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BJIUSAHUE CIEKJI-MIOJEA HA PE3YJIbTATHI U3MEPEHUIA
PU KOHTPOJIE JE®OPMUPOBAHHOM MOBEPXHOCTH
HU3KOKOI'EPEHTHOM MHTEP®EPEHIIMOHHON YCTAHOBKON

B paGote paccMOTpeHBI BOIPOCH! BIMSHUS CIHCKI-TIOJEH Ha (HOPMUPOBAHHME aMIUIUTYIBI MHTCPHEPEHIIMOHHOTO
CHTHAJIA [P KOHTPOJIe 1e(hOPMHUPOBAHHOM MOBEPXHOCTH HHTEP(PEPCHIIMOHHON YCTAHOBKOU, paboTaroIIeii B HU3KO-
KOrepeHTHOM cBeTe. MHTepdepeHIIHOHHbIE TPUOOPHI, pabOTAONHMEe B HU3KOKOTCPEHTHOM CBETE, HCIIOJIB3YIOT HC-
TOYHUKHU H3ITyYeHUs] OEJIOTO CBETa, CYNEPIIOMHUHECIICHTHBIE IHOABI, Y KOTOPBIX [UTHHA KOTEPEHTHOCTH HAXOIUTCS
B amamna3one oT 100 MM 10 1 Mxm. JmuHAa KOTEpEHTHOCTH MCTOYHMKA M3ITyYCHUS SBISCTCA KIFOUYEBBIM IapameT-
POM 3THX TIPUOOPOB, T.K. Y€M MEHBIIIE UTHHA KOTEPSHTHOCTH, TEM BBIIIIC TOYHOCTh H3MEPEHHS MHUKpOpenbeda 1mo-
BEPXHOCTH, TIOATOMY JaHHas paboTa aKTyallbHa U IMEPCIIEKTUBHA. B cTaThe MOCTaBICHBI IENb U 33/1a9H HCCIIEeI0BA-
HUsI, PACCMOTPCHBI CBOMCTBA CICKII-TIOJICH, a TaKXKe MPEIJI0KECH UHTEPPEPEHIIMOHHBIA METOJ KOHTPOJIS C MPHUMe-
HEHHEM YaCTHYHOKOTECPEHTHOTO M3Ny4YeHHUs. B mporiecce sKcnepuMeHTa ObUTH MTPOAaHATU3UPOBAHBI aMILTUTYAa BbI-
XOJIHOTO CHTHAJa U BBIPAKCHUS UL aMIUTUTYAbl HHTEP(EPECHIIMOHHOTO CHTHAla, KOTOPBIC MO3BOJISIOT OICHUTH
(YHKIIMOHUPOBAHUE U U3MCHEHHUE MMapaMeTPOB, BHOCHMBIC B ONITHYCCKYIO CXEMY M3MEPHTEIbHOMN YCTaHOBKH.

Kniouesuie cnosa: sxciepuMeHTanbHas HHTEPGEPECHIMOHHAS YCTAHOBKA, aMIUTUTY 1a CUTHAJIA, AJIMHA BOJHBI
W3JTyYeHHs], TOTPEITHOCTh U3MEPEHUH, CYNEPIIOMHHECIICHTHOE H3ITy9E€HHE, MUKPOPEIbe]) MOBEPXHOCTH, AITHHA

KOT€pEHTHOCTH
EDN: VCVKCJ

BBEJIEHUE

B coBpemMeHHOM MeTponorH4eckoM oOecredeHur
u3MepeHuss (OpPMBI TOBEPXHOCTH SIBJISIFOTCS OJHOMN
W3 BaxHeWmumx 3amad [1, 2]. Jlnga wucciemnoBaHus
MOBEPXHOCTH CYIIECTBYIOT MEXAHUUYECKHE M OITHU-
YEeCKHE METOJBI M TEXHHUYECKUE CPEICTBA, KOTOPHIC
CIIOCOOHBI  KOHTPOJIMPOBATh pelibed) IMMOBEPXHOCTH
C TOYHOCTBIO JO JAECATHIX Aol Mukpomerpa [3].
HccnenoBarenn oOTMedYaroT, YTO Ha NPaKTUKE IPU
W3MEPEHUSAX MEXaHUYECKUMHU MpUOOpaMH M KOMII-
JIEKCaMH IIIEPOXOBATOCTH IIOBEPXHOCTH HE BCerja
MOXHO JOOWTBCS BBICOKOW MPOU3BOJIUTEIEHOCTH.
VY  JgaHHBIX TEXHHYECKHX CPEIACTB B TEUYCHHE
KOPOTKOTO BPEMEHU W3HAIIMBACTCS KOHTAKTHBIN
DJIEMEHT, a TaKKe YBEIUYMBACTCS IIOTPEIIHOCTh
W3MEpPeHHH TpPU KOHTpoJie penbeda MOBEPXHOCTH
¢ Majioi ycroiumBocThio [4]. B HacTosmieir pabote
pedb TOHAET O COBPEMEHHOM OINTHYECKOM METOJIe
W3MEPEHUS HEPOBHBIX IMOBEPXHOCTSH H BIIMSHUU
CIIEKJI-IIOJIEH Ha pe3yJIbTaThl U3MEPEHUM.

Kacaemo ontuueckux METOJOB U  CPEIACTB
KOHTPOJIS pebeda MOBEPXHOCTH, TO OHU MOTYT OBITh
MPEJICTaBIIEHBl TpHUOOpaMH W KOMIDIEKCAMH, TJIe
ONTHYECKUE CUCTEMBI TOCTPOCHBI Ha PA3HBIX OMTUKO-
¢usndyecknx sBIeHHWAX. Hampumep, Ha aHamm3e
PacXOIUMOCTH M3ITyUYEHUsS, OTPAXKEHHOTO OT MOBEPX-
HOCTH, Ha UCCIEAOBaHUH (HOKYCUPOBKH OTPAKEHHOTO
W3IyUYCHUsI, HA U3MCHEHUH MOKAa3aTelsl MPEIOMIICHUS
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cpedbl MEXAY OKCIO3ULMAMH, C KOMIICHCALen
MIOTIEPEYHOr0 CABUTa W300paKeHUH, C MPUMEHEHHEM
HecyIlllell 4YacTOThl CIEKJI-TIOJIEHl IPOCTPAHCTBEHHO
KOT€pEHTHOTO H3IYUYEHMs, a TaKkKe IpH HCCIEA0-

BaHWU W3JIYyYECHUS C OrPaHUYCHHOW BpEMEHHOH
KOTEPEHTHOCTBIO U T.1. [5-7].
B Hay4yHO-TEXHUYECKOW JMTEpaType MHOTHE

aBTOPbl OTMEYAIOT TOT (DaKT, YTO LU(POBBIE ABTO-
MaTH3MPOBaHHbIE HMHTEP(EPEHIMOHHbIE NPHOOPHI
W KOMIUJIEKCHI, paboTaromye B HHU3KOKOT€PEHTHOM
CBETE, Ul W3YYEHHs TOBEPXHOCTH CIOXHOU (pOpMBI
MIEPCIIEKTUBHBI U aKTyallbHBL. VX mpenMyiecTBa Haj
ONTUYECKUMH NPHOOpPaMU U KOMIUIEKCAMH T€OMETPH-
4eCKOM ONTHKM 3aKIIOYAlOTCd B CIEAYIOLIEM:
qyBCTBUTEJIBHOCTb, AMANA30H HM3MEPEHU, paccros-
HUE /10 HM3MEpPAEMOI TOBEPXHOCTH HE 3aBUCIT OT
anepTypHBIX YIJIOB HaOJIOAECHHS W ocBemieHus [8].
HutepdepoMeTpsl, NOCTPOCHHBIE MO KJIACCHYECKUM
cxeMaM, HE MPHUTOMHBI I W3MEPEHHs HeTrIaIKux
MOBEPXHOCTEH, T.K. UCHIOIB3YIOT BBICOKOKOTEPEHTHBIE
WUCTOYHMKH CBeTa (Jla3epsl), IIe AJUHA KOTEpeHT-
HOCTH HCTOYHHMKOB Bapbupyercst oT 10 MM 10 50 mm.
A 3T0 o03Hauaer, YTO 1P aHalu3e CBETOBOIO
W3Iy4EHHUs,  OTP@KEHHOIO  OT  HCCIELyeMOH
TIOBEPXHOCTH CJIOXKHOH (OpMBI, JaHHBIE O penbede
BO3MOXKHO TIOJIYYHTHh TOJNBKO B Tpeenax JTHHBI
KOT€pEHTHOCTH, II03TOMY, KpOME IIyMa, HUKaKOH
WHQOpMaIK U3BJICYb HE MOTyduTes [9].
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B coBpeMeHHBIX aBTOMAaTH3UPOBAHHBIX HHTEpQe-
PEHILMOHHBIX MPHOOpax, paboTalomnX B HU3KOKOTe-
peatHoMm cBere (AUITHK), ncmons3yloT HCTOYHWUKH
Oenoro cBera — CYHEpPIIOMUHECLEHTHbIE JUOABI,
Yy KOTOPBIX JUIMHA KOT€PEHTHOCTH HAXOAWTCS B IHa-
nazo”e ot 100 mo 1 MkM. /[nMHa KOTE€peHTHOCTH HC-
TOYHWKA W3IYUYCHUs SIBIISETCS KIIFOYEBBIM TapaMmeT-
pPOM 3TuX NpUOOPOB, T.K. YEM MEHbLIE JJIMHA KOTe-
PEHTHOCTH, TEM BBIIIE TOYHOCTh M3MEPEHHS] MUKPO-
penbeda noBepxuoctu [10-14].

AUITHK nocturiam 0GONBIIMX YCHEXOB B IMPAKTH-
94eCKOM MPUMEHEHNH 3a CYET KOMIAKTHOCTH, ITPOCTO-
ThI SKCIUTyaTallMM U IMHAMUKHU u3Mepenuit [9, 15-20].
[osiBuniace wH(pOpManus aHaTU3a METPOJOTHH He-
INIaJKUX TIOBEPXHOCTEW B Pa3HBIX PeXUMax H3Mepe-
HUH (TpUTTEPHBIN, CKAaHUPYIOMNi). PemeHs! Bompockl
MOCTPOEHUSI W OKCIUTYaTallMOHHBIX XapaKTEPUCTHK
AUIIHK. Pa3pa®oTyuKku MOCTOSHHO COBEPIICHCTBY-
10T (YHKIHOHAJIBHBIE BO3MOXXHOCTH M IOBBILIAIOT
MHQOPMAIIIOHHOE COJEPKaHWE M3MEPEHUH 3TUX
puOOpOB.

[ToaTomMy mpezncTaBiasieT UHTEPEC BIHUSAHUE CIIEKJI-
moJieii Ha aMIUIATYy BBIXOJHOTO CHUTHaNA Mpu (PpyHK-
LUOHMPOBAHUM HHU3KOKOTEPEHTHOM HHTepdepeHIn-
OHHOW yCTaHOBKH.

Lenpto paboThl SBUIOCH IMOJYYEHUE BBIPAXKEHHS
JUTSL OLIEHKH aMIUTUTY/IbI BBIXOJHOTO CUTHAJIa MPH W3-
MEHEHHH TapaMeTPOB ONTHYECKOW CXEMBI DKCIEpPH-
MEHTAJIbHOH yCTaHOBKH.

ITOCTAHOBKA 3AJAYHN

PaccMoTpeTh OCHOBHBIE CBOWCTBa CIIEKJI-TIOJIEH,
KOTOpBIE SIBJISIFOTCSI KIIFOUEBBIMU TIPH KOHTPOJIE Jie-
(hOpMHUPOBAHHON MTOBEPXHOCTH HU3KOTEPEHTHOW WH-
TeppepeHIIOHHON yCTaHOBKOW. METOIOM KOHTPOJIS
HEMIAJIKOM MOBEPXHOCTU C HCIOJIB30BAHUEM HH3KO-
KOT€pEHTHOTO M3JIy4EHUs BBIBUTH BIIHMSHUE CIIEKII-
IOJIEH Ha pe3yJbTaThl u3MepeHuil. Ilomyunts anamu-
TUYECKOE BBIPAKECHHWE Ui aMIUTHTYAbl BBIXOJHOTO
CUrHaJa Mpy (PyHKIMOHUPOBAHUHN YCTAHOBKH.

CBOWVICTBA CIIEKJI-TTIOJIEMA

Criexy-onss BO3MOXHO HAOII0JaTh MPU OCBEIIe-
HUM HIEPOXOBATOM MOBEPXHOCTH KaK JIa3epPHBIM, TaK
U YaCTUYHO KOI'CPCHTHBIM HU3JIYYCHUEM B IIpEaciiax
JUIMHBl KOTEPEHTHOCTH TP OTPAXEHUH CBETOBOTO
noroka. Ha puc. 1 mokazana cxema (GOpMHPOBaHHS
CHEKJI-TIoJIEH NP KOHTpoJe Ae()OpMHUPOBAHHOHN I10-
BepxHocTH. Ha »3kpane N oOpa3yiorcd TeMHBIE
U CBETJIbIC 00JIACTH — 3TO PE3YJIbTAT CIOKEHHS dIie-
MEHTAPHBIX CBETOBBIX BOJIH.

W3BecTHO, UTO pacrpeielieHie WHTCHCHBHOCTH CBe-
TOBOT'O MTOTOKA MOXKET OBITH ONMCAHO BBIPAKCHUEM:

- —
3 f

Puc. 1. Cxema QopMHpOBaHUS CIEKI-TIOJECH TPH KOH-
Tposie 1epOpMUPOBAHHON OBEPXHOCTH.

S — cynepmomunecueHTHbIN cBeToanon; P — nedop-
MHPOBaHHAsl TOBEPXHOCTH; N — IJIOCKOCTh HAOMIOICHUS

p()=(1/1, )exp(-1/1,,).

rae p(/) — TUIOTHOCTh BEPOSTHOCTH, | — WHTEHCHB-
HOCTb CBETOBOTO IIOTOKA, /o, — CPEAHss MHTCHCHB-
HOCTb.

Ilpu B3aUMOJEHCTBUM  CBETOBOTO  W3JTyUCHHUS
C KOHTPOJHPYEMOW TOBEPXHOCTBIO CYIEPIFOMHHUC-
IEHTHOIO WM OeJoro WCTOYHHWKA CBETa CHEKIIbI
MOJKHO Ha3bIBaTh CYNEPIIOMHUHUCLICHTHBIMH WK Oe-
joro ceera. M3 NpUBENIEHHOTO PUCYHKA BUJIHO, YTO
chopMupoBaHa 00BEKTHASI KAPTUHA CIEKIIOB, KOTOPast
CO3[laHa Ha OMpEeJICIEHHOM pPacCTOSHUM OT AedopMu-
pOBaHHOH MOBEepXHOCTH. DYHKIMS ABTOKOPPENSAIUH
npu OOBEKTHON KapTUHE MOXKET OBbITh IpeAcTaBlieHa
CIITYIOIIUM BBIPOKECHHEM:

R,(x,y)=1},[ I +sinc® (d x/AL)-sinc® (d y/AL)],

rae R;(x, y) — (GyHKOus aBTOKOPPEISIUH B IIOCKO-
CTH Xy, A — JUIMHA BOJIHBI U3JIy4eHUs], L — paccros-
HUE OT IIOBEPXHOCTHU /10 IJIOCKOCTH HAOIIOAEHUS.

3Ha4yeHue 3TOM (YHKIUMH — 3TO PACCTOSIHUE MEX-
Ny TOYKaMH C MAaKCHMajJbHBIMH M MHHHMAaJbHBIMHU
WHTEHCHBHOCTSIMH. JTO PAcCTOSIHAE NIPUHATO MPHHHU-
MaTh 32 XapaKTEpHBIM pa3Mep 3JIeMEeHTa CHEKI-TOoJI,
KOTOPBIN PABEH:

Bs=1.22 AL/d,

rae Bs — XapakTepHBIA pa3mep, d — JuameTp IsITHa
Ha TIOBEPXHOCTH.

HAVYYHOE ITPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 1
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WHTEP®EPEHIIMOHHBIN METO/]
KOHTPOJIA C IPUMEHEHUEM
YACTUYHO KOI'EPEHTHOTI'O U3JIVUEHU A

B paborte paccmarpuBaercst uHTEp(hEpEHIIMOHHOE
YCTPOHCTBO, OCHOBAaHHOE HA SBJIICHUU IBYXJy4eBOMU
uHTep(EPEeHIINH, TJI¢ B KAUeCTBE UCTOYHHKA H3IIy4e-
HUS OBLI CYTEPIIIOMHUHECIICHTHBI CBETOMUOMA C JJTH-
HOW BONHBI A = 387 HM, JUIMHOW KOT€PEHTHOCTH [, =
= 6.8 MKM, MOMmMHOCTRIO m3nmydeHmss 1 MBT. Cxema
peanu3auuy  SKCIEPUMEHTAIbHOW  M3MEPUTEIbHOU
YCTaHOBKHM IOKa3aHa Ha puc. 2.

B naHHOM HCHONHEHMH CBETOBOM Jy4Y OT UCTOY-
HUKa cBeTa S OKyCHUpYyeTCs Ha 3epKaJbHYIO MOBEPX-
HOCTh R TIIaCTHHKM B OMOpPHOM KaHAJle M Ha HCCIIe-
JlyeMYI0 TIOBEpXHOCTh P 00bekTa B OOBEKTHOM KaHa-
Jie U3MEpPUTENHLHON ycTaHOBKU. HauanbHOE cocTosiHUE
ompenensieTcss paBeHCTBOM paccrossHud QN m QM.
[Tpu Takom ycioBuu UHTEPGEPESHIIMOHHOE TOJIE UME-
€T MaKCUMYyM KOHTpacTa.

I[Mpu wu3mepenuun Mukpopeibeda I[MOBEPXHOCTH
30HIUpyeMas TOYKa IMOBEPXHOCTH CMEIIACTCs] OTHO-
CUTENBHO IIOCKOCTH, T7¢e z = 0, Ha Benuuuny Az. 10
CMeIeHNEe OO0YCIIOBJIICHO JBM)KCHHEM ITOBEPXHOCTH
B MPOJIOJIBHBIX JINOO MOMEPEYHBIX HANPABICHUAX OT-
HOCHUTEIILHO CBETOBOTO IIATHA Ha MOBEpXHOCTH. Ha-
YaJbHOE IMOJIOKEHHE TOYKH MOXKHO BEPHYTbH IepemMe-
LIEHUEM 3€pKaJbHOM MOBEPXHOCTH R miacTUHKU
B OMIOPHOM KaHane Ha BelmuunHy Az = Az.

Puc. 2. Ontuyeckasi cxema SKCIEPUMEHTAIBLHOM ycTa-
HOBKH.

S — CymepioOMHHECIIEHTHBIH cBeToano; O — MHKpPO-
00BekTHB; B — cBeromenutens; R — 3epkanbHas mo-
BepxHOCTh; P — moBepxHOCTH 00BeKTa; D — (oTompu-
eMHBIH 070K

HAVYYHOE [NPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 1

B ¢doronpuemnom 6Gmoke D, Oyner nabmiomaThces
CYIIEPITO3UIINSI CBETOBBIX BOJIH, NPUIIEAINX U3 00b-
€KTHOT'0 M ONOPHOro KaHasoB. Eciiu NpuHATH ABMKE-
HUE 3epKaJIbHOW IOBEPXHOCTH B OIOPHOM KaHaje
C MOCTOSIHHOM JIMHEHHOM CKOPOCTBIO V, TO 3TO IPUBE-
JeT K MOAYJISIIUK BO BPEMEHH pa3HOCTH (a3 ¢ cBeTo-
BBIX BOJH. Torna nosy4um:

p=2vt 2r/2,

rae A — JUIMHA CBETOBOM BOJHEI, 2Vi = 2Az — m3me-
HEHUE PACCTOSHUSA TMPU JABUKCHUHU 3EpKaJIbHOM IO-
BEPXHOCTH Ha Az .

W3meHeHne MHTEHCUBHOCTH OMNpENEISCTCS BBIpa-
JKEHUEM:

I(t)=1 +1 +2J1 1,

Vo (t)‘cos(%vtj,

rae [, — MHTEHCUBHOCTb B OOBEKTHOM KaHaine, I, —
MHTEHCUBHOCTb B OIIOPHOM KaHaJIE, Y, (f) — CTENeHb
KOIE€PEHTHOCTH.

Ha puc. 3 npuBeneH BBIXOAHOHN CUTHaJN, U BUIHO,
4YTO MAKCUMYM 3HAYCHUA HAXOAUTCA B TOYKE I npu
Az = Az, ty — TouKa Hayaga oTcuera. CMeIIeHNs 3ep-
KQJIbHOM NTOBEPXHOCTH B OIIOPHOM KaHAJIE XapaKTepu-
3YIOTCSl BeMUMHOW Az; = f(X, ), 4eM ONPEACISIOTCS
WHTEpBAIBl [f), ty]. VHAEKC i ompemenseT TOUYKY
B IIJIOCKOCTH X, ).

[ (1)

Puc. 3. nTepdepeHIIMOHHBIN cUTHaII.
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SKCIIEPUMEHTAJIBHBIE PE3VYIIBTATBI

B mpouecce »skcnepumeHTa Oblla  IpoaHaIU-
3MpOBaHA AMIUTUTYJa BBIXOJHOTO CHTHaNa, T.K. OHA
SBIIICTCS] 3HAYMMBIM ITapaMeTPOM AJIS KCIUTyaTalluu
pa3paboTaHHOW HHM3KOKOTEPEHTHOH WHTEp(epeHIu-
OHHOH YCTaHOBKH.

OTOT CUTHAJT MOYKHO IIPEICTaBUTH CIEAYIOUINM
BBIPAKCHHUEM:

u(t)= k-[-j(lplr )1/2 ‘ypr (t)‘cos(%[htjda),

rae u(f) — BeIXOAHOM curHai, ) — ameptypa doro-
npueMHuKka, k — ko3 dunmeHT npeodpa3oBaHUs U3-
Jy4eHHsl B JIEKTPUUSCKUU CUrHAN, d@ — 3JeMeHT
arnepTypsbl.

[Tpn ananm3e amepTypbl LEIeco00pa3sHO HCCIIEN0-
BaTh OruOarolyr curuaia. Torma cos(2w/4 - 2vt) = 1,
orubaromas U(f) OyaeT paBHa:

U(t)= kg(lplr)l/z e (1)]de..

HHaTepdepernuonnoe moje OyAeT MpeacTaBlIATh
CIIEKJI-TIOJIE C YJBOCHHBIM XapaKTEPHBIM pa3MepoOM
3JIEMEHTA CIIeKJII-TIOJIA:

Bs=2.44 2L/d.

B ciy4ae orpannuenHoi o6aacTy ocBemeHus I, (x,
¥) TOIY4YHM Ha0Op OTAENBHBIX criekioB. [loatomy s
pacuera YCpPEJIHCHHOW BEJIMYHMHBI OTHOAIOIICH BbI-
XOJHOI'O CHUTHAJIa ONEPALMI0 MHTEIPUPOBAHUS 3aMe-
HUM CYMMHUPOBAHHMEM CPEIHUX MHTEHCUBHOCTEH OT-
JIEJbHBIX CIIEKJIOB.

PaccmoTpuM OOBEKTHBIN KaHal W3MEPHUTEIBHON
YCTaHOBKH, TpeACTaBIeHHBIN Ha puc. 4. Pasmep msT-
Ha Ha NOBEPXHOCTH MJI CYHNEPIIOMUHHUCLEHTHOTO
W3JIyYEHHUSI MOYKHO MPEJCTaBUTh B BUJIE:

A
L ()= 1,(x)®| f (xy)+ g (xy) |

rl

v

rac [; (x,y) — HWHTCHCHUBHOCTL Ha TOBCPXHOCTHU

00BEKTA, Is(x', y’) — HMHTEHCHUBHOCTH B INIOCKOCTH

UCTOYHUKA U3JTyYEHUs, Ao, — CPEIHsS JUIMHA BOJIHBI,
[ — AJMHA KOTepeHTHOCTH, ® — omepanus CBEpTKH,
fIx,y) — GyHKUUSA AT MOHOXPOMATHYECKOTO H3IY-
4yeHus, g(x,y) — QYHKUUS I YACTHYHO KOTE€PEHTHO-
IO CBETa.

Oyuknus f{x,)) naet HHPOPMALIUIO 0 KAXKIOH TOY-
K€ B IUIOCKOCTH H300pa)KeHHUs1, KOTOpasi yBEJINYHNBACT-
Csl B JIMaMeTpe Ha BEJIINUMHY:

A=1.22 AL,
D,

o

b

d,

Puc. 4. O0beKTHBIN KaHAT U3MEPUTEIEHON CHCTEMBI.

S — cynepiaroMUHECIHIEHTHBIN cBeToanoa; O — MHKpO-
o0bekTuB; B — cBeronenurens; P — noBepxHOCTh 00b-
exta; D — ¢oTonpremMHslii 610K

rae L, — paccTosiHue OT OOBEKTHBA 10 OBEPXHOCTH
o0BexTa, D, — anaMeTp 0ObeKTHBA.

Oyukuus g(x,y) naeT MHPOPMAIHIO IS TPAKTH-
YECKHA WHTEPECHOTO ciaydas [, > 4A, Korjaa BeIMInHA
(M2m - 1) g(x,y) cocraBusieT 2% OT MakCHMaJIbHOTO
3HaueHus f{x,y). [loaToMy BeIpaskeHHE AJIsl AUAMETpa
d mATHA Ha TOBEpXHOCTH P MOXHO 3ammcaTs:

AL
d=pd +1.227=,
B, D

o

rie ds — pa3Mep BBIXOJHOTO 3padyka MCTOYHHKA CBeE-
Ta, f — MacmTal n300pakeHus.

Torma nanst xapakrTepHOro pasmepa 3JeMeHTa
CTIEKJI-TIOJIS:

B =244 AL - (1)
Bd. +1.22""
D

o

OO1ee KONMYECTBO CIiekoB Ns B aneptype o ¢o-
TOIPEMHOTO OJI0Ka PaBHO:

L2 2
N, = B‘f

2)

Ecau ammutyasl kKojeOaHuii CIIEKJIOB PaBHBI, TO-
raa ¢a3bl paBHOMEPHO PacIpe/eNieHbl B TPOMEXKYTKE
OT — T JIO T, ¥ 00IIasl aMILTUTY/Ia BBIXOJHOTO CUT'HAJIA

U paBHa:
U= \/gu(t). (3)

Ecnu (1) u (2) noacraButs B (3), TO MOJYyYUM Clie-
NYIOIlee BBIPAXKCHUE JUIsl YCPEIHEHHOU 110 aHCaMOJI0
peanm3anuii orubatoieit BeIxogaHoro curnana (U(t)):

HAVYYHOE ITPUBOPOCTPOEHMUE, 2025, Tom 35, Ne 1
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0.61 kL’ OM,,/

ypr
\/_ B d L

(U@)= )

O

[lepermmem BwIpaskenue (4) ¢ yderom (1) u (2)
B CIIEAYIOILEM BHJE:
()1,

(U(0)= 7 (1))

[TomyueHHOE BBIpa)KEHUE MO3BOJISET OLIEHUTH am-
TUTTYy BBIXOJHOTO CUTHAIA B 3aBHUCHMOCTH OT KO-
JIMYECTBA OTJIENBHBIX CIICKIIOB B aneprype (oTorpu-
emHuka. @opmyna (4) gaeT BO3MOKHOCTEH OIICHHBATH
aMIUTATYly BBIXOJHOTO CHUTHAJa MpH (YHKIMOHUPO-
BaHWU U W3MECHEHHUH MapaMETPOB ONMTHYCCKON CXEMBI
W3MEPUTEIHHON YCTaHOBKH.

0.6lkrnl*a?
2N

S

3AKJIIOYEHME

C mepBBIX IIATOB U MO HACTOSIIIEE BPEMS B UHTEP-
(dbepomMeTpuu, TN HCHOIB3YIOTCS BBICOKOKOTEPEHT-
HbIC UCTOYHHUKHU CBETa (JIa3ephbl) B HAYYHBIX U TEXHU-
YEeCKHMX UCCIIEAOBAaHUAX JOCTUTHYTHI OOJBIINE YCIIEXU
B M3MEPEHUM 3EPKaJbHBIX, BBICOKONOJIMPOBAHHBIX
M ONTHUYECKUX TOBEPXHOCTEH JIMH30BOM OITHUKH.
B nHacrosimeli pabote moy4eHbl 3KCIIepUMEHTATbHBIC
JlaHHbIE O TapaMeTpe, KOTOpbIH HANpsIMYyIO0 BIIUSET
Ha TOYHOCTb M3MEPEHUN HU3KOKOIE€PEHTHOH HHTEp-
(hepEHIIMOHHOM YCTAHOBKU NPU KOHTPOJIE IIEPOXOBa-
TOH MOBEpXHOCTH. lloydeHbl BBIpAKEHUA OJIS1 aM-
IUIMTYAbI MHTEP(EPCHIIMOHHOTO CUTHANA, KOTOPbIS
MTO3BOJISIIOT OIEHUTH (DYHKIIMOHWPOBAHUE W H3MEHE-
HHUE MapaMETPOB, BHOCUMOE B OINTHYECKYIO CXEMY
U3MEPUTEIHLHON YCTaHOBKH.
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THE EFFECT OF SPECKLE FIELDS ON MEASUREMENT RESULTS
WHEN MONITORING A DEFORMED SURFACE
WITH A LOW-COHERENCE INTERFERENCE INSTALLATION

E. E. Maiorov', G. A. Kostin’, N. E. Baranov’

'Saint Petersburg state university of aerospace instrumentation (GUAP), Saint Petersburg
*Saint Petersburg State University of Civil Aviation named after Chief Marshal of Aviation

A.A. Novikov, Saint Petersburg

The paper considers the influence of speckle fields on the formation of the amplitude of the interference sig-
nal when monitoring a deformed surface using a low-coherence light interference installation. Interference de-
vices operating in low-coherence light use white light sources, superluminescent diodes, which coherence length
ranges from 100 microns to 1 micron. The coherence length of the radiation source is a key parameter of these
devices, since the shorter the coherence length, the higher the accuracy of measuring the microrelief of the sur-
face; therefore, this work is relevant and promising. The article sets the purpose and objectives of the study,
considers the properties of speckle fields, and proposes an interference control method using partially coherent
radiation. During the experiment, the amplitude of the output signal and expressions for the amplitude of the
interference signal were analyzed, which made it possible to evaluate the functioning and change of parameters
introduced into the optical circuit of the measuring installation.

Keywords: experimental interference setup, signal amplitude, radiation wavelength, measurement error, superluminescent

radiation, surface microrelief, coherence length
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INTRODUCTION

In modern metrology, surface shape measurements
are one of the most important tasks [1, 2]. For surface
research, there are mechanical and optical methods
and technical means that are capable of monitoring
surface relief with an accuracy of up to tenths of
a micrometer [3]. Researchers note that in practice,
when measuring surface roughness with mechanical
devices and complexes, it is not always possible to
achieve high productivity. The contact element of
these technical means wears out in a short time, and
the measurement error increases when monitoring
surface relief with low stability [4]. This paper will
discuss a modern optical method for measuring un-
even surfaces and the effect of speckle fields on mea-
surement results.

As for optical methods and means for monitoring
surface relief, they can be represented by devices and
complexes where optical systems are based on differ-
ent optical-physical phenomena. For example, the
analysis of the divergence of radiation reflected from
the surface, the study of the focusing of reflected radi-
ation, the change in the refractive index of the me-
dium between exposures, the compensation for the
transverse shift of images, the carrier frequency of
speckle fields of spatially coherent radiation, the radi-
ation with limited time coherence, etc. [5—7].

In the scientific and technical literature, many au-
thors note the fact that digital automated interference
devices and complexes operating in low-coherence
light are promising and relevant for studying rough
surfaces. Their advantages over optical devices and
geometric optics complexes are as follows: sensitivity,
measurement range, and distance to the measured sur-
face do not depend on the aperture angles of observa-
tion and illumination [8]. Interferometers built accord-
ing to classical schemes are not suitable for measuring
non-smooth surfaces since use highly coherent light
sources (lasers) with a variation of the coherence
length of the sources from 10 mm to 50 mm. This
means that when analyzing light radiation reflected
from the studied rough surface, data on the relief can
only be obtained within the coherence length, there-
fore, no information but noise can be extracted [9].

Modern automated interference devices operating
in low-coherence light (AILLD) use white light
sources — superluminescent diodes with coherence
length in the range from 100 pm to 1 um. The
coherence length of the radiation source is a key
parameter of these devices, since the shorter the
coherence length, the higher the accuracy of
measuring the surface microrelief [10-14].

AILLDs have achieved great success in practical
application due to their compactness, ease of
operation, and measurement dynamics [9, 15-20].
Information has appeared on the analysis of the

metrology of rough surfaces in different measurement
modes (trigger, scanning). The issues of design and
operational characteristics of AILLD have been
resolved. Developers are constantly improving the
functionality and increasing the information content of
measurements of these devices.

Therefore, the effect of speckle fields on the
amplitude of the output signal during operation of a
low-coherence interference setup is of interest.

The aim of the work was to obtain an expression
for estimating the amplitude of the output signal when
changing the parameters of the optical scheme of the
experimental setup.

PROBLEM STATEMENT

Consider the main properties of speckle fields,
which are key when testing a deformed surface with a
low-coherence interference setup. Using the method
of testing a rough surface by means of low-coherence
radiation, identify the effect of speckle fields on the
measurement results. Obtain an analytical expression
for the amplitude of the output signal during operation
of the setup.

PROPERTIES OF SPECKLE FIELDS

Speckle fields can be observed when illuminating a
rough surface with both laser and partially coherent
radiation within the coherence length when reflecting
the light flux. Fig. 1 shows the scheme for the
formation of speckle fields when testing a deformed
surface. On the screen N dark and light areas are
formed - this is the result of the addition of elementary
light waves.

Fig. 1. Scheme of speckle field formation during
deformed surface testing.

S — superluminescent LED; P — deformed surface;
N — observation plane

It is known that the distribution of the intensity of
the luminous flux can be described by the expression:

p(1) = (11, )exp(~1/1,,),

where p(/) is the probability density, / is the intensity
of the luminous flux, /., is the average intensity.

When light radiation interacts with the studied
surface of a superluminescent or white light source,
speckles can be called superluminescent or white
light. From the figure shown, it is clear that an object
pattern of speckles is formed, and it is created at
a certain distance from the deformed surface. The



autocorrelation function for the object pattern can be
represented by the following expression:

R (x,y)=1, [1 +sinc” (d x/AL)-sinc’ (dy/lL)],

where R;(x, y) is the autocorrelation function in the xy
plane, A is the radiation wavelength, L is the distance
from the surface to the observation plane.

The value of this function is the distance between
the points with maximum and minimum intensities.
This distance is usually taken as the characteristic size
of the speckle field element, which is equal to:

Bs=1.22-AL/d,

where By is the characteristic size, d is the diameter of
the spot on the surface.

INTERFERENCE METHOD OF CONTROL
USING PARTIALLY COHERENT RADIATION

The paper considers an interference device based
on the phenomenon of two-beam interference, where
the radiation source was a superluminescent light-
emitting diode with a wavelength of 4 = 387 nm, a
coherence length of /. = 6.8 um, and a radiation power
of 1 mW. The schematic diagram of the experimental
measuring setup is shown in Fig. 2.

Fig. 2. Optical scheme of the experimental setup.

S — superluminescent LED; O — microlens; B —
beam splitter; R — mirror surface; P — object sur-
face; D — photodetector unit

In this design, the light beam from the light source
S is focused on the mirror surface R of the plate in the
reference channel and on the studied surface P of the
object in the object channel of the measuring setup.
The initial state is determined by the equality of the
distances QN and QM. Under this condition, the inter-
ference field has a maximum contrast.

When measuring the surface microrelief, the
probed point of the surface shifts relative to the plane
where z = 0 by the value Az. This shift is caused by
the surface movement in the longitudinal or transverse
directions relative to the light spot on the surface. The
initial position of the point can be returned by moving
the mirror surface R of the plate in the reference
channel by the value Az = Az

In the photodetector unit D, a superposition of light
waves coming from the object and reference channels
is observed. If we accept the movement of the mirror
surface in the reference channel with a constant linear
velocity v, this leads to a time modulation of the phase
difference ¢ of the light waves. And we obtain:

Qo=2vt 21/ 4,

where 1 is the wavelength of light, 2v¢ = 2Az  is the
change in distance when the mirror surface moves by
Az.

The change in intensity is determined by the ex-
pression:

I(t)=1,+1,+2J1,1,-

Y or (t)‘ : cos(%vt},

where 1, is the intensity in the object channel, /, is the
intensity in the reference channel, y,. (¢) is the degree
of coherence.

Fig. 3 shows the output signal, and it is evident that
the maximum value is at point ¢, when Az = Az, f, is
the starting point. The displacements of the mirror
surface in the reference channel are characterized by
the value Az; = flx, ), which determines the intervals
[?0, tm]- The index i defines the point in the x, y. plane.

Fig. 3. Interference signal

EXPERIMENTAL RESULTS

During the experiment, the amplitude of the output
signal was analyzed, since it is a significant parameter
for the operation of the developed low-coherence in-
terference setup.

This signal can be represented by the following
expression:

u(t)= k-g(lplr )l/z ‘ypr (t)‘cos(%th]da),

where u(f) is the output signal, € is the aperture of
the photodetector, k is the coefficient of conversion of
radiation into an electrical signal, dw is the aperture
element.

When analyzing the aperture, it is advisable to
study the signal envelope. Then cos(2w/4A - 2vt) = 1,
the envelope U(?) is equal to:

U(t)= kg(lplr)l/2 7, (1)|de..

The interference field is a speckle field with
a doubled characteristic size of the speckle field ele-
ment:

Bs=2.44 - AL/d.

In the case of a limited illumination region /, (x, y),
we obtain a set of individual speckles. Therefore, to
calculate the average value of the output signal
envelope, we replace the integration operation with
the summation of the average intensities of individual
speckles.



Let us consider the object channel of the measuring
setup shown in Fig. 4. The spot size on the surface for
superluminescent radiation can be represented as:

)
p
o g(x,y)},

c

I (x,y>=fs<x:y'>®[f(x,y>+

where I (x,y) is the intensity on the object surface,

I.(x",y") is the intensity in the plane of the radiation

source, A, is the average wavelength, /. is the cohe-
rence length, ® is the convolution operation, fx, ) is
the function for monochromatic radiation, g(x, y) is
the function for partially coherent light.

Fig. 4. Object channel of the measuring system.

S — superluminescent LED; O — micro-lens; B —
beam splitter; P — object surface; D — photodetector
unit

The function flx, y) provides information about
each point in the image plane, which increases in di-
ameter by the value:

AL,

where L, is the distance from the lens to the surface of
the object, D, is the diameter of the lens.

The function g(x, y) provides information for the
interesting case /. > 4A, when the value of (A / 2x - /)
g(x, y) is 2% of the maximum value of f{x, y). There-
fore, the expression for the diameter d of the spot on
the surface P can be written:

AL,

o

where ds is the size of the exit pupil of the light
source, S is the image scale.

Then for the characteristic size of the speckle field
element:

B = qag— M (1)

Bd. + AL,

(4]

The total number of speckles Ns in the aperture [
of the photodetector block is:

L2 2
N, = BOZ‘ .

2

If the amplitudes of speckle oscillations are equal,
then the phases are uniformly distributed in the inter-
val from — 7 to 7, and the total amplitude of the output

signal U is:
U= \/gu(t). 3)

If (1) and (2) are substituted into (3), then we ob-
tain the following expression for the envelope of the
output signal averaged over the ensemble of realiza-

tions (U(?)):
061k7TL al
U(r) ypr 4)
o)Lty

0

Let us rewrite expression (4) taking into account
(1) and (2) as follows:
0.61kzla’ \[(I,)1,

<U(Z)> B J2N.

S

or (1))

The obtained expression allows us to estimate the
amplitude of the output signal depending on the num-
ber of individual speckles in the aperture of the pho-
todetector. Formula (4) makes it possible to estimate
the amplitude of the output signal during the operation
and change of parameters of the optical circuit of the
measuring setup.

CONCLUSION

From the first steps to the present time, in interfe-
rometry using highly coherent light sources (lasers),
great success has been achieved in scientific and tech-
nical research in measuring mirror, highly polished
and optical surfaces of lens optics. In this paper, expe-
rimental data are obtained on a parameter that directly
affects the accuracy of measurements of a low-
coherent interference setup when testing a rough sur-
face. Expressions are obtained for the amplitude of the
interference signal, which allow us to estimate the
operation and change of parameters introduced into
the optical circuit of the measuring setup.



