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OrmaBieHue
Brenenue.
O6mue cenenus o nudgGy3un Mo rpaHUIIaM 3€pEH.

. KpaTKOC pPACCMOTPCHUC METOAAa TCOPECTUICCKOT'O pacucTa

mubdy3un s ciydas B no knaccupukaunu duinepa.

OO0wue cBepeHus 00 onpezeseHne nNpouiisi KOHIEHTPALUN
METOJIOM DPAJIUOAKTUBHBIX UHIUKATOPOB.

Meton ynaieHns MUKpOCIIOEB IIyTEM paciblieHUs Ar.

(c onMcaHueM yCTaHOBKH.)

JlanHble (MpaKTUYECKUE) UCCIIeI0OBAaHUS NPOPUIel KOHIEHTPAUU
METOJIOM PAJIMOAKTHUBHBIX UHIUKATOPOB.

Cnucok nuTepaTyphl.

OrnaBiieHue.



B nannoit paboTe kpaTko paccMOTpeHa Mexanuueckasi nuddys3us

B CJIOSIX TOHKUX IUIeHOK . [IpuBeaena ocHOBHas Kiaccupukanus
mudy3un B TOHKUX M1eHkax ( mo @umepy ). Kpatko paccmoTpen
MaTEeMaTUYECKUI BbIBOJ HAXOXKACHUS KOHUEHTPALIH

b dyHaIupyomKX BeuecTB B ciaydae B no @umepy . [Ipusenen
MPaKTUYECKUNA METO MCClIeJOBaHUs MPO(UIIel KOHLIEHTPALlMU Ha
KOHKPETHOM YCTaHOBKE U Takxe npuBeaeH npoduis nuddysuu 195Au
B MOJIMKPUCTAIIIMYECKOM 00pa3ie Au.



1. BBEJIEHHE.

ToHkHe MIEHKN UTPAOT OYSHb BAXKHYIO POJIb B COBPEMEHHON TEXHUKE.
Oco00€HHO yCHelHO OHM MPUMEHSIOTCSI B OBICTPO pa3BUBAIOILIEHCS
TEXHOJOTHH UHTErpaibHbIX cxeM. OHHU CITyXaT Takke OCHOBHBIMH
AJIEMEHTaMH B CTOJIb PA3IMYHbBIX 001ACTIX TEXHUKH , KaK YCTPOIMCTBA
JUIs IPe0Opa30BaHUS COTHEYHOM SHEPTUH B DJIEKTPUUYECKYIO SHEPTHIO ,
U CBEPXIIPOBOJIHUKOBBIEC PUOOpPHI . BaxkHoe TpeboBaHue kK
TOHKOIUUICHOYHBIM CTPYKTYPaM B 3THX MPUMEHEHUSX COCTOUT B TOM ,
4TOOBI OHHM COXPAHSIN CBOE CTPOEHUE. B cTpykTypax Ha OCHOBE
MAaCCHUBHBIX O0BEKTOB MJIM TOJCTHIX CJIOEB B3aUMOAU(P(DY3UI0 U PEeaKINH
Ha paccrosiaue ~ 100A 0OBIYHO MOKHO HE TPUHUMATH BO BHUMAHHUE .
B ciyyae ke TOHKOIUICHOYHBIX CTPYKTYP MOTYT IPOTEKaTh PE3KO
BBIp@XCHHBIC PEAKINU Jake MPpH KOMHATHOM Temmeparype. [Ipuuem
TOJILKO HEIaBHO OBUTH CO3]aHbl HKCIIEPUMEHTAIbHBIE METOIHI ,
MO3BOJIAIONINE U3ydaTh AP PEKTHI MepeHoca BEIIECTBA B CTOJIb MAJBIX
MPOCTPAHCTBEHHBIX MaciiTabax. OCHOBHAs 11eJIb TOKJIa1a PacCCMOTPETh
1 y3HOHHBIE IBJICHUS B TOHKUX TUICHKAX , a TAK)KE COBPEMCHHBIC
METO/Ibl UX uccneaoBanusi. OCHOBHBIE TPYIHOCTH aHAIN3a BO3HUKAIOT ,
KOT'/Ia TOJIIMHA IJICHKU JISKUT B UHTEpBaJie OT ~ 10 10 HECKONBKUX
MUKpPOMETPOB.

CoBepI1IeHHO 0YE€BUAHO, YTO UCCIIEOBAHKUE PEAKIIMI B TOHKUX IJIEHKAX
1o OOJIbIIIEeH YaCTH CTUMYJIUPYIOTCS TPEOOBAHUSMU TEXHOJIOTHH.

Ot TpeOoBaHUs MOTYT BO3PACTaTh [0 MEPE YCUIICHUSI OTPAaHUYCHHI ,
HaKJIaJhIBAEMBIX HAa MaTepHall U pa3Mep IUIeHOK. B camom nene B
00J1aCTH MHTETPATHHBIX CXEM MBI TTOJIXOUM K PyOeKy , KOT/1a TIICHKA
M0 CBOMM pa3Mepam OyayT OJIM3KUA K aTOMHBIM PACCTOSTHUSIM.



Oo0mue ceeaenus o AU dy3nm no rpaHuIaAM 3epeH .

[Tox muddysueit no I'3 6ykBaabHO MOXKHO MOHUMATDH IBUXKEHUE
aTOMOB, ITPOUCXO/ISIINE B 00JIACTH IPAHUIIBI pa3/iena MEXKY ABYMsI
3epHaMHU.

B teopun nuddys3un MHOTHE HCCAEAOBATENN CYUTAIOT ATY 00JIaCTh , B
KOTOPO# CKOPOCTh nudPy3un BeIrKa MOUTH JBYXMEPHOH , C TPAHUIICH
MopsiiIKa MEKaTOMHOTO paccTostHus . OiHako B 00Jiee MIUPOKOM CMBICTIE
muddy3un o ['3 — 310 Takoit npornecc , koraa Auddy3us Mo rpaHuIam
MIPOUCXOUT COBMECTHO C pemieTounoit nuddysueii . Jluddysus mo
KPUCTAJUTMYECKON PENIeTKE HE00X0IMMa ISl OTIPECIICHHUS
AKCIIEPUMEHTATHLHOTO PO(UIIST KOHIIEHTPAIIUU TPy ucciienoBanue [ 3-
muddy3un . Jleno B TOM , YTO YUCIIO aTOMOB n1uddy3uanra ,
HaxOJISIIerocs HeMoCcpeICTBEHHO Ha ['3 , 00BIYHO OUEHb MaJIO U €ro
HEBO3MOYKHO OOHAPYKHUThH , @ IOTOMY H3MEPSIETCS KOHIIEHTPAIUS TaKUX
aToMOB , IMGOYHIUPYIOMUX O KPUCTATIMYECKON pelieTKe OT TPaHUIlbI
B 00BEM 3€pEH.

Crenenb BiusgHus 1UPPy3Un 0 KPUCTALITUYECKOM peleTke Ha
JIBMKEHUE BelecTBa BIOJb '3 onpenensercs peskuMOM KUHETUKH ,
KOTOPBIN TIpeobiiaiaeT B JaHHBIX ycioBusx . Cremyst XappucoHY , Mbl
Oynem paznuuath TpH Tuma kuHetuku : A , B, C. OTnuuurensHOM
0COOCHHOCTHIO KUHETUKH THMA A sIBISETCS CHiibHas Au(dy3us 1mo
KPUCTAJUTMYECKON PEMIETKE , KOTOpasi IPUBOJIUT K MEPEKPHIBAHUIO

1 Yy3HOHHBIX MOJIEH COCeTHUX 3epeH . | paHUIIbI 3epeH TTOKa3aHbl KaK
BEPTUKAIBHBIE MOJIOCKH , OTCTOAIINE JIPYT OT Apyra Ha paccTosinue 2L .
B pacuerax 6okoBoil nudPy3MOHHBINA MOTOK I, MPUHHUMAIOT paBHBIM
HYJII0 IOCpeAnuHe MexAy rpanunamu npu x=L. B cnyyae B : ['3 cunrarot
M30JIMPOBAHHBIMU U OOKOBOW IMMOTOK MPUHUMAIOT PaBHBIM HYJIIO YKE Ha
CPAaBHUTEJIIBHO MaJIbIX PACCTOSIHUSIX OT rpaHul] . B cilyyae KWHETUKH TUIIA
C muddy3us no KpUCTAIUITMUECKON pelIeTKe COBCEM HE3HAUUTEIbHA U
JIBUKEHUE aTOMOB IMPOUCXOIUT TOJIbKO BHYTpH camux ['3 . Ipu
m3mepenue ['3-nuddy3nn B MacCHBHBIX 00pa3iiax BCeria HCXOIAT 13
KHHETUKH TUIA B . DKCIIepruMEHTHI IO onpeeieHII0 mpodriei
KOHIIEHTpAIuii B MACCUBHBIX 00pa3iiax moka Jajiyd Majo MPsSMbIX
yKa3aHui Ha cymiectBoBanne KuHeTuky tuna A u C . C 3Toil TOukn
3peHus OOJIBINON HHTEPEC MPEACTABISIOT UcCienoBanus quddy3uu B
TOHKHX TUICHKAX , TOCKOJIbKY OY€HBb OOJIBITAs TUIOTHOCTH 1e(PEKTOB
MO3BOJISICT HAOJI01aTh B HUX TIPH YCIOBHE OMPEACIICHHOTO TUTIA OT)KHTA
0001 M3 TPEX TUIIOB KUHETUKH .



Puc 1.




KpaTko paccMOTpHM METOJA TEOPETHYECKOI0 pacueTa
addvyinm 1 KUHeTuK Tuna B .

B nanHom ciiyyae umeem KoHeUHbINH oOpasen Tuna B . /laBHo
YCTaHOBJIEHO , UTO CKOPOCTh AU y31H B TOHKUX IJIEHKAX BBIIIE , YEM B
MAaCCHBHBIX oOpa3nax . YBelIndeHue CKopocTu audys3un 00ycioBiIeHo
JBYMSI OUE€BUIHBIMU MTPUYMHAMHM : YMEHbIIIEHUEM JUIMHBI AUGdy3un ,
YBEIUYCHHEM IUIOTHOCTHU IyTel mposeraromux mo ['3 . byaem
paccMaTpuBaTh ciaydail Auddy3un 04eHb MaJIBIX PUMECel B TOHKHUX
MJICHKAX , COCTOSIIIIMX U3 CTOJIOYATHIX 3€PEH .




Ob6mee ypaBHeHnue auddy3un UMEeT TaKOu BU :

A - 3aeck v aanee onepatop Ha6bna

0 -3decb u ganee 3Hak guddepeHumnana

5 oC |

Dy " A" Cp = 5 - BHE rpaHuLbl 3epHa
5 oC |,

Dy * A" " Cy = = - BHYTpM 3epHa

C| — KOHLIEHTpaLKs B KPUCTAJUIMYECKOMN PEIIETKE.

Cy,— KOHIIEHTpALMs B TPAHULIE 3€PHA.

5C |

o y:=1 =0 -ycrnoBue NOfHOro oTpaxKeHns npMmecu
Y

OT TbIfNlbHOWN CTOPOHbI NOBEPXHOCTU MITEHKA

C) — KOHIIEHTpaIMs B KPUCTAJUIMYECKON pelieTke , 00yCIOBICHHAs
OOBIYHOM MI0CKOU AU(PPY3UEi IO peHIeTKE .
C, — KoHIIeHTpaIHs B penieTke , o0ycnoBiennas quddysueit u3 '3 .

C1: C1+C2/d

D — xoodunuent auddysuu .

B namem CJlIy4ac MOXHO OdaThb TAKOC OIIMCAHUC MOACIIN .

C(x,0,t) = Cg



oC(x,1,t)

BenunuunHa 7“0 onpeaensieTcsl BblpaXXeHUeMm
1
7”0 = ___________  aBenuyuHa
sqrt<D 1-t>
2m-1)n

Hom-1 2.—%0



VYcpenHeHHast 10 CeYEHUI0 OTAEIBHOTO 36pHa KOHUEHTpaIUs
b OYHIUPYIOIIETo BEIIECTBA , KOTOPYIO B JalibHEUIIEM IS
KpaTKOCTU OyJIeM Ha3bIBATh MHTETPAJIOM IO CEUEHUIO , JACTCS
BBIPAKEHHUEM :

1 — 8-sqrt( D 't-C A ~ .
G T S
%
_ 2
exp<—sqr<u2 m- 1-¢>>-sqrt<i - q;) G;F;‘E(;)> - x-erfe(x) "My g

DKCNEPUMEHTAIBEHO U3MEPAEeMbIi TPO(HIIb , OTIPEEISIETCS CYyMMOU

BCIIMYNH
—

C1+C2

B CWJIy YPaBHECHHS :

—

Cl = C1+—

Teopernueckuit mpouiIb KOHLEHTPALNUN JaH HUXKE HA PUCYHKE :
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O01mue cBeeHus 0 onpeneJaeHue npohniasa
KOHIEHTPAIMHA METOI0OM PAANOAKTHUBHBIX
HHIUKATOPOB .

Opnna u3 meronuk uccinenoBanus '3 nuddys3uu ocHoBaHa Ha
ornpeaencHue npouiisa KOHIEHTpauu Audpy3nanta METo10M
PaIMOAKTUBHBIX WHJIWKATOPOB . TaKOM METO]I MO3BOJISIET C BBICOKOMN
TOYHOCTBIO MPSMBIM ITyTEM HU3MEPSATh UCTUHHOE PaCIIpECIICHNUE
TG GYHIUPYIOLIETO BEIECTBA OOBIYHO HE MPEBBIIAET 1 MKM , U
CJIEJIOBATENBHO , XUMUYECKUH COCTAB U CTETIEHb YMCTOTHI OCTAIOTCS
HEU3MEHHBIMHU C TOYHOCTEIO JI0 10°%% .

[Tpu n3mepenune npoduiis KOHIIEHTPAIlUK PAAMOAKTHBHOTO U30TOTA
B IUICHKAX , TpeOyeTCs CHUMATh CIIOM TOJIIIMHONU MeHee | MKM ,
MOCKOJIbKY TOJIIIMHA BCEH IJIEHKH U3MEPSETCS MUKPOMETpamH , a
riyouHa nuddys3uu emnie MeHble . 3Ha4UT YUCTO-MEXAaHUYECKUE
CpeICTBa 371€Chb HEBO3MOXKHBI . [[03TOMY HCIIONIB3YIOT METOT
ANEKTPOXUMHUYECKOTO MTOCIOWHOTO TPABJICHHS K METOJ] Y IaJICHUS
MHKPOCJIOEB IIYTEM PaACIbUICHUS HOHAaMU . PaccMoTpum BTOpOU
METOJI .



MeToa viajJdeHus MUKPOCJI0€B MyTeM
pacnbLICHUS HOHAMHU AT .

VYcraHoBKa ISl yIAJIEHUS] MUKPOCIIOEB ITyTEM PaCIIbUICHUS
nonamu Ar B masme BU-pa3psiga Obuia pazpabotana B 1abopaTopuu
¢upmel IBM | a 3arem Takue yCTaHOBKHM NPUMEHSUIUCH B 1IEJIOM Psifie
pa3uuHbIX cuTyalui . CxeMa yCTaHOBKH IMPECTaBIICHA HA PUCYHKE
nmxe. Kamepa c o6pasiiom , moaseprimemcs qudPy3uu , 0TKaunBaeTcs
10 maiaennst 107 Mm.pr.ct. ITociienoBaTenbHOE yIaNeHHE CI0CB
UCClIeyeMoro odpasua , napaieNbHbIX IIOCKOCTH Tuddy3un ,
JIOCTUTAETCS 3a CUET paclbUICHUs BellecTBa noHaMu Ar B riazme BU-
paspsiia , BO3HUKAIOIIEro Npu nojaye Ha oopazen BU nanpsxenus ¢
neorHoi ammuty o 1000B u wacrotoit 13.56 MI'1. UtoOb1
YMEHBUIUTh OPUEHTUPOBAHHO-3aBUCUMOE PACTIBUICHUE U
MIPEUMYIIIECTBEHHOE TPaBJICHUE 3€PEH , dPPEKTUBHYIO MOIIIHOCTh
paspsizia NoJJIEP>KUBAIOT TaK , YTOOBI OHA He npeBbiana ~ 0.4 Br.

Ha | cM® IUIOMIA/M KaToaa . PacIibLIseMoe BElecTBO 00pasia 0CakIaroT
Ha KPYIJIbIX QJIFOMUHUEBBIX TUIACTUHKAX . JIJIs1 yCKOpEeHUs TPOLEAyPbl
IIPELYCMaTPUBAIOTCS IOBOPOTHBIE MHOTOAHOAHBIE JEP/KATENH , KOTOPBIE
MIO3BOJISIIOT 34 OJHY OTKAauKy KaMepbl CHATh LIECTh I1OCIEA0BATENbHbIX
cioeB . ['TaBHOE yclIoBHE POBHOIO YJAJI€HUS BELIECTBA — 3TO
CTaOMIBLHOCTB McTOYHMKA BU-MomHOCTH 1 ra3oBoro moToka Ar . JIis
sToro BU-HamnpsipkeHne cTabuiu3upyoT ¢ TOUHOCTHIO 110 1% mipu
MTOMOILH JIEKTPOHHOI'O CTa0MIIN3aTOpa , a IaBJIeHHE Ar MOAAEPKUBAOT
Ha ypoBHe 20( +-1 )*10™ MM.pT.CT. IpH HOMOIIH PEryJIsTOpa C
MPETEeH3MOHHBIM HaTekaTesneM . OueHb BaKHOE 3HAYEHUE UMEET TaKkKe
KOHTPOJIb 32 FT€OMETpUEN 00pasiia B MPOLECcce PaCbLICHUS .

Jjist GOJIBILIMHCTBA METAIIIIOB JIOCTUTAETCSI CKOPOCTh PACTIBIICHUS ~
1A*¢™ . CresjoBaTenbHO , H3MEHEHHEM JUTHTEIBHOCTH PACTIBIICHHS
onHOro cyos oT 30 ceK. 10 HECKOJIBKUX MUHYT, MOXHO C BBICOKOM
TOYHOCTBIO U3MEPATH TPO(PUIIb KOHLIEHTPALIMU PAIUAKTUBHOTO U30TOMA
maramu 1o 30 A . TosuHa C0€B ONpeessieTcs MyTeM
IIOCJIEOBATENBHOIO B3BEIIMBaHUS Ha Becax . [1o MOJHOMY YMEHBIIEHUIO
Macchl 00pasiia Mexay OTKaYKaMHi KaMephl BEIYUCIISIOT TIyOUHY
MIPOHUKHOBEHUS AU Py3HaHTa .

BaxxHoi1 0cOOEHHOCTHIO ONMMCAHHON YCTAaHOBKH JJI1 HOHHOTO
pacibUIEHUs ABJISIETCS TO , YTO HA HEM MOYKHO HAHOCHUTDH Ha
uccieayemMblil o0pasel paaAuakTUBHBIN u30ToI . [Ipu 3ToM MOKHO
MpeABapUTEIILHO OYUCTUTh TOBEPXHOCTH 00pa3la , 0COOEHHO



OT OKHCHOM IUIEHKH , a 3aTEM HE IMOJI0TPEBAst U HE HapyIllas BaKyyMa
HAHECTH Ha HETrO PaJIMOAKTUBHBIA U30TOII .
[Ipu 5TOM HY>XHO TPEABAPUTEIHLHO OYUCTUTH OOPA3€eI] U HAHECTH Ha HETrO

M30TON HE HApYIIasl BAKyyMa .
Cxema Takoll yCTaHOBKH MIPUBEICHA HA PUCYHKE 3 .

Puc 3. Ycranoska ais yIaJeHus MUKPOCJIOEB TOHKUX TIJICHOK
MyTEeM paclbUICHUS HOHAMU AT .
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JlaHHbBIe uccJaeaoBaHus nNpodujied KOHIHEHTPAIUUT

MCTOAOM PAAUNOAKTUBHBLIX HHIAUKATOPOB .
Ha pucyHnke npencrasienbl TunuHble npodunu auddys3uu
PaANaKTUBHOIO U30TOMA B MOJUKPUCTAIIMYECKOM o0pasiie Au .
OTOT 00pazel CouepKUT 3epHa ¢ O0JIbIICYTIIOBBIMU '3 1 Malibie 3epHa C
IUaMETPOM ~ SMKM. C MaJOyTJIOBBIMU TpanuiiaMu .CiieoBaTeNbHO ,
PacCMOTpPEHUE PAAMAKTUBHOTO U30TOMA B TOM CITydae JOJIKHO
onpeneNsIThcs cHavyana quddy3ueit mo KpucTauIMuecKon perieTke , a
3atem auddysueii o cyo3epuam u nmorom I'3-nmuddysueii . tu obmactu
o0o3HaueHbl Ha pucyHke kak 1, 11, 111.
Ecnu B ycnoBusix axkcnepumenTa nuddy3noHHas JJTMHA OKaKETCS
3HAYUTEIbHO MEHBIIIE TUaMETPOB 3€pEH U CYO3EpEeH , U B TAKHX
YCIIOBHSIX , UTO Pean3yeTcs KHHETHKa B , To OKa3bIBaeTCs BO3MOKHBIM
BBIYHMCIIUTH KO3 PuImeHTrl 1udPy3uu no BCeM TpeM MpoLieccam .
Jnvna nuddy3un mo KpuCTaNInIecKo pelieTke MoAAep>KUBaeTCs B
3TUX 3KcrepuMmenTax B uHTepBaie oT 100A no 1000A . Otu 3HaueHus
HAaMHOT'O MEeHbIIIe AuamMeTpa cyo3epeH ( ~ 5 MxM. ) . Kpome Toro ,
YCJIIOBHEM OTXHUTa 00€CIIeUNBAIOCH CYIIECTBEHHOE OTIMYNE
mudy3uoHHBIX IIUH B cy03epHax u ['3 ot nuddy3noHHON TIUHBI B
pemierke . biarogaps stomy npoduins nuddy3un MOKHO IMTyTEM
MOJITOHKY KPUBBIX Pa3/IeNuTh HA TPHU yYacTKa , HA KOTOPBIX
KOHIIGHTPALMS H3MEHSACTCS Kak V- , v — e y rny6una . BeiGop
CTETIEHU B KaXKJOM ClIy4ae onpe/esercs rayccoBoil popmoit mpoduis
muddy3un paTuoaKTUBHBIX ATOMOB B KPUCTAJUTMYECKOU PEIICTKE , U
dbopmoti perrernst Yurmia-Cy3yKH , OMUCHIBAIONINX TIEPEHOC BEIIECTRA .
Takum 06pazom , PO B MOMUKPUCTALTUICCKAX MACCUBHBIX
oOpasiax Au OMUCHIBACTCS BHIPAKEHUEM :

) )
C = p'exp(—P-y2)+m'exp(—M-y ,+n-exp(—N-y J

w |
v oy

I'me C — xoHIIEHTpANKs aTOMOB Ha PACCTOSIHHE Y OT MIOBEPXHOCTH
UcToKa,a p,m,nu P, M, N — k0o3pPUIMeHTH IKCTOHCHIINATHHBIX
3apucumocteit . Koapdurmentom P onpenensiercs Benmmunna D,
(P=1/4Dit ) , a ko durnmentst M u N B COOTBETCTBHUE C PEIICHUEM
VYunna-Cy3yoku i JOJITOro M0 BPEMEHU NCTOYHHUKA OTIPEIEIISIFOTCS
koahpurments quddys3un o I'3 unm mo cyd3epHam .

ITpu Gonpmmx b B umciie BemecTBe KodGdunueHT audy3uun mo
nedekram onpeaensercs (popmyIoin :



3neck uHAEKC b cooTBeTCTBYET KOapduimenty auddys3uu audo mno
cy063epHaM , 1100 1o ['3 B 3aBUCUMOCTH OT TOTO , Kakasi BeJinunHa , M

nunu N, onpenensieTcs BTOPhIM YWIEHOM B BBIPAXKECHUN TPEABIAYIIEM .
Bce >t hopmynibl cripaBeisiuBbI 111 KWHETUKY TUNa B .

ysctxe | npoduns xomn
cruumieckoll pewerxe D), ua !
Dy, a ua ywacrxe 117 -xosy
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