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3JIEMEHTAPHbIE YACTHULbI U 1OJIS

[NPOEKT C®EPA-3 AJId UBYYEHUSA COCTABA INEPBHUYHbIX
KOCMUWYECKHUX JIYYEN B OBJIACTH 1—1000 5B
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Onpenesienne cocTaBa NepBUUHBIX KOocMHUYecKuX Jiyueid B o6sacti 1—1000 [15B sBssiercst BaxKHbIM Harpas-
JIEHUEM B U3yU€HHHU MPOLLECCOB BOBHUKHOBEHUS U paclpocTpaHeHus KocMuueckux ayueil. Ha ocHoBe ombiTa
sKcryaTaluu aspoctatHoit yetaHoBku COEPA-2 paspabatbiBaetcs ycraHoBka COEPA-3 ¢ Gosblieit
CBETOCHJION M JIyULLIMM ONTHUECKUM pa3pellieHHeM. B naHHO# paGoTe mpeacTaBieH TeKylIUid ctatyc paGoT

1o pa3paboTKe KOHCTPYKLMH YCTAHOBKH.
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1. BBEAEHUE

B nocsnennee Bpemsi MoSIBUINCH YKa3aHHsl Ha To,
UTO 3HAUMTEsbHAsl YacTb silep MEepPBUUHBIX KOCMHUe-
ckux Jydeit (ITKJI) ¢ sneprueit or 1 no 1000 I1sB
MOKeT UMeTb SKCTparajakTHuecKoe MMPOHCXOKIeHHe
[1]. Uccnenosanue coctaBa [TKJI npu 31X 3HEpru-
SIX MOXKeT UMeTb pellatolllee 3HaueHHe MpU Bblibope
MOJIe/I TIepexojia OT TaJlaKTHUeCKHX KOCMHMUECKHX
Jiyuell K 3SKCTparajJakTMUeCKHM, 4TO, B CBOIO oOue-
pellb, BAXKHO /I MOCTPOEHUS TJI00AJbHOH KapTHHbI
YCKOPEHHUSI U paclpoCTpaHeHHs KOCMHUECKHX JyueH.
[Ipo6siema maccoBoro cocraBa MEPBHUHBIX KOCMH-
UECKHUX Jlyuel CBEPXBBICOKMX HEpPrUil ¢ 3HEPrusiMu
Boiie 1 [15B B HacToslee Bpems 1ajieka OT OKOHUA-
TEJILHOTO peleHust [2—4]. dxcnepumeHTa bHON TpyT-
ne KASCADE-Grande ynanoch BbI€JUTb CHEKTPbI
JIByX Tpynn siiep [5], 6oJiee neTasbHOH KiaaccHpu-
KalM{ MellaeT HEeONpeaeseHHOCTb MOJIEH CUIbHOTO
B3auMojieicTBUs. HecmMoTpsi Ha HECKOJNBKO JeCcsTH-
JIeTHH uccaenoBaHuil no uamepenuto coctaBa [1KJI
HenpsIMbIMH METOIAMH 110 KOMIIOHEHTAM ILIMPOKUX aT-
mocdepubix suBHeill (LLIAJI), HecmoTpsi Ha necsATKH
MPOBEJICHHbIX 3KCIEPUMEHTOB, MaplMajbHble CIeK-
TPbI TP SEP A0 CUX TTOP HE U3MePEHbI PH SHEPTH-
s1x Bbille 1 [13B. Bosee Toro, pesysnbraThl pasjMuHbIxX
IKCIEPUMEHTOB 110 CpeJiHeMY Jiorapucmy MaccoBOro
uyucaa B obsnactu sHeprui 3—50 I1sB passmuuaiorcs
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B HeCcKosbKO pa3 [4—8]. IlombiTka cosnanusi Tio-
6aJsIbHOM MOJIe/IH MaplHaJbHbIX CIIEKTPOB B LUHPOKOM
JiManasoHe TepBUUHbIX dHeprui [9] ynupaercs B oT-
CYTCTBHE OIyOJMKOBAHHON OLIEHKH CHCTeMAaTHYECKHX
omMGOK y HEKOTOPbIX IKCIEPUMEHTA/NbHBIX TPy H
CTpajlaeT OT HEOMPeNeNeHHOCTEH MOJENHN SAEPHBIX
B3aMMOJICHCTBUI, TO3TOMY MOXKET BOCIPUHMMATbCS
TOJIBKO KaK CTUMYJI 1151 TPOJIOJIZKEHH S UCC/IeI0BAHUS.
Mexxy TeM Xopollee 3HaHHe NapUHalbHbIX CIIEKTPOB
Tpynn saep HeoOXOAUMO JJIsi TECTHPOBAHHUS Pa3iry-
HbIX Mojiesiell ycKopeHust U pacnipoctpaHenus [IKJI.
[TosTomy mpoBeneHHe HOBBIX 3KCMEPUMEHTOB, UyB-
CTBUTEJIbHBIX K §IIEPHOMY COCTaBY KOCMHUECKHUX JIy-
yel, sIBJASIETCS BaXKHOU 3a/lauell COBPEMEHHOU acTpo-
hU3HKH.

2. METO OTPAJKEHHOT' O
YEPEHKOBCKOI'O CBETA

[Tpoekr COEPA nanpab/ieH Ha pellleHHe 3ajauu
onpenenenusi sipepHoro cocrasa [TKJI npensoxen-
oM akanemukom A.E. UynakobiM metomom [10]
perucTpauryd ONTHUYECKOro H3JyueHus: BaBujoBa—
YepeHKoBa, yallle Ha3bIBA€MOro “UepeHKOBCKHM CBe-
TOM”, LIHPOKUX aTMOC(ePHbIX JIMBHEH, OTPaXKEHHOTO
OT CHEKHOH MOBEPXHOCTH 3EMJIH.

DTOT MeToj obecreurBaeT 3HAUHTEJbHYIO IJ1O-
ajlb PErucTpald UePEeHKOBCKOTO CBEeTa C IMOMO-
11bI0 KOMMAKTHOTO YCTPOHCTBA, MOJHMMAEMOro Haj
CHEXKHOH MOBEPXHOCTHIO. HepeHKoBCKasi KOMIMOHEHTA
IIAJI nosiaraercst HauMeHee 3aBUCHMON OT MOJEJH
B3aUMOJIEHCTBHUS, T.e. METOJl, OCHOBAHHbIK Ha ee pe-
TUCTPALMK, MO3BOJISIET MOJYyUUTb HauboJiee TOUYHYIO
OLIEHKY »Hepruu. Tak:ke U3MeHeHHE BbICOThI MO beMa
JIETEKTOpa MO3BOJISIET U3MEPSITh OJIMH U TOT XKe Jua-
nason snepruu [1KJI ¢ paznnunbiM pagpenienrem, Tak
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KaK MEHSIeTCSl pacCTOsIHHE MeXy LEeHTpaMu IoJieH
3pEHHsT COCEIHUX UYBCTBUTEIbHBIX 3JIEMEHTOB. JTO, B
CBOIO OUepe/ib, M03BOJIET KOHTPOJIHPOBATH BEJIHUHHY
CUCTEMATHUECKHX OLLIMOOK, KOTOPble MOTYT BO3HUKATb
npu pa3paboTke MNPOLEeAypPbl BOCCTAHOBJICHHS Mep-
BUUHbIX xapakTepucTuk [IKJI. [Tosie 3penust kaxmno-
ro0 YyBCTBUTEJILHOTO 3JIEMEHTa JleTeKTopa (MUKceJs)
OXBATbIBAET 3aMETHYIO UacTh 0603peBaeMoi 001aCTH.
C yueToM yaCTHUHOTO TEPEKPBITUS TOJEH 3PEHUST CO-
CEJIHMX IMHUKCeJed 3TO M03BoJIAeT HAOJ/0AATh YepeH-
koBckuit et IIAJI B6/M3K 0CH JIMBHST B 60JIbLIIENH Ya-
CTH COOBITUH, UTO OOBIYHO HEJOCTYIHO /11 HA3€MHbIX
JIeTEKTOPOB, PACIOJIOKEHHBIX Ha OOJBLIOM paccTosi-
HUM JIPYT OT Jipyra. DTo 0OCTOATEIbCTBO 3HAUMTENLHO
MOBBILIAET TOUHOCTb OLIEHKH THIA MEPBUUHbBIX YaCTHLL,
TaK KaK HHTEHCHBHOCTb Y€PEHKOBCKOIO CBeTa B IPHU-
0CeBOH 00JIACTH UyBCTBUTEJIbHA K BApUALIUAM KackKaja
HIAJI ot pasubix Tunos saep [TKJI[11, 12].

Bricokasi TOUHOCTb OLEHKM XHMHUYECKOTO COCTa-
Ba ONWpaeTCcsl Ha aHa/lu3 KaxJIOH HHAMBHyaJsb-
HOM (DYHKLMH pacrpejiesieHdsi UepeHKOBCKOro CBeTa
HIAJI. ITpumeneHue Kak oHO-, TaK 1 MHOTOTIapaMeT-
pUuecKHuX KputepueB mMacchl [ 13] nmo3BosisieT oleHuThb
Maccy NepBUUHON YaCTHIIbl B HHAWBHIYaJbHOM COObI-
THH, @ HEe Yepe3 aHaJIu3 YCPEeJHEHHOro Mo 60JbLIOMY
yucay “THNUUHBIX” COOBITHH MapameTpa (Hampumep,
Xmax). Xopolnasi MeToaudyeckasi UHUCTOTA Kak TMpu
onpenenennu sueprud yactuu [TKJI, Tak u npu ouenke
XUMHYECKOro cocTaBa JocTuraercst 6Jaronapsi Tomy,
YTO AJTOPUTMbI STHX MPOLIELYP H30JUPOBAHbBI IPYT OT
Jpyra.

ITOT METOJL PErHCTPALUK OTPAXKEHHOTO YePEHKOB-
ckoro cBeta IIAJI 6bl1 yeneliHo peajii3oBaH B a3po-
cTaTHOM 3KcriepuMeHTe ¢ yctaHoBkoil COPEPA-2 B
nepuona 2008—2013 rr. [13—19]. Ycranoska COEPA-
2[15] 6ba coznana B HUM D MI'Y npu noanepxke
®HMAH u USAN PAH. OcHoBHOll yacTbio yCTaHOBKH
siBJIsieTCs cepuueckoe 3epkajo auameTpom 1.5 m ¢
mozaukoi u3 109 doroymuoxureneit ®PAY-84-3 B
tdokyce 3epkasa, a Takke 109-kaHajbHAs 3J€KTPO-
HUKa, NPOU3BOJIALLAsT OLHUGPOBKY aHOJHOIO CUrHaJja
®IY ¢ warom 12.5 He. Yron o63opa ycTaHOBKH
coctasisia 0.75 cp. YcraHoBKa MoJHUMasach Ha MPH-
BSI3HOM aspocTate B Oe3J/yHHble M 6e300/1auHble 3UM-
Hue Houu Ha BbicoTy oT 300 10 900 M Ham noBepxHO-
cTbto 03epa baiikas u peructpupoBasa yepeHKOBCKUH
cger LIIAJI, oTpaxkeHHBIH OT CHEXKHOTO MOKPOBA 03€-
pa. Ilo pesy/nbratam usmepeHuil Obl1 MOJyUeH 3HEp-
retrueckurt criektp TTKJI u npoBenena ouenka noJiu
JIErKOH KOMIOHEHTbl KOCMHUECKUX Jlyuei, pe3yJ/ibTaThl
ony6snKoBaHsl [ 14].

3. PASBPABOTKA ITPOEKTA CO3IAHMSI
YCTAHOBKH COPEPA-3

B HacTosilliee Bpemsi paspabaTbiBaeTcsi HoBast
ycranoBka COEPA -3 17151 peructpaiuin oTpaxKeHHOTo

YEPHOB u ap.

uyepeHKoBcKoro csera. OT mpeplaylleldl Bepcud OoHa
OyleT oTMyaThbesl 60JblUeH CBETOCHJION, NPOCTpaH-
CTBEHHBIM pa3spellieHHeM W BLICOKOH 3(¢eKTHBHO-
CTblo paboThbl. B KauecTBe CBETONPUEMHHUKOB OyIyT
MCIOJb30BaHbl COBPEMEHHbIE KpeMHHEBble (OTO-
ymHoxkutesid (SiPM) co cBeToc6opHUKaMH.

J1i1s1 nojrtbeMa HOBOM YCTaHOBKH HaJl CHEXKHOM Mo~
BEPXHOCTbBIO TJIAHUPYETCS MCIOJIb30BaTh OECMHIIOT-
HbIH JieTaTe/IbHbIA amnmnapar, Harnpumep, BO3LYLUHbIH
rpy30BHK BepTHKaJjbHOro Baneta “Asammun” (AJI-1)
C T’MOPUJIHBIM JIBUTaTeeM ¢ BO3SMOXKHOCTbIO paboTaTh
OT aKKyMyJISITOPOB H/WJM GEH3HHOBOrO reHepaTopa.
[pysonoabemuocts nopo6uoro BITJIA cocrapasier no
250 xr, npu rabaputax 1—3 M, Bpemsi 1oJieta nperno-
Jaraercs 10 4 4. AspoanHamuueckas cxema anmnapara
(12 BMHTOMOTOPHBIX TpyNM) Mpu3BaHa oOecreunuThb
BBICOKYIO T'PY30MObEMHOCTb MPH MaJibiXx rabapurax
M BBICOKYIO OTKa30YCTOHUMBOCTb: JlazKe MPH BbIXOJE
M3 CTPOSI 10 YeThIpeX BUHTOMOTOPHBIX TPYI anmnapar
MO2KHO 6e3aBapHiHO M0CANTh, a 10 IBYX — [POJ0JI-
JKUTb TI0JIET.

Huxxe npencrassieHbl HEKOTOPbIE pe3yJibTaThl pas3-
paboOTKH H MOJAEJNMPOBAHUS 3JIEMEHTOB KOHCTPYKLHH
YCTAHOBKH U TIPOLIECCA PETHCTPALMH CBETA.

3.1. KoHctpykuus getekropa

B ycranoske COEPA-3 wucnosbayercs moau-
¢uuMpoBaHHas onrtuyeckass cuctema muara c
JIMH30BbIM KOPPEKTOPOM cepuueckoil abeppalui.
Ha puc. 1 nokasana npenBapuTesibHasi Bepcusl
KOHCTPYKLMH pambl M3 aJIOMHHHEBBIX TPyOOK ava-
mMetpoM 20 MM, KOTOpasi COEIMHSIET BCE 3JIEMEHTbI
ONTHUYECKOH cucTeMbl: 3epkano (/), Gaenmy (2),
oTcekatollyto OoKoBble OJIMKH, JIMH3Y KOppeKTopa
cpepuueckort abeppatnu (3) 1 MO3anKy KpeMHHEBbIX
tdortoymHOXKHUTeNeN (4). B 3aTeHeHHOl MO3auKoH 06-
JIACTH B BHJIE yCEUEHHOro KoHyca (5) pacrioJaraercs
u3MepuTeabHas anmnaparypa. Takoe pacrosioykeHue
3JIEKTPOHUKH [103BOJISIET CYLIECTBEHHO YNPOCTHTD
KOHCTPYKLHMIO M YMEHbIIUTb JyiHy Kabeneid. OTBOI
TernJsa OT JEKTPOHHBIX MJAT OCYLLECTBJSIETCSl yepes
OTBEPCTHE B HUKHEH YacTH.

Xapakrepuctuku nerekropa COEPA-3 npusene-
Hbl B Ta6J1. 1. [Tnanupyeres, uro nerekrop COEPA-3
OyJeT UMeThb 3(PheKTUBHYIO MJOIIAAb BXOJHOIO OK-
Ha auacdparMbl (¢ BbIYETOM MJIOLIAM 3aTE€HEHHS! OT
doronpuemurka) He Menee | M2, onTHueckoe pas-
petienre — He xyxke 2000 nukceneil. [lose 3penust
YCTaHOBKM JIOJDKHO ObITh He MeHee +20°. Okonua-
TeJIbHbIe XapaKTEePUCTHKU OYIyT OTpeesieHbl Toce
ONTUMHU3ALUMH NapaMeTpPoB ONTHYECKOH CHCTEMbl H
MOJICTMPOBAHHSI.

SIIEPHASI PU3MKA TomM85 Ne6 2022
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Puc. 1. TlpenBapuresbHasi Bepcusi KOHCTPYKLUMU AeTekTopa. / — 3epkajo, 2 — OJjeHia, J— JIMH30BbIH Koppekrop, 4 —

Mo3auka SiPM, 5 — MecTo /15l U3MEPUTEIbHOR 3JIEKTPOHHKH.

3.2. KoHCcTpyKLiHs ONTHKH

B kauecTBe rmpejBapuTesLHOrO BapuaHTa OI-
THUECKOH KOHCTPYKLMH JIeTeKTOpa paccMaTpuBa-
eTcsl HEeCKOJIbKO H3MeHeHHasi OnTHuecKasi cxema
Imunra — acdepuyeckoe 3epKajo ¢ MJAaCTHHOH-
KOppeKTopoM (cM. puc. 2a). 3epkaso OJH3KO K
cthepuueckomy, OTKJIOHeHHe OT cdepbl paauyca
1654 MM cocraBJisier MeHee 25 MM. Brelnu#i tuamerp
3epkasa 2200 mm. BxonHoe okHO Tesieckona 3akpbITo
MJIACTHHOH-KOPPEKTOPOM M3 aKpHJia TOJIIMHOH OT D
a0 30 mm u jguamerpom 1700 mm. Cam KoppekTop
MMeeT BHELIHIOI MJIOCKYI0 MOBEPXHOCTb U BHYTpEH-
HIOIO KpHBOJIMHEHHYI0. BbiGop Takoil opueHTauuu
KoppekTopa 00ycJ/IoBJIeH cO06paKeHUsIMH TTPOCTOThI
MPOBEPKH COXPAHHOCTH TEOMETPUM TeJslecKorna MpH
TPAHCIIOPTHPOBKE M B TIpoliecce HaMepeHni. Mexnuy
3epKaJjioM U KOPPEKTOPOM pacroJiaraercsi CBETOUyB-
CTBUTEJIbHAS YacTb JieTeKTopa — Mo3auka SiPM ¢
JIMaMEeTPOM UYBCTBUTEJIbHON yacTh 660 MM U MOJIHBIM

Ta6auua 1. [TpensaputesbHble XapaKTEPUCTHKHU JIETEKTOPA
COEPA-3

[Tapamerp 3HayeHue
UyBcTBUTEbHAS NJI011Ab ONTHKH >1
(BxoaHOe OKHO auadparmbl ), M2
Juamerp 3epkana, MM Jo 2200
Yros 0630pa ONTHUECKOH CUCTEMBI, FpajL +25
KosuecTBO 3/716MEHTOB MO3aUKH 2000—3000
(KpeMHHeBbIe (HOTOYMHOXKUTEJH )

Macca nerekropa, kr 100
MakcumasnbHasi BeicoTa rnojabema 2000
JIeTEKTOpa, M

SINEPHAS ®U3MKA TtomM85 Ne6 2022

quamerpom 680 MM, a Takke OJIOK 3JEKTPOHUKH.
C yuerom 3aTeHeHHsI MO3aHKOH U GJIOKOM 3JIEKTPOHH-
K1 3 PeKTHBHAS M1/10111a/1b BXOJHOTO OKHA COCTABJSIET
1.9 m2.

Ha puc. 26 nokasana nonsi cobpaHHoro cpera
BHYTPH OMNpeJieIeHHOro pajdyca B nsiTHe. BuaHo, uto
Juist yriioB j1o 15° Bech cBeT coOupaercs B HeGoJIblIOE
NSTHO paguycoM J0 5 MM. DPdeKTUBHBIN paauyc
NUKCeJIsS COCTaBJIsSIET 5.6 MM 3a cueT CBeTOCOOPHHKA,
0 KOTOpOM TOMHJIeT peub B cjedyiolleM paszaene. s
yrJ10B, npubankatolmxes K 20°, BOKpyr nsiTHa nosiB-
JIieTCsl LLIMPOKHI opeoJ HenpaBuibHOH Gopmbl. Ho
auist yraia 20° 6os1ee 90% cBeta Oyner cobuparthbesi B
OJIMH NnuKcenb. Ha puc. 26 nokasaHbl nsiTHa cBeJeHHs
napaJiie/ibHbIX MyuKOB CBETa, MajaloliuX Ha BHEIHee
OKHO TeJiecKorna MoJi pasjuuHbiMu yraamu (ot 0° o
20°). CTOUT 3aMeTHUTh, UTO TPUBEIEHHbIE HA PUCYHKE
(hopMbl M5ITEH paccuuTaHbl Uisl chepruyecKoil noBepx-
HOCTH MO3auKu 0e3 ydyera (opMbl CBETOCOOPHHUKOB.
Jlnst mosHoro aHasnusa pabGoThl JeTeKTopa TpebyeTcs
yuecTb paboTy CBETOCOOPHHKOB M BMECTE C HHUMHU
paccMOTpeTh KapTHHY YIVIOBOH UyBCTBHTE/NLHOCTH Jle-
TeKTOpa.

3.3. HccsrenoBanne JIHH30BbIX CBETOCOOPHHKOB

JIJ1si MOBBILLIEHHs] YYBCTBHTEJILHOCTH JIETEKTOPA
NPeJNoJaraeTcsi HCNoJb30BaTh CBETOCOOPHHUKH. IDTO,
C OJIHOH CTOPOHBI, TIO3BOJIUT YMEHBIIUTb KOJUUECTBO
M3MepUTE/IbHBIX KaHasloB W 3HepronotpebJieHue Jie-
TEKTOpa, a, C JIPyroll CTOPOHBI, YBEJHUUThL KOJUUECTBO
(hOTOHOB, MOMAAAOIIMX B THKCENb, T.€. MOHH3UThb
nopor perucrpaid. KoHCTpyKumsi JetekTopa (CM.
pUC. 2a) TperoJiaraeT, 4To CBET Ha IMOBEPXHOCTb
KPEMHHEBOTO (DOTOYMHOXKHTEJISI TIPUXOJUT T0J 3a-
MeTHbIMH, 0 60°, yrmamMu K moBepxHocTH SiPM.
Haun6osbiliee KoJMueCTBO CBETA MPUXOJIUT MOJL YIJIaMu
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Puc. 2. a — Onruueckas cxema jerekropa (/ — KoppekTop, 2 — 3epkaJjio, 3 — mMo3anka SiPM) ¢ xojom Jiyueit, najaroumx
HOpPMaJIbHO Ha BXOJIHOE OKHO ( CTJIOLIHBIE JIMHUK ), oL yryioM 15° (1urpuxosbie) u 20° (Toueunble). 6 — JloJist cBeTa, COGpPaHHOTO
B Kpyre epeMeHHOro pajidyca BOKPYT LIeHTPa CBETOBOrO MsITHA [JIs1 PA3HBIX YIJIOB [PUXO0/Ia Jyuel Ha BXoaHoe OKHO: [ — 0°, 2 —
15°, 3 — 20°. 8 — ®opma CBETOBOTO MATHA JI/Is PA3JIHUHBIX YIJIOB MajleHHst HA BXOJHOE OKHO MapaJsiie/ibHbIX MyuKoB cBera: [ —
0°,2—4°,83—8°,4—12°, 5—16° 6 —20°, ceTka ¢ waromM 1 MM, OKpY>KHOCTbIO MTOKA3aH MPUMEPHBIE pa3mep MUKCesi C

mamerpoM 10 Mm.

30°—40°. B sToM cayuae mnpuMeHeHHe OOBIYHBIX
KOHYCHbIX CBeTOCOOPHHUKOB HeaddekTnBHO. Obecre-
UUTb 60JILLLIOK yroJ c6opa cBera crnocoOHbl JIHH30BbIE
CBEeTOCOOPHHUKH.

HccenenoBaanch HECKOIbKO TOTOBBIX JIMH3 Pa3HO-
ro n1MameTpa M paauyca KpPUBHM3HBI, UCTIbITATEIbHBIN
CTEHJl U YaCTb HCCJEIOBAHHBIX 00PAa3l0OB MOKAa3aHbI
Ha puc. 3a. CBeTOCOOPHUK yCTAaHABIMBAJICS HA OM-
THueckuil KoHtakt ¢ SiPM u ocBemiascs ucTouHn-
KOM CBeTa — CBETOJMOJIOM C JUIMHOH BOJIHbI 405 HM.
YraoBoll pagmep MCTOUHHKA CBeTa /Il MPHEMHHKA
COCTaBJISI OKOJIO 1°) a wwar JABHKEHHs KYJHChl C
MCTOUHHKOM B TOPHU30HTaJIbHOH MJockocTH 2°. M3-
MepeHHsl OBTOPSIMCh HECKOJIbKO pa3 TpH TMOBOPOTE
SiPM B BeprukanbHo# nuockoctn Ha 10°, 30° u 45°.
MHTeHCHBHOCTL MOCTOSIHHOTO CBETOBOTO TOTOKAa Ha
nosepxHocTH SiPM uamepsiach 1o BeJIHUMHE NOCTO-
siHHOTO ToKa uepe3 SiPM. Ha puc. 36 npuBenenb pe-
3yJIbTaThl U3MEPEHHUH C FOTOBBIMH CPepHUECKUMH JIMH-
3aMu MametpoM 12.5 MM ¢ paanycom KpUBHU3HBI 8 MM,
KOTOpbI€E MOKa3aJ/u yBesnueHue cBerocbopa B 2.5 pasa
1uist yraioB 60° OT ONTHUECKOH OCH MO CPABHEHMIO C

SiPM 6e3 cBeTocGOPHUKOB. 171 TOCTHXKEHHST MaK-
CUMaJIbHOK coOUpatollel cnoCOOHOCTH NJIaHUPYeTCs

paspaboTtaTb CBETOCOOPHUKH CrlelHalbHON (POpMBbI.

3.4. Moxesb orkinka SiPM

J171st MoileTMpoBaHus XapaKTePUCTHK SJ1€KTPOHUKH
M3MEepUTEJIbHONH CHCTEMbI HOBOIO JIeTeKTopa Co3/laHa
MOJIe/Ib OTKJIHMKA MJIaHUPYeMOro K HCMOJb30BAHUIO B
ycranoBke COEPA-3 kpemHueBoro gotoymMHOKHUTE-
a5t SiPM SensL. MicroFC-60035. ITpoBeneno mone-
JaupoBaHue oTkarka SiPM Ha onHodoTO3M€KTPOHHOE
coObITHE.

KpeMHueBbIll  POTOYMHOXKHUTEL  MOXET  ObITh
NPeJICTaBJIeH B BUJIE CXEMbl, COCTOsILLEH M3 OOJIbLIOTO
KOJIMUeCTBAa OJHO(OTOHHBIX JIABUHHBIX (DOTOHOMIOB
(SPAD), coenunennbix napannenbho. ias monenn-
poBanusi pa6otbl SiPM wucnosbsyercs ynpolieHHas
cxeMa OJHO(OTOHHBIX JIaBUHHBIX (DOTOJMOJOB, Ha
cxeMe Ha puc. 4 oHa o0o3HaueHa Kak aKTHBHas
siuefika. DKBHMBAJIeHTHas cxeMa OJHO(OTOHHBIX Ja-
BUHHBIX (DOTOAMONIOB MpeJcTaB/sieT coOoi napal-
JieIbHOE COe/IMHEeHHe BHYTPEHHEro pe3ncTopa 06/1acTu
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Puc. 3. Mccaenobanue JIMH30BbIX CBETOCOOPHUKOB. a@ — CTeH]| Uil aBTOMATHYECKOrO H3MEePEeHHs YIVIOBBIX XapaKTepHCTUK
uyBcTBUTEbHOCTH SIPM 1 cBeToc60pHUKOB. JInH3b! pasHoil hopMbl U pa3MepoB ycTaHasJuBatoTest Ha SiPM Ha ontuueckom
KOHTaKTe. 6 — PesysbTaThl H3MepeHHil uyBCTBHTEIbHOCTH SIPM B 3aBUCHMOCTH OT yrjla NaJleHHsl CBeTa Ha ero MoBepXHOCTh!
SiPM 6e3 cetoc6opruKa (1), SIPM co cBeToc60pHUKOM AaMeTpoM 12.5 MM U pafiiycoM KpUBU3HbL 8 MM (2).

MPOCTPAHCTBEHHOIO 3apsila JAMOoja W BHYTPEHHEro
KOHJleHcaTopa obeiHeHHoro cJost. Cxema ratleHust
COJIEP2KUT pesucTop rawenus R3 u konaeHcatop C1,
MUMHUTHPYIOLLMH apasuTHble eMKOCTH. Jljisi nMuTauuu
npuxoja (OTOHA HCMOJb3YIOTCS KUY W HCTOUHUK
HanpskeHUsl B BETBU ¢ conpoTuBjeHueM R2 [20].
C HCTOUYHMKA UMITYJIBCHOTO TOKa V2 Ha K/IeMMBbI 3J1€K-
Tpuyeckoro kiouya S1 nopaercs curHas, AIHTe/b-
HOCTb KOTOPOTO COOTBETCTBYET BpeMeHH JaBMHHOTO
npouecca. 3aMblKaHHe KJioua TPUBOIUT K paspsiike
kKoHneHcatopa C'1, KoTopasi MPOBOLUMPYET 3IKCIIO-
HeHLMa/IbHOE MajileHue HarpsiKeHHsl Ha y3je MexXy
C2 u Cl. MakcumanbHoe TajeHHe HarpsikKeHus
Ha y3J/e KOHTPOJMPYeTCs BHYTPEHHUM HCTOUHHKOM
HanpsikeHuss V'3 U 3aBUCUT OT TeMmrepaTtypbl paGoThl
SiPM.

B kpemuueBom oroymHoxkurese MicrolFC-60035
18 980 siueex. B HallleM paccMOTpeHHH CUMTAETCS, UTO
SlUEKK CroCOOHBI MOIVIONIATh (POTOHBI HE3aBUCHMO
JIPYT OT Jpyra, uTo MO3BOJISIET pasle/uTb sUeiKh Ha
JIB€ KaTeropyu JJ1sl YIpolleH sl MOeJUPOBAHHS:

1. AkTuBHas siuefika, Ha KOTOPOH MPOU3OLLIIO MO-
riouleHue gorona. Kiou 3amMkHyT.

2. TlaccuBHasi siuefika, Ha KOTOPOH MOIVIOLLEHHUS
coToHa He npousouio. Koy pasoMKHyT.

JlanHasi cxema MMeeT MOTeHLHas K MaclTabupo-
BAHHUIO KOJINUECTBA AKTHUBHLIX 3JIEMEHTOB, 4 TaKXKe K
ajlanTalyi /st MOJIeIMPOBaHKst PAGOThI IPYTHX CepHid
SiPM ¢ HHBIM UHCJIOM SIUEEK.

Homunasnbl 3jieMeHTOB OblIM M0J0OpPAHbl TaKUM
o6pa3oMm, uToObl cUrHa Ha GbICTPOM Bbixoje SiPM

SINEPHAS ®U3MKA TtomM85 Ne6 2022

COOTBETCTBOBAJ IKCIEPUMEHTANbHON KPUBOH U3 J10-
KyMeHTaluu npouspojutess [21]. [Tosnyuennbie oueH-
KU 3HaueHWH HOMMHAJIOB KOMIIOHEHT MpHUBEIEHbI B
TabJ1. 2.

CniouHast MHUS Ha rpaduKe Ha PpUC. O COOTBET-
CTBYET PaCCUHTAHHOMY OTKJIMKY MOJEJH Ha ObICTPOM
Boixojle SiPM, Toukamu nokasaHbl OLU(pPOBaHHbIE
9KCIepUMeHTasbHbIe JaHHble TPpou3BoauTenst SiPM.
Jlnsi coBnajieHust 1MoJsiyueHHo# KpUBOH (opMbl MM-
nyJsibca Ha Bbixone SiPM ¢ naHHBIME TPOM3BOAUTE/ST
MOJesb OblJla JOMOJIHEHA KOHAEHCATOPOM OBICTPOro
Bbixofa Cx, yUUTHIBAIOLIMM Mapa3uTHYIO EMKOCTb Ka-
6eJ151, COeIMHSIIOLLEr0 ICTEKTOP C OCLU/IOrpadom.

Wmess Mojesb KpeMHHEBOro (OTOYMHOXKHTES,
MOXKHO ONPEIeNUTh XapaKTepPUCTHKH H3MEPUTEJbHOM
annaparypbl.

Ta6bauua 2. HomuHajbl KOMIIOHEHT, HCIIOJb30BaHHbBIX
Ha cXeMe Ha puc. 4

Homunan Homunan Homunan
Rl| 0.01Om||C1| 0.18 0D || V1 27 B
R2|392k0m || C2| 0.55 pD || V2 |Tenepatop 1.75 He
R314.15k0m ||C3| 2.52 D || V3 245B
R4| 0010Om||C4| 48nd
R5(20.63 Om || C5 | 3400 nd
R6 |50 Om C6110.45nd
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Wmmranms AXTUBHAas ITaccuBHBIC BricTphrit
npuxonaa s4Yeika SAYEUKU BBIXOJT

dorona

R1

§R6 Cx

Puc. 4. ®ynkunonasibHas cxema Moziesin yerpoiietsa SiPM.

3.5. M3mepuresnpnas annaparypa

OCHOBHBIM 3JIEMEHTOM JIETEKTOpa YepPEeHKOBCKO-
ro CBeTa HOBOH YCTaHOBKM SIBJISIETCSI CETMEHT M3
Heckosnbknx SiPM. IToxoxwuii cerment u3 cemu SiPM
Obl1 paspaboTaH Hamu paHee [22], OH MpuUBeJeH Ha
puc. 3a. McnbitaHue MaTpullbl M3 CeMM TakKMX cer-
meHToB ¢ 49 SiPM 6buio 3aBepuieno B 2018 ., a ¢
centsa6pst 2019 r. MaTpuLa yCELIHO SKCIIyaTHPYETCs]
B coctaBe Teseckona SIT KommiieKCHOH yCTaHOBKH
TAIGA [23, 24]. B HoBOM neTeKTOpe MJIaHHpPYeTCS
nopaboTaTh ¥ agantuposath cerment SiPM nnist ne-
M0JIb30BAHHsI B ONTHUECKOH cCHCTeMe C JIMH30BbIMH
CBeTOCOOPHUKAMH.

Jl7st peructpaliny yCHIeHHbIX aHAJOrOBbIX CHIHA-
JIoB, noJiyuaembix ot SiPM, pagpabaTbiBaercs nsara
ouH(ppoBKH Ha 6aze MUKpPOCXeMbl BOCbMHKAHAJIbHO-
ro OblcTporo aHaJoro-uudposoro npeodpasobareis
(ALLIT). Yacrora oundposku ot 80 mo 100 Ml u
aMIJIMTyiHoe paspeliiende ot 12 no 14 6ut obecre-
UMBaIOT AMHAMUMUecKHi auanason a0 10%. Biaropaps

MaJibiM pazmepam Mukpocxembl ALIT (9 x 9 Mm) us-
MepUTeJsIbHasA TJlaTa MOXKeT ObITb YCTaHOBJIEHA Hela-
Jieko oT niat cermeHtoB SiPM HenocpencTBeHHo noj
Mo3aukoi, cM. puc. 1. Takasi KOMIIOHOBKa 1103BOJISIET
3HAUYHUTEJIbHO COKPATHTb Maccy U rabapHThl JeTeKTO-
pa. OuucpoBaHHble CHrHaJ/bl C KaXJ0ro KaHazna B
MOCJ/IeI0BAaTEIbHOM KOJIe TTepelaloTes Mo uHTepdeicy
LVDS na muKpocxeMmy MporpaMMHpPYeMOH JIOTHKH.
Bcs BHyTpeHHsis orvka paboTbl U3MEPUTEJIbHOH CH-
CTeMbl U JIOKAJIbHOTO TpUrrepa JJjisi 0Toopa CcoObITUI
3arpy»kaercst B MHKpPOCXeMy B BHJe (aia KoHpHU-
rypauuu. Pesy/jbraTbl M3MepeHHE COXpaHSATCs Ha
Kapty namsith microSD BcTpoeHHOro KomnbroTepa
KAXKJI0M M3MEPUTEJbHOU MJIAThl JJisl MOCJeLyIoLleN
KJlacTepu3aluu U 06paboTKHU.

OundpoBKa CHUTHANOB BeJETCSl HEMPEPLIBHO, OJI-
HAKO COXpaHsATb NOTOK AaHHbX 10 500 I'6/c Texnu-
YeCKH MOUTH HEBO3MOXKHO W HA TPaKTHKe He Tpedy-
ercsl. Jsisl Bble/IEHHUsT MOJIE3HBIX COOBITHH M3 TOTOKA
JIaHHBIX pas3pabaTbiBaeTcs TpUrrepHas nnaara. [lnara

SIIEPHASI PU3MKA TomM85 Ne6 2022
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Puc. 5. mnysibe Ha Boixose SiPM. Hanpsizkenne U Ha GbICTPOM BbIXOJI€ B 3aBUCHMOCTH OT BpeMeHH ¢. CriioliHasi Kpupasi —
OTKJIHK MOJI&JIH, TOUKH — 9KCIIepUMeHTaNbHble JaHHble H3rOTOBUTE/S [22].

MoJIyuyaeT CUrHaJjibl OT UM(POBBIX aMIVIMTYIHbIX JAUC-
KPUMHHATOPOB C KaKJIOTO M3MEPUTEIbHOrO KaHaJja.
[Ipu o6Hapy:KkeHHH cpabaTbIBAHUS AUCKPUMHHATOPOB
B Tpex uiu OoJiee COCEIHMX KaHajlax B TeueHHe
| MKC nuiata nepejiaeT CUrHaJj nojATBep:K/eHH sl Ha Bce
M3MepUTe/IbHbIE MIAThl, KOTOPble, B CBOIO Ouepelb,
repeMellaloT U3 ornepaTUBHON MaMSITH B MOCTOSIHHYIO
nannble 3a 10—20 MKC 10 W mocJie MpUxoja curHasa
noaTBep:kaeHUst Tpurrepa. O6beM 0JHOro TaKoro co-
ObITHS BMECTE C KaJMOPOBOUHBIMH JAHHBIMH COCTABHUT
0KoJ10 25 M6. Oxupaercst, yTo MakCUMaJbHas ya-
ctoTa cpabarbiBaHUs TpUrrepa He OyjeT MpeBbllliaTh
| Tu. Hois BbIGOpa ONTUMAa/IbHOTO aAropuTMa paboThl
CHCTEMbl BbIIe/IEHUS] TIOJIE3HBIX CHUTHAJNOB M3 (oHa
(BbIpabOTKa TPUITEPHOro CUrHaJja) paspadaTbiBaeTcs
MareMaTHuecKas Mojie/Ib Ha OCHOBe GaHKa MOJIE/IbHbIX
COOBITHH.

4. MOJIE/IMPOBAHHME

4.1. Annpokcumannsi mpoCcTpaHC TBEHHOTO
pacnpenesienns yepeHkoBckoro cseta LIAJI

Onnoit u3 3anau sxkcnepumentos COEPA spas-
eTcsl OlleHKa MaccChl MepBUYHON vacTvlbl. Mcnosb-
3yemblil B skcriepumente COPEPA kpurepuii ouenku
Macchl [25] ocHoBaH Ha u3MmepsieMoil (opme Mpo-
CTPAHCTBEHHOTO pacrpesieieHnsl YePeHKOBCKOTO CBe-
ta HUIAJI n onpenensiercst Kak OTHOLLEHHE UHTErPAJIOB
MOJIHOTO UMCJia UePEHKOBCKUX (POTOHOB B KOJIbLAX C
pas/nuHbIMU pajarycamu. [1pu ucnosb3oBaHuK TakKoro
KpUTEpUST MEePBUYHOU Macchl 00JacTb BOJH3U OCH

SINEPHAS ®U3MKA TtomM85 Ne6 2022

JIUBHS HeCeT BaKHyl0 HH(OpMAlMIO O Macce mep-
BUUHOH UYACTHLIbI, TI03TOMY HCMOJb3yeMasi (DYHKIHS
JIOJIKHA XOPOLLO aNMPOKCHMHPOBATh XapaKTePUCTHKH
HIAJI B o6sactu ot 0 1o 300 m.

st 1esiefl  MOJeJIMPOBAHUST  YCTAHOBKM —THIA
COEPA pacnpenenenue I(R) uepeHKOBCKOro cBeTa
[IAJI Ha MOBEepPXHOCTH 3eMJIM anMpoKCHMHPYeTCsl ¢
nomotipbio GpyHkimu Buaa (1):

bo

F = + 1
(1+p1R + paR? +P3R?’)w1 ()
+ P4 w
(1+ psR + psR?) >
! @)
w1 = s
' (1 +exp (R — Ran)J5))
1
w == )
> (I+exp(—(R—Ra)/s))
rae R — paccrosiHue OT OCH JIUBHS, P1, . . ., D6, Feh —

noaGupaemble MapaMeTphl.

dyukuus  anmnpoxkcumauu  F' mpocTpaHCTBEH-
HOro pacrpeje/seHust uepeHkoBckoro cseta [IAJI
(puc. 6a) otkgonsiercss ot Moxean I(R) Mmenee
uem Ha 10% B mmanasone paccrosinuii 0—500 ™
oT ocu JuBHA (puc. 60), a B obaactu ot 0 10
100 m ornocurenbnass norpemnocts d = (I(R) —
— F(p1,...,p6, Ren, R))/I(R) B 60JIbILIMHCTBE C/Tyya-
eB He mpeBbllIaerT 2% W yBeJHUUMBAETCS C yBeJaHUe-
HUEM paccTosiHUsl OT ocH. Takasi TOUHOCTb (PYHKLHH
anmnpoKCHMAlUH MPOCTPAHCTBEHHOTO pacrpeieseHus
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Puc. 6. a — OyHkums npocTpaHCcTBEHHOTO pacnpeeenus uepeHkosekoro cseta [1IAJ], yepeaHeHHasi 1o a3UMyTajibHOMY YTy,
JUIst uHAMBUayanbHoro cobbithst LIIAJI. CepbiM 0TMeueHbl TOUKH MozesnupoBanus I(R), KpUBoil 0603HaueHa annpoKCHMUPY-
toutast pyHkuus F no dopmysie (1). 6 — OTHOCHTE/IbHOE OTKJIOHEHHE allPOKCUMUPYIOLLel KpUBO#H F' OT CMOJe/IMPOBAHHBIX

TOUEK.

uepenkoBckoro cera UIAJI nopxomut mist ucnodib-
30BaHUsT KpUTepHsi nepBuuHoil Macchl. [lonpoGHocTtu
MOJIE/IMPOBAHHUS, TIPOBEIEHHOTO /sl MOUCKA JaHHOH
annpoKcUMalny, U3aoxkeHbl B [26]. Annpokcumanus
(1) WsHaua/ibHO TIpejHasHauajach JJiss 06pabOTKH
coObiTHil sKkcriepumenta COPEPA-2, Ho ona Mo-
KeT ObITb NMpPUMeHeHa Julsl JitoOOro SKCIepUMEHTa,
KOTOPBbIH HCIOJb3yeT (YHKLHMIO MPOCTPAHCTBEHHOIO
pacripenesienusi depenkosckoro csera IIAJI Ha
YPOBHE IOBEPXHOCTH 3€MJIH.

4.2. Yuer nckaxcenuri 3epkaJa

Cdepuueckoe 3epKajio co3/laeT Ha MoO3auKe je-
TeKTOpa U300pakeHHe HCKaXKeHHOH POpPMbI M0 cpaB-
HeHUIo ¢ opmoit nzobpaxaemoro oobekra. Ananua
uepenkoBckux o6pazos IAJI B nose 3penus tese-
ckonoB tuna COPEPA s peulenust 3anaun oueH-
KH Maccbl MEepBUUYHBIX 4acTHL TpeOyeT yueTa 3THX
UCKaXKeHHUH, MOCKOJIbKY NpH 06paboTke 06pasbl am-
MPOKCHMHUPYIOTCS aKCHa/IbHO-CUMMETPUUHOH (DYHK-
uueit. [loctpoeH ajnroputm pacuera (yHKLUMHA, Kop-
PEKTHPYIOIIMX HCKaXKeHHsI C(hepHIeCKOro 3epKaJsa.

Pacuer npoBefeH Asisi CJenyrolled YMpoOIIeHHOH
KOH(UTypallMi ONTHYECKOH CHCTEMbl: cepuuecko-
ro 3epkasa paauyca 1100 mMm (pamuyc KpUBH3HBI
1400 mm), “mo3aukn” — cepryeckoro cermeHTa —
pamyca 340 MM (paauyc KpuBu3Hbl 750 MM) U BXOJI-
HOW nuadparmbl pamuyca 660 mm. LleHTpbl KpUBH3-
Hbl 3epKajla U MO3auKH COBIMAAAIOT, MJIOCKOCTb JMa-
tdparmbl ynajsena Ha 100 MM OT 3TOH TOUKH BOJIb
OCH CHCTEMbl B HarmpaBJjieHHH OT Mo3aukH. JleTekrop
OCMATPUBAET CHEXKHYIO [OBEPXHOCTb MOJ CO00H C
BbicoTbl 1000 M.

PaccmaTpuBaJsiach rocsie0BaTesIbHOCTb TOUEUHbBIX
00'bEKTOB Ha CHETY, YAaJsIIOUIMXCs OT OCH TeJiecKorna
C TMOCTOSIHHBIM L1AaroM, W MOCJIeN0BaTeJIbHOCTb LieH-
TPOB TSI?KECTH 00JIaKOB UX U300paKEHHH HAa MO3aHKe.
PaccrosiHust oT ocH Tejeckona 10 TOYEK Ha CHeETry
0003HAUMM 4yepe3 1, a PACCTOSIHUS OT LIEHTPa MO3AUKH
JI0 U300paKeHUH 3THX TOUEK Uepes p.

Ha puc. 7a wrpuxoBoll JinHWeH NpPUBEIEHO pac-
CTOSIHHE p OT LIEHTPAa MO3aWKH J0 H300paKeHHsl B
3aBUCHUMOCTH OT PACCTOSIHUS T OT OCH TeJeCKOomNa 10
TOUKH Ha CHery, MoJlydeHHOe MyTeM MOJeJHPOBaHHUs
XoJa Jyded B ONTHUECKOH cHCTeMe. 3aBHCHMOCThb
HeJIMHEelHA, T.e. MPOEKLMH PACCTOSIHUSI HA CHery r
Ha MO3aMKy CXKHMMAlOTCsl K Kpaio Mo3aukd. Ha ocu
(r = 0) uckaxkeHn# n300paxKeHHsl HET, U Mbl MOXKEM
MPOBECTH JIMHEHHYIO 3aBUCUMOCTb ( CIIIOLIHAS MTpsiMast
Ha pUC. 7a) UCTIPABJIEHHOTO PACCTOsIHUS p/ OT OCH JI0
M300paKeHHUs Kak KacaTeslbHyt0 K KpUBOH B TOUKe 1 =
=0.

CrouT OTMETHTb, UTO CepHuecKue HCKaXKeHHs
NPUBOJAT TaKKe K M3MEHEHHMIO KOJIMUecTBa CBeTa,
cobupaemoro GpopmMasbHO OAUHAKOBBIMH T10 MO
thoToceHcopamu, pacnoJ/ioKeHHbIMH Ha Pa3HOM pac-
CTOSIHHM OT LEHTPa MO3auKH. DJIeMEHT nioanu §o-
TOCEHCOpa 3aluchlBaeTcsl B MOJSIPHOH CHCTEMe KO-
opauHar (p, ¢): dS = pdpdyp, rne p — paccrosinie 10
3J1eMEHTa MJIoLLAH Ha Mo3anKe. [TocKoJIbKY HeKaxe-
HUE 3aBUCHUT TOJILKO OT pajinyca, B HCTIPaBJIEHHOH CH-
cTeMe KOOpauHAT 3JjeMeHT mioiianu dS’ = p'dp'de.
Ha puc. 76 npeacras/ieHa cBsI3b UCIPABJIEHHOIO JIM-
HeapU30BAHHOTO PACCTOSIHUSI p' W MCXOJHOrO HCKa-
JKEHHOTO PACCTOSIHUSI p HA MO3auKe, TOJyueHHasi U3
OTHOLLIEHMs] KPUBOH W NpsiMOi Ha puc. 7a. Menpas-
JIEHHOE paccTosiiue p’ MPEeBOCXOIUT HCXOHOE p, CJie-
JIOBATEJILHO, 3JIEMEHT IJIOLIA/IH MocJie Koppekinu d.S’
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6oJiblile, T.€. UCKaXKeHHs C(heprUIeCcKOro 3epKaJsia mpu-
BOJSAT K CXKATHIO CBETOBOTO MOTOKA. Takum oGpasom,
(hoTOCEHCOP C LEHTPOM Ha PACCTOSIHUM p OT OCH UMEeT
3(heKkTHBHYIO TUIOIIA/AL HOJbliIE B

dS, B pldp/

C(P):ﬁ— odp

(3)

Torna st Koppekuuu n3oGpaxKenust yncso Goro-
HOB B HeM HaJI0 yMeHbILIUTb B ((p) pas, dpyHkuus (p)
npuBesieHa Ha puc. 8a.

Ecuii cHexKHast TOBEPXHOCTh OCBellleHa paBHOMEP-
HO, TO OCBELIEHHOCTb MO3aUKH YBEJMUMBAETCS K Kpa-
M. DTO yBeJHUEHHE OTIpeJIeeTCss TeOMeTPHEN ONMTH-
YeCcKOH CXeMbl M JIOJKHO YUMTHIBATbCS KaK ellle 0JIHO
McKaxkenue cepuyeckoro 3epkasa. Mrorosas 3aBu-
CHMOCTb OTHOCHTEJIbHOH OCBELEHHOCTH & (p), HOPMH-
pOBaHHAasi HA MAaKCUMaJIbHOE 3HAUEHHe, NPe/ICTaBIeHa
Ha puc. 86. [Togpo6GHocT pacyeTa MOXKHO HAHTH B
cratbe [27].

4.3. Paznenenne nepBHYHbIX 4aCTHI] 10 Macce
JUIS1 JIMBHEH, OJIU3KHX K BEPTUKAJIbHBIM

BaxHoii ocob6eHHocTbio Tesieckona COEPA-2 sB-
JIsleTcsl cnocOGHOCTb BHJETh MSITHO UYePEHKOBCKOTO
cgera ot [IIAJI Ha cHery ¢ mpocTpaHCTBEHHBIM paspe-
nieHuem 30—80 M B 3aBMCHMOCTH OT BbICOTHI HA0JII0-
nenusi. [IpocmaTtpuBaemasi uacTh MOJHOH MJIOLIANM
nsTHa yepeHkoBckoro cBera IAJI cocrapasier oko-
510 30%. OcobGeHHO BaxkHA BO3MOXKHOCTh HAaOJIO1aTh
006J1aCTb NSITHA BOJIM3M OCH JIUBHSI PAJUYyCOM OKO-
Jgo 150 M, Hecyllyto 1IeHHYI0O MH(pOPMALMIO 0 Macce
MepBUUHON YaCTHLbl. Y MPOEKTUPYEMOrO TeJlecKora
COEPA-3 uucsio nukcened Mo3ankd OyaeT Cylle-
CTBEHHO 60Jibllle, a pa3MellleHbl OHH GYIyT MJOTHee,
UTO YBEJIMUUT MPOCTPAHCTBEHHOE pa3pellieHue Tejie-
CKoma M J0J10 HabJoaeMol muoland nsitHa. Kou-
CTPYKLIMIO TeJIeCKOTa U aJIrOpUTMbl 00paboTKu o6pa-
30B MpeJANoJaraercsi onTHMU3UPOBATb HMEHHO OTHO-
CUTEJIbHO 3a]auM pas/iesieHusi COObITHH 110 MEPBUUHOH
macce.

[lepBble KpUTepHasbHbIE TapaMeTpbl, OCHOBAHHbIE
Ha HEMOCPENCTBEHHbIX U3MEPEHHUSIX U UYBCTBUTE/IbHbIE
K MEepPBHUHON Macce, OblJIM HaliJleHbl elle 10 Haua-
Jga pa6otbl Teseckona COEPA-2 [25]. DTtu napa-
MeTpPbl MCIO0JIb30Ba/IM XapaKTepHoe MOBeJeHHe Mpo-
CTPAHCTBEHHOIO pacnpeaesieHusl YePeHKOBCKOIO CBe-
ta LIAJI: B cpeaHem, KpyTH3HA pacripeiesieHUsi B
NpUOCEBON 00JIACTH YMEHbIIAETCSI C POCTOM MAacCChl
MEPBUUHOrO §1/Ipa NPU OJHOH W TOH 2Ke MEepPBUUHON
sHeprud. [aBHas npoGJiemMa pasziesieHus JHUBHEH Mo
NePBUYHON Macce COCTOMT B HaJIMUMM KacKaJHbIX
(hJayKTyalui, NpUBOAALLMX K CYLIECTBEHHBIM OTKJIO-
HEHUSIM KPYTH3HbI OT CPEeIHUX 3HAUEHHUH.
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Xopoluuii KpuTepuasbHBbIH MapameTp MO3BOJISET
OLIEHUBATh MEPBUUHYIO0 MACCY C MUHUMAJIbHOH OLIMO-
KOH JuIsl 3a/laHHbIX YCJIOBHUH 3KCepUMeHTa (KOH-
CTPYKLHMH AETEKTOpa, reOMETPUH U3MEPEHHH, YPOBHS
¢oHa u T.n.). JLs 3TOro OH JIOJ2KEH Y/0BJIETBOPSITH
cJIelyIoLLHUM TpeOOBaHUAM. Bo-1epBbIX, OCHOBBIBATb-
Csl Ha HEMOCPE/ICTBEHHO U3MepsieMbIX XapaKTePUCTH-
kax IIAJI unu BbluMC/ISieMbIX Ha HX OCHOBAHHMH C
MHHHUMaJIbHBIMH NTPHOJIHKEHHAMU. Bo-BTOpBIX, BbIpa-
’KaThCsl Yepe3 MHTErpaJibl OT H3MEPSIEMbIX XapaKTepH-
CTHK, UTO YaCTHUHO MOJABJSET BAUsIHUE DIIyKTyalHi
curHasia u ¢ona. B-Tperbux, oCHOBBIBATLCS Ha TMO-
KazaTessix popMbl U3MepsieMbIX pacnpenesnenui. [To-
cJle[lHee CBOHCTBO MO3BOJIET 3HAUMTEJBbHO CHU3HUTb
3aBUCHMOCTb Pe3YJIbTHPYIOLLEr0 KPUTEPHSI OT MOJIEJIH
SIIEPHOTO B3AaUMOJICHCTBHSI, KOTOPAsi BHOCHT Cyllle-
CTBEHHYIO HEOIpPeJeJeHHOCTh MPH OlleHKe MEePBUUHOH
Macchol.

g o6paboTkM  pe3yJbTaToOB  3KCIEPUMEHTA
COEPA-2 wucnosb3oBajicsi KpUTepHaJsbHbIA Mapa-
MeTp, SBJSIONIMACSH OTHOLIEHHEM WHTErpajoB OT
AKCHANbHO-CUMMETPUUHOH  annmpoKCHMAlMK  ToMe-
peuHoro pacrpesenenus yepenkosckoro csera [IAJ]
Ha CHEXKHOM MOBEPXHOCTH M0 JIBYM 00J1aCTSIM: KPYry ¢
LEHTPOM Ha ocH W paauycom 70 M M oKpyxKatolemy
€ro KoJiblly ¢ BHelllHUM paamycoMm 140 m [25]. Ha
6ase 3TOro napameTpa yjaajochb pasjiesuTb BCe sijpa
Ha JIETKYI0 M TSKeJyl KOMMOHeHTbl. [yt sToro
MPULIJIOCH MPUBOJAUTL TIOTEpPEeUHOe pacrnpeseseHne
1300pakeHUs1 Ha MO3aMKe K MorNepeyHoMy pacrpejie-
JIEHUIO Ha cHery. B HacTosilLee Bpemsi ujet paboTta Hajl
KpUTepUaJbHbIMA TapaMeTpaMHd, OCHOBAHHBIMH Ha
thopme M306parKeHUsT HEMOCPEICTBEHHO HA MO3aHuKe.
HoBble mapameTpbl cTposiTcs I/ LEJNEBbIX AUana-
30HOB mepBHuHbIX NMapamerpos COEPA-2, a rakke
JUIs auanazoHoB, nuanupyembix aas COEPA-3.
[TockosbKy OlleHKa MEpPBUYHOM Macchl BbiOpaHa B
KauecTBe BejylleH 3aaaud HOBOTO 3SKCIEPUMEHTa,
CpaBHEHHE pe3yJsbTaToB KJaCcCH(pHUKALMH COObITHH
M0 MepBUUYHOM Macce Il pa3HbIX BAPUAHTOB KOH-
CTPYKLMH JIETEKTOPa MO3BOJSET 3Ty KOHCTPYKIHUIO
ONTHMH3UPOBATD.

Ha 6asosbix sapax (1H, N, *Fe) omu6ku knac-
cuukauuu aas jgerekropa COEPA-2 cocrapasiior
okosio 0.30 (puc. 9), npuueM yaasoch MOCTPOUTH
KPUTEPUH, Y KOTOPBLIX 3TH OLUMOKM MPAKTHYECKH He
3aBUCST OT MOJIEJIH SIIEPHOTO B3aUMOJEHCTBUS (OblIH
paccmotpenbl Mojesn QGSJETOL u QGSJETII-04).
Hanubie COEPA-2 6ynyt nepeo6paboTaHbl ¢ TTOMO-
11IbI0 HOBBIX KPUTEpUAJbHBIX MAapaMeTpoB, TPH 3TOM
OyJlleT peasiM30BaH MOCJ€e10BaTe/bHbIH HHAMBHLyaJ b=
HbIH MOAXOJL: JI/151 KazKJ10r0 COObITHS OYyT MOCTPOEHbI
OLEHKH BCeX TNepBHUHbIX napamerpos. [locse sToro
JleJIeHHe Ha Tpymibl 0 Macce MOXKHO OyjeT MpoBo-
JIUTb TIO-Pa3HOMY, B 3aBUCHUMOCTH OT TOCTaBJIEHHOH
3ajaud. Bee ysyulieHust MeTog0B 06pabOTKH JTaHHbIX
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CHEPA-2 6ynyT pacnipocTpaHeHbl Ha COOTBETCTBYHO-
e metobl 11 COEPA-3.

YcoBeplieHCTBOBaHHE W ONTHMH3aLMUsS KOHCTPYK-
1 COEPA-3 no3BosiAT MOBLICHTH paspelleHue 1o
MepBUUHOK Macce 3a cueT ydyera psifia (akTopoB MpH
obpaboTtke. PaszBuTre MeTo0B 06pabOTKH MOKJIET 110
JIByM HanpasJieHHsIM. Bo-1epBbIX, Oy1yT yuTeHbl HC-
KaKeHHs1, BHOCUMbIE 3€PKaJIOM U KOPPEKTOPOM, U T10-
cTpoeHa GoJiee ajileKBaTHAas annpokcumaliis uzobpa-
JKEHHUs Ha Mo3auKe Teseckona. Bo-BTopbIx, Ha OCHOBe
Jiyutiiero npu6JimykeHusi hopmbl U306paxKeHUs1 OYyyT
HailleHbl ONTHMaJsIbHble KpUTepHaJsibHble MapaMeTpbl,
MaKCHMaJbHO YyBCTBUTE/bHbIE K TIEPBUUHON Macce, B

YaCcTHOCTH, OyAyT HCNPOOOBaHbI MHOTOMEPHbIE KpPH-
TEpUM, OCHOBAHHblE MHHHMYM Ha IBYX IpU3HAKaX-
nokazatessix Gopmbl nzobpaxkenus. B sTom ciyuae
pasznesienue COObITHUH Ha 3apaHee 3ajJaHHble TPYIIlbl
sZlep He sIBJISETCS LeJIblo: npolece KjaacchduKauuu
HY?KeH TOJIbKO [J151 BbIOOpa HauboJiee UyBCTBUTE/bHBIX
KPUTEPHAJBbHBIX TApaMeTPOB.

5. [IOMCK HOBbBIX METO1OB
JJI YJIYHIIEHWA BbIAEJIEHM
KOMITOHEHT ITKJI

B nerekrope COEPA-3 Gyner ncrnosnb3oBana or-
tHueckasi cucrema llImuara ¢ kKoppekrupytotiei cee-
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anmnpoKCHMUPOBAHbI AKCHAIbHO-CUMMETPUUHOH (DYHKIHEH, OTHOILIEHHE HHTETPATIOB OT KOTOPOH MO ONTHMAbHBIM 00JIACTSIM

COCTaBJIsIeT KpUTepHAJIbHBII TapaMeTp.

puueckyto abeppaluto JHH30H. B Takoii cucteme 1eH-
TpaJibHasl UyacTb 3epKasa He 3a/elHCTBOBaHa, TaK Kak
HaXOJUTCSl B TeHH OT (oTonpueMHUKa. dTa 00/1acTb
MO2KeT ObITb HCMOJIb30BAHA JI/IS PETUCTPALIMH TTPSIMOTO
UEpEeHKOBCKOr0 CBeTa uepe3 OTBEPCTHSl B 3epkadJe.
Pacuersl nokaswiBator, uto jiasi LHHIAJI or TIKJI ¢
sHeprueil 10 [15B noTok uepeHKOBCKOTO cBeTa CO-
crapasier ~150 dotonos na 1 cm? Ha paccrosiHuu
100 m ot ocu sinBHs1. C yueTom 3PPeKTUBHOCTH peru-
crpauuu potoHoB (PDE) SiPM ~40% u npu norepsix
Ha ONTHYECKHUX 3JieMeHTax 10 75% MOXKHO 3aperu-
cTpupoBaTh ~45 hotosnextporos ¢ 1 ecm?. Curnasl
OT TIPSIMOTO Y€PEHKOBCKOTO CBeTa M OTPaKEHHOTO
PErucTpUpPYIOTCSl OT/EJBHO, TaK KaK MPUXOAAT Ha Jie-
TEKTOp C pa3Hulled 3.3 MKC /sl BBICOThI JIE€TEKTOpa
500 m. [Tpu ouenke cocraa [1KJI nndopmanmio 06
MHTEHCHBHOCTH TIPSIMOTO U€PEHKOBCKOTO CBETa MOXK-
HO HCTOJIb30BaTh B JOMOJHEHHE K TaHHbIM 00 OTpa-
»KeHHoM uepenkoBckoM cBete. LIIAJI ot nepsuuHoro
MpOTOHA N0JKeH (POPMHUPOBATH CBETOBOE MSATHO Ha
thoTonpueMHUKe 6OJBLIEro YrJ0BOro pagmepa, ueM oT
slep KeJie3a Npu OJIMHAKOBOW MEPBUUHON SHEPTUU U
rjy0MHe MakcHMyMa pa3BHUTHSI KacKaja BTOPUUHbBIX
yactuil [28]. [Tnanupyercsi npoBejieHne UCCeN0BaAHUS
JUist onipejiesieHusi 3(h(HeKTHBHOCTH U 11e/1ec006pa3Ho-
CTH perucTpauuu MpsiMoro 4epeHKOBCKOro cBeTa /s
JIOCTHKEHH$ TIOCTABJICHHOMH 11eJIH MPOEKTA.
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Cnekrp uepenkoBckoro cera LIIAJI umeer wmpo-
Koe pacrpejiesieHde oT riy0oKoro yJabrpaduosera 1o
nHppakpacHoro. OnHako B nHppakpacHoil obJjacTu
€ro MHTEHCHUBHOCTb HE3HAUMTEJNbHA, a yJabTpaduosie-
TOBas morJioniaercsi cjaoem atMmocepnl. Tem He me-
Hee, yJbTpacHo/ieToBasi yacTh (JJIMHA BOJIHBI KOpoue
350 um) uepenkoBckoro cera IIIAJI npucyrctByer
B IIOTOKE CBEeTa, MPUXOJSILLEM Ha MOBEPXHOCTb 3eM-
Ji. DTOT CBET reHepupyeTcs 3aTyXatollMM KacKaaoM
HIAJI B HMXKHHX cJ0siX atMocepbl, Iie KOHLEeH-
Tpauus o30Ha He3HauuTesbHa. [Ipu sneprusix [1KJI
Boitie | [19B Takue “3aranyBuivecs” Kackajbl MOTYT
reHepUpoBaThCs MPOTOHAMH M JIeTKUMH sapamu. Ko-
HEUHO, 3TOT UePEHKOBCKHI CBET B YJIbTPA(HOJIETOBOM
JIanasoHe COCTaBJISIET MAJYIO J0J1t0 B 00IIEM TTOTOKE,
HO ero yjesbHasi 10Js B nproceBor obaactu [IAJI
MO2KET ObITb JJOCTATOUHOMH JJIs1 perucTpauuu pazpada-
ThIBaeMbIM JIeTeKTOpoM. Kak mpaBusio, coBpeMeHHbIe
JIETEKTOPbl UEPEHKOBCKOro cBeTa Haubosee 3hdek-
TUBHO perucTpupytoT oosactb 400—500 um, rie PIAY
1 SiPM uMelT MakCHMaJlbHYI0 UyBCTBHUTEJbHOCTD.
J1ns1 Bble1IeHUS YIbTPA(HOIETOBONH KOMITOHEHTbI Ue-
PEHKOBCKOro cBeTa B (hOTONPHEMHHKE MJIaHHpYyeTCs
ucnosib3oBath SiPM ¢ MOBbILIEHHOH YYBCTBHTE/NbHO-
ctbio B obusactu 250—300 HM Hapsimy ¢ OOBIYHBIMH
SiPM c¢ uyserBurensHocTbio ot 300 nm. Pacnonaras
5Tu 1Ba Tuna SiPM B maxmatHOM TopsiaKe, MOXKHO
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JuddepeHIHpoBaTh COCTABJISIIOIIME CBETOBOTO MOTO-
Ka uepenkoBckoro cera LIIAJI. /lanHas rumnoresa o
BO3MOKHOCTH MHCTPYMEHTA/IbHOTO BbIJI€J€HUS JIETKOH
komrnoHeHTbl [IKJI Oymer uccsenoBana Ha ocHOBe
MaTeMaTHUeCcKoro Moj1e/IMPOBaHHUSI.

6. SAKJIIOUEHHME

Paszpa6oranbl 06111Me MPUHIMITBL yCTPOUCTBA KOH-

CTPYKLIMH ONTHUeCKOH cucTeMbl ycTaHoBKH CPEPA-3.

Mner nouck onTUMalibHbIX MapaMeTpoB ONTHUYECKHX
9JIEMEHTOB JETEKTOpa: 3epKaJsa, KOPPeKTHPYHOLLeH
JIMH3BL, (hoTonprueMHuka ¢ SiPM u JIMH30BbIMU CBETO-
cOopHuKamu. McenenoBanbl xapakTepucTHKH 00pas-
LIOB FOTOBBIX JINH30BbIX cBeTOCOOPHUKOB. [IpoBeneHo
MoJle/IMpoBaHue oTkAMKa SiPM oT onHodoTOo3/1eK-
TpoHHOro cobbitusi. [Ipono/mkeHo moaenuposaHue ¢
LeJIbI0 TIOMCKA W YJyULleHHs] KPUTepPHEB BblICJeHHS
COOBITUA OT pa3HbIX TUIOB MEPBUYHBIX KOCMHYE-
cKux Jiyuer. Mjer mouck Hocuressi aJisi yCTaHOBKH
COEPA-3.

Hetekrop COEPA-3, peructpupytouiuii oTpazkeH-
Hblil ueperkoBckuil ceeT [IIAJI, o6ecrnieunt nosyueHune
HOBbIX 3HaHWH 0 XxuMudyeckoM coctae [TKJI B obsactu
sHepruii 1—1000 I1sB. B uactnoctu, npeanosaraercs
MOJYUUTh KCMEpPUMEHTaJIbHbIE JaHHbIE JJIS OTpee-
JIEHUsl NapUMaJIbHbIX CIIEKTPOB WISl HECKOJIbKHX TPYIII
[TKJT (nmpotonsl, rpynnsi CNO u Fe) B o6aactu
suepruit 1—1000 [15B na ocHoBe 06pabOTKYM MHIMBH-
ayasbhbix cobbithil [ITAJI. annbie o cocrase TTKJI
B YKA3aHHOM JlMana3oHe 3Hepruil OyayT UMeTb omnpe-
JleJisifoliiee 3HaueHUe Npu BbIOOpe MOJIe/IH Mepexoia oT
rajJakTHUeCKHX KOCMHUECKHUX Jlyueli K SKCTparajakTh-
YeCKHM, UTO, B CBOIO OU€pPe]ib, BAXKHO J/151 TOCTPOEHHUS
r7106a/1bHOH KapTHUHBI YCKOPEHHsI U paclpoCTpaHeHUs
KOCMHUECKHX Jiyuer Bo BeesieHHOT.
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STUDY IN 1-1000 PeV RANGE

D. V. Chernov'), C. Azra?, E. A. Bonvech!, V. 1. Galkin'? V. A. Ivanov?, V. S. Latypova?,
D. A. Podgrudkov!?), T. M. Roganova')

D Skobeltsyn Institute of Nuclear Physics of Lomonosov Moscow State University, Russia
2 Faculty of Physics, Lomonosov Moscow State University, Russia

The primary cosmic ray composition in the 1—=1000 PeV region is an important field in the study of
cosmic ray origin and propagation. Based on the SPHERE-2 balloon installation operating experience
the SPHERE-3 installation with a higher aperture and a better optical resolution is being developed. This
paper presents the current status of work on the detector design, its optical system, recording equipment
based on silicon photomultipliers, as well as a system for recording and collecting experimental data.
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