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HUCCJEJOBAHUE ONTHYECKHX NMMOBEPXHOCTEM
MJIOCKOBBINYKJIBIX JIMH3 3KCIHEPUMEHTAJIBHON
WHTEP®EPEHIIMOHHON YCTAHOBKOHN C JU®PATTPOBAHHBIM
OITIOPHBIM BOJIHOBBIM ®POHTOM

B pabote peann3oBaHO CXEMHOE pPEIICHHE Ha HKCIEPUMEHTAIBHOW MHTEPPEpOMETPUICCKON YCTaHOBKE, JeHCTBHE
KOTOpPOW OCHOBaHO Ha (hOPMHPOBAHHM OTIOPHOT'O BOJHOBOTO ()pPOHTA C MPHUMEHEHHEM Toue4yHOH nmadparmel. Om-
THUYECKHE NMPHOOPHI M KOMIUIEKCHI, ITOCTPOCHHBIE 10 TAKOW CXEME, JNAl0T BO3MOXHOCTh HPOBOJIUTH H3MEPEHHMS
Ha MOBEPXHOCTSX ONTUYECKUX JeTaNei U AJIEMEHTOB, peHa3HaYEHHBIX JUIsl BHICOKOTOYHOH ONTHKU (MHTEphepo-
METPOB Pa3IMYHOTO Ha3HAYEHUsI, MHTEP(EPEHIIMOHHBIX MUKPOCKOIIOB U T.J.), IO3TOMY paboTa MepCcrneKTUBHA U aK-
TyanpHa. B pabote mpuBeneHa ontuueckas cxema MHTepdepoMeTpa, a TakkKe JaHbl TEXHHKO-IKCILTyaTal[HOHHbIC
XapaKTEPUCTUKU DKCIIEPUMEHTAIBLHOW ycTaHOBKHU. OmpeseneHbl 00beKThl U METO uccienoBanus. IlomyueHsr uH-
TepdheporpaMMbl ¢ MMOBEPXHOCTEH TUIOCKOBBIMYKIIBIX JIMH3: U3 OECIBETHOTO ONTHYECKOTro crekya Mapku K8, kBap-
meBoro crekna Mapku KU (muraBnenstit kBapi SiO,) u cenennaa muaKa (ZnSe). [Ipoananu3npoBaHbl H300pakeHUs
nHTEp(EPEHIIMOHHBIX TOJIeH W BBISBIECHBI OCHOBHBIC IapaMeTphl BOJHOBBIX (PpOHTOB. ONTHYECKHE MMOBEPXHOCTH
KOHTPOJIMPOBAINCH SKCHEPHUMEHTAIFHON YCTAaHOBKOW ¢ TouHOCThIO He Xyke 0.01 A. MccnenoBanace oTpakareib-
Hasl CIOCOOHOCTh ONTHUYECKUX IMOBEPXHOCTEH MPEJOCTAaBICHHBIX 00pa3oB M MOJIYyYeHBI 3aBUCUMOCTH Kod(duim-

CHTa OTPaXCHU: MO KOOpAWHATAM X U ).
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BBEJIEHUE
B mHacrosmee BpemMss OrpoOMHOE  BHHMMaHUE
yaAeHseTcsa METoJaM M CpeICTBaM  ONTHYECKHUX

W3MEpPeHH B TIporiecce pa3pabOTKH ONTHYECKHUX
U ONTHKO-3JIEKTPOHHBIX MPUOOPOB U KOMIUIEKCOB [1,
2]. Ot MeToABsl M CPEACTBA WIPAIOT BAKHEHIIYIO
pOJIb B  OCYIIECTBICHWHW KOHTPOJS ONTHYECKHX
netaneil. Ix BbICOKas TOUHOCTh U YYyBCTBUTEIBHOCTH
00ecreunBaOT JTOCTOBEPHOCTh HW3MEPEHHHA HCCIIe-
nyembix o0bekToB [3, 4]. IloporoBas uyBCTBH-
TETFHOCTh W TOYHOCTH METOJIOB ONTHYECKHX H3MeE-
peHuit HaxoauTcs B nuamnasone oT 1 MM 10 0.01 MM
[5, 6]. Ucmtonb3yst onTHYecKHe MPUOOPHI U CHUCTEMBI
COBMECTHO C COBPEMEHHBIMH KOMITBIOTEPHBIMHU
TEXHOJIOTUSMH BO3MOKHO YBEJIMYUTH 3TH MapaMeTphbl
B JIECATKH pa3. AHamm3 Hay4YHO-TEXHUYECKOMN
JUTEpATyphl TOKa3aj, YTO ONTHYECKHM KOHTPOJb
JIoKa3ajl CBOIO JIOCTOBEPHOCTh, HH(OPMATUBHOCTB,
HarJIHOCTh U HajaexHocTh [7, 8]. IlosTomy omnrtu-
YECKHE METOJIBI M CPEACTBA HAIIUIM CBOEC MPUMEHEHUE
B €CTECTBCHHOHAYYHBIX U HAYyYHO-TEXHHUYECKUX Ha-
npaBieHmsIX. C KaXKIBIM JHEM HX POJIb BO3pACTaeT
B TEXHHUYECKOH, MEIUIIUHCKOM, OMOIOTHYECKON U XHU-
MHYECKOH mpakTukax [9, 10].
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Cpean METOAOB ONTHYECKOTO KOHTPOJS MPEHMY-
IIECTBEHHO BBIIEISIOTCS METO/Ibl KOTEPEHTHOUM ONTH-
KW, a IMEHHO nHTephepeHnrnoHubie Metossr [11, 12].
WuatepdepeHIMOHHbBIE METOJbl TO3BOJISIOT pelarhb
3a7audl Pa3IMYHON CJIOKHOCTH: MCCIEJOBaTh ILIO-
ckue, cepudeckue W KIMHOBHIHBIC IOBEPXHOCTU
ONITHYECKUX AJIEMEHTOB; TOJIy4aTh HHHOPMAIHIO O Jie-
(hopManu 0OBEKTOB CO CIOXKHBIM pelbe()OM ITOBEpX-
HoctH [13, 14]. BaxkxHocTh MHTEp(EPEHIMOHHBIX Me-
TOJIOB 00YCJIOBJIEHA UX BO3MOXXHOCTSIMH. DTH METOJBI
JAI0T BO3MOXKHOCTh MOJYy4aTh HHPOPMALIUIO O CTaTHU-
CTHYECKHX W JMHAMAYECKHX TMIpoIeccax, TaHHbIE
0 BOJIHOBBIX ()pOHTAX B Pa3Hble MPOMEXKYTKH BpeMe-
HU, HHPOPMAIMIO O TIOBEPXHOCTH O0BEKTa B KadecT-
BEHHOM U KOJMYECTBEHHOM acleKTax, W300pa’keHHs
B TpexMepHoii rpaduke [15, 16].

WnTepdhepeHnnoHHbIE METOIBI KOHTPOJISI ONTHYE-
CKOH TOBEPXHOCTU M paboTa COOTBETCTBYIOIIUX MPH-
OOpOB OCHOBaHBI Ha aHAJIN3€ CBETOBOTO H3IY4YCHHA,
OTpPaXKEHHOTO OT UccleayeMoil moBepxHoctu [17, 18].
OnTHueckre TMOBEPXHOCTH H3JENUHA MPEeACTaBISIOT
coboit hopMmel cdep, TIOCKOCTEH, HAKIOHHBIX TLUIOC-
Kocred. M3ydeHne Hay4yHO-TEXHUYECKON JTUTEPATypPhl
MPEJICTABIIIO CIIEAYIONIYI0 KapTUHY: TPH N3MEPEHHSIX
ONTUYECKMX IIOBEPXHOCTEH BO3MOXKHO NPHUMEHATH
teneBoil Meron Dyko, meron ['apTmana, a Takxke
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MHTEPPEPOMETPHUECKHI METOA C HCHOJIb30BAHHEM
untephepomerpa duszo [19, 20].

B mocnennue roasl mosBUINCH Hay4dHBIE PaOOTHI,
HaIpaBJeHHbIE Ha MOJY4YEHHE KOJUYECTBEHHBIX Olle-
HOK OITMOOK CHCTEMBI MO0 JTaHHBIM HCIBITAaHUH TEeHE-
BBIM METOAOM, a B MeToae lapTMaHa Hay4YMJIHCh
ofOecnednBaTh HATJSAHOCTh W MO TapTMaHOTpaMMaM
B a0eppaluOHHO-KOPPUTHPOBAHHOM ONTHYECKOH CHC-
TeMe W3BJIeKaTh BeNMunHy abeppauuii. Kacaemo nH-
TepPepeHIIIOHHOT0 METO/Ia, TO 0 CUX TIOpP KOHTPOIb
ONITUYECKOW TMOBEPXHOCTH OCYIIECTBISICTCSI HHTEpde-
pomerpom ®u30, T.K. B HEM CHIDKEHA YyBCTBHUTEIb-
HOCTb K BUOpaLMsIM, KOTOpasi UMeNach y AByXJIy4eBO-
ro uaTepdepomerpa Traiimana [2, 21]. U eme BaxkHas
JeTajib: BBITYCKAEMble ONTUKO-3JIEKTPOHHBIE KOM-
TUIEKCHI, IMEOINE B cocTaBe MHTEpdepomerp Puso,
OCHAIIICHBl KOMIIBIOTEpaMH, BHIICOBBIXOJOM W IOPO-
TOCTOSIIIUM TPOTrpaMMHBIM obecriedeHneM. OIHaKO
WX TOYHOCTHBIE BO3MOXXHOCTH OTPaHHUYEHBI HE0OXO-
JUMOCTBIO IPUMEHEHUS B UX KOHCTPYKLMH 00pa3uo-
BBIX JIeTaliel, TOUHOCTHh KOTOPHIX HEN30€)XKHO OTPaHMU-
YeHa M HaxoguTcs Ha ypoBHe A/20 [2, 22].

CxeMHBIE pelIeHus] KJIacCHYecKHuX HUHTepdepo-
METPOB OCHOBaHBI Ha (HOPMHUPOBAHUHM OMIOPHOTO BOJI-
HOBOTO (PpOHTA C MPUMEHEHHUEM OOPa3IOBbIX ONTHYE-
CKHX TmoBepxHocTedl (uHTepdepomerprl TBaiiMaHa
1 ®u30), KOTOPBIE A0 CUX MOP MIHUPOKO UCHOIB3YIOTCS
JUISL KOHTPOJISL ONTHYECKUX moBepxHocte. Ha cero-
JHSIIHUKA JIeHb HaOJIofaeTcs poCcT TEHACHIMHM KOH-
TPOJISI IJIEMEHTOB ONTHYECKHX CHCTEM HAWBBICIIETO
Kjacca ToYHOCTH. K TakuM ONTHYECKHM 3JIeMEHTaM
M3JENUNH MOXKHO OTHECTH ONTHYECKHE 3JEMEHTHI CO-
BPEMEHHBIX HCCIIEIOBATEILCKUX MHKPOCKOIIOB, TeX-
HOJIOTHUYECKON  ammapaTypsl  MHKPO3JIEKTPOHUKHU
W ONTHKO-3JIEKTPOHHBIX YCTPOUCTB 3amucu uHpopma-
uu [23, 24]. TpeOboBaHuUsl K TOYHOCTH pacueTa U BbI-
MTOJTHEHUS DTHUX CHCTEM HaXOJsATCs Ha ypoBHe 1/20-
1/30 A, Toe A — nAIMHA BOJHBI ONTHYECKOTO U3JIyde-
Hust. Takum 00pazoMm, It KOHTPOJIS TIPU WX M3TOTOB-
JICHWH ¥ MPUMEHEHUH HEOOXOAMMEI MPHOOpPHI, odec-
MEYHUBAOIIUE TOYHOCTh Ha ypoBHe 1/100—1/200 A, T.€.
Ha NOPSAJIOK TOYHEE KJIacCUuecKux [2, 25].

[ToaToMy MOXXET MpEACTaBIATE UHTEPEC UCCIEI0-
BaHUE ONTHUYECKHUX IMOBEPXHOCTEH IUTOCKOBBIMYKIIBIX
JIMH3, TPUMEHSAEMBIX B OOBEKTHBAX COBPEMEHHBIX
nHTep(EPEHIINOHHBIX MHUKPOCKOIIOB, HHTEp(epeHIIn-
OHHOHM YCTaHOBKOW ¢ Iu(parnpoBaHHBIM OMOPHBIM
BOJTHOBBIM ()POHTOM.

Lenp paboThI cocTosia B MCCIIEOBAHUH OITHYE-
CKHX IOBEPXHOCTEH IUIOCKOBBIMYKIBIX JIMH3 3KCIe-
PUMEHTAIbHONH HMHTEPPEPEHIIMOHHOW  yCTaHOBKON
¢ 1udparupoBaHHBIM OTIOPHBIM BOJIHOBBIM (PPOHTOM.

IIOCTAHOBKA 3AJAYHN

B coBpemenHBIX HHTEP(PEPESHIMOHHBIX MUKPOCKO-
nax MHKPOOOBEKTHBBI SIBIISIOTCSI OJAHUMH W3 OCHOB-

HBIX 3JIEMEHTOB. [LIOCKOBBIMYKIIBIC JIMH3BI HCIIOJb-
3YIOTCSl B 3TMX MHKPOOOBEKTHBAX, U OT TOTO, KaKOe
KaueCTBO TOBEPXHOCTH JIMH3BI, 3aBUCHT TOYHOCTh
n3mepenuid. B nocnenuaue 10—12 et MUKPOOOBEKTH-
BBl CO3JABAINCH Ha 0a3e HMMIIOPTHBIX ONTHYECKUX
9JIEMEHTOB  (JIBOSIKOBBIMYKJIBIX,  JBOSIKOBOTHYTHIX,
TJIOCKOBBITYKJTBIX JIMH3, TUIOCKOTAPAJIICIBHBIX IITa-
CTHH ¥ T.J1.). [lo3ToMy HE0OX0MUMO OBUIO MPOBECTH
M3MEPCHUS ONTHYSCKUX TOBEPXHOCTEH IIOCKOBBI-
MyKJIBIX JIMH3 OTE€YeCTBEHHOTO TPOM3BOJICTBA B paM-
Kax uMIoOpTo3aMeInieHus, npeaocraBieHHex OO0
"3aBoa Onrtuueckux W3nenuit". M3mepenus nposo-
JUIIMCh Ha O3KCICPUMEHTAIBHON ONTHKO-U3MEpPH-
TEeTHLHOW yCTaHOBKE, MOCTPOCHHON Ha 0a3e JIa3epHOTO
nudpakIMOHHOTO HHTEpdEpoMeTpa.

OBBEKT M METO/I UCCJIEJIOBAHUIA

HccnenoBanuck Tpyu BUAA TNTOCKOBBIMYKIIBIX JIMH3!
n3 OECUBETHOTO ONTHYECKOTO0 crekna Mapku K8,
KBapueBoro crtekna mapku KW (mnmaBieHslil kBapig
Si0,) u cenennga nuHKa (ZnSe). Bee oOpasier nmenu
OJIMHAKOBBIE TEOMETPHUYECKHE pa3Mephl: JTUaMeTp
10 MM, TommuHa MO OCH 3 MM, TOJIIMHA KPOMKH
2 MMm.

i KOHTpOJIsT ONTHUYECKUX IMOBEPXHOCTEH H3Je-
JUH pa3NUYHBIX (OPM UCIONB3YIOT aBTOMATH3HPO-
BaHHBIE KOMIUIEKCHI W TIPHOOPBI, TOCTPOEHHBIC
Ha 0aze uHTEepepomerpa Tralimana mim duzo [2, 20,
25]. Tlocnemnsisi TEXHOJIOTHUS MPOCTa B HCIOIB30Ba-
HUU W UMEET Malylo BHOpOYyCTOWYHBOCTH. [laHHBIE
npuOOpPbl U KOMIUICKCHI MMEIOT OJIMH 3HAYHMBIH HE-
NOCTaTOK — HEYCTPaHUMBIE OCTATOYHbBIE OINNOKHU
OIIOPHOTO BOJIHOBOTO (PpOHTA 3TajOHA, KOTOPHIE BO3-
HUKAIOT TIPH €Tr0 HM3TOTOBJICHWH. ABTOMAaTH3HPOBaH-
HbIe MHTEp(EepOMETpHUECKUE KOMILIEKCHI, IIOCTPOCH-
HBIE TI0 KJIACCHMYECKOW cXeMe, paboTa KOTOPBIX OCHO-
BAaHA HA aHAJIM3€ CBETOBOIO U3JyUYEHUS, OTPAKEHHOTO
OT KOHTPOJIMPYEMOW MOBEPXHOCTH, U MO CEU [IE€Hb
MPUMEHSIOTCS Ha Pa3IMYHBIX ONTHYECKUX MPOU3BOJI-
cTBax. B moBcenHEeBHON MpaKkTUKE B pe3yJbTaTe AJIU-
TEJIHHOMN JKCILTyaTallii 3TUX KOMIUIEKCOB BO3HHKAIN
MpoOJieMbl ¢ U3MepeHusiMi. Hampumep, mpu KOHTPO-
Jie OJIHOTO M TOTO K€ o0pasia B OJHO BpeMsi ObLIH
OJIHM TNapaMeTphl, a B APYroe BpeMs — OTJIMYHBIE
OT TpEeABIAYLINX MapameTpoB. Buaumo, 310 cBA3aHo
C HEHAJUIC)Kal[UM XpaHEHHEM 5TajiOHA, 1a U CcaMu
KOMILIEKCHI 1973 T. BBITyCKa.

B nacTosiee Bpemst co3aHbl M aKTHBHO paszpada-
THIBAIOTCSI COBPEMEHHBIC aBTOMATHU3HPOBAHHBIC WH-
TepdepomMeTpruecKkre KOMIUIEKCH Ha 0a3e J1a3epHOTo
nHTepdepoMeTpa ¢ AUQpPArUpOBaHHBIM OMOPHBIM
(3TaoHHBIM) BOJMIHOBBEIM (hpoHTOM [2, 25]. TIpeumy-
LIECTBA TaKOW CXEMHOM peanu3aluu HaJl Kilaccuue-
CKOW B TOM, YTO JaeT SKCIEPUMEHTAToOpy YAOOCTBO
1 KOM(OPT TpH SKCIDIyaTallil TaKOro KOMIUIEKCA,
MIPOCTOTY B yHpaBlieHUU. B TakoM cXeMHOM pelieHun
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(U3MUECKUI 3TANOHHBINH 00pa3el 3aMeHeH Ha Audpa-
TMPOBAHHBIA STaJOHHBIN BOJHOBON (PPOHT, & 3HAUUT,
YTO TOYHOCTh U3MEPEHUH BBIPACTAET B pa3bl. CHUMa-
eTcs BOIpoC 00 OCTAaTOYHBIX OMIMOKAaX OMOPHOTO
BOJIHOBOTO ()pOHTA dTANIOHA U €r0 OTpaHHYEHHH TOY-
HOCTHU PY U3TOTOBIICHUM.

[TosToMy ISt KOHTPOJS ONTHYECKHX ITOBEPXHO-
CTEH 3JIEMEHTOB BBICOKOTOYHBIX ONTHYECKUX MPHOO-
POB M KOMIIIEKCOB 1I€1ec000pa3Ho MPUMEHSATH Ja3ep-
HYI0 MHTE€P()EPEHLINOHHYIO 3KCIIEPUMEHTANBHYIO yC-
TAHOBKY C JU(parupoOBaHHBIM 3TAIIOHHBIM BOJHOBBIM
(bpoHTOM.

B IlpunokeHuu noxa3aH BHEINHUN BUJ, YCTaHOB-
ku. M3mydeHne oT nazepa WMeeT BBICOKYIO KOTE€pEHT-
HOCTb U CIIOCOOHO (DOKYCHpPOBATHCSI B JHAMETPHI
or 1 Mxm 1o 10 MkMm. B skcnepuMmeHTampHON ycTa-
HOBKE B KayeCTBE 3TAJOHa MCIIOIb30BaJcs chepuue-
CKUI1 BOJIHOBOW (pOHT, 00pa30BaHHBIN TU(paKiuen
CXOISIIMXCA JIydeld Ha OTBEPCTHH C JTUAMETPOM,
paBubiM 5 MkM. ToueuHast auadparma BBIIONHEHA
13 MOJIUMPOBAHHON METAINIMYECKOUN IUIACTUHKU C ua-
METpOM OTBepcTUs 5 MKM. OTBEpCTHE CIYKHIIO HC-
TOYHUKOM Au(pakiimoHHON BOJHBI. ClOXeHHe 3TOU
BOJIHBI (OTIOPHOM) C BOJHOW, OTPaXEHHOH OT H3Me-
psieMol TOBEpXHOCTH (OOBEKTHOM), €CTh pe3yJbTar
nHTep(hEepeHIINN.

Ha puc. 1 npencrasneHa onTudeckas cxema Jia-
3epHO MHTEpPHEPECHIIMOHHON YCTAaHOBKU ¢ AUQparu-
POBaHHBIM STaJIOHHBIM BOJIHOBBIM (DPOHTOM.
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Cser ot korepeHtHoro ucrounuka 1 (JII'-79-1 —
He-Ne mazep ¢ A = 0.63 mxm, P = 15 MBT), npoiins
OTpHUIATEIHHBIN KOMITOHEHT 2, POKYCHUPYETCS 00BEK-
TUBOM 3 B TOYEYHOE OTBEPCTHE 5 HAKIOHHOW BBICO-
KOIIOJINPOBAaHHOM MeTayuinueckod miactuHku 4. Ot-
BEPCTHE COBMEIIEHO C IIGHTPOM CQEpHUECKOH II0-
BEPXHOCTH HccaeayeMoro oobekra 13. B BeTBH Ha-
OmoneHus: uMeroTca o0beKTUB 9 m okymsap 11 s
HAOJIFOICHUSI OCBEIICHHONW TOYEYHOH auadparMbl
Y aBTOKOJUTMMALIMOHHOTO M300pakKeHUsI TOUKH B LICH-
Tpe KOHTpOJHpyeMoi moBepxHocTH. s Halmrozme-
HUSl MHTEPPEPEHIINN B 3payke JOMOJHUTEIHHO BBO-
nutcs nuH3a beprpana 10. [{ns peructpamum uHTEp-
(eporpamMMBl 32 OKYyJISIpOM YCTaHAaBIMBAeTCS KaMmepa
12.

Texnuko-3xcniayamayuonnvle XapaxKmepucmuKku
IKCHEPUMEHMATbHOU YCIAHOGKU:
® TpeleNbHas WHCTPYMEHTaJIbHAS MOTPEIIHOCTh —

A/100;

e ameprypa MpoBepsieMbIX TIOBEPXHOCTEH He Gosiece —
0.25;
® YHKCIIOBas anepTypa 0ObEKTHBA — 0.2;

e qpenensl IepeMenieHus HHTep(epeHIMOHHOMI
TOJIOBKH IO 3 OCSIM, MM — +10;
® TpUEMHUK M300pakeHHst — QoTokamepa "Canon";

® HCTOYHMK CBETa — nazep JII'-79-1;
e JTHA BOJHBI H3TYUCHUS, MKM — 0.63;
e TabapuTHBIC pa3Mepbl, MM — 750%450%550.

Puc. 1. Ontryeckas cxema nasep-
HOW WHTEp(PEPEHINOHHOW YCTaHOB-
KM ¢ JudparnpoBaHHBIM 3TaJOHHBIM
BOJIHOBBIM (DPOHTOM.

1 — nasep; 2 — /ABOSKOBOTHYyTas
JIMH3a; 3 — MHUKPOOOBEKTHB; 4 —
BBICOKOTIOJIMPOBAaHHAs ~ MeTalInye-
CKas INIACTHHKA; 5 — TOYEYHOe OT-
Bepctre; 6 M 7 — BCTPEYHBIC KO-
JTUMAaTOpHBIE OOBEKTHBBI; 8§ —
OTIOpHOE 3epKajio; 9 — 0OBEKTHUB;
10 — nun3a beprtpana; 11 — oky-
nsp; 12 — doroxamepa
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SKCHHEPUMEHTAJIBHBIE PE3YJIBTATHI

Ha skcnepuMeHTanbHOM ycTaHOBKE OBLIM MONTyYe-
HBl TO0OYEpPEeTHO HHTEepheporpaMMbl MOBEPXHOCTEH
WCCIIeTyEeMBIX TUIOCKOBBITYKIIBIX JINH3: U3 OECI[BETHO-
ro0 ONTHYECKOTro cTekyia Mapku K8, kBapiieBoro crek-
na mapku KW (roraBnensnii kBapry SiO,) u ceneHuma
uuHka (ZnSe). MHTepdeporpaMMbl MOTy4YeHBI Ha TH-
(dbpaknrnoHHOM HHTEphEpOMETpe, TAC B Ka4eCTBE dTa-
JIOHHOTO BOJIHOBOI'O ()POHTA HCIONB3YyeTCs BOJIHA,
JUQparupoBaHHass HA OTBEPCTUU C TUAMETPOM, pPaB-
HBIM 5 MKM. Ha puc. 2 npuBeneHbl 3KCIEPUMEHTAIb-
Hble pe3yibTaThl. C I1IeTbI0 BOCCTAHOBIICHHS (ha3bl
BOJIHOBOTO (DpOHTa M TOIMOTpApUH MOBEPXHOCTH HC-
MOJIb30BANIaCh KOMIIBIOTEpHAs MporpaMma oopaboTKu
unTepheporpamm ZEBRA MathOPTIX.

[Iporpamma ZEBRA MathOPTIX ananorunyna
mporpaMMHOMY oOecrieueHuI0 HHTep(epoMeTpoB Ta-
KuX Bemymux ¢upm, kak Zygo, Veeco u Moller-
Wedel. O6paboTka uHTEpdeporpaMM NPOU3BOAUTCS
B HECKOJIPKO 3TamoB. DJTaIl HErlyOOKOW MpOCTpaHCT-
BEHHOU (puibTpanuu s yjnaneHus "mycopa" U3 WH-
TepeporpaMMbl M 3Tall WACHTU(PUKAIUHN TI0JI0C —
paccTaHOBKa TOYEK BJIOJb MOJOC C ONpeAe]IeHUEM
BO3MOXKHOTO TOpsiika 0Ga3uca ammpoKCUMaluh KOH-
TPOJIUPYEMOTO BOJTHOBOTO ()POHTA MIIM MTOBEPXHOCTH.
JlanpHeiinas 06paboTka OCHOBBIBACTCSI HA CEPHUH Ma-
TEMaTHYECKUX METOJIOB HMHTEPIIpPEeTanuy (yHKIIHA,
LENbI0 KOTOPBIX SIBIISIETCS MOJYYEHHE JTOCTOBEPHOTO
pa3ioXeHHus OTKIOHEHHUS! BOJHOBOTO (DPOHTA HIIH TIO-

HE

BepXHOCTHU 10 noianHomaM Llepuuke. I1pu aTom onpe-
JIeNAIOTCd Takhe Ba)KHbIE BEJMYMHBI, KaK pa3Mmax
(peak-to-valley, R) n cpemHeKBagpaTHIECKOE OTKJIIO-
nenne (RMS, o) B MEKpoMeTpax.

Ilonyuennvie pesynrvmamor:

— s ontudeckoro crekia Mmapku K8:

R=0.191180 mxm, o = 0.03025 MKM.

— Jlns xBapueBoro crekna mapku KU:

R=0.152534 MM, o = 0.02925 MKM.

— JIns1 cenenuia IMHKA:

R=0.102198 mxm, o = 0.02113 MKMm.

Beimykiible TOBEPXHOCTH IIIOCKOBBIMYKIIBIX JIMH3
KOHTPOJIMPOBAJIUCH 3KCIEPUMEHTAIIBHON YCTaHOBKOM
¢ TouHOCThIO He Xyxke 0.01 A.

HccnenoBanus mokasany, 4TO M3MEpsIEMbIe ONTHU-
YecKHe MOBEPXHOCTH BBICOKOTO KadecTBa. Mcmonb30-
BaHHE 3THUX ONTHYECKHUX JIIEMEHTOB B OOBEKTHBAX
HHTEPPEPEHLIMOHHBIX MUKPOCKOIIOB LENIECO00Pa3HO.

Ha mnpencraBieHHON SKCHEpUMEHTaIbHOM ycTa-
HOBKE MpPOBEIEHBI M3MEPEHHUSI OTpa)KaTeNIbHOW CIIo-
cOOHOCTH HCCIIETyEeMbIX IMOBEPXHOCTEH (IKCTIEPHMEH-
TalbHas yCTAaHOBKA MO3BOJISJIA MONYYUTH JaHHBIE 00
OTpaKaTEIPHOW CIOCOOHOCTH HCCIIEIYEeMBIX 00pa3-
1oB). [y mpoBeAeHUs STHX U3MEPEHUI MCIIOJIb30Ba-
muchk nporpamMmbl Golden Softwear Interferometer.
OTH nporpaMmsl MO3BOJBUIM HOIy4aTh AaHHBIE O 3a-
BUCHMOCTH KOX(Q(QUIINEHTA OTPaKEHHS OT Iepeme-
LIEHUs] uCcliefyeMoro obpasna 1o KOOpAMHATaM X

ny.

Puc. 2. UnTepdeporpaMMbl ONTHIESCKUX MMOBEPXHOCTEH MIIOCKOBBITYKIIBIX JINH3.
a — nuH3a u3 Mapku K8; 6 — nun3a n3 mapku KU; B — nun3a u3 ZnSe

HAVYYHOE ITPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 1



UCCJIEJOBAHME OITUYECKUX IMOBEPXHOCTEM ITJIOCKOBBIITYKJIbIX JIMH3

20

X, MM

18

17

16

&
MIS

14

13

12

47

Yy, MM

Puc. 3. 3aBucuMocTh K03 (HUIHCHTA OTPAKECHUS OT MEPEMEIICHUS UCCICTyEMbIX 00pa3IOB.
a — 1o koopauHaTte x i | — nuH3bl u3 Mapku K8, 2 — nun3s! u3 mapku KU, 3 — nun3s! u3 ZnSe;
06 — mo koopauHare y st 1 — nuH3bl u3 Mapku K8, 2 — nuu3er u3 mapku KU, 3 — nun3e1 13 ZnSe

Ha puc. 3 mpencraBieHbl 3KCIEPUMEHTATLHBIC
naHHele. ['paduueckue 3aBUCUMOCTH TIOKa3bIBAIOT,
4TO pacnpencicHue KodQUIMEHTa OTPAKCHUS HUME-
JI0 TUTABHYKO KOJIOKOJI000pa3Hyto (opMmy, HH CMellle-
HUIA, HY BCIUIECKOB HE HAOMIOJAI0Ch. A 3TO O3HAYaeT,
YTO ONTHYECKHE TTOBEPXHOCTH BHICOKOTO Ka4eCTBa.

3AK/JIIOYEHHUE

ITonyyeHHBIE 3KCHEPUMEHTAIBHBIE PE3YJIBTATHI
WU3MEPEHHH ONTUYECKHX MOBEPXHOCTEHN MCCIIENYEMBIX
00pa3lioB 3HAYMMBI, T.K. JaHHBIC ONTHYECKHE OHie-
MEHTHI IJIAaHUPYETCS TPIMEHNUTH B OOBEKTHBAX BBICO-
KOTOYHBIX ONTHYECKUX KOMIUIEKCOB M MPUOOPOB pas-
nugHOTO Ha3HadeHws. [lanHas paboTa mpeacraBiser
MHTEpEC KaK ISl ONTHYECKOI0 IPUOOPOCTPOCHHUS, TaK
W ISl COBEPIICHCTBOBAHUS HAay4YHOW 0a3bl Hay4dHBIX
UCCIICIOBAHUN ONTHUYECKUX AETajded pa3IndHOro Ha-
3HAYECHUSL.

MNPUJIOKEHUE

Buennwmii BUJI
| OKCIEPUMEHTAIb-
HOM yCTaHOBKHU
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INVESTIGATION OF OPTICAL SURFACES
OF PLANE-CONVEX LENSES USING AN EXPERIMENTAL
INTERFERENCE SETUP WITH A DIFFRACTED
REFERENCE WAVEFRONT

E. E. Maiorov', Y. M. Borodyansky’, R. B. Guliyev’,
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The paper describes a layout of an experimental interferometric setup, the operation of which is based on the
formation of a reference wavefront using a pinhole diaphragm. Optical devices and complexes built according to
this scheme enable the carrying out of measurements on the surfaces of optical parts and elements intended for
high-precision optics (interferometers for various purposes, interference microscopes, etc.), therefore, the work
is promising and relevant. The paper presents an optical layout of the interferometer, as well as technical and
operational characteristics of the experimental setup. The objects and the method of research are stated. Interfe-
rograms were obtained from the surfaces of plane-convex lenses made of K8 colorless optical glass, KW quartz
glass (fused quartz Si0O,), and zinc selenide (ZnSe). The images of interference fields were analyzed, and the
main parameters of wavefronts were revealed. Optical surfaces were controlled using an experimental setup
with an accuracy of not worse than 0.01 A. The reflectivity of the optical surfaces of the provided samples was
investigated, and the dependences of the reflection coefficient along the x and y coordinates were obtained.

Keywords: accuracy, sensitivity, optical control, interference methods, flat-convex lenses, vibration resistance, micro lens

INTRODUCTION predominant [11, 12]. Interference methods make it
possible to solve problems of varying complexity: to
Currently, great attention is paid to the methods study flat, spherical, and wedge-shaped surfaces of
and means of optical measurements in the develop- optical elements; obtain information about the defor-
ment of optical and optoelectronic devices and com- mation of objects with complex surface topography
plexes [1, 2]. These methods and tools play a crucial [13, 14]. The importance of interference methods is
role in the control of optical parts. Their high accuracy  due to their capabilities. These methods make it poss-
and sensitivity ensure the reliability of measurements ible to obtain information about statistical and dynam-
of the objects under study [3, 4]. The threshold sensi- ic processes, data about wavefronts at different time
tivity and accuracy of optical measurement methods intervals, information about the surface of an object in
are in the range of 1 um to 0.01 um [5, 6]. Using opti- qualitative and quantitative aspects, images in 3-D
cal devices and systems together with modern com-  graphics [15, 16].
puter technologies, it is possible to increase these pa- Interference methods for monitoring an optical sur-
rameters many times over. The analysis of scientific  face and the operation of corresponding devices are
and technical literature showed that optical control ~based on the analysis of light emission reflected from
proved its reliability, informational value, and clarity ~ the surface under study [17, 18]. The optical surfaces
[7, 8]. Therefore, optical methods and means have of products are in the shapes of spheres, planes, and
found their application in the natural sciences and inclined planes. The study of scientific and technical
technical areas. Every day their role increases in tech-  literature presented the following picture: when mea-
nical, medical, biological, and chemical practices [9, suring optical surfaces, it is possible to use the shadow
10]. Foucault method, the Hartmann method, as well as the
Am()ng the methods of Optical control, methods of interferometric method USil'lg the Fizeau interferome-
coherent optics, namely, interference methods are ter [19,20].
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In recent years, scientific works have appeared
aimed at obtaining quantitative estimates of system
errors based on test data using the shadow method,
and in the Hartmann method they have learned to pro-
vide clarity and extract the value of aberrations in an
aberration-corrected optical system using hartmanno-
grams. As for the interference method, until now the
control of the optical surface has been carried out by
the Fizeau interferometer, because it has reduced sen-
sitivity to vibrations, which was available in the two-
beam Twyman interferometer [2, 21]. And another
important note: the optoelectronic complexes pro-
duced, which include a Fizeau interferometer, are
equipped with computers, a video output, and expen-
sive software. However, their accuracy capabilities are
limited by the need to use exemplary parts, which ac-
curacy is inevitably limited and is at the level of A/20
[2,22].

Layouts of classical interferometers are based on
the formation of a reference wavefront using exem-
plary optical surfaces (Twyman and Fizeau interfero-
meters), which are still widely used to control optical
surfaces. Today, there is a tendency to check elements
of optical systems with the highest accuracy class.
Among them are optical elements of modern research
microscopes, microelectronics equipment, and optoe-
lectronic devices for recording information [23, 24].
Requirements for the accuracy of calculation and im-
plementation of these systems are at the level of 1/20—
1/30 A, where A is the wavelength of optical emission.
Thus, for control during their manufacture and use,
there is a need for instruments that provide an accura-
cy of 1/100-1/200 A, i.e., an order of magnitude more
accurate than the classical ones [2, 25].

Therefore, it may be of interest to study the optical
surfaces of plano-convex lenses used in the objectives
of modern interference microscopes using an experi-
mental interference setup with a diffracted reference
wavefront.

The purpose of the work was to study the optical sur-
faces of plano-convex lenses with an experimental inter-
ference setup with a diffracted reference wavefront.

FORMULATION OF THE PROBLEM

In modern interference microscopes, microobjec-
tives are one of the main elements. Plano-convex
lenses are used in these micro lenses, and the quality
of the lens surface determines the accuracy of mea-
surements. In the last 10—12 years, microobjectives
have been created on the basis of imported optical
elements (biconvex, biconcave, plano-convex lenses,
plane-parallel plates, etc.). Therefore, it was necessary
to measure the optical surfaces of plano-convex lenses
of domestic production, provided by LLC Zavod Op-
ticheskih Izdelij, within the framework of import
substitution. The measurements were carried out on an

experimental optical-measuring setup built on the ba-
sis of a laser diffraction interferometer.

OBJECT AND METHOD OF STUDIES

Three types of plano-convex lenses were studied:
colorless optical glass of the K8 brand, quartz glass of
the KM brand (fused silica SiO;), and zinc selenide
(ZnSe). All samples had the same geometric dimen-
sions: a diameter of 10 mm, an axial thickness of
3 mm, an edge thickness of 2 mm.

To check the optical surfaces of products of vari-
ous shapes, automated systems and devices built on
the basis of the Twyman or Fizeau interferometer [2,
20, 25] are used. This unique technology is easy to use
and has low vibration resistance. These devices and
complexes have one significant drawback — fatal re-
sidual errors in the reference wavefront of the stan-
dard, which occur during its manufacture. Automated
interferometric complexes, built according to the clas-
sical scheme, and which operation is based on the
analysis of light emission reflected from the con-
trolled surface, are used in various optical industries
to this day. In everyday practice, as a result of the
long-term operation of these complexes, problems
with measurements arose. For example, with a conti-
nuous control of the same sample at different times,
there could be different readings. Apparently it is re-
lated to improper storage of the standards, and the
complexes themselves, produced in 1973.

At present, modern automated interferometric sys-
tems based on a laser interferometer with a diffracted
reference (standard) wavefront have been created and
are being actively developed [2, 25]. The advantages
of such a scheme implementation over the classical
one are that they give the researcher convenience and
ease in the operation of such a complex. In such
a scheme solution, the physical reference sample is
replaced by a diffracted reference wavefront, which
means that the measurement accuracy increases sig-
nificantly. The issue of residual errors in the reference
wavefront in the standard and its limitation of accura-
cy during manufacture are removed.

Therefore, to control the optical surfaces of ele-
ments of high-precision optical devices and complex-
es, it is advisable to use a laser interference experi-
mental setup with a diffracted reference wavefront.

The Appendix shows the appearance of the setup.
The laser emission has a high coherence and can be
focused into diameters ranging from 1 to 10 pm. In
the experimental setup, a spherical wavefront was
used as a standard, formed by the diffraction of con-
verging rays on a hole diameter equal to 5 um. The
pinhole diaphragm is a polished metal plate with
a 5 um hole diameter . The aperture diameter served
as a diffraction wave source. The addition of this
wave (reference) to the wave reflected from the meas-
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ured surface (object) is the result of interference. Fig. 1
shows the optical layout of a laser interference setup
with a diffracted reference wavefront.

Fig. 1. Optical layout of a laser interference setup
with a diffracted reference wavefront.

1 — laser; 2 — biconcave lens; 3 — micro objective;
4 — high polished metal plate; 5 — pin hole; 6 and
7 — counter collimator lenses; 8 — reference mirror;
9 — objective; 10 — Bertrand lens; 11 — eyepiece;
12 — camera

After passing through the negative component 2,
light from a coherent source 1 (a JI[-79-1 He-Ne laser
with A = 0.63 pum and P = 15 mW) is focused by ob-
jective 3 into a pin hole 5 of an inclined, highly po-
lished metal plate 4. The hole is aligned with the cen-
ter of the spherical surface of the object under study
13. In the observation branch, there is a lens 9 and an
eyepiece 11 for observing the illuminated pinhole and
autocollimation image of a point in the center of the
controlled surface. A Bertrand lens 10 is additionally
introduced to observe the interference in the pupil. To
record the interference pattern, a camera 12 is in-
stalled behind the eyepiece.

Technical and operational characteristics
of the experimental setup:
* limiting instrumental error —
« aperture of the controlled surfaces,
no more —
0.25;» numerical aperture of the objective —
0.2;
* limits of the movement of the interference
heads along 3 axes, mm —
* image receiver —
* light source —
* emission wavelength, pm —
« overall dimensions, mm —

A/100;

+10;
camera Canon;
JIT"-79-1 laser;

0.63;
750x450%550.

EXPERIMENTAL RESULTS

Interferograms of the surfaces of the studied plano-
convex lenses were sequentially obtained on the expe-
rimental setup: colorless optical glass of the K8 brand,
quartz glass of the KM brand (fused silica SiO,) and
zinc selenide (ZnSe). The interferograms were ob-
tained on a diffraction interferometer using a wave
diffracted by a hole with a diameter of 5 pum, as a ref-
erence wavefront. Fig. 2 shows the experimental re-
sults. In order to reconstruct the wavefront phase and
the surface topography, the computer program ZE-
BRA MathOPTIX for processing interferograms was
used. The ZEBRA MathOPTIX program is an analo-
gue of the interferometer software from leading com-
panies such as Zygo, Veeco, and Moller-Wedel.

HAVYYHOE [NPUBOPOCTPOEHMUE, 2023, Tom 33, Ne 1

Fig. 2. Interferograms of optical surfaces of plano-
convex lenses.
a—KS8 lens; 6 — KU lens; B — ZnSe lens

Interferograms are processed in several stages.
First, two stages are performed: the stage of shallow
spatial filtering to remove "garbage" from the interfe-
rogram and the stage of fringe identification — the
placement of points along the fringes with the deter-
mination of the possible order of the basis of approx-
imation of the controlled wavefront or surface. Further
processing is based on a series of mathematical me-
thods of function interpretation, the purpose of which
is to obtain a reliable expansion of the wavefront or
surface deviation in terms of Zernike polynomials.
This determines such important values as the range
(peak-to-valley, R) and root-mean-square deviation
(RMS, o) in micrometers.

Results:

— For K8 optical glass:
R=0.191180 pm, 0= 0.03025 pm.
— For KU quartz glass:
R=0.152534 pm, 0= 0.02925 pm.
— For zinc selenide:

R=0.102198 um, 0=10.02113 um.

The convex surfaces of plano-convex lenses were
controlled by an experimental setup with an accuracy
of no worse than 0.01 A.

Studies have shown that the measured optical sur-
faces are of high quality. The use of these optical ele-
ments in the lenses of interference microscopes is ex-
pedient.

Measurements of the reflectivity of the surfaces
under study were carried out on the presented experi-
mental setup. The program Golden Software was used
to perform these measurements. This program made it
possible to obtain data on the dependence of the ref-
lection coefficient on the displacement of the test
sample along the x and y coordinates.

Fig. 3 shows the experimental data. The graphical
dependences show that the distribution of the reflec-
tion coefficient had a smooth bell-shaped shape: nei-
ther shifts nor breaks were observed. This means that
the optical surfaces are of high quality.

Fig. 3. Dependence of the reflection coefficient on the
displacement of the samples under study.

a — along the x coordinate for 1 — K8 lenses, 2 —
KU lenses, 3 — ZnSe lenses;

0 — along the y coordinate for 1 — K8 lenses, 2 —
KU lenses, 3 — ZnSe lenses




52

E. E. MAVIOPOB, 10. M. BOPOJISIHCKUIA, P. b. ['VJIUEB u ap.

CONCLUSION

The obtained experimental results of measure-

ments of the optical surfaces of the studied samples
are significant, because these optical elements are in-
tended to be used in lenses of high-precision optical
complexes and devices for a variety of applications.
This work is of interest for both optical instrumenta-
tion and improving the scientific base for research on
optical parts for various purposes.
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