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PaccMoTpeHa mpuHIMNUATBbHAS cXeMa TTO3ULIMOHHO-YYBCTBUTEIBHBIX JTIOMUHECIIEHTHBIX TaTYNKOB HC-
KpBI CO CIIEKTpaJbHBIM IpeoOpa3oBaTeieM U3aydeHUus. JlaTuuK MO3BOJISIET NETEKTUPOBATh 3JIEKTpUYEC-
CKYIO UCKPY T10 OTHOM MJIM IBYM KOOPAMHATAM B IIPOCTPAHCTBE B 3aBUCUMOCTH OT PACITOJIOXKEHHUSI TOPLIOB
OINTHUYECKUX BOJIOKOH. [IpoBeieHbl YMCIeHHOE MOACIMPOBAHNUE U ONTUMHU3ALIMST ONITUYECKUX CUCTEM IO~
3ULIMOHHO-YYBCTBUTEIbHBIX TIOMUHECIIEHTHBIX TaTYNKOB UCKPHI. PaccunTaHbl 3¢h(heKTUBHOCTD U pa3pe-

IIEHWE ONITUYECKOMN CUCTEMBI.
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BBEAEHWE

s mpenoTBpalleHus aBapuiiHbIX CUTYallUii, CBsI-
3aHHBIX C 00pPa30BaHUEM BJIEKTPUUYECKON MCKPHI, Cy-
IIECTBYET MOTPEOHOCTh B AATYUKAX, KOTOPHIE CITOCO0-
HBI JETEKTUPOBATh UCKPY W BOBPEMSI ITPEAYTIPEXKIATH O
BO3MOXHOCTU BO3HUKHOBECHMS YPE3BbIYANHBIX CUTYA-
uii. CBoeBpeMeHHasl perucrpalusi 3J1eKTpUIECKOTro
WICKPEHUSI MOXET MO3BOJIUTH MTPENOTBPATATh BOZHUK-
HOBEHUE aBApUIHBIX CUTyallMil HA Pa3IUYHbIX 00b-
ekTax. [IpyunHaMn BO3HUKHOBEHUSI TOXKapooIac-
HBIX CUTYyallul SIBISIFOTCSI UCKPEHUWE 3JIEKTPOMpPO-
BOIKM, KOPOTKOE 3aMbIKaHUE, TOSBJICHUE UCKD B
pe3yJbTare TpeHUs U T. 1. 71 perucTpaiuu 3J1eKTpu-
YECKOTO MCKPEHUSI MOTYT MPUMEHSITBCSI ONTHYECKUE
Jaryuku. ONTUYECKUE TaTYMKU 00JIalaloT TAKUMU Xa-
pPaKTEpUCTUKAMHU, KaK HAJIEKHOCTh, OBICTPOACHCTBIE,
BbICOKAsl YyBCTBUTENIBHOCTD. [TpenMyitiecTBaMu ONTH -
YECKUX JAaTYUKOB SIBJISIIOTCI UX HEBOCIIPUUMYUBOCTh
K DJIEKTPOMArHUTHBIM MIOMEXaM U CITOCOOHOCTh pa-
0OThl B arpeccuBHbIX cpenax. JlaHHoe mpeumyle-
CTBO CO3[AETCS 3a CYET TOrO, YTO 3JJIEKTPUYECKas
YacTh ONTUYECKOTO NATYNKA MOXET OBITh pacIioio-
XKEHa 3a MpelelaMy arpeCCUBHBIX CPEN U BBICOKHUX

1 MexxnyHaponHasi KoHdepeHuus: “OnTtuyeckasi pehJeKTOMeT-
pusi, MeTposiorusi U ceHcopuka 2023”, Poccus, [1epmb, 24—26
mas 2023 r. (International conference “Optical Reflectometry,
Metrology & Sensing 2023”, Russia, Perm, 24—26, May 2023).

2JIEKTPOMArHUTHBIX IT0Jieii. CylIecTByeT OIITHUYe-
CKU1i1 METOI PErucTpaly UCKPbI, KOTOPBIIA ITO3BO-
JISICT UCIIOJIb30BaTh IUAJICKTPUUECKUE MaTepUaJIbl B
ONTUYECKOIM cxeme maTymka. Takue maTYnKu MOTYT
MPUMEHSTBCS IS oOecriedyeHusT 0e30ITaCHOCTU B
MIPOMBIIIIECHHOCTU, He(TeOO0ObIBAIOIIMX OTPACIsIX,
TEXHUKE, WCIIOJb3YIOIIE pa3IMuyHble 3JICKTpUYe-
CKHe€ yCTpOICTBa OOMBIION MOIITHOCTH, Y B YCTAaHOB-
KaX ¢ BBICOKMMMU HaIPSKEHUSIMU.

Perucrpauust 37eKTpUYECKOl MCKPLI B IIPO-
CTPAHCTBE C ITOMOIIBIO OIITUYECKOTO MEeToda OCy-
ILIECTBJISIETCS 3aXBAaTOM M3JIy4EHUSI OT UCKPHI OITH-
YeCKMM WM OIITO3JICKTPOHHBIM  YCTPOIICTBOM.
CrexTp U3JIydeHUsI DJIEKTPUIECKOM MCKPhI HAXOINT-
csl B OCHOBHOM B yibTpaduosieroBoil (YD) 1 kopoT-
KOBOJIHOBOI1 oOyactax B muamasoHe 300—450 uw.
M3myyeHne MCKpHI, co3maBaeMoe MeXIy KOHTaKTa-
MM Ha OCHOBE Xejie3a, HaXOAUTCSI B CIIEKTPaJbHOM
nuamaszoHe 300—450 HM, MeXay KOHTaKTaM1 Ha OC-
HoBe amioMuHMs B auana3oHe 300—400 HMm, Mexmy
KOHTaKTaMM Ha ocHoBe Meau — 325—350 um [1].

PaHee ObL10 TIpeaioXXeHO HECKOJIBKO BapHUaHTOB
ONTUYECKUX AATYUKOB IJisl PETUCTPALIMU UCKPHI B
npocTpaHcTBe. HekoTopble ONTOBOJOKOHHBIE OaT-
YUKW JJIsT OOHApYXEHUST DIIEKTPUYECKUX Pa3psaoB
OCHOBAHBI HA 3aXBaTe U3JyYEHUS TTOJJUMEPHBIM BO-
JJOKHOM [2, 3]. Takue gaTymky 00JIagaroT BBICOKUMU
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OINITHYECKUMU TIOTEPSIMU M HU3KOI YyBCTBUTEIIHHO-
cThlo. B pabdotax [4—7] paccMOTpEeHBI JaTYUMKU C UC-
MOJIb30BaHUEM LWJIMHAPUYECKO JIMH3bI. Takue
MATIYNKH CITOCOOHEBI OTIPEIEIATh ITPOCTPAHCTBEHHOE
TTOJIOKEHUE UCKPHI IO OMHOM KoopauHare. [1penmy-
IIeCTBaMM TIpeIiaraeMoro B paboTe TEXHUYECKOTO
pelIeHnsT SIBIISIIOTCS TOYHOE TIPOCTPAHCTBEHHOE
orpenesieHrne UCKPHI TI0 IBYM WJIA TPEM KOOpIUHA-
TaM (3a CUeT UCMOJIb30BaHMS Mapbl 1aTYMKOB) U BbI-
COKHW1 ypOBEHb YyBCTBUTEILHOCTH T10 CpaBHEHUIO C
aHajoramu [8].

Ilemssmu gaHHOU pabOTHI SIBISIIOTCSI BBIOOD U OI-
TUMU3alUs ONTUYECKOl (POKycHpylollieil YacTu To-
3ULIMOHHO-YYBCTBUTEIbHBIX JTIOMUHECLIEHTHBIX UC-
KPOBBIX TaTYMKOB. [1pu BEIOOpE ONTUUECKUX CUCTEM
MbI OOpailiajiv BHUMaHWe Ha TaK1e XapaKTepUCTUKMU,
Kak paauyc nsTHa paccesiHusl, pacCTOSIHUE OT OITH-
YecKoil cucTeMbl 10 TpeoOpasoBatresisi U3NydyeHUsl,
pa3Mep onTUYecKoi cucteMbl UM 3(PHeKTUBHOCTD
cbopa U3IydeHusl.

MATEPHAJIBI 1 METOJbI U3YYEHU A

YucneHHOe MOASIUPOBAHUE TTPOBOIUIIOCH C MO~
MOIIIBIO TIpOrpaMMHOro obecriedeHust Zemax. B ka-
yecTBe MaTepuajia TOHKOM JIMH3bI UCIOJIb30BAIOCH
crekno N-BK7 ¢ mokasarenem mpemomiieHns 1.51.
B ontuyeckoit cucteMe M3 Tpex JUH3 UCIOIb30Ba-
Jmich crekita SK16 ¢ mokasaresieM rpesiomyieHust 1.62
u F2 ¢ noka3zartenem npenomienus 1.61. B onrtuye-
CKOM CHCTeMe U3 YeTbIpeX JIMH3 MaTepuaibl CTeKa
SK4 nMeroT mokasatenb npeiaomicHus 1.61, BAF4 —
nokasatesib npeaomiaeHus 1.605 nu KF9 — noka3saTtenb
npenomienus 1.52. MoaenupoBaHue W ONITUMU3A-
I1sI IPOBOAVIINCH Ha IJTMHE BOJTHBI 365 HM.

IMToHsiTHE yriIOBOTO pa3pelleHust OTHOCUTCS K Bbl-
YUCJIEHWI0O MUWHHUMAJIbHOTO yIjla MEXIy TOYKaMW,
KOTOpbIE MOXET pas3jinyaTb ONTUYecKash CHUcTeMa.
Pacuetr npoBoanicsa o kpureputo Panes. Ilox nsr-
HOM paccesiHUs MTOHMMAaeTCs UCKaXeHHOe U300pa-
JKeHHME TOUKU, 00pa3oBaHHOE pealbHON ONTUYECKO
CUCTEeMOIi, BO3HUKalolllee B pe3yabTare n1udpakiiuu
cBera. JluamMeTp nsgTHa paccessHus ONpeaessics 1Mo
MaKCUMaJIbLHOMY 3Ha4eHUIO MolepeyHoii abeppa-
. D¢pGEeKTUBHOCTh BBOJIA MU3JIYYCHUSI B OIITUYEC-
CKO€ BOJIOKHO pacCUMTBhIBajach MO TPUBEAEHHbBIM
HKe ¢popmyaam (1) u (2):

n=NA’ (1)

IIPU YCIIOBUM, YTO PAINYC CEPALIEBUHBI ONTUYECKOTO
BOJIOKHA OOJIbIIle pagnyca UICTOUHMKA (TISITHA pacce-
SIHUSL), 31€Ch 1] — 3 DEKTUBHOCTh BBOAA ONITUYECKO-
ro U3JIydeHUsI B BOJIOKHO, NA — arepTypa OoITude-
CKOTo BOJIOKHA. Takxke

- NA? (2)
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TIPY YCIIOBUH, YTO PATNYC CEPAIICBUHBI OIITUIECKOTO
BOJIOKHA MEHbIIIE paauyca HCTOYHMKA, 31eCh R — pa-
IYC CEPILIEBUHBI ONITUIECKOTO BOJIOKHA, F; — PaIy-
YC UCTOYHUKA M3TydeHUs (TIATHA pacCcesTHs).

PE3VJIBTATBI U OBCYXIEHHWE

DJIEKTPUIECKYI0 MCKPY MOXKHO paccMaTpuBaTh
KaK TOUE€YHbI ICTOYHUK CBETa, KOTOPBII U3JIy4aeT B
VY®- 1 KOPOTKOBOJIHOBOI 00/1aCTsIX CIICKTpa B AUa-
na3oHe 300—450 um. Ha puc. 1 moka3zaHbl IpUHIIN-
MyajabHasl cXxema JaTyrMKa UCKPBI U X0 JIy4eil OT uc-
Kkpbl 1 [9]. 3agaueit oObeKTHMBA UJIU JIUH3BI 2 SIBJISIET-
csl (POKyCHMpOBaHME YaCTU M3JTy4ECHUST OT MCKPHI HA
IUIaCTUHE 13 (QJIyOPECLIEHTHOIO CTEKJIa UJIU ITOJIMe-
pa 3 (mpeoGpa3oBaresib U3IYYEHUS) B BUIE Majioro
nsaTHa. M3nydeHne oT MCKpBI, KOTOPOe JIOKAJIbHO IT0-
najgaeT Ha rmpeoOpa3oBaTesb U3IydYeHUs, BO30YyXKIaeT
B mIpeobpa3oBarelie JIIOMUHECHESHIINIO, KOTOpasi, B
CBOIO ouepenb, OIpeAesIsieTCs B IJIMHHOBOJIHOBOM
obnactu Buaumoro crekrpa [10—15]. OcHoBHas
YacTh M3JIYyYCHMs JIIOMMHECUCHIMU MOoIMagaeT Ha
TOPIIBI ONITUYECKUX BOJIOKOH WJIN BOJIOKOHHBIX KTy~
TOB 4. Jlajiee ¢ TTOMOIIBIO BOJOKOH M3JIyYeHUE JIIO-
MUHECUEHIIMU TTonagaeT Ha (OTONPUEMHUK 5, Mpe-
oOpa3yloluii ONTUYECKUII CUTHAJl B 3JIEKTpUYe-
ckuii. ONTUYECKME XKTyThl WJIM BOJOKHA MOTYT
pacrnoJiaraTbCsl B psili WIW B BUJIE IByMEPHOI MaTpU-
IIbI, KaK MoKa3aHo Ha puc. 1 a, 6. Takoe mcronb30Ba-
HUE YIOPSAOYEHHOIO PACITOJOXKEHUSI ONTUYECKUX
BOJIOKOH WJIY BOJIOKOHHBIX XKT'YTOB MTO3BOJISIET AETEK-
TUPOBATh MECTOIIOJIOXEHUE 3JIEKTPUICCKON MCKPBI
10 OJHOI MU IBYM KoopauHaTaMm. s UCKIIoUeHUS
rnormnaaaHust Ha (OTONTPUEMHUK COJTHEUHOTO U3JTyve-
HUSI, U3TyYEHUS OT JIAMII U T. JI. UICIIOJIb3YETCSI CBETO-
GwmisTp 6, po3padyHbiii B YP- 1 KOPOTKOBOJIHOBOM
00J1acTsIX CIEeKTpa, KOTOPBIN pACIOJIOXEH Tepen
00beKkTUBOM Miv auH30#. [IpeoOpa3oBarens u3iy-
YeHUsI TIPUMEHSICTCS] JIUISI YMEHBIIEHUSI CTOUMOCT-
HBIX XapaKTepPUCTUK AaTYMKa UCKPEHMS 3a CUET UC-
MOJB30BaHMUS AEIIEBBIX KPEMHUEBBIX (hOTOIIPHUEM-
HUKOB, YyBCTBUTEJBHOCTb KOTOPBIX ONIPEACIISIETCS B
JJIMHHOBOJIHOBOM 00J1aCTM BUAMMOIO CIIeKTpa, a
TaKKe IJIs1 YBEIMYEHUSI €T0 YyBCTBUTEJIILHOCTH 3a
CUET YMEHBIICHUS 3aTyXaHUSI B ONITUYECKUX BOJIOK-
Hax M COIJIacCOBaHMS IJIMHBI BOJHBI MaKCUMAaJIbHO
YyBCTBUTEJIILHOCTU (POTOIIPUEMHMKA C IIMHOM BOJI-
Hbl MUHMMAJIbHOTO 3aTyXaHUsI B ONTUYECKOM BOJIOKHE.

JlroMuHecLeHIIMS BO30YXIaeTCsl B MECTE PaCIION0-
XKeHusl (POKaJIbHOIO IISITHA, KOTOPOE COOTBETCTBYET
MOJIOKEHUIO 3JIEKTPUYECKOI UCKPBI B TIPOCTPAHCTBE.
Kaxxmomy omtmyeckoMy BOJOKHY W (poTomuony, 3a-
KpEeIJICHHOMY 3a HMMM, IIpHCBanMBaeTcsl Homep. Ta-
KM o6pa3oM, HoMep (oToanona, KOTOPHIiA 3aperu-
CTPUPOBAJI CUTHAJI, COOTBETCTBYET KOOPAMHATAM T10-
JIOKEHMUS 3JIEKTPUUECKOIM UCKPHI B IIPOCTPAHCTBE.

st pemieHust 3ana4v (POKYCUPOBKU U3TyUESHUS
Ha ImpeobpasoBaresie OB CMOISTNPOBAHBI I OTITH -
MU3UPOBAaHbBI IBE ONTUYECKHE CUCTEMBI M TOHKAasl
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) 50 mm

Puc. 1. CxeMa matumka UCKpbI: 1 — XOm Jiydeil OT 3JIeKTpUUECKO UCKPBI, 2 — JIMH3a WJIN OOBEKTUB, 3 — onTudeckuii Y-
GbunbTp, 4 — rIacTuHa U3 (GIyopecleHTHOTO CTeKsIa WM MOJIMMEPHON TIJIEHKHU, 5 — repeaatoniye onTHYecKue BOJIOKHA WIN
BOJIOKOHHBIE XTYTHI, 6 — pacrojoxeHne GOTOMPUEMHUKOB MATPUIHBIM WJIU JIMHEHHBIM PSIIOM. BO3MOXKHBIE BApMAHTHI pac-
TOJIOXKEHUsI BXOIHBIX KOHIIOB ITepeAarolIiX ONTUYECKUX BOJIOKOH WJIM ITyYKOB BOJIOKOH: a) IMHEMHOE pacIioyiokeHue, 0) pac-

IIOJIOKEHUE B BUOE )IByMCpHOfI MaTpUIIbI.

JMH3a. PaccTossHME OT TOYEYHOIO UCTOYHMKA JIO OIl-
Tyeckoi cuctemMbl 500 MM, yIJIbI IageHUs HAa ONTH-
yecKylo cucteMy ot 0 mo 12°. MoneaupoBaHue mpo-
BOAVJIOCH IS JJIMHBI BOJHBI U3JIy4eHUST 365 HM.
PaccrostHue oT IUH3EI 10 peobpa3oBaTeis U3Tyde-
HUS ONTUMM3UPOBAJIOCh TaKMM OOpa3oM, YTOOBI
reoMeTpUYECKHMII paguyC IISITHA paccesTHUs MMeE
OIVH MOPSIIOK M He BBIXOIWII 3a Mpeaesibl JTuaMeTpa
OINTUYECKUX BOJIOKOH MPU M3MEHEHUM yTIjia majie-
HUS.

MDoKyCHOE pacCTOSTHME MCIIONb3YeMOIl TOHKOI
JuH3bl 48.20 MM. M3HauaibHO cHcCTeMa C TOHKOI
JIMH30# MMeJia pacCTOSIHUE OT JIMH3BI A0 Mpeobdpa3o-
Baressd udnydeHus 48.28 mM. Ilociae onTtummsanmuu
paccTosiHMe OT 00OBEKTUBA 0 TpeoOpa3oBaTtesist u3-
JIydeHUs CTaJI0 paBHBIM 45.65 MM. YrioBoe paspe-
LIeHKe i1 3Toi cxeMbl cocTasiger 0.5°. Ha puc. 2
npeAcTaBieHa cxeMa IPUMEHEHUs! chepudecKoro
pacnojoXeHusl ONTUYECKUX BOJIOKOH B CUCTEME C
TOHKOM JTMH301. ChepuuecKoe pacroyIOKEeHUE OIl-
TUYECKUX BOJIOKOH 100aBACHO IS YIYYIISHUS YIJIO-
BOTO pa3pelieHus B cXxeMe ¢ TOHKUMU JTuH3aMU. Ori-
TUMU3UPOBAHbI TAKWE MapaMeTpPhbl, KaK pacCTOSIHUE
JIO CIIeKTpaJbHOIO MpeoOpa3oBaTesisi U paaguyc Kpu-
BU3HBI JIETEKTUPYIOIIEH MOBEpXHOCTU. PaccrosiHue
JIO CIIEKTpaJIbHOTO TIpeobpaszosarensa 47.80 MM, pa-
IUYC KpUBU3HEI 17.69 MM. YT10BO€ pa3pelieHue 1ist
aToM cxeMbI cocTaBmiio 0.3°. Ha puc. 3, 4 mpuBeneHBI
IMarpaMMbl MSITHA paccessHUS PU Pa3IUYHbIX yIIax
nageHusi. BUOHO, UYTO MSATHO paccestHUsl MeHseT
CcBOIO (hopMy C yBeanveHueM yria naaeHusi. Ha pu-
CyHKaxX BUIIHO, YTO MSITHA pacCesIHUS TOHKOM JTMH3bI
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npu chepruIeCKOM PaCHOIOXKEHNU ONTUYECKUX BO-
JIOKOH UMEIOT MeHbIINI paguyc. [1pu yriaax nageHust
6° OHU COXpaHSIOT 00JIEE OBAILHYIO GOPMY.

B 1a6n. 1 mpuBeneHb TeOMETPUYECKUE PATUYCHI
MsATHA paccesiHUS sl TOHKOW JMH3bI U J1JI1 TOHKOM
JIMH3BI CO cHEPUIYECKUM PACTIONOKEHNEM BOJIOKOH C
JIurara3oHoM ymioB +12°. I3 naHHBIX, IpeacTaBIcH-
HbIX BTabJ1. 1, MOXHO ciesiaTh BBIBO/I, UTO C YBEJIUYE-
HUEM yrja TaJeHUsl yBeJIUYMBAETCS TeoMeTpuue-
CcKuii panuyc nsitHa paccesiHusi. Chepuyeckoe pac-
MOJI0XEHUE ONTUYECKUX BOJOKOH UJIU BOJIOKOHHBIX
KTYTOB YJIydlllaeT MPOCTPAHCTBEHHbBIE XapaKTepu-
CTUKU U TO3BOJISIET UCTTOJIb30BaTh BOJIOKHA MEHBbIIIE-
ro IMaMeTpa 3a cueT yMEHbIIIEHUs TSITHA paccesiHUS
B 2 pa3za. OgHAKO 3TO YCIOXKHSIET KOHCTPYKIINIO He-

Puc. 2. CxeMa ¢ TOHKO JIMH3011 ¢ UCMOJIb30BaHUEM ce-
pHUYECKOTO PACITOJIOXEHMST ONTUYECKUX BOJOKOH WIN
JKTYTOB BOJIOKOH.
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1500 pm
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Puc. 3. luarpaMMbl NsITHA paccesiHUsI TOHKOM JIMH3bI MPY Pa3HbIX yIjlax MaaeHusl.

1500 pm

9° 12°

Puc. 4. ,B,I/Ial"paMMbI IAATHA pacCesaHusA TOHKOI1 JIMH3BI C UCTIOJIb30BAHUEM C(l)epI/I'-IeCKOI"O PaCIIONIOKEHMA OINITUYECKUX BOJIO-

KOH TP pa3HbIX yIjax NajaeHusl.

00XOIMMOCTBIO BBITTOJIHUTH TIpeoOpa3oBaTelib U3JTy-
yeHus B cheprudeckoit popme, TMOO0 HAHECTU TIICH-
KU JJIOMUHOMOPOB Ha TOPILbI ONTUYECKUX BOJIOKOH,
YTO, B CBOIO Ouepelb, SIBISICTCS TEXHOJOTMYECKU
CJIOXXHBIM TipolieccoM. M3 aHanmm3a gaHHBIX Tao. |
clieayeT, 4To JJIs1 onpeaeeHusI UCKPHhI B Iuarna3oHe

Taomuna 1. leomerpuyeckue paguychl MsITHA paccesiHUs
IIJIsI TOHKOM JIMH3bI B TMaIa30He yriaoB +12°

I'eoMeTpuueckuii paguyc

TeoMerpuyeckuii | mATHA paccestHUSI TOHKOM

Yron paauyc msiTHa JIMH3BI CO CHEPUIECCKUM

MajeHUsI| paccesTHUs st pacrnojoxeHueM
TOHKO¥ JIMH3bI, MKM | ONTUYECKUX BOJIOKOH WJIU
>KTYTOB BOJIOKOH, MKM

0° 390.1 121.9
3° 378.3 130.7
6° 327.4 155.4
9° 249.2 205.6
12° 470.9 276.1

MNPUBOPHI U TEXHUKA BKCITEPUMEHTA  Ne 5

+12° MOXHO MCMOJIb30BaTh ONTUUYECKHE BOJIOKHA C
IMaMeTpoM cepaueBuHbl oT 550 MkM 1o 1000 MKM.
Ha puc. 5, 6 npencrasieHsl TpaduKu JOJIEM 1agar0-
11IETO UBJIYYEHUS OT FTeOMETPUUECKOTO paauyca IsiT-
Ha paccesiHUsI IPU UCIIOJIb30BAHUU TOHKOM JTUH3bI U
TOHKOW JIMH3bI CO chepruUecKUM pacIioioKeHUeM
OINTUYECKUX BOJIOKOH. [IpencTaBieHHbIe HUXE TaH-
HbIE OINPENesIIoT NOJII0 TMaaalollero U3aydeHus: Ha
TOpeEll BOJIOKHA UJIM BOJIOKOHHOTO JXTI'yTa 110 OTHOILIE-
HUIO K TeOMeTpuueckoMy paauycy nstHa. C rnomo-
IIbIO0 TAKMX XapaKTePUCTUK BO3MOXHO KauyeCTBEHHO
OLIEHUTb HEOOXOAUMBIM JTUAMETP CePALIEBUHBI IEpe-
JalOIIMX ONTUYEeCKUX BOJOKOH. [Ipu mcnonb3oBa-
HUU TOHKOM JIMH3bl ONTUMAJIbHbIE TUaMETPbl ONTU-
YeCKOIro BOJIOKHA HaxodsTcsl B Auana3doHe 498—
940 mxMm. Ilpu ucnonb30BaHUM TOHKOM JIMH3BI CO
chepruueCKM PACITOJIOKEHUEM OINTHUYECKUX BOJIO-
KOH WM XTYTOB ONITUMAJIbHBIN TMAMETP HAXOAUTCS
B quamna3oHe 242—550 mxMm. CrneayeT y4uThIBaTh, UTO
3(hPeKTUBHOCTH Pe0Opa30BaHUS 00 bEMHOIT BOJHBI
B BOJIHOBOIHYIO MOJIy 3aBUCHUT OT YMCJIOBOM arepry-
PBI U He MOXeT OBITh 6osblire 30%.

2023



MOJEJIMPOBAHUE OINNTUYECKOM CXEMBbI

Fraction of enclosed energy, a.u.

1.0
—_— 0°
0.8 3°
—6
—_0
0.6 — 12°
0.4}
0.2}
L L L L I
0 200 400 600 800

Geometric spot radius, pm

Puc. 5. Jloyis magaroiiero u3aydeHusl B 3aBUCUMOCTH OT
reoOMETPUYECKOIo pagnyca IsITHA pacCesTHUS TSI TOHKOM
JIVH3BI TIPU Pa3HBIX yIVIaX MMageHNs.

Jns sddekTuBHOTO BBOAA IIPeOOPa3OBAHHOIO
W3JIy4eHMsI JIy4llle BCETO UCIOJIb30BaTh ONTUYECKNE
BOJIOKHA C 3aJaHHBIMH ONITUMAaJIbHBIMU TMaMETPaMU
CEPIALEBUHBI, COOTBETCTBYIOIINE MAKCUMyMaM JIHUa-
MeTpa IISITHA paccessHUSI UM OOJBIIMMU YMCIOBLIMU
aneptypaMu. B KadecTBe ONITUYECKOrO BOJIOKHA IS
00BEKTHBA MOXHO MCIOJb30BaTh IJIACTUKOBOE OIT-
tyeckoe BojokHO (POF). B kauecTBe onTU4eCcKOro
BOJIOKHA JUISI OOBEKTUBA CO C(PEPUISCKUM PaCIIOJIO-
KEHHEM ONTUYECKUX BOJOKOH MOXKHO UCII0JIb30BaTh
BOJIOKHO C CEpILEBMHONM M3 KBapLEBOro CTEKJa U
nonuMmepHoii o6onoukoit (HCS). OcHoBHEBIE TTapa-
MeTphl U 3(P(HEKTUBHOCTh BBOJA U3IYUYEHUST B ONITH-
YyecKoe BOJIOKHO IIpeAcTaBjieHbl B Taba. 2. OnTuye-
ckue BoinokHa POF umeror 6obiine 3HadYeHUS 3aTy-
XaHus curHajia mo cpaBHeHuio ¢ HCS-BomokHOM,
YTO, B CBOIO ouYepedb, MO3BOJISIET MCIIOIb30BaTh UX
IUISI TIepenayy CUTrHajia Ha paccTtossHus 10 200 M.

MareMaTu4ecKoe MOIEIMPOBAHUE CUCTEMBI U3
TpEX U YeThbIPeX JIMH3 IIPOBOAWIOCH B IMANa30HEe YI-
JIOB mageHust £12° miisg OUHBI BOJIHBI U3TYYEHUS
365 um. PaccrosgHue OT MCTOYHHMKA OO OINTHUYECKOM
cucteMsbl 500 MmM. Ha puc. 7 noka3aHbl KOHCTPYKIIUA
CUCTEMBI C TpeMsI JUH3aMU U CUCTEMBI C YETHIPbMSI
ymH3aMu. CucTtemMa M3 Tpex JIMH3 nMeeT (POKYCHOE
paccTosiHue 58 MM, pa3Mep CUCTEMBI 17 MM, paccTo-
sSTHUE IO TIpeoOpa3oBartes uairydeHus 59.1 MM, reo-
METPUYSCKHUIN pagnyc MSITHA paccesTHUs 83.5 MKM.
CucreMa 13 4eThIpEX JIMH3 UMeeT (POKYCHOE pacCcTo-
sHue 101 MM, pa3mep cucteMbl 19 MM, paccTosTHUE 1O
npeoOpa3oBaresg usnydyeHus 121 MM, reomeTpude-
CKUIi panuyc nsaTHa paccesiHus 111.2 Mxm.

Js DoCTKEHWS HaWIydIIero rmokasarels Impo-
CTPAHCTBEHHOI'O pa3pelleHrs MCKPOBOIO JaTdhKa
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Puc. 6. lons nagaromiero u3jaydeHust B 3aBUCUMOCTUA OT
TeOMETPUYECKOTO paauyca MsITHA pacCesTHUS IJ1sI TOHKOI
JIMH3BI CO cHEepUYeCcCKUM PACITOJIOXEHUEM ONTUYECKUX
BOJIOKOH UJIY BOJIOKOHHBIX XKT'YTOB ITPY Pa3JIMYHBIX yIIax
MmaneHusl.

ONTUMM3UPOBAHO PACCTOSIHME OT JIMH3BI IO CHEK-
TpaJbHOTO Mpeo0pa3oBarTesi, Kak 1 B CJlydae TOHKOM
JIMH3BL. PaccTosiHUE OT 00BbEKTUBA A0 CIIEKTPAJIbHO-
ro mpeoOpa3oBaTeIsi ¢ CUCTEMOI 13 TPEX JIMH3 paBHO
59.3 MM, C cuUCTeMOii U3 4YeThIpeX JMH3 pPaBHO
120.9 mM. Ha puc. 8, 9 npuBeneHsl AMarpaMmBbl MsIT-
Ha pacCesTHUS IMH30BBIX CUCTEM IIPU Pa3IUIHBIX YT-
Jax mageHus. B Tabn. 3 mpuBeneH reoMeTpuUeCcKUii
paguyc IISITHa paccessiHUsI B Iuara3oHe yrioB +12°
IUIST CUCTEMBI M3 TpeX W 4YeThipex JIMH3. Pe3yibTarsl
MMOKAa3bIBAIOT, UTO IIPM M3MEHEHUM YIJa IlaJcHUs
TeOMETPUYECKHUI paguyC IISITHA pacCesTHUSI YBEIU-
Y1BaeTCs IIOCTEIIEHHO, M OH He MpeTepreBaeT cKad-
KOOOpa3HbIX U3MEHEHM. YIJIOBOE pa3pelieHue st
TPEXJIMH30BOM ONTUYECKOM CHUCTEMBI COCTaBIISICT
0.125°, nyist 4eThIpEeXJIMH30BOM cucTteMbl — 0.1°.

I1Ipu UcCronb30BaHMUM TPEX- U YETHIPEXIUH30BBIX
CHUCTEM OITUMAaJIbHbIC TUaMETPhl BOJTOKOH HAXOIAT-
cq B muara3oHax 154—237 mxM 1 223—300 MKM cOOT-
BETCTBEHHO. B KayecTBe ONTUYECKOrO BOJIOKHA I
TpeX- M YETBIPEXJIMH30BBIX CUCTEM MOTYT OBITb MC-
MOJB30BAHBI BOJIOKHA C CEPALIEBUHON U3 KBAPLIEBOTO

Taommuna 2. OCHOBHbBIC MapaMeTPhl ONITUYECKUX BOJTOKOH

[TapameTtpnr POF HCS
JlnaMeTp BOJIOKHA, MKM 980/1000 600/625
(cepnueBuHa/0060109Ka)

Yucnosas ameptypa, N.A. 0.500 0.4500
D heKTUBHOCTH BBOAA 0.2500 0.2025
WU3TyYSHUS
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(@)

(6)

Puc. 7. O6GbeKTUBBI ONTUYSCKUX CUCTEM: a — C TPEeMSI IMH3aMM, 0 — C YETBIPbMSI JIMH3aMU.

400 pm

Puc. 8. IluarpaMMbl IiAITHA pacCesiHUSI CUCTEMbI C TPEMsI JIMH3aMU IO pa3HbIMU yIJIaMU NaJeHUsI.

cTeksa u noauMepHoit obonoukoit HCS nuamerpom
400/425, yucnosoii aneprypHoii 0.45 n 3¢ppeKTUB-
HOCTBIO BBONA M3JIYYCHHS B ONTUYECKOE BOJIOKHO
0.2025. Ha puc. 10 mpencraBieHbl TpadUKN 3aBUCH -
MOCTH JOJIY MaAdalollero u3aydyeHust OT reoMeTpuyde-
CKOTO paanyca IsATHA pacCesTHUSI CUCTEMBI U3 TpeX 1
YeThIpeX JIMH3. PacueThl MOKa3bIBaIOT, YTO THAMETD
IISITHA paccesTHUSI MEHSIETCS B HEOOJIBIIMX Tpeaerax
MpU BCeX yIiiax MaaeHus.

OddekTuBHOCTL cOopa u3nyyeHus (1) paccyu-
ThIBaJACh IJIsI KaXKI0i U3 pacCMaTpUBaeMBbIX JIMH30-
BBIX cucTeM. B Tab1. 4 moka3aHbl JaHHBIE YIJIOBOTO
paspemeHus M 3(PpPEeKTUBHOCTH cOOpa cBeTa s
BCEX CMOJEINPOBAHHBIX cUCTeM. [IpoaHanu3upoBaB
MOJIYYMBIIKMECS JaHHbBIE, MOXXHO CIEJIaTh BBIBOI, UTO

400 pm

HCITOJIb30BAHUE CUCTEMBI JIMH3 NPUBOAUT K YJIydIlle-
HUIO YIJIOBOTO pas3pellieHUs] ONTHUYECKOM CUCTEMBI
matuyuka. Mcnonp3oBaHnue cheprudecKoro paclioso-
KEHUSI ONITUYECKHNX BOJIOKOH MJIM BOJIOKOHHBIX XKT'Y-
TOB ITO3BOJISIET YIYYIINTh XapaKTePUCTUKH YTITIOBOTO
paspelIeHNst ONITUYECKOM CUCTEMBI JaTYMKA, KaK 3TO
MOKa3aHO Ha IIpuUMepe C TOHKOM JamH30i. Takxke
MpeACTaBIeHHbIE pPe3yJbTaThl JAIOT BO3MOXHOCTH
OLIEHUTH 3(PPEKTUBHOCTL cOOpa CBeTa IJIST KaxKaoi
OINTUYECKO# cucTteMbl. Bce MonenupoBaHHbIe B pa-
0OTE ONTUYECKME CHUCTEMBI UMEIOT 3(P(hEeKTUBHOCTh
cbopa cBeta 6oiee 80%. JImH3a 1 TMH3a co cheprude-
CKUM PaCHOJIOXEHNEM ONTUYSCKIUX BOJIOKOH UMEIOT
HauJIy4dllne XapakKTepUCTUKY 10 JaHHOMY OKa3aTe-
mo. OnTuyeckasl cucTeMa M3 Tpex JIMH3 HauOoJiee

6°

Puc. 9. HI/IanaMMBI IIsAITHA pacCesaHUsA CUCTEMBI C YETBIPbMS JIMH3aMU 1101 pa3HbIMU YIJIaMU ITaJACHMUA.
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Ta6muna 3. [eomeTpuyeckre pagnychl IsITHA pacCesiHUS B
nyarasoHe yrioB +12°

I'eomeTpuueckuii TeoMeTpuueckmii
VYron paguyc msiTHa paauyc nsiTHa
MaJicHUsl | pacCcesTHUsI CUCTEMBbI | pacCesiHUsI CUCTEMbl
U3 TPEX JIUH3, MKM |W3 YETBIPEX JIUH3, MKM

0° 76.5 111.3

3° 86.2 124.1

6° 97.5 128.1

9° 113.6 141.3
12° 91.4 150.4

ymoOHa JIJTs UCITOJIb30BaHUS TIPYU PeaTM3alliU TT03M-
LIMOHHO-YYBCTBUTEIILHOTO MCKPOBOTO TaT4MKa, MO~
CKOJIbKY OHa KOMITaKTHa, UMEET MEHbIINI TeoOMeT-
pUYECKUIA paguyc IISITHA pacCesTHUS JJIsl BCEX UCCIIe-
JOBAHHBIX YIJIOB MafcHUS M MMeeT OoJiee HU3KOE
YIJIOBOE pa3pellieHue, IIPU 3TOM 00JIaTaeT XOPOLINM
rnokasatejieM 3(pGEeKTUBHOCTU cOopa M3IydYeHUS.
TpexnuH30Basi cucremMa OoOJbllle TTOAXOAUT IS
MECHBIIIET0o AUaMeTpa TOPLIOB ONTUYECKUX BOJOKOH.
YeThIpeXIMH30Basd CUCTEMA MOXKET MCIOIb30BAThCS
IIJIsI TOPLIOB BOJIOKOH OOJIBIIIETO AUaMeTpa, OHA UMe-
€T XOPOIIIWi1 oKa3aTelNb 1), HO 00Jiee BHICOKOE YIJIO-
Boe pacuupeHue. CucteMa ¢ TpeMs JTUH3aMU UMeeT
MEHBIIIEE PACCTOSTHUE OT JIMH3BI IO IPe00pa3oBaTes
W3JIy4eHUs], YeM CHUCTeMa C YEThIPbMSI JIMH3aMMU.
DTO cmocoOCTBYET 00Iee KOMITAKTHOM KOHCTPYKIINH
JaTyuka MCKpbl. JIMH3a M IUH3a cO chepuuecKuM
pacIioJIOKEHNEM ONTUYECKUX BOJIOKOH WJIM BOJIO-
KOHHBIX XT'YyTOB MOTYT MCITOJIb30BaThCs 11 TOPLIOB
BOJIOKOH C ele OOJBIIMMM muaMeTpamMu. Dddek-
TUBHOCTb COOpa U3JIydeHUs] UMeeT OMHAKOBOE 3Ha-

Fraction of enclosed energy, a.u.
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yeHHre, a yIJIOBOE pa3pellieHUe JIMH3bI CO chepude-
CKUM pAacIloJOXKeHNEM ONTHYECKMX BOJIOKOH WIIH
BOJIOKOHHBIX XTI'yTOB Ha (.2° MeHbIIIE, YTO JaeT 3TO-
MY PELICHUIO IIPEUMYIIECTBO.

3AKJIIOYEHHME

B pabote nmpencTaBieHa MpUHIIATIUAJILHAS CXeMa
MO3UIIMOHHO-YYBCTBUTEILHOTO JTIOMUHECLICHTHOTO
JlaTYMKa UCKPHI CO CIIEKTPaIbHBIM IIpeoOpa3oBaHu-
eM usnydeHusi. Mcnonb3oBaHue cepudeckoro pac-
MOJIOKEHHUS ONITUYECKUX BOJIOKOH WJIM BOJIOKOHHBIX
KTYTOB IT03BOJISIET YMEHBIIUTh TEOMETPUUECKUIA pa-
JINYC TISITHA paccesiHUs IS BCEX paccMaTpUBaeMbIX
YIJIOB MaJeHWsI B HECKOJIBKO pa3, YTO JaeT BO3MOXK-
HOCTb UCITOJIb30BaTh ONITUYECKKME BOJIOKHA WJIU KTy~
Thl MEHBIIIETO TUaMeTpa U YIy4yllaTh YIJIOBOE pa3pe-
meHue natymka. Hanbombimii paguyc IsITHa paccesi-
HUg HaOmomaeTcd MNpy yrile IageHus 12°, oH
coctasisieT 470.9 MKM [IJ11 TOHKOM JIMH3BI U 276.1 MKM
IUIST TOHKOM JIMH3BI IpH c(HEPUISCKOM PaCIIOIOXKE-
HUU OIITUYECKUX BOJIOKOH WX BOJTOKOHHBIX XXT'YTOB.
IMokazatenu appeKTUBHOCTY cOOpa U3TyUESHUST ITUX
cucTeM OJM3KM K 96.4% W BBIIIIE TIpW Pa3HBIX yIiIax
nageHuss. D¢pEOEeKTUBHOCTh BBOAA W3IYyYEHUS TPU
aTuX xapakrepuctukax coctanisiet 0.2500 myist POF-
BosiokHa u 0.2025 mig HCS-BonokHa. OnTudeckas
cucTeMa C YEeThIpbMS JIMH3aMM UMEET XOPOIIIMe Xa-
PaKTEepUCTUKHU IJIsl UCITOJIb30BAaHMS €€ B pean3aliiu
MO3UIIMOHHO-YYBCTBUTENILHBIX TaTYNKOB MCKPBHI.
Paguychl reoMeTpuMyecKUX IISITEH paccesiHUsI TpU
BCEX paCCMOTPEHHBIX yIJIaX HaAeHUs U3MEHSIOTCS B
nuaraszoHe ot 111 mo 150 MKM, 4TO SIBIISIETCS JIyIIINM
nokasarTeJieM T10 CPaBHEHMIO ¢ TOHKOM JIMH30M. ¥YT-
JIOBOE pa3pellieHre YeThIPEXJIMH30BOM CUCTEMEBI CO-
crapisiet 0.125°. I[TokazaTtenu apheKTUBHOCTH cOOpa
CBeTa SIBJISIIOTCS HAMMEHBIIMMU U3 PACCMOTPEHHBIX

Fraction of enclosed energy, a.u.
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Puc. 10. ,HOIIH TTagaroIero N3JIy4eHA B 3aBUCUMOCTU OT TCOMETPHUYECCKOIO pagunyca IdTHa paCcCeaHUs: a — CUCTEMaA U3 TPEX
JINH3, 0 — cucTtema us3 YETBIPEX JIMH3 1JIsd pa3HbIX YTJIOB ITaJICHMA.
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Taomuua 4. DpdpeKTUBHOCTL COOpa UIYYEHUS U YIJIOBOE pa3pelleHre ONTUUYECKUX CUCTEM

o o o o o Yriosoe
CucreMa J1UH3 Nupu0° % | nupu3°, % | nupu6°, % | nupu9°, % | N npu 12°, % paspeliere
ToHKkas TUH3a 98.9 98.7 97.9 97.1 96.4 0.500°
JIuHza co chepuueckum 98.9 98.6 97.9 97.1 96.5 0.300°
PACITOIOXEHUEM OITTAYE-
CKMX BOJIOKOH MJIU XTYTOB
BOJIOKOH
CucreMa u3 Tpex JUH3 93.4 93.2 92.9 92.8 92.7 0.125°
CucTeMa U3 YeThIpeX JIMH3 86.6 86.6 86.4 85.5 82.6 0.100°
JINH30BBIX CUCTEM U COCTABIISIIOT 82.6% u Gojiee mpu 4. TangJ. // Energies. 2012. V. 5. P. 1490.

pa3IMYHLIX yriiax mageHus. OnThudeckast CUCTeMa C
TpeMsI JIMH3aMU UMeeT HaWIydllre XapaKTepuCTUKU
JIJISI ICITOJI30BAHUSI IIPU pealn3ali MO3ULIMOHHO-
YyBCTBUTEJIbHBIX AATYUKOB MCKpbI. Pagnychl reo-
METPUYECKUX IISITEH pacCesiHUs IIPU BCEX PacCMOT-
PEHHBIX yIyIaxX MaJeHUS U3MEHSIIOTCS B TMATIa30HE OT
77 mo 114 MKM, 9TO IBJIIETCS HAMIYIIITNM ITOKa3aTe-
JIEM TI0 CPaBHEHMIO CO BCEMM PAaCCMOTPEHHBIMU CH-
cTeMaMHU. YIJIOBO€ paspellleHUe TPEXJIMH30BOMN CU-
creMbl coctaBiisieT 0.112°, 4To SIBIgETCS JIy4IIUM 110~
KazarejieM Cpelu UCCAeayeMbIX cHucTeM. Takas
cuCTEMa TakKXKe MMEET OTINYHYIO 3(P(PeKTUBHOCTH
cbopa m3lydeHust co 3HayeHueM Oonee 0.965 mpu
pa3HbIX yIjlax MajgeHusl.

KOH®JIMKT MHTEPECOB

ABTOpr 3asBJSIOT 00 OTCYTCTBUU KOH(bJ'[PIKTa HNHTECPC-
COB.

OPUHAHCUPOBAHUE PABOTHI

PaGora BeIlTOIHEHa B paMKax IIPOEKTa II0 IOTOBOPY
Ne 17484T'Y /2022, xonkypc YMHUK-21(B).
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