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[lnenapHoe 3acenanue

1.1 JlocTuxKeHust B o6JacT roaorpaduv Ha TeppuTopuu ObiBlIEro CoBeTCKOro
Coto3a

JI.B. Tanun, B.A. Tanun
3AO «Tonorpaduueckast unayctpusi», Munck, benapychb

[IpencraBiena HCTOpUs BONpoca CO3[AaHUs, PAasBUTHA W LIMPOKOrO  BHEAPEHHUS
CaMOCTOSITEJILHOTO HarpaBJieHHs] — XyJ102KeCTBEHHOM rojsorpadumu.

[TokazaHo, 4TO JJ1s1 YCTELIHOTO Pa3BUTHS XYJI0XKECTBEHHOH rosiorpaduu TpeGoBasoch
pelleHre YeTbipex 0OCHOBOMOJaralouux npooJem: paspaboTka TeOpruH roJjorpapuyeckoro MeTosa,
aaNITHPOBAHHOIO K TOJYYeHHIO KPYMHO(POPMATHBIX T[OJOrpamMM, CO3/laHHe W TPOMBbILIJIEHHOe
OCBOGHHE HOBOTO KJ/lacCa  BbICOKOPA3PELIAIOLIMX PETHCTPUPYIOLLUX  Cpel I 3aluCH
MHTep(EPEHIIMOHHBIX M0JIeHl ¢ BBICOKOH NMPOCTPAHCTBEHHOH 4acTOTOH, pa3paboTKa TeXHHUYECKHX
CPEJICTB, annapaTypbl sl perHCTPALMH TOJIOrPaMM U TeXHOJIOTHH CEPUIHOTO BbIMyCcKa roJiorpaMmm
B YCJIOBUSIX TPOU3BOJICTBA.

B 60-ble rompl, Korja Obljla TOKasaHa JiMiIb BO3MOXKHOCTb W OMNpeesusach
1epCreKTUBHOCTb HCIOJb30BAHUS TOJI0TpapUuecKOro MeToa st oJyuyeHUs1 KOMUH MPOU3BeIeHUH
MCKYCCTBA U MaMSITHUKOB KYJIbTYPbI M pe3yJibTaThbl TUX HCCJIEI0BAHUH MPOLLJIH ITePBYIO anpoOaLuio
B psijie JJabopaTOpUil CTpaHbl BCTaJs BOMPOC O CO3AAHUM, PA3BUTHH W LLIKPOKOM BHEPEHHH HOBOIO
CaMOCTOSITE/ILHOTO HarpaBJ/IeHHsl — Xy/l0XKeCTBEHHOH roJiorpaduu. [yis ycneuHoro pa3BuTHs
Xy[l0’K€CTBEHHOH roJsiorpaduu TpeGoBasoch pelleHre 4YeTbIpeX OCHOBOMOJAraloluX MpobJeM:
pagpaboTka  TeopuM  rosorpaduueckoro  MeToia,  aAalTUPOBAHHOIO K MOJY4YeHHIO
KpYynHO(OPMATHBIX rOJIOTPAMM, CO3/laHHe W MPOMBILJIEHHOE OCBOEHME HOBOIO  KJjacca
BBICOKOpA3pellalolnX perucTPUPYIOLLUX CPeIL WISl 3aMUCH UHTeP(ePEHIIHOHHBIX M0JIeH C BBICOKOH
MPOCTPAHCTBEHHON YacTOTOH, pa3dpaboTKa TEXHUYECKHX CPEACTB, anmnapartypbl JUisl perMcTpaLru
roJIorpaMM M TEXHOJIOTHI CEPUIHOTO BbIIMYCKAa FOJIONPAMM B YCJIOBHSIX TPOU3BOJICTBA.

B pesysbTare ¢yHaaMeHTaNbHBIX U TMPUKIAJAHBIX UCCJAEIOBAHUN, MPOBEAECHHBIX B MEPHON
1967—1987 rr. JOCTUTHYT BBICOKMH YpOBeHb pa3pabOTOK B CaMbIX pas3HbIX 00JacTsx —
(hOTOUYYBCTBUTEJLHBIX CPE/aX, Ja3ePHOU TeXHUKE, TPUOOPOCTPOCHHUH U COBPEMEHHBIX TeXHOJOTHUSX
MPOBEJIEHUS CIIOKHBIX IKCIIEPUMEHTOB. FIMeHHO Mo3TOMY COBETCKHE SKCMO3ULMHU FOJIOTPAMM CTa/H
NPEIMETOM <«KHBOTO» MHTEpPeCa OTPOMHOIO YHCJA PA3JIUUYHBIX CIIELHUATUCTOB 3a PyOeKOoM, T.K.
JIEMOHCTPUPYIOT cTereHb pa3BuTHsl COBETCKOM HAyKM M TEXHUKH, B YACTHOCTH Xy10KECTBEHHOH
rosiorpauu, 1 OKasbIBalOT €€ MPUOPUTET B MUPE.

OcHoBbI Tosiorpauueckoro Metosia OblIH 3aJI0XKeHbI B MepBbIX paboTax akagemuka PAH
[O.H. [lenucioka, rme Brepsble ObLIO MOKA3aHO, YTO 3alUCh BOJHOBOTO MOJSI B TPEXMEPHOMH
CBETOUYBCTBHMTEJLHONH CpeJie NPHUrofHa JJIs CO3[AaHUS OOBEMHBbIX KapTHH, BOCIPOM3BOJSALLMX
MOJIHYIO  WJITIO3UI0  IEUCTBUTENIBHOCTH M300pakaeMoro o6beKTa. IDTa BO3MOXKHOCTb Oblia
MOATBEPKIAEHA  SKCIIEPUMEHTAMM,  BbIMOJHEHHBIMM € TOMOLIbIO  YCOBEPILIEHCTBOBAHHBIX
JIUTINMAHOBCKHUX SMYJIbCHH.

Mertop 3anucu roJiorpaMM BO BCTPEUHBIX My4yKaX 3HAYHUTEJNBHO PACLIMPHUJ BO3MOXKHOCTH
XYJ102KECTBEHHOH rosiorpaduu.

Becbma yno6HbIM B MPAaKTHYECKOM OTHOLUEHHWH TMPH JEMOHCTPALUMHM ToJiorpadruyecKux
M300PAKEHUH SABJISICTC BO3MOXKHOCTb BOCCTAHOBJICHHSI MX OOBIYHBIM MCTOUHMKOM CBETAa,
Harnpumep, Jamroi HakaJuBaHWsl. 3HAUYMUTEJbHble H3MEHEHHUs] M0 CPaBHEHHIO C HayaJbHbIMH
paGoTaMH TpeTepriesia TEXHMKA M TEXHOJIOTHSI MPOBEJEHHsT ToJIorpaduueckoro KCrepuMeHTa.
[onorpacduueckasi ycraHoBKa — 3TO CJOXKHBIH M TOYHBIH HHTepdepoMeTp, a KaxKIbli
rojiorpayuuecKuil  KCIEepUMEHT ~— TIOMbITKA PErucTpaldk CTPYKTYPbl BOJIHOBOTO  MOJI,
OIMUChIBAEMOH BBICOKHUMH TPOCTPAHCTBEHHBIMH yacToTamMu (nepuon a0 0,1 MKM) ¢ nomouibio
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«MaJIOUyBCTBUTEJbHOTO poToseTekTopa». Jljisi ycnemHoro pelieHus 3Tod  3anauv  Obliu
pagpaboTaHbl MeTOJbl CTAaOWJIU3aUMH ToJorpaUyecKuX YCTaHOBOK, pa3paboTaHbl MeETO/bl
KOHTpOJIS ee CTaOUJBbHOCTH, BBISICHEHbl YCJOBHUS, BJHUSIOIIME Ha YycHex rosorpaduueckoro
9KCMepUMEeHTa,  M3ydeHbl ~ CBOHCTBA  KOTEPEHTHOTO  W3JydeHHsl  Jla3epoB,  IOBbIlIEHA
UYBCTBUTEJIbHOCTb (DOTOPETUCTPUPYIOLIUX CPel. DTO MPUBEJO K TOMY, YTO €CJId B Hauajie paboThl
(1967 ron) paamep rosiorpaMmbl He MPeBbIIIaJ] HECKOJIbKHUX IECATKOB KBAJ[PpaTHBIX CAHTUMETPOB U
ycrnex roJsiorpauyeckoro skcrepuMeHTa Obll MPaKTHUECKH MPEeACKa3yeM, TO CETrOJHsl YBEPEHHO
PETHCTPUPYETCS XY/IOPKECTBEHHbIE TOJIOrPaMMbl pagMepoM Gosiee 1 M? B OCBOEH MPOMBbILIJIEHHbIE
BBIMyCK rosiorpamMm pasmepom 18x24 n 30x40 cwm.

3HauuTebHO PACHIMPUJINCH U METOJbl PErHCTPALMU TOJIOTPAMM — TOSIBUJINCH METOJIbI
KOMMPOBAHUS, UCIOJb3YIOLIHE TOJOrPAMMbl, MOJyYeHHble B JIBYMEPHbIX W TPEXMEpHbIX Cpeaax,
MeTO/Ibl BbIHOCA H300paxKeHusi B MpeAroJorpaMmiyto obsactb. Metonbsl  (popMUpoBaHUs
KOMOMHMPOBAHHbIX, B3AUMHO JIOTIOJHSIOILUX JAPYT APYra, 06'beMHbIX U MJIOCKUX M300pazKeHUH, OblJI0
MPEVIOKEHO  WCMOJb30BAaTh  MOJIIPU3ALMOHHO-UYBCTBUTE/IbHbIE  CPelbl  JIIS  3arucH
XY/I02KECTBEHHbIX T0JIOrpaMM, padpaboTaHbl METO/Ibl LIBETHOH roJiorpatuu U METO/bl HMITYJIbCHOH
roJiorpacuu yisi perucTPaLu Xy102KEeCTBEHHBIX FOJIOTPAMM.

[Ipu perucrpauuu TpexMepHbIX roJorpaMM Ha MepBOH CTajuu paboThl UCMOJb30BAJIUCH
JIMTIIIMAHOBCKKME (pOTOIMYJIbCHM, 0OJajaiolide HeoOXOMUMMON st rosiorpaduu  paspeliaroliei
CMOCOOHOCTBIO, HO COBEPLIEHHO He TMPHUrofiHble /sl MPOMBbILJIEHHOro ocBoeHus. [osorpacus
BO3pOJIMJIa MOTPEOHOCTb B BbICOKOpa3pelatolux hotomMarepuaax U OblHd BbIMOJHEHbI 6OJbLINE
oObeMbl paboT MO CO3/MAHUI0 TEXHOJOTHYHBIX METOOB IPOU3BOACTBA ToOJIOrpadUUeCcKUX
MaTepuaJsioB U UX CEHCUOUIN3alluK K Pa3JIMUHBIM 06JIACTSIM CIIEKTPA, KOTOPbIE MPUBEJIH K CO3IaHHIO
MPUHLMITMATBHO HOBOTO KJlacca rasioreHuaocepeOpsiHbIX CBETOUYBCTBHMTEJ/IbHBIX MaTepHaJoB,
obaajialolikx paspelnatolieii cnoco6Hoctbio 6 000— 10 000 /MM, GOMBIIOH MPO3PAYHOCTBIO H
CBETOUYBCTBUTEILHOCTbIO B eMHULL! JIK/ M2,

Pa6otbl no co3nanuto GoToC0eB 111 IBYMS] HE3aBUCUMBIMU U PA3JIMUHBIMH MYTSIMU, OJIMH
13 KoTopbix 6bL1 BbiOpaH H.M. Kupusnosbim, apyroit M.P. I1porac. B pesysbrare Obliin co3nanbl
npombilieHHble MaTepuanbl JIOM-2, kotopeie Hauan Bbinyckate M3T® B 1974 rony, u [139-2,
Boinyckaemble [10 «CnaBuu» (1. [1epecnapiab) ¢ 1978 roxa.

M3o6pasutesibible  CNOCOOHOCTH — rosiorpacuu  MO3BOJMJM  MCMOJb30BATh €€ sl
JIEMOHCTPALMH YHHKAJIbHBIX My3eHHbIX 00beKTOB. HeoObiuHOCTb rosiorpaduyeckoro u3o6pakenus,
raybokasi HWJJIIO3UsT  TIPUCYTCTBUS  HabJogaeMoro oGbeKTa MPUBOAAT K TOMYy, UTO Ha
rojiorpacyUuecKix 3SKCIO3MIUSAX HE BO3HMKAET BOMPOCA O TOM, YTO TMPEACTABJIEHO — KOTHUS
YHHUKAJILHOTO U3JIeJIHST UM €ro Hekoe u3obpaxkeHnue. Habusogareb BUIMT 0ObEKT, OIVIsSAbIBAET €ro
CO BCEX CTOPOH, HAOJII0/IaeT UTPY CBETa U TE€HH, MOXKET 3aCTABUTb CMELLAThCsl TEHH OT 00beKTa MpU
M3MEHEHHUH MOJI0XKEHNS HCTOUYHHKA CBETa U T.T. — BCE 3TO MPUBOIUT K TOMY, UTO roJiorpadpuieckas
KOTUST YHUKAJIbHOTO 0ObeKTa BOCTIPUHUMAETCS Kak caM 06bekT. CToJib CUIbHBIH 3P heKT Obli
JIOCTUTHYT OJ1arojiapsi HCIOJb30BAHHUIO BCEX MOTEHLMATBbHBIX BO3MOXKHOCTEH roJiorpadun, KoTopble
paCKpbIBAIOTCS MPHU Je€TabHbIX HCCEI0BAHUSIX €€ PAa3JIMUHbIX METOJIOB.

[Ipu 3anucu roJjiorpammbl, B MPUHIUIE, MOXKET ObITb HMCIOJb30BaH JIOOOH HMCTOUHHK
KOT€PEHTHOT0 u3jyueHus. B peasibHbIX yCJOBHSIX MPH 3aMUCH TOJOTPAMM OCBelleHHe 00beKTa U
onopHasi (pedepeHTHast) BOJIHA CO3/AI0TCS OIHUM M TEM 2Ke J1a3epoM, T.K. TOJIbKO B 3TOM CJydyae
oOpasgyeTcsi croslyasi KapTHHA 4epHo-6eJibiX M0JI0C TPH B3aUMOJEHCTBMH CBETOBOIO IO0JI,
OTpaxKeHHOT0 0OBEKTOM, H CBETOBOTO 110J151 OTIOPHON BOJIHBI. Ec/in 2Kke B35ITh 0ObIUHbBIN OeJbli CBET,
KOTOPbIH, KaK U3BECTHO, COCTOUT M3 CMEIlIeHUs] OU€Hb MHOTHX LIBETOB, TO KaK/bli IIBET CO3/1aBaJl
Obl CBOIO HHTepepeHUMOHHYI0 KapTHHY. [ lepeHaksanbiBasich, 3TH KAapTHUHBI CTHpaJK Obl APYT APYTa,
UTO MPUBEJIO Obl K HCUE3HOBEHHIO PE3YJIbTUPYIOLLENH HHTeP(EePEHIIHOHHON KAPTHHBI.
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Mertop rosiorpacduu 6bl1 hakTHUECKH MaJsio KoMy H3BecTeH 1o 1963 1., Korja ¢ nosiBjieHneM
TMePBBIX J1Ia3ePOB YIAJI0Ch MOJYYUTh MEPBbIE JIa3ePHbIE TOJOTPAMMbI €CTECTBEHHBIX 0O'bEKTOB.

B npuHuune cyliecTByeT MHOrO BCEBO3MOXKHBIX METOJOB 3aIllMCH TOJOTPaMMbl, HO BCe
OTJIMYHS MEXKJLy HUMHU CBOJIITCS, B OCHOBHOM, K PA3JIMUHOMY B3aUMHOMY PACMoJI0KEHUIO UCTOUHUKA
OTOPHOH BOJIHBI, (DOTOTJIACTHHKM W 0ObEKTa BO BPeMsl 3aMUCH. DTO MPUBOAMT K TOMY, UTO B
9MYJILCMOHHOM ¢Jioe  00pasyloTcsi HHTep(epeHIMOHHbIE KapTHHBI M3 4epHO-6eJbiX M0JI0C
Pa3JIMYHON CJIOXKHOCTH M KOH(UTypalMH, U TPH BOCCTAHOBJEHUH M300paxKeHHsT roJlorpaMMoN
Tpe6GOBaHuUs, MPeIbsB/sIEMble K BOCCTAHAB/IMBAIOILIEMY HCTOUHHKY CBETA, MOTYT ObITh Pa3JIHUHBIMH.
Tak npu BoccTaHOBJIEeHUH M300paXKeHHsl C roJ0OrpamMM, 3anucanHbix v no cxeme 1. 'aGopa u no
cxeMme, npemyiokeHHoi J. Jlefirom u 1O, YnaTHuekcom (Tak Ha3biBaeMasi IByMepHasi CXeMa 3arucH ),
HeoOXOJIUM TakK »Ke, KaK W MPH 3aMucH, KOTePEeHTHbIH UCTOUHHK U3JyueHHsi — Jiasep. B cxewme,
npemioxkenHon 0.H. [lennciokom, 3anuceiBaemasi B 3MyJIbCHOHHOM CJioe HHTepepeHIMOHHAs
KapTHHA TIPU PErHCTPALMK TOJIOTPAMMbI, HMEET OuUeHb CJIOXKHYIO MPOCTPAHCTBEHHO-0GbEMHYIO
CTPYKTYpY. (DTOT cnocob noJyuns HazBaHue — roJsiorpadusi ¢ 3aMucbio B TPEXMEPHOU Cpejie).
Baaropapsi sTomy, Ha CTaiMu BOCCTAHOBJIEHHSI OHA MeHee <«IPUAUPYUBA» K KauecTBY CBeTa, W
BOCTIPOU3Be/IeHHe H300paKeHns1 06beKTa ¢ TaKOH roJorpaMMbl He 00s13aTeIbHO OCYIIECTBJSATD
CrelMaJbHbIM MCTOUHUKOM CBETA — JIa3ePOM, KaK MpH ee 3anucu. MoxKHO UCI0JIb30BATh OObIUHbIN
MCTOUHUK O€JIOTO CBeTa — COJIHILE, JlaMIly U T1p. ['oslorpaMma cama BeiGepeT U3 uaJydeHust 6e10ro
MCTOYHHKA U OTPA3UT B CBETOBOE MoJjie 06'beKTa TOJBbKO Ty UACTh CIIEKTPa, KOTOpasi yuacTBoBaJja
MpH ee 3aMucH, T.e. KpOMe BCEro Mpoyero, TpexMepHast roJiorpaMmMa BOCIPOU3BOJUT TAKKe U 11BET.

Crnenyer Tak:ke BCIIOMHMTb, YTO KOJUIEKTMBOM aBTOPOB ['OCylnapcTBEHHOTO ONTHYECKOTO
uncrutyta um. C.M. BaBunoBa, WucruryroB ¢usukn AH BCCP u AH YCCP, Wuctutyra
kub6epHetukn AH ['(pCCP, Hayunoro coeta no BbictaBkam pator AH CCCP, MunucrepcrBa
371eKTpoHHON TMpombliieHHocTd CCCP, MuHucTepcTBa BbICILIETNO W CPEIHEro CrelralbHOro
obpasoBanusi PCOCP, MunucrepctBa xumuueckoil npombiiienHoctd CCCP, Munucrepcers
Kysnbtypbl CCCP 1 YCCP, Besopycckoro onTuko-mMexaHHuecKoro o6beJIMHeH!sI B COOTBETCTBHH C
Koopmunaumonnbiv  nianoM  Akagemun Hayk CCCP  (momamporpamma 1.5.2.1.) W nuiaHamu
OTpacJieBbIX MHUHHUCTEPCTB M BeAOMCTB B mepuon ¢ 1967 mno 1987 rompl BbimosHeHa pabota
«PagpaboTka TeXHMYECKUX CPEICTB M METOJOB MOJyUYeHHs] KPYMHO(POPMATHBIX XY/I02KECTBEHHBIX
roJIOrpaMM C 11eJblo Mpornarax/pbl JOCTHKEHUH COBETCKOH HAyKW M TEXHMKH M LIMPOKOTo MOKasa
rojiorpauuecKux KOrmuil Npou3BeieHHI UCKYCCTBA U MAaMSITHUKOB KYJIbTYpbl» U MpeCTaB/eHa Ha
couckanue npemun Cosera MunuctpoB CCCP 1998 rona. B kosieKTHB aBTOpOB 1aHHOH paGoTh
Bouwu: [enuciok IO.H., Mupounnkos M.M., Epmosaes M.M., Tlporac P.P., ¥Ycanos IO.E.,
Cwmaes B.I1., 3aropckasi 3.A., bpoickun B.3., Bypckuii B.A., Bunmant @.B., Kanunun A.H.,
Kupunmios H.M.,  MacnenkoBa H.I'.,  Knumzo 9.9., IlleBuos B.M., IlIBapusanbiA.M.,
Py6anos A.C., Tanun JI.B., Kakuuamsuau L., SIstymenko M.I'., Mapkos B.b., Co6osieB I".A.,
Banun B.A.

BoinosHeHHblii B pamMKax JaHHOH paboTbl KOMMJIEKC (yHAAMeHTaJlbHbIX HayuHbIX
MCC/IeIOBAHUH, TPOEKTHO-KOHCTPYKTOPCKUX M TEXHOJOTMUECKHX pa3paboTOK HampaB/jeH Ha
pa3BUTHE METOJIOB roJiorpaduu 1, B YaCTHOCTH, XY/I02KECTBEHHON KPYMHO(GOPMaTHOH roJiorpaguy,
SIBJISIIONIENHCST  HOBOH  (DOPMOH  MEXKIyHAPOTHOTO  KyJbTypHOro oOMeHa, CHocoOCTBYIOIIEH
nponaraHijie JOCTHKEHUH COBETCKOH HayKh M TEXHHKM M [0Ka3y roJorpauueckux Komui
NPOU3BEIEHUH UCKYCCTBA U MaMATHUKOB KyJsibTypbl CCCP.

OnHaKo, OTCYTCTBHE B MUPOBOH MPAKTHKE CIelHAbHO pa3pab0oTaHHON TEXHOJIOTUH 3aMTUCH
XyJI02KECTBEHHBIX TOJIOTPAMM M PErHCTPUPYIOLIMX MaTepUasoB i HUX CHEPKUBAJO LIHPOKOE
MpUMeHeHHe OTpaXKaTeJIbHbIX TOJIOrpaMM /IS YKa3aHHbIX 1lesiell. Xy/l0XKeCTBeHHasl rosorpadus
TpeOyeT BBICOKOTO YPOBHSI PA3BUTHSI PA3JMUHbBIX, CBSI3aHHBIX C HEH HAyuHbIX HamMpaBJeHUH W
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MPOMBILIJIEHHBIX TEXHOJIOTHH, TIOITOMY €€ TOCTHKEHHUS OTPAXKAIOT HAYYHO - TEXHUIECKUH MOTeHIM A
CTpaHbl, MPeCTaBJISAIONIEH rosiorpaduueckie SKCIO3UIHH.

[IpencraB/iieHHbIl KOJJIEKTHB aBTOPOB BBIMOJHUJ 00JblIyl0 padoTy MO CO3JaHUIO U
pa3paboTKe METOJIOB W CPEJACTB XY/I0KECTBEHHOH rosiorpaduu ¢ LeJ/blo LIHPOKOH MporaraH/bl
JOCTH2KEHHH OTEUeCTBEHHOH HayKH 3a pyOe:KOM M B Pa3/MuHbIX perdoHax Haile#d CTpaHbl,
pe3yJIbTaTOM 4ero siBUJI0Ch POPMUPOBAHKUE HOBOTO HATMIPABJIEHHUS B My3eHHOH H BBICTABOUYHOH paboTe.

[Ipe/yioykeHHble MPHUHLMIBI  CHHTE3a ToJOrpaUUeCKUX CBETOYYBCTBUTEJBHBIX CpelL
MO3BOJIMJIK CO3/1aTh HOBbIH KJIACcC MPo3pauyHbiX (oToMaTepuaoB ¢ OOJbILIOH paspelialoliei
CMOCOOHOCTBIO, HEOOXOAUMOH ISl TTOJIyUeHHsT BbICOKOKAUECTBEHHBIX Xy[07KECTBEHHbIX M0JI0rPaMM
C MAaKCUMaJIbHbIM 3((EKTOM peaslbHOCTH IEMOHCTPUPYEMOTO C UX MOMOIILIO 0ObEKTA.

bbuin  pagpabGoTaHbl  OpUTHHAJIbHblE  METOJAbl  CHHTE3a  0COOOMEJIKO3€PHUCTBIX
rajoreHcepeOpsIHHbIX 3MYJIbCUH CO CPEIHUM JHAMETPOM HEeINpPOsIBJECHHbIX MHKPOKPHUCTAJIOB
rajorenusa cepedpa nopsaxka 0,000—0,03 mKM, a TakyKe yCJIOBHS ONTUMAJLHOH CrEeKTPaJbHOM
CEHCHOMIM3ALMK TIOCEAHUX K Ja3epHOMY H3JydeHHio. DTH pa3paboTKH ObIM JOBEAEHbI [0
MPOMBILIJIEHHOTO BHEJIPEHHST W BbIMycka roJorpaduieckux goromatepuanon JIOM-2 (1974) u
[12-2 (1978 r.), KoTOpbIE 10 CUX MOP HE HMEIOT PABHBIX AHAJIOTOB 32 PyOEKOM.

ABtopamu  jmaHHOW  paGoThl  ObUIM  CO3AAaHbl  OPUTHHAJbHbIE  METOAbl  XUMHKO-
cortorpaduueckoil  06pabOTKH rosiorpauueckux MaTepHasoB, oOecrneyrBaiolide BbICOKOE
KaueCcTBO BOCCTAHOBJIEHHBIX U300PaXKEHHUH, UTO COBMECTHO ¢ padpaboTaHHbIMHU (hoTOMaTepUataMH
caesano roJorpaguuyeckue SKCMO3ULMU MPEIAMETOM OrPOMHOTO HHTepeca He TOJbKO sl
CMELHAJIUCTOB, HO U JIJIS LIHPOKUX KPYroB 00111eCTBEHHOCTH.

Hapsimy ¢ pelieHnem  xuMuko-dgortorpacduueckux npo6saeM  ObUIM  TPEIJIOKEHbI
OpHMIMHaJIbHbIE TIPUHLMITBI PErHCTPALUM TOJIOFPAMM € BBIHOCOM HM300paKeHUsi B NpesKpaHHOe
MPOCTPAHCTBO, METO/IbI MOJyYeHHUsT U POPMUPOBAHHST KOMOUHHPOBAHHBIX, B3AUMHO JOMOJHSIIOLIUX
Jpyr japyra, oObeMHbIX M TIOCKHX H300paxKeHWH, METOJbl 3aluCH KPYroBbIX TOJIOTPAMM Ha
corornieHke, crnocoGbl MOJydeHHs] OMNTHUECKUX «CJETNKOB», OCHOBAHHbIE Ha HCMOJb30BAHUN
rojiorpahMyeckux  CBOHCTB  MCEBJOCKOMHYECKOro  M300payKeHUsi,  HOBble  MPUMEHEHHUs]
MOJISIPU3ALMOHHO UYBCTBUTE/bHBIX Cpel. COBOKYMHOCTb 3THX pa3pabOTOK MO3BOJIMJIA OPraHU30BaATh
MPOMBIIIJIEHHBIH BBIMYCK Xy/J0XKECTBEHHBIX TOJIOTPAMM, HCHOJb3YEMbIX B KauecTBe YueOHBIX
NMocoOMi, TOBapOB HApOJAHOrO MOTpebJIeHHs, SIBJSIOIIUMXCS MPEAMETOM 3KCIOpTa, a TakkKe
OCYILLeCTBUTb MEJIKOCEPHUIHBIN BBITYCK IOJIONPAMM YHUKAJIbHBIX MTaMSTHHKOB UCTOPHH U KYJIbTYpbl
1J151 KOMIIJIEKTOBAHHUS roJiorpauieckux BbicTaBoK, nposoauMbix B CCCP u 3a py6exxom.

3apy6exuble BbicTaBku poctiKennit CCCP B o6sactu rosorpaduu opraHu3oBbIBalUCh
Hayunbim coBetom 1o BbictaBkam pa6or AH CCCP u akanemueil HayK COI0O3HBIX pecryOJiHK,
Komuccusamu CCCP u YCCP no nenam IOHECKO, munucrepersamu kysbtypsl CCCP u YCCP,
['ocnnanom BCCP u I'KHT I'pysunckoit CCP, a TakxKe MCMoJib30BalUCh OTAE/bHbIE SKCMO3UIINH
roJIorpaMM Ha MEKIyHapOJHBIX BBICTABKAX M sipMapkax, ¢ ydacTueM ToproBo-mpOMbIIIJIEHHON
nanatel CCCP u BcecotogHoro o6benunenus «MexkayHapoaHasi kHura». [lpoBeneHue 3THx
BbICTABOK SIBUJIOCH HOBOH HETPaAULIMOHHON (POPMOH MpornaraHbl JOCTHKEHUH COBETCKOH HAYKH
TEXHUKH U CJYKMJIO LIMPOKOMY T0KA3y YHHKAJbHBIX MaMATHUKOB HUCTOPHUM M KyJIbTypbl Halleh
cTpaHbl. bbuio nposeaeHo okoso 40 3apyOexKHbIX BBICTABOK, KOTOpblE IOCETHJIO B 0OLLeH
CJIOXKHOCTH CBbIlLe 5,0 MJIH. UeJIOBEK.

OnHoBpeMeHHO ¢ MpoBeieHHeM 3apyOeKHbIX BBICTABOK aHaJslorHuHasi paboTa npoBOAM/Iach
B CCCP. T'onorpaguueckne BbICTaBKH opraHu3oBbiBasuch akagemusmu Hayk CCCP, YCCP u
BCCP coBmectHo ¢ wmunuctepctBamu Kysnbtypel CCCP u YCCP, BbicTaBKoH m0CTHKEHHI
HapoaHoro xogsiictBa CCCP, BoictaBko#t nepenoBoro onbiTa HapojpHoro xossiictBa YCCP wu

BCCP, TocynapcrBenHbiM ontuueckum uHcTUTyTOM MM. C.M. BaBusioBa, Tomom ontuku ['OU
um. C.M. Basusiosa, HITO «Ilnatan».
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B Mumncke ¢ 13 ¢eBpasnsino 17 mapra 1978 r. B BeicTaBounom 3aiie [1pesunnyma AH BCCP,
a 3atem Ha BJIHX BCCP npoxoauna nepsasi B CCCP BbicTaBka Xy/10:KeCTBEHHBIX TOJIOrpamMM
«['onorpadus-78», opranuzobanHas Mucruryrom ¢usukn AH BCCP, TlocynapctBeHHBbIM
ontuueckum  uHctutytom  um. C.UM. BaBuioBa, Bcecoio3HbiM — HaydyHO-MCC/IEIOBATENLCKUM
kuHooTtounctutytoM (1. MockBa), Kb kunoanmapatypel (r. Mocksa), JleHuHrpauckum
MHCTUTYTOM siiepHOi pusuku um. Koncrantunoa AH CCCP, ®usnko-TexHHUeCKUM HHCTHTYTOM
M. A.®. Hobdpe AH CCCP, Uncruryrom dusukn AH BCCP, HMucturyrom cusuku YCCP,
HMHucturytom KUOEPHETUKH ['pCCP, MHUPIA, HITO «Ilnatan», [1O «CnaBuu»,
['ocuunxumdortonpoekrom u Hayunbim coBetom AH CCCP.

Cnemyer 0co60 OTMETHTb, YTO YCMELIHOe pa3BUTHE paboT B 00JaCTH Xy[LO:KECTBEHHOH
rojorpadpur B CCCP M uX npuMeHeHHe Il MOMyJsipU3allid NaMsTHHKOB UCTOPUH U KYJIbTYpbl
SIBUIOCH OOBEKTOM TMPUCTAJLHOIO BHUMAaHHS MEXIYHAPOAHBIX H OOLIECTBEHHBIX OpPraHU3alUi.
YUuTbIBasi aKTyaJlbHOCTh M HarpaBJeHHOCTb 3THX paboT, ux 1upokoe pasputue B CCCP
IOHECKO Bxkmounna ux B [lporpammy cBoeil nesrenbHoctd (Kpynnasi nporpamma XI pasnen
22C/5 nynkr 11 116).

OcHoBHBbIE pe3y/ibTaThl paboOTbl — pa3paboTaHbl TeXHHYECKHE CPEACTBA M METO/bI
PErucTpalyy Xyl0XKECTBEHHBIX TOJIOTPAMM M C HMX TIOMOILBIO CO3/IaHbl roJiorpaduueckue
9KCIMO3ULMH, KOTOpble mpoBoauinch 6osee 50 paz B CCCP, 40 pas 3a rpanuiieii U obliiee yuc0
nocetutesielt coctaBusio no Coserckomy Cotody — 13 MJIH. UesioBeK, 3a rpanuiieit 6oJee 5,0 MJIH.
yeJsioBeK.

CeromHsi xoueTcsi OTAATh J@Hb TJYyOOKOTO YBaKeHHSI M OJIaroJapHOCTH TMpeXIe BCEro
OTEUYECTBEHHBIM TMPOgeCCHOHaNaM BbICOKOTO YPOBHS M JIOJIra, 3amMedaTesibHbIM JIOISAM, KOTOPbIe
NpelaHHo 10 paHaTH3Ma OTHOCWJIMCh W OTHOCATCS K MCCJIEIOBAHUIO, TIOKOPEHHUIO U BXOXKIEHHIO B
Hally TOBCEHEBHYIO »KH3Hb 3STOTO YHMKAJBHOTO  SIBJEHUsI, HA3BAHHOTO  roJiorpacuei:
IO.H. Henucioky, IO.U. Octposckomy, ['.B. Octposckoit, C.b. T'ypeuuy, I'.B. Ckpouxomy,
JI.M. Copoko, W.P.IIporac, H.W. Kupunnosy, H.I'. Bnacosy, WM.H. Komnanuy, JI.[1. Baxpaxy,
HIJ1. Kaknuawsuiu, — AJ1 Kanuue,  A.C. Py6anoBy,  M.C. Cockuny,  B.I'. Cunoposuuy,
N.C. Knmumenko, B.I'. Typyxano, H. Typyxano, K.K.Iapiy, O.A.Ososcy, M.M. Bytycosy,
MUII. Iletposy, O.B. CepoBy, W.I1. Hamumonry, B.I'. Komapy, O.H. Oeuxucy, B.A. Coficdepy,
B.M. T'uns6ypr, I'.I'. JleBuny, [.H. Buunsxosy, 0.1. ®unenko, E.H. Jlexupepy, A.H. Mereskuny,
H.JI. Kasanckomy, A.T". [Toseutyky, I.U. I'peficyxy, I.b. Cemenony, K.C. Mycracuny, A.B. Jlykuny,
E.W. UteipkoBy,  [.A. Co6oseBy,  C.b. llleBuenko,  B.A.Bauuny,  A.W. [lIBapusasbuy,
B.b. Mapkoy,  C.I'. OnynoBy,  B.b. Tapanenko,  W.I'. fIsrymienko,  A.H. Tumorenko,
A.B. Kpeiitepy, H.I'. OpJiooii, JI.B. HekpacoBoii, [O.E. ¥Ycanony, 3.A. 3aropckoi,
B.b. Koncrantunony, I'.A. I'aBpunioy, ['.B. lpeinen, E.H. lenosoit H.M. I'amxepau, E. Bpywn,
B.M. Cyxanosy, .M. Cracesbko, E.B. Uakuny, AL Tanbnephy, M.K. lleBuoBy,
O.B. AnpnpeeBori, B.I1. CmaeBy, M.M. EpmosniaeBy, B.3. bpeickuny, H.JI. Koco6okoBoi,
C.b. OmunokoBy,  A.M. YenypHomy, B.A. bapauebckomy, P.P.T'epke, E.H. borauesckoi,
JILA. Bonnapeny, A.®. Cmbiky, C.I'1. BopoGbeny, C. 3axapaBacy, [O.A. CasoHoy,
A.B. Tonuapckomy, A.H. Manosy, W.IL IlerpoBuuy, A.M.Jlazapyky, bB.H. TrouikeBuuy,
H.M. Crnopuuky,  B.A. bypckomy,  C.H.Tmnaky,  C.A. Poikeukuny,  I1.B. Mouceenxo,
B.B. Manukano, E.A. MenbhukoBoit, A.JI. Toscruky, B.B. llleneneBuuy u MHOrUM JpyruM, ¢ KeM
MPeN0CTaBUIA MHE KU3Hb BO3MOXKHOCTD 061AThCS, TPYAUTHCS, YUUThCS, HAOUPATHCS OMbITA.

Y rosiorpadun 60Jb1110e Gy/ylliee, Mbl BCE JIUIIb TOJBKO MPUKOCHYJNCH K HEH.

YBepeH, 4To MOJI0JI0e MOKOJIEHHE TOJIOrPaUCTOB, KOTOPLIM Mbl MIEPEIAEM CETO/IHS BCE CBOH
3HAHHUS U OTIBIT, OYYT OTKPbIBATh HOBbIE CTPAHHUILBI B UCTOPUHU TOJI0Tpauu, KOTOPYIO XKJIET ellle He
OJIH BHUTOK.
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Advance in holography field in the territory of the former Soviet Union

L.V. Tanin, V.A. Tanin
CJSC “Holography industry”, Minsk, Belarus

The background information of the creation, development and wide implementation of a
new independent field — art holography — is represented. It is shown, that for the successful
development of art holography the solutions of four fundamental problems such as the theoretical
development of holographic method adapted to receiving large-sized holograms, creation and
industrialization of a new class of high-resolution recording medium for interference fields
recording with high spatial frequency, the development of technical facilities, equipment for
recording holograms and production word order of holograms.

In the 60s, when only the possibility of using holographic method for obtaining copies of art
works and cultural monuments was shown and prospects were determined, a question about the
creation, development and broad implementation of a new independent field — art holography was
raised after the first results of approbation in a number of laboratories throughout the country. Four
fundamental problem solutions such as the development of the theory of holographic method
adapted to receive large format holograms, creation and industrial development of a new class of
high-resolution hologram medium for interference fields recording with high spatial frequency, the
development of technical tools, equipment for recording holograms and serial production of
hologram technologies in a productive process were required for the successiul development of art
holography.

High level of development was achieved as a result of fundamental and applied researches
carried out in the period of 1967—1987 in various fields such as photosensitive media, laser
technology, instrumentation and modern technologies for complex experiments. That is why the
Soviet holograms expositions were the subject of intense interest of a huge number of different
specialists abroad. It demonstrates the degree of development of Soviet science and technology —
the holography art, in particular, and shows its priority in the world.

The basis of holographic methods was laid in the first works of the corresponding member
of the USSR Academy Y.N. Denisyuk, who was the first to show that the record of the wave field in
a three-dimensional light-sensitive medium is suitable for creating three-dimensional picture to
reproduce the illusion of reality of the objects. This possibility was confirmed by experiments
performed with the help of advanced Lippmann emulsions.

The method of holograms recording in colliding beams significantly expanded abilities of
display holography.

The ability to restore conventional light sources such as incandescent lamps is extremely
convenient in practical terms in case of holographic images demonstration. The significant changes
in technique and technology of holographic experiment were made in comparison with the initial
work.

The holographic system is a complex and accurate interferometer. Each holographic
experiment is an attempt to register the structure of the wave field, described by a high spatial
frequency (period to 0.1 pm) using the “insensitive photodetector”.

To solve this problem the methods of holographic systems stabilization, and the methods of
stability control were developed, the conditions affecting the success of the holographic experiment
and the properties of coherent laser radiation were studied, the sensitivity photo recording
environments were increased.

This led to the fact that if the size of the hologram at the beginning of the work (1967) did
not exceed a few dozens of square centimeters, and the success of the holographic experiment was
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almost predictable. Now display holograms larger than 1m? are recorded and the industrial
production of holograms size 18x24 and 30x40 cm are reliably mastered.

Different methods of recording holograms expanded considerably, there were methods of
holograms copying using holograms in two-dimensional and three-dimensional media, techniques
of removing an image in the area before creating a hologram. Methods of forming a combined,
complementary to each other, volume and flat images, it was suggested that the polarization-
sensitive recording medium must be used for art holograms. The methods and techniques of color
holography and pulse holography were developed for recording art holograms.

On the first stage of work upon the registration of three-dimensional holograms Lippmann
emulsion with suitable resolution for holography was used, but it was not suitable for industrial
development.

Holography has revived the need for high-resolution photographic material and there are
many works on the creation of technological methods of production of holographic materials and
their sensitization to different regions of the spectrum, which led to the creation of a fundamentally
new class of light-sensitive silver halide materials with resolution 6 000—10 000 /mm, high
transparency and sensitivity in unit J/m?.

There were two independent and different ways in the work on the creation of photographic
layer, the one was selected by N.I. Kirillov, the other was selected by I.R. Protas. As a result the
industrial material LOI-2 was produced by MZTF in 1974 and PE-2 was produced by “Slavich” in
Pereslavl in 1978.

Visual abilities of holography were used to demonstrate unique museum objects.

The singularity of a holographic image, a deep illusion of presence of the observed object
help to answer the question what is presented, a copy of a unique product or a certain image. An
observer sees an object, studies it, watches the play of light and shadow, can cause shifting shadows
of the object by changing the position of the light source, etc. All this leads to the fact that a
holographic copy of a unique object is perceived as the object itself. Such a strong effect was
achieved through the use of the full potential of holography, which is disclosed in detailed studies
of different methods.

Theoretically, when recording a hologram any coherent light source may be used. In real
conditions when recording holograms illumination of the object and the reference wave are created
by the same laser because only in this case a standing pattern of black and white stripes is in the
interaction of the light field, reflected by the object, and the light field of the reference wave. If we
take an ordinary white light, which is consisted of a mix of many colors, each color would create its
interference pattern. Overlapping one another these pictures will wash one another, which will lead
to the disappearance of the resulting interference pattern.

Actually holographic method was little-known until 1963, when with the invention of the
first lasers the first laser holograms of natural objects were created.

Theoretically there are many possible methods to record a hologram, but the differences
between them are reduced mainly to a different relative position of the source of the reference wave,
the object and the photographic plate during recording. This leads to the fact that in the emulsion
layer the interference patterns are formed of black and white stripes of varying complexity and
configuration, and in the process of the hologram reconstruction of the image the requirements to
restore the light sources may be different. Thus the image reconstruction from holograms recorded
on the basis of D. Gabor scheme and the scheme of E. Leith and J. Upatnieks (so-called two-
dimensional configuration recording) a coherent light source, the laser, is required as in the
recording. In the scheme proposed by Y.N. Denisyuk the interference pattern is recorded in the
emulsion layer in the process of hologram registration, and it has a very complex spatial and three-
dimensional structure. (This method is called the holography recording in three-dimensional
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environment). Because of this, at the stage of recovery, it is less “picky” to the quality of light, and
the playback of the object image from such hologram does not need a special light source — laser,
as in the process of recording. You can use an ordinary white light source — the sun, a lamp and
so on. The hologram will choose from a white light source and will reflect in the light field of an
object only that part of the spectrum, which has participated in its recording, and above all a three-
dimensional hologram also reproduces color.

[t should be mentioned that the group of authors of the State Optical Institute in the name
of S.I.Vavilov, the Institute of Physics of the Ukrainian Academy of Sciences, the Institute of
Physics of the Belarusian Academy of Sciences, the Institute of Cybernetics of the Academy of
Sciences of GrSSR, the Scientific Council on the exhibition of works by the USSR Academy of
Sciences, the USSR Ministry of Electronic Industry, RSFSR Ministry of Higher and Secondary
Special Education, the USSR Ministry of Chemical Industry, the Ministry of Culture of the USSR
and the Ukrainian SSR, Belarusian Optical & Mechanical association in accordance with the
Coordination Plan of the USSR Academy of Sciences (sub-1.5.2.1.) and the plans of ministries
and departments in the period from 1967 to1987 the work “The Development of technical means
and methods of producing large-format art holograms to promote the achievements of Soviet
science and technology and public display of holographic copies of works of art and cultural
monuments” was done and presented the Council of Ministers of the USSR award in 1998. The
team of authors of this work were: Y.N. Denisyuk, M.M. Miroshnikov, M.M. Ermolaev,
R.R. Protas, Y.E.Usanov, V.P.Smaev, Z.A.Zagorskaya, V.Z.Bryskin, V.A. Burskii,
F.V. Vidmante, A.N.Kalinin, N.I. Kirillov, N.G. Maslenkova, E.F.Klimzo, V.I. Shevtsov,
A.l. Schwarzvald, = A.S. Rubanov, L.V.Tanin, Sh.D. Kakichashvili, 1.G. Yavtushenko,
V.B. Markov, G.A. Sobolev, V.A. Vanin.

A set of fundamental scientific research, design and technological development aims to
develop methods of holography and, in particular, large-format art holography, which is a new form
of international cultural exchange, that will promote the achievements of Soviet science and
technology and show holographic copies of works of art and cultural monuments of the USSR.

However, the absence of a specially designed recording technology of art holograms and the
lack of recording materials for them restrained a wide usage for these purposes. Art holography
requires a high level of development of different related scientific fields and industrial technologies,
that’s why the achievements reflect scientific and technical potential of the country presenting the
holographic expositions.

The group of authors did a lot of work on the creation and development of methods and
means of art holography in order to make a wide promotion of the achievements of Soviet science
abroad and in different regions of the country, which resulted in the formation of a new direction in
the museum and exhibition work.

The proposed principles of synthesis of photosensitive holographic media helped to create a
new class of transparent photographic materials with high resolving power that was required to
produce high-quality art holograms with maximum efiect of reality of a demonstrated object.

The original methods of the synthesis of fine silver halide emulsions especially with an
average diameter of undeveloped silver halide microcrystals of 0.005—0.03 pm were developed, as
well as the conditions for optimal spectral sensibilization of them to the laser. These developments
were brought to the commercial introduction and release of holographic photographic materials
LOI-2(1974) and PE-2 (1978), which still do not have equal prototypes abroad.

The authors of this work have created original methods of chemical-photographic
processing of holographic materials, providing high quality of reconstructed images, which
together with the developed photographic materials made holographic expositions a subject of great
interest to specialists and the general public.
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In addition to solving chemical-photographic problems the original principles of hologram
recording with the removal of the image, the methods of obtaining and forming of combined,
complementing each other, volume and flat images, recording techniques of circular holograms on
the film, the methods of optical model producing based on the use of holographic characteristics of
pseudoscopic image, a different way to use of a polarization-sensitive environments were proposed.
The combination of these developments allowed to organize industrial production of art holograms,
which were used as teaching aids, consumer goods that are exported, as well as to carry out low-
volume production of holograms of unique historical and cultural monuments for the acquisition of
holographic exhibitions in the USSR and abroad.

Foreign exhibitions of achievements of the USSR in the field of holography organized by the
Scientific Council on exhibitions of works of the USSR and the Academy of Sciences and the
Academy of the Union republics, the Commission of the USSR and the USSR for UNESCO,
Ministry of Culture of the USSR and the Ukrainian SSR, the Byelorussian SSR state plan and
SCST Georgian SSR, as well as some expositions of holograms were used on the international
exhibitions and fairs, with the participation of the Chamber of Commerce of the USSR and the
Union “International Book”. Carrying out these exhibitions was a new non-traditional form of
promotion of the achievements of Soviet science and technology. These exhibitions served as a wide
display of unique monuments of history and culture of our country. There were about 40
international exhibitions, which was attended by 5.0 million people.

In conjunction with the foreign exhibitions similar work was carried out in the USSR.
Holographic exhibitions were organized by the USSR Academy of Sciences, Ukrainian SSR and
Byelorussian SSR, together with the Ministries of Culture of the USSR and the Ukrainian SSR,
the exhibition of achievements of the National Economy of the USSR, the exhibition of the best
practices of the National Economy of the Ukrainian SSR and the Byelorussian SSR, State Optical
Institute in the name of S.I. Vavilov, the House of Optics of the State Optical Institute in the name
of S.I. Vavilov, NPO “Platan”.

From 13th of February to 17th of March 1978 in Minsk. the first in the USSR exhibition of
art holograms “Holography-78” took place in the exhibition hall of the Presidium of the Academy
of Sciences of the BSSR, and then at ENEA BSSR, which was organized by the Institute of hysics
of the Academy of Sciences of the BSSR, the State optical Institute in name of S. 1. Vavilov, All-
Soviet Union scientific research cinema and photo institute (Moscow), KB cinematographic
instrumentation (Moscow), Leningrad Institute of nuclear physics in name of Konstantinov of the
USSR Academy of Sciences, Physical-technical Institute in name of A. F. loffe of the Academy of
Sciences of the USSR, Institute of physics of the BSSR Academy of Sciences, Institute of physics
of the Ukrainian SSR, Institute of Cybernetics of the Georgian SSR,MIREA, SPA “Platan”, PA
“Slavich”, Gosniihimphotoproect and the Scientific Council of the Academy of Sciences of the
USSR.

[t should be specially noted that the successiul development of works in the field of art
holography in the USSR and their use for the promotion of historical and cultural monuments was
the object of attention of international and public organizations. Given the urgency and focus of
these works, their extensive development in the Soviet Union, UNESCO included them in its
program (Major Programme XI section 22C / 5 paragraph 11, 11b).

The development of technical tools and the methods of art holograms registration were the
main results of the work. And the use of these achievements helped to set up a holographic
expositions that took place more than 50 times in the USSR and 40 times abroad. The total number
of visitors in the Soviet Union was 13 000 000. And the total number of visitors abroad was more
than 5 000 000.
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Today I would like to pay my deep respect primarily to national high-level professionals,
wonderful people who are fanatically devoted to research, conquest and entry into our everyday life
of this unique phenomenon called holography: Y.N. Denisyuk, Y.I. Ostrovsky, G.V. Ostrovskaya,
S.B. Gurevich,  G.V. Skrotski,  L.M. Soroko, I.R. Protas, N.I. Kirillov, = N.G. Vlasov,
[.N. Kompanets, L.D. Bakhrakh, Sh.D. Kakichashvili, A.P. Kapitse, A.S. Rubanov, M.S. Soskin,
V.G. Sidorovich, I.S. Klimenko, B.G. Turukhano, N. Turukhano, K.K. Schwartz, O.A. Ozols,
M.M. Butusov, M.P. Petrov, O.B. Serov, [.P. Nalimov, V.G. Komar, Y.N. Ovechkis, V.A. Soifer,
V.M. Ginzburg, G.G. Levin, G.N. Vishnyakov, U.I Filenko, E.N. Lehtsier, A.N. Metelkin,
N.L. Kazanski, A.G. Polishchuk, G.I. Greisukh, G.B. Semenov, K.S. Mustafin, A.V. Lukin,
E.l. Shtyrkov, G.A. Sobolev, S.B. Shevchenko, V.A.Vanin, A.l. Schwarzvald, V.B. Markov,
S.G. Odulov, V.B. Taranenko, I.G. Yavtushenko, A.N. Tymoshenko, A.V. Krater, N.G. Orlova,
L.V. Nekrasova, Y.E. Usanov, Z.A. Zagorskoj, V.B. Konstantinov, G.A. Gavrilov, G.V. Dreiden,
E.N. Shedova, N.M. Ganzherli, E. Brui,V.I. Sukhanov, D.I. Staselko, E.V. Ivakin, A.D. Galpern,
M.K. Shevtsov, O.V. Andreeva, V.P. Smaev, M.M. Yermolaev, V.Z. Bryskin, N.L. Kosobokova,
S.B. Odinokov,  A.L. Chepurnoj,  V.A. Barachevsky, =~ R.R. Gerke, = E.N. Bogachevskaya,
L.A. Bondarev, A.F.Smyk, S.P.Vorobiev, S.Zaharavas, Y.A.Sazonov, A.V.Goncharsky,
AN. Malov, [.P.Petrovich, A.M. Lazaruk, B.N.Tushkevich, N.M. Spornik, V.A. Byrski,
S.N. Ginak, S.A. Ryzhechkin, P.V. Moiseenko, V.V.Manikalo, E.A. Melnikova, A.L. Tolstik,
V.V. Shepelevich and many others, with whom life has given me the possibility to communicate,
work, learn and gain experience.

Holography has a great future, we have only just touched it.

[ am sure that the youngest generation of holographers, to whome we pass today all our
knowledge and experience, will open a new page in the history of holography, which will make more
than one round.
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1.2 Tloaorpadus ceiluac — cocTosiHMe UHAYCTPUU

M. Cudopos
[HMA, Jlonon, Besmko6puranust

Holography now — the state of play

M. Sidorov
IHMA, London, UK

Over the last two decades holography has diversified with holograms now used in security
and authentication, in packaging, in optics for vehicles and lighting, in mapping, in promotion and
illustration, and in many other manifestations.

Diversity is important across the range of user of holographics, but also within each
application, especially security and packaging, which have been the mainstay earner for the
industry over the last few decades. The security market for holograms is being challenged — by
changing customer requirements, by new systems and products and by misinformation in the
market — but the industry is responding with diverse new techniques and products. The parking
market for holographics, on the other hand, for over 20 years has been long on promise but short
on delivery; that too is changing, as diverse new production methods and fresh design approaches
stimulate the market, particularly but not only in China.

This paper will cover the state of holographics today in security and packaging as well as
new developments in display holography and origination technologies, interactive real time
holograms and the use of holograms in such fields as fashion, vehicle optics and lighting design.
And as the industry needs to be aware of developments in competing products, the presentation
will include the latest on alternative 3D imaging techniques. A particular attention will also be paid
to the latest trends in optically variable device and their exiting as well as potential use in security
and authentication for banknotes, travel and identity documents and other security documents.
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[1.3 nepCl'leKTl/lel NpUMEHEHHs rojJorpaMMHbIX 3J€MEHTOB 111 IOCTUPOBKH
HEOCEBbIX ONITUYECKHUX CUCTEM

B.H. Cenux!, IO.11. [lopowuna’, C.5. Odunoxos®
"' AO «Kpacnoropckuii saBoz M. C.A. 3sepeBa», Kpacrnoropck, Poccust
2 MOCKOBCKHI rOCYIapCTBEHHbIH TexHuueckui ynnpepeuret uM. H.9. Baymana, Mocksa, Poccust

B Hacrosiliee BpeMsi TOBBILIEHYIO aKTyaJbHOCTb B 00JIACTH ONTHKO-3JEKTPOHHOIO
npuOOPOCTPOEHHUS TPUOOPETAIOT HEOCEeBble ONTHUECKUE CUCTeMbI. B 1iesioM psizie cyuyaes (ONTHKO-
3JIeKTPOHHAs annapaTypa /sl JUCTaHIMOHHOTO 30HAMPOBaHUS 3eMJIH, JIJIsi aBUALIHOHHBIX CPECTB
pa3BeJKH U T.JL.) UX HCIIOJIb3OBAHHUE SABJISIETCS €IMHCTBEHHOH BO3MOXKHOCTbIO 06€CIeYUTh B MOJHOM
00bEME BBINMOJHEHHE TeXHUYEeCKHX 3aJaHUil Ha pa3pabOTKy ONTHKO-3JEeKTPOHHBIX MPHOOPOB U
KOMIJIEKCOB CIelHa/IbHOTo Ha3HaYeHHs!.

B kayecTBe mnpumepa MOXKHO TMPUBECTH Pa3dpaboOTKy ONTHKO-3JEKTPOHHOIO KOMILIEKCa
ILIMPOKOCMEKTPAJIbHON — annapatypbl  CPeIHEro pa3pelieHdsi KOCMHUYeCKOro  0Ga3upoBaHMUS.
[IpenesnbHble TpeGoBaHUSI 10 paspellieHHIo, YIVIOBbIM T0JSIM, 30HaM 3axBaTa, KOHTPACTHOCTH,
MHOTOCIEKTPaJIbHOCTH, TPEJeIbHO HU3KHEe Macco-rabapuTHble MapameTpbl MPOTHBOPEUYMBbLI MO
CBOEH CyTM Ha 3Tane pa3pabOTKH KOHCTPYKTOPCKOH AOKyMeHTaluu. HeoceBble ontuyeckue
CUCTEMbI MTO3BOJISIIOT [0 CPABHEHUIO C KJIACCHUECKUMH 06ecreynBaTh yBeJHUeHHE YIJIOBbIX MOJIEH,
MOBBILIATH PABHOMEPHOCTb KayecTBa MO BCeMY IMOJII0 H300paKeHHsl U, YTO caMoe TJIaBHOe s
KOCMMYECKOH amnnapaTypbl, B 3HAUMTeJbHOH CTENeHU MHUHMMHM3UPOBATh Macco-rabapuTHbIe
napameTpbl.

CyuiecTByeT IBa BUJIa HEOCEBbIX ONTHYECKUX CUCTEM:

- 9KCLEHTPHYECKHE 3epKaJsibHble chucTeMbl (TpumiieT Kyka), B 0CHOBe KOTOpPbIX HeoCeBble
achepuueckue 3epkasna;

- HeoceBble pedpakTOMETpPHUUECKHE ONTHYECKHE CHCTEMbl, B KOTOPBIX HCIOJb3YIOTCS
CEerMeHTHpPOBaHHbIe cpepuuecKre U achepriecKrue J1eMeHTHI.

Ha ceromnsiiHuii JieHb H3rOTOBJIEHHE, KOHTPOJb HEOCEBBIX acepHUYecKHX 3epKaJ
Hepa3pbIBHO CBSI3aHbl C UCIMOJIb30BAHHEM CHUHTE3UPOBAHHBIX TOJIOIPAMMHBIX 3JIEMEHTOB, KOTOpbIE
MPUMEHSIIOTCS B CXeMaX KOHTPOJIsl KaUeCTBa KaK CAMHUX 3€pKaJl, TaK M B cxeMax COOPKH U IOCTUPOBKH
KCLEHTPHUUECKUX 3€PKAJIbHBIX CHCTEM.

Ha npenanpusituu [TAO «Kpachnoropekuii 3aBog um. C.A. 3BepeBa» B paMKax BbIOJHEHHUS
HUWUOKP 1o npoeKTHpOBaHWIO W H3TOTOBJIEHHIO OMBITHBIX 0OpPaslloB IIHPOKOCMEKTPaJbHON
annapaTypbl CpeJHEero paspelieHus KocMuieckoro 6agupoBanusi (puc. 1), coBmectHo ¢ MI'TY
uMm. H.9. baymana, BbinosiHeHa pa6oTta 1o paapaboTKe TeXHOJOIHH COOPKH, IOCTHPOBKH HEOCEBOH
pedpakTOMETPHUECKOH ONTHUECKOH CHCTeMbl, paboTatolleidl B kKopoTkoBoJsHoBOH WMK-o6mactu
cnekrpa (1,5—1,7 mkm). Boilieykazannasi paboTa siB/sieTCsi HHHOBALMOHHOH He TOJIbKO B paMKax
Poccuiickoit @enepatyu. BuinosHeHue BblllieykazaHHOH paGoThl MOTPe6GOBATO KOMIJIEKCHOTO
MOJAXOAA:  CO3/1aHMsl  TEXHOJIOTMM  M3TOTOBJIEHHMSI ~ KPYNMHOraOapUTHBIX  BBICOKOTOYHBIX
CErMEHTUPOBAHHbBIX JIMH3, METOAMKH KOHTPOJSI WX MapaMeTpoB, a TakKe CO3AaHHs METOAUKH U
CNelMaJTu3uPOBAHHOIO METPOJIOTHUECKOTO CTeHAa ISl COOPKU M IOCTUPOBKH TPEXKOMIIOHEHTHOH
HEOCeBOH OMNTHYECKOH CHCTeMbl. Da3oBbIM 3/1€MEHTOM BbIlLIEYKA3aHHOTO CTEHIA SIBJISIETCS
MHOT030HAJIbHBIA TOJIOFPAMMHBIH  KOMIIEHCATOp, HW3TOTOBJIEHHbIH FIHCTUTYTOM aBTOMAaTHKM U
snekrpomerpun CO PAH, r. HoBocu6upcek.

B noknage 1noapoGHO  M3JaralTcs  KOHLENTyaJbHble  BOMPOCHI  MCIOJIb30BAHHUS
roJIOrPAMMHBIX 3JIEMEHTOB, KaK OCHOBHOH COCTaBJISIIOLIEH TEXHOJOTUH COOPKH M IOCTHPOBKH
HEOCEeBbIX KPYMHOrabapUTHBIX pe)pakTOMETPHUUECKUX ONTHYECKHUX CHCTEM.
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7 — xopotkoBosiHOBbIH UK-kanan
Puc. 1. Ontuueckasi cxemMa JIBYXKaHAJbHOTO 3€PKaJbHO-JIHH30BOr0 00bEKTHBA
IIMPOKOCTIEKTPAJIbHON anmnapaTypbl CpeIHEro pa3pelleHnsi KoCMHuecKoro 6a3upoBaHust

Ucrounnku

[1] Bpouwreiin O.J1. KpynHoraGapuThble 3epKajbHble CHCTeMbI: KOHTPOJIb FeOMEeTPHH, I0cTHpoBKa / M.:
JITK ITpece, 2015. — 600 c.

[2] 3amapsun B.M. Metonnka c60pKH U IOCTUPOBKH 3ePKaJIbHO-JIHH30BbIX 0O'bEKTHBOB C SKCIEHTPUUHO
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Prospects for potential use of hologram elements in alignment of off-axis
optical systems

B.N. Senik, Yu.P. Doroshina, S.B. Odinokov
' JSC “Zverev Krasnogorsk factory”, Krasnogorsk, Russia
2 Bauman Moscow State Technical University, Moscow, Russia

At present time off-axis optical systems' significance in electro-optical instrument making
industry is constantly rising. In quite a number of cases (electro-optical hardware for remote Earth
sensing, for air-borne reconnaissance means and etc.) application of these systems provide the
only way allowing full-scale implementation of performance objective for development of special
purpose electro-optical devices and complexes.

As an example we can cite development of a space-borne wide-spectrum medium resolution
electro-optical complex hardware. Severe requirements for resolution, angular fields, capture
zones, contrast range, multispectral parameters being combined with severe requirements for
compactness and lightness of the hardware by the very nature contradict each other when these
requirements are made at stage of design documentation development. In contrast with traditional
ones the off-axis optical systems make it possible to increase angular fields, to improve uniformity
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of image quality throughout the whole image field, and, that is crucial for space-born hardware,
they allow to reduce hugely weight-and-dimensional parameters.

There are two types of off-axis optical systems:

- eccentric mirror systems (Cooke triplet), based on ofi-axis aspherical mirrors;

- off-axis refractometric optical systems, where segmented spherical and aspherical
elements are used.

Currently, off-axis aspherical mirrors manufacturing and quality control procedures are
inseparably associated with use of synthesized hologram elements which are applied both in the
very mirrors quality controlling schemes and in schemes for assembling and alignment of eccentric
mirror systems.

The PJSC “Krasnogorsky Zavod” in cooperation with Bauman MSTU had completed a
project within frame of a research, development and engineering activity for development and
fabrication of prototypes of space-borne wide-spectrum medium resolution hardware (Fig. 1). To
be more specific, there was developed a technology for assembling and alignment of an off-axis
refractometric optical system operating in SWIR-portion of spectrum (1.5 to 1.7 pm). The above-
mentioned work has innovative character not only for the Russian Federation. Implementation of
this work had required to apply a comprehensive approach: to create a technology for fabrication of
large-sized high-precision segmented lenses, a technique for monitoring of their parameters. Also
there were created a technique and specialized metrological bench for assembling and alignment
of three-component off-axis optical system. A multi-zone hologram compensator made by Institute
of Automation and Electrometry of Siberian Branch of the Russian Academy of Sciences
(Novosibirsk) serves as basic block for said bench.

The report comprises detailed description of conceptual problems related to use of the
hologram elements as basic component of the technology for assembling and alignment of large-
sized off-axis optical systems.

7 — SWIR-channel
Fig. 1. Optical scheme of double-channel catadioptric lens for space-borne
wide-spectrum medium resolution hardware
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[1.4 ﬂoc.ne,uﬂne JOCTH2KEHHUS B obJactu aJleKTPOHHOﬂyquOﬁ TEXHOJIOI'NH
U3roTOBJI€EHHUSI OPUTHHAJOB ONTHYCCKUX 3aLIUTHbIX 9JIEMCHTOB

A.A. l'onuapckuii, A.B. l'onuapckuti
00O «llentp Komnbrorephoit ['osorpaduun», Mocksa, Poccust

DJIEKTPOHHOJ/TyU€eBasi TEXHOJIOTHST OTKPbIBAET HOBbIE BO3MOXKHOCTH B OMTHUECKHUX 3aLIIUTHbIX
TEXHOJIOTHSIX. TeXHOJIOrusl 3aulMlleHa KaK BbICOKOH CTOMMOCTbIO 000pY/NOBaHHUs, TakK MU
HAYKOEMKOCTbIO 3JIEKTPOHHOJYYEBOH JIMTOrpaduu.

DJIEKTPOHHOJ/yUeBasi TEXHOJIOTHSI TO3BOJSIET M3TOTABJAMBATH OMNTHYECKHE 3JEMEHTbI [t
tdopmupoBanus kak 2D, Tak u 3D wuzoOpaxkeHuil. AkTyasbHOH 3ajmadedl B HaCTosilee BpPeMsi
sIBJISIeTCSl  pa3paboTKa TEXHOJIOTMM CHHTe3a ONTHYECKHX 3allUTHBIX 3JEMEHTOB, KOTOpble
HEBO3MOXKHO TMOJ/Ie]IaTh WJIW MMHUTHPOBATb C [OMOLIbIO ONTHYECKOW 3arlucH OPUTHHAJIOB.
[Ipumepom Takoro 3aumtHoro npusHaka sisjsietcst DeColor effect, ocHoBaHHbII HA HCTONB30BAHUN
ACUMMETPUYHOTO MHKpopesibeda. DPQeKT Jerko npoBepsieTcsl BHU3YaJbHO: MPH HOPMaJbHOM
MOJIO’KEHUH ONTHYECKOro 3JeMeHTa HabJsiojaTesb BUAUT OIHO M300paKeHue, a MpU MOBOPOTE
sneMeHTa Ha 180° — jpyroe u3oOpaykeHHe Ha TOM »Ke MecTe. TOYHOCTb H3rOTOBJIEHHS
MHKpopesibeda TP paKkIlHOHHOTO ONTHUECKOTO 3JIeMeHTa cocTaBJsieT nopsigka 10 HM mo BeicoTe.
Takue a/eMeHTbl HEBO3MOXKHO MOJUIe/aTh UM UMHUTHPOBATh C MOMOUIBbIO ONTHYECKHX METOJOB
3arnucH OPUrHHaJOB.

DJIEKTPOHHOJ/yUeBasi TEXHOJOTHS TO3BOJISIET M3TOTABJAMBATH OMNTHYECKHE 3JEMEHTbI [t
tdopmupoBanus 3D usobpaxenuii. BriepBble audpakiyoHHble ONTHYECKHE 3JEMEHTHI ISl
dhopmupoBanusi 3D nzoOpaxkeHU OblIM UCOJb30BaHbl B MJ1aTéXHON cucTeMe Visa 6ogee 20 set
Hazan. ['oayOb Ha mulacTMKOBOM KapTe Visa Obll 3amucaH ¢ MOMOLLbIO ONTHYECKOH TEXHOJIOTHH.
DJEKTPOHHOJIyueBasi TEXHOJOTHSI TI03BOJISIET CHHTE3WPOBATh JU(MPAKLIHMOHHBIE ONTHUECKHE
3JIEMEHTbI, HaJIEXKHO 3alUIIEHHBIE OT MOIENKH. [ [puMepoM Takoro 3allMTHOTO PU3HAKA SIBJISIETCS
BepTHKaJbHbIH switch-effect mexnmy nBymsi 3D usob6paxenusivu. B HopmasbHOM TMoJI0KEHHH
ONTHYECKOTO 3JeMeHTa HalbJjiofaTesb BHIUT OAHO H300paxKeHWe, KOTOpOe TMpH HaKJIOHe
OTNITUYECKOTO 3JIeMeHTa BBEPX-BHU3 MeHsieTcs Ha japyroe 3D usobpaxenne. 3alUTHbIA MPU3HAK
JIETKO MPOBEPSIETCS U HANIEXKHO 3ALIUILEH OT TOIEIKH.

DJIEKTPOHHOJIyYeBasi TEXHOJIOTHSI T103BOJISIET HM3rOTaB/JAMBATH 3alllUTHbIE ONTHYECKHe
3JIeMEHTbl /I MHCTPYMEHTAJbHOrO KOHTpoJisi. CylIEeCTBYIOT MOpPTaTHBHbIE MNPUOOPbLI IS
Busyasusainu ckpbIThix CLR (Covert Laser-Readable) nso6pakenu#i Ha 3alIMTHBIX ONTHUECKUX
sJeMeHTax. B aTom ciydae pelieHue 0 MOIMHHOCTH 3aLIUTHOTO 3JIEMEHTa IPUHUMAET SKCTepT.

DJIEKTPOHHOJIy4Y€eBasi TEXHOJIOTHSI 103BOJIsIET pa3paboTaTh MPUHUMITHATBHO HOBbIE TPUOOPHI
JJISl aBTOMAaTU3UPOBAHHOIO KOHTPOJISI MOJJHHHOCTH JOKYMEHTOB, OAHKHOT, aKIM3HbIX Mapok.
JludpakimonHble 3JeMeHTbl I aBTOMATM3MPOBAHHOTO KOHTPOJIS Cofiep:KaT (parMeHThl
M300paKeHUH, KOTopble BHM3yaslM3UPYIOTCs € MoMolblo JazepHoro auoaa. CLR-usobpaxenus
dhopmMupytoTesi B poKaJIbHOH MJOCKOCTH NPUOHOpa aBTOMATU3UPOBAHHOTO KOHTPoJIs. M306parkenune
JIETEKTUPYETCsl C MOMOLIbIO ONITHYECKUX JIeTEKTOPOB. PellieHre o MoyIMHHOCTH KOHTPOJHPYEMOTO
3alMUTHOTO 3JIeMeHTa MPUHUMAET MUKporipolieccop. Bec npu6opa aBToMaTH3MpOBaHHOTO KOHTPOJIS
He npesbiaer 100 r. [Tpoueaypa KOHTpoJIsSi HHBapHAHTHA OTHOCHTEJIBHO MOBOPOTA NpUbOpa U He
TpeOyeT creldaJbHbIX HABBIKOB OT 9KCIepTa.

OnTHueckue 3JeMeHThbl, U3rOTOBJIEHHbIE C TOMOIIBIO 3JE€KTPOHHOJMYYEBOH TEXHOJIOTHH,
MOTYT THPa:KHPOBAThCSI CTAHAAPTHBIM 060PY/IOBAHHEM JIJIST MACCOBOTO H3TOTOBJICHHS TOJIOTPAMM.
HoBble onTHyeckde 3alllMTHble MPHU3HAKH /ISl BH3YyaJlbHOTO M HMHCTPYMEHTAJbHOTO KOHTPOJIS
HaEKHO 3aLUMIIEHbI OT MOIEJKH U MOTYT MCMOJb30BAThCs /sl 3aLUUThI JIOKYMEHTOB, OaHKHOT,
AKLM3HBIX MAPOK U T.JI.
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Latest development in E-beam optical security technology

A.A. Goncharsky, A.V. Goncharsky
Computer Holography Centre Ltd., Moscow, Russia

Nano-optical elements — a new breakthrough direction in security technology. Electron
beam origination technology is used in production of originals of the nano-optical elements. The
technology is well protected against counterfeiting or imitation by both the high price of E-beam
equipment and complexity of the technology.

E-beam technology offers a wide range of security features for visual control. DeColor effect
is an example of such security feature based on asymmetrical micro-relief. The effect is easy for
verification: from a normal viewing position an observer sees one image, but after rotation of an
element through 180 degrees, an observer sees a different image in the same place.

E-beam technology allows to make not only 2D, but also 3D visual effects. The vertical
3D/3D switch effect is an example of such security feature. The security feature consists in the
alternation of two 3D color images when the diffractive element is tilted up/down. The switch effect
can be observed under white light.

E-beam technology allows to create CLR (Covert Laser-Readable) images for automatic
control. The handheld portable reader for automatic control allows reliable and quick verification of
nano-optical elements.

The optical elements created with E-beam technology can be replicated using standard
equipment employed for manufacturing security holograms. The new optical security features for
visual and instrumental control are safely protected against counterfeit and designed to protect
banknotes, documents, ID cards, etc.
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[1.5 HepcneKTanl MNOoJIy4€HU Sl HOBbIX BU3YaJIbHbIX Sd)d)eKTOB B 3alHUTHBIX
rojorpaMmMax ¢ nNoMoulbo HAaHOMNJIA3MOHHBIX CTPYKTYP U BO3SMO2KHOCTb HUX
BCTpauBaHUd B TpaAULLUOHHYIO CepHﬁHle TOHKOIIJIEHOYHYKO TEXHOJOTIUIO

C.b. Odunokos', A.FO. )Kepoes', /1.C. Jlyuinuxos', M.B. llluwosa’, A.B. Cuuptog?,

B.B. Akumos’

' MOCKOBCKHI rocylapcTBeHHBIH TeXHuuecKHil ynusepceutet um. H.D. Baymana, Mocksa, Poccust
2 AO «HITO «Kpunren», ly6ua, Poccust

B noknane aHa/qusupyroTCsi BApUaHThbl pacyeTa W U3rOTOBJIEHHUS MJIa3MOHHBIX OMTHUECKHUX
HAHOCTPYKTYP B BUJIE OJHOMEPHBIX H/ W/ IByMEPHbIX M11a3MOHHBIX T PaKLUHOHHBIX peleTok (1D-
2D T1IP) nist ux BCTpauBaHUsl KaK ONTHYECKOTO 3alMTHOTO 3JE€MEHTa B 3alUTHbIE [0J0rPaMMBbl,
M3rOTaBJMBAaeMble KaK [0 CTAaHIAPTHOH pPOJIbHOH TEXHOJOIMH 3MOOCCHPOBAHMs, TakK W IO
TEXHOJIOTHH M10CKOro ¥ P -3M60CCHPOBAHHSI.

B xone BbimosiHenust paGoThl, KoTopasi mpoBoauiach 1o 3aganuio AO «HITO Kpunren»,
r.Jly6na, Poccust), OblIM MosydeHbl CIeIytolliie pe3yibTaThl:

1) paspaGoran meton ananuza 1D-2D TIJIP na ocHoBe Mmerona Dypbe-mol pelleHUs
cucTeMbl ypaBHeHH MakcBeda;

2) pazpabotano mnporpamMmmHoe obGecrnedenue (I110) nns ananmza crnekTpasbHO-YIJIOBBIX
xapakrepuctuk 1 D-2D T1/1P;

3) paspaGoTaHa TeXHOJIOTHS U3TOTOBJEHHSI ONTHUECKOro 3allluTHOro 3jaeMeHTa (O33) Ha
ocnose 1D-2D TT/IP.

[lesiblo paboThl SIBJSIIOCH CO3laHHE BU3yasbHO HaGJI0AeMOr0 ONTHYECKOTO 3aLIMTHOTO
snemenTta (O33), BU3yaJbHO OTJIHUAOLIErOCs OT 3 eKTOB, BOCIPOU3BOIUMbBIX CTaHAAPTHBIMU
pajlyKHbIMH [oJIOrpaMMaMM, W U3TOTOBJIEHHE 3KCIepUMeHTa/lbHOro obpasia O3 Ha ocHoBe 1D-
2D TP B npoxofsiiieM HUJid OTPAXKEHHOM CBETE.

HenocraTkamu cTaHmapTHBIX paIy:KHBIX 3allUTHBIX TOJOTPAMM MPH HMX BH3yaJbHOM
HaOJIIO/IEHUH SIBJISIIOTCS:

1) peskoe n3MeHeHHe LIBETOBOH raMMbl B roJiorpacuyeckoM U300paKeHUH MPU H3MEHEHHH
yrJia HabJTIo/ICHUST H3-3a CHJIbHO BbIPa’KeHHBIX AMPPAKLHOHHBIX SPPEeKTOB;

2) HEBO3MOKHOCTb MPH HAOJIIOIeHUH MOJTy4eHUs1 PUKCHPOBAHHBIX UJIH MJIABHO H3MEHSIEMbIX
1IBETOBBIX OTTEHKOB, YTO PUHATO KaK «KaHOH» B 3alLMILECHHON MOJUrpaduu.

st mostyueHust pUKCHPOBAHHBIX HJH MJIABHOM3MEHSIEMbIX LIBETOBBIX OTTEHKOB B HTOTOBOM
rojiorpacuueckom u3o6paxkeHuu 6K ucrnosnbzoBatbl 1D-2D TT/IP co HanocTpykTypoil «meTai-
JIH3JIEKTPUK .

[Ipu nuszaiiHe 3alIMTHBIX ONTHYECKHUX TJIA3MOHHBIX 3JI€MEHTOB YA0OHO IMpeoOpa3oBaTh
CMeKTpaJbHO-YIJIOBbIE IMarpaMMbl B hopmar 1BeToBo# 1ikasbl [ 1 —3]. Torna uncdopmatus o 1Bete
Mo TPHUHLMITY AJJIMTUBHOTO CMEUIeHHs] TMPEACTABJAETCS HANpsMylo, a He 3aBUCHMOCTbHIO
MHTEHCUBHOCTH MPOIMYCKAHUS U/ OTPaXKEHHUs B IHANa3oHe UIUH BOJIH.

Takass KoHBepTalMsi TPOBOAMTCS B JiIBa 3Tana [0 H3BECTHOMY aJroputMy [9]
KOJIOPUMETPUUYECKHX PACUETOB: BbIUMC/JEHHE KOOPIMHAT 1IB€Ta B LBETOBOM MpocTpaHcTBe XYZ
MKO 1931r. u nocnenytoulee mnpeobpa3zoBaHde B HeJHMHEHHblE KOOPAMHATHI IBETOBOTO
npoctpaHctea SRGB IEC61966—2.1.

Pacuer koopauHar usera XYZ
[lepen HemocpeaCTBEHHBIM pacyeToOM LBETOBbIX KOOPAMHAT HEOOXOIMMO YCTAHOBHUTb B
KAaKOM CBeTe OyJIeT POBOIUTCS SKCIEPUMEHT U MOCJIEyIO1Ast IKCILIyaTallks 3alUTHBIX 9J1€MEHTOB
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¢ 2D I'TAP. Ucrounuk Tuna D65 siB/sieTcs CTaHIAPTHBIM, MPUHSATHIM MEXKIyHAPOIHOH KOMHUCCHEN
no ocsetlieHHocTH (MKO), umeer 1Betoyto Temnepatypy 7 = 6504 K u makcuMyMm criekTpabHOH
CBETUMOCTH Ha JIJIMHE BOJIHBI TpuMepHO 450 HM.

Bbiuncsienue koopauHat 1Beta B 1BeToBoM npoctpancetse MKO 1931 r. npoBoautes no
CMeKTpaJbHbIM XapaKTEPUCTHKAM MCTOYHHMKA OCBELUEHHSI B COOTBETCTBMHU CO CJIEIYIOLIUMU
BbIpaXKeHUsIMHU [ 4 ].

Anroputm nepecuera XYZ—RGB
[lepecuer MexIy 1IBETOBbIMM KOOpPIMHATAMH TMPOBOAMTCS  3akjaiouaeT B cebe
npeobpazoBaHue M3 1BETOBOro mnpocrpaHctTBa XYZ B JuHerHoe mnpoctpaHctBo R'G'B’ u
npeo6pasoBaHue U3 JuHelHoro npoctpancTBa R'G'B’ B HesinHeliHoe npoctpaneTBo RGB.

Bb160op 11BETOBOrO NpocTpaHcTBa

JIBa HaubGoJiee 4acTo UCIMOJb3yeMbIX pabOUnX MPOCTpaHCTBA B LUGPPOBOH hoTorpacduu —
510 Adobe RGB (1998) u sRGB IEC61966—2.1. O6a 3TuX npocTpaHcTBa MpPeACTaBJEHbI s
ucrouHnka D65 W ycraHaBaMBalT HAGOpP LBETOB, JOCTYMHBIX Il pabOThl MPU pelaKTHPOBAHHUH
uzobpaxenusi. lletoBoe mnpoctpanctBo SRGB  npu6sausuTesibHO  COOTBETCTBYET —ramme
GOJILILIMHCTBA PACMPOCTPAHEHHBIX MOHUTOPOB M, UTO BaXKHO J/Is1 HAILIEH MOJEJIH, OMpPEIeseHO T0
ymoJyanuto B nporpamme Matlab. I'amma usetnoctu sSRGB onna u3 cambix y3kux cpenn paGounx
NPOTPAHCTB U MOKpbiBaeT Beero 35% BUAMMbBIX IBETOB, onpeaenénubix MKO 1931 r., Ho Tem He
MeHee CUMTaeTcsl JA0CTaTOYHO ILIMPOKOH it GOJIbIIMHCTBA LBETOBBLIX MpuMeHeHud. Ha puc. 1
criektp 1uBeToB sSRGB ouepueH TpeyroJsbHUKOM cpeiit 00IIET0 CMEKTPa JAOCTYHbIX YeJ0BEYECKOMY
rJ1asy LBETOB.

0.2

0.1

0.0 * 80
00 0.1 ; 0.3 04 05 0.6 0.7 0.8
X

Puc. 1. Cnektp upetoB sRGB na nosHoft XxpomaTHuecKoH aarpamme

4 OnucaHue aJiropuTma Budyanu3aiuu B nporpamme Matlab
PeanuzoBannbii B cpene Matlab maTtemaTnueckuil anmapat mnosBoJsisieT MoJydaTh
KooparHaThl npoctpaHcTBa RGB Ha ocHoBe nporpammHoro o6ecneyenusi. BxonHbIMu napameTpamu
pacueta siBjisieTcsl HAOOpP MHTEHCUBHOCTEH OTPaKEeHHbIX U TMPOIIEALINX MOPSAKOB AU(PpAKIKH, a
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TAaK)Ke JManasoH JJIMH BoJH A (MaccuB wlv) u yrjioB nanenusi 0 (maccuB theta). Jlanubie 06
MHTEHCUBHOCTH B HYJIEBOM TOpsijIKe cojiepkarcs B nepemMeHHbIX res.R0O u res. TO.

@yHKIMH, He0OXOUMbIE JIJISl TPOBEEHUST KOJIOPUMETPHUECKHUX PACUETOB:

K = Colour_function_RO(w, r0, wl) — mnpoBoauT MHTepPNOJSLMIO MO AJMHAM BOJH JIst
KaXKJIOH CreKTpaJibHOH KPUBOH, TMoJiydaeM pacrpesiesieHne Koaduiinenta otpaxkeHuss R(A) uin
nponyckanus T(A) B hopmyJie (1.1);

S = Power_D65(wl) — oTHocuTesibHas CieKTpasibHAs MOIIHOCTb HCTOUHHWKA HU3JyueHHS
P()) B hopmyJie (1.1);
xcolour = Colour_X_ Curve(wl), ycolour = Colour_Y_Curve(wl), zcolour =

Colour_Z_Curve(wl) — KpuBble CJI02KEHHS LIBETOB B I10Jie 3peHHUs 2° cTaHAapTHOrO HabJtoaaTe s
st XYZ cuctembl namepennst usera MKO 1931 1., ¥(1), 7(1), Z(0).
B pesyJsibTare BbIMoJHEHUs pacueTa oOpasyeTcsl ceayloluid Habop napaMmeTpoB:

1) (7, g,b)— HeJIMHeHHble KOOP/IMHATHI B 1IBeTOBOM npocTpaHcTBe SRGB (B nepBoii ctpoke

COJIePzKATCsl 3HAUEHHUST KOOP/IMHATBI KPACHOT0, BO BTOPOH — 3€JIEHOT0, B TPEThel — CHHEro);

2) map — uBeToBasi KapTa B BHJE MaTPHULbl U3 TPeX CTOJOLOB, COAEpXKALLUX TPUIJIET
11BETOBBIX KOOPIMHAT.

PaspaGoranHoe mnporpamMmHoe ofecreyeHue I103BOJIeT BHM3yalH3HPOBaTh LBETOBOE
noBejieHHe o6paslia MJIa3MOHHOH CTPYKTYpbl B 3aBMCUMOCTH OT YrJjla HakjJoHa oOpasua, uTo
M03BOJISIET HATJISIIHO MPEJCTAaBUTh LBETA CTPYKTYp U obJeryaeT pa3paboTKy Au3aiiHa ONTHYECKOro
3aluTHOTO 37emMeHTa (O3 ) Ha OCHOBE MJIA3MOHHBIX CTPYKTYP.

bouio nposeneHo mopeauposanue 2D T1JIP, nanpaBieHHoe Ha TMOMCK IJIA3MOHHOTO
s(deKkTa B MponyckaHud, ObIM HCCAEI0BaHbl HAHOCTPYKTYPbl CO CJEIYIOIMMH BapHaHTaMH
peJsbeda:

1) nepdopupoBanHas cepeOpsiHasi MJIEHKA, BbITOJHEHHAs! HA MOJUMEPHOH MOJJI0KKE;

2) Habop NMOJMMEPHBIX HAHOLUMJIMHIPOB, MOKPBITHIX cepebpoM;

3) nocepeOpEeHHbIH MOJUMEPHBIH CJI0H C OTBEPCTUSIMH HA MOJHUMEPHOH MOIOXKKE;

4) CTPYKTYpbI C reKcaroHaJsibHOH yaKOBKOH 3J1€MEHTOB.

Bbuin  nosiyyeHbl  CTPYKTypbl, B KOTOpPbIX HaOJofaeTcst MJa3MOHHBIH  3dekT,
3aKJIIOYAIOIIMHACS B U3MEHEHHH LIB€Ta CTPYKTypbl MPH H3MEHEHWH yrya naienus. B cnexrpax,
MOKa3aHHbIX Ha pHC. 2, HabJoaeTcsl pa3iBoOeHHe 1oJ10ckl nponyckanus. C yBeJuyeHueM nepuoja
ropu30HTaJIbHast 110J10ca BO BCEM JIMana3oHe YIJloB CMellaeTes B KpacHyto 00J1acTh, a IMaroHasbHast
B 00J1aCTb MEHbIUMX yrJIoB najeHus. VX coBmecTHoe BiMsiHME Ha 1iBeT oOpaslia MoKa3aHo Ha
COOTBETCTBYIOUIMX LBeTOBbIX auarpammax. Ha ctpyktype nepuogom 300 HM HabJsomaercs
M3MeHeHHe [BeTa ¢ 6MPI030BOro Ha (hHOJIETOBBIN MPH yIJie NajfeHus Bbillie 35",

Ta6.1. 1. Jlnanazon sHaueHu# napameTpoB uceaemyembix 2D TT/IP

[MapameTp Jlnana3oH 3HaueHHH

Tun ssemMeHTOB CreprKHH, OTBEPCTHS
YTaKoBKa 3JIeMEHTOB [IpsimoyroJibHasi, reKcaroHaJibHast
[Tepuon 200—600 um

Bricora pesibedpa 60—120 um

ToasiyHa MeTaNINUECKOTO MOKPBITHS 20—60 um
Martepuaiibl OJI0KKH noJiumMep
MartepuaJjibl NOKPHITHH Cepebpo Ag

Cnoco6 HaHeCeHHs TOKPBITHS Co creHkaMu, 6€3 CTEHOK
[Tossipuzanus TE, TM

['papaumio 1BeTa B 3aBUCUMOCTH OT TMEPUOJA MOKHO MPOCJEUTh, BbIOPAB K pACCMOTPEHHIO
omuH yros. Hanpumep, aist yrna nagenus 60° uset npeo6pasyeTcsi oT MyprypHOTO K 3€JeHOMY,
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3aTeM K TeMHO-OpaHXkKeBOMy, M Jlajiee K TeMHO-(uoseToBoMy. Takxke HCC/Ie10BaNOCh BJUSHUE
TOJILMHBL  CepeOpPSHOro  CJIosl, YBEJWUUBAs KOTOPbIH, TIOJyuaeM YKOPauWBaHHWE TOJIOCHI
MPOIyCKaHHUsI 0 YIJIy.

\\ 4}59"
\_‘_x\ \\ f‘f# \\\
\\_\\\\ é;b‘fi?’
- b 4‘,\——--————---* e <@:____d_’;£:__.-\ _____
6) nepuon 400 HM
<§____._____{;_.___ A Y <§________-—?‘—"'-\- S Q_ __________ T

B) nepuon 600 HMm
Puc. 2. Cxema uamenenust useta 2D [1/IP B npoxozsiiiieM cBeTe MPH HAKJIOHEHHH B 00€HX MJIOCKOCTSIX

B pesy/ibraTe BbINOJHEHHBIX HCCae0BaHNH Mo aHaaudy noseienust JAI1C B mponyckanuu ¢
BapbUPOBAHHEM IeOMETPUYECKHX NapaMeTpoB B LUMPOKOM JHaNa3oHe 3HaUeHUH OblJIM BbIsSIBIEHbI
cJle/lytolliie 3aKOHOMEPHOCTH: 1) pu paccMOTpeHHH CTPYKTYp B BHIE MaTpHLLbl OTBEPCTHH HJH
CTyINeHeH, MOKPBITHIX ¢/10eM cepebpa, 3Ha4eHHe ONTHMAJ/IbHON TOJILLUHBI CJI0S1 HAbICHUS MeTaJjla
Haxomutess B jauanazoHe or 20 no 40 HM; 2)1pu pacCMOTPEHHH CTPYKTYpP B BHJE MaTpHLbI
nepopUpOBaHHBIX B cJoe cepebpa OTBEPCTUH 3HAYeHHE ONTUMAJbHOH TOJLIMHBI  CJIOSI
MeTaJlJIMYeCKOro ¢J1os HaxoauTest B auanazone ot 60 go 120 HM, npuyem yBeJHUeHHE TOJILIHHbI
MOKPBITHSI MPUBOJL K Cy:KEHHI0 MoJiochl mponyckanusi; 3)Ha [1C ¢ rekcaroHasbHOH yrNakoBKOH
3JIEMEHTOB ¢ MeHblue# nepuoandHocTbio (200—300 HM) MOXKHO T0O6UTBCS (deKTa CoXpaHeHHs]
1IBeTa B LUIMPOKOM JIMaNa3oHe H3MEHEHHUs yrjla HakJIoHa 06pa3slia; 4 ) npu usMeHeHUH MoJsIpU3aLru
nanatoutero usaydenusi ¢ TM na TE nosioca nponyckanus cykaetcsi, 0CTaBasiCb B KOPOTKOBOJIHOBOH
00J/1aCTH, BMECTE C 3TUM CMELIASICh B CTOPOHY MEHbILIHUX YIJIOB MaJCHHUSA U3JTyYeHHSI.
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Puc. 3. A0-muarpammbl nponyckauus 2D [TJIP B TM-no/1sipu30BaHHOM H3/yU€HHU U UX 1IBETOBbIE IMarPAMMbl

0

4

B uenom HalineHnHble myazmMonHble 3hdextol Ha 2D T1/IP npuBoasit K u3MeHeHHIO 11BeTa
obpaslia Ha MPOCBET B HeOOJILIIOM HHTepBaJjie LBETOB (OT CHHEro K 3eJIEHOMY, OT 3eJIEHOro K
JKEJNITOMY MJIM OT OPaHXKEBOTO K KpaCcHOMY, KaK TMOKa3aHO Ha PHUC. 3) MPH HaKJOHeHUH obpasiia B
J0O0H TJIOCKOCTH, TPH TPOM3BOJILHOM [OBOPOTE B HEe MOJISIPU30BAHHOM u3JydeHud. Ha
paccuMTaHHbIX AO-aMarpammax BHAHO, uTo o6pagel] Jyuuie B TM-noJsipu30BaHHOM CBeTe
NPOIYCKAeT, B OCHOBHOM B CHHe-3eJiéHOoH obsacTu. [Ipu moBopoTe obpasiia Ha 45  BOKpyr
coOCTBEHHOH OCH JMarpamma TpOIMYyCKaHUsl TMpeTeprieBaeT JErkue wH3MeHeHUs. Makcumym
nponyckaHus coctapJsiet nopsiaxa 0,7.

Hanee OblM  MpPOBENEHbI  KCIEPUMEHTAJTbHblE H3MEPEHHUs]  CIIEKTPasbHO-YTJIOBOH
XapaKTepUCTHKHU TponyckaHus o0pas3ioB Ha criekrpodotomerpe AvaSpec-ULS2048 StarLine
Versatile Fiber-optic Spectrometer. Peaynbratel u1amepenuil npeacrasJ/ienbl Ha puc. 2.
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Bb110 06HApy»KEHO HECKOJIbKO HOBBIX MJIa3MOHHBIX 3(hheKTa: myia3MoHHble 3 dekThl Ha 2D
[TJIP B oTpaxénHom u mpoxojsiiieM uaaydeHnd. CreKTpaabHO-YIJIOBble AHarpaMMbl C JaHHBIMU
s¢dhekTaMu oKa3aHbl Ha puc. 2.

® ®

V4

— — | —®

L

Puc. 4. Cxema paGoTbl 3aLIUTHOH IOJIOTPaMMbI B IM(paripoOBaBIIEM H3JTyUeHHH
B OTPaXKEHHOM U B TPOXOJISILLIEM U3JTy4eHUH

PegynbraThl u3MepeHHI B 1eJOM TOBTOPSIIOT pe3yJbTaThl MOJAEJIUPOBAHUS, XOTS
NoJTydeHHbIH MaKCUMYyM MpoMycKaHusi He rpeBbitiaet 0,25 npu HakioHeHHH 06pasiia. XapaKTepHble
KpHBble HE3HAUMTEJbHON aHOMaJIMH KO3 pHULMEHTa MPOMyCKaHUs BAOJb MPAHHMLL CYyLLIECTBOBAHHUS
I PaKIMOHHBIX MOPSIIKOB COXPAHSIIOTCS.

B pesysibraTe BbIMOJIHEHHBIX TEOPETHUECKUX U SKCIIEPUMEHTAbHBIX UceaenoBanuil 2D [T/P
6bl1 CPOPMUPOBAH MPOEKT HOBOTO 3atuTHOro rnpudnaka (3I1) na ocuose 2D TTJIP nyis nosydenus
HOBOTO ONTHYECKOr0 3allMTHOTrO 3JemMeHTa (033).

[lIo cpaBHeHHIO ¢ OOBIYHBIMU 3aLIMTHBIMU ToJjiorpammamu (3I7), 3alMTHBIA MpU3HAK Ha
OCHOBE JIaHHBIX TUIA3MOHHBIX 3(PdeKkTax OyaeT BOCIPUHUMATHLCS HHAue, TOCKOJbKY BHIEH He B
IMparupoBaBIlieM HM3Jy4eHUH, a B OTPaxKEHHOM M mpoxojsiieM. [lomumo storo, ecanm Ha 3I
pajy>KHbIH 3(pPeKT MPOosIB/ISETCS B IOJHOM CIEKTPaJbHOM JIMara3oHe OT CUHETO 10 KpacHOro LBeTa
npu mMajiom nosopote 37, To 3hpeKT B NPoXoAsiEeM U3/TydeHUH MPUBOAUT K U3MEHEHHUIO OKPAaCKH
o6pasliia OT CMHEro JI0 KPaCHOTO 1[BeTa MPH MoJiHOM roBopoTe Ha 60—90°,
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Puc. 4. A0-muarpammbl o6pasua [16-9, uamepeHHble Ha CeKTPOPOTOMETPE

[IBeTa, B KOTOpbIX OyeT HAaOM0AAThCs 06pa3el] pa3inuHbl B MPOXOASLLEM U OTPAKEHHOM
U3JyueHUH. BBUIy MeHbllIeld 3aBUCHMOCTH CHEKTpa OTpayKeHHsl OT yrJia TMajieHusl HU3JydeHus,
n3o0pazkKeHHe B POXOsILLEM H3JydeHHH OyaeT 6oJiee KoHTpacTHo. [ IpeanosoKuTeibHO, BO3MOXKHO
nono6parb Takue napametpbl 2D TTIAP mis nuzaiina O3, uto nH3obpaxKeHue B OTPaxKEHHOM
U3JydeHun OyleT CKPbITBIM, a B TIPOXOASLIEM H3JydeHUH OyaeT HaoGOpOT MPOSIBAATLCA. IDTO
JIByXMepHbIE CTPYKTypbl C TeKCaroHaJbHOH YMaKOBKOH CTEpyKHEH KBaJpaTHbIX OTBEPCTHH C
nepuosom ot 200 no 600 HM, BbicoTO# Mpodus 60 HM ¢ cepebpsiHbIM HarblieHHeM 60 HM.

BaxkHbiM otsinunem aanHoro O33 craHeT To, UTO OH paboTaeT B 0O60MX MJOCKOCTSX: U B
FOPU30HTAJIBHON, U B BEPTUKAJIBHOM, TOCKOJIbKY ocHOBaH Ha aByMepHbIx [1C. [1pu naknone O33 B
JMo6oH MJ0CKOCTH OyleT MposiBAATLCS H3MeHeHWe 1BeTa. [Ipu 3Tom npu HakjioHe obpasiia B
JIMaroHabHON MJI0CKOCTH, MJa3MOHHbIH 3(pdeKT OyaeT NPOosIBAATLCS HHAYe — C HHBIMH OTTEHKaMH
nepexoJsilX 1UBETOB. DTo oTyinuyaeT HoBbIH O3 kak ot 3I, Tak U ot O33 Ha ocHoBe OIIC,
MOCKOJIbKY TIOCJ/IeIHHE OCHOBAHbI Ha OJHOMEPHBIX CTPYKTypax, u ob6a sddexTa: AU paKIMOHHbIH
(pamy»KHbI) W TJIa3MOHHBIH — TIPOSIBJSIOTCS TOJbKO Npu HakjaoHe 30 u O3 B mjockocTH,
nepreHAnKYJIIPHON WITPUXaM OJIHOMEPHOH CTPYKTYPHI.
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6) HAKJIOH B TOPU3OHTANBHON MIOCKOCTH
Puc. 5. Cxema uamenenust ueta O33 nHa ocnoe JI1C npu Hak/IOHEHHH B 06€HX MJIOCKOCTSIX

Ha ocHoBe TeopeTHuecKux U 3KCrepUMEHTaJbHbIX UCCJIEI0BAHNH, TIPOBENEHHBIX BO BPEMSI
BbINoJIHeHUs1 nepBoro stana HUP 6bun usrotossensl W uccsenoBaHbl 06pasiibl 3alUTHOTO
snemenTa (O339) Ha ocHOBE MPOIMYCKAIOIIUX OJHOMEPHOH W JBYMEPHOH MJa3MOHHOH CTPYKTYpbl

(I'TC) ¢ nusarinom «Kpunrten».
Juszaitna o6pasua, mokazaHHbI Ha puc. 6, BbimojHeH Tpems [IC, paznnuatoimxcs

nepuonom: 400, 500, 600 HM.
KPMhiTeH
115

Puc. 6. [lu3aiii 3alIMTHOrO 3/ieMeHTa Ha OCHOBE TPOINycKatlollei M1a3MOHHOH CTPYKTYpbl « Kpunrten»

Texunueckoe 3anaHue Ha M3TOTOBJEHHe 00paslia CoAep:Kajo CJelylollie TpeOGOoBaHHUS.
[Tepuon I1C B o6aactu norotuna — 400 um, B ob6aactu dona — 500 HM, B 06JIaCTH HAMUCH
«Kpunten» — 600 M. Bbicota pesibecba nosmxkHa ObiTh B auanazone 60+20 um. Opuenrauus
LITPUXOB — OPTOTOHaJIbHAsl CTOpoHaM au3aiiHa. Pazmep O33 20x 12 mm.

3akatoueHue

B xo/e BbinoJiHeHUs1 pabOTbl ObIJIK MOJYYEHb! CIEYIOLLIHE Pe3YJ/bTaThl:

1) paspa6oran npoekt 311 Ha octose 2D IT/IP ¢ nnaamonubiMU sdhheKTamu it moJrydeHus
033 B npoxoasiieM U3/TyIeHHH;

2) HaiiieHbl HOBbIe TJa3MoHHble 3ddekThl Ha 2D TT/IP B npoxosasiiem ¥ B OTpaKEHHOM
U3JTydeHHUH;

3) pazpabotano [1O nas ananuza 2D T1JIP, mosBoJsiioliiee MPOBOAUTbL HCCJIEN0BAHUS
ny1a3MoHHbIX 3¢hhekToB U npoekTHpoBaTh O3 Ha ocHose 2D [1/1P;
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4) pagpabotano [1O nna Bu3yasnusallu¥ LBETOBOTO MOBEJEHHUS TJIA3MOHHBIX CTPYKTYD,
M03BoJIsIIOLIEE YITPOCTUTh pa3paboTKy nu3aiiHa O33;

5) nosyueHbl o6pasiibl 2D TT/IP ¢ nyaaMoHHbIM 3hheKTOM B POXOJSIEM U3JTYUEHNH;

6) nosyuen ob6pasery O3 Ha ocHoBe 2D [I/IP ¢ musaitnom «Kpunten» u miasMoOHHbIM
3(hpeKTOM B MPOXOJSIIEM U3TyUeHHH.

B cBsi3u ¢ BbllllenepeynceHHbIMA 00CTOSITeNLCTBAMHU JuTorpaduuecknit O3 Ha ocHOBe
OI1C oxazanach kauectBeHHee rosiorpaduueckoMm O33 Ha ocHoBe JII1C, xotsa Henocratku OI1C
CBsI3aHHbIE C OJIHOMEPHOCTbIO COXPAHUITHUCE.

UctouHuku

[1] Cheng F. Structural color printing based on plasmonic metasurfaces of perfect light absorption / Fei
Cheng, Jie Gao, Ting S. Luk & Xiaodong Yang // Science Reports. — 2015. —Vol. 5.

[2] Si G. Reflective plasmonic color filters based on lithographically patterned silver nanorod arrays /
Guangyuan Si, Yanhui Zhao, Jiangtao Lv, Mengqian Lu, Fengwen Wang, Hailong Liu, Ning Xiang,
Tony Jun Huang, Aaron J. Danner, Jinghua Teng, Yan Jun Liu // Nanoscale. — 2013. — Vol. 5. —
P. 6243—6248.

[3] Yang Ch. Color-tuning method by filling porous alumina membrane using atomic layer depo-sition
based on metal—dielectric—metal structure / Ch. Yang, W. Shen, Yue. Zhang, Zh. Ye, X. Zhang,
Kan Li, Xu Fang, and Xu Liu // Applied optics. — 2014. — Vol. 53. — Ne4.

[4] Zapata-Rodriguez C.J. Metasurfaces for colour printing / Carlos J. Zapata-Rodriguez, Juan J. Miret,
Pedro Rodriguez-Cantd, Guillermo Mufioz-Matutano, Juan P. Martinez-Pastor, Rafael Abargues,
David Pastor, Michael Kaiser, and Christoph Hohle // 16th International Conference on Transparent
Optical Networks. — 2014. — Tu.A5.6

[5] Top6ynosa E.B. TunoBble pacueTbl M0 KOJOPUMETPHH HCTOUHHKOB uaayuenus / E.B. Top6yHoBa,

A.H. Yepros // Yue6noe nocotue. CI16: Yuusepcurer U”TMO. — 2014.

The prospects of obtaining new visual efiects in the security holograms
using nano-plasmonic structures and the possibility of their integration
into the traditional serial thin-film technology

S.B. Odinokov', A.Y. Zherdev', D.S. Lushnikov', M.V. Shishova', A.V. Smirnov?, B.V. Akimouv?
' Bauman Moscow State Technical University, Moscow, Russia
2JSC “RPC “Krypten”, Dubna, Russia

The report analyzes the options for calculation and production of plasmonic optical
nanostructures in the form of one-dimensional and/or two-dimensional plasmonic gratings (1D-
2D PDR) for its incorporation as an optical security element in the security hologram,
manufactured both in standard 'roll embossing technology , and in the flat technology UV
embossing .
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1.6 CocraBHble 00beKTHBbI U3 KBa3UAU(PAKLIMOHHbIX JUH3

P.B. Ckudanos, HJI. Kasanckuii, A.A. Moposos, C.H. Xonuna, C.I'. Boaromosckuii

HuerutyT cucrem 06pa6oTkn n3obpaxkenuit Poccuiickon akageMun Hayk — cusnai
DesiepasbHOrO rocy1apeTBEHHOTO yupeKaeHus « PesiepalibHblil HAyYHO-UCCIeI0BATENbCKHI LEHTP
«Kpucrasnorpadus u oronnka» Poccurickoil akanemun Hayk», Camapa, Poccust

Camapckuil HauMOHaJIbHbBIF HCcaeloBaTe IbCKUI yHUBepeHTeT MMeHH akafemuka C.I1. Koponésa,
Camapa, Poccus

PaccmoTpeHa  KOHCTPYKIMSI — COCTaBHOro — M300paxaiolero oObeKTUBA U3 JIBYX
rapMoHuyeckux JiuH3. [TokazaHo, 4To B 3TOM cjiyyae BO3MOXKHO CO3[aHHE BbICOKOKAYECTBEHHOTO
306 paxkarulero 0O beKTHBaA.

Beenenue

C MomeHTa MosIBJAEHUS] MEpBOH JU(MPAKUMOHHON JIMH3bI MPeAPUHUMAJNCL MOMBITKH
MCIOJIb30BaTh ee /71 popMupoBanus usobpaxkenusi. OnHaKo BbicoKasi XpoMaTHueckasi abeppaiiusi
IM(GPAKIMOHHBIX JIMH3 He TMO03BOJIJIA TMOJYYUTh H300paXKEHUs CKOJb-HUOYIb MPUEMJIEMOTO
KauyecTBa [ | ], XOTs1 ¥ TO3BOJISIET MPOU3BOJUTD CMEKTPaJIbHBIN aHATU3 POPMHUPYEMbIX H300parKeHNH
[2]. OmHako 3TO COMPSKEHO C HMCMOJb30BAHMEM aJIFOPUTMOB C BbICOKOH BbIUMCJIUTENbHON
CJI0’KHOCTB10. JIudpakiimoHHast onTuka HMeeT MHOTO MPEeUMYyIIEeCTB nepes pepakiMOHHON U 3TO
BbI3bIBAET TOCTOSIHHBIE TIOTMBITKU TMOJYYHTb JU(PPAKIIMOHHbIE ONTHYECKHE CHCTEMbI, NAIolIne
n3obpaxkeHue MnpuemjemMoro kauyecrtsa [3,4]. BbixogoMm B c/OKUBLIEHCS CUTyallMd SIBJsIETCS
MCIOJIb30BaHHEe TaPMOHHUECKUX (KBa3UAMGpaKIMOHHbBIX ) JIMH3 [D, 6]. Takas JiMH3a 1eHCTBUTENBHO
MO3BOJISIET YMEHDBILIUTh BEJTMUHHY XPOMATHUECKOH abeppaliii B HECKOJIbKO pa3 [6]. OaHako Jijisi Toro
4TOOBI MMOJYYUTh XPOMATHYECKYI0 abeppaluio CPaBHUMYIO C XpOMAaTHYeCKOH abeppauuen Xots Obl
OIMHOYHOH pedpaKILMOHHOK JIMH3bI HEOOXOAMMO Jie/1aTh TapMOHHYECKHE JIMH3bl CO CJHMILKOM
BbICOKUM MHUKpopesibedoM (rmopsiaka 50 MKM ), 4TO TEXHOJOTHUECKH TPYJHO OCYLIECTBUMO, H K TOMY
JKe BJeueT 3a co0GOH yBeJMUEHMe T[OrpellHOCTH M3roToBJeHus. B Hactosiue#d paboTte
paccmaTpuBaeTcs CHCTeMa, COCTOSIIAs M3 JBYX TaPMOHHUYECKHX JIMH3, MO3BOJSAIONIAS MOJYUUTh
Xpomaruyeckue abeppaldy Ja)ke HEeCKOJbKO MeHbLUero pasMepa, 4emM B OJMHOYHOH
pedpakLMOHHOHN JIMH3E C TEMH 2Ke apamMeTpaMHu.

U3o6paxaolwmit 00beKTUB U3 ABYX FAPMOHUYECKUX JHH3.

OO6BEKTUB COCTOUT U3 FTaPMOHMYECKOH JIMH3bI |, rapMOHHUECKON JIMH3bI 2.

YKazaHHas 3ajiaua JOCTUTAETCS 3@ CUET TOTO, UTO UCTOJIBb3YeTC sl MU300parKalolni 00 bEKTHB,
COCTOSILLMI M3 ABYX NU(MPAKIMOHHBIX ONTHYECKHUX 3J€MEHTOB, COIJIACHO M300PETEHHIO, KaKibli
ONTHYECKUH 3JIeMEHT BbIMOJHEH B BHIE JU(PPAKIHMOHHON TapMOHHUYECKOH JIMH3bl C BbICOTAMU
pesibeda, KoTopbie 3a1aHbl PopMyJIaMu

/’l py\’l
1 = ’
n-1
/1 _ p}\'Q
92 = k]
n-1
rae h, — BbIcoTa pesibeda rapMOHUUECKOH MTUMPAKIMOHHON JIMH3bI JUIst JAJIMHBI BOJHBI Ay, fy —

BbICOTA peJibedpa rapMOHMYECKOH TMPPAKIMOHHON JIMH3BI JI/IsT JIJTMHBI BOJIHBI Ay,
JIJTUHBI BOJIH A} U A9 CBSI3aHbl COOTHOLLIEHUEM

}\‘2 — p}\’l
p+ 1
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rae p — Ko3(HUIHEHT KPATHOCTH BbICOThI pesibeha rapMOHHUYECKOH JIHH3bI.
Ha puc. 1 npeacrasiiena ontuueckasi cxema oObeKTHBA.

h, h,

-

>

Puc. 1. M3o6parkaioninii 06 beKTHB U3 ABYX FAPMOHHUYECKHUX JIHH3

Ha puc. 2 npencrapienbl npuMepHble rpaduKi 3aBUCUMOCTH (POKYCHBIX PACCTOSTHUH KaXKI0H
rapMOHHUYECKOH JIMH3bI B OTAEJNbHOCTH U CUCTEMbI U3 IByX TaPMOHHUECKUX JIMH3.

['apmonunyeckast sinH3a 1 M rapmoHMuecKasi JiMH3a 2 3a CUET TOro, UTO UX (HOKyCHble
pacCTOSIHUS 3aBUCAT OT JUIMHBI BOJIHBI IEPUOAMYECKH U B MPOTHBO(A3e IPYT OTHOCUTEJIBHO JIPYra B
COBOKYMHOCTH 00pasytoT (OKYCHPYIOILYI0 CHCTEMY C MOJOBHHHBIM (DOKYCHBIM PAaCCTOSIHUEM,
KOTOpast MOYTH He 3aBUCUT OT JIJIMHBI BOJIHbI (pUC. 2).
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172

N
r g
410 650 A(nm)
Puc. 2. ITpumepHble rpacduku uameHeHns: POKyCHOTO paccTOsiHUSA JIMH3 | (crutoliHas JJMHUS BBEPXY ),
2 (ToueuHast IMHUSI BBEPXY ) U COCTABHOTO 0O'bEKTHBA (JIMHUST BHU3Y )

Kak BUaHO U3 puc. 2. poKyCHOe pacCTOsIHUE CHCTEMbI U3 JIBYX JIMH3 H3MEHSIET M0 CPaBHEHHUIO
CO CBOMM abCOJIIOTHBIM 3HAUYEHHUEM.

J17151 M3roTOBJIEHUS] TADMOHMUECKHX JIMH3 ¢ p = 6 OblJla UCIOJIb30BAHA TEXHOJIOTHS 3aMUCH
YJAbTPahUI0NETOBBIM JIa3€POM 10 pe3ucTy. [1pn 3ToM oCHOBHOE BHHMaHHE YIEJsJI0Ch TOUHOCTH
copmupoBanust MUKpopesbeda. Ha puc. 3 nokasana npocusorpaMma HM3roTOBJEHHOH JIHH3bI
(nJiaBHAst JIMHKS ) C HAJIOXKEHHOM Ha Hee KPUBOH HJleabHOTO MPoduJs (JloMaHast JIMHUS ).

T T T
2600 2500 2400 2300

Puc. 3. [Ipodunorpamma n3roToBeHHO! JIUH3bI (TJ1aBHAST JIUHHUS )
C HaJIO}KEHHON Ha Hee KPUBOH HeabHOTO0 MPOdHUIs (JIoMaHast JUHHS )

Kak BHIHO U3 pUC. 3 OCHOBHbIE OTKJIOHEHHSI MUKpOpeJibeda HabJ101al0TCsl B TOUKAX PE3KOro
u3MeHeHHs1 mnpoduis. B ocTasbHbIX MecTax OTKJIOHEHUsl cocTaBJsiioT MeHee 50 HM uTO
COOTBETCTBYET ONTHUECKOMY KauecTBy MoBepxHocTH (MeHee A/10).

C mnomolipio ABYX JIMH3 HM3TOTOBJEHHBIX MO 3TOH TEXHOJOTHM Obll coOpaH OOBEKTHUB C
tokycHbiM paccrosineM 50 MM, KOTOpbId Obl1 ucnosnb3oBan ¢ [I3C matpuieil ¢ pazmepom
UyBCTBUTEJIbHOTO 3JieMeHTa 5,5 MKM. Ha puc. 4 npencraBieHbl H300paKeHHsl, TMOJydeHHbIE C
MMOMOLLIBIO 3TOr0 0O BEKTHUBA.
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a) 0)
Puc. 4. I3o6paxeHue rpaduueckoil TabJIMIbI LEJUKOM (a), yBeJnueHHbIH (hparMeHT (6)
V3 puc. 4 BHAHO, 4TO OGBEKTHB MMO3BOJISIET MOJMYYUTh pazpeinerne g0 H0 MM, 4ro
CpaBHUMO C pagpellieHHeM pedpakIHOHHbIX 0O bEKTHBOB.

a) IByXLBETHbIE 0) TpEXLBETHbIE
Puc. 5. M306paxkeHus peasbHbiX 00BEKTOB, MOJNydeHHbIE HA COCTABHOM 00bEKTHBE

3akarouyeHue
PaccmoTpena KoHlenusi cOCTaBHOr0 00bEKTHBA U3 rapMoHMYecKnX JuH3. [1okasaHo, 4to

J1abopaToOPHBIA MaKeT TAKOr0 OGLEKTHBA TTO3BOJIHJI MOJYUUTh pasperienue 1o 50 mm~ "

baaropapHocTn
Pa6ora BbinoJsiHeHa rnpu puHaHcoBOU nojiepxkke Poccutickoro HayuHoro donsa (rpant 14-
19-00114).
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Composite lenses of harmonic lenses

R.V. Skidanov, N.L. Kazanskiy, A.A. Morozov, S.N. Khonina, S.G. Volotouvsky

Image Processing Systems Institute — Branch of the Federal Scientific Research Centre
“Crystallography and Photonics” of the Russian Academy of Sciences, Samara, Russia
Samara National Research University, Samara, Russia

We have considered the design a imaging composite lens of two harmonic lenses. It was

shown that in this case it is possible to create high quality imaging lens.
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1.7 HUurepdepomerpruueckue MeTobl KOHTPOJA chepuuecKkoit, achpepruueckon
¥ HETUMMYHOM ONMTUKHU C NPUMEHEHUEM CUHTE3UPOBAHHBIX rOJIOrPaMM

Al [Morewyk, P.K. Hacoipos
HHCTUTYT aBTOMATHKK U 3JieKTpoMeTpun CHOUpPCKOro oTesieHust Poccuiickoil akajeMuH Hayk,
Hosocubupck, Poceust

BBenenue

B Hacrosiliee BpeMsi JOCTHUTHYT CYLLECTBEHHbIH IMporpecc B 00JIaCTH W3rOTOBJIEHUS U
KOHTPOJISI ONITHYECKHX MOBEPXHOCTEH C HAHOMETPUUYECKON TOUHOCTbIO. OOBIYHBIN UHTEpdepoMeTp
obecrieynBaeT KOHTPOJb MJIOCKUX WK cheprudecKux moBepxHocten. /st KOHTPoJIst MOBepXHOCTEN
CJI0’KHON (hOPMBI, TaKUX KaK: acepuueckde, HUIUHAPHUECKHE, KOHWUYECKHe, TOpUYEeCcKHe, a B
oblleM cJydae TPOU3BOJIbLHOH (MM HeTunuuHoi) ¢opmbl (Freefrom surfaces), HeoGxomumo
MCII0JIb30BATh KOPPEKTOPBI BOJHOBOTO ppoHTa [ 1]. B KauecTBe Takux KoppeKTopoB HauboJiee 4acTo
MCMOJB3YIOT CUHTe3upoBaHHble rojorpammbl (CI'). Opnako npumenenune CI nis KoHTpoJis
HETUIUYHBIX TOBEPXHOCTEH HMeeT psn ocobeHHOCTeld. Bo3MOKHBI HECKOJIBKO BapUaHTOB
npumeHenusi CI':

CI' BbIMoJHAET poJib KOppekTopa, mnpeobpasyss BOJHOBOH (POHT HHTepdepoMeTpa B
acepuueckuii [2].

CI BbInosiHsIeT pOJib UMHTATOPA KOHTPOJUPYEMOii TOBEPXHOCTH [ 3,4 ].

CI" o6ecrieunBaeT TOUHYIO FOCTUPOBKY H3MEPHTENLHOM CXeMbI [D].

B nacrosiuielt pabote npeacTaB/ieHbl pe3yJ/bTaThl pa3paboTKH ONTHYECKUX CXEM, METOJ0B
pacueta v npumeHenust CI” iyist KOHTpOJIst hopMbl acepruuecKux, HUIAUHAPUUECKUX U TPOU3BOJIbHBIX
ONTHYECKUX TOBepXHOCTeH. PaccMoTpeHbl MeToabl HM3roToBJeHUs npeuusnoHHbix CI ¢
MCTOJIb30BaHHEM KpYyroBo# jiazepHoii 3anuchiBatoiei cucrembl (KJI3C) tuna CLWS-3001AE [6].

KoHTpousb aceprueckux nopepxHocren

Jlnist KoHTposisi achepuKH MPUMEHSIIOTCST KaK oceBble, Tak U BHeoceBble CI'. OceBble CI'
rnpolie B pacyere, OCTHPOBKE U MOTYT ObITb H3TOTOBJIEHBI C BBICOKOH TOUHOCTHIO ¢ omoliibio KJI3C
WM MeToJaMu ajiMaszHoro ToueHust [7]. Ha puc. la npuBeneH npuMep KOHTpOJsi acepruueckoro
3epkasia boubiioro azumyrasnbHoro teseckona (BTA) ¢ nomouibio usrorosnennon B MAnd CO
PAH ocepoit CI' — audpakiuponHoro koppekropa. Ha 3Tom e pucyHKe MokazaH yBeJMueHHasi
YaCTb CXeMbl C BHEOCEBbIM HMMHMTATOPOM 3epKaja, KOTOPbIH HCMOJb3yeTCsl /sl aTTecTalliu
KoppekTopa. BHeoceBoe BbiMo/iHeHNE UMHUTAaTOpa 0OECTIEUHBAET OTCYTCTBHE MAPA3UTHBIX OJMKOB
npu atrectauuu (puc. 16).

KoHtposb  uuanHapuyeckux mnoBepxHocTeil. OcHoBHasi 1mpoGJeMa IpU  KOHTpoJe
LMJIUHAPUIECKUX TMOBEPXHOCTEH — 3TO (DUJbTPALIUS aBTOKOJIMMALMOHHBIX OJUKOB [8]. st
KOHTPOJISI LMJMHAPUYECKUX TOBEPXHOCTEH ¢ OOJbIIOH YHUCJIOBOH amnepTypoH, MpealoKeHo
MCrosib3oBaTh HHTEpdepomerp Puzo ¢ statoHHbIM 06bekTHBOM (DO) [9]. B 3tom ciyuae CI
YCTaHABJIMBAETCS MEPHEHANKYISPHO ONTHUECKONH OCH B CXOIslIeMcsl Myuke cBeta (puc. 2a). s
toctipoBkM ocHOBHOH CI' ucrnosib3dyeTcsi BcromoraTesibHbil  oTpaxkatesbHblii CIT (puc. 26).
[IpenmyliecTBOM siBJsieTCsl yBesMueHHe nepuosa audpakuuonHoi crpyktypsl CI' B 1Ba pasa u
pacnoJioxKeHue ONTHYECKUX KOMITOHEHTOB BJI0JIb ONTHYE€CKOH OCH.
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PV 0.0565 A, RMS 0.0087 A
3eprano BTA(6M) —__ ;

HuaTtepdepomerp

48012 mm

CI- CrI-
KOPpEKTOop

Hurepdepomerp

350 mm 250m

a B
Puc. 1. Cxema KoHTpoJist 6-M 3epkana BbTA u artecrainu koppekropa (a), hasoBast Kapta CUCTEMbl KOPPEKTOP-
umuTatop (6) u uHTepdeporpaMma MoBePXHOCTH 3epKasia B IIPoLecce MOJHPOBKH (B)

OtpaskaTelbHBIIT

20 105 Roy umunmap

Hurepdepomerp OcHoBHoil

®du3o

Puc. 2. Ontuyeckasi cxema KOHTPOJISI LIWJIMHPHUECKON MOBEPXHOCTH ()
1 BujL pazosoit dyHkiyK CI' B 100-M nudpakipoHHoM nopsiike (6)

KoHTpoJsb noBepxHocTei cBo60AHOM hopMbl

CJlo)KHbIe ONTHUECKHE TMOBEPXHOCTH HE HUMEIOT OCEBOHM CHMMETPHM W 3a/aloTcsl B BHJIE
JIBYMEPHOH KapTbl WJIM OMUCHIBAIOTCS MoJuHOMamu. KMmeloTcsi IBe OCHOBHblE OCOOEHHOCTH TPH
pa3paboTKe TaKUX ONMTHUECKUX CUCTEM:

1. Pacuer dasosoit dynkimu CI” TpebyeT cyliecTBEHHbIX 00beMOB BbluHucaeHHH. OO6beM
JIAHHBIX 0CTUTaeT ecsiTKOB U coteH ['6 ayia CI' inamerpom 6osiee 100 Mm.

2. Jlna obecrieyeHns norpeniHoctd MeHee 1/10 JUIMHBI BOJIHBI, ONTHYECKHE KOMMOHEHTEI
(puc. 3a) 1o/KHBI ObITh YCTAHOBJIEHBI B pacyeTHbIE MOJIOXKEHHUS BIOJb OCEH X, Y, Z C OTPEIIHOCTHIO
MeHee | MKM M yIVIOB Q, O, o, Topsiaka 1",

s ob6ecrnieyeHust Takod TouHocTH, ocHoBHasi CI' ponoJHsieTess toctupoBouHbiMu 1O
(puc. 36) KoTopble (POKYCHPYIOT CBET B 3aJaHHble TOUKHU MpocTpaHcTBa. Ha kKoHTposupyemon
MOBEPXHOCTH H3TOTaBJWBaMUChL cdepuueckre MuKpodepkata (M3). Ontudeckass cxema
paccuuTbhiBasiach TakuM 06pa3om, 4ToObl CBETOBOH MOTOK CPOKYCHUPOBAHHBIH JOMOJHUTEIbHBIMU
CI orpaaJjicst oT MUKpO3epKaJl CTPOro Ha3aj B HHTepdepomeTp. Takum 06pa3om, 1Mo HECKOJIbKUM
UHTepdeporpaMMaM  MOKHO ~ OJJHO3HAUHO  BbICTABUTb  KOHTPOJIMPYEMYIO  MOBEPXHOCTb
otHocuTesibHO CI.
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5 Octnporounbie
OtpasaTenbHbIii
7103

JIOD IlosepxHocTs

Uurepdepomerp NEEE —_—

Ksapuesas
MOIITOKED

a) 0)
Puc. 3. Onruueckasi cxema (a) KOHTPoJs U BUJL HarotoJienHoil CI(6)

KoHTposb cO60pKM C/I0KHBIX onTHiecknx cucrteM. OnHOH W3 mpo6JeM B ONTHYECKOM
NpUOOPOCTPOCHUH sIBJIsIeTCs COOPKA W HACTPOHKA MHOMOKOMITOHEHTHBIX ONTHYECKHX CHCTEM, Kak
NoKazaHo B npumepe Ha puc. 4a. bouin pagpaboransl CI', KoTopble NpeacTaB/sitoT cOO0H HECKOJIbKO
roJIOrPaMM, H3TOTOBJIEHHBIX HA OIHOH MOJI0KKe (pHc. 46) B OHOM TEXHOJIOTHUECKOM LuKJje. [1pn
TOM,  KaXkias  ToJiorpaMMa  pacCudTbiBaeTcss  TakuM — oOpa3oMm,  4ToObl  TOJYYHTh
UHTep(dePEHIIMOHHYIO KapTHHY OT 0fiHOH 13 nmoBepxHocTel JiuH3 O 1, O2 u O3 cucrembl. Ha puc. 46
UBeT AU(PAKUMOHHON CTPYKTYypbl COOTBETCTBYET LIBETY KOHTPOJHUPYEMOH MOBEPXHOCTH. Takum
00pa3oM, MpH UieasbHON HACTPOUKE CUCTEMbI HAa HHTEp(eporpaMmMe BO3HUKHET I0Jie PABHOMEPHOH
MHTEHCUBHOCTH Ha BCEX CTPYKTypax OJHOBpeMeHHO. B mnpoTHBHOM cjiydae, BO3HHKHET
MHTepEePeHIIMOHHAS KAPTHHA, KOTOPYIO MOXKHO MPOAHAJIN3UPOBATh U OIPE/IeIUTh HallpaBJaeHHe B
KOTOPOM CJIe[lyeT CMECTUTb TOT WJIM HHOK ONTHUYECKHUI KOMIIOHEHT (pHc. 4B).

Ot unTeppepomeTpa

a) 0)
Puc. 4. Cxema KOHTPOJISt CJIO2KHO OTITHUECKOH cucTeMbl (a), BUa JIOD (6) U TnHUHAs HHTepdeporpamMmma B rpoliecce
IOCTUPOBKH (B)

KoHTpoab acepo-audpakiinoOHHBIX TOBEPXHOCTEH

['epmanueBble JIMH3bI ¢ achepo-1HdpaKIHOHHON MOBEPXHOCTbIO YACTO HCIOJb3YIOTCS B
TenyioBu3opax. ludpakinoHHas yacTb CJIyKUT Il KOppeKIHH XpomaTudeckux abeppauuit MK
uasydenusi. Ha puc. 5 npuBesieH XapakTepHbIH BHL TakKo# MOBEPXHOCTH (HA PUCYHKE CTPYKTypa
BbIMIOJIHEHA He B Maclitabe) v aszoBasi Kapra. JlnameTp MOBEPXHOCTH MOXKET COCTaBJIATbH
HECKOJIbKO JIECATKOB MHJIJIUMETPOB, MPH 3TOM IMyOHHA AU(PPAKLHMOHHON CTPYKTYpbl JAOCTHraeT
HECKOJIbKMX MUKPOH. [ IpoGsieMa KOHTPOJISt TAKKX ITOBEPXHOCTEH 3aKJII04aeTcsl B TOM, YTO TpedyeTcs
TLIATe/IbHAsl HACTPOHKAa CHCTeMbl M3MepeHusl. Eciu npu  OTKJIOHEHHH (OpMbl  OOBIUHBIX
MOBEPXHOCTEH OT TeOpeTHMYeCKOH Ha HHTepdeporpamMmMe BO3HHMKAET €/MHAs CHCTEMa [M0JocC,
KOTOpble MOXKHO MPOAHANU3UPOBATb, TO MPH KOHTpoJe achepo-aucpakiMOHHON CTPYKTYpbl Ha
KaX10# IU(PPAaKUMOHHON 30HE BO3HMKAeT CBOSI UHTepdepeHLMoHHas KapTuHa. [Ipu Gosbluoi
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MOTPELIHOCTH KOHTPOJUPYEMOH MOBEPXHOCTH UHTepdeporpaMma «pacchinaeTcsi» U MporpaMmMmHoOe
obecrieueHne HHTepdepomMeTpa HEKOPPEKTHO CLIMBAET (ha3oBylo KapTy.

a)
Puc. 5. ITpumep achepo-mudpakilioHHON CTPYKTYphl (He B MaciTabe) (a) v aszoBast Kapta achepo-audppakioHHOM
MIOBEPXHOCTH (0)

3akaoueHue
Pagpa6oTanbl HHTephepoMeTpUUYEeCKHE CXeMbI KOHTPOJIS acepruecKux, HUJIUMHIPHUECKHX,
achepo-1uppakKIMOHHbIX  MOBEPXHOCTEH, MOBEpPXHOCTEH CBOOGOAHOW  (OpPMbI, a TaKxkKe
MHOTOKOMIOHEHTHBIX ONTHUYECKHX chucTeM. PaspaGoranbl mMerosnbl pacuera u uarotojenusi CI.
[TokazaHo, 4TO MpPH MOMOILIM BCHMOMOTaTeJbHBIX OCTHPOBOUYHBIX CI' MOKHO KOHTPOJIMPOBATH
nosioxkenne CI' B MpocTpaHCTBE C TOUHOCTbIO HECKOJBKHX YTJIOBBIX CEKYH/L.
Jlannasi pabota noanepxkana rpantom POO ODPU-M Ne 4-29-07227.
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Interferometric methods to control spherical, aspherical optics and
atypical with synthesized holograms

A.G. Poleshchuk, R.K. Nasyrov
Institute of Automation and Electrometry, Siberian Branch of the Russian Academy of Sciences,

Novosibirsk, Russia

The application problems of computer-generated holograms (CGH) for precise testing of

aspherical, asphere-diffractive, multi-component and free form optical surfaces are discussed. The
results of development of methods of design, calculation and fabrication of CGHs are presented.
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1.8 Kpyrosas neaurenbHasi rexiuka AO «HITO «'MITO»: coBpemeHHoe
COCTOSIHUE, MPOOJIEeMbI U NEPCIEKTUBDI

A.B. Jlykun', A.H. Meavnuros', 1O.11. Yyeynos', A.I1. [lemun?, I0.E. Cemeros?
"' AO «HITO «T'ocynapcTBeHHbIH MHCTHTYT NPUKJIAIHON ONTHKK», Kasanb, Poccusi
2000 «3KCKOIT», Kasann, Poccus

8 000 «HIIK «Xanrek», YabsHosck, Poccust

[IpuMeHeHHe OCeBbIX CHHTE3MPOBAHHBIX roJlorpaMM 00eCHeynsio KapMHalbHOe pellieHHe
npoOJieMbl KOHTPOJISI BCeX BHJIOB acepHuyeCcKHX ONTHYECKUX MOBEPXHOCTEH, HUCMOJb3yeMbIX B
OTNITUYECKOM M OINTHKO-3JeKTPOHHOM rpubopocTpoenuu. CyllecTBYeT Ba MOAX0AA B TEXHOJOTHH
TMOJTyYeHHsT OCEBbIX CHHTE3UPOBAHHBIX TOJIOTPAMM: «pe3loBbIi» [1, 2] — HaHeceHHe HITPUXOBBIX
CTPYKTYP C MOMOLbIO CMIELHaNbHO 3aTOYEHHOT0 aJIMa3HOTo pe3lia B TOHKOM MeTaslJIMueCKOM CJIoe U
«cBetoBoi» [1,3] — ¢ nomouiplo cPOKYCHPOBAHHOTO Jla3epHOrO TMydyKa B TOHKOM
cBetouyBcTBUTEIbHOM cyioe. Omnbit [MITO nokazan, uto «pesioBblii» BapuaHT HMeET pPsi
MPEUMYIIIECTB, TJIaBHbIE U3 KOTOPbIX:

- IPOCTOTA peaJsiu3allii MPU HAHECEHHUH LLITPUXOBBIX CTPYKTYpP Ha BBIMYKJble U BOIHYTbIE
CBETOCHJIbHbIE TOBEPXHOCTH;

- 6oJiee BbICOKAs « pa3peliatolas» crnocoOHOCTb (1IMPHUHA JIE3BUS aIMA3HOTO Pe31a MOXKEeT
ObITh IOBE/IeHA JI0 BEJIUUMHBI TIOPSIIKA HECKOJBKUX IECATKOB aHI'CTPEM );

- HAJIe2KHOCTb ~ HENpepbIBHOIO  (DyHKIIMOHMPOBAHUS  ONTHKO-3JEKTPOHHOH  CHCTEMBbI
yIrpaBJieHUsl TEXHOJOTHUECKHUM MPOLleCCOM HaHeceHust TpuxoB (Gosee 10 cyTok).

B TMITO «pe3uoBblii» BapuaHT peasid3yeTcsi Ha YHHUKAJbHbBIX KPYrOBbIX JEJUTEJbHbIX
mammHax tana MJIA-9, MJIA-10 u MJIT" 500, pasmenienHbix B 3ariybJjeHHON JlaBopaTopun
TM(PaKIMOHHBIX — pelleToK Ha TnaybuHe 12 M, rae obecriedeHbl  BbICOKasi — CTeleHb
TEepPMOCTaOUIU3ALUHN U BUOPO3ALLUTHI.

B ycrpoiictBe kpyroBwix jgenutesibHbix MamnH MJIA-9 u MJIA-10 paguasnbHoe
nepemellleHHe MOAJI0XKEK OCEBbIX CHHTE3HMPOBAHHBIX TOJOTPAMM OCYLIECTBJSETCS JIMHEHHBIM
Nbe303JIEKTPUUECKUM TIPUBOJIOM, YIpaBJsieMbIM OT MepCOHANbHOrO KoMrbioTepa. Kpyrosbie
nenutesnbHble Matinibl MJIA-9 1 MJIA- 10 no3BoJisliOT U3rOTABJIUBATH OCEBble CHHTE3UPOBAHHbIE
rojiorpammbl auametpom a0 230 mm. Kpyrosas nemurenbuas mammna M/IT-500 npennasnauena
IJ1s1 HApe3aHHs1 OCEBbIX CHHTE€3UPOBAHHBIX roJiorpaMm auameTpom 10 500 MM M HAXOAUTCS Ha CTA/IUH
MOJIEpHU3ALHH.

B noknane paccmarpuBaioTcsi BO3MOXKHbIE [YTH pelleHHsl aKTyaJbHbIX MpobJem
YCOBEPIIEHCTBOBAHUSI TEXHOJOTHH W 00OOPYIOBaHUS i HAHECEHUS] AU(PPAKIMOHHBIX CTPYKTYp
OCEBbIX CHHTE3UPOBAHHBLIX TOJIOTpaMM Ha KpPynHO(GOpPMATHLIX [4] BBIMYKJABIX W BOTHYTBIX
CBETOCWJIbHBIX PabOYMX [MOBEPXHOCTSX, MpPeAHA3HAUEHHbIX, B YACTHOCTH, /IS TPELU3UOHHbIX
IOCTUPOBOUHBIX OMepalllii B TeJECKOMOCTPOEHHUH.

UcrouHukm
[1] Byiinos I'.H. Tosorpaduueckuii nuTephepeHIHoH bl KOHTPOJIb acdepHuecKux nobepxHocTe /
I'.H. Byiinos, H.IT. Jlapuonos, A.B. Jlykun, K.C. Myctadun, P.A. Pacduxos // Ontuko-
MexaHudecKast npombliiiieHHocTb. — 1971, — Ne4, — C. 6—11.
[2] Araues A.P. Cuntesuposannas rosorpammuas ontika / A.P. Araues, H.IT. Jlapuonos, A.B. JIykun,
T.A. Muponosa, A.A. Hiowkun, J1.B. ITporacesuu, P.A. Pacdukos // OnTuueckuii >kypHai. —
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Circular ruling engines available at JSC “NPO “GIPO”: current state,
problems and future trends

A.V. Lukin', A.N. Melnikov', Yu.P. Chugunov', A.P.Demin?, Yu.E. Semenov?
1JSC “NPO “State Institute of Applied Optics”, Kazan, Russia

2LLC “EKSKOP”, Kazan, Russia

3 LLC “IPK “Khaltek”, Ulyanovsk, Russia

The application of on-axis computer-generated holograms has provided for a cardinal
solution of problems of controlling aspherical optical surfaces of all types, that are used in optical
and optoelectronic engineering. There are two approaches in the process of manufacturing on-axis
computer-generated holograms: a “cutting tool” method [ 1, 2], when groove structures are ruled
by a specially sharpened diamond cutting tool in the thin metal layer, and a “light beam” method
[1, 3], when these structures are formed by means of a focused laser beam in a thin light-sensitive
layer. Practices gained at GIPO reveals that a “cutting tool” method has a number of essential
advantages, which include:

- it is easy to rule groove structures on convex and concave high-aperture surfaces;

- a higher “resolution” (the diamond cutting tool edge width may be of the order of
magnitude of several tens of angstrom units);

- a reliable continuous operation of the optoelectronic system designed to control the
process of ruling grooves (over 10 days).

At GIPO the “cutting tool” method is implemented on unique circular ruling engines (of
types MDA-9, MDA-10 and MDG-500), located as deep as 12 meters inside an underground
laboratory of diffraction gratings, where high levels of thermostabilization and vibroprotection are
secured.

In the circular ruling engines of types MDA-9 and MDA-10 the radial displacement of
substrates of on-axis computer-generated holograms is effected by means of a computer-aided
linear piezoelectric actuator. The circular ruling engines of types MDA-9, MDA-10 allow to make
on-axis computer-generated holograms up to 230 mm in diameter. The MDG-500 circular ruling
engine is designed to rule on-axis computer-generated holograms up to 500 mm in diameter and
this engine is in the process of its upgrading.

The paper considers some possible ways of solving the actual problems of the process and
equipment updating intended to rule difiraction structures of on-axis computer-generated
holograms on large-sized [4] convex and concave high-aperture operating surfaces which are
intended for precision alignment operations in the telescopic system manufacturing, in particular.
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1.9 I[lpumenenue uudposoii rosorpacduu B rosorpacduyeckoi
uHTepdepomeTpun

B.IO. Benedukmos' ?, JI.B. Benedukmos?, C.A. [lyavkun?, A.A. Cesproeun', H.M. Typcyros'
! Cankr-ITerepGyprekuii smekrporexundeckuii ynupepenrer «JI9THU», Cankr-Ilerep6ypr, Poccust
? Cankr-ITletep6yprekuii rocyaapersennbiil ynusepeuter, Cankr-IlerepOypr, Poccust

IlocTikenusi B ob6JsiacTi  LIUPPOBOH roJiorpacdid W HOBble TEeXHHYECKHE CpeCTBa
(pa3HooOpasHble MATPUUHbIE TPUEMHUKH CBETa, MATPHUHbIe (Pa30Bble MOJIYJISITOPLI U T.JI. ) BEPHYJIH
B MOBECTKY JIHSl IABHO M3BECTHbIE METOJIbl TOJ0rpaduuecKoll HHTephEPOMETPUH U, B YaCTHOCTH,
pa3HooOGpasHble METO/IbI YIIPaBJIeHUs TapaMeTpaMu HHTephepeHIIMOHHON KapTHHbI [ 1]. Panee mbl
noKasaJii, 4To coueTaHue HUMPOBBIX U aHAJOTOBBIX NIPUEMOB, HEJOCTYIIHOE paHee, HO PYTHHHOE
CEro/iHsi, MO3BOJISIET OCYLIECTBJISATh T.H. yCHJIEHHE FOJIOrPaMM (UJIH MOBbILLIEHHE YyBCTBUTEbHOCTH
nHTepeporpamm ) [2], KOPPEKTHPOBATH HCKAXKEHHUS, BHOCUMbIE 3JIeMeHTaMu HHTepdepomeTpa 3]
¥ T.11. B oknane Gyzet nan 0630p 3THX pe3ysbTaToB.

a) 0)
Puc. 1. Kpioku PoxpiectBenckoro B py6uau (a) u ycuiennasi uurepdeporpamma (6)

Ycnexu B npUMeHeHUH MeTO0B LM poBoHi rosiorpacduu B HHTEpdepomMeTpax /sl U3MepeHHsl
MaJibiX pasmepoB [l —3] Mo3Bo/MINM MPUMEHUTh aHAJIOTHUHYIO TeXHHKY H B CMEKTPOCKOTHUECKON
uHTepdepomerpun. MeTol MOBbILIEHUS UYYBCTBUTEJbHOCTH (yCHJIEHHUsI) HHTepgeporpaMMbl,
OCHOBAHHBIH Ha €e BOCCTAHOBJIEHHM B BHJE TOJIOrPaMMbl U OOecrevyeHusi 3alMucH BTOPUYHOM
KapTHUHbI MHTepdepeHIIHH IBYX MyYKOB, POAUQparupoBaBILIUX HAa IEPBUYHON HHTepeporpamme B
pasjuyHble MOPSIKA Audpakiiik, OblT MpUMeHeH K T.H. Kptokam PoxknectBenckoro. Kproku
PoxnecTBeHCKOrO TOJy4aloT B OJHOMMEHHOM HHTepdepomMeTpe, TNPeACTaBsionieM cob6oi
couetanne uHTepdepomerpa Maxa — lennepa, JKamena wuam pexe MaiikeqbcoHa ¢
JIMCTIEPCUOHHOTO (MPU3MEHHOTO WJIM PElIeTOUYHOro) crnekrporpada. JIMHUM noryoleHnsi B Takom
uHTepdepomeTpe 0ToOpaXkaloTCsl B BUJE XapaKTePHbIX «KPIOKOB» (pHc. la), mo uarnby KOTOpbIX
MOKHO CY/IMTb O CHJI€ COOTBETCTBYIOILETO aTOMHBIX OCLHJIATOPOB. ['osorpacuyeckoe ycuienue
(puc. 16) «pasrubaeT» KPIOKH U CylLLECTBEHHO YIPOLIAET UX UHTEPIIPETALHMIO.

UctouHuku
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M3MepeHHIl MpH aMarHocTuke npoapaunbix cpe / M.C. 3eitnmnkosnu, A.M. Jlsnmkos // YOH. —
1991. — 161 (1). — C. 143—164.

[2] Sevrygin A.A. Digital holographic Michelson interferometer for nanometrology / A.A. Sevrygin,
V.1. Korotkov, S.A. Pulkin, .M. Tursunov, D.V. Venediktov, V.Yu. Venediktov, O.V. Volkov //
Holography, Diffractive Optics, and Applications VI. SPIE Proc. —2014. — Vol. 9271. —

P. 927118
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[3] Sevryugin A.A. Digital holographic interferometer with correction of distortions / A.A. Sevryugin,
S.A. Pulkin, .M. Tursunov, D.V. Venediktov, V.Y. Venediktov // Electro-Optical and Infrared
Systems: Technology and Applications XII; and Quantum Information Science and Technology.
SPIE Proc. — 2015. — Vol. 9648. — P. 96480E.

Application of digital holography in holographic interferometer

V.Yu. Venediktov'?, D.V. Venediktov?, S.A. Pul’kin?, A.A. Sevryugin', LM. Tursunov’
! Saint Petersburg Electrotechnical University, Saint Petersburg, Russia
% Saint Petersburg State University, Saint Petersburg, Russia

The progress in the field of digital holography and the advanced elements like various matrix
photosensors, matrix phase modulators etc. have returned to the zone of interest the well known
methods of holographic interferometery, and, in particular, various methods of controlling the
parameters of interference pattern [1]. Earlier we have shown that the earlier unavailable, but
simple today combination of digital and analogous techniques makes it possible to fulfill the
magnification of holograms (increase of their sensitivity)[2], the correction of distortions, imposed
by the elements of interferometer [3] etc. The paper presents the review of corresponding results.

a)
Fig. 1. Rozhdestvenskiy “hooks” in rubidium (a) and the amplified interferogram (b)

The said progress in application of digital holography in interferometers for measuring small
size objects [ 1 —3] made it possible to apply the similar technique in spectroscopic interferometery.
The method of amplification of hologram (its sensitivity increase ), which is used on interference of
different diffraction orders from the primary (raw) interferogram was applied to the so-called
Rozhdestvenskiy hooks. Such hooks are obtained in the Rozhdestvenskiy interferometer (Mach-
Zehnder, Jamin or more rarely Michelson interferometer, combined with the prism or grating
spectrograph). In such a device the absorption lines reveal themselves as specific “hooks” (see
upper figure), whose curvature provides the information about the atomic oscillator force. The
holographic amplification “smoothes” the hooks and thus makes their analysis much simpler.
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[1] Zeilikovich [.S. Holographic methods for regulating the sensitivity of interference measurements for
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.10 MeToabl yBeJMYeHUsI pa3peliatolied cnocoOHOCTH U IyOMHbI PE3KOCTH
CUHTE€3UPOBAHHbIX FOJOrPamMM-NPOEKTOPOB

C.H. Kopewes, O.B. Hukanopos, M.A. @porosa, S1.A. Hosuykas
Cankr-IleTepOyprekuil HaMOHANBHBIN HCCJIEIOBATENLCKUH YHUBEPCUTET HHDOPMALIMOHHBIX
TEXHOJIOTHH, MexaHUKH 1 onTHkH, CankT-Iletepbypr, Poccus

CuHTe3 roJiorpamMMm, Kak HM3BeCTHO, 0asupyeTcss Ha IIMPOKOM  MCIOJb30BaHHH
MH(OPMALIMOHHBIX TEXHOJOTHH M He MpeAroJiaraeT HajJuyMsl peajbHO CyLIECTBYIOLLEro 00beKTa.
Bmecro Hero wucrnoJb3yeTcss ero mMatematHyeckasi MoOJeJb. 3aMeHa peasibHO CyLIeCTBYIOLIMX
MpeIMeTOB Ha HMX MaTeMaTHyeCcKHe MOJEJH TIPEIOCTaB/sIeT MIHPOKHE BO3MOXKHOCTH JIJIsi
1leJIeHANPaBJAEHHOTO MaHUMYJUPOBAaHUS (POPMOH MX MpPEACTaBJEHHUs], MO3BOJAS TEM CaMbIM
CYLLECTBEHHO U3MEHSITb H300parkatolllie CBOMCTBA CHHTE3UPOBAHHbBIX rosiorpaMm. Tak, Hanpumep,
B [1] onucano Bausinue PopMbl MpeACTaBIeHUST 0OBEKTA HA CTPYKTYPY JIMHUH B BOCCTAHOBJIEHHOM
1300pakeHUH TpaHcrnapaHTa. Hacrosiias paGora nocssileHa pazpaboTKe METONOB yBeJHUEHHUS
pazpeluatouiell CroCoOHOCTH W TJIyOMHbI PE3KOCTH CHHTE3MPOBAHHBIX TOJIOTPAMM-IPOEKTOPOB,
OCHOBAHHbIX Ha MAaHUMYJMPOBAHUH OPMOIi Tpe/ICTaBAeHHST 0OBEKTOB.

B ocHOBy 1pemjioKeHHOro  MeToJa YBeJHUUeHHUs  paspellaiolled  crnocoOHOCTH
CHHTE3UPOBAHHBIX TOJIOTPAMM-TIPOEKTOPOB TOJIOYKEH IIMPOKO H3BECTHBIH B (OTOJHUTOrpadun
MeToJ1 pa3oBol Koppekiun 3¢ hekToB 6u30cTH. Ero cyTh 3ak/ioueHa B yCTpaHeHUH HEraTUBHOTO
BJMSIHUSL ~ BTOPMUHBIX  JU(PPAKUMOHHBIX ~ MAKCUMYMOB  CPOPMHUPOBAHHOTO  M300paKeHHUs!
¢orouaboHa Ha paspellarollyio CrnocoOHOCTb poTosMTorpauiyeckoro mnpoiecca 3a CyeT
MCIOJIb30BAHUST B TPOCTAHCTBE MPEAMETOB (ha30BbIX MACOK, 06eCneuuBaloMX MPOTHBOPA3HOCTh
U3Jy4eHust, GOPMHUPYIOLLET0 U306PaXKEeHUsT COCETHUX JIEMEHTOB CTPYKTYphl hoTolabiona [2]. B
peayJsibTaTe HHTephepeHUUH BOJH, (GOPMUPYIOLIMX H300paXKEHHsI COCEHHUX 3JE€MEHTOB CTPYKTYpbl
u3obpaxkenusi ¢oroiabaoHa, B MPOTHBO(A3e MPOUCXOAUT B3aUMHOE oOcJjabjeHHe BTOPHUUYHBIX
MaKCHUMyMOM B 00JIaCTH MexKTy M300paKeHUSIMH JIBYX COCEIHHX 3JeMeHTOB oToliabaoHa, uTo
JleJlaeT MX XOPOLLO Pa3JMYMMbIMH M TOBBILIAET paspellarolllyto crnocobHocTb. [IpakTHueckas
peaJsiM3auysi 3TOr0 METOA MPH CHHTE3€ TOJIOrpaMM-IPOEKTOPOB He TpeOyeT HCMOJb30BaHUS
peajibHO CYUIECTBYIOIIMX (Da30BbIX MACOK, a CBOAUTCS JiMIIb K H3MEHEHHI0 (OpPMbI
MaTeMaTHYeCKOro OMUCaHUsl 00bEKTa, T.€. K BBEICHHUIO COOTBETCTBYIOLLEH (ha30BOH MOMIYJISLHHU B
(hYHKIMIO TPONyCKaHUsi 06'beKTa.

JKcrepuMeHTalbHOE HUCCJEIOBAHME BJIMSIHUSL OMMCAHHOTO Bbille MeToda (ha3oBoH
Koppekinn shdekta OGJU30CTH Ha H306paxkalollie CBOWCTBA CHHTE3UPOBAHHBLIX TOJIOTPAMM-
MIPOEKTOPOB MPOBOIMJIOCH IPUMEHHUTEJIBHO K ITOJYTOHOBBIM rosiorpaMmmam-npoekropam Ppexelisi v
OCYLLECTBJ/ISIIOCH C TMOMOUIbIO CMElHaJU3UPOBAHHOIO TPOrPAMMHOIO KOMIJIEKCAa CHHTe3a M
BOCCTaHOBJIeHUs Tosiorpamm [3]. [Ipu 3ToM Bce 3KCrEepUMEHTHI, €CJIM 3TO He OTOBOPEeHO 0co60,
BBITIOJIHAJIUCh  TIPH  CJIEAYIONIMX (DU3UUECKHX M TeOMETPUUECKHX MapaMeTpax CHHTe3a W
BOCCTaHOBJIeHUs roJjiorpamm. Pabouast ajiiHa BOJIHBI TOJIOrpaMM-TIpOeKTOpoB — 13,5 HM, pa3mep
rojorpaMm — npoekTopo 435x435 mnukcesos pasmepom 20x20 nm?, Pasmep nHKcesioB B
MJIOCKOCTSIX 0ObeKTa W M300parkeHusi Obll BbiOpaH paBHbIM 20%x20 HM? MCXOJIsl H3 Pe3yJIbTaToB
pa6oTbl [1]. Yros1 nagenus napa/ie bHOro onopHoro nyduka o1 pased 14,7°, paccrosinne Mexy
MJIOCKOCTBIO 06'bEKTA U MJOCKOCTbIO perucTpaliuu rosorpammbl coctansiaio — 20,4 Mkm. O6bekT
MPEACTaBJIAJ COOOH YCTAHOBJICHHDBIM B MApaJ/JIe/IbHOM IyuKe Jydel Helpo3pauHblil TPAHCIIAPaHT,
cojiepzKallMil 1Be napaJiielibHble ApYr Apyry npo3payHble e pagmepoM 4x40 nukcesos, T.e.
80x800 Hm?. MeToarKa HCCeloBaHKst BKJOYaIa B ce6si CHHTE3 roJIorpaMM-1poeKTopoB PpeHelist
BBIIIEOTIHCAHHOTO 0ObeKTa MPH PACCTOSTHUSIX MEXKIY ILEJIsIMU, U3MEHSIONIMMUCS B Tpeesaax oT
600 um 1o 40 um ¢ warom 20 uMm, T.e. oT 30 nHUKcesgoB A0 2 nMUKcesoB ¢ warom 1 nukcena. Has
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KaXKI0r0 pPACCTOSTHUS MEXKIy LIeJAIMH CHHTE3HPOBAJMChL JIBE TOJOTPAMMBI, OJHA H3 KOTOPBIX
COOTBETCTBOBAJIA CJIy4alo CHH(DA3HOCTH U3JTydeHHs, TPOLLIEIIIEr0 Uepe3 TpPaHCapaHT, B MJIOCKOCTH
camoro TpaHcnapasTa, a Bropast — cJiy4dato NpoTHBO(a3HOCTH U3JyYeHHUs], TPOLIELIEro yepes e
TpaHcnapaHTa. [losydeHHble TakuM 00pa3oM  ToJiorpaMMbl  TMOJABEPrajiuich  LUMPOBOMY
BOCCTAHOBJICHHIO C NTOMOLLIBIO TOTO 2K€ CAMOI0 KOMIIJIEKCA CHHTe3a U BOCCTAHOBJICHHS MOJIOMPAMM -
npoekropoB PpeHeJist, UTO MO3BOJISIIO OLLEHUTh pa3pellieHre U YPOBEHb MOMeX, JOCTUIHYThIe MPH
pa3/IMYHBIX YCJIOBUSIX KCTIIEpUMEHTa. Pe3ysibTaThbl 3TOT0 UCCEI0BAHUS MTPECTaBJ/IeHbl HA puUC. 1.
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Puc. 1. I'pacpuku 3aBUCHMOCTH YncIIa I0NYCTUMBIX YPOBHEH MOPOroBoil 06paGoTKH OT BIGPAHHOTO [PH CHHTE3€
TOJI0OTPAMMBI-MIPOEKTOPA PACCTOSIHUS MEZKIT LIEJISIMH U TOTO B (hade UJIH B TPOTHBO(A3e HAXOAUIOCH B TVIOCKOCTH
00beKTa U3JlydeHHe, MpoLLeLiee Yepes LWesu

M3 npencraBieHHbIX rpadUKOB CJeyeT, UYTO NMpUMeHeHHe MeToja (Pa3oBOH KOPPEKIHH
schexTa OJM30CTH MPU CUHTE3E OJIOIPAMM-TTPOEKTOPOB MO3BOJISIET CYILIECTBEHHO, OoJiee ueM B JiBa
pasa, TOBBICUTb paspellawlilylo CMocOOHOCTb TroJiorpauyeckoro BapUaHTa MPOEKIIMOHHOH
corosuTorpadui M JIOBECTH €€ TPH YKa3aHHBIX Bblllle MapamMeTpax CHHTE3a U BOCCTAHOBJIEHHUS
rosiorpaMMm-npoeKTopoB 10 40 HM. OTMETHM, UTO XapaKTEePUCTUUECKHH, T.€. MUHUMaJIbHbIH pazmep
3JIeMEHTa CTPYKTYpPbl BOCCTAHOBJIEHHOTO M300paKeHHs] B PacCMaTPUBAEMOM CJy4ae COCTaBJIsLI
80 Hm. Takum o6pa3oM, pe3yabTaTbl MPOBEIEHHOTO HCCJEN0BAHUS CBUAETEJLCTBYIOT O
BO3MOXKHOCTH ~ JIBYyXKPaTHOTO ~ YMEHbIIIEHHsT HOPM MPOEKTHPOBAaHUS B  roJsiorpaduueckom
cdorosuTorpaduueckoM mpoiiecce MpH MCroJb30BaHUH (a3oBoi KoppeKiyn shdexra 6aM30CTH,
MO3UTHUBHOTO poTopesucta U PoToladbJ0HOB, B KOTOPIX 3JIEMEHThI CTPYKTYPbl U3TOTABJIHBAEMOTO
U3J1e/IHS 0TOOPAXKAIOTCS B BUIE MPOMEKYTKOB MKy IByMs TPO3PayHbIMU 00JIACTSMH.

['ny6uHa pe3koCcTH NPOeKIUMOHHOM CUCTEMbI SIBJISIETCS OIHON U3 BaXKHEHILIUX XapaKTePUCTHK
doTosuTorpaduueckoro o6opynoBaHust. TpajuLIMOHHBIN MYTh YMEHbIIEHHSI HOPM MPOEKTHPOBAHHS
M3rOTABJMBAEMbIX HU3JIEJIMI, OCHOBAHHBIK HA YMEHbIIEHUH paOoyel JJIMHbI BOJHBI UCTIOJb3YEeMOTr0
U3JIydeHHsI U YBEJIHUEHUH aNlePTyp MPOEKIIMOHHBIX ONTHYECKUX CUCTEM, PUBOJUT K CYLLLeCTBEHHOMY
YMEHbIIEHHUIO TIyOHHBI PE3KOCTH U300paykeHHs1, POPMUPYEMOTO Ha MOBEPXHOCTH MOKPBITOH CJI0EM
hoTOpe3ucTa MoJyrnpoBOJAHUKOBOH MJIACTHHBI. TOUHO TakyKe OOCTOST Jies1a ¢ rJyOUHOH Pe3KOCTH
(hbu3uUeCcKy 3aperucTPUPOBAHHBIX M CHHTE3UPOBAHHBIX TPAAMLIMOHHBIM CHOCOOOM, T.e. TyTeM
MaTeMaTHYeCKOTO MOJEJUPOBAHUS (PU3MUYECKH PETHCTPUPYEMOTO ToJiorpacuueckoro mMoJis,
roJIorpaMM-1poeKToOpoB. BmecTe ¢ TeM, CHHTE3 roJlorpaMm-MpoeKTOPOB, OCYLIECTBJSIEMbIH, KaK
M3BECTHO, B BEPTyaJIbHOM IPOCTPAHCTBE, MO3BOJSIET MPOU3BOAUTL HEKHE, HE OCYyLIEeCTBUMbIE B
peasibHOM (PU3HUECKOM MTPOCTPAHCTBE, MAHUTYJISILIUHU ¢ POPMOU MpeCcTaBIeHUsI 00BEKTA, KOTOPbIe
cnocoGHbl BO3/IEHCTBABATh Ha IVIYyOMHY pe3Ko oToOpakaemoro npoctpaHcTBa. Hanpumep, ecnn
CUHTE3HPOBAThb FOJIOTPAMMY-IIPOEKTOP TaKUM 00pa3oM, yToObl OHA MPH BOCCTAHOBJIEHUH BMECTO
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onHoro u3ob6paxkeHusi dotomabsoHa GopmMupoBasa Obl  HECKOJBKO €ro Hu300paxKeHWH,
pacriosiaraeMbIX OJIHO 32 JAPYTUM Ha PACCTOSIHUSX JAPYT OT Jpyra, He MPeBbIIALIUX TPAAULHMOHHYIO
rJlyOUHY Pe3KOCTH, TO, KadasJochb Obl, MOXKHO Obl10 Obl JOCTHYb CYLLECTBEHHOrO YyBeJUYEHHS
TJIyOUHbBI Pe3KOCTH BOCCTAHABJINBAEMOTI0 U300 PaXKEHHUSI.

[IpakTuueckass peasu3dauudsi CHHTe3a [OJOOHOHW TroJioTpaMMbl-TIpoeKkTopa TpedyeT
MCIOJb30BaHUs TaKOH (hopMbI ONTUcaHusi 06'beKTa, IPH KOTOPOH 06'beKTHASI BOJIHA TIPEJICTABJISETCS
B BHJE CYMEPrO3ULIMH HECKOJbKMX OOBEKTHBIX BOJH, (QOPMHUPYEMbIX OIHHM M TeM Ke
thoTolabI0HOM, MPH PA3AUUHBIX PACCTOSHUSX OT MJIOCKOCTH CHHTE3a F0JIOrPaMMbl, OTJIHYAIOLIUXCS
JPYT OT Pyra Ha BEJIMUUHY, HE MPEBbILLAIOLLYI0 TPAAULMOHHYIO [MIyOUHY Pe3KOCTH F0JIOrPAMMBI.

AKcrepuMeHTa bHast OlleHKA BJIMSHUS OMUCAHHON Bblllle POPMbI TIPEICTaBIeHUS 0ObEKTa
Ha ryOMHY Pe3KOCTH BOCCTAHOBJIEHHOIO H300paKeHHsl BKJouaja B ceOsi CUHTE3 roJIorpaMm-
NPOEKTOPOB 0ObEKTA, UMEIOLLEro BUJ CBETJIOTO MepeKpecTHst Ha TeMHOM ¢oHe. [Ipu ux cuHTese
00beKTHasi BOJIHA MPEACTABJSIACH B BUAE CYNEPIO3ULUH JBYX BOJIH, MOPOKACHHBIX 0ObEKTAMH,
pacrosioKEeHHbIMH Ha Pa3JIMUHbIX PACCTOSIHUSIX OT IMJIOCKOCTH CHHTe3a rosiorpammbl. [Ipu sTom
paccTosiHUA MexK1y O0ObeKTaMHM M3MEHSIMCh OT roJorpammbl K rojorpamme ¢ uarom 100 HM U
gexamu B npefenax ot 100 no 400 um. Pasmep roJiorpaMm-rpoeKkTopoB Obl1 BbIOpaH pPaBHBIM
435x435 nukcesieit pazmepom 20 HM, yroJl naJieH|st OMIOPHOTO MydKa cocTassia 14,7°, paccrosinue
MeXKJy MJIOCKOCTbIO 06bEKTa M MJOCKOCTBIO PErHcTpalMy rojorpaMmbl 66110 paBHo 20 345 HM.
[Iupuna auHuii o6bekta Oblia paBHa 80 HM MpU pazMmepe MUKcesNeHd B MJIOCKOCTH 0ObeKTa
80x80 nm*. Pabouasi 1/iMHA BOJIHBI FOJOrpaMM-IpoekTopoB — 13,5 um. OTMeTHM, UTO pacueTHast
riayOMHA pPe3KOCTH TNPH BbIOPAHHBIX MapameTpax CHHTe3a W BOCCTAHOBJICHHSI TOJIOTPAMM-
MPOEKTOPOB cocTaBJsiia 474 Hm. B pesy/ibTaTe BbINOJHEHHOIO UCCAIEI0BAHUS ObII0 YCTAHOBJIEHO,
4yTo HauOoJibllasl ryybHHa Pe3KOCTH BOCCTAHOBJIEHHOTO H300paKeHHsl peaJsiudyercsl B cJjydae
npeJcTaBaeHusi 0OBEKTHOH BOJIHBI B BHJE CYNEPHNO3ULMU BOJH, MOPOXKIEHHBIX O0O0BEKTaMH,
pacriosiaraeMbIMU Ha PaCCTOSTHUK JPYT OT Jipyra, OJM3KOM K TPAJAULIMOHHON TJIyOHHE PEe3KOCTH, T.€.
Ha PAacCTOSIHMKM MNPUOJIU3UTENBbHO PABHOM TPOTSZKEHHOCTH UEHTPAJbHOTO MaKCUMyMa B
OrpaHMYeHHOM JAudpakiuell H300paKeHUH ToueuHoro ooObekTa. [losydeHHble pesy/abTaThl
WITIIOCTPUPYET PHUC. 2, HA KOTOPOM NPUBEEHBI IpauKH, IEMOHCTPUPYIOLIME 3aBUCUMOCTb IJTyOUHbI
PE3KOCTH BOCCTAHOBJIEHHOTO H300paKeHHs1 OT PACCTOSIHUSI MEXKIy OOBbEKTaMH, MPUHATOrO TpH
pacuete KOMIIJIEKCHOH aMIUIUTyibl OOBEKTHOH BoJiHbI. Ha HeM TOUKH COOTBETCTBYIOT
TPaJMLIHOHHOMY CJIy4alo OJHOr0 06'beKTa, TPEYTroJbHUKH — JBYM O0ObEKTaM, pacrosoKeHHbIM Ha
paccrosinun 100 HM IpyT OT pyra, KPeCTHKK — IBYM 0ObEeKTaM, PACMOJIOKEHHBIM Ha PACCTOSIHUN
200 um. OTMETHM, YTO TPATAULMOHHBIN CJ1ydai OIHOT0 06bEKTA COOTBETCTBOBAJ PACCTOSIHUIO MEK]LY
MVIOCKOCTbIO 00beKTa M TJIOCKOCTBIO pPerucTpauuu rojorpammbl, pasHomy 20,4 mxm. [lo ocu
OpIMHAT Ha PHUC.2 OTJIOKEHO HWMHUTHpYIOLllee BJHUsHHE (OTOpPE3UcTa Ha BOCCTAHOBJEHHOE
1306paxkKeHue JOMyCTUMOE YUCI0 YPOBHEH MOPOroBOi 00paboTKKU H300paXKeHus1, PU KOTOPOM €ro
CTPYKTYpa TMOJIHOCTbIO COOTBETCTBYET CTPYKTYpPE HCXOAHOro 00beKTa, HOPMHUPOBAHHOE T10
MaKCHMaJIbHOMY YHCJy YPOBHEH, JIOCTHraeMoMy T[pH JIaHHBIX [apameTpax CHHTe3a H
BOCCTAHOBJIEHUS roJiorpaMMbl. [3]. TIpencraBsienHble rpaduKu CBUIETENLCTBYIOT O JIOCTHXKEHHH
MPUMEPHO TOJYTOPHOTO yBEJHUEHHUs] TJIyOMHbl PE3KOCTH H300paXKeHHsl, BOCCTAHABJIMBAEMOIO C
MOMOULbIO CHHTE3UPOBAHHOK IOJIOrPAMMBbI-TPOEKTOPA.
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Puc. 2. T'pacpuku 3aBUCHMOCTH IIyOHHBI PE3KOCTH BOCCTAHOBJIEHHOTO H300pAKEHHSI OT PACCTOSIHUS MEXKILy
00bEKTaMHU, PUHSTOTO NP pacyeTe KOMIUIEKCHON aMIIUTY/bl 00bEKTHOH BOJIHBI B [TPOLIECCE CHHTE3a [OJIOrPaMMbl

Eute 6osblinii 3¢deKT ¢ TOUKU 3peHHst yBeJMUYeHUs1 TJyOUHbI Pe3KOCTH JaeT ha3oBoe
COrJIacOBaHHE MaplHa/bHbIX, T.€. COCTABJSIOLIUX OOBEKTHYIO BOJIHY [PH CHHTE3€ T0JIOrpaMM-
NpoeKTOpoB, BoJiH. Tak BBeleHHe MexXy HUMH (a3oBoro cisura, pasHoro 0,3, Mpu Takom e,
paBHoM 200 HM, pacCTOSIHUM MeXIy TI0J0KEHHSIMH 0ObeKTa T[pH CHHTE3e TOJIOTPaAMMBI,
00yCJOBUJIO OCTHKeHUe ellle Gosbliel, paBHoi +900 HM ryiyGuUHe Pe3KOCTH BOCCTAHOBJIEHHOTO
uzobpaxkenusi. Takum o6pazom, couetaHue merona (azoBoi Koppekiuu 3dpdekra OGJU30CTH U
thopmbl orucanusi 06GbeKTHON BOJIHBI, TP KOTOPOH OHA MPEICTABJSETCS B BUE CYTEPIIO3UIIMH IBYX
BOJIH, MOPOXKIEHHBIX OJHUM M TeM »Ke OODBEKTOM, MO3BOJISEeT YBEJHUMTb TyOMHY PEe3KOCTH
BOCCTAHOBJIEHHOTO H306pazkeHust 6oJiee, ueM B 2,5 pasa U, TeM CaMbIM, €PEBECTH U3 HAHOMETPOB
B MHUKpPOMETPbl TpeGOBaHUS, MpeabsB/seMble K TOYHOCTH YCTAHOBKH MOJYTPOBOAHUKOBOH
MJIaCTHHBI B iuTorpadge, padoratoieM B 10— 15 um tuanasone yinH BosiH. OTMETHM, UTO TaKoe XKe
yBeJiMueHne ryyOGUHbl Pe3KOCTH BOCCTAHOBJIEHHOTO H300PaXKEHUsI MOXKET ObITh JOCTHIHYTO U 6e3
MCIOJb30BaHUSl (PAa30BOro CIABUra, a JiMilb 3a CUeT MpeacTaBjieHns 0ObeKTHOH BOJIHBI B BHJIE
CYTEepTIO3UIMH HE JIBYX, & TPEX BOJIH, TTOPOXKIEHHBIX OTHAM U T€M Ke 00BEKTOM, pacrojiaraeMoM Ha
TpeX, oTJnvalouuxes Apyr ot apyra Ha 200 HM paccTosIHUSX OT MJIOCKOCTH IOJIOTPAMMBI.
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Methods for increasing the resolution and depth of field in computer
generated hologram-projectors

S.N. Koreshev, O.V. Nikanorov, M.A. Frolova, Ya.A. Novitskaya
Saint Petersburg National Research University of Information Technologies, Mechanics and
Optics, Saint Petersburg, Russia

The problem of resolution and depth of field increasing in Fresnel synthesized holograms-
projectors are discussed. The work is done in the case of the ilat two-dimensional object, for
example, photo mask or the working area of optical tweezers. The efficiency of well known in
traditional projection photolithography method such as the phase correction of the proximity effect
is demonstrated in order to enhance the resolution ability of the Fresnel synthesized holograms-
projectors. A method of depth of field extension in images reconstructed by the Fresnel synthesized
holograms-projectors is proposed. It based on representing the complex amplitude of the object
wave at the hologram synthesis as the superposition of the complex amplitudes of the several object
waves generated by the same object at different distances from the hologram, characterized by the
value not exceeding the depth of field in image of a single object.

59



Tonorpadus. Hayka u [1pakTuka
13-4 mexxnynapontasi koudepenuus «I'omodkeno 2016»

11 OcobeHHocTH ucnogab3oBaHuss PSM-metoaa npu pacuere audppakuMuOHHOM
3¢ eKTUBHOCTH TOJICTBIX OTPaXKATEJNbHBIX FOJIOrpaMM

I'U. I'peiicyx', E.I'. Encos’, C.B. Kasun', C.A. Cmenanos', KH. Appanacves?, A.C. bopodyiun’
! TTeH3eHCKHi roCy1apCTBEHHBIA YHHBEPCUTET aPXHTEKTYPhI H CTPOMTEILCTBA, [Tensa, Poccus
2 Mockosckuii usral JII dnekrponnke Muk., Mocksa, Poccust

OnHum 13 Hanbosee pacnpocTpaHeHHbIX METO/IOB pacueTa AU paKkIIHOHHON 3PPEKTHBHOCTH
(/1) ToscThiX (06OBEMHBIX) FOJOrPAMM yKe Ha MPOTSKEHUH HECKOJbKHUX JIeCATHIETHH SIBJISIETCS
MeToj1 cBsizaHHbIX BoJIH KoresbHuka [ 1]. ['naBubiM noctonncTBoM MeTona KoresbHuka siB/sieTcs To,
UYTO 3TO AHAJMTHYECKHUH METOJ, TMO3TOMY OH [03BOJSIET JO0CTAaTOYHO JIETKO MW  HArJIsAHO
MPOaHAJIM3UPOBATL BJHSIHME Ha JID passuyHblx nNapaMeTpoB 3amMcH M BOCCTAHOBJIEHHUS
rojiorpammbl. OiHaKoO, KaK MpakTHYeCKH BCIKUH aHAJIUTHUECKUH MeTol, MeTol KoresibHuKa uMeeT
M psil OrPaHUYEHHH, OJHUM H3 KOTOPbIX SIBJsieTCS TO, UYTO B €ro paMkax roJorpamma
paccMaTpuBaeTCsl KaK CHHYCOMJAJ/IbHAsT PeleTKa, YTO He MO3BOJSIET STOT METO/, HeMOCPEICTBEHHO
pacrnpocTpaHUTb Ha MyJIbTHIIIMLUPOBAHHbIE 0G'beMHbIE I0JIOTPAMMBI.

HenaBno, nna pacuera JIO o6beMHbIX rojorpamm, Obul mnpemioken PSM-merton
(a66peBuatypa «parallel stacked mirrors»), B COOTBETCTBHH C KOTOPBLIM Hcc/eyemasi 00beMHast
roJlorpaMMHasi pellieTka NpeacTaBasieTcst Kak Habop rnapaJiiesibHbIX YaCTHUHO OTPaXKatolluX CJI0EB
[2]. DToT MeTox, Kak 1 MeTos KoresibHUKa, 5IBJIsSIeTCS] aHAJIMTUYECKMM METOJIOM, OJIHAKO, B OTJIMYHE
oT MeTof1a Kore/sibHUKa OH MO3BOJISIET, B YACTHOCTH, HCCIIE10BaTh 06'beMHble (ha30Bble M0J0rpaMMBbl,
y KOTOPBIX pacrpeje/ieHue 1nokasartess MnpejaoMJyeHds: Mo ux rayOuHe, MPeACTaBJsieT He TOJbKO
CHHYCOMJIAJIbHYI0, HO W TPaKTHUYECKH JIIOOYI0 MePUOAMYECKYl0 (YHKIHIO. IDTO OTKpPbIBAeT
BO3MOXKHOCTb HCCeloBaHus B paMKax PSM-meTona Kak crieKTpasibHbIX, TaK U IPOCTPAHCTBEHHbIX
MYJIbTUIIJIEKCHBIX 0O BEMHBIX ToJIorpamm [ 3].

B Hacrosiiei pabore neMoHCTpUpyeTest 3PppeKTUBHOCTD Henob3oBanuss PSM-mertona s
OlLIeHKH TpeGOBaHUH, MPEIbIBISIEMbIX K XapaKTePUCTHKAM (POTOUYBCTBUTEJIBHOTO CJIOSI B CJIydae
3aMiCH  MHOTOLIBETHBIX (T.e. CMEKTPaJbHO MYJbTHIJIMIIMPOBAHHBIX) (Da30BbIX 0OBEMHBIX
rosiorpaMmm. Kpome Toro, B paboTe nmokasaHo, Kak MOXKHO HCMoJib3oBaTh PSM-MeTon npu pacuete
J1D 06beMHOI roJIorpaMmbl B CJIydae ee HeJJMHEHHON perucTpalum.

B pamkax panHo#l paGothl PSM-meTon ucnojibdyercss MNpu  olleHKe TpebGoBaHUH,
NpebsBJASEMbIX K XapaKTepUCTHKaM (hOTOUYBCTBUTEJLHOTO CJIOST B C/1ydyae 3aliCH MHOTOLBETHBIX,
T.€. CHEKTPaJbHbIX MYJbTHIJIEKCHBIX (ha30BbIX 00BbeMHBIX rojorpamMmm. Kpome Toro, B pabote
MI0Ka3aHo, KakK MOXKHO Hcrosib3oBaTh PSM-mMerton npu pacuere J[D oObeMHOH rosiorpamMmbl B
cJlyyae ee HeJIMHEHHOH perucTpauui.

Ha puc. 1 npencrapieHa o6bemHasi azoBasi oTpakatesibHasi roJlorpaMMHasi peleTka u
MoKa3aHbl OCHOBHbIE 0003HAYeHHs], UCTOJb3yeMble B paMkax PSM-meTona. B cooTBeTcTBMM € 3THM
PUCYHKOM roJlorpaMMa HaXoJIUTCs B CPeJie C MoKa3aTesieM NPeJIOMJIeHHs g — CPeHUM 3HaueHHeM
MoKaszareJisi pesJioMJICHUsT CAMOW TOJIOTPAMMBI, a TJIOCKOCTH PABHOTO MOKa3aTeJsi MpesoMJIeHHs
(cTpaThl) He mapaJJesbHbl TJIOCKOCTH roJjorpammbl. [lepBoe M3 3THUX YCJOBHH MO3BOJSET MPH
pacuete /19 He yunTbhIBaTh (ppeHeIeBbI TOTEPH HA TPaHULIE Cpea-roJorpaMmma.
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Puc. 1. O6bemHast hazoBasi oTpaxkartesibHasi roJJorpaMMHast pellieTka B cIydae,
KOT/Ia TIJIOCKOCTH PAaBHOTO T10Ka3aTesisi PesIOMJIEHHST He TTapaJiiesibHbI TJIOCKOCTH ToJI0TpaMMBbl

B cootBercTBUM ¢ pUC. | BBOAATCS ciieytoliiie 0003HAUEHUS: Y — YroJl MexKly HOPMaJiblo
K CTpaTaMm U HOPMaJiblo K TJIOCKOCTH FOJIOrpaMMbl; 0. — YroJ Mexkiy NajialolldM Ha ToJIorpaMmy
(BoccTaHaB/IMBAIONIMM) JIydoM R W HopMasibio K cTpaTtam; 6. — y — yroJ Mexjiy MajaloliiM Ha
roJiorpaMmmy JiydoM R ¥ HOpMaJiblo K MJI0CKOCTH FOJIorpamMMbl; O, + y — yroJi MexKy OTpaXKeHHbIM
OT CTPaThl (BOCCTAHOBJIEHHBIM ) JIY4OM S M HOPMAJIbIO K MJIOCKOCTH rosiorpammbl. Kpome Toro, najee
6y/1eM HCTOJIb30BaTh Ceylole 0003HAUEHUs: . — TOJIIIMHA TOJIOTPAMMBbI; A U A, — JJIHHbBI BOJIH
BOCCTAHOBJIEHHUSI U 3aMTUCH FOJIOTPAMMbl B CBOOOIHOM MPOCTPAHCTBE (B BO3YyXe ); O, — YIJIbl MEXKITy
3aMMChIBAIOILMMHU JIydaMH U HOPMaJbo K CTpaTaMm; 1, — aMILJIUTya epeMeHHON COCTaBJIsIOLIEN
noKasareJisi IpeJioMJIeHHsI TOJIOTPaAMMbI.

[Ipu ouenke JID crneKkTpasbHBIX MYJLTHIJIEKCHBIX TOJOTpaMM OyaeM CUHTaTb, Takas
roJiorpaMmmMa CoJIePKHUT MPOCTPAHCTBEHHO OIMHAKOBO OPUEHTHPOBAHHbBIE PEIIETKH (YroJ1 \y /ISl BCeX
pelieTok OfMHAKoB). Kpome Toro, mnosoxKuM, UTO Ui BCEX pEIIeTOK U YIJbl MEXIy
3aMUChIBAIOIIMMHU JIyuaMH M HOPMaJiblo K cTpaTtaM 0, Takke ojfiMHaKoBbl. B 3TOM ciyuae nepuosn

KaXKJI0M PeLeTKH BJI0JIb OCH Y, OTIPe/IesIsieMblH yPABHEHHEM
A

r

B 2n,cos 0, ’

OTJIMYAETCH Y PA3HBIX PELIETOK TOJIBKO OJ1arofaps pa3Hou JIMHOU BOJIHBI 3ATTUCH A

[Ipu oroBopeHHBIX BhbIlle YCJOBUAX B pamkax PSM-monenu ajisi BceX AJIMH BOJIH TPH
OJIMHAKOBOM yTJie najieHus: OyaeT oflMHaKoB U yroJ otpaxeHus. [Ipuuem, npu yrje nagenus 6. = 0,
M Ha JUIMHE BOJIHBI A, = A, MaKcuMaJsibHas J1D kaxnoi pelieTkn OyneT OJ1M3Ka K €IMHULE B CHITY
BbINTOJIHEHUS yc10BUsl bparra.

Hanee Oynem cuutath, TPU JJIMHBI BOJIHbI 3alUCH BblIOpaHbl Tak, YTO MPH HaJOKEHHUH
MOHOXPOMATHUYECKUX MYYKOB, COOTBETCTBYIOLIUX 3THM JUIMHAM BOJIH, oOpasyeTcsi OeJibld CBeT.
OueBHHO, YTO B 3TOM CJiydyae BbIOpaHHble JJIMHBI BOJIH 3aMUCH OTAEJbHbIX pPelIeTOK OymayT
CYLLLECTBEHHO OTJIMYATBLCS APYT OT JIpyra, U €cjid y MepBOi pellleTKH MakcuMasbHas 1D Ha aiuHe
BOJIHbI A. = A,; OJIM3KA K €IMHHIIE, TO Y JIBYX JPYrUX PElIeTOK Ha 3TOH JJIMHe BoJiHbl J[D Oynet

61



Tonorpadus. Hayka u [1pakTuka
13-4 mexxnynapontasi koudepenuus «I'omodkeno 2016»

MPakTHUECKU paBHA HyJi0. B 3TOM cjydae BJMsiHME CMEKTPAJbHOH MyJbTHIJIEKCHOCTH Ha JI9D
00yCJIOBJIEHO JIHIIL TEM, UTO Il KAXIOH PElIeTKH ee aMIUIUTY/a MepeMeHHOH COCTaBJsoNIeN
nmokaszareJssi npejoMeHdst n; OyaeT MeHblle BeJUUYHHbI JOMYyCTUMOH CyMMapHOH aMIJIUTY/IbI
MOJyJISILIMHK TT0Ka3aTeJIsi TpesloMIeHUs 81 POTOUYBCTBUTEBHOTO CJIOSI TOJIOTPAMMBI.

B ciyuae «TpexiBeTHON» ToJIorpaMMbl, Y KOTOPOH Kaxkasi U3 PEIIeTOK HMeeT OIMHAKOBYIO
aAMIJIUTYIy MepeMeHHOM COCTaBJsIOLIEN MOKa3aTe sl MpeJoMJeHHs], 3Ta aMIIUTy1a OyleT paBHa
ny; = dn/3. TIpn cpaBHUTEILHO HEGOJIBILION TOJIIHHE GOTOYYBCTBHTENBLHOTO CJI0S FOJIOMPAMMABI 3TO
MOXKET MPUBECTH K CHUXKEHHIO MAKCHMAJbHOT0 3HaueHus1 /1D rosiorpaMmbl Ha KaxKJI0d U3 IJIMH BOJIH.
[Ipuuem, uem Gouibliie IJIMHA BOJIHbBI, TEM 3TO CHU2KEHHUE OyleT OOJbILINM.

CkazaHHOe WJUIIOCTPUpYETCs pHc.2 W 3, HA KOTOPBIX TMPHUBENEHbI CIHEeKTpasbHble
pacrnpeneenust J19 c-nossipu30BaHHOrO U3JyYeHHsT €OTHOLBETHON» U «TPEXLBETHOH» 00beMHOH
(ha3oBoi roJiorpaMMbl, UMelolel B 060UX CJydasi OMHAKOBYIO TOJLIMHY (d = 7 MKM). Cpasy xe
HaroOMHUM, UTO G-TOJISIPU3AllMsl COOTBETCTBYET 3JI€KTPOMArHUTHOH BOJIHE, Y KOTOpPOH BekTop E
nepreHIuKyAsIpeH MJI0CKOCTH najaeHus jsyda. OueBUaHO, UTO Jyist TOTo, YTOObI JID «TpexiBeTHO! »
roJlorpaMMbl UMeJsia Obl HA BCeX JYIMHAX BOJIH 3aMUCH 3HAueHUs1 OJIM3KKHe K e€JIMHUILE TOJILIUHY ee
(hOTOUYBCTBUTENILHOTO CJIOST HEOOXOAMMO CYIIECTBEHHO YBEJIMUNTh, UTO U WJIOCTPUPYET PHC. 4,
KOTOPbIH MOJy4eHHH 1pu ToJinHe d = 30 MKM.

PaccmoTrpum  Tenepb BausiHHe Ha JID  HeJMHEHHOTo peXUMa 3aruch  0ObEMHOH
«OJTHOIIBETHON» TOJIOTPAMMbl, 00YCJIOBJIEHHOTO €€ MepesKcrnoHnpoBaHueM. B stom ciydae npu
nepexojie OT JMHEHHOTO K HEJUHEHHOMY peXKUMY, a 3aTeM — W K PEKUMY HaChILIEHHUS], cpe/iHee
3HaueHHe ToKasarteJsisi MpesomJieHust (OTOUYBCTBUTENLHOIO CJIOsT BO3pacTaeT, a BepXHUe 4acTh
CUHYCOMJIbI, MOJIyJIUPYIOLIEH MoKa3aTesb MpeJoMJeHHs], TOCTUTHYB MAaKCUMAJIbHOTO JJisi JaHHOTO
(hOTOUYBCTBUTENILHOTO CJIOST 3HAYE€HHUs] TOKasaTteJssi MpeJOMJEHHs, B MEPBOM MNPUOJIMKEHUN
MpPeBPallATCs B FOPH3OHTANbHbIE YYACTKH (MJIATO) C OTHOCHTEJNLHOH IIMPHHOH € = T/A, rie
0<e<0,5 (puc.d). B pesysbrare pacnpeiesneHre rokasaressi MPeJOMJEHUS] OCTaHETCS
MEePUOAMUECKHUM, HO B Mpeesiax OJJHOTO Meprojia OHO GY/IeT OMUCHIBATLCS y2Ke He HeNpepbIBHOM, a
KYCOUHO-TJIAJIKOH (DyHKIIHEH.
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Puc. 2. CnekrpanbHoe pacnpejiesienue J19 ¢-10ssipu30BaHHOTO U3JTyueHH st
«OJIHOLIBETHON» 06'beMHOI (Pa30BOK roJIOrPAMMbI

HapaMeprI 3alluCHh U BOCCTAaHOBJIEHHSI IT'OJIOIPAMMBI:
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d="T7wmkm; ny=1,5;0,=0°%y =0°6.=0° A, = 0,532 mxm; n, = 0,45.

0.5
Tl
0.4
w2
ns
) T W3
L 1
0.1 - ! \
g r\} [V PR ;b
A 0.5 0.& 0
Az
Puc. 3. CnekrpasnbHoe pacnpesiesieHue 19 G-1noJsipu30BaHHOTO U3JIyUEHUs] K TPEXLBETHON» 00beMHOM (Pa3oBoi
roJIorpaMMmbl

[TapameTpbl 3aMUCH U BOCCTAHOBJIEHHUST TOJIOTPAMMBI
d =7 mMxwm; ng = 1,5; 0, = 0°; vy = 0°, 6. =0°; A,; = 0,440 MKM; Ap = 0,532 MKM
u A = 0,660 Mxm; n,; = dn/3 = 0,045/3.
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Puc. 4. CnekrpanbHoe pacnpejiesieHue J19 ¢-110ssipu30BaHHOTO0 U3JyueHHUst
KTPEXLBETHON» 06'beMHOI Pa30BOK roJIOrpaMMbl

[TapameTpbl 3aMMCH K BOCCTAHOBJIEHHS TOJIOTPAMMBI:
d =30 MrMm; o = 1,5; 6, = 0°; y = 0°; 6. = 0°; A,; = 0,440 mxm; Ao = 0,532 MKM
u A = 0,660 Mxm; n,; = 8n/3 = 0,045/3.
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Puc. 5. Pacnipeniesienyie nokasateJisi IpesioM/IeHUsT (hOTOUYBCTBUTENBHOTO CJIOSI FOJIOTPAMMBI
NpY JIMHEHHOM (TTyHKTHPHAs KPUBAst ) U HEJIMHEHHOM (CIJIONIHAS KPUBAst ) pE2KUME ee 3aMHUCH

Tor axrt, uro pacnpenesienre nokasaress MpejoMJeHHs, TpaHCHOPMHUPYSCh, OCTAETCS
MepUOAMYECKUM, T03BOJISIET HCIOJb30BaTh YIS aHauu3a BJWSHHS HEJMHEHHOCTH 3arucH
rojorpaMmmbl  Ha J1D TOAX0OA aHaJOrHUHBIA TOMY, KOTOPbIH MCMOJb30BAJCS TPH aHaIU3e
CTEeKTPaJbHBIX MYJIbTHIIJIEKCHBIX TOJIOTPAMM.

eicTBUTENBbHO, KaK U JIOOYI0 MEepUOAHUECcKyl0 (DYHKIIHIO, 3aKOH M3MEHEHHsl ToKasaTesis
MpesioMJIEHHsT MOXKHO PasyiokuTb B psin Pypbe M CUMTaTh, YTO MHUKPOCTPYKTypa TOJOTPAMMBI
BKJII0OYaeT HabOp OJMHAKOBO OPHUEHTHPOBAHHBIX PENIETOK C OAMHAKOBBIMH yryamu 0,, mpuiem
3aMicaHHbIX KaK Ha peasibHOW JUIMHE BOJHBI A, TaK U HA BUPTYaJbHbIX JJHHAX BOJH, KPaTHO
OTJIMYAIOLLIMXCSl OT peasibHON JJIMHBI BOJIHbI 3aMTUCH: 2, 31, ...

Ha puc. 6 1 7 npencraB/eHbl KpUBble, XapaKTepU3YIOLIHe BiaUsIHUE Ha [ID «OIHOLBETHOH»
roJIOrpaMMbl HEJIMHEHHOTO peXKUMa ee 3arluCH MPH Pa3/HUHBIX OTHOCHTEJIbHBIX IIMPUHAX MJ1aTO
e=1/A B pacnpeiejJeHud [oKasaTe]s MpeJoM/eHHs (HOTOUyBCTBUTEJLHOrO cjosi. K3
MPUBEIEHHBIX PHUCYHKOB BHIHO, 4YTO HEraTHBHOE BJIMSHUE HEJUHEHHOrO pexXKuMa 3arucu
roJlorpaMMbl  Ha BeJMYHHY MaKCHMaJbHOTO 3HadeHus JID HauWHaeT CKasbiBaThCsl MpPU
OTHOCHTEJIbHBIX LIMPUHAX nyiato € > 0,25.

Takum o6pazom, PSM-meTos1, HECOMHEHHO, paclIMpsieT Kak BO3MOXKHOCTH pacueta [[D
00bEMHBIX TOJIOTPAMM, TaK U OLIEHKH BJIHMsIHUSA HAa 9(D(EeKTUBHOCTb Pa3/IMUHBIX TAPAMETPOB 3aMUCH
M BOCCTAHOBJIEHUS] BKJIOUYasi, B 4YaCTHOCTH, OLEHKY BJMsiHMS Ha J[D mpouecca HeJHHEHHOCTH
3arucH, 4TO, KaK MPpaBUIIO, BCET/IA UMEET MECTO B PeasibHbIX (DH3HUECKUX HKCTIEPUMEHTAX.

B 3akJ/i0ueHre 0TMETHM, YTO MeTOJI0M KoresibHUKA U CTPOrod Teopueil CBsI3aHHbBIX BOJIH [4 ]
J19 paccuntbiBaeTcss B HanpaBjieHMH, JAaBaeMOM YpaBHeHHeM JU(pPakiUM Ha 00BLEMHOH
oTpaxkaTeJibHOU peleTke [5]. B To ke Bpemss PSM-metonom 1D paccuutbiBaeTcsi B HarpaBJeHWH,
OTpe/IeIIEMOM 3aKOHOM OTpaxkeHust ot ctpat (puc. 1). B peadysbrare, ecsu cTpaThl napaJiesibHbl
MJIOCKOCTH roJiorpammsbl (y = 0), Bce nepeurc/ieHHble MeTO/bl onpeiesiior J1O B 0THOM U TOM Ke
HanpapJeHUH HEe3aBUCHMO OT HarpaBjeHHsl MaeHUs Ha ToJIorpaMMy BOCCTaHABJMBAIOILETO
uanydenusi. Ecan ke y#0, To mnepeunc/ieHHble MeTOIbl oOmnpeessiioT D B oaMHAKOBBIX
HarnpapJeHUsIX, JIUILb MIPH BbIMOJHEHHH YeaoBUs bparra [6].
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Puc. 6. YriioBoe pacripesesienne J19 c-noJisipd30BaHHOTO W3JIy4eHHsI [TPH JIMHEHHOM (ITyHKTHPHAsI KpUBast )
¥ HeJIMHEHHOM ( CIUIOLIHASI KPUBAsi ) PE2KUMe 3aMUCH 06 BEMHOH TOJIOrPaMMBbl

f.

[~

[TapameTpbl 3aMHCH W BOCCTAHOBJIEHHUST TOJIOTPAMMBI:
d = 15 MKM; Ay = 1,49; f. = 1,55; A, = 0,532 Mkm; 0, = 22,5°% ¢y = —22,5°;
Ao = 0,532 mkMm; € = 0,25.
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Puc. 7. YrnioBoe pacripesesienne JI9 c-noJisipd30BaHHOTO W3JIy4eHHsI [TPH JIMHEHHOM (ITyHKTHPHAsI KpUBast )
¥ HeJIMHEHHOM ( CIUIOLIHASI KPUBAsi ) PE2KUMe 3aMUCH 06 BEMHOH FoJIOrPaMMBbl

[TapameTpbl 3aMUCH ¥ BOCCTAHOBJIEHHS TOJIOTPAMMbI:
d = 15 MKM; fyin = 1,49; . = 1,55; A, = 0,532 MkMm; 0, = 22,5°; ¢y = —22,5°;
A = 0,532 mkm; € = 0,5.

Tem He MeHee, TMpoBejeHHbIE ABTOPAMH OLIEHKH CTENEHH pAaCcCOrJiacOBaHUSI B YrJax
I paKMU TI0Ka3asd, 4To 3TO PAcCOriacoOBaHHE HE3HAYUTEJIbHO U JIEXKHUT B TpeJiesiax yriaoBOro
pacrnipenenenust [19, napaemoro PSM-meTonoM. 9T0 no3BosisieT ¢esnath BbIBOJ O TOM, uTo PSM-
MEeTOJl JIaeT JIOCTOBEPHble OLEHKH 3aBUCUMOCTH JID OT JJMHBI BOJIHBI W yrJa TajeHus
BOCCTAHABJIMBAIOIIETO U3JTyUeHHUS.
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Features of using the PSM method for calculation of the diffraction
efficiency of thick reflective hologram

G.1. Greisukh', E.G. Ezhov', S.V. Kazin', S.A. Stepanov’, K.N. Afanasyev?, A.S. Borodulin®
' Penza state university of architecture and construction, Penza, Russia
2 Russian branch of LG electronics Inc., Moscow, Russia

Recently, for the calculation of the diffraction eificiency (DE) of volume holograms was
proposed by the parallel stacked mirrors (PSM) method. Volume holographic grating in
accordance with this method is presented in the form of a set of parallel partially reflecting layers
[1]. This method, like the method of Kogelnik [2], is the analytical method. However, unlike the
Kogelnik-method PSM-method permits, in particular, to investigate the volume phase holograms,
whose distribution of refractive index along their depths, is not only sinusoidal but also almost any
periodic function. This advantage allows us to study within the framework of PSM-method both
spectrally and spatially multiplexed volume holograms.

In this paper, PSM-method is used to assess the performance requirements for the
photosensitive layer in the case of multi-color recording, i.e. spectrally multiplexed phase volume
holograms. Furthermore, we have shown how to use the PSM-method to calculate the DE of
volume phase hologram in the case of non-linear recording.

The paper draws attention to another difference between the PSM-method, Kogelnik-
method and rigorous coupled-wave theory. It refers to the direction in which it is determined DE.
With help of two last methods, the DE is calculated in the direction determined by the equation of
diffraction at volume reflection grating. While PSM-method performs calculation of DE in a
direction determined by the law of reflection from striations, (i.e. the planes have equal refractive
indices).

As a result, if the planes of striations and hologram are parallel, then all methods determine
DE in the same direction. Moreover, this direction is independent of the reconstructing radiation
incidence angle. If the hologram plane and striations are not mutually parallel, these methods
determine the DE in the same direction only when the Bragg condition is performed. Estimates
mismatches diffraction angles are presented. They show that these mismatches is negligible and
they within the angular distribution of the DE which given by PSM-method.
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.12 Hosble ¢oTo-TEpMO-pedpakTUBHbIE CTEKJA AJ151 3aMKUCH 00bEMHBIX
roJiorpaMm: CBOMCTBa, TEXHOJOTHHU U IPUMEHEHHUSI

H.B. Hukonopos
Cankr-IleTepOyprekuil HaMOHANBHBIN HCCJIEIOBATENLCKUH YHUBEPCUTET HHDOPMALIMOHHBIX
TEXHOJIOTHH, MexaHUKH 1 onTHkH, CankT-Iletepbypr, Poccus

New photo-thermo-refractive glasses for volume holograms recording:
properties, technologies and applications

N.V. Nikonorov
Saint Petersburg National Research University of Information Technologies, Mechanics and
Optics, Saint Petersburg, Russia

The current stage of development of optical, photonic and plasmonic devices calls for new
and most likely miniature optical elements that cannot be fully implemented on the basis of
traditional materials and technologies. Therefore, the great attention is being paid worldwide to the
development of novel optical materials.

The novel fluorine, chlorine and bromine photo-thermo-refractive (PTR) glasses developed
in ITMO University (St. Petersburg, Russia) are very promising optical materials for optical,
photonic and plasmonic applications [1]. PTR glass is a multicomponent photosensitive silicate
glass doped with halogens (fluorine, chlorine or bromine) and also antimony, cerium, and silver
[2]. The PTR glass changes its reiractive index after an exposure to the near UV radiation followed
by thermal treatment at temperatures close to the glass transition one (Tg). For example, in case
of fluorine PTR glass, that results in the precipitation of nano-crystalline phases of NaF in glass
host and negative increment of RI (An = —1000 ppm). In other words, it results in decrease of RI
in irradiated area in comparison with unirradiated area of glass. In case of chlorine and bromine
PTR glasses that results in growth of AgCl and AgBr nanocrystals and positive increment of RI
(An = +1500 ppm).

The sizes of NaF, AgCl and AgBr nanocrystals are relatively small (10—20 nm), that is why
PTR glasses exhibit rather a low level of scattering. The fluorine PTR glass is successfully used for
the fabrication of holographic optical elements (HOEs) that dramatically enhance properties of
numerous laser systems and spectrometers. It shows high photosensitivity, high thermal stability
of the recorded phase holograms, and high tolerance to optical and ionizing irradiation. Basic
optical and spectral properties of fluorine PTR glass are described in[3]. The HOESs recorded in the
fluorine PTR glass reveal high chemical stability, thermal, mechanical and optical strength, and
from this point of view practically reveal no difference with the commercial optical glass BK7
(Schott). The optical and spectral parameters of the HOEs and GRIN-elements do not change
after its multiple heating to the high temperature (500 ¢C). The important advantages of the
fluorine PTR glass as the optical medium are following: (i) high optical uniformity (the refraction
index fluctuations across the glass volume have the scale of some 10°), (ii) reproducibility of its
parameters during the starting glass synthesis and during the photo-thermo-induced
crystallization, (iii) similarity to optical glass BK7, the PTR glass can be subjected to various
methods of mechanical processing like grinding and polishing as well as various formation
technologies like molding, aspheric surface production, and drawing fiber, (iv) one can fabricate
the PTR glass both in laboratory (some hundreds grams) and in industrial (some hundreds
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kilograms) conditions with the use of simple and non-toxic technology. The chemical reagents,
which are necessary for glass fabrication, are commercially available and not too expensive. One
has also to note some features of the fluorine PTR glass, which are unusual for recording media.
For example, such media can be subjected to the ion-exchange technology, that providing the
possibility to fabricate the ion-exchanged optical or plasmonic waveguides and the surface
strengthening to improve the mechanical strength, chemical stability, thermal and optical strength
of the PTR glass. Moreover, the photoetchable technology can be used in PTR glass to provide the
possibility to fabricate “lab-on-a-chip” systems and optical microfluidic devices. PTR glass doped
with rare earth ions reveals good laser characteristics [4] Recording the Bragg gratings in laser
PTR glass opens up a possibility to develop lasers with distributed feedback.
Some characteristics of fluorine PTR-glass and VBGs are demonstrated in table 1.

Table 1. Characteristics of fluorine PTR-glass and VBGs.

Parameter Value
Transparency range, nm 350—3000
Photosensitivity spectral range, nm 280—350
Photosensitivity, mJ/cm? 50

Rl change, An <1073
RI modulation amplitude, 6n 5x107*
Induced optical loss, cm™!

- visible range 0,1

- near IR range 0,001
Space frequency, mm™! up to 5000
Diffraction efficiency, % 95
Hologram thickness, mm 0,1—10
Angular selectivity, ang. min <l
Bandwidth FWHM, nm 0.1
Size, mm up to 25x25
VBGs are completely stable at temperature, °C 300

Some examples of holographic optical elements have demonstrated below.

(a) Volume Bragg gratings for laser diodes:

Wide spread of laser diodes is connected with its high energy conversion efficiency, small
size, simplicity of use and low cost. However, as is well known, the laser diodes have wide emission
spectra and absence of spectral stability caused by temperature shifts during operation. This
problem can be solved by mean of VBG, due to high spectral selectivity of recorded holograms
implementation of such grating inside external cavity of laser diode can significantly narrow the
output spectra. On the picture below is shown emission of laser diode with and without grating. As
one can see grating narrows emission spectra (1000 times) from 6 nm down to 6 pm. Furthermore,
due to high transparency of HOE on PTR glass there’s almost no losses in resulting output power.
Moreover, gratings can provide tunability for such lasers. By simple rotation of the element one
can change output wavelength in a wide range. As experiments shows such laser can be tuned in
the whole range of diode gain spectral range, which is about 10 nm.
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Fig. 1. Emission spectra of laser diode source with (1) and without (2) grating

(b) Imaging holograms for collimator sight:

High transparency of novel material in visible range (above 90%) opens a new field of
applications with strict requirements to transmission in observation of channel such as collimator
sight. Application of PTR glass can solve problem of mark image stabilization, which is necessary
due to the instability of laser diode source used in such scopes. To date this problem is solved by
addition in optical scheme achromatizing diffraction elements such as additional thin gratings,
complex two-cavity mirrors or compound objectives. Wavelength shift, caused by laser diode
temperature changes, can be nullified by spectral selectivity of thick hologram recorded on PTR
glass. While the central wavelength of laser diode shifts, recorded hologram continues to
reconstruct image of mark on proper angle — thus maintaining the position of mark in target plane.
Moreover, redistribution of energy in diode output spectra leads to insignificant lowering of
intensity of the mark that can be easily leveled by diode power output adjustment. Since the
diffraction efficiency of holograms on PTR glass can achieve values of 99%, intensity required for
mark observation is pretty low. Worth noting that up to date materials used for mark recording are
vulnerable to external impact such as moisture and mechanical damage, that leads to need in
additional cover for holograms. With application of PTR glass, since it is high resistant to external
impacts, there is no need in additional protection of observation channel.
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.13 Cucrema uHTEepdepeHIIMOHHOM JUTOrpaduu ¢ NpsAMON Ja3epHOH 3aNuchlo
Ha cj1oe aMmop(gHOro KpeMHHS

A.A. Kymanos', A.I'. [Toaewyx?, H.A. Cuunuuxos’, H. Cotdoik yyay'

" MHeTuTyT (PU3MKO-TEXHHYECKHX TTPo6JIeM U MaTepraJsioBeleHust Halpona bHoH akaaeMiy HayK,
Buuikek, Keiproizckast Pecny6uivika

2 VIHCTUTYT aBTOMATHKH M 3JeKTpoMeTpin CHOUPCKOro oTae/ieHust Poccuiicko akageMuy Hayk,
Hosocubupck, Poccust

Paspa6orana cucrema uHTepdepeHimonHon gautorpadgun (CHJI) ¢ npsmoii JsasepHo#
3aMucbio Ha ¢jloe aMopHOro KpeMHHUsl, NpeiHasHadeHHast st PopMUPOBaHUS AU(PPAKIIMOHHbBIX
MHKPOCTPYKTYP, COCTOSILLMX U3 MHKPOpelleToK pagMepom 5— 10 MKM ¢ 3a1aHHOH OpueHTaluel 1
nepuosioM, H3MeHsieMbiM B auanazone 0,4—1,2 mkm, u obuem nosem 3anucd 300x300 mwm.
Cucrema Mcrosib3oBasach /sl PSIMOH Jla3epHOH 3aMUCH MUKPOPELIETOK Ha MJeHKax aMopdHOro
KpeMHHMsl, HaHeCEHHble MEeTOJOM MAarHeTPOHHOTO PacblIeHUs HA MOBEPXHOCTb CTEKJISTHHBIX
nomuioxkek. [lporeMoHCTpUpoBaHa rnpsiMasl JiazepHasi 3alicb TOYEUHBIX TOJIOTPAMM Ha IJIEHKe
amMop(HOTo KpeMHHUsT UMMyJbcHbIM Y@ jlazepom ¢ A = 355 HM HAHOCEKYHIHBIMH HMITyJIbCAMH
5—38 Hc. [IpuBeneHbl pesybTaThl MCC/EI0BAHUI MO MPSIMON J1a3epPHOH 3aMMCH Ha ¢Jloe aMOp(HOro
KPEeMHHUSI HHTephepeHUHOHHOrO (UIBTPA OAHOMOJOBBLIM TOJYTPOBOJAHUKOBBIM JIa3€POM  C
A = 405 nm. PazpaboraHHble cucTeMa M TeXHOJIOTHS MTPSIMON 3alIMCH MHUKPOPELLETOK MOTYT ObITh
MCMOJIb30BaHbl B Aa/bHeHIIeM Juisi (GOPMUPOBAHHUS TPOCBETISIONIMX CyOBOJHOBBIX MOKPLITHH Ha
MIOBEPXHOCTH COJIHEUYHBIX MaHeJsel, H3rOTOBJEHUS] MacTep MATPHLL VIS IPOU3BOJACTBA THCHEHHbIX
3aLUTHBIX TOJIOTPAMM, a TaKKe /151 3aTTHCH MUKPOCTPYKTYP.

B nocnennue rompl JazepHoil MHTepdepeHUMOHHOH JuTOrpaduu yaeasercs OoJblioe
BHUMaHue [1,2]. 3DTo BbI3BBAHO UIMPOKUMH  BO3MOXKHOCTSIMH  MeTOja Jyis  3arucH
LIMPOKOANEPTYPHbIX AU(PPAKLUHOHHBIX PELIETOK, MEPHOJHUECKUX CTPYKTYpP B ONTO3JEKTPOHHbIX
ycTporicerBax. [Ipsimast 1azepHast 3anuch Ha cioe aMophHOro KpeMHHS SIBJSIeTCs] PUBJIEKATENbHON
IJ1s1 3aTTUCH AMPPAKLIMOHHBIX CTPYKTYp 6€3 MOKPOH XUMHUeCKoi 06pabOTKH, U OTKPbIBA€T HOBbIE
BO3MOXKHOCTH ~ M3TOTOBJIEHUS]  JAU(PPAKLHMOHHBIX CTPYKTYp C  HCIOJb30BAHHEM  JIa3€pPHOrO
3anucbiBaolllero ycrpoicrsa [2, 4]. OnuH U3 MPOCTBIX MACCOBBIX MPUMEHEHUH AU PaKIIHOHHbIX
CTPYKTYP — 3TO aHTHOTparKalollie MOKPbITHSI HA OCHOBE CyOBOJIHOBBIX PeLIETOK [3] ¢ nepuoiom
OKOJIO TOJIOBUHBI JUIMHBI BOJIHbI CBeTa. [IpHMeHeHHe CKOpPOCTHBIX CKAHUPYIOLMX CHCTEM
uHTepdepentmontoi autorpadpuu (CHJI) [1, 2], dopmupytomnx audpakiiMoHHble CTPYKTYpb
MyTeM MOCJ/Ie/I0BaTe/bHON 3aMicH HeO0JbLINX PParMeHTOB UJIH SY€€eK, TO3BOJIUT PELLUTh pobseMy
HaHeceHHsl JU(MPAKIMOHHBIX AHTHOTPAXKAIOIIUX TOKPHITHH Ha MOBEPXHOCTH (DOTOIJEMEHTOB
COJIHEUHbIX 6atapeit 6oJblIKMX pasmepoB. C nomouisbio CHJT MUKpoCTpyKTyprpOBaHHe OBEPXHOCTH
OCYLLeCTBJSIETCS  TyTeM  [OCJeI0BATeJbHON  3alUCH  MUKPOpPeLIeToK,  Cc(hOpMHPOBAHHbIX
MHTepdepeHLnel ByX KOrepeHTHbIX C(OKYCMPOBAHHBIX JIA3€PHBIX MYYKOB W perucrpauueil B
peructpupytoiieM Matepuase. [Ipy 5ToM pasmep peleTok JexKUT, KaK MpaBuJo, B AMarnazoHe ot
€/IMHMULL J10 IeCSTKOB MUKPOMETPOB.

B nanHoii paboTe mnpeacraBjieHbl pe3dysbTaThl pa3dpaboTKu opuruHagbHou CHJI agis
(hOpMHPOBAHHST TPOCTBIX MUKPOCTPYKTYP C MPOM3BOJIBHOH OpHEHTAllMell W MepHoJoM Mopsika
0,4—1,2 MKM, a TakKe METOJ0B MPSMOH Ja3epHOH 3aMucH MO TOHKUM TJIEHKaM aMopgHOro
KPEMHHSI U MOJTyuYeHHs1 HHTep(ePeHIIMOHHBIX (PUJILTPOB HA X OCHOBE.
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Cucrema uHrepdepeHIMOHHOM JuTorpaduu ¢ NpsAMoi JJa3epHOM 3aMuChlo

B paspa6otannoit CHUJI npumMeHeH W3BECTHBIH «TMapasieSbHO-M0C/AeI0BATENbHbIN» METO]
sanucu  [2].  WHTepdepeHumonHas kaptuHa —QopMmupyeTcss B (POKaJbHOH  MJIOCKOCTH
MHKPOOO'bEKTHBA B OTpaHHUE€HHON 06/1aCTH epeceueHH s IByX c(hOKyCHPOBAHHBIX MTyYKOB CBETA.

Ha puc. 1 npusenena 6uiok-cxema paspaboranHod CHJI [5] g 3anucu  siueek
IUPPaKUMOHHBIX MUKPOCTPYKTYp. Kaknas siueiika cofep:KuT JIMHEHHYIO pelleTKy C TIepHOIOM S U
YIJIOM OpHeHTauuu 6, 3ajaBaeMbIMH YNpaBJsiOUIMM KommbioTepoM. [lpu wucnosb3oBanuu
JIOCTAaTOUHO MOLIHOTO UMITYJIbCHOTO Jlazepa (Hanpumep, Q-switch) CHJI nogsosisieT npou3BoanuTh
MPsIMYI0 3aMKCh METOI0M (Pa30BOro nepexosia aMopHOro KpeMHHsI B KPUCTAJLIHUECKOE COCTOSHUE.

Qoxve. Pernctpupyio-

O0OBCKTHE  IIHIT MaTepHal
dx, dy B’
F=-0 4 -
HMmmviasenbii 1ye Jenmrenn A % O
mazep JedpnexTop | myuKa T W = T
5 Al ¥/
Y L-p ¥ i
B’
) T
Konmprorep Cuerema
> nepeMereHHsA
O TOKKH

Puc. 1. Baok-cxema CHJI

PesyabTaThl 1a3epHoi 3anucu Ha cjoe a-Si ¢ ucnoan3osanuem CHUJI

Jst mpsiMoit 1a3epHOM 3aMUCH UCOJIb30BAJIUCH MJIEHKH aMOP(HOTO KPEMHHUS C Pa3JIHUHON
TOJIILIMHON, HAHECEHHBIX METOJOM MArHETPOHHOTO HambIEHUsS Ha CTEKJSHHYIO MOJIO0XKKY.
OtpaboTaHbl pe:KUMbl 3aMHUCH TOYEUHBIX TOJOTPAMM Ha IJIEHKHM aMOpP(pHOro KpeMHHs C
MCIOJIb30BaHWEM UMITYJIbcHOTO Q-switch Yd-nazepa ¢ A = 355 HM HaHOCEKYHIHBIMHU UMITyJIbCAMU
(5—8 Hc) u sHeprueit ummnyJabea 0,10 MKILRK.

Ha ocHoBe mosyueHHOW 3amucu MHKPOCTPYKTYP, COPMYJIHPOBaHbI HEOOXOAUMbIE
TpeGOBaHUS K UMIYJLCHOMY Jlagepy: Jagep No/KeH 6biTh ofHoMon0BbIM (TEMOO) ¢ uneanbHbiM
KaueCcTBOM IMy4Ka; JIs T0JIydeH sl BbICOKOTO KOHTpacTa HHTepdepeHIMOHHOH KapTHHBI He0OX0UM
Jlazep ¢ xopolue# JUIMHOH KOrepeHTHOCTH; SHEPrHsl UMIYJIbca JI0/KHA ObITh I0CTaTOUHO BbICOKOH
1151 ha30BOTO Mepexosia a-Si Mno BceMy IMaMeTpy MydKa; BbICOKast 4aCcTOTa MOBTOPEHHST HMITYJIbCOB
(1—30 kI'11); BbICOKAsA CTAOGUIBHOCTL SHEPTUH OT UMITYJIbCA K HMITYJIbCY.

UnrepdepeHmorHbie huabTpbl co cioem a-Si u npsimas 3anucb Ha HUX Blu Ray 1azepom

Hawmu npeyioxkeHbl 1 noJstydeHbl MHTepdepPEeHIIMOHHbIE CTIeKTPaJbHble PUILTPBI HA MJIEHKAX
amMop(HOTo KPEeMHHSI C MPeBAPUTENbHO HAHECEHHBIM HA CTEKJISTHHYIO MOJI0KKY MeTalIHueCcKUM
cioeM,. McenenoBana npsiMast JiazepHast 3anuch Ha MJIEHKH a-KPeMHHs J1a3e PHbIM SKCITOHUPYIOLIUM
u3JjiyueHueM ¢ nHou BosiHbl A = 405 uwm (Blu Ray nazepa). Jlnst ucenenoBanus npsiMo# Jia3epHoi
3anucu  MoJynpoBofHUKOBbIM Blu Ray nazepom Ha amopdHOM KpeMHHH HCMOJb30BAJICSH
onHomonoBblil - Mitsubishi 120 mW  nazep. JlazepHblil Jiyd KOJUIMMHPOBAJCS C MOMOIIBIO
acdepuyecKoil JMH3BI MocJe J1a3epa, a 3aTeM oH (POKYCHPOBAJICS MUKPOOO'bEKTHBOM HA HOCHTEJIb
3anucu. J{nTebHOCTb J1a3e PHBIX UMITYJIbCOB M MX YACTOTA KOHTPOJIMPOBAJIAch OT KoMibioTepa. Ha
puc. 2a npuBeneHa ¢ortorpacus 3anucaHHoil ¢ nomolibio ofgHoMonoBoro Blu-Ray nazepa Ha cioe
a-Si uHTepdepeHIMOHHOTO (QuabTpa JaTHHCKOH OykBbl H crenuasbHo a1t KoHgepeHIUH
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HoloExpo. [Tpu Bo3neiicTBUM choKyCHPOBAHHBIM Ja3ePHBIM H3JIydeHHeM Ha CJIOH a-Si MPOUCXOIUT
JIOKaJIbHOE H3MEHeHHe MPOMyCKaHUs ¢1osi U (POopMUpPOBaHHE pesibeda, UTO XOPOLIO BHUIHO Ha
tororpacduu Ha puc. 26.

a) 0)
Puc. 2. ®dororpaduu nocsenoBaresbHON 3anucu ¢hOKyCHPOBAHHbIM Jia3epHbIM Ha/ydeHneM ¢ A = 405 HM OykBbl H Ha
cyioe a-Si nHTephepeHIIMOHHOTO PUIbTPA (a) U pesibeHOMN CTPYKTYpbI 3arucH (6) Ha a-Si, CHATOM Ha 3JIEKTPOHHOM
CKaHUPYIOLILEM MHKPOCKOTIE

M3amepenue 3anucaHHoro pesnbeda Ha puc. 26 MOKa3bIBAeT, 4YTO TMPHU B3aUMOAEHCTBUH
JIA3€PHOTO HW3JIydeHHs] Ha TIEHKY aMOpPgHOro KpeMHHs (popMupyeTcsi pesbed BbicOTOH 30—
100 HM.

Uctounuku

[1] Bpemuxun B.M. Hanopasmepuas untepdepeHiHonnas JutTorpadus ¢ uMnyibehbiM YO nasepom /
B.U. Bpenuxun, B.H. Bypenuna, F0.K. Bepeskun, A.B. Kupcanos u ap. // KTD. — 2004, —
Tom 74. — Ne9. — C. 86—92.

[2] Poleshchuk A.G. Microstructuring of Optical Surfaces: Technology and Device for Direct Laser
Writing of Diffractive Structures Optoelectronics, Instrumentation and Data Processing / A.G.
Poleshchuk, A.A. Kutanov, et al. // Allerton Press, Inc., 2010. — Vol. 46. — Ne2. — P. 171—180.

[3] Schopf R.E. Antireflective Submicrometer Surface-Relief Gratings for Solar Applications /

R.E. Schopf, T. Hultsch, J. Lotz, et al. // Solar Energ. Mater. Solar Cells. — 1998. — 54 (1). —
P. 333—342.

[4] Kutanov A. Direct laser recording on amorphous silicon film / A. Kutanov, I. Snimshikov, N. Sydyk
uulu // Physics Procedia. — 2015. — 73. —P. 82—86.

[5] Ilatent Ne007874 EBpas. YeTpoiicTBo A5l 3anuck audpakiuuoHnbix siementos / A.T. Tlonemyk,
A.A. Kyranos, B.I'1. Becmenblies, M.A. Caumipkos. — 2007, BroJi. Nel.

System for interferometric lithography with direct laser recording on
amorphous silicon film

AA. Kutanov', A.G. Poleshchuk?, I.A. Snimshikov', N. Sydyk uulu’

!Institute of Physical and Technical Problems and Material Science, National Academy of
Sciences, Bishkek, Kyrgyz Republic

2 Institute of Automation and Electrometry, Siberian Branch of the Russian Academy of Sciences,
Novosibirsk, Russia

Developed scanning system for interference lithography designed to form the difiraction
microstructures consisting of microgratings of 5— 10 um with a given orientation and period varies
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in the range of 0.4—1.2 m, and the total field recording system 300300 mm. The system was
used to research direct laser recording of microgratings on amorphous silicon films deposited by
magnetron sputtering on the surface of the glass substrates. We have demonstrated direct laser
recording of dot holograms on amorphous silicon film by nanosecond pulse UV laser with
A = 355 nm. Results of research on the direct laser recording on amorphous silicon layer of
interference filter using semiconductor single-mode Blu Ray laser with A = 405 nm are presented.

Designed system for interference lithography and technology for direct recording of
microgratings could be used to form a sub wavelength antireflective coating on the surface of large
solar panels, graphic microstructures for embossing holographic manufacturing, as well as for the
surface micro structuring by laser recording.
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.14 TexHWKa, aJArOpuTMbl U 0COOEHHOCTH LLIMPOKOMNOJbHON U CKAHUPYIOLILEH
rojorpauueckoil MUKPOCKOINHHU

IO.H. Baxapos

LleHTp nepcrneKTHBHbBIX HCCAEIOBAHUI OMOMEIMUMHCKOrO UMUKMHTA U POTOHUKH ["apBapackoro
ynuBepcutera, bocron, CILIA

Pannocusudecknii pakysbret ['ocynapersentoro ynusepentera um. H.H. Jlo6auesckoro, Huzknuit
Hogsropoga, Poccust

[udposasi rosorpacuueckass muxkpockonusi (LI'M) — 6ypHo pasBuBaroieecst
HarpaBJ/ieHHe, MNpeACTaBJsiollee MPUHUMITHAJIBHO HOBBIA TMOJXOMA MOJYYEHHS KOJHYECTBEHHBIX
JIAHHBIX MUKPOCKOIMHHU B pa3J/nuHbIX obJjacTsax npumeHenust. [upokonoabuas LII'M ucnonbsyet
matpuunble potocercopsl ([13C wmn KMOIT kameps ) a1t 3anucu rojiorpaMM MUKPOCKOTTHUECKHUX
nzobpaxenuii [ 1, 2].

['onorpacuueckasi ckanupytouias Mukpockonuss ('CM) [3,4] coBmeniaeT NpUHIMITBI
1M poBO#i ToJiorpacuu 1 JazepHol CKaHUPYIOLeH KOHPOKATbHOH MUKPOCKOTTHH.

BoccranoBnienue BosiHOBOTO (hpoHTa B 1iMpoKonosnbHOH LII'M MoxkeT 6bITh BBINOJHEHO
aJrOPUTMOM JIBOHHOTO TpeoOpaszoBanusi Pypbe ¢ puabTpalldeldl B 4aCTOTHOH TJIOCKOCTH, B TO
BpeMmsi, kKak [[CM TpeOyeT crnielidabHbIX aIrTOPUTMOB BOCCTAHOBJIEHHUS [4].

B Hactosieil paGoTe MokasbiBaeTCsi BO3MOXKHOCTb BOCCTAHOBJIEHHs (hasbl BOJHOBOIO
tponTa. [Ipu sTOM, yunTbhIBaeTcst BausiHue KoHpoKaabHOU tadparmbl. [TosTomMy naHHas cucrema
HasblBaeTcsl KOH(oKasbHas rojorpacduueckass ckanupytoiass mukpockonus (KI'CM). Urobbl
MHHUMH3UPOBATh XpomaTtuueckue U asosbie adeppauuu KI'CM u obecrieunTb MexXaHUYeCKYIO
CTabUIBHOCTb CHCTEMbI, OCHOBHAsI YaCTb OMTHYECKOTO TPAKTA, BKJIOUAs CKAHUPYIOLIMH MOJIYJIb,
coOpaHa Ha 6ase MPOMBILLJIEHHOTO Ja3epHOro KOH(OKaJbHOrO CKaHMPYIOLLero MHKpOcKona U
JIOTIOJIHEHA 3€pKaJioM OMOPHOro Myyka, BO3BPALLAIOUIAM JIyd, OTPaKEeHHbIH OT CBETOAEJMUTEJIS,
HarpaBJ/isisi €ro Ha JeTeKTop. B KkauecTBe HCTOYHHKA HCIIOJb3YeTCsl CYMepPKOHTHHYYM, UTOOBI
YMEHbIIHUTh MPOJIOJbHYI0 KOTePEHTHOCTD, OTPENENSIONLy0 UIHHY, Ha KOTOPOH MPOUCXOMUT Haber
cazbl. [[punuunuanshas cxema KI'CM npencrassena Ha puc. 1.

Caentysi [5], MO2KHO MPECTABUTD OJIMH 3JIEMEHT paspellieHnst KOHPOKaJIbHOr0 H300parkKeHHs!
B BHJIE

1, =[] p.2)R (e 0.2)|[ P/(0—p')D(p')p padpdepiz, (1)
rae p, @, 2 — TMOoJsIpHble KOOPAWHATBI, a 2 HarpaBJjeHa M0 ONTHYeCKOH OCH, p — (QYHKIHS
paccestHusi TOuKM 0ObeKkTHBa, p' — (QYHKUUS paccesiHus TOUKH OOBEKTHBA COBMECTHO C
cobupatolieil auH30i, D — aneptypHas (yHKUHMsT KoH(oKaabHOU auadparmsl, R(pi, ¢, 2) —
KOMIJIEKCHBIN KOS (HUIIUEHT OTpaKeHHst 0ObeKTa.

B pesysabrarte, TOJbKO CBeT, OTPaK€HHbIH OT 0OBEKTa B Mpee/ax ONTHYECKOro cpesa
TOJILLMHON T, BHOCHUT BKJIa/l B CHTHAJL.

2 2
T 0,881 +(1,4nD) , 2)

n—+n*-NA® NA

rje A — JJIMHA BOJIHBI, 1 — [0KasaTeJ b npejaomJyenusi, NA — uucoBast aneptypa 00beKTHBA.
['onorpamMmmuas cTpykrypa, npejactasssioniasi co6oi pedysabTaT UHTepdepeHIIn CUrHala U3
KOH(hOKaNIbHOTO 06'beMa C OMOPHBIM MYyYKOM, MOXKET ObITh BbIpaxkKeHa B BHIIE

=1y +1 +2\/1R_[Scos(8(p)y(z), (3)
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rie y(z) — (yHKIMS KOTePeHTHOCTH HCTOUHUKA CBETa, 2 — OMNTHUYeCcKast pa3HoOCTb Xoa, Ixu Is —
MHTEHCUBHOCTb OMOPHOrO W OOGBEKTHOrO My4KOB COOTBETCTBEHHO, O¢@ — a3oBblil Haber
0OBEKTHOrO MydyKa Ha JAJIMHE KOTePEeHTHOCTH. O = Oy + dv COCTOUT U3 HaOera asbl B 0ObEKTEe
dy = (2n/M)nl, n no6aBka, BbI3BAHHOIO M3MEHSIIOLIMMCS YIJIOM HAKJIOHA CKaHUPYIOIIEro MyyKa

03, = (2n/7»)sir1 ociﬂ/ixf +yf ) , TJIe Ol; — YroJ1 MexKJly ONTHYECKON OCbIO M HANIPABJICHUEM HA TOUKY

X4y

C KOOpJMHATAMH B IJIOCKOCTH 0ObeKTa X;, Y. Sina =ﬁ , [ — dokycHoe paccrosiHue
X +y +f

oObekTHBa. Takum o6pazom

on x* +y* 2
1(x,y)= 1, + I (x,y)+ 2|/ I I (x,y ) cos Tn%wtfn(x,y)lh v(2) (4)

BBIIVIAAUT KakK ocCeBasi roJjiorpamMmma Cq)OKYCHpOBaHHOFO H306pa}{(€HI/IH C TOYEYHLIM OITOPHBLIM

My4KOM, PACTIO/IOKEHHBIM HA PAcCTOSIHUE R =/ X° +4° + [ 0T rosiorpaMmbl.

MHTeHCHBHOCTL OMOpPHOTO MydyKa [ MOXeT ObITh 3amnucaHa B OTCYTCTBHE OOBEKTa, a
00BEKTHOTO /s MO’KHO H3MEPUTh, EPEKPBIB 3aTBOPOM OIMOPHBIH MydoK. Torna MoxKHO BOCCTAHOBHUTh
hazoBbIil Haber:

[—=1,—1
S0 = -1 RS | 5
MR CBN/NA )

[Tockosibky ha3oBblil  HabGer ornpejessieTcsi MoKazaTesJeM IpeJoMJIeHHsl, YCTPaHUB
NpeIBapuTeJIbHO KPUBU3HY BOJIHOBOTO (DPOHTA OV, MOXKHO TOJYUUTb pacrpeeseHue nokasaress

[peJoMJICHHA OIITHYECKOI'O Cpe3a:

)= 5w () (6)

rae [, — JulMHa, orpeseJssieMast Vit KOHKPETHOro ciydast JUIMHOH KOTepeHTHOCTH MCIOJIb3yeMOro
MCTOUHHKA CBETA U NyOUHON KOH(hOKa/IbHOr0 o6beMa.

Pabora BbimosHena npu  noaaep:kke  Poccuiickoro  @onpa  PyHaameHTasbHbBIX
Uccnenosanuit (PODU), rpant 15-42-02658.

Mirror
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Puc. 1. ITpuHuunnaibHast cxema KOH(OKAJILHOTO rojiorpaduueckoro ckanupyoliero mukpockona (KI'CM)
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Techniques, procedures and features of widefield and scanning
holographic microscopy

Yuri Zakharov

Center for advanced biomedical imaging and photonics, BIDMC, Harvard University, Boston,
USA

Lobachevsky University of Nizhny Novgorod, Nizhny Novgorod, Russia

Digital holographic microscopy (DHM) is an intensively developing technology of new
paradigm in various fields of microscopy applications. Widefield DHM use matrix photosensors
(CCD or CMOS cameras) to record hologram of microscopic image [ 1, 2].

Holographic scanning microscopy (HSM) [3, 4] combines digital holography with laser
scanning confocal microscopy.

Wave front reconstruction in widefield DHM can be done by double Fourier transform with
filtering in the space frequency domain, whereas the procedure for holographic scanning
microscopy necessitate special reconstructing processing [4].

Here we take into attention influence of confocal pinhole to resulting signal and concentrate
on interpreting of reconstructed wave front phase. So we call now our system confocal holographic
scanning microscopy (CHSM). To minimize chromatic and phase aberrations of the CHSM
system and to ensure its mechanical stability, the major part of the system optical train, including
the confocal scanning unit, is based on a commercial laser scanning confocal microscope, while
the remaining part of the optical path employs reference mirror that returns beam reflected from
beamsplitter directing it to the detector. For illumination we employ the supercontinuum
broadband source to reduce the temporal coherence length and, therefore, minimize the depths
contributing to the phase shift. The details of the CHSM system design can be seen in Fig. 1.

Following [5] we present one resolution element of confocal microscope image as

1, = [{ Plo. 2R 0. 2)[ (09D Mplpdpdoiz, (1)
where p, @, z are polar coordinates and z directed along optical axis, p is point spread function of
objective, p' is point spread function of objective conjointly with collecting lens, D is aperture
function of pinhole and R (p;, g;, 2) is complex function representing sample.

In result, only light reflected from objects inside optical slice which thickness is equal to T
gives essential contribution to signal.
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2 2
0,88% (1 4nDj
7o 088 | (LAl 9
\/(n—\/nQ—NAQJ NA (2)
where A is wavelength, n is refractive index, NA is objective numerical aperture.

The signal on the detector collected from the confocal volume of the microscope and
interfered with reference can be expressed as

[=1y+1 +2\/[R_]Scos(8cp}y(2), (3)

where y(z) is the optical coherence function, z is optical path difference, /; and /s are the signals
in the reference and the sample arms of the system respectively, and d¢ is the phase shift
accumulated within the coherence length. ¢ = Sy + v consists of phase incursion in the object
dy = (2n/M)nl, and addition caused by changing incidence of illumination beam during scanning

03, = (2n/7»)sinocij1/ixf +yf ) where a; is angle between optical axis and direction to the point

2 2
% , fis objective focal length. So
Oy +

2 2
1(x,y)= 1, +I5(x,y)+2 ]R]S(x,y)cos(Q—;x Y +2_nn(x,y)lh]y(2) (4)

with coordinates in the sample plane x; ,y;. sino =

R A

looks as on-axis image plane hologram with point reference source situated at the distance

R=+x"+y*+ f* from hologram.

Mirror
Beamsplitter Z
ians | sy \\Mirror
Light y scanning \
source Z, mirror
Z, Z,
0\ Objedwe
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S \ 1
v !
(L

LY

—{Al— Pinhole
I\ Sample

Detector

Fig. 1. Schematic of the confocal holographic scanning microscopy (CHSM)

The signal in the reference arm, /I, can be prerecorded with the sample removed, while the
signal in the sample arm, /s, can be measured with the shutter in the reference arm closed. Then

we can reconstruct phase shift

2y(2)\I1s

Since the phased shift depends on the reiractive index, previously eliminating residual
curvature of wave front dv, we can obtain distribution of refractive index in optical slice
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" Sw(x.y) (6)

)=
h

where [, is length determined by the coherence length and the confocal depth of focus.

[5]

Acknowledgements: The study is supported by RFBR grant 15-42-02658.

References
Kim M.K. Principles and techniques of digital holographic microscopy // SPIE Reviews. — 2010. —
1. — P.018005.
Zakharov Yu. Holographic and interferometric approaches and techniques as applied to live cells
microscopy // HoloExpo'2011: Holography. Science and practice (Minsk, 2011). — P. 242—243.
Zakharov Y. Optical scanning holography and holographic scanning microscopy /Y. Zakharov,
V. Dudenkova, M. Muravyeva // Proceedings of the 11th International conference “HoloExpo’2014”.
Holography. Science and practice (Sochi, 2014). — P. 124—131.
Zakharov Y. Holographic scanning microscopy — novel approach to digital holography and laser
scanning microscopy / Y. Zakharov, M. Muravyeva, V. Dudenkova, I. Mukhina, E. Vitkin,
L.T. Perelman // Digital Holography and Three-Dimensional Imaging. — Optical Society of
America, 2014. — P. DW5B-1.
Webb R. Confocal optical microscopy // Rep. Prog. Phys. —1996. — 59. — P. 427—471.

79






YcTHble nokaaabl
Cekuusa Nel

TexHO0J0ruu B 00J1aCTH
3alUTHbIX roJIOrpaMm

Oral presentations
Section Nel






Yeruble gokaansl. Cekuust Nel
TexHoJIOTHH B 06JIACTH 3aLUTHBIX FOJIOMPAMM

1.1 TloMckK KOHTpACTHBIX MJIOCKUX U300parKeHH 00 bEKTOB BOCTAHOBJIEHHBIX U3
LM POBBIX rOJOrPAMM METOJOM MUHUMU3ALUU SHTPONUH

Y.b. Kaiimyxos, B.A. Kuceaes, A.B. SInosckuii
OI'VYIT «HTLL «Arsiac», Mocksa, Poccust

[1pu uncsieHHOM BoccTaHOBJIEHHH LIM(POBOK roJIorpaMmbl, 00beMHble 00BEKTbI MOTYT ObITh
NpeJcTaBaeHbl HAOOPOM TUIOCKHX cedeHHH. Ecn oObeKTbl Majibl M0 CPABHEHHMIO C pa3Mepamu
MOBEPXHOCTH PETUCTPALUM WU PErHCTPUPYEMbIM 0OBEMOM, TO PACCTOSIHUSI MPH BOCCTAHOBJIEHHUH
HanboJ1ee KOHTPACTHBIX H300paKeHUI COOTBETCTBYIOT HX MOJIOXKEHHUIO B IIPOCTpaHCTBe. B ocHOBe
rnpeiaraeMoro MeTojia MoucKa MoJoyKeHUH (POKYCHPOBKHU JIEXKUT BblUHCAEHHE HH(DOPMALIMOHHOH
HTPOIHU MJIOCKUX H300ParKeHHUH.

Beenenue

OnHON M3 mepcrneKTUBHbIX o6JacTed NpuUMeHeHUs1 LUQPOBOH roJorpaduu  siBJseTCs
HabJoeHHe  MUKpooObekToB. [Ipu  pazpaboTKe MPOrpaMMHOIO  MHCTPYMEHTapusi s
AaBTOMATHU3AlMK TIpOllecca HM3BJIeUeHHsT WHPOPMAalUM W3 LU(PPOBBLIX TOJOTPAMM TMPUMEHSIOTCS
pasinuHble MeToAbl. B naHHOH paboTe wuccienyercss NMPUMEHMMOCTb MeTola MHHUMH3ALUMH
HTPOIHUH.

B [1] 6b11 npenyioxkeH MeTo POKYCHPOBKM OCHOBAHHBIH HA BBIYUCJEHUH MH(OPMALIMOHHOH
SHTPOIHH J/Is OTIpeJIesIEHUS MTOJIOKEHHST 00 BEKTOB, U MPOBeieHa PoBepKa ero 3(heKTHBHOCTH Ha
MaTeMaTHYeCKUX MOJIEJISIX.

3anaueil naHHOro Hcc/enoBaHUsl Obll aHaMU3 3((MEKTHBHOCTH MeToda MUHHUMH3AlUH
SHTPOMUHU I peasibHbIX roJjorpamm. Pelnanuch 3ajaud NMpPoBEepKH MPUMEHUMOCTH MeTona st
pasMuHbIX 1MEGPOBLIX TOJOTPAMM M ONTHMH3ALMK Tpolecca 00paGOTKH W M3BJEUEHHUS
MHMOPMALIUH.

MeToa MUHUMHU3ALUK IHTPONUU

[Ipu BoCCTaHOBJIEHHH ONTHUECKOH LUQPPOBOH TOJOTPAMMbI, MOXKHO TMOJYYUTb MOJEJb
rojiorpaupyeMoro MpocTpaHCTBA B KauecTBe J3-MePHOHW MaTpHlibl, Kaxkaas sderka KOTOpOH
3aroJiHeHa YUCIaMU, OTBEYAIOLIMMH 32 IPKOCTb COOTBETCTBYIOIEH TOUKH (MTPOCTpPaHCTBA). ATy 3-
MEPHYIO MaTpHILy, MOXKHO MPEACTABUTL HAOOPOM 2-MePHBIX MATPHULL, KOTOPbIE MPEJCTABJSIOT COO0H
CeueHHsl MnapajijiesibHble TMJIOCKOCTH TOJIOrPAMMbI, U TPH 3TOM SIBJSIIOTCS H300paKeHUSIMU B
IIBETOBOM pexKuMe Tpajgauuii ceporo. [lonck cdokycrupoBaHHOTO H300paXkKeHHsI MoJpadymMeBaeT
BBISIBJICHHE T€X CEYEHHUH, HA KOTOPBIX HCKOMBIH 0ObEKT HauboJiee KOHTPACTHBIH.

B Teopuu uHpopmalMH  SHTPOMHUSI  SABJSETCS MepPOH  HEONpeNesiéHHOCTH  WJIM
HernpeicKazyeMocTH UHopMalii. B n3o6paxkeHusIx, Wik 2-MepPHbIX MaTPULLAX SHTPOIHIO MOXKHO
MCIM0J1b30BaTh B KauecTBe Mepbl CJAYYaWHOCTH WJIM YPOBHSI Xaoca 3HAUEHUH rpajauuil SpKOCTH.
Takum 06pa3om Jijis1 BOCCTAHOBJIEHHOTO U300paXKeHUs1 r(X, if), MOKHO BbIUHCJIUTL €r0 SHTPOIHIO
cenytotM o6pasom (dopmyaa (1) onucana B [2]):

Ez_zzp(mvﬂ)lnp(m’n)v (1)
rae
~ |r(m,ﬂ)|2
plmy =
151
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Z|r(m,n)|2

n=l

P:

M
m=

—

st u3obpaxkenust pasmepamu MxN E — surponuss uzobpaxkenusi; P — o061iass MOUIHOCTb
u300paxkeHusi; r(m, n) — 3HaueHWe TMHUKCess B MO3ULMHU (m, n); p(m, n) — OTHOPMHUPOBAHHOE
3HaueHHe MUKceJsl; £ — SHTPONUs H300parKeHHs.

Ucnoab3yemble rojorpaMmbl U MaTeMaTUUeCKUe MPUHIMITbI

[Ipn npoBeneHuH 3KcMepUMeHTA HCMOJMb30BAJUCH TOJOTPAMMbBl U3  3-X  Pa3JMUYHBIX
JnabopaTopuii:

- Llndposble rosiorpaMmbl, npeiocTaBaeHHble TOMCKUM roCy1apCTBEHHBIM YHUBEPCHTETOM.
HMmenu paszmep 1024x1024 nukcensi. bosee nogpoGHO crnocob MoJydeHus: roJorpaMm M3JoxKeH
B[3].

- C nomolbio MakeTa OCEBOH ONTHYECKOH CXeMbl 3aMMCH ObIM MOJydeHbl LH(POBbIE
rojorpammbl. B kauecTBe cpesibl peructpaliu UcroJsb3oBanach kamepa Sony a7R, a B kauecTBe
KOIepEeHTHOr0 MCTOYHMKA BbicTynaj razoBblil He—Ne gnasep ¢ amuHoil BosHbl 632 HM.
KosimmupoBaHHbIi JlazepHbIi My4oK MPOCBeUnBas 0ObEKTHI, 10Majasi Ha MaTpULYy oToannapara.

- LludpoBble  rosorpammbl  npejnocTaBjeHHble  MOCKOBCKMM — TOCyIapCTBEHHBIM
MALIHHOCTPOUTENbHBIM YHUBEPCUTETOM, [OJy4eHHble C TOMOLIbI0 MakeTa TroJorpaguueckoro
dypbe-criektpomerpa [4]. B kauecTBe peructpupyembix 0ObEKTOB BBICTYMAJH JIBE CTEKJSIHHbIE
MHKPOCKOTIHbIE OKYJISIpHbIE LIKaJbl. Dojiee moapoOGHO mpoliecc 3amucH TroJorpaMMbl JAHHBIX
00BEKTOB, a TaK 2Ke MapaMeTpbl BOCCTAHOBJIEHHUS OMUCaHbl B pabore [D].

BoccranoBnienue uudpoBoii rosiorpaMmbl, 3aperucTpupoOBaHHON B OCEBOH CXeMe, OCHOBAHO
Ha pacuére mudpakunonHoro uuterpana Kupxroga B npubsamxennn @penens [6]. [1pubanxkenne
@penens crnpaBewinBo, Korja pagmep [13C-matpuupl, ucnosb3yeMoi adsi rojorpaduueckon
perucTpaliy 4acTull, MHOTO MeHblIle PACCTOSTHUS OT Heé 10 PErHCTPUPYEMOH TJIOCKOCTH 06beKTa.

ikz © o

ik S S
2 ((x-g)?+(y-n)?)
u(ﬁ,ﬂ)=—ekz I Il(x,y)e22 a dxdy, (2)

L —00—00
rie (X, Y ) — TJI0CKOCTb roJIorpaMMmsl, (§, 1) — MJI0CKOCTb M300paxKeHust, A — JAJWHA BOJHBI, R —
BOJIHOBOE UMCJI0, [(X, i) — pacnpesiesieHie HHTEHCHBHOCTH KapPTHUHBI HHTEP(EPEHIIH MTPEAMETHON
M OMOPHOH BOJIH HA 3Tame perucrpauuu, u(§, m) — KOMIJIEKCHAs aMIUIUTyJIa B IJIOCKOCTH
BOCCTAHOBJICHHS], 2 — PACCTOsIHHE.
Mmest pacnpenesieHde KOMIUIEKCHOM aMIUIMTY[Abl B IJIOCKOCTH (&, M), € MOMOILLbIO

COOTHOLIEHHSA (3) paCCUUTBIBACTCA paclipeae/JieHuie MHTEHCUBHOCTH B 3TOH MJIOCKOCTH.

IEm)=uEn En)=luEn)" (3)

Jasi nosyyenusi HaGopa ceueHWd wHccaeayemMoro obpasiia paccuuthiBajuch I(§,m) npu
PAa3JIMYHBIX PACCTOSIHUSAX 2.

[Ipu pabote ¢ rosorpamMmaMu, MpPeIOCTaBJIEHHbIMM TOMCKMM  TOCYIapCTBEHHBIM
YHUBEPCHUTETOM B KauecTBe O0OBEKTOB BBICTYMAJN CJydalHble My3bIpU BO3MyXa B COCY/IE C BOJIOM.
[locsie 3amucu rosiorpammbl, NPUBEIEHHON Ha puc. 4, oHa Oblla BOCCTAHOBJIEHA B JAMaNasoHe
paccrosinuilt 80— 200 waros. Jlanee OblM onpeiesieHbl H300parKeHus, TJie My3blpy ObLIH YETKUMH.
Hanpuwmep, npu BocCTaHOBJEHHH TOJOTPAMMbBI C PUC. 4, TAKOBBIMU OKa3aJiMCh H300paxKeHUs1 Ha
123, 127, 140, 142, 148, 154, 160, 169 u 182 wmarax. Ha puc. 5 npeacraBieno nzobpakeHue Ha
pacctosiiuu 154 wara, a Ha puc. 6 npuBeseH rpauK 3aBUCUMOCTH SHTPOINHUU OT PACCTOSHUS s
JIAHHOH TOJIOrPAMMBI.
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1383

1382

1381

138

1370

Puc. 4. T'onorpamma, Puc. 5. BoceranoBnennoe

1378
3arnMcaHHas 1o oceBok 1300paKeHue,
o ) . . . .
cxeme roJjiorpaMmsl Ha 154 ware O 100 120 140 150 180 20

Puc. 6. 'padnk 3aBHCHMOCTH SHTPOITHH OT PACCTOSTHHS

Kak Mo»KHO BUIeTb, JIOKaJbHble MHHHUMYMbl HE COBMAAAIOT C KOHTPACTHBIMH CEUEHHSIMH,
BOCCTAHOBJEHHBIMH ~ C  TOJIOTPAMMbl, @  HH(OPMATHUBHOCTb  TpPUBEIEHHOTO  rpacduka
Hey0BJIeTBOPUTE/IbHA. JIaHHBIN 3KCIIepUMEHT Obll TPOBEIEH € OOJILILIMM KOJMYECTBOM PA3JIHYHbIX
roJIorpaMM, HO TakK W He TMO3BOJIUJ YTBEPKAATh, UTO YeTKHEe H306paxKeHHsi, BOCCTAHOBJIEHHbIE C
1MPOBOK roJIOrpaMMbl, COBMAAAIOT C MUHUMyMaMH SHTPOMMH COOTBETCTBYIOLIUX H300paKeHUH.
JIaHHBIA pe3yJibTat, MOCAyKHJ MOBOJAOM TMPOAOJLKUTL HccaenoBaHus. Dbl coOpan Maker s
3arnucK oceBoi rojiorpammbl. [IpousBoauaachk peruerpaius 3-xX Touek Ha NPo3payHOM CTeKJe Ha
paccrosuusax 0,60wm, 1,12wm, 1,67m wu 2,38 M or mjockoctd peructpauuu. Bo Bpewms
BOCCTAHOBJIEHHUS TIPOBOJIMJIOCH MACLITAOMPOBAHHUE B MJIOCKOCTH BOCCTAHOBJICHHUS, TAKUM 00pa3oM,
4yToOBI 06JIACTH MOJy4aeMblX H306paxKeHUH OblIM paBHbI Ha JIOObIX paccTosiHUAX. [1y1s1 roslorpaMmbl
3aperucTPUPOBAHHON Ha paccTosiHuk 2,38 M OblIO MPOBEIEHO BOCCTAHOBJEHHWE B JHANa30He
1,6—2,765 m ¢ warom B 5 MM. Ha puc. 7 npuBesiena rojiorpaMma v BOCCTaHOBJIEHHbBIH 00BEKT, a
Ha puc. 8 TpauK 3aBUCHMOCTH SHTPOIUU OT PACCTOSTHUSI.
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Puc. 7.T'onorpamMma u eé
YHCJIeHHOE BOCCTAHOBJEHHE HA
paccrosiiud 2,38 m

Puc. 8. I'padpuk 3aBHCHMOCTH SHTPOTIHH OT PACCTOSTHUS AJ151 LHPPOBOH
roJIorpaMMbl, 3aperucTPUPOBAHHON Ha paccTostHuY 2,38 M

Paccrosine Ha rpaduke TpUBEIEHO B YCJOBHBIX €IMHHIAX: HYJIO COOTBETCTBYET
paccrosiire 1,5 M, pacuetnblil mar 0,005 M; Takum o6pazom 3HaueHHio 50 yCJOBHBIX €MHMIL
cootBetcTByeT 0,25 M. Kak MOKHO BUIeTh MUHUMYM TpaduKa IeHCTBUTENBHO COBMAAET ¢ (hOKYCOM
2,38 M. Kpome Toro cjiesiyeT OTMETHTb, YTO CYLIECTBYIOT U JIpyrie JIoKaJbHble MHHUMYMbI, a TIOCJI€e
MPOXOKJIEHUS JUCTAHIMH HaWJyullled Pe3KOCTH 3HTpornus ybbiBaeT. Ha apyrux rosorpammax
MHHHMYM SHTPOTHM He COBMAJaJ C PAacCTOSIHUEM HaWJydlled Pe3KOCTH, HO Haxoauscst BOJH3H
(pasnuuasics He Gogiee uem Ha 0,025 m). Takue pedysbraTbl TPeGYIOT Aa/bHENIIErO UCCAEI0BAHMUS
1 TEOPETHUECKOTO 060CHOBAHHSI.

[1pu perucrpaumu unppoBbIX UHTEPDEpPOrpaMM, ¢ MOMOUIbIO MaKeTa TPEICTaBIEHHOTO B
[4], ucnonb3oBanuCh MeTO/bI (Pypbe-MUKPOCKONUH, Pa3BUTHE M MOAPOOHOE OMUCAHHE KOTOPBIX
npuBefeHo B [7,8]. B KkauecTBe peructpupyembix OOBEKTOB BBHICTYMAJH JIBE CTEKJSIHHbIE
MUKPOCKOTIHBIE OKYJSIpHbIE IIKaJbl. DoJiee mogapo6GHO mpoliecc 3amucu roJorpaMMbl JAHHbBIX
0OBEKTOB, a TaKXKe TMapaMeTpbl BOCCTAHOBJIEHWs] oOMUcaHbl B pabore [5]. 3anucanHas
uHTepdeporpamma Obla BocctaHoBeHa B quanasone 450—600 waros. Ha puc. 9 npencraBieHb
BOCCTAHOBJIEHHble H306paxkeHHst, 00bekToB. A Ha puc. 10 MoxHo Habao1aTh rpaguk,
0TOOpaXKAKLWIKUHA 3aBUCUMOCTb SHTPOIUH OT PACCTOAHUSA AJIE JAHHOTO CJIydast.

Puc. 9. Boccranorsiennble H306pazkeHust runepcnekTpaibHol rosorpammbl Ha 489-M U 5S5-M 11are COOTBETCTBEHHO

36



Yeruble gokaansl. Cekuust Nel
TexHoJIOTHH B 06JIACTH 3aLUTHBIX FOJIOMPAMM

Ha nannom rpaduke, MoxKHO Hab/I0AaTh HECKOJBKO JIOKAJbHbIX MUHUMyMOB. Haubosee
SIBHO U3 HMX BbIpakeHbl TPH. [lepBble Ba COOTBETCTBYIOT pacrosioyKeHUsIM 0OBEKTOB (1KaJ), a
u3o6paxKeHue, pacroJiaratolleecst Ha H76-M 11are, MpeacTaBJsieT coO0H ONTHUECKYIO I'Psi3b Ha
TBIILHOH CTOPOHE CTeKJIa CO LIKAJIOH.

I'pajpux HIHTPONHH OT PACCTOAHHA.
11.25 patp s E

1.5 .

11.06 - —

1150 489 aéu ;au 555 576 800

Puc. 10. I'pacdhuk 3aBUCUMOCTH SHTPOIUU OT PACCTOSIHUS

JlaHHbI# 5KCnepuMeHT npoBoauJcs 6 pas, ¢ MHTepdeporpaMMaMu MOJyYeHHBIMH /151 PA3HbIX
1H BoJIH [4]. Tlo pedysnbraTam MOXKHO cfiesiaTh BbIBOJ 00 YIOBJETBOPUTENBHONH BO3MOXKHOCTH
OLIEHKH TIO0JI0XKEHHUsT OOBEKTOB 0 COMOCTABJEHHUIO C JIOKAJbHBIMH MHHUMYMaMH 3aBHCUMOCTH
HTPONUHU OT PACCTOSIHUSI JI/Is1 JAHHOTO THI1A TOJIOTPAMM.

3akaouenue

B pesysbraTe nmpoBeaéHHOrO McC/eI0BaHUS pa3paboTaH MPOrpaMMHBIH HHCTPYyMEHTapuHi
MO3BOJISIIOIIMI MOJMy4aTh BOCCTAHOBJEHHbIE M306pakeHUsT LU(POBOH ToJorpaMMbl Ha PasHbIX
pacCcTOSHUSIX B BHIE TUIOCKMX ceueHHid. OaHOBpeMeHHO ¢ ToMmolibio (1) mpoBomuscs mMoucK
HanboJsiee KOHTPACTHBIX H300PAKEHNH 10 MHHUMYMaM HH(OPMALIMOHHOH SHTPOITHH.

B cBA3M ¢ HeonHO3HAUYHBIMM pe3dyJibTaTaMH TPEVIOKEHHbIH B paGoTe METON MOXKHO
OXapaKTepu3oBaTb Kak HeTouHblH. Otanuutesbhyto 3(deKkTHBHOCTL paboThl  MeToga ¢
roJorpaMMaMH, MoJyueHHbIMU Ha MakeTe Pypbe-CreKTpoMeTpa, MOXKHO CBsSI3aTh ¢ M3OBITOUHOH
MH(OPMATUBHOCTBIO XapaKTePHOH /ISl JaHHOTO THMa rojorpamMm [8]. MoKHO pe3loMHpPOBaTh, UTO
METOJl TIPHMEHUM B TeX CJydasiX, Korja oObeKTOB 3alMCH Majo M HX pa3Mep MHOTO MeHbllle
pasMepoB TOBEPXHOCTH MaTpulibl. [l jeTanbHONH  OLleHKM TPUMEHMMOCTH TMOTpelyloTcs
JIOTIOJTHUTEJIbHBIE HCCIIEIOBAHUS.

SIBHOE TIPEMMYyILIECTBO METOAA B €ro ObICTPOAEHCTBMH MOXKET ObITb MCIOJb30BAHO Kak
MpeBapuTe/IbHbIN aHa/IH3 UHTEPBAJOB BO3MOXKHOTO HaOJtofleHHs 0ObEKTOB Mepel NajbHeHInM
uceseoBanueM 6osee TOYHbIMHU, HO MeHee ObICTPBIMH METOAAMH.

ABTopbl BipaxkaioT npusnatesbHoctb Kanenkory C.I'., Kanenkoy I'.C., Kameneny JI.B. u
OubiykoBy A.C. 32 KOHCTPYKTHBHBIE JIUCKYCCHH U TTPEIOCTaB/IeHHbIE 00BEKTHI HCCJIEI0BAHMSI.
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Search flat contrasting images of objects restoration of digital holograms
by minimizing entropy

B.W. Kaytukov, V.A. Kiselev, A.V. Yanousky
FSUE “STC “Atlas”, Moscow, Russia

In the numerical reconstruction of digital holograms, three-dimensional objects can be
represented by a set of flat sections. If the objects are small compared with the size of the surface
of the desk, and a recorded volume, the distance in the reduction of the most contrast images
correspond to their position in space. The proposed method of searching for the focus of the
provisions on the calculation of information entropy of planar images.

One of the promising applications of digital holography is the observation of microscopic
objects. Various methods are used in the development of software tools to automate the process of
extracting information from digital holograms. In this paper we investigate the applicability of the
method of minimizing entropy.

In [1], the focus method was proposed based on the calculation of information entropy to
determine the position of objects, and checked its effectiveness on mathematical models.

The aim of this study was to analyze the effectiveness of the method of minimizing entropy
for real holograms. We solved the problem of testing the applicability of the method to a variety of
digital holograms and optimize the processing and retrieval of information.
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1.2 [IporpammHoe o6ecneueHne «RainBow» nist nosyyeHusi moJHOLUBETHbIX
M300paKeHuil B 3alLUTHbIX rojgorpammax, OVD-cTpyKTyp 1 MUKPO-
HaHOOMNMTHYECKHUX 3JIEMEHTOB C MOMOLLbIO JEKTPOHHO-yueBOM
autorpaduu v nazepHoi annapatypbl Dot-Matrix-DLW

A.A. Csunyos, C.H. 3aiiyes
HMuctutyt npo6seM TEXHOJIOTHH MUKPO3JEKTPOHUKH Poccuiickoll akageMuu Hayk, HepHorosoBka,
Poccus

True color rainbow hologram, OVD, micro-nanooptics... by s/w
“RainBow” via high throughput EBL, Dot-Matrix and DLW

A.A. Svintsov, S.I. Zaitsev
IMT RAS, Chernogolovka, Russia

Electron Beam Lithography (EBL) is recognized Ref. 1 as the powerful technology for
DOVIDs providing the highest level of optical security and counterfeit deterrence based on
unprecedented level of EBL resolution, quality and flexibility. Last years EBL demonstrates
increasing in throughput with simultaneous decreasing of ownership costs. In spite of large amount
of companies declare usage of EBL in DOVIDs production to our knowledge there is no any
commercially available software for design and optimization of DOVIDs, even distinct description
of physical (optical) and technologic principles of the DOVIDs design and fabrication is absent.
This report presents software system RainBow recently developed Ref. 2,3 for design and
optimization of digital rainbow hologram, real holograms, optically variable devices and nano-
micro-optics. Initially RainBow was developed for budgetary EBL based on SEM column Ref. 4
but now RainBow is able to prepare data to be used by wide variety of tools including industrial
lithographs (like VISTEC, Voyager), Dot(Image)-Matrix and Direct Laser Writing (DLW)
machines. Examples of holograms will be presented to demonstrate RainBow successful operation
with these different writing technologies. It is demonstrated that specially developed EBL
procedure allows reaching throughput of several centimeters squared per hour.

The system allows creating DOVIDs with standard set of effects and overt/covert features

- True-Color (RGB) hologram + all effects below

- Flat color rainbow hologram with switching effect

-2D, 2D/3D — several flat levels with varied depth

- 3D-stereogram

- kinematic effects

- microtext (up to sub-micron sizes)

- LetterInLens (kind of DOE)

- Fresnel lenses (20mm and more)

- Hidden holographic image

Much like in a color TV with three luminescent spots per single screen pixel, each color
pixel of initial image is transferred by RainBow into three (R, G, B) diffractive gratings in a
hologram. Change of either duty cycle or area of the gratings are used to provide proper R, G, B
intensities. Several unique features distinguish the software developed irom other DOVID design
systems.
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- An automatic function provides stability of colorization at hologram inclination via
equalizing of angular blur from individual R, G, B gratings. On base RGB gratings and color
stability a new security element True Grey-Scale image is developed.

- Special algorithm optimizes area to be filled with gratings for hologram brightness
enhancement.

- Algorithms of so-called Y(X) correction allow designing large hologram considering local
conditions of light diffraction by each grating

But maybe the most important feature is RainBow simulation subsystem. At design
RainBow generates a file of geometry data (size, shape, spacing of strips of each diifractive
gratings). Only the geometry is used to simulate diffraction and visible image. This allows not only
simulate observation of hologram at different angles but also consider large variety of external and
technologic parameters like specter of light source, refraction index, grating height, errors of
lithography. Results of simulation allow estimate quality of future hologram before real fabrication,
on the other hand it helps to find optimal technologic parameters.

Special sub-system “NM-Combi” allows easily combine DOVIDs elements (rainbow and
real holograms, OVD, nano-micro-optics...) in one file of exposure data providing suitable and
flexible tool to aggregate security elements. “RainBow” adopts variety of data formats (vector or
bitmap) so results of other design systems could be incorporated and combined.
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Effective public security features for embossed holograms
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' Geola digital UAB, Vilnius, Lithuania
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New combined embossed hologram originating technique was developed by the
international team of holography experts. The technique merges deep 3D holographic images with
commonly used hologram security features. Deep 3D images were first recorded on photoresist
with Geola's holographic printer containing their proprietary pulsed laser. Optical security features
were then overexposed onto the photoresist plates containing latent images of deep 3D scenes. The
photoresist plates with several exposures (containing optical security features and deep 3D images)
were developed. Embossed holograms, containing such effective public security features as full
colour 3D images, guilloches, rainbow patterns were manufactured. Manufactured embossed
holograms also contained such optical security features as microtext and laser readable hidden
image.

1 Introduction

Holograms, which have started their life in consumer market as three-dimensional images
on a flat medium, are nowadays widely used for security applications in the form of embossed
holograms. Embossed hologram is essentially a transmission hologram embossed on a reflective
surface, thus appearing for the observer first of all as a shiny object. Then, observer may or may not
to distinguish the image visible on this shiny surface at all. This means that common people who
do not have optical aids cannot identily if they are seeing the real security hologram, or its imitation.

At the very beginning of employing transmission holograms as a security marks in the form
of embossed hologram, those marks contained three-dimensional images recorded on master-
holograms in analogue way from real objects. At that time the three-dimensional image was a
security feature by itself. With the digital embossed holograms originating techniques developing,
various microscopic optical features contained in embossed holograms were becoming more and
more sophisticated. Somewhere on the road, embossed holograms for security applications mostly
lost three-dimensional images. Some remaining three-dimensional images on few security
holograms are very shallow so can be imitated by a flat image.

Modern embossed hologram used for security applications are mostly originated employing
the following direct master-original writing techniques: E-beam, Dot-matrix, Image-matrix. Those
techniques allow one to obtain quite sophisticated microscopic images containing various complex
optical security features, usually identified with optical aids. Some companies employ Digital H1
master recording and analogue H1—H2 transfer of said H1 master (DI—HO). This technique
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allows integrating some optical security features identified with optical aids. Few companies still
employ pure analogue H1 master recording and analogue H1 —H2 transfer, which, however could
supply three-dimensional image on hologram, usually is providing only differently positioned
images of 2D transparences.

So, all modern embossed holograms originating techniques, except DI-HO do not provide
origination of deep three-dimensional image on embossed hologram. Any of those widely used
techniques do not allow obtaining deep three-dimensional image AND sophisticated optical
security features. Thus we have seen the problem and herebelow we are proposing a solution.

The solution we are proposing is a combination of novel master-original writing technique
with conventional dot-matrix and/or image-matrix techniques.

2 Direct writing of holographic deep 3d image

Direct hologram writing with pulsed lasers technique was developed by Geola in 1999. The
technique was then perfected for poster-sized hologram manufacturing and from 2007 is started to
be developed towards embossed holograms originating. As a result Geola's experts have created a
technique to originate full colour, achromatic, or full colour with achromatic elements transmission
holograms containing deep 3D images with animation. Said images are easily recognized by
general public and are distinctively different from 3D images generated by other embossed
holograms originating techniques.

2.1 Acquiring images for deep 3D hologram
The writing of holographic deep 3D image starts from 3D scene's images acquisition. Since
Geola's direct hologram writing essentially produces an ensemble of holographic optical elements
which is acting as a conventional stereogram — the images acquisition process is similar to image
acquisition process for classical stereogram [1]. The real or virtual camera is running in front of the
scene and imaging the scene under different viewing angle — Fig. 1.

(a) (b)

{c}

Fig. 1. Three ways of doing imaging for a stereogram. In (a) the camera or object rotate and remain at a constant
distance. In (b) camera always points at the subject, but moves along a straight line with equal angles between
exposures. In (¢) camera moves along a straight line, but its optic axis remains orthogonal to the subject plane, with
equal distance between expo-sures.

Actually for the right perspective of all details of the 3D scene imprinted onto hologram the
images should be acquired as per scheme (c¢) at Fig. 1. So the images, acquired as per schemes (1)
and (2) at Fig. 1, shall be transformed so they would be similar to those acquired as per scheme (c¢).
That can be performed ether employing proprietary Geola's software, or by projecting acquired
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images onto flat plane in 3D CAD software and rendering those with virtual camera run as depicted
in scheme (c) at Fig. 1. The resulting sequence of parallax-related images can be used for H1
hologram recording followed by Hl —HZ2 transfer, also it can be used for direct hologram writing
without intermediate step of H1 hologram recording.

2.2 Direct deep 3D hologram writing
Direct deep 3D hologram writing is happening by recording not the whole hologram at once,
but recording one by one its elemental parts instead. So the resulting hologram consists from
ensemble of elemental parts — Fig. 2.

3D image
holopixel 4

Fig. 2. Mrophotgraphsofmbossed 3D imag hologm originated wh Geol' 1gial holoaphc printer

Each elemental part (called hogel, or holopixel) is essentially a holographic optical element.
Like conventional pixel that is digital image element, holopixel is element of 3D image. The
difference between holopixel and pixel is that pixel is seen as being the same from all viewing angles
and holopixel is seen differently from different viewing angles. Similarly acts any particular element
of conventional analogue hologram — from different viewing angles it seems different. Analogue
hologram contains almost infinite number of such image elements, but since human eye has
limitation in distinguishing smaller image elements, for their master-original printer Geola has
chosen the size of image element (hogel) being 100 um. To record hogel which would be seen
differently from different viewing angles Geola is using the universal elemental hologram recording
scheme shown in Fig. 3.

T

Fig. 3. Writing a hogel for a direct-write digital hologram. L is the laser bearﬁ, OB the object beam, RB(t) and RB(r)
the reference beams for transmission and reflection holograms respectively; h is a hogel, H is the white-light
reflection or transmission hologram.
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The employed objective has focal point outside of its physical dimensions. Near focal spot,
the beams have size almost equal to focal spot size and keep their directions. Adding reference
beam, the hogel is recorded — a holographic optical element which illuminated will replay light
beams into directions from where light beams came during its recording. Those directions are
defined by the image shown on spatial light modulator during each particular hogel recording. The
process of image for direct holographic printing preparation is called pixel-swap.

2.3 Pixelswap — images for each hogel preparation

From the set of digital parallax-related images all the pixels with the same coordinates are
taken and combined into a new composite image. This image is projected on the SLM and a hogel
with the same coordinates as those of the collective pixels is recorded. If one has, for example, a
sequence with an image consisting of 640x480 pixels, one can print a hologram from it having
640x480 hogels too, i.e. if each hogel has a width of 100 um, the resulting complete hologram will
be 64x48 mm. The hogel with coordinates (0, 0) will contain all the pixels with coordinates (0, 0)
from all images in sequence. The hogel with coordinates (0, 1) will contain all the pixels with
coordinates (0, 1) and so on. And when viewer will change his viewpoint in front of the final
hologram by a small amount, e.g. from the viewpoint where the first image was taken to the
viewpoint where second image was taken, he will then perceive the pixel with coordinates (0, 1) as
it was on the image of the 3D scene taken from this particular angle instead of the pixel (0, 0).
Similarly, the hogel with coordinates (0, 2) will show us all the pixels with coordinates (0, 2), and
so on. Thus the whole direct-write digital hologram viewed from different angles will show us the
images of the 3D scene taken from different angles. The images for hogels recording have structure
similar to barcode structure — hogels recorder from those images will produce different light

intensities under different horizontal viewing angles and same intensities into vertical angles —
Fig. 4 and 5.

N 1
1

N \
\ \

1 — series of parallax related images of the 3D scene, I'— is the SLM, 2 — the principal focus (behind

2 — pixels having the same coordinates, hogel), 3 — the FOV of individual SLM pixels from
3 — combined image to be displayed on the SLM hogel; 4 — the hogel recording position just
Fig. 4. Principle of hogel image formation on SLM fora ~ downstream of the focus; RB is the reference beam
digital holographic print with horizontal-only parallax Fig. 5. Hogel formation for a single parallax digital
holographic print

For transmission holograms the images shown on the SLM contain narrow strip (s), just
like the H1 master hologram for analogue white light transmission hologram contain few
millimeters width strips. For a monochrome hologram the master would appear as a single narrow
strip; for color there would be three narrow strips, and for an achromatic hologram a single wide
strip — Fig. 6. The same applies to holographic prints, but now with this technique one can record
all three types of holograms on the same medium, as seen from different viewing angles. And there
is even possible to have some image details appearing achromatic, while others are monochrome
or full color, something that cannot be achieved using the classical analogue holography approach.
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(b) (d)

Fig. 6. Images as they appear on the SLM for one hogel of holographic print: for color (a), achromatic (b), combined
image (c) as viewed from one side as achromatic and from the other as full color, (d) as (¢) but containing
monochrome and achromatic image elements

3 Direct writing of optical security features

As was noted above, currently there are three direct hologram writing technology widely
used in hologram origination and providing wide range of optical security features: Dot-matrix,
Image-matrix and e-beam Lithigraphy. Let's make a brief overview of said technologies without
touching the details of their implementation.

Dot-matrix recording technology allows creating microstructures relief due to the
interference of two or more laser beams (usually no more than 4) focused to the point in size of a
few microns. Thus the possibilities of this technology are limited to recording diffraction gratings
with following variable parameters: frequency, the orientation angle and relief height. In our
opinion, dot-matrix technology is not withstanding a competition in the security holograms market
and gradually is losing ground. Nevertheless, dot-matrix technology was very good for its time and
gave a powerful impetus to the development of image-matrix and other close technologies.

Currently Image-matrix direct hologram writing technology is still promising and not yet
exhausted its potential. There are usually two working modes in image-matrix machines. The first
one is the interference optical lithography (so called holographic mode), it implements multi-
beams interference and can provide results similar to Dot-matrix. That it — in those machines the
light beam, modulated by the images projected onto spatial light modulator, is converted to few
beams. They are sent to photosensitive media from different directions and by interfering are
producing difiractive patterns. In Geola's holographic printer, discussed in previous section, a non-
modulated reference beam is interfering with the light beam modulated by the image projected onto
spatial light modulator.

Image-matrix allows one to obtain structures similar to obtainable with Dot-matrix, but it
also allows one to create other diffractive microstructures, distinctive from the difiraction gratings;
and also allows to control all of their parameters. The structures most common in practice are
axicon grating, 2D grating, scattering microstructures and etc.
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The second mode is a projection optical lithography (so called lithographic mode), which is
often combined with the first one in commercially available devices (Kinemax, DifX). It is mainly
used for recording of Fresnel lenses or free form metallic emboss effects with help or kinoform
microstructures and a lot of other achromatic visual effects. This mode also can be used for image
hologram recording, if one is patient enough to calculate necessary interference pattern 2, 3]. The
usual patterns of dot-matrix and image matrix holopixels are shown in Fig. 7 [4].

A bit aside from the mainstream origination business stays e-beam lithography. The
distinctive feature of e-beam lithography is a high quality hologram microstructure formation and
the ability to create sub-micron relief elements, which is problematic for optical recording
technology. However, image-matrix and e-beam lithography technologies rarely compete with
each other on the hologram origination market, as they are used in different areas of holographic
business. If we are not taking into account the quality of the micro-relief (here e-beam is definitely
the leader) the possibility of e-beam and image-matrix technology are, in general, comparable. But
image-matrix direct writing technology has significantly lower cost; it does not require high skills
of working staff and still has great potential for development. In our opinion, this technology will
remain highly employed in the current decade.

In this work for this work optical security features writing we have used two hologram
originating machines:

- DifX hologram mastering system.

- Kinemax

Since Kinemax hologram originating system is well-known, below we will briefly review a
newly emerging at the market DifX machine.

3.1 DifX hologram mastering system
This hologram origination equipment was developed Dr. A. Bulanovs in scientific laboratory
of Daugavpils University and now is available as commercial product — Fig. 8.

ig. 8. Dithlogram mastering system

Both modes of operation, usual for image-matrix machines, are present in this apparatus.
In holographic mode one can record holographic pattern using diffraction grating and
microstructures with spatial frequency range of 700— 1400 lines per mm. Security holograms with
most of the traditional visual and security features and effects are recorded in this operation mode
(e.g. color motion, kinetic motion, true color 2D, true color multi-layer 2D/3D, true color
stereograms, hidden images, holographic emboss effect, axicon grating, 2D grating, scattering
microstructures and etc.). In lithographic mode one can record special design and/or security
effects, such as images composed of symmetric or blazed grating with low frequency 1—500 lines
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per mm, Fresnel lenses, direct image projection on photoresist with high resolution, free form 3D
metallic relief effects implemented with help of kinoform microstructures. As a new security feature,
machine has the possibility to use any bitmap image to fill the pixels in both recording modes. This
option allows achieving such special effects as diffuse white area, axicon gratings (visible at any
angles), micro text with size down to 5 um, and a lot of other features. It is also possible to combine
all hologram types and effects in any variations during design preparation.

Methods and materials

As photosensitive medium we have used photoresist plates supplied by Geola. The plates
were specially manufactured for Geola by coating an analogue of Shipley photoresist to glass pates
in size of 250x200mm or 300x200mm. The coating was performed employing blade coating
method.

As photoresist developing agent we have used Microposit developer AZ303, diluted with
deionized water in proportion 1:9. Developing time was 25—30 seconds. It is worth to note that
photoresist plates also can be developed with 1.5% KOH or NaOH solution. However, those
chemicals remain in the developed relief and the thin layer of them is transparent. As a result, the
holographic image looks great on photoresist, but as soon one will deposit silver on such a reliel —
silver enters into reaction with KOH or NaOH and the resulting silver relief is much shallower than
the photoresist relief. Therefore we stuck with Microposit developer AZ303, which probably has
some ingredients preventing developer's remains layer forming.

The workflow for combined embossed hologram originating is shown on Fig. 9.

| Hologram with effective public and optical security features concept |

Filming of the real or virtual 3D First Photoresist plate exposure
scene —>with Geola's holographic printer Preparing images for optical
\l/ (deep 3D Hologram) security features (guilloches,
Corrections of filmed images rainbow patterns, microtext
(brightness, contrast, colour Sending exposed, but and laser readable hidden
gamma, colour vibrancy etc. undeveloped plate to partner(s)
Pixelswap of filmed images | | | Second, third Photoresist plate exposure with
sequence for digital DifX or Kinemax systems (security features)

| Developing of twice or trice exposed photoresist plate |

i

| Silvering |

Vv

| Nickel Shim |

\

Embossed hologram with effective public and optical security features

Fig. 9. The workflow for combined embossed hologram originating

Results
First, as a proof of the concept, we have manufactured the hologram in size of 40x50 mm
containing the deep 3D image of the real girl and added to it guilloche frame with DifX machine —
Fig. 10. Parallax related images of the girl were taken with Geola's HoloCam parallax-related
images capturing device. Corrections of filmed images took us two hours, pixelswap —
10 minutes. Imprinting 3D image hologram of the real girl onto photoresist plate took us 2.5 hour.
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After that, exposed but not developed photoresist plate was send to DifX, Latvia, where it was again
exposed with DifX machine, developed and silvered. Then shim was made and small run of
embossed holograms on transparent and metalized foil was manufactured.

o
| 1 100 mkm |
3 A mkm 127 mkm §
3D image j
p holopixel 4
'

= g ¥ e { i | Security
Secunty 2 b . i ) " : | features
“ | features | 4 ixel /3 g § | LTI { ¢ | holopixel
" | holopixel s - 1 ! BEE ! A

| unjw 9zZ

a — photographs of the embossed hologram illuminating it from the direction where deep 3D image would be clearly
visible, b — photograph of the embossed hologram illuminating it from the direction where guilloches and embossed
inscriptions are clearly visible, ¢ and d — microphotographs of embossed hologram with different magnifications.
Fig. 10. The first combined embossed hologram with public and optical security features

After the concept's viability was proven, we have decided to design and manufacture the
embossed hologram for Tax Excise Marks. In order to create a security features, recognizable to
the general public without any optical aids, we have decided to put onto the hologram holographic
3D images of generally known flowers with leaves and stems.

The images for deep 3D image hologram were captured at Ignetta Holographics, India by
putting the bouquets of said flowers onto rotating table. The digital camera was stationed in front
of the bouquets. The bouquet was rotated for 0.1° and series of its digital images was captured. The
total angle of rotation was ~45° and series of #450 parallax-related images of each bouquet were
captured. After that, the series of images were sent to Geola, Lithuania.

At Geola those images were corrected, pixelswapped and imprinted onto photoresist.
Exposed but not developed photoresist plates were then sent to Ignetta Holographics, India, where
optical security features were added — Fig. 11.

Resulting embossed holograms are eye catching and has full 3D depth and original color of
the depicted flower bouquets. To provide additional protection, Ignetta added several security
features inside the flower region like laser readable hidden image and microtext. We believe that
combination of all those features with deep and naturally looking 3D image assures very high level
of products security. Our ultimate aim is that a security hologram would be easy understandable
to the general public and at the same time would contain very high level optical security features
assured by employing DiiX or Kinemax machines. So the general public would understand that in
front of them is really a security hologram and experts would be able to check its security features
by machines or examine them with other optical devices.
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c) d)

a — photographs of the embossed hologram illuminating it from the direction where deep 3D image would be clearly
visible, b — photograph of the embossed hologram illuminating it irom the direction where guilloches and embossed
inscriptions are clearly visible, ¢ and d — microphotographs of embossed hologram with different magnifications
Fig. 11. The embossed hologram designed for Excise Marks — contains public and optical security features

Resuming:

- We have produced embossed holograms containing effective public security features: full
colour 3D images, guilloches and rainbow patterns.

- Besides effective public security features, our embossed holograms also contained optical
security features: microtext and laser readable hidden image.

- Master-original holograms were manufactured by exposing the photoresist plate in
different origination machines and developing the plate only aiter the last exposure.

Conclusions
- Modern photoresist plates can be exposed several times and developed only after the last
exposure.
- Each photoresist exposure may add a new security feature.
- Embossed hologram containing deep 3D image as public security feature and optical
high-level security features can be manufactured by overexposing photoresist plates, exposed with
Geola's holographic printer, by DiiX or similar Image-matrix machine(s).
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1.4 PopmupoBaHWEe MUKPO- U HAHOCTPYKTYP AJisl ONTUKHU C UCNIOJIb30BAHUEM
HOBOT'0 2JIEKTPOHHO-JIUTOrpaduecKoro npuHUMNa

M.A. Bpyk', E.H. )Kuxapes?, A.E. Poeosxcun?, JI.P. Cmpeavyos®, A.B. Cnupun'

! Hayuno-uccsieioBaresibekuil husuko-xumudeckui uuetutyt um. J1.9. Kaprnosa, Mocksa, Poccust
2 dU3MKO-TeXHOIOTHUeCKHE HHCTUTYT Poccuiickoil akagemun Hayk, Mocksa, Poccusi

> IHCTUTYT CHHTETHYECKHX MosiuMepHbIX MaTepuasios uM. H.C. Ennkosonosa Poccuiickoi
akanemuu Hayk, MockBa, Poccus

[Ipn dopmupoBaHUM MHKpPO- W HAHOCTPYKTYp JJIs ONTHYECKHX TPUMEHEHHH YacTo
MPUMEHSIOT JIMTOrpauuecKue MeTO/bl, B TOM YHCJe 3JIeKTPOoHHyto Jutorpacduio (IJ1) (cm.,
Harpumep, [1]). TIpu 3ToM 0OBIUHO HCMONB3YIOT TPAAMLMOHHYIO <«MOKPYIO» TeXHOJOTHi0 DJI,
KOTOpasi MOMHMO TMPOYMX Orepalui BK/A0YaeT B cebs B KauecTBe 00513aTE/bHBIX CTaIHI0
9KCMOHUPOBAHUS 3JIEKTPOHHBIM JIY4OM B BAKyyMe MIPH KOMHATHOMN TemIiepaType CJ1051 TOJMMEPHOTO
pesucra Ha TBepAOM cybeTpare M MOC/EIYyIOlLy0 HEBAKYYMHYIO CTajIMI0 MPOSIBJAEHHS] CKPbITOrO
300paXKeHusi, CBA3aHHYI0 C 00pabOTKON 00pasiioB OOJBbIIMMHU KOJHUYECTBAMM OPraHUYEeCKHUX
pactBoputesiei. PopmupoBaHre H300paXKeHHUs MPU 3TOM OCHOBAHO HA PA3JUUUSIX B CKOPOCTH
pacTBopeHHsl 0OJIydeHHBIX M HeoOJsyueHHbIX oOJacteil pe3ucta. Mokpasi TexHoJiorust obJagaer
PSIIOM BaKHbIX JIOCTOMHCTB, CPE KOTOPbIX OCHOBHBIM MOBHUAMMOMY SIBJISIETCS] TIPUHUMITHAJbHAS
BO3MOXKHOCTb TTOJIydeHHs1 U300ParKeHHsI C BLICOKUM JlaTepasibHbIM padpelienuem (nopsaxka 10 Hm
TPH UCTOJb30BAHWH COOTBETCTBYIOLIUX JIMTOIPACOB U BLICOKOpPA3pelIaloLIUX Pe3UCTOB, HalpUMep
[IMMA, ZEP u np.). OnHako y 3TOH TeXHOJIOTHH MPUMEHHUTENBHO K 3ajadyaM ONTHKH HMeITCsl U
CyllleCTBeHHble HelocTaTKM. K HUM MOXKHO OTHecTH: |)HeoOXOAMMOCTb OOJIbIIMX 103
9KCMOHUPOBAHMUS, 0OyCJIOBJIMBAIOLIYI0O ~ CPABHUTEJbHO  HHU3KYI0  TPOU3BOIUTEJNbHOCTh
JIUTOrpapuuecKoro mpouecca U ero BbICOKYIO CTOUMOCTb; 2) CJIOXKHOCTb MOJydeHHUs] pesibepHbIX
CTPYKTYP C XOpPOILO CKPYIJIEHHBIM MPOHIeM 3aJaHHOH (POPMbI; 3) CPABHUTENLHO HEBBICOKYIO
TOUHOCTb BEPTHUKAJILHBIX (110 0CH Z) padmMepoB noJydaemoro 3D-uzobpaxkenust [2].

ABTopamu Jlokana npeuioxKeH |3, 4| HOBBIN «cyxoi» MeTon DJI, B 3HAUUTEILHOU CTeNneH!
JIMLLIEHHBIN YKa3aHHbIX BbllLIe He0CTaTKOB. MeTo 0CHOBAH Ha MPOTEKAHUHU B TOJIMMEPHOM PE3HCTE
B IMpollecce 3SKCIIOHUPOBAHUSI 3JIEKTPOHHBIM JIyYOM B BakKyymMe [MpH TeMIepatypax Bblllie
TemrepaType CTEKJOBAHWSl pe3UCTa LEMHOM XUMHYECKOH peakluu JenoJuMepU3aliui,
COMPOBOXKAOLIEHCS BblIeJI€HUEM JIETYUHX ITPOIYKTOB (MOHOMEPA ), yAaJsoluxes u3 peaucta. [ Ipu
9TOM B 06JIydaeMol 06JIaCTH PE3UCTa BOSHUKAET AOTOJHUTENbHbBIM CBOOOIHBIN OOBEM U IPOUCXOUT
pejakcauusi (ycanka) roJsudMmepa, 4YTO W TNPUBOIUT K (OPMUPOBAHUIO  H300paKeHHs!
HEroCpe/CTBEHHO B XO/le 3KCIIOHUPOBaHUSl (T.H. «camorposiieHue» uzobOpaxkenusi). Meron
MPUMEHUM K pe3ucTaM, CHoCOOHBIM B YKA3aHHBIX BbIlIE YCJIOBUSX K 3(PPEKTUBHON
nenosumepudalnu 10 moHomepa (ITMMA, noaumeTHICTHPOJ, MOJHMETHIU3ONPONEHUIKETOH U
ap.). Huxe stor meton OGynem HazbiBaTh CIJITP — cyxoe 3J1eKTPOHHO-JIyueBOe TpaBJeHHE
pesucra. Jasi npoenenusi npouecca CIAJITP moxkHO Hcnosnb3oBaTh 0ObIUHBbIE 3JIEKTPOHHBIE
Jqutorpadbl WM CKAHUPYIOLIME 3JIEKTPOHHbIE MHUKPOCKOMNbl (COM), cHab:KeHHble HEKOTOPbIMH
JIOTIOJIHUTEIbHBIMU - OTILIMSIMM, B YaCTHOCTH, TPUCTABKOH JJisi HarpeBa obOpaslia B Tpolecce
9KCTMIOHUPOBAHMS (M, B HEKOTOPbIX CJydasix, YCTPOHCTBOM Jylsl yJaBJMBAHUSI MapoB MOHOMEPA).
[Tpubanxkénnas cxema npotiecca CAJITP npescraBiena Huxe.
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Monomer
paths

— Pumping

Stage with special heater

Puc. 1

Meton COJITP nospodisier: 1) B COTHH pa3 MOBBICUTh uyBcTBUTEMbHOCTE [IMMA-pesncra B
3JIEKTPOHHO-JIUTOTpapuuecKoM Mpolecce MO CPaBHEHMIO ¢ «MOKpoi» TexHoJioruein IJI; 2)B
OJIHOCTAJIUIHOM TIpollecce TMoJydaThb pesibedbl BBICOKOTO KauecTBa C XOPOLIO CKPYTJIeHHbIM
npoduaeM 3anaHHol ¢dopmbl (achepuueckuMm, CHHYCOMJIANbHBIM W T.1.); 3)(OPMHPOBAThH
NpOCTpaHCTBeHHbIe 3D-CTPYyKTYpbl ¢ BeCbMa BBICOKMM paspellieHHeM I0 BepTHKaJIM (MopsiiKa
1 um). Bbicokasi uyBcTBUTENIbHOCTL pe3ucta B mnpoiecce CIAJITP obycsoBieHa mpexie Bcero
LIeMHbIM XapaKTepoM JeNoJMMepU3allUOHHOT0 MeXaHU3Ma TpaBJIeHHsl, B COOTBETCTBUU C KOTOPbIM
oOpa3oBaHHe OJHOTO AaKTMBHOTO IlleHTpa (Makpopaaukasa), Tpebylollee pacxoia 3Heprusi
U3JIy4eHHsl, BbI3bIBAET CAMOIPOU3BOJIbHOE OTILEIJIEHHE OT MaKpPOPaJMKaJ/a COTEH U ThICSY MOJIEKYJI
MOHOMepA, yJIeTaIolIHX B ra30Bylo (asy.

K ocHoBHbiM Henoctatkam Metoga CIOJITP Mo»KHO OTHECTH HEBBICOKOE JiaTepaJsibHoe
paspetenue (nopsiaka 100 HM) U CJIOXKHOCTb MOJIydeHHS] CTPYKTYpP CO CTPOTO TMPSIMOYTOJIbHBIM
npocpusem ceuenusi. [lpu peureHun 3amad, Ui KOTOPbIX 3TH HENOCTaTKH He SIBJSIOTCS
ONpeeJISIIOILIUMHI, METO/L [10-BUIMMOMY MOXKET MPeACTaBUTh 3HAUUTEJbHbIF TPAKTHUECKUI HHTEpeC.
[To HatieMy MHEHHIO OH MOXKET ObITh MOJI€3€H JI/Is1 Psiia ONTHUECKUX TEXHOJIOTHH, B T.4U. U B 06J1aCTH
rosiorpacun. [esib HacTosiero 1okaana — nokazaThb Onpeie/ieHHble HOBblE BO3MOXKHOCTH METO/IA
CIJITP pist co3nanmst MUKPO- U HAHOCTPYKTYP PasIMUHOTO MPOgHJIS.

Ha puc. 2 npexacraBsenbl xapakrepuctuueckue Kpuble Tpaienuss [IMMA pesucta
metogom CIJITP. C yyerom toro, uro mo3a mojHoro tpabjenusi cios [IMMA no mokpoi
texHosoruu nopsiaka 100 mxKya/cem? (a npu dopmuposanuu 3D crpykryp 300—400 mxKya/cm?)
MOXKHO BMJIeTb OueHb OoJiblliMe pa3inuyusi B uyBcTBUTesabHOCTH [IMMA  pesucra npu
ucrnosb3doBaHud Metona CIJITP u mokpoil Texnosoruu. [losa, HeoOXomumasi J/isi MOJHOTO
TpaBjienust cyosi peaucta metogoM CIAJITP npu 160°C (cM. kpuByto | Ha puc. 2), B COTHH pas
MeHblIle, ueM Jjisi Mokporo Metosa. [1pu HenmosiHOM TpaBJieHUH CJIos pe3ucTa, yTo HeoOXOIUMO B
npouecce dopMupoBanuss 3D-CTpyKTyp, 3TH pasiuuus eulé 3HAuuTesJbHO OOJible W MOTYT
JIOCTUTaTh HECKOJIbKUX ThICSY.
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Puc. 2. HopmannzoBaHHble KpUBbIE «TOJILIMHA CJI0sT — J103a» B Mpollecce TpabyaeHuss [IMMA-pesucTa MeTo0M
CIJITP. Havasbhas Toquuna ciosi peaucta Lo = 900 um (kpuBasi 1) u 340 um (kpuBas 2). DKCoHHpoOBaHHE «B
Kaap» B COM Camscan nipu Temmnepatypax 160°C (kpusasi 1) u 125°C (kpuBas 2).

B nnenkax [IMMA-pesncta HaMu OblJIH MOJIydeHbl CKPYTJIEHHbIE MUKPO- U HaHOpeJsbedbl
CaMoro pasJjiMyHoro npodu/si, B TOM yucae OJU3KOT0 K CHHYCOMJIANbHOMY U ChepHuecKOMY
(acepuueckomy). [nmy6buna u ¢opma mnoJsyuaeMblx pesbedoB OMPEeNsioTess  YCAOBUSIMU
nposenenusi npoiiecca CIAJITP (ucxomHo#t ToJMHON €051 pe3ncTa, 1030 W TeMMepaTypoi
9KCTMIOHUPOBAHUS, MEPHOJOM pelIeTKH U Jp.). M3o6paxeHusi HEKOTOPbIX pesibeoB MO AaHHBIM
aTOMHO-CcHJI0BOH MuKpocKonuu (ACM) npeacraBienbl HuKe. K3 puc. 3, B 4aCTHOCTH, XOPOLIO
BHUJIHO, KaK MeHsieTcsi popma rnpodusist npu yBeauueHud rayounbl pesbeda. Ha puc. 4 npencrasien
pesibedp ¢ cuHycouaasbHbIM TpoduaeM. locrtaTouHo GoJibllias MHMpHUHA JMHUHA HA pUC. 3 U 4
oOycJioBJieHa Tpexae Bcero OOJbUIMM cedeHHeM 3JjeKTpoHHoro Jyda (ropsaxka 200 HM) B
ncnosb3opanHoM Hamu COM Camscan S4. [1pu ucnonbzoBannun COM Ultra-55 ¢ ceueHueM myuka
10— 15 M wmMpuHa (OPMUPYIOIIMXCS JHUHUHA 3HAUMTEJNBLHO MeHblle (puc. 5). Bo3amoxHoCTb
NPSIMOTO TOJTyYeHHUs] B OJHOCTAAMHHOM MPOIleCCe TJIAMKUX XOPOUIO CKPYTJIEHHBIX pesibedoB Mo
HallleMy MHEHHMIO MOXKET MpPeJCTaBUTh 3HAUMTEJIbHBIA HHTepeC /s psiia TPUMEHeHHUH B ONTHKE U
HEKOTOPbIX JIPYTUX 00J1aCTsIX TEXHUKH.
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aub — TpexmepHoe uzoGpaxkeHue U Torniorpacus penbeda rayounoi 900 HM; ¢, d, e — npoduIH peabedoB
ray6unoi 190, 700 n 900 HM, COOTBETCTBEHHO; 1103bl 3KcnoHupoBanus 0,05, 0,2 1 0,9 MKKy.H/CM2, COOTBETCTBEHHO;
f — ucrunHbIl npoduns peabeda raydunor 700 HM (pu oxrHaKOBOM Mo ocsiM X U Z Maciutabe ).
Puc. 3. M3o6pakeHne pesibeoB pasanuHOl IJyGHHbBI U (POpMbI, MOJydeHHbIX B cioe [IMMA pesucra ¢ HadaibHOM
tosiuHoi Lo = 900 HM. DxcnoHupoBanue «B kaap» B COM Camscan npu 160°C
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Puc. 4. Peiétka B [IMMA ¢ cunyconna/bHbIM podusieM ceuenust. DKCronupoBanue «B Kaup» B COM Camscan
npu 125°C u Ly = 80 1m.
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Puc. 5. [Tpocdunu ceyenus nunui, nosydenHbix metogom CIJITP B COM Ultra-55 npu 116°C u Ly = 80 Hm.
Buugy — npoduib ceuenust AuHuM 2 B peanbHOM (oauHaKoBoM o X u Z) Maciurade.

MertojioM mJa3MeHHOTO TpaBJjeHusi Obll TPOBENEH MepeHoc pesbeoB, MOJydeHHBIX
metosiom COJITP B [IMMA, Ha noy10:kK1 13 KpeMHHUs1 1 BoJibhpama (puc. 6).
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6) nepeHoc Ha Bosbdpam
Puc. 6. [1podusiu ceuenusi pesibedos, nosydertbix Metogom CIAJITP B [IMMA, 1o (BepxHue rpaduku) u rnocse
(HKHME rpaduKu ) TepeHoca Ha TOYI0KKK U3 KDEMHHSI U BOJIb(paMa METOJI0M MJIa3MEHHOTO TPABJIEHHSI

Bouio nokazano, uro metogom CIJITP moryT ObIThb moJydeHbl JOCTATOUHO CJIOXKHBIE
CTPYKTYpbI, HaripuMep, GUHAPHbIE pellleTKH TUIa NPeACTaBJIECHHON Ha puC. 7.

¥: 50 pm

X: 50 pm

a) ronorpacus 6) 3D nsobpaxenue
Puc. 7. MUKpPOCTPYKTYpa B BHJIE CHCTEMBI PELIETOK PA3/IHIHOH IIyOHHBI, TOJTydeHHAs! SKCoHnpoBaHHeM B COM
Camscan nipu 160°C cyiost [IMMA pe3sucra TosiiuHoil 1| MKM B IByX B3aUMOTI€ PIIEHIUKYJISIPHBIX HATIPABJIEHUSIX

Caenyer mnomuepkHytb, uto Meton CIJITP Becbma ynobGeH TakxkKe JJsi TOJydeHHS
npoctpaHcTBeHHbIX 3D-cTpykryp. Ha puc. 8 npencraBieHo uzobpazkeHue B aTOMHO-CHJIOBOM
mukpockore (ACM) HekoTopbIx 3D-J1eCTHUUHBIX CTPYKTYP, NosydeHHbIX MeTooM CAJITP B COM
Ultra-55. 3agaua noJyueHusi cTyrneHel 0JIMHAKOBON BbICOTHI HJIH IIMPHUHBI B THX CIIEPUMEHTAX HE
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cTaBusach. [1pn Heo6Xx0AUMOCTH MOTYT ObITh MOJy4eHbl CTPYKTYPbl CO CTYyNE€HbKAMH BbICOTOH 1 —
2 um. B HekoTopbix onbitax Ha COM Ultra 6b11d noJtydeHbl CTyneHu upuHoi 0,2 MKM.
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Puc. 8. HekoTopble jiecTHUUHBIE CTPYKTYPHI, MosydeHHble MeTofgoM CIJITP B COM Ultra-55

[IpuBeneHHble B paboTe JaHHbIE M03BOJSIOT 3aKIOYUTL, YTO MeTo CIJITP moxer ObiTh
MCMOJ/b30BaH /151 (POPMHUPOBAHHUS LLIMPOKOTO Kpyra 3/1€MEHTOB U MPUOOPOB B T.U. /sl ONTHKH H
ONTOJIEKTPOHUKH (MPOCTBIX H CJIOXKHBIX JH(PAKLHOHHBIX PELIETOK, MaCCHBOB MHKPOJIHMH3,
COEJIMHUTEJNbHBIX My(T I ONTHYECKHUX BOJHOBOJOB, MaTPHUHbBIX ToJ0OrpaduuecKux peleTok H
np.). Ilpobsmema cocTouT B MOMCKE KOHKPETHBIX 3ajau s 3(P(GEKTUBHOTO HCMOJb30BaAHUS
npeylaraeMoro MeTo/ia 1 ajiantalum 3/71€KTPOHHO-J1y4eBON TeXHUKH /15 peaslM3alii 3THX 3a/1au.

UcTtouHuku
[1] Coiidep B.A. ludbpakumonnas nanodoronuka / nox pea. B.A. Coiibepa. — M.: ®usmarur,
2011. — 680 c.
[2] Murali R. Metrology for Grayscale Lithography // AIP Coni. Proc. — 2007. — Vol. 931. —
P.419—422.
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[3] IMarent Ne2478226 Pd. Crniocob hopMHUpoOBaHHST MACKHPYIOLLETO U306paKeHNs B TO3UTHBHbBIX
3/]1eKTpoHHbIX peauctax / M.A. Bpyk, E.H. JKuxapes, B.A. Kanbnos, A.B. Cniupun,
JL.P. Ctpenbuos. — 2013, bros1. Ne9.

[4] Bruk M.A. The new dry method of mask (relief) formation by direct electron-beam etching of resist /
MA. Bruk, E.N. Zhikharev, D.R. Streltsov, V.A. Kalnov, A.V. Spirin // Microelectronic
Engineering. — 2013. — 112. — P. 1—4.

[5] Schleunitz. Combining nanoimprint lithography and a molecular weight selective thermal reflow for
the generation of mixed 3D structures / Schleunitz, Ch. Spreu, M. Vogler, H. Atasoy, H. Schift. // J.
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Formation of micro- and nanostructures for optics with using new e-
beam lithography principle

M.A. Bruk', EN. Zhikharev?, A.E. Rogozhin?, D.R. Streltsov®, A.V. Spirin'

"'L.Ya. Karpov Institute of Physical Chemistry, Moscow, Russia

? Physics and Technology Institute, Russian Academy of Sciences, Moscow, Russia

% Enikolopov Institute of Synthetic Polymer Materials, Russian Academy of Sciences, Moscow,
Russia

Method electron-beam lithography are now used for the manufacture various optical
elements [1]. The traditional technology of electron-beam lithography is usually used which
involves among other operations, exposure by the electron beam in vacuum at a room temperature
of polymer resist on a solid substratum, and a subsequent non-vacuum stage of latent image
development with using of organic solvents.

We shall further call it a “wet” technology. The main advantage of the wet technology of
electron lithography (EL) in applying high-resolution positive resists (polymethylmethacrylate —
PMMA, ZEP, etc.)is a possibility to obtain a high-resolution lateral image (approximately 10 nm).
Main disadvantages of this method as a process of manuiacture of optical elements are as follows:
1) necessity for large exposure doses resulting in relatively lower performance of the lithography
process and its high cost; 2) relative complication for obtaining relief structures with a rounded
(aspherical, sinusoidal, etc.) given profile cross-section; 3) relatively lower accuracy of vertical
sizes (Z-axis) of a resulting 3D-image [2].

The authors of this paper have proposed [3, 4] a new “dry” method of the image formation
in some positive resists directly during exposure by the electron beam in vacuum (DEBER — dry
electron-beam etching of resist). The method is based on the electron-stimulated chain
depolymerization reaction in polymer resist during exposure at temperatures close to a glass
transition temperature (or at higher temperatures) with removal of produced volatile products
(monomer) from resist directly during exposure. The method may be applied to resists capable
under the above conditions to efficient monomer depolymerization (PMMA, poly-a-methylstyrene,
polymethyl-isopropenylketone, etc.). The method DEBER enables to increase sensitivity of
PMMA resist in electron lithography process compared with the wet technology approximately
100—1000 times. This method is very convenient for obtaining relief micro and nanostructures
with a given rounded profile cross-section, which may be used for the manufacture of various kinds
of optical elements. The method also permits to form spatial 3D-structures with good accuracy of
vertical sizes (approximately 1 nm) and with low surface roughness. The main disadvantages of the
DEBER method is lower lateral resolution (approximately 100 nm).
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In this paper for PMMA resist as an example it has been shown that DEBER method is
convenient for obtaining micro and nanostructures with various rounded profile cross-section
(Fig. 1—4). The examples are given to obtain spatial 3D-structures with good accuracy of vertical
sizes and with low surface roughness (Fig. 5, 6).
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Fig. 1. AFM image of the relief with sinusoidal profile ~ Fig. 2. The true cross-section one of the line
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Fig. 3. AFM image of the relief with depth 900 nm
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Fig. 4. 3D image of the binary grating ~ Fig. 5. The cross-section one of the Staircase-like structure
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Fig. 6. 3D image one of the staircase-like structure
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[t could be concluded that the DEBER method has a great potential in some applications.
In particular the method could be used for the manufacture of components of optoelectronics
systems (diffraction gratings, et al. DOE, microlens arrays, focusators, waveguide couplers,
holographic elements etc.).
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1.5 MeToa KOHTPOJISl Ka4eCcTBa 3alMTHBIX FrOJOrPaMM Ha OCHOBE KOCBEHHOr0
M3MepeHus nepuoaa U riayouHbl MOBEPXHOCTHOIO MUKpopebeda

B.B. Koawuxun', E.fO. 3a0kas308', C.b. Odunokos', H.B. [lupromun', B.E. Tararaes’,

H.K. Loearnos’, O.H. Bockpecenckas?, H.B. Mocksuués®

" MOCKOBCKHII rocylapcTBEHHBIE TeXHUUeCKHil yHuBepeuTeta uM. H.9. Baymana, Mocksa, Poccust
2 Hayuno-uccsieioBateibeKuil MHCTUTYT — pusian AO «Tosnak», Mocksa, Poccust

BBenenue
Llesbto HacTosilel paboThI fIBJsETCs pa3dpadoTKa MeTO/a, MO3BOJSIOLLEr0 OCYLLEeCTB/IATh
00beKTHBHYIO OlleHKy kKadectBa 3I. O KkayecTBe 3alLMTHBIX TOJOrpaMM MOXKHO CYAHTb [0
COOTBETCTBHIO 3HAYEHHUH apaMeTpoB peJibeda ITHX pelleToK 3TajJoHHbIM. KauecTBo KOHKpeTHOro
o6pasua 3I" 3aBucHUT OT 3HaueHHH oCHOBHBIX MapameTpoB JIP. TakuMu oCHOBHBIMH MapameTpamu
s/7eMeHTapHoi [P — rosionukcess, aBasiorcs:

1
- IPOCTPAHCTBEHHAS YACTOTA V, WM nepuon I =—;
%

x

- rary6uHa d dasoBoro pesbeda;

- KosinuecTBO N 1epuojIoB B roJIONHUKCeJIE;

- opuenrauus ¢ [IP.

Tak kak nepuoj peléTok HMeeT 3HaUeHHe MopsiKa | MKM, TO U1l KOHTPOJIS e PEYUCIeHHBIX
napamMeTpoB HHOTJA MPUMEHSIIOT METOJ, OCHOBAHHbIH HA MPSMOM H3MEPEHHH C MCMOJb30BAHHEM
MHKPOCKOTIOB, B TOM UKCJie KOH(POKAJBbHBIX HJIH ATOMHO- CHJIOBBIX MUKpocKonoB [ 1]. HenocraTkamu
3TOr0 MeToJa SIBJASIOTCS TPYLOEMKOCTb M JUIMTEJNbHOCTb MPOBEAEHUS M3MEPEHUH MapaMeTpoB
npocusi, a TaK:Ke JOPOroBU3HA U3MEPUTENBLHOTO 060 PYI0BAHHUSI.

AnbTepHATHBON MeTOJLy MPSIMbIX U3MEPEHHUH SIBJISETCS KOCBEHHbIH METOJl H3MePEHHUs, KOrjia
o napametpax [IP Mo:KHO CymuTb Ha OCHOBe aHa/M3a JupakUMOHHOrO pacrpenesenus [2]. B
HacTosillell paboTe MPUBOAATCS pe3yJ/bTaThl HCCJAEIOBAHWH, MO3BOJSIOLIME [0 MapaMeTpam
IUPPAKIMOHHOTO — pacrhpesieieHusi OLEHHBATh TMapameTpbl MOBEPXHOCTHOTO MHKpopeJbeda
rojiorpaduueckux U 1MMPaKIMOHHBIX ONITHUECKHUX JIEMEHTOB.

Pe3yabTaThl pacueToB

Ha ocHoBe ckansipHoii Teopuu audpakiyu [ 3] 6bl1a pazpaboTaHa nporpamMmma H BbIMOJHEHbI
MCCJIE/IOBAHUST 3aBUCHMOCTH TEPEUUC/IEHHbIX MapaMeTpoB AUPPAKIHOHHOTO pacrpeieseHust OT
napametpoB JIP ¢ rapmonuueckuMm a3oBbIM pacrnpeneseHdeM. Pesyabrathl  pacuéron
Npe/cTaB/eHbl B BUjle MpaHKOB.

Ha puc. 1 nis1 pasinuHbIX AJIMH BOJIH H3Jy4eHHsl MPEACTaBJAEHbl rpadyKh 3aBUCHMOCTH
pacrnpeiesieHus MHTEHCUBHOCTH B 1-M nopsiike mudpakiny uaaydeHust ot rayouHbl pesbeda P ¢
nepuoaoM 1,5 MKM TMpH MaJeHUM H3JyYyeHHs 1O HOpMaJsu. 3aBUCUMOCTH TMPEACTaBJEHbl JIs
uaaydenunst ¢ gmuHamu BosiH 400, 500, 600, 650, 700 HM.
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Puc. 1. Pacnpenenenue uutencuBHocty npu I' = 1 MKM

Ha puc. 2, B kauecTtBe nmpumepa, npejicTaBjeHbl rpaduKy 3aBUCUMOCTH pacrpeeseHust
MHTEHCUBHOCTH B | -M U 2-M nopsiikax udpakiuy ot riy6uHbl pesibeda JIP npu najgeHnu uamydeHust
noj yrjom 60°. 3aBUCMMOCTH NPEJICTABJIEHbI /ISl H3JIyUEHHUSsT C IFTHHOK BOJIHBI 405 HM.

3Has TeopeTHUECKHEe pacueTHble 3aBUCHMOCTH, MOXKHO H3MePHUThb IJTyOUHY MUKpopeJsbeda,
3aperucTpUpoBaB 3HaYeHHE WHTEHCHBHOCTH HM3JydeHHs B 1-M UM 2-M mnopsiikax AUgpakiuu C
MOMOILIbIO (DOTOTIPUEMHOTO YCTPOHCTBA.

dyHKIKMOHANbHAS CXeMa YCTPOUCTBA KOHTPOJIsSi TJIyOHHbBI TOBEPXHOCTHOrO MHKpOpesibeda
3allUTHBIX TOJIOTPAMM, OCHOBAHHOTO Ha MPeJIJIOXKEHHOM MeTOJle, TPeJICTaB/IeHa Ha pUC. 3.

— —— ——
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d, mru

Puc. 2. Pacnipesiesienvie HHTEHCUBHOCTH Npu 7 = 1 MKM, npH yrJie naaexust 60°

[IpuHuun nedcTBUs yCTpoHCTBA MpeACTaBJsieTcsl cjelytolluM obpaszom. Kanyuenue ot
JIa3epHOro JIMOJIa MajlaeT Moj YIJIOM o Ha KOHTpoJupyeMmblil obpasely J1IOI-I'O. Sunauenus
MHTEHCUBHOCTH MOPSIKOB IUPPAKIUKU PErHCTpUpytoTes hoTornpuémubiMu yerpoictBamu (PITY).
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Puc. 3. dynkuponanabHas cxema yeTpoHcTBa
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Paccmotpum ocobGeHHOCTH 3TOro MeToza /st (a3oBbIX pesibeoB, Mpouib KOTOPbIX
OTJIMUAEeTCs OT CHHycouaibHoro. Ha puc. 4a u 46 npejicTaBieHbl TUITMYHbIE BAPUAHTBI POdUIe
tdazoBbix  pesbedo  JIP  3I, mnosyueHHble ycpenHenueM mnpodusein  peasbHbix 3,
3apernCTPUPOBAHHBIX C MOMOUIbIO aTOMHO-CHJIOBOrO MHUKpockona. [lepBblil mpoguib yca0BHO
Ha3BaH «rpeOeHYaTbIM», BTOPOH — <TpaneLenIaJbHbIM».

2 L L 1
w W [ 2000 - = o

a) 0)
Puc. 4. ITpumepsbl «rpeGeHuaroro» (a) u «TparneuenaanbHoro» (6) npoduieit hpazosoro pesbeda 301

Ha puc. 5 npencraByeHbl rpaduKu 3aBUCUMOCTH MHTEHCHBHOCTH B 1-M U 2-M mopsiikax
I pakyi OT ryyOUHbL AJ1s1 CHHycoua bHoro (a), rpeGenyaroro (6) U TpaneueuaasbHoro (B)
npodunei penbeda IIP ¢ nepuonom 1,0 MKM NMpH MOACBETKE U3JIYUEHUEM C JAJIMHON BOJIHBI 405 HM
nox yriom 60°. Ha puc. 6 npuBeneHbl 3aBUCHMOCTH OTHOILIEHWH HHTEHCHBHOCTEH 2-ro U 1-ro
MOPSIIKOB OT ryIyOUHbI pesibeda 71 TPEX COOTBETCTRYIONIUX Npoduiiert pesbeda.
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a) cuhyc 6) rpe6GeHb B) Tparenust
Puc. 5. 3aBrcUMOCTH HHTEHCUBHOCTH B 1-M 1 2-M MopsiaKax qudpakLid OT TIyOUHBI pesibeda

2 03 04 05 s ° a1 0z 03 a4 os o8 % 01 02 03 04 as T
a) cHHyC 6) rpebetb B) Tpareuust
Puc. 6. 3aBUCHMOCTH OTHOLLIEHHH HHTEHCUBHOCTEH 2-10 U | -T0 MOpsSiIKOB OT rylyGHHbBI pesibeda

3 noJiydeHHbIX Pe3yJibTaTOB MOXKHO CJIeJIaTh BBIBOJL O TOM, UTO JUIsi KOHTPOJIS KauecTBa
uarotojenuss 3[ MOXKHO HCIIOJIb30BaTh METOJ, OCHOBAHHBI HAa KOCBEHHBIX HM3MepEHHsIX
napamMeTpoB azoBoro pesbeda. Ho s peannsauun Takoro meroja KOHTPOJISI, HeOOXOAHMa
anpuopHas uHdopmatus o Bujie npoduis hasoBoro pesbeda.
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3akioueHue
[IpoBejieHHbIE TEOpPETHUECKHE HCCJIEIOBAHUS TOATBEPXKIAAIOT BO3MOXKHOCTb KOHTPOJISI
KauecTBa 3allUTHBIX TOJIOTPAMM C HCIMOJb30BAHUEM TIPEIJIOXKEHHOTO MeTojla KOCBEHHOTO
M3MepeHusi napaMeTpoB  (ha3oBbIX JU(PPAKIMOHHBIX perieToK. [loJiydeHbl 3aBHCHMOCTH,
yCTaHaABJIMBAIOLIKE CBSI3b MEXKILy NapaMmeTpamu JudpaKkIHOHHOrO pacipeiesieHns U rapamMmeTpaMmu
MOBEPXHOCTHOIO MUKpOpeJibeda roJIorpaMMHbIX H IMPPAKLIHOHHBIX ONTHUECKUX 3JIEMEHTOB.
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Quality inspection method of security holograms based on indirect
measurement period and the depth of the surface microrelief

V.V. Kolyuchkin', E.J. Zlokazovl, S.B. Odinokov’, N.V. Piryutin', V.E. Talalaev’,
LK. Tsyganov', O.I. Voskresenskaya?, N.V. Moskvichev’

! Bauman Moscow State Technical University, Moscow, Russia
2 Research Institute — branch of JSC “Goznak”, Moscow, Russia

Security holograms are perspective for document and product authenticity protection. The
quality of security holograms and master-matrices significantly depends on perfection of diffraction
grating. Authors represent the quality inspection method of security hologram based on indirect
measurements of diffraction grating parameters. The theoretical results of this method application
for quality inspection are shown in this paper.
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1.6 Mukpo-aucnieu aas uudposoii ronorpaduu

H.H. Komnaney, A.JI. Andpees
®usnueckuit unctutyt uM. [1.H. Jle6enena Poccuiickori akanemun nayk, Mocksa, Poccus

PaccmarpuBatoTess XapakTepUCTHKH COBPEMEHHBIX MMKPO-JAMCIUIeeB Ha 0asze KHIKHX
KPHUCTAJIIIOB U 3JIEKTPOMEXaHHYECKUX MUKPO-3epKaJl, CIOCOOHBIX B KaueCTBe MPOCTPAHCTBEHHbIX
MOJIyJIITOPOB CBeTa ObICTPO POPMUPOBATH B ONTHUECKOM BHJIE HOJIbIINE MACCUBBI MH(OPMALIUH /151
MX 3aMUCH B BUJE LIHPPOBBIX FOJOTPAMM.

BBenenue

[onorpacuueckuii Meton mosBoJisieT HabJ/I0AaTh BOCCTAHABJIUBAEMblE W3 TOJOTPAMMBI
TpexMepHble U300paxKeHHs1 63 CTEPE0OUYKOB M C HEMPEPLIBHLIM MapajlIakCcoM, T.€. ¢ HauOoJIbLIeH
peasIMCTHYHOCTbIO.

s co3nanusi onepupyiollero B peajbHOM BPEMEHH MHTEPAKTUBHOIO ToJIorpaduueckoro
JUCILIes], BOCCTAHABJIMBAIOILETO CHHTE3UPOBAHHbIE KOMITBIOTEPOM FOJIOTPAMMBI, HAPSILY C ObICTPBIM
BbIUMC/IEHHEM 1IU(DPOBOH roJiorpaMmbl, TpebyeTest GbicTpoe hopMHpOBaHHE HHPOPMALIHOHHOTO
MaccuBa — H300paKeHHsl Jyisl 3amnucu rojorpaMmbl. OHO OCYLIECTBJSIETCS C  MOMOILBIO
9JIEKTPUUECKH  YIPaBJsieMbIX MPOCTPAHCTBEHHbIX MoayJasitopoB cBeta (I[IMC), cnocoGHbIX
MOJIyJIMPOBATh aMIIUTYY, (asy WK MOJISPU3ALIUI0 CBETOBBIX BOJIH B IPOCTPAHCTBE U HA J1a3ePHOH
Hecyllel nepeaaBatb ¢(hOPMHPOBAHHOE H300paKeHHe B CHCTEMY 3allUCH roJlorpaMM WU B Jp.
ONTHYECKHE CUCTEMbl XpaHeHHs1 1 00paboTku nHdopmarmu [ 1 —3].

Peanbho B kauectBe [IMC ncnonb3yloTesi KOMNaKTHblE MUKPO-IUCIIEH, padgpaboTaHHble
1J1s1 oToOpaXkeHusi HHopMalUK U yNpaBJ/sieMble ¢ TOMOLIbIO MUKPO- U HHTETPaJIbHbIX CXeM. DTO
MOJIHOLEHHBIE JUCIJIEN CO CTAHAAPTHLIM YNpaBJeHHeM, MPUBbIYHBIM ObicTponericTBueM (60, 90,
120 k/c) u unciom snementos skpana (popmarom) nopsyka 1000x1000 u Gosee nuxceseii. B
CHCTeME C MPOEKIMOHHON ONTHKOH OHM CrocoGHbI O0TOOpakaTb Ha MPOEKIMOHHOM 3KpaHe
1300paKeHHUsT pa3MepPOM JI0 HECKOJIbKHUX KBaIpaTHbIX METPOB U HoJiee.

Haubosnee pacnpocTpaHéHHBIMH W Ba)KHBIMU /Il TPOCTPAHCTBEHHOH MOJYJISILMKA CBETa
SIBJISIIOTCS CJEYIOlHe MUKPO-auciied [3—8]:

AM OKKII (AMLCD) — npornyckatoliide CBeT }KHAKOKPUCTAIHIECKHE TUCIIJIEN C aKTUBHOM
MaTpHllel yrpaBJeHUs HAa TOHKOMJEHOUHbIX TpaH3ucTtopax M ¢ HemaThueckuMm KK (H)KK) B
KauyecTBe 3JIeKTPOONTHUECKON CPe/ibl SKpaHa,

- LCoS (OKKuK) n FLCoS (C)KKuK) — oTpaaroiine cBeT XKHUAKOKPUCTANIMIECKHE JIUC-
MJIer C aKTUBHOW MaTpHILIEH yNpaBJeH s, BCTPOEHHOH B KDEMHHEBYIO MOJJIOKKY, U C HEMATHUECKUM
JKK nin co emektuueckum cernetosnekrpuueckum KK (CKK) B kauecTBe s/1eKTpoonTHuecKoi
CpeJibl 9KpaHa,

- MEMs/DMD pucnien — oTpakalolliie CBeT MUKPO 3JeKTpoMexannueckue (MAM, no
MPUHLKITY paboThl ) LIM(POBbIE IUCTIJIEN C AKTUBHOM MATPHIIEH YIIPaBJIeHHs, BCTPOEHHOH B KDEMHH -
€BYIO TIOMVIOXKKY, U C MAaTPULLEH MOHTHPYEMbIX HA HEl OTKJIOHSIEMbIX MUKPO-3€pKaJl.

Xapakrepuctuku [IMC

Csemonponyckarouue XK IIMC 6, 7]

Bce cBeronponyckatoue [IMC  gBastoTcsi  KHAKOKPUCTAIMYECKUMH, M B HHX
ucnosbdyetes: HYKK. Ouu aznpecytoress ¢ Momolblo Tak Ha3blBAEMOH «aKTUBHOH MaTpHLLbI»
3JIEKTPOHHBIX KJIouel Ha 6a3e TOHKOMJIEHOUHBIX TPAH3UCTOPOB, OOBIYHO PACMOJATAEMbBIX B YIJIy
Kaxnoro nukcesst. [1o 3Toil npuurHe U ydnThiBasi HaJMdle KOHTAKTHBIX IIMH B MEXK3JIEKTPOIHBIX
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npomexxyTkax, skpatbl [IMC nmMetoT HeJIoCTaTOUHO BBICOKHH KOI(PHUIMEHT 3anosiHeHus (Mopsika
60%).

HauGonee wn3BecTHBIMM M KOMMepueckd JocTynHbiMM sBasiorcss [IMC  komnanui
HOLOEYE u MEADOWLARK OPTICS, npousBosiiiiux pastblie BApUaHThbl CBETOMPOITYCKAIOLIUX
npubOPOB /IS MOAYJISLMHK (asbl, aMIInTybl U noasipudauuu. Hanpumep, ITMC tuna HOLOEYE
LC-2012 dopmara 1024X768 nukceseil ¢ warom 36 MKM crnocoben ¢ yactotoi 60 Iy
thopMHpOBaTL MAaCCHUBBI JJaHHBIX ¢ 256 rpajauusmMu ceporo (8 6uT), obecreurBasi YNCTO (Ha30BbIH
CIBMT 10 27 Ha J/iHe BosiHbI 450 HM 1 171 Ha ayinte 800 HM ¢ KoHTpacTHbIM oTHoLeHHeM 10 1000:1.
®azoswiit [IMC tuna HEX komnannn MEADOWLARK OPTICS umeer pa6ouyio aneprtypy B
cdopme nucka W 127 nukcesell rekcaroHaJbHOH (OpPMbI M B KauyecTBe 4MCTO (ha30BOH MacCKH
croco6GeH OCYyLIECTBATh KOPPEKIIUIO JIMHEHHO MOJISIPU30BAHHOTO BOJIHOBOTO (DPOHTA, MPOLLIEILIEro
yepe3 abeppallMoHHYIO CpejLy.

JKK [IMC na ocnose cmpykmypot LCoS 3, 4, 6—9]

Anpecauys 3716 MEHTOB MUKPO-JIUCTI/IEs OCYILLIECTBISIETCS C TTOMOILIBIO 3/J1€KTPOHHBIX KJTIOUeH,
thopmupyembix B KpemHueBo# niactuie no KMOTT-rexnosoruu. B BepxHem ypoBHe MeTaIM3alUN
Ha KpPEeMHHMH CO3laéTcsl MaTpuyHasi CcUCTeMa aJllOMMHHUEBBIX 3epKaJ, BbIMOJHSIOUIHX POJb
ynpasJsiiolux 37ektpooB JKK-ssnekrpoontuueckoil sueiiku U B TO Ke BpPeMsi OTpaKalolIUX
najalouni Ha sueiky ceT. C momollblo 1jiedda CTPyKTypa COEIMHSIETCS C YIPaBJSIIOLIMM
KOHTPOJIJIEpOM, (DOPMHUPYIOLIMM HCXOJHBbIE JIi OTOOpaXKEHHSI 3JEKTPOHHbIe NaHHble. LIBeTHbIe
1300pakeHusi GOPMHUPYIOT 0OBIUHO 110 cxeMe ¢ TpeMsi MUKpo-aucniiesimu LCoS B ontuueckux RGB-
KaHaJ1ax.

TexHosorust  oTsiMyaeTcss  MPOCTOTOM  (MCMOJB3YIOTCS — CTAHAAPTHbIE  MPOLECCHI
MHKPO3JIEKTPOHHOTO TPOM3BOJCTBA), UPE3BbIYAMHO MaJsbiM pa3MepoM THKceael (nmopsiaka
3—>5 MKM), BbICOKHM hakTopoM 3anojHenuss (okono 93% mpu ware nukceseidl 4 MKM M
npomexkytke 0,2 MKM MexKIy HHMM) M HU3KUMM 3aTpatamu Ha ugrotonjenue [3]. [locnennue
JIOCTH2KEHHS] B HMHTerpasibHoi cxemo-TexHuke W B JKK-marepuasax no3Bosiuin sImOHCKUM
komnanusim JVC u NHK [9] coznate CF LCoS mukpo-mucnneit pagpemennem 8Kx4K ¢ marom
nukcesst 4,8 MKM U yBeJMUUTb KoHTpacTHoe oTHollende 1o 100K: 1. Tunuunoe cBetonpomnyckanue
cocrapaser 70—80%, BpeMms ONTHYECKOro OTKJMKA OKOJO | Mc, TemmepaTypa XpaHeHHs
or —50 mo 100 °C, JKK-unrepBan or —20 no 80 °C. Orpaxawouiasi Moaa U 3PpQeKTHBHbIN
TEMNJI0OTBO/L Yepe3 KpeMHHIl [103BOJIMJIN J0CTHYD MJIOTHOCTH cBeToBoro notoka B 2000 sim/cm?,

Hau6osee n3BecTHbIMU H KOMMEPUYECKH OCTYMHBIMH sIBJIsTIOTCs MOHOXpoMHble [TMC Tex xxe
komnanuiit HOLOEYE u MEADOWLARK OPTICS, npemnaraioumx Ha BblGop GoJbLIOH
accoptument uznesuit. B cepun [ITMC komnanuun HOLOEYE [6] mukpo-nucnseit GAEA n1st uncto
tazoBolt MomyssiuMu nopaxaeT cBouM dopmatom 4094x2464 (okosno 10 wmeranukcesei),
paspetenneM (133,5 1/mMM, war nukcesa 3,74 MKM) M pa3MepoM JHaroHaau paGoueil MaTpHLLbI
0,7 moiima, a Takke 256 ypoHaMH ceporo (8 6ut). [1papna, on paoraet ¢ Temnom 24 k/c, B T0
BpeMsi Kak MUKpo-aucrieii opmatom 3840%x2160 nukcesell meHsieT M300paxKeHUsl ¢ TEMIIOM
30 k/c. Yacrory 60T wumetor uncto ¢aszosbie IIMC PLUTO u LETO dopmatom
1920x1080 nukceneir (HD) c¢ warom 8,0 u 6,4 MkM U pa3mepoM auaronasu skpana 0,7 u
0,55 moiima cootBetcTBenHo. [IMC LC-R-721 nns amnintynno-(as3oBoil Moty AsiliiK OTJAMYAETCS
noBbilIeHHbIM 6bicTponericTBreM (Temn 180 ['11), KoTopoe obecrneunBaeT 3aKpyueHHasi CTPyKTypa
H)KK.

Hcnonbays H)KK ¢ noBbillIeHHON CKOPOCTBIO NepeKItoueHHs U METOJL [TOCJ/1e/I0BaTe/bHON BO
Bpemenu cMenbl 1BeToB (FSC-meton ot Field Sequential Color), peannsyembiii ¢ nomoliipio Tpéx
noouepénHo BK/AoUaeMbix ipkux RGB-cBeTonnonoB (uu JiazepHbIX 10108 ), Komnanus Syndiant
(CIIA) cosnana texHosoruto VueG8-MUKpo-aucIies sl MUKOMPOEKTOPOB, MPUTOIHOTO U ISt
uucposoit rosorpacun [8]. FSC-meton npeanonaraer paboty 6e3 cyOnukcesei, a 3HaAUUT U
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uBeTHbIX RGB-duabTpoB, 1 notomy obecrneunBaeT MeHee CTPYKTyPUPOBAHHbIE (CryIaXKEHHbIE) U
BIBOE GoJiee sipKre H300paXKeHHUs1, a TaKxKe aéT TEXHOJIOTHIeCKe TPEUMYIIIECTBA, T.K. TPHU TOM XKe
thopmare ucnies TpedyeTest BTpoe MeHblLee YUCJI0 afpecyeMblX MUKcesel.

Muxkpo-ducnaeu u [IMC co cmpyxmypoii FLCoS [10—14]

Mukpo-nucnien ¢ cerneroasekrpuieckum KK oranuatorest ot HXKK-LCoS tem, uto COKK
YIPaBJSIIOTCS KOPOTKUMU OUIOJISIPHBIMH UMITYJIbCAMH HarNpsiKeHHsl U MOTYT MepeKJIoyaThesl B
necsatku pa3 Obictpee, ueM HYKK. D10 06ycnoBusio nosblilieHHble TpeOGOBAaHUST K TEXHOJIOTHH.
Onnako KMOIT TexHosiorusi, McCrosib3ysi OoJiblliie 0ObeMbl MEXCOEAWHEHUH B KOMIAKTHOH
yIakoBKe, M03BOJIH/Ia 00eCleyuTh MaJble padmepbl MUKceJel, HM3Koe 3HeprornorpeOseHue H
BbICOKHE CKOPOCTH cMeHbl hopmupyembix B CHKK nzobpaxkeHHit — BMJIOTb 10 HECKOJILKUX ThICSY
KaJIpoB B ceKyHIy. Dbljia Takke pellieHa TeXHOJOrMUeCKasi 3aj1aua CO3[AaHUsl JE€KTPOONTHUECKON
CKK-suetiku ¢ ronumnoit CHKK Beero okosio 1 MKM, o6ecrnieunBatoliieil axpoMaTuam stueiKu.

B wmukpo-pucnsessx FLCoS, BnepBble pasdpaboranubix B Komnanuu DisplayTech,
ucnoabsytorest CHKK-matepuanbl ¢ 6GMCTaOMIBHON MOMYJSLIMOHHON XapaKTePUCTHUKOH, a B
paspaboTtke wmukpo-aucriiess FLCoS B ynuBepcutere KembGpumka — CHKK-marepuan c
HerpepbIBHOM LIKaJIoh ceporo, paspabotanHbiii B PMAH [15]. [TosTomy aTOT MaTepuas no3soJisieT
(hOpMHPOBATh LIBETHbIE M306paXKEHUs ¢ YaCTOTOH UX pereHepatin 4 kl'u. B o6oux THnax Mmukpo-
JIMCTIJIEEB B CXeMaX yrpaBJjieHHsl yuTeHa He0HX0AUMOCTb COOJI0/IeHHs Hy1eBOro GajiaHcea 1o ToKy (BO
uzbexkanue sanogspuzauun CYKK), Ho B amepukaHckom npubope elé npuxoauTest ¢ MoMolLblo
JIOTIOJIHUTE/IbHBIX 3/1EKTPOHHBIX CPECTB (POPMUPOBATH MOJMYTOHA ( pa3MeHHUBast YACTOTY MOJLYJISILIUK
Ha YMCJI0 Tpajaluil 1iBeTa B GUTAX ), U3-3a UEro 4acToTa pereHepaluy H306parKeHH  CHUXKAeTCs 10
240—360 I'u. IlonsitHo, uto o6a Tuna FLCoS-mukpo-aucnieeB o6GecrneynBaioT CKOPOCTb
nepeKJIIoUeHUsT CBOMCTB, I0CTATOUHYIO JJ1s (hOPMHUPOBAHUS TPOEKTOPOM IIBETHBIX H306paxKEHUH MO
FSC-mMertony ¢ ucnosib3oBaHueM TPEX MOOUEPENHO BKJOYAEMbIX MOHOXPOMHBIX CBETOMOI0B
pasHbix RGB-1BeToB.

B komnanusix Kopin u Miicron Technologies npou3Boantcst HeCKOJIbKO BApHAHTOB MUKPO-
nucrnieeB FLCoS dopmara VGA, WVGA, SVGA n XGA ¢ nquaronasibio pa6odeit notanku ot 0,4
no 0,5 moriMa [12]. Onu norpebasitor menee 100 MBT motHocT 1 popMupytoT nsobpaxkeHus ¢
ocsetéHHoctbio g0 100 M. Komnanueil Forthdd (tenepn Bxomur B Kopin) paspabotanbl
MHKpouciien elé Gobiiero dopmata [13]: WXGA 1280x768 (¢ warom nukcesst 13,62 MKM),
SXGA 1280x1024 (c warom nukcenss 13,62 Mkm) u1 QXGA 2048x1536 (¢ warom nuKcess
8,2 MKM), MpHuéM OHHM MOTYT pabGoTaTh B MHTepBaJie TeMnepartyp ot —10 1o +65 °C (Temnepatypa
xpanenusi ot —40 no +80 °C). Bce onu moryt 6biTh Hcnodb3oBaHbl kKak [IMC s amniuTyaHo-
(ha3oBo# MOy/IALIMM MOHOXpOMaTHdeckoro ceeta. Kpome Ttoro, ckopocthbie (1o 4,5 kl'i) [TMC
QXGA-3DM npumensiiuch Kak 6uHapHbie (0 wiu 1) hasoBblie MOIYIATOPbI KOT€PEHTHOTO CBETa,
o6GecrneunBas B epBoM nopsiike audpaxuun sdphexrusHocts 10% Ha givne Boubl 544 um [14].

DMD-muxpo-oducnaeu [16—19]

DMD-MUKpo-1cIien, H3roToBJsieMble 0 Tak HadbiBaeMo# TexHosiorud DLP (ot «Digital
Light Processing» — uudpoBasi cBetoBasi o6padoTka), pazpadortanHoil B Texas Instruments,
OTHOCSITCS K udcay Haubosiee ObICTPbIX M ApKUX. DPopMupyroumii u3o6parkeHre 3KpaH 31ech
NpeJCcTaBsieT coOOH MaTpHIly 3JEKTPHUUYECKH YIpaBJ/sieMbIX MHKpPO-3epKaJj, pa3MellaeMyrlo Ha
KpeMHHMEBOH MOJIOKKE, B KOTOPoH, Kak 1 B LCoS, dhopmupyercst ynpasJsitolast 371eKTPoOHHUKA.

Opnako, npuHuMn  (GOPMHUPOBAHUST ~ M300paXKEHUs  HE  3JIEKTPOONTHUYECKUH, a
sJeKTpoMexaHnueckuil. [1pu mogave 3/eKTpUUECKOro CUTHa/a Ha JIEKTPOIbl MUKPO-3€pPKaIbHON
slUeHKH TOHKOE U Jierkoe 3epKaJblie pazmMepoM nopsaka 10x10 MkMm, 3akpenJieHHoe Ha LapHUpe,
3a CYET 3JIEKTPOCTATHYECKON CHJIbI 32 BPEMsI MOPSI/IKA AECATKA MUKPOCEKYHJL OTKJIOHSIETCSl TOUHO Ha
onuH yroJ (Hanpumep, 20°) B Ty WM HHYIO CTOPOHY OTHOCHTEJIbHO wapHupa. OTpaXkeHHbIH OT
3epKaJl CBETOBOH My4OK TMOMafaeT WJM He TI0MajaeT B BbIXOJHOE OKOLIKO (pHuc.6), oTyero
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ontuuecku#t Koutpact jgocruraer 10000:1. He nonaBumiuii B OKOLIKO CBET TMONJIOLIAETCS B
MarepuaJjie, o6ecreurBalolleM TaKxKe HalexKHbIH OTBOJL Tea.

Cepas 1IKasa B H300paKeHUsIX OpPraHMW3yeTcsl 3a CYeT MOBTOPEHHSI OTKJIOHEHUH MHKpPO-
3epKajiblia ¢ pa3Hoil yactotod. ITockosbKy CKOpPOCTb ONTHUYECKOrO MepeKJ/ioueHusi, 3ajaBaemasi
BpeMeHeM OTKJIOHEHHS 3epKaJiblia, IOCTaTOUHO BbICOKA, LIBETHOE 300paxkeHnue cosnatot no FSC-
METOJLy, UCTOJIb3Ysl HCTOYHUK GJI0ro CBeTa M BPAlAIOIIMHCS IUCK C IIBETHBIMU CBETO(PUIbTPAMU
Ha MyTH cBeTOBOro 1notoka k DMD-wmatpuiie uiu Tpu noouepénto BrodaeMbix RGB-cBetoauona
(MOryT pacrosiaraThCsi TOxKe Ha JIMCKe ).

B Hacrosiliee BpeMsi MHOTHE 3JI€KTPOHHble KOMIIAHHM MCMOJb3yIOT TexHoJsoruto DLP,
paspabotannyio B Texas Instruments, nis npousBoacTBa BHIEOMPOEKTOPOB CAMOTO ILIHPOKOTO
Ha3HAueHWs: MMHMATIOPHble HalllJeMHble M 6e3 3KpaHHble aucnied, [IMC, cmaprdonsl,
MUKOMPOEKTOPBI, ayJIMTOPHble W KMHOTeaTpaJbHble BHaeonpoekTopsl [18]. dopmar npoekTopos
uamensiercst ot VGA (640x480) 10 HDTV (1920x1080) 1 WQXGA (2560x1600), a cBeTocHma —
ot 20—50 1o 4000 Jim.

Texas Instruments npogosmkaet NpoU3BOIUTL M COBEPLIEHCTBOBATH KJIOYEBOH JI€MEHT
3TuX npudopoB — wmarpuiy DMD [19]. Onna w3 nocienHux pazpaboToK MaTpullbl — UMM
DLP4500 umeet pagpetnenne 1280%x768 nukcenei, mar 7,6 MkM, yacToTty cMeHbl Kaapos 120 I
11t 8-OUTOBBIX JaHHbIX U 4225 [ 111 6GUHAPHBIX; OHA aJpecyeTcsi CO CKOPOCTbio 4,4 I'6/c u
notpebasier 407 mBt. Hosefiuunii yun DLP4710 umeer paspewienne 1920x1080 (HDTV), war
5,4 MKM U pasmep 1o MaroHaJjm okoJio 12 MM, a MHKpO-3epKaJia OTKJIoHstoTcest Ha +17°. B cucremy
JWCILIest KpoMe TOr0 uumna BXoaat Kontposiep DLPC3439 u npaiisepsi DLPA3000/DLPA3005
PMIC/LED. ITapametpbl nocjeanux paspaéorok DMD-matpui rosopsit, uto B DLP-npu6opax
yaJ0ch IpeojoJeTb NpobJeMy YMeHbLIeHUs padMmepa MUKcess (B TeueHHe MHOTHX JeT Liar
MaTpuLbl cocTaBdsil 17 MkM). COOTBETCTBEHHO BO3pPOC/a CKOPOCTb OTKJIOHEHHS 3epKaJl U 4yacToTa
CMeHbI KaJIpoB: Ji/1s1 OUHAPHBIX U300PaXKeHUH 3Ta yacToTa yxke npubskaercs K 8 KI'11.

CpaBHeHHe MUKPO-AMCIIEEB
CpaBHeHHe TIpOBEIEM C TOMOILIbI0 TabJHIbl, KOTOpas KaueCTBEHHO OToOpaXKaeT
XapaKTepUCTUKU PACCMOTPEHHBIX Bbllle MHKPO-JUCIJIEEB, MPUYEM KOHKPETHAsl XapaKTepHCTHKA
Jiyulile JI/1sl TOTO MUKPO-JUCIIes], Y KOTOPOTo OoJiblile MJI0COB (110 aHaJloruH ¢ [4]).

Ta6a. 1
Twun Mukpo-aucnies AMLCD | LCoS LCoS FLCoS | FLCoS DMD
XapakTepucTUKU (CF) (CF) (FSC) (BR) (GS) (FSC)
CKOpOCTb ONTHYECKOTO n i iy G . .
NepeKII0YeHUs]
SIpkocTb ++ ++ +++ +++ +++ | ++++
[Tosnsipu3oBaHHbIN CBET + + + + + +++
Tun mopyssiuun
(A-amnar., O-chasosas) A D A D A D AA-D | AJA-D A D
CJ102KHOCTb 3JIEKTPOHUKH +++ +++ +++ ++ ++ +
CJI02KHOCTb ONTHKH ++++ +++ ++++ ++ +++ +
®Dopmart (paspelenue) HD HD HD HD SVGA HD
PexxuM ynpasseHust
(A-anasior., D-1udp.) A A D A D p AD D
TpeGoBaHnusi 110 Temneparype ++ ++ ++ + + ++++
Cpok cityk0bl ++++ | ++++ | ++++ | ++++ |+ | A+
3peJsiocTb TeXHOJIOTHH +++ +++ ++ +++ ++ +++

3necs CF — Mukpo-aucniei ¢ uBeTHbIMU pusbTpamu; FSC — 6e3 1BeTHbIX (hUILTPOB (C
nocJjenoBaresbHON Bo BpemeHH cMmeHol 1BeToB); BR — ¢ CKK, obmapatoum GUHApHBIM
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ONTHYECKUM OTKJIUKOM; GS — MuKpo-aucnien, pazpadbatbiBaeMmblil ¢ ucrnosb3oBanueM CHKK,
o6Janatouiero cepoi mkanoi, HD — dopmar Bbicokoi 4éTKocTH.

OcHOBHble CBOMACTBA M JIOCTOMHCTBA/HENOCTATKH YKA3aHHLIX Bbillle MUKPO-IHCILIeeB W3
TabJIMLbl JI0CTAaTOUHO sicHbl. HaubGosblium ObicTponeicTBUEM 006/1a1a10T NPUOOPbI HA OCHOBE
ctpyktypbl FLCoS (GS) u matpuuet DMD. Onu ke Haubodiee sipkue, ocobenno DMD, k Tomy ke
IJIS aMIJIMTYTHOR MOJyJsilMK uanydeHust B matputle DMD He BakHa moJisipusaiiusi BXOJIHOTO
CBETOBOTO Jiyya. AMIJIUTY/IHAS MOALYJISILIUS C HAMOOJbLIUM ONTHYECKUM KOHTPACTOM peasiu3yeTcsi B
DMD, HO ¢ NOMOILbIO IOCTATOYHO CJIOXKHBIX JIEKTPOHHBIX W ONTUYECKHUX yXUlIpeHUH. Hucto
(hazoBasi Moty IsiLIMsI CBeTa HauboJiee JIerKo OCYLIECTBISETCS B TPUOOPAX Ha OCHOBE HEMATHUECKHUX
JKK, koTophle, ofiHAKO ABMASAIOTCS AOCTATOUHO MeJIEHHBIMU (06bIMHOE ObicTposieiicTBHe — 60 ).
@dopmaT BbICOKOH YETKOCTH IOCTUIHYT M MIPEBbILLIEH MPAKTHYECKH BO BCEX THIAX MUKPO-/IUCIIIEeB.

Mukpo-aucnien Ha ocHoBe CcTpyKTypbl LCoS HMeloT LMpOoKUi iMana3oH pexKuMoB paboThl
H)KK u moryt mpocTtpaHCcTBEHHO MOIyJMpoBaTh cBeT B uHTepBajte oT Y® no nanbhero MK,
NIeNCTBYS KaK aKTUBHBIN IMHAMUYECKUH ONTHYeCKUH sseMeHT. MinHoBaumu B koHeTpykuun LCoS u
B ONTHYECKOH CXeMe CUHUTbIBAHMSI MO3BOJIMJIM COKPATUTb MOTpebJieHHe SHEePTUH, ClesaTb MUKPO-
JMCIJIeM TOPTAaTHBHbIMM, 6oJjiee KOM(MOPTHBIMU JUisl TpocMOTpa U OoJiee  YIOOHBIMH /15
MCIIOJIb30BAHUSA. DTUM »Ke MPUHIMIIAM CJeAyIT MHUKpo-aucryiedn co crpykrypoir FLCoS,
MpPUBHECHINE COCOOHOCTb paboTaTh 6€3 IIBETHBIX (DUIBTPOB C HA TOPSIOK OOJbILIEH CKOPOCTHIO, HO
He MO3BOJISIIOILUE 10K (XOTS MPEANOChIIKY UMEIOTCS ) OCYLIECTBJATh UUCTO (hAa30BYI0 MOJYJISILIUIO
CBETOBOTO MOTOKA.

[To 60/1bIIMHCTBY XapaKTePUCTHK Jiydlline Mo3duliuu umeet TexHosorust DLP (DMD), o ona
Ke camasi CJoKHasgi M ToToMy joporoctosiiasi: DMD-martpuiia pasmenaetcss Ha JI0pOrom
KepamMHyeckoM Kopryce, B To BpeMsl KakK cTpyktype LCoS TpebGyercsi Bcero 2 cnosi aell€Boi
nedaTHo mnaatbl [8]; B DMD comep:kuTcs rpomMaaHoe KOJMYECTBO JBHIKYLIMXCS 3J€MEHTOB,
TPeOYIOIIMX CJ0KHOH HACTPOHMKH; UMeeTCsl MouTH BTpoe Godibliiee, yeM B LCoS 4nc/io KOHTaKTOB U
ILIMH; HMEET MecTo GoJiee CI0KHOE ONTHUECKOE TECTUPOBAHHE 3JIEMEHTOB BMECTO 3JIEKTPUIECKOTO, a
TaKxke OoJiee CJI0yKHAsi M TPOMO3JIKasi ONTHKA CUMThIBaHUS U300paxeHuil. Kpome toro, He u3BecTHO,
JI0 KOHLIA JIM pellieHa crapast mpobJsiema 3aunaHnusi MUKpO-3epKail, XapakTepHasi Jyisi IeTajnel MasblX
pa3MepoB (pasmepbl MUKcesst yxKe 63k K gocturHyThiM B LCoS). Tlpakrtika ckopo mokaxer,
HACKOJIbKO BbICOKAs! LieHa NpUOopa COOTBETCTBYET €0 BLICOKUM NapaMeTpaM U BbICOKOH HaJIEKHOCTH.

3akiaoueHue

Uro6bl JIeMOHCTPUPOBaTh roJorpaduueckue 3D-u3o0paxkeHHsi B pexkKUMe peajibHOro
BpeMeHH, HeoOXoiumo ¢opMUpoBaTh H3oOpaxkeHus ¢ nomolblo [IMC ¢ odeHb BbICOKOH
ckopocThio, nopsiaka 10! nuke./c[20]. B HacTosiiee BpeMsi HU OJMH MHKPO-HUCIIeH 3TOTO CeaTh
He MoxkeT. [ToaTomy ocraérest akTyasibHBIM MPOJOJKEHHE padpaboTKu MUKpo-mucnyeeB U [IMC,
obJanaroux He MeHee, yeM B 10 pa3 OGouibliiell MPOM3BOAUTENBHOCTBIO 110 OTHOLUEHHIO K
JIOCTUTHYTOH B HacTosiulee BpeMmsi. B nepcrekTBe K J0CTHKEHHMIO 3TOH Lesn HauboJiee OJH30K
mukpo-aucnier Tuna FLCoS ¢ CKK, obnanatoiim cepoi mKaJson.

PaGora BbimosiHeHa npu (uHaHcoBoM mnomaepkke Muno6pHaykn Poccuu, yHUKaJbHbIH
nnentupuxkatrop RFMEFI61615X0060.
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Micro-displays for digital holography

LN. Kompanets, A.L. Andreev
P.N. Lebedev Physical Institute, Russian Academy of Sciences, Moscow, Russia

To create the interactive holographic display that in real-time reconstructs the holograms
synthesized by a computer, together with rapid calculation of digital holograms we need the rapid
formation of data blocks — images for recording in the holograms. This task is fulfilled by means
of electrically controlled spatial light modulators (SLM) that are capable to modulate the
amplitude, phase or polarization of the light waves in a space and to transmit the generated image
in a laser beam to the system of hologram recording.

In a practice, the compact micro-displays developed for information displaying and
controlled by means of micro- and integrated circuits are used as the SLMs. Among them the
following micro-displays are the most important for the application [1 —6]:
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- AM LCD (AMLCD) — light transmissive liquid crystal displays with the active control
matrix of thin-film-transistors and the nematic liquid crystal (NLC) as the electro-optical medium
of a display screen,

- LCoS and FLCOS — reilective liquid crystal displays with the active matrix embedded in
a silicon substrate , and with a nematic liquid crystal or smectic ferroelectric liquid-crystal (FLC)
as the electro-optical medium of a display screen,

- MEMs /DMD displays — reflective micro-electromechanical (on the work principle)
digital displays with the active matrix embedded in a silicon substrate, and the matrix of deflectable
micro- mirrors mounted on this substrate.

The characteristics of micro-displays considered above are demonstrated qualitatively and
with a comparison in the table, from which the specific characteristics are better in a micro-display,
which has more pluses.

Table 1
Type of a micro-display AMLCD | LCoS LCoS | FLCoS | FLCoS | DMD
Characteristics (CF) (CF) (FSC) (BR) (GS) (FSC)
Speed of optical switching + + ++ ++ +4++ +++
Brightness ++ ++ +++ | +++ [ [t
Polarized light + + + + + +++
Type of modulation
(A-ampl., P-phase) AP AP AP A A-P | A A-P AP
Electronic complexity +++ +++ +++ ++ ++ +
Optical complexity ++++ | +++ [+ | ++ 4+ +
Format (Resolution) HD HD HD HD SVGA HD
Control regime
(A-analog, D-digital) A A, D AD D AD D
Temperature requirements ++ ++ ++ + + ++++
Life time ++++ | ++++ | ++++ | ++++ | ++++ +++
Technology maturity +++ +++ ++ +++ ++ +++

Here CF — micro-display with color filters; FSC — without color filters (with field
sequential colors); BR — with FLC possessing the binary optical response; GS — micro-display,
developed with the use of FLC possessing the consistent gray scale, HD — High Definition format.

The main characteristics and advantages / disadvantages of the micro-displays indicated
above are clear enough from the table. Devices based on the structure FLCoS (GS) and DMD
matrix have the highest speed. They are also brighter, especially DMD, and in addition the
polarization of the input light beam is not important for the amplitude modulation of the radiation
in DMD. Amplitude modulation with a maximum optical contrast is realized in DMD, but due to
complicated electronic and optical tricks. Phase only modulation of the light is most easily carried
out in devices based on nematic liquid crystals, which however are quite slow (usually the speed —
60 Hz). Format HD is reached and exceeded in almost all types of micro-displays.

Micro-displays based on LCoS structures have a wide range of NLC operating modes and
can modulate spatially the light in the range from UV to far IR. Innovations in LCoS design and
optical scheme of data read out allowed to reduce energy consumption, to make micro-displays are
portable, more comfortable to view and easier to use. Micro-displays with the structure FLCoS
follow the same principles. They are capable to operate without color filters with an order greater
speed in a bistable mode as well as with the gray scale (the device is under development).

The DLP technology (DMD) has the best positions till now on most of the characteristics
but it is the most difficult, and therefore very expensive.

To demonstrate holographic 3D image in real time, it is necessary to form images in SLMs
with very high speed, of the order of 10" pixels per second [7]. At present, none of the micro-
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displays cannot do this. Therefore, continuation of the development of micro-displays and SLM
possessing not less than 10 times better performance (with respect to the achieved nowadays)
remains relevant. In the long term to achieve this goal the closest micro displays are such as DMD
and FLCoS with gray scale FLC.

[1]
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2.1 TojaorpaMmMHbIA KOMOUHEP MPOEKLMOHHOTO AUCIIJIEsi: MOAEJUPOBAHUE U
pacuyer

['.H. I'peiicyx, E.I'. Eacos, C.B. Kasuwn, C.A. Cmenarnos
[TenseHckuni rocyapcTBeHHbIH YHUBEPCUTET apXUTEKTYPhI H CTPOUTEbCTBA, [1ensa, Poccus

YCTpoicTBO, MoJyuHBIlIee Ha3BAaHWE KTPOEKIIMOHHbIH UCTI/IEH» OCYIIECTBISET HAJOKEHHE
MCKYCCTBEHHO (hOPMHUPYEMOro M300paXKeHHsi, Ha peasibHyl0 KapTHHY BbleJeHHOro o6beMa
OKPY?KalolIero MPOCTPAHCTBA. IDTO YCTPOHWCTBO BKJOUAeT MajorabapuTHbIH MaTpPUUHBIA
dbopmupoBaTeib U300parKeHUs1 (MUKPO JUCIJIEH) W ONTHUECKYIO CHCTEMY, KOTOpasi Mo CBOEMY
OCHOBHOMY (DYHKIIMOHAJIbLHOMY TMPHU3HAKY SABJSETCS OKYJISIPOM, T.K. 0TOOpaxKaeT Ha 6€CKOHEUHOCTH
Hecylllee MHMOPMALMIO H300paykeHHe, KOTOPOe HAKJAAbIBAETCS HAa KApTHHY, BHIUMYIO
HerocpencTBeHHO HabuonatesieM [1]. Cama onTuyeckasi cucTeMa COCTOMUT H3 MPOEKIHOHHOTO
oObekTHBa M KoMOuHepa. Kombunep pasmeniaer chopMrupoBaHHOE MPOEKIIMOHHBIM 0G'bEKTHBOM
n3o0paxkeHue 3KpaHa MHKpPO JHUCIJess B ToJie 3peHHMsl He TMepekpbiBasi ero u obecrnevynBas
BO3MOKHOCTb HaGJIIOJIEHHST OKPY?KAIOLLEro MpocTpaHcTsa (puc. 1).

Hauunas ¢ 80-x rooB npouioro Beka B BAPTyasbHbIX AUCTIESX PA3JMIHOTO HA3HAUEHHUS OT
KaOMHHBIX M HAlJEMHBIX JI0 CAMbIX MHWHHMATIOPHBIX OUYKOBBIX [2—5] Hauaju MNPUMEHSThCS
KOMOUHEPbl Ha OCHOBE OOBEMHbBIX IOJIOPAMM, 3aMUCAHHBIX BO BCTPEUYHbIX MydyKax [0 METOy
FO.H. lenucioka.

1 ¥ 2 — MHUKpO JuCT/Iel U H300paxKeHue Ha ero IKpaHe; 3 — MPOEKIIHOHHBIH 0ObEKTUB; 4 — MPOMEXKYTOUHOE
peaJsibHOe H300paXKeHue; 5 — KoMOUHep; 6 — MHHUMOe U306paKeHHe IKpaHa MUKPO JUCIIes; 7 — BbIXOJHOH 3pauok
OINTHYECKOH CHCTEMbI
Puc. 1. CtpykrypHast cxema BUPTYaJbHOTO JAUCIIES

ATU roJiorpaMMbl UMEIOT BbICOKHH KO3(D(DUUMEHT CENEKTUBHOTO OTPAXKEHUS HU3JyUeHHUS
OJIHOH JTMHBI BOJIHBI H OJIHOBPEMEHHO JIOCTATOUHOE CBETOMPOINYCKAHME BCEX APYTHUX JJTUH BOJH. DTO
M T03BOJIIET HAKJA/AblBaTh HA LIBETHYIO KAapTHHA OKPY:KAlOLLero MpOCTPAHCTBA, MOHOXPOMHOE
uHpopmalinoHHoe uzobpaxenue. [Ipu 3ToM B OTJIMUMK OT KOMOHHEPA HA OCHOBE MHOTOCJIOHHOTO
JIM3JEKTPUIECKOro 3epkKaJa, rojorpaMmma-komounep (I'K) moxeT ycranaBiuBaTbes nmpakTHUeCKH
MO/ JIOOBIM YIJIOM K JINHUK HAOJIIOIeHHS], B TOM YUCJIe U HOPMAJIbHO K HEH.

PaccmatpuBasi paboTy onTHYECKON CHCTEMbl BUPTYaJIbHOTO AMCIIEs: B 0OPATHOM XOJ1€ JiyyeH
(puc. 2) nerko BUaeTh, uto Ha ['K U3 3pauka ryiasa Hab/onaress 6yayT naaaTh napaJjiesbHble Myyku
Jyueil B JIMANa3oHe YIVIOB —®may < O < Opay, 3aBUCSLIEM OT BblOOPa BHAMMOIO YBEJHUEHHS
cucrembl. udpaxumonnas spdextunocts (1) 'K 3aBUCHT OT cTeneHn OTCTYIIEHHUST OT YCJIOBUS
Bynbha — Bparra, Kotopoe npu OTCYyTCTBUH yCaJKH PETHCTPUPYIOLIETO TOJOrPAMMY CJIOS U MTPH
paBeHCTBE JVIMH BOJIH 3alUCH U BOCCTAHOBJIEHUS, ONPEIE/ISeTCs PAa3HOCTbIO YIJIOB NajaeHus Ha ['K
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Jlydeil pu 3anucH 1 BocctaHoBeHHH. OOpaTUBLINCH K PUC. 2 JIETKO BUETb, YTO MpH ycTaHoBKe ['K
HOPMaJIbHO K JIMHUH HAOJIIOJICHHUS, BbILLICYKA3aHHAS PA3HOCTD YIVIOB OMUCBIBAETCH COOTHOLLICHHEM

. R+sto(m
Ai =w—arct —g() , (1)
c
rie R — paauyc BBIXOJHOTO 3pauka ONTHYECKOH CHCTeMbl (B 0OpaTHOM Xoje JiydeH BXOIHOTO)

GOJIbILIMH MM paBHbIF pajiMycy 3pauka rjiasa, s — paccrosiiue mexiy I'K v 3paukom BoJib JIMHUK
HabJo/IeHust, ¢ — paccrosiiie oT ['K 10 ToueyHoro HCTOYHMKA 3annCH (pairyc KpUBH3HBI (DPOHTA
3aI1CH roJIorpaMMbl ).

| — 3pauok ryiaza HaGJionaTe 1st; 2 — rojorpamma; A — 1eHtp 3pauka; B — uentp cdepuueckoro GpponTa 3anucu;
® — T0JIeBOH yroJl (yrosl HaKJIOHA MapasJebHOro MydyKa Jydei; Ai — pasHocTb yriioB nagenus Ha ['K syua,

MPUHAJJIEXKALIETO PACXOSILIEMYCST MUKy 3aMUCH, U JTyua MapaJsijieibHoro nyvka
Puc. 2

Ha puc. 3 npejcraB/ieH ojiMH 13 BapHAHTOB HALLJIEMHOTIO BUPTYaJIbHOTO IMCILIest, a B TabJ1. 1
NPUBEIEHbI 3HAYEHHs] PAa3HOCTH YrJOB Al, BblYHCJEHHbIE TPH 3HAYEHHsI TapamMeTpoB,
COOTBETCTBYIOUIMX TaKOMY jaucrieto (R = 5 mm, s = 50 mm). dta tabiuiia MOKa3biBaeT, YTO €CIU
LHEeHTp cdepuueckoro (poHTa 3arMucH TOJOrPaMMbl COBMEIIEH C ILIEHTPOM 3pauka (¢ =S), TO
pa3HOCTb YIJIOB Ai MPaKTHUECKU HEe MEHSIeTCsI PU H3MEHEHUH T0JIEBOTO YIJia, a, CJe/I0BaTeNbHO,
J13 roJjiorpaMmbl Oy/IeT OJIMHAKOBA 110 BCEMY TTOJIH0 3PEHHSI.

Puc. 3 Hauwnemnslit BupTyasnbHblil qucnieit pupmsl Sarnoff Corporation [6]
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Ta6a. 1. 3nauenust Pa3HOCTH YyIJIOB Aiu COOTBETCTBYIOLLIME UM BbICOTbI B IJIOCKOCTH 3payka r B 3aBUCUMOCTH OT

[10JIEBOTO yIJla ® U paCCTOsIHUSA OT 'K J10 TOYE€YHOI'0O HCTOYHHKA 3allMCH C

- —R<r<R
Aimax, TPaA, | 7(Aimax), MM | Aimin, rpai | 7(Aimin), MM
, ®, rpaj
0 0 ) 0 0
o 10 10 -5 10 5
20 20 -5 20 5
0 5,71 -5 0 0
50 10 5,64 ) 0 0
20 5,21 -5 0 0
0 3,81 -5 0 0
75 10 7,09 -5 0,07 4,5
20 10,02 ) 281 5

[Ipuuem, 6marogapst Tomy, 4YTO pa3HOCTb YIJIOB Al (3aBUCSIIAs B 3TOM CJIydyae TOJbKO OT
OTHOLIEHUS R/s) MeHbllle MAKCHMaJIbHOTO MOJIEBOTO YIJIA ®pya KAK MUHUMYM B 3,5 pa3a, (Al < 6°)
MOKHO PacCUMTBhIBATh HA BIOJIHE MpUemiiemyto J19.

Yro kacaercsi BTOporo (poHTa 3amuCH TOJOrPAMMbI, TO H3 UYHUCTO KOHCTPYKTHBHBIX
cooOpaxKeHUH OH J0JKeH ObITb HAKJIOHEH MO OTHOUIEHHIO K TJIOCKOCTH TOJIOTPAMMBI Ha YroJi
o > 45° 1, B nepBoM NPUOJIMIKEHUH, ObITH MJIOCKUM. [[eHiCTBUTENBHO TOMBKO B 3TOM CJIydae U MpH
pasMellleHMd BOCCTAHABJMBAIOIIMX TOYEUYHBIX HCTOUYHMKOB B (oKajsbHOH maockocetd ['K
BOCCTAHABJIUBATHCS OY/IyT MJIOCKKE BOJIHBI, 8 COOTBETCTBYIOLIME UM JiydH OyIyT napaJjesnbHbiMu. B
peayJsbrate TpeboBanue HezaBucumoctd 1D 'K or mosieBoro yrsia aBTromaTHuecKd MPUBOAMT K
MOCTPOEHHUIO OMNTHYECKOH CHUCTEMbl BHUPTYaJbHOTO JHMCIJIes MO CXeMe C MPOMEXYTOUHbIM
NeACTBUTEJIbHBIM H306paxKeHHueM, JiexKaluM B pokasnbHou niockoctu ['K (puc. 1).

K coxasienuio, u3-3a HECOOTBETCTBHUSI CXeMbl BOcCTaHOBJeHUs1 cxeMe 3anucu ['K (3anuch
MJIOCKMM HAKJOHEHHbIM (DPOHTOM, a BOCCTAHOBJIEHHE HAKJOHEHHBIM CepUUeCKUM) BO3HHKAIOT
MOHOXpOMaTHuecKue abeppauyud M, B 4YaCTHOCTH, BeCbMa 3HAUMTEJbHBIH acTUrMatusm [7].
JIefCTBUTENIbHO, HETPYIHO MOKa3aTh, UTO OTHOCHTEJbHAs aCTUrMaTHUecKasi PasHOCTb MEXKILy
CaTUTTAJILHBIM fs H MEPUAHOHAJLHBIM 7 (DOKYCHBIMH PACCTOSIHUSIMH COCTABJISIET

fS_fT

IS T —sin®a. (2)
Js

[Ipu 3ToM carutrasbHoe (DOKYCHOe paccTosiHhe paBHO paccTosinuio Mexny 'K u 3paukom
BJIOJIb JIMHUK HAOJIO/IeHus, T.€. fs = s (puc. 2).

Cro/ib  3HAUUTEJILHBIH AaCTUTMATH3M, HECBOWCTBEHHBIH BpalllaTebHO-CHMMETPUUHBIM
ONTHYECKUM CHCTE€MaM, B COYETAHUH C OCEBOH KOMOMH, MPOMOPLMOHANBHON Sin o, CylIeCTBEHHO
OCJIOJKHSIET KOppeKLHIo abeppauuil ONTHUECKOH CHCTEMbl BHUPTYaJbHOrO JMCIJesl B 1liejoM. B
peayJibTate, JAJs JOCTHKEHHs IPUEMJIEMOro KauecTBa (hopMUpPyeMOoro H3oOpakeHust HeoOX0UMO
MCMOJIb30BATh OJIHY HJIH HECKOJIBKO 3((hEeKTUBHBIX Mep U3 HIKE MpeJiaraeMbix:

- acthepuzauus onHoro U3 gpoutoB 3anucu ['K, nanpumep, 3amena njockoro ¢ppoHTta Ha
dpoHT cBOGOHON hopMbl (free form);

- BKJIIOUEHHE B CXeMY ONTHUECKOH CHCTEMbI TOBOPOTHOTO 3epKaJia CBOOOHON POpPMBbI;

- HAKJIOHbI M CMeIlleHHUs] OTHOCUTEJbHO OMTHYECKOH OCH LIEHTPUPOBAHHBIX achepuuecKux
JIMH3 MPOEKLIMOHHOI0 0O'bEKTHBA;

- HAKJIOH OTHOCHTEJILHO ONTHYECKOH OCH MUKPO JIUCTIJIEs].

Onupasicb Ha U3BECTHbIE U3 JIMTEPATYPHBIX U MATEHTHLIX HCTOYHUKOB CXEMHbIE pelleHUs 1
YUUTbIBast opMaT MUKPO JUCILIEes], €ero pa3pelieHue U TpedyeMoe BUIUMOE YBeJUUeHHe ONTHIECKOH
CHCTEMbl B 1E€JOM, BbIMOJNHAIOT KOMIOHOBKY W TrabapuTHbI pacyeT ONTHYECKOH CXeMbl
BUPTYyaJIbHOTO JMCIIes. 3aTeM Ha OCHOBe pacyeta oOpaTHOrO Xoja JydeH OCYLIeCTBJSIOT
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ONTUMM3ALMIO U OTpesie/ieHHe KOHCTPYKTHBHBIX MapaMeTpoB OMTHYECKOH cuctembl. Jlyis 3Toro
MO2KeT ObITb HCIOJIb30BAHA OJIHA U3 U3BECTHBIX MPOTPAMM ONTHYECKOTO MPOEKTUPOBaHHs (Zemax,
CodeV wu 1.m.). Ha stane ontumuzaimu 'K 1enecoob6pasno MmopenpoBaTh MOBEPXHOCTHIO,
BHOCSILIIEN B MAJAIOIIMI HA Hee BOJIHOBOH (PPOHT (Pa3oBylO 3a/1ep:KKy, OMUCHIBAEMYIO MTOJUHOMOM
JIBYX MepeMeHHbIX. B yacTHocTH, B cpene Zemax [8] B KauecTBe TaKOH MOBEPXHOCTH MOYKET ObITh
YCMEIHO HCMoJib30BaHa MoBepxHocTh THna Binaryl. Baocumas el ¢asoBasi 3amepkka
OIMUChIBAeTCs MOJMHOMOM BHJL

\V(xvy):Z_:AjEj(xvy)’ (3)

rne A; — pasmepHble Ko3ppuLMEHTH, a £(x, §) — KOOpAMHATHBIE COMHOXKUTENH: £, = x, £y =y,
Es=x* E,=xy, Es = y* Es = x*, E; = X"y, Eg = xy°.
Kosdduumnent A, cnenyet nosoKuTh paBHbIM HYJ110, a As BBIYUCIUTD 110 opMyJIe
A, =2nsina. /A, (4)
rae paboyasi JUIMHA BOJIHBI BUPTYaJbHOTO JUCIIest A JIoJpKHA ObiTbh 3a1aHa B MM. OcrasibHble
Ko3(hULHEHTBI A; IPH j > 3 MOTYT HUCI0JIb30BATLCS KAK ONTHMH3aLMOHHbIE TApaMeTphl.

[lo 3aBeplieHHio onTUMHU3alMU MoBepxHocTh Binaryl, monenupoBasuiyto 'K, caemyer
3aMeHUTb Ha moBepxHocTb Thuna Optically Fabricated Hologram, nudpakiuuonnasi 6eckoHeuHO
TOHKasi MMKPOCTPYKTypa KOTOpPOH, TakxkKe Kak W y peasibHOH roJjiorpaMMmbl (hopMHpyeTcsl B
peaysibTaTe HHTep(EepPEeHLMH IBYX KOrepeHTHbIX BOJH 3anuch. MoaenupoBanue poOHTOB 3arucu
OCYIIECTBJISIETCS ONTHYECKMMH CXeMaMHu, HaOUpaeMbIMU B JIBYX CrelldabHbIX (aiiax. B Haiiem
cjlyuae nepBblii POHT 3amuck He TpebyeT /i cBoero opMHPOBaHUS KAKOH-JMO0 OMTHUECKOH
CXeMbl, T.K. PEJICTaBJsIeT COO0H pacnpocTpaHsIolIMics HopMabHO K riockoeTd ['K cdepuueckuit
(pOHT pacxoisiluics U3 LieHTpa 3pauka (Touka A Ha puc. 2).

Uro »Ke KacaeTcst ONTHUECKOH cXeMbl (POPMUPOBAHUST BTOPOro (PPOHTA 3arucH, TO JYIs ee
MOUCKA CJedyeT CO3laTh JIONOJHUTENbHbIN Zemax-dais. B HeMm, HalineHHas B pesyJibTaTe
ONTUMM3AUMH TOBepxHOCTh Binaryl, no/mkHa ocBellaTbesi MepBbIM  (PPOHTOM 3amucH, a
cOpPMUPOBAHHBIN 3TOH MOBEPXHOCTbIO acepuuecKuil U pacnpocTpansionuiics nox yraom Ol k
ONTUYECKOH OCH (PPOHT C TMOMOIIBIO JOMOJHUTEJbHBIH ONTHYECKUX 3JIEMEHTOB JOJKEH ObITh
npeBpalleH B UaeabHo cepuueckuil. Kak npaBuio, 370 yaaercs 10CTHYb JIydeBOH ONTUMHU3ALHEN
KOHCTPYKTHBHBIX MapaMeTpoOB OJHOIO WJM JBYX 3epKaj cBoOOAHOH ¢dopmbl. B cpene Zemax 310
noBepxHocTh Extended polynomial, onucbiBaemasi mosimHOMOM

)+2A/E/(x’y)’ (5)

=

Z(x’y): C(x +!/2 ) 2 2
T+ 1=(1+ )P (6 + y

rae 2(x,y) — KoopJAuHaTa TOUKH MOBEPXHOCTH B CUCTeMe KOOpAMHAT, MiockocTb XOY KoTopoi

KacaeTcsi BePIUIMHbI 3TOH TIOBEPXHOCTH; € — KPUBU3HA MOBEPXHOCTH B €€ BepIlIMHE; K — KOHUYeCKast
KoHcTaHTa; A; — ko3 uimeHTh achepuuHOCTH.

Ha puc. 4 npexcrapiena JIByX 3epKajibHasi ONTHYECKAs CXeMa MOUCKA KOHCTPYKTHBHbIX
napamMeTpoB JIEMEHTOB cxeMbl (hopMUpoBaHHsi BToporo ¢poHrta 3anucd ['K. HafineHnubie B Xone
ONTHUMM3ALIMK apaMeTpbl 3epKaJl 2, 3 U 0OpaTHbIH XOJ JTyueil, HeXolsiux U3 Touku C, 3aHOCATCS B
crieldasibHbli (haisi, OTBEIEHHbIH MOl ONITHYECKYIO cXeMy (DOPMUPOBAHHUs BTOPOTro (hPOHTA 3aTUCH.
B wurtore mnosepxuocth Optically fabricated Hologram wmonennpyer cxemy 3anucu [K,
MpeCTaBJIeHHYIO Ha PUC. D.
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N

A — uenTp cheprueckoro GpoHTa HOPMATLHO OCBELIAOLIEro MoBepxHocTh Binaryl (1);
2, 3 — 3sepkaJia cBo60aHON hopmbl; C — NelCTBUTE/IbHOE H300paKeHHE TOUEUHOTO HCTOUHHKA A.
Puc. 4. Onruueckasi cxema MOUCKa KOHCTPYKTHBHbBIX TapaMETPOB 3J1eMEHTOB CXeMbl POPMUPOBAHHST BTOPOTO (poHTa
3anucu ['K

R
&\ o
Puc. 5. Ontuyeckasi cxema 3arucu rojiorpaMmmbl JleHuctoka, mojesipyemasi noepxsoctbto Optically fabricated

Hologram B cpene Zemax: R u O — ueHTpbl pacxoasuiuxcsi chepuueckux pponTtoB; O* — yc0BHBIH LEHTP
JepopMupoBaHHOro hpoHTa, POPMUPYEMOTO CUCTEMOH JIBYX 3epKaJl cCBOGOHON (hOPMBbI

OkoHuare/ibHAs ONTUMHU3ALIUS ONTHYECKOH CHCTEMbl BUPTYaJbHOTO JHMCIJIES B LIEJOM B
cpesie Zemax MOKeT ObITh OCYILIECTBJIEHA MO BCEM KOHCTPYKTHBHBIM TapameTpam BKJouas U
napameTphbl cxeMbl (hOpMHUPOBaHUst BToporo gponTa 3anucu ['K.

Takum o6pasom, npeacraBieHHble B HACTOSIIEM JIOKJIAe MyTH U TPUEMbI MOJIETHPOBAHUS U
pacuetra ['K BupTyanbHOro aucriess Mmo3BOJISIIOT C OMHOW CTOPOHBI 00OECMEUUTb BBICOKYIO U
He3aBMCSULyl0 OT ToJsieBoro yraa JI9, a ¢ Japyroil B MakCHMaJsbHOH CTEMeHH peasM30BaTh
NpeuMyllecTBa, oTKpbiBatolecs 6aaroaapst 3amene Ha 'K komGuHepa Ha ocHOBE MHOTOCJIOHHOTO
JIM3JIEKTPUYECKOTO 3epKaia.

OnTumu3alys U TMOUCK KOHCTPYKTHBHBIX MapaMeTPOB 3JIEMEHTOB ONTHYECKOH CXEeMbl
(opMupoBaHusl acdepuyeckoro QpoHTa 3amuck roJorpaMmmbl JleHucioka, Gasupylouidecs: Ha
JIydeBOM pacueTe, CyllecTBeHHO obJeryaioTes 6aaroaaps HCroJb30BaHUIO TPOMEXKYTOUHON MOJIEIH
B BuJe OECKOHEUHO TOHKOro ¢hazozadepicusarowjeco TpaHcnapanta. Buocumas um daszopas
3ajieprKKa, reoMeTpHsi 3epKaJl ONTHUECKOH cxeMbl POPMUPOBaHHUS acepruieckoro (poHTa 3arnucu
roJIorpaMMbl ¥ COOCTBEHHO MOJIe/Ib roJlorpaMmbl JleHUCIOKa OMUCHIBAIOTCS B HACTOSILIEM JOKIaze B
tdhopme mpuHsATON B cpene Zemax juia noBepxHoctell Binaryl, Extended polynomial u Optically
Fabricated Hologram, coorBercTBeHHoO.
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The holographic combiner for projection display:modeling and calculation

G.1. Greisukh, E.G. Ezhov, S.V. Kazin, S.A. Stepanov
Penza State University of Architecture and Construction, Penza, Russia

The ways and methods of modeling and calculating of the holographic combiner for virtual
display are presented. On the one hand, they allow providing high and independent difiraction
efficiency of Denisyuk hologram from the angle of field. On the other hand, they allow maximum
use of the advantages of holographic combiner compared with multilayer dielectric mirror. It is
primarily the fact that, unlike the combiner based on the multi-layered dielectric mirrors,
holographic combiner may be installed at virtually any angle to the line of sight, including normal
thereto [1].

Optimization and search of the construction parameters of the optical elements of the
scheme of formation of the aspherical waveiront for recording of Denisyuk hologram are based on
the ray tracing.

These processes are greatly facilitated by the use of an intermediate model in the form of
thin transparency for phase delay.

The phase delay of this transparency, the geometry of the optical layout's mirrors for forming
the recording aspherical wavefront of the hologram and the actual model of Denisyuk hologram in
this article are described in the form adopted in the Zemax environment for surfaces Binaryl,
Extended polynomial and Optically Fabricated Hologram, respectively [2].
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22  HW3meHeHHe CBOWCTB rosorpaduuyeckux iMppakiMOHHbIX PeLIeTOK Ha
OMXPOMHUPOBAHHOM KeJIaTUHE MOcJe BO3eHCTBHSI KOPOTKOBOJHOBOTro Y P
U3JyueHus

H.M. l'anocepau', C.H. l'yases?, H.A. Maypep'

! @usuko-rexunyeckuit unctutyt UM, A.®. Modde, Cankr-Ilerepbypr, Poccust

2 Cankr-IletepOyprekuit rocyiapeTBeH bl MosiuTexHHuecKuil yuusepceutet [etpa Besnkoro,
Cankr-Iletep6ypr, Poccus

BBenenue

PenbedhHo-dasoBbie rosorpaMmbl  Ha  rajiouocepeOpsiHbIX  (POTOCHOSX  TPATULIMOHHO
noJiyyaroT npeoOpasoBaHHEM MEPBUYHOrO cepeOpsiHOro HM300paKeHUsi HHTehepeHIIHOHHOM
CTPYKTYPbI B TOBEPXHOCTHbIH pesibed. OMHUM U3 3h(PeKTUBHBIX CMIOCOGOB TAKOT0 MpeoOpasoBaHusi
SIBJISIETCSl JIECTPYKTHBHOE BO3JIEHCTBHE KOPOTKOBOJHOBOTO Y@ u3/yueHuss ¢ JJMHOH BOJIHbBI
250—270 um na xenatud (merton BKY®) [1], ocHoBaHHOe Ha TOM, UTO »KeJaTHH, KaK U
60JIBLIMHCTBO OpPraHUYeCKUX MOJMMEPOB, Xopoulo norjouaet Y@ uanyyeHue B KOPOTKOBOJHOBOH
06JIaCTH CIEeKTpa B Y3KOM TpUrNoBepxHoCcTHOM cJjioe. KosnuectBo sHeprun Y@ usnyueHus,
MOTJIOIIAeMO€e  PA3JIMUHBIMH  YUYACTKAMU  JKEJATMHOBOTO  CJIOsl, OMNpENeNisieTCsl  ONTHUeCKON
MJIOTHOCTBIO MEPBUYHOTO CcepeOpsHOr0 H306paXKEeHHs, BO3HUKAIOIIETO B 3MYJIbCHM BCJIEJICTBHE
npoueaypbl nposisjieHust U QukcupoBanust gotocinosi. [lepuunoe cepebpsinoe HzobpakeHue
MHTEeP(hEPEHIIHOHHBIX MOJIOC CAYKUT 3(P(EKTUBHBIM 3KPAHOM, MOJYJHUPYIOILUM HHTEHCHBHOCTb
norJiouieHnss Y@ usaydeHus: BIOJb MMOBEPXHOCTH CBETOUYBCTBUTEJBbHOrO cjosi. B pesysbrare
pacTtBopeHHst 00JyUeHHbIX Y4aCTKOB JKeJaTHHA B Bojle (pOopMUpPYyeTCsl TyOOKHH MOBEPXHOCTHBIN
pesibed BbicoTol | MKM 1 6oJiee. C OMOLLIBIO IAHHOTO MeTo/a Obl/IH CO3/1aHbl BbICOKOI((EKTHBHbIE
cyyadiHble M peryJsipHble  peJibepHO-(ha3oBble  rosiorpauueckde  CTPYKTypbl — Ha
rajougocepedpsiHoM potomatepuase s rojorpagpun [1OI-01 [2—4].

Kpome rasmounocepeGpsinbix  (POTOIMYJILCUH  KEJATHH  SIBJSIETCS TaKXkKe OCHOBHBIM
KOMITIOHEHTOM cJjioeB OuxpomupoBaHHoro xesnatuHa (BXJK). [Tostomy npencrapssier uHTepec
npuMeHuTb MeTos BKY® u k nanHoii peructpupytoieii cpene. B otsune ot rajsongocepeOpsiHbIX
dhoTosmysbeui B caosix BX)K ocyliiecTBisieTest HenocpeacTBeHHOE H3MeHeHHe (DU3HKO - XUMHUUECKHUX
CBOWCTB »KeJIaTWHA TpU TroJsiorpauueckoil 3amucd HHTephepeHIIMOHHON KapTHHbI 3a cyeT
M30MPaTEJLHOTO CBETOBOIO JyOJI€HUS PErMCTPUPYIOLLUM JIA3€PHBIM U3Jy4eHHeM B MPUCYTCTBUU
6uxpomaroB. [Ipy 3TOM NPOUCXOAUT CTPYKTYPHPOBAHHE, T.€. yCTAHOBJIEHHE OOJIbILIONO KOJHUECTBA
TMoTepeyuHbIX CBS3eH B MaKCUMyMax UHTephepeHIIMOHHON KapTuHbl. OTCloNa C/IeayeT 0:KUIaTh, UTO
3aay6JieHHbIe JlazepHbIM U3JydeHreM ydyacTkd BbXJK OymnyT menee nopBepxkeHbl pazpyliatoliemy
BO3/IEICTBUIO KOPOTKOBOJIHOBOIO Y@ M3J/yueHusi, MOCKOJbKY 00JIblIOe KOJHUECTBO MOMEpPeYHbIX
CBfI3eH TMpensiTcTByeT (parMeHTauud MaKpOMOJIeKyJ B OOJYUYeHHbIX YdyacTKax »KeJaTHHA WU
pacTBOPEHHMIO €T0 B BOJIE, UTO OTMeueHO B [5]. Takum o6pa3om, Bo3elicTBHE KOPOTKOBOJHOBOTO Y D
uaaydyeHuss Ha cjoil BXD)K 10/mKHO NMpUBOMHMTL K MOSIBJEHHIO 3HAUMTEJIBHOIO TOBEPXHOCTHOIO
pesibeda rocsie KynaHusi 06J1yueHHbIX 06pa3LoB B BOJIE.

BospeiictBue kKopoTkoBosHOBOro Y® usnyueHus Ha toqctbie cion BX)K
B kauectBe o0ObekTa HcCCAeOBaHUS HaMH  OblIM  BbiOpaHbl  roJorpaduueckue
I PaKIMOHHbBIE PELIEeTKH, KOTOPble PErHCTPUPOBAJIUCH MO0 CHMMETPUUHOH ONTHUECKOH cXeMe Ha
cnosix BXJK usnyuennem He—Cd nazepa ¢ ayunoit Bosinbl 0,44 mxm. [IpocTpancTBenHast yacrora
peleToK peryJjnpoBasach B auanasone ot 60 mv~! 10 220 MM~' H3MeHEHHEM yrJia CXOXKIEHHS
MHTePhEPUPYIOLLHX TYUKOB.
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B skcnepumenTe ucnodbzoBanuch cion bXJK, kotopble n3roraBauBanuck B 1aGOPaTOPHbIX
YCJ0BHUSIX 10fI06HO crnocoOy, omucanHoMy B pabote [6]. Takoil moaxoa Mmo3BoJiM BapbHPOBATH
TOJILLMHY TOJIyYaeMbIX CJIOEB W KOHILIEHTpaUMio OMXpomMata aMMOHHs. Ha cTekJsiHHY0 MouI0KKy
MOJIMBAJICS TOPSYMI  pacTBOp O-TH TMPOLIEHTHOrO »KeJaTHHA, B KOTOPbIA TMpelBapUTesIbHO
nob6asJisiyics 6uxpomMar amMmmonusi B kKosdectBe ot 0,41 no 1,21 na 100 ma pactBopa. [locse
BBICBIXaHHSI TOJIIIMHA cjioeB coctaBisya oT 10 Mkm 10 90 MKM. DKCMOHHPOBAHHbIE PELIETKH
ob6pabarbiBasiich Kynanuem B 20-TH MPOLEHTHOM pacTBope cyibgura HaTpusi Nap,SO; B TeueHue
5 MUH, Jlaiee npoMbIBaInch 20 MUH B MPOTOUHON BOJIe M CYLIMJIUCh MPU KOMHATHOH TeMIepaType.
O6paboTka cj0eB  yaAbTPaHOJIETOBbIM  HM3JyueHHEeM [POBOJAMIACH COTJIACHO — METOJIHUKE,
npenacraBaeHHon B pabote [1], u 3akmouanack B o6jydeHHH 06pasiloB C MOMOILBIO PTYTHO-
kBapueBo# Jammbl JIPT-220 Ha paccrostiuun 5— 10 ¢M, poMbIBKe B BOJI€ B TEUEHHE O MMH H CyIIIKe
[IPY KOMHATHOU TeMIleparype.

Bricota mnoBepxHOCTHOrO pesibecha B 00pasuax peleToK H3Mepsiiach € OMOLIbIO
mukpountepdepomerpa MMM-4 no u nocne BosneiictBus YO usdyuenusi. Ha puc. 1 npusenens
3aBUCHMOCTH BBICOTBI TIOBEPXHOCTHOTO peJibedpa h /s pelieTok ¢ MpocTpaHCTBEHHON YaCTOTOM
103 mm~! 0 (kpuBble 1 u 2) u nocsie (Kpusble 3 u 4) BoznekicTBust YO uzsyueHneM oT BpeMeHH
9KCTMIOHUPOBAHUS KOME€PEHTHBIM JIa3e PHBIM U3JYYEHHEM f1e—cq. KOHLEHTpaLMSI GUXpoMaTa aMMOHHS
B caosix cocraasia 0,6t Ha 100 mn pactBOopa. DKcrnepuMeHTaJbHblE JTaHHbIE, TMOMeUeHHbIe
KPY»KKaMH, OTHOCSITCS K CJIOIO TOJILMHOW D1 MKM, a MoMedueHHble TPEYTroJbHUKAMH — K CJIOI0
ToJIMHON 86 MKM. O6pasubl, HeoOJyueHHble Y@ usmydeHueM (KpuBble 1 W 2), 1MokasbiBaloT
He3HAUUTEJIbHbIH MOBEPXHOCTHBIH peJsibed BbicoToH h < 0,15 MKM, 06yCJOBJEHHbIH CHIAMH
MOBEPXHOCTHOTO HATSXKEHHSI, BO3HUKAIOUIMMM TPU CyLIKEe MOKPOrO KOJUIOWIA W JIPYTHMHU
tdakropamu [7]. Ilocne o6sydenusi ob6pasuoB YP wuzayueHueM HabJIOAAETCS 3HAYUTENBHOE
yBeJIMUEHHE BBICOTHI TMOBEPXHOCTHOrO pesbeda (npumepHo B 10 pa3), mpuBosilee K pocTy
U pakUHOHHON 3hhEeKTUHBHOCTH B + | -0M nopsiike AudpakLmy 10 BeJHuHHbl nopsaaka 25% npu
cuutbiBanuu uanyuenrem He—Ne sazepa ¢ niuno# Bosiabl 0,63 MKM.

AddexT 3HAUUTEBHOTO YBEJIHUEHHS TOBEPXHOCTHOTO peJibeda, CBA3aHHbIN C TPUMEHEHHEM
metona BKY®, umen mecto u mns apyrux obpasuoB peuietok Ha bBX)K B aumanazone
npocrpaHeTBeHHbIX yacTot ot 120 MM~! 1o 220 MM~ 1 Tostknbl ciioes ot 14 Mkm 10 90 Mkm. st
00pasLoB ¢ HauOOJbILIEeH MMpocTpaHCcTBeHHON yacToTol 220 MM ™!, /11 KOTOPOH ellle BO3MOXKHA
OlIeHKa TTOBEPXHOCTHOTO pesibeda ¢ nomolibio MukpouHtepdpepomerpa MU -4, Bricora pesbeda
nocsie oburydenuss YO uanydyenuem jpocturaa 0,37 MKM, 4To npumMepHo 4,5 pasa GoJibliie, 4eM Y
HeobOJsrydeHHbIX o6pasuoB. [lpu 3sTOM 1nudpakuroHHass 3((EeKTUBHOCTb TMPU  CUMTbIBAHUU
uanyuenvem He—Cd nasepa ¢ aaunoil Bosnbl 0,44 Mkm coctaBuna 25%. Konuentpaius
Guxpomarta aMMOHHMSI JUIsl IAHHBIX 0OPA3IoB C MPOCTPAHCTBEHHOK YacToTol peretku 220 MM~ ' 1
ToJiMHON 14 Mkm Obli1a 1,2 rHa 100 Mo pactBopa.
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Puc. 1. 3aBUCUMOCTb BbICOThI TOBEPXHOCTHOTO peJibepa /2 OT BpeMeHH SKCIIOHUPOBAHHUS JIA3E€PHBIM U3JTyU€HHUEM fiie—cd
J0 (kpuBble 1 1 2) u nocsie (KpuBble 3 1 4) YO o6JyueHust rosiorpaduieckux peleTok

Bo3saeiictBue KopoTkoBosHOBOro Y ® usnyuenus Ha toukue ciou bX)K

AddextrBHOE TOTIONIEHHE KenaTHHOM YD H3aydeHHs] B KOPOTKOBOJHOBOH 00JacTH
crniekTpa ¢ JUIMHOH BosiHbl 250—270 HM OrpaHUYeHO y3KHUM TMPUMOBEPXHOCTHBIM cjioeM [8]. B
pa6ote [5] 6bUIO MOKa3aHO, UTO BCJAEACTBHE 3TOrO TOJIIMHA CJIOSI TOHKHUX rajoupocepebpsiHbiX
tdorosmysbent (T < 2 MKM) OyIeT COCTABJ/ATh BEJMUHUHY MOPS/IKA CAMOK BBICOTHI TTOBEPXHOCTHOTO
pesbeda. Takum 06pa3om, MOKHO TPENOJNOKHUTh, UTO HauadbHas TodlluHa ciaoeB BXJK moxer
ObITh CHH2KEHA JI0 BeJIMUMHBI, HEHAMHOTO TMPEeBbILIAIONIEN BBICOTY pesbeda, KoTopast Heobxoauma
JJIs TIOJIy4eHUsT BbICOKO3((EKTUBHBIX TUPPAKIMOHHBIX CTPYKTYp B BHIMMOM JIMaria3oHe CreKTpa
(h=0,4—0,6 Mmkm). B CcBA3M C 3THM CTAHOBUTCS aKTyaJibHbIM HCCJEIOBAHUE TMapaMeTpPOB
rojiorpacuueckix AMGPaKIMOHHBIX pEIIETOK, 3aMMCaHHbIX Ha CJO0SAX, TOJIIMHA KOTOPBIX
npubsnzkaercsi K 1 MKM.

C 1eJblo ToJIydeHUsT TOHKMX paBHOMepHbIX c1oeB BX)K B s1aGopaTopHbIX yCJOBUSIX HAMU
MPOU3BOJIUJIOCH TpeBapUTeNbHOe pa3dbaBjieHre MepBOHAYaJbHOIO pacTBOpa 6-TH MPOLLEHTHOrO
XKeJjaTtuHa ¢ conepxkanueMm Ouxpomata ammonusi 0,41 na 100 mn pactBopa B 10 pas. Ilocse
BBICHIXaHH$I TOJILLIMHA CJI0€B B 3aBUCHUMOCTH OT KOJIHUECTBA HAHECEHHOTO PACTBOPA COCTaBJsiIa OT |
10 4 MkM. Ha mostydeHHBIX C/I0SIX PErHCTPUPOBAJIUCH PELETKH C MPOCTPAHCTBEHHOH YaCTOThI
103 mm~!. Cyion moaBeprajiuch MoJHONH 06paGoTKe, oNUCaHHOH Bbille. Ha 3KcrnepuMeHTasbHbIX
o6paslax peleToK no HHTepgeporpaMmam U3MePSIUCh CJeyIolIe NapaMeTphbl (puc. 2):

- Taw — cpeansis TosuuHa cyost bXJK,

- h — BbICOTa MOBEPXHOCTHOTO peJibeha Kak nepenaMexxuy rpeGHeM U BNaauHON pesibeda,

- Amin — PACCTOsIHME MEXK]IY BMAAWHON pesibedha U CTEKJISHHON MO/I0KKOH.

133



Tonorpadus. Hayka u [1pakTuka
13-4 mexxnynapontasi koudepenuus «I'omodkeno 2016»

h

T..
h min AV

A A A A A A A A A A A A
A A A A A A A A A A A

Puc. 2. amepsieMble napameTpbl peleTku

Ha nepsom stane uccienoBaiuch pelleTkH, 3anucaHHble Ha ciaosx bXJK ¢ HavasnbHo#
TOJILIMHON B 06J1acTH pemieTku T, = 3,2 MkM. Ha puc. 3 u 4 npuBeneHbl 3aBUCUMOCTH Bbillle
MPUBEJEHHBIX MAapaMeTpPoOB OT BpeMeHH 3acBeTkKM YD wuasyueHuem fyep, HU3MEPEHHBIX TMOCHe
o6uydenust Y@. M3 puc. 3 BUHO, UTO CPeIHSS TOJIIMHA CJI0s1 B 06JIaCTH peleTKH (YepHble KPY»KKH )
MOHOTOHHO YMEHbILIAeTCsl C YBeJMUeHHeM BpeMeHH 3acBeTKH ¢ 3,2 MKM ji0 1,7 mkm. BHe o6sactu
pelieTku (6eJblii KPY>KOK) CpeiHsisi TOJIIMHA ¢1051 yMeHblaeTcs 10 0,6 MKM, 4TO CBSI3aHO C TeM,
4TO JlaHHasi 06J1aCTh MPU PETUCTPALMU PELIETOK He Obla MOJBEPrHyTa CBETOBOMY 3ayOJIMBAHHUIO
uasnydyenreM He—Cd nasepa.

MKM

avr?

Puc. 3. 3aBucumocts cpenneit Togiubl cyiost BXJK T, o Bpemenu skcnonupoBanust YD usnyueHvem tyo

B oT/inune oT MOHOTOHHOTO MOBEEHUST KPUBOH Ty, OT fyg, BBICOTA TOBEPXHOCTHOTO peJibeha
h (puc. 4) cTpeMHUTCSl K HACBILIEHUIO WJM Jaxke 00pa30BaHUIO MaKCUMyMa B paloHe fygp oT 20
110 25 MUH JI/Is1 IOCTATOYHO BBICOKOTO BPEMEH 3IKCMOHUPOBAHUS Ja3zepoM (Zpe—cq = 30 ¢). Takum
00pa3oM, C TOUKM 3peHHUsl MOJYYeHHs MaKCUMaJsbHOH BbICOThl [MOBEPXHOCTHOTO peJibeda
yBeJinueHue BpeMeHH 3acBeTKH Y D Hosiee 22— 23 MuHyT He Lesiecoobpasno. [Tono6Hoe noBeneHue
h oT tye HabJofaeTcss U B GoJsiee PAHHUX HCC/ENOBAHUSAX MO Bo3AaeHcTBUIO YD uajyueHHs Ha
rajouiocepeOpsinbie ciou. B pabote [9] noapobHO oObsicHeHA MpUUKMHA JAHHOIO Xapakrepa
3aBUCUMOCTH /1 OT tyo.
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Puc. 4. 3aBUCUMOCTb BbICOTbI TOBEPXHOCTHOTO pedibeda /1 OT BpeMeHH IKCIIOHUPOBAHHUS roJlorpaduuecKux peleTok
YO obayuenuem tyq 47151 PA3HOTO BPEMEHH SKCTIOHUPOBAHHST KOT€PEHTHBIM H3JydeHHeM Jazepa fhe—ca: 1—10 cek.,

2—20 cek., 3—30 cek

bousiee Tonkue ciion BX)K Oblsin noJtyueHbl HAaHeCEHHEM Ha MOJJIOKKY MEHbIIIET0 KOJIHUeCTBa
pactBopa BX)K. Ha Hux peructpupoBasuch pelleTKH ¢ pa3HbIM BpPeMeHEM 3KCIIOHHPOBAHHS
KOT€PEHTHBbIM H3JlydeHHeM Jazepa  fye—cq OT D cek jo 8 muHyrt. [locie skcrnonupoBaHus u
nepBuYHON 06pabOTKK J10 3acBeTKM Y@ wuajyyeHuem Oblia M3MepeHa TOJIIMHA CJOST PSIOM C
o6JlacTblo pellleTKH ¢ sKcnoguiimed 40 cek., kotopasi coctaBuia 1,07 mxm. OG6pasiibl pelieToK
ObLIM MOBEPTHYTHI 3acBeTKe Y@ u3/aydeHHeM B TeueHHe 23 MMH., MOCJe Yero Kynajuch B BOJE
KOMHATHOH TemriepaTypbl 4 MUH. U OblJIH MTpocyiieHbl. J{aHHble 1yis Jydninx o6pasioB NPUBEIEHbI B
tabJs. 1. BuaHo, 4To U 1yia 6oJiee TOHKHUX CJ0€B TaKxKe UMEeeT MECTO JIeCATUKPATHOe YBeJHUeHHe
BLICOTBI MOBepxHOCTHOTO penbeda. M3 puc. 1 u Tabu. 1 caemnyer, uto ontumasbHOe Bpems
9KCMOHUPOBAHUS KOT€PEHTHBIM CBETOM Jla3depa MPAKTHIECKHU HE 3aBUCHT OT TosIMHBI ¢1051 BXJOK 1
cocrapsisieT 30—40 cek.

Ta6a. 1
Bpemsi akcnoHupoBaHus Bricora penbeda Boicora peabeda h nocae
He—Cd nasepowm, cek h, MKm Y® o06ayueHusi, MKM
30 0,095 0,94
40 0,09 0,85

[TockosbKy cpennsiss TosuHa ciost BXJ)K B o6sacT penieTkd MOHOTOHHO YObIBaeT ¢
yBeJiMdeHueM BpeMeHH 3acBeTKH YD (puc. 4), BO3HUKAET BO3MOXKHOCTb MOJYYUTh CBEPXTOHKHE
CJIOM 3@ CUET MOBTOPHOTO BO3AEHCTBUS KOPOTKOBOJHOBOTO ¥ D u3/yueHus Ha xkejatu. st sToro
BbILLIE YIOMSIHYTble 06pasiibl pelleTOK BTOPUYHO 06Jydasach KOPOTKOBOJIHOBLIM YD uasyueHueM B
Teuenue 3, 6,9, 12 u 15 MuH. u KynaJsach B Bojie. Ha puc. 5 npeacrapiieHbl pe3y/ibTaTbl H3MEPeHHH
napameTpoB TMOBEPXHOCTHOTO peJibedpa sl pelieTKd ¢ BpeMeHeM 3KcnoHupoBanus He—Cd
nasepom 40 cex. (Tabu1. 1) u HavabHBIMK napaMeTpaMu Ty, = 1,12 MKM U Ay, = 0,45 MM, Buano,
4TO MPH BpeMeHH 3acBeTkM YD usnydenuem 6ojee 9 MUH. BNaauMHbl MOBEPXHOCTHOTO pesbeda
TIOXOJAT 10 CTEKASHHOU NoI0yKKU. C IPYro# CTOPOHbI, BbICOTA TTOBEPXHOCTHOTO peJsibeda ocTaeTcs
JI0CTATOYHO GOJIbLIOH BEJUUMHON, OJU3KOH K BeJIMUMHAM AJHH BOJIH BUAMMOTO CBeTa. DTO 03HAYAET,
UTO MOJIyYeHHbI€ CBEPXTOHKHE TUPPAKIIMOHHbBIE CTPYKTYPbI IO/2KHBI 3((HEeKTHBHO pacCeuBaTh CBET
BUIMMOTO JIMana3oHa crekrpa. Pe3ynbraTbl Hamepenusi AMppakiiMOHHON 3(h(PEKTUBHOCTH PEIIEeTKH
npu ocBelleHuH rosorpammel mydkoM He—Ne sazepa B +1 1 Hy/sieBoM nopsiakax (He paccesiHHbIH
CBeT), MpHUBeJleHHble HA puc. 6, moaTBep:kaloT 3To. Kak BuUAHO M3 pUCyHKa, AUdpaKUHOHHAS
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shdextnBrocts B +1 mopsiake pocturaer 30% nNpu TEOPETHYECKOM MaKCHMyMe Il TOHKHX
penbedHo-hasosbx rogorpamm B 34 %, a BeJMUMHA JOJM HE PACCESHHOTO CBETAa MOXKET YNacThb

10 3%.
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Puc. 5. 3aBUCHMOCTD BbICOTHI OBEPXHOCTHOTO peJibeda /1 (KpuBasi 1), cpenHeit TOMMMHBL Cl0s Ty (KpHBasi 2) W
BEJIMUUHBI Amin (KPUBAsi 3) OT BpeMeHU MOBTOPHOTO 06J1yueHust rosiorpacduieckux petietok ¥ @ uanydeHuem fyqe

BbiBopbl

PesynbraThl IpoBeIeHHBIX HCCIEI0BAHNI MOKA3aJ/u, 4To obJydenne ¥ P uanyueHuem cjioeB
BXJK ¢ 3anucaHHbIMM Ha HHMX TroJorpapuyecKUMH CTPYKTypamu TMPHUBOIUT K JECATUKPATHOMY
YBEJIMYEHHUIO BbICOThI TOBEPXHOCTHOTO pesibeda Kak Jyist TONCTHIX ( Ty > 50 MKM ), TaK U [y TOHKHX
(Tar < 3MKM) cyioeB. [losyueHbl CBepXTOHKHE CJIOM €O cpeiHel ToauHOu T, < 0,7 MKM, Ha
KOTOPbIX BIIEPBbIE PeaM30BaHbI ToJIOrpacuiecKre peleTky ¢ AMPpakMOHHOH 3(h(HeKTHBHOCTHIO,
npuOHzKaloLLeCs K TeOPEeTHUECKOMY MPeJiesty U1l TOHKHX (pa30BbIX FOJIOrpaMM. ¥ CTaHOBJIEHO, YTO
MpU Mepexojie OT TOJCTbIX K CBEPXTOHKMM CJIOSIM SHepreTHueckasi uyBCTBHTeJbHOCTb DBXJK
MpaKkTUYeCKU He u3MeHsieTcs. Vicrmosb3doBanue Bo3neHCTBHS KOPOTKOBOJHOBOrO Y@ usjydeHus
MO3BOJISIET  MJIABHO W KOHTPOJIMPYEMO  YMeHbIIAaTh  TOJIIIMHY  3aperMCcTpPUPOBAHHBIX
rojiorpacuyeckux cTpyktyp. Ilepexon K CBEpXTOHKHMM CJIOSIM BaKeH JJIsl CHHXKEHMsI LIYMOB U
abeppauuil ONTHUECKUX MOJIOTPAMMHBIX 2JIEMEHTOB, CO3/IaHHbIX Ha ocHoBe BX)K.
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Puc. 6. ludpakuponHast s¢ppektneHocTh 1 B + 1 (KpuBas 1) u 0 (KpuBasi 2) nopsijikax B 3aBUCHMOCTH OT BPEMeHH
MOBTOPHOTO 06JIydeHHsl roJiorpauuecKux petietok Y usmydeHuem fyq
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Change of properties of holographic diffraction gratings on the
dichromate gelatine after shortwave UV radiation

N.M. Ganzherli', S.N. Gulyaev?, I.A. Maurer'
!'[offe Institute, Saint Petersburg, Russia
? Peter the Great Saint Petersburg Polytechnic University, Saint Petersburg, Russia

Previously, we studied techniques for the transformation of amplitude-phase recording into
relief-phase one when recording regular and random processes on silver-halide photographic
emulsions [1—3]. The possible formation of a surface relief depth within the order of 1 um and

greater by the action of short-wave UV radiation (A < 270 nm, SWUV technique) on the silver-
halide photoemulsion gelatin was demonstrated [4]. The SWUV technique is based on the property
of gelatin layers to change its width under the UV radiation. The formation of a relief-phase
structure relies on the photostimulated destruction of gelatin in a hologram narrow subsurface
layer. The quantity of the UV radiation energy absorbed by different regions of a gelatin layer is
determined by the optical density of a primary silver image (SI) originating in the emulsion due to
the development and fixation procedure. The primary SI of interference fringes serves as an effective
screen modulating the intensity of the UV radiation absorption along the photoemulsion layer
surface. The resulting high surface relief sets a high difiraction efficiency of structures obtained by
the SWUYV technique.
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Besides silver-halide photoemulsions, gelatin is also the main component of dichromated
gelatin layers. Therefore, it is of interest to apply the SWUV technique to this light-sensitive
material. Unlike silver-halide photoemulsions, there is a direct change of gelatin physical-chemical
properties in dichromated gelatin layers when holographic recording an interference pattern due to
selective light hardening by laser radiation in the presence of dichromates. This process is
accompanied by structuring, i.e., settling of a great number of transverse links in the interference
pattern maxima. Hence we can expect that photolytically hardened dichromated gelatin regions
will be less prone to the destructive action of short-wave UV radiation. To support this point, we
can refer to a previously obtained result that the volume of the gelatin etched layer under the short-
wave UV radiation decreases essentially after the chemical hardening in alum solutions [5].
Consequently, the application of the SWUV technique to the dichromated gelatin layer should lead
to the origination of a noticeable surface relief after the dipping of UV irradiated specimens in water
solutions.

To verify this assumption, we have selected holographic diffraction gratings as an object of
study that were recorded by the He—Cd radiation (of 0.44 pm wavelength) in dichromated gelatin
layers with using a symmetric optical arrangement. The spatial frequency of gratings changed
within the range from 60 mm~'to 220 mm™' depending on the angle of convergence of interfering
beams.

In the experiment, we used the dichromated gelatin layers manufactured under laboratory
conditions similarly to the technique described in [6]. This approach permitted changing the
thickness of obtained layers and dichromated ammonium concentration. A melted solution of 6%
gelatin (into which the dichromated ammonium in the quantity from 0.4 g to 1.2 g per 100 ml of
the solution was previously adjusted) was put onto a glass substrate. Aiter drying, the thickness of
the layers ranged from 4 mm to 90 mm. The exposed gratings were processed by dipping in the
20% solution of sodium sulfite Na,SO3 during 5 min with afterwards washing in flowing water
during 20 min and drying at the room temperature. The layers were processed according to the
SWUV technique as described in [4] (i.e., the irradiation of specimens by a mercury-vapor lamp
DRT-220 at the distance 5—10 ¢m during 40 min, washing in water during 5 min, and drying at
the room temperature).

The height of the surface relief in the grating specimens was measured with a micro
interferometer MII-4 before and aiter the UV radiation. Fig. 1 presents the dependences of the
surface relief height /4 (as a difference between peaks and valleys of the interference pattern) on the
exposure time for gratings with the spatial frequency equal to 103 mm™" before (curves 1 and 2)
and after (curves 1UV and 2UV) the UV radiation. The dichromated ammonium concentration in
the layers was equal to 0.4 g per 100 ml of the solution. The experimental data marked with circles
and triangles refer to the layers with the thickness equal to 51 and 86 pm, respectively. The samples
that were not exposed to UV radiation (curves 1 and 2) show a small surface relief with the height
h < 0.15 pm caused by tensile forces originating when drying a wet colloid [7] and, probably, by a
small partial dissipation of regions of nonhardened gelatin in cold water (the temperature of the
solutions during the processing was not higher than 20°C). After the UV radiation of specimens,
an almost ten-fold increase of the surface relief height is observed, which is shown by the
microphotograph of the specimen surface obtained with using a micro interferometer MII-4.

The analysis of interferograms of specimen surfaces indicates the high regularity of the
surface relief shape, which evidences the small level of noises and distortions of the surface
structure. The considerable increase of the phase modulation depth due to the passage of light
beams through the diffraction grating permitted obtaining the diifraction efficiency in the first
diffraction order equal to approximately 25% when reading out with the He—Ne laser radiation of
the wavelength equal to 0.63 pm.
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The teniold increase of the surface relief height in thinner layers with a thickness of about
1 um was obtained when recording gratings with a spatial frequency of 103 mm™' after UV
radiation. The re-exposure by the UV radiation and conventional processing of grating samples in
water allowed obtaining gratings on ultra thin layers of dichromated gelatin, in this case grating
depressions reached the glass substrate surface. Fig. 2 shows the dependence of the surface relief
height h, the layer average thickness T, and the value h min on the time 7, of the UV re-exposure
of holographic gratings.

The above researches have demonstrated that the UV radiation of holographic structures
recorded on both thick (7,, > 50 pm) and thin (7, < 3 pm) dichromated gelatin layers resulted in
the almost tenfold increase of the surface relief height. For the first time, the holographic gratings
with the diffraction efficiency near to the theoretical limit have been fabricated on ultra thin
dichromated gelatin layers with the average thickness T,, < 0.7 pm that were obtained by means
of the UV radiation re-exposure. The use of ultra thin layers will permit one to decrease the noise
and aberration of holographic components obtained from them.
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2.3 ®a3oBas 1eMoay/sLMSA CBETOBbIX MOJiel B Ja3epHO HHTepepOMETPUH,
OCHOBAHHOM Ha IMHAMUYECKUX rojorpammax aug¢y3MoHHOro Tuna B
(hoTOUYBCTBUTENbHBIX KPUCTALIAX

C.M. lllandapos', H.H. Bypumos', C.C. llinakos’, A.O. 3106un’, B.H. boikos',

B.B. llleneaesuu?, A.B. Maxkapesuu?®, K. ll[ep6ur?

" TOMCKHII TOCYIapCTBEHHBIA YHUBEPCHTET CHCTEM YIPABJICHUS K PAH03J1eKTPOHUKH, TOMCK,
Poccus

2 Mo3bIpCKHI rocylapeTBeH bl nefarorndeckuil ynusepeurer um. VL.IT. [lamskuna, Mosbipb,
Benapych

3 neruryt dusuku Hatponanbhoi akagemun nayku, Kues, Ykpauna

[IpescTaBienbl pedysbTaThl TEOPETHYECKOTO aHa/In3a 3P heKToB (azoBoi 1eMOy SN B
aJlaNTUBHBIX roJiorpaduueckux HHTepdepomMeTpax, peaausyeMoi Npu NonyTHOM B3aUMOJEHCTBHH
CBETOBbIX BOJIH Ha JMHAMMUECKHUX ToJorpaMmmax AU Qy3noHHOTO THUMA B KPUCTAJJIAX CHIJIEHUTOB
cpesa (110). [TokazaHo, uto peanu3anus JUHEHHOTO pexkuMa (ha30BOH 1eMO/IJISIIIMK BO3MOXKHA 3a
CYeT COBMECTHOTO BKJIA/a B IMHAMUYECKHH OTKJHK (DJIEKCO3EKTPHUECKOTO H YIIPYrOONTHYECKOTO
3peKToB.  IDKCrepUMeHTa/lbHble  HCCJAEIOBAaHUSl  roJjorpaduyeckoro  HHTepdepomeTpa,
MCITOJIb3YIOLETrO MOMYTHOE B3aWMOJIEHCTBHE B KpUCTaJsle cuaukaTta BUcmyTta cpeda (110) npwu
OJIMHAKOBOH JIMHEHHOH MOJISIpU3aliui BOJIH, (DOPMHUPYIOLIMX TOJOTPAMMY C MPOCTPAHCTBEHHBIM
nepuogoM 0,6 MKM W C BEKTOPOM pelIeTKH, OpPHEHTHpPOBaHHbIM BoJb ocH [001],
MPOJIEMOHCTPUPOBAJIH HAJIMUKE B CIIEKTPE BBIXOAHOTO CHUTHAJIA, COCTABJAIOLIEH, COOTBETCTRYIOLLEH
JIMHEHHOMY PEXKHUMY JIeMOJTYJISALIMH.

Beenenue

[IpeoGpasoBanue (a3oBoi MOIYJSLMH KOTepPEHTHBbIX CBETOBLIX MOJEH B MOMIYJSIIHUIO
MHTEHCUBHOCTH B JIa3epHOH HHTep(epOoMeTpuH, peasusyeMoe TMpH HMX B3aUMOAEHCTBHH CO
CTallMOHAPHBIM OMOPHBIM TYYKOM Ha JMHAMMYECKHX ToJiorpaMmax B (PoTopedpakTHBHbIX
KpUCTaJJlaX, XapaKTepuadyeTcsi aJanTHBHOCTBIO K MeJIEHHbIM BapHalMsM BHEIIHHX YCJIOBHH M
MCTOJIb3yeTCsl B M3MEPUTEJIbHBIX ~ CHCTeMax  pasjuuHoro  HasHauenuss  [1—5].
WutepdepomeTprieckre CUCTEMbl JAHHOTO THIA MO3BOJISIOT H3MEPSITh AMIIUTY/Ibl MEXaHHUYECKHUX
KoJsleOaHuit OTparkaolx 06beKTOB B IMHAMUYECKOM AdanazoHe oT 2 1M 1o 20 HM [6]; oHM yerenHo
MPUMEHSJTUCh JIISl TPELIU3KOHHOr0 CYyOHAHOMETPOBOTO YMPAaBJEHHUsT MO3UIHEH MAaKPOOOBHEKTOB C
MCIOJIb30BAHKEM JiaBJieHus cBeTa [ 7 |, usmepenusi cuiibl Kazumupa [8], pesoHaHCHOT0 B3BELLIMBAHHUS
MHKPOOOBEKTOB C TOYHOCTbIO B HECKOJIbKO mMuKorpamm [9]. [lisi yBesndenusi curHana ¢pazoBoit
JEMOJIYJISIUMK B roJiorpauueckux HHTepepoMeTpax, OCHOBAHHBIX HA MOMYTHOM B3aUMOJIEHCTBUH
CBETOBBIX My4yKOB, K (poTOpedpakKTUBHOMY KpPHCTAIy MPUKIAIbIBAETCS BHEIHee MOCTOSTHHOE
3J1eKTpHUecKoe MoJie ¢ HanpsikeHHoctblo 10 KB/cM u Gosee [1—4], B KoTopoM npeo6.iafaioium
siBJIsieTCs IpeihoBbI MeXxaHu3M (POPMUPOBAHUS TMHAMHUECKUX rojiorpamMm. OnHaKo 3TO jesaer
M3MEPUTEJNIbHYIO CHCTEMY TPOMO3JIKOH, HEProOeMKOH, W HEMPHUroAHOH Ul IKCIJIyaTaludd BO
B3PbIBOOIACHBIX YCJOBUSIX.

CBOGOAHBIMU  OT TaKUX HEIOCTATKOB SIBJSIOTCS HMHTephEpPOMETPhl, HCMOJb3YIOLIHe
BCTPEUHOE B3aUMOJIEHCTBIE CBETOBBIX MyYKOB HA OTPaXKaTeJbHbIX FOJI0rpaMMax, (opMHUPYIOLIUXCS
3a cuet auddy3MOHHOrO MexaHH3Ma TepeHoca 3apsjga [2,4—9]. Jlna nocTuKeHWs: XOpOoLIero
(oTopepaKTUBHOrO OTKJHKA KpUCTAJl B 3STOM CJydae JOXKEH HMETb 3HAUMTEJbHYIO
KOHIEHTPALIMIO JIOBYLIEUHBIX 1IEHTPOB, 4TO 0OeCrneurBaeT BbICOKME 3HAYEHUs] aMILJIUTY/bl MOJIs
MPOCTPAHCTBEHHOTO 3apsijia ToJIorpaMMbl AM¢HY3MOHHOTO THIA MPU €€ MaJioM MPOCTPAHCTBEHHOM
nepuojie [1]. CaemyeT TakxKe OTMETHTb, UTO B KPUCTa/IaX C BbICOKOH KOHLEHTpPaLMel JIOBYILIEK
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xopouiasi 3((heKTHBHOCTb MOXKET JOCTUTATLCS U /ISl TIOMYTHOTO B3aWMOJEHCTBHSI, PH GOJBILINX
yryax MexIy CHTHAJbHBIM W OMOPHBIM TMy4YKaMH, KOIJa TPOCTPAHCTBEHHBIH TepPHON
(hoTopedpakTUBHOI roJIOrpaMMbl He TPEBOCXOIUT | MKM.

[Ipu B3anmoneiicTBUM (ha30BO-MOLYJIMPOBAHHOTO CHUTHAJILHOTO TyYKa CO CTALMOHAPHBIM
OTOPHBIM MyYKOM Ha (poTopedpakTUBHON rojorpamMmme auhy3MOHHOTO THIA XapakTep BPeMeHHON
3aBMCHMOCTH BBIXOJIHOTO CHrHajia (a3oBOU NeMOMIYJISIMH ONpPEaeseTcsl KaK MoJsipu3alliOHHbIM
cocTosiHMeM B3aumojercTBytolux BoJH [10, 11], Tak 1 Bkaamom B doTropedpakTHBHBIH OTKJIMK
pa3JIMUHBbIX MEXaHU3MOB, MPHUBOJSALIMX K BO3MYLIEHHSIM ONTHYECKHX CBOWCTB Cpefbl JaHHOH
rosiorpammoit [1, 2, 4—6, 11—13]. B Hacrosiem coobiileHud OCHOBHOE BHUMAaHHE yJessieTcs
aHa/IM3y BJIMSHUSI XapakTepa BO3MYILIEHHH ONTHYECKUX CBOUCTB (POTOUYBCTBUTEJIHOH CpEJbl,
CO3/IaBAEMbIX MOJIEM TPOCTPAHCTBEHHOTO 3apsiia JUHAMUYECKOH TOJIOrpaMMbl, HA aMILIUTY/IbI
MepBO U BTOPOH rapMOHHMK B BBIXOJHOM CHTHaJle rojiorpauyeckoro nHrepdepomerpa, KOTopble
COOTBETCTBEHHO OMNPENENsIOT €ro XapakTepPUCTUKU IS JIMHEHHOTO M KBAAPATHUHOTO PEKHMOB
(ha30BOH 1EMOTYJIALMH.

Bo3myieHust onTuueckux cBoicTB (hOTOUYBCTBUTENbHOTO KPUCTaJJIA MOJeM
NPOCTPAHCTBEHHOTO 3apsiia IMHAMUY€ECKOi rojorpammbl
JIist cuHyconiaibHoil asoBoil MO IALMH CHIHAJNLHOTO TydKa ¢ YacToTol Q >> 1/1, e
T — xapakTtepHoe BpeMsi (POTOMHIYLIMPOBAHHOIO MepepacrpesiesieHusl 3apsiaa 1Mo JOHOPHbIM U
JIOBYILIIEUHBIM LIeHTpaM, (OPMUPYIOLLYIOCS B KpuUcCTasie 3a cdyeT Aucdy3MOHHOrO MexaHu3ma
JMHAMUMUECKYIO FOJIOrpaMMy MOXKHO CUMTaTh cTatimoHapHoii [ 11]. Bknan B hazoByto cocrapisiolLyto
JIaHHOI FOJIOrPAaMMBI ¢ BeKTOpoM K = pK , Tjie eIMHHUHbII BEKTOP J XapaKTePH3YeT HAMpaBJIeH e

oc Om, BLOJb KOTOPOH M3MEHSIETCSl MHTEHCHBHOCTb CBeTa B HHTep(epeHLHOHHOH KapTuHe,
thopmupytOLLeld TroslorpaMmy, OnpesesseTcss CJAeIyIOUUM pacnpeie/JeHHeM HanpsKeHHOCTH
3J1eKTPOCTATHUECKOTO MOJIS:

E\(n)= PE,(n) = Bm"” (n)Esc sin(Kn), (1)
riae m'%(x) — MeIeHHO MEHSIIOLIMHCS BC/IEJICTBHE B3aMMOIEHCTBHSI H ONITHYECKOTO MOTJIOIIEHH S
KOHTpACT CTAllHOHAPHOH YACTH KapTHHbI HHTepdEepeHUMH BOJH CHIHAla W HAKAuKH, UMeEIolleH
npocTpaHcTBeHHbli nepuos A = 2n/ K. DddextusHoe Moje NpOCTPAHCTBEHHOTO  3apsia
roJIorpaMMbl B paMKax OJIHOYPOBHEBOH 30HHON MOJIesIH onpeessieTcs BbipazkeHueM [ 1, 11—13]

En——Fto

\+E,/E .
re Ep = (ksT / e)K — nudpysuonnoe none, E, = eN, / (eK) — nosie nachiluenus Josyliek, kg —
nocrosinHast bosbumana, T — Temnepatypa, e — 3JeMeHTapHbIH 3JeKTpuueckuil 3apsia, Ny —

(2)

KOHIEHTPALIUSl KOMIIEHCUPYIOUIMX AaKUENTOPHBIX LIEHTPOB U € — CTaTHuecKast Au3JeKTpuiecKas
MPOHULLAEMOCTb MeXaHHYECKH CBOOOJHOI0 KpUcTaJuia.

BenenerBue o6patHbIX 3PPeKTOB, MbE303JMEKTPUIECKOr0 U (PJIEKCO3JIEKTPUUECKOro, MoJe
MPOCTPAHCTBEHHOTO 3apsiia TroJIOrPaMMbl  COMPOBOXKAAETCS  YIPYTUMHU  ehopMalHUsIMH €O
CJIe/IYIOLLIMMH KOMITOHeHTaMu [ 14 ]:

1 dE(n)
Skl(n)zg(pl%ei_i'pk%i eiE(n)"'fi J ) (3)
n
TIe Y, — KOMIIOHEHThl TeH3opa, obOpaTHoro K TeHzopy Kpucroddesss ¢ kKomnoHeHTamu
_ E . _ _ _
L, =Ciupip i € =CulPul; W ;= fimDiPul; KOMITOHEHTbI [be303/J1eKTPHUECKOT0 U
(i)JleKCOS.HeKTqueCKOFO BeKTOpOB, COOTBETCTBEHHO, Cifkl y e,my H fljmr — KOMIIOHEHThI TeHSOpOB
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MOJLyJIel YIIPYrOCTH 3JIEKTPUYECKH 3aKOPOUEHHOI0 KPUCTaJl/Ia, €ro Mbe303JeKTPHYECKHX KOHCTAHT
1 (DJIEKCOJIEKTPUUECKON CBSI3H, COOTBETCTBeHHO. Takum 06pa3om, B BO3MYIIEHHS] OMTHUECKHX
CBOMCTB KpHCTaJslJla paccMaTpuUBaeMoK AMHAMUYECKOH TroJiorpaMMoil OyJleT BHOCHTb BKJIAJ Kak
TPAULUMOHHO ~pacCMaTpPUBAeMblll JIMHEHHBIH  3JeKTPOONTHUECKUH 3(deKT, CBA3aHHbIH ¢
3JEKTPUUYECKUM T0JieM TU(PPY3HOHHON ToJ0TpaMMbl, OompeessieMbM cooTHolleHueM (1), Tak u
YIPYroonTHuecKui 3pgeKT, BKIAIL KOTOPOro B COOTBETCTBHE C (hopMyJIoH (3) MpomnopiiHoHaieH Kak
MOJII0 TPOCTPaHCTBEHHOTO 3apsaaa £(1), Tak u ero rpaguenty dE(n) / dr. CymMmapHble BO3MYLIEHHs
KOMIOHEHT TeH30pa IH3JEKTPUUECKOH HENMPOHHUIAEMOCTH KpPUCTasJa TaKOH ToJIorpaMMOH MOTYT
ObIThb NpecTaByeHbl B BUjE [ 14]

dEn
Abmﬂ (T]) = (rﬂfﬂppp + prinklpl’}/kiei )E(n) + prinklplymj; %7 (4)
rae rnfnp 15 pr‘inkl — KOMIIOHEHTbI TeH30pOB JUHEHHOTO 9J1€KTPOOHTHL{€CKOFO a(btbeKTa

MeXaHHYeCKH 3aXKaToro KpucraJjjia U YnpyroonTHYECKOro TeH30pa 3JeKTPHYECKH 3aKOPOUEHHOro
KpHcTaJuiia, COOTBETCTBEHHO.

CJ/ietyeT OTMETHUTB, UTO 6J1aroiapsi COBMECTHOMY BKJaLy 06paTHOTO (PJIeKCO3IEKTPUUECKOTO
1 yIpyroonTuueckoro spdekron hopMUpoBaHUe TMHAMUYECKUX FOJIOrpaMM TP hY3MOHHOTO THIA
SIBJISIETCS] BO3MOXKHBIM U B LIEHTPOCUMMETPUUHBIX (DOTOUYBCTBUTENBHBIX KPUCTa/IAX (Harpumep, B
KPEMHHUH ), TJIe JIMHEHHbBIH 3JIeKTPOONTHIECKUH 3(PPEKT OTCYTCTBYET.

da3oBas nemoayasuus B Kyonueckux porope)pakTUBHbIX KpUCTalIaX

BsaumonerictBie  CHJIbHOH  CTAaMOHAPHOH OMOPHOH BOJIHBI cOo  cjabo  (hasoBo-
MOJlyJIMPOBAHHON TapMOHHYECKUM CHMIHAJOM € 4acToTod € CHUTHa/JIbHOH BOJIHOH  Ha
(oTopedpakTUBHO roslorpamMmme MpUBOAUT K Pa30BOH 1€MOJYJISILMH, C BPEMEHHOH 3aBUCUMOCTbIO
MHTEHCUBHOCTH CHTHAJIBHON BOJIHBI HA BLIXOHOH I'PaHU KPHUCTaJJIa, KOTOPYIO MOXKHO MPEICTaBUTh
B BHJIE CYNEPIIO3UIIMK FAPMOHHUK C yacToTol n [5, 12—14]:

I4(d,t)~ 1, [MO(@)+ m"(d)sinQt + MP(d)cos 20 + ..} (5)

e d — ToJIMHA KprcTasia i M) — OTHOCHTE/IbHBIE aMILIHTY/Ibl TADMOHHK, KOTOPbIE 3aBHCST
OT OpHEHTALIMH BEKTOPA PEllIeTKH OTHOCHTENbHO KpUCTalIorpauyecKix oce 1 MoJisipu3alliOHHbIX
napameTpoB  B3aUMOJIEHCTBYIOIIMX CBETOBBIX BOJIH UM OMNpENeJsiioTes  KakK  YINPYrHMH,
Mbe303JEKTPUUECKUMHA M (DJICKCOJIEKTPUUECKUMH ~ CBOHCTBAMH, TakK W  aHHU30TPOMHEN
3JIEKTPOONTHUECKOTO U oToynpyroro sddektoB. Kpome Toro, B Kpucrasiax CHIJIEHUTOB MPH
aHasiu3e aMIUIMTYJl pacCMaTpPUBAEMbIX FAPMOHUK J0J2KeH ObIThb yuTeH W BKJaJ abCOpOLUOHHON
COCTaBJISIOLIEH TOJIOrPAMMBbI B IByXITy4KOBO€E B3aumojenctue [ 12—14].

dazoBasi neMOMysSALMS TPU BCTPEUHOH T'€OMETPUH B3aUMOJEHUCTBHS, MO3BOJSIONIAS
BbIIEJIUTh BKJal B Hee duekcosekTpuueckoro sgdekra, Oblla paccMoTpeHa paHee s
KpUCTa/JIoB THTaHaTa BucMyTa cpesdoB (100) [12, 13, 15], (111) [14, 16, 17], a Takke mjs
Tesutypuaa kKaamus cpesa (111)[14, 16].

st momyTHO#M reomeTpun B o6pasiax cpesda (110) Haubosiee nmpocTblie COOTHOILIEHUS ISt
M pMeroT MeCTo TP OJMHAKOBOH JIMHEHHOH TOJISIPU3ALMKM B3aUMOAEHCTBYIOLIMX BOJIH,
(hopMHPYIOIIKX TOJOrPAMMY C BEKTOPOM PeIIeTKH, OpueHTHpoBaHHbIM BaoJsib ocd [001]. B atom
cJlyyae ¢ UCIMoJIb30BAHHEM MOJIXOJI0B, paccMOTpeHHbIX B padotax [11—13, 15, 18], BbipaxkeHus s
OTHOCHTEJIbHBIX AMIJIUTY]L IEPBOK M BTOPOH FaPMOHUK B BBIXOJHOM CHUTHaJe pa3oBOM e MOy TN
MOTYT ObITb MOJTy4eHbl B BUJIE
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@, )=4J ((pm)exp[ Lt 5 “djexp —%sm(pd)cos(pd+2¢)

r r
xsin| L d ——sin(pd)cos(pd + 20) |,
2 2p

M(d.9,)=4J(0, V(0. exp[—%d]exp L% Gin(pd)eos(pd + 26) | x
p
(7)

r r
x cos| —Ld ——2sin(pd )cos(pd +2¢) |-
2 2p

CO CJIEAYIOUIMMH KOSqJ(t)I/IU,HeHTaMH CBsA3H, COOTBETCTBYIOLIHMMHU (basoBoﬁ COCT&BJIHI-OLU,@I:I
roJiorpaMmbi:

=k, ”0r41E5C
2

L= kong ﬁplgﬂKESC’ (8)
1

k@ﬂ Juir eﬁKE ,
0 4C11 SC

rne J.(¢,) — ¢yHkuusa beccens n-ro nopsiaxka u @, — amruiuTyaa HpasoBod MOAYJSLMH; P —
y/leJIbHOE ONTHUECKOE BpallleHHe; ¢ — yroJl Mexy BEKTOpaMHU MOoJIsipU3aL|H B3aHMOJIEHCTBYIOLIMX
BosiH 1 ocbio [010] na BxomHo# rpanu Kpucramia x = 0, orcuntbiBaembiii K ocu [001]; [, —
K03(pULMEHT CBS3U i1 aOCOPOLIMOHHON KOMITOHEHThI TOJIOrpaMMbI; Ry = 2n/k, A — JUIMHa

S
BOJIHbI CBETA; 119 — IMOKa3aTeJib IPpeJIOMJICHHS HEBOSMYILIEHHOI'O KpUCTaJljia U I’41 — KOMIIOHEHTA

€ro  3JIEKTPOOINTHUECKOTO TeH30pa B 3a)KaToM COCTOsIHMH; fij;; ¥ Cj; — KOMIOHEHTbI

(/1EKCOIEKTPUUECKOTO TeH30pa W TeH30pa MOJyJel yINpyrocTH KpucTaia, a 3¢ppeKTHBHbIE

ef _

doroynpyrue nocrosiHubie pry =2p;, * p, & Py ONPENENSIOTCS 3[€Ch €ro yNnpyroonTHIECKMMH

Ko3(hDULIHEHTAMH P11, P12 U P13

Kak cnenyer u3 cootHomienuin (6) u (8), mpucyTCTBHE B BBIXOMHOM CHUrHaJje (ha30BOH
JIEMOJLJISILIMK TIEPBOH TapMOHHKH ¢ OTHOCHTEJIbHON aMruTynoi MY BO3MOXKHO TOJIBKO 3a cuet
BK/JIaAa B (oTopedpaKkTHUBHBIN OTK/IWK 0OPATHOrO (h/JIEKCOINEKTPUIECKOTO U (POTOYIPYroro
3¢ eKToB.

Cxema ycTaHOBKHM /151 SKCIIepUMEHTabHbIX HCCIe10BaHni 3hdekTa ha3oBoil A1eMOLy LY
MpPU TOMYTHOM B3aWMOJEHCTBUM CHUJIBHOHW CTAlMOHAPHOH BOJIHBI HAKauku co cjaaboil (a3oBo-
MOJIyJIHPOBAHHOK CUIHAJbHON BOJIHOH Ha oTOpedpaKTUBHOMN roJlorpaMme MporycKarollero Tuna,
(hopMHUpyeMOil MU B KpUCTaJlile cuiiMkarta BucmyTa cpesa (110), nokazana nHa puc. 1.
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6
12
2

13

3 8 10 !

o "o

7 |

|
b 14

| — nasep; 2 — pesuTesIbHBINA KyOUK; 3, 5 — MOJPU3ALMOHHbIE ONTHUECKHE CHCTEMBL; 4 — CBETO(PHUJIBTD;

6 — KoJiebutoluiicst 06beKT; 7 — HEMNOABHKHOE 3epKasio; 8 — mnoJisipudatop; 9 — QoTopedpakTUBHBIN KpUCTAILT,
10 — ananuzarop; 11 — doronuon; 12 — reneparop curnajnon; 13 — ocuusnorpad; 14 — yHuBepcaibHbIH
BOJIETMETP
Puc. 1. Cxema skcrepymMeHTa bHON YCTAHOBKH

B KauecTBe HCTOUHHKA U3/TyUeHHs HCTIOJIb30BAJCS TeJIMi-HeoHOBbIH azep 1 (A = 633 HM),
My40K KOTOPOTo C MOMOLIBIO AeJMUTEJbHOr0 KyOa 2 cO3[aBaJsl CHTHAJBbHYIO M OMOPHYIO BOJIHBI C
UHTEHCUBHOCTAMU [s u [p coorBeTcTBeHHO. CBeTopuibTp 4 obecrneunBas COOTHOLIEHHE
MHTEHCUBHOCTEH HHTepdepupyolux BojH [s << [p, a ONTHUYECKHE CHCTEMbl 3 W O 3anaBaju
NOJISIPU3ALIMI0 CHTHAJIBHOTO M OMOPHOTO MYYKOB Mepejl NoJsipu3aTopoM 8, OJU3KYI K KPyroBoH.
[TocsienHuii Mo3BoJIsiy 331aBaTh HEOOXOIMMbIN OJIMHAKOBBIN YTOJ1 OPUEHTALIUH ¢ BEKTOPOB JIMHEHHON
MOJISIPU3aLIMK  OMOPHOTO M CHUTHAJIBHOTO [MYYKOB Ha BXOJHOH TpaHH KpHcTaia 9, KOTOpbIi
npejcTaBsya obpasell cuankara Bucmyta cpesa (110) ¢ TonumHol d = 2,64 MM 1 ¢ yleJbHBIM
BpalleHueM p = —21,6°/mMm 118 A = 633 um. JlaHHblii o6pasell 3akpenJsicss B jepxatelie,
MO3BOJISIIOLIEM H3MEHSITh OPUEHTALIMIO €ro KpUcTaiorpaduueckux ocel OTHOCHTENbHO BEKTopa
rosiorpapMuecKoi peleTKH BpallleHueM BOKPYT OCH, coBMajatolileil ¢ Hanpasjenuem [110].

daszoBasi MOMYJSIMA CHUTHAJBLHOM BOJIHBI OCYLIECTBJSJIACh C MOMOIIBIO 3epKasna 6,
NPUKJIEEHHOTO K Ibe30KepaMMUYeCKOMY LMJMHIAPY, Ha KOTOpbI uYepe3  COIVIACYHOLLHUH
TpaHcopmaTop TojaBajcs 3JeKTpUUecKHd curHas ¢ vacrorod Q = 115011 ot 3ByKoBOTO
reHepatopa 12. AMniuTyna 1aHHOrO CHTHaJIA Ha 3JIEKTPOaX LMJUHIPa BeiOUpasach paBHoi 70 B,
YTO COOTBETCTBOBAJIO 3HaueHHio ¢, = 1,044 pax. Curnan ¢$a3oBo# AeMOIYJSIIMN BbIIEJSICS
doromonom 11 (BPW-34, paGoratoumii B (POTOAMOIHOM peKUME JeTeKTHPOBAHHUSI MPH
conpoTuBaeHuu Harpy3ku R, = 51 kOm u Hanpsekenuu cmellenust 7,1 B) u nocrynan na Bxon
ocuuJstorpada 13 moznesn Tektronix TDS 2012C. KomnblotepHasi cuctemMa 06paboTKH 3THX AAHHBIX
Mo3BoJisiia B UMPPOBOM BHIE (PUKCHPOBATH B MOMEHTbI BpeMeHH f; BBIOOPKHM CHUTHaJa (ha3oBOM
AEMOJYJIIUMK € JUIUTENIBHOCTBIO OKOJIO 2,5 MKC, C MHTepBaJoM B 1 C Mexay HUMM, U jajee
anmnpoKCUMHUPOBATh UX Pa3JiozKeHHeM Ha rapMoHUMKH ¢ yactotamu Q, 2Q, 3Q u 4Q. Heobxonumas
JJIs1 BBIUKC/IeHusT aMiuTy M) mocTosiHHAsT COCTaBJISTIONIAsi BBIXOAHOTO CHTHaJja M3Mepsiiach
YHUBEpPCaJbHbIM BOJILTMETPOM 14,

Tunuunasi ocuusIIOrpaMMa BBIXOHOTO CUTHAJIA IEMOYJISIIUH /ISl TOJIOTPAMMBI C BEKTOPOM
peleTkd, opueHTHpoBaHHbIM Baosb ocu [001] oOpasua, W MPOCTPAHCTBEHHBIM [E€PHOAOM
A = 0,6 MKM, TlOJlydeHHasi MPH BXOAHOM ToJsipudallioHHoM yrie ¢ = 30° B MOMEHT BpeMeHH
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t; = 450 ¢, nokasana Toukamu Ha puc. 2a. CriolHas KpHBasi Ha JaHHOM PHCYHKE COOTBETCTBYET
anmnpoKCHMALUH C UCIIOJAb30BAHUEM COOTHOLUEHHsI (5) MPH 3HAYEHHSIX OTHOCHTEBHBIX aMILIUTY]L
rapmonuk M = 0,00707; M® = 0,00472 u M® = 0,00026 u M = 0.

Us, MB M orE. eq.
0.015 .01

AT
| =

0 0TS

Ny
Jia |

(@
-0.01 0
0.00075 0 0.00075 tc

0.0023

(®)

= A Gy o o

130 260 390 tc

Puc. 2 Ocuuiniorpamma BbIXOIHOTO CUrHasa (pa3oBoi IeMOoyJIsiLMK (a); BpeMeHHasl 3aBUCHMOCTb OTHOCHTEJbHBIX
aMIJIMTY/L IEPBOK U BTOPOH FapMOHHK B BLIXOZAHOM cHrHaJe (6)

Vcrnosibdyemast MeTOIMKa MO3BOJISIET ONMpeIe/uTh BpeMmeHHble 3aBucumoctd M) u
M)(¢;), KoTopbie JUIsi OTIHCAHHBIX BbIllIE YCJIOBHI SKCIIEPUMEHTA H JI/Is1 « BKJIIOUEHHsT» CHTHAJBHOTO
Myyka B MOMEHT BpeMeHu ¢; = 0 npencTaBeHbl Ha puc. 26.

Taxum o6pazom, BbIXOHOH cUTHAJ (ha30BOH IEMOJYJISLIUY TTPH TIOMYTHOM B3aUMOJIEHCTBUH
CBETOBBIX BOJIH Ha JMHAMHYECKHX roJorpammax audQysuoHHOro THMA B KpUCTasJle CHIMKATa
BrcMyTa cpesa (110) npu onucaHHbIX BhIlIE YCJIOBHUSAX IKCIIEPUMEHTA COJIEPAKUT TEPBYIO FAPMOHHUKY
YaCTOThI MOJLYJISILIMH, MTPEBBIIIAIOIILYIO M0 AMIJIUTY/IE BTOPYIO TAPMOHHKY, UTO MOXKET ObITh CBSI3aHO
C 3aMeTHbIM (JIEKCOJIEKTPUUECKUM BKJIAAOM B (oTOpepaKTUBHBIH OTKJIHK B HCCJEI0BAHHOM
obpaslie.

Pa6ora BbinosiHeHa npu nojiep:kke MunucreperBa o6pazoanusi Pecniybusnku besapych
(3amanne 1.2.01 TocymapcTBeHHOH TporpaMMbl Hay4dHBIX HCCJEIOBAHHUH «DJEKTPOHHKA U
tdoronuka») 1 BPOOU (npoekr ®15-154); Munobpuayku Poccuiickoin ®enepaiyu B pamkax
['ocsananus Ha 2015 rox 1 HHUP no npoekTHoit yactu ['oc3ananust No 3.878.2014/UK, a takxe
PO (npoekt Ne 16-29-14046-ocdu_m).

UctouHuku

[1] Tlerpos M.IT. ®otopedpakTHBHbIE KpHCTaLIbI B KorepenTHoil ontike / M.IT. [TeTpos,
C.M. Crenanos, A.B. Xomenko — CI16: Hayka, 1992. — 320 c.

[2] Kyabunn FO.H. AnantisHble MeTO/bl 00paGOTKH CHeKJ-MOAYJHPOBAHHBIX ONTHUECKHX MoJieil /
[O.H. Kysbuun, O.b. Butpuk, A.A. Kammuaun, P.B. Pomaniko. — M.: DU3MATJINT, 2009. —
288 c.

[3] Delaye P. Detection of ultrasonic vibrations on rough surfaces through the photorefractive effect /
P. Delaye, A. Blouin, L.-A. de Montmorillon, A. Biaggo, D. Drolet, J.-P. Monchalin, G. Roosen //
Proc. SPIE. — 1996. — Vol. 2782. — P. 464—475.

[4] Kamshilin A.A. Adaptive interferometry with photorefractive crystals / A.A. Kamshilin,

R.V. Romashko, Yu.N. Kulchin // J. Appl. Phys. — 2009. — Vol. 105 (3). — P. 031101.

[5] Koseros A.A. AnantuBHasi nHTephepOMETPHUsi, HCTIOJB3YIOLAsK IMHAMUYECKHE OTpaXKaTe bHble
roJIorpaMMbl B KyGHUecKux hotopedpakTuHbix Kpuctasiax / A.A. Koneros, C.M. Illanzapos,
I'.B. Cumonosa, JI.A. Ka6anosa, H.1. Bypumos, C.C. llImakos, B.H. Buikos, 10.®. Kaprun //
KsantoBast sniekrponnka. — 2011. — Tom 41. — Ne 9. — C. 847—852.

145



Tonorpadus. Hayka u [1pakTuka
13-4 mexxnynapontasi koudepenuus «I'omodkeno 2016»

[6] Bypumon H.M. AMnuintyanast xapakTepucTHKa alanTHBHOTO HHTEPEepOMeTpa, HCMOJIb3YIOILEro
BCTpeuHoe B3auMojeicTBre B Kpuctadie BijoTiOy cpesa (100) / H.N. Bypumos, C.M. lllannapos,
C.C. llImakos, A.A. IlImunar // Vss. Bysos. ®usnka. — 2015. — Tom 58. — Ne 11/3. — C. 68—
72.

[7] Petrov V. Precise subnanometer control of the position of a macroobject by light pressure / V. Petrov,
J. Hahn, J. Petter, M. Petrov, T. Tschudi // Opt. Lett. — 2005. — Vol. 30. — P. 3138—3140.

[8] TTerpor B.M. Mccienopanue cui KazuMupa MeToiaMu AMHaMHuecKoil rosorpacun / B.M. [Tetpos,
M.IT. TTetpos, B.B. Bpuikcun, E. [Terrep, T. Uymu // KIT®. — 2007. — Tom 131. — C. 798 —
807.

[9] Romashko R. Resonance micro-weighing of sub-picogram mass with the use of adaptive
interferometer / R. Romashko, T. Efimov, Yu. Kulchin // Measurement Science Review. — 2014. —
Vol. 14. — No 3. — P. 160—163.

[10] Romashko R.V. Linear phase demodulation via reflection photorefractive holograms /

R.V. Romashko, Yu.N. Kulchin, A.A. Kamshilin // OSA TOPS. Photorefractive Effects, Materials,
and Devices: Proceeding Volume. — Washington, DC: Optical Society of America, 2005. —
Vol. 99. — P. 675—680.

[11] Shandarov S.M. Two-wave mixing on reflection dynamic gratings in sillenite crystals under phase
modulation of signal beam / S.M. Shandarov, A.A. Kolegov, N.I. Burimov, V.1. Bykov, V.M. Petrov,
Yu.F. Kargin // Phys. Wave Phenomena. — 2009. — Vol. 17. — Nel. — P. 39—44.

[12] lllannapos C.M. O6Hapy:KeHHe BKIaaa 0OpaTHOro (JieKCo3eKTprueckoro adexra B
doTopedpaKkTHBHBIH OTKJIMK B MOHOKpHCTaJie THTaHata Bucmyta / C.M. Illaunapos, C.C. IlImakos,
H.U. Bypumos, O.C. Ciosaesa, 10.®. Kaprun, B.M. [Tetpos // ITucbma B JKITD. — 2012, —
Tom 95. — Nel2. — C. 699—702.

[13] anpapos C.M. Briajg o6paTHoro dieKcoaJeKTpuueckoro apdekTa Bo BCTpeUHoe ABYXBOJHOBOE
B3aMMOJIEICTBHE CBETOBLIX My4KOB B hoTopedpakTuBHLIX Kprctaiax / C.M. Illaunapos,

C.C. llImakos, I'.B. 3yes, H.U. bypumos, K0.®. Kaprun, B.B. lllenenesuy, I[1.1. Ponor,
B.I'. I'ynenes // Ontnueckuii sxypuan. — 2013. — Tom 80. — Ne7. — C. 5—12.

[14] Shandarov S.M. Revealing of the flexoelectric parameters in cubic photorefractive crystals using two-
beam coupling/ S.M. Shandarov, N.I. Burimov, A.O. Zlobin, V.I. Bykov, K.P. Mel'nik,

V.V. Shepelevich, A.V. Makarevich, Y.F. Kargin, K. Shcherbin // In: Photorefractive Photonics 2015,
Villars, Switzerland, 16-19 June 2015. — 7

[15] Wannapos C.M. Bksan o6partHoro ¢JiekcosekTpuieckoro scdekra B horopepakTHBHBIA OTKIIHK B
tutanate Buemyta / C.M. llannapos, H.M. Bypumos, C.C. IlImakos, I1.B. 3yes, A.E. Yp6an,
B.C. l'op6aues, 10.®. Kaprun, B.B. lllenenesnu // Uspectuss PAH. Cepusi usnueckas. —
2012. — Tom 76. — Nel2. — C. 1452—1455.

[16] Shandarov S.M. Revealing of the flexoelectric parameters in photorefractive crystals using two-beam
coupling on reflection gratings / S.M. Shandarov, N.I. Burimov, S.S. Shmakov, A.E. Urban,

A.A. Shmidt, A.O. Zlobin, V.V. Shepelevich, K. Shcherbin // In: 23rd congress of the international
commission for optics, Santiago de Compostela, Spain, 26—29 August 2014.

[17] 3no6un A.O. ®azoast ieMoy/isilidst B rojiorpapuueckom HHTephepoMeTpe, UCHOb3YIOLIEeM
BCTPeUHOE B3aUMOJIeliCTBHE B KpHcTaslax cutenntos cpesa (111) / A.O. 3n06un, A.A. Lmuar,
H.U. Bypumos, C.M. lllannapos, B.B. lllenesnesuy, 10.®. Kaprun // M3BecTs BbICIINX yueGHBIX
zaBenennit. Gusuka. — 2015. — Tom 58. —Ne 11/3. — C. 64—67.

[18] Shandarov S. Two-beam coupling in sillenite crystals / S. Shandarov, A. Reshet’ko, A. Emelyanov,
0. Kobozev, M. Krause // Proc. SPIE. — 1996. — Vol. 2969. — P. 202—210.

146



Yeruble nokaanpl. Cekuusa Ne2
®opmupoBaHue H306paXKeHHH 1 0TOOpaXKeHHe HHPOPMALIHH C TOMOILIBIO TOJOTPAMMHON ONTHKH

Phase demodulation of light fields in laser interferometry based on
dynamic diffusion holograms in photosensitive crystals

S.M. Shandarov', N.I. Burimov', S.S. Smakov', A.O. Zlobin', V.I. Bykov', V.V. Shepelevich?,
A.V. Makarevich?, K. Shcherbin®

'"Tomsk State University of Control Systems and Radioelectronics, Tomsk, Russia

21.P. Shamyakin Mozyr State Pedagogical University, Mozyr, Belarus

3Institute of Physics, National Academy of Sciences, Kiev, Ukraine

We report the theoretical consideration the effects of phase demodulation in adaptive
holographic interferometers, which are realized at codirectional interaction of light waves on
dynamic hologram of diffusion type in the (110)-cut sillenite crystals. It is shown that a linear
regime of phase demodulation can be realized for account of the joint contribution of flexoelectric
and elasto-optic effects to the dynamic material response. We experimentally studied the
holographic interferometer based on codirectional interaction in the (110)-cut bismuth silicon
oxide crystal for light waves with identical linear polarization, which have been used to build-up a
hologram having the spatial period of 0.6 pum and the grating vector directed along the [001]
crystallographic axis. It was demonstrated that the component relevant to linear regime of phase
demodulation is presented in the spectrum of an output signal.
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24  Toaorpaduueckue ceHCOpbl U BO3MOXKHOCTU UX MPUMEHEHHUSsI

A.B. Kpaiickuii', B.A. [locmnukos?, T.B. Muporosa', T.T. Cyamaros’, A.A. Kpaiickuii',
M.A. lllesuenxo’

' ®usnueckuii unerutyt um. [1.H. JleGeneBa Poccuiickoii akagemun nayk, Mocksa, Poccust
2OHKILI dhusnko-xumuueckoit Meauimnbl, PMBA, Mocksa, Poccust

['onorpacuueckue ceHcopbl (I'C) — 3To HOBBIH KJacc AMArHOCTHYECKUX YCTPOHUCTB Jist
omnpesiesieHus1  KoMmnoHeHToB pactBopoB [1—5]. B [2] BBeneno onpenenenve ['C: 310
«aHaJUTHUECKHE YCTPOHCTBA, OTparkaiolllMe Y3KOMOJOCHBIH CBET OT YJbTPaguoJEeTOBOTO JI0
MH(paKpaCHOro JMAnasoHoB, TpeHa3HayeHHble [yl OOHApy»KeHHsl W KOJUYECTBEHHOIO
omnpesie/IeHHsl aHAUTOB U/ WK pU3UIeCKUX napaMeTpoB>». OHM MOTYT IPUMEHATLCS 1 H3MEePEHUS
kucsaotHocTH (pH) BOAHBIX pacTBOPOB, cofepxKaHWsi HOHOB METAJIIOB, IS aHAJH3a COJEPXKAHUS
CMHpPTa B pacTBOPE, COZIEPKAHMUS BOJIbI B YIJIEBOJOPOHOM TOTJIMBE, COAEPXKAHHUS [VIIOKO3bl B KDOBH
U B JIPyTUX OUOJIOTHUECKHX XKUJKOCTSX, MeTabOJUTOB, HAJUYUsI pocTa GaKTepui, crop OakTepui,
BJIAKHOCTH aTMocdephbl, /I aHajdu3a Jakrata B IJ1a3Me KpOBH, COJep:KaHusi COpOHMTOJA,
COJlepKaHUsi MOYEBHHBI, COJEPKAHUSI TOPIOUMX YIJIEBOJOPOAHBIX Ta30B B BO3MyXe U T.J
['onorpacpuyeckue ceHCOpbl MOTYT TPUMEHSTbCS B Pa3/MUHBIX 0OJACTSX: MEIMIMHE, MUIIEBOH
MPOMBILIJIEHHOCTH, MOHHTOPUHI€ OKpYXKalollleH cpe/ibl, B YACTHOCTH BOJAHBIX PECYpcoB, W T.II.
MOXKHO C yBEPEHHOCTbIO YTBEPIKAATh, UTO CEHCOPbl MOXKHO OyleT NPUMEHsSTh B ObITy, pHYeM B
MacCOBOM MOPSIJIKE.

['C npexcTaB/sior coO0H MaTpULY Ha OCHOBE MOJMMEPHOTO ruaporeis ToauuHoi ot 10 1o
50 MKM, 3aKpernJeHHyI0 Ha Mpo3payHod TomioxkKe. B marpuile oOGpasoBaHbl MepuHoaHuecKHe
CJIOUCTbIE CTPYKTYPbl C MU3MEHSIOLIMMHUCA ONTHYECKMMH CBOHCTBaMM, 00pasylolllde roJorpamMmmy
Jenuctoka. [ Ipu ocBellieHMH GeJibIM CBETOM roJIorpaMMa 0TPakaeT MOHOXPOMATHYECKOe U3JTydeHHe
C JIJIMHOK BOJIHBI B Cpejie, paBHOH MPUMEPHO YBOEHHOMY MepHOdy CTPYKTypbl. Kak npaBusio, 311
CTPYKTYpPbl M3TOTaBJIUBAIOT PoTOrpacuyeckuM crocoGoM, roJiydasi B MaTpulle CJIOH HAaHO3epeH
cepebpa WM €ro COeMHEHWH TMpU UHTepdepeHIHn JBYX BCTPEUHBIX KOTE€PEHTHBIX Ja3epHbIX
My4YKOB. DTH CJIOU Mbl Gy/IeM Ha3blBaTb MHTEeP(EPEeHIIHOHHBIMU ¢10siIMHA. OHU NPeICTaBsIoT cO60M
CJIOM HaHo3epeH cepeOpa, WJIM CoelMHeHUi cepebpa. B MaTpully BCTpoeHbl creluasbHble
BELIECTBA, MPU B3aUMOJCHCTBUU KOTOPBIX C OMNpeeJsieMbIM BELIECTBOM H3MeHsieTcsl HabyxaHue
(M cxKaTve) MaTpHilbl, TeM OoJiblliee, ueM GOJbIIe COAepXKaHHE BelllecTBa. DTO MPUBOAUT K
M3MEHEHUIO MTePHOJIA CJIOEB U, CJIEI0BATEJILHO, JUIHHBI BOJIHBI OTPAXKEHHOT0 HaaydeHust. OnpereJsis
BU3yaJIbHO HM3MEHEHHE 1BeTa OTPAXKEHHOr0 CBETa WJIM HU3Mepsisl 9TO U3MEHEHHE JUIMHbI BOJIHbI
CMIEKTPOMETPOM WJIH IPYTUMHU CIIOCOOAMHU MOKHO CYJIUThb O COJIEP2KaHUH HCKOMOTO BEILECTBA.

[Ipy TOYHBIX H3MepeHHsiX BaKHO BbiOpaTh mnapametpbl ['C Takum o6pas3om, 4YTOOKI
00eCrneyuThb MPaBUJIbHBIA PeKUM €ro paboTbl. TOUHOCTh U3MEPEHHS JJMHBI BOJHBI JIOJ2KHA ObITh
JIOCTATOYHOU JIIi U3MEpeHUusi TecTtupyemoro mnapamerpa. [Ipu pabote ¢ MasorabapuTHbIM
CTMIEKTPOMETPOM, amnmnapaTHas (yHKIHsS KOTOPOro MMeeT CHEeKTPa/bHYI0 LIMPUHY OKOJO D HM, U
IIMPUHON H3MepeHHOH moJsiockl 8— 10 HM, CcTaHAapTHOE OTKJIOHEHHE TMOJIOXKEHHSI MaKCHMyMa
cocrapisizio 0,05 M. TouHOCTh cBfi3aHa CO CMEKTPa/JbHOW ULIMPUHON, KOTOpasi MpH MaJioi
ndpakuuonHoit sddextusHocty (J19) 1 onpenensiercs soipaxkennem AA = 0,886A/N, rae N —
YUCJ0 HHTep]epeHUHOHHbIX coeB. JID no/kHa ObITh JOCTATOUHOW JIi HOPMaJibHOH paboThl
peructpupywolieid cucrembl. OaHako npu Gosibliol JID usaydeHue He MPOHHKAeT BriyOb B
rosiorpauuecKuii CJIOH, 4TO MPUBOJAMT K YMEHbIIIEHHIO YHC/Ia HHTEP(EPUPYIOIINX CI0EB, CTPOSIIIIUX
OTpaKeHHOE W3JyYeHHe, M, CJIeJ0BaTesbHO, YUIMPSET JIMHUIO OTpayKeHus [6—7], 4To MoxkeT
MOHHU3UTh TOUHOCTb M3MepeHHus. PeasibHO NOMKHO BBIMOMHATBCS HepaBeHCTBO 1 < 0,1. Coenyet
MMeTb B BMIy, 4YTO NMpH IUY3HOHHOM MeXaHH3Me pacnpocTpaHeHHsi KOMIIOHEHTOB pacTBopa
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BHYTPU CJI0S1 YBeJIMUEHHE TOJILIHMHBI TOJOrpauuecKoro ¢Jiost J0KHO MPUBOAUTD K YBEJIUUEHHIO
BpEeMEeHH YCTaHOBJIEHUS PABHOBECHOTO pacripeieseHnst KOHLIEHTPALMK MO TTyOrHE CJIO0S.

st obecniedennsi npaBubHOrO pexkuma padotel ['C HeoOXoMMO onpenesisiTh OCHOBHbIE
napameTpbl rosiorpauueckoro c¢Jost: TOJIIMHY W aMIUIMTYdy MepeMeHHOH 4YacTh roKasareJsi
npesoMyIeHHsl. DTO MOXKHO JiesiaTh MO LIHPUHE W TyyOuHe Op3TTOBCKOrO IMpoBaja B CHEKTpe
npornycKanus rosorpammsbl [6]. st masbix sHauenuit J19 nmapameTpbl BHIUMCISIOTCS O MTPOCTHIM
dhopmysiam, 17151 60J1bINX JID GblaT paspaboTaH crienrasbHbIH aJrOPUTM.

[Ipu uccnenoanuu peakunu I'C Ha ocHOBe aKpUJIOBOH KMCJIOTHI Ha TUTPOBAHHE pacTBOpa
111eJI0UH coqIsTHOM KucoTok oT pH = 11,8 10 2,8 npu pe3kom najieHuu KUCJAOTHOCTH U JUTUHBI BOJTHbBI
HabJTI01aJI0Ch PE3KOE U CHUJIBHOE, TTIOYTH Ha MOPSIOK, yBesnuenue 113 [3, 4]. DTo Hano UMeThb B BUIY
npu BbIOOpe pexkuma paboThl CEHCOopa.

B ciyuae BOomHBIX pacTBOPOB STHJIOBOTO CIUpTa B o6sacTh KoHuenTtpauuit ot 0 1o 47 %
M3MeHeHHe JIJTMHbI BOJIHBI CEHCOPa HA OCHOBE aKPUJIOBOH KHUCJOTbHI ME€PEKPbIBAIO BECh BUIAUMBbIH
nuanason ot 780 mo 380 um [ 3, 4].

Hamu Oblid M3yyeHbl OTKJIMKM CEHCOPOB Ha OCHOBE AKPUJIOBOH KUCJIOTbI HAa MOHBI Psiaa
MeTaJIJI0B B BOJE B LIMPOKOM JuanasoHe kKouuentpauuii ot 1077 1o 0,1 M [3, 4]. ITo xapakrepy

OTKJIHKA HOHBI PA3/IE/IHINCh Ha 3 TPYIIIIbI: ¢ HAHOOUBIIEH UYBCTBHTENBHOCTBIO 102 M — HOHBI
Pb*" u Co®*, ¢ cyliecTBeHHO MeHbLIel YYBCTBUTELHOCTLIO — HOHbI LIEJ0YHbIX MeTa/uioB Na™,
K*, ¢ ellle MeHblIel YyBCTBUTENBHOCTBIO — HOHbI APYTHX IBYXBaJIeHTHBIX MeTa/ioB (Mg?*, Sr¥*u
Mn?**). Takum o6paszom, ['C MOryT GbiTh JaTYMKAMH, TOKA3bIBAIOIIMMH YKECTKOCTh BOJIbI.

[Ipn usmepenuu comep:kaHusi TJIIOKO3bl B TMJ1a3Me KPOBH BO3HHMKaeT mnpobJema: Ha
UYBCTBUTEJILHOCTH CEHCOPA K TJIIOKO3e BJHSIOT HOHbI 1EJ0YHBbIX METaJJIOB, CofepxKallliecs B
nuiaame ¢ Konuenrpauuen 0,15 M. UyBCTBUTELHOCTD K TJIIOKO3€ MPU 3TOM CHHKaeTcsl 6oJiee ueM
Ha Tmopsinok. Ilpobsema Oblia pellleHa TpPU  TOMOIIM  CHEMAMbHOH MPOGOTIOATOTOBKH,
nepeo6pasyolliell IJI0Ko3y B 1IeCTHATOMHbBIH cnupT copbuT [8]. B pedysbTate uyBCTBUTENBHOCTD
Gbia moBbilieHa 1o 200—400 HM/MMOJIb. CranjapTHoe OTKJIOHEHHEe TPH U3MEPEHHH JIJIMHbBI
BOJIHBI y HAC TpH 1MpuHe JuHUH okosio 10 HM cocraBasio 0,05 Hm. B cootBeTcTBHM ¢ 3THM
MaKCcHMaJlbHasi TOYHOCTb OMpeJiesieHNs] KOHUEHTPALMH TIIOKO3bl 3aBUCHT OT CBOHCTB KOHKPETHOH
roJjorpaMMbl M B pa3BeleHHOM H3MepsieMoM o6pasiie cocrasistia o 1,0-107* MM. s
roJIOrPAMMbl, HCIMOJIb30BAHHOW B peabHOM 3IKCMEPUMEHTE C MUKPOMJIIOWIHON TEXHUKOH, 3Ta
TOYHOCTH coctapJisizia y Hac 8,0 - 10~ MM, uto B mepecyeTe Ha HCXOAHBIE 00pasell MIa3Mbl KPOBH
cocrapssier 0,015 MM rt0Ko3bl. DTa TOUHOCTH GoJiee ueM B 6 paa Jiydille, 4YeM Yy 3TaJOHHOTO
anamzatopa «YSI 2300 STAT PLUS», npenesn OTHOCHTENBHOTO CPEIHEr0 KBaApPaTHUHOTO
OTKJIOHEHHS] U3MepeHuil Kotoporo He npeBbimaet +2%. Tounoctb ['C 3HAYUTEILHO MPEBOCXOAUT
TpeGoBaHus Mo MexkayHapoaHomy cranaapty [ISO15197 —2013 n71st 371€KTPOHHBIX TJIIOKOMETPOB, 110
KoTopbiM He MeHee 95% pesysbTaToB IJIIOKOMETpa JOJKHBI OTKJIOHSITHCS OT Pe3yJbTaToB
5TAJIOHHONO AHAJIM3ATOPa COCTABJSIONIAs MPH COACPIKAHMM TJIIOKO3bl CBbile 5,55 MMOJIL/J He
Goatee, ueM Ha 15%, a MpH cofeprKaHUH TJIIOKO3bI 10 5,55—0,83 MMoutb/ 1.

CyuiectBeHHbIM mpenmyiliectBoM ['C mepen MHOTUMH JPYTHMH  SIBJISIETCS MPOCTOTA
MCIMOJIb30BAaHUSI X B MHOTOKaHaJbHOM BapuaHTte. Jljisi peasnsaluy BceX BO3MOXKHOCTEH TaKOro
BapuaHTa (B YaCTHOCTH OJHOBPEMEHHOCTH 00paGOTKM MHOTMX KOMIIOHEHTOB M 006pa3ioB) Obl1
pa3paboTaH KOJIOPUMETPUUECKHUH CMIOCOO U3MEPEHHUS IJIMHBI BOJIHBI Y3KOMIOJIOCHOTO HU3JTyYEHHS 110
mdpoomy usobpaxkenuto [9—10,4]. B xauectBe peructpatopa u300paKeHUs MOMKHO
UCI0JIb30BaTh JII0O0H ObITOBOH LMQPOBOH (oToanmapat, BK/OUas BCTPOEHHbIH oToanmnapar
MOOGHJILHOTO TeJsiepoHa.

[Ipu paboTe ¢ oObluHbIMU (hoTOrpaduueckuMu hopMaTaMH yAaa0Ch UCIOIb30BATh YUaCTOK
x)enaroi obmnactu crnektpa 570—600 HM ¢ TouHOCTBIO omnpenenenus AauH BosiH 0,16 HM [9] Ha
MeranukcesbHOM n3obpaxkenuu. [lepexon k pa6ore B RAW-dopmare [10] no3Bosma paciimpurhb
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pabouuii 1uanasoH 1o 455—625 HM. DTO ABUJIOCH CJAEJICTBHEM TOTO, YTO B 3TOM (hOopMaTe Mbl
paboTaeM C HeHCKa)KeHHBIMH KOMIMbIOTepOM (oToarmnaparta JaHHbIMH. B 3ToM quanasoHe ecTb
nepeKpbITHE UyBCTBUTEJNLHOCTEH KPACHOH M CHHEH TPy CeHCOpoB doToarmnapata, U LBETHOCTD
M3MEHSIeTCSI MOHOTOHHO TIpH HM3MEHEHHM JJIMHBI BOJiHbL.  CpeaHeKBagpaTHUHbIA pa3bpoc
orpeJie/IeHHs1 IJIMH BOJIH B MOJIABJSAIONIEN YacTu 3Toro auanasona coctasui ot 0,3 1o 2,0 um. [Tpu
3TOM TOUHOCTb OTpesie/IeHHst KOHLIEHTPALIMKM MOKeT 10CTHraTh 0,1 MMOJIb/J1.

CoueTaHHe KOJIOPUMETPHUECKOTO METO/Ia aHa/Iu3a ¢ MHOTOTOYE€UHBIM CEHCOPOM OTKPbIBAaeT
BO3MOXKHOCTH TPOBEJIEHHST OJHOBPEMEHHO OGOJILILIOTO KOJMYECTBA aHAJIM30B. JIO HECKOJbKHX
JIECSITKOB.
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Holographic sensors and possibilities of their use

A.V. Kraiski', V.A. Postnikov?, T.V. Mironova', T.T. Sultanov’, A.A. Kraiski',
M.A. Shevchenko'

"'P.N. Lebedev Physical Institute, Russian Academy of Sciences, Moscow, Russia
2 FNKC of Physical-chemical Medicine, FMBA, Moscow, Russia

Holographic sensors (HS) are a new class of diagnostic equipment for determination of
solution components [1—5]. The HS are defined in [2] to be “analytical devices that
systematically diffract narrow-band light in the ultraviolet to near-infrared range for application in
the detection and quantification of analytes and/or physical parameters”.

They can be used to measure the acidity (pH) of water solutions, the concentration of metal
ions, the concentration of spirit in water solutions, the glucose concentration in blood and other
biological liquids, the metabolite concentration, etc. The HS can be used in: medicine, food
industry, monitoring of environment, of water resources, etc.

The HS is the Denisiuk hologram formed in the polymer hydrogel based matrix with
thickness from 10 till 50 um. Being illuminated with the white light, the hologram reflects the
monochromatic radiation with the wavelength in media approximately equal to the double structure
period. There is special material built-in the structure, its interaction with the detecting matter
changing the expansion (or contraction) of the matrix. One can detect the matter under
consideration from changing the wavelength of the reflected light.

The accuracy of measurement of the wavelength has to be sufficient to measure the tested
parameter. With the reflection band of 8—10 nm, the standard deviation of the maximum
wavelength was 0.05 nm. The spectral width at a small diffraction efficiency (DE) 1 is determined
by the formula AX = 0.886A/N, where N is the number of diffraction layers. At large DE (1 > 0.1),
the radiation does not penetrate deeply into the holographic layer, which leads to broadening the
reflection line [6—7]. In order to provide a correct regime of the HS operation, one has to determine
the main parameters of the holographic layer: the thickness and the amplitude of the varying part
of the refraction index. It can be done basing on the width and deepness of the Bragg reflection
band gap in the transmission spectrum using a special algorithm [6].

Titring the alkaline solution with the hydrochloric acid in HS with the acrylic acid base, we
observed drastic (almost an order of magnitude) increase of DE [3, 4] with sharp and strong
decrease of the acidity and wavelength, which is important for the operating regime of the sensor.
In the case of water solutions of the ethyl spirit at concentrations from 0 to 47 %, the change of the
reflected wavelength covered all visible range from 780 to 380 nm [3, 4]. We studied responses of
the sensors with the acrylic acid base to metal ions in water at wide range of concentrations from
107" to 0.1 M [3, 4]. The ions are divided into three groups: of maximal effect (Pb**, Co®"), the
sensor responses to the concentrations about 107> M, considerably less affecting alkaline metals
Na*, K*, even less affecting other divalent metals (Mg?*, Sr** Mn?*). Thus, HS can be used as
water hardness sensors.

In the blood plasma, there are ions of alkaline metals with concentration 0.15 M. That
leads to the decrease of the HS sensitivity by more than an order of magnitude. We report a way to
solve the problem in [8]. In this case, the standard deviation for the original pattern of the blood
plasma was 0.015 mM of glucose. This accuracy is more than 6 times better than that of the
standard analyzer «YSI 2300 STAT PLUS» (+2%). The HS accuracy considerably exceeds the
requirements in accordance with the international standard ISO15197-2013 for the electronic
glucometers (15%).
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To realize all HS abilities (in particular, simultaneous treating multiple components and
patterns), we worked out a colorimetric method to measure the wavelength of the narrow band
radiation from a digital image of the sensor[9—10, 4]. When working in the RAW-format [10], the
operating range is 455—625 nm. The mean square deviation of the wavelengths at the most of the
range was from 0.3 to 2.0 nm, the accuracy of concentration determination was up to 0.1 mM.
Combining the colorimetric method with the multipoint sensor opens a possibility of making a large
number of analyses at once: up to a few tens.
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2.5 BoanoBoanbie u [IBO ronorpammMbl B 0CBETUTEIbHBIX U AUCTIJIEMHBIX
cucremax

AH. Nymuiun
@usuueckuit uuetutyT um. [1.H. Jle6enera Poccuiickoit akanemuun nayk, Mocksa, Poccus

['onorpaMmbl  MHTETpUPOBAHHbIE B BOJIHOBOJAHBIE CTPYKTYpPbl HJIM ONTHKY Ha MOJHOM
BHyTpeHHeM oTpaxkeHnu ([TBO) npennoxkeHnbl W u3ydaroTcesi 10cTaToyHo JaBHO (1), HO peasibHOE
NMpUMEHEHHe MMEHHO TaKUX TroJiorpaMM, a He ©6oJiee MPOCTbIX HHTErpasibHO-ONTHYECKHX
JU(PPAKLMOHHBIX ONTHYECKHX JE€MEHTOB, BecbMa OrpaHudyeHo. DTO CBSI3aHO, Mpexe BCero, ¢
Kpa#lHel OrpaHMYeHHOCTbIO PErHCTPUPYIOLIMX CPel TMPUrOAHBIX I 3aruCH  BOJHOBOJIHbIX
roJiorpamMM, Beflb B Ipollecce 3alucH BOJHOBOJHOE PACMpPOCTpaHEHHEe CBeTa B PErMCTpUpYIOLLed
cpejie TPOUCXOIUT CO 3HAUMTEJIbHBIM MOTJIOLLIEHHEM U BOJIHOBOJIHOE PaclpoCTpaHeHHe OrpaHHyeHo,
BO3MOKHO HCIOJIb30BaHHE JIMOO MOBEPXHOCTHBIX CJOEB B CJOUCTHIX CTPYKTypax (evanescent
mode), 6o [1BO ¢ npumMeHeHHeM JOMOJIHUTENLHBIX JIEMEHTOB CBSI3H (3aMMCh HA 30HE CBSI3H),
JM60 UCMOJb30BAHUE 3aMTUCH U BOCCTAHOBJIEHHSI TOJIOMPAMM Ha Pa3HbIX JVIMHAX BOJH, HO 151 3aMUCH
2D wmn 3D uzo6paxkeHuil npuaeTcst KOMINEHCUPOBATh 3HAYUTE IbHbIE XpoMaTHYecKHe abeppaliuH.
B nanHoii paboTe NPOBOAMTCS aHaANU3 cXeM 3amnuch BoJHOBOAHBIX U [IBO rosorpamm s
KOTEPEHTHBIX CUCTEM CHHTE3UPOBAHUS JIHUCIJIEHHBIX [OJ0TpaMM, JUIsi OCBETHTEJBbHBIX chcTeM 3D
JIUCIIJIeeB U roJiorpaduuecKix BUPTyasbHbIX AUCIIIEEB.

H1- collimation hologram
H2- hologram- beam splitter

N

waveguide

Fourier holographic

LCD & lens

Mechanical translator
driver

Hogel forming

Reference beam forming holographic telescope ) Aperture
waveguide

I Samsung Advanced Institute of Technology (SAIT)+ LPI ( Putilin Lab.) ‘
Puc. 1

B kauyectBe npumepa HuxKe (puc. 2) npuBeeHa cxeMa paboThl U BUJL MHTETPaibHON rOJIOBKH

3aMUCH CUHTE3UPOBAHHBIX TOJIOTpaMM, B paboTe KOTOPOH HMCMOJb3YIOTCsl HeCKoJbKo BUioB [1BO
roJjiorpamm (2).
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B 3ak/oueHMH cClelyeT OTMETHTb, UYTO HMHTErpauus FoJIOTPAMM B OMNTO3JEKTPOHHbIC
YCTPOHCTBA HE MPOCTO TEHJIEHLMS B Pa3BUTHHU roJiorpaduu a HacyliHasi He0OXOIMMOCTb, MOCKOJIbKY
TOJILKO BBICOKAs1 TEXHOJIOTMYHOCTb OTKPbIBAET MyTh MACCOBOMY IPUMEHEHHIO roJiorpaduu.

MHTerpanbHan ronoBKa 3anmcu CUHTE3UPOBAHHbIX AUCNIEUHbIX
ronorpamm Ha 535 Hm.

lonorpaduyecknin genntenb ny4vka- INH3a

—
-

Konnumupytoluan
« ronorpadpuyeckan nnH3a

a3 -
= L - L(‘Z-D maTtpuua
-

®ypbe- 06bEKTUB
\ |
|
\

MnockocTb 3anucu xorenem

lonorpaduyeckmnin opmmnpoBaTesib ONOPHOrO Ny4yKa

Puc. 2. Cxema 1 B HHTErpasibHOTO YCTPOHCTBA JYIs 3aITMCH CHHTE3HPOBAaHHBIX 3D rosiorpamMm
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Waveguide and TIR holograms in the illumination and imaging systems

A.N. Putilin
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The holograms that are integrated in the waveguide structure or optics on total internal
reflection (TIR) was proposed and studied for a long time (1), but the real application of such a
holograms, unlike the more simple integrated optical diffractive elements, is rather limited. This
occurs due to the very limited range of the recording media suitable for the waveguide holograms
recording. The waveguide propagation of light in the recording medium during the recording
process is accompanied with significant light absorption. So the variants of recording methods is
limited, one of the possibilities is to use either of the surface layers in the layered structures
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(evanescent mode), or TIR scheme using additional coupling elements (recording on the
communication area), or the recording and reconstruction of holograms at different wavelengths,
but the recording of 2D or 3D images according to this variant requires the compensation of the
significant chromatic aberration.

H1- collimation hologram recording scheme

»2 PBS /2

M\ ................. - |_

Fig. 1

In this paper, an analysis of the recording schemes of waveguide and TIR holograms for
coherent synthesizing display holograms, for illumination systems, 3D holographic displays and
virtual displays is provided.

As an example (Fig. 1) shows the scheme of H1 recording for integrated synthesized
hologram recording head (2).

155



Tonorpadus. Hayka u [1pakTuka
13-4 mexxnynapontasi koudepenuus «I'omodkeno 2016»

26  JHepreTuuecku apdekTuBHbIe hopMHUPOBATENH AMIJIUTYAHO-(a30BOI0
pacnpeneneHus Ja3epHbIX My4YKOB AJisl rojorpaduu u uurepdepomeTpun

O.B. lloavwukosa, A.D. Cuoik, A.B. [llypoieun
OO0OO «Hanorounoctb», Mocksa, Poccus

B GosblIiMHCTBE  ONTHYECKHX CHCTEM C  HCIMOJb30BAHWEM JIa3€PHOTO  HU3JyUeHHUS
npebsBasieTCs psil TpeGOBAaHUI K ero nmapameTpam: OfHOPOJHOE aMIIMTYJHOe pacrpeaeseHue U
COCTOSIHME TMOJISIpU3alMd 10  (POHTY, TMPOCTPAHCTBEHHAsT W BPEMeHHasi KOrepPeHTHOCTb,
MJIOCKOCTHOCTb WJIH C(PEPUUHOCTbL BOJIHOBOTO ppoHTa M T.1. Bo MHOTHX 3a1auax MUKpPOOOpPaboTKH
MaTepuasa (MapKUpoBKa, rpaBUPOBKA, MpsiMasi JlazepHasi 3aMuCh U T.11.) JI/Is JOCTHXKEHHST BBICOKOH
TOUHOCTH M KayecTBa 0OpabOTKU MpuberaioT K TpaHchopmaluu rayccoBa npoduJs Mmyyka B Tak
HazblBaeMblil T-npocusb [ 1], nan naockuil npocuss (puc. 1), Xxapakrepudyouuics: OAHOPOIHBIM
aAMIUIMTYHBIM pacripefesieHeM. 3aaada COCTOMT B TOM, 4ToObl KaK MOXKHO GoJiee 3(h(eKTHBHO
MCIOJIb30BaTh SHEPTHUIO, 3aK/IOUEHHYIO B JIA3€PHOM TyuKe, W yNpaBJsaTh ero ¢opmoil. s stux
leJiell  TPUMEHSIOT pedpakUMOHHbIE KOPPEKTOPbI, MpeACTaBJsiole coO6ok  ahoKalbHyO
OTNTHYECKYI0 CHUCTEMY C KOJUIMMHPOBAHHBIMM MydKaMu Ha BXoie W Bbixoje (puc.2). [lepsblii
KOMITOHEHT CHCTEMbI BHOCUT KOHTPOJIUPYEMYIO BOJHOBYIO abeppaliuio [2], mepepacnpenensionyio
9HEPTHIO OT LEHTPa K nepudepun nyvka, a BTOPOH KOMIIOHEHT KOMIEHCHpyeT 3Ty abeppauuio. B
pesyJsibTaTe Ha BbIXOJE TAKOH CHCTEMbl MOJydaeTcsl OHOPOJHOE aMILIUTYAHOE pacrpeiesneHue U
MJIOCKHI BOJIHOBOH (DPOHT, MPH 3TOM OCTAaTOUHble (ha30Bble UCKAXKEHUS TPeHeOPEKUMO Malibl.
CTpyKTypa 1 pacXofMMOCTb MyYKa He HapyIIaloTcs.

P

\I’V+V+V\F

V‘Fl A\ l\f\l’

Puc. 2. Cxema pecdpakilnoOHHOI0O KOPpEKTOpa

Pecdpaximonnubie  KoppeKTopbl TpeOyloT CcOOJI0eHHsT HOMHHAJIBLHOTO JUaMeTpa |
KOJITMMUPOBAHHOCTH TMyYyKa Ha MX BXOJle, a TaKxkKe TOYHOIO BBOJA W3JYyYEHHS B HUX, J/Is 4ero
MCIT0JIb3yeTCs MPELM3HOHHAsK ONTOMeXaHuka. Ho pesysibTaThl HCMob30BaHKs TTyUKa ¢ T-Mpoduiem
(omHOpO/IHOE CHATHE MaTepuaJa, MojydyeHHe OCTPhIX KpPaeB M CTyMeHeK, paBHOMepHasl 3aCBeTKa )
MOJIHOCTBIO OKYMAIOT TH 3aTPYIHEHHUS.

CucreMbl KOppeKUMH TMpocuss Mydyka XapakTepU3YIOTCsl TakyKe J0CTATOUHO OOJIbIIUM
3HaueHueM ryTyOuHbI «M300paxkeHusi». Hanpumep, 1is 0lHOMOIOBOTO KOJITUMUPOBAHHOTO MyYKa C
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JunHOi BosiHbl A = 405 HM M 1uamMeTpoM 6 MM o ypoBHIo Heprud 1/e’ Ha Bxome KoppekTopa
OJHOPOJHOCTD PACMIPEEIeHHs SHEPTHHU B yuke B npenenax +10% coxpansieTcs Ha IpOTSKEHHH
200—1000 mwm.

B rosorpaduueckux u uHTEpepOMETPUUECKUX CHCTeMaX, paboTaroluX C MJIOCKAM T10
amruiuTye W aze TMyuyKoM, OCOOEHHO Ba)KHO COXPAHHTb €0 I1eJIOCTHOCTb. AJIbTEepHATHBHbBIE
MOJIXOJbl — HCIOJIb30BAHHE MHUKPOJIMH30BBIX PACTPOB, MUKPO3epPKaJ W MPU3M — pas3pyliaroT
CTPYKTYpY MyuKa, a CJeoBaTe/IbHO, He MOAXOMAAT /st OOJbIIMHCTBA 3alau HHTepdepomeTpuu [3].
Hcnonb3oBanue quacdparM U anofM3alMoHHbIX (DHJILTPOB MPUBOIUT K UACTHYHOH TTOTEpe SHEPTUH
nyuka. [ToaToMy onTHMa/bHBIM pellieHHeM 0CTatoTesi pepaKkilHOHHbIE KOPPEKTOPHI.

B noknane npencraBsieHbl pe3ysibTaThl MPUMEHEHHs] pepPaKIUOHHBIX KOPPEKTOPOB B
yCTpoHCTBe MpsiMoi 3anucu 2D rojiorpamm, MOCTPOEHHOM 10 MPUHIKITY HHTeP(ePEHIIUIOHHOTO JI0T-
MaTpHuKca, a Takke B cucreMe CBetoBoe mepo. [IpuBeieHbI Tak:Ke pe3yJibTaThl K3MepeHHusi (hasbl
nydka rno ¢ppoHty B rosiorpaduueckom nntepdepomerpe BHII-6a3a.

Ucrounuku
[1] Laskin A. Building beam shaping optics for micromachining / A. Laskin, V. Juzumas, A. UrnieZius,
V. Laskin, G. Slekys, et al. // Components and Packaging for Laser Systems. SPIE Proc. —
2015. — Vol. 9346. — P. 934615.
[2] Laskin A. Beam shaping to improve holography techniques based on Spatial Light Modulators /
A. Laskin, V. Laskin // Emerging Liquid Crystal Technologies VIII. SPIE Proc. — 2013. —
P. 86420I.
[3] Laskin A. Collimating beam shaper for holography and interferometry / A. Laskin, V. Laskin //
Practical Holography XXVII: Materials and Applications. SPIE Proc. — 2013. — Vol. 8644. —
P. 864406.

Energy eifective amplitude and phase laser beam shaping optics for
holography and interferometry

0.V. Polschikova, A.F. Smyk, A.V. Shurygin
OO0 “Nanotochnost”, Moscow, Russia

Beam shaping technique is becoming more and more important for the purposes of
micromachining, marking, scribing, etc. Beam shapers are used to transform the Gaussian profile
of a laser beam to a flattop one, having almost uniform amplitude distribution and thus improving
the quality of the material processing. The results of the reiractive beam shaping optics application
in the interference dot matrix system for direct recording of 2D holograms and also in the Light Pen
system are presented.
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3.1 CpaBHeHHWe XapaKTepUCTUK TMOPUAHBIX ()OTONMOJUMEPHbIX MaTEPUAIOB
«I'mopumep-Tarc» 1 <ORMOCOMP», npeaHasHaueHHbIX IJ19 IPAMOK
Jla3epHOH 3anucH

H.I'. Muponnuros', B.I1. Kopoaekos', [I.H. [lepessanko?, B.B. lllekaosnukos?, A.I'. [Toaewyk’
"Mucturyt aBroMaTHKH U ssekTpoMetprn CHOHpCKOro otaeenusi PoccHitckoit akajieMit Hayk,
Hosocubupck, Poccusi

2Mneruryt opranndeckoi xumun um. H.H. Bopoxiiosa Cubupckoro otiesienust Poccuiickoi
akanemuu Hayk, HoBocu6upck, Poccus

BBenenue

doTononuMepHbIe OpraHUuecKre -HeopraHnueckiue KOMIO3UIIMN AKTUBHO HCCJIEIYIOTCS ISt
3ajiau MOCTPOEHHsT Pa3/IHUHBIX MUKPOONTHUECKHUX 3JeMeHTOB. DPOTOOTBEpKAEHHbBIE CTPYKTYPhI U3
TakuX (OTOMATEPHANOB 3HAYHUTEJNLHO MPEBOCXOAAT MO MEXaHMUYECKUM KauecTBaM CTaHAapTHbIE
doropesuctl THna AZ15XX u S18XX. Cpenu cambIx H3BECTHBIX U KOMMEPUYECKH JOCTYMHBIX
saisitotest Ormocer n SU-8. Matepuan Ormocer (cokpatiienue ot organically modified ceramics),
pazpaboranubiii PpayHrogepoBCKUM HMHCTUTYTOM HccyenoBaHusi cuankatoB (ISC), siBasiercs
ru6puaHbIM Y D-PoTooTBEpKIaEMBIM TTOJTUMEPOM U HMEET HECKOJIbKO BAPHAHTOB KOMITO3ULMH ISt
Pa3JIMUHbIX TEXHOJOTHH H3rOTOBJEHUST MUKpoonTHieckux KomnoHeHToB (OrmoComp, InkOrmo,
OrmoClear, OrmoCore, OrmoClad, OrmoStamp)[1]. Hau6osee noaxoasiimm yist 3a1au Ja3epHoi
sanucu  sipasercss  oronoaumep OrmoComp®, KOTOpbIH 1M03BOJSIET HAHOCHTb METOJIOM
1leHTpuYrupoBanust cjou ToJuHOH MeHee 10 MKM, a Takke o6JanaerT MOBbILIEHHOH
MeXaHU4YeCKOH TBEPIOCTbIO U HU3KUM TeMIEePaTyPHbIM pacliMpeHHUeEM.

Taxzke cylecTByIOT OTeueCTBEHHbIE pa3pabOTKH THOPUIHBIX OPraHUY€eCKH - HEOPTaHUI€eCKHUX
tdoronosumepos. B HUOX CO PAH na ochoe TetpakpuiaThbix (TA) u THos1-crokcanoBbix (TC)
oJIMroMmepoB Obla CUHTe3MpoBaHa rudpuaHas otonosaumepHast komnoduius «['uépumep-TATC»
[2]. B kauecTBe unuiMaTopa oTonoguMepusalii B KOMNo3uLuio 106assercst rekcadropocdat
2,4-mmstun-9-okco- 10-(4-rentunokcudennn )-9H-tno-kcantenuss B Kauectse 5%-0i no Becy
no6aBKe K pacTBOPY TeTpaaKpUJIATHBIX OJHUroMepoB B Xjaopodopme. JloGapjaeHne vHULIMATOPA
(hoTornosMMepu3ali MPUBOUT K yBeJHUEHHUIO MoT1olieHus B o6aacTu 370—430 um [3]. B padore
[4] mokazaHo, 4TO OJIMTOMEPHI B KOMMO3UIMH MOYKHO CMEIIMBATh B PA3JIMUHBIX COOTHOIIEHHSIX, UTO
MPUBOAUT K MOAM(HUKALUM TEPMOONTHUECKHX, MEXaHHUECKMX M TPOUYHOCTHBIX XapaKTEPUCTHK
(hOTOOTBEPIKIIEHHOTO MaTepHasia B LIMPOKUX MpeJieiax.

B 3710l paGore wu3ydeHbl ONTHYECKHE METOIbl (HOPMUPOBAHUS MHOTOYPOBHEBOTO
MUKpopesibeda B TOHKHX TJIeHKaX (hOTOMOJMMEPU30BAHHOTO TMOpUIHOTO MaTepuasa «[ nbpumep-
TATC», u xomMmepueckd Bbilyckaemoro aHajora OrmoComp® U3 cepud THOPHIHBIX
cdoronosumepoB Ormocer®.

JKcnepuMeHTalbHas 4acThb
3a ocHOBY cxeMbl mpolecca GOPMUPOBAHUST MHOTOYPOBHEBLIX MUKPOCTPYKTYP OBl B3ST
npoLecc, ONMUCAHHBIN B paboTe [ D], /151 H3roTOBJIEHHST GUHAPHBIX CTPYKTYP B cyiosix OrmoComp®.
[Tocsie psina >KCMepUMEHTOB 3TOT mpolece Obla JonoJHeH. PagdpaGoTaHHbIH HaMH TPOIECC
MOJTy4eHUs] MHOTOYPOBHEBBIX MHKPOCTPYKTYp B mieHkax «[n6pumep-TATC» u Ormocomp®
MpeacTaBjeH Ha PUC. | U COCTOUT U3 CJIEIYIOLIHX ITAMOB:
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| — ruienka, 2 — nopioxkka, 3 u b — YO skcrionnpoBanue, 4 — 00bLEKTUB Jia3ePHOU 3aUCH
Puc. 1. [Tosranuast cxema noJiydeHust MHOrOypPOBHEBbIX MUKPOCTPYKTYD

HaHeceHnue u npeaakcno3uius

- [IpuroroBsenne naeHok. Ha moarotoB/eHHyio CTEK/ISTHHYIO MOJIOKKY auamMetpa 60 Mm
nHanocuan 200 mr pacrtBopa «['u6pumep-TATC» c cootHowennem TA k TC kak 2:1 wm
Ormocomp®. MeToaoM LEHTPUPYrHPOBAHUS JOCTUrasach TOJILMHA TWUIeHKH =10 MKM npH
6000 06/ cek a1 OrmoComp® u 4000 06/cek ans «u6pumep-TATC».

- DTar npeaBapuTeNbHON CYLIKH OT OCTATKOB PACTBOPUTEJIS U yJIydllIeHHSI KaueCTBa MJIeHKH
OCYIIECTBJISITIOCH HA MPOrpaMMHUpyeMoit reun rpu Temmneparype 95°C B TeueHue 5 MUH IS TJIEHOK
OrmoComp® u 2 mun 1y «['u6pumep-TATC».

- Jlo1s1 noBbIllIeHUsT (hOTOUYBCTBUTEJNLHOCTH MJIEHOK BBIMOJHSJI0CH paBHOMepHOoe YD npen-
9KCMOHMpOBaHWe Ha JuHe BosiHbl 405 M ¢ mosamu 0,1 u 0,3 Jk/em? st OrmoComp® u
«I'u6pumep-TATC» cooTBETCTBEHHO.

JlazepHas 3anucb MHOrOypoOBHEBbIX CTPYKTYP.

- 3anuch chOKyCHPOBAHHBIM HENpPepPbIBHBIM J1a3ePHbIM My4KOM Ha AJHHe BoJiHbl 405 HM
MPOMCXOJUIA HA YCTaHOBKe KpyroBo# JazepHoi 3anucu KJI3C npoussoncrea MAud CO PAH [6].
Bblin 3anucanbl MHOTOYpOBHEBbIE JU(PAKIMOHHbIE CTPYKTYpbl meprogom 100 MKM u JiHHEHHO
uaMenstioLeics 1030i sKcnosuumu 10 1,95 Jk/cm?. JluameTp 1myuka u CKOpOCThb €ro CKAHHPOBAHHS]
cocrapasier 0,8 MKM 1 630 MM/ceK COOTBETCTBEHHO.

[locT-3kcno3uums
- JIOMOJIHUTEbHBIH 3Tan paBHOMepHOH Y® 3KCrosuiuu ¢ 1030i nopsaka ~1 Jlx/cm? n
BpPeMEHEM OKOJIO =5 MUH, TPUBOJIUT K POCTY CTPYKTYP.

[IposiBneHue
- Bpems nposiBnenust ctpykryp misi OrmoComp® ¢ nomoluibio (UpMEHHOTO MPOSBUTEJIS
Ormodev coctaBasier He 6oJiee 1 MunyThl npu Temneparype 25°C. na «['u6pumepa-TATC» npu
TeX JKe YCJIOBUSX [POSIBUTEJIEM SIBJISIETCS STHJ0BbIH 3(DUP JIEBYJHHOBOH KHCJIOTBI.
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Cyuika B neun nipu temneparype 150°C B Teuenue 1—4 yacoB ajist TOJHOH NMOJMMEPHU3ALIHH
CTPYKTYP.

Tak:ke GblM MPOBEEHBI 3aTTUCH, B KOTOPbBIX YACTHYHO MJIM MOJHOCTBIO OTCYTCTBYIOT 3Tallbl
npeJi- U NOCT-39KCMO3ULHH.

Pe3yabTaThl M X 06CyxKIeHUE
Ha puc. 2 ¢doro u npodunorpaMmmbl nosydeHbl ¢ nomoulbio Mukpockona Carl Zeiss u
untepepomerpa 6esoro cBeta WLI (Breitmeier Messtechnik GmbH, Tepmanus). 3D
npogusorpaMmma I pakuMoHHbIX CTPYKTYp «I'n6pumep-TATC» umeer rirybuny 4,5 MKM, podpuiib
KOTOPOM TaKxKe MPeJICTaBJIEH Ha PUC. 3 MO MHIEKCOM «C».

r ~ 25 T
J :
4 2031\ \
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X|MEM]
a — ¢oro, b — 3D npodunorpamma crpykryp ['n6pumep-TATC,
¢ — npocuiiu petietok «[n6pumep-TATC» (kpachbiii) 1 OrmoComp® (cuHwMi)
Puc. 2

Has «'u6pumep-TATC» wmepoxoBarocTb noBepxHocTd He npesbitiaer 30 um (PV), uro
conocTaBuMo ¢ kKadectBoM cTpyktyp OrmoComp®. Ha puc. 2¢c npuBeaeHbl HaJl0KeHHbIE IPYT HA
Apyra npogu/u AByX AM(pakuHoHHbIX neproaoB Ha ocHoBe «['u6pumep-TATC» n OrmoComp®,
MoJIlyYeHHble ¢ COOJII0JIeHHEM BCeX TEeXHOJIOTMYeCKHX 3TanoB. [IpuW MouTH OMHAKOBBIX YCJOBHSIX
KBa3WIMHeHHbIH qanazon aist OrmoComp® He npeBbicu 1 MKM, B To BpeMsi Kak st «'ub6pumep-
TATC» o cocraBsisieT Gogiee 2,2 MkM. C pyroit CTOPOHbI XapaKTePUCTHKK 0OpaTHOro ckaTa 6oJiee
yeM B noJiTopa pasa MeHblue it OrmoComp®.

BuinsiHve TanoB npej- U MocT-3KCMO3UIMH, Ha XapakTep MpouJist Nepuoaa NpeacTaB/ieHo
Ha puc. 3. Jlnsl HarJsHOCTH CJleBa yKa3aHa 3aBUCHMOCTb J103bl SKCIIO3ULIMK OT TOJIOKEHHUsT B
nepuose. [Ipoduab «a» uMeeT KBa3WJIMHENHHBIH YUACTOK BBICOTOH 1,5 MKM, MPU 3TOM UMEET IPKO
BbIPa’KEHHbBIH «CKAUOK» XapaKTepHbIH JJIsi KOHTPACTHbIX MaTepuasioB. [Ipu nobGaBjeHun stana
npes-3KCno3uLuH (Mpoduiib «b» ) KOHTPACTHOCTb CHUKAETCS, OAHAKO 3HAUMTEJIbHO YBEJTUUHBACTCS
BeJIMUMHA 0OpaTHOro ckara (2,2 pasa). drtam MoCT-3KCMO3UIUKU B BapUaHTe «C» CYLIECTBEHHO
yBeJIMUMBAET IVyOHHY MepHO/a, OHAKO CKOPOCTb POCTa CTPYKTYP MPOUCXOIUT HEPABHOMEPHO, UTO
MPUBOJUT K 3HAUMTENbHOMY M3THOY npoduss. Beanunna KBaguaMHEHHOTO yyacTKa B 3TOM cJyyae
JlocTHraeT 2,5 MKM, a CTPYKTYpbl pacroJfiozKeHbl Ha (DOTOMOJMMEPHU30BAHHOM CJIO€ TOJILIMHOK
3 MKM. C 1pyroii CTOpOHBI, 3Tar MOCT-3KCMO3UIMH MOUTH He BJUSIET HA pa3Mep oOpaTHOroO cKarta
(yBennuenue =5%), a TakxKe CrIaKMBAET MOBEPXHOCTD.
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Puc. 3 CneBa — XY npodusn audpaximontoro nepuoga «u6pumep-TATC» B pasinuHbIX YCJOBHSIX 3aTHCH,
ClpaBa — HarvisiiHasi 3aBUCHMOCTb JI03bl SKCIIO3ULIMU OT KOOPAMHATDI 1€ PHOJA

3akaioueHue
B paGote Obliv ornpeneseHbl MapaMeTpbl TEXHOJOTHYECKHX TPOLECCOB H3TOTOBJEHHUS
MHOTOYPOBHEBBIX MUKPOCTPYKTYP METOJIOM TMPSIMOK JIa3epHOH 3amucK Ha JyiiHe BoJiHbl 405 HM B
niieHkax «['m6pumep-TATC» u OrmoComp®. [lokazaHo, 4yTo HCMOIb30BAHHE JOTIOJHUTEIbHBIX
3TarnoB paBHOMEPHON KCMO3ULIMH TJIEHOK CYLIECTBEHHO yBeJHYMBAET KBA3WJIMHEHHbIH AHana3oH
3aBMCHMOCTH IJIyOUHbI pesibeda OT MOILIHOCTH MyyKa.
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The comparison of the characteristics of hybrid photopolymeric materials
“HYBRIMER-TATC” and “ORMOCOMP”, for direct laser writing

N.G. Mironnikov', V.P. Korolkov', D.I. Derevyanko?®, V.V. Shelkovnikov?, A.G. Poleshchuk'
!Institute of Automation and Electrometry, Siberian Branch of the Russian Academy of Sciences,
Novosibirsk, Russia

?Novosibirsk institute of organic chemistry, Siberian Branch of the Russian Academy of Sciences,
Novosibirsk, Russia

The applications of hybrid organic-nonorganic photopolymers are being actively researched
for fabrication of microstructured optical components. The optical microstructures fabricated on
the photopolymers have much better chemical resistance and thermomechanical stability than the
structures formed in standard positive photoresists based on novolac resins. Hybrid photopolymers
(HP) have potential for manufacturing of phase multi-level micro-optical elements without transfer
of their surface profile from photoresist to optical substrate that is usually made by expensive
reactive ion etching. However, HP such as OrmoComp® (one of the UV-photocurable Ormocer®
polymers delivered by Micro Resist Technology GmbH ) is mainly used only for replication of micro-
optical elements. It is also known the OrmoComp® due to high-contrast characteristic curve can
be used for direct laser writing of deep binary microstructures intended for micro-electromechanical
systems. Our task was to investigate a possibility of direct laser writing of multilevel diffractive
structures on hybrid photopolymers. Besides OrmoComp® we investigated Hybrimer-TATC
based on thiolsiloxane and acrylate oligomers. It is synthesized in NIOCH SB RAS (Russia).

Laser writing was done by circular laser writing system CLWS-300IAE developed in IAE
SB RAS.

Possibility of direct laser writing of multi-level diffractive structures has been investigated
for both hybrid photopolymers mentioned above. It was offered to use additional technological steps
of pre-exposure and post-exposure to obtain more linear characteristic curves. Studied hybrid
photopolymers can be used for fabrication of diffractive structure with 1—3 pum profile depth.
Hybrimer-TATC allows one to fabricate deeper multi-level structures but with larger backward
slope. It makes the material more suitable for microoptical elements like refractive microlens
arrays.
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32  OcoO0eHHOCTH BO3AeHCTBUS U3JyUYeHHUsI Ha 0Opa3iibl MOJUMEPHOrO
marepuana «Judgen»

0.B. Anodpeesa, b.I'. Manyxun, /[.A. Mocetiko, H.B. Andpeesa
Cankr-IleTepOyprekuil HaMOHANBHBIN HCCJIEIOBATENLCKUH YHUBEPCUTET HHDOPMALIMOHHBIX
TEXHOJIOTHH, MexaHUKH 1 onTHkH, CankT-Iletepbypr, Poccus

BBenenue
[TosumepHble cpenpl ¢ M y3HOHHBIM TPOSIBJEHHEM HA OCHOBE TOJHMETHJIMEeTaKpuJIaTa
(ITMMA) 1 CcBeTOUyBCTBHUTEJBbHOTO coelnHeHUsi (peHaHTpeHxHHOH (DPX) mpeacraBasioT coboH
MepPCreKTUBHBIA PETUCTPUPYIOLIUH MaTepHas st CO3MaHUST BbICOKOCEJEKTHBHBIX TOJIOTPAMMHbBIX
onTtuueckux saeMeHToB (['O), 3anucu 1 XpaHeHUs1 HHPOPMALIMH, a TAKXKE B UCCIIEI0BATENbCKUX

uensx [1—5].
«Jlncdden» sapnsgercs oaHoll n3 Momudukaumii Takux cpena (ITMMA/®X), noayuenue
roJIOrpaMM Ha KOTOPBIX BKJIOYaeT TpU 3tamna: | — 3KCHNOHWpOBaHHe, 2 — TPOsIBJIeHHE, 3 —

tdukcupoBanue [6]. [lpouecc obecupeunBanus, T.e. npeodpazopanre PX, UMEOLIETO TOJOCY
MOrJIOLEHUsT B BHUAMMOH o6sacTH crekTpa, B OecuBeTHblll ¢ortonpoaykt (PII) ¢ nosocoi
norJolieHus B Y@ o6sacTi NpOUCXOIUT MOJ BO3AEHCTBUEM aKTUHUYHOTO U3JydeHus Ha sTamne | u
Ha stane 3. Ha stame 1 pacrpenenenre HMHTEHCHBHOCTH BO3JEHCTBYIOILETO H3JydeHHs
npeo6padyeTcsi B NpPOCTpaHCTBeHHOoe — pacnpenesneHue  Mojekyn PII; na srtame 3
He3KCMOHUPOBaHHbIe MoJieKysibl DX paBHOMEPHO pacripejiesieHHbIe 110 06'beMy Cpe/ibl Ha sTare 2, ¢
MOMOILIbI0 HEKOTePEHTHOH 3acBeTKH MpeobpasyloTess B HECBETOUYBCTBUTEJNbHbBIA (POTOMPOIYKT.
[Ipeo6pazoBanne ®X B PI1, conpoBoknaemoe n3MeHEHUEM CMEKTPATLHOTO MOTJIONIEHUS CPEJIb,
MPUBOJMT K M3MEHEHHUIO ee MoKasaTest npeomenns Ha Beauunny An® () xapakTepusyoliyio
(hazoBble M3MeHeHHs1 cpelpl (B Makpomaciutabe) rmocse TMpOoBeIeHUs] MOJHOro LMK/
06paboTKH, T.€.
AI’[CDX/(DH(A) — ’,LOCDH(}\) _ nOQDX(}\)’

rie 1o®" cpeHunil mokasaTe b MPEJOMIIEH ST CPe/Ibl Mocse moJHoro npeobpazosanust PX B OIT;
ny®™ — cpeanunii mokaszaresib npesomienus cpeabl ¢ X B HCXOIHOM COCTOSIHMM JIO Havaja
9KCTOHUPOBAHMSI.

Kak mnokaszasu TeopeTHueckue pacueThbl, BbIMOJHEeHHble B padore [7], 3aBUCHMOCTb
An®®T(}) umeert coxKHbI XapakTep: BeanunHa An®Y®! B KOpOTKOBOTHOBOI 061aCTH BUIUMOTO
CMeKTpa OTpHLATeNbHA, B JUIMHHOBOJHOBOH — T[10JIOXKMTEJ/IbHA; B LEHTPaJbHOH 00J1acTH —
nepexouT yepes HyJaeBoe 3HaueHue. Takue H3MeHeHHsI CPpe/IHero noKasareJist IpesioMJIeH s CPe/ibl
HeoOXOIMMO YUMTBIBAaTb TPH pacueTe YCJAOBHH 3KCIJyaTalldM BbicOKoceseKTHBHbIX [0 ¢
3aJlaHHbIMU MTapaMeTPaMHU.

B To ke Bpems HMeEIOUIMXCS IKCMEPUMEHTANbHbIX W TEOPETHUYECKHX JAHHBIX $IBHO
HEJI0CTATOUHO /151 OLEHKH ONTHYeCKMX napameTpoB o6pasuos ITMMA/®X u ux usMeHeHHH:
MH(pOopMalLKs BecbMa orpaHuueHa, 10CTaTOYHO MPOTHBOPEUYNBA U MOJyUeHa B Pa3/IMUHBIX YCAOBHUSIX,
UTO 3aTPy/HsIET CPaBHUTE bHBIA aHaIn3 pe3yabraToB [1]. Hanpumep, BbimosiHeHHbIE HAa XOpolIeH
9KCIIepUMeHTaNbHON Gase uaMmepenus An®/®M MeTonoM HHTephepeHIIMOHHON CIEKTPOCKOMHH [ 8]
otHocsATest K MK o6aactu cniektpa (1520—1570 Hm); npu 3TOM B KauecTBe BO3/IEHCTBYIOLLETO
MCIOJ1b30BAIOCH U3JyueHHe H32 HM NpaKTHUEeCKH 3a rnpeaesamu obactu noryoutenust OX.

OueHKa (ha3oBbIX H3MeHeHHIl 06Pa3LoB, XapaKTepuaylouyx seuanny An®/*! g yenopusx,
KOTOpble peasiM3yloTcst B 9KCIEpUMeHTax Mo co3faHuio peanbHbix [0, sBjsercs: akTyaJbHOH
3a7aueil B COBPEMEHHbIX YCJOBHSX, KOIJIa aCCOPTUMEHT OObEMHbBIX PETUCTPUPYIOLIMX Cpesl st
3anucu uHhopMalui BeCbMa OTpaHHUEeH.
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OO0DBbeKT U MeTOoA, HCcief0BaHUS

O6beKToM HccenoBaHus SBASIOTC 00pasibl Matepuana «Jludden», nosydeHHbie 1Mo
pazpaboTaHHOH TexHosoruM [6] U o6Jjajnatolide CcTabUJbHBIMH W BOCIPOU3BOJIMMBIMH
rojorpauueckuMu U pU3NKO-MeXaHHIeCKHUMHU XapaKTePUCTHKAMH.

B KkauecTBe OCHOBHOTO MNapaMeTpa paccMOTpPeHO H3MeHeHHe (asbl  H3JydeHHus,
TeCTUpyloLlero oOpasel, B IPOLECCe €ro 3SKCIOHUPOBAHUS AKTHMHUYHBIM M3JyueHHMEM M B
MIOCTKCIO3ULIMOHHBIA Neproi. B kKauecTBe akKTHHHYHOrO ObLIO HUCNOJB30BAHO H3fydeHne DPSS
Jlazepa ¢ JJIMHOW BOJIHBI 473 HM, UTO COOTBETCTBYeT 00JIaCTH CIeKTpPaJbHOH YYyBCTBUTEJLHOCTH
06pasios IIMMA/®X, 1MpoKo HCTOb3YeMOli B 9KCTIepUMEHTaX.

dazoBble  HW3MepeHHs]  MPOU3BOJUINCH  METOJOM  LU(POBOH  roJorpaduueckon
untepdpepometpun (LIIT'M) Ha sxkcnepumentanbHoM crenzie [9] ¢ AMHHONH BOJIHBI TECTHPYIOLLETO
uanyuennsi 532 M. LludpoBble rosorpamMMbl PerncTpUpoBalUCh B TeUeHHE BCEro BpPEMEHH
HaOJII0/IeHHs: J10, BO BpeMsl U 10c/1e SKCIIOHUPOBAHMSI C MHTEPBAJIOM B OfIHY cekyHuy. Lludposbie
MHTepdeporpaMmbl MoJIydeHbl yTeM CPaBHEHHS TEKYIIEH roJ0rpaMMbl ¢ TOJOTPAMMON HCXOJHOTO
cocrosiHusl o6pasua. Pesysnbrathl 06paboTKU TakoH HHTepdeporpammbl MPeACTaBJSIOT COOO0N
NPOCTPAHCTBEHHOE U3MeHeHHe (asbl TECTUPYIOILEr0 U3JYUyeHHsl B TEKYLIMH MOMEHT BpeMEeHH MO
CPAaBHEHMIO C HMCXOAHBbIM cocTosiHMeM oOpasua. lMsmenenue mnpomnyckanus oOpaslia Npu ero
o0eclBeYMBAHUH KOHTPOJUPOBAJIOCH H3MEPUTEJbHBIM TPUOOPOM.

JKcnepyMeHTaNbHble pe3yJabTaTbl M X aHAJIU3
Ha puc. la npuBeneHbl 3aBUCHMOCTH HM3MeHeHHUs! asbl TECTHPYIOLLEro H3JyuyeHHs M
NponyckaHuss obpasua TOJLMHON 2,7 MM B LeHTpe 00JaCTH 3KCIIOHMPOBAHHUS BO BpeMs
BO3JCHCTBUSI M3JIyYeHHs] W B [OCTIKCIO3ULUMOHHBIA repuoA. KoJumMMUpOBaHHBIN  My4OK
BO3/I€HCTBYIOLLEr0 U3/ydeHHUsT UMeJT AMaMeTpP 8 MM C HECKOJIbKO Pa3MbIThIMH KpasiMi; M0JIydeHHble
MHTepdeporpamMmbl (0iHA U3 HUX MPHUBE/IeHa HAa Bpe3ke puc. 1a) obJaaanu KpyroBoi CHMMeTpHeH,
POCTPAHCTBEHHOE pacripe/iesieHHe NapaMeTpoB U3MePSIOCh 10 JIMHUH A—A B ropH30HTa/IbHOM

CCUECHHUH.
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a — U3MeHeHHe MpoIycKaHus (LUTPUXOBasi KpUBast, MOLUHOCTb H3aydeHust 20 MBT) u hasbl TecTHpYIOLLErO H3/TyUeHHs]
(532 HM) B 11IeHTpe KCIIOHUPOBAHHOM 06acTh Mpu MolHocTH uaaydeHust 20 MBT (A) u 30 MBT (X)), Ha Bpeake — BHJL
uudpoBoi HHTEpdeporpaMmbl B MOMeHT BpeMenH 70 ¢; 6, B, T — pacripeiesieHne (asbl TECTHPYIOLLETO H3JTyYeHHUs M0
nuioniaay obpasua B ceueHnu A— A npu BozaeicTBud u3tydenns 473 oM (6 — 10¢; B — 50c¢)uB
MOCTIKCMO3UIMOHHBIH nepuo (1 — 890 ¢)
Puc. 1. Vi3ameHeHue onTHueckux XapakTepucTuk oOpasia matepuana Hudden 3a Bpems HaOM0eHUS B IpoLiecce
IKCTIOHUPOBAHUS U3JTyueHHEM 473 HM U B NOCTIKCIIO3ULIMOHHBIN MEPHOL
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[Iponyckanue o6pasiia B npoiiecce Bo3IeUCTBUSA U3aydeHus 473 HM MolIHOCTbIO 20 MBT
(puc. la, mITpUxoBas IMHUS ) UMEET TUHUHBIHA B Pe3KOe yBeJHUeHHe MPOMyCKaHUs B HaUaJIbHbIH
nepuon Bozzeiicteus 0—50 ¢ W jocTwkenue crabuabHoro coctosinus (T = 80%), KoTopoe
MPaKTHYECKH He M3MEeHseTCsl MPH JajbHeHlleM BO3leHCTBUH, T.K. npeobpasoBanHue OX B PII
NPOLLJIO MOJHOCTBIO. B HavyasbHbIH NeproL BO3AEHCTBUS TaKKe MMPOUCXOAUT Pe3Koe yBeJHYEHHE
asbl p 10 €ro MaKCHMaJbHOTO 3HAYeHHs, KOTOPOE 3aBUCHT OT MOIIHOCTH BO3IEHCTBYIOIIETO
M3JlydeHHst U ToJIIMHbI 06pasua. [lasnee 3HaueHue asbl BBIXOIUT HA CTaOUIIbHBIN yPOBEHb, KOTOPIH
MPU OMPeIEJEHHbIX YCIOBUAX MOXKET ObiTh HHMXKE MAKCHMaJIbHOTO 3HAueHHsi — HeOOoJblIoe
CHIKeHHe a3kl Mmocsie J0CTHKEHUS] MaKCUMAJIbHOTO 3HaYeHUST MOXKHO HabJI0aTh HA 3aBUCUMOCTH
(1) npu yBesmueHun MotHocTH 10 30 MBT (puc. la). UpesBbluaitHo HHTEpeCHOH 0COOEHHOCThIO
3aBUCUMOCTH (1) SIBJSIETCS TO, UTO TP CHATHM BO3MAEHCTBHUs (Da3a yMEHbIIAETCS W JIOCTUTAET
MOCTOSIHHOT'O OTPHULIATEIbHOTO 3HAYEHUST — (@,y/5.

M3menenue asbl Ha 3Tane BO3IEHCTBUS M3JyuyeHHsl OOyCJaBAMBAIOT JBa OCHOBHBIX
npouecca: dortookucaenne ®X (kpantoBbiii Boixog ~50% [10]) u narpes o6pasua 3a cuer
MOIJIOLLEHUs] SHEPIHH. B MOCTIKCMO3UIMOHHbBIH MTepHojl HarpeB 00pasua OTCyTCTBYeT, U H3MEHEHHE
(hasbl B 3TOT MEPHUOJ MO CPABHEHHUIO C MCXOAHBIM COCTOsIHHEM o6pasua 0OyCJO0BJEHO HMEHHO
toroobeciBeunBanureM. [IpuBenennbie Ha puc. 16, B, I NpocTpaHCTBEHHbIE pacrpeeseHust hasbl
B ceueHUH A—A CBHIETENLCTBYIOT 06 3TOM: B MOCTIKCIO3UIIMOHHBIN TIEPHOJI, TIPOCTPAHCTBEHHOE
u3MeHeHHe (asbl yBEPEHHO JMArHOCTHPYETCs TOJMbKO B 06JIACTH IKCMOHMPOBaHMs (puc. IT) B
OTJIMYME OT aHAJIOTHYHOH 3aBUCUMOCTH BO BpeMsl SKCIIOHHpoBaHusl (puc. 16, 1B).

Pegynbrathl  06paboTkM  1MGPOBBIX  HHTepdeporpamMMm, MOJy4eHHbIX Ha  3Tare
MOCTKCIO3UIIMOHHOTO CTabUJIBHOIO COCTOSIHUSI 00pasua B psiie SKCIIePUMEHTOB, MPHUBEJEHbl B
TabJiuie.

Ta6n. 1. iameHeHue (asbl TeCTUPYIOLLETo HaaydeHus (532 HM), npolieiiero o6pasell B MOCTIKCIO3UIIMOHHbII
nepuoz (puc. la, 850—900 ¢) B ieHTpe 06/1aCTH SKCTIOHUPOBAHUS U3JTyueHHeM 473 HM C Pa3/IMuHOH MJIOTHOCTbIO

MOLIHOCTH
No MotuHocTb u3nyuenusi, MBt [TnotHOCTB H3meHeHue dasbl,
IKCIepUMeHTa (473 um) MotHocTH, MBT/cm? ®n/5 (532 Hm)
| 21 33 —1,1540,04 n
2 33 42 —0,8540,08 n
3 36 1146 —1,0640,07 n

Mckombiit HaGop uHTepdeporpamm (GopMHUpoOBaJCs U3 UHTepBaJa BpeMeHH HabJIoIeHHs
850—900 c (puc. 1a) Tpex cepuil 3KCEPUMEHTOB C PA3JUUHBIMU YCJIOBUSIMU SKCTIOHUPOBAHUS: U3
Ha6opa 50 uHTepdeporpamm Oblio BbiOpaHo 10 THMHUHBIX KaapoB-HHTepdeporpaMm (puc. 1r);
npou3BeeHa nX 06paboTKa; OTpe/IeIEHO CPeHee 3HAaUEHHE (/5 U €T0 MOTPEIIHOCTh. SHAUEHUS @,/5
COOTBETCTBYIOT H3MeHEHHUIO (Da3bl TECTUPYIOLIETO U3JyYeHH sl B CTaOWIbHBIN MOCTIKCITO3ULMOHHBIN
MepHOJL MO CPABHEHUIO C UCXOIHBIM COCTOsIHHEM 06pasiia 10 HauaJa SKCIOHUPOBAHHUSI.
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Puc. 2. Jlunamuka u3MmeHeHn# (asbl TECTUPYIOLLETO U3aydeHus (D32 HM) B LeHTpe 06/1aCTH SKCOHHPOBAHHUS B
MOCTIKCIO3ULIMOHHbIN MePHOL /1S IKeiepuMeHTOB 1(A), 2(x), 3(0) (cM. TabJuILy ) ¢ Pa3JIMUHON MJIOTHOCTbIO
MOLLIHOCTH U3JYUeHHsT; QPor(1) = @(1)/ @5

Ha puc. 2 npencrapsieHa nocTaKCno3uMOHHAs IMHAMKUKA H3MeHeHHUsT (ha3bl TECTUPYIOLIETO
M3JlydeHHsl B TPOBEJEHHbLIX IKCIIePUMEHTaX. 3aBUCHMOCTb @on(f) = @(1)/@,/» AeMoHCTpUpYeT
BaKHble 0COOEHHOCTH MOBeeHUsT Pasbl Ha MOCTIKCIO3UIIMOHHOM 3Tare: U3MeHeHHe 3Haka (ha3bl
npoucxoaut uepe3d 70— 100 ¢, a joctkeHre mocTosiHHoro 3Hadenusi yepes 150—200 ¢ nocse
OKOHYAHHSI SKCITIOHUPOBAHHSI.

Taxkum o6pazom, moJydeHHble IKCMEpUMEHTasbHble JaHHble (TabJ. 1) MokasblBalOT, 4YTO
thaza obeciiBeueHHOro obpasiia, ONpeje/eHHas MO CPABHEHHIO C €ro MCXOAHBIM COCTOSIHHEM,
MPaKTUYEeCKH He 3aBMCHT OT MJOTHOCTH MOLLIHOCTH BO3JEHCTBYIOLLETO U3JyYeHHUsl B UCCJIElyeMOM
JIManasoHe U COCTaBJsIeT BeJUUUHY @,/ = —1,02+0,15 m. (CremyeT OTMETHTD, YTO MPU UBMEHEHUH
MJI0THOCTH MollHocTH B 40 pas uamenenue ¢asnl He npesbimaet 15%).

3akatoueHue

[IpoBenenbl KoJIMUeCTBEHHblE OlLIEHKH H3MeHeHHsi (ha30BbIX XapaKTepUCTHK oOpasiia
MOJUMEPHOH  PETHUCTPUPYIOIleH cpeibl Ha OCHOBe (DeHaHTpPeHXHHOHA, O0OYCJOBJIEHHBIX
(hOTOXMMHUECKUMH TpOlleCCaMHi MOJl BO3AEHCTBMEM AKTMHUYHOTO H3JIydeHHSI C JJIMHOH BOJIHbBI
473 um. IlokazaHo, 4TO Mpu MOJHOM OOECUBEUHBAHUM HE3aBUCHUMO OT MJOTHOCTH MOLIHOCTH
BO3JIEMCTBYIOLLETO H3JIyueHHUs pasa TeCTUPYIOLILEro U3JyYeHHsI C VIHHOM BOJIHBI 532 HM U3MeHsIeTCsl
Ha BeqnunHy —3,2+0,5 paguan Mo cpaBHEHHIO C MUCXOMHBIM COCTOsIHHEM 06pasiia 0 Havaja ero
9KCMOHUPOBaHUs. B mpeano/ioxkeHUH HEM3MEHHOCTH TOJIIMHBI o6pasiia B JAHHOM Mpollecce
H3MeHeHHe ero rokKasaTeJisi IpeJioM/IeHHst cocTapsieT Beanuuny An®/*M = —(1,02+0,15)- 107

[Ipu cpaBHEHMH 3TOro 3HAUEHUsI C pe3yJbTaTaMH, MOJy4YeHHbIMU B paboTe [8] npu ajiuHe
BosHbl 1,5 MkM An ®¥/®T = +4 3 -107° MOKHO KOHCTATHPOBATh, 4TO X0/ 3aBHCHMOCTH An®/®T(})
anst 06pasuoB [IMMA/®X kauecTBEHHO COOTBETCTBYeT TeOpeTHUeCKHM pacuetaM paboThbl [7], a
M3MeHeHKe 3HaKa (a3bl IPOUCXOAUT B CrIeKTpasibHON 06acTh A > 530 HM.

Asropbl 6aaronapsat O.B. bantok 3a uarotopsienne 06pasiioB U 06CyKIeHHE Pe3yJ/IbTaToB.
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Peculiarities of the exposure of radiation on polymeric material
“Difphen”

0.V. Andreeva, B.G. Manukhin, D.A. Moseyko, N.V. Andreeva
Saint Petersburg National Research University of Information Technologies, Mechanics and
Optics, Saint Petersburg, Russia

Introduction

Polymeric recording media with the thickness of the order of millimeter are used at the
present time for scientific purposes and for the creation of highly selective holographic optical
elements (HOE), for recording and archival storage of information. [1—5]. One of the most
promising practically realizable materials for recording volume holograms are polymeric media with
diffusion enhancement based on polymethyl methacrylate (PMMA) and phenanthrenequinone
(PQ). Such materials are characterized by high resolution capability and information capacity of
the samples in combination with available technology of their production. Their disadvantages
include the fact that the change of physico-mechanical characteristics of polymer samples and their
optical parameters during changing external conditions (including temperature and humidity) is
significantly higher than other optical materials such as silicate glass or optical crystals.

Changes of parameters of the sample due to increase of its temperature should be taken
into account when considering the recording process of the hologram, because the effect of actinic
radiation (radiation with a wavelength in the spectral region of absorption of the sample) is
accompanied by heating which leads to the change of the average refractive index and the thickness
of the sample.

Thus, during recording of the hologram under the influence of the interferential field on the
spatial-modulated changes of the optical characteristics of the sample (photoinduced changes) are
superimposed spatial-unmodulated changes of its optical characteristics caused by heating.

If temperature changes of the refractive index of the sample are comparable with the
amplitude of the photoinduced changes, this can lead to the fact that the spatial structure of
recorded hologram will be different from the structure of the recorded interferential field. The
accounting of such deformations, as well as optimization of the recording conditions to reduce
thermal effects is particularly important in obtaining volume holograms designed for the creation
of highly selective HOE. The available literature information about the effect of influence of
temperature changes on parameters of recorded polymeric holograms is ambiguous, and oiten
contradictory, as it refers to samples obtained in different conditions [1].

Object and methods

Object of research: sample of material “Difphen” — one of the modifications of polymeric
volume recording medium with diffusion enhancement based on PMMA/PQ [6]. For research of
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changes of optical characteristics of the sample in the process of radiation exposure and post-
exposure period was used experimental stand designed for the research of phase transformations
in transparent objects by method of digital holographic interferometry (DHI) [9], The sample (disk
with diameter 40 mm) is rigidly mounted in a special cassette and installed in the object beam in
accordance with the optical scheme of interferometric experiment. The object beam of
interferometer is a non-actinic test beam for this sample of radiation of 532 nm, which tests a
workspace of the sample with the size not less than 25x25 mm. The beam of actinic radiation,
extended by lens, passes through the sample in the center of workspace. This stand has a computer
terminal to control registration of sequence of digital holograms and for their further processing.

The methodology of each experiment includes the following main stages [9]:

- recording of the sequence of digital holograms that show the current state of the sample
during the experiment: before radiation exposure (the initial state), during the period of exposure
(exposure) and in post-exposure period (relaxation);

- receiving a series of digital interferograms by processing sampling of recorded holograms;

- digital processing of interferograms and presentation of results in a convenient way.

Conclusions

The experiments with the use of the method developed by authors allowed quantifying the
phase change of the sample of polymeric recording medium “Difphen” during exposure of actinic
radiation of 473 nm.

[t is shown that irreversible changes of the sample with the thickness of 2.7 mm under
exposure of radiation of 473 nm with power 20—36 mW at full transformation of PQ into PP is
characterized by the negative phase difference of testing radiation of 532 nm with a value of
1,0+0,1 m radian. The value of reversible changes, which due to thermal effects, is characterized
by the positive phase difference of testing radiation of 532 nm which is estimated be the value
~3n radian.

Thus, at these experimental conditions reversible changes of optical characteristics of a
polymeric sample, that accompany the process of exposure of actinic radiation, greatly exceed
irreversible changes that provide recording holographic information.

Perhaps these facts explain the failure of some experiments carried out before, including the
authors, on recording of high selective reflective holograms on samples of polymeric medium with
diffusional amplification.

To reduce distorting influence of thermal effects during holographic recording it is necessary
to choose conditions of the experiment associated with the increase of influence of
phototransiormation of PQ (selection of optimal working wavelength) and for reduce the influence
of thermal effects (wavelength and power of exposed radiation, duration of exposure and etc.
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3.3  HUHTepdepeHLMOHHbIE SIBJE€HHUS] B METAJIU3MPOBAHHOM aHOAUPOBAHHOM
aJJIOMMUHUU U BAPUAHTbI UX NPUMEHEHMUS

B.B. llleaxkosnuxos, I'A. Jliobac, C.B. Kopomaes
Hosocu6upckuii uHcTuTyT oprannueckor xumun um. H.H. Bopoxiiosa Cubupckoro otnenenus
Poccuiickoit akanemuu Hayk, HoBocn6upck, Poccus

BBenenue

AnomnpoBannblil  okeun  anmomuHusi (AOA) npuBiekaeT BHMMaHHE HCCJeloBaTesel,
6sarogapsi CBoel HaHOMIOPUCTOH Npupojie. Buicokas ancopOUMOHHAs CIOCOOHOCTh aHOAUPOBAHHOTO
aJIIOMHHHSI, TOPUCTasi CTPYKTypa IMJIOCKOH TMOBEPXHOCTH, BO3MOXKHOCTb KOHTPOJISI TOJILIUHbBI
AQHOJIMPOBAHHOTO CJIOSI TTO3BOJISIIOT JeJIaTh HAa €ro OCHOBE UYBCTBHUTEJbHbIE HHTEP(EpPEHIIMOHHbIE
CEHCOPbI OPraHMYeCKUX BElIEeCTB U UCMOJb30BATh 0COOEHHOCTH B CMEKTPax UHTeP(hepeHIIHOHHOTO
OTpaKeHHsl B KaUeCcTBe 3J1eMeHTOB 3alUThl. Co3aHue MaTepraJioB, 06J1a1atolHX CeJJeKTHBHOCTBIO
OTpaKeHHsl, CEHCOPHOH YyBCTBUTEJIBHOCTBIO, BKJ/IOUYasi MaTepUasibl AJI ONTHYECKUX XUMHYECKHX
CEHCOpPOB MW Uil 3alllUThl ILEHHbIX OyMmar, sBJseTCs aKTyaJbHOH 3ajayedl COBPEMEHHOIr0
MaTepuaJsoBeneHusi [ 1 —4].

CeHcopHble CBOICTBA ABAXK/Ibl METAJIIU3UPOBAHHOIO AHOAUPOBAHHOTO AJIOMUHHUS.

[Ipu o6pasoBanun MaEHKM aHOAMPOBAHHOTO AJIOMHHMS Ha AJIOMHHUEBOH TMOJIOXKKE B
CMeKTpax oTpaxKeHHusi BO3HUKaeT uHTepdepeniponnas crpykrypa RIFS (Cnekrpbl oTpaxkarebHoi
untepdepenunn — RIFS — reflection interference spectra), B koTopo#i KosiHuecTBO U MoJsioxKeHHe
MaKCHMYMOB 3aBUCSIT OT TOJILIMHBI U MT0Ka3aTess npesjomaenus niaénku. [Tokasano, uto ycunenune
koHtpacra RIFS nocruraercsi couetaHuem nocsieoBaTeNIbHOTO 3J1€KTPOXUMHUUYECKOTO OCAXKIEHHS
M€/l U XHMHUUIECKOT0 OCaK/IeH!sT HaHOUACTULL 61aropoiHbIX MeTasioB (Ag, Au) Ha aHOIMPOBAHHYIO
MOBEPXHOCTh AJIOMMHHS KaK Moka3aHo Ha puc. 1. dddekt oObsicHeH o6pasoBaHUeM CTPYKTypbl
OAOQO ananoruunoil untepcepomerpy @aépu — Ilepo. RIFS merannusuposanubix miéHok AOA
OblIM U3MepeHbl U 3PPEKTUBHBIN MOKA3aTe b MpeJoMJIeHHs U ToNIMHA BeiOpaHHoH miiéHkn AOA
ObLIM pacCUUTaHbl HA OCHOBAHUH YCJIOBUH ONTHUECKON HHTepdepPEHIHH.
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Puc. 1. DddekT ycuseHus crekKTpoB HHTephepeHIIMOHHOT0 oTpaxKeHnss AOA npH J0MOJHHUTEIbHOM XHMHUYECKOM
ocaxkieHuu 6J1aropojiHoro MetaJuia

AD,COp6U,I/IH BELleCTBA aHaJiMTa BHYTPH MOp CABUra€T HHTepd)epeH[lI/IOHHble [TUKH, YTO JA€T
BO3MO2KHOCTb 06Hapy}Kl/IBaTb MaJible KOJIMYECTBA BelleCTBA. OnTHyeckre XMMHYECKHE CEHCOPbI HE
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YYBCTBUTEJ/IbHBI K 9JIEKTPOMATHUTHBIM U PAAUALMOHHBIM MOJISIM, U UMEIOT HEBBICOKYIO CTOUMOCTb.
Jlnsi psiia aHaJIMTOB TOKA3aHO BJIMSIHME XMMHUECKOTO OCAXKICHHSI HAHOYACTHLL OJaropoJHbIX
meTtasioB (Au, Ag) Ha yBesIMUeHHe CEHCOPHON YyBCTBUTENLHOCTH MIEHOK AOA.

YucTtble TIEHKM OKCHA aJIOMUHHS (TOJMIIMHOM OKoJo =1 MkM) o6Janailor caabou
ONTHYECKOH CEHCOPHOH UYyBCTBHUTEJBHOCTbIO K OpraHHyeckuM BeulecTBaM. HaoGopor, niaéHku
AOA, coneprkalniye Ha MOBEPXHOCTH HAHOUACTHILBI GJIATOPOHBIX METAJJIOB BHICOKOUYBCTBUTEJIbHBI
K OTpe/ie/IeHHbIM OpraHuyeCcKUM COeIMHeHUsIM BeiecTBUe yeunenust ¢apuros RIFS. Ha npumepe
IJIIOKO3bl MOKA3aHO, YTO BBEJEHHE HAHOYACTHLL OJIaropoiHbIX METaJJIOB MPHUBOIUT YBEJUYEHHIO
YyBCTBHTEJILHOCTH ceHcopa Ha ocHoBe AOA B 5—6 pas, uto mosBosisieT onpenesutb =108
nceaeyemoro Betectsa. Mamenenue RIFS npu ancop6umu riitoko3bl pUBeieHbl Ha pUC. 2.
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Puc. 2. CriekTpbl 0TpazkeHHst MOPUCTHIX aJIOMUHHUEBBIX OKCHHBIX TJIEHOK (1), coepakallinx HaHOUACTHIbI 30J10Ta (2),
cepe6pa (3), e (4) ast pasHoii Konuentpauu (ot 1075 10 107! Mob/mTp ) r1I0KO3bBI

Orpaxatouiye NJieHK1 aHOAMPOBAHHOIO AJIOMUHHUS € 3alUUTHON (hyHKLME

Cosnanue HOBBIX TEXHOJIOTHH M MaTepuaJsoB, 06JalalolUX CeJJeKTHBHOCTbIO OTpaxKeHHs,
SIBJISIETCSl aKTyasbHOU 3afadeil B 00JacTH 3allUThl LeHHbIX Oymar. OmnpejiesieHHble MEeTOJIbl
AHOJIMPOBAHUS AJIFOMUHHUS TO3BOJISIFOT CO3/IaTh MHOTOCJIONHY0 CTPYKTYpYy AOA, 1€ MOHCTPHPYIOLILYIO
CJIO’KHYIO0 HHTep(]epeHIIMOHHYI0 KapTHHY ¢ y3kuMu nukamu RIFS, kak nokazano Ha puc. 3.

B stom ciyuae nienka AOA ¢ RIFS moxkeT ObITh HCMo/Ib30BaHA KaK 3allUTHBIN TPU3HAK.
[TocnenoBaresibHoe aHOAMpPOBAHME AJIOMHMHHMS B Pa3/IMUHBIX AHOAHBIX BaHHAX TMPHUBOIUT K
monysisitiu RIFS KoTopasi MoxKeT BbINOJHATD (PyHKIMIO CIy4alHOTO HHTeP(hePEHIIHOHHOTO IITPUX-
koia. CuuTbIBaHWE CMEKTPaJbHOrO IITPUX-KOAA KOJAA HE 3aBUCUT OT MEPUCTPOPHUECKOrO
nosioxkenust obpasua. Monynupoannblil RIFS 3atmtHoll 067acTH MoXKeT ObITh COMOCTaBJEH C
pernepHbIM 00pa3LOM JIJIsl OJIydeHUs] COBMA/IeHUsT HHTePpepPEeHIMOHHBIX MHKOB. [10MOJHUTENbHO K
monyJsitiuu B criektpax RIFS AOA nabJonaeTcs ©3MeHeHHe COOTHOIIEHUST TUKOB MPH U3MEPEHHH
B OTPaKEHHOM CBETe C pasJIMiHoi (S, p)-noasipusaumeit. [lonsgpusaumonnsiit muxpousm RIFS AOA
MOZKET SIBJISITHCS JIOMOJHUTEIbHBIM TPU3HAKOM KOHTPa(aKTOH 3alUThI.
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Puc. 3. RIFS nuierkn AOA aHOoMpPOBAaHHOM B pas/iHUHbIX BaHHAX €3 MoJsipU3aliiu
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Interferometric phenomena in the anodized aluminum and variants of
their application

V.V. Shelkovnikov, G.A. Lyubas, S.V. Korotaev
Vorozhtsov Novosibirsk institute of organic chemistry, Siberian Branch of the Russian Academy of
Sciences, Novosibirsk, Russia

The effect of selective color reflection enhancement from a double metalized nanoporous
anodic alumina (NAA) film surface under proper conditions of electrochemical and chemical metal
(Cu—Ag, Cu—Au) deposition has been observed. Selective coloration of the NAA films with high
index of the reflection and wide range of the color tones was achieved. The additional chemical
deposition of the noble metal leads to the enhancement of the selective reilection ability and the
interference contrast of the reflected light. The distribution of the chemically deposited silver
nanoparticles on the top surface of electrochemically copper metalized pores of anodized aluminum
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has been shown by the electron microscopy method. The optical reflection (RIIS) spectra at
different angles (10°—85") of metalized NAA film have been measured, and the effective index of
refraction and film thickness have been calculated. The effect of the reflected light interference
contrast enhancement has been explained as being a result of the more effective separation of the
two reflecting surfaces air/Al,Os; in the structure of the film similar to a Fabry — Perot
interferometer. The influence of chemical deposition of gold and silver on the sensory sensitivity of
the films of nanoporous anodized aluminum oxide was studied. It is found that thin (=1 pm) porous
oxide films containing nanoparticles of noble metals are highly sensitive to organic compounds in
contrast to the blank porous films. It is established that the films possess selectivity of the spectral
shift in interference modulated spectrum of the reflected light to designated substances and exhibit
large values of the spectral shifts in the coating solutions of glucose and ethanol.

The obtained RIS in the form of random reflection interferention are useful for high
protection-securities as the barcode label. For this purpose, the multilayer structures of AOA was
obtained and modulation of RIfS was achieved.
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34  BBeneHue B MKOHMKY M300pa3uTebHbIX rojorpamMmm. Bocnpoussenenue
uBera

AH. lllsapysanred
Yuusepcurer roposia [lepecnapns um. A.K. Aiinamazsina, [lepecnasib-3anecckuit, Pocensi

[IpoananusnpoBana npo6seMa BOCIPOU3BEIEHHS 1IBETA HA BCEX CTA/IUSIX FOJIOTpariecKoro
npoliecca ¢ UCrosb30BaHUEM MPUHIIMIIOB HKOHUKH.

3ajaua MKOHUKM HM300pasuTeJIbHbIX ToJorpaMm —  H3yueHHe OOLIMX CBOKCTB
rosiorpauueckux M306paKeHUi ¢ y4€ToM creliupuKu 3pUTEJLHOrO BOCTIPUSITHS, YCTAHOBJIEHHE
NpaBUJ M3TOTOBJIEHUS W HaOJIOAEHUS ToJOrpaMM, OOeCreUnBaIoIIUX TMOJHOEe W KOM(OpPTHOE
Hab/toeHHe 06 BEMHOTO U300 PaKEHUS.

HMcenenosan crnoco6 M3rOTOBJEHUSI H300pa3UTENbHbIX rosiorpamm JleHucoka, KOTOpbIH
OTJIMUAETCS UCMOJIb30BAHUEM TOJICTBIX MPO3PAYHBIX (hOTOrpaPUUECKUX CJOEB U BCTPEUHBIX MTyYKOB
NpH  3aMucHd  roJiorpaMM, 00Opa3oBaHUEM CeJEKTHBHBIX ToJiorpacuyecKux 3epkaj B CJIoe
roJIOrpaMMbl U BO3MOXKHOCTbIO BOCCTAHOBJIEHHSI 0ObEMHOT0 H300OPaXKEHHSI IHEBHBIM CBETOM.

OpHa 13 ry1aBHbIX 337124 LBETHOM roJiorpaduu — o6ecrneuynuTb MaKCHMabHOe COOTBETCTBHE
BeTa U306paxKeHusi, (GOPMHUPYEMOTO TOJOTPAMMON, 1IBETY peasibHOro 06beKTa, OCBEIIEHHOTO
JIHEBHBIM CBETOM. IDTO 0COOEHHO BaXKHO OTHOCHTEJIbHO TOJIOFPAMM HCTOPHUYECKHX OOBEKTOB,
XYJI0?K€CTBEHHbBIX MPOU3BEIEHUH U TOPTPETOB JIIOJEH.

[Ipotiecc  rosorpacuueckoro BOCHPOU3BENEHHSI 1[BeTA COCTOUT U3  CJIEYIOIIHX
B3aMMOCBSI3aHHbBIX CTaJMi: OCBellleHHe ToJiorpaupyeMoro oObeKTa CBETOM Jia3epoB, BbIGOP
cdoromatepuasna, 9KCIOHUPOBAHHUE LIBETHOT'O 0O BEMHOTO U306paKeHusl, XUMMKO-
tdororpaduueckas o6paboTka, OCBellleHHe U pacCMaTPUBAHKE TOJIOTPAMMBI.

BocnpusTue uBeTHOro n300paxkeHusi OpraHom 3peHus

Opran 3peHusi, pearupyst Ha nonajaolie B Hero GOTOHbI ¢ Pa3IUUHON SHeprUei (IJIMHON
BOJIHBI) BHIMMOTO JMana3oHa cBeTa, MpeoOpadyerT HHbopMalMio 006 HHTEHCHBHOCTH TOTOKA
(hOTOHOB pa3IMUHON SHEPTUH B MH(popMalHIo 11BeTa. CeTuaTKa rJia3Horo JIHA, HA KOTOPOH CO31aéTCs
cokycupoBaHHOe LBETHOe H300payKeHHe, COAEP:KUT TPU COpTa KOJOOUEeK C Pas/nyHbIM
CBETOUYYBCTBHUTEJIbHBIMH BELECTBAMH, KOTOpble MPHU TOIJIOUIEHHH (DOTOHOB OMpeNeséHHOTrO
JIManasoHa SHePruu B peayJibTaTe POTOXUMUUECKOH PeaKLUK CO3/AI0T JIEKTPUUECKUE UMITYJIbChI. Y
KaXKJI0T0 BelllecTBa KoJOOUYEK CBOH JMana3oH 3Hepruil (OTOHOB. IDTH JAMANA30Hbl YaCTHUHO
nepekpbiBatoTes. Kimelorcsi yyacTKM 1Mana3oHoB, B KOTOPbIX (POTOHbI OJMHAKOBOH 3HEPrUU
BbI3bIBAIOT pEaKUMio B JBYX, W Jaxke TPEX copTax Kosoouek. DOTOHBI CO3AAIOT OAMHAKOBbIH
3JIEKTPUUECKHUHA UMITYJIbC, HE 3aBUCUMO OT UX SHEPTHH U BellleCTBA KOJIO0UEK.

Y (hOTOHOB pas/IMUHON SHEPIUH PA3JUUYHBIA KBAHTOBBIH BBIXOJ (DOTOXMMHUECKOH pPeaKiUH.
BcenenctBre 3TOro npu BO3IEHCTBHM OJHOrO BHAA (DOTOHOB HA KOJOOUKY OTHOCHTEJbHAs
MHTEHCUBHOCTb MOTOKA (POTOHOB M MOTOKA 3JEKTPUUECKUX MMIYJbCOB COOTBETCTBYET SHEPTHU
cdorona. B kaxmol Tpuame pasHOUBETHHIX KOJOOUEK TeHEepPUPYIOTCS CHIHAJMbl C Pa3JUIHON
MHTEHCUBHOCTBIO MOTOKA. Pa3inyrie MHTEHCUBHOCTH 3THX MTOTOKOB CUCTEMa 3peHHUs1 BOCTIPUHUMAET
KakK 11BeT.

Co3naHue U Ha0GJIOIeHHE LIBETHOTO roJiorpauueckoro U3o0pakeHus
NpH 3aN1cH OJHOLBETHBIM J1a3€POM
Jlyd nasepa — MOTOK MOHO3HepreTHYecKUX (hOTOHOB. MIHTEHCHBHOCTH MOTOKOB (hOTOHOB,
OTPayKEHHBIX TOBEPXHOCTBIO 00BEKTA, 3aBUCHT OT OTPaKaTeJbHOH CMOCOOHOCTH Y4acCTKOB
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MOBEPXHOCTH. B 30He coBMellleHUs] OOBEKTHOro MOTOKAa C  OMNOpHbIM  obpasyercs
UHTep(depeHIMOHHasT KapTHHA CTOSYMX BOJH, OO0JafaloliuX MaKCUMyMOM W MHHHMyMOM
MUHTEHCUBHOCTH —lyue U Ly [ylyOMHA MOMysNSILMM OLIEHHWBAETCSl MapameTpoM BHAHOCTH V
BBeIEHHBIM MailKesJbCOHOM,

V= (haxe = L)/ (e + ).

Kaptuna unrtepdepenuyu, Hapsiay ¢ HHOpMalMed O TOJOKEHHH TOUEK MOBEPXHOCTH
00beKTa B TPOCTPAHCTBE, COAEPKUT HHPOPMALMI0O 00 HHTEHCHBHOCTH OOBEKTHOTO TOTOKA,
OTPaXKEHHOTO COOTBETCTBYIOLLIEH TOUYKOH MOBEPXHOCTH O0ObeKTa. Ec/au yyacTKW MOBEepPXHOCTH
00beKTa U3MEHSIIOT MOJSIPU3ALMI0 OTPAXKEHHOTO CBETA, MPOUCXOMUT ocsabjieHHe OTPaKEHHOrO
cBeTa, ryOHHa MOMYJISLIMU YMEeHbLIAeTCsl.

WurepdepeHiiionHasi KapTiHa PErUCTPUPYETCs B CBETOYYBCTBUTENBHOM CJIO€, KOTOPIH
nocJsie XMMHKO-oTorpadpuieckoit 06paboTKH CTAaHOBUTCS rosiorpaMmon o6bekta. ['osorpamma —
HaboOp CHUCTEM CEeJIEKTMBHBIX 3epKaJ, OTPa)KalolluX TMOTOK (DOTOHOB ONpenesiéHHOH SHEPTHH.
DheKTUBHOCTb OTPAXKEHHUsT 3aBUCUT OT BMIHOCTH KapTHHbI HHTep(epeHLnH, XapaKTepuayercs
napameTpoM  «audpakiuMonHas  sddekruBHocTh»  ([19).  BcesencTBue  HecoBepleHCTBA
pPEerucTpUpyIOLLIero  Marepuasa CHCTEMbl CEJIEKTHBHBIX 3€pKaJl  TaKXKe HEeCOBEpLIEHHBI,
oTpaxaTeJ/ibHasi ClOCOOHOCTb 3epKaJjl PaCpoCTPaHsIeTCsl Ha HEKOTOPYI0 00J1acTh CHEKTpPa OKOJIO
MaKCHMyMa MHTEHCHBHOCTH MOTOKA OTpaKEHHBIX GoToHOB. [losokeHre MakcHMyMa 3aBUCHT OT
ycaaku ortocsioss B mpolecce XUM@PoTooO6paboTku. Peryaupys ycaaky GoTocaosi, MOKHO
00€eCMeYnTb CABHT CIEKTPAa BOCCTAHOBJIEHHOIO H300paXKeHHs B  KOPOTKOBOJIHOBOM  HJIH
JUIMHHOBOJIHOBOM HampaBJeHUM, WJIH 00ecreyuTb HyJeBylo Yycaaky. B nociaennem ciydae
noJsioykeHue Makcumyma J19 cooTBeTCTBYeT yIMHE BOJIHBI (POTOHOB Jlazepa.

Takum o6pasom, B ryagy HabsoaaTesss GopMUPyeTCss OCHOBHOW CHTHaJl W L[BETHOH IIyM,
KOTOPBIH BOCMPUHHMAETCS KaK BeJMUYHHA KBAHTOBOTO BbIXOJA (DOTOHA OTMpPENeEHHON SHEPTUH U
COOTBETCTBYIOLLIUH € 1BET.

B npouecce BoccTaHoBseHHsT H306paxKeHHs1 0ObeKTa MOCPEACTBOM OCBeEllleHHsT OeJibiM
CBETOM MPOUCXOJIUT CEJIEKTUBHOE OTPazKeHHe MOTOKOB (POTOHOB B COOTBETCTBUU €O 3HaueHueM J1D
y4acTKoB  rojorpamMmbl.  [IoToK  OTOHOB, OTpa)KE€HHBI TOJOTPAMMOH, He  sIBJsieTCS
MOHOXPOMATHUECKHUM, ILIMPUHA CIEKTpPa 3aBUCUT OT THMA M CBOKWCTB PErMCTPUPYIOLLEro
toromatepuasa. Criekrp /19 MoxKeT 4aCTUUHO MONACTb B IMANa30H COCEHEro CreKTpa KoJO0uKH,
YTO BbI3OBET OMNTHUECKOE CMellleHue 11BeTOB. B ryia3 nabuonaresss monagaoT GOTOHbI, KOTOpbIE
BO3JIEHCTBYIOT HA KOJIOOUKH COOTBETCTBRYIONIEr0 Buja. CucTeMa 3peHust Hapsily C OCHOBHBIM 1IBETOM
«BUAMT» 1BeTa, OTCYTCTBYIOLLME B [10TOKAX, OTPaKEHHbBIX [OBEPXHOCTbIO oObekTa. [uas
BOCIPUHHUMAET CMEKTP HHTEHCHBHOCTH KaK LIBET IMOBEPXHOCTH 0ObeKTa B KOHKPETHOH TOuKe, T.€.
thopmUpyeT JI02KHOE 1IBETHOE U300parkeHHe (3a UCKJII0OUeHHEM TOUKH MakcumyMma J1D npu HysieBoi
ycanke). Hanuuue 1BeTHOro 1iyma Hapsiyy co CIBMUroM Makcumyma JID wucnosb3yercss B
1300pasuTe/bHON  rojiorpaduu  aias  co3nanusi Gosiee  KOMGOPTHBIX YCJOBMH HaOJIOIEHUS
MOHOLIBETHbBIX FOJIOrPAMM.

[Ipu 3anucu MOHOLBETHBIX TOJIOTPAMM, OCHOBHbIE TMOMEXM TOYHOMY BOCIPOM3BEICHHIO
1IBeTa: M3MeHEeHWe TOJSIpU3allid  OTPaKEHHOro roToka (OTOHOB, HemocTatouHas J19
(hoTomarepuasioB, ¢ABUI MakcumyMma /19 B pedysbTarte ycanku Gotocaos pu XuMgpoToo6padboTke,
LIBETHOH LIyM, KaK CJIeICTBHE HeCoBepllIeHCTBa hoToMaTeprana.

Co3naHue U Ha0GJIOIeHHE LIBETHOTO roJiorpauueckoro U3o0pakeHus
npu 3anucy TPUaaoM Jla3epoB
OnTumasibHasi  Tpuaja Ja3epoB JOJKHA  00eCreudTb  COBMAJeHHe MaKCHMYMOB
JTUPPAKIMOHHOH  3(PPEKTUBHOCTH TOJOTPAMMBI  C  MaKCHMyMaMH — CBETOUYBCTBUTEJLHOCTH
MUIMEHTOB KoJsiboueK. Takoe coBmajeHHe MOKET ObITh JOCTHTHYTO HCIOJb30BAHHEM TPUAJIbl
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JIa3epoB CO 3HAYEHUSIMH JJIMH BOJIH, COOTBETCTBYIOUIMX MAaKCHMMyMaM KBAHTOBBIX BBIXOJ0B
(hOTOXMMHUECKHUX peaKUHi MUrMeHTOB Kosbouek: 443, 544 u 570 oM. B stom ciyuae Tpebyetes
HyJieBasi ycanka Qotocsos B mpoiecce XumMdoTooOpadboTKu. Bropoill cnocob aocTHxKeHUs
TpeOyeMOoro COBMajieHus — YU€T CTaHAAPTHOTO 3HAYEHHUS YCalIKi KOHKPETHOTO roJIorpadpuieckoro
(oTomaTepuasa B yCJOBHSX CTaHAAPTHOTO pexkuMa XuMdoToo6paboTKu. [IHHBI BOJH TpUabl
J1a3epoB He JI0JIKHbI ONApHO ObITh JOMOJHUTEIbHBIMU U 06Pa30BbIBATb aXPOMATHUECKHI 11BeT.

TpynHoctb B nopbope ONTUMaJbHOH TpHaabl Ja3epoB 3akK/lo4aeTcss B OTCYTCTBUH
MPOMBIIIJIEHHOTO H3TOTOBJIEHUS HEOOXOAMMbIX JiazepoB. [IpoGjema MoxkeT ObITh pellieHa
UCIOJIb30BAHUEM Jla3epoB ¢ MepecTpauBaeMoil yactotod. [lopbop Tpuaabl JazepoB M3 uyucaa
M3TOTOBJISIEMbIX TAKXKE BO3MOXKEH, HO HE ONTUMAJIEH C TOUKH 3PEHHsI COIIACOBAHHUS CO CBOUCTBAMHU
3PUTEJILHOM CUCTEMBI.

[Ipu ocBeuleHuH oObBeKTa TpeMsl Ja3epaMd CIEKTP OTPaKEHHOro CBeTa y4yacTKaMH
MOBEPXHOCTH 0O'BEKTA OTJIHYAETCS OT CHEKTPa, OTPAXKEHHOTIO MPHU OCBEILIEHHH JHEBHBIM CBETOM,
OTCYTCTBYIOLIME 1IBE€TA HE CO3/IA0T CBOM CTPYKTYPbl B FOJIOTpAMME M HE COJAEPKATCsl B CIEKTPe
BOCCTAHOBJIEHHOTO H306paxKeHusi 00beKTa. DTO HEYCTPaHUMBIH HEIOCTAaTOK BOCMPOU3BENEHHUS
L[BE€Ta MHOTOLIBETHBIMH [OJIOTPAMMaMH.

Tpe6oBanus k peructpupytoulemy marepuady: 1) MakcumanbHas 19 a5 1BeTa Kaxkuoro
nazepa (B wugeane 100%), uTo kesnaTeJbHO TaKkKe M JUISl BOCIPOM3BEJCHHS] OOBEMHOrO
n3obpaxkenus. 2) MunuMasnbHas MOJYLUIMPUHA KPUBOH 3aBUCHMOCTH «J1D — njnMHa BOJIHBI
BOCCTAHABJIMBAIOILLET0O CBeTa» VISl LIBETA KaxKJ0ro Jazepa. BeposiTHO, yBeHueHHe MaKCUMaJIbHOH
J1D BbI3bIBaeT yMeHblleHHE IIUPUHBL. IDTH XapaKTepPUCTHKHM 3aBUCAT OT THMA MaTepuasa,
3(hheKTUBHOCTH pexkUMa XUMPOTOOOPAOOTKH U OMPEAESIOT COBEPIIEHCTBO CUCTEMbI CETIEKTHBHbIX
3epKaJi rojiorpamMmmbl. 3) Bo3aMoXKHOCTb perysupoBaHusi U CTaHAAPTU3ALMM YCaaKH (DOTOCJOS TTPH
XUMHKO-oTorpaduueckoil o6paboTke.

PaccmoTpeHbl  CBOHCTBA  HEKOTOPBIX TojiorpaMyecKUX MaTepuasioB  OTHOCHTEJNbHO
1BeToBOCMpou3dBeneHust. OueHeHa WX MPUMEHUMOCTb ISl LBETHOH ToJiorpacduu 1o crnocoby
Jlenucioka. Hameuennl myTu ycoBepiiieHCTBOBaHUS (hOTOMATEPUAJIOB.

BoiBoabl

1. Tonorpachuyeckuii mporecc ¢ HMCMOJb30BAaHHEM TPHAJbl JIA3€POB TMPUHLHUITHAILHO He
obecrieurBaeT TOUYHOE BOCIPOM3BEJEHHE 11BeTa MOBEPXHOCTH OOBEKTA BCJEACTBHE PA3JIHUMS
CMEKTPOB OTPaAXKEHHsI THEBHOTO CBETA U JIa3€PHOTO OCBELIEeHHUs. DTO HEMPEOAOJUMbIH HEIOCTATOK
BOCTIPOM3BE/IEHHUS [[BETA OGBEKTA.

2. VIaMeHeHMe MOJISIPU3aLMU CBeTa, OTPa)KEHHOTO TMOBEPXHOCTbIO OObBEKTA, UYACTHYHO
yCTpaHsieTCsl TIPH  HCIMOJb30BAHUH CBeTa C KPYroBOH MOJSIpPU3ALMEl WJH  TOJHOCTbIO —
NpUMeHeHHeM KPacKH, He H3MEHSIIOIIelH MoJIsipU3alliy CBeTa.

3. YBeqmuenue J19 cdoromarepuana aisi BCeX JJIUH BOJH TPHAMbI JIAa3€POB U YMEHbIIIEHHE
IIMPUHBI CMEKTPOB 1IBETHOTO IIyMa MOXHO JOCTHUb MYTEM MPUMEHEHHsI HOBBIX MaTepHaJsoB H
YCOBEPILIEHCTBOBAHUS XapAKTEPUCTHUK UCTIO/b3yeMbIX MATEPHAJIOB.

4. Ycanka ¢ortocaoéB B mpolecce XMMGOTOOOPAOOTKU JO/KHA ObITh PEryaupyemMon H
BOCITIPOU3BOAUMOM.
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Introduction to ikonika of fine holograms. Color reproduction

Al Shvartzvald
University of pereslavl them A.K. Ajlamazéana, Pereslavl-Zalessky, Russia

The problem of color reproduction at all stages of the holographic process using the
principles of ikonika is analyzed.

One of the main tasks of the colored graphic holography is to ensure maximum matching of
image color formed by a hologram to the natural color of an object illuminated by daylight. This is
particularly important regarding the holograms of historic objects, works of art and human
portraits.

The method of making fine art Denisjuk holograms was researched. It is characterized by
using of thick transparent photographic layers and oncoming bunches with hologram recording,
selective forming of holographic mirrors in a hologram layer and possibility of restoring volume
daylight images.

The properties of some holographic materials regarding color reproduction was considered.

Found

A holographic process using laser triads never provides any precise color reproduction of the
surface color of an object due to the differences between the daylight reflect and laser illumination
spectra. This is overpowering lack of the object color reproduction.

The change of the polarization of light reflected by the surface of the object reduces the depth
of modulation interference fringes, which causes the decrease of the diffraction efficiency of
holograms and color reproduction quality. This deficiency is partly eliminated when using light with
circular polarization or with full polarization by applying paints that cannot change the polarization
of light.

The increase of the diffraction efficiency of the photographic material for all wavelengths of
the triad of lasers and the reduction of the width of the color noise spectra will lead to the significant
improvements in the color reproduction. There is a need to improve the characteristics of the
materials used or apply new materials.

[t is very important for the photolayer shrinkage in the process of the chemical treatment of
holograms to be regulated and reproducible
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35  HccaepoBaHue rayOoMHbI NPOCTPaHCTBA, BOCIPOU3BOAMMOro
aBTOCTEPEOCKONUUYECKOH MHOrOpaKypCHOM CUCTEeMOM

10.H. Oseukuc, A.H. Bunokyp
MoCKOBCKHI rocyIapCTBEHHbIH YHHBEpCUTET Neyat umenn Msana @emoposa, Mockoska, Poccust

CucreMbl BOCIPOM3BeeHUS 0ObEMHBIX M300pakeHusi 6e3 TPUMEHEHHS OYKOB W JPYTHX
CrelraJbHbIX MPUCTIOCOOIEeHUH BCer1a MPUBJIEKAIH BHUMAHKE U BbI3bIBaJIM OOJIBLLION HHTEpPEC, Kak
y pa3paboTUHKOB, TaK U noTpeduTeser nogoOHoN TeXHUKH. [TogoOHbIe cucTeMbl MOTYT M YaCTUUYHO
YK€ HUCMOJb3YITCS B pekaaMe, TeJeBUICHHH, PA3JHMUHBbIX YCTPOMUCTBAX, HA BLICTABKAX M T.II.
JlocTaTtoyHo  LIMPOKOE  pacnpocTpaHeHWe — Cpead  HUX  [OJYYHWJIH  MHOTOPAKYpPCHbIE
ABTOCTEPEOCKOMMYECKHEe YCTPOHCTBA, opmupylole oObeMHble H300paxKeHHs1 TOJbKO ¢
FOPU30HTAJIbHLIM M3MeHeHHeM pakypcoB. [l X co3naHusi UCTOJB3YIOT JMH30pacTpoBbie |1 —3]
WM roJiorpacuyeckue Metospl [4—6].

He yrayGasisice B TeXHOJIOMMYeCKHe MOAPOOHOCTH CO3J@HUSI TAKUX JIMH30PACTPOBBLIX M
cTepeoroJiorpaduueckux n306pazKeHui, OTMETHUM, YTO OOILMM JJIs1 HUX siBJIsieTcsl POpMUpOBaHUE
MJIOCKOCTH, B KOTOPOH B 3aKOAMPOBAHHOM BHJE COCPENOTOYEHbl M300paxKeHHsi BCEX PAKYpCOB
JIEMOHCTPUPYEMOro 00bEKTa, U MJIOCKOCTH 30H Pa3lesibHOrO BUAECHHUS 3THX pakypcoB. [TockosbKy
YUCJIO PAKYPCOB B TAKUX YCTPOHCTBAX OFPAHUYEHO, U UPe3MEePHOE €ro yBeJuyeHHe 00bIYHO CBSI3aHO
C TEXHOJIOTMYECKUMH TPYIAHOCTSIMH, TMPEACTABJSETCS HEOOXOAUMbBIM OINpPENEJNUTh JI0CTATOUHOE
KOJIMYECTBO PaKypcoB, (POPMHUPYEMbIX CUCTEMOH U CBSI3aTh €ro ¢ TJyOMHOH BOCHPOU3BOAMMOIO
MPOCTPAHCTBA.

PaceMoTpuM aBTOCTEpEOCKONMMYECKY cUCTeMY (pHC. 1) ¢ ropH30oHTAJbHBIM H3MEHEHHEM
pakypcoB, (GOPMHUPYIOLIYIO0 B TPOCTPAHCTBE BEPTHKAJIBHYIO MJOCKOCTh NX H300paXKeHUH /, a Takke
BEPTHUKAJIbHYIO MJIOCKOCTb 30Hbl BUAECHUS V| COCTOSILLYIO U3 3JIeMEHTAPHbIX 30H BUIAECHHUS KaXK/I0r0
pakypca V;, npeacraBasionx co60i BepTHKaMbHbIe MoJockl upuHo# d. [lupuna obiiell 30HbI
BuneHust D = Nd, rie N — 4uc/io pakypcoB CUCTEMBI.

My

J

Mis
M;

[ — nyiockocTh hopMUPOBAHHUST PAKyPCOB IEMOHCTPUPYEMOTO aBTOCTEPEOCKOMMUECKOro u3o6paxkeHust, V —
MJIOCKOCTb (POPMHUPOBAHUS 30H BUIEHUS 3TOr0 U300paxenus, My, Mo, ... Mx — usobpaxketusi N pakypcoB Touku M
CTE€PEOCKOIHYECKOr0 H300paxKeH s, Ha0J/I01aeMOr0 U3 OIHOPAaKyPCHbIX 30H BUIeHHs Vi, Vo, ... Vi . [ — paccrosinue
Mexy muiockoctsimu [ u 'V, [y — paccrosiHue oT niiockocTH / 10 Toukud M Ha6J1101aeMoro aBToCTepeoCKONHYecKoro
u3o6paxkeHus A — mnornepeyuHbidl paamep 06J1aCTH MepeMelleH s CTePeOCKONMMIeCKOro n3oopaxkeHust Touku M ripu

JIBUKEHUH IJ1a3 B NpeJieJiax OAHOPAKYPCHbBIX 30H BUAEHHUSI.
Puc. 1. O606u1eHHasi Moziesib cUCTeMbl (POPMUPOBAHMS AaBTOCTEPEOCKONHUECKOTO MHOTOPAKYPCHOTO H300parKeHHsl
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[Ipennonaraem Takxke, 4To cUcTeMa HjeaJsbHasl, T.e. IPAHULbl 30H BHUIEHHS JOCTATOYHO
pe3kue U He mnepecekatorcs. Crepeockonuyeckuii o6pa3 HEKOTOPoH Touku M, Haxonsiiencss B
Npe3KpaHHOM NpocTpaHeTBe, popmupyercst ToukaMu My, M, ... My, Misy, ... M; ... My niiockocTH /.

CHauaJsia paccMoTpuM cayyait, korna d > b, tine b, — nauameTp 3pauka rsasa, 1 o6a rjaasa
HaXOMSITCSl BHYTPH Mapbl COOTBETCTBYIOLIUX IV1a3HOMY 6a3ucy aJieMeHTapHbIX 30H, Hanpumep M; u
M;. T1pu HernoJABHKHOM MOJIOXKEHUH HAOJ0aTe sl UM NIPU ero HeGOoJbLIOM CMELLEHHH B Mpeesax
3TOH Napbl, OH YBUIUT 0ObIYHOE cTepeonapHoe H3oOpakeHue Toukd M. [Ipu nepemenienuu rias
HabJitofiatesisi B coce/iHue napbl 30H My U M4 NOSIBJISIIOTCA HOBBIE paKypchl, YTO oGecreyrBaeT
BO3MOXKHOCTb OTJISIIbIBAHUST IPEIbSIBJSIEMOI0 00bEKTa ChEMKH.

Opnnako Ha rpaHulle 3JeMeHTapHbIX 30H MPOUCXOIUT CKauoK u3oOpaxkenusi. OH 0Oyc10BJIeH
TEeM, 4YTO TIpU CMEIEeHUH TJa3 BHYTPH OJHOW Tapbl 3JeMeHTapHbIX 30H HabJIo1aeMoe
cTepeon3oOpaKeHue nepemMellaeTcs napasiesbHo MJI0CKOCTH / B npeaesax niaolaiku A (puc. 1)
OT OJIHOTO ee Kpasl B HauaJie nepeMelleHus 10 Apyroro B KoHue. [Ipu nepexone B cocenHiow napy
30H U300payKeHHe CKaYKOM BO3BpallaeTcsl B HaYaJbHOE M0JIOKEHHE.

ATOT cKa4yoK TeM OoJblie, YeM Aajibliie H300pakeHHe TOYKK M HaXomuTesl OT MII0CKOCTH [
(hopMHpPOBaHHST Pa3HOPAKYPCHBIX M300paKeHUH W ueM OoJibllie pa3mMep 3JeMeHTapHbIX 30H d
(puc. 1). HerpynHo nokasath, uTo yrjoBasi BeJMuMHA [3 CABHra H300paxKeHHsI OTHOCHTEJBbHO
HabJtoiaTe sl PH ONJIsIIbIBAHUH B NIPe/iesiax OHOK Napbl 30H paBHa:

B=A/(I+l)=d Ly/1-(l+ Ly), (1)
rae [ v [y — paccTosiHusl OT MJIOCKOCTH H300paKeHHsl paKypcoB / 10 MJIOCKOCTH 30H BuaeHus V u
CTEPEOCKOMHUUECKOro H3oOpaxkeHust M COOTBETCTBEHHO, 3HAK «+» OTHOCHTCH K M300ParKeHHUIO,
pacroJIoKeHHOMY 3a MJIOCKOCTbIO /, 3HAK « —» — Tepel Hell M0 OTHOILIEHHIO K HAOJII0IaTe 0.

Ecau 3pauok HaxonuTesl HA rpaHule ABYX 30H, Hanpumep, Vi, u Vi, usobpaxenue Oynet
JIBOMTBCS, B [V1a3 MONajyT OqHOBpeMeHHO aBa pakypca M; u M4 (puc. 1). I1pu sTom yraioBoii paamep
3TOT0 CIBOEHHOTO MATHA, KaK HETPYAHO BUIIETh, TAKXKe OrNpeesieTcs: BoipaxkeHueM (1).

Takum o6paszom, Hak/1a/pIBasi ecTeCTBEHHOE TpeOOBaHHE He3aMEeTHOCTH CKaYKOB U JIBO€HHUS
MPHU ONJISIIBIBAHUH MHOTOCTEPEONApPHOro (MHOTOPAKypCHOro) u3oOpaxkeHusi, noTpedyeM, 4ToObI
BBINOJIHSIOCH YCJI0BHE B < By, TIe Br, — YIVIOBOE paspelleHue ryada Habatonatess. B pedysnbrarte
MoJiyuaeM OrpaHHueHHe Ha JOMYyCTUMYIO TJyOUHY MU300parKaeMoro npocTpaHcTBa (J/1s1 3a1aHHOTO
pasmepa 37eMeHTapHbIX 30H BUIEHHS ):

ZM<BFJIZ2/(diBFﬂl) (2)
IJIe €« —>» OTHOCHTCS K H300PaKeHHUI0, PACIONOKEHHOMY 3a MJIOCKOCThIO /[, a «+» — mnepej Hel.

Ecau pasmep sniemeHTapHOU 30HBI d B CHCTeMe MeHbllle AMaMeTpa 3pauka, B IJla3 Beeraa
6y/IyT romaziath 60J1ee OTHOTO H306pAKEHHUST PA3JIMIHBIX PaKypcoB. B 3TOM ciydae nyist HaGmoieHUs
€/IMHOr0 JIOCTaTOYHO PEe3KOro M300paKeHUsl JaHHOH TOYKM ee MaKCHMaJsbHOe YyJajleHhe OT
TMJIOCKOCTH (DOKYCHPOBKH CTepeonapbl I0J2KHO YA0BJETBOPSITh BbIpazKeHHIO (3 ), B KOTOPOM pa3mep
3JIeMeHTapHOH 30HbI BUJIEHUs d 3aMeHeH Ha HamMeTp 3padka b.,:

Iy < Bra P/ (bea £ B ) (3)
IJie €« —>» OTHOCHUTCSI K U300ParKeHHIO, PACMOJIOKEHHOMY 3a MJIOCKOCTBIO /, a «+» — nepej Hell.

JlanHoe BbIpakeHUe ornpejiesisieT MaKCUMaJIbHYIO0 TJyOHHY (POPMHUPYEMOro MHOTOPAKYPCHOTO
1300paKeHus ¢ 3a/laHHbIM paspeliienueM (P, ) Mpu paamepe 3JeMeHTapHON 30HbI BUJIEHHS, PABHOM
JMaMeTpy 3pauka raasa. Heo6xonumoe uuc/io pakypceos 1pu stom N = D / by, v naibHeiiliee ero
yBeJsiueHue, BooOlile roBopsi, He TpedyeTcsi. 31ech HeOOXOAUMO OTMETHTb, UTO €CJIH MPU CO3/IaHUH
CHCTEMbBI JIOMYCTUTh HEKOTOPYIO 3aMETHYIO PAa3MbITOCTh (hOPMUPYEMOT0 U306paKEHHUS, T.€. BBIHTH
3a npeJiedibl PBr,, To YToObl yCTPAHUTL BO3HUKIIIEE IpoOJIeHIEe KAPTUHKH, 11e71€CO00Pa3HO YMEHbBIIIUTh
nonepevHbIil pa3Mep 3JeMeHTapHbIX 30H BUIECHHS 110 CPAaBHEHHIO C TMaMeTPOM 3pauka ryasa. [1pu
9TOM CJIelyeT HMeTh B BHJY, UTO B peasibHbIX CUCTEMaX UMEeTCs psifi TEXHOJNOTHYECKUX PaKTOpPOB,
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MPUBOJALLMX K YXyAUIEHHIO KauyecTBa M300paxKeHuss — abeppalyu JIMH3 pacTpa, XpoMaTH3M
roJIOrPaMM, MPOTAXKEHHOCTb UCTOUHUKOB CBETA /I KX BOCCTAHOBJICHHUSA U TP., a BCJEACTBUE ITOrO
YIIOMSAIHYTOE IBO€HHE OyJIeT OTCYTCTBOBATb.

Ananus BbipakeHHs1 (3) MOKa3blBaeT, YTO OHO OMpeJeJisieT He 4TO HHOe, KakK TyOUHY
PE3KOCTH IJ1a3a, pacroJioXKEHHOro B MJIOCKOCTH 30H BHAEHHSI U C(DOKYCHPOBAHHOTO HA MJIOCKOCTb
tdopmupoBanusi crepeonapbl. T.e. MakcumanbHasi TJyOMHA OOBEMHOH ClieHBI, (HOPMHUPYEMOi
MHOTOCTEPEONAPHbIM METOJAOM TPH YCJOBHH BO3MOXKHOCTH €€ HENPEPLIBHOIO OIVIAAbIBAHHS,
ornpenesseTcs MyOMHOH Pe3KOCTH rJasa Habuawonatesas. [Ipn sToM yMmeHblLIeHHe pa3mMepoB
9JICMEHTAPHBIX 30H BHJCHUS M COOTBETCTBEHHO YBEJHUEHHE UYHC/IA PAKypCOB HE MPHUBOAWT K

BO3MOYKHOCTH YBeJIMUEHHsT IJIyOUHBI CLIEHDI TIPH 3aIaHHOM KPUTEPHH PE3KOCTH P.

dusnyecknil CMBICT TAKOTO OrpaHUUeHUsT OOBACHIETCS TEM, UTO B OTJIMUHE OT HAOMIOEeHUS
peaJibHbIX 00BEKTOB HJIM MX TOJIOrpadpuuecKrX WK ONTHYECKHX 00Pa3oB, B KOTOPBIX MapaJsilakchbl
MEHSIIOTCSI HEMpPEePbIBHO B TOPU30HTAJLHOM M BEPTHUKAJIbHOM HAMpaBJEHHSX, W TJla3a HMEIOT
BO3MOXKHOCTb aKKOMOJMPOBAThCsl ((POKYCHpPOBATbCS) Ha pasriisiibIBa€Myl0 TOUKY, B CJjydae
CTE€PEOCKOMUUECKOr0 MPeIbIBIEHHS C OTCYTCTBHEM BEPTHKAJbHOIO Mapasulakca rjasa Bceria
cpOKyCHPOBaHbI Ha OJIHY TJIOCKOCTb — MJIOCKOCTb (DOPMHUPOBaHUs cTepeonap (MJa0CKocThb / Ha
puc. 1).

[IpoBeneHHble B COOTBETCTBHH C U3J10:KEHHBIMH Bhillle COOOPaXKEHUSIMU PacyeThl MOKa3aJau
Xopolllee COOTBETCTBHE C M3BECTHBIMH 3KCIEPUMEHTAJbHBIMH JAHHBIMH, KaK B YacTH JIUHH30-
pacTpoBbIX H306pAKEHHUH, TAK U CTEPEOTroN0rpaPUUeCKHX.
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The space depth formed by the multiview autostereoscopic system

Yu.N. Ovechkis, A.l. Vinokur
Moscow State University of Printing Arts, Moscow, Russia

The generalized model of a system for multi-view autostereoscopic image (lenticular[1—3]
or stereo holography [4—05]) forming, is discussed in the report. It is shown that in the absence of
changes of views in the vertical direction regardless of the number of generated horizontal views
and sizes of the elementary zones of viewing, the depth of the space is limited. Analytical
expressions for its determination are obtained and it is established that its value lies within the
depth of sharpness of the observer's eye that focused at the plane of the views images forming. An
explanation for this limitation is the impossibility of accommodation of the eyes of the observer on
a given element of the image even when there is an infinitely large number of views in one
(horizontal) direction.
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4.1 KOHTpOJlb XaPAKTEPUCTHK Il,l/l(i)paKU,l/lOHHle OINNTHUYECKHUX JIEMEHTOB B
npouecce n3roToBJCHUA

A.C. Konuenxo, B.Il. Kopoavkos, A.I'. [loaewyk, B.H. Xomymos, B.B. Yepxawun
HHceTuTyT aBTOMATHKK M 3J1eKTpoMeTprud CUOHPCKOTO oT/lesieHust Pocchiickol akajieMuu Hayk,
Hosocubupck, Poceust

BBenenue

Bo MHOrMX BBICOKOTEXHOJIOTHYHBIX OTPAC/SX [POMBILIJIEHHOCTH HAXOAAT ULIHPOKOe
npuMeHeHne qudpakuroHHble onThHyeckue saemMenTbl ([10J), umetole KycouHo-HenpepbIBHbIN
WK CTyMeHYaTbll MOBEPXHOCTHBIH MHUKpopesbed ¢ TJIyOHHOH 10 HECKOJbKHUX MHKPOMETPOB.
Bonpocbl koHTposisa JIOD cranu BecbMa akTya/JbHbl Ha COBPEMEHHOM 3Tare pasBUTHs OINTHKH,
Korga paboTa ONTHUYECKOTO 3JeMEHTa OLIEHMBAeTCsl He TOJIbKO M0 COOTBETCTBUIO 3aJaHHOMY
npeoOpa3oBaHUI0 CBETOBOW BOJIHBI, HO M T10 COOTBETCTBHIO XKECTKMM KDHUTEPHUAM €ro
HepreTHYecKor 3((heKTUBHOCTH U MaJIOMy CBETOPACCESTHUIO.

B na6opatopuun nudpaxumonnon ontukn MAud CO PAH paspaGoranbl passindHble
Hepaspylluamwllide Metoapl xapakrepusauuu J1OD ¢ mukpopesbedoM Ha MPOMEKYTOUHBIX U
(huHaJILHOM CTaIUsX Mpolecca U3rotoBaeHus. OHON U3 OCHOBHBIX 3a1a4 KoHTpoJsi IO siBaisieTcst
CBOEBpeMeHHOe OoOHapy:KeHHe HEOAHOPOJAHOCTEH XapaKTepUCTHK MHKpopesabeda Ha Bceld
MOBEPXHOCTH ssieMeHTa. JlJist 3Toro OblIM pa3paboTaHbl CKAaHUPYIOLIME YCTAHOBKH, MMO3BOJISIIOLLAE
U3MePSATh KapTy BarKHeHINX xapakTepucTuk JIOD — nudpakiinoHHON 3PPeKTUBHOCTH U TTyOUHBbI
MHKpopesbeda.

Kontpouab nudpakunonHoi 3¢eKTHBHOCTH

Hast Tounoro kouTposisi mudpakumonHHon sddexkruBHocTn (1) O paspaboran
AaBTOMAaTH3UPOBaHHBIN cKaHupyloum# crena [1]. OnTuyeckas cxema creHaa rnokasana Ha puc. la.
[Iydok cBeta ot JiazepHoro moyJsi 1 gokycupyetcst 06 beKTUBOM 4 Ha MOBEPXHOCTb UCCIIEYEMOTO
J1O03 5, 06pazys aucbpakiMOHHYI0 KAPTHHY Ha TOBEPXHOCTH MaTOBOTO cpepuuecKoro skpaHa 6, rie
u300pakeHne (PUKCUPYeTCsl HECKOJbKMMM BHieokamepamu 8. IKcrnosb3oBaHWe MaTOBOTO
cepuyecKoro sKpaHa M HeCKOJbKHX BHIEOKaMep MO3BOJSIET PACIIMPUTL BO3MOXKHYIO pabovyio
obnactb 1 u3bexarthb notepb I1. CkannpoBaHue MOBEPXHOCTH MPOUCXOAUT 3a CUET MOLIATOBOTO
nepemernienuss JIOD OTHOCHTENBHO Jla3epHOTO TMydyKa C TOMOIIBIO JIBYXKOOPAHMHATHOTO
MOTOPH3MPOBAHHOTO CToJIa. B Kaxo#l Touke H3MepeHHsi KaMepbl MepeialoT H300paKeHHsi Ha
YIPaBJSIOUMA KOMIbIOTEDP, KOTOPbIH MPOM3BOIUT HX aHaJM3, pacCuMThiBaeT 3HaueHus D mnis
kaxknoro Buaumoro JIT u npencraBnsieT pesyabraThl B BUIe KapThl pacnpenenenus 19 puc. 16.
YacTtb u3/ydeHus jiazepa ¢ MOMOUIbIO CBETOEUTENS 2 HarpaBJ/sieTces: K (POTONPUEMHUKY 3 151
KOHTPOJIST HHTEHCHBHOCTH JiazepHoro MmojyJsi. dazoBasi macTuHKa 7 BBOAMTCS It BpallleHHs
MJIOCKOCTH TMOJISIPU3AlliK, KOrJa He0OXOAMMO HCCJIeI0BATh BJAMSHUE MOJSPU3ALMN H3JyYeHHs Ha

J12 JO3.
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Puc. 1. Onruueckas cxema crenna st usamepenusi 19 J1O (a) u usmepenHas kapra pacnpenesenus 19 (6)

CKaHUPYIOLIMHA MeTOJL IBJSIETCS crieluduiecKuM O6eCKOHTAKTHBIM METOIOM Jisi KOHTPOJIS
J2 JO3. OH 1no3BoJisieT KOHTPOJMPOBATb HA CTAJMM aMIUIMTYAHOrO 11Aa0J0HA CKBAXKHOCTh
nepuoandeckoil cTpykTypbl 1O 1no cooTHOLIEHHIO MHTEHCHBHOCTH AU PAKIIHOHHBIX TOPSIKOB, a
Ha (pUHAJBHOM CTaauu (Ha3oBOH CTPYKTYpbl MO3BOJSET TOJNYUUTh KapTy pacrpejeseHus
I pakMOHHON 3(DPEKTUBHOCTH, KaK B pabouyeM, Tak U Mapa3uTHBIX MOPsAKax AU paximu [2].

KoHTpoJib riy6uHbl TpaBiaeHusi (ha30BbIX OMHAPHBIX CAHTE3UPOBAHHBIX FOJIOrPAMM

Jlpyrum MeToI0M XapakTepusallii MepHOIMUYeCKOT0 TOBEPXHOCTHOTO peJjbeda, sBJseTcs
MeTOJl 3epKaJjibHOH criekTpockonnueckoil pediektromerpud (3CP) [3]. DToT MeToxn no3BodJisieT
6eCKOHTAKTHO M3MepsATh TJyOUHY TpaBJeHHss OMHAPHOTO (ha3oBOro pesbeda AUPPAKIIMOHHBIX
pemieTok [4]. BoamoxkeHn 1 BapuaHT MeTO/la C UI3MEPEHHUEM Ha MPOMyCKaHHe, HO OH He MPUMEHUM
JJI MaTOBbIX M HENpO3pauHbIX MOMJIOKEK, W HMEeT CYyLIECTBEHHO OGOJbIIYyI0 MHHUMAaJbLHO
U3MepsIEMYIO TJTyOHHY.

[1pu ocBellleHHH pellieTKH My4KoM GeJsIoro CBeTa 3aBUCUMOCTb HHTEHCUBHOCTH OTPAXKEHHOTO
Mydyka B HyJeBOM MOPsIKe AU(pPaKUUU OT BOJHOBOIO ukcaa (K = 1/L) uMeeT B NepHOAHUECKOT
(yHKUMH. JIoKa/bHble SKCTPeMyMbl HHTEHCHBHOCTH JIOCTHIAIOTCS MTPH YCJIOBUH:

kon(k)= m -cos (a)
4H

rje M — 11eJ10€ YUCJIO TIOJYBOJIH, YKJIAAbIBAIOLIMXCS B ONTHUECKON Pa3HOCTH X0/1a.

OnpenenyB NoJ0KEHNST SKCTPEMYMOB B CMEKTPE, MOXKHO BBIUMCJUTD IyOuHy pesbeda H
no opmyue:

cosal 1
H= , |
N0, 2 o) )

rae N — KOJIMUeCTBO aHAJIM3UPYEMbIX SKCTPEMYMOB, 71; — KO3 DHUIUEHT NPEJOMIEHUS TTOJTTOKKH
MPH BOJIHOBOM uucie k;. KoadduimenT npesiomienns BBejieH B 3Ty hopMyJTy AJis Caydasi H3aMepeHUs
yepes MoJYUI0KKY.

Ha ocnose merona 3CP O6bia pagpaGoTtaHa ckaHupylollasi YCTAaHOBKA, MO3BOJSIOLAS
M3MepsITb KapTy TJyOWUH TpaBjeHuss OuHAapHOTO (ha30BOTO pesibeda MO MJOMIAAM JeMeHTa
paamepom g0 200x200 mm u B nuanazone rayouH ot 240 no 3200 HM. IDTOT AMANA30H MOXKHO
C/BMHYTb B 00J1acTh 0oJiee MeJKHUX CTPYKTYp, MPOBOJIS U3MepPEeHHsl Yepe3 KBapLIEBYIO MOUIOKKY.
ITO M0O3BOJISIET YBEJHUUTD 3(DPeKTUBHYIO Pa30BYIO IIyOUHY CTPYKTYPbI U H3MEPSITh yOHHY OT 165
10 2200 Hwm.

YcTaHoBKa co3iaHa Ha 0CHOBe BOJIOKOHHOTO criekTpomeTpa AvaSpec-ULS2048*16-UA-50
¢ muanazonom 200—1100 HM u BoJiOKOHHOTO HcTouHHMKa cBeta Avalight-DH-S-DUV.

188



Yeruble nokaanpl. Cekuusa Ned
[osiorpammHbie U 1UdpaKIHOHHBIE ONITHUECKHE 3JIEMEHTDI:
METOJIbl KOMIBIOTEPHOTO CHHTE3a, METAMATEPUAJIbI, MJIA3MOHHbIE CTPYKTYPbI U TEXHOJIOTHH H3TOTOBJIEHUS

Onrtuyeckasi cxema npubopa, MokasaHHasi Ha pUC. 2a, BK/OYaeT 3 3epKasbHbIX 00bEeKTHBA CO
CJIeIyIolIMMHU apameTpamu: yBesunuenue 15X, aneptypa 0,28, pabounii otpe3ok 24,5 mm. BeiGop
3epKaJibHbIX OOBEKTHBOB BbI3BAH OTCYTCTBMEM Yy HHUX XpomaTudyeckux abeppauuid. [lydok ot
OCBETHUTEJISI 10 M3MepsieMOH TMOBEPXHOCTH TMPOXOAUT C OJIHOH CTOPOHBI OT OCH OOBEKTHBA, a
oTpaxkeHHbi# ¢ apyroil. Takum o6pazom, 3pdeKTHBHAS anepTypa MyuyKOB CHHKAETCS PUMEPHO B
3 pasa.

(6]
¥ coordinate, mm

30
X coordinate, mm

a) 0)
Puc. 2. Onrtuyeckas cxema peasuzaiuu ycraHoBku 3CP (a) v uamepennast kapra riy6unsbi (6).

AW

Wcnonb3oBanne Tpex 0OBEKTHMBOB M YaCTHUHOTO 3aroJiHeHHsl anepTypbl 0OyCJOBJIEHO
HEOOXOUMOCTbIO (PUIbTPALMH JAUPPAKIIMOHHBIX MOPSAKOB OTJIMYHBIX OT HyJeBoro. Onruyeckas
CUCTEMa MepPeHOCUT H300paxKeHHe TOPLA BOJIOKHA HA UCCJeyeMyto MOBEPXHOCTb B MaciuTabe 1:1
M 3aTeM Ha Topell BOJIOKHA crieKTpomeTpa. B npubope Obliu HCMOJb30BaHbl BOJOKHA C AMAMETPOM
cepmaueBunbl 100 Mkm. [1pu onqHocTOpoHHEM MPOX0XKAEHUH MYYKOB Uepe3 0ObEKTUBBI C arepTypoi
0,28 Bapuauusi yrjoB najaeHusi Jyyed Ha HCCIeLyeMylo MOBEPXHOCTb MPUBOAUT K YBEJMUEHHIO
TOrpelHoCTH u3Mepenus Ha +2,5%. [y6una Tpasienus o6pasiia, NpecTaBJeHHOro Ha puc. 26
coctaBusa 790 HM CO CTaHAAPTHBIM OTKJIOHeHHeM 66,9 HM. Bpemst uamepenue Bcel KapThl I1yOHH
COCTABUJIO OKOJIO 17 MUH M CKJIaIblBaeTcsl TJIaBHbIM 00pa3oM M3 BpeMeHH MO0LIaroBoro
nepeMellleHusi CToJla U BpeMeHH HAKOIMJIEHHSI CUrHajia criekTtpomeTpoM. JlocTaTouHblil ypoBeHb
aMIJTMTY/Ibl CUTHAJIA IOCTHTaNICs TIPH BpeMeHu unTerpupoBanus 80 mc. [Tpumenenue 6oJee spkoro
ucrounrka ceeta IRDC-XWS-65 [5] mosBosisieT MmoJiyuuTh CHrHaJ TaKOW »Ke aMIUJIUTY/bl MPH
BpeMeHH HHTerpupoBanusi okoJo 0,25 Mmc.

3akatoueHue

TexHosiornyecknii LMK Mpou3BojacTBa NpeuusHoHHblX JIOD TpebyeT 00513aTebHOTO
MPOMEKYTOUHOTO M BBIXOJHOTO KOHTpOJisi mapameTpoB uszieust. Ctpykrypa JLOD moxkeT ObITh
HACTOJILKO CJIOXKHOH, 4YTO €€ KOHTPOJb, CYIIECTBYIOUIMMH TPSIMBIMM METOJAMH HEBO3MOXKEH.
[lostomy KpaiiHe BaxkHa pa3paboTKa KOCBEHHBIX METOJOB OlleHKH napameTpoB npoduas 1O
Herocpe/ICTBEHHO B Mpollecce MPOU3BOACTBA. 3a CUET Moc/eytollleldl MaTeMaTHuecko 06paboTKu
pe3yJ/ibTaT 3THUX U3MEPEHHH CoCOOeH IEMOHCTPUPOBATh BbICOKYIO TOUHOCTb.

Hannas pa6Gora mnomiep:kana yactuyHo rpaHtom POOU ODPU-M Ne 4-29-07227 wu
MEKIUCIMTIMHAPHBIM UHTErpallMoHHbIM rpoekToM Ne |12 Cubupckoro otaenenns PAH.
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Measurement of characteristics of diffractive optical elements in the
manufacturing process

A.S. Konchenko, V.P. Korolkov, A.G. Poleshchuk, V.N. Khomutov, V.V. Cherkashin
Institute of Automation and Electrometry, Siberian branch, Russian Academy of Sciences,
Novosibirsk, Russia

Results of development of some methods of non-destructive characterization of difiractive

optical elements at intermediate and final stages of their production made in the laboratory of
diffractive optics of Institute of Automation and Electrometry SB RAS are presented.
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42  JludpakumoHHbIe ONTHUECKHE 3JEMEHTbI C IBOWHOW (PYHKIIMOHAJIBbHOCTbIO
B U300pakaloulux runepcnekrpomerpax

B.A. baank, P.B. Ckudaros

Huerutyt cuctem 06pa6oTku nzoopaxenuit PAH — dunnan @enepasnbHoro rocynapcTBeHHOTO
yupexnenns: «DeepasbHblil HAyYHO-UCCAeIOBaTENbCKU 1eHTp «Kpuctannorpadus u potonuka»
Poccuiickoit akanemun Hayk», Camapa, Poccust

Camapckuil HaUMOHAJbHBIN HCC/IEIOBATENbCKUH YHUBepcHTeT UMeHH akaaemuka C.IT. Koposéna,
Camapa, Poccus

Beenenue

B nocnenHee Bpemsi MHTEHCHBHO — pacTeT KOJMYECTBO oOJacTell  MpUMeHEeHHs
1300paxKkalol|X CMeKTPOMETPOB, OHM HCMOJb3ylOTCs B MemuiinHe, /133, cesqbcKOM X03SIHCTBE,
BoeHHOM jienie W T.J. [1]. BesenctBue sT1oro, Bo3HMKaeT HeOOXOAMMOCTb B pa3paboTKe
SKOHOMHUYECKH 3(PQPEKTUBHBIX W MHHHATIOPHBIX CcreKTpomeTpoB. Jlo cuxX mop TpaaulMoHHble
OTNTHYECKHE CMEKTPOMETPbI ObLIH, KaK MPABUJIO, TPOMO3IKUMU U JOPOrOCTOSILIMMU. B nieanbHom
cJlyuae THUIEePCreKTPOMETP A0/KEH yMelIaTh B MOOUJIbHBIE YCTPOHCTBA

[IpeanpunuManch pasiuuHble yCUJUs is pellieHust 3Tol npo6sembl. CTasiu HCOb30BaTh
BOTHYTble pelleTKu [2] u mudpakuuoHHble JUH3bI [3, 4]. OaHako MoaxXol K MUHHATIOpU3allMH
TUIePCIeKTPOMETPa ONUCAHHBIN B [2] NOAXOAUT J/Is UCIOJIb30BaHUsl B OOPTOBOM anmnaparype ajisi
aBUHAIMH U KOCMHYECKOH TEXHHKH, OJIHAKO M3-3a CJIOKHOCTH OMNTHUECKOW CXeMbl JajbHeHIas
MHHHATIOpU3alust TpyaHoBbInosHuMa. [loaxon onucanHblil B [3] cBsI3aH C BBICOKOH CJI0’KHOCTBIO
aJropuTMOB 06pabOTKH MOJydeHHOH MHPOPMALMK, ¥ YaCTO He MO3BOJISIET MOJYUUTh I0CTATOUHOE
crniekTpaJsibHoe paspelieHue. Hanbosiee ynaunoe pelieHue npeaioKeHo B [5], rae HCMOIb30BaAJICS
JIO3, coueratoiyii B ce6e CBOWCTBA JIMH3bI U TUPPAKIIMOHHON pelieTku [5]. B 3TOM ciyuae Besi
onTHYecKasi cxeMa H300pazkalolllero CrekKTpomMeTpa CBOAUTCS K aTomy aeMenty u [13C marpule.
OnHako npeioXKeHHbI TOAXOA MOXKHO elle GoJiee ycoBeplleHCTBOBaTb. B paGorte [5H]
IMpakUMoHHasi JiMH3a Oblia cOpMHUpPOBAHA HA OIHOM CTOpPOHE CTEKJSIHHOH MJAacTHHBI, a
nrdpaKIMOHHAs pelieTKa Ha JIPyTroH.

B nannoii pa6ore npennaraercs JIOD, mukpopesnbed KOTOporo mnpeactaBisieT co6oH
CyTMepPo3uLHI0 MUKPOPeIbeoB AMPPAKIHMOHHON JUH3bI U U PAKIIHOHHON PelleTKH.

CnekTpomeTp Ha OCHOBE JIMH3bI - PEILETKH

B pa6orax [6, 7] uccaenoBascs 37eMeHT, COCTOSIILNH U3 AU PAKIIMOHHON PEeLIETKH U JIMH3HI,
KOTOpPbIE M3TOTABJMBAJNUChL OTIAEJbHO APYT OT Apyra. B Hameil paGote Obll H3rOTOBJEH 3JEMEHT,
KOTOPbIH coBMelllaeT aBa peJsbeda: AMdpakKuMOHHON pelleTKH M JIMH3bl. Takoi MoJIXon HMeeT
HECKOJIbKO OCHOBHBIX IPEUMYLLLECTB repes [D]:

- MeHblie abeppalOHHbIX HCKAXKEHNH OT AM(PAKIIMOHHON PELIeTKH;
MeHblLlIast CTOUMOCTb 6a3osoro J103;
OTCYTCTBHE TM(DPaKIUOHHBIX 3(P(PEKTOB OT MepeoTparkeHus Ha ABYX pesbedax;
BO3MOXKHOCTb MCIOJIb30BAHHUS OTPAXKAIOLILEr0 BAPHAHTA.
Ha puc. | nponemoncTprpoBaHa lieHTpasibHast YacTb Pa3oBoil (GYHKIMH JIMH3bI- PELIETKH.
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Puc. 1. LlenTpasibHblii hparMeHT hazoBoi yHKIMH JHH3bI- PELIETKH

Ha puc. 2 npomemoHcTpUpoBaHa 3KClepyMeHTalbHash cXema, KOTopasi COCTOHT U3
FOPU30HTAJILHOH 111eJIH CKaHUPOBaHus (1), TMH3bI-pellieTKH (2) U perucTpupylollel Ma0cKoCTH (3),
KoTopasi ycTaHoBJeHa Mo yrjioM 25°. JIuHsa-peleTka Oblla HM3TOTOBJEHA € (DOKYCHBIM
paccrostareM 12 mm yist asiHbl BosiHbl 550 HM. [{namerp snnzbl 1,5 mm. [Tnockoers [13C matpuiis
(3) perucrpupyer crekrp ot 400 1o 700 HM.

\

1 — FOPHU3OHTAaJIbHAsA 11eJIb CKaHUPOBAHHUS; 2 — JIMH3a-pelIeTKa,
3 — peructpupyrouias njaoCKoCTb, yCTaHOBJIEHHAsI MO YIJIOM K ONTHUECKOH OCH
Puc. 2. 3KCH€pHMeHTaJIbHaH YCTaHOBKa CIIEKTpOMeTpa, OCHOBAHHOT'O Ha JIMH3€-PEUICTKE

JIuH3a-penietka Obljla H3rOTOBJIEHA METOIOM (POTOJMTOrpaduu Ha KBapLEBOH MOJIOKKE.
Ha ee ocHoBe Obl1 cob6paH U300paxKaLKUK THIIePCNeKTPOMETpP, KOTOPLIH 110 pasMepaM U mMacce
noutu He otanyaetcs ot [13C kamepsbl, Ha OCHOBE KOTOPOH OH ObLJ CIe/IaH.

3akioueHue
[IpenniokeHa HoBasi KOMIOHOBKA H300pakalolllero CrHeKTPOMeTpa, OCHOBaHHAsi Ha
MCIO0JIb30BAHUH HOBOTO JINCIIEPCHOHHOTO 3JIeMEeHTa — JIMH3bI- PeLIeTKH. bblyia M3roToB/IeHa JIMH3a -
pelieTka M Ha OCHOBe Hee coOpaHa 3KClepUMEHTasbHasi cxema criektpometpa. JlaHHbii
CTIEKTPOMETD sIBJIsIeTCsl Haubojiee KOMMAKTHBIM W HEIOPOTOCTOSIIIMM, TaK KakK He COAEPXKHUT
3JIEMEHTBI HAa KPUBOJIMHEHHBIX MJIOCKOCTSIX.

BaaropapHocTu
Pa6ora BeinmoJsiHeHa npu huHaHCOBOH MonepkKe Poceuniickoro HayuHoro doHna (rpant 14-
19-00114).
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Ucrounnku
[1] JamesJ. Spectrograph Design Fundamentals. — Cambridge University Press, 2007.

[2] Palmer C. Diffraction grating handbook / C. Palmer, E. Loewen. — Newport Corporation, 2005.
[3] Cxumanos P.B. Mcenenopanne H306paxaloliero CeKTpoMeTpa Ha ocHoBe A paKLHOHHOM JUH3bI /
P.B. Ckunanos, B.A. Baank, A.A. Moposos // Komnbiotepnast ontika. — 2015. — 39 (2). —

C.218—223.
[4] Lyons D.Image spectrometry with a diffractive optic // SPIE Proc. — 1995. — Vol. 2480. —
P. 123—131.
[5] Yang C. Demonstration of a PDMS based hybrid grating and Fresnel lens (G-Fresnel) device /
C. Yang, K. Shi, P. Edwards, Z. Liu // Optics Express. — 2010. — 18 (23). —P. 23529—23534.
[6] Yang C. Proposal and demonstration of a spectrometer using a diffractive optical element with dual
dispersion and focusing functionality / C. Yang, P. Edwards, K. Shi, Z. Liu // Optics Letters. —
2011. —36(11). — P.2023—2025.
[7] Yang C. A compact optical spectrometer based on a single-grating Fresnel diffractive optical
element / C. Yang, P.S. Edwards, K. Shi, Z. Liu // SPIE Proc. — 2012. —8374. — P. 123—131.

The difiractive optical elements with dual functionality in imaging
hyperspectrometer

V.A. Blank, R.V. Skidanov

Image Processing Systems Institute — Branch of the Federal Scientific Research Centre
“Crystallography and Photonics”of the Russian Academy of Sciences, Samara, Russia
Samara National Research University, Samara, Russia

A new scheme of the imaging spectrometer based on a grating-lens has been proposed.
This element was fabricated by photolithography.
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43  Pa3paboTka onTHUeCKOW CXeMbl U3MEPUTEJIBbHOrO CTEH/IA J1sl KOHTPOJIS
JIly4eBOi CTOMKOCTH AU()PAKLIMOHHBIX PELETOK

K.C. Kopennoii"?, 3.P. Mycaumos'?

'AO «HITO «T'ocygapcTBeHHbIH HHCTUTYT NPUKJIAAHONH ONTHKK», Kazanb, Poccus

? KasaHCKHUil HALMOHAJIbHBI MCC/IeJI0BATe/ILCKUI TexHuueckuil ynusepeurer um. A.H. Tynosesa —
KAMH, Kaszaub, Poccus

OrpoMmHbI# psii TAKHX TEXHOJOMMYECKHX 3a/lay, Kak HccieloBaHHe (U3MYeCKHX CBOUCTB
BelIeCTBA, UCTAHIIMOHHOE 0OHAPYKEeHHE OMacHbIX BLIOPOCOB B aTMocthepe, 06paboTKa MeTaJlJIoB,
NpPOBeJeHHE CJA0XKHBIX MEIUIMHCKUX Ofepalyi U T.J1. He oOXomutcsi 6e3 MpUMeHEHHUs] MOIIHOTO
Jlazepa. DTH 3a1a41 pellatoTcsl C OMOLLBIO J1a3ePOB KaK € MOCTOSIHHOM reHepalyen uajiydeHusi, Tak
u ¢ umnysbcHo. [Tox nonsiTuem mMotiHoro Jiazepa, paboTatoUlero B UMITYJIbCHOM PeXKUMe, peub UAET
0 Jlazepe, KOTOpbIH 00J1aaeT BbICOKOH CpeaiHel MOIIHOCTbIO W BHICOKUMH 3HAUEHUSIMH SHEPIUU B
umnysbce [1]. OnHuM U3 BBICOKO3((HEKTHBHBIX CMOCOOOB CO3MATh YJIbTPAKOPOTKHH HMITYJbC,
JUTUTENBHOCTBIO OT HECKOJIbKMX MTHKOCEKYHJL 10 COTeH (PeMTOCEKYH/I, C BHICOKHUMHU SHEPreTHUECKUMU
XapaKTepUCTHKAMHU, SIBJISIETCSI KOMITPECCHS Jla3epHbIX UMITYJIbCOB, OCHOBAHHAsi HAa NMPUMEHEHHH
KOMITpeccopa, COCTOSIIETO U3 HECKOJIbKUX U pakiuHoHHbIX peléTok (JIP). OueBuano, uto /AP B
TAaKOM KOMIpeccope JOJKHbl 00J1aaTh BBICOKOH JyueBOH CTOHKOCTbIO W JU(paKUHOHHON
s¢pdekruBHOCTbIO [2]. Takum o6Gpa3om, 3amaua KOHTPOJS Mapamerpa JiydeBol croiikoct JIP
siByisieTcst BecbMa akrtyasbHoi. B AO «HITO «I'MIITTO» ycneuno Benéresi pa6ora 1o paspaboTke U
u3rotoBJieHHo JIP ¢ BbICOKOH T pakMOHHOH 3(DPEKTUBHOCTBIO U JIyU€BOH CTOHKOCTBIO.

JlyueBasi CTOWKOCTb JtOGOTO OMTHYECKOTO 3J€MEHTa 3aBUCHT OT €ero (pu3Mveckux,
TEXHOJIOTHYECKUX CBOKCTB, a TaKkKe OT [apaMeTpoB M3JyyeHHsl, BO3JAEHCTBHE KOTOPOTo
HcnbIThiBaeTest Ha oopasue. Onnako st [IP nosipasieTcst elé oMt BazKHbIN (hakTop, BAUSIIOLMHA HA
JIydeBY10 CTOHKOCTb — Ko3(uiineHT 3anosnenus [2]. Tak:ke CTOUT OTMETHUTD, UTO pacrpeiesieHue
aAMIJTUTY/IBl 3JEKTPUIECKOTo TOoJs uanyueHus, nanatomiero Ha JIP, 3aBucut ot yria nanenusi. B
CBSI3M C 3THM METOJMKH, TpeJCTaBjeHHble B padoTtax [4] W [D], He MOryT HCMOJb30BATHCS
npuMeHuTe bHO K JIP, nostomy Heo6XoauMo pa3paboTaTbh HOBYIO METOJIMKY U CPEJICTBO U3MEPEHHUS
JydeBoil cToukocTH JIP.

[Ipu paspaboTke HOBOH MeTOAMKM W MakeTa Jyii HU3MepeHHusi JydyeBoH croikoctu I[P
HeoOXOMMO 3HaTh HavyaJsibHble JaHHbIe UMITYJIbCA: JAJIMHA BOJIHBI M3Jy4€HHsl, MOLIHOCTb, 4acToTa,
JaMeTp HMITYJIbCHOTO U3JlydeHHusi, mapametTp M? u T.1. FiamMepenusi i KOHTPOJIb JiydeBOH CTOMKOCTH
ONTHYECKHX 3JIEMEHTOB NMPOBOAUTCS B cooTBeTCTBHH ¢ TpeboBanusimu OCT 11 070.802-80 u ISO
11254 Ha aTTecTOBaHHOH YCTaHOBKE MPH 3HAYEHUSIX TAPAMETPOB J1a3€PHOTO H3JTyUeHHs], yKa3aHHbIX
B TabJI. 1.

Opnnako nanuble TpeGOBaHUSI He JIOMYCKAIOT TMPOBEPKY JydeBOH CTOHKOCTH OMNTHUECKHUX
3JIEMEHTOB B (DeMTOCEKYHIHOM JHAaNa3oHe Ja3epHOTO U3JydeHHs, MOSTOMY MPU CO3MaHHUU HOBOM
METOJAMKH HEOOXOJMMO YYHUTBIBATb HE TOJIbKO TMapaMeTpbl Ja3epHOro HMIYJbca, HO H
TEXHOJIOTHYECKHEe O0COOEHHOCTH MPOBEpPKH JyyeBOHM mnpouHoctd aas  JIP, B uacTHocTH,
M3MEHSIIOLIMICS YTOJl MajieHUsT U3JTydeHHusl.
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Ta6.1. 1 TTapameTpbl jlazepHOro U3JsydeHHs! 1J1s1 KOHTPOJIS JIy4eBOH CTOUKOCTH ONTHYECKUX 3J1€EMEHTOB

[lapamertp

3HayeHue

Pexxum reHepupoBaHus
JIa3€PHOr0 U3JyYeHHs

O1HOMOJIOBbIN, MOHOUMITYJILCHBIN

,U,JII/IHa BOJIHbBI JIA3E€PHOT'O

1064
M3JTy4eHHst A, HM
JlyreIbHOCTh UMIyJIbea £, ¢ (1041)-107°
JlranasoH 4acToT CJeJOBAHUS O10,1 10 100

JlazepHbIX UMMyJbcoB f, 1]

JlnanazoH nuameTpa myuxa
JIa3epHOT0 U3JyueHus d, CM

Or5-1021030-1072

JlnanasoH KoJIMUECTBA UCILITYeMbIX TOUEK Or 30 0 200
III/IHHEB?H KOJIMUECTBA UMITYJIbCOB U3JTyUeHHUs, Or 1 10 1000
BO3/ICHCTBYIOLLMUX B OfIHY 06J1aCTh 06pa3ua
BeJsinunHa JMCKPETHOrO yBeJHUEHHs! IOTHOCTH 10
J1azepHoro uasyuenus, %, He 6osiee
YroJ najeHus JazepHoro UJydeHust 0

Ha TIOBEPXHOCTb 06paslia, rpaj

Ycs10BUst H3MepeHHs

HOpMaﬂbele KIUMATHYECKHUE

B pa6ote [3] 6bl710 NOKa3aHO, YTO CYLIECTBYET B3aUMOCBSI3b MEXKIY JIy4eBOH CTOUKOCTBIO U

i pakuuonHoi sddexktuBHocThio (1), KoTopasi, momumo napametpoB IIP, 3aBUCHT U OT
shexTa «3aMbIBaHUS», MOJY4AEMOTO TIPH HAHECEHWH TUJEKTPUUECKUX MOKpPbITHH. Mexons us
BbILI€CKA3aHHOTO, aBTOPbl MPHLIIK K BbIBOAY, UTO Mpu u3Mepenun IIP Ha JyueBylo CTOHKOCTb
OCHOBHBIM KOHTPOJIUPYEMbIM TMapaMmeTpoMm siBjsercss J19. 3a Kputepuil JyueBoH CTOHKOCTH
ueesenyemMbix oopasuoB JIP npuHuUMasach BesMUMHA TJIOTHOCTH SHEPIHH BO3JIEHCTBYIOLLETO
U3JTydeHHs], TPH KOTOPOH craj AUPpakiMOHHOH 3PPEKTUBHOCTH B MEPBOM TMOPSIIKE CIIEKTpa Ha
JUIMHE BOJIHBI 30HMPYIOLIET0 U3JIydeHus 3a BpeMsi Bo3leilcTus, paBHoe 1 ¢, coctabisier 10% ot
epBOHAYaIbHON BeJIMYHHBL. DTOT cr1ocob Mo3BoJsieT Ha0M0aTh HaYalbHYIO CTAMI0 H3MEHEHHsI
I pakMOHHBIX cBOUCTB JIP mop neficTBHeM MHTEHCHUBHOTO JIa3€PHOTO U3JYUEHHST U OTMPENEUTh
HayaJIbHbI} TOPOroOBbIF YPOBEHb MJIOTHOCTH MOTOKA 3Heprun W, [6].

Ta6s. 2 [TapameTpbl heMTOCEKYHIHOIO BOJIOKOHHOTO Jiadepa Bbicoko# MotiHocTH Fidelity-2, Coherent.

[lapameTtp 3Hauenue
CpeJiHsisi MOLIHOCTh, BT >2
[lenTpaJsibHasi IJIHHA BOJIHBI (HOMUHAJILHAS ), HM 1070
JlmtenbHOCTD UMMyJIbCa, e <b5
FWHM, um >60
MotiHoctb umnyJbea, KBt >450
Crabu/bHOCTb M3aydeHus, % 40,5
M2 (cpennuii no X&Y) <1,2
Jluamerp nyuka, Mm 1,2+0,2

PacxonumocTb nyuka, mpajn <1,6

[Tpu pacuére ontrueckor cxeMbl MPUGOPA /7S KOHTPOJIS JiydeBoil cToiiokeTH [IP B KauecTBe
MCTOUYHHMKA MOIIHOTO (PEMTOCEKYHIHOTO J1a3epHOTO H3JydeHHst ucrnosib3oBadicst Jazep Fidelity-2
tdupmbl Coherent, a st npoepku 1D — mnasep nocrosinnoro uaiydenuss DTL-423, ocHoBHBIE
napaMeTpbl KOTOPBIX MPECTaBJeHbI B Ta0J. 2 1 Ta6JI. 3.
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Ta6ua. 3 [Tapamerpnl HenpepoiBHOTO s1agepa DTL-423, Jlazep-Kommnakr

[lapamerp 3HaueHue
Mowocts 1aseproro usayuens 300 4+ 5% | 1000 + 5% | 2000 + 5% | 2500 + 4%
(HOMMHAJIbHOE 3HaueHue ), MBT
[leHTpasnibHas IyIMHA BOJIHBI (HOMUHAJIbHAS ), HM 1053
YpOoBeHb ONTHYECKHX ILIyMOB o
<0.5%

B uacToTHOM juanasone 10—20 MI'u, % RMS
HosroBpemenHasi cTabUJIbHOCTh
YPOBHS MOLIHOCTH (3a 8 yac)

<2% ot nuka k nuky(CKO < 0,5%)

M2 (cpennuii mo X&Y) <l,1
Jnametp nyuka, MM 1,240,1
PacxonumocThb nyuka, Mpaj, <1,2

Ha puc. | npencraiena ontuueckasi cxema npubopa jisi i3MepeHHust JIydeBOH MPOUHOCTH
JP. ns pacyéra onTHYECKHX MapaMeTpoB Y3JIOB CXeMbl ObLIM MCIOJb30BaHbl MPOrpaMMHbIe
Komriekebl Zemax, Mathlab. B xone ontuMusanuu cxembl 6bl1 oNpeiesiéH BApUAHT, OTBEUAIOLIUH
HeoOXOUMbIM KPUTEPUSIM NpH uccsenoBanuu P Ha jiyueByto CTOHKOCTD.

K Acepuveckoe 36oKan0
Hemoswu ummymsenged T o~
MIFETHOZL LFAYICHUT - -
Acgaptyeckoe sepan | |
Lhemodenumens

e Z .............................. %ﬂ%m

NOFEPHOZE UARHERUA i
(] (]
Fpuemmuy Aa380H020 fpueriux 793801020
UZRYEHUR UIMYHEHUR

Puc. 1 Ontuyeckasi cxema npu6opa jjst KOHTPOJIst JiydeBoil mpoyHocTH JIP

Ucrounuku

[1] Posunckuit P.E. Mouitbie TexHoJsiornueckue Jjiazepbl. — 2005 1. 103 c.

[2] Benokonbito A.A. JIndpakiMOHHbIE PELIETKH JJls KOMITPECCHH JIa3ePHBIX HMITYJIbCOB /

A.A. Benoxonerros, K.C. Kopennoii, A.W. JTio6umos, T.A. Muponosa, A.®. Cxounnos //
['onorpacus. Hayka u npakrika C6opHuk tpynoB 11-it MexnyHapoaHo# KoHgpepeHIuH
«[onodxeno 2014», 16— 17 centabps 2014 r. Coun, Poccus

[3] Annpeen A.A. MccnenoBanue quhpakilMOHHBIX PEILIETOK C BICOKOM JIy4€BOH CTOHKOCTBIO ISt
KOMITPECCHU MOLIHBIX JIA3€PHBIX HMITYJIbCOB /AA. Annpees, B.J1. Bunokyposa, P.P. I'epke,

E.I'. Canib, B.E. dwun // Ontuueckuit sxypuan. — 2005. — Tom 72. — Ned. — C. 12.

[4] babasinu I'.M. PazpaboTka u uccaeoBaHue I13JeKTPUUeCKUX MOKPBITHH C BBICOKOH JyueBOH
npounoctbio / .M. Babasuu, C.I'. Fapaunun, B.I'. )Kynauos, E.B. Kmoes, A.B. CapkuH,
C.A. Cyxopes, O.A. lllapos // Kantopas snekrponnka. — 2005. — Tom 35. — Ne7.

[5] Top6ynos A.B. HMccnenoBanue BosieiCTBUSI HMITYJIbCHOTO JIA3€PHOTO H3/TyYeHHsT HA KBAPLIEBOE CTEKJIO
¢ CD — niiéukamu Ha nosepxHoct B Bakyyme / A.B. Top6ynos, H.B. Knaccen, K.IO. Bykoiios,
JI.B. Opunckuii // Boripochl aToMHOl Hayku 1 Texunku. Cep. Tepmosinepublii cuntes. — 2005, —
2. — C.30—38.

[6] Beiiko B.I1. Jlazepnas o6pacotka / B.IT. Beiiko, M.H. Jlu6encon; nox pea. C.IT. Mutpodanosa. —
JI.,1973. — 191 c.

196



Yeruble nokaanpl. Cekuusa Ned
[osorpamMmHbie U 1M paKLIHOHHBIE ONITHYECKHE 3JIEMEHTHI:
METOJIbl KOMIBIOTEPHOTO CHHTE3a, METAMATEPUAJIbI, MJIA3MOHHbIE CTPYKTYPbI U TEXHOJIOTHH H3TOTOBJIEHUS

Development of the optical layout for a measurement stand designed to
monitor the laser damage threshold of diffraction gratings

K.S. Korennoy' 2, E.R. Muslimov'?
'JSC “NPO “State Institute of Applied Optics”, Kazan, Russia
?Kazan National Research Technical University named after A.N. Tupolev — KAI, Kazan, Russia

High-power lasers are used to meet a great deal of technological challenges, namely:
studies of matter physical properties, remote location of hazardous discharges into the atmosphere,
metalworking, performance of composite medical operations etc. These challenges are met by
means of both continuous radiation generation lasers and pulse generation lasers. The term “a
high-power laser, operating under the pulse conditions”, implies a laser, featuring a high average
power and high values of pulse energy. One high-efficient way to produce an ultra-short pulse,
whose duration is from several picoseconds up to hundreds of femtoseconds, featuring high energy
characteristics is a laser pulse compression. This method comprises several diffraction gratings
(DGs). It is quite obvious, that DGs of such a compressor should feature a high laser damage
threshold and a high difiraction efficiency. So the problem of monitoring the laser damage threshold
parameter of DGs is rather actual.

Fig. 1 shows an optical layout of the device intended to measure the laser damage threshold
of diffraction gratings. This paper presents characteristics of the optical layout units and analyses
the theoretical data of the laser pulse.

Loltimator Aspherical mirror
‘f I\ \"\‘ ‘I‘I
| ‘ Y
kb | W
Source of pulse V
laser radiation
Aspherical mirror ,"‘
/
Beamsplitfer Oiffraction graifing
N (|
=4/
\ o
Source af confinuous Collimator
laser radation
] L]
Laser radiafion Laser radiation
detector getector
Fig. 1
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4.4 }leJ]l/lTeJ]bHaSl MallMHA MAaATHUKOBOTO TUIlA NIPUMEHUTEJ/IbHO K PCIIEHHUIO
l'lpOﬁJleMbI HM3TrOTOBJIEHHUSI HAPE3HbIX Ill/ld)paKLll/lOHHle pPE€ICTOK Ha
HEIJIOCKHUX MOAJI02KKaXx

A.B. Jlykun, A.H. MeavHukos
AO «HITO «T'ocynapcTBeHHbBIH MHCTHTYT NPUKAAIHON onTHKK», Kasanb, Poccus

B noknane npejacrasjeHbl 0030pHble Martepuasibl, XapaKTepHu3ylollHe COBpPEMEHHOe
COCTOSIHME JIEJIUTEJIbHOW TEeXHUKH, NPUMEHSIEMON I U3TOTOBJIEHHSI C MOMOIIBIO CelHalbHbIX
aJIMasHbIX Pe3LOB HAape3HbIX MU PaKIIMOHHBIX pelleToK, B Poccuu u 3apybexom [1—4].

a — jpeautenbHol MauHbl II'-91, noctpoennoit no kunemaruueckoi cxeme Poysanaa; 6 — KpyroBol e/iMTesbHOH
matuunbl Tia MJIA-10; B — gesnuTeIbHON MalllHHbBl MATHHKOBOTO THITA
Puc. 1. O6uwii Buj 06pasioB 1eJUTebHON TEXHUKH

AO «HIIO «locynapcTBeHHbIH HWHCTUTYT MPUKJIAAHOH ONTHKM» 006JaaaeT MapKoMm
JeJIUTeJIbHOW TEeXHUKH TpeX THIIOB: KJacCHuecKue Je/uTesbHble MalluHbl PoyJjanackoro Tuna
(12 emunuir), KpyroBbie JeIMTeNbHbIE MALIWHBI (3 €MHULBI ), AeJUTebHAS MAllIMHA MasiTHHKOBOTO
tuna (aeicTByonni Mmaket). C UX MOMOIIbIO H3TOTABJIUBAIOTCS IMPOKAsi HOMEHKJ/IaTypa Hape3HbIX
IUPPAKLUMOHHBIX ONTHUECKHUX 3JI€EMEHTOB (CreKTpasbHble MU(MPAKIIMOHHbIE PELIETKH HA TVIOCKHUX U
BOTHYTBIX MOJII0XKKAX, KDYTOBbIe U JIHHEHHbIE OCEBble CHHTE3UPOBAHHbIE TOJOTPAMMBI HA MJIOCKHUX,
BOTHYTBIX W BBIMYKJbIX MOIJIOXKKAX, (POTOIIAGIOHBI A5 KUHO(POPMOB, pELIeTKH C BbICOKON
IMGPpaKIMOHHON 3(()EKTHBHOCTBIO W MOBBILIEHHON JIydeBOH CTOMKOCTBIO JIIsT MH(paKpaCHBIX
Jla3epoB, Hape3Hble H3MepHUTeJbHble pelleTKH, pelleTKU-noasipusatopbl). B KauecTBe
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WJJTIOCTPALMH HA pHUCYHKE TPHUBOJMTCS OOLIMHA BHA Tpex 00pasloB JeJUTENbHOH TEeXHUKH
AO «HITO «T'MITO».

OcoOblii  MHTepec TIPEACTaBJSIOT Hape3Hble CBEPXCBETOCHJIbHBIE BBICOKOUACTOTHbIE
JTUPPAKUMOHHBIE DELIeTKH JJIsT  CO3JIaHHsl THIEPCreKTPaJbHON —anmnapatypbl KOCMHUYECKOro
6asupoBaHHsl, TaK Kak B JAaHHOM CJIyuae roJiorpaMMHble M paKIMOHHbIE PEILIeTKH MaJIONPHUIO/IHHI.

PaccmarpuBaroTesi U aHAJIM3UPYIOTCST BO3MOYKHOCTH PeaJsii3allii U3BECTHBIX TeXHHUECKHX
pelIeHHH B JIEJUTEJbHON TEXHUKE M TIOMCK HOBBIX MyTeH MPUMEHHUTEJIbHO K PELIeHHIO TPOOJIeMbI
M3TOTOBJIEHHST CBEPXCBETOCHJIbHBIX BBICOKOUACTOTHBIX AP PAKIHMOHHBIX PEIIETOK.

UctouHuku

[1] Jlykun A.B. [lenurenbHasi MalinHa MasiTHUKOBOTO THIIA /ISt K3TOTOBJIEHHST HAPE3HBIX € PHOANYECKHUX
pesibedpHo-dazosbix cTpykTyp / A.B. Jlykun, A.H. Meabuuxos, C.O. Mupymsini // Ontuueckuii
KypHast. — 2007. — Tom 74. — Nel. — C. 44—49.

[2] LiX.300 mm Ruling Engine Producing Gratings and Echelles under Interferometric Control in
China / X. Li, H. Yu, X. Qi, S. Feng, J. Cui, S. Zhang, Jirigalantu, Yu. Tang // Applied Optics. —
2015. — Vol. 54. — Ne7. — P. 1819—1826.

[3] Kopnopauus «Hitachi Group» / URL: http://www.hitachi-hightech.com.

[4] LiuD.C. Control System Development of Grating Ruling Engine Based on MATLAB/Simulink /
D.C. Liu, Y. Shen, J. Zhong, G.F. Lian, C.A. Zhu // Applied Mechanics and Materials. — 2012. —
Vol. 110-116. — P. 4788—4794.

Dividing machine pendulum type with regard to the problem of
production of threaded gratings on non-flat substrates

A.V. Lukin, A.N. Melnikov
JSC “NPO *“State Institute of Applied Optics”, Kazan, Russia

The report presents the survey materials that characterize the current state of the art pitch,
used for the manufacture of a special diamond tools threaded diffraction gratings, in Russia and
abroad.
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45  JKcrnepuMeHTaJbHOE UccieloBaHe 00beMHO-(a30BbIX FOJOrPaMMHbBIX
AU PAKUMOHHBIX PELIETOK /1Sl aCTPOHOMHUYECKOTO0 crnieKTporpada
yMepEeHHOro pa3pelleHus

A.A. Beaokonoimos', @.A. Cammapos', HM. llueanosa’, 3.P. Mycaumosg' ?,

H.H. Axmemuwuna’?

"'AO «HITO «T'ocynapcTBeHHbIH HHCTHTYT NPUKJAAIHONR onTHKK», Kasanb, Poccusi

? KasaHckuil HallMOHaJIbHBIN HCC/IEIOBATe/IbCKUH TexHHuecKui yHuBepcuteT um. A.H. Tynosesa —
KAM, Kasanb, Poccus

M3BecTHO, 4TO HCMosb30BaHHe 06beMHO-(A30BbIX ToJorpapuueckux AUppaKkIHOHHBIX
peutetok (I/IP) B cxeme crektporpacga nosBosisieT 10CTHYb BBICOKOH KOHIIEHTpAllMM SHEPTUH B
paboueii obsactu crnektpa [1]. Kpome Toro, cnekrpanbHasi cesnektuBHocTh [JIP mosBossiet
peaJsiM30BaTh KOMIJIEKCHPOBAHHE H3MEpHUTEJbHBIX KaHaJOB, Kak MOKa3aHo, Hanpumep B [2].
[lofo6HbIl  MPUHUMI  MPEWIOKEHO  HCMOJMb30BaTh JUISl  MOCTPOEHHSI  aCTPOHOMHUYECKOro
criektTporpada ymepeHHOro paspelieHus. B ocHoBe onTHuecKo# cxeMbl TaKOTo MpuUOoOpa JEKUT
Kackan 06beMHo-hazoBbix [[[IP, Kaxast 3 KOTopbIX pOPMHUPYET CHIEKTP B 3aJAHHOM MHTEpBaJie Co
CPaBHMTEJIbHO BBICOKHM pa3dpelleHreM. Kaxas pelneTka UMeeT cpaBHUTEJbHBIN Y3KUH paboumil
CMeKTpaJibHbIl  MHTEpBaJ, B TMpeiesax KOTOPOro OHAa MMeEeT BbICOKYIO AU(PPaKUHOHHYIO
3 peKTUBHOCTL U oOecreunBaeT (OPMHUPOBAaHUE CrEKTpa. 3a MpeaesaMu JaHHOTO HHTepBaJja
pelieTKa paboTaeT Kak pocrasi MJa0ocKonapasienbHas niacTuika. PelieTku B Kackajie pa3BepHyThI
B MEpPHUAMOHAJNbHON M CArMTTA/JbHON TMJIOCKOCTSX TAKHM 00pa3oM, 4TO JIMHEHHas AucrepcHst
MOCTOSIHHA JI/Is1 BCEX WMHTEPBAJIOB, OT/JEJbHble CMEKTpasbHble H300paKeHHsl LeHTPUPOBAHbI H
pasHeceHsbl 1o BepTuKasu. [losyuaemast B peadyJibTate cxema 3aHUMaeT POMEKYTOUHOE MOJIOKEHHE
MeXIy TpajMIMOHHBIMU crekTporpadamu ¢ o6obemubiMu [JIP u suiesse-cnexkrporpadami,
IIOCKOJIbKY MMeeT HeGOJIbIIoe YHCJIO CTPOK B H300pa’KeHHH CIIEKTPa, YMEPEHHOe CIeKTpajbHOe
paspellieHHe U MOBbILIEHHOE MPOIMyCKaHHe ONTHYECKOTo TPaKTa.

B nacrosieii paboTe paccmaTpuBaeTcsl ONTHYECKAsl CXeMa YMEHbLIEHHOro MakeTa
ACTPOHOMHYECKOTO CrieKTporpada ¢ KackajoM roJiorpaMMHbIX peliieToK. PaGounii crekTpasibHbIi
JIMana3oH MakeTa OXBaTbiBaeT JJIMHBLI BoJiH OT 430 no 680 HM U pasziesnsieTcss Ha 3 MHTepBaJa:
430—>513, 513—9597 n 597—680 um. /InameTp KOJJIMMHPOBAHHOTO MydKa B CrieKTporpadge
cocrapyisieT 40 Mm. J{/iMHa cTPoKH B M300paxKeHUH crieKTpa coctaBisieT 20 MM, PacCTOSTHHE MEK]Ly
CTpOKaMH — He MeHee 2 MM. B KayecTBe KoJIMMaTopa M KaMepbl HCIOJb3YIOTCS CepHiHbIE
00BEKTUBBI ¢ POKYCHBIM paccTosiiieM 133 MM U OTHOCHTE/IbHBIM OTBepcTHeM 1:2,8.

[TapameTpbl 1M pakMOHHBIX pElLIETOK, YCTaHABINBAEMbIX B KACKaJl, pUBe/ieHbl B TabJ1. 1.

Ha puc. 1 npuBenen o61iuii BU1 ONTHUECKON CXeMbI crieKTporpada.

Ta6a. 1
No 1 2 3
Yacrora 1726 mm~! 1523 mm~! 1205 mm~!
Jlnana3oH 430—>513 um | 513—597 um | 597 —680 um
Passopor CKAHKH 98.333° 99 851° 1.701°
B MEPHAMOHAJIbHOM MJIOCKOCTH
PasBopor CKIIeHKH 3.387° 1 409° 3.885°
B CATMTTAJbHOM MJIOCKOCTH
¥Yroa nageHus Ha cioi 18,269° 14,891° 2.636°
Yroa qudpakuuu nocie cios 13,047° 17,218° 29,291°
CBeToBO# pa3mep 40x40 mm 40x45,5mm | 40x65,5 mm
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[osiorpammHble U UpaKIHOHHBIE ONITHYECKHE SJIEMEHTDI:
METOJIbl KOMIBIOTEPHOTO CHHTE3a, METAMATEPUAJIbI, MJIA3MOHHbIE CTPYKTYPbI U TEXHOJIOTHH H3TOTOBJIEHUS

ILIOCKOCTE o
PETHCTPAITNT
CIIEKTPa

KaMepHEI
00BeKTHE

rackanm [P

KOJLIHMATOD

BX0JHAA [UE.]H

Puc. 1. O6uuii BUa cxeMbl cniektporpada

JndpakiimoHHble peleTKd ¢ pacyeTHbIMU napamerpamu 3anucanbl B OA «HITO «TUTTO»
Mo CTaHAapTHOH TexHosoruu [3]. 3anuch Besach Ha ciosix BXJK (ucrosib3oBaHbl cepuiiHble
doronnactuHky, Beinyckaembie [10 «CyaBuu» ). Bee peleTkn 3ak/eeHbl TOKPOBHBIMH CTEKJIaMH
TOJILMHON 2,2 MM.

C ucrosib3oBaHUeM TMOJydeHHbIX 00pasloB MPOBEAEHO HCC/Ae10BaHHe IH(PPAKLMOHHON
3 HEKTUBHOCTH W MPOIYCKaHHs 00beMHO-(a30BbIX pelleToK. PesysbTarbl MpejacTaB/ieHbl Ha
pHuC. 2: 2 — 3KCMepUMeHTa/bHble 3aBUCUMOCTH MAaKCHMaJbHOH AU PaKUHOHHOH 3PPEeKTUBHOCTH
[JIP or wactoTbl 1wTpuxoB peuietku (1 — audpaxumonHas sddexktuBHocTb, 2 — daszopas
3¢ heKTHBHOCTD), 6 — 3KCNepUMeHTa/bHble 3aBUCHMOCTH Nponyckanus [JIP B HysieBoM nopsiike
AU(paKLMK MPH pasIHYHbIX SKCMO3ULHUSX 3anuck Ey > E; (Ha npuMepe BTopo#i pellieTKH Kackaa).
OTmeTHM, 4TO AJIs1 HAIVISIAHOCTH JlaHHble ObLIM JOMOJIHEHbI Pe3y/bTaTaMM HM3MEpeHUH Apyrux
00beMHO-(a30BbIX pelleTok, narotoraeHHbix B HITO «TUTTO».

’[‘l I
[pE— .
0.8
I
0.61
0.4
0.
-1
V.MM HM
500 1x10° 15x10° 210° 25108 600 FL T
a) MakcHMaJibHast 1udpakiiioHHasi 3hHEKTUBHOCTh 6) mponycKaHue

Puc. 2. DkcnepumMenTasbHble xapakrepuctuku ['JIP

Takum o6pasom, pesy/bTaTbl M3MEPEHHH MOKA3bIBAIOT, YTO OCHOBHbIE XapaKTepPHCTHKH
00bEMHO-(A30BbIX  PELIETOK XOPOLIO  CONIACYIOTCS € pacueTHbIMM, a JAU(paklHOHHAs
5 eKTUBHOCTL B MepBOM Nopsiike AMMpakLUMd B npeaenax paboueil CreKTpasbHONH MoJochl U
NPOIMYyCKaHHe 3a ee MpeAeJaMU JOCTAaTOYHO BLICOKH, YTOObI 0OecrneynuTb padoTOCNOCOOHOCTb
KacKaja pelleToK.
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Ha cnenyioniem stane uccienoBanusi 6yaeT U3rOTOBJIEH U UCCIIE0BAH MAKET crieKTporpada,
onpeJiesieHo I0CTUraeMoe CrieKTpasibHOe paspelleHre U U3y4eHo B3aUMHOE BJIMsIHHE KAaHAJIOB.

Ucroununku

[1] KoaduanT. Ontuueckas ronorpadusi. B 2-x Tomax. Tom 1 / Tlep. ¢ aura. noa pea. I'. Konduana. —
M.: Mup, 1982 —Tom 1 — 376 c.

[2] Pavlycheva N.K. Compact dual-band spectrograph / N.K. Pavlycheva and E.R. Muslimov //
Advanced Optical Technology. — 2009. — Ne6. — P. 455—461.

[3] Jlykun A.B. Tosiorpammbl FO.H. Jlenucioka Ha “tosicTbix” cosix BX)K kak ontuueckue s/1eMeHTHI:
cesiekTuBHble 3epkaia, NOTCH-duabtpbl, andpakumonnnie pewerky / A.B. Jlykun,
H.M. lluranosa // C6. Tpynos Beepoccuiickoro cemunapa «fOpuit Hukonaesuu Jlenuciok —
OCHOBOIIOJIO?KHHUK OTeuecTBeHHOH osiorpaduun», Cankr-Ilerepbypr, 22—24 mas 2007. — C. 144—
147.

Experimental study of volume-phase holographic gratings for a moderate
resolution astronomical spectrograph

A.A. Belokopytov', F.A. Sattarov’, N.M. Shigapova', E.R. Muslimov"?, I.I. Akhmetshina'-?
' JSC “NPO “State Institute of Applied Optics”, Kazan, Russia
2 Kazan National Research Technical University named after A.N. Tupolev — KAI, Kazan, Russia

[t’s known that use of holographic gratings in a spectrograph scheme allows to achieve high
energy concentration in the working spectral range [1]. Also, holograms spectral selectivity makes
possible coupling of measuring channels as it shown in [2]. We propose to use this principle in an
astromonical spectrograph scheme. It’s based on a cascade of volume phase holographic gratings.
Each of them creates spectrum in a narrow band with high resolution and diffraction efficiency,
while outside the range it works as a usual plane-parallel plate. The gratings are tilted in both of
tangential and sagittal planes to provide equal dispersion and centering in the spectral rows and
proper gaps between them. The proposed scheme is in between of usual spectrographs with VPH’s
and echelle-spectrographs, because it has a few rows in the spectral image with a moderately high
resolution together with high throughput.

spectrum plane

collimator
entrance slit | % l
™ 4 o

Fig. 1. The spectrograph scheme general view
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We consider a scheme of reduced prototype of the spectrograph. It works in the range
430—680 nm, which is divided to 3 intervals: 430—513, 513—597 and 597—680 nm. The
collimated beam diameter is 40 mm. The row land in spectral image is 20 mm and the gap between
rows is more than 2 mm. Commercial lenses (133 mm, F/2.8) are used as the collimator and
camera. The optical scheme is shown on Fig. 1. The gratings are mounted in the following order:
first grating is working range is 430—513 nm and it’s grooves frequency is 1726 mm™,
corresponding parameters for the second grating are 513—597 nm and 1523 mm™', and that for
the third one are 1205 mm~" and 597—680 nm.

The gratings were manufactured in JSC “NPO “GIPO” (State Inst. of Applies Optics) with
use of the standard technology [3]. The holograms are recorded on DCG layers (commercial plates
produced by “Slavich” are used). All the gratings are covered with a 2.2 mm glass plate.

The manufactured gratings are tested for throughput and difiraction efficiency. The results
are presented on fig 2: a — experimental dependencies of maximal difiraction efficiency on grooves
frequency (1 — diffraction efficiency, 2 — phase efficiency), b — experimental dependencies of
the Oth order throughput for different recording exposures E, > E, (on example of the 2nd grating).
We must note that the experimental results were augmented by data for other VPH gratings
fabricated in GIPO to plot the graphs.

Ll

0 02 —
-1 \/
V.MM

500 1x10° L3106 2107 2.5x10° 400 500 600
a) maximal diffraction efficiency b) throughput
Fig. 2. Experimental performance of the VPH gratings

A.HM
700

So the results clearly show that the main properties of the gratings are in agreement with
the theoretical values. The 1st order diffraction efficiency within the working range and throughput
outside of it are high enough to provide the spectrograph operability.

On the next stage the spectrograph prototype is to be assembled and tested. The spectral
resolution and channels cross-talks should be defined experimentally.

References
[1] Colfield G. Optical holography — M.: Mir, 1982 — Vol. | — 376 p.
[2] Pavlycheva N.K. Compact dual-band spectrograph / N.K. Pavlycheva, E.R.Muslimov // Advanced.
Optical Technology. — 2009. — Ne6. — P. 455—461.
[3] Lukin A.V. et al. Denisyuk hlograms on “thick” DCG layers as optical elements: selective mirrors,
NOTCH-filters and diffraction gratings // Proc. of All-Russian Seminar “Yu.N. Denisyuk — founder
of the domestic holography”, S. Petersburg, May 22—24, 2007. — P. 144—147.
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51  AHaJu3 BbisIBJ€HUS KOPPEJUPOBAHHBbIX parMeHTOB B cEPUU
M300parKeHUil HaJ0XKEHHbIMU roJlorpaMmMamu

A.B. [lasros
Cankr-IleTepOyprekuil HaMOHANBHBIN HCCJIEIOBATENLCKUH YHUBEPCUTET HHDOPMALIMOHHBIX
TEXHOJIOTHH, MexaHUKH 1 onTHkH, CankT-Iletepbypr, Poccus

Meton HanoxkeHHbIX rojorpamMmm (HI') mmpoko npumensieTcess mjisi mocTpoeHUs: MamsiTh
[1—6]. Axtyanen nouck Bo3moxkHocTedl Metona HI' mo peanuzaumu 6Gosiee CI0XKHBIX Mojesen
obpabotkn uHPpopmauuu. B [7] mnokazaHa BO3MOXKHOCTb BbISIBJIEHUS] KOPPEJIUPOBAHHBIX
(hparMeHTOB B MOCJEA0BATENLHOCTH 00pa3oB, 3anucannoi merogom HI. B noknane, B pazsutne
3TOr0 MOJAXOJa, JAH aHa/lM3 3aBUCHUMOCTH OTHOLLEHMS JHUCIEPCHH KOPPEJHPOBAHHBIX U
HEeKOppeJUPOBAHHBIX ()parMeHTOB 06pa3oB OT CBOUCTB 00pa3oB, YCJOBMH 3amMUCH ToJOrpaMM U
XapaKTePUCTHK roJiorpapuyecKux perucTpUpyoLuxX Cpe.

PaccmatpuBaetces sanuch Metonom HI' B exeme rosiorpacgun ®@ypoe (puc. 1) nByx Habopos
n3o0paxkenuii (06pazoB) {S;} u {P;}.

In L, H L, Out

|

—f —>e——[ —

In — BXomHast ockocTh, P, S; sanuckiBaeMble Ha rosiorpamme H o6pasbi; x°, x5 — uX CIBUTH OTHOCHTEIHHO
rJaBHO# ontHdeckoit ock; Ly, Lo — dypbe-npeobpasyioliine JUH3bI C (POKYCHBIMH PACCTOSTHUSIMH f; TyHKTHP — XOJL

Jiydei, BOCCTaHaBJIMBAIONIUX B yiockocTd Out PO, npu npeibsiBjiendn B In S;
Puc. 1

[IpencraBum o6pasbl B BUE
S :SiC+SiU Sic(x):\/pTSi(x) P;C(x):\/pippi(x)
P=P + P |5t ()=o) [PY)=(1-p” JPe)

rJie CUMBOJIbI C BEPXHUMH MHIEKCaMH 0003Ha4atoT hparMeHThl: ¢ HHaekcoM C — KoppeJMpOBaHHble
1J1s1 psiia 06pa3oB, a ¢ uHaeKcom U — HeKOppesMpOBaHHbIe, T.€. BXOISIIHME B COCTAB TOJIBKO OJTHOTO
obpasa; p — Ko3(hPULKMEHTbI B3aUMHOH Koppessiiiuk oO6pa3oB B {S;} u {P;}. Kaxnas (i-s1) HI'
OTHCHIBAETCSI

(1)

H,(v.)= F(R()F(S, () + FSCF (RLe) = 172" (v, )+ H75 (v, )

L L

rne /' — cumBoga npeo6pazoBanus Pypbe, acTepucK — KOMIUIEKCHOTO COMPSKEHUs, V —
npocTpaHcTBeHHasi yactota. Mysbtunsekchas ronorpamma (MI') — cymma HI™:
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H(v, )= (H (v,)+ HP 5 (v,)

i=1
[1pu npexbsiBaenun B nockocTu In o6pasa S;, otk MI' B niockoerun Out:

Pou ()= Poy(x)+ Py, (x) =

= [t+p5(n-DPE (2, )+ (Si(X)®5~(x))}+PU(pr)*(Sl(X)@Sl(X)) (2)
+pU;PU( +x,)%(S,(x)®S.(x) ;P (x+x,)* (SU( )®SIU(x))

re * 1 ® — CHUMBOJIbI ONepallii CBepTKH U Koppessiuud, Bepxuue unaekeol C u N o603Havaior
KOppPeJUPOBaHHbIH (parMeHT, OMUCbIBAEMbIH TEPBbIM CJlaraeMbiM, W HEKOpPpPEeJHPOBaHHbIE,
OIHUChIBaeMble BTOPbIM, TPETbUM U UETBEPTHIM CJ1araeMbIMH, COOTBETCTBEHHO. Bee ciaraemblie B (2)
MPOCTPAHCTBEHHO COBMEILIEHBI.

BrisiBjienne  KoppesqMpoBaHHbIX (parMeHTOBHA (hOHE OCTaJbHBbIX BO3MOXKHO, €CJIH

HHTErpaJibHasgd OlleHKa MOIAYJHMPOBAHHOCTH Pocut()C) Bblle, 4yeM JJ1s1 POut( ) B kauectBe OLEHKH

MOJTyJIMPOBAHHOCTH (pparMeHTa MPUHSTA €ro IUCIePCHs.
Beipakenne (2) oraMuaercss B 3aBUCHUMOCTH OT TOro, OOBEMHbIE HWJH TOHKHE
rosiorpacuueckue perucrpupytoie cpeabl (I'PC) ucnonbsoanbl aiasi 3anucu MI. B nepsom

cayuae unensi (S,(x)® S,(x)) (S (x)® SV (x)), onncbiBatomme Kak cBoficTBa camix 06pa3oB, TaK i

YCJIOBUSI 3aMUCH TOJIOTPAMM, CHJIY YIJIOBOH CEJIEKTHBHOCTH OOBEMHBIX TOJIOTPAMM MOIT ObITh
CBeJIeHbl K JiesibTa-(PyHKIMH, BO BTOPOM TaKOe CBEJEeHHE HEMPaBOMOUYHO. BbIBOj aHANMUTHUECKHUX
BbIpaKeHMH V151 OTHOLIEHUS IMcriepeuil rpoMo3ioK. [ IpuBeiem sziech it MITIOCTPaLMK HATVIsSAHbIE
pe3yJ/IbTaThl YHCIEHHOTO MOJIETIMPOBAHHSI.

Monenuposaincs npumep 3anucu HI' u Boccranossienust MI™ Ha o6bemHubix U Tonknx ['PC o
cxeme rosorpacdun ®Pypbe puc. 1 [lapbl 3anucbiBaembix o6Gpa3oB HabGopoB {S;} u {P;}
MOJIEJIMPOBAJIUCh ~ peasu3alsiMi  pagMepoM  256X256  mnukcesell  CyyalHbIX — MOJEH,
reHepUpPOBaHHBIX M0  MOJEJsM  (pakTajbHOro OPOYHOBCKOrO JBHXKEHHUsl (rpoliecca Cco
CTallMOHAPHBIMU TIpUpalleHusiMU ) ¢ napameTpoM Xépcta H = 0,1 U oIHOPOIHBIX MOJIEH C pa3HbIMU
pajuycaMu KoppeJsiliiK, BKJoUast 1esbTa-KoppeanpoBaHHble. Kax/plil 00pas coaepxad:

1) koppesupoBaHHblil  parmeHT — Haanucd «Mortal»  ({S;}) u «Men» ({P;}),
3aroJIHEHHbIE OJIHOH JIJIs1 BCceX 00pa3oB peasiMsallien CaydyanHoro noJs;

. a)LLeJIba-ppeJIpBaHoe noe 6) mozestb o1t — PBJI, H - 0,1
Puc. 2. O6pas «Socrates Mortal»
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2) HeKoppeJIMpOBaHHble, BKJOUaloUlde JuuHble HMeHa «Socrates», «Plato» wu 1.,
3aroJIHeHHbIE PA3HBbIMU peasiu3alysiMU MoJieH, a TaKxKe U BCIo 0CTa/bHy10 YacTb 00pasa, HeKJtovast
KOppeJupoBaHHble (hparMeHTbl 06pa3os.

Ha puc. 2 nanbl npumMepbl 3TaJoHHBIX 00pa3oB — JYIsi JeJbTa-KOPPEJUPOBAHHOTO MOJIS
(puc. 3a), B OTJIMUHe OT MOJsi, onucbiBaeMoro Mmojesbio ®BJI (puc. 26), HaamUCH B CTPYKType
00pasbl BU3YaJIbHO HE BBIAC/AIOTCA.

Ha puc. 3 nanbl 06pasbl, BoccTaHOBJIEHHbIE MTpH pasHoM yucie HI.

) 8K0ppeanOBaHH0e noJsie, 10 HT'

) §-koppesipoBanHoe noJge, 20 HT r) noJie no moaeau ®BJ1, 20 HI
Puc. 3. BoccranoB/ienHblit 06pas

N3 puc. 3a, B, MoxHO BuaeTb, uto a0 20 HI' (puc.dr) npoucxomurt BbIsiBJIEeHHE
KOppesiupoBaHHOro hparMenTa cepun 06pazoB — Haanucu « Mortal». lanabuefiinuii poct uncaa HI
(mo 59 HI') k cyiecTBeHHOMY yJyullleHHIO BbileJieHUst Haanucu «Mortal» us o6iiero gona He
npuBoau. s noarBepxkaeHus 3Toro spdekra Ha puc. 4a B KauecTBe KOJUUECTBEHHBIX OLEHOK
3¢ (eKTUBHOCTH BbIeJIEHHUsT IaHbl 3aBUCUMOCTH OT YMCJ1a IPUMEPOB HOPMHPOBAHHBIX JIUCIEPCHH
KOPPEeJHPOBAHHBIX M HEKOPPEJUPOBAHHBIX (PpPAarMEHTOB, a TakKe MX OTHolleHus. [locsennss
3aBUCHMOCTb JIa€T OLIeHKY 3((eKTUBHOCTH BblIeJeHHUs KoppeaupoBaHHoro gparmenta « Mortal»
13 ¢oHa.
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Puc. 5. 3aBUCHMOCTH OTHOLLIEHUS IUCTIEPCHI
BOCCTAHOBJIEHHBIX pparMeHToB OT uncsa HI n
KO3 PULHEHTOB KOPPEJISILIMK OTIOPHBIX 06pa3oB p° st
o6bemubix 'PC

Puc. 4. 3aBUCHMOCTH OTHOLLIEHUST IUCTIEPCHIT
BOCCTAHOBJIEHHBIX ()parMeHTOB KOPPEJIHPOBAHHBIX H
HekoppeJnpoBaHHbix oT uncaa HI aist ronkux [PC

Taknm o6paszom, U3 cpaBHeHust puc. 4 U 5 BUIHO, 4To nepexof K o0 beMubiM ['PC nosposisiet

CYLIECTBEHHO I10OBLICHTbH 3(12)(1)6KTHBHOCTI> BblAEJCHHST KOPPEJHPOBAaHHBIX CbpaFMeHTOB METOAOM
HaJIO2KE€HHBIX I'OJIOTPaMM.

Pa6ora Beinosnena npu noaaepxkke POOU, rpant 15-01-04111-a.
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On the revealing of correlated parts of serial of images by superimposed
holograms

A.V. Pavlov
Saint Petersburg National Research University of Information Technologies, Mechanics and
Optics, Saint Petersburg, Russia

Superimposed holograms technique is widely used for associative memory construction. It

is actual task to implement more complex model of information associative processing by the
technique. In our previous communication the method was used to reveal correlated parts of the
stored images series. By developing the approach an analysis of the revealing efficiency by the
technique on the properties of the images, the holograms recording and holographic recording
media are discussed.

The research was supported by RFBR, grant 15-01-04111-a.
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52  Hurepdepomerp CayHaepca ¢ NIOCKUM 3TaJOHOM JJisl U3MEPEHHUS
AMamMeTpa KpeMHUEBOro apa

I''H. Buwnsxos, I'I". Jlesun, B.JI. Munaes
OI'YIT «Beepocceuniickuii HayuHO-HCCIEN0BATENBCKHE HHCTUTYT ONTHKO-PU3HMIECKUX H3MEPEHUI »,
Mocksa, Poccust

B Hacrosiiee BpeMmsi Uil Nepeonpesie/ieHdsl eMHMLbl Macchl KHJorpamMma BeayTCsl
MHTEHCUBHbIE MCCJIENIOBAHUS HAUMOHAJIbHBIMU METPOJIOTMYECKHUMH HHCTHTYTaMH, KOTOpble
yuacTBYIOT B MexkjiyHapoJJHOM npoeKTe «ABorajgipo». B 3ToM npoekTe UCnoJibayeTest 3Tal0H B BUle
lapa AiaMmeTpom okosio 94 MM K3 XHMHUECKH YHCTOTO H3oToMa KpeMHust 2*Si. TouHoe onpenesienue
uhcsa ABoraapo Mno3BoJisieT MepeornpeiesiiTh KHIOrpaMM yepe3 aTOMHYIO Maccy. DTOT MOAXOA K
OMpe/leJIeHHIO KHJIorpaMMa TECHO CBSI3aH C HOBBIMH MPEUM3UOHHBIMM H3MEPEHUSIMH MOCTOSTHHOM
(uncia) ABorazipo. YKa3aHHbIH MOAXOJ PA3BUBAETCS B OCHOBHBIX METPOJIOTHUECKUX LIEHTPAX MHPA.
Jl1st onpeiesieHnst KoJMuecTBa aTOMOB KDEMHHSI BHYTPH 11apa B MePBYIO Ouepe/ib He0OXOIMMO 3HATh
ero o6beM U popmy. 1 9THX Lesielt Hernob3yloTest pa3iniHble HHTEPPEPOMETPHI.

OObeKT HM3MepeHHH — wWap ¢ MajblM PaJMyCcoM KPHUBH3HbL. ITO HaKJIAAbIBAET PsifL
crnelipuuecKUx orpaHuueH|H Ha HCT0b30BaHUe CTaHAAPTHLIX cxeM HHTepdepoMeTpoB. Hanbosee
yacTo npumensiercs cxema uurepdepomerpa Paépu — Ilepo, Bo BHyTpeHHIOW0 MOJOCTH KOTOPOTO
noMeniaeTcss HUccaemyeMblii wap. B pesysibraTe BosHMKaloT aBa uHTepdepomerpa Puso,
oOpa3oBaHHble 3TaJOHHLIMU 3epKajiaMH OCHOBHOro uHTepdepomerpa @abpu — [lepo u
noBepxHocTbio mapa. CienoBaresbHO, TaKOH HHTepdepomMeTp HeOOXOAMMO OCBellaTh C JABYX
CTOPOH M PETrUCTPUPOBAThL JBE HHTEP(EpOrpaMMbl MPOTHUBOMOJIOMKHBIX YYaCTKOB TOBEPXHOCTH
apa.

[lepBblil TaKOH ABYXCTOPOHHUH HHTepdepoMeTp Wil OECKOHTAKTHBIX U3MEPEHHs TMaMeTpa
M oObemMa 1apoB WJIH UWJIMHAPOB Obll mnpemioxkeH Caynaepcom u3 Haumonanbuoro biopo
CranpaproB CIIA [1]. Ha puc. 1 cxematuuHo nokasaH 3ToT uHTepdepomeTp. B KauecTBe 06beKTa
MCMOJIb30BAJICS CTAJIbHOM 1ap, KOTOPbIH OblI NoMelleH BHYTpb HHTephepomeTpa Padpu — Ilepo,
00pa30BaHHOTO MJIOCKUMH 3TAaJOHHBIMU MOBEPXHOCTAMU £ U Ey (nasee npocto stajsonamu). s
YCTPaHEeHHs1 MepeoTpaKeHUH BHYTPH 3ITAJIOHOB OHH BBIMOJHEHBI B BUIe KiauHa. Paccrosue D
MezKJly BHyTPEHHUMH paboyMMU MTOBEPXHOCTSIMU 3TAJOHOB ONPEIeJIsioch KJIaCCHYECKUM CriocoOoM
uamMepenuss  6azoBoil  aauHbl  3TajsoHa  Pabpu — [lepo  nyrem  dotorpadpuponanus
MHTepePEHIIMOHHBIX KOJIEl] Ha 4-X JIJTMHAX BOJIH PTYTHOH CMEKTPAJIbHON JIaMIIbl M MTOCJIEIYIOIIEr0
pacuera. CBeTOBOMH My4yoK OT ctabuau3upoBaHHoro no yactore He—Ne sazepa nagaet crporo no
HOPMaJIi K BHYTPEHHEH MOBEPXHOCTH KaxKl0H 3TaJOHHON MI0CKOCTH. C MOMOILBIO MOABHAKHOIO
9KpaHa MocJieIoBaTe/IbHO OTKpbiBaeTcsi cBeToBok mydok BEAM | unu BEAM 2. [1epBasi cucrema
MHTepepeHIIMOHHBIX MoJioc (KoJsell HbioToHa ) 06pasyeTcsi CBETOBBIMH MyYKaMH, OTPa’KeHHBIMU OT
MOBEPXHOCTH Cepbl U OiiMKaKIIeH STaJOHHOH TJI0OCKOCTH E;.

Ananu3 KOHUEHTPUUECKHX KpyroBbiX moJioc HbioTona, Hab/io1aeMbiX B BbIXOAHOMH
MJIOCKOCTH, TIO3BOJISIET ONPEJIENUTh BeJHUMHY 3a30pa d; MexKy chepoi U 3TaJOHHOH MJIOCKOCTbIO
E,. Tloxoxkue moJiochbl MOJy4yaloTCsi M C JAPYrodl CTOPOHbI cdepbl, MO KOTOPBIM OIMpeiesieTcs
paccTosiiue dy Mexky cepoit 1 3TaOHHOH MJI0CKOCTbIO £y. Jlnamerp cdepbl d 3aTeM BbIUHCISETCS
no ¢opmysie d =D — d, — ds.
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Puc. 1. Mnrepdepomerp Caynuepca

B nacrosiueit padore unest Caynnepca noJiydusia jasnbHerinee pa3putue. Onrudyeckas cxema
nHTephepomeTpa npuBeaeHa Ha puc. 2. Mcenenyemblit 06beKT B hopme 11apa nomeiaeTcsi BHyTPb
unrepdepomerpa Pabpu — [lepo, 006pa3oBaHHOrO TMJIOCKMMHM 3TAJOHHBIMH [OBEPXHOCTSMH
onTuueckux kauHbeB K. B pesysbraTe Bo3HUKAIOT Ba HepaBHOMJIEUHbIX HHTephepomerpa Puso,
00pa3oBaHHbIX 3ITAJOHHBIMH 3epKajamu ocHOBHoro uHTepdepomerpa Padbpu — [lepo u
MOBEPXHOCTbIO 11apa. Otanure ot cxembl CayHzepcea 3akaodaeTes B TOM, 4To cheprieckasi BOJIHA,
BO3HUKILAS T0C/]e OTPaXKeHUsl OT luapa, cpasy »Ke KOJJIUMHUpyeTcsl O0ObeKTHBAMM, [03TOMY
YMeHbllIaeTcsl BJMsHUE AU(PaKIUK CBETOBOrO IMydyKa MPH €ro PacnpoCTPaHEeHHH J0 MJIOCKOCTH
peructpauud. bosiee Toro, Takasi KOHCTPYKIMS MHTepepoMeTpa MO3BOJSIET U3MEPSATH PACCTOSTHUS
dy, dy OnHOBpEeMEHHO, MO3TOMY Jl00as MeXaHHuecKasi HeCTAaOWJIbHOCTb MOJIOKEeHHST Cdepbl
OTHOCHUTEJIbHO 3TaJIOHA MOJHOCTbIO KOMIEHCHPYETCS.

s ananusda uHTepEepeHIIMOHHBIX MOJ0C U PEKOHCTPYKUMH (hOPMbI MTOBEPXHOCTH 11apa B
MHTepdepoMeTpe MpUMeHsieTcs MeToll «(a30BbiX HI1aroB». B Hacrosiiiell pabote HCroJb3yeTcs
MeTO/L C M3MEHEHHMEM JIJIMHbI BOJIHbI JIA3€PHOTO M3JydyeHusi. EJMHCTBEHHBIM OrpaHuueHHeM
MPUMEHEHHUST IAHHOTO METO/IA ABJSETCS HEOOXOIMMOCTh CyllleCTBOBAHHUST HCXOJHON Pa3HOCTH X0J1a
MexXK1y 06'beKTHBIM H OMOPHBIMH MyukaMu. B Halliem ciyuae 3o TpeGoBaHKe BbINOJHSETCS, T.K. 06a
unrepdepomerpa Puso, 06pazoBaHHbIE ITATOHHLIMU OBEPXHOCTSMH OCHOBHOTO HHTEp(epoMeTpa
®abpu — [lepo U MOBEPXHOCTLIO 1IApa, SIBJSIOTCS HEPABHOMJIEUHBIMHU.

Haubosnee mpocto u3MeHeHHWe YIMHBI BOJHBI MOXKHO JIOCTHUb C TIOMOIILBIO JIa3ePHbIX
JIMOJIOB — T0JIy[TPOBOIHUKOBBIX TBEPAOTE/bHBIX JIA3€POB C HHKEKUMOHHOH Hakauko#. B Hux
M3MeHeHHe JUIMHBI BOJIHbI U3JIydeHHsl IOCTUTAeTCs TPU H3MEHEeHUH ToKa Hakauku. JlonosHuTe bHOe
M3MeHeHHe JITIMHbBI BOJIHbI IOCTUTAETCs C TOMOLIbIO BHELIHET0 pe3oHaTopa B BUe TU(PPaKIIHOHHON
pemietkd. [ToBOpPOT pelieTKH € TOMOIIBIO The303JeMeHTa BEIET TaKKe K JOTMOJHUTETbHOMY
M3MEHEHHUIO JJHHbI BOJIHBL. B skcrnepumeHTtanbHoM o6pasiie JazepHoro uHTepdepomeTpa
MCIOJIb3yeTesl JIMOJHBIN Jlazep ¢ BHelllHUM pesoHatopom ECDL-6415R poccuiickoit dhupmbl
00O «KHIT». Hanublii nazep sB/asieTCs] UCTOUHHKOM MEPECTPAHBAEMOr0 BbICOKOKOT€PEHTHOTO
M3JTyueHuss B BHAMMOH o6JiacTH onTudyeckoro criektpa. LleHTpasbHasi maauHa BoJiHBL paGodero
nuanazona pasHa 638 HM. [1pu 3TOM Bo3MOKHA ee OTCTpOiiKa HA 2 HM, KaK B KOPOTKOBOJIHOBYIO,
TaK U B JYIMHHOBOJIHOBYIO CTOPOHY.
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CI-1—CJI-3 — cBetojesuTe/ibible KyOHKH; 3-1—3-5 — noBopoTHbIe 3epKaJa;
K — onrtHuecKkue KJHHbs ¢ 3TAJOHHOMH MJI0CKOH MOBEPXHOCTbIO.
Puc. 2. Onruueckasi cxema u potorpadusi iazepHoro uHTepdepomeTpa ijisi K3MepeHH st IHaMeTpa KpeMHHEBOTO 111apa

s unteppepomerpa Padbpu — Ilepo ¢ 6azoBbiM paccrosuueM D = 30 MM H3MeHeHHe
yactotbl Ha 5 ITw Bemer K caBury dasbl Ha 2m. YBejauuyeHue 06a30BOro paccrosiHusi D
MHTepepoMeTpa BeJIeT K yMEHbIIEHHUIO IMana3oHa MepecTporKH YacTOThl J1a3€PHOTO H3JIyUeHHS.
OueHKM TOKa3bIBAIOT, 4TO JUIMHA BOJIHBI M3JyuyeHMsl Jiazepa Npu caBure vactotl Ha 5T
uamensiercst b Ha 0,007 HM. DTO 03HAUAET, UTO BKJIAJL HEMOCTOSTHCTBA JIJTMHBI BOJIHBI H3JTyU€HHsI
B MOTPEILIHOCTb U3MEPEHUH IMaMeTpa l1apa oueHb MaJl.

s &

Puc. 3. MutepdeporpamMma u BocCTaHOBJEHHBIH MPOMH/Ib BOJTHOBOTO (PPOHTA MyUdKa, OTPAXKEHHOTO OT TOBEPXHOCTH
CTEeKJISTHHOTO 11apa

DkcnepuMeHTa bHBIN 00pasel] Jja3depHoro HHTepdepometpa (puc.2) Obl1 cobpaH U3
OTNTHKO-MeXaHUYECKHX y3JI0B KeHIK-cucteMbl, paamepom 30 MM, ontuka auamerpom 1", dupmbl
Thorlabs. 3Jrta cucrema o6ecneunBaeT »KEeCTKOCTb KOHCTPYKUMH M JIEKOCTb IOCTHPOBKH
(LEHTPOBKH ) ONTHYECKUX 3JeMeHTOB MHTepdepomeTpa. OCHOBHOH ONTHUECKUH Y3eJl JIa3epHOro
uHTeppepomerpa — 310 uHTepdepomerp DPabpu — [lepo, BHYyTPH KOTOPOro pasMeniaeTcs
nceaenyembli map. OcHoBHOe TpeGOBaHUE K TAaHHOMY UHTEP(hEPOMETPY COCTOUT B HEM3MEHHOCTH
6a30BOr0 PACCTOSIHUS MeKy STaJOHHbIMM [TOBEPXHOCTAMH MPH HM3MEHEHUHM TeMIepaTyphbl
oKpyzxatole# cpesbl. 115t BbIMoJIHEHUS JaHHOTO TpeOOBaHUsI PU U3TOTOBJIEHUH UHTepepoMeTpa
UCIOJIb3YIOTCS MaTepHasibl ¢ HU3KUM KO3(DPUIMEHTOM TETJIOBOTO pacliMpeHusi, Harpumep, CUTaJII
WJI MHBAp.
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B paGore Obuin paspaGoTaHbl W H3rOTOBJEHBl JBAa BapuHaHTa WHTepdepomeTpa
®abpu — [lepo U3 LeAbHOTO KycKa CHTaJI1a M KOHCTPYKIMS U3 MHBAPOBbIX cTepxkHel. B kauecTBe
00bEKTa MCMOJb30BAJICS CTeKJ/sAHHbIH wWwap. MHTepdeporpaMma W BOCCTaHOBJEHHbBIH MPOPUIIL
BOJIHOBOT'O (DPOHTA IMy4yKa, OTPAKEHHOT0 OT MTOBEPXHOCTH CTEKJISIHHOTO 1l1apa, NPUBEJIEHbI Ha pUC. 3.

PaGora Obla BbinoJiHeHA Mpu (DUHAHCOBOH mMojiep:kke MuHUCTepeTBa 00pa3oBaHUs U
Hayku Poccuiickoit @enepauyn (corsamienne Nel4.625.21.0004 or 25.08.2014 r., yHUKaJIbHbIH
WIEHTH(UKATOP NPUKJIaAHBIX HayuHbIX HccsenoBannii REMEFI62514X0004).

HUcTtouHuku

[1] Saunders J.B. Ball and Cylinder Interferometer // Journal of Research of the Notional Bureau of
Standards — C. Engineering and Instrumentation. — 1972. — Vol. 76C. — Nel, 2. — P. 11—20.

Saunder’s interferometer with a flat etalon to measurement the diameter
of silicon sphere

G.N. Vishnyakov, G.G. Levin, V.L. Minaev
FSUE “Russian Research Institute for Optical and Physical Measurements”, Moscow, Russia

To redefine the kilogram, intensive research has therefore been conducted at the national
metrology institutes involved in the International Avogadro Coordination Project. In this project,
an isotopically enriched **Si crystal was prepared for the fundamental reduction in the uncertainty
in the molar mass measurement, which was the most dominant uncertainty source in the previous
determination of the Avogadro constant. Accurate determination of the Avogadro constant will
make it possible to redefine the kilogram on the basis of atomic masses.

The first non-contact measurement of the diameter and volume of the sphere was carried
out with the ball and cylinder interferometer by Saunders [ 1 ]. Two wedge-shaped optical flats with
diameter of about that of the sphere are assembled to form a Fabry — Perot etalon with the aid of
precise spacers. The distance between the plates is larger than the sphere’s diameter by a few
millimetres, so that the sphere can be incorporated. The etalon spacing has been determined by
photographic evaluation of the interference patterns of the four Hg lines. With the sphere in the
etalon, the interferometer is illuminated with laser light. Newtonian rings are formed due to
interference between the surface of the sphere and the neighbouring Fabry — Perot plate. The sum
of the two distances of both sides can be evaluated by polynomial fitting of the interference ring
profile. This method thus allowed the diameter of the sphere perpendicular to the etalon plates to
be determined.

We demonstrate a new method of determining the diameter using a flat interferometer,
which yields more and particular information about the resulting volume.

Funding. Ministry of Education and Science of the Russian Federation (14.625.21.0004
25.08.2014, RFMEFI62514X0004).
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53  JIByCTOPOHHUI1 MHTEP(EPOMETP /151 KOHTPOJISI KOHLIEBbIX MEP JAJHHbI C
rojorpauueckum ONTHYECKUM 3J1€MEHTOM

B.B. Opaos
Cankr-IleTepOyprekuil HaMOHANBHBIN HCCJIEIOBATENLCKUH YHHBEPCUTET HHDOPMALIMOHHBIX
TEXHOJIOTHH, MexaHUKH 1 onTHkH, CankT-Iletepbypr, Poccus

KoH1ieBble Mepbl JUIMHBI ABJISIOTCS MaTepUalbHbIM HOCUTEJIEM pa3Mepa U PUMEHSII0TCS st
XpaHeHUs] U BOCIPOU3BENEHUS] €IMHULbI JJIUHbBI, /sl OBEPKH M KaJUOPOBKH H3MEPUTEJbHBIX
npubopoB. PaccTosinve Mexy AByMSI U3MEPUTENbHBIMU TOBEPXHOCTSIMM KOHILIEBOH MepbI JJTMHbBI
JIOJDKHO OBITb U3MEPEHO C BBICOKOH TOYHOCTBIO, KoTopasi st Mep 1-ro paspsina coctassser 20
HaHoMeTpoB. Jljii u3MepeHUsl MPUMEHSIIOTCS HMHTep(EepPOMETPbI, HCMOJb3YIOLIHE TPUTHPKY
KOHILEBOH Mepbl OJIHOHM U3 U3MEPHUTEJbHbIX MOBEPXHOCTEH K BCIIOMOTraTeJbHOU mJactuHe. JlyinHa
KOHIIEBOH Mepbl OfpefessieTcss M0 HHTeppepeHUMH CBeTa, OTPAXKEHHOTO OT BepxHel
M3MEPHUTEJILHON MOBEPXHOCTH KOHIIEBOH Mepbl M OT BCIMOMOTATEeJbHOW TMuacTuHbl. Onepaius
MIPUTHPKH CHHMKAET TOYHOCTb U3MEPEHHs JJIMHbI Mepbl U3-3a 00pa30BaHUs MPUTHPOUHOTO CJIOSI
MEeXKJly HU3MEepHUTEeJIbHOH TMOBEPXHOCTbIO Mepbl M MOBEPXHOCTbIO BCIIOMOraTeJNbHOH MJACTHHbI,
CHM2KAeT MPOMU3BOAMTEJNBHOCTb Tpolecca H3MepeHHss M TPU  MHOTOKPATHOM TOBTOPEHUH
MOBpPEKIAET U3MEPUTE/bHbIE TTOBEPXHOCTH MEPHI.

JlaHHble HEOCTaTKK OTCYTCTBYET Yy JIBYyCTOPOHHErO MHTep(epoMeTp, y KOTOPOro JUIMHA
KOHLIEBOH Mepbl Olpe/iesisieTcsi 0 UHTepdepeHIHt CBeTa, OTPAKEHHOTO OT JIBYX U3MEPUTE/bHbIX
noBepxHoctell Mepbl. OnHAKO, JABYCTOPOHHHMH MHTepdepoMeTp B BUAe Mpubopa A0 CHUX MOp He
cosnaH. B Hacrosiee BpeMs JBYCTOPOHHME HHTepP(EpPOMETPbI CYHIECTBYIOT JIMIIbL B BUJE JBYX
J1abopaTopHbIX yCTaHOBOK [ 1, 2].

B Hacrosiiiem cooOlIeHHM paccMaTpUBaeTcsl ONTHYeCKasl CcxeMa JIBYCTOPOHHEro
uHTepepometpa [3], Mmo3BoJsiolIAs CO3AaTh HHTEpPPepoOMeTp MeHbLINX rabaputoB U GoJee
NeIEBbIN, UeM paHee MpeyioKeHHble cxeMbl [4—8].

B kauecTBe HCTOUHMKOB H3JyueHHsi B HHTepdepoMeTpe HCMOJb3YIOTCs JBa Jasepa co
CTaOUIN3UPOBAHHON YacToTOl u3Jjydyenus 1 u 2. OauH W3 JasepoB U3JydyaeT Ha JJMHE BOJHbI
632 um, n1pyro# Ha 532 HM.
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ManyueHue Js1a3epoB MOCTyMaeT B paclliMpUTeb Mydyka 4, BbIAAS W3 KOTOPOTO JEJNUTCS
CBETOJIEJIUTENbHBIM 3€PKAJOM O Ha JBa Mydka — CHUIHAJbHBIA W OMopHbIH. CUrHaJbHbIA MydoK
najiaeT Ha CBETOAEIUTENbHYIO PU3MY 38, TP 3TOM YacThb MydKa OTpaxKaeTcsi NPU3MOoi Ha POTOANON
10, usmepsitolMii HHTEHCHMBHOCTb M3JIyYeHHS! JIa3epOB, YaCTb IMyyKa MPOXOAMT yepe3 MpPU3My U
MOCTyMaeT B TPEX3epKaJbHbIH KOJbIEBOH HHTephepoMeTp, COCTOSIIME U3 3epkaa 7, 8, 9 rae
JIeJIUTCS HA JIBA TMyYKa, OJIMH U3 KOTOPBIX PACMpOCTPaHSAETCs B KOJbLEBOM HHTepdepoMeTpe 1o
YaCOBOH CTpeJIKH, JPYroil MpOTHB 4acOBOH CTpesikd. Bbliias M3 KoJsbLeBOro UHTepdepomeTpa,
CUTHAJIbHBIA TMYUYOK OTpa)KaeTcsl CBETOJEJUTENbHOH Mpu3MOd 38 B YCTPOHCTBO OCBellleHHs
rojiorpamm, coctosiiiee u3 gauu3 29, 30, 31 u gmacdparm 32, 33. B ycrpolicTBO OCBelleHHUs
roJIOrpaMM TakzKe TOCTYMaeT OMOPHbIH MyUOK, OTpaXKEHHbBIH 3epKaoMm 40. ¥YCTpoHcTBO OCBElIEHUS
roJorpaMmm opMHPYeET U3 BXOJSIIUX B HETO CUTHAJIBLHOTO W OTIOPHOTO CBETOBBIX MyYKOB JiBa MyYKa,
oCBelllaiolle HaJoXKeHHble rojorpaMmmbl 13 u 14, obpagyiolie rojorpaduueckuii onTHIeCKUM
s7eMeHT. Kaxkias U3 Hasi0:KeHHbIX FOJI0rpaMM MoJiydeHa MyTéM SKCIOHUPOBAHUS PETUCTPUPYIOLIEH
Cpesibl IByMsl CBETOBBIMH IMydKaMH, BBIXOASILIMMH M3 yCTPOHCTBA OCBellleHHsi rojorpamMm. OnHa
roJiorpaMmMa 3arnucaHa M3JydeHHeM OJIHOIO Jla3epa, Ipyrast usjydeHueM JIpyroro Jjasepa.

B npoiecce u3MepeHUsi JBe HaJsOKEHHbIE TOJIOTPAMMBI  [TOOYEPENIHO OCBELIAOTCS
U3JTyueHueM JBYX Ja3epoB. [Iyis mpomnycKaHusi H3JIydeHHsl OJIHOTO Jladepa U MePEKPbITHS U3JTydeHUs]
JIPYroro Jiazepa UCnoJb3ytorcest 3aTBopbl 15, 16. CBeToBbIe MyuKH, OCBellAIOIIME ToJOrpaMMbl 13,
14, B nepBbIX NOpsiAKaX AUPPAKLKMH FOJOMPAMM BOCCTAHABJIUBAIOT JIPYT ApyTa.

B pesysbTaTte B/10JIb ONTHYECKOH OCH pacrpoCTpaHsieTcsl CHUTHAJIbHAS BOJIHA HYJIEBOTO
nopsiika AupakuMyd roJiorpaMMbl M CHUTHAJIbHAS BOJIHA, BOCCTAHOBJIEHHAS] OMOPHOW BOJIHOH B
MepBOM TOpSAKE ToJorpamMmbl. JIBe cuUrHajbHble BOJIHBI HHTEPEPUPYIOT, 00padysi KapTHHY
MHTepdEepPeHIIUH B BUE MOJOChI 6€CKOHEYHOH IUPUHBL. MIHTEHCMBHOCTD KapTHHBI HHTEPhEpeHIHH
M3MepsieTcs ¢ MOMOLLIbIo JIHH3bI 34, nadparmbl 39 U dhotonpuémuuka 36. Jlunza 34 npoeuupyet
1300parkeHre U3MePUTEIbHBIX TTOBEPXHOCTEH Mepbl Ha (hOTONPUEMHHUK, Anadparma 39 6jokupyeT
CBETOBble My4YKH, BO3HHKAIOIME TMPHU JUPPaKIUK HA TOH HaNOXKEHHOH rojiorpaMme, KoTopas
3arnycaHa He Ha TOH JUIMHE BOJIHbI, HA KOTOPOH BBIMOJHSETCS M3MepeHHe B JAHHbIH MOMEHT
BpPEMEHH.

Jls1 u3mMepeHus AJIMHBI KOHLEBOHW Mepbl BbIMOJHSAETCS TPU U3MepeHHust (pasbl CUrHaIbHOH
BoJiHbl. [lepBoe H3MepeHHe BBLINOJHSETCS, KOIJa CUrHasbHasi BOJIHA OTpaKaeTcsi OT OJHOM
M3MEPUTEJIbHOM MOBEPXHOCTH Mepbl 11, ycTaHOB/NIEHHO! B KOJIbLIEBOM HHTepdepomMeTpe, BTOpoe
M3MepeHue, KOraa CUrHaJIbHAsl BOJIHA OTPaXKAaeTcst OT APYrod U3MePUTEJNbHOH MOBEPXHOCTH MEPHI.
JI71s1 u3MepeHust Mpu OTpaxKeHHWHW OT TOW MM MHOW H3MEPUTEJIbHBIX MOBEPXHOCTEH HUCMOJb3YIOTCS
satBopbl 18, 19. Tperbe H3MepeHHe BbINOJHSIETCS, Korna KoHleBass mepa |1 BbiBeneHa U3
KOJIbLIEBOTO HHTEep]epomeTpa.

daza curHajbHON BOJHBI HAXOAUTCS M0 MHTEHCUBHOCTH HHTEP(EPEHIIMOHHON KAPTHHbBI TPH
JIMCKPETHOM M3MeHEHHH (pasbl OTIOPHOH BOJIHBI, TTPU NepeMelileHrn 3epkasa 40 mbe3oakTioaTopom
4]1. XapaktepHast 0cOOEHHOCTb JAHHOTO HHTepepoMeTpa COCTOUT B TOM, UTO HeOOJbLINE
MCKayKeHHUs] BOJHOBOrO (DPOHTA CBETOBLIX BOJIH, 00OYCJIOBJEHHbIE HECOBEPIIEHCTBOM ONTHYECKHUX
3JIeMEHTOB HHTepdepoMeTpa, He BJHUSIOT Ha pe3yJbTaT u3dMmepeHus. OmnrTuyeckas cxema
MHTephepoMeTpa UccaeloBaHa Ha JabopaTOpHOM MakeTe MHTepdepomeTpa. Jlnamerp CBETOBBIX
MYYKOB, PACIpOCTPAHSIBLINXCS B MHTEpepoMeTpe, CoCTaBuI O MM, uTo o6ecnedynsio HeGoblline
raGapuTbl HHTephepomeTpa.
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Double-ended interferometer with a holographic optical element for
measurement of gauge blocks

V.V. Orlov
Saint Petersburg National Research University of Information Technologies, Mechanics and
Optics, Saint Petersburg, Russia

The original optical scheme of the double-ended interferometer for measurement of gauge
blocks is created. The optical scheme is investigated on the laboratory setup of the interferometer
and patent RU2557681 on the optical scheme is received. The double-ended interferometer
created according to this optical scheme has the following features:

- The result of measurement is unafiected by the distortions of a phase of light waves caused
by imperfection of optical elements of the interferometer.

- The interference pattern is a fringe of infinite width.

- Light beams have diameter 5 mm.

- In the interferometer the holographic optical element is used.

- In the interferometer two frequency stabilized lasers are used. One laser with radiation
wavelength A = 632 nm, another with A = 532 nm.

In comparison with known optical schemes this scheme allows to create the interferometer
of smaller dimensions, smaller cost and simpler in an adjustment.
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54  Pacno3HaBaHue n300paKeHUil, NOJABEPTHYTbIX HCKAXKEHUSIM reOMeTpPHH, C
NMOMOILbIO COCTABHBIX rojorpaguueckux GUAbTPOB /151 ONTHKO-
3JIEKTPOHHbIX KOPpeJSITOPOB

[1.A. Heanos
$IpociaBcku rocyniapcTBeHHbIH TEXHUUECKUNA YHUBEPCUTET, Slpociasib, Poccus

OnHolt U3 HaubGoJsiee ObICTPOPA3BUBAIOLIMXCS B MoOCJe/Hee BpeMsi 06JacTeidl KBAHTOBOH
3JIEKTPOHUKU SIBJISIETCSl onThHuecKass o6paboTka uHpopmauuu. Cpead LIMPOKOTO Kpyra 3ajau,
MMEIOLLIMXCA B JAHHOH 0O6JIaCTH, BeCbMa aKTyaJbHOH fBJAETCA 3adada pacro3HaBaHUs
M300paKeHUH, MOJBEPTHYTHIX MpeoOpa3oBaHUsIM TeoMeTpUH (MOBOPOT, CIBMI, H3MEHEHHE
Macuitaba, pas/fuuHble HMCKaxKeHus (opMbl pacrosHaBaeMoro oobekta W T.m.). JloBosibHO
MOMYJISPHBIM W TIPUBJIEKATEJbHBIM peEllIeHHeM SIBJsieTCS TMPUMEHEHHEe ONTUKO3JEeKTPOHHBIX
KoppeasiTopoB  u3obpaxenuid [l]. Takoll mnoaxon akrtyaseH, TMpexae BCEro, B CBSI3U C
eCTECTBEHHOCTBIO OCYLIECTBJEHUs ONepaluil THNA CBepTKa/KOoppessilius B ONTHKE, HaJHuheM
60s1b1IOT0 pa3Ho0Opasusi (HOTONPUEMHBIX YCTPOHUCTB, pa3pabOTAHHOCTb TEXHOJIOTHH YCTPOHCTB
BBOJA JAHHBLIX B ONTHKO3JEKTPOHHYIO CHCTeMy (TakuX, HarnpuMmep, Kak MPOCTPaHCTBEHHO-
BPEMEHHOH MOJYJSITOp CBeTa), a TaKkKe CPeACTB MocT- M rnpenobpaboTku aaHHbix ([I9BM,
CMelpoLLeccopbl U p. ).

CxeMOTexXHHKA OMNTHKO3JEKTPOHHBIX KOTEPEHTHBIX KOPPENSATOPOB H300pParKeHUH XOpOILOo
M3BeCTHA, HaumboJiee MOMyJspHbI peanusaldu B Bujae 4f cxembl (cxembl Ban-nep-Jliorra),
KOppeJsisiTopa COBMECTHOTO IpeoOpa3oBaHUs, AKYyCTOONTHYECKOrO KOpPpesasTopa, a TakxKe
MOIM(UKALMI yKa3aHHBIX CXeM B 3aBUCHMOCTH OT peliaeMoll 3anauu [1, 5]. Tem He meHnee, BHe
3aBUCUMOCTH OT BbIOPAHHOIO CXEMOTEXHUYECKOro pellieHHsl, OCHOBHOH (pyHKIHMEH JaHHOrO
YCTPOUCTBA SIBJISIETCS BbIUUCJAEHHE KOPPEJSUMOHHON (DYHKIMH BXOAHBIX JAHHBIX C 3TAJOHHBIM
00bEKTOM, peajiM30BaHHBIM B BHUJE rosiorpaduueckoro ¢uabtpa. Bo3Hnkaer Bompoc o BbiGope
YKa3aHHOTO 3TaJIOHHOT0 00'bEeKTa.

K coxasnenuto, BbIGOpD B KayecTBe 3TAJOHA OPUIMHAJA PACIIO3HABAEMOr0 M300paXKeHUs!
sBAseTC  KpaiHe HeynayHbiM. [IpW  KoppessiuMOHHOM — pacrno3HaBaHUM — U300paxKeHHH,
MOJIBEPTHYTHIX T€OMETPUUECKUM MPe0Opa30BaHUsIM (a B €CTECTBEHHbIX YCJIOBUSIX, HATIPUMEp, MTPU
apodoTOChEMKE, TAKOBbIE €CTh BCEIIA ), BBIXOAHOH KOPPEJSLIMOHHbBIH MUK PE3KO JIerpagupyeT Mpu
caMbIX MaJiellluX M3MEHEHHMsSIX TeOMEeTPUM pacro3HaBaeMoro o0bekTa (3a MCKJII0YeHHEM
npeoOpa3oBaHusl  CIBUra, T.K. KoppeJsiuyoHHas  (yHKUMs  0o0JajaeT  aBTOMATHUECKON
MHBAPUAHTHOCTBIO K 3TOMY THIy TipeoGpa3oBaHuii). J10BOSbHO MpUBJIEKATEIbHBIM U TIOMYJISIPHBIM
BapUAHTOM BbIOOpA TAJIOHA SIBJSIETCS IPUMEHEHHE COCTABHOIO HHBAPHAHTHOTO KOPPEJISILIMOHHOTO
duabtpa [2].

B nacrosiuiee Bpemsi uccieioBaHUs B 00J1aCTH CO3JaHUS U MPUMEHEHHs WHBAPUAHTHBIX
KOPPeJISIHMOHHBIX (PUJILTPOB BEAYTCSI B GOJBIIOM KOJIHUECTBE POCCHHUCKUX U 3apyOeKHbIX HAyYHbIX
J1abopaTopusX U LIEHTPOB, TEM He MeHee, YHHBEePCaJIbHOTO pellieHHsl B 3TOH 06J1aCTH HA HACTOSILLIMH
JeHb He HaineHo. OCHOBHble HcCC/elyeMble Ha CEerofHsIIHUKA JieHb aJrOPUTMbl CHHTE3a
KOPPEeJUMOHHBIX (PUABTPOB OTHOCATCS K CJEAYIOLIMM peanudaiusm [2]:

- AJITOpUTMBI  HA OCHOBE pPa3JIo:KeHHH BXOJHBIX JaHHBIX B (DYHKIMOHAJIbHbIE PSJIbI
(Harpumep, pa3sioxKeHue Mo pajrasbHbIM rapMoHUKaM MeJisiiHa, PUILTP C IMHEHHBIMH (ha30BbIMHU
K03 dULIMEHTAMH U T.J1. )

- AITOpUTMBI CHHTE3a COCTABHBIX (PMJLTPOB HA OCHOBE BbIYHUCJIEHHS ONTHMH3ALUOHHOTO
napamerpa (MCIK, TMCIK-punbrpsl 1 T.11. ).
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- AITOpUTMBI, B OCHOBE KOTOPBIX JIEXKUT CHHTE3 (PUJIbTPAa HA OCHOBE siIep MHTErpaJsibHbIX
npeo6pazoannit (DCCF u 1.1.).

K cokasnenuio, Ha CeroHsILIHUN IeHb HEBO3MOKHO YKa3aTh ONTHMAJIbHOTO C TOUKH 3pPEHHs
KAueCTBEHHBIX U KOJHMUECTBEHHBIX XapaKTePUCTHK KOPPEJSILIMOHHOTO MUKA aJrOPUTMOB, BCE OHU
MMeIoT CBoM HefocTaTku. [To3ToMy, KaK nmpaBuiio, MPUMEHSIIOT TOT WJIH MHOH MOJIXO/I, B 3aBUCHMOCTH
OT THIA pellaeMOH 3a/1a4H.

Becbma npuB/iekaTebHbIM MOAXOAOM ISl PelleHHsl 3aau pacrno3HaBaHUsl U300paxKeHuH,
MOJIBEPTHYTHIX MPE0OPA30BAHUSM F€OMETPHH, SIBJSIOTCS aJrOPUTMbl CHHTE3a (PUJILTPOB HA OCHOBE
BbIUMCJIEHHUST ONTHUMH3AMOHHOTO TMapameTpa, B TepBYl0 odepelb, (PUILTPOB C MHHHUMAJbHOH
cpenHern sHeprueil koppessuuu (MCIK) wu ux wmomuduxaumit [3]. JlanHoe peleHne
MPUBJIEKATEJNbHO C JIBYX TOUEK 3pEHMs: BO-MEPBbIX, BblUMCIEHHNE MUHHHMYMa CpeiHel Hepruen
KOPpEJISILIMK JIAeT, €CTeCTBEHHO, KOPPEJSIUMOHHbIA MUK ¢ Haubosiee BO3SMOXKHOW OCTPOTOH, 4YTO
KpailHe akTyaJslbHO C TOUKHM 3pEeHHs JIOKANM3aLHMH pacro3HaBaeMoro o6’bekra (T.e. ornpe/iesieHust ero
MEeCTOHAXO0XK/IeHHs HA MOJIAHHOH Ha BXOJI ClleHe ¢ HauGOJIblIIeH TOYHOCTBIO ), BO-BTOPbIX, MOCKOJBKY
aJrOPUTM CHHTE3a, B CHJTy coco6a MoCTPOeHH s, MO3BOJISIET MOJMYYUTH 1ieJ10e CEMEHCTBO (PUIBTPOB,
TO OH CPaBHUTEJILHO JIETKO MOXET ObITb MOJABEPTHYT MOAM(UKALMH, YTO MO3BOJISET YyJydllaTh
pe3yJibTaThbl, CyzKast KJacc 3a/1a4i pacro3HaBaHus 10 paCCMaTPUBAEMOro CJIyyasl.

McxXonHbIMH  00bEKTaMK  UCCJIEJIOBAHUSI, Ha OCHOBE KOTOPBIX ObLIM CHHTE3UPOBAHbI
yKazaHHble (UIbTPbl, ObIM BbIOpaHbl H300paKeHHs THMA «CaAMOJIET», TOABEPrHYThIX
npeoGpas3oBaHUsIM MOBOPOTA (MOBOPOT B MJIOCKOCTH Ha yrjibl oT 0° 10 355" ¢ warom B 5°, 10° u 15°
COOTBETCTBEHHO, Bcero 72, 36 u 24 nucxoaHblx u300pakeHus ) U H3MeHeHus1 Macuitaba (u3MeHeHne
MaciTaba B CTOPOHY yMeHbLLIeHUs/yBeMueHHs OPUIHHANBLHOTO H300paKeH s PH yIJle MOBOPOTa
0° ¢ warom B 1% u 2%, coorserctBenno, Beero 90, 55, 45, U 27 MCXOAHBIX H30GPAXKEHUH I
M3MeHeHHUs1 MacilTaba B Ty WK UHYIO cTopoHy). PadpeliieHust HCXoMHbIX M306paxKeHuin — 64x64
(BbICOKOE paspelnenue) u 32X32 (uu3koe pagpeinenue). Ha ocHoBe ykazaHHbIX 6a3 JaHHbIX
MCXOJIHBIX M300paKeHW# cHuHTe3npoBasiuch Ha [I9BM ¢GUAbTPHI U BBIYHCJASINCH KOPPEJSIHU
hUJALTPOB €O Bcell 6a30l JaHHbIX, KOTOpasi NMpUHUMAaJach 3a 6a3y BXOAHbIX H300payKeHHH (/151
npeo6pa3oBaHusi MIOBOPOTa — 72 H300payKeHHUsI C LIArOM B 5, JIJist KaXKJI0T0 pa3pellieHns] U KaXKI0ro
3 3-x MCIK-duabtpoB pasnenbHo; aas npeobpa3oBaHus H3MeHeHHs1 Macuitaba —
90 nzo6paxenui ¢ warom 1% B KaxIyio CTOPOHY H /151 KAXKIOTO Pa3pelleHHsi — PasiesibHo ).

B kauecTBe cpeibl MosiesiipoBanusi Obla BbibpaH naket Matlab Mathworks, kak nau6osee
MOAXOMAIIMH s NoA06HOr0 poaa 3amad. Jlis Kaxkaoro cjydas BbIUMC/ISAIUCH 3HAYEHHS
KOPPEJISILMOHHBIX ~ (yHKIME (1), HOPMHpOBAHHBIX Ha BEJMUYHHY MaKCHMaJbHOTO — MHKa
(KOJIMUECTBEHHbIE XapaKTEPUCTUKN KOPPEJISILIHH )

Cloery.)= [[ forfo(x = x5 =y, )dxdy. (1)

3nech * 0603HAUAET KOMIJIEKCHOE COTIPSKEHUE, f5, U fp, — 3TajioHHOE ((PUJILTP) U BXOJHOE
1300paxKeHHsl, COOTBETCTBEHHO. XapakTepHas KapTHHA 3aBUCUMOCTEH HOPMUPOBAHHON BEJIHUHHBbI
KOPPEJISILIMOHHOTO TMHKA OT yryla MOBOPOTA BXOAHOTO M300paxKeHUs] M BeJUUYHHbI H3MEHeHHs
Macuitaba npeacTaBjaeHbl Ha pUc. 2 U 3, COOTBETCTBEHHO.

Tax:ke BbIUMCISAINCH 3HAYEHUS] BEJUUUH OTHOILLIEHUH MTHKA KOPPEJSUMH K OTKJIOHEHHIO OT
cpenHero (no ¢oHy KOppeJsiiMOHHON KapTHHbI), U MHKA KOPPEJsLHUU K CPpeIHEKBApaTHIECKOMY
OTKJIOHEHHIO OT cpejiHero (1o (hoHy KOPPesLIMOHHOI KapTHHbI), KOTOpble 0603HaueHbl Kak 11/CP
u IT/CP_KB, cooTBeTcTBeHHO (KauecTBeHHble XapaKTepUCTHKH MHKa). M3o6paxkeHue cuutanoch
pacro3HaHHbIM 10 3HAYEHHIO TOPOTra, KOTOPBIH MpUHUMaJCs paBHbIM 0,5 OT MaKCUMaJbHON
BEJIMUMHBI KA KOPPEJISILIMK, KaK 9TO PUHATO, Haripumep, B [3].

PegysibTathl MpoBeHHOTO MOJIEJIMPOBAHUS MO3BOJISIIOT CAEJATh CJEIYIOlIHe BbIBOJIbI:
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- OTMeueH poCT KOJIMUECTBEHHBIX W KAueCTBEHHBIX XapaKTEPUCTHK KOPPEJSLUU C POCTOM
pasdpeutenust. OaHAKO, K COXKAJI€HHIO, JaHHbBIH pe3yJbTaT JOCTHraeTcsl 3a CUeT 3HAYUTEJbHOTO
yBeJIMYeHHUs] MaLUMHHOTO BpeMeHH, He0OXOIMMOI0 Ha CUHTE3 (DUJIbTPOB U pacyeT KOppeJisiiMOHHON
(DYHKIIHH.

- ImMeloT MecTo yoBJeTBOpUTE IbHBIE Pe3yJbTaThl B CJlydae pacro3HaBaHUsi H300paXKeHUH,
MOJBEPTHYTHIX MPeoOpa30BaHUIO MOBOPOTA B MJOCKOCTH, MPH 1IAre yrja MoBOPOTa HCXOTHOTO
uzo6paxkenus 10 10°. [1pu 60/1bLIMX 3HAUEHHUSIX yTJIa TOBOPOTA OTMEUEHO CYLIIeCTBEHHOE YXY/LLIEeHHEe
pedysbTaToB (Tak, npu ware 15° nmeer Mmecto 35 owWMOGOK pacrno3HaBaHHS TIPH BBICOKOM
pazpeleHnu aJisi BXoAHOH 6a3dbl U3 72 n3o6paxKeHui, 4to, 6e€3yCa0BHO, HEYIOBAETBOPUTEBLHO).
Tem He MeHee, Ha B3I aBTOPa, HECMOTPSI HA YIOBJIETBOPUTE/bHBIE PE3YJbTAThl TIPH MOBOPOTAX
no 10°, caenyet KparliHe OCTOPOXKHO MCIMOJb30BATh COCTABHbIE (DUILTPBI /I JAHHOTO THIA 3ajad,
T.K. KQUeCTBEHHbIE XapaKTePUCTUKH MTHKA HEBbLICOKH.

- MImetor mecTo oueHb XopouiMe pe3yJbTaThl Jyisl  pacro3dHaBaHUs HM300paxKeHHH,
MOJBEPTHYTHIX Pe0Opa30BaHUI0 H3MEHEHHUsT MaciliTaba, 0COOEHHO B CTOPOHY €ro yMeHblieHus. C
yueToM Toro (hakTa, uTo CBepTKa/KOppesslysi aBTOMATHUeCKH 00JajaeT MHBAPHAHTHOCTHIO K
CIBHMIY pacro3HaBaeMoro oO6beKTa, pe3yJbTaThl MOJECJUPOBAHMS MO3BOJSIOT HAAEsIThbCs Ha
yCIellHOe TpUMeHeHHe cocTaBHbIX (uabTpoB (rpexae Bcero, MINACE) nnist mono6Horo kiacca
3aaad.

Ucrounnku

[1] Estuxuen H.H. Mudopmaunonnas ontuka. / H.H. Eptuxues u ap. — M.: Manatesbetso MAU,
2000. — 360 c.

[2] Vijaya Kumar B.V.K. Tutorial survey of composite filter design for optical correlators // Appl. Opt. —
1992, — Ne3l. — P. 47—73.

[3] Ivanov P.A. Comparison of correlation peaks characteristics for scaled images recognition using
MACE, GMACE and MINACE filters // SPIE Proc. — 2013. — Vol. 8748. — P. 87480N1.

[4] Evtikhiev N.N. Invariant correlation filters design in problems of image recognition / N.N. Evtikhiev,
P.A. Ivanov, R.S. Starikov // Proc. SPIE. — 2002. — Vol. 5129. — p. 92—99.

[5] Evtikhiev N.N. Experiments on realization of wavelet transform based on architecture of hybrid
optoelectronic chip / N.N. Evtikhiev, P.A. Ivanov, A.V. Kamensky, R.S. Starikov, M.I. Zabulonov //
Optical memory & neural network. — 2002. — Vol. 11. — Nel. — P. 39—43.

[6] Ivanov P.A. Invariant correlation filters with peak stability parameter in problems of scaled objects
recognition // SPIE Proc. — 2015. — Vol. 9477. — P. 94770A1.

Recognition of geometrically distorted images using composite
holographic filters for optoelectronic correlators

P.A. lvanov
Yaroslavl State Technical University, Yaroslavl, Russia

[n introduction there is pointed an object of investigation-coherent optoelectronic correlator
of images that is used for problems of correlation recognition of objects with geometrical
distortions. It is mentioned that usage of initial (original) images as etalons results in serious
correlation peak degradation and because of that reason the invariant correlation filters in problems
of coherent wave fronts formation are used.
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The aim of presented work is the investigation of different types (MACE, GMACE, MINACE) of
invariant correlation filters for coherent wave fronts formation and PC modeling of recognition of objects
that are under distortions of change of scale and rotation with the help of mentioned filters.

In the main part of paper there are described main oiten used types of algorithms of
synthesis of correlation filters, its properties, positive and negative sides. There are choused 3 basic
types of correlation filters, original algorithms of its synthesis are realized, analytical view is shown
for presented object to recognize that are united to database based on done analysis of filters.

There was hold a comparison of results of PC modeling of correlation functions and some
characteristics of correlation fields calculation that were done for correlations of recognized objects
with all synthesized filters. It is shown that best results (as for quantitative and for qualitative
correlation peak’s characteristics) are reached in case of usage of MINACE filter for change of scale
distortion.

[t is pointed in conclusion that results of investigation give a possibility of correlation filter’s
usage for recognition of images with change of scale distortion. But in case of rotation distortion,
especially on big angles of rotation it’s better to use other methods.

The results can be implemented for problems of aero navigation and machine vision.
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55  Tlojsorpacguueckoe uccaenoBaHue nNaponaa3MeHHoOro ooJaaka,
(dhopmupylollierocs npu JiazepHo-njaa3mMeHHON 06paboTKe obpasua,
HaXoJSAILErocs B XKUAKOCTH

C.B. Bacuaves, A.IO. Heanos, A.B. Koneiykuii
['ponHeHcKUi rocynapeTBeHHbli yHuBepeuteT um. S1. Kynadibl

DKcnepuMeHTaIbHO MCCJIeoBaH mpolece (HOopMUPOBAHHUS MAaporasoBoro o6pasoBaHus y
MOBEPXHOCTH 00JydaeMoro Metasia. FcenenoBanbl 0co6eHHOCTH U3MeHEeHHUsT (hOPMbI U pa3Mephbl
MaporasoBoOro «IMy3bIpsi» Ha Pa3HbIX CTAJUAX Mpollecca, B T.4. M MOCJe 3aBeplLIeHUs Ja3epHOH
o6paboTku Martepuasa. [lokazano, 4to npu wucrnosib3oBaHuM uaJaydenust gazepa ['OP-100M,
paboTarollero B pexkuMe CBOOOJHON TeHepalyu (JJIMTeNbHOCTh UMITyJbca = 1,2 MC, MJIOTHOCTb
notoka =~10°Bt/cm?), dopma noBepXHOCTH KpaTepa, (OPMHPYIOLIETrocs Ha [OBEPXHOCTH
o6siyyaemoro o6paslia, pacroJioXKeHHOro B BOJE, MPUHLMMHANBHO OTJIMYAETCs OT Tororpaguu
JIYHKH, C(OPMHUPOBABIIENCS B pe3y/bTaTe BO3AEHCTBUSI JIA3€PHOTO HMITYJbCa C TEMH XKe
napameTpamMM Ha aHaAJOTHYHBIA 0Opasell, OKPYKEHHBIH BO3MyXOM IMPH HOPMaJbHOM JaBJEHUU
(10°TTa). Tlokasano, uTo cyllecTBeHHOe  OTJIHYME  (OPMBbI  MOBEPXHOCTH  KpaTepa,
copmupoBaBlIerocsi B pesy/bTaTe BO3JAEHCTBUSl Ja3epPHOTO HMMIyJbca C  OAMHAKOBBIMH
napamMeTpaMM Ha OJIMHAKOBble 00pasiibl, OKpPY:KEHHble BO3AYXOM M BOJOH, OINpeaessieTcs
MPUHLMITHANBHO PA3JIMUHBIM XapaKTepOM TeueHHsl IJ1a3Mbl MU MaporasoBOH CMeCH B YKa3aHHBIX
cayyastx.

Beenenune
B Hatm 111 3a/102k€Hbl OCHOBHbBIE MTPEACTABAEHUS O MEXaHH3MAaX pa3pylleHUs TBEPJIbIX Tell,
HAXOJSIMXCS B TA30BOK CpeJie, J1a3ePHbIM H3JIydeHHeM C MJIOTHOCThIO nmoToka = 10°—10° Br/cm?.
[esbto nanHON pabGoThl SIBJISIETCS HCC/EIOBAHHE MPOIECCOB, TPOTEKAIOIIMX BOJIM3H MMILIEHH TPU
BO3JIEHCTBHH H3JIydeHHst MMITYJILCHOTO J1a3epa ¢ MIOTHOCThIO NoToKa ~ 10° Bt/cM? Ha MeTa/IMuecKHil
obpasell, pacnoJioxKeHHbIH B BOJIE.

Metonuka uccieaoBaHUi U IKCIepUMeEHTabHas yCTAaHOBKA

Nanyuenne pybuHoBoro msazepa ['OP-100M, paGotaBliero B peume CBOOGOIHOH
reHepauuu (IWIMTeJbHOCTb UMMyJabca T = 1,2 mc, aanHa BosHbl A = 0,694 MKM), npofiis uepes
(hOKyCHPYIOLLLYIO CHCTEMy, HarpasJ/sjoch Ha oOpasell, pacrnoJaraBliMiics B KioBeTe ¢ BOJOH. B
KauecTBe (DOKYCHPYIOLIMX MPUMEHSJIMCh KaK OJIHOJIMH30Bble, TaK M JBYXJIMH30Bble CHCTEMBbI,
KOTOpbI€ MO3BOJISIN CTPOUTH H306paxKeHue auaparmbl Ha MOBEPXHOCTH 06pas3ua. JTo MO3BOJSIIO0
MoJiyuaThb Ha TOBEPXHOCTH MHILEHH OJHOPOAHOE MATHO (HOKYCHPOBKH H3JyYeHHUS] C PE3KUMU
rpanutiamu. Jluametp D mosyueHHOro TakuM o0Opa3oM MsITHA H3JydeHHs C PEe3KUMH KpasiMu
BapbHUpOBAJICS B XOJIe SKCIIEPUMEHTOB OT | /10 2 MM.

Yactb (=4 %) nasepHoro uanyuenus (nanee — JIM) nanpasnssach nepeaneil rpaHblo
CTEKJITHHOTO KJMHA B u3Meputeib sHeprud MMO-2H, BxoaHo# 3pauok KOTOPOTro Gbl1 pacnoJioyKeH
B (hOKaJIbHOM TJIOCKOCTH JIMH3bI 7. DHepTrHs Ja3epHbiXx uMiyabcoB EO BapbupoBasach B npeaesax
ot 5 1o 60 JIxx. Koakcuanbhbiii hotosnement ®IK-14, curnan ¢ KoToporo nojaBaJcsi Ha BXOJL
ocuuJsiorpaga C8-13, ucnosb3oBascs /51 perucTpaliid BpeMeHHOH (hOPMbl JJa3€PHOTO UMITYJIbCA.

Jl7s1 M3ydyeHusi MpoCTPaHCTBEHHOW M BPEMEHHOH 3BOJIIOIMHU JlazepHoro akesna B Xoje
BoanerictBust JIV Ha oGpasell ucnosb3oBascs METOJ CKOPOCTHOH roJiorpadpuueckoll KHHOCheMKH
[1]. Mexs1eKTpoaHbIH MPOMEXKYTOK ToMellajics B OAHO M3 TJjed HHTepdepomeTpa
Maxa — llennepa.  MHutepdepomerp  ocBewiajcss — u3jayueHHeM  pyOMHOBOro  Jasepa
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(A= 10,694 mxm), paboTaBliero B pekume CBOOOJHOH reHepaidd. JlUTeNbLHOCTL HMMIYJbca
U3JlydeHuss 3oHaupytollero Jagepa cocrabissia =400 mxc. Cesieklius MoMepeuHbIX MOJL
30H/IMPYIOLLIEr0 Jlagepa OCYLLeCTBJsIach AUMadparMor, MOMeLIeHHOH BHYTpb pe3oHaTopa, a
npoaosibHbIX — 3TajsoHoM Pabpu — [lepo, ncnosb3oBaBIIMMCS B Ka9€CTBE BBIXOJHOTO 3epKasa.
3onaupyloliiee U3/aydeHHe HAMPABJSNOCh B KOJJIUMATOP, TIO3BOJISIBUINH MOJy4aTh MapajiieabHbli
CBETOBOH My4YOK AMAMETPOM JI0 3 CM, UTO MO3BOJMJIO HAGJIOATh 32 Pa3BUTHEM MapOIIa3MeHHOTO
obJiaka.

WMutepdepomerp Obl1 COCTBIKOBAH CO CKOPOCTHOH (DOTOPErHCTPUPYIOLIEH KaMepoH
COP-1M, njockocTb (DOTOMJEHKH B KOTOPOH Obla COMpsiKEHA C MEPUAHOHAJNBHBIM CeUeHHEM
BO3JEHCTBYIOIIEro Ha o0pagell Jla3epHOro Jiyda Mpu nomolid o6bekTBa. CKOpocTHast Kamepa
pabotasa B pexkuMme Jymbl BpeMeHd. OnucanHasi cxema 1o3BoJisijia perucTpupoBaTh Pa3BepHyThIE
BO BpPEMEHH T0JIOTpaMMbl CPOKYCHPOBAHHOTO H306paxkeHus JaszepHoro cakesa. [losyueHHbie
OT/eJibHble KaJpbl rojorpaMm obecreunBaid BpeMeHHoe paspeliieHde He xyxe 0,8 MKc (Bpewms
9KCMO3ULMKU OJHOTO Kalapa) W MPOCTPAHCTBEHHOE paspellieHHe 1Mo Mojio oObekra ~50 MKM.
Judpaxumonnass  3hHEeKTUBHOCTb — roJorpaMM  MO3BOJIJIA B CTAllHOHAPHBIX  YCJIOBHSIX
BOCCTAHABJNWBATb M PETUCTPUPOBATH MHTEP(EPEHIUOHHbIE W TeHEBble KapTHHBI HCCJIELyeMOro
nporeccea.

a) 6) B)
Puc. 1. ororpaduu KpaTepoB, MoJydeHHBIX TPU BO3AEHCTBUN Ha CBUHIIOBLIH 06pasell,
pacroJioXKeHHbIH B BOJIE, Jla3epHbIX UMIMYJIbcoB ¢ sHepruer 10 [k (a), 20 Ix (6), 40 Ik (B)

JKcnepuMeHTalbHble Pe3yJbTaTbl

Puc. 2. ®ororpacdust kpatepa, MosydeHHbIX IPH BO3IEHCTBUN HA CBUHLIOBBIH 06pa3ell,
pacrioJioXKeHHbIH B BO3/yXe, JlazepHoro ummnyJibca ¢ sHeprueit 40 Jx (a) u rornorpamma Kparepa (6)

JKcnepuMeHTabHble HCCeI0BAHMUS TOKA3aJH, UTO Tonorpausi Kpatepa, noJiydeHHOro npH
BO3JICHICTBUM JIA3€PHOTO M3JyueHHsl Ha CBUHIIOBBIH obpasell, MOrpyxKeHHbIl B Bomy (puc. 1),
CYLLECTBEHHO OTJIMYAETCsl OT (hOPMbI TIOBEPXHOCTH KpaTepa, cPOPMUPOBABIIIErOCs B pe3yJibTare
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BO3JCHCTBHUS JIa3€PHOTO HMITyJibca C TEeMM K€ [apamMeTpaMd Ha aHaJorMuHblil oOpasell,
OKPY?KEHHbIH BO3/lyXOM 11pH HopMaJsibHoM aassenun (10° [1a, puc. 2).

Puc. 3. TeHeBble KapTHHBI ApOrazoBoro 06pa3oBaHus, 3apeructTpupoBantblie uepes 10 (a), 50 (6), 500 (), 1200 (r),
2000 (), 3000 (e) MuKpOCeKyH]I ITOCJIe HavaJia Jla3epHOTO BO3AEHCTBUS Ha CBUHIOBHIN o6pasell. Jluamerp noJst
3peHusi 4 cantumerpa.

Ha puc. 3 npeacraBieHbl TeHeBble KapTHHbI, BOCCTAHOBJIEHHblE C  TOJIOTPaMM,
3apErnCTPUPOBAHHBIX OMHUCAHHLIM METOJOM B pa3JMuHble MOMEHTbl BpPEMEHH T[ocJje Havasna
BO3MIEMCTBUS M3JydeHUs] Ha BellecTBO. BuaHo, u4To y mnoBepxHocTH oOJydyaemoro obOpasia
thopmupyeTcst maporazoBoe o6pazoBaHue («IMy3bipb» ), popMa KOTOPOro nepBoHavYaNbHO GJIM3KA K
cepuyeckoii. O6pazoBaHue OBICTPO YBEJMUUBAETCS B pasMepax, 0COOEHHO Ha paHHHUX CTaJUsIX
npotiecca. [IpubausuresbHo uepes 1 Mc nocje Hayana BO3NeHCTBUS (hopMa «Iy3blpsi» HaYMHAET
M3MEHATbCS, Ha OCH JIa3epHOro Mydyka QopmupyeTcsi BbiMykaocTb. [locie mnpekpaiienus
Bo3nericTBuUs (=~ 1,2 Mc) pagmephbl naporazoBoro 06pa3oBaHusl CTAOUIM3UPYIOTCS, U TOJBKO uepes
~1,5Mc HauuHaeTcss ero MewieHHbIH pacnan. CyllleCTBEHHO, 4TO TPH 3TOM HE TOJbKO
YMEHbLIAIOTCS  pa3Mepbl  «Iy3blpsi», HO M CJAydalHbIM (He T[OBTOPSIIOLIMMCS OT OJHOrO
IKCIepUMeHTa K apyromy) o6pasom usmensiercsi ero opma. Ho naxe yepes 3 mc nocse Havasna
BO3JICHCTBHUS JIa3€PHOTO HW3JIydeHHs] HA TOBEPXHOCTb MeTasia (To ecThb depe3 =1,8 Mc mocie
npeKpalleHus BO3AeHCTBHS ) NaporiasaMeHHoe 0Opa3oBaHue He Hcue3aer.

O6cyxneHue pe3ybTaToB

Peunlenue cucrembl ypaBHEHHH JBHXKEHHUsI JIBYXKOMIOHEHTHOH (Mapbl CBHHLA M BOJbI)
CHUCTEMbI TPUBOJIUT K CJIEyIOLIUM pe3y/bTaTaM.

Ha nepBo#i craguu (£ <10 MKC) BBHIYy BBICOKMX T[JIOTHOCTH W  TeMIepaTyphbl
(7| r=ry= 7000 K)npomaykroB 3po3uu pasJeT naa3mbl Nogo6eH Hab/101aeMOMY MPU BO3EHCTBUU
JIA3epHOT0 H3JydeHHs Ha oOpasell, pacroJioyKeHHbIH B Bosjyxe. JIBU:KeHHE TMPOLYKTOB 3PO3UH
CBEPX3BYKOBOE U MPAKTHUECKH OJHOMEPHOE (BEUIECTBO PafdaJbHO pasJjeTaeTcs OT LEeHTpa MsATHA
(hOKyCHpOBKH u3JjyueHusi). [Ipu 3TOM MOAYKTBI 9p0o3uM oxJakaatoTcsi, ucrapsisi Bogy. CKopocThb

—

nepeMelleHud rpaduibl MaporJjia3MeHHOro «Iry3bips>» l]b TakK2>Ke CBEpPX3BYKOBasl. M3 30HbI 9PpO3HUH

HaGJIIOILaeTCH WHTEHCHBHBIN BbIJIET KalleJib CBHHUA B KOHACHCUPOBAHHOM COCTOSIHHUH.
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Ha Bropoit cramquu mpouecca (10 mke <7 <50 MKC) JBHXKEHHE TPOIYKTOB 3PO3UU TO-
npexxHeMy cBepxaBykoBoe. OJIHAKO Ha 3TOH CTaJMH Macca BOJSHOTO Mapa y:Ke 3HaYHTeJbHO
MpeBbIIAET MACCy TMPOAYKTOB 3PO3UH, COAepKAlIUXCs B «My3bipe». CKOpPOCTb TepeMelleHUs

rpaHULbl NapOMNJIa3MeHHOT0 «My3bipsi» U, CTaHOBUTCS J03BYKOBOH, CKOPOCTb TeueHusi mnapa U

TaK:Ke JI03ByKOBasi M CYLIECTBEHHO MeHblle U, , HO cpelHee 3HaueHHe ‘U‘ MoCTeneHHo

yBesimuuBaercs. JIBuzkeHre CoiepzKUMOro My3bipsi 0-TNpexKHeMy MPaKTHUeCKH ofiHOMepHoe. HacTb
McrnapeHHbIX MPOIYKTOB 9PO3UH BBIXOAT 3a MPeJIeibl Iy3bIpsi» 1 00pa3yeT BOASHOMU reJib.

Ha tperbeit craguu npouecca (50 mke <¢<500 MKC) CKOPOCTH BCeX KOMITOHEHT,
HaMoJIHAIOLMX — «Iy3bIpb», CTAHOBATCS JI03BYKOBbIMHM. VX mnepemelleHne mno-npexxHemy
npakTHyecku ojHoMepHoe. CucTeMa ypaBHEHWH JIBUKEHHS KOMIIOHEHT CHUCTEMbl JOMyCKaeT
JIMHEeapU3allMIo U MOKeT ObITh pellieHa aHaJuTHUeCKU. Tak, Hanpumep,

AT, Ar & (1= (=1)") sin er

r<&(1=(=1)" n r

T(l’,t) = ;3 Zl ’/LB exp| — E At f’
oty _“1p|r:rb _“2P|r:rb

e lo=T|r=ry,Ar=r,—ry, A= T U i L L
Po1Cp1 T P20 Cpo RuT|r:rh RuT|r=rb

Ha uetBeproii cramuu npouecca (¢ > 500 MKC) TeueHHe BOASHOTO Mapa repectaer ObITh
OJIHOMEPHbIM. JIOCTUIHYB TpaHHIbl «Iy3bIpsi», MOTOK BOJASHOrO Mapa HIAET 10 KacaTeJbHOH
Mapora3oBoro o6pasoBaHUsi K MHUILIEHH, JOCTHIAeT €€, UIET BJ0JIb MUIIEHH K LEHTPY BIUIOTH J0
nJiasaMeHHOro 00pa3oBaHMsl, HarpeBaeTCsi M HarpaBJsieTCsl HaBCTpeuy Jiydy Jasepa BMecTe C
NpoayKTaMu 3po3uu. Takkum 06pa3om, MOTOK BOASIHOTO Mapa, WAyIIKH K LIeHTPy Kpartepa, He JaeT
BbITEKATh »KUJIKOMY METaJIy U3 JIYHKH M BCIIEHUBAET €ro. B 30He COMPUKOCHOBEHHST «IIPSIMOT0» U
«0OpaTHOrO» TeyeHHH 00pa3yroTCsi BUXPH, KOTOpPbIE 3aMOJIHSIIOT MOYTH BeCh 00BEM <ITy3bIPsi».
DTUM 0OBSICHSIETCST CAyYalHbI (He TOBTOPSIIOUIMMCS OT OJHOrO 3KCIEePUMEHTa K JPyromy)
XapakTep pacraja naporazoBoro o06pa3oBaHHsi.

3akatoueHue
Takum  o6pa3om,  CylleCTBEHHO  OTJIMUHMe  ¢OpMbl  TOBEPXHOCTH  KpaTepa,
copMHpOBaBIIErocss B pe3yJsibTaTe BO3IEUCTBUS Ja3€PHOTO HMITyJibCa C  OIMHAKOBBIMU
napameTpamMM Ha OJMHAaKOBble 06pasiibl, OKPY>KEHHbled BO3MyXOM W BOJOH, OIpeessieTcs
MPUHLMITHAIBHO PA3JIMUHBIM XapakTepoM TeueHHsl IJa3Mbl M MaporasoBoid CMeCH B YKa3aHHBIX
CaTyuastx.

Ucrounnku
[1] Bapuxun B.A. CkopocThas roorpaduueckast KHHOCheMKa JazepHoi niiasmbl / B.A. Bapuxun,
A.1O. Msanos, B.M. Henonyros // Keantosas snektponnka. — 1990. — Tom 17. — Nell —
C. 1477—1480.
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Holographic study plasma-vapor clouds formed in the laser-plasma
treatment of the sample in the liquid

S.V. Vasilev, A.Yu. lvanov, A.V. Kopytsky
Grodno state university Kupala

Experimentally investigated the formation of steam and gas formation at the surface of the

irradiated metal. The features of the changes in the shape and size of the combined-cycle “bubble”
at different stages of the process, including aiter laser material processing.
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Crenposble nokaanpl. Cexuus Nel
TexHoJIOTHH B 06JIACTH 3aLUTHBIX FOJIOMPAMM

cl.1  OnTuyeckuid NoasipU3aLMOHHbII MPO3PavYHbIM 3alLUUTHbIN J1€MEHT Ha
OCHOBE MUIMEHTOB C BICOKMM MOKa3aTeJeM MpeaoMaeHuUst

A.H. l'opuapyx, [1.B. Mouceernko, JI.B. Tanun, A.I'. bobopeko
3AO «Tonorpaduueckast unayctpusi», Munck, benapychb

B 06/1acTH 3aLIMTHBIX TEXHOJOTMH YUCJIO0 METOJIOB MOJYUEHHUS HAZIe?KHbIX CPEICTB 3aLUThI C
KaxKbIM rojioM pacreT. OjHaKo OJHOBPEMEHHO C 3THM COBEpPLUEHCTBYIOTCA M  METOJbl
thanbeudukauuu, 4to TpedyeT coznanus 6oJiee COBEPLIEHHBIX 3JIeMeHTOB 3alUThl. CrieayeT Takke
OTMETHTb, YTO HE CYLIECTBYET ONTHUMAJbHOIO 3alllMTHOTO CPEACTBA, KOTOPOro ObLIo Obl
HEBO3MOKHO BOCIIPOU3BECTH. JIHllIb B KOMOMHALMH C PA3JHUHBIMU METOAAMH 3TO CPEICTBO MOXKET
CJIY?KHUTb OJITHUM U3 KPUTEPHEB OPUTMHAJIBHOCTH 3allIMIIAeMOro 0ObeKTa.

Cpeay 3alIUTHBIX 3JIEMEHTOB C ePEMEHHbIMH ONTHYECKMMH CBOMCTBAMM HauboJiee TPYAHO
BOCIPOU3BOJIMMBIMHU SIBJISIIOTCS 3JIEMEHTBI, COJeprKaLIMe CKPbITble H300paXKeHHUs!, BUIUMbIE TOJILKO
B M10JIPU30BAHHOM CBETE.

Kak npaBuJ/io, CKpbITbIe 0J1s1pU30BaHHbIe H300paxKeHHs MOJy4aroTCcs Ha NOBEPXHOCTH MJIU
B 00beMe MOJUMEPHOTO CJIOSI-HOCUTEJISI CKPBITOrO M300payKeHusi B peadysbTaTe (POPMHUPOBAHHUS
OINTHYECKOW aHU30TPOIHH B JIOKAJLHON 00/1aCTH JAHHOTO MOJIMMEPHOTO CJI0s, 8 UMEHHO H3MEHEHUSs
BEJIMYHMHbI 1BYJTy4epeJOMJICHHUA.

JlokasbHOE HM3MEHEHHE BeJIMYMHBI JBYJYYelpeJOMJICHUS MOXKET ObITb JOCTHIHYTO JIMOO
Bapuallieil HarnpaBJeHUsl ONTHYECKONH aHU30TPOIUU NTPO3PAYHOTO MaTepraJsia B ONpeeIeHHbIX ero
yyacTkax, Ju00 MOJIYJMPOBAHMEM TOJILMHBI [PO3PAYHOrO AHU3OTPOIHOIO MaTepuala B
OIpeJIe/IeHHBIX y4acTKax CJI0S.

ITH 3¢ DeKTbl JOCTUTAIOTCS MyTEM MEXaHUUECKOr0o, XUMHUYecKoro, oTodudnieckoro, Jubo
TEePMOMEXaHHUECKOro BO3ICHCTBHI. Bo BCeX 3THX c/ydasix CKpbITOE MOJISIPU30BAHHOE H300pazKeHHe
thopmupyeTcsi B MPeIBAPUTEBHO MOATOTOBJAEHHOM CHelHaIbHbIM 00pa3oM MOJUMEPHOM CJIOE,
JIMO0 HA OBEPXHOCTH TBEPAOH MOAJIOKKH.

M3BecTHbIE COCOObI U3TOTOBJIEHHS CKPLITONO M300paKeHHUs U 3aLLMTHOIO 2JIEMEHTA Ha €ro
OCHOBE PEAIOoJIaraloT HaJMuue CIJIOIIHOTO0, KaK MPABUJIO, TIOJTUMMEPHOTO CJ1051, HECYLLLETO CKPBITOE
MOJIAPU30BAHHOE H300paKeHHe, Ha OOpPATHYI0 CTOPOHY KOTOPOTO HAHOCHUTCS KJEH, MOCJe 4Yero
MIPOU3BOJUTCSA BbIPYOKa M MOJIy4aeTCs KOHEUHbIH MPOLYKT — CAMOKJICIOLIMECH ITHKETKH H METKH.

HaunGosiee GM3KUMM MO TEXHUUECKOH CYLIHOCTH K 3asiBJISIEMOMY CIOCOOY HU3rOTOBJICHUS
OINTUYECKOTrO 3alLIUTHOTO 3JIEMEHTA SIBJISIETCS CAeyIOLMe METO/b.

M3BecTeH cnocoG H3rOTOBJIEHHS] CKPBITOrO M300pa)KeHUsi € MOMOUIBIO JIOKAJIbHOTO
MEXaHHUYECKOro YJaJeHUsl TBEPAOro aHU30TPOIHOIO IMOJMMEPHOr0 MaTepuasda C IMOBEPXHOCTH
KeCcTKOH nomiokku. OJHAKO JaHHbIE crnoco® MPUBOAUT K (OPMHPOBAHHIO KOHTPACTHOIO
MOJISIPU30BAHHOTO  M300paKeHUs] C  SICHO BHIMMbIM HEBOOPYKEHHBIM IJ1a30M  KOHTYPOM
M300paKEeHUS.

Jpyroii meton 3ak/wouyaeTcss B TOM, YTO HA MOJJIONKKY HAHOCAT OTPAXKAKOLIMKA CJIOH.
BrieuatbiBatoT ckpbiToe H3oOpaxkeHue. OCyLIECTBASIOT CTPYKTYPUPOBAHHE YdyacTKa CJos,
HECYLLEro CKpbITOe H300paKeHHe Ha IPEeIBAPUTEJBHO 3alaHHyl0 TyOMHY ¢ obecredyeHHeM
OINTUYECKOW aHM30TPOIUH B JAHHOM CTPYKTYPUPOBAHHOM Y4acTKe CJosi, KoTopasi 00ycJ/aBauBaeT
obecreyeHue HEeBHIAMMOCTH M300paxKeHUs NpHU HAOJIIOJCHHH €r0 HEBOOPY2KEHHBIM TJ1a30M H €ro
4eTKOH KOHTPACTHOH BUAMMOCTH MPHU NMPOCMOTPE B MOJIIPU30BaHHOM cBeTe. [locse aToro, no Bece
MOBEPXHOCTH 3ALIMTHOIO 3JIEMEHTA HAHOCSAT TOHKUH MpPO3pauyHblid 3allMTHBIA cjoi. [Ipu sTOM
KO9(h(DULMEHT MpPeJOMJIEHHs] 3aLIMTHOTO CJIOsl, MO CYLIECTBY, COBMAfaeT ¢ KO3((HIHEHTOM
NpeJIoOMJIEHHs] yHacTKa CJ10s1, HeCYLLLero CKpbiToe H3oOpaxkeHue. OnHaKO, U3BECTHBIN coco0 HMeeT
CYLLLECTBEHHbIH HEIOCTAaTOK, @ MMEHHO: OTpaxKarolMH CJOH, COIVIACHO JAHHOMY HM300pEeTEeHHIO,
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SIBJISIETCS] HEMTPO3PAUYHbIM JI/Is1 3JIEKTPOMArHUTHbBIX JIyded BUIMMOTO iManasoHa. B sTom cayuyae npu
HaHEeCEHUH JAHHOTO 3alMTHOrO 3JeMeHTa Ha JOKYMEHT, OT BM3yaJbHOTO MPOCMOTPA CKpbITa Ta
YacThb IOKYMEHTA, IJle HAXOAUTCS 3aLIUTHBIA 3J1€MEHT, UTO CHUKAET 3allUTHbIe PYHKIMH 3J1€MEHTa,
TaK KaK Ha 5TOM MeCTe HeJb3sl PacloJlOXKUTh M, COOTBETCTBEHHO, 3alIMTUTb OPUTMHAJIbHYIO
MOMNKUCh, HANpUMep, BJALEAbLA JOKYMEHTA WJM PaAClOJIOKUTb CUMBOJIbI, BbITOJHEHHbIE
JIOMUHECUEHTHbIMH ~ KpacKaMM, KOTOpble  BU3YaJM3HPYIOTCS MPH  HaJU4YUM, HAmNpUmep,
YAbTPa(UOIETOBOTO U3JTyYEHHS.

11 ycTpaHeHHe BbILLIEYKA3aHHOIO HeA0CTaTKa [MpeajaraeTcss MeToJ HM3rOTOBJICHHS
OINTUYECKOrO MOJIIPU3ALMOHHOTO MPO3PAYHOr0 3aLMTHOIO 3JIEMEHTAa HAa OCHOBE MHUIMEHTOB C
BbICOKUM MOKa3aTeJieM MpeJoMJIeHHS.

[Ipu H3roTOBJICHHH JAHHOTO 3aLLMTHOTO 3J1eMeHTa OepyT MOAI0XKKY, KOTOPasi BbINOJHEHA U3
MOJIMTPOIUJIEHA WJM TOJUSTHIEeHTepedTataTa U Ha OHY M3 €€ TMOBEPXHOCTEH HAaHOCAT CJIOH
NPO3PAYHOH TMOJUMEPHON KOMIIO3ULIMH, OCHOBY KOTOPOH COCTABJAIOT ONTHYECKU MPO3PAYHbBIE
MOJIMMEPbI U3 PsIfIa: MOJUKAPOOHAT, MOJUCTUPOJI, TTOJUBUHUIIOBBIN CIIUPT, HUTPOLEJJI0J103a U T.JI.
[1pu 3TOM nokazartesib npesoM/aeHHs JaHHBIX OJUMEPOB HaXoAUTCsl B npeaeax 1,0—1,6 equnul,.
3ateM cJIof MPO3pauHON MOJUMEPHOH KOMIO3ULIMK CTPYKTYPUPYIOT (06pabaThiBAIOT), HANIpUMeEp,
MeXaHHYECKUM CrocoOOM, CO3[aBasl ONpeaeseHHble CUMBOJbI. Takoe CTPyKTypUPOBAaHUE MOTYT
OCYLIECTBJIATh HE TOJIbKO MeXaHMYEeCKMM CIOCOOOM, HO W TepMOMEXaHUYeCKMM BO3JECHCTBHEM
MroJIb4aTOH rpeOeHKON MIIoTTepa, UM 00pabaThiBaTb HOHHBIM ITyYKOM HJIH JIA3€PHBIM M3J1yYeHHEM.
3areM Ha po3pauHyio MOJUMEPHYIO0 KOMIO3ULHIO HAHOCAT NPUTOTOBJIEHHYIO TEPMOAKTHBUPYEMYIO
MPO3pauHylo KJIEeBYI0 KOMIO3ULIMIO, BKJIOYAIOLLYI0, HEOPraHHYECKHEe COeIMHEHHS C NloKasareJiem
NpeJIOMJICHHSI PaBHbBIM, 110 MEHbLLIEH Mepe, IBYM €IMHULAM, KOTOPbIH B HOPMaJIbHbIX YCJIOBHUSIX He
obJiaaeT aare3uen.

KOHCTpYKLMSI 3adB/As€MOr0 B KayecTBe H300peTEHUsi ONTHYECKOro MO0JisiPU3aLMOHHOTO
MPO3PaYHOro 3AUIMTHOTO JIE€MEHTA, MPEACTABJECHHOrO HA pHC. |, BKIOYaeT: MoaIoKKy 1, cioit 2
MPO3payHON TOJUMEPHOH KOMIO3HUIIMHK, BKJIOUAIOIEH ONTHYECKH H3O0TPOMHbIE YYACTKU 3 U
CTPYKTYpPUPOBaHHbIE (ONTHYECKH aHU30TPOIHbIE ) YUACTKH 4, BbIOJHEHHbIE B BUJIE ONpe/leIeHHbIX
CHMBOJIOB, a TaKKe TEPMOAKTHBUPYEMYIO MPO3PAUHYIO KJI€EeBYIO KOMIO3MLHMIO O, COMEPIKALILYIO
HeopraHuyeckue COeJIMHEHHUs] C MoKaszaTeseM MpeJOMJIEHUsT PaBHbIM, MO MeHbllIed Mepe, JIBYM
eIMHULLAM.

Puc. 1. Ctpykrypa onTHUeCKOro MoJsipu3alliOHHOTO MPO3PAYHOT0 3aLIUTHOTO JIeMEeHTa

bes nossiponsa B 0ObIYHOM CBeTe CUMBOJIbI, PA3MELICHHbIE HA ONTHY€CKH aHU30TPOIHBIX
ydacTKax 4 He BU/IHBI, TAK KAK YeJIOBEUECKHUH [V1a3 He pas/iMyaeT noJsipudauuio cseta. [ Ipospaynblit
3ALLMTHDIF 9JIEMEHT 1103BOJIsIeT BUETh Ty YaCTh JOKYMEHTA UJIH LIEHHOW OyMaru, KoTopas HaXouTCs
I10/] 3aLLIUTHBIM 9JIEMEHTOM.

[Tpn HamMuMK LKHPKYJISIPHOTO NOJISIPOU/A (Ha PUCYHKE He [T0Ka3aH ), HeMoJisipH30BaHHbIH CBET
OT UCTOYHHKA IIPOXOUT LIUPKYJ/ISAPHBIH TOJIAPOUL U MOJydaeT KPYroByIO IO/ PU3ALHIO.
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OnTHueckn U30TPOMHbIE YYACTKH 3 HE U3MEHSIIOT KPYTOBYIO TOJISIPU3ALMIO CBETAa M CBET
JIOXOJIUT JI0 TEPMOAKTHBUPYEMOH MPO3PAUHON KJIeeBOH KOMITO3UIIMH, COMepKAlllell HEOpraHWUeCKHe
COEJIMHEHMSI C MToKasarteJ/ieM NpeJioMJIEeHHsT paBHbIM, 110 MeHbLLIEH Mepe, IByM eIMHHLAM.

OnTHuecKHn aHU30TPOIHbIE (CTPYKTYPUPOBAHHbIC) YUACTKH 4 H3-3a ABYJydernpesoMJIeHHUs!
M3MEHSIIOT KPYrOBYIO MOJISIPU3AlIMI0 CBETA HA SJUIMITHYECKYIO M JITHITHUECKH MOJISIPU30BAHHBIN
CBET TaKXKe JOXOJUT JI0 TEPMOAKTUBUPYEMOH MPO3PAYHON KJI€€BOH KOMMO3UIIHH.

Ecin  Obl  TepMoaKTHBHUpyeMasi [po3payHasi KJjeeBasi KOMIIO3MLMsI He BKJOYasa
HeopraHuyeckKhe COeIMHEHHUsT C roKasaTeJieM MpesJoMJIeHUs] paBHbIM, MO MeHbLIEH Mepe, JIByM
€IMHMIIAM, TO cama MOJMMEpPHAast OCHOBA TEPMOAKTHBUPYEMOH MPO3PAUHON KJICEBOW KOMIO3ULIMH
uMmesia Obl TOKasaTtesb npejomieHust Ha ypoBHe 1.5—1,6 eaunul, T.e. OH He oT/M4aJcs Obl OT
roKasareJisi peJIoMJICHHsI CJ10s1 2 PO3PAYHOU MOJIMMEPHOH KOMITO3ULMH.

B stom cayyae corniacHo dopmysne PpeHesisi HHTEHCHBHOCTb OTPAXKEHHOW BOJIHBI U1
napajie/bHOH W TepPHeHAUKYJNSPHON MOoJspu3aluMii MHHMMAJbHA W HEIOCTAaTOYHA ISl
BU3yaJIM3allik CKPbIThIX M300parKeHHH, Co/le pKalIUXCsi B ¢J1oe 2.

Kak nokasbiBaeT mnpakTuka, s obecrneyeHHst YEeTKOro KOHTPACTHOIO 3PUTEJILHOrO
BOCIIPUSITHSI BU3YyaJlIM3UPYEMbBIX C MOMOILBIO LIMPKYJISPHOTO MOJSIPOMAA CKPBITHIX M300parKeHHH,
COZIeprKalIMXCs Ha yuacTKax 4 (aHU30TPOIHBIX ), HEOOXOAUMO, UTOOBI KOIPPULHMEHT OTPaXKeHHSs OT
rpaHMLbl pa3fesa cjost 2 Mpo3pavyHO MOJMMEPHOH KOMIO3ULIMH ¢ ;= 1,5 u cjosg 5
TEPMOAKTHBUPYEMOH TMPO3PAUHON KJI€E€BOH KOMIO3UIMK OBl TPU TMEPTIEHIUKYJAIPHOM MaJeHHH
CBETOBOIO Jiyya He Meree 2%.

IT0 BO3MOXKHO, €C/IM Pa3HULA B [0KA3aTeJsX MPeJOMJIEHHUs CJIoeB 2 U O COCTaBJSIET, 10
MeHbliuel Mepe 0,5 euHULL, T.e. CJIOH D JO/KEH UMETb, KaK MUHMMYM 71, = 2. Torma corsacHo
thopmysie Dpenessi pu NeprieHAUKYISIPHOM MAICHUH JIyda Ha FPAHULLy pasjiesa JABYX cpe (caoeB 2
1 5, puc. 1) koaduupeHT oTpaxkenusi R paBeH

2 2
E”Q - gg = g; = 0,0204=2%.
1, +1, ,

Jlo6aBka B TepPMOAKTHUBUPYEMYIO MPO3PAuHyl0 KJEEBYIO KOMIO3HUIIMIO HEOpraHWueCKHX
COEIMHEHMH ¢ MoKaszaTeJseM MpeJoMJIeHHs] paBHbIM, [0 MeHbLIeH Mepe, IBYM €IMHHULIAM JOBOAUT
KO3 DULMEHT OTPaXKEHHUS OT FPAHHULbI Pas3ziesia CJIoeB 2 U O J10 Hy»KHOH HaM BEJIHUMHBI.

Bephemcst K aHanu3y noBeleHHsT TOJSIPU30BAHHOTO CBETA TPH OTPAXKEHUH OT TPAHHILbI
pasnesia IByX IU3JEKTPUKOB — MPO3PAuHOH MOJUMEPHON KOMIO3UIIUH, T.€. CJI0s1 2 C ONTHYECKH
M30TPOINHBIMH Y4aCTKAMH 3 M ONTHYECKH aHU30TPONHBIMH y4acTKaMu 4 (1oKasaTtesib pesoMJIeHUs]
ny, = 1,5) 1 TepMOAKTUBUPYEMOH TIPO3PAYHON KJI€€BOH KOMIO3ULIMH, T.€. cjiost O (1o = 2,0).

QJUIMNTHYECKH TIOJISIPU30BAHHBIN CBET, MOJIyYEHHbIH MOCJe MPOXOXKACHHUS aHH30TPOIHbIX
y4acTKOB 4, OTpaxkaeTcst OT IPAHHUIbI CJIOEB 2 U D C JI0CTATOYHOH MHTEHCUBHOCTBIO U BBLIXOJUT U3
MoJIIPOUJIA, T.€. 3TH YUACTKH, TJle pa3MelleHbl CUMBOJIbI, OY/IyT CBETJIBIMH.

Cger ¢ KpyroBodl mnoJisipusauyeit, XapakTepHbll Ui M30TPOIMHBIX YYacTKOB 3, TakKkKe
OTpakaeTcsi OT TPaHHIbl CJoeB 2 U 5, HO B cujy H3MeHeHusi da3bl Ha 180° mosyuaet apyroe
HarpaBJ/ieHHe BPalleHNsI BEKTOPA 3JIEKTPUUECKON HAMTPSZKEHHOCTH, UTO MPUBOJIUT K TOMY, UTO 110OCJIe
MPOXOKJIEHHST YE€TBEPTHBOJIHOBOH MJIACTHHBI LUPKYJSPHOTO MOJSIPOUAA JUHEHHAs MOJsipU3alius
CBETAa He COBMAJAeT C MJIOCKOCTbhIO POIMYCKaHHUs MOJsSIpora.

CJieoBaTesIbHO, H3OTPOMHbIE YUACTKH 3, T.e. POH, ABJASIOTCH TeMHbIMU. Takum o6pasom,
CKpbITble H300paKeHHst (CHMBOJIbI ), Pa3MelleHHbIe TOJIbKO HA yHacTKax 4 BU3yau3upyloTCs 3a cUeT
KOHTpacTa.

JIaHHBIA ONTUYECKUH MOJISIPU3ALMOHHBIA TPO3PAUHbIA 3aLUTHBIA 3JEMEHT T03BOJSET
CYLLECTBEHHO MOBBICUTD 3aLIUTY OT MOEJKH Pa3JTMUHBIX BUIOB MPOIYKIMH U 1IeHHbIX OyMar.

R:

231



Tonorpadus. Hayka u [1pakTuka
13-4 mexxnynapontasi koudepenuus «I'omodkeno 2016»

Optical polarizing transparent protective element based on pigments of
high refractive index

Al Gorcharuk, P.V. Moiseenko, L.V. Tanin, A.G. Boboreko
CJSC “Holography industry”, Minsk, Belarus

The number of methods for obtaining secure protection is increasing every year in the area
of protect technologies. However, the methods of falsification is improving at the same time and
this fact requires the creation of more advanced security elements. It should be noted, there are no
optimal security means which couldn’t be reproduced. These means can be as one of the criteria of
originality of the protected object only in combination with different security methods.

The elements containing hidden images which is visible only in polarized light are the most
difficult reproducible ones among security elements with variable optical properties.

Generally, the hidden polarized images are available on the surface or in the volume of the
polymer layer-carrier of the latent image by forming an optical anisotropy in the local area of this
polymer layer, namely by changing the magnitude of birefringence.

Local change of the value of birefringence can be achieved by the variation of the direction
of transparent material optical anisotropy in its specific areas or by modulating of transparent
anisotropic material thickness in certain parts of the layer.

These effects are achieved by mechanical, chemical, photophysical or thermomechanical
effects. The latent polarized image is formed in a specially prepared polymer layer or on the surface
of a solid supporting surface.

Known methods of producing a latent image and the security element on its base assume
the presence of the whole, usually polymeric layer, carrying the latent polarized image; the glue is
applied on the reverse side of the whole polymeric layer, then cutting comes and the final product
is self-adhesive labels and tags.

There is a number of methods closest to the technical nature of the optical security element
producing. There is a producing method of latent image using a local mechanical removal of solid
anisotropic polymer material from a hard supporting surface. However, this method leads to the
formation of the contrast polarized image with the outline clearly visible to the naked eye.

Another method is the application of the reflective layer to the supporting surface and
imprinting latent image. Layer part, carrying the latent image on a predetermined depth with
providing an optical anisotropy in this part of the layer, is structured. Anisotropy conditions
providing invisibility image when it’s viewed with the naked eye, and a clear contrast visibility when
it’s viewed in polarized light. Aiter that, thin transparent protective layer is applicated on the whole
surface of the security element. The refraction coefficient of the protective layer substantially
coincides with a refraction coefficient of the part of layer carrying the latent image. However, the
method has a significant disadvantage, namely, a reflective layer according to the invention is
opaque to electromagnetic rays in the visible range. In this case, when the security element is
applied to the document, the part of the document is hidden from the visual viewing where the
security element is; this reduces the protective functions of the element as the original signature,
for example, of the document owner, positioned at this point and thus be protected, or symbols
made by luminescent colors, that are rendered in the presence of ultraviolet radiation, cannot be
arranged.

For eliminating the drawback mentioned above, the method of manufacturing the optical
polarizing transparent protective element based on pigments with high refractive index is proposed

The support material, made of polypropylene or polyethylene terephthalate, is taken to
manufacture the protective element and a layer of glasslike polymer composition is applied on one
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of its surfaces; the composition is based on optically glasslike polymers from a range of
polycarbonate, polystyrene, polyvinyl alcohol, nitrocellulose, etc. The refraction index of these
polymers is in over the range 1.5—1.6 units. Then a layer of glasslike polymer composition is
structured, for example, by mechanical means, creating certain symbols. Such structuring can be
carried out not only mechanically, but also by means of thermo-mechanical impact of the plotter’s
needle comb, ion beams or laser emission. Then, thermally-activated transparent adhesive
composition is applied to the glasslike polymer compound. This thermally-activated transparent
adhesive composition includes inorganic compounds with a reiractive index equal at least to two
units, which has no adhesion in normal conditions.

The construction of a transparent protective polarizing optical element claimed as
invention, shown on Fig. | includes: a supporting surface 1, a layer 2 of a transparent polymer
composition, including optically isotropic parts 3 and structured (optically anisotropic) parts 4,
made in the form of certain characters and heat-activated transparent adhesive composition 5,
containing inorganic compounds having a refractive index equal to two units at least.

1

Fig. 1. Structure of the optical polarizing transparent protective element

The symbols placed on the optically anisotropic parts 4 are not visible in normal light
without a polaroid, because the human eye cannot distinguish the polarization of light. Transparent
protective element allows to see that part of the document or the security paper, which is under the
protective element.

[f there is a circular polarizer (not shown on the figure), non-polarized light from the source
passes circular polaroid and receives a circular polarization. Optically isotropic parts 3 don’t change
circular polarization of light and the light reaches the activated transparent adhesive composition
containing inorganic compound having a refractive index equal to two units at least. The optically
anisotropic (structured) parts 4 due to the birefringence change circularly polarized light to an
elliptical polarization, and elliptically polarized light also comes to a thermally activated transparent
adhesive composition. If the thermally activated transparent adhesive composition didn’t include
inorganic compounds having a refractive index equal to two units at least, the polymer base of
thermally activated transparent adhesive composition would have a refractive index of
1.5—1.6 units, i.e. it wouldn’t be different from the refractive index of the layer 2 of the transparent
polymer composition.

In this case, the intensity of the reflected wave for parallel and perpendicular polarizations
minimal and insufficient to visualize latent images contained in the layer 2, according to the
Frenel’s formula.

Practice shows that to provide a clear contrast visual perception of visualized latent images
using a circular polarizer, which contained on 4 areas (anisotropic), it is necessary, that the
reflection coefficient of the reflection from layer 2 surface a transparent polymeric composition
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n, = 1,5, and the layer 5 of transparent is thermally activated adhesive composition wasn’t less
than 2% at perpendicular incidence of the light beam.

[t’s possible, that the difference in is refractive indexes of layers 2 and 5 is 0.5 units at least,
i.e. layer 5 must have ny, = 2 at least. Then according to the Fresnel‘s formula at normal incidence
of the beam on the interface between two substances (layers 2 and 5. Fig. 1), the reilection
coefficient R is equal to:

2 2
R=le=m) 05 00499,
(n,+n) 35

The addition of inorganic compounds, having a refractive index equal to two units at least,
to heat-activated transparent adhesive composition leads to the achievement of the required
reflection coefficient from the boundary between the layers 2 and 5.

Let us return to analysis of the polarized light behavior in the reflection from the two
dielectrics surfaces: transparent polymer composition, i.e. layer 2 with an optically isotropic parts
3 and an optically anisotropic parts 4 (refractive index r; = 1.5) and thermally activated transparent
adhesive composition, i.e. layer 5 (1, = 2.0).

Elliptically polarized light, obtained aiter passing anisotropic parts 4, reflects from the
boundary between layers 2 and 5 with a sufficient intensity and leaves the polarizer, i.e. these parts
where the symbols are placed, will be bright.

Circularly polarized light typical for isotropic parts 3 is also reflected irom the boundary
between layers 2 and 5 but due to changing the phase to 180° gets another rotation direction of the
electric field vector, which leads to a mismatch linearly light polarization, after passing the quarter-
wave plate of a circular polarizer, and polaroid’s transmission plane.

Therefore, isotropic parts 3, i.e. background, is dark. Thus, the latent images (symbols)
placed only on 4 parts are visualized by contrast.

This optical polarizing transparent protective element allows to increase the protection
against forgery of various kinds of products and security papers.
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Cl.2 [lo.nyqeﬂue HOBbIX 3AIIMTHbIX 3JI€EMEHTOB U BU3YyaAJIbHbIX E)de)eKTOB B
MHOT'OLBETHBIX OTPA2KATECJ/AbHbIX 3alLIUTHBIX IroOJIOrpaMm

J.C. Jlywrnuros', B.B. Mapkun', A.fO. )Kepdes', C.b. Odunokos’, A.B. Cuupros?,

b.B. Akumos’

' MOCKOBCKHI ToCylapeTBeHHBIE TeXHuuecKHil yHusepceuteT um. H.3. Baymana, Mocksa, Poccust
2 AO «HITO «Kpunren», ly6ua, Poccust

Poccust B cratbe onmcanbl 3alluTHble 3JeMEHThl M BHU3yalbHble 3allUTHble 3()deKTH,
MCTOJIb3yeMble B 3alIMTHBIX LBETHBIX roJorpaMmax. B kauecTBe 3allUTHBIX 1IBETHBIX TOJOTPAMM
pa3pabaTbiBaJMCh 1IBETHbIE TOJIOTPAMMHbIE CTepeorpamMMbl, paboTaiolide Ha oOTpaxkeHue. B
KauecTBe 3alUTHBIX 2JIEMEHTOB HCIOJIb30BAJMCh 1IBETHbIE MUKPOTEKCThI. B KauecTBe BU3yaJIbHBIX
3alIUTHBIX 3(DPeKTOB Mosydatuch «paun-daon» 3PpgekTbl M0 H306paKEHHIO W 1LBETY IPU
HabJ/1t0IeHUH U300paKeHHsl, BOCCTAHABJIMBAEMOr0 C LIBETHOU 3ALLMTHOM OJIOrPaAMMBI.

[IBeTHbIE 3alIUTHBIE TOJIOTPAMMBI MT0JyYaJIHCh B BUJIE LIBETHBIX FOJIOIPAMMHBIX CT€PEOTPAMM
1Mo JIByX3TarHoH TexHosiornd. Ha nepBuuHON rosiorpaMme BbIOHpPAJMCh 30HBI, OTBeualollye 3a
copMHpOoBaHUe BH3yaJbHbIX 3alIMTHBIX 3¢dekToB B BUAe «duaun-duaon» 3ddeKkTbl Mo
usobpakenuto W 1pety. Ha puc. 1 npexacrapien nono6Hbid 3pdekt, KOTOpbIH Mpeanoaraioch
MOJyUUTh TIPH  PETUCTPALMH  TOJHOMAPANIAKCHON 1IBETHOH TOJIOTPAMMHOH  CTepeorpaMMbl
«Ky60k 2018>.

Puc. 2. HpeﬂnonaraeMbIe 3alLUTHBIM 2JIEMEHT B BUJIE LIBETHOTO MHKpPOTEKCTA

[Ipu 3TOM paKypchl KafpoB Ha nepBU4HOM rojorpamme H1 peructpupoBanuch oTaebHO OT
3allUTHBIX 2JIeMEHTOB. B KauecTBe 1IBETHOro MHKpoTeKcTa Oblaa 3anucaHa Haanuch « RUSSIA»
pa3JIMUHbIX 1IBETOB HA Pa3JnuHOM (hoHe (pHc. 2).

dororpadus nepsuuHoii rosorpammbl H1 npeacraBsena Ha puc. 3a, a Ha puc. 36 npuBesieHa
ororpaduss  MTOroBOH  MOJHOMAPA/JIAKCHOH  1IBETHOH  TOJIOTPAMMHOH  CTepeorpamMbl
«Ky6ok 2018» (BoccraHoB/seHHOro ¢ Hee uzoOpaxenust). Ha puc. 4 npusenena gotorpadus
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BOCCTaHOBJICHHOTO C FOJIOrpaMMbl H306pakeHHs1 LIBETHOIO MUKPOTEKCTa, a Ha PUC. D NPeCTaBJIeH
BU3YyaJIbHBIN 3alIMTHBIN «Qaun-gpaon» 3pPeKT no n306pakeHHIo 1 1BETY.

(6)
Puc. 3. ®ororpadus nepsuuHoii rosorpamMmel H1 ¢ MukpoTekcToM (a) u hotorpadusi HTOroBoH MoJIHONApaIakCHOH
LIBETHOMH roJiorpaMMHON cTepeorpaMmbl « Ky6ok 2018»

ROSSIA 2018

Puc. 4. ®ororpacust BOCCTAHOBJIEHHOTO C TTOJHONAPAJJIAKCHON [IBETHOM TOJIONPAMMHOI CTePeOrpaMMbl
«Ky6ok 2018» nzobpaxceHus 1iBETHOr0 MHKPOTEKCTa

Puc. 5. ®ororpadusi BU3yaJbHOTO 3aUTHOTO «DJHM-(on» sddekra no H306paXKeHHIO U LIBETY
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Preparation of new security features and visual effects in multicolor
reflective security holograms

D.C. Lushnikov', V.V. Markin', A.Y. Zherdev', S.B. Odinokov', A.V. Smirnov?, B.V. Akimouv?
' Bauman Moscow State Technical University, Moscow, Russia
2JSC “RPC “Krypten”, Dubna, Russia

Russian article describes security elements and protective visual effects used in shielding
colored holograms. As a protective color holograms developed color holographic stereogram
working in reflection. The color microtexts used as protective elements. As a visual protective
effects were obtained by “ilip-flop” effects in the image and the color of the observation image,
recovered with a colored protective hologram.

Colored protective holograms obtained in the form of colored holographic stereogram by a
two-stage technology. On the primary hologram chosen area, responsible for the formation of the
protective effects of the visual as a “ilip-flop” effects in the image and color.
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Cl1.3 PopMHUpOBaHUE U CBOMCTBA 00'bEMHbIX U THOPUIHBIX 00 bLEMHO-
NOBEPXHOCTHBIX NEPUOAUUECKUX CTPYKTYP U J€MEHTOB Ha UX OCHOBE

H./l. Bopsob6osa, B.O. Beceaos
Cankr-IleTepOyprekuil HaMOHANBHBIN HCCJIEIOBATENLCKUH YHUBEPCUTET HHDOPMALIMOHHBIX
TEXHOJIOTHH, MexaHUKH 1 onTHkH, CankT-Iletepbypr, Poccus

WcenenoBanbl o0co6eHHOCTH (POPMUPOBAHUS U CBOHCTB 06'bEMHBIX EPUOUUECKHX CTPYKTYP
U TUOPUIHBIX CTPYKTYp C MOBEPXHOCTHBIM pejibehoM B TojicTocaoknbix (100 u Gosee MKM)
MOJIUMEPHBIX CJ1051X. PaccMOTpeHbl BO3MOXKHOCTH MOJyUE€HHs 3JIEMEHTOB yIpaB/AeHUs] CBETOBbIMU
My4YKaMH U 3alIUTHBIX JIEMEHTOB Ha UX OCHOBE.

AxtyanbHoCTb Mpo6JeMbl 00BEMHOTO CTPYKTYPHUPOBAHHST ONTHUECKUX MAaTEPHAJIOB CBsI3aHa
C BO3MOKHOCTbIO CO3/IaHHs1 KAK HOBOT'O KJlacca MaTepHaJsioB — MeTaMaTepraJsioB, Tak U 3JeMEeHTOB
pa3JIMUHOTO Ha3HAUEHHSI HA OCHOBE TPEXMEepPHBIX CTPYKTYp. Cpein MHOroo6pa3ust UCMOJb3yeMbIX
6a30BbIX MaTepHaNOB 0CO00€ MECTO 3aHUMAIOT POTOMOIUMEPHBIE MaTepPHaJibl, UTO CBSI3AHO C X
OTHOCHUTEJIbBHO HHU3KOH CTOMMOCTBIO, BO3MOXKHOCTBbIO H3MEHEHHS CBOKCTB IyTeM BBeEJCHHUS
pa3JIMUHbIX KOMIIOHEHT, a TakxKe MPOCTOTOH MPOLLECCOB MOJNYYEHUS 3J€MEHTOB, MCKJIOYAIOLIUX
NpeIBAPUTE/bHYIO U MOCTIKCTIO3UIMOHHYIO XHMUUECKYIO HJIH TePMUUECKYI0 00paboTKYy.

Mo02KHO BBIIEJUTD JIBa OCHOBHBIX HAMpPaBJEHHUS, IMPOKO PACCMATPUBAEMBbIX B JIMTEpPAType:
(opMupoBaHue pesbePHBbIX CTPYKTYp H OOBEMHBIX CTPYKTYp C MOJAyJsiILMEH MoKazaTeJs
npeJsioMJIeHHs], IPU STOM, HauOOoJIblliee BHUMAaHUE YIeJ1eTCsl U3YUEHHUIO MpolleccoB POPMUPOBAHHUS
CTPYKTYp B pesyJibTaTe Jquddy3rnonHoro macconepernoca [1—2]. B 1o ke Bpewmsi, cyiecTByeT psift
MPOLECCOB, KOTOPbIM MPAKTHUECKH He y/ie/IsieTCsl BHUMaHHs!, U KOTOpble pacCMaTPUBAJIUCh paHee,
cKopee, KaK HeratuBHble. K Takum mpolieccaM MOXKHO OTHECTH MpollecC KHCJIOPOAHOIO
MHTHOMPOBAHUS  pajMKaJbHON MOJMMEpU3allik, CBeTopaccesiHue, a TakKxke QopMHpOBaHHe
MOBEPXHOCTHOTO peJibedha Ha MOBEPXHOCTH 0ObEMHON pelleTKH. B nanHoil paGoTe 3TH Mpoliecchl
paccMoTpeHbl GoJsiee JIeTajJbHO M T0Ka3aHa BO3MOXKHOCTb HMX HMCIOJIb30BAHUS YIS YJydllleHUs]
XapaKTepPUCTHK CTPYKTYP U U3MEHEHHsI CBOHCTB 2JIEMEHTOB Ha UX OCHOBE.
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IUTHTENBHOCTE SKCIIOHHPOBAHMS, MHH
a)
Puc. 1. 3aBUCUMOCTb KUHETUKH POCTA MOMEPEUHBIX PA3MEPOB 3JEMEHTOB MEPUOIUUECKON CTPYKTYPbl OT PACCTOSHUS
MeXIly d/1eMeHTaMH (a) U npuMep 06'beMHON CyOMUKPOHHON CTPYKTYPbI C LIMPUHON 3JieMeHTa 1,5 MKM U OTHOLIEHHEM
BbicoTa/wmpuna — 50

HccnenoBanbl  0oco6eHHOCTH (OPMHUPOBAHUS OOBEMHBIX MEPUOAMYECKHX CTPYKTYp B
thoTornosMMepU3yIOLIUXCST KOMNO3UIMAX [3] ¢ paaMKagbHOH MoJuMepusalidedl B CyOMHKPOHHOM
JuarazoHe pa3MepoB MeTOOM KOHTaKTHOH JuTtorpaduu. Ha ocHoBanuu wuccienoBanus
3aBUCHMOCTH TOMeEPEUHbIX PA3MEPOB 3JIEMEHTOB OT PACCTOSIHUS MEXKJy 3JeMEeHTAMU BbisiBJeHA
MO3UTHBHAS POJib AU(PEHY3UOHHBIX TPOLECCOB KUCJIOPOIHOTO HHTUOUPOBAHHMS, TPUBOAALINX K
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YMEHbIIEHHIO PAa3MEPOB 3JIEMEHTOB OTHOCHTEJIbHO pPa3MepoB HaJIOKEHHOH CBETOBOH 00JIaCTH
(puc. 1) ¥ yBeJIMUEHHIO OTHOLLI@HUS BLICOTA/ LIMPHHA.

MccnenoBanbl 3aKOHOMEPHOCTH (POPMHPOBAHUST 0OBEMHBIX HAaHOPa3MePHBIX CTPYKTYp B
UHTep(hEPEHIIMOHHOM CBETOBOM M0Ji€ B (POTOMOJHUMEPHUIYIOLIUXCS KOMITO3UIUSAX, OINpeaessieMble
npotieccamu UPPysHOHHOTO MaccorepeHoca. YCTaHOBJEHA CBf3b JAU(MPAKIMOHHBIX CBOHCTB
NEPUOJIUUECKHUX CTPYKTYP C YACTOTOW 3aMUCH, TOJNIMHON CJI0s1, SKCTIO3ULIMOHHBIMU TapaMeTpaMH.
Onpezesienbl  ycaoBust  nosyuennss  audpakupontoii  sddektusnocty 10 80%. I[lokasana
BO3MOKHOCTb MOJIyUEHHSI 3alUTHBIX 3JEMEHTOB (pUC. 2), a TaKxkKe CBETOJIeJIUTesIed Ha OCHOBE
NpoMycKalollled pelleTKH W paclllelnuTesied CBeTOBbIX My4yKOB ¢ peryaupyembim oT 1:1 po 1:20
OTHOILIEHHEM UHTEHCHBHOCTEH.

a)
Puc. 2. DyiemenTbl Ha 0OCHOBe 06'beMHOM MPOMNyCKatollel AM(PPaKIIHOHHON pellleTKH (a) U roJIorpaMMbl
cokycupoBaHHOTO H300pazkeHust (6 ), BoccTaHaBNMBaeMble B 6e10M CBeTe

PaccmoTpenbl BO3MOXKHbIE MCTOYHHKH CBETOpPACCESIHUSI TIPH (DOPMUPOBAHUU CTPYKTYpP B
r/yGOKHX MOJIMMEPHBIX ¢/1051X (¢ TosrHoi 100 u 6osee MkMm ). [Tokazana BO3MOKHOCTb MOJTyYEHHUS
cBeTOpaccerBaTesiell ¢ y3KOHANPaBJeHHON UHAUKATPUCOHN HA OCHOBE OP3TTOBCKUX CTPYKTYp — C
yrioM no Beptvkaau 4—6° u 0,5—1° no ropusontanu. Takue cBeTopaccenBaTesNM MOTYT
UCII0JIb30BAThCSl B ONTHYECKMX CXeMax YCTPOHCTB, B KOTOPbIX TpeGoBaHHWEe palMOHAIbHOIO
UCI0JIb30BAHHS BLIXOJHON HEPTHU J1a3€POB ABJISETCS ONpPeIeISIOLIUM.

WccnenoBanbl  oco6eHHOCTH  (DOPMHUPOBAHUST M CBOWUCTB  THOPUAHBIX  OGbEMHO-
MOBEPXHOCTHBIX CTPYKTYP — MPOITyCKAIOLIMX 0O'beMHBIX PEILIETOK C TOBEPXHOCTHBIM pesibechom. He
CMOTPsI HA 60JIbLION 06'beM UCCAEIOBAHUE MPOLIECCOB POPMUPOBAHHUS U CBOUCTB roJiorpaduueckux
pelIeToK, CBOUCTBA TMOPUIHBIX CTPYKTYP [4 | mpakTHuecKH He uccyeoBanbl. B umetoiuxcsi paboTax
[5] ToHKasi pellleTKa Ha TOBEPXHOCTH OOBEMHOH pElleTKH paccMaTpUBasach, KaK HEraTHBHbIH
(hakTop, MNPUBOJALIMHA K yMEHbLIEHHIO AUPPAKUMOHHOH 3(P(HEKTUBHOCTH W yBEJUUYEHHIO
cBetopaccesiHusi. B nanHoil pabote mokasaHo, 4To (hOpPMHUpPOBaHUE Ha MOBEPXHOCTH OGBEMHOMN
npornycKatollled peleTkd (C MOIyJslHel MoKazaTesisi NpejoMJIeHHs1) KBa3HOObeMHON pellleTKH
MOBEPXHOCTHOTO peJibedpa, MOKET MPUBOAUTD K CylIIECTBEHHOMY H3MEHEHHIO CEJIEKTUBHBIX CBOMCTB
6e3 CylLIeCTBEHHOTO M3MeHeHHs TU(PPAKIMOHHBIX CBOUCTB. OmnpeeseHbl YCI0BUS, MPU KOTOPHIX
HabJ101aeTCs 3HAYUTENIbHOE YUIHPEHHE KOHTYPa YIJIOBOH CeJIEKTUBHOCTH T’MOPUIHON CTPYKTYPbl —
110 35° OTHOCHTEJIbHO CEJIEKTUBHOCTH 0ObeMHOH pellieTkH — 2° P He3HAUUTEILHOM YMeHbIIIeHUH
audpakuMoHHol s¢dekTnBHOCTH — B 1,0—2 pasa (B 3aBUCMMOCTH OT YCJOBHH 3arucH).
PegysibTaTbhl MOTYT ObITh MOJIE3HbI J/Is1 TIOJMy4eHHUs] 3aLUTHBIX MPOMYCKAIOIIMX rojorpapriecKux
3JIEMEHTOB B TEXHOJIOTHSIX, 6A3UPYIOLIMXCS HA BU3YaJIbHOM KOHTPOJIE.
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The formation and properties of volume and hybrid surfase-relief/volume
structures and elements on the basis of their

N.D. Vorzobova, V.O. Veselov
Saint Petersburg National Research University of Information Technologies, Mechanics and
Optics, Saint Petersburg, Russia

The features of the formation and properties of volume periodic structures and hybrid
structures with the surface relief in the thick (100 wm or more ) polymer layers are investigated. The
possibilities of obtaining light beams forming elements and security elements on their basis are
considered.

The relevance of the problem of volume optical materials structuring is related to the
possibility of creating a new class of materials — metamaterials, and elements for different
purposes on the basis of three-dimensional structures. Among the variety of basic materials used
a special place takes the photopolymeric materials. This is due to their relatively low cost, the ability
to change the properties by the introduction of the various components, as well as the simplicity of
the elements fabrication processes, excluding pre- and post-exposure chemical or heat treatment.

There are two main directions, widely discussed in the literature: the formation of the relief
structures and three-dimensional structures with a modulation of the refractive index. Most
attention is paid to the study of the processes of structures formation as a result of diffusion mass
transfer [1—2]. At the same time, there are several processes that almost no attention and
previously discussed rather as negative. These processes include the process of oxygen inhibition
of radical polymerization, light scattering and the formation of a surface relief grating on the surface
of the volume grating. In this paper these processes are discussed in greater detail, and the
possibility of their using to improve he characteristics of structures and changes in the properties
of elements based on them is shown.

The features of periodic structures formation in bulk photopolymerizable compositions [3]
with radical polymerization in the submicron size range by contact lithography method were
investigated. On the basis of studies dependence of the transverse dimensions of the elements on
the distance between the elements, positive role of diffusion processes of oxygen inhibition was
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found, leading to a reduction in the size of the elements relative to the size of the superimposed
light area and an increase in the height/width ratio.

The regularities of three-dimensional structures formation in the interference light field in
photopolymerizable compositions, determined by processes of diffusion mass transfer were
investigated. The relationship of the diffraction properties of periodic structures with a frequency of
recording, layer thickness, exposure parameters were found. The conditions for obtaining the
diffraction efficiency of up to 80% were determined. The possibility of the security elements
obtaining, and of light beam splitters on the basis of volume transmission grating and beams
splitters with variable intensities ratio from 1:1 to 1:20 was shown.

The possible sources of light scattering by polymer structures formation in deep layers (with
a thickness of 100 um or more) were considered. The possibility of obtaining diffusers with highly
directional scattering indicatrix on the basis of Bragg structures — with the angle in vertical
direction of 4—6° and in horizontal direction of 0.5— 1° was shown. These diffusers can be used in
optical systems of the devices in which the requirement of rational using of the laser output power
is decisive.

The features of the formation and properties of hybrid surface relief/volume structures —
transmission volume gratings with surface reliel gratings are investigated. Despite the large
amount of research into the processes of formation and properties of holographic gratings,
properties of hybrid structures are virtually unexplored [4]. In the existing works [5] thin grating on
the surface of the bulk lattice was considered as a negative factor leading to a decrease in diffraction
efficiency and an increase in light scattering. This paper shows that the formation on the surface of
the volume transmission grating (with the refractive index modulation) of the quasi volume surface
relief grating can lead to a significant change in the selective properties without significantly
changing of the diffraction properties. The conditions under which there is a significant widening
of the contour of the angular selectivity of the hybrid structure — up to 35° with respect to the
volume grating selectivity — 2° with a insignificant decreasing in diffraction efficiency — 1.5—2
times (depending on the recording conditions) were determined. The results can be useful for
security transmission holographic elements fabrication to techniques based on visual inspection.
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Cl4 [losyyeHre TOHKONJAEHOUYHbIX KAPTUHHbIX aHU30TPOMNHBIX 3J1€MEHTOB Ha
peibeHO-CTPYKTYPUPOBAHHBIX MOBEPXHOCTAX

B.M. Kosenkos', B.P. lllamaaog®
! Nosironpynubiii, Poccust
2 AO «HITO «Kpunren», ly6ua, Poccust

Hacrosimias  pabGota  OTHOCUTCSI K TeXHHKE  MOJISIPU3ALMOHHOTO  ONTHYECKOro
NpuOOPOCTPOCHUS, a HMMEHHO K TBEPAOTEJNbHbIM TOHKOMJIEHOUHBIM aHHU30TPOIMHbBIM  CJIOSIM,
c(OpMHPOBAHHBIM Ha MMOBEPXHOCTHO-CTPYKTYPUPOBAHHOH TMOKOHN (Hanmpumep, MOJUMEPHON ) UK
YKECTKOH (Harpumep, MJIacTUKOBOH, CTEKJISTHHOHN W/ METAJJIMIeCKOH ) OCHOBE C Hamepe/l 3aaHHbIM
KapTHHHBIM (MO3aHYHBIM HJIM HEMPEPbIBHBIM ) IPOCTPAHCTBEHHBIM pacrpe/liesieHHeM HarpaBJieHUs]
ONTUYECKOH OCH JMXpOU3Ma morviollleHuss U (uau) aynaydenpesomienus (JIJIIT) u BesuunHbl
(hagzoBoro Habera Mo MOBEPXHOCTH, M3TOTOBJEHHBIX Ha OCHOBE OPTraHUUECKUX KpacUTeJel WJH
BEIIeCTB, MPOSIBJSAIONINX KUIKO-KpucTasanueckue (PKK) cBofictBa B pacTBope omnpesesieHHbIX
pactBoputesieit (sauotponuble JKK-JIDKK) wiau B onpeneseHHom TemmnepaTypHOM HHTepBaJe
(Tepmotponnbie KK-TIKK).

OHHU MOTYT ObITh MCIOJI30BAHbI B TAKWX 00J1aCTSIX, KaK 3aMuch, XpaHeHHe, o6paboTka U
oToOpaKeHusi ONTHUECKOH MH(popMalluK, Hanpumep, rnpu usrotoBaennn KK aucrsees. Ocobblii
MHTepeC MpejajaraemMble CJIOM MOIYT MPEACTAaBJAATh /sl CO3[AaHUSI HOBBIX [MOJISIPU3ALHOHHO-
ONTHYECKUX CPEJCTB 3allUThl MH(DOPMAUMH OT MOAIE]OK M (hasnbcHUKALUK B BHIAE OJHO- U
MHOTOLIBETHbBIX, 8 TAKXKE JIATEHTHBIX 1IBETHBIX U300ParKEeHUH, BUIUMbIX TOJLKO B MOJISIPU30BAHHOM
cBerTe.

Xopowo wusBectHo, 4ro KK BeuwiectBa Moryr ObITb MCHOJb30BaHbl B TeXHUKE
MOJISIPU3aLLMOHHOTO ONITHUYECKOT0 TPUOOPOCTPOEHHSI B OCHOBHOM TOJIbKO B yriopsiioueHHoM KK uin
TBEPAOTEJNBHOM COCTOSIHUU C BBICOKO MPOCTPAHCTBEHHO — OPUEHTHPOBAHHBIMH AHU30TPOMHBIMH
MoJieKyJiaMi B cyioe. Takoe opHeHTAlMOHHOE COCTOSIHME B MaKpOCKOMMYECKOM MaciiTade, Kak
MPaBUJIO,  JOCTHUTAETCsl  BHELIHMUMHM  AHM30TPONHBIMHM  (3JEKTPUYECKHMMH,  MArHUTHBIMH,
3J1eKTPOMArHUTHbIMH, aKyCTHU€CKUMH, MEXaHUYECKUMHU U IPYTUMH ) cusiamiu [ 1].

M3 cyliecTByioliero ypoBHsl TeXHUKH MOJSIPU3ALIMOHHOTO MPUOOpOCTpoeHust Haubosee
M3BECTHbIM sIBJIsieTcs onTuueckuil nosipudatop U3 JIKK [2]. On npencrapnsieT co60i AMXpOUUHBIN
NOJISIPUSYIOLLMH CJI0H, U3rOTABJAMBAEMbIH ITyTeM [epBOHAYAJNbHOIO HAHECEHUS] MCTUHHOTO PacTBOpa
JDKK Kpacurensi Ha MNOMIOKKY, KOTOPOH MNpeABAapUTEJNbHO TMPUIACTCS  OBEPXHOCTHO-
CTPYKTYpHpPOBAHHAs aHU30TPOMHS B BHIE CTATUCTHUECKH YIMOPSIOUEHHBIX 10 HAMPaBJEHUIO U
pasMepy MHMKPOKAHaBOK. JTa aHU30TPONHMSl I0Jy4yaeTcss 3a CYeT OJHOHANPABJIEHHOIO
MeXaHMYeCKOro HaTHPaHUsl MOBEPXHOCTH MOAI0MKKHK C MOMOLIBIO PA3JIHUHbIX MaTepHasioB (KoxKa,
6ymara, TkaHb ¥ T.J1.). B npouecce nocseayioniero 4aCTHUHOrO UCapeHusi PaCTBOPUTEJISI PACTBOP
JMXPOUUHOTO MaTepuasa TPOXOAUT uepe3 CTaIuil0 OpHeHTHpPOBaHHOTO HemaThHueckoro KK
COCTOSIHHSI, BO BpeMsl KOTOPOT'O MOJI BJAMSIHUEM aHU30TPOMMH OBEPXHOCTH IIPOUCXOJIUT OPHEHTALIUS
MOJIEKYJl IUXPOMUHOTO MaTepualia B MUKpokaHaBKax. [1pu ucrnapennu octratoyHoro pacTBopuTelis
Ha MOBEPXHOCTH MOI0KKH 06pa3yeTcsi TOHKAsi MOJIEKYJISPHO-OPUEHTUPOBAHHAS MOJSIPUYIOLIAS
MJIEHKA, COCTOSIIAS U3 CTATUCTUUECKHU NAapasliesIbHO PACMION0KEHHBIX H OPUEHTHPOBAHHBIX B OTHOM
HarnpasJ/IeHUH MOJIEKYJI IMXPOUYHOTO BElleCTBa.

Henocratkom nanHoro texuuyeckoro peuneHusi opuentauuu JIKK metonom mexanudeckoro
HaTUpPaHUs TOMJIOKKH SIBJSIETCS] OrpaHHueHHast (PyHKUMOHAJ/IbHAsi BO3MOXKHOCTb, MOCKOJIbKY B
COOTBETCTBHE C TIPEJIOKEHHOH KOHCTPYKIMEH OMNTHYeCKass OCb JIMXPOM3Ma MOIJIOUIEHHS
1oJIsIpU3aTopa OPUEHTHPOBAHA TOJILKO B OJIHOM HarpaBJieHHH Ha BCel MOBEPXHOCTH MOJISipU3aTopa.
ITO CyKaeT BO3MOXKHOCTH €ro UIMPOKOrO MCIHOJb30BaHHWSI B KauyecTBE aAHM30TPOINHOIO
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(mxponyHoro) moJisipudalldoHHoro npubopa. Kpome Toro, Hck/iouaeTcsi BO3MOXKHOCTb
MCMOJIb30BAHHUS TTPH MACCOBOM MPOU3BOACTBE Mo «roll-to-roll» Texnosoruu [3].

3anaueil, Ha pellleHHe KOTOPOH HarpasJ/ieHa paboTa, siB/seTcs JajbHeillee paclliupeHte
(hYHKIIMOHAJIbHBIX BO3MOXKHOCTEH MOJIsIPU3ALIMOHHBIX 3JIeMEHTOB M yCTpoicTB Ha ocHoBe JKK npu
YIPOUIEHHH  TEXHOJIOTHM, YMEHbLIEHUM CTOMMOCTH HX [POM3BOACTBA W  YJIy4lIEHHH
BOCIPOU3BOJAUMOCTH XapaKTEPUCTUK CAMOTO ONTHYECKH aHU30TPOIHOTO CJIOSI.

JlaHHas 3agaya peluaeTcs 3a cyeT TOro, YTo B paboTe npejiaraercss crnocob MosyyeHHs
MOJISIPU3ALMOHHBIX TBEPJAOTENbHbIX ONTHUECKHX 3JIEMEHTOB, COJIepKalllMX B CBOEM COCTaBe
TBEPAOTE/bHBIA TOHKOIJIEHOYHBIH KAPTHHHO-OPUEHTHPOBAHHBIM ONTHYECKH aHU30TPOITHBIN CJI0H U
noyoxKKy. OH OTJIHUAeTCs TeM, YTO KAPTHHHO-OPUEHTHPOBAHHBIH aHU30TPOIHBIH CJIOH BbITOJHEH
u3 Marepuana, nposJastowero JXKK csoictBa. [lpn 3TOM HanpapseHue ONTHYECKOH OCH
JUXPOUYHOTO MOTJIOUIEHUSI U (MJIK) ABYJIyd4erpesoMJIeHUs] B 9TOM TBEPAOTEJNbHOM CJI0€ KapTHHHO
(MO3aMuHO WJIK HETTPEPBIBHO ) MOIYIMPOBAHO T10 MJIOLIA/IH, 3aHUMAaeMOH YKa3aHHbIM aHU30TPOITHBIM
cJ10eM 110 JIIoOOMY, ONpe/ie/IeHHOMY, Harepesl 3aJaHHOMY 3aKOHY.

Kak Mex1y caMHM aHH30TPOIHBIM CJIOEM 3TOr0 3JIeMeHTa, TaK M MeXK1y aHU30TPOIHbIM
cl0eM W TO/UIOKKOH — pa3MellaeTcsi [POMEKYTOUHbIH  [MOBEPXHOCTHO-CTPYKTYPUPOBAHHbIN
OPUEHTHPYIOUIMH  pesibeDOHECYLIMH  CJOH, KOTOPbIH MOKeT ObiTb  BBIOJHEH B BHJE
MPOCTPAHCTBEHHO MOJIYJIMPOBAHHBIX 110 HarpaBJjieHuio B npeeax +180° nuppakimOHHbBIX peleToK
WJIK roJjiorpaMm. [ToBepXHOCTb MOJIOKKH, HEMOCPEACTBEHHO KOHTAKTUPYIOLLEH ¢ aHM30TPOIHbIM
CJI0eM, TaKKe MOXKeT ObITb CTPYKTYpPUPOBaHA B BUJE pesibehOHECYIHX AUPPAKIHOHHbBIX PeLeTOK
WJIH TOJIOTPAMM.

OpuruHanbHble pesibedoHecylie AMPPaKIMOHHbIE PELIETKH UK TOJ0rPAMMbI MOTYT ObITh
MoJlyueHbl TI0 aHaJoroBod (MHTephepPEHIIHOHHO-ONTHIECKOH ) WK 1H(GPOBOH (3JEKTPOHHO-
JydeBOH, 10T- WM ¢peidm-matpuke (dot-matrix) [4]) TexHosorusm. [lpu 3TOM KapTHHHbBIH
(MO3aMUHO HWJIM  HENpepbiBHO) PUCYHOK TaKUX CTPYKTYpP MOJYJMPOBAH [0 TJIOWAAM 10
ornpejie/IeHHOMY, HarepeJl 3aJaHHOMY 3apaHee 3aKOHY B BHJIE TPOCTPAHCTBEHHbIX KAPTHH 3alaHHbIX
pa3mepoB U (POPM rosiorpaMm UK JUPPAKIIMOHHBIX PEIIeTOK, UMEIOIIHX 3aJaHHble PeryJspHbIi
nepuojl, NJyOMHY W OpPHEHTALMI0O B MPOCTPAHCTBE B KaXKIOH M3 KapTHH CTPYKTYPHPOBAHHOM
MIOBEPXHOCTH OPUEHTUPYIOLLLETO CJIOSI.

AHH30TPOMHBIH CJI0H MOXKET ObITh BBINOJHEH 3 MOHOXPOMHOTO BelIEeCTBA, MPOSIBJSIOLIETO
JIMXPOW3M MOTJIOLIEHUS B KaKoi Jin6o yactu ¥ P, BUIMMon (Hanpumep, KpacHoH, CHHEH, 3eJIeHOM )
wid MK oGsactu cnektpa, Bo Bcell BUAMMOH (KpacHOW, cUHEeH, 3esieHOH) oOJiacTH CreKTpa,
obecrieunBaiolllell cepblil (HEUTpaJbHbIFA) CHEKTP MONJIOUIeHHs!, W3 OeClUBETHOr0 MaTepuala,
norJyioatoiiero B YO u nposiasitoniero agpdexr JAJIIT B Buaumoi obaactu crnekrpa, uiau w3
6ecUBETHOr0 Marepuasa, MNposiBAsiollero 3pdeKT aHU30TPONHOH JIIOMHHECUEHUHUH  WJIH
toctopectienunn B Buaumoit uin MK obaactu criektpa noa eficTBUEM HENoJIsPU30BAHHOTO HJIH
noJsisipu3oBaHHoro ¥ ® uanyueHusl.

JlokasibHOe MpPOCTpaHCTBEHHOE HANpaBJEHUE ONTHYECKOH OCH JMXPOHUUHOIO MOIJIOLIEHHUS
u(unn ) JLIJIIT B 5TOM aHM30TPOIHOM CJl0€ MOJISIPU3ALLMOHHOTO 3J1eMeHTa Mo MJIOLIAIH, 3aHHMaeMOH
YKa3aHHbIM aHU30TPOIHBIM CJ0€M, MOXKET OblTb KAPTHMHHO WJM HENPEepbIBHO MPOCTPAHCTBEHHO
MOJIyJIMPOBaHO B Tipefesax +180°, coBnagaouuM ¢ JJOKaIbHbIM TPOCTPAHCTBEHHBIM HaMpaBJeHHEM
roJiorpaMm WK JMpakuMOHHbIX pelieTok. OHO MOXKeT HelpepbliBHO WJIM MPEPLIBHO U3MEHSIThCS
M30THYTO, WJIM MU3MEHSATbCS B JyrOBOH, WM MHOH (DopMe, MPH 3TOM JAyra MOXKET ObITb YaCTbIO
9JUIMICA, A TaKXkKe B BUJIE KOHUEHTPUUECKUX OKPYKHOCTEH, WM PaHaJibHbIX Jyded B KaxKIoH U3
KapTHHOK U T.JL.

[Ipu 3TOM nMMOJMBLHBIE MOMEHTBI ONTHYECKOTO Mepexojia aHU30TPOIHbIX MOJIEKYJ KaxKI0ro
TOHKOTJIEHOYHOTO MOJIIPU3ALMOHHOTO CJIOS, B 3aBUCUMOCTH OT MX MOJIEKYJISPHOH CTPYKTYpbl U
cBoiicTB o6paszoBbiBaTh KK (hady, MOryT GbITh OpHEHTHPOBAHBI BIOJIbL UM MOMEPEK HarpaBJeHH
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OpHEeHTAllMi B TIPOCTPAHCTBE JAU(PPAKIMOHHBIX PELIETOK HWJH TOJOTPaMM B MOBEPXHOCTHO-
CTPYKTYPHUPOBAHHOM OPHEHTHPYIOLIEM CJI0€ HJIH MOBEPXHOCTHO CTPYKTYPHPOBAHHOMN MOJJIOKKE.

s popMUpoBaHHSI  TOHKOMJIEHOYHBIX — TBEPAOTEJbHBIX — CJI0EB  MPEIOKEHHOTO
MOJISIPU3ALMOHHOTO 3JIeMeHTa MOKeT ObITh HCIMOJb30BAHO THIIOBOE 0O0PYI0BAHHUE ISl HAHECEHHUS]
pa3JIMUHbIX  TOJUMEPHBIX  CJIO€B, HampuMep, TIOJWBOYHbIE YCTAHOBKM  JIAKOKPACOYHOU
MPOMBILLJIEHHOCTH M noJurpaguieckoe obopynoBaHue THna diekcorpaduueckor, ceTKo-
TpadapeTHOH, BLICOKOH HJIH TJIyOOKOH MeyaTH U T.J1.

B yacTHOCTH, € MOMOLLBIO Pa3JIHUHbBIX CMTOCOGOB MHOTOBAJIKOBOM MevaTtH rno Metoy «roll-to-
roll»> MoxkeT ObITb OpraHM30BaHO MACCOBOE TPOU3BOJCTBO JIATEHTHBIX MHOTOLBETHBIX
MOJIIPU3aLMOHHBIX 3AIIUTHBIX J1IEMEHTOB.

[Ipy 3TOM TMOBEPXHOCTHO-CTPYKTYPUPOBAHHbIE CBOHCTBA OPHEHTHPYIOUIMX CJIOEB U
MOBEPXHOCTH MOMJIOKKH MOTYT ObITb C(HOPMHUPOBAHBI, KaK MW OOBIYHBLIX TOJOrPAMM, METOI0M
FOpPSIUEro WJIM XOJIOJHOTO THCHEHHSI B TOJUMEPHBIX cjosx, Wi «2P» mpoueccom ¢doto- un
3JIEKTPOHO-OTBEPEHHUS CJI0EB MOHOMEPHBIX HJM OJIMTOMEPHBIX KOMIMO3ULMH W MOTYT ObITh
BBITIOJIHEHBI B BUJIE IPOCTPAHCTBEHHBIX KAPTHH 3a/IaHHBIX Pa3MepoB U (POPM H UMEIOLIHX 3aaHHble
peryJisipHblil epHojL ¥ IyOUHY U OPUEHTALIMIO B KAXK/I0H U3 KAPTHH MOJISIPU3aLMOHHOTO 3JIeMEeHTa.

[TonsipusaliOHHBIF  3JIeMEHT MOXKeT ObITb  HCIIOJIb30BaH, Hanpumep, B  BHIE
MOJNIIPU3ALMOHHBIX JIMH3, JIMHEHHBIX M KPYrOBBIX TMOJSPU3AaTOpPaX M JIPYTHX ONTHYECKHX
MOJISIPU3ALMOHHBIX 3JIEMEHTaX U YCTPOUCTBAX.

TexHuuecknm pesysbratom, obecreyMBaeMbIM MPUBEIEHHON COBOKYMHOCTbIO MPU3HAKOB,
SIBJIIETCSl  MPUMEHEHHe [0 HOBOMY HAa3HAYEHHIO TEXHOJIOTWH TMOJyYeHUs] W MacCOBOrO
THPAXKMPOBAHHS ONTHUECKHUX 3JIEMEHTOB B BUJIE pesibePOHECYIINX roJIorpaMM U AU PaKIIHOHHbIX
pelIeToK, KOTopble MPUMEHSIOTCS B CIIEKTPaJbHOM PUOOPOCTPOEHHH, J1a3epax, MeTPOJIOTHYeCKHX
Mepax MaJsioi JJIMHbI, CPEICTBAX 3aUIUThI OT MOMIEJOK OT (hajbCHUKALMN H3ACJUH ObITOBOH U
MPOMBILIJIEHHOW TEXHUKM W T.J. B yKasaHHbIX MPUMEHEHUsIX MPOCTPAHCTBEHHAs pellleTouHast
CTPYKTypa UCTOJB3YETCS IS CIIEKTPATbHOTO TUPPAKIIMOHHOTO OTKJIOHEHUS ¥ UK HHTePhepPEeHLIUH
najalulero Ha HUX ONTHYECKOro M3JjyudeHusl. B mpennaraemoit paGoTe OHA HCMOJB3YeTCs /ISt
MoJlyueHHUs] KapTHUHHO-OPUEHTHUPOBAHHBIX MoJsipu3auronnbix sjaementos (KOIID) ¢ rtakumu
AQHU3O0TPOITHO-CTPYKTYPUPOBAHHBIMHU TBEPJIOTEbHBIMU AHU30TPOTHLIMU CJIOSIMH C TPOU3BOJILHBIM,
HanepeJ 3aJ@HHbIM  KapTHHHBIM  (MO3aWYHbIM  WJIM  HENpPEepbIBHbIM)  MPOCTPAHCTBEHHBIM
pacrnpejie/ieHHeM  HampaBJeHHsl  ONTHYECKOW OCH  JUXpOM3Ma  TMONJIOUleHUst W (WJH)
nsyaydenpenomiaenust (JJIIT) u Besnuunbl pazoBoro Habera 1mo MoBepXHOCTH, KOTOPble MOTYT
HalTH LIMPOKOE TPUMEHEHHE.

Jlns1 aTOro Ha rubKyro (HarnpuMmep, MOJUMEPHYIO) UK 2KEeCTKYIO (HarpuMmep, MJIacTHKOBYIO,
CTEKJISTHHYIO WM MeTaJlJIMYeCKYI0) OCHOBY (TOJIJIOXKKY ) HAHECEH TOHKHUH ( TOJILLHHON OT OJHOTO J10
HECKOJIbKHX MKM) TIOBEPXHOCTHO-CTPYKTYPHUPOBAHHbBIN MOJUMEPHBIH CJIOH C Hamepes 3ajaHHbIM
KapPTHHHBIM (MO3aHYHBIM HJIM HEMPEPBIBHBIM ) IPOCTPAHCTBEHHBIM pacrpeiesieHHeM HarpaBJ/eHHH
MHKpopeJsibea, Ha KOTOPOM, B CBOIO ouepellb, chOPMUPOBAH TBEPAOTE/bHbBIH TOHKOMJIEHOYHBIH
AQHU30TPOITHBIN CJIOH, TOMMHON B npeesax 0,1 — 1 MKM, MU3roTOBJIEHHbIH HA OCHOBE OpraHUUeCKHX
KpacuTesed WM BELIECTB, MPOSIBJSIONIMX JHOTPONHylo uau TtepmoTpornnyio KK dasy.
[IpocTpaHcTBeHHOE pacripeesieHre HarpaBJeHUs ONTHUECKOH OCH IMXPOU3Ma MOTJIOIIeHUST U( UJH )
JJIIT u Besnuuubl pazoBoro Hadera Mo MOBEPXHOCTH JAHHOTO CJIOSI KAPTUHHO (MO3aHYHO HWJIH
HerpepbiBHO)  MOBTOPSIET  MOBEPXHOCTHO-CTPYKTYPUPOBAHHYIO — KAapTHHY  MHKpopesibeda
MOJUMEPHOTO CJIOSI.

B kauecTBe npumepa B paboTe ncxoaHas KapTHHHAs AM(paKIMOHHAS pelleTKa MoJydasnach
MyTeM SKCIMOHMPOBAHUS CJI0sI TMO3UTHBHOTO (hoTopesucra aas rojorpadun (or HMOITuK) nHa
CTEKJSIHHOU mnojyioxkke Y@ jazepoM 10  aHAJIOroBOH  (ONTHYECKU-HUHTepdepEeHIIMOHHOM )
TEXHOJIOTUU U TMOCJEIYIOIIEro ero MposiBjeHust B ILIEJOYHOM MposiBuTese. B pesynbrare Oblia
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noJsiyueHa qupakMOHHAs pelleTKa ¢ KAPTUHHOU pesibe(pHO — CTPYKTYPHUPOBAHHOH MOBEPXHOCTHIO
C TIPOCTPAHCTBEHHBIM TepHoIoM oKoJio 0,3 MKM 1 ruiy6uHOl pesibeda okogo 0,2 mxm. Popma u
pasMepbl KaxKIOH W3 KAapTHMHOK M3MEHsIach B Mpefesiax OT HECKOJbKHX MM JIO JeCSTKA MM.
HanpaByieHust LITPUXOB B KaXKJIOH M3 HUX ObIJIO 3aJlaHHbIMK ¥ U3MeHsiiuch Ha 15, 30, 45, 60, 75 u
90° 1pyr OTHOCHTEJILHO JIpyTa.

Jlanee, Mo TEXHOJIOTMH TIPOWU3BOJCTBA PAIy:KHBIX TOJIOTPAMM, C 3TOH KapTHUHHOH
peJibeoHecyllel pellieTKH CHUMaJach rajibBaHHYecKast KOMusi, 1ocJjie 4ero ee peKoMOMHOPOBaJIH
(MyJbTHIIMIMPOBATKH) MyTeM MHOTOKPATHOTO THCHEHHS HA [OBEPXHOCTH MJIAacTHKa, C
MoCJIeYIOMM ToJlydeHHEM HUKEJEeBOH pabouell mampuupl ¢ MHOXKECTBOM JIH(PPAKIIMOHHBIX
pelIeTOK C KAPTUHHO CTPYKTYPUPOBAHHBIMH TIOBEPXHOCTSIMH.

st maccoBoro npousBoactsa KOIID pabouas mampuya pazmenianach Ha BaJ yCTaHOBKH
JUIS. THCHEHWS Pay’KHbIX TOJIOTPAMM H MPOU3BOAMJIOCH THCHEHHE OPUEHTHPYIOLIHUX CJIOEB C
YKa3aHHbIMH KapTHHHO-CTPYKTYPUPOBAHHBIMH OPUEHTHPYIOLIMMH TMOBEPXHOCTSIMU. B KauecTBe
MOJI0KKH Hcnodib3oBadicst pysioH [T nienku Tosnuoi 20 MkM 1 idpuHoit 120 MM ¢ BOCKOBBIM
pa3ne/UTEeNbHBIM CJI0EM M TEPMOMJIACTHUECKUM JIAKOBBIM CJIoeM Jyist TUCHeHus1. Jlisi yBesnueHus
cmaunBaemocty KK pacTBOpoB OTHOCHTEJIBHO MOBEPXHOCTH OPHUEHTHPYIOLIMX CJAOEB Ha HHUX
TEPMHUYECKUM HCTapeHUEM B BaKyyMe OblJ1 HAHECEH TOHKHH ailr€3MOHHbBIH CJIOH.

[Tocsie 3TOrO Ha MOJIMBOYHON YCTaHOBKE HA HMX HaHocHJics M3oTpomnHblil pactBop JIKK
anuzoTpornHbix BellecTB (or Corning, USA) ¢ XecTKoO KOHTPOJMPYEMbIMH H3HAYaJbHOM
KOHIIEHTpALIMEH CyX0ro 0cTaTka, TeMrepaTypoi HarpeBa i CKOPOCTH HaHECEHHS CJIOSI.

B pesyabrare mnocse cymiku Obutn nogydeHbl KOIID B Buge MO3auuHBIX CEpPbIX
MOJIIPU3aTOPOB C ONTHUECKUMHU OCSIMH, OPHEHTHPOBaHHBIMHU 1o yriamu 15, 30, 45, 60, 75 uau 90°
JIPYT OTHOCHTEJILHO JIPyTa B KaXKJIOM U3 MO3aHK.

[ToBepXHOCTHO-CTPYKTYpUPOBAHHbIE CBOWCTBA OPHUEHTHUPYIOIIMX CJOEB W MOBEPXHOCTH
MOJIOKKH MOTYT ObITb ChOPMHUPOBAHbI, KAK H 0ObIYHBIE Pajly?KHbIE TOJIOTPAMMBbI, METOJIOM FOPSUEro
WM XOJIOJHOTO THCHEHHSsI B MOJMMEPHBIX CJI0siX, Wi «2P» npolieccom oTo- WM 3J€KTPOHO-
OTBEPJIEHHSI CJI0€B MOHOMEPHBIX MJIH OJIMTOMEPHBIX KOMMO3UIUH U MOTYT ObIThb BbITIOJIHEHbBI B BUJIE
MPOCTPAHCTBEHHBIX KAPTHH 3a/IlaHHBIX Pa3MePOB U (POPM 1 UMEIOLIMX 3alaHHbIE PETyJIPHbIN MEPUOJL
U rJIyOUHY M OPHEHTALIMIO B KaXK/I0U U3 KAPTHH TOJISIPU3ALLMOHHOTO 3J1€MEeHTa.

M3BecTHO, 4TO MHOTME H3 JIMOTPOMHBIX BELIECTB MPOSIBJASIOT BbICOKYIO TEpPMO- U
(hOTOCTOHKOCTD K BbILIBETAHHUIO B TBEPAOTEAbHOM OPUEHTUPOBAHHOM COCTOSIHUH [D]. B ¢Bsi3u ¢ 3TMM
OHM MOTYT OBbITh UCIOJIb30BAHbI B KAUECTBE MOJISIPU3ALIMOHHBIX (POTOMACOK, BbIMOJHEHHBIX B BUJIE
KOIID.

B paGote Gbl1a ocyliecTBieHa BO3MOXKHOCTb MaCCOBOTO TPOM3BOACTBA MHOTOLBETHOTO
JIATEHTHOTO 3aLIUTHOTO 3JleMeHTa Ha TepMoTpornHoM (oTooTBeprkaaemom KK matepuasne no «roll-
to-roll» TexHONOTMH METONOM HEMpPepPbIBHOH KOHTAKTHOH (hOTOMeUaTH ¢ HCMOJIb30BAHHEM
KapTHHHBIX TMOJIIPU3allMOHHBIX hoToMacok, uarotopseHubix B Buae KOITD uz JDKK marepuana
cdupmbl Corning (USA).

B stoii cxeme ucnosbsyercst metos hotoopuentauuu tepmorponubix KK (T)KK) [6] ans
noJiyueHust KapTuHHO opreHTHpoBaHHbIX KOTI3.

B kauectBe oToopueHTanTa Gbla UCIOAb30BAH MOHOMOJEKYJISIPHBIN CJI0H (hOTOXMMHUECKH
CTabUJILHOTO BOJOPACTBOPUMOTO a3oKpacuTesist npotpaBHoro yncro—xkeqartoro (ITHXK wau SDI1 B
3apy6exKHON TexHUUecKo# Jtepatype [7]), doroorBepxnaembim KK siBasiics THKK dupmb
Merck. 3kcrnonupoBanue (QOTOOPHEHTAHTA OCYLIECTBJSJIOCH CBETOAMOAHBIM OJoKOM Yd
uanydenust 008 (OO0 «I1K CAH», Poccust) ¢ 1aMHo# BoJIHBI H3/ydeHHs1 385 HM, a OTBepKIeHHE
TXKK — YO uznyueHuem TpyOUaTOi JaMIibl.

[Ipu ¢opmMHUpOBaHHH MHOTOLBETHBIX JIATEHTHBIX 3alUTHBIX 3JIEMEHTOB, MHOXKECTBO
MoJISIPU3aLIMOHHBIX MacoK B Buie anudoTpornublx KOIID, pasmellleHHbIX HA €IMHON MOJMMEPHOH
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MUVIEHKE, KOHTAKTUPYIOT HernocpeiacTBeHHo co cjoeMm [ITHDK W cuHXpoHHO nepemelnaioTcs Mo
3aMKHYTOMY KOHTYpy B BHje O€CKOHEUHOH JIeHTbI, 0OJy4yaloTCs HENoJIIPU30BAHHBIM CBETOM,
MPOXOJSALIMM Yepe3 KapTHHHbIH noJsipusatop. [Ipn stom B cmoe [TYK dorounmyunposanto
hopmMupyeTCcst aHU30TPOITHO OpUEHTHPOBaHHAs KapTrHa MoJieKyJ [TH)K, kotopast, B cBoIo ouepeib,
kaptuHHo opueHtupyet cjou THKK. [asee 3ToT cjioii oTBepKnaercst AOMOJHUTEIbHBIM Y@ ¢
06pa3oBaHHEM MHOTOLBETHBIX JIATEHTHBIX 3aIIUTHBIX 3JIEMEHTOB.
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Production of thin-film art anisotropic elements in the relief-structured
surfaces

V.M. Kozenkov', B.R. Shatalov’
! Dolgoprudny, Russia
2JSC “RPC “Krypten”, Dubna, Russia

This work refers to the technique of polarization optical instrument, namely a solid state
thin film anisotropic layers formed on the surface-structured flexible or rigid substrate to a given
picture of the spatial distribution of the direction of the optical axis of the absorption dichroism and
(or) birefringence (bireiringence) and the magnitude of the phase shift on surface made based on
organic dyes or substances which exhibit liquid-crystal (LCD), certain properties of the solvent
solution (lyotropic LC-LZHK) or in a certain temperature range (LCD thermotropic TFAs).
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cl.5 KoHockonuueckas rosorpadusi B «6e10M» cBeTe Ha (POTOAHU3OTPONMHbBIX
cpenax

B.M. Kosenkos', A.A. Cnaxos’
! Nosironpynbiii, Poccust
2 MOCKOBCKHME rOCYIapeTBeHHbIH 06/1acTHON yHHBepeuTeT, Mocksa, Poccust

Conoscopic holography in “white” light on the photoanisotropic media

V.M. Kozenkov', A.A. Spakhov?
"Dolgoprudii, Russia
? Moscow Region State University, Moscow, Russia

Conoscopy holography is an incoherent (monochromatic) light Fresnel holographic
technique proposed in 1985 [1—3] with the aim of building a three-dimensional (3D) camera, i.e.,
a camera that records both the image and the shape of objects. The use of spatially incoherent light
makes it possible to use this technique in various environments, and its resolution is compatible
with CCD sensors, which permits the interface with a computer for the digital processing of the
holograms.

The basic system, called a conoscope because it produced the well-known conoscope
figures, is show in figure. A uniaxial crystal (C) is sandwiched between two circular polarizers (P1
and P2).

r
(\ . crystal
.0, o
o s Motes: i incident may
£ o ordinary ray
re. re. extra ordinary ray
i n: normal to the crystal

Fig. 1

“

In the on-axis configuration the crystal axis is parallel to the geometrical axis, OZ, of the
system.

As with other similar technique, each object point S produces, on the recording plane, a
Gabor zone pattern that encodes both its lateral and longitudinal positions. This pattern results
from the interference of two longitudinally displaced points that are the ordinary and extraordinary
images of the original point source through the birefringent crystal.

In the classical scheme shown in the figure, the role of the first polarizer is intended for the
formation of two optical flows, carriers such as information on the detected object and the reference
beam, providing an interference pattern. As a result, the imaging plane in figure emerging
recording element arrangement plane (photosensitive material layer for long-term storage or
electronic type camera system CCDs for further electronic processing of the information received
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in real time). However, as the recording medium, so the photosensitive electronic structure in the
form of, for example, CD camera is not sensitive to the polarization properties of the objects.

This report presents the results of experimental studies on the so-called photoanisotropic
materials for capacity building of conoscopic holography schemes.
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Poccus

2000 «Xomol'pairr», Cankr-ITetep6ypr, Poccust

[IpuBoautcss  0630p wuccaenoBanuil  gorononumepusytomnxess komnosuuni  (PIIK)
MPUMEHSIEMbBIX B TOJIOTpadHUH.

Marepuajbl, paccMaTpuBaeMble B JaHHOH paboTe, MNPEACTaBJSIOT COOOH MOJUMEPDI
CUHTE3UpPOBaHHble MyTeM (OTOMOJUMEPU3ALIMH, T.€. TyTeM LENHbIX peakuUui, KoTopble
MHIYLMPYIOTCS ¢ OMOLLblo cBeTa. PoTonosnmepusaliust MoxKeT NpoTeKaTb Kak 110 pajuKalbHOMY
TakK W 110 HOHHOMY MexaHu3My. B nanno paGote paccmMaTpuBalOTCsl MaTepralibl CHHTE3HPOBAHHbIE
10 pajMKaJbHOMY MeXaHU3MY OTONONUMEPU3ALIHH.

@IIK npexncrapssier co60d MHOTOKOMIOHEHTHYIO CMeCh, BKJIOYAIOLLYIO OJIMTOMEpbl U
MOHOMEpbI Pa3/JMUHON XHUMHUUECKOH Mpupospl, otonnuuuaropsl (PH), a Takike BCeBO3MOKHbIE
(byHKLUHMOHA/bHBIE 100aBKH (MTEHOracUTe I, pacTeKaTe i U T.1L. ).

B texnonorun Y®-oTBep:KieHNS MCMOJB3YIOTCS HeNpeiesbHble OJUIr03(HUPbl, a HUMEHHO
AKPUJIOBblE U METaKPUJIOBblE OJIMTOMEPbl. (MeT.) AKpPHJIOBBIMH HA3bIBAIOT JIMHEHHbIE HWJIH
pa3BeTBJICHHbIE OJIMTOMEPBI, CojepxKalllie Ha KOHLAX MOJIEKY/ U (HiH) B OOKOBBIX OTBETBJICHHUSX
OJIHY, ZB€ WM GoJiee METaKPHUJIOBBIX HIIM aKPUJIOBBIX rpynil. [ 1, 2]

PeakTHBHbIE MOHOMEpPbI BBOJATCA B 2KHMJAKYIO KOMIIO3MLIMIO B IEpPBYI0 ouepelb sl
peryJMpoBaHusi ee BSI3KOCTH. B oT/iMuMe OT CTaHAAPTHBIX OPraHUYecKHX pacTBOpHUTeJsel
peaxkTHBHbIE MOHOMEPbI TPUHUMAIOT y4acTHe B MOCTPOEHUH MOJUMEPA, TTOITOMY OHH TAKXKe HOCST
Ha3BaHWe AaKTHUBHbIX pa3baBuTesieli. PeakTHBHbIE MOHOMEpPbl  KJIACCH(PHULHUPYIOTCS 110
(byHKUHOHAJIBHOCTH (T.e. 1o KoJuuectBy —C=C-cBsideli B MoJieKyJie) Ha MOHO-, M-, TPU- U
TeTpadyHKLHOHAJbHbIE.

B nacrosiiiee Bpemsi pacrnpoctpaneno ucrnogb3doBanue B KauectBe PIIK msi rosorpacduu
OKM-2, paspaGoTaHHyio COBETCKMMH YUeHbIMH [2].

Bausuue monomepHoro cocraBa Ha cBodictBa PIIK Yd-oTBepKieHus paccMoOTpeHO
aBropamu B pabote [3]. [lokazano, 4To HasnMuue MOJSIPHBIX W HEMOJISIPHBIX TPYMM B MOJEKYJe
MOHOMEpa OKa3blBaeT BJHSHME Ha TUAPOMUILHO-JUNOPUIbHBIE OanaHC KOMMO3HLMH U
OTBEP2KIAEHHOI0 MaTepHaJa.

Bapbupyst cocTaB KOMMO3HLMH MOXKHO T0JIy4aTh MaTepHaJibl JIisl Pa3JHYHbIX TPUMEHEHUH,
nanpumep, GIIK 115 cHATHUSA perunK ¢ TMPPaKIMOHHBIX pelleToK [4], kel YP-oTBepKaeHus 15
xoJioaHoro THcHenust osbroit [5], PIIK nnsi onepatuBHoro gopmuponanust 3D-06bekToB €
MOMOILIbIO Tosiorpaduuecknx H3aobpaxkeHui [6].

Ucrounnku

[1] Cycopos M.A. Ananua 3aKOHOMEPHOCTEH CHHTE3a OJIMTOMEPHbBIX H BLICOKOMOJIEKYJISIPHBIX COeAMHEHNH
MeTon0M LienHok nosumepusaiun / ULA. Cycopos, O.3. Ba6kun. — CI16: CIT6I'MKuT, 2015. —
238 c.

[2] Bepaun A.A. AKpusioBLIe OJTMrOMepBI 1 MaTepuaJbl Ha ux ocHose / A.A. Bepsun, I.B. Koposies,
T.51. Kedenu, FO.M. Cupeprun. — M.: Xumus, 1983. — 232 c.

[3] Babkun, O.9. BiusiHue cOOTHOLLIEHHS NOJSIPHBIX U HEMOJSIPHBIX FPYIIT B MOHOMepax Ha cBolictBa Y P-
oTBep/1aeMoro saiutHoro nokpeithst / 0.9, Babkun, A.B. YKnanosa // Jlakokpacounblie MaTepHaJibl
v ux npumenenne. — 2016. — Ne 5 — C. 46—48.
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[4] Babkun O.9. YD-oTBep:KIaeMbli MoJUMEPHBIH MaTepHal JJisl CO3AAHUS PENJIHK AM(PPaKIIHOHHBIX
onTHyeckux ssiemMenToB / O.9. Ba6kun, A.B. YKnanosa, B.B. Mabuna, B.H. Muxaiinos // Mup
Texuukn kuno. — 2014. — Ne3 (33). — C. 32—36.

[5] ba6kuu O.3. Biusinue oMromepoB 1 MOHOMEPOB Ha CBOHCTBA KJjest Y P-0TBepKIeHHUS /151 XOJOHOTO
ticHenus doabrofi / O.3. babkun, A.B. YKnanosa // Knen. I'epmetrku. Texnosornn. — 2016, —
Nel. — C.2—8.

[6] bBabkuu O.3. Mcnosnb3oBanue rosiorpaduieckux H306paKeHui MpH orepaTHBHOM pOPMUPOBAHUH
3D-006bekToB MeTo0M doTonoanmepusatuu / O.3. ba6kun, B.B. Mibuna, K.T. Ueaos,

B.H. Muxaiinios // Mup Texunku kuno. — 2013. — Nel (27). — C. 30—33.

The compositions of UV curing for holography

A.V. Zhdanova'-?, O.E. Babkin', V.N. Mikhailov'?
! Saint Petersburg State University of Film and Television, Saint Petersburg, Russia
2 Ltd. «HoloGrate», Saint Petersburg, Russia

A review of research photopolymerizable compositions (FPC) that are used in holography.

The materials that are considered in this research are polymers synthesized by
photopolymerization by chain reactions that are induced by light. Photopolymerization can proceed
both by the radical or ionic mechanism. This research discusses the materials that are synthesized
by a radical mechanism of photopolymerization.

FPC is a multicomponent mixture comprising monomers and oligomers of different
chemical nature, photoinitiators (PI), and the various functional additives.

The technology uses a UV-curing unsaturated oligoesters, namely acrylic and methacrylic
oligomers. (Meth) acrylic referred to as linear or branched oligomers containing at molecule ends
and (or) side branches one, two or more acrylic or methacrylic groups.

Reactive monomers are introduced into the liquid composition primarily to regulate its
viscosity. In contrast to standard organic solvents, reactive monomers participating in the
construction of the polymer, so they are also called reactive diluents. Reactive monomers are
classified in terms of functionality (i.e., number of C=C bonds in the molecule) on the mono-, di-,
tri- and tetrafunctional.

Currently, «OKM-2» that was developed by Soviet scientists is commonly used as an FPC
for holography.

Influence of monomer composition on the properties of FPC UV-curing is considered by
the authors in [3]. It is shown that the presence of polar and nonpolar groups in the monomer
molecule affects the HLB of the composition and the cured material.

By varying the composition it is possible to obtain materials for various applications, for
example, FPC to remove replicas from the diffraction grating [4], the UV-curing adhesive for cold
foil [5], FPC for rapid formation of 3D-objects using holographic images [6].
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cl1.7 [losyyeHue 3alLIUTHBIX FOJOrPpamMM € BU3yasnu3aliied 3ByKOBOro noJs

M.C. Kosaxnes, K.I'. Kpacun, C.b. Odurokos, H.I'. Cuenypo
MoCKOBCKHH rocyiapcTBeHbIHE TexHUnecKuil ynupepeutet uM. H.9. baymana, Mocksa, Poccus

HecmoTpsi Ha pasHyro npupoay 3ByKa M CBeTa, paclpocTpaHeHHe 3BYKOBLIX U
3JIeKTPOMArHUTHbBIX BOJIH MOJUMHSIOTCS OJIHUMH U T€M Ke (DU3NUECKUMH 3aKOHAMM U OMUChIBAIOTCS
OJIHUMU U T€MHU Ke ypaBHeHusiMU. Bugdyanusauus asykosoro noJs (B3I1) — sto meton nosydenus
BUJMMOH KapTHHBI pacrpeesieHus BEJMUMH, XapaKTepH3YIOILKX 3ByKoBoe noJie. Ha ocHoBe 3Toro
pa3paGoTaH aJropuT™M pacueTa U MoJiydeHusi OGMHAPHOTO JU(PAKIKMOHHOTO ONTHUYECKOTO 3JIeMeHTa
(J1O3), kKoTopblil BOCCTaHABAWBAET HAGOP AUCKPETHBIX CHTHAJIOB C 3aJ]aHHBIMH TTapaMeTpamu Jist
BOCITPOM3BEJIEHHST 3ByKOBOH MH(opmalnu. Ha ocHoBe yero u OGyleT CHHTEe3UPOBATLCS 3alUTHbIN
3JIEMEHT.

Jnst pacuera nanubix JIOD wucnosib3yeTcss MeTOJ KBaHTOBAHWSI HEMPEePbIBHOTO pesibeda
(KHP) nudpaxumonno#t 3oHbl Ha aMmiuTyaHble ypoBHH. [losiyueHHble JaHHBIE € TaKoro
TM(GPAKIMOHHOTO  3JIEMEHTa TPEACTABJSIOTCS  OJYTOHOBBIM pPACTPOM, [Jle Kakias Todka
COOTBETCTBYET OIpeJIeJIEHHON BeJIMUMHE aMIIMTYAbl cHrHasa. [{ist yMeHblleHnst o6beMa JaHHbIX
npu pacdere JIOD ¢ HempepbiBHBIM MpOGUIEM TpeiaraeTcsi HCroJib30BaTh BEKTOPHO-
rpaaMeHTHbIE GopMaT naHHbIX. [Ipn 3TOM BeKkTOp BKjOuaeT B ceGs HavyaJbHbIH aAMIJIMTYIHBIN
YPOBEHb, TPaJIMEHT aMILIUTY/bI U AJIMHY BeKTopa. CiiefioBaTe/ibHO, HEeMpepbiBHAS KpUBasi TPOdUJIs
amrtybl JIOD Gyaet annpoKCHMHPOBAThCS MOCIEI0BATENBHOCTbIO BEKTOPOB.

Amnnumyda
Amnanumyda
Amnnumyda

T

Bpewst Bpews bbbk Bpewms

Puc. 1. HenpepbiBHbliil KpuBasi npoduiisa amniutyasl (a) 103 metonom KHP (6) 1 kycouHo-/1HeitHbIM MeTOIOM (B)

Ha puc. la nokazan meton annpokcuMalydu HerpepbIBHOTO aMIIUTyAHOro npoduns. Ha
puc. 16 nokasana BekTopHasi annpokcumauus npu nomouu metona KHP, a Ha puc. 1B nokasan
METOJL UCIOJIb30BAHUS BEKTOpa C FPAAMEHTOM, IJle KaxKIblH CErMEHT 3aJaeTcsl OJHUM BEKTOPOM.
Tounoe onucanne KpUBOH JOCTHraeTcss 3a CUET YBEJMYEHHs] KOJMUecTBA BeKTOpoB. Eciu
CpaBHMBaThb annpokcumauuio metonoM KHP u annpoxkcumaiyio BeKTOpOM ¢ rpajiMeHToOM, TO BO
BTOPOM CJlydae MCXOIHbIX JIAHHBIX 3HAYMTEJbHO MeHble, YTO YMpollaeT 3ajady pacuera
MukpocTpykTypbl JIO, a Takke nosyuenue gantoro J103.

B3I na ocHoBe JIOD — MeToj1, KOTOPbIH OCHOBbIBAETCS HA OECKOHTAKTHOM CUMTbIBAHHU
IU(PaKIMOHHON CTPYKTypbl B TosyToHoBOM pactpe. [anubiii meton B3IT obmanaer psinom
MPEUMYLLIeCTB, a HWMEHHO: BpeMsl CUYMTBIBAHMS 3alUTHOrO 3JIeMEHTa COCTaBJIIeT BCero
10°—107%¢; yactora 3aKOJMPOBAHHONO CHTHAJA HUKAK He OrpaHHyeHa, uyTo TMO3BOJISIET HaM
CHUHTE3HPOBATh JMI0O0K 3ByKOBOW CHTHAI.
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[1] Tperyw IT. 3sykoBuaenue: Ilep. ¢ anra. — M.: Mup, 1982. — 232 c.

[2] TMoneumyk A.I'. i3rotoBnenune pesibeHo-(ha3oBbIX CTPYKTYP C HEMPEPLIBHBIM H MHOTOYPOBHEBBIM
npocuaeM a5 audbpakiponHoi ontukk // Asromerpus. — 1992. — Nel.

[3] [umanckuit P. B. Ontudeckue meToaa npsiMo# 3anucu npu uarotosjaeHud J10 ¢ HenpepbIBHbIM
npocdunem / Iosenyk A. T., Kopoabkos B. I1., Uepkaun B. B., Xapucos A. A. // KomnblotepHas
ontuka. — 2000. — Ne20 — C. 80—84.

[4] Duuuknonenus GU3UKH U TexHHKH / Busyanusauus 3sykosbix nodeii // URL:
http://femto.com.ua/articles/part_1/0488.html (nata o6patenus 25.06.2016).

Receiving security holograms with visualization of sound field

M.S. Kovalev, G.K. Krasin, S.B. Odinokov, N.G. Stsepuro
Bauman Moscow State Technical University, Moscow, Russia

Despite the different nature of sound and light, the propagation of sound and
electromagnetic waves are subject to the same physical laws and are described by the same
equations. Visualization of the sound field (VSF) — a method of producing a visible picture of the
distribution of values that characterize the sound field. Based on this algorithm has been developed
for calculating and obtaining the binary diffractive optical element (DOE), which reconstructs a set
of digital signals with specified parameters for reproducing the audio information. Based on this
will be synthesized and protective element.
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c2.1 HccaepoBaHue npocTpaHCTBEHHO-3HEPreTHYECKUX XapaKTePUCTUK
(hokanbHbIX 00sacTel 6UoKaIbHBIX TUPPAKIMOHHO-pedPaAKIMOHHDBIX
XPYCTAJMKOB rja3a

I'A. Jlenkosa
HHCTUTYT aBTOMATHKH 1 dJieKTpoMeTprn CHOUPCKOro oTiesieHnsi Poccuiickoit akaieMuH Hayk,
Hosocubupck, Poccus

OCHOBHBIM ~ KOHTPOJIMPYEMbIM ~ TapPaMETPOM  HCKYCCTBEHHBIX  XPYCTaJMKOB  TIJasa
(unTpaokyspubix auH3 MOJI) siBasieTest pedpakims (ontuueckas cuia). B ciydae nudpakiuponHo-
pedpakunonnbix MMOJI cylectBeHHoe 3HaueHHe MMeeT TakxkKe pacrpeesieHHe MHTEHCHBHOCTH
cBera (audpakimonHasi 3>¢pdeKTUBHOCTb) M0 MNOpsAKaM Judpakidi, KOoTopble (GOopMHUPYIOT
1300pakeHust OJHAKHUX U IaJbHUX 00BEKTOB Ha ceTyaTke riasa. Judpaxunonnas 3ppeKTuBHOCTh
3aBUCHT OT (HOPMbI (BBICOTHI M TOMOJOTHH) CTPYKTYpbl JUPPAKIMOHHOTO KOMIOHeHTa. B
nrpakoHHo-pedpakionHom xpycrainke MIUOJI-Akkopa [1], paspaGoTaHHOM B HHCTHTYTe
aBroMaTuku U ssektpomerpun CO PAH (r. HoBocu6upeK), Ha Heé BJHSIIOT TaKxKe 0COOEHHOCTH
IM(PAKIMOHHOTO KOMIIOHEHTa, 3akjioyatoliecs B YMEHbIIEHUH LEHTPAJbHOH 30HBI U
KoMMeHcauuu ceprdeckux abeppaiuii riasa ( poroBullbl, CTEKJIOBUIHOTO TeJia U pePpaKIlHOHHOTO
KOMITOHEHTA ).

[lenb paGoTbl — KOMIbIOTEPHOE MOJEJMPOBAHUE Mpollecca H3MepeHUsl MapaMeTpoB
pacrpesie/ieHnsi HHTEHCUBHOCTH ((DOKYCHBIX PAaCCTOSIHUNA W IU(PAKUMOHHON 3((HEKTUBHOCTH) B
thokasbHBIX 06J1aCTAX MU PAKIMOHHO - pePPAKIMOHHBIX OU(POKATBHBIX XPYCTAJTUKOB.

MopesipoBaHHie 0CYLIECTBJSJIOCH HA OCHOBE METO/1A C JIa3epPHbIM HCTOUHHKOM cBeTa [2], B
KoTopoM qudpakiuonHo-pedpakurontas MOJI ocBeliaetres napassiesibHbIM UK CXOASLIMMES (C
YyU4€TOM BJIMSIHUSI POTOBHLBI TJ1a3a) MydyKoM cBeTa. PacuérTbl oCylleCTB/SAINCH MO CrelnanibHON
nporpamme, paspadoranHoi [1.C. 3aBbsisioBbIM.

Ha puc. | npencrapiena ontuueckas cxema, ucrodibayemas B nporpamme. [Ipeanosnaranocs,
YTO HA AUPPAKLUMOHHbBIH KOMIOHEHT, CPOPMUPOBAHHBII HA MJIOCKOH MOBEPXHOCTH IU(DPAKIIUOHHO-
pedpakunonnoin MOJI (1 Ha pucyHke) nagaet cdepuueckas BosHa ¢ OKYCOM [ ¢ HaJI0KEHHBIMU
abeppauusmu B Bune OPD — onTtuuecko# pasHOCTH Xo/a Jiyuel, onpeieéHHol B cpeae Zemax.
®opma nudpaxumonnoro komnonenta MOJI cooTBeTCTBYET XapakTeprcTHIeCKOMY ypaBHEeHHUIO [ 1 ]:

(k+a, )\ =ar® —a,r, (1)
rne k=0, 1, 2.. u r — HOMep U paslyc 30Hbl CTPYKTYpPbl; A — JIJIMHA BOJIHbI B BaKyyMe; Qg —
KO3(ppUIIMEHT, XapaKTepudyloluMi (as3oBbl CABUT B JIJIMHAX BOJIH M YMEHbIIEHHE paaryca
LeHTpaNbHON 30Hbl; a; = n / 2f — Kos(duLMenT, onpeiesiolii HOMHHAILHYIO ONTHUECKYIO
CUIY TM(DPAKIIMOHHOTO 3JIeMEHTA, @y — abeppalliOHHBIN KOI(DQHUIIUEHT.

WccnenoBanust npoBoauanuCh AJsi IMPpaKkiMOHHO - pedpakimonHoro xpycraaika MHUOJ-
Axkopn, B kKotopom ag = 0,24, a, = 0,002097 MM~ (4TO COOTBETCTBYET OINTHYECKOH CHJIE
nudpakuuoHHoro Komnonenra 4,2 qnrp) u as = 0,0000543 mm~3, A = 0,5461 mxm, 17 = 1,336 u
oL = 1,005 — mnokasaresn npesiomyieHHs OKPY:Kalolllel Ccpeiibl U MaTepuasa, U3 KOTOPOro
cliesiaHa JimH3a. MakcumadgibHa BbicoTa U(MPAKIIMOHHON CTPYKTYypbl 1 = 1,62 MKM COOTBETCTBYET
da3oBoii 3amepKKe, paBHOI A/2, MpH KOTOPOil OIMHAKOBOe KosuuecTBo cBeta 1o 40,5%
HanpasJsietrcs B 0-i (nasbHee 3penue) U + -1 (6a1XKHee 3peHne ) MOPSIKK AU PaKIIKH.

[IpenBaputesbHo 1O  M3BECTHBIM  (OpMyJiaM  PACCUMTBIBAJIMCH  OTHOCHTEJbHOE
pacrpejiesieHue HHTeHCHBHOCTH /(x) = (sin x / x)? Boab ocu u [(x) = [2/y(x) / x]? nonepék ocu, a
TaKsKe KOHLEeHTpalKs sHepruu B pokasbiom nathe E(x)=1-J2(x)-J:(x).
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B nporpamMme 3To COOTBETCTBOBAJO HyJEBbIM 3HAUEHUSIM KOS(MHUIMEHTOB @y U ds B
tdopmyuJie (1). Kpome Toro nosarasnocsk, uro 4 = 0, T.e. 6611 onun 0-# MOpSI0K AU paKIKH.

[Tosryueno, uto paccrosinie oT okKyca A0 TOUKH HAOJIOAEHHS Z , ONpelesiéHHOe 10
nporpaMme, OTKJIOHSIETCS OT TEOPEeTHUYECKUX 3HAUEHWH B CTOPOHY YMeHbllUeHHs] Ha 2—48 MKM
(=5%). Wutencunoctu B (hokycax menbme Ha 0,1% no aGcomoTHol BeauuuHe. 3HaYeHHs
pajiiycoB KoJjell B (hOoKaJbHOH MJOCKOCTH, MPAKTHUECKH COBMajialoT (oTKJIoOHeHHe <0,5 MKM).
OTK/IOHEHHs] HHTEHCHBHOCTH B KoJbLax (DyHKLUMHM paccesnus Jexat B npeaenax 0,056—0,37%.
OTKJIOHEHHE SHEPTHH BHYTPH KoJiell B (hOKaIbHOM M10CKOCTH He npesbiaer 1 —2%. HeGonbiue
pacxXoxkieHus pacuéToB Mo QopmysaM M 10 MporpaMme MOXKHO OOBSCHUTb JMUCKPETHOCTSIMH
3ananusi napametpoB (dr = 1 MM, dz = 5 MKM, dx = 0,5 MKM).

Jlanee nmo mporpamMme pacCUMTHIBAJINCL pacripeesieHust CBeTOBOH sHeprud npu A = 0,04
(0-it u +1-i1t nopsinku qucbpakiyu B cpesie U +1-1 U +2-if — B Bo3yxe) MpU pas3HbIX 3HAUEHUSX
KO3(PPUIMEHTOB A U Ay. Pe3ysibTaThl NPUBEIEHBI HUXKE B TaOJHIIE.

OTMeueHo, UTO XapakTep pacrpesieseHuss MHTEHCHBHOCTH 3aBUCUT OT B3aUMHOTO BJIMSIHUS
nopsiikoB audpaxuuu. Hanpumep, npu yBesnueHuu 3HaueHust @, B JBa pasa, T.e. MPH CMellleHHH
+1-ro hokyca 6J1MKe K JIHH3€e, PaCXOKIeHHe 3HaUeHHs1 AU PaKIIHOHHON 3(h(PEKTUBHOCTH C TEOpHEH
yMeHblIaeTes MPUOJU3UTENBHO TAKXKe B JIBA pasa.

B nepBom npubiiizkeHnn (reoMeTpUIeCKOM ) B3BAHMHOE BJIMSIHHE TTIOPSAKOB MOXKHO OLIEHHTh
B BUJIE COOTHOLLIEHHS MIOLIAEH Sp/Sy BHYTPH TEMHBIX KOJIELL C paTuycoM p B (hOKaJbHOI JI0CKOCTH
paccMaTpUBaeMOro Mopsiika W MJIOLIAAM 3aCBETKH OT PACXOASLIErocst Myvyka APYroro nopsiaka c
pajnycoM v (M0KasaHo B MpaBofi yacTH pucyHKa). OKasanoch, UTO OOTHOLICHHE Sp/S;, UMEeT
OJIMHAKOBOE BbIpaXKeHHe TSt (poKaIbHBIX MJIOCKOCTEH 060uX MOPSIIKOB:
sp/sy = v N n P fof+1/(@PANP, x = apn/Af. Onnako sHepruy B ABYX Nopsiakax OyIyT pPaBHbl, eCJd
BBICOTA CTPYKTYPbI BBIMOJIHEHA MTPABUJIBHO. B MpoTHBHOM ciiydyae BiusiHue Gy/eT pasHbIM U OyjieT
COOTBETCTBOBATbH OTHOLLIEHUIO TEOPETUUECKUX 3HAUEHUH AUPPAKIIMOHHBIX 3(PPEKTUBHOCTEH B ITHX
nopsiikax, Ho B Jl06OM cilydae abCoJIIOTHOE 3HAueHHe 3Heprusi OyneT 6oJblie TeOPeTHUECKOro
3HAUEHHSI.

B ra6suiie npuBeneHbl 3HaueHUs (POKYCHBIX PACCTOSIHUH f, HHTEHCHBHOCTEH BIOJb OCH /iy U
3HAYeHUH SHEPIUH BHYTPH IMCKa DUPH (MEPBOro KoJblla ) U 6-TH KoJiell B 3aBUCUMOCTH OT 3HAUEHHH
ay U a;. Bo 2-ii ctpoke 7—10 cTon610B Tab/uibl B CKOOKax JaHbl 3HAYEHWUsS 3SHEPrui
Ey = E4; = 0,405 E(x), rne E(x) Bbiuricsieno npu o = 0 B cpejie.

OTMmeueHo, UTO pacnpeeseHde UHTEHCUBHOCTH BJIOJIb OCH, OIpPeJiesisieMoe 0 MporpamMmMe,
3aBMCHT OT BbIOPAHHOW JMCKPETHOCTH MapaMeTpoB, OT 3HAUEHHUH (POKYCHBIX PACCTOSHUH M He
XapaKTepU3yeT TMOJIHYI0 SHEPTHIO (3P heKTHBHOCTD). PaKTUUE€CKH MHTEHCUBHOCTb HA OCH — 3TO
MHTEHCHBHOCTb B LIeHTPE OCBELLAeMOro NoJist U B poKycax oHa 06paTHO MPONOpLHOHAIbHA KBAPATY
OTHOLIEHHUS] (POKYCHBIX PACCTOSIHMH, UTO COOTBETCTBYET M3MEHEeHWI0 Macuitaba pacrpeeseHus
MHTEHCUBHOCTH B (POKaJIbHBIX TMJIOCKOCTSIX (B TMorepeyHoM ceueHuHd). JledicTBUTENBHO 15t
uieanbHou cTpykTypbl (npu i = 0,54, ap =0, a, = 0) B yca0BusX cpepl (3 cTpoka TabJULbI)
OTHOILIEHWE WHTEHCHBHOCTEH B Topsiakax (B 5-M W 6-m crosbiiax), paBHoe 1,12 coBnanaer c
0oOpaTHbIM OTHOLIEHHEM KBaipaToB (OKYCHbIX paccTosiHuii (B 3-mM u 4-m croabuax). A
nudpakiroHHast 3pheKTHBHOCTb — 3TO MoJiHAs (MHTErpasibHasi) HHTEHCUBHOCTb B MOMEPEUHOM
ceueHnH nydka B gokyce. M3 tabaunipl BUaHO, uTo npu ap = 0, a; = 0 (3 crpoka, 7— 10 cToabiib)
HEPrUU BHYTPHU KOJIELL TPAKTUUECKH PaBHbI MexKITy COOO0H, a sl TMCKOB DHUPH TIOYTH COBMAAAIOT CO
3HaYeHMEM, YKa3aHHBIM B CKOOKAX. DHepruu BHYTPH 6-TH KoJeL pHOIH3UTeNbHO Ha 2 % GoJblue,
yeM 3HaueHHe B CKOOKax, TaK Kak y»Ke CTAHOBHUTCSI 3aMETHbIM B3aUMHOE BJHsIHUE NOPsAKOB. [1pu
pa3HbIX KOMOWHALIMSX 3HAYEHUH Qg U Ay POKYCHbIE PACCTOSIHUSA f U3MEHSIOTCSA He GoJiee 4yeM Ha
0,1 mm (cootBerctByeT =0,5 1nTp). MHTEHCUBHOCTH L4, B O-M 1 + 1 -M MOpsiaKax U3MEHSIOTCS B
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npenenax 3,2 u 4.4 % npuuém B CTOPOHY yMEHbLICHUS, SHEPTHH BHYTPU KOJlell, yMEeHbLIAIOTCs Ha
2—4%. Pasenctso suepruit st 0-ro u +1-ro nopsiakoB HaGMIOIAETCS TAKXKE MPH COYETAHHH
ao= 0,24 u a, = 0, XoTs 3HAUeHWe SHEPTUH AJIs1 JUCKA DUPH MeHbllle, a i 6-TH KoJell 60Jbliie
npubansutensto Ha 1,5%. B nocnennem ciyyae (8 cTpoka) sHauenue sHepru B + 1-M mopsiake
Gosblie yeM B 0-M 1151 mucka Diipy Ha 3,2 %, a 1151 6-Tn koster Ha 1,5%. [Tpu pasHbIX KOMOUHALUSX
3HAUEHWH Qo U Ay PAAMyChl KoJsiell B POKATbHON MJIOCKOCTH MPAKTHUECKH HE H3MEHSIIOTCS.

Ta6a. 1

IHeprus BHyTpH AHeprus
f, mm Tnax, % 1-ro KoJbLa BHYTpPH 6-TH

ay a» (B nucke iipu), % kogew, %
0 +1 0 +1

O | AL O T+ 350 | 35,0) | 41.2) | (41.2)

0 0 |20,00|1882]|41,3|464 35,6 35,5 43,8 43,5
0* 0 | 1993|1876 | 41,6 | 42,0 35,9 31,2 449 421
0 =0 | 19,99 | 18,89 | 40,0 | 43,7 35,1 34,9 43,3 441
0,24 0 |20,00 | 1881 ] 39,0 | 44,1 33,4 33,5 427 428
0,24 | =0 | 20,00 | 18,88 | 40,5 | 42,3 34,0 32,1 43,3 41,8
0,24% | =0 | 19,93 | 18,82 | 38,1 | 45,7 31,0 34,2 41,8 43,3

Mopennpoanue npotiecca KoHTpoJs xapakrepuctik MOJI nokasaso, 4To U3-3a B3aMMHOTO
BJMSIHUS  TOPSAKOB  AU(PAKUMH  HEBO3MOXKHO M3MEpPHUThb  aOCOJIOTHYIO — AH(PaKIMOHHYIO
shdexTHBHOCTb. B 3aBucuMocTH oT nuameTpa auadparmbl  (OTONPUEMHOTO YCTPOHCTBA K
aOCOJIIOTHOH 3HEPrUM OHOTO MOPSIKA BCeraa Jo0aBJ/sieTcss HeKoTopasl yacTb (a npu OO0JIbIIOH
audacparme MOJIHOCTbIO) 3Heprud Jpyroro mnopsiika. [lo3ToMy MOXKHO H3MEPUTb  TOJIBKO
OTHOCHMTEJIbHYIO TIpM HM3MEPEHMSIX HMEET CMbIC] OlleHHBATh 3(PPeKTHBHOCTb. AGCOMOTHOE
M3MepeHHe BO3MOXKHO JIOKAJIbHO, MPU OCBELLEHHH MaJjiofl MOBEPXHOCTH Y3KMM Iy4KoM. B sTOM
cJlyyae MOPSIIKM TPOCTPAHCTBEHHO pasfe/IsioTCs M BOCIPHUHUMAIOTCS OTAeNbHO. M MOoKHO
M3MepsITb POH U BBIYUTATH U3 MOKA3aHUH GOTONPUEMHHUKA.

Ucrounnku
[1] Jlenkosa I.A. ludpaxuuonHo-pedpakiMoHHbIe MHTPAOKy.IsipHble uH3bl / T.A. Jlenkosa,
B.I1. Koposbkos, B.I1T. Koponkesuu, P.K. Hacwipos, A.C. I'yrman, M. A. Vickakos,
B.M. Tpeyunukos // Asromerpust. — 2008. — Tom 44. — Ned. — C. 75—88.
[2] Jlenkosa I'.A. OcobGeHHOCTH H3MepEHHsT ONTHYECKOH CHJIbI MCKYCCTBEHHBIX pepaKkIHOHHbIX U
MG PaKIHOHHO-pedpaKLUHOHHBIX XpyCTaNHKoB riasa // OnTuka u cnekrpockornus. — 2016.

Research of spatial-power characteristics of focal areas of bifocal
diffractive-refractive crystalline lenses of a eye

G.A. Lenkova
Institute of Automation and Electrometry, Siberian Branch of the Russian Academy of Sciences,
Novosibirsk, Russia

The main controlled parameter of artificial crystalline lenses of an eye (intraocular lenses
IOL) is the refraction (optical power). In case of difiractive-refractive IOL essential value has also
distribution of intensity of light (difiraction efficiency) on difiraction orders which form images of
near and far objects on an eye retina.
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Computer modeling of process of measurement of parameters of diffractive-refractive bifocal
crystalline lenses like MIOL-Akkord [ 1], developed at Institute of Automation and Electrometry,
Siberian Branch of the RAS (Novosibirsk) is carried out. In the diffraction element of MIOL-Akkord
the central zone is reduced and compensation of spherical aberrations of an eye is provided.
Previously for verification of the program intensity distribution calculations (along and across an
optical axis) and concentration of energy in rings of dispersion function on the known formulas for
an ideal diffraction lens are carried out. Comparison with calculation under the program showed
rather good coincidence

Modeling of process of control of characteristics of IOL is shown that distribution of
intensity along an axis depends on the chosen discretization of parameters and distances between
focuses. The ratio of intensity in diffraction orders in inverse proportion to a square of the relation
of focal lengths also doesn’t characterize a total energy (efficiency). Diffraction efficiency is a full
(integrated) intensity in the cross section of a bunch in focus. Because of mutual influence of orders
of diffraction it is impossible to measure absolute diffraction efficiency. Depending on diameter of
a diaphragm of a photodetector energy of other order partially or completely is always added to
absolute energy of one order. Therefore it makes sense to estimate only relative efficiency.

References
[1] Lenkova G.A., Korolkov V.P., Koronkevich V.P., et al. // Optoelectr Instrum. and Data Process. —
2008. — 44 (4). — P. 342—352.
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c22 OnpeneneHre XxapakKTepUCTUK Kamjiu MeToaamMu uudpoBoii rojorpaduu

A.C. Oavuyros, B.B. [lenmun
Tomckuii rocynapcTBeHHbil yHuBepcuteT, Tomck, Poccus

O6o3HaueHbl OCHOBHblE 3aJaud TMpPHU HUCCJAEIOBAHUM TOJIOrpadHUUECKUMU  METOIaMU
MHUKPOUACTHULl, PACMOJOXKEHHbIX B 00béMe cpelibl. PaccmorpeH npumep o6pabOTKH ToJIOrpaMm
MJIAHKTOHHBIX YaCTHIL ¥ U3BJeueHusi uHpopmatnu. [lokazaHbl mepcnekTHBbI pa3BUTHS aATOPUTMOB
06paboTKH 1IMGPOBBIX FOJOTPAMM YACTHIL.

Defining characteristics of the drops by digital holography

A.S. Olshukov, V.V. Demin
Tomsk State University, Tomsk, Russia

The main challenges of investigation of particles located in the volume of a medium with the
use the holographic methods are designated. An example of plankton particles holograms
processing and the information extraction is considered. The prospects of the particles digital
holograms processing algorithms are discussed.
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c2.3  Hcnosab3oBaHue aqropurMa agjanTMBHOM ONTUMHU3ALMM AJ1S1 NOJYYEHHUS
3aJJaHHbIX AaMMJIUTYHO-()a30BbIX XapaKTE€PUCTUK BOJHOBOIO ()pOHTA

T.A. Bosk, H.B. [lempos
Cankr-IleTepOyprekuil HaMOHANBHBIN HCCJIEIOBATENLCKUH YHUBEPCUTET HHDOPMALIMOHHBIX
TEXHOJIOTHH, MexaHUKH 1 onTHkH, CankT-Iletepbypr, Poccus

BBenenue

CuHTe3 audpakiMOHHbIX onTHieckux sjaeMeHToB (JIOJ) sABssercss BaKHOH 3amaueit B
9KCIepUMeHTaJIbHOM onTHKe. MeToibl CMHTEe3a CBETOBOrO MoJisi ¢ nomouibio JJOD obecneunBaior
peleHue 3aaay, rje TpebyeTcs cJoxKHasi KOHPUTYpalMs ONTHYECKOTO MOJIs, HAapUMep, H3MEHEHHe
copmbl JlazepHoro nyuka [ 1], uudposas rosorpacus [2], bopMupoBaHue U nepeaaya onTHIECKON
uHdopmalnu [ 3], ManunyaupoBaHue o6beKTaMu MUKPOMUpPA W GHOJIOTMYECKUMHU KJeTKamH [4].

OcHoBHo# dyukuueit JIOD MoxkHO Ha3BaTh CHHTE3 TpeOyeMOro pacrpeeseHust CBETOBOTO
noJisi B 3aJaHHON 00J1aCTH NPOCTPAHCTBA. YKazaHHas 00J1acTb MPOCTPAHCTBA MOXKET ObITh
JIBYMEPHOM, MpHUUEM Kak IMJIOCKOH, TaK W U30THYTOH MOBEPXHOCTHIO [D, 6], a TakKe TpexmepHOH
o6JiacTbio o6bema [7].

N3 ckansipHo# Teopuu AUQPaKiMK XOpOIIO H3BECTHO, 4YTO pacrpejesieHre CBETOBOH
SHEPIUH MyuKa B JI0O0H 06/1aCTH MPOCTPAHCTBA MOXKET PETYJIHPOBATHCS TPAHUYHBIMU YCJIOBHSIMH,
OMMCBIBAIOIIMMHU BOJIHOBOH (PpoHT. TakuMm o6pa3oMm, JyUisi CHHTe3a CBETOBOTO MOJsSI B BbIXOJIHOM
00J1acTH HeOOXOMMO HAUTH COOTBETCTBYIOLLEE pacrpesie/ieHie BOJHOBOrO ()poHTA B MJIOCKOCTH
ycranoBku JIOD (nanee Gynem Ha3biBaTh ee BXOAHOH ). PU3UUECKH 3TO MOKET ObITh PeaJM30BaHO C
nomotiibio Takux JIOI, kak pesibedHble KuHOGOPMBI [8], rosorpaduieckie ONTHUECKHE JEMEHTbI
(FO3) [9], uudposblie rosorpammsl, 3anucanuble Ha nieHkax [10], U, HakoHel, AMHAMHUECKHE
J1O3, dbopmupyemble ¢ MOMOIIBIO MPOCTPAHCTBEHHO-BPEMEHHBIX MOy IATOpoB cBeTa ([IBMC).
BoJsiee nogpo6HbIil 0630p MOAXOA0B U CMOCOO0B (HOPMUPOBAHHST CBETOBBIX MOJIEH U TEXHUUECKOH
peaJszauyu npeacrasjaer B[ 11].

[lesiblo 1aHHOrO Mcc/e0BaHUsl sIBJAsIeTCsl pa3paboTKa HOBOTO TMOJXOAA K 3ajadye CUHTe3a
J1O3 ¢ nomoubio [IBMC. [lnsi ee nocTixkeHust OyeT MCMOJb30BAThCA aJFOPUTM aAanTHBHON
ONTUMM3ALMHU ONITHUECKOTO BOJIHOBOTO (ppoHTa [ 12], KOTOPBI OBl padpaboTaH Npu pelleHny 3aiau
(hOKYCHPOBKH H3JIydeHHsI CKBO3b Xa0THYECKH PACCEUBAIOLIME CPEJIbI.

Onucanue aaropurMa aJjanTMBHON ONTUMHM3ALUU

B pesynbrate paccesiHusi CBETOBOTO M3JydeHHUs] TIPH TIPOXOXKIEHUH UM CPE/ibl TepsieTcs
B3aWMHasi CBSI3b MEXKJy COCEHUMH CerMeHTaMH BOJHOBOTO (PPOHTA B MJIOCKOCTH HAOGJIOAEHUS.
Opnnako cornacHo npuHuumny [olireHca-®Ppenens Kaxkaasi Touka BOJHOBOIO ()poHTa sIBJISETCS
MCTOUHUKOM BTOPHUHBIX cpepuuecKux BoJH. Takum oGpas3om, Mojie Ha BXOJAE B pacCeUBaIOLLyIO
cpey (BO BXOJHOH TMJIOCKOCTH) MOXKET ObITb PACCMOTPEHO KaK COBOKYMHOCTb 3JleMEHTapHbIX
uaJsydaresei, Npu u3MeHeHUH ¢asbl KOTOpbIX ¢ nomoliibio [IBMC MoxKHO MeHSTh KOHDUTypaLUIo
CyMMapHOro BOJIHOBOTO (ppoHTa B 3ajaHHOH obOsacTd. JlaHHoe mnpeacTaBieHHE [03BOJIMJIO
pa3paboTath MPOCTOH U 3PPEKTUBHBIA AJITOPUTM MOUCKA ONTHMAaJILHOH /it (POKYCUPOBKU uepe3
pacceMBalolylo cpely KOH(HIrypaluu 3JeMeHTapHbIX H3JjydaTeseld (CerMeHTOB) BO BXOIHOH
nJI0cKoCTH. [ IpuHILIMT AeHCTBHS aNropuT™Ma MOYKHO KPaTKO OMKCATh CJEYIoIMUM 00pa3oM: pa3oBoe
3anasjiblBaHHe B Ka)KIOM CErMEHTe I0C/1e10BaTe/IbHO H3MEHsIeTCsl B iMana3oHe (—T, 1| ¢ LeJblo
oOHapyKeHHs1 €ro ONTUMAaJIbHOTO 3HAYEHHUsI, KOTOPOe 0OecrneunBaeT MakKCUMaJsbHbIH BKJIaL MOJIs B
Touke (DOKYCHPOBKH 3a pacceuBaiolllell cpenor. Haiinennass Takum o6pa3om onTuMasibHas
BeJIMUMHA (hAa30BOTO 3arasjiblBaHUsl B JJAHHOM CErMEHTe COXpaHsIeTCsl B MaMsiTh KOMIbIOTepa, U
3aTeM TIpOLECC TOBTOPSieTCS CO  CJEAyIOLMM CEerMeHTOM. B KoHeuHoM wuTOre, HaXOMUTCS
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Heob6xonuMast hazoBasi KOHPUrypalys JIjist BCEro BOJHOBOTO (PPOHTA, BCJIEACTBHE YETO MPOUCXOIUT
nepepacrpeeseHle CBeTOBOH HEPTHH B 3aJaHHYI0 TOUKY Ha MJIOCKOCTH, T.e. €ro (pOKyCHpPOBKa
(puc. 1).

Panee Hamu Obl1 pacCMOTpeH 3Je€MeHTapHbIA cJydyaid, Korja B OOBEKTHOH IMJIOCKOCTH
OTCYTCTBYeT pacceuBatoliasi cpena [13]. B stom ciyyae anropuT™ ajanTUBHOH ONTHMHU3ALMH
tdopmupyet Ha [IMBC maccuB ontumasibHbIX BeJIMUrH (ha30BOT0 3anas/ibiBatus (puc. 16), KOTopblil
npeacTabyiseT coboi IUCKPeTHOE TMpeAcTaBjdeHHe (QYHKIMU TOHKOH JHH3bL. Jlyud cBeta OT
rerounuka, npoist [IBMC, colinytest B Touke B MJ0CKOCTH peructpauuu. CraenoBatesibHO, TaKOH
nojxo/ caM 1o cebe ¢akTHuecku siBjsieTcss MetoaoMm cuHreda /103, Ecin B KauecTBe MHIlIEHH
MCIMOJb30BaTh HE OJIMH MHUKCEJb MAaTPUUYHOrO (POTONPHUEMHHKA, a TPYMIy MHUKCeJeH, TO MOXKHO
nostyduthb pazosbiit 10, KoTophlil OyeT hoKyCHpPOBaTh BOJHOBOK (DPOHT B 3alaHHOE KOJHUECTBO
TOYEK.

a Obpasey 6

/ CdokycupoBaHHBI cBeT
X (%

. "
U %

[Tnocknii BonHOBOM PpoOHT IIpeobpasoBaHHBIIl BOMHOBOIT ()POHT

a — [lnockuii BosiHOBOH (hpoHT oT Jazepa nonanaet Ha [IBMC (He mokaszaH Ha pUCYHKe ), TJIe Uil KaXKJIOro CerMeHTa
BBICTABJISIETCS OTIpeiesieHHoe pa3oBoe 3anaspiBanue. [locse sToro cBet nonanaer Ha o6pasell (B JaHHOM cJyuae
npoapaunyto naactuHky ). [13C-kaMepa KOHTPOJIMPYET MHTEHCHBHOCTD B 3aJaHHON 00J1aCTH ( MULLIEHD ) H
obecrieurBaeT 06paTHYIO CBsI3b s anroputma. 6 — [locse mog6opa onTUMaIbHBIX BeJIMYUH (ha3oBoro Habera 1Jist
KaKJIOTO cerMeHTa, 60JIbliast YacTh U3JydeHus: POKYCHPYeTCst B MUILIEHb HA 3aaHHOH MI0CKOCTH.

Puc. 1

[TonyueHHble pe3yabTaThl

B pamkax paHHoi paGoThl Mbl pagpabaTbiBaeM moaxoa K cosnanuto JIO3I, KoTopbii
M03BOJISIET MIPUBOJUTD H3JyY€HHE OT UCTOYHHMKA B MJIOCKOCTH PErUCTPALMHU K ONIPEAeJI€HHOMY BUJL.
PesysibTaThl NpUMEHEHHS MOAX0/1a /ISl CO3/IaHUsl 3aJaHHON AMIJIUTYIHOH CTPYKTYphl MOKa3aHbl Ha
puc. 2.

PaBHomepHO pacnpesiesieHHasi HHTeHCHBHOCTD B njiockocTd [IBMC He nokasana, Tak Kak
MCIOJb30Baach 4YMCTO (pasoBasi MOMyJsiMs BOJHOBOro ¢poHta. B Xome uucaeHHOro
MOJIEJIMPOBAHUST BOJHOBOH (DpoHTa Obl TMepepacrpeesieH B ONpeeseHHYI0 3aaHHyl0 KapTHHY
undpel 5 (puc. 2B). Ilpu sTom B pesysbraTe pacueta Mbl MMeeM HeoOxonumoe a3oBoe
pacripenesiende (puc. 26) 1y paBHOMEPHOH HHTEHCHUBHOCTH, KOTOPOE JIOJIXKHO ObITh 3a/laHO B
niockoctd [IBMC a1t mostyueHust He06XOUMOT0 pacrpeiesieHusl.
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Puc. 2. 3ananHoe pacnpeesieHie MHTEHCHBHOCTH 110J151 (@) ¥ pe3yJ/ibTaT npeoGpa3oBaHust MJI0CKOT0 BOJTHOBOTO

(hpoHTa C paBHOMEPHO pacrpejiesieHHOH MHTeHCUBHOCTBIO: (pasa (6) B miockoctu [IBMC, ammuiuryna (8) v dasa (r) B
MJIOCKOCTH peructpauuu. [TapameTpbl: pazmep uzobpaykenusi 640x640 MKM, AJMHA BOJIHBI (4 = 532 HM, rpajalui

tasbl i, = 8.

[lpumeHeHus
Merton dopmuposanus 10D ¢ ycjioBHeM JeTepPMUHHPOBAHHONW Pa3HOCTH (a3 B KauecTBe

0OpaTHOW CBSA3U B aJArOPUTME ANANTUBHOW ONTUMU3ALUU MOXKET ObITb MPUMEHEH /ISl CO3/aHus
YCTOUYMBBIX PaACMpeaeICHUN BOJHOBBIX MOJIEH OT JIA3€PHOTO MCTOUYHMKA, TAKUX KaK, Harpumep,
CHUHTYJISIpHBIE TyYKH Pa3JIMUHON CI0yKHOCTH. Kpome opMuUpoBaHHMSs CTaTHUECKUX pacripeiesieHHH,
METOJL MOXKET ObITb HMCIOJIb30BaH JIsl CO3/IaHUSl JAMHAMHUYECKHX MpeoOpas3oBaTesied BOJIHOBBIX
(hpOoHTOB B pobHyieMax ONTHUECKOH TeJIEKOMMYHHUKALMK U 3a7]a4aX ONTHUECKOH HHPOPMATHKH.

BaaropapHocTu
Pa6ota BbinoJsinena npu noaaep:xke rpanta [Ipesunenta PO (norosop MK-7068.2016.2).
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The use of adaptive optimization algorithm for the specified amplitude
and phase characteristics of the wavefront

T.A. Vovk, N.V. Petrou
Saint Petersburg National Research University of Information Technologies, Mechanics and
Optics, Saint Petersburg, Russia

Nowadays, the most advanced technology of difiractive optical elements (DOE) synthesis
is a dynamic spatial light modulator (SLM). Herewith this kind of devices is divided into liquid-
crystal (LCD SLM) and micro-electromechanical (ME SLM) systems. Light field synthesis
methods using dynamic DOE provide solutions of problems that require complex configuration of
the optical field, such as laser beam shaping [ 1], digital holography applications [2], the formation
and transmission of optical information [3], micro-objects and biological cells manipulation [4].

The primary function of the DOE is a synthesis of required optical field distribution in a
predetermined domain (target-region). The specified target-area can act as flat or curved surface
[5, 6], as well as three-dimensional domain [7].

From the scalar difiraction theory, it is well known that the distribution of the optical beam
intensity can be adjusted by the boundary conditions that describe the waveiront. Thus, the main
objective for a synthesis of the optical field in the output target-region is to locate the appropriate
field distribution in the surface of specified input plane (DOE installation plane) and then
manipulate produced waveiront with dynamic DOE. The boundary condition of the wavefront
surface can be realized by ribbed DOEs [8], holographic optical elements (HOEs) [9], digital
holograms recorded on films [10], and the dynamic DOE SLM of phase type. A more detailed
review of the DOEs is presented in [11].

The aim of this study is to develop a new approach to the problem of the DOE dynamic
synthesis via SLM. To achieve the claimed result, the algorithm of optical wavefront adaptive
optimization will be used [12]. This algorithm was created to solve the problem of optical beam
focusing through randomly scattering media. Previously an elementary case was considered when
there is no scattering medium in the object plane [13]. The developed approach to the synthesis of
the DOE was used to set the amplitude distribution in the target-plane.
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C2.4 YHpaB.neHue MOLIHOCTbIO H MOAYJAALMUSA JA3€PHOTO U3JYUECHHUS C
NPUMEHEHHUEM YIrOJIKOBOI'O OTpaxKarteJas C Ill/l(bpaKl_ll/lOHHblM 9JE€MEHTOM

B.A. Komoyxkuii, B.H. Kopoavkos, O.M. Cokoaros, H.B. Cyemun
Poccuiickuii yHuBepcuTeT pyKObl HapoaoB, Mocksa, Poccust

Beenenune

Panee [1—3] Oblk onucaHbl yCTPOHCTBA, NpeAHAa3HAYEHHbIE /I MOJYJSILIMN JIA3E€PHOTO
M3Jy4eHHsI C UCTOJIb30BaHHEM TJIyOOKOH oTpaxarolleh ¢ha3zoBoi audpakunonHoi peuietku (IP).
M3mMeHeHre MOUIHOCTH B OTPaXKEHHOM IMy4yKe HYJEeBOro Mopsiaxka AUpakKUUd TPOUCXOIUIO0 B
peaysibTaTe W3MeHeHus1 yria HakjgoHa [P mo oTHolleHuio K Mydky Jasepa M COMPOBOXKIAIOCH
M3MEHEHHEeM HaMpaBJieHUsT BBIXOAHOTO MOJYJIHPOBAHHOTO ONTHYECKOro Mydka. s Toro utobbl
HarnpapJieHHe BLIXOJIHOTO MyYKa He H3MEHSJIOCh, B HOBOH KOHCTPYKIIMH MOJLyJIATOPA Mbl TIPUMEHHIIH
6J10K yrosikoBoro otpaxkaresisi (bYO) ¢ nornosHUTEIbHBIM 3€pKaoM, PACIION0KEHHBIM MOJL TPSIMbIM
yrJioM K otpaxkatotie [1P.

OnucaHue cxembl ycTporcTBa
Cxema ycTpoiicTBa uso6paxkéHa Ha puc. 1.

N

<
6

PI/IC. l CxeMa MOﬂyﬂﬂTOpa C YIOJIKOBbIM OTpamaTeﬂeM

YerpoiictBo conep:xkut BYO (1), pacrniosnio:keHHbIH Ha MyTH MydKa naaydeHunsi gazepa (2). Ha
onHO# U3 TuiockocTell BYO ycranoB/ieHa riy6okasi pesibedHasi otpaxatouas JIP (3) ¢ Bbicokum
K03 DULIMEHTOM OTPaXKeHHsI, C MPSIMOYTOJIbHBIM Mpodusiem B hopme Meanspa. [y6una pesbeda
JP hpp 06bIYHO B HECKOJILKO pa3 GoJiblile AJIMHBI BOJHBI A MOIYJIMPyeMOro uaiydenusi. Jlunun J[P
pacroJioXKeHbl B TVIOCKOCTH MaJleHns1 — OTpaxKeHust iazepHoro nydyka. Ha Bropoit niockoet BYO
3aKkperJieHo 3epkaso (4) ¢ BblcOKMM Kosdpuumentom otpaxkenus. [lnockoern P u 3epkasna
pacroJioxKeHbl MO MPSIMbIM YIJIOM W 00pa3yloT YroJKOBbIH OTpaxaTeJsb, KOTOPbIH BO3BpallaeT
NajaloUdi Ha Hero IMyyoK H3JydeHUsl Jiazepa B IPOTHBOINOJOKHOM HanpasjeHuu. [locse
otpaxkeHusi ot BYO wusnyuenue pacnanaercsi Ha avdpaKUMOHHbIe TMOPSAKM W 3aTeM, Iocie
OTpakKeHWsi OT BCHOMoraresibHOro 3epkasna (6), HanpaBssiercs Ha auadparmy (7), Kotopas
BbIIE/ISIET U3 AU(DPAKUMOHHON KAPTHUHBI TOJbKO HyJeBOH MopsiioK. [l n3MepeHHsl BBIXOAHOH
MOIIIHOCTH M3JlydeHHsl B HyJIeBOM Mopsijike Audpakiivi ycrtaHoBseH gotoperekrop (9). bBYO
YCTaHOBJIEH HA OCb MPHUBOJA (D), KOTOPbIA 0OeCreunBaeT ero noBOpPOThl Ha 3ajaHHble Yribl. Ocb
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BpallleHHsl TPUBOJIA JIEXKUT B TIocKOCTH JIP 1 neprieHauKy/sipHa MJIOCKOCTH MaJeHUsT OTPaKeHUs]
JlazepHoro uanyuenus. [1pu ycjioBum, 4to och BpallleHHst MPOXOAUT Yepe3 1eHTP 006J1aCcTH NajieH s
JlasepHoro nyyka Ha [IP, ontuyeckuil nmydok ot Jiazepa He OyjeT cMeliathbes 1o niaockoet [P npu
nosopote bYO. HarnpapjieHre BbIXOIHOTO MyyKa HU3JydeHHs TIOC]e OTpaxKeHHsl OT 3epKaJa (4) He
uamensiercs mpu nosopotre bYO Bokpyr ocu. Ecau ynpasienune nosopotrom bYO ocyiectsasiercs
C TIOMOILIbIO 11IarOBOTO JBUraTeJisi, TO CXeMa MOXKeT ObITb HCMOJb30BaHA JJIsT yrpaBJeHUs
MOILHOCTBIO ~ Jl1a3epHOro  M3jaydeHus. Ecam ke B KayecTBe MNPHUBOAA  MCIIOJIb3YeTCs
3JIeKTPOMArHUTHbIA BUOpaTop, cXema [03BOJISIET OCYLIECTBJSATb MOJYJSILMIO  H3JydeHHUSI.
Mexannueckuii npuBon ¢ BYO ycranoBsieH Ha KOOPAMHATHOM CTOJIHKE (&), KOTOPbIH oGecrneyrBaeT
repemellieHle ¥ MOBOPOT /Il yCTAHOBKH YCTPOHUCTBA B ONTHUMAJbHOE MOJIOXKEHHE 110 OTHOIIEHHIO K
BXOJIHOMY JIa3€PHOMY MYyYKY.

JKcnepuMeHTalbHbIA MaKeT YCTPOMCTBA AJisl yNpaBJdeH!s MOLHOCTbIO OblJ1 H3FOTOBJIEH
o cxeme Ha puc. 1. Pesnbedpnas orpaxkaiowasi JIP 6blia uaroropena ¢ npuMeHeHHeM TeXHONOTHH
torosTorpaduu ¥ XUMHUECKOTO TPABJEHUS MOMJIOKKH M3 CTEKJa C MOCJAeAyIOLMM BaKyyMHbIM
HarblJIEHHEM HENpPo3payHoi OTpaxatolllell aJlOMUHHUEBOH MJEHKH Ha TMOBEPXHOCTb pesbeda.
['ny6una penbeda sKcnepumeHTasbHOro obpasua cocrasisaa 3,7+0,3 mxm. 3epkana (4) u (6)
MPEACTABJANM  COOOM  CTEKJAHHbIE TOAJIOKKM C  HAlbUICHHOW —aJIOMHHMEBOW  IJIEHKOH.
Kosdduument orpakenns sepkan u JIP R = 84%. Buok yroJkoBoro orpaxareass H KOPIyC
yCTpoHcTBa OblJIM U3TOTOBJIEHBI C UCIOJb30BaHUeM 3D neyaTtu. B kayecTBe NpuBoja MepBoro Tuna
MbI TPUMEHHJIN 111ArOBBIN JBUraTe/b ¢ peaykropom 28BYJ-48. [llar npusopa cocrapsser 0,0878".
YrpaBJjeHre MPUBOJIOM OCYLIECTBJSNIOCH MJIaTod ¢ MUKpokKoHTpossepom Arduino Nano. s
KOHTPOJISI MOLLHOCTH OINTHYECKOTo Myyka mnocje adadparMbl Obl1 YCTaHOBJEH (OTOAETEKTOP,
cocrosiimi u3 doroauona PJ-24K ¢ pesucropom Harpysku. [Ipu 3ToM Ha Harpyske u3mepsiiu
HarnpsKeHue, MPONnopLUUOHAIbHOE MOIIHOCTH MAafIAI0IIero ONTHYECKOTO U3JTyYeHHsI.

B xome skcnepumMeHTa Oblia M3MepeHa 3aBUCHMOCTb MOILHOCTH B HYyJIEBOM TOPSIKe
AU PaKUMK OT HOMepa Liara 1aroBoro ABUrare/ist. JKCrnepuMeHTanbHasi 3aBUCUMOCTb HalpsizKeHUS
Ha (hoToleTEKTOPE OT HOMEpa Liara npuBoja NpejicTaB/eHa Ha puc. 2. KoHcTpyKuus ucesneryemMmoro
YTOJIKOBOTO OTpakaTeJisi Mo3BoJsieT paboTaTh B JuanasoHe yrjioB najgenuss 14,5—68,5°, uto6bl
oTpakeHHbI# oT JIP Jy4 He BBIXOAWJ 32 MPeie/ibl BCIIOMOTATENbHOTO 3epKasa (4 ), yCTaHOBJIEHHOTO
Ha Btopoil miaockocth BYO. [lostomy uH3MepeHHasi 3aBUCHMOCTb, IpHUBEIEHHAs Ha pHC. 2
HauuHaeTcs ¢ 165-ro 1wara (B KauecTBe HYJIEBOTO Illara Mbl MPUHSIN TIOJI0KEHHE, TIPU KOTOPOM
JlazepHbIH My4oOK NajgaeT no HopMaJu K MJIOCKOCTH pellieTKH ). JIonoJHUTe/IbHO HA pUC. 2 HaHeceHa
BepTHKAJbHAS MyHKTHPHAS JIMHUS, COOTBETCTBYIOIIAS YIJIy MajleHUs JIa3ePHOTO MydKa Ha pelieTKy
45°. DTOT yroJi Xo0poLlo COrJacyeTcsi ¢ CUMMETPHEH YToJIKOBOTro oTpaxaTteJsi. B6suau aToil no3uuuu
pacrnoJioxKeH BO3pacTalollilil yyacToK, Ha KOTOPOM MOLIHOCTb M3Jy4eHHUsl B HYJEBOM MOpPsiIKe
IM(paKUMK MEHSIETCS OT MHHUMAJIbHOTO (MPaKTHUECKH HYJIEBOTO) 10 MAKCUMaJIbHOTO 3HAYEHHUS,
paBHOTO Pspg. [IpoTszkeHHOCTb 3TOrO yyacTtka paBHa 41 wary npuBoja (4To COOTBETCTBYET YIJIy
noBopora Ha 3,6°). Takum o6pasom, ycranasausas bYO B onpenesieHHOe MOJM0KEHHE, Mbl MOYKEM
peryJiMpoBaTh MOILIHOCTb H3JIydeHHs] Ha BbIXOJE YCTPOUCTBA (B JJAHHOM CJlyyae C AUCKPETHOCTbIO
nopsaka 1/40). DTOT 3SKCHEepPUMEHT MOKAa3biBaeT BO3MOMKHOCTb MPELM3HOHHOH peryJanpoBKH
MOILHOCTH JIa3€PHOTO M3JyueHHsl Ha BBIXOJle YCTPOHCTBA OT TMPAKTHYECKH HYJIEBOTO JI0
MaKCHMaJIbHOTO 3HAYEHHSI.
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Puc. 2. 3aBHCHMOCTb MOIIHOCTH B HyJIEBOM MOPSIIKE TU(PaKIHK OT HOMepa 11ara npuBoja. CrjIomHoH 4epToh
OTMedeHa 3KCIepruMeHTaIbHAasT XapaKTePUCTHKA, MyHKTHPHON — pacyeTHasi 3aBUCHMOCTB /ISl PELeTKH ¢ IIyOHHOH,
paBHO# rylyOHHe 9KCrepuMeHTalbHOro 06pasia.

Ha 6ase onucanuoii Bbilie cxembl ¢ BYO Takke MOXKHO OCYLIECTBJISTH HEMPEPBIBHYIO
aHaJIOrOBYO MOJIYJISILMIO JIA3€PHOTO M3JydyeHHs. B 3ToM ciyyae ucnodib3oBaJjicsi MPHBOJL BTOPOIO
TUMA — 3JEeKTPOMeXaHUYeCKUi BUOpaATOp, OCYLIECTBJSIOUIMEA HENMpepbIBHbIK (HE JAUCKPETHbIH )
nosopotT bYO. dkcnepumeHTadbHbIA MaKeT MoayJasiTopa Obljl cOOpaH B COOTBETCTBHH C pHC. 1.
Ha puc. 3 npexncrapienbl rpayki CUrHAJIOB HA pe3UCTOpe HArpy3KH (OTOETEKTOpA MPH PA3HbIX

SHAYCHUAX aMIIJIMTy bl KoJsieOaHUH MeXaHU4eCKOTo InpruBoJa.
HpOBeILeHHble 9KCHEPUMEHTBI C IMPUBOAOM BTOPOIro THIIA INOATBEPKAAIOT BO3MO2KHOCTDL

MoJTyueHHst JMHEHHOH aHaI0TOBOH MOIYJ/ISILIMK MOIIHOCTH JIA3€PHOTO My4YKa BO BpEMEHH B Tpejiesiax
rayoun  momyasauuk 10 80%. YeTpoHeTBO Mo3BoJsieT ocyllecTBaAATh npakthueckn 100%
MOJIYJ/ISILIMIO BBIXOJHOTO JIa3ePHOTO MMydyKa, OAHAKO B STOM cJiydae (opMa BbIXOJAHOTO CHTHaJa
CYLIECTBEHHO OTJHYaeTcsi OT (OpPMbl TapMOHHUYECKOTO CHUTHAJa, KOTOPbIH TojaaBajcs Ha

3JIEKTPOMEXaHUYeCKUI BUOpaTop.
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6)

Puc. 3. ntopbl HanpsiKeHUH HA pe3UCTOpe HArpy3KH (DOTONETEKTOPA MPH Pa3JIMUHBIX AMIJIUTYAAX YIJIOBbBIX
KoJsieGanui npuBoja. ['paduku Ha puc. 4a COOTBETCTBYIOT MOJLyJISILIMM HA OJIHOM CKJIOHe 3aBUcUMOCTH Py(0). ['pacuk
Ha puc. 46 COOTBETCTBYET BbIXO/Y 32 MpeJieJibl OJTHOIO CKJIOHA.

B pamkax naHHo# paboTbl Obl1a UCIIBITAHA HOBAsI CXeMa yIpaBJeHUsI MOLIHOCTbIO JIA3€PHOTO
M3JTyueHHsl. DKCIEePUMEHThI MOKa3aJd BO3MOXKHOCTb KaK JUCKPETHOH PEeryJMpoBKH MOIIHOCTH
JIa3€PHOTO U3JIydeHHs1 ¢ OOJBLUMM YMCJIOM JUCKPETHBIX TOYEK, TaK H BO3MOXKHOCTb HENPePbIBHOK
aHaJI0rOBOH MOJLYJISILIMM H3JTyUYeHHs Jla3epa. [linHa BOJHbI HCTI0JIb3yeMOT0 B SKCIIepUMEHTAaX Jla3epa
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coctaBssieT A = 0,6328 MKM, 0IHAKO MpeyIoyKEeHHAs U UCCAe0BAHHAS 3/16Ch KOHCTPYKIIUS MOXKET
ObITb TPUMEHEHa W JUIi HCTOUHUKOB C JIPYrod JUIMHOH BoJsiHbL. [1pH 3TOM He0oOXOIMMO M3MEHUTD
napametpbl AP u npumenuts oTpaxkatolipe nokpbiThsi 3epkana u JIP, o6janaiouiye BbICOKUM
KO3(PPHUIIMEHTOM OTpaAKEHHSI HA COOTBETCTBYIONIEH JJTMHE BOJIHBI.
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Laser radiation power control and modulation with use of corner reflector
supplied by diffractional unit

V.A. Komotskii, V.I. Korol'kov, Y.M. Sokolov, N.V. Suetin
Peoples Friendship University of Russia, Moscow, Rassia

We have developed, constructed and investigated a new device for laser radiation power
control and modulation. The scheme of the device is shown on Fig. 1. It consists of corner reflector
(CR) (1) with deep reflective diffraction grating (3) with a profile of a meander on one plane and
mirror (4) on the second. CR is installed on an axis of electromechanical driver (5) which is located
on a path of a beam from laser (2). After reflecting from diffraction grating (3) radiation splits into
diffraction orders and reflects from mirror (4) in the opposite direction. The mirror (6) is added to
direct laser beam to spatial filter (7) which separates output beam, zero-difiraction order.
Photodetector (9) can be set-up to control output radiation. Corner reflector (CR) coupled with
electromechanical driver was installed on a tunable table (8) for initial tuning of the device.

Experimental models

Output beam can be controlled by turning CR on the axis of driver [ 1 —3]. If we use stepper
motor as a driver, the device can be used to control output power. We used stepper motor 28BYJ48
(one step is equal to 0.0878") controlled by Arduino Nano. The depth of experimental diffraction
grating was 3.7 pum. We used He—Ne laser with a wavelength of 0.63 pm. To control the power of
the optical beam after the diaphragm has been set photodetector composed of a photodiode FD24K
with a load resistor. The voltage across load resistor is proportional to the power of the incident to
the photodiode optical radiation.

267



Tonorpadus. Hayka u [1pakTuka
13-4 mexxnynapontasi koudepenuus «I'omodkeno 2016»

During experiment we measured the dependence of the power in the zero diffraction order
of the number of stepper motor step. Experimental dependence of voltage on the photo detector
from the driver step number is shown in Fig. 2.

Additionally, in Fig. 2 applied to the vertical dashed line, corresponding to the angle of
incidence of the laser beam on the grating equal to 45°. This angle is in good agreement with the
corner reflector symmetry. Close to this position there is a growing area in which the radiation
power in zero diffraction order varies from minimal (practically zero) to a maximum value. The
length of this area equals 41 driver steps (which corresponds to the rotation through an angle of
3.67). Thus, by setting CR in certain position, we can adjust the output power (in this case with
discontinuity about 1/40). This experiment demonstrates the possibility of high-precision
adjustment of the laser power output from practically zero to a maximum value by using the
proposed scheme.

[f we use electromagnetic actuator as a driver, the device can be used to perform continuous
analogue modulation of the laser radiation. Fig. 3 shows graphs of signals at the photodetector
resistor load for different values of the amplitude of the mechanical vibrations of the driver.

The experiments with the actuator confirmed the possibility of obtaining a linear analog
modulation of the power of the laser beam in time within the depth of modulation up to 80%. The
apparatus allows practically 100 % modulation of the output laser beam, but in this case, the output
waveform is substantially different from that of a harmonic signal that is fed to the
electromechanical actuator.

In this work a new coherent radiation power control scheme has been tested. Experiments
have shown the possibility of adjustment as the discrete laser power control with a large number of
discrete points, and the possibility of continuous analog modulation of the laser radiation. The
wavelength of the laser used in the experiments is 0.63 pm. The scheme studied can be designed
for modulation of lazer radiation of different wavelength. In that case it is necessary to change
parameters of diffraction grating.
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c25 [lpumeHeHune AudpaKUMOHHBIX ONTHUECKUX 3J€MEHTOB [/151 U3MEPEHUSsI
cepuueckoit abeppauuu

C.C. Konénxun', I0.11. bopooun', I.C. Konénuxuwr®, B.B. Apyacur®

'MocKOBCKHU#I TexHOJIOrHYeCcKHil yuuBepeuTer, Mocksa, Poccust

2PIr'VIT «HTLL «Arnac», Mocksa, Poccus

3 MOCKOBCKHI rOCYIapCTBEHHbIH TexHuyeckui yanpepeuret uM. H.9. Baymana, Mocksa, Poccust

J1151 OLleHKM COOTBETCTBHUSA pealibHbIX abeppaLil UX TEOPETHUECKHM 3HAYE€HHUAM BbIMTOJIHAIOT
M3MEepeHHe OCTaTOUHbIX abeppalHil KOPPUTUPOBAHHBIX ONTHUECKHX cHcTeM. C Lie/Iblo H3MepeHHs
cchepuueckorn abeppallid HauOoJiee WIMPOKOE TPUMEHEeHHe TOJYYUJ MEeTOJ BHU3yasbHbIX
(hOKyCHPOBOK, MpeiozkeHHbIH akageMukoM B.IT. Jlununkom B 1949 romy. 10T MeTO1 OCHOBAH Ha
onpe/e/ieHMH KOOPAMHAT ToYeK Mepeceyerust ¢ 3ajHel (hoKaabHOM MJI0CKOCTbIO Jlydeid, MPOoLLe/INX
yepe3 OT/eJsbHble 30HbI BXOJHOIO 3pauka KOHTpoJupyeMoro oobekTHBa (1). Mertox nospossier
M3MEPHUTb MPOJIOJILHYIO U NonepeyHyto chepuueckyto abeppatio. Cxema H3MepeHHUs OKa3aHa Ha
puc. 1.

1 — HUCTOYHHUK CBeTa, 2 — KOHAEHCOP, 3 — CBETO(GUIBLTP, 4 — pasnBUKHAST LIeNb, 5 — KOJJIUMATOP,
6 — mmadparma c IByMsi Mapamu napasiiesibHbIX lese, 7 — HCIbITyeMblil 00beKTHB, 8§ — MHUKPOCKOT
Puc. 1. Cxema uamepenusi cpepudeckor abeppaiiny 00bLEKTHBA

CyTb MeTozia 3aKJ/IyYaeTcsl B CJEIYIOLIEM: MapaJsule/ibHbId My4oK Jydyeidl, oOpa3oBaHHbIH
KOJUTUMATOPOM D, najiaet Ha auacparmy 6, B KOTOPOH MeHSIeTCsl pacCTosiHUEe MeXKIy BYyMsI TapaMu
napasenbibix 1esneid (2). I[losoxkenne Touxku mnepeceueHuss Jydyed ¢ ONTHYECKOH OCHIO
OTpesieJIieTCsl MyTeM COBMellleHHsT MUMPAKIMOHHBIX KapTHH, KaxKias U3 KOTOPbIX oOpasdyercs B
(hoKaJIbHOH TJIOCKOCTH MCIbITYyeMOro oObekTHBa 7. MeHssi paccTosiHUe Mexily JAByMsl Mapamu
lesiefl m, JesaloT OTCYeThl MO UIKajJe MPOJAOJbHBIX TNepeMelleHuil mMukpockona DS'. Tlo
pesyJbTaTaM HM3MepPeHHH CTposAT TpacduK NPOJ0JbHONH cdepudeckoid abeppauuu 0ObeKTHBA
m/2D = f(DS'"), rne D — nuameTp BXOAHOIO 3pauka MCIBITYeMoro o0bekTnsa. [1pu nuamepeHuu
rnorepeyHoi chepuueckoit abeppatiu Dy ' UCroib3yeTcsl TONbKO OfiHa Mapa Liesel quadparmol 6,
a 3HayeHWe repemMelleHHsl TUMPAKUMOHHON KapTHHbl HM3MepsieTcsl ¢ TOMOILbIO  OKyJisipa-
MHKPOMeTpa HaBeJleHHeM Ha LIeHTPaJIbHYIO0 CBETJIYIO JIMHUIO.

K HemoctaTkam yKasaHHOTO MeToJa CJelyeT OTHECTH HeOOXOAMMOCTb HCIOJIb30BAHMS
BCIIOMOTaTeJ/IbHBIX ONTHYECKHX 3JIEMEHTOB, HalpuMep, KOJUIMMaTtopa OT ONTHYECKOH CKaMbH
OCK-2 ¢ dokycHbiM paccrosiiueM 1500 MM 1 TOABMXKHOH JuadparMbl 6 ¢ MeXaHH3MOM
nepeMelleHus LIeJeBbIX OTBEPCTHH (3 ).

ABTOpbl TIpeyIaralT MOAM(HUKALMIO H3BECTHOrO MeTojla Ha OCHOBE TPUMEHEHHsI
IUPPAKUMOHHBIX ONTHUECKHUX 37eMeHTOB (JIO3), uTo 3HAUMTE IbHO YTIPOLIAET CXEMY YCTAHOBKH /1151
uamepenusi chepuueckoit abeppauuu. B kauectBe JIOD ucnogbsyoTes pesibedHO-(asoBble
roJIorpaMMbl, 3anucaHHble Ha (POTOPE3UCTE, UYTO MO3BOJISET HCKIIOUUTb BJUSHUS YIJIOBOH U
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CTEKTpaJbHON CEJNIEKTUBHOCTH, TMpHCYlled 0O0beMHbIM (pa3oBbiM rojorpammam. Kpowme Toro,
nepuoibl 060ux J10 onHaKoBBbI.

Onrtuyeckasi cxema YCTAaHOBKM JUlsl U3MepeHHsi cepuueckoil abeppalyd IMoKazaHa Ha
puc. 2.

|

| — noJynpoBosHUKOBBIN J1a3ep, 2, 4 — JI0, 3 — skpan 1jisi 6JI0KHPOBKU HYJIEBOTO MOPSKA, 5 — aMIUIUTYy/IHAS
nudpaxunonnas peuierka (A/IP), 6 — ucrbityembiit 0GbeKTHB, 7 — MAaTOBbIH 9KpaH, 8 — MUKPOCKOI
Puc. 2. Ontudeckasi cxeMa U3MepHUTEJbHON YCTAHOBKH

JIyd oT s1agepHoro ucrounuka |l npoxoaut nepsbiii 10 2 u paznensiercs: Ha Tpu Jjyua (0-i
u +1 nudpaxkuponnbie nopsiiku). 0-f MOPSIIOK MPU MPOBEAEHUH U3MEPEHHUH HCIOJb3YeTCs st
IOCTUPOBKH ONTHYECKOH CXeMbl YCTAHOBKH U MepeJl IPOoBeJleHHeM U3MepeHHUH Oy/leT epeKpbiBATLCS
Hernpo3pauHbiM 3kpaHoM 3. +1 u —1 nopsiaku nonanasi Ha Bropoit /103 4 B cBolo ouepesb camu
nugparupytot. B usmepeHusx yqacTBYIOT Te MOPSIKH, KOTOPbIE PACPOCTPAHSAIOTCS MapasliesbHO
onTtuueckon ocu. Mamensist paccrosinne mexay J109 2 u 4, MOXKHO M3MEHSITh PACCTOSTHHE MEXKIY
BBIXOJSALLMMH MapaJsiie/ibHbIMU JlydaMH, KOTopble npoiias yepes AJIP 5 nonanaioT Ha UCTIBITYeMyto
quH3y 6. Jlyau, npowenue yepe3 AJIP, o6pasyior B hoKaJbHON MJIOCKOCTH MCIBITYEMOH JIMH3bI
AU PAKLMOHHYIO KAPTHHY, KOTOpasi HabJI0AAeTCs yepe3 OKyJ1sip MUKPOCKora 8 Ha MaTOBOM 3KpaHe
7, MeCTKO 3aKperJjIeHHOro Ha ornpaBe MHKpooObekTHBa. T.k. mpocrtpanctBeHHbil AJIP nepuon
B/BOE TPEBbILIAET ILMPHHY MPO3PAYHOrO ydacTKa, ra3 HabJjiofaeT AUPPaKUHOHHYIO KapTHHY,
COCTOSILLYIO U3 TPEX JIMHUU. Kak 1 B cilyuae «KJIacCHUeCKON» CXeMbl, PH MPOBEJCHUU U3MEPEHUN
HeOOXOIMMO COBMeELATh JIBe JU(PPaKIMOHHbIE KapTHHBI. FcnoJb3oBaHue MaToBOTO 3KpaHa 7
MI03BOJIAET HCIO0JIb30BATh MUKPOOOBEKTHB C JIOOOH 4YHUCJIOBOHM aneprypoH, 4YTO BaXKHO IIpH
MCCJIeIOBAHUHU CBETOCHJIBbHBIX 00BEKTHBOB. [1pu 3Mepenuu nonepeuHo cepudeckoil abeppaluu
ucrnosibdyetest 0-0i MopsIoK U OfIMH U3 Jyued, Bbiteamux u3 J103 4.

B 3aksoueHuu ciemyeT OTMETHTh, UTO MPeIoKEeHHAs MOAU(UKALMS U3BECTHOIO METO/A
JIuHHMKa Ha ocHOBe Hcnogb3oBanus J1O i/1st u13MepeHus MPoI0AbHON U MorepedHo chepriecKon
abeppauuii 0O bEKTHBOB UMEET PsJI IPEUMYLLECTB:

- CYLLLeCTBEHHO YNPOLIAeTCsl KOHCTPYKLMS YCTAHOBKH,

- B KauecTBe HCTOYHMKA CBETA HCIOJb3yeTCsl MaJIOMOLIHbBIH MOJYNPOBOJHUKOBBINA Ja3ep
(P <1 wmBr),

- IPOCTOTA IOCTUPOBKH OMTHUYECKON CXeMbl U TOUHOH YCTAHOBKH HUCCJIeIyeMOro oObeKTHBA,

- u3mMepeHue abeppauuii 0OBbEKTUBOB OOJIbLIOTO AMaMeTpa OJiarofapss BO3MOXKHOCTH
uarotosJieHus J10 60JbllIHX pasMepoB.

bnaropapsi aToMy MeTOJ CTAHOBUTCS MPOCT, Y0O€H ISl aBTOMAaTH3aUMHK B 1a6OPATOPHBIX U
MPOU3BOJICTBEHHBIX YCJIOBUSIX M, KpoMe TOro, 3(h(eKTHBEH KaK C 3KOHOMHUUECKOH, TaK H C
TEXHUYECKOH TOUEK 3peHHUSl,
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Measuring of spherical aberrations using difiractive optical elements

S.S. Kopenkin', Yu.P. Borodin', D.D. Kopenkin®, V.V. Druzhin?®
" Moscow Technological University, Moscow, Rassia

2FGUP “STC “Atlas”, Moscow, Rassia

3 Bauman Moscow State Technical University, Moscow, Rassia

We developed a modification of the known method originally proposed by academician
Linnik for measuring the transverse aberrations. Modification includes the use of the two
holographic optical elements (DOE) having the same fringe period. Each DOE represent the the
relief-phase hologram recorded on photoresist, which allows eliminating the influence of angular
and spectral selectivity related to volume phase holograms. The optical layout of proposed setup for
measuring spherical aberration shown in Fig. 1.

I il . | ?“1]'_ : E
2\_/--- |

e
.
L |

| — Laserdiode (LD), 2, 4 — DOE, 3 — screen for elimination zero-order diffraction beams, 5 — amplitude
diffraction grating, 6 — lens under test, 7 — screen, 8 — microscope.
Fig. 2. Optical layout of the measuring setup

The beam from the laser source 1 passes through the first DOE pos. 2 and splitting into
three beams (0" and + 1" diffractive orders). 0" order is used for aligning the optical scheme with
screen 3. +1 and —1 orders falling on the second DOE with pos. 4. In the measurements involved
diffraction orders that extend parallel to the optical axis. By changing the distance between DOE 2
and DOE 4, it is possible to change the distance between the emerging parallel rays, which are
passing through grating 5 fall on the lens under the test 6. Focused on the screen 7 rays are
observing with the microscope 8. When measuring the transverse spherical aberration is used Oth
order and one of the beams emerging from the diffraction grating 4.

In conclusion, it should be noted that the proposed method has several advantages such as
significantly simplified design with use of simple light source with low, about I mW power laser
diode, has easy adjustment of the optical scheme and the accurate position of the examined lens,
possibility for measurement of large diameter lenses due to the possibility of manufacturing large
diffraction grating.
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C2.6 KOFepeHTHble OCBETUTEJIbHbIE CUCTEMDbI IJ141 ro.norpaquecmlx JAUCIIJIEEB

C.C. Konenxun', I0.11. bopooun', A.H. [lymuarun?, A.B. Moposos?®, C.E. [y6einut?

' MockoBcKHi TexHOsIOTHYecK1E yHuBepenTeT, Mocksa, Poccust

2 dusnueckuit uuertutyt umM. [1.H. Jle6enesa Poccuiickoii akagemun Hayk, Mocksa, Poccust
3 Ucenenosarenbekuii entp Cameynr, Mocksa, Poccus

B nocnennee Bpemsi HaGJjiofaeTcsi MOBBILIEHHBIH HHTepec K roJiorpacguyeckum 3D-
JMCIIEsSIM KaK B cdepe pasBjeueHui, TakK U MPH MPOEKTHPOBAHUK M MOJEJHPOBAHUH CJIOMKHBIX
MpoLLeCCOB U yCTPoUCTB. s mpousBoauTesiell MOOUIbHBIX YCTPOHCTB W CHCTEM OTOOpaXKeHUs
MH(MOPMALIMK PA3JMUHOTO Ha3HaueHUs (Oyab TO peKJaMHble CTEH/bl WK JOMAallIHHe TeJIEBU30PbI)
3TO HEOCMOPUMOE KOHKYPEHTHOE TPEHUMYIIECTBO, Kak nepej oObluHbIMU 2D-cucremamu, Tak u
nepesl aBTOCTEPEOCKONHUECKHMH, KOTOpPble BCe 4allle OLIMOOYHO HJM YMBILIJIEHHO HAa3bIBAIOT
rojiorpacduyeckuMu. K 3TM Ha ¢oHe HernpepbIBHOTO POCTa MPOU3BOJUTENLHOCTH W MOILHOCTEH
MOOUJIbHBIX YCTPOHUCTB MOXKHO MPHUBJIEUb HHTEpeC KOHeuHoro norpeduress. ['osorpacduueckuit
JUCIJIEd B JAHHOM CJlyuae paccMaTpuBaeTCsl B KauyecTBe YCTPOUCTBA Jiisi OTOOpaKeHUs
nosiHoueHHoro 3D u3o6paxkenusi, opMupysl 3aJaHHBIH BOJHOBOH (DPOHT C TOMOIIBIO TaKHX
OTITHYECKHUX SIBJIEHUH KaK HHTep(epeHIHs U AU paKius.

Bbnaropapst stomy, rosiorpacduueckuil iucnJei obecrieunBaeT peajucTHIHbIE MOJHOLIEHHbIe
TpexmepHble H300pakeHuss 0e3 CrelUaNbHbIX MOJSPU3ALUMOHHBIX OUYKOB, KOTOpbI€ BbI3bIBAIOT
HarnpspKeHue a3 v ycranaocTb. Kora peub 3axoqut 06 nHTephepeHd U 1M paKiiiu, TO Hy?KHO
MOHUMATh, UTO JI/151 paOOThI TAKOr0 YCTPOHCTBA TpeOyeTcst KorepeHTHbIH MCTOUHUK U3JydeHus (1, 3).

B janHol cTaThe paccMaTpuBaeTCsl YCTPOHUCTBO KOT€PEHTHOTO  OCBelleHHs st
roJiorpadMuecKoro JAUCIJies: ¢ UCMOJb30BAaHUEM JIA3€PHOTO HU3JIyUeHHUsl. DTH CHCTEMbI MOJCBETKH
obecrneunBaloT paBHOMepHOe M 3¢ (EeKTHBHOE OCBEllleHHE B YCTPOHCTBAX BH3yaju3aluu (2).
OO6BIYHO B BICTABOUHBIX MAKeTaxX rojiorpacuuecKux AUCIieeB MPUMEHSIIOTCS yCTPOUCTBA (POHOBOK
TMOJICBETKHU C JITH30BLIMHU KOJITUMATOPAMU U PACHIMPHUTEJSIMHU Ty4Ka, KOTOPbIE SIBJSIOTCS TOBOJILHO
rpomoszikuM. M nesast ynop Ha ieMOHCTpallio BO3MOXKHOCTEH rosiorpaduuecKux 3KpaHoB, MaJIo KTO
y/eJisieT BHUMaHue MUHUMU3AlUKU TOJIIMHBl TAKUX OCBETHTEJIbHBIX CHCTEM, KOTOPble MOTYT ObITh
NPUMeHEeHbl B roJiorpaduuyeckux JUCIJIeAX ¢ LeJblo WX MOMyJspU3allid U KOMMepLHUaIn3alyH.
TosuuHa siBJSIeTCS OIHUM U3 KJIIOUEBbIX TAPAMETPOB, B COBPEMEHHbIX CUCTEMaX 3ajiHel MOJICBETKH,
KOTOPbI€E JI0JI2KHbI ObITh CBEJICHbl K MUHUMYMY, YTOObI YMEHbLIUTbL 0OLLYI0 TOJLIMHY AUcnies. XoTs
HEKOTOpbI€e MOMbITKH NPEANPUHUMANUCh K CO3[IaHHIO KOMIAKTHBIX paclliipUTesiel JJazepHoro Jyya,
OCHOBaHHbIE Ha HCMOJb30BAHUU TJIAHAPHOTO BOJIHOBOJAA. Ho OHM MO3BOJISIIOT paclMpsATh My4oK
JIALIb 10 OJTHOW KOOPAUHATE.

Hamu npemyaraetcss  TOHKMH — OJIOK  KOTE€PEHTHOHW  MOJACBETKH JIs  MOOGUJBHOTO
roJiorpacuyecKoro Juciesi. DTOT MOJLyJb 3a/IHeH MOJACBETKH COCTOUT U3 CTEKJISTHHOH MOJJIOKKH -
BOJIHOBOJIA M JIByX [OBEPXHOCTHbIX JIUMPPAKIMOHHBIX pPEIIEeTOK, TMOJyYeHHbIX C MOMOLIbIO
JIByXJIyueBOH HMHTepdepeHind. J[Be MOBEPXHOCTH pELIETKH HCMOJb3YIOTCS, B YaCTHOCTH, JIJIs
axpoMaTH3alyd, TOCKOJbKY BOJIHOBOJAHAS JAU(pakiMOHHAs pellleTka o00JafaeT OrpoMHON
xpomaTtuueckoi aucnepcuedd. KpacHblil, 3e/ieHbli U CHHUH KOMIOHEHTbI BBOJSITCSI B BOJIHOBOJ
nepBod TP PaKIMOHHON pelIeTKONH U PacnpoCTPAHSIIOTCS B HEM MOJL Pa3HbIMH yIJlaMH, KOTOpble
MOTYT ObITb KOMITIEHCUPOBAHbI BLIXOJHOW PELIETKOM JIsl KAXK/I0T0 KaHAJA.

BXxosHbIM siBJISIeTCST KOJIJIMMUPOBAHHBIH MY4YOK OT TPeX JHOJHBIX J1a3€POB, TeHEPUPYIOLLIUX
KOT€PEHTHBIH CBET C JJIMHAMHU BoJiH 473, 532 1 633 HM. [1yuok cHavasia BbITATHBAETCS MO OJHOM
KOOpJMHATE C TOMOLIbI0O BOJIHOBOJHOIO paclIMpUTesIsi IMyuyka, a 3aTeM BBOJMTCS BO BTOPOMH
NJIaHapHBIN BOJHOBOJI, U3 KOTOPOTO H3JlyueHUe PABHOMEPHO BbIBOJAUTCS HA BCEM €r0 MPOTSKEHHH.
[lnockue nudpakimoHHble pelleTKH ObIM MCMO0Jb30BaHbl B KAueCTBE BBOJHOTO M BBIBOJHOTO
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37eMeHTOB cBsidu (4). B 3TOM ciydae BbIXOAHOE H3JydeHHE OCTAHETCS KOJIJMMHUPOBAHHBIM
(puc. 1a). [lepuon peleToK orpaHuyeH HECKOJILKUMH ycioBUsMHU. Tak Kak pacnpocTpaHeHne cBeTa
B BOJIHOBOJE OCHOBAHO Ha $IBJIEHWM MOJHOTO BHYTPEHHEro OTpPaKeHusi, TO yros audpakuuu
M3Jy4eHHUsT Ha BXOJHOH pelleTKe JI0/KeH ObiTh 0oJblie Yrja MoJHOr0 BHYTPEHHEro OTpaXKeHHsl
(ITBO). Oto kpuTHUeCKUH yros s BCeX JUIMH BOJIH. YTos JU(pakUUMM MUMeeT HauMeHblilee
3HaYeHue J/Is1 CMHEro cBeTta, TakuM obpasom, ycjaoBue [IBO n0/KHO BBIMOMHATLCS B MEPBYIO
ouepesib ISl JUIMHBI BOJIHBI 473 HM (puc. 16, cnsowiHas JuHus). Bo-BTopbix, GoJiee BbICOKHH
NOPSIOK THPaKUKMU I0J2KEH OCTaBaThCsl B BOJHOBOJIE. DTO YCJAOBHE TaKXKe JOKHO BbITOJIHSATHCS
JUIS CHHETO u3JydeHust (puc. 16, npepbiBUCTasi TMHUs ). B To 2ke Bpemsi 60JIbIION BOJHOBOIHBIH yTOJI
03HavaeT OOJIbILIMH JUAMETP BXOJHOTO TyYKa, YTO BJHUSIET Ha raGapuThl CUCTEMbI, U MeHbIIee
KOJIMYECTBO TepeoTpaKeHU i B BOJHOBOJIE, UTO CKA3bIBAETCS HA OIHOPOJHOCTH MOJACBETKH. TakxkKe
¥ cyMMapHasi i pakuroHHas 3pPeKTUBHOCTb YMEHbLIAETCS C YBEJMUEHUEM yIila MajleHus] 3a cyeT
YMeHbIIEHHUS YUC/Ia OTPAKEHNUH BHYTPH BOJIHOBO/IA. TakuM 06pa3oM, BOJHOBOJIHBIN YToJ1 He TOJIXKEH
npeBbIlIaTh HEKOTOPOr0 MAKCHMAaJILHOTO yIiia Y, sl BceX JUIMH BoJIH. KpacHblil cBeT aHasorHuHO
IuparupyeT B BOJHOBOJ, TOJILKO YIJisi Topasio 0oJibllie, TaKUM 00pa3oM, UMeeM CJIeIyIolLyo
cucreMy ypaBHeHui (1), rme A ABisieTCs MEPUOJOM pelIeTKH, Ag camasi KOPOTKasi JIMHA BOJIHbI
MCII0JIb3YEMOT0 CBeTa (B HallleM ciydae 473 HM), Ag BJsIeTCSl caMOU OOJIbLIOH JJMHONH BOJIHbI
MCIOJIb3yeMOro cBeTta (B HailleM cjiydyae 635 HM), o SIBJISIETCSl YIJIOM, TMOJ KOTOPbIM H3JyueHHe
BBOJMTCS B BOJIHOBOJL, N — MOKa3aTeJb [PeJIoOMJIeHUs] MaTeprasia BOJHOBO/A, Y — MaKCHMaJslbHO
BO3MOKHBIH yroJl pacrpocTpaHeHusi CBeTa BHYTPU BOJHOBOJA.

BuiBOaHas pelweTka

AS———.
nsiny—sina

Peutetka, oTBeuaioliasi 3ajaHHbIM napameTpam, Oblja 3arnucaHa Ha (OTOpe3ucTe MapKH
Shipley S1813 G2, ucnosibayemoro B sutorpaduu, npu nomoiid He—Cd nazepa ¢ 1anHO# BOJIHBI
442 um. HManyyenne He—Cd nasepa, npoiins uepes MUKPOOOBEKTHB U TOUEUHYIO jauadparmy,
KOJITUMUPYETCSI C TIOMOILbIO 3€PKaJIbHO-JIMH30BOH CHCTEMbI, COCTOSIIEH U3 JIMH3bl U BOTHYTOT'O
3epkasia (puc. 2). Ha ¢oropesncte perucrpupyercsi uHTepdepeHIIHOHHAs KapTHHA JBYX JIyueH C -
noJisipu3aliei, MajaoluX Ha PperHCTPUPYIOLLYIO cpejty Moj yryoM 26.2° K HopMasii. CooTHOLLIEHHe
CHUTHAJI-0TI0pa BapbupyeTcs B inanazone 1:1 = 1:50.
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Puc. 2. Ontnueckas cxema 3arnucu

3aKJII0UUTEIbHBIM 3TAMOM MOJy4eHHs] OCBETUTENLHON CUCTEMBI SIBJISIETCST epeHoc pesibeda
pelieTKH ¢ (oTOpe3nucTa Ha MOBEPXHOCTb BOJIHOBOAA. JlaHHAsi mpoleaypa OCYLIECTBJSETCs C
nomoltipio Y P-otBepxKaaeMoro nojumepa (4).

Ha cramgun nemMoHCTpaluy W M3MepeHHH H3JydyeHHe BBOJUTCS B BOJIHOBOJ C MOMOILBIO
OJIHOMOJIOBOTO BOJIOKHA. VI3MepeHUs1 0HOPOAHOCTH MPOBOASTCS B COOTBETCTBMH CO CTAHAAPTOM
VESA 111 MOHUTOPOB.

B sak/ioueHHd CTOUT OTMETHTb, 4TO Oblia MoJyueHa paboyasi CHCTeMa MOJCBETKH,
MOJIHOCTBIO YJIOBJIETBOPsitolasi TpeGOBaHUSIM, TIPEbSBIASIEMbIM K CHCTEMAM TOJCBETKH IKPAHOB,
paamepoM 150x85 MM (/151 MaHe M AMaroHaJbio 5,5 AUMOB ¢ pabouelt o6sacTbio 126X75 Mm) 1
toauuHoi Bcero 0,7 mm. C moMmoulblo JAHHOTO MOJYJsi TOACBETKH Oblla BOCCTAHOBJIEHA
cTaTHyecKasi MoJiHolBeTHasi rojorpaMmma. CymmapHasi tudpakiimoHHas 3pGeKTUBHOCTb JaHHOTO
MOIyJisi He BbICOKA, HO B JAaHHOM CJydae CTosila 3ajada [oJiyueHHusi OJHOPOIHOTO
KOJIIMMUPOBAHHOTO TMyyKa axpoMaTHYeCKOro KorepeHTHoro cpeta (5,6). Cuuraem, 4To AaHHbINH
MOJIy/Ib MOYKET MPUMEHSATHCS B KOMMEPUYECKHUX 11eJIsIX B KaUeCTBe MOJCBETKH IKPAHOB MOOHJIbHBIX
YCTPOHCTB.
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# Samsung R&D Institute, Moscow, Rassia

There has been a renewal of interest in 3D display technologies recently. Holographic
display is considered as an ultimate technique for displaying 3D images because it can reproduce
the original optical wave by interference and diffraction.

Because of this, holographic display provides realistic images without special eyewear and
eye strain and fatigue.

This article describes illumination devices for holographic display using coherent radiation
from laser source. These backlighting systems are providing uniform and effective illumination in
visualization devices. Backlight units (BLU) using conventional lens, which is bulky, have been
used for a holographic display, but very few attempts have been made in minimizing the thickness
of back light units that can be applied to a flat panel holographic display. Thickness is one of the
key parameters in modern backlighting systems that should be minimized to reduce the overall
thickness of the display. Although some efforts have been made on compact beam expanders for
lasers, using planar waveguide method, they can have only one-dimensional expansion.

We propose slim coherent backlight unit for a mobile holographic display. This backlight
unit consists of glass substrate (waveguide) and two surface gratings produced by two-beam
interference. Two surface gratings are used to solve chromatic dispersion problem, whereas one
surface grating has very high chromatic aberration. Red, green, and blue components propagate in
waveguide separately with different angles, which can be compensated by output grating for each
channel.

Input is collimated beam with three wavelengths (red, green and blue) or polychromatic
light. Waveguide was used to expand input light to the demanded area. Plane diffraction gratings
were used as in- and outcoupling elements. In this case output light will keep its collimation
characteristics as they were at the input due to no additional elements (Fig. 1a). The period of
gratings is limited by several conditions. First is, since waveguide light propagation is based on
total internal reflection phenomena, the difiraction angle of the input light on the input grating
should be greater than total internal reflection (TIR) critical angle for all wavelengths. Angle of
diffraction is smallest for the blue light, so, should be less than TIR angle for (Fig. 1b, solid line).
Second, higher diffraction order should be after the input grating. Again blue light is the one who’ll
achieve this condition sooner (Fig. l¢, dashed line). On the same time larger waveguiding angle
means larger input beam diameter, which is inconvenient to work with. Also diffraction efficiency
decreases with increasing of incidence angle due to reduction of the number of reflections inside of
waveguide. Thus waveguiding angle should not exceed some maximum angle y for all wavelengths.
Red light difiract at larger angels so it violates this condition. First, thereby, taking into account
Snell’s law, diffraction equation and sign convention, given conditions turns into following system
of equations (1), where A is surface grating period, A is shortest wavelength of the used light (in
our case 473 nm), Ay is the largest wavelength of the used light (in our case 635 nm), a is incident
angle of the light at the waveguide, n is waveguide material refractive index, y is maximal possible
propagation angle of the light inside of waveguide.
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(1)

A<

nsiny-sina.’

The grating is recorded in a S1813 G2 photoresist using a He—Cd laser with wavelength
442 nm using interference lithography system. The laser light from this He—Cd laser is collimated
beam using an objective lens, a pinhole, a lens and a concave mirror as shown in Fig. 2. The grating
was written by two s-polarized beams with incident angle of 26.2° normal to the photoresist plate
and the beam ratio of 1:1 = 1:50. The period (A) of the grating, housed in according to the
equation 1, can be controlled by changing the included angle 8 of the two beams.

Final fabrication procedure of slim backlight unit was transferring of grating profile onto thin
glass substrate by UV-polymer copying.

Measurements of uniformity were carried out according with VESA Standard.

In conclusion, it should be noted that the area of backlight illumination is 15085 mm
(5.5 inch panel size is 126x75 mm), and the thickness is 0.7 mm which is thin enough compared
to other conventional backlight units. The static full-color hologram was reconstructed by this
backlight unit. The total diifraction efficiency of the backlight unit is not high, but in this case there
was the task to achieve a high uniform achromatic collimated beam of coherent light (uniformity
more 80 % over the whole area). It can be used as a slim BLU for the mobile holographic display.
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c2.7 Axpomaruszauusi BoaHOBOAHbIX U [IBO rosorpamm

A.H. [Tymuaun', A.B. Moposog"?, C.E. [{y6oirun'?
!dusnueckuit uncruryt um. I1.H. Jle6enena Poccuiickoit akagemun nayk, Mocksa, Poccust
*HUcenenosatesibekuii tentp Cameynr, Mocksa, Poccust

Hcnonb3oBanne BosiHOBoAHbIX M [IBO rosorpamm B HacTosiliiee BpeMsi CTAHOBHUTCS
HauboJiee aKkTyaJbHOH 3aJauei Mpu pa3pabOoTKe KaK Hay4dHbIX, TaK U TPUOOPOB MOTPEOUTENbCKON
3JE€KTPOHUKU. [JIaBHBIMH OTJIMUMSIMH TaKOro KJacca rosiorpaMyeckux 3JeMEHTOB SIBJSIIOTCS
KOMMAaKTHble pa3Mepbl i BO3MOXKHOCTb COXPAHSTh He T parnpoBaHHbIN My4oK BHYTPH BOJHOBOJAA
WJIM ONTHUECKOTro sseMeHTa. OCHOBHBIM HEIOCTATKOM KaK BOJIHOBOAHBIX, Tak U [TBO rosorpamm
SIBJISIETCS CHJIbHASI XpOMAaTHUYecKasi JUCIepPCHsi, KOTopasi OrpaHHYMBAEeT MpPUMeHEeHHe MOA0OHBIX
3J1eMeHTOB. B 1aHHOI paboTe, Mbl paccMaTpUBaeM BO3MOXKHOCTH aXpoMaTH3allM1 TAKHX 3J1eMEHTOB
1151 IPUMEHEHHUS B peaJsibHbIX ONTHYECKUX CHCTEMaX.

XpomaTu3M BOJIHOBOJHBIX TOJIOTPA(UUECKUX JE€MEHTOB OMpeesieTcss B COOTBETCTBUU C
BhIpazkeHuem (1):

=" (1)
sina+nsin®
e, d — nepuoj rosorpauueckoil peiéTku, m — HoMep AU PAKIIMOHHOTO MOpsiiKa, A — JJIMHA
BOJIHbBI M3JIyUeHHUS], 0 — YroJl NajeHust U3/ydeHus B Bo3jyxe, 8 — yroJs aiudpakiyi B Mmatepuadse,
n — 1okKasareJb PeJIOMJIEHUs MaTeprasia BOJHOBOA.

AxpomaTtusaiyst BOJIHOBOJAHBIX TOJOTPAMM MOXKET ObITh JOCTHUTHYTa MyTéM B3aUMHOM
KOMITEHCALMH XpPOMAaTH3Ma BXOJHOHM W BBIXOJHOW pellI&TKaMH, Kak 3To MokazaHo Ha puc. la. B
KauecTBe JI0NOJHUTE/LHOTo TpeOOBaHHUs K CUCTeMe 3a1aETCsl BO3MOXKHOE OTKJIOHEHHE yrila NaJleHUs]
M3JTyueHHsl B Bo3ayxe (o0 + A) M 3HaueHHe MAKCUMaJIbHOTO yrila AU paKIdK H3JIy4eHHs B BOJHOBOJIE

(Bmax). B aTOM ciyuae, nepuos pelléTKH OrpaHMYMBAeTCsl HeCKOJbKUMM ycjoBusiMu. [lepBoe,
YUUTBIBAs YTO B OCHOBE pabOThl BOJHOBO/A JI€KUT 3PPEKT MOJHOT0 BHYyTPEHHETO OTPaXKEHHUS, yroJl
IMpaKUMK Ha BXOIHOH pelléTKe J10JKeH ObITh cTporo 6odblie yria [IBO s Becex yiMH BOJIH U
Bcex yrjax naneHusi. Hammenblinii yron audpakuyu oka3biBaeTcsl sl CUHEro CBeTa, TaKUM
o6pasoM, B Mpoliecce CKaHUPOBAHHUSI OH TMEPBBIM MOXKeT okadaTbes MeHee yrya [1IBO (puc. 1b,
CIUIOLIHAS JIHHUS ). BTOpoe ycsoBUe — OTCyTCTBHE BTOPOro Mopsiika AU pakiii nocsie BXOJHOH
pewétTkd. CHOBa, CHHWH CBEeT TEPBbIH, KTO MOXKET HapylIUTb JaHHOoe YycjoBue (puc. b,
npepbiBUCTast JIUHUSA). B Toxke Bpemsi, HauGOJIbILINKA BOJHOBOAHbBIA yroJ 03HadaeT HauOOJIbILINM
JMamMeTp BXOJHOIO [yyKa, YTO OKa3blBaeTcsl He YyHAOOHBbIM Jiis  Mocjeaytolled paboThbl.
OnHoBpeMeHHO, audpakiuroHHass 3(PEGEeKTHBHOCTb  BBIBOJAHOH pElIETKM YMeHbIIAeTCs ¢
yBeJIMUEHUEM yIJia najeHus. Takum o6pa3oM, BOJHOBOAHBIN YToJl He JIOJ/KEH MPEBbILLIATh HEKOETo
MaKCUMaJIbHOIO 3HaueHUsl 0., B TMpollecce CKAHUPOBAHHUS. YUYMTBbIBAsi, UYTO KpacHbIF CBeT
IuparupyeT CHUJAbHEE OCTaJbHBIX, OH M SIBJSETCH OINpPENeJSIONUM I 3TOT0 OTrpaHUYeHHs.
[IpunumMas Bo BHMMaHWE 3aKOH MPEJOMJIEHHs, ypaBHEHHE JU(PPaKIMU U MPaBUJIO 3HAKOB,
YKa3aHHble OrpaHMYEHHUs MOXKHO 3aMMCaTh B BUJIE CUCTEMbI ypaBHeHHH (2).

M
I-sin(a—A)’

dZQ#’
n—sin(a—A)

d< M .
nsin®@_, —sin(o+A)

max

d>
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BreinosiHeHune Bcex ycloBUH (2) MO3BOJISIET CO3/aTh MOJHOCTBIO aXpOMaTH3UPOBAHHOE
pellieHrHe BOJHOBOHOH OCBETHUTE/LHOHN CHCTEMbBI C BO3MOYKHOCTbIO CKAHMPOBAHUS YIJla H3JydeHUs]
Ha BBIXOJIe JIS LHMPOKOTO CMEKTPaTbHOrO AMana3oHa JyIMH BOJH.

Output grating
Input grating
b) X a-A c) atA

(a-A)! \{/, (a+A)'
+1

a — TPUHLMIHA/bHAS CXeMa aXpOMATU3HPOBAHHON BOJIHOBOJIHOK CHCTEMBI TTOJICBETKH; b — K YCJIOBHIO OTpaHHUEHHI
JUI KODOTKOBOJIHOBO#H 06J1aCTH CIIEKTPA; ¢ — K YCJIOBHIO OrpaHUUEHHs JUIst IJIMHHOBOJIHOBOH 06J1aCTH CieKTpa
Puc. 1

UcrouHuku
[1] Patent Application NeP2014-0115687 KR. Back light unit and holographic display including the
same / Hong-Seok Lee, et al. — 2014,
[2] Patent Application Ne2014146782 RU. Scanning ultra slim coherent backlight unit / A.V. Morozov
etal. —2014.

Achromatization of waveguide and TIR holograms

AN. Putilin', A.V. Morozov'" 2, S.E. Dubynin'?
! Lebedev Physical Institute of the Russian Academy of Sciences, Moscow, Russia
2 Samsung R&D Institute, Moscow, Rassia

This time, it became most actual task to use waveguide and TIR holograms during
development of scientific devices as well as consumer electronics. The core differentiation points of
such type of holographic elements are: compact size and possibility to keep non-difiracted beam
inside of waveguide or optical element. Main disadvantage of waveguide and TIR holograms is high
chromatic dispersion limiting application of such elements. In this work we taking into account
possibility to make achromatization of these elements in real optical systems.

The chromaticism of waveguide holographic elements is defined in accordance with
equation (1):

4= (1)
sino+nsin®
where, d — is diffraction grating period, m — diffraction order number, A — radiation wavelength,
a — radiation incidence angle in air, 8 — diffraction angle inside of material, n — waveguide
material refractive index.

Achromatization of waveguide holograms can be achieved by meant of self-

compensation of chromaticism of input and output gratings, as it shown on Fig. 1a. Additional

requirements to the system are possibility to steering incidence angle (a0 + A) and maximum
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diffraction angle inside of waveguide (0,..,). In this case, period of gratings is limited by several
conditions. First is, since waveguides work is based on total internal reflection, diffraction angle on
the input grating during steering should stay greater than one of TIR for all wavelengths. Angle of
diffraction is smallest for blue light, during steering it will be first to become less than TIR angle
(Fig. 1b, solid line). Second condition is absence of second order of diffraction after input grating.
Again blue light is the one who’ll achieve this condition sooner (Fig. 1b, dashed line). On the same
time bigger waveguiding angle means bigger input beam diameter which is inconvenient to work
with. Also diffraction efficiency decreases with increasing of incidence angle. Thus waveguiding
angle should not exceed 0,,,x during steering for all wavelengths. Because red light rotates radically,
it is first to violate this condition. Thereby, taking into account Snell’s law, diffraction equation and
sign convention, given conditions turns into system of equations (2).

Ay
I—sin(a—A)’
P — @)
n—sin(a—A)

Ay

nsin@,, —sin(a+A)’

d>

d<

Realization of all conditions (2) allowing create fully achromatize solution of waveguide
illumination system with steering of radiation incidence angle at input of it for wide spectral range.

Output grating

Inpul grating
b) X o-A c) at+A

(a-A)' VH (0+A)’
+1
_____ >»>+2

a — principle scheme of achromatize waveguide illumination system; b — to the short wavelength limitation
conditions; ¢ — to the long wavelength limitation condition.
Fig. 2
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c2.8 [lopaBnaeHue cnekj-uiyma ¢ NOMOLLbIO 2JEKTPOONTUYECKOU SUEHKHU C
HereJMKOuAadbHbIM cerdetoanekrpuueckum KK

A.JI. Auopees, T.b. Andpeesa, H.H. Komnaney, H.B. 3aranun
@usuueckuit uuetutyT um. [1.H. Jle6enera Poccuiickoit akanemuun nayk, Mocksa, Poccus

PaccmaTpuBaeTcss  MeToi  MOmaBJE€HHs  CHeEKJ-liyMa B (OPMHUPYEMbIX Jla3epoM
U300paXKeHUsIX ¢ TOMOLIbI0  OBICTPOJACHCTBYIOLLEH  3JIEKTPOONTHYECKOH — SIUEHKH €
CETHEeTOJeKTpHUeCKUM KUIKUM Kpuctasuiom (CHKK), B KOTOPOM TIeJIMKOWJ OTCYTCTBYeT
(KoMIeHCHpoBaH ). YKazaHbl XapakTep aeopMalyi CMEKTHIECKUX CJIOEB B JIEKTPUUECKOM T10J1€ U
MeXaHU3M TPOCTPAHCTBEHHO-HEOAHOPOIHOH (DA30BON MOMYJISLMH TMPOXOASAIIETO 4epe3 SUelKy
JIa3epHOro Myyka ¢ paspyllieHreM B HEM (pa3oBbIX COOTHOLIEHUH. PedysnbTaTbl NpejicTaBieHbl B
CpaBHEHHH ¢ OoJiee pAHHUMU pe3yJbTaTaMM, KOTa HCI0JIb30BaACh 3JIEKTPOONTHYECKAs sTueiKa ¢
resukounanbHbiM COKK.

Beenenune

B pa6otax [1, 2] nokasaHo, 4To 3JIeKTpUUECKOE MOJe MEePEMEHHONW YacTOThl BbI3bIBAET
obpasoBaHue B cJjoe resukonanbHoro CYKK cayuaiino pacripeiesieHHbIX 10 00'beMy IpaieHTOB
rokasaTteJsisi NpeJioMJIeHHsI, KOTOpble MPUBOAAT K MPOCTPAHCTBEHHO-HEOAHOPOAHON MOJYJISLUU
(hazoBol 3anepKKU TyOMHOU Tmopsiika W GoJsiee T, 4YTO T[O3BOJISIET Pa3pyliuTb (asoBbie
COOTHOIIIEHUs] B Jla3epHOM TMyuKe, npoxofsiieMm depe3 cioii CHKK, u, Kak cjieacTtsue 3Toro,
MOAABUTb CMEKJA-UIYyM B (OPMHUPYeMOM Ja3epoM H3o6paykeHHH. MexaHH3MOM MojaBJeHHs
siBJISIeTCSl XaoTHUHOe 1o 00béMyY ciost CHKK n3mMeHeHHe NMoJ0KeHHsT HHAMKATPUChI pacCesiHUs TTPU
ONHOBpeMeHHOH mofade Ha  3jekrpoonTthieckyio  CHKK-sueiiky — HuM3KouacTOTHOTO U
BbICOKOYACTOTHOTO YIPABJSIIOLIETO HAMPSIXKEHUS.

C nomouiblo TaKoro MpOCTPAHCTBEHHOTO MOJyJsITOpa CBeTa — JeCleK/epa Ha OCHOBe
siueriku ¢ resinkouaanbHbiM COKK TosiuHon 18 MKM 10CTaTOUHO MPOCTHIM CIOCOOOM peasii30BaHa
Moty isiust pasoBoil 3a1epKKH 3/1eKTpruueckuM rojeM 2 B/Mkm u uactoroit 500 't npoxossiiero
yepe3 slUEHKY CBETOBOrO M3JyYeHHs] W TMPOJEMOHCTPUPOBAHO TOJABJEHHE CIIEKJI0B B
U300paKeHHSIX.

B nannoit pa6ote ucnosnbzoascs CKK, B KoTopoM resinkoniasnibHasi 3akpyTka IMpeKTopa B
oObeMe Oblja MoJaBJjeHa 3a CYET B3aUMOJACHCTBHUSI XHPaJbHbIX J00ABOK C MMPOTHBOIMOJOMKHBIMA
3HAKaMH OINTHYECKOH aKTUBHOCTH. JKCIePUMEHTbI [MOKa3a/jM, YTO JecleK/Jep Ha OCHOBE
3J1IeKTPOOINTHYECKOH siuelikK ¢ HeresnkonnanbHbiM CHKK nmeet psig oco6eHHOCTEH M TPEUMYLILEeCTB
10 CPABHEHHIO C PACCMOTPEHHBIM BhbILLE.

dKcnepuMeHTabHbIE Pe3YJabTaThbl

[lepeopueHnTaiusi aupekTopa (rJaBHOH ONTHYECKOH OcH) B HeresuxkoupasbHom CHKK
MPOUCXOJUT 3a CUET JIBMMKEHHsSI TPOCTPAHCTBEHHO JIOKAJIU30BAHHBIX BOJIH CTAlMOHAPHOTO
NpouIIsi — COJMTOHOB, BOHUKAIOILIUX [TPH NE€PEXOJIe K MAKCBEJJIOBCKOMY MEXaHU3MY IMCCHITALUH
sHepruu. [1pu onpenesneHHbIX yCJI0BUAX BOZHHKHOBEHHE BOJIH CTALMOHAPHOTO MPOGHIIS MPUBOIUT
K 06pa30BaHUIO CTPYKTYPbI EPEXOHBIX JOMEHOB, M KAK CJIEACTBHE ITOTO, K paccesiHuIo cBeTa [3].

B 3aBUCHMOCTH OT BpeMeHH BO3eHCTBHUS 3/1eKTpUuecKoro noJisi Ha cTpyktypy C)KK, nnaue,
OT JUIMTEJIbHOCTH HMITYJIbCOB YIPAaBJSIOLIET0 HaNpsiKeHus, HabmoaalnTes (puc. 1) HecKoJbKo
MaKCUMyMOB 3((EKTUBHOCTH CBeTOpacCesiHUsl — KOHTPACTHOTO OTHOILEHHS. YBeJHYeHHe
JJTUTEJILHOCTH HUMITYJIbCOB MPUBOJIUT K YBEJMUYEHHIO JJIMHBI JOMEHHBIX T'PAHUL, U Tepexoay K
HEperyJsipHbIM pacceuBalolUM CTPYKTypaM. Kak cjieicTBHe 3TOro, MJIOTHOCTH PacCeHBAIOIIUX
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LEHTPOB yMeHbIIAeTCsl, UTO, B CBOIO Ouepelb, MPUBOAUT K YyMeHblIeHHI0 3((OEeKTHBHOCTH
CBETOpACCESIHUS.

[lepexonbl MexIy cBeTOpacCceMBaIOLUIMMH MOJAMH, KOTOPbIM COOTBETCTBYIOT MaKCHMyMbl
3P PEKTUBHOCTH CBeTOpACCEesHUS, MPU OJIHOBPEMEHHOH Mojlaue HA 3JEKTPOONTHUECKYIO SUEHKY
VMITyJIbCOB  HAMPSZKEHUsI, JUIHTENbHOCTb KOTOPBIX COOTBETCTBYET pA3JUYHBIM MaKCHMyMaM,
NPUBOAAT K XaOTHUHOMY HM3MEHEHWIO TOJIOKEHUs] WMHAMKATPUCHhl paccesiHus. B pesysbrare
KpaTkoBpeMeHHOro (MeHee 50 MKc) BKJtoueHus cBeTopaccesiius B COKK dhopmupytoTest CTpyKTyphbl
CO CJIydalHbIM pacrpesie/ieHHeM TPaJMeHTOB MoKa3aTess npejoM/IeHus Mo o6beMy CJ10si, UTo, B
CBOIO ouepe/ib, SIBJSETCS MPUUHHON MPOCTPAHCTBEHHO-HEOJHOPOAHON 110 CeUeHHIO MydKa (pa3oBoi
MOJIyJISILIMK CBETA B 3JIEKTPOONITHUECKOH sTUEHKe.

2004 €
150 é@é comy,
(@]
(@] O
100+ ° o S
O ° © 80
O o @]
50+ 5 % ° g o
(e
. 500 %QDDOQ Qy
30 100 1000

T, MKC
HMIIL.

Puc. 1. 3aBucumocTb 3peKTHBHOCTH CBETOPACCESHHUS OT UIHTEIBHOCTH HMITYJIECOB GUITOJISIPHOTO HAMPSPKEHUsI TTPH
(hukcrpoBaHHo# ammntyae. AMmintyna umnysbcoB +50 B. Tosiuna ssekTpoonTudecko siaeiiku 18 M.

[IpocTpaHcTBEHHO-HEOMHOPOAHAS MOIyJsilUst  (PA30BON 3aMepKKH, TJIyOMHA KOTOPOH
nopsiKa 1 6oJiee 77, 03BOJISIET Pa3PYLIUTh Pa3oBble COOTHOLIEHHS B JJa3€PHOM MyUKe, TPOXOASLLIUM
yepe3 3JEKTPOONTHUECKYIO sYeliKy, M, KaK CJeICTBHE 3TOro, IMOAABUTb CHEKJ-1IyM B
U306paKeHuu [4].

(BBepXY), ¥ ONTHUECKOTO OTKJIMKA — MOJIJISiLMU (Pa30BOH 3a/1ePyKKU ( BHH3Y)

[losiBnenue paIMEHTOB IOKa3aTeJisl [TpeJIOMJIEHUS B10JIb CMEKTHYECKHX CJIOEB IMTPOUCXOAUT
npu  HWHBEPCHUU 3HaKa 3JIEKTPUYECKOro  I0JIs (HOJIﬂpHOCTI/I UMITYyJIbCOB  YIIpaBJIAOULIETO
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HamMpsiKeHHUs1 ), 4TO ABJSETCS CJIEACTBUEM HEJIMHEHHOTO MeXaHW3Ma llepeopreHTallMHd IMPEKTopa 3a
CUET JIBUKEHHS COJMTOHHBIX BOJIH. PazoBast MOMYJISLKS C BBICOKOH CTENEHbIO HEOJHOPOJAHOCTH
jocturaetcst  (puc.2)  9JeKTpHUueckMM mnojeM 2 B/MKM npH  aMIUIMTYAHOH  MOAYJsLMM

HHM3KOYACTOTHOrO HanpsikeHust (31ech 1 KI'11) BeicokouacToTHbIM HanpsikeHueM (10 KI'11) Takoii e
NPSIMOYTOJIbHON (hopMbI (MeaHsIp).

Intensity
(gray level)
_e—
e
—_—
e ———
—— )
e
—— :
e
_:_-_T—;
——
—
— ————
| ——

Position (pixel)

0)

250

200

Intensity
(gray level
3
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Puc. 3. ®ororpadui (a, B) u ckaHbl (6, I') pacrpejie/ieHHst HHTEHCUBHOCTH H3JTyUeHHs B ITONEPEUHOM CEeUeHHH
JIa3ePHOTO MyUKa, NMpoLle/Iiero uepes sekrpoontuueckyto CHKK-siueiiky B otcyTeTBre (a, 6) U TPH NPUJIOXKEHHUH
(B, T) yNpaBJISIIOLLETO HATIPSKEHUS Ha ee djieKTpoaax. JlyiiHa BOJIHbI JlazepHOro uanydeHus — 0,65 MKM; ToJIIIMHA

cnost CKK — 18 MkM; HU3KouacTOTHOE Hanpskenre +36 B, 2 kI'11; BricokouacToTHoe Hanpsikenne +36 B, 10 i

AmnnTyna, IJIMTENBLHOCTD U 4aCcToTa CJIeJIOBAHHsT UMITYJIbCOB BbIOMpasiach TaKUM 06pa3om,
yTo6bl  3(PPEKTHBHOCTL CBETOpAaCCesHUS H3MeHsJlach 3a BpeMsi JEHCTBHSI KaXIOro U3
MOCJIe0BATENBLHOCTH UMIYJIbCOB, HO He JlocTHUraja Obl CBOEro MaKCHMMAJbHOIO 3HAUYEHHSI.
CrienctBHeM BBIOPAHHOTO pexKMMa 3JEKTPUUECKOTO0 BO3OYXKIEHUS SIBJSETCS MPOCTPAHCTBEHHO-
HeoJHOpoIHAs (ha3oBasi MOJYJSALMS CBeTa TJIyOMHOH 10 47, KOTOpasi MPUBOIUT K pa3pylieHHIO
(hazoBbIX cooTHOLIEeHUH B npoxosiiieM yeped CHKK siueliky azepHoM Myuke v MOJABJIEHHIO CITEKJI-

uyma B u3oOpaxkenuu (puc.3a, 6, B, r). IIpu 3ToM HCKakeHHsI B CHEKTpPajJbHOM COCTaBe
MOJLyJIUPYEMOTr0 U3Jy4eHHs1 He HaOJII01a/IuCh.

3akatoueHue
DKCrepuMeHThbl MOKa3a/M, 4To Jecrek/ep Ha OCHOBE 3JEKTPOONTHYECKOH siUelKH ¢
HeresukougaabHbiM COKK nMeeT mpenmylilecTBa 1Mo CpaBHEHHIO C JIeCEKIEpPOM, B KOTOPOM
ucrnodibzoBascs resukonnanbhbiii CKK. [IpoctpancTBeHHO-HeoqHOpOIHAST (ha3oBast MOYJSUS
cBeTa 3HaKONepeMeHHbIM 3JeKTPUUeCKUM foseM nopsuka 2 B/Mkm B Heresnkonpansiom CHKK
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I103BOJIMJIA OCYLLIECTBUTH 3(eKTUBHOE MOJIaBIeHHE CIIeK/-1lIyMa Ha BYeTBEpO OoJbllel yacToTe
MOZYJISILMK M TO3BOJIMJIA HCKJIOUMTb HCKaXKEHUsI B CIHEKTPaJbHOM COCTaBe MOJLYJIMPYyeMOro
M3JIydeHHUs] M CBETOpACCesSHME B OTCYTCTBHME 3JIEKTPHUECKOTO 110J1s1, 00YCJIOBJIEHHOE HaTHYHeM
reJIMKOU/A.

ABtopbl  Gsaromapar 3a noaep:kky pabotbl  Poccuiickuit  doHn  (yHIAMEHTaNbHbIX
ucenenoBanuil  (rpant  14-07-00185-a) wu  Ilporpammy  dyHaaMeHTaJbHBIX —HCCJEI0BAHUH
[1pesumuyma PAH.
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Speckle noise suppression using a helix-free ferroelectric liquid crystal
cell

A.L. Andreev, T.B. Andreeva, I.N. Kompanets, N.V. Zalyapin
P.N. Lebedev Phsical Institute of the Russian Academy of Sciences, Moscow, Russia

The method for suppressing speckle noise in images produced by a laser beam is
considered. A fast-response electro-optical cell with a helix-free ferroelectric liquid crystal (FLC)
is used for this. The character of deformations of smectic layers in an electric field is described as
well as the mechanism of the destruction of phase relations in a beam due to spatially
inhomogeneous phase light modulation.

In this work, the helix winding of the director in FLC layer was suppressed due to the
interaction of chiral additives with opposite signs of optical activity. Experiments have shown that
FLC based spatial light modulator, which suppresses speckles in laser images (i.e. a despeckler),
possesses a number of features and benefits compared to those considered in[ 1, 2], were helix FLC
was used.

Reorientation of the director (principal optical axis) in helix-free FLC is due to the motion
of spatially localized waves of stationary profile — the soliton arising from the transition to the
Maxwell mechanism of energy dissipation. Under certain conditions, the occurrence of such
solitons results in the formation of the structure of transient domains, and as a consequence, to the
scattering of light [3, 4].

Depending on the duration of the electric field action onto the FLC structure, i.e. on the
duration of control voltage pulses, several maxima of scattering efficiency were observed (see
Fig. 1). The transitions between scattering modes under the action of control voltage pulses with a
duration corresponding to various maxima of light scattering caused the chaotic change of the
scattering indicatrix positions.
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Fig. 1. Efficiency of light scattering of an electro-optical helix-free FLC cell (the thickness is 18 pm) versus the
control voltage pulse duration at the amplitude +50 V
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Fig. 2. Scans of the radiation intensity distribution in the cross section of the laser beam passing through FLC cell in
the absence (a) and application (b) of the control voltage. The laser wavelength — 0.65 pym; FLC layer thickness —
18 pm; low-frequency voltage +36 V, 1 kHz; high-frequency voltage — +36 V, 10 kHz.

The appearance of gradients of the refractive index along the smectic layers took place with
an inversion of the sign of the electric field, which is a consequence of the nonlinear mechanism of
reorientation of the director due to the motion of soliton waves. Highly inhomogeneous phase
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modulation was attained by the electric field (tension of 2 V/um) applied simultaneously at low
frequency (up to 2 kHz) and high frequency (up to 10 kHz). The amplitude, duration and pulse
repetition rate were selected so that the spatially non-uniform phase modulation of light (depth of
up to 4m) resulted in the destruction of phase relations in the laser beam passing through the FLC
cell, and suppression of the speckle noise in images (see Fig. 2). Distortion in the spectral
composition of the modulated radiation was not observed.

Results of measurements show that spatially inhomogeneous phase modulation of light by
an alternating electric field of about 2 V/pm in the helix-free FLC cell provides the effective
suppression of the speckle noise.
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c29 Metoapl cuHTe3a (pa30BbIX AU(paKLMOHHBIX ONTHYECKUX 3JI€MEHTOB
aJIrOPUTMOM <IMHUHT-TIOHT»

M.H. Kyaaxos, [1.A. Yepémxun
HauunonanbHbiil HceseoBaTebeKui sieprblil yHusepeutet « MU @M », Mockaa, Poccus

Jst 3amau nHpOpMalMOHHON W AU(PAKIMOHHON ONTUKH B HACTOsIllee BpeMsi HIHPOKO
MCIOJIb3YIOTCS I paKUMOHHbIE ONITHUeCKHe v1eMeHTh ([1O), Hanpumep, B kauecTBe [ 1 —2]:
KOPPEKTOPOB BOJHOBbBIX (DPOHTOB,

OTNTHYECKUX KOMMYTaTOPOB,
npeobpasoBaTesiel B cucteMax 00paboTKH U300parKeHHUH,
(hoKycaTopoB H JIp.

K uucny naubosiee pacrnpoctpanéunbix JIOD oTHoOcATCA rosiorpaMMbl B KUHO(OPMBI.
Kunodopm HecéT nundopmalyio ToabKo 0 ha30BoH COCTABSAONIEH 0OBEKTHOH BOJHbI H TO3BOJISIET
e€ BOCCTaHAB/JIMBATL TMPH OCBEllleHHH BOJHOBBIM (poHToM. K umeny Haubodiee HIMPOKO
MCIOJb3YeMbIM METOJIAM ONTHYECKOI0 BOCCTAHOBJIEHHS HHPOPMALMU ¢ KHHOPOPMOB OTHOCUTCS MX
BbIBOJ HA TPOCTPAHCTBEHHO-BpPeMeHHble MOayaaTopbl cBeta [3]. Haubosee mnomyasipHbIMU
MeTOJIaMH CHHTe3a KMHO(OPMOB sABJsIOTCS anroput™bl ['epubepra-Cakerona [ 1] u @benana [2], a
TakKe uX MoauduKauuy [ 1]. DTH MeTosibl HaNpaBJIeHbI B TIEPBYIO ouepe/ib Ha cuHTe3 hasoBbix 1O
JU1s1 BOCCTAHOBJIEHHST MHPOPMALIMHU O «IJIOCKUX» 00beKTax [4].

J7st cuHTe3a KWHOPOPMOB 06'beMHBIX CLIEH MOYKHO HCTOJIb30BATh METO/IbI TUHT-TIOHT» [D].
MeTon «UHT-NIOHT» ObLT NpeIoKeH A5 cuHTeda J1O0J, no3posisiiolx BocCTaHaBAMBaTh HAGOP
«TJIOCKHX» C(OKYCHPOBAHHBIX H300paKEHUH B PA3JMUHBIX CEUEHHSIX 3THUX 0ObeMHBIX cleH. B
paGoTe paccMaTpHUBAETCs KJIACCUYECKUH aJrOPUTM IMHT-TOHT» M €ro pa3jinyHble MOAUMUKALMN
[6—8] s pacueta dazoBbix IO, B TOM uncsie U KHHOPOPMOB.

Knaccuueckass cxema ajroputMa <«TMHHT-TIOHT» mpuBeleHa Ha puc. 1. Pacuer
pacrpocTpaHeHust U3JlydeHHs! i TPUMEHeHUe aMIJIMTYHbIX U (Da30BbIX OrpaHUYEHHH TPOU3BOASITCS
MEeXJly CcedyeHHUsIMM OObEeMHOH CLEeHbl, COOTBETCTBYIOLIUM C(OKYCUPOBAHHBIM H300paXKeHUIM
00bekToB (mnockoet A u b). Kunodopwm cosnaetces Jiuliib pacueToM pacrnpocTpaHeHHs U3JTydeHHs]
710 TJIOCKOCTH KHHO(hopMa B KadecTBe (hMHAJMBLHOTO 1ara ajropurma. Pacuer pacnpoctpaneHus
U3JyueHus1 Mexiy mnJaockoctsiMu A u B npoBoautest ¢ nomoltibio npeo6pasobanus Ppenesst uiu
@ypbe (B 3aBUCHMOCTH OT MCIOJIb3YeMON 06J1aCTH 30HbI U PaKIMH ).

Kuanodopm
ILiockocTh A IIa1ockocTh b
OR
e
Lz
'f z1 —z2 — "

PI/IC. l CXGMa CHUHTE3a KI/IHOCbOpMOB 00 BEMHBIX CLEeH METOAOM KITUHT-TTOHT>»
Metonom MHorux mjockoctedl [8] sABasercs moaudukalued MeToaa «IHHT-TIOHT».

CuHre3aupyeMblii  KMHO(OPM  BOCIPOU3BOIUT  JBA  C(OKYCHPOBAHHBIX  pacrpesiesieHusi
MHTEHCUBHOCTH Ha JIBYX pa3HbIX paccTosiHusix. Pasa pacCUnThIBAETCS C MOMOILBIO HTEPAIIHOHHOTO
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ajaroputMma. BHauase npousBoauTCs pacueT pacrnpocTpaHeHusl U3JydeHus: OT KUHo(opMa 10 OTHOM
13 riockocrel (A i B) 1 B o6paTHoM HanpaBaenuu. Jlanee npousBoauTCs pacueT U3JydeHust 10
crefylolllell TJIOCKOCTH W o6patHo (puc.2). B mnpuBeneHHOM Mpumepe HCMOJb3YIOTCS JIBE
TJIOCKOCTH, OJIHAKO MX MOXKET ObITh CyLLIECTBEHHO OOJIbLIIE.

B annutuBHO-UTEpaTHBHOM airopuTMe [6] pacueT pacrnpocTpaHeHUs U3/TydeHHs 151 KAaxKI0H
MJIOCKOCTH TTPOMCXOJUT OJHOBPEMEHHO (pHC.3), a He MOCJeN0BaTe/bHO, KaK MPeJICTaB/JACHO B
npenpiayieM Metone. PopmupoBanne chOoKyCHPOBAHHBIX H306payKeHUH Pas/IMUHBIX 0OBHEKTOB
MPOUCXOJIUT HA PA3HbIX PACCTOSIHUSAX OT TVIOCKOCTH KMHO(OpMA.

Kunodopm ILtockocte A ILiockocTe B
(1)
(2)
(3),
(a) ;
t zl t—z2- &

Puc. 2. Cxema cunTesa KI/IHOdJOpMOB 00'beMHbIX CLIEH METOJIOM MHOIHX IJIOCKOCTEH

[peolpazosanne ZJL
Ppenean Zr—
Dol
——"'—F—*
i
-__-_._____-—-
— =
______
—
—_— _‘-—--_‘_-_'—‘-—‘.
Odparnoe —
npeolpalosanne a 7 d
Ppencan 2 z
£

Puc. 3. Cxema cunTesa KHHoq)OpMOB 00bEMHBIX CLIEH AIJIMTUBHO-UTEPATUBHLIM aJIrOPUTMOM

Mertop noc/ie10BaTeIbHOTO pacyeTa uaJyueHus [ 7| Tak »ke siBasieTcst MofaudUKalel MeTosa
«nUHr-noHr». OJHaKo, B OTJMYHE OT METOJOB, [PHUBEIEHHbIX BbIllle, PacyeT H3JydyeHHs
MIPOU3BOJIUTCS T10C/IEI0BATENbHO: OT OHOM MJIOCKOCTH K cjeaytolleil (puc. 4). Pacnipoctpanenue
M3JTyUeHHUs! TPOU3BOUTCS OT KUHO(OpMa JI0 MaocKocTH A, nanee ot niiockocTu A 1o B, nociie vero
o6pataetcsi (06paTHO 10 A 1 10 MJIOCKOCTH KHHOopMa ).

pAH L PB A
Pua Pas
Kunodopm I[Lnockocts A Iaockoers b z
- - e ~ 4
ZHA ZAB

Puc. 4. Cxema cuHTe3a KHHO(OPMOB 0O'bEMHBIX CLIEH METO/IOM M0CJIEI0BATE/IbHOTO pacyeTa
pacrnpoCcTpaHeHHst U3JIyYeHHs]
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CyuiectBytoiiiie  MoaudUKalMd  MO3BOJISAIOT  cuHTeanpoBath JIOD g onTHuecKon
PEKOHCTPYKLHUH CHOKYCHPOBAHHBIX H300paKeHUH OOBEKTOB B PA3JMUHBIX MJIOCKOCTSIX. [list
TMOBBILLIEHHS] KAUeCTBa BOCCTAHOBJIEHHS] MOXKHO JIOOABUTH pacyeThbl PACMPOCTPAHEHHsT H3JyYeHH s B
Pa3JIMYHBIX HATPaBJIEHHSIX, @ HE TOJBKO MEXKIY 00BEKTHBIMH MJIOCKOCTSIMH, KaK B MPUBEICHHbBIX
METOJIaXx.
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Methods of synthesis of phase difiraction optical elements by the “ping-
pong” algorithm

M.N. Kulakov, P.A. Cheremkhin
National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow,
Russia

Diffraction optical elements (DOE) are widely used [1—2], for example, as wavefronts
transducer element, optical switchboards, converters in images processing systems, and etc.
Holograms and film forms are examples of the most widespread DOEs. Kinoform is phase DOE
that provides information about object wave phase and allows to reconstruct it by lighting. The most
popular methods of synthesis of kinoforms are Gerchberg-Saxton, Fienup algorithms and their
modifications. These methods are directed to phase DOE synthesis for recovery of “flat” objects
images.

For synthesis of phase DOE of 3D-scenes it is possible to use the “ping-pong” method and
its’s modifications. The “ping-pong” method allows to DOE synthesis for reconstruction a set of
“flat” focused images in various sections of volume scenes. In this work the classical “ping-pong”
method and its various modifications are considered.

The classical scheme of “ping-pong” algorithm can be described as follows. Calculation of
propagation of illumination and application of amplitude and phase restrictions are performed
between sections of a volume scene (focused images of objects). Kinoform is formed as a final step
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of algorithm. Calculation of illumination distribution between the object planes is carried out by
means of Fresnel or Fourier transforms.

“Many planes method” is modification of the “ping-pong” method. Firstly, propagation of
illumination from a kinoform plane to one object plane and in the opposite direction is calculated.
Further illumination is propagated to another object plane and backward. Then calculations are
performed for other focused object planes. Calculation of propagation of illumination for each plane
happens at the same time for the “additive-iterative algorithm”. It isn't consecutive as in the case
of “many planes method”. For the “method of consecutive calculation of illumination” calculation
of propagation of illumination is made consistently: irom one plane to following (i.e. from a DOE
plane to the A plane, then to the B plane, back to the A plane and to the DOE plane).

The existing modifications of the “ping-pong” algorithm allow to synthesize DOE for optical
reconstruction of objects images in a number of spatial planes. Quality restoration improvement
can be achieved by adding of calculations of propagation of illumination in various directions.

289



Tonorpadus. Hayka u [1pakTuka
13-4 mexnyHaponuasi koudepenuus «I'osodkeno 2016»

c2.10 KomOMHHMpoBaHHbIe AU(paKLIMOHHbIE ONITUUECKHE JI€MEHTbI 151
ONTHYECKUX YCTPOMCTB OTOOparKeHUs HH(hOPMALIMKU U CUCTEM JIOTOJHEHHO
peajsibHOCTH

S1LA. I'pao, C.5. Odurnokos, A.b. Coromauienko
Mockockuit ['ocynapcrsennblii Texuuueckuin Yuusepcutet um. H.9. baymana, Mocksa, Poccus.

Jlucnaen 1 HHAMKATOPbI SIBJSIIOTCS BAXKHOH M HEOTHEMJIEMON YaCTbl0 MHOTHX ONTHYECKHUX
YCTPOUCTB oToOpaykeHUs MH(OPMALMKU W CHCTEM JOMOJHEHHOW peaJsbHOCTH. Fcrnosb3oBanue
I PaKIMOHHBIX ONTHUYECKHX 37eMeHTOB ([1OD) M CBETOBOMHBIX MJIACTHH MO3BOJSIET CHU3UTh
MaccorabapuTHbIe MapameTpbl Bcell cucTeMbl 0ToOpaxKeHusl HHpopMaluu 6aarogapst ToMy, 4To B
OTJIMYHE OT KJACCHUECKHX CUCTEM BBIXOJHOH 3pa40K ONITHYECKOH CHCTEMbI HE ITPOCTO MPOELHPYeTCs
B [JIOCKOCTb PACIOJIOKEHHs [V1a3 ollepaTopa, a yBeJHuMuBaeTcs 10 He0OXOAMMbIX Pa3MepoB 3a cyeT
HaJIMuKs CBETOBOJHOM NytacTuhbl ¢ JIOD [1—3].

WMuaukarop npeacrasssieT cOO0H MJIACTHHY - TOJVIOKKY 3, C HAHECEHHBIMU Ha €€ TOBEPXHOCTh
IU(PAKIMOHHBIMA ONTHUECKUMH 3JIeMEHTaMU 5 ¥ 0ObeMHOH OTpaKaTeJbHOH pelleTKod 4 s
BBOJIa uanyueHust, ocseruresisi (OLED-aucniert) 1 u Konmumupyoles cucteMbl 2, Kak MoKa3aHo
Ha puc. 1.

2
Puc. 1. Cxema nuaukaTopa Jyist ONTHYECKUX YCTPOUCTB 0TOOparkKeHust HH(OPMALIHHU

Otnnuute/ibHOM ~ OCOOEHHOCTBIO ~ TAaKOM — CHCTEMbl  SIBJISIETCSl  HCIIOJIb30BaHHE
KOMOMHUPOBAaHHOU CTPYyKTyphl JIOJ, cocrosieill U3 AUPPAKIMOHHBIX PELIETOK O /sl BbIBOJAA
M3Jy4eHHsl U3 CBETOBOJIA, a TaK:Ke 0ObeMHON OTparkaTeJIbHOU pelleTKu 4, BbICTyNakollel B poJiu
CMEKTpasIbHOTO (PUIBTPA.

Kom6unupoBanHasi crpykrypa 1O [4,5] B cocraBe HHAMKATOpa TakKUM 00pa3om
npenacrasJsieT cob6oh MppaKIMOHHbIE PEIIETKH C pacrpeie/leHHON Mo MJ0IIAAH 1M PaKIIHOHHON
sthpeKTUBHOCTBIO [2, 3] U151 BBIBOJA M3JyUeHHUsT U3 CBETOBOJA M MOJyUYeHHUs] OJMHAKOBOH SIPKOCTH
M300paxKeHUs MO M0J10, a TakKKe OOBEMHYI0 PELUeTKYy C PeryJMpyeMod CHeKTpaJsbHO-YIJIOBOH
CEJICKTUBHOCTbIO JYI51 BbIACJIECHUS YHCTBIX IBETOB. Kpome Toro, oObeMHasi oTpakatesbHas peleTka
M03BOJISIET YMEHbLIUTh CHEKTpPaJbHOE Pa3MbITHE BbIBOAMMOIO H300paKeHHsl, a TMPUMEHEHHUe
HECKOJIbKHUX PElIeTOK JIIsi BBOJA HW3Jy4YeHHUS pPa3/IMYHbIX JUIMH BOJIH [O3BOJSAET TO0Jy4aThb
MHOTOLBETHOE HM300paXKeHHe ¢ TOMOLLbI0 TakuX ycTpoicTB. PoTorpadus onucaHHOH Bbllle
MJIACTHHBI - TO/LI02KKH MIPE/ICTaBJIeHA Ha PHUC. 2.
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Puc. 2. dororpadus skcnepuMeHTaIbHOr0 00pasLa NoANoKK1-nactutel ¢ JJOI

Ha puc. 3 nokazaHo TecToBoe JBYXUBETHOE H300paxKeHHe BbIBEIEHHOE C MOMOILbIO
nnactuhbl ¢ J1I03. B KauecTBe MCTOUHHKA M3JydeHHs1 Obl UCMOJb30BaH MUKonpoekTop 3M MP-
180. Takum o6pa3om MoKazaHo, YTO JaHHAsl CXeMa MOKET ObITb MCMOJb30BAHA J/Is1 ONTHUECKHUX
YCTPOHUCTB 0TOOPaAXKEHHSI MHOTOLBETHOH MH(OPMALIUK U CUCTEM JIOMIOJTHEHHOH PeaslbHOCTH.

Puc. 3. ®ororpacdust nzo6paxkeHusi BHIBOAMMON MH(POPMALIMK € TOMOLLbIO MHAMKATOPA JUIsl ONITHUECKUX YCTPOHCTB
0TOOpaKEeHUS1 U CHCTEM JI0NOJHEHHOH pPeasibHOCTH

HcenenoBanue BbinosHeHo B MOCKOBCKOM IOCyIapCTBEHHOM T€XHHUECKOM YHHBEPCHUTETE
uM. H.9. baymana npu nomnep:kke Munncrepctsa o6pasoBanusi u Hayku Poccuiickoit @enepatinu:
cornawenne  Nel4.574.21.0066 ot 27 wiona 2014 roma (uaeHTHHUKATOP TpoeKTa
RFMEFI57414X0066).

UcTtounuku

[1] Eisen L. Planar configuration for image projection / L. Eisen, M. Meyklyar, M. Golub, A. Friesem, I.
Gurwich, V. Weiss // Applied Optics. — 2006. — Vol. 45. — P. 4005—4011.

[2] Cameron A. Optical Waveguide Technology & Its Application In Head Mounted Displays //
Proceedings of SPIE. — 2012. — Vol. 8383. — P. 83830E.

[3] Omunokos C.b. OnTtuueckas cxema nostydeHus rosorpapuueckoro HHIMKaTopa Ajst 0To6parkeHnst
3HaKOBO-CUMBOJILHOH nHdopmaiun / C.B. Onunoxos, B.B. Mapkun, J1.C. JIyLIHUKOB,
A.C. Kysuenos, E.A. lposnosa, A.B. Conomatenko // Bectunk MI'TY um. H.3. Baymana. Cep.
«[Tpu6opocrpoenne». — 2012. — Ne8. — C. 158 —166.

[4] Solomashenko A.B. Design and experiments of combined diffractive optical element for virtual display
and indicators / A.B. Solomashenko, S.B. Odinokov, A.Yu. Zherdev, M.A. Ruchkina,
G.R. Sagatelyan // SPIE Proc. — 2015. — Vol. 9508. — P. 95080R.
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[5] Odinokov S.B. Combined holographic optical elements for multicolor holographic screens and
indicators / S.B. Odinokov, A.S. Kuznetsov, V.V. Kolyuchkin, E.A. Drozdova, A.B. Solomashenko //
Journal of Physics: Conference Series. — 2015. — 584 (1).

Combined difiractive optical elements for optical devices and systems
display the virtual reality

Ya.A. Grad, S.B. Odinokov, A.B. Solomashenko
Bauman Moscow State Technical University, Moscow, Russia

The indicator is a fiber with a combined DOE, coated with a surface diffractive optical
elements and reflective volume hologram illuminator (OLED-display) and collimating system, as
shown Fig. 1.

2
I — OLED-display, 2 — collimating lens, 3 — substrate, 4 — gratings, 5 — volume reflecting grating

Fig. 1. Display schema

Driving indicator for optical display devices.

The distinguishing feature of this system, as mentioned above, is to use a combined
structure DOE diffraction gratings consisting of for input and output radiation from the fiber.
Volume reflection grating to reduce spectral smearing of the displayed image.
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Crenposble nokjaanpl. Cekuus Ne2
®opmupoBaHue H306paXKeHHH 1 0TOOpaXKeHHe HHPOPMALIHH C TOMOILIBIO TOJOTPAMMHON ONTHKH

c2.11 Mopenb nudpakuum u3jayueHus Ha AMPPaAKLMOHHOW pelléTKe B
NpOU3BOJbHON CUCTEME KOOPAUHAT A5 aHaJK3a NorpeHocTen
pacnooXKeHust 3J1eMeHTOB ONTHYECKUX CUCTEM

A.10. )Kepoes, C.b. Odurnokos, /1.C. Jlywrnukos, B.E. Tararaes, M.B. [lluwosa
MOoOCKOBCKHI rocyiapCcTBeHHbIH TexHUuecKuil ynupepeutet uM. H.9. baymana, Mocksa, Poccuns

Jl1s1 aHa/M3a norpelHoCTH yCTaHOBKH AM(PPAKLIMOHHBIX PELLETOK APYT OTHOCHTEJIBHO Apyra
(B 4aCTHOCTH JyIsl pacuéTa JI0NycKa Ha yrJjbl NOBOPOTa IU(MPaKIIMOHHON pell&TKH B (PPOHTAJILHON H
B TOPU30HTAJIbHON MJIOCKOCTSIX) HeoOXoiuMa Mojesb AUPPAKUMH H3Iy4eHHsT B MPOU3BOJIBHON
CHCTeMe KOOPAMHAT.

PaccmarpuBaeTtcst M pakiins H3ydeHHst B CKaslsipHOM NPUOJIMKEHHH Ha TPOMyCKalollel 1
oTpakaTeJibHOH AU paKUHOHHON pelléTKe 6e3 MOAT0KKH B BO3JIyXe.

Mopenb paspaboraHa st ObICTPOH OLIEHKHM BJIMSIHMSI MOIPELLIHOCTEH pacroJioxKeHHs
3JIEMEHTOB JaTUMKa Ha BbIXOJHOM CUIHAJ B CUCTEMAX, B KOTOPbIX SHEPreTHYCCKUI pacyéT UMeeT
BTOPOCTENEHHOE 3HAYEHHE 10 CPABHEHHUIO C PACUETOM X0J1a JIy4YeH.

BXOIHBIMH IaHHBIMH MOJE/H JAU(PaKLUHMU B TPOU3BOJBHON CHCTEME KOOPAMHAT SIBJSIOTCS

BOJIHOBOU BEKTOP k:(kx,ky,kz) NajalolIero M3Jy4YeHUs, BEKTOp HOpMaJu ﬁz(ﬂx,ny,nz) K

TUDPAKIMOHHON pelléTKe W BEKTOP MPOCTPAHCTBEHHOH YACTOThI V:(Vx,vy,vz) JudpakMOHHON

peléTKH, a TakKe HampabjeHue d JudpardpoBaBlIero MaJjydyeHus: npoxopsiee d =1 uau
otpaxéHHoe d = —1 (Ha camoM Jiesie COHANpaBJeHHOE HWJM TPOTHBOHANPABJEHHOE BEKTOPY
peléTku), — W TOPSJIOK JUPPaKkUUMU ¢. BbIXOAHBIMH JAQHHBIMH  SIBJSIETCSI  BEKTOP

AU paripoBaBILero HU3JydeHus k':(k' R k'). BesMunHa BOJIHOBOIO BEKTOpa OMNpeaessieTcs

X2 yrtvz

JJIMHOW  BOJIHBI ~ M3JydeHust |k’ a HampapJieHHe BeKTOpa €CTb HarpaBJjieHHe

=1
=‘k‘=— ,
A
pacnpocTpaHeHHst U3/IydeHHsl.
Jludpakiidst Ha peléTke NPUBOAUT K TOMY, YTO MPOEKLKMsT BOJHOBOIO BEKTOPA Ha BEKTOD

peIJ_IéTKI/I U3MEHSIETCsA Ha BCJHWYUHY qV , KpPaTHYIO ﬂpOCTpaHCTBeHHOIjl qacToTe peLHéTKI/I

Ry kY
W :W+q|v|. [Ipu 3TOM MpoeKIUsl BOJHOBOTO BEKTOpA Ha MpsSIMyt0, MapaJiiebHylo IITpUXam
\ \
IM(PaKIMOHHON PeléTKU He MeHsieTest k-5 = k-S . Bekrop mrpuxa § MOXKHO ONpeesuTh yepe3s
XV

BEKTOpHOE MPOU3BeJIeHHEe BEKTOPOB HOPMaJIM /i M YaCTOThl v PEIETKU S = |ﬁ| :
\%

[Tostyunsi cuctemMy ypaBHEHMH, ONHUCBIBAIOLLYIO AU(PPAKLMIO H3JydeHUs] HA pelléTKe B
IIPOU3BOJILHON CHCTEME KOOPJHHAT.

R'v kv
CRGRSA
g,.ﬁxV:E.ﬁxV

R
=

Peliennem cucreMbl 6YIL€T BbIpaxxeHHe
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=% v+ qfo+ T2 iixv)ixv+d %—(TE~V+%)2—(TE-EX\7)ZFL.

Onepatop k' = k(k,ﬁ,V,d,q), MOJyYeHHbIH MyTEM pellleHUs] BEKTOPHOU CUCTEMbI [103BOJISIET

MOJIYYHUTb BOJTHOBOH BEKTOP k' nudparupoBasiiiero B (d, g)-M Mopsiike U3JydeHHs 10 3aJaHHbIM

KOH(UIypalUsiM Majlalollero UaaydeHuss U AupakUMOHHON pelléTKH: BOJHOBOMY BEKTOpY & ,
BEKTOPY HOPMaJIM 7i K PellIETKe U BEKTOPY MPOCTPAHCTBEHHON YaCTOThl v PEIIETKH.

Paspa6oranHasi MojieJib MO3BOJISIET PACCUUTBLIBATH MMOTPEIIHOCTH YCTAHOBKH 3JIEMEHTOB B
ONTHYECKUX CHCTeMax, OCHOBAHHBbIX Ha JU(MPAKIMOHHBIX pelléTKax, Harnpumep, B JaTUHKaX
M3MepeHHUs JIMHEHHOTO U YIJIOBOTO MepeMellleHHs HHTep(epeHIIHOHHBIM METOOM.

=
o
=
o

= =
= =
] ]
o 9r | o 9r
5 5
c 8r 7 c 8r
= =
g 77 1 g 77
I I
2 6 1 2 6
=3 =3
o S 1 o S
o o
2 ar 1 & ar
a a
g3t 1 g3t
ES ES
= 2k _W'1 mwl Bl = 2k
? 1t - W MW | 21t
= =
Q 1 L 1 L L L 1 1 1 Q 1
= 0 = 0
3 -2 -16 -12 08 -04 0 04 08 12 16 2 3 -10 -8 -6 -4 -2 0 2 4 6 8 10
Yron Hak/noHa Yes KOOMPYIOLLEH WKanbl, Yra. rpas,. Yron HaknoHa T KoAMpYIOLWe WKankl, yra. rpaa.
a) OT yrJ1a HaKJIOHA KOJUPYIOLLEH LIKaJIbl B MJIOCKOCTH 6) OT yrJyla HaKJIoHA KOJAUPYIOLLLEH 1LIKaJIbl B MIOCKOCTH,
OTTUYECKON CXEeMbI NepreHIUKYASPHON ONTHUECKOH CXeMe

M
-
o

| - W1’ Wz’ Wlm " Wzm ‘

L 1 ' L 1 1

1 . I
2 16 -12 -08 -04 0 04 08 12 16 2
Yron nosopota €cs KOAMPYHOLLEN WKA/bI, YT/, MUH,

LnprHa W uHTepdepeHLnoHHOR Nonocs!, M
o - N w = w ()] ~ oo w

B) OT yIJ1a IOBOPOTA KOJAMPYIOLLEH 11IKaJbl BOKPYT COOCTBEHHON OCH
Puc. 1. I'paduku 3aBucHMOCTH WIMPHHBI 6€CKOHEYHOH HHTepdePEeHIHOHHO MOJI0ChI OT YIJIOB HAKJIOHA KOAUPYIOLLEH
LLIKaJIbl B pa3/IMYHbIX [JIOCKOCTH

Wcxonst u3 Tpe6oBanus IMPOKOH OecKoHeuHoH HHTepdepeHInoHHoN nojockl W > 10 mm B
JlaTUMKe JIHHEHHOro MepeMelleHnsl, MOXKHO OMNpeAeJUTb JOMYyCKH Ha YIVIbl PacrosoKeHHs
Kopylolllel HiKaJbl: HakaoH ¥ < 30", Hak/ioH 6 < 3" 1 noBopot € < 12",

Hannas pabota 6bl1a BbinosHena B MI'TY um. H.9. baymana npu dunancoBoii nopnepkke

MunuctepctBa o6pa3oBanusi U Haykd Poccun B pamkax kKoutpakta Nel4.577.21.0197 (rpant
RFMEFI57715X0197).
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Model of diffraction of radiation on grating in arbitrary coordinate system
for element’s displacement analysis in optical systems

A.Y. Zherdev, S.B. Odinokov, D.S. Lushnikov, V.E. Talalaev, M.V. Shishova
Bauman Moscow State Technical University, Moscow, Russia

The mathematical modelling of difiraction of radiation on grating in arbitrary coordinate
system required for diffraction gratings’ displacement analysis (for example for calculation of
rotation angle tolerance in frontal and horizontal planes). The difiraction of radiation in scalar
approximation on transmissive and reflective gratings in the air in arbitrary incidence is considered.
Mathematical model is developed for fast calculation of influence of optical elements’ displacement
on output signal in cases when energy calculation is of secondary importance compared with the
ray calculation.
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Crenposble nokiaanpl. Cekuus Ne3
O06bemuas rosorpacus U hOTOUYBCTBUTENbHbIE MATEPUAJIBL 1S rosiorpaduu

c3.1  HKOpwuit UcaeBru OcTpoOBCKHUII — OCHOBOIMOJIOXKHUK COBETCKOM LLIKOJbI
rojorpaduueckoit unteppepomerpun. K 90-jeTuio co n1Hs poxaeHus

I'.B. Ocmposcras', H.B. Cemenosa', O.B. Andpeesa’

! Qusuko-rexunyeckuii uHCTUTYT UM. A.D. Modde, Cankr-Ilerepbypr, Poccust

? Cankr-ITerepOyprekuii HALMOHAJBHBIH HCCJIEI0BATENbCKHH YHUBEPCHTET HH(DOPMALIMOHHBIX
TEXHOJIOTHH, MexaHUKH 1 onTHkH, CankT-IleTepbypr, Poccus

HOpuit UcaeBuu Octposckuit (1926—1992) no npaBy cuuTaeTcst 0CHOBOIOJIOKHUKOM
COBETCKOW IIKOJIbI roJiorpaduiyeckorl uHTepdpepomerpu. IlepBbie B Mupe paboThl MO
rojiorpaduueckoil  uHTepepomeTpun Oblid  onyOsuKoBaHbl B 1965T., a mnepBasi cTaThs
[O.H. OcrtpoBckoro ¢ coaBropamu Bbilwia B 1966 . B 310 Bpemsi oH yxe pa6oran B ®TU
uM. Mocdde, rme u ObIM BBHIMOJHEHBI B TOCJEIYIONIEM BCE €ro HCCJeN0BaHUs B 00JacTh
rosiorpacu. Ero rtanaHt wuccaenoBaTesnss W ry0oKoe TMOHHMaHHe (PU3MUECKHX TPOLECCOB
obecreunsii MpUMeHeHHe METONOB roJorpaduu B ero paboTax K LIMPOKOMY KpPYyry pasjiHyHbIX
MPOLLECCOB U SABJICHUH.

Cpesd OCHOBHBIX HarpaBjeHHH ero paboT cjeayeT OTMETUTb TroJsorpapHuiecKyto
JIMATHOCTHKY TJIa3Mbl M UCCJIEIOBAHHE TOKOBbBIX CJI0€B; IPUMEHEHHEe METO/I0B CTPpoGorosorpapun K
UCCJIEI0OBAHHIO UMITYJIbCHBIX U Fa30Ppa3psiHbIX JIAMIT, U3YU€HHUE JIa3€PHOU UCKPBI C HCITOJb30BAHUEM
MeTo/loB  KuHorosiorpacduu. KM OblIM  pa3BUTbl METOJbl PE30HAHCHOH W JUCTEPCHOHHON
UHTepdepoMeTpun, JIMHAMHUecKol roJiorpacuu. [lpoBeneHbl  HccsenoBaHusi  oOpalleHUs]
BOJIHOBOT'O (DPOHTA MUKOCEKYHIHBIX HMITYJILCOB MTPU Y€ ThIPEXBOJHOBOM B3aUMOJIEHCTBHH B HMOGATE
Juths. CylllecTBeHHasi 4acTb €ro OOLIMPHOTO HAYYHOrO HACJEIMsl MOCBSIIIEHA HCCAEI0BaHHIO
THIPOJIMHAMUYECKUX MPOLECCOB B KOHJACHCUPOBAHHBIX Cpeldax, B TOM YHUC/Ee KaBHUTALMOHHBIX
NPOLLECCOB, HHULUMHUPYEMbIX JIA3€PHbIM M3Jy4eHHEM, YAAPHBIX BOJH B XKUIAKOCTH M Ha TpaHHLAX
pasnesia XKHUIAKOCTH U TBEPAOTO TeJla, HeJIMHEHHBIX YeIMHEHHBIX BOJIH (COJIMTOHOB) ehopMaliny B
TBEP/IOTENbHBIX BOJIHOBOAAX. MM pazpaGoranbl rosiorpaduueckie MeTo/bl MCCIEI0BaHUS peibeda
MOBEPXHOCTEH, METOIMKH TroJiorpaduueckoil BUOPOMETPHH, KOPPEJSIIMOHHON ToJiorpaduuecKon 1
Crieks-uHTephepoMeTprn. B KaxkioM M3 3THX HarpaB/eHUH UM OblJIM BBITOJHEHbI TTHOHEPCKUE
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paboThl, CTaBlLIME OCHOBOHM MHOTHX HbIHE IIMPOKO HCIOJb3yeMbIX BO BCEM MHpE METOJ0B
roJjiorpauueckoil MHTephepoOMeTPHH.

[O.U. OctpoBckum  6bl1o  ony6aukoBaHo Oojiee 250 HaydHbIX CTaTed, HECKOJIBbKO
MoHorpaduii (B Tom unce [ 1 —5]), KoTopble nepeBe/ieHbl HA MHOTHE HHOCTPaHHbIe si3bIKU. [ 1oz ero
penaxiyen ObLIM M3/laHbl HA PYCCKOM si3blKe Kjaccuueckue moHorpaduu Y. Becra; P. Kosbepa,
K. bepkxapra, JI. Jluna; M. @pancona [6—8]. Mm O6buio mnosydeno 6Gosiee 20 aBTOPCKHX
CBHUIETEJbCTB Ha M300peTeHHsi. Dosiee jeTanbHO O HayyHOM Hac/leIMH W IYTH B Hayke
[O.M. OcTpoBcKOro MoxKHO y3HaTh M3 ony6JuMKoBaHHbIX K ero 90-setuio padot I'.B. OcrpoBckoit
[9, 10].

C 1997 roma nox srunoii Pusnko-rexuudeckoro uHctutyta UM. A.®. Modde u banka
«Poccusi» NpoBOIUTCS €:KEroJHbli KOHKypc paboT B 00J1IaCTH ONTHYECKOH rosorpaduu H
HHTephepoMeTpun Ha npucyxkiaeHne npemun uMmenu FO. M. OctpoBckoro. 3a BpeMsi Cyl1leCTBOBAHHUS
KOHKypca Ha paccMOTpeHHe KOHKYPCHOHW KOMMCCHU ObLIO TpeacTaBaeHo okoso 150 pabot, Oblin
npemupoBanbl 40 paGoT aBTOPOB, MPEACTABJSAIONINX PA3JHUYHbIe HaydHble yupexneHust Poccun u
CHI'. Cpemnn naypeaTtoB KoHKypca Oblav HayuHble rpymnnbl U3 Mocksbl 1 Caskr-IletepOypra,
Muncka, Kuesa, Kaszanu, Xapokosa, Mpkyrcka, HoBocubupceka, Kanuuunrpana v t.a. B 2016 1.
Obl71 TIpoBeieH OuaelHbIl, 20-i KOHKype, a Takke BcepoccHiicKuii ceMHHAp MO OMTHYECKOH
rojiorpauu v uHTephepoMeTpuH, nocpsiieHHbH 90-1eTHio co aus poxkaenus FO0. M. OcTposckoro.

Mudopmaumss o  KOHKypce  pa3MelleHa Ha  caiiTe  KOHKypca 10  ajpecy:
www.ostrovsky-award.ru. JlonoJHUTEIbHYIO MH(OPMALIHIO MOKHO MOJYYUTh Y YHEHOT0 CeKpeTapsi
Konkypca M.B. CemeHoBo#i 10 3/1eKTpOHHOI 1ouTe: irina.semenova@mail.ioffe.ru.

UctouHuku

[1] Ocrposckuii [O.H. T'onorpadus. — J1.: Hayka, 1970.

[2] 3aiines A.H. Texuuka u npaxtuka cnekrpockonuu / A.H. 3aiinenn, I'.B. OcTpockas,
[O.W. Octpoekuit. — M.: Hayka, 1972.

[3] Ocrporckuii 1O.W. Tosorpadus u ee npumenenne. — J1.: Hayka, 1973.

[4] Octposckuii FO.U. Tonorpaduueckas nntepdepomerpus / F0. M. Octposekuii, M.M. Byrycos,
[.B. OctpoBckasi. — M.: Hayka, 1977.

[5] Octposckuii O.1. Tonorpaduueckie HHTephepeHIMOHHbIE MeTO/bl H3MepeHHs aedopmalimii /
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[8] Ppancon M. Ontuka crekos / nep. ¢ aury. nog pei. K0.M. Ocrposekoro. — M.: Mup, 1980.
Ocrposckas I'.B. [Tocssitiaetcest namsitu moero my>ka — [Opusi McaeBnua OcTpoBckoro.
Tosorpacduueckas uuTepbepomeTpus dusuueckux npoueccos // KTD. — 2016. — Tom 86. —
Ne6. — C. 1 —16.

[10] Ocrposckas I'.B. )Kusnb 1 Hayka. K 90-netuto co aust poxxaenus 10.M. Ocrposekoro. — CI16.: Man-
Bo [TosinTexuuueckoro yH-rta, 2016.

300



Crenposble nokiaanpl. Cekuus Ne3
O06bemuas rosorpacus U hOTOUYBCTBUTENbHbIE MATEPUAJIBL 1S rosiorpaduu

Yuri I. Ostrovsky, a founder of the Soviet school of holographic
interferometry. To his 90" birthday anniversary

G.V. Ostrovskaya', I.V. Semenova’, O.V. Andreewa®

! [offe Institute, Saint Petersburg, Rassia

? Saint Petersburg National Research University of Information Technologies, Mechanics and
Optics, Saint Petersburg, Russia

Yuri I. Ostrovsky (1926—1992) is rightly considered a founder of the Soviet school of
holographic interferometry. While the world’s first works on holographic interferometry were
published in 1965, the first paper by Yu.l. Ostrovsky and co-workers appeared in 1966. At that time
he was already working at loffe Physical Technical Institute in St. Petersburg where he then
performed all his research activities in the field of holography. His splendid talent to research work
and deep understanding of physics provided application of holographic techniques to a wide range

of processes and phenomena.

Among the major directions of his research it is worth mentioning the development and
application of holographic approaches for plasma diagnostics and current sheet research, usage of
stroboscopic holography in studies of flash and gas-discharge lamps, research on laser spark by
means of cineholography. He was developing techniques of resonance and dispersion
interferometry, dynamic holography. He performed research on wavefront reversal of picosecond
pulses at 4-wave mixing in LiNbOj3. The essential part of his comprehensive scientific heritage is
devoted to the research of hydrodynamic processes in condensed matter, in particular laser-
induced cavitation, shock waves in liquids and solid-liquid interfaces, nonlinear strain solitary
waves in solid waveguides. He developed various techniques for investigations of surface relief, for
holographic vibrometry, correlation holographic and speckle interferometry. His activities in each
of these areas resulted in pioneering works which became the basics for a variety of holographic
techniques and got worldwide applications nowadays.

Yu.l. Ostrovsky authored and co-authored more than 250 scientific papers and several
monographs (incl. [ 1 —5]) which were translated to various foreign languages. He was also active
as an editor of Russian editions of foreign monographs in the field of optics and holography. In

301



Tonorpadus. Hayka u [1pakTuka
13-4 mexxnynapontasi koudepenuus «I'omodkeno 2016»

particular he edited monographs of Ch. West, R. Collier, K. Berkhardt, L.Lin, M. Francon [6—8]
which became holography classics. He was also holding over 20 patents. More details on the
scientific heritage of Yu.l. Ostrovsky and his way in science are available in the recent monograph
and paper by G.V. Ostrovskaya [9, 10].

The competition of works in the field of optical holography and interferometry for the
Yu.l. Ostrovsky award is being held annually, starting from 1997, by loffe Physical Technical
[nstitute and “Rossiya” bank. More than 150 research works were submitted during the whole time
of competition existence, 40 of them have been awarded. The author teams represented research
institutions from Moscow and St. Petersburg, Minsk, Kiev, Kazan, Kharkov, Irkutsk, Novosibirsk,
Kaliningrad, etc. The XX-th anniversary competition was hold in 2016. As well as the workshop on
optical holography and interferometry was organized at loffe Institute in St. Petersburg aimed to
commemorate the 90-th anniversary of Yu.l. Ostrovsky.

The information on the competition is available at the competition internet site:
www.ostrovsky-award.ru and can be obtained from the competition secretary, 1.V. Semenova by e-
mail to: irina.semenova@mail.ioffe.ru.
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c3.2 O nonyasipusauuu rojorpacduu B MoaoaéxHoii cpene. [IpeseHrauus KHUru
A.A. Akusoa u M.K. LLleBuoBa «I"onorpadus as 110603HaTENbHbBIX»

A.A. Akuros’, M.K. lllesyo6’
OO0 «Dorocepsuc», Apocnasib, Poccust
2 AO «Tocynapcreennbiii ontudeckuit knetutyt uM. C.M. Bausiosa», Cankr-Iletep6ypr, Poccusi

«3a Te JeHbIH, KOTOpble CTOMT 0OblYHasl dortorpacuyeckas annapatypa XOpoLIero
KauecTBa, Bbl (haKTHYECKH MpHobpeTeTe BCe HEoOXOoAUMOe /sl MOoJydeHHs] BalllMX COOCTBEHHBIX
roJlorpamMm; TpH 3TOM JJIsi ToJiorpapupoBaHUsT BIIOJIHE JOCTATOUHO TEXHHUECKUX HABBIKOB U
mactepctBa ortorpada-aiodutens. [lenatb rosorpaMMbl — MPOCTO M YBJEKATEJNBHO».
(M. YuHboH, «3HAKOMCTBO ¢ rosiorpagueri» )

Jlto6ast HayuHast IKOJ1a HYKIAAeTCs B MOANUTKE TaJaHTIUBON U 06PA30BAHHON MOJIOEKbIO.
HMmenHo B mMosiozible Tofibl Han6oJsee 3PPeKTUBHO MPOSBISAIOT ceOsl MHKEHEPhl U yUeHble, IBUrasi
HayKy ¥ TEXHUYECKHMH MPOrpecc ¢ J0CTaTOUHbIM YycKopeHueM. Ho riie HaliTH ceroHs 3Ty MoJiojieXKb
CPe/IM BBIMYCKHUKOB ILLIKOJ W TexHHMyeckux BY30B? MHTepec K MHKEHEPHBbIM HAayKaM CErofHs
HEJIONMYCTUMO HHU30K. B coBpeMeHHOM MHpe, HACbIIEHHOM [JIaHlIeTaMM, LUPPOBbIMU
choToanmnaparamu, KOMIbIOTEPAMH H YAUBHUTEJNbHBIMH MPOTPAMMHBIMH MPOIYKTAMH, BO3HHUKJIO
napajokcanbHoe siBieHne XXI Beka — paBHojyluMe K Borpocy: — A kak 1o paboraet?

Hacrosiuimy MHKeHepaMu W ydeHbIMM He pozkaatTcs! FIX BOCHHTBIBAIOT TaJaHT/IHMBbIE
nefgarord M ymHble pomutesu! M ecan ceromHsi wiKosa oTKadasach OT 3ajad TBOPYECKOrO
BOCITMTAHMSI, TO 3TY (DYHKIIMIO MOTJIa Obl B35ITh Ha ceOs1 BbICIIAs LIKOJA B BUJIE KOTJA-TO UMEBIIHMX
60JbIION ycriex OOIIECTB IOHBIX (PU3UKOB, XHMHUKOB, aCTPOHOMOB M MaTEMAaTHKOB TPU BEIyIIHUX
YHHMBepcHUTeTax cTpaHbl. M3 nepBbIX pyK, 6€3 HCKaxKeHHH H HETOUHBIX TOJIKOBAHUI, MOJIOZIEKb MOTJ1a
Obl MI0J1y4aTh He TOJILKO KaueCTBEHHbIe 3HAHUSI, HO U OMBIT YCIElIHbIX PAKTHKOB B YMEHHH pelliaTh
HeCTaHAapTHbIE TBOPUYECKHE 3a/1auH.

Ceronnsi Hy»KHa COBpeMeHHasi, KaueCTBEHHasi U SIPKO H3JI0XKEHHAsi Hay4yHO-TOMyJIsipHast
JIUTEpaTypa, HarucaHHasi ONbITHBIMU CIELHaJUCTaM1, KOTOpble UMEIOT MPAaKTHKY Ha MepeloBOM
Kpae HayKu W TeXHHKH. IDTO B KOMILIEKCe C JIPYTUMH YCHJHSIMM MOXKET MOJAHATb HHTepec
MOJPACTAIOLIETO TTOKOJIEHHS K €CTeCTBEHHO HAyYHbIM 3HAHHUSIM.

Yro Takoe nazep? Uem otorpadus oramuaercsi ot rosorpaduu? Kak y cebs joma caenathb
rojiorpammy? Kakast ot Bcero storo noJib3za? Ha 3Tv u MHOrHMe Apyrue BOMPOCHI IOHBIH YHTaTe b
CMOKET HalTH MCUepIIbIBalOLIe OTBEThI B KHUre «[ osorpadus n/s 10603HATENbHbBIX .

[lenbio mpennaraemMoro W3naHMsl SIBJASIETCS TOMYJsIpU3alldsl HAayKdh M TEXHUYECKOTO
TBOPYECTBA CPE/IM LIKOJLHUKOB M CTYEHTOB MJIAIILIUX KyPCOB Ha TpUMepe rosiorpaguu.

He 6ena, uto dusnka — MyjapeHasi HayKa. bes c/ioxKHbIX popMyJ1 U BbIUMCJIEHHH aBTOPHI
BMeECTe C YUTATEJISIMH MBITAIOTCS Pa300paThCsi B 3aKOHAX BOJIHOBOH ONTHKHU W KBAHTOBOH MEXaHUKH,
y3HaTh, KaK JI0JITO U YIOPHO JIIOAW LK K TIOHUMaHHUIO 3THX siBjieHUd. M camoe TiiaBHOe, B 3THX
KHUrax 4YudTate]b MOXKET TOJYyuuTh MPOPeCcCHOHaNbHbIH COBET, KaK TpPaMOTHO TPOBECTH
9KCTMIEPUMEHT, TMOJYYUTh T[OJIOKUTEJbHbIH pe3ysabTaT M JlaxKe T[POBECTH CaMOCTOSITENbHOE
HcCe/IoBaHHUe.

B HanucaHHbIX IOCTYMHBIM ISl HIKOJbHUKA SI3bIKOM KHHUTaX, aBTOPbI MbITAIOTCS PEIUTh
clelytolMe 3a1auu:

- 3HAKOMSIT IOHOT'O YUTATEJIsl C HCTOPUEH ONTHUECKON HAYKH U roJlorpaduu B 4aCTHOCTH;

- pacKpbIBalOT OCHOBHbIE MPUHIIUTIBI 3aKOHOB BOJIHOBOH M KBAHTOBOH OTTHKH;

- pacckasbIBalOT O METOJAX MOJIydeHHsI TOJIOTPAMM U UX MPAKTHUECKOM HCIOJb30BAHUH B
MOBCE/IHEBHON yKU3HU U TEXHUKE;
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- IAI0T UCUEePIIbIBAIOIIME UHCTPYKIIMH U COBEThI, KaK B JIOMAIIHUX YCJIOBUSIX, TPAKTHIECKH
6e3 3aTpaT, co3aTh MOUTH MPOhECCHOHABHYIO ToJI0TpaHuecKyto 1abopaTopHio.

B uactHocTH, npejiaraeTesi KOHCTPYKILHSE oJiorpacuuecKoi yCTaHOBKH, H3TOTOBJIEHHOH U3
yHuBepcabHbiX 6710k0B JOKER.

480

Puc. 1. KomMnonoBka yctaHoBKu Puc. 2. 3D npoekr ycTaHOBKH

Puc. 3. [1penmeTHblil CTOMMK ¢ lepxKaTesieM o
Puc. 4. Cep
(hOTOMIACTHHKH
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Puc. 5. C6opka ycTaHOBKH Puc. 6. KoHCTpyKLMS J1a3epHOTO H3JTyuaTe/Is

Puc. 7. JIazepHblii 1o ycToHUHBO paboTaET B OIHOYACTOTHOM peKUMe

TexHuueckue xapakrepucTuku npubopa:
["abaputsl yctaHoBku — 750%x480%300 Mm
JIHa BosiHbI M3syueHust Jazeproro auona HL6385DG — 642 Hwm.
MotuHocTb u3Jydenus jasepa — 35 MBT.
Pasmep doronnacturok [TOI-03M — 102x127 mm.
DJIeKTpoMexaHHYeCKUH 3aTBop — yrnpasJjenue +5 B.
PekomeHayeTest 151 UCTIO/Ib30BAHHUS LIKOJBHOH J1a60paTopUu rosiorpaguu.

UcTtouHuku
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[ocynapcTBeHHOE H31aTENLCTBO TEXHUKO-TEOPETHUECKOH JinTepaTypbl. MockBa— 1948 —Jlenunrpan.
[2] Komap B.I'. M306pasutennsnas ronorpacdus u rosorpapuueckuii kunemarorpad / B.T. Komap,
0O.b. Cepos. — M.: HUckycctBo, 1987.
[3] Yuuon M. 3nakomctso ¢ ronorpadueii / Ilep. ¢ aura. A.H. Kouapatosoii. [Toa pes. u ¢ npeauci.
AW Jlapkuna. — M.: Mup, 1980.
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On the promotion of holography in the youth environment, Presentation
of the book A.A. Akilov and M.K. Shevtsov “Holography for the curious”

A.A. Akilov', M.K. Shevtsov?
! Photoservice Itd., Yaroslavl, Russia
% State Optical S.I. Vavilov Institute Ltd., Saint Petersburg, Russia

“For the money, which the usual photographic equipment of good quality costs, you actually
can get everything you need to make your own holograms; while for holography is enough technical
skill and craftsmanship of an amateur photographer. To make a hologram — easy and fun.”
(M. Uinon, “Introduction to holography”).

Any scientific school needs a recharge of talented and educated youth. But where to find
these young people today among high school and technical colleges graduates? Interest in
engineering today, is unacceptably low. In a world saturated with i-pads, digital cameras,
computers and awesome software products, there was a paradox of the XXI century — indifference
to the question: “How does it work?” Today we need a modern, high-quality and clearly set out the
scientific and popular literature, written by experienced professionals who have a practice at the
forefront of science and technology. This is in conjunction with other efforts can raise the younger
generation interested in natural scientific knowledge. What is a laser? What is the difference
between photography and holography? How to make a hologram at home? What is the benefit of
all this? Answers of these and many other questions the young readers will be able to find in the
book “Holography for the curious.” The authors try to:

- Introduce young readers to the history of science and optical holography;

- Reveal the basic principles of the laws of wave and quantum optics;

- Describe the methods of recording holograms and their practical use in everyday life and
technology;

- Provide comprehensive instructions and advices how to create almost professional
holographic laboratory at home with little cost; In particular, the proposed construction of a
holographic installation made of universal JOKER blocks.
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480

480

750

Fig. 1. Holographic set-up Fig. 2. 3D project

Fig.5. General view of the holographic set-up Fig. 6. Construction of the laser emitter
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C3.3 BuausHue KopoHHOro pa3psaa Ha 3anuch rojorpaguyeckux
A pakUMOHHBbIX pelléTok B cTpykType Cu—As,Ses

AM. Hacmac, M.C. Hosy, A.M. [lpucakap
WMucruryt npuknanHoit pusnku Akanemun Hayk, Kuinnes, MoJiioBa

WccnenoBanoch BiUsiHHE KOPOHHOTO paspsiia Ha ONTHUYECKYIO 3aMMCh ToJiorpaduuecKux
pelléToK B TOHKOMAEHOYHBbIX CTpyKTypax Cu—As,Se;. [lokazaHo, uTo uHcnoJsb3oBaHue
OTPULATEJLHOTO ~ KOPOHHOTO  pa3psiia  NPUBOAMT K  YBEJHUYEHHIO  rosorpaduueckoi
UYBCTBUTEJbHOCTH 3THX CTPYKTYP M YBEJHUEHHIO AUPPAKIMOHHOH 3((HEKTHBHOCTH 3aMMCAHHbIX
rojiorpacuueckux  TUPPAKIMOHHBIX — pelieToK.  PesbedHble  AuppaKIMOHHBbIE — PEHIETKH,
copMHpPOBAHHbIE C MOMOLLBIO XHMHUECKOTO TPaBJEHHsI AMPPAKIIMOHHBIX PELIETOK, 3aNMCAHHbIX B
MPUCYTCTBUU  OTPULIATEJIBHOTO KOPOHHOIO 3apsija, OTJHYaJUCh 6oJiee BbICOKOH TJyOHHOH
MOJyJISILIMK ToBepxHOoCTH. Kak cienctBue nocturanich GoJiee BbICOKME 3HAYEHUS TMPPAKIIHOHHON
5PPEKTUBHOCTH peJibeHBbIX CTPYKTYp MO CPaBHEHHIO C ONTHUECKOH 3amuch 6e3 KOPOHHOro
paspsiaa. Kcnosb3oBaHue MOJIOKUTEJNBHOTO KOPOHHOTO paspsiia MPUBOAMJIO K OcjaabJeHHI0
npoluecca 3anucH rojiorpaduueckux peieTok B ctpykrype Cu—AsySe;.

BBenenue

TonkomieHOUHbBIE CTPYKTYPBI Ha 6a3e XaJbKOT€HUIHBIX CTeKI006PA3HbIX MOJYTPOBOTHHKOB
(XCIT) nepcrnieKTUBHBI 51 (OPMUPOBaHUST pesbeHbIX rosorpaduiyeckux AU(PpaKIHOHHbIX
ONTHYECKUX 3JIEMEHTOB, a TaKKe Uil CO3/aHHsl MHKPO-HAHOCTPYKTYP METOJAMH ONTHUECKOH H
3JIeKTPOHHOM JiuTorpaduu [ 1, 2].

J1J1s1 3anucy onTUuecKoro roJjiorpaguyeckoro u3obpaxkenusi Haubosiee BoctTpeGoBaH crnocob
sanucu 3a cuet dorouuddysus meramna (OIM) [3]. [Ipu ®IM B crpyktype Mmetasn-XCII
(HabJoaeTcsi aHOMaJIbHO BbICOKasi CKOPOCThb A dysun metasiio (Ag, Cu u ap.) B oCBellleHHbIe
mecra XCIT ¢ nocnenytounmm o6pasoBaHueM npoaykra B3aumoseictsust metasuia 1 XCI 1, koTopblit
NpaKTHYECKH He pacTBopsieTcs B Liesodax). K ero 10CTOMHCTBY, c/ieyeT OTHECTH, TPExKie BCero,
BLICOKOE pa3pellieHne (BIJIOTh 10 HECKOJbKUX HAHOMETPOB [3]), BbICOKHE 3HAUEHHS OTHOLIEHHUS
CHUTHAJI-UIyM, BO3MOXKHOCTb TpaHC(OpMalMu H306paKeHUsl 3a CUeT TpaBJeHUs B peJsbedHo-
(ha3oBoe U cMellleHHe CMEKTPAJbHOTO MaKCHMyMa (DOTOUYBCTBUTENbHOCTH 3a cueT coctaBa XCII
(ot ynbTpacduosieta 10 HHPpaKpacHOTO THANIA30Ha ).

OCHOBHBIMH HEIOCTAaTKAMH SIBJISIIOTCS OTHOCHTEJNBLHO HHU3Kasi CBETOUYBCTBHUTEJIbHOCTb.
Yactuyno 3ty mnpobJeMy yaaeTcsl pellidTb 3a cyeT onTUMU3auuu coctaBa mueHok XCIT [3].
OT1nenbHO coiellyeT BbIACAUTb CIOco6 3aMMCH B TOHKOIJIEHOUYHBIX CTpyKTypax MeTani-XCIT c
OJIHOBPEMEHHOH X 3apsiIKoH B MoJie KOPOHHOTO paspsina. Jlisi yBesMueHnsi 4yBCTBUTENBHOCTH,
IUPPAKUMOHHOH 3(P(MEKTUBHOCTH W TJyOHHBI pesibea MCMOJb30BAaHHE KOPOHHOTO paspsiia
0KaszaJioch liesiecoo0pasHbIM MPH 3alucH Kak 3a cyeT ¢oTocTpykTypHbiX npespaulenudt (PCIT)
[4, 5], Tak u ®JIM [6, 7]. B pabore [7] 6bl10 MOKazaHO, 4TO (POTOUYBCTBUTENLHOCTb CTPYKTYPbI
Cu—AsySe;Ha nopsinok Beilie, ueM Cu—As,S;.

[lesnblo naHHON paGoOThl SBJASAAOCH HUCCAENOBAHUE BJIMSIHUS T10JIsT KOPOHHOTO pa3psiia Ha
(hopMHupoBaHue rosiorpaMuecKux AUPPAKIMOHHBIX PELIETOK NP 3aMUCH B TOHKOMJIEHOYHBIX
cTpyKTypax Cu—As,Ses.

MeToauKa nosyuyeHus U uccaeaoBaHusi 00pa3ioB

TonkornsieHouHble o6pasiibl Cu—AsySe; OblIM MMOJydEHHbI METOIOM TMOC/EI0BATENBHOTO
Tepmudeckoro ucnapenusi B Bakyyme cioéB Cu u XCII Ha creknasHHyio mnomioxky. ToJiinHa
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nosnynposoaHukoBoro ciost XCIT cocraBasiia 0,27 mxm. Tosuna mertannudeckoro ciosi Cu,
KOTOPbIH MPH 3aMKCH B 110JIe KOPOHHOTO pa3psiia CJyKUJI OTHUM U3 3JeKTPOIOB, Oblia paBHa 40 HM.
[Ipu Tako# ToJllLIMHE NpoMyCcKaH1e M/ Ha JyIiHe BoJIHbI 0,63 MKM cocTaBJsieT 0KOJIO 27 %.
3anuch rojiorpapuyeckux audpaxionsix peutetok (IJIP) ¢ npoctpancTBeHHOM YacToTON
500 MM~! ocylecTBIsIaCh MO CTAHAAPTHOM BHEOCEBOH cxeme, B cxomsiuxcst rmydkax He—Ne
gagepa (A= 0,6328 mkmM). IKcrioHHpoBaHHe 00pasloB MpoBoausaack co croponbl  XCIT.
CymmapHasl ~ OCBeLIEHHOCTb B IJIOCKOCTH  McclelyeMblX — cTpykTyp  E = 2 MBr/cm?.
[onorpaduueckast 3anmuch peleTok OCylleCTB/IsIaCh KaK B 10Jle KOPOHHOTO paspsija, Tak U 6e3
Hero. [lpu 3ToM Ha KOpOHMpPYIOLIMH 3JEKTPOA TMOAABAJCA KaK TOJOXKHUTEJbHBIH, TaK W
oTpuuatesbHbii  noreHuuan +7 kB.  Mamepenne audpakuponHoit  sddexTuBHOCTH 1)
MPOU3BOJIMJIOCH B IEPBOM MOPSIIKE AUPPAKIIMK B MPOLIEIIIEM CBETE MIPH €r0 HOPMaJILHOM TaJleHUH
K noBepxHoctu cjosi XCIT Ha ayune BosiHbl A = 0,6328 Mkm. Ee onpenensiin kak OTHOLLIEHHE
MHTEHCHBHOCTH CBETA B I€PBOM AUPPAKLIMOHHOM MAKCUMyMe K HHTEHCUBHOCTH CBETA MPOLIE/IIEro
yepe3  HEIKCINOHUPOBAHHBIH  YJyacTOK  McrosibdyemMoro — ob6pasua.  [ogorpaduueckyio
yyBeTBUTEAbHOCTL S ipu 1 = 0,1 % MBI onpesieisiin no dhopmyJie peanoxKeHHol B [8], a umeHHo
S= \/ﬁ/(HK), rie H = Etf — 3kcnosuius (£ — cymmapHasi OCBelLlleHHOCTb, { — BpeMsi 3aMKCH ),
K=1 — BuaHOCTb M0JIOC (MHTEHCHBHOCTb WHTepP(hEPUPYIOUIMX JIa3ePHBIX My4KoB Oblia
OJIMHAKOBA ). B uccyeryeMbIx CTPyKTypax ¢ TOJIIMHON cyosi AsySes, paBHoi 0,27 MKM B KOTOPBIX

Obl 3anucanbl [JIP oOblYHBIM cr1OCOOOM M B MPUCYTCTBUE MOJISI KOPOHHOTO pa3psiia OblLin
MOABEPrHYTHI XAMHYECKOMY TPABJIECHHIO B BOIHOM pacTBope Heopranuueckoi mesaoun NaOH (1%).

JKcnepUMeHTalbHble pe3yJbTaTbl U 00CyXK1eHHe

Ha puc. | npencraBiena saBucuMocTb 1) oT 3kcnoduiun H 3anucu [JIP B cTpyktypax
Cu—AsySe; ¢ rosmumnon XCIT 0,27 mxm (kpuBas 1—3). Jlast 3anucu ucnosb3oBancs He—Ne
nasep(A = 0,6328 mxm, £ = 2 mBt/cm?). Kpusble 1, 3 COOTBETCTBYIOT 3alUCH B 3/1€KTPHUECKOM
1oJie KOPOHHOTO pa3psijia Pa3jiuyHOM MOJIIPHOCTH, KpuBasi 2 — B OObIYHBIX YCJI0BHUsX, 06e3
KOpPOHHOTO paspsiia. V3 pucyHKa BHIHO, UTO MNPHJIOKEHHE 3JEKTPUYECKOro MOoJsi KOPOHHOIO
paspsila OKasblBa/JoO 3aMETHOE BJIMSIHME Ha [Mpollecc 3arnucH JU(PPAKLUHOHHBIX PelETOK B
TOHKOTIEHOUHOH cTpyKType Cu—As,Se;. Mcnosnb3oBanue oTpuliaTebHOTO KOPOHHOTO paspsija
(kpuBasi 1), MPUBOAUIO K YBEJIUUEHHIO TUPPAKIIMOHHOH 3(h(DEKTHBHOCTH 110 CPABHEHUIO C OOBIYHOM
3anucbio (KpuBas 2). MakcumasnbHoe 3HaueHwe audpaximoHHol sddexktuBHocTH [JIP npu
MPOBEJEHUH Tpolecca 3KCIOHMPOBAHUS B T10JI€ OTPULIATEJBHOIMO KOPOHHOIO paspsiia paBHO
npumepHo 0,7 % (kpusas 1), 6e3 npusoxKenus nojst — o6bluHast 3anuch 0,2 % (kpusas 2), a npu
MoJIo>KHTEbHOM KopoHHoM paspsge — 0,07% (kpusas 3). CTo/Ib He BLICOKHE 3HAUEHHs 1)
00yCJIOBJIEHBI UCMOJIBb30BaHHEM OTHOCHTEILHO ToHKOTO cyiost XCIT (0,27 mxm). Tonkue cion XCI1
ObIJIM UCIOJIb30BAHBI JI/IsI HCKJIOUEHHS (110 KpaliHe Mepe Julsi MUHUMHU3aL1K ) BKaajaa B 3anuch [ JIP
cocrapssiioniedt 3a cuer PCII B muenke XCII. OueHeHHble 3HauyeHHs1 roJorpaguyecKon
uyserBuTeabHoctH S ipun = 0,1 % cocrapasau 0,45 em?/Ix u 0,16 em2/JIKk, MPH UCTOJb30BAHUU
OTpHILIATEJILHOTO KOPOHHOTO pa3psijia (KpuBasi 1), 1 0ObIUHOM 3amucu (KpuBasi 2), COOTBETCTBEHHO.
B To ke BpeMsl PH HCMOJb30BAHUHU MOJIOKUTENBHOTO MOJIs1 KOPOHHOTO pa3psiia CHUXKAJNCh KaK S,
TaK U MaKCHMaJbHOe 3HaueHue TUPPaKIMOHHOH 3(DPEKTUBHOCTH (KpHUBast 3).

309



Tonorpadus. Hayka u [1pakTuka
13-4 mexnyHaponuasi koudepenuus «I'osodkeno 2016»

N PR ST S—— PR SRS IR Sy ———

=
[t
0
3
(8]

| — 3anuch B noJie oTpuLIATENbHOTO KOpoHHOTO paspsiia rpu (U = —7 kB), 2 — o6biunas 3anuch,
3 — TIpM 3aMucH B MOJIe NOJ0KUTebHOT0 KopoHHoro paspsia (U = +7 xkB)
Puc. 1. 3aBrcumMocTb AU paKLHOHHON 3PdeKTUBHOCTH OT 3Kcnosuimn (A = 0,6328 MkM) B cTpykType Cu—AsySes

B Ttabs. | npuBenenbl 3Hauenus: qudpakiunonton apdexruBHoct [JIP nmosydeHHbIX mpu
06bLIYHOI MPSIMOIH 3a1MCH U B noJle KoporHoro paspsiia (H = 0,5 [lx/cm?) B crpyktype Cu—As,Se;
(tomuna XCIT 0,27 mkm), a Tak ke misi pesbedHO-(ha30BbIX AUDPAKIHMOHHBIX PEIIETOK
MOJTy4eHHbIX B pe3yJibTaTe TPaBJIEHHUS.

Ta6a. 1. dudpaxunonnas 3¢heKTHBHOCTb 3aMMCAHHBIX U MTpoTpaB/eHHbIX [[JIP

U, KB | Naanucn, % | Mipassenme; %
0 0,2 4
-7 0,5 10
+7 0,07 2.5

TecroBoe TpaBsienue (6e3 ontumusauuu cocrapa, PH pactBopa u remnepatypsi) stux I'J1P,
cchopmupoBanublx B Cu—As,Ses ocyulecTBsioch B BogHOM 1% pacTBope HeopraHMuecKoil
wenoun NaOH. Tlpouecc TpapjeHusi npuBes K 3HAUEHHMIO 1) pELIETKH 3aluCaHHOH B MoJie
OTpHLATEILHOTO KopoHHOro paspsaa N = 10%, 6e3 noist N = 4%, a 1151 peléTKH, Moy4eHHON
TPH UCTOJNb30BAHKH TTOJIOKUTENBLHOTO KOPOHHOTO paspsaan = 2,5 %.

Taxkum o6pasom, Hcnosnb30BaHHE OTPULATEJIBHOTO KOPOHHOTO paspsina npu 3anuck [JIP B
crpykrype Cu—As,Se; 1o3BoJisieT 1ocje WX TpaBjeHHsl TosydaTb peJsbedHo-dazoBbie [JIP c
I paKIMOHHON 3(DPEeKTHBHOCTBIO BhIlIe B 2,5 pa3da, 4yeM y NojoOHbIX npoTpaByaeHubix [JIP npu
3aIUCH, KOTOPBIX KOPOHHBIM Pa3psil He UCIOJIb30BAJICS, T.€. TPU OOBIYHOU 3aTTUCH.

[Tosyuennbie pesysbraThl npu 3anucu 3a cuet GJIM B ctpyktype Cu—As;Se; MOryT ObITH
KauecTBEHHO 00'bsICHEHBI B paMKax, CyLIeCTBYIOLLEeH (hoTO3IeKTprUuecKol Mozeu [3, 9], B KoTopoit
YUUTBIBAIOTCS TPOLLECChI, MPOUCXOAslLMe HAa (DOTOAKTHUBHBIX TpaHHULIAX pasjena. DTa Mojesb
HanboJiee XOpOLIO OINMUCHIBAET OCHOBHblE (PEHOMEHOJIOTHUECKHE XAPAKTEPUCTHKH  SIBJECHHUS
thoTocTuMyMpoBaHHON audy3un Metamia B cTpkyktypax mertanan — XCII. CorsnacHo 3Toi
MOJIe/IH CKOPOCTh Mpotiecca (poToauddysnn orpaHMuuBaeTCsl CKOPOCTbIO TPOHUKHOBEHHUS MeTasl1a
u3 JierupoBaHHoi o6sactu XCII B HesernpoBanHyto. [Ipu ocBelleHHM CBETOM 3TOH TI'paHMLbI
MIPOUCXOJIUT pasjie/ieHHe 3JEKTPOHOB W JBIPOK TaKUM 00pa3oM, YTO OHHM CO3[Al0T TsHYllee
3JeKTpUIecKoe 1oJie /151 HOHOB MeTasa [9]. OueBUaAHO, UTO TP MOAKJIIOUEHHUH STOH CTPYKTYPHI K

310



Crenposble nokiaanpl. Cekuus Ne3
O06bemuas rosorpacus U hOTOUYBCTBUTENbHbIE MATEPUAJIBL 1S rosiorpaduu

KOPOHHOMY pa3psily 3TO TsiHylllee 3JeKTpUYecKoe MoJie, KOTOPOe 3acTaBJsieT MepeMellaThesi
MOJIO’KUTENIbHBIE HOHBI MeTaJl/1a U3 POTOJETUPOBAHHOTO CJI051 B HEJIETHPOBAHHBIN ¢Jiok [3, 9] Oyner
60 yBeJIUUUBATHCS, JIMOO YMEHbILATLCS B 3aBUCHMOCTH OT MOJISPHOCTH Ha KOPOHHPYIOILEM
3JIEKTPOJIE.

3akaoueHue

[TosryueHHbIe pe3yJibTaThl O3BOJSIOT CIe/1aTh BIBOJL, UTO HCI0JIb30BAHHE OTPULLATE/IBHOTO
KOPOHHOIO paspsiia MPUBOAUT K YBEJHYEHHIO rosiorpauuyeckoil UyBCTBHUTEJIbHOCTH CTPYKTYP
Cu—As,Se; u, COOTBETCTBEHHO, K OTHOCUTEJIBHOMY YBEJIMUE€HHIO IMPPAKLIMOHHYIO 9(h(DEKTUBHOCTD
3anucaHHbIX rosiorpaduyeckux AMdpaKLHOHHbIX pelleToK. PesbedHble 1MpaKkLMOHHbIE PELLETKH,
chOpMHUPOBAHHBIE C TOMOLILBIO XUMHUYECKOr0 TPaBJIeHHs IM(PPAKLIMOHHBIX PELIETOK, 3alTUCAHHBIX B
MPUCYTCTBHHU OTPHULIATEIBHOTO KOPOHHOTO 3apsijia, OT/IHYaJUCh Jiydlliell OHOPOHOCTbIO pesibeda 1
6oJiee BbICOKOH TJIyOUHON MOJIYJISILIMK MOBEPXHOCTH. Kcnoib3oBaHue Mos10KUTeJIbHOIO KOPOHHOTO
paspsila NMPUBOAMT K OCJIA0JIEHHIO Mpoliecca 3alucH rosorpauMyeckux pPeLIeTOK B CTPYKType
Cu—AssSes.
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Influence of corona discharge on the recording of holographic difiractive
gratings in Cu—As,Se; structures

A.M. Nastas, M.S. lovu, A.M. Prisacar
Institute of Applied Physics of the Academy of Sciences, Chisinau, Moldova

The influence of corona discharge on optical recording of holographic gratings in
Cu—As,ySe; thin film structures have been investigated. It was shown that applying of negative
corona discharge lead to increasing of holographic sensibility and of the diffraction efficiency of the
recorded holographic diffractive gratings in these structures. The relief diffractive gratings, formed
using the chemical etching of holographic diffractive gratings, recorded in the presence of the
negative corona discharge were remarkable by more high depth of surface moulation. In result of
this operation, for the relief structures was reached more higher values of the diffraction efficiency
comparatively those obtained without corona disarge. Applying of positive corona discharge
conduct to weakness of the recording process of the holographic gratings in the structure
Cu—AssSes.

Introduction

[t is well known the recording method in thin film structures Metal-Chalcogenide Glass
Semiconductor (ChGS) at simultaneously applied a corona discharge [1, 3]. In order to increase
the sensibility, diffraction efficiency and the depth of the relief, utilization the corona discharge has
very efficient for the recording process both in the case of photo-structural transformations (PhST)
[1, 2], as well as in the case of photo-diffusion of the metal (PhDM) [3, 4]. In the paper [4] it was
demonstrated that the photosensitivity of Cu—As,Se; thin film structure is of one order higher than
for Cu—AssS; structure.

The goal of the present work is to investigate the influence of the corona discharge on the
formation of holographic diffraction gratings recorded in Cu—As,Se; thin film structures.

Methodology of preparation and investigation of samples

The Cu—As,Se;thin film samples were prepared sequentially thermal deposition in vacuum
on the glass substrate of Cu and ChGS layers. The thickness of the ChGS film was L = 0.27 pm.
The thickness of the metallic Cu layer, which during the recording process exhibit the role of
electrode was of 40 nm.

The recording of holographic diffraction gratings (HDG) withy the spatial frequency
v= 500 mm~" were performed by the converging of the He—Ne laser beams (A = 0.6328 pm). The
diffraction gratings were recorded in the field of corona discharge, as well as without corona. To the
corona electrode was applied both the positive and negative voltage U =7 kV. The HDG were
chemical etched in the water solution of inorganic alkali NaOH (1%).

Experimental results and discussion
From the Fig. | it is evident, that applying the negative corona discharge (curve 1) conduct
to increasing of the diffraction efficiency n in comparison with the usual recording (curve 2). The
holographic sensibility S at 1 = 0.1% takes the values S = 0.45 cm?/J and S = 0.16 cm?/J, when
the negative corona discharge is applying (curve 1), and without corona (curve 2), respectively. At
the same time when the positive corona discharge is applying, the sensibility S as well as the
maximum value of n (curve 3) decreased.
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Curve 1 — recording in the field of negative corona discharge (U = —7 kV), curve 2 — without corona,
and curve 3 — recording in the field of positive corona discharge (U = +7 kV)
Fig. 1 Dependence of diffraction efficiency on exposure (A = 0.6328 pm) in Cu—As,Ses thin film structure

In the Table 1 are presented the values n of the HDG obtained for the case of usually direct
recording and in the field of corona discharge (H = 0,5J/cm?) for the Cu—As,Se; structure
(thickness for ChGS L = 0,27 um), as well as for the relief-phase diffraction gratings formed in
result of etching.

Table 1. The diffraction efficiency of the recorded and etched holographic diffraction gratings (HDG)

U9 kv rlrecordedy % netchingy %
0 0.2 4
-7 0.5 10
+7 0.07 2.5

The etching process leads to the values of gratings n recorded in the field of negative corona
discharge n = 10%, without corona n = 4%, and for the grating obtained in the positive corona
discharge n = 2.5%.

The obtained results can be qualitative interpreted in framework of the existing photoelectric
model [5, 6] which take into account the processes on the photoactive interfaces. According to this
model, the velocity of the photo-diffused process is limited by the penetration velocity of the metal
from doped region of ChGS into non-doped region. During the light exposure of this interface take
place the division of the electrons and holes in such way, creating drawing electrical field for the
metallic ions [6]. It is evident, that when the corona discharge is applied to the investigated
structure, this drawing electrical field enforce the positive ions of the metal to move from the photo-
doped layer into non-doped lyer [5, 6], and this process may increase/ or decrease in dependence
of the polarity on the corona electrode.

Summary
[t was established that applying of negative corona discharge during the recording process
of the HDG leads to increasing of the holographic sensitivity of the Cu—As,Se; structure, and
respectively, to relative increasing of the diffraction sensibility of the recorded HDG. The relief
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diffraction gratings, formed using the chemical etching of HDG recorded in the presence of
negative corona discharge, are characterized by better uniformity of the relief and by more higher
depth of the surface modulation. Applying of the positive corona discharge leads to attenuation of
the recording process of the holographic gratings in Cu—As,Se; structure.

[1]
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C34 Meroapl u annaparypa ¢ 60JbLIMMHU NOJSIMU BU3yaJdH3allMi HA OCHOBE
MCMOJIb30BaHUS OCEBbIX CAHTE€3UPOBAHHbBIX rOJIOrPaMM J1J1s OCHALLEHUS
ra3oiItHaMUYeCKUX U OAJIUCTHUECKUX YCTAHOBOK U KOMIJIEKCOB
(Mamsitn A.®. Benoséposa u J1.T. MycraduHoii)

A.B. Jlykun
AO «HITO «T'ocynapcTBeHHbIH MHCTHTYT NPUKJIAIHON onTHKKU», KasaHb, Poccust

C cosnanuem B 1957 rony B r. Kazanu dusmana ['ocynapcTBeHHOro onTHYeCKOro HHCTUTYTa
(noznHee — TocymapcTBEHHBIH MHCTUTYT MPUKJIQAHOH ONTHKM) TeMaTHKa TEHEBbIX U
MHTEp(epeHIIMOHHbIX TpubopoB u3 JleHuHrpaga mnocrteneHHo nepenaBasach B KazaHb, U B
1966 roay rosioBHasi poJib 10 HAy4YHO-TEXHUUECKOMY HarpaBJjeHuio «IIpubopbl 1yist uccienoBaHus
HEOJIHOPOJIHOCTEH B Mpo3pauHbix cpepax» Oblia 3akpensena 3a [MITO. [lpukazom MuHucrtpa
o6oponHoi npombiieHHoCcTH CCCP Ne414 ot 18.12.1981 rona HayuHbIM pyKOBOJIHMTEJNEM 3TOIO
HarpaBJieHust Obl1 HasHaueH Asnbbepr DénopoBuu benozépo. A.D. bBenozépoB mnpuobpesn
6OJIBIION OMBIT HAay4YHOH, OPTaHU3AaTOPCKOM W MeNaroruiyeckor aestesbHocTH. OH mpuHHMA
AaKTHBHOE YyyacTHe B pas3paboTKe ONTHKO-(DU3WYECKOH amnmapatypbl HOBBIX MOKOJEHHH s
OCHAlLleHHS] YHHKAJIbHBIX OT€YeCTBEHHbIX a9POMHAMUUECKUX YCTAHOBOK U Oa/lIMCTHYECKHUX Tpace
(LHMKW  Maw, LIAI'M, HWBT AH, BBHWA wum. H.H.)KykoBckoro, 3OHWH wuwm.
[.M. Kpxmxanosckoro, HMM TTMM npu Tomckom rocynapctBeHHom yHuBepcurtete). Ocoboe
MEeCTO B 3TOM HalpaBJIeHUH 3aHUMaeT pazpaboTKa METOJ0B M MCCJ/IeN0BaTeNbCKON annapartypbl ¢
60JIbLIMMH  TOJIIMM ~ BU3yaJslM3allMM  HA OCHOBE HCIOJIb30BAHUSI OCEBbIX CHHTE3HPOBAHHBIX
roJIOTpaMM B KauecTBe ONTHYECKUX KoMIeHcaTopoB [ 1].
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I — nazep; 2 — pacuupuress; 3, 9 — mockue 3epkaja; 4 — cBerozeiuTesb;d, 10 — 06bEKTUBDI;
6 — oceBasi CHHTE3UPOBaHHAs rojlorpaMMma B KauecTBe ONTHYeCKOro KomreHcaropa (200 mm);

7 — TI0CKO-BhIMyKJIast uH3a (crekno K8, oxycHoe paccrosinue f = 1506,6 MM, &820 mm);
8 — mutockoe 3epkasio; 11 — dorokamepa
Puc. 1
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Boinaonpecs pesyabTathl 3nech Oblid jocTurHyThl B 1970—80-x romax rpynmno#
«roJjiorpacpucrop» ['MIIO Bo rnaBe c onTukom-skcrnepumentatopoMm Jlioamunaon TaupoBHo#
Mycradunoii [2]. Ocobo cieryeT OTMETHTD €€ poJib B opranudaid Ha KOM3e cepuiiHoro Bbimycka
MHTephepeHIIHOHHO-TeHeBbIX npruGopoB cepur MAD [3], KoTopbiMH MpejnoJaraioch ocHallaTh
CO3/1aBaBLIKMECS] B TO BPeMsl HOBble Ta3oJMHAMHYeCKHE M a3poOaJlJIMCTHYECKHE YCTAHOBKH H
KOMTIIJIEKCHI.

B kayectBe nmnpuMepa HHKE MpeACTaB/Je€HA [PHHUMIMAJABHAS —ONTHYECKas CcXema
uHteppepomerpa Tmaiimana — I'puna ¢ nosem  Bugdyanusauun J800mm  (puc. 1) u
HHTepdeporpamma (puc. 2), XapakTepHuayiollast ero onTHIeckKoe KauecTBo. 371ech bl UCMOIb30BaH
CUHTE3UPOBaHHBIN roJiorpaMMHblil Komnencatop G200 mMm.

-
Pl
.
5
—
-

v Wy
-

Puc. 2. Mntepdeporpamma, xapakTepuayollasi KayecTBo GopMHUpyoLIel onTHKH HHTepdepoMeTpa (A = 632,8 HM)

B noknane npeactaBsieHbl pasjiMuHble BAPUAHTBI CXEMHbIX pPelleHUH MHTep(epeHIIHOHHO-
TEHeBOU annapaTtypbl Ha OCHOBE HCIOJ/Ib30BAHUS OCEBbIX CUHTE3UPOBAHHBIX FOJI0TPAMM U [TPUMEPbI
MX TMpakTHuecKod peanusauud, BbinojgHeHHble B 1970—90-x romax B [HIIO, Ha
3aHHTEPECOBAHHBIX NPENPUSATHSIX OTPACJIH, a TAKXKE B Psi/le aKaJleMHUeCcKHX opranusauni u BY3ax.
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In memory of A.F. Belozerova and L.T. Mustafinoy — Methods and
equipment with large fields of visualization through the use of axial
synthesized holograms for equipping the gas-dynamic and ballistic
facilities and complexes

A.V. Lukin
JSC “NPO *“State Institute of Applied Optics”, Kazan, Russia

The report presents various options for circuit design interference-shadow apparatus based
on the use of axial synthesized holograms and examples of their practical implementation, the
group made Mustafina LT in 1970—90-ies in GIPO on relevant industry enterprises, as well as in
a number of academic organizations and universities.
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Crenposble nokiaanpl. Cekuus Ned
[osorpamMmHbie U 1M paKLIHOHHBIE ONITHYECKHE 3JIEMEHTHI:
METOJIbl KOMIBIOTEPHOTO CHHTE3a, METAMATEPUAJIbI, MJIA3MOHHbIE CTPYKTYPbI U TEXHOJIOTHH H3TOTOBJIEHUS

C4.1 OnTMMHU3aUUs TEXHOJOTHYECKOT0 Npolecca Npou3BoACTBA
A PaKUMOHHBIX PELIETOK-MOJSIPU3aTOPOB HHPPAKPACHOTO U3JYyUEHUS

[1.10. /lemees
AO «HITO «T'ocynapcTBeHHbIH MHCTHTYT NPUKJIAIHOM oNTHKKU», Kasanb, Poccust

HudpakuyoHHble peleTKU-MosIpU3aTOPbl OTHOCATCS K MOJISIPU3ALMOHHBIM TpUGopaMm /st
MOJTyYeHHsI U UCCIIE0BAHHUS JIMHEHHO-TTOJISIPU30BAHHOTO CBETA U MPECTABJISIOT COOOH peryssipHyto
CTPYKTYPY M3 JIMHEHHbIX MPOBOAHUKOB. [loJisipu3annoHHble CBOKCTBA pelIeTOK-I0JSIPU3aTOPOB
ornpeesitoTCs MPUPOAOH B3AUMOJICHCTBUS 3JIEKTPOMATHUTHOTO U3JIyYeHHUS] C pelleTKAMHU.

Cdepnol npumenennst [ 1]:

- UceJie/loBatue iechopmallii MaTeprasioB MoJL HaNpsizKeHUEM;

UCCJIeloBaHKe OPUEHTALIUU MOJIEKYJl KPUCTAIMYECKUX U TOJIMMEPHBIX MJIEHOK;
n3oOpaxKaras oNnTHKa,

CEHCOpPbI U JIETEKTOPbI;

CHEKTpaJibHble PUOOPHI.

OnvH M3 OCHOBHBIX MapamMeTPOB OLEHKH MOJSPU3ALMOHHBIX XapPAKTEPUCTHK JIMHEHHbIX
MoJISIPU3aTOPOB — MOJISIPU3YIoLIAsl CMOCOOHOCTb. P — cTeneHb MoJspU3aliii, co3naBaemasi
MoJIIPU3aTOPOM B TOM CJiydae, KOrja Najatolliui Jiyd He rnossipu3oBad. Ecau Jyd, nagaioumui Ha
NoJISIPU3aTop, yKe YaCTHYHO MOJSIPU30BaH, TO CTeleHb MOJSPU3aLMK BBIXOASLIEro Jydya Oyaer
OTJIMYAThCS OT MOJSIPUBYIOLLEH CTOCOOHOCTH, U 3TO JIOJIKHO YUUTBIBATLCS MPH UX MpoBepKe [2].

[TpousBomumbie AO «HITO «I'MITO» wuHbpakpacHble pelIeTKU-TIONSPU3ATOPBI U3
MOJIM3THIEHA TpeJHA3HAYeHbl YISl JIMHEHHOHW MOJISIpU3allikl CBeTa B pPEeKUME MPOMyCKaHHUs B
CMEeKTpaJIbHOM JIHana3oHe OT 7 MKM JI0 MUJIJIMMETPOBBIX JUIHH BOJIH (rapaHTHpoBaHHo 10 100 MKM).
PelieTku-nossipu3aTopbl  MPOU3BOJSATCS METOAOM KOMHUPOBAHMSI C OPUIMHAJbBHBIX Hape3HbIX
nuppakimonnbix petetok (HAP). Hacrorty mitpuxos, ux riyOuHy U pa3mepbl pabodeil anepTypbl
MOKHO peryJupoBaTh, M3TOTaBJMBAsi COOTBETCTBYIOLLYIO pelleTKy. B KauecTBe MaTepuasa
MOJVIOKKH ~ pelleToK-nossipu3atopoB s OkHeli MK o6smacth  0OblYHO — MCMoJib3yeTcsi
cdroporsiact, a g jganbHeidl MK o6mactu — nosustuien. HauGosiee BocTpeGOBaHHBIMU B
HacTosillee BpeMsl SIBJSIIOTCS PeLIeTKU-T0JspU3aTOpbl HA TMOJAM3THIeHOBOH ocHoBe. [locse
NoJTy4eHUs TJIEHKH T0JIsIpU3aTopa Ha OBEPXHOCTD MJIEHKH CO LITPUXaMU HAHOCHUTCS CJI0H MeTaJla,
npuyYeM OH MOKPbIBAET JIMUIb OJIHY I'paHb TpeyroJbHoro npoduis. Takue peleTKu-noJsipu3aTophbl
06J1a71al0T BBICOKOH TOJISIPU3YIOIEH CMOCOOHOCTbIO MPH A > 3d, rae A — JyIMHA BOJIHBI, d —
Nepuol Mex1y LITPpUXaMU. B 3THX yc/loBUSIX CreKTpaJibHble MOPSAKM OTCYTCTBYIOT, M pelleTKa
NeNCTBYeT KaK (PUbTP, MPOMYCKAIOUIWK U3JTyueHHEe C 3J1eKTPUUECKUM BEKTOPOM HaMpsKEHHOCTH,
NepreHIUKYASIPHbIM LITPUXAM, a U3JTyYeHHE C 3JICKTPUUECKHM BEKTOPOM, MapaJiyie/IbHbIM LITPHUXaM,
TMOYTH MOJIHOCTBIO OTpaxKaeTcs. B nepBom ciydae peuletka OyneT ceOsl BECTH KaK JIM3JEKTPUK, BO
BTOPOM — Kak MPOBOJHHK [ 3].

PelleTku-nonsipusaTopbl  Ha TMOJM3THIEHOBOH OCHOBE CIOCOOHBI TPOMYCKATh JIHUIb
onpenesieHHbId MHTepBaa AAuH BojH B MK o6sacth. ITH rpanuilbl ynaercss CIBHHYTb B
KOPOTKOBOJIHOBYIO CTOPOHY, NMpHUMeHsisi GoJiee TyyOOKHe LITPUXH U COOTBETCTBEHHO yBEJHYMBasi
YroJ1 HalblJICHHST MeTaJla.

[Ipy H3roTOBJEHHH PELIETOK-MOJSIPU3ATOPOB TPOU3BOAUTCS MOAOOP TEXHOJOTHUECKHUX
napameTpoB KOMUpoBaHus /151 Kaxkioil H/IP B 3aBUCMMOCTH OT ee anepTypbl M KOJIMUECTBA LITPUXOB
Ha | mm. Huxke npencrabnena tabu. 1, B KOTOpO# MpUBEAEHbI SKCIIEPUMEHTAILHO MOA0OPaHHbIE
ONTUMaJIbHbIE MTapaMeTphbl npoliecca KonupoBanus. [losyyaembie pelieTKu-noJsipu3aTopbl UMEIOT
XapaKTepUCTUKH, MpeJCTaBJeHHble B TabJI. 2.
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Ta6.1. 1. TexnoJsioruyeckue napameTpbl npouecca KonupoBaHust

Aneprypa, mm | Temnepatypa, C' | Bpems, u | JlaBaenue, Krc/cm®
50x50 110—115 1—3 12—1.4
70x70 110—115 2.5—4 1,3—1,5
90%90 110—115 3,6—5 1,4—1,6

Ta6a. 2. OcHoBHbIE HU3MEpPUTEJIbHBIE [TOKa3aTeJIv MOJISIPU3aTOPOB

MarepuaJ nojjioxKKu [Tosatusen
CneKkTpaJbHblii 1MaNa3oH, MKM >7
CraHpapTHas aneptypa, Mm 15 nin 40
Pa3mep onpaBbl Ajisi cTaHAapTHOM D50%8 uau &25%x8
aneprypbl, MM

Makc. aneprtypa, MM 100

KoJsi-Bo lITpHXOB Ha MM Jlo 1200
AddekTuBHblil KOahpumenT nponyckanus K, 70—80%

[IponyckaHue HexenateabHoU noaspusaunu Ko

<1% Ha 8 MKM
<0,1% na 30— 100 Mkm

CreneHb noJisspusauym

(Ki — Ko)/(Ki + K»)

98% Ha 8 MKM
99,5% na 30— 100 mMxm

99
98 "\J
7

9%
95
94
93

CreneHn NOJIAPH3ALHH, %

92

91

0 20 40 60 80 120

JUniHA BOMTHBI, MEM

Puc. 1. Crenenn nonsipusauuu MK-nossipuzaropos

[Ipy M3roToBNIEHUH PpELIETOK-MOJSIPU3aTOPOB BCTPEYAlOTCs HEKOTOpble MpoOJeMbl,
CBsI3aHHble C 00OpYyIOBAHMEM MW CBOHCTBAMM MaTepuatoB nomioxkek. K stum npobiemam
OTHOCSITCSI: My3bIPH BO3AyXa B TOJILLE MOJSPU3ATOPA, PA3HOTOJIIIMHHOCTD PelIeTKU-0JIIpU3aTopa
U JlepeKTbl B BHJE Jyuyell HA €ro MOBEPXHOCTH (M3-3a HANpsKEHUs] MEXKIy MJHTaMH Ipecca).
M3roropsieHue mnoJisipu3aTopa M3 OJHOCJOHHOMW TMJIEHKH TPyAHOpeasn3yeMo, T.K. OHA HMeeT
CJIMUIKOM MaJIeHbKYIO TOJILLIMHY, H 9TO BeJIeT K TAKMM Heyn00CTBaM, KaK CJ0KHOCTb PH CHUMAHUU
nuieHku noJisipudatopa ¢ HJIP u 6osbiiasi BeposiTHOCTL HAPYLIUT MPOGHUIb ITPUXOB TPH ChEME.
[TosTOMy 3a4acTyto UCMOJBL3YIOT pyKaBa 3TOH Ke MJIEHKH, YTO [M03BOJISIET YBEJHYUTh €€ TOJIIIHHY B
JIBa pasa, HO MPHUBOAMT K BO3HUKHOBEHHIO My3bipel. [IpOM3BOACTBO «TOJICTBIX» TEXHUYECKHX
MUVIEHOK M3 MOJIM3THJEHA B Hallled CTpaHe He Pa3BUTO, a MCIOJb30BaHHWE OBbITOBOH TJIEHKH He
pacemarpuBaetcsi. OcBoeHHE MPOU3BOJACTBA 3THX MJleHOK Bo3MoxkHO B HIIIT «Tacma», r. Kazanb
Ha 1a60pPaTOPHON COIKCTPY3UOHHOH YCTAHOBKE.

st peuienust npo6sieM ¢ My3bIpsIMH BO3[yXa W COXpaHEHHWEM ONTUMAaJbHON TOJILIMHBI
pelIeTKU-oJspu3aTopa Obljia H3TOTOBJIEHa MOHO-TIJIEHKA U3 MoJuaTUIeHa ToauHoH 200 MKM, U
B TE€XHOJIOTMUYECKHH Mpolecc Obla BKIOUEHA BakKyyM-kamepa. Ha Bbixoje MoJiydyusid pelieTku-
MOJIIPU3aTOPbl C JOCTATOYHOH TOJIIMHOK, 6e3 KaKux-Ju60 1e(eKTOB MPH YCJOBHH, UTO Cam
npollecc npeccoBaHus 3aHs Bcero 60 MUHYT.
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BoiBoabl

- B nacrosiee Bpemss AO «HITO «I'MITO» npousBoauT pelieTKH-MoJspu3aTophl,
COOTBETCTBYIOLLHE MUPOBOMY YPOBHIO.

- [IpeniozkeHbl W peann3oBaHbl BAapUaHTbl PELIEHUS] TEXHOJIOTHYECKUX MpoOJseM MpH
M3rOTOBJICHHH PELIETOK-MOJAPU3ATOPOB. [Ipoao/KuTebHOCTD npolecca KONMUPOBaHHs  OblIO
COKpallleHa B CPe/IHEM OYTH B 3 pasa.

- CyLeCTBEHHbIX  pe3yJbTaToOB [yl  ONTHMHM3AaUMH  TEXHOJOTrHYecKoro  rporuecca
M3TOTOBJIEHHSI ~ PELLETOK-T0JSIPU3aTOPOB  MO3BOJIMT  JIOCTHYb BHEAPEHHE B  TPOU3BOJCTBO
COBPEMEHHOI0 IHEBMATHUECKOro Mpecca ¢ BaKyyM-KaMepoH, a TakKxKe OCBOCHHE OIbITHOIO
MPOU3BOJICTBA TEXHHUECKOH MJIEHKH HA SKCTPY3HOHHO# JiHuK Mojiean LF-400/COEX ¢ dhunbepoii

LPD40-75/7.

Ucrounuku

[1] URL: www.tydexoptics.com/ru/products/thz_optics/thz_polarizers/.

[2] JlykameBnu §1.K. TexHosiorust H3roToBJAEHHUS MOJNSPU3ATOPOB JEKTPOMATHUTHOTO U3JIyUEHHUST U3
JIMHEHHBIX TIPOBOJIHMKOB HA OCHOBE HAPE3HbIX MU(PAKIIMOHHBIX PEIIETOK: AUCCEePTALMs KaHauaaTa
TeXHHUeCKHUX Hayk, Kazanb, 2002. — 160 c.

[3] Tepacumor ®.M. [ludbpakuuonnsie peterkd / ®.M. Fepacumos, .A. dxosaes // CoBpemenHbie
TeHJEHUMH B TeXHHKe criekTpockonud. — HoBocubupck: Hayka, 1982.

Production process optimization of infrared radiation diffraction
polarizer-gratings

P.Yu. Demyeev
JSC “NPO *“State Institute of Applied Optics”, Kazan, Russia

A polarizer is a device which is intended to generate completely or partially polarized light
from natural light, the letter being unpolarized or partially polarized.

JSC “NPO “GIPO” manufactures infrared polarizer-gratings made from polyethylene.
They are intended for a linear light polarization in transmission in the spectral range from 7 pm up
to the millimeter wavelengths (up to 100 pm). The polarizer-gratings are designed by a copying
method from an original ruled grating (RG). The groove frequency, their depth and the sizes of an
operating aperture can be set when manufacturing a specific grating.

While making polarizer-gratings, one can encounter some problems concerning the
equipment and substrate material properties. These problems are: air bubbles in the polarizer
depth, polythickness of polarizer-gratings and defects in the form of rays on its surface (because of
a tension between press plates). The thickness of any produced technical film is too insignificant
that results in some troubles, when one removes the polarizer film from the RG and there is a high
probability to damage the groove profile during a removal. Therefore the hoses of the same film are
often used, it results in a two-fold increase of its thickness, but bubbles may appear.

In order to solve the problems concerning air bubbles and to maintain the optimal thickness
of polarizer-grating, a mono-film has been made from polyethylene, 200 pm thick. A vacuum
chamber has been used in the technological process. We have consequently obtained polarizer-
gratings of an appropriate thickness without any defects such being the case the pressing timing
has decreased by a factor of 3 and now it lasts for approximately 60 minutes.
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Cc42 MoaepHu3auusi NporpaMmMHoro ooecrneueHusi pacuera AIMppakiMOHHOM
CTPYKTYPbl CHHTE3MPOBAHHBIX I'0JIOrPAMMHbBIX ONTHUYECKUX 3J1€MEHTOB

I0.H. Anpenes
AO «HITO «T'ocynapcTBeHHbIH MHCTHTYT NPUKJIAIHOM oNTHKKU», Kasanb, Poccust

B Hactosiniee Bpemsi HauOoJiee MPELU3HOHHBIMH W YHUBEPCAJIbHBIMH OCCKOHTaKTHBIMH
MEeTO/IAMH KOHTPOJISI ONITUYECKOro KauecTBa acepruyecKux MoBepXHOCTEH JIMH3 U 3epKaJl BTOPOTo U
BBICIIMX MOPSIIKOB W KOHTPOJSI IOCTHUPOBKH TEJECKOMMYECKUX CHCTEM SIBJSIIOTCS J1a3epHO-
rojiorpachuueckie MeTOJbl M CPEACTBA Ha OCHOBE TPUMEHEHHS OCEBbIX CHHTE3HPOBAHHBIX
roJIOrpaMMHbBIX OMTHYECKUX 3J1eMeHTOB [ 1].

J17151 U3roTOBJIEHUST CHHTE3UPOBAHHBIX FOJIOTPAMMHbIX ONTHYEeCKUX 37eMeHToB B AO «HITO
«'MITO» ucnosb3yroTesi yHUKaJIbHbIE KPYroBble AefuTesbHble MaiuHbl THna MJIA u M/IT u
crielMaJsibHble OULMJIMHAPHUECKHE U TpaneluaabHble anmasHble pesipl [ 1, 2]. TexHonmornueckuii
MPOLECC M3TOTOBJIEHHSI 3THUX CHHTE3MPOBAHHBIX TOJIOFPAMMHBIX ONTHYECKHUX 3JIEMEHTOB Ha
KPYTrOBBIX JIJIUTEJbHbIX MAlLIMHAX SIBJSIETCS] aBTOMATH3UPOBAHHBIM U YIIPABJISIETCS EPCOHABHBIM
KOMIbIOTEPOM.

B kadectBe wucxonHOW MHMOpPMAlMHK IS YIPABJSIOUIETO MEPCOHATBHOTO KOMIbIOTEPA
BbICTyNaeT Qaill ¢  pacuéTHbIMM  KOOpPAMHATAMH  PAIMYyCOB  KOJIel  H3rOTaBJIMBAEMOH
CUHTE3UPOBAHHON TOJIOrPAMMbI (OCHOBHOH WJIM IOCTUPOBOYHOM ). DTOT (halli UMeeT paclliipeHHe
«* kod» W paccuuTbiBaeTCsi C TIOMOILbIO TaKeTa OPUTHHAJbHBIX TPOTPAMMHBIX CPEJICTB,
paspabotannbix paHee B AO «HITO «I'HT1O».

HenoctaTkoM 3THX NpPOrpaMMHBIX CPEICTB SIBJSIETCS TO, YTO B aJrOpuUTMe pacyéra
MpeyCMOTPEH JIMIIb CIydyall aBTOKOJJIMMALMOHHOTO X0/Ia Jiydell B KOHTPOJIbHOH CXeMe Ha OCHOBE
MPUMEHEHHs] CUHTE3UPOBAHHBIX ToJiorpaMMm. Ha mnpakTuke ke HeOOXOAUMO TOCTpPOEHHE
KOHTPOJIbHBIX CXeM (ISl KOHTPOJIsi ONTHYECKOro KauecTBa acepuyecKol ONTHKH M KOHTPOJIS
IOCTUPOBKH LIEHTPUPOBAHHBIX 3€PKaJIbHbIX T€JECKOMHYECKUX CUCTEM) C HeaBTOKOJIJIMMALIHOHHBIM
XOJIOM Jiydel — W3 OJTHOH TOUKHM B Apyryto. Iy ucnpasjieHust 3TOro0 HMEIOLIErocst orpaHuueHust B
pacuérax KOHTPOJIbHBIX CXEM M COOTBETCTBYIOLIMX CHHTE3HPOBAHHBIX TOJIOTPAMM B HAcCTOsIEe
BpeMsl PUMeHsieTCsl yHUBepcaJibHast JIMIeH3MOoHHasi pacuéTHasi mporpamMma «Zemax» (CILIA) [3].
Onnako mnporpamma «Zemax» B peayJjbTarTe pacyéTa BblIaéT JiMlb XapaKTepUCTHUECKHe
KO3 pHIIMEHTbI CHHTE3UPOBAHHOK TOJIOTPAMMBI, MPEACTaBJsIOIME COO0H 3—5 Uuced, nocJe 4ero
TpebyeTcs MepecyéT B COOTBETCTBYIOIIME KOOPAMHATBHI PaMyCcoB 30H rojorpammbl. [lostomy
BO3HMKJIA 3a/1a4a NpeoOpa30oBaHusl BBIXOJAHBIX JAHHBIX U3 IPOrPAMMBI « Zemax» BO BXOJIHbIE JaHHbIe
JU151 yNIpaBJsitolled MporpaMMbl KPyroBOH IeJIUTeIbHON MalllMHbI C paciinperueM «* kod».

AnropuTM™ pellieHus TIepBOY YACTH 3TOH 3aaud Mo Npeo6pa3oBaHUI0 XapaKTePUCTHUECKHX
KO>((HUIIMEHTOB B COOTBETCTBYIOIIME pajudyca 30H TOJIOTPAMMBI BBIMOJHSETCS C MOMOIIBIO
nporpammuoro npoaykra « Mathcad» (CIIA) [4]. ITosTomy notpe6oBasioch co3naTh NPUKIAIHYIO
nporpaMMy Mo MnpeoOpa3oBaHUI0 PaAIMyCOB 30H CHHTE3UPOBAHHOW ToJsiorpamMmbl (dabia ¢
pacuiMpenueM «* txt») B KOOpAMHATHI paaUyCOB MOAbEMA U OMyCKAHHUs aJIMa3HOro peaia (dari ¢
pacupenuem «*.kod» ), mpu 3TOM J10/12KHA ObITh yUuTeHa TOJILLMHA CJ1ea alIMa3Horo pesua.

Anroputm pazpaGoTaHHOH MPOrpaMMbl COCTOUT U3 CJIEIYIOIIMX OCHOBHbIX 1LIATOB:

- paaMycaMm 30H CHHTe3MPOBAHHOH ToJIOrpaMMbl M3 BBIXOAHOrO (haiisia MporpaMmbl
«Mathcad» npucBanBaeTcst HHIEKC OMyCKaHUs pe3lia;

- HAXOJIUTCS Cpe/iHee 3HaYeHHe MEeXJy TEKYIMM M CJEIyIOlIUM paJuycoM, 3aTeM eMmy
NpUCBAUBAETCsl MHIEKC MOAbEMA pe3lia;
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- B BbIXOJIHOM (hailsie nporpammbl « Mathcad» paauyca 30H CHHTE3HPOBAHHOH TOJIOTPAMMBbI
NPEACTAaBAAIT COO0M 4YMCJa C MJaBaIOLIEd TOYKOHM, a BXOAHbIE JAHHbIE IS YNPaBJAOLIECH
NporpamMMbl  KpPyroBOH J€JIUTEJIbHOW MallMHbl [PEACTaBASIOT COOOH leJble 4Yuc/a, Bceraa
COCTOSIIIIME U3 CEMH CHMBOJIOB, IJIe MEPBble TPU CHMBOJIA 0003HAUAIOT MUJIJIMMETPbI, CJEIyIOLIHe
TPU — MUKPOMETPHI, a MOCJAEIHUI CUMBOJ — JIeCsAThIe 10J1d MUKpoMeTpa. [losTomy HeoOxonumo
BBIITOJIHUTB IPe0Opa3oBaHue, B X0Jle KOTOPOTro, B 3aBUCHMOCTH OT KOJIMYECTBA 3HAKOB Mepej TOUKOH
B 3HAU€HWH M3 BbIXoJHOTO (arya «Mathcad», nepen 3HaueHreM Jyist ynpasJsitollled PorpamMMbl
KPYrOBOH JIeJIMTEIbHON MalllMHbl Oy1eT 106aBJsAThCS HEOOXOAUMOE YUCIIO HOJEH;

- JieslaeTcsl onpaBKa KOOPJAMHAT MOAbEMA U OMyCKAHUS pe3lia ¢ yUéTOM TOJIIUHbI PeXKYLIEH
4acTH aJIMa3Horo peslia.

OnucanHblil Bblle alropuT™ Obl peasii3oBaH B NMPOrpaMMHoOl cpeie paspaboTtku Visual
C++ 2005 [5]. Pesynbratel pacuéra (mpeoOpas3oBaHHsi) JAHHBIX, MOJyUYeHHbIE C TOMOIIbIO
pazpaboTaHHOH MPUKJIAJHON MPOrpaMMbl C paclllipeHneM «*.exe», OblIH POBEPEHbl B CPAaBHEHUH
C paHee paccuuTaHHbIMU (pallsiamu. CpaBHeHHE [M0KA3aJ0 XOPOUIYID CXOAMMOCTb pPe3YyJbTaToOB
pacuétoB. PaspaGoraHHasi rporpamMma Yy»Ke HCMOJb3yeTcsl B pacuérax s M3roTOBJIEHUS
CUHTE3HWPOBAHHBIX FOJIOTPaMM, paboOTaOLIUX B HEABTOKOJIUMALIMOHHBIX KOHTPOJIbHBIX CXEMaX.

UctouHuku
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A.H. Mesbhukos // ®otonnka. — 2014. — Ne5. — C. 30—41.
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[3] Zemax®: User’s Manual. 2014.

[4] Mathcad®: User’s Manual. 2012.

[5] Xopton A., Visual C++ 2005: 6a3oBbiii kypc: [ep. ¢ anrin. — M.: OOO «UW.I1. Bunbsime», 2007. —
1152 c.

Software updating designed to compute the diffraction structure of
computer-generated hologram optical elements

Yu.l. Aprelev
JSC “NPO *“State Institute of Applied Optics”, Kazan, Russia

Nowadays the most precise and universal noncontact methods used to control the optical
quality of aspherical surfaces of lenses and mirrors of the second and higher orders and to monitor
the alignment of telescopic systems are laser and holographic methods and facilities using on-axis
computer-generated hologram optical elements (CGHOESs) [1]. Unique circular ruling engines
(types MDA and MDG) and special bicylindrical and trapezoidal diamond tools [1] are used to
fabricate CGHOESs at JSC “NPO “GIPO”.

Source information for the control computer is a file (the “*.kod” extension) containing the
computed radii coordinates of rings of a CGHOE to be made, that is computed using the original
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software, developed earlier at GIPO, whose disadvantage is its capability to compute only the
autocollimating travel of beams in the test circuit. And practical work requires a construction of a
test circuit featuring a non-autocollimating travel of beams — from one point to another one. This
limitation has been overcome by the application of the “Zemax” program (USA). However, the
“Zemax” program presents as a result of computations only characteristic coefficients of a
CGHOE, which demand to get radii of zones of a hologram recomputed into appropriate
coordinates. So there appeared a problem of transforming “Zemax” output data into input data for
a control program of the circular ruling engines featuring the “*.kod” extension.

The algorithm developed to solve the first part of this problem for transiorming characteristic
coefficients into appropriate radii of zones of a CGHOE is executed through the Mathcad program
(USA). So we were to develop an application program for transforming radii of zones of a CGHOE
(the “*.txt” file) into radii coordinates of a diamond tool lift and descent (the “*.kod” file), taking
the track thickness of the diamond tool into account. This program was implemented in the
development framework “Visual C++ 2005” [2]. The results of data computations, obtained
through the use of the developed software, were verified in comparison with the earlier computed
files. The comparison showed a good convergence of the computing results. The developed
program has already been applied in computations while fabricating CGHOEs which operate in
the non-autocollimating test circuits.
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c43 MH3roroBjseHue rojorpaMMHoi AM(PPaKIMOHHON peLIeTKH sl
PaMaHOBCKOIro CeKTpoOMeTpa ¢ KOAUPYIolllel anepTypoin

A.A. Beaokonoimos', @.A. Cammapos', HM. [llueanosa’, 3.P. Mycaumnos' 2,

H.H. Axmemuwuna’?

"' AO «HITO «TocymapcTBeHHbIH HHCTHTYT MPHKJAAAHON onTuku», Kazanb, Poccust

? KasaHCKHil HALIMOHAJIbHBII HCCJIeI0BATe/IbCKHE TexHuueckuil ynusepceutet um. A.H. TynoneBa —
KAMH, Kaszaub, Poccus

MeTtonbl PaMaHOBCKOI CHNEKTPOCKONHMU ILIMPOKO MPUMEHSIIOTCS B TaKMX 00JaCTSX Kak
MeulMHa, 6uoJiorusi, papmaliys, MuilleBasi MIPOMBILIJIEHHOCTb U JIp. PaMaHOBCKHE CIEKTPOMETPbI
MOCTOSIHHO COBEPILIEHCTBYETCS, MOBBILIAETCS HX CMEKTPaslbHOE pa3pellieHHe U YyBCTBUTEJbHOCTD,
yMeHbluatorest rabaputhl. [lapasenbHo BHEAPSIIOTCS HOBble METOIMKH U3MEpeHHUs U 00paboTKH
MH(pOpPMALMK,  [O3BOJISIIOLUIME  MOBBICHTb  (PYHKLIMOHAJIbHbIE — XapaKTePUCTHKH  MPUOOPOB,
UCIMOJb3yeMbIX B JaHHOU oOjacTh. B Hacrosiieiét paGoTe Mbl paccMaTpuUBaeM HCIOJIb30BAHUE
OTNITUYECKOH CXeMbl Ha 6a3e BOTHYTOH TOJIOTPAMMHON JU(PPAaKIMOHHOH peleTKH i CO3MaHus
PamaHoBckoro crniekrporpada ¢ KoaupyoLlei anepTypo.

Konupyrolye aneprypbl UCIOJb3YIOTCS B psifie U3MEPUTENbHBIX METOJI0B [ 1 | 1 B HacTosILIeH
pabote moapo6HO He paccMmarpuBaioTces. OcoGeHHOCTBIO MX HCMOJBb30BAHUS B CHEKTPOCKOMHH
SIBJIIETCSI, B TOM UHCJIe, Y:KeCToueHHe TpeOOBaHMH K XapaKTepUCTHKAM CXeMbl criekTporpada.
[ToMUMO TpaJMUMOHHBIX YISl CHEKTPOCKONMMH KOMOMHALMOHHOIO paccesiHust TpebGoBaHMH K
CBETOCHJIE U INCIIepCHH 0c000€e 3HAUEHHE B JAHHOM CJTydae HMeeT ClIOCOOHOCTb ONTHYECKOH CXeMbl
nepeaBaTb U300paXKEHUE MPSIMOYTOJBbHOM KOAUPYIOLIEH MACKH 0e3 HCKAXKEHHH U C BbICOKUM
pazpeliieHHeM Ha Jil000# IJIMHE BOJIHBI pabouero anana3oHa.

[IpakTHKa pacueToB nokasaja, u4To MojoOHble TPeOOBAHHUS YIAeTCsl BBIMOJIHUTD B CXEMeE,
BKJIIOUAIOIIIeH BOTHYTYIO TOJIOTPAMMHYI0 JU(PaKIMOHHYIO pelleTKy 1-ro mokosenus [2] (T.e.
3aMUChIBAEMYIO MAPOH TOUEUHBIX KOT€PEHTHbBIX HCTOUHUKOB ) U IOTIOJHUATENBHYIO JUH3Y. B oTsindne
OT OOJIbIIKMHCTBA M3BECTHBIX CXEMHbIX peLIECHUH BCMOMOraTeJsibHasl JIMH3A MMeeT 3HAYUTEJbHYIO
MOJI0KHTEJIbHYIO ONTHYECKYIO CHJTY U y/laJleHa OT MJOCKOCTH PerHCTPALMU H300ParKeHHS.

PaccmoTpum onTuueckyio cxeMy criekTpomerpa Juisi ananazona 815—915 um, crposiiiero
CreKTpasjbHOoe H300paxKeHHe MacKh pasmMepoM 2X3 MM ¢ oOpaTHOH JIMHEHHOW Jucriepcuei
8 HM/MM.

Koppektupylowaa
NKH3a Lt

OudparuroHHan
peleTka

Puc. 1. Onruyeckasi cxema CrieKTpomeTpa
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OO61mM# BUI ONTYECKOH CXEMbl CIEKTPOMETpa MpejicTaB/ieH Ha puc. 1. Cxema BKJtovyaeT
BOTHYTYIO TOJIOFPAMMHYIO PelLIeTKy C 4acToToi WTpHXoB 719,22 Tp/MM H KOPpPeKTHPYIOLLYIO
KBaplLEBYIO JIMH3Y C (OKycHbIM paccTosiideM 150 mm. BxomHoi#t mnydyok uMeeT UHCIOBYIO
aneptypy 0,16.

Cxema 3anoJsiHeHus1 TI0Jist 3peHUs CIIEKTPOMETPa NpUBeeHa Ha pUC. 2 (OTMeUeHbl CPeHSIs 1
KpaiiHue JIMHbl BOJH). O4eBHAHO, 4YTO cXeMa O0eCleuynBaeT BbICOKOE TMPOCTPAHCTBEHHOE WU
CreKTpaJibHOe pa3pellieHHe TIPU OTCYTCTBUH UCKaXKEHUH U yBeJIMYeHUH, OJIU3KOM K 1.

12,5 MM

Puc. 2. Cxema 3anoJiHeHust 10J11 3peHus criekTporpada

CnekTpasibHoe paspellieHrHe cxeMbl OblJI0 OMpeieleHO Ha OCHOBAHWM aHAJIM3a anlapaTHbIX
dynxuwit (AD). llupuna BxomHON 1iesn npuHUMaiach paBHol 30 MKM, paccMaTpuBasach TOUKa B
eHTpe Koaupytwoueit macku. [upuna A® no yposnto 0,5 cocraBuna 34,6; 31,7 u 30,7 Mkm 1151
JyiuH BosiH 815, 865 u 915 HM cooTBeTcTBeHHO. CilefoBaTeIbHO, CIEKTpPabHOE pa3pelleHue
coctaBut 0,25—0,28 Hm.

Ta6u. 1. TpeboBanusi K TOUHOCTH U3TOTOBJIEHHUST U COOPKH

IloBepxHoCTh
n Peuletka 1-51 NOBepXH. JIUH3bI | 2-51 MOBEPXH. JUH3bI | PoTONPHEMHUK
apamerp
Panmyc kpuBHsHEI 1 UHT. KOJIBLO 3 HHT. KoJibLia 5 HHT. KoJiel, —
(o6was omnobKa)
Panuyc KpHBH3HbI 0,3 UHT. KoJIbLA 0,3 UHT. KoJblla 0,5 uHT. KoJsblia —
(MecTHas ownoKa)
Paccrosune nepen 0,04 Mm 0,04 Mm 0,05 Mm 0,02 mm
MOBEPXHOCTbIO
PasBoport otH. X 0,1° 0,03° 0,1°
JeueHtpupoBka no ¥ 0,05 mm 0,05 MM — 0,1 mm
YrioBble KoopaUHaTBI 6i;=1,3" L . .
HUCTOYHHMKOB 3aMUCH Siy=1,2'
Jluneiinble koopaunatbl | 8d; = 0,035 mm
WCTOYHUKOB 3aMUCH 8ds = 0,023 mm
dn = 0,0001
[TapameTpbl MmaTepuana — Su =2 — -

Hasnune 1ono/HUTEIbHOTO ONTHYECKOr0 3JIeMEHTa, a TaKxKe He0OXOUMOCTb 06eCreunBaTh
BbICOKOE KaueCTBO M300paKeHHe M0 MPOTSIKEHHOMY MOJII0 3peHHsT 00YCIaBAUBAIOT YKECTOUEHHE
JIOMyCKOB HAa M3TrOTOBJIeHWe JU(PPAKIHOHHOU pelleTku U cOopKy cxeMm. B Tta6s. | npuBeneHbl

328



Crenposble nokiaanpl. Cekuus Ned
[osorpamMmHbie U 1M paKLIHOHHBIE ONITHYECKHE 3JIEMEHTHI:
METOJIbl KOMIBIOTEPHOTO CHHTE3a, METAMATEPUAJIbI, MJIA3MOHHbIE CTPYKTYPbI U TEXHOJIOTHH H3TOTOBJIEHUS

JIOTTYCKH Ha MapameTpbl CXeMbl CIIEKTPOMETpa (JIOMyCTUMbIM CHHXKEHHEM KauecTBa M300paKeHHs
cumtasnock 10% yBesndenue reomeTpudeckux abeppaumil ).

[TonyueHHasi cxema misi PamaHoBCKoro criektpoMerpa o0ecrneyuBaeT BbICOKOE KauecTBO
1300paKeHust, OTJIMYAeTCS MUHUMaJIbHbIM KOJIHUECTBOM ONTHUECKHX 3/JIEMEHTOB M KOHCTPYKTHBHOH
npoctoto. Cpeayd HENOCTAaTKOB MOXKHO yKasaTb YyBeJiHueHHWe 3HaueHWid abeppaliil ¢ pocTom
BBICOTBI LIEJH, a TakkKe HeOoJbloe (0Kosno 15%) namMenenue JMHEHHOro yBeJUUEHHs 110 110110
3peHHusl.

['oslorpammHble AU paKIIHOHHbIE PELIETKH ¢ PACCUMTAHHBIMU NTapaMeTpamMu OblIH YCTEIHO
uzroroJsieHbl B AO «HITO «['MTTO». Peetku 3anucbiBasauch Ha ciosx XCIT. [lyist coznanust napbi
TOUYEUYHbIX HCTOUYHUKOB MCI0JIb30BAJICS CBETOJIE/IUTE/ b, PA3NE/SIOIINI H3JIydeHHe OT Jla3epa Ha JiBa
My4yKa, MUKPOOObEeKTHUBbI, (DOPMHUPYIOLIME 3aMUChIBAIOIIME MTYUKH 3aJ]aHHOH arnepTypbl U TOUeUHble
nauacparmbl, OCYLIECTBISIONINE X TPOCTPAHCTBEHHYIO (DUIBTPALIUIO.

['onorpamMmHble  pelieTkd i crieKTporpada aTTecToBaHbl MO JAUPPAKIMOHHOH
3¢ heKTHBHOCTH B paboueM JMana3oHe M KauecTBy M3o0paykeHusi. CJieyloluM 3TanoM pabGoTbl
siBjsieTcsl cO6OpKa M HUCMbITaHMe MakeTta crektporpacga B Jabopatopun OOO «Kape
TEXHOJIOXK/IM» — OCHOBHOTO pa3pab0oTyMKa pacCMaTpUBAEMOro Npubopa u MeToja.

UctouHuku
[1] Grindlay J. Optimizing wide-field coded aperture imaging: radial mask holes and scanning /
J. Grindlay, J. Hong // SPIE Proc. — 2003. — Vol. 5168. — P. 402.
[2] TlaBsabueBa H.K. CrniekrpasibHble NpUGOPBI ¢ HEKJIACCHUECKMMH U PAKIIHOHHBIMU pellleTKaMH —
Kazanb: Man-so KI'TY, 2003. — 198 c.

Production of a holographic grating for a coded-aperture Raman
spectrometer

A.A. Belokopytov', F.A. Sattarov’, N.M. Shigapova', E.R. Muslimov'-?, I.I. Akhmetshina'?
' OJSC “NPO “State Institute of Applied Optics”, Kazan, Russia
% Kazan National Research Technical University named after A.N. Tupolev — KAI, Kazan, Russia

Raman spectroscopy methods are widely used in medicine, biology, pharmaceutics etc.
Raman spectrometers are constantly improved in terms of spectral resolution, sensitivity and size.
In parallel, new methods of measurement and data processing are introduced to enhance Raman
spectrometers performance. In the present work we consider use of an optical scheme based on a
concave holographic grating for a Raman spectrometer with coding aperture.

Use of coding apertures in optical measurements is described else where [1]. This case is
notable because of rigorous requirements to aperture, dispersion and resolution across a
rectangular mask for all wavelengths within the working range.

Computations show that the requirements can be met in a scheme with 1* generation [2]
concave holographic grating and an auxiliary lens. In contrast with ordinary geometry the lens has
a significant positive optical power and it’s shiited irom the spectral image plane.

Let’s consider a scheme of spectrometer for region between 815 and 915 nm, with coding
mask dimensions 2x3 mm and reciprocal linear dispersion of 8 nm/mm. The scheme is presented
on Fig. 1. It consists of a concave grating with grooves frequency of 719.22 mm~"' and a correcting
lens made of fused silica with f = 150 mm. The entrance NA is 0.16.
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spectnim
plane

cotrecting lens
' concave holographic
| grating

enrance shits MEESS

Fig. 1. The spectrometer scheme general view

The field of view filling scheme is shown on Fig. 2. One can see that a high spectral and
spatial resolution is provided, while the image distortion is low and the linear magnification is close
to 1.

12.5 mm

Fig. 2. The field f view filling scheme

The instrument functions FWHM for the entrance slit width of 30 um is 34.6, 31.7 and
30.7 pm at 815, 865 and 915 nm, respectively. So the pectral resolution equals to 0.25—0.28 nm.

Due to increase of the optical elements number the tolerances on their manufacturing and
assembly become tighter. For instance, tolerances on the recrding sources angular positions are
1.2—1.3 arc. min., while that on linear positions are 0.023—0.035 mm.

The designed holographic gratings were successiully manufactured in the State Institute of
Applied Optics. The gratings are recorded on ChVs holographic media using a beamsplitter, two
microlenses and two pinholes.

The gratings are tested for deiffraction efficiency and image quality. Assembly and testing
of the spectrometer at “CARS Technology” (the main developer of the device) schould be the next
stage of our work.

References
[1] Grindlay, J. Optimizing wide-field coded aperture imaging: radial mask holes and scanning /
J. Grindlay, J. Hong / SPIE Proc. — 2003. — Vol. 5168. — P. 402.
[2] Pavlycheva N.K. Spectral instruments with non-classical diffraction gratings — Kazan: KSTU,
2003. — 198 p.
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C44 Hcnonb3oBaHKe roJiOrpaMMHbBIX ONTHYECKUX 2J1E€MEHTOB C KOPPEKIUEi
abeppaluii B cucreMax J10MN0JHEHHOH pealbHOCTH

H.A. Tycokos, 3.P. Mycaumos, H.H. Axmemuiuna
KaszaHckuil HallMOHAJIbHbIN HCC/IEI0BATENbCKUI TexHuueckui yHuBepeuteT uM. A.H. TynosieBa —
KAW, Kasaub, Poccus

B Hacrosiieln pa6oTe paccMaTpUBAIOTCSl HCMOJb30BAHUE TOJOTPAMMHBIX 3JIEMEHTOB JUIsl
Koppekuun abeppauuil [1] B cucremax jnonosiHeHHOH peasibHOCTH. [IpoekTHpoBaHHe MOTOOHBIX
CUCTeM UMeeT psifi ocoOeHHoCTel [2]. B nepByto ouepelib, Har0JIOBHOE pacroJioyKeH’e yCTPOUCTBA
noJipasyMeBaeT ero MUHUMaJibHble rabapuThl U CJI0XKHYIO BHEOCEBYIO KOMIOHOBKY. [ IpH 3TOM, Kak
1 JUISl MHOTHX JIPYTHX BU3yaJlbHbIX CUCTEM, TPEOOBAHHUS K M0JII0 3PEHUS U Pa3pelleHUI0 I0CTaTOUHO
BBICOKH. BBIMOJIHUTE BCe BbilllenepeurcieHHble TpeOOBaHUs OIHOBPEMEHHO 3a4aCTyl0 OKa3bIBAETCS
HEeBO3MOXKHBIM. Pas3paboTuvku TOAOOHBIX CHCTEM, KaK TMPABUJIO, BBIHYXKIEHbI HCMOJb30BATh
Upe3BbIUANHO CJI0XKHbIE JIeLleHTPUPOBAHHbIE JIMH30Bbl€ MPOEKIHOHHbIE OOBEKTHUBBI, CJIOKHbBIE
acdepuuCKre MOBEPXHOCTH, a TaKXKe MpelHaMePEHHO J0TyCKaTh yBeJMUeHHe IUCTOPCHU B CUCTEME
(pu ycJIoBHH ee nocJielylollel KoppeKIUn porpaMMHbIMU MeToiaMu ). B Hacrosiied pabote Mbl
paccMaTpuBaeM MepcrekTHBbl PUMEHEHHsT TOJIOrPaMMHOTO ONITHUECKOTO JIeMEHTa JIJIs CO3/IaHus]
CHCTEMbI, CBOGOIHOH OT YKa3aHHbIX HEJOCTATKOB.

B kauecTBe npumMepa paccMOTPUM CHCTEMY CO CJEIYIOIIMMH MapaMmeTpaMu: pabodast AJauHa
BoJIHBI 520 HM, (pOKyCHOE paccTosiHue 25 MM, OTHOCHTeNIbHOe oTBepcTHe 1:8, moJsie 3penue 20X 15°.
Cucrema COCTOMT M3 CBETONEJUTENLHOTO 3JIeMEHTa — JUXPOMYHOTO 3epKaja, W JMH30BOTO
MPOEKLUMOHHOTO 0OBEKTHBA, ee 0OLLIMI BUJL PeJICTaB/eH Ha puc. |

MaTpuLa NP OoeKUHOHHDBIN

\ ofibeHTMB

%

AHXPOHYHOE 3epKano,

Puc. 1. O61uit Bus onTHYE€CKOH CHCTEMBI C IUXPOUUHBIM 3€PKAJIOM

J11s1 ;IeMoHCTpalu KauecTBa H300paKeHHsl, IOCTUraeMOro B CHCTEME, TIPUBEIeM TOYeYHble
JarpamMmMbl M uarpammy auctopcuu (puc. 2) CpenHekBaapaTHiecKUil iMaMeTp MsTHA paccesiHus

coctapJisieT ot 2,8 10 19,7 MKM 110 moJito 3peHust, B TO BpeMsi, KaK JUCTOPCHS COCTABJISIET HE MeHee
27,4%.
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Puc. 2. TTokasatesin KauectTBa H300paXKeHHs /ISt CHCTEMbI C IUXPOUUHBIM 3€PKaJIoM

CBeTo/ie/IUTe IbHbIH KOMIOHEHT MOXKET ObITb BbINOJHEH B BHE Y3KOMOJOCHOH 00bEMHO-
(haszoBoii rosiorpaMmmbl. [10106HbINH KOMITOHEHT MOXKET CJYXKHTh HE TOJILKO JIIsl pa3/iesieHUs My4YKOB
M0 UX CMEeKTPaAJbHOMY COCTaBY, HO U JIs1 (POKYCHPOBKH My4YKOB MJIM KOPPEKIIMK abeppalyil. 3anuch
KOPPEKTUPYIOIIIEH TOJIOrPAMMBI B IAHHOM cJ1ydae TpeGyeT UCMoJb30BaHUst abeppUPOBAHHBIX MyYKOB
cloxkHON KoHpurypaumu. OHM MOryT ObIThb OMHCAHbl C TOMOILbIO MoJHHOMOB llepHuke [2] u
peasii30BaHbl, B YaCTHOCTH, C HCIOJb30BAHHEM I[POCTPAHCTBEHHOrO MOJyJATOpa cBeTa [3].
BapuaHT cxeMbl 3amucu Takod KOPPEKTHPYIOLIEH ToJIOrpaMMbl C TMOMOUIbIO JBYX BOJIHOBBIX
(poHTOB — cdepudeckoro U abeppupOBAHHOrO, MPEACTaBJAEH HA pUc. 3. [lMHA BOJIHBI 3amucH
cocTaBJ/isieT A = 532 HM, MaKCUMaJibHasi pa3HOCTb Xoa — H12 MKM.

BTOPOR ToueaHsR

224

HETOUWHHH N‘i

AAGERSBETE APGETRAHETAEHHOMD
MOgynRTOpa

NEPOLIA ToueUNBIR
METCHMMME

350

NMHIA CHEMBI 3ANCHCH
ABEPPHPOBANHOND yKa

3865

NENTHYECKAA NHHID

Puc. 3. Cxema 3anucu roJjorpaMMHOT0 KOMITOHEHTA

Onrtuyeckasi cxema JMCIIesl, TMOJydeHHast MOocje 3aMeHbl JIUXPOMYHOro 3epKaja Ha
roJIOrPaMMHbBIF KOMIIOHEHT M TPOBEIEHHUS] YHUCJIEHHOH ONTHMM3alMH, NMokasaHa Ha puc. 4. M3
PUCYHKA BMJIHO, YTO MPOEKUHMOHHbI OOBEKTHB COAEPKHT 3 JIMH3bl BMeCTO 4, a BeJMUYHHbI HX
JCUEHTPHUPOBOK 3HAUNUTE/bHO YMEHbIICHBDI.
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roaorpammHoe 3epKkano

NPOEKUMOHHbIH 00 beKTHE
(yNpOoLIEHHbIA)

Puc. 4. O611uit BU ONTHYECKOH CHCTEMBI € FOJIOTPAMMHBIM KOMITOHEHTOM

AHaJsiornuHo, pyuBe/IeM TOUEUHbIE IMarPAMMbI U IMarpaMMy pacrpeiesieHust AMCTOPCHH 0Tl
noJito 3penus (puc. 5). CpeaHeKBagpaTHUECKUH paauyc NTHA paBeH 2,3— 3,9 MKM, a IMCTOpCHs He
npesocxoaut 16,6 %.
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a) TOUYeUHBle [UarpamMmbl 6) AMarpamma JJCTOPCHH

Puc. 5. [TokasaTesn kauecTBa H300pAKEHHUS IS CUCTEMBI C FOJIOTPAMMHBIM KOMIIOHEHTOM

Takum o6pasom, nokazaHo, 4TO UCMNO/Ib30BAHUE OJIOTPAMMHOIO KOMITIOHEHTA C KOPPeKLHEH
abeppauuil TMO3BOJIMT YINPOCTUTb ONTHYECKYID CXEMy M IOBBICHTb KaueCTBO H300parKeHHsi
HaroJIOBHOIO AMCIIEs Il CHCTEMbI JOMOJIHEHHOW PeasIbHOCTH.

UcTtounuku

[1] Lukin A.V. et al Denisyuk hlograms on “thick” DCG layers as optical elements: selective mirrors,
NOTCH-filters and diffraction gratings // Proc. of All-Russian Seminar “Yu.N. Denisyuk — founder
of the domestic holography”, S-Petersburg, May 22—24, 2007. — P. 144—147.

[2] Hui Li. Review and analysis of avionic helmet-mounted displays // Optical Engineering. — 2013. —
52 (11). — P. 110901.

[3] Zemax. User Manual / Zemax Dev. Corp. 2009. — 102. — P. 106.

[4] Spatial Light Modulators XY Series — Complete, all-in-one system [nekTponnsiii pecype]/
«Hamamatsu» — DqekrpoH. nan. — [M.], cop. 2015 — pexkum jocryna:
http://www.hamamtsu.com/, cBoGoaHBbII.
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Use of aberration-corrected holographic optical elements in augmented
reality systems

L.A. Guskov, E.R. Muslimov, I.I. Akhmetshina
Kazan National Research Technical University named after A.N. Tupolev — KAI, Kazan, Russia

In the present work we consider use of holographic elements for aberration correction [1]in
augmented reality systems. Such systems are usually head-up mounted that implies minimal size
and complex off-axis geometry. At the same time, as other visual systems they have strict
requirements for the field of view and resolution. Developers I such systems have to use highly
complicated decentered systems and aspheres, as well as to introduce non-corrected distortion.
We consider prospects of use of a holographic ptical elements for creation of system, which would
be free of these disadvantages.

We demonstrate the principle on the following system: the working wavelength is 520 nm,
the focal length is 25 mm, the f-ratio is 8 and the field of view is 20x 15". The optical system consists
of a dichroic mirror and a projection lens (see Fig. 1).

MaTpuLa NP OoeKUHOHHDBIN

\ ofibeHTMB

%
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Fig. 1. General view of the system with dichroic mirror

The achieved image quality can be seen on spot diagrams and distortion plot (Fig. 2). The
spots RMS radii are from 2.8 to 19.7 pm, while the distortion reaches 27.4%.

The image combiner can be implemented as a selective volume hologram. Such an element
can have focusing and correcting properties in addition to splitting ones. Here we consider a
hologram recorded by two beams — spherical and aberrated ones. The latter beam is described by
Zernike polynomials [2] and formed by an SLM [3]. The hologram is recorded on 532 nm, and the
maximum path difference introduced by SLM is 512 pm.
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Fig. 2. Image quality of the system with dichroic mirror

The 4-lens projection system can be replaced by a 3-lens one with considerably less
decentering. The plots illustrating image quality are given on Fig. 3. The spots RMS radii are
2.3—3.9 pm, and the maximum distortion doesn’t exceed 16.6%.
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Fig. 2. Image quality of the system with hologram

Thus, use of the holographic element allows to simplify the optical scheme and improve
image quality of a head-up display for an augmented reality system.
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c45 [lonyueHrne KOMOMHUPOBAHHBIX FOJOrPAMMHBIX U TU(PPAKIIMOHHBIX
ONTHYECKHUX 2J1EMEHTOB METOOM MJIa3MOXMMHUYECKOTO TPaBJEHUS

I.P. Caeameasn', C.b. Odunokos', A.C. Kysneyos', M.C. Kosaaes', B.B. [lonos’
' MOCKOBCKHI TOCYIapCTBEHHbBIH TexHuuecKuil yuusepeuret um. H.3. Baymana, Mocksa, Poccust
2 MockoBcKuil rocyrapetBennbiii ynusepeutet uM. M.B. Jlomonocosa, Mocksa, Poccust

[lnasmoxumMuyeckKoe MM HOHHO-TIJIa3MEHHOE TpaBJIeHUe He3aMEeHUMbI B TeX cJydasix, Koraa
HeoOX0UMO C(hOPMHUPOBAThL MJIa3MOHHbIE AU(PPAKIMOHHbIE PELIETKH MOBEPXHOCTHBIM peibethoM
HErocpe/ICTBEHHO Ha Momjioxkke. [lnasmoxumudyeckoe TpaBjieHHe MJIa3MOHHBIX M HEMJAa3MOHHbIX
TM(PaAKIMOHHBIX PEIIETOK HE HMEIOT HUKAKOTO TMPUHIMIHANbHOTO padnudus. [losTomy B naHHOH
CTaThbe pacCMaTpUBAETCsl TOJLKO CJlydail H3rOTOBJEHHS pesibehHO-(ha30BbiX JHMPAKIIHOHHBIX
peLIeToK.

TectoBble 006pasiibl  OblIM  M3TOTOBJIEHBI € LEJAbIO MOATBEPXKICHUSI  Pe3yJbTaTOB
MaTeMaTHYeCKOro MOJEJNMPOBaHUs paboThl MJIA3MOHHBIX AM(PPAKLUMOHHBIX pelleTok. [lapameTpbl
MJ1a3MOHHbBIX M PAKIIMOHHBIX PElLeTOK, TaKhe Kak Mepuoj, raybruHa u opma KaHaBoOK, MaTepHualsl
MEeTaJIJIM3UPOBAHHOTO CJI0SI, TIPU MX U3TOTOBJEHUH HA3HAUAJIHUCh B COOTBETCTBUU C pe3yJbTaTaMu
MaTeMaTHUYeCKOTO MOJEJUpPOBaHusl. B xome wuccienoBaHus Bcex XapaKTePUCTHK 00pasiioB
rOJIOFPAMMHbBIX ONTHYECKHX 371eMeHTOB ([[O) u qudpakiMoHHbIX onTHUYeCKHX 31eMeHTOB (J10J)
ObIO  MPOBEIEHO HCCeloBaHHE 00pPa3LoB, MOJYYEHHBIX METOJIOM  3JEKTPOHHO-Jy4yeBOH
Jqrorpaduu.

B pesyabrate nposenanHoil paGoThl OblIM MoJydeHbl 06pasiibl KOMOUHHPOBaHHBIX [[OI-
J1O3 ¢ nepuoyom o1 400 10 1500 HM 1 NPHEMJIEMOH CKBaXKHOCTBIO.

MeTo0M 3/1eKTPOHHO-JTy4eBOH JUTOrPadUu B MPoOllecce BbIMOJHEHHS JaHHON paGoThl Obl
NoJIydeH cJeylolui oopasell.

Puc. 1. ®ororpadus o6pasua
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Puc. 2. Pesy/ibraThl H3MepeHHs HA AaTOMHO-CUJI0BOM MUKPOCKOIIE (LleHTpasibHast 30HA )

Haunbiii obpasel; npeacrap/isier co00i AU(MPAKIMOHHYIO pelleTKy, MOJyYeHHYI0 B XOJe
SKCTIOHUPOBAHUS M TPOSIBJIEHUS HA 3JIEKTPOHHO-JydeBoM MHKpockore Zeiss EVO-MA-10.
BakHefiui napameTp, KOTOpblH HEOOXOAMMO BbI€pPKAThb MPU HU3TOTOBJEHHUH AU(DPAKIIMOHHOH

pEelLIeTKH — 3TO MePHOI.
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Puc. 3. Pesy/ibraThl H3MepeHHs1 HA AaTOMHO-CUJI0BOM MHKPOCKOTIE (KpailHHe 30Hbl )

MccenenoBanue nepuosa M pakuMoHHON pelieTKd o6pasiua MpoBOJUIOCH HA ONMTHUECKOM

MHKpocKorie Zeiss Axio Imager Z2.
[Ipu usroroBseHun 06pa3uoB OOJBLIOTO pasMepa AAHHOHK TeXHOJorued, HabJtofaeTcs

CYLIECTBEHHOE HW3MEHEHHUE TlapaMeTpOB 3JIEKTPOHHOI'O IIy4Ka, 4YTO IIPHUBOAUT K I[1OSBJICHUIO
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HEJI09KCTIOHUPOBAHHBIX U TIEPEIKCIIOHUPOBAHHBIX YUACTKOB HA MOBEPXHOCTH TJIACTHHBI, YTO TAKKE
OTPHULIATEJILHO BJIUSIET HA KOHEUHBIH pe3y/bTat (KauecTBo nosydaemoro J103).

Pa6ora Bbinosinena B MI'TY um. H.9. baymana npu ¢unancoBoi nopiepkke MuHoO6pHayKu
Poccuun B pamkax BbinosiHeHusi CoriailieHust o npeaoctaBjieHun cybeuanu Ne 14.577.21.0115
(unentucukarop npoekra REMEFI57714X0115)
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Manufacturer of combined holographic and difiractive optical elements by
plasma etching

G.R. Sagatelyan', S.B. Odinokov', A.S. Kuznetsov', M.S. Kovalev', V.V. Popov?
! Bauman Moscow State Technical University, Moscow, Russia
2 Lomonosov Moscow State University, Moscow, Russia

Plasma or ion-plasma etching is indispensable in those cases when it is necessary to form
a plasmonic diffraction grating of the surface relief directly on the substrate. Plasma-chemical
etching and Neoplatonic plasmon diffraction gratings have no fundamental differences. Therefore,
this article only considers the case of manufacturing relief-phase diffraction gratings.
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c46 MHcceaepoBaHue cnekTpabHO-YIJI0BbIX XapaAKTEPUCTUK KOMOMHMPOBAHHbBIX
'03-103 ¢ nna3MOHHbIMH IU(PAKLMOHHBIMH PELIETKAMU U CHJIOBBIMH
MM PaKUUOHHBIMU JIEMEHTAMMU

A.10. )Kepodes, C.b. Odurnokos, I.P. Cacameasn, M.B. llluwosa, JI.A. Hatidewn
MocKOBCKHH rocyiapCcTBeHHbIH TexHHuecKuil ynusepeutet uM. H.9. baymana, Mocksa, Poccus

B naHHOH cTaTbe OOGBEKTOM HCCJENOBAHUK SBJSAIOTCS 00pa3ibl KOMOMHHUPOBAHHbBIX
rojiorpadpuueckux ontuueckux saeMmeHToB (I'O) — AUPPAKUMOHHBIX ONTHYECKUX JIEMEHTOB
(J1IO3) ¢ omHoMepHO# W JBYMepHOW MyiadMOHHOH mudpakunonHoi peuietrkoi (IT/IP) ¢ omHo#
CTOPOHBI U JIHH30H DpeHesisi U IMH30BbIM PACTPOM C JIPYToH.

OnHomepHble W JByMepHble JIP BbIMOJHEHbl B BHAE CEpUH MapasjelbHbIX KaHAaBOK ¢
KBa3MCHHYCOUIA/IbHBIM MpoduseM, noJyuyeHHbIX B (hoTopesucte. KoMOUHUPOBAHHbIE 3J1E€MEHTHI C
JH30H PpeHesst WM JIMH30BBIM PAacTPOM C OJHOH CTOPOHBI W OJHOMEPHOH WJIM JBYMEpPHOH
I paKUMOHHON pelleTKO! ¢ Ipyroil CTOpoHbI MpejcTaB/eHbl Ha puc. 1.

Puc. 1. ®ororpadus 06pa3u01;

Anasornuno o6beKTOM HCC/IEIOBAHUH SIBJIsSJIACh AByMepHast AU pakioHHast penierka. Ha
pelieTKy OblLI0 MPOU3BENEHO HamblieHue cepeOpa Ag. B xosie BU3yasibHbIX HCCeI0BaHUE 06pasel]
OCBelllaJICsl MOJISIPU30OBAHHBIM W HEMOJsIPU30BAHHBIM H3JIyUeHHEM OT TaJloreHHOH JaMinbl 6e3
JIOTIOJIHUTE/IbHOH ONTHKH, W UCXOJS M3 MPOBEIEHHBIX IKCIIEPUMEHTOB MOXKHO CIeJaTh BbIBOJ, YTO
obpasel; o6JanaetT mniagMoHHbIM 3¢dekroMm. Potorpaduu obpasua B TM-nossipuzoBaHHOM
MPOXOASLIEM CBETE MPU PA3HbIX yIJIax MOBOPOTA MOKA3aHbl HA pUC. 2—4.

Ha »stane BudyasbHbIX HccaeqoBaHUE o6pasel ocBellascss TM-noJisipuaoBaHHOM
pacxozsiiiericst BOJIHOU, Mpoxosileit oOpasell Ha MPOCBeT.
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Puc. 2. ®ororpadus o6pasua B TM-noisipusopannom  Puc. 3. Potorpadus o6pasua 8 TM-nonsipusosaniom
MPOXOJISILLIEM CBeTe TMpH yrje noBopora 0° NPOXOJIsiiEeM CBeTe npH yrjie nosopora 30°

Puc. 4. ororpadus o6pasua B TM-nosspu3oBaHHOM MPOXOASILIEM CBETE MPH yrile moBopoTa 60°

Hasee cosnaBaJjicsi o6pasell, KOTOPbIH MpeacTapJsieT co60i KOMOMHUPOBAHHBIN 3JIEMEHT C
JIMH30BBIM PACTPOM C OJTHOHM CTOPOHBI M Myia3MoHHOU audpakuronHon pewetkoi (I1/1P) ¢ npyro#
CTOpPOHBI ¢ HamblieHueM cepebpa Ag. B xone BusyasbHBIX HCCIeI0BaHUH 00pasell ocBellascs
MOJISIPU30BAHHBIM H HEMOJISIPU30BAHHBIM U3JIydeHHEeM OT raJloreHHOH JlaMiibl 6e3 I0MOJHUTEbHOH
ONTHUKH, U UCXOJs U3 MPOBEJEHHBIX IKCIEPUMEHTOB MOXKHO CIeJIaTh BBIBOJ, YTO JIaHHBIH oOpasell
o6J1aiaeT cyabbiM MJ1a3MOHHbBIM 3(DPEKTOM.

Puc. 5. O6pasen, yros nopopora o6pasua 0°  Puc. 6. O6pasel, yros nopopora o6pasua 30°
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Puc. 7. O6pasel, yroJ nopopora o6pasia 60°

OKCcrepuMeHTa/bHble  MOATBEPKAEHUS]  HajMuusi  cjaboro  mjadMoHHoOro  sddekra
NpeJCTaBAeHbl HA pUC. 5—7.

[Tpu ycranoske o6pasua noa yraom 30° K HarpaBJaeHHIO paclpocTpaHeHus cBeTa, oOpasel]
[TJIP okpammBajicsi B po3oBaTblil 1BeT, a Npu yriax naaenust 60° o6pasell okpaliuBaJcs B
JKEJITOBATHIH 11BET KaK MokasaHo Ha puc. 5—7. Mcxonst u3 HabJofeHMH MOXKHO ¢/ies1aTh BbIBOJL O
MOATBEPKIEHHBIX HA MPAKTHKE TEOPETHUUECKUX HCCIEI0BAHUH TIJ1a3MOHHOTO 3(deKTa.

Pa6ora Boinosinena B MI'TY um. H.9. baymana npu ¢unancoBoi nopiepkke MuHoO6pHayKu

Poccuun B pamkax BbinosiHenusi CorjiailieHust o npeaoctaBjieHun cyGeuanu Ne 14.577.21.0115
(nnentucdukarop npoekra REMEFI57714X0115)
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2014. — 387 c.

The study of spectral-angular characteristics combined with HOE-DOE
plasmon grating diffraction and power elements

A.Y. Zherdev, S.B. Odinikov, G.R. Saghatelian, M.V. Shishova, L.A. Nayden
Bauman Moscow State Technical University, Moscow, Russia

In this article the object of research are the samples of the combined holographic optical
elements (HOE) — diffractive optical elements (DOE) with the one-dimensional and two-
dimensional plasmon diffraction gratings (PDG) on one side and a Fresnel lens and the lens raster
on the other.
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c47 TonorpammHas nMdpakuMOHHAS pellleTKa C KOPPeKLHeld KOMbI B LIKPOKOM
CMEKTPaJIbHOM JMana3oHe

P.P. Axmemeaneesa, H.K. [lasaviuesa
KaszaHcKuil HallMOHAJIBHBIN HCC/IEI0BATENbCKUI TexHuueckui yHuBepeureT uM. A.H. TynosieBa —
KAW, Kasausb, Poccus

B Hacrosiiiee Bpemsi MajiorabapuTHble CrieKTpaJsibHble MPUOOPBI, paboTarolMe B LHMPOKOM
CMeKTpaJJbHOM JHanaszoHe, A0CTATOUHO LLIMPOKO MCIHOJb3YIOTCSl, B YACTHOCTH, MPH HUCCJAEIOBAHUU
¢payopectieHund. OnpHuM M3 HauboJiee BOCTPeOOBAHHBIX CHEKTPO(IyOPUMETPOB  SIBJSIETCS
«®Dgioopat 02-3M» co cieyolMMI XapaKTepUCTHKaMU: crieKTpasbHbli qanazon 250—900 uw,
oTHocUTesibHOe oTBepcTHe 1:4, wmupuna BxoaHol wwean 200 mxkm (0,2 MM), criekTpajibHOe
paspetiende 4,5 HM. OHAKO TOT CMeKTPODIyOPUMETP UMEET JOCTATOUHO HU3KOE CIEKTPAJIbHOE
paspellieHHe, T.K. BbleJeHHe TpeOyeMOoro CleKTpaJbHOro AuHarnasoHa ocyulecTBJsieTcsi Habopom
cBeTopuabTpoB. Hamu npepnaraercst ontuyeckas cxema creKTpodJyopuMeTpa Ha OCHOBE
roJIOrpaMMHON AU PAKIIMOHHON PELIeTKH C MJIOCKUM TOJIEM.

PacueT onTHuecKkol cXeMbl Ha MJIOCKOH MOBEPXHOCTH OCHOBBLIBAETCSl HA MCIOJIb30BAHHUU
abeppalloOHHON (PYHKLMH roIorpaMMHON M PAKLMOHHOH pelieTKH. dTa (QYHKIUS HMeeT BUJL:

2 2 3
<z
V(g.0)=~uFy+ Rt Bty o Fb (1)

Kosdduupment F; xapakrepusyeT POKyCHPOBKY Jyuel B MEPUIMOHAJIBbHOHN MJIOCKOCTH, [H —
B CarUTTasIbHOM, ['5 XapakTepruayeT MepUAMOHAJBbHYIO KOMY.

Pagenctso F; = 0 (2) siBasieTcst ycaoBUeM KoppeKUUH abeppalyi, XapakTepu3yeMoil 3TUM
ko3 uumnentom. Kosdpduuments F; 151 ronorpaMMHon 1M pakKMOHHON pellieTKH UMEIOT BUJL:

EZM_?M, (3)

0
rie M; comep:kaT napameTpbl cxeMbl, H; colep:kat napameTpbl rojorpadupoBaHusi, Ag — JJIMHA
BOJIHbI 3aMHCH.
s pacyera crnekrporpada ¢ MJIOCKAM MoJieM HEeOOXOAMMO BbINOJHEHHE CJIeIyIOLIHX
YCJOBUH MUHUMM3ALMK abeppalyii Ha MJI0cKoCTH [ 1]:
ol
L=
aod,
o, _
ol
ol
Y. (5)
ol,
ol,

0. 4
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)
I = [Fdg.

9]

)
I, = [Fidg. (7)

9]

9
Iy = '[Efd(p’.
9
[TsockocTh (POKYCHPOBKH MepreHUKYIspHA JIyuy CpeiHel JIJIHHE BOJIHbI CMEKTPaAJbHOTO
JMaraszoHa, pparupoBaHHOMY B BepLIHHE PELIETKH.
J1J1s1 KaXKIoro 3HaueHUst pacCTOSTHUS OT BXOIHOM 1IEJIH /10 BEPILMHBI PellleTKH d MOYKHO HAUTH
3HAUEHUSA PACCTOAHUSA OT BEPLUUHbI PELIETKH 10 MOBEPXHOCTH PErHCTpaLuu dép 1 KosduumrenTa

H, npu KoTopbiX 1eOKyCHPOBKA Ha MJOCKOCTH MUHUMAJbHA. V13 KOHCTPYKTHBHBIX COOOpaXKeHnH
HaMH BbIOpaHa cxema CO CJEIyIIIUMHA NapaMeTpaMu: paboudi CHEKTpaJbHbIH JHana3oH
250—900 um, yron nanenusi Ha petetky (@) 20°, d = 90 mm, dép = 100,7 MM, OTHOCHTEJIbHOE

otBepctre 1:4, paaMyc KpUBH3HbLI (1) TOBEPXHOCTH BOTHYTOH TOJIOTPAMMHOH THU(PaKIMOHHOM
pewetku (BIIP) 100 mm, uactora wrpuxos BIJIP B sepinne (N) 441,54 wrp/mm. [pu giune
BOJIHbl M3JIyueHHs1 3amucd paBHOH 441,06 HM, ToJisipHblE KOOpPAMHATHI HCTOYHMKOB 3aIMCH
otHocuTesibHO BepiuuHbl BIJIP umetor cienytouye 3Hauenusi: (157,263 mm, 68°13'3") wu
(121,591 mm, 47°11'25"). O6patnas suHelinas aucnepcus dA/dl = 22,65 um/Mm. AGeppauuu
npuBoasArcst B Tabsl. 1, m 1 M — BBICOTBI Jiyda Ha MOBEPXHOCTH PEILETKH B MEPUIMOHATBHOH U
CaruTTaJbHOMN MJIOCKOCTH, COOTBETCTBEHHO.

Ta6u. 1. AGeppalliii ONTHUECKON CXeMbI C PETUCTpalMell ClIeKTpa Ha MJI0CKOCTH

575 Hm, 250 HM, 900 HM, 412,5 Hm, 737,5 Hm,
m M y'=0mm y'=—14,757Tmm | y'=14,565mm | y'=—7,296 mm | y'= 7,249 mm
8y’ 8z’ 8y’ 8z’ 8y’ 8z’ 8y’ 8z’ 8y’ 8z’
12 0 0,111 0 —0,092 0 -0,179 0 0,073 0 0,028 0
6 0 0,059 0 —0,060 0 —0,076 0 0,032 0 0,024 0
—6 0 | —0,062 0 0,082 0 0,064 0 —0,024 0 —0,033 0
—12 0 | —0,122 0 0,176 0 0,127 0 —0,042 0 —0,067 0
0 12 | —0,015 | 0,116 0,051 | 1,366 | —0,053 | —1,131 0,014 | 0,735 | —0,037 | —0,503
0 6 | —0,004 | 0,058 0,013 | 0,684 | —0,013 | —0,566 0,004 | 0,368 | —0,009 | —0,252

Pacuer annapathbix ¢yHkuuii (AD) npoBoauTcs A5 IMPUHBL BXoaHOH wiean 0,2 MM.
[Ipenen paspeluenusi 8, onpenessieMblil Kak miMpuHa AD Ha MoJoBHHE ee BBICOTbI, COCTABJSET
0,2 mm o Bcemy noJito. CriekTpasibHOe pas3pellieHre JaHHOH ONTHUECKOH CXeMbl, OTpe/esisieMoe Kak

SxdA/dl§ x %, cocTaBJisieT 4,5 HM, UTO COOTBETCTBYET CIEKTpaJbHOMY pa3pelleHnto npudopa
«®Dgioopar 02-3M».

OcHoBHO#l abeppatnein siBysietcst fedokycupoBka. OcraTouHass 1eoKyCHpPOBKA MOXKeET
ObITh yCTpaHeHa MPU PETUCTPALIMU CTIEKTPa HA LUIUHAPUUECKOH TOBEPXHOCTH, JIUOO MPH YCTAHOBKE
BOJIU3W TMOBEPXHOCTH PErHCTPALMH TJIOCKOBOTHYTOH JIMH3bIL. [l CXeMbl C UMJIHHAPUUECKON
MOBEPXHOCTbIO perucTpauuu crekrtpa (R = 50 MM) onpesaeseHa TOBEPXHOCTb HaWJydlllel
YCTaHOBKH, 1151 KOTOPO# df, coctabisier 101,6 M. AGeppaliny Ha LMJIMHAPHUECKOH TTOBEPXHOCTH

[IPUBEJICHBI B tabJ. 2. y‘{I/ITbIBaﬂ, 4yTo ﬂpI/I60pr JUIA UCCJIeJOBAaHUA qJ.HyOpeCIleHLLHI/I JIOJI2KHBI UMETb
00J1blI0E OTHOCHUTEJIbHOE OTBEPCTHE, [LaJ'[bHeI/UILHI/Ie pacyeTbl NpoBeACHblI /19 OTHOCHUTEJbHOTO
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orBepctust 1:3. Pacuer AD npoBoautes /s LIMPUHBI BXOAHOH 11esu 15 mxm. [1penen paspeinenus
§ cocrabaisier i ueHtpa crnektpa 0,021 mm (cnekrpasbHoe paspetienue 0,48 HM), 11 Kpaes

0,063 mm (1,43 um).

Ta6u1. 2. Abeppalynt ONTHUECKON CXeMbI C LUJIHHIPUUECKOH TTOBEPXHOCTBIO PETHCTPALUH

575 HM, 250 Hm, 900 HmMm, 412,5 um, 737,5 Hm,
m M y'=0mm y'=—14,571mm | y'=14,389mm | y'=—7,322 mm y'=7,276 mm
8y’ 82’ 8y’ 82’ 8y’ 8z’ 8y’ 82’ 8y’ 8z’
15 0 | —0,004 0 0,090 0 —0,059 0 0,039 0 —0,037 0
7,5 0 0,005 0 0,026 0 —0,003 0 0,014 0 —0,001 0
—7,5 0 | —0,005 0 0,003 0 —0,020 0 0 0 —0,012 0
—15 0 | —0,004 0 0,019 0 —0,040 0 0,009 0 —0,021 0
0 15| —0,028 | 0,012 | 0,088 1,872 | —0,076 | —1,217 | 0,020 | 0,868 | —0,059 | —0,687
15 0 | —0,007 | 0,006 | 0,022 0,939 | —0,019 | —0,608 | 0,005 | 0,435 | —0,015 | —0,343

Kak BUIHO W3 pe3ysibTaToOB pacueta, Jyis LEHTPa TOJs JOCTHTAETCS] BbICOKOE KauecTBO
u300paxKeHUsi, HO Ha Kpasx AuanazoHa abGeppallid B MePUAHOHAJILHON MJIOCKOCTH COCTABJSIOT
0,09 mm 1 0,059 mM. DTo yXyllieHHe KauecTBa Ha Kpasix crieKTpa 00yCJ0BIEHO MEPUIUOHATBHON
KOMOH.

Koppekiusi MepuanoHaabHON KOMbI JOCTHIAETCsl [TPH PAacyeTe ONTHUECKON CXeMbI 10 METOJY
cniektporpada ¢ pacullMpeHHbIM CreKTpajbHbiM JuanazoHoMm [1]. Meton 3akjaiouaercss B
caenyiouieM. OnpesiesieHHbIM 3HAY€HUSIM @ U  COOTBETCTBYIOT PACCTOSIHUS OT BEPLIMHbI PelLIEeTKH

0 TUIOCKOCTH perucTpauuu crekrpa di, , NMpH KOTOPbIX YCJAOBHs paBeHcTBa Hymo Fo u Fj

P
BBIMOJIHSIIOTCS OJIHOBPEMEHHO YISl BYX JUIMH BOJIH Ac, + (A — 7\2)/4, rie A; U Ay — KpaiiHue
3HAUEHMsl UIMH BOJIH CHEKTPaJbHOTO AManasoHa. DTH JJIHHBI BOJH PACHOJIOXKEHbl CHMMETPHUHO
OTHOCHUTEJIbHO 1I€HTPA CIEKTPOrpaMMbl, Ha PaBHbIX pACCTOSIHUSAX OT ILEHTpa U Kpaes,
CJIeI0OBATENbHO, KOPPEKIHS aCTUTMATU3Ma ¥ MEPHUIMOHATIBHON KOMBI /11 3THX ToueK oGecrneurBaeT
MaJible 3HaueHHst 3THX abeppalMil B LIMPOKOM CIeKTpaJbHOM JuanazoHe. KOHCTPyKTHBHbIE
napameTpbl CXeMbl CBsI3aHbl OMNpeAeJeHHbIMH COOTHOLIeHUSIMH. [To WHpPOKUM creKTpasbHbIM
JIMana3oHOM B JJAHHOW cxeMe TMoJpa3yMeBaeTcsl Mana3oH B OJHY «OKTaBy». JlJisi crieKTpasbHOro
nunanaszona 250—900 HM KOHCTPYKTHBHBIE MapameTpbl, pacCUWTaHHbIE MO COOTHOLIECHUSM JIJIs
criektporpaa ¢ pacliMpeHHbIM CHEKTPalbHbIM JHANAa30HOM, HMEIOT CJeylollde 3HAYeHUs:
d = 100,058 mm, d' = 100,388 Mmm, @ = 9°57'51". Yron nudpaxuuu ams aiusbl BoaHbl 900 HM
paBen 12°57'54", 1.e. yros mudpakuuu GoJibliie, 4eM yroJ najaeHus. Takasi cxema KOHCTPYKTHBHO
He peaJsiugyema.

Hamu nposenieHo ucceoBaHle BO3MOXKHOCTH UCTIpaBJIeHUsI B TpeGyeMOM CIeKTpalbHOM
JManazoHe MepHAMOHAIbHON KOMbBI U acTUurMatuama. s pagnuunbix d npu ¢ = 20° (yroJa nageHus
Jiydell BbIOpaH U3 KOHCTPYKTHBHBIX COOOpaxKeHUi) U3 ycaoBus (4) onpenensiyiuch 3HaueHus H, u
di,. 3atem GbliM HaiileHbl 3HaueHHs Ko3(puLueHToB Hy n H;, yloBIeTBOPSIOLIME YCIOBHAM
paBeHCTBA HYJIIO aCTMrMaTH3Ma M MepHAHOHaJbHOK KoMbl ais 412,56 um u 737,5 oM. Ha puc. 1
MPHUBE/IEHbl 3aBUCHMOCTH d OT PA3HOCTH 3HAUEHUH KOS(PPHULUMEHTOB JUisl AAUH BOJH 412.5 HM U
737,5 uM. M3 npuBeaeHHbIX rpaduMKOB BHAHO, UYTO KOPPEKIMS acTUrMaTH3Ma HEBO3MOXKHA, a
MepHIHOHaJIbHAs KOMa MOYKeT ObITh ucnpasjeHa npu d = 93,217 mwm.
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d, mm , d. mm
a) 0)

Puc. 1. I'pacdux 3aBucumoctu d ot AH, (a) u d ot AH; (6)

Takasi ycraHoBKa wuMeeT cJeylolllie KOHCTPYKTHBHble mnapametpbl: d = 93,217 mm,
dép = 98,119 MM, noJsisipHble KOOPAMHATBI HCTOYHHKOB 3aMUCH OTHOCHTEJbHO BeplurHbl BIJIP

(187,920 mm, 60°46'38")u (151,671 mm, 42°40'4"). AGeppatinu npuBosiTcs B Ta0JI. 3.

Ta6s. 3. AGeppaliuu ONTHYECKOH CXEMbI ¢ KOPPEKIIMEH KOMBbI

575 HmM, 250 HmM, 900 HmM, 412,5 Hm, 737,5 um,
m M y' =0mm y'=-14082wmm | y'=13907mm | y'=—7,072 mm y'=17,028 mm
8y’ 8z’ 8y’ 8z’ 8y’ 8z’ S8y’ 8z’ 8y’ 8z’
15 0 | —0,007 0 0,016 0 —0,022 0 0,004 0 —0,015 0
7,5 0 | —0,001 0 —0,001 0 —0,003 0 —0,001 0 —0,002 0
=75 0 0 0 0,004 0 0,006 0 0,001 0 0,002 0
-15 0 0 0 —0,008 0 0,027 0 —0,007 0 0,012 0
0 15 | —0,027 | —0,005 0,068 | 1,772 | —0,056 | —1,180 0,011 | 0,813 | —0,048 | —0,672
0 7,5 | —0,007 | 0,001 0,017 | 0,888 | —0,014 | —0,587 0,003 | 0,408 | —0,012 | —0,334

Pacuer A® mnpoBomuscs ajs UIMPUHBL BXopHOH 1ieqau 15 mxm. [lpenen paspetnenust
cocraBu aas tentpa nodst 0,018 mm, nyis kpaes 0,027 mm u 0,033 MM, /i ToueK KOPPeKLMH
mMepuroHasbHoi Kombl 0,015 MM 1 0,024 mM. CriekTpasibHbIN NIpefies paspelleHust COCTaBJ/IseT /s
nentpa nosst 0,41 um, nist kpaes 0,61 um 1 0,75 HM, /151 TOUEK KOPPEKIMH MEPUTMOHATBHOH KOMbI
0,34 um u 0,54 um. M3 Tabs. 3 BUAHO, UTO paspellleHHMe MOXKHO YJIydIlIUTh, YMEHBIIWB pa3mep
TU(PaKIMOHHON pelleTKH B CaruTTajJbHOH MJOCKOCTH. Tak, Mpu CBETOBOM pa3Mepe pelleTKH
30x 15 mm? crieKTpa/IbHbIN NIpee/ paspellentst CocTapaser s uenrpa mnoas 0,34 um, 115 Kpaes
0,48 um u 0,54 HM, 111 TOUeK KOppeKluu MepuanoHanibHoi Kombl 0,34 M u 0,48 HM.

[IpeumyliecTBaMu NMpeyioKEHHOH CXeMbl SIBJSIOTCS: OTCYTCTBUE CMEHHBIX 3JIEMEHTOB M
JIBMZKYIIMXCS yacTel, uTo oGecreunBaeT HaJieKHYl0 paboTy, MUHUMYM ONTHYECKHUX KOMITOHEHTOB,
uyto obecreunBaeT HU3KHH YPOBEHb PACCESTHHOTO CBeTa, J0CTATOYHO BBICOKOE OTHOCHTEJbHOE
oTBepcTHe, 6GoJjiee BBICOKOE CMEKTpajbHOE paspellleHHe, 4eM y YCTPOWCTB, OCHOBAHHBIX Ha
(huJbTpax, MaKCUMaJbHasi KOMITAKTHOCTb.

Ucrounuku
[1] TlaBnbueBa H.K. Cnekrpasibible mpuGophbl ¢ HEKJIACCHUECKUMU U PAKIIHOHHBIMU pellleTKaMU. —
Kasanb: M3n. Kasan.roc.tex.ynusepcurera, 2003. — 198c.
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Holographic diffraction grating with coma correction in the wide spectral
range

R.R. Akhmetgaleeva, N.K. Pavlycheva
Kazan National Research Technical University named after A.N. Tupolev — KAI, Kazan, Russia

Currently compact spectral devices operating in a wide spectral range, is widely used in the
study of fluorescence. One of the most popular spectrofluorimeter is «Fluorat 02-3M», with a
spectral range of 250—900 nm. However, the spectrofluorimeter has a low spectral resolution. We
propose the optical scheme of the spectrofluorimeter based on flat-field holographic difiraction
grating, optical scheme with the cylindrical surface of the spectrum registration and optical scheme
with coma correction [1].

The optical scheme of the spectrofluorimeter based on flat-field holographic diffraction
grating has the following characteristics: spectral range 250—900 nm, ¢ = 20°, d = 90 mm,
d'=100.7 mm, N =441.541/mm, f-number is 1:4, the radius of the diffraction grating is
100 mm. The recording sources coordinates are: (157.263 mm, 68°13'3") and (121.591 mm,
47°11'25") for the recording wavelength of 441.6 nm. Reciprocal linear dispersion
d\/dl = 22.65 nm/mm. For optical scheme with the cylindrical surface of the spectrum
registration d' = 101.6 mm, f-number is 1:3. The parameters of the optical scheme with coma
correction: d=93.217mm, d'=98.119mm, the recording sources coordinates are
(187.920 mm, 60°46'38") and (151.671 mm, 42°40'4").

The spectral resolution of the optical scheme with registration of the spectrum on the plane
is 4.5 nm, when the width of the entrance slit is 200 um; the optical scheme with the cylindrical
surface of the spectrum registration is from 0.48 nm to 1.43 nm, when the width of the entrance
slit is 15 pm; optical scheme with correction of coma is from 0.34 nm to 0.75 nm, when the width
of the entrance slit is 15 pm.

The advantages of the proposed scheme: the absence of replacement or moving parts
ensures reliable operation spectrofluorimeter, a minimum of optical components ensures low stray
light, the relative aperture is sufficiently high, spectrofluorimeter has a higher spectral resolution
than devices based on the filters.

References

[1] Pavlycheva N.K. Spectral devices with non-classical diffraction gratings. — Kazan: Publishing house
of Kazan State Technical University, 2003. — 198 p.
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c48 MHHrephepomerpbl PU30 HA OCHOBE KOMIMbIOTEPHO-CUHTE3UPOBAHHbIX
roJorpamMmm

Al [Torewyk, P.K. Hacoipos
HHceTuTyT aBTOMATHKK M 3J1eKTpoMeTprud CUOHPCKOTO oT/lesieHust Pocchiickol akajieMuu Hayk,
Hosocubupck, Poceust

BBenenue

MuTtepdepomeTpbl — OIHM M3 CaMbIX TOUHBbIX M3MepPUTEJbHBIX NpubopoB [1].
MukposaekTpoHuKa,  ONTHKA, Ja3epHasi TeXHHWKA,  TeJeKOMMYyHHUKAllusl,  acTPOHOMHS,
NpelU3uoHHAs MeXaHUKa, U3MEPUTE/IbHAsl TEXHHKA He MOTJIH Obl CYIIeCTBOBATb 6€3 MpUMeHEeHHUs
pa3IMYHbIX THUMOB HHTepdepomeTpoB. KauecTBo onTHUECKHX [OBEPXHOCTEH oONpeaessieTcs
MeTOJIaMH MX KOHTpoJisi. IHTepdepomeTp fo/KeH (hOpMUPOBATH KAPTY ONTHUECKOH MOBEPXHOCTH
6e3 IMCTOPCUH, HE3aBUCHMO OT TOTrO, SIBJISIETCSl JIM MOBEPXHOCTb IJIOCKOH, ceprueckoil Hiu
achepuuecKon.

B Hacrosimieit pa6orte paccmorpeHa kKoHdurypauus uHTepdepomerpa Puso (MD),
00CYXKJIeHbl XapaKTePUCTHKK M 0coOeHHOCTH cxeM. OCHOBHOe BHUMaHHE yJeJieHO MPUMEHEHHIO
cuHTe3upoBaHHbIx rosorpamm (CI') B cxemax U® na npumepe pazpadorantoro B MAndD CO PAH
1 3AO «[udpakuus» npudopa @PTHU-100PS.

Oco6enHoctn UP past KoHTpoas achepuku

Wurepdepomerpbl 06b1uHO cTpositest o cxeme Puso, Tak Kak oHa TpeOyeT MHHHUMyMa
ONTHYECKUX KOMNOHEHTOB. P ncnosbayeT 061K X0 H3MEPUTEIBHOTO ¥ OMOPHbBIX MyYKOB CBETA,
MOTOMY Ha KaueCTBO KOMIIOHEHTOB 0COObIX TPeOOBAHUN HEe HAKJA/bIBaeTCs. YIPOUIEHHAs cXxema
W@ npusenena Ha puc. la. Ontrueckoe Ua/aydyeHHe oT UCTOUHHKA S ¢ moMollibio cBeToenutels CJL
u obbekTBa Ol Hanpapssercs K 3TajoHHOH muactuHe III W nanee K noBepxHocTH 1
KOHTposiupyemMoro ob6bekra. MasnyueHue, oTpakeHHOe OT 3TOH MOBEPXHOCTH M OT CTOPOHbI A
3TaJIOHHOH TJIACTHHBI (cTopoHa b umeer kiuH a) dokycupyercsi o6bekTBoM O1 B MiockocTH
nuacparmbl 1 (Touka S') u nasnee ¢ nomouibio o6bektuBa O2 HanpasJsieTcs K Buaeokamepe BKI1.
OnnuMm U3 KJoueBbix s1eMmenToB MO siasietcsa nquacdparma [, Kotopasi cay:KUT /st GJ10KHPOBKH
Mapa3uTHOTO M3Jy4YeHHs], B YACTHOCTH OT CTOPOHbI B 3TajoHHON MyiacTHHbI (IITPUXOBAs JIUHUS U
tTouka S"). Pasamep nuadparmbl d ornpenessieT NpocTpaHCTBEHHOe pa3pellieHre npubopa. OaHaKo,
ecn U nenosibdyercsi copmectHo ¢ CI', To pasmep arnadparmbl onpenessithes yriaamu Andpakiumu
napasuTHbIX nopsiikoB. Ha puc. 16 nokazan npumep nosoxkenus 1 npu kontposie Al ¢ momoripto
CI' [2]. Pasymubiii BbiGOop pasmepa d auacdparMbl MO3BOJISIET MHUHUMH3UPOBATH BJMSIHHE
napasutHbix 1. Ecaiu noBepxHocts quadparmel I nMeeT 10CTaTOUHYIO MJ0ILA/b, TO ¢ MOMOILbIO
BTOpO# BUeokamepbl BK2 M0xKHO KOHTPOJIMPOBATH MOJI0XKEHHE aBTOKOJJIMMALIMOHHBIX TSATEH [3].
Atot meton peanusoBad B 1D tuna ®TH-100.

s KouTposisi chepuueckux nosepxHocted B cxemy M@ Bmecro II1 ycranasaupator
3TaJoHHbIH 00beKTUB (DO), npuyeM BbIXOAHAS JIMH3a HMEET arJaHaTHYECKYylO MOBEPXHOCTb,
KOTOpast sIBJISISICh CBeTofleInTe/ieM, OPMUPYET OMOPHBIH BOJIHOBOH (DPOHT Ha oTpaxenue. [lys
KOHTpOJIsi acpepuueckux nopepxHocteid DO JOMOMHAIOTCS KOPPEKTOPAMH BOJIHOBOTO (DPOHTA Ha
ocHoBe CI'. l'osiorpamma-koppekrop npeodpasyet cepudeckuit BonHoBo# PppouT W) ¢ Boixoga D0
B BOJIHOBOM (hpoHT Wo, conpsikeHHbll ¢ hopmoit All, kKak nokasaHo Ha puc. 2a. DTa cxema UMeeT
HEJIOCTaTOK — TOYHOCTb BCEIJla MeHblle, YeM TOUHOCTb KOHTPOJIS MJIOCKUX WJIM CeprUIeCcKux
MOBEPXHOCTEH. DTO 06YCJIOBIEHO, TEM, UTO NMoyIoxKKa CI” He BXOAUT B 001U X0/ CBETOBBIX MYYKOB
WO u, cnenoBartesibHO, €€ MOrPelIHOCTb CKAABIBAETCS C Pe3yJIbTaTOM U3MepEHHsI.
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0)
Puc. 1. ¥npouiennas cxema MO (a) u nosnoxkenus napasutbiii I (6)

OnmHuM W3 TyTel yCTpaHeHHWsl YKa3aHHBIX HENOCTAaTKOB  sIBJsieTCS  MPHUMeEHEeHHe
«KOMOUHHPOBAHHBIX cHHTe3upoBaHHbIX rojorpamm» (KCI') [4]. Takue KCI' nosBoJsitoT
dopMupoBaTh JBa U 0OoJiee HE3aBUCHMbIX BOJIHOBbIX ()poHTa onHUM 3jemeHTOM. Ha puc. 26
MpeJicTaB/ieHa cxeMa KOHTPOJIs cchepruecKor (U acheprueckoil) noBepxHoctu stasonHod KCI
paboTaloLIMM B MapaJiesbHOM Mydke ceTa [5]. OnopHblii JI0CKHH BOJHOBOH (DpOHT hopmMupyeTcst
MpH OTPaKeHUH OT CTOPOHBI A MoyI0KKH. Vcrnosnb3oBaHue napasiesibHOro Mmydyka cBeTa Mo3BoJisieT
cylllecTBeHHO ynpocTuTh toctupoBky KCI'. B npenyoxenHo# cxeme, noanoxka srajsonHoro KCI
BKJIIOU€HA B OOLIMH X0/ CBETOBBIX MyYKOB U €€ HEOJHOPOJHOCTH He BJUSIOT HA TOUHOCTb U3MEPEHHSI.

O0BeKT CI' OObekT
CI' W2

Hutepdepomerp
HuTeptepomerp

a)

Puc. 2. KontpoJb achepuueckoii mosepxHoctu ¢ nomotipio kom6unauuud DO u CI' (a) u ognoro sranonunoro KCI (6)

[lpocTrpaHcTBeHHOe pa3pewieHne UD

ATOT napameTp, Ha MPAKTHKE, OOBIYHO OTPENeNeTCs KOJHIeCTBOM HHTEP(epPeHIIMOHHbIX
1MoJioc, KOTOpOe perucTpupyercst Buaeokamepoil npubdopa. Psn coBpemennbix P nospossier
peructpupoBaTth cBbitie 1000 nosoc (Sub-Nyquist method), uro naetT Bo3MoxKHOCTb MPOBOIUTHL
KoHTposib popmbl AIl ¢ mocraTouHo OGoJIbIIMM OTKJIOHEHHEM OT OJswkaiiied chepbl 6e3
npumenenusi CI'. B stom caydyae nuametp amadparmsl (puc. la) gosmken 6biTh oKoso d = 8 MM, a
MaTpHlla BUIEOKaMepbl UMEeTb pa3MepHoCcTb He MeHee 4 Mn. OpHako, pa6oTa ¢ TakuM GOJbLINM
KOJIMUECTBOM TOJIOC HapyluaeT npuHuun Puso, 4To ¢ OJHON CTOPOHBI MPUBOIUT K CHHKEHHIO
TOUHOCTH H3MepeHusi U TpebyeT KaJuOpPOBKH, a C IPYrol yBeJUIMBAaeT CTOMMOCTb Nnpubopa u3-3a
MOBBILIEHHBIX TPeOOBAHUH K KAUECTBY ONTHYECKOH CHCTEMBI.

PagyMHbIM KOMITPOMHCCOM $IBJISIETCS UCMOJIb30BAHHE CMEHHBIX AMadparm, rnepekiouaeMblx
no kKomanjae orepatopa. B omHom wu3 BapuantoB M@ wmopesu DPTU-100 peanuzoBano
JIMCTAHIMOHHOE TIepeKJ/IIoUeHrHe cMeHHbIX anadparm ot d = 41,2 no 4,8 mm. Ha puc. 3 npusenen
npumep padodero okHa unreppepomerpa @TH-100 npu koutpose F100 Mm nnactunbl. B sneBoit
YacTH OKHA pacrioJiaraetcsi 3aperucTpupoBaHHasi uHTepdeporpamma (Ha pHC. 3a KOJMUECTBO
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nosoc — 110), rpaduk ckana noJoc o ocu Y, Tabsuiia abeppaiuit (Koah@uiueHToB MOJHHOMOB
Ilepnuke), a B mnpaBoil — aszoBasi Kapra (2-Xx wiaM 3-mepHasi). BumHo, uyTO KOHTpacT
untTepdepenuronnbix nonoc npesbimaer 90%. Ha puc. 36 nokasana yseanuennas (x10)
MHTepheporpamma LieHTpasbHol obsacth (J10 Mm) KoHTpospyemo# muactuHbl. Ha puc. 3B
MOKa3aHO OKHO BcriomorartesibHOH Bujeokamepbl (BK2, Ha puc. 1) npu yBesnuenuu 8. Xopolio
BU/IHbI aBTOKOJIJIUMALIMOHHbBIE MATHA U3MEPUTEJIbHOTO M OMOPHOTO My4YKOB, KOTOPble (hOPMHUPYIOT
MHTepdepeHIIHOHHYI0 KapTHHY. LIeHTp KpyroBo# CeTKH COOTBETCTBYeT LIEHTPY AHadparmbl, a ee
BHEILIHEee KOJIbLI0 — YIJIOBOMY OTKJOHeHHI0 B 3'. IlorpeniHoctb pedysibTaToB M3MepeHHs MpU
nameHeHuH Kosmdectse noJoc ¢ 10 1o 100 He npesbiaet A/100 (RMS).

o . PYTE S ———e

Crumn & Camamsee ¥ S Motoam o ¢ mamer |

sl

i

P i
Destancs (mm)

Helght rwaves)

Coma X 0.0 TR T
Flcoma ¥ 0058 P T P 01538
Clappekanois 10200 0000 aer §
Trofod x. 00377 £i4 ooy . : - w -
e ¥ 00008 ] O213 00008 istance ()

a)

Puc. 3. Oxna nporpammbl ynpassenus uarepdepomerpa @TH-100. Kontposb miockoctHocTd aetanu &100mm npu

kosindectBe nosioc 110 (a), yBesuennast ueHrpasbHas obaactb 10 mm (6) v BU niockocTy auadparmsl (B).

Puc. 4. [Ipumep unrepdeporpammbl (a) U KapT MOBEPXHOCTH (Pa30BOM MIACTUHKH (quameTp 60 MM ) nostydeHHble
metosamu BO3 (6) u criekrpasibHoro ananuaa (6)
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Oo6paboTKka uHTepheporpamm

B unreppepomerpe PTH-100 nas BoccraHoBsieHHs (OpMbl BOJHOBOrO (poHTa U
nostydeHusi Ko3(ppuUMEeHTOB pasJioxKeHus no 6Gasucy noJuHoMoB llepHuKe wHcrosbayeTes Mo
BbIGOPY onepatopa MeToabl B3 (5 untepdeporpamm), CA Ha ocHoBe npeobGpazoBanus Pypbe u
METOJ TPOCJEKHUBAHUS HHTep(EepPeHIMOHHbIX mojoc [6]. Jlas  yBesnueHUs: TOYHOCTH
BOCCTaHOBJIEHHUsT (POPMbI BOJIHOBOTO (DPOHTA MpU HaNUUMK TYpOYJEHTHOCTH BO3IyXa M BUOpALMiA
MpeayCMOTPEHO aBTOMATHUECKOe BbINIOJHEHHE CEpUN H3MePeHUH ¢ UbTpaluueil U yepeHeHHeM
peaysbTtaToB. [IpenmyiiectBo Metoga B3 xopolio ieMOHCTpUpyeT npumep UHTepdeporpaMmmbl U
KapT TOBEPXHOCTH (ha30BOH MJIACTHHKM TPUBENEHHBIN Ha puc. 4. Bugno, uto merton BD3
BOCITPOU3BOJIUT TPSIMOYTOJIbHYIO popMy pesbeda (Pa3oBOH MJIACTHHKH, B TO BPeMsI KaK METOJ
CMEKTPaJIbHOTO aHAJIU3a ee CIVIaXKUBAeT, KaK M0Ka3aHo Ha rpadukax (CM. Bpe3KH Ha puc. 46 U 4B).

3akatoueHue
[IpencraBsenbl pesysnbraThl pazpaboTku U uccienoBanus VP ¢ dazoBbiM casurom st
BbICOKOTOUHOTO KOHTpPOJIsi onThyeckux nosepxHoctel. [Ipemnoxennbiit MO tuna GTU-100PS
couetaer B cebe QyHKUMM HHTepdepoMeTpa U (POTOIIEKTPUIECKOTO ABTOKOJJIMMATOPA, UTO
MO3BOJISIET C BBICOKOH TOUHOCTBIO MPOBOAUTbL IOCTUPOBKY 3TafoHHbIX CIT M aBTOMaTH3MpOBaThH
npouece Hactpoiiku. PazpaGorano opuruHajsbHoe MporpaMMHoe obecriedeHue Jyis yrpaBJeHHs
npuGOPOM U aHa/IM3a UHTEPEPOrpaMM.

UctouHuku

[1] Manakapa JI. OnTudyecknii MpOU3BOACTBEHHbBIH KOHTPOJb. — M.: MaimHocTtpoenue, 1985.

[2] Burge H. Measurement of aspheric mirror segments using Fizeau interferometry with CGH
correction / H. Burge, C. Zhao, M. Dubin // SPIE Proc. — 2010. — Vol. 7739. — P. 773902.

[3] Tartent Ne2432546 P®. MutephepomeTp aist KOHTPOs hopMbl OBEPXHOCTH ONTHUECKHX feTaseli /
A.T. ITonemyk, A.E. Marouknn. — Ony6a1. 27.10.2011.

[4] J.-M. Asfour, A.G. Poleshchuk. Asphere testing with a Fizeau interferometer based on a combined
computer-generated hologram // JOSA A. — 2006. — 23. — Nel. — P. 172—178.

[5] Marent Ne2534435 P®. dranonHsblii 1M pakUHOHHDBI ONTHYCCKUI s71eMeHT (Bapnantbl) /
A.T. ITonenyk. — Ony6a1. 27.11.2014.

[6] Makcumos B.I. MeTtoj noBbIlLIEHHST TOUHOCTH BOCCTAHOBJIEHHS] BOJIHOBOTO )pOHTA 110 HAGOPY
unrepdeporpamm / B.I. Maxcumos, B. Taprakosckuii, A.T. TToseutyk, A.E. Matoukun,
P.K. Hacbipos // Asromerpusi. — 2011. — 47. — Ne6. — 82—91.

Fizeau interferometers on the base of computer-generated holograms

A.G. Poleshchuk, R.K. Nasyrou
Institute of Automation and Electrometry, Siberian Branch of the Russian Academy of Sciences,
Novosibirsk, Russia

Analysis of the laser interferometers for optical surface testing are presented. Methods of
spherical and aspherical surfaces testing based on application of computer-generated holograms
with laser interferometers are discussed. The results of development of the Fizeau interferometer
with improved functionality and interferogram processing are presented. Key features and
distinctive characteristics of the interferometer FTI-100 are considered.
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C.49 JudpakumoHHO-3epKajibHblil BICOKOANEPTYPHbIi MUKPOOObHEKTHUB I/
(hOKYCHPOBKHM J1a3€PHOT0 U3JyY€HHUS B YCTPOMUCTBAX 3aMKUCH

Al [oaewyk, A.I'. Cedyxun
HCTHTYT aBTOMaTHKK 1 3jieKTpoMeTprun CHOUpPCKOro otesenust Poccuiickoil akajaeMuu Hayk,
Hosocubupck, Poceust

YucseHHo ucee10BaHa ocTpast BbiIcoKoanepTypHast poKyCHpOBKa JIa3ePHOTO MyuKa MpH ero
KOJIbIIEBOM CBEJICHHM M pasjuyHblX popmax noJsipusaumu. B paHHoil paGoTe mnpeanoJaraercs
MCMOJIb30BAaHHE HE3aBUCHMBIX OT CHCTEMbl (DOKYCHPOBKH NpeoOpasoBatesiell nojspusauuu. s
OpraHM3alMu KOJIbLEBOrO CBEJEHUsI MydKa HCIOJb30BaHA paHee Tpe/uloKeHHasl CcHUcTeMa
cdokycupoBkn [1] B BHae (puc.l) npeoGpasoBartessi mnoJsipudaluuu JasepHoro rmnyuka 1,
nudpakiMoHHOro orntuyeckoro sJjemeHta ([103), npeobpasyiollero rayccoBo pacrnpesiesieHue
MHTEHCHBHOCTH JIa3€PHOTO MyYKa B KOJIbLIEBOE pacrpe/iesieHne, a TakzKe KOJIbLLeBOro chepuuecKoro
gdepkasa (C3), wumelollero 3epkajbHoe (MeTalJMuyecKoe) MOKPbITHE UM 00ecrneyuBalollero
COXpaHeHHe HampaBJeHUSsI MPOJOJbHON KOMIOHEHThbl MaJalollero Ha 3epKaJjio CBETOBOTO IMyuKa
nocjie ero OTpaxKeHust (oTpakeHMe Jydel Brepen). YKa3aHHbI pPeKHM HCIOJb30BaHMS
cepuyeckoro 3epKaJja CylleCTBEHHO OTJIMYAeTCsl OT TPAJULMOHHOTO, MPH KOTOPOM TPOJ0JbHAS
KOMIIOHEHTa Majaiollero Ha 3epKaJjio CBETOBOrO IMyyKa W MPOJIoJibHAsk KOMIIOHEHTAa OTPaxKeHHOro
MyyKa MUMeEIOT pas/iMuHble 3HAKK (OTpakKeHue Jydel Hadan). Hamu npoaHasusupoBaHbl QPyHKUMH
paccesiHusi TOYKH YKa3aHHOH CHUCTeMbl (POKYCHPOBKH JI/Is1 TAKMX TUIIOBBIX BUJIOB MOJISIPU3ALINH, KaK
JIMHEHHas!, KpyroBasi, a3uMyTajibHasi U pajayrasibHasi. ¥ CTaHOBJIEHO, YTO TPU BHIOPAHHOM peKHUME
paboTbl chepuuecKoro 3epkasa (oTpaxkeHue Jiyuedl Briepes), (YHKUHMH paccessHUsl TOUKH ISl
JIMHEHHOU W KPYTOBO# MOJISIpU3alMH MyuKa CyllleCTBEHHO OTJIHUAIOTCS 10 CBOel hopMe U pagamepam
OT (YHKIMH paccesiHusi, XapaKTepHBbIX Ui TPAAMLUHMOHHOTO WCIMOJAb30BAHUS 3epKana, Ipu
oTpaxkeHuu Jiyuel Hazal. Takoe noBeaeHre o6bsicHsIeTCs1 0co060i TpaHcdopmaliMeil KOMIOHEHTOB
Majialolero JMHEHHO MOJSIPU30BAHHOIO MyyKa MPH OTPaXKeHHH Myyka OT 3epKaja. A HMeHHO: B
COOTBETCTBMM  C  TIPAHUYHBIMM  YCJIOBUSIMH  3JIEKTPOJMHAMMKH, 3€pKajJo  HUHBEPTHPYyeT
TaHreHUHMAJbHYI0 KOMITIOHEHTY BEKTOpa HaMps)KEHHOCTH 3JIEKTPUYECKOro mnoJisi £ B 1ornepeyHon
MJIOCKOCTH CeueHHUs! 3epkasa (B MJIOCKOCTH, MEPrEeHANKYISPHON ONTHUECKON OCH) U He M3MEHSIeT
pajiMaibHyl0 KOMIIOHEHTY yKa3aHHOro BekTopa. COOTBETCTBEHHO, B BEKTOPHOH HHTErpasibHON
dopme [lebasi, omuchiBalolllell pacnpeseseHde aMIuIUTyabl 1oJs BOJM3M (OKaJbHOH TOUKH,
MOJISIPHBIN yroJi 0 3ameriaercst Ha © — 0, a COMHOXKUTe/IH Buaa 1£cosO 3ameraiorcest Ha 1F cos 0.
[1pu BbICOKOANepTypHOH KOJIbLIEBOH (POKYCHPOBKE, 3TO BJleUeT 3a COOO0H CyllleCTBEHHOE U3MEHEHHE
(hopMbl (PyHKLIMI paccesiHUsl TOUKH 10 OTHOLUEHHIO K CJIydalo, KOIJa 3epKajio MCIOJb3yeTcsl B
TPaJMIIMOHHOM pPeKUMe (TMIPH OTPaKEHUH Jydel Ha3af).

[Ipy npoBeleHWU YHUCJEHHOTO MOJEJIMPOBAHUS, HAaMH ObUIM TPHHATHI  CJeAyloLHe
napameTpbl ONTHYECKON cUcTeMbl. JlazepHblil MyyoK Ha BXoJe AM(PPAKIIMOHHOTO 3JeMeHTa UMeeT
MJIOCKUH BOJIHOBOH (POHT, a ero amIlIUTY/JHOe pachpejiesieHHe HMMeeT rayccoBy ¢opmy, C

pacnpeesieHueM B NepeTsukKe Mydka Buaa Fy, :exp(— r /wg), rje r — nornepeyHas pagMajbHas

KOOp/IMHATA, a Wy = 5,97 MM — pajuyc LIeHKH Myyka no ypoBHio exp(—2). PaGouasi aiMHa BOJIHBI
coctaBisieT A = 266 HMm. [lna caydas JMHEHHON MOJsipU3allid, MNPUHUMAETCs, UYTO My4dOK
MoJISIPU30BaH Mo nornepeuHor koopauHare X 6o Y. Panuyc KpUBU3HBI KOJIBLEBOTO chepUuecKoro
3epkKajsia coctaBysgeT R =7 MM. PaccrosiHe MexXIy MJIOCKOCTbIO JAU(PPAKIIMOHHOTO 3JeMeHTa U
IIEHTPOM KPUBM3HBI 3epKaJja paBHo Z = 40 MM, a paccTosiHie MexKIy LEHTPOM KPUBH3HbBI 3epKaJia
M TOUKOH CTMrMaTHYecKoH (POKyCHPOBKH paBHO z = 5,86 MM. MUHUMAaJ/bHOE 3HAUEHHE MOJISIPHOTO
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yrJia MpH KOJbLeBOH (DOKYCHPOBKe TydKa COCTaBJisieT O, = 69,37°, a MakcumaJsibHOe 3HaueHHe
JIAHHOTO yra paBHO 0. = 71,81°. M3 3TuX jaHHbIX cJeayeT, 4TO UHKCJOBasi arepTypa
paccMaTpuBaeMo# onTHUecKol cucteMbl coctasieT NA = sin 0,,,, = 0,95, a 3HaueHHe pasHOCTH
MaKCUMaJIbHOTO W MHHMMaJIbHOTO TOJSIPHOTO yryla TMpH  KOJIbLEBOH (DOKYCHPOBKE pPaBHO
Oimax — Omin = 2,45°. Tlpu 3TOM, aKkTOp KOJLIEBOrO CXKaTHSI MyuyKa MOXKHO OLEHHTb B BHJIE
COOTHOMICHHS € = (Oay — Ormin) / Omax = 0,034

ca
n filelc M
5 Z
[ L

Puc. 1. ¥npoiuenHnas cxema 1uppaklMOHHO-3€pKa/lbHbIH 00 bEKTHRA

Pacuer cBeToBOro moJisi MpOU3BOAUJICS M0 (hOPMYJiaM, YUUTHIBAIOLIMM BbIlLIETPUBEIEHHbIE
napameTpbl ONTHYECKOH CHCTEMbI M COOTBETCTBYIOLIMM MOJIEJH BbICOKOAMEPTYPHOH BEKTOPHOM
(hOKYCUPOBKH JlazepHoro mnyuyka B npuOauxkenuun Jlebas [2]. Ina ciaydass HCNoJb30BaHHUS
pacCcMOTPEHHOTO B JaHHOH paboTe obpallleHHOro KoJbleBoro cgepuueckoro sepkana (OKC3) u
JIa3epHOTO  TyyKa, JuHelHo noJspudoBaHHoro (JIunll) B njockocth X U uMmelollero
BBICOKOAIMEPTYPHOE KOJIbLIEBOE CBEJICHHE B ITpejies1ax y3KOH ceKTopaJsibHOH 06/1aCTH MOJSIPHOTO yrJ1a
0, Ha puc. 2a mokazaHa popMa pacCUMTAaHHBIX UUCJEHHO (PYHKIIUH paccesiHust TOUKH ( KpUBbIE [5) 1151
JIByX cedeHMil: no X KoopauHate W no Y koopauHaTe. Kak MoXKHO BHIeThb, pacrnpesesende no X
KOOp/IMHaTE (JIMHUS B BUJIE TOUYEK ) UMeeT BblpaKeHHbI poBaJ B LeHTpe, npu X = 0, u 18yropoyto
thopMy OCHOBHBIX MaKCUMyMOB. B To :xe Bpemsi, pacripenesenue 1o Y KkoopauHate (JUHUS B BUE
TOUEK U LUTPUXOB) XapaKTepU3yeTCsl MPUONHAKEHHO OJMHAKOBBIMU BEJHUYMHAMH HHTEHCHBHOCTSIMU
LIEHTPaJIbHOTO U JIByX MEPBbIX MOOOYHBIX MAKCUMYMOB. VMIHBIMH c/l0BaMH, NaHHBIA B (PyHKLIUH
paccesiHusi TOUKM UMEET BHJL IBYX OJIM3KO PACIIONOKEHHBIX U BBITAHYTHIX C(HOKYCHPOBAHHBIX MSTEH
CO CBepxMaJblMU pasMepamu. Takoe CBOHCTBO (DOKYCHPYIOLIEH CHCTEMbl MOXKET HalWTH CBOe
NpUMEHEHHe Ha TMpaKTHKe. B 4acTHOCTH, 3TO MO3BOJISIET HCMOJb30BATh JAHHBIH pPEKUM
(hOKYCHPOBKH [/l JaJibHENIero COBEPIIEHCTBOBAHUS BbICOKOpA3pellalollledl MHOTOMyYKOBOH
NPsSIMON J1a3epHON 3amucH [3], ¢ moJiydeHHeM HAHOMETPOBOTO paspelienus. Jljisi cpaBHeHus:, Ha
9TOM 7K€ PUCYHKe TMOKa3aHbl /Ba ceueHusi (yHKIMU paccesiHus Touku (o X u Y koopauHartam) ajis
CTaHAapPTHOTrO arnJyiaHaTuyeckoro oobekTHBa (AQO), HMeIolLero Ty »Ke camylo UMCI0BYIO anepTypy
OCBEII[AEMOTO TEM K€ CAMbIM TayCCOBBIM MyYKOM (KpHBbIE /g), ¢ JUHEHHOH MoJisipudaiyei u 6e3
KOJIbIIEBOTO BUHbeTHpOBaHMsl. Kak MOxKHO BUeTb, POpPMbI CeUeHHI JaHHOH (YHKIIMK paccesiHUs]
6JIM3KH K UCXOIHOH TrayccoBod popme, HO OTJIMHAIOTCS 110 1KUpUHe pacnpenenenus. [lonepeunbie
pa3mepbl JaHHbIX (DYHKIMH (110 ypoBHIO MHTeHCHBHOCTH 0,5 W KoopauHaTtam X, V) NpuOJIMXKeHHO B
JBa pasa MPEeBbIIAIOT [MONEPEeYHbId pa3Mep MaKCHMyMOB BBILLIEPACCMOTPEHHOU JIBYropOou
KPUBOH /5.

352



Crenposble nokiaanpl. Cekuus Ned
[osorpamMmHbie U 1M paKLIHOHHBIE ONITHYECKHE 3JIEMEHTHI:
METOJIbl KOMIBIOTEPHOTO CHHTE3a, METAMATEDUAJIbI, MJIA3MOHHbIE CTPYKTYPbI U TEXHOJIOTHH H3TOTOBJIEHHS

1 o )7 OKC3 X| ] 1r i &% |——1, Paal OKC3 1
! 7+7—|51-|I/1H|_| OKC3Y -l A3l OKC3
0.8 |— I mMHNAO X | 08l I, KpM OKC3 |
=== 1 JMHM AO Y J-+1, KpT AO

o
o

o
o

©
i
©
IN
T

HOpMMpOBaHHbIe WHTEHCUBHOCTU

o
N
:

HopMupoBaHHbIE UHTEHCUBHOCTM

o
N

0 \ \
-05 -04 -03 02 -01 0 01 02 03 04 05

0 o = iy
-05 -04 -03 -02 -0 0O 01 02 03 04 05
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Puc. 2. ®ynkuuu paccesinust TouKu o6pallieHHOro KoJiblieBoro cepuueckoro 3epkasa (OKC3) v ansianatiuieckoro
o6bektrBa (AO) ¢ paBHO# YHCIOBOI anlepTypoH, /st PA3JIUUHBIX PEXKUMOB TOJISIPU3ALIMH BXOAHOTO MyuKa

Pagunyc, r (MKkwm)

Ha puc. 26 nokazana ¢opma pacCuMTaHHbIX UYUCJEHHO OCECHMMETPUUHBIX (DYHKIHH
paccestHusl TOUKH Uil CJIydasl MCIOJIb30BAHUSI PACCMOTPEHHOIO B JIAHHOK paboTe 0OpallleHHOro
KOJIbIIEBOTO cPpepHUECKOro 3epKaJsa W yCJIOBHS, KOTJIa BXOMHOH My4OK UMEET BbICOKOAMEPTYPHOE
KOJIblleBOE CBeJIeHHe B Ipejesax Y3KOH CeKTopasbHOH 006J1acTH MOJSpHOro yria 6, a Takke
kpyrosyto (Kpll, kpusasi I3), asumyragbhyto (A3l1, kpusas ), 6o paguanbhyto (Panll, kpusas /)
noJsipudauuio. Kak MoKHO BHJIETh, pacrpejiesieHue, XapakTepHoe Jijisi KPyroBOH MOJIsipU3alliy,
MMeeT OTHOCHTEJILHO GOoJbLIMe pa3Mepbl U HEJOCTAaTOYHO IVIYOOKHE MpoBaJs B LIEHTPE, /s TOro,
YTOObI €r0 MOXKHO ObIO PEKOMEH/0BaTh Il MPaKTHYeCKOro npumeHeHust. C Ipyroi CTOpPOHbI,
pacrpesie/ieHnsi, XapaKTepHble JijIsi A3UMyTaJbHOW W pajMaJbHON TOJSPU3ALUM, HMEIOT
BbIpaKEHHbIH 1IEHTPaJIbHbIH MAKCUMYM, a TAKXKE MaJible HAHOMETPOBBIE TIOTIEPEUHbIE PAa3MePbI, UTO
M103BOJISIET paccMaTpUBaTh UX Kak MpUeMJeMble /s pas/MYHbIX MPAKTHYECKUX MPUMeHeHHH. B
YaCTHOCTH, paccMaTpUBaeMasl ONTHYECKasl cucTeMa (DOKYCHPOBKH MOXKET ObITh BCTPOEHA CHCTEMY
NPsSIMON J1a3epHOU 3anucH [4 ] aJ1si MoBbILIEHUs pa3pelialoler cnocoOHOCTH MPH 3aMUCH CTPYKTYP,
C WCIMOJIb30BAHWEM TOPOTOBOTO MeXaHH3Ma HMX 3amnucH. Jlis cpaBHEHHSs, HA TOM Ke PHCYHKe
noKazaHa (yHKIUSI paccesiHusi ToUkH (KpuBasi [y) st CTAHAAPTHOTO arnJjlaHaTHYeCKOro 0O'beKTHBA
(AO), umerollero Ty »Ke camylo UYMCJIOBYIO amnepTypy M OCBELIAEMOro rayCCOBBIM TYUYKOM C
yKazaHHbIM rpodusiem, ¢ KpyroBod nosspusauueid (Kpll) mnyuka ©6e3 ero KoJibleBOro
BUHbETHPOBaHUs. Kak MOXKHO BHAETb, TMOMepeuHblll pa3Mep JaHHOH (PYHKUMH CYyLIECTBEHHO
MpeBbIIAeT MOoMepeyHble pa3Mepbl, XapakTepHble /s CJydaeB MCMOJb30BaHUS CepHuecKoro
3epKaJjia M paauabHON JHO0 a3uMyTabHOH (hopMax MoJsipU3alyu.

Takum o6pazom, Ucc/eIOBaHUS THUIOBBIX PEKUMOB MOJSIPU3ALIMK JIA3€PHOTO IMyyKa s
pPacCMOTPEHHOH ONTHYECKOH CHCTEMbl KOJbLIEBOH (DOKYCHPOBKH MOKA3a/u, 4YTO HauOOJIbILNH
MPAKTUIECKUH HMHTEPEeC MPEACTAB/SAIOT PEXKUMbl TMOJSPU3ALMH C JHUHEHHOH, a3uMyTa/lbHOH U
pajManbHON MoJsisipu3auusiMi. B 4acTHOCTH, JaHHble peXKUMbl MOTYT HAaWTH NpUMEHEeHHe s
CBepXpaspeliarled TePMOXUMHYECKOH TPAMOH  3alMCH, C TPUMEHEHHEM CKaHHMPYIOLLero
JIa3epHOTO HaHOJUTOTrpada.

HanHasi pa6ot nomnep:kaHa vactuuHo rpaHtom PODOU ODPHM-M Ne 4-29-07227 wu
MEXJIMCLIUIJIMHAPHBIM HHTerpaloHHbIM poekTom Ne 112 Cubupckoro otaenennst PAH.
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aplanatic system / B. Richards and E. Wolf // Proc. R. Soc. London A. — 1959. — 253. —
P. 358—379.
IMosteuyk A.I'. MHoromyukoBas Jia3epHasi 3anich TMQPAKIMOHHBIX ONITHIECKHX 91eMEeHTOB /
A.T. osemyk, A.P. Cameros, A.I'. Cenyxun // Aptomerpusi. — 2012. — Tom 48. — Ne4., —
C.3—11
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nanoo6patotku / A.I'. [Tosentyk, B.IT. Koposabkos, B.IT. Becemenbies, K0.H. Hukanopos,
AJ1. Kapsan, A.T. Bepxoraisin // Tesuchl foknaaa MexaynapoaHoit Kondepeniuu «o09Kemno-
2015». — Kasausb, 2015.

Difiractive-mirror high-numerical-aperture objective lens for focusing
laser radiation in pattern generators

A.G. Poleshchuk, A.G. Sedukhin
Institute of Automation and Electrometry, Siberian Branch of the Russian Academy of Sciences,
Novosibirsk, Russia

A new type of “dry” high aperture (NA = 1) mirror-diffractive objective lens is proposed and

investigated. The objective lens has a large working distance (1 mm) and the internal
transformation of the input radiation into a beam with annular aperture function. For radially
polarized input radiation, the full width size of a laser spot evaluated at a half of central intensity
maximum in the focal plane of the objective lens amounts to about 100 nm at the wavelength of

266

nm. The profile of the point spread function of the objective lens is close to the zero-order

Bessel function of the first kind.
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C4.10 BpaieHue MUKpoMeXaHUYeCKUX 3J1€MEHTOB B ONTUMU3UPOBAHHbBIX
CBETOBbIX MyYKaxX Ha OCHOBE CyNeprno3uliMid ONTHYECKUX BUXPeil

C.B. l'anuesckas, P.B. Ckudanos

Camapckuil HalMOHAJIbHBIH MCCeloBaTeIbCKUH yHUBepeuTeT uMenn akaaemuka C.I1. Koponéra,
Camapa, Poccus

HuerutyT cucrem 06pa6oTku n3obpaxkenuit Poccuiickon akageMun Hayk — cusnai
DesrepasbHOrO rocy1apeTBEHHOTO yupexKaeHus « PeepalbHblil HAyYHO - HCCIeI0BATENLCKUI LIEHTP
«Kpucrannorpadusi u otonuka» Poccuiickoil akagemuu Hayk», Camapa, Poccust

Paccuntanbl AnppakMOHHbIE ONTHYECKHE 3JE€MEHThI, KOTOpble (POPMHUPYIOT HEKOJbLIEBbIE
BUXPEBbIE CBETOBbIE MyYKH C IOCTATOYHO PAaBHOMEPHBIM pacrpeieseHHeM HHTEHCHBHOCTH.

Jls1 onTHdecKoro BpailieHust MUKPOOOGHEKTOB OOBIMHO MCIOJb3YIOTCS BUXPEBbIE CBETOBbIE
My4YKH, HUMEIOLMe YETKYI0 KOJIbLUEBYIO CTPYKTypy. IDTO MOryT ObiTb myukd beccens [1],
rurnepreoMeTpuyeckue nyuku [2]. B kauecTBe 00beKTOB /1 MAHUMYJISIUMK BbICTYNAIOT YACTULbI C
xapakrepHbiMu pasmepamu 0,1—10 mxm. Muorma B 3KcrnepuMeHTaX HCHOJb3YIOT OOBEKTHI
HaHOMETPOBbBIX pa3aMepoB [3—6], B 4aCTHOCTH, HaCTHIL 30J10Ta [4, 6].

s BpauieHusi 6oJiee KPyMHbIX MHUKPOOOBEKTOB HMEIOLIHMX CJAO0XKHYIO (OpPMY U OCEBYIO
CUMMETPHUH, Hanpumep, MUKpPOTYypOUH TpebyeTcsi, 0ObIuHO, OOJblle YCHUJHUH, YeM JijIsl TIPOCTOro
BpallleHHs1 MUKPOOOBEKTOB. 3HAUMT, HEOOXOAUMO YBEJHUYUTb MOLIHOCTb M MOPSIIOK paboyero
BUXpeBoro nyyka. OJHaKo, MPOCTOe MOBbILLIEHHE MOLIHOCTH B JAHHOM CJlyyae 3ajauy He pellaer,
T.K. BO3MOKHO TepMHUECKOe pa3pylleHne MUKPOTYpOUHBI, T.K. B CHJly TeOMETPHUH BUXPEBOTO MyyKa
BCSl €0 MOLIHOCTb OyJeT cocpelloToyeHa B y3KOH 06sacTh. HYToObl 3TOro u3beKatb HeoOXOIAMMO
MHHHMM3UPOBATH TEIJIOBOE BO3NEHCTBHE HA MUKPOTYpOHHY, T.e. CPOPMHPOBATH CBETOBOH My4yOK
TakuM 00pa3oM, 4ToObl CBETOBAs MOUIHOCTb IMydyKa Oblia pacnpesieseHa Mo MaKCHMaJsbHOH
MJIOLIA/IM, a padMep IMyyKa OblJl IPUMEPHO COMOCTABUM C pa3MepoM MUKPOTYpOUHbI. Tak ke, 4ToObl
BpallAIOIIMA MOMEHT OT BHXPEBOrO IMyukKa 3(PQeKTUBHO MepenaBajcsi MUKPOTYpOUHE, NOJKHO
BBITIOJTHATBCS YCJIOBHE: CUJIbI, IEHCTBYIONIEH HA JIOTTATKY MUKPOTYPOUHbBI IPH J1I0O0H €€ OpHeHTallun
OJIMHAKOBA, 3TO JIOCTHraeTcsl MpH YCJIOBUHM PABHOMEPHOCTH pachpee/ieHHs: HHTEHCHBHOCTH MO
noJsipHomy yrJy [9].

(@)= |/(r,@)dr = const, (1)
rie /(r, ) — MHTEHCHBHOCTb BUXPEBOTO My4Ka B MOJSPHBIX KOOPAMHATAX C LIEHTPOM Ha OCH MyYKa,
[s — cyMMapHasi MHTEHCUBHOCTb ITy4Ka 110 TEKYLLEMY HarpaBJieHHIO.

st hopMHUpOBaHUST TaKUX Iy4KOB ObIM pPAaCCUMTaHbl JAHU(PAKLHOHHbIE ONTHUECKHE
3JIEMEHTbI, KOTOpble (hOPMHUPYIOT M300PaKEHUsI ¢ MPAKTUUECKH PABHOMEPHBIM pacrpesieieHleM
MHTEHCHBHOCTH.

O C—
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Puc. 1. ®azosas pynxuus 10 nis popMupoBaHus CyTneprno3HLMH CBETOBBIX IMyYKOB C TOMOJOTHUECKUMH 3apsiiaMH
1,3, 11 (a), pacnpesiesieHHe HHTEHCUBHOCTH My4Ka B IaJibHel 30He ucpakiud (6), pacnpeneseHie HHTEHCUBHOCTH
10 TIOJISIPHOMY YTy (B)

Puc. 2. ®azosas dyukuus 10 nist hopMupoBaHust Cyreprio3niik CBETOBBIX Ty4KOB MyYKa ¢ TOMOJOTHUECKUMU
3apsinamu 3, 11, 15 (a), pacnpesiesienne HHTEHCHBHOCTH B JiaJibHell 30He qudpakiinu (6), pacnpeeseHue
MHTEHCHBHOCTH TI0 TIOJISIPHOMY YTJTY (B)
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Puc. 3. ®azosas dyuxuus 10 nist hopmupoBaHust Cyrneprio3nlii CBETOBBIX My4KOB MyYKa C TOMOJOTHUECKUMU
3apsitamu 5, 11, 21 (a), pacnpe/esieHrie HHTEHCUBHOCTH MyYKa B JlajibHel 30He audpakiuu (6), pacnpeneseHde
MHTEHCHBHOCTH MO TIOJISIPHOMY YTJTY (B)

Puc. 4. ®azoBas dynkuus JIO nig popMupoBaHHUs Cyrneprio3uliii CBETOBBIX My4YKOB MyYKa ¢ TOMOJOTHUECKUMU
3apsamu 7, 14, 23 (a), pacnpenesieHrie HHTEHCUBHOCTH MyYKa B lajibHel 30He audpakiuu (6), pacnpeneseHue
MUHTEHCUBHOCTH M0 MOJISIPHOMY YTy (B)

Kak BumHo u3 puc. 1 —4, dopmupyembie pacnpesesieHUss HHTEHCHBHOCTH HEKOJblIEBbIE,
OJIHAKO pacrpejieieHre Mo NoJsipHOMY YIJy TIOYTH paBHOMEPHOE, UTO JJaeT OCHOBAHUE YTBEPIKAATh
BO3MOKHOCTb HUCIOJIb30BAHUSI TAKUX CBETOBBIX MyYKOB JI/Isl ONTHUYECKOT0 BpallleHUs MUKPOTYPOUH.
Ha Bcex npuBeieHHBIX TpaKax OTHOCUTEbHO OTKJIOHEHHE 3HAUEHUS [y OT CPeJHEro 3HaYeHHsT He
npesbitnaet 0,2.

3akaioueHue
Paccuurtanbl audpakilMOHHbIE ONTHYECKHE 3JeMeHThbl, (hOPMHUPYIOLIHE HEKOJIblIeBble
BUXpPEBble CBETOBble Ty4YKM C TOYTH pPABHOMEPHBIM pacrpesejeHHeM HHTEHCHBHOCTH
(oTHOCHTE/JIbHOE OTKJIOHEHHE CyMMAapHOW HWHTEHCHBHOCTH TydyKa CpPEeIHero 3HaueHus He
npesbiiaet 0,2).

BaaropapHocTu
Pa6ora BbinosHena npu ¢punancoBoil noguep:kke PH® (rpant 14-31-00014 ).
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The rotation of the micromechanical elements in optimized light beams
based on the superposition of optical vortices

S.V. Ganchevskaya, R.V. Skidanov

Image Processing Systems Institute — Branch of the Federal Scientific Research Centre
“Crystallography and Photonics” of Russian Academy of Sciences, Samara, Russia

Samara National Research University named after Academician S.P. Korolev, Samara, Russia

Designed diffractive optical elements forming a non-annular vortex light beams with fairly

uniform intensity distribution.
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C4.11 HMcnonb3oBaHMe MarHMTONJAa3MOHHBIX CTPYKTYP B yCTPOMCTBAaX
CUMTbIBAHUSI MATHUTHOM HHGOPMALIUU C TOKYMEHTOB

A.C. Kyaneyos, JI.A. Haiiden, A.1O. )Kepdes
MockoBckHil rocylapcTBeHHbIH TexHUYecKUl yHUBepcuTeT uM. H.3. baymana, Mockga, Poccus

MHTepec K MOBEPXHOCTHBIM TJIa3MOH — TOJIIPUTOHHBIM BOJIHAM CBSI3aH C JIOKaJU3aluen
3JIEKTPOMArHUTHOTO T0JIs1 B MaJIOH MPUTPAHUUHOK 00J1IaCTH ¥ BO3MOXKHOCTBIO €r0 BOJHOBOJHOTO
pacripoctpaHenus [1].

Cpeny pa3iMyHbIX ONTHYECKHUX 9PPEKTOB MarHUTOONTHUECKHE 3(h(PEKThI 3aHUMAIOT OJIHO U3
OCHOBHBIX MecT. HacTo yisi MpakTHYECKHUX 1leJiell 0Ka3blBAeTCsl BAXKHON BO3MOXKHOCTb YIPaBJsAT
ONTHYECKUMH CBOHCTBAMHU HCTOJb3yeMbIx cpel. OaHum u3 Haubosee 3(h(HeKTUBHBIX METOIOB
SIBJISIETCS UCIIOJIb30BAHME MArHUTHBIX MaTepuaJoB [2]. Kpome oueBunHOH BO3MOKHOCTH H3MEHEHHUS
OTNTUYECKUX CBOWCTB Cpe/bl MO/ JEHCTBMEM BHEIIHEr0 MAarHUTHOTO T0JIl, 3TO MPUBOAMT K
MOSIBJIEHUIO LIEJIOTO psiia 9PPEKTOB MAarHUTOONTHKH, 06YCIOBIEHHBIX HAJIMUHEM HAMarHU4€HHOCTH
B Cpejie.

Maruutoontuueckue 3M@eKTbl HUMeIoT HaUOGOJbLIYI0 BeJUYMHY B (heppOMAarHUTHBIX
MeTaJsiax, TaKuX Kak »KeJsie30, HHKeJIb W KoOasbT. B To ke Bpemsi heppoMarHuTHbE MeTaJlbl
Henpo3pauHbl B BUIUMOM M OJIHKHEM MH(PAKpACHOM JHanasoHax M o6JaaaloT 3HAYMTEsbHbIMU
ONTHYECKUMHU NOTepsiMu. [ToaToMy GoJblIyI0 3HAYUMOCTb UMEIOT (hepPOMArHUTHbBIE IU3JIEKTPUKH,
o6J1anatoliye HeCKOJIbKO MEHbIIIEH BEJTMUMHON MAarHUTOONTHYECKUX (PPEKTOB, HO B TO K€ BpeMsi
CYLIECTBEHHO MEHbLIUM KO3 duLreHToM noryoulenus. Cpean HUX, He0OXOAUMO OTMETHTb BUCMYT
cojiepkaliiie eppUThI-rpaHaThl.

Maruutoontuueckue 3PQekTbl MOryT ObITh TaKKe YCHJIEHbl 3a cyeT BO30YKIEHUS
COOCTBEHHBIX BOJIH CTPYKTYpbl, B UYACTHOCTH, B METAJJIO-AU3JEKTPHUECKUX CTPYKTypax Ipu
BO30YKIEHUH TOBEPXHOCTHBIX MJyadMoH-nosssputoHoB (IIIIT). TloBepxHocTHble mJa3MOH-
MOJIIPUTOHHbBIE BOJIHBI TPEACTABJSAIOT cOO0N CBsi3aHHble KOJleOaHUsT JE€KTPOMATHUTHOTO TMOJIsI U
3JIEKTPOHHOTO rasa MeTaJjlia, PacnpoCTpaHsIOUIMeCs: BAOJb IPAHUILLbI Pa3fesa MeXIy MeTalJoM U
nnsaeKTpuKkoM. [Ipu 3ToM 371eKTpOMarHuTHOE 1oJie BOJIHbBI JIOKAJM30BaHO BOJIM3U MPAHULIbI MEKILY
JIBYMSI CpPeaMH.

AxryanbHoll siB/isleTcsi 3ajaya pa3pabOTKH HOBBIX METOOB, a TaKxKe amnaparypbl JJisi
BU3yaJIM3allil U PErMCTPALMU CKPBITBIX MAarHUTHBIX CTPYKTYP C LI€HHBIX JIOKyMEHTOB, HOCHUTeJEN
ayMo-BUIEO 3aMUCel WM 3aLIUTHBIX TOJIOTPAMM C LEJbI0 MX KOHTPOJS moaiuHHOCTH [6—10].
Cpefi cyl1eCTBYIOLIMX METOJIOB M YCTPOUCTB perucTpallii MarHUTHBIX MoJiel (1aTuuKi Ha s dekTe
XoJina; BU3yasu3alys W PErUCTPallsi C MOMOIIBI0 MATHUTHBIX CYCMEH3Wi, MeTO/lbl MAarHUTHOH
CWJIOBOM MHKPOCKOITHH ), HaubGoJsiee MepCreKTUBHBIMU SIBJISIOTCS MArHUTOONTHYECKHE METOJIbl, U
ycTpoiictBa Ha ux ocHoBe [6—10]. PaGora takux ycTpoHCTB OCHOBaHa Ha HCIOJb30BAHUH
MarauroonTuyeckoro sddexra Papaness npu MPOXOKIEHUH H3JIyUYeHHs yepe3 HaMarHUYeHHYIO
CTPYKTYDY.

B nocnennee Bpemsi HaubGoJblIMK HHTepec HabJofaeTcss B 00JIaCTH  MCCJEN0BaHUN
pe3oHaHcHOro ycujenusi scpdexkra Papaness B MAarHUTHBIX MJA3MOHHBIX CTPYKTypax Ha OCHOBE
30JI0TBIX MEPUOAMUYECKUX pPelleToK B cjosix ¢epput-rpaHata [11—13]. Lleabto nanHoit paGoTb
SIBJISIETCS] UCCJIEI0BAHUS MyTel MOBbILLIEHHS] KOHTPAacTa U300paxKeHHUsl B yCTPOHUCTBAX CUHUTHIBAHMSI,
M ee 3aBUCHMOCTH OT reOMeTPUUECKHX MapaMeTpoB W MaTepHasoB MCMOJb3YyeMOH MarHUTHOU
MJIa3MOHHOU CTPYKTypbl. Ha puc. 1 npesicraBieHa cxema yCTpoHCTBa perucTpaliy U BU3yasu3aliu
MarHuTHOM MH(OPMALMU C LEHHbIX JOKYMEHTOB, C HCIMOJb30BAHMEM MATHUTHOW MJIa3MOHHOH

CTPYKTYPBI.
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| — nosaspusarop, 2 — MarHuTHasi JIa3MOHHAas CTPYKTYpa,
3 — LCHHbIH IOKYMEHT C HOCHTeJIeM MarHHTHOH HH(OPMaLUK, 4 — aHaIM3aTop
Puc. 1. Cxema ycTpoHcTBa perncTpaliy U BU3yaan3alii MariiTHOH HH(OPMALHH ¢ HCMTONBb30BAHHEM MarHUTHOH
TMJIa3MOHHOH CTPYKTYPbI

B Takux cTpykTypax Hab/0AaI0TCSl Pe30HAHCHI B BUJIE PE3KUX MAKCUMYMOB 1 MUHUMYMOB B
CMEKTpax OTpaKeHWs M MponycKaHusi. Pe3oHaHChl AU(PPAKIHOHHBIX CTPYKTYp OOYCJOBJEHbI
B030YKJeHHeM COOCTBEHHBIX MOJ CTPYKTypbl. Moaamu nepuoanyecKol CTPYKTYpbl MOTYT ObITb
KBA3MBOJIHOBOJIHbIE MOJIbI, PACMIPOCTPAHSIIONIMECS B HAMIPABJIEHUH TIEPUOIMUHOCTH CTPYKTYPbI, U
JIOKQJIM30BaHHbIe MOJIbI (1leJIeld ¥ CTyreHeK) CTPyKTypbl. OnHuM H3 HauboJsiee YHHBepCAJbHBIX
METOJIOB pacueTa AU(PaKUHMK CBeTa Ha MEPUOIMUECKUX CTPYKTypax siB/sSeTCs MeTOA (ypbe-MO]l.
JlanHblii MeTol ocHOBaH Ha TeopeMme bijoxa — @Jioke, U3 KOTOpOH cCJellyeT, 4TO pelleHHe
ypaBHeHu# MakcBessia B ME€PUOMUECKOH  CTPYKTYpe MOXKHO MPEACTaBUTb B BHIE
KBa3umepuoanyeckor ¢yHKUMH. B pamkax merona dypbe-Mo npearnosaraercsi, 4Yto CTPyKTypa
COCTOUT M3 CJOEB, B KOTOPBIX JAU3IJEKTpUUECKasl MPOHUIIAEMOCTb MAaTepHaoB He 3aBHCHT OT
nepeMeHHOH z. B 9TOM ciiydae noJsie B KaxK/IOM CJ10€ MOXKHO TMPEACTaBUTH B BUe psina Pypbe o
repeMeHHON X, COOTBETCTBYIOIIEH HAMpPaBJEHUIO TEPHUOIMUYHOCTH CTPYKTYPhI, UTO TOKA3aHO Ha
puc. 2.

i L

Puc. 2. Cxema nepnoandecKor CTPyKTyphl

B xonme pacuera 3ajaun audpakiyd Ha MEPUOAMYECKUX MUMPAKIMOHHBIX CTPYKTypax
MeTONIOM (ypbe-Mojl, ObIM HCCJAe0BaHbl 3aBUCUMOCTH yrya Papanesi OT BBICOTHI CJIOSI
MepUOIMIECKON pelleTKH #,, OT ee mnepuopa d, OT yrja MNaAeHUs] H3JNYUEeHHS O U BBICOThI
MarHMTOONTHUECKOT0 MaTepuasia. PacueTbl OblIM MPOBeEHbI Kak JJisi CTPYKTYp C OJHOMEPHOMH
MePUOIMUECKOH PellleTKOH U3 6J1aropoiHOT0 MaTepHaJa (30J10Ta ), Tak U Jjist OAHOPOAHBIX CTPYKTYP.
Kaxnplii U3 aHasM3aupyeMbiX MapameTpoB BbIOHpAJCsl M3 HAYaJbHOTO AMANa3oHa: BHICOTA CJIOS
nepuoauueckor petietku ot 50 1o 100 HM; nepuon cTpykTypbl oT 290 10 490 HM; yroa najeHus ot
30° no 607 BbicotTa MarautoontHyeckoro cjost ot 470 no 670 Hm. lasee paccmaTpUBAJIHCh
MoJiyueHHble pe3yJbTaThl U MyTeM MepeGopa ObuiM Mop0OpaHbl ONTUMAaJbHble 3HAYEHHUS:
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h =670 um, h, = 100 um, d = 390 um, o = 60°. Ha puc. 4 npencraByieHbl pe3ysbTaThl pacuera ¢
ONTUMAJIbHBIMM TMapaMeTpaMu i CTPYKTypbl 0e3 TMJA3MOHHOH pelIeTKH M CTPYKTypbl C
JIA3MOHHOH PELLIeTKOH.

1
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[ItpuxoBas uHUs — rpacuK CTPYKTYpbl 63 MJIa3MOHHON PelIeTKH,
CTIJTOLIHAST JIHHUST — TPagUK ANIs CTPYKTYPBI C TJIa3MOHHOH pelleTKOH
Puc. 5. PeaynbTupyioui rpaduk st CTPKTyp C TJIa3MOHHOH pelleTKol n 6e3 Hee

Puc. 5 nokasbiBaeT, uTo B c/yyae ¢ MJa3MOHHOH pelieTKe rpaduk UMeeT pe3Khe MUKHU Ha
HECKOJIbKUX JUIMHAX BOJIH. Klcxoash M3 3TOro MOXKHO CKasaTb, 4YTO HaOJIIOAAeTCsl YCHJICHHE
MarHuToonTHueckux 3dpdgekroB B 2—3 pasa B pacCMaTPUBAEMbIX MArHUTHBIX MJa3MOHHbIX
CTPYKTYypax, Mo CPaBHEHHIO C OTHOPOJHBIMU MJIEHKAMH. Y CUJIeHHE MArHUTOONTHYECKOro 3hdeKTa B
TaKOW CTPYKType 0ObsCHsIeTCS BO36YKIEHHEM KBa3HBOJHOBOIHBIX MO/L.

[TosryyeHHble pe3ysbTaThbl MO3BOJISIIOT OLEHUTb B JajibHeHLIeM BeJHYMHY KOHTpacTa
1300paXKeHUs1 B ONTHYECKHUX YCTPOUCTBAX CUMTBLIBAHMSI CKPBITOM MAarHUTHOHW HHQoOpMalMH C
MCIOJIb30BAHWEM OJIHOMEPHBIX MAaTHUTHBIX MJIA3MOHHBIX CTPYKTYp, Y€ro JI0 CHX Mop elle He OblIo
MpoaHaJM3upoBaHO M HcCeoBaHO. B Xome mnpoaenaHHoH padoThl OblIM HCC/IEAOBAHbI MyTH
TMOBbILIEHUs] KOHTpacTa U306paxKeHHsl B YCTPOHCTBAX CUNTBIBAHMS, U 3aBUCUMOCTb CTPYKTYpbl OT
reoMeTPUYECKUX MapaMeTpoB U MATepHaJIOB UCIOJb3yeMOH MArHUTHOH MJAa3MOHHOH CTPYKTYPHI.
Ha6sonaemble ycusieHnsi B BUJie MUKOB MO3BOJIUJN YBEJIMUUTh MAarHUTOONTHUECKHE 3((EKThl B
2—3 pasa 110 cpaBHEHHIO CO CTPYKTYpaMH 6e3 My1a3MOHOB. JlaHHbIe pe3yJ/ibTaThl 1at0T BO3MOXKHOCTh
CYIUTb 00 yJIydllIeHHH XapaKTePUCTHK MPUOOpa B LIEJIOM.
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Using a magnetoplasmonic structures in reading devices of hidden
magnetic information from valuable documents

A.S. Kuznetsov L.A., Naiden
Bauman Moscow State Technical University, Moscow, Russia

Object of research are imaging system and recording media ¢ magnetic elements. The

possibility of using magnetoplasmons structures in the recording devices and magnetic imaging of
hidden information from valuable documents. The effects of resonance amplification of the
magneto-optical Faraday effect depending on geometrical parameters magnetoplasmons
structure.
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c5.1 Cucrema crneks-onTHYecKOro KOHTPOJSi COCTOSIHUSI CUJIOBbIX 3/1eMEHTOB
KOHCTPYKUMA MALIMHOCTPOEHHUSI

A.H. Maxos, I1.B. [lasaos, A.B. Heynokoesa

Boennbiit yue6Ho-Hayunblii ieHTp BBC «BoenHno-Bosyninas akajaemusi umenu npodeccopa
H.E. )Kykosckoro u FO.A. T'arapuna», Boponex, Poccusi

HMpkyTckuil rocynapcTBeHHbIH MeIMUMHCKUI yHUBepeuTeT, MpkyTck, Poccust

PaccmatpuBatoresi  peanusaiidsi M TIPUMEHEHHsT  HH(POPMALMOHHO-IHATHOCTHYECKOTO
KOMIJIEKCA HEepa3pylIAoLIEro KOHTPOJIsl, MO3BOJSIIOUIETO MPOBOAUTH KOHTPOJb TEXHHUYECKOIro
COCTOSIHUS Y3JIOB M arperaToB C UCIOJIb30BAHUEM METOJIa aHAJM3a CIEKJ-CTPYKTYp ONTHYECKOTO
u3JaydeHust. PazpaboTaHHbIl OPHUTHHAJIBHBIA MPOrPAMMHBIH KOMIIEKC peasu3yeT ajropUTMbl
06paboTKH LUPPOBLIX HM300paxKeHUH Ha OCHOBE METOJI0B KOPPEJSILIMOHHOIO aHaju3a M MeToja
«IL1aXMaTHOHU JTOCKHU».

Beenenue

MojepHu3sallusi CylLeCTBYIOLIMX, U pa3paboTKa MepcreKTHBHbIX aBUALIMOHHBIX KOMIJIEKCOB
BOOPY2KEHHUSI TI03BOJIW/IA PACLIMPUTL UX JMANa30H MPUMEHEHHs], YTO HEMOCPEJCTBEHHO CKa3a/l0Ch
Ha yBeJIMUEHNWH HAarPy30K Ha BCe arperaThbl BO3IYLIHOTO Cy/iHA B Mpoliecce KcrtyaTainu. OnHum u3
BaXKHbIX (DaKTOPOB, 06YCJOBJIUBAIOLINX aBAPUHHOCTb BO3AylIHbIX cynoB (BC) rocynapcrsenHoi
aBualud PO sBjsieTcss HECOBEPIIEHCTBO HAXOASLIMXCS HAa BOOPYKEHUHM CTPOEBBIX yacTel
YCTPOUCTB Hepaspyiatoiero Koutposs (HK).

Tak, Hanpumep, B OCHOBe CTaHAAPTHLIX Je(EKTOCKONUYECKHX PaboT MO OCMOTPY
MOBEPXHOCTE! BbICOKOHArpy»KeHHblX getateil BC JjexxuT onTtHko-Budyasbhblil Meton HK,
CJIEIOBATEJIHO, OT €ro pe3ysabTaToB OyleT 3aBUCEThb JaJsibHerllas Oe30MacHOCThb I0JIeTOB
aBuanapka ['A P®. OcHoBHBIM HeflocTaTKOM Takoro ontudeckoro metona HK siBaisiercs: Biusinue
yeJIoBeYeCcKoro (akTopa Ha pe3yJbTaT KOHTPOJS M OTCYTCTBHE BO3MOXKHOCTH OIpee/eHHs
rayOuHbl TIOBpexKeHust (nedekra) getanu. Takum o6pa3om, akTyajbHa pa3pabOTKa HOBbIX,
BbICOKOTOYHBIX ycTporcTB HK.

Hanuune coBpemeHHON 3JjieMeHTHOH 6a3bl OMTOJEKTPOHUKH — TOJYNPOBOJAHUKOBbIE
Jlazepbl, MaTpUuHble (QOTONPUEMHUKH, MOPTATHBHbIE KOMIIbIOTEPbl — [MO3BOJHJIO CO3[aTh
MOOUJIbHBIN crieK/I-J1a3epHblid gedekrockon [ 1]. [TpuHimn paboThl JaHHOTO YCTPOHCTBA OCHOBAH Ha
MCII0JIb30BAHWH METOJIA CMEKJ-CTPYKTYp onTHueckoro usmayuenus (MCCON).

@uznueckuit cmbic MCCOMU coctout B crenytotiiemM. Ecai ocBeliath 111epoxoBathlil MPeaMeT
KOTEpPEHTHBIM y4KOM H3JIydeHHs! (J1a3epoM), TO H300pazKeHHe, KoTopoe HabJ/IoaeTcsl, MO0 I1a3oM,
JIMOO0 MPH TIOMOLLM ONTHYECKOH CHCTEMbI, HMEET SIPKO BbIPaXKEHHYIO 3€PHUCTYIO CTPYKTYPY — CIEKJI-
KapTUHy. XapakTep W CTPYKTypa CIEKJI-KApPTHHbI MOJHOCTBIO 3aBUCHT OT CTPYKTYpbl 0OJydaeMoil
MIOBEPXHOCTH, MO3TOMY TIpH 0Opa30BaHUM MeJibyariiero aedekra (COM3MEpUMOro ¢ JYIMHOH BOJIHBI
M3JTy4eHHs1 ) Ha KOHTPOJIMPYEMOF MOBEPXHOCTH MPOUCXOIUT H3MEHEHHE CTPYKTYPbI CIEKJI-U306parKeHHIl.

B Hacrosiiiiee Bpemsi usBecteH psia obsacteit, riae npumeHeHne MCCOMU nmeet Gosbline
MepCreKTUBbL: UCCIeIOBAHNE MAaTEPHAIOB METOJIOM CHEKJ-CTPYKTYp [2], uccenoBaHnue COCTOSTHUS
opranuama [ 3], uccienoBanue aepopmalini 1 HanpsikKeHui B aetassix [4].

[Tpu ucnosnbzoann MCCOMW npumMeHsitoTest pa3inuHble aJrOpuT™Mbl 00paboTKH LMD POBBIX
crnekJ-uzoopaxkeHnil. B paGotax [5, 6] paccMoTpeHbl (pU3HUECKHEe TMPUHUMIbBI AJrOPUTMOB U
ob6aacte ux mnpuMeHeHusi. OTCYTCTBHE CHEUMAJU3UPOBAHHOTO MPOTPAMMHOIO  KOMILJIEKCa,
BKJIIOYAIONIEro B ceOst MOy M MpoBol 06paboTKh H306paKeHHH, He T03BOJISJIO OfepaTopam,
MMeroluM 6a3oBble HaBbIKKW BJajgeHuss IBM nposoauth onepaunu no HK ¢ npumenenuem
YCTPOUCTB, MPUHLIMIM IEUCTBUS KOTOPBIX OCHOBAH Ha ucnosb3oBannt MCCOU.
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BypHoe pa3BuTHE MHMKPO3JEKTPOHHKH MPUBEJO K TOMY, YTO HA CErOAHSLIHHA MOMEHT
KaXK/Ibld  MOOWJIbHBIA — TaKeT, SBJSETCS TMOPTATUBHBIM  BbIYMCJAUTENbHBIM — YCTPOHCTBOM,
T03BOJISIIOLLMM TPOU3BOJIUThL Cepbe3Hble MaTeMaTHYeCKHE BBIYUCJIEHHS, B TOM YHCJIE U BBIMOJHSATh
orepauuu no uuppoBoit o6paboTKe 30O parkenui. Mcnosb3oBanue nporpaMMHOro KoOMIljieKca Ha
MOPTATHUBHBIX BLIUMCIUTENSAX, paboTalolIUX Ha onepaiuonHblx cucremax (OC) Android, Mac OS,
Linux, Windows Phone, tpebyer oT pa3paboTunkoB BbiGopa KpocCrmjaaTGOpMEHHOTO $3bIKa
NporpaMMHpOBaHHs1, 1MospoJsiollero cosnapatb [10, coBmecTrMoe ¢ yo60# U3 pacCMOTPEHHBIX
Bbille OC. [TosToMy B KauecTBe MHCTPyMeHTa OblJl BLIOPaH si3blK nporpammupoBanust Java SE, co
cpenont paspabotku Eclipse.

[esnb Hacrosiuler paboThbl 3akjouyajsach B pa3dpaboTKe MNPOrPaMMHOIO KOMILIEKCa,
CMOCOOHOr0 paclIMpUTh BO3MOXKHOCTb ycTpoicTB HK, npuHLMN 1eficTBUST KOTOPBIX OCHOBAaH Ha
ucnonbzopanut MCCOMU, 3a cyer onTuMusaluu ajroputMoB 0OPabOTKH LM(POBLIX CHEKJI-
M300paKEHUH, YBEJMUCHUST SPTOHOMUKH Cpelibl 00PA0OTKH U BBIMOJHEHUH KOMIIJIEKCHOW OLEHKH
napamMeTpPOB KOHTPOJUPYEMBbIX JIeTaslel Mo aHaJIM3y NapamMeTpoB LU(POBBIX CIIEKJI-H306paKEHUH.

1. Metoabl 06paboTKH LU POBBIX CNEKI-M300paKeHU I

1.1 KoppeasunoHHasi 06paboTKa creKJa-u300pakKeHun

JIs1 u3BjeUeHns1 MoJIe3HOH MHpOPMALMM U3 CTeK-M300parkeHHH H3BECTHbI Pa3JiMuHble
MeTOJIbl X LHdpoBoil 06paboTKH. OHUM U3 TAKUX METOJOB SIBJSETCS KOPPEJSILIMOHHBIA aHAJN3,
KOTOPBIH TO3BOJISIET MO IIKUPUHE (DYHKLUUH ABTOKOPPEJSILIMKM ONpeleauTh Haluuuve aedekra Ha
KOHTPOJIMPYEMOH TIOBEPXHOCTH [ 7 ].

[Ipunimn pa6oTbl aaropuT™Ma KOpPPEeJsiMOHHOTO METOJa COCTOMT B IIMKJIMYECKOM CIBHTE
MCXOJIHOTO CIEKJI-U300paXKeHus, OTHOCUTENLHO camoro ce6st o ocu kKoopauHat OX, unu OY, Ha
AT CMeleHUs] PaBHBbI OJHOMY THKcesto. [IpH KaXnoM TakoM CMelIeHHH pacCUMThbIBAETCS
KO3 DUIMEHT aBTOKOPPEJISIIUK HCXOTHOTO H300paXKeHUs1 ¥ cMellleHHoro 1o gopmyJe (1), mocse
BBITIOJTHEHUS] BCEX CJBUTOB MOJIydaeTcsl MHOXKECTBO KO3((MUIMEHTOB aBTOKOPPEJSLHU  CO
3HAUEHHUSIMH, HU3MEHSIIOIIUMHUCS OT 1, UTO CBUIETEJIbCTBYET O MOJHOM CXOACTBE 00pabaTbiBaeMbIX
M300paKEeHUH TP 11are CMelleHHs] PaBHbIM HyJto, U 10 0, YTO TOBOPUT O MOJHOM pPa3iUYnuU
MCXOIHOTO W cMellleHHoro u3oOpaxkenui. Ha 3aBepiuaioiiem sTtarne pabGoThl MeTO/A, CTPOUTCS
rpaduk aBTOKOPPEJNSUMOHHON (yHKIMH (puc. 1) U3 paccuMTaHHOTO MHOXKeCTBa KO3((MUIIMEHTOB
ABTOKOPPEJISILIUHU:

n—-t

n-t n—-t
(ﬂ - T)Z T Z X z Xiir
= =1

= = , (1)

n—t 9 n—t 2 n—t 9 n—t 2
(ﬂ - T)z Xy = zxt (” - T)Z Xier — zxm
= =1 =1 =1

rJae X; — 3HA4Y€HHE SIPKOCTH IHKCEJS B TOYKE f; X+t — 3HaA4Y€HHUE SIPKOCTH ITHKCEJISA B TOUKE t, B

MOMEHT CMelLleHHs T; 1 — KOJIMUeCTBO IMHUKceJiel, T — uiar cMelleHus. KosmuectBo cmenieHui
COOTBETCTBYET pa3Mepy CIeKJ-H300paKeHHusl, IIMPHHE B CJIyuyae ecJid MPOU3BOUTCS CMelleHHe
B1oJib ock OX, U BbIcOTe B caydae cMeleHus mo ocu OY.
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KoaddiinienT asToKoppenaiim
[=]
Y

0 30 60 90 120 150 180 210 240 270 300 330 360
Cuemenne (mHKC.)

|—ﬁea,qe¢ena1 bmp — 0,2 Mmm.bmp 0,4 mm.bmp 0,8 mm hmp‘

Puc. 1. I'pacdpuku pyHKIME aBTOKOPPEJISILIUY CIIEK-U300parKeHHH

ﬂaHHbIIU/I METO/L [TO3BOJISIET B PEKUME PEAJbHOTO BPEMEHU MPOBOAUTDL aHAJIU3 MapaMeTpPOB
[TOBEPXHOCTH ILeTaJIeI/UI, HW3rOTOBJICHHBIX K3 pPa3JUYHbLIX MaTepuaJsoB, IYTEM COIIOCTaBJICHHUS
PaCCUUTAHHBIX XapPaKTEPUCTHUK C 3TAJJIOHHbIMH 3HAYEHUSAMHU, ITOJYYEHHBIMH B TOT MOMEHT BPEMEHHU,
KOrIJld NOBEPXHOCTD JIETAJIM HE UMEJa Ileq)eKTOB.

1.2 MeTop «11axXMaTHOW AOCKU»
Meton «11aXMaTHOU JIOCKM» TMO3BOJISIET OTCJEKHUBATh TMHAMUKY U3MEHEHHs MapamMeTpoB
nedexra, myTeM BpeMEHHOTO aHaJ/IM3a MapaMeTPOB 111€POXOBATOCTH UCCJIEyeMO TOBEPXHOCTH.
Metoj «11aXMaTHOH JIOCKM» MO3BOJISIET BbIIBUTh KOPPEJSLHUIO 3JI€MEHTOB (CIEKJ-TSITEH )
1300paxKeHUs C dJ1eMeHTaMHu (KJIeTKaMK) axMaTHOH 10cKu. JIst mpocToil Mojiesin 0JIHOMEPHOTO
cJlydast MOXKHO OIpPeIeJIUTh:

+30
X
t(p)= Z rect d—+ndCH , (2)
n=— CIl
+00 X
Hd)= Z a,, rect d—+mduJ , (3)
m=-oo 11
rne {(p) — pacnpejesieHue SIPKOCTEH MUKceJel crekya-uzobpaxenus, {(d) — pacnpeseseHue
SIPKOCTeH MUKCeJel Mo 11aXMaTHOH Jlocke, a, = 0, npu 4yeTHOM md., — pa3Mep CHeKJ-IsTHA,

d,, —pasmMep KJETKH L1aXMaTHOH JI0CKH, rect(x) — npsiMmoyroJibHasi PyHKIIHS.
|
I, [x[<=
rect(x)=1{" | | 9’
0, BoOCTalbHBIX CJIyyasiX.
YpaBHeHue (2) mpeanosnaraer, 4yTo M300paKeHHE COCTOMT M3 OJMHAKOBBIX MO pasmepy
CreKJI-NIsATeH (UK UX NojlaBJsiiolee GOJbIIMHCTBO).
st 06paboTKKU HempepbIBHOTO pacrpesie/ieH|si PKOCTel H300parKeHHUiH, OMUChIBAEMbIX
ypaBHeHu# (2) u (3) HeoOXOAMMO TMPOU3BECTH MX IUCKPETHU3ALUIO, JJI 3TOTO MCMOJb3YyeTCs
rpe6enka [lupaka [8], v B pesyJibTaTe MoJiyyaeTcsi:

t(p)=rect di ® comb| —— | (4)

CIl CIl
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1(d) = rect di ® comb| —— | (5)

I I

rae ® — 3HaK onepauyn CBepTKH, comb(x) = ZS(x—n) — rpebenka Jlupaka.

n=—0
Jnst HaxoxeHust Pypbe-crieKTpa TUCKPeTHbIX QYHKIMA (4) U (D), BbIMOJHAETCS TMPSMOe
dypbe-npeobpazoBaHue, B peadyJbTaTe KOTOPOro MoJydaeTcst:

F{t(p)} =sine(f,dcq )comb(f,d,), (6)
ﬁ{t(d)}: sinc(fxdm )comb(fxdm ) (7)

[Tocne nogayuyenusi @ypbe-crniektpoB (7), (8) HEoOXOAMMO HX MEPEMHOXKHUThb, a 3aTeM
BBIMOJIHUTL 00paTHoe Dypbe-npeobpa3oBaHue, B pe3dysbTaTe KOTOPOrO TMoJydaeTcsl (yHKIHs
KOPPEJISILUHU CIIeKJT-H306paxKEeHHUsT U 111aXMaTHOH I0CKH.

B cayuae ecau, d,, = d., TO npyu nepeMHOXKEHHUHU CIeKTPOB (6), (7) NosiBJSIIOTCS caaraemble

: X
Buma sincX(fid.), obpatHoe npeoGpasosanue Dypbe KOTOPLIX paBHO rect’l —— |, uto ecTh
11

TpeyrosibHast pyHKIUSA A(X)

I—|x|, |x|<]1,
sy (17 B
0, B oOCTaNbHBIX CJyyasix.
B nBymepHoM cjydae pesysibTaToMm OyleT CTPYKTypa THMA MUPAMUJIbl B Mpeaeax OJHON
KJAETKM LIaXMaTHOH JockW. [Ipu Ha/iMuyMu J0CTaTOYHO OOJILILIOTO KOJHYECTBA CHEKJ-NsATeH
NPUMEPHO OJIMHAKOBOTO pasMepa, OyJleT BO3HUKAThb CTPYKTypa LIaXMaTHOM JIOCKH C 3JieMEHTaMH B

BUJIE TAKUX MUpaMujL (puc. 2).

k03QQHIHERTH NOBEPXHOCTH

600

Puc. 2. PeaysbTupyioliiee n3o6pakeHne KOppeJsiliOHHON (QYHKLHH 110 aITOPUTMY ILIaXMaTHOH AOCKH»

B cayuae ecau d,, > d., v d,, < d,;, TO IPU NIepeMHOKEHHH ceKTPOB (6), (7) cTpyKTypa
KOPPEeJSIHMOHHON ~ (DYHKIMH C  <«IIaXMaTHOH JOCKOW» OyleT HepaBHOMEPHOH W HauyHET
npeoOpas3oBbIBATLCS B LEMOUKY, UTO OyIeT CBUAETEbCTBOBATh 06 H3MEHEHHH Pa3MepoB CIEKJ0B,
a 3HauuT U 00 MU3MEHEHHUU BEJMYMHBI CTEMNEHH LIEPOXOBATOCTH MOBEPXHOCTH B OOJIbLIYIO UM B
MEHbILYIO CTOPOHY OTHOCHTEJILHO padMepa KJeTOK aXMaTHOH JOCKH.
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2. [pumep paboOTbI cCMCTEMbBI Hepa3pyllalOLIEro KOHTPOJS

2.1 llpumep paboTbl NPOrPaMMHOTO MOJLYJIsi KOPPEJNSILMOHHOM 00pabOTKHU CreKI-
M300paXkeHUuH

Paspa6oTanHblii TporpaMMHbIH KOMILJIEKC MTO3BOJISIET TPOU3BOAUTL KOHTPOJIb TEXHUUECKOTO
COCTOSIHUSI TOBEPXHOCTEH, H3TOTOBJIEHHBIX U3 PA3JIMUHBIX MATEPHAJIOB.

Jlnst neMoHcTpaunu paboThl KoMriekea Obll BbiOpaH hoHapb KaGuHbl camosieta Mul -3 1, Ha
€ro TMOBEepPXHOCTH OblIM OOHAPY>KEHbl MHUKPOTPELLMHbI, KOTOpble W CTaJd OObeKTaMH sl
uceaenoBanuil. Jluarnoctuka ocrekseHust hoHapsi KaOMHbI camoJieTa MPOU3BOAUTCS B HECKOJIBKO
sTanoB. Ha nepBom srtamne npoBoauTcs BU3yasibHBIE OCMOTpP BCero doHapsi KabuHbl camoJiéTa, U
BBISIBJISIIOTCSl oyark oO6pa3oBaHusl MUKpPOTpellnH («cepebpo») (puc. 3a). Ha caenytouiem stamne
MPOBOJIUTCSl CKAaHUpOBaHHE OOHApPYXKEHHBbIX o4yaroB 06pa3oBaHMsi MHUKPOTPELIMH C MOMOUIbIO
JlagepHoro crekJa-nedexkrockona (puc. 36). [locie 3aBepilieHUs CKaHUPOBAHUSI TOJyYeHHbIE
CIEKJI-U300paKEeHUsA TePelaloTcss B pa3paOOTAaHHBbIA NPOTPAMMHBIN  KOMIWIEKC, B KOTOPOM
MPOU3BOAUTCS MX 06paboTKa M aBTOMAaTHUYECKH JeJaeTcsl BbIBOA O HAJWYMU JledeKTa Ha
uceselyeMoil MOBEPXHOCTH, C HCMOJIb30BAHHEM aBTOKOPPEJISILIMOHHOIO MeToa 06pabOTKH CIEKJI-
U300paKeHHUH.

a) 0)
Puc. 3. a — OparmeHT sseMeHTa ocTeKJ/eHHs 60eBOro BO3YLIHOTO Cy/IHA C LIeMOYKOH NOBPEXKIAEHUH THIA «cepeGpo»,
6 — mpaxTHUecKoe IpUMeHeHHe anmnapatHo-nporpammuoro kommiiekca HK (B koHyce pasmelnaiorest ocBelaonmi
TNOJyTTPOBOIHUKOBBIH J1azep U poTonprueMHast MaTpuLia )

Bo Bpemsi skcriepuMeHTa OblIH MOJMydeHbl HECKOJIBKO CIEK/I-U300paxKeHHH ¢ MOBEPXHOCTH
thonapsi camosiera Mul'-31 6e3 nedektoB (puc. 4a) U ¢ HaJIMUUEM MUKPOTPELIUH (pHc. 46).

MeToj10M aBTOKOPPEJISILIMOHHOTO aHasin3a ObLIM MOJydeHbl Pe3y/bTaThl 0TOOPaKEeHHbIE B
Tab. 1.

369



Tonorpadus. Hayka u [1pakTuka

13-51 mexxnynaponnas kondepenuus: «[onodxeno 2016»

Ta6.1. 1. Paccunrannble XapaKTepUCTHKH SKCIEPUMEHTANIbHBIX CTEKJ-U300paKeHHi

wmst uso6paxenusi | Murepsan aBrokoppeJsitin | [lnprna sHepreTHyecKoro crnekTpa
bes nedekra 51,497 1,233
C nedekrom 15,617 2214

a) 6e3 iechekToB

6) Npy HAJIMYUK MUKPOTpeLIUH («cepeGpo»)
Puc. 4. CriekJi-u306paxkeHust oBepxHOCTH oHapsi camosieta Mul'-31

M3 taba. | BUAHO, 4TO MHTepBas (PYHKIHUH ABTOKOPPEJSILUU H306paKeHHUs C HATHIHEM
MHKPOTpPELLHMH 3HAUUTEJbHO YMEHBLIWJCS, 110 CPaBHEHUIO ¢ H300pakeHHeM 0e3 1e(eKToB, uTo
HarvIsSIHO BUJHO HA rpaduKe aBTOKOPPEJISIUHOHHON (PyHKIHH (pHC. D).

Ha ocHoBe [MOJIY4E€HHBIX JaHHBIX IIpOorpaMMa aBTOMaTHUYE€CKH AeJaeT BbIBOJA O HaJIMYUH HJHU
OTCYTCTBHH Ha INOBEPXHOCTH MHUKPOTPELIUH.

11 -
|
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0.8 II| \\f
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071
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& e C nedexTom
g 05 |
£ \
H 04 |
= \
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Puc. 5. I'paduk pyHKIHE aBTOKOPPEJISILIHI PETHCTPUPYEMbIX CIIEKJ-H300parKeHH

2.2 llpumep paboTbl MO/LYJIS aHAJIM3A CMEKJ-U300paKEeHU
Mo aJAropUTMy «lIAXMATHOMW JOCKH »
[IpyMeHeHHe MeToa «1IaXMaTHOM IOCKH» PH 06paboTKe CreK/1-U300parKeHUH B 60JbLIOH
Mepe CBOJMTCS K OTC/EKMBAHHMIO M3MEHEHMs napameTpoB JedeKTa BO BpeMsi 3KCILIyaTaluH
BO3/YLLIHOTO CYy/IHa, 103TOMY JUIsl I6MOHCTPALMH paboThl MeToJa Obli1 CMOJCJAMPOBAH XKHU3HEHHbBIH
LMKJI JIeTaJ, OT €€ Haua/IbHbIX 3HaUE€HHH TapaMeTPOB LLEPOXOBATOCTH JI0 NOSIBJICHUS MUKPOTPELLHUH
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Ha e€ MoBepXHOCTH. Dbl chopMUpPOBaHBI COOTBETCTBEHHO CIEK/-U300paKeHUs ¢ pa3pellieHneM
512x512 nukcenenr (Tabu. 2, BEpXHUH ps) MyTeM 30HAMPOBAHHS KOHTPOJUPYEMOTO YyuacTKa
JleTaJ i KOrePEHTHBIM M3JTydeHreM ¢ JYTMHON BosiHbl 650 HM, yepe3 5, 10, 15, 30 u 45 Thicsiu HUKIOB
Ha KpydeHHe 1 U3TH0, PU 3TOM NapamMeTphl LLIEPOXOBATOCTH MOBEPXHOCTH MeHsIuCh oT 0,1 MKM 110
1,3 mk™ (TabJ1. 2, cpeaHui psin).

Jlns1 aHaM3a H3MeHeHHUs MapamMeTPOB 111€POXOBATOCTH MOBEPXHOCTH JIETAJH C YBEJTUIEHHEM
KOJIMYECTBA LMKJIOB MCMbITAaHUH N, perucTpupyemble Creka-KapTHHbl 06padaThiBaJuCh METOIO0M
«1l1aXMaTHOH T0CKW». B Hauase paGoThl anroputma Oblia HaleHa YeTKas peryJsipHasi CTpPyKTypa
TMNa Habopa «MUPaMHUIOK» JJIsl HauyaJbHOrO H300paKeHHsl, MyTeM KOPPEJsLHMH CIIEeKJ-
M300paKEeHHsI C «I1aXMaTHBIMHU JOCKAMHU» Pa3iHUdHbIX pagMepoB oT X5 1o 100x 100 nukceneit ¢
1IaroM O MUKceJeH, MmokKa He MoJyduTcs: HauboJiee YeTKO BblpaxKeHHAsl CTPYKTypa THMa puc. 2a
3aTeM C TaKHM Ke pa3MepoM «IlIaXMaTHOH JO0CKH» ObLJIM MPOAHATU3UPOBAHbBI U OCTAJIbHbIE CIIEKJI-
u300pakeHus. 3aTteM pacCuuTbhiBascsl KOI(DPUUMEHT KOPPeJsUMU HayaJbHOrO M300payKeHUsl C
KaXKIIbIM U3 TIOCJIEIYIOLIHX, YTO MPeACTaBJAeHO B Tab/. 2 B HUAKHEM PsIIy BMECTe C MOJydYeHHbIMU
M300payKeHUSIMU CO CTPYKTYPOH THTIA «IIaXMaTHast I0OCKa».

Ta6a. 2. PesysibraThl 3KCNepUMeHTa
BEPXHUH psiJl — CMOJIEJIMPOBAHHbIE CMIEK/-U300parKeHH s,
CcpeHuit psan — oOpaboTaHHble METOIOM «ILAXMATHOM JOCKH»,
HUXKHUE psil — KO3(DDHULIHEHT KOPPEJISLIMH 3TaJIOHHOTO M300PaXKEHHST C UCCIIE/TyeMbIMH

5 TRIC. 15 TBIC. 30 TBIC. 45 THIC.
ITUKJIOB ITUKJIOB ITUKJIOB ITHUKJIOB

3TaJIOH

OO OO E T e R
S80S BRI RY BRIy AT
OOCOCOOCR IO 03 0T R0 8 63 O3 IR S T8
SEsssrss Ry BRrR ety AR AR
SRcGcRes n Rt B R WAL RLENN
DI U0 2000 0 0 0 0 0 TR e T e
LICICIC GO ICIC I N O L R CE I Sl S :
00000000 B e BR8R 388 SRR TREN|
K=1 K =0,944 K =0,87 K=0,5 K =0,03

[To pesysbTaTam HCHBITAHHS MPOTPAMMHOIO MOJYJISI YCTAHOBJEHO, YTO C yBeJHUEHUEM
KOJIMYECTBA LIMKJIOB UCMIbITAHUH BeJIMYMHA BLICOTHOTO MapaMeTpa L1epoXoBaTOCTH Ra Bo3pacTaer,
YTO BeJIeT K HapPyUIeHHIO pPeTyJspPHOH CTPYKTYpbl THIA <«IIaxMaTHas JOCKa» (HauMHaeT
npeoGpasoBbIBATLCS B LEMOUKY), UTO, B CBOIO OYepellb, BEJET K yMeHbIIEeHHIO Ko3(duiineHTa
koppeasiiui ¢ 1 jmo 0,5, Tlpu 3ToM Ha mMOBEpPXHOCTH JeTald HAYMHAIOT HaGJIOAAThCs
MHKPOTPEUIMHbBI, KOTOPbIe Yyepe3 15 Thic. HUKI0B paGOThl MPUBOIAT K 06pAa30BAHUIO TPELIMHBI, U B
pe3yJsibTaTe TPOUCXOUT TMOJHOE pa3pylleHHe PeryssipHO CTPYKTYpbl (KpakiHee HUXKHee MpaBoe
u3obpaxkeHue B TadJ1. 2).

['padpuk 3aBHCHUMOCTH KO3 HUIIMEHTa KOPPEJSIMH OT HauaJbHOro 0 3HAYeHHs, TpH
KOTOPOM BO3HHKAET paspylleHne CTPYKTYPbl KOHTposinpyeMoro o6pasiia, NpeicTaBjeH Ha puc. 6.
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Puc. 6. PesysbraTel sKcnepuMenTa

3akiaoueHue

Takum o6pasom, BHeapeHue pa3paboTaHHOTO  MHGOPMALIMOHHO-IMArHOCTHUECKOTO
KOMIJIEKCa TTI03BOJIUT MPOBOJUTH J1e(heKTOCKOMMUYECKHH KOHTPOJIb Y3JI0B U arperaTtoB BO3IYILIHOTO
CyJHa, TI0 aHAJIM3y MapamMeTPOB LUPPOBLIX CMEKI-U300pAKEHUH C HCTIOIb30BaHUEM 6a3bl JaHHBIX
STAJIOHHBIX 3HAYEHUH TMOBPEXKIEHUH, a TaKKe OTCJAEKUBAThb JUMHAMHUKY M3MEHEHHs MapameTpoB
neeKTOB W OMNpeIe/siTh OCTaTOYHBIH Pecypc CHJIOBBIX 3J€MEHTOB KOHCTPYKIIMM B TIpollecce
SKCIUIyaTallid  BO3MYLIHOrO cydaHa. [IperMylllecTBOM JaHHOrO KOMIJIEKca SIBJISIETCS  ero
MOOUJILHOCTb, BO3MOYKHOCTb MMPOU3BOJUTH TEXHUUECKUH KOHTPOJb WHXKEHEPHO-TEXHHUECKUM
COCTaBOM, HMeIOUMM 0a30Bble HABbIKM BJAJE€HUS KOMIILIOTEPOM, OTCYTCTBHE BJIMSIHUS
yeJIOBEYECKOT0 (hakTopa Ha KOHEUHbIH pe3y/ibTaT KOHTPOJIs, YTO MO3BOJUT YMEHBIIUTD OLIHOKY TPH
JIMATHOCTHKE CHUJIOBBIX 3JIeMEHTOB KOHCTPYKIMH BO3JYIIIHOTO CY/IHA.
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The speckle-optical system of a mechanical engineering designs power
elements status control

A.N. Malov, P.V. Pavlov, A.V. Neupokoeva

Engineering Training and Research Air Force Center “Air Force Academy named after professor
N.E. Zhukuvsky and Y.A. Gagarin”, Voronezh, Russia

Irkutsk State Medical University, Irkutsk, Russia

Are considered realization and applications of an information-diagnostic complex of not
destructs testing, allowing to carry out the control of a technical status of sites and units with use
of a method of the analysis of laser speckle-image structures. The developed original program
complex realizes algorithms of digital images processing on the basis of methods of the correlation
analysis and a “chessboard” method.
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c5.2 HWHTepdepeHMOHHbIH MUKpOocKon JIMHHUKA ¢ cynepriaakum OnopHbIM
3epKajaom

B.JI. Munaes, I''H. Buwunskos, I'.I". Jlesun
OI'YIT «Beepocceuniickuili HayuHO-HCCIEN0BATENBCKHE HHCTUTYT ONTHKO-PU3HMIECKUX H3MEPEHUI »,
Mocksa, Poccusi

BaxkHoil 3anaueil coBpeMeHHON MeTpOJIOTHH SIBJSETCS U3MepeHHe (OpMbl Cyrepraikux
MoBepXHOCTEH, 11ePOXOBATOCTH KOTOpLIX focthraeT 1 A. K TakiM noBepXHOCTSIM OTHOCAT J1a3epHbIe
3epKaJjia, MOJVIOKKH M3 cuTasiia, KapOuaa KpeMHHUsl M JPYrHX MaTepHasoB, UCMOJb3yeMbIX /s
MHOTOCJIOMHOHN PEHTIeHOBCKON ONTHKK U Mp. [yisl pelieHust 3TOH 3aaun CyLLECTBYIOT pas/HuHble
METOJIbl M3MEpEHHsl: MaJsIOyrJioBasi PEHTreHOBCKOH peduiektomerpusi [l], aToMHO-cHIOBast
Mukpockonusi  [1], JagzepHass  uHTepdepeHUHOHHAsi  MHMKpocKonusi [2],  ckaHupytolas
MHTepepeHIIMOHHasE ~ MUKpocKonusi  Oejioro  ceta [3]. Panee Hamu Obl1  onucaH
MOJIePHU3HPOBAHHBIA MUKPOCKON JIMHHMKa ¢ ocBeTUTesieM OeJIOro CBeTa, MOCTPOEHHbIH Ha 6ase
cepuilHo Bbinyckaemoro Mukpockona MHWHM-4M (JIOMO) [4]. OpHako B mnpouecce €ro
IKCIIyaTallii OblIH BbISIBJIEHbI HEJIOCTATKH, OFPAHUUHBALOLLIME €10 TPUMEHEHHE JIIsl HCCIIe0BaHUS
cynepryajkux nosepxHocteid. PaszoBblil CABUT OCYLIECTBJISIETCS 32 CUET MepeMelleH sl OMOPHOro
3epKaJjia, OHO TepeMellaeTcsl He3aBUCHMO OT MHKPOOOBEKTHBA B pe3ysbTaTe yero MPOMCXOIUT
neoKyCHpOBKa OMOPHOr0 3epKaja M TOBbILAETCs NorpeliHocTb. PoKycHpoBKa Ha OOBEKT
MPOU3BOJIUTCS 3a CUET NepeMelleHusl HHTepepoMeTpa, YTO MPUBOIUT K 1e(hOKYCHPOBKH 00bEKTa
B Mpolecce JVIMTEeNbHbIX H3MepeHUi. PasdpsiiHocTb oundpoBKH Kamepbl 8 OUT, YacToTa 3axBaTa
KaapoB 7 K/c, HeT GMHHMHIA NPH CheMKe, UTO yBeJHuHBaeT (oToMeTpuueckHe IyMbl. TakKe
3epKa/io OMOPHOrO KaHajla MMeeT llepoxoBaTocTh 8 A, KoTopasi cpaBHMMA C LIEPOXOBATOCTHIO
MCCJ/IeyeMblX TOBEPXHOCTEH M B Ipolecce M3MEpeHHsl 3Ta 1IepOXOBATOCTb CKJAbIBACTCS C
LLIEPOXOBATOCTbIO H3MEPSIEMO MOBEPXHOCTH.

It mpeofosieHust 3TUX HEJOCTATKOB HAMH Oblil pa3dpaboTaH MpsIMOH MHKPOCKOIT 110 cXeMe
Jlunnuka (puc. 1). T'maBHO# ocoGeHHOCTh pa3pabOTaHHOrO MHUKpPOCKONa $IBJsSieTCsl TO, 4YTO B
KauecTBe OMOPHOro 3epKajia B HeM UCIOJb30BAHO CyNepriaaKoe 3epkaJo, npeactasJstolee co6oi
MOHOATOMHBIN cjioll KpemHusi. {uametp 3epkana coctaBsser 200 MKM, a €ro 11epoxoBaToCThb
0,05 um. Takue 3epkana M3rOTaBJUBAIOTCS MO CleELHaJbHON 3anaTeHTOBAHHOW TEXHOJIOTHH
WMucrutytom dusuku nosynpooaHukos (MPIT) um. A.B. Pxkanosa CO PAH [5].

DazoBblil ¢IBUT B MMKPOCKOIIE OCYLIECTBJISIETCS 32 CYET NepeMelleH|st MUKPOOObeKTHBA U
OTOPHOTO 3epKaJia, KOTOpble MPeJCTaBAIOT COOO0N eIMHbIH y3eJ1, pa3MeLleHHbIH Ha Mbe30MPUBOJIE.
ITOT y3eJ1 IBJISIETCS CMEHHBIM, KaK U IPeIMETHbII MUKPOOO'bEKTHB, YTO, B OTJIMUHE OT MUKPOCKOIA
MHWN-4M, nosBossieT MeHSITb MHKPOOObeKTUBBI. [/ HAcCTpOWKM Ha OMOpHOE 3epKaJjio
MCIO0JIb30BaH TPEXOCEBOH MO3HIIMOHED, MTO3BOJISIIOLLHI (DOKYCUPOBATLCS HA CYNEPIIAIKOe 3€pKaJlo
M yCTAHABJIMBAThL €r0 B LEHTP MO0Js 3peHus. [l/isi MoBbIllIeHUs TOUHOCTH H3MEPEHHUsT HCTOJIb30BaH
Mbe30MNPHUBOJ, ¢ 0OOPATHON CBSA3bIO, MO3BOJSIOUIMH C MOTPEUIHOCTh 2 HM yCTaHABJIMBATh (a3oBble
ward. MUKpoCKon UMeeT BepTHKAJIbHYI0 KOMIIOHOBKY. JIJ1s1 3aluThl OT BUOpaLMii MHTepdepoMeTp
JKECTKO 3aKperyieH ¢ MOMOILLbIO KPOHIUTEHHOB Ha Hecyllel BepTHKAJIbHON MJIMTE OTHOCHTEJBbHO
TMOJBHAKHOTO MPEIIMETHOTO CTOJIHKA, YCTAHOBJIEHHOTO Ha TOH Ke TJIUTE.
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a) 0)
Puc. 1. AkconomeTpuueckuit Bua1 Mukpockona (CAD monesb) (a), poTo Mukpockora (6)

[IpoBeneHHble paHee UMC/IeHHbIE U 9KCIIEPUMEHTAJIbHbIE HCCleIoBaHus [6, 7| mokasasu, 4yTo
JJIS.  TIOBBILLIEHHSI TOYHOCTH H3MEpeHHs HeoOXONMMO YMeHbLIaTh UIyMbl JUCKpPETH3allH,
toromeTpuueckre U azoBble IIyMbl. [l yMeHblIEHHSI LIyMOB JMCKPETH3allUu HEeOOXOIUMO
MOBbILLIATH PAa3PsIHOCTL OLMPPOBKU H300pakeHus1. [lo3ToMy B MMKpOCKOIie HCMOJb30BaHa Kamepa
C Pa3psIHOCTbIO OLM(POBKH 14 6MT M ¢ uyactoToii 3axpata 30 kampos/c. Jlas yMeHblIEHHs
(hoToMeTpUUECKHUX IYyMOB Kamepa paboTaeT B pexkuMe OUHHUHTA, TO3BOJSIONIETO HA annapaTHOM
ypoBHE OOBEIMHATb MHUKCEJbl. IJTO TOBBIIIAET UYYBCTBUTEJNbHOCTH KaMepbl M CHHXKAET
oromerpuueckuit wiym. s JOTMONHUTENBHOTO  yMeHblleHUs] (OTOMETPUUECKOro HIyma
MCToJIb3yeTes yepeiHeHre no kaapam. PasoBble LIyMbl YMEHbBILIAIOTCS 32 CUET yCPeIAHEHHs 110

u3mepenusim [6]. Ha puc. 2 npeacraByeHbl pe3ysbTaThl K3MepeHUi cynepriaakoro sepkana MOI1
CO PAH.

a) uHTepgeporpamma sepkaJga 6) hazoBoe U306parkeHue
Puc. 2. Pesysbrathl uamepenusi cynepraajakoro sepkasa MPIT CO PAH
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Linnik interference microscope with a super-smooth mirror support

V.L. Minaev G.N. Vishnyakov G.G. Levin
FSUE “Russian Research Institute for Optical and Physical Measurements”, Moscow, Russia

One of the tasks of the modern metrology is measurement of the form of super-smooth
surfaces which roughness reaches 1 A. Formerly we described the interference Linnik type
microscope with white light source based on commercial inverted microscope MII-4M (LOMO).
However, we found disadvantages restricting its using for the measurements of the super-smooth
surfaces.

For negotiation of the disadvantages we developed upright Linnik type microscope (Fig. 1).
The main feature of the developed microscope is the reference super-smooth mirror. This mirror is
monolayer silica surface. Diameter of the mirror is about 200 pm and roughness is 0.05 nm. Such
mirrors are produced by Rzhanov Institute of Semiconductor Physics (SB RAS) using patented
process.
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Fig. 1. CAD model of the microscope (a), photo of the microscope (b)
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¢5.3 OnTMMU3aUus Ja3epPHO-KOMMNbIOTEPHOW CUCTEMbI /151 MOJYUYEHUS CIEKJI -
uHTepdeporpamm Gopm KoaebaHU LUJAMHAPUUYECKUX 000J04eK

B.A. lanun
MocKoBCK1iT aBUALIMOHHBIA MHCTUTYT (HallMOHAJIbHBIN HCC/IEl0BATENbCKUH YHUBepCcUTeT), MockBa,
Poccus

Ycrex MCMO/b30BAHUST  3JIEKTPOHHOH  CTeK/I-HHTepdepoOMeTpUH /ISl OLIeHKH MaJibiX
nedopmMalyil U CMellleHHH, TaKxKe MOBEeHHsT Pa3/IHUHbIX TOBEPXHOCTEH 110 MPUUHHE BO3IEUCTBUS
Ha HUX BUOpAUMH BCELEJO 3aBUCHT OT BBIMOJHEHUS psijia YCJOBUH TPU CO3AAHHUM CIIEKJI-
nHTepepometpa. TaKUMH YCJOBUSIMHU SIBJISIIOTCS:

- OJIHOBPEMEeHHOE TMoJlyyeHHe HH(OpMaLMK 0 BCeH Ucc/ielyeMOl MOBEPXHOCTH;

- IOCTPOEHHE CXeMbl M CO3[aHHe KOHCTPYKUMH HHTepdepomMeTpa B COOTBETCTBHH C
0COOEHHOCTSIMH UCCJIelyeMOT0 U3JIeJIHS;

- (hopMHpOBaHHe CIEK/I-UHTEP(EPOrpaMMbl BBICOKOTO KauecTBa, KOTOpPOE CBSI3aHO C
ONTHMAJLHBIM OTHOLLIEHHEM CHIHAJ/LIyM;

- CHH2KeHHe TpeOOBAHUH K TOUHOCTH IOCTUPOBKH ONTHYECKHUX 3J1€MEHTOB.

B nanHoil paGore paccmaTpuBaeTcst  3JEKTPOHHBIH  CIEKJ-UHTeppepoMeTp st
uccaenoBaHus GopM CcoOCTBEHHBIX KojieGaHUH IUAMHAPUYECKHX 000JI0YeK C y4eTOM BbIllle
MepeUUCIICHHBIX YCJIOBHH.

B cooTBeTcTBMH ¢ 0COOEHOCTSIMMU KOHCTPYKUHMH W (DU3UKH PabOThl LUJIHHAPHUECKOH
000J104KH Obl1a CO3/laHa YKCIepUMeHTasbHAs YCTaHOBKA. Ee ocHOBY cocraBJisieT uHTepepoMeTp
MaiikesibcoHa.

YcTaHOBKA COCTOMT M3 TOJIY[IPOBOJHHKOBOIO Jla3epa; KOJJIMMAToOpa, COAepxKalllero
Indy3HbIH paccenBartelib; MOJYNPO3PAYHOro 3epKasa; yaJja s KpernseHUs: UUJIUMHIPHYECKON
000JIOUKH; OTPAXKAIOLIEro 3epkKaJja; BHACOKaMepbl; MEepPCOHANLHOIO KOMIbIOTEpPA W reHepatopa
3BYKOBbBIX 4aCTOT.

[lepBoe mnuieyo uHTepdepomerpa MarlikesbCOHA MPEACTABJSIOT ONTHYECKUE 3JIEMEHTHI:
KOJIJIUMATOP, MOJYNPo3payHoe 3epKajio U y3es KperJieHUsl LIHJIUHAPUIECKOH 000JI0UKH. Y3e s
KperJieHUs] LUJAMHAPHYECKOH 00GO0JIOUKH MpecTaBJ/sieT coO0i BOTHYTOE KOHHYECKOEe 3epKajo C
yrjiom packpbiBa 90°, B LleHTpe KOTOPOro Mo OCH pacroJaraercsi UUJIMHApHuecKas oboJiouka. B
pesdyJsibTaTe TaKOH KOHCTPYKLIMM 3epKajia MOsIBUIACh BO3MOXKHOCTb OJHOBPEMEHHO HabJII0AATh
MOBEICHUE BCEH MOBEPXHOCTH 060JIOUKH MPU €€ BO3OYKIEeHUH OT reHepaTopa 3ByKOBbIX 4aCTOT.

Btopoe niieuo unrepdepomerpa, siasitoieecsi opMupoBartesieM OMOPHOTO MyyKa CBeTa,
COCTOMUT M3 OTpaxKarollero 3epkasa, yrnoMsHYTOro MoJiylpo3payHoro 3epkaja U Ha ero BbIXOJe
cTosilled BuaeocHcTeMbl. Jljisi perucTpauuu CreKJOBOro M300paKeHUsi HaMH B KauyecTBe
BUIEOCHCTEMbI HMCIIOJIb30BAJaCh BbICOKOpaspelaoniass uudponas kamepa Tuna «Canon».
CnekJsioBble H306paxkeHusi B LUPPOBOH (opMe MOCTYyNaloT HA BXOJ, TIEPCOHAIBHOTO KOMITBIOTEPA,
rJie OHU NporpaMMHO 06pabaThiBaloCs U B pedyJibTate GOpMUpPYETCs B TaMITH KOMIbIOTEPA CIEKI-
uHTepdeporpamma hopm co6CTBEHHbIXKOJeOAHUS LUIHHAPHUUIECKOH oboJouku. Jlyis peasnusaliuu
npouecca GopMUPOBaHUs HHTepdeporpaMMm HaMu GblI0 pa3paboTaHo MporpamMMHoe obecreyeHne
Ha 6ase naketra MATLAB.

Takoe mnocTtpoenne crneksa-uHTepdepomMeTpa MO3BOJUIO  CYLIECTBEHHO YIPOCTHTh
ONTHUECKYID CXeMY, KOHCTPYKLHIO Npubopa, BbIOOP ONTHUYECKHX 3JEMEHTOB, OCTHPOBKY
HHTepdhepoMeTpa U JOCTUIHYTH ONTHMAJILHONO OTHOLLIEHHs CHrHAJ/ Ly M.

[lonydeHHble ~ 3KCNepUMEHTaJIbHble  pe3yJibTaThl  TMOATBEPAWJH  TMPABUJILHOCTD
MPEJVIOKEHHOT0 MOJX0/la MPH CO3/IaHMH CHCTEM KOHTPOJISI U M3MepeHHsl Ha 6a3e 3J1eKTPOHHOH
criekJ-uHTephepoMeTpUH.
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Optimization of the laser-computer system to obtain a speckle
interferogram forms cylindrical shell vibrations

V.I. Shanin
Moscow Aviation Institute (National Research University), Moscow, Russia
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c5.4 ®opmupoBaHHe, aHANU3 U KJAacCU(UKALMSA TUTIEPCTIEKTPAJIbHBIX
M300pakeHui

O.U. lTomamypkun'?, C.M. bopsos'

" IHeTuTyT aBTOMaTHKK U 3JeKTpoMeTprd CUOHPCKOro oTesenust PoccuiicKoil akajieMnu Hayk,
Hosocubupck, Poccus

2 HoBocHGHpCKHil rocyapeTBeHHbii yHusepeutet, Hosocu6upek, Poccust

[IpoaHanusanpoBaHbl BO3MOXKHOCTH W OTpPaHUYEHHS MPUMEHEHHsI THIEePCHEeKTPasbHbIX
uzobpaxkenuil (I'CH) npu MOHUTOPUHIE MOBEPXHOCTH 3€MJM U OKOJIO3EMHOIO MPOCTPAHCTBA.
[Ipencrapyienbl pe3dysbTaTbl HCCJEIOBAHHS METOJNOB KJaacCU(UKALMU THIIOB PACTUTEJIbHOTO
MOKPOBA, OCHOBAHHBIX HA CPABHEHUU CIIEKTPOB OTPAXKEHHUS UCCIIENYEMbBIX M STAJOHHBIX 0OHEKTOB
pa3inuHbIX KjaaccoB. OlleHKa 3PPeKTUBHOCTH METOJOB BbIMOJHEHA HA OCHOBE COMOCTaBJIEHHS
pe3ysbTaToB 006pa0OTKU peasibHbIX JAHHBbIX JAMCTAHLIMOHHOTO 30HAMPOBAHUSI 3eMJH W KapThbl
Ha3eMHBIX (MTOICMYTHUKOBBIX ) HAOMIOEHUH.

B pesynbrate uccienoBaHuil BaMsiHUS aTMocdepbl Ha CIEKTpaJbHble XapaKTepPUCTHKH
MOJCTHJIAIOIIEH TTOBEPXHOCTH MOKa3aHa BaXKHOCTb MpeaBapuTe/ibHONH KaauopoBku ['CH mas ux
nocaenyouled kiaaccupukauuu. OTMmeueHo, UTO TOBbIllIeHHe 3(PHEKTHBHOCTH OOHAPYKEHUS
o6bekToB 1o ['CH (B cpaBHeHHH ¢ 06paGOTKON MyJIbTUCTIEKTPaJIbHBIX JaHHbIX /133 ) ocHOBaHO Ha
BO3MOXKHOCTH  (DOPMMPOBAHHUST TMPUHIMIMAJIBHO HOBBIX TPU3HAKOB, B T.4. Y3KOMOJOCHBIX
criekTpaJbHbIX HHAeKCOB. Tak ['CH 1mo3BoJisiOT ¢ BBICOKOH TOYHOCTBIO OMpPENEeJsiTh MOJOKEHHE
KPAacHOW T'paHMLLbl MOJIOCHI MOIJIOUIEHUS] U, KaK cJjeJlcTBUe, 3(PPEeKTUBHO pasivyaTh COCTOSIHHE
PaCTUTEJIbHOCTH.

BeinosiHeHbl cpaBHUTE/bHBIE HCCAeN0BaHUA S(DPEKTUBHOCTH METONOB KJacCU(pUKALUK
[CH pasauuHbIX THUNOB MOJACTUJAIOIIEH MOBEPXHOCTH. YCTAHOBJEHO, UTO ISl 3(PPeKTUBHON
00paboOTKH H300paKeHWH MPHUPOJAHBIX M AHTPOINOTEHHBIX TEPPUTOPHUU HENOCTATOUHO METOJNOB,
OCHOBAaHHbIX HAa CpPAaBHEHMH C 3TAJOHHBIMM CIEKTpPaMH, a HeOOXOJMMO TaKKe YUUThIBATh
pacrnpesie/ieHde JIaHHbIX B MPOCTPaHCTBe MpHu3HakoB. [Ipu o6paboTKe TecTOBbIX M300paKeHUH
MPUPOIHON 30HbI U TOPOJICKON 3aCTPONKH 10KA3aHO, UTO COKpPALEHHEe KOJIHYECTBA CleKTpabHbIX
MPU3HAKOB METOJIOM TJIaBHBIX KOMMOHEHT (J10 15—20 17151 npupoHoi 30HbI U 5— 10 J715 TOpoCKO#
3aCTPOUKH ) MO3BOJISIET YMEHBLIUTb TPYI0€MKOCTh 06pabO0TKH Ha JiBa Mopsiaka, 6€3 CyllleCTBEHHOIO
CHIKeHHS 3((DEeKTHBHOCTH KJ1aCCUpHUKALIHH.

HcenenoBana 3pheKTHBHOCTb METOJIOB CHEKTPAJIbHO-MTPOCTPAHCTBEHHOH KJlacCU(UKALIUK
[CH, ocHOBaHHBIX Ha TIpeIBAPUTEJBHOM MEIHAHHOM  CIJIaKMBaHUKM  00OpabaThiBaeMbIX
M300paXKeHUH M Ha MOCTOOPabOTKe KAapTOCXeM TMOMUKCEJbHON CIEKTPasbHON KiacCu(UKalUu
MyTeM BblOOpa JIOMMHHUPYIOLLETO KJIacca B JIOKAJbHbIX OKPECTHOCTSIX (MM cermeHTax). [1okasaHo,
YTO y4yeT OJIM3KOPACIOJIOKEHHBIX MHUKCeJeH MO3BOJISET BO BCEX CJydasiX MOBBLICUTb TOYHOCTb
knaccudpuxauu 'CH. Taxk o151 BepHO KaacCUpHUIIMPOBAHHBIX THKCEJIEH C HCTTOb30BAHUEM TOJIBKO
CTeKTpaJbHBIX MPU3HAKOB METOAOM OMOPHBIX BeKTOpoB (SVM) cocraBusia s u3obpakeHUs:
npupoaHoil 3006l — 79,7%, a MCno/b3oBaHKe NMPOCTPAHCTBEHHBIX TTPU3HAKOB M03BOJMJIO €€
YBEJIMUUTD JI0 92—93%.
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a — HcxonHoe u3o6paxkenue, 6 — nonukcebHas SVM knaccuduxaiys,
B — SVM knaccuukarys ¢ mocaeaylolmM roJocoBaHHeM MHKCe el B CerMeHTaX KapTOCXeMbl,
I — MpeBapuTesbHOE yCpelHeH e Mo cermenTaM U SVM kiaccudukaius
Puc. 1. O6pa6orka pparmenra 'CH

Takum o6pazom, coBmecTHast 06paboTKa CeKTPasibHbIX M MPOCTPAHCTBEHHBIX TPU3HAKOB
MepcreKTHBHA U3-3a MCIMOJb30BAHUS JIOMOJHUTENBHOH HHMOPMALMH O KOPPEJMPOBAHHOCTH
6JIM3KOPACTIOJIOKEHHBIX THKCEJIeH THIIePCIEKTPAJIbHBIX U300 PaXKEHUH.

Formation, analysis and classification of hyperspectral images

O.I. Potaturkin'?, S.M. Borzov'
!nstitute of Automation and Electrometry, Siberian Branch of the Russian Academy of Sciences,

Novosibirsk, Russia
2 Novosibirsk State University, Novosibirsk, Russia
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c5.5 Pa3paboTKa KOMNbIOTEPHO-CUHTE3WPOBAHHOM IrOJIOrPAMMBbI 1JiSl JaTYMKa
BOJIHOBOTO (hpOHTA

M.C. Kosaxes, I1.LH. Maaununa, C.b. Odunokos
MockoBckUil rocylapcTBeHHbIH TexHUYecKUd yHUBepeuTeT uM. H.3. Baymana, Mockga, Poccus

@opmupoBaHHe 3TaJOHHBIX BOJHOBBLIX (PpoHTOB (B®d) c norpemnoctbio menee 0.01A
aKTyaJsIbHO JIJIi MHOTHX pasnesoB onTuku [1, 2]. Kak npaBuso, nckaxkenuss B BosHukator npu
MIPOXOK/ICHUU M3JIyYEHHsI ONTHYECKHX 3JEMEHTOB M SIBJSIIOTCS CJIEACTBMEM HEOJHOPOAHOCTH
pacrnpesie/ieHus NoKazaTessl NpeJoMJIeHHsT U HaJnuueM cBuJIel. JIJisi co3ianus onTHYECKUX CHCTEM
C BBICOKMM KayeCTBOM H3JIyUeHHSI HUCMOJb3YIOT pasjuuHble CrocoObl MU3MEPEHHs U KOPPEKLUH
abeppaiuit Bd. B kadecTBe mepcneKTHBHON aJsbTepHATHBBI JaTudkaM l[apTMaHa W ero
pagHoBuaHocth  —  Illaka — 'aptmana  npepsiaraeTcss  HMCMOJb30BaTh — KOMIIBIOTEPHO-
cuHTedupoBanuyto rojorpammy (KCI') B 3anaue JIBD.

B naunoit pa6ote rosorpacpudeckuii JIB® npencrasnsier co60il MOIOBBIN AeTEKTOp, Ha
OCHOBE MYyJIbTUIIIEKCHPOBAHHON TOJIOTPAMMBI, B KOTOPYIO 3apaHee 3aKOAHPOBaHbI TpebyeMmble
sHauenust abGeppauuid. [Tpunuun pa6orsl KCI' JIBD coBnamaer ¢ ocHOBHbIM ToJiorpacduiecKium
MPUHLMITOM: JI/Is1 U3MepeHHUs1 ha3bl ONOPHOTo Jiyda He0OOXOAMMA ero HHTep(EPEHLHsI C TPEMETHbIM.

Komuposannasi ennnnunass KCI' npezcraBssier co6oil pacrpenesneHre MHTEHCUBHOCTH OT
JIBYX BOJIH — onopHo# Basic(x, y) u npeametHo# (o6bekTHON — Object(x, y)). OnopHoi BoJHOH
6ynem cuutaTh abeppauuoHHbii BD conmepxkaumii onHy abeppalyio OMpeaeseHHOTO THMA U
aMIIUTY/Ibl, TPEMETHON — T0J1e OT MHKCeJsl, PacloJ0KEeHHOro COrVIacHO Matpuue abeppatuil.
[IpeyiorkeHo MCNOJAb30BaTh CTPOKH MPUEMHHKA I ONpejiesieHusl TUna abeppauuu, CToJOLbI
NpUEMHHKA JIJIS1 OTIpEIe/IeHUS €€ BeJIUUHHBI.

Tun aGeppaimy 0JHO3HAYHO OINHUCHIBAETCS] MAaTeMATHUECKHUM MpPEACTaBJIEHHEM —
OopToroHaJ/ibHbIM 6asucom nosMHoMoB Llepuuke [3]. Takum o6pasom, ec/u UUC/IEeHHOE 3HAYEHHE
uckakenust B rnonajaetr B 3anucaHHbI JManasoH, rosorpamma OyaeT BOCIPOU3BOIUTb
u3o0paxkKeHue Ha TMpPUEMHUKE B COOTBETCTBHUU C MpeNJoKeHHOH maTpuued. B ciydae, korna
nckaxkeHHbin BO npencrapasier co6oi KomOHHaLMIO abeppaliii — KapTHHA Ha pUeMHHKe OyaeT
BBINJISIIETh Kak Habop cBeTsiuuxcs Touek. O6paboTka curHaJja ¢ npueMHHUKa 1acT MPeICTaBIeHHE O
CTeNeHH UCKaXKeHHUs! (COOTBETCTBEHHO CTOJIOILY ) U TUITY MCKaXKeHHs (COOTBETCTBEHHO cTpoke ) BO.

AmnnTyna yHKUIHM TIPOMYCKAHUsS ONpeesieTcsi KOMOUHAIMEH OMOPHOH U MPeJIMETHOH

BOJIH:
1(x,y)=[0(x,y)+ Blx,y) = 0
=[B(x.y)" +/0(x.y} +O(x,y)B" (x,y)+ O (x.y)B(x.y),
rne O(x,y) — oObeKkTHast BoJiHA, B(x,y) — oONopHas BOJIHA, 3HAK * 03HAUaeT KOMIJIEKCHO-

conpsizkeHHyio Besinuuny; O(x, y) = |O(x, y)lexp[i®o(X, y)] — KoMIJIeKCHas aMIJIUTy1a 00 bEKTHON
BOJIHbI C BellleCTBeHHOM aMriuTyioi |O(x, y)| v dazoit @ x, y); B(x, y) = |B(x, y)lexplios(x, y)] —
03HayaeT aHaJIOrHUYHBbIM 00Pa30M KOMIJIEKCHYIO aMITJIUTY/Ly ONOPHOH BOJIHBI.

Hcxonnass o6bekTHasi BoJiHA (M300paKeHHe TOUKH HAa MPUEMHHKE) BOCCTAHABJIMBAETCS
MyTeM OCBElIeHHSsI ToJIorpaMMbl OMOPHOK BoJiHON B(x, y). JIns BoccTaHOBJEHHST H300paKEeHUs
YMHOKHM 3aMUCaHHYIO rOJIOrpaMmy, T.e. HHTEHCHBHOCTb HHTep(hepeHLIMOHHON KapTHHbI /(X, i) Ha
3HauYeHHue 10J1s1 ONOPHOH BoJHBI B(X, y):

1(¢,5)B(x,y) = |B(x, ) Blx,y) +|0Cx,y) Blx,y)+

s (2)
+0(x,y)|Blx,y) +B°(x,y)0 (x,y).
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Urorosasi KCI' 6ynet npeactaBasaTh cOO0H CyMMy pacCUMTAHHBIX €IMHUYHBIX TOJIOTPAMM:

KCIx,y)=Y_KCI,. (3)

n=1
3anuch pacCUMTAHHOW CTPYKTYPbl Ha (DOTOUYBCTBUTENBHBIH MaTepuas BO3MOXKHA
NPOeKUMOHHbIM MeTo/IoM ¢ puMeHeHneM YKK-TIBMC.

UctouHuku

[1] Tony6 M.A. ITonyuenue acthepuuecKux BoJaHOBLIX GPOHTOB MpH nomorw rosorpamm / M.A. Touy6,
E.C. )Kuponucues, A.M. Kapnees, .. Cucaksin, B.A. Coiidbep // Noknaaet AH CCCP. —
1980. — 253 c. — 1104—1108.

[2] Nikitin A. A device based on the Shack-Hartmann Wave Front sensor for testing wide apertures /
A. Nikitin, J. Sheldakova, A. Kudryashov, G. Borsoni, D. Denisov, V. Karasik, A. Sakharov //
Photonic Instrumentation Engineering III. —2016

[3] Hopkins H.H. Wave theory of aberrations. — 1949.

Design of computer generated hologram for wavefront sensor

M.S. Kovalev, P.I. Malinina, S.B. Odinokov
Bauman Moscow State Technical University, Moscow, Russia
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c5.6 [lporpaMmmHO-annapaTHblii KOMIJIEKC JaTuMKa (hopmMbl BOJHOBOTO (hpoHTa

B.H. Xomymos
HMHuctutyT aBromMatiku 1 ssekrpoMetpun Cubupckoro otnesneHus Poccuiickoil akajaeMun Hayk,
Hosocubupck, Poccus

BBenenue
[IpoGsiema KOHTPOJISI KauecTBa ONTHUYECKOH MOBEPXHOCTH OCTPO CTOUT BO BCEX OTPACJSX
OTNITUYECKOH MHIYCTPUH U KaK MPaBUJIO CBOAUTCS K 3ajiaue KOHTPOJisi (hOPMbI BOJIHOBOTO (hpOHTA.
HauGosee pacnpocTpaHeHbl MeTOIbl  KOHTPOJSI  BOJHOBOIO  (DpoOHTA C  MPUMEHEHHEM
uHTEpepomMeTpoB [ 1] i crneuranbHbIX 1aTYMKOB BosiHOBOro ¢poHTa (JIBP). Onuum u3 cambix
yHuBepcaJsbhbix JIBD siBnsiercst natunk, nocrpoeHusli no cxeme [lleka — Faptmana. Ontuueckas
cxema jatyukoB Illeka — ['apTmMana 3HauuTe/bHO TMpolle CXeMbl JHO0ro COBPEMEHHOrO
uHTepdepomeTpa, CeoBaTe/bHO, MeHee YyBCTBUTEJbHA K (PAKTOpaM BHEILHEro BO3AEHCTBHS.
Camble IpocThbie MOJIE/IN TAKUX IATYMKOB 00€CTIeUnBalOT TOUHOCTD A/10—2A/20. bnaronaps cBoeit
ontuueckoir cxeme [atuuku [lleka — [apTmana yHHBepcasibHbl, OHM HaxOAsT MPUMEHEHHe B
Pa3JIMUHbBIX OTPAC/SAX HAYKH U TEXHUKH MPaKTHUeCKH 6e3 u3MeHeHust KoHCTpyKuuu. Onnako 1B
TpeOyIOT 3HAUMTEJBHBIX 3aTPaT BbIUMCAUTEJIbHBIX PECypcoB it 00pabOTKH M3MepPHTEJbHbIX
JIAHHBIX. DTO O3Ha4yaeT yTo MpH NpoBeleHUH Hu3MepeHHH JIB® no/mkeH ObITh 0053aTe/BHO
MOJKJ/IIOUEH K KOMIbIOTEPY, KOTOPbIH OCYLLECTBJSIET yIpaB/JieHHe JaTYMKOM M 00pabOoTKy AaHHbIX.
DTa MOXKET 3HAYUTEJIbHO OrPaHHUMBaTh 00J1aCTh puMeHenust JIBD.
[lesbio naHHO paboThl SIBJASIETCS CO3/AaHHE €IMHOTO MOPTATHBHOTO MPOTPAMMHO-
annapatHoro KommJjekca st noctpoenust JIBP I[lleka — [apTmaHa pag/auuHoro Ttuna u
Ha3HaYeHHusi

Cxema paruuka llleka — M'aprmana
JIB® nocrpoennbii mno cxeme Illeka — 'aptMana cocTouT ©3 JBYX OCHOBHBIX
KOMITOHEHTOB — MHKPOJIMH30BOTO pacTpa W skpaHa HabuoseHusi. Cxema paGoTaeT CJjeiyloluum
00pa3oM: CBETOBOH My4OK OTpakaeTcsi OT MCCJeIyeMOH ONTHYeCKOH MOBEPXHOCTH, a 3aTeM
pa3buBaeTCsl Ha MHOXKECTBO CBETOBBIX Iy4YKOB C IMOMOLIBIO MHKPOJIMH30BOro pactpa. [losoxenue
IyYKOB Ha KpaHe HaOJIIOIeHHs] COOTBETCTBYET HAKJOHY BOJHOBOIO (hPOHTA B HEKOTOPOH MaJjloi
o6sacTu HabuoieHUs1. FIX koopiHaThl MOTYT ObITh paccyuTaHbl 1o popmyqie [2]:
m_ m
Z A "y zzyi[i,j
Xe=7a— V== (1)
220 220
J joi

rje /;; — MHTEHCHUBHOCTb B siuefike (MuKcese ) (hoToMaTpHLbl (X;, Y;) k-0l JIOKAJbHOH anepTypbl.

JlokasbHbIl  HakJOH BoJiHOBOro (poHTa cooTtBeTcTBYeT W(X,y) B Toukax (X, Yr)

COOTBETCTBYET YPABHEHHUSIM:
a% :Axk a“,/k :Ayk (2)
o f oy [
rae / — ¢okajbHOe pacCTosiHHe JIMH30BOrO pacTpa, Ax, Ay — JloKaslbHOE CMellleHHe LeHTPOB
(hoKaJIbHBIX MSITEH B/IOJIb OCEH X, Y.

Bbiunc/iMB cMellleHUs Ha KaXK/IOM y4acTKe MOXKHO HETOCPEICTBEHHO HAUTH KOS (HUIIUEHTHI
pasnioxkenusi 1t W(x, y) MeToioM HauMeHblIMX KBaapaToB. TouHocTh JIBD onpenensiercst cpasy
HEeCKOJIbKUMM ~MapaMeTpaMH —  pa3pellieHHeM MHKPOJHMH30BOrO  pacTpa, paspellieHreM
CBETOUYBCTBUTEJbHONW MATPHUIIbI, U TOYHOCTBIO UX IOCTUPOBKH JIPYT OTHOCHUTEJLHO pyra [3].
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B coBpemennbix JIB®, noctpoennbix no cxeme llleka — ['aptmana B kauecTBe 3KpaHa
HabJII0IeHHUS KaK, PABUJIO UCMOJb3YIOTCS CBETOUYBCTBHUTE/bHBIE CEHCOPHI. A Mpolecc H3MepeHusi
1 06paboTKa JaHHBIX BBITOJHAETCS C TOMOLLBIO KOMIBIOTEPA, YTO YIPOLLAET MPOLLeCC H3MEPEHHUS U
MOBbILIAET TOYHOCTb  paboTbl  Jatuuka. CTpPyKTypHasi CXeMa COBPEMEHHBbIX JIaTYMKOB
[Ileka — ['apTmaHa nokazaHa Ha puc. 1.

L ﬁ ﬁ 38M

MHKpOIHH30BbIH CBeTOUYBCTBHTE/IbHAA
pactp MaTpHIa

e|le|lo|o|@|0
e|le|leo|leo|e|o
e|le|le|le|e| e
e|e|jle|jo| 0O
ele|loleolo|e
e|le|o(le| oo

OO0BEKT

Puc. 1. Cxema naruuka [lleka — Faptmana

OcnoBHoM nipeumylitectBoM [IB®, nocrpoennsix no cxeme llleka — laptmana siBisietcst
BO3MOKHOCTb pab0Thl 6€3 HCI0JIb30BaHUsT pedepeHCHOH TOBEPXHOCTH.

[lopraTuBHas naathopma

Bce uzBecthble JIB® nocrpoenHble Ha ocHoBe cxeMbl [lleka — ["apTmMana npenHasHayeHsl
1151 CTallHOHAPHOTO MCIOJIb30BaHHUS, UX TPUMEHEHHE B YCJIOBHUSIX POU3BOJCTBA 3aTPYAHEHO B TOM
yhcsie Mo TMpUUYMHE HeOOXOAMMOCTH MCMOJb30BAHUS MOUIHBIX BbIYUCJUTENbHBIX MAalIUH sl
06paboTKK ToJlydaeMbIX TaHHbIX. B naHHO# paboTe mpemoxKeH MOPTATUBHBIN BapHaHT JaTUnKa
BOJIHOBOTO (ppoHTa mocTpoeHHoro mno cxeme llleka — [apTmana, ero cTpyKTypHasi cxema
npuBeneHa Ha puc. 2. [losynpoBOAHUKOBBIN Jla3epHbI MOAyJb (A = 635 HM) ¢ pacxoasiUMcs
My4KOM OCBeLlaeT H3MepsieMyl MOBEPXHOCTb. KIHTEHCHMBHOCTb M3J/ydeHHs JIa3€PHOrO MOJYJIs
3anaéres ¢ nomoubto MM curnana. JlasepHoe u3seyeHHe OTpaxKaeTcss OT HCCJeLyeMOn
MOBEPXHOCTH M pa3bUBasicb Ha MydKM MHUKPOJMH30BbIM pactpoMm mnonanaer Ha [I3C cencop
[CX687ALA ¢ paspeuwiennem 2020x1476. O6pa6otka u300paykeHHH  OCYIIECTBJISIETCS
MHUKPOKOMIbIOTEpPOM. Pesysbratsel uamepenus BbioasiTes Ha JKK nucnuieit ¢ auaronadsto 4 noima.
Taxxke Bo3MOKHA peasiu3alidsi Mepelaul pe3yJibTaToB M3MEPEHHs HA BHEIHHWEe YCTPOUCTBA 110
Wi-Fi uan coxpanenue pesynbratoB Ha SD-kaprty. ¥YmpaBieHue NpuGOpPOM OCYIIECTBJSIETCS
TPEXKHOMOUHON KJaBHaTypoil nojk/atoueHuit k nopram GPIO mMukpokommnbioTepa.

[Iporpammuoe obecnevyeHue JaTyuka Obl10 pa3paboTaHO [Isi MUKPOKOMIIBIOTEPOB,
paboTaloLKX MO OMePALMOHHON cucTeMol Linux. BoiuucanTesnbHblil MOy b 1aT4MKa pa3paboTaH
Ha OCHOBe mporpamMmHoro otecrieuenuss Jacopo Antonello mshwis. Mutepdeiic ynpasnenus
JIATUMKOM pa3paboTaH ¢ npuMeHeHreM TexHosorud QT.
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Kiaenarypa MuKpOTIH30BBII pacTp
GPIO
CCD
MukpokomnbtoTep 12C/DATA ceHcop
t—e
)
ele Jlazep
PWM
ITamepsaemasn NOBEPXHOCTE
LCD -micreit

Puc. 2. Cxema mopTaTMBHOIO aTUMKa BOJHOBOTO (hpOHTa

PesyabTartbl

Ha ocHoBe paspabGoranHoro mporpaMMmHo-anmnapaTHoro kommiekca IB® 6bi1 cobpan
natuuk [lleka — [apTmMana ¢ paspeuiendeM 13X13 MHKPOJIMH3, YTO COOTBETCTBYET TOUHOCTH
uamepennss ~A/10. CyliecTByeT BO3MOKHOCTb HCIOJNB30BAHMS 3TOH KOH(UIypalluu JaTudKa ¢
MHKPOJIMH30BBIMH PACTPAMH BbICOKOTO paspellieHHs, TPU STOM TOYHOCTb U3MEPEHHUST BO3PACTET.

Bbiio npoBeseHo TecTHpoBaHHe paboThl mporpammHoro wmoaynas JIB® ¢ nomouibio
JIEMOHCTPALMOHHBIX ~ TapTMOHOTOpAaMM  MpelocTaBiaeHHbIXx — mshwis.  JlemoHcTpalmonHas
raptMmoHorpamMa mshwis u ¢asoBasi kapTa, paccuMTaHHas MHMKPOKOMIIBIOTEPOM JaTuhKa
BOJIHOBOTO (ppoHTa TMpejcTaBieHbl Ha puc. 3. [losyueHnasi asoBasi KapTa [MOJIHOCTbIO
COOTBETCTBYET (ha30BOH KapTe, MOJYUYEHHOU C TMOMOILBIO MPOrpaMMHOro obecreuenuss mshwis B
maremaTnueckom nakere MATLAB.

1 1

a) rapTMoHOrpaMma 0) dasopas Kapta

Puc. 3. Pesysbrar TecTHpoBanus fatuMka BOJIHOBOTO (PpPOHTA

3akaoueHue
[TokazaHa BO3MOXKHOCTb coznaHust noptatuBHbiX JIBD. JlaHHbI mnopxon MoKeT ObIThb
NMPUMEHEH K JaTYMKaM JitoOGOro Kjaacca W Ha3HAueHWsi B TOM UMCJe JJIsi MPOMBILIIEHHBIX H
orasbmosiornueckux petteHud. [Ipu ucnosb3oBaHWM rapTMOHOTPAMM BBICOKOTO pa3pelieHusi
(100x100) TouHOCTb M3MEPEHHsI 3HAUMTEJBLHO BO3PACTET U MO3BOJUT HcoJb3oBaTh JIBD ngs
NPELU3UOHHOTO KOHTPOJISI.

386



Crenposble n1okaaapl. Cekius Neb
[osiorpaduueckast untepdepomerpusi, rosiorpacduyeckas namsiTh, ONTHKO-rosiorpaduyeckasi o6paboTka HHopmalyu

UctouHuku
[1] Tonewyk A.T. Jlazepnbiit untepbepomerp ®THU-100 / A.T. IToneuyk, P.K. Hacbipos,
A.E. Maroukun, B.B. Uepkawun, B.H. Xomyros // Unrepskeno I'eo-Cubupb. — 2013, —
Tom 5. — Ned. — C. 25—3l1.
[2] Jiang W. Detecting error of Shack-Hartmann wavefront sensor / W. Jiang, H. Xian, F. Shen // Chin.
J. Quantum Electron. — 1998. — Nel5(2). — P. 218—227.
[3] Neal D.R. Shack-Hartmann wavefront sensor precision and accuracy / D.R. Neal, J. Copland,
D. Neal // SPIE Proc. — 2002. — Vol. 4779. — P. 148—160.

Hardware-software complex of wavefront sensor

V.N. Khomutov
Institute of Automation and Electrometry, Siberian Branch of the Russian Academy of Sciences,
Novosibirsk, Russia

Results of development of a unified portable hardware-software complex to build Shak
Hartmann wavefront sensors of various types and purposes are presented and discussed.
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c5.7 CneKTpaJibHble CBOMCTBA CJAOMCTBIX rosiorpaduueckux oTpakaTeabHbIX
CTPYKTYP

E.®. Ilen'?, I1.A. Yybaros'

" IHeTuTyT aBTOMaTHKK U 3JeKTpoMeTprd CUOHPCKOro oTesenust PoccuiicKoil akajieMnu Hayk,
Hosocubupck, Poccus

2 HoBocHOHPCKHI rocyiapCTBeHHbIN TeXHHueCcKuil yuuBepceuter, HoBocuGupcek, Poccust

Caouctblie rosiorpauyeckue orpakaTeibHble CTPYKTYpPbI

CpoiicTBa 00BEMHBIX TMPOMYCKAIOUIMX M OTPaXKaTeJbHbIX TojorpapuiyecKux peleToK
AeTanbHo H3ydeHbl ['. KoreJbHMKOM M JpYrMMH aBTOpaMH, MOKa3aBLIMMH, YTO TaKHe pPEeLIeTKH
Hapsiay ¢ 60JbLIOH AU PaKLHMOHHOH 3(hPeKTHBHOCTBIO (J1D) 1eMOHCTPUPYIOT BBICOKYIO YIJIOBYIO U
CMeKTpaJibHyl0 ceJieKTHBHOCTb [1]. MeHee H3y4yeHbl CJIOMCTbIE CTPYKTYpbl, COCTOSILIME U3
HECKOJIbKHX OOBEMHBIX pPeLIeTOK, pa3leJeHHbIX ONTHYECKH OJHOPOAHLIMH POMEKYTOUHBIMU
cnosivi, M obJazatoie 0coObIMH CBOHCTBAMH, OOYCJAOBJIEHHBIMM HHTep(epeHIel BOJH,
BOCCTAHOBJIEHHBIX M3 KaxK/IOH pelleTKH, YTO MPEeJOCTaBJseT BO3MOXKHOCTb YIPaBJEHHS BHIIOM
YIJIOBOH WJIM  CHEKTpaJibHOM cesieKTUBHOCTH [2—3]. [logo6Hble CTpPyKTypbl MOIYT ObITh
MCIOJIb30BaHbI npu CO3[IaHUH 3J1eMEHTOB ONTHYECKHUX MeKCOe/IMHEHUH,
MYJILTHILIEKCOPOB/eMy.ibThIIeKcopos DWDM B oNTHUECKUX JIMHUSIX CBsA3H [4].

Cxema wuccjelyeMblX HaMU CTPYKTyp u3obpaxkeHa Ha puc. 1, tne VHGI w VHG2 — nBe
oObeMHble TosiorpaMyeckie OTpakaTesibHble PELIETKH, pacloJoyKeHHble cJeBa M CclipaBa
OTHOCHTEJIbHO CTEKJISIHHOH MOIOKKHU L. JIJIMHa BOJIHBI JIa3€PHOTO M3JydeHHsl, a TaKxkKe 3HaYeHHs]
YIJIOB MajieHusl MydyKoB K U S OTHOCHTENbHO MOBEPXHOCTH PETUCTPUPYIOLILEH CPe/ibl OMpeessioT
nepuoj obpagyiollielicst ronorpauyeckoil peléTky, a, CJeA0BaTebHO, U PE30HAHCHYIO JJIMHY
BOJIHBI CMIEKTPAJIbHOIO OTKJIHKA MPH €€ 00JIy4eHHH OeJIbIM CBETOM.

[lIo cylecTBy 3TH CTPYKTypbl SIBJSIIOTCSI aHaJoraMu KJacCUYecKoro HHTepgepomeTpa
®abpu — [lepo [5]. OcobeHHOCTH COCTOAT JMIbL B CBOMCTBAX 3epKaj pPe30HATOpa, B KauecTBe
KOTOPBIX HCIMOJB3YIOTCS OTpakaTeJsibHble roJiorpaduueckue OpsrroBckve pelléTkd. B cBoto
oyepellb CIEKTpasibHble CBOHWCTBA 3THX PeWETOK B 3HAYUTEJBHOH CTENEeHH 3aBUCAT OT
XapaKTePUCTUK PErHCTPUPYIOLLEH Cpejibl, UCIOJb3yeMON MPU UX M3TOTOBJEHHH, YTO B KOHEUHOM
MTOre ONpeJiesieT BO3MOKHOCTH MPAKTHYECKOT0 HCIO/b30BAHUS HCC/IELYEMbIX CTPYKTYP.

L

VHGI1 VHG?2

Puc. 1. Cxema cioncroii rosiorpauyeckor oTpaxareabHOH CTPYKTYPhI
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JKcnepuMeHTa bHbIE UCCJIeI0BAHMUS

J1s1 mpoBeneHUsT KCMEpPUMEHTAJbHBIX HMCCAEI0BAHUN HAMH MCMOJb30BAHbl pPA3JUUYHbIE
MeTOJIbl U YCTPOHCTBA, B TOM YMCJE YCTAHOBKH It (DOPMHUPOBAHUS HCCIENLYEMbBIX CTPYKTYp U
M3MEpEHHsl UX CIEKTPOB MPOMyCKaHUsl Ha CreKTpooToMeTpe BhICOKOro paspelieHusi Ramanor
U1000, a rakxke mnpsmoe HaOJ/IOieHHe Ha 3KpaHe KapTHHbI MPOMYyCKaHWs JAaHHBIX CTPYKTYp,
SIBJISIOLIMXCS, KaK OTMeUueHo paHee, aHajoramu uHtepdepomerpa Pabpu — I[lepo. B kauectBe
PErHCTPUPYIOLIEH Cpebl HCMOJIb30BAMMCh SKCMEPUMEHTa/bHble 06pasiibl rosiorpaduueckoro
cdoTonosumepHoro marepuana (PIIM).

Ha puc. 2a u puc. 26 npuBeeHbl 9KCNepUMeHTAJbHbIE JaHHbIE CIEKTPOB MPOMyCKaHUs
CJIOUCTBIX ~CTPYKTYp C TOJIUIMHAMM TPOMEXKYTOUHbIX cjoeB L = 175mMkm u 450 MKM
COOTBETCTBEHHO, Cc(hOPMHPOBaHHBIX ¢ HcnoJb3oBanueM He—Ne nazepa. Ha pucynkax xopoiio
BUHBI TJyOOKHE MPOBAJbl TMPOMYyCKAHUS IEHTPaJIbHbIX JIEMEeCTKOB KOHTYPOB CHEKTPAJbHOTO
OTKJIMKA B UHTepBaJiax JYIMH BOJIH 6348—6388 A u 6332—6406 A, YIOBJIETBOPSIOLIMX JJIMHE
BOJIHbI 30HMPYIOLETO M3JyUeHHUs, a TaKxkKe TOHKHE TepHOJAMYECKHEe CTPYKTYypbl KakK B 06JacTH
LIEHTPAJIbHBIX, TaK U OOKOBbBIX JIEMIECTKOB, COCTOSIIIME U3 MHOMKECTBA JIOKAJIbHBIX CHEKTPaIbHBIX
noJioc nponyckanus. JIns o6pasua ¢ L = 175 MKM NepHojL TOHKOH CTPYKTyphl oKasascs ~6,5 A, a
st obpasta ¢ L = 450 Mmkm ~3 A (cM. BeTaBky K puc. 26). B 061acTH LeHTPaIbHOTO JernecTka
HabJiofaeTcs M3MeHeHWe mporyckanusi o 6% 10 18%, a B obnacTd npaBoro GOKOBOIO
nenectka — oT 60% 10 80%, UTo 3HAUNTENLHO OTJHYAETCS OT pacyeTHLIX 3HadeHui. C ydeTom
MOTEePb CBETA Ha MOIVIOLLEHHE B cjloe hoTornosumepa Ko3ppUIMEeHT OTpaXKeHHus rojorpaduueckux
peréTok cocrassa ~80%.

AHnanorvuHble CTPYKTYpbl M COOTBETCTBYIOLIME WM CHEKTPbl ObLIM TOJYYeHbl C
ucnosbzopanem DPSS jasepa ¢ anuHoil BoaHbl 5320 A. B 9ToM ciyyae nepHos JIOKaIbHbIX
CreKTpa/bHLIX T0JI0C Mponyckanust coctaBul ~2 A, K coxalleHnio, M3-3a HeJ0CTaTOUHOTO
CMEKTPaJbHOIO pa3pellieHusl Halled YCTAaHOBKM B 3TOM 3SKCIEPUMEHTE He YAaJoCh TMOJYYHTh
JeTaJbHON KapTHUHBI PE3KOCTH STHX TM0OJIOC.

B uesom  3KcrepuMeHTbl  OJHO3HAYHO  TMOATBEPXKIAIOT  OKUAAEMbIH  3PdeKT
MHTep(EPEHIIHOHHOTO B3aUMOJENHCTBUSI BOJIH, (DOPMUPYEMBIX JBYMsI OPSTTOBCKMMHU pellleTKaMHU.
Bwmecre ¢ Tem cieyeT OTMETHTb CylIeCTBEHHbIE OTJHUHMSI SKCTIEPUMEHTAJbHBIX M PACUETHBIX
JIAHHBIX, TIOJydYEHHBIX TYTEM HCMOJb30BAHUS MOJEJNH MHOTOCJOHHOH CTPYKTypbl TOHKHX
JU3JEKTPUYECKUX TJIEHOK [D]. XOpollo BUIHO, YTO CIIEKTPbl HECHMMETPHUHbBI, GOKOBbIE JIeMIECTKH
CrJ1aXKeHbl MO0 OTCYTCTBYIOT, MPOIyCKaHUE JIOKAJIbHBIX MOJI0C B 06JIACTH LIEHTPAJILHOTO JieTecTKa
Masio. OUeBUIHO, YTO 3TH OTJIMUMS CBSI3aHbI C HECOBEPIIEHCTBAMM HCCJELyEMbIX CTPYKTYP ABYX
BHUJIOB: a) MOTJIOLIEHHEM CBeTa B PETUCTPUPYIOLIEH cpele, Mapa3uTHBIMH MEePeOTPAKEHUIMHU U
JPYrUMH LIyMaMH B ONTHYECKOH CHCTeMe, BJHMsSIHME KOTOPBIX B JAHHOH paboTe He HCCJelyeTcs;
6) crielhUIeCKUMU UCKaXKEHUSIMU BHYTPEHHEH MPOCTPAHCTBEHHON CTPYKTYPhI rosiorpacuiecKux
pelIeToK, TaKUMH KakK H3MEHEeHHe aMIUIMTYAbl MOMIYJSLUMH TOoKa3aTessl IpesJoMJeHUs] H3-3a
pa3JIMuHON SHEPTUH 3aCBETKH 110 IJIyOHHE pellleTKH U HapylleHHe TIePUOIMYHOCTH PElIeTKH M3-3a
ycazku ToJnHbl @IIM B npotiecce 3anucu 1 nocto6paboTku rosiorpamm [6]. [1st npoBepKu 3THX
MPeooKEeHUH MPOBeJIeHbl PACUEThI CTIEKTPOB MPOMYCKAHUS MOJEJbHBIX CJIOMCTBIX CTPYKTYP TPH
YCJOBUM U3MEHEHHUH ToKazaTe st npesioMieHust An U nepuoaa peléTok no JUHEHHOMY 3aKOHY Ha
Besnuuny nopsiaka (0,2—0,5)%.
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B) r)
au 6 — 3KCrepUMEHTAJIbHbIE JaHHbIE /151 06PAa3LoB C TOJNIIHHAMH POMEXKYTOUHbIX cyioeB L = 175 MKM 1 450 MKM
COOTBETCTBEHHO; B U I' — pacyueTHble JIaHHbIE JIsl 3THX ¥Ke CTPYKTYP B NPETNOJI0KEHHH HEOJHOPOJHOCTH BHYTPEHHEH
CTPYKTYPbI FoJI0rpaduuecKuX peleToK U tare sbraucaentii 0,25 A.
Puc. 2. I'pachuku CrieKTPOB MPOTMyCKaHUS CIOUCTBIX CTPYKTYP

PegynbraThl 3THX pacueToB TMPUMEHHUTENBHO K TOJIIIMHAM MPOMEKYTOUHBIX CJIOEB
L=175mkmM u 450 MM u ware Bbluncaenuii 0,25 A (BbiGpaHHOM lsl  a1eKBaTHOCTH
SKCMEepPUMEHTaNbHON annapaTHol (yHKUMH CIEKTPOMETpa) NPHUBEIEHbl HA PUC. 2B U PHC. 2T
COOTBETCTBEHHO, J€MOHCTPUPYIOLINX, UTO YKAa3aHHbIe UCKaXKEHUS1 JeHCTBUTENbHO BJHUSIIOT HA BUJL
CTEKTpaJbHbIX ~ XapaKTEPUCTHK  HCCJeNyeMblX  CTPyKTyp. Dosee  TouHOoe — cxomcTBo ¢
9KCMEPUMEHTAJIbHBIMU JIAHHBIMU MOYKHO JIOCTHUb MPU ydeTe JOTOJHUTEJbHBIX BUIOB MCKaXKeHUH
BHYTPEHHEH CTPYKTYpbl rosiorpatMyecKux peleToK: HW3MEHEHMH He TOJIbKO Mepuoia, HO U
HampapJieHUs] BEKTOpa peLleTOK HM3-3a YCAalAKH PETUCTUPUPYIOLEH Cpelbl OJHOBPEMEHHO B
MOTMEePEYHOM W MPOJOJBHOM HarpaB/JeHUsIX (OTHOCUTEJbHO TJIOCKOCTH pEeILIeTKH), a TakkKe
M3MEHEHUH aMIJIUTY/Ibl MOYJISILIUHU MOKa3aTe sl PeJIOMJIEHHS 110 HEJIMHEHHOMY 3aKOHY [6].
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MHTEHCUBHOCTb, OTH. eq
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B) r)
Puc. 3. Mso6paxeHnusi HHTephepeHIMOHHbBIX KAPTHH, COOTBETCTBYIOLIUX HCCJIEAYEMbIM CTPYKTYpaM C TOJILIMHAMH
MPOMEXKYTOUHbBIX cJioeB 175 MKM (a, 6) 1 450 MKM (B, T)

Ha puc. 3 npuBenenbl nzoOpaxkeHust HHTep(EPeHUHOHHBIX KAPTHH, 00pa3ylolIUXCcsl MpH
OCBEIIEHHU HCCAEIyeMbIX CTPYKTYP PacCXoIsLIMMCs My4KOM Jas3epHoro wuanyueHusi. KapruHa,
MpeJCcTaBJeHHast Ha PUC. 3@, MO CYIIECTBY $IBJSETCS MPOCTPAHCTBEHHBIM aHAJIOTOM CIEKTpa
MPOIYCKaHHU$ CJIOUCTOH CTPYKTYPhI C TOJIIMHON TPOMEXKYTOUHOTO ¢j1051 L = 175 MKM, MOKa3aHHOM
Ha puc.2a. TémHas o0JacTh COOTBETCTBYeT ToJoce JTHH BoJH 6349—6388 A, sdpdekTrpHO
oTpaxkKaeMbIX JaHHOW Mapol roJsorpaduueckKux OpP3TTOBCKHUX 3epKaj. BHyTpu TemHO# o6JacTu
XOpOUIO BHJHA CTPYKTYpa CBETJIbIX W TEMHBIX KOJIell, XapakTepHas JJjs HHTepdepomeTpa
®a6pu — [lepo. KosmuecTBo HabJ/iofaeMbIX CBETJIBIX KOJIEL, COOTBETCTBYIOLIMX JIOKAJbHBIM
11oJ10caM MpoIycKaHusl, HeBeJHUKO (6 LIT. ), UX HHTEHCHMBHOCTb MaJIaeT Mo Mepe yAaJeHHUs OT LIeHTpa
KapTHUHbI, 4TO OOYCJIOBJIEHO, OYEBMJHO, CPABHUTEJbHO MaJsod BeJHUMHOH Ko3(dulimeHTa
OTpazkKeHHst roJiorpauuecKux peléTox.

Ha puc. 36 nokazano paauajbHOe pacripefeseHie MHTEHCHBHOCTH (B OTHOCHTEJIbHbBIX
€/IMHULIAX) OMUCBIBAEMOI KapTHHBI, YCPEIHEHHOE B a3UMyTaJbHOM HaIMpaBJIEeHUH. YCTaHOBJIEHO,
YTO B MOJIHOM COOTBETCTBHUHU C T€OPUEH, PACCTOSTHHE MEXKIY COCEJHUMH KOJIbLIAMH YMEHbLIAeTcsl ¢
pOCTOM HOMEpa KOJblLia, a pasHULA KBaJpaTOB PAJMYCOB COCEIHUX KOJeLl SIBJASETCS BeJHYMHOH
noctosHHoil (¢ norpemHocTblo MeHee 10%). PeskocTh KkoJsiel, (Mo KPUTEPHIO OTHOLIEHHS
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pacCcTosiHUSA MeKy KOJIbLAMU K MX noJyiupute [5]) He mpesbiinana 5:1. [TapagutHoe paccesinue
cBeTa B Ja3epHOM Iy4yke, MHUKpooObekTHBe M MHKpomedektax PIIM  cHuduto KoHTpact
MHTeP(hePEHLIMOHHON KapTHHbI, KOTOPbIH B CpeiHeM He npeBbillas 2:1. BausHue sTHX hakTopoB Ha
CIEKTpaJibHble XapaKTEePUCTUKH MCCJIELyeMbIX CTPYKTYp, O€3yCJIOBHO, BaXKHO U Oy/leT H3yueHO B
JaJibHenIen padore.

Ha puc. 3B 1 puc. 3r npuBeaeHbl U300 paxKeHUs1 MUHTepePeHIIHOHHBIX KAPTHH, OTHOCSLLIUXCS
K CJIOUCTOH CTPYKTYpe € TOJILLHHON NPOMEeKyTOUHOro ¢10s1 450 MKM M pas/iHyHbIMH Pe30HAHCHBIMU
JJIMHAMH ~ BOJIH  roJiorpaduueckux pelérok. DBuaHa —cyllecTBeHHasi MPOCTPAHCTBEHHAs
HEOJIHOPOZHOCTb 3THX KAPTHH (CBHJETE/BCTBYIOLLAsT O HEPABHOMEPHOCTH (ha30BbIX HCKaXKEHHH B
peléTKax Ha pas3/IMYHbIX MX Y4acTKax), YTO He MO3BOJIMJIO NPOBECTH 06pabOTKy H300paKeHHH U
MOJy4uTb rpauKH, aHaJoruyHble pHUc. 30, OIHAKO BIIOJHE MOXKHO pa3/HYHTh MHOXKECTBO
YepeyIOLLUXCSs CBET/IbIX KOJIeLl, COOTBETCTBYIOLLMX JIOKAJIbHBIM M0J10CAM MPOITyCKaHHs.

3akJoueHue

DKCrepUMeHTaNbHO MOATBEPAKIEHO, UTO CIIEKTP MPOMYCKAHUS CIOUCTBIX TOJ0rpadUIeCcKUX
CTPYKTYP, COCTOSIIIUX W3 JIBYX OODBEMHBIX TroJjorpauueckux OTpaKaTeJbHbIX pelIeToK,
paszieJIeHHbIX ONTHYECKH OJJHOPOJHBIM CJIOEM, COCTOUT U3 MHOXKECTBA Y3KHX CIEKTPAJIbHbBIX 110J10C
MPONYCKAaHUsl, TEePUOJ  PACIOJOKEHHSI KOTOPbIX — ONPEAeJsieTcsl  ONTHYECKOH — TOJILMHON
MPOMEXKYTOYHOTO CJIOsl, @ WX Oorubarollasi CoBMajaeT ¢ KOHTYPOM CIEKTPaJIbHOH CeJIeKTHBHOCTH
OJTHOW PELIETKH.

AHanu3a noJiydeHHbBIX CMIEKTPaIbHbIX XapaKTePUCTHK 1T0Ka3aJl UX 3aBUCUMOCTb HE TOJIbKO OT
napaMeTpoB PeLIETOK W Pa3/IeJIUTEJNbHOrO CJIOS, HO U OT CTeleHW HEOJHOPOJHOCTH BHYTPEHHEH
CTPYKTYPbl pelIeTOK, TMPHUBOASIIEH K HECUMMETPUUHOCTH KOHTYpa CHEKTPAJbHOTO OTKJIMKA,
YMEHbIIIEHHIO aMIIUTY/bl JOKaJbHBIX MOJOC MPOMyCKaHUsl, YXYALLEHUI0 UX pa3pellenus. [lytem
CpaBHEHHUsI IKCIePUMEHTAJIbHBIX H PACUETHbBIX JAHHBIX YCTAHOBJEHO, UTO B HaHOOJIbLIEH CTeNeHN
BJMSIOT M3MEHEeHHEe aMILIUTYAbl MOAYJSLUMM ToKa3aTess rpejomyeHdss An M3-3a pas3jiduHOU
SHEPrMu 3aCBETKH MO TJIyOMHE pelleTKH W HapylleHHe MEePUOJUYHOCTH pelleTKH HU3-3a YCallKH
TOJILIMHBI PEFUCTPUPYIOLLETO CJIOST B MTPOLIECCE 3aMUCH U TOCTOOPABOTKH TOJIOTPAMM.

WccnenoBanusi BbiMosiHeHbl Npu  noagep:kke Poccuiickoro douna dyHIaMeHTaqbHbIX
nccaenoBanui (rpant Ne 14-02-00732).
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Spectral properties of the layered holographic reflective structures

E.F. Pen'?, P.A. Chubakov'

! Institute of Automation and Electrometry, Siberian Branch of the Russian Academy of Science,
Novosibirsk, Russia

2 Novosibirsk State Technical University, Novosibirsk, Russia

The results of experimental investigations of the spectral properties of layered structures
consisting of two reflective volume holographic gratings, separated by an optically uniform layer.
When illuminating such structures by polychromatic light, interference interaction of the waves
formed by the said gratings leading to the formation of a plurality of narrow spectral bandwidths,
period of their locations is determined by the optical thickness of the intermediate layer, and
envelope coincides with the contour of the spectral selectivity of the one grating.

Such structures can be wused to create optical interconnection elements,
multiplexers/demultiplexers in DWDM optical communications.

Experimentally confirmed the formation of this type of spectra with periodicity 2—8 A (in
different experiments) of the local bands of transmittance. In the measurements we used a high-
resolution spectrometer Ramanor U1000, as well as the Fabry — Perot interferometer.

[t was found that the non-uniformity (irregularity) of the internal structure of the
holographic gratings due to the imperiections of the recording media (we used photopolymer
material ) substantially distort the spectral characteristics under study compared with their simple
theoretical models: the spectrum is asymmetric, the transmittance of local bands is much less than
the calculated value. By selecting the parameters mentioned irregularities reached similarity
experimental data and simulation results.
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c58 Ontuueckoe kogupoBanue QR KogoB ¢ ucnosb3oBaHUEM
NPOCTPAHCTBEHHO-HEKOT€PEHTHOT0 OCBELIEHHUS

B.B. Kpacros, P.C. Cmapuxos
HauunonanbHbiil HceseoBaTebeKui sieprblil yHusepeutet « MU @M », Mockaa, Poccus

MeTojibl ONTHUECKOTO KOAMPOBAHUS MPUBJIEKAIOT MHTEPEC HCCIeIoBaTe el Ha TIPOTSKEHUH
necsiTuaeTHi [1]. BoJbIIMHCTBO CylIeCTBYIOIIMX METOAOB ONTHYECKOTO KOAUPOBAHHS HCTIO/b3YIOT
KorepeHTHoe ocBellleHHe. B [2] Hamu Obl1 TNpeacTaBjeH METOJ ONTHUECKOrO KOAMPOBAHHUS C
MPOCTPAHCTBEHHO-HEKOTEPEHTHbIM  ocBellleHeM.  OCHOBHOW — MPUHUMIT ~ 3TOTO  MOJXO/A
npojieMoHCTpUpoBaH Ha puc. 1. OOGbeKT ocBellaeTcsi MPOCTPAHCTBEHHO-HEKOTEPEHTHBIM
MOHOXPOMATHUECKUM H3JyueHHeM, MPH OTCYTCTBUM JU(PPAKIIMOHHOTO ONTHYECKOTO 3JeMeHTa
(J1IO3) nun3a dopmupyet uzobpaxkeHue obbeKTa B MJIOCKOCTH oTonpuemMuuka. JIOD ciayxur
37eMeHTOM KomupoBanusi, ero @PT — kioyom komupoBanusi. Cet, npoxoasimi yepes 103,
cdopmupyet cBepTKy H3oOpaxeHus oobekra 1 PPT JIO3. 3aperucrpupoBanHas GpoToceHCOPOM
CBEPTKA SIBJISIETCS KOAUPOBAHHBIM H306payKeHUEM.

B nocnennee Bpewmsi, KoaupoBaHue uudposoil uHdpopmauuu B hopme QR-komos (quick
response code — KoJ OBbICTPOrO OTKJIMKA) CTaJO JOBOJILHO MOMYJSpHbIM [3—7] Guarogapsi ux
YHUBEPCAJbHOCTH U BCTPOEHHOMY KOJ1y [ 8] KoppeKiHH O1LIMGOK.

DoTONPHEMHHK

O6veKT

......

——————

anemeHT Ll.uq:pjso ]

Kopwpyrowmi
cwurHan

Puc. 1. [Ipumep nmpocrefiiie#i cXeMbl ONITHIECKOTO KOJAMPOBAHHUST H306paKeHHH
C MPOCTPAHCTBEHHO-HEKOTePEHTHBIM MOHOXPOMATHUECKUM OCBEILlEHHEM

[lesiblo nanHoi paboThl sIBJsIeTCsl onTHYECKOe KoaupoBaHne QR-Ko10B ¢ Hcnosb3oBaHueM
NPOCTPAHCTBEHHO HEKOTE€PEHTHOIO OCBELLEHHSI.

Cxema sKcnepuMeHTaJ IbHON yCTaHOBKH MPeJCTaB/IeHa Ha puc. 2. JInHeliHO noJ1sipu30BaHHOe
JlazepHoe U3JIydeHHus pacllupsieTcss U Kosaaumupyercest aunabl J11 1 JI2. 3aTem npocTpaHcTBeHHas
KOIepEeHTHOCTb pa3pylliaeTcsl BpalllallliuMest MaToBbIM paccerBaTeseM BMP. [TpocrpanerBeHHo-
HEeKOrepeHTHOe MOHOXPOMATHUECKOe H3JIyueHHe ocCBellaeT aMmruiuTyaHbid moaynastop [IBMCI
KOTOPBII CJAYKUT 51 BBoja uH(popmauuu. [lonsipusatop I1 Bbibupaer mnosspusauuio s
MpaBUJIbHOTO  (hyHKIIMOHUPOBaHusl (azoBoro moayasitopa [IBMC2. TIBMCI u [IBMC2
pacroJioxKeHbl B QoKaJbHbIX maockocTsix JiuHabl J13. [IBMC2 ucnosbayercst st otoGpazkeHust
cuHTedupoBaHHoro koaupytouiero J03. Otpaxenubii or [IBMCZ2 cBer mnpoxoaut uvepes
anasnusatop A. Jlunsa JI4 pacrosoxkeHa Takum oGpasom, uto korja [IBMC2 BbikjoueH u
NEUCTBYeT Kak 3epkaso, oHa Gopmupyet uzobpaxkenue mnosepxHoctd [IBMCI1 B mnsockoctu
toroceHcopa kamepbl. Ecain na [IBMC2 oro6paxkaerces JIOI, B myiockocTH hoToceHcopa Kamepbl
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dopmupyercst onTuueckasi cBeptka u3obpaxkenusi nmoepxHoctd [IBMC1 u OPT J1O3. 3ra
OTITHYECKAas CBEPTKA ABJISETCS KOAUPOBAHHBIM H300paXKEHUEM.

m n2 BMP rNBmc1 n n3

N
NA3EP ()- || :’

n4

MoToCeHCop
Puc. 2. Cxema ontuieckoro KojiMupoBaHusi 1306paxkeHUH C MPOCTPAHCTBEHHO HEKOTePEHTHBIM OCBElIleHHEM

Merton npsiMoro noucka co caydailHoit Tpaektopueit (ITTTICT) ucnonbsoBadscs aisi cuHTe3a
KJI0YeH KOIMPOBaHHUS, KaK onucaHo B [9].

Komupyrowit JIO3 nomxen conepKath Kitou komipoBanusi B cBoeit @PT. T'onorpammbl niiu
KUHO(OPMbI MOTYT HCMOJIb30BAThLCS C 3TOH 11eJbio. Kunodopmbl [ 10] — cuHTe3upyemble pasoBbie
J103, nono6GHble TojorpaMmam, HO, B OTJHYME OT roJiorpamm, (OpMHPYIOLIHE €IHMHCTBEHHbIN
nopsnok mudpakuuu. I[lo sTofl mpuunHe KuHOMOPMBI HCMoJMb30BaMMch B KadectBe J1OI
KOJIMPOBAHHSI.

[Ipumep ontuueckoro koaupoBanuss QR koma mnpuBeneH Ha puc. 3: QR kox (puc. 3a)
KoiupyeTest KJaouoM (puc. 36), B pesyJbrate uero (hopMHpyeTcsl KOIMPOBAHHOE H306paxKeHue
(puc. 3B), ocsie YUCJAEHHOTO IEKOMPOBAHUS MOJTyYaeM JeKOIMPOBaHHOEe H300paXKeHue (puc. 3r).

0)
Puc. 3. QR kon (a) kogupyetcst kiouoM (6), B pedysibTate uero popMupyeTest KoIupoBaHHoOe u3o0paxkeHue (B), nocJje
YHCJIEHHOTO JIEKOUPOBAHUSI TI0JydaeM JeKOIUPOBAHHOE H306paKkeHHe (T)

B paGore Obl10 3KCIEePUMEHTaNbHO OCYLLECTBJEHO ONTHYECKOE KOAMPOBAaHHE LU(PPOBOH
uHpopmamn B popme QR-KomoB, ¢ HCMoNb30BaHMEM TPOCTPAHCTBEHHO HEKOT€PEHTHOTO
ocBelleHusl. [IpomemMoHCTpHpOBaHO ycrellHoe JeKOAHpOBaHHE KOaMpoBaHHbIX QR-KomoB.
[IpenmyliecTBaMH Halllero MeTofia OMNTHYECKOTO KOAMPOBAHMS SIBJSIOTCS Jyulllee OTHOLIEHHE
CHTHA//LIyM MO CPaBHEHMIO C KOFEPEeHTHbIMH METOJAMH  KOAMPOBAaHHsS M [pocTast
IKCIepUMeHTaJIbHAsT peasiu3alsl.

Pa6ora BbinmosiHeHa npu noanepxkke Poceniickoro HayuHoro donza (npoekr 14-19-01751)
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QR codes optical encryption using spatially incoherent illumination

V.V. Krasnov, R.S. Starikov
National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow,
Russia

Applications of optical methods for encryption purposes have been attracting interest of
researchers for decades [1]. Majority of existing optical encryption techniques use coherent
illumination. In [2] we presented the optical encryption technique which utilizes spatially
incoherent illumination. Basic principle of optical encryption with spatially incoherent illumination
is demonstrated in Fig. 1. Object is illuminated with spatially-incoherent monochromatic light. In
the absence of diffractive optical element (DOE), lens forms object image in photosensor plane.
DOE serves as encryption element, its PSF is an encryption key. Light passing through DOE forms
convolution of object image and DOE PSF. Registered with photosensor convolution is encrypted
image. This is similar to wavefront coding technique.

Recently, encryption of digital information in form of binary images has become quite
popular. Quick response (QR) codes are of particular interest [3—7] due to their versatility and
built-in error correction code [8].

The aim of this work is the optical encryption of QR codes using a spatially incoherent
illumination.
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Experimental setup is presented in Fig. 2. Linearly polarized laser radiation is expanded,
collimated and filtered by combination of lenses L1 and L2. Then, spatial coherence is destroyed
by rotating ground glass RGG. Spatially incoherent monochromatic radiation illuminates SLM1
which serves for QR code imaging. Polarizer P provides correct polarization for operation of SLM2.
SLMI1 and SLM2 are positioned in focal planes of lens L3. SLM2 is used for synthesized
encryption DOE imaging. Reflected from SLM2 light passes through analyzer A required for
correct operation of SLM2. Lens L4 positioned so that SLM2 is located in its rear focal plane and
camera — in its front focal plane. When SLM2 is turned off and acts as a mirror, it forms image of
SLM1 on camera’s photosensor. If DOE is imaged on SLM2 then optical convolution of SLMI
image and DOE PSF is formed in photosensor plane. This optical convolution is encrypted image.

Direct search with random trajectory (DSRT) method was used for encryption keys
generation as described in [9].

Encryption DOE must contain encryption key in its PSF. Holograms or kinoforms can be
used for that purpose. Kinoforms [ 10] are synthesized phase DOE similar to holograms but, unlike
holograms, forming single diffraction order. For that reason kinoforms were used as encryption
DOE.

QR code optical encryption is demonstrated in Fig. 3: QR code (Fig. 3a) is encrypted with
a key (Fig. 3b) forming encrypted image (Fig. 3c), decrypted image (Fig. 3d) is obtained after
digital decryption.

Optical encryption of digital information in form of QR codes using spatially incoherent
illumination was experimentally implemented. Successful decryption of encrypted QR codes was
achieved. Advantages of our method include higher signal-to-noise ratio compared to coherent
encryption techniques and easier experimental implementation.

Funding. Russian Science Foundation (RSF) (14-19-01751).
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c59 [lpumeHenne DMD-monynsitopa a5 BbiBoaa rojsorpaguueckux (hujabTpoB
B HEKOI'€pEHTHOM KoppeJsiTope

/.10. Moaoodyos, B.B. Kpacros, [1.A. Yepémxun, B.I'. Pooun
HauunonanbHbiil HceseoBaTebeKui sieprblil yHusepeutet « MU @M », Mockaa, Poccus

B HacTosiiiee Bpemsi 15l pelleHust 3aja4 pacro3HaBaHust 0GbeKTOB B peasibHOM Maclitade
BPEMEHH YCIELIHO MPUMEHSIIOTCS ONTHYECKHE KOPPEeJSTOPbI, UCMOJb3YIoLHe CHHTe3UPOBAHHbIE
(hypbe-rosiorpaMMbl B KayecTBe (PUALTPOB MPOCTPAHCTBEHHBIX YaCTOT. BBOJ Takux rojorpamMmm B
ONTHYECKYI0 CXeMY KOpPpeJsIITOpa OCYLLECTBJISIETCSI C MOMOLLbIO POCTPAHCTBEHHO-BPEMEHHOTO
monyastopa csera ([IBMC), uto no3BoJisieT 3HaUUTEJbHO YCKOPUTD Tpoliecc 00pabOTKH AaHHBIX.
Cyl1ecTByeT MHOXKECTBO peaJsiu3alldii ontuueckux KoppessitopoB Ha 6aze JKK-TTBMC pazinunbix
TUMOB. BoJiblliol HHTepec /s TPUMEHeHHs B ONTHYECKUX KOPPEJATOpax MpeacTaB/sieT U JApyrou
By [IBMC — mukposepkasnbhbii DMD-monyasitop (Digital Micromirror Device). OcnoBHoe
npeumyitectso sroro Buaa [IBMC nepen JKK-TIBMC B ux GosblioM ObICTPOAECHCTBUU: TPH
HaJIMYHUU TTOJAXOASLLIEH 3J€KTPOHUKH MOXKHO OCYLIECTBJISITb CMeHY OMHApHBIX pacrpe/iesieHUid Ha
mofyJisitope ¢ yactotoi B 32 KI'11. Texnosiorust DMD B Hacrosiiiiee BpeMsi LIKPOKO MPUMEHSIETCS B
pa3nuuHbIX obJacTsx Hayku W TexHukd: DLP-mpoekrtopsl, rosorpacduueckue npuntepbl, 3D-
JCTIJIEH U JIP.

B Hacrosite#i paboTe npeacTaB/eHbl IKCIEPUMEHTA/bHbIe Pe3yJ/bTaThbl M0 MPUMEHEHHIO
DMD-monyasitopa ajisi BbiBoJa roJiorpaduyeckux (UABTPOB B HEKOT€PEHTHOM OMNTHUECKOM
koppeJsisitope. B kauectBe DMD-wmonyasitopa Obl1 ucnosib3oBanbl DMD-uun, npousBoauMbiid
Texas Instruments 0.7 XGA 12° DDR (cepust DLP7000) ¢ paspeiiennem 1024x768 nukcesei,
mar matpuibl coctaBssieT 13,68 MkM. Dbt mpoBelieHbl 3KCIEPUMEHTHI MO OLEHKE BJIMSIHUS
TexHoJloruueckux norpetHocredi DMD-monysstopa Ha ¢opmupoBaHHe HUMIYJbCHOTO OTKJHWKA
rojorpaMMm. B 3THX 3KcnepuMeHTaX YCTaHOBJIEHO, YTO /sl JIAHHOTO MOJYJISITOpa HeoOXOAUMO
OCYLLECTBJISITb BBIBOJA TOJIOFPAMM Ha OINpPEeJEHHOM OrpaHHYeHHOM Yy4acTKe ero MaTpHLbl
pasmepoM He Gojiee 300x300 nukcesell. ATo CBA3aHO C TEM, YTO MOBEPXHOCTb MATPULbI HEJIb3S
CYMTATb WJEAJbHO TJIOCKOH, M MCMOJb30BaHHE BCEH €€ MJOLLAAM VIS BbIBOAA roJjorpamm Oyaer
MPUBOJIUTH K YXYALIEHHIO KaueCTBA BOCCTAHOBJIEHHbIX H300ParKeHUH.

Ha 6aze DMD-monyasitopa Obl1a coOpaHa YCTAHOBKA ONTHUYECKOrO KOppessiTopa
paboTalollero B NPOCTPAHCTBEHHO-HEKOrepeHTHOM cBeTe (puc. 1). JlaHHas ycTaHOBKA HCIO/b3yeT
CXeMy C OJIHUM OObEKTHBOM, a B KayecTBe MCTOUHMKA M3JydeHHsl UCIOJIb30BaJICs J1a3ep C JVIMHOM
BOJIHbl D32 HM, TMPOCTPAHCTBEHHASl KOT€PEHTHOCTb KOTOPOTro paspyliajach C MOMOILbIO
BpALLAIOLLIErocsi MaTOBOrO pacceuBaTesisi. B MpoBel€HHbIX 3IKCMepUMeHTaX IpH COBMAACHUH
BXOJIHOTO W OMOPHOr0 06'beKTOB HabJ110/1a/1Cs1 JIOKAJH30BAHHbBIH KOPPEJISILIMOHHBIH MUK, TOKa3aHHbIH
Ha puc. 2.
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| — nasep; 2 —MHUKPOOOBLEKTHB ¢ AiMadparmMoil; 3 — BpallalolMiics MaTOBbII paccenBaTelib; 4 —
KOJITUMUPYIOILMH 00BEKTHB; O — TpaHCMapaHT ¢ U300pakeHUeM pacrnosdHaBaeMoro oobekra; 6 — DMD-mMonyasitop
C BbIBEJIEHHBIM Ha HEM rosiorpaduueckum puibTpoM; 7 — 00bEeKTHB; 8§ — Kamepa; 9 — HyJIeBOH MopsiioK
(u3o6paxkeHue obbekra); 10 — mepBblil NOPAAOK MUppakLrd (061aCTb KOPPEJISLMOHHOTO CUTHAJA )
Puc. 1. IlpunuunuasnbHasi cxeMa HeKOrepeHTHOro ONTHYEeCKOro Koppedsitopa Ha 6aze DMD-mopyJisiTopa,
MCIOJIB3YIOLLEr0 OJIMH OObEKTHUB

Puc. 2. Curnan koppeJisiiuu 1 u306paKeHne BXOIHOro 00beKTa MPH COBMAEHUH BXOJHOTO U OTIOPHOTO 00BEKTOB

B paGote npu MCrnosb30BaHUU PA3JIMUHBIX TECTOBBIX 0OBEKTOB MOJIyYeHbl KOPPEJSILIMOHHbIE
CUIHaJIbl, TOKa3bIBaloOlMe BO3MOXKHOCTH Hcnosib3oBaHuss DMD-mopyasitopa B ycTaHOBKe
ONTHYECKOTO KOPpeJIsiTopa J/1sl BbIBOJA rosiorpaduueckux puiabtpos. 1o BUIy KOppeasuuIoHHbIX
CHTHAJIOB MOXKHO CJleJlaThb BbIBOJ 00 YCIELIHOM Ppacrno3HaBaHWM OOBEKTOB B HEKOrepeHTOM
OINTHYEeCKOM KoppeJssiTope Ha 6aze DMD-monyasitopa.
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Using of DMD-modulator in non-coherent optical holographic correlator

D.Yu. Molodtsov, V.V. Krasnov, P.A. Cheremkhin, V.G. Rodin
National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), Moscow,
Russia

Optical correlators are applied successfully for real-time object recognition. In these devices
synthesized Fourier-holograms are used as spatial frequency filters. Displaying such holograms in
optical correlators is implemented using spatial light modulator, which enables very fast data
processing. There are many setups of optical correlators based on LCD-SLM of different types.
But another kind of SLM, DMD (Digital Micromirror Device), is used infrequently in optical
correlators. The main advantage of DMD-SLM relative to LCD-LSM is its very high operation
speed. One can be reached frequency of 32 kHz of binary distributions displaying. DMD
technology is now widely used in various fields of science and technology: DLP-projectors,
holographic printers, 3D-displays and others.

In this work the results of DMD-SLM applying for holographic filters displaying in non-
coherent optical correlator are presented. As DMD-SLM DMD-chip Texas Instruments 0.7 XGA
12° DDR (DLP7000series) was used. Its resolution is 1024x768 pixels, DMD-matrix step is
13.68 pm. Experiments for estimation of impact of DMD-modulator manufacture errors on the
formation of the hologram impulse responses were conducted. It was found that it is necessary to
display holograms on the modulator at a determined flat area of DMD-matrix size which is not
more than 300x300 pixels. This is concerned with the facts that DMD-matrix surface cannot be
considered as perfectly flat due to manufacture errors, and using of its entire area for displaying
holograms will degrade the quality of the reconstructed images.

The setup of non-coherent optical correlator based on the DMD-modulator uses a single
objective. The laser with a wavelength of 532 nm was used as source of illumination. The spatial
coherence of laser was destroyed by a rotating diffuser. The experiments on recognition of test
objects were performed. When the coincidence of the input and reference objects took place,
localized correlation peak was observed. This fact demonstrates the successful objects recognition
in such correlator.
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c5.10 TlpuMeHeHWe IBYX HCTOUHUKOB M3JlyYeHHUs B ONTHYECKOW CXeMeE CIeKI-
vMHTepdepomeTpa B 3ajauax IKCIEePUMEHTANbHOM I0BOJIKHU JeTallen
TypOOMallHMH

AH. )Kyacykun
[TAO «KY3HELIOB», Camapa, Poccusi

B Hacrosiiee Bpemsi 11 H3ydeHus nodielt greopmalil U HanpsizKeHWi Ha MOBEPXHOCTH U B
o0be€Me gaeTaNed M KOHCTPYKLUMH TaKMX 3HEPreTHYECKHMX YCTAHOBOK, KaK TypOOMAllHHbI
5(h(eKTHBHO UCMOJB3YETCs CoueTaHHe PACUETHBIX U IKCIIEPUMEHTAJIbHBIX METOJIOB.

K HauGoJsiee  COBpeMEHHBIM  3KCMEPUMEHTA/NbHbIM ~ METOAaM  OTHOCSATCSI  METO/bl
rosiorpadpuiueckon u crneka-uHrepdepomerpu [1—3]. Fomorpaduueckue MeToabl UCCeI0BaAHKS
MPebABJAIOT MOBbIlLIEHHbIE TPeOOBaHUS K BUOPOU3OJSALUM ONTHYECKOH CXeMbl H CBSI3aHbl C
MPOLECCOM «MOKPOH» 06paboTKH (hOTOPErHCTPUPYIOLLIUX MaTepuasoB. B nocienHee necsituierie
ILIHPOKOE pacrpocTpaHeHHe TMOoJyYua MeTof UUdpoBol crekia-uHtepdepomerpun. Obsanas
JIOCTOMHCTBAMH ~ rojiorpaduueckodl  MHTepdepoMeTpuu,  OH  [O3BOJIIET  TPOBOJIUTh
ABTOMATH3UPOBAHHbIE HCCJIENOBAHUS C 3aMUChI0 IKCMEPUMEHTANbHBIX AaHHbIX Ha IBM ¢ ux
nocJieiyrouei oopaboTKou.

[Ipu peructpauun craTHUeCKUX U AMHAMUYeCKUX AeopMalil 06beKTa MeToI0M LHdPoBOH
Criek/-uHTephepoMeTpun  oco60e  BHUMAHHWE  yAEJSeTCsl  BbIOOPY — ONTHYECKOH  CXeMbl
nHTepepomerpa. B GoJibllIMHCTBE cilydaeB TpH  pellleHHH MOAOOHBIX 3a7ady  HMCIO0Jb3yeTCs]
onTHueckasi cxema uudposoro crnekya-uHtepdepomerpa (LICH) ¢ rnagkoir omopHOH BOJHOH U
paznenéHubiMu nydkamu. Onnako cxembl Takux LICH okasbiBaioTcsi rpOMO3IKMUMH U TpeOyiOT
TIIATEJNLHON IOCTUPOBKU U HaiéxHOU BUOGpouzosiimu. B cBssu ¢ stum Ha [TAO «KYSHELIOB»
IUIS pETUCTPAllMKM CTATUUECKUX W JIMHAMMUECKUX Aedopmaiyil netaneit typboMaiiut pazpaboraH
LICH ¢ coBMeILLEHHBIMH MTyYKaMH U CIEKJI-MOYJJMPOBAHHOM OMOPHON BOJIHOM, B KOTOPOM OMOPHBIH
My4oK chOpMHPOBaH ¢ MOMOLUIbIO AUhdy30pa, pacrnosoKeHHOro Mepes HCCeayeMbIM 0ObeKTOM.
OnTuueckas cxema takoro [ICH npocta nmpu 10cTHpPOBKe, COAEPXKUT Majoe YUCJIO OMTHYECKHX
3JIeMEHTOB U 06J1afaeT COOCTBEHHBIM 3aMaCOM YCTOHUUBOCTH K BHEIIHUM BO3AEHCTBUSIM. JIpyrium
BaxKHbIM j0cTonHCTBOM LICH ¢ cOBMelIEHHBIMH My4YKaMH W CHeKJ-MOIYJMPOBAHHON OMOPHOM
BOJIHOF ~ SIBJISIETCSI  BO3MOYKHOCTb ~ MCIIOJIb30BaHUsl  LM(POBOH  oTOoKaMepbl B  KauecTBe
PEruCTPUPYIOLIEH CHUCTEMbI, YTO MO3BOJIET 3HAUMTEJbHO TMOBBICHTb KAueCTBO 3aMMChIBA€MBbIX
CIEeKJI-UHTePEpPOrpaMM.

B Hacrosiuleil paboTe paccMOTpeHO elllé OJHO MPEeUMYLIECTBO 9TOH YCTaHOBKH, KOTOpOe
3aKJII0YAeTCsl B BO3MOXKHOCTH MCIOJb30BAHUS B ONTHUYECKOH CXeMe JBYX UCTOUHMKOB H3Jy4eHHs]
OJIHOBPEMEHHO, TPUYEM HUCTOUHUKH H3JydeHHs] MOTYT ObITb OJHOW JUIMHBI BOJIHBI, & MOTYT HUMETb
pasHble 7uHbI BOJH (puc. 1). O6a 3T c/ayuast MMEIOT CaMOCTOSITE/IbHOE 3HAUEHHUE.
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| — nasep, 2 — nazep, 3 — cBeTOAENUTEb, 4 — paclIUPUTEJb TydKa, 5 — JepKatedb auddysopa,
6 — muddysop, 7 — uccneayemasi ietasb, 8 — 3aKUMHOE YCTPOHCTBO, 9 — Nbe30BO30OYAUTE b,
10 — snekrpomaruur, 11 — doTtokamepa
Puc. 1. Onruueckasi cxema LICH ¢ coBMelI@HHBIMY TTyYKaMH U CTEKJI-MOJLyJIMPOBAHHON OTIOPHOK BOJIHOH C JIBYMsI
UCTOYHHKAMH U3JTyueHHs]

YcTaHoBKa Ha puc. 1 nosBoJisier [IPOBOJMUTL HCCJAEAOBaHHUA KaK IIpU CTAaTHYECKOM
Harpy>xKeHuu, Tak Hu IIpH BI/I6paLII/IOHHbIX HCIbITaAHUAX. HpH 9TOM IJIs1 perucTpalmn CTaTHYECKHUX
lIe(i)OpMallI/IIjI OTKJIIOYAIOTCA OT HCTOYHHKA INUTAHHA Hbe30B036y,ZH/ITeJIb 9wu 9JIEKTPOMATrHUTHOE

yerpoiietso 10.
OnHoBpeMeHHOE HCMOJb30BAHUE JIBYX HCTOUHUKOB HW3JIydeHHs] OJIHOH JIJIMHBI BOJIHBI

MO3BOJISIET MOBBICHTb KAYE€CTBO MOJyYaeMbIX HHTepdeporpamMm (puc. 2).

a)
Puc. 2. Crieksi-untepdeporpammbl 1ehopMaliOHHOTO NOJIs IepeMELLEHHH MTPH CTaTHUECKOM HarpyKeHuu pabovei
JIONATKK 7 -1 CTyNEeHH KOMIIpeccopa, MoJlydeHHble ¢ UCT0/b30BAHMEM OIHOIO HCTOUHHKA U3JIyYeHHs () U ABYX
MCTOYHNUKOB H3mydeHnHs (6)

Mcnosnb3oBaHue JBYX HMCTOUHUKOB M3JydeHHsI C PA3JMUHOM JJIMHOHM BOJIHBI MO3BOJISIET
YBEJIMUUTH KOJIMUECTBO SKCMEPUMEHTANbHBIX TOUEK MPU OTIPeIeJIEHUH M0JIs TIepeMellieHUH (puc. 3).

a)A; = 532 um 6) A = 632,8 um
Puc. 3. Crieksi-uHTepdeporpammbl KoJebolieics Ha uactote 2233 ['11 JlonaTKu HanpaBJ/sIoLIero annapara 7-#
CTyrneHHu KoMIlpeccopa, noJiydeHHbl€ C TOMOILbIO YCTAHOBKH Ha pUC. 1
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Baxxnoe [MPpaKTHYECKOE 3HAYE€HHE HMEET BO3MO2KHOCTL IIPHMEHEHHsT JBYX HCTOYHHKOB
U3JIy4€HHs1 TIPpHU UCCJICNOBAHUHU KosieOGaHui HpOTH}KéHHbIX ILGTEIJIQIZ. OnTuyeckast cxema B 3TOM
cjaydyae UMeeT BU, KaK [oKa3aHo Ha pHcC. 4,

6

1, 2 — nasepbl; 2, 4 — pacuiMpHTe IbHbIE JHH3bI; 5 — nuddy3op;
6 — ucchenyeMbiii 00bEKT, 7 — perucTpupytolliee yCTPOUCTBO
Puc. 4. Onruueckast cxema LICH ¢ 1ByMst nCTOUHHKAMK M3JTyUeHHsT JJIs1 UCCJII0BAHUS TPOTSKEHHBIX 00BEKTOB

B stom cayvae sazep | u sazep 2 J0/KHBI ObITb OHOH JUIMHBI BOJIHBL. C MOMOLbIO
NpUBEIEHHON HA pUC. 4 yCTAHOBKH ObLIH MPOBEJIEHbI UCCIe10BaHUsT BUOPALIMOHHBIX XapaKTe PUCTHK
rpe6EHKN JIsi 3aMepa PaBHOMEPHOCTH BO3MYILIHOTO TOTOKA HA BXOJE aBMALIMOHHOTO JBHUraTesis

(puc. 5).

%

Gl

B) 251 I'y
Puc. 5. Hacrotbl 1 popmbl KosieHGaHui rpeGeHKH

Taxkum o6Gpasom, 1Jisi MCCIeNOBaHUS CTATHUECKUX M IWHAMHUUYECKHX jaedopmaluil retanei
typO6omallnt pazpadoran LICH ¢ aBymsi uctouHrkamu uainydeHusi. [IpumeHeHune 3Toll yCTaHOBKH
M03BOJISIET B CJlyyae HUCMOJb30BAHUSI UCTOUYHHKOB H3JIydeHHS] C OHOH JUIMHOH BOJIHBI MOBBICHTH
KauecTBO MOJIydaeMbIX CIeK/-UHTepdeporpaMmm, Mpu MCMOJb30BAHUH HCTOUHHKOB M3JYUeHHs C
pasHbIMH  JUIMHAMH  BOJIH  MOSIBJSIETCS  BO3MOXKHOCTb ~ TOJIyYeHHSI  JIOTIOJIHUTEJbHBIX
IKCMEPUMEHTAJIbHBIX TOYEK Il TIOCTPOEHHs 3MI0pbl cMellleHHH. Kpome Toro, BK/OUeHHE ABYX
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MCTOUHUKOB H3JsydeHusi B onrtudeckylo cxemy LICH mnosBossier mpoBeneHue wuccaeioBaHUsS
nedopManyii MpoTsKEHHBIX IeTajIel, MTPUMeHsIEMbIX B TypOOMalliHaX.
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Use of two radiation sources in speckle-interferometer optical
arrangement for turbo machinery parts experimental development tasks

Al Zhuzhukin
PJSC “Kuznetsov”, Samara, Russia

Possibility of two radiation sources simultaneous use has been studied in optical
arrangement of speckle-interferometer with combined beams and speckle-modulated background
wave. The results of this plant application are given at the use of radiation sources with the same
wave lengths and with different wave lengths in turbo machinery parts experimental development
tasks.
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C5.11 JlazepHast MHTPOCKONUSI KpEMHUEBbIX NJIACTUH

3.T. Asamamos, B.H. Pedxkopeues, K.I1. Abdypaxmaros, H.A. Kyraeun, HA. Akbaposa
TamkenTckuit ynuBepcuteT HHOOPMAIIMOHHBIX TEXHOJIOTHH, TalkeHT, Y36ekucTan
HauunoHnasnbubiit YauBepcuteT Y3bekucrana, TaiikeHt, Y36ekucraH

[Tokazana Bo3MOKHOCTL OOHapYKeHHUs TePeKTOB KPeMHUEBBIX MJACTHH Ha ocHOBe Pypbe
aHasin3a MMPOBbIX M300payKeHHH, TOJYUE€HHBIX C TOMOIIIBIO JIA3€ PHON HHTPOCKOITHH.

MHTpocKonust 310 Hepaspyllarolllee UCCleloBaHe BHYTPEHHEH CTPYKTYPbl HEMTPO3pauyHOro
00beKTa W MPOTEKAIOIIMX B HEM MPOLLECCOB C MMOMOLLbIO 3BYKOBBIX BOJIH, 3JEKTPOMArHUTHOIO
M3JTyu€eHHsl, TTOCTOSIHHOTO U MePEMEHHOT0 3JIeKTPOMATHUTHOTO MOJIsi WM MOTOKOB 3J€MEHTaPHBIX
yactull. B nocrenHee BpeMs A/1s1 pa3BUTHS 3JeMEHTHOH 0asbl (POTOHUKH Bce GoJjiee aKTyasbHOH
CTAaHOBMUTCSl pa3paboTKa METOJIOB Hepaspyluarolllell JHAarHOCTMKM M KOHTpOJsl Ha  Bcex
TEXHOJIOTHYECKHUX 3Tarnax: KOHTPOJIb UCXOHBIX MaTepHasoB, 1MoJyhadpuKaToB U FOTOBbIX U3JIEJHH,
a TaKkkKe aHa/M3 MPUUMH OTKA30B, BO3HUKAIOUIMX B MpOllecCe MCMbITAHUA M SKCIJIyaTalluH.
HezameHUMbIMH 711 JIOKAJIbHOH JHATHOCTUKH SIBJSIIOTCS PaA3JUYHble MHKPO30HIOBbIE METOJIb,
HanboJiee NpUeMJIEMbIMH U YHHBEPCAJTbHBIMU CPEI KOTOPbIX SIBJSIIOTCS 3J1€KTPOHHO-30HI0BbIE U
ONTHYECKHE 30H/I0Bble MeTO/Ibl. Pa3BuTHe 1eheKTHON CTPYKTYpbl KpUCTAJLIa TPH TEXHOJIOTHUECKUX
npoleccax, mpexJe BCero onpeie/sieTcsi pa3BUTHEM TEPMUUYECKH HHAYLHPYEMbIX MUKPOAe(DEKTOB
TEXHOJIOTHUECKUX TpUMecer (KHUCJ0poaa W Yraepoaa) B MJACTHHAX KPEeMHHs, 0O6pa3oBaHUEM H
OTKMIOM  YNPYTUX HanpsKeHUH BOKPYr YIVIEPOJAHBIX M KHUCJOPOAHBIX TMpeuunurartos. B
TepMooO6pabOTAHHBIX TJIACTHMHAX KPEeMHMsl TMPOLIEIIMX TEXHOJOIHUeCKHe 3Tarbl MapuipyTa
M3TOTOBJIEHUS MOJTYTTPOBOJAHUKOBBIX H3/I€JIMH TpeGyeTCsi HCMOJb30BaHUE Hepa3pylIaiollero MeToia
M3ydeHUs1 0OBEMHBIX MTPELUITUTATOB TEXHOJIOTHIECKHUX TPUMECEH.

[Io cpaBHeHMIO ¢ 3JIEKTPOHHO-30HAOBbIMH METOlAMM ONTHYeCKasl JMAarHoCTHKa B
MH(paKpPaCHOM JHara3oHe M03BOJsSIeT BU3YyaJU3UPOBaTh 0ObeMHbIe 3JEKTPUYECKH HeHTpaJsibHble
nedeKTbl, Takue Kak KHUCJIOPOJAHblE W MeTa/UIHuecKhe TPeUUnuTaThl, aedeKTbl YNaKoBKH,
JIMCJIOKALMH, JIMHUH CKOJIbKEHHST U MYCTOThI B TJIACTHHAX KPEMHHUSI, apCEHMU]] raJl/insl, TepMaHus U B
M3JeJIUSIX HAa UX OCHOBE, a TAKXKe BU3YyaJIM3UPOBATh CYLIECTBYIOLLME B HUX Pa3JIMYHble MUKPOIIOJISI.
3HauuTesibHas riyobuHa npoHukHoBeHUst MIK-uanyueHust B moJsiylpoBOJHHUKOBBIX Marepuasax B
COUETAHHWH C perucTpalldell CHUTHaJIOB-OTKJIMKOB Pa3/UuHON (PU3MUECKOH MPUPOIbI MO3BOJSET
peasM3oBaTh KOMIIIEKCHYIO JHArHOCTHKY MHKPO3JEKTPOHHbBIX H3JIe/ M W MaTepualioB ¢
NPUMEHEHHEM KOMIbIOTePHOU W annapatypHoil Tomorpaguu. Takum o6pasom, it BUyasnusaluu U
aHa/lu3a CTPYKTypbl OMNTHUECKUX MATepPHaJoB W HU3AEJUHA (POTOHUKH OOJBLIYI0 BaXKHOCTb
nprodpeTaeT 3a1aua co3nanusi MHOrO(YHKIIMOHATLHOTO 060PYI0BAHHS U TEXHOJIOTHH IMATHOCTHKH,
paccMoTpeHHsl  (DU3MUYEeCKHX  0coOeHHOCTeld  (OpPMHPOBaHMS  KOHTpacta  M300paKeHHH
3JIeKTPOHEHTPaJIbHBIX JIe(PEKTOB U 3JIEMEHTOB B MOJYNPOBOJAHUKOBBIX KPUCTAJIAX U NIPUMEHEHHE
TMOJTyYeHHBIX Pe3yJIbTaTOB J/Is1 pellleH|sT HAyYHbIX U MPAKTHYeCKUX 3a/1ay.

B nacrosieit paGore mNpoBeleHbl HCCAEIOBAHUS MO PA3BUTHIO METOJOB JIa3epHOH
MHTPOCKOIIMK KPeMHHMEBBIX MJacTHH. PagpaboTaHHasi cxeMa HHTpOCKOMa NpejcTaB/ieHa Ha puc. 1.
Cxema COCTOMT U3 2-X KaHaJIOB JIa3ePHOTO U3JyUeHHUs1, KOTOopble (DOPMHUPYIOTCS HA pa3ie/IMTeIbHOM
KJauHe 2. B kaHase uaaydenusi, OTpaxKeHHOTro OT KJIMHA 2, (hopMUpYyeTCsl OMOPHBIN MydoK. B kanase
MpoLIeIeM uepes KIuH 2 uajydeHus: popMupyeTcsi 06beKTHBIN MydoK. Ha BHellIHel moBepxHOCTH
KJMHa 6 06a nyyka HHTepdepupyIoT U KapTHHA roJiorpaduueckoil MHTepdeporpamMmMbl (PUKCHPYETCS
CCD «kamepoit 7. OuudpoBaHHble JaHHblE [OJAIOTCA B KOMIbIOTEp, e oOpabaTbiBalOTCs
CrielMabHON MPOrpaMMON U BU3YAJIU3UPYIOTCS HA SKPAHe.

B nosHom o6beme cxema paboTaet Kak rosiorpaduueckasi CHCTeMa ¢ pa3HbIM yBeJMUEHHEM
BIJIOTb JIO YBeJIMYEHUs] MUKpPOCKoMNa. B pexkume cbeMku rojorpamm Ppenesisi cxema Mo3BoJisieT
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MOCJIOHHO BOCCTAHABAMBATh H300paKeHHe MUKPOOOBEKTOB BHYTPH MOJYTIPOBOAHUKOBbIX MJIACTHH.
[1pu cooTBeTCTBYIOIIEM BOCCTAHOBJIEHUH IM(POBBIX TOJIOrpaUUeCKUX H306paKEHHH CXeMa MOYKET
paboTaTb Kak MUKPOCKOI -UHTPOCKOII.

B kauecTBe McTOUHHKA M3JydeHHs1 Obl1 BbiOpaH cpaBHUTeNbHO Hepoporod DPSS nazep.
JlaHHbIN TBEPIOTENbHbIN Ja3ep ¢ MOAHON HAKAUKOH U3JjydaeT Ha ayiuHe BoJiHbl 1 060 um. [lupuna
CTeKTpa JIa3ePHOT0 U3JydeHHusi MeHee 2 HM. J{JiMHA KOrepeHTHOCTH COCTaBJIIET HECKOJBLKO METPOB.
MouiHocts Jazepa coctapJsiia 200 MBT B o1HOMOI0BOM MJIM IBYXMOJIOBOM pexkuMax. Jlazep He
TEpPMOCTAaOUIM3UPOBAH, W €r0 OCHOBHASl YaCTOTa U3MEHSIeTCsl ¢ HarpeBOM aKTHBHOIO 3JeMeHTa.
Onnako, npu cbeMKe LUPPOBBLIX MHTepdeporpaMMm C HHTEPBAJIOM JECATKH CEKYH] H3MEHEHHe
YaCTOThI CO BpEMEHEM MPAKTHUECKH He CKa3blBaeTCsl Ha MHTeP(hePEHIIMOHHON KapTHHE.

1 2 3

—1 <
&
I — nazep, 2, 6 — onTuueckuit Kiaux, 3,5 — 3epkaJo, 4,8 — o6bektus, 7 — CCD kamepa, 9 — nyiactuHa
KpeMHHsI

Puc. 1. Onruyeckasi cxema MHTPOCKOIA

Bbla u3rotoBsien pabouuii MaKeT MHTPOCKOIIA BbIMOJIHEHHbIH Mo cxeme puc. 1. Potorpaduu
MakeTa MpeJcTaBJeHbl Ha PUC. 2.

3anucanHas 1MdpoBas rojorpaMma TpeacraBiaseT co6oi MaTpuily OlLM(pPOBAHHBIX
3HAUEHUH MHTEHCHBHOCTH, aHAJOTHYHYIO MaTpHulle LUU(PPOBLIX 3HAUEHUH, MOJydyaeMbIX LH(POBON
KaMepol MpHu 3arnucu UUQPOBLIX roJorpaMM B BHIMMOM JManaszoHe, T.e. MAaTPHI KOMIIJIEKCHBIX
3HAUEHWH, U3 KOTOPOH MPOrpaMMHON 06paboTKON BOCCTAHABIUBAETCS TPpeXMepHasi KapTHHA a3kl
M3JIydeHHsl, TIpOLlIeIlero uepe3 HccjenyeMblii obpaser. C MOMOLIbIO HM3BECTHOrO MeETOJa
®penens — Kupxroda pacnpenesnenue hadbl MOKeT ObITh MOJMydeHO B JI060M cedeHun o6paslia,
uTO JaeT uHdopMauuio o riyOuHe pacroJioxkeHusi nedektoB. [IpuMeHeHre MeTon0B LUMPPOBOH
uHTepdEPOMETPHH TMO3BOJISIET T0JydaTh paspelenue nmo rayoune AX107°xH, rae A — jjuHa
BOJIHBI, H — ar owudpopkyd. Hanpumep, npu A = 5 Mkm, H = 1/256 (8-6utosas oumdposKa),
TOUHOCTb OIpeJIeJIeHUsT PAcooKeHHs1 ledpeKTa 1o riybuHe coCcTaBUT 16 HM.
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Puc. 2. ®ororpacusi MakeTa HHTpOCKONA

B KauecTBe uccyen0BaHHbIX 00'bEKTOB Obl/IM BbIOPAHbI MJIACTUHBI KDEMHHUS1, OTJIMYAIOLLAECS
TOJILIMHON M CTENeHblO0 MOJIMPOBKU MOBEpPXHOCTH. [IpoBeneHHblE HCCeN0BaHUS MOKa3ajd, 4To
BHYTPEHHHE TOueuHble JAe(eKTbl MJAACTHHBI MIrPalOT POJib MHKPOJMH3 M CO3[Al0T TOUeuHble
uzo6paxkenusi. st nosyyenus: 6oJee noJHold MHGOPMALMK O BHYTPEHHUX JeeKTax MJIacTuH /151
KaXKION 3JIeKTPOHHOH (poTorpacuu TeCTUPyeMOH MJIACTHHBI MPOrPAMMHBIM 00pPa3OM CTPOMJICS
dypbe 06pa3 n3obpaxKeHust, pacCessHHOrO Ha AedeKTax Ja3epHOTo H3JTydeHHs, KOTOPbIH CJTy»KHJI
KpuTepueM aedekTHocTH nuactubl. Ha puc. 3 npeacrasiensl uzoopaxenns Pypbe 06pa3oB ABYX
KPEMHHEBbBIX MJacTHH. ToJslinMHa JaHHbIX MacTuH cocraBgsa 0,5 mm. [lnactuna, @ypre o6pas
KOTOPOU MpeJICTaBJ/eH Ha pUC. 3a, Oblaa MOJMPOBAHA C OTHOHU CTOPOHbI, TOT/IA KAK JIpyrasi MaacTHHA
6blyia OJIMPOBaHa C JIBYyX CTOPOH (puc. 36).

a) 6)
Puc. 3. ®ypbe 06pa3bl H300paXKeHHH /151 IByX KDEMHHEBBIX MJIACTHH

M3 cpaBHeHUsi pUCYHKOB, BUIHO, uTOo Dypbe 06pasbl IByX M300paKeHHH KPEeMHHUEBbIX
MJIACTHH 3HAYUTEJBHO OTJIMYAIOTCS, UTO CAYKUT OCHOBOW /ISl METOAMKH 0OHApYyKeHHUs 1e(eKTOB
KPEeMHHEBbIX MJIACTHH.

Takum o6pazom, npoBeJieHHbIe HCCIEI0BAHUI TOKA3aJ/d MEPCNEKTUBHOCTb HCTOJb30BAHUS
JaHHOW MeTonuKU aHasu3za Pypbe 06pa3zoB H30OpaKEHHUH, MOJYYEHHBIX C MOMOLIbIO Ja3epHOH
MHTPOCKOTIHH, JI/151 AMarHOCTHKH KPEMHHUEBBIX MJIACTHH.
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UctouHuku
AzamatoB 3.T. [lucdposas MHOro1BeTHasi MMKOCEKYH/HAS TOJIOrpaduuecKast CrieKTPOCKOTHS
HesuHelHbIX Kpuctasios / 3.T. Asamatos, B.C. I'ypesuu, M.E. T'yces, 10.H. 3axapos, M.A. Kynarum,
B.U. Penxopeues // C6opuuk TpynoB MexkaynapoaHoii Kondepenuun Korepenthas n Hennneiinas
Ontuka. — Ilurep, 2010. — 2 c1p.
['anonos B.E. Lludposasi rosiorpacduyeckasi HHTepepoMeTpHusi B pe30HAHCHOH aKyCTHUECKOH
cniekrpockonun / B.E. Fanonos, 3.T. Asamartos, A.M. Hcaes, B.U. Peakopeues // 2-1
MexxayHapoaHast Koudepenius «Ontuka u @ortonuka 2013», 25—27 cenrabps 2013 r., Camapkan,
Y36eKHucTaH.
XycaunoB M.A., Penkopeues B.W., Kynarun M.A., AsamatoB 3.T. YeTpoiicTBO Jiist IMCTaHIIMOHHOM
nedexrockonuun. FAP 00886.

Laser introscopy of silicon wafer

3.T. Asamamos, B.H. Pedkopeues, K.II. Aboypaxmarnos, H.A. Kyraeun, H.A. Akbaposa
Tashkent University of Information Technologies, Tashkent, Uzbekistan
Center of High Technologies, Tashkent, Uzbekistan

The possibility of detection of defects in silicon wafers by Fourier analysis of digital images

obtained by laser introscopy is shown.
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c5.12 UpneHTHdUKaLMA COCTOSAHHS JONATKU TYPOMHbI aBUALIMOHHOTO IBUTATES
110 ¥ MOCJIE TEMJIOBOro BO3AEMCTBUS MO rojorpaduueckum
uHrepgeporpammam

AM. lapesa, /I.M. Cagunra, A.P. [Ocynosa, P.X. Makaesa
KaszaHcKuil HallMOHAJIbHBIH HCC/IEI0BATENbCKUI TexHuueckui yHuBepeuteT um. A.H. TynosieBa —
KAU, Kasaub, Poccus

Jlonatku TypOUHbBI aBUALMOHHOTO razoTypbuHHoro apuratess (I'Tl) siBasioTes cambiMu
Harpy>KeHHbIMM JeTajsiMi  camoJiéta. [Ipu HopMasibHOH 3KCnJyaTalldd JBUraTessi MaTepual
JIoNaTKH TYpOUHbI COXPAHSIET CTPYKTYPY M MPOUYHOCTHbIE CBOHCTBA, MPUIAHHbIE €My TEPMHUYECKOH
06paboTKOH B Mpoliecce H3rOTOBJIECHHUS I€TAJH.

[Ipu pabore I'TI Moryr BO3HHUKHYTb HEHUCIPABHOCTH, MNPHUBOASLIME K TOBBILIECHHUIO
Temrepartypbl ra3oB B TypOUHe.

Jli1s1 coxpaHeHHUst MPOYHOCTH NPH IKCIIyaTallMOHHBIX BO3ICHCTBUSAX: BUOPALMH U BBICOKHX
TemrepaTyp, Marepuas, M3 KOTOPOTrO H3roTaBJMBAIOTCS JIOMATKH, 06JalaeT »KaponpoyHbIMH
cBoiicTBamMu. OJIHAKO BCTPeUalOTCs CJIyvyad reperpeBa MaTepuasa BCel JIONAaTKU UK €€ 4acTH JI0
Temrepartypbl, MpeBbIlIAIONLIEH pacy€THylO0 /s JAHHOTO CIlJlaBa, M Torjaa matepuas TepsieT
ONTUMAJIbHYIO CTPYKTYPY, B pe3yJ/ibTaTe Yero MeHsII0TCs €ro MeXaHHUyeCKHe CBOUCTBA: YMEHbILACTCS
M3ruOHAasl 2KECTKOCTh, MPOBOJIALLAS K UBMEHEHHIO KapTHHBI M10J151 iechopMmaliiu Ha JionaTke [ 1].

B Hactosiliee Bpemsi Ha MPOM3BOJACTBE MeperpeB JeTajseidl U3 KaponpoyHbIX CIJIABOB
ornpeJe/sieTcsl pa3pyllatoliiMi MeTOJaMU KOHTPOJISI TyTEéM BbIpe3aHHUsl U3 JIONATOK 00pasiioB J/1si
KOHTPOJISI CTPYKTYPHOIO COCTOSIHUSI MaTepHaJia.

M3BecTHbl pabOThl, B KOTOPbIX MCCJIE10BAIACh CBSI3b MEXKIY UMCJIOM UHTEP(epeHIIHOHHbIX
nojioc Ha MHTepdeporpamme M CTPYKTYPHbIM H3MeHeHHeM Martepuasa jaetaneil. Hampuwmep, B
pa6ore [2] nis o6HApY»KEHHS 3TOH CBSI3U MPUMEHSJICS roJiorpaUuecKUil METOJL IBYX SKCIO3UIIUH.
Ha rosorpaduueckux uHTepdeporpammax JonaToK MOJydasd KapTHHBI PEryJsipHbIX MOJOC,
KOJIMYECTBO KOTOPBIX MPU (DUKCUPOBAHHBIX HArpyskax 3aBucesia OT Pa3HOH 3KCIJyaTalldiOHHON
HapaOOTKHU U MeperpeBa JOMaTKH.

JI71s1 BbISIBJIEHHS] BJIMSIHUSL M3MEHEHHsI CTPYKTypbl MaTepuasa Ha KapTHHbI Jedopmaiini
pe30HaHCHBIX KoJieOaHUi JIONATOK B HacTosilel paGoTe MPUMEHSICS MeTO roJorpaduueckoi
MHTephePOMETPUH YCPEHEHHS MO BPEMEHH.

HcenenoBanuck paboure jonatku [-i crynenu aBuaumonHoro ['TII, usrotoBsieHHblE U3
»kapornpouHoro cnjaBa )KCOYBHU. Jletanu Kpenu/uch KeCTKO B CrelHaJbHOM MPUCITOCOOIEHHUH.
Bos6y:xaenue KosebaHuil, KOHTPOJIb 4YACTOT U PETUCTPALLUS FOJOIPaMM TPOU3BOAUIUCH CITOCOOOM,
onucaHHbIM B paborte [3]. YciaoBusi KpemJieHHsi JonaTtok Oblid HeM3MeHHbIMH. Pazbpoc
PE30HAHCHBIX YACTOT MPH MHOTOKPATHLIX HIEHTHUHbBIX 3aKPEMJIeHHUsIX JIonaTKu Gblna nopsiaka 0,7 %
OTHOCHTEJIbHO cpe/iHeapupMeTHUeCKOro 3HaueHus1 napaMeTpa. JluanazoH Ucc/e0BaHHbIX YacTOT
coctaBus 5 00—36 000 I,

Ha puc. | mnpexncraBieHbl HekKoTOpble rojorpaduueckde HHTepheporpammbl  Gopm
KosieOanuit onatku [-it ctynenn aBuaunonHoro I'TIL 1o Bo3dneiicTBust BbicoKoi Temnepatypsl. Ha
PUCYHKE YKa3aHbl 3HaU€HHs1 Pe30HAHCHBIX YaCTOT, Ha KOTOPbIX MPOSIBJSAIOTCS cOGCTBEHHbIE (DOPMBbI
KoJleOaHUH.
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f=4340Tu f=7360T S=8308 Ty F=18520Tu F= 21505 Ty

Puc. 1. ®opmnbl Kosiebanust jionatku Typ6unbl ['T/], Bu3yanuaupoBaHHbie rojiorpad@uueckuM METOIOM YCPeHeHHsI 110
BpeMeHH

M3 noJiyueHHOro criekTpa 4acToT OblIH BbIOpaHbl TPH BUIA PE30HAHCHBIX (DOPM: B HU3KOM
JManasoHe 4YacToT, cpeiHeM W BbicokoM. CJjieyeT OTMETHTb, 4YTO aMIUIUTyla KoJjieGaHUui
nonbupanacb TakuM o6pa3oM, 4ToObl Ha HHTepdeporpamMme ObLIO JOCTATOUHOE KOJHUECTBO
paspelleHHbIX MHTepdepeHLHoHHbIX MoJoc. [Ipu aTom dukcupoBauch ypoBeHb Harpysku (B) u
ypoBeHb BO36GYK/IeHUsT KOJIeOaHUH 110 OTKJIUKY MUKpodoHa (1b).

[Tocsie cb€MoK JlonaTka nojiBeprajsach TepPMUIECKOMY BO3AEHCTBHIO: €€ HAarpeBaju B Meuu
npu temneparype 1150°C B Teuenune 30 munyt. MeTannorpaduieckuMu UCCIEI0BAHUSIMU ObIJIO
3aUKCHPOBAHO H3MEHEHHE CTPYKTYPbl MeTaJ/lla B CBSA3U C Pa3yrnpoyHEeHHEM CIl1aBa.

3arem oxJaxK1eHHast JlonaTka ycTaHaBJauBaJach B IpUCNOCOOJIeHUH, U B Hell BO30YKIa/I1Ch
pe3oHaHCHbIe KoJieGaHus. Y CJIOBUS IKCNepuMeHTa Obli coxpaHeHbl. Jlyis cpaBHEeHHUs] COCTOSTHUS
neperpeToi JIonaTkh ¢ MPeKHUM €€ COCTOSIHMEM HeOOXOAMMO OblJIO MOJYYHUTh OJMHAKOBBIE MO
aMIIUTye KapTHHbl opM KoJeGaHuid. DTO JOCTHrajoch MyTEM PeryJupoOBKH MOAAIOLIEr0 OT
reHepatopa Ha BuOpaTop curHasa. [locsienHui reHepupoBas TOT Ke ypOBeHb BO30YXKIEHUS
KoJieOaHMH JIOMATKK, 4TO W TPH perucTpaluu roJjorpacduyeckux HHTepdeporpamMm JIOMaTKh B
MCXOIHOM COCTOsIHUM. O/IHAKO /7151 TTOJTy4eHHs] TPEKHUX 3HAUeHUH OTKMKa (1D), a, c/ieoBaTesbHO,
TOTO K€ CaMOro KOJIMYeCTBa MHTepP(epPEeHUMOHHBIX 0J0C, HEOOXOAUMO ObLIO YCHUIUBATH CHUTHAJ
ypoBHs BUOpauroHHoro HarpyxKenusi (B). Otciona cienyer, 4to neperpetblii MaTepuaJs JONaTK
o6sanaeT 60siee BICOKUMH eMI(PUPYIOLLIMMH CBOHCTBAMH.

M3 snTepaTypHbIX HCTOUHUKOB M3BECTHO [4], UTO OJHOTHUIHBIE JeTaJsH JAl0T OJAMHAKOBbIE
KapTHUHbl CcOOCTBeHHbIX (hopM Ha Hu3KMX dacrorax (100—15000 1) HezaBHCHMO OT HX
KOH(uUrypaiuu 1 pasamepoB. Ha Gosiee BbICOKHMX YaCTOTaX KAPTHUHBI COOCTBEHHbBIX (DOPM 3aBUCSIT OT
(hU3HUECKUX XapaKTEPUCTHK 0O BEKTOB.
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JlelicTBUTENIbHO, KaK T[0Ka3aJu pe3yJbTaThl MPOBEAEHHBIX HCCJeI0BaHUN (pHC. 2)
rojiorpauueckie HHTepheporpaMMbl HUIBKOUACTOTHBIX KosleOaHuil, Harpumep, npu f= 9 117 'y,
f=11019Tu (dbopmbl KoseGaHWil JiOMATKKM B HCXOAHOM cocTosiHuu) u npu f= 9 057 I,
f=10896 T (dopmbl KoseGaHUH JIOTIATKH T[0CJE TEPMHUUECKOTO BO3JIEHCTBHSI) HMEIOT
WIEHTHUHbBIH XapaKTep U He OTPaXKaloT U3MeHeHHUs1 IepOpPMallHOHHBIX CBOHCTB MaTepHaJia.

DKCrepuMeHThl M0KasajM, 4TO B 4YacTOTHOM auanadoHe cBbiie 25 000 [ kapTuHbI
pe3oHaHCHBIX POpPM KoJieGaHUH UyBCTBUTEJbHBI K H3MEHEHHIO JIe(hOPMAIIMOHHBIX XapAKTEPUCTHK.
DTO MPOSIBUIOCH B U3MEHEHHWH PUCYHKA OpM KosieOaHUH TMeperpeTol JOMaTK| Mo CPaBHEHHIO C
HavyasibHbIM €€ cocTosiHueM. Ha npumepe BbicokoyacToTHbIX popM Kosiebanuii npu f= 27 814 '
(/omaTka B HCXOAHOM COCTOSIHMM) W f= 27 566 'l (dopma KosebGaHuil JiomaTKK MoCJe
TEPMHUUECKOTO BO3JIEUCTBHUS ) BUIHO U3MEHEHHUE 10J1s1 1ehopMalli Ha MOBEPXHOCTH JIOMATKH BIOJb
BBIXOIHOM KPOMKH, BbIpaxKE€HHOE U3MEeHEHHEM XapakTepa HHTepdepeHIIMOHHbIX TTOJIOC.

AHann3 YacTOTHBIX XapaKTEePUCTHK IOKa3aJsl, YTO MeperpeB MaTepuasa COMPOBOKIAETCS
yMeHblIeHHEM 3HAUeHHH Pe30HAHCHBIX YACTOT.

Hemomaoe
COCTOAHHE

JIDOMATEH

F=0171Tn F=11019Tx F=27814Tx

el 4
= B q D
S ii\ h\ f@\ (

4 '

F=0057Tn F= 10896 Ty 7= 127566 Tt

Puc. 2. l'osorpadnueckas naeHTH(HHUKALMS COCTOSHHUS JOTIATKH 10 U TTOCJIe Meperpesa

Ha ocHoBaHuM pOBeIEHHBIX HCCJIEN0BAHNUE MOXKHO C/IE/IaTh BBIBOJL, UTO MEXKITY XapaKTEPOM
KapTHH BbICOKOYACTOTHBIX (POPM KOJieOaHHi U COCTOSIHHEM MaTepHhaJsia XKaporpouHbIX CIJIABOB 110
roJiorpaduueckiM HHTepdeporpaMmaM CyIIeCTBYeT CBsA3b. JIOKajbHble H3MEHEHHs COCTOSIHUS
Marepuasia B pesyJbTaTe reperpeBa MoxKHO OTPEIeUTh 10 U3BMEHEHHIO PUCYHKA BBICOKOYACTOTHBIX
tdhopm KosieGaHui.

[TpoBenéHHble HCc/IeIOBAHUST T10KA3a/l BO3MOXKHOCTL MPUMEHEHHsI roJiorpaduiecKoi
MHTephEPOMETPHH /IS Hepa3pyLLIAIOLIEro KOHTPOJIS eperpeBa JIonaTok TypOUHbI
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Identification of the status of turbine blades of aircraft engines before and
after heat exposure using holographic interferograms

AM. Tsareva, D.M. Safina, A.P. Yusupova, R.Kh. Makayeva
Kazan National Research Technical University named after A.N. Tupolev — KAI, Kazan, Russia

The article is sanctified to researches of possibility of application holographic interferometry
for non-destructive testing of overheat the GTE turbine blades material.

Vibration characteristics of details were researched: own frequencies and vibration resonant
oscillatory forms of blades before and after an overheat.

Experimental researches were conducted by holographic interferometry method of
averaging on time.

[t is set that the overheat of blades material conduces to the decline of own vibration
frequencies values of blades, and also — to the change of picture of vibration resonant forms in a
high-irequency range.

The researches results show the possibility of application of holographic interferometry for
non-destructive testing of an overheat of GTE turbine blades.

412



Hayunoe usdanue

['onorpadus. Hayka u [IpakTrka

13-s Mexxnynapoanasi Kondepenuus
['on1039kemno 2016

12—15 centa6pst 2016 .
SIpocaaBaib, Poccus

Tesuco! nOKIa10B

OtBetcBenHblil penakrop: A.IO. )Kepnes
Penaxropsi: S1.A. I'pan, JI.A. Haiinén

[Toanucano B neuars 27.07.2016
Tunorpagus OO0 «Jlenbra-ueHTp»
107076, Mocksa, CtpoMbiHka, 18
®opmar 60x90 1/16, Bymara odbcetnas
[TeuaThb odpcetHast, Ycu. ned. Ji. 26
Tupax 100 sk3. 3akaz Ne340

MITY um. H.9. baymana
105005, Mocksa, 2-s1 baymanckasi, ocl



CnoHcopbl KOHEPEHL NN

I KPWliTeH

©
H lonorpacuyeckasMHAYCTPHS

3aKpuTOe AKLWUOHEDHDE OﬁmECTBO

P e

XOMOrPNAT

MI'TY um. H.3. bBaymaHa




