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eab padoTbl
[omyyeHne mPaKTHYECKUX HABBHIKOB HW3TOTOBICHHUA 30HIOB MJIS
CKaHUPYIONIETO  30HIOBOTO  MHKpockoma  NanoEducator — meromom

SJICKTPOXUMHUYECKOT'O TPABJICHUS.

Kpartkne Teopernyeckue cBeeHUs

B xauectBe 30Hma M1 C3M HCHONB3YIOTCS TBEPAOTEIBHBIE HIJIBI,
pa3Mepbl ocTpUs KOTOPBIX cocTaBisioT ~10 HM. OT TUIa CKaHUPYIOIIEro
MHKPOCKOTIA 3aBHCSAT, KaK IPABHUIIO, BUJ 30HAA M CIIOCO0 €Tr0 M3rOTOBIICHUS.

Tak, s ckaHUpyIOmeEro TyHHenbHOro Mukpockomna (CTM) 3oHmoM
SBJISICTCSL OCTPO3aTOYCHHAs MeTaJuindeckas npososioka m3 W, Pt-Ir, Pt-Rh,
Mo, Ha KOHYHKE KOTOPOH TEOPETHIECKH pacioioxeH | atom. Takue 30HAbI
B CTM mo3BONSIOT TOJIy4aTh aTOMapHOE pa3pelieHHue H300paKeHus
noBepxHocTU. [{nsg aToMHO-cuioBoro wmukpockona (ACM) 30HIOM B
OCHOBHOM  CIYXHT ympyras ©Oanka (KOHCONb WM KaHTHJIEBeEp),
3aKperuIeHHas Ha Jiepkarelie, Ha CBOOOJHOM KOHIIE KOTOPOil pacroiokeHa
OCTpO 3aTOYEHHAs UIJIa. 3a CYET CHIIOBOTO B3aMMOAEHCTBUS MEXIy 30HIOM
1 00pa3loM KOHCONb W3MEHSET HAKJIOH. JTO HM3MEHEHHE MOXET OBITh
N3MEpPEHO M IEPECTPOEHO B HM300pa’keHWe IOBEpXHOCTH obOpasma. Jlis
JIEKTPOCHIIOBOTO ¥ MarHUTHO-CHJIOBOTO MHKPOCKOIIOB 30H/IbI IMEIOT BU,
cxoxuit ¢ 3oa1aMu ACM, TOIbKO Ha pabovyro MOBEPXHOCTh 30H]IA JOKHO
OBbITh HAHECEHO MPOBOJSIEE MOKPBITHE WM IMOKPBHITHE W3 MarHUTHOTO
MaTepuaja COOTBETCTBEHHO. JIng ckaHuMpyromero OIMKHENOIHHOTO
ONTHYECKOTO MMKPOCKOIA 30HAOM  SIBJISI€TCS. OCTPO  3aTOYEHHOE
ONTOBOJOKHO.

dopma  30HOA  ABISIETCA  ONpEAENIOIEed NpU  HOTY4EHUU
Ka4eCTBEHHOTO M300paskeHus. Ecin 11 aToOMapHO TIaJKuX MOBEPXHOCTEH

KPUTHYHBIM SIBIAETCS TOJNBKO DPagUyC KOHYMKA, TO I OTOOpasKeHHS



CTYIEHEK, CKJIOHOB, SIM M TPOYMX PE3KHX IIEPEnaZoB MO BHICOTE
KPUTHYECKHM SIBIISIETCS YTOJI 3aTOYKH 30HIA.

3ouanl 111 CTM

3oamamu gt CTM sBisifoTCs, Kak MHpPaBHIO, OCTPO 3aTOUYCHHBIC
Metanyeckue uriibl. OCHOBHBIE METOJBI CO3JIaHUSI 30HIOB MOTYT
XapaKTepU30BaTbCs KaK MEXaHWYECKHEe WM  (HU3MKO-XHMMUYECKHE.
MexaHuueckie METOJbl, Kak IpaBWiIo, MPedyCMaTpUBAIOT MPOCTHIE
MEXaHWYECKUE OIepaluy, TaKhe Kak CIBUT WIH Cpe3 MeTaTMYecKOH
mpoBonoku w3 W, Pt-lr, Pt-Rh, Mo, mpm KoTopoMm HeEmoCcpencTBEHHO
(dopmupyercst OCTpBIi KOHYHMK. TEOpeTHUecKH Ha KOHYMKE 00pasyercs
HECKOJIBKO TPAKTUYECKH MOHOATOMHBIX MIETHHOK, camasl JJIMHHAs W3
KOTOPBIX M UCTIONb3YeTCS B Ka4eCTBE 30HAA. MHUKpPOCKONNYECKHE BOJIOKHA
Ha KOHLE MeXaHH4YeCKH oOpe3aHHoil mnpoBosiokH d3(dexkTHBHBI A
MOJTy4eHUsl aTOMHOT0 u3o6paxenus B CTM.

ONEeKTPOXUMUYECKOE TPABJICHUE SBISIETCS METOJOM, HCIIOJIb3YEeMBIM
JUISL  TIPUAAHUsT METaUIMYeCKUM 30HJaM (OpMbBI KOHyca C OCTpOii
BEPUIMHOK. DTOT METOJ NPOAOJDKACT IIMPOKO HCIOJIB30BAaThCSI B CBOEH
mpocTedel GopMe: MyTeM MOTPYKEHUS METaTHIecKoi mpoBooku (W,
Au, Ta, Fe, Pt, Ir, Pt-Ir) B cOOTBETCTBYIOLINIA 3IEKTPOIUT U MPUIOKCHUST
HanpspKeHust K anektpoxam. [Ipumep ycTpoiicTBa Ui TpaBIE€HHS WII
(YTH), nponsogumoro poccuiickoit ¢upmoit NT-MDT, nmpencrasnen Ha
puc. 1.

ITpu nsroronennu W 30H1a Ha KOibIO 2 (puc. 1) HAHOCHTCS TIJICHKA
pactBopa KOH mmu NaOH, B kotopyro omyckaercs W mpoBosnoka 1.
Mexay NpOBONOKOM M KOJBLIOM MPOMYCKAIOT 3JAEKTPUYECKUN TOK 6, U B
MecTe KacaHus co mmenodsto W mpoBosioka neperpasimBaercs. [Ipomecc

KOHTPOJIHUPYETCS Yepe3 MUKPOCKOII 7.



Puc. 1. Konctpykuust yerpoiicta uis tpaienus ura [1]: 1 — otpesok
BOJIB(PAMOBOH TPOBOJIOKH; 2 — METaJUIMYECKOe KOJbIO; 3 — BHHT
TIepeMEIICHNS 110 BEPTHKAJIN; 4 — TIOABIKHBIN CBETOMOMHBIN OCBETHTEb;
5 — OcHOBaHME; 6 — HCTOYHMK IIEPEMEHHOTO AJIEKTPUUECKOTO HANPSIKEHHS;

7 — MUKPOCKOIT; 8 — nepkarTenb

3a mocieaHne HECKOJIBKO JECATKOB JIET OBUIO M300pPETEHO MHOKECTBO
METOJIOB 3JIEKTPOXUMUYECKOTO TpPABICHHUA BOJL(GPAMOBBIX 30HIOB. B
3aBUCHMOCTH OT pelIaeMoi 3ajaud NPUMEHSUICS HanOoJiee IOIXOSMIINHA
MeToA. DTO CTaJl0 BO3MOXHBIM Oiarojaps OoJbIIOMY pPa3HOOOpPA3HI0
omepanuii, MNPHUCIOCOONCHHBIX I TOHKOM PEryJupOBKM  Ba’KHBIX
(YHKIMOHATIBHBIX XapaKTEPUCTHK, TAKUX KaK CHMMETpUS KOHYHKA,
0CTpOTa, yroj KOHyca.

Takxe BO3MOYKHO U3TOTOBJIEHNE 30HIOB C IIOMOIIHI0 HOHHOM 3aTOYKH.
B atoMm ciiyyae co3maHHBIM B BaKyyme IOTOK HMOHOB Al HampasieH IO

KacaTelIbHON K 30HAY. B cjlydae BOJ'II:(i)paMOBOI‘O 30HAa 9Ta oIlepanunda
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yAauseT W30JSIMOHHBIA CIOH OKCHIAa M CO3JaeT 30HJ C paauycoM
3aKpYTJICHUS] KOHYMKA HECKOJIBKO HM.

3ouanl 119 ACM

3oumoM it ACM siBIsieTcst OCTPO 30TOUSHHASI UIJIA, PACTIONIOKCHHAS
Ha CBOOOJHOM KOHIIC YOpPYroil Oalku, Ha3bIBAEMOM KOHCOJIBIO HIIH
KaHTUJICBEPOM, KOTOpas  (opMHUpYeTCS  HM30TPONHBIM  TPaBICHUEM
IUTACTHHBI (Yalie Bcero kpemHwus). [Ipyroil KOHEI] KOHCOJIM 3aKpeIUieH Ha

OCHOBaHHU (pHC. 2).

OcHnoBanne

Koncons

3oun

a 6
Puc. 2. Cxematnunoe n3zobpaxenue 30012 ACM (a) [2]
1 U300paXkeHUe 30H/1a, MOJYYSHHOE C TIOMOIIBIO 3JIEKTPOHHOTO

mukpockona (6) [3]

[Mpu npubIKEHUH OCTPHS 30HIA K 00pasiy Ha HEro, Kak OIMHUCAaHO
BBIIIE, CO CTOPOHBI 00pa3lia HAYMHAIOT ACHCTBOBATH CUJIBI IPUTSDKCHUS U
orTankuBaHus. [Ipy 3TOM KaHCONB W3rMbaeTcs, W 10 CTENCHH H3ruda
MOXKHO MoJy4Yath HH(opMaimioo o penbede oOpasna. [ns perucrpauuu
cTeneHn u3ruba KOHCOIM HCIIOJNB3YeTCs OTpaKeHHWe OT ee oOpaTHOH
CTOPOHBI JIA3€PHOIO JIy4a.

Pazpematomass  cmocobHocts  ACM  ompenensercss  pagnycoMm
3aKpYTJICHUA OCTpUd 30HJAa W MOXET HaXOAUTHCA B IIpeAciiax oOT

HCCKOJIBKHUX ACCATKOB 0 €IWHMHIL HaHOMGTpOB.IbUIpa3HHqHHX METOAUK
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ACM, mis o0pa3moB ¢ pa3HBIMH (U3HMYECKAMH CBOMCTBAMH CYIIECTBYET

MHOKECTBO Pa3HOBHIHOCTEH 30H/I0B.

Dira
——

Puc. 3. BHCKep-CTPYKTYpBl, BBHIpalICHHBIE C HCIOJIb30BaHHEM
TEXHOJOTUH 3JEKTPOH-CTUMYJIMPOBAHHOTO pPOCTa Ha KOHYMKAX HIT
kpemaneBeix KaHTmiIeBepoB (HT-MAT u maboparopus .M. Muxaiinosa

WIITM PAH)

30H/16I MOTYT OBITH IPOBOJISIIIUMH 1 HEPIIOBOASILINMH, UMETh PA3HYIO
TBEPAOCTh MaTepHaia 30H/Aa W pa3sHyIo )KECTKOCTBIO KOHCOJIM W T.X. s
yBEIMUYEHUS pazpernaroniel cnocooHocTd ACM 1 yMeHbIIeHHsI UCKaKEHUH
n300pakeHUH Ha TOBEPXHOCTH 30HAa (OPMHUPYIOT Tak Ha3bIBacMbIe
Buckepbl (puc. 3). Buckepbl (pOpMHPYIOTCS CHIBHO C(HOKYCHPOBAHHBIM
3NEKTPOHHBIM JIy4OM B YCTaHOBKE 3JIEKTPOHHO-TTyYEBOTO IKCIIOHHPOBAHUS.
TonmuHa BuckepoB MoxeT cocTaBisATs 50—100 HM, pannyc KpUBU3HBL 10 3
HM, JUIMHA J0 3 MKM, 4YTO JI€JAeT HWIJbl TaKoro THIA YPE3BBIYANHO
MIepPCIIEKTUBHBIMU JUISl NIPUMEHEHNH KaK B aHAJTMTHYECKOI aTOMHO-CHIIOBOM

MUKPOCKOIINH, TaK U B HAHOTCXHOJIOT'UH.



HMucTpyMeHTBI W MaTepuajibl:  Boilb(paMoBas  IPOBOJIOKA
muamerpoMm 0.15 MM; yCTpOWCTBO AN W3TOTOBICHHA OCTpus (puc. 4);

HOXHUIIBI; YCTPOMCTBO I TPABJICHUS HIJL.

4

Puc. 4. YcTpo#cTBO AT H3TOTOBIICHUS OCTPHS 30HIOBOTO MaTdnka: 1 —

Mapkep, 2 — OTBepCTHe, 3 — MEpHas KaHaBKa, 4 — KallIILSIPBI

Yempoiicmeo ona mpaenenus uen (YTH)

VYcTpoiicTBO ans TpaBieHHs uri (puc. 1) mnpenHa3HadyeHO I
W3TOTOBJIEHUS] M  BOCCTAaHOBJIEHUs 30HA0B niasi C3M  meTtojom
ANEKTPOXUMHUIECKOTO TPABIICHHS.

Hpunnun npevicrBus YTU ocHOBaH Ha TOM, YTO NpPHU HPOTEKAHUH
ANEKTPHYECKOTO TOKa MEXIY PAcTBOPOM IIEIOYH U IOMEIICHHBEIM B Hee
METaJUIOM TPOUCXOIUT MEKTPOXUMUICCKHAN TPOIIECC TPABICHHUS METAJlIa,
IIpU KOTOPOM aTOMBl MeTajula TepexolIsiT B pacTBop. i 30HIOBOTO
MHUKPOCKOTIAa TIPUMEHSIOTCS 3aTOYEHHBIE TaKUM CIIOCOOOM HIJIBI U3
BOJIB(PAMOBOI MPOBOJIOKH.

OTtpe3ok BOIb(GPaMOBOI NMPOBOJIOKK | 3aKkpeIuieH Ha Jepkareine 8,
KOTOpBI NepeMeIlaeTcsi BBEPX M BHU3 [0 BEPTHUKAIM BpPYYHYIO HpH
nomoly BuHTa 3. Bpamas BUHT 3, MpOBOJIOKY ONMYCKalOT B KOJBLO 2 A0

Hy)KHOﬁ FJ'Iy6I/IHBI. KOJ'ILHO HU3IroTOBJICHO U3 HHXpOMOBOﬁ IMMPOBOJIOKH.
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[IpenBapuTenbHO Ha KOJIBLIO 2 BeIaeTcs KaIlisl S-MPOLEHTHOI'O PacTBOpa
KOH mm NaOH. Ilocne 3Toro BKIIIOYaeTcsi HUCTOYHHK IIEPEMEHHOTO
AIEKTPHYECKOTO HampsDKeHHs 6, 0003HaueHHBIH OykBoil V. Ilpomcxomut
NPOLIECC TIePETPABIUBAHUS BOJIb(YPAMOBOM NPOBOJIOKH M 0Opa30BaHMA
ocrtpoit wurnel. Omneparop HaOJ0gaeT 3a IPOLECCOM TPAaBICHUS B
ONTHYECKUH MUKPOCKON MJIM B BUZEOMUKPOCKON 7.

Ocsenienue obecnieynBaeTcs TIO/IBHKHBIM CBETOIUOHBIM
ocBetHtenieM 4. Bee aneMeHThI KOHCTPYKIIMH 3aKpeIIeHbl HA OCHOBaHUH 5.
[Tocne okOHYAHUS TPABICHUS UIJy BMECTE C JepiKaTeleM 8 IMOJHUMAIOT B

BCPXHECC MOJOKCHNUC U BBIHUMAIOT.

Texnuueckue xapakmepucmuxu YTH

Tunu4yHbIA paguyc 3aKpyrieHus KOHYUKa
UTJIBI

0.2 MKM

BOJIb(hpaMoBasi MPOBOJIOKA

Marepuain 3aroTOBKU UTJIbI
nuamerpoMm 0.1 MM

JluanasoH nepeMerieHus o BepTUKaIu 25 MM

6+-9B/05A

Hctounnk HaPsKCHUS
NEPEMEHHOI'O TOKa

VYBenuueHue BUICOMUKPOCKONa X 20

Bpewmst TpaBieHus UTIIbI He Oonee 2 MUH



ITopsinok BbINOJIHEHUsT PadOThI

1. Iloozomogka K mpagieHuio: u32omosienue 3a20moeKu 0Cmpus
30104

1. BemmpsiMuTe IpOBOJIOKY Ha JJIHHY MPHOIA3UTENBEHO 3 CAaHTHMETpPA.

2. BcraBbTe NMpOBOJIOKY A0 yropa B METAUIMUECKHH KamwuLsip co

CTOPOHBI MEPHOW KaHAaBKU yCTpoWcTBa (pHc. 5).

Puc. 5. YcraHoBKa IPOBOJIOKY B KAITUILISP

3. 3arHute TPOBOJIOKY Ha yroi mnpubamsuressHo 180 Tpamycos,
MIPYKKMas ee MabIleM K MeTATMYeCKOMY Karmmusipy (puc. 6, a).
4. BelTamure NOPOBOJOKY U3 Kammuspa. Broxwure npoBOIOKy

3arHyThIM KOHIIOM B MEPHYIO KaHaBKY 10 yropa (puc. 6, 0).

a §)

Puc. 6. Crubanue KOHI[a IPOBOJIOKH (&), ONPEICIICHIE IJIMHBI 3ar0TOBKH (0)
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5. IlpmwxMuTe IPOBOJIOKY MAJIbLEM K MEPHOI KaHABKE.
6. OrtpexbTe MPOBOJOKY HOXKHHIAME, YOHPasCh  PEXyIISH
IUTOCKOCTBIO HOKHHII B TOper Kamwuiipa (puc. 7, a). BaxxHo obecreunts

mmuay BC=18,5+0,3 mum (puc. 7, 6).

a
A
C 4>B
- 18.5% 0.3 Mm "
6

Puc. 7. O6pe3ka mpoBoIIOKH (@), 3aT0TOBKA 30H/a Mocie 0ope3kH (0)

7. Onsa dopmupoBanust yriia ABC BcTaBbTe HPOBOJIOKY CO CTOPOHBI
Toukn B (puc. 8, a) B oTBepcTHE, pACIOJIOKEHHOE B LEHTpPE
MIPUCTIOCOOICHHS.

8. IIpoTamiuTe NpoBOJIOKY CKBO3b oTBepcTHE (pHC. 8, 0).

11



a §)
Puc. 8. [Iponyckanue MpOBOJIOKU Yepe3 OTBEPCTUE MPUCTIOCOOIEHUS TS
W3TOTOBJICHUSI OCTPHSI 30HI0BOTO JaTUMKA: a — HAYaso mpoiecca; 6 -

OKOHYaHUC

9. Co croponsl Toukn C BCTaBbTE MPOBOJOKY 0 YHOpa B KalMJUIAD,

OTMEYEHHBIN KpacHO# Touko# (puc. 9).

Puc. 9. YcraHOBKa 3arOTOBKHM B KalMUIAP, OTMCUEHHBIH KPACHOH TOYKOM

10. 3arauTe MpoBOIOKY MpHOIM3UTENEHO Ha 90 rpamgycoB, MPIKUMas

ee nmainblieM (puc. 10).
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Puc. 10. Crubanue npoBoJIOKH

11. BoiabTe mpoBONOKY u3 Kamwupipa. Yron BDC (cm. pue. 11)
noskeH ObITh B mpenenax 90 + 5 rpaxycos. Illupuna 3a30pa no/mpkHa OBITH
He menbme 1,0+ 0,5 mm. [lpu cnuimkoM y3koMm 3azope pabora maTuuka

MOJKET OBITh HECTAOMIILHOM.

B

A 1.0 + 0.5 mm

= C

Puc. 11. 3arotoBka 30H/1a Niepei YCTAHOBKOM B 30HOBBIN JaTUHK
12. Co cropoHBl TOYKM B BCTaBbTE NMPOBOJIOKY B TPYOKY HaTYHKa

(puc. 12, a).

13. YronuTe MpoBOJIOKY MaJbIEM A0 YIOpa.
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14. Tatuuk TOTOB IS MOCIETYIOUIETO M3TOTOBICHUS OCTPHUS IIyTEM

ANEKTPOXUMHUYECKOTO TpaBieHus (puc. 12, 6).

a )
Puc. 12. YcTaHoBKa 3arOTOBKH B 30HIOBBIN JATUMK: a — HAUAIIO MIPOLIECCa;

0 - OKOHYaHUE

2. H320moenenue 30nda ona C3M

1. Jlns M3roToBIEeHUS 30HAA HY)KHO B3AThb YHHMBEPCAJIbHBIM IATUHK
B3aMMOJICHICTBHS CO CMEHHBIM OCTPHEM.

2. OCTOpPOKHO H3BJEKHUTE CTapyl WIJy IpPH IMOMOILIM MUHLETa U3
MIBE30TPYOKH YHUBEPCATbHOTO JAaTYMKa B3aMMOAEUCTBUS M BCTaBHTE
HOBYIO 3aTOTOBKY.

3. TloBepHHTE KONIBILIO 2 B CTOPOHY OT Aepxateis 8 (puc. 1).

4. BcraBbTe IaTYMK B Aepxatelpb 8 (puc. 1).

5. Mogxmounte YTU k amantepy, BXOIAMIEMY B KOMIUICKT MOCTaBKHY,
MOJKIIIOUUTE afantep K Aekrpudeckoit cetu 220 B.

6. Y6enurech, 4TO PeXUM TPaBIECHHS BBHIKIIOYEH (HE TOPHUT KpacHas
JIAaMTIOYKa Ha BBIKJTIOYATEIE).

7. Toxkmounte undpoBoit Mukpockon k nopry USB kommbrorepa

14



COTJTACHO ~ MHCTPYKIMHM  IOJNB30BaHHMSA  IHUQPOBEIM  MHKPOCKOIIOM
NanoEducator.

8. YcraHoBHTE HepKaTenb ¢ TaTYUKOM B TaKOE IOJOKEHHE, YTOOBI
MPOBOJIOKA-3aroToBKa 1 OblIa BepTHKAIbHA.

9. Tlomuumure BHHTOM 3 Jepkarenb 8 ¢ JAaTYUKOM B BEpXHeEE
TIOJIO’KEHHE TaK, YTOOBI KOHEI] ITPOBOJIOKH | OBbLI BhINIE KOJIbIA 2.

10. IToBepHHTE KOJIBIIO 2 TaK, YTOOBI OHO OKA3aJI0Ch 110]1 TIPOBOJIOKOM.

11. Ortperymupyiite mnojoxeHne IU(POBOrO MHKPOCKOIA, H3rHOas
PYKO#H THOKHMIA CTep)KeHb-IepKaTelb MU(PPOBOrO MHKPOCKONA TaK, YTOOBI
KOJIBLIO 2 OBUIO B hOKyCE MUKPOCKOIIA.

12. TloBepHHTE KOJBLO 2 B NPEXKHEE IOJOKEHUE U HaBEChTE Ha HETO
ka0 S-mporeatrHoro pactBopa KOH (wm NaOH) u3 wamku [lerpu, xak
nokazaHo Ha puc. 13. [IpukocHHTECh MOBEPXHOCTBIO JKHJIKOCTH K
MIPOBOJIOYHOMY KOJIbIly, HOCJIE 3TOrO OMYCTHTE 4amKy BHH3. Ha kombue
oOpasyercs Kamisi pactBopa. Ecimu karuis copBajiach IpH MEepeMEIICHHAX
KOJIbIIa, TOBTOPHO  INPHUKOCHUTECh  IOBEPXHOCTBIO  JKUAKOCTH K

MIPOBOJIOYHOMY KOJIBITY.

[ToBepxHOCTE
AKHIKOCTH

Tamxka
[Terpn

KOH

Puc. 13. HaBemuBanue Kamim Ha KOJIbLIO

13. CHoBa mOBEepHUTE KOJBIIO TMOJ TNPOBOJOKY 1 u omycTuTe

MIPOBOJIOKY B KaIUIIO, Bpallias BUHT 3.
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14. VYcraHoBuTe 3a30p MEXAY Kaljled W HIDKHEH IOBEPXHOCTHIO
maTauka npubamsurensHo 2 MM. [Ipu 3ToMm umHa Oyaymiel wriel Oyzer
0oKoJI0 5 MM (puc. 14, a).

15. BximounmTe mporiecc TpaBlieHHS BBIKIIOYaTeneM. IIpum 3Tom
3aropuTCs JIAaMITOYKa Ha BBIKJIIOYATENIEC U JKUJIKOCTh HAUHET «KUIIEThY.

16. Habnronast 3a mporeccoM TpaBieHUS] B MUKPOCKOIL, IIEPUOJHIECKA
BBIKJTIOYAMTE TpaBJeHHE BBIKIIOYATENIEM M HaOMIOJalTe 3a YTOHBIICHHEM
BOJIL()pPAMOBOH ITPOBOJIOKH BHYTPH KaIlIH.

17. Tlocne mepeTpaBIMBaHUS IIPOBOJIOKH HIKHAN KOHEI] €€ MalaeT.

11l BHUMAHHUE! Caegure 3a mnpoueccoM TpaBJieHHs H
HEMEVIEHHO OTKJIIOYHMTE JJIEKTPONUTAaHHe TIocje TNaJeHusl HUKHeil
YacTH 3aroTOBKH.

18. IogauMuTe AepkaTens 8 C WIVIOH B TaKoe IMOJOXKCHUE, YTOOBI
TOJIBKO CaMblil KOHYUK UIJIBI OBLT HOTPYKEH B XKUAKOCTD.

19. BxirounTe Ha KOpOTKOe BpeMs (He Oonee 1 ¢) mporece TpaBieHU

BhIKITIOUaTesieM (puc. 14, 6). BeikiarounTe TpaBieHHE.

a 0

Puc. 14. IlorpyxeHue 3aroToBKM 30H/a B TPaBUTEJb (), 3aTauylBaHHE

KOHYHKa 30H1a (0)
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20. IToqHuMHTE eprkaTellb ¢ JaTYNKOM IIPU MOMOILH BUHTA 3.

21. BrIHBTE AaTUYHK C TOTOBBIM 30HIOM U3 JEpKaTeIIs.

22. IlpomoiiTe 30HA B CTpye MPOTOYHON BOJBI, AeprKa €ro UTJIION BHU3.
[pocymmTe 30HX NOA TEIUIBIMHU CTPYSAMH Bo3nyXa. s mMpocyliku 30HAa
MOYKHO HCIIOJIb30BaTh (heH.

23. BcraBpre natuvk B (M3MUECKMH y3€N W TPOBEphTE HAUYUE
PE30HAHCHOTO MHKa COrJIACHO MHCTPYKINHU 1o pabote ¢ C3M.

24. Ecau nHMK HMeeT HEAOCTAaTOYHYIO aMIUIUTYAy, HOBTOPHO
NPOCYIINTE 30HI, TaK KaK OCTaTKH BJIATH MOTYT OJEKTPUYCCKH

IOYHTUPOBATD 3JICKTPOABI IbE303JICMCHTA.

IIPUMEYAHHUE. Pexomendyemca npou3eooums mpaeienue 30H0a He
mom oamuuke, ¢ KOmopuvim 6vl dyoeme padomams, a 6 Opy2om, MaK Kax
napul wienouu mozym o6pazoeamy 61a)3cHyI0 NJIEHKY HA nbe3031eMeHme
u Hapywumo eépemenno ezo padomy. Ilocne mpagnenus u npocywiku

U2J1bl ee MOJICHO écmaesunb 6pa601tm7 oamuuk.

KoHTpoabHble BONpPOCHI

1. 3ouas! mis CTM.

2. Crioco0s1 uzrorosieHus 308108 11t CTM.

3. 3ouas! mist ACM.

4. Cnioco6b! n3roToByIeHUs 30H10B 111 ACM.

5. Pacckaxxute 0 MeroaMke W3roToBIeHWs 3oHAa s C3M

NanoEducator.
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ean padoTbl
W3yueHne KOHCTPYKIMHM W TIPHHOHUNA pabOThl CKaHUPYIOIIETO
3oH10BOTO MEKpockora NanoEducator, a Takke moydeHue H300paKeHHUS B
PEKUMeE IPOTPaMMHOTO SMYJIATOPA.

Kpatkue Teopernueckue cBeIeHus:

Obwas KOHCMPYKYUsL CKAHUPYIOUWe20 30HO08020 MUKPOCKONA

C3M cOCTOHT U3 CICAYIOUIMX OCHOBHBIX KOMIOHEHTOB (puc. 1): 1 —
30HI; 2 — oOpasel; 3 — MbE303JIEKTPUYECKHE JBUTATEId X, Y, Z Ui
MIPELM3MOHHOTO TepeMELIeHHsI 30HIa HaJ MOBEPXHOCTHIO HCCIIEIYEMOTO
oOpasua; 4 — TreHepaTop pa3BepTKH, NOAAIOIIMI HaNpsHDKEHHs Ha
mbe3ofpaiiBepsl X M Y, oOecleyMBaronIMe CKaHUPOBAaHWE 30HAA B
TOPH30HTAJBHON IUIOCKOCTH; 5 — BIICKTPOHHBIA CEHCOp, NETEKTUPYIOIIUH
BEJIMYHMHY JIOKaJBHOTO B3aMMOACIHCTBHSA MEXIy 30HIAOM M o0pasimom; 6 —
KOMIIapaTop, CPaBHUBAIOIIMKA TEeKymIMil curHan B menu ceHcopa V(I) c
W3HAYAIBHO 3aJaHHBIM VS, W, IPH €ro OTKJIOHCHHH, BBIPa0aTHIBAIOIMH
koppektupytomuii curnan Vfb; 7 — snekrponHas menbs oOpaTHO#M cBs3H,
yIpaBisoONiasi IIOJIOKEHHEM 30HAa 10 OCH Z; 8 — KOMIIbIOTED,
YIPaBJISIOUIMN POIIECCOM CKaHHPOBAHMS M MOJTyuYeHHEM n300paxkeHus 9.

(98]
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Puc. 1. O6mas cxema CKaHHPYIOIIETO 30HAOBOTO MUKpOcKoma: 1 — 30H7;
2 — obpaserr; 3 — MbE30ICKTPUICCKHE ABUTATENH X, Y, Z; 4 — reHepatop
HANPSDKEHUS Pa3BEPTKH Ha X, Y MbE30KEPAMHUKH; 5 — DIIEKTPOHHBIA CEHCOD;
6 — KoMmapaTop; 7 — 3JCKTPOHHAS LIEb OOPATHOM CBS3H; 8 — KOMITBIOTED;
9 — mobpaxxenue zZ(X,Y)



Buowi cencopos

B ocHOoBe ckaHMpylOIIEW  30HAOBOM  MHUKPOCKONHU  JIEXKHUT
JETEKTUPOBAHNE JIOKATHHOTO B3aMMOJCHCTBHS, BO3HUKAIOIIETO MEXIY
30HIOM M TIOBEPXHOCTBIO HCCIEAYEMOro o0pas3la IpH HX B3aHMHOM
COMMKEHUH 0 PacCTOSHUA ~A, rae A — XapakTepHas JJTHHA 3aTyXaHUSA
B3aUMOJACHCTBUS  «30HA-0Opazem». B 3aBucuMocT OT  HpPHPOIBI
B3aUMOJICHCTBUS «30HI-00pa3el pa3iinuaroT: CKAaHUPYIOMINI TYHHEIbHBIN
Mukpockon (CTM, nerekTupyeTcsi TYHHENBHBIH TOK), CKaHUPYIOIIUN
cunoBoii Mukpockon (CCM, neTeKTHpyeTcs CHIIOBOE B3auMOIEHCTBHE),
ONMIDKHENOJIBHBIA  CKaHMpyIomui  ontudeckuii  Mukpockon (BCOM,
JeTeKTUpYeTCs D3JICKTPOMAarHUTHOe wu3nydeHue) u T.1. CkaHupyromas
CHJIOBAs MHKPOCKONHSL B CBOIO OYepenb IOApa3JessieTcss Ha aTOMHO-
cunoBy0  MHKpockonuio (ACM), MarHMTHO-CHJIOBYIO MHKPOCKOIIHIO
(MCM), snextpocuinoByto mukpockomnuio (OCM) u apyrue, B 3aBHCHMOCTH
OT BHJIa CUJIOBOTO B3aUMOJICHCTBHSL.

JIByMsI OCHOBHBIMH METOJaMH 30HIOBOH MHKPOCKONHH SIBISIOTCS
CTM u ACM.

[Ipn W3MepeHHH TYHHENBPHOTO TOKa B TYHHENBHOM CeHcope (pHc. 2)
ucnomnb3yeTcs npeodpazosatens Tok — Hanpsbkenue ([ITH), BkiaroueHHBIH B
LeNb NPOTEKaHMs TOKa MEXIy 30HIOM M o00pa3uoM. Bo3MoxHBI 1Ba
BapHaHTa BKIIOUEHHS: C 3a3eMJICHHBIM 30HIOM, KOI/Ia HampshKeHHe
CMeIIeHUs MoJaeTcs Ha 00pasel] OTHOCUTENBHO 3a3eMIICHHOTO 30HAA, WIH C
3a3eMJICHHBIM 00pa310M, KOT/1a HalpsDKeHNE CMEIEHNS TIPUKIIa(bIBACTCS K
30H]ly OTHOCHUTEIILHO 00pasia.

Puc. 2. Cxema TyHHENBHOTO CEHCOpa
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TpafuIMOHHBIM ~ JATYUKOM CHJIOBOTO B3aMMOJIEHCTBHS  SIBIISIETCSI
KpeMHHeBass MHUKpobanka (KOHCOJb WIM KaHTHWIeBEp OT aHri. cantilever -
KOHCOJIb) C ONTHYECKOW CXEMOW PpETHCTpalid BEJIWYMHBI  H3TrHOa
KaHTUICBEpPA, BO3HUKAIOIIETO BCICACTBHE CHIIOBOTO B3aUMO/ICHCTBUS MEKILY
00pasIoM ¥ 30HII0M, PACIIONIOKEHHBIM Ha KOHIIE KaHThIeBepa (puc. 3).

Hawpm dotoaerekTop
T

Kantunesep

30H7

O6pasen

Puc. 3. Cxema cunoBoro ceHcopa

Paznn4aloT KOHTaKTHBIM, HEKOHTAKTHBIH M NPEPBIBUCTO-KOHTaKTHBIN
(«TIOJlyKOHTAKTHBIH») CIHOCOOBI MPOBEICHUS CHIOBOH MHKPOCKOIIHH.
Hcnionp3oBaHNE KOHTAKTHOTO CIIoco0a MPeIonaraeT, 4To 30H] yIHpaeTcs
B oOpasemn. Ilpu u3rube kaHTHIIEBepa MO JIEWCTBHEM KOHTAKTHBIX CHII
OTPaXXCHHBI OT HEro Jy4 Ja3epa CMEIIAeTCsi OTHOCUTENbHO LEeHTpa
KBaZlpaHTHOT0 (hoTojerekTopa. TakuM 00pa3oM, OTKIOHEHHE KaHTUIIEBepa
MOXeET OBITh ONpPEJEJICHO MO0 OTHOCHTEILHOMY M3MEHEHHIO OCBEIIEHHOCTH
BEPXHEH U HIKHEH MOJOBUHOK (DOTOAETEKTOpA.

[Ipr wucronbp30BaHMM HEKOHTAKTHOTO CcHoco0a 30HJ YAaldeH oOT
MIOBEPXHOCTH M HAaXOAWTCA B O0JAcTH NEHWCTBHS AaNbHOJCHCTBYIOIIMX
npuTsruBaomuX cuia. Cuiusl TPUTSOKEHWS M MX TPajgueHThl ciabee
OTTAJKUBAIONINX KOHTAKTHBIX cwil. IlosToMy mist WX JETeKTHPOBaHUS
0OBIYHO HCTIONB3YETCSl MOMYJISIIMOHHAS METOAMKA. JIJIs1 3TOTO ¢ MOMOIIBIO
MbE30BUOpAaTOpa  KAHTHJEBED  packayuBaeTcs [0  BepTHKAIM  Ha
pEe30HAaHCHOI YacToTe. Brmamm OT MOBEpXHOCTH aMIUTUTYyHa KoyieOaHui
KaHTWJIEBEpa UMEET MaKCHUMAaIbHYIO BelIW4IHHY. [1o Mepe mpuOmmKeHus K
TTOBEPXHOCTHU BCJICACTBUC )IeﬁCTBPIH rpagucHTa Cui1 MPUTSHKECHUA
pe30HaHCHasE 4YacToTa KojeOaHWil KaHTHJeBepa H3MEHSeTCs, NPH 3TOM
yYMEHBIIAeTCs aMIUTUTY 1A ero KoJiebaHui. DTa aMIUIUTy/a peTUCTPUPYETCS
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C TIOMOHIBIO ONTUYECKOH CHCTEMBI IO OTHOCHTEIBHOMY W3MEHEHUIO
NIEPEMEHHON  OCBELUEHHOCTH  BEPXHEHW W  HWXKHEHM  MOJOBHHOK
(doTtomeTexTopa.

[Ipn «IOyKOHTAaKTHOM» CIIOCOO€ M3MEPEHMI TarKe HPUMEHSETCS
MOJYJSIIMOHHAS METOJUKA H3MEPEHUs] CHIIOBOTO B3amMozcHcTBus. B
«MOJTYKOHTAKTHOM» pPEXHME 30HJ YacTHYHO KacaeTcs IOBEPXHOCTH,
HaxoJsICh TIONIEPEMEHHO Kak B OOJacTH NPHUTSHKEHHS, TaK M B 00JacTH
OTTaJIKMBaHHUS.

CywIecTBYIOT U Jpyrue, 0oyiee MpOCTbIE CIOCOOBI JIETEKTUPOBAHHS
CHWJIOBOTO  B3aUMOJEHCTBHSA, MPU KOTOPBIX MPOHCXOJUT  MpPSIMOE
peoOpa3oBaHUE CHJIOBOTO B3aUMOJAEHCTBUSL B 3JIEKTPUUYECKUN CHUTHAIL
OmuH #3 TakWx CIOCOOOB OCHOBAaH Ha HCIOJIB30BAaHUU MPSIMOTO
mbe303ddekra, Korma M3rud mbe3oMaTepHasa IoJ JICHCTBHEM CHIIOBOTO
B3aUMOJCHCTBUS IPUBOJNT K TOSIBJICHUIO 3IEKTPUUECKOTO CUTHANIA.

ITvezosnexmpuueckuti osuecamens. Cranepsi

Jis  KOHTpPONHPYEeMOro TIEepeMEIIeHUs UIJIBl Ha CBEpXMalbIX
paccrosauax B C3M HCNONB3YIOTCS MbE30IIEKTPUUYECKUE ABUraTenu. Mx
3a7a4a — 00eCHeYUTh NPENU3NOHHOE MEXaHNUECKOEe CKAHMPOBaHHUE 30HI0M
HCcclieyeMoro obpaslia MyTeM IIepeMelIeHHs 30HJa OTHOCHTEIbHO
HEMOJBIKHOTO o0pasiia WM MepeMenieHus o0pasiia OTHOCHTEIHHO
HETIOABIDKHOTO 30H/A.

Pa6ora OOJNBIIMHCTBA MTEE303JICKTPUICCKUX JIBUTATEIEH,
mpuUMeHsieMBIX B coBpeMeHHBIX C3M, OcHOBaHa Ha WCIIOJIH30BAHHUU
oOpartHOTO Mbe303deKTa, KOTOPHIH 3aKIF0YacTCsS B M3MCHEHUH pa3MepoB
MbE30MAaTepraa MO JEeHCTBUEM SJIEKTPHUSCKOTO OIS,

KoHcTpyknnu U3 mbe30KepaMuK, 00ecrieyuBaroIue IepeMenieHne mo
TpeM KOOopAWHaTaM X, Y (B JaTepalbHOW MIOCKOCTH obpasna) u Z (Imo
BEPTUKAJH), HA3bIBAlOTCA «CKaHepamu». CyIIecTBYyeT HECKOJIBKO THIIOB
CKaHepoB, HauboJiee PacIpOCTPAHEHHBIMH U3 KOTOPBIX ABIISIOTCS TPEHOT Ui
1 Tpy6uatsiii (puc. 4).

B TpeHorom ckaHepe IepeMemIEHMs] 1O TPEeM KOOpJIHHATaM
o0ecrieunBarOT pacIoJIOKEHHBIE B OPTOTOHAIBHYIO CTPYKTYpY TpH
HE3aBUCHMEIC IThE30KEPAMUKH.

TpyOuarble ckaHepbl paboOTalOT IOCPEACTBOM M3rHba  MOJOH
MIbE303JIEKTPUYECKON TPYOKH B JIaTepalibHOM INIOCKOCTH M y/UIMHEHUS WITH
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CKaTHsg TPYOKH MO OCH Z. DIIEKTPOIbI, YNPABISIOMINE IepeMeIeHHIMU
TPpYyOKH B X W Y HAIPaBJICHUAX, PA3MELIAIOTCS B BUJE YETHIPEX CETMEHTOB
10 Hapy’>KHOW IOBEPXHOCTH TPYOKH (puc. 4 0).

Y-IIbE302JIEMEHT

O0pa3zen
Kectkas pama

Z-TIbE30JIEMEHT |

Yy =X

X-TIBE€303JICMCHT
+X +y

Puc. 4. OcHOBHBIE KOHCTPYKLIMHM CKAaHEPOB: & — TPEHOTUi, O — TpyOUaThIii

Jns m3ruba TpyOKM B HampaBlIeHHH X, Ha +X KEPaMHUKY ITOJACTCS
HaTpsDKCHUE IS YUTMHEHHS OJHOW W3 ee cTOpOoH. TOT jke camMblii IPUHITHIT
HCTIONB3YeTCs IS 3aJaHus IBIKCHUS B HarpaBieHNH Y. CMeIIeHns B X U Y
HATIPaBJICHUSAX TPOMOPIUOHANBHEl MPHIOKEHHOMY  HANPsDKEHHIO U
KBaZpaTy JUIMHBI TpyOku. [IBXKEHWE B Z HampaBlICHUHM TE€HEPHPYETCS
nojlauedl HaIps KEHHUSA Ha 3JIEKTPOJ B IEHTpe TPYyOKH. DTO NMPHUBOAUT K
VAJIMHEHUIO BCEH TPyOKHM MPOMOPIMOHAIBHO €€ JUTUHE U MPHI0KEHHOMY
HAIpPSHKEHUIO.

[Mpouiecc ckanupoBanus mnoBepxHocTH B C3M (Puc. 5) wumeer
CXOACTBO C JBIDKCHHEM  O3JCKTPOHHOIO JIiyda TI0 3KpaHy B
AIEKTPOHHOIYYEBOH TpyOKe TeneBu3opa. 30HI IBIIKETCS BAOJH JHHHUU
(cTpokn) cHavana B PSMOM, a IIOTOM B 0OpaTHOM HallpaBIICHUH (CTpOYHAs
pa3BepTka), 3aTeM NEepeXOAUT Ha CIEAYIONIYI0 CTPOKY (KaxpoBas
pa3Beptka). JIBmKEHHE 30HIA OCYIIECTBIIETCS C TIOMOIIBIO CKaHepa
HEOOJIPIIMMHU IIaraMd IOJ JeHCTBHEM NHJI000Pa3HBIX HANPSDKEHHH,
MO/JIaBaeMbIX C TeHepaTopa pa3BepTKH (0OBMHO 1H(POAHATIOTOBOTO
npeoOpaszosarensi). Perucrpamus wHbopManuu o peibede MOBEPXHOCTH
IIPOU3BOAUTCH, KaK IMPaBHUJIO, HA IPAMOM IIPOXOIEC.

K wumciny OCHOBHBIX NapamMeTpoB, BBIOMPAEMBIX IIepel HadalIoM
CKaHUPOBAHHS, OTHOCSTCS:

- pa3Mep CKaHa;

- yucno Touek Ha mHuK NX u nuHui B ckane Ny, onpenessrolee mar
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CKaHUPOBAHUA A;
- CKOPOCTh CKaHNPOBAHUSL.

Y
Ny
OOpatHblit X0 [TpsimMoit xox

. CKaHepa/ cKaHepa
31 N
21
1

123 - - - N

A X

Puc. 5. Cxematunueckoe nzobpakeHue mporecca CKaHUPOBAaHH

[TapameTpsl CKaHUPOBAHUSI BHIOUPAIOTCSI UCXOAS U3 TPEIBAPUTEIBHBIX
JIaHHBIX (pa3Mepa XapaKTepPHbBIX MOBEPXHOCTHBIX OCOOCHHOCTEW), KOTOPHIE
UMEIOTCS y UccleioBaTelis 00 00beKTe HCCIIeJOBaHUS.

Ilpn BEIOOpe pa3Mepa CKaHa HEOOXOOMMO IIOJNYYUTH Hauboee
MTOJTHYI0 HH(OPMAITHIO 0 TIOBEPXHOCTH 00pasla, T.e. 0TOOpa3uTh Hamboiee
XapaKTepHbIe OCOOCHHOCTH €TI0 MOBEPXHOCTH.

Yucno Touek ckanmpoBaHus (Nx, Ny) BeIOMpaetcs Takum o0Opaszowm,
4TOOBI IIAar CKaHUPOBaHUS A (PacCTOSHHE MEXIY TOYKAMH, B KOTOPBIX
MIPOM3BOJIUTCS CYMTHIBaHHE HMHGOPMAalHMU O TOBEPXHOCTH) ObUI MEHbIIE
XapaKTepHBIX €€ OCOOCHHOCTEH, MHade MPOM3OWIAET TOTeps dYacTu
nHpopManuK, 3aKITIOYCHHON MEXIy ToukamMu ckaHupoBanusi. C apyroii
CTOPOHBI, BEIOOP M3JIMIIHEr0 KOJMYECTBA TOUEK CKAaHUPOBAHUS IIPUBEJET K
YBEJIMYECHUIO BPEMEHH TIOJIyYESHHUS! CKaHa.

CKOpOCTh CKaHUPOBAHWs OIpENeNsieT CKOPOCTh ABM)KCHUS 30HIA
MEXIy TOYKAMH, B KOTOPBIX HPOW3BOAUTCS CUYHUTHIBAHHE HH(OPMALUH.
Wznnmne Oosblias CKOPOCTh MOXKET HPUBECTH K TOMY, YTO CHCTEMa
oOpaTHO cBsi3W He OyAeT ycneBaTh OTBOAWTH 30HJI OT NMOBEPXHOCTH, YTO
NIPUBEJIET K HENPABWILHOMY BOCIPON3BE/ICHHUIO BEPTHKAIBHBIX Pa3MEPOB, a
TaloKe K MOBPEXXACHMIO 30HAA U MOBEPXHOCTH 00pasua. Mamas CKOpOCTb
CKaHMPOBAHUS MPUBEJIET K YBEIMYCHUIO BPEMEHH TOJIyYSHHUS CKaHa.



Cucmema 0bpamuoil cés3u

B npomnecce ckaHUpoBaHMS 30HI, MOXET HAXOOUTHCSA HAJ yY4aCTKAMH
MTOBEPXHOCTH, UMEIOIINMHE Pa3IHMYHbIe (PU3NUECKHUE CBOICTBA, B PE3yIbTATE
Yero BeNMMYMHA M XapakTep B3aMMOJCHCTBHS 30HA — oOpasern OymyT
n3MeHsAThea. KpoMe Toro, ecii Ha MOBEpXHOCTH 00pasIia ecTh HEPOBHOCTH,
TO NIPH CKaHMPOBAHUH OyJeT N3MEHATHCA U paccTosHUEe AZ MEXIY 30HAOM
U TIOBEPXHOCTHIO, COOTBETCTBEHHO OYAET M3MEHATHCS W  BEJIMYHHA
JIOKAJIbHOTO B3aUMOACHCTBUSL.

B npouecce ckaHMpoBaHUSA MPOU3BOJUTCS MOJAEPKaHUE MOCTOSIHHOM
BEJIMYMHBI JIOKAJIbHOTO B3aWMOJEHCTBUS (CHJIBI WM TYHHEJIBHOTO TOKa) C
MOMOIIBIO CUCTEMBI OTPHUIATENIbHOIM 0OpaTHOU cBsi3u. [Ipu mpubmmkeHnn
30HJa K MOBEPXHOCTH CHUTHANl ceHcopa Bo3pacraeT. Kommapatop (puc. 1)
CpPaBHMBAeT TEKYIIMH CHTHAJ CEHCOPAa C OMOPHBIM HAampspKeHHeM Vs n
BBIpa0aThIBaCT KOPPEKTHPYIOINH CUrHAN Vip, HCIOJIB3yEMBIi B KauecTBE
YOPaBIAIOWET0 Ui NbE30NPUBOJA, KOTOPBIM OTBOAMUT 30HA OT
MOBEPXHOCTH 00pa3zna. CurHai Aist HomydeHus: n300paxeHust Tonorpadun
MOBEPXHOCTH OEpeTcsi PH 3TOM U3 KaHalla Z-TIbe30NPHBOJIA.

OTKJIMK cUCTeMBl OOpaTHOM CBsI3M Ha BO3HHUKHOBEHHE CHUrHaja
paccoryiacoBaHus ONpeJelsieTcss KOHCTaHToi nenu obparHod ceszu K (B
npubope NanoEducator - Feed Back Loop Gain). Yem Gosnblie 3HauCHHE
K, TeM To4Hee 1enb oOpaTHOW CBs3M OTPadaTHIBAET YEPTHI CKAHUPYEMOU
MOBEPXHOCTU U TEM JIOCTOBEpHEE JaHHblE, [OJIy4aeMble IpHU
ckaHupoBaHuu. OJHAKO MPH NPEBBIIIEHHM HEKOTOPOTO KPUTHYECKOTO
3HaueHnss K cucrema o00paTHOH CBSI3M TPOSBISET CKJIOHHOCTh K
caMOBO30YXIICHUIO, T.€. Ha JIMHUH CKaHa HaOJII0aeTcs 3allyMICHHOCTb.

@opmam C3M  Oannvix, cnocobvi 006pabomKu u nPeOCmasienus
pe3yibmamos IKCnepuMeHma

Wudopmanus, mosyueHHas ¢ MOMOIIBI0 CKaHHMPYIOIIETO 30HA0BOTO
MHUKpPOCKOTIa, XpaHuTcsa B Bune C3M kaznpa — IByMEpPHOTO MacCHBa IEJIBIX
yncen Zjj (Mmarpuisi). KaxaoMmy 3HAYEHHIO TMapsl WHICKCOB | H
COOTBETCTBYET ONpeelIeHHas TOYKAa IIOBEPXHOCTH B TpeAenax Mo
ckanupoBaHus. Kak mnpasuno, C3M kaapbl IpeACTaBISIOT CcOOOM
KBaJpaTHble MaTpuubl, wumeromue pasmep 200x200 wmwmm  300x300
JJIEMEHTOB.

Busyanuzanus C3M KaJpoB IIPOU3BOUTCS cpencTBaMu
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KOMIBIOTEPHOU rpaduKu, B OCHOBHOM, B BH/IE ABYMEPHBIX IPKOCTHBIX (2D)
u TpexmepHbIX (3D) m306paxeHuit.

Konempykyus ckanupyiowezo 3ondoeozo muxpockona NanoEducator

Ha puc. 6 mpencraBieHa KOHCTPYKIUS W3MEPHUTENBbHONW TooBKH. Ha
OCHOBaHHH | PacImoIOKEeHHI CKaHep 8 ¢ AeprkaTereM odpasma 7 M MeXaHU3M
moABoJa 2 Ha ocHOBe maroporo pasuratens. IlomBog 3onma 6,
3aKpEIUICHHOT0 Ha JaTYMKe B3aMMOJEUCTBUS 4, K 00pasily MOXHO TaKKe
OCYIIECTBIISITH C MIOMOIIBI0O BUHTA PYYHOro 1mozBona 3. IlpenBapurenbHbIit
BBIOOp MecTa HCCleOBaHUS Ha 00paslie OCYLIECTBISETCA C IIOMOLIBIO

BUHTOB 9 1 10.
3
5 4
V s
A = = s

6

10

|
-
Puc. 6. Koncrpykims C3M NanoEducator: 1 — ocaHoBanue, 2 — MEXaHH3M
MOZBO/IA, 3 — BHHT PYYHOTO M0/IBOJIA, 4 — IaTYMK B3aUMOJEHUCTBHUS, 5 —
BUHT (DUKCAIMH JaT4uKa, 6 — 30H1, 7 — Aepkareib o0pasia, 8 — ckauep, 9,
10 — BHHTBI IEpEMEIICHHS CKaHepa ¢ 00pa3IoM

Yuusepcanvuwiii  damuux ~ myHHenbHoeo0  moxa U CULOBOZO
63aUMOO0eLCMEUs.

B mnpubope NanoEducator npumeHsieTcss YHHBEpPCAJbHBIA IaTYMK
TYHHEJIBHOTO TOKa U MOJYJISIIIHOHHOTO CHJIOBOTO B3auMoOJeicTBus. JlaTank
BBIMOJIHEH B BHJIE MTbe30KEPAMHUIECKOU TpYOKH [uinHo# |=7 MM, tuameTpom
d=1.2 MM u tonuuHo# cTeHkd h=0.25 MM, jKeCTKO 3aKpeIIeHHO ¢ 0JJHOTO
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KoHIa. Ha BHYTpEHHIOIO MOBEPXHOCTh TPYOKM HaHECEH NPOBOMSIINI
anekTpold. Ha  BHEIIHIOI  MOBEpXHOCTh TPYOKM  HaHECEHbl  [Ba
SJIEKTPUYECKH H3O0JMPOBAHHBIX MOJYLWIMHAPHYECKHX odiektpoma. K
cBOOOHOMY KOHI[y TpPYOKH MIpHKpeIUieHa BONb(paMoBas IPOBOJIOKA
muameTpom 100 MM (puc. 7).

CBOOOIHBIH KOHEIl ITPOBOJIOKH, HUCIIOJB3YIOLIeiics B KauecTBEe 30HIA,
3aTOYEH OJIEKTPOXHUMUYECKH, PaAuyC 3aKpyrJICHHS HMMEeT BEIMYUHY
0.2+0.05 mkM. 30HX HMeeT 3JIeKTPUYECKUN KOHTAKT C BHYTPEHHHM
JJIEKTPOJIOM TPYOKH, COCOMHEHHBIM C 3a3€MJICHHBIM KOPIIYCOM INpHOOpA.
[lpn n3MepeHHH TYHHEJIBHOTO TOKAa NbE30TPYOKa HWrpaeT poib IKECTKOM
[IACCHBHOM KOHCONM. OIJIEKTPUYECKOE CMEIIEeHHE MNPUKIAabIBACTCA K
00pasily OTHOCUTEIBHO 3a3¢MJICHHOTO 30H/1a.

d

r,=0.2 - 0 MKkM

Puc. 7. Kouctpykius yHuBepcanbHOro nat4yuka npudopa NanoEducator

B kauecTBe JaTyMKa CHJIOBOTO B3aMMOJCHCTBHS OJHA 4YacTb
MBE303JIEKTPHUECKON TPYOKH UCIIONB3yeTCs KaK IIbe30BUOpaTOp, a Apyras —
KaKk JaT4uK MeXaHWueckux kosiebaHui. K mpe3oBuOparopy moaBOIUTCS
MEPEMEHHOE  JJEKTPUYECKOE  HANpsSHKEHHE C  4YacTOTOM, paBHOM
PE30HAHCHOM 4YacTOTE€ CHIJIOBOTO JaT4MKa. AMIUIMTYJa KojebaHuil mpu
0O0JIBILIOM PAcCTOSTHUU 30H/ — 00pa3el] MaKCHMallbHa.

11
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Puc. 8. MI3mMeHeHue 4acToThl KojieOaHMi CHIIOBOTO AaT4MKa IIPU
MpUOKEHNHU K TIOBEPXHOCTH o0pasia

IIpn nmpubnkeHNW 30HOA K MOBEPXHOCTH oOpaslia 30HI HauyMHACT
KacaTbCcsl oOpasla B Iporecce KojeOaHuil. DTO NMPUBOIUT K CMEIICHHIO
aAMIUTUTYAHO-4acTOTHOW XapaktepucTtukud (AUX) xonmeOanuii nardmka
BJIEBO 1O cpaBHeHUIO ¢ AUX, u3MepeHHON BAain OT NoBepXxHoCTH (pHC. 8).
Tax KaKk  4acrora BBIHYKJIAOLINX koseOaHui MBE30TPYOKHU
MOJIIEP)KUBACTCS MOCTOSIHHOM U PaBHOW ®, B CBOOOJHOM COCTOSIHHH, TO
npu TPHONMKEHUH 30HJAa K MOBEPXHOCTH aMIUIUTYZAa ero KojeOaHWi
YMEHBINIAETCS M CTAHOBUTCS paBHOW A. DTa amiuuTyna KoJeOaHuid
PETUCTPUPYETCS CO BTOPOI MOJIOBHHBI TEE30TPYOKH.

Ckanep

Crnioco0 opraHM3an MHKpONEpPEMEICHNH, WCIOIb3YIOIHUiCS B
npubope NanoEducator, ocHOBaH Ha WCHONB30BAHUKM 3aXATOH 110
NepUMEeTPy  METAJUIMYeCKOi MeMOpaHbl, K IOBEPXHOCTH KOTOPOH
NmpuKieeHa mbe3omiactuHka (puc. 9, a). M3meHenue pa3MepoB
MbE30IUIACTUHKHM TI0/1 JICHCTBUEM YIPABIISIOIIETO0 HANPSDKCHUsl OyAeT
MIPUBOANTH K M3rHOy MeMOpaHbl. PacmonoxuB Takue MeMOpaHBI IO TPEeM
NEepHEeHANKYJSIPHBIM ~ CTOPOHaM  Ky0a M COeIMHMB  HMX  LIEHTPBI
METATMYECKUMH HAIPABIISIOUIMMH, MOXKHO MOJYYUTh TPEXKOOPIHHATHBIN
ckanep (puc. 9, 0).

B mpubopax NanoEducator makcumaneHOe mepeMelleHne obpasia
cocTaBisieT okosto 50-70 MKM, 4TO M OHpeessieT MaKCHMaJIbHYIO TUIONIa b

CKaHUPOBAHHS.
12



MbE30MjIacTHHa [— 1

©

YAN VAN 4

Puc. 9. [Ipuniun aevicteus (a) u KOHCTPYKIws (0) ckaHepa npubopa
NanoEducator

Mexanusm asmomamusuposanHozo no08o0d 30H0A K 0bpasyy (3axeam
0bpamHoll cés3u)

Jnamna3zoH mepeMenieHmii ckanepa 1mo ocu Z CoCTaBIsIeT 0koio 10 Mk,
MMO3TOMY TI€pe]l HA4ajJoM CKaHHPOBAHUS HEOOXOAUMO MPHUOIH3UTH 30HI K
o0pasiy Ha 310 paccTosiHue. [t 3Toro npeaHa3HayeH MeXaHu3M I0JIBO/A,
cxeMa kotoporo npuseneHa Ha puc. 10. [llarossriii guratens 1 mpu mogavue
Ha HETro AJIEKTPHYECKHX UMITYJILCOB BpallaeT BUHT MOJa4YH 2 U epeMeniaet
aHky 3 ¢ 30HOOM 4, npuOIMXKas WIM OTHasis ero ot obpasua 5,
YCTaHOBIICHHOTO Ha CKaHepe 6. BemndnHa oHOTO IIara COCTaBIISIET OKOJIO

2 MKM.
2

i

s N2

Puc. 10. Cxema MexaHn3Ma IOBOA 30H1a K TIOBEPXHOCTH 00pa3iia

Tak Kkak mar MexaHu3Ma IOJBOAA 3HAYUTEIHHO IPEBOCXOAUT
BeNMYMHY  TpeOyeMoro  paccrosiHMs  30HI-00pa3eln, B mpolecce
CKaHMpOBaHUs, TO BO u30exkaHHe JedopmanuK 30HAA €ro MOJBOJ
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OCYIIECTBIISIETCS TPH OJHOBPEMEHHOHW palboTe IaroBoro JABUraTeis H
MIEPEMEIIEHUH CKaHepa 1o OcH Z 110 CIEAYIOIEMY alTOPUTMY.

Cucrtema 0OpaTHOW CBSI3M OTKITIOYAETCS, M CKaHEp “BTATHBAETCS , T. €.
oIryckaeT o0pa3sel B HIKHEE KpaliHee MOJI0KEHHE:

1. Mexanm3M T1oABOJA 30HAA IPOM3BOAWT OAWH IIar W
OCTaHABJINBACTCS.

2. Cucrema oOpaTHOW CBS3M BKJIIOYAETCS, M CKaHEp IUIABHO
MOJHUMAaeT o0pa3el, OJHOBPEMEHHO IPOM3BOAMUTCS aHAJIM3 HAIUYUS
B3aUMO/JIEHCTBUS 30HA-00pa3el.

3. Ecnu B3auMojeicTBHE OTCYTCTBYET, IPOLECC MOBTOpsieTcs ¢ 1. 1.

Ecan Bo BpEMs BBITATMBAHUA CKaHCpPa BBEPX IOABUTCA HeHyﬂeBOﬁ
CUT'HaJI, CHCTeMa OOpaTHOM CBSI3M OCTAHOBHUT JBIDKCHHE CKaHEpa BBEPX U
3a(h)MKCUPYET BEIIMYMHY B3aUMOJICHCTBUS HA 3aJJaHHOM YPOBHE.

Ipoepammnoe obecneuenue 0ns pabomsi ¢ C3M NanoEducator

ITocne BeBoBa mporpamMel NanoEducator Ha skpaHe KoMmbroTepa
HosiBIIsieTCs I1aBHOE OKHO (puc. 11). IlporpamMma mo3BossieT OCYIIECTBIATh
MIPOCMOTP ¥ 00pabOTKY JaHHBIX MapPALIETbHO C U3MEPEHUSMH.

o els) NaroEducatar (@
. L ayat i /e

E

Bt n Gnaarun ChanTin

100

20 4“0 6C 80 100

Puc. 11. 'naBHoe okHO nporpamMmsl NanoEducator

14



[ToaroToBKy K H3MEpEHHSIM PEKOMEHAYETCSl MPOBOAUTH, HCIONB3YS
okHo «IlogroroBka k ckaHupoBaHHIO» (puc. 12). OKHO OTKpBIBaeTcs

il

KHOINKON =TT Ha maHeJIu OCHOBHBIX onepaum‘/’[.
(&) MoAroTosKa K CKAHMPOBAHMIO
1) Buibop koHTponnepa | HanodapioK... T]
2) Buibop pexuma ACM _ﬂ
3) Pe3zoHaHc (Tonsko ACM) Haitty )
4)MNoasoa (" nopsecrn )

Cepeep aHanusa Image Anali... |'§ !

Puc. 12. OxHo «IloaroToBka kK CKaHUPOBAHUIO»

Ecnu nporpamma Oblia 3allyllleHa OO BKJIIOYEHHS KOHTPOJUIEpa, TO
Oyzner BbIOpaH peXuM SMySIIMU. B 3TOM ciydae mocie BKIIOYEHUS
KOHTpOJUIEpa €ro Ha3BaHWE CleAyeT BbIOpaTh B cmucke «Bribop
KOHTpoJutepa». [l paboTel mpubopa B KadyecTBe AaTOMHO-CHIIOBOTO
MHUKpPOCKOIIa B MeHIO «Bb100p pekumay BeiOeputTe KoH(bUrypanuio ACM,;
JUTSL CKaHUPYIOILETO TYHHEIBHOTO MUKpOcKoma — KoHduryparmio CTM.

[Touck pe3oHaHca M ycTaHOBKa paboueil yacTOThl KOJNeOaHWH 30H/a,
KOTOPBIC PEKOMEHAYETCA BBIIIOJHATE MEPE] HAYAIIOM KaXJI0r0 U3MCPEHUA,
ocymiecTBISIIOTCS B OKHe «Pesonamcy. OxHO «Pesonanc» (puc. 13)

OTKPBIBACTCA KHOIIKOH .ﬂ Ha IMaHEJIW OCHOBHBIX onepaunﬁ TJIaBHOT'O
OKHa MIPOTPaMMEI.

BrimonHeHne omepamuuM  [MOWCKAa pe30HAHCAa — IpeaycCMaTpUBAcT
U3MEpPEHUE AaMIDIUTYIbl KOJeOaHWi 30HAAa TPH W3MCHEHHH YacTOTHI
BBIHYKJICHHBIX KoJjebaHu, 3ajaBa€MbIX T€HEPATOPOM. 3amyck
ABTOMATHYECKOTO TIONCKA PE30HAHCHOW YacTOTHI OCYIIECTBIISETCS KHOTKOM
«Ctapt». B pesynbrare u3MepeHUs aMIUIUTYAbl KoJieOaHWH 30HIA
aBTOMATHYECKH YCTaHABIMBAETCS YacTOTAa T'€HEpPaTopa, paBHAas YacToTe,
IIpH KOTOPOIl HabIIoaanach MakcCuManbHas aMIUIATy1a. B mporecce momncka

pGSOHaHCHOﬁ HaCTOThI npu H606X0,Z[I/IMOCTI/I aBTOMAaTHYCCKHU
15



MOJICTpauBaeTCs  aMIUIMTYAa BBIXOJHOTO CHTHajla TIeHepaTopa ¢
KOX(QQHUIHUEHT yCWICHUS TakuM o0pa3oM, YTOOBl aMIUIMTyJa KoeOaHuit
30H/IOBOTO IaTYMKA HA PE30HAHCHOI YacToTe OblIa He MeHee 2 B.

. . S
-_
3_ A R Aurnntyna woneSawuin 4.00 wB
e_ ' o ]
.2 P —
= Yeanesve aunnvrynw  28.80 90
i |
|
“_ ™ rowo 10 B W
~N |l
S I
~N A Avnantysa 498 wB
Ve J——
— —
o_
o A { Coxpasurs SNILII) Crannapy
> S Coxpumrymam i Cransaor)
o
1 | | 1 1 1 1 1 I U | 1 | I
63 64 65 66 67 68 69 70 71 72 73 74 75 wu
W Hacrpodkn  Mactora  6.89 i Awnnwtyna 5.00B  JAoSporwocrs 32.43 [ (Crapr )

Puc. 13. OkHo «Pe3oHaHc»

Oxnuo «IlomBom» (puc. 14) OTKpBIBaeTCS KHOIKOI _i Ha TaHeIn
OCHOBHBIX OTEpAIlHii TIABHOT'O OKHA MPOrPAMMBIL.

Cane )

| -7
(-0.018 mm)
T Bucrpo

| né
¥ Ce=D

r4 Amnnuryaa
Cxanep 0.80

v Hacrpoiiku
| Kamepa sxn.

Puc. 14. Oxuo «ITogsom»
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OxHo «IloaBom» COAEPKUT ANIEMEHTHI yIpaBIeHUs IOABOAOM 30Ha, a
TaK)Ke MHAMKALUHU NapaMeTPOB, KOTOPbIE MO3BONIAIOT aHAIM3HPOBATH XOJ
BBINONIHEHUA Tpoueaypel. B okHe «llomBom» monb30BaTeNs HUMEET
BO3MOXKHOCTH HAOJIIOAATh 32 CIICAYIONINMH BETHIHHAMH:

- BBITAHYTOCTH cKaHepa (nHAuKaTtop CkaHep) MO ocu Z OTHOCHUTEIHHO
MaKCUMaJbHO  BO3MOJKHOW, HpPHUHATOM 3a  enuHuuy. Benuuuna
OTHOCHUTENIBHOTO  YAJIMHEHHUs  CKaHepa  XapakTepusyeTcs  ypOBHEM
3all0JIHEHMS JIEBOIO HMHIUKATOpa I[BETOM, COOTBETCTBYIOUIMM 30HE, B
KOTOpOW HaXOJUTCSl CKaHEep B TEKYILUH MOMEHT: 3eJICHbIH LIBET — paboyas
30Ha, KpacHBI — BHE paboueil 30HbI, KENTHIH - MepexoaHas 3oHa. Ecnn
HWHAMKATOp KPacHOTO I[BeTa M CKaHEp BTAHYT, 9TO O3HAYaeT, YTO CKaHep
TIOJIOIIEJT CIIMIIKOM OJIM3KO K ITOBEPXHOCTH 00pasiia, ITO MOXKET IIOBJICYb
nedopmanuro 30H0a. Ecim nHAMKATOp KpacHOTO IBETa M CKaHEp BBITSHYT,
9TO 03Ha4YaeT OTCYTCTBHE KOHTAKTa C MOBEPXHOCTBIO;

- aMmmmuTyga  KosebaHWH  30HAA  (MHAWMKATOp — AMIUINTYAQ)
OTHOCHTENBHO aMIUTUTYJbl €ro KojecOaHWH B OTCYTCTBHE CHIIOBOTO
B3aUMOJCHCTBYUS, IPUHATOM 3a eIuHuly. BenuuMHa OTHOCUTEIBHOMU
aMIUTUTYABI KoJieOaHUM 30H7a MOKa3aHa Ha MPaBOM HMHAMKATOPE YPOBHEM
€r0 3aIM0JIHEHUS 3€JIEHBIM I[BETOM;

- konu4ectBo maros (Illarn), mpoiIeHHBIX B 3alaHHOM HaIlpaBJICHUH.

[ ocyInecTBIEHUS MPOIEIyphl CKAaHUPOBAaHMA B TIJIABHOM OKHE
MIpOrpaMMBbl J0JDKHA OBITh Hakara KHomka «CkaHumpoBaHue». [lapameTpsl

CKaHUPOBAHUS CIpYHIIIUPOBAHbBI Ha aHeau CKaHUPOBaHMUIL,
el
F /l‘t’
. Y .
OTKpPBIBAIOLIEUCA KHOIIKOU i B IIpaBOM YacTU OKHA IIPOrpPaMMBL.

MOHO yCTaHABJIMBATh CICIYIOUINE TAPaMETPhIL:
- KOOP/JIMHATHI HAYaJIbHON TOYKH CKAaHUPOBAHUS;
- pa3Mep 00JIaCTH CKaHUPOBAHUS;
- [1ar CKaHUPOBAHUS;
- pa3penicHre (KOJIMIECTBO TOYSK H3MEPEHHN);
- CKOPOCTh CKaHHPOBAHU;
- METOJ CKAHUPOBAHHS,
- ycuiieHne 0OpaTHOH CBS3H;
- BEJIMYMHY CHJIOBOTO B3aMMOICHUCTBHS MEXITY 30HIOM U 00pa3IioM.

| Myck |

3amyck CKaHMPOBAHWS OCYIIECTBISIETCS KHOIKOM B
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IJIABHOM OKHE MporpaMMmbl. B pesynbraTte HauyHEeTCs IIOCTPOYHOE
CKaHUPOBaHHUE TTOBEPXHOCTH 00pasna U B 00JIaCTH M3MEPEHHUH, CTPOUKa 3a
CTPOYKOH, OyIeT MOSBIATHCS N300paKEHHE CKAaHHPYEMOil HOBEPXHOCTH.

Iopsiaok BeINMOJIHEHHST PAdOTHI

1. O3HaKOMBTECH C YCTPOMCTBOM IpHOOpA.

2. 3amycTute nporpammHoe obecreuerne C3M NanoEducator.

3. Uzyunre pacrnosiokeHHe W Ha3HAUYEHHE KHOIMOK B TJIABHOM OKHE
MIPOTPaMMBI.

4. B okne «lloaroToBka K CKaHMPOBAHMIO» B KaueCTBE KOHTPOJIIEpa
BeIOepeTe «IIporpaMMHBI SMYIIATOPY.

5. VI3yunte pacroyioXeHHE U Ha3HauYCHHE KHOTIOK B OKHax «Pe30HaHc)
u «ITonBomy. [omyunTe 1 coXpaHUTE PE30HAHCHYIO KPUBYIO.

6. B pexuMe NPOrpaMMHOTO 3MYJIATOpA IOIYYNTE H300parKeHUs
meronamu ACM u CTM c pa3HbIMH pa3pelleHHEM U Pa3MEPOM CKaHa.
CoxpaHuTe MOJyICHHBIC H300PAKCHUS.

KonTpoabHbie BOnpochl

1. HazoBute ocHOBHBIE KOMIIOHEHTH C3M U UX Ha3HAYCHUE.

2. Ha3oBurte BUABI CEHCOPOB U MPHUHITUIIBI HX CHCTBUS.

3. OObsiCHUTE MOHATHE MbE30AIEKTPUUECKOTO d(PPEKTa U MPUHIKI
JCHCTBUSL  MBE303JICKTpUUECKOro  apurarens. OMNUIINTE  pa3IHYHbIC
KOHCTPYKIIUU CKaHEPOB.

4. Onumute 06y KOHCTpYKIUio mpubopa NanoEducator.

5. OObAcHHTE KOHCTPYKIHMIO 30HAOBOTO JaT4Mka mpubdopa
NanoEducator u npuHmumn ero aeicTBus.

6. OmumumTe MeXaHW3M IMOJBOJA 30HAA K 00pasiy B mpudope
NanoEducator.

7. OOBSACHUTC TPHHIUN CKAHUPOBAaHUA © PabOTBI CUCTEMBI
oOpatHOW cBs3U. Pacckaxxute O KpUTEpUSX BBHIOOpAa IapaMmeTpoB
CKaHUPOBAHHS.

Bubdauorpapuyeckuii cnucox

1. NanoEducator. ITporpammuoe o6ecnieuenne nox Mac OS X: yue6.
nocobue. 3A0 " NT-MDT", 2008. 196 c.

2. Cxanupyromuil 30H10BbIH MHKpockorn NanoEducator: pykoBoacTBO
nojp3oBarens. 3A0 " NT-MDT". 2008. 137 c.

3. Muponos B.JI. OcHOBBI CKaHUPYOLICH 30HIOBOH MHKPOCKOIHWHU.
M.: Texnocdepa, 2005. 144 c.

4. NntepHer-pecypc komnanuu "HT-MJIT": http://ntmdt.ru.
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YK 621.315.592

Mertoapl aHaiIM3a MHKPO M HAHOCHCTEM: METOAMYECKHE YKa3aHUS K
naboparopHoil pabore Ne 5 / Ps3aH. roc. paguoTrexH. yH-T; cocT.: A.IL
Asaues, H.B. Bumnsikos, }0.B. Bopo6ses, H.b. Peibun. Ps3ans, 2016. 16 c.

CopeprkaT KpaTKue TEOPETHUESCKIE CBEICHISI O METoIaXx 00padOTKU H
KonndecTBeHHOro aHamm3a C3M-m3o0paxeHnil, a TakkKe MaTepHajbl IS
BEITIOJTHEHHSI J1a00OpaTopHOH PabOTH MO AWCIUIUINHE “MeTonbl aHamm3a
MHKpPO- I HAHOCHCTEM .

[IpenHa3zHayeHsl I CTYJEHTOB JTHEBHOTO OTJEJICHUS HaNpaBIICHUS
11.04.04

Wan. 7. bubmuorp.: 7 Ha3B.

Cranupyrowasi 30H008asi MUKPOCKONUsi, 00pabomka u30bpasicenus,
cenancusanue, Puibmpayust, KOIUYeCMEEeHHbLIL AHATU3

IleyaTaerca 1o PCHICHUIO  PCAAKINUOHHO-NU3AATCIBCKOIO  COBCTA
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Heanb padoTsl
[MomyyeHne TNPAKTUUCCKUX HABHIKOB B 00JacTH 0OpabOTKH W

KonrdecTBeHHOTo aHanm3a C3M n300pakeHHui.

Kpartkne Teoperndeckue cBeieHUs

C3M m3o0pakeHus, B CWIIy cHenu(UKA METoJa, OOBIYHO COAepKat
mIyMbl. OTO CBsI3aHO C BHOpanued 30HAa OTHOCUTEIBHO 00pasia,
AKYCTHUYCCKMMHU TIOMEXaMHu, IyMaMu SHGKTpH‘IeCKOﬁ afnrmaparypbl, BCEria
MPUCYTCTBYIOIIMMH TP HM3MEPEHHH CJa0bIX CHUTHaioB. MckaxeHHs B
n300pakeHMsT TaKKe BHOCATCS HM3-32 TEIUIOBOro jpeiida 30HIma
OTHOCHTENBHO 00pasiia, HEMHEHHOCTH M KpUMa B IbE30KEPAMUUECKHX
9JIEMEHTaX, W3 KOTOPBIX M3TOTABIMBACTCS CKaHep. B cBsA3M ¢ atuM s
nonydenuss C3M m3o0paxeHHN BBICOKOTO KauecTBa U IPOBEICHUS HX
KOJIMUECTBEHHOTO aHanu3a TpedyeTcsl cneuuanbHas nugposas oOpaboTKa

9THX U300paKeHHH.

OcHoBHbIe MeToAbI (puabTpannu C3M n3o0pakeHmii

Cenaorcusanue

CriaxuBaHue n300paXkeHus! B IPOCTEHIIIEM CITydae BBIIOIHACTCS yTeM
3aMEeHBl 3HAYCHMS BBICOTHI B KaKJOH TOYKE YCPEIHEHHBIM 3HAYCHHEM

BCJIMYHH B HeKOTOpOﬁ OKPECTHOCTH 3TOM TOYKH.

Meouannas purempayus
IMpu MenuaHHOW GUIBTPALMK JUIS KAXKIOW TOYKH H300paKEHUS
CTpOUTCS BapHAIMOHHBINA (puc. 1, G) psm Uil HEKOTOPOU €€ OKPECTHOCTH

(puc. 1, a), TO ecTb BCE DJIEMEHTHI ITOM OKPECTHOCTH PACIIONAraroTCs B



nopsiike Bo3pactanus (puc. 1, B) v 3HaUCHHE B ATOW TOYKE 3aMEHSCTCS Ha
3HAQUEHHE DJJIEMEHTa, 3aHUMAIOIIETO  LEHTPAIbHOE IOJIOXKEHHE B
BapHAIlMOHHOM psixy. MenuanHas ¢misTpaus ocodeHHo 3¢ pekTnBHA pH

00paboTKe N300paskeHNH, COAEPIKAIMX UMITYJILCHbIE TOMEXH.

i

v

i

i

;
B

Puc. 1. IIpuaun paboTel MeAHaHHOTO GIIBTPA C OKHOM 3%3: a —
CMelleHNe OKHa B Iporiecce (pribTpauy MaccuBa; O — pacIiioyioKeHHe
AIIEMEHTOB B HEOTCOPTUPOBAHHOM MacCHBe (IITPUXOBOH JIWHHUEH OTMEUEH
HEHTPAIBHBIH 3JIEMEHT); B — Paclo0KCHHE SJIEMEHTOB B
OTCOPTUPOBAHHOM MaccuBe (HOBBIN LIEHTPAIbHBIN 3JIEMEHT OTMEUYCH

[ITPUXITYHKTHPHOH JuHue#) [1]

Yoanenue copuzommanvhvix nonoc Ha  uzobpadicenuu  nymem
BbIPAGHUBAHUSL  CPEOHUX 3HAYEHULl 9INeMEHMO8 6 Kadcoou Cmpoke
uz0bpasicenus

Hanuuve TrOpHU30HTAIBHBIX IIOJOC HA HM300PAKCHHUU  SIBIIACTCS

XapakTepHbIM HcKaxkeHneM C3M m300pakeHuil. DTO CBA3aHO C TEM, YTO
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n3obpaxennss B C3M odKcrmepuMeHTe OOBIYHO MOJYYaloTCS IIyTeM
MIOCTPOYHOTO CKAaHUPOBAHMS M BpPEMs MEXIY H3MEPEHHMSMH B COCEIHHX
TOYKAX OJHOM CTPOKH CYIIECTBEHHO MEHBIIIC BPEMEHH MEXKIy H3MEPESHUAMH
COCEIHMX TOYEK B HAINPABICHUH, MEPIEHIUKYIIPHOM K HaMpaBICHUIO

CKaHUPOBaHMUH.

nM
40

38
28

16

ﬁo

200

168

0

Puc. 2. ACM n3o0pakeHHs IIOBEPXHOCTH 00pasia: a — 10 yCPEAHEHHUs 110

cTpoKam; 0 — rmocie ycpeaHeHHs



W36aBuThes 0T Takux nedexroB C3M n300pakeHnit MOKHO C HOMOIIBIO
IpoLeAypsl BHIPABHUBAHUS Kajpa II0 CTpoKaM. B  kaxmoil crpoxe
CKaHUPOBaHUS HAXOJNTCS CpellHee 3HaUeHHe penbeda. A 3aTeM U3 3HAUCHUH
B KaXK/IOW CTPOKE KaJipa BEIYUTAIOTCS COOTBETCTBYIOLIME CPETHHUE 3HAUCHHUSI.
Ha puc. 2 mpeacraBieH pe3ysibTaT BBIPaBHHBAHUS 110 CTPOKAM PEalbHOTO

ACM wm300paxeHns: HOBEPXHOCTH.

Yoanenue naxnona usobpasicenus nymem suiuumanus nIOCKOCMu

N300pakeHnss TOBEPXHOCTH, IIOJY9YaeMble C ITOMOIIBIO 30HIOBBIX
MHUKPOCKOIIOB, KaK MpaBHJIO, MMEIOT OOIIMH HAKIOH. DTO MOXKET OBITh
00yCJIOBJIEHO HECKOJIbKUMH TNpPUYUHAMH. Bo-NEpBBIX, HAKIOH MOXKET
TIOSIBIATHCSL BCIIEACTBHE HETOYHOM YCTAaHOBKM 0Opaslia OTHOCHTEIHHO
30H/1a; BO-BTOPBIX, OH MOXET OBITH CBSI3aH C TEMIEPATYPHBIM Aper(oMm,
KOTOPBIH MPUBOJUT K CMEIIEHUIO 30H/1a OTHOCUTEIBHO 00pasiia; B-TPeThbuX,

OH MOJKET OBITh O6YCJ'IOBJ'IGH HEJIMHCHHOCTBIO HCpeMeH.IeHI/Iﬁ IMbE30CKaHepa.

uM M

-8.8 L} -8.8
-8.8 8.5 1.8 1.5 2.8 uM -8.8 8.5 1.8 1.5 2.8 un

Puc. 3. Beruntanue HaKIOHHOM tuiockocTd u3 ACM u300pakeHus

noBepxHocTH [1]



Ha otoOpaxeHue HakJIOHA TpaTUTCs OONBLIOH 00BEM IOJE3HOTO
npocTpancTBa B C3M kajpe, Tak UTO CTAHOBATCS HE BUJHBI MEJIKUE JeTallu
n300pakeHus. 1 ycTpaHeHUS JaHHOTO HEIOCTATKA MPOU3BOIAT OIIEPALIUIO

BBIYUTAHHS MMOCTOSIHHOTO HakJoHa (puc. 3) [1].

Buiuumanue nosepxnocmu emopoeo nopsoxa

Metonamu C3M mpeuMyIIECTBEHHO HCCIAEAYIOT TOHKYIO CTPYKTYpPY
MOBEPXHOCTH, MOATOMY IpyOblii penbed uyacto He MHOOPMATHUBEH U €ro
HEOOXOIUMO yCTpaHATh. HenaeansHOCTh CBOMCTB Mbe30CKaHepa MPUBOAUT
K TOMY, 4T0 C3M H300pakeHue COACPKUT Psil CHEUUPUISCKUX HCKAKESHHUH.
YacTuuHO HEeUAealbHOCTH CKaHepa, TakKue KaK HepaBHOMPABHOCTH MPSAMOT0
u oOpaTtHOro Xxoia cKaHepa (THCTEpe3WC), KpPUI ¥ HEIHMHEHHOCTHh
MIbE30KEPAMHUKH, KOMICHCHPYIOTCS anlapaTHBIMU CPEICTBAMHU M BHIOOPOM
ONTUMAJIBHBIX PEXUMOB CKaHuUpoBaHMA. OpHako HecMoTps Ha 310, C3M
n300paKeHNsT COAEp)KaT HCKaKeHHS, KOTOpbIe TPYOHO YCTPAaHUTH Ha

arnmapaTHOM YpPOBHE.

Puc. 4. Berauranue noBepXHOCTH BTOpOro nopsika n3 C3M uzobpakeHus

MOBEPXHOCTHU



B uacTHOCTH, MOCKOJBKY JIBMJKEHHE CKaHepa B IUIOCKOCTH o0pasia
BIMSCT Ha IIOJIOKCHHE 30HJAa HaJ MOBEPXHOCThIO (Mo ocu Z), C3M
n300pakeHNs MPEICTABIIOT COO0H CYNEepIO3HINI0 PeaTbHOTO penbeda 1
HEKOTOPOH MOBEPXHOCTH BTOPOrO (@ 4acTo M OoJjiee BHICOKOIO) MOpSIKa
(puc. 4) [1].

Just ycTpaHeHHsT MCKaXCHUH Takoro poja METOJOM HAMMEHBIIHNX
KBaJIpaToOB HaXOJHUTCS aIIPOKCUMHPYIOIIAs [IOBEPXHOCTH BTOPOTO MOPSIIKA
W 3aTeM JIaHHas TIOBEpXHOCTh BBIYMTaeTcsi u3 wucxoxHoro C3M

N300pasKeHMS.

KoanuecrBennniii ananu3 C3M nzodpaxennii

Tlocmpoenue eucmozpammol u306padicenus

OnHUM ©3 METONOB aHaiu3a H300paKCHUH SBISCTCSA IMOCTPOCHUE
THCTOTpaMMbl 3Ha4YeHUH B TOYKax u300paxkeHus. Ilpu mnocTpoeHHn
THCTOTPaMMBbl TOPU3OHTANIBHAS OCh COAEPXKUT BECh IHMANa30H 3HAYEHUIl B
TOYKaxX M300pakeHUs, a O BEPTUKAIBHON OCH OTKJIQABIBAIOTCS KOIUYIECTBA

TOYCK, UMCIOIIUX JAHHOC 3HAUYCHUC JJI BCCX 3HAYCHUH U3 ATOTO JUaIa30oHa.

Onpeodenenue napamempos wepoxoeamocmu noepxHocmu
Jis  xonmmuecTBeHHOM xapaktepucTukun C3M m3o0paskeHHH dYacTo
UCTIONB3YIOT ~ TapaMeTphl  IIEPOXOBAaTOCTH  H300paKeHWs,  KOTOpbIE

OTpeneNsoTcs 1o (hopMynaM, PEACTaBICHHBIM HIKE.

1 -1
CpenHsist IIepoxoBaTocTb S, = Vi% X v - H|
M k=01

(1)



rae peim i S CpenHss BLICOTa U300paKEHHs.
- ZZ-("W%)
T MN & & e 1
Cpe/IHeKBa paTHYHas [IEPOXOBATOCT S, = \/ Ny D) I ECAS R S )|
< k=0 1=0 -

Jnst  KOPPEKTHOTO  ONpENENEHHs IIEPOXOBATOCTH  HEOOXOANMO
NIPEBapUTENbHO YIAIUTh HEPOBHOCTH (OHA H300paKeHUs, IS DTOTO

BBIYECTH INIOCKOCTD JIH0O0 YAaJIATh IMOBEPXHOCTH BTOPOT'O IOPSAIKA.

Iocmpoenue @ypwve-cnekmpa uzobpasicenus

@Dypre-CeKTp NPOCTPAHCTBEHHBIX YACTOT U300pasKeHHUS SBILIETCS €T0
YaCTOTHBIM IIPEACTABICHUEM B OPTOHOPMAIBHOM Oa3Wce, COCTOSIIEM M3
KOMIUIEKCHBIX OKCHOHEHT. [lpencraBieHne H300paKeHUSI B TakoM
MIPOCTPAHCTBE  /JaeT BO3MOXHOCTh  HAONIOAATh €ro  CTPYKTYpHBIC
0COOCHHOCTH, CBSI3aHHBIC C MEPHOJUYHOCTHIO ITOBTOPEHHS JIIEMEHTOB,
HaIM4YUeM MeNKux aetaneil u ap. IlpocTpaHCTBEHHbIE YaCTOTHI MMEIOT
pasMepHOCTb, OOpaTHYI0O €AMHHMIAM W3MEPEHHS  pacCTOSHWNA Ha
n300pakeHNH.

IIpencraBnenue M300paKeHUs B Oasuce KOMILIEKCHBIX
SKCIOHCHIMANBHEIX (YHKIUH 3amaeTcs mMmapoil mpeoOpasosanuit Dypre
[paccmatpuBaercs ciyuaii HempepsIBHOM (QYHKIIMH WHTEHCHBHOCTH a(X,)),
3amanHOil Ha OeckoneunoMm moje]. Ilpsimoe mpeoGpazoBanne Dypbe
npeacTaBiseTcs GpyHKIMeH:

F(f..f,) = j Ta(a:. vyexpl-27(f.x + f,y)pedy. ®)

—00—0

OO6paTHoe TTpeoOpa3oBaHue ONMPEAEAeTCS PYHKITHEH:

a(x,y) = JJF(f £ )exp[z"ir(f x+f, 1)]01\@’1 4



TJIe X, y - KOOPAMHATHI B IUIOCKOCTH M300paxenus, fx, fy - mpocTpaHcTBeHHBIC
Y4acTOTBI.

[onsTHsA, CBA3aHHBIE C YaCTOTHBIM MpPEICTaBICHHEM OECKOHEYHBIX
HETPEPbIBHBIX CHUIHAJIOB, MOTYT OBITh pAaclpoOCTpaHEHbl Ha CilIydau
CUTHAJIOB OTPAaHUYEHHON MPOTSKEHHOCTH M IUCKPETHBIX CHTHANOB,
BCTpedaronuecs npu muppoBoii 00padoTke HA TMPaKTHKE.

Paccmotpum npsiMmoyronsHOe n3obOpaxenue mupuaoit N u BeIcoTOM M.
IIpeob6pazoBanue Oypre TaKOro U300paskeHHsI UMEET BU:

Mi2 N2

Fu,v)= _‘. _‘.Qf(\ v)exp(—i2x(ux + vy))dxdy.
—MI2-N/2 5)

[IpeobpazoBanne @Dypbe OTrpaHMUCHHOTO B TIPOCTPAHCTBE CHTHANA
(fx,y)=0 mpu |x|>N/2 u |y|>M/2), ecnu ero MpeaCTaBUTh MEPUOTHICCKU
Pa3MHOXEHHBIM 110 BCEeH IIOCKOCTH, SIBJIETCS TUCKPETHBIM, T.€. COICPIKUT
JIMIIb CYETHOE KOJMHMYECTBO rapMonuK Ha yactorax [K/N,I/M], -0 <k, 1 < 0.

CriekTp HEOTpaHUYEHHOTO B IIPOCTPAHCTBE AUCKPETHOTO M300paKECHUS
SIBIISICTCS TIepHoAryYecKor QyHKIped. ECiu pacCcTOsSHUS MEXy TOUKaMU, B
KOTOPBIX 3afJaHbl OTcUeThl m300paxkeHus mo ocsmM OX m OY, paBHBI
COOTBETCTBEHHO 4X u Ay, TO IepruoasI mpeodpazoBanus Oypbe paBHBI 1/4X
u 1/4y. Ecnu Havamo oTcyera MOMECTUTh B IIEHTPATBHON TOYKE MAaTPHIIBI
MIEPHUOTNIECKH TMOBTOpsiromerocs ypne-o6pasa (puc. 5), To MaKCHMaIbHBIC
NPOCTPAHCTBEHHBIE YacTOTBl OynmyT paBHel *1/(24X) u =£1/(24y).
MaxkcuManpHas 4acToTa, KOTOpas MOXKET OBITh IMONydeHa INPH 3aJaHHOM
mare JAMCKpeTM3allud CHUrHajia, HasbiBaeTcsl yactotol HalikBucra. B
MIOJYYEeHHOM TI€PHOJMUYECKOM MpeoOpasoBanun Pypbe ayOnupyromuecs

CIICKTPAJIbHBIC  COCTABJIAIOMINE MOXKHO OT6p0CI/ITB n CUHUTaATh, YTO
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Z[I/ICerTHHﬁ CUTHAJI UMCCT OFpaHPI‘-IeHHLIfI 10 YaCTOTC CIICKTP.

DypEe CNekTp

-0004 -0,003 -0002 -0001 0 0001 0002 0003 0,004
15Hm

Puc. 5. @ypbe-criekTp NepruogndecKoro Hn300paKeHus

Takum 06pa3zoM, MPOCYMMHPOBAB NPHUBEACHHbIE PACCYKICHUS, MOXKHO
clenaTth BBIBOJ, uTO IpeoOpasoBaHne Dyppe OrpaHHUYEHHOTO B
MIPOCTPAHCTBE JUCKPETHOTO M300pa)KeHNUS SIBISCTCS TaKKe MUCKPETHBIM U
OIpaHWYEHHBIM TI0 4YacToTe. MakCHMaJIbHBIE MPOCTPAaHCTBEHHbIE YaCTOTHI
OIIPEAEIAIOTCS MIaroM JUCKPETH3ALNHT N300paskeHHS.

OrpaHM4YeHHOCTh CIIEKTpa JUCKPETHOI'O H300paKeHHs IO YacToTe
MOXHO HPOJEMOHCTPUPOBATh, paccMOTpeB Impoctod mpumep. Camsblii

MaJICHbKUH nepuoa MmOBTOPECHUA Ha H3o6pa>1<em/m MBI MOXEM IIOJIY4YUTh,
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eciu OyzeM dyepeioBarh Oelble ¥ YepHbIe TOYKH, HarpuMep, Baoib ocu OX.
Oror nepuon OyneT paBeH 2/x, a COOTBETCTBYIOILAs NPOCTPAHCTBEHHAs
gacToTa paBHa 1/2Ax.

JHuckperHoe npeodpazoBanne Oypre (II1D) nzobpaxenus, 3aJaHHOTO

B Toukax fi,k =0,...,M-1, 1=0,...,n-1, onpenensiercs no popmyie:
M-1N-1 kn,, ln
. = . OXp| —i27 — + — 6
DR B Ly ©)

Hnsa  rpadpmueckoro mpencraBieHust Dypre-oOpaza n300pakeHU
CTPOMTCS MaTpUlla MOIyJel KOMIIIEKCHBIX BEJIMYMH IpeoOpa3oBaHus,
MOJy4eHHBIX 10 hopmyne (6). s AeHCTBUTENBHOTO M300paKeHUS TaKas
MaTpHLa SBISETCS UEHTPAIbHO CUMMETPUYHOM. OTCUET YacTOT BEAETCS OT
ee [IEHTpa. 3HaueHHs IPOCTPAHCTBEHHBIX YAaCTOT YBEJIMUHUBAIOTCS OT IICHTPa
dypre-obpaza k ero kpasm. Oypre-o0pa3 U300pakeHUs, COCTOAIIETO M3
TOPHU30HTAIBHBIX CHHYCOHUIANBHBIX ITOJIOC, TIPEACTABIACT COOOH IBE TOUKH,
pacrojoKEeHHbIE Ha BEPTUKAJbHOM OCH B YacTOTHOM IJIOCKOCTH Ha

oauHakoBoM pacctostaun fo ot mentpa. [pu atom nepuoa T — MOBTOPEHHS

I10JIOC Ha I/I306pa)KCHI/II/I paBeH f() '

Iopsinok BbINOIHEHHE PAOOTHI
Pabota MOXXET IPOBOAUTHCS B IBYX BapHaHTaXx:
A. AHanu3 paHee NOJYYEHHOT'O H300paXKeHusI.
b. IlpoBenenume wu3MepeHHWH MOJIyYe€HHE HOBOTO H300pakeHUs,

00paboTKa ¥ aHAIN3 3TOTO H300paAKECHUSI.

3amanme
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1. BoimonHUTh QUIIBTpaHIO H300paXKEeHUS.

2. VI3MepuTh 1 CpaBHUTH NapaMeTpPhI IIEPOXOBATOCTH U300paKEHUH 10
1 TIocIte (QIIBTPAIIHH.

3. IToctpouts @ypbe-cnekTp N300paKeHHs W MU3MEPHTh BEITUYHMHBI
npeo0yialalolX  MPOCTPAHCTBEHHBIX ~ YacTOT  CIEKTpa, CPaBHHUTh
COOTBETCTBYIOIMIE OSTHM 4YacTOTaM MEPHOIbl IOBTOPSHHUS JIIEMEHTOB
n300pakeHHss C WHTEpBaJaMH, IOJYYEHHBIMH @pPU HM3MEPEHHIX Ha
n3obpaxxeHnu. OnpeaennuTb YIiibl MEX/y HalpaBIeHUAMHI Ha U300paKeHUU

ABYMs crnocobamu u CpaBHUTL PE3YyJIbTATHI.

O6opynoBaHue U MPUHAIIEKHOCTH
1. TIpuGop NanoEducator.

2. OO0pa3Iibl ¢ IEPUOTUUCCKIMU CTPYKTYyPaMHU.

IocnenoBaTe/ibHOCTH BINOJIHEHUS Pad0ThI

B cinyuae BeImosHeHWs BapuaHTa A jabopaTopHOH  paboThHI
HE00X0IUMO:

~ BbINONHUTE BCE TOATOTOBHUTENBHBIE JICHCTBHUS UIS IIPOBEICHUS
C3M skcrniepuMeHTa B COOTBETCTBHH C MHCTPYKITUEH MOIH30BATEIS.

- BoinonHuTth ckaHupoBaHHME oOOpasla IO OJHOMY H3 METOJIOB,
OTIMCAHHBIX B PyKOBOJICTBE.

- IlonmydueHHOe M300paKeHNE COXPAHNUTH B BEIOPAHHOM KaTaJoTe.

Cremyroue 3Tambsl paboThI, MOCBAMICHHBIE 00pabOTKe W aHATU3Y

JAHHBIX, COBIAJAIOT JUIS BapuaHTOB A 1 b.

JIy1st X BBITIOJTHEHUS HEOOXOAUMO:
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- OsHakomuThcs ¢ TrhaBoil «PaboTa ¢ mMOJTyYeHHBIMH paHee
GbaiinamMu» pyKoBOJCTBA MOJIB30BATEIIS.

- Ilepefitu k mnpocMoTpy u 0O0pabOTKE MAHHBEIX C IOMOIIBIO
nporpammbel NanoEducator.

- OTkpbITh (aiis, ¢ KOTOPBIM OYIET IPOBOAUTHECS PaboTa, MPOBECTH
KOHTPOJILHOE CEUCHHE M300paKEHHS.

- Omnpenenuts XapakTep HMEIOIIUXCS HCKOKCHHH UM MPOBECTH
HEOOXOMUMYIO0 00pabOTKy M (PUIBTPAIIMIO JAHHBIX C MOMOIIBIO METOJOB,
JOCTYIHBIX B MPOrPaMMe.

- IlpoBectn KOHTpONIBHBIC ceueHHUs (aima mocie 00paboTKH u
CPaBHHUTH C CEUCHUEM HCXOHOTO M300paskKeHHS.

- Brmare okHo Image Analysis (puc. 6) mpu akTHBHOM OKHE
oOpaboranHoro u3o0OpaxkeHus. M3yunTb M oOmUCaTh THCTOIPaMMy
n3o0pakeHus.  3apUKCUPOBATh  3HAYCHHMS  BEIMYMH  CpPEIHCH U
CPEIHEKBAIPATHYHOM IEPOXOBATOCTH.

- OrkpeiTh 3aKmaaky Fourier Spectrum (puc. 7). OnpeaenuTs 1o
XapakTepy CIEKTpa, HWMEIOTCSI 1M Ha HW300paKEeHUH MEePHOTMIESCKHE
CTpyKTyphl. EcCiu HMMEIOTCs, TO W3MEPHUTh BEIMYHMHBI PEOOIaIArOIINX
9acToT (MePEeX0/1 B PEKUM H3MEPEHHUSI YACTOT OCYIIECTBIISETCS IPH HAXKATHH
kHoIKK Freq), ykasas Ha HUX Ha n3o0paxeHnn Oypre-oOpasa ¢ MOMOIIBIO

JIEBOM KHOIIKH MBIIIIH.
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CpaBHI/ITL MCPUOANIHOCTDb 1/1306pa>1<eH1/H71, HU3MEPCHHYIO C NOMOUIBIO

HHCTPYMEHTA , PacroJI0XKEHHOTO HAaJ MCXOAHBIM H300paKEHHEM, C

pe3ynbTaTamMH, MoJy4eHHbIMHU ¢ roMolipio dypre-obpasa.

W3mepuTh BETMYMHBI YIJIOB MEXIy HAIPaBICHHAMH (MHCTPYMEHT

) mo u3obpaxennto Oypre-00paza u CPaBHUTH C BEITHYMHAMHU YTIIOB

MEXIY COOTBETCTBYIOLIUMH CEUEHHUMH UCCIIELYEMOT0 N300pakeHHS.

Coaep:xkanue or4yera

1. Ilens paOOTHI.

2. HcxomHoe H300pakeHue.

3. MzobpaxeHne NOBEPXHOCTH, IIOCIEC IPOBEACHUS MPOLEIYPHI
¢bubTpaLuH.

4. Tlpo¢duiu TMONEPEYHOro CEUeHHsT HCXOIAHOTO H300paXeHHs U
n300paKeHHs TOCIIe MPOLEAYPH! GUIbTPALHH.

5. TI'mctorpamma u300paXeHHUS M 3HAUCHHWS BEJIMYMH CpeIHEH W
CPEAHEKBaIPATHYHOI IEPOXOBATOCTH.

6. dypbe-00pa3 HccieryeMoro M300paXeHUsI W TMOJTyYeHHBIE C €ro
TIOMOIIBIO BEIMYUHBI IPE00JIaIat0IINX YaCTOT.

7. BeIBOJIBI.

KonTpoabHbie Bonpockl
1. Kakue Tunbl uckaxxeHui xapakrepHsl st C3M-u300paxkeHunit?
2. Tlo kakuM NpUYMHAM BO3HUKAIOT HcKaxeHust C3M-n300paxeHuii?

3. KaxoBsl ocHOBHBIE MeTO b QuiibTpaiiu C3M n3o00paxenuii?

16



4. Kaxum 00pa3oM npoBOJUTCS MenaHHast GUIbTpanus?

5. Kakumu crocobamMu yJajsifoT HUCKaXXCHUS, CBSI3aHHBIE C
HEHMICANbHOCTHIO CKaHepa?

6. HazoBure HEKOTOpBIE METOJBI ONPEICICHHUs KOJUYECTBEHHBIX
XapaKTEePUCTUK U300paKECHUH.

7. Yro Takoe THCTOTpaMMa BBICOT U JIJISI 9YETO €€ MCIIONB3YIOT?

8. Jlnsg xakux M300pakeHHH CIEAyeT BOCIOJIb30BATHCS YaCTOTHBIM
IIpeCcTaBIeHUEM ?

9. Kakyto napopmaryro 06 n300paKCHUHA MOXKHO TIONYYUTH IO €ro

dypre-o6pazy?

Hurupyemas aurepatrypa
MuponoB B.JI. OcHOBBI ckaHUpYIOIIEH 30HI0BOI MUKpOCKONHU. M.:

Texuocdepa, 2005. 144 c.

Bubaunorpaguyeckuii cnmcox

1. Ayna P., Xapr I1. Pacnio3HaBanue o0pa3oB u aHanu3 cieH. M.: Mup,
1976. 511 c.

2. [patr V. Hudposas o6padboTka nzodpakennit. M.: Mup, 1982, kuuru
1,2.790 c.

3. Apocnasckwuii JI.IT. Benenue B udpoByro 00paboTKy H300paskeHHIA.
M.: Cos. paguo, 1979. 312 c.

4. Cxanupytronuii 30H10BbIH Mukpockon NanoEducator: pykoBoacTBO
noas3oBareis. 3A0 " NT-MDT", 2008. 137 c.

5. UnTepuer-pecype komnanuu "HT-MJIT": http:/ntmdt.ru.

6. HanoTexHomorHst: (pu3nKa, MPOIECChI, THArHOCTHKA, TIPHOOPHI / 1Mo
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7. Buxpos C.I1., BummnsikoB H.B. HaHoTexHOMOTMH U UX NPUMEHEHHE.

Yacrts 1. Pazans: OO0 «Cepsucy, 2012. 208 c.

18



5047

MHHUCTEPCTBO OBPA3OBAHMSA W HAVKU POCCHVICKON ®EIEPAIINUA

PSI3AHCKH T'OCYJAPCTBEHHBIN PAITMOTEXHUYECKHWI YHABEPCUTET

METO/AbI AHAJIU3A MUKPO- 1 HAHOCUCTEM

Mertoauyeckue yka3zaHus
K aboparopHoil padote Ne 3

Hoayuyenue uzodpaxenust nopepxuocru C3M NanoEducator

B peKumMe ATOMHO-CHJIOBOM MHUKPOCKOIIUHA

Psazann 2016



VK 621.315.592

Mertopl aHaNM3a MHKPO- U HAHOCHCTEM: METOAMYECKHE YKa3aHHs K
nmabopaTtoproii padore Ne 3 / PszaH. roc. pagmorexH. yH-T; coct.. A.IL
ABaues, H.B. Bumnskos, }0.B. Bopo6res, H.b. Prionn. Psa3ans, 2016. 16
c.

ConepkaT KpaTKHE TEOPETHYECKHE CBEACHHS O MNPHUHIUIE PabOThI
CKaHHMPYIOWIET0  30HI0BOro Mmukpockoma NanoEducator, a rtaxke
MaTepuaibl s BBIIOTHECHUS JIA0OpaTOpPHON pabOThl MO TUCIUTUIMHE
“MeTo/Ibl aHaJIM3a MUKPO- U HAHOCUCTEM .

Hpe):LHa3Haqu1>1 IJIA CTYACHTOB OHEBHOI'O OTACJICHHUA HaAIpPaBJICHUA
11.04.04.

Wn. 9. bubmmorp.: 5 Ha3B.

CKaHupy;ou;aﬂ 3010080451 MUKPOCKONUA, AMmMoOMHO-CU106a4:
MUKPOCKONUsl, CKAHUpoeanue

[ledaTaeTcs 1O pPENICHUIO PENAKIMOHHO-M3IATEILCKOTO COBETA
Ps3aHcKOro rocy1apcTBEHHOTO PaluOTEXHUYECKOTO YHUBEPCUTETA.

Penensent: kadenpa MUKpPO- U HAHOIJICKTPOHUKH (3aB. kKadenpoit T.A.
XonoMuHa)

MCTO)II)I aHaJin3a MUKpPO- 1 HAHOCUCTEM

CocraButenu: A BaueB Anekceil [lerpoBuu
B 1w H 4 k 0o B Huxonait Bnagumuposuu
B o p 0 6 5 ¢ B IOpwuit Bnagumuposuy
P b1 6 w5 Huxonait bopucouu

Penaxrop P.K. Manryrosa
Koppextop C.B. MakymuHa
Hoanucano B nevats 30.06.16. ®opmar 6ymaru 60x84 1/16.
Bymara nucyas. I[Teuats Tpadapernas. Yci. ned. i 1,0.
Tupax 50 3x3. 3aka3
Ps13aHCcKuil rocy1apCTBEHHBIN paJMOTEXHUUECKUN YHUBEPCUTET.
390005, Psizanb, ya. arapuna, 59/1.
Penakunonno-uznarensckuii uentp PI'PTY.



Henb padoTsl
Wzydenne xoHCTpyKImu U npunnuma padorst C3M NanoEducator u
MOTyYeHHE HM300paXKECHUsI TOIMOJIOTHH HCCIEAYeMOTro o0pas3la B pexuMe

aTOMHO-CHJIOBOM MuKpockornu (ACM).

Kpartkue Teoperndeckue cBeleHUsI

ATtomHO-croBoi Mukpockon (anri. AFM - atomic force microscope) —
CKaHUPYIOIIUH 30H0BBII MHKPOCKOI BBICOKOTO Pa3pelicHHs, OCHOBaHHBIN
Ha B3aWMOJCHCTBMM WIJBI KaHTWIEBepa (30HOA) C IOBEPXHOCTHIO
uccrnexyemMoro obpasma. OOBIYHO TOZ B3aUMOJCHCTBHEM TOHHUMACTCS
MIPUTSDKCHUE WM OTTAJIKMBAaHHE KaHTHUJIEBEpPA OT MOBEPXHOCTH H3-33a CHII
Ban-nep-Baansca. Ho mpu wcmonp30BaHWM CIIEIUANIBHBIX KaHTHICBEPOB
MOXXHO H3y4yaTh JJICKTPUYCCKUE W MArHUTHBIC CBOWCTBA MOBEPXHOCTH.
ATOMHO-CHJIOBOH MHKPOCKOII MO3BOJISIET HCCICIOBATh KAaK IMPOBOJSAIIKE,
TaKk U HEMPOBOJAIIMAEC TMOBEPXHOCTH JaXKe dYepe3 CIIOW KHUIKOCTH, YTO
mo3BosiseT  paborate ¢ oprammdeckumu  Mmonekynamu  (JIHK).
[IpocTpaHcTBEeHHOE pa3pelieHre aTOMHO-CHJIOBOTO MHKPOCKOIA 3aBHCHT
OT pa3Mepa KaHTHWICBEpa M KpPUBU3HBI €ro ocTpus. PaszpemeHne 1o
TOPHU30HTAIHN JOCTUTAET AaTOMAPHOTO YPOBHSL.

C3M NanoEducator cocrouT u3 claeayonnXx OCHOBHbIX KOMIOHEHTOB
(puc. 1): 1 - 30m; 2 - obpaselr; 3 - Mbe303IEKTPHUECKHE ABUIATENH X, Y, Z
JUIS  TPEHU3MOHHOTO  IEePEeMEIICHUs  30HAa  HaJ  [OBEPXHOCTHIO
HccienyeMoro oopasia; 4 - TeHepaTop pa3BEPTKH, MMOJAIOIINUNA HATIPSKEHHUS
Ha THE30JBUraTeNlb X W Yy, OOCCICUMBAIONIMN CKaHUPOBAaHHE 30HIA B
TOPU30HTAJIBHON MIOCKOCTH; 5 - 3JIEKTPOHHBIN AAaTYUK, AETEKTHPYIOLIMMA
BEJIMYUHY JIOKAJIbHOTO B3aUMOJICHCTBUS MEXIY 30HIOM H 00Opasmom; 6 -
KOMIIapaTop, CPaBHUBAMONIMK TEeKyIIMii curHan B riend jgatuuka P(t) c

HU3HAYaJIbHO 3aJaHHbIM Po, ", Ipu €ro OTKIOHCHHUH, BBIpaGaTBIBaIOH_[I/Iﬁ


http://ru.wikipedia.org/wiki/%D0%90%D0%BD%D0%B3%D0%BB%D0%B8%D0%B9%D1%81%D0%BA%D0%B8%D0%B9_%D1%8F%D0%B7%D1%8B%D0%BA
http://ru.wikipedia.org/w/index.php?title=%D0%A1%D0%BA%D0%B0%D0%BD%D0%B8%D1%80%D1%83%D1%8E%D1%89%D0%B8%D0%B9_%D0%B7%D0%BE%D0%BD%D0%B4%D0%BE%D0%B2%D1%8B%D0%B9_%D0%BC%D0%B8%D0%BA%D1%80%D0%BE%D1%81%D0%BA%D0%BE%D0%BF&action=edit&redlink=1
http://ru.wikipedia.org/wiki/%D0%9A%D0%B0%D0%BD%D1%82%D0%B8%D0%BB%D0%B5%D0%B2%D0%B5%D1%80
http://ru.wikipedia.org/wiki/%D0%94%D0%9D%D0%9A

KOPPEKTHPYIOUA curHan Ppm; 7 - 2IIEKTpOHHAs Ienb OOpaTHOW CBS3H,
yIOpaBisiomas IOJOXCHHEM 30HIa II0 OCH Z; 8 - KOMIIBIOTED,
VIIPaBIAIOMHN IPOLECCOM CKaHUPOBAHUS U MOTYYCHUEM H300paskeHus 9.
Ipu pabote mpubopa obpaserl IBHXKETCS B TIOCKOCTH XY (pwuc.2)
MIOCTPOYHO, TAKUM 00pPa30M, YTO KOHYHMK UIJIBI HOCTENEHHO MPOXOIUT Hal
BCel 3alaHHOH IIOIaabi0 0Opasma ¢ marom A. DTOT Ipolecc Ha3bIBaeTCA

CKaHUPOBAHUCM.
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Puc. 1. O6mas cxemMa CKaHUPYIOIIETO 30HA0OBOTO MUKPOCKOIMA

3omHxn
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Obpasen

Puc. 2. IIpuHimn ckaHUPOBaHUS

IlH@OpBHHHBL NOJIyd€HHad € NOMOILIbKO CKAaHUPYIOIIETro 30HA0BOIO

MHKpOCKoma, xpaHuTcs B Buae C3M kazapa - AByMEPHOTO MAacCHBa IENBIX



gncen Zij (Marpuubl). KakmoMmy 3HaueHHIO Tapbl HWHICKCOB 1 U
COOTBETCTBYET OIIPEACICHHAas TOYKa MOBEPXHOCTH B Mpenienax Mot
ckanupoBarmua. Kak mpaBmno, C3M Kajgpbl MpencTaBISIIOT — COOOMH
KBagpaTHBIE MaTpumpl, wuMeromme pasmep 200x200 wm  300x300
JJIEMEHTOB.

Bumsyamuzammss C3M KajgpoB  NPOU3BOAMTCS — CPEICTBAMH
KOMITBIOTEpHOH TIpaduku, B OCHOBHOM B BHAe TpexMmepHbiX (3D) u
JBYMEPHBIX SIpKOCTHBIX (2D) wnzoOpaxenui. Ilpm 2D Buzyanusaunu
KOXIO0H TOouke MOBepXHOCTH Z =f(X,y) CTaBUTCS B COOTBETCTBHE LBET.
Hanbomnee mMPOKO HCIONB3YIOTCS TPAJUEHTHBIC ITAJIHTPBI, B KOTOPBIX
packpacka H300pa’KeHHS! TPOU3BOAMTCS TOHOM OMPEAEICHHOTO IBETA B
COOTBETCTBHM C BBICOTON TOYKM HOBepxHOCTH. HambGonee 3¢ ¢ekTuBHBIM
crocodoM packpacku 3D u300pakeHuit SIBJISICTCS MOJCTHPOBAHUE YCIOBUI
NOACBCTKM TOBCPXHOCTU TOYCYHBIM HCTOYHUKOM, PACIIOJTOKCHHBIM B
HEKOTOPOM TOUKe NMPOCTPAaHCTBA HAJ MOBEpXHOCTHIO. Ilpm aTOM ynaercs
MOJUYEPKHYTh  MeEJKOMAacTaOHble  HEpoBHOCTH  penbeda.  Taxoke
CPEACTBAMH KOMIIBIOTEPHOH 00paOOTKM W TpadUKH  peann3yroTcs

Maciirabuposanue u Bpamienue 3D C3M uzobpaxenwuii (puc. 3).
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Puc. 3. Crioco0sI rpaduueckoro npezacrasinenns C3M-n3o0paxeHus: a —
JIByMEpHOE, O — TpeXMepHOe

B npubope NanoEducator npumeHsieTcss yHHBEpCAIbHBIN JaTUMK
TYHHCJIbHOT'O TOKa U MOAYJIAIIMOHHOTO CHJIOBOTO B3aHMOHeﬁCTBHH. ﬂ;aT'—II/IK
BEITIOJTHEH B BHUJIE TIhe30KepaMHIeCcKOi TpyOKH JITUHOM 1=7 MM, tnameTpom
d=1.2 MM u TONIMHOMN cTeHKH h=0.25 MM, KeCTKO 3aKpEIUIEHHOH C OHOTO
KOHIIa. Ha BHYTPEHHIOI MOBEPXHOCTh TPYOKHM HAHECCH MPOBOISIIINN
anekTpoa. Ha BHemHIOIO MOBEPXHOCTH TPYOKM  HaHECEHBI [Ba
ANEKTPUYECKH H30JMPOBAHHBIX MOJMYIMINHAPHYECKUX dnekTpoma. K
CcBOOOZHOMY KOHIly TpPYOKHM NpHUKperuieHa Bosb(paMoBasi IPOBOJIOKA

namerpom 100 mkm (puc. 4).



d

r=0.2 - 0 mrm

Puc. 4. Koncrpykuust yHuBepcasibHOTO Aardnka npudopa NanoEducador

B kauecTtBe Jaruumka CWJIOBOIO B3aUMOJACHCTBHUS OJHA 4acTb
MIE303JIEKTPHYECKON TPYOKHM MCHONB3YeTCs KaK Mbe30BHOpaTop, a apyras -
KaK JaTYNK MEXaHWJIecKux KoyeObanuit (puc. 5, a). K mpe3oBuOpaTopy
MOJIBOJIUTCSA NEPEMEHHOE IIIEKTPUUECKOE HANPSIKEHHE C 4aCTOTOW, paBHOM
PE30HAHCHON YacTOTe€ CHJIOBOTO JAaT4MKa. AMIUIMTyHa KoJjieOaHWH mpH
OO0JIBIIIOM PACCTOSHUY 30HA-00pa3en MakcumanbHa. Kak BumHO U3 puc. 5 0,
B Iporiecce KoneGaHui 30H OTKJIOHSETCS OT PABHOBECHOTO MOJI0XKEHHS Ha
BeIMUYMHY Ao, PaBHYIO aMIUIMTYJE €ro BBIHYXIEHHBIX MEXaHHMYECKHX
KosieOaHni (OHa COCTaBJISICT JOJIM MUKPOHA), TIPH 3TOM Ha BTOPOH 4YacTH
Ibe30dJIeMeHTa  (JaTdyMke  KoieOaHWi)  BO3HHMKAeT  INepeMEHHOe
JNIEKTPUUYECKOE HANPSIKEHHE, MPONOPLHOHAIBHOE CMEIEHUIO 30HJA,
KOTOpOE ¥ U3MEPSIETCS TPUOOPOM.

IIpn npubmmkeHNH 30HAA K TMOBEPXHOCTH O0pasna 30HA HAYMHAET

KacaTtbes oOpasia B mporiecce KojebaHuid. DTO MPUBOAUT K CMEMIEHUIO



aMIUTUTYAHO-4acTOTHOW Xxapaktepuctukn (AUX) xomebaHuii mardmka
BJIEBO IO cpaBHEHHIO ¢ AUX, n3MepeHHO# BOaln OT IOBEPXHOCTH (pHC. 5,
B). Tak xak 4dYacroTa BBIHYXKIAIOIIUX KOJeOaHWA IBbE30TPyOKH
MOJ/ICP)KUBACTCS] TIOCTOSSHHON M paBHOM o B CBOOOZHOM COCTOSIHHH, TO
pu TPHONMKEHUH 30HAAa K IOBEPXHOCTH aMIUTUTyla ero KoijeOaHuit
yYMEHbBIIAETCS W CTaHOBUTCA paBHOW A. Dra aMIuMTyzna KoJjeOaHWH
PETUCTPUPYETCSI CO BTOPOH TOJIOBHHBI MTbE30TPYOKH.

Jns  KOHTpOIMpYyeMOro IepeMelIeHHs WINIBl Ha  CBEpXMaJIbIX
paccrosiHuAX B C3M HCTIONB3YIOTCS MBbE303JIEKTPUIECKUE ABHUTaTeN. Mx
3a7a4a - 00eCIeYnTh NPEIU3NOHHOE MEXaHNIECKOe CKAaHUPOBaHNE 30HIOM
uccieqyeMoro o0Opasia IIyTeM IepeMEUICHUs 30HAAa OTHOCHTEIHHO
HETIOJBIDKHOTO 0o0pa3ma WM TepeMelIeHust o0pa3la OTHOCHTEIHHO
HETOJIBM)KHOTO 30H/1a.

Pabota 60MBIIMHCTBA IBE303IEKTPUUECKUX JIBUTaTeNeH,
IpUMeHsieMbIX B coBpeMeHHbIX C3M, ocCHOBaHa Ha MHCHOJIb30BAHUU
00paTHOTO Mbe303(PPeKTa, KOTOPHI 3aKITH0YACTCS B M3MCHEHHUH Pa3MEpOB
Ibe3oMarTepuaa moJ JeHCTBHEM 3JIEKTPUIECKOTO MOJIS.

B C3M, kak npaBujio, B KauecTBe IIbe30MaTepuaia UCIOIb3YIOTCS HE
KpPHCTAJUIMYECKWE MaTepuasbl  BpOJE KBapla, a Mbe30KepaMHKa,
oOmamatomas  Oojee  BBICOKMM  Ibe30MoxyieM.  IIpe3okepammka
MIPECTABISAET coboii COBOKYIHOCTh CETHETOAIEKTPHUECKUX
MOHOKPHUCTAJUTMYECKHX 3€peH ¢ TUINHYHBIM pasmepoM 0.5 — 50 Mxwm.
OcHoBoii GonpmMHCTBAa NpuMeHsAeMbIX B C3M mbe30KepaMuK SBIISETCS
cocraB Pb(ZrTi)Os; (umpkoHar-tutanaT cBunua, LITC) ¢ pasnu4HbIMH

00aBKaMH.
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Puc. 5. [Ipunimn paboTsl IbE303JIEKTPUUECKON TPYOKH B Ka4eCTBE aTYHKa
CHJIOBOTO B3aUMOJICHCTBUS: a — NOJAKIIFOYCHHE JaTunKa; 0 —AUX;

B — cmemenne AUX B mporiecce B3auMOISHCTBUS

KoHCTpyKIMH M3 NbE30KEPaMHK, 00CCIICUHBAOIINE TIEPEMELICHHE TI0
TpeM KOoopAWHATaM X, y (B JIaTepallbHOW IUIOCKOCTH oOpas3ma) u z (1o
BEPTHKAIIM), Ha3bIBAIOTCS «CKaHepamm». CyNIeCTBYeT HECKOJIBKO THIIOB
CKaHepoB, HanboJIee PacPOCTPAHEHHBIMH U3 KOTOPBIX SBJISIOTCS TPEHOTHit
1 Tpy6uatsIii (puc. 6).

B TpeHorom ckaHepe IIepeMelleHHs 10 TpPeM KOOpAHUHATaM
00ecreunBaOT  PaCIOJIOKEHHbIE B OPTOTOHAIBHYIO CTPYKTYpY TpH

HE3aBUCHUMBIC IbE3OKEPAMUKHU.



TpyOuareie ckaHepbl paboOTalOT MOCPEICTBOM H3rHba  IIOJIOH
MIBE303JIEKTPUYECKOH TPYOKH B JaTepasbHOM IUNIOCKOCTH U yUITMHEHUS WITH
CKaTuA TPYOKH MO OCH Z. DNEKTPOJbI, YIPaBIAIOMINE MNEPEMEICHUIMH
TpyOku B X 1 Y HampaBlCHUAX, PA3MEIIAIOTCS B BUAE YETHIPEX CETMEHTOB
[0 Hapy)XHOH MOBEpXHOCTH TpyOku (puc. 6, 0). [ns m3ruba TpyOku B
HanpaBieHud X Ha +X KepaMHUKy NOAAeTCsl HalpspKeHUe IS yATMHEHUS
OZIHOM U3 ee cTOpOoH. TOT *ke caMblif MPUHLHUI HCIOIB3YETCs AT 3aJaHus
JBWKEeHUs B HampasieHnd Y. Cmemenuss B X W Y HaIlpaBICHHAX
MIPOTIOPIIMOHANBHBl  [IPWJIOKCHHOMY HANpsDKEHHIO M KBaApaTy UIMHBI
TpyOku. J[BrkeHune B Z HaIpaBICHUH TeHEPUPYETCs] HoAavdel HalpsDKCHUS
Ha JIEKTPOJ B IEHTpPEe TPYOKH. DTO NPUBOANT K y/UIMHEHHUIO BCEH TPYOKH

MPONOPUHUOHAIBHO €€ JIIMHE U NPUIJIIOKCHHOMY HAIPAKCHUIO.

Y-NbE303JIEMEHT

O6pasen
Kecrkas pama

Z-TIbE30DJIEMEHT I

y X

X-I1bE€302JICMCHT
+X +y

a 0
Puc. 6. OcHOBHBIE KOHCTPYKITUH CKaHEPOB: a — TPEHOTHH, O — TpyOUaTHIiH
Junana3oH nepemelleHud ckaHepa Mo Ocu Z cocTaBisieT okosno 10

MKM, IO3TOMY INEPEA HaA4YaJlOM CKaHUPOBAHUA HCO6XO}II/IMO HpI/I6J'II/I3I/ITI)
30H] K 00pa3ily Ha 3TO paccrosiHue. [l 3TOro mpeaHa3HaueH MEXaHU3M
MO/IBOJIa, CXeMa KOTOporo mpuBeaeHa Ha puc. 7. lllaromeni neurarens |
IIpU noaave Ha HETO DJICKTPUYCCKUX UMITYJILCOB BpalacT BUHT MOJa4Yu 2u
mepeMeniaeT IUIaHKy 3 ¢ 30HIoM 4, MpHONMXKas WX OTHAISASL €ro OT
oOpa3ma 5, YCTaHOBIICHHOrO Ha ckaHepe 6. Benmuwmna omgHoro mara

COCTaBJISICT OKOJIO 2 MKM.
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Puc. 7. Cxema Mexanu3Ma MoJiBojia 30HJa K TIOBEPXHOCTH 00pasiia

Tak kak mmar MexaHW3Ma I[IOJBOAA 3HAYUTEIBHO IIPEBOCXOIMT
BEeIMYMHY TpeOyeMoro paccrosHMA 30HA-00pasely B  mporecce
CKaHMpOBaHUS, TO BO u30exkaHWe AedopmManuy 30HAA €ro IOABOJ
OCYIIECTBIISICTCS. NMPU OJHOBPEMEHHOM paboTe IIaroBOro MABUTATENs U
NepeMelIeHHH CKaHepa 1Mo 0cu Z 110 CIEAYIOIEMY alrOpUTMY:

1. Cuctema oOpaTHOW CBSI3M OTKJIIOUAeTCS M CKaHep "BTArMBaercs',
T.€. OIlycKaeT oOpasel] B HIKHee KpaiiHee MoJI0KeHHe.

2. MexaHu3M 10ABOJAa 30HAA TPOM3BOAMT OAWMH IIar ©
OCTaHABJINBACTCS.

3. Cucrema oOpaTHOW CBSI3M BKJIIOYAETCA, M CKaHEp IUIABHO
MOJHAMAaeT o0pa3ell, OJHOBPEMEHHO IPOM3BOJMTCS aHAIN3 HAIMYMA
B3aMMOJIEHCTBUS 30HA-00pasell.

4. Ecmu B3aUMOJICWCTBHE OTCYTCTBYET, IPOIECC TIOBTOPSETCS C
nyHkKTa 1.

Ecnu Bo BpeMmst BHITSATHBaHMS CKaHEpa BBEPX IOSBUTCS HEHYJICBOH

CHUI'HaJI, CUCTEMa O6paTHOI71 CBA3U OCTAHOBUT JIBUIKCHHC CKaHCPA BBCPX U



3a)UKCUpYET BEIMUYMHY B3aUMOJACHCTBUS Ha 3aJaHHOM ypoBHe. Jlamee

II0CJIC OCTAaHOBKH 30HJa K 6y,ElCT IIPOUCXOAUTH CKAHUPOBAHUE.

Ipoepammnoe obecneuenue ACM
INocne Bb3oBa mporpammel NanoEducator Ha skpaHe KOMIIBIOTEpa
NosIBJIAETCS TilaBHOE OKHO (puc. 8). [IporpamMma mo3BoJIsSIeT OCYIIECTBIATh

MIPOCMOTP U 00pabOTKY TaHHBIX MAPATIICIBEHO C U3MEPCHHUSIMH.

Ksormnka «IToAroToBKa K CKAHHPOBaHHIO»
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Puc. 8. I'maBHoe oxHo mporpammbel NanoEducator

[ToaroToBKy K HM3MEpEeHHSM PEKOMEHAYETCSl IPOBOJUTH, HCIIONB3Ys
okHO «[logroroBka k ckaHMpoBaHHIO». OKHO OTKpHIBa€TCS KHONKOH Ha
MIaHeJI OCHOBHBIX OTIepanHuii.

Ecmn xonTposep mpubopa OBUT BKIFOYEH O 3aIycka MPOrpaMMBI
NanoEducator, To mipu 3amycke mporpaMMbl IPOU30MIET aBTOMATHYECKHUIA
BEIOOp KOHTpoJutepa. [msa paboTel mpubopa B KadecTBE aTOMHO-CHIIOBOTO
MHKpOCKOIIa B MeHIO «Bp100p pexkrmMa» BbiOepute KoH(purypaunio ACM.

I[J'IH BI)I60pa yJdacTKa JJid UCCICAOBAaHUSA Ha 06pa3ue HCHOJ’IB3yﬁTe BUHTBI



HepeMenieHHs] JBYXKOOPANHATHOTO CTOJIMKA, PAcIONIOKEHHOTO B HU)KHEH
gacTu npudopa.

INocne sToro HEOGXOAMMO MPOU3BECTH ONEPALHIO MPEABAPUTEILHOTO
noxBona. EE ikemaTenbHO TNPOM3BOIWUTBH, €CIH PACCTOSHHE MEXIY

KOHYHMKOM 30HJa U MMOBEPXHOCTHIO 06pa3ua MPEBLIIIACT 0.5-1mm.

Tocmpoenue pe3onancrol Kpusol u ycmanogxa paboyeti 4acmomsl

ITouck pe3oHaHCa M ycTaHOBKY paboyell yacTOThl KOJeOaHUH 30HIA
PEKOMEHIYETCSl BBINIOJHATH MEpeNl HAadaJoM KaKAOro M3MEpeHHs, Ooiee
TOTO, B MpOIECCEe M3MEPEHHH MHOTZIAa BO3HHMKAIOT CHUTyalluH, TpeOyromme
MOBTOPHOTO ~ BBIIIOJIHEHMS 3TOW omepanuyu (HampuMmep, NHpH IOTepe
KOHTaKTa).

OxHO «Pe30HaHC» OTKpBIBAETCS KHOMKOM Ha MaHEIHM OCHOBHBIX
ofepanuii TIIaBHOTO OKHA MporpamMMsl (puc. 9).

BrimonHeHne omepamuu  MOMCKAa pe30HAHCAa IpelycMaTpUBaeT
M3MEpPEeHHEe AaMIUIMTYJbl KoJeOaHWH 30HJAa NP HM3MEHEHHH YacTOTHI
BBIHYXK/ICHHBIX ~ KOJEOaHWH,  3a/aBaéMbIX  T€HEPaTOpoM.  3amyck
aBTOMAaTHYECKOTO MOMCKA PE30HAHCHOM YaCTOTHI OCYIIECTBISIETCS] KHOIKOM

«CTtapt».
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Puc. 9. Oxno «Pe3onancy»

B  pesymbrare  u3MepeHUs ~ aMIUIMTYAbl  KojeOaHWil  30HzA
ABTOMATHYECKH YCTaHABJIMBAETCS YacTOTa IE€Heparopa, paBHAas 4YacToTe,
IpH KOTOPO# HabJIr0Ja1ach MaKCUMAalIbHAs aMILIATYa. B mpomecce moucka
PE30HAHCHOH  YacTOTHI pH HE00XOAUMOCTH ABTOMAaTHUYECKU
NOACTPAUBAIOTCA  aMIUIUTYAa BBIXOAHOTO CHTHAJla TeHepaTtopa H
KOX(UIHEHT yCHWICHUS TaKuM 00pa3oM, YTOOBI aMIUIATyJa KOJIeOaHWH
30H/IOBOIO JaT4YKMKa Ha PE30HAHCHON yacTtoTe Obuta He Menee 2 B. Ecnu
PE30HAHCHBIM NHK HEIOCTATOYHO SPKO BBIPAXKEH WIM aMIUIUTylIa IpU
yacToTe pe3oHaHca Mana (Menee 1 B), To HeoOXoauMO W3MEHHTH
rapaMeTpbl NPOBEACHUsS W3MEPEHHH M MOBTOPHO IPOBECTH OINpECICHUE

peSOHaHCHOﬁ HaCTOTHI.

Raxeam ezaumoodeticmeus
Jnst 3axBaTa B3aHMOJICHCTBUSA BBITTOJTHACTCS npoueaypa
KOHTPOJHMPYEMOTo COMMKEHUS 30HAa W o0pasia C MOMOINBI0 MEXaHU3Ma

ABTOMATU3UPOBAHHOTO ITOABO/JIA.



Oxuo «IlogBOom» OTKpBIBaeTCA KHONKOW HAa TAHEIH OCHOBHBIX

oTieparyii IIIaBHOTO OKHA MPOTPaMMBEL.

YT00BI MOABECTH 30H] K 00pasily, LIEJIKHUTE Ha KHOIIKY

B pesynbrare:

1) 3amKkHeTCsl memb OOpaTHOW CBs3M, W Z-CKaHEp BBIIBHHETCS Ha
MaKCHMaJIbHYIO [UINHY, 9YTO 0TOOPA3UTCsl Ha HHANKATOpE Z-CKaHep;

2) BKJIFOYHTCS IIArOBBIA JBUTATelb, BBIIOIHSIOMIKIA OABOX 00pa3sia
K 30H]Y;

3) unmgukatop «lllarn» HauHET OTCUUTHIBATD MPOHICHHBIC IIATH.

[MogBox  3akOHYMTCS, KOTAAa AaMIUIMTyAa KojiebaHMH  30HAa
YMEHBUIUTCA a0 3HAYCHUA napaMeTpa ((AMHJ'II/ITy)la OCTAHOBKU»
(ycranaBnuBaetcs B okHe «CBOiCTBa»). TO yMeHbLICHHE OYAET OTpaKeHO
Ha WHAWKaTOpe «AMIUIMTyga». [lo OKOHYaHMM TOJBOAA WHIUKATOP Z-
CKaHep 3aiiMeT MPOMEXYTOYHOE MOJIOKEHHE, YTO COOTBETCTBYET CEPEANHE
TIOJTHOTO JINala3oHa YAJHMHEHHS CKaHepa.

Jng BBIBOZA 30HAA U3 00JacTH B3aMMOACHCTBHS M yBEIUYEHUS

PACCTOSIHUS MEX]Ty 30HAOM B 00pa3IioM UCHOIb3YyeTCsl KHOMKA . 3oH7
OTBOJUTCS OT 00pa3sia Ha paccTosiHue, 3ajaHHoe B noine «Illaruy.
Iocie BBIMOJIHEHUST BCEX IYyHKTOB 3aKpoiTe OkHa «Pe3oHaHc» u

«[ToxBom».

CkaHuposaHue

B riaBHOM OKHE pOrpaMMbI HAXKMHUTE KHONIKY «CKaHHPOBAaHHUEY.



B pexnMe ckaHHUpOBaHMA HEOOXOAMMO YCTAaHOBUTH IIAPaMETPHI
CKaHMPOBaHMUS. DTH ITapaMEeTPhl CTPYIITUPOBAHBI HA TTAHEIN CKaHUPOBAHMU,
OTKpPBIBAIOLIEHCS KHOKOM B IPaBOM YaCTH OKHA IPOrPaMMBI.

Y4acTOK CKaHHUpPOBAaHHMS MOXHO BBIOPAaTh B NpPEIETax MaKCHMAaIbHO

JOCTymHOH ob6mactu. g 3TOro HaXXMHUTE KHOIIKY Ha TaHEIH
WHCTPYMEHTOB TIJIABHOTO OKHA IPOTPaMMbl W MPH IOMOIIM MBIMHN C
HaXaTOM JIEBOM KHOMKOM BBIAEIUTE HYKHBINA y4aCTOK.

3aIyCcK CKaHMPOBAHUS OCYIIECTBISIETCS KHONMKOH «Ilyck» B rilaBHOM
OKHE TporpaMmbl. B pesynpTare HadHETCsl MOCTPOYHOE CKaHWPOBAHHUE
MOBEPXHOCTH o0pa3lia U B 0ONacTH H3MEPEHMi, CTpOouYKa 3a CTPOUKOH,
OyleT NOSBIATHCSA U300paKeHUE CKAHUPYEMOH TOBEPXHOCTH.

Jis coxpaHeHMs pe3yJbTaTOB H3MEPEHHH BBIMONHUTE CIIEAYIOINE
JEUCTBUSL:

1. B rmaBHOM MeHI0 BeIOepuTe Daitn -> CoXpaHUTh Kak.

2. B oTKphIBIIEMCS IHalOTOBOM OKHE BBIOEpUTE IAnKy, B KOTOPOM
OyIyT XpaHHMThCA IIOJlydeHHbIC aaHHble. BBemure HasBanue aiina u
COXpaHHTE ero ¢ pacumperneM *.mdt.

B nonyuenHom daitie OynyT copepxkarbes Gpperimbl, IpeICTaBICHHbIE

B OKHE CECCUU B MOMCHT COXpAaHCHUA.

IMopsinok BeINOJIHEHUsT PadOThI

1. Ybemutrech B TOM, YTO ONEPaTopoM OBLIM IMPOU3BEICHBI
clenyroNe IeHCTBUS: B JiepXKaTelb 00pas3lia YCTAaHOBJICH HCCIIEAYyEeMBIH
oOpasel; 30HIOBBIA JATYMK BCTAaBJICH B THE3/I0 W3MEPHUTENBHOH T'OJOBKH
pubopa; BKIIOYEH KOHTPOILIEP.

2. Bamyctute mporpammy ympasinenus npubopom NanoEducator.

ITpu 5TOM Ha DKpaHe MOSBUTCS TIIABHOE OKHO MPOrpaMmbl (puc.8).



3. Brmounte kamepy mnpubopa NanoEducator myrem Haxarus
kHOIKM «Camera» Ha MaHed M 3allycka IporpaMM yIaleHHOTO pabodero
cToNa.

4. Ha rmaBHOM OKHE NMpOrpaMMBbl Ha)XKMHUTE KHONKY «[loaroroska x
CKaHMPOBAHHUIO.

5. Beibepure pexum «NanoEducator» u pexuM CKaHHPOBaHHSI
«ACM». 3akpoiiTe TaHHOE OKHO.

6. Haxmunre Ha KHOIIKY «Pe3oHaHC».

7. VYcranoBute ¢uaxok «HacTtpomkuy». B pesymprare cmpaBa oT
OKHa IPOrpaMMBbl OTKPOETCsI [TaHeJb TapaMeTPOB IMOKCKa Pe30HAHCA.

8. Yb6enurtech, uTo (1akoKk K TOYHO» COPOIIICH.

9. Ulenkuute Ha KHOMKe «CTaAPT» i rpyboro moMcka pe3oHaHca.
B pesymprare Oymer wm3Mepena AUX 30HDA W TIPUOIH3HTEIHHO
YCTaHOBJICHAa PE30HAHCHAas 4acToTa (MOApoOHee Mpolexypa ONHcaHa B II.
4).

10. Y6enurech, 4To pe3oHaHCHAs KPHBAs CHMMETPHYHA M MAaKCUMYM
He MeHee 2 B. Ecnu pe3oHaHCHBIM MUK UMEET MCKAKEHHYI0 (GOpMYy WU
aMIUTUTyAa KoleOaHMH 30HIa Ha YacTOTe pe3oHaHca Mana (MeHee 2 B),
W3MeHHWTe TapaMmeTpsl  AMMnuTyga  konebaHunm  uw  Ycunenue
aMnnUTYAbl, 1ocie Yero NOBTOPHO NMPOBEIHUTE OIPeAeIeHNe PE30HAHCHOM
Y4aCTOTHI.

11. YcranoBute ¢uaxok «TOMHO». lllenkuure Ha xHomke «CTapT»
JUIs. TOYHOTO TOWCKa pe3oHaHca. B pesynbrare B 00NacTH MakCUMyMa,
HalileHHOTO TIpH TpyOoM mowmcke, Oyaer n3mepeHa AUX 3o0Hma u pabouas
yacToTa TreHeparopa (mapamerp YactoTa) OymeT yCTaHOBIEHa pPaBHOU
PE30HAHCHO 4acTOTe 30HA.

12. 3axpoiite okHO «Pe3oHaHCY.



13. Haxxmute Ha kHOTKY «llomBomy. Ilpomenypa moaBoma ommcaHa B
m. 5 maHHO# MaboparopHOW paboTel. OcCyIiecTBUTE MOCIENOBAaTEIFHOCTh
JIEWCTBUM I10 BBIIIOJHEHUIO MOBOIA.

14. B rmaBHOM OKHE IPOrpaMMBl HOKMHUTE KHOTIKY «CKaHHPOBaHHE.

15. Bribepute 001acTh CKAHUPOBAHHS C MOMOLIBIO KHOIIKU Ha TTaHEIH
WHCTPYMEHTOB INIaBHOTO OKHA IPOrPaMMBbI U MBIIIIH.

16. Haxxmute xkHOonKy «Ilyck» aist Hauana cKaHMPOBaHMSI.

17. CoxpaHute noyry4eHHbIE PE3YJIbTATHI.

Couepmaﬂne oT4YeTa, NpeacTaBjasieMoro moJjab3oBaTejIeM
1. AMHJ'II/ITyI[HO-‘IaCTOTHaﬂ XapaKTCpUCTHKa 30H14.

2. UzobpakeHre TOMOJIOTHH UCCIEAYEMOTO 00pasIa.

KonrtposabHbie Bonpochl

1. Ha3zoBure ocHOBHBIE KOMITOHEHTHI C3M.

2. OObscCHHUTE TOHATHE IMbE30JIEKTPHYECKOro dpdekra ¥ NMPUHLKUI
JEHCTBUS MTbE303JICKTPUIESCKOTO TBUTATES.

3. OnumuTe pa3IndHbIe KOHCTPYKIIUH CKaHEPOB.

4. OObBSICHHUTE KOHCTPYKIMIO 30HIOBOTO JaTYHKa  CHJIOBOTO
B3anMoieiicTBus mpudopa NanoEducator u mpuHIHI ero IeHCTBHS.

5. OnumuTe MExXaHW3M I[OJABOAA 30HAAa K o0pasimy B mpubope
NanoEducator.

6. IlosicHuTe napaMeTphl, ONPENENSIONIUE CHIIy B3aUMOJACHCTBHUS
30H]1a ¢ 00pa3LoM.

7. OObscHUTE NPUHIMII CKAHUPOBAHUS M pabOThI CHCTEMBI 00OpaTHOM
CBSI3U.

8. PacckaxuTte 0 KpuTepusx BEIOOpa NapamMeTpoB CKaHUPOBAHUSL.
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Heab padoTbl
W3ydenue pa3nuIHbIX BUAOB JIUTOTPAGUH, BBITOIHACMBIX C IIOMOIIBIO
CKaHUPYIOIIETO 30HIOBOTO MHKPOCKOIA, BBIIOJHEHHWE JHTOTpaduu

I/I306pa)KeHI/Iﬂ C MOCJICAYOIIUM CKaHUPOBAHUEM.

KpaTkue TeopeTuueckue cBeJIeHusI

Jlutorpadus — 3T0 mporecc 00pa3oBaHKS HA MOBEPXHOCTH IOJIOKKA
C NOMOWIbIO CBCPXYYBCTBUTECJIbHBIX MAaTCPUAIOB JIOKAJIbHBIX 3allUTHBIX
YYaCTKOB IUICHKH, penbed) KOTOPHIX MOBTOPSET PUCYHOK TOMOJIOTHH
npubopa  WIM  CXEMbl, M  IOCJIEIYIOIIEro  IepeHoca  3TOro
MHUKPOU300paKCHHS Ha MOTI0XKKY.

CkaHHUPYIOIIKiT 30HIOBBIA MHKPOCKOI MOXHO HCIOJIb30BaTh B
KayecTBE HHCTPYMEHTa Ui MOAM(MUKAIMK TOBEPXHOCTH oOpasia. B
o0lacTu JIOKaJIBHOTO KOHTAaKTa 30HJAa C 00pa3loM MOTYT BO3HHKATh
JOCTATOYHO OOJBIIHE CHIIBI HAMPSHKEHHOCTH 3JIEKTPUYECKOrO MOl U
IUIOTHOCTH AJIEKTPUYECKUX TOKOB. Pa3jienbHOEe MM COBMECTHOE JCHCTBHUE
3TUX (HAaKTOPOB MOXKET MPHUBOIUTH K 3aMETHON JIOKAJbHON MOIU(PHUKAIMU
MOBEPXHOCTH o0Opa3na W 30HAa. TO ecTh TMOBbINIAs  YPOBEHb
B3aMMOJICHCTBHS MEXIy 30HIOM U 00pa3iioMm, MOxHO nepeBectu C3M u3
U3MEPUTCIIBHOTO PEXUMaA pa6OTI)I C HYJICBBIM WJIW MUHUMAJIBHBIM YPOBHEM
paspylieHuss HCCIACYEMON TMMOBEPXHOCTH B JHTOIPAPUUYECKUN PEIKHM,
obecrieunBamONIMi CO3laHHe HAa TOBEPXHOCTH 00pa3lia 3apaHee 3a/laHHbIX
CTPYKTYp C HaHOMETPOBBIM YPOBHEM NPOCTPAHCTBEHHOI'O Pa3PEIICHHUS.
Takum o0pazoMm, OBIIO OTKPBITO HOBOE HANpaBJICHHUE - 30HJOBas

HaHOTCXHOJIOTUA.



Pasnuuaror BUAbI CKAHUPYIOLLLEN 30HA0BOW nuTorpaduu:

1. CTM nurorpadusi.

2. ACM aHOJHO-OKHCIIHUTENbHAS INTOTpadusl.

3. ACM cunoBas nutorpadus.

4. Jlpyrue cnenuduueckue BUIBI (DIEKTPOCTaTHUECKas 3apsaoBas
mutorpadus, JuTorpadus C  [OMOINBI0  30HAA  ONIKHETIOIFHOTO

ONITHYECKOTO MUKPOCKOTIA H JIP.).

CTM numoepacpus

C momomipto CTM MOXHO TIPOU3BOIUTH Psii HAHONMUTOTPahUICCKAX
orepanuii: MOAU(UKAINIO MMOBEPXHOCTH, MEPEHOC MaTephaia 30HIa Ha
oOpazern 1 mepeHoc mMarepuanta odpasma Ha 30HA. Eciu manHBIe omepanun
MOTYT TIPOU3BOAMTECS YIPABISIEMBIM M MpPEACKa3yeMbIM 00pa3oM, TO 3TO
OTKPBIBAET PsiJ] IIUPOKUX BO3MOKHOCTEH: CO3JaHHE 3alIOMUHAIONIUX CPe]l,
TEXHOJIOTHIO CO3J[aHWs JINTOTpahUIecKUX PHCYHKOB C HAaHOMETPOBBIM
paspeniecHreM, MaHUITYJINPOBAaHUE MOJICKYJIAMH H OTIEIBHBIMU aTOMaMH,
HaHOCOOPKY MUHHUATIOPHBIX YCTPOUCTB.

Hauboiee mpoctoii criocod MOIU(HUKAINN TTOBEPXHOCTH C MOMOIIBIO
CTM 3axntoyaercss B HEOCPEACTBEHHOM KOHTakTHOM Bozneiicruun CTM
30H/Ia Ha MMOBEPXHOCTh. DTO MPUBOAMT K MOSBICHUIO SIMKH HA TTIOBEPXHOCTH
o0pasia, HO P ATOM MOKeT moBpexaaTses 3051 CTM. boiee mansmmit
croco0 BO3ACUCTBUS Ha TOBEPXHOCTh 3aKIFOYACTCS B IMOJa4ye Ha oOpasel]
TOKOBOTO MMITyJibca. [ToBepXHOCTH 00pasia Mo 30HA0M MPH dTOM MOXKET

PaCIIaBIATBCS U JaKe YaCTUYHO Ucmapsthes (puc. 1).



Jlokanvroe anoonoe oxkucienue

ACM anoxpHo-okucnutensHas autorpadus (AFM Anodic Oxidation
Lithography) sersiercst Bapuanrom ACM snektpudeckoii murorpadun. C
[OMOIIBIO DIEKTPUYECKON JHUTOrpaduu MOXHO H3MEHATh HE TOJbKO
rEOMETPUYECKUE XAPAKTEPUCTUKH IIOBEPXHOCTH, HO U €€ JIOKAJIbHbIE
anekTpodusmdeckue cBoiicrBa. Hampumep, NPUIOKECHHE 3JIEKTPUYSCKOTO
CMEIIEHHS] K TPOBOJSAIIEMY KAHTHUJICBEPY CTUMYJIUPYET IIPOTCKaHUE
SIEKTPOXMUMHYECKUX MPOIECCOB HA MOBEPXHOCTH HEMOCPEICTBEHHO IO
00pa3oM, OpH ITOM MOXET MPOUCXOANUTH OKHUCICHHE METaUTHIeCKUX

CJIOCB.

a o
Puc. 1. IIpumep CTM nurorpaduu. Ha CTM nzobpakeHnn
TPEXMOHOCJIOIHOW npoBo el tieHku JleHrmiopa - biomker (0) BUIHEI
KpatepooOpa3Hble JeeKThl ITyOnHON B OAMH MOHOCIION TIOCIIe

JIOKAJBHOTO TPIIIOKEHUS TPEX UMITYIIHCOB HANIPSDKEHUS (a)



B uacTHOCTH, MHIYIUPOBAHHBIM 30HAOM IPOLECC OKUCIECHUS
CBEPXTOHKOIO CJIOSl TUTAHA HA MOBEPXHOCTU KPEMHUS IPEACTaBIEH Ha PUC.
2. B ycnoBusiIX OKpyXarollero BO3AyXa WIH JpYroW BIJIAXXHOW cpezbl
TIOBEPXHOCTH 00pa3lia M 30H/A MOKPBITHI CJIOEM aJCOpPOMPOBAHHON BOJIBI.
Korna 301 mpubimkaeTcst K MOBEPXHOCTH JIOCTATOYHO OJIM3KO, 3TU CIIOU
MPUXOJAT B KOHTAaKT M T0J ACHCTBHEM KaIMUIAPHBIX CWJI 0Opasyercs
BoAsAHOM MocTuk. [Ipu HpUIOKEHHHM COOTBETCTBYIOIIEH Ppa3HOCTU
MOTEHIMAJIOB Ha TpaHMIE BOJA - MOBEPXHOCTH B BOJAE M Ha 30HE
MHHULUHAPYETCS SJIEKTPOXUMHYECKas peaknus. Eciu moBepXHOCTH 3apspKeHa
TIOJIOKUTCIIBHO, TO 30HA U MOBCPXHOCTH BCTYNAIOT B 3JICKTPOXUMHUYECKOEC
B3aMMOJICHiCTBHE KaK KaTOJ M aHOJA COOTBETCTBEHHO. OKucen HadMHAET

PpacTu B TOYKC MMOBECPXHOCTHU CTPOI'O MO 30HAOM.

a o
Puc. 2. Cxema mpoliecca JOKaJIbHOT0 aHOJAHOTO OKCHUIUPOBAHHUSI C
nomotisio mpoBoasimero ACM 3oHxaa (a) 1 n3o0paxeHue (pa3mep ckana
200x200 HM?) CBEpXTOHKO¥ IUICHKM THTaHA Ha MMOBEPXHOCTH KpeMHUs (0),

OKHCJIEHHOH B 3aJJaHHBIX TOYKaX



Ha puc. 3, a npencrapieH npuMep BEKTOPHOU TUTOrpaduu Ha TUICHKE
TUTaHA, OCYIICCTBICHHOW IyTEM JIOKAJHHOTO OKHUCICHHS C MOMOIIBIO
npoBomsamero 3oHnma. lllmpuaa okmcHON momocku 8-10 HM TO3BOIIAET
(GhopMHUPOBATh TYHHEIBHO-TIPO3paYHBIC Oapbephl I JJCKTPOHOB, a TAKKE
OJIHOZJICKTPOHHBIC ~ YCTPOWCTBA, (HYHKIHMOHUPYIOIIME IO KBaHTOBO-

MEXaHWYECKUM 3aKOHAM IPY KOMHATHOH TeMIeparype.

a o
Puc. 3. IIpumep BexTopHOIi (a) (pa3mep ckana 500x500 HM?) U pacTpoBO
(pa3mep ckana 2,5x3,0 MkM?) utorpaduu, OCyIECTBICHHOH MyTeM

JIOKaJIbHOTO OKHCJICHUS C MTOMOIIBIO TIPOBOAIETO 30HAa (0)

J1s CIIOKHBIX PHCYHKOB MO>KHO IIPOBOJIUTH PACTPOBYIO JINTOTpaduIo,
KOTOpast OCYILECTBIISIETCS B IIPOLECCE CKAHUPOBAHUS MOBEPXHOCTU. TO ecTh
30H/I IPOXOIUT MO BCEM TOYKaM BBIOPAaHHOM 00JIacTH CKaHMPOBAHUS, a HE
TOJIBKO IO TOYKAaM M JIMHHUSIM, COOTBETCTBYIOIMM PHCYHKY IIA0JI0HA, KaK B
BekTOpHOH JuTtorpaduu. PactpoBas smTorpadmsi  OCyIIECTBISETCS

MemineHHee. B kagectBe mabioHa B PacTpOBOH JUTOTpadUH CITYKUT



3apaHee 3arpykaembiii rpaduueckuii daiin. PasHuna Mexay HauOOIBIIUM
U HauMEHBIIUM BO3MOXXHBIMU HAaNpsDKEHHSIMH Ha o0pasle JeuTcs
MIPONOPIMOHATIHFHO B COOTBETCTBHHM C HAMOONBIIMM W HAUMEHBIIUM
3HAUEHMSMH SPKOCTH Ha HCXOJHOM H300paXEHHH, W, B COOTBETCTBU C
9THUM, OyJeT MEHSTHCS BBICOTa aHOJTHOTO OKCHJIHOTO CJIOS HA MOBEPXHOCTH
obpasma, ¢opmupys Ha Hel Tomorpaduueckuid KoHTpacT. Ilpumep

pactpoBoii uTorpaduu npuseneH Ha puc. 3, 6.

Cunosas rumozpagus
C3M  mno3BOJII€T  OCYLIECTBIATH  HEMOCPEACTBEHHOE  CHIIOBOE
BO37ICHCTBUE 30HAOM Ha MOBEPXHOCTH 00pasiia. ITO MOXKET IMPOU3BOAUTECS
JIBYMsI CHOCOOaMH — CTAaTHYECKUM BO3ACHCTBHEM (HAaHOTPaBHPOBKa) M

JUHAMHUYECKUM BO3JIEHCTBUEM (HAHOUEKAHKA).

ACM numoepadghus-epasupoexa

IIporecc rpaBUPOBKHU XOPOIIO U3BECTEH KaK CPEACTBO (POPMUPOBAHUS
PUCYHKa Ha IIOBEPXHOCTH npeaMera. Peamusanmsa Takoro mporecca ¢
HCTONB30BaHUEM METOAOB CKAHUPYIOIIEH 30HIOBOM  MHKPOCKONHU
MO3BOJISIET ~ OCYLIECTBIISITh ~ HAHOTPAaBHPOBKY  (HaHOJHMTOrpaduio) ¢
HAaHOMETPOBBIM paspemeHneM. lIpu ocylecTBIeHHH HAaHOTPAaBUPOBKU C
UCTIONIb30BAHMEM METOJMKH OOBIYHON KOHTAKTHOM CHIIOBOM MHKpPOCKOIIHH
30HA MHUKPOCKONA TIEPEMENIAeTCs 10 TIOBEPXHOCTH MOIOXKKH C
JOCTaTOYHO OONBIION CHIION INPMKMMa, TaK YTO Ha MOJUIOKKE (WM Ha
JealieM Ha Hell cioe pesucTa) GopMUpyeTcs PUCYHOK B BHIE YIITyOJeHNI
(maparmmu). Takas METOAWKAa WCHOJB3YeT MPUHIUII BCIAIIKH: MaTepHall

M3BJICKACTCA M3 TOJJIOKKH BIIOJIHE OINPCIACICHHBIM 06pa30M, OCTaBJIAA



KaHABKH C XapaKTePHBIM CCUCHHEM, OIpeNeiiseMbiM (HOpMOM KOHUHKA
30H71a. [I[pUMECHEHUE HAHOTPABUPOBKU B KAYECTBE HAHOIUTOTPAPUUSCKOU
ormeparuy 00JIaIaeT ONPEACICHHBIME MMPEUMYIIECTBAMHE: 110 CPABHEHHUIO C
9JIEKTPOHHO- M HWOHHO-IYYeBOIH IUTOrpadgusMu HE BHOCITCS TIIyOOKHE
HApyIICHWsT B  TOMJIOXKKY, HET  HEOOXOJAMMOCTH  IPUMCHCHUS
JIOTIOJTHUTENBHBIX TEXHOJOTHYECKUX OMEpalldil, TaKUX KaK TPaBICHHUE
MoUIOKKKM.  HaHorpaBupoBka Oblla MPUMEHCHA, HAmpuMep, s
(dbopmupoBaHust MOCTHKOB ] CBEPXIPOBOJAIINX MaTepHaloB
(JIx03e)cOHOBCKUX MEPEXOOB), TOBEPXHOCTHBIX KBAHTOBBIX SIM.

B mporiecce ckaHHUpOBaHUS C HCMOJIL30BAHHEM KOHTAKTHOT'O METOJa
MOXET OCYIIECTBIATHCS HE TOJNBKO TyOOKas TIpaBUpPOBKa, HO B
3aBUCHMOCTH OT CHJIBI MIPHXKKUMa 30H/1a 1 60Jiee NIUPOKU HAOOp PeIKMUMOB—
OT JIETKOTO CKOJIbXKCHHs 0€3 TPEHHS IO OCTATOYHOrO HCTHpaHus. Takum
o0pazom, C3M MoKeT ObITh MCIOJIB30BAH ISl XapaKTepU3alnH IPOLECCOB
CTOMKOCTH pa3MYHBIX MATEPUATIOB K UCTUPAHHIO, HATIPHUMEP MArHUTHBIX
CUUTBIBAIOIIUX I'OJIOBOK, YIIAKOBOYHBIX IMOJIUMEPOB, KK JUCIUICCB U 1IP.

[Tpubop NanoEducator MO3BOJISIET OCYIIECTBIIATh

HaHOJHUTOrpadMIeCcKHe ONEepaliy ABYX BHJIOB — BEKTOPHYIO M PaCTPOBYIO.

ACM ounamuueckas mumocpagus — HAHOYEKAHKA
Junamudeckass cujoBas JuTorpaduu (HaHOYCKAHKA) —SBIACTCS
MomuGUKae IMOBEPXHOCTH 3a cYeT (OPMHUPOBAHUSA  yrIIyOIeHUH
KOJICOJIONIMMCST ~ 30HIOM, TMpPH 3TOM  HCIOJB3YEeTCSl  IPEPBIBUCTO-
KOHTaKTHBIH METOJl CKaHWpOBaHWs. Takod Mero] HaHoiuTOrpaduu
cBOOOZIEH OT TOPCHOHHBIX WCKOXEHMH W MO3BOJISIET MPOM3BOAMTH

BU3yaIH3alui0 CHOPMHUPOBAHHOTO PHCYHKA 0€3 CEphe3HOTO BO3ACHCTBHS



Ha  TOBEPXHOCTh  MHOMIOKKH  WIH  pe3ucta.  KpaTkoBpemeHHOE
«yKaJlbIBaHWE» MMOBEPXHOCTH TaKKe 3alllMIIaeT 30HA OT OBICTPOro
pa3pyLICHUSL.

JdanHpli MeTOJ, Kak ¥ OPEIBIIYIINA, MOXET OCYIIECTBIATH

HaHOJ’II/ITOFpaq)I/ILIeCKI/Ie Oorepaluru AByX BUJAOB — BEKTOPHYIO U PACTPOBYIO.

BeinonHeHHe pacTPoBOil TUHAMMYECKOWH CHJIOBOMH JHMTOrpadumu Ha

npudope NanoEducator

Ilepen  BemonmHeHWEeM — JuTOrpaduu  HEOOXOAMMO  TPOBECTH
CKaHMPOBAHME YyYacTKa MOBEPXHOCTH, MpeIHA3HAYECHHOTO JJIsl HAHECEHUS
JUTOrpaUUECKOro pUCyHKa. J[Jsl yCHEIHOro MpOBEACHUs JuTOrpadun
HEOOXOIUMO, YTOOBI pabodas MOBEPXHOCTh 00Opas3ma OblIa TOCTATOYHO
[NQJAKOW W HE UMela CYIICCTBEHHBIX IMOBEPXHOCTHBIX Ie()EKTOB U
3arpsisHeHuil. [103TOMy mpH MEpBOM CKAaHHMPOBAHWUU OOBIYHO BBHIOMPAETCS
pasMep IUIOIIAAM CKAHWUPOBAHHSA, MPEBHIMAIONICH pa3Mep OO0NacTH, B
KOTOPOH MpearnogaraeTcs NpoBECTH JUTOTpadui0. ITO JaeT BO3MOXKHOCTh
OblcTpO HaliTH HamboJiee NOAXOAALIMH yuyacTOoK. Paboumii y4acTok
PEKOMEHAyeTCs BEIOUPATh B CEPEIIHE JOCTYITHOTO ITOJISI CKAHUPOBaHUSL.

3aTreM IPOU3BOIUTCS CKAaHHPOBAHME PabOUYero yyacTka, Ha KOTOPOM
IJTAHUPYETCS MPOBOIUTH JIUTOTpaduio. PekoMeHayeTcs: BEIOUpaTh Y4acToK,
MOIXOAANINA TI0 COOTHOIICHHIO CTOPOH IIOJ H300pa)KeHHe-IaOIoH, It
3TOTO0 HEOOXOAMMO 3aJaTh KOJNMYECTBO TOYEK CKAaHHPOBAHUS II0
HanpasyeHUsIM X,Y, COOTBETCTBYIOIIMM KOJIMYECTBY IUKCEIEH B PUCYHKE
rabIioHa.

IIponecc pactpoBoit autorpaduu 3aHUMAET JOCTATOYHO JTUTEIHHOE

BpeMsi, 3a KOTOpOe B pesyibrare apeiida CkaHep MOXET CMELaThCsI



OTHOCHUTCJILHO  BBIODAaHHOTO  y4YacTKa  IMOBEPXHOCTH, TMPH  3TOM
(dhopMUpyeMBbIii B COOTBETCTBHH C IAOJIOHOM PENbe() MOBEPXHOCTH MOMKET
OBITh CHJIBHO HCKaKeH. Bo u30exaHHE 3TOro CieAyeT OTCKaHHpPOBATh
pabo4yro MOBEPXHOCTh HECKOJBKO Pa3, YOCIUThCS B OTCYTCTBHHU Jpetida u
TOJILKO MOCJIC 3TOTO MPOBOJIUTH MPOIIECC JTUTOTPAHH.

YekaHka U300pakeHHs] HA MOBEPXHOCTU 0Opaslia OCYIIECTBISIETCS Ha
npubope NanoEducator pacTpoBbIM CIOCOOOM TyTEM CKaHHPOBaHUS
OTIPE/ICTICHHOTO yYacTKa M BO3JCHCTBHS Ha 0Opasell B 3aJaHHBIX TOYKAX C
CHUIIOH, 3aBUCSIICH OT SIPKOCTH COOTBETCTBYIOILIMX MUKCENCH H300paKeHMUs -
mabJIoHa.

AFM spectroscopy Curve 0 3
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Puc. 4. KpI/IBaﬂ CIICKTPOCKOIINH B TOYKE KOHTAKTA AJIS1 OLICHKU

paccTosIHUSA MEXIY 30HIOM B 00pas3iom

,’:[J'IH OIIpCaAC/ICHUA MaKCUMAaJIbHOM l"J'Iy6I/IHI:I BO3HCﬁCTBHH

PEKOMCHAYETCA BBINIOJHUTE IMPOUEAYPY CHEKTPOCKOIMU W OLCHUTH I10



KPHBOH 3aBHCHUMOCTH aMIUIMTYAbI KojieOaHWIl 30HAA OT paccTosHUA (pHC.
4) 3a30p MKy 30HIOM U 00pa3IoM.

Touka A COOTBETCTBYET MOSIBICHUIO B3aUMOAEUCTBUSI MEXAY 30HIOM
U 00pa3loM B pe3ynbTare ux cOmmkeHus. HauwmHas ¢ 3TOH TOYKH, TpU
JabHEHIIeM COMMKCHHUU, aMIUTUTYa KOJIcOaHUl 30HIa YMEHBIIACTCS 10
MIOJTHOTO 3aTyXaHus Konebanuit (Touka B). YyacTok KpuBOH mpaBee TOUKH
B cooTBeTCTBYET HaXOK/IEHHIO 30H/a B ITOJHOM MEXaHUYECKOM KOHTAKTE C
MIOBEPXHOCTBIO 00pa3wa.

IIponenypa muTorpadum BEI3BIBaCTCS IPH BHIOOpE  3aKIIA[IKU
«JIutorpadus» B rnaBHOM OKHe mporpaMmsbl. [Ipm 3TOM MOSBISAIOTCS
YIPaBJISIONINE IEMEHTHI MPOIETypHI uTorpaduu (puc. 5).

BrimonHeHne mnpoueaypsl JHTOTpadUU  COCTOMUT U3  CIEIAYIOIINX
LIaroB:

1. BBoa wu300pakeHUs-IIA0IOHA, KOTOPOE OyAeT HAaHOCUTHhCS Ha
MMOBEPXHOCTh  oOpas3ma.  M3o0pakeHme  HOMKHO  OBITH  3apaHee
chopMHUpPOBaHO U COXpaHeHO B rpaduueckom Qopmare (*.bmp). Juanor
BbIOOpa W BBOJA H300paKCHMS BBI3BIBACTCS IPU HAXKATUM KHOIKU
«U306paxxeHue».

2. VYcTaHOBKa BEIWYHMHBI MAaKCHMaJIbHO BO3MOXXHOH TIIyOMHBI
BO3ZCHUCTBUS 30HIA Ha obpaszen «Cuma». DTy BEeTHYHHY PEKOMEHIYeTCS
ycraHoBuTh Ha 1050 % Oosple, 4eM MOJTYYCHHBIH PE3yNbTaT OLEHKH
paccTosHUs MEXIy 30HIOM M 00pa3lioM C Y4YeTOM IepOXOBAaTOCTH
MIOBEPXHOCTH.

3. YcraHoBKa BeIMYMHBI BpeMeHU BoszaencTBus «Bpems» B mkc. [lo

YMOJTYaHUIO BeTnduHa «BpeMs» ycTtaHoBIeHa 22 MKC.
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Puc. 5. OxHo npouetypsl aurorpadpun

4. VYcraHOBKAa pacCTOSIHHA MEXAY TOYKAMH H300pakeHus Ha
MOBepXHOCTH oOpasiua (war gurorpadun no ocsimM X, Y) OCYIIECTBISAETCS ¢

nomouipto mapamerpa «lary. [To ymonyaHuio 3TOT mapaMeTp paBeH Iary



CKaHMpOBaHUS B MpPEIbLAYIIEM HW3MEPEHUH penbeda MOBEPXHOCTH.
W3menenne mara aurorpaduu BiieYeT 3a cOOOW HM3MEHEHHE IUIOMIaIu
MTOBEPXHOCTH, HAa KOTOPOH (hOpMHpYETCs TUTOTpadudecKoe N300paKeHHUE.

5. Haxartuem kuomku «Ilyck» HadmHaercst mpouecc nutorpaduu. B
TOYKaX, COOTBETCTBYIOIIMX YEPHOMY IBETY Ha H300pa’keHHU-IIa0IoHe,
30HA OyOeT NOCTyKMBaThb IO MOBEPXHOCTH C AaMIUINTYAOW, paBHOH
BEJIMYNHE MAaKCUMaJbHO BO3MOXXHOHW TIIIyOMHBI BO3JCHCTBHS, NPU 3TOM
OyIeT CIIBIIIECH XapaKTEePHBIN 3BYK.

B neBoM mose rIaBHOTO OKHA BBIBOJHUTCS M300pakeHHE OBEPXHOCTH,
u3MepsieMoe pu o0paTHOM Xojie ckaHepa. Takum oOpazoMm, IOJIb30BaTENb
HMeeT  BO3MOXKHOCTh  JWHAMHMYECKH  KOHTPOJMPOBAaTh  pe3yibTaT
BO3/IEICTBUS HA TOBEPXHOCTH 00pa3na, MPOU3BOJIUMOTO IPH JIUTOrpaduu.

B npouecce BbIMONHEHUS  JUTOTpadMM  MOXHO  YBEJIHYHTh
MaKCHMaJIbHYIO ITyOHHY BO3/eiicTBUs Ha oOpasen B 2 Wi 4 pasa.

[Nocne BeIMOIHEHMS MpOLEAYPH! IUTOrpadgun HE0OXOMMO TPOBEPUTH
pe3yabTaT NMPOU3BEICHHOTO BO3ACHCTBHS, IS YEro CIEAyeT BBITOJIHHUTH
CKaHHUPOBaHME YyYacTKa IIOBEPXHOCTH, Ha KOTOpPOM Oblla IIpoBeAeHa
TUTOTpa(U, WITN OOJBIIETO OIS

Ha nmpu6ope NanoEducator pekoMeHayeTcs BBIIOJHITE JUTOrpaduio
30HJIOM, UMEIOIUM paanyc BepimuHbl He Oonee 100 HM, TpHU ClEIyIOMINX
mapamMeTpax: CKopocTh ckanupoBaHus 2000 HM/C, BeNWYHHA BO3JCHCTBUS

ot 100 10 1000 HM, mar Mexay Toukamu Jutorpadun ~ 100 HM.

ITopsinok BeINOTHEHNST PA0OTHI
1. Vb6eaurecp B TOM, UYTO OHEPaTOPOM OBUIM TPOHU3BEICHBI

CIeIyIONINe NEHCTBHA: B Jep)KaTesb oOpas3iia yCTAaHOBJICH HCCIENyeMBIN



oOpasel; 30HIOBBIA NAaTYMK BCTAaBJICH B THE3/I0 W3MEPHUTENHHON T'OJOBKU
npudopa; BKIIOUEH KOHTPOJUIEP; BEIOpaH y4acTOK Ha IMMOBEPXHOCTH o0pasua
JUTSL BBITTOJTHEHUSI IUTOTpadyH.

2. Brxmrounte kamepy mnpubopa NanoEducator myrtem Haxatus
kHomkn «Camera» Ha maHedM 3alycka IporpaMM yJIAlIeHHOTO pabodero
cTona.

3. BamyctuTe ympaBnstonlyro mnporpammy mpudopa NanoEducator.
Bribepute peskuM aTOMHO-CHIIOBOT0 MUKpockomna (ACM).

4. Haxmure Ha KHONKY «Pesonanc». Omnpenenurte aMILIHTYIHO-
YaCTOTHYIO XapaKTEPUCTHKY 30HIOBOIO JAaT4MKa M YCTAaHOBHUTE pabouyro
4acToTy.

5. Tlocne peiicTBuil omeparopa mo COMMKEHHWIO 30HAA C 00pasrom
OCYILIECTBHUTE 3aXBaT B3auMojielcTBus B pesxkume ACM.

6. OcymectBuTe 3aXxBaT  B3aUMOJCHUCTBHS NPH  3HAYCHHUSX:
«AMnnuTyna octaHoBa» = 0.3, «YcuneHue OC» = 3.

7. OTkpoiiTe = OKHO CKaHHPOBaHWs. 3amaiiTe  HEOOXOIMMEIE
mapaMeTphl CKaHUPOBAHMUS, UCXOJS U3 JaHHBIX 00 M300paeHUU-IabIoHe
JUISL  BBITMIOJIHEHUST JuTorpaduu. PekoMmeHmyeTcss yCTaHOBHTH pa3sMep
paboueii o6mactu ckanupopanus 10X10 MKMZ, uMCI0 TOUYEK CKAHMPOBAHUS,
paBHOE YMCITy TIHKCeNei Ha n300paKeHUH.

8. MHomyunre C3M wu3obpaxeHne pabodyero ydactka IOBEPXHOCTH
oOpasna. CoxpaHuTe NOITyYSHHBIE PE3yIbTaThI.

9. BsinosiHeHue TUTOrpadun U300parKeHuUsI.

Haxxmure kHOmKy «JIuTorpadms» B TJIaBHOM OKHE HpOrpamMMbl U
YCTaHOBHTE ITapaMeTpBbI:

- CKOpoCTh ckanupoBanus «CKOPOCTb» — 2000 HM/c;



- MakcHMalbHas ryOuHa Bosaeiicteus «Cunay» — ot 100 HM;

- Bpems Bozaeiicteus «Bpemsa» - 100 mkc;

- miar Mexay Toukamu aurorpadun «ary - 100 am.

10. 3arpy3ure 1mabyioH ¢ U300pakeHUEM, KOTOpOoe OYIEeT HAHOCUTHCS

Ha MMOBCPXHOCTh. L[I/IaJ'IOF BbIGOpa 1/1306pa>1<eH1/1$1 BBI3BIBACTCA IPHU HaXXaTUU

| Miaobpamexue |

%, F.

KHOIIKH ~————— Ha [aHeJM napameTpoB m3MmepeHuid. Ilocie
3arpy3ku Tpebyemoro (aiiyia Ha 3KpaHe MOSBUTCSA OKHO C M300pakeHHEM
mrabIioHa.

11. Haxxmute xHomky «Ilyck» B riaBHOM OkHe mporpamwmsbl. [locie
9TOT0 HAYMHAETCS MPOLIECC JTUTOrpaduu.

12.Tlony4ueHne w300pakeHUs penbeda ydacTKa IMOBEPXHOCTH, Ha
KOTOPOM OBLJTa BBINOJIHEHA TUTOrpadusL.

12.1. Tlocne oOkOHYaHUs Tmpoliecca JauTorpaduu meperdauTe Ha
BKIanKky «CKaHMpoBaHue».

12.2. He u3MeHsss napamMeTpoB CKaHHPOBaHMS W HE cMellas IoJie
CKaHMPOBAHUS, MPOM3BEIUTE M3MEpeHHe peiibeda ydacTKa MOBEPXHOCTH,
Ha KOTOpoM Obuia mpoBeieHa Jurorpadus. B ciydae wactudHOrO
CMEIEHHUsT JINTOrpadUpOBAHHOTO HM300paXEHUS BCIEACTBHE Jpeiida
CKaHepa yBeNMYbTE I0J€ CKaHMPOBAaHMS TaK, YTOObI OHO MOJIHOCTHIO
OXBAaTHIBAJIO PabOYM yUacTOK, Ha KOTOPOM ObLIa MPOBEICHA TUTOTPpadUsL.

12.3. Tlonyuute C3M u3o0pakeHre pabouero y4actka MmoBEpXHOCTU
obOpasna. CoxpaHHTe MOJyYECHHBIE PE3YIbTATHI.

12.4. Ouennre xadecTBO NHMTOrpagUpOBaHHOTO H300pakeHus. [Ipu

HEOOXOIWMOCTH TIOBTOPHTE MpoIecc JuTorpaduud TpuU H3MEHEHUHU



(YBENMMYEHWH WM yMEHBUICHUM) TapaMeTpa MaKCHMaJbHO BO3MOXKHOM

ryOuHBI BO3eiCTBHS 30Haa Ha oOpaser «Cunay.

Coaep:xkanue oT4yeTa

1. Tlomy4eHHoe nuTOrpaduIecKoe U300paKeHHE.

2. Ornenka riryOWHBI BAaBIMBaHUSA 30HA0M 10 3 D-m300paxennto
HCCIIEAYeMOr0 y4acTKa o0pasia.

3. C3M uzobpakeHue paboyero yuactka.

KonrtposabHbie Bonpochl

1. CkaHupyromuii 30HIOBBI MHKPOCKON KaK HHCTPYMEHT IUIs
CUNTHIBaHUS M 3anucu nHdopmannu. Pacckaxure o (U3MUECKUX OCHOBAX
30HJ0BOM HAHOTEXHOJIOTUH.

2. Yrto Takoe ckaHupymolias 30H70Bas jgutorpadus? Pacckaxure 06
OCHOBHBIX €€ BU/AX.

3. Pacckaxure 00 OCOOEHHOCTSIX  JUHAMHYECKOW  CHIIOBOIA
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Hean paéoTsl
O3HaKOMUTBCSI C TPUHIUNAMH JIEHCTBUSI U HU3MEpPEHUs MapaMeTpoB

AKyCTUYCCKOI'o AaTuuKa.

Teopernueckasi 4acThb

Hexomopuie akycmuueckue mepmunbl u eOUHUYbL

3BYK — BOJTHOBOH K0JIe0aTENbHBIA MPOIIECC, MPOUCXOISIIINA B YIIPYTOit
cpene (BOo3myxe, BOAE U Ap.) M BHI3BIBAIOIINI CIIyXOBOE OIIYIICHHE.

3BYKOBOE I0JI€ — 00JIACTh ITPOCTPAHCTBA, B KOTOPOH PaCTIPOCTPAHSIOT-
Csl 3BYKOBBIE BOJIHBL. 3BYKOBOE JABJIICHHE — PAa3HOCTh MEXKIY CTATHYECKUM
(arMocdepHBIM) TaBIEHHEM U JaBJICHUEM B JAHHOM TOUYKE 3BYKOBOTO MOJIS.
Paznmuuaror MakcuMmanbHOE (MIMKOBOE), MHHAMAIFHOE, a Takke d(P(PEKTHB-
HOE (CpeHEeKBagpaTHIEeCKOe) 3HAUCHHNS IaBJICHHUS 3a TIOJIHBII EPHO.

3ByKOBasi BOJIHA — IPOLECC MIEPEHOCa YHEPTHH MEXaHNIECKHX Kojeha-
HUH B yIpyroi cpezne. 3ByK HEBBIPA)KEHHOW BBICOTBHI — 3BYK, KOTOPBIA HE
MOXeT OBITh OIpeENEH KaKoi-Tn00 BHICOTOM MM HETIPaBUIIbHAS TIOCIIE0-
BaTENIFHOCTh 3BYKOBBIX BOJH. 3BYK paccesHHBIH (muQQy3HbIA) — Korma
IUIOTHOCTB SHEPTUH 3ByKa paBHOMEPHA BO BCEM 00bEME NOMENICHUS U Ha-
MPaBJICHHOCTH MOTOKA SHEPTUH B KaXKAOH TOUKE paBHOBEPOSTHA.

CormacHo MexIyHapo#aHOH cHCTeMe eAWHMI] (PU3NYECKHX BEINYHH
CU enunMIeii 3ByKoBOTO naBieHus spisercs [lackans (I1a).

VHTeHcnBHOCTD 3ByKa (Mpe)XHEee Ha3BaHME: CHIIA 3ByKa) — KOJIMIECTBO
9HEPTUH, MPOXOJIiee B CEKyHIy Yepe3 CIUHUILY IUIOIAaH, IEepIeHIUKY-
JSIPHOM K HAarpaBJIEHHIO paclipOCTPaHEHUs! BOJNHBI. EMMHUIA WHTEHCUBHO-
CTH — BATT Ha KBajpaTHbI MeTp (Br/M2).

3ByKOBasi MOIIHOCTb — MOTOK 3BYKOBOH 3HEpru, mpoxoadmuii 3a lc
JIAaHHYIO TIOBEpXHOCTb, NMEPHEHAMKYIIPHO K Hei. Exnnnna msmepenus —
BatT (BT).

AOCOIIOTHBII MOPOT CIBIIUMOCTH — MUHUMAaJIbHBIH YPOBEHB 3BYKOBO-

T'0 JaBJICHUS, IIPU KOTOPOM eli€ BO3HUKAET CJIyXOBOC OLIYIICHHUEC.
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Mukpoghonwi: obuee paccmompernue

MuxpodoH mpeacTaBisieT co0oi NaT4YHK, Mpeodpa3yromuil aKycTHIe-
CKUI CHUTHaJ B dJeKTpHueckuil. B ocHOBY Mukpodona Moryr ObITH mOJIO-
JKEHBI Pa3NYHBIC IPUHLHUIEL, B OOJNBIINHCTBE CIIyYaeB UCIIOIB3YETCS KOM-
OMHaLUsI MEXaHOaKyCTHYECKOTO M JJIESKTPOMEXaHHYECKOro npeobpaszoBa-
HUA: BIDKCHHE MOJICKYIN BO3AyXa MPHUBOIUT B JIBIDKCHUE YIPYTHH 3JIEMEHT
(MeMOpaHy), 9TO B CBOIO OYEpE/lb BBI3BIBACT ANEKTPUUCCKHUNA CUTHAIL.

[Inpoko pacrnpocTpaHeHHBIH MHKPOGOH, MPUMEHSAEMbIH B TenedoH-
HBIX TPyOKax, OCHOBAaH Ha HEOOPAaTHUMOM SIBJIICHUM: MOJ| JIEeHCTBHEM JAaBie-
HUS TIPOMCXOMUT M3MEHEHHE CONPOTHBIICHHS KOHTaKTa YacTHIl yIJIs, 3a-
MOJIHSIOIINX 00BEM, 3aKPHITBIH MeMOpaHoi. MUKpodOH ATOro THIia, XOTs 1
JOCTaTOYHO YyBCTBHTEJCH, HO HE MPUCIIOCOOIEH AT (PU3HIECKUX U3Mepe-
HHH, TIOCKOJIKY UMEET TUCTEPE3UC M OTPAHUUCHHYIO TIOJIOCY MPOITYCKaHHSI.
Jns co3maHust M3MEPUTENBHBIX MHKPO(GOHOB (AKyCTHYECKHX JIATIMKOB)
NPEANOYTUTENFHEE METOJbI NMPeo0pa3oBaHMsl, OCHOBAHHBIE Ha SIBICHHUSX
3JIEKTPOMAarHUTHOTO, 3JIEKTPOCTATHYECKOTO, IhE30UIEKTPHUECKOTO  HIIH

MAarouTOCTPUKIIUOHHOI'O THUIIOB.

Knaccughuxayus axycmuyeckux oamuuxos (Ax/)

B HacTosiee BpeMsi MOXKHO BBIJICTIMTH JBE OCHOBHBIE rpynmbl Ak/l.
[TepBble M3 HHUX MO3BOJISIIOT U3MEPSTh aKyCTHUECKOE JaBJICHHE, BTOPbIE
UCIIONIB3YIOTCSL [UISl OTIpEZieIeHHs TPajueHTa AaBjieHus. BakHBIM mpenmy-
mectBoM Ak/l, npenHa3HauYeHHBIX IJIsi M3MEPEHHs TpajueHTa IaBJCHHS,
SBJIETCS MX YYBCTBHUTEIBHOCTb K HANPABIEHHIO PACHPOCTPAHEHHS BOJHBI.
Ecnu TpeGyercsi MUHUMaNbHAs YyBCTBUTEIBHOCTh K NMAPa3UTHBIM 3ByKaM U
K 3((exTaM OTpa’keHUsl, TO BBIAEILSIIOT €IIe NMPOMEXYTOUHYIO KaTerOpHIO
Ax/l. Otn Ax/] umerot 6omee BEIpaKEHHYIO HAIPaBIEHHOCTH 32 CYET YyB-

CTBUTCJIBHOCTU KO BTOPOMY I'PaANUCHTY.
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Ax/], uyscmeumenvHble K OABIEHUIO

B Ak/] aToro tuna ¢uykryanuu P akycTUYECKOTO JaBJICHUS PUBOJIAT
K CMenIeHnIo muadparMel. HampoTuB, nm3MeHeHHS aTMOC(EPHOTO TaBICHUS
HE BBI3BIBAIOT KAKOTo-i0O0 3¢ (exTa M3-3a HAIMYKS KaHaja JJIs BHIPABHU-
BaHUS JaBJICHUS.

[TomoOHBIE AATYMKU COACPIKAT TPU OCHOBHBIX 37eMeHTa (puc. 1): mo-
JIOCTh, MUadparMy M KaHaJI U1 MPOXO0Ja BO3/AyXa, KOTOPBIE MOXHO Tpen-
CTaBHUTh COOTBETCTBEHHO C MOMOIIBI0 eMKOCTH C, MMIIEaHCa PEaKTUBHOTO
Tina Zd ¥ aKTHBHOTO COMIPOTHBIICHUS R.

OKBHUBAJICHTHAs CXEMa, TIOCTPOCHHAsI HA OCHOBE aHAJIOTHH C AaKTHBHBIM
W PEaKTUBHBIM COTIPOTHUBIICHISIMHU, TIpecTaBiIeHa Ha puc. 2. [Ipennomara-
€TCsI, YTO JABJICHUS, NCHCTBYIONIME Ha quadparMy U B OTBEPCTHH, OJUHA-
KOBBL. 3HaueHWe R MOXHO momoOpaTh TakuM, YTOOBI OHO Bcerjga OBLIO
Menbiie Zd u mocrostnHas Bpemenu RC Obiia Ooubiine 0,1c; aTuMu mapa-
MeTpaMU ONpeAeIIeTCsl HIDKHSSA TPAaHUYIHAS 9acTOTa, HIKE KOTOPOU ocal-

neHue nocturaet 6 1b Ha OKTaBy.

Puc. 1. Ax/l, 9yBCTBHUTENBHBIE K TaBICHUIO
1 — nnadparma, 2 — 1osnocTh, 3 — KANMIULIPHBIA KaHaT, 4 — MEXaHHYecKast

CBA3b C npeo6pa3OBaTeneM
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Puc. 2. OxBuBaneHTHas cxema Ak/l, YyBCTBUTEIBHOTO K JIaBJICHHIO

Kounoencamopnvie akycmuyeckue damyuxu
Cpenu Bcex TumoB Ak/Jl, HCTIOIb3yEeMbIX B HACTOSIICE BPEMSI, JaTYNKH
Ha OCHOBE KOH/ICHCATOPOB CYMTAIOTCS HanboJiee nepcnekTuBHbIMU. Ha puc.

3 mpezacTaBiIeHa KOHCTPYKIMA KOHAEHCATOpHOTO AK/L.

1 2 3

3,

s

Puc. 3. KoHcTpyKnust KOHIEHCATOPHOTO MUKpPO(OHA
1 — xanmwuIApHEIA KaHa, 2 — GUKCHpOBaHHAS 00KIIaAKa, 3 — muadparma,

4 — neMnpupyroIe OTBEPCTUs, 5 — U30JIATOP
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H3mepsemMoe naBieHHEe BO3ACHCTBYeT Ha 'MOKYIO W TOHKYIO (TOJIIIH-
HOM 10-20 MKM) nmmadparmy, Wrpaloulyl0 pojb MOABIKHOW OOKIIQAKH B
JaTYUKe CMELICHNS eMKOCTHOro THma. pyras oOkianka 3adHKCHpoBaHa U
UMeeT OTBEPCTHE I AeMIIGUPOBAHNA: IPH IBIKECHUH THadparMbl BO3IyX
IPOTEKAET Yepe3 OTH OTBEPCTHS, IPOMCXOOUT BA3KOCTHAS MCCHIIALIMS
SHEprud. JTO AeMI(HUPOBAHHE UCIONB3YSTCS Ul KOHTPOJS PE30HAHCHOM
aAMIUTUTYABI TUadparMbl ¥ HO3BOJISET CKOPPEKTHPOBATH BHICOKOYACTOTHYIO
YacTh XapaKTEPUCTHKHU IIPeoOpa3oBaHus B COOTBETCTBUH ¢ OOBEKTOM H3Me-
peHHSL.

KanmuisapHbelid KaHaJ MO3BOJISICT YPaBHATh CpPEAHEe IaBICHUE MO 00e
cTopoHbl MeMOpanbl. OH ompezesieT HU3KOYaCTOTHBIH OTKIMK U obecrie-
YHBaeT 3aIlUTY 110 OTHOLICHHIO K KOJIeOaHUAM aTMOC(EPHOT0 AaBJICHUS.

B 3aBHCHMOCTH OT THIa MEMOpaHBI PA3IMYalOT TPU THIIA EMKOCTHBIX
Ax/I: m3mepurenbHble Akl ¢ HCIIOTIB30BaHHEM BHELTHETO HANPSDKCHUS TTH-
TaHUs, M3MEPHTEIbHBIC DJICKTPETHBIC NAaTYUKH W OBITOBBIC AJICKTPETHBIC
MHUKPO(OHEL.

B mepBBIX JBYX THIIAX UCIOJB3YIOTCS MPEIBAPUTEIBHO HANPSHKCHHBIC
MeTaJUTMYeCKHe IUIACTHUHBL, 2 B TPETheM — MeMOpaHbl U3 MpeABapUTEIBHO
noJisipu3oBaHHOro (roporuiacta. B Ak/l BTOporo Tuma 3jieKTpeTHas MeM-
OpaHa IJIOTHO NpuieraeT K GUKCUPOBAHHOW OOKIIA/IKE U HE UTPAeT HUKAKOH
MEXaHHYECKOH POJIH.

Eciu UCKITIOYUTh M3 PACCMOTPEHHS OY€Hb HU3KUE YacCTOTHI, TO ITOBE-
JICHUE KOHIEHCATOPHOTO JaTYMKa XapaKTEPH3yeTCsl NPEKAE BCEro peso-
HAHCOM CHCTEMBI HANPAICEHHAS MeMOpaHa — 3a0Haa noiocms (00beM BO3-
JyXa 1mo3ajay MeMOpaHbl Mall). B 3aBUCMMOCTH OT BEJIMYMHBI ® HA YacCTOT-
HOI1 XapaKTepUCTHKE MOXKHO BBIICIHUTD Clieayroume obnactu (puc.4).

ITpn Gojee BBICOKMX YaCTOTaX TEOPETHYECKH JOJDKEH CYIIECTBOBATH
AQHTUPE30HAHC MapauIeIbHOTO0 KOHTYpa, U, KPOME TOT0, PE30HAHC TTOCIIe 0-
BaTEJIBHOTO KOHTYpa, 00pa3yeMoro BHEIIHEW CTOPOHOH MeMOpaHbI U 1M0JI0-

CTBIO, paCHOJ’IO)KCHHOﬁ no3ajau HI/Ia(I)paFMLI. HpI/I OYCHb HU3KHX YaCTOTaX K
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BIMSHUIO KaIWULIpHOTO KaHana (ocmabnenue 6 nb/okrasa, 30Ha 1) MOXxeT

JOOABIIATHCS AIEKTPOHHBIA 3P PEKT, BEI3BAaHHBIA HETIOCTOSIHCTBOM 3apsijia.

20 [gVO/Vr
3
1 2 BN
JJ/ 4
i’ -6 nd/okraBa
6
5
- 12 p6/oxtaBa
0.1 1 10 100

Yacrora, kl11

Puc. 4. YactotHas xapakTepucTtuka Ax/|

Dnexmpemuvie MUKPOQDOHBI (aKycmuueckue Oamyuxi,)

CriocoOHOCTh JAMAIIEKTPUKOB COXPAHITH HAICKTPU30BAHHOE COCTOS-
HHUE IIUPOKO KUCIOIB3YETCS B LIEIOM PSC MPUIOKECHUH., DICKTPETHBIC MUK-
PO(OHBI SIBISIOTCS JJIEKTPOCTATHUSCKUMH TPEOOpPa30BATEISIMH, HCIOIb-
3YIOIIUMHU B KA4eCTBE UYBCTBHTEIBHOTO 3JIEMEHTA 3apsDKCHHBIN TBEP.IbIN
TU3IeKTpUK. Ha puc. 5 cxeMaTHYHO MOKa3aH MOMEPEYHBIA pa3pe3 TaKoro
AxJl, cocrosmiero U3 MeTaNIM3UPOBAHHON 3JIEKTPETHOH nuadparMsel, Mmo-
JIOXKCHHOW HAa METAJUIMYECKYIO IUIaTy-OCHOBAHHE TaK, YTO MEXIy HUMH
OCTaBJIEH BO3/YILHBIN 3a30p.

B peanpHOI cHTyaluu yka3aHHBIC Ha PHCYHKE pa3Mepbl HACTOIBKO
MaJibl, 4TO BCeMHU 3 PEeKTaMH, CBA3aHHBIMH C KOHEYHOCTHIO MOIEPEUYHOrO
pa3mepa MOXKHO TpeHeOpeyb. MeTaTH3UPOBaHHBIN CIIOM COCAMHEH C OC-

HOBAaHUEM 4Y€PE3 HAIrpy3041HOC COINPOTUBIICHUC R. 3ap;m DJICKTpETA, IIOT-
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HOCTb KOTOPOI'O 0003HaueHa 51’ cunTaeTcs HeudMeHHbBIM. [lone storo 3a-

psiia ©MeeT HalpsLKCHHOCTD K.

1 2
e

=

Puc. 5. KOHCTpYKITHsI 3IEKTPETHOTO MHUKPO(OHA
1 — mneKTpuK, 2 — cIoi MeTaia, 3 — Kopiyc, 4 — BO3IAYIIHBIH 3a30p,

5 — MeTaiMYecKuit 3JIEKTPOST

IIpu magennu Ha nuadparMy 3BYKOBOH BOJHBI MOCITIEIHSS HAUMHACT
KoJIeOaThCsl C aMIUIMTYJON S, MEHsS TOJIIIMHY BO3AYIIHOTO 3a3opa S;. B
Pa3sOMKHYTOM pPEXHME M0Je M WHIYLHPOBAHHBIE 3aps/bl OCTAIOTCS HEH3-
MEHHBIMH, IIPH 3TOM MO>KHO HAWTH aMIUIMTYIy BBIXOJHOTO HampsukeHus. B
KadecTBe Anadparmbl HCIONIb3yeTcs Te(IOHOBas IUICHKA TOMIHUHOK oT 10
JI0 25 MKM, OJTHa U3 MOBEPXHOCTEH KOTOPOH MOKPHITA CIOEM MeTalljia TOJI-
muHo# 500 -1000 A. HemeramimsupoBaHHash NMOBEPXHOCTb 3JIEKTPETHOU
(omeru obpameHa K METAJUIMYECKOH IUIACTHHE, CITyXalled OCHOBaHHEM,
IpUYEM TOJIIMHA YKa3aHHOTO BO3aynIHoro 3a3opa (10-30 MKkM) KOHTpOJIH-
pyeTcs BBICTYHaMH WM OyropKkamMu Ha MIOBEPXHOCTH OCHOBaHMA. B kadecT-
BE€ 3aJHEr0 JJIEKTPOJA HUCIOJb3YyeTCsl WIM METAJUIMYEeCKUH TUCK, WIH IO-

KPBITBIA METAJUIOM IHAJIEKTPHK; MPHU 3TOM KO3((HUIMEHT TEemIoBOTO pac-



MIMPEHHs 3TOr0 MaTepuana HOAOHPAIOT 10 BO3MOKHOCTH OJIM3KHM II0 3Ha-
YEHHIO K KOA(QUIMEHTY MaTepraa IUIeHKH.

JUis yMEHBIIEHNST YIPYTOCTH BO3IYIIHOTO CJIOSl U yBEIHYEHUS YyBCT-
BUTEJIBHOCTH MUKPO(OHA MyTeM IMOHIKEHHUSI PE30HAaHCHOW YacTOTHI B ILIa-
CTHHE, CITyXalllell OCHOBaHWEM, AENAl0T MalleHbKHE OTBEPCTHs, a 3a HEl
YCTPauBalOT OOJIBIIYIO MOJIOCTh, C KOTOPOM OKa3bIBaeTCsl CBSI3aHHBIM BO3-
JyX B 3a30pe.

DieKkTpeTHbIe MUKPO(OHBI 00Ja1at0T PsIIoM JOCTOMHCTB. OHU UMEIOT
HNIMPOKHI YaCTOTHBIN AMana3oH, KOTOPBIA PacIpOCTpaHSETCs Ha MHTEpBall
ot 0,001 I'y 1o coren MI'1. Kpome Toro, oM 001a1a10T paBHOMEPHOM Yac-
TOTHOH XapaKTepUCTHKOH (pHC. 6), HU3KUM ypOBHEM HEIHMHEHHBIX HCKaXKe-
HUH, HU3KOW BHOPAaLMOHHOW YYBCTBUTEJIBHOCTBIO, HE MOJBEPKEHBI JEHUCT-

BHIO JJICKTPHUYCCKOI'O MOJIA.

S, no

15 \H’/\

F,T'u
50 100 200 500 1000 2000 3000

Puc. 6. YacToTHas XapakTepHUCTHKA 3J1eKTPpeTHOro AK/]

Dnexmpoounamuyeckue Ak
B anexrpoaumHamuueckux Ak/J] pBmxeHne muadparMel mpeoOpasyercs

B 3HeKTqueCKHﬁ CHUTHAJI B PE3YyJIbTATC MECPEMCIICHUA B MAarHUTHOM I10JIC
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MIPOBOTHHKA, CKPEIDICHHOTO ¢ 3TOH muadparmoii. B 3aBucumocTu ot dop-
MBI HCHOJB3YEMOT0 MPOBOTHHUKA IJIEKTPOAMHAMHYCCKHE MUKPOGOHBI MO~
pa3zendioTcs Ha J1Ba OCHOBHBIX BHJA: AK/] ¢ MOIBMKHON KaTyIIKOH, KOTO-
pBIC MOXXHO OTHECTH CKOpee K KIAcCy MHKPO(OHOB, YyBCTBUTEIBHBIX K
JTABJICHUIO, U JIeHTOUHBIe AK/], KOTOpBIe OIM3KN K MUKpO(OHAM, YyBCTBH-
TENBHBIM K TpaJueHTy AaBicHus. s nentouHoro AkJl xapakTepHa Jyd-
ras XapakTepUCTHKa MpeoOpa3oBaHusl B 00JIACTH HU3KUX 9acTOT ¢ oTepei
9YBCTBHUTEIILHOCTH.

OOBIYHO YYBCTBUTEIHHBIMH K JIaBICHUIO ABIAIOTCS AKX/ ¢ MOABIKHOM

KaTymkou (puc. 7).

1 2

iy

RS

C3 -

YN

Puc. 7. Koncrpykuust Ak/] ¢ mOABHKHON KaTyIIKOH

1 — cetka, 2 — muadparma, 3 — kaTymka, 4 — MarHuT, 5 - TpyOKa

Ha 4acToTHO# XapaKTepUCTHKE TaKOro JaT4yrka (puc. 8) MOXXHO BbIIe-

JIMTb Y€TBIPE OCHOBHLIC obmactu: obaacts 1 COOTBETCTBYCT PC30OHAHCY 3a/1-
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HEeHW ToJocTH; 00JacTh 2 OTBEYaeT Pe30HAHCY AuadparMbl, KOTOPHIH J0J-
JKeH B 3HAYUTENBEHOW Mepe ocialiaTecs compoTuBieHHAMH RS n RQ; em-
kocth C3 (puc. 7) COOTBETCTBYET HMPAKTUUESCKH 3aKOPAYUBAHMUIO LIEMHU; 00-
mactu 3 u 4 (puc. 8) 0OTBEYAIOT COOTBETCTBCHHO PE30HAHCY BO3IyXa IM03a1

nmadparMel 1 MeXAY quadparMoi M CeTKOM.

20 IgUgBL/A

0.05 01 0.5 1 5 10 100 F,I'n

Puc. 8. HactoTHas xapakrepuctuka Ak/] ¢ moJBHKHON KaTyIIKON

Onucanue 1a00paTOpPHOIl yCTAHOBKHU

W3mepurenbHas siueiika npuBeneHa Ha puc. 9. OHA COCTOUT W3 JHHA-
MHKA 2, Ha KOTOPBI OT reHepaTopa MoAaeTcss HU3KOYacTOTHBIA CUTHAI, OT
JTUHAMHUKa 3BYKOBBIE KOJIE€OaHMS MOMAgaroT Ha MHUKPO(OH 3, KOTOPHINA MpH-
KpEIUIEH K TIOJBMKHOMN CTOMKe. VI3MEHsIsI pacCTOSIHUE MEXy MUKPO(QOHOM
W JTUHAMHUKOM, MOXKHO HAaONIOJAaTh pa3INIHbIC aMIUIUTYBI BEIXOTHOTO CHUT-
Hajla ¢ TIOMOIIpIO ocImuIorpada (MMM MWUIMBOIBTMETPA), IPU 3TOM HE
MEHSISI YacTOTy U HaIllpsDKEHHWE Ha TeHepaTope.

Uro6b!1 n36exaTh MOO0UHBIX 3()(HEKTOB, U3MEpUTENbHAS SICHKa IKpa-

HUpOBaHa B Kopiryce 1.
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Puc. 9. Cxema nu3MepuTensHON siueiiku
1 — xopmyc, 2 — nuHaMHUK, 3 — MUKpO(OH, 4 — reHepaTop 3ByKOBOM 4acTo-

ThI, 5 — ocumiorpad, 6 — IuHeHKa

Ilopsinok BHINOJHEHUS PAGOTHI

1. Bxmouutrs TymOmeps “Cers” Ha reHeparope, ocipuiorpade
(MM MUJITTHBOJIBTMETPE) U Ha OJIOKE MUTAHHSL.

2.  Ha Bbeixoze 0Oioka nutaHusi ycranoButh 4,5 B.

3. YcraHOBUTH Ha reHeparope BeIXOAHOe HanpspkeHue U,,,;=1,5B.

4.  Ha usmepurenbHOH s4elike BpallleHHEM PYYKH YCTaHOBUTH COOT-
BETCTBUE MeXay puckoi 10 moaBrxHON yacTu ¥ 92 mikansl AMHEUKH. [laH-
HOE TIOJIOKeHHE OYAET COOTBETCTBOBAThH paccTOsHHIO |; =25 MM Mexay
MHUKPO(OHOM M IMHAMUKOM.

5. IlpousBecTn M3MepeHHs HalIpSDKEHHS Ha BBIXOAE MUKPO(OHA B
Juana3zoHe 9actot reHepaTtopa ot 50 I'yp no 3000 xI'm.

6. V3MeHHTH HampsDKEHHE HA TeHepaTope, YCTAaHOBUB €TI0 PaBHBIM

U,...= 1 B, u mpousBecTtr uaMepeHwus 1o 1. 5.
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7.

[oBTopuTs M3MepeHus mo mim. 4-6, coBmecTuB pucky 10 mox-

BIDKHOM 4acTH ¢ pUCKO# 82 Ha IiKaje JIUHEHKH, pu 3ToM |, =35 mmM.

8.

VYcranoBuB Ha reneparope f =400 I'u u U, =1 B, npoussectu

M3MEPEHUS HANPSDKEHMS C BBIXO/A JaTIMKa B MHTEPBAJe PacCTOSHUMN OT 25

10 65 MM.
9.
10.

YcranoBuB Ha rereparope U,,, =1,5 B, moBTopurts 1. 8.

[MosTopurts 1. 8-9, ycranosus f = 600 I'.

Conep:xaHue oTyeTa

1.

2
3.
4.
5

Hazpanue paGoThI.

Ienb paGoTHL

CxeMa 3KCTIepUMEHTAIbHOHN YCTaHOBKH.
OKcIepUMEHTaNbHBIE PE3yJIbTaTHI.

BriBoie1 0 padore.

KOHTpOJ’[beIe BOIIPOCHI

1.
2.

AKyCTI/I‘-IeCKI/Ie TEPMUHBI U €AUHUILIBIL.

Buns! akyctuueckux gatuukoB. Mukpodonsl. KoHneHcaTopHbIE

MHUKPO(OHBL. DIIEKTPETHbIE MHUKPO(QOHBI. DJIEKTPOIUHAMHYECKUE MHKPO-

(hoHBI.

Bbub6auorpaguyeckuii cnucox

1.

OneKTpeTHBIN 3PPEeKT U ero nmpuMeHeHue: y4ueb. mocobue/ B.U.

Tumodgees, H.B. Illemonaes. PTPTA, Ps3ans, 1996. 40 c.

2.

Am X u COaBTOPHLI. I[aT‘II/IKI/I HU3MEPUTCIIbHBIX CUCTEM: B 2-X KH.:

nep. ¢ gppann. M.: Mup, 1992. 480 c.
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Henb padoTsl

W3yueHne CBOWCTB MHMPORIEKTPHIECKUX MaTEpPHAIOB; I'pajyHpOBKa
MTUPOICKTPHUIECKOTO NATIYNKA H U3MEPEHHE C €r0 TOMOIIBI0 TEMIIEPATyphl
HarpeToro Tena.

Kpatkue Teopernyeckue cBeeHUs

Quzuka nuposiekmpuyecmea

ITuposneKTpUYECTBO — BO3HUKHOBEHHE JJIEKTPUUECKUX 3apsiioB Ha
MOBEPXHOCTH HEKOTOPBIX TMOJSIPHBIX ITUAJIEKTPUKOB MPU HUX HarpeBaHUH
WJIH OXJIAXKICHUU.

OTO SBICHHE CBSA3aHO C OCOOCHHOCTHIO KPUCTAIUIMICCKON CTPYKTYPHI
mUpo3IeKTpukoB. Ha puc. 1, a mokazaHo oOpa3oBaHHE 3JIEMEHTaPHOTO
IUIOJII B JHMHEHHOM THPOAIIEKTPUKE CO CTPYKTYpOH  BIOPITUTA,
XapaKTepHOW [UId COEIMHEHUH THIa A'BY' Homs A u B CO3Jal0T
B3aHMHOE TETPadpUIecKoe OKpyXkeHne. V3-3a HCKaXeHns1 TeTpadpa MOH
A pacrionaraeTcs HIDKE €ro TeOMETPHYECKOTO IEHTPa, BCIEACTBHE YETO
TETpadAp MpHUOOpeTacT 3JIEMEHTAPHBIN JWIOJBHBIA MOMEHT. [lo 3TOMy
MPUHIUITY 3JICMCHTapHBIC IHIOIN O0pa3yroTcs W B 0oJiee CIOXKHBIX
CTPYKTYpax, COJEpKalluX JeCATKH aTOMOB B D3JEMEHTApHOM sUeiKe.
Pacnionokenne sieMEHTapHBIX AWUIONEH, IENOYKaMU MPOHU3BIBAIOIINX
MPOCTPAHCTBO MOHOKpHucTauia (puc. 1, 6), co3mat MOJIAPH3AIUI0 BCEro
00péMa. KommdecTBEHHOW MepOH 3TOT0 COCTOSIHHS TPHUHITO CUYUTATh
CIIOHTAHHYIO ToJsipu3anuio Pg muposnektprka. OCHOBHBIMH TTapaMeTpaMu
MTUPOIJICKTPUKOB SBISIFOTCS THPOIIEKTPHUCCKUH KOI(D(HHUINEHT M BOIBT-
BaTTHASI YYBCTBUTEIHHOCTb.

[MoBepxHOCTL KpucTanna

[MoBepxHOCTL KpUcTanna

a 4]
Puc. 1. O6pazoBanne 3J1eMEHTapHBIX JUITOJIEH B TMHEHHOM MHPO3IEKTPUKE
(@) m nemoyeyHast MOJIENb TUPOIIEKTPHIECKOTO KpHcTasLIa (6)



Hanpsoxkerne U, obOpa3dyemoe Ha TOBEpPXHOCTH MHPODJICKTPHKA,
MIPONIOPLMOHAIILHO MOJHOW 3HEpruu Er, U3jlydaeMol C MOBEPXHOCTH Tea,
KOTOpasi MPOIOPIMOHANIbHA TEMIIEpPaType Telda B 4ETBEPTOM CTEICHH IIO
3akoHy Credana-bomsrmana.

U~Ep~TA 1)

B nonomHeHMe K NHPO3IEKTPUYECKAM CBOWCTBAM  KPHCTAJIIbI
MTUPORJICKTPUKOB B TOW WJIM MHOW CTENEHH SIBISIOTCS INbE303JICKTPUKAMU
(peppoanexTpryeckne KpUCTAILIBI), T.€. B HAX MOSIBISIOTCS 3apsi/ibl B OTBET
Ha MeXaHH4yeckoe HampspkeHue. [Ipu temmepatype, NpeBbIIAOMIed TOUKY
Kropu, y KprCTaJUINTOB McYe3aeT TUIOJIBHBII MOMEHT, U MaTepuajl TepsieT
cBOU (heppoaNIeKTpUUeCcKHe CBOMCTBA. MOXHO BBIJIETUTh HauOOJIee BayKHbIC
IpYIIBI THPO3JIEKTPUKOB. K 1mepBoii rpyre OTHOCATCS CErHETOAIEKTPHUKY.
K  mnmposnekTpukam ~ 3TOro  Kjacca  MaT€pUalioB  OTHOCHTCS
tpurmuuHeyiabpar  (TI'C) w  w3oMopdHBIE €My COCAMHEHHS CO
CHenuaIbHBIMU JO00aBKaMH 11 MOHOJOMEHHM3AIMU. HHOOAT W TaHTAJaT
qutusi (LiTa0z, LiNbO3), ToHkue mieHkd HHUTpaTa Kaiusi B cerHetodase,
KepaMHUYEeCKHe TUTaHAaT CBHMHIA M IMpKoHaT-THTaHaT cBuHLa (LITC) c
pasnuuHBIMH f00aBKaMu. Bcee 3TH Marepmanbl SBISAIOTCS HETHHEHHBIMU
JUDJIEKTPUKAMH, B KOTOPBIX  IHPOdJIEKTpHYEecKuil  kodddurment,
00yCJIOBJICHHBIH TMEPBUYHBIM THPO3(Y(HEKTOM, HOCTUraeT MaKcuMyma
BOIM3K ToukH Kropu.

Bropast rpyrnmna nmupo3sieKTPUKOB — 3TO JIMHEHHBIE MHPOAJIEKTPUKHY, B
KOTOPBIX HAalpaBjeHHE CIIOHTAHHOW MOJISIPU3AlMK OJMHAKOBO II0 BCEMY
00beMy KpHCTaJUIa M HE MOXKET OBITh W3MEHEHO HJIEKTPHUYECKUM IIOJIEM.
CnoHrtaHHas monspu3anus Ps B TaKMX KPUCTAJUIaX HE CHUMAETCS JI0 HyJs,
Kak B CETHETOMIEKTpHKax. K TakuM NHMPOdJIEKTPUKAaM OTHOCSTCS
coemuuenns tuma A"BY' co crpykTypoit Bropumra, Hampmmep,
MoHokpucTamuisl CdS, a takke cynbdar auTus, TeTpadopar jutus u 1p. B
MTUPOICKTPHUUECKUX KOI(PPUIIMEHTaX 3THUX KPHUCTAUIOB HAOIIOMaeTcs
CYILIECTBEHHBI BKJIAJ HE TOJIKO OT MEPBHYHOIO, HO U OT BTOPHUYHOTO
mee303ddekra.

K TpeTbeii rpyre OTHOCATCS TUICHOYHbIE MOJSIPHBIC MOJIMMEPBI THIIA
[IB/I®, xoTopsle BecbMa IEPCIEKTUBHBI Oylarogapsi BO3MOXHOCTH
MOJyYeHHss W3  HHUX  TOHKHX, O3JaCTHYHBIX, MPOYHBIX  I[UICHOK.
[MupoanexTpuueckre CBOWCTBA MIICHKA MPUOOPETAET MOCHE €€ PACTSIKEHUS
B 36,5 pas3a u nomnsApusanuu npu temneparype okono 130 °C B none nopsaxa
10° B/cwm.

Hupoaﬂekmpuqecme npueMHuKu U3TTY4YeHUs
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[TuposnekTpudeckuii  AETEKTOP MOXHO IIPEACTaBHTh B  BHIC
KOHJICHCATOpa, IEKTPUUECKH 3apsDKAIOMIErocst OT MOTOKa Tema (puc. 2).
ITosTOMy NHPO3IEKTPUIECKUE YCTPOICTBA MOXKHO CUHTATh JETEKTOPAMHU
MOTOKa Temia. VX mHOTAa Ha3bIBAlOT JUHAMHYECKHMH AATYMKaMH, YTO
COOTBETCTBYeT HUX (Qu3mueckor mpupome. Korma mNHpO3IeKTpHYSCKUiA
KPHCTaJUl MOJBEPracTcsl BO3ACHCTBHIO IIOTOKA Tema (HAampumep, OT
ucroyHuka MK usnyueHus), ero Ttemmeparypa MOBBIIIAETCS, U OH TaKXke
CTaHOBUTCA HCTOUHHKOM Temia. [Io3ToMy ¢ MpOTHUBOMOJIOKHON CTOPOHBI
KpHCTaJlIa BO3HUKAET OTTOK Tera (puc. 2).

BbixogaLumin
TENNoBOW TOK

MupoanekTpnyeckn Cnown,
martepuan nornowiawLwmmn
Tenno

OnekTpoapl

Bxopaiwmn
CBETOBOM MOTOK

Puc. 2. TenyoBble MOTOKH B MMPO3JIEKTPUIECKOM TpeodpazoBareie

CylIecTBYeT HECKOJIBKO MEXaHHU3MOB, OOBSICHSIOIIUX, [OYEMY
HU3MEHEHHE TEMIIEPATYPHI MPUBOJIUT K BO3HHKHOBEHHIO
MMUPOIJICKTPUICCTBA. VI3MEHEHUE TeMIlepaTypsl MOXKET MPUBECTH K
VIJMHEHUIO WM YKOPAYMBAHUIO OTACIbHBIX aumojei. Ha opueHrammio
JTUITOJICH MOYKET MOBJIUSATH UX BO30YKICHUE OT MOBBIIICHHS TEMIICPATYPHI.
OTH SIBJICHUS TONYYWIA HA3BaHHE IEPBUYHOTO MHUPOJICKTPUIECTRA.
CylecTByeT TaKKe BTOPHUYHOE MHUPOIICKTPUYECTBO, KOTOPOE B
YIPOIICHHOM BHAE€ MOXXHO CUHTATh CIICACTBHEM I1E303JCKTPHUUECKOTO
a¢pdexta. Ha puc. 2 mokasaH MUPOIJICKTPUUCCKUN TaTUHK, HUMEHOIIUI
OIMHAKOBYIO Temmepatypy 7T, B Jroboii Touke oOwvema. bymyun
ANEKTPUUYCCKU MOJSIPU30BAaHHBIMH, TUTIONH OPHCHTUPOBAHBI TAK, YTO OJHA
CTOpOHA MaTepualia CTAHOBUTCS IMOJOXHUTEIBHO 3apsHDKEHHOM, a BTOpas -
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oTpunarenbHo. OZHAKO B CTAMOHAPHBIX YCIOBUSAX CBOOOTHBIE HOCHUTEIH
3apsoB  (ANEKTPOHBI ¥ JBIPKH) HEWTPATM3YIOT 3apsAabl, BO3HUKIIHE
BCJICCTBHE TOJAPH3AINN, U KOHACHCATOP, 00pa30BaHHBIN 3JIEKTPOJAMH U
MTHUPOIIICKTPUKOM, Pa3psUKACTCS, YTO MPHBOAWUT K IIOSBICHHIO HYJIEBOTO
3apsja Ha BBIXOJE JaTdrKa. Teruio Ha CEHCOP MOXET IOCTYIATh B BUIC
TEIUIOBOTO H3IYYEHHUSA, KOTOPOE IIOTJIOMIACTCS HIKHAM DJIEKTPOIOM U
paclpoCTpaHseTCs MO MUPOSJICKTPUKY,  HCIONB3YyS  MEXaHH3M
TEIUIOPOBOHOCTH. HwxHuil ~ 3J€KTpoJ ~ HMHOTAA  IOKPHIBAIOT
TEIUIOTIOTJIONIAIONIUM CJIOEM U3 YEePHEHOTO 30J0Ta WM OPTraHMYECKOTO
Kpacutens. B pe3ynbTaTe TOMNIONICHHS TeIIa HUXKHSAS YacTh CEHCOpa
HArpeBaeTCsl, YTO MPHUBOAMT K €r0 PAaCHIMPEHHIO, YTO, B CBOIO OYEpEIb,
BBI3bIBaCT W3ru0 jgatynka. [losBuBIIascs naedopmanus O3HAYACT
BO3HHKHOBEHHEC  MEXAaHMUYCCKOTO  HAMpPSDKCHUS M,  CIEIOBATEIBHO,
W3MEHEHHE OpHEHTAIu Tumoiell. [IoCKoIbKy MaTepual CeHCopa TakKkKe
o0namaeT ®W THE30NIEKTPUICCKIMHU CBOWCTBAMH, €T0 HAMpPSKCHHOE
COCTOSIHHE TIPUBOAUT K MOSBICHHUIO HA AIIEKTPOAaX MPOTHBOIOJIOKHEIX 10
3HaKy 3apsmoB. OTCIOZa BHIHO, YTO BTOPHYHBIH HHPOIICKTPHUYCCKUHA
3¢ ¢PeKT MOXHO OINMHUCATH CIEAYIOMEH ITOCIeAOBATEIFHOCTRIO COOBITH:
TEIJIOBOE HW3JIyuYeHHe — IOMNIOLICHHWE TeIla —  MEeXaHH4YecKoe
HAMPSKCHUE, HHAYIIMPOBAHHOE TEIJIOM — 3JICKTPHUCCKUI 3apsi.

JunonbHelii MOMEHT Py 00BEMHOTO MHPOIICKTPHUSCKOrO JaTYHKA
MOXHO HalTH 10 BBIPAXKEHUIO:

Ps = uAh, 2
rJie (4 — JWATIONBHBIN MOMEHT Ha €IUHHIY o0beMa, 4 — IUTomanb JaTYnKa,
h — ero TonmuHa.

3apsg Q,, coOpaHHBII Ha SJEKTPOJAX, NPUBOIUT K TIOSBICHUIO B
MaTepHale CIeIyIOIero TUIOIHOTO MOMCHTA!

PsO = Qa h. (3)
Ps u3 (2) nomken ObITh paBen Py u3 (3), moatomy
Qa = 1A (4)

ITockonpky Temmeparypa MEHSETCS, TUIIOJBHBIH MOMEHT TOXE He
OCTaeTcs MOCTOSHHBIM, YTO W TIPUBOJIUT K WHIYIHPOBAHHUIO 3apsiia Ha
rpaHsIX KpHCTalIa.

KonngectBo MOTNIOmMEHHOTO TEIIa MOXKHO — BBIPa3uTh  depes
M3MEHEHHE JAWIOJIBHOTO MOMEHTa, MNpH STOM | 3aBHUCHT Kak OT
TeMIIepaTypsl T, TaKk W OT INpHpamieHus] TemsioBod sHeprun AW,
MOTJIOIEHHON MaTepHaNIOM:

AQu=Au(T,, AW). (5)

Ha puc. 3 nmokazaH mUpoaIeKTPUUECKUN JIETEKTOP, IT0ICOEANHEHHBIH
K Harpy3o4HoMy pe3uctopy Rp, oroOpaxkatomemy iuO0 BHYTpEHHeEe
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COIIPOTUBIICHUE YTEUKH, JTHOO BXOJHOE COMPOTHBIECHHE HHTEp(deiicHON
CXEMBl, NOJKIIOYEHHOW K BBIXOLY JaTdyuka. B mpaBoil yacTH puCyHKa
MIOKa3aHa SKBHBAJCHTHAs JJIEKTpHUUYECKas cXema Takoro ceHcopa. OHa
COCTOMT W3 CIEIYIONMX TpPeX KOMIIOHCHTOB: HCTOYHHKA ToKa (i),
NPUBOISIIETO K TOABICHUIO TeIula, eMkocth getekropa C  u
COIIPOTHBIICHHS yTeUuKH R,.

[MuposnexTpuyeckmit

feTeKTOp /V i
m Ro C Rb
=t

TEIIIO

Puc. 3. HHpOBJ’ICKTpI/I‘IeCKI/Iﬁ JACTCKTOP U €ro 5KBUBAJICHTHAA CXEMa

BBEIXOZHBIM ~ CHUTHAJIOM  MHPODJICKTPUYECKOTO  IETeKTOpa B
3aBHCHMOCTH OT KOHKPETHOT'O IIPHMEHEHHUSI MOXKET OBbITh TM00 3apsia (TOK),
6o HanpspkeHue. [IOCKONBKY NHPOIIEKTPHYSCKHHA TAaTYUK SBILIETCS
KOHZEGHCATOPOM, OH OyZeT pa3pspKaThesi uepe3 CONpOTHBIEHHE Ry,
BennunHa 35€KTpUYECKOr0 TOKa Yepe3 ITOT PE3UCTOp W HalpsDKeHHE Ha
HEM COOTBETCTBYIOT 3apsily, WHIYUHPOBAaHHOMY TEIUIOBBIM IIOTOKOM.
[MuposnexTpuueckuii 3¢ dexT xapakrepusyercs AByMs K03 duimeHTamu:

- IUPO3JIEKTpUYecKuM koddduunentom no 3apsay Pg = dPg/dT;

- NUPOAJIEKTpUUYecKuM KodddurreHTom no Hanpspkenuto Py = dE/T,

rae Ps — cioHTaHHas nosisipu3anus, £ — HanpspKeHHOCTh JIEKTPUYECKOTOo
noys, a 7' — tremneparypa B KenbBunax. OTHomieHHe IByX K03((GHUIHNEHTOB
MOXKHO BBIPAa3UTh 4Yepe3 AUNIEKTPUUECKYIO IPOHUIAEMOCTb & U
ANEKTPUUYECKYIO IOCTOSHHYIO £
PR _dpPs _
L==S g, (6)
R/ dE
[onspuzanmss 3aBUCHT OT TEeMIepaTypbl, H TO3TOMYy o00a
MTUPOIJIEKTPUIECKUX KOAPPHUIHNEHTA ABIAIOTCA QYHKIMIMH TEMIIEPaTyphI.
IIpy BO3mEHCTBMM MCTOYHMKA TEIUIA HA IHPOAIEKTPHK, €ro
Temreparypa moBbimaercs Ha AT, TmpH  3TOM  IPOUCXOIAT
COOTBETCTBYIOLIUE U3MEHEHHUS 3apAAa U HAPSIKCHUS:
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AQ =Po AAT, AV = PyhAT. )
Ecmu eMKOCTh JaT4mKa BEIPA3HUTh B CICTYIONIEM BHIE:

Ce. = AQ/AV = &, £, Alh, (8)

U3 yPaBHEHUM MOXKHO BBIBECTH CIIEAYIOIIEE COOTHOLIEHHUE:
AV = PoAATIC, = Pq & £0AT/h. 9)
Orcroma  BUOHO, YTO  BBHIXOAHOE  HANPSHKEHME  JaTyMKa

MPOMOPLUMOHANIBHO  POCTY  TEMIEPaTypbl H  HUPOIEKTPUUYECKOMY
K03 PHUIHEHTY 1O 3apsAay 1 00pPaTHO MPOMOPIIMOHATIBHO €O TOJIIUHE.

Koraa nuposnexkTpuueckuii 4yBCTBUTENBHBIN 3J€MEHT OJBEPraeTcs
BO3JICHCTBUIO Mepemnaaa TeMmIrepaTyp, ero mossipusanus (MHIYyLIUPYEeMbId
JNEKTPUYECKU  3apsil BHYTPUM KpHUCTalUla) Takke MEHsSeTcss ¢
Temreparypoil. Ha puc. 4 mokazaHa THIOBas 3aBHCUMOCTH MOJIIPU3ALNN
oT TeMmepaTypsl. [Tuposnekrpudeckuii KOAQPUIHEHT O HANPSDKESHUIO Py
COOTBETCTBYET HAKJIOHY KPHBOH moJspm3anuu. [IpuOmmkasch K TOUYKE
Kropu, »TOT KOP(pOHUIHMEHT pe3Ko BO3pacTaeT, dYTO OOBICHACTCS
WCYC3HOBCHHEM MOJISPU3ANNN U TOTEPEH MUPOIICKTPUUECKUX CBOUCTB B
9TOM TeMIepaTypHOM auamna3oHe. [IpeamonaraeTcs, 4TO HEIMHEHHOCTH
KPUBOH TMOISPH3alUN OOBSCHICTCS YBEIMYCHHEM YYBCTBUTEIHHOCTH
JIaTYUKa C POCTOM TEMIIEPaTyPHhI.

PaBloum ]

AAATa30H 7

Tepredatypla KidpH

NupoanekTpuyeckuni
KO3bbuumeHT

N
’

/

Puc. 4. HOJ’IHPI/ISaHI/IH MUPOSJICKTPUICCKOTO KpHUCTAJIIIA.
I[aT‘H/IK JOJIKCH pa6OTaTI) 1 XpAaHUTLCA IIPpU TEMIIEpATypax, 3HAYUTCIILHO
MCHBIINX TOYKH KIOpI/I

Kpucramnsl tpu rmmmme  cynbdata (TI'C) sBusioTcs caMbIMu
3G PEeKTUBHBIMM  TTMPORJIEKTPUYECKUMH  TpeoOpaszoBarenmsiMu. Ho 1o
HEJJaBHETO BpPEMEHM WH3-3a HU3KOM Temmeparypsl Kiopu oOHU penko
NpUMEHsUIMCh Ha mpakThke. K Tomy ke okaszanoch, uto TGS narumku
001aaroT JOBOJBHO HU3KOH CTAaOMIBHOCTBIO JaXke MpPH TeMIeparypax
Hwke Touku Kiopn. OmHako ObII0 0OHApy)XEHO, YTO MPH JISTHPOBAHUH
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TGS xpucramioB L-amaHWHOM B TIpollecCe BBIPAIIWBAHUS HE TOJHKO
MOBBIIIAETCA WX CTa0MIBHOCT, HO W HECKOJBKO YBEIHUUBACTCS
temneparypa Kropu, koTopas mocie 3Toro craHoButcs paBHoi 60 °C, u,
3HAYUT, BEPXHUH Mpenen pabodnx TeMIepaTyp BO3pacTaeT 10 ypPOBHS
55 °C, mocTaToYHOTO TSI MHOTHX HMPAaKTHYECKUX MPUMEHEHUH.

Ha puc. 5 mokaszaHbl BpeMEHHBIC AWArpaMMbl, ITOCTPOCHHBIC I
MUPOITEKTPUUECKOr0 JaT4YMKa MpH IOoJade Ha €ro BXOJA CTYINEeHYaToH
TermoBod ¢QyHkumu. M3 amarpamMm BUIHO, YTO DJIEKTPHYECKUI 3apsin
JIOCTUTaeT CBOETO MUKOBOTO 3HAYEHMS MPAKTUYECKH MTHOBEHHO, a 3aTeM
HaUMHAET YMEHBUIATHCS C TEIJIOBON MOCTOSHHOW BpPEMEHHU Tr. DTO MOXKHO
OOBSICHUTh ~ CIEIyIOIUM  00pa3oM: MpH  HarpeBe  MOJIPU3AIHL
TNEpBOHAYAIILHO MponucxoauT B CaMbIX TOBEPXHOCTHBIX Cl104X
KPHCTAJUTMYECKOTO ~ MaTephaja TOJIIMHOH B  HECKOJBKO aTOMOB,
TEeMIlepaTypa KOTOPBIX MTHOBEHHO IIOBBIINIAETCS A0 MaKCHMalbHOTO
3HaueHuA. lIpm 3TOM B Marepuasax BO3HHMKACT BBICOKMH TIpagueHT
TEMIIEpaTyp, BBI3BIBAIONIMNA MaKCHMAaJbHYIO Hoispu3anuio. Ilocime wero
MPONCXOJUT PACTPOCTPAHCHUE TEIIa MO BCEMY INHPO3JIEKTPHUKY, YacTb
KOTOPOTO MOTJIOMIAETCS €ro Maccod IPOIOPIHOHANBHO 3HAYECHHIO
temoeMkocTu C, a Jpyras 4acTh OTHAETCS B OKPYKAIOILyIO Cpeay depes
TEIUIOBOE CcompoTuBieHHEe Ry. Bce 3T0 MNpHUBOAUT K yMEHBIICHHIO
MepBOHAYAIBLHOTO 3apsia. TermnoBas MOCTOSHHAS BPEMEHH OIpeeNseTcs
MIPOM3BEICHUEM TETNIOEMKOCTH AAaTYHMKA Ha €T0 TEIJIOBOE CONPOTUBIICHNUE:

7 = CRT = CAhRT, (10)
IZie ¢ — y/AeNnbHasi TeIUIOEMKOCTh YYBCTBHUTEIHHOTO 3JIeMeHTa. TerioBoe
conporuBiieHne R sBisercss ¢GyHKIMEH BceX TEIUIOBBIX MOTEPh B
OKPYXKAIOIIYIO Cpely Yepe3 KOHBEKIHIO, TETUIONPOBOJHOCTh U TEIIOBOE
n3JIydeHrne. B HM3KOUaCTOTHBIX YCTPOWCTBAX JKEJATEIbHO HCIIOIb30BaTh
JaT4vKd ¢ OOJNBIION TEIJIOBOW IOCTOSHHON BpEeMEHH, TOrja Kak B
OBICTPOICHCTBYIOINX CHUCTEMaxX (HAaNpHUMep, B M3MEPUTEISIX JIa3epHBIX
I/IMHyJ'II)COB) Tt OOJIKHO 6])ITI) 3HAYUTCIIbHO HHUXKC. I[J'IH YMEHBUICHUA Tt
TMMAPOBJICKTPUKHU HHOTrJ1a IMMOKPBIBAIOT TCIIOOTBOAaMHU (KyCO‘-IKaMI/I
AITIOMUHUS WA MEJIN).

IIpeanonaraercs, 4TO0 Ha MUPOIIEKTPUUECKUN NATUUK BO3LEHCTBYET
WCTOYHUK TeIlIa, 00JIaqatoNiii O4€Hb BEICOKON TEIIIOEMKOCTBIO, TO3TOMY
ero COOCTBEHHOH TEIUIOEMKOCTBIO MOXXHO TpeHeOpeus. Torma
Temriepatypa cpeabl T, BO BpeMs NpOBEAEHHS H3MEPEHHH CUYMTaeTCs
MIOCTOSIHHOH, B TO BpEMsI KaK TeMIepaTypa JaT4MKa sBIseTCs QyHKIHCH
BPEMEHH W OIpEAeNsieTCs IUIOTHOCTBIO, YICJIBHON TEIIOEMKOCThIO H
TONIMHONW nerexkTopa. Ecnm BXOOHOWM TEIUIOBOW MOTOK mMeeT (GopMmy



CTyMeHYaToM (YHKIMH, a Jarduk paboTaeT B BO3AYIIHOW cpeie, Uit
BBIXOJJHOTO TOKa MOYKHO 3aIliCaTh CICAYIONIEE BHIPaKECHHE:
i =ige™, (11)
rze ip — NMKOBOE 3HAYEHHE TOKA.
P2
Tennosoi
MNOTOK

Bpemsa

?r_|
Q

—L Qo Bpems

Bpems

Puc. 5. Peakuust mupossieKTpUYECKOro YyBCTBUTEIFHOTO DJIEMEHTa Ha
TEIJIOBYIO CTyneHuYaTyto QyHkuunto (3HaueHus 3apsiaa Qq u HanpsoxeHus Vo
JUTST SICHOCTH HECKOJTBKO YBETHUICHBI)

U3 puc. 5 BUIHO, YTO 3apsi] ¥ HAMPSDKEHHUE HUKOT/IA HE CHUKAIOTCS 110
HyJss. OTO OOBSICHSETCS CICAYIOIIUMH OPUYUHAMH: [HPOIJIEKTPUK
MOJTy4aeT TEIUIOBYI0 DHEPTUI0 CO CTOPOHBI JATYMKAa, 32 CYET KOTOPOH
YBEIIMYMBACTCS TeMIIEpaTypa MaTepuayia. PocT Temreparypsl IPUBOJUT K
CKayKy 3apsja Ha DJJCeKTpoJaxX JaT4YWKa, KOTOPBIA CO BpEMCHEM
YMEHBIIACTCA C MOCTOSTHHOM BPEMCHHU TT. O}IHaKO JaTYUK UMECT €IIC OAHY
CTOPOHY, KOHTaKTHPYIOIIYI0 ¢ OoJjiee XOJIOIHOI cpenoi, yepe3 KOTOPYIO
MIPOUCXOTUT TIOTEPS TEIUIOBOW JHEPIUH, T.e. OXJAXKICHHE JIaT4UHKa.
HOCKOHBKy CTOPOHBI YYBCTBUTECJIBHOT'O JJICMCHTAa TIOABEPTarOTCA
BO3CHCTBUIO Pa3HON TeMIEpaTyphl, Yepe3 MHUPOIIEKTPUK ITOCTOSHHO
MPOXOAUT  TEIUIOBOH  IMOTOK. DJCKTPUYECKHA TOK Ha  BBIXOJE
MMUPOIICKTPUICCKOTO0 JaTYMKa BCErla MOBTOPSET (OpMYy TEIIOBOTO
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MIOTOKA, MPOXOAAIIETO 4Yepe3 Hero. IIpoBoas TOYHBIE M3MEpPEHHS, MOXKHO
yOeouTbCs B TOM, YTO BBIXOJHOE HAINPSDKEHHE NHPOIIEKTPHIECKOTO
CEeHCOpa paBHO TIIOCTOSIHHOMY 3HadeHHIO Vj, MPOIOPHHOHATEHOMY
BEIMYHHE TETUIOBOTO ITOTOKA.

Ha puc. 6, a mpencrapineHa THIIOBass KOHCTPYKIHS TBEPIAOTEIBHBIX
MTUPOIJICKTPUIECKUX JTETEKTOPOB. KpuCTamn mupo3JIeKTpUKa pa3MenacTcs
B Meraummueckux kopmycax TO-5 mubo TO-39, uto obecmeunBaet
XOpollee IKPAaHUPOBAHME U 3AIUTy OT JACUCTBUA OKPY>KAIOLIEH Cpejbl.
Ontuyeckoe OKHO OOBIYHO BBIMOJHSACTCS W3 KPEMHHUs. BHyTpeHHee
MPOCTPAHCTBO 3AMOJIHACTCS CYXHM BO3IyXoM wWiH a30ToM. OOBIYHO
HCIIONB3YyeTCs nuddepeHIanbHas cxema BKITIOUYCHUS JIBYX
MIUPOIIEKTPUIECKUX 3JIEMEHTOB TSt Tydiiei KOMIICHCAI[U!
OBICTPOMEHSIOIINXCA TEIUIOBBIX TIOTOKOB M aKyCTHYECKHX IOTyMOB U
BuOparmii. Yacto oAWH W3 DSJIEMEHTOB TMOKPBIBACTCS KpaCHUTEIEM,
HMUTHPYIOIIUM ~ COCTOSIHHE aOCOJIOTHO YEepHOrOo Tella, a BTOpPOU
SKpaHUPYETCS OT W3JIYyYSHHs, a U1 YIYYIICHHsS €ro OTpakaTeIbHON
CITOCOOHOCTH HAa HEro HAHOCUTCS CJOW 3oJioTa. JIBOWHON 3lIeMeHT
W3TOTaBIMBaeTCI Ha ONHOW momnoxke (puc. 6, 0). Mertammdeckue
9JIEKTPOMbI, HAHECEHHBIC C JBYX CTOPOH IUIACTHHBI, (OPMHPYIOT [Ba
MOCJIeZIOBaTeIbHO coeNMHEHHBIX KoHneHcaTopa C; u C,.

OkHo

Inemenr
Kepamunueckas
Metangu- onopa
YeCkHH Cxema

KOpnyc

BuiBOAbI

BepxHue Bepxuue
3nexTpoae! MMpoanexTpH4ECKmi 3nexTpont

marepuan \
o ap—ame

Coenunenne

CoeauHeHue 8

6
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Puc. 6. /IBoiiHON NHPOINEKTPHUUECKUI JaTIHK
@ — KOHCTPYKITHS TIHPOJAaTINKa B MeTaunaeckoM kopiyce TO-5(TO-39);
0 — METAINTMIECKHUE HIIEKTPOIBI (HAHECEHBI Ha IIPOTHBOIIOJIOKHBIE CTOPOHBI
Marepuaia); ¢ — SKBUBAJICHTHAsI CXeMa JBOMHOTO IeMEeHTa

Ha puc. 6,B mpencraBneHa OSKBHBAJCHTHAsS CXeMa JIBOHHOTO
mupod3JIeMeHTa. Takas KOHCTPYKIUA 00eclieunBaeT BBICOKHI K03 HUIIeHT
ociabneHnsi cUH(A3HBIX TOMEX, BO3ZHHMKAIOMIMX 32 CUET MEXaHHYECKHX
Harpy3ok W BuOpauuii. JIONOJHUTENBHO JUIl YMEHBIIEHUS AEHCTBUI
MEXaHWYeCKMX Harpy3ok ¥ BHOpauMid B KOHCTPYKIMH JaT4uKa
IIpeSyCMaTpUBAETCs «MEXaHHYecKas pas3BsA3Ka» MEXAy AeTalsIMU KopIyca
" MMUPOBJIEMEHTOM, a TAKKE MCKAY HUM U DJICKTPUYCCKUMU BbBIBOJAMU.

B HacCTOAIIEC BPEM BXOJIHBIC 6J'IOKI/I K MMUPOBJICKTPUICCKHUM JaTUNKaM
coOMparoTCsi Ha  TONEBBIX  TpaH3ucropax. CrmocoObl  BKIIOYCHHUS
MIUPOJATINKA B CXEME C IOJICBBIMM TPAH3UCTOpAMHU IIOKa3aHBI Ha pHC. 7.
Hambomee  pacmpocTpaHéHHas  cxema  BKJIIOYEHHS  NHPOJATUHKA
IpeACTaBlIeHa HA pHC. 7, a. llpy HCTIONB30BaHMM AATYUKOB HA OCHOBE
TPUTTHIMHCYIb(AaTa (C HEAOCTATOYHO YCTOHYMBOI JOMEHHON CTPYKTYPOH)
MPEANIOYTUTENHHO BKIIOYaTh AATYMK B IIPOMEXKYTOK 3Ameop - CMOK
0JIEBOTO TpaH3ucTopa (puc. 7, 0).

+
+ ® T
R
A4

VT | VT1
@
~x [Nnn ,

EA Rn | |Ri Rn Ri

A

a o
Puc. 7. CxeMbl BKIFOUEHHS OJHOIIEMEHTHBIX MMUPOTEKTPUIECKUX
MIPUEMHHUKOB U3JTy4EHUS

[MpenMymiecTBa NMPOAATYMKOB TEPEA JPYTUMH THIIAMH TEIUIOBBIX
NIPUEMHHKOB:
- MIMPOKHIA pabOuMii CIeKTpaIbHBIN HHTEPBAJ;
- IOCTATOYHO 00JIBIIIOE OBICTPOJICHCTBHE;
- BBICOKAsl HHTETpalIbHas 4YyBCTBUTEIHHOCTD;
- He TpeOyeTcsl CHenUaTbHOTO OXJIAXKICHUS;
- He TpeOyeTcst mojaya JOMOIHUTEIbHOTO CMEILCHUS;
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- peakmusi TOJIBKO Ha MEPEMEHHYIO COCTABIAIOIIYIO MaJarolIero MOTOKA
U3ITyYCHNS;
- OTCYTCTBHE TOKOB YTEUKH.

OTn4IuTeNsHON 0COOEHHOCTBIO MUPOTIPUEMHNKOB, ITPEAHA3HAUYCHHBIX
JUISL PETHCTPAaLUK TEIUIOBOTO M 3JIEKTPOMArHUTHOTO W3JIyYCHUH, SIBISIETCS
HU3KAH KOA(QUIMEHT NIYMOB W INUPOKHHA CIHEKTPAIBHBIA IHAITa30H
m3nyuennii Ha gacrorax 10™°..10%° Ty (0T caHTHMETPOBBIX BONH 10 Y-
nmydeif). Tak kak MUPOINEKTPUKH pearupyroT TOJIBKO Ha IEPEMEHHYIO 4acThb
MOTOKa H3JIy4eHUs, TO MOMYJAIMS HOTOKa MokeT nocturate 106 I'm.
Juana3oH perucTpupyeMbIX MOIHOCTEH U3IIy4YEHUs OT 10°° 10 10 Br.

ITuposnexTpuueckue  JaTYUKKA  NPUMEHSIOTCS B MEIMLUHE,
BETEPHHAPUH, arPOHOMHH, B KOMMYHAJIBHBIX CIYyX0ax, B METaJUTypTUH, B
TEKCTWIBHON TPOMBIIIJICHHOCTH, B 3JIEKTPO’HEPTETHKE, JICKTPOHUKE, B
BOCHHOH M KOCMHYECKOH IpoMbIIUICHHOCTH. IlupoanexTprueckne
JECTEKTOPhl IPUMEHSIOTCS JUI1  HMCCJIECAOBAHUS IIyYKOB HEHTPOHOB,
IIPOTOHOB U ACHTPOHOB B 3KCIICPUMEHTAX 110 TEPMOSACPHOMY CHHTE3Y, IS
N3y4YECHUS] UMITyJIbCHOTO M CTAaIlHOHAPHOTO Y W PEHTT€HOBCKOTO M3ITydCHUH
1 KaK U3MEPHUTENIN MOIIHOCTH M 3HEPTHH JIa3€POB ONTHYECKOTO ANAIa30Ha,
Bmodags Y® u MK, B usMeputenbHOl TEXHUKE NHPOIIEKTPHUECKUE
MIPUEMHHUKHU TIPUMEHSIOTCS B BHJE TEIUIOBBIX IPUEMHHUKOB, MOCTPOCHHBIX
0 MoAeIH abCONIOTHO dYepHOro Tena. l3MmepuTenbHBIE NPHEMHUKU
WU3JIy4eHUH, IOCTPOCHHbIE B BUJE MATPHUL, COCTOSIIUX U3 10%...10°
3JIEMEHTOB, IO3BOJIAIOT HCCIIEIOBAaTh MPOCTPAHCTBEHHOE pacCIpeeeHne
H3ITy4YEHUH.

[MuposnexkTpuky  HAXOJAT  NpPUMEHEHWE B TEIUIOBHICHUH
(nH(pakpacHOM WM pagHalliOHHOM), WMEMOMEM OOJbIIOE 3HAUCHHE B
MeIUIMHE M TeXHHUKe. [IMpOKOHBI (IMPOANICKTPHUYECKHE BUIANKOHBI,
TEIUIOBBIE  IEPE/IAlOIIUe TEJIEBU3NOHHbIE TPYOKM) NPUMEHSIOTCS JUIs
KOHTPOJISI MHOTOOOPa3HbIX TEXHOJIOTHYECKUX IPOLIECCOB!

- OIIGHKAa COCTOSHHUH BBICOKOBOJIBTHBIX JIMHHN Iepefadyd 10 JIaHHBIM
BeproneTHoi UK - chemku;

- IPOBEPKA OTHOPOJHOCTH M3OJIAIIUH MOIITHBIX JIEKTPUICCKUX MAIIHH;

- aBTOMATH3MPOBAHHBIH TEXHOJOTHMYECKHH KOHTPONb  3JIEKTPOHHBIX
KOMITOHEHTOB (KOHJIeHCaTOpoB, pesuctopoB, CbUC) nox Harpy3koii;

- NpPUMEHEHHE MHUPOKOHOB B MEOUIHMHE IJIsI THATHOCTHUKH TITyOMHHBIX
JIATEHTHBIX BOCHAIUTENBHBIX IPOLECCOB U T.IL;

- U3y4€HHUE XapaKTEPUCTHUK U3Iy4EHUS JIa3€POB;

- UK-xaptupoBanue 3emiu ¢ UC3, miaHeT 1 KOMET ¢ KOCMHUYECKUX 30HI0B
U T.IL
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B temomerpun npeoOpa3zoBaTeny Ha MUPOINEKTPUKAX AT H3MEPCHUS
TEMIIEPaTyphl, TEINIOEMKOCTH, TEIUIONPOBOAHOCTH, TEIUNIOOOMEHA M T.H.
HMEIOT NIPEelIebHYI0 YyBCTBUTEIBHOCTD Nopsiaka 10 7K.

Onucanne J1a60paTOPHON YCTAHOBKH

Or wucrounnka 1 (puc. 8) wu3myyeHue mocTymaeT Ha
NIUPOIIEKTPUIECKUI NIPUEMHUK 3. BeixogHou CHTHal
MIUPOIEKTPHUUECKOTO TNpuéMHNKA 3 m3Mmepsiercss BombTMerpoMm 4. Ilo
MOKa3aHUAM JlaT4MKa TEMIEpaTypsl 5 Tpagyupyercs IHpPONPHEMHHUK.
MopnynsaTop 2 CIyXdT A7 TPEpHIBaHUS IOTOKa M3IYYEHHS, TaK Kak
MUPOJATINK pearnpyeT TOIBKO HA MEPEMEHHYIO COCTaBIIAIOIIYIO
MAaJAoMEero MOTOKa  M3Iy4eHHS. [Mutanue NHUPOIITEKTPUIECKOTO
mpuéMHHUKA 3 OCYIIECTBIISIETCS OT MCTOYHHUKA muTaHus 6. Ocummrorpad 7
CITY’KHT /715l KOHTPOJISI CUTHAJIA ITUPOAIEKTPUUECKOTO MPUEMHHUKA 3.

log—> 2 — 3 [ 7] 4
(A) A

I

5 6 7

Puc. 8. dyHkIMoOHaIBHAS cXeMa Ja00paTOPHON H3MEPUTEIbHOM YCTAHOBKH
1 — UCTOYHUK TETMIOBOTO U3IyUYeHHs (MMHUTATOP a0COTIOTHO YEPHOTO Teja);
2 — MOAYJISITOP TEIUIOBOTO MOTOKA; 3 — MUPO3JIEKTPUUYECKUIH TIPUEMHHUK
nanyuennst MT-30; 4 — BoneT™meTp B7-39; 5 — BossT™MeTp B7-26 muist
n3mepenus IJ[C Tepmonapbl XpoMenb — KOTIeNb; 6 — OJIOK TUTaHUS JIS
MT-30 BUII-010; 7 — ocrmmmtorpad

ITopsiok BBINOJTHEHUS] Pa0OTHI
1. BxkirounTh NpuOOPHI ¥ MPOBECTH UX MPOTpeB B TeueHue 30 MUHYT.
2. TlpoBecTu rpajiyMpoBKy NHPOAATUHKA:
2.1. TlocreneHHO yBeJIMYMBAsl TEMIIEPATYPY MCTOUYHUKA M3TY4CHHS
1 (em. puc. 3) ot 20 o 300 °C, custh nopsinka 15 nokazaHuii BoibT™MeTpa 4
U JJaTYMKa 5, COOTBETCTBYIONIMX OJIMHAKOBBIM TEMIIEpaTypaMm.
2.2. To xe camoe TpojenaTh HPH YMEHBIIEHHH TEMIIEPaTYphI
WCTOYHMKA M3ITy4deHus 1.
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2.3. Paccunrath cpemHHe 3HAYCHHWA ITOKa3aHWH BoOIbTMETpa 4,
94TOOBI UCKIFOYHUTH IMOTPEHIHOCTh THCTepe3nca 3aBHCHMOCTH HANPSDKCHHS
OT TeMIIepaTypEL.

2.4. Tlo TONy4YeHHBIM JAHHBIM IIOCTPOUTH TI'PATYHPOBOUHYIO
KPHUBYI0 — 3aBHCHMOCTb TEMIEpaTyphl 0ObekTa I OT HANpsDKCHUS Ha
muponpuémanke U. HaifTn QyHKIINIO anmmpoKcHMAaIny.

3. M3mepuTh NOTOK U3ITyYEHUS Teja, YKa3aHHOTO MperoaaBaTeiemM, ¢
HEHM3BECTHOM TeMIepaTypoil.

3.1. Cusarb nokazanus BoabT™MeTpa 4.

3.2. OrmpexnenuTh TeMIepaTypy Teia Mo TpagyupOBOYHOI KPHBOIL.

3.3. OueHHuTh TOTPEUIHOCTh HW3MEPEHUs TeMIepaTypbl Tela
KaJIMOPOBAaHHBIM ITHPOJATYHKOM.

Coaep:xanue oT4yera

1. Heo0xoaumble TEOpETHYECKHE CBEACHHS.

2. OyHKIMOHAIbHAS CXeMa JIa00PaTOPHON YCTAHOBKH.

3. T'papgyupoBovHasi KpUBas HUPOIIEKTPUUECKOTO JaTUHKA.

4. OyHKOWS  anmpoKCHMAallMA W 3HAYCHUS KO3 (PHUIMECHTOB
anmpoKCUMUpYIOMeH QyHKINH

5. Or1eHKa NOTPENIHOCTH H3MEPCHHN.

6. BrBogsl o padote.

KonTpoabHbie Bonpochl

1. TlpuHIMOBI ¥ METOABI M3MEPEHHs TeMIepaTypbl OECKOHTAaKTHBIM
METOJIOM.

2. Tlupooanexkrpuyeckuii addexr: (uzngeckas CYILHOCTb,
MTUPOIJIEKTPUIECKNE MATEPUAIIBL.

3. MeTposoruueckie  XapaKTepPUCTUKH  ONTHYECKUX  JaTYMKOB
TeMInepaTypsbl.

4. ®yHKIMOHAJbHASA CXeMa ONTUYECKOTO MUPOMETpa.

5. Bonomerpsl. [IpuHIINIBEI pabOTHI, KOHCTPYKIIUH.
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Hean paéoTsl
O3HaKoOMJICHHE ¢ TTPeoOpa3oBaTeIsIMH HAa OCHOBE TEH30PE3HUCTOPA, OI-
peneneHne OCHOBHBIX TapaMeTPOB TEH30PE3UCTOpA.

Teopernueckasi 4acThb

3HaHME MEXaHWYECKUX HAaNpsHKEHUH, KOTOpbIE BO3HUKAIOT B KOHCT-
PYKIMU TIPH ONPEIENCHHBIX YCIOBUSAX 3KCIUTyaTalllH, SIBISIETCS TJIABHBIM
ycioBreM ee (DyHKIMOHMpoBaHUA. M3Mepenue nedopmanuii B COOTBETCT-
BYIOITMM 00pa30M BBIOPAHHBIX 00JIACTSAX MO3BOJISIET BHIYHCINTH BHI3BIBAO-
IIMe UX HaNPSDKEHHUS.

TeHzope3ucTopaMy Ha3bBIBAIOT NPEOOPA30BATENH, OCYIIECTBIAIONINE
npeoOpa3oBaHue MeXaHMYEeCKUX JedopManuii B ©3MEHEHHE 3JICKTPUUECKO-
TO CONPOTHUBICHUS, T.€. IpeoOpa3oBaTeNn, OCHOBaHHbIE Ha TeH303(dekTe.
PacnpoctpaneHre moay4duian MPOBOJOYHBIC, (PONBIOBBIC U MOIYIPOBOIHH-
KOBBIE TeH30pe3ucTopsl. Ha puc. 1 mokasaHa KOHCTpYKIUSI TPOBOJIOYHOTO

TEH30MpeoOpa3oBaTes.
3

—
s

E

Puc. 1. TIpoBostouHBIi TeH30MPeoOpa3oBaTeib
1 — pemreTka, 2 - H30IMPYIOIIAS TTOMIOXKKA, 3 - H3OJSIIIUOHHBIN CIIOMH,
4 — BBEIBOJIBI

[IpeoOpa3oBarens HAKIEUBACTCS HA MOBEPXHOCTh HCCIEIYyEeMOU AeTa-
T TakKUM 00pa3oM, YTOOBI BUTKH OOMOTKH OBUTH TIapaJuIeTIbHBI HampaBiie-
HUIO Bekropa aedopmarmu E. [pu nedopmarum nerann BUTKH OOMOTKH
YVATUHSIOTCS WA YKOPAYMBAIOTCSI, YTO BBI3BIBAET U3MEHEHHE COTPOTHBIIES-
HUs patauka. [Ipu pefictBun pedopMmaru E B MOMEPEYHOM HAMPABICHUU
W3MEHEHHUs] He MPOWMCXOIUT, TOCKOIBKY YIJUHEHUS MPOBOJHUKOB HE Ha-
omomaercs. dedopMalun moIBepraroTcs y4acTKA U3rHOOB BUTKOB PEICT-
KH{, pa3Mepbl KOTOPBIX MaJIbl B CPABHEHHH C UTHHON PEIIeTKH.
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JampHeWmmM pa3BUTHEM IPOBOJOYHBIX TEH30IpeoOpa3oBaTeneil sB-
JsieTcsl KOHCTPYKLMS (pONbroBoro TeH3opesucrtopa. Pemerky ¢oiabsrooro
npeoOpa3oBaTeNs MOIy4ar0T METOAOM BBITPABIMBAHUA W3 (DOIBTH TOJIIH-
HOM 1-12 MKM, HaHECEHHOH Ha JTaKOBYIO OCHOBY. TEeXHOJOTMUYECKHH Mpo-
[IECC M3TOTOBJICHUS ITO3BOJIACT MOMYYUTH MPAKTHUECKH 00y GopMy n
pa3Mepbl peIeTKH. JTO SBISAETCS OOJBIINM JTOCTOMHCTBOM (DOJIBIOBBIX
TEH30MpeoOpas3oBareneil mepesn MPOBOJIOYHBIMH. J[pyrHM CYIIECTBEHHBIM
JIOCTOMHCTBOM SIBJISIETCS OOJIbIIIasi AOMyCTUMAas IUIOTHOCTh TOKA MO TEH30-
PE3UCTOPY BCIEACTBUE TydlIed TEIUIOOTAAYH OT IUIOCKHX TOHKHUX BHTKOB
pemeTky. DONBroBele AATYUKU SIBIAIOTCS AATYMKAMU OJAHOKPATHOIO JeH-
CTBHsI, U IOBTOPHO UCTONB30BaTh UX HAa IPYTOM MECTE yXKE HENb3s.

B Hacrosmiee Bpems 0OJBIIOE PACIPOCTPAHEHHE ITOJIYYMIN MOIYIPO-
BOJTHHKOBBIC TEH30PE3UCTOPHI, OJaromapst BEICOKOMY KO3((GHUIMECHTY TEH-
30uyBcTBUTENBHOCTH (B 50 - 200 pa3 Bblle, YeM Y IIPOBOJIOYHBIX U (OJIBTO-
BBIX). OTO OOBSICHAETCS CHIIBHO BBIPQKEHHBIM T€H303((EKTOM y TepMaHus,
KPEMHHS, apCeHUAa TAUTUS U APYTUX MOIYIPOBOJHUKOBBIX MaTepHAIIOB.

KoHcTpykiusi NOIynpOBOOHUKOBOIO TEH30PE3UCTOPA IMPEACTABISAET
co00i1 IIacTUHY U3 MOJIYNPOBOJHUKA, K KOTOPOH MpHIMasHbl BBIBOILI. [1pn
nedopmanny MIaCTHHBI H3MEHsIETCS ee conpoTHBieHne. OMHOM U3 MepBBIX
KOHCTPYKIMI NAaTYUKOB C HCIOJIb30BAaHHEM TEH30PE3UCTUBHOIO 3 dekra
CTalll TaTYMKHA Ha OCHOBE CTPYKTYp “KpeMHHil Ha camndupe”’. OHH HMEIOT
IIMPOKUI TeMIepaTypHBII AMANa30H, BBICOKHE SKCIUTyaTal[MOHHBIE Xapak-
TEPUCTUKH U OTHOCUTENBHO BBICOKYIO CTOUMOCTD.

Toepewnocmu menzope3ucmopos

IMorpenHOCTH N3MEPEHHST TEH30PE3UCTOPAMH BOHHKAIOT 33 CUET Clie-
JYIOLIMX OCHOBHBIX (DaKTOPOB:

B piusHue TeMIepaTypbl IPeoGpa3OBATENS Ha €T0 CONPOTHBIIEHUE
JIMHEMHOE pacUIMpPEHUE;

B u3MeHeHnMe XapaKTEPUCTUKH, BBI3BIBAEMOE OCTATOYHBIMH Je(op-
MalUsMH B TpeoOpa3oBaTelie MpU JUTUTEIBHOM JCHCTBUH HAarpy3oK, Onu3-
KUX K JOITYCTUMBIM;

M HeBOCIPOM3BOAMMOCTE XapaKTEPUCTHKU NPH HATPY3KE M Pasrpys-
Ke;

B usmeHenue KpyTH3HBI XapakTEPUCTUKU TPe0oOpasoBaTels OT Bpe-
MEHH H3-32 CTapeHMs] MaTEPHAIOB, OCOOCHHO H3-32 M3MCHCHHSI CBOWCTB
KJISSIIUX KOMIIOHEHTOB;

B cuHwKeHHe UYBCTBUTENBHOCTH NPU YBEJIMYEHUH 4aCTOTHI Jeopma-
HHﬁ, Korjga IJIMHa 3ByKOBOI\/’I BOJIHBI B JC€TAJIN CTAHOBHUTCS COHBMepHMOﬁ C
6a30if npeobpaszoBaTeIs;

B nenvHelHHOCTL KOX((UIMEHTA TEH30UYBCTBUTEILHOCTH B 3aBUCH-
MOCTH OT JiepopMalyy y IOIYIIPOBOIHUKOBEIX TEH30PE3HCTOPOB.
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Tenzoagpghexm 6 memannax

VYIenpHOe CONPOTHBICHHE OOJBIIMHCTBA METAaUIOB YMCHBINAETCS C
YBEJIMYCHUEM MPUIOKSHHOTO K HUM IaBJICHUs. JIeHCTBUTENBHO, COKpalle-
HHe 00BbeMa U, CIICOBATEIILHO, MEKATOMHBIX PACCTOSHHI, BEI3BAaHHOE JaB-
JIeHHEeM, IPUBOJHUT K YMEHBIICHUIO yIEIbHOTO CONPOTHBICHUSA. YIeNbHOe
COTIPOTHBIICHHE METAJIa 3TO, B YaCTHOCTH, MU PY3NOHHBIH OTTOK CBOOOA-
HBIX JJIEKTPOHOB CKBO3b aTOMHYIO pelleTKy. Bo3moxxHocTh muddy3un tem
BBIIIIE, YeM OOJIbIIIe aMIUTUTYABI KoneOanuii atoMoB. C yMEHBIIIGHHEM STde-
€K aTOMHOMW PEILEeTKH NMPU COMMKEHUH aTOMOB BO3PACTAIOT CHJIBI X B3aHM-
HOTO NIPUTSKEHHMS, M3-32 Yero YMEHBIIAIOTCS aMIUINTYIbl aTOMHBIX KoJIe-
Oannii. [Ipu 3ToM BeposTHOCTH UG GY3UN CBOOOIHBIX IIEKTPOHOB CHIKA-
€TCsl, YTO U MPUBOAUT K YMEHBIICHHUIO YACIBHOTO COMPOTHBICHHUS.

Tenzoagpghexm 6 nonynpogooHukax

[pupony tenzoddpdekra B MpUMECHBIX MONYIIPOBOJHUKAX ITO3BOJISET
O0OBSCHUTH TEOpETUIECKast MOJIEIb, Ha3bIBaeMasl ‘‘MOJICIBIO0 TOJIHUH .

B xpucramre kpemHHS N-THIIA, UMCIOIEM KYOHYECKYIO CTPYKTYpY,
BIOJh KaXKIIOW W3 TpeX ocell KyOa ecTh MUHHMAIBbHBIH JYHEPTeTHYCCKHUN
YPOBEHb 30HBI IPOBOIMMOCTH, COOTBETCTBYIOIUHA “mommue”. M3 coobpa-
JKCHUH CHMMETPHUH BCe “NOJHMHBI (MX TPW) ONWHAKOBHI M OJMHAKOBO 3a-
TIOJTHEHBI CBOOOMHBIMHU 3JICKTpPOHAMHU. B Kaxmo#l “monmHe” MOIBIKHOCTH
9JIEKTPOHOB BJIOJNb COOTBETCTBYIOUICH OCH MHHUMAalbHA, W, HA00OPOT, B
MEPICHIUKYISPHBIX HAMIPABICHUAX TOABIKHOCTh ITHUX JJIEKTPOHOB MaK-
CHUMalbHA. Y IeNbHas TPOBOIUMOCTH KaXK/I0H U3 Oceil HMeeT BH:

o=0n(uy+H,), 1)
rie N — MIOTHOCTE JJIEKTPOHOB B KaxA0W “monune ”; QN — IpeacTasis-
€T BKJAJ 3JEKTPOHOB ‘“‘NOJUHBI’, MapajUIeIbHOM 3JIEKTPUUYECKOMY IOJIIO;
QN | — BKJIJ KaxJI0H U3 “IOMMH”, NepIeHUKYIAPHBIX K oo E (puc. 2,
a). TlpunoxeHne MEXaHWYECKOTO HAMPSDKCHHS CIErKa MEHSET pa3sMephl
KPUCTAJUIMYECKOW DEIIeTKH M IMPUBOAWT K HW3MEHEHHWIO B HACEIEHHOCTH
“nonun”. HampuMep, Ipu pacTsKEHUH BIOJIb OcH X N 3JIEKTPOHOB “‘TIOJH-
HBI” X mepemMeraeTcst B “monuHb” Y U Z, TaKk YTO MEHSETCS yaelbHast Ipo-
BoauMocTh. Ecim snexTpudueckoe mojie E mapaniensHO MEXaHWIECKOMY
HarpspKeHuro (puc. 2, 6), U3MEHEHNEe MTPOBOANMOCTH (IIPOIOIBHBIN 3P deKT)
BBIpayKaeTcs: POPMYIION:

Ao, =q(-Anpy +Anp, ) =gAn(u, —py); As,>0. (2)

Ecnu xe anextpudeckoe noje E NepneHAUKYISIPHO K MEXaHUYECKOMY

HanpspkeHnio F (puc. 2, 6), To u3meHenne AG; yoenbHON MPOBOAUMOCTH
(monepedHsIi 3P PEKT) 3aIMHCHIBACTCS CIIEIYIONIM 00pa3oM:

An

An
Ao, = q(=—pp +
t Q(ZHU 5

1
) :%An(uu —1,); Aoy :—EAW- @)
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IIpy cxkaTUM BIEKTPOHBI IEPEMEIIAOTCS B OOpaTHOM HalpaBICHHU:
An/2 35exTpOHOB U3 Kax10# “momuub’” Y U Z Iepexo st B “nonuny” X.
Torma umeeM Ay IPOIONBHOTO U TIONEPEIHOTO I PEKTOB:

Ao, =qAn(uy—p,), (4)
Aoy = %AH(M' Hap) - ®)

B cny4yae kpeMHUs P-THIA TPOIOIBHEIN U MOMEpPeYHbIi 3P PeKT Takxke
HAOJFOIAIOTCSI, HO OHM OTJIMYAIOTCS 3HAKOM OT 3(h(heKkTOB, HAOIIOIaEMBIX B
KPEMHHH N-THIA. ITOT (PaKT He OOBIACHIETCS MOAEILIO “IOJINH".

Puc. 2. PactipenencHue 3eKTPOHOB COTIACHO TEOPHUH *“ TOIMH ~ B KPUCTAI-
Jie KpeMHHs N-TUMa (JUTUICKHI, 03HAYAIOT “OJHMHBI’): @ — B OTCYTCTBUE Me-
XaHMYECKOTO HaIpsHKEHHS MO0 MY NMapaJuIebHOM HANPSDKEHNH; 6 — ITpH
MIePIEHANKYIIIPHOM HAIPSHKEHUH; 6 — TIPH TIEPIIEHANKYIISIPHOM HampshKe-
HHUH C IPUJIOKEHHBIM DJIEKTPHUYECKUM T0JeM £

Memponozuueckue xapakmepucmuxu npeobpasosamenei

Pe3ucropHblie 1aTYMKK SIBISIFOTCS] TACCMBHBIMH, TaK Kak OHH Tpeodpa-
3YIOT B M3MEHEHHE COIPOTUBIICHHSI UX COOCTBEHHYIO JehOopMaluio, IpakK-
THYECKH paBHYIO Aedopmainuu o0pasia B 00JaCTH 3aKPEIUICHUS JaTYnKa.

Hedopmaruu, usmepsiembie ¢ morpenrHocteio 10 0,1%, nexar B 00-
nactu npuMepro ot +10° 1o #2107, Hikuuii npejen n3MepeHHuii onpe-
JIeTsieTcsl NIyMaMH JiaTiuKa M CBSI3aHHOM ¢ HUM 3JIEKTPUYECKOH CXEeMOH;
BEPXHUI IpeJiell 3aBUCHUT OT YIIPYTrOCTH AAaT4MKa U (PUKCUPYIOIIETO KiIesl.

OOBIYHO JTaTYMK COCTOUT M3 CETKH, 00pa30BaHHOW HUTEBHIHBIMH IIPO-
BOJIHUKAMH C Y/IEJIbHBIM COIPOTHUBIICHUEM P, IUIOIIA/IBIO TONIEPEYHOrO Ce-
YeHUs] HUTU S W JJIMHOHU N/, e /— AjrHa OJTHOr0 HUTEBUIHOTO JJIEMEHTa,
a N — UX KoJau4ecTBo. J{J11 MeTaIMyecKnX JaT4nkoB N OOBIYHO COCTaBIISET
ot 10 1o 20, a 1751 NOTYNPOBOAHUKOBBIX — PaBHO 1.

OnHOI M3 OCHOBHBIX XapaKTePHCTHK TEH30aT4nKa SBISETCS KOdpdu-
LHeHT mpeobpaszoBanus K (KOIPPUIHMEHT TEH309yBCTBUTEIBHOCTH):

A
AR/R"
6

(6)
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ComnpoTuBIIeHHE JAaTINKA ONPEIEIACTCS BHIPAKCHUEM:

n/
R=p—. 7
ps (7)

[on nefictBuem nedopManuy CONPOTHUBICHUE TaTYNKa U3MEHSIETCS Ha

AR Al AS  Ap @

R L S p
[IpenensHast medopmanysi HUTH MPUBOAUT K W3MEHECHHUIO €€ IoIeped-
HBIX Pa3MEpoOB - CTOPOH au b B ClIy4dac NpsAMOYTroJbHOI'0 CCYCHUA, AUaMECT-
pa d st kpyrioro cedenus. Ilomepednast aepopMartis TPOTOPIHOHATbHA

IIPOJOJIbHOMU:
ﬁzibzﬂz_vﬁﬁj, ©)
a b d 1

rae v — koa¢p¢umment [Tyaccona, kKoTopsrit 030k k 0,3 B 00acTd ynpyrux
nedopmanuii.
Hockomeky S=ab (mmn S=zd%/4), nveem:

£ =-2 V[A—q : (10)
S 4

Meraundeckiue M MONMYINPOBOAHUKOBBIC JATYHKH PA3IMYAIOTCS Kak
BBIPXKEHUSIMHU U1 M3MEHEHHSI YJEIBHOIO CONPOTHUBIIEHHs Ap/p, Tak U €ro
BEJIMYUHOM. J[JIsI METAIIMIECKUX JaTYUKOB HCIOJb3yercst Gpopmyna bpua-
JKMEHA, CBSI3BIBAIOIAS M3MCHCHHE YACIBHOTO COMPOTHBIICHUS ¢ H3MCHEHH-
eM oObema V:

Ap _ C(ﬂ) , (11)
p Vv
e ¢ — KOHCTaHTa BpI/IIDKMeHa.
Iockomnbky V=Sn/,
AV Y
=L o@-2v)= 12
v ( ) 7 (12)
nu
ﬂzc(l_zv)(A—fj, (13)
p 14
TO OTCrOJ1a CJICAYCT:
A—Rz{(1+ 2v)+c(1—2v)}&=KT(A—€ , (14)
R 1 ¢
Ky =1+2v+c(1-2v). (15)



VYuuthiBas 4MCICHHbIC 3HAUeHHUsI TOcTOsHHBIX (1=0,3; c~1), nomy4aem,
YTO JJISl METAIIMYECKUX NaTYNKOB K7 =2,

Jnst moJynpOBOJHUKOBBIX JATYMKOB P 3aBUCHT OT HANpPSDKCHUS G U
K03(ULMEeHTa THE30PE3UCTUBHOCTH T. BhIpakeHne nMeeT BU:

£=TEG=TI¢YM , (16)
p L

rae Y — moxyns FOHra marepuana.

KoaddummeHT n1he30pe3uCTUBHOCTH T 3aBHCHUT:

B oT opueHTAIMM PE3UCTHBHBIX MOJOCOK OTHOCHTENHHO KPUCTAILIO-
rpaduyecKux oce;

B or tuna (N WK P) U KOHIEHTPAIIMH PUMECEH.

TakuM o0pa3om, IS HONYIIPOBOAHMKOBOTO JATYMKAa M3MEHEHHE CO-
MMPOTHUBJICHUA MOKHO 3allMCaTh TaK:

A—Rz{(1+2v)+nY}A—£, (17)
R l
OTKyJa
Ky =1+2v+nY. (18)

Koapunment npeoOpazoBaHus MOIYIPOBOJHUKOBBIX JaTYUKOB JI0C-
TuTaeT abcomoTHBIX 3HaueHui ot 100 mo 200, a ero 3HaK ompeAemnsIeTcs
THTIOM TIPUMECH.

Jluneiinocmo

JluneiiHast 3aBHCHMOCTh MEXIy CONpPOTHBIEHHEM M Jedopmanmen
obecrieunBaeTCs, €CJIM HUTh JJaTYMKa OCTaeTcs B Ipelenax ynpyroctu. Kak
TOJILKO AeopMarius BRIXOAUT 3a mpeaen ynpyroctu (| A¢/C | coctasisier ot
0,5% no 20% B 3aBECUMOCTH OT MaTepHana), kodddurnuent [Tyaccona Bo3-
pactaet 10 0,5, 1 Ko3QPuIHEHT MpPeoOpa3oBaHUsI JaTYHKA PUOIHIKACTCS
K 2. Hanpumep, s crumaa “nzoanactuk” K1=3,5 npu | AL/ | <0,65%, a 3a
3TUM npeaeaom Ky =2.

VY Takux cIuaBoB, Kak “(eppH”’ M KOHCTaHTaH, ¢ KO3(P(HHUIMEHTOM
nmpeoOpa3oBanus, OJM3KUM K 2, Kt TIOYTH HE M3MEHSETCS MPU BHIXOJE 3a
IpezieN yIpyrocTH; OJJHAKO MPU 3TOM B HUTH JaTYHKa HAKAIUTMBACTCS OCTa-
ToYHasi JedopMaius U NPOUCXOJUT HEOOpaTUMOE U3MEHEHHE COMPOTHUBIIE-
HUSA (THCTEPE3HC).

3naveHue Kt AUl MOJIYNPOBOJHUKOBBIX JATYMKOB OIPEIEIsieTCs] KOH-
HeHTpanuei npumeceil. Ero abcomoTHast BeMYMHA PaBHOMEPHO yOBIBaeT
MPY BO3PACTaHUM KOHIIEHTPALMH IIPHMECEH.

Ctporo roBopsi, U3MEHEHHE COIPOTUBIICHHUS B 3aBUCUMOCTU OT JIe-
(dhopmaiy He SBISETCS JTMHEHHBIM:

ARIR = K& + K»& + K& (19)
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Bce ko3¢ ¢unments! Kj 3TOT0 BBIpa)XKEHHS 3aBUCAT OT KOHLCHTPAIUU
npuMece ¥ OOBIYHO MOYKHO OTPAaHMYMTHCS BTOPOHM CTENeHblo. Bemumumna
K, nmeer nopsiiox ot 10% o 10, IIpUYEM JAaTYUK Ha HOJYIPOBOAHUKE P-
THMna OoJiee JIMHEEH MPH PACTSDKEHUH, a JaTYMK Ha MOJIYIPOBOJHUKE N-TUIIA
— TIpH CKaTuH. V3 mMpeapIIyInero BEIpaKeHUsI MOTydaeM T Ko QuIleHTa
npeoOpa3oBaHMs:

K=Ky + Kye + K3é (20)

Bemnmunnaa Kt 3aBHCHT 0T AedopMaliiy, HO BCETrla BOSMOXKHO BBIOPATh
MaKCHUMaJIbHOE 3HAYEHHUE &, HIKE KOTOPOro Kt MOXKHO paccMaTpUBaTh Kak
KOHCTaHTy (C 3aJJaHHOHM TOYHOCTHIO). JINHEITHOCTh MOXKHO TOBBICUTH, yBe-
JIM4YUBasi KOTMYECTBO NMpUMecel. Tak y JaTYMKOB CO 3HAYUTENBHON KOHLIEH-
Tpauuein Jerupyrouieil npuMecu JMHEUHOCTh MOYTH TaKas )K€, YTO U y Me-
TaIIMYECKUX JaTYUKOB. Pazymeercs, B 3ToM ciydae cHukaercst Kr.

Conpomuenenue

VienpHOe CONPOTHBIICHUE MaTepuala JaTduka JOJDKHO OBITh J0CTa-
TOYHO BBICOKHM, 4TOOBI TpeOyemble 3HaueHHs comnpotusieHns (ot 100 go
5000 OM) JOoCTUTANINCh HAa JTOCTATOYHO KOPOTKOM HUTH M 0O€3 CyLIeCTBEH-
HOTO YMEHBIICHHS €€ MONepeyHoro cedeHus. Upe3MepHas UIMHa IPUBOINUT
K 3aBBIHICHUIO pasMEpa AaTUUKa, MEHBIIIEH TOJIIUHE HUTU COOTBETCTBYCT
Oostee caOblil M3MEPSAEMBIH TOK; U TO, M APYTO€ YMEHBIIAET YyBCTBUTEIb-
HOCThb JaTyuka. /[y TOJIYyNpOBOJHWKOB Y/AENBHOE CONPOTHBICHHE P
YMEHBINAETCS IO MEPE MOBBIMIEHUS KOHIIEHTPAIMH TpuMeceil. ITo cleayeT
13 O0IIEro BEIPAKEHUS AT P:

1
P=a(unn+upp)7 (21)

re ( — abCONIOTHOE 3HAYEHHE 3apsi/ia AMEKTPOHa; N M P — COOTBETCTBEHHO
KOHLIEHTPAIUK 3JIEKTPOHOB U ABIPOK; Lih U L4y — UX MOJIBHKHOCTH.

N ~Ng ¥ p<<N, oOTKyIa IUIi MOIYIPOBOJHUKOB N-THITA C KOHIICHTPAIHEH
JIOHOPHBIX aTOMOB Ny

o= 1
qun Ny ,

p #N, u N<<p, oTKyJa A MOJYNPOBOJIHUKOB C aKLENTOPHBIMHU
npumecsiMu N,

(22)

o= 1
qupNa

H3MeHeHne COMPOTHBIICHUS OT TEMIIEPATYPhl NMPOUCXOAHT CIEIyIO-
M o0pazoM: Tpu TemiepaTtype MeHbie 120 °C ynenbHoe CONpOTHBIICHHE
£ YBEIMYHBaeTCA C POocToM 7, a TeMIepaTypHbId Kod(hdUIHeHT, Oymaydu

(23)
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HIOJIOXKUTENBHBIM, YMEHBIIACTCS C YBEJIMYCHHEM KOHLICHTPALUH BBOIMMBIX
HpHMeceif; IpU BEICOKHX TEMIICpATypax O YMEHbIIAETCs ¢ yBeMYeHHeM 7,
a TKC, Oynyun oTpULaTeIbHBIM, HE 3aBUCUT OT KOHLIEHTPAIMH IIPUMECEH, a
saBIsieTcs K03 (OUITEHTOM CaMOTO KPEMHHS.

Xapaxmepucmuxu meH300am4uxa 8 OUHAMUYECKOM Pexcume

XapakTepUCTUKOW TEH30JaT4MKa B JUHAMUYECKOM PEXHME SBIISCTCS
MaKCHUMaJIbHas TOIycTUMasi 4yacToTa. CymecTByeT KaKk MeXaHH4ecKash Mak-
CHMaJlbHasl AOIyCTHMAasi 4YacToTa, TaK M 3JIEKTpUYecKas MaKCUMaJlbHas J10-
IycTHMasl 4acToTa.

MexaHuueckre YaCTOTHbIE OTPaHMYEHUs 3aBUCAT OT CIIOco0a 3aKpen-
JeHHs W pa3Mmepa Jarduka. basa mpeoOpaszoBaTens NOJDKHA OBITH ropaslo
MEHbIIIE JJIMHBI BOJIHBI MEXaHMYECKUX KOJIeOaHUH ¢ TeM, YTOObI u3Mepsie-
Masl MOJ JaTYUKOM JAedopmanms OblIa mpakTUuecku ogHopoaHa. Kak mpa-
Builo, npuHuMaror / < 0,14. JInuna BonHbl A nmponosipHON BHOpanuH, co-
OTBETCTBYIOIICH TUHAMUYECKOW Harpyske, uMmeet Boipaxkenne A =V/f | rae
V - ckopocTh 3ByKa B MaTepraiie oopasua; f - yacrora.

ve | Y 1-v , (24)
d (1+v)(1-2v)
rae Y — moayas HOHra; v - kosdpdunuent [lyaccona; d — mioTHOCTH MaTe-
puana obpasma.

VYuuTeiBasi 3T0, MaKCUMaJIbHAasl 4aCTOTa BUOPAIMHU IIPH UCTIOIb30BAHUU
JIATYHKA JUIMHON ¢ ompenenseTcs: COOTHOmeHueM: f. =V/(10 4).

DJeKTpUUECKHe YaCTOTHBIE OIPaHUYEHHsI OOYCIIOBIMBAIOTCS TE€M, YTO
Yy TEH30PE3UCTOpa UMEETCs napa3uTHast eMKocTh 0koio 20-100 nd B 3aBu-
CHUMOCTH OT KOHCTPYKTHBHBIX OCOOCHHOCTEIA.

Cxemul 6KI0UEHUA MEH30PEIUCNOPOS

[pu u3MepeHnn ynpyrux aedopmaryii HakJIieHBaeMblil TCH30PE3UCTOP
pacroJyiaraeTcsi Ha JeTalid B HalpaBJICHUM [VIABHOU (M3MepsemMoit) nedop-
Manuu. Toraa OTHOCHTENbHOE U3MEHEHHE CONPOTHBIEHHS TEH30PE3UCTOPa
AR/R u oTHOCHUTENbHAS AehopMaLus OyAyT CBs3aHBI COOTHOILICHUEM:

R l
B npeznenax ynpyrux aedopmaiiuii TeH30pe3UCTOPbI XapaKTePU3YOTCS
HeOOJIBIIMM M3MEHEHHEM COIPOTUBIICHHS, KOTOPOE HYXXHO NMpPeoOpa3oBbI-
BaTh B OOJIBIIME OTHOCHUTENIbHBIE M3MEHEHHUS BBIXOIHBIX H3MEPUTCIBHBIX
BEJIMYMH. BBICOKYIO TOYHOCTH NPH 3TOM MOT'YT OOECIICUUTh JBa METOAA -
HyneBoil n nuddepennuansaeidi. O6a MeTOAa peaau3yroTcs MO OJHOHM cXe-
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Me BKJIFOYCHHUS] - MOCTOBOW. HyieBoMy MeTOJy COOTBETCTBYET PaBHOBEC-
HBIN peXXUM paboThl MOCTa, AU (HEPECHIINATHFHOMY - HEPaBHOBECHBIH.

Cxema npocreiiniero mMocra (puc. 3) cogepxur: R1, R2, R3, R4 — pe-
3UCTOPBI OTJENBHBIX [UIEY MOCTA; MCTOYHHK MuTanus U, XapakTepu3yeMblii
BHYTPEHHHM COTIPOTHUBJICHHEM R;; 31eKTpoHHBIH BoibTMETp V. McTOUHUK
MUTaHUS NOAKIIOYEH K TaK Ha3bIBAEMOU JMArOHANW MUTAHUS, BOJIBTMETD -
K M3MEPHUTEIBHON NuaroHaiu. TeH30pe3ucTop, BOCIPHHUMAIOIUHN aedop-
MaIlyH, BKJIOYEH B 04HO 13 ey (R1).

CocTosiHAE MOCTa XapaKTepHU3yeTcs HANPsDKCHUEM Ha M3MEPHUTEIBHOM
JIMaroHasy (HanpsuKeHHE MEKITy TOUYKaMH a U 6):

R1 R3
ao =U -
R1+R2 R3+R4

B ucxoanom coctossHuu MocT ypaBHoBemieH. [Tonoxus U,z = 0, momy-
YHM yCJIOBUE PaBHOBECHS MOCTA:
R1 R4 =R3R2. 27)
ITox neiicTBueM aedopManMu CONPOTUBICHHE TEH30PE3UCTOPA HU3Me-
HSETCS, YTO MOJKHO TPENCTaBUTh Kak mpupamenne R1+A4R, roe #4R - 3Ha-
KoIlepeMeHHas (PYHKIHMS U3MEePseMbIX HaNpsDKeHUH Wil nedopManuii.

(26)

R1 R3

o AW

R2 R4

Puc. 3. Pe3uctuBHbIil MOCT

Onncanne J1a60paTOPHOro MaKeTa

B cocraB makera ans mpoBeaeHus tadopatopHoii pabotel “Uccriemno-
BaHHE METPOJIOTMUYECKHX MapaMeTPOB TEH30JaTUHKOB” BXOMAT CIEAYIOIINE
anemenThl (puc. 4). TensogaTunk R1 BKIFOYEH B MOCT TOCTOSIHHOTO TOKA.
OH npuKJIeeH K IUIaCTHHE U3 OPICTEKIIa, 3aKPEIUIEHHON ¢ IOMOIIBIO CTPYO-
bl (Ct). [TnactnHa MokeT M3rndaThes BpalieHueM OapabaHa MHKPOMET-
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pa (Mxk). Pesucropom R3 ycramapmmBaeTcss HOJb Ha W3MEPUTENBHON IHa-
TOHaJIM MOCTa NPHU OTCYTCTBUH AedopMaly IacTuHbl. HanpspkeHue pas-
OanaHca yCHIIMBAeTCS C MOMOIIBIO yewiuTenst noctossaHoro toka (YIIT) u
nonaércst Ha BonbT™MeTp (Tuma B7-21). YIIT nuraercss OT UCTOYHMKA Ha-
npsokenns BIT (BUIT — 010). Wsmepurenbubiii moct u YIIT Haxomsrcs
BHYTPH JIIOMHHHEBOTO KOpITyca.

CcT

B

R3

1 vynT B7-21

R2 R4

Puc. 4. MaxkeT nabopaTOpHO# yCTaHOBKA

IMopsaok pacyera TEH30AATYMKA

ITnacTrHa, HA KOTOPYIO HaKJIeeH TEH30[aT4MK, MpeTepreBaet aedop-
Manuio u3ruba. C MOMOIIBI0 MUKPOMETPAa MOYKHO M3MEPUTH PACCTOSHHE,
KOTOPO€ TMPOXOJUT KOHEI[ TIACTHHBL. [IpH 5TOM BEPXHHH CIOM IIACTHHBI
pacTATUBAETCS, CIEA0BATENbHO, TEH301ATUMK Ae()OPMUPYETCS O JIEHCT-
BHEM pPACTATHBAIOIIEH CHIBI. PaccunTaeM OTHOCHTENBHYIO Ie(pOpPMAIfio
TEH30/1aTUHKA.

Kak usBecTHO, yuiMHeHHe OaJKK MO/ BO3JEHCTBHEM PaCTATHBAONICH
ciIbl (YCHIIE MEKPOMETPA) MOYKHO MPEACTABUTE B BUJIE:

A= ¢ 4, (28)

rae {p — nepBOHAYalbHas JjIMHA OalKH; € — OTHOCHTENbHAs JedopMariys
OajKu.

£=—, (29)
Y
I7Ie 0 — MEXaHUYECKOE HAIPSHKEHHE, BO3HUKAIOIIEE B TOUKE MPUIIOKEHHS
CHJIBI K OaJke mpu ee u3rude; Y — MOIyNb yIPYrocTH MaTeprana.
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C npyrod CTOPOHBI, TMOX ACUCTBHEM NeQOPMHPYIOMICH CHIIBI Kpaii
0aJKu mepemenaercst Ha paccTostuue AX

2AxY D
o= —12 , (30)
Lol Log—=F
O( 0 3 Oj
rae AX — mepeMelenne Kouna 6anku; h — tommuaa Gaikmy.
Koadpunment ynmmuenus:
-0 0
g!

roe /=4 + A/

Y AMHEHHE CaMOT0 TEH30PE3UCTOPA COCTABUT:

Aly=Ssa, (32)
riae Sg — 0a3a TeH30pe3UCTOPa, HAKIICCHHOTO Ha OaJKy.

dopmyria MO3BOJISET PACCUYMTATh OTHOCUTENBHOE YUIMHEHHE TEH30Pe-
3MCTOpa B 3aBUCHMOCTH OT MEPEMEIICHHUS HE3aKPEIUIEHHOTO Kpasi OaJKu H,
KaK CJIEJICTBHE, HEIMOCPEICTBEHHOTO YIMHEeHuUs camoi Ganmku. OHa crpa-
BEJJIUBA B TOM CIIydyae, CCIIM TCH30JaT4YHK 3aKPEIUICH OJIM3KO K 3aKperiéH-
HOMY Kpaio, a BeJIMYHMHA X - Masa.

Tenepsr paccynTaeM OTHOCHUTEILHOE M3MEHCHHE COTMPOTHUBIICHHS TEH-
3oxaTunka. Tensomaruuk (trmna ITKB — 0,2 — 200,8+0,2) sBaseTcs OOHUM U3
IUIEY MOCTa MOCTOSIHHOTO TOKa. Eciii MOCT cOaaHCHpPOBaH, TO HAMPSDKCHHE
HA WM3MEPUTENBHON JWAarOHadd PaBHO HYII0 M COMPOTHBICHUE aT4hKa
PaBHO COMPOTHUBJICHHUIO MOJICTpoeHHOTO pe3nctopa ( Ros= R3 =200,8 Om ).

IMpu wu3rube TIACTHHBI JAATYUK PACTITHBAETCS U €r0 CONMPOTHBICHHE
yBequuuBaeTcs. PaccunTaeM COMPOTUBIICHUE TEH30aTYNKA B 3aBUCMOCTHU
OT HANPSHKEHHS, KOTOPOE MOKAXKET BOJIBTMETD.

u__ER _ ER,
Ri+R, R3+R,’

_ ERy(Rg+R4)~URy(Rg+ Ry )—ER4R, R ER; —U(Rs +R,)
- U(Ry+R,)+ER, ~ ?ER,+U(Ry+R,)’
(34)

(33)

Ry

R,=R,=R, cnenoBarensHo
1:RER3—U(R3+R)
ER+U(Ry;+R)
Terneps ¢ yu€ToM TOTO, YTO HAMPSHKEHHE HA U3MEPHUTEIHHOM THUaroHa-
mu ycunmBaetcst B K = 20 pas:

(35)
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R ER; — KU(R; +R)

= ) 36
' U ER+KU(Rs +R) (39)
OTcro/ia I3MEHEHHE TEH30/1aTYUKA OYIET COCTABJIATH:
ARTD = ROl _Rl . (37)

Iopsinok BHINOJHEHNS JIAG0PAaTOPHOI PadoThI
1. HauepTuth Tabmuily B 0TYETE K JTAOOPATOPHOH padboTe.

DKcIepUMEHTANIbHAS Ta0IUIa
Ne ombITa 1 2 3 4 5 6 7 8 9 |10
X, MM
V, B
AR,, 10° Om
Aty 10'3, MM
KT

2. YcraHoBuTh Ha ucrounuke nuranus BUII - 010 Hanpsokenue 15 B
(mepexmouarensy “Tpy6o” — B momoxkeHue “20 B”, pydka perynmmpoBKd
IUIaBHO - B CPEHEM IOJIOXKEHUH).

3. IlpoBepurh mNpaBHIBHOCTh MOAKIIOUEHHUS IHTAaHUS K CTCHOY
(BHUMAHMUME: ecnu mepenyTaHbl HOJSPHOCTH WX MOJAHO HANpPSDKEHUE
TOJIBKO OJTHOW HOJISIPHOCTH, YCHIIUTENb BBIHIET U3 CTpos!).

4. TloncoenmuHWTh BOJNBTMETP K cTeHAy. Brximouuts mpubopsl. Ilo
BCTPOCHHBIM BoJbTMeTpaM mpubopa BUII-010 BeicTaBUTH HampspkeHHe +
15B u - 15B ¢ noMo1po pyyky “mjiaBHO”.

5. IIpomsBectn OanaHC MOCTa C IOMOIIBIO TOACTPOCHHOTO PE3UCTOpa
(rae3mo “Yer. 0” Ha cTeHe).

6. Bpamias 06apaban MHKpOMETpa, MOABECTH IMOJIBIXHOW INTOK K
IUTaCTHHE, He N3rnbas ee. 3anucarh MoKa3aHus MUKpoMeTpa X,.

7. 3ammcate B Tabmuily pe3yabTaTthl 10 m3MepeHuil, He NOMyCKaTh
nedopmanuii, mpu KOTOPBIX MOKa3aHUs BosbT™MeTpa Oosbiue 0,3 B.

8. BBIKIIIOYNTD TPUOOPBHI.

9. TIlIpousBecrtu pacuetsl 1o popmynam (28...40) u 3anoaTHATH TAOIH-
y.

10. TToctpouts rpadux  AX = f(AR).

[epemerieHne He3aKPEIUICHHOTO Kpast OajIKu:

AX=Xo-X, (38)
ARpp = Roy R ER, - KU(R; + R)l 39)
ER+KU(R; +R)
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rae Rp — HagampHOE COMPOTHBICHHE TeH304aT4dHKa, Ry =200,8 Om, Rj -
COIPOTHUBIICHHE MOJICTPOCYHOTO PE3UCTOPA; B MOMEHT OanaHca Mocta Ry =
Rs, K=20,R = 4,9-103 kOwm, E — Hanpsxenne nutanus (£ 15 B), U — moka-

3aHUsI BOJIBTMETPA (U3 TaOJIUILIBI).
ARTV
AR Al
—T*_K P orcroma: Ky =

. Rep
Rrp Lotp Al Ty ’
Al oTP

rae K- ko3¢ puImeHT TeH309yBCTBUTEIEHOCTH.

Meramueckas 0ajika, Ha KOTOPYIO HAaKJIeeH TEH30pE3UCTOp, CcleaHa
w3 cramn. Mogyiib ympyrocTs Gankn torma 6ymaer cocrasmsts Y = 2,1-10°
MITa. JIuneitapie pa3Mepbl OAJIKH M TEH30PE3UCTOPa CHUMAKOTCS HETOCPE/I-
CTBEHHO ¢ 00pa3IoB.

(40)

Coaepsxanue oTyera

HasBanue paboTsbl.

Hexp paboTHL.

CxeMa 3KCTIepUMEHTAIbHOMN YCTaHOBKH.
OKCreprMeHTAIbHBIC PE3YIIBbTATEL.
BeiBoibl 0 pabore.

akrwdE

KonTpoabHble BONPochI

1. TlepeuncianuTh OCHOBHBIE THIIbI TEH30PE3UCTOPOB U JIaTh KPATKYIO
XapaKTEePUCTUKY KaXKI0TO U3 HUX.

2. OOmBsicHUTH IpUpOAY TeH303(D(deKTa B MeTasIax.

3. OOBsICHUTH pUPOAY TeH303((ekTa B MOIyIPOBOTHIKAX.

4. Tlepe4nciuTh OCHOBHBIE METPOJIOIMYECKHE XapaKTEPUCTHKU TEH-
3ompeoOpazoBaTeei.

5. M3006pa3uTh OCHOBHBIE CXEMBI BKJIIOYECHUS TEH30PE3UCTOPOB U Iie-
PEUYHCINTD UX IOCTOMHCTBA M HEJIOCTATKH.

Bubauorpaduyeckuii cnucox

1. Am X. u coaBTopsl. [laT4nKku N3MEPUTENBHBIX CUCTEM: B 2-X KH.:
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2. Typuunmn A.M. DieKkTpuuecKre N3MEepeHus] HEUIEKTPHUECKUX Be-
muuns/ [Tox pen. I1.B. Hosurikoro. JI.: Dueprus, 1966. 690 c.

3. OcunoBunu JLA. JlaTunku s OMOMEIMIMHCKUX HCCIICIOBAHHMN:
yuae6. mocobue. JI.: C3I1H, 1978. 78 c.

4. HyOGept T.II. 3MepuTenbHble TPeoOpazoBaTesI HEITEKTPUIECKIX
BennuuH. JI.: Dueprus, 1970. 360 c.
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MHuKpO- HaHOCEHCOPBI: METOANYECKHE yKa3aHHA K J1abopaToOpHOH pa-
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Hean paéoTsl
O3HaKOMJICHHE C PAa3MUYHBIMH BHIAMH aHEMOMETPOB, HCCIICIOBAHHE
pabOTHI TEPMOPE3UCTHUBHOTO aHEMOMETPA.

Kparkue TeopeTrnyeckue cBeeHHsI

B m3MepuTenpHON TEeXHHMKE 4acTO TPEOYIOTCSl TOUHBIE METOJBI OIpe-
JETICHUs] CKOPOCTH TOTOKa (TEUCHUSI) KHIKOCTH WIHM rasa. M3mepurenn
CKOPOCTH TIOTOKAa Ha3bIBAIOTCS aHeMoMeTpamu. I[lo-rpedecku «anemosy
O3HAYaeT «BETEP», T. €. B OyKBaIBHOM CMBICIE aHEMOMETP — 3TO «U3MEPH-
Tenb BeTpay. CyliecTByeT OONbIIOE KOJIMYECTBO PAa3IMYHBIX METOJOB H3-
MEpeHus1 CKOpocTH MoToka. IIpm BBIOOpE KOHKPETHOro MeToaa OobIIoe
3Ha4YEHHE UMEET BHJ] U3MEPSAEMOT0 TCUCHHUSL.

Buovr meuenuii

B anemomeTpun ncnonp3yercst KiaccuuKanus B 3aBUCHMOCTH OT Xa-
pakTepa pacnpeeneHust CKOPOCTH M0 IIIOIMAAN HONEPEeYHOro Ce4eHUs Io-
Toka. Tak, CKOpPOCTh ITOTOKA IO IUIOMIAAN MOXET OBITH MO0 ITOCTOSHHOM,
1100 U3MEHATHCS. B nepBoM citydyae Te4eHUE HA3bIBACTCS JAMUHAPHBIM, BO
BTOPOM — MMypOYIeHMHbIM.

B TypOyneHTHOM Te4eHHHM W3MEpPEHUE TaKMX BEJIMYMH, KaK CPEIHSS
CKOpOCTb, ABISIETCS TPYAHOM 3amadeil M3-3a HAJUM4YUS CIydalHBIX MyIbCa-
UM, aMIUTATY 10 KOTOPBIX HEJIb3s IPeHeOperars.

Jnst oGJier4eHust ONMCaHus U CPaBHEHUSI PA3IMYHBIX TEUEHHH B MeXa-
HHUKE XHJIKOCTH OOBIYHO MOJIB3YIOTCS Oe3pa3sMepHBIMU KOMIUIEKcaMH (KpH-
TEpUSIMH), TIO3BOJISIONIMME YMEHBIINTD YUCIIO NApaMETPOB, KOTOPBHIMH OII-
penensercst paccMaTpuBaeMoe TedeHHe. Tak, B Clydae H30TEPMHUYECKOIO
TEUEHHSI HEC)KMMAEMOM JKUIKOCTH (IUIOTHOCTH M TEMIIEpaTypa IOCTOSHHEI)
€IMHCTBEHHBIM 0e3pa3MepHBIM MapaMeTpPOM, AOCTATOYHBIM JUIS OIpeene-
HUsI 9TOTO TEUEHHS, SIBIIETCA YHuCio PeliHombaca:

Re=U>, &)
Vv
rae U — xapakTepHasi CKOPOCTh T€UeHHS (HalpUMep, €CJIM Pedb UIET O TPY-
6e, TO 3TO CpemHsis MO TOINEPEeYHOMY CEYSHHUI0 MoToka ckopocth U=Q/S,
Q — oOBemHBIH pacxoid, S — IUIOMIAAb MONEPEYHOro ceueHwus); D — xapak-
TepHas JUIMHA (HAIpUMep, B YIIOMSHYTOM BEIIIIE CITydae — THAMETpP TPYOHI);
V — KHHEMAaTH4YeCKas BI3KOCTD KHUIKOCTH.

B aHaJOrMYHBIX TE€OMETPHUYCCKUX YCIOBUSAX JBAa M30METPUYECKUX Te-
YeHHUs HEC)KHMMAEeMOM >KHMIKOCTH IOJOOHBI, e€ciM HMX uucia PeliHoabaca
OJIMHAKOBHL. KakoB pekuM TedeHUsl — JIAMHUHAPHBIA WM TYpOYJICHTHBIA —
3aBHCUT OT BeMWYHHHEI uncna PeitHonbnca. Hanpumep, B TpyOe kpyrosoro
CEYCHHsI TEYCHHE CTAHOBHUTCS TYpOYJICHTHBIM, KOTJa YHCIO PeifHombaca
npesbimaet 2200.



Jlamuuxu u Memoouvl usmeperus cKopocmu HOmoKd
TIpuHIMIT AelCTBUA JJa3€pPHOI0 aHEMOMETPA IMOKa3aH Ha puc. 1.

U

DOTONPHUEMHIK

ﬂaaep] > Z N

Puc. 1. JlazepHs1ii aHeMOMeTp

JIBa na3epHBIX Jiyda (OKYCHPYIOTCS Ha OIHOM U TOM e 00beMe KHA-
kocta (~ 0,1 mm), rme obpa3yrorcs UHTEp(EpPEHINOHHBIE MOJIOCH. BrIpa-
JKEHHE JUISl IIUPHHBI TOJOCHI HIMEET BUJI:

d=— %
2sin(Q/2)

rae A — mimHa cBeTOBOM BOMHBL, Q — yroJ1 MEeXIy AByMs Jy4aMH Jasepa.

Korpma wacTuipl, yBiekaeMble MOTOKOM, MEpPECEKaloT 30HY HHTEpde-
PEHIMH, OHU TOOYEPETHO MPOXOJAT Yepe3 TEeMHBIE W CBETJbIE OOJACTH.
[TosTOMy paccestHHbI UMU CBET, BOCIPUHUMAEMbIM ONITUYECKUM JAaTYUKOM
(poToanoaoM wiaK HOTOYMHOKHTEIEM), MOLYTUPYETCS ¢ 9acToTOo# fp (Hom-
JIEpPOBCKast 4acTOTa), 3aBUCSIICH OT CKOPOCTH YaCTHIl M ITUPUHBI HHTEPdE-
PEHIMOHHBIX ToJ0C d:

)

U 2Uu. Q
fD:—z—sm—, (3)
d 24 2
rae U — KOMIIOHEHTa CKOPOCTH KHUIKOCTH 110 HOpMaJH K mojiocaM. Yacrora
fo sBisercst nuHeiHOM GyHKIHEH ckopoctH U, Takum METOIOM MOKHO

m3mepsTh ckopoctn U B manazore ot 107 10 102 /e,

Yavmpaszeykosoii anemomemp

AxycTHUYeCKasi BOJHA PACHpPOCTPAHACTCS B TAHHOM Cpene CO CKOpO-
CTBIO 3BYKa ¢, 3aBHCALICH OT CBOWCTB CPEIbl U OT TemIeparypsl. s Bo3-
ayxa ¢ =331,4 m/c ipu 8 °Cu ¢ = 342,9 m/c npu 20 °C. CKopocTh 3ByKa B
KHAKOCTSX Goubine, yeM B Tazax. s Bomasl ipu 8 °C ¢ = 1435 m/c. Eciu
cpena, B KOTOPOH paclpoCTpaHSAETCs BOJHA, IBIKETCS cO CKopocThio U
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OTHOCHTEINIFHO HAOI0aTeNsl, TO U3MEPEHHAs] UM CKOPOCTh ¢’ BBIpa)aeTcs
thopmynoii:

c¢'=c+U cose, 4)
rJie @ — yroj Mexay ckopocthio U 1 HampaBIieHHEM pacipOoCTPaHESHUsI BOJI-
HEI (pHcC. 2).

Wanyuatene

MpueMHKK

Puc. 2. [IpuHumn neiicTBrs 3ByKOBOTO aHEMOMETpa

Cucrema 1711 UI3MEPEHUsI CKOPOCTU COCTOUT M3 U3ITydaTelis yIbTpasBy-
KOBBIX MMITyJIbCOB M NPHEMHHKA, Haxojsmerocs Ha paccrosHun L. [lmu-
TEJILHOCTh PaclpOCTPAHEHUSI UMITYJIbCOB MEXKIY M3JIydarelieM W NPHEMHH-
KOM paBHa

L

tP = (5)
c+Ucosa

Wznydarens M NPUEMHHUK NPEICTABISIOT COOOM MBE303JIEKTPHUCCKHE
IacTUHKU. M3nmydaTens Bo30y)KmaeTcsl 3IEKTPUYECKUM HaNpsDKEHHEM,
CO3MAI0IIMM CEPHI0 BOJH BBICOKOI 4acToThl (Hampumep, 1 MIy). Ilpuem-
HUK BBIIa€T CUTHAMI B (popMe M3MEHEHHH aKyCTHYECKOTO JABICHUS, ACHCT-
BHIO KOTOPOTO OH TOABEpraeTcsa. Takas cucTeMa peaKo MCHOIb3yeTcs IS
M3MEPEHUs] CKOPOCTH, TaK KaK €€ MPOCTPAHCTBEHHOE Pa3penIeHne HEBEIHKO
(cxopocTh mHTETpHUpYeTCA 1Mo paccrosiauio L). Takyro m3mepurensHyo yc-
TAaHOBKY Yallle PUMEHSIOT IIPH U3MEPEHNH pacXo/a.

Kpvinvuamwie anemomempuol

AHEMOMETPBI 3TOTO THIA CHAOKEHBI YYBCTBUTENBHBIM 3JIEMEHTOM B
BHJIE CUCTEMBI KPBUTHYATOK, TIPUBOJAMMBIX BO BpPAIICHHE JBHXKYIICHCS KU~
KOCThIO WIIKM Ta3oM. OCh KpBUILYATOTO aHEMOMETpa pacrojaraeTcs BIIOJb
ckopoctu TeueHusi. CKOpPOCTh BpalleHUs KPbUILYATKH, U3MEPEHHAs COOT-
BETCTBYIOIIUM TaXOMETPUUYECKUM YCTPOWCTBOM, MPOTOPLIHUOHAIBHA CKOPO-
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cTr moToka. IIpeneOperas TpeHHEM, MOXXKHO HPHOJMKEHHO OLEHUTH CKO-
POCTb 110 YaCTOTE BPAIICHHUS KPBUIbYATKH B MOTOKe. [lomydnm cooTHOmIE-
HHE!

U =hN, (6)
roe U — ckopocts Teuenus, N — urciio 060poToB B CeKyHAy, h — mocTosiH-
Hasl, onpenenseMasi Uil KOHKPETHOTO YCTPONCTBA HKCIIEPUMEHTAIIBHO.

HenoctaTkoM KphIIbUAaTOro aHEMOMETpa SIBJIETCA TO, YTO €ro Xapak-
TEPUCTUKHU MOTYT U3MEHATHCS C TEUCHHEM BPEMEHH, HallpUMep U3-3a U3HO-
ca NoAMUMHUKOB. Kpome Toro, 3T aHeMOMeTphl HEIPUTOAHBI I U3Mepe-
HUSI TIOTOKOB, MEHSIOLINX CBOE HAalpaBJIeHUE, U OUCHb MEJICHHBIX IIOTOKOB
W3-3a HaJIMYMs TIOpora CTparuBaHus (T. €. KpbUIbYaTKa HAuYMHAET BPaIaThCs
MIPU TOCTHKEHUH TOTOKOM OIPEICIEHHON CKOPOCTH).

Anemomempul ¢ mopmoauum 21eMeHmoMm

IIpuHumn neicTBUs aHEMOMETpa C TOPMO3SLIMM 3JIEMEHTOM II0Ka3aH
Ha puc. 3. Cuia TOpMOKEHHS, JCHCTBYIOIIAs Ha MOABEIICHHBINA B MOTOKE
9JIEMEHT, OIPENEIISIETCS BBIPAKEHUEM::

CqAUZp

Fj=— 7
d 2 ’ ( )
rae Cy — Ko3(PULMEHT TOPMOXKEHNs, A — IUIOINIA/Ib TONEPEYHOr0 CeUeHuUs dJie-
MeHTa, A’} - IWIOTHOCTh TeKydel cpefbl, k2/i’; U — CKOPOCTh TIOTOKA, M/C.

TeH3ooaTuuKkm

I TIII4 777777777
U

7 7 7 7 7 7 7 7

TopMo3gLWKUi 3NemMeHT

Puc. 3. AHeMOMETp C TOPMO3SIIIMM >JIEMEHTOM

Koappunment TopMokeHHst 3aBUCHT OT ()OPMBI TOPMO3SIIETO 3Je-
MEHTa W INPAaKTHYECKH IOCTOSIHEH, eciu (opMma 3ieMeHTa Oblla BhIOpaHa
JOJDKHBIM 00pa3om. Cuila TOPMOXKEHHS Halle BCEro M3MepsieTcsi C IOMO-
HIbI0 TEH30JaTYMKA, 3aKPEIUIEHHOIO Ha HECYIIEM pblYare TOPMO3SILEro
JJIEMEHTA.
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DnexmpomazHumunule usmepumenu NOMoKa

ONeKTpPOMarHUTHBIE U3MEPHUTEIH ITOTOKA HCHONB3YIOTCS AT M3Mepe-
HHS CKOPOCTH IIOTOKA, yCPEAHECHHOH 110 €T0 ITONIEPETHOMY CEUCHUIO, U TIPH-
TOZHBI MOYTH JUIA BCEX MPOBOMIMIMX *kuakocTeil. Mx pabora ocHoBaHa Ha
TOM XOPOIIO M3BECTHOM (pakTe, 4TO B JFOOOM NPOBOIHHUKE, NBIKYILEMCS
MEPIEHANKYISPHO K HANPABICHUIO CHJIOBBIX JIMHUN MarHUTHOTO TOJIS, WH-
OYLMpPYETCsl HaNpsOKEHHE, BEIMYMHA KOTOPOTO MPSIMO HPOIMOPIMOHAIbHA
CKOPOCTH MPOBOAHMKA (B HAIIEM CIy4ae — CKOPOCTH JKUAKOCTH). [IpuHImn
pabOTHI 3TEKTPOMAarHUTHOTO H3MEPUTENS IIOTOKA MOSICHSIET pHc. 4.

B

oM

Puc. 4. DnexTpoMarHUTHBIN U3MEPHUTENb CKOPOCTH MOTOKA

MarnuTtHOoe mnojie B NpUIIOKEHO MEPHNEHAUKYJISIPHO K HANpPaBICHHUIO
MOTOKA YKUIAKOCTH. MHIYIHPYEMOe IEKTPUUYCSCKOE T0JIe ePICHIUKYIIIPHO
KaK K HallpaBJICHUIO ITOTOKA, TaK U K HAITPABJICHUIO MarHUTHOTO T10JIA.

Bennunna 3/1C onpenensercs 3akoHoM Dapasest:

b
E=JUxBdL, ®)

a
rae E — uanynmupyemas 3JIC Mexay ToukamMu 4 u b, B KOTOPBIX HaXOATCS
anekTpoasl, B; B — marautHas uHIyknus, Ti; L — paccrosane Mexmy Tod-
kamu A u b, M; U — CKOPOCTH KUAKOCTH, M/C.
[Ipeanonarast, 9T0 MPOCTPAHCTBEHHBIE PAaCHpPEAETICHUS oI B U CKO-
poctu U omHOpomusl U uTo BekTops! B, U n L oproroHansHeI, momydaeM
cienyrolee mpoctoe BeipaxkeHue s DJ[C:

E=BLU. 9)



Wupynupyemas O3JIC E m3mepsiercs ¢ MOMOIIBIO IBYX AIIEKTPOIOB,
KOHTaKTHPYIOIIUX C XKUAKOCTIO. THI HCTIONB3yeMBIX JJIEKTPOJOB 3aBHCHUT
OT THIA XXUAKOCTH. JI1 MHOTHX >KHIKOCTSH, BKIIOYAs >KUIKHE MeTaJllbl,
HCIIOJIB3YIOTCS SIEKTPOABI, M3TOTABIUBAEMBIC M3 CPABHUTEILHO XUMHYECKH
HEaKTHBHBIX METaJUIOB, HAIPHMEP IIATHHEL

Tuopoounamuueckue usmepumeny nOmMoKa

B m3MepuTensx 3TOro TUIAa HCIOJB3YeTCs BO3MOXKHOCTH YCTaHOBIIC-
HHS CBSI3H MEX[Y Pa3sHOCTBIO TaBICHUH B IBYX XapaKTEPHBIX TOYKAX IIOTO-
Ka U CKOPOCTBIO ITOTOKA. DTa Pa3HOCTH JaBJICHUI M3MEPSAETCS C IIOMOLIBIO
muddepeHnransHOro Mpeodpasoparens AapieHns. K ruapoanHaMuaeckuM
U3MEPUTEIISIM IIOTOKA OTHOCHTCS TpyOKa [Tuto.

TpyOka ITuto (puc. 5) obecrieunBaeT W3MEPEHUE JOKAIBHBIX CKOPO-
CTeil )KUIIKOCTH MITH Ta3a B TIOTOKE.

3 VA

U
gl LT Pt

>

Ps

Puc. 5. TpyOka ITuto

B TpyOxe nmeercs ABa THIA OTBEPCTUIl, OTKPBITHIX I TeKydel cpe-
nel. Ha ctatngeckux Bxoaax (MM BXOJIE), BBITOJTHEHHBIX B BUJIE OTBEPCTHIA,
OCH KOTOPBIX NEPHEHIUKYIAPHBI K HANPaBICHUIO ITOTOKA, JEHCTBYET CTa-
TUYECKOE JaBlieHHE TeKy4ell cpenbl ps. Bxos (0TBepCcTHE) Ha KOHIIE TPYOKH
coOMpaeT 3aTOPMOXKEHHYI0 MacCy KUAKOCTH WJIM Ta3a, HaXOJSIIYIOCS O]
MOJHBIM JaBiieHueM p;. Ecnu TpyOka [InTto pacmososkeHa mapaiieabHo Mo-
TOKY, TO Pa3HOCTh 3THX JBYX JABICHUH HaXOMUTCSA U3 ypaBHeHUs bepHyi-
Iu:

U 2
P=P=Ps=p— (10)
TZie p — pa3sHOCTb JaBlIeHUH, [1a; ps — NaBIeHUE HA CTaTUYECKOM BXone, [1a;
pi— TONHOE JaBienue, I1a; p — WIOTHOCTS TeKydeil cpesl, ko/m’; U — cko-
pocTh moToka, m/c. OTcroa Ui CKOPOCTH TTOTOKA HEC)KMMAeMOil TeKyden
cpelibl oJIy4aeM

(11)

Jnst cxuMaemoil Tekydel cpezpl (HanpuMep, BO3/yXa) CKOPOCTb IT0-
TOKa onpeaesiercs 1no Gopmyie
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k-1
k

p p
U= 2_k_3 -t ~1], (12)
k-1 P pS
“p
rae K = —— — oTHOIIEHHE yaEIbHBIX TEIIOEMKOCTEMH.
C,
Vv

Tennogvie uzmepumenu nomoka

B TemnoBeIX M3MEpHUTESIX MOTOKAa HCIIOIB3YeTCsl HarpeBaeMBIH diie-
MCHT, yCTaHaBJ’IHBaeMHﬁ Ha ITYTH IOTOKa XUJAKOCTHU WM rasa nu 06Tel<ae—
MBII 3TUM MOTOKOM. Terio nepegaeTcsi OT 3TOro 3JIEMEHTa K TeKy4el cpe-
JIe ¢ HHTEHCUBHOCTBIO P (Bm), ompenensieMoil pa3HOCTBIO TEMIIEpaTyp dJie-
MEHTa U TeKyuel cpefbl, yaenabHoi Temnoemkoctoio C ( Joc/ke' K) u ckopo-
cteio U (m/c) mocnenueii, a Taxke npoduiiem notoka. Ha npuniumne nepe-
Jlauu TeIula OT HarpeBaeMoro 3JeMEHTa B MIOTOK OCHOBAHBI J1Ba METOAA W3-
MEpCHU TMOTOKA. B KOHBCKIIMOHHOM ME€TOAC M3MEPACTCA KOJIUYCCTBO TCII-
Jla, pacceMBaeMOro HarpeBaTelIbHBIM IEMEHTOM, TOT/la Kak B METOJe CTa-
HHOHapHOf/lI TEIJIOBOM HWHXXCKIUU OIPEACIACTCA U3MCHCHUE TCEMIICPATYPhI
TEKy4eH Cpelibl, CBA3aHHOE C MHKEKLUEH TeIlIa B IOTOK.

Hnorcexyuonnvle usmepumenu nomoxa

Cpennuii MaccoBBIH pacxoj JTO00W TeKyded Cpelbl MOXKHO OIpee-
JINTh MYTEM WHXKCKIIUU B MOTOK U3BECTHOT'O KOJIMYCCTBA TCILIA U UBMCPCHUA
M3MEHEHHS TEMIIEPATYPhI ATOM CpeJibl 3a HarpeBaTesieM (puc. 6).

Harpesarenb
/—
\ \
u Tu Td
N, AN
{ A) LN
[aTtunkn
Temnepartypsl

Puc. 6. IHKeKIIMOHHBIN N3MEPUTEINb MIOTOKA



CpemHuii MacCOBBIH pacXol pPacCUUTHIBACTCS MO (OpMyIIe:

q

F= , (13)
Cb(Td ‘Tu)

rae F — maccoBslit pacxon, ke/c; ( — CKOPOCTh CTAIlMOHAPHON WHXEKLUH
tera, Bm; C, — yHenbHas TEINIOEMKOCTb TeKydel cpenbl, /oc/keK;
Ty — TeMIieparypa TeKy4ei cpefbl Tiepe/] HarpeparelieM (BbIIIie 110 TeueHunto), °C;
T4 - TeMIepaTypa TeKy4ei cpe/ipl 3a HarpesareieM (HmKe 1Mo TeueHunio), “C.

Koneexyuonnvie usmepumenu nomoka

KoHBeKIIMOHHBII H3MEPHUTENHh MOTOKA 00ECTIEYNBACT ONPEIEICHHUE JIO-
KaJIbHOH CKOPOCTH XHMIKOCTH WM r'a3a IyTeM M3MEpEHHs KOINYeCTBa Tell-
J1a, KOTOPOE PACCEMBAECT HArPEBATECIBHBIA 3JIEMEHT, OOTEKAaEeMBIil TOTOKOM.
B kadecTBe Takoro 3JIEMEHTa MOXKHO HCIIOJIB30BATh JIIO0OH pE3UCTUBHBIN
HarpeBaresb: BONb(PAMOBYIO MPOBOJIOKY, TEPMOPE3UCTOP WM TOHKYIO
METUIMIECKYIO TUIEHKY Ha MOAJIOKKE. DJIEMEHT HarpeBacTCs BBIIIE TEM-
neparTypsl TeKydel Cpeabl IyTeM MPOITyCKaHHs Yepe3 HeTro 3IEKTPUIECKOro
TOKa (JDKOYJEB HarpeB). Mex Iy 3J1eMEHTOM M TOTOKOM BO3HHKAET KOHBEK-
THUBHBIH TEIUIOOOMEH. DTOT TEIUIOOOMEH 3aBUCHT OT (DM3MYECKUX CBOMCTB
JKUJKOCTH WJIM Ta3a, OT CKOPOCTH ITOTOKA U PAa3HOCTH TEMIIEpaTyp HarpeTo-
TO 3JIEMEHTa U TeKy4el CpesIbl.

KonnuecTBo mxoyneBoi TemioTsl Pj, BblaeIsIeMON pu TeMmeparype 7'
pesuctopoM R, "epe3 KOTOpHIH TedeT MOCTOSIHHBIA TOK |, BeIpaxaetcs ¢op-
MYJIOM:

P; =R(T)IZ. (14)

INonarasi, 4To TEmIOOOMEH OCYMIECTBISIETCS TOJBKO KOHBEKIMEH B
cpene, uMeromeil Temneparypy 7,, KOJHYECTBO TEIIOTHI, yUacTBYIOIIEe B
TEIIIO00MEHE, MOXKHO TIPEJICTaBUTh (POPMYIIOi:

P, =hs, (r —Ta), (15)

rae h — koaddunment Terioodmena, S — 60KOBasi MOBEPXHOCTh YYBCTBHU-
TEJBHOTO AJIEMEHTA JATYHKA.
Ilpu Tennosom paBHoBecHu Pj = P,, T. e.:

RT)IZ =hs, (T-T,). (16)

Ckopoctb xuakoctd U BXomuT B BbIpaxkeHHe it h, s koToporo
NPE/IOKEHbl Pa3IM4HbIe IMIUPUUECKHE (POPMYIIBI B 3aBHCUMOCTH OT Xa-
pakrtepa TedeHus. st JTaMHHApHOTO TedeHusl crpaseanBa Gopmyna Kun-
ra:

h=a+bJU , 17)

rae au b — mocrosuubIe JJI1 KOHKPETHBIX KUAKOCTU (I/IJ'II/I 1"333.) n JaT4yuKa.
TOFHa Iojy4aem:
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RITNZ =(A+BVU JT-T,), (18)
rie A=aS|, B=bS|

30HABI C HAarpeBaeMbIM 3JIEMEHTOM MOTYT UMETb Pa3JIMuHble KOHCT-
PYKLIUH.

[TpoBonounslii 3081 (puc. 7) yalle BCEro MCIOJIB3YETCs Ul U3Mepe-
HHUSL CKOpOCTH Bo3ayxa. [l obecredeHus BBICOKOW UyBCTBUTEIBHOCTU
TOHKasl BOJIb()paMOBasi MpoBOJIOKa (auameTp 8 mkm, JuMHA 1 MMm) 3TOTO
30H/1a HaKajsgeTcsl IpakTHUecKu AoKpacHa. IIpoBonoka pacmosnaraercs nep-
MEeHIUKYISPHO K HAIIPABJICHUIO IIOTOKA.

ToHKOIIEHOUHBIH 30HN (pUC. §) UCTIONB3YETCS Il U3MEPEHUS CBEpX-
3BYKOBBIX CKOPOCTEH B BO3AYIIHOM cpene. ToHKas IUIaTUHOBAs IUICHKA Ha-
HBUIAETCS. HA M30JIUPYIOLIYIO MOJIOKKY, U B PE3yIbTaTe MOTy4acTCsl OUEHb
MIpOYHas CTPYKTypa.

Bonbdpamosas
nNpoBoOsoKa

/
e p>XaTerb NMpOBONTOKA

Puc. 7. IIpoBomoyHbIi 30HA

Mpou4Hana cepebpAHan nnNacTuHa
ANA KpenneHua BbIBOAOB 30H4a

ToHKkaA
nnaTuHoBas
nreHka

Puc. 8. TOHKOIUIEHOYHBIH 30H/
11




TepMOpe3nCTOPHBIE 30HIBI YaCTO NMPUMEHSIOTCS Ul M3MEPEHUs CKO-
POCTH KPOBOTOKa B OMOJIOTHMYECKHX HCCICHOBAHHAX. DTO CBI3aHO, IPEKIe
BCETr0, ¢ BBICOKOH YyBCTBUTEILHOCTBIO TEPMOPE3UCTHBHBIX aHEMOMETPOB
(13-3a OompIIOTO TEMIIEpaTYpPHOTo KO3(D(HUIMEHTa COMPOTHUBICHUS TEPMO-
PE3UCTOPOB), a TAKKE C TEM, YTO CYIIECTBYIOT TEPMOPE3UCTOPHI OUYEHb Ma-
JBIX pa3MepoB. IIpocTeliM 30HAOM SBISIETCA OAWH TEPMOPE3UCTOP, IO-
MELICHHBI B IOTOK. B GHOIOrMYecKknX MCCIIeIOBaHUAX IPUMEHSIOT 30HABI
C JIOTIOJHUTEIBHBIMA TEPMOPE3UCTOPAMH ISl KOMIICHCALMHM HM3MCHCHUH
TeMIepaTypsl KPOBH M OLpeIeTICHHs HAIIPABJICHUS IOTOKa.

Hzmepumenvhvie cxemoi

B TepmMoaneMoMeTpax ¢ pe3UCTHBHBIMH HarpeBaTENIIMH HCIOIb3YIOTCS
MU3MEPHUTENILHBIE CXEMBI IBYX THIIOB: CX€Ma C MOCTOSIHHBIM TOKOM | 1 cxema
C IOCTOSIHHOM Temmnepatypoi 7.

Cxema ¢ nocmosauneim mokom. Tok |, mpoTekaromuii Yepe3 HUTH, MOA-
JIEp>KUBAETCS MOCTOSHHBIM C ITOMOIIBIO MO0 0aJUTaCTHOTO CONPOTHBICHHS,
BKJIFOUCHHOTO TIOCJIEAOBATENIFHO C HHUTBIO, JIMOO IHUTAIOIIETO HCTOYHMKA
Toka. Tak Kak KOJMYECTBO TEIUIOTHI, YIaCTBYIOUIEH B TEIJIOOOMEHE, 3aBU-
CHUT OT CKOPOCTH ITTOTOKA, TO TIPH M3MEHEHHUH CKOPOCTH MU3MEHSETCS U TEM-
neparypa HuTH. CONpOTHBIICHHE HUTH 3aBHCHUT OT €€ TEeMIIepaTyphl, II03TO-
My C M3MEHEHHEM CKOPOCTH IPOMCXOAWUT M3MEHEHHE HallpsHKEHHS Ha ee
KOHIaXx. l3MepurenbHas cxeMa TAaKOro THIA YIPOIIEHHO IOKa3aHa Ha
puc. 9.

Yeunutens

N

HarpeBaemblii
anemeHT

1

1

Puc. 9. Cxema ¢ TOCTOSHHBIM TOKOM

Cxema ¢ nocmosannou memnepamypotl. B 1aHHON cxeme Temmeparypa
U, CJICZ0OBATEIbHO, COMPOTHBICHHUE MOIACPIKUBAIOTCS MOCTOSHHBIMH. JlaT-
YUK SIBJSICTCS OJHUM M3 IJIEY MOCTa YHUTCOHA, M TOK, HCOOXOMUMBIN ISt
MOJIJIEp)KaHUsT PaBHOBECHS, 3aBUCUT OT cKopocTu motoka (puc. 10). IIpe-
HMYIIIECTBOM 3TOM CXEMBI SBJSIETCS] MEHBIIIAST TEIIOBAs MHEPIIUSL.
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Harpesaewmblit
anemeHT

Yeunutens —>

Puc. 10. Cxema ¢ TOCTOSTHHOW TeMIIepaTypoit

JKcnepuMeHTaIbHASl YaCTh

Onucanue ycmanosku

VYcraHoBKa IU1sl IPOBEJCHUS JaHHOH J1abopaTopHO# pabOThI COCTOMT
U3 CTeHJa TEPMOAHEMOMETPA, BEICOKOCTAOMIFHOTO UCTOYHUKA MOCTOSHHO-
ro Hanpspkernuss BUIT-010 u ucroyHuka peryiampyeMoro nepeMeHHoro Ha-
npsbkenust JIATP. B cTeHn BMOHTUPOBaH BEHTWIISITOP, YACTOTA BpALCHHS
KOTOpPOTO MEHSIETCSI ICTOYHUKOM PETyJIHPYEeMOTrO IEPEMEHHOTO HarpspKe-
HUA, 1 MUKpoamIiepmeTp. Kpome Toro, Ha nepeiHel maHeu CTeH/ja pacio-
JOXCHBl THe3[a Ui IMoxavd mutaHus ot mpubopa BUIT-010, tymOGnep
«CeTb» BKIIOYEHHS BEHTHIIITOpA M pErylupoBouHas pyuka «Hactpoiika
HyJIs». HarpeBaeMbIM 3J1€MEHTOM SIBISIETCSI TEPMOPE3NUCTOP, TOMEIICHHBIN
B TIOTOK 1103811 BEHTHJISITOPA.

B nanHoit tabopatopHoii paboTe MpUMeHeHa cXeMa € IIOCTOSIHHBIM TO-
koM (puc. 11). IIpu yBennueHHn CKOPOCTH IOTOKAa TEMIIEpaTypa TepMope-
sucropa R(f) ymeHbIIaeTcs u ero ConmpoTHUBIICHHE BO3pacTaeT (K3-3a OTpHU-
naressHOro TKC). CneroBaTenbHO, TOK B LENH TEPMOPE3UCTOPa YMEHbIIA-
ercs. Torna nmajeHne HanpspkeHHsl Ha pesuctope R2 Takke ymeHblnaercs,
BCsieicTBHe 4ero Tpansucrop VT1 mpukpsiBaercsa. M3-3a srtoro najgeHue
HaIpsHKeHUsI Ha TOM TPaH3UCTOPE YBEIMUMBACTCS, U TpaH3ucTop VT2 npu-
OTKPBIBAETCsI, YTO BBI3BIBAET YBEIMYEHHE TOKA B IIENIU TEPMOPE3UCTOPA.
Takum 00pa3oM, TOK Yepe3 TepMOPE3UCTOP YAEPKUBACTCS HAa TIOCTOSHHOM
YPOBHE.

IMoncrpoeunsiii pezucrop R2 ciryXkuT Ui perynupoBKH pabouei Tod-
ku Tpanzucropa VT1. B cBsi3u ¢ TeM, 4TO y BEHTHIISITOPA CYLIECTBYET IOPOT
CTparuBaHus, n3MepeHusi OyJIeM HauMHAaTh C ONPEAETIeHHOH CKOPOCTH II0-
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Toka. Tak, HauHeM co ckopoctu BeHTHIsTOpa 1pu 100 B. Ilpu atom nepe-
MEHHBIM pe3ucTopoM 3,3 K BbICTaBiIsIeM HyJIEBBIC IIOKA3aTeId HA U3MEPH-
TensHOM npubope. K ycTaHOBKe mpmararoTcs rpagydpOBOYHBIE XapaKTe-
PHUCTHKH, U3 KOTOPBIX ONpPEIEIIETCS CKOPOCTh MOTOKA IO MOKA3aHUAM H3-
MEPHUTEJBFHOTO ITPHOopa MpH pa3HbIX TEMIIEPATYPax BO3IyXa.

T+30v
R1
1.2k
| A vT2
nso1 KV\ >[ R3
3k
R() L/ 3.3
3.5k
VT1
KT813
R2
100
?-3ov

Puc. 11. M3mepuTenbHas cxema

Hopsaaok BbINoIHEHUsI padoThI

1. Bxmounts npudop BUII-010 tymOmepom «CeTh» U BHICTABUTH Ha
HeM HanpspkeHue 30 B.

2. Tlomate mutanue ¢ mpubopa BUII-010 Ha KI€eMMBI CTEHa, CTPOTO
co0tto/1ast MOJSIPHOCTB.

3. YCTaHOBHUTH Ha HCTOYHHMKE PETYIMPYEMOTO MEPEeMEHHOTO Hamps-
xkenns 100 B.

4. BrmounTh BEHTHISTOp TyMOIepoM «CeTb».

5. Pyuxoii perymnsaropa «YcTaHOBKa HyJIsD» B TEYEHHE 3-X MUHYT, TIOKa
CXeMa OKOHYATEJIFHO HE IpOorpeeTcs, JOOMBATHCS HYJIEBBIX MNOKA3aHMH
MUKpoamnepMmerpa. Llenbio aBiaseTcs MoIydeHHe TaKUX MOKa3aHUH MUKPO-
amIepMeTpa, Korja CTpejika COBepIIaeT MHHUMAIIBHBIH JIpeid OKoJIo HyJIs
(B mpenenax 0JJHOTO AEIEHUS IIKAIIBI).

6. CHATH 3aBUCHMOCTH IOKa3aHMH MHKpOaMIlepMETpa OT HampshKe-
HUS Ha BEHTWIsITOpe B quanasone ot 100 xo 250 B.

7. Tlo rpamynpoBOYHBIM XapaKTEPUCTHKAM MOCTPOUTH IpadK 3aBH-
CUMOCTH CKOPOCTH BO3IYyLIHOTO MOTOKA OT HANPSKEHUS MUTAHUS BEHTUIIS-
TOpa.
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Conep:xanue oT4yera

HasBanue paboTsbl.

Ienb paboTHL.

Cxema 9KCIIepUMEHTAIbHON YCTaHOBKH.
OKcnepuMeHTAIbHBIE PE3yIbTaThI.
BriBoibl o pabore.

agrwnE

KonTposabHble BONPOCHI

1. Pusnuyeckwe MPUHLIUNBI U3MEPEHUSI CKOPOCTH M PAcXoja ra3oB H
6uoxuakoctelt. CpaBHHTEIBbHAs XapaKTEPHCTHKAa METONOB M JaTYMKOB
CKOPOCTH, Pacxo/ia ra30B ¥ OMOXKHUIKOCTEH.

2. TepmopesncTuBHbIH aHeMoMeTp. KOHCTPYKIMS, IPUHIUI PaOOTHI.
CxeMBbl I3MEPEHHS C MOCTOSHHBIM TOKOM U IIOCTOSIHHOM TeMIIepaTypoii.

3. YameuHsle U KPbUIbYATHIE aHEMOMETPHI, aHEMOMETPHI C TOPMO3 -
el MexaHm9IecKoH IIacTUHOH, TpyOka [1uto.

4. VYnpTpa3ByKOBBIC U Ja3epHBIC aHEMOMETPBI U PACXOIOMEPEL.

5. JlomnepoBcKHe aHEeMOMETpPhL. VMOHHBIE M HapaMeTpHUYECKUE aHe-
MOMETPHI.
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