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OBIIASA XAPAKTEPUCTUKA PABOTHBI

AKTYaJIbHOCTH TeMbI HCCJIE0OBAHUM

B nocnennue roap! pu3nKka akTHBHON MaTEpHUH SBISETCS ONHUM U3 HanOojiee HHTEHCHBHO
Pa3BUBAIOIIMXCS HANPABICHUH COBPEMEHHOM (H3UKM MATKOH MaTrepud M HEPABHOBECHBIX
cucteM. OcoOblil MHTEpPEC BBI3BIBAIOT AKTUBHBIC KOJUIOMJIHBIE CHUCTEMBI, YAaCTHUIIBI B KOTOPBIX
CHOCOOHBI ITPeoOpa30BbIBaTh MOCTYMAOLIYI0 HM3BHE HHEPIUI0 B COOCTBEHHOE HAIpPaBIEHHOE
JaBrkeHue. Takue cuCTeMbI JEMOHCTPUPYIOT LIMPOKUMN CIIEKTP KOJUIEKTUBHBIX SIBJICHUN, BKIIKOYAs
CaMOOPraHU3aLNIO, KJIACTEPU3ALMIO U BUXPEBOE JBIKeHUE. MccnenoBanue JaHHBIX MPOLIECCOB
uMmeeT (pyHIaMEHTaJIbHOE 3HAUYEHHWE JJIs NOHUMAHUS JAWHAMMKH OTKPBITBIX JHUCCHIIATUBHBIX
CUCTEM, HaXOJAIIMXCS BJAIM OT TEPMOAMHAMUYECKOrO paBHOBecHsa. Kpome TOro, akTuBHbIE
KOJUIOMJHBIE CHUCTEMbI PACCMAaTPUBAIOTCSA KaK yHOOHbIE OOBEKTHI AJIS M3yUEHHUs MEXaHU3MOB
KOJUJIEKTUBHOM IMHAMMKH KUBBIX CUCTEM Ha MUKpO- U HaHOMAacIITabe.

HecMoTps Ha cy1iecTBEHHBIH Tporpecc B UCCIEA0BaHNN AKTUBHBIX OPOYHOBCKUX YacCTHII,
KOJUICKTUBHAA JTMHAMHUKA NCKYCCTBCHHBIX aKTUBHBIX CyCH@H?;Hﬁ u MI/IKpOE)My.HI)CI/Iﬁ MO-MPECIKHEMY
ocTaéTcst HeIOCTaTOYHO U3yueHHOMU. /{11 O0bIIMHCTBA TOAOOHBIX CUCTEM XapaKTEPHO ABUKEHUE
B PEeXUME MalbIX 4ucen PeifHombica, IpU KOTOPBIX WHEPUUOHHBIE (PPEKTH MpeHeOpPeKUMO
Majibl 10 CPAaBHEHHUIO C BS3KMM TPEHHEM, a WTOroBas JMHAMMKA ONpEIeNsercs OalaHCOM
TUAPOAVMHAMUYCCKUX, MCKYACTUYHBIX W BHCIOIHUX CHIL. B »stmx YCIIOBUAX OaXKEe citadnie
BO3MYUICHUA, CO30aBACMbIC OTACIIbHBIMH YaCTULlAMU, CIIOCOOHEI MMPUBOAWUTL K BOSHHUKHOBCHHUIO
JAJIbHOJICUCTBYIOIMX T'MIPOJAMHAMUYECKUX B3aMMOJIEHCTBUA M CIOXKHBIM KOJJICKTMBHBIM
s dexram. Bmecte ¢ TeM OOJIBIIMHCTBO SKCHEPUMEHTAIBHBIX MCCIIEOBAHUI COCPEIOTOUEHO Ha
JUHAMUKE OJUHOYHBIX MUKPOIUIOBIIOB MJIM CUCTEM C IIPOCTON F€OMETPHEH, Torja KaK MEXaHU3MbI
nepexosa OT MHAMBUAYAJIBHOTO ABM)KEHUS K CIOXHBIM CTPYKTypaM M3Y4Y€HbI HEJOCTATOYHO.
Oco0blil HHTEpEC MPENCTABIAIOT TEPMO(POPETHUECKH aKTUBUPYEMBbIE KOJIJIOWHBIC YAaCTHUIIBI, B
cuUcTemMax KOTOPBIX KOJUIEKTUBHOE NIOBEJICHUE onpezaensercs OJHOBPEMEHHO
TUAPOJUHAMUYECKUMH B3aUMOACHCTBUSIMM U MPOLIECCAMH NEPEaul UMITYJIbCa B BA3KOU CpEae.
HenocraTok »KCIEpUMEHTAJIbHBIX JAHHBIX O TAaKUX CUCTEMAaxX OrPAaHUYMBACT pPa3BUTHE
KOJIMYECTBEHHBIX MOJEJe aKTUBHOW MaTrepuu U 3aTpyAHAET OLEHKY 3((eKTUBHOCTH
npeoOpa30BaHus MOABOANMON 3HEPTUH B HAIPABIEHHOE JIBUKEHUE U KOJUIEKTUBHYIO JUHAMUKY
YaCTHULI.

UccnenoBanne TtepMo(OpeTHUECKH AaKTHUBHBIX KOJUJIOMJHBIX CHUCTEM  OTKpBIBAaeT
BO3MOXKHOCTH JUIsl CO3JaHUSl aBTOHOMHBIX OpOYHOBCKHX MHKPOMOTOPOB M HCKYCCTBEHHBIX
YOpPaBIsieMbIX MHKpPOIUIOBLOB. OcoOblli HMHTEpeC MPeACTaBIAIOT 3aJaddl HaIlpaBJIEHHOTO
MaccomepeHoca LEeIeBbIX BEIIECTB, YIPaBIIEeMOro MUKPOIIEPEMEIINBAHMS, a TaKXXe pa3padoTKu
CHUHTETUYECKHUX IPOTOKJIETOK, CIIOCOOHBIX K aBTOHOMHOMY JBMXKEHMIO. DKCIEPUMEHTAIBHOE
U3yYeHHEe MEXaHHW3MOB IIpeoOpa3oBaHUsl BHEUIHEW OHHEPrUU B HANpaBJICHHOE JBU)KEHUE,
IIPOLIECCOB CAMOOPTIaHU3aIMM AKTUBHBIX YaCTULl U 3aKOHOMEPHOCTEN KOJVIEKTUBHON TMHAMHUKHU B
CJIOKHBIX KOJUIOMJHBIX CHCTEMax SIBISIeTCS BaXXHBIM Kak Ui (pyHIaMEHTaJbHOU (PU3NKH
HEpAaBHOBECHBIX CHCTEM, TaK M JUISI CO3/aHUS TEPCIEKTUBHBIX MHKPOQIIOUAHBIX H
OMOMHMMETHYECKHUX TEXHOJIOTHI.

eanb padoThI

]_IeJ'ILIO I[HCCCpTaHHOHHOf/'I pa60TLI ABJIACTCA  SKCIICPUMCHTAJIIBHOC HCCICIOBAHUC
JAUHaAMHUKU U CaMOOPraHnu3aliu aKTUBHBIX 6p0yHOBCKI/IX YaCTHULl PA3JIMYHBIX TUITIOB B KOJIJTOUIHBIX
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cucTeMax (CyCHEH3MSIX U MUKPOIMYIbCHSIX CJIOXKHOIO COCTaBa) IMpU BHEIIHEM BO3JEHCTBUH, a
TaKXK€ YCTAaHOBJICHHE MEXaHH3MOB IPeoOpa30BaHUsl JA3€PHOW HSHEPrUM B HAMPABICHHOE
JBUKEHHE Ha MUKPO- U HAHOYPOBHE.

3agaum padoThl

1. Pa3paboTka creHga KameiabHOW MHUKPOMIIOMAMKU ISl TMOMYyYEHUS aKTHUBHBIX
KOJUIOMJHBIX YacTHII (Kanesib MUKPOAMYJIbCUH) ¢ (DYHKIIMOHATBbHBIMU BKIIFOYCHHUSIMH.

2. HWccnenoBaHue KOJUIEKTUBHOM JUHAMMKHU B CYCIIEH3MM SIHYC-4acTHIl B BSI3KOM cpere
IIPU BO3ACUCTBUU JIa3€PHOTO U3JIyYEHUS ITIOCTOSHHONW HHTEHCUBHOCTH. BhIsABICHUE XapaKTEpHBIX
JTAIOB 3BOJIOLUH BUXPEBOTO JBUKEHUS, ONPEICIICHUE OCHOBHBIX KWNHETUYECKUX XapaKTEPUCTUK
(ckopoctu, k03P unmenTs! TupPy3un, KHHETUIECKAs YHEPTUS).

3. HccnenoBanne JWHAMHUKH —Kareidb MHKPOAMYIBCUH C  (DYHKIIMOHAJIHHBIMH
BKJTIOUCHUSIMH (HAHOYACTHIIAMU MarHetuta). [loimydeHne MOHOIMCIIEPCHBIX Karleilb dMYJIbCUU
BUJAa «Macli0o B BOJE», COIEPI)KAIIUX HAHOYACTUI[BI MAarHETUTA, METOJAOM MHKPOQIIOUIUKH.
W3yueHne uX aKTUBHOTO OpPOYHOBCKOTO JIBMIKCHHUsS NPHU JIa3epHOM Bo3neiicTBuu. lIpoBeneHue
omleHkH KodbouuuentoB guddysuu, kpurepus Ilekne u 3ddeKTUBHON KHHETUYECKON
TEMIIEPATYPHI.

4. HccenenoBanne  KOJUIEKTMBHOM — JIMHAMHMKM  BHYTPU  YEAUHEHHOM — KalulH
MHUKPO3MYJIBCUH, COAEpKAIEH sHyc-dyacTUlbl. DOpMUPOBAHHME YEIMHEHHOW KaIlIM C SHYC-
qacTuuaMu BHyTpH. KomIulekcHOe m3yueHue BUXPEBOM JUHAMMKHU YAacTHIl M IOCTYNATEIbHOIO
JBIKCHMSI CaMOM KaIUIM IIPH JIA3EPHOM BO3ECHCTBUM: BOCCTAHOBJICHUE TPACKTOPUN JBUKCHMUS,
3aBUCUMOCTEH CpeJHEKBAaJPaTUYHOIO CMELIEHUs BO BpEMEHM, pacyéT Kod(pduuneHToB

b hy3un.

5. KonuuecTBeHHbIN aHanmu3 MeXaHu3MOB U 3((EKTUBHOCTH IpeoOpa3oBaHUs
SHEPruM B KOJUIOUJHBIX cucTeMax. OneHka BKIaia TepMOpOpEeTHIECKOro MEXaHN3Ma B aKTUBHOE
nBrkeHue. Pacdyér MomioméHHONM MOIIHOCTH, TIPaJUeHTOB TeMIeparypbl, 3((EeKTUBHOCTU
npeoOpa3oBaHusl SHEPTUM JJIS OTAEIbHBIX 4YacTHll, CycneH3ud u Kanenb. OnpeneneHue
TUAPOJUHAMUYECKON A(PQPEKTUBHOCTH TMpeoOpa3oBaHMsl HHEPrUM B BA3KOW cpeae W
3¢ PEKTUBHOCTH MEpeIaul UMITYIbCa OT BKIIOUEHUH K KalIsIM MUKPOAMYJIbCHH.

Hay4ynasi HoBu3HA pa0doThI

BnepBele 3KCIEpUMEHTAIBHO HCCIEI0BAaHA DSBOJIOLUUS KOJUIEKTUBHOTO BHXPEBOTO
JBUKEHHUSI B CYCHEH3UU TEpMO(POPETHUECKH AaKTHBHBIX SHYC-4acTULl B BA3KOW cpele Npu
Ja3€pHOM BO3JEHCTBUU. YCTAHOBJICHBI TPU IIOCIENOBATEIBHBIX 3Talla CaMOOpPraHU3alluu:
(dbopMUpOBaHUE €IMHOTO BHUXpS, MEPEXOAHBIH PEKUM C CYKEHHEM LEHTPaJIbHON 00IacTH H
OKOHYATEJIbHOE pa3/IeJIeHUE Ha JIBa IPOTUBOHANPABIECHHBIX BUXPSI.

DOKCHEpUMEHTAJIbHO [I0Ka3aHO, 4YTO aKTUBHOE OpOYHOBCKOE JBHMKCHHME Karlelb
MHUKPOAMYJIBCUH THUIIA «MACJIO B BOAE», COACPKALIUX MOIIONIAIONINE HAHOYACTHIIBI, MOXKET OBITh
MHHUIMMPOBAHO JIA3€PHBIM M3JIy4YeHHEM 0e3 MpOTEeKaHUs XUMHUYeCKUX peakuuid. [IpemnoxeH u
000CHOBaH MOJX0A K OIeHKe 2(PPEeKTUBHOM KMHETHUECKON TeMIIEpaTyphl Kareib B BA3KOH cpene.

BrniepBble skcriepMeHTaNbHO U3y4YeHa KOJUIEKTHBHAsI TMHAMUKA aKTUBHBIX STHYC-YaCTHI
BHYTPU YEIMHEHHOW KAl MHUKPOAMYJIbCHM CIIOXKHOTO COCTaBa MpHU Ja3epHOM BO3/AECHCTBHUU.
OO6napyxeHo (hOpMHUpOBaHUE 3aMKHYTBIX BUXPEBBIX MOTOKOB YAaCTHUI[ BHYTPH KaIlJld, a TaK¥kKe
HalpaBJICHHOE IIOCTYNATeJbHOE JABMKCHME CaMOM Kalllli Kak Lejoro. BeimonHeHa
KOJIMYECTBEHHAss OlLEHKa A(PQPEKTUBHOCTH TNpeoOpa3oBaHMsl JHEPrMM B CHCTEME Kalljau
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MUKPO3MYJIbCHH, COACPKAIIECH MOMIOAoNe BKItoueHus. [loka3zaHo, 4To mojHasi [uccunanus
SHEPIruU OT BCEX YaCTHULl BHYTPH KaIlJIM 3HAUUTEIIBHO MPEBBIIIAET MOIIIHOCTD, 3aTPAYMBAEMYIO HA
JIBIDKEHHUE CaMOM KaIlIu.

BriepBble KOTMYECTBEHHO OXapaKTepU30BaH TEPMOGOPETHUSCKUN MEXaHU3M aKTUBHOTO
JBYDKEHUSI B CYCHEH3USAX SHYC-4aCTHMIl M KallIIX MHMKPOAMYJIbCHM CIIO)KHOIO COCTaBa IpHU
Ja3epHOM Bo3zzelcTBuu. Iloka3aHo, 4TO BO3HMKAIOLIETO Iepenaga TeMIIepaTypbl Ha MaciuTade
OJJMHOYHOW TMOIIOINAIONIEH YacTHUIbl JOCTAaTOYHO JAJIsl MHUIMMPOBAHUS TepMO(OpeTHIecKoro
JIBY)KEHUS, HO HEJIOCTATOYHO JUIsl BOSHUKHOBEHMS KOHBEKTHBHBIX MOTOKOB, YTO HMOATBEP)KIAET
IPUPOAY HAOIIONAEeMOM KOJIJIEKTUBHOM TUHAMUKH.

Hayqnaﬂ U NIpaKTH4YE€CKasg 3HAYUMOCTb

HOJIy‘ICHHBIe pE3yJIbTaTbl BHOCAT BKJIaA B IMOHWUMAHUC KOJJICKTUBHOM AIUHAMHUKUA H
caMOOpranu3aliii aKTUBHBIX 6POYHOBCKI/IX JaCTHLl B BA3KHUX CpE€Aax IIpH MallbIX YHCIaX
PeﬁHOHLﬂca. BKCHCPI/IMGHT&HLHO HCCIICAOBAHO  BHUXPCBOC  JIBUJXKCHHC B CYCIICH3UAX
TepMO(bOpeTI/I‘leCKI/I AKTHUBHBIX AHYC-HaCTHII. BreinmonHeH aHanmn3 MexaHu3Ma Hp606paSOBaHI/I${
OHCPI'UH JIa3€pHOI0 U3JIYUCHHUA B HAIIPABIICHHOC ABUKCHUC KOJUIOMAHBIX YaCTHUILL, YTO ITO3BOJISICT
YTOUYHUTD POJIb JIOKAJIBHBIX TEMIICPATYPHBIX I'PAAUCHTOB U THAPOAUHAMUYICCKUX B3auMMOJICHCTBUIM
B JHMHAMHKC aKTHUBHBIX 6POYHOBCKI/IX YaCTHll. HOJ'Iy‘IeHHLIC JAaHHBIC TAKXC MOI'yT OBITE
HCIIOJIb30BAHbI ITPH MOACIIUPOBAHUHN U BepI/I(l)I/IKaI_[I/II/I MOHeHeﬁ AKTHBHBIX 4YaCTHII.

[IpakTdeckas 3HAYUMOCTH PA0OTHI CBA3aHA C BO3MOXKHOCTBIO YIPABJICHUS TUHAMUKOU
AKTHBHBIX KOJUIOMJHBIX YACTHI] PA3JIMYHOIO COCTaBA IOCPEICTBOM Ja3€pHOIO BO3IAECHCTBHS.
HccenenoBanHble KOJUIOUAHBIE CUCTEMBI MOTYT CIIy’)KHTh OCHOBOM JUIsl CO3aHUS HCKYCCTBEHHBIX
MHUKPOMOTOPOB U (PYHKIIHOHAIBHBIX CUCTEM «YMHBIX MaT€pPHajOB» C YIPABIIEMOW TUHAMHKOM.
Pa3zpaboranHbie SKCIEpUMEHTAIbHBIE METOIMKHA W TIOAXOABI K OIECHKE A(PPEKTHBHOCTH
peoOpa3oBaHusl SHEPTHMH MOTYT OBbITh HCIIOJIb30BAaHbI B 3KCIIEPUMEHTAIBHBIX HCCIEIOBAHMSIIX
AKTHBHOM MaTepHH, a TAK)KE IIPU COBEPILIECHCTBOBAHUH TEXHOJIOTUN aJpECHON TOCTABKU BEUIECTB
U MUKpOIIEPEMEIINBAHUSA, KOHCTPYUPOBAHKUS MUKPOPEAKTOPOB.

HOJ’[O)KEHP[H, BbBIHOCHMMBIEC HA 3aIIIUTY

1. Ilpu na3epHO-MHAYLMPOBAHHOM AaKTHUBHOM JBM)KEHHUU SIHYC-4acCTHI] B CYCIEH3UU
YacTULIBI JIEMOHCTPUPYIOT KOJUIEKTUBHBIE 3((EKTH U (HOPMUPOBAHUE BUXPEBOIO JIBUKEHHS C
ko3pduumrenrom auddys3un, Ha 3 TOpAAKa MPEBBILIAIOIIMM IAaCCUBHYIO OpOYHOBCKYIO

nuddysuro.

2. Meronuka reHepaliu MUKPOSMYJIBCUI CIIOKHOI'O COCTaBa ITO3BOJISAET CO3/1aBaTh
KOJUIOMJHBIE ~CHUCTE€MBl, AaKTUBHAs OpOYHOBCKas JMHAMUKA KOTOPBIX, OOYyCIIOBJIEHHas
TepMO(OPETHUECKMM  JIBUKEHHWEM  JIUCHEPrMpOBAaHHBIX  (YHKIMOHANBHBIX  YaCTHII,
MOMIOIIAOIIUX JIA3epHOE H3JIydyeHue, XapakTtepusyercs kosdduuuentoM audpdysuun 7.8-107°
cm?/c u kputepueM Ilekine 2.2-10°.

3. MexaHu3M aKTHBHOI'O 6pOYHOBCK01"O ABWIKCHUS KaIlJIW SMYJIbCHUHU CJIIOKHOTI'O
coCTaBa OCHOBaH Ha HNOMIOICHN JIa3CPHOTO H3JTy4YCHUA CBCTOIOTIOIIAOIIIMMHU
BHYTPHKAIICIILHBIMU BKJIFOYCHUAMUA (}IHYC-‘-IaCTI/ILIaMI/I, HaHO‘-IaCTI/II_IaMI/I), NpUBOAAINIEM K HX
HarpeBy H BO3HHKHOBCHHIO JIOKAJBbHBIX TEMIICPATYPHBIX TPAAUCHTOB, HWHHIHUHPYIOIIUX
BHYTPHKAIICIILHOC ABUIKCHUC BKJIIOUCHUM U nepeaavy uMIryJibCa Karijie.

4. B pesynbrare uccienoBaHusl KOJJIEKTUBHOIO JBMKEHUS AKTHBHBIX SHYC-Y9aCTHI]
BHYTPHU YEIUHEHHON KAl MUKPOAMYJIbCUU OOHApYKEHO (POPMHUPOBAHUE 3aMKHYTHIX BUXPEBBIX
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MOTOKOB YacTHUIl W BbI3BAHHOE HMHM HaIlpPaBIEHHOE IIOCTYIMAaTeIbHOE JBI)KEHUE KaIluld C
3 PEKTUBHOCTBIO MPEOOPa30BAHUS SHEPTHM JIA3€PHOTO M3IMYUYCHHS B JIBUKEHUE KAIUIU Etotal =
1.7-10™" u 3¢ppeKkTHBHOCTHIO TEepeaadr UMITYJIbCA OT SHYC-YaCTHUIl KaIrie MUKPOIMYJIbCHUH & =
2.5-107*, ABNSAIOMIUMUCS XapaKTEPHBIMHU 3HAYEHUSMHU ISl aKTUBHBIX OPOYHOBCKUX MHUKPOYACTHUIL
B BSA3KHUX CpeJiax.

CreneHb 10CTOBEPHOCTH Pe3yJIbTATOB M anpodanusi padoTbl

JI0CTOBEPHOCTh MOIYYEHHBIX PE3YIbTATOB MOATBEPKIAETCS UX BOCIPOU3BOJUMOCTHIO B
CepUsIX HE3aBUCUMBIX 3KCIIEPUMEHTOB. TaKKe 10CTOBEPHOCTD IIOJYyUYEHHBIX SIKCIIEPUMEHTAIbHBIX
JTAHHBIX 00eCcTeYrBajIach UCTIOIb30BAaHHEM COBPEMEHHOTO CEPTH(PHUIMPOBAHHOTO 000PYI0BaHHUS,
MPOLIE/IIIET0 MPeIBapUTENbHYI0 KanuOpoBKy. [lonyyeHHbIe B paMKax AUCCEPTALIMOHHON paboThI
9KCIIEPUMEHTAJIbHBIE PEe3yJbTaThl COIVIACYIOTCS C ONMU3KMMHU [0 TEeMAaTUKE TEOPETUYECKUMHU U
SKCIEPUMEHTAJIbHBIMU paboTamMu B 001acTy (DU3UKU MSTKON MaTepHu.

OcHOBHbBIE pe3ysbTaThl JTUCCEPTALIMOHHON padOThl JOKJIAABIBAIIMCH U OOCYXIAIUCh Ha
CJICAYIONINX POCCUHCKUX U MEKAYHAPOJHBIX HAYYHBIX KOH(PEPEHIHAX:

. Mexaynaponusie Hayunble cemuHapbl «Non-Ideal Plasma Physics» (1. Mocksa,
Poccus) 2023-2025

. International Conference «Plasma Physics and Plasma Technology» (r. Munck,
benapycp) 2022, 2025

. International Conferences on Equations of State for Matter (Dms0pyc, Poccus)
2022-2026

. International Workshops «Complex Systems of Charged Particles and Their
Interactions with Electromagnetic Radiation» (r. Mocksa, Poccust) 2023-2026

. Bcepoccuiickas nayunas kondepenius MOTU (r. Jonronpyaasiii, Poccus) 2021 -
2026

. 15-s1 mexxnyHapoHas KoH(GEpEeHIHS-IIKOTIa MOJIOABIX yueHbIX "BOMHBI 1 BUXpH B

cinoxHbIX cpenax” (Mocksa, Poccust) 2024

. Bcepoccuiickas (¢ MeXIyHapoaHbIM —ydacTueM) KoHpepeHuus «Pusnka
HU3KoTeMIieparypHoil mina3mel» (Kazans, Poccust) 2026

e VI [lIkonma MOJOABIX YYEHBIX «XUMHUS U TEXHOJOTUSI OMOIOTHYECKH AKTHUBHBIX
BEUIECTB JJ1s1 MenuUuHbl U papmanun» (Mocksa, Poccus) 2026

HccnenoBanust B paMKax JAuMCCEPTAllMOHHOW paboThl mojjepxkaHsl rpantamu PHO
(mpoexTtst Ne 20-12-00345 u Ne 25-12-00406).

Myoaukanun

[lo marepuanam nauccepranuu OMyOIMKOBaHO 5 paboT, u3 KoTtophix 4 paboTHl - B
PeleH3NPYyEeMBIX HayYHBIX XypHanax u3 nepeuns BAK u mexayHapogasix 60a3 maHabIx (Scopus,
Web of Science).

JIMYHBIN BKJIAJ aBTOpa

Bce mpencraBieHHble B AMCCEPTAllMM PE3yJbTaThl IOIYYEHBI JIMYHO COUCKATEJIEM.
ABTOpOM pabOTHI MPOBEAEHBI BCE SKCIEPUMEHTANIbHBIE UCCIIEOBAHNUS, BBIIIOJIHEHA 00paboTKa
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BUACONAHHBIX M pacyéT IUHAMUYCCKUX XapaKTePUCTUK KOJUIOMAHBIX dacTuil. Co3maH
MPOrPaMMHBIN KO Ha si3bike Python myist KOMIUIEKCHOTO aHaM3a MAaCCUBOB KOOPAMHAT YaCcTHUIL U
pacuéTa OCHOBHBIX JAMHAMHUYECKHUX XapakTepucTukK. Couckarenb NpUHUMAN ydacTUE B
MOCTAaHOBKE 3aj1a4, 00CYKJICHUU PE3yJIbTaTOB, TOATOTOBKE PYKOMUCEH cTaTeil U MpeiCcTaBICHUU
JOKJIAJIOB Ha KOH(PEPEHIUSX.

O0BbEéM U CTPYKTYpa AUCCePTALUM

Jluccepranusi COCTOMT W3 BBEICHHS, 3 TIaB, 3aKitoueHuss u oubnuorpaduu. I[TomHbii
00BEM muccepraruu coctaBisieT 142 crpanuibl, Bkirodas 51 pucyHok u 1 tabmuiy. Crimcok
LUTUPYEMOH JIUTEpaTyphl COAEPKUT 162 HanMeHOBaHMUS.

COLEPKXAHUE PABOTbI

Bo BBegenumm jaercs oO0mas XapakTepUCTHKA JUCCEpTallid, OOOCHOBBIBAETCS
aKTyaJbHOCTh TEMaTHKH, (OPMYIUPYIOTCA 11eIb UCCIeIOBaHUS U OCHOBHBIC 3a71aul. [Toka3aHbl
Hay4YHas HOBHU3HA, TEOpETHYECKas W MpaKTHUecKas 3HAYMMOCTh IOJNyUYEHHBIX pE3YJIbTaToB,
MPECTaBICHbl TOJOKEHHUsI, BRIHOCUMBbIE Ha 3amurty. [IpuBeneHbl cBemeHust o0 ampolanuu
paboThl, MyOMUKAIUSAX aBTOPA U CTPYKTYpPE AUCCEPTAIUU.

B mepBoii raBe cruemaH 0030p COBPEMEHHBIX MCCIEAOBaHUN B 00JacTH aKTHBHBIX
6pOYHOBCKI/IX JaCTHII. PaCCMOTpeHI)I OCHOBHBIC (1)I/I3I/I‘-IGCKI/I€ MCXaHU3Mbl HAIIPAaBJICHHOI'O
ABVOKCHUS MHUKPOYACTHUL[, a4 TaKXKC HX KOJJICKTMBHAA JWHAMHUKA HW CaMOOpraHusaludsa B
KOJUIOMJHBIX CHCTEMaX.

B pa3gene 1.1 npuBeneHbl OCHOBHbBIE CBEECHUS 00 aKTMBHBIX OPOYHOBCKMX YacTHLIAX U
UX JBWKCHMM B BA3KHX Cpelax Npu Maiublx uuciax PeliHonbnca. IlpuBenensl kputepuw,
UCIIOJIb3yEeMbIe Ul ONUCAHMsI aKTUBHOTO JIBUXKEHUS, pacCMOTpeH mpouecc auddys3uu, a Taxxke
OCHOBHBIE MEXaHHU3MbI AKTUBHOTO JIBH’KEHUS! HCKYCCTBEHHBIX MUKPOIUIOBIOB. Oco00€ BHUMaHKE
YIEJIEHO TEpMOPOPETHUECKOMY MEXaHU3My JBUKEHHS, OCHOBAaHHOMY Ha BO3HMKHOBEHUU
JIOKAJIbHBIX TEMIEpPaTypHBIX TPaJMEeHTOB BOJM3M TOBEPXHOCTH YACTULl. BBINONHEH aHaIu3
COBPEMEHHBIX IKCIIEPUMEHTAJIbHBIX U TEOPETHUECKUX PabOT, MOCBSILEHHBIX UHANBUAYAIbHON U
KOJUIEKTUBHOM JMHAMUKE aKTUBHBIX OpOYHOBCKHUX YacTHll, ((OPMUPOBAHUIO BUXPEBBIX CTPYKTYD,
KJIACTEPU3ALMH U IPYTUM IIPOLieCcCaM CaMOOPraHU3alMK B aKTUBHBIX KOJUIOMJHBIX CHUCTEMAX.

B pa3ngene 1.2 moapoOHO paccMOTpPEHBI KOJUIOMIHBIE CHUCTEMBI, HCIOIb30BAHHBIEC B
KauecTBe OOBEKTOB MCCIEAOBAaHUS B JIUCCEPTAIMU: CYCIEH3UHU SHYC-YaCTHUIl U MUKPOAMYIIbCUU
CIIO)KHOTO cOCTaBa ¢ (YHKIIMOHAJIbHBIMU BKIIOUEHUAMHU. [IpoaHanm3upoBaHbl OCOOEHHOCTH
JBU)KCHUSI AaKTUBHBIX YaCTUIl U Kamlejab MHUKPOIMYJIBCHM B BA3KHX Cpelax, a TaKXKe poJib
TUAPOJUHAMHYECKHX  B3aMMOACUCTBUNM B  (OPMUPOBAHUU  KOJJICKTUBHOTO  JIBHDKEHUS.
PaccmoTpeHbl COBpeMEHHbBIE TPEICTABICHUS O MeEXaHW3Max MABMKEHHUS TepMO(pOpPEeTHUECKU
AKTUBHBIX SIHYyC-4aCTHII, MpoIlleccax MpeoOpa3oBaHUs BHEIIHEH DJHEPIUH B MEXaHUYECKOe
JIBUKEHHE U 0COOCHHOCTSX CaMOOPTaHU3AIMHA AKTUBHBIX KOJUIOMJIHBIX CHUCTEM TOJ JIeHCTBHEM
BHEIIHUX MOJIEH pa3IuYHON TPUPOIBI.

Bo BTOpoii raBe mpencTaBieHa METOAWKA TOMYYECHHUS] W CTAOMIM3alUA AKTHBHBIX
KOJIJIOMTHBIX CHCTEM Ha OCHOBE TePMO(POPETUUECKH aKTHBHBIX STHYC-YaCTHII, a TAK)KE PE3YJIbTAThI
HKCIIEPUMEHTAIILHOTO HCCIIEIOBAaHUSI WX KOJUIGKTUBHOM JMHAMHKMA B BA3KOM cpene mpu
BO3JICHCTBHUH JIA3EPHOTO U3ITyUYECHHUS.

B pasaeje 2.1 OlmMCaHa MCTOAWKA  HM3IOTOBJICHUSA  AKTUBHBIX  SAHYC-4YAaCTHUII,
HCIIOJIb30BAHHBIX I/ HCCIEAOBAaHMS KOJJICKTHMBHOM IWHAMHUKU B 9KCIICPUMCHTC. B kauectBe
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OCHOBBI IIPUMEHSUTUCH C(hepUUECKUE YacTUIbl MeTaMUH-(popManbaeruaa ruamerpoM 2.05 MkM,
Ha IIOBEPXHOCTh KOTOPHIX METOJOM MarHeTPOHHOI'O HAaNbLIEHUS] HAHOCHUIIOCh METHOE TIOKPBITHE.
Jlanee OblTa MPUTOTOBIIEHA CYCIEH3Hs SHYC-4acCTHIl B JUCIEPCHOHHON cpele (MUHEpaIbHOM
Maciie) C TOBBIIICHHON BSI3KOCTHIO, OOECIEUMBAIOIICH pEaTH3alMI0 YCIOBUN MAalbIX YHCEI
PeﬁHOHBI[CEl 1 BO3MOXHOCTHL ACTAJIBHOI'O HCCICAOBAHUA KOJIVICKTUBHOI'O ABMIXKXCHHUSA YaCTHII.
CcdopmupoBaHa ycToiunBas CTpyKTypa, cofepskalnasi 0ojee ThICIYH YaCTHII.

B pasnene 2.2 npencraBieHO ONUCAHWE SKCICPUMEHTAIBHOM YCTAaHOBKHM W METOIUK
UCCJICJIOBAHUS TUHAMHUKU aKTUBHBIX KOJUIOMAHBIX cHUCTeM. {11 M3yueHUs ABMXKEHHUS aKTUBHBIX
4yacTUI ObLI pa3paboTaH SKCIEPUMEHTAIBHBIA KOMIUICKC, 00€CIIeUHNBAIOIINN OJHOBPEMEHHOE
BO3/ICMCTBHE HA YACTHUIIbI JJA3€PHBIM U3JIYUEHHUEM, BU3YAIH3AIMIO U PETUCTPALIMIO UX JBHKEHUS

(puc.1).

E
MMyuok nasepa |—/ | /——-I MpeaMeTHOE CTEKNo

==
i

| |
Kanns Bsiskow cpeabl }—/ | v

CTpykTypa u3s
AHYC-4acTuL,

Cucrtema
AIHyC-4YacTu1L

Kannsa cpeabl Jlaszep

Pﬂcy}[OK 1. 3KCHepHMCHTaHBHLIﬁ KOMIUJIEKC I BO3JECHCTBHSA Ha CYCIICH3UHU AKTUBHBIX
6pOYHOBCKI/IX YacCTHUI IIpU IMOMOIIH JIa3CPHOTI'0 U3JTYUCHU.

Uccnenyemas cucrtema mpeicTaBisiia cOOOM CYCIEH3HIO SIHYC-9acTHI[ B BSI3KOW cCpene,
(GopMUPOBaBIIYIO KBa3HUJIByMEPHYIO MNPOTHKEHHYIO CTpyKTypy. HaOmromenue 3a cucremoit
OCYUIECTBIISZIOCH C TOMOIIBI0 ONTHYECKOIO MHUKPOCKOIA, OCHAIIEHHOTO BBICOKOCKOPOCTHOM
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BHUJICOKaMepoil. Peructpanust wu300pakeHUH TPOBOAMIACH B PEKUME BHACOCHEMKH C
HoCTeyIomeil KOMIBIOTEPHOH 00pa0OTKON SKCIEPUMEHTANbHBIX TaHHBIX. [ danmpHe#mero
aHanmu3a OBUIO MCIIOJIB30BAHO CIIEHUATBHOE MPOrpaMMHOE OOecreyeHHue Ui ONpeAeTICHUS
KOOPJIMHAT YacTHUI] U BOCCTAHOBJIEHHUS HUX TPAEKTOpUH BO BpeMeHH. Ha oCHOBE MOIy4YEHHBIX
JAHHBIX PACCUMTHIBAIIUCH CPEIHEKBAIpaTHUHBIE CMelIeHus, Kko3ddumuentsl auddysum,
CKOpPOCTH JBMKEHMSI YACTHIL U APYTUe AMHAMUYECKHUE XapaKTEPUCTUKH.

B pazpene 2.3 uccienoBaHa poib MOBEPXHOCTHOTO 3apsifia B CAaMOOPraHMU3AlMK SHYC-
4yacTHUIl B BSI3KOM cpeze. PaccMOTpeHbl OCHOBHBIE MEXaHU3Mbl MEXKYACTUYHOTO B3aUMOCHCTBHSI,
OTIpECISIONINE CTPYKTYpY M JUHAMHKY aKTHUBHOW KOJUIOMAHOHM cuctembl. [IpoBenén ananms
YCIIOBUH, MPU KOTOPBIX AIIEKTPOCTATUYECKUE CHIIBI MOTYT OKa3bIBaTh CYIIECTBEHHOE BIMSIHUE Ha
JBUKEHHUE YACTUIL U TIPOIECCHl UX CAMOOPTIaHU3aIIIH.

[TokazaHo, 4TO XapakTep B3aUMOAECHCTBUS SIHYC-4aCTHUL CYILIECTBEHHO 3aBUCUT OT CBOMCTB
OKpy>Karolel cpenpl. B kommonHOM mia3Me 4acTulibl CIOCOOHBI MpUOOpETaTh 3aps] HopsaaKa
10* oneMeHTapHBIX 3apaf0B, YTO INPUBOAUT K BO3ZHMKHOBEHHIO JATbHONEHCTBYIONIETO
KyJIOHOBCKOTO B3aMMOJICHCTBHS U (DOPMUPOBAHUIO YIIOPSAOYCHHBIX CTPYKTYP. B BA3KUX RKHUIKHX
cpenax HaOIIOMAeTCsl MPUHIMUITHAIBHO WHOW PEXHUM, MPH KOTOPOM KOJUICKTHBHAS JTHHAMHUKA
YACTHI[ OINPEACTSACTCS MPEHUMYIICCTBEHHO TEePMODOPETUYSCKUMH W THIPOAHMHAMUYCCKUMU
MexaHu3MaMu. JlJIs OIeHKM BKJIaja JJIEKTPOCTATHYCCKUX I(PPEKTOB B HCCICAYEMOU CHCTEME
BBINIOJIHEH aHAJIM3 CTPYKTYPhI IBOMHOIO 3JIEKTPUYECKOTO CJIOS HA MOBEPXHOCTH SIHYC-4ACTHIL U
pPaccMOTPEHBI XapaKTepHbIe MacIITa0bl KPAHUPOBAHUS 3apsia B UCIIOIb3yEeMOM TUCTIEPCUOHHON
cpene (puc.2). O6CyX/1eHO BO3MOXKHOE BIUSHUE aCHMMETPHH paclpeesieHus: TOBEPXHOCTHOTO
3apana Ha 4dactunax. [lokazaHo, 4To [UIsl MCCIEAyEMbIX 4YacTULl MUKPOHHOTO pa3Mepa BKJIAJ
no00HBIX 3(P(PEKTOB B KOJJIEKTUBHYIO JUHAMHKY OKa3bIBA€TCSl CYIIECTBEHHO MEHBIIE BKIaJa
TepMO(POPETUYECKUX U TUAPOTMHAMHUYECCKUX B3aMMOJICHCTBUMN.

M® vyactuua

[NokpbiTnEe

Pucynok 2. Cxema B3aMMOJICMCTBUS JIBYX SIHyC-4aCTHI] paJnyca 2a B CTPYKType, HaXOASAIIUXCS

Ha pacCTOAHUU T APYT OT Apyra ¢ MCXKIACTUIHBIM 3a30pOM h.

[IpuBeneHbl ONEHKM  XApAaKTEPHBIX  MEXYACTHYHBIX  PACCTOSHUNA W JHEPIuil
B3aMMOJICCTBUS B aHcaMOne sHyc-dactull. [lokazaHo, 4TO BaH-AEp-BaalbCOBbI CHIIBI U
CTEPUYECKNE B3aMMOJECHCTBUS OKa3bIBAIOTCS CYIIECTBEHHBIMHU TOJIBKO NMPU HEMOCPEICTBEHHOM
CONMMKEHUHM 4YacTHI[ U HE MOTyT OOBSICHUTH CYLIECTBOBAaHHME HAONIIOJaeMON YCTONYMBON
CTPYKTYpPBl C MHUKPOHHBIMM pACCTOSSHUAMM MEXAy dacTunaMmu. [lomydeHHblE pe3ynapTarsl
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CBUJIETEIHCTBYIOT O TOM, YTO ONPEAEISIONIYIO poJib B (YOPMUPOBAHNUN KOJUIEKTUBHOTO ABMKEHUS
UTPAIOT IPOLECCHI IEPEIAUN UMILYIIbCA YEPE3 OKPYKAIOUIYIO BSI3KYIO CpPENy CUIaMH TPEHHUS.

B pa3smene 2.4 mpencraBieHBl Pe3yibTaThl AKCIIEPUMEHTAIBHOTO HCCIICOBAHUS
KOJUICKTHBHOTO JIBUKCHHSI aKTUBHBIX STHYC-YaCTHUIl B BSI3KOW Cpe/ie TPH BO3ICHCTBUU JIA3€PHOTO
uznydenus. [lokazaHo, 4to B cucreMe (POPMHUPYIOTCS ¥ ABOITIOIMOHUPYIOT YCTOMYMBBIC BUXPEBbIC
CTPYKTYPBI, XapaKTePHU3YIOIIHECs KOJUICKTHBHBIM BpallaTeIbHBIM JBH)KEHUEM OOJIBIIOTO YUCIIa
yactull. Ha ocHOBe 00paOOTaHHBIX BHJCOJAHHBIX BOCCTAHOBJICHBI TPACKTOPUH JIBYIKCHHSI
AKTHBHBIX YaCTHI] JUISI Pa3IMYHBIX CTAJUN 3BOJIIOLUYU JIBIKCHUS B CHCTEME. YCTaHOBIICHO, YTO
pa3BUTHE BUXPEBOT'O JBIIKCHHS TPOHUCXOJHUT Yepe3 HECKOJIIBKO TOCIEeIOBATELHBIX ATarnoB. Ha
HAYaJIbHOM JTare (OPMHPYETCSl €IWHBIA BUXPb, OXBaTHIBAIOIIMN BCIO CTPYKTYpy 4YacTuil. B
JalbHEeiIIeM HaOlk0IaeTCsl TIEPEXOAHBIA PEKUM, COMPOBOXKIAIOIIMNACST W3MEHEHHUEM (CXKATHEM)
CTPYKTYPBI, ITOCJIC Yero HAOJFOIAaeTCs ATAIl C IByMsI BUXPSMHU MTPOTHBOIOJIOKHOTO HAIIPABICHHUS
BparieHus (puc.3).

0l08™ olo™ oofem

0.06 0.06 0.06

0.04 0.04 0.08

0.02 0.02 C b

O-%0 002 004 006 0.08™ [ %0 o002 004 o006 o008C™ T TR vy (L)
(a) (©) (B)

Pucynok 3. XapakrepHble TPaeKTOPHH YaCTHI] HA Ka)IoM HaOromaemoM 3tarne 3a t = 180
c: (a) omuH BUXPB, (0) MepexoAHbIN peXUM Mociie 4 MHHYT SKCIO3UIUH, (B) IBa BUXps mocie 9
MUHYT KCIIO3UIIH.

JUis KOTMYECTBEHHOIO ONUCAHUS KOJJICKTUBHOM JUHAMHMKHU TOJY4YEeHbl (QYyHKIHUU
pacnpezesieHus CKOpOCTeH YacTull I KaXJOoro sTama. AHalu3 pacupeleseHud MoKaszal uxX
OTKJIOHEHHE OT KJIACCHUECKOTo pactpenaenenus [aycca. [yt pesxxuma AByX BUXpeil HAOM0qaeTCst
CMEIllEHWEe pachlpefesieHnid B  o0JllacTh  OTPULATENIbHBIX 3HAY€HMM CKOpocTed, dYTo
CBUJIETENLCTBYET O pa3/eNIEHUH YacTHI] MO0 JUHAMHUYECKHM XapaKTEpUCTHUKAaM. XapaKTepHbIe
CKOpPOCTH YaCTHUIl HAXOAWJIUCH B AMarna3zoHe oT 1.4 1o 2.3 Mkm/c, a HanboJsee BepOsSTHbIE 3HAUECHUS
COCTaBIIIJIMN HECKOJIBKO MHUKPOMETPOB B CEKyHAY C Y4YETOM 3aHMKEHUS CKOpPOCTEW BBHUIY
OTpaHUUYEHHOTr0 pa3pelieHusi BujaeokaMmepsl. [lokazaHo, YTO M3MEHEHHE BUXPEBOTO JBH)KEHUS
COMPOBOXAAETCA  NEPEPACIPENECICHUEM CKOPOCTEM 4YacTULl W  H3MEHEHUEM CpeaHel
KUHETHYECKON »Heprun cucteMbl. CpenHss KMHETHYECKas SHeprus aHcamOis Bo3pacTaja oOT
5.6:107 5B na cragum QopMupoBaHHS equHOro Buxps 10 1.4:10° 5B Ha koHeuHoM HTame
CYILECTBOBaHMS IBYX BUXpEH, YTO YKa3bIBA€T Ha IEPEpPACHPENEIICHUE DHEPIUU B CUCTEME B
npoliecce IBMKEHUS. Takke yCTaHOBIIEHO, 4TO KOA(pPHuuHUeHTH AU(Py3un A1 MepexomaHoro
pexXuMa U pexuMa JAByX BUXpeil cocTaBisoT 6.1-10° u 1.5:107 cM2/c cOOTBETCTBEHHO, UTO HA
HECKOJILKO MOPSAIKOB TIPeBhIIaeT Kod(pPUIMEHT naccuBHOM GpoyHOBCKoM nuddysun (5.4-10712
cm?/c). Paccunrannoe aist cuctemsl uncio Iexie Pe<1.5-10* cBuaeTenscTByeT o npeobiaiaHuu
HalpaBJIEHHOTO aKTUBHOTO JABMKEHHS HaJl CIIy4aifHbIM OPOYHOBCKHM.

JUis  pa3nuuHbIX CTaguil KOJUIEKTUBHOTO JIBMJKEHUS TOCTPOEHBI 3aBHUCHMOCTHU
CpeaHEeKBaapaTuYHOro cmemienus yactuil (MSD) oT BpeMeHHU, MO3BOJISAIONINE 0XapaKTepHU30BaTh
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TUHAMHUKY B cucTeme (puc.4). AHanu3 MOMYYEHHBIX 3aBUCHMOCTEH IIOKa3al CYIIECTBEHHOE
M3MEHEHHUE JUHAMMKHU YacTHULl 10 MEpe 3BOJIOLUN BUXPEBOro ABM>KeHUs. Ha HauanpHOM cTanuu
€MHOI0 BUXPs 3aBUCUMOCTb MSD 0T BpeMEeHU COOTBETCTBYET PEKUMY KpoccoBepa (Iepexo]] OT
0amMCTHYeCKOro K JU(Py3nOHHOMY ), UTO XapaKTEPHO IS IBMKEHUS YaCTHIL B BSI3KUX cpelax.
B sTOM citydae nepeHoc onpeensercs Kak akTUBHBIM JIBUYKEHUEM YaCTHUL, TAK U UX BOBJICUEHUEM
B KpPyHHOMAcIITaOHBIA KOJUIGKTUBHBIA NOTOK. Ilo Mepe W3MeHEHHs] BHXPEBOH CTPYKTYpbl U
¢dopmMupoBaHUs IBYX NPOTUBOHANPABICHHBIX BUXpel 3aBucuMoctd MSD xapakTepu3yroTcs
YMEHBIICHUEM BPEMEHH OAJUTHCTHYECKOTO PEXKUMa.

1,E-3

1,E-4

3)
/ @

1,E-8

80

t(c)

Pucynoxk 4. TpaQuku 3aBUCMMOCTEH CpeIHEKBAJPATHYHOTO CMemeHus (r?),
ycpennénnbie Uit Beex yactuil. (1) — Oaun BUXpb, cuHss nuHus; (2) — [lepexomHblii pexum,
opamxkeBast juHus; (3) — J[Ba BuXps, cepas nuHus. [ cpaBHEHUS] NPUBEICHBI 3aBUCUMOCTH
(r?) ~ t? — kpacHas nyHKTHpHAas JUHUA U (12) ~ t1 — 3enéHas MyHKTHpPHAS TMHUS.

VYcraHOBIEHO, 4YTO KOA(QPUUMEHT IudQy3un BO3pacTaeT, YTO CBHJIETENBCTBYET 00
UHTEHCU(UKAIMKU MaccorepeHoca B cucreMe. COmocTaBleHUE IMOMYYEHHBIX KOA(PQPHUINEHTOB
T dy3un ¢ BeIMUYNHON K03 UIMEeHTa TaCCUBHON OpOyHOBCKON TU(QyY3UH I UCCIEAYEMbIX
vactunl (Dg = 5.4+ 10712 ¢cm?c) nokasano ux NpeBHILEHUE OOJEEe YEM Ha YETHIPE MOPSIKA
BenU4MHbIL. [lodydeHHble pe3ynbTaTbl CBUAETENBCTBYIOT O TOM, YTO (DOPMHUPOBAHHUE BHXPEBBIX
CTPYKTYp NPHBOAUT K CYIIECTBEHHOMY YCHJIEHHIO MacCONEepeHOCa B CHCTEME M OIpenelseT
XapakTep KOJUIEKTUBHOM JTUHAMUKN aKTHUBHBIX SHYC-4aCTHII.

B pazaene 2.5 chpopmynupoBaHbl BEIBOABI KO BTOPOH IIaBe.

I'maBa 3 IOCBAIICHA HMCCICOAOBAHUIO AKTHBHOI'O 6pOYHOBCKOFO JABMKCHHUSA KallCJIlb
MHUKPOSMYIIbCUH, COACPKAIIUX HAHOYACTHUIBI MArHeTuTa, II04 BO3/ICHICTBUEM JIa3€PHOI0
H3JITyYCHUS.

B pasnene 3.1 onucana MeToaMKa MOIy4YEHUs MOHOAHUCIIEPCHBIX Kalelb MUKPO3MYJIbCUI
TUIIA «Maclio B BOJE», COAEpKalIMX (PYHKUIHMOHAJIbHbIE MOMIOIIAIONIME BKIIOYEHUS B BUE
HaHO4YaCTHUIl MarHeTuTa. B xauectBe ,ZII/ICH@I)CI/IOHHO?I Cp€abl HUCIIOJIB30BAJICA BO)IHI)II\/’I pacTBOp
HEMOHOTEHHOTO cTrabunm3atopa Tween-80 ¢ oObémHONM KoHmeHTpammen 1.3 %. B kadectse
JUCTIEPCHOM (ha3bl MCIOIB30BAJIOCh MUHEPATHLHOE MACJIO C JUCTIEPTUPOBAHHBIMA MAarHUTHBIMU
HAHOYACTHUIIaMH, CIOCOOHBIMU 3((eKTHUBHO momIoWAaTh Ja3zepHoe wu3inydeHue. OObEMHas
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KoHIIeHTparus heppodironna cocrasmia 3%. GopMUpOBaHUE Kamellb OCYIIECTBISUIOCH METOIOM
KaneslbHOW MUKPO(IIOUINKH, YTO TIO3BOJIMIO MOMYyYUTh CTAOMIBHYIO MHKPOIMYIBCUIO C
KOHTPOJIMPYEMBIM pa3MepoM Karelnb. [loimydeHHbIe Karii MUKPOAMYIbCHH XapaKTepHU30BaINCh
Y3KHUM pacIpeesieHHeM 10 pazMepaM (MOHOIMCIIEPCHOCTHIO) U OBLIIM YCTOHYMBEI Ha IPOTSHKEHUH
BCEro BPEMEHH IPOBEICHUS HKCIIEPUMEHTOB Onaromapst Hamuuuio ciosi [IAB Ha mexdazHon
rpanune. CpeqHuii AuaMeTp Karmeiab cocTaBisul 65 MkM. Ilocie moMerieHust B TUCTIEPCHOHHYIO
cpeny Kamm (GOpPMHPOBAIM B TPHUIIOBEPXHOCTHOM CJO€ KBa3WABYMEPHBIH  Kiacrtep,
WCIOJIH30BABIIMICS B JaJIbHEHINIEM /ISl UCCIIEIOBAHUS aKTUBHOTO OPOYHOBCKOTO JIBUKEHUS MPH
BO3/ICHCTBHH JIa3epHOTO H3IIydeHus (pUcC. 5).

OO0 OO
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HHZ L2535
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®%05000 000" ®%0s000000°

Pucynoxk 5. (a) Kitactep 13 MOHOAMCIIEPCHBIX Kameslb AMYJIbCUM Ba3eIMHOBOIO Maciia B
BOJI€, CHATBIN OJ] YIIoM 45 rpajycoB K HOPMaJIM NMOBEPXHOCTH 00pa3na. CHUMOK MoTyyeH Npu
MOMOIIH onTHKO-IIpoBoro mukpockona Olympus DSX1000 (Tokyo, Japan). (6) Cxemaruuynoe
n300paKeHHe CEYeHUsl Kamlelb MHUKPOAIMYIbCHM C BKIIOUEHHSIMHM B JAucnepcHod (ase,
crabunusupoBaHHoi nodooHsM [TAB.

B pasnene 3.2 npesacraBieHO onMcaHUe SKCIEPUMEHTAIBHON YCTaHOBKU U METOIUKU
WCCIIEIOBaHMSI aKTUBHOTO JIBWKEHUS Karelb MHKPOSMYJIbCHUHM IPU BO3IEHCTBUHU JIa3€pHOTO
u3nydeHus. J{ns mpoBeneHus: SKCIEpUMEHTOB UCIOIb30BAJICS SKCIEPUMEHTAIbHBIA KOMILIEKC,
00eCTICUMBAIOIINI  BO3JCHCTBHE JIA3€PHOTO HW3IYYCHHUS TMOCTOSSHHOM WHTCHCUBHOCTH U
HaIpaBJIeHUs! Ha KJIacTep Karejdb MUKPO3MYJIbCUU U PETUCTPALIMIO X IBHKeHUs. Mccnenyemplii
oOpa3zer mpeIcTaBIsu cCoO0H KilacTep U3 Karellb MUKPOAMYJIbCUH, PACTIONIOKEHHBIX B TOHKOM CJI0€
BOJHOM CpeJIbI MOBEPX CTEKIITHHON TOIOKKH (pHC.S). Bo3nelicTBre 0CymecTBIsUIOCH Ta3epHBIM
W3y4YeHUEeM C JUIMHOW BOJIHBI 532 HM U IUIOTHOCTBhIO MourHocTH 140 Bt/cM?, kotopoe
3G PEeKTUBHO TOMIOMIAJIOCh HAHOYACTHLIAMU MAarHeTUTa, COJACPKALIUMHCS BHYTPU Kareib.
Habmronenue 3a TUHAMUKOW Kareidb OCYIIECTBIISIIOCH C MOMOIIBIO ONTHYECKOr0 MUKPOCKOIIA,
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ocHaméHHoro mugpoBor kamepoil. [lodydeHHbIE BHACO3AMUCH MOABEPTAIUCH IMOCIEAYIOMEH
00paboTKe, BKIIOYABIICH OMpeIeNeHHe KOOPJAMHAT TEOMETPUYECKHX LEHTPOB Karejb,
BOCCTAHOBJICHUE TPACKTOPUN IBMKEHUS U PACYET AMHAMUYECKMX Xapakrepuctuk. Ha ocHose
AKCIEPUMEHTAIbHBIX JaHHBIX OINPEAEISINCh MIHOBEHHBIE CKOPOCTH JIBUKEHMS, YCKOPEHMS,
KHHETUYIECKUE YHEPTHH, CPETHEKBAIPATUIHBIC CMEIIEHUS U KO (DUITUEHTHI TUPPY3HH.

B pa3znesne 3.3 npencraBieHbl pe3ysIbTaThl SKCIEPUMEHTAIBHOTO UCCIICIOBAHUS THHAMUKA
Karellb MUKPOAMYJIbCUH, COICPKAIIUX HAHOYACTHIIBI MarHETHTa, MPH BO3ICHCTBHH JIA3EPHOTO
U3JIY4YCHUs. YCTAHOBIICHO, YTO TPU BO3JCHCTBUU HA CHCTEMY Kallld JIEMOHCTPHUPYIOT aKTUBHOE
JIBY)KEHUE, OOYCJIOBJICHHOE IOINIOIIEHUEM JIA3€PHOTO M3JyYeHHsS HAHOYACTUI[AMHA MarHeTUTA.
Jis aHanmm3a HaOMOAeMOT0 IBUYKEHUST OBLTA BOCCTAHOBJICHBI TPACKTOPHUU OTACIBHBIX Kallellb U
MOCTPOCHBI 3aBHCUMOCTH CPEIHEKBAIPATUYIHOTO CMEIEH s OT BpeMeHH (puc.6). [TokazaHo, 4to
IpU OTCYTCTBHM H3JIyYCHHS KIacTep Karelb HAXOAWTCS B HEMOIBUKHOM COCTOSHUH, a TpU
BO3/ICHCTBHH JIa3epa MOCTOSTHHOW MHTEHCHBHOCTH KaIUIX MPUXOST B IBMYKEHUE. AHAIIN3 KPUBBIX
MSD mnoka3zan Hanuyue HaNpaBiICHHONW COCTABIAIOIIEH JBUKEHHUS. TakKe OIpeaercHbl
ko3 punmentsr nupdy3un Kamnenb. YCTaHOBIECHO, YTO d3PPEKTUBHBIN KOdPIuueHT nuddysuu
BO3pacTaet 0oJiee 4eM Ha MOPSIOK 110 CPABHEHUIO C TACCUBHOMN TEIUIOBOW MU(Qy3nelt 1is Kareib
AQHAJIOTUYHOTO pa3Mepa.

1,E+00
1,E-01
1,E-02
1,E-03
1,E-04
1,E-05

(r*) (cm?)

1,E-06
1,E-07

1,E-08
0,1 1 10 100
t(s)

Pucynok 6. I'paQuku 3aBHCHMOCTHM CPEIHETO KBaJPaTHYHOTO cMelIeHHs (r?) Kamemb
SMYJIbCUU OT BPECMCHHU. Ha ﬂOHOJ’IHI/ITCJ’IBHOfI BCTAaBKC IMPUBCACHBI TPACKTOPUHN IBUKCHUA KallCllb,
[[BETa KOTOPBIX COOTBETCTBYIOT 3aBHUcHUMOCTIM MSD: (a) nokanuzoBaHHoe, (b) ¢ 3aMeTHBIM
npeobiaaHreM HalpaBiIeHHOTO ABM)KEHUS U (C) KOMOMHHPOBAHHOE.

Jis  XapakTepUCTUKUM AKTUBHOCTH CHCTEMBbl OBUIM  pacCcuuTaHbl APQeKTUBHAs
KHHeTHYecKas Temreparypa u uucio Ilexne. Ha ocHOBe sKCIepHMMEHTATIbHO ONpPeNeNEHHOTO
ko3¢ ¢uirenta 1udQy3un yCTaHOBIEHO, YTO 3G PEeKTHBHAS KHHETUYECKasl TeMIleparypa Kareilb
cocTasiseT nopsaka 3.5-10° 3B, 4To Ha HECKOJIBKO MOPSIKOB IMPEBBIMIAET SHEPTHIO TEIJIOBOTO
JIBYDKEHUST MOJIEKYJT CPE/Ibl ¥ CBHIIETENILCTBYET O HAIMIMH MEXaHU3Ma Mpeo0pa3oBaHUs dSHEPTHH
Ja3epHOTO M3JIyYeHHs] B COOCTBEHHOE JIBIKCHHE Karelb DKCIIEPUMEHTAILHO YCTAaHOBJIICHO, YTO
cpenHsis HaOmMromaemasi CKOpOCTh JIBHKEHHUS Kamenb jgocturaer 11.1 mxm/c, a ko3dduument
nuddysun coctaisiet 7.8 1076 cm?/c, 4TO CyIIIECTBEHHO MPEBHIIAET COOTBETCTBYIOIINE 3HAYCHHUSI
JUTS TIACCUBHBIX Kamelb.. JIOMOTHUTENBHO TOTy4YeHa OIeHKa 3(p(peKTHBHOW CKOPOCTH Karuld B
HEBS3KOH cpezie, COCTaBUBIIAsl OKOJIO 3 MM/C.
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B pa3nene 3.4 npomeaéH aHanmM3 MeXaHHW3Ma CaMOOPTaHM3AIMd M MPeoOpa3OBaHHS
SHCPTHUU B aKTUBHBIX KaAIlJIIX MUKPOSMYJIIBLCHUU CIIOXKHOTO COCTAaBa. I[JISI KOJIMYECTBESHHOM OLICHKH
BKJIaJa AaKTHUBHOI'O JOBUXKCHHA B 06H_Iy}0 JUHAMHUKY KallCJib PpPacCYUTAHO YHUCIIO HeKHe,
XapaKTepU3yIollee COOTHOLIEHUE HANpaBICHHOIO [BWXKEHHUA M CIydyallHOM OpOyHOBCKOM
muddysuu. s uccnexyemoit cucrembl moiydeHo 3Hadenue Pe = 1.5-10% cymiectBeHHO
NPEBBINIAIOIIEE SAUHUITY. DTO YKa3bIBaET Ha peolIaanue akTHBHOTO HAIPaBIEHHOTO ABHKECHHS
HaJ TEIJIOBBIMH (IyKTyallsiIMM ¥ TIOATBEPXKJAeT AaKTUBHBIM OpOYHOBCKHH XapakTep
Ha0JII01aeMOT0 IBUKEHMUS.

s oObsicHeHHs HaONIOJaeMOro HAIMpPaBICHHOTO JABMXKEHHUS IPEAJIOKEH MEXaHU3M,
OCHOBaHHBIM Ha TMOMIOMIAIONIENH CHOCOOHOCTH HAHOYACTHI] MarHeTUTa, paclpeiciEHHBIX B
00béme karuu (puc.7). [loriomnienue ga3epHOro W3IydeHus NPUBOIUT K HarpeBy HAaHOYACTHUIL U
BO3HUKHOBEHHUIO TepMO(DOpeTHYeCKo cuiibl. [[BHXKylIrecs HAHOYACTUIIBI MEPEAaroT HMITYIIbC
OKpy)Xarollel MacisHoi ¢a3ze uepe3 CUJIbl BSI3KOTO TPEHUs, BCJEICTBUE YEro BO3HUKAET
pe3ybTUpYIOlee JIBIKCHHE Kallll Kak eauHoro oObekra. Ilokazano, uto 3¢hdeKTuBHOCTH
JAHHOTO MEXaHHW3Ma OIMpeAeNseTCs KOJUICKTHBHBIM BKJIAJIOM BKIIIOYEHHH B MEPEHOC UMIYIbca
BHYTPH KaIlJIl MUKPOAMYJIbCHH.

d | o °
* o Laser radiation / ¢ & % .
@ @ Y Q ~ ® L
’ ? e 4 3 %\ A ° o
@ _)2 } @

Intradroplet motion

Droplet random walk

P HCYHOK 7. Cxema MexaHM3Ma aKTHBHOIO HAIIpaBJICHHOTO  JABWKXCHUSA  KallJIk
MHKPOSMYIILCUH, conep;xameﬁ HaHO4YaCTUIIbl MAarHCTHUTA.

BoinonHeH konM4ecTBEHHbBINM aHanu3 A(G(GEKTUBHOCTH MpeoO0pa3oBaHUs SHEPIUU
JIA3€pHOTO U3IYYECHHUs] B MEXaHUYECKOe JIBIDKeHHE. (s orleHkHn 3(PPEeKTUBHOCTH HAHOYACTHIIBI
MarHeTUTa pacCMaTPUBAIUCH KaK ChepudeCcKre YaCTUIIBI PAIAYCOM 5 HM, UX KOJIMYECTBO B Karlie
ObLI0 OlleHeHO Kak 1.7-10°. YcTaHOBIEHO, YTO MOMIOMEHHAS MOLITHOCTh BCeX HaHo4yacTHIl 1.9 MBT
obecnieunBaet 3QheKTUBHOE MTPeoOpa30BaHNE DHEPTUU JIA3EPHOTO M3IIYYCHHUS B HAIPABICHHOE
nBikeHue. [lomydeHHbIe OLIEHKU TOKa3ajiu, 4To SHepreTuyeckas 3pPeKTUBHOCTh UCCIEAyeMOM
cuctemsl coctasnser 1.7-107'* u HaxomuTcs Ha ypoBHe 3HAYeHUil, XapaKTePHBIX I AKTUBHBIX
MUKPOTLIOBIIOB U TEPMOGOPETUIECKUX MUKPOMOTOPOB, PYHKIIMOHUPYIOMIUX MPU MaJBIX YHUCITAX
Peiinonbaca, Korjga OCHOBHAs 4acTh MOABOJUMOM SJHEPTUH PACXOAYETCsl HAa IPEOAO0TIECHUE BA3KOTO
COTIPOTUBIIEHUS CPEABI U TUCCUTTUPYET B 00BEME OKPYKAIOIIEH JKUKOCTH.

B paznene 3.5 chopmymnmpoBaHbl BBIBOIBI K TpeTheil TaBe. [IpoBeaeHo cpaBHEHHE
JTUHAMHYECKUX M HSHEPreTMUECKHX XapaKTepUCTHK Kamleslb MHUKPOSIMYJIbCHUH W3 IaBbl 3 U
AaKTUBHBIX SHyC-yacTHI] U3 riaBbl 2. [loka3zaHo, YTO cpenHsAs CKOPOCTh JBHKEHHS Karellb
MukposMybcuu (11.1 Mkm/c) Oosiee yeM B MATH pa3 MPEBBILLIAET CPETHIOI0 CKOPOCTh SIHYC-4aCTHUIL
(2.0 mxm/c). Koapduuuent nuddysun xamnens muxkposmynbcun (7.8-10¢ cm?/c) Ha mopsaox
MIPEBOCXO/IUT 3HAYCHUS JJI aKTUBHBIX SHyC-4acTHIl. D(}deKTrBHAs KMHETHYECKas: TeMIeparypa
kanenb gocturaet 3500 3B, Torna kak 1J1si CyCIIEH3UU SIHYyC-4acTHUIl €€ 3HAaYE€HHUE COCTABIIAET OKOJIO
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702 »B. Tlomy4eHHBIC pe3yJIbTaThl CBUICTEIBCTBYIOT O Oojiee BBICOKOW 3(h(HEKTUBHOCTH
npeoOpa3oBaHMsl BHEIIHEH SHEPrHM Ja3epHOr0 H3JIyYeHHs B HAIlpaBJICHHOE JBU)KEHUE B
MUKPO3IMYJIBCUU CIOKHOTO COCTaBa, COACPIKAIICH MOTIOMIAOIINE BKIIOUCHUSI U HAXOMSIICIHCS B
MEHEE BS3KOU Cpelie.

B rnaBe 4 IpEACTABJICHEI PE3YJIbTAThI SKCIICPUMCHTAJIBHOI'O UCCIIECJOBAHUSA KOJIJICKTUBHOM
JUHAMHUKHN aKTHBHBIX 6pOYHOBCKI/IX 4aCTull B 00BEéMeE KaIlIu MHUKPOSMYIIbCHUH ITPH BOS,Z[CFICTBHH
JIa3€PHOIo U3JIYyUCHU. OCHOBHOE BHUMAaHHE YACJICHO YCTAaHOBJICHHUIO CBA3H MEXIY BHYTpeHHeﬁ
HHHaMHKOﬁ AKTUBHBIX YaCTHUI W ABHWXXCHHUEM Kalllli MHKPOSMYJIBCUH KaK IEJI0TO0 00BbeKTa.
PaCCMOTpeHH IMpOoHECChl CaMOOpPraHu3aluu CUCTEMBbI aKTUBHBIX SAHYC-HaCTHIL BHYTPH KallllH,
MCXaHHU3M (bopMI/IpOBaHI/IH HX KOJUICKTHUBHOI'O IIOTOKa B I[PICHGpCHOfI (1)336 H uUX BIHWAHHUC Ha
XapaKTCPUCTUKKU ABMKCHHA Kallllu. HCCJ’ICI[OB&H& nepeaadya MMITyjIbCa OT AaKTUBHBIX YaCTHIL
Oprma}omeﬁ KHUAKOCTH, a TaKXeE npeo6pa30BaHHe OHEpPIrun JIa3€pHOro MH3JIY4YCHUSI B
HaITPaBJICHHOC NICPEMCIICHNEC KaIlIn.

B pasnene 4.1 onucana MeTonMKa NOJYy4YEHUS! YEAUHEHHBIX Karellb MUKPOSMYJIbCUH C
(YHKIMOHAIbHBIMU BKJIIOUEHUSIMHU, IPEJIHA3HAYEHHBIX JJIS MCCIEJA0BaHUS KOJUJIEKTUBHOM
JUHAMHUKU aKTUBHBIX OpPOYHOBCKMX YacTHI] B MX BHYTpEHHEM 00bEMe. YeauHEHHasl Karuisd
OMYIBCHH (OPMHUPOBATACH MEXaHMYECKHM CIIOCOOOM HETOCPEICTBEHHO B Kalule Cpelbl Ha
CTEKJISIHHOW mojjIokKe. J[ins mpenorBpalieHuss pacTeKaHHMsl >KUJIKOCTH IPEABAPUTEIBHO
co3/laBajlaChb KOHTAKTHas TIpaHMIAa M3 CHIMKOHOBOIO Macia Bs3KocTelo okoso 0.92 Ila-c,
HECMEIINBAIOILErocs ¢ BoAHOH (a3oil. Bo BHyTpeHHIOI0 00J1aCTh C(OPMUPOBAHHOIO MACISTHOIO
KOJIbI]a BBOJMJIACH JIHUCIIEPCHOHHAs Cpela, COAEp Kalllas MOBEPXHOCTHO-aKTUBHOE BEIIECTBO.
Hcnonp30BaHNe NOPIIHEBOIO MEXaHU3Ma ¢ KaJIMOPOBAaHHBIM KaHAJIOM I103BOJISJIO MOJIyYaTh Kak
OTZEJIBHBIE KaIlJIM, TAK U MOJINJUCIIEPCHBIE IMYJILCUOHHBIE CUCTEMBI.

B kadecTBe AMCIIEPCHOHHOM Cpelbl MCIOIB30BAJICS BOAHBIA pacTBOp Jaypuicyibdara
Hatpus (SLS). IlogoGpana monspHas koHueHtpanus IIAB 8 MMonb, oOecneunBaromias
JUTUTENIPHYIO CTa0MIM3aIlMI0 Kameiab 0e3 oOpa3oBaHus MHUIEUI. B KadecTBEe aKTHBHBIX
OpOYHOBCKMX YaCTHI[ MPHUMEHSUINCh MOHOAMCIIEPCHBIC SHYC-4acTHIBI auamerpoM 2.05 MKM,
crabunn3upoBaHHbie HenoHOTeHHBIM [TAB Span-80. OcHoBa vactuil peacrasisiyia codboi chepy
U3 MeJaMUH-(POPMabIeTH/Ia, Ha 9aCTh TOBEPXHOCTH KOTOPOI OBLII0O HAHECEHO MEHOE IMTOKPHITHE
tonuuHoM 200 HM, obecrneunBaroIee MOMIOIEHUE Ja3epHoro u3nydenus. KoHuenrpanus sHyc-
4yacTUIll B aucnepcHoil ¢aze cocrapmsa 21-10° cm™. Jlna uccnenoBaHus BHYTPHUKANEIHHOM
TUHAMUAKKA OblTa cOpMHpOBaHA YyEAWHEHHAS Karluli MHKPOOIMYIBCHH CIIOKHOTO COCTaBa
muameTpoM 390 MKM, coaeprKalias akTUBHBIC STHYC-4acTUIIBI BO BHyTpeHHel ¢aze. [Tonyuennas
KOJUIOMHAST CHCTEMa TO03BOJSIa KaK HCCIEN0BaTh MPOILECCHl CaMOOpPTaHU3allMU aKTHBHBIX
YacTuIl B 00bEME Karliv, TaK U JBUKEHHE KaIlJId KaK €IMHOTO 1[EJI0T0 MTPH BO3/ACWCTBUHU J1a3€PHOTO
U3ITyYeHUSI.

B paszpene 4.2 npencraBieHO ONMCAaHWE SKCIEPUMEHTAIBHONW YCTAaHOBKM M METOJIUKH
MCCJIEIOBaHMSI KOJUICKTUBHON TUHAMUKHN aKTUBHBIX OPOYHOBCKHX YaCTHUIl B 00bEME yeTUHEHHON
KaIlJTd MUKPOAMYJIBCUU TPU Ja3epHOM BozaehcTBum (puc.8). s BO3meHCTBUS HA YaCTHILBI
WCTIOJB30BAJIOCH JIA3€PHOE H3JIYyYECHHE C JUIMHOM BOJHBI 450 HM M MOCTOSHHOW IJIOTHOCTBHIO
MomHOCcTH 45.14 Bt/cM?. Perucrparus JuHAMHUKH B CHUCTEME OCYIIECTBISIACH C TIOMOIIBIO
ONTUYECKOTO MUKPOCKOMA Y BBICOKOCKOPOCTHOM BHJIEOKAMEPBI, YTO MO3BOJISIIO OJHOBPEMEHHO
HaOMOaTh JBIKEHHE OTACIBHBIX SHYC-YaCTHI[ M TEPEMENICHUE Kalllldi MUKPOAMYIHCHU Kak
€IMHOI0 00BEKTA.
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Pucynox 8. Cxemarmunoe wuzoOpaxkenue (a) BoszgeiicTBus nazepHoro mnyuyka Ha
NPEAMETHOE CTEKJIO C KOJUTOMTHON crcTeMoH (BHI CBepXy); (0) DKCIeprMEHTANBHON YCTaHOBKU
AJI1 UBYYCHHA ABUIKCHHUSA B aKTUBHBIX KOJUIOUAHBIX CUCTEMAX.

Jlnst aHanM3a ITUHAMHYECKUX XapaKTEPUCTHK IMPHUMEHsIaCh KOMITbIOTEpHas oOpaboTka
BUJICOJAHHBIX IPU TMOMOILIM CHELMAIBHOIO IPOrPAMMHOIO OOECHEUEHHs, BKJIIOYAOILAs
OmpeelIeHue KOOPAMHAT aKTHUBHBIX YACTHI] HA MOCJIEAOBATEIbHOCTH KaJIpOB, BOCCTAHOBJIECHUE
BCEX TPACKTOPUM IBMKEHMS M Pacdy€T NMHAMUYECKHUX MApaMETPOB CUCTEMBI. J|ONOIHUTENBHO
BBITOJIHSUIOCH OIPENEICHUE KOOPAMHAT I'€OMETPUYECKOrO LIEHTpa Kallld MHKPOAMYJIbCHH BO
BPEMEHHM, YTO IMO3BOJIMJIO MCCIENOBATh CBA3b MEXKAY KOJJIEKTUBHBIM ABM)KEHHEM YacCTHI] BO
BHYTpEeHHEH (a3e U MoCTynaTelbHbIM JIBHKEHHEM Karii. PazpaboranHas MeToanka odecreynia
BO3MOXKHOCTb ~ OJHOBPEMEHHOIO MCCIENOBAaHUS JBYX YPOBHEH JMHAMHMKH  CHUCTEMBI:
KOJUJIEKTUBHOT'O JIBUKEHHUSI CUCTEMBI aKTUBHBIX OPOYHOBCKHX YAaCTHUI] BHYTPU KaIUId U JABHXKEHHUS
caMOM KallM MHKpOAMyJbcud. llomydeHHBIE [aHHBIE HCIOJIB30BAINUCH I IOCTPOEHUS
TPAcKTOPUM JIBWJKEHMS, 3aBUCUMOCTEH CPEIHEKBAJPaTUYHOIO CMEIICHUS, ONPEICIICHUs
cKopocTel u KoappuureHToB aAuddy3un, a TakKe MOCIEAYIOIIEro aHaI13a.

B paspene 4.3 mpencraBieHbl pe3yibTaThl A3KCIEPUMEHTAIBHOIO HCCIEJOBAHUS
KOJUIGKTUBHOM JIMHAMUKHM aKTUBHBIX OpOYHOBCKMX 4YacTULl B OObEME YEOUHEHHOM Karliu
MUKpPOSMYJBCUU TPU BO3JACHCTBUM JIA3€PHOIO H3JIyYEHHSA. YCTAHOBJIEHO, YTO YaCTUIIbI
COBEpUIAIOT AaKTUBHOE JBI)KEHHWE BHYTPH Karuid, (OopMUpys KOJJIEKTUBHbIE MOTOKH. Ilo
TPACKTOPHSIM aKTUBHBIX YaCTHUI] MOYXKHO 0XapaKTEpU30BaTh UX JABH)KEHUE KaK CI0KHOE BUXPEBOE
(puc.9a). HabGmonaemas quHaMuka o0yciaoBiIeHa TepMO(POPETHIECKIM MEXaHU3MOM JIBUKEHHUS,
BO3HUKAIOIIMM BCJIEJCTBUE JIOKAJIBHOIO HArpeBa METAJNIMYECKOIO IOKPBITHS SIHYC-4aCTHUIL
Ja3epHbIM  u3NydeHueM.  Jlng  onMcaHuMA ~— JMHAMUKA  [IOCTPOEHBl  3aBUCHUMOCTHU
CPEAHEKBAPAaTHUHOIO CMELIEeHUs dYacTull oT BpemeHH (pmc.96). Ilokazano, 4rto Xapakrep
3aBHCUMOCTEH COOTBETCTBYET DPEXHMY AaKTHMBHOTO OpOyHOBCKOro JBWXeHHs. Ha BpemeHax
nopsiika t=1 ¢ OOHapyXeH XapaKTepHBIH Meperud KPHUBBIX, KOTOPBHIH MOXKET OBITH CBSI3aH C
HAKOIIJIEHMEM YaCTUIIAMU SHEPTUH, OCTYIAOLIEN OT JIA3€pPHOTO U3JIy4EHUSI.
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SHyC-4acTULbl
(MacwTab: 0.0005952 MM/NUKCeNb, Kaapbi: 0-3500)
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Pucynok 9. (a) Tpackropun IBH)XCHHSI STHYC-4aCTHUIl B 00bEME KaIlJIli MUKPOAMYJIbCUH 32
nepsbie 3500 xkaapos, (6) ['paduku 3aBHCUMOCTH CPEIHEKBAAPATUIHOTO CMELICHUS STHYC-4aCTHUI

OT BpEMCHHU.

[To BOCCTaHOBIIEHHBIM TPACKTOPHSAM OIPEACICHBl CKOPOCTU JABUKCHHUS SHYC-YaCTHIL.
CpenHsisi CKOPOCTh YacTHII BHYTPH KalUTd cocTaBwia 8.3 MKM/C. AHAIU3 pacupenesieHus
CKOpPOCTEH TIOKa3aJl, YTO BCE YAaCTUIBI OONANAIOT ONM3KUMHU 3HAYCHHUSIMH CKOPOCTCH, a
HAOIIOMaeMble  Pa3iMdus MOTYT OBITh OOYCIIOBJIICHBI PAa3IMYHON JOJCH MEeTaUIMYeCKOro
MOKPBITHS HAa MIOBEPXHOCTH SIHYC-4acTHUIl. BhITIoIHEHA OIleHKa KUHETHYeCKOW sHeprun yactuil. C
y4ETOM BOBJICYEHHOTO B IBMDKCHHE CIIOSI MAcIia CPEIHSASI KHHETUYECKast SHEPTUsl OTHOW aKTUBHOM
yacTUIlbl cocTaBuia okoio 1.2-107 3B. ITockonbeky uccneayemas karis coaepkaia nopsaka 10?
SIHYC-4aCTHII, CyMMapHasi HEpPIusi UX JBIKEHUs aocturana ~1.2 sB.

Take Obul ompenenén kodpduument axtuBHOW AudPy3un. DKCIEepUMEHTAIBHO
noiay4eHHbld kodpduuuent auddysumn cocraBmin 5.35-107 cm*/c, yro Oonee yeM Ha MAThH
MOPSAJKOB IPEBBILIACT KOAIPPUIUEHT MacCUBHOM OpoyHoBckoW mauddysuu (5.36:107% cm?/c).
[Tomy4yeHHBIH pe3ynbTaT KOMHYECTBEHHO MOATBEP)KIACT aKTUBHYIO MTPUPOAY JBHKSHHS YaCTHI] U
OTIPEJIEIISAIONTYIO POJIb BHEIIHETO BO3CHCTBUS B (JOPMUPOBAHUH BHYTPHKAINEIHHON TUHAMUKH.

B pasaene 4.4 uccnenoBaHo BIMSHUE KOJJICKTUBHON AMHAMUKU aKTUBHBIX OPOYHOBCKHX
YaCcTHI] Ha JBM)KEHUE YEIWHEHHOHN Karlsii MUKposMyibcud. Ha ocHoBe aHanM3a BHjeo3anucei
ofpejiesieHa TPACKTOPUs JIBM)KEHUS LIeHTpa Macc Karuiu (puc.10a) 1 BBINOIHEHO COMOCTABICHHE
e NMHAMHMKHU C JIBXKEHHEM SHYC-4acTHIl BO BHyTpeHHeW ¢aze. [l ommcaHuUsl JBHKEHUS
MOCTPOEHA 3aBUCUMOCTb CPEAHEKBAPaTHUHOIO CMEIIEHHUS LIEHTPa Karju oT BpeMeHH (puc.100).
[Toka3zaHo, 4TO JBM)KEHHUE Kallj HOCUT HallpaBJCHHbIM Xapaktep. AHaiu3 3aBUcMMOcTH MSD
nokaszan IpeoOnagaHue OamamcTHueckoro pexkuma (MSD~t?), d9TO CBHAETENBLCTBYET O
MOCTYTIaTeTbHOM XapakTepe JBWKCHUS MHUKPOAIMYIbCHHU. YCTAaHOBJICHO, YTO HAalpaBIIEHHOE
nepeMeneHIe KarTh CBsI3aHo ¢ pOPMUPOBAHNEM KOJIJIEKTHBHOTO TIOTOKA AKTHUBHBIX OPOYHOBCKHX
YacTHUIl B pe3y/IbTaTe UX CaMOOpraHU3aluu B 00bEME MUKPOIMYIIbCHH.
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Kanns MAKpOIMy b
(MacwTab: 0.0005952 MM/nuMKCcens)
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(a) (6)
Pucynok 10. (a) Tpaekropuss ABM)KEHHS KalUlW MHUKPO3MYJIbCUM 3a BCE BpeMms
HaOmonenus, (0) ['paduk 3aBUCHMOCTH CPETHEKBAIPATUIHOTO CMEIIICHHUS KAl OT BPEMCHH.

MSD, cm?

beina ompenenena cpeaHss CKOPOCTh JBMDKCHMSI Karumd, cocTaBuBinas 4.1 Mkwm/c.
Paznuune Mexay CKOpPOCTBIO KalUli M CKOPOCTSMH OTAEIBHBIX YacTUI[ OOYCJIOBIEHO
JUCCUTIAIIMECH YaCTH UX KHHETUYECKOM SHEPTHH Ha MPEOI0JICHUE CHUJT BI3KOTO TPEHHUS B MACIISTHOM
daze. Paccumtannas KUHeTHYeCKas OSHEpPrusi ABIWXKYIIeWcs Kamum cocrtaBuia 3.4-102 »B.
CymMmapHasi 3Heprusi JBWKEHHUS BHYTPHUKAaIlCIbHBIX BKIIIOUEHHWH Ha MOPSAOK IpEBbIIIAIa
KMHETUYECKYIO PHEPTHI0 CAMOM Karllu.

Jist 0ObsicHeHus HabmogaeMoro 3¢ dexra ObUT MPEITIOKEH MEXaHU3M NIepeIadun HMITYIbCa
OT aKTHUBHBIX YaCTHI[ OKPYXKAroIIeW XUAKOH (a3e duepe3 cuiabl BsA3koro tpenus (puc.ll).
[TokazaHo, 9TO B yCTIOBHSIX MAJIBIX YKcell PeliHobaca (hOTOTEpMUIESCKUI HATPEB METAJUTHYECKOTO
HOKPBITUSL SIHYC-YacTUI[ JIA3€PHBIM H3JIyYeHHEM NPUBOTUT K BO3HUKHOBEHHIO JIOKAIBHBIX
TEMIIEpaTypHBIX  T'PAJAMEHTOB. AKTHBHOE JBW)KCHHE 4YacTHI[ BBI3BIBACT OOpa3OBaHHE
THJIPOIMHAMMYECKUX TOTOKOB B MAacisHOM (paze, KoTopble 3a CYET JalbHONEHCTBYIOIIUX
THJIPOAMHAMHYECKUX B3aMMOJICHCTBUN pacIpOCTpaHSIOTCS 1Mo BceMy 00bEMy Karu. Ilepenaua
UMITyJIbCa OT CHUCTeMbl YacTUI] K Mex(a3HOW TpaHUIe NPUBOJUT K BO3HUKHOBEHUIO
PE3YABTUPYIOLIEH CUIIBI U HAIIPABICHHOMY JIBHIKEHHIO KaIllId MUKPOIMYIbCHH.

(1) (2) (3)

Pucynok 11. Cxema wMexaHM3Ma aKTHBHOTO JIBWJKEHUS Kallld MHMKPOAMYIIbCHH,

cojiepralllell akTUBHbIE OpOYHOBCKHE YaCTHIIbI B IUCIIEPCHOM (a3e, MpU BO3AEHCTBUH J1a3€PHOTO
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n3nydeHus. (1) HarpeB siHyc-uacTuil B Kamuie Jla3epHbIM u3inydeHueM, (2) Bo3HMKHOBeHUWE
TEeMIIepaTypHOro TrpagueHta B cucteme, (3) TedeHuss kuakocTH (MHHEPAIBbHOIO Macja),
BBI3BIBAIOIINE MTEPEMEIIICHUE KAITH MUKPOIMYIIbCHH.

[Ipennoxena METOAMKA aHaiM3a TUAPOJMHAMUYECKOI 3 eKTuBHOCTH,
XapakTepHu3yIolleH nepeaady UMIyIbca OT CUCTEMbl aKTUBHBIX YaCTHIL K Karjie MUKPOIMYIbCUH.
[Tokazano, uto 3(QeKTUBHOCTH mNepeaayd HMITYJIbca OT aHcamOisl AaKTUBHBIX 4YacTHUIl K
IOCTYNaTeIbHOMY JIBUKEHHIO KaIlld cocTaBigeT & ~ 2.5-107* To ectb menee 0,03 %
CyMMapHOW MEXaHMYECKOM MOIIHOCTH aKTUBHBIX YacTUIl IpeoOpasyercs B ABMKCHHE KaIUIH.
Paccunrannas ruapoauHamMuueckas 3pgexTuBHoCTh JlaiiTxuma takxke paBHa £ ~ 2.5-107% u
HAaXOJUTCS B JHAala3oHEe, XapaKTepHOM JJIsi AaKTUBHBIX OpPOYHOBCKHMX MHUKpOKAIedb, YTO
COIIacyeTcsl ¢ JTUTepaTypHbIMU JaHHBIMU. BhINonHeHa Takke OoleHKa MojaHOW 3ddexTuBHOCTH
peoOpa3oBaHusl SHEPTUU JIA3epHOT0 HM3IY4YEHHS B COOCTBEHHOE JBHM)KEHHE MUKPOAMYIbCHUU,
KOTOpas COCTAaBIAET E£porq; = 1.7 - 10713, TlonydyeHHoe 3HayeHHE COOTBETCTBYET BEIMYMHAM,
XapaKTepPHBIM JJIi MUKPOIUIOBLIOB, (PYHKIIMOHUPYIOIIMX MPU MallbIX uuciax PeitHonbaca, amns
KOTOPBIX 3HAYUTEJIbHAS YACTh MOMIONIAEMOM SHEPTUU PACXOyeTCS Ha MIPEOI0JICHHUE CUIT BSI3KOTO
TPEHHS U pacCerBaeTCsi B 00bEME OKpYIKaIOIIEH KUIKOCTH.

B pa3snedie 4.5 copmynupoBaHbl BEIBOIBI K YETBEPTOI IT1aBe.
B 3akui0ueHun rnpuBeeHbl OCHOBHBIE PE3YJIBTAThl PAOOTHI:

1. DkcnepuMeHTaIbHO UCCIEA0BAHA KOJJIEKTUBHAS JUHAMUKA AKTUBHBIX SIHYC-4aCTHUIl B BA3KOU
cpelne NpH BHELIHEM BO3ACHCTBUHU JIa3epHOro u3nyudeHus. OnucaHa 3BOMIOLMS BUXPEBOIO
JBUKEHUS B CUCTEME, ONPEIEICHBI JMHAMUYECKHE XapaKTEPUCTUKH YaCTHI] HA €r0 Pa3InYHbIX
CTausIX.

2. Pa3paborana MeTO/IMKA OLIEHKH MApHOTO IMOTEHIIMAJIa B3aUMOJICHCTBUS SIHYC-4aCTHUIl B BI3KOU
HenoysipHor  cpene. OmnpeneneHbl MUHUMAJIbHBIE YCIOBUS YCTOMYMBOCTH (hopMupyemon
CTPYKTYPBI M YCTAHOBJIEHA CBSI3b MEXY MapaMeTpaMHU MEXYaCTUYHOTO B3aUMOICHCTBUSA U
KOJUIEKTUBHOW TMHAMUKOW aKTUBHOW KOJUIOUIHOW CHCTEMBI.

3. DKCnepUMEHTAIbHO TIOJYYeHBl JUHAMHYECKHE XapaKTEPUCTHUKU AaKTUBHBIX  Karlelb
MHUKPOAMYJIBCUUA  CJIOKHOTO  COCTaBa,  COACpPKAIMX  HAHOYACTHIIBI ~ MarHeTHuTa.
DKCIEPUMEHTAIBHO MOKAa3aHO BOZHUKHOBEHNE aKTUBHOTO JBMKCHUS Kamesb MO JeHCTBUEM
Ja3€pHOTrO M3JIydeHus], onpeaeneH kodpouuueHt mudpdys3un, 3¢p¢dekTuBHass KUHETHYECKas
TeMriepatypa u 3pGHeKTHBHOCTh MPEe0Opa30BaHus SHEPTUU B cucTteMe. [Ipenioxken MexaHu3M
Ha0II01aeMOT0 aKTUBHOTO JABM)KEHUS Kareb C Y4eTOM (YHKIIMOHATHHOW POJIM HAHOYACTHI]
MarHeTuTa.

4. DKCIIEpUMEHTAJIbHO YCTAHOBJIEHA CBSA3b MEXKIY KOJUIEKTUBHOM TWHAMUKOM aKTHBHBIX SHYC-
YacTUI] BHYTPU KAIlJIM MUKPOAMYJIBCUHU M PE3YIBTUPYIOIINUM JIBHKeHHUEM Karu. [Ipenioxen
MEXaHW3M AaKTHBHOCTH MHKPOAMYIbCHH, BKIIOYAIOMIMA  (OTOTEPMHUECKHI  Harpes
METAJUTHYECKOTO TOKPBITUSL SHYC-4acTHUIl, (OPMUPOBAHUE JOKAIBHBIX TEMIEPATYPHBIX
TPaaUEHTOB, BO3HMKHOBEHHE KOJJICKTUBHBIX BHXPEBBIX ITOTOKOB B MacisHOW (a3e u
MOCJENYIONIYI0 TepeAadyy HMITylIbca OT CHUCTEMbl YacThll Bced Karie. BrimonaHeHa
KOJTMYECTBEHHAs OIIeHKa Y(PEKTUBHOCTH MPEoOpa30BaHUs YHEPTUHU U Tepeaadrl UMITyIbCca B
CUCTEME.
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   〈   r 2 〉


   〈   r 2 〉   ~     t 2


   〈   r 2 〉   ~     t 1


    D  B = 5 . 4 ∙  10  − 12


   〈   r 2 〉


    𝜀  t ≈ 2 . 5 ⋅  10  − 4


    𝜀  L ≈ 2 . 5 ⋅  10  − 4


    𝜀  t o t a l = 1 . 7 ⋅  10  − 13

