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OOBeKTOM HCCIeIOBaHMUSA JaHHOW pabOTHl SIBIISETCS METOABI U CPEACTBA
KOHTPOJIS TUAMETPa MaJbIX 0ObEKTOB.

Ilenp paboTel — wHCCHEAOBaTH BO3MOXKHOCTH TMPUMEHEHHS JIa3€PHBIX
IU(QPAKIMOHHBIX METOJIOB Ui KOHTPOJIS BOJIOKOH HUTEH W JPYTUX W3ICIUH.
Onpo6oBaTh UX U MPEIJIOKUTH CIIOCOOBI MO3BOISIFOIINE UX YIYUILIUTh.

B pesynbTare nccnenoBanusi ObLI OMUCAH METOJT KOHTPOJIS JMaMeTpa TOHKUX
NpOTSKEHHBIX O00BEKTOB Ha ocHOBe »J(ddekra mudpakmuu. OnucaH cmnocod
MO3BOJIAIOIIMNA MHHUMHU3HPOBATh BIUSHUE HA PE3ylbTaT M3MEPEHUS MEIIAIONINX
(dakTOpOB, TaKMX KaK uype3MepHas 3acBETKa O0JIACTH LEHTPAIbHOTO MaKCHMyMa.
[IpennoxeH u ompopoOMpPOBaH BapHAHT TEXHUUYECKON peaju3aluul J1abopaTOPHOTrO
oOpasua  IuGpPaKIMOHHOTO  U3MEPUTENs, OIEHEHbl €ro  METPOJIOTUYECKHe
XapaKTePUCTHKH.

Obnacte mnpuMeHeHHs: KaOeabHOEe NPUOOPOCTPOCHUE, H3MEPUTEIbHAS
TEXHUKA.

B Oynyimiem mianupyercs TeXHUYECKas peanu3anus npuoopa.



Onpenesnenus

B manno#i paboTe mMpUMEHEHBI CICAYIONINE TEPMHUHBI C COOTBETCTBYIOIIUMH
ONPEACICHUSIMU.

AMAMETP: OTPE30K, COCAUHSIOLINN IBE TOUKHA HA OKPY>KHOCTHU U ITPOXOASIIUN
yepes LEHTP OKPYKHOCTH, a TAKKE JJIMHA 3TOr0 OTPE3Ka.

auppakus: sBJICHUE, KOTOPOE MPOSBISIET ce0s1 KaK OTKJIOHEHUE OT 3aKOHOB
T€OMETPUYECKON ONTHKK TPH pacrpocTpaHeHnr BoiH. OHa MPEACTaBISET COOOM
YHUBEPCAIBHOE BOJHOBOE SIBJICHUE U XAPAKTEPUIYETCSI OTHUMU M TEMH K€ 3aKOHAMHU
py HAOJIIOIEHUU BOJTHOBBIX MOJIEH pa3HOM MPUPOIBIL.

Jlazep: HMCTOYHUK  DJICKTPOMATHUTHOIO  M3JYyYE€HUs W3  BHAUMOIO,
uHpakpacHoro U yJabTpadHOJIETOBOIO  JMANa30HOB,  OCHOBAHHBIM  Ha
CTUMYJIMPOBAHHOM M3JIyYEHUH aTOMOB U MOJIEKYIL.

npuHuun baOune: npunuun baOuHe yTBepXkaaeT, UYTO pPe3YJIbTaThl,
MOJIyYEHHBIE VIS pacyeTa 3a/iaud Judpakiiui Ha OTBEPCTHH MOYKHO Cpa3y MEpEeHECTH
Ha cIydaid AuQpakiid Ha TJIOCKOM JOMOJHUTENbHOM 3KpaHe. I[lpm mudpakmmm
®paynrodepa, ucxons u3 npuHuuna babuue, mojydaeTcs mMpocToe MpaBUiIo: 00a
JOTIOJTHUTENBHBIX JKpaHa CO3MAl0T MHTEP(PEPEHIIMOHHBIE KapTHUHBI C OJMHAKOBOU
WHTECHCUBHOCTBIO.

audppaxkuusa Openensi: 1uppakiMOHHAsS KapTHHA, KOTOpas HaOI0aeTcs Ha
HEOOJIBIIIOM PACCTOSHUU OT MPETSITCTBHUSA, TIO yCJIOBHUSM, KOTJa OCHOBHOUM BKJIAJ B

UHTEPPEPEHIIMOHHYIO KapTUHY Jal0T IPAHULIbI SKpaHa.
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BBenenue

B noBceaHeBHO KU3HHM U MMPOMBIIIIICHHOM TIPOU3BOJICTBE, KOHTPOJIh OOBEKTOB
OYCHb BaXXCH. MBI MOXEM MOJy4YaTh HWH(POPMAIUIO O MapaMeTpax OOBEKTOB, B
O0COOEHHOCTH, TpU TMPOMBINIJICHHOM TpPOU3BOJCTBEe. Hampumep, reomerpudeckue
MapaMeTphl, BJEKTPUUYECKUE NapaMETPbl, MArHUTHBIE IMAPAMETPBI, TEPMUUYECKHUE
napaMeTpel U Tak gainee. Cpeau HUX, TEOMETPUYECKHE MapaMeTphl caMO HapsIHO
MOKAa3bIBAIOT XapaKTep MpouiIs U pazMepa u3Ieui.

KoHTposnb B MNpPOMBIIUIEHHOCTH OYEHb BAXKEH JUIS YIIYUYIICHUS KadecTBa
OPOAYKIMH U JIydlIeil 3KOHOMUYecKkoi 3(ppexTuBHOCTH MPOoU3BOACTBA. B yacTHOCTH
Ha TPOM3BOJACTBAX TJE BBIMYCKAIOTCS BaJbl, MMPOBOJIOKU, KaOeIu W pasHbIe TPYObI
HEOOXOMM W aKTyaJieH KOHTPOJIb X T€OMETPHUECKHIX MapaMeTPOB.

C NoMOIIBI0 COBPEMEHHBIX METOJIOB I'€OMETPUUYECKUX U3MEPEHUS] Mbl MOXKEM
MOJIy4aTh JUAMETPhl KaOemnel, TONIUHBI BaJIOB, MUAMETPhl TPyO W Tak nanee. B
HACTOSIIIEEe BpeMsI ONTHYECKUE METOIBI HEPa3PYIIAIOIIETO H3MEPEHUS - 3TO Hanboiee
MEPCHEKTUBHBIE METOIBI LISl MOJTYYEHUS TEOMETPHUUECKUX MTAPAMETPOB NPOTIKEHHBIX
u3JIeNui. 371eCh MbI YIeJIUM 0C000€ BHUMAHUE WM.

OueHb BaXHOM W aKTyaJlbHOM 3ajaueld SBJSIETCA KOHTPOJIb JHaMeTpa
OPOTSKEHHBIX M3AEIUI Majaoro cedyeHus (OT €JUHUIl JO COTEH MKM), TaKHUX Kak
CUHTETUYECKHE BOJIOKHA, HUTH, TOHKHE MPOBOJIOKM U T.I. B CBA3M ¢ UX MaibM
CEUCHHUEM JIISI UX U3MEPEHUS HE NPUMEHUMBI KJIACCUYECKUE METO/IbI, UCIIOJIb3yEMBbIE
JUTSl W3ACNANA CPAaBHUTEIBHO OOJBIIOTO cedeHws. JIisi pereHus NMaHHOW 3amadu

Haubosee XOpOILIO MOIXOMAT HMHTEPPEPEHLUOHHBIE METOAbl KOHTPOJIA, KOTOPHIE



obOnazaroT 0oJiee BBICOKOHM pa3peliarlieid CIoCOOHOCTHI0O B JAaHHOM JHAIa30HE
3HAYCHHM.

3amada paboOTHI COCTOUT B 0030pe COBPEMEHHBIX METOJ/IOB M CPEJICTB U3MEPEHUS
TCOMETPHUCCKHX MapaMeTPOB W3IEIHA ¥ WCCIICJOBAHHH HEKOTOPHIX AacCIIeKTOB
NPUMEHCHUS WHTEP(EPESHIIMOHHBIX METO0B, IMO3BOJIIONIAX TI0 PaCIpPEICIICHUIO
TUQPPAKITUOHHBIX ~ 3KCTPEMyMOB  IOJIydaTh  3HAYCHHE  KOHTPOJLIUPYEMOTO

Te€OMETPUYECKOTO IapaMeTpa.



1. O030p MeTOI0B CPECTB U3MEPEHNSI TeOMETPUUYECKUX MaPpaMeTPOB U3/1eJINH

[Ipu npon3BOCTBE KPYTIIBIX NPOTKEHHBIX U3AEJINNA TAKUX KaK KUJIbL, TPOBOJA,
Kabemu, TpyObl TpeOyeTcs TMOCTOSHHBIM HEMPEepPhIBHBIA KOHTPOJIb MHOTHX
NIEKTPUYECKMX M TeoMeTpuueckux  napameTpoB. K reoMmerpumueckum
XapaKTEPUCTHUKAM OTHOCSATCS BHEHIHWM JuaMeTp, 3KCUEHTPUYHOCTh, TOJIIHMHA
CTEHKH, JJIUHA U 1p. [8].

TexHOJIOrn4ecKknii  KOHTPOJb  TEOMETPUYECKMX  [MAPAMETPOB  JOJDKEH
OCYILIECTBIATHCA B )KECTKUX YCIOBUSAX. B wacTHOCTH, TeMiiepaTypa U3eIUid MOXKET
JNOCTUraTh COTEH I'PAyCOB, @ CKOPOCTh IMEPEMEILEHUS - COTEH METPOB B MUHYTY IPH
OonpIMX BHOpaMsIX B 30HE KOHTPOJS. DTO JENaeT HEBO3MOXHBIM IMPUMEHEHHE
KOHTaKTHBIX, MarHUTHBIX, YJIbTPa3BYKOBbIX MeT0/0B. KoHTponupyemble u3nenus
UMEIOT MOIEePEYHbIE pa3MeEpPBI OT A0JEH MUJUTMMETPA 10 HECKOJIBKUX CAHTUMETPOB U
TpeOyIOT KOHTPOJIS C pa3HOU MOrpemHocTbio. Hanbonee nepcrneKTUBHBIMU B JJAHHBIX

YCIOBUAX ABJKOTCS ONITHUYCCKUC MCTO/IbI.
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JIudpakIMOHHBIN METOI

Pucynok 1.1 — Knaccudukanuus nsmepureneit auamerpa

Bce crcoObl m3aMepeHust pa3MepoB AMAMETpa pa3lemsaTcss Ha KOHTAKTHBIE U
OeckonTakTHble. Kiaccudukanus nsmMmepeHus iuaMerpa rnokasana Ha puc 1.1.

Y KOHTAaKTHBIX M3MEPUTENSIX €CTh CYIIECTBEHHbIE HEIOCTaTKH, TaKHE Kak:
HEBO3MOXXHO YCTaHOBUTHb NpUOOp TMOCI€ SKCTPY3MOHHOM MamuHbl. bpiBaer
HEYJOBJICTBOPHUTENbHAS TOrPEIHOCTh u3MepeHus. [[ns pemieHus 3THX mpodiieM
Oonee 15 nmeT Ha3ax HayalIM UCHOJIB30BATHCS OECKOHTAKTHBIE U3MEPUTENN TUaMeTpa
npoBoga U Kabems. JlonroBeuyHOCTh (  KOHTaKTHbIE H3MEPUTENS] HMEIOT
U3MEpUTENIbHbIE HAKOHEYHHUKH, KOTOPBIE KacaloTCs MOBEPXHOCTHU U30JISIIUH Kabens, u
CO BPEMEHEM UCTUPAIOTCS).

OKCLUEHTPUYHOCTb, 3TO CMEIICHHE TOKOMPOBOMASINEH KUl OTHOCUTEIBHO
BHEIIHEW 000104KH. BBIX0J] SKCIIEHTPUYHOCTH 3a TPEEIbHOAOMYCTUMbIEC 3HAUCHUS

INPpHUBOAUT K YXYAHICHHUIO YdCTOTHBLIX CBOMCTB KaOeJIbHOIO n3J1cins, yMCHBIIACT



AIIEKTPUYECKYI0 TMPOYHOCTh M3OJIINH, a TaKKEe MPUBOIUT K MEPEpacxoy ChIpbs U
MaTepUasoB.

W3mepenue 3TUX MapaMeTpoOB SBISETCS OJHHUM M3 OCHOBHBIX CIOCOOOB
CHIDKEHUSI CTOMMOCTH KaOeIbHOW MPOIYKIMH 32 CYET JKeCTKUX MU3MEPEHHI 3a CUeT
U30JISIIIMOHHOTO MaTepHalia BO BpeMs IPOU3BO/ICTBA.

1.1 U3mepeHue 1uamMeTpa 3JIeKTPUUYECKOro Kadesis

HaubGonee BaxHbiM TpeOOBaHHMEM JJsi TMpoliecca OSKCTPY3UH  SBISETCS
obecrieuenrne TpeOyemblx (OpM W pa3MepoB: TONIIUHBI H30Jsuu. HyxHO
o0ecrnevynTh He TOJBKO CPEAHUNA YPOBEHb ATHX IMapaMeTPOB, HO U UX YCTOWYMBOCTD 110
JUTHHE KaOEIBHOTO MPOIYKTA.

B cBs3u ¢ aBTOMaTM3anuen MPOU3BOJCTBA JIEKTPUUECKUX U U3MEPHUTEIbHBIX
npuOOpoB Ui HU3MEpEHHus auameTrpa Kaleneil M MPOBOJOB, PE3UHBI, TOJIIUHBI
METANTMYECKHUX U MOJIMMEPHBIX 0001049eK. MbI O0siee moapoOHO pacCMOTPUM METOIbI
U3MEPEHMS, UCTIOJIb3YEeMbI€ B COOTBETCTBYIOIINX yCTPOUCTBAX.

1.1.1 KoHTaKTHBIE METOAbI

Bce n3meputenu auamMeTpoB KOHTAaKTOB OCHOBAHBI HAa MCIIOJIb30BAHUN OOBIUYHBIX
MEXaHUYECKUX MUKPOMETPOB WM JAaTYMKOB NepemenieHus. M3mepurens nuamerpa
UMEET TMOJABIKHBIM 30HJ, KOTOPBIA HEMOCPEICTBEHHO KacaeTcsa U3MepsieMon
noBepxHocTu. Korna nuamerp xabesnst U3MEHsIETCsI, 30H]I MEHSAET CBOE MOJIOKEHHE, U
3TO (PUKCHPYETCS MUKPOMETPOM MM JAaTYMKOM TMEPEeMEIEHHs, a 3aTeM MHIUKALUs

OTKJIOHEHHMsI 10 TpagyupOBaHHOW IIKajle wuiau LudpoBoMy aucIuiero. Takue



YCTPOMCTBA Yalle BCEro HM3MEPSIOT HE JUAMETpP HW3JENus, & €ro OTKIOHEHUE OT
TpeOyemoro 3uaueHus [20].

KonTakTHbIe H3MEpUTENbHBIE TPUOOPHI UMEIOT CTPYKTYPHYIO cxemy (puc. 1.2),
BKJIIOYAIOIIYIO KOHTPOJMpPYEMOE H3Aenne |, YyBCTBUTEIBHBIM 3JEMEHT 2,

U3MEPUTENbHBIN TpeoOpa3oBaTens 3, BTOPUYHBIA AJIEKTPOHHBIN mpubop 4 u

8

Pucynok 1.2 —. CtpykTypHas cxema u3MepeHus

MMPAMBIM KOHTAKTHBIM MCTOAOM.

UHIAYLHUPYIOUIEE WIH PETUCTPUPYIOIIEEe YCTPOMCTBO 5.

B kadecTBe M3MepUTENBHBIX MpeoOpa3oBaTeiell yalle BCEro HCHOJIb3YIOTCS
MEXaHUYECKHUE, ONTO-MEXaHUUECKHUE, DIEKTPUUECKUE U THEBMATUUECKUE TATUUKH.

HenoctaTkom Takux CYETUYMKOB SIBJISIETCS HAIMYME MEXAHMYECKUX KOHTAKTHBIX
30HJI0B C CaMUM KaOelieM, UTO MPUBOAUT K UCTUPAHUIO TPEHUS TOBEPXHOCTEH 30H/I0B.
CymiecTByeT Take BO3MOXKHOCTb MOBPEXKIEHUS U JAePOopMalUd U30JSIUU KaOes.
Takue u3MEpUTENd JUAMETPOB HE CIIEyeT YCTAaHABIMBATH Cpa3y IOCJIE KaMephbl
KCcTpy3uu. OHM HE HUMEIOT JJIMTEIBHOTO CpOKa CHYKObl M He 00ecrneyuBaroT

Tpedyemoit Tounoctu [21, 22].



[TockonbKy  KOHTAKTHBIE  MHUKPOMETPHI I  W3MEPEHHsS]  pPa3MepoB
YCTaHABIMBAIOTCA HEMOCPEJCTBEHHO Ha TEXHOJIOTMYECKOe OO0OpyIOBaHUE, Ha
TOYHOCTH UX pabOThI BIUSAIOT BUOpAIMK, BO3HUKAIOIINE B MarasuHe.

VYuuThIBask BCE 3TU HEJOCTATKH, Pa3padOTUYMKU B KOHEUHOM UTOTE OTKA3aJIUCh OT
nu3aiiHa M3MEpHUTENell 1UaMeTpOB KOHTAaKTOB, M TENEph OHM IMOYTH HHUKOTAA HE
UCTIONB3YIOTCS. MI3MeHeHus B 3To# 061acTu 60Jblle He MPOBOISATCS.

1.1.2 BeckOHTaKTHBIE METOBI

B TexHuke wu3MepeHHs UIMPOKO MCIHOJb3YEMbIX TEXHUYECKUX CPEACTB,
MOCTPOEHHBIX Ha OECKOHTAaKTHBIX MeTojax. /s OECKOHTaKTHBIX HU3MEpEeHUi
pa3MepoB U (HOPM UCIIONIB3YIOTCS ONITUYECKHUE, THEBMATUYECKHUE U IPYTUE TEPBUYHBIE
npeobpazoBaTely.

B TexHonormueckux mpoueccax, rie CKOPOCTb IPECCOBaHUS MPOBOJOB U
IIPOBOJITHUKOB BBICOKA, IPEANOYTUTEIBHO UCIIOJIb30BaTh OECKOHTAKTHBIE YCTPOUCTBA,
KOTOpbIE 00ECHEYHBAIOT BBICOKYI) TOYHOCTh, TPEOYEeMYIO CKOpPOCTh W JOCTYN K
UCITI0JIb30BAHUIO B CHCTEMaX aBTOMAaTUYECKOTO yIPABIICHHUS.

beckoHTaKTHBIE METOJIbI U3MEPEHHS MOTYT OBITh NPSIMBIMH M KOCBEHHBIMHU.
[Ipsimble MeTOABI M3MEPEHUsS] TUaMeTpa CPaBHUBAIOTCS C Pa3MEpPOM IIKaJIbl WU
JUIMHOW BOJHBI. [IpM KOCBEHHBIX METOJAaX W3MEPEHHs HCHOJB3YIOTCS pa3IMyHbIe
(GyHKUIHOHATIBHBIE 3aBUCUMOCTH MEXIY MOJUTUYECKUMU U3MEPEHUSIMU U BPEMEHEM,
oOnmajmasi Jy4lmIMMU  OOJACTSMH, pachpenessis MHHHUMYMbl W MaKCUMYMBbI

nudpakimoHHon KapTuHbI U T. [1. [23]



Onrtuueckue MeToabl u3MepeHusi. OHM TAKXKe SBJISIIOTCS] CAMBIMA COBPEMEHHBIMU
Y TIEPCHEKTUBHBIMU ISl CO3/IAHUS CUETUYMKA, KOTOPBIA MOJHOCTBHIO YIOBIETBOPSET
BCEM BBIIIETIEPEUUCICHHBIM TPeOOBaHUSIM. PaccMOTpUM cpeiHuEe METObI U3MEPEHUS
auameTpa 6osee moapoOHO.

1.1.2.1 ITneBMaTH4YeCKHE U3MEPHUTEIN AUAMETPA

DOTO OIWH W3 TEpPBBIX OECKOHTAKTHBIX METOJOB W3MEPEHHsI THAMETPa,
pa3pabOTaHHOTO ISl IPOM3BOICTBEHHBIX JIMHUN. [[HEBMaTHdyeckass ycTaHOBKA (puC.
1.3) HenpepbIBHO (PUKCUPYET OTKIIOHEHUE THAMETPA TPOBOJIOKU OT €€ HOMHUHAILHOTO
3HAYEHHUSI IIyTEM M3MEPEHHS MOTOKA 4Yepe3 3a30pbl MEXKIY JIBYMs U3MEPUTEIbHBIMU
ycTpoiictBamu | ¥ KaMOpOBaHHBIMU MATPHUIIAMH U3MEPUTEIBHON TONOBKH 1.

Y CcTpOUCTBO UMEET YCTPOMCTBO JIJII OUMCTKH IMPOBOJIOKH, COCTOSAIIEE U3 KAMEPBI
BbIJIyBaHUS M BOWJIOYHBIX IIETKU. [IHEBMOAJIEKTPUUYECKNN 3aKMMHOM NATYUK IS
MOJKJIFOYCHHS] CUTHAJIBHBIX LIENIEH U CXEM OCTAaHOBKHM MAIIMHBI JJIs1 PUCOBAHUS, KOT1a

MpoBOJ € AMaMCTPOM IMPCBLIMIACT JOITYCTUMbIC OTKIIOHCHUS.



Pucynoxk 1.3 — Cxema mHEBMaTHYECKOIO MUKPOMETpA JIJIs1 U3MEPEHHUS
auaMeTpa MPOBOJIOKH:
1 — u3mepuTenabHas ToJI0BKa, 2 — U3MepseMast MPOBOJIOKA, 3 — COETMHUTEIIbHbBIE
TpyOKH, 4 — TpyOKa MPOTUBOAABIICHUS, 5 — MTHEBMOAJIEKTPUUECKUHN TATUUK, 5 —

BBIBO/IbI AJIEKTPOKOHTAKTOB, 7 — KOHTPOJIbHBI MAHOMETP, 8 — pacipeieauTeNb,

N3mepurtenbHas rojioBKa MPECTaBIsieT cOO0H CTaNbHYIO KaMepy, B KOTOPYIO
BBUHYMBAIOTCS JBE OMPABKH C HAXKATBIMH INTaMIaMu. Yepe3 ImTammbl U3MepsSeTCs
npoBon; [24]. [24].

Kpome Toro, HemocTtaTku 3akIOYalOTCSI B TOM, YTO ITHEBMATHYECKUE
MUKPOMETPHI HE (PUKCHUPYIOT OBaLHOCTh MPOAYKTA W 3aTPYIHSIIOT MPOXOKICHUE
Yepe3 CEHCOPHBIE MECTA MANKOB, a TAKKE X TPYIHO MOACPKUBATH.

OmnucaHHbI MeTO 00€CIIeUYnBaET HU3KYIO TTOTPENTHOCTh n3MepeHus okoiio 100

MKM M HMCCT CCPLC3HLIC HCAOCTATKH, TAKHUC KaK HCPA3bCMHAA KOHCTPYKIMA



U3MEPUTENIbHOTO  MpeoOpazoBaTessi, OrpaHUYCHHBIM  Iuanma3oH  HM3MEPEHHBIX
JMaMETPOB.

1.1.2.2 YabTpa3ByKOBbI€ H3MEPUTEH JHAMETPa

[Tpunumn paboThl yNbTPA3BYKOBBIX CUETUYMKOB 3aKJIIOYAETCA B METOJAE 3XO-
UMITyJIbCa, B KOTOPOM H3MEPSETCS BpEMS MEXKIYy HCIYCKaeMbIM HUMIYJIbCOM U
OPUHATHIM UMITYJIBCOM, OTPaXXEHHBIM OT Meaua-untepdeiica. [lpenmonaraercs, uyto
CKOPOCTh pacHpOCTPaHEHUS YJIbTPa3ByKa B Cpele HW3BECTHA. YIbTPa3BYKOBOU
npeoOpa3oBaTeib COACPKUT MHE30JIEKTPUUECKUM KPHUCTaUl, KOTOPBIM MOCIie
BO3/ICICTBUSI Ha HEro UMIYJbCOM HAIpPsDKEHUS OYEHb KOPOTKON IMTENbHOCTU
U3TTy4YaeT 3BYKOBYIO BOJIHY. B 3aBucuMoOcCTH OT opMbl 00BEKTHBA MpeoOpa3zoBaTeis
3BYKOBas BOJIHA MCXOAUT OT mpeoOpa3oBaTelisi yepe3 BOAY K MOBEPXHOCTU OOBEKTa
uzMepenus. [Ipu npoxoxxaeHun yepe3 uHTepdenc cpeapl, B HAIlIEM CIydae 3TO BOJa -
MOBEPXHOCTh OOMOTKHM KaOensi, CKOPOCTh BOJIHBI H3MEHSIETCA. OJTO H3MEHEHUE
BBI3BIBACT OTPAKEHUE YAaCTU SHEPTrUU BOJHBI OOpaTHO Ha MpeoOpas3oBaresb. ITOT
3p(deKT Ha3bIBaCTCA OSXOM. OXO-UMIYJIbC (PUKCUPYETCS OJAHUM M TEM IKe
Ibe30KepaMUUecKUM MpeodpaszoBareneM. Kpome TOro, BHIYHCISETCS BPEMsI MEXKIY
UCITyCKaeMbIM U MPUHUMAEeMbIM UMITyJIbcamMu. CKOPOCTh pacpoCTpaHEHHs 3ByKOBOU
BOJIHBI B Cpe€le TMOCTOSIHHA. 3Has CKOPOCTh M BpeMs, Bbl MOXETE pPacCUUTATh
paccrosinue L1 10 u3mepsieMoro o0beKkTa, M €Ciu Bbl UCIOJIb3YETe 1B MJICHTUYHBIX
KOHBEPTEPA, PACTIONOKEHHBIX HAa U3BECTHOM PACCTOSIHUM L IpyT OT ApyTa, BEI MOXKETE

paccuuTaTh IuaMeTp u3Mepsemoro oobekrta kak D = L- (L1 + L2).



VYcTaHOBKA HECKOJIBKMX Map JAaTYMKOB B HECKOJNbKUX IUIOCKOCTAX. I[lpum
WCITOJIb30BAHUH 9Xa U3 CEKINH pa3zena (000JI09Ka Kabelis ) TAKUEe CUCTEMbI HaXOIATCS

B COCTOsIHHNH, a TAKIKC B (bopMe CCPACYHHKA U €TI0 SKCUCHTPUCUTCTA.

il -
0aszoBoe paccrosinue (L)

el nuametp (D) -

Pucynox 1.4 —. Metoa uaMepeHust quaMerpa npy NOMOIIHU yIIbTPa3ByKa.

Takue cucTeMbl, XOTS ¥ UMEIOT BBICOKHE METPOJIOTHYECKHE XapaKTEPUCTUKH,
UMEIOT DS HEJOCTaTKOB M3-3a TOTO, YTO MPeoOpa3oBaTeNib JOJKEH IOCTOSHHO
MOTPYXKAThCsI B BOJAY OXJIAKIAIONMIEH BAaHHBI, YTO YCJIOXKHSAET €€ YCTaHOBKY U
TeXHUYEeCKoe obOcmyxuBanue. Kpome Toro, Oonee BBICOKHE TpeOOBaHMS
MPEABSBISIIOTCS K YUCTOTE OXJIAXKIAIOIIECH BOJIBI, HECOOIIOICHHE KOTOPOI MTPUBOIUT
K TIOMEXaM, a BBIXOJI H3MEPHUTEIBHOTO YCTPOMCTBA HE COOTBETCTBYET TPEOOBAHUSIM
[25, 26].
1.1.2.3 OnTuvyeckre MeTOAbl U3MEPEHUs TUaMeTpa

JIy1st GECKOHTAKTHOTO M3MEPEHHSI TEOMETPUUYECKUX Pa3MEPOB KaOeyel MMPOKO
WCITOJIb3YEMBIX OITOAJICKTPOHHBIX YCTPOWCTB C HCIOJb30BAaHUEM KOJMPOBAHHBIX

OIITHYCCKUX MaCH_ITa60B, MCTOAOB IMTOMEX, IIPUHIIHUIIOB aMHHHTYHHOﬁ n HMHynBCHOﬁ



MOJYJIALIY, PEaTM30BaHHBIX HA OCHOBE HCIOJB30BAaHUS JA3€pPHOM TEXHOJOTHH,
MUKPO3JIEKTPOHUKHA U MUKPOKOHTPOJIEPOB.

AHanu3  W3MEPUTENBHBIX  ONTHYECKHX  Lerned  MnpuOOpoB  MO3BOJHII
UACHTU(DUIMPOBATh YeThIpe Hauboyiee pPACIpPOCTPAHEHHBIX ONTHYECKHX METOoJa
U3MEpPEHHs auaMeTpa. Bce 3T MeToapl HM3MEpPEeHHs] XapaKTepU3YIOTCS BBICOKOW
CKOPOCTBIO, HEOOJIbIION MOrPEIIHOCThI0, XOPOLIEH MOMEXOYCTOWYMBOCTBIO, OHU
MO3BOJIAIOT ~ peajn30BaTh OECKOHTAKTHBIM NPUHLHUII [OJY4YeHHUS TMEPBUYHOU
uHpopMaruu. OTHAKO 3T METOABI TAK)XKE UMEIOT CYLIECTBEHHBIE Pa3IN4Hsl, KOTOPbIE
HalaraloT OrpaHdyeHuss Ha cdepy ux mnpumeHeHus. Mpl Oosee MHOAPOOHO
MO3HAKOMUMCSI C ITUMU MeToJiaMu [27].
1.1.2.3.1 Memoo uzmepenus MOWyHOCHMU NOMOKA U3IYYeHU

Meton, npeacTaBICHHBIN HAa PUCYHKE 1.5, OCHOBaH Ha M3MEPEHHH MOIIHOCTHU
W3ITy4eHHsI, BOCTIpUHUMAeMOW (HOTOTPpUEMHHKOM. V3MepeHHBI 00BEeKT (Kabeb)
HaxoAMuTCs B paboueil 00gacTH, Yyepe3 KOTOPYIO MPOXOAUT MapajuieIbHbIi CBETOBOU
noTok oOT ocBeturens. Kabenp dYacTUYHO OJIOKMPYET CBETOBOM TMOTOK M,
COOTBETCTBEHHO, YMEHBIIIAET MOUTHOCTh U3Ty4YEHHS 10 poTonprueMHuKa. Mi3Menenus
MOIIIHOCTH U3ITy4YeHUs, BOCIIPUHUMAEMbIE (oTONpPUEMHHUKOM, 3aTeM
NEPECYNTHIBAIOTCS B IUAMETP U3MepsieMoro kabdessi. YToObI UCIIOIb30BaTh ATY CXEMY,
BaM HY>KE€H HCTOYHHK CO CTAOMJIbHOM M3IIy4aTeIbHOW CIOCOOHOCTBHIO, KOTOpas CO
BPEMEHEM OCTAETCSl MOCTOSHHOM, a TaKKe MPUEMHUKOM ONTHUYECKOTO M3IyUEHHUs C
MIOCTOSTHHOW YYBCTBHUTEIILHOCTHIO. B peanbHBIX YCIOBHUSX NPH HATUYMHA BHEITHUX

NeCTA0MITM3UPYIOMUX (PAKTOPOB ATH YCIOBUS €/1Ba JIX TOCTURKUMBI. [10 3TOM mpuanne



npubop TpedyeT YacToi KanuOpPOBKH U HE UMEET JOCTATOYHOW TOYHOCTH N3MEPCHHSI.
HeoOxogumocTh w3MepeHUss MTHOBEHHBIX 3HAYE€HUW MOIMHOCTH, a TaKXe B
HEKOTOPBIX BapHAHTaX ONTHYECKOM CXEMbl M HEOOXOJUMOCTH H3MEpPEHUS

MCXaHHNYCCKUX I[BI/I)KGHI/Iﬁ OTpaHUYIHBACT IPUMCHCHHUEC MCTO/IA.

N3mepsiemsl

v

TTPUEMHAU

\4

TMRTMTVUATETT

T

Pucynok 1.5 — Meroa uaMepeHusi MOIIIHOCTH TOTOKA U3TyUYEHUSI.

Pabouas 30Ha

MN3-3a  BBIIICONHUCAHHBIX HEAOCTATKOB HU OJMH W3 NPOU3BOJUTENEH
U3MEPUTEIBHBIX MPUOOPOB B HACTOSLIEE BPEMSI HE paboTaeT. ITOT METO[ SBIISAETCA
OJIHUM M3 TEPBBIX METOJOB ONTHYECKOTO H3MEpPEHUsi TabapUTHBIX pa3MepoB
00BEKTOB.
1.1.2.3.2 Memo0 uzmepenus CKaHuposanuem

VYcerpoiicTBO, peanusyroliee METOJl U MOKa3aHHOE Ha pUCYyHKe 1.6, coaepxut
OJIOK CKaHUPOBAaHMS, KOTOPBIA T'€HEPUPYET TOHKUH Jy4, KOTOPBIA PaBHOMEPHO
NEPEMEIIAeTCs] C MOCTOSHHOM CKOPOCThIO V B 00JaCTH M3MEpeHus mupuHoil W.

[Tyuox npepsiBaeTCsi U3MEPEHUEM KaOelisl, U UMITYJIbC MOSBISETCS Ha (OTONPUEMHUK,



INPUHUAMAIOIIMK M3JIy4eHUE, MPOJOJDKATEIBHOCT KOTOPOTO paBHA BpEMEHU

BHOpHpYIOIIEe

Jlazep

CUuTrHanmn

BpeMs

Pucynok 1.6 — Cxema co CKaHUPYIOIIUM Y3JIOM.

JBDKEHUS ITyYKa B IMOMIEPEYHOM ceueHuu kabens. JlmHy ummynibca poTonpueMHuKa

U3MEPSIOT ¥ IpeoOpas3yroT B AMAMETP U3MEPSAEMOTro Kabesi, UCIOIb3ysl COOTHOLLICHHE

r | (1.1.2.32.1)

rae T — nepuoJ; CKaHUPOBAHUS BCEe paboueil 30HBI.
[TockonbKy BpeMst t 3aBUCHUT OT COOCTBEHHON CKOPOCTH U3MEPSEMOro 00BEKTa V,
BBIUUCIICHHSI TI0 3TOM Qopmysie OyAyT CripaBeAJIMBEIMHU TOJIBKO B TOM Cllydae, €Cliu v

pPaBHO HYJIIO.

D D
t=—

[=—

[Tpu cunbHBIX BUOpaMAX Kabess omrmoKa MOXKET YBEITUUUTHCS, TOITOMY Kabelb
JOJKEH OBITH JOMOJHUTEIBHO CTAOUIN3UPOBAH.
KoMmnakTHbIe MOIYTPOBOJHUKOBBIE Ta3€PHBIE MOYJIH UCTIONB3YIOTCS B KAUECTBE

HNCTOYHHUKOB M3JIY4YCHHUA B COOTBCTCTBYHOHIMX OINTHYCCKUX CXCMaX. Hy‘-IOK



nepeMemacTCsa B 30HC BpallarOUMC HICCTHYT'OJIBHBIM 3CPKaJiIOM, d@ B IMOCJICIHUX

pa3paboTKax 3TOTO THUIA BUOPHUPYET MHE30ICKTPHUIECKOE 3epKaio [28].

Ha pucynke 1.7 mokazaH OOMH M3 BapHaHTOB METOAA U3MEPEHUS MaJbIX
nuameTpoB. UTOOBI YyBEIHUWUTH pa3pelleHue, ONTUYECKas CUcTeMa JOKHA OBITh
HACTpOEHa, YTOOBI CTaTh MOTEHIHMAIBHBIM OOBEKTOM B (DOKAIBHBIX IUIOCKOCTSIX

KOJUTUMATOPOB.

3epKajo

nasep
CHIHAJ

Pucynok 1.7 — Cxema co CKaHUPYIOILUM y3JI0M JIJIs1 U3MEPEHUS MAJIBIX

[IpeumymecTBa MeTona - OOJBIION TUANA30H W3MEPEHHM, BBICOKASI CKOPOCTh
M3MEpeHUs U HeOOoubIas NorpenrHoCTh. OTHAKO HATHMYHUE MOOUITLHBIX MEXaHUYECKIX
KOMITOHEHTOB TpeOyeT WX BBICOKOKAYECTBEHHOTO IMPOWM3BOJCTBA IS JOCTHIKEHUS
TpeOyeMoro cpoka CIyXObl, a TakkKe HEOOXOAUMOCTh  HCIIOJIb30BAHUS
BBICOKOKAQYECTBEHHOW IIUPOKOANEPTYPHOU ONTHUKH U JIA3€PHOTO MOIAYJISL C
HEOOJIBIITUM  yTJIOM PACXOXACHUS B KA4ECTBE HWCTOYHHMKA W3IIYYCHHS JeIaeT

yCTpPOMCTBO OoJiee Toporas.



1.1.2.3.3 Teneesoii memoo 6 KeazunapanneibHoM nyyKe

[Tpu pazpabotke mpuOOPOB sl U3MEPEHHS AUaMeTpa Kabemst STOT METOJ Jalle
BCEr0 HCIOJb3yeTCsl ceroAns. Ero omTuueckas cxema IOKa3aHa Ha pUCYHKe 1.8.
W3nyuyaTenp MCHONB3YyeT ONTUYECKYID CHCTEMY KOJUIMMATOpa AJisl CO3JaHus Jiydya
cBeTa BONM3M mapasvienu B paboueil o0jacTu, yepe3 KOTOPYI0 U3MEpAEeMbIil KaOeb
nepeMeniaeTcsi TOpu3oHTadbHO. TeHb Kabenms mMmamaeT Ha MHOTORJIEMEHTHBIN
GoTOnpUEeMHHUK, SYEWKH KOTOPOrO PpACIHOJIOKEHbl BEPTUKAJIbHO MO JIMHUU.
KonnuecTtBo TeMHBIX siueek n (OTONPUEMHHKA, YMHOXKEHHOE Ha IIUPHUHY OTHOU
SYEHKHU |, COOTBETCTBYET AUaMeTpy Kabeis U MOKeT ObITh paccuutano D =n - | mpu
omnpoce siueek. CoBpeMeHHbIE JIMHEHHbIE MHOTOAJIEMEHTHBIE (DOTONPUEMHUKN UMEIOT
pa3mep sueiiku 1 or 2 10 60 MKM, YTO MO3BOJSIET 00ECIEYUTh COOTBETCTBYIOIIYIO
NOTPEIIHOCTh U3MepeHusl. B KauecTBe UCTOYHHMKA M3ITYUYCHHS] MOXKHO HCIIOJIb30BaTh
JaMIly HaKaJMBaHUA, OAUH CBETOJUOI, U3TyUY€HHUE KOTOPOTO MOJAETCS Ha TOUSUHBIN
HCTOYHHK C IIOMOILBIO OTIOJHUTENBHON ONTHKH WM TOJTYTIPOBOHUKOBBIH J1a3epHBIN
Monynb. lcmonbp3oBaHME Ja3€pHOTO MOMYJS SABIAETCA MPEANOYTHTEIBHBIM,
MOCKOJIBKY 3TOT HCTOYHHK HauOoiiee MPUOIMKEH K TOYEYHOMY, YTO YIPOIIAET

ONTHUYECKYIO CXEMY U MPOLIECC €€ HACTPOUKHU U BbIPABHUBAHHS.
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MHOrO3JIEMEHTHbIN

Pucynok 1.8 — TeneBoil MeTO/ B KBa3uIapauIeIbHOM IMy4Ke.

OcHOBHOM BKJIaJI B OWMMOKY NpH HCHOIB30BAaHUM ATOTO METOAA JAeNaeT
HEUJEANbHOCTh ONTUYECKOW CHCTEMBI KOJUIMMATOPA, KOTOpas mpeoOpazyeT CBET OT
TOYEYHOT'O MCTOYHUKA B KBa3WIapalJieNbHbIi mydok. Hamnune abeppanmii u ommoka
BbIPaBHUBAHUS PUBOST K TOMY, UYTO CBETOBOM MOTOK B paboyeii 001acTu OTInYaeTcs
OT TapajuieIbHOTO, YTO MPU TMEpEMEUICHHH U3MepsieMoro o0beKTa B padouel 30HE
CWJIBHO BJIMSET Ha OUIMOKY m3MepeHus. Uem Ooibliie 30Ha U3MEpPEHHsI, TeEM OO0JIbIIe
nuadparma KoJUIMMaTropa JOJbKHA ObITh, M yeM Ooublie nuadparma, BIUSHHE 3TOTO
TUNA OUIMOKH Ha pe3yJbTaT MU3MEPEHHUS YBEIUYUBACTCS, JTaXe €CIH HCIOIb3yeTCs
JAuHeMKa (oToaeTeKTOpa ¢ MEHbIIUM 1arom. [1o Toi e mpuurnHe MeTo1 He OIXOAUT
JUIS U3MEpEHHsI MajblX O0OBEKTOB auamMeTpoM MeHee 0,5 MM, MOCKOJBKY BETUYHHA
OLIMOKM CpaBHUMA C JUAMETPOM OOBEKTa M3MEPEHHs. DTOT METOJ MPUMEHHUM IJis
U3MEpEeHU B Juana3oHe auameTpoB oT npumepHo 1 go 30 mwm. Coznanue

ABYXKOOPAWHATHBIX CHCTYUKOB C IIUPOKHUM JUAIIa30HOM I/IBMepeHI/Iﬁ Ha OCHOBE 3TOTI'O



MeTOJa MPOOJIEMAaTUYHO H3-3a TPOMO3JIKOCTH €r0 CPEICTB peaju3allid, HO METOJ
BBITOJIHO OTJIMYAETCS OT MPEABAYIIMX C MOTEHLIUAJbHO OoJiee BBICOKOU
HAJCKHOCTbIO, BBEIS OTCYTCTBUE MEXAHHYECKUX JBIDKYIIUXCS JJIEMEHTOB U
MEHBIIMX TMOMEX H3-3a OTCYTCTBUS HU3MEpPEHHM aMIUIUTyAbl u BpeMeHu. OH
UCIIOJIB3YETCSl B Te4YeHue jiuTenbHoro BpemeHn (¢ 1990 roma) m ycmemHo
npuMeHseTcs Ha 3aBoje Hermis + 17151 co31aHNs OTHOOCHBIX U3MEPUTENEH T1aMeTPOB
¢ auamna3zoHom uzMepenus ot 20 go 30 mm.
1.1.2.3.4 Tugppaxkyuonnwiit memoo

JUis TOBBIMIEHUS TOYHOCTH M3MEPEHHs JuaMeTpa TOHKUX MPOBOJOB
UCIIONIB3YETCs sIBJICHUE AU(pakiuu cBeTa. JIyd cBera, 00XOAIINN TOHKYIO KyCOUEK,
co3MaeT AM(PPAKIMOHHBIM CHIIY3T, KOTOPBIA 3aBHCUT OT auamerpa (puc. 1.9).
MHorosneMeHTHBI ~ NMpPUEMHUK  TpeodpazyeT AUGPAKIUOHHYIO KapTUHY B
AIIEKTPOHHBIE CUTHAJIBI, KOTOPBIE 3aTeM MpeoOpa3yloTcsl B 3HAUeHUE AuaMerpa. Yem
TOHbBILIE HU3JENHe, TeM pe3ue AUPPAKIHOHHAS KapTHHA M TEM BBIIIE TOYHOCTH
U3MEPEHHUS.

OTOT METOJl MOXKET OBITh pealin30BaH KaK HE3aBHCHUMO B METpax Auamerpa
U3JEINA MajblX M CBEPXMAaJbIX CEKLUWH, TaK M B KayecTBE BCIIOMOTaTEIbHOTO
UHCTPYMEHTAa JJIsi YMEHBIIEHHS TMOTPEUIHOCTH CYIIECTBYIOIIMX H3MepUTeNen

ANaMCTPOB Ha OCHOBC MCTO/JI0B U3MCPCHUS TEHEH.
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Pucynok 1.9 — H3mepenuwe paumamerpa MPOBOJIOKH, OCHOBAHHOE Ha SIBJICHUU
IU(PPaKIIN CBETa:
1 - nmazep; 2 - mpoBoJioka; 3 - JMH3a; 4 - MHOTO3JEMEHTHBIM MPUEMHUK; S5 -
BBIYHCIIATENh; 6 - TudpaKIMOHHAS KApTUHA HA MHOTORJIEMEHTHOM NMPUEMHUKE.
1.2 IToctaHoBKA 32/1a41 MCCJICIOBAHUS

e (CoOCTaBJIEHHE U YT-BEPKIACHUE TEXHU-YECKOTO 3a1aHUS

e [louck u n3ydeHne maTepuaia o Teme

e  BriOop HampaBiieHHs UCCIEIOBAHUN

e l3yueHue aurTepaTy-pbl IO TEME

e AHanu3 CyHIECTBYIO-IIUX CXEM 10 METOLY

e Pa3paboTka NpuH-IUMHATIBLHON CXEMBbI YCTPONCTBA

o [lon6op sneMeHTHOM 0a3bl

e (COopka 3KCIepu-MeHTaNbHON pa3pa-00TKU

e  DKCHEPUMEHTAIIbHBIC UCCIICIOBAHUS

e l3yueHue pe3yabTaTOB MPOBEACHHOIO UCCIEAOBAHUS

e  AHanu3 pe3yibTaToB



2 Teopuveckue 0CHOBBI TU(PPAKIMOHHBIX METOA0B U3MEPEHUSA

2.1 Iudpaxuus Openens

Pucynok 2.1 — Kaptua qudpaxiuu

JHudpakiuss - SBIEHUSAM, KOTOpPHIE MPOUCXOJAT, KOIZa BOJHA BCTpEYAeT
npenarctBue. B kiaccuueckoil ¢usuke sBIeHHE AUQPPAKINU OMUCHIBACTCS Kak
OYEBUIHBINA U3TUO BOJHBI BOKPYT HEOOJBIIMX MPEMSITCTBHIA H PACTIPOCTPAHEHHIO BOJIH
u3 mponuioro Hebompime otBepcTus. [logoGHBIE >PQPEeKThl BO3HUKAIOT, KOTna
CBETOBOW BOJIHBI MPOXOAUT Y€Pe3 CPely C Pa3IMYHBIMH MOKa3aTellb MPETOMICHHUS,
WIM 3BYKOBash BOJIHA MPOXOJUT 4Yepe3 OJUH C TMEPEeMEHHBIM aKyCTHYECKUM
conpotuBiieHueM. JudpakiunoHHbIE TPOUCXOAUT CO BCEMH BOJHBI, B TOM YHUCIE
3BYKOBBIE BOJIHBI, BOJHBI Ha BOJIE, U 3JEKTPOMArHUTHBIX BOJIH, TAKMX KaK BUIUMBIN
CBET, PEHTTEHOBCKHE Jy4d M paauoBoiiHbl. Kak ¢usnyeckue OOBEKTH HMEIOT
BOJIHOBBIE CBOICTBa (Ha aTOMHOM YpOBHE), AU(DpaAKLUsA TaKkKe MPOUCXOIUT C
BEIIECTBOM M MOXET OBbITh HM3Y4eH B COOTBETCTBUHM C MPUHIUIAMHU KBAHTOBOMN

MexaHuku. MranbsHckuin yuensin @panyecko Mapus ['pumansau npugyman CioBo



«aubpaxus 1 ObLI IEPBBIM JJIS 3aMHCH TOYHBIX HAOIIOIEHUH 3TOTO IBJICHUS B 1665
rofay.

B ontuke ypaBHenuss Openens audpakuuu A OIKHENH 30HE AUPPAKIUHA 3TO
npubmpkenue Kupxroda nudpakinun Openensi, KOTOPbIE MOTYT ObITh IPUMEHEHBI K
pacrnpoCcTpaHEHHIO BOJIH B ONmkHeH 30He. bikHeM mosie MokeT ObITh 334aHO YHUCTIO
@peHenst ONTUYECKOTO YCTPOMCTBA, KOTOPOE ONPENEIICHO I BOJIHBI, [TaJal0IIEH Ha

OTBEpCTHE, KaK:

rzie, a - XapakTepHbIN pa3Mep anepTypbl

L - paccrosiHue OT OTBEPCTHS 10 TOUKU HAOTIOACHHUS

A-IUTMHA BOJIHBI

[Tpu F <1 audpakiuoHHON BOJHBI CUMTAETCS B OJNMKHEM MOje UAUBPaKIUSL
®penenst MOXKET ObITH UCTIOTB30BaHA JJIsl pacyeTa ero Gopmy.

JudpakiroHHas KapTUHA AIEKTpUdIecKoro nos B Touke (X, Y, Z) onpeaensercs
o opMmyiie:

e ikr

z ([T®
E(x,y,z) = J_U E(x',y',0) dx'y’

r2
I'ne,

E(x',y',0) - arnepTypa

r=G—x)+ - y) +22

I-MHUMasl €JMHULIA

zZ
cosf = ~ - KOCHHYC yIyla MEK/1y HalpPaBICHUAMH Z U T



2.2 Nudpaxuus Opaynrodepa
Hudpakuus, mpu KOTOpoH KapTuHa qudpakind HaAOIIOIAETCS Ha 3HAYUTEITLHOM
PACCTOSIHMM OT amepTyphl WM Mperaabl. PaccTostHuEe MOMKHO OBITH TaKUM, YTOOBI

2
MOKHO OBLJIO MpeHeOpeub B BBIPAKEHUM I Pa3sHOCTH (a3 ujeHaMH MOpsaKa £

zA
CWJIBHO YIPOILIAET TEOPETUYECKOE PACCMOTPEHHUE SBIEHUS. p - pagualibHas
KOOpJMHATA pacCMaTPUBAEMOM TOUKH B INIOCKOCTH HAOIIOACHUS B MTOJIAPHOM CHCTEME
KOOpJMHAT. Z -PACCTOSTHUE OT OTBEPCTUS WM MPETPajbl 0 MIIOCKOCTH HAOIIOACHHUS.
A - 1JIMHA BOJIHBI HICTOYHUKA CBETA.

Hudpaxkuuss dpaynrodepa Habmonaercs npu uyucio Ppenens F K 1, srom
IPUXOJIAIINE B TOUKY, BOJHBI SBIAIOTCS MpakTuyecku. [Ipu HabmroneHnn 3Toro tumna
audpakun n3o0pakeHne oObEKTa HE MCKa)XaeTcs, U TOJbKO MU3MEHSET pa3Mmep U
M0JIO’KEHUE B MPOCTPaHCTBE. B MpOTHBOMOI0KHOCTD 3TOMY, H300paxkenue dOpenens
npu JUGPaKIIK TAKKE U3MEHSIET CBOIO ()OpPMY M 3HAUMTEIHHO UCKaXKEHA.

Asnenus nudpaxinun OpayHrodepa UMEIOT O0NbIIOE MPAKTUIECKOE 3HAYCHHE,
SBJIAIOTCSI OCHOBOM NPHUHIMI JCHCTBHSI MHOTHX CHEKTPaJbHBIX NpUOOpPOB, B
YaCTHOCTH, TU(PPaKLIMOHHBIX pelIeToK. B mocnennem ciayyae nosie HaOIIOIEHUS CBETA

Ha OECKOHEYHOCTH HCIIONB3YeT JIMH3Bl WM BOTHYTOM AU(PPAKIIMOHHON PpEIIeTKH,

COOTBCTCTBCHHO 3KPAHC MMOMCIIACTCA B (l)OKaHbHOﬁ IIJIOCKOCTH.



Pucynox 2.2 — Jludpakmus @paynrodepa
2.2.1 Jludpakiust Ha OJHOM 1IeJIH
Ha nudpaxmuonnoit cxeme dpaynrodepa Ha ogHOM menu, puc. 2.2.1, miockue
MOHOXPOMAaTHYECKHE BOJHBI OOBIYHO MAaJal0T HA TIOCKOCTh, OECKOHEYHO JJIMHHAs
mpuHa 1mend. CaoThl CYUTAIOTCS OECKOHEYHO JJIMHHBIMU, €CIIM UX JIJIMHA HAMHOT'O
oosbiie ero mupuHbl. Takas mupuHa 0,01-0,05 MM 17IMHON HECKOJIBKO MHJUTUMETPOB

MOKET OBITh OECKOHEYHOIA.




Pucynox 2.3 — Jludpakmus @paynrodepa Ha OMHOHN IICIH.

[Ilens ocTaBUTh 00BHEKTUB JI B (hOKAIBHOM MIIOCKOCTH SKpaHa, KOTOPBIHN SBIISIETCS
J. Hannune 00beKTHBA SKBUBAJIEHTHO 3KPaHy, a TaKKe Ha OECKOHEYHOM PACCTOSTHUU
ot obbekra. Korma cBeT pacmpocTpaHseTcs JTMHEWHO B COOTBETCTBHH C 3aKOHAMU
reOMETPUUYECKON ONTUKH, B (POKAIBHOMN TUIOCKOCTH JIMH3BI ObLIa OECKOHEYHO y3Kas
1oJioca cBeTa. JTa TO ,4yTo NMpoXoAuT yepe3 N, Ha 3kpaH J. Kak nokaspiBaeT NpUHIHUIT
['fotirenca-Openens, Kaxaas TOYKAa BOJHOBOW (POHT MOCTHUTAET IUIOCKOCTH, TIIE
pa3pbIB ABIISIETCS UCTOYHUKOM BTOPUYHBIX BOJH. U Tak , iydn, uayuime oT BCeX dTUX
BTOPUYHBIX HCTOYHHKOB TIOJl YIJIOM ( K HauyajJbHOMY HAaIlpaBieHHUIO, 00pa3yloT

IUIOCKUK BOJIHOBOM (ppoHT. U oH cobeper Ha (oKaIbHON MIIOCKOCTH JIMH3a B TOUYKE

Ny,.

Korma Mbl onpenernsem nosist B IJIOCKOCTH 3KPaHa, Mbl HANPSIMYIO HCIIOJIB3YEM
npuHIUN [roiirenca-Openensd. ITOT y4acTOK OTKPHITON YaCTH MOBEPXHOCTHU B 3a30pe€
o0nacTu B BUJE Y3KUX MOJIOC PaBHOW IIMPHUHBI dX, mapayuienbHbIX KpaeB MIeau. JTu
3JIEMEHTapHbIE OOBEKTHI CTAHOBATCS UCTOYHUKaMHU BTOPUYHBIX BOJIH. A4y aMIUIUTY T
3THX BOJH, NPUXOMIMMX TOKa N, B TOM, YTO 3KpaH C Pa3IMYHBIMH II0JOCAMA
SABJIAIOTCS WACHTUYHBIMU, IOTOMY YTO O0JACTH MMEIOT TOXKECTBEHHYIO IUIOLIAAb U
TOM JK€ HaIpaBICHUWM HA BTOPUYHBIM yIroJd BOJHA ¢ . OTH aMIUIUTYJBI
IIPONOPLUHMOHANIBHBI IIPOU3BENCHUIO aMIUIMTYAbI MMAJAONIENd BOJHBI Ey OT pasmepa
H0JIOCHI dX, TaK YTO TO €CTh

dA = CEydx

rae C - K03QPUIMEHT MPONOPLHUOHATBHOCTH.



Tem He Menee, aza xonebdaHH, MOCTYNAIONINX U3 Pa3IMYHBIX YacTel pa3pbIB
Oyner Mensatbes. Kornma omnpeneneHueM pasHoOCTh a3, Mbl pucyem MMy ,
NEPIECHIUKYISAPHON HampaBieHUIO AU(PpPAarupoBaHHOrO IMydKa, W JOJDKEH HaWTH
Pa3sHOCTh IyTEH, BOHUKAIOMMX Ha myTH oT MMy, 10 MyMy'. Buano, 4to pasHoCTS
X0/1a BOJIH, MPUXOSIINX ¢ TOUKU My u M, Ha paccTosiHuu X OT Touka M, 3T0 XSing.

Taxum oOpa3om, ecinu MPeanoN0XKUTh, 4TO (a3a BOJHBI, IPUXOSAIINE B TOUKE
N, u3 Touku My , pasen 0. 3arem konebanus dU, ucxons u3 snementos dx paioHa
Touka M, B Touke N, , MOXKHO 3amucaTh Kak 3TOro :

dU, = dAycos(wt — kxsing)
rae k = 2p/l1 - BoiHOBOE umCIIO,
W - YacToTa KoseOaHus.
Ceityac xotum Bbruuciauth U, B Touke N, HaIO CyMMHPOBATh BKIAJbl W3

pasHbIX y4acTkoB mieau. Murerpuposats dU,, B mpenenax ot x = 0 1o X = b.

b
U(p) = j CE, cos(wt — kxsing) dx

a

sin (% kbsimp) 1
=CEyb 1 cos (a)t — —kbsimp)
. 2
5 kbsing
Torga amMmmnuTya BOJIHBI
sin (% kbsingo)
5 kbsing

KOF,Z[a aMHHI/ITYI[a BOJIHBI paCHpOCTpaHHIOIHeﬁCH B HaHpaBJIeHI/II/I (P:O,
AO == CEob

To ects,



sin (% kbsimp)

=4, T
7kbsing0

4
IlycTs,

1
u= 5 kbsing

HMHTCHCUBHOCTBL CBCTA OIPCACIIACTCA KBAAPATOM aMIUINTY/bI,

sin (l kbsingo) sinu
_ 2 2 _ 2
Igo - IO[ 1 ] - IO( u )
ikbsingo

rae |y - ”HTeHCHBHOCTH B LIEHTPE AU(DPAKINOHHON KapTHHBI.

= I':.I.:'

s P

! 3 el " I

A A A A A =
-3% 2% -3 v 2y 3%

Pucynok 2.4 — Tudpaxuus @payHrodepa Ha OJHON HIENIU: pacTpeesicHUE
MHTEHCUBHOCTHU Ha 3KpaHe B 3aBUCUMOCTH OT CHHYCa yrjla AU(PPaKIHH.
Ha Puc.2.4 npuBeneH rpaduk 3aBUCUMOCTH UHTEHCHUBHOCTH [ OT cuHyca yria
nudpaxkuu @.
B To Bpems sin ¢ =1/b, 21/b, 31/b, 41/b..., ynoBneTBopstomux ypaBHEHHIO Sin
u=(0, THTEHCUBHOCTb PaBHA HYJIIO. JTO 3HAYAET, YTO JIs1 JIF0OOH CiIydaiiHO BEIOpAaHHOM

oOnacTu, paBHOW MO BEIUYHMHE, IUIONIA/lb, U3 KOTOPOUN M3iIydeHHue OyJeT MOCTYINaTh



CTpOro B mpoTuBodase ¢ u3nyuyeHueM oobekTa o0bekTa. Tem He MeHee, B pe3yJbTare
UHTEPEPEHIINH, UHTCHCUBHOCTh PACIIPOCTPAHEHUS B 3TUX HATIPABIICHHSX.

BuaHO, 9TO OCHOBHAS YacTh CBETOBOTO MOTOKA COCPEIOTOYCHA B LIEHTPATBHOM
30He audpakmuu, OIpeneIsieMoil 3Ha4eHHeM = (HA3bIBaGMBIM I[IEHTPAIBHBIM
MaKCUMYMOM), MaJlasi €ro 4acTh OyIeT pacHpOCTPaHSTHCS B Ipeleiax MEepBOro U

BTOPOTO MAKCUMYMOB U T. H.

Z

Pucynox 2.5 — Jludpakmus @paynrodepa Ha ogHou menu: 1 - y3kas 1miensp, 2 -
IITUPOKAS MIEITh.

Paccmotpum BIIUSTHUE IITUPUHBI pacrpeaeeHus pacrpeeneHus
TU(PAKIIMOHHON KapTUHBI. Y BEIMUEHUE ITUPUHBI 3230pa MPUBOIUT K MIPUOIMIKEHUTO
MEPBBIX MUHAUMYMOB K IEHTPY AU(GPAKIIMOHHON KapTHHBI, a PE3KOCTh MaKCHUMyMa
mudpakmuu Bo3pacTaet. OTHOINIEHWE WHTEHCUBHOCTEH CBETa B HWHAMBUIYATbHBIX
MaKCUMyMaX HE U3MEHSETCS, a YBEIMYNBAET a0COIOTHYIO BETMIYNHY NMHTEHCUBHOCTH
W3-32 TOTO, YTO JHEPTUs MPOXOJAIIETO UYepe3 Hee W3IIYYCHHS YBEIUYHBACTCS C

YBCIIMYCHUCM IIHPHUHBI LICJIN.



B 3akmtouennn otmeTum, uto nudpakuus Opaynrodepa MoxxeT HaOIOIATHCS U
pu najieHuu c(hepruuecKoi BOJIHBI Ha OOBEKT, U MPU OTCYTCTBUU JUH3BL. Y CIOBHS AJIs
HaOmonenus audpakiauun Opaynrodepa umeror Bud: b, /Ir << 1,b,/ls << 1.

2.2.2 Tlpunuun babune

B ¢usuke npunnun babune siBisiercst reopemMa o qudpakifu, 4To YKa3bIBaeT, 4YTO
KapTuHa AUQPPAKIUU OT HENPO3payHOro Tejla MJICHTUYHA TOW, YTO M3 OTBEPCTHUS
OJIHOTO M TOro e pazMepa U (OpMBI, 3a HCKIIOYEHHEM OOIIEro BHEpen
WHTEHCHUBHOCTH ITy4Ka.

[TycTth B icxoaHoMm Tene nudparupytoiiero 1 B' ero qomnoigHeHue, To eCTh TENO,
KOTOpOE SBJIIETCS MPO3payHbIM, T1ie B siBisieTcs HEMpo3payHbIM, U HEMPO3pAUyHBIE,
rae B sBnsiercs npo3paunbiM. Cymma nuarpammsel Bei3BaHHOTO B u B 'momken ObITh
TaKUM jK€, KaK JuarpaMMa HampaBJIEHHOCTH HEBO3MYIIIEHHOTro Jiydya. B mecrax, rae
CIIOKOMHO JTy4 He ObUT Obl IOCTUTHYT, 3TO 03HAYAET, YTO AUarpaMMbl HAIIPaBICHHOCTU
BbI3BaHHOTO B u B' gomxkeH ObITh NMPOTHUBOMOJOXHBI MO ¢aze, HO paBHbBI IO
aMIUTUTY/IE.

JudpakimoHHbIE KAPTUHBI U3 OTBEPCTUN WIIM OPTaHOB M3BECTHOIO pa3Mepa U
dbopMBbl CpPaBHUBAIOT C MATTEPHOM OT H3MepsieMoro obbekta. Hampumep, pasmep
HPUTPOIIMTOB MOKET OBITh HANJACHO IMMyTEM CpaBHEHHS UX TU(PAKIIMOHHYIO KAPTUHY
C MHOXXECTBOM MaJIeHbKUX OTBepcTUd. OaHuUM U3 cieacTBuil nmpuHiuna baOune
[TapagokcanbHO, YTO BHYTPU AUGPAKIMOHHOTO Mpeesia, U3ydeHUe YAAJICHHbIX U3

IMy4dKa H3-3a YaCTUIl paBHaA y,HBOCHHOﬁ JacTUIbl KpeCTa pa3 pas3aci IMOTOKa. 210



MOTOMY, YTO KOJIMYECTBO M3ITYUEHUS MOTIIOMIACTCS WIM OTPAXKAETCS TaKOe Ke, Kak
KOJIMYECTBO TU(ParupoBaHHOTO.

[TpunIMn HanboJIee YacTO WCIIOJIB3YETCS B ONTHKE, HO ATO TAKXKE BEPHO U LIS
Apyrux GOpM JIEKTPOMATHUTHOTO U3ITYIEHUS U, TI0 CyTH, 00II1ast TeopemMa Audpaxiuu
Y CIIPaBEIIMBO AJis BceX BOJH. [IpuHimn babuHe HaXoAUT MpUMEHEHHE B CaMbIX €T0
CIOCOOHOCTH OOHAPYKUBATh SKBUBAJICHTHOCTH IO pa3Mepy U (hopme.

O0o03Ha4YMM pacrpesielieHue MoJisl Ha dKpaHe B ciiydae Au(pakiuy Ha IIeinH
Um(x'), a Ha npososioke -Un(x'), rae X' - KOOpAuHATa B IUIOCKOCTH dKpaHa. Torma
cymmy mojei Ung(x') + Un(x') MOXHO TIpEeICTaBUTh KaKk CyMMY HHTErPAJIOB IO
OTKPBITBIM 00JACTSAM JUIS KKIOTO U3 ITHX OOBEKTOB, WM KaK MHTETPAl CYMMBI
OTKPBITHIX JTOMEHOB. HO OTBepcTHs ISl TOTIOTHUTENBHBIX O0OBEKTOB YCTPOCHBI TaK,
YTO OHH IMOJHOCTBIO «OTKPBIBAIOT» BECh (PPOHT BOJHBI MANAIONIETO H3ITyYEHUS,
CJIEJIOBATEIBHO.

Um(x) + Un(x") = UO0(x"), rme UO(x) - BOTHOBOE BO3MYIIIEHHE HA SKpaHE
IpA OTCYTCTBHHM KAaKOTO-THOO TpPEnsITCTBHsA. TakuMm 00pa3oM, CyMMa IIOJIEBBIX
pacrpenieNieHuii OT JONOJHHUTENBHBIX OOBEKTOB paBHA IOJIIO, HaOIIOIaeMoMy Ha
JKpaHE TpU OTCYTCTBUU TPEnsATCTBUsA. [lOJMydeHHBI pe3yabTaT Ha3bIBACTCS
npunuunom babunera.

O6pature BHEMaHue, uto U0(x") ecTh BOJHOBOE BO3MYIIEHHE HA SKPaHE IS
ClTydasi OTCYTCTBUS KAaKOTO-THOO0 MPETSATCTBUS, a He IS CIydasi, KOTJa U Mpope3b U
NPOBOJI YCTAHABIMBAIOTCS OJHOBPEMEHHO HA IyTH MaJarouiero o0ixydeHus (Tak Kak

HETPYJHO MOHSTH, CBET HE MPOUAET Yepe3 Takoi Habop o0bekToB). [lero B ToM, 4TO



Py PACCMOTPEHHWM TMPUHIMIA, KOTJa HAa MYyTH NAJaloNieil BOJHBI YCTAHOBJIECHO
HECKOJBKO 00BEKTOB, HA00OPOT, 3aMKHYThIE 00JIACTH CYMMHUPYIOTCSI.

Ecnm nmazep wucmonp3yercss Kak HCTOYHHK TUIOCKOM BOJIHBI, pa3sMep ITydka
HAMHOTO OOJIBITIE MIMPUHBI SN b, TO Ha dKpaHe B OTCYTCTBHE MPEMATCTBUS OyaeT
HAOJIOIATHCS SPKOE MATHO, & B OCTABIICHCS 00JIaCTH HA KpaHE MOJIE€ MOKHO CUUTATh
pPaBHBIM HYIJIIO.

Jlns 3TOM "HE 3acBeUeHHOU" 00IaCTH CIIpaBeIIIMBO

Um(x) + Un(x") = 0,

CJIEIOBATEIILHO

Um(x') = — Un(x),

a JUISI UTHTEHCUBHOCTEH

Iu(x") = In(x).

B o6mactu ocnoBHoro nsitHa In(x') @ 10(x'), Tak kak B 1aHHOM 00JIaCTH

Uo(x") >> Umy(x).

Tak, mna oOOBEKTOB - TMpope3e U MPOBOJAOB OAMHAKOBOTO pasmepa
pacnpeneieHue WHTEHCUBHOCTHM Ha JKpaHE Be3/I€ OJMHAKOBO, 3a HCKIIOUYCHHUEM
00J1acTH, T/I€ UCXOTHBIN JIyd TMOMAJaeT B OTCYTCTBUE MPENSATCTBUA. Ecimu TommmHa
IIPOBOJIOKY TAKOBA, YTO pa3Mep MepBOro MakCUMyMa AUGPAKIIAN sl IPOPE3U TaKOU
K€ IUPUHBI, YTO W TPOBOJ, MPEBBIMIACT pa3Mep JIA3EPHOrO Jiyda, TO I 000uX
00BEKTOB KOOpAWHATHI KaK BCEX MHHHMYMOB, TaK ¥ BCEX MaKCUMYyMOB

I paKMoOHHas KapTHHA Oy1eT COBMAIaTh.



OO6paTtuM BHHMaHHE Ha MHTEpecHOE siBiicHre. MHorma audpaxiys Ha IpOBOJIE,
3a HCKJIIOUYEHHEM MHHMMYMOB COOTBETCTBYIOIIMX AH()PAKIIMOHHBIX MHHHMYMOB,
HaOJIroJa1ach Mpy JU(GPaKIHK Ha MIEISX OJMHAKOBOIO pa3Mepa, MOXKHO BHJIETH €IIe
JIBa OCTPBIN TIIyOOKHI MHHHUMYM, TJI€ HHTEHCHBHOCTD JIA3€pHOI0 JIy4a 3HAYUTEIHHO
yYMEHBIIAETCA. DTO SIBJIEHUE JIETKO OOBSICHIETCS Ha OCHOBE IpHHIKIa babunera.

B camoM geme, B 001acTH J1la3epHOrO ITydKa CHPABEIJIMBO COOTHOIICHHE
U0(x") >> Um(x’) , a B Toi o0Osactu, Kyda Ja3epHOE H3IY4EHUE HE
nonazgaet, UO(x') 0 < Um(x"). CuemoBarenbHo, CyllecTByeT Takas Touka x'0, B
xkoropoir UO(x'0) = Uni(x'0) , wu, cuemosarensuo, Un(x'0) =0. Dra Touka
HAXOJMTCS HA IPAHMIIE Ja3€PHOrO JIyda, U IMOCKOJIbKY HHTEHCHBHOCTD ITydKa B 3TOM
00J1acTH 0OBIYHO PE3KO MAIAET, TO IIPOBAID 10 HHTEHCHMBHOCTH UMEET HEOOJIBIIYTO
mupuHy. Tak Kak pasmep okHa (HOTOANO0/Ia, HCIIOIB3YEMOI0 B YCTAHOBKE, CPABHUM C
pa3MepPOM «IIpoBaiay, Korjaa Au(pakius PerucTPUPYETCs Ha MPOBOJIE, YMEHBIIIEHUE
MHTEHCHBHOCTH HE BCET/Ia 3aIMCHIBAETCS.

2.3 VICTOYHUKH U3IYYHHUS 118 HaOaroaeHus AudpaKimum

Ha nipartuke, 11014 OOBIYHO UCIIOJIB3YIOT JIAMITBI HITH JIa3ep KaKk HCTOYHHK CBETa,
371€Ch MbI BBIOMpPaeM jia3ep, IOTOMY YTO y HEr0 BBICOKAs KOJUTMMAIIUS U MaJiast 3aTpaTa
SHEPTHH.

2.3.1 Jlazep

Jlazep, HCTOYHHK 3JIEKTPOMATHUTHOTO H3JIy4CHHS M3 BUANMOTO, HH(PPAKPACHOTO

U yIbTpadHOIETOBOIO IUAIa30HOB, OCHOBAHHBIM HAa CTHMYJIMPOBAHHOM H3JTyYEHHH

aToMOB M MouiekyJd. CIoBO «ia3ep» COCTOMT M3 HayalbHBIX OyKB (aOOpeBUATYpPHI)



CJIOB aHTIUICKOHN (Ppa3bl «YCuieHne cBeTa MmyTeM CTUMYJIUPOBAHHOTO M3ITYyUEHUS,
YTO O3HA4YaeT «YCHUJICHHE CBETa B pPE3yJbTaTe BBIHY)KICHHOIO W3JIy4eHUs». B
COBETCKOM JIMTEPATYpPE TAKXKE HCIIOIb3YETCS TEPMHUH «ONTHUYECKUM KBAHTOBBIU
reneparop» (JAG). Coznanue JI. (1960) u Heckonpkux 60see panHux Ma3epos (1955)
MOCITY>KUJI0 OCHOBOHM MJisi pa3paOOTKH HOBOTO HAampaBlieHUs B (DU3HKE U TEXHUKE,
Ha3bIBAEMOI'0 KBAHTOBOW JIEKTPOHUKOM.

Jlazep 1o CpaBHEHHMIO C JAPYTMMHM HCTOYHHKAaMU CBETa O0O0JIaaeT psaoM
YHUKAJIbHBIX CBOWCTB, CBA3aHHBIX C KOTEPEHTHOCTHIO U BBICOKOM HAIPaBJIECHHOCTHIO
u3nydeHus. OJHAKO M3IyYEHHE MCTOYHUKA TeIUla pPaclpoCTpPaHsAeTCs BO BCEX
HaIpPaBIICHUSAX OT UCTOUYHHKA, T. E. 3anonnser tenecHsii yron 2p rad. @opmupoBanue
HAITPABJICHHOTO ITy4YKa U3 TAKOI'0 UCTOYHMKA, OCYLIECTBIISIEMOTO C IIOMOIIBIO CHCTEMBI
auadparM WM ONTHUYECKHX CHCTEM, COCTOSLIMX M3 JIMH3 M 3€pKaj, BCerjaa
CONIPOBOXKJIAETCS NOTepeu dHepruu. Hukakas onTudeckas CUCTEMA HE ITO3BOJIIET
MOJy4YUTh HA TMOBEPXHOCTH OCBEUICHHOTO OOBEKTa MOIIHOCTh M3JIyueHHUs OOJbIIE,

49YEM B CaMOM HCTOYHHKE CBCTA.

2.3.2 I'ayccoBbli My4YOK

Hinga  gudpakouonHot  mozenun — @payHrogepa  TpeOyercs — MIIOCKas
MOHOXpOMaTHYEeCKass  BOJIHA. He  cymectByer — uzaealbHbIX  IUIOCKUX
MOHOXpPOMAaTHUYECKUX BOJIH. DAKTUYECKU, B 3TOI CUCTEME JIa3ep UCIONIb3YETCs Kak
uctouHuk. Jlazep npexacrasisieT coO0il raycCOBBIN MYYOK, TaK YTO JU(PPAKIUOHHAS

KapTHHa OTIINYacTCA OT MOHOXpOMaTI/I‘{CCKOﬁ IUIOCKOM BOJIHOBOM KapTHUHBI.



MareMaTu4ecKoe ONMMCaHue
bynem Haiiti croco0 MpPUBENEHHOTO BOJHOBOTO YPAaBHEHWSI, OTHCHIBAIOIIETO
pPacpOCTPAHEHHUE TAKOTO ITyYKa B BUAE
¥ = u(z,y,2)e™)
rae u(X,y,z) — MeIJIEHHO MEHSIOMIASCS CIOKHAS (PYHKITHS,.

[Tpumensis oneparop A k pynkuuu ¥, umeem

Pu  Pu  Fu 5L TR
e _ (ik=)
(31:9 i y* T2 T Qlkt‘j‘z v

AY =

Ecniu mpeneOpeub BTOpOHl MNPOM3BOAHONM OT W TO CPaBHEHHIO C TIEPBOM
IIPOM3BOJTHOM, TO Ha OCHOBE IIPHUBEACHHOTO BOJHOBOIO ypaBHeHus [ enbMmrosbna

IIOJIyYMM YPaBHEHHUE

Pu  Pu ou
dzr? dz—i_mké‘z U

[TomyueHHoe ypaBHEHHE OTHOCHUTCS K YpaBHEHMSIM MapabOIMUYecKOro THMa, a
cama amnmpoKCHMallusi, B Tpeaenax KOTOpol OHa Obljia MMOJy4eHa, Ha3bIBAETCS
napabonnyeckuM mnpuOImkeHneM. HeTpyaHo mokas3atb, 4YTO ypaBHEHHE Oyner
YIOBJETBOPSATh TayCCOBCKOMY IIy4Ky, aMIUIUTyJa KOTOPOTO H3MEHSETCS IO
HIOIIEPEYHON KOOpMHATE B COOTBETCTBUU € 3aKoHOM ["aycca.

I[J'IH rayCCoOBa IIy4Ka MOKHO ITHCATb BbIPAKCHHUC

k
: i
u = aexp (i(p+ 5-1%))
2q
rne r2=x%+y? . Ilapamerp q — KOMIUIEKCHBI IapaMeTp IIydKa,
OmpeeNsonas KpUBU3HA BOJHOBOTO (POHTA, KOTOPBIM BOJH3U OCH SIBISETCA

chepudecKruM U TayCcCOBO pacipeesieHre MOJIs 0 KOOPAWHATE T, TJIe T — PacCTOSHUE



ot ocu. [lapameTp p — KOMIUIEKCHBIN (Da30BbIN CABUT MPHU PACHPOCTPAHEHUH CBETA
BJIOJIb OCH Z.
PaccmoTpum cBolicTBa rayccoBa My4ka C JUIMHOW BOJIHBI A. JIJIst STOTO BBEIHECTH

napameTp q 4epe3 JBa ACMCTBUTEIIBHBIX MapaMeTpa myuka R u w

1 1 A

e i—

g R i
rie R - paanyc KpuBH3HBI BOJHOBOrO (poHTa, a TakKe XapaKTepU3yeTcs
u3MeHenueM noist E B momepeuHo# miockocTu (mapamMeTp W OOBIMHO Ha3bIBAIOT
HIMPUHON Tyuyka). PacnpeneneHue mosjs B 3TOM IUIOCKOCTH TOJUYUHSETCA 3aKOHY
['aycca, a w - neHTp, IpU KOTOPOM AMIUIMTYAA IIOJS YMEHBIIAETCA B € pa3 IIo
CPAaBHEHUIO C IIOJIEM HA OCH.

[IIupuna myuka

Pucynok 2.6 — IIlupuna rayccoBa my4yka
b: rmybuna pe3kocTy; ©: yrjaoBas pacXoJuMOCTb Iy4Ka Zg: AjduHa Panes; wy:

rOpJIOBHHA IMy4Ka; W(Z) Kak QyHKIUSA Z.

WS

o = K_-ER = 1qp



rae zp — aiuHa Panes. Torma z (mumMpuHa mydka Ha pacCTOSHUM) 3a7aeTcs

cnenyromen Gopmynoin

Az
w(z) = woyf1 + (m)g

Pannyc kpuBu3HBI

3aBHCUMOCTD paanyca KpUBHU3HBI OT KOOPJAWHATHI

Twe

_ Sy
R(z) = 2(1+ (52)%)
PacxomuMocTs myuka

OO6pa3yromias mydka w(z) IpecTaBiIseT co00i TUIepOoITy, aCUMITOTa KOTOPOM

HAKJIOHCHA K OCH 104 YIJIOM

A
f=—"—

Ty

DTOT yrous paBeH yrity 1udpakiyud OCHOBHOM MOJBI B AalbHEHN 30HE.



3 MeToauka NpoBOAUMBIX UCCIEI0BAHUM

MCTOUHKMK Nasepa obLexT
h 1

b

ﬂHﬂd}ﬁq\l‘Ma
b A

obvekTHe

Pucynok 3.1 — ludpakimoHHbIil METOA U3MEPEHUS

3.1 Texunueckas peamm3anua N3AMCPUTCIIBHBIX HpI/I60p0B Ha OCHOBC IUPAKIMOHHOI'O

METO4a

3.1.1 UcTrounuku u3mydeHus

' ¥
+ suley vvy — ].II + sueNly vyy —
Garapest Hacoc LD DPSS
Bonurem | JlazepHbIi MOAYIb
MCA

3epkano OC Ha

HR 3epkano Ha
sazeii moeepxHocTH Nd:YVOs KTP  pepenueii noeepxuoctn
| I

LD+
LD-

-

7
Hacocuetit  Hacoc D e KomnnumaropHbIi
nazepHelii  HOKYyCHPOBKH 06beKTHE P HK-¢pumstp
~ 00beKTHR
Hoxn obbekTHRA HR@1064nm  HR@1064nm
HT@808nm AR@532nm

[Beam Paths: [808 nm —[1064+532 nm

[632 nm —|

Twrmrassnii senensiit DPSS nmazepsslil ykaszaTens ¢ momombsio MCA

Pucynok 3.2 — IIpuHuunuanbHasi cxema 3eJIeHOro ja3epa



B kauecTBe MCTOYHMKA CBeTa ObUI MPUMEHEH 3€JEHBIA MOJYyNPOBOAHUKOBBIN
Ja3ep yCTPOUCTBO KOTOPOTO MPUBEJICHO HA pUCYHKE 3.2. DTO OYEHb yIOOHBIN pydHOI
BOCHHBIN KJIACC JIA3€PHOTO CBETA, KOI/AA BBl MYTEUIECTBYETE WA IyTEIIECTBYETE U
HYKJIa€TeCh B yKa3Ke, 3TO XOPOIui BeIOOP. Takke MOKHO HCIIOJIH30BATh B JIA3EPHOU
yKa3ke. ABHAIIMOHHBIN aTIOMUHHEBBIN CIUIaB, IPOYHbIN; BHemHuit Bug 06padboTku
IIOBEPXHOCTHU: aHOAUPOBAHHBIN YEPHBIN

IIpumeuanue:

1. DToT nazep MMeeT BBICOKYIO MOIIHOCTh, TaK 4YTO OH OyneT paboraTh OT
aKKyMyJIsITOpa OBICTPO.

2. He NIepKHTE Ja3epa Ha MOCTOSHHON OCHOBE B TeueHue Ooiiee 20 CeKyH, Uin
OH MOXKET CKE€Yb U3HYTPH.

3. Huxornma He cBeTuTe JNa3epHBIA Jyd, WIH Jaxe OJM3KO, riia3a JIOJeH WIH
YKUBOTHBIX. DTO MOKET BbI3BATh CIIEMOTY.

3. AeTd JOMKHBI HMCMOJb30BaTh JIA3epHBIA JIyd TOJIBKO MOJ HAOII0JEeHUEM
B3pOCHBIX. YJanuTh OaTrapelku, KOrJa HE B HCHOJb30BaHUM W XPaHUTh B
HEKOHTPOJMPYEMOM  MECTE€,  4YTOObl  MOPENOTBPATUTh  HEKOHTPOJUPYEMbIN
VCIIOJIb30BaHUs IETbMH.

4. ecnii BbI OOHAPYXKUTE, YTO SIPKOCTH JIA3EPHOTO JTydya YMEHbIIICHA, MOXKAITyiCTa,
3apsAaUTE WIK 3aMEHUTE aKKyMYJIATOP.

Kogx.

JlmuHa BoHBL: 532nm.

Crune nyya: HenpepblBHAs TUHUA.



Brixonnas momHOoCcTs <1 MBT

PaGouast remneparypa: + 15 ~ + 35rpan. c
Temnepatypa xpanenus:-10 ~ + 40deg. c
Preheat time: <3 cexyHpI.

CBeTublil LIBET: 3€JIEHBII

[{BeT KopITyCa: YepHbIit/cepeOprCThIil
Brixognas MoHocTh Jazepa: <l MBT
Pazmep: 16.5*%2.5 cm

Oddexrunbiii quanazon: 3000-5000 m

Tun Gatapeu: 18650 Gatapest (batapest He BXOIUT B KOMILIEKT)

3.1.2 OnTnueckas cuctema

N3mepenne nuametpa ToHKHX (50 — 300 MKM) OpOTSHKEHHBIX U3ACIHM, TAKUX
KaK BOJIOKHA, HUTHU, TOHKUE MPOBOJOKHU U T.II. SIBJISIETCS YPE3BBIYAWHO aKTyaJlbHOM
3aa4yeil. TOYHBIM HENPEPBIBHBIM MX TEXHOJOTHMYECKUHA KOHTPOJIb HA BCEX CTAAMAX
MIPOU3BOJICTBA OT MoJryadpuKaTa 0 TOTOBOTO U3JEHS SBJISIETCS 3aJI0TOM BBICOKOTO
KadyecTBa  MPOJAYKIMH, a  TakKe  DKOHOMHUYECKOM  PEHTA0EIbHOCTH W
KOHKYPEHTOCTIOCOOHOCTH TIPOM3BOJICTBA B IIeJIOM. B Ccuily odeHb MajbIX pa3MepoB
00bEKTa MU3MEPEHHS B JIaHHOW 00JIacTH 3aTpyAHUTEIHLHO MPUMEHUYTh KOHTAKTHBIE,
€MKOCTHBIE, YIbTPa3BYKOBBIE U Apyrue MeTo bl. Hanbosiee npruMEeHUMBIMY B TAHHOM

Cly4dac SABIIAIOTCA OITHYCCKHC JIA3CPpHBIC MCETOAbl OCHOBAHHLIC Ha HEJIMHEHHBIX



onTuyeckux 3(P@exTax MO3BONAIOIIMX YBEIHUUYHUTH Pa3pellalollyl0 CIIOCOOHOCTH B

AUAaIa3zoHe MaJIbIX ANaMCTPOB.

O %@%ﬂ

6

Pucynok 3.3 — OcHOBa u3MepeHus: AMaMeTpa MPOBOJIOKH HA SBJIIEHUN
nudpaxiun ceera: 1 - mazep; 2 - mpoBOJIOKa; 3 - TMH3a; 4 - MHOTORJIEMEHTHBIN
NPUEMHUK; 5 - BBIYMCIUTEIND; 6 - TU(PPAKIIMOHHAS KapTHHA HA MHOTO3JIEMEHTHOM
IIPUEMHUKE.

CornacHo npunuuiy babune, koraa HUTh OCBEIIACTCS MAapPAJICIbHBIM ITyYKOM,
TUPPaKIUOHHBIN 3QPeKT OyIeT TaKUM K€, KaK y LN, U Ha MPUHUMAIOIIEM dKpaHe

MMOJIYHaroTCsA OAHU U TC KC APKHUC U TCMHBIC I1OJIOCHI.




Pucynok 3.4 — Pacuér nuamerpa o nmapameTpam AUPPaKIIHOHHBIX TOJIOC
dZ
Ha pucynke 2 nmokaszana audpakuuonHas kaptuaa Hutd. Korma L >> - Oyzer
Habmonatecst qudpaxkuus Opaynrodepa [5], pacmpenenseHne MHTEHCUBHOCTH Ha

9KpaHe HaOMIoAeHUs OyIET ONPEaesIThCS BhIPAKEHUEM:

tdsin
R G s rdsing,
-0 ndsmq,’) )
FEne,
JlnameTp 00beKTa OYIET PACCUNTHIBATHCSA IO CIEIYIONUM (OpMyIaMm:
_jad_ 1A
Xk S

rae: S - uHTepBai JuGpaKUOHHBIX MOJIOC.

Ha pucynke 2 mpexacraBieHa CTPYKTypHas CX€Ma WU3MEPUTEIBLHOTO MAakKerTa,
peanu3yromias Ja3epHbIi TudPAKIIMOHHBIN U3MEPUTENIb TOHKUX HUTeH. B kadecTBe
VCTOYHHKA M3JIyYECHHs B YCTAHOBKE IPUMEHEH JIA3€PHBINA U0 MOIIHOCTEIO 5 MBT 1
JUIMHOW BOJHBI 640 HM. J[MOJ OCBEmIaeT H3MEPSEMOE BOJOKHO, 3a KOTOPBIM
dbopmupyeTcss uHTeppepeHnroHHass kaptuHa. [ng e€ Qukcanum mnpuMeHEH
MHoroanemeHTHbId KMOII cencop TSL1412S nnunoi 100 MM 1 BeTMYMHOMN sTUeiiku
40 mxm. CeHCOp HAXOAUTCS MO yIipaBiieHueM oTinanoddoi miatel DEQ Ha 6a3e FPGA

Altera Cyclone.

3.1.3 MHOT0O371€MEHTHBI PUEMHUK

MPD3728 - 3TO BBICOKOCKOPOCTHOM W BBICOKOUYBCTBUTEIIBHBIN JATUUK
auHeHoro wuzoOpaxenus CCD (¢ 3apsgoBOil  CBsI3bI0), KOTOPBIM H3MEHSET
ONTHYECKUE HM300pa)KEHUsI Ha DIIEKTPUYECKUM CHUTHAd M BBIIOIHIET (PYHKIHUIO

pasjiesieHus 1IBETA.



MPD3728 umeet 3 crpoku mo 7300 mukcene, u 3T0 2-BBIBOAHBIN / IIBETHOMN
CCD-pmatuuk ¢ 2 cTpokaMu / IIBETOM PETHCTPa MEPEeHOCca 3apsiia, KOTOPBIA mepenaet
aeKTpoHbl (oTocurHana 7300 muwkcenewd, pa3feleHHbIC Ha HEUYCTHHIE W YCTHBIC
nukcenan. [loagxoaut amas BHICOKOCKOPOCTHBIX LBETHBIX HHU(PPOBBIX KOMHUPOBAIBHBIX

anmapatoB 600 dpi / A3 u T. /.

-/
Output signal 4 (Green, even) Vour4 [I El Vour3  Output signal 3 (Green, odd)
Ground GND E 3_—SI GND  Ground
Output signal 6 (Red, even) Vours[3| [=|~|—[ [34]Vowrt Output signai 1 (Biue, odd)
Ground GND E E] GND  Ground
Output signal 5 (Red, odd) Vours E zl Vour2 Output signal 2 (Blue, even)
Ground GND E E] GND  Ground
Output drain voltage Voo E E $CLB ?Ier:; Lelg(c:i'-(through level
Reset gate clock ¢RB E 2__9] ¢1L Last stage shift register clock 1
Shift register clock 10 ¢10 E E ¢20 Shift register clock 20
No connection NC E Z] NC No connection
No connection NC E 2_—SI NC No connection
No connection NC E E NC No connection
Shift register clock 1 91 [E 24|92 Shift register clock 2
Shift register clock2  ¢2[14] [23]¢1  shift register clock 1
Transfer gate clock 3 (for Red) ¢ TG3 E E]¢TG1 Transfer gate clock 1 (for Blue)
Ground GND E g % g EszGZ Transfer gate clock 2 (for Green)
No connection NC E E NC No connection
No connection NC E E NC No connection

Pucynok 3.5 — IlpuHuunuanbHas cxema

OCOBEHHOCTH

* JleiictButenbHbli potornement : 7300 nukceneit X 3

* [11ar hoTortemenTa * MexxcTpouHsblii uHTEpBai : 10 MKkM

* [IBetHol puibTp : 40 MM (4 muaun) KpacHas nunus-3eneHas JuHus, 3ejeHast

nuHUSA-CHHSS JTMHUS



* Pa3pemienrie: OCHOBHbBIE 1IBETA (KpPACHBIM, 3€JICHBIA U CHUHUIA), TUTMEHTHBIM
buabTp (co cBeTocToMKOCTRIO 107 5K * wac): 24 Touku / MM (600 dpi) Pazmep A3 (297
x 420 mm) (6oJyee KOpoTKasi CTOPOHA)

* YpoBeHb TakToBOrO curnana : Beixon CMOS nox HanpsixenueM 5 B

* Cxopoctb nepegaun qanubix : 40 MI'm MAX. (20 MI't/ 1 Beixonm)

* Tum BeIxona : 2 BeIx0/a 10 (ase / mBETy
* Dnekrponuranue : +12 B
* Betpoennbie cxeMbl : COpOC MUTAIONIMX KOHTYPOB YPOBHS ITOIa4U

Yceunurenn HanpsKeHUs

3.2 Onucanue SKCIEpPUMEHTAIIBHBIX 00pa3IoB

Pucynok 3.6 — O6bexThl u3mepenus(1- Bonocsl 2,3,4- IpoBO/IbI)
VY nac 4 oOpasnoB. O0bekT 1 — O10 Bostoc (depHbiii). OO0bEKT 2 — mpoBoaa . OObEKT

3,4 — n1BE 4acTH U3 OAHOM MPOBO/IHI .

4 JkcnepuMeHTAJbHbIE UCCIEI0OBAHMS



CornacHo npunnuny babuHe, Korma HUTH OCBEIACTCS MAPAJICIBHBIM ITyYKOM,
TUPPaKIUOHHBIN 3QPeKT OyeT TaKUM ke, KaK y 1IN, U Ha MPUHUMAIOIIEM dKpaHe
MOJIy4aloTCs OJHHM M T€ XK€ ApKHUe U TeMHble mojockl. [loaToMy mMaTemaTHueckue
BBIpQXEHUS A pacy€Ta MapaMeTpOB TOHKOW WIENH CIPABEJIMBBI U ISl TOHKHX

HCTIPO3pPAaYHbIX 00BEKTOB TAKHUX KaK TOHKHE ITPOBOJIOKH BOJIOKHA X1 HUTH.

Pucynok 4.1 — Pacuér nuametpa mo napameTpaM AUPPaKIMOHHBIX MOJIOC.

Ha pucynke 4.1 nmokazaHna cxema J1a3epHOT0 IU(PaKIMnOHHOTO U3MepuTens rae 1
3TO MOJYMPOBOIHUKOBBIN J1a3ep, 2 — 00BEKT KOHTPOJIA C JUaMEeTpoM ceueHus d, 3 —
IUIOCKOCTh  MHOTO3JIEMEHTHOTO  (poTompuéMHUKAa Ha KOTOpOM (UKCHpYyeTCs
TU(PpaKIUOHHAs KapTHHA, @ - Yrol AUPPaKIUH, X — pacCTOSIHUE OT HOYJIEBOIO
MakCUMyMa [0 MakKCHUMyMa N-TO MOpsIKa, S — pacCTOSIHUE MEXAYy COCEAHUMHU
MaKCHUMyMaMH.

dZ
[Tpu L > T Oynet HaOmogatees audpakuus Opayarodepa [5], pacnpenenenue

HMHTCHCHUBHOCTHU Ha 3KpPAHC Ha6J'IIOI[eHI/I$I 6y,ueT ONpCACIITLCA BBIPAKCHUCM !

(n d smcp)

m d sing.,
— )

I=IO

(



JnameTp 00beKTa OYET pPaCCUNTHIBATHCS MO CICTYIONTUM BBIPAKEHUSIM:

rae: S - uHTepBad AUGPAKUHUOHHBIX TOJIOC, Xj PACCTOSHUE OT HYJIEBOrO
MaKCUMyMa J10 MakCuMyMa K-ro mopsijka, A - 1JuHa BOJIHbBI AJal0UIEro CBeTa.

JleTekTHpOBaHME MAaKCUMYMOB IIEPBOrO BTOPOrO M MOCIEAYIOMIMX MOPSIKOB B
JaHHOM TpeoOpazoBaTeie 3aTpyAHUTENBHO, TAaK KaK UX MHTEHCUBHOCTH 00Jiee ueM Ha
NOPSAIOK MEHbIIE MHTEHCUBHOCTH MAaKCMMyMa HYJIEBOTO NOpsAIKa. IJTO Tpedyer
UCIIOJIb30BAaHUSI MHOTOXJIEMEHTHBIX MPUEMHUKOB CO 3HAUUTENIBHO OOJee MIUPOKUM
JUHAMHYECKUM JHana30HOM U MPUMEHEHHUs aHAJIOTO-IIM(PPOBBIX Mpeodpa3zoBaTeiei ¢
OOJBIIEH PA3PSIAHOCTHIO, YTO 3HAYUTEIBHO YCIOXKHSAET U YAOPOKAET KOHCTPYKLIHIO
U3MEPUTENS

Texnnueckasi peaju3anusi MeToAa

Ha pucynke 4.2 npeacraBiieHa CTPYKTypHas CX€Ma HM3MEPUTEIBHOIO MAakerTa,
peanu3yromias Ja3epHbIi TudPaKIIMOHHBIN U3MEPUTENIb TOHKUX HUTEH. B kadecTBe
VCTOYHHKA M3JIyYEHHS] B YCTAHOBKE IMPUMEHEH JIA3€PHBIN U0 MOIHOCTBIO OKOJIO 1
MBT u niuno#t BonHbl 530 HM. J[MOJ OCBelIaeT U3MepsieMOEe BOJOKHO, 32 KOTOPBIM
dbopmupyetrcss uHTeppepeHHroHHass kaptuHa. [ng e€ Qukcanum mnpuMeHEH
MHoroanemeHTHbId KMOII cencop MPD3728 nimuoit 70 MM 1 BenmnuuHOM stueriku 10
MKM. CeHcop HaxonuTCs Mo ymnpasieHuem oTinagouyHoi iatel DEQ Ha 6aze FPGA

Altera Cyclone III.
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Pucynok 4.2 — CTpykTypHas cxema MakeTa JUPPaKIIMOHHOTO U3MEPUTEIIS

Buneocurnan ¢popMupyeMblii MHOTORJIEMEHTHBIM TPUEMHUKOM (PUKCHUPOBAJICS
npu nomou ociwiorpada. BHemmHuii BuJ KOMIIOHEHTOB AKCIIEPUMEHTAIBHOU

YCTaHOBKH ITOKa3aH Ha puc 4.3.

Pucynox 4.3 — BHeniHuil Bua 1 COCTaB 3KCIEPUMEHTAIBHON YCTaHOBKH.

1 — Jlazep, 2 — 00BEKTHI, 3 - MHOTORJIEMEHTHBIA IPUEMHUK, 4 - ociyIiorpad



OnucaHHbIN MaKeT MO3BOJIAET HHTEPIIPETUPOBATH NU(PPAKINOHHYIO KAPTUHY T10
B3aMMHOMY DAacCHOJIO)KEHHI0O MUHUMYMOB M MAaKCUMYMOB U BBIYHCISATH AUAMETP
BosIokHA. O/IHAaKO TpoOJIeMy MPEACTABISAET LEHTPAIbHBI MAKUMYM MHTEHCUBHOCTD
KOTOPOI'O BBIXOAUT JAJEKO 3a MpeAesibl JUHAMUYECKOro Juana3oHa CeHcopa.
OcHoBHast sHEPrust AMPPAKIMOHHBIX MOJOC, CO3/1aBAEMbIX TU(PAKINE H3MEPEHHBIX
HUTEH, COCPEOTOUEHA B MOJIOCE HYJIEBOro nopsjka, Kak mokaszaHo Ha pucyHke 4.1
Uro6sl u3bexats HaceimeHus [13C u pacmmpuTh AMHAMHYECKUN UANa3oH
U3MepeHuil  TuPaKIUOHHBIX  MOJIOC, HaMH  MNPEAJIOKEHO  HCIOJIb30BaHUE
CHEIMAIbHOTO  CBETO3alIMTHOTO Oapbepa puc. 4.4 B A HCKIIOYEHUS

TU(PPAKIIMOHHOTO MyYKa HYJEBOTO MOPSIIKA.

A

Pucynok 4.4 — Pacuér nuametpa o napameTpam AUPPaKIIHMOHHBIX MOJIOC.
Cxema peanu3aluy NpeJIOKEHHOIO TU(PPAKIMOHHOTO Ipeodpa3oBareis (puc.
4.4) BKJIIOYAET KaK U B MPEIBIIYIIEM ClIydae MOJypOBOJIHUKOBEIN na3ep 1, 00beKT
KOHTPOJII — 2 M MHOIO3JeMEHTHbhI NpuéMHUK — 4. CylIecTBEHHBIM OTIMYMEM
ABJIACTCA HaJIWYWe HENmpo3payHoro Oappepa — 3  KOTOPBIM BBIpE3aeT U3

TUQPPAKIIMOHHON KapTUHBI IEHTPAJIbHBIH MAaKCUMyM HYJIEBOTO TMOPSAIKA, YTO



IMO3BOJIICT C Iropasao OobIIEH AOCTOBCPHOCTBIO OIIPCACIIATDH ITOJIOKCHUS OCTAJIbHBIX

9KCTPEMYMOB U 110 3TUM AAHHBIM PACCYUTBIBATHL JUAMCTP U3MEPACMOTO 00BeKTA.

Pucynox 4.5 — Jludpakimonnas kapTuHa MOTydYeHHAST MHOTO3JIEMEHTHBIM

MPUEMHUKOM: a —C HETIPO3payHBIM OaphepoM, O — 6€3 Hermpo3padHoro Oaphepa.

B kadectBe OOBEKTOB MJII W3MEPEHHsS] U TPOBEPKU TEOPUU OBLIM B3STHI
HECKOJILKO 00pa3IioB TOHKOTO MPOBOIa U 00paser] yenoBeueckoro Bosioca (Puc. 3.2.1).
Jlnst mosydeHusi ATAJIOHHBIX 3HAYCHWM AuameTpa o0pasiibl OBLIM W3MEPEHBI TpH
MOMOIIA CTAaHAAPTHOTO H3MEPUTEITHLHOTO MHUKPOCKONA «HA3BAaHUE MHUKPOCKOMA» C
MOTPENTHOCTHIO M3MepeHust | MkM. M3MepeHus mpoBOIMIUCH TPHIKIBI TSI KAXKIO0TO
oOpa3ia ¢ MocienyoIluM MOJyYEeHHEM CPeIHEro 3HauUeHus auaMmerpa. Pe3ynbraTsl

U3MEpEHUI MpeacTaBIeHbl B Tabmuie 1.



Tabnuna 1. Pe3ynbTaThl n3MepeHus C MOMOIIbIO MUKPOCKOTIA.

OOBekT [Tepseiii pa3 | Bropoii pa3 | Tperunii pa3 | Cpennee
3HAYCHHUE
1 0.092 mm 0.095 mMm 0.093 MM 0.0933 MM
2 0.039 mMm 0.040 mMm 0.038 mMm 0.039 mMm
3 0.052 mMm 0.054 mMm 0.053 mMm 0.053 mMm
4 0.054 Mmm 0.052 mMm 0.053 MM 0.053 MM

Jlanee mpu MOMONIIM SKCHEPUMEHTAIbHOM YyCTaHOBKHM (puc. 3, 4 u 5) Obuin
MOJIy4eHbl ~ mapaMmeTpbl  TU(GPAKIMOHHOM  KapTUHBl  JUJII  KaXAO0ro U3
HKCIIEPUMEHTAJIbHBIX O00pa3lloB B YAacCTHOCTH PACCTOSIHUS MEXIYy COCEIHUMU
skcTpemymamu puc 4.5 a. Ucnonb3ys u3MepeHHble MapaMeTpbl IU(PPaKIMOHHON
KapTUHBI OBbUI pacyuTaH IUMaMETp Ui Kaxjaoro oOpasua. PesynbTaThl M3MepeHus
npeacraBieHbl B Tabnuue 2. Jng cpaBHeHus Ha pucyHke 4.5 O mpejacTaBlieHa
ocIiiorpaMma JUu(QpakiMOHHOW KapTUHBI OT U3MEPSEMOro 00bekTa 0e3 yCTaHOBKU
Hermpo3pauyHoro  Oapbepa. Kak  BHIHO 3HaueHHWE  WHTEHCHUBHOCTH  CBETa
COCPEIOTOYEHHOM B IIEHTPAIIbBHOM MAaKCUMYM€ BBIXOJMT 3a IT'PAHUIbl IMHAMUYECKOTO
JMana3oHa MCMOJIb3YEMOTO MHOTO3JIEMEHTHOTO MPUEMHHUKA, YTO TMPUBOIAUT K
HEBO3MOKHOCTH JIETEKTUPOBAHMS UPPAKIUOHHOW KapTHUHBI W U3MEpeHus e€

napameTpoB.

LA

Pacuétnas popmad = ————
As-K1-K2

Koadpunment npeodbpazopanus K2 189.6

JlnmuHa BotHBI A HM 532



Paccrosinne mexay o0bexkToM U ceHcopoM L =528 mm

Tabnuma 2. PesynbraTsl

TUPPAKIIUOHHBIX SKCTPEMYMOB.

NOJIy4eHUsT 10 pacuy€TaM U3 PaCIOJIOKECHHS

OO0BEKT As1 As2 As3 Cpennee
3HAYCHUE
1 3.1 (5 xn) 3.2 (5 kxn) 3.3 (5kn) 3.2 (5 xn)
2 3.8(10km) |3.7(10xm) |3.9(10km) |3.8 (10 ki)
3 5.6 (5 k) 5.7 (5 ki) 5.5 (5 ki) 5.6 (5 k)
4 5.7 (5 xn) 5.6 (5 k) 5.5(5 kn) 5.6 (5 k)

B Tabnuue 3 npencrapieHa norpemnHocTh MOIyYeHHas IpyU U3MEPEHUU 00pa3oB

TU(QPaKIIMOHHBIM METOJIOM.

Tabnuua 3. Pe3ynbratsl CpaBHEHUSI U3BMEPEHUN PA3HBIMUA METOIAMHU

As B K1 uena Huamerp 1o Junametp no )
KJIETKax |JEJCHUS MKC padeTy (MM) MHUKPOCKOTY (MM)
3.2 5 0.0926 0.093 0.43%
3.8 10 0.038987 0.039 0.033%
5.6 5 0.0529 0.053 0.18%
5.6 5 0.0529 0.053 0.18%

OO6mbekT 1 — uepHbIE BOJIOCHI

OOmbekT 2, 3 u 4 — MenHas MPOBOJIOKA

ITorpemHocTs, MOMy4YeHHAs NPU CPABHEHUU DPE3YJIBTATOB IPSMBIX U3MEPEHUMN

00pa31oB U U3MEPEHMI P MOMOIIM NPEIOKEHHOTO MeToaa He npesbimaeT 0.2%,




4TO ABJEICTCA XOpOIIMM PE3YyJIbTATOM U IIO3BOJIKICT TOBOPUTHL O Xopomeﬁ
COrIaCoOBaHOCTU TCOPCTUYCCKHUX W OJOKCICPHUMCHTAJIBHBIX OdHHBIX, a4 TaK XE O
HOTCHHHaHBHOﬁ MNPUMCHUMOCTHU TMPCIOKCHHOTO MCTOJAa MJId IMPOCKTUPOBAHUU

npuOOpPOB AJIsl U3MEPEHHSI MPOTSHKEHHBIX OOBEKTOB C MaJIbIM JHAMETPOM.



3akuouHue

B pabote ornmcan MeTo1 KOHTPOJIS THaMeTpa TOHKHUX MPOTHKEHHBIX 00BEKTOB Ha
ocHoBe 3ddekra maudpakiuu. OnucaH crmocod MO3BOJSIONINNT MUHUMU3HUPOBATH
BJIMSIHUC Ha PE3yJIbTaT M3MEPEHUs MEMaroIux (aKTOpOB, TaKUX KaK dpe3MepHas
3acBeTKa 00J1aCTH IEHTPAILHOTO MakcuMyMa. [IpeiioxkeH u onmpopoOUpoOBaH BapHAHT
TEXHUYECKON peanm3aruu jgadopatopHoro obpasna Iu(pakiMOHHOTO H3MEPHUTEIS,
OIICHEHBI €r0 METPOJIOTHICCKHIE XapaKTCPUCTHKH.

[Tpy wW3MepeHuH HUTEH MeToaOM IudpakIuU JOCTHUTaeTCs Oojiee BBICOKAs
TOYHOCTh. OJHAKO B TMPAKTUYCCKOM NPUMEHEHUH W3-3a CYIICCTBOBAHHUS HHU3KOTO
OTHOIIICHUS CUTHAJI-IITYM 3aCBETKAa OT MAaKCHMyMa HYJICBOTO ITOPSIIKA HE ITO3BOJISET C
JOCTaTOYHOW TOYHOCTBIO OMNPEHCATh IIOJIOKEHHWE OCTATBHBIX MAaKCHMYMOB.

[TpumeneHne HEMpPO3padyHOTo Oaphepa MO3BONIAET PELUIUTH 3Ty MPOOIEMY.
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Introduction

In everyday life and industrial production, the control of objects is very important.
We can receive information about the parameters of objects, in particular, in industrial
production. For example, geometric parameters, electrical parameters, magnetic
parameters, thermal parameters and so on. Among them, the geometric parameters
themselves show the character of the profile and the size of the items.

Control in the industry is very important for improving the quality of products and
better economic efficiency of production. In particular, in industries where shafts,
wires, cables and various pipes are manufactured, monitoring of their geometric
parameters is necessary and actual.

With the help of modern methods of geometric control, we can obtain the
diameters of cables, shafts, diameters of pipes and so on.

In modern conditions, in most practical applications, the optimality of
measurements is determined by the maximum achievable accuracy at minimum costs.
The level of accuracy is determined by the criterion of expediency.

Measuring instruments of the highest accuracy are used to obtain the values of
universal physical constants, the most reliable values of which are then necessary in
the technique of accurate measurements. [1]

The task of the paper is to review modern methods and means for controlling the
geometric parameters of products.

At present, optical methods of nondestructive testing are the most promising

methods for obtaining geometric parameters of long products.



Here we will pay special attention to them.

1. An overview of the methods used to control the geometric parameters of
products

For wires, insulated cores and round cables, one of the most important design
parameters is the outer diameter [8].

Various technological processes for the manufacture of cable products include the
movement of semi-finished products and finished products with speeds from 8 to 10
meters per minute (enameling) to 1000 meters per minute (dragging). The temperature
of the monitored objects also has different values - from a few tens to several hundred
degrees. Controlled products have transverse dimensions from fractions of a millimeter

to several centimeters and require measurement with different errors.
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Figure 1.1 - Classification of diameter meters

All methods of dimensional control are divided into contact, when the sensing
element is directly in contact with the measured object and non-contact. Classification

of diameter meters is presented in the form of a diagram in Fig. 1.1.



At present, the following requirements can be presented to the cable diameter
meter [9, 10, 11, 12, 13]:

* absence of mechanical contact of the meter with the cable, which makes it
possible to install the meter immediately behind the extruder of the insulating unit;

« measurement of diameter in two coordinates or more, with the possibility of
estimating the ovality of the product being manufactured;

» Low measurement error, not exceeding a fraction of a percent;

* high speed (thousandths of a second), allowing measurements on a moving
cable;

« small errors due to the transverse movement of the cable, always arising during
the production process;

« availability of communication protocols for the device with process equipment
for the management of the production process;

» The device should be insensitive to changes in external factors - temperature,
humidity, pressure, network interference, etc .;

« universality - the possibility of using the device at different stages of production
and for different types of products;

* Reliability in real operating conditions with prolonged multi-shift operation;

* case of maintenance;

* low cost..

Contact meters have significant disadvantages, such as: longevity (contact

diameter meters have measuring tips that touch the surface of the insulation of the wire



or cable, and eventually wear out); impossibility to install the device after the extrusion
machine (there is a problem of deformation of insulation by the working parts of the
device), unsatisfactory measurement error. To solve the above problems more than 15
years ago, non-contact cable diameter meters were started to be designed.

In the cable industry, when controlling the process of extrusion coating, it is
required to measure both the outer diameter of the cable sheath and the eccentricity of
its conducting conductor relative to the longitudinal axis of the sheath. In view of the
high temperature of the cable sheath and the incompleteness at this stage of the
solidification process, both the contact measuring means and the effective ways of
centering the cable sheath relative to the longitudinal axis of the primary measuring
transducer can not be used. The most perfect method for measuring the specified
geometric parameters of the cable is implemented in the development of the leaders in
cable instrument making: Sikora Industrieelektronik (Germany), Beta Instr Co (Great
Britain), Zumbach Electronic Automatic (Switzerland), OOO ERMIS + (Russia) [ 14,
15,16, 17, 18, 19].

Eccentricity, 1.e. the displacement of the center of a current-carrying conductor
relative to the center of insulation leads to a decrease in the electrical strength of the
insulation in a "thin" place and, which is especially unacceptable for communication
cables, sharply degrades the frequency characteristics of the cable. The measurement
of these geometric parameters is one of the main ways to reduce the cost of cable
products due to strict control over the consumption of insulating material in production.

1.1. Measurement of the diameter of the electrical cable



The most important requirement for the extrusion process is to provide the
required shape and geometric dimensions: the thickness of insulation and the outer
diameter. It is necessary to ensure not only the average level of these parameters, but
also their stability along the length of the cable product.

In connection with the automation of the production of a number of cable
products, automated instruments for checking the diameter of cables and wires, the
thickness of metal, rubber and polymer casings have been developed and widely used.
Consider the measurement methods used in such devices in more detail.

1.1.1 Contact Methods

All contact diameter meters are based on the use of conventional mechanical
micrometers or displacement sensors. The diameter meter has a movable probe that
directly touches the surface to be measured. When the diameter of the cable changes,
the probe changes its position, and this is fixed by a micrometer or a displacement
sensor, followed by a deviation indication on a graduated scale or digital display. Such
devices most often measure not the diameter of the product, but its deviation from the

required value [20].



Figure 1.2. Structural scheme of measurement by direct

contact method.

Devices using contact measurement methods usually have a block diagram
(Figure 1.2), including the monitored product 1, the sensor element 2, the measuring
transducer 3, the secondaryelectronic device 4 and inducing or recording device 5.

As measuring transducers, mechanical, opto-mechanical, electrical and pneumatic
sensors are most often used.

The disadvantage of such meters is the presence of mechanical contact probes with
the cable itself, which leads to abrasion of the rubbing surfaces of the probes. There is
also the possibility of damage and deformation of the cable insulation. Such diameter
meters should not be installed immediately after the extrusion chamber. They do not
have a long service life and do not provide the required accuracy [21, 22].

Since contact micrometers for measuring dimensions are installed directly on the
process equipment, the accuracy of their operation is influenced by the vibrations
occurring in the shop.

Given all these shortcomings, the developers eventually abandoned the design of
contact diameter meters and now they are almost never used. Developments in this area

are no longer being conducted.



1.1.2 Non-contact methods

In the technique of measurement, technical means built on non-contact methods are
widely used. They are distinguished by good metrological and operational
characteristics and dynamic properties. For non-contact measurements of sizes and
shapes, optical, pneumatic and other primary transducers are used, by means of which
the monitored parameter is converted into the appropriate physical quantity.

In technological processes, where the speed of pressing the wires and conductors is
high, it is preferable to use non-contact type devices that provide high accuracy, the
required speed and have an output for use in automatic control systems.

Non-contact measurement methods can be direct and indirect. With direct
measurement methods, the diameter of the product is matched to the scale or
wavelength. With indirect methods of measurement, various functional dependencies
between the geometric dimensions and the time of scanning by the ray of the working
zone, the distribution of minima and maxima of the diffraction pattern, etc., are used,
etc. [23]

The most common in cable technology are optical methods of measurement. They
are also the most modern and promising for creating a meter that fully satisfies all the
above mentioned requirements. Consider the existing methods of measuring the
diameter in more detail.

1.1.2.1 Pneumatic diameter meters

This is one of the first non-contact diameter control methods developed for

production lines. The pneumatic installation (Fig. 1.3) continuously fixes the deviation



of the wire diameter from its nominal value when measuring the air flow passing
through the gaps between the surface of the measured wire 2 and the calibrated dies of
the measuring head 1.

The device has a device for cleaning wire, consisting of a blowing chamber and felt
brushes. The pneumo-electric sensor is provided with clamps for connecting the
signaling circuit and stopping schemes of the drawing machine when the wire leaves

with a diameter exceeding the specified tolerances.

Figure 1.3 - Diagram of a pneumatic micrometer for monitoring the
diameter of a wire:
1 - measuring head, 2 - measuring wire, 3 - connecting tubes, 4 -
backpressure tube, 5 - pneumatic electric sensor, 5 - contacts of
electrical contacts, 7 - control manometer, 8 - distributor, 9 - stabilizer

napienusi, 10 —ceTh cxKaToro BO3ayXa.

The measuring head is a steel chamber, into which two mandrels are screwed in

with pressed dies in them. Through the dies, the measured wire is passed; air inside the



head is introduced through two symmetrically located nozzles and exits through the
gaps between the walls of the spinnerets and the surface of the wire [24].

The described method provides a low measurement error of about 100 pm, and
has serious drawbacks, such as the inextricability of the transmitter design, the limited
range of measured diameters. Also, the disadvantage is that pneumatic micrometers do
not fix the ovality of the product and make it difficult to pass through the sensor places
of rations, as well as difficult to maintain.

1.1.2.2 Ultrasonic diameter meters

The principle of operation of ultrasonic meters consists in the echo-pulse method,
in which the time between the emitted pulse and the received pulse reflected from the
media interface is measured. It is assumed that the propagation velocity of ultrasound
in a medium is known. The ultrasonic transducer contains a piezoelectric crystal,
which, after being exposed to it by a voltage pulse of very short duration, emits a sound
wave. Depending on the shape of the transducer lens, the sound wave emanates from
the transducer, through water, to the surface of the measurement object. When passing
through the medium interface, in our case it is water - the surface of the cable winding,
the speed of the wave changes. This change causes a reflection of part of the wave
energy back to the transducer. This effect is called - echo. The echo pulse is fixed by
the same piezoceramic transducer. Further, the time between the emitted and received
pulse is calculated. The speed of propagation of a sound wave in a medium is constant.

Knowing the speed and time, you can calculate the distance L1 to the measured object,



and if you use two identical converters located at a known base distance L from each
other, you can calculate the diameter of the measured object as D = L- (L1 + L2).

The installation of several pairs of transducers in several planes of the cable
section can provide a multi-axis diameter measurement. When using the echo signal
from the second section of media (cable sheath - vein), such systems are also able to

control both the thickness of the shell of the product and its eccentricity.
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Figure 1.4 -. Method of measuring diameter using ultrasound.

Such systems, although they have high metrological characteristics, have a
number of drawbacks due to the fact that the converter must constantly be immersed
in the cooling bath water, which complicates its installation and maintenance. Also,
higher requirements are imposed on the purity of the cooling water, non-observance of
which leads to interference, and to the output of the measuring device is out of order
[25,26].

1.1.2.3 Optical methods for measuring diameter

For non-contact measurement of the cable's geometric dimensions, optoelectronic

devices that use coded optical scales, interference methods, principles of amplitude and



pulse modulation, implemented on the basis of the use of laser technology,
microelectronics and microcontrollers are widely used.

Analysis of measuring optical circuits of devices, allowed to identify the four most
common optical methods for measuring diameter. All these methods of measurement
are characterized by high speed, small error, good noise immunity, they allow to realize
the noncontact principle of obtaining primary information. However, these methods
also have significant differences, which impose restrictions on the scope of their
application. We will become acquainted with these methods in more detail [27].

1.1.2.3.1 Method for measuring the power of the radiation flux

The method presented in Fig. 1.5 is based on measuring the radiation power
perceived by the photodetector. The measured object (cable) is in the working area
through which a parallel light flux passes from the illuminator. The cable partially
blocks the light flux, and accordingly, reduces the radiation power reaching the
photodetector. Changes in the radiation power perceived by the photodetector are then
recalculated into the diameter of the measured cable. To use this scheme, you need a
source with a stable emissivity that, over time, remains constant, as well as a receiver
of optical radiation with constant sensitivity. In real conditions, in the presence of
external destabilizing factors, these conditions are hardly attainable. For this reason,
the instrument requires frequent calibration and does not have sufficient measurement
accuracy. The need to measure instantaneous power values, and in some variants of the
optical circuit and the need for measuring mechanical movements, limit the application

of the method.
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Figure 1.5 - Method of measuring the power of the radiation flux.

Work zone

This method is one of the first methods of optical control of overall dimensions
of objects. Due to the above-described deficiencies, none of the manufacturers of
monitoring instruments are currently in use.

1.1.2.3.2 Memo0 uzmepenus CKaHuposanuem



YcTpolicTBO, peanu3yronee METO ] U MPUBEACHHOE Ha PUC. 1.6, COAEPKUT CKaHU-
PYIOIIMK y3€Jl, CO3JAI0IIMKA TOHKWUW JIy4d, PABHOMEPHO NEPEMEMIAIOIIECHC C
IIOCTOSTHHOM CKOPOCTBIO V' B 30He m3mepeHus mupunon W. Ilepecekas naMepsemblii
Ka0eb, JIyd MpepbIBacTCs U Ha (POTONMpUEMHUKE, BOCTIPUHUMAIOIIEM U3TyYeHHUE, BO3-
HUKAET HMIIYJIbC, JUIMTEIIBHOCTh KOTOPOTO paBHAa BPEMEHM ! JBW)KEHHUS JIydya B
MOTIEPEYHOM CeUeHHH Kabens. JmMTensHOoCTh UMITyJibca (POTONPUEMHHUKA U3MEPSAETCS

U npeodpasyeTcs B AMaMeTp U3MepseMOro Kadesl ¢ UCIOIb30BaHUEM COOTHOLLIEHHUS.

t
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r (1.1.2.3.2.1)
where T is the scanning period of the entire working area.
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Figure 1.6 - Schema with a scanning node.

Since the time t depends on the intrinsic velocity of the measured object v, the

calculations by this formula will be valid only if v is zero.

D D
t=—

[ =
VEv mpuv=010 V. (1.1.2.32.2)

With strong cable vibrations, the error may increase, so the cable must be further

stabilized.



As a radiation source in such optical circuits, compact semiconductor laser modules
are used. The beam is moved in the zone by a rotating hexagonal mirror, and in the
latest developments of this type, a vibrating piezoelectric mirror [28].

Figure 1.7 shows one of the variations of the method for measuring small diameters.
To increase the resolution, the optical system must be tuned so that the object being

measured is in the focal planes of the collimators.
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Figure 1.7 - Scheme with a scanning node for measuring small

Advantages of the method are a large measuring range, a high measuring speed
and a small error. However, the presence of mobile mechanical components requires
their high-quality manufacturing to obtain the required service life, and the need to use
high-quality wide-aperture optics and a laser module with a small divergence angle as
a radiation source makes the device more expensive.

1.1.2.3.3 The Shadow Method in a Quasi-Parallel Beam

At the development of devices for measuring the diameter of the cable, this
method is most often used today. Its optical scheme is shown in Fig. 1.8. The emitter

uses the optical system of the collimator to create a beam of light close to the parallel



in the working area through which the cable being measured moves horizontally. The
shadow of the cable falls on a multi-element photodetector, the cells of which are
arranged vertically in a line. The number of dark cells n of the photodetector multiplied
by the width of one cell 1 corresponds to the cable diameter and can be calculated by D
=n - | when interrogating cells. Modern linear multi-element photodetectors have a cell
size | from 2 to 60 um, which makes it possible to provide an appropriate measurement
error. As a source of radiation, an incandescent lamp, a single light-emitting diode,
whose radiation is led to a point source by additional optics, or a semiconductor laser
module can be used. The use of a laser module is preferable, since this source is most
approximate to a point-like one, which simplifies the optical scheme and the process

of its adjustment and alignment.
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Figure 1.8 - Shadow method in a quasi-parallel beam.
The main contribution to the error in using this method is made by the nonideality
of the collimator optical system, which converts light from a point source into a quasi-

parallel beam. The presence of aberrations and the error of alignment lead to the fact



that the light flux in the working area is different from the parallel one, which, when
moving the measured object in the working zone, strongly affects the measurement
error. The larger the measurement zone, the wider the aperture of the collimator should
be, and the larger the aperture, the influence of this type of error on the measurement
result increases even though a photodetector ruler with a smaller pitch is used. For the
same reason, the method is not suitable for measuring small objects with a diameter of
less than 0.5 mm, since the magnitude of the error is comparable to the diameter of the
object of measurement. This method is applicable for measurements in the range of
diameters from about 1 to 30 mm. The creation of two-coordinate meters with a wide
measuring range on the basis of this method is problematic due to the cumbersome
nature of its means of implementation, but the method compares favorably with the
previous ones with a potentially higher reliability by introducing the absence of
mechanical moving elements and less interference due to the absence of amplitude and
time measurements. It has been used for a long time (since 1990) and has been
successfully applied at the Hermis + plant to create single-axis diameter meters with a
measuring range of 20 to 30 mm.

1.1.2.3.4. The diffraction method

To enhance the accuracy of the measurement of light, diffraction is used. A ray of
light, a skirting a thin piece, creates a diffraction silhouette, which is a function of the
diameter (Figure 1.9). A multi-element receiver converts the diffraction pattern into
electronic signals, which are then converted into a diameter value. The thinner the

product, the sharper the diffraction pattern and the higher the measurement accuracy.



This method can be realized both small and ultra-small sections, and as an
auxiliary tool to reduce the error of existing measuring methods.

MICROMASTER, the firm Zumbach. As a light source, a red laser diode emitting

light of a wavelength of 600 nm is used.
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Figure 1.9 - Measurement of wire diameter, based on the phenomenon of light
diffraction:

1 - laser; 2 - wire; 3 - the lens; 4 - multi-element receiver; 5 - calculator; 6 -

diffraction pattern on a multi-element receiver.



