMOJHIEMBIX TPOrpaMM. MOKHO HCIIOJIB30BATh
0001 M3 HECKOJIBbKMX MAIIMHHBIX S3BIKOB WM NTPOTOKOJIOB B 3aBUCUMOCTH OT TOTO, KaKMM 00pa3oM JOJDKHEI
BBITIOJIHATHCS TpeOyeMble onepauun. Hanpumep, 3Tn MallMHHBIC KOMaH/IBI JUTSI CO3/IaHHST MOJICITH B COOTBETCT-
BUM C BapUaHTaMU OCYILIECTBIICHHS HACTOSIIETO M300pEeTeHNsI MOTYT OBITh 3allMCaHbl Ha TPAAUIIOHHOM BBICO-
KOypoBHEBOM si3bike, TakoM kKak JAVA, FORTRAN wm C++, win kKak TpaaullMOHHAs JTUHEHHAs] KOMITBIOTEp-
Has TpOorpaMMa, WJIM MOTYT OBITh TpEIHA3HAYEHBI JUIS BBIIOJHEHUS OOBEKTHO-OPUEHTUPOBAHHBIM METOJIOM.
OTH KOMaH/Ibl TAK)X€ MOTYT OBITh BOILIOIICHBI B BHICOKOYPOBHEBOM NPUIIOKEHHHU. bosee KOHKpeTHO, Ipenona-
TaeTcs, 4YTO MOJEIMPOBAHNE CBOMCTB MOJ3EMHOI0 00BbEMa MOKET OBITh YACTHYHO BBHINOIHEHO CPEACTBAMHU KOM-
MBIOTEPHOTO NMPOTPAMMHOTO MPHIOKEHUS WM MaKeTa Ui MOACIUPOBAHUS, TAKOTO KaK MaKeT KOMIBIOTEPHBIX
MPOrpaMM MOJICKYJISIPHOH MUHAMUKK "MaciuTaOHBIH aTOMHBIN/MOJIEKYISIPHBIA MacCHBHO-TIApaJUICTIbHBIA CH-
mymsatop" (LAMMPS) xomnanun "Canauiickie HanMoOHaJIbHBIE Jaboparopuu', MCHOIB3Ys JUIs 3TOro 0000-
MICHHYIO MOJEJIb CHJIOBOTO MOJIS, MOAXOAALIYIO AL MOJICKYJISIPHOTO MOJEIUPOBaHMS, MPUMEPOM KOTOPOTO
asisiercs mozesib CLAYFF, onmcannas B nokymente nox asropctBoM Cygan et al., "Molecular Models of Hy-
droxide, Oxyhidroxide, and Clay Phases and the Development of a General Force Field", J. Phys. Chem. B, Vol.
108 (2004), ctp. 1255-1266, BKIIOYEHHOM B HACTOSIINI JOKYMEHT IOCPEICTBOM CCHUIKH. B mro0oMm ciydae
HpeAIoaraeTcs, 9To CIEIHAINCThl B 00JaCTH TEXHUKH HACTOSILETO H300PETEHNUS, IPOUTS HACTOSILEE PACKPHI-
THE, CMOTYT 0e3 TpyZa 1 0e3 HEeHYXHBIX SKCIIEPHMEHTOB PEaIn30BaTh 3TOT BAPHUAHT OCYIIECTBICHUS HACTOAIIE-
TO M300peTeHUsT JOJDKHBIM 00pa3oM Uil TpeOyeMBIX YCTaHOBOK. Takue BBITOJHAEMbIC KOMIBIOTEPHBIC IPO-
TpaMMBI JUIsl BBITIOJHEHHS BapHAaHTOB OCYIIECTBICHHUS HACTOSIIETO M300PETEHHUs] MOTYT ObITh YCTAHOBIICHBI B
cucteme 20 kKak pe3uJIeHTHBIE, KaK ObLIO OMUCAHO BHITIE, WM AIbTEPHATHBHO MOTYT OBITH BBIITOJIHEHHI B JopMe
BBITIOJTHAEMOTO BEO-TIPUIIOKEHHUS, HOCTYITHOTO A cepBepa 30 M KIMEHTCKUX KOMIIBIOTEPHBIX CHCTEM, TaKHUX
Kak pabodast craHums 21, JUIs MONXYyYEHHs] BXOAHBIX JaHHBIX OT KIMEHTCKOI CHCTEMBI, BBIIIOJIHEHUS MOAYJIEH
ITOPUTMOB Ha BeO-CcepBepe U NPEJOCTABICHUS KIIMEHTCKOM CHCTEME BBIXOIHBIX IAHHBIX B HEKOTOPOH y100HOM
0TOOpakaeMO WIIM IeYaTHOW (opMe. AJNBTEPHATHBHO 3TH BBIIOJIHSIEMbIE KOMIBIOTEPOM IMPOTPaMMHBIE KO-
MaHIbl MOTYT HaXOAUTHCS B APYTOM MECTE JIOKATbHON MITH TII00AbHOM CETH MIIM MOTYT OBITh CKa4YaHBI C BBICO-
KOYPOBHEBBIX CEPBEPOB MJIM PACIOJIOKEHUH B BHJE 3ammM(ppoBaHHON nHpOpManny Ha JIEKTPOMarHUTHOM He-
CYIIEM CHUTHaJIe yepe3 HEeKHi ceTeBoi mHTepdeiic mim ycTpoHCTBO BBOJA-BBIBO/A. BEIMONHIEMbIE KOMIIBIOTE-
POM TIPOrpaMMHbIE KOMaH/bl MOTYT OBbITh H3HA4aJbHO COXPAHEHbI HA CHEMHOM HJIHM JPYTOM HEPrOHE3aBHCHU-
MOM MAaIlTMHOYMTAEMOM HOCHTENEe JAaHHBIX (Hampumep, DVD-aucke, ¢iem-namMsaTa U T. 1.) WIH MOTYT OBITh
CKauaHbl B BUAE 3alIM(pOBaHHONW MH(POPMAIMU Ha 3JIEKTPOMArHUTHOM HECYIIEM CUTHaie B (hopMe pOrpaMm-
HOTO TNaKeTa, ¢ KOTOPOTO BBIITOJIHAEMBIE KOMIIBIOTEPOM IIPOTPaMMHBIE KOMaH/Ibl OBIIM TPaJUIHNOHHBIM CIOCO-
OOM yCcTaHOBJICHBI ccTeMOl 20 I YCTaHOBKH TIPOTPAMMBI.

OneHka HOHHOM MPOBOAMMOCTH INTHHUCTOI0 MUHEpasia

Ha ¢wur. 2 nokazan oOmuii mpuHOMN padoTs! cucteMsl 20 BO BpeMsi MOAEINPOBAHUS VISl OLIEHKH yIEJIb-
HOM MPOBOAMMOCTH MOJIENM CHCTEMBI TJIMHUCTBIX MHHEPAJIOB, KaK IPaBHJIO, COOTBETCTBYIOIICH KOMIIOHEHTY
M3y4aeMOoro IOA3eMHOT0 IIJIacTa, B Pa3BelKe U 100bIYe HE()TH U Ta3a B COOTBETCTBHH C OJJHUM BapHaHTOM OCY-
IIECTBJICHUS HAcTOALIEro n300pereHns. Kak ObuIo yKa3aHO BBINIE, MPEIIOJIAracTcsl, YTo Pa3iIMyHbIC CTaIUU U
(YHKIIMH 3TOTO Ipolecca MOT'YT ObITh BHITTOJIHEHB! OJTHUM HJIM HECKOJIBKUMH BBIYHCIUTEIBHBIMU PECYpPCaMHU B
cucreme 20, BBIMOIHAIOMIEH KOMIIBIOTEPHBIE ITPOrPaMMHBIE KOMaH/IbI, HAXOAAIINECS B JOCTYITHON IPOrpaMM-
HOH TaMSITH, B COOTBETCTBUHU C BBOANMBIMH B COOTBETCTBYIOLIMX CIydasX MONb30BaTeNeM JaHHBIMU. Kak Obu10
YKa3aHO BBIIIE, MpeAronaracTces, 9to cucrema 20 OyneT 3amporpaMMHpOBaHa B COOTBETCTBUH C BapHaHTAMU
OCYIIECTBIICHHS] HACTOAIIET0 N300PETEHHSI C TIOMOIIBI0 KOMITBIOTEPHBIX IIPOTPaMM, KOTOPBIE, B CIIydae BBINOII-
HEHUsI BBIYMCIUTEIBHBIMU pecypcamu B cucteMe 20, OyIyT BBITOIHATH PAa3IMYHBIEC NPOIECCHI, ONMMCAHHBIC B
HACTOSIIIEM PAacKpPBITHH, JJI1 MOJEIMPOBAHUS yASIbHOM MPOBOJMMOCTH CHCTEM TIIMHUCTBIX MHHEPAJIOB B COOT-
BETCTBHH CO 3HAYECHUSIMU M COOTHOIICHHUSMH PA3IMYHbBIX (PU3MIECKUX TTapaMETPOB.

XoTsl B IPUBEJICHHOM JIajiee PacKpBITHU MPUBOJUTCS NPUMEpP 3TOH ONepanyy, BHITOJHIEMON Ha padoueit
cTaHIMU 21 B ceTeBoil KOMIOHOBKE cucteMbl 20, moka3aHHOH Ha ¢wur. 1, pazymeercs, CleayeT MOHUMATh, YTO
KOHKPETHBIN BBIYMCINTEIbHBI KOMIIOHEHT, MCIOIB3YEMBIH Ul BBIIOJHEHUS! KOHKPETHOW OIEpalli, MOXKET
CYIIECTBEHHO OTIMYATHCS B 3aBUCUMOCTH OT peasi3alnuy cucTeMbl. Takum o0pa3oM, MpUBEICHHOE Jayee pac-
KpBITHE HE SIBISAETCS OrPaHUYMBAIOLINM, B YaCTHOCTH, B OTHOIIEHHH 00O3HA4YEHHs KOMIIOHEHTOB, 33JCHCTBO-
BaHHBIX B KOHKpETHOH omepanuu. CremoBaTenbHO, MPEANOIaraeTcs, 4To Iocie MPOYTEHUsI HACTOAIIEro pac-
KPBITUS CIEHHUATNCTaM B 00IAaCTH TEXHHKH HACTOSIIET0 M300PETEHHs CTAHET MOHATEH CIOc00, KOTOPBIM 3TH
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orepanyy OyAyT BBITOTHATHCS BEIYUCIUTEIFHBIMU PECYpCaMy B Pa3IUUHBIX PEANTH3alUIX U BapHAHTaX OCYIIe-
ctBiieHUs. CleOBATENBPHO MPEIIOIAracTCs, YTO YIIOMUHAHKS BBITOJHEHUS KOHKPETHBIX OIMEPAllUil CHCTEMOU
20 OymeT MOCTaTOYHO ISl TOTO, YTOOBI CIIEITUAMCTHI B 00JIACTH TEXHUKU HACTOSIIET0 N300pETEHHSI MOTIIH 0e3
TpyZAa peaan30BaTh €r0 BApUAHTHI OCYIIECTBICHUS 0€3 HeHY KHBIX 3KCIIEPHUMEHTOB.

Kak mokazano Ha ¢ur. 2, HAYaIBHOHN CTaJMel OIEHKH YACIbHON MPOBOAMMOCTH CUCTEMBI TIIMHUCTBIX MH-
HEpaJoB B COOTBETCTBHH C BapHAHTAMH OCYIIECTBICHHUS HACTOSIIETO H300PETEHNUS SBISIETCS IOCTPOCHHE MOJIe-
KYJSIpHOM MOJENW CHCTEMBI TNIMHBI B Tiporiecce 40. B paMkax HAcTOSIIETO PacKpBITUS TEPMHUH '"MOJIEKYIISp-
HBIN", FCIIONB3YEMbI B KOHTEKCTE MOJICNEH CHCTEM TIMHBI U OICHKH yEIbHOW MPOBOJMMOCTH, B HACTOSIEM
PACKPBITHH O3HA4YaeT MOJICITH U MPOIECCHl MOACIHPOBAHUS, B KOTOPBIX MPEIICTABICHBI OTACIHHBIC ATOMBI, HOHBI
U MOJICKYJIBI; B TAKOM KOHTEKCTE TCPMHUH "MOJICKYJISIPHEII" BKIII0OYaeT 0COOBIC BHIIBI aTOMOB M HOHOB, a TaKkKe
MOJIEKYJI.

Ha ¢wur. 3 u 4a-4g noapoOHO moxa3aHo BeIMoiHEeHHE Nporecca 40 MocTpoeHHs MOJIEKYIISIPHONH MOJICIH CH-
CTEMBI TJIMHUCTBIX MHHEPAIOB, CMOJICIIUPOBAHHON B COOTBETCTBHH C OJHHUM BapHAaHTOM OCYIICCTBICHUS Ha-
crositero m3ooperenus. [Iporece 40 MOCTPOCHUST HAYMHACTCS C BBITONHEHMs cTraiuu 50, COTNIACHO KOTOPOU
CTPOSIT aHAJOTHYHYIO O€3BOJHYIO TJIMHHCTYIO CTPYKTYDPY, B 3TOM IPHUMEpE BEHIOJIHEHHYIO B COOTBETCTBHH C
MOJIENTBIO DJIEMEHTapHOH stueiiku. Takyro aHaTOTHYHYI0 OE3BOIHYIO TIHHHCTYIO CTPYKTYPY CTPOAT C IICTBIO
BOCCO3/[aHUS aTPHOYTOB MOAEIHPYEMON CHCTEMBI TIIMHUACTHIX MUHEPAIIOB.

Ha ¢ur. 4a mokazan npuMep Takoi aHAJOTUYHON OE3BOIAHON TIIMHBI, HA OCHOBAHHHM KOTOPOU OyIeT To-
CTPOCHA MOJETh CMEKTHTOBOH (pa30yxaromieil) TTHHBI B COOTBETCTBUH C 3TUM BapHaHTOM OCYIICCTBICHHS Ha-
CTOSIIIETO N300peTeHus. AHATIOTHYHAS TIIMHA, TIOKa3aHHas Ha ¢ur. 4a, OCHOBaHa Ha MYCKOBHUTE, KOTOPBIN Mpe.I-
CTaBIISET COOOH aHAIOTUYHYIO TIHHY JJIST MOJEIUPYEMOH CMEKTHTOBOW INIMHBI. MYCKOBUT SIBIISICTCS JIFOMOCH-
JIMKaTOM CIIOMCTOTO CTPOEHHUS CO CTPYKTYpoH 2-1, TO ecTh KaXIbli CIOH 65 TIMHBI COCTOUT U3 JBYX JIHCTOB
KPEMHHEBBIX TETPadpOB MO 00€ CTOPOHHI JIMCTa aJIFOMOTHIPOKCHIIBHOTO OKTa’Ipa (Jlajee - JIMCT aIFOMHHUEBO-
ro okTa3apa). CoriacHoO 3TOMy IPUMEPY TaKyIO CTPYKTYPY MYCKOBHTA MOJU(PHUIUPYIOT, YAAISIS HOHBI KaTHS U3
OKTa3PAILHOTO JIUCTA ¥ 3aMCHSS aTOMBI AIFOMUHHS B TETPadAPHUCCKUX JIUCTAX aTOMaMH KpeMHUs. 3aps Ta-
KOH CTPYKTYpBI OCTAaeTCsI HEHTpaJIbHBIM U B €€ O€3BOJHON opMe 00pa3yeT CTPYKTYpy MUPO(GHUIUTUTOBOU TIIH-
HBl. Ha ¢wur. 4a moka3aHa cTpyKkTypa THPO(QHIUIMNTOBOM TIIMHBI JJIS YYACTKOB Maphl MapajlIeNbHBIX TIHHUCTBIX
CJI0eB 65, KaXIbIi U3 KOTOPHIH COICPKHUT JIBa KPEMHHUEBHIX JincTa 60 1Mo 00e CTOPOHBI OJHOTO JIMCTA 62 alto-
MHUHHEBOTO OKTadapa. Ha ¢wur. 4a mokazana sneMeHTapHas saelika 64, KoTopas BHIMONHIET (QYHKIINIO OCHOBBI
JUT MOJICNTH TaKO CHCTEMBI TIMHUCTBIX MHHEPAJIOB; XUMUYEcKass popMya >JIeMeHTapHOHW s4eiiku 64 B COOT-
BETCTBUU C 3THM IPUMEPOM BHITIBIIUT clieAyromuM oopazoM: SigAl;0,0(OH),. Atombr amromunwus (Al), kucio-
pona (O), Bogopona (H) u xpemuwust (Si) B Mogenu mupoUILTHTOBON TITHMHEI 0003HAYEHBI Ha (ur. 4a. 13 npume-
pa cornacHo ¢ur. 4a o4eBHIHBIM 00pa30M BBITEKAET, YTO MapajielbHbIE CIOM 65 pasieleHsl Mexay coOoi
MEKCIIOHHBIM MPOCTPAHCTBOM 63 (T.€. TYHHEIBHBIM MPOCTPAHCTBOM MEXIY CIOAMU 65 B CTPYKTYpE); Kak OyaeT
OIKCAHO HIDKE, TUAPATALNS TAaKOW TNIMHUCTOW CTPYKTYPHI MPUBEACT K HAOYXaHUIO 00beMa TIIMHBI, TOCKOIBKY B
9TOM MEXCIOWHOM MPOCTPAHCTBE 63 MEKAY YKa3aHHBIMHU MapaIUICIbHBIMU CIIOSIMH 65 CTPYKTYpHI OyIeT HaXo-
JIUTHCSI OJTMH MIIM HECKOJIBKO CJIOEB BOJIBI.

Ha ¢wur. 4b nokazana cTpykTypa 3JIeMEHTapHOH SYEHKH IPYroro aHAJIOTHYHOTO TIMHHUCTOIO MHUHEpaia, a
MMEHHO KaoJMHUTA. KaommHUT mpencTaBisieT coboil MIMHY co CTpYKTypol 1-1, B KoTOpo# cioit 65' (u, cieno-
BaTebHO, DJIEMEHTapHas siaelika 64") TIMHBI CONEPIKUT OJAWH KPEeMHHEBBIH JucT 60 ¥ OuH JTHCT 62 alfOMUHHC-
BOTO OKTa’zapa. M3 ypoBHS TEXHHUKH W3BECTHO, YTO KAOJMHUT HE SBISIETCS CMEKTHTOBOW INIMHOH (T. €. He 00xa-
JTaeT TTOCTOSHHBIM OTPHUIATEIFHBIM 3apsSIOM CTPYKTYPHI), IOITOMY B Ciydae THApaTanui He OyaeT pa30Oyxartb
MeXxay ciosiMu 65'. 3aech Kpas (T.e. KOHIIBI) KAOJMHUTOBBIX CIIOEB 65' SBISIOTCS PeakKIMOHHOCTIOCOOHBIMH, TO-
9TOMY NIPEJCTAaBIISIOT COOO0H yJacTKN B3aMMOJECHCTBHS C MOJIEKYJIaMH Macia ¥ BOJbI.

[Ipenmonaraercst, 4To TaKkHe BapHaHTBI OCYLICCTBICHHUS HACTOSIIEI0 M300pETEHNSI MOXKHO HCIIOJIB30BATh
JUTS. MOJICIIUPOBAHMSI YACTBHOMN MPOBOJAUMOCTH B 3TUX W JAPYTHX TIUHHUCTBHIX CTPYKTypaX. B paMkax HacTOSIIEro
PACKPBITHS TIIMHHCTAsI CTPYKTypa, MoKa3aHHas Ha ¢ur. 4a, OyzmeT omucaHa kak npumep. [IpeamonaraeTcs, 4To
CIELMAIHNCTHI B 00JACTH TEXHUKH HACTOSILIETO U300pETEeHHS, N3yYHB HACTOSIIUN JTOKYMEHT, CMOTYT 0e3 TpyZa
MPUMEHHUTH CIIOCOOB M CHCTEMBI, ONFICAaHHBIE 3/1€Ch, HE MpuOeras K HEHY)KHBIM AKCIIEPUMEHTaM, K KaOJIWHUT-
HOW TJIMHE, TIOKa3aHHOU Ha ¢Gur. 4b, M K IpyruM HHTEPECYIOMNM UX TJINHAM.

Kak mokazano Ha ¢wur. 3, ¥ COrJIacHO 3TOMY BapHAHTy OCYIIECTBICHHUS IOCIE 00Pa30BaHUS CTPYKTYPHI
3JIEMEHTapHOM sSUYeKH B Tiporiecce 40 mepexoasaT K BBITIOTHEHHUIO CTaauK 51 Il OpTOrOHANHM3AIMK TaKOH dIie-
MEHTapHOH SYelkn 64 B PEryIsIpHYIO CTPYKTYPY, I'/Ie KaXKIOMY aTOMY HAa3HAUEeHBI KOOPIWHATHI JJIS OTIpeaese-
HUS UX TOJIOKEHHUS B KoopauHaTHOU cucteme. Craausa 51 opToroHanm3anny He SBIAETCS 00S3aTENBHOMU, MO-
CKOJIbKY TIOCJICAYIOIINE CTAJANH MOJCIUPOBAHUS, OMMCAHHBIC B HACTOSAIIEM TOKYMEHTE, MOKHO MPHUMEHUTH K
crcTeMe MUHEpasa ¢ UCXOIHOW CUMMETpPHEH CTPYKTYpHI (T.€. KOTOpasi MOXET ObITh HE OpTOroHaJIbHOW). OHa-
KO IIpEeAIoJaraeTcsi, 4YTo nocyueaymonas oopadorka Oyner s peKTuBHEE Ha CHCTEMaX C OPTOrOHAJIBHOW Moje-
JIBIO, TTONyYeHHOH Ha cramuu S1. [locie opToroHaIM3anuu, BHIOJHEHHOW B COOTBETCTBHH C 3TUM BapUAHTOM
OCYILECTBIICHHS], HA CTaUH 52 3JIEMEHTapHYIO siueiiky 64 pa3BOpauMBaIOT B CBEPXbsueiiky. Takas CBEpXbide-
Ka, CO3J]aHHAs Ha CTaauu 52, o0pa3oBaHa U3 psla TAKUX IJIEMCHTApHBIX siueek 64, a ee pa3Mep, JOCTaTOUHBIN
JUTS BBITIOJIHCHHS ONHCAaHHBIX B HACTOSIIEM JOKYMEHTE CTaauil MonmenupoBaHus. Hampumep, 3iaeMeHTapHYIO
ssaeiky 64 coryiacHo (ur. 4a MOKHO Pa3BEpPHYTh Ha CTAIUU 52 B CBEpXbIUEHKY M3 MIECTHIECATH YETHIPEX dJe-
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MEHTapHBIX SIYECK, PACIOIOKCHHBIX B KOH(PUTypanun 8x4x2 B HANPABICHUAX X, Y U Z (B COOTBETCTBHH C OPH-
eHtanueil ¢ur. 4a) cooTBeTcTBeHHO. KOTMUECTBO MOBTOPECHUH 3JIEMEHTAPHOMN SUCHKU B KaXKIOM HAIMPaBICHUU
MOJKET, KOHEYHO K€, OBITh JPYTUM B 3aBHCHMOCTH OT TpeOOBaHHU MojenupoBaHus. KaxmoMmy atomy B Tpea-
CTaBJICHUH CBEPXBSIYCHKU OyIyT MPHUCBOCHBI KOOPIMHATHI, OMUCHIBAIOIIME €0 TOJIOKECHUE B KOOPJIMHATHOMN
CUCTEME.

B cooTBeTcTBHU C 3THM BapHaHTOM OCYIIECTBICHHS HACTOSIIETO M300pETeHUS Ha cTaaud 54 WOHBI BHI-
OpaHHOTO BHJA MOJICTABISIOT B CTPYKTYPY CBEPXBSUYEHKH B COOTBETCTBHM C TpeOyeMO# IUIOTHOCTBIO 3apsia
MOJICITUPYEMO¥ TTIHHBEL. B COOTBETCTBHHM C 3THM BapHaHTOM OCYIIECTBICHHS HACTOSIIET0 N300pETEHIS MOICITH-
PYIOT MOHTMOPIJUIOHUTOBYIO CMEKTHTOBYIO TNIMHY. TakuM 00pa3oM, HOHBI MarHus 3aMeNatoT HOHbI ATFOMITHHAS
B OKTa»ApaJIbHOM JIUCTE 62 CTPYKTYpHI CBEPXBIUCHKH, KaK MPAaBWIO CIydalHBIM 00pa3oM. B ypoBHE TeXHUKH
M3BECTHO, YTO 3apsia HOHOB Maruus (Mg®") oTnmuaercs ot 3apsiia 3aMelaeMbIX HoHOB amomunus (AlY), B pe-
3yJIBTATE YETO B MECTaX PACIIOJIOKCHHS B CBEPXbIUCHKE HOHOB MAarHUS 00pa3yloTCsl yYaCTKH C OTPHIATEIIEHBIM
3apsgoM. Ha ¢ur. 4c u 4d moka3zaHsl mpUMeEphl CBEPXbIUCeK MOHTMOPIIUIOHUTOBOW CMEKTHTOBOM TJIHHBI, OCHO-
BaHHBIC HA CTPYKTypE COMIacHO (Ur. 4a, B KOTOPHIX MOHBI MAarHUs 3aMEIIAlOT B CIYYalHOM TOPSIKE HOHBI
ATFOMUHUS TIPU IBYX Pa3HBIX KOHIICHTPAIMX 3apsaaa; Ha ¢ur. 4c u 4d moka3aHbl BUIBI B TUIAHE OTHOCHUTEIBHO
CEYCHHS BUJIa COTJIAaCHO (UT. 4a, TOITOMY MEXCIOIWHOE MPOCTPAHCTBO 63 MEXIy MapaJlIeIbHBIMHU CIIOSIMH TIIH-
HBI HE BUIHO. HecMOTps Ha TO, YTO pa3MeIIeHHe STHX 3aMEIICHHBIX HOHOB ABISETCS CIyYalHBIM, TAKOE PacIo-
JIOXKCHHE JTy4Ille KOHTPOIHUPOBATh, YTOOBI MPEIOTBPATUTH 00pa30BaHME B3aMMOACHCTBHS OMIDKANHIINX cocene
Mg-O-Mg. Ha ¢wur. 4c nokasan mpuMep OTHOCHTEIHHO HU3KOTO 3apsja, MPUYEeM YUCTas IUIOTHOCTH 3apsia
CBEpXBAUYCHKN ToOcHe craguu 54 3amemnienus coctaBisger -0,375¢ Ha dJIeMEHTapHyl0 sS4ehKy, Tae € -
3JIEMEHTAPHBIN 3aps]l SJEKTPOHA; YIACTKH 66 ¢ OTPUIATEIBLHBIM 3apsIIOM MTOKa3aHbl Ha 3TOW QUT. 4C B MeCTax,
COOTBETCTBYIOIINX MECTaM PACIIOJIOKEHHS 3aMEIA0IIUX HOHOB Maraus. Ha ¢wur. 4d moka3aH npumep BBICOKO-
ro 3apsaa, IPUIEeM YHCTasl TUIOTHOCTD 3apsa CBEPXbsUCHKHU mociie ctanauu 54 3amenieHus cocrasiset -0,750e
Ha JICMCHTApPHYIO SYCHKY, 4TO B JIBa pa3a OOJIbIIe TUIOTHOCTH YYaCTKOB 66 C OTPHUIATECIHHBIM 3apsIOM, KaK U B
npuMepe coriacHo ¢ur. 4c. Taxke B paMKax cTaguu 54 MOHHOTO 3aMEIICHUS MOJIENIb CBEPXbAUCHKH JOMOTHH-
TENBHO MOAU(DHUIUPYIOT TOCPEJICTBOM BCTABKH IMPOTUBOMOHOB B O0JIACTH MEXIY CIIOSIMH, YTOOBI CBEpXbIUCHKA
uMela HeTpaJibHEIHN 3aps. B COOTBETCTBUU C 3TUM MPUMEPOM UCIONB3YIOT POTUBOMOHBI HATPHS MU MPOTH-
BOWOHBI KaJIBIMA, XOTS aJbTEPHATUBHO MOXKHO HCIIOJIB30BAaTh MPOTHBOHMOHBI JPYTUX BHIOB. B mpumepax co-
rmacHo ¢wur. 4c u 4d (T.e. ¢ pa3HO# IJIOTHOCTHIO 3apsaa) XUMHUECKHE (GOPMYIIBI DJIEMEHTAPHOU STYSHKH, TIOJTY-
yaeMoil Ha cragmu 54 C WCIOJIB30BAHHWEM IIPOTUBOMOHOB HATPHS, BBINIALAT CIEAYIOUIMM 00pa3oM:
N30A375SigAl3A625Mg0A375020(0H)4 u NaOA75Si8A13A25Mg0A75020(OH)4 IUIA 3apsaa HH3KOH M BBICOKOM IIJIOTHOCTH CO-
OTBETCTBEHHO.

Ha cragum 56 cTpykTypy MOAenu CBEpXbSUCHKH TJIMHBI THAPATHPYIOT, BBOAS MOJEKYIB BOABI B MEXK-
CJIOITHOE MPOCTPAHCTBO MEXKIY CIOSIMH TJIMHBI B CTPYKTYpE CBepXbsuciiku. Hampumep, B CTPYKType MOHTMO-
PWIUIOHUTOBOM TJIMHBI COTTIACHO (hUT. 4a Ha cTaguu 56 TUApaTaNus CJIOU TJIUHBI CO CTPYKTYpOit 2-1 pa3menstoT
MOCPEACTBOM BCTABKM MOJIEKYJI BOABI B MEXKCIOHHOE MPOCTPAHCTBO 63 Mexay ciosiMu 65. B cooTBeTCTBUU C
9THM BapHaHTOM OCYIICCTBICHUS HACTOSIIETO M300PETEHUS B Pe3ybTaTe BBOJA MOJICKYN BOJBI HAa CTaIuu 56
9TH MOJICKYJIBI BOJBI BCTABISIOTCS B (JOPME IICIIOTO YHCIIA CIIOCB MOJICKYJ BOJABI B COOTBETCTBUH C TPeOyeMoit
MOJIETTUpYeMOW KOHIIEHTpaluel Bonbpl. HampuMep, B MEXKCIOHHOE MPOCTPAHCTBO 63 MOTYT OBITH BCTAaBJICHBI
OJIMH, JIBA WJIM TPH CJIOSI BOJBI, B pe3yIbTaTe 4ero OyayT IMOJYIeHbI CTEXHOMETpUIECKre oTHOIeHus 3,9, 7,9 u
11,8 Momnekys BOIBI Ha 3JIEMEHTAPHYIO SYEHKYy COOTBETCTBEHHO. COTIIaCHO OJHOMY MPUMEPY CTaIuio 56 BBI-
MOJHSIOT, epeMenas nporuBononsl (Na', Ca'?), BecTaBIeHHBIC Ha CTaIHK 54 B MEXCIIOIHBIC IPOCTPAHCTBA 63,
B MECTa BBIIIE WM HMKE COOTBETCTBYIOIINX YY9aCTKOB C OTPHUIATEIHHBIM 3apsiaoM 66 B 3aBUCHMOCTH OT 00-
CTOSITENTCTB, TIOCIIE YETO OCTABIIMICA OOBEM MEKCIOHHOTO MPOCTPAHCTBA 63 3aMOIHSIOT COOTBETCTBYIOIINM
KOJIMYECTBOM MOJICKYI BOJIBI B TpeOyeMOl KOHIIEHTpaIiy. Takas BCTaBKa MOJICKYJI BOJBI 00CCIICUHBACT YBEIH-
YCHHE Pa3JICIICHUS MEKIY apaUICIbHBIMU CIOSIMU TITUHUCTOU CTPYKTYPHI 2-1 U, ClieoBaTenbHO, COOTBETCTBY-
eT pa30yXaHUIO IITHHBI, XapaKTEPHOMY JJIsI CMEKTUTOBO TJIMHBI 3TOTO THIIA.

Ha ¢ur. 4e-4g nokazaHa MozieNlb CBEpXbSUCHKY TIIMHBI corylacHo ¢ur. 4a mociue craauu 56 TuapaTanuy ¢
Pa3HBIMU KOJIMYECTBAMH BOJOHOCHBIX CIIOEB, BCTABJICHHBIX MEXIY ciosmu 65. Ha ¢ur. 4e mokazana koH¢ury-
pauus CBepXbA4eHKH TTIHHBI, B KOTOPOH MEXAy MapaiebHBIMU CIOAMU 65 TIMHUCTON CTPYKTYpsI 2-1 BcTaB-
el oxuH cioit 67(1) Boxsl. VI3 ¢ur. 4e BUAHO, uTO NPOTHBOMOHBI Hatpus (Na') yIepKUBAIOTCS B BOJOHOCHBIX
ciosix 67(1). [lomygaemoe B pe3ynbTare pa3ieleHue MEeXKAY CMEKHBIMHU MapalieIbHBIMU CIIOSIMU 65 00pasyeT
mar cioeB d(1) mist cmydast ¢ omauM ciioeM 67(1) Bomel. Mcmonb3yeMblid B HACTOSIIIIEM JOKYMEHTE TEPMUH
"mar" o3Ha4aeT CyMMapHYIO TOJIIHUHY OJHOTO CJOs 65 U CMEKHOTO MEXCIOWHOTO MPOCTpPaHCTBA 63; ATOT miar
CJIOEB TJIMHBI MOXKHO pacCMaTpPHBATh KaK AKBUBAJICHT 0a3aIbHOTO MEXIUIOCKOCTHOTO PACCTOSHHSA, U3MEPEHHOTO
IKCICPUMCHTAIBHBIMA METOIaMU TTOPOIIKOBON PEHTTCHOBCKOM mudpakiun. Ha ¢ur. 4f mokazana koHdurypa-
U] CBEPXBAUCHKU C ABYMS BOJOHOCHBIMH CIOSMU 67(2), BCTABIICHHBIMU MEXKAY KaXKIOW Mapoil mapayuieIbHbBIX
cytoeB 65 TIIMHBI cO CTpyKTypolt 2-1; mar cioeB d(2) B aToMm ciydae Oyzaer 6osbie mrara d(1) s koHdurypa-
UM C OJHUM cJ0oeM cornacHo ¢wur. 4e. Ha ¢ur. 4g nokazana KOHPUTypamus CBEPXbIUCHKH C TPeMs BOJOHOC-
HBIMH cI0sIMH 67(3) MeXITy KaKAoH mapoi CMEXHBIX MapauiedbHBIX cloeB 65, npudyeM mar cioeB d(3) B KoH-
¢duryparuu ¢ TpeMs BOIOHOCHBIMHU CIOSAMH Oyzaer Ooibiie mara d(2) B KOHQUTYpAIUK C JBYMS BOJOHOCHBIMHU
CIIOSIMH.
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Kax nokasaso Ha dur. 4e-4g 1 Kak GBUIO YKA3aHO BBILIE, IPOTHBOMOHKI (Hanpumep, Na') yaepKuBaroTcs
BO BCTaBJICHHBIX BOJIOHOCHBIX CJOsAX 67. KOMH4ecTBO TaKMX MPOTHBOMOHOB W MX IUIOTHOCTH 3apsijia ONPEIeIis-
eTcst KommdecTBOM 3amenternii (Mg?' B 9ToM mpuMepe) B Ci10siX 65 TIHHBI B GE3BOIHOI CTPYKTYpE, 00pasoBaH-
HOW Ha ctamuu 50, m, TakuM 00Opa3oM, HE MEHSAETCS B 3aBUCHMOCTH OT KOJMYECTBA BOJOHOCHBIX CIOEB 67,
BCTABJICHHBIX B MPEJICTABICHHE CBepXbsaciiku. ITockomsky nmporusorons (Na™ mm Ca*’, B 3aBucmmoctn oT
00CTOATENTECTB) HAXOAIATCS B BOJOHOCHBIX CIOSIX 67, OHHM OyIyT IBUTATHCS MO ASHCTBHEM COOTBETCTBYIOIIETO
CTHMYJIa (XOTSI CYUTACTCS, YTO B3aMMOACHUCTBHS MEXIy MPOTHBOMOHAMH W COCEIHUMH MOJIEKYJIaMH BOJBI Oy-
IyT TMIPUBOANTH K IABIDKEHHIO 000mx). Takum 0Opa3oM, IMEHHO B pe3yJIbTaTe TaKOTO ABIKEHHS MPOTHBOHOHOB
B OTBET Ha MPUKJIAIBIBAHUE IMOTCHIMANA B MIIMHE OYJET BO3HUKATH JJICKTPHYCCKAs yICIbHAs MPOBOJIUMOCTS.
MonenupoBaHre HOHHOW MPOBOJMMOCTY TaKOW TITHHHUCTON CTPYKTYPHI B COOTBETCTBHH C BapHUAHTAMHU OCYIIC-
CTBJICHUS HACTOSIIETO M300PETEHUS MO3BOJIMUT OMPEACIUTE ABHKCHHUE dTUX MPOTUBOUOHOB U OICHUTH HOHHYIO
MPOBOUMOCTH CUCTEMBI TTMHUCTBIX MUHEPAIIOB.

KoopauHaTel aTOMOB B CTPYKTYpE CBEPXBSIUCHKH TOCIIE CTAIUU 56 TUApPATAIUU PACIIHPSIOT IS pa3/eiie-
HUS MEXKAY CMEKHBIMU CIOSMHU 65, BKIIOYas KOOPAWHATHI IMPOTUBOMOHOB, a 3aTEM UX COXPAHSIOT KaK Tpej-
CTaBJICHHE ITOCTPOCHHON MOJICKYJLSIPHOHM MoJienH B moaxoasmeM popmate B mamsaTu cucteMsl 20. 3aTem Ha cTa-
mun 40 CTpOST MOJETUPYEMYIO MOJICKYISIPHYIO MOJENh CHCTEMBI TIMHBL. HecMOTps Ha TO, 94TO CBEpXbIUCHKH
Ha ¢ur. 4e-4g MPEACTABIIIOT MOAEITH KOHEYHOT'O pa3Mepa, Ha MpakTUke s 3P(GEKTUBHOTO MPEIACTABICHUS
0ECKOHEYHOTO YHCIa MOBTOPSIIOIINXCS CBEPXbAUECK B HAPABICHISAX X, Y U Z UCTIONB3YIOT IEPHUOIIMUECKUE TPa-
HUYHBIE yCIOBUSA. TakuM 00pazoM, AIEKTPOCTATHIESCKHE B3aUMOICHCTBHS NANbHETO NIEHCTBHUA OYAYT BKITIOUYSHBI
B TIOCJIEAYIOIIIE MOACTUPOBaHUS MeTooM M/I, kak OyIeT miucaHo HIDKE.

Ha ¢ur. 2 noxazano, 4T0 MOJICKYJISIPHYIO MOJIEIIb, IIOCTPOCHHYIO Ha cranuu 40, mepeBoasT Ha cTaauio 42.
Ha ctaguu 42 cocraBnstonumM (aToMaM, MOJICKYJIaM) TOCTPOSHHOM MOJICH U UX B3aUMOJICHCTBUSAM APYT C IPY-
TOM Ha3HAYaIOT IMapaMeTpPhl CHIOBOTO IMOJs. B COOTBETCTBHM C 3TUM BapHAHTOM OCYIIECCTBICHHUS HACTOSIICTO
n300peTeHNs] MOJICTb CHJIOBOTO ITOJIS JIIS TJIMHBL, u3BecTHas oy Ha3BanueM CLAYFF, onucannas B JokymMeHTe
moj apTopctBoM Cygan et al., BKIIFOUCHHOM B HACTOSIIHMHA JOKYMEHT BBIIIC MOCPEACTBOM CCBUIKH, MTPEIOCTABIIS-
€T 3HAYUTENbHO OOJbIIe THOKOCTH TIPH ONMCAHWH ITapaMeTPOB B3aNMOACHUCTBHS MEXIy aTOMaMH M MOJICKyJa-
MU B MOJICNTH CBEPXbSIUCHKH THIPATHPOBAHHONW MOHTMOPHIUTIOHHTOBOM TJIMHBI, TOCTPOSHHOH B Tiporecce 40. B
COOTBETCTBHH C 3TUM BAPHAHTOM OCYIIECTBIJICHHS HACTOSIIET0 M300peTeHNs Ha3HAUYCHHE HTHX MapaMeTpoB Ha
ctaguu 42 NOJKHO BBITIONHATHCS cUCTeMO 20 B MPOrpaMMHON Cpelie MOJCIMPOBAHUS, TAKOW KaK IMaKeT KOM-
MBIOTEPHBIX MPOTPAMM MOJIEKYJIIpHON auHaMuku LAMMPS, onricaHHBIH BBITIIE.

3HayeHnsT MapaMeTpoOB CHIIOBOTO IOJISI M MEPEMEHHBIX MOJCIHPOBAHUS HA3HAYAIOT COCTABISAIONIMM IIO-
cTpocHHOMU Ha ctanuu 42 monenu. Kak omucano B ctatbe Cygan et al., mapaMeTphl CHIIOBOTO TOJS BKITFOYAIOT

MPEJICTaBICHUS AaTOMOB B MOJICJIM KaK TOUYCYHBIX 3aps/IOB B TOYKAX B MPECIaxX KOOPIUHATHOW CUCTEMEI C
MOCTYTATEIFHON CTEIICHBIO MTOABHXHOCTH BHYTPH CTPYKTYPBI MOICIIH,

SHEPTHU KAXKIOTO B3aUMOJICHCTBUS aTOM-aTOM B CHCTEME, BKITIOYAsl SHCPTHH JJIS DJICKTPOCTATUYCCKOTO
B3aUMOJICHCTBUS ANBHETO NeiicTBusA (3akoH KyioHa) u B3aUMOJCHCTBUS ONMKHETO NeiicTBus (cruibl BaH-nep-
Banbca), a Tak:ke UX TPAHHYHBIC PACCTOSIHUS M YIJIBI CBS3H, JJIMHBI CBS3H M T.J. JUIS THAPOKCIIBHBIX TPYII H
MoJIeKyJ Bonsl. bonee Toro, Ha ctagum 42 TakKe MOTYT Ha3Ha4daTh 3HAUYCHUS KOHKPETHBIM MEPEMEHHBIM MOJE-
JIMPOBAHUS B COOTBETCTBHHU C TPEOYEMBIMHU YCIOBUSIMH MOJCIHPOBAHUS, HATIPUMED, BKITIOYAst

TpaHIYHBIC YCIIOBHS, ONIMCHIBAONINE JaBIICHIE, TEMIIEPAaTypy U 00beM;

TPYyIITy TEPMOJMHAMUYECKHAX apaMeTPOB U APYTHe KOd((UIMESHTH, MEIOIINE OTHOIICHHE K MOJIEIHPO-
BAaHUIO METOJIOM MOJICKYJIIPHON IWHAMHUKH, KOTOpPBIE OyAyT MOHATHHI CHEIHAINCTaM B OONACTH TEXHWKH Ha-
CTOSIIEr0 U300pPETECHUS TIOCIIC U3YUCHUS HACTOSAIICTO pacKphIThs. [lociie Ha3HAYCHUS TPU HEOOXOUMOCTH Tpa-
JUIIMOHHBIMH METOJaMH MOXET OBITh BBIIIOJHCHA ONTHUMU3AIMS MapaMeTPOB B MOJCITH CHIIOBOTO TOJS, Kak
ommcano B ctatbe Cygan et al., BKIFOUCHHO!N B HACTOSIIUI JOKYMEHT IMOCPEACTBOM CCBUIKH. Takas ONTHMH3a-
AT MOXET OBITh MPOBEACHA, HAIPUMED, IS MOJXYYCHUS CTPYKTYPhI C MUHHUMU3UPOBAHHON CTPYKTYpPOH, Kak
OIKCaHO B cTaThe. Mcmonp30Banue 3TUX KOA(GGUIIMESHTOB CHIOBOTO TOJSI Ha CTaauu 42 MOXKET IPUBECTH K U3-
MEHCHUSAM TMOJIOKCHUN KOOPAMHAT Pa3HBIX COCTABJISIONINX MOJCITH CBEPXBAUCHKH; HApUMeEp, OBLIO 3aMEYCHO,
gto maru cioeB d(1), d(2), d(3) HeCKONIbKO 3aBUCAT OT TEMITEPaTyPHI.

[Tociie HazHAYEeHUS KOAPPHUITUEHTOB CHIIOBOTO OIS Ha cTafauu 42 cucteMa 20 BBITIOJHSIET MPOTpaMMHBIC
KOMaH/Ibl JUIsI BHITIOTHEHHsI CTaauu 44 MoIETHpOBaHUS METOJIOM MoJeKynspHoi muHamuku (M]]). Kak Oput0
OTIHCaHO BHIIIE, B YPOBHE TEXHHUKH M3BECTHBI MAKETHI MPOTpaMM ISl MOJEIHPOBaHUS MeTomoM MJI, KkoTopsie
MOJKHO HCIIONIB30BaTh Ha ctaauu 44. IIpumepoM Takoro MOAXOZSINEro mporpammHoro makera M/ sBusercs
nporpaMMHbIi TakeT LAMMPS kommnanun "Cananiickuie HallMOHAIbHBIE J1abopaTopuu', Kak ObLIO pacKphITO
BBIIIIE.

B cooTBeTcTBHM C BapHaHTaMU OCYIICCTBICHUS HACTOSIICTO H300pETCHUS Ha cTaanu 44 MOJCIUPOBAHHUS
MeTozoM MJ] OlleHHBAaIOT TUHAMUYECKHE CBOMCTBA COCTABISIOMIUX MOJCKYJISIPHOW MOJCTH CBEPXbIUCHKH, MO-
CTpOCHHOW Ha cTanuu 40, 0 3HAYCHUSIM MapaMETPOB CHIIOBOTO TOJS U TIEPEMEHHBIM MOJICITUPOBAHUS, Ha3HA-
4yeHHBIM Ha cTaauu 42. [IpuMeHuMBbIM NOIXO0JO0M AJisi MoAenupoBaHus metoaoM M/I Ha cramuu 44 sBrsercs
OIICHKA B3aMMOJICHUCTBHIA OJMXKHETO JCHCTBHUS M JaJbHEr0 NEHCTBUA (T.e. MPUMEHUMBIX M COOTBETCTBYIOIIMX
YpaBHEHHI IBMKEHHUS) TI0 COCTABJIIOIIAM MOJIENI HECKOJIBKUMHE 3aX0JaMH B T€UEHHE BBIOPAHHOTO TEPHOAA
BPEMEHH [T MTOYICHHST KOOPAMHAT TOJI0KEHHUS, CKOPOCTH U CHJIBI 3TUX COCTABIIAIONINX 32 3TOT HEPHO.
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B omHOM mprMepe B COOTBETCTBUU C OJHHUM BapHUAHTOM OCYIICCTBICHHS HACTOSIICTO U300pETCHHUS B3au-
MoJIeiicTBUS ONMKHETO AeUcTBUs (Crutbl Ban-nep-Baanbca) oneHuBaM 3a KOPOTKHE MIPOMEKYTKH BpeMeHH (Ha-
npuMep, 0,5 ¢dc), e K cnaaM GIIKHETo AeHCTBHS MPHMEHSIIN IpaHHYHyIo JIuHY (Hanpumep, 10,0 A), 3a mpe-
JIeTIaMU KOTOPO#t 5TH B3aUMO/ICHCTBUS B MOJICITMPOBAHUY HE YYUTHIBAINCH. B 3THX MOJETHPOBAHUSAX UCTIONB30-
BaJIM MEPUOMYCCKUE TPAHUYHBIC YCIOBUS M OLEHHUBAIM JJIEKTPOCTATUYECKUE B3aUMOJCHCTBHS NajbHETO JeH-
CTBUS 3a 0o0Jiee TPOTOIDKUTENBHBIE TEPUOIBI BpeMern (Hampumep, 1,0 ¢c), HCmob3ys anropuTM MoAeIupoBa-
HUS 9acTHIIA-9acThIa YacTuia-sueiika (PPPM), onmcanHbpIi B TOKyMEHTE 1Mo aBTopcTBoM Plimpton et al. "Par-
ticle-mesh Ewald and rRESPA for parallel molecular dynamics simulations", Proceedings of the Eighth STAM
Conference on Parallel Processing for Scientific Computing (1997), BKJIIOYeHHOM B HacTOSIINH JOKYMEHT IO-
CPEICTBOM CCBUIKH. B COOTBETCTBHH C 3THM HMPUMEPOM CHUCTEMBI MOJCIH TCPMUYCCKU YPABHOBCIIUBAIU C TIO-
MOIIBI0 HAYAIEHOTO MOJACTHPOBAHUS C HHTEPBAIOM 50 TIC B MUKPOKAHOHUYECKOM aHcaMOJe (T. €. KOJUYECTBO,
00BbEM M TIOTCHIMATBHYIO SHEPTHIO YACTHII) TOCPEICTBOM HOPMAIU3AIIUH CKOPOCTH 10 TpeOyeMoil TeMIiepaTy-
PBL, TIOCIIE YeTO MPOBOIMIN JOTIOTHUTEIFHOS MOJICIHPOBAHUE C HHTepBAIOM 50 IC B KAHOHIMYSCKOM aHcaMOe
(T.e. KOMMYECTBO, 00BEM U TeMmepaTyphl o TepmocTaty Hose-I'yBepa wactuir). [locie 3THX Ha4adbHBIX MOJE-
JIMPOBAHUI BBIMOJHSIM MIPOM3BOACTBEHHOE MOJEIMPOBaHKE 3a Oojee UTUTENbHBIN Meproa BpeMeHH (HarpHu-
Mep, 2500 1ic) B m300apuuecKH-U30TePMUIECKOM aHcaMOe (T.e. KOJMIECTBO, 00bEM U TEMIIEPATypPhl YaCTHII,
rae paBieHue no Oapocraty Hosze-I'yBepa paBHO Hyi0). B COOTBETCTBHM € 3TUM MOJIEIUPOBAaHHEM 00BEM
CBEPXBAUCHKN MEHSUTA TOJBKO B HAPaBICHUH Z (T. €. IEPIICHANKYIISIPHO CIIOSM TIUHBI Ha Qur. 4e-4g).

3aTeM pe3ynbTaThl CTanuu 44 MOJETUPOBAHMS UCTIONB3YIOT Ha cTaauu 46, rae cucteMa 20 BRIYUCISIET KO-
3¢ rummentsr camonudpy3ru D BBIOpaHHBIX MOJIEKYJ U aTOMOB. B ocHOBe cTamuu 46 3TOro BapuaHTa OCYyIIe-
CTBJICHUS HACTOSIIECTO U300PETCHUS JICKUT BUKCHUC BHIOPAHHBIX aTOMOB M MOJICKYJ 32 BHIOPAHHBIH MEPUO.T
BPEMCHU B TCUCHHEC MOJICIUPOBaHUS. BO BpeMs MOJCTUPOBAHHS CMEKTHUTOBOW TJIMHBI, OIMTUCAHHOM BBIIIIE, KO-
>¢duupents qubdysun D nporuononos Hatpus (Na') wim kamsims (Ca’?), B 3aBHCHMOCTH OT TOT0, KaKHe U3
HUX TMPUCYTCTBYIOT, © MOJICKYJIBI BOJBI BO BCTABJICHHBIX BOJIOHOCHBIX CJIOSX 67 OCHOBBIBAIOTCS HA KOOPIHUHATAX
TIOJIOXKCHHUST AaTOMOB M MOJICKYJI 32 HECKOJIBKO TIEPHOOB OIICHKH B TCUCHUE BHIOPAHHOTO MHTEPBaJia BPEMCHH Ha
craguu 44 moaenupoBanus MetogoM MJI. B kauecTBe mpuMmepa MpOM3BOJCTBEHHOTO MOJIEIUPOBAHUS C HHTEP-
BasioM 2500 1ic B n300aprueCKH-N30TEPMUIECKOM aHcaMOJIe, OMTMCAaHHOM BEIIIE, BEITIONHEHNE CTaauu 46 MOKET
OBITH OCHOBAHO Ha KOOPIMHATAaX aTOMOB M MOJIEKYJ, COXpaHsAEMBIX B maMaTu cuctembl 20 xaxmapie 2,0 dc 3a
nocneaane 2000 e u3 Beex 2500 e mporiiecca MOJISTUPOBAHMS.

Ha ocHOBaHHMH 3THX COXpPAHEHHBIX KOOPAMHAT IOJIOKEHHUS] pacCMaTpPUBAEMbIX HOHOB M MOJIEKYJ Ha CTa-
Jqun 46 U3 CpeAHEKBAIPATHYHOTO CMEIEHUSI ATUX NOHOB M MOJICKYJ BOJIbI B IUIOCKOCTH X-Y, MapaulebHOH 0a-
3aJbHOW TIOBEPXHOCTH, BEIUUCIAIOT K03 duuneHTs camoauddysun D:

{Ax(£)? + Ay(t)?) = 4Dt

IJie CKOOKH < > 0003HAYAIOT CpeJHee MO0 aHCaMOITI0 3HAYCHHUE CMEIICHUS B HAMIPABICHUU X U Y UOHA WIIH
MOJICKYJIBl B KOHKPETHBI MOMEHT BpeMeHH t. B 3ToM mpuMmepe cMerieHHe B HANPaBICHUH Z YCTAHABIWBAIOT
PaBHBIM HYJIIO, TOCKOIBKY Au(Gy3ueii B 3TOM HampaBiICHUH MOXKHO MpeHeOpeds (T.e. Ha cTaauu 44 MOIEIHpo-
BaHUs B HAMPABICHUH Z MIPOUCXOTUT TOJHKO CIIy4aifHOE JIBHXKCHUE BCIICJCTBHE KHHETHUYECKOU dHeprun). Cpe-
Hee 10 aHCAMOITI0 3HAYCHHUE CMEIICHUS 32 TICPUO]] BPEMEHH BBIYHUCISIOT IS KaXKIOTO M3 BRIOPAHHBIX MPOTHBO-
HMOHOB U MOJICKYJI BOJBI B BOJOHOCHBIX CIIOSIX 67 B MEXKCIOHHOM MPOCTPAHCTBE 63 MOACTHPYEMOH CTPYKTYPHI,
HaNpUMep, TOJIBKO 3a MOAWHTEPBAT BPEMCHH, 332 KOTOPBIA OBLIO BBIIOJHEHO MOJCIMpOBaHWE. B ommcanHOM
BBIIIIE IPUMEPE CMEIIEHHE NOHOB U MOJIEKYJ OLIEHHUBAJH 3a MoAuHTEpBal B Toukax ot 200 no 800 mc u3 unTep-
Baya, paBHoro 2000 1ic, KOOPAMHATE KOTOPHIX OBLTH COXPAHCHBI, I MPEAOTBPALICHUS BOSHUKHOBCHHUS A dek-
TOB HEJTMHEWHOTO IBIDKEHHUS ONDKHETO AEHUCTBHUS (T.e., BpamaTeabHOro). Ha ocHOBaHMH 3THX PE3yJIbTAaTOB
MOJKHO IIPOBECTH PETPECCHOHHBIN aHANN3 (HalpUMep, METOIOM HaMMEHBIINX KBaApPaTOB) C IIETHI0 BOCCTAHOB-
JICHWsI HaKJIOHA TpadiKa 3aBHCHMOCTH CMEIICHUS OT BPEMEHH MOICITUPOBAHUSA U, CIEJOBATENBHO, KO3 DUIH-
enTa camoauddy3uu D s kaxmoro Buaa.

AnbTepHATUBHO KOYPPUITMESHTH! AU GY3UHN I BUIOB PACCMATPUBAEMBIX HOHOB M MOJIEKYJT B MOJIEITHPO-
BaHUH C OOBEMHBIMH JKAIKOCTSAMH WIH C OJHON JKHAKOCTHIO MOXKHO BBIYHCIHUTH Ha cTaguu 46, HampuMmep, mo-

CPE/ICTBOM IPSAMOT0 BhIYMCIeHUs Koddduirenta auddysnu D u3 TpexMepHO#H TpaeKTOPUU HOHOB U MOJIEKYIL:

1 d
D =glim %D (In® ~ )l

r7ie CKoOKaMu < > 0003HAa4EHO cpenHee Mo aHcaMOJIIo 3HaYCHHE CMETIICHHUS HOHOB FUTH MOJIEKYII 32 HHTEp-
BaJI BpEMEHH OT HA4aJbHOTO MOMEHTa BPEMEHH t, 10 MOMEHTa BpeMeHH t. TakuM oOpa3om, 3TO BBIpaKCHHE
MpeIHa3HaYeHO NI BBIYHMCIEHUS KodddunuenTa 1uddy3un Ha OCHOBAHHH CPEIHEKBAIPATHIHOTO CMEIICHHUS
HMOHOB U MOJIEKYJI, OTIPEICIIEHHOTO Ha CTaauH 44 OoCcpeICTBOM MOIETHPOoBaHus MeTotoM M/,

B cooTBeTCTBHU ¢ BapHaHTaMH OCYIIECTBICHHUS HACTOSINETO N300PETEHHUS TTOCIIE OTPEICICHUS HA CTa K
46 ko3 durmentor camoauddysun D paccmarpuBaeMbIX BUIOB Ha cTaguu 48, HAPUMEp, C MOMOIIBIO CHCTE-
MBI 20 BBIYHCISIFOT HOHHYIO MPOBOJAUMOCTh BUIOB B CMOJACIHPOBAHHON CUCTEME TIIMHBI, UCTIOIB3Ysl COOTHOIIIE-
Hue HepHcra-DitnmreitHa. Onucanue cootHomeHus: HepHcTa-DiHIITEiHA MOKHO HalTH B JOKYMEHTE O], aB-
ToperBoM Bockris et al., Modern Electrochemistry 1: Ionics, 2™ ed. (Plenum Press, New York, 1998), pp. 456-
458, BKIFOYCHHOM B HACTOSIINIA TOKYMECHT ITOCPEACTBOM CCHUIKH. bojiee KOHKPETHO, B COOTBETCTBUH C BapUaH-
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TaMH OCYIICCTBICHHUS HACTOSAIICTO H300pETCHHUS HOHHAS TPOBOAMMOCTh BHIOB TIPOTHBOMOHOB C ITOKA3aTeNeM 1
(xacatensHO oHOro w3 Na™ umn Ca’', BKIIIOYEHHBIX B MOJIE/b COTIACHO OMHCAHHOMY BBILIE TIPUMEPY), 3aKITIO-
YEHHBIX B BOJOHOCHBIE CJION 67, MOKET OBITh BBIYHCIIEHA HA OCHOBaHUH UX Kod(dummentor camonnpdysun D;
CIEIYIOIIIM 00pa3oM:
z2c,F2D;
TR

TZIe Z; - HOHHAS BAJICHTHOCTH ITPOTHBOMOHA 1,

C; - MOHHAs KOHIICHTPALXs IPOTHBOMOHA 1,

F - noctostnnas ®apanes,

R - yHuBepcanpHas ra3oBasi MOCTOSIHHAS H

T - Temneparypa.

AHAJIOTUIHO MOKHO BEIYUCIUTH MOJIIPHYIO HOHHYIO TIPOBOAUMOCTB A;:

g; Z lZ F 2D,:
A = ¢ RT

B cooTBeTcTBHU ¢ BapHaHTaMH OCYIIECTBICHHUS HACTOSIIETO M300PETEHNS HOHHYIO IIPOBOJMMOCTD B CMO-
JICITUPOBAHHOM CHCTEME TIIMHUCTBIX MUHEPAIOB MOXHO BEIUYHCIUTh HA OCHOBAHUH MOJICKYIIIPHOM MOJIEIH 3TOH
CUCTEMBI TITUHBI. DTOT MPOLECC MOACITUPOBAHUSI MOKHO 0€3 TpyJIa HMOBTOPHUTH Ui APYroro BHUAA MPOTHBOHO-
HOB, U3MCHUB YPOBHU THIPATAIMH (T.C. UCIIOIB30BaTh Pa3HBIC KOJHMYCCTBA BOJOHOCHBIX CIIOEB 67 MEXKIY CIIOS-
MU 65 TJIHHBI), U3MCHHUB (PH3MUYECKUE CBOICTBA (HAampUMep, TEMIECPaTypy, JABJICHUE U T.A.) U U3MEPHUB IUIOT-
HOCTH 3apsiza U T.I. [IpoBens aHAN3 pe3yIbTaTOB IMOYYCHHBIX aHCAMOJICH, MOKHO MOHATh MEXaHU3MBI YIIEIb-
HOW TIPOBOJMMOCTH, @ TAKXE MOBBICUTH ((EKTUBHOCTh SKCICPUMECHTAIBHOTO MOITBEPIKACHUS PE3yIbTaTOB
MoenupoBaHui. bojee Toro, BO3SMOXHOCTE 3TOT'0 HHCTPYMEHTa MOJCITHUPOBAHNS OICHUBATH yIEIBHYIO POBO-
JUMOCTH JUIS IIHPOKOTO Psiia YCIOBUH IMO3BOJSET MOMYYUTH IMIMPHUECKUE OTHOIICHHS, HEOOXOTUMBIC I
MOHUMAHHA NeTPO(PU3NIECKUX CBOHCTB MOI3EMHBIX ITACTOB.

OneHka MIacToBOro ko3¢ @uiueHTa cucTeMbl INTHHUCTHIX MUHEPAJIOB

Kak 6bu10 yKa3aHo BeIIIe, MeTPOPU3NIECKOC CBOHCTBO, MPEACTABIIAIONIEE 0COOBI MHTEPEC MPH IPOBEIe-
HUH aHalW3a JHarpaMM KapoTaka II0 METOAY CONPOTHBICHHS, OOBIYHO MOITYYaeMBIX BO BpeMs pa3padoTKu
He(Tera3oBbIX KOJUICKTOPOB ¥ JTOOBIYM W3 HUX, Ha3bIBaeTCA "TUIACTOBBIM Kod(durrienToM". B obmem, miacto-
BBl K03 dunmeHT npepcTariseT co00i OTHOLICHHE YACIFHOIO COMPOTHUBICHUS TIACTa TOPOIBI K YACIHHOMY
COTIPOTHUBIICHUIO CAMOW KHIKOCTH.

Ha ¢wur. 5 mokasana Onok-cxema mpoliecca OICHKH IIACTOBOTO KO3 (HIMEHTa KOHKPETHOW CUCTEMBI
TJIMHUCTHIX MHHEpaioB. Kak mokazaHo Ha Qur. 5, HOHHYIO MPOBOJUMOCTh 3TOW CHCTEMBI TJIMHUCTHIX MUHEpa-
J0B onpeaensoT Ha ctaguu 100 ¢ moMonibio cucteMbl 20 B COOTBETCTBUHU C MPOIIECCOM, ONMCAHHBIM BBIIIE CO
cChUTKOH Ha ¢ur. 2. OgHAKO ISl TOTO, YTOOBI MOJYYIHTh ILIACTOBBIN KO3 (UITUEHT, TaKkKe HY)KHO 3HATh 00bEM-
HYIO yIENbHYI0 MPOBOIUMOCTH XHIKOCTH. B COOTBETCTBHM C 3THM BapHaHTOM OCYIIECTBICHHUS HACTOSIIETO
n300peTeHmst 00bEMHYIO yISIBHYIO TIPOBOANMOCTD BBIYUCIISAIOT TaK )K€, KaK 1 HOHHYIO IPOBOJANMOCT CHCTEMBI
TJINHBI, HaYHHAs co ctagun 70.

Ha cragum 70 cTposSIT MOJNEKYISPHYIO MOAENTh 00BEMHOTO (T.€. ¢ HEUTPATBHBIM 3apsIoM) pacTBOpa Tpe-
oyemoii xunkoctu. Hampumep, craguro 100, onrcaHHYIO BBIIIE, BRINOJIHSIOT JJIS MOJICNH, B KOTOPOH KaTHOHBI
Na' mwm Ca’’ HaxomsTCs BO BBEACHHBIX BOJZOHOCHBIX CIOSX 67 Hapsay ¢ annoHamu Cl- U COXpaHSIOT Hel-
TPaTBHOCTH 3apsAA0B. B 3TOM mprMepe MOJICKYIIsIpHAsS MOJENb 00BEMHOTO pacTBopa coieput 4096 monekyn
BOJIBI, YeThIpe KaTioHa Hatpust (Na') umn kansims (Ca®") i yetsipe wiin Bocemp annoHoB Cl- (B 3aBHCHMOCTH OT
06CcTOsTENECTB), B KyOe mpubmusuTensHo 50 A Ha kax1oii cTtopoHe. MonspHAs KOHIEHTPALMS KATHOHOB B TOM
CMOJICITUPOBAHHOM OOBEMHOM PAcTBOpPE COCTABIACT MpuOim3utTensHo 0,05.

ATNBTEpHATUBHO, €CITH COOTBETCTBYIOIIHUNA OOBEMHBIN pacTBOpP, CMOACIUPOBAaHHBIH Ha cTaguu 70, HEe co-
JEpXKHUT aHWOHBI W, CJIEOBATEIFHO, HMEET YHCTBHIA ITONOKUTENBHBIN 3aps, A COXpaHCHHS HEUTPaIbHOCTH
3apsiaa B MOJEIb MOKET OBITh BBEICH 3apsIIOBO-KOMITCHCHPYIOUTHA (OH.

3areM ¢ MOJNEKYISIPHOI MOJENBbI0 00BEMHOTO PacTBOpa, MOCTPOCHHON Ha cTafguu 70, BHIOTHSIOT CTAIHH
72-76 Tak ke, Kak U ctaauu 42-46, OMMCAHHBIC BBIIIE, JJISI CUCTEMBI TIMHUCTBHIX MHHEPAIOB. [ 0BOpsI KpaTKo,
mapaMeTpsl CHJIOBOTO TIONIS, Ha3HAYCHHBIE MOJIEKYJIaM M KaTHOHAM B MOJETH OOBEMHOTO pacTBOpa Ha CTaauu
72, YyTOYHSIOT TaKWE MapaMeTphl, KaK PaCIIOIOKEHUE aTOMOB B IpeesiaX KOOPIAMHATHON CHCTEMBI U JHEPTHUS
MOJICKYJ i aTOMOB, U TIApaMETPhl MOACTUPOBAHUS BKIFOUAIOT TPAHUYHBIC YCIOBHS IS JABICHHS, TEMIICPATyPHI
1 00BeMa, TepPMOTMHAMUYECKHN aHcaMOib mapameTpoB U T.1. Ha ctamuu 74 cuctema 20 BBITOTHSIET IS 9TOH
MOJICKYJISIPHOM MOJETH MOJCITUPOBAHUE METOJIOM MOJICKYIISIpHOH auHaMuKu (M]l) Ha OCHOBE YTOYHEHHBIX KO-
3(h(HUIHCHTOB CHIOBOTO TOJS U ONPEACIICHHS MMOJIOKSHUA MOJICKYNI BOABI M KaTHOHOB 32 TICPHOI BPEMCHH
MOJICIINPOBAHMA, HAIIPUMED, COXPAHSS MOJOKEHUE KaKIOH MOJICKYJIB U KaKIOr0 KaTHOHA Ha BEIOOPOYHOH Ha-
CTOTE 2 TIC 32 MHTEPBAJl MOJCIUPOBAaHNS, paBHBINA 10 HC, MPH MOCTOSTHHOM JTaBICHUH U IIOCTOSHHOMN TeMIIepaTy-
pe MonenupoBaHus. Ha ctamuu 76 BRIMHCIAIOT KO OUIMEHTHI caMoAu(dy3un KaTHOHOB W MOJIEKYJ BOJBI B
CMOJETUPOBAHHOM OOBEMHOM pAcTBOPE Ha OCHOBAHMH COXPAHEHHBIX HA CTaIWHM 74 MOIEIMPOBAHHS METOIOM
M]I monoskeHnii 3a BeIOpanHoe Bpems. Ha craguu 76 xodddunuentsr camonudy3unr MOTyT OBITh BEIYHCIEHBI
TaK ke, Kak M Ha ctaguu 46, ONMCaHHOHN BHIIIE, HA OCHOBAHUU CPEIHEKBAPATHIHOTO CMEIICHHS B TNIOCKOCTH X-
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Y WJIM HA OCHOBaHUH CPETHETO MO aHCAMOITI0 3HAYCHUS TPACKTOPHUU HOHOB B TPEX HAIPABJICHUSIX.

Ipumeps! 3HadeHUit ko3¢ durmenTa auGy3un, BEIYACICHHBIX ISl MOJCIH MOJEKYISIPHOTO 00BEMHOTO
pacTBopa B COOTBETCTBHH C IOAX0A0M Ha cTaausax 70-76, COOTBETCTBYIOT IONYYEHHBIM PE3ylbTaTaM Uil KO-
3¢ ummentoB mudy3un pacTBOPOB HATPHUS M KATBIHS MPU OECKOHETHOM pa30aBIeHUH.

Ha cramuu 78 xoaddumment camonudy3nn kaTHOHA B MOJCITH 00BEMHOTO pacTBOpa NPH TeMIIepaType,
KOTOpas Ha CTaguy 72 WCIOJNB30Balach Kak TpaHMYHOE 3HAUCHHE, WCIOJB3YIOT B COOTHOImeHHH HepHcTa-
OUHIITEHHA IJIs1 OTIpeNeIeHUsT YISIbHOW MPOBOAMMOCTH PacTBOpa, Kak OBUIO ONMHCAHO BBHIMIE. DTa yAeIbHAsS
MIPOBOIMMOCTb, BEIYMCIICHHAS HA CTaTUH 78, SABISETCS 00BEMHOM, M Ha €€ OCHOBAHWN MOYKHO BBITTOJTHUTD OIICH-
Ky 00BbEMHOH yIeNbHON MPOBOTUMOCTH XUIKOCTH B CHCTEME TIIMHUCTHIX MUHEPAJIOB, 3 KOTOpOi Ha ctamuu 80
TPaTUIIMOHHBIM CIIOCOOOM MOYKHO OIPEIESIIUTh IUIACTOBBIA KOA(PGUIMEHT F CHCTEMBI MIMHUCTBIX MUHEPAIIOB,
onpezeneHHoi Ha ctaauu 100
=2

0i

IZie G; - HOHHAs MPOBOANMOCTD MIPOTHBOMOHA B CMOAEIHPOBAHHON CHCTEME TIIMHBI, Ope/IeTICHHAs Ha CTa-
auu 100,

O}, - 00beMHas yAeIbHast IPOBOANMOCTE 0OBEMHOTO PacTBOpa, BEIUNCICHHAS Ha ctaanu 78. Kak n3BecTHO
U3 YPOBHS TEXHHWKH, U KaK OBIJIO ONHCAHO BBIIIE, INIACTOBEIA Kod(duiuent F npencrasnser coboit addexTns-
HYI0 MEpy MOPUCTOCTH CTPYKTYPHI IUTACTA, HA OCHOBAHUH KOTOPOW MOYKHO OIPEICIUTh APYTHE BaXKHBIC METPO-
(m3nvecKkre CBONCTBA, TAKHE KAaK MIPOHUIIAEMOCTb.

CrenoBaTebHO, 3TOT BapUaHT OCYIIECTBICHUS HACTOSIETO WM300pETEHHs JaeT BO3MOKHOCTh OLCHUTH
3HAa4YCHHE IIACTOBOTO KOA(P(HUIHMEHTa CHCTEMBI TNTMHUCTBIX MHUHEPAIOB MOCPEICTBOM COCTABICHUS MOJCTH H
MOJICIINPOBAHMS aKTyaJbHBIX MEXaHU3MOB Ha MOJICKYJIIPHOM ypoBHE. Takoii aHaIi3 Ha MOJNEKYJISIPHOM ypPOBHE
JTaeT BO3MOKHOCTh IIPOBECTH TOYHBIIN aHAJIH3 HAHOPA3MEPHBIX KOMIIOHEHTOB IJIACTa, IPEBOCXO AN BO3MOXK-
HOCTH TPaIUIIMOHHBIX OIXO0I0B, TAKUX Kak (opMyia ApUH H T.II.

IIpsaMoe yncIeHHOE MOJIeJTUPOBAHME INIACTOB, COAEPKALIUX INIMHUCTHIH KOMIIOHEHT

B03MOXXHOCTB COTJIACHO BapHaHTaM OCYIIECTBICHHUS HACTOSINETO N300pPETEHHUS TOYHO OIEHHUTH YACIbHYIO
MPOBOIUMOCTD TJIMHUCTBIX MHUHEPAIOB, KaK OBLJIO OMHCAHO BBIIIC, MOXKET MPHUTOTUTHCS B IIETIOM PsIC Pa3iind-
HBIX METOJIOB aHAJIM3a METPO(PHU3MUCCKIX CBOWCTB, B YACTHOCTH, YUHUTHIBAs HBIHEIIHEC 3HAYCHHE TUIACTOB IMO-
POJIBI, COAEPIKAIINX YTIIEBOJOPOIBI, B KOTOPBIX MPUCYTCTBYIOT TIIMHOHOCHEIC MIECKU. bolee Toro, Takxke mpen-
MOJIATaeTCsl, YTO MOHNMAaHUE (HPU3NICCKUX MEXaHU3MOB, JICHCTBYIOIIMX HA MOJICKYJIIPHOM YPOBHE, B TAKUX Ha-
HOpa3MEpHBIX MaTephaiaX OyIeT OCOOCHHO MOJIC3HO I MPOCKTHPOBAHUS M aHANIW3a TEXHOJOTHHA TOOBIYH.
MeTombl OIICHKH YACITHHON MPOBOJAUMOCTH B COOTBETCTBHU C BapUAHTAMH OCYIICCTBICHHS HACTOSIIETO H30-
OpeTeHns TaKkKe MO3BOJIIIOT YCOBEPIICHCTBOBATh APYTHE aHATUTHIECKNE HHCTPYMEHTHI M METOTUKH.

OmHUM U3 TaKMX aHAJTUTHISCKAX HHCTPYMEHTOB M METOJIMK, KOTOPBIE MOXHO YCOBEPIICHCTBOBATH 3a CUET
TOYHON OIEHKH yIETbHOW MPOBOIMMOCTH CHCTEM TIIMHUCTHIX MHHEPAJIOB, SBISIECTCS MPAMOE YHCICHHOE MOJe-
JUPOBAaHNE, B YACTHOCTH, MPUMEHAEMOE /IS TTOI3EMHBIX IUIACTOB, COACPKAIINX Kak (a3y MOpoIsl, HallpUMeEp
KBapIl, KaK B TIECYaHMKE, TaK U a3y TIMHUCTOTO MHUHEpajia. B ypoBHE TEXHUKH W3BECTHO, YTO TIIMHUCTHIE KOM-
TIOHEHTHI B IIACTaX TaKOTO THIIA, KaK MPABUIIO, 00Pa30BaHbI PSIOM MMapaUICIBHBIX IUIACTHHOK; HATIPUMED TIIH-
HUCTHIA MHHEPAJ KaOJMHHUT UMEET, KaK MPaBmio, GopMy "KHIKKA" MEXKIY TBEPIBIX 3€PCH KBapIa U MOPOBBIM
npoctpancTBoM. Kak Ob110 onmcano B paszaene "[IpeanochuIky K CO3aHNI0 HACTOSIIETO M300peTeHus”, Tpaau-
IIUOHHBIC TUATPAMMEBI KapOTaXka 10 METOIy COIPOTUBIICHUS, HHTEPIIPETUPYEMBIE TI0 (hopMysie ApUu, OCHOBAHBI
Ha TOM, YTO TBEPJBIC 3CPHA XapaKTEPU3YIOTCS HYJICBOW YACITHHON MPOBOIUMOCTBIO, a KHUJIKOCTh B IMOPOBOM
MPOCTPAHCTBE XapaKTEPU3YETCs BRICOKOH yIENbHOW MPOBOAMMOCTEIO. B TTacTax, st KOTOPBIX 3TO MPEAIOIIO-
JKeHHE CIPaBEIINBO, M3MEPEHHOE yAEeIBHOE COMPOTHBICHHE OyaeT 3((EKTUBHO ONMUCHIBATH MOPHUCTOCTH ILIa-
cta. OgHAaKoO B YpOBHE TEXHHKH M3BECTHO, YTO TJIMHUCTHIC KOMITIOHEHTHI B IUTACTE TaKXKe OyIyT XapaKTeph3o-
BaThCS yIENbHOW MPOBOAMMOCTHIO, HO B MEHBIIIEH CTEHCHH, YeM ITOpPOBast KHUIKOCTh, HO 3HAYUTEIHEHO B OOJIb-
IIel CTENeHH, YeM 3epHa TBEpAOro KBapia. TpaaguMoOHHBIN aHATN3 YACIHHOTO COMPOTHBIICHHS IUIACTa, COMEP-
JKaIero TJIMHUCTBIE KOMIIOHEHTHI, NPENOCTaBIsIET HEOAHO3HAUHBIE PE3yAbTATHI, IOCKOJIBKY B 3TOM CIydae
yAeIbHOE COMPOTHBICHHUE OyIeT 3aBUCETh HE TOJNBKO OT IMOPHCTOCTH, CO3aBacMOil TOPOBOH JKUAKOCTHIO, HO H
OT KOJIMYECTBA MPUCYTCTBYIOIIUX TITUHUCTHIX KOMIOHEHTOB M UX YICIBHOW MPOBOTUMOCTH.

B cooTBeTcTBHM C OJJHMM BapHaHTOM OCYLIECCTBIICHHS HACTOSILETO U300pETEHHS TOUHYIO OLECHKY yIeJb-
HOW TIPOBOJAMMOCTH TJIMHHUCTHIX KOMIIOHCHTOB B COCTAaBHOM ILIACTE MOXKHO HCIOJB30BATh TPHU ONPEACICHUU
JNEKTPUUECKOTO OTKJIMKA METOAOM MNPSMOT0 YUCICHHOTO MOJECIUPOBAaHHUS OOBEMHOTO HM300pa)keHHs T'OpHOM
nopoasl. Ha ¢ur. 7 nokaszan oOmuii mpomecc OLeHKH CBOHCTB MaTepuaia ¢ MOMOIIBI0 IU(PPOBOTO YHCIOBOTO
MOJICIIUPOBAHMS B COOTBETCTBHH C BAPHAHTAMH OCYIIECTBICHUS HACTOAIIETO N300pETEHUS.

Onenka HaunHaeTcs co craaui 200 MoArOTOBKH 00pa3iia, Ha KOTOPOH MOIyJaroT Mpo0y M3ydaeMoro Iuia-
cTa ¥ obOpaser] mpoOsl TOTOBAT I aHamu3a. [Ipo0y maacta MOXHO MOJIYIHTh JTIOOBIM M3 TPAIUITHOHHBIX CITOCO-
60B. B HedTerazoBoii MpOMBININIEHHOCTH MPOOY, KaK MPaBHIIO, MOJYIAIOT BO BpeMsl OypeHUs pa3BeAOYHBIX U
JIOOBIBAIOIINX CKBAXHH, & TAKXKE OHU MOTYT OBITh HMOJTYYEHBI M3 [ENFHOI0 KepHa, KEPHOB, OTOMPAEMBIX U3 CTe-
HOK CTBOJIa CKBa)KHHBI, 00HaKEHHBIX TIOPOJI U O0JIOMKOB BBHIOYPEHHON MOPOJIBI, aJbTePHATHBHO MPOOBI MOTYT
OBITh TIOJYYCHBI B JTA0OPaTOPUU U3 CHHTE3HMPOBAHHBIX 00PA3II0B TOPHOM MOPOMBI, TAKHX KaK TIeCYaHbIC TPOOKU
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U [IEMCHTUPOBAHHKIC TPOOKU. B COOTBETCTBHYM ¢ BapHaHTaMH OCYIIECTBICHHUS HACTOSIICTO H300PETCHHUS TOPO-
Jla, U3 KOTOPOW B3siTa Mpoda, HE BCErJa MOXKET OBITh BHICOKO KOHCOJIHIUPOBAHHOM, MOCKOJBKY OyIeT comep-
JKaTh KOMOWHAIIHIO TIOPOJIBI (HAPUMEp, IIECYAHNK) BMECTE C TIIMHON U APYTUMH 3€PHUCTHIMH MIIA 0CaJOYHBIMH
Matepuanamu. TakuMm oOpazom ctamuio 200 TOATOTOBKH CIIEAYET BBHITIOIHITh TAKHM OOpa3oM, 4TOOBI CYIIeCT-
BEHHO HE TIOBJIUATH HA CTPYKTYpPY IJIACTa, U3 KOTOPOTO OyaeT OpaThcst oOpaser.

Ha cragum 202 cucrema 28 dopmupoBanus n3oOpaxeHuit (¢ur. 1) momydaet nyxmepHsie (2D) wmm
TpexMepHbie (3D) nzobpaxkeHuss iU Apyrue MOIXOAIINE MPEACTaBIeHU n300pakeHni obpasiia TOpHOH To-
ponbl, moaroToBieHHOTo Ha ctaganu 200. DTH M300pakeHUs W TPEACTABIICHUS, MOJyYeHHbIE Ha cTaaun 202,
coJlepKaT JCTAbHYI WHPOPMANHUIO O BHYTPEHHEH CTpyKType oOpasios. [Ipumepom ycTpoicTBa 00pabOTKU
M300paKeHNH, CIoIb3yeMoro Ha ctagun 202, sBiseTcs peHTIeHOBCKUH KommbloTepHblil Tomorpad (KT), Tum,
KOHCTPYKIIUS M JPYTUE aTPHOYTHI KOTOPOTO COOTBETCTBYIOT JIFOOOMY PEHTTEHOBCKOMY YCTPONCTBY, C IOMOIIBIO
KOTOPOTO MOXHO TOJYYHUTh U300paKCHUE BHYTPEHHEH CTPYKTYpBI 00pasiia ¢ TpeOyeMol pa3peliaromniei cro-
cobHocThi0. Hanpumep, MoXeT OBITh MOIYYEHO MHOKECTBO JIBYXMEpHBIX (2D) Tomorpaduueckuii n3obpaxe-
HUI 00pa3ia, KOTopbsie OYIyT OTIPABICHEI B KOMIBIOTEPHYIO cucTeMy 20, KoTopasi 3aTeM CTPOUT TPEXMEpPHOE
(3D) obwemHuoe mudpoBoe M300pakeHUE COOTBETCTBYIOMEro oOpasna. Kak Obuto onmcano Bhimie, cuctema 20
MOXKeT OBITh BBHITIOJTHEHA JIIOOBIM CIIOCOOOM, HampuMep, KaK HACTOJNLHBIM KOMIIBIOTEp WM pabodas CTaHIIWSA,
HOYTOYK, CepBEpPHBIH KOMITBIOTEP, IUIAHIIETHBI KOMITBIOTEP HWIIH T.II. C IOCTATOYHOH BBIYHCIMTEIEHON MOIIIHO-
CTBIO JUIS BEITIOJIHEHHS TpeOyeMoi orepanuu.

KoHkpeTHBIe TpaAWIIMOHHBIE METOABI MOTyIeHus U 00paboTku 3D 00BbEeMHBIX HMUPPOBLIX H300paKEHUH
obpasna Ha ctaamu 202 mpemycMaTpuBaoT, KpoMe MPOYero, PEHTTEHOBCKYIO TOMOTpaduio, pEHTTEHOBCKYIO
MHUKPOTOMOTPa(UI0, PCHTTCHOBCKYI0 HAHOTOMOTPA(pHI0, CKAaHHPYIOUIYIO 3JICKTPOHHYI MHKPOCKOIHUIO CHOKY-
CHUPOBAHHBIM MOHHBIM ITYYKOM, SICPHBIH MAarHUTHEIN PE30HAHC WM HEHTPOHHYIO TOMOTpadHIo.

O0BeMHOE H300paXkeHue, MoTyUYeHHOe Ha cTaauu 202, KaK MpaBmiIo, 00pa3yercs TPeXMEPHBIMH PeryJisip-
HBIMH JJICMCHTAMU, HA3bIBAEMBIMH 3JICMCHTAMH 00beMa HITH "BOKCEISIMH", KaXKIBIA M3 KOTOPBIX XapaKTepH3y-
€TCsI CBSI3aHHBIM YHCJIOBBIM 3HAYCHHUEM WIIA aMILUIATYOU, KOTOPOE OMKCHIBACT OTHOCUTEIBHBIC CBOWCTBA MaTe-
puasia n300paxeHHOTo 00pasiia B TOUKax mpeacTaBisseMoit cpeapl. Ha craguu 210 BEIUUCIUTETEHOE YCTPOHCTBO
BBITIOJTHAET CETMEHTAIUI0 WIIM APYTYI0 METOAMKY YIIVUIIEHUS 00beMHOTO MHU(poBOro m3oOpaxeHus odpasia
JUTSI BBIICTICHHSI 1 MapKUPOBAHUS Pa3HBIX KOMIIOHEHTOB B 00heMHOM H300pakeHnu. Hanpumep, Ha ctagum 210
CEeTMEHTAllMH MOTYT OBITh HICHTH(UIIMPOBAHBI TOKA3aTEIbHBIE KOMIIOHEHTHI YIIPYTOCTH, BKIIOYAs IOPOBOE
MPOCTPAHCTBO U MUHEPAIOTHYECKHE KOMIIOHEHTHI (HaIpuMep, TJIMHBI U KBapIl), KOTOPbIe MOTYT BIHUATH Ha Xa-
PaKTEPHUCTHUKH 00pasIia.

B cooTBeTCTBHH C 3TUM BapHaHTOM OCYILIECTBIICHUS HACTOSIICTO U300peTeHus 3aTeM cuctema 2() BBIMON-
HseT cTanuio 210 cerMeHTaIuu T UACHTU(HUKAIINY TOKa3aTeNbHBIX (Pa3 MaTepuaa oopasiia, MpeCTaBICHHBIX
B 00bEMHOM H300pa’keHUM, HAIIPUMEP, MPEACTABISIONINX TAKAE COCTABIISIFONINEC MaTepHala, KaKk IOpOBOE IPo-
CTPAHCTBO, TJIMHHUCTHIC (PPAKIIUK U OTICIBHBIC 3¢pHA U MUHEpanbl. KOHKPETHBIH alrOpuTM CErMCHTAIINH, MTPH-
MEHSICMBIA B BBIYUCIUTEIBHOM yCTpOiicTBE Ha cTamuu 210, MOXKET 3aBUCETh OT TOTO, KAaKOW TpeOyeTCs IpoBec-
TH aHaJIN3, U OT CJIOXKHOCTH TOpHOH moposl. Camoil mpocToit opMoii cerMeHTaluu sBisieTcs "moporosas 00-
paboTka", corlacHO KOTOPOH BOKCENH C OJUHAKOBBIMH aMIUTUTYAaMH COOHMpPAIOT B TPYNIbI. TpaguiiMOHHBINA
croco0 00paboTKN M300paKeHUH IS YIyqIIeHuss 00beMHOTO M300pakeHUs, OCIIa0JIeHUs IIIyMa U T.J. MOXKET
OBITH BKIIFOUEH Ha cTaznu 210.

B cooTBeTCTBUY ¢ 3TUM BapHuaHTOM OCYIIECTBIECHHUS HACTOSIIEr0 N300peTeHus Ha ctaanu 210 cermenra-
UM UACHTH(GHUIUPYIOT U BBIACILIIOT IO MEHBIIEH Mepe TpHU MoKa3aTelbHbIe (ha3pl MaTepuaia, a UMEHHO ITOpO-
BOC MMPOCTPAHCTBO, 3¢pHA MTOPOJIBI M TNIMHUCThIC MUHEepasbl. Ha ¢ur. 6a u 6b moka3aH nmpuMep BBIOTHCHUS CTa-
qun 210 cermenTanuu. Ha ¢ur. 6a mokazaH npuMep peHTTEHOBCKOTO MHKPOTOMOTPA(pHUISCKOT0 U300paKCHUS
MeCYaHMKa, COICPIKAIIETO KOMIIOHCHTHI MIIMHUCTOTO MUHEpalla, TAKHE KaK KAOJMHHUT, a TAKIKE C TBEPIBIMU 3ep-
Hamu KBapua. Ha m300paxeHuu coriacHo (ur. 6a MOpOBOE MPOCTPAHCTBO MOKA3aHO TEMHBIMHU OOJIACTSIMH, a
3epHa KBapIla U TNIMHUCTHIC KOMIIOHCHTHI MIOKA3aHbl Pa3IHYHBIMU MIPOMEKYTOUHBIMUA OTTCHKAMHU CEPOro (CBET-
JIO-CepBIM [BETOM 00O3HAYCHKI 3¢pHa KBapia). Kak mpaBuiio, mpoCcTpaHCTBEHHOE pa3pelIcHUE PEHTTCHOBCKOTO
MHUKpPOTOMOTpadUIECKOT0 H300paKEeHUs, Kak Ha QUr. 6a, COCTaBJISIET OT 1 10 5 MKM, 94TO O3HAYaET, YTO TEKCTY-
pa, KOHOUTypanust U CTPOSHHUE TTIMHICTHIX MHHEPAJIOB HE BHIHBI B 3TOM MacmTabe. bojiee Toro, spkocTs Ha
n300paKeHUH cOTIacHO (ur. 6a MEHAETCS B HEKOTOPOW CTEIEHM HENPEpPHIBHO, YTO YCIOXKHIECT W 3aTPYAHSACT
ymncnoBoil aHanm3. Ha craanm 210 cermMeHTanu pa3in4aioT IOPOBOE MIPOCTPAHCTBO, TBEPABIC 3€pPHA M TJIMHH-
CThIe KOMIOHEHTHI. Ha ¢ur. 6b mokazan nmpuMmep mpuMeHEHHUs pe3ysbTaToB cTaauu 210 cerMeHTanuy Ha PeHT-
TEHOBCKOM MHKPOTOMOTpapuueckoM H300paKeHUH COrIacHO (ur. 6a, rae Tpu (a3sl MpeAcTaBIeHBI CIEAYI0-
MM 00pa3oM: YEpPHBIM I[BETOM IMOKAa3aHO IMOPOBOE MPOCTPaHCTBO 90, OEIBIM IIBETOM MOKA3aH KBApIl HIH APY-
TOM TBepbIi 3€PHUCTHIN MaTepuan 92, a MPOMEKYTOUHBIM CEPBIM - TIIMHUCThIE KOMIOHEHTH 94. B 1ienom, kak
OBUTO yKa3aHO BBIIIC, T cTaand 210 cerMeHTaIMK HCIOIB3yeTCs TPEXMEPHOE 00bEMHOE N300paKeHHe, MOTY-
yeHHoe Ha ctaguu 202.

B coOTBEeTCTBHM C STHUM BapHaHTOM OCYIIECTBICHHUS HACTOSIIECTO H300PETCHUS OLCHKY YICIFHOW MPOBO-
JUMOCTH TJIMHUCTBIX KOMIOHEHTOB 94 BhImomHstOT Ha ctaanu 100. Kak ObLU10 OnrcaHO BBINIE, IPEATIONATACTCS,
gTto Ha ctaguu 100, onmMcaHHOW CO CCHUIKON Ha (HT. 5, BRITONHAIOT 3PPEKTUBHYIO OIICHKY YJISITBbHON MPOBOIH-
MOCTH TJIMHUCTOT'O KOMIIOHEHTa 94 B 00pasiie, MOArOTOBICHHOM M M300paxkeHHOM Ha cramusax 200 u 202. On-
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HAKO TAaKkKe MPEAIOJIaraeTcs, YTO B 3’TOM BapUaHTE OCYIICCTBICHUS HACTOSAIICTO U300PETCHUS ATbTCPHATHBHO
MOTYT HCIIOJIb30BaThCS IPYTHE MOIXOMBI IUIsI M3MEPCHHS U OLCHKU YICIBHOW MPOBOJUMOCTH B TIHHHACTOM
KOMITOHEHTe 94; 0JHaKO 0XHIAeTCs, YTO TPAAUIIMOHHBIC TIOJXOABI OIEHKU YICIHHON MPOBOAMMOCTH CHCTEM
TJIMHACTBIX MHUHEPAJIOB MEHEE CTPOTHe, TIOITOMY OHHM TPEIOCTABISIOT B IIEJIOM MEHEE TOYHBIE Pe3yJbTaThl
OIICHKH YIEIbHOW MPOBOJUMOCTH, Ye€M OBUIO OIKCAHO BHINIE CO CCHUIKON HAa BapHAaHTHI OCYIIECTBICHHS Ha-
CTOSIIIIETO U300pETCHYSI.

Ha ocHOBaHWMHM OlIEHKH YIEeNbHOM MPOBOJAMMOCTH, BRITOJIHECHHOHW Ha cTaauu 100, BEIMOTHSIOT cTafauio 215
JUTSI Ha3HAYCHHSI OTHOCUTEILHOTO 3HAYCHHsI yIEIbHON MPOBOJUMOCTH W TJIIMHHCTHIM KOMITOHEHTaM 94 B cer-
MEHTHPOBAaHHOM 00bEMHOM M300pakeHNH. Kak OBLIO OMHCAHO BEIIIE, IIPU MPOBEICHUN TPATUIIMOHHOTO aHAIH-
3a YIEIBHOTO COMPOTHUBIICHUS KPUCTAIUIBI 92 KBapia (WIM IPYroro TBEPIOTO MaTepHhalia) XapaKTepU3YHOTCS
HYJICBOH YJETBHON MPOBOAMMOCTBIO, TOTZIAa KaK JKAIKOCTh B MIOPOBOM IpocTpaHcTBe 90 xapakTepu3yeTcs BBI-
COKOH yJeNbHOU MPOBOJUMOCTBIO; COTJIACHO OLICHKE, BHIMOJHEHHOW Ha ctaguu 100, TIMHUCTBIC KOMIIOHCHTHI
94, KaK MPaBWJIO, SIBIIIOTCS MPOBOASAIINMHU, HO B MCHBIIICH CTEIICHU, YEM JKUAKOCTh B TIOPOBOM MPOCTPAHCTBE
90. B COOTBETCTBUHU C 3THM BapUAHTOM OCYIICCTBICHHS HACTOSIICTO M300PCTCHUS 3HAYCHUE OTHOCHUTEIBHON
yAETLHON TPOBOJAUMOCTH W, Ha3HAYEHHOE TIIMHUCTHIM KOMITOHeHTaM 94 Ha ctaamu 215, oTpakaeT OICHEHHYIO
YAETbHYIO TIPOBOJIUMOCTH TITMHBI B CPABHEHHH C YACITHLHOW MPOBOIUMOCTBIO KUAKOCTH. [1macToBeiit kodddurm-
eHT F, BEIYHMCICHHBIN COTTIACHO MPUBEACHHOMY BBIIIE, MOKET OBITh OCHOBOM, HAIIpUMeEp, dTOTO 3HAYCHUS OTHO-
CUTEJIbHOHN yAeTHbHOW POBOAMMOCTH W. 3aTeM Ha ctafuu 210 3To 3HaUeHHe OTHOCHTEILHON YIENbHON MPOBO-
TUMOCTH W Ha3HA4YaloT KaKIOMY M3 BOKCEJIeH, MPEICTABIIIONINX TIMHUCTHIE KOMIIOHEHTH 94 B CerMEHTHpPO-
BaHHOM 00BEMHOM IHU(GPOBOM H300paskeHNnH. be3ycoBHO, €CITU TIMHUCThIE KOMIIOHEHTHI 94 B 00bEMHOM H30-
OpakeHUH MPEICTABIIIOT OOJIee YeM OJMH BUJ TJIHHEL, Ha cTamuu 100 oleHKa yIelbHOW MPOBOIUMOCTH MOXKET
MPOBOUTHCS OTACIHHO JJIS pa3HBIX (a3 MIIMHBL, a Ha CTaguu 215 MOKET MPUMEHSTHCS B BUJC Pa3HBIX 3HAYCHUI
OTHOCHUTEIILHOU yJICIbHOU TPOBOJMMOCTH W.

Ha craguu 220 BeraucnuTenbHas cucteMa 2() BEITIONHSCT MPSMOE YACICHHOS MOICTHUPOBAHUE IS aHAIH32
OJTHOTO WJIM HECKOJIbKHX (PU3UYECKUX CBOMCTB 00pasiia, Kak MPaBHIIO, TOCPEACTBOM YHCIOBOTO aHAIH3a CEr-
MEHTHPOBAaHHOTO 00BEMHOTO ITM(POBOTrO M300pakeHus. CBOWCTBA, onpezesseMble Ha cTaauu 220, BKIIOYAIOT
M3yJaeMble rmeTpodu3ndeckre CBOMCTBa, KOTOPBIC HANPSMYIO MM KOCBEHHO CBSI3aHBI C YISIBHON MPOBOIUMO-
CTBIO TJIMHUCTBHIX KOMIIOHEHTOB 94, Takue Kak MOPUCTOCTh, TUIACTOBBIA KO3 (HUITUEHT, TOKa3aTeh IIEeMEHTAIINH,
TOKa3aTelb YIASIHHOTO COTPOTHBIICHUS, KOOPPUITUEHT YIUIMHEHHUS MTPOoOeTa, MoKa3aTelb HACBHIIICHHS U T.IT. DTH
neTpoU3NIECKHUe CBOMCTBA MOYKHO OIEHUTH C TIOMOIIBIO COOTBETCTBYIONICH TUCKPETH3AIMN BCETO CETMEHTH-
POBaHHOTO OOBEMHOTO ITU(PPOBOTO W300paKECHUSI WIIM CETKA M3MEHSIIOIIETOCS TTOPOBOTO MPOCTPAHCTBA W TIIH-
HUCTHIX KOMIIOHCHTOB, B COUYCTAHWU C COOTBETCTBYIOIIMM YHCJIOBBIM MOJCIHPOBAHHEM, HAIPUMEP MPSIMBIM
YUCIICHHBIM MOJCTHPOBAHUEM DIICKTPUYCCKON YICTbHOW MPOBOMUMOCTH ISl OMPEICIICHUS SJICKTPUUCCKUX
CBOWCTB TOpPHOHW MOponbL. J[sl ompeneneHuss HEKOTOPBIX M3 ATHX METPOPU3UUCCKUX CBOUCTB Ha craamu 220
TaKXKe MOXET MOTPEOOBATHCS BHIMOJHUTS YHCIOBOEC MOACIHPOBAHUE METOIaMU KOHEUHBIX 3JICMEHTOB, METOIa-
MU KOHEYHBIX Pa3HOCTEH, METOAaMH KOHEUYHBIX OOBEMOB, METOJOM PEUICTOYHBIX YpaBHEeHUI BonbiMana wmm
JFOOBIX APYTHX YHCIOBBIX MOAX00B. Hampumep, Ha ¢ur. 6¢ moka3aHo BRIYHCICHHE TIACTOBOTO KO3 DHUIIHECHTA
JUTSL TpeX pPa3HBIX TIMHOHOCHBIX TECKOB METOJOM MPSIMOTO YHUCICHHOTO MOJEIMPOBAHUS, TIE y TIMHHUCTHIX
KOMITOHEHTOB 94 €CTh Ha3HaYeHHBIC yIeTbHBIEC TIPOBOUMOCTH.

B cOOTBETCTBUH ¢ 3TUM BapHaHTOM OCYIIECTBIIEHUS HACTOSIIETO M300PETCHHS MPEIoaraeTcs, 4To Tpa-
TUITUOHHBIE JHarpaMMbl KapoTayka MO0 METOAY COMPOTHBIICHHS MOTYT HCIOJIB30BaThCSA ISl O0Jiee CII0KHBIX
CTPYKTYp TUIACTOB, BKIFOUAs IJIACTHI ¢ KOMIIOHEHTAMH TJIMHUCTOTO MUHEpasa, ¥ MOTYT MPEIOCTABIIATh TOTHBIE
Pe3yIBTAaThl TI0 BaXKHBIM METPOPUIUUCCKUM CBOWCTBAM, TAKHM KaK MOPUCTOCTH, BOIOHACHIIIICHHOCTD, TTHHU-
cTast ppakmus | T.I., B YACTHOCTH, CCIIU YACIbHAS IPOBOAMMOCTD OICHHBACTCS B COOTBETCTBHU C BapUAHTAMHU
OCYILICCTBIICHHS HACTOSIIETO M300PCTCHUS, OTIMCAHHBIMU BhINIC. Tarke MmperycMaTpUBaeTCs aHAIN3 BO3IEHCT-
BHUSI BTOPUYHBIX TPOIIECCOB BOCCTAHOBIICHUSI HA TIACTBI, JUII KOTOPBIX MMOyYEHBI JHArpaMMBbl KapoTaxka Mo Me-
TOJIy COTIPOTHUBIICHUS.

3akaouenue

Kax 0p1710 omrcaHo BBITIE, B COOTBETCTBUH C BapHAHTAMHK OCYIIECTBICHHS HACTOSIIETO U300pETEHUS TIpe-
JTIOCTABIISIETCSl CIIOCOO M CHUCTEMa TOYHOW OICHKH AJICKTPUUYECKOTO OTKIWKA TIMHHCTHIX MHHEPAIOB U TECKOB,
coJlep)KaluX TITMHUCThIE MUHEPATBI, HA OCHOBE (DM3MUECKUX MEXaHW3MOB, NMPOUCXOSAIINX Ha MOJICKYJLSIPHOM
ypoBHe. [Ipenmonaraercs, 4To BO3MOKHOCTh MPOBEACHHUS 3TUM CIIOCOOOM aHalM3a HaHOPAa3MEPHBIX MaTepHa-
JIOB, TAaKWX KaK TIMHHUCTBIE MUHEPaNbl, OYAET MCIIOJIb30BAThCS ISl IMUPOKOTO Psifa TIIHHUCTHIX CTPYKTYp, TO-
MHUMO OITMCAHHBIX BBIIIE MPUMEPOB MUPOYHILTUTOBON, MOHTMOPHIZIOHUTOBOM 1 KAOJIMHUTHOM, TTOCKOJIBLKY OJTUH
U TOT XK€ MOJAXOM MOJXOJHT JJIS MIUPOKOTO Psiia MOJICKYJIIPHBIX MOJEINCH TIMHUCTBIX MHHEPAIoB. biaromgaps
TaKOW BO3MOXXHOCTH MOXHO OYIET JydIlle MOHITh MPUHIINI ACHCTBUS APYTUX aHATUTHICCKUX HHCTPYMCHTOB,
TaKUX KaK U3MEPEHUs MPSIMBIM YUCICHHBIM MOJACTHUPOBAHUEM METPO(YU3NICCKUX CBOWCTB 00pasia MmoI13eMHOTO
TUIACTA, KOTOPBIH COACPIKUT TIMHUCTHIC MIUHEPAJIBI, M pa3padoTKa U aHaIU3 TUIACTOBOTO KO3 (UIMEHTa COCTaB-
HBIX IDTACTOB, COJCPKALINX HAHOPA3MEPHBIC KOMIIOHCHTHI, TAKHME KaK TJIUHEL.

XoTs HacTosIIee N300peTeHHE OBLIO OMUCAHO CO CCHUTKOM HA KOHKPETHBIC BAPUAHTHI €r0 OCYIICCTBIICHUS,
clenyeT MOHUMATh, YTO 3TH BapUAHTHI OCYIIECTBICHUS MOTYT ObITh MOAM(PHUIIMPOBAHBI WIIH MOTYT UMETh aJTb-
TEpHATHBHBIE BAPHAHTHI, U TaKWe MOAU(DHUKAIINKM U aJbTepHATUBHBIC BapHAHTHI, 00SCIICUUBAIOIINAE TTPEHMYIIIE-
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cTBa U OmarompusaTHbe 3Q(eKTsl, OyAyT OYCBUIHBI CICIUAINCTAM B OOJIACTH TEXHHUKH HACTOSIICTO M300peTe-
HUS TIOCIIE O3HAKOMIICHHSI C €r0 packpbiTheM u (urypamu. [Ipenmonaraercs, 4To Takue MOAUMDUKAIIUN U allb-
TepHATUBHbBIC BapHaHThI BXOJSIT B 00BEM HACTOSIIErO M300peTeHHs, ONMpeAeICHHbIH mpuiaraeMoi popMynoi
M300peTeHUS.

DOOPMYVYIJIA N30BPETEHUA

1. Cnoco0 mpUMEHEHUST KOMITBIOTEPHON CHCTEMBI JUIS BBIYHACICHUS DIICKTPUICCKON yICIEHOU MPOBOJIH-
MOCTH B INIMHUCTOM MUHEpAJIe, MPEIyCMaTPUBAIONINNA CICAYIOINES CTAHH:

MOCTPOCHHE TTOCPEACTBOM IPOIIECCOpa KOMITBIOTEPHOH CHCTEMBI, MOJICKYIIIPHOTO MPEICTABICHUS TJIMHU-
CTOT0 MHHEpaJIa, COCTOSILETO U3

0E3BOJIHON CTPYKTYPHI ATOMOB, PACIOJIOKECHHBIX BO MHOKECTBE MapaJUICIBbHBIX CIIOCB, IIPUYEM OC3BOIHAS
CTPYKTYpa COACPKHUT yYACTKH, 3aMEIIAIOIIIe aTOMbI METaJlJIa B CTPYKTYPE B KOHLEHTPAL[MH, COOTBETCTBYIOLICH
BBIOpAHHOM TJIOTHOCTH 3apsila;

MPOTUBOMOHOB 0 MEHBIICH Mepe OJHOTO BHA, PACIIOJIIOKECHHBIX B MEKCIOHHOM MPOCTPAHCTBE MEKIY
CJIOSIMU O€3BOJTHOM CTPYKTYPBI, B KOHIIEHTPAIIMH, COOTBETCTBYIOILEH BHIOPAHHON TJIOTHOCTH 3apsiia, U MHOXe-
CTBa MOJIEKYJI BOJIbI, PACTIOJIOKEHHBIX B MEXKCIOWHOM MTPOCTPAHCTBE;

Ha3HA4YCHUE MOCPEACTBOM IPOIECCOpa MapaMeTpOB CHIIOBOTO IOJISI MOJEKYJISIPHOMY MPEACTABICHUIO B
COYECTAHUM C TPAHUYHBIMU YCIOBHSIMH, COOTBETCTBYIOIIMMYU BEIOPAHHOMY JIABJICHUIO U TEMIICPATypPE TIUHHUCTO-
0 MUHEpaa;

BBITIOJTHEHHUE MTOCPEACTBOM IIPOIECCOPa MOJCIMPOBAHHUS METOIOM MOJICKYIISIPHOM TUHAMHKH YpaBHCHHMA
JIBIDKCHUS 32 HHTEPBAI BPEMEHU MOJICITHPOBAHUS,;

OTIpe/IeTICHUE TIOCPEICTBOM TIPOIeccCopa KOOPIUHAT TOJOXKCHUS MPOTHBOMOHOB B MPEIACTABICHUU BO
MHO)KECTBE MOMEHTOB BPEMEHH 3a WHTEpBaJl BPEeMEHH MOJICIHUPOBAaHHS HA OCHOBAHWUHM MOJICIUPOBAHUS METO-
JIOM MOJICKYJISIPHOM JIMHAMUKH;

BBIYHCIICHUE TIOCPEICTBOM Tpolieccopa Ko HUITMEHTOB caMOau(Py3uH I OJTHOTO WITH HECKOJIBKUX BHU-
JIOB TIPOTHBOMOHOB HA OCHOBAHUH KOOP/IMHAT MOJIOKEHHUSI BO MHOYKECTBE MOMEHTOB BPEMEHH H

BBIYKCIIEHHE TIOCPEIICTBOM IPOLIECCOpa MOHHBIX MPOBOAMMOCTEN JUIs BHIA MPOTUBOMOHOB Ha OCHOBAHUH
koa(pduimeHToB camoanudHy3un, HOHHONW BAJIEHTHOCTH IIJISI OJHOTO MM Oojiee BHIA MPOTHBOMOHOB, NOHHON
KOHIICHTPAIUH JUISL OJTHOTO K OoJice BUIOB MPOTHBOUOHOB U TEMIIEPATYPHI U

oTIpeJieJICHUE MTOCPEACTBOM TIpolieccopa 10 MEHbIIEH Mepe 0JJHOTO NeTPO(PU3NIECKOTO CBOWCTBA CHCTEMBI
TOPHO¥ NOPOJIBI HA OCHOBAHWH MOHHOW MPOBOIMMOCTH JUIS BHJIA TPOTHBOUOHOB U3 KO3 (PHUIIMEHTOB CaMOTU]-
(y3um, rie Mo MEHbBIICH Mepe OTHO METPOPHU3MUCCKOE CBOMCTBO CHCTEMBI TOPHOM MOPOIBI MOKA3BIBACT TOPHC-
TOCTH WJTU MPOHUIIAEMOCTh TITHHHUCTOTO MIHEpaa.

2. Croco6 1o 1.1, B KOTOPOM CTaaust MOCTPOCHHS MOJICKYJISIPHOTO MPEICTABICHUS IPEAYCMaTPHBACT

00pa3oBaHue TOCPEICTBOM IPOLIECCOpa HIEMEHTAPHON SIMEHKH TIPEICTaBICHHS, COJIepIKaIleil aTOMBI, CO-
OTBETCTBYIOIINE YaCTH MO MEHBILIEH Mepe OHOTO CIIOsI, ¥ COJEpIKAIleH YacTh MEKCIOHHOTO MPOCTPAHCTBA, U

pa3MelieHre MOCPEICTBOM POLIeccopa MHOXKECTBA 3JIEMEHTAPHBIX SUEEK B MPEACTABICHUHN CBEPXbIUCHKH
TIIMHACTOTO MUHEpaa.

3. Crioco0 1o 1.1, B KOTOPOM TIIMHKUCTAsE CTPYKTYpPa MPENCTABICHHS COOTBETCTBYET KAOJIHHUTY.

4. Crioco6 1o 1.1, B KOTOPOM TJIMHHUCTAs CTPYKTYpa MPEICTABICHUS COOTBETCTBYET TJIMHE, BEIOpAaHHOW W3
TPYIIIEL, COCTOSAMICH U3 MOHTMOPIJUIOHHUTA W MTUPOPIIUIATA.

5. Croco6 1o m.1, B KOTOPOM MHOXECTBO MOJEKYJI BOJBI PACIIONIATAIOT B BHJC OJHOTO, ABYX HIIHM TPEX
CJIOCB MOJICKYJI BOJIBI, PA3MEIICHHBIX B MEKCIOHHOM IPOCTPAHCTBE.

6. Croco0 1o 1.1, B KOTOPOM BBIOpaHHBIC 3aMEIIAIOIINEC YIACTKU TPEACTABICHBI HOHAMU MAarHHs, 3aMe-
HSIOIIMMU aTOMEBI aJIFOMIHHUS B OKTadIPaIbHOM JIUCTE.

7. Crioco0 1o 1.6, B KOTOPOM BHT IPOTHBOMOHOB MPEyCMaTPUBACT HOHBI HATPHUS.

8. Croco0 1o 11.6, B KOTOPOM BH/I IPOTHBOMOHOB MPEAYCMATPUBAET NOHBI KaJIbITHS.

9. Cnocob 1o 1.1, B KOTOPOM CTausl BHIMOJHEHHS MOJCIMPOBAHHUS METOJOM MOJIEKYJSIPHOM TUHAMHUKH
npeaycMaTpuBaeT

BBIYKCIIEHHE TOCPEICTBOM IMPOIECCOPa ABMKEHHS HMPOTHBOMOHOB B MOJICKYJISIPHOM MPEACTABICHUH BO
MHO)KECTBE MOMEHTOB BPEMEHH 32 HHTEPBaJl BpEMEHH MO/ICITHUPOBAHUS U

COXpaHCHHE B MaMSATH KOMIBIOTEPHON CHCTEMBI MOJIOXKCHUN IPOTUBOMOHOB 32 WHTCPBAI BPEMEHH MOJIC-
JMPOBAHUS,

MpUYEM CTaIUs BRIYHCICHUSA K03(QUImeHToB camomuddpy3un npeaycMaTpruBaet

M3BJIICUCHUC M3 TAMSATU COXPAaHCHHBIX MOJIOKCHUH MPOTHBOUOHOB, COOTBETCTBYIOIINX, IO MEHBIIIEH Mepe,
o THa00py MHOXKECTBa MOMEHTOB BPEMCHH 32 MHTEPBAJ BpEMEHH MOICIIMPOBAHIS,

BBIUHCIICHUE MTOCPEICTBOM IPOIIECCOPa CPETHETO 3HAYCHUS CMEIICHUS MPOTUBOMOHOB HA OCHOBAaHHHU H3-
BJICYCHHBIX MMOJIOKECHUH U

BBIYHCIICHUE TIOCPEICTBOM Tporieccopa koddduimenTa camoaudGy3uu Ui BUAa MPOTUBOMOHOB HAa OCHO-
BaHHMHU CPEJHEr0 3HAYCHUSI CMEIICHUS.

10. Crioco6 1o 1.9, TOMOTHUTENBHO MPeyCMaTPUBAIONTHI TIepe] CTaaueil BBHITOJHEHUST MOJICTHUPOBAHUS
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METOZOM MOJICKYJISPHOH AUHAMHUKH OPTOTOHAIHM3AINIO, TIOCPEICTBOM IPOILIECCOPa, MOJCKYISIPHOTO MPEICTaB-
JICHUSL.

11. Croco6 1o 1.1, B KOTOPOM CTajusl BRIYUCICHUS WOHHOW TIPOBOJAUMOCTH UISl BHIa MPOTHBOMOHOB Ha
OCHOBaHWHU K03 duimenTa camoaudPpy3un nmpeaycMaTpuBaeT UCIOIb30BaHUE TOCPEACTBOM MpOIeccopa BBI-
YUCJICHHOTO K03 duimeHTa camoauddy3un B cOOTHOIIEHNH HepHCTa-DWHINTEHA I ONpeesIeHsT HOHHOU
MIPOBOIUMOCTH BHA.

12. Crioco6 mo 1.1, rae MoJeKyIsIpHOe TPEACTaBICHNE TIMHUCTOTO MUHEpPa JOMOJHUATEIHHO TpeycMaT-
puBaer

MIOCTPOCHHUE MOCPEICTBOM TPOIECCOPa KOMITBIOTCPHOW CUCTEMBI MPEICTABICHHUS MOJCITH MOJCKYIISIPHON
JKUJIKOCTHOM CHCTEMBI, COJICpKAIICH

MHOKECTBO 3JIEMEHTAPHBIX TICCK MOJICKYIIAPHOM XKHUIKOCTH, 3aTIOIHSIONICH BEIOPAHHBIA 00BEM; U

BHYTPCHHUE MOHBI, PACTIOJIOKCHHBIC B 00BEME B 3aJaHHON KOHIICHTPAIMH, COOTBETCTBYIONICH BEIOPAHHOM
TUTOTHOCTH 3apsilia;

BBIUUCIICHUE TIOCPEICTBOM IIpoIleccopa OOBEMHOM yIEIbHOW MPOBOAMMOCTH MOJICKYIISIPHOHN KHIKOCTHOM
CHUCTEMBI Ha OCHOBaHHMH Kod(pdunneHToB camMmoandy3un, HOHHONW BAJICHTHOCTH JUIsl OJHOTO WM 0OJiee BUIIOB
MPOTHBOMOHOB, HOHHON KOHIIEHTPAINH ISl OTHOTO WM 0ojIee BUAOB MPOTHBOMOHOB M TEMIIEPATYPHI,

OTIpe/ieIeHe TOCPEACTBOM IIpoIieccopa MOHHOW TPOBOAWMOCTH TIMHHCTOIO MHHEpaia Ha OCHOBAaHHH
00BEMHOM TTPOBOINMOCTH;

IIpUYeM 10 MEHBIIEH Mepe OJHO MeTPO(YU3NIECKOe CBOWCTBO CHCTEMBI TOPHOU MTOPOJIBI IPEICTABISAET CO-
0o0li TUTacTOBBIA KOI(PPUITMECHT, BBIYUCICHHBIN KaK OTHONIEHHE OOBEMHOUW yIEeTbHOW MPOBOJAMMOCTH MOJICKY-
JISIPHOW YKHUKOCTHOU CHCTEMBI K MOHHOU MPOBOAMMOCTH TIIMHUACTOTO MUHEpPAIa.

13. CuctemMa Juist ONpeeIeHus UIACTOBOTO K0 (HUIMEHTa CHCTEMBI TIIMHICTOTO MUHEpaia, MPUIEM CHC-
TeMa COJICPKUT

KOMIBIOTEPHYIO CHCTEMY, COACPIKAIIYIO

OJIMH HWJIM HECKOJIBKO MPOIICCCOPOB H

OJTHO WJTM HECKOJIBKO 3aIIOMHHAIOIMINX YCTPOICTB, COSOMHEHHBIX C OJHUM MM HECKOJIBKHMH IpoIieccopa-
MU, XpaHSAIINUX TPOrpaMMHBIE KOMaH/IBI, B PE3YJIbTATe BBHIOIHEHUS KOTOPBIX OJHUM MIIM HECKOJIBKUMH IIPOIIEC-
COpaMH¥ OJMH WM HECKOJIbKO MPOIECCOPOB BRIYHCIISIOT INIACTOBBIN KO HUIMEHT CHCTEMBI ITIOPOJIBI, COMEpKa-
Iel TIMHUCTHIN MUHEPaI, IOCPEICTBOM BBHITIOJTHEHNS MHOXKECTBA OTIEPAINH, IPEyCMaTPHUBAIOIINX

MIOCTPOCHHE MPEICTABICHUS MOJIEIH MOJICKYJIIPHOM XKUIKOCTHOW CHUCTEMBI, COJIepIKalIei

MHOKECTBO 3JIEMEHTAPHBIX TIECK MOJIEKYIISIPHO KUIKOCTH, 3aTIOTHATONICH BEIOPaHHBIH 00BEM;

BHYTPCHHUE MOHBI, PACTIOJIOKCHHBIC B 00BEME B 3aJJaHHON KOHIICHTPAIMH, COOTBETCTBYIONICH BEIOPAHHOM
TUTOTHOCTH 3apsilia;

Ha3HAYCHUE MIPEJCTABICHUIO MOJICIIN ITAPAMETPOB CHIJIOBOTO TTOJIS;

BBITIOJTHCHHE MOJICIMPOBAHUS METOJOM MOJICKYJISAPHON JMHAMHUKH YPaBHCHUI NBHKCHUS 332 BHIOPAHHBIN
WHTEpBAJl BPEMCHU ISl OTPEACICHUS KOOPIUHAT MOJOXKCHUS MHOXECTBA BUJIOB B TPEACTABICHUN MOJACITH BO
MHOECTBE MOMEHTOB BPEMECHH 332 UHTEPBAJl BpEMCHH;

BBIUMCIICHIE Ha OCHOBAHMM KOOPAMHAT IIOJIOKEHHUS BO MHOJKECTBE MOMEHTOB BpEMEHH KO3((HUIMEHTOB
camoauddy3uu I OTHOTO MK HECKOIBKHUX BHIIOB;

BBIYHCIICHUE OOBEMHOH YICIBHON MPOBOIUMOCTH MOJIEKYJISIPHOW JKUIAKOCTHON CHCTEMBI Ha OCHOBaHWH
Koa(duineHToB camoanudy3un, HOHHOW BAJIEHTHOCTH IIJISI OJHOTO MM Oojiee BHIA MPOTHBOMOHOB, NOHHOMN
KOHIICHTPAINH IS OJHOTO TN OoJiee BUIOB IPOTHBOMOHOB U TEMIIEPATYPHI;

OTIpe/ieJICHUE MOHHOM MPOBOJAMMOCTH TIMHUCTOTO MHHEpaja Ha OCHOBaHUU OOBEMHOHN YICIHHOH MPOBO-
JTIUMOCTH;

3aTeM BBIYUCIICHUE TUIACTOBOTO KO3 (HIMCHTA KaK OTHOIICHUS OOBEMHOM yIEIEHOW MPOBOJUMOCTH MO-
JICKYJISPHON )KUKOCTHOW CHCTEMBI K HOHHOH MPOBOJIUMOCTH MIIMHUCTOTO MUHEpAa, Te

IUTACTOBEIN KOA((PHUIMEHT MOKA3bIBACT MOPUCTOCTh U MPOHUIIAEMOCTD TIIMHICTOTO MUHEpAIa.

14. Cuctema 1o m.13, B KOTOpo# nporpaMMHble KOMaH/Ibl, B PE3yJbTaTe WX BBIMIOJHEHUSI OJHUM WU He-
CKOJIBKHMH TIPOIIecCOpaMH 00ECTICYMBAIOT OCYIICCTBICHNE OJHUM WM HECKOJBKAMH IPOIECCOPaMH CIETYIO-
LIUX CTaJHMN:

OTIpe/ieIeHNe HOHHOM IMTPOBOIUMOCTH TIMHUCTOTO MUHEpaa IpeayCcMaTpHBaeT

MTOCTPOCHHUE MOJIEKYIISIPHOTO MPEACTABICHHUS TIIMHUCTOTO MUHEPaja, COCTOSIIETO U3

0€3BOJHOI CTPYKTYPHI aTOMOB, PACIOJIOKEHHBIX BO MHOKECTBE MMapaJUICIbHBIX CIOEB, IIPHYEM OE3BOJHAS
CTPYKTYpa COIACPKHUT YUACTKH, 3aMEIIAIOIIIEe ATOMBI METaJlIa B CTPYKTYPE B KOHIICHTPALIUH, COOTBETCTBYIOIIEH
BBIOpPAHHOW TUTOTHOCTH 3aps/a;

MPOTHBOMOHOB TI0 MECHBINICH Mepe OJHOTO BHJA, PACIIONOKECHHBIX B MEKCIONHOM MPOCTPAHCTBE MEXKIY
ciosiMu OE3BOJTHON CTPYKTYPHI, B KOHIICHTPAILIUN, COOTBETCTBYIOIICH BRIOPAHHO IIOTHOCTH 3apsijia, ’

MHOKECTBa MOJICKYJ BOJIBI, PACIIOJIOKCHHBIX B MEXKCIIOWHOM MPOCTPAHCTBE;

HA3HAYCHHUE MApaMETPOB CHIIOBOTO IMOJISI MOJIEKYJSIPHOMY IMPEICTABICHUIO B COYCTAHWU C TPAHUIHBIMU
YCIIOBHSIMH, COOTBETCTBYIOIIMMH BHIOPAHHOMY JABICHHIO U TEMIICPAType TIMHUCTOTO MUHEPAJIa;

BEITIOJTHEHNE MOJCTUPOBAHMUS METOIOM MOJEKYISIPHONH MUHAMUKHA YPAaBHEHUH ABIKCHHS 32 MHTECpPBAI
BPEMEHH MOJEIMPOBAHUS UL ONPENEICHUS KOOPAMHAT ITOJIOKEHHUS MPOTHBOMOHOB B MPEICTABICHUHA BO MHO-
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JKECTBE MOMCHTOB BPEMCHH 332 HHTEPBAJI BpEMEHH MOJICIIUPOBAHYIS,

BEIUMCIICHUEC Ha OCHOBAHHU KOOPIHMHAT ITOJIOKCHUS BO MHOXKECTBE MOMCHTOB BpEeMEHH KO3((HUIIMECHTOB
camonuddy3un s OMHOTO WM HECKOJIBKUX BUIOB IPOTHBOMOHOB U BBIYHCIICHHE HOHHOM TPOBOIMMOCTH JIJIst
BHJIa TIPOTHBOUOHOB M3 KOA()PHUIMEeHTOB camoaud dy3un.
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