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BBenenune

AKTYaJIbHOCTH

O cylecTBOBaHUM HEHUTPUHO HM3BECTHO YK€ JOCTaTOYHO AaBHO. HoBas wacTtuia
Obuta J00aBiieHa K MPOTOHY W 3jekTpoHy B 1930r. B. Ilaynu [1] mis oObsicHeHwMS
HENPEPBHIBHOCTH CHEKTpa OeTa-4acTUl] U OOBACHEHUS «HEMPABUIBLHOW» CTATHUCTUKH SAEP
azora u JutHs. Ha skcniepuMeHTabHOE OTKphITHE HeUTpuHO yiuio ~20 net. @. Palinecy u
K. Koysny [2] ymamoch HaOmomaTh peakiuioo oOpatHoro Oera-pacnana (OBP)
V. +p > n+et. HUcrounukoMm HelTpuHO nocayxkuin peakrop P B Casanna-Pusep.
HecMoTpst Ha TO, 4TO M C MOMEHTa TMpEACKa3aHUsl, U TOCIE DKCHEPUMEHTAIBHOIO
HAOJIIO/IEHUST TIPOIIIO YK€ JOBOJIBHO MHOTO BPEMEHH, U HEKOTOpbIE CBOMCTBA HEUTPHHO
U3BECTHBI JIOCTATOYHO XOPOIIO, U Y HEUTPUHO €CTh CBOE MecTo B CTaHIapTHOW MOJEIH
(CM), TeM He MeHee BOMPOCOB O TOM, KAaK YCTPOEH HEWUTPUHHBINH CEKTOp (U3HKHU
AJIIEMEHTAPHBIX YaCTHUL €1I€ OYEHb MHOTO.

CnoXHOCTh B M3YyUYEHUU HEUTPUHO, HAYMHAS OT MPOCTO PEruCTpallMd YaCTHII,
CBSI3aHbl C MajbIM CEUYEHUEM B3auMOJEWCTBHS. Hampumep, ceueHne B3aMMOJCHCTBUS
AHTUHEITPUHO C SHeprueil mopsaka Heckolbkux MbdB ¢ mportoHom ~107**cm?. Ho, ¢
JPYroi CTOPOHBI, 3TO XK€ OOCTOATEIBCTBO AAET U HEKOTOPOE MPEHMYIIECTBO, KOTOPHIM
MO>KHO BOCIIOJIb30BaThes. HellTpuHO, posuBIleecs B pe3yiabTaTe MPOLECCOB CIOXKHBIX IS
HaOJII0/ICHUS U3-3a YAAIEHHOCTH (MPOIECCHl B KOCMOCE) WJIM HEIOCTYITHOCTH (aKTHUBHAs
30Ha peaKkTopa, IIyOOKHE CIoM 3eMJIM), MOXKET JaBaTh HEUCKAKEHHYIO HH(GOPMAIUIO
HEIMOCPEJICTBEHHO 00 3TUX Mpolieccax. Takxke Onarogaps ToMy, 4TO €€ MHOTHE CBOMCTBA
HEHUTPUHO OCTAIOTCA HEYCTAaHOBJIEHHBIMH, UX UCCIIEIOBAHUE IO3BOJISIET PACCUMTHIBATH HA
NOJIyYEHHUE Pe3yJIbTaTOB, KOTOPBIE HE ONUCHIBatOTCA B CTaHAAPTHON MOJIEIH.

OnaHuM U3 TakuX pe3yJbTaTOB ObLIO OTKpBITHE >PdeKTa OCHMILIAIUNA. XIIOPHBIN
skcniepumenT P. J[oBuca [3] mokasan cymiecTBeHHBINH AeDUIUT AIIEKTPOHHBIX HEUTPHHO,

POOAUBIIUXCA Ha COHHH@ B TCPMOAACPHBIX PCAKIUAX M 3apCTHUCTPHPOBAHHBIX Ha 3emie
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XJIOP-aprOHHBIM JIETEKTOPOM, [0 CPABHEHUIO C MpenckazaHueM CTaHIapTHOM COJIHEUHOU
mojienid (CCM). DKCHEpUMEHT TPOJOJIKAJICS B TCUCHUE JUIMTEIILHOTO BPEMEHHU (MEXIy
nepBoi myoOnukanuend u UToroBoil mpomuio 30 JeT), u B pe3yibTare U3MEPEHHBIN MOTOK
COJIHEYHBIX HEUTpHHO cocTaBunl 2.56 + 0.1644, * 0.164,,SNU [4], rne SNU (solar
neutrino unit) — CcKopocTh 3axBaTa COJIHCYHBIX HEHTPUHO aToMaMHu JCTEKTOpa,
1SNU = 1073¢c tarom™!. CranmaprHas comHeyHas MoOjeb, KOTOpas TaKkKe BCE 3TO
BpEMsI yTOUHSJIACh M NOJATBEPXKAAIACh B JIPYTHUX 3KCIEPUMEHTAX, MpEACKa3blBajla IS
nerektopa P.JI»Buca mnotox 7.6713SNU [5]. Meron peructpanum HeHTpuHO,
UCIIOJIb30BaHHBIN B dkcriepumente P.J/[pBuca Opun1 mpemnoken b. [loHTekopBo, OH ke
coBMecTHO ¢ B. ['puOoBbIM TpPENsOXUI THUNOTE3Y CMEIIUBAHUS AJIEKTPOHHOIO U
MIOOHHOTO HEWTPUHO 10 AHAJIOTMM CO CMEIIMBAaHUEM B aJPOHHOM CEKTOpE s
00BsICHEHUS pe3yJibTata, Habmogaemoro JIaBucoM [6]. SIBneHue cMenMBaHUs TPUBOINUT K
3 PeKTy OCHMIUIAIMNN, TO €CTh K Mepexoay HeUTpuHO oaHoTo THNa ((eiiBopa) B Apyroi.
Takum 006pa3oM MOSIBISETCA HEHYJIEBas BEPOATHOCTb PETUCTpalMU HEHTpuHO Tumna B B
MOTOKE HEUTpPUHO THUMa A, POIUBIIMXCA B KAKOM-THMOO HCTOYHHKE. DTa BEPOSTHOCTH
U3MEHSETCS C PpPACCTOSHUEM OT MCTOYHHMKA MO0 TMEPUOJUYECKOMY 3aKOHy, 4YTO H
MPOSBIISIETCS B JE(UIIUTE COTHEUHBIX HEUTPHUHO, KOTOphId HaOmonan P. J[sBuc. To ectb
YacTh 3JEKTPOHHBIX HEUTPUHO, pojuBiIuxcs Ha CojHIE (HEUTPUHO IPYTUX THUIIOB Ha
CouHile HE POXKIAIOTCS ), TOCTUTast 3eMIIU, TIEPEXOJIUT B MIOOHHBIE HEUTPUHO, KOTOPBIEC HE
B3aMMOJEHCTBYET C BEIIECTBOM AeTeKkTopa Jl3Buca.

[IpeackazanHoe B CM U 53KCHEPUMEHTAIBHO OOHApPYKEHHOE CYIIECTBOBAaHUE
HEUTPAJIBbHBIX TOKOB IOJCKA3aJI0 WACK MOATBEPKIAEHUS TMIOTE3bl 00 OCHMJULILUAX H
oObsicHeHust nedunmra HeTtpuHo ot CojHIA BHE 3aBUCMMOCTH OT pacu€étoB CCM.
Peakiust uepe3 HeMTpaIbHBIN TOK V, +d — p +n + v, UMEET OAMHAKOBOE CEUCHHUE ISl
BCEX HEUTPUHO U IMO3BOJISIET HE3AaBUCHUMO PETUCTPUPOBATH IOTOK HEMTPUHO BCEX THUIIOB, a
peaKkius yepe3 3apsHKEHHBIN TOK V, +d = p + p + e~ TOJbKO 3JIEKTPOHHBIX HEHUTPHUHO.
Peructpauus uelitpuno ot CoyiHIIA AETEKTOPOM Ha TSKENOW BOAE C MOMONIBIO 3THUX

peakuuii (a TakXkKe peakUMu YOPYroro paccessHusi HEUTPUHO Ha DJJIEKTPOHE) B
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sxcriepumente SNO [7] mokazano geHIHT TOJNBKO B MOTOKE AJIEKTPOHHBIX HEUTPHHO, a
MOTOK HEUTPUHO BCEX TUIIOB MPEBBIIIAN €r0 MOYTH B TPU pa3a, PU 3TOM COOTBETCTBOBAI
u CCM, 1 MOJIeNTM HEUTPUHHBIX OCIUIUISIIIUH.

['unore3a ocuwuisiuuii  ObUla  HE3aBUCHMO TOATBEPXKIEHa HU B JAPYIHX
OKCIIEPUMEHTAX C COJIHCYHBIMH HEUTpuHO [8-12], m B HaOMrOIEeHUSAX 33 HEUTPUHO,
poauBIuxcs B atMocdepe [13,14], Takke B IKCIIEPUMEHTE C PEAKTOPHBIMU aHTUHEUTPHHO
[15-18] u HeliTpuHO, pOXKAEHHBIX HA ycKopuTesix [19-21].

CaMbIM BaXHBIM CIICACTBHEM U3 HaOmroAeHUs 3PdeKTa OCIIUIAIUN HEHTPUHO
SBJIIETCS] HAIMYUE Y HEUTPUHO MACCHI, MOCKOJIbKY Pa3HOCTh KBAJPAaTOB MACC OMPEIEISIET
4acTOTy OCHWUISIUMA U MPU HYJIEBOM 3Haue€HUU Macchl 3¢ dexra Obl He HaAOIII0ATOCH,
torga kak B CM 3T yacTHIIBI IPEaNnoIaraauch 0e3mMaccOBbIMH.

CpaBHUBas MOJIHYIO MIUPUHY pacnajia Z-0030Ha U NaplHalbHbIe ITUPUHBI BUAUMBIX
MOJI pacmaja (Ha mapbl KBapK-aHTUKBAPK WM 3apsKEHHBIN JIEITOH-aHTUJIETITOH), MOKHO
MOJIyYUTh OIEHKY Ha KOJMYECTBO AKTHBHBIX HEUTPUHO, YYACTBYIONIUX  BO
B3aUMOJIEHCTBUAX, omuchbiBaeMbix CM: N, = 292 + 0.05 u3 npsMbIX H3MEpeHUin
BUAMMOI mHpHHBI pacraga Z-603oHa (N, = 2.996 + 0.007 u3 dutnpoBaHUs NaHHBIX
LEP-SLC) [22]. B HacTosimuii MOMEHT 3KCIIEPHMMEHTaIbHO OOHApY)KEHBI BCE TPH THIIA
HEUTPUHO ¥ aHTHHEUTPUHO, onucaHHbie B CM. DKCniepruMEeHTAIBHO TIOYYEHBI MIOYTH BCE
napaMeTphl, CBSI3aHHBIE C OCIMUISIUSAMU AKTHUBHBIX HEUTPUHO: 3HAYCHHS Pa3HOCTU
KBaJIpaTOB MacC M BEIECTBEHHbIC MapaMeTpbl MaTpHIlbl cMemuBaHug. Ho ocrarorcs
HEU3BECTHBIMH CaMHU MAacChl (CYHIECTBYIOT TOJBKO OTPAaHMYEHHUS HA MAacChl OTAEIbHBIX
TUIIOB M Ha cyMMmy Mmacc). Kpome TOro, HeW3BECTHON Ha JAaHHBIH MOMEHT OCTaETCs
uepapxuss macc, (aza CP-mapymenuss — emé oauH mapameTp MaTpPUIlBl CMEITUBAHMSI,
JTUTIOJIBHBIA ~ MOMEHT. Heu3BecTHO Takke SBIACTCS JU HEUTpUHO (HEepMUOHOM
JUPAKOBCKOIO UM MallOPaHOBCKOTO THIIA.

Kpome ToOro, cymectByeT psii SKCIEPUMEHTAIBHO HAOMIOJAEMBIX aHOMAIUH

(1IOCTOBEpPHOCTh OTAENBHBIX HAOMIOJEHUNH ~3—5 CTaHAApTHBIX OTKJIOHEHWI), KOTOpHIE
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MPEANnojaraloT pacliupeHue HEUTpUHHOM Mojenu ¢ Tpems QuieiiBopamMu 100aBlIeHUEM

€€ OTHOTO TUIIA HEUTPHUHO.

l.

B yckopurenpabix 3kcnepuMentax LSND [23] u MiniBooNe [24] 6bi1 oOHapyxeH
M30BITOK 3JICKTPOHHBIX HEHTPUHO (AaHTUHEHTPUHO) B TMOTOKE MIOOHHBIX HEHTPUHO

(aHTMHEHTPHHO), KOTOPBIE HENB35 OOBACHUTD NPAMBIMH OCLHMIIIALUAME V), = V.

B skcnepumentax SAGE [25] w GALLEX [26] nmpu mpoBepke 3ddekTuBHOCTH
TaJJTMEBbIX JIETEKTOPOB M30TOMHBIMU HCTOYHHKAMHU SJEKTPOHHBIX HEUTPUHO ObLI
oOHapykeH He(UIUT HEUTPUHHBIX COOBITUH TIO OTHOIICHHUIO K OXUIAEMOMY
3Ha4YeHU0. [[aHHBIN pe3ybTatT Moayuns Ha3Banue ['amueBor anomanuu (I'A).

HoBble pe3ynbTaThl pacy€ToB CIIEKTpa aHTUHEUTPUHO[27,28] OT peakTopoB MoKa3asw,
9TO HEUTPUHHBIA TOTOK JOJDKEH OBITh OOJbIE, YeM H3MEPEHHBIM B PEAKTOPHBIX
HKCIIEPUMEHTaX C KOPOTKOW 0a3oi, TO ecTb HaOmogaercs AeUUIUT PEaKTOPHBIX

aatuHeiiTpuHO [29]. Takum oOpa3om, ObuTa 3asiBiieHa PeakTopHas aHTHHEHTpPUHHAS

anomanus (PAA).

Bce Tpu anomanuu MOXHO OOBSICHUTH CYIIIECTBOBAHUEM UYETBEPTOTO THUIA HEUTPUHO
— crepwibHOTO. [Ipeamnonaraercs, 4To y CTEpUIBHOTO HEUTPUHO CEYEHHUE B3aUMOACHCTBUSA
¢ vactuuamu CM emé MeHblle, MOTOMY Ha JAaHHOM JTale ero HemocpeiCTBEHHas
perucrpauus He MnpeacTaBisieTcs Bo3MoxHOW. Ho 3a cu€r cmemmBaHusi C¢ Tpems
bneitBopamu HeirTpuHO 13 CM MOryT HaOIIOIATHCS OCHUIUISIIIMOHHBIE 3 (PEKThI, KOTOPHIC
B TOM UYHCJIE IPOSBIIAIOTCS KaK MEPEeUMCICHHBIE BbILIE aHOMAJIUU.

Kpome Toro, Ha cymiecTBOBaHHWE CTEPHJIHHOTO HEHUTPUHO MMEIOTCS M HEKOTOPHIE
Oonee cnabble yka3zaHus (Ha ypoBHE aocTtoBepHocTd ~90%) clienyroniue M3 aHaau3a
naHHbIX 9kcriepumenToB T2K [30] u IceCube [31].

OTKpBITHE CTEPWIHHOTO HEUTPUHO OYyJIeT O3HAauaTh IMEPBOE IKCIEPUMEHTAIHLHOE
oOHapy>XeHHe HOBOW 4YacTHullpl, KoTopoi HeT B CrangaptHod moxenu. Kpome Toro,
OTKPBITUEC HWMEHHO JIETKOTO CTEPWJIBHOTO HEHUTPUHO C JOCTATOYHO OOJBIIAM YTIOM

CMEIIMBAaHUS TOBJICUET 3a COOOW Takke HEOOXOAMMOCTh TMEPECMOTpa U CTAHIAPTHOU
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kocmosiorndecko moaenu ACDM, u CtangapTHON COTHEYHOW MOJICNIH, a TAKXKE YKaXET

Ha JUPAKOBCKYIO IPUPOY HEUTPUHO.
Heab padoThl

Lenpto paboOThl SBISETCSA OINpEAeNiCHHE MapaMeTpoB OCHUJUIALMA 3JIEKTPOHHOTO
AHTUHEUTPUHO B CTEPUIIBHOE COCTOSIHHE, JTUOO YCTAaHOBJICHHME BEPXHUX OTPaHUYEHUI Ha
HUX U 3aKpPBITHE TaKHUM 00pa30M BO3MOXKHOCTH OOBSICHEHHS HAOIIOJAEMBbIX aHOMAIUU C
NOMOIIBIO THUIOTE3bl CTEPUIIBHOIO HEUTPUHO ¢ Maccol ~I13B. Ilpu sTOM naHHBIN
pe3yNbTaT J0JDKEH OBbITh MOJIydeH O€3 MCIIONIb30BaHMS Pacu€ToB 0XKHMJIaeMOro MOTOKa U
0’KMJAEMOT'0 CIIEKTPAa AHTUHEUTPHUHO.

Jlnst  pemieHuss 3TOM 3aauyd  HEOOXOAMMO TMPOBEJAEHUE M3MEPEHUU CIEKTpa
PEAaKTOPHBIX AHTHMHEHUTPUHO OT HCCIENOBATEIBCKOIO peaKkTopa € MajblM pPa3MeEpPOM
AKTUBHOW 30HBI Ha PAa3JIMYHBIX KOPOTKUX paCCTOSHUSAX ~6-12 MeTpoB ISl BBISBICHUS
VMCKaXEHUH B CIIEKTpPAaxX B CIEACTBHE OCLHWUIALMU B CTEPUIIBHOE COCTOSHHE METOIOM
OTHOCHUTEJIbHBIX U3MEPEHH B YCIOBUAX (POHA HA TIOBEPXHOCTH 3E€MIIH.

TpeGoBaHre HE3aBUCMMOCTH PE3yJIbTaTa OT MOJEIU pacué€ra 0XKUAAEMOro CHEKTpa
TOBOPUT O HEOOXOAMMOCTH CpPAaBHEHMSI TOJBKO H3MEPEHHBIX CHEKTPOB, IJISI YEero B
DKCIIEPUMEHTE HCIOJIB3YETCsl NEPEABUKHOM CEKLUMOHUPOBAHHBIN JETEKTOp. JlaHHBIM
JETEKTOPOM HM3MEPSIOTCS IOTOK M CIEKTPbl AHTUHEUTPUHO HA PAa3HOU YNAIEHHOCTH OT
peakrtopa.

I'maBHBIM NpenATCTBUEM Ul PELICHUs 3a4a4d U3MEPEHHUs CIEKTpa aHTUHEUTPUHO
OT HUCCIIEJIOBATENILCKOTO PEAKTOpa SBISETCS TO 0OCTOSTENBCTBO, YTO peaktop CM-3, Ha
KOTOPOM MPOBOAUTCS MCCIEAOBAHUE, HAXOAUTCS HA MOBEPXHOCTU 3€MIIM, U MOMEIICHUS
JUIsL J1Ta0OpaToOpHil MOJBEPKEHBI CUIBHOMY BO3ACHCTBUI0O KOCMHYECKOTO H3JIy4Y€HUs, a,
CJIeIOBaTeNIbHO, U BCEM TeM MpobiieMaM, KOTOpbIE C ATHM CBs3aHbl. Takum 00pazom,
KOHKPETHOM 3aJayel SBJISETCA JIETEKTUPOBAHUE AHTUHEUTPUHO W OINPEHAECICHUS €T0

SHEPTUU B YCIOBHAX (DOHA HA TOBEPXHOCTH 3EMIIH.
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JleTekTUpOBaHWE AHTHUHEUTPUHO TMPOUCXOAUT uepe3 peakiuio OBP, sHeprus
aHTUHEUTPUHO ompeessieTcs no 3Hepruu no3utpona. [logasnenue pona ocyiiecTBisercs
pa3sTUYHBIMA METOJAMH: HCIIOJIh30BAHUEM MACCUBHOW M aKTHUBHOUM 3aIlUTHI, OTOOPOM
KOPPEJIMPOBAHHBIX COOBITUM, CEKIIMOHMPOBAHUWEM JIETEKTOpa U OTOOPOM COOBITHIA,

MMEIOLIMX XapaKTEPHBIE IS IPOLECCA PETUCTPALUA HEUTPUHO ITPU3HAKHU.
Hay4ynast HOBHU3HA

CeKLIMOHUPOBAHHBIM NEPEMEIIAEMBIM JIETEKTOPOM OBLIIM  U3MEPEHBI  CIIEKTPHI
AHTUHEUTPHUHO HA PA3HOM PACCTOSIHUU OT UCCIEA0BATEIBCKOI0 pEaKkTopa.

W3mepeHust CHEKTpPOB AHTHUHEHUTPUHO BBINOJIHEHO B YCJIOBUSAX JIaOOpaTopuu Ha
IOBEPXHOCTU 3€MJIM, a HE B CHEUUAIbHOM HHU3KO(POHOBOH MOA3EMHON JIabOpaTOpUM €
OOJBIIMM 3HaYEHHEM 3aIlIUThl B METPaxX BOJAHOTO HKBUBAJICHTA.

Hcnonp30BaHue CTaHAAPTHBIX METOAOB IOAABJIEHUS (hOHA: MacCHBHAs 3allMTa,
aKTHBHAs 3aIllMTa ¥ OTOOPOB KOPPEIUPOBAHHBIX COOBITHI B COBOKYITHOCTHU C pa3zelicHuEM
JETeKTOpa TMO3BOJWIO JNOCTHYb cooTHomeHus: 3pdext/pon ~0.5. CekuuoHUpoBaHHE
HEOOXOMMO JJIsl TOUHOTO MO3UIIMOHUPOBAHMSI MECTa B3aMMOAECHCTBYSI aHTUHEUTPUHO, HO
BMECTE C 3TUM AAET JAOMOJHUTENbHbIE KPUTEPUU 0TOOpAa HEUTPUHHBIX COOBITHI, KOTOPHIE
Jat0T BO3MOKHOCTb [TOJIaBUTh (DOH CITydaliHbIX COBMNAJIeHUH B 2.5 pa3a.

[IpennoxkeH MOJEIbHO HE3aBHCUMBIN aHAIW3 H3MEHEHHs (OpPMBI  CIIEKTpa
AHTUHEUTPUHO C PACCTOSHUEM HOPMHUPOBKOW HA YCPEOHEHHBIM II0 BCEM PACCTOSHUSAM
cuektp. [lomydeHHble B JKCHEPUMEHTE OTHOIICHHS YAOOHO MPEICTaBUTh B BUJE
3aBucuMoctd oT mepemeHHoud L/E, rme L — paccrossHMsT B MeTpax MeXAy TOUYKOU
POKJICHNs aHTUHEUTPUHO B AKTHMBHOW 30HE PEAKTOpPAa M TOYKOH, B KOTOPOW IPOU30ILIA
peakiusa OBP, a E — sHeprus antunertpuao B MaB. B Takoii opme yj100HO CpaBHUBATH
JKCIEPUMEHTAIBHYIO 3aBUCUMOCTD C 0’KMJAAEMOM IPH PA3JIUYHBIX 3HAYECHUSIX ITApAMETPOB
OCIUJUISIIIUN.

B pesynbrare wusmepenuit Obi1 oOHapyxkeH 5(G(EeKT OCHWUISIUNA Ha ypOBHE

noctoBepHocTH 2.76. To ecTh HaOmonaemas B pe3yibTaTe OTHOCUTENIBHBIX H3MEpPEHUil
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3aBUCHUMOCTh C JIOCTOBEPHOCTBIO HE MeHee 2.7 CTaHIapTHBIX OTKJIOHEHWH JIydllle
COOTBETCTBOBAJIA MEPUOJIMYECKOMY 3aKOHY, ONMHCHIBaIOIIEMY 3((PEKT OCHMILISALIUN, a He
KOHCTaHTE PaBHOW E€IMHMIIE, KOTOPAasi OTHOCUTCA K TMIIOTE3€ OTCYTCTBHUS OCLUMJUISILIMI B
CTEPUIIbHOE COCTOSIHUE.

[To popme 3aBuCHUMOCTH ObUIM OIpeneTeHbl MapaMeTPbl OCHMIUISAIUN 3JEKTPOHHBIX

AHTHHEHTpUHO B crepwibHoe cocrosune AmZ, = (7.3 +0.134 + 1.164,,)3B* n

sin? 260 = 0.36 + 0.1244;.
IIpakTHYeckasi 3HAYUMOCTb PadOThI

Pa3BuTHe METONOB JNETEKTUPOBAHUS HEUTPUHO, KOTOPOE TpeOyeTcs AJis PElICHUs
(GyHIaMEHTaIbHBIX 3aJa4, CBS3aHHBIX C OCHWUISIUSAMU B CTEPHIBHOE COCTOSIHUE,
CIOCOOCTBYET MPOrPeCCy U B PELIEHUH MTPUKIAIHBIX 334 C UCIIOJIb30BAaHUEM HEUTPUHO.

CrepwiibHOE HEUTPUHO KaKk HOBOE, YETBEPTOE COCTOSHHUE, KOTOPOE HE
B3auMojeiictByer ¢ yactuuamu CraHgapTtHoil Mopaenu u3BeCTHbIM 00pa3oM, SIBISETCS
yYKa3aHHEM Ha HOBYIO (PM3HKY, KOTOpas JOJDKHA BKJIHOYATh B CeOsl B3aMMOJCHCTBUS, HE

onucanubie B CTangaptHoit Mopenu.
IToJ10:keHus1, BBIHOCUMBbIE HA 3AIUTY

1. TIloka3zama  BO3MOXHOCTh HW3MEPEHHs]  3aBUCUMOCTH  TOTOKA  PEAKTOPHBIX
AaHTUHEUTPUHO OT PACCTOSHUS B JlManazoHe 6 — 12 MeTpoB B yCIOBUSIX Jaboparopuu
Ha TIOBEPXHOCTH 3emiu. M3mepeHHass 3aBUCUMOCTh TOTOKa OT PAaCCTOSTHHS
cooTBeTcTBYeT QpyHKIMH A/L? 6e3 3aMeTHBIX OTKIOHEHHIA.

2. Hcnonp3oBaHne KOMOMHHPOBAHHOW TIACCMBHOW 3aIlMTHI, AKTUBHOW 3alllUTHI C
JIOTIOJTHUTEIBHBIM 3alPETOM 10 BPEMEHH U CEKIITMOHUPOBAHUE JETEKTOPA MO3BOJISIOT
CYILLECTBEHHO MOJIaBUThH ()OH U MPOBOAUTH U3MEPEHUS CIIEKTPA aHTUHEHTPUHO.

3.  CekIuoHHPOBAHHBIN AETEKTOP AaHTHHEUTPHUHO HA OCHOBE KHUJIKOTO CIUHTHILIATOPA U
®3Y TOIBKO C OTHON CTOPOHBI CEKITMHU, HO 0€3 ONMTHYECKOTO KOHTAKTA MOXET OBIThH
UCTIONIb30BaH ISl W3MEPEHHS DHEPTruM aHTUHEUTPUHO, TaK KaK CBETOCOOp

MMPAaKTHYCCKN HC 3aBUCHUT OT MCCTAa CLHIMHTHJIJIALMH.
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4.  MoJenbHO-HE3aBUCUMBIM 00pa30M 0€3 UCIOIB30BaHUS PACUETOB 0KUAAEMOT0 YHciia
HEUTPUHHBIX COOBITHI OT PeakToOpa M YHEPreTUUYECKOI0 CIEKTPa C JTOCTOBEPHOCTHIO
2.7c Obu1 0OHapyxkeH 3P PEeKT OCUMIIALNNA aHTUHEUTPUHO B CTEPUIIBHOE COCTOSIHUE.

5. PaccMmoTpeHHBIE BO3MOKHBIE cHUcTeMaTndeckue 3()(eKThl He SBISAIOTCS MPUUYUHON
HAOJIIO/IEHUS 3aTyXalollel NepUoANYecKOl 3aBUCUMOCTH OT L/E oTHOmIeHus uucna
3apErUCTPUPOBAHHBIX HEUTPUHHBIX CHUTHANIOB ¢ ompeaenéuubiMu L u E
YCPEIHEHHOMY 10 BCEM PACCTOSHUSIM 3HAUEHUIO YKCIa HEUTPUHHBIX COOBITHI MpH

onpeneseHHoMm L.
Crpykrypa padoTsl

PabGota coctouT W3 BBeAEHUS, KPaTKOTO pPAaCCMOTPEHHUS SBICHUS CMEITUBAHUS
HEUTpUHO U 3P deKTa OCIMILUIANNNA, a TAK)KE COBPEMEHHOTO COCTOSHUS B 3TOW 00JacTH,
OMMCaHUs TIOATOTOBKM W  TPOBEACHHS  OKCIIEPHMEHTa, pe3yibTara  aHajin3a
AKCIIEPUMEHTATLHBIX JTAHHBIX U PACCMOTPEHHS CUCTeMaTndeckux 3(PQeKToB, CpaBHECHHS,
MOJIy4YEHHOTO B pabOTe pe3yibTaTa, C pe3yjbTaTaMu HEKOTOPBIX JPYTUX SKCIEPUMEHTOB,
3aKJIIOUeHMs, OrjarojgapHocTed, cmucka jutepaTypbl u3 103 cceuiku. B pabote 166

CTpaHulbl, /9 pucyHKOB 1 9 TaOHII.
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OkcnepumeHT HeiTpuHo-4 mnpoBOAMICS COTPYyAHUKAMHU J1abopaTopuu (U3HKU
Hertpona HULL «Kypuarosckuit uncrurym» - [IMAD noxa pykoBOACTBOM 3aBEAYIOLIETO
naboparopueii mpod. A.Il.CepebpoBa. Comckarenem OBUIM BBIIOJHEHBI PabOTHI 110
U3MEpeHNI0 (POHOBBIX YCIOBUH MOCJE TOJATOTOBKM TOMelIeHus jaboparopuu. Takxke
COMCKAaTeNIh TMPUHUMAJ ydYacTHEe B H3MEPECHHSIX HAa MAaKET€ CEKIUHU TPU TOJATOTOBKE
JIETeKTOpa, COBMECTHO C COTPYOHHUKaMH JabopaTopuu OCYIIECTBISUT KaIUOPOBKY
JIETEKTOpa U TOCIEAYIONME WM3MEPEHUs CIEeKTpa aHTUHEUTPUHO TMEPEeIBUKHBIM
neTekTopoM. J[ms 0OpabOTKU MaHHBIX COMCKATeNIeM ObUIO HAMKMCAHO BCE HEOOXOIUMOE
nporpaMMHoe oOecrniedeHre. Bech mocneayronmii ananu3 JaHHBIX, BKIIIOYas ONpeesieHrne
napamMeTpoOB OCHMIUISAIUHN, YPOBHEH JOCTOBEPHOCTH M TTOUCK CHCTEeMAaTHIeCKuX 3 (HEKTOB,

coucKaTesieM ObLI BBITIOJIHEH JIMYHO 1O pykoBoacTBOM mpod. A.Il. Cepebpona.
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I'naBa 1. Heiitpuno B CTaHjgapTHOI Moe/H U 3a eé npeaejsaMmu

CrangaptHas MoOJelb — TEOPHsl, ONMCHIBAIONIAs B3aMMOJECHCTBHE 3JIEMEHTAPHBIX
yactul. [Ipaktnuecku Bce npenckasanuss CrangaptHoid moxaenu (CM) moaTBep:KIaroTCs

9KCIICPUMCHTAJIbHBIMH JaHHBIMU.

1.1 Heiitpuno B CM

Helitpuno B CM — ¢depMUOH C HYJEBBIM 3JIEKTPUUYECKUM 3apsSOM U HE UMEET
LIBETOBOIO 3apsia, JAPYTMMHM CIOBaMM, HEWTPUHO HE YyYacTBYe€T B CWIBHOM U
3JIEKTPOMAarHUTHOM B3aUMOJEUCTBUSIX. HEUTPUHO — JIENITOH, KOTOPBINA B3aUMOJCUCTBYET C
apyrumu yacturiamu CM uepe3 3apsikKeHHbIE M HEMTpalbHbBIN clladble TOKH 4epe3 0OMeH
KaJIuOPOBOYHBIMM BEKTOPHBIMU Go30Hamu W* n Z°,

VYyacTie HEHUTPUHO TOJIBKO B CiaObIX Mpoleccax €ro OTIUYUTENbHAas 4epTa Io
CpPaBHEHUIO C IPYTUMHU dJIeMeHTapHbIMU dacTuiiamu CM. JlanHass 0cOOEHHOCTh HEUTPUHO
TaK)K€ ONpeNeNsieT M MaJIOCTh €ro CEYEeHHs B3aUMOJEHCTBUS H3-3a OOJBIION MacCChl
W*n Z°.

B CM Tpu aymiera KBapKOB M TPpH AyIUIETa JENTOHOB, KOTOPHIE BMECTE 00pa3yIoT
Tpu mnokoJieHusa. Takum o6pazom B CM Tpu THNAa HEUTPUHO, KOTOPHIE BMECTE C
COOTBETCTBYIOIIUM 3apsDKEHHBIM JIEITOHOM COCTaBJISIIOT JieNTOHHBIe nyonets. B CM
TaK)K€ BXOAST AHTUYACTUIIBI, KOTOpbIE HMMEIOT T€ € CHUH M Maccy, HO 00JaJaroT
IIPOTUBOMNOJIOKHBIM 3JIEKTpUYECKUM 3apsanoM. Tak CM onuchIBaeT U TpU aHTUHEUTPHUHO
V;, KOTOpbIe 00pasyrot aybnersl ¢ e, u*, T+ coorBeTcTBEHHO.

Vo, V)

Jlist KaKI0To JENTOHHOTO Ay0ieTa MOXKHO pacCMOTpeTh uucna Le, Ly, Ly, KoTOpbIe

paBHbl 1 i €7, ™, T~ U 711 COOTBETCTBYIOIIMX HEUTPUHO B KAXKJAOM IYIUIETE V,, Vi Vi,

W paBHBI —1 171 aHTUYACTHUIl. 3HAYCHMSI JICNITOHHBIX YHCeN MpuBeaeHbl B Tadmuie 1. Bo

BCCX BSaHMOHCﬁCTBHHX, KOTOPBIC OIIMCBIBAOTCA CM, 6y,ZIYT BBIIIOJIHATBCA 3aKOHBbI
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COXpAHEHUsl ATUX JIENTOHHBIX YUCEN, KaK U CIEAYIOIIUA W3 ATOT0 3aKOH COXPaHEHHUS
MOJIHOTO  jenToHHoro uwucma L = L, + L, + L; = const. BemonHenne 3akoHa
COXpaHEHUsl JIENTOHHBIX YHMCEJ O3HAauyaeT, YTO JIENTOHBI BCErJa POXKIAIOTCS B Tape C
AHTWJICTITOHAMH, WU, IPYTUMH CIIOBAMH, TPOMEKYTOUYHBIE BEKTOPHBIE 0030HBI (PEaTbHBIC
WJIM BUPTYaJIbHBIE) BCEr/la pacnajaroTcs Ha napy KBapK-aHTUKBAPK WM Ha Hapy JICTOH —

AHTUJIICIITOH.

Taonuma 1. JlerrouHsie unca.

L, LM L;
e ,V, 1 0 0
L,V 0 1 0
T,V 0 0 1

B cnaboMm B3anMoaeicTBUN HapylleHa P-WHBApUaHTHOCTh U BCE YaCTHULbI, KOTOPbIE
B3aMMOJIEUCTBYIOT Uyepe3 ciadble TOKU (M 3apsKeHHbIE, U HEUTpabHBIM) — JIeBbIE (TO €CTh
UMEIOT JIEBYIO KUPATBLHOCTD), TO €CTh B Ci1a0ble AyOIeThl BXOIAT TOJBKO JIEBbIE YAaCTHUIIBI.
@depMHOHBI, 00JIaJIal0NIUe AIEKTPUUYECKUM W/WJIM I[IBETOBBIM 3apsiioM, Y4YacTBYIOT B
CHWJIBHOM W/WJIM 3JIEKTPOMArHUTHOM B3auMojaeucTBuM. I[IpuyéM B3auMOIEUCTBYIOT H
JIEBBIE, U IIPaBble KOMIIOHEHTHI 3TUX 4YacThll. HENTPUHO HE y4acTBYET HU B CHIBHOM, HU
ANIEKTPOMATHUTHOM B3aUMOJIEHCTBUU, HO TOJILKO B €l1aOOM, MO3TOMY B3aUMOJIEUCTBYIOT
TOJIBKO JIEBBIE HEUTPUHO, a IPABble HEUTPUHO HE B3aMMOJCHUCTBYIOT HU C YEM, TO €CThb B
CM Hert npaBbIX HEUTpUHO. KpoMe 3T0ro, npaBble KOMIIOHEHThI YYaCTBYIOT B FOKABOBCKOM
B3aUMOJCHCTBUU CO CKAJSIPHBIM MOJIEM XUITCAa. JTO B3aUMOAECHCTBHE YEPE3 MEXAHU3M
Xwurrca (4epe3 CHOHTAaHHOE HapylEeHHWEe CUMMETpHUM) ompeaenser Maccy vactunam CM.
BceM kpomMe HEWTpHHO, MOCKOIBKY TpaBbix HelTpuHO B CM Her. Takum oOpaszoMm, B
CranapTHOM MOJ/IeNIM BCE€ HEUTPUHO CTPOro Ge3mMaccoBble. ITO BaXKHOE CIEACTBUE TAKXKE

BBIJICIISICT HEUTPUHO Cpein OCTaIbHBIX pepMroHOB CM.
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1.2  Ocowaasimum HeliTpuHo. Macca HeliTpuHo. CMelIMBaHWe HEHTPUHO

HNrak, B CM onuceiBaeTcs 3 THUIa HEWTPUHO C HYJEBOM Maccoil, U BO BCEX
IIPOLIECCAX BBINOJHACTCS 3aKOH COXPaHEHUS JIENITOHHBIX YUCEN.

Kak orMmeuanoch paHee, B MHOTOYMCJIEHHBIX 3KCHEPHUMEHTaX C COJHEYHBIMH U
aTMOC(EpHBIMU HEUTPUHO, B SKCIEPUMEHTaX Ha YCKOPUTENSX C JJIMHHOW 0azoil u B
HKCIIEPUMEHTaX C PEaKTOPHBIMM AHTUHEUTPUHO HaOmomaercs 3(PQeKT ocuuusauui —
nepexo], HEWTPUHO OJHOTO THMa B JApyroid. be3 moapoOHOro oOmwcaHWs HWCTOPHUH
HAOJIFOJICHUI ITOr0 SIBJIEHMS, OTMEUY JIMIIb, YTO B HACTOSIIEE BPEMs OCLUJUIALNU
HEHUTPUHO HAJE)KHO YCTAaHOBIEHHBIH 3(¢eKkT, KoTopblii He omuckiBacTcss B CM. B
MpoLECCEe MEPEXOIA HEUTPUHO W3 OJHOTO THUMNA B JIPYrOM MOJHOE JIENTOHHOW 4uCiIo L
COXpPaHAETCs, HO 3aKOH COXpaHEHWs JIENTOHHBIX uucen L., a = e, u, T Hapymaerca. Ho
0ojiee Ba)XKHBIM CIIEJICTBHEM CYILIECTBOBAHUS 3(PQeKxTa OCUMUIALUNA HEUTPUHO SIBISETCS
HEOOXOMMOCTh OTJIMYHOM OT HYJISl MacChl HEUTPUHO.

Db dexT ocunuIsIMii HEUTPUHO MOXKHO OMUCATh, MPEANOI0KUB, YTO YUACTBYIOIIUE
B ci1aboM B3auMMOJEHCTBUM (hIeHBOpHBbIE HEUTPUHHBIE COCTOSHUS IMPEICTABISIOTCS Kak
CYNEPHO3ULIMSI MAacCCOBBIX COCTOSHUH — COOCTBEHHBIX COCTOSIHUA T'aMMJIBTOHHAHA,
KOTOPBIM  OINHKCBHIBAET JBWKEHHE HEUTPUHO. TO €CTh HEUTPUHO PpOXKIACTCA W
JETEKTUPYETCsl Kak (pJIEMBOPHOE COCTOSHUE, a PACHPOCTPAHSAETCS KaK MacCOBOE, TaKUM
oOpazoM 3¢ ¢heKT CMENMBaHHS HEUTPUHO AaHAJIOTUYEH CMEIMMBaHUIO d,S, b-KBapKoOB.
[Tepexon ot maccoBoro 6asuca K (pIeBOPHOMY OCYIIECTBISETCS C MIOMOIIBIO YHUTAPHOM

MaTpHUuIbI U , DJICMCHTBI KOTOpOﬁ OIIpCACIIAIOT KOB(i)(I)I/IHI/IeHTBI CYICpIO3HUIIMH.
|Vi> zzUialva); |Va> ZZU;ilvi) U-I-U = UUT =] (1)
a i

B nanpueiimem OyaeM mpeanosaratb MacCOBbIE COCTOSIHHSI OPTOHOPMHPOBAaHHBIMU,

TaK ke, KaK 1 (JIeBOpHBIE.

(vilv)) = 815 (Valvp) = 8ap (2)
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PaccmoTpum poklieHue HEWTpUHO THNa & (TO €CTh, KaK YHNOMHHAJIOCh paHee, B
npoiiecce caaboro B3auMOJCUCTBUS, BKIIOYAIONIETO APYroi JENTOH TOrO K€ TUMA &) B

MOMEHT BpeMeHH t = 0 1 IpeICTaBUM €ro B MacCOBOM Oa3uce:

va) = D Uiyly) 3)
J)

B MoOMeHT BpeMeHM ¢ HEWTpHMHO, NOpoleauee paccrosHue L =~ ct, MOXKHO

NpEACTaBUTh TaK KC, KaK CYIICPIIOSUIINIO MaCCOBBIX COCTOSIHUU:

e = ., Uiy ) 0
J

MaccoBbl€ COCTOSIHUSI HU3MEHSIOTCS CO BPCMCHCM B COOTBCTCTBHUH C YPABHCHHCM

[IIpénunrepa:
i0¢|v;) = Hlv)) (5)
PemennemM 3Toro ypaBHEeHUsI B BUJE TUIOCKON BOJHBI OYyIEeT
Vi) = e—iE]'t Vi),
| J) | J) (6)

rne Ej — CcOOCTBEHHBIE 3HAYEHUS TraMuibTOHHMaHa H: H|vj> = Ej|vj>, Ej = /mjz + p]2 B

CIy4yae PENTUBUCTCKUX HEUTPUHO NpH Ej >> m; MOKHO CYMTaTh

2

m;
=1~ 7] ~ ~ J
7. ~ |p,| ~E B~ B+ (7)

Heiitpuno, KoTopble, Kak MpaBUjIo, MOTYT HAOIIOAATHCS B AKCIIEPUMEHTE, SIBIISIOTCS
penstuBuCTCKUMU. TeM Oosiee 3T0 OyJEeT CIpaBeIMBO JJIsl PEAKTOPHBIX aHTUHEHTPUHO,
PETUCTPUPYEMBIX B pEakuu oOpaTHOro OeTa-pacmaaa, MOpPOr KOTOPOM MJisi SHEPTUu
aHTUHEUTPHUHO cocTapisieT 1.8 MaB, mpu Tom, yTo Macca HEUTPUHO JOJIKHA OBITH MEHBIIIE

15B. Torna
Vo) = ) Vs ) ®
J

BeposiTHOCTB niepexo/1a HEUTPUHO TUMA @ B TUIT § OylET PaBHATHCS:
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P(ve > vg) = |(valve) | Z Ugj Ugje | = Z Ugj UpjUarcUpice ™ i F0" o)
j,k

Ucnone3yss (7) W OPTOTOHAIBHOCTH BEKTOPHBIX cocTosHUUM (2), W BBOIA
2 — 2 2 —
obosHaueHus Amy, = mj —my, P(va -V 3) = P,p nomyyaem

Pos(L,E) = z Us UgjUaeUpee ™ 2E (10)
ik

YuuteiBas yHuTapHOCTH MaTpuIlsl U(1), yaoOHee mepenucarh BHIPaXKEHUE B BHJIE:

. .o, (AmEL
Pup (L E) = 845 — 42 Re(Us; UpUaa U sin? (— 2
j>k

(11)

. .. (AmgL

+ ZZ Im(Ug; UgiUaiUgy) sin >F
j>k
B cayuyae @ = 8 dopmyina (11) ynporaercs u ajis BEpOITHOCTH P, uMeeM

2 , (Amp L

Pyo(L,E) =1 —42|Ua,-| | Ui |? Sln2< 1E (12)

J>k
Benmwunna L, = 4nE /Am k Ha3bIBACTCS JUIMHOW OCIUJIISALIUN.

Hns  momyueHuss (QopMynbl  BEpOSTHOCTH Tepexoja P(Va - 17[3) B cCllydae
AHTUHEUTPUHO OyAET CIpaBeIJIMB aHAJIOTHYHBIN oaxo. [lepexon oT MaccoBoro 6asuca K
(reiiBopHoMy  onmcwiBaeTcs  popmysor V) = XUy |17j), rae  Ko3(hOUIHEHTHI
CMEIIIHBAHHS TIOJTyICHBI KOMILTCKCHBIM COTIPSHKCHHEM COOTBETCTBYIOIIUX
ko3¢ duimenToB B popmysie (1) aas HEHTpUHO.

Torma dopmyna (10) as aHTHHEUTPUHO OYIET UMETh BH/I:

_lAmjsz
Paz(LE) = Zuaj Uy Uy Uge™ 28 (13)
Jk

[TpuBoas Ty dhopmyny k Buay (11) nomyyaem
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. . g Amg L
Pag(LE) = 845 — 4Z Re(U Upj Ui Upn) sin® |~
j>k
* * . mjk
— ZZ Im(Uaj U,BjUakUﬁk) sin T

j>k
Kak moxuno 3ameruth, oriaumume Mexay (11) m (14) cocroutr B 3HaKe Iepen
claraeMbIM C MHHMOW YacCThI0. DTO OOCTOSITENIBCTBO BaXXHO Jjisi m3Mmepenus ¢asbr CP-

P(vg—V g)—P(Vg—V
Hapymenns Ogp. Bemnumna CP-acummerpun Agp = PEV“_W £ §+nga—>vﬁ g MOXKET OBITh
a B a B

U3MepeHa B SKCIIEPUMEHTE C ITyYKaMH MIOOHHBIX HEHTPUHO W aHTUHEHTpUHO (@ = U, [ =
e), Kak, HanpuMmep, B akciepumente 12K [32].

Marpuna U HasbiBaeTcs matpuuet cmemmuBanus [lonTtekopBo-Maku-Hakarasa-
Cakara Uppys. DTy YHUTAPHYIO MATPUILYy YIOOHO NapaMeTpU30BaTh B BUJIE€ IPOU3BEICHUS
MaTpul] oBopoTa. B ciryyae Tp€x HeillTpuHO, kKoraa @ = e, U, T u j = 1,2,3, y Marpuusl
Upyns OyZeT 4eThipe HEe3aBUCHMBIX BEIIECTBEHHBIX Napamerpa: 6,, 0,3, 0,3 — Tpu yria

noBopoTa u §.p — paza CP-napymenus:

Upmns = U923 U913 Uelz

1 0 0 C13 0 s;ze7cP\ /¢, s, O (15)
=0 c¢y3 Sy3 0. 1 0 —S12 C12 0

rae c;j = cos6;;,s;; =sinb;;. 0;; € [0,m/2],6cp € [0,2m]. Taxxke uacTo MOXKHO

ij
BCTPETUTH 0003HAUEHUS yTJIa CMEMIMBAaHUS 01, KaK COJIHEUHOTO, 013 KaKk PEakKTOPHOTO H

0,3 xak arMmocdepHoro. B takoii mapamerpuzanuu matpuna IIMHC npunumaet Bua:

—i5
C12€13 512€13 S13e C¢P
_ is i8
Upmns = | —S12C23 — €12513523€"°CP  C15Cp3 — S1,51353€"0CP C13S23 (16)
is is
512823 — C12513C23€ "CP —C13823 — S12513C23€ " CF C13C23

Jlannast mapamerpusanus OyAeT clpaBeliMBa B Cllydae JUPAKOBCKOTO HEHUTPHUHO,

Ui MAalOpaHOBCKOI'O HEUTPUHO K TPEM YKA3aHHBIM MATPUYHBIM  MHOXKUTEISM

nobamisiercss emié oaHa Marpuna P = diag(einl,einz,l) C JBYMs TapaMeTpaMu
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maliopaHoBckux  da3z 7y, € [0,2w], Ha B TOCIHEYIOIIEM H3JIOKEHUH Oyaem
NPUAEPKUBATHCS TUIIOTE3bI TUPAKOBCKOTO HEUTPUHO.

JUis nanpHEHIIEero pacCMOTPEHMSI MOJIE3HO NOJMYUYUTh (OPMYJIbI ISl BEPOSITHOCTU
nepexoa0B B 0ojiee MPOCTOM ClIydae CMEIIUBAHUS JIBYX HEHTPHHHBIX COCTOSTHHM. YacTo
Takoe MpHUOIMKEHNE OKa3bIBAECTCS JOCTAaTOYHBIM JJI1 AaHajdu3a dSKCIEPUMEHTAIbHBIX
JAHHBIX W TNOJIy4EHMs 3HAYCHUHN MapaMeTpOB OCLHWUIALNUN U3 PE3yJbTaTOB U3MEpEHM. B
takoM cirydyae marputa [IMHC craHoBUTCS MPOCTO OPTOrOHAIBHON MaTPUIIEH MOBOpPOTa
Ha IUIOCKOCTH C OJJHUM BEIIECTBEHHBIM IApaMETPOM — yIJIOM CMEIINBaHUs O:

Upais = ( cos 6 sinG)

—sinf cos@ (17)

J171s1 BEpOSITHOCTH TIepexo/ia P(va -V ﬁ) dbopmyel (11) u (12) ynpormaercs 10

oo, (AmAL
P,z(L,E) = sin® 26 sin 15 (npu a # ),
(18)
_ . (Am2L
P,,(L,E) =1 — sin? 20 sin? (npua = B)

4F
Ha mnpaktuke ya00HO HCNONB30BaTh CHUCTEMY €OUHMI, B KOTOpPOM pa3HOCThb
KBaJIpaTOB MAacC HEUTPUHO U3MepseTcs B 3B2, paccTosHue B METpax, a DHEPTHs HEATPHHO

B MaB. Torna (18) nmpeobpasyercs B

Pys(L, E) = sin® 20 sin® (1.27Am2 [3B?] %) (a % B), N
P,,(L,E) =1 — sin? 20 sin? (1.27Am2 [382]%> (@ =p)

OtmeTuM eui€ pa3, uTO JAHHBIA CTaHIAPTHBINA BBIBOJ (POPMYJ IJIsl BEpOSITHOCTEH
NepPexXo0B HEUTPUHO U3 OJJHOTO COCTOSIHUS B APyroe ObUI ClieNiaH B MPEANOI0KEHUH, YTO
BCE MAaCCOBBIC HEUTPHUHHBIC COCTOSHHSI UMEIOT OJIH U TOT K€ ONpPeNeIEHHBI NMITYIIbC (7)
U HCUTPUHO JBMIXKYTCS CO CKOPOCTBIO OJM3KOW K CKOPOCTH CcBeTa, TO ecTh t = L (10).

bonee oOumii BbIBOA, MPUBOIAIIMI K TEM K€ pe3ysibTaTaM MOXHO HaliTH B paboTax

[33,34].
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IlepeiiiéM K MpOCTBIM BBIBOJAM, KOTOPBIE MOYKHO CHENATh, IVISAA HA IPUBEIEHHbIC

BbIILIE (DOPMYJIBIL:

1. Ocmmnsnuu He OyayT HaOIIOAAThCS, €CITU MacChl HEUTPUHO PaBHBI HYJIIO, TaK Kak
npu 5ToM Am?; = 0 = Pyp = 8yp.

2. Ilonnas BeposATHOCT g Pyg = 1. DTO CIEICTBHE YHHTapPHOCTH MAaTPHUIIBI
cmemBanus Uppyys. Takke 3TO O3HA4aeT, YTO NPH OCHMIUIALMIX COXpaHsETCs
MOJIHO€ YHUCJIO HEUTPUHO, OHU JUUIIb MEPEXOIAT W3 OJHOrO0 THNA B JAPYrod H
oOpaTtHO. To ecTh HapymiaeTcs TOJIbKO 3aKOH COXPaHEHMSs JENTOHHBIX uucen L;, a
MIOJIHOE JIENTOHHOE YHCIIO COXPAHSIETCS.

3. Ocumuisiiii  MOXHO HaOJ0JaTh, NETEKTUPYS HEUTPUHO TUNA & B TMOTOKE
HEUTPUHO THUMA [ OT HUCTOYHHMKA, U BEPOSITHOCTh TAaKOro Ipoiecca Oynaer
ompenensateess  popmynoir  (11).  Takme  SKCIEpUMEHTHI  HA3BIBAOTCS
HKCIIEPUMEHTAMU «HA TOsBJIeHUE». JIn00 MOXKHO HaOMIOAaTh U3MEHEHHE MOTOKA
HEWTPUHO THIIA @ ¥/WIIM CIIEKTPa HEUTPUHO TUTIA @ OT UCTOYHHKA (MM Ke OTIINIHE
MOTOKA OT OKHUJAEMOTO 3HAUYEHHS U CIIEKTPa OT pacCYUTaAaHHOU (GOpMBbI), B KOTOPOM
POXKIIAIOTCSI HEUTPUHO OBTOr0 e Tuma «. Takue HSKCIEePUMEHTHI Ha3bIBAOT
IKCMIEPUMEHTaMU «Ha Hcuye3HoBeHHe». [loTok u ¢opma cmektpa OyayT

OTIPENEISIThCS BEPOATHOCTHIO U3 (12).

B mHacrosmuii MOMEHT B pa3iM4YHBIX OKCIHEPUMEHTAX C COJHEYHBIMH U
aTMOoc(epHBIMU HEHUTPUHO, C HEHTPUHO, POKIEHHBIMUA HA YCKOPHUTENSAX M B PEAKTOPax
3QPEKT OCHMIIIAIMA TOCTOBEPHO OOHAPYXEH M ONpeAesieHbl MOYTH BCE MapameTphl,
ONpEACISIIOMe  OCHWIUIAIMK  TpEX  u3BecTHhIXx B CM  THUNOB  HEWUTPHUHO:
Am3,,Am3,,0,,,0,3,0,5 (TpeTuii mapameTp pa3sHOCTH KBaApPAaTOB MAcC HE SBISETCS
HE3aBUCHMBIM Am3; = Am35; + Am3,). 3HaueHMs JaHHBIX MapaMeTpoB B3aThl M3 PDG

[22] u npuBeaeHb! B TaOIHIIEC 2.



Ta6nuna 2. [TapameTpbl OCHMIISAIIUN aKTUBHBIX HEUTPUHO.
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apaMeTp Sinz 912, 9 ° Sinz 823, 8 ° Sinz 813, 9 ° Am%l, Amsz)z,
Uepapx 1071 12 1071 23 1072 13 10~°5B?%| 107 33B2
NO 3.04%014133.461087 |5.517330 |47.9% 18 1 2.14%3939 |18.41%018 |7.34%017 | 2.419%5:935
10 3.03%01%| 33.401387| 5.571017| 48.2%19| 2.18%5:08 | 8.491513 | 7.34%017| —2.478%0:933

Tem He MeHee, Ha CETOJHSIIIHNUN JAEHb OCTAKOTCS HEU3BECTHBIMH MACChl HEUTPHUHO

m;, EcTb TONBKO pa3inyHble OIEHKU CBEpXy Ha 3(P(EKTUBHBIE MAaCChl Pa3IUYHBIX

HelTpuHo, mpexactabieHHbie B (20) w3 [35] mis 3pdexTuBHOM MacChl AJIEKTPOHHOTO

HEHTpUHO M U3 [22] nst ocTaabHBIX.

me’ < 0.83B, (90% CL),

Taxxe

TCPMAJIN30BAHHBIX B

acTpodu3ngeckux

dopMyI1, OCUMIUIALMOHHBIE SKCIIEPUMEHTHI HE MOTYT JaTh CBEIEHUN O Macce.

m?,lff < 190 k3B (90% CL),

mglf < 18.2 MaB (90% CL)

CYyIIECTBYET

OT'PaHUYCHHUC

HAOIOIEHU M

Ym, < (0.087 =~ 0.54)3B (95% CL) [22]. U kak TOHSATHO W3 MPUBEAECHHBIX paHEe

IIEPBUYHON  ILIA3Me,

(20)

HAa CyMMy MacC BCeX HEWUTPHHO,
KOTOpOE€ ClenyeT W3 HaOJIOACHUMA

u KOCMOJIOTHYECKOU MOJIENU ACDM

KpOMe TOI'o, B caMOM MOJEIM CMEIIMBaHUS HeﬁTpHHO €CTh €€ HECKOJIbKO

HC3aKPbIThIX BOIIPOCOB!:

1. Eciu yronm 6,3 B TOYHOCTH HE paBeH 45°, UYTO COOTBETCTBYET MaKCHMaJIbHOMY

CMCIINBAHNWIO, TO OKa3bIBACTCA HCOHpC,Z[CJ'IéHHBIM, B KaKOM OKTAaHTC OH HaXOAHUTCs, TO

ecThb 6,3 > 45° umm 6,5 < 45°, HO 1T MOHWMAaHUSI TIPUPOJIBI MACCHI HEUTPUHO BAXKHO

IIOHHMMATDb,

cMmeruBanus [36].

Moagenn ¢ mz <my < m,.

Kako€ 3HA4YCHHC B ,Z[GﬁCTBHTCHI)HOCTPI IIPpUHUMACT HaHHBIﬁ yroJ

Hepapxust macc. Bo3amokHa peanmuzaius MOJENH, B KOTopol my < m, < ms, aub0

[IepBblii ClleHapUKd HOCUT Ha3BaHUE MNOpsAMas WIIH

HopmainsHas uepapxus (NO B Tabnuie 2), BTopoii oOpaTHast UM HHBEPCHASI UEPAPXUS
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(10 B Tabmuiie 2). B nporpaMmmy u3MepeHHi CTPOSIIECHCS HEHTPUHHON 00cepBaTOPUH
JUNO [37] BxoauT 1 onpeeiieHue HepapXuu Macc HEHTPHHO.

3. 3nauenme ¢da3pr CP-HapymieHuss B JIENTOHHOM CcekTope Ocp. JlelicTByromue
ueiTpunnbie sxkcrepumerTsl 12K[32] 1 NOVA[38], a Takke Haxomasmecss B CTaauu
noarotoBku KpymHomaciitabusie npoektel DUNE[39] m Hyper-Kamiokande[40]
UMEIOT OOIIMPHYIO MPOTpaMMy HCCIIECIOBAHUN, BKIIIOYAIOIIYIO H3MepeHue u (a3l
Ocp, M H€PAPXUHU MacC HEUTPUHO, U TOYHOE OTpe/IeIIeHNe yria 6,3 U ero OKTaHTa.

4. [lupakoBckas WA MallopaHOBCKas mnpupoaa HeuTpuHo. Ilomck JBOMHOrO
Oe3HeTpuHHOTO OeTa pacnaaa. Ha maHHBIN MOMEHT JTydillee OrpaHUYCHHE CBEPXY Ha
NepUo Mojdypacnaa Takoro rUIOTETHYECKOro Mpoliecca MOIyYeHO B IKCIIEPUMEHTAX
KamLand-ZEN[41] wu GERDA [42] w® cocTaBiseT  COOTBETCTBEHHO
Ty}, > 2.3 X 1026 1eT(90% CL) u Ty, > 1.8 x 10%¢ et (90% CL).

5. Psj sKcniepuMEHTaNbHBIX aHOMAJIUK B OCIMIIISIITUOHHBIX SKCIIEPUMEHTAX, KOTOPhIE HE
YKJIAABIBAIOTCS B MOJENh CMEIIMBAHUS C 3 HEUTPUHO, KOTOPHIC YIMOMHHAIHNCH BO

BBEJICHUH, U O KOTOPHIX O0JIee MOAPOOHO peub MOWAET B CICAYIONIEM pa3Jere.

1.3 CrepuibHoe HEHTPHUHO. AHOMAJINHU

K HacTosmeMy MOMEHTY B pa3/IMYHbIX HEUTPUHHBIX IKCIIEPUMEHTAX HAOIIOAAINCH
AHOMAJIbHBIE PE3YJIbTATBI, KOTOPHIE YKa3bIBAIOT HA BO3MOXXHYI0 HEINOJHOTY OINHUCAHUSA
SBJICHUsSI CMEIUMBAHUS HEUTPUHO, OTPAHUYECHHYIO Tpemsi HeWTpuHO. IIpnuém ypoBeHb
CTaTUCTUYECKOW JOCTOBEPHOCTH JTHX HabOmoaeHuit nocrturaer 3 — 50. Baenenue
CTEPHJIBHOTO HEUTPUHO MOXKET SBIATHCS MUHUMAJIbHBIM PACLIIMPEHUEM, KOTOPOE CHUMET
HaOmogaemple npotuBopeuns. CTepuibHOE HEUTPUHO — (PEPMHUOH, KOTOPBIA HeE
B3aMMOJICHCTBYET C KaTMOpOoBOUHBIMU MOJIsiMU CM, HO CMEIIMBAeTCsl C TpeMsl HEUTPHHO,

onucanHbpIiMu B CM. HOCJ’I@,Z[HI/Ie, KaK IIpaBUJI0, HA3bIBAIOTCS aKTUBHBIMMU.
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1.3.1 Monaean 3+1

[Tpu BeIBOme ¢dopmyn (11) — (14), mpuBenéHHbIx B paszmene 1.2 Hurae He
UCIIOJIb30BAJIOCh TIPEJIMOJIOAKEHUE O YHUCIE MACCOBBIX M (DIEHBOPHBIX HEUTPUHHBIX
coctosamsix. [losTomy ot QopmMynbl jJerko MoOryT OBITH OO0OOIIEHBI HA CITydaid
IPOCTEUIIEr0 PACHIMPEHUs] MOJIETTM CMEUIMBAHUS C TPeMsl HEUTPUHO Ha MOAENb «3+1» ¢
TpeMsi aKTUBHBIMU U OJHUM JIETKUM CTEPUIIbHBIM HEUTPUHO.

Jlnsi uHTepmpeTanuy ONMuMCcaHHBIX Aanee A(h(EKTOB uHepe3 TaKkyk pPacIIMpPEHHYIO
MOJIeNIb HEUTPUHHBIX ocuwuisiuuid  3+1 mnpuBenéM 31ech HEKOTOpbie (HOPMYJIbI,
CBA3BIBAIOILME TAPAMETPHI CMEIIMBAHUS.

Marpuna [IMHC cranoButcst Matpuiiei 4 X 4 u MOXeT OBbITh MapaMeTpU30BaHA

YK€ MIECThIO YTIIaMU CMEIIMBAaHUS U 3 KoMIUIeKCHBIME (pasamu CP-napymenus [43].

Uel UeZ Ue3 Ue4

U, U, Us U
Ulggl"’;rl\}b)‘=u34u24U23U14U13U12= Uﬁ Ui UZ: Ui: (21)

Usl USZ Us3 Us4

cosf, sinf;; 0 O cos 03 0 sinfze7%13 0
U =~ sinf,, cosf8,, 0 O U = 0 1 0 0
12 0 0 1 0 "™ | —sing5e%3 0 cosf; O
0 0 0 1 0 0 0 1
1 0 0 0 coS 044 0 0 sinf,e 0
Unn = 0 cosB,3 sinf,; 0 U. — 0 1 0 0 (22)
23 0 —sinf,; cosf,; 0] ** 0 0 1 0 ’
0 0 0 1 —sinf;,e%1+ 0 0 cos B4
1 0 0 0 1 0 0 0
U.. = 0 1 0 0 .. = 0 cos 6,4 0 sinf,,e 02
34 0 0 «cosfz, sinf;, |’ 24 0 0 1 0
0 0 —sinf;, cosfOs, 0 —sinf,,e'd2 0 cos 0,4
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B nanbueiimmem Hac He OyayT wuHTEepecoBath 3(dexTsl, cBszanHbie ¢ CP-
HapylIeHHEeM, ¥ BCE 3aBHCUMOCTH OyAyT OMNpEeAeNsThCS TOJBKO KBaJpaTaMH MOJyJIei
AJIEMEHTOB MATPHUIBl CMEUIMBAaHUS. OJIEMEHThl MAaTPHIBl CMEIIMBAHUSA, KOTOPHIC
OTIPENIENISIIOT BEPOATHOCTU OCIWUISIIMNA CO CTEpUIBHBIM COCTOSHHEM B BBIOpaHHOI

IapaMeTpU3aLNEN, IPUBEACHBI HUXKE.

|Ue4|2 = sin? (914)

2 .
|Uu4| = sin®(6z4) - cos®(014) (23)
|U‘r4|2 = sin? (934) ’ C052(924) ) C052(914)

BeposTHOCTH NEPEXOMI0B V, = Ve, Vy, = Vy UV, = V, B IIPUOIIVDKEHUM My >> My 5 3

BBIPpAXAIOTCA TOr 1a

Pyv, =1 = 4|Ues|?*(1 = |Ugy|?) sin® % = 1 — sin? 26,, sin? %
Pove = 1= 4Uus]” (1 = [Upal*) sin? % = 1 — sin?26,,, sin? % (24)
n u
Pyve = 4|Ue4|2|UM4|2 sin? % = sin® 26, sin® AALmT%L
311ech BBEICHBI CIIEyIOIIIe 0003HAYEHHS:
sin? 26,, = sin® 26,
sin® 26, = 4 sin® 0,4 cos? 0,,(1 — sin® ,4 cos? H;4) ~ sin® 20, (25)

sin® 26, = 4 sin® 0,4 sin® 6,4 cos® O, ~ Zsin2 20,,sin?26,,

Ipubmmkenne s sin® 26,,, ClpaBeUTHBO IS MaJIbIX YITIOB CMEIINBAHUS 6,4. Kak
BUHO U3 hopmyit (24) u (25) Bo3MOKHO OOHAPYKEHHE FICKTPOHHOTO HEHTPHHO B TIOTOKE

MIOOHHOI'O HE€ 3a CYET IMPpAMBIX OCIJLISLIAM VM —> Ve, a 3a CUeT INEPEXOJ0B «BTOPOIro
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MOpsIKa»y V, = Vg > V, 4epe3 CTEPUIbHOE HEUTpuHO. O BO3MOKHOM OOHApYKEHHE

Takoro 3(pdexra nouAET peus B CIEAYIOLIEM pa3fee.

1.3.2 Ixcnepument LSND

LSND (Liquid Scintillator Neutrino Detector) — skcnepuMeHT Ha IOSIBJICHHE, B
KOTOPOM HIIYTCS SJICKTPOHHBIC aHTUHEHTPUHO B TOTOKE MIOOHHBIX, MOSBISIONINECS 3a
CY4€T ocumwIAMi Vv, — V. Jlerexktop LSND nunmuapuyeckoit Gpopmel 3amonnen 167 1
KHUJKOTO CIUHTWUIITOpa Ha OCHOBe MuHepaidbHoro wmacna CH; u umeer 1220
(hOTORIEKTPOHHBIX YMHOXKUTENEH (DIY).

Ilentp nperextopa pacnonoxedn B 30 Merpax oT ucTouHHMKa V. Hcrounukom

HEUTPUHO CIYKUT MUIICHb Ha Iy4Yyke MPOTOHOB ¢ »Heprueit 798 M»B, B kotopoi
POXKJIAt0TCS TT-ME30HBI. MIOOHHBIE AHTUHEUTPUHO POXKAAIOTCS B MIPOLIECCE PACIAIOB:
nt > ut+v,
(26)
pt—-et+v, + v,

JerextupoBanust Vv, npoucxonwio B peakuuu OBP ¢ perucrtpaunueit
KOPPEJIMPOBAHHBIX CUTHAIOB OT e’ u 2.2 MsB ramMa-kBaHTa OT 3axBaTa HEMTpPOHa Ha
nporoHen +p - d +y.

Kananel mosiBenus v, B My4ke V, W APYTUX (DOHOBBIX CHTHAJIOB B OKCIIEPUMEHTE
LSND Obumm geTaqbHO CMOJEIUPOBAHBI W OXKUIAEMBIA CHEKTP B IPEANOJIOKESHUH
OTCYTCTBHSI OCUMJUISIMI ObLI pacCUUTAaH.

Opnako B skcnepuMmente LSND Obuto oOHapyX eHO MpEBBIICHUE KOJIMYECTBA
3apETUCTPUPOBAHHBIX AJIEKTPOHHBIX AHTUHEHUTPUHO B MOTOKE MIOOHHBIX AHTUHEUTPUHO
Hax oOXuaaeMbiM 3HaueHueM 87.9+ 22.4+ 6.0 [23]. CpaBHeHume pacrpeaeseHuit
3apETUCTPUPOBAHHBIX M OXHUIAEMBIX COOBITHH T0 oTHomeHuto L/E, moka3aHo Ha

pucynke 1 u3 [23].



27

w

17)]

g 17.5 ® Beam Excess
By ‘
E 15 p(\'p—n'e.e n
© +

Q p(v_.e’)n

@ 7125¢

other

04 06 08 1 12 14
L/E, (meters/MeV)

Pucynoxk 1. Pacnpenenenue no L/E, 3aperucTpupoBaHHbIX V, COOBITUN MO CPABHEHHUIO C
oxunaeMbiM. KpacHast nuHHS — crekTp (oHa, 3enéHas — O0XHUAAeMbId CHEKTp V, B
MPEANOJI0KEHUH OTCYTCTBUSl OCIWIUIALUNA (OCHOBHOM MCTOYHHMK pacmaj g~ W3 pacnaja

HE3aXBAYEHHBIX 7T ), CUHASA — O)KUJIAEMBIN CIIEKTP ¢ OCHMIUIAUAMU V), — V.

1.3.3 Dkcnepument MiniBooNE

Okcriepument MiniBooNE (Mini Booster Neutrino Experiment) Obur co3gan s
HE3aBUCHUMOI MPOBEPKU THUIMOTE3bl O JIETKOM CTEPUIBHOM HEUTPUHO, OOBICHAIOIIEH
aHoMmanbpHblii  pe3ynbrar LSND. MiniBoONE Takke sBIseTcs SKCIEPUMCHTOM Ha
MOSIBJICHUE, KOTOPHIA ObUT HAmpaBJeH HA MOWCK CHUTHAJIOB OT JJICKTPOHHBIX HEHTPUHO H
aHTUHEUTPUHO B My4yKax V, M V, COOTBETCTBEHHO. HO OKCIEPUMEHT NpPOBOIAMIICS Ha
JPYrOM PacCTOSIHUM U B IPYTOM DHEPreTUUeCcKoM Juanaszone 1mo cpaBHeHuto ¢ LSND.

[Tomumo pacnanoB (26) ucrounukom uHertpuHo B MiniBooNE 6w 1 pacnansr ™

U
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T ou tvyy
_ (27)
U —e +v,+vy,
T-ME30HBI POXKIATNCh B OSPHIUTMEBONM MUIICHHW TMPH B3aUMOJCHCTBUU C ITYYKOM
npoToHOB ¢ sHepruei 8 ['9B. Takxke B otiinurie or LSND nuonb! pacniaganuch Ha J€Ty A0

OCTAaHOBKM, a (DOKYyCHUPYs MArHMTHBIM IojieM 7+, mubo T~ B HY)KHOW 00JAcTU KaHala,

MOYHO OBLIO CO3/1aBaTh JIMOO My4OK V,,, TUOO My4OK V,, COOTBETCTBEHHO.

JleTrexkTop chepuueckoit popmbl, 3anoHEHHBIN 818 TOHHAMU MUHEPAILHOIO Macia
u umeromui 1520 ®BOY (1280 mist BHyTpeHHero o0béMa n 240 msi CUCTEMBbI aKTHBHOM
3aIUTHI), pacmoiaraics B 541 meTpe oT OepuUTHEeBOM MUIIIEHU. V, U V, ¢ d3Heprueit 0.2 —
1.5 I'3B peructpupoBajiuch Kak OJMHOYHBIE CHUTHAJbBI OT MPOIECCa KBA3UYNPYTroro
paccestHusI, JAIOUIEro KaK CIMHTUJUIALIMOHHBIC BCIIBIIIKH, TaK U YEPEHKOBCKOE U3TyUYCHHE.
To ecthb, nuanaszon 3Hauenuii ¢asel L/E, B skcnepumente MiniBooNE naxomuics B
npenenax 0.2 = 2 u, TakuM 00pa3oM, MOJHOCTHIO TiepekphiBan auana3zoH L/E, B LSND
(0.4 + 1.3). Hexotopoe Komu4ecTBO V, (V) NOABIAIOCH B Iy4Ke V, (V,) M3-3a pacnanoB
KAaOHOB B MHIIIEHH W MIOOHOB, PaclajaBLIMXCs B KaHajie JO OCTAHOBKU M IOTJIOMICHUS.
CriekTp Takux COOBITUN M APYTHX (POHOBBIX CHUTHAJIOB PACCUMTHIBAJICS, TMOO OLIEHUBAJICS
C TIOMOIIIBIO JTOTIOJIHUTEIBLHBIX U3MEPEHUH, B TOM uncie nerektopoM SCIBOONE, koTopsrit
HAXOJIUJICS HA TOM e Iy4YKe OJMkKe K MUIICHHU.

B pesymbrate UMTENbHOro Habopa aaHHBIX npu 18.75 X 10%° mporomax Ha
MHUIICHH B pexkume mydka v, u 11.27 X 10%° nporoHax Ha MHUIIEHH B peXHUME vy
HaAO0JII0AJIOCH CYIIECTBEHHOE MPEBBIIICHUE YHCIIA U V,-COOBITUM, U YHCIIa CUTHAJIOB OT V,
HaJ OXujaaeMbIMu 3HadeHussMH. CymmapHo Obllo  3apeructpupoBaHo 638.0 +
52.1(stat.) + 122.2(syst.) [24] coOwITHii CBBINIE OXXHIAEMOTO 3HAYCHHWS B 00JacTH
sunepruit 200 < E,, < 1250 MaB. Cratuctuueckass 3HaUUMOCTh 3TOTr0 pesyibrara 4.80.

CpaBHEHHE OXHUJAEMBIX W HAOIIOJAEMBIX CIIEKTPOB V., U 7V, TIOKa3aHbl Ha

pucynke 2 [24,44].
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Pucynox 2. Oxwupmaemblii u HaOmomaembii B MINIBOONE cmektpsl 1mo »sHepruu B

KBa3UyIpPYrux Mpoleccax B pexxuMe Mmydka aHTUHEHUTPUHO (clieBa) U HEUTPUHO (CIIpaBa).

Pesynbratet LSND 1 MiniBooNE naxoxmstcss B XOpomieM COOTBETCTBHU MEXIY
co0Oif, U COBMECTHBIN ypOBEHb TOCTOBEPHOCTH HAOJIOIAEMOT0 MPEBBIIICHHUS YHCIa
HEUTPUHHBIX COOBITUN B 000MX KCIIepUMEHTaX 6.10 (MOTyYeHO MPOCTHIM KBaJAPAaTUYHBIM
CIIOKEHHEM, TIOCKOJBbKY SKCIEPUMEHTHl HMMEIOT, pa3Hble [AMAana3oHbl JHEPruil u
paccTosiHuM, pa3Hyl0 CUCTEeMaTUKy U T. 1.). CpaBHEHHE pPE3yJIbTaTOB IKCIIEPUMEHTOB
LSND u MiniBooNE moka3anbl Ha pucyHKe 3.

Ho B »kcnepumeHTax, mpoBoguBIIMXCS B apyrux ycioBusix, OPERA [45] u
KARMENZ2[46] npu moucke ocumsuui v, = Ve U V, = V, COOTBETCTBEHHO HE OBLIO
obOHapyxeHo 3ddekra mogooHoro pesynpraraM LSND u MiniBooNE, xoTs BO3MOXHOCTH
COTJIacoOBaTh JIAHHBIE BCEX YETHIPEX DKCIEPUMEHTOB OCTalOTCS. Takke COBMECTHBIM
aHaju3 pe3yJbTaTOB OKCIEPUMEHTOB HA HWCYE3HOBEHHE V, W V, TIO3BOJMI CHENATh
OTpaHMYEHUS Ha MapaMeTPbl OCHMUISIIUN B CTEPHIIBHOE COCTOSTHUE, KOTOPBIE TOCTATOYHO
CHWJIBHO TPOTUBOpPEYAT C TEMU 3HAYEHUSIMU, KOTOPBIE JIOMYCKAIOTCS STUMHU JIBYMS

SKCIIEPUMEHTAMH Ha TosiBiieHue [47].
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Pucynox 3. CpaBHeHME 3aBUCUMOCTH BEpOSTHOCTH mosBIeHUs V,(V,) or L/E, B

skcriepumenTax MiniBooNE n LSND.

Tem He MeHee, /U1 OKOHYATENIBHOTO MOATBEPKACHUS WM ONpOBepkeHus 3Pdexra,
Haomogaemoro B LSND u MiniBooNE HeoOxomuMa mnpsiMas SKCIEpUMEHTAIbHAsS
npoBepka. B Hacrosmuii MoMeHT Uit Habop naHHBIX B 3kcrnepumente MicroBooNE,
KOTOpBIN, Onarogaps BO3MOXXHOCTH HOBOTO JI€TEKTOpa K PpACIO3HAHUIO YacTUIl B
PETUCTPUPYEMBIX COOBITUAX, JOJDKEH AaTh OoJbllle WHPOPMAIUH O MPOUCXOKICHUU
obHapyxxeHHoro B LSND u MiniBooNE wu30bITO4HOr0 Ymcia 3aperucTpupoBaHHBIX
Ve(V,). IlpenBapurenpHble JaHHBIE OIMYyOJWKOBAaHHBIE KOJUTa0opalueil moka He
noarBepkaaoT pe3yiabtatel LSND u MiniBooNE, Ho cratucTudeckas JOCTOBEPHOCTh
emé He mocratoyHa. Kpome Toro, ToTOBATCS W Jpyrue SKcnepuMeHTHl W B Fermilab,
Hanpumep, skcrepumeHT ICARUS [48], u B Jpyrux yCKOPUTCIBHBIX KOMILIEKCAX,
Hanpumep, skcriepumenT JSNS[49] B J-PARC.

Ecnmu nadmogaemeiii B LSND u MiniBooNE s>¢dext nelicTBUTENBHO 00YCIOBICH
OCHIWJUTAIUSIMHA, TO €r0 HEBO3MOXKHO OINHCATh B paMKaX MOJEIH CMEIIUBAHHUS C TPEMS
HEUTPUHO, TOSTOMY pPE3yNbTaThl JAHHBIX SKCHEPUMEHTOB MOXXHO paccMaTpuBaTh Kak
yKa3aHWe Ha HEMOJHOTY TaKOTO OMUCAHUS W MPEIIOJOKUTh CYIIECTBOBAaHUE YETBEPTOTO

CTEpUIILHOTO HEUTPUHHOTO COCTOSTHUS ¢ Maccor ~1 3B. Toraa, kak ObLIO CKa3aHO paHee B
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paznene 1.3.1, mosiBneHue v, 00yCIOBICHO OCHWUISIUSIMU Yepe3 CTEPUIbHOE HEUTPUHO
Vy Vg 2 V.

Jlpyroii SKCHEepUMEHT, CBSI3AHHBIA C HAOIIOJEHHWEM 3a MIOOHHBIMU HEWTPUHO, HO
MCTOYHUKOM KOTOPBIX BBICTyHaeT armocepa 3emiid, Takxke HMEET HEKOTOpbie, HO

CTAaTUCTUYCCKU CYIICCTBCHHO MCHCC 3HAYUMMBIC, YKAa3aHUA Ha MCYC3HOBCHUC MIOOHHBLIX

HeI\/'ITpI/IHO 13 IIOTOKA 3a CUET OCHHJ’IJ’I?IHHIZ B CTCPHUIIBHOC COCTOSAHHUC.

1.3.4 lceCube

Heritpunnas o6cepBatopust IceCube [50] peructpupyer HEHWTpPHHO BBICOKHX
SHEPrUil KOCMUYECKOTO MPOUCXOXKICHUA 3a MPeAeIaMu COJIHEYHOM cucteMbl. Ho, momumo
ATOTO, AHAIM3UPYS CIEKTPHl aTMOCHEPHBIX MIOOHHBIX HEHTPUHO, MPOIICININX CKBO3b
3eMJII0 U 3apErUCTPUPOBAHHBIX HEUTPUHHBIM TEJIECKOINOM, MOKHO HMCKAaTh YKa3aHWsS Ha
OCUWJUISILIMM MIOOHHBIX HEUTPUHO B CTEPUIIBHOE. B HACTOAIIMI MOMEHT CTATUCTUYECKAs

3HaYUMOCTD 110100HOr0 HabmoaeHus cocTaBiser ~90% [31].

1.3.5 TaaaueBass aHOMAJIUSA

Emé omnuM yka3aHWeM Ha BO3MOXKHOE CYIIECTBOBAHHE JJIEKTPOHBOJIBTHOTO
CTEpWJILHOTO HEUTPUHO SBISICTCS TaK Ha3blBaeMasl TaJTMEBas aHOMAJIMS — PE3yJIbTatr
KAIMOPOBKHU TAJJIUEBBIX JETEKTOPOB COJTHEYHBIX HEUTpUHO B 3kcriepuMmeHTax GALLEX
(Gallium Experiment) u SAGE (Soviet American Gallium Experiment) ¢ momoIibio
BBICOKOAKTUBHBIX HCTOYHUKOB Ha OCHOBE n30tonos °'Cr u ¥7Ar.

OkcniepumenTl GALLEX u SAGE Obuium HaleneHbl Ha HU3MEpPEHHE IOTOKa
COJTHEYHBIX HEUTPUHO PATUOXUMUYECKUM METOJIOM. DIIEKTPOHHBIE HEUTPUHO, POKIAEHHBIC
B TepMOsiepHBIX mporeccax Ha ConHIE, PETUCTPUPYIOTCS B TaUTMEBOW MUIICHU

JIETEKTOPOB B pEaKILINHU:
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Ve + "'Ga—> "'Ge + e~ (28)

HapaGoranHbiii 3a Bpemsi 3KCIO3ULMM T€pPMaHU BIOCIEACTBUU W3BIIEKACTCS
XUMHYECKUM METOIOM M3 MHIICHH M IO KOJIUYECTBY OOpAa30BaBINMXCS aToOMOB '1Ge
OILICHUBAETCS MHTETPAIBHBIA MOTOK HeWTpuHO. [lopor peakiuu (28) m0CTaTOUHO HHU3KUIA
0.233M>3B, uYTO MO3BOJSAET PErHCTPUPOBATH HEHTPHHO W3 PpP-peakumn p +p — °H +
et +v,.

C IOMOLIBI0 U3TOTOBJIEHHBIX MCTOYHUKOB °'Cr m 37Ar mpenmonaranoch OLEHUTH
b (HEeKTUBHOCTh JAETeKTOpa [JIsi Oojiee JAOCTOBEPHOM OILEHKM TOTOKA COJHEYHbIX
Heiirpuno. M3oronst >!'Cr u 37Ar aBusioTcs MCTOYHUKAME MOHOXPOMATHYECKUX HENTPHUHO,
POKIAIOMINXCSL B TPOIECCe IIIEKTPOHHOTO 3axBaTa. OKHIIaeMbIil MOTOK JACTEKTUPYEMBIX
V, OT UCTOYHHUKA OLICHUBAJICS MO €r0 aKTUBHOCTU U PACCUYUTAHHOMY 3HAYEHUIO CEUCHMS
peakiuu (28). B 000ux sKcIIEpUMEHTAaX HE3aBUCHUMO OBUIM TIOJYYEHBI aHAJIOTHYHBIC
pe3yJbTaThl: MU3MEPCHHBIM MOTOK OKa3alicsi MEHbIIe oxuaaemoro Ha 12 + 15 %[51] B
3aBHCHMOCTH OT PACCUYMTAHHOTO 3HaveHus cedeHus (28). J[oCTOBEpHOCTh JIaHHOTO
COBMECTHOT'O HaOJIIOJICHHUS COCTaBHIIA ITO pa3HbIM orleHkaMm 2.3 — 3.00[52].

OkcriepumeHT BEST Takke oOCHOBaHHBIM Ha PaJMOXUMHYECKOM METOJIE
JNETEKTUPOBAHUS  HEWTPUHO OT HMHTEHCHMBHOrO MCTouHMKa °>'Cr  moarsepaun
CyllleCTBOBaHMe TrajueBor aHomanuu [53]. amueBsiii meTekTop ObUT pa3iei€H Ha JBa
HE3aBUCUMBIX 00bEMa — BHYTPEHHUN U BHEUIHUI. DKCTpakUMs HApaOOTAaHHOTO TePMaHMUS
U3 KaXIoro o0bEéMa TakKe MPOBOIWIACH HE3aBUCHMO. B IIEHTp BHYTpeHHEro 0o0bEéMa
NOMEIIAJICA MCTOYHUK. OXUAAaeMbIi MOTOK OIEHUBAICA MO AaKTUBHOCTU HMCTOYHHUKA,
W3MEPECHHON KaJIOPUMETPUUYECKUM METOJIOM. B pe3ynbrare BO BHYTPEHHEM U BHEIIHEM
o0bémax Obl1  3adurcupoBan Aepunut HewtpuHo (21+5)% uw (23+£5)%
COOTBETCTBEHHO, YTO MOJHOCTBIO CoTJlacyeTcs ¢ pe3ysibratamu 3kcriepumeHToB GALLEX
n SAGE. CpaBHeHume oTHomeHHs R = r™€35/rPT¢d  pysMepeHHOro TIOTOKA K

npeCKa3aHHOMY 3HAYCHHUIO JUTS BCEX TPEX SKCIIEPUMEHTOB MOKa3aHo Ha pucyHke 4 [53].
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Pucynok 4. CpaBHEHHE OTHOLICHH HM3MEPEHHOIO MOTOKA HEUTPUHO OT HCTOYHHKA K

peacKa3aHHoMy, moiaydeHHbIX B dkcniepumentax GALLEX, SAGE u BEST.

PacmmpenHasi MoJienb CMEIIMBAHUS C OJHUM JIETKUM CTEPUJIbHBIM HEUTPUHO C
o 2 2 o
maccoit ~1 3B u cootBercTBeHHO Ami, ~ 1 3B* Takxke MOXET AaTh OOBSICHEHHE U DTOU

AHOMAJINH.

1.3.6 PeakTopHasi aHTHHEHTPUHHASI AHOMAJIHSA

PeakrtopHass aHTMHEWTpPUHHAS aHOMAlMAd TaKKE YKIAAbIBAETCA B  TAKYIO
pacmmperHyo 3 + 1 Moaenb ocunusIMi HEUTPUHO HA YPOBHE JOCTOBEPHOCTH ~30.

B pesynabTaTe HOBBIX pacuéroB, HmpemaokeHHbIXx rpymmoi T. Mrommepa [27] u
He3aucumo I1. Xybepom[28] (Monens XyOepa-Miosuiepa), yIUTHIBAIHCH OOHOBIICHHE 0a3
JaHHBIX M30TOIIOB, PE3yJILTAaThl U3MepeHnil Oera-criekTpos 2°Pu u 2¥U u ucnons3oBancs
MeTo «3¢pHEKTUBHBIX» BETOK OeTa-pacmaja, Oblla mojiydeHa Apyras OolleHKa Ha MOTOK U
cnekTp peaktopHbix aHtuHeTpuHo. Ilomxon II. Xy6Gepa wu rpymmel T.Mromiepa

pasnuyaicsi, HO MPUBOAMII K OJHOMY M TOMY K€ pe3yJibTary. Pacu€rel ykas3piBaiu Ha
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HEOOXOAMMOCTh TEPECMOTPETh  pe3yibTaThl 21 3KCHepuMeHTa ¢ pPeaKTOPHBIMU
AHTUHEHUTPUHO Ha KOPOTKOM Oa3e (PacCTOSIHUSI MEXK]Ty IEHTPOM aKTUBHOW 30HBI PEAKTOpa
U IIEHTpOM JeTekTopa coctaBisuid ~10 — 100M). B 3Tux sxcnepumeHTax, mpoOBOAUBIINXCS
B pa3HOE BpeMsl, pa3IuYHbIMU UCCIIEA0BATEIbCKUMU KOJUIEKTUBAMU HA PA3HBIX PEAKTOpax,

OBLITM TIOJTYYeHBI OTHOIICHUS HAOIIOaeMOT0 MOTOKA aHTUHEUTPUHO OT peakTopa F.. K

FBKCH

oxugaeMomMy Faeq R = - [TonyyeHHbIE K€ C MOMOIIbIO HOBBIX PAcCUETOB 3HAYECHUS

pacy

O’KHJJaeMbIX MMOTOKOB, J1aJIi HOBBIC 3HAaYeHHs R Ui Kakaoro skcnepuMenta. Ha pucynke
5 u3 [29] noka3zaHbl SKCIEPUMEHTAIBHBIC TOYKH C y4ETOM OOHOBJICHHBIX OXKHIACMbIX
3HaYEHU MOTOKOB. YCPETHEHHOE MO BCEM SKCIIEPUMEHTAM 3HAYEHHE OTHOILIEHUS CTajlo
paBabiM R = 0.943 4+ 0.023[29]. B panpHelineM 3TOMYy OTHOIICHHIO JaBalld pa3HbIC
oueHnku [54] B npenenax nedunura ~6% u qocroeproctu 30. To ecth Ha paccTosHusax 10
— 100 M ot uctounmnka HabIrOHaCTCS Ne(PULIUT PEAKTOPHBIX aHTUHEHUTPUHO ~6%, KOTOPBIN
MOXXHO OBUIO OBl OOBSCHUTH «HCUE3HOBEHHUEM)» AaHTUHEHTPUHO U3 IMOTOKA uepe3
OCHWJUISIIMA B CTEPUIBHOE COCTOsIHHE, ommchiBaemoe (opmynoit (19), ¢ mapamerpom

Am%4 ~ 1 3B2.
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ROVNOB8-25
Goesg:;ewl :
Krasnoyarsk-ll

Krasrfoyarskvl
- Bugey=3 i

Bugey-4

Bugey;—3
SRP-II

v
o
i
.
=
o
a

. Krasnoyarsk-ll
Goesgen-Iil

| rovNO91
I srP-|
IGoesQen—\i

—
o
- @
[
|
|
Bugey-3

NOBS!(NEXP)pred new
o o
<]

54

‘ \
]
mlINIL

ROVNOB8-3S | || || 4
rovnoss-21 I [T
ROVNOES-1I

'ROVNOBB-1S

0.75—

Distance to Reactor (m)

Pucynok 5. OtHomeHne HaOMI0AaeMOTo TOTOKAa K OXHIAEMOMY JJI Pa3iMYHBIX

PEAaKTOPHBIX SKCIIEPUMEHTOB C YYETOM HOBBIX PaCUETOB.
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B peaktopubix skcnepumentax Daya Bay, RENO u Double Chooz Bmecte ¢

U3MEpPEHHEM yTIJla CMEIIMBaHUs 63 OMMKHUMH JETEKTOpaMu OBUTM W3MEpPEHBI MOTOK U
CIEKTp aHTUHEUTPUHO HA paccTossHUAX ~300-500M. CpaBHEHUS pe3yJIbTATOB U3MEPEHUH C
paccuMTaHHBIMH TI0 Mojaenu XyOepa-Mromnepa O0XHIAeMbIMH 3HAYEHUSIMU TaKKe
noKa3ajan JeUIUT peakTopHbIX aHTHHeHTprHO: B Daya Bay (0.952 + 0.014 = 0.023)[55],
B RENO (0.941+0.015)[56] u Double Chooz (0.925+0.002 stat./£0.010(exp)£0.023 moden)[5 7]
[Tomumo 3TOrO, Takke OBLI CHACNAaH aHAIW3 W3MEHEHHS CIEKTpa PEaKTOPHBIX V, CO
Bpemerem B Daya Bay [58] u RENO [59]. bnaronapss u3MeHEHHIO cOCTaBa TOILIMBA B
Te4eHHE pabodero IUKIa PeakTopa MOKHO BBIJCIUTH CHEKTP V, OT KaKIOTO U3 YETBHIPEX
M30TOMOB, BXOAAMUX B coctas Tommsa (2°U, 2°Pu, 228U u 2*'Pu). B pesysnpratax aHammsa
UMEIOT HEKOTOPHIC YKa3aHWsl Ha TO, YTO MPUYMHOW AePUIIUTA SBISETCS TOJBKO OJHH
uzoron 2°U, a He Bce 4eThIpe, Kak ObUIO Obl B cioydae ocummiiiui. OqHako, ¢ y4éToM
HEKOTOPBIX BETOK OeTa-pacraja, B IeJIOM pe3yJbTaT TaKOTO aHajK3a BIOJHE COBMECTUM
[60] ¢ oOmum gedumuToM MOTOKA OT BeeX 4-X U30TOIMOB B COCTABE TOILIMBA.

Tem H©He MeHee, CYMECTBYIOT H JpYyrue OJKCIEpUMEHTalIbHBIE A(P(HEKTHI,
0OHapyKEHHBIC C BRICOKMM YPOBHEM JOCTOBEPHOCTH, KOTOPHIE YKA3bIBAIOT HA MPOOIEMBI
B Mojaenu XyOepa-Mroiuiepa. Tak, B yke ymoMsSHYThIX 3KkcrepumeHTax Daya Bay[61],
RENO[62] u Double Chooz[63], a Takxe B psage apyrux NEOS[64], STEREO wu
PROSPECT[65] B obOnactu sHepruii aHTHHEHTpHHO 6 MaB (9Heprus BbIACIAIONMIANACS B
nerektTope ~5 M»B, mostoMmy naHHas mnpobOsiema HHOrAa HaseiBaeTcs 5 M»aB-0amm)
HaOIIOACeTCsl CYIIECTBEHHOE PACXOXKICHUE MEXAY pPacCUYMTaHHBIM MO Mojenu XyOepa-
Mromiepa cnekTpoM W HabmogaeMbiM. JlocToBepHOCTh 3TOro 3ddexta Oombie 5
CTaHJAPTHBIX OTKJIOHCHUH.

Kpome Toro, 6marogapsi oOHOBJIEHHUIO 0a3 JaHHBIX W30TOMOB PACCMOTPEHUIO paHEe
HE YYTEHHBIX TMOMPABOK OBUIM TIPEUIOKEHBI HOBBIE MOJEIHU PacYETOB CIIEKTPOB
PEaKTOPHBIX AHTUHEUTpPUHO. Taxkke OBLIM BBITIOJIHEHBI HOBBIE WU3MEPEHUS OTHOIICHUS
KyMYJIATHBHBIX GeTa-criektpos 23U u 2°Pu [66]. Pe3ynbTaThl 5TUX H3MEPEHHI PACXOIATCS

C pesysibTaraMu, noiiydeHHbIMH B ILL, KOTOpble UIpaiu BaxHYH pojb B pacuérax B
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Monenn XyOepa-Mrouepa. Takum o00pa3om, 1Mo d3TUM JaHHBIM Jedurut PAA
npakTuuecku ucdesaet 0.971 + 0.021[67].

HoBebie ke pacuéThl B IpeICKa3aHi HEUTPUHHOTO MOTOKA M (POPMBI CIIEKTpa 0T
IPOTHBOIIOJIOXKHBIC Pe3yJIbTaThl. B omHOM ciyuae [68] neduiur HeWTpUHO yMEHbIIaeTcs,
HO PACXOXKJACHHE MEXKTY dKCIECPUMEHTAIBHBIM M TEOPETUYECKUM CIEKTPOM B oOnactu 6
M5B yeunmBaercs. B npyrom ke citydae [69], HaoO0opoT, mpH JIydiieM COOTBETCTBUU
CHEKTpOB eHIMT Bcero motoka ysemumuusaercs a0 0.07819:02% [67]. Bonee noapobHo
JaHHAasi CUTYyaI¥s H3JI0KeHa B 003ope [67].

N3 Bcero m3noXKeHHOr0 MOYKHO CHIeNIaTh BBIBOJA O TOM, UYTO Hambojee HaJAEKHBIM U

A0CTOBCPHBIM cImocoboM TOHCKa OCHWUISAIAN  SBIISIETCS. METOJ, OTHOCHUTEIIbHBIX

U3MEPEHUN, O KOTOPOM peub MOMAET B CIEAYIOLIEH ITIaBe.
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I'naBa 2. IloaroroBka 3kcnepumenTa HeliTpuno-4

B npenpinymem pasgene  ObuIM  NIPEACTaBIEHBl  PE3yibTaTbl  HEKOTOPBIX
HKCIIEPUMEHTOB, KOTOpPBIE MOXHO paccMaTpuBaTh KaK YKa3aHHd Ha CYIIECTBOBAHHE
CTEPWJIBHOI'O HEUTPUHO. AHAIIN3 3TUX PE3yJbTAaTOB C TOYKU 3PEHUS MOJEIH OCLUUIUIALUN
HEUTPUHO C OJHUM CTEPHIIBHBIM COCTOSIHUEM IOKa3bIBAET, YTO HAOJII0JacMble aHOMAIUU
MOTYT OBITb OOBSCHEHBI, €CIId INapaMeTp Pa3HOCTU KBAJpPaTOB MacC HMMEET IMOPSAOK
Am?~1eV?, 1o ectb peub HMAET 00 OTHOCUTENLHO JIETKOM YETBEPTOM MAacCOBOM
cocrossHun myu~ 13B. B nanHoil rnmaBe paccmoTpum Oosiee TOIPOOHO METOIUKY
JKCIIEPUMEHTA HAa HCYE3HOBEHHUE, C ITIOMOIIBIO KOTOPOU BO3MOKHA MOJIEIIbHO-HE3aBUCHMAs
IIPOBEPKA 3TOM TMITOTESHI.

OTMeTHM cpasy, 4TO pasHMIa B 3HaueHWW IapameTpa Am? s HaGIromaeMbIX
OCIWJUISILMKA AaKTUBHBIX HEWTPUHO M MPEANOJIAraéMbIX OCHWULALUA B CTEPUIIBHOE
COCTOSIHME COCTaBIIsIeT 3—5 mopsAaKoB. bmarogaps 3TOMy MOYHO CUMTATh, YTO BIIMSIHUE
U3BECTHBIX MapaMeTPOB CMELIMBAHUS OyAET MPEHEOPEKUMO MaJbIM, ITOCKOJIBKY MEPUOJ
TaKUX OCHWUISILIMA CYIIECTBEHHO OOJbIIE€ TOTrO, KOTOPBIA ONpENeNsieTcs BEINYMHON
Am3,~1eV? nna pguanasona smepruii go 10 Mb»B Ilostomy nanee 0Ge3 ymaieHus
oOurHocTH OyJIeM paccMaTpuBaTh MPOCTEHIIYIO MOJENb CMEIIMBAHUS JIBYX HEHTPHUHHBIX

COCTOSIHMI, OTHO U3 KOTOPBIX CTEPUIIBHOE.

2.1 MeToJ OTHOCUTEJIbHBIX U3MEpPeHUit

B pasgmene 1.2 Obuto moka3aHO, YTO BEPOSITHOCTh PETUCTPALMU HEUTPUHO YV,
3aBUCUT OT OHepruM E, ® paccTosHus L MEXIy TOYKOW POXKIECHUS M TOYKOM
B3aMMOJECHCTBUS V. TakuM 00pa3om, MOTOK V, C 3Hepruen E MeHsAeTcs ¢ pacCTOSTHUEM OT
TOYEYHOI'0 MCTOYHMKA MeHseTcs ¢ paccrosguueM F(E,L) = N X P, (L, E; Am?,sin? 28) X

L™%, rane N — 4mMCIO HCHyCKaeMbIX MCTOYHHKOM HEHTpPUHO ¢ sHeprueil E ¢ yuérom
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COOTBETCTBYIOILIETO CEYCHUs B3aumoeiictBus 1 dddexrtuBHoct peructpauuu, P, (L, E)
— BEPOATHOCTH onmchiBaeMas (popmyioit (19), a MuoxuTens L% 00ycloBieH yObIBaHHEM
TEJIECHOTO YIJIA C PACCTOSIHUEM IIPH ITOCTOSIHHOW IUIOIAIH.

MeTron OTHOCHUTENIBHBIX HM3MEPEHMM 3aKII0YaTcs B CPAaBHEHHHM H3MEPECHHBIX B
Pa3JINYHBIX YCIIOBUSX BEIWYMH, 32 CUET YEro M3 aHAIN3a JDKCIEPUMEHTAIBHBIX JaHHBIX
UCKJIIOYAETC CPAaBHEHUE CO 3HAYCHUSMH, IOJYyYCHHBIMH B pe3yJibTaTe pacuéroB. Tak,
U3MeEpsAsl IOTOK OJJHUM M T€M XK€ AETEKTOpoM B K Toukax Ha pacctosHusx L;,i =1..K
MOJXHO HOPMHpOBAaTh Habmogaemble 3Hauenus FOPS(E,L;) Ha cpemHmii mo Bcem

paccrosuaM motok K1Y FOPS(E,L;). Torma, momyumBIIMeCS  OTHOIICHHUS

FObS(E,Ll)

R?bs = — = —ons——~ HEOOXOMMO CPaBHHMBATh C 0KUIAEMON 3aBUCUMOCTEIO:
K=1Y;FObS(E L;)
. FeXP(E,L; 1-sin? 26 sin?(1.27Am?L/E
R®XP(L|Am?,sin? 20) = — EL) - 1-s i ( /5) (29)
K1Y ,FeXP(E,L;) (1-sin2 20 sin2(1.27Am2L/E));,

KOTOpast YK€ HE 3aBUCHUT OT OLIEHOK HHTEHCUBHOCTH UCTOYHHUKA, CEYEHHS B3AUMOIECHCTBHUS
1 >(Q(EKTHBHOCTH, a OIpEeNAeTcss TOJABKO MapaMeTpaMu OCLUIANUA sin? 20 u Am?2.
( ), — ycpenHenue mo paccrosuuio. ComocTasss, HaIPUMEp, ¢ HOMOIIBIO (yHKIHUU )2,
COBOKYIHOCTb DKCIIEPUMEHTAIBHBIX TOYEK Rlpbs C KPUBBIMH, KOTOpBIC onpeessitoTcs (29)
OpU Pa3IUYHbIX 3HAYECHUSX MApaMETPOB, MOXXHO TEM WJIM HHBIM CTaTUCTUYECKUM
METOIOM aHaJIU3a MOJIYYHUTh OLIEHKH Ha 3Ha4eHus sin® 260 u Am?.

C y4€ToM KOHEUHBIX pPa3MEpOB MCTOYHHMKA HEHUTPUHO W jaerektopa (opmyna (29)

npuoodpeTaeT BU/L:

de dVy [, dVe(1 — sin® 20 sin®(1.27Am?|7; — 74|/ E)

Re*P(L|Am?,sin? 20) = (30)

(de dVy [, dVs(1 — sin? 26 sin?(1.27Am2|7; — 74| /E)),,

B nmanHOM ciydae L — paccTrosiHME MEXIy LEHTPAMM MCTOYHUKA M JAETEKTOpA.
Koneuno, wuHTerpupoBanue 1o o00bEMY NEpUOAMYECKON (YHKUMKM TPUBEAET K
YCPEIHEHUIO U CTIIXHBAHUIO 3aBUCUMOCTH R®*P 0T paccTostHus 0COOCHHO TSt OOJIBIINX

3HaueHwid Am?, 9TO MNPUBOAUT K  «BBIPOKIACHHUIO» AMIUIMTYIbl  OCHMJUIALUU,
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ompenenseMoli  sin 20, — pasuMYHBIM  3HAYEHMAM mapaMerpa  sin?26  OymyT
COOTBETCTBOBATh MAJIO OTIMYUMBIE APYT OT APYra KPUBBIE C TOYKU 3PEHMsI CPABHEHMS C
DKCIEPUMEHTAIBHBIMA 3HAYEHUSMH, KOTOPBIE HUMEIOT OIPEACIEHHYIO CTAaTUCTHYECKYIO
TOYHOCTb. TO €CTh JUISl PasiMYHBIX 3HAYEHUH Sin’ 26 OyayT NOdy4aTbesi ONM3KHE
sHaueHus y2. TakuM 0Opa3oM, pa3Mephbl UCTOYHMKA M JETEKTOPA CPABHMMBIE C JJIMHOI
OCLHMIUISANMA TpH JaHHOM Am? MOIryT CyIIECTBEHHO YMEHBIIUTh YyBCTBHUTEIBHOCThH
DKCIIEPUMEHTA.

JIo 3TOro MOMEHTa HE pPacCMAaTPUBAJICS HEWTPUHHBIA CIIEKTp HMCTOYHMKA. [Ipm
CYILLIECTBOBAHMU CIIEKTPAJIbHOIN 3aBUCUMOCTU CUTYallUs OCIIOKHAETCA, TaK Kak TpedyeTcs
YUMTBIBATH €IIE U pa3spelICHNE IETEKTOPa, HO U IaKe IIPU XOPOIIEM Pa3pelICHNUH, KaK 3TO
OyZeT HarJIAHO MOKa3aHO Jajbllle Ha IMPUMEpe PeakTOpOB, NMPHU YJAICHUU OT UCTOYHHUKA
4yBCTBUTEIBHOCTD TAKXKE CHUKACTCS.

Kak Ob110 mokaszaHo B paznesnie 1.3 MCTOYHMKOM HEUTPHUHO JJIS SKCIIEPUMEHTOB Ha
VCUYE3HOBEHHUE I MCCIEN0BaHUS OCHWIUIALMM B CTEPUIBHOE COCTOSIHUE MOTYT CIIY’KUTb
HCKYCCTBEHHBIC HM30TOIBI, M3Iydawliue V,. lIpenmmylnecTsa crenuasbHO CO31aHHBIX
W30TONHBIX MCTOYHMKOB HEUTPUHO: MalbId pa3sMep, XOPOLIO M3BECTHBIM CIEKTD,
BO3MOXKHOCTh TOYHOT'O U3MepeHus MHTeHcHBHOCTH (~1%). Kpome Toro, Takol MCTOYHHK
MOYKHO IIOMECTUTh BHYTPb JETEKTOpa JOOMBIIMCH TaKUM O0pa3oM MaKCUMAaJbHO
BO3MOXKHOTO MpuOmmkeHus. MiMes MO3UIIMOHHO YyBCTBUTENBHBIM JETEKTOP, CIIOCOOHBIN
BOCCTaHABIMBATh MECTO B3aWMOJCHCTBUS HEUTPUHO C JOCTATOYHOM TOYHOCTBI), MOYKHO
OCYLIECTBJISTh OTHOCHUTENbHbIE W3MepeHus. OJHAKO, [1a)k€ CaMble BBICOKOAKTHBHbBIE
ucrounuku (~1MKwu), KoTOpble TOCTYIHBI Ha CETOTHSIIHUI JAeHb TPEOYIOT 3HAYUTEIHHBIX
YCWINH, CBSI3aHHBIX C CO3JIJaHUEM JETEKTOpa 00JbIIOro 00bEMa U 00ECTIEUEHMEM HU3KOTO
ypoBHS (pOHA, I pErucTpaliy MPUEeMIIEMOro KOJIWYeCTBAa HEHUTPUHHBIX COOBITHM AJis
JIOCTOBEPHOT'O ONpEIEICHNUs MapaMeTpoB ocLlwusinui. Bmecre ¢ HE0O0XOAMMOCTBIO
CO3/IaHHUs CIIEUUANbHBIX YCIOBUMN JUIsl paOOThl C HCTOYHUKAMHU CTOJIb BBICOKOW aKTUBHOCTH

TaKoM Ioaxon COHp)DKéH ¢ OOJBIIMMH TEXHUYECKUMU TPYAHOCTSAMMU.
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ATOMHBIE PEaKTOPhl KaK MCTOYHMKU AHTUHEHUTPHUHO SBIISIOTCS OJHUMH M3 CaMBbIX
YAOOHBIX MHCTPYMEHTOB JIJIsi MPOBEJEHUS BCEBO3MOKHBIX HEHUTPUHHBIX HMCCIEIOBaHUM.
bnarogapss WMHTEHCHMBHOMY HCIOJb30BAaHUIO AaTOMHOM JHEPrHH, IMOCTPOCHO OOJbIIOE
KOJIMYECTBO PEAKTOPOB, KOTOpbIE HCIMOIb30BAIUCh M TMPOAOIKAIOT MCIOJIB30BATHCS B
HEHTPMHHBIX MCCIIEN0BaHUAX. Bbicokas uHTeHCHBHOCTh (~2 1077, -c™! ma IMBT
TEIMJIOBOM MONIHOCTH) TOTOKA AHTUHEUTPUHO, KOTOPYID MOXET OOECHEeYUTh PEaKTop,
OTYACTU KOMIIEHCUPYET MAJIOCTh CEYEHMsI B3aUMOJCHCTBHUS HEUTPUHO. DTO IO3BOJISET
UCITI0JIb30BATh JETEKTOPbl CPABHUTEIHLHO HEOOIBIIOr0 00BbEMA ISl UCCIIEIOBAHUN CBOWMCTB
HedTpuHO. Kak yke oTMedanoch BbIIIE HMMEHHO AHTHMHEUTPUHO OT peakTopa ObLIO
BIIEPBBIE HKCIEPUMEHTAIbHO OOHApYKEHO, a BIIOCIEACTBUHM JPYyrHe pPEaKTOPHbIC
HKCIIEPUMEHTHI (MIPEXJE€ BCEro Ha NPOMBIIUICHHbIX peakTopax ADC) MO3BOJIWIH
MNOATBEPANUTH TMIOTE3Y OCUMIUISLIMI U ONIPENEIIUTD TapaMeTPbl CMELIMBAHHUS.

OpnHako, peakTop SIBISETCS HCTOYHUKOM aHTUHEUTPUHO C HENPEPBIBHBIM CIIEKTPOM,
KoTophii TsHETCs 10 ~10 M»B. B sToM ciiyyae HEOOXOIMMO HM3MEPSITh CIIEKTp V, Ha
pasHbix paccrosHusx S(E,L;), TOCKOJNbKY W3-3a DHEPreTUYECKOW 3aBUCUMOCTH
BEPOSITHOCTH OCHWLISAUUNA (opMa CIEKTpa Ha Pa3HbIX PACCTOSIHUSAX OyIeT pa3iudHOM.
[Tpumep Takoil «aedopmanuu» CIEeKTpa MOKa3aH Ha PHUCYHKE 6 cieBa, HA KOTOPOM
IPECTABIEHBI CIIEKTP aHTUHEMTPHHO TOYEUHOIO UCTOUHUKA > U cBEPHYTOrO ¢ QyHKIMEH
ceyenus: peakuuu OBP, ¢ moMoIIpI0 KOTOPOMl PErUCTPUPYIOTCS aHTUHEUTPUHO, U TOT Ke
CHEKTp B TIPEIION0KEHHH OCHUIAILMIA B CTEPHILHOE COCTOSIHME ¢ TTapameTpaMu Am3, =
53B% u sin? 260,, = 0.30, KOTOpHIi MOXHO ObUIO ObI HAOGIOAATh HA PACCTOSHMHU L =
10M. Oba ciekTpa HOPMUPOBAHBI HA €IUHUILY.

Takum o6paszom, A MPOBEACHHUS] MOAEIHFHO-HE3aBUCUMOIO aHalIN3a HEOOXOIUMO
CpaBHUBATh HAOIIOJAEMYyIO0 3aBUCHUMOCTh R 0T paccTossHus ¢ MpeAcKa3aHHOU
3aBHCUMOCTBIO, KOTOpas ¢ y4éToM HemnpepbiBHOTO criektpa S(E,L;) Oyner onmpeaensTbes
dopmyioii (31). Takoe cpaBHEHHE TaKKe ITO3BOJISET JCNIaTh OICHKY Ha BEIUYHHY

napameTpOB OCHUJUISIINMA.
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Jg f(E-E")dE' de dvg fvs dVsS(E',L)(1—sin? 20 sin?(1.27Am?|7—74|/E")

(31)

(Jg fF(E-E")AE' fvd dvg fvs dVsS(E',L)(1—sin? 20 sin2(1.27Am2|7—74|/E"))L

B ¢opmyne (31) uHTErprpOoBaHHEM 10 SHEPTHU C (PYHKIHEH OTKIIMKA JIETEKTOpA,

KOTOpaid

OIIPCACIICTCA

cro OHCPICTUICCKUM Pa3pCIICHUEM

[, f(E —E")dE",

YUHUTBIBAETCSI KOHEYHOE pa3pelieHHue JeTeKTopa. B JeTexkrope ¢ 3SHEpreTHyecKuMm

paspemienueM ~5% mnpu sHeprud 1 M»sB, nmpuHuMas BO BHUMaHHE CTaTUCTHYECKYIO

TOuHOCTh (cooTBercTByeT 10° 3apermcTpuMpoBaHHBIM HEWTPHHHBIM COOBITHSM IIPH

HyJIEBOM (DOHE), OJMHAKOBO HOPMHUPOBAHHBIE CIEKTPHI OT TOYEYHOIO MCTOYHMKA U Ha

10 metpax ¢ ocuwmAuusaMu npu Am?, = 53B% u sin? 20,, = 0.30 u 6e3 ocumIALMii

OyIyT UMETh BUJI, TOKa3aHHbIA HAa pUCYHKe 6 cripaBa. Ha pucyHke 6 cHU3y mpeacTaBieHO

OTHOIIIEHUE ITHX CIEKTPOB. TOUYKH COSMHEHBI TTIaKON TMHUEH 1T yI00CTBA.

arb.units

Normalized IBD spectra from U-235 point-like source a1 10m

wio oscillation

with Am,=5 eV and sinf26,, = 0.3 ®

—

ratio, arb. units
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Pucynok 6. CneBa — cpaBHEHHE CHEKTPOB aHTUHEUTPUHO Ha pacctosHuu 10 mMeTpoB OT

TOYEYHOr0 MCTOYHMKA >°U MNpU OTCYTCTBMHM OCHMUIALMK (CHUHASA JMHHA) M IPH

OCLMJIIAIMAX ¢ mapameTpamu Am?2, = 5 aB? u sin? 20,, = 0.30; cripaBa — Te ke CIIEKTPhI

c y4érom paspemieHus nerekropa ~5% na 1 MbB u crartuctuueckoit Tounoctu 10°

3apCTUCTPHUPOBAHHBIX CO6LITHﬁ; CHH3Y — OTHOLICHUEC 3TUX CIICKTPOB.
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[apamerp sin? 26;,, Kak ye OTMEYalOCh paHee, ONpENeseT MAKCHMAIbHYIO
AMILTUTYy OCUMUIALMN ¥ 0OIIMii 1eGHIMT IOJIHOTO MOTOKA, TAK KAK MHTEIPUPOBAHHUE 10
sueprun Qynkuun S(E) - sin? 1.27Am?L/E npu Am?~1eV? npuBomuT K J0CTATOYHO
OBICTPOMY 3aTyXaHHIO 3aBHCHMOCTH OT PACCTOSHUSA, KOTOPOE ACUMITOTHYECKH CTPEMUTCS
K koHcTante ~1/2. Torma neUUUT NOTOKA, HAauMHAs C HEKOTOPOrO PaCCTOSHMS,
onpenensercs kak 1/2 sin? 26. 3aBUCMMOCTb OT PacCTOSHUS OTHOLIEHHS OJHOTO MOTOKA
P PacCMaTpHBAEMBIX IApaMETpax OCHWUIALMM K MOTOKY 6€3 OCMJUIALUNA IS

TOYEUYHBIX UCTOYHHKA U IETEKTOpa ¢ pazpelieHueM 5% noka3aHa Ha pUCyHKe /.

Flux with oscillation/Flux without oscillation

Amé,= 5eV?, sin’26,,=0.3

o
©
5

ratio, arb.units
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0.75 1 Lot Loy Lol

107! 1 10 i 1
distance, m

PrcyHOK 7. 3aBUCHMOCTH OTHOLIEHHS IIOTOKOB AHTUHEHTPUHO OT TOYEYHOrO HUCTOYHHKA
235U npu HanMuMyu ocUMILIALMI ¢ mapamerpamu Am?Z, = 5 3B? u sin® 20,, = 0.30 u Ge3

OCIHMJUISIIIUN.

B TakoM ciydae, BEIOpaHHOE JUIsl JAEMOHCTpAlMKM 3HAueHHe NapaMerpa sin? 260 =
0.30 gocTtaToyHO BENMKO, XOTS BHoJIHE coriacyercss ¢ ['A. Kak BHUJIHO M3 PHUCYHKOB,
BIUSIHUAE OCIWJUISIINKN C TAKUMH TapaMeTpaMu 3aMETHO CKas3biBaeTcs Ha (OpME CIEKTpa.
Opnako, W3 pHCyHKa 8, Ha KOTOPOM IIOKa3aHO TO >K€ OTHOILIEHHWE HOPMHMPOBAHHBIX
CIIEKTPOB, TOHSATHO, YTO C YyBeJIWYEHHEM paccTosiHus HaOmoaeHus a0 40 merpos
CYIIECTBEHHO YMEHBINACTCS pa3iuuue B (PopMe CIEKTPOB MPH HAJIMYUU M OTCYTCTBHUH

OCIUJUTIUHN (XOTSI HHTETPAJIbHBINA Je(PUITUT HEUTPUHO COXPAHSIETCS).
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oscillation/without oscillation at 40m from U-235 point-like source. Am? = 5.0 eV?, sin®26 = 0.30
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ratio, arb. units
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Pucynok 8. OTHoIIeHHE CIEKTPOB aHTUHEUTPUHO Ha paccTossHUU 40 METPOB OT TOUEYHOTO

rcTounuka U mpu OTCYTCTBMM OCHMIUISALUM (CHHSS JIMHUS) U NPU OCHMILISLUAX C

napamerpamu Am?, = 5 3B? u sin? 26,, = 0.30.

Eciu e yYuTBIBATH pa3Mep aKTHBHOM 30HBI, TO IPU AUAMETPE TUIMYHOM s
AKTUBHBIX 30H MPOMBIIIEHHBIX PEAKTOPOB ~3M, JOCTOBEPHOE HAONIOAEHHE C YYETOM
CTaTHCTUYECKOM TOYHOCTH OTJIMYHUS B (JOPME CIIEKTPa ITPHU CYIECTBOBAHMU OCILMILISALUIA B
CTEpUIILHOE COCTOsIHME ¢ mapameTpamu Am?%, = 53B% u sin? 260,, = 0.30 craHoBuTCH
NPAKTUYECKH HEBO3MOKHBIM Ja)K€ Ha CPABHHUTENBHO OIM3KOM pAacCTOSHMM ~10M, uTO

HaIJISIHO IPOJIEMOHCTPUPOBAHO HA pUCYHKE 9.

oscillation/without osdillation at 40m from U-235 3m source. A = 5.0 eV, sin20 = 0.30 oscillation/without ascillation at 10m from U-235 3m source. am' = 5.0 8V, sin®20 = 0.30

1:— TN - Mﬂﬂmﬁ\ﬁ‘w_

08 08

ratio, arb. units
S
ratio, arb. units
T

Pucynok 9. CneBa — OTHOIIEHHE CIIEKTPOB aHTMHEUTPUHO Ha pacctosiHuu 40 MeTpoB OT
rcTounuka U nuamMerpoM 3M OpH OTCYTCTBUM OCHMUIALMK (CHHSS JIMHUS) M IPH
OCLMJIIANMAX ¢ mapamerpamu Am3, = 53B2 u sin? 20,, = 0.30; crnpaBa — To ke Ha

paccrosinuu 10 MeTpos.



44

M3 Takoro mnpocTediiero MOJEIMPOBAHUS MOXKHO CJENaTh BBIBOJ O TOM, 4TO
Ha0JII0/IeHUE OBICTPBIX OCLMJUIALIMNA, BO3MOXKHO Ha OJIM3KUX PACCTOSIHUSX OT HEOOJIBIIOrO
WHTCHCUBHOTO HCTOYHUKA HEUTpUHO. M uyeM MeHbIle HCTOYHUK, TEM K OOIbIINM
3HaueHHsIM Am?, OygeT YyBCTBHTEILHOCTH SKCIIEPUMEHTA, TaK KaK IPH pa3Mepax
MCTOYHHKA CPABHUMBIX C IIEPHOIOM OCLMILISAIMI, KOTOPHIA ompenensercs Am?2,, sppekt
CyIIECTBEHHO ociadmisercs. ONTUMaIbHOE PACCTOSHUE e ONPENETSeTCs IHEPTeTUUECKUM
IUana30HOM HCTOYHHMKA HelTpuHo. Tak, B yXKe YINOMUHABUIMXCA pPEAKTOPHBIX
skcniepumentax Daya Bay[70], RENOJ[71], B xoTopbIx HaOJIOJACHHE TPOBOAMTCS Ha
3HauuTenbHOM yaanenuu (550 u 1600 metpos B Daya Bay u 294 u 1383 merpos B RENO),
YyBCTBUTEIBLHOCTh K Hapamerpy Am?, orpanuumBaercsa 3HauenueM ~0.3 — 0.55B%. B
skcriepumenTtax ke DANSS[72] u NEOS[71], B KOTOPBIX AETEKTOPHI U3MEPSIOT CICKTPHI
Ha paccrosHusAX 109 — 12.9M u 24m oT peakropa aTOMHOI CTaHIIMM COOTBETCTBEHHO
4yBCTBUTENBHOCTh Wit Am?, > 53B% 3amerHo ymenbmiaercs. IIpH TakuX yCIOBHSX
OJIHUM M3 ONTHUMAJIbHBIX BApUAHTOB MCTOUYHHUKA ISl HAOMIOAECHUS OCHMIUISILIMA HEHTPUHO
B CTEPWIBHOE COCTOSIHUE SIBJISIETCA MCCIIEAOBATENbCKUN peakTop. KoMmakTHOCTH
aKTUBHOM 30HBI TaKWX PEAKTOPOB MPH OTHOCUTEIBHO BBICOKOW MOIIHOCTU CO3J1aéT
YCIJIOBUS JUIsl UBMEPEHUS CIIEKTpa aHTUHEUTPUHO HA CPABHUTEIBHO HEOOJBILIOM YIaI€HUN
OT UCTOYHUKA, Pa3MEPbl KOTOPOIO HE OKaXYT CYIIECTBEHHOI'O BIIMSHHUSA Ha HAOJIOJICHUE.
Opnako, TPOBENECHUE M3MEPEHH C AHTHHEUTPUHO HAa MajJOM pPacCTOSHUM OT
UCCIIEIOBATENILCKOTO PEAaKTOpa COIPSDKEHO € OOJBIIMMU TPYAHOCTSIMH, CBA3aHHBIMU
MPEXJE BCErO0 C HEOOXOAMMOCTHIO HAOMIOACHHS B JTaOOpaTOpHH Ha MOBEPXHOCTH 3eMIIU
MOJT BO3JICHCTBUEM KaK CaMOIro peakTopa, TaKk U MPHU CYIIECTBEHHOM (POHE, CBA3AHHOM C
KOCMHUYECKUM U3JIy4EHHUEM.

B rmaBe 4 Oymer Oosnee moapoOHO omucaHa oOcHOBaHHas Ha ¢opmyie (31)
npoueaypa Moucka napameTpoB OCHMIUIALUN U3 SKCIIEPUMEHTAIIBHBIX JaHHBIX. 3/1€Ch Ke
KpPaTKO pacCMOTPHUM TO, KaK MOJIy4UTh HEOOXOJUMBIE JJI TAKOTO aHAJIN3a JaHHbIC.

Hcxonas w3 CcKa3aHHOTO paHee, 3ajadya CBOAUTCA K PETUCTpallMd HEUTPUHHOTO

curaajaa, OIpCACICHUIO, TAC IIPOHU30NIIO COOTBCTCTBYIOIICC B33.PIMO,Z[CI>'ICTBI/IC, 141
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U3MEpPEHUI0 dHeprun HeuTpuHo. [lon peructpanreit umeercs B BUAY BbIIEIEHUE COOBITHS
OTHOCSIIETOCSI UMEHHO K B3aMMOJCHCTBUIO HEUTPUHO C BEIIECTBOM JETEKTOpa Cpelau
IPYTUX CHUTHAJIOB, IOCKOJIBKY CEYEHHE B3aUMOJCHCTBHMS HEUTPUHO YPE3BBIYAMHO MAJlo,
JlakKe HECMOTPS Ha OOJIBIION MOTOK OT PEaKkTopa, KOJIUYECTBO PETUCTPUPYEMBIX CUTHAJIOB,
CBSI3aHHBIX C HEUTPUHO, MaJIO MO0 CPAaBHEHUIO C (JOHOM Ha MOBEPXHOCTU 3EMJIH.
Peructpauusi HEWUTpHUHO B HaIIEM JAETEKTOPE MNPOHUCXOAHUT YEPE3 YKE HE pa3
YIIOMMHABIIYIOCS peakuuio obparHoro Oera-pacmaga v, +p > n+e’. B kadectse
MULIEHU UCIOJIb3YETCS )KUJIKMI OPraHU4EeCKUN CUMHTUILIATOP C 100aBIECHUEM T'aI0HUS.
[IpuMeHeHue KUIKOrO CHUHTWIUISTOpA IMO3BOJSET JOCTUraTh OOBEMOB MUIIECHU
JOCTATOYHBIX Il JIETEKTUPOBAHMS HEUTpUHO B TpeOyemom KojaudectBe. [lpu
B3aMMOJICHCTBUM AHTUHEUTPUHO C IIPOTOHOM MHILIEHHU POKIAETCS IO3UTPOH U HEUTPOH.
[Tocne 3ameneHus NO3UTPOH AaHHUTUIIMPYET C AJIEKTPOHOM MHIIEHU, B PE3YJIbTATE YETO
pOXKJArTCsl J1Ba raMMa-kBaHTa ¢ J3Heprued 511 k3B, kotopele pasnmerarorcs B
MIPOTUBOIOJIOKHBIX HarpaBiieHUsIX. CUUHTWUISALKS, KOTOPYIO BBI3BIBAIOT ITO3UTPOH U
raMmMma-KBaHTbI, PETUCTPUPYETCS (POTOIIEKTPOHHBIM YMHOXUTENEM Kak OJuH curHai. Ilo
aMIUIMTYA€ W 3apsAdy OTOr0 CHUIHajla MOXHO OIPEACIUTh DSHEPrUi0 ITO3UTPOHA.
PonuBmmiics B peakuuu OBP HEHTpoH TepMann3yeTcs B TEUEHUE ~5 MKC 3aXBaTbhIBACTCS
ANPOM TaJoJIMHUA. Bpemst 3Toro 3axsaTa ONpenesaeTcss KOHLEHTPALUEH TaJOJMHUS U
coctasnseT ~1073¢. SInpo ragonuuus mraosenHo (~10712¢) ucnyckaer 3—4 raMma-KBaHTa,
KOTOpbIE Takke peructpupyrorca @OV Mo CIHUHTWUISUMUA KAaK OJIMH CUTHal. Takum
o0pa3oMm, Ipu IeTEeKTUPOBAHUH HEUTPUHO HAOIIOJAIOTCS 1Ba CUTHANA, KOPPETUPOBAHHBIX
10 BPEMEHHU: MTHOBEHHBIN CUTHAJ OT MO3UTPOHA M AHHUTWISILIMOHHBIX IAaMMa-KBaHTOB U
3aJiep’KaHHBbIM CUTHAN OT raMma-kBaHTOB peakuuu Gd(n,y). XapakrepHoe BpeMsi MEXAY
CUTHAJaMU 3aBUCUT TOJIBKO OT KOHLEHTPALMM rafoivHusA. Takas KOppensuus CUTHAJIOB
[0 BPEMEHHU TIO3BOJISIET BBIJICIUTH COOBITHE, CBs3aHHOe ¢ peakuuit OBP, cpenu
OOJNBIIMHCTBA OAMHOYHBIX HEKOPPEIMPOBAHHBIX CHUTHAJIOB, KOTOPBIE COCTaBIISIIOT
ocHOBHOU (oH. Kpome Toro, mo sHepruu mo3UTPOHA MOKHO BOCCTAHOBUTH U SHEPTHUIO

aHTHHeﬁTpHHO , KOTOpasd M3 3daKOHa COXPAaHCHUSA OHCPIUHU  OIPCACIACTCA  KakK
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Ey = E,+ + 1.81 M3B = Epyopme + (1.81 — 2 - 0.511)M3B = Epyompe + 0.78M3B, e

E.+ — oHeprus mO3UTPOHA, Eppopme — BUAUMAS B JIETEKTOPE SHEPTHs MTHOBCHHOTO

CUTHaja OT MO3UTPOHA U AaHHUTWISIHIMOHHBIX raMma-KBaHTOB ¢ 511 k3B. Crporo rosops,
4acTh DJHEPIUA HEUTPUHO YXOAWT HA KHUHETUYECKYK0 DHEPrUI0 IIPOTOHA, HO JTUM
ahdexTom MOKHO mpeHedpedb. CxeMa perucTpanuu aHTHHEHTpUHO depe3 peaknuio ObP
noka3aHna Ha pucyHke 10 ciesa.

OpnHako, cpeny BBIOPAHHBIX AP CHUTHAJOB, JJI KOTOPBIX pa3sHULA IO BPEMEHU
pErucTpaluvy OTIAMYAETCS B MpEesiax BPEMEHHU 3aXBaTa HEMTPOHA, OCTAETCS BO3MOKHBIM
U CIly4ailHO€ COBNAJCHHUE JIBYX HE CBA3AHHBIX MEXIY COOOIl CUTHATOB, KOTOPHIE TAKXKE
pas3ziesieHbl 10 BPEMEHU B ATHX XK€ mpezeniaXx. Takue mapbl CHUTHajIoB (GOpMHPYIOT (QOH
CIyYalHBIX COBIMAJCHUN. OTOT (OH ompeAensercs OoOIIell 3arpy3koll JIeTeKTopa,
00yCIJIOBJICHHON €CTECTBEHHOW paJAMOAaKTUBHOCTHIO MAaTEpHAIOB CaMOTo JETeKTopa u
MaTepUajoB BOKPYT, KOCMMUYECKUM HM3JIyY€HHUEM, a TaKKe (POHOBBIM M3ITyUEHHUEM, TaK WU
MHaYe CBSI3aHHBIM C paboToil peaktopa. Jyis mopaBiaeHUs OT 3TOro (poHa UCHOJIb3yeTCs
IIAaCCHBHAs WM AaKTHWBHAs 3alUTbl, p€Yb O KOTOPBIX IOWIET B CIEAYIOIIMX pas3Aciax.
[TomumMo 3arpy3ku ypoBeHb (OHA CIy4ailHbIX COBIAJIEHUNA JIMHEWHO 3aBUCUT OT
BPEMEHHOI'O MHTEPBaJa, B KOTOPBIA JOJDKEH MONACTh KOPPEIMPOBAHHBIA CUTHAI. ITO
BpEMsI OIIpPEAENseTCs TOM peakuuenl, KOTOpas MO3BOJSAET JAETEKTHUPOBATH TEIUIOBOU
HeWTpoH. B ciydae mcrnonb3oBanus peakimu p(n,y)d 3axBarta HEHTpOHA Ha MPOTOHE C
oOpa3oBaHHeM sifjpa JIEeUTEpUs U U3ITYyUYEHUEM PETUCTPUPYEMOIO BIOCIEACTBUM TaMMa-
KBaHTa ¢ dHepruei 2.2 MsB Takoe BpeMs MokeT cocTaBiath ~107*c, uro Ha mopsmok
BBILIE IO CPABHEHUIO C UCIIOJIB30BAaHUEM TaJIOJIMHUSA B KA4ECTBE NMOrIOTUTEN. IMEeHHO n3-
32 OOJIBILIOTO CEYEHUSI 3aXBaTa TEIJIOBBIX HEUTPOHOB COEAMHEHHS C TaJ0JIMHUEM YacTo
UCIIONB3YIOTCS. B KadecTBe M00aBOK B CIMHTUJUIATOP HEUTPUHHBIX JIETEKTOPOB — 3TO
MO3BOJIAET CYIIECTBEHHO COKPaTUTh BpPEMsS MEXKAY MIHOBEHHBIM M 33JI€pKAHHBIM
curHaioM. OJIHaKO, TOCKOJIBKY TaJOJUHUN SBISETCA TSOKEIBIM METAJUIOM, BBICOKAS
KOHIIEHTpAIUsl €ro COEIWHEHUIN MOXKET MPUBECTH K HECTAOMJIBHOCTH CUMHTUIUIATOpPA U

BBITIaJACHUIO T'aJOJIMHHUA B OCad0K.
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IToMmumo ¢oHa cirydyallHBIX COBIIQJICHUH CYIIECTBYET M KOpPPEIMPOBaHHBIN (DOH.
Curnanbel KoppenupoBaHHOTO (poHa Takxke CBs3aHbl ¢ peaknueit Gd(n,y), mosTomy ToXkKe
pa3zesieHbl MPOMEKYTKOM BPEMEHHM MEXIy MNOoNaJaHueM HEHUTpOHa B JIETEKTOP U €ro
3aXBaTOM SIJPOM TaJOJIMHUS, U TEPBOHAYAIBHOE COOBITHE, KOTOPOE SIBJISETCS MPUYUHOM
MOSIBJICHUST O0OWMX CHTHAJIOB, HE CBSI3aHO C HEUTpuHO. (OCHOBHBIM HCTOYHHUKOM
KOppeIMpOBaHHOTO (poHA SABISAIOTCS ObICTphle HEUTpOHHI. [lomanas B meTekTop OBICTPHIN
HEUTPOH 3aMEISIETCS YEPE3 YIIPYTOE PACCEIHUE HA TPOTOHAX MUILIEHU, B PE3YJIbTATE YETO
MPOTOH OTAA4YW BBI3bIBAET CUUHTHWIUIALIMIO, YTO AA€T MEPBbII MIHOBEHHBIM CHUTHA.
3aMeIMBIINICS HEUTPOH Tak ke, Kak U B ciydae ¢ peakuuein OBP nmormomaercs, 4ro
naéT 3ajnepkaHHbId curHaig. (Cxema perucTpanuu KOppeJIUpOBAaHHOTO COOBITHS OT
OBICTPOTO HEUTPOHA MOKa3aH Ha pucyHke 10 crpaga.

[IpoucxoxkneHne OBICTPHIX HEHTPOHOB OOYCIOBIEHO Kak (POHOM KOCMHUYECKOTO
U3Iy4YeHus, Tak U paboToi peaktopa. bonee moapoOHO 00 m3MepeHusix (poHa OBICTPHIX
HEUTPOHOB U €ro MOJIaBJICHUH OYJIeT U3JI0’KEHO B pazjaenax 2.4 — 2.6.
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Pucynox 10. CneBa — cxema mnpolecca perucTpaiui aHTHHEUTPUHO MOCPEACTBOM PEAKIIUU
OBbP; cnpaBa — cxema cOOBITHS KOPPEIUPOBAHHOTO (OHA OT TMOCIEA0BATEIHLHOTO

B3aI/IMOI[eI‘/’ICTBI/I}I 6I>ICTp0FO HCﬁTpOH& C AaApaMHi aTOMOB BOJA0OPOJAa U IralOJINHHUA.

[lepeiiaém K ONMHUCAHUIO JETEKTOPA U €r0 CUCTEM, KOTOPBIE MO3BOJIAIOT IPOBOIUTH
OTHOCHUTEJIbHBIE U3MEPEHUS CIIEKTPA PEAKTOPHBIX AHTUHEHUTPHUHO Ha Pa3HbIX PACCTOSHUAX:

KakuM 00pa3oM OCYILECTBIISETCS PErucTpanus HEUTPUHO, U3MEPEHUE €ro HHEPruud H
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OIpCaAcCIICHUC MECTa BSaHMOﬂCﬁCTBHH N KaKMMH MCTOAAaMH ITOAaBJIACTCA (i)OH CquaﬁHBIX

COBITAJICHUI M KOPPEJIUPOBAHHBINA (POH.

2.2 Onucanue AeTeKTOpa

B ycranoBke HeitTprHo-4 MOXKHO BBIACIHUTH CJICIYIOIINE CUCTEMBI:

JleTekTop peakTOpHBIX aHTHHEUTpUHO. OOBEM, pa3nenéHHbI HAa CEKIUH U

3aI0JIHEHHBIN KUJIKUM CLHUHTUIUISITOPOM.
[TaccuBHas 3amura. Ciay>kKuT AJs 3aLIUTHl OT HEUTPOHHOTO U TaMMa-(oHa.

AxtuBHas 3anurta (A3). OuudpoBanHble cUTHaIBI A3 3alMCHIBAIOTCS B OTACIIbHBIC
KaHaJIBl W B TOCienyromed o0paboTke MaHHBIX WCIONB3YIOTCA IS BBIICICHUS

CHUTHAJIOB JCTCKTOpPA, HCCBA3AHHBLIX C KOCMUYCCKUM HU3JTYUCHHUCM.

Cucrema nepenBMXEHHUs JeTeKkTopa. JleTeKTop nepeMeliaercs BHYTPH NAcCUBHOMN

3alIUTHI 110 PCIILCOBOMY ITYTH.

CucrteMa pacrmpezeneHusi BbICOKOTO HampsikeHus. Cucrtema MO3BOJSET yCTAaHOBUTH
WHJIUBUAYAIbHOE BBICOKOE HampsbkeHUWe Ha Kaxabld OOV i 35eMeHT aKTUBHOM

3allIUTHhI U CJIICAUTD 3a €TI0 CTaOMIBLHOCTEIO.

Cucrema cbopa ganabix. Curnan ¢ kaxaoro @OV wiu sjaeMeHTa aKTUBHOM 3alUThI,
MPEBBIIAIONIMN  yCTaHABIMBAEMbIM TMOPOr, OLU(POBBIBACTCS U 3alMCHIBACTCA Ha

KOMIIBIOTCP BMCCTC CO BPCMCHCM PCTUCTPALINH.

Cxema ycranoBku HeiitpuHo-4 npexncraBiena Ha pucynke 11. Jlerekrop (1 Ha

pucynke 11) mpexacTaBiser co0oil amOMMHHUEBBIN Oak ¢ pasmepamu 245x133x124 cm® ¢

KPBIIITKOW, pa3/esIéHHBIA Ha OJMHAKOBBIE CEKIIMU 3€pKajlbHON COOPKOW M 3aroJHEHHBIN

KUIAKUM COHUHTHUIIIATOPOM.
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Pucynok 11. OGmias cxemMa SKCIEPUMEHTAIBHOM YCTAaHOBKU: 1 - JAETEKTOpP PEaKTOPHBIX
AHTUHEUTPUHO, 2 - BHYTPEHHssA aKTHBHAsl 3alluTa, 3 - BHEIIHSAS aKTHWBHAs 3allluTa
(30HTHK) , 4 - cTaNbHAS ¥ CBHHIIOBAs MMACCUBHAS 3aIlUTa, 5 - OOPUPOBAHHBINA TOJUITUIICH
NACCHUBHOM 3alUThl 6 - mepeABMkHasg miatgopma, / - BUHT HOJAa4yH, 8 - IIaroBBIA

JIBUTATElb, 9 - 3a11UTa OT OBICTPHIX HEUTPOHOB M3 KEJIE3HOU JpOOH.

OCHOBOH 11 CUMHTWJUIATOPA MOCITY>KUJT JIMHENHbIA ankui 6en3on (JIAB). JlanHoe
coeMHEHHE 00J1alaeT BBICOKOM TeMmIepaTypol BCHBIIMIKH, HHU3KOH XUMHUYECKOU
aKTUBHOCTBIO, UMEET MPU ITOM XOPOILKE MOKA3aTeIU MO CBETOBBIXOAY U JAOCTYIHO IS
U3TOTOBJICHUS B OOJIBIINX KOIMuecTBaX. [I0CKOMbKY B KayecTBe MOTJIOTUTENS] HEUTPOHOB
UCIIOJIb3YeTCsl TaJIOJIMHUM, TO HEMaJoBakHbIM mnpeumyliectBoM JIAba sBisercs
CTaOUIIBHOCTh €r0 CMECH C COCAMHEHHUSMHU TrafoiuHus. Mcmonp3oBaHue KOHIEHTPALUU
ragonuaus 0.1% 1o3BOJNSET COXPAaHUTh CTAOUIIBHOCTh CUUHTWIUIATOpPA W JOOUTHCS
HEOOJILIIIOTO BPEMEHU 3axBaTa TEIJIOBOro HeuTpoHa ~31Mkc. g  JgocTkeHwus
HEOOXOJMMBIX CIIEKTPOB M3IY4YEHHS] U TOTJIONICHHUS] B CHUMHTHILIIATOP TaKXe J00aBJICHbI
2,5-mudennnokcazon (PPO) ¢ xonmenrtpamueit 3 r/im u 1,4-0uc(2-MeTuncTepusn) OCH301
(bis-MSB) c¢ xonmentpammeir 15mr/n. CBeTOBBIXOJ KOHEYHOTo cuuMHTHILIATOpa 50%
CBETOBBIXOJIa aHTpalleHa. TOT CUUHTUIIIATOP OBbLI M3roTOBJEH Kojutabopauueit Daya Bay

IJIS CBOETO OSKCIIEpUMEHTa M 3M° Obum mpomanbl npodeccopom Jlxkynom Kao mus
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skcniepumenta Helitpuno-4. IloapoOHO O mpoliecce TPOM3BOJICTBA W HCCIICIOBAHUU
CBOMCTB JAHHOrO CIHUHTHUIATOpa u3lokeno B [73]. Takke B padore [74]
paccMaTpUBAIOTCSl pa3lIMYHBIC BapHAHTBI COCTaBa CIMHTWLIATOpa Ha ocHoBe JIAD.
CrekTp M3JIydeHUs] 3TOr0 CIUHTHIUIATOpPA MPU OOJYYEHHH €r0 CBETOM C JJIMHOW BOJIHBI
260HM, B3sTBIN K3 paboThI [73], moka3aH Ha pucyHKe 12. Yke yrmoMHHABIIHECS CBOWCTBA
CTaOWIBHOCTH KOHIICHTPAIIMM TaJoJIMHUS ObutM mpoBepeHbl B TeueHue 500 mHei.
PesynbraT mnpoBepkn — Ha pHCyHKe 13 ciieBa, Ha TOM JKE€ PHCYHKE CIpaBa
JIEMOHCTPUPYETCS CTaOMIBHOCTh ONTHYECKUX CBOWCTB CHUHTHILIATOpa. Kak BUAHO u3

PUCYHKA CUMHTUJUISITOP COXPAHSET CBOMCTBA HA MPOTSKEHUU JIIUTEILHOTO BPEMEHHU.
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Pucynox 12. Choektp wu3IydeHHs CHUHTWUIATOpAa C J00aBKOW TagoJMHUS — OT

kosutaboparuu Daya Bay [73] npu oOnydyennn JinHO#M BOIHBI 260HM.
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Pucynox 13. CieBa — KOHUEHTpauusi rajgojivHAs B cHUHTHWLIATOpe Daya Bay B

3aBUCMMOCTH OT BPEMCHH, CIIpaBa — 3aBUCMMOCTH OT BPEMCHH ONTHUYECCKOI'O IOTJIOICHUSA

ciiuHTIIDIITOpa Daya Bay npu mmuae BoHb! 430HM. PrcyHKH B3ATHI B3 paboThI [73].
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K Hemocratkam AaHHOTO CIUHTWIUIATOPA MOHO OTHECTH CJIa0OBBIPAKEHHbIE
CBOMCTBa pasJelicHus CUTHAIOB 1o ¢GopMe wummyibca. B pabore [75] ormedaercs
HEKOTOpOe paziauuue B (opMe CHUTHAIOB OT TOKEIBIX M JIETKUX YaCTHI] IS
CIUHTHIUISATOPA CXOXETro 1Mo cocTaBy (Takxe Ha ocHoBe JIAB u mo6asienuem PPO u bis-
MSB, HO 0e3 ramosmHusA), ogHAKO B [76] mokazaHo, YTO JaHHOE pa3lIUM4He JOCTATOYHO
ciaboe 1o cpaBHEHUIO co cuuHTILIsITopoM NE-213.

JlerekTop pa3aenéH CIUIONIHOM TOPU30HTAIIBHOM TJIOCKOCTBIO 3€pKaIbHOM ¢ 00eux
CTOPOH Ha JIB€ HEOJMHAKOBBIE YAaCTH, KOTOPBIE ONTHUYECKH HE CBSA3aHBI APYr C JPYTOM.
Hwxnauit 00béM (0003HaueH 2 cHu3y Ha pucyHke 11) Beicotoit 170MM pa3aenéH BAOJb
JUIMHHOW CTOPOHBI 0aKa Tak»e 3epKaJbHOU C JIBYX CTOPOH CTEHKOI Ha JIB€ paBHbIE YACTH,
KOTOpBIE€ 3alOJHEHbl TeM K€ CHUHTHILIATOpoM. B Topuax HikHero o0béMa caenaHbl
MpPO3payuHble WITIOMUHATOPBI M3 OPrCTEK/Ia, K HUM C MOMOIIBIO CUJIMKOHOBOIO Macia
npumazanbl @OY-49b, KoTopble KpemsTcs ONOpHON KOHCTpykuued. Ha kaxayro dactb
HIOKHET0 00bEMa cMOTpAT 1o aABa POV ¢ kaxaoi ctopoHsl. O0e YacTu HIKHETO 00bEMa
ONTHYECKHU HE CBSA3aHbI MEXAY COOON U BBIMIOJHSAIOT POJIb AKTUBHOM 3aIIIUTHI.

Bepxuuit 006éM netekropa (1 Ha pucynke 11) criermansHol cOOpKo# pa3aenéH Ha
50 (10 pssmoB mo 5 ceKmuiA, MEPBBIA psa — OMKHUN K PEakTopy) OIMHAKOBBIX
BEPTUKAIBHBIX ceKuuid pasmepamu  0.225%0.225%0.75m°. CBepxy Kaxmol CEKIHU
ycranaBiuBaercss ®OY PMT Enterprise 9354 i @Y Hamamatsu 5912 (B mepBbix Tpéx
psAIax U B CEMH OCTaJIbHBIX COOTBETCTBEHHO). DT Mojenu PV npakTUUeCKU UACHTUYHbI
0 CBOMM XapaktepucTukam. CeKUuuu 3amoJIHEHbl CHUHTWUIATOPOM Ha BeicoTy 0.70 M.
Mexnay cuuHTAuIsiITOpoM U POV ocTtaeTcs mpocioiika Bo3ayxa [Js BbIPpaBHUBAHMS
cBetocOopa, o uéM Oosiee MoaApoOHO peub MoWaET B riaBe 3. Bce, m BHyTpeHHUE, U
BHEIIHUE CTEHKH pa3lessioniel cOOpKH 3epKajibHbIE, H3TOTOBJICHBI HX OPICTEKia C
AJTIOMUHUEBBIM HambUIeHHEM. TakuMm 00pa3oM KaKJas CEeKIHS MPEeJCTaBIseT co0oil
«KOJIOZCID C 3epKATbHBIM JHOM M CTEHKaMH, B KOTOPBI 0e3 morpykenus cMoTput OOV,
[TonHbIA 00BEM CHUMHTHILIATOPA B BepxXHell vacth jgerekropa 1.8 m°. Bepxuuii 00bEM

NpeaHasHAuYCH JId pErucrpaiunu aHTHHeﬁTpHHO. PaS,HeJIeHI/Ie Ha CCKIMUH ITO3BOJACT C
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TOYHOCTBIO JI0 pa3Mepa CEeKUUU ONpeNeIuTh MECTO, B KOTOPOM MPOHU3OILIO
B3aMMOJICUCTBUE AHTUHEHUTPUHO C TPOTOHOM. Kpome TOro, cekuMoHUpOBaHUE HAET
JIOTIOJIHUTEJIbHBIE KPUTEPUU OTOOpa HEUTPUHHBIX COOBITUH IO MPOCTPAHCTBEHHOMY
pacnpesiefieHdI0 CUTHAJIOB XapakTepHoMmy uisi peakuun OBP, TeM caMmbIM mnopaBisis
KOppenupoBaHHbIA (OH U (HOH CIyIalHBIX COBIAJCHUN TIpu 00paboTKe MaHHbIX. [lepBiii
U TIOCIICAHUM pAJl JETEKTOpa UCHOJIB3YyEeTCsl B KaueCTBE MAaCCUBHOM 3alIUTHI OT OBICTPBIX
HEUTPOHOB U raMMa-K3Tuepa aHHUTWJISIIUOHHBIX TraMMa-KBaHTOB. TakuMm o0pa3zom, 00bEM
CLMHTUILIATOPA, UCTIOJL3YOIUNCS Ul H3MEPEHU, cocTaBiseT 1.42 m>.,

JlerekTop Haxoautcs Ha Tenere (6 Ha pucynke 11), koTopas mepemelnaercs Io
penbcaM MpU MOMOIIM MPUBOJAHON CHCTEMBbl. B mepBoHayanbHOW BEPCUU MEPEABUKEHUE
TEJIETH OCYIICCTBIIIOCH Yepe3 BpallleHHe MaroBeiM JapuraresieM (8 Ha pucynke 11) BuHTa
(7 Ha TOM >X€ PUCYHKE) IIapUKO-BUHTOBOW MEpeayu, raiika KOTOPOW 3aKperuisuiach Ha
Tenery. Brnocnenctsuu, 3ta cucrema Obljla 3aMEHEHA Ha Py4HYIO JI€OEIKY, KOTopasi Obuia
YCTAaHOBJIECHA Ha MeECT€ MAaroBoro apurarens. KOHTpoJib 3a IOJIOKEHUEM JETEeKTOpa
BBITIOJIHSJICS J1a3€pHBIM JTaJIbHOMEPOM, YCTAHOBJIEHHOM TaM k€. TOYHOCTb COCTaBIISIET
no3uuronupoBanus 0.5cMm. [Ins wm3MepeHHid NEeTeKTOp MepeMEelaeTcss B pas3lInyHbIE
NO3ULIMKA Ha PACCTOSHHUE KpaTHOE pa3Mepy cekuuu. B pesynbTaTe pasHbie CEKIHUH
U3MEPSIOT CHEKTP AHTUHEHUTPMHO Ha OJMHAKOBBIX PACCTOSIHUS OT peakTopa, 3a
UCKJIIOYEHHEM KpPaeBbIX MO3UIMI HA OJIMKHEM U TaTbHEM PACCTOSHUSX.

JleTekTOop Ha Teyere mepemMenaeTcss BHyTPU MacCUBHOM 3alUThI — «JIOMHUKa» (4, 5
Ha pucyHke 11). 3amura okpyKaeT IeTEKTOp CO BCEX CTOPOH U COCTOUT U3 JIMCTOB KeJe3a
U CBUHIA [UJIs 3allMThl OT TaMMa-U3JIy4eHHs, KOTOpbI€ 3aKperyieHbl Ha OJoKax u3
OOpPUPOBAHHOIO TMOJIMATUIICHA, MPEIHA3HAYEHHOTO [Jisi MOJAABJICHHS (pOHA TEIUIOBBIX U
OBICTPBIX HEUTPOHOB. Mexay TOMHKOM M OJNMKHEH K peakTopy CTEHOM 3ajokeHa
yyryHHas Jpo0b (9 Ha pucynke 11) B kadecTBe JOMOJHUTCIBHON 3alUThHI OT (DOHOBOIO
u3MydeHus peakropa. O0muii Bec maccuBHOM 3amuThl (0e3 1podu) 60 ToHH.

AKTHBHAs 3alllUTa IETEKTOpa COCTOUT U3 BHENIHEH (3 Ha pucyHke 11) u BHyTpeHHeH

(2 Ha pucynke 11) yacTeil MO OTHOIIEHUIO K IMACCHUBHOM 3amuTe. JICTEKTOPHI BHEIIHEH
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3alUTHl — «30HTHKa» COOpaHbl U3 OJOKOB IJIACTUKOBOIO CIHUHTHILIISITOpA pa3Mepamu
50x50x12cm> o 3 miu 4 6710Ka B P HA OJMH MOLYJIb. BIIOKM IpUMa3aHsl TOPIIAMH JPYT
K JIpyTy CHUJIMKOHOBOM ONTHYECKOW CMAa3KOH, M KaXKIbI MOIYJb OOEPHYT MaillapoM H
Henpo3payHoi 4Y€pHOM mi€Hko. K TopmamM MoOaynsi NPUKPEIVIEHBI C ONTHYECKUM
KoHTakToM 1o nBa ®DVY-49 ¢ xaxmoi croponsl. lllecTs NIMHHBIX M IIECTh KOPOTKHX
MOJIyJIell YCTaHOBJICHBI Ha JIBE CILICTJICHHbIE MEXAy cOO0Oi pambl Ha Kojécax, KOTOPbIE
MIEPEMEIIAIOTCA BHYTPU YJIOKEHHBIX Ha KpBILIE HIBEJUIEPOB IPU MOMOIIA PYYHOU
ne0&nku. 3OHTUK TEpeMelIaeTcsl OTAEIbHO OT JETEeKTOpa, HO COIJIACOBAHHO C
COXpPAaHEHHWEM HUX CHUMMETPUYHOIO B3aUMHOIO PACMOJOXKEHHUS B JIIOOOW MMO3UIIUU
nerektopa. BuyTpenHsst A3 COCTOUT M3 HMKHEH 4acTu, 0 KOTOPO# ObLIO CKa3aHO paHee, ’
BEpXHEH, KOTOpasi yCTPOCHA CXOKUM C 30HTUKOM 00pa3oM C TOM JIMIb pa3HUIEH, 4TO TpU
MOJYJIsl BHyTpeHHEW yacTh A3 cOCTaBlIeHbl U3 MATH OJIOKOB (CpeHU MOAYJIb COOpaH U3
6110k0B 50x30x12cM?), pacmosioKeHbl Ha KPBIILIKE AETEKTOPA U MEPEMEIIAIOTCS BMECTE C
HUM. AKTUBHas 3aluTa paboTaeT Mo cxemMe aHTHCOBIAJACHHUI — IIPU OTHOBPEMEHHOM (Mn
C YCTaHOBJICHHOM BPEMEHHOM 3aJIepKKOM) PEerucTpalid CUTHAJIOB B JIIOOOM U3 MOayJieh
A3 ¥ B CEeKIIMM JETEKTOpa CUTHAN B IETEKTOPE OTOpachiBaeTcs. Takasi cucrema mo3BoJIIeT
NOJABUTh MIOOHHBI (OH KOCMHUYECKOrO M3JIYYEHHS] M YAaCTHMYHO YMEHBIIHUTH
€CTECTBCHHBIII  KOPPENUPOBAHHBI  (OH  OBICTPHIX  HEUTPOHOB, CBSA3AHHBIA  C
B3aMMOJICHCTBUEM BBICOKODHEPIeTUYECKUX MIOOHOB C SApaMU J3JEMEHTOB CaMoOro
JETEKTOpa M OKPYKAIIIMX €ro MaTepuajgoB, MPU KOTOPOM IIPOUCXOJIUT IOSIBIICHHUE
OBICTPBIX HEUTPOHOB.

BbicOKOBOIBTHOE MUTAHKE BCEX (POTOYMHOKUTENEH JETEKTOPA U AKTUBHOM 3aIlUThI
OCYILIECTBJISIETCA 4YEPE3 CHUCTEMY pACHpENEICHUs BBICOKOrO HampsbkeHus. Cucrema
COCTOUT W3 BBICOKOBOJIFTHOI'O HMCTOYHHMKA, HAIpsHKEHUWE ¢ KoTtoporo mnonaérca Ha 50-
KaHAJIbHBIA TUCTpuObIOTOp. C AUCTPUOBIOTOpPA BBICOKOE HAMPSIKEHUE pacCIpeaeiseTcs
UHAMBHAyaIbHO Ha Kaxabpii @POY. VYmpaBneHue H KOHTPOJIb 3a CTaOMIBHOCTBIO
YCTaHOBJIEHHOTO ue€pe3 AUCTPUOBIOTOP HAMPSDKEHUS OCYIIECTBISIETCS C KOMIBIOTEpa, K

KOTOPOMY JHUCTPpUOBIOTOP MoAKIouaercs uepe3 uHTepdeiicayro PCl-mmaty. JlanHas
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CUCTEMA  pPACHpENeNICHUsT  BBICOKOTO  HAIPSKEHUS  IO3BOJSCT  WMHJUBUIYAJIbHO
peryJimpoBatb M COXpaHATh CTAaOWJIBHBIM  KOIGOUIIMEHT  YCUJICHHUS  KaXJI0Tro
bOTOYMHOXHTEIIS, OJ1aro1apsi YeMy CTAaHOBHUTCSI BO3MOKHON OJJMHAKOBAsl HACTPOMKA BCEX
CEKIIMH HEUTPUHHOIO JIETEKTOpa M MOJyJeH aKTMBHOW 3amuThl. JlaHHas cucTema Oblia

paszpaborana B OPD OD®BDI [TUAD, xapakTepucTike €€ mpeacTaBIeHbl B Ta0HIE 3.

Tabnuna 3. XapakTepuCTHKU CHCTEMbI paCIIPEICICHUS BHICOKOTO HAIPSHKEHUS.

XapakTepucTuka 3HaueHue
PerynupoBka HanpsiKeHUs 0...1500 B; 0.1%
MaxkcuMaJIbHBIN TOK 0.5 MA
MOHUTOPUPOBAHKUE TOKA 0.1%
MOHUTOPUPOBAHKUE HANIPSKEHUSI 0.1%
CrabuipHOCTH (3a 24 yaca) 0.1%

Jlns opraHuzanuu nUTaHus JUHOAOB Bcex DOV  uUCHONB3YIOTCS aKTUBHbBIC
JIenuTenu, Takke paszpadotanHeie B OPD OOBD TIUA®. Mcnons3oBaHue aKTUBHBIX
JeNUTENIe TO3BOJIIET JOOUTHCS HHU3KOTO TMOTpPEOJIeHHMsT TOKa W HE3aBUCUMOCTHU
HaIpsHKEHUS Ha JUHOAAX OT 3arpy3ku DY curnaiamu.

Jns peructpaniii M CYUTHIBaHUS CUTHAJIOB C¢ jaerektopa B OPD ODPBD IIMAD
paspaborana cuctema CROS-3N ¢ BpeMeHHOW W aMIUTUTYAHOW 0OpaOOTKON BXOIHOMN
uH(poOpMaIMK, TMOCTPOEHHAs C UCIOJIb30BAHUEM COBPEMEHHBIX aHaJIOro-uu(pOBbIX
npeobpaszoBaresneit, mnporpammupyemoit jgoruku FPGA u 3KOHOMHBIM CUMTHIBAaHUEM
uHGOpMAIlMU C TIOMOIIBIO BBICOKOCKOPOCTHBIX TMOCJEIOBATENbHBIX CPEICTB IMepeaadn
JAHHBIX, BKJIOYash IYIUIEKCHBIM onTtudeckui kaHan. Crpykrypa cuctembl CROS-3N
npenactaBieHa Ha pucyHke 14. Cuctema cocTOMT M3 TpPEX (PYHKIMOHANBHBIX YacTel:
NPUJETEKTOPHON 2JIeKTpoHUKH (Moaynb ASF48 — gururaiizep), NpoU3BOISIICH
aMIUTUTYTHO-IIMPOBYIO U BpeMs-LU(PpPOBYI0  MEPBUYHYIO OOpabOTKY JIaHHBIX,
ANIEKTPOHUKH (opmaTtupoBanusa, Oydepuszanmu u cuuTeiBanus (momgyns CCB16 -

KOHIIGHTPATOp), a TakXKe - AJIEKTPOHUKH HAKOIUICHUSI JAHHBIX B CHUCTEMHOM Oydepe

(momyns CBS-B).
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KomnbroTep
¢ PCl Maructpanb
CBS-B

OnTtuyeckmin Kanan

MocnepoBatenbHbin KaHan

CurHansbi CurHanbi
M oaemim | e s
—  ASF48 ASF48  [¢—

Pucynok 14. Ctpyktypa cucrembl CROS-3N

Monymun ASF48 pacnonaraioTcsi Ha JeTEKTOpe W cojepkaT mo 48 kaHalloB
nepBuUHON 00paboTku wuHMopmanuu. CHUTHaJIBl JETEKTOpa IOCTYMAOT Ha BXOMIBI
ammumutyaHo-uuposoro (ALII) u Bpems-umudposoro (BULII) mpeobpasoBanus. [IBa
MapajuieIbHBIX MOTOKA 3aTeM (HOPMATUPYIOTCS B OAWH OJIOK JJISl TMOCJEAYIOMIETO YTCHUS
yepes Mocie0BaTeIbHbIN KaHall. BHyTpeHHsIsl mporpamMupyeMast joruka moayiiss ASF48
yCTaHaBJIMBAET BPEMEHHOE OKHO, B TEYCHHE KOTOpPOro mpomsBoautcs BeiOOpka ALl u
BIIII npeoOpazoBaHuii BXOJHBIX AaHHBIX. YTpolnéHHas cxema moayiss ASF48 nokazana
Ha pucyHke 15. Moayapr BbIMOJHEH Ha ©0a3ze 8-kaHaNbHBIX  12-pa3psaHbIX
npeobpaszoparenerr (Flash ADC) u mukpocxemsl mporpammupyemoint joruku FPGA.

OcHoBHbIe XapakTepucTuku Mmoayisi ASFA8 npencrapnensl B Tabiuiie 4:

Tabnuna 4. Xapakrepuctuku Moayist ASF48.

XapakTepucTrka 3HaueHHe
Yuciio kaHaJIOB 48
Pazpsimnocts AL 12 our
Yacrtora AL 65 MI'g

44 6ura, 100 MI'11
(10 HC — 2 cyT.)

CKOpOoCTh mepeiau TaHHBIX 100 M6/c

[Tutanue 2.7 A/3.8 B/10.3 Bt

PaspsanHoCTh TaliMepa
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Sample CLK Generator CLK Distributor
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Pucynok 15. Ynpoménnas crpykrypHas cxema moayist ASFA48.

Monyns CCB16 pacnonaraercs BOoau3u monyneit ASF48, Bmiote 1o 16 momynei
ASF48 wmoryt ObITh coemuHeHbl ¢ moxayjieM CCB16 ¢ moMoniplo JIByHaAmpaBiICHHBIX
nocieaoBaTeabHbIX KaHaioB. Moayias CCB16 cobupaer mannwsie ¢ ASF48, dopmupyer
OJIOK CuUuTBhIBaHUA MU TepenaéT naHHble B cucteMHblii Oydep (Momyns CBS-B) mo
ontuyeckomy kanany (mo 2 1'6/c). Ympaasionige KOHCTaHTBI M JAPYTUe CIy)KeOHbIC
JaHHbIE MOTYT OBITh 3arpykenbl B Moayiu ASF48 u CCB16 u3 cuctemnoro 6ydepa.

Monyns CSB-B  mpeacraBmsier  coboit  crammaptayro  1wiaty  PCI-32,
o0OecreunBaroONIyl0 TMepeaadyy JaHHBIX M0 AYIUICKCHOMY ONTHYECKOMY KaHAIy |
CUMThIBAaHUE JaHHBIX B KommbioTep uepe3 muHy PCI/PCI-X. Monaynb BBINIONHSAET JBE
OCHOBHBIX 3a/laud: cOOp M HAKOIUICHWE MaHHBIX MJIA TOCICIYIONIeH TpaHCISIUA B
KOMIIBIOTEP, a TaKKe — 3aliCh W3 KOMITbIOTEpa OJIOKa YIPaBJISIOMINUX KOHCTAHT JIJIst
MOCJICYIONIEH TpaHCISIIUU B Momynu cuctembl. Jlms paboter ¢ cucremori CROS-3N
CO3JIaHO CIenUaNIbHOE porpaMmmuoe oodecreuenue moa OC Linux, ¢ moMoOIIb0 KOTOPOTOo
MIPOU3BOJIUTCS HACTPOWKA U yIPABICHUE CUCTEMOI.

B oskcnepumente Helitpuno-4 cuctema CROS-3N  pabGotaer B pexume ¢

BHYTPCHHHUM TPUITCPOM. B stom PCKHUMEC, KOI'Jda 3HAYCHHUC OHH(I)pOBaHHOI‘O COMILJIa



57

BXOJHOIO CUTHAJla B OJHOM U3 KaHaJOB JUTHMTal3epa, IPEBBIIACT YCTAHOBIEHHOE
IIOPOrOBOE 3HA4YE€HHE, BbIpAadAThIBAETCs BHYTpeHHuW tpurrep. llpu cpabaTbiBaHun
TpUITEpa MPOMCXOAUT 3aMUCh BPEMEHU CpabaThIBaHUA TpPUITEpAa IO BHYTPECHHEMY
TaliMepy, 3aluChb OINPEAEHEHHOIO 4YHUCJIa COMIUIOB, XPAHSIMIMUXCS B  IOCTOSHHO
OOHOBJIIEMOH 001aCTH MaMATH, KOTOPBIE MPEIIIIECTBOBAIN CpadaThIBAHUIO TPUITEPA — TaK
Ha3bIBaeMbIl opceT, 1 oludpPOBKa C MOCIEAYIONIEH 3aTMChI0 HEKOTOPOTO YKCIa CIMILIOB
nocne cpabarbiBaHusi Tpurrepa. Iloporn cpabaTeiBaHus TpUITEpa HACTPAUBAIOTCS B
nporpamme it pabotel ¢ CROS-3N mpauBUAyanbHO UIS KaXJIOTO KaHaja Ka)Io0ro
moxaysiss ASFA8. Jlns Bcex KaHallOB OJTHOIO MOAYJS YCTaHABIWMBACTCS PETyJIHpyeMbIe
3HaueHus ynciaa coMiuioB odceeta (0-15) u obriero uucna camIuIoB ais 3amnucu (odeer +
coMIuibl mocie tpurrepa oT 1 no 992). 3ammcey odceera HeoOxoauma mpu JaidbHEHUIIEM
aHaJIM3€ CUTHAJA JUIsl ONpENENICHUsl HYJEBOrO ypoBHs. BHyTpeHHMIl Talimep paloTaer c
gactotoid 100MI'1, To ecTh pa3HuUIly 10 BpeMEHHU CpabaThIBaHUA JABYX TPUITEPOB MOKHO
yCTaHOBUTH ¢ TOYHOCTHIO 10 10HC. Cxema pabotel cucrembl CROS-3N B pexume c
BHYTPEHHUM TPUITEPOM MIOKa3aHa Ha pUCYHKe 16.

MonTax cuctembl coopa ganHbix npousBogmind B.I'. UBoukun, H.B I'py3unckui,
A.O. Tlomomkun u A.B. BacunbeB. Hactpolika M TeXHHMYECKass MOJAJACPKKA BCEX

AJEKTPOHHBIX CUCTEM OcyliecTBIsuIach B.I'. IBOUKUHBIM.

Trigger Nearest Next Trigger
-_—
______ ]z N \T“h‘“'z ™
/ Captured Data Samples 1
Input Signal after Preamplifier A Y ' | I

1

/!

Sample|Time

Offset KSample Time 1 Minimum = Offset + 6

(0...15) (Sample ﬂ}*zu:jamplelﬂﬁdﬂel] 15.38 ns

(B5 MHz)
Data Capture Timing (Self Trigger Mode)

Pucynox 16. Cxema pa6otsl cuctembl CROS-3N B pexume ¢ BHyTPEHHUM TPUTTEPOM.
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Tak, mogaBas curHaisl ¢ kaxaoro @IV nerexkropa Ha otnenbHblld kKaHan CROS, Ha
BBIX0JIC MMEEM BCIO HEOOXOJIMMYIO HMH(OpMAIMIO: BpeMs COOBITHS, MECTO — CEKIIHS, B
KOTOpOH OB 3apeTUCTPUPOBAH CHUTHAJ, W CaM OIM(POBAHHBIA CUTHAJ, MO KOTOPOMY
MOXHO ONPEACINTh aMIUIUTYIy, 3apsa M JUIMTEIbHOCTh uMmmyisbca. Takke Ha CROS
NOJIAOTCSL CUTHAJIBI C Ka)KJIOM IUIACTHHBI BHYTPEHHEH A3 M CHrHajbl C JIBYX 4YacTeu
«30HTHKa». Bce mannwie, moctymaromme B CROS-3N, 3anuceiBatorcs B daitn s

nocieayoIieit 00padboTKH.

2.3 OO0paboTka TaHHBIX

Ha mepBoM »srame mnpoucxoauT uTeHHEe (aitia ¢ JaHHBIMH, OIPEACIIIOTCS
napamMeTpbl KaKJOTO COOBITHS: BpeMsi, HOMEp KaHaja, aMIUIUTyJa CUTHaJIa ¢ Y4ETOM
HyJleBoro ypoBHs. [lo HOMepy KaHajga W aMIUIMTYJE OIPEACIISIOTCS COOBITHUS, KOTOpPbHIE
MO>XHO OTHECTH K CpabaThIBaHMIO aKTUBHOM 3amuThl. Ha criemyrorem stamne mpoucxoauT
oTOop curHajgoB He3zanpeméHHeix A3. I[logpoOHee o kpuTepuu 3TOro orbopa Oyuer
pacckazaHo B paszzene 2.6.1. Jlamee otoOpaHHBIE COOBITHS TPYMIUPYIOTCS MO BPEMEHHU:
CUTHAJIBI, 3apeructpupoBanHbie B uHTepBasie oT 0 10 200HC (XapakTepHas IIUTEIHHOCTD
HMMITYJIbca MO0 OCHOBAHUWIO) CUMTAIOTCS OJHOBPEMEHHBIMH. Takum oOpa3oM BBIICIISIOTCS
COOBITHS, KOTOPBIE MOTYT OBITh CBSI3aHBI OJTHOM MPUYMHON M COCTOATH KaK U3 OJTHOTO, TaK
M W3 HECKOJIBKMX CHUTHAJIIOB B pPa3HbIX KaHajgax jAeTekropa. I[logoOHOMY COOBITHIO
MIPUITUCBHIBACTCS BPEMS IIEPBOTO CUTHAIA.

3aTeM MPOUCXOJUT TIOMCK KOPPETUPOBAHHBIX TAp COOBITUH yXKe Ccpeau
CTPYIIHUPOBAHHBIX OJAHOBpEMEHHBIX. (Camoe TMepBo€ 3aperucTpUpOBaHHOE COOBITHE
paccMaTpuBaeTCs Kak MOTCHIMANIbHBIA CHUTHAJT OT TMO3UTPOHA M TamMMa-KBaHTOB —
MTHOBEHHBIN CHUTHAJ, JaJIe€ «OTKPBIBACTCA OKHOY» JJISI TIOMCKA BTOPOTO COOBITHS. 37eCh U
Jajee clioBa CUTHAI U COOBITHE UCIIOIb3YIOTCSI KAK CHHOHUMBI, €CJIM HE YTOUHSIETCS MHOE.

[Mupuna oxHa TOMOOpaHa TakUM o00pa3oM, 4YTOOBI C BEPOSITHOCThIO Onm3koil k 1
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0OHApY>XUTh BTOPOM KOPPEIMPOBAHHBIN curHaid. Eciu T — BpeMsl «OKH3HW» TEIJIOBOTO
HEWTPOHA B CLIMHTUJUISATOPE 10 3aXBaTa sAPOM, TO YUCJIO 3aXBaYEHHBIX B MOMEHT BPEMEHU
t HeHTPOHOB OymeT 3aBHCETh OT BpeMeHH Kak N~e Y/, Bpems «GKH3HH» TEIIOBOTO
HEUTPOHA B CLIMHTUJUIITOPE, KaK YK€ OTMEUYaJIOCh PaHee, 3aBUCHT JIMIIb OT KOHIIEHTPaLun
Alep MOMVIOTUTENA. Tak B TEUEHHE NPOMEXKYTKAa BPEMEHU PABHOrO 3T C BEPOSITHOCTHIO
95% 3axBar npou3zoitnér. Ecnu mpu 3ToM BeIOpaTh MUPHUHY OKHA 9T, TO MO KOJUYECTBY
NapHBIX MO BPEMEHU COOBITHH, KOTOPBIE Pa3IeNeHbl MPOMEXYTKOM OT 6T A0 9T MOXKHO
OIICHUTH (POH CITyYalHBIX COBIAJCHHUIN. UHUCIIO CIydyaiHBIX COBIAICHUHN MTPONOPIIMOHAIBHO
BPEMEHHOMY HHTEPBANly, U BEPOSTHOCTh OOHApPY>KEHHUS BTOPOTO CHUTHAJIa HE 3aBHCUT OT
BPEMEHH, TOATOMY B MHTEpBaJIE 6 — 9T cilydallHbIX COBIAJEHUN CTOJBKO K€, CKOJIBKO U
or 0 mo 37, a KOppenupoBaHHBIX CHUTHAJIOB YK€ mpaktuuecku HeT. [lpum otbope
KOPPEIUPOBAHHBIX COOBITHI MCHOJB3YIOTCS JOMOJHUTENbHbBIE YCIOBUS MO AMIUTUTYIE U
MPOCTPAHCTBEHHOMY PACIPEJEICHUI0 CUTHAJIOB, COCTABJISIOIIUX COOBITHE, KOTOpPBIE
HAKJIaIbIBAIOTCS HA MTHOBEHHOE U 3ajJep>KaHHOe coObITHs. bonee neranbHO 0 KpUTEpHSIX
ATOro 0TOOpa Takxke OyneT pacckazaHo B pasnene 2.6.3. Ecnu B 3ajaHHOM BpEeMEHHOM
okaHe (0 —9t) oOHapyXUBacTCS BTOPOH CHUTHAJ, TO KOPPEIUPOBAHHOE COOBITHE
3aIMCBIBACTCS, CICAYIOINNA CUTHAII PACCMATPUBAETCS KAK MIHOBEHHBIM U MOMCK B HOBOM
BPEMEHHOM HHTepBasie 9T moBTOopsieTcs. Ecnu e BTOpOro curHana B OKHE HET, TO €CTh
ClIeJlyIolllee BO BPEMEHHU COOBITHE MPOUCXOAMUT MOIPKeE, 4eM yepe3 9T, To Torjaa mepBoe
cOObITHE OTOpAchIBae€TCAd, a BTOPOE pPACCMATPUBAETCS KaK MIHOBEHHOE M TOMCK
noBTopsercs. Tak TMocleqoBaTeNbHO, Mepedupas Bce COOBITHS B XPOHOJIOTHMYECKOM
MOPSJKE, BBIIEISIOTCS BCE KOPPEIMPOBAHHBIC Maphl coObITHI. B cimyuae eciu coOwiTue
COCTOUT W3 HECKOJbKUX CHUTHAJIOB OTHEIbHBIX KAaHAJOB JAETEKTOpPa, TO HUX DHEPruu
CKJIQJbIBAIOTCS, U 3TAa CyMMapHasi JHEPTUsl CYUUTAETCS SHEPTUEl BCEro COOBITHUS, a CEKIIHEH
JETEKTOpa, B KOTOPOW MPOM30IUIO COOBITHE, CUATAETCS Ta, IZe ObUI 3apEeTrUCTPUPOBAH
MaKCUMaJIbHBINA MO aMIuiuTyAe curHai. [1o oToOpaHHbIM COOBITHSIM CTPOSITCS JABa Habopa
HHEPreTUYECKUX CIIEKTPOB COOBITHH, YIOBJIETBOPSIOLIMX BCEM KpPUTEpHUSIM OTOOpa —

CIICKTPbI MI'HOBCHHbLIX CHUI'HAJIOB, IIPOU30HICAIINX B OJHOM DALY CCKHHﬁ, AJI1 KOTOPBIX
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3aJlep)KaHHOEe COOBITHE TMPOMCXOMUT B HHTepBaie 0 — 37, W CHEKTPhl MTHOBEHHBIX
CUTHAJIOB, TaKXXe€ MPOM3OILICANINX B JIOOOW M3 CEKIMl OJHOTO psAna, C 3aJepKaHHBIM
CUTHaJIOM B HHTepBajie 6 — 9t. [lepBrlit HAOOP — cyMMapHbIE CIIEKTPHI KOPPETUPOBAHHBIX
U CIy4alHBIX CHUTHAJOB KaXIOTO pPsiia AETEKTOPa, BTOPOI — CIIEKTPhI TOJBKO CIy4alHbIX
coBrnajieHuii. CnekTpsl HOPMUPYIOTCS Ha BpeMst Habopa naHHbIX. [ Kaxmoro psna,
BBIUMTAS U3 TIEPBOTO CIIEKTPaA BTOPOMA, OJTydaeM UTOTOBBIN CIIEKTP MTHOBEHHBIX CUTHAJIOB
TOJIbKO KOPPEIUPOBAHHBIX COOBITUN B JaHHOM psiay. Takue CrekTpbl HaOWparoTcs mpu
pabotaromem peaktope (peaktop ON) — B ciektpsl nomnagarT kak curHansl ObBP, Tak u
(OHOBBIE OT OBICTPHIX HEHTPOHOB, M BO BpeMsi OCTaHOBKH peaktopa (peaktop OFF), Toraa
U3MEPSIOTCA TOJBKO CHEKTphl (poHa. MTOTOBBIM pe3ylbTaTOM SBISIOTCS Pa3HOCTU
HOPMHUPOBAaHHBIX Ha BpEeMs CIEKTPOB, HM3MEPECHHBIX TpHU pPaOOTAIOIIEM pEaKkTope, U

(OHOBBIX CIIEKTPOB, MOJYYEHHBIX JJI KXKIOTO Psiia MPH KaXKIOM MOJOKEHUH JETEKTOpPa.

2.4 MecTo nNpoBeJeHUS IKCIIEPUMEHTA

MopnenpHO HE3aBUCHMOE PELICHUE 3a1a4X MOMCKA YETBEPTOr0 HEUTPUHO C MACCOU
~15B TpeOyeT He TONBKO MO3ULMOHHO U YHEPTreTUUECKH YYBCTBUTEIBHOTO JAETEKTOPA, HO
Y KaK MO>KHO 3aKJIIOYUTh U3 pasjena 2.1, HakaaabpIBaeT yCIOBHUS U HA ICTOYHUK HEUTPUHO.
Kak Obu10 MOKa3aHO UCCIIEI0BATENBCKUM PEAKTOP BBICOKOM MOIIHOCTH SIBJISIETCSI OJJHUM U3
ONTUMAJIBHBIX MCTOYHUKOB HEMTPUHO KaK pa3 Uil pealu3aluyd METOJa OTHOCUTEIbHBIX
U3MEPEHUI B 3a/laye MOMCKa JIEFKOTO CTepWiIbHOro HeiTpuHo. Peaktop CM-3 mmeer
OYEHb KOMIIAKTHYIO AaKTHUBHYIO 30HY IIPH BBICOKOM MOIIHOCTH, HO JUISl IIPOBEICHHUS
M3MEpPEHUIl HEHUTPUHHBIX CHEKTPOB B (POHOBBIX YCJOBHSIX, COIMYTCTBYIOUIUX TaKOMY

HCTOYHHKY, H€06XOI[I/IMa IIOATr0OTOBKA J'Ia60paT0pHOFO ITOMCIICHMH .
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2.4.1 Peaxtop CM-3

Uccnenosarenbckuii peaktop CM-3 — KOpIyCHOM BBICOKOTIOTOYHBIN BO/I0-BOJSIHOM
SJIEPHBIA PEAKTOpP C MPOMEXKYTOUYHBIM CHEKTPOM HEHUTPOHOB. [ JITaBHBIM MPEUMYIIECTBOM
peakropa CM-3 sBIsieTcs KOMIIAKTHas akTHBHas 30Ha (42x42x35c¢M®) mpu BBICOKOM
TersoBoil MomHocTu peakropa 90 MBT. Cxema peaktopa B paspe3e U KapTorpamma
aKTUBHOW 30HBI TIPE/ICTaBIICHbI HAa pUcyHKe 17. OCHOBHbBIE XapaKTEPUCTUKU TIEPEUNCIICHBI

B Tabnwuie 5. PUCYHKH U XapaKTepUCTUKU B3ATHI U3 [/7, 78].

Ta6nuna 5. Xapakrepuctuku peakropa CM-3.

XapakTepucTruka 3HaueHue
MaxkcumanbHas MOIIHOCTD 100 MBT
Cpennsist 3HEpPTUsi HEUTPOHOB 0.1 5B
MaxkcuMmanbHas IIOTHOCTh MOTOKA TEMLIOBLIX HEUTPOHOB 5-10%cm?ct
MaxkcuManbHas IIOTHOCTh MOTOKA OBICTPBIX HEUTPOHOB 2-10%cm?ct
PasMep akTHBHOM 30HBI 420x420x350 mm?
3aMeIuTeNb Bona
Temnonocurenn Bona
Ortpaxarenb beprwiumn
Torunso UO,, 90% oboramieHus
CpenHsisi III0THOCTh YHEPTOBBIIECIEHUS 2 MB1/n

AKTHBHas 30Ha OKpYy>Ke€Ha OepHJUTHEBBIM OTpa)kaTesleM, B LIEHTPE 30HbI pa3MelleHa
HEHUTPOHHAs JIOBYIIKA. B KauecTBe TOIUIMBA UCHOJB3YETCA TUOKCH]T ypaHa-235 ¢ BBICOKUM
oboramenuem (90%). Peakrop oxnaxmaercs 3a CUET MPUHYIUTETLHON HUPKYIISIUU BOJIbI
nox apasieHreM 10 4.9Mna B mepBoM KOHType. B JoOBymike, akTUBHOW 30HE U B
oTpaxkaTeJie MPeyCMOTPEHBI MECTA pa3MeIleHHs 00 Ty4yaeMbIX MaTepUaIoB JIJIsl IIMPOKOTO
CHEeKTpa 3aJa4 MaTepualoBeleHUs U OOIIMPHOM H30TOMHON mporpammel. PeakTop
paboTaeT B peXHME: JBE MHUKPOKAMIIAHWHA MPOMOJDKATEIHOCTRI0O 10-14 cyroxk u
OCTAaHOBKM MEXAYy HUMU J0 2 CYTOK JJisi TEeperpy3k, IO 3aBEpIICHUU BTOPOU

MHUKpPOKaMIIaHUH CJICAYCT OCTAaHOBKa Ha 5 CYTOK. Pa3 B roa B TCUCHHUC OAHOI'O MCCiAlla
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POBOJUTCS IUIAHOBO-NIPEAYNPEIUTEIbHBI PEMOHT, Ha BpeMs KOTOPOIO pPEaKkTop
OCTAHaBJIMBAETCS, U Pa3 B JIBa roJia JOMOJIHUTEILHO OCYIIECTBIISETCS PEMOHT BEHTLEHTPA

JUTUTEIBHOCTBIO 2 HENIEIH.

m KuHu e
‘-é‘} H ero NOMep 5__ :

HuCH S 3K Raai ROMITCICAPYIOMTAR
wnk ¢ TRC Opran

Jo Yoo Y }o

o pabesi oprag A3
. paiinani spran AP b W BCpHIL I ERDY
OTpRAaTeIE

Pucynok 17. CneBa — pa3pes peaktopa CM-3: 1 — kpbIllka; 2 — MEXaHU3M Ieperpys3ku; 3 —
kopryc CM-3; 4 — BxogHOU naTtpyOoOK; 5 — BRIXOHOM NMaTpyOoK; 6 — Manas pa3rpy3ouHas
miomanka; / — tpybka KO; 8 — OGombmas pasrpy3ounas miomanka; 9 — TBC; 10 —
[EHTpaJbHas BBICOKOTOTOYHAs oOnacTh; 11 — OGepwmeBblit oTpaxkarenb; 12 — kopmyc
CM-2; 13 — rtemioBas 3anmuta CM-2; 14 — BXxoAaHOW MaTpyOOK CUCTEMBI OXJIaKJACHUS
MEXKKOpITyCHOro TmpocTpaHcTBa. CrpaBa — KapTrorpamMma akTuBHOM 30HBI CM-3: 1 -—
JIOBYIIKA HEHTPOHOB; 2 — OEpUIUIHEBbIE BKIIAJBIIIN; 3 — OEpUIUIHEBbIC OJIOKH OTpa)kaTels;

4 — neHTpaJIbHbI KOMIIEHCUPYIOLIUI OpraH.

Ha peakrope CM-3 nmoMuMo pagHOHYKIMAHOW MPOAYKIHUH I HPOMBIILIEHHOTO
WIM MEIULUHCKOTO TMPUMEHEHHs HapabaThIBAIOTCSI M30TOMBI B TOM 4HCIE MJIA
IKCTIEPUMEHTOB IO CHHTE3Y HOBBIX CBEPXTSDKENBIX AneMeHToB [79], a Takke Ha ITOM
peakTope ObLI1 HapaOoTaH MCTOYHUK HelTpuno °'Cr s sxcnepumenta BEST [80].

N3navansho, peakrop CM-3 ¢ makcuManbHoi momHOcThi0 100 MBT co3paBacs
JUISL TIPOBE/ICHMS], KAK ITYYKOBBIX, TAK U IETJIEBBIX dKCIEPUMEHTOB. 11Tk momemenuii, B
KOTOpble OBbUIM BBIBEJICHBI HEHUTPOHHBIE ITyYKH, pa3AesUIUCh OETOHHBIMU CTEHAMHU

ToNKHON 1 MeTp. DTO MO3BOJISIO MPOBOJUTH IKCIIEPUMEHTHI ¢ HEUTPOHHBIMU MTyYKaMH,
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HE BJIMSAS TPH 3TOM Ha (DOHOBBIE YCIIOBHUS IS COCEAHMX YCTaHOBOK. BmocnencTsuu
OCHOBHAsi TMporpaMMa 3KCIIEpUMEHTOB ObUTa HameleHa Ha padoThl, CBS3aHHBIE C
o0JydeHrueM B IICHTPE aKTUBHOU 30HBI PeakTopa. 3a 25 JeT IKCIuTyaTaui OblT HAKOTUICH
3HAYUTENbHBIN (DIIOEHC Ha KOPITyCe PeaKTopa, YTO BBI3BAIO HEOOXOIUMOCTh €ro 3aMEHBI.
CaMbpIM MPOCTHIM peIIeHUEM OBLIO YCTAHOBUTH HOBOM KOPIIYC B CTaphlii 0ak peakTopa 0e3
COUJICHEHUS C TOPU3OHTAILHBIMU KaHasiaMu. Ho 3To pelieHne nmpuBeno K ToMy, 4TO IEHTP
aKTUBHOM 30HBI CTall BHINIE Ha 67 CM OTHOCHUTENHHO TPEKHEro MOJIoKeHUs. B wmrore
TOPU30HTAJIBHBIC KaHAJIBI IEPECTATH HUCIIOIh30BATHCA, & MPUOPUTET ObUT OT/IAaH METICBHIM
ycTaHoBKaM. HEeHTpOHHBIN MOTOK HAa MECTe MPEKHUX MyYKOBBIX KaHAJIOB ObLI CHIDKEH Ha
4 mopsiKa, 4TO COOTBETCTBEHHO NPUBENIO K CHI)KCHHUIO HEUTPOHHOTO (OHA (TEIUIOBBHIX
HeiTponos) 10 4:107° u/(cM’c) B OBIBIIMX IOMELIEHMSX ITYyYKOBHIX KaHAIOB. A 3TO Ha
HECKOJIBKO TIOPSIIKOB HIDKE, YeM HEUTPOHHBIN (DOH, KOTOPHIH, KaK MpaBHIIO, ObIBacT B
aHAJIOTUYHBIX 3aJ1aX HCCIEA0BATEIBCKUX PEAKTOPOB.

CxeMa pa3menieHus JeTeKTOpa aHTHHEHUTpUHO Ha peakTope CM-3 mpejcTaBieHa Ha

pucynke 18.

7 SM-3

=
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in passive shielding

Pucynox 18. Pacrionoxenue geTekropa aHTUHEUTPUHO Ha peaktope CM-3.
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2.4.2 TloaroroBka nmoMenieHus

Helitpunnass naGopatopus [Uisi MOWMCKa OCHWUISNME Oblla oOOpyAoBaHa B
nomenieHun 162. PsgoM ¢ JaHHBIM NOMEIIEHWEM HaxXOIUTCS TOJBKO OJIHA KOMHATa, B
KOTOpOM BeAyTcCs pabOThl Ha METJIEBOM YCTaHOBKE, M Kak OBbLJIO OTMEYEHO paHee, ola
NOMEILEHUST  pa3/ieleHbl TOJCTOW OeToHHOM creHoil. Kpome 53T0Oro, BaKHBIM
IPEUMYIIECTBOM IOMEIIEeHN 162 MMEHHO JUId 3KCHEPHMEHTa IO MOMCKY OCHMIUIALUN
SBIIIETCS. BO3MOXKHOCTBH pacroyiaraTh JETEKTOp OMM3KO K aKTUBHOW 30HE U HU3MEPATH
CIIEKTP PEaKTOPHBIX AHTUHEHTPHUHO B IIMPOKOM JMana3oHe paccTossHuii (6—12 meTpoB).

VYCcTaHOBKE H3KCHEPUMEHTATbHOTO O00OpYAOBaHUSA MPEANIECTBOBANIA MacIHITa0Has
noaroroBka momemnienus [81, 82]. Ha mepBom »3Tame mOArOTOBKH OBLIM IPOBEACHEI
U3MEPEHMSI MOTOKAa MIOOHOB KOCMHUYECKOTO HW3JIy4EHHUs, CHEKTPbl I'aMMa-U3Jy4eHUs,
MOTOKU TEIJIOBBIX M OBICTPHIX HEUTPOHOB B PA3NIUYHBIX TOYKA IMOMEHICHUS U TpU
pa3aMYHONl MOIIHOCTH peakTopa. B KkauecTBe ramma-cneKTpOMETpa MCIOIb30BAJICA
nerekrop Ha ocHoBe kpuctamuia Nal(Tl) ¢ ¢porosnekTpornHbiM ymMHOXUTENEM. Takke 3TOT
JAETeKTOp ObLI MCMONb30BaH U AJII U3MEPEHHM HEOJHOPOAHOCTH MIOOHHOTO (OHA M3-3a
HEPaBHOMEPHOI'O paclpeieeHs] MaTepuaioB 31aHus. 1 u3MepeHns NOoTOKa TEIIOBBIX
HENTPOHOB MPUMEHSIICS OTKAIMOPOBAHHBIM MPONOPUMOHANbHBIA *He-cuérunk. IToTok
OBICTPBIX HEHUTPOHOB H3MEPAJICS TAKUM K€ NPONOPLUUOHAIbHBIM CYETUYHMKOM, KOTOPBIH
OBLT MOMENIEH B 3alIUTy U3 MOJUATUIICHA U OOPHPOBAHHOW pE3UHBI. BHEIIHMI ciiol u3
OOpPUPOBAHHOW PE3WHBI TOTJIONIACT TEIJIOBBIE HEUTPOHBI (3MM croil peswHsl ¢ 60%
coJepkaHueM O0opa MoJaBisIeT MOTOK TEMIOBBIX HEUTPOHOB Ha 2 MOPAJKA), @ BHYTPEHHUI
CJIOH 3aIMTHI U3 MOJMATHIICHA 06e3 100aBOK MOTJIOTUTENS 3aMeJIsIeT ObICTpble HEUTPOHBI
J0 TEIUIOBBIX CKOPOCTEM Ui TOcHenyromei peructpauuu B -He-merextope. Bcee
U3MepeHUsl (POHOBBIX YCJIOBHUI Ha dTanmax MOATOTOBKM 10 YCTAHOBKH MACCUBHOM 3alllUThI
ObLIM NpoBeeHbl B.I'. 3MHOBBEBBIM.

Jlist IpeoOpasoBaHms CKOPOCTH CUYETA MPONopLroHaibHoro *He-nerekropa (¢t) B

€AUHULIBI TUIOTHOCTA TMOTOKa 00a JeTeKkTopa ObUIM NPOKATUOpOBaHBI € MOMOIIBIO
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crangaptHoro gaerekropa MKC AT6102. JIna xamubposku >He-merexktop m MKC

NOMELIAINCh BIUIOTHYIO Jpyr K JApyry Ha pacctosHun 3 M or Pu-Be neilirponHoro
UCTOYHHKA.

M3rotoBneHHblE  JETEKTOPHl  TEIUIOBBIX W OBICTPBIX  HEHUTPOHOB  MMENHU
YyBCTBUTEIBHOCTh Ha JBa MOpsJAKa Bbllle, yeM cra”aapTHelii nerektop MKC. Otu
JETEKTOPBI MPUMEHSUIUCH JIsl IPOBEACHUS U3MEPEHUH B YCIOBUAX HU3KOTO oHa. OlLeHKa
HEUTpOHHOrO (poHA MPOU3BOJAMIACH, CHAYaja JIO M3MEHEHMH C JIBEphIO OBIBILIETO
HEHUTPOHHOIO KaHasa (70 MepeesiKi MUOEPHOTo YCTPOICTBA), 3aTeM MOCIe NEPEIeNKH U,
HaKOHeEIl, [10CJI€ YCTaHOBKY NTACCUBHOM 3alllUThl HEUTPUHHOTO JIE€TEKTOPA.

M3mepeHus mokasaiyd CyLIECTBEHHbIE M HEOJHOPOAHBIE B IpEjAesaX MOMELIECHUS
TIOTOKH M TEILIOBBIX, M OBICTPHIX HeWTpoHOB ~102cm?c? m ~102cm?c™? cooTBeTcTBEHHO, @
TaKk)K€ MX 3aBUCUMOCTb OT MOIIHOCTH peakTopa. I 1aBHbIN UCTOYHUK (POHA KaK OBICTPBIX,
TaK U TEIUIOBBIX HEUTPOHOB — YCTPOICTBA OBIBIIET0 HEHTPOHHOTO MyYKa.

["amma-(hoH Taxke 3aBUCUT OT COCTOSIHHSI peakTopa, 0OCOOEHHO B 00JacTH SHEPruit
3-8 MaB ot ramma-kBaHTOB peaknuu Fe(n,y), u or 1 MaB u Bbeime BOIM3M OT mudepa
M3-32 HABEAEHHOW AaKTUBHOCTH JCTAJed KOJUIMMATOpa HEUTpoHOBoOAa. Jlpyrum
HUCTOYHUKOM IOCTOSTHHOTO raMMa-()OoHa, KOTOPBI HE TaK CHJIBHO 3aBUCUT OT MOIIHOCTH
peakTopa, SBJIAIOTCS HEYCTPAaHHMMBIE 3arpssHeHHss nona usoromamu °’Cs, %0Co,124Sh.
[TosTromy s cHuXeHHs YpoBHS (poHa mepen pasMelieHueM JadbopaTopuu ObLIH
HEOOXOMMBI 3aJIMBKA 110J1a TSXKENBIM OETOHOM M PEKOHCTPYKIMS IMOEPHOrO YCTPOHCTBA
C y4€TOM Hanu4uus TPEX TUIOB U3IIyYEHHUS — HEOOXOIMM CBUHEI JJIs MOAABJICHUS TaMMa-
U3JIyUYEHUS, a TAKXKE U 3aMEIJIUTENb, U MIOIJIOTUTEIh HEUTPOHOB.

Kommumarop HeHTpoHOBOAA OBLI M3BJICUEH U3 IMIMOEpa, KOTOPHINA MOCE ATOTO ObLI
3ariIylieH cTaibHOM mpoOkoi. Bce cBOOOIHOE MPOCTPAHCTBO MIMOEPHOTO YCTPOMCTBA
OBLIIO 3aJI0’KEHO CBUHIIOBBIMU KHpIU4aMu. B pesynbrare 3T0r0 raMma-¢QoH B JHMaIia3oHe
sHepruii 1-10 M»aB B obnactu mmbepHoro ycrpoiictBa cuusmiics B 10-15 pa3. B kauectse
KOMOMHHMPOBAHHON 3alllUThl JJIs MOAABJICHUS (POHOB OBICTPBIX U TEIUIOBBIX HEUTPOHOB

cpasy 3a MmMOEPHBIM YCTPOMCTBOM OblIa BBICTpOCHA CT€Ha U3 TMapauHOBBIX
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(3aMemnMTeNb) KUpnuuend ¢ nobaBieHueM KapOuja Oopa (MOIrJIOTUTENb), Ha KOTOPYIO
JIOTIOJTHUTEIHHO OBLIM MPUKPETICHBI TUCTHI OOPUPOBAHHON PE3UHBI.

B pe3synbTaTte peKOHCTPYKIMHU MUOEPHOTO YCTPOMCTBA MOTOK TEIIOBBIX HEUTPOHOB
camsmiica B ~29 pas 1o yposHs ~10%cm?c? [81]. 3aBMCHMMOCTH OT MOIIHOCTH peaKTopa
yMEHbIIUIAch B 5 pa3. Jlo peKOHCTPYKIMU OTHOILIEHHE TOTOKOB MPH MOIIHOCTH PEaKTOpa
90 MBT 1 0 MBT cocrasmisia 10 pas, nocie pekoHCTpyKIHu — 2 pasza. Takke COXpaHuiach
3aBHCHMOCThH TIOTOKa TETUIOBBIX HEHTPOHOB OT PACCTOSIHHS O IIMOEPHOTO yCTPOWCTBA.
[ToTok OBICTPBIX HEUTPOHOB MOCJIE MOJAEpHU3aMHK mudepa causuics B /—10 pa3 u noctur
ypoBHsa 107cm?c?, 4To mpaKTHMYECKHM COOTBETCTBYET €CTECTBEHHOMY HEHTPOHHOMY (pOHY
Ha TIOBEPXHOCTH 3eMJId, OOYCJIOBIEHHOMY KOCMHYECKHMM u3IyueHueM. Kpome Toro,
3aBHCHUMOCTH TIOTOKa OBICTPBIX HEUTPOHOB OT MOIIHOCTH PEaKTOpa OCTajlach B Mpenenax
(5 £ 2)% (pucynok 19 [82]), uTo sBisETCS BaXKHBIM PE3YJIBTATOM IS HPOBEIACHHMS
AKCIIEPUMEHTA, CBS3aHHOTO C PETUCTpalMeld aHTHHEUTPUHO OT peakTopa. 3ajiiBKa IoJja

TSOKENBIM OETOHOM moaBuna ramMa-pod B oonactu suepruii 0.7-2.7 MaB (¢on ot 7Cs,

%0Co0,24Sb) B 4 pasza.
120

0 20 40 60 80
Reactor power, MW

Pucynok 19. [Torok HEWTpOHOB (y peakTOPHOM CTEHBI, TO €CTh Ha paccTosSHUU 5.1 M OT

aKTUBHOMW 30HBI PEAKTOpa) B 3aBUCUMOCTH OT MOIIIHOCTH PEaKTopa.
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TemM He MeHee, COXpaHWJIACh 3aBUCHMOCTh MHTEHCUBHOCTH T'aMMa-WU3JIyYEHHUS C
sHepruii 3-8 M»sB 0T MOIIHOCTH peakTopa, KOTOpas CBs3aHA C M3Iy4YCHUEM KECTKHUX
ramMmMma-kKBaHTOB oOT peakiuu Fe(n,y). BmecTte ¢ ocTraTodHbIM BIMSHHEM peakTopa Ha
MOTOKH TETUIOBBIX U OBICTPBIX HEUTPOHOB 3TO MPUBOAMUT K TOMY, YTO JJIsl TIPOBEIICHUS
HEUTPUHHOTO SKCIEPUMEHTA Ha HCCIIEOBATEIHLCKOM PEaKTOpe I 3aluThl OT (oHA
JIETEKTOP HEOOXOUMO TIOMEIIATh B MACCUBHYIO 3aIIUTY.

N3mepenus ¢ MakeToM CBUHIIOBOW 3alIUTHI TOJIIUHON SCM ITOKa3aJIu BO3MOKHOCTh
ocnabyeHuss (OHOBOrO ramma-u3inydeHus B auamnazone 1.5-7.2 MaB B 4.5 paza. Takxe
OBLJIO MCCIIEIOBAHO BIUSIHUE CBUHIIA HA MOTOK OBICTPHIX HEUTPOHOB, KOTOPHIE POKIAIOTCS
MPU B3aUMOJICHCTBUM MIOOHOB KOCMHUYECKOTO M3JIYYEHUS C SpaMUu TSHKEIBIX DJIEMEHTOB.
Jist 3TOT0 AETEKTOPOM OBICTPHIX HEHTPOHOB U3MEPSUIM (POHOBBIN MOTOK MPH OJTHOM U TOU
K€ MOIITHOCTH peaKkTopa B CBUHIIOBOM 3aIlllUTE TOJIIMHON 5 cM 1 6€3 He€. B 3amuTe moTok
OBICTPBIX HEUTPOHOB BO3pacTal B 2 pa3za. [loaTomy GOpupOBaHHBIN MOIUITUIIEH, KOTOPBI
CIIYKUT 3aIlIUTON OT TEIUIOBBIX U OBICTPBIX HEHTPOHOB, NOJKEH OBITh BHYTPEHHHUM CJIOEM
M0 OTHONICHHIO K CBHHILY. JlanbHeilliee ucciaeaoBaHre (POHOBBIX YCIOBHUH YK€ BHYTpH
MaCCUBHOM 3allIUTHI U3JIAraeTcs B CIAEAYIOUIEM pa3ieie.

CxeMa macCUBHOM 3alllUThl — «JJOMHKa» MOKa3aHa Ha pucyHke 11 B mpenbiayiem
pasnene. Kak ciemxyer U3 mpeaBapuTeIbHBIX U3MEPEHUN (POHOBBIX yCIOBUN B TOMEIICHUN
nabopaTopud U HCCIENOBaHUS CU€Ta OBICTPHIX HEUTPOHOB JIETEKTOPOM, OKPYKEHHBIM
CBUHILIOM, TpeOyeTcs KOMIUIEKCHAs 3alluTa HEUTPUHHOTO JETEKTOpa, MPU YEM Ba)KE€H HE
TOJIBKO COCTaB 3alllUThI, HO U B3aUMHOE PACIOJIOKEHHE SKPAHUPYIOIIUX PA3IUYHBIE BUbI
u3NydeHui matepuanoB. [loaToMy maccuBHas 3ammMTa coOpaHa W3 CTalbHBIX IUIACTHH
1x2m ¢ TommmHOM 10 MM, KOTOpbIEe SBJISIIOTCS KapkacoM jgomuka. K mimactuHam
MPUKPETUICHBI 6 CBUHITOBBIX JTUCTOB TOMIUHOM 10 10 MM, a M3HYTPH K CTEHKAM KPEMsaTCs
IJIaCTUHBI OOPUPOBAHHOIO MOJUATWIIEHA ToimuHOM 16 cm. OOmwmii Bec MmaccUBHOM
samutel 60 TOHH, 00BEM OopuposanHoro mnomudtuiaeHa 10 m°. Pasmepnl oGmactu
3AIMUIIEHHON JOMHKOM 2X2X8M°. JloMuK B mporecce cOOpKM M B COOPaHHOM BHJIE

nokazaH Ha pucyHke 20. BHyTpu mMmacCMBHOW 3allluThl HaXOAuTCA IulaTdhopma ¢



68

JETEKTOPOM AaHTUHEUTPUHO, KOTOpasi MOXXET MEepeMellaThCs IO pelibcaM B JHMANa30He
6 — 12 M oT neHTpa peakTopa. B 1OMUK MOXXHO CIIyCTUTBCS TIO JISCTHHIIE Yepe3 KPBIIY,
€CJIM yJIaJuTh BEpXHUE MOAYJU JOMHUKA. /(7151 MOHTaXHBIX pabOT ¥ BO3MOKHOCTH JIOCTyTa

BO BHYTPbH JIOMHKa B TIOMEIICHUH 000PYI0BaH KpaH IPy30MObEMHOCTHIO 10 2 TOHH.

Pucynok 20. CBepxy: cineBa — cOOpKa IMacCHBHOM 3alllUTHI, CIIpaBa — KpbIlla TACCHBHOM

3alllUTBI; CHU3Y — ITACCHUBHAsA 3allluTa CHAPYIKU.
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['maBHBIN 32)1 ¥ MOMEIIEHUE HEUTPUHHON J1TA00paTOPUU COCIUHSIIOTCS Yepe3 JIIOK B
MIOTOJIKE TOMEIICHHS. 3arpy3Ka JIETEKTOpa B MACCUBHYIO 3alUTy OCYIIECTBISETCA W3
IJIABHOT'O 3aj1a 4epe3 ATOT JIFOK, Ul 3TOr0 MCIOJIb3YETCd MOCTOBOM KpaH IVIaBHOIO 3aja.
Ha pucynke 21 w3HyTpu TOKa3aH JIOMHK, B KOTOPBIH YCTaHOBJICHBI PEIbCOBBIA ITYTh,
TENe)KKa, BUHT TMOJa4YM W JETEeKTop (ciaeBa — mpoToTun Ha 16 cekmuid, cmpaBa —

MTOJTHOMACIITAOHBINA IETEKTOP).

—

Pucynok 21. OOmmii BujJ TacCMBHOW 3amuThl: BHYyTpu. CieBa — MOJENb JIETEKTOpa.

CrnpaBa — NOJTHOMACIITAOHBIN 1ETEKTOP

2.5 MH3mepenne GoOHOBBIX YCJIOBUII BHYTPH 3alIIUTHI

ITocne YCTaHOBKH [MaCCUBHOM 3alUThI TEMU xKe JIETEKTOpaMHU
SHe-cué Nal(TI - 0
(TponopIIMOHATEHBIMH e-cuérunkamu  u  Nal(Tl) ramma-cmekrpomerpom) ObLIH

POBEIECHBI MOAPOOHBIE U3MEPEHUS] TaMMa-CIEKTPOB UM MOTOKOB OBICTPBIX U TEIUIOBBIX
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HCﬁTpOHOB BHYTpHU JOMHKA Ha PA3HBIX PACCTOAHUAX IIPHU pa60TammeM N OCTaHOBJICHHOM

peakTope.

2.5.1 ®on raMmmMa-u3ayyeHus

['aMMa-KBaHTBI HE NPHUBOIAT K TMOSBICHUIO KOPPEIMPOBAHHBIX CHUTHAJIOB, HO
SIBJITFOTCSI UICTOYHUKOM (DOHA CITydalHBIX COBHAACHHUM, KOTOPHI HEOOXOJAMMO BBIUYHTATH,
YTO HETaTMBHO BIMSET HA CTATHCTHYECKYIO TOYHOCTH (TosmpoOHee B pazzaene 2.6.3). Llensb
WCITOJIb30BAaHUs TIAaCCUBHOM 3alllUTBHl COCTOMT B TOJAaBIICHWHM Tamma-pona. Ho, kpome
ATOT0, BAYKHO KaK MOXXHO CHJIbHEE CHHU3UTh HEOJHOPOMHOCTH (POHA MO PACCTOSHHUIO OT
peakTopa, W 3aBUCUMOCTh €r0 HMHTCHCHBHOCTH OT MOIMHOCTH peaktopa. CubHas
3aBUCUMOCTH (DOHA OT PACCTOSHHUS WJIM MOITHOCTH PEaKTOpa MOXKET SBJISATHCS MPUIUHOM
OOJIBIIIOTO CTATHCTUYECKOTO pa3dpoca B OLIEHUBAEMOM KOJIMYECTBE 3apETUCTPUPOBAHHBIX
HEUTPUHHBIX COOBITUMA.

[Tocne ycTaHOBKM TACCHUBHOM 3aIMThl ObUTH MPOBEACHBI MOIPOOHBIE U3MEPECHHS
ramma-(GoHa BHYTPHU 3aIUTHI, YTOOBI OTIPEICTUTh PEeAIbHbIE YCIOBUS PabOTHI I€TEKTOpa.
CamMa-usnyuenue ot uzotonos °Co u *’Cs BHyTpH nacCHBHOM 3aIUTHI yAaI0Ch CHU3UTH
B cpenHeM B 4.6 pasa, ot peakmnuu Fe(n,y) — B cpeanem B 3 pas3a. YcTaHOBKa MaCCHUBHOM
3alUTHl TO3BOJIMIIA TMPAKTUYECKH TOJaBUTh (OH TaMMa-U3IydeHHs OT peakTopa o
YPOBHS OCTaTOYHOTO (hOHA PaTMOAKTUBHBIX 3arpsS3HEHUNA. TeM caMbIM Oblia CYIIECTBEHHO
YMEHBIIICHBl 3aBUCUMOCTH TaMMa-CIIEKTpa OT TIOJIOKEHUSI JETEKTOpa M MOITHOCTH
peaktopa. Ha pucynke 22 mpuBeneHBI CIEKTPHI, H3MEPEHHBIC BHYTPU 3alIUTHI TI0 MyTH
nIepeMeIeHus JeTeKTopa Ha paccTosHusIX 6.28 M, 8.38 m u 10.48 M ot peakropa [81]. Kak

BUJTHO, 3aMETHBIX Pa3induii B popMax CIEKTpa HET.
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Pucynok 22. CnekTp ramMma-u3iyudeHUss BHYTPH MACCUBHOM 3allMTHI MPU MOIIHOCTHU

peaktopa 90 MBT, paccrosiHus ot ieHTpa peakropa 6.28, 8.38, 10.48m.

3aBUCHUMOCTD OT CIIEKTpa JOHOBOTO TaMMa-HU3JIydeHUs OT MOITHOCTH peaKkTopa Mpu
ONvKaiIieM OT HEro TOJIOKEHWUHW JIeTeKTopa IMokazaHa Ha pucyHke 23 [83]. Pasnuma
Mexay 90 MBT u ocTaHOBJIEHHBIM peakTopoM B 00iacTu Bbimie 1.5M»B nonasiena ¢ 22
pa3 (M3MepeHO TOCje YCTAaHOBKM 3alllUThI CHAPY)XW Ha €€ KPBINie BOJIHM3U PEaKTOPHOU
ctenbl) 10 Bcero ~30%. Tem He MeHee, B 3TO 00iacTu SHEPTrUit HAOII0JaeTCsl OCTaTOYHAS
3aBHCHMOCTB, TOTOMY HM3MepeHue (OoHa CIy4yalHBIX COBMAJACHHUI C MOCIEAYIOIIUM €ro

BbIYMTAHHUCM HCO6XOI[I/IMO ACJIATh B KAXK/IOM ITOJIOKCHHU JICTCKTOPA.

» Nal, reactor 0 MW

1 - Nal, reactor 90 MW
: |
! OMWt 90 MWt
1-255 16.9 17.4

U \g 43-255 35 38
e : T 63255 0.6 0.8
g : [
5 001y
] :l \l

1E-3 - ~W%M#

T T T T T T T
0 50 100 150 200 250

channel

Pucynok 23. CriekTpbl raMmMa-(poHa pH BKIIOUEHHOM U BBHIKITIOYEHHOM PEAKTOPE.
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Takum 06pa30M, YCTaHOBKaA MMaCCUBHOU 3alIUThl ACJIACT YAOBJICTBOPUTCIbHBIMU

YCJIOBHS OCTAaTOYHOTI'O FaMMa-(I)OHa AJIs1 IPOBEACHUA U3SMCPCHUS CIICKTPOB aHTHHCﬁTpHHO.

2.5.2 OueHKa NOTOKOB OBICTPBIX U TENJIOBbIX HEHTPOHOB

Kax 6p110 Moka3zano B pazzene 2.4.2, nocjie peKOHCTPYKITUU ITMOEPHOTO yCTPOHCTBA
OBIBILIETO0 HEUTPOHHOTO KaHajla M MOTOK TEIUIOBBIX, U MOTOK OBICTPHIX HEHUTPOHOB ObLIH
CYIIECTBEHHO OCJIa0JIeHBI TPAKTUUECKH JI0 YPOBHS €CTECTBEHHOTO (PoHA, 00YCIOBICHHOTO
KOCMHUYECKHM H3IydeHueM. Takke Oblla 3HAYUTENIBbHO MOJABJIEHA U 3aBUCUMOCTBH ITHX
MOTOKOB OT MOIIIHOCTH PEAKTOpA.

@OH TEIUIOBBIX HEUTPOHOB B KOHTEKCTE MOHMCKAa KOPPEIHPOBAHHBIX CUTHAJIOB OT
peakinu OBP ananoruden mo cBoeMmy BIUSHHUIO TamMMa-(OHY, TO €CTh SBJISETCS MPUIUHON
(doHa ciydailHbIX COBMAJICHUN. BBICTpbIE k€ HEUTPOHBI — MCTOYHHK KOPPETUPOBAHHOTO
¢doHa. ITO CyIIECTBEHHO BBIJEISIET OBICTPHIC HEUTPOHBI U JIETIAET WX HamOOJee OmacHOU
KOMITOHEHTON (pOHA, MOCKOJBKY HE MO3BOJSET HUKAKUM OTOOPOM OTAENIUTH COOBITHSA B
JIETEKTOPE, CBSI3aHHBIE C OBICTPHIMU HEHTpOHAMU OT HEUTPUHHBIX. CHEKTP €CTECTBEHHOM
cocTapisitoneil (poHa OBICTPHIX HEHTPOHOB, CBSI3aHHOTO C KOCMHMYECKHUM H3IIyUYE€HHUEM,
U3MepSETCsl BO BpEMsI OCTAHOBKU PEAKTOpa U BbIYMTAETCs. BhICOKMI ypoBEHb 3TOr0 (poHa
M0 OTHONIEHUIO K YpOBHIO 3¢ (dekTa — peructpupyembix coobsituii ObP, Taxoke mpuBoauT K
OOJIBIION CTATUCTUYECKON OMMOKE U HEOOXOJMMOCTH JITUTENHHOTO HAKOIJIEHUS TAHHbIX.
Ho ObIcTpble HEHTPOHBI OT peakTopa HE TOJBKO HENb3d OTIUYUTH OT aHTUHEUTPUHO (O
HEKOTOPBIX CMOCO0ax BBIJEIUTh CUTHAJIbl MUMEHHO OT AaHTUHEHTPUHO OyAeT CKa3aHO
Janee), HO U HMX CIEKTPbl HE MOTYT ObIThb HM3MEpPEHBbl OTIENbHO. B CBs3u ¢ 3TUM
UCKJIIOYUTENIbHO Ba)XHOW CTAHOBUTCS 3ajJaya TMOAABJICHUS OBICTPhIX HEUTPOHOB OT
peakTopa 3alIiToN 10 YPOBHS 3HAUUTEIBHO HUXKE YPOBHS IpeamnonaraeMoro 3¢ dekra.

N3mepenre (oHa TEmIOBbIX HEUTPOHOB B TACCHMBHOM 3alUTe I[OKa3aliH, 4YTO

KO3 (PUIMEHT IKpaHUPOBKHU ATOTO BUJA M3ITyUCHHS COCTaBMI 53. BHE mMacCHUBHOM 3alTUTHI
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Ha KpbILIE IOMUKA MOTOK TEIJIOBBIX HEUTPOHOB IpHu padortaronieM Ha MomHocTd 90 MBT

~2¢™1) a BHYTpHM 3amIUTEI TOKE

peakTope BOIM3M peakTopHoii cTensl (17.7 + 1.2) - 10 °cm
y peakTopHoii crensl — (0.34 + 0.07) - 10~ 5cm2¢1[81].

BHyTpu naccuBHON 3alIUTHI U3MEPEHUE MOTOKA OBICTPBIX HEUTPOHOB MPOBOJUIOCH
B IBYX pexxuMmax. B mepBom pexxnMme, Oonpenessuioch BIUsSHUE peakropa. s aToro 6putn
IPOBEJCHBl HM3MEPEHUsI MOTOKA OBICTPBIX HEHUTPOHOB BHYTPU IaCCUBHOM 3alllUTHI B
Onmmxailleil K peakTopy TOuke Mpu paboTarolleM M BBIKIIOUEHHOM peaktope. OO0a
u3Mepenus npojonkanuchk 10 cytok. Ilpn BKIIOYEHHOM peakTope MOTOK COCTaBHII
(5.54 * 0.13)10° ¢ lcm™2, npu BeikmoyenHom (5.38 + 0.13)10° ¢ lcm™2, 1o ecth
TOYHOCTBIO B npenenax 2.5%, (0.16+0.13) 107 clem™ pasuuus! ver [81].

Bropoii pexxum Obul mpenHasHayeH g MOPSAMOTro u3MepeHus (¢GoHa OBICTPBIX
HEUTPOHOB BHYTPU ITACCUBHOM 3AILMTHI 110 IIyTH NEPEMEILIEHU HEUTPUHHOIO IETEKTOPA.
JUia 3TOro JEeTeKTOp OBICTPBIX HEHUTPOHOB OBUI YCTAHOBJIEH CBEPXY HEUTPUHHOIO
JETEKTOpa U MEePEMEIACcs BMECTE C HUM B HEUTPUHHOM KaHaie oT 6.25 M no 10.5 M ot
peakTopa. Pe3ynpTaThl H3MEpEHMH C BKIIOYEHHBIM M BBIKJIIOYEHHBIM PEAKTOPOM
IpelCcTaBlIeHbl Ha pHUCyHKe 24. B mpenenax CTaTUCTMUECKONM TOYHOCTH HET Pa3HULbI
MEX/1y TOTOKOM OBICTPBIX HEUTPOHOB MPH pabOTAIOIIEM PEAKTOPE U MPU OCTAHOBIECHHOM.
Takxke HET 3aBUCUMOCTH OT PAacCTOSHUS. B 3TUX M3MepeHMsIX ypoBEHb (POHA COCTABUII
(8.54 0.1)1075 ¢ 1cm™2, uTo Heckombko BbIlIe, YeM (OH, U3MEPEHHbIH B OnusKaiimeil k
peaktopy Touke. PasHuma MoXeT ObITb OOBSCHEHA pa3IM4YHbIM PACIOJIOKEHUEM
JETEKTOpa 1O OTHOUIEHUI0 K IIOTOKY HEHTPOHOB, y PEAKTOPHOW CTEHbl JETEKTOP
HaxoJIWJICS B BEPTUKAIBHOM IIOJIO)KEHHE, a CBEPXYy HA HEUTPUHHOM JIETEKTOpE B
TOPU30HTAJIBHOM TMOJI0)KeHHU. Clenyer OTMETUTh, YTO IIaCCUBHAs 3allluTa BHOCUT
JIOTIOJIHUTEIbHBIN BKJIaJ] B HEUTPOHHBIA (DOH, TaK KaK MIOOHBI KOCMHYECKOTO H3IIy4YEHUS
B3aMMOJEMCTBYIOT C BELIECTBOM 3allUThl. Tem He MeHee, (aKkTop MOJAaBJIECHUS IOTOKA
OBICTPBIX HEUTPOHOB IMACCUBHOM 3aIIUTON cocTaBisieT 12 pas, u B pe3yJbTare Ipu MOTOKE
OBICTPBIX HEWTPOHOB BHE MACCHBHOM 3amuthl Ha ypoBHe 107 clcm?, moTok BHyTpH

IIACCUBHOM 3aIUThI OKa3biBaeTcs (8.5 +0.1)107 [81].
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Bbonee ToyHO OleHKA MOTOKA OBICTPHIX HEUTPOHOB OT PEaKTOpa BHYTPU MACCUBHOMN
3alIUTHl MOXKET OBbITh CJieJlaHa, HUCHOJIb3Yys (DAKTOp MOAABIEHHS] IOTOKA OBICTPBIX
HEHUTPOHOB MACCHUBHOM 3aluTON, KOTOpbIM paBeH 12 pa3. Torma mpeBbllieHHE MOTOKA
OBICTPBIX HEUTPOHOB HAJ YPOBHEM KOCMHUYECKOTO (DOHA MPH MOITHOW MOIIHOCTH PEaKTOpa
BHYTpU mnaccuBHOM 3amuthl coctaBiasier (0.38 + 0.15) %. Takum oOpazom, mnpu
COOTHOLIEHUH CHUTHaN/GpoH paBHOM 0.5 BKIaa OBICTPBIX HEUTPOHOB OT peakTopa B
HedTpuHHbIA curHan ON-OFF moxer coctaBnsate (1.1 + 0.45)%. D10 He mpencTaBiseT
pOoOIeMBI ISl TaHHBIX U3MEPEHUH, TeM 0ojee 4To ITOT (DOH HE MOKET UMETh XapakTep

OCIHMJUISIIUH.

—a— Fast neutrons. Reactor ON.

121 —e— Fast neutrons. Reactor OFF.
::"’ 8 @ : ~H—=%
=
mo
<)
A
x 47
=
LL
0 y T T T ! T : T I

6 7 8 o 10 11
distance from reactor core center (m)

Pucynok 24. ®oH OBICTPBIX HEHWTPOHOB HA pA3IUYHBIX PACCTOSHUSAX OT PEaKTopa,
U3MEPEHHBIN C MOMOIIBIO JIE€TEKTOpa OBICTPBIX HEUTPOHOB BHYTPU NACCUBHOW 3alllUTHI.
JleTekTop OBICTPBIX HEHUTPOHOB ObUI MOMEIIEH Ha HEUTPUHHBIA AETEKTOP CBEPXYy U

nepemMemalicsa BMECTC C HUM.
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B wutore MoXHO cnenatb camblii Ba)KHbII BBIBOJL O TOM, 4YTO (OH OBICTPBIX
HEUTPOHOB MpPAaKTUYECKHM HE 3aBUCUT OT pexuMma paboThl peakTopa M ONPEAeNseTcs
HEUTPOHAMHM, NOSBHUBIIMMUCA B PE3yJIbTATE B3aWMOJEHUCTBUS MIOOHOB KOCMHMYECKOIO
U3IYUYEHUS] C OKPYXAIOUIMM JETEKTOp BellecTBOM. TakuMm o0pa3oMm, (oH OBICTpPBIX
HEUTPOHOB OT PEAKTOpa MOJABJIEH 0 YPOBHS CYIIECTBEHHO HWXE YPOBHS PEruCTpalun
coopiTuii OBP W He OKaxXeT BIUSHUS Ha Pa3HOCTb CIEKTPOB MPHU BKIIOYEHHOM U
BBIKJIFOUEHHOM  peaktope. lloareBepxkaeHue dsToMy, ClHeAyrollee U3 aHAIW3a
IPOCTPAHCTBEHHOT'O PACIIPENEIEHUs] CUTHAJIOB, OyJIeT TakKe IPEICTaBICHO B pasjele

2.6.3.

2.5.3 N3ydenue GoOHOBBIX YCJIOBHIA C MIOMOUIbIO MOJA€eJN HEHTPUHHOIO I€TEKTOPA

Jlo Hayasia u3MepeHuit ¢ MOJIHOMACIITAOHBIM JIETEKTOPOM MPOBOJAUINCH U3MEPEHUS
C MOJENbI0 JeTeKkTopa. Momens neTekropa aHTUHEHTpuHO Oe3 cekmmii BMmemana 400 i
xuakoro cuuHTUIATOpa BC-525 ¢ koHueHntpauueit ragonunus 1 1/1, Oblia OCHallleHA
cBepxy 16-10 poroymuoxurensimu ®OY-49b u 6-10 miuacTMHaMu aKTUBHOM 3aIIUTHI CO
Bcex cTopoH [81, 82].

Ha pucynke 25 nokaszaH CHEKTp, MOJYYEHHBIM HA MOJICNIN JIETEKTOPAa AHTUHEUTPHUHO,
KOTOPBIA YCIOBHO MOHO pa3fenuts Ha 4 wyactu. llepBas wacts (10 2 M»B)
COOTBETCTBYeT (OHY paJMOaKTHBHOIO 3arps3HeHus, BTopas (2-10 MsB) mokpsiBaer
HEHUTPOHHYIO 00JIacTh, TaK KaK COOTBETCTBYET HSHEPrMU TaMMa KBAaHTOB OT 3axBara
HelTpoHa ragonmuHueM. O6macte ot 10 go 60 MaB oTtHOCUTCS K MATKOM KOMIOHEHTE
KOCMHYECKOTO M3ITydeHHs, KOTOpasl ModydaeTcsl B pe3ysibTare pacrajga MIOOHA U 3axBaTa
MIOOHa B BemectBe. W Hakonen, o6macte 60— 120 M»sB cooTBeTcTByeT MrIOOHaM,
MPOUIEIIINM Yepe3 JEeTEKTOp — KECTKas KOMIOHEHTa. Takke Ha 3TOM PUCYHKE MOXKHO

YBUACTDH HEOOIBIIINE pas3jindus B CIICKTpax, UBMCPCHHBIX ACTCKTOPOM B PAa3HBIX TOUKAX.
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0.3 6.28 m from reactore core
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Pucynok 25. DHepreTrueckue CIEKTphl AETEKTOpa Ha Pa3HbIX PACCTOSHUSAX OT LEHTpa
peakTopa YCJIOBHO pa3lieiéHHbIe Ha 30HbI. 1 - (OH pagMOaKTUBHOTO 3arpsA3HEHHs, 2 -
HEUTPOHBI, 3 - MATKAsk KOMIIOHEHTa KOCMUYECKOT0 U3ITy4YeHUs, 4 - MIOOHBI.

B xone mnmurenbHBIX M3MEPEHUN, OBLIM OOHApPY>KEHbI M3MEHEHUSI WHTECHCHUBHOCTHU
KocMuueckoro ¢ona co BpemeHeM. [IpuunHoi ToMy SBISIOTCA KOJIeOaHUsI aTMOC(EPHOTO
JABJICHUSI M CE30HHBIE U3MEHEHMS TEMIIEPaTypPhl — XOPOILIO U3BECTHbIE TEMIIEPATYPHBIN U
O6apomMeTrpudeckuii 3G(HEKTh KOCMHUECKOTO H3TYUCHUSX.

Pucynok 26 nemoHcTpupyeT 6apomeTpudeckuil 3pdekT, 00yCcIoBIeHHBIA OOIBIITNM
0CJIa0JIeHMEM MHTEHCUBHOCTH KOCMHUYECKHUX JIy4eil mpu pocTte aTMOC(hHEpHOTo JaBIICHHUS
U3-32 YBEIMYCHHs] KOJMYECTBAa BEIIECTBA MEXKAY CIOSIMH aTMOC(ephl, TNie POXKIAITCs
MIOOHBI, ¥ JIETEKTOPOM, MOATOMY HAOJIOJAETCs aHTUKOPPENALHS MEXAy aTMOChHEepHbIM
JABJICHUEM U CyMMapHOW WHTEHCUBHOCTBHIO OBICTPOH (MIOOHHOW) W MEUICHHOU (MSTKOH)

KOMIIOHEHT KOCMHYECKOT0 U3Ny4eHus, TO ecTh B quana3one 10 — 120 M»B.
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«»muons and soft component (12 - 120 MeV)  <~pressure
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Pucynok 26. bapomerpuueckuii 3¢pHEKT KOCMUYECKHUX JIydeil: MO JEBOH OCH OTJIOKECHA
CyMMapHasi CKOpOCTh cué€Ta B obOsacTsax cmektpa 3 u 4, mo mpaBoil - arMmocgepHoe

JABJIEHUE, TI0 TOPU30HTAIILHOM - BpeMsl u3MepeHuil ¢ 23 ssHBaps no 15 anpens 2014.

IloBenenne  KECTKOM M MATKOW  KOMIIOHEHT  Pa3ivMyacTcs  HaJudueM
JOTIOJTHUTENBHOTO JOJTOBPEMEHHOIr0 Jpelda, 3HaK ATOTO CMEIICHUS JJig OBICTPOU U
MEJUICHHOW KOMIIOHEHTBI IPOTUBOIIOJIOKHBIM. DTO TaK Ha3bIBA€MbI TeMIEpaTypHBIH
b dexT, KoTopbiii 00BsICHsETCS cheAyromuM o0pa3oM. C MOBBIIIEHHEM TeMIIEpaTyphl
HUKHUX CJIOEB aTMOoc(hephl HMX paCHIMPEHHUE TMPUBOIUT K TOMY, UTO YBEIUYMBAETCS
BBICOTA, Ha KOTOPOM POXKIAKOTCS MIOOHBI. A BCIJIEJCTBUE YBEIUYEHHUS PACCTOSHHS OT
MECTa POXKIAEHUS N0 3€MJIM, YBEJIMYMBAETCA W JOJ PACHABLIIMXCS MIOOHOB. Takum
00pa3oM, MHTEHCHUBHOCTh OBICTPOU (MIOOHHOW) KOMIIOHEHTHI CHIDKACTCS, a MEJICHHOU
KOMITOHEHTHI (MPOAYKTHI pacmaja MIOOHOB: AJIEKTPOHbI M TO3UTPOHBI, TaMMa-KBaHTHI)
pactér. Ha pucynke 27 mokazan sddekt apeiida ¢ mMpOTHUBOMOJIOKHBIMUA 3HAKAMH IS
OBICTPON W MEAJICHHOM KOMIIOHEHTHl KOCMHUYECKOTO M3IY4YEHHs] TpPU TOBBIILICHUU

TeMIepaTypbl HKHUX CJIOEB aTMOC(ephl Y MOBEPXHOCTU 3eMJIU ¢ stHBaps mno anpenb 2014

ot -30°C go +10°C.
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—e— muons and soft component (12 - 120 MeV)
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Pucynok 27. bapoMerpuueckuii u TemnepaTypHblid 3Q(HEeKTbl KOCMUYECKUX JTydel: CBepXy
— CyMMapHBIH CU€T AeTeKTopa B 00JacTsaX crekTpa 3 u 4; nocepennHe — CUET JETEKTOpa B
obnactu 4; cHu3zy — cu€r aerekropa B obOmactu 3. [lo ropuszoHTanbHON oOcH Bpems
n3MepeHu ¢ 23 ssuBaps no 15 anpene 2014.

N3 mnpoBenéHHBIX HCClIeNOBaHUN Bapualud (oHa KOCMHUYECKHX Jyuyeld MOXKHO
clenaTh BaXKHBIM KOJMYECTBEHHBIM BBIBOJ O HMX BIUSHUU Ha u3MepeHus. KonebGanus
KOCMHUYECKOI0 (POHA OIPENEISAIOTCS KOJeOaHUsIMU aTMOC(EPHOIO JABJIEHMS, KOTOPbIE
coctaBisitoT £1.1%. IIpsimMble pe3ynbTaThl CTATUHCTHYECKOTO PaclpeieseHuss HEUTPHUHHOIO

CUTHaJIa OyIyT MpeJCTaBIEHbI B paszjaene 3.4.
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2.6  Pe3syabTart 60pbOBI ¢ poHOM. CeKUMOHMPOBAHUE

Bo3MoxHOE KOJIMUECTBO perucTpupyeMbix coObiTuii OBP ¢ yuérom TemioBoi
MOILIHOCTH PEAKTOpPa, MaJIoro cedeHus U 3QPEKTUBHOCTH JeTeKkTopa cocTapnser ~102¢™.
[TaccuBHas 3amuTa nojasisieT 00U (GOH HA MOPSIAOK BETUUYHHBI, OJHAKO OCTATOYHBIH
¢dboH BcE emE MOCTaTOYHO BEIWK MO CPAaBHEHUIO C HEUTPUHHBIM cUTHaIoOM. KommdecTBo
CUTHAIIOB JeTekTopa B 3ammTe ~10°C™, KOTOpBIE CKIamBIBAIOTCS M3 OCTATOYHBIX (DOHOB
raMma-u3jayuyeHus, TEIUIOBBIX U OBICTPbIX HEHUTPOHOB, MIOOHOB U  DJIEKTPOHOB.
BrigenenueM KOppenUpOBaHHBIX CHTHAIOB yAA€Tcd JOCTHYb YpOBHSA (pOoHA BHYTpHU

samuTel ~1c?

, Oousbiryto yacth (Oonee 90%) KOTOPOro COCTaBISIOT MIOOHBIL. Jlmst
MOJIaBJICHHUSI OCTATOYHOTO (DOHA WCIONB3yeTCS aKTUBHAS 3alMTa M Pa3IUYHBIE OTOOPHI,
CBSI3aHHBIE C OCOOCHHOCTSMH TMPOCTPAHCTBEHHOTO PACIPEICIICHUS] CUTHAJIOB COOBITHH,

oTHocAmuxcs K peakiuu OBP.

2.6.1 Kocmunueckuii poH, akTHBHASA 321UTA. JHEPreTHYECKUA U BpeMeHHOI
CIIEKTPHI KOPPEJMPOBAHHBIX COOBITHIH

KoppenupoBaHHbiii OH CBSI3aH ¢ MIOOHAMU KOCMHUYECKOro u3inyudeHus. [loatomy
MIPU BBIKJIIOYEHHOM PEAKTOPE JETEKTOP W METOJ 3a/IPKAHHBIX COBIAICHUN MOXKET OBIThH
UCIIOJIb30BaH I MCCJeA0BaHUs (oHa MIOOHOB. MIOOHBI, Momajas B JIETEKTOP, NAOT
3alepKaHHBIA CUTHAJI B JBYX CJIydasx, JUOO MIOOH OCTaHABIIMBAETCS B BEIICCTRBE,
o0OpasyeTrcss MIOOHHBIN aTOM, B KOTOPOM MIOOH PAacIajeTcs CO BPEMEHEM KU3HU 2.2 MKC,
aM00 B3aMMOJEHCTBUE MIOOHA C BEIIECTBOM MPUBOJUT K MOSBICHHUIO HCIAPUTEIHHOTO
HEUTPOHA, KOTOPBIE MOCJIE TepMalM3allui B TEUYEHUH 5 MKC 3aXBaTbIBACTCS TaJIOJIMHUEM.
XapakTepHOe BpeMsl 3aXBaTa HEUTPOHA T'aJIOIMHUEM B CUUHTUIUITOPE IPU KOHIEHTPALIMH

0.1% cocraBnsier T = 31.3us.
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Ha pucynke 28 mnoka3zaHbl BpeMEHHBIE CIEKTpPbI 3aJ€p’KaHHBIX COBIAJICHUN,
MOJIy4YeHHbICE Ha MOJIeNId HEUTpUHHOTrO JAeTekropa ¢ 16 dDY. doH chaydailHbIX
COBMAJCHWI BBIUTEH. BepxHss u€pHas KpuBas COOTBETCTBYET M3MEpPEHUsSIM 0e3
WCIIOJb30BaHUs AKTHMBHOM 3amuThl JeTrekTtopa. OHa BKIKOYAET [BE pa3IMYHbIC
AKCIIOHEHTHI (TIPSMBIC JIMHUH B JIOTApU(PMUIECKOM MacmTade), KOTOPhIE COOTBETCTBYIOT
pacnagy MIOOHA M 3aXBaTy HEUTpOHa rajgojuHueM. MHTerpan moj nepBoM SKCIOHEHTOU
COOTBETCTBYET KOJIMYECTBY OCTAHOBMBIIMXCS MIOOHOB B €IMHHMIYy BpeMenu 1.54 ¢, a
HAKJIOH COOTBETCTBYET BPEMEHHM KU3HU MIOOHA (2.2 MKC). COOTBETCTBEHHO MHTETPa MO/
BTOPOM PKCIIOHEHTOM OTHOCUTCS K KOJIMYECTBY 3aXBATOB HEUTPOHA B €AMHUILY BPEMEHU
0.15 ¢, a mapamerp skcroHeHTHI 31.3 MKC COOTBETCTBYIOT BPEMEHHM KH3HHM HEHTPOHA B
CUMHTWILIATOPE ¢ KOHIeHTpauuen ragoaunus 0.1%. MHTerpan moa BTOpoil 3KCIOHEHTOU

OTHOCHTCS K KOJIMUECTBY 3aXBaTOB HEWTpPOHa B exunuily Bpemenu 0.15 ¢ [84].

No AS Time spectra for the 1st version of active shielding (AS) in different configuration.
Muons
154" ' = —— Nowo
~— " AS - 6 plates
3 x AS - 6 plates + detector
1 1T=22 us 0 AS - 6 plates + detector, 100 ps
10 v start 3 - 9 MeV, stop 3 - 12 MeV
No AS
= 2 B Neutrons
n 10 .
; = 0.15s"
i . /
= 10°
ety
e (1)
04| (2)
- Neutrons Oa 3)
— 0.0115s ' | (4)
10° || [ L L ! ! (5)
0 10 20 30 40 50 60 70
time, ps

Pucynok 28. BpemeHHBIE CHEKTPHI MPH Pa3IMYHON KOH(MUTypallud aKTUBHOW 3alllUThI
(A3): 1 — 6e3 akTUBHOM 3aIUTHI; 2 — BKIIIOUCHBI TUIACTUHBI A3; 3 — TO K€ W 3ampeThl OT
curHana nerexkropa 6ombiie 12 M»aB; 4 — 10 xe + 3amper Ha 100 MukpocekyHJ OT
CUTHAJIOB JieTekTopa Oosbiine 12 M»sB unu curnanoB B A3; 5 — TO ke + OrpaHUUCHHS IS

MTHOBEHHBIX cUTHAJIOB 3 - 9 MaB u 3 - 12 M»B mi1s 3anepkaHHbIX.
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Yuciio 0OCTaHOBUBIIMXCSI MIOOHOB B CEKYHJIy COTJIACYETCs C OIIEHKOM, CAEIaHHON Ha
OCHOBaHMM JaHHBIX O IOTOKE MIOOHOB M Macc€ CUMHTWUISATOpA, TOTJa Kak YHCIIO
3aXBAYCHHBIX HEUTPOHOB COOTBETCTBYET PACCUUTAHHOMY KOJHUYECTBY HEUTPOHOB,
00pa3oBaBIIMXCA B CAMOM JIETEKTOPE M3-3a B3aUMOJICMCTBUSI MIOOHOB C €r0 BEIIECTBOM.
AJIeKBaTHOCTh ~ WCIOJIb3YEeMOW TMACCHUBHOW  3allUThl  TMOATBEPXKIACTCS TEM, UTO
nobasinennemM 10 cM GOpUPOBAHHOTO TOJMATHIICHA HAJ HEUTPUHHBIM JIETEKTOPOM HE
MEHSAET CYET OBICTPHIX HEHUTPOHOB. CHEKTPhI 3aJ€p’KAHHBIX CUTHAJIOB JJII BPEMEHHBIX
uaTepBaioB oT 0 g0 10mkc u ot 10 g0 100MKC Mexay MTHOBEHHBIM U 3aJIepKaHHBIM
COOBITUSIMU, MOTYYEHHBIE TIPU OTKJIFOYEHHBIX 3aPETOB aKTUBHOM 3aILIUTHI, MPE/ICTABICHBI
Ha pucyHke 29. Bo BpemenHoe okHO 0-10 MKC momagarOT CUTHaJbI OT DJIEKTPOHOB U
MO3UTPOHOB, POKIAEHHBIX B pacmagax OCTAHOBUBIIUXCS MIOOHOB, KOTOPBIE 10 OCTaHOBKH
Jlaii MTHOBEHHBIM cUTHaN B JieTekTope. BoiOupas Bpemennoe okHo 10-100mke, BuanM,
YTO CHEKTP 3aJepKaHHBIX CUTHaIOB He mnpeBbimaetr 10 M»B, d4to cooTBeTcTBYET
CyMMapHOW JHEPTrUU TaMMa-KBAaHTOB, WCITYIICHHBIX SIPOM TaJOJMHHUS TOCJIE 3axBaTa

HelTpona [84].

0.012 —

i stop spectrum (0 - 10 ps time delay)

stop spectrum (10 - 100 us time delay)
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Pucynok 29. DuepreTuueckne CEKTphl 3aJ€pKAHHBIX CUTHAJIOB B MOJIETH J€TeKTOpa 0e3

3anpeToB akTUBHOM 3amuThl B OkHE 0 — 10us — (1) u okne 10 - 100us — (2).
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MiooHHBI (OH MOXKET OBITh CYHIECTBEHHO CHIKEH MCIIOJIb30BAHUEM AKTUBHOM
3alllUThI, @ TAKXX€ MCIOJIb30BAHMEM CaMOro JETEKTOpa KaK aKTUBHOW 3allUThl, KOIr/Aa
CUTHAJIbl JETEKTOpa C JHEprueil OoJiple Ompenen€éHHOTro mopora (B ciaydae MOJAEIH
nerekTopa ObL1 BbIOpaH mopor 12 M»sB: curHaibl OT 4acTull, CBS3aHHBIX C PabOTOM
peakTopa U C E€CTECTBEHHOW paJAMOAKTUBHOCTHIO HE MOTYT HMETh SHEPTUI0 OOJIbIIE)
paccMaTpuBalOTCA TaK e, KaK CHUTHaJbl HEMOCPeACTBEHHO OoT muacTuH A3. Boiee Toro,
nocyie Kaxuaoro cpabarbiBanusi A3 — 3alpeToB HEMOCPEACTBEHHO OT IUIACTHUH WM OT
JCTeKTOpa, CcHUrHaibl, nomagatonme B okHO 100 Mkxc (~37), orOpachlBaJiMiCh W HE
paccMaTpUBaINCh B JaibHeileM aHaimu3e. TakuM oOpa3oM, JETEKTOP «3aKpbIBAJICS» OT
MOCIIEACTBUI B3aMMOJICHCTBUSI MIOOHOB C BEIIIECTBOM CaMOTO JIETEKTOpa M 3aIUTHI €ro
OKPYXKaroUIEH.

Ha pucynke 30 mpeacraBiieHbl IpUMEPBI U3MEPEHUN CIEKTPOB KOPPEIUPOBAHHBIX

CUTHAJIOB IIOCJIE 3aIPETOB AKTUBHOM 3aL[UTOM.

Start and stop spectra Time Spectrum e s
120 Integral 8680
. L X2 /ndf  38.48/143
10 ;_ start 638 - 3825 (1.5MeV - 9.0MeV) ! gf 45;5_; fss;
E stop 638 - 5100 (1.5MeV - 12.0MeV) 100 }k
N i 0-100mcrs (3766+30)(1 055)'1
= reactor ON. 7.07m| 80
§vE !
8 S
L 60
,w.., | mo L
e L B F
" 0b -
C —®— start spectrum i 0-100mers (-bg) (1369 + 38).(10%)"
i 20—
—" stop spectrum L
mxh‘ulw|r||mn\unluuhu\\mu\mu\mhmlml i Lo b bon i bo v b Laaa
0 12 3 456 7 8 9 10 1112 13 0 50 100 150 200 250 300
energy, MeV time, us

Pucynok 30. DHepreTmyeckrne CIEKTpbl MIHOBEHHBIX W 3a/I€pKAHHBIX CUTHAJIOB H
BPEMEHHBIE CIIEKTPHI: TIOPOT JJIsI MTHOBEHHBIX M 3ajepx)aHHbX 1.5 - 9 MaB u 1.5 - 12

M5B cooTrBeTCTBEHHO
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Bpemst x&u3HM HEUTpOHA B CUMHTWLUIATOPE C ragoiauHueM cocrtaBisieT 31.3 mkc,
MIOATOMY HEUTpPOH OyJieT 3axBadeH ¢ BeposTHOCTHIO Oosbiie 99% B untepBane 200 mkc
(~67) nocne nepBoro curHaia. Cunras, yTo (OH CIydyalHBIX COBIAJACHUN pacHpenesiéH
PaBHOMEPHO MO BPEMEHHM Mbl MOXEM HCIONb30BaTh MHTEpBan nocie 200 Mxc st ero
u3Mepenus. s n3mepenus ¢pona mel ¢pukcupyeM unrepBai B 100 Mkc, U B UTOre BECh
MHTEPBaJ, B KOTOPOM MbI IPOBEPSAEM HAIMUYKE 33JEPKAHHOIO CUTHANA — ~9T, COCTaBISIET
300 mkc.

Kpome BpeMeHHU NOsABIICHHS 3a1€PKAHHOIO CUTHAJIA y HAC €CTh €lE OJMH HapaMeTp
MO3BOJISIONIMNA OTOUpPATh HEUTPUHHBIE COOBITHSA, @& WMEHHO JHEPrud MIHOBEHHOTO H
3aJIep>KaHHOTO0 CUTHAJIOB. BBICTaBIssE MOPOrM PHEPrUid, Mbl CTPEMHMCS NOJYYHTh Kak
MOJKHO JIy4Ille€ COOTHOILICHHE cUrHa/QoH. J{Ji1 MTHOBEHHOTO CUTHAJIa €CTh €CTECTBEHHAs
HIDKHSIS rpaHuna B |MbsB cBs3aHHas ¢ aHHUTWIALMEN MO3UTpOHA. [lodTOMY HMKHSAA
rpaHulla AMana3oHa PErUCTPUPYEMbIX SHEPrui JISKUT cTporo Beiiie 1 MaB. Uem MeHbliie
MbI TIOCTaBUM MOPOT, TeéM OO0JbIlle aHTUHEUTPUHHBIX COOBITHI OYyJET 3aperucTpUpOBaHO,
HO OJTHOBPEMEHHO BO3pacTET ¢GoH ciyualHbIX coBmnaieHui. Ha pucynke 31 mpuBeneHbl
BPEMEHHON M SHEPreTUYECKHI CIEKTPbI 3aJ€p’KaHHBIX CUTHAJIOB IPU HHKHEM IOPOTe
sHepruii B 3 MaB. B aToM cityuae ¢oH ciydailHbIX COBIIaJICHUM OKa3bIBAE€TCS JOCTATOUYHO
HU3KHUM, a KOJIMYECTBO aHTUHEUTPUHBIX COOBITUI OCTAa€TCs HAa MPUEMIIEMOM ypoBHE. Jleno
B TOM, YTO 3aXBaT HEHUTPOHA TaJI0JIMHUEM JAET CUTHAJ C JIOCTATOYHO OOJIBIION 3HEPTUU —
BILIOTH 710 8 M»1B, a (hoH ecTecTBEeHHOU PaiMOAKTUBHOCTH MPAKTUYECKHU BHIMUPAET BHIIIE
3 Mb3B. Ilpu nonmxeHun HukHero nopora ¢ 3 no 1.5 MaB ckopocTs c4éTa cirydailHbIX
COBIAJICHUH CYIICCTBCHHO yBennuuBaeTcs (puc. 30).

BepxHue rpaHuIbl HHEPreTUYECKOro JHana3zoHa ONpPENENsIOTCS  CIEKTPOM
PEAaKTOPHBIX AHTUHEUTPUHO M DHEPrUEW, BBIACIAIOMICHCA IPU 3axBaTe HEUTPOHA
ragonuHueM. Mitorom uccienoBanus BIUsIHUS TOPOTOB 3HEPTUH HA GOH U 3PHEKTUBHOCTD
pErucTpallid  aHTUHEHUTPUHO CTAJM  JIMANa30Hbl  PErUCTPAllMd  MIHOBEHHOIO U

3a/IeP>KaHHOTO CUTHAJIOB B Mojienu jaeTektopa 1.5 - 9 MaB u 3 - 10 M»aB cooTBeTCTBEHHO.
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Pucynok 31. DHeprermueckue CHEKTphl MTHOBEHHBIX W 3aJep’KaHHBIX CHTHAJIOB W
BPEMEHHBIC CIEKTPHI, OPOT JJIsI MTHOBEHHBIX M 3ajiepkaHHbIX 3 - 9 MaB u 3 - 12 MaB

COOTBECTCTBCHHO.

Hcnonp30BaHne aKTUBHOW 3allUThl M OTOOPOB CUTHAJIOB IO 3HEPIMH MO3BOJIUIIO
CHM3UTh HEUTPOHHBIM KoppenupoBaHHbli (o no yposus 1.1:10%c?. OcraBmmiics
KOppEeNUpOBaHHbIA (DOH TakkKe CBsi3aH C OBICTPHIMU HEHUTPOHAMHU OT B3aUMOJECHCTBUS
MIOOHOB KOCMHYECKOTO H3IIy4€HHs C BEIIECTBOM BHE JETEKTOpa. DTOT (OH MOXKHO
YaCTUYHO NOJaBUTh Oosiee 3(P(PeKTHBHON pabOTOM AKTUBHOM 3allUTOM, HO aKTUBHAs
3aluTa [OYTH HE pearupyer Ha caMu ObICTpbIe HEUTPOHBI — TOJIBKO HA MIOOHBI, KOTOpBIE
ABJISIFOTCS TPUYMHON UX MOSBIICHHUS.

Ectp emé nBa OTIMYMTENBHBIX IpHU3HAKa peakuuu oOpaTHoro Oera-pacnaja,
KOTOpPbIE MO>XHO HCIIOJIb30BaTh JUISl BBIJIEJICHUS CUTHAJIOB OT aHTUHEUTpHHO. llepBbiii
CBSA3aH C TE€M, YTO CHTHAJ OT MO3UTPOHA M CHUTHAJ OT MPOTOHA OTAAYM OTIUYAOTCS IO
(¢opMme nmmynbca. To HACKOJIBKO 3TO OTJIMYHE MOXKET OBITh BBISIBIEHO BO MHOTOM 3aBUCUT
OT CUMHTWJUIITOPA, U B cuuHTWILIATOpEe Daya Bay, kak ye oTMeuanoch paHee, CBOWCTBA

PSD (Pulse Shape Discrimination) mocraro4yno ciaObie. Bropoii nmpusHak, mo KOTOpoMy
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MOXHO OTACINTDH ITO3UTPOHHOC cooeiTne OBP ot IMPpOTOHA OTAAYU CBA3aH pCFI/ICTpaIII/ICﬁ

raMmma-KBaHTOB OT aHHHUTWJISILKWHK IIO3UTPOHA.

2.6.2 MopaeaupoBaHue MHOTOCEKIIMOHHOI CTPYKTYPbI

YToObl NOMYYUTH AOMOJHUTENbHBIE KPUTEPUU O0TOOpAa HEUTPUHHBIX COOBITUI ObLIa
pa3zpaboTaHa MHOTOCEKIIMOHHAs cxema gerekTopa. CyliecTByeT pa3sHHLA B JIOKAJIN3ALHUU
MTHOBEHHBIX CHUTHAJIOB HEUTPUHHOIO W HEUTPOHHOro coObiTHil. [IpoTOoH oTHauM B
BEILIECTBE IpoJieTaeT OKoJOo 1 MM, B TO BpeMs Kak MO3UTPOH, poxIEHHbII B OBP,
0053aTEeNIbHO MPOAHHUTHIIUPYET C AIEKTPOHOM, B pe3yJIbTaTe YEro MOSBSATCS JBa TaMma-
KBaHTa ¢ 3Hepruei 511 k3B, KoTopble pas3eTaTcs B NPOTUBONOJIOKHBIX HAlpaBiIeHUsAX. B
pe3yJibTare, €CIM pas3’elnTb EMKOCTb CO CUHUHTHIUIATOPOM Ha OTIEIBbHBIE CEKLHH
MOCTOSIHHOTO pa3Mepa, ¢ OTPAKAIOIIMMHU ONTUYECKHE (POTOHBI CTEHKAMHU, TO TPEK MPOTOHA
OTJa4M C BBICOKOM BEPOATHOCTHIO OYIET MOTHOCTHIO YKIAABIBATHCSA B OJHON cekiuu. [Ipu
ATOM JUIsl IO3UTPOHA JUIMHA CBOOOJIHOTO MpoOera B OPraHMuecKoM CUUHTUIUISITOPE MEHEe
5cM, U CUTHall OT HEro Takxke OyJeT BUACH B OJHOM CEKIUMH, HO TraMMa-KBaHTHI C
sHeprueir 511 k9B MoOryT OBITH 3aperuCTPHPOBAHBI B COCETHUX CEKITUSAX — CEKIUIX C
00111e# rpaHblo.

Jlns guciaeHHoN oneHKu oy coObituii peakiuu OBP ¢ paznmuyHbIMU BapraHTaMU
perucTpauud MrauoBeHHbIX coObITHl A.K. @omunbiM Oblia BbimojHeHAa MonTe-Kapio
CUMYJISIIIUS MOJIETH JIeTeKTopa. BHyTpeHHui 00bEM Mozenn AeTeKTopa ObLI pa3enéH Ha
16 cexuuii pasmepamu 0.225x0.225X0.7 M*> ¢ KECTKO 3aKPEIUIEHHLIMHU IIEPErOPOAKAMU
MEXIYy HUMH.

BepoaTHOCTE perucrpanuy JBYXCEKLIMOHHOIO MTHOBEHHOI'O CHUI'HAla 3aBUCUT OT
MOJIO’KEHUS CEKIINH, TJIe IPOU3OIILIO HEUTPUHHOE COOBITHE: B LIEHTPE, HA KPalo, B yIIOBOH
ceknmu. BeposAtHOCTM perucrpanuu crapra B ABYX CEKUMAX UL Pa3IMYHOIO

OTHOCHUTCIIbHOI'O PACIIOJIOKCHUS CCKIIUU, B KOTOpOﬁ HpOI/ISOHIéJI CUTHAJI, a TAKKC CPCAHHUC
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BEPOSITHOCTU 1O JETEKTOpY U3 16 cexuuit u 1o nerekropy u3 50 cexuuid mpeicTaBleHbI B
tabnuie 6. B aerexkrope u3 16 cekuumit 4x4 — 4 yrioBbix, 8 O0OKOBBIX U 4 BHYTPEHHHX
LEHTpaJIbHBIX ceKIMil. B monnomacmrabHoM netexrope Ha 50 ceKiuii, MOCKOIbKY EepBbIN
U TIOCIETHUW pSAAbl HCHONB3YIOTCA Kak YJIOBHUTENb (K3TY€p) raMMa-KBaHTOB OT
AHHUTWISIIUKM TIO3UTPOHA U HE MCIONB3YIOTCS JJISl PErUCTPAllMU CaMOro MO3UTPOHA, TO

YTJIOBBIX CEKIIMI HET, OOKOBBIX CEKLUM — 16, a IEeHTpaJIbHBIX — 24.

Tabnuma 6. BeposTHOCTH perucTpaiii MrHOBEHHOT'O CUTHAJIA.

IlenrpansHas | bokosas | Yrnosas | Cpennee no gerexropy |CpenHee no JeTekropy
CEKIIUs CeKLIMs CEKIIMS 16 cekmmit 50 cexuui

0.424 0.294 0.188 0.300 0.372

CpenHsisi o BceMy JETEKTOpY BeposATHOCTH coctaBisieT 30%. DTo o3Ha4aeT, 4To B
Hamelr cxeme B cpeaHeM (0% MrHOBEHHBIX CHUTHAJIOB OT HEHTPUHHBIX COOBITUH OyayT
3apETUCTPUPOBAHBI TOJBKO B OJHOU ceKiuu. [lomydaeTcs, 9To eciau Mbl Oy/1eM YIUTHIBATh
TOJIbKO MYJIbTUCEKIIMOHHBIE (B JBYX WM TpPEX COCEIHUX CEKIHUSAX) COOBITUS, TO
KOJIMYECTBO PETUCTPUPYEMBIX HEHUTPUHO YMEHbIIUTCA 3 pasza, 4YTO, OYEBUJIHO,
Henpuemsiemo. Ho yisi aHanm3a KOHEYHOTO pe3yjibTaTa Mbl MOKEM BBIOMpATh W OJHO- H
MYJIbTH-CEKIIMOHHbIE COOBITHSI, a WX TMPOIEHTHOE OTHOLIEHHWE K OOLIEeMy YHUCITY
HelTpuHHBIX coObiTHii (70% wu 30%) wucnoib30BaTh B KAauyecTBE JOIOJHUTEIBHOTO
KpUTEPHS, KOTOPHIM MOXHO MPOBEPUTH NMPABUILHOCTH 0TOOpa HEUTPUHHBIX COOBITHI. To
€CTh PAa3HOCTh KOJMYECTBA HEUTPUHOIOJAOOHBIX COOBITUH TpPH BKIIOUYEHHOM U
BBIKJIIOYEHHOM peakTope NoJnkHa conaepkarbh 30% MyiabTHCEKIMOHHBIX coObITui U 70%
OJIHOCEKIIMOHHBIX.

Jlnst mpoBeAeHUS TPEIBAPUTEIBHBIX W3MEpPEHUN OblJla H3rOTOBJIEHA MOJIEIh
JeTeKTOopa, paznenéHHas Ha 16 cexuwmii, 3anomHeHHas cuuHTUUIsITopoM Daya Bay ¢ oganm
OOV Ha kaxayro cekiuto. Ha aToit Mogenu B TOM 4uciie ObUIM MPOBEICHBI U3MEPEHUS C

Pu-Be uctounukom ObICTpbIX HEHTpOHOB. Ha prucynke 32 mokazaHbl BpeMEHHbIE CIIEKTPHI
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JUIS. OTHO CEKIMOHHBIX COOBITUH U MYJBTUCEKIIMOHHBIX COOBITHHA. OUeBUAHO, YTO €CIIH
paccMaTpuBaTh TOJIBKO MYJIbTUCEKIIMOHHBIE MTHOBEHHBIC CUTHAJIBI, TO KOPPEIMPOBAHHBIC
CUTHAQJIBI OT OBICTPHIX HEHUTPOHOB IMOJHOCTHIO MPOMAMAIOT, OCTAETCS TpsSMas JIMHUS OT
CIIyYalHBIX COBMAJCHUN. DTOT SKCHEPUMEHT HATJIAIHO JEMOHCTPUPYET, UYTO OBICTpPHIC

HEHUTPOHBI JAFOT TOJBKO OJHOCEKIIMOHHBIC CTapThI [85].
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Pucynox 32. BpeMeHHbIE CHEKTpbl 3aJ€pKaHHBIX COBIIAJEHUM, IOJYYEHHBIE C
UCTOYHUKOM OBICTPBIX HEUTpoHOB. KpacHasi KpuBasi COOTBETCTBYET OAHOCEKIIMOHHBIM

cTapTam, a 3eJ€Hasi MyJbTUCEKIIMOHHBIM, CUHAS — 0€3 0TOOpa M0 KOJUYECTBY CEKIUH.

B m3mepenmsax ¢ peaktropom (ON-OFF, TO ecTh ¢ BKIIFOUEHHBIM M BBIKIIOYCHHBIM
PEaKTOpOM) JIOJISI Pa3HOCTU CKOPOCTH CUETA NJIsi JBYXCEKIMOHHBIX U OAHOCEKIIMOHHBIX

MI'HOBCHHBLIX CHUIHAJIOB B MOACIIM ACTCKTOpA, YCPCAHCHHAA II0 BCCM PaACCTOSHHAM,
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okasbiBaercs paBHou (29 £ 7)% u (71 £ 13)% cooTBercTBeHHO. /[ MOSTHOMACIITAOHOTO
JETEKTOpa JTaHHOE COOTHOIICHHWE TaKXKe HAaXOJUTCS B COOTBETCTBHHM C pacu€TamMu H
cocraBisieT (37 £ 4)% wu (63 £ 7)% [85, 86]. B npenenax MOCTUTHYTOH TOYHOCTH TaKOe
OTHOIIICHHE TIO3BOJISIET paccMaTpUBaTh 3apETMCTPUPOBAHHBIE COOBITHS Kak MOIOOHBIC
HEUTPUHHBIM U SIBIISICTCS JTOTIOJHUTEIHLHBIM HE3aBUCHUMBIM TIOJITBEPKIACHUEM OTCYTCTBHUS
B CKOJIb-TUOO 3HAYUMOM KOJUYECTBE OBICTPHIX HEHUTPOHOB OT peakTopa BHYTPH
MACCUBHOM 3aIlIUTHI JETEKTOPA.

OpHako, TOYHOCTH JTOTO YTBEPXKIACHHUS YCTYyMaeT NPSMbIM OIEHKaM BKJaja
OBICTPBIX HEUTPOHOB OT peakTopa B HehTpuHHbIM curHai ON-OFF, kotopeiii Moxer
coctaBisTh (1.1 + 0.45)%, xak ObUIO IOKa3aHo B paznene 2.5.2.

K coxanenuto, Mbl HE MOXKEM HCIIOIH30BaTh OTOOP MO JBYXCEKIIMOHHBIM CTapTaM,
TaK KaK TEpsIeTCS CYIIECTBEHHBIH 00bEM MaHHBIX. OMHAKO, CEKIIMOHUPOBAHUE IETEKTOPA
TaK)K€ TIO3BOJISIET TMOJAaBUTh W (OH CIOydYalHBIX COBIAJEHUNW 3a CYET BBEACHHS
JOTIOTHUTEIFHOTO KPUTEpUst OTOOpa IS 3aJCP)KaHHOTO COOBITHSI, CBS3aHHOTO C
MHO>KE€CTBEHHOCTBIO HCITyCKaeMbIX T'a/IOJIMHAEM FraMMa-KBAaHTOB ITOCJIE 3aXBaTa TEIIOBOTO

HEUTPOHA.

2.6.3 Bausinue A3 M cCeKIMOHMPOBAHUSA HA TNOAaBJIeHHE (POHA

B mnonnomacmitabHOM JeTeKTOpe OblLTa ycTaHoBJeHa Oojee 3¢dextuBHas A3,
onucaHHas B pazaene 2.2. Mcnonp30BaHue TaKOW 3alIUThl BMECTE € 3allpeTaMu OT CaMOIo
JETeKTOpa, Kak ObuI1o omucaHo B 2.6.1 (TOJNBKO MOpor cpabaThiBaHUS JETEKTOpa Kak A3
ObLT OoHMXKEH 10 8 MaB) mo3BosseT NoJHOCThIO N30aBUTHCS OT MIOOHHOTO (poHa U B 2.3
pa3a TOJNaBUTh KOppeaupoBaHHBIA (PoH. OTOOp MPOMCXOIUT MO CIEAYIOLIEH cxeme:
CHauaja BBIOMPAIOTCS BCE CHUTHANbBI, KOTOPbIE OTHOCSTCS K BHYTpeHHEH A3 M CHUTHAJIBI
JIETEKTOpA BBIIIE TOPOTra, Jajiee OTOPACHIBAIOTCS BCE COOBITHS IMOMABIIME BO BPEMEHHOE

okHo 100 mkc mocie 3tux curHanoB. KodQ@uimeHT momaBieHuss Ha 3TOM 3Tare
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coctaBisger 2.0. 3aTteM oTOpachIBalOTCS CUTHajibl, nomaBimme B 100MKC OKHO mocie
curHayioB BHemHerW A3, xotopas maét emé 16% mnonmaBnenus ¢ona. Takum oOpazom,
UTOTOBbIM KOA(G(UIMEHT MOAaBICHUS aKTUBHOW 3amuThl coctaBiser 2.3. Ilpu stom
COOTHOIIICHUE CUTHAJI/KOPPETUPOBAHHBIA (DOH JJIT BCErO JETEKTOpa B Onmkalmen K
peakropy mno3uuuu (7.11M Mexay LEHTPOM AaKTUBHOM 30HBI M LIEHTPOM JIE€TEKTOpA)
cocrasisaeT 0.54.

TouHOCTH UTOTOBOTO pe3ysIbTaTa 3aBUCUT KaK OT KOPPEIUPOBAHHOTO (hOHA, TaK U OT
YPOBHSI  CIIy4allHBIX  COBHAACHUH. 3aBUCUMOCTb CTATHCTHMYECKOW  IOTPEIIHOCTH
KOJIMYECTBAa HEUTPUHHBIX COOBITHH ompezensercs mo Qgopmyie (I TPOCTOThI BpeMs

Ha0opa MPH BKIIOYEHHOM ¥ BEIKIIFOYEHHOM PEAKTOPE CUNTAEM OJMHAKOBBIM):
1
6N, = (Nv + 2Noff + 2( g}g}fg + Bgric))i (32)

rae N, — 49uCI0 HEWTPMHHBIX COOBITHH, N, ff — KOPPETUPOBAHHBIA (OH (M3MEPAETCSA TPU

BBIKJIIOUEHHOM peakTope), Boff u By — hoH ciryyaitHbiX coBNaaeHUi MPU BHIKIIIOYEHHOM

U BKIIIOYEHHOM PEAKTOPE COOTBETCTBEHHO.

MO>XHO 0KHJaTh, UTO B JIETEKTOPE, HMEIOIIEM CEKIIMOHHYIO CTPYKTYPY, HECKOIBKO
raMMa-kBaHTOB peaknuu Gd(n,y) magyT cHUTHaJIBI B pPa3HBIX OJNM3KUX APYT K JPYTY
CEKIUAX. DKCIEPUMEHTAIbHOE paclpeeseHIe MOIYYeHO KaK Pa3HOCTh pacIlpeaeieHHi
KOJIMYECTBA CUTHAJIOB B 3a/ICpKAHHBIX COOBITUSAX BO BpeMeHHOM okHe 0-100 mMkc 1 B OKHE
200-300 mxc. PacuérHoe M SKCIIEPUMEHTAIBHOE paclpeiesieHue KOJIMYeCcTBa S4YEeK, B
KOTOPBIX HAOJIIOJIAl0TCSA CUTHAIBI TaMMa-KBAaHTOB TIOCTIE 3axBaTa HEHTpOHA TaJI0JIMHUEM,
HE B MOJHOH Mepe COOTBETCTBYIOT APYT JAPYTY, HO XOPOIIO COTIACYIOTCS B TOM, YTO OT
ATOM peakIuy 3a7CHCTBYIOTCS JIBE WM OoJiee CeKmmid nerekTopa (pucyHok 33 cieBa —
paccuntanHoe A.K. @oMHHBIM, cripaBa — SKCIIEPUMEHTAIBHOE). DTO TOBOPUT O TOM, UTO
TaKyl0 MHOXECTBEHHOCTh CHUTHAJIOB B 3aJIep>KaHHOM COOBITUM MOXHO HCIIOJIb30BaTh Kak

JOTIOJIHUTENbHBIN KPUTEPHUIl 0TOOPA.
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Pucynok 33. Pacnpenenenue coObITHI 3axBaTa HEUTPOHA TaJOJIMHHEM IO KOJUYECTBY

u— delay signal in N cells/total

density of distribution, arb. un.

3a/ICCTBOBAHHEBIX SUECK: CJIEBA — TCOPCTUUCCKOC, CIIpaBa — SKCIICPUMCHTAJIBHOC.

Taxxe u3 pacy€ToB CTAHOBUTCS SICHO, YTO B peakUuu oOpaTHOro Oera-pacnaja,
JUIMHA ITpo0era HeHTpoHa HeOobILas U, TAKUM 00pa3oM, MO3UTPOHHBIM CUTHAJI U MECTO, B
KOTOPOM IIPOU30ILIEN 3aXBaT HEUTPOHA TraJ0JMHUEM, HAXOAATCA HEAAIEKO APYr OT Jpyra,
B IpeAesiax OJHOM CEKUMHM MM K€ B coceqHuX (pucyHOK 34 cieBa W crpaBa —
paccuntanHoe (BbimosiHeHO M.C. OHETMHBIM) W IKCIIEPHUMEHTAILHOE paclpe/ieieHre
COOTBETCTBEHHO). DKCIEPUMEHTAIBHOE PACHPEEIICHUE MOIYYEHO TaK )K€, KaKk pa3sHOCTh
pactipenenenuii Bo BpemeHHOM okHe 0-100 mxc m 200-300 mkc. PaccmarpuBanoch
pacnpe/iesieHne MaKCUMaJIbHOTO CUTHANIa B 3a/I€PKaHHOM COOBITUH, NP (PUKCUPOBAHHOM

MECTE MTHOBEHHOI'O CUTHaa B 3 CEKIIUM 4 psaa.

Neutron capture cell distribution (IBD in (4,3) cell

= s : Y
~ |
e

T 10
oW aumber

z, cm

Pucynok 34. CneBa — paccuntanHasi 001acTh 3axBara HelirpoHa Gd OTHOCHTEIBHO MecTa

peakiuu OBP. CripaBa - pacnpesenenrne MaKCUMalbHOTO CUTHAJIA 33/IeP>KaHHOTO COOBITHS

B okHe 0 — 100 Mkxc. MrHOBEHHBIN CUTHAJI 3apETUCTPUPOBAH B ceKumH (4, 3).
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O6HIaH KapThHa pacnpCaciCHUs 3aJCPKaHHbIX CUI'HAJIOB OTHOCHUTCIbHO CCKIHUH, B

KOTOPOM MPOM30IIE]I MTHOBEHHBIH CUTHAII ITpeICTaBIeHa Ha pucyHke 35 [85].

Pucynox 35. PacnpeneneHue CUTHAJNIOB 3a7€p>KaHHOTO COOBITHS IO CEKIUSM, KOTAa
MTHOBEHHOE COOBITHE MTPOU3OIILIO B 3 ceKuuu 4 psija.

BBeaenue x€ctkoro TpeOOBaHMS, YTOObBI MIHOBEHHBIM CHUTHAJ ObLT B JIBYX
COCETHUX SYeMKaxX, MO3BOJWIO Obl YMEHBIIUTH KOPPEIUPOBAHHBIA (POH OT OBICTPHIX
HEUTPOHOB, BMECTE C 3TUM CYIIECTBEHHO Obl CHM3MIACh A(()EKTUBHOCTH neTekropa. Ho
UCIIOJIb30BaHUE Oosiee Ciaboro KpuTepus OTOOpa HEHUTPUHHBIX COOBITHUH, YTOOBI
MT'HOBEHHBIM CHUTHaJ ObLI WM B OJHOM, WJIM B JABYX COCEIHHUX SU€HKaX, MO3BOJISIET, BO-
NEPBBIX, MOHU3UTH (POH CIy4YaWHBIX COBHAJECHUH, a BO-BTOPBIX, JAET BO3MOMXHOCTb
IPOBEPKH, HET JIU BMECTE C HEUTPUHHBIMHU CUTHAJIAMU COOBITHI, CBA3aHHBIX C OBICTPHIMU
HEUTPOHAMHU OT PEAKTOPA.

Takum oO0pa3om, BBeJEHHE CEKIMOHHOW CTPYKTYpbl MJa€T JOIMOJHHUTENIbHbIE
KpUTEpUU 0TOOpa HEUTPUHHBIX COOBITHI, C TOMOUIBI0 KOTOPHIX MOKHO YMEHBIIUTH (POH
CIy4YaHbIX coBmajeHuid. s uaMepenuit B Ommkaiimed k peakropy Touke (7.11m ot
LEHTpa JIETeKTopa JI0 LIEHTpa aKTUBHOW 30HbI) ObUIM NMPUMEHEHBI Pa3Iu4Hble KPUTEPHUU

oT0opa COOBITUH, pe3yIbTaThl CBEACHbI B TAOIHILY 7.
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Ta6numa 7. Pe3yapTaThl UCIOIB30BaHUS KPUTEPUEB 0TOOPA COOBITHIA.

Kopp. Crnyuaiinbie Kopp. Crydaiinbie

COBIIAJICHNUS, | COBIIAJICHUS, PEAKTOP | COBIIAJCHUS, | COBIAJECHUS, PEAKTOP A(?E;OEF)’ A/OFF SAO//A’

ON,(10%)!  ON, (10°%)* | OFF,(10%)!  OFF (10%)™ © ’
be3 ceknuonHoi
CTPYKTYpBL 875+ 18 2278 +9 624 + 17 1894 + 9 251+£25 | 0.40 | 10.0
Mrrosennpie 1-2 718+ 16 1954 + 8 483 + 16 1630 + 8 235+23 | 049 | 9.7
COCEIHUX
gj‘)ﬁ‘;‘;”‘a‘*‘“"e BIXH | 560412 857+ 6 362+ 11 724 + 6 207+16 | 0.57 | 7.9
Saacpranmbie 2-5 1 561 4 1) 854 + 6 360+ 11 722 4 6 201+16 | 0.56 | 8.0
CEKIHAX
3ajiepiKaHHbIE B 2X U
6otee, paauyc 3 545+ 11 793 5 347+ 11 664 + 5 198+16 | 0.57 | 7.9
CEeKINU
3ajiepiKaHHbIE B 2X U
6ouee, paauyc 2 492 + 11 709 £ 5 316 £ 11 591 +£5 176 £ 15 | 0.56 8.5
CEeKINN

N3 Ttabmuupsl /. BUOHO, 4YTO BBEACHUE YCIOBUS HAa MHOTOCEKIIMOHHOCTh
3a/IepKAHHOTO CHUTHaja MO3BOJIMIIO CYIIECTBEHHO (B 2.3 pa3a) CHU3UTH (DOH CIIyHalHBIX
COBMAJICHUH, YTO TPUBEJIO K YMEHBIIECHUIO OOIIEH OTHOCUTENBHOMN MOTPEIIHOCTH, BMECTE
C HCMOJB30BAHUEM YCJIOBHS OIHO- WJIM JBYXCEKIIMOHHBIX CHTHAJIOB JIJIi MIHOBEHHOIO
coObITHSI TIOMaBJICHHE (POHA CIyYaHBIX COBMAACHHWHA cocTaBmwio ~2.7 paza. Takxe u3
JaHHBIX TAOIUIBI MOYKHO 3aKJIIOUUTh, YTO HECMOTPS Ha TO, YTO U PACUET, U IKCIEPUMEHT
MoKa3aJld Malylo JUIMHY HpoOera HedTpoHa (puc. 34), pa3n€r ramMmma-KBaHTOB MPHU 3TOM
MOET OBITh TOCTATOYHO 3HAYUTEIHHBIM, YTO COTJIACYETCS C pUCYHKOM 35.

CoOpaB BMmecTe cBeleHHST 00 OCOOEHHOCTSAX peaklMu oOpaTHOro Oera-pacriaja
MOKHO C(OpPMYIMPOBATH CIEAYIOUINI MapaMeTpbl 0TOOpa KOPPEIHMPOBAHHBIX COOBITHH,
CBSI3aHHBIX C PErucTpalyeil aHTUHEUTPUHO: MTHOBEHHOE COOBITHE COCTOMT W3 OJIHOTO
CUTHaJIa JIO0OM CEKIIMM, KpOME€ CEeKIMi MepBOro W MOCIEAHEro psAlioB, WIH ABYX
CUTHAJIOB, KOTOPBIE MPUXOMIT U3 COCEIHUX (C OAHOW OOIIeH TpaHbIO) CEKIUNA, MPUIEM
CUTHAJI C OOJIbIIEH aMITUTYI0M HE TOJKEH MPUXOAUTH U3 CEKUUNA MEPBOTO U MOCIEIHETO

pPAIOB, a CUTHAJI C MEHBIIEH aMIUIUTYJOH MOXKET OBbITh M3 JII0OOM CEKIMH. DHEpPrus
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CUTHAJIOB CYMMHUpYETCS U JoJDKHA HaxoauThbes B npenenax 1500-8000 kaB. 3anepxannoe
COOBITHE JOJKHO COCTOATH M3 CUTHAJIOB ABYX WM 0OOJee CEKUUM, HaXOASIIUXCS He
Janpilie, 4eM S5 CeKIHWd Mo J0OMY HANpPaBJICHHIO OT TOW CEKIMH, B KOTOPOW OBLI
3apErUCTPUPOBAH MAKCUMAJIbHBI CHTHAJl MIHOBEHHOI'O COOBITHS. DHEPIUsl CHUTHAJIOB
CKJIQJbIBAETCS, © CyMMapHasi SHEPrus JOJKHA HaxoauThes B quarna3one 3200-8000k3B.
DHeprus CUTHAJIOB ONpEeNsieTcs MO0 UX aMIUIUTYJE, a COOTBETCTBUE aMILIUTYIbI
CUTHaJa B KAHAJIAX U HEPTUU YaCTHUILbl B 3JIEKTPOHBOJIBTAX YCTAHABIMBAETCS B IIPOLIECCE

HHEPreTHUECKON KaTuOpPOBKH, O KOTOPOU MOUIET pedb B CIAEAYIOLIEH TiaBe.
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I'naBa 3. Dxcnepument HeiiTpuno-4

[Ipoe€KT NO3UIIMOHHO W DJHEPreTHUYECKU UYBCTBUTENBHOIO MOJHOMACHITAOHOTO
JETEKTOpa PEaKTOPHBIX AHTUHEHUTPUHO pa3padaThIBajCs OJAHOBPEMEHHO C MOATOTOBKOMN
NIOMEIIEHUSI W IIPOBEACHMS M3MEPEHUM 3aBUCHUMOCTM IIOTOKA AHTUHEUTPUHO OT
pPacCTOSIHUA C NEPBBIMU MOJEISIMH JI€TEeKTOpa. M3MepeHus CIIeKTpOB AHTHMHEUTPHUHO Ha
Pa3IMYHBIX PACCTOSHUSAX MOJHOMACIITAOHBIM JETEKTOPOM JOJDKHBI OBUIM CYIIECTBEHHO
pacmvpuTh 00JAaCTh YYBCTBUTEJIBHOCTH K IapaMeTpaM OCHWUIALMNA IO CPaBHEHHUIO C
OPOCTBIM HM3MEPEHUEM MOTOKOB aHTUHEUTpHHO. llepen Hawasom wu3MepeHuil Obuia
nposeneHo Monte-Kapiio monenupoBanue 1eTeKTopa, BBIIIOJIHEHbI TECTOBBIE U3MEPEHNUS C
MaKeTOM OJIHOM CEKIMM M HENOCPEACTBEHHO Iiepes HaOOpoOM JaHHBIX IPOBEJIECHA

HHEepreTHYecKas KaTuOpOBKa JETEKTOpa.

3.1 DHepreruyeckoe pa3pelnieHue

Jns onpeneneHus SHEPrETHUYECKOrO Pa3pelleHHUs] MHOTOCEKIIMOHHOTO JIETEKTOpa
OblIa M3rOTOBJICHA OTACIbHAS CEKIMS, C KOTOpOM OBbUIM TPOBEJEHBI IMOAPOOHBIC
uccaenoBanus. Mul ucnosibdyeM 3(Q¢GeKT TMOJHOTO BHYTPEHHEro OTpPaKeHHsS CBETa Ha
IpaHUIe CIUHTUIUISTOP - BO3AYX MPH OOJIBIIMX YTilax MaJeHUs JIJIs BhIpaBHUBaHUs cOOpa
CBETa, MPUXOJSIIETO C PA3TUYHBIX PACCTOSIHUMN (CBETOCOOpP CTAHOBUTCS PaBHOMEPHBIM).
Jlemo B TOM, 4TO MpH MOJHOM ONTUYECKOM KOHTAKTE MEXIY CUUHTHUIUIATOpoM U DY
cOOp cBeTa MPOUCXOUT JIYUIIE C MO3UIUN OIu3KUX K DDY — B TeIeCHOM yrJie OJIM3KOM K
2n. CBeT ¢ JanbHUX TMO3WIUNA TPUXOAUT MO 3EPKAJTLHOMY CBETOBOIY, MPH ITOM
3 PEKTUBHOCTh TPAHCIIOPTUPOBKU CBETA JJIsl MPSIMBIX YIJIOB TAJEHUS Ha 3€pKAIbHBIC
CTEHKH CBETOBOJIA 3AMETHO XYK€ U3-3a MHOTOKPATHOTO MEPEOTPAKEHUS MEKY CTCHKAMMU.
O¢ddekT moaTHOro BHYTPEHHETO OTPAKEHUS CBETA HA TPAHUIIE CIIMHTUILIATOP - BO3AYX IPH

OOIBIINX yriiaXx MmaJcHusA K IIOBECPXHOCTHU ITIO3BOJIACT BBIPOBHATH YCIIOBHA
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TPAHCIIOPTUPOBKM CBETA C pa3HbIX paccTosHuil. HakoHel, Hanuuue 3epkaja Ha JIHE
CBETOBO/IAa TAK)KE IO3BOJISIET BBIPOBHATh YCJIOBUSI CBETOCOOpA C Pa3HBIX MO3ULUN CEKLIMH.
Ha pucynke 36 mpeacTtaBieHa CcXeMa OKCHEPUMEHTa C OTHACIbHOW CEKUUEH.

OKcnepuMeHTaNbHBIN cTeH ] Obul pa3padoran B.I'. UBoUKuHBIM.

i Volume filled with air

. - Rectangular
< T T4 em o o
8 cm | container wi
B mirror walls
Plastic scintillator with
75 ecm y-source **Na attached
Wate:: Mirror bottom

Pucynok 36. CxeMa U3MEpUTENBHOTO CTEHAA C MAKETOM OJJTHOM CEKLUU AETEKTOPA.

Jlist ipoBeaeHUs uccienoBaHuil 3(pGEeKTUBHOCTH CBETOCOOpa MPU MCIIOIH30BAHUU
MOJTHOTO BHYTPEHHEr0 OTPaKEHHUS CEKIUs 3arlojHsUIach BOJOH, KOTOpas HMeEeT
KO3 (UIUEHT MPEeNOMIICHUS OMU3KUN K KOAPPUIUEHTY CUMHTWILIATOpA. s cumynauuu
CHMHTWUTSILIUM UCTIONb30BAJICS UCTOUYHUK, COCTOSIINI U3 MIACTUKOBOTO CUUHTHILIATOpPA U
UCTOYHMKA TamMMa-u3ayueHus 2?Na ¢ ramma smauamu 511 k3B m 1274 xoB. Mecro
CUMHTWULIIUHA ONPEIEIsIIOCh TMOJIOKEHUEM A3TOro MCTOYHHUKA. [lomyuyeHHBIE CHEKTpPbI

noka3aHsl Ha pucyHke 37 [85].



Kak MoxHO BUACTH, IIOJOXKCHHA TIaMMa JINHUU IMPAaKTUYCCKH HE 3aBHCUT OT

MOJIO’KEHHS UCTOYHKKA Ha paccTosiHUAX 30 cM, 50 cm u 70 cM OT OBEPXHOCTH BOJIBI. DTO

IMOATBCPIKAACTCA

A K. ®omMuHbIM, U TPEJICTABIEHHOTO Ha pUCYHKE 38, HA KOTOPOM BHUIHO, YTO B Cllydae

orpsiBa @Y 0T MOBEPXHOCTU CHUHTHILISATOPA IOCTUTAETCsl PABHOMEPHOCTH CBETOCOOPA.
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u pesyapratoM MonTe-Kapino MozpenupoBaHus,
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Pucynoxk 37. Cnextpsl ramma-uctouHuka 22Na npu pa3HbIX MOJ0KEHHUSIX CIUHTUILIATOPA

B MOACJIM CCKIIUM C BO3YIIHBIM 3a30PpOM.

HOBTOMY KaJII/I6p0BKa ACTCKTOpPAa CO CHUHTHILUIATOPOM MOXKET OBITH caciiaHa,

HUCIIOJIb3yd HCTOYHUKH, PACIIOJIOKCHHBIC CHAPYKU.

MpOLEAYPY KaTUOPOBKH.

910

3HAYUTEJIBHO  YIPOLIAeT
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Pucynok 38. Pe3ynbrar MK MozaenupoBaHusi OAHOW CEKLMHM IPH HATUYUH ONTHYECKOTO

KOHTaKTa (CjeBa) U 0e3 ONTUYECKOTO KOHTAKTa (CIpaBa).

3.2 MoaeaupoBaHue IKCIIEPUMEHTA

st onpenenenus 3pdexTuBHOCTH ieTekTopa aHTUHEUTpUuHO A.K. doMuHbIM Oblia
CO3[lJaHa Ha OCHOBE MOJEJIHA OJHOM CEKIIMM KOMIIBIOTEPHAs MOJEIb BCErO JNETEKTOpa U
npoBeneHbl pacu€tsl MerogoM Monte-Kapno. Pa3mepsl jaeTrekTopa W CBOWCTBA
uccienyemon peakuun OBP sBnsarorcs napamerpamu moxaenu. B MK pacuérax npu
AHHUTHWIAIIMA OCTAHOBHUBILIETOCS TO3UTPOHA OOpasyeTcss 2 ramMMma-KBaHTa C DHEpPTHEH
511 k3B kaxaplil, pa3neTaronecs B MPOTUBOIIOJIOXKHBIX HAaMpaBlIeHUsAX. Bo3Hukaromue B
peaKkiuu HEUTPOHBI MOTJIOIIAIOTCA TaI0IMHUEM C 00pa30BaHHEM KacKasla raMMa-KBaHTOB
C cymmapHoW »oHeprue okoio 8 M»sB. B gerektope perucTpupyroTcs jBa
MOCJICIOBAaTEIbHBIX CUTHAJIA OT TO3UTpOHAa M HeuTpona. Jlerektop cocrout u3 S5x10
cekmmit 0.225x 0.225x 0.75M® ¢ KecTko (MKCHMPOBAHHBIMU IIEPETOPOJKAMH  MEXKIY
HUMH. Marepuan cuuHTHUIATOpa — MuHepaibHoe Maciio (CHz) ¢ mobaBko#l ramoiuHUs
1r/n. CeeroBbixon cuuntumastopa 10° ¢oromoB ma 1 MbdB. B momemu Ttommuna
NEPEropoIOK He yuMThIBaiach. B mMonenu ucnonb3oBancs GoToyMHOXUTETH, Hamamatsu

R5912. Mexny cuuatwuisitopoM u OOV Haxomutcs mpociiodika Bozayxa. CHEkTp
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AHTUHEHUTPUHO BOCCTAHABIIMBAETCS U3 CIEKTpa MO3UTPOHOB, U B MEPBOM MPUOIMKEHUU
CBA3b MEXIY SHEPIUel MO3UTPOHA U AaHTUHEUTPUHO JInHelHa:E; = E,+ + 1.8 MaB.

JUist cUMyJISILIMKM CTIEKTPAa AaHTUHEUTPUHO KCIIONIB30BAJICS aHTUHEUTPUHHBIN CIIEKTP
ypana 2*°U [29]. TIpu MOAENMPOBAaHMU CYMTAIOCH, YTO MOTOK AHTUHEMTPUHO HAIPABJIEH
napajuieIbHO OCH JeTeKTopa. Takoe AOMyIEeHHEe BO3MOXHO, IPU yIaJeHHe JETeKTopa OT
aKTHBOMW 30HBI peakTopa Ha pacctosHue 6 — 12 meTpoB. Hanpapnenue BbljieTa MO3UTPOHOB
OPUHATO  W30TponHBIM. [IpocTpaHCTBEHHOE  pacmpesesieHne 3axBaTta HEWTpoHa
rajioJJMHUEM, a TaKXKe pacyeThl PHEPrOBBIICICHUN OT MO3UTPOHA U TaMMa-KBAaHTOB B
CHUHTHLIATOPE BbINOJHEHBI Ipu momoru mnporpammbel MCNP [87]. Chekrp ramma-
KBAHTOB IIPU 3aXBaT€ HEMTPOHA TaJOJMHUEM TIeHepupoBajics s peakumu °'Gd(n,y).
OKCMOHEHIMaIbHAsl JjiuHa mpobera (OTOHOB B CIMHTWUIITOPE COCTaBIsET 4 M.
OnTrueckue POTOHBI OTPAKAIOTCA OT CTEHOK C BEepOsTHOCTHIO 0.95.

Ha pucynke 39 npeacraBieHo pacopeaeneHue cueta DOV (yucio
3apEruCTPUPOBAHHBIX  (OTOHOB) OT TIO3UTPOHOB PA3HBIX JHEPrudl C  y4ETOM
HHEProBbIICNIEHU OT 2 raMMma-kBaHTOB 1o 511 k3B. BepxHuii puCyHOK NE€MOHCTPUPYET
pacmpezieieHne CUTHAJIOB ISl OJJHOW CEeKIMU C y4€TOM JIByX raMMa-KBaHTOB C dHEpPrueu
511 xk3B. OHO B OCHOBHOM ONPEAENSIETCS HEMOJHBIM IMOIJIONIEHUEM T'aMMa-KBaHTOB
BHYTPU OJHOW CEKIMH, YTO OOBSICHSIET HaJu4he JBYX IHUKOB B paCHpeAesiCHUH MpH
HU3KHX HHeprusix. CpeaHuil pUCYHOK OEMOHCTPUPYET pachpeleleHHe CUTHAIOB s
OJIHOM ceknuu 0e3 yuéra ramma-kBaHTOB 1Mo 511 k3B. Peructpupyercs ToJbKo SHEprus
no3uTpoHa. Tam ke Juisi CpaBHEHMs TOKa3aHbl pachpeiesieHus IJis MEepPBOro PHUCYHKA.
HwxHuil pucyHOK JEMOHCTPUPYET pacipeelieHue CUTHAIOB ¢ YYETOM raMMa-KBaHTOB TI0
511 k3B u y4€TOM CHUTHAJIOB OT COCEJIHMX CEKIMH (11 CpaBHEHUS I[OKa3aHbl
pacmpesenieHuss ISl  TIEPBOTO  PUCYHKA). JlanHoe pacmpeseneHue — SBIAETCA
ACUMMETPUYHBIM M OIICHKa €ro JHEPreTMYeCKOTO pacHpeleeHus 3aTpyJHUTENbHA.
OpHako, MOXKHO BbIOpaTh Takyl S()QPEKTUBHYIO WIMPUHY pacnpelneicHus 20, Kornaa
IUIONIAa/lb TOJ KPUBOM JUIs 3TOW IIMPUHBI Oyner coctaBisaTh 68%. B coorBercTBHE C

pacuéramu (Tabmuna 8) sddexkTuBHAS MMIHMPHHA PACHPEACICHHS HA HUKHEM PHCYHKE
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MNPaKTHYCCKM HC 3aBHCHT OT OHCPIrMM TIIO3UTPOHA MW MOXCET OLCHHUBATLCA KakK

20 =~ 500 K3B.

E\/IS’ MeVv
0 1 2 3 4 5 6 7 8
lm T T T T T T T T
. 12000
5 |
£ 10000+ /\
< ] I
S /|
5 8000 /|
2 ] ro
ki [
S 6000 [
k] i | 0\
|
‘g 4000 |
[o] |
I |
2000
] J \
0 T T T T T
0 2000 4000 8000 10000 12000
photon count
T T T T T T T T T
0 1 2 3 4 5 6 7 8
, MeV
‘positron’
T T T T T T T T T
2 3 4 5 6 7 8 9 10
Earmnemnno‘ MeV
70000
. 60000
c
=} J
£ 50000
& ]
RS
S -
Q
R3]
S 30000
ke _
2
‘@ 20000
c
[} ]
°
10000 /
Ii
4 | /
0 2000 4000 6000 8000 10000 12000
photon count
30000
< 25000
=
g
- 20000 -
c
RS
S
3
% 15000
i}
k)
2 10000+
‘D
c
[}
°
5000 —
0= T — —— T T T T
0 2000 4000 6000 8000 10000 12000

photon count
Pucynok 39. Pacnipenenenue cueroB @Y B 0JIHOM CEKIIUM OT MO3UTPOHA C dHEpTHEH oT 1

1o / MaB BMmecTe ¢ mpolieccoM aHHUTHIISIIMUY (J1Ba raMMa-KBaHTa ¢ 3Heprueit 511 kaB).
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Tabnuua 8. IddexTuBHAs MIMPUHA pacTIpEEICHUS I Pa3IUYHbIX SHEPTUil TO3UTPOHA.

Epos, MaB o, kOB

2 215
4 233
6 251

[Ipumepsl peructpanuu raMMa KBaHTOB ¢ 3Heprusimu 2.3 M»sB 4.4 M»sB 6.0 M»>B
nokaszanbl Ha pucyHke 40 nmns ciayyass perucTpauu TOJBKO OJHOW CeKiuei (3enéHas
KpUBasl) W CiIy4yash PETUCTpalMM C y4ETOM CUTHAJIOB OT COCEAHMX CEKIH (KpacHas
KpHUBasi). DHEPreTUUECKOE pa3pelIeHrE TPU PETUCTPALIMH C YYETOM CUTHAIIOB OT COCEIHUX
CEKITM OKa3bIBaeTCs B JBa pasa Jiydlle u coctaisieT 26 = 250 k3B npu snepruu 4.4 MaB.
Hanuuue neperopoiok Mexay COCEIHUMH CEKLMSAMU JIOJDKHO YXYJIIIUTh 3HEPreTHYECKOE
pazpemienue. K Bompocy o peanbHOM HHEPreTUYECKOM pAa3pelieHUH JETEKTOpa MbI

BepHEMCS B pazzene 3.5.
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Pucynox 40. Pacnpenenenune cuetoB ®DY B OJHOM CEKIMU OT TaMMa-KBaHTOB C

sHeprusimu 2.3 M»aB, 4.4 M>B u 6.0 M>B
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Ha pucynke 41 mnpencraBiieHbl pacnpesielieHds CUTHAJIOB OT TO3UTPOHHBIX U
HEUTPOHHBIX COOBITHH. [[J11 MO3UTPOHHOTO COOBITHUSI BhIOMpaem mopor ~1.5 MaB. [lns

CHEKTpa MO3UTPOHOB 3(H(PEKTUBHOCTH PETUCTPALMU TIPU TAKOM MOPOTE COCTABIISIET €,+ =
0.810(5).
3200

2800

2400 +

2000

1600

1200 -

800 -

density of distribution, arb. un.

400 -

E, MeV
Pucynox 41. CurHambl OT TO3UTPOHHOTO (TMO3UTPOH W 2 TraMMa-KBaHTA) COOBITUS —
KpacHasi KpuBasi, OT HEHTPOHHOT'O COOBITHS - CUHAS KpuBas (ucmosb3yercs POV Tonpko
cekuuu, rae npousouuio OBP coObiTHe), 3eneHas kpuBas — Hcnonb3yroTes POV Beex

CEKIIMH.

3.3 DHeprerHyeckasi KaJnOPOBKA MOJHOMACIITAOHOTIO JeTeKTOpa

B pasnene 3.1 Obuto mMOKa3aHO, YTO SHEPreTUUECKOE Pa3pelIeHue HE 3aBUCHT OT
MecTa perucTpanuu coObiTHs. [loaToMy KainOpoBKa MOKET OBITH CleaHa, HUCHOIb3YS

VMCTOYHHMKH, PACIIOJOKEHHBIE CHApyX W — HaJa JaeTeKTopoM (puc. 19). DHeprermueckas
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KaJIMOPOBKA JJIs MOJTHOMACIITA0OHOTO IeTeKTOpa Oblja MPOBE/IEHa C MCTOYHUKAMU TaMMa U
Heiirponnoro u3nydenus (?Na no nususam 511 k3B u 1274 k9B, no muauu 2.2 MsB or
peakiuu p(n,y)d, no ramma munauu 4.4 MaB ot yraepona'’C us peakuun *Be(n, a)'?C* B
Pu-Be ucrounuke, a Takxe 1Mo cyMMapHO# sHepruu ramma kBaHToB 8M»sB mpu 3axBarte
HEHTpOHA raJloIMHUEM — He HAOJII0AaeTCsa KakK JUHHS 3a CYET MOTEph SHEPIHU OT BbLIETA
ramma-kBaHToB) [85]. Jluaus 4.4 M»dB wmmeer MONOTHUTENBLHOE YIIUPEHHWE 3a CUET
HaJIO)KEHUs DKCIIOHEHIMAIbHOTO ramMma-poHa Pu-Be ucrounuka. OTH KaJIuOpOBOYHBIC
CHEKTpbI MOKa3aHbl HA pUcyHKe 43 u OoJiee MoapoOHO Ha pucyHkax 44 u 45.

Q Pu-Be neutron source

22 Na- gamma source
O e o}

Pucynok 42. Cxema KaauOpOBKH JIETEKTOPA.

JIuHEeHHOCTh TOJTyYE€HHON KaJuOpPOBOYHOM 3aBHCUMOCTH IMOKa3aHa Ha pUCYyHKe 46.
OTO MO3BOJIMIIO W3MEPUTH CIEKTP MTHOBEHHBIX CUTHAJIOB, KOTOPBIM PETUCTPUPYETCS
netekTopoM. OH CBSI3aH C DJHEPrued aHTUHEUTPUHO CIIEAYIOUIUM COOTHOIICHUEM:
Eprompt = Ey — 1.8 MaB +2-0.511 MaB rne E; - omeprus antumeiitpuno, 1.8 MaB
cooTBeTCTBYeT 3Hepruu mnopora peakuun OBP, a 2-511 k3B cooTBeTcTBYyeT 3Hepruu
AHHUTUJISILIMY TO3UTPOHA.

KanuGpoBka B a3HepreTrueckoM auana3one Boiiie 2 MaB npencrasusier npodiemy B

CBA3U C OTCYTCTBHCM HGO6XOI[I/IMBIX HCTOYHHNKOB TI'aMMa-KBAHTOB B J3TOM JAHMAIIa30HC.
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HpC,ZICTaBJICHHaH BBIIIIC KaHI/I6pOBKa N DHEPTCTHUUYCCKOEC PA3pCIICHUC OTHOCUTCA K OAHOMY

psIAy CEKLHM.
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Pucynok 43. Pe3ynbTat KaluOpOBKH JETEKTOpA.

Ha camoM Jnene Hac MHTEpPECYeT »SHEPreTUYECKOE pa3pelieHue JETEeKTopa,
cocTosiero u3 Habopa cexuuid. [Ipu perucrpanuu curHajia B OJTHOM W3 CEKIMM CUTHAIbI
U3 OMIDKAWIero OKPYXKEHUs YUYWTHIBAIOTCS. [l03TOMY SHEpPreTHdecKkoe pa3pericHue
JIETEKTOpA JIyYIlIe, YEM SHEPreTUYECKOE PA3PELICHUE OTIEIbHON CEKIINH.

Peructpamus mo3uTpoHa TpencTaBiseT coO0W OoJiee CIIOXKHBIA MPOIECC, YEM
peructpauus ramma-kBanta. CpenHsst IiMHa CBOOOJHOTO IpoOera MO3UTPOHA ~5 CM,
MIOATOMY CHUTHAJI PETUCTPUPYETCS B OJHOW CEKLUHH, TOr/AA KaK ramMMa-KBaHThI 4YacTO
BBUICTAIOT U3 CEKLHMHU YHOCS CYLUIECTBEHHYIO AHEpruro. [1oaroMy perucrpanus no3surpoHa
MoTJia Obl POUCXOJUTH C JIYYIIMM pa3pelieHHueM, YeM perucTpanus ramMmma-kKBaHtoB. K
COXKAJICHUIO, PETUCTPALUS MO3UTPOHA COMPOBOXKAAETCSA BBUIETOM JBYX raMMa-KBAHTOB C
sHeprueit 511 k3B, KOTOpbie MOTYT PETUCTPUPOBATHCSA B COCEAHUX CEKLMIX. 3aMETUM, YTO
MpOLECC PErucTpalMu JBYX TraMMma-KBaHTOB ¢ odHeprued S11 k3B mnpuBogur K

OJIMHAKOBOMY OHCPICTHUYCCKOMY CJABUTY U YHIMPCHHUIO, HC3ABUCAIICMY OT OSHCPIUHU
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no3uTpoHa. Takum 00pa3oM, UCHOIB30BAHUE SHEPTETUUECKON KaTHOPOBKU JIJIs1 OTJIEIBHOM
CEKIMM MO TraMMa JIMHUSM HCTOYHUKOB M DKCTPAINOJSLMS Pa3pELUICHUs MO KOPHEBOU
3aBUCUMOCTH OT DHEPIMM SIBISACTCS HEKOPPEKTHOM IPU PEruCTpalvy ITO3UTPOHOB. B
JanabHEHIIeM Mbl BEPHEMCS K OOCYXKJIEHHUIO 3TOM MpoOJEeMbl, TaK KaK 3HEPreTUYecKoe
pa3pelIeHue IIPU PEruCTpaldyd IO3UTPOHOB MCKIIOYMTENIBHO BAXKHO UL ONMCAHUSA

rpouecca OCUMIIISALHM.
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Pucynok 44. Pesynbprar kanuOpoBku aetrektopa. CmeBa muuusa 2.2 MaB ot mporecca

o
SrrTT

o

p(n,y)d; nocepenune — 4.4M>»B ot peakuun °Be(n, a)?C*; cnpasa — 8 M3B ot peakiuu
Gd(n,y).
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Pucynok 45. KamubpoBounslii ciektp 2’Na.
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Pucynoxk 46. JIuneiinas 3aBUCIMOCTb YHEPre€TUUECKOM KaIHOPOBKH

3.4 Cxema nepeiBUKEHHS 1eTEKTOPA U CTAOMIBHOCTH U3MePEeHUid

3a mepuoj OHKCIO3WIMK TPH OJHOM TIOJIOKEHUH JCTEKTOpa MPOUCXOIUT U
u3mepenue pona (OFF), u usmepenue npu padoraromem peakrope (ON). Cxema paboThI
peakTopa U TMEpeMelleHUuH JeTeKTopa I[oKa3aHa Ha pucyHke 47. J{IUTenbHOCTD
peaktopHoro mukia 8-10 cytok. J[MUTENbHOCTH OCTAaHOBKH 2-5 CYTOK M, KakK MpPaBHIIO,
yepenyercs (2-5-2-..., pazaen 2.4.1). Jletom peakTop OCTaHABIMBAETCSA Ha JIMTEIbHBIN
MEPUOJT JJIS BBITIOJIHCHHS TUIAHOBOTO TIPEIyNpPEeIuTeILHOTO peMoHTa. llepemernienne
JIETEKTOpa B CJICAYIOUIYIO TIO3WIMIO TPOUCXOAMWT IOCEPEINHE PEAKTOPHOTO IIMKIIA.

HBMepeHI/IH ITPOBOJIATCS B TOM XKe [Mo3nuun 10 CCPCANHLI CIICAYIOIICTO IUKIIA.

: ON
ON 2-5 days ON 25 days ON 2-5 days

8-10 du_w 8-10 davs 8=10 day
OFF : OFF " OFF

| [ I

New detector position New detector position New detector position

Pucynoxk 47. Cxema paboThl peakTopa U NepeBUKEHUN JEeTEKTOpA.
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CkopocTh cué€ra TIpH BBIKIIIOUEHHOM pPEaKTOpE OMNpEAeNsSeTcs B OCHOBHOM
KOCMHUYECKHM (OHOM, a ero TMOBEACHHWE B 3aBUCHMOCTU OT PACCTOSIHHS CTPYKTYpOH
3panus. Ha paccrosnusax 10-12 MeTpoB KOCMUYECKHE JIydd IKPAHUPYIOTCS B OOJblIeH
CTETICHH OETOHHBIMH MEPEKPHITUSIMH, KaK MTOKa3aHO Ha pUCyHKe 18.

Kocmuueckuit ¢oH siBisieTcs: OOTBITUM IO OTHOMICHHUIO K A((EKTYy M COCTaBIsET
OCHOBHYIO MpOOJieMy SKCIIEpUMEHTa, MO3TOMY paclpeesieHue BPEMEHHBIX KoseOaHui
KOCMHYECKOTo (poHa TpeOyeT AeTaaIbHOTO U3yUCHHUS.

Ha pucynke 48 moka3aHO MOBEACHHE KOPPEIUPOBAHHOTO CHUTHAja KOCMHUYECKOIO
¢boHa Ha MPOTSHKEHWH BCETO BpeMEHW m3MepeHui. [Ipu mocTpoeHuu 3Toi 3aBHCHUMOCTH
ObUTM BHECEHBI MOMPABKH HA M3MEHEHUE (OHA, KOTOPhIE BO3HUKAIH TPHU MEPEIBIKEHUN
aetektopa. @OIyKTyallud JaHHOTO pAaclpeAeNieHUs OMNPENENsoTcs B OCHOBHOM
cratucTukoi. I3mepenus ¢hoHa MPOBOAWIMCH B TEUCHHE Pa3HBIX HHTEPBAIOB BPEMEHH, B
gyactHoct B 2020 romy, korma peaktop He paloTall, H3MEpEeHHUs MPOBOJUINCH
MHTEPBaJIaMU B HECKOJIBKO pa3 JIOJIbLIE, TO3TOMY (PIIYKTyalllud B 3TOT EPUOJ MEHBIIIE.

UroOsl mpoBecTH Oojiee NETANbHBI aHaIu3 HYXXKHO TOCTPOUTH pacIpeieicHHe
baykTyanuii, HOPMHUPOBaHHOE Ha COOCTBEHHYIO CTAaTMCTHYECKYI0 OIMOKy. Takoe
pacmpesienienne TmokazaHo Ha pucyHke 49 cmesa. [lomymmpuHa 3TOTO pacmpeeeHus
cocrapimsier 1.07 + 0.01, TO ecTb AOMOJHUTENbHBIE (IYKTyalllud, CBSI3aHHBIE C
KOCMUYECKHM M3Iy4YeHHEM, COCTABIISIOT BCEro JHIIb 7%.

Amnanormuynbeiii  cuér  pasHoctm  ON-OFF  koppenupoBaHHBIX  CHUTHAJIOB,
JEMOHCTPUPYIONIHI CTa0MIBHOCTD 3¢ (deKTa, IPeACTaBIeH Ha pUCyHKe 48 cHuzy. 37ech,
Takke BHeceHa momnpaBka Ha 3aBucumMocth ON-OFF »ddexkra ot paccrosHus.
Pacnipenenenne ¢uykryanmuu A Hero mokasaHa Ha 49 cmpaBa. Pacnpenenenue
baykTyanuii cnemaHo, Kak M paHee ¢ HOPMHUPOBKOM Ha COOCTBEHHYIO CTAaTUCTUYECKYIO
OMMOKY KaXJIOr0 HW3MepeHus.  3/1ech KCTaTH, CIeAyeT OTMETHTh, YTO TOYHOCTh
BOCIPOM3BECHUSI MOIIHOCTH pPEaKTopa OT IMKJIa K IUKIY cocTaBisuia 2% M Takxke
yCpenHsulach B XOA€ JJIMTENbHbIX u3MepeHuil. CTaHIapTHOE OTKJIOHEHUE JTOro

pacopenenenus 1.09 + 0.02, To ecTh yUIMPEHUE CTATUCTUUYECKOTO PaCIpeCICHUs U3-3a
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JOTIOJTHUTENBHBIX (DIYKTyalMii KOCMUYECKOTOo (JOHA M MOIIHOCTH PEaKTOpa COCTABISET
Bcero 9%. B pe3ynbrare 4ero MOXHO 3aKJIIOYUTh, YTO TOYHOCTh U3MEPEHUN MOXKET ObITh
ompesereHa CTaTUCTUYECKH HECMOTPS HAa JOCTaTOYHO OOJbIION Kocmuueckui ¢oH. B
IPUHIUIIE MOXKHO TOOABUTH MOMPABKY HAa (DIYKTyaI[MI0 KOCMUYECKOT0 (hOHA JUIsl KaXK0ro
U3MEpEHMs, UCTIOB3Ys U3MepeHus aTMochepHoro napieHus. Tem He MeHee, 3T0 ObUIO OBl
U3JUIIHUM, TaK Kak IOIpaBKa Majia, U, KpOMe TOro, (pIyKTyaluu KOCMUYECKOro (poHa
YCPEAHSIOTCS 1O BEJIWMYMHE B CJIEACTBUM OOJbIIOro uucia (87) U3MEepeHU M 4YacTOTHI

OCTaHOBOK pPC€aKTOpa.
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Pucynok 48. Cuér KoppenMpoBaHHOTO CHUTHaja KOCMHUYECKOro (oHa Ha MPOTSHKECHUHU
BCEro BpeMeHHu u3MepeHuil (BBepxy). Cuér xoppenupoBanHoro curHaia ON-OFF na
MPOTSKEHUU BCETO BpeMeHU n3mepeHuid (BHU3y). [lepBrbiit 1iukin usmepenuii ¢ 31 mas 2016
10 10 mas 2018. Bropoii muki ¢ 19 mas 2018 no Havana qiuTenbHON OCTAaHOBKU peakTopa

Ha peKOHCTpYyKLMIO. TpeTuit nuki — u3MmepeHus (oHa BO BpeMsi peKOHCTPYKIIUH PEaKTopa.
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B oCJIOM, MOXHO CACJIATh 3aKIHOUYCHHC, YTO aHAJIW3 SKCIICPUMCHTAJIbHBIX OaHHBIX

MOXKCET IMMPOBOAUTHLCA B paMKax Ha6HIO,HaCMOfI CTaTUCTUYECKON TOYHOCTH.

OFF fluctuation distribution ON-OFF fluctuation distribution

45

OFF fluctuation distribution

ON-GFF fluctuation distribution

40
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Pucynok 49. PacnpeneneHue OTKJIOHEHHIl OT CpeIHEro 3HAYEHUs CKOPOCTH CuéTa
koppenupoBaHHbiX coObiTuil GoHa (OFF) u pasnoctu (ON-OFF), HopMupOBaHHBIX Ha MX

CTATUCTHYECKHUE OIINOKH.

Crnenyer BBIIENUTH TPU HUKIA U3MepeHUN. [1epBhlii TUKI U3MEPEHUIN MPOAOIIKAIICS
c utonst 2016 mo wmaii 2018. Pesynbprarel Obiin omyOnukoBanbl B [88, 89]. Dto ObLIO
nepBoe HaOmojeHre 3pdexTa oCHWUISIUNA HA YPOBHE TPEX CTAaHAAPTHBIX OTKIOHEHUH.
Bropoit nukn uzmepenuit npogomxancs ¢ mas 2018 mo oxtsaope 2019. Cratuctuyeckas
TOYHOCTh M3MEpeHuil Oblna yBenuueHa B 1.4 pasa. Pesynbrar coBmecTHOH 00pabOTKU
JaHHBIX TOATBEpAWT dS(PPexT ocuuuamuid Ha TOM K€ YpPOBHE JOCTOBEPHOCTH.
Pesynbratel Obtn omyOsnukoBadbl B [90]. B TpeThbeM IHKIE MPOBOIMIMCH H3MEPEHHS
TOJIbKO ()OHA HAa OCTAHOBJICHHOM PEAKTOpPEe MPH €ro PeKOHCTPYKIMH B TEUYCHHE TOIYTOpa

JCT.

3.5 Cra0WibHOCTH 10 U3MePEeHHI0 (POHA

@oH sBISETCS OAHOM M HamOoJiee BAXKHBIX MPOOJEM IKCIEPUMEHTa W TpeOyeT

neranpHOro u3ydeHus. KoppenupoBaHHBINM curHaid ¢oHAa BO3HUKAET H3-3a OBICTPBIX



109

HEHUTPOHOB MO CXeMme, yKa3aHHoW B pazzaene 2.1 Ha pucynke 10, rae cTapToBbIil curHam
3a1a€Tcsd MPOTOHOM OTAAaud B MpOLIECCEe YNPYTroe paccessHue Ha BOAOPOJE, KOTOPHBIM
SIBJSIETCSI OCHOBHOM KOMIIOHEHTOM cUUHTWILIATOpPA. OJHAKO, BO3MOXEH IIPOIIEeCC
B3aMMOJICUCTBUSI HEUTPOHOB C SApaMH yIiepoja, TaKXKe BXOISMIIET0 B COCTaB
cuuHTWLIATOpa. HakoHen, BO3MOXKEH MPOLECC B3aMMOACHUCTBUSA HEUTPOHOB C sIApaMU
KHCJIOPOJa, BXOJSIIEr0 B COCTAaB OPICTEKIIA, M3 KOTOPOIO M3rOTOBIIEHBI 3€pKajbHBIE
NEPETOPOJKH MEXAY CEKUUAMHU, a TAKXKE Ha spaxX alllOMUHUS, TaK KaK KOPIYC JE€TEKTopa
Y CEKIIMOHHAS CTPYKTYpa U3TOTOBJICHBI U3 AIFOMUHUEBOTO CIutaBa (cM. pasmern 2.2).
Cnexktp ¢doHa, yCpeAHEHHBI O BCEM pPACCTOSHUSM, MOKa3aH Ha pucyHke 50.
Cnenyer 3aMeTuTh, 4TO B 00sacTu 3-6 MdB MOXXHO BuAeTh O0aMil M Jpyrue JOKajdbHbIE
MaKCHUMYMbI Ha SHEpreTHUecKoi 3aBucuMOCTH PoHa (puc. 50). Takoit cexTp GpoHa MOKET
ObITh OOYCIIOBJIEH CTPYKTYpOH SHEPreTUYECKHX YPOBHEH slep yriepoja, KUCIOpoja U
ATIOMHHMSI. DTH HEPETYyJSPHOCTH B CIIEKTPE HAKJIAIbIBAIOTCS Ha INIAJKYI0 3aBHCHUMOCTh
CIEKTpa TMPOTOHOB OTJA4Yd TPH PACCEIHUU OBICTPHIX HEUTPOHOB, a TakXkKe Ha
KOPPEIMpPOBaHHEIA (POH HecTaOWNbHBEIX u3oTonoB °Li u ®He, koropele mpoussoasTcs
KOCMHUYECKHUMH Jy4yaMHd TMpH B3aUMOJCHCTBUM C sApaMU yriaepoga. OTH H30TOINbI
UCIIBITHIBAIOT -pacnaj ¢ MociaeayoM HEUTPOHHBIM paciajoM 00pa30BaBIIETrocs sSapa.
BeicTphlii HEUTPOH B peakimu (n,n') ocTaBisSeT SAPO B BO30YKIAEHHOM COCTOSHHUU
U €ro mepexo] 0OpaTHO B OCHOBHOE COCTOSIHHE MPOHCXOAUT MpEeXkAe, YeM HEUTPOH
TepMaiu3yeTcss W OyAeT 3axBayeH. DHEPruu MEpBbIX BO30YXKIEHHBIX YPOBHEH siapa
yriiepoaa coctapiisitoT 4.44 MaB u 7.65 M»B. Bo30yxnenue ypoBHst 7.65 MaB Bo3M0kHO
JUIs OBICTPBIX HEM HEUTPOHOB ¢ ’Heprueit Beiie 8.25 M»B. YpoBens 7.66 B OCHOBHOM
pacnamaercs Mo KaHany Ha 3 amb(a-uyacTHIBl Yepe3 HpoMeXyTodHoe sapo °Be [92].
[lonnas »sueprust anbda-dyactur, npu 3ToM coctaBimsier nopsaka 400 kaB. Ilepsoe
B0O30Yyxn1€HHOE cocTosiHue 4.44 MbhB B030yKJgaeTcsi B MPOIECCE HEYNPYroro paccesHus
OBICTPOr0 HEUTPOHA M MCIYCKaeT raMMa-KBaHT JO0 T€PMalM3all{ W 3aXBaTa HEUTPOHA.
[TosTomy ™Mbl HaOdOgaeM KoppelupoBaHHOe coObiTHe. [l kuciaopona Haubosee

WHTCHCUBHOM SIBJSIETCS JIMHUSA mpu dHeprur 6.13 M»bB. AnHanoruysueiM 00pa3zom
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B3aMMO/ICHCTBUE OBICTPHIX HEHUTPOHOB C aJFOMHHHMEM NPUBOAUT K TOSBJICHUIO raMMa-
KBaHTOB C sHeprusimu 2.2 MsB, 3.68 MaB, 4.4 MsB u 5.15 M»3B.
['amma nuHuuM ¢ sHeprusmu: 2.2 MaB, 3.68 M»aB, 4.44 M»sB, 5.15 MaB u 6.13 M»3B

MO>KHO paccMaTpHUBaTh Kak HaOJt0/laeMble C pa3HOM J10JIei YBEPEHHOCTH.

o L
o.) -
L Al 2.2 MeV
o
= | 3.7 MeV
sk 4.4 MeV
5.2 MeV
e 4.4 MeV
a- 150 6.1 MeV
3 [
ol o E = 4400 keV
l o - 285 key E=5190keV
[ c=313keV £ _ 5980 kev
1 E=2200keV E =3650 keV
i 6 =310 keV
| c=225keV ©=230keV
0;|_I._I\I—l| | 1 | |
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Pucynox 50. Cnextp ¢ona, yCpeTHEHHBIN IO BCEM PACCTOSHUSIM.

IM'amma nuHuu ¢ sneprusimu: 2.2 MaB, 3.68 MaB, 4.44 M»B, 5.15 M»B u 6.13 M»B
MOKHO paccMaTpHBaTh KaK HaOJIt01aeMbIe C pa3HOM JI0JICH YBEPEHHOCTH.

Hanmuume »TOl CTpyKTYyphl B crHekTpe (poHa IMOKa3bIBAaET, YTO DHEPreTHYecKas
KaJTMOpOBKa JIETEKTOpa B IMPOIIECCE BCEX M3MEPEHUN COXpaHsuIoch. boyee Toro, T.K. MbI
HaOJF0acM OTACNIbHBIC JUHUU B CIEKTPE, XOTSA C HE OYCHb XOPOIIUM pPa3pelICHHEM,
MOXHO CJIeJlaTh OIICHKY DHEPreTUYECKOrO pas3pelieHuss JIeTEeKTopa W MPEIIOKHUTh

pazyioxxeHne GopMbl CIIEKTpa Mo ramma JuHusM (puc. 50).
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B mmnanazone ot 2.0 MaB 10 7.0 M»B sHepreTuueckoe pa3peiieHue u3MEHsIETCs OT
225 k3B 10 310 k3B. [IpeacraBieHHas OleHKa SHEPreTUYECKOTO Pa3peICHUs] OTHOCUTCS K
JETEKTOPY B II€JIOM, KOTOPO€ HECKOJIbKO Jy4Ille, Y€M 3SHEPreTUYECKOE pa3pellICHUE
OTZEJIBHOW CEKIMH, TaK KaK IPU PETUCTPAllUd CUTHAjJa B OAHOW M3 CEKUMW CUTHAJBI U3
OJIVKANIIIETO OKPYIKEHUS YIUTHIBAFOTCSI.

JI1s1 TOATBEPKIACHUS SHEPTETHUECKOTO Pa3pelIeHus IETEKTOpa, UCIOJIb30BAHHOTO B
Pa3NOKEHUH  JKCIIEPUMEHTAJIbHOrO crekrpa ¢oHa Mbel  npoBesin  MC  pacuér
SHEPreTUYECKOr0 pa3pelieHusi Jisi BCEro JETEKTOpa C YYETOM CHUTHAJIOB COCEIHUX
cekiuit. [IpuMephl perucTpaluu raMMa-KBaHTOB ¢ sHeprusimu 2.3 MaB, 4.4 M»B u 6 MaB
ObuT Mokaszanbel Ha pucyHke 40. Paccunrannoe paspemnienue 26=250 k3B mnpu sHepruu
4.4 MhB. Ho B skcnepuMeHTe paspernieHue mpu AaHHou sHeprun 26=570 k3B, To ecTh
BIIBOE Xy»ke. Hannune neperopoaok Mex1y COCETHUMH CEKIUSMHU, pa3JIUYUe B HACTPOIMKE
OTIICTILHBIX CEKIIMH W HECTAOWIHLHOCTh B TEUCHHE MPUOIU3UTEIHHO TPEX JIET U3MEPEHUN

MOTYT YXYAIINUTh SJHEPTETUUECKOE pa3pelICHNUE.

3.6 CrnekTp MITrHOBEHHBIX CUTHAJIOB M CIIEKTP CJAy4YaliHbIX COBIAIEHUI

CrekTp MTHOBEHHBIX CHTHAJIOB KOPPEIMPOBAHHBIX COOBITHH, M3MEPEHHBIN MPH
octanoBiieHHOM peakTtope OFF, BeunTaeTcs U3 aHAJIOTUYHOTO CIIEKTPA, U3MEPEHHOTO Ha
TOM JK€ paccCTOsHUU TNpH padotaromeM peakrope ON (cmekTp ciydailHbIX COBIAJACHHUN
M3MEpPSETCs] OJTHOBPEMEHHO C KOPPEIUPOBAHHBIM CIIEKTPOM W BBIYUTACTCS IS KAXKIIOTO
M3MEpPeHHs OTACNBbHO). Pa3sHOCTh ckopocTh cuéra KoppenupoBaHHBIX coObiTuii ON-OFF
BO BCEM AMama3oHe dHepruil 223 B CyTKM B JWarna3oHE paccTossHui 6-9 M, oTHoOmIeHHe
curaai/¢on 0.52. CkopocTh cuéTa KOppeIupoBaHHBIX coObITHI TTpH padoTtatomeM (ON) u
octranoBiieHHOM (OFF) peaktope u ux pasnoctu (ON-OFF) Ha pa3mu4HBIX pacCTOSHHSIX

MOKa3aHbl HA pUCYHKE S1.
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Ha pucynke 52 AeMOHCTPHUPYIOTCSI CHEKTPHl KOPPEIMPOBAHHBIX COOBITHI TpH
paboTaromem Ha morHocTH peakTope ON u npu octanoBiaeHHOM peakTope OFF, a Takxke
cnektp ux pazHoct ON-OFF. Kak yxe o0cyxnanochk panee WX pa3sHOCTb OTHOCUTCS K
HEUTPUHHOMY CIIEKTPY pEeakTopa, MOCKOJIbKY TMOTOK OBICTPBIX HEUTPOHOB OT PEaKTOpa,
KOTOpbIA MOT Obl naTh BkJIan B pasHocth ON-OFF ne mpesbimaer (1.1 + 0.45)%, uro
ObUTO MoKazaHo B pasneine 2.5.2. Ho camoe BaxkHoe, 4to ()OH HE HMMEET 3aBHUCHMOCTH

CKOHBKO-HI/I6y,Z[B IMOXO0KYI0 Ha OCHWIIIALIMOHHY1O.
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Pucynox 51. CBepxy — CKOpPOCTh CU€Ta KOpPpEIUPOBAHHBIX COOBITUM (peakTop Ha

mormmHocT 90 MBT — ON) u (peaktop octanoBieH — OFF) Ha pa3HBIX pacCTOSHUSX.

CHuzy — pasnoctb ckopoct cuéra (ON-OFF) xak GpyHKIHS pacCTOSHUA.
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Cnextp ON u cnekrp OFF, ycpennéHnple 1o BCceM pacCTOSHUSAM, MMOKa3aHbl Ha
pucynke 52 cBepxy. CHuzy — cnekrp curdHana ON-OFF, ycpennénnslii mo BceMm
paccTOSIHUSIM — CHHSS THUCTOTpaMMma M Pa3HOCTbh YCPEAHEHHBIX IO BCEM PACCTOSHUSAM
criektpoB ON u OFF — kpacnas rucrorpamma. CienyeT OTMETUTh, YTO JIJIs aHAJIM3a Ha
HEUTPUHHBIE OCIWUISIUN MPaBUIBHO HcIoib30BaTh crekrp curHaga ON-OFF  nns
KaXXJ0r0 PacCTOSIHUSI, TPUUYEM TOJYUYECHHbIE B ONMKANIINX W3MEpPEHUsX. ITO MO3BOJISET

JTy4IuM 00pa3oM CKOMIIEHCUPOBATh BpEMEHHbIE (ITyKTyallud KOCMHYECKOTo (hoHa.
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Pucynok 52. Csepxy — cnektpbl ON u OFF, ycpennénnsie no Bcem paccrosiHusiM. CHU3Y —
CHEKTP Pa3HOCTH, YCPEIHEHHBIM MO BCEM PACCTOSHHUSAM — Troyy0as JUHHUS U Pa3HOCTh

MEXIy yCpenHEHHBIMU 10 BceM pacctossHusaM criektpoB ON u OFF — kpacnast munus.
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Kpome xoppenupoBanHoro ¢ona mnpobnemoii sBiusercs (OH  CiyyalHBIX
COBNAJICHUN. Ero SHEPreTUYeCKuid CHEKTp I TPEX PACCTOAHMN MOKAa3aH HA PUCYHKE
53 cneBa. BiausiHue peaktopa Ha (pOH CiaydalHBIX COBIAJICHUN TaKXKe MPEJCTaBICHO Ha
pucyske 53 copaBa. OTOT (OH CYLIECTBEHHO YBEJIMYUBAETCS, €CIIM Mbl YMEHbBIIIUM MTOPOT
JUTSI 3a7Iep>KaHHBIX CUTHAJIOB HIke 3 MaB u make HaOmrogaeTcs HEKOTopasi 3aBUCUMOCTh
OT MOIIHOCTH peakTopa. Kak roBopmiioch paHee 3Ta mpoOjiemMa MOXKET OBITh pellieHa
BBIOOPOM TIOpOTa JIJIsl 3a/IepKAHHBIX CUTHATIOB 3.2 M3B, MOCKOJIbKY 3HEprus cUrHajia ot
3axBaTa HEUTpOHA TaJOJMHUEM 3aMEeTHO BbIme u jgocturaect 8 M»oB. Ilopor mis
MTHOBEHHOTO CHUTHaja YCTaHOBJEH Ha ypoBHe 1.5 M»B, 4T0oOBI COKpAaTUTh YHCIIO
MOTEPSHHBIX HEUTPUHHBIX CUTHAJIOB.

Takum 00pa3om, 3aKIIOYEHHEM 3TOTO aHalu3a SIBJISETCS BHIOOP ONMTHUMABHBIX
MOPOTOB PETUCTPALMU MPSIMOTO0 M 3a7epkaHHOro curdHaioB: 1.5 MsB u 3.2 MaB
COOTBETCTBEHHO.

Accidental background at 7.11m from reactor.

accidental background spectrum at 7.11m, reactor ON
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Pucynok 53. CnekTpsl (poHa ciiydaliHbIX COBNaJieHU Ha paccTosaHusax 7.11 M, 9.3 mu 11.1
M MEXIY IIEHTPOM peakTopa W IeHTpoM aetekTopa (ciieBa). CriekTpbl (hOHA CITy9IalHBIX
coBmajieHnit s padoraromiero peakropa ON u octanoBiaennoro OFF nHa Omkaiiiem ot

peakTopa paccrostaud - 7.11 M (crpaBa).
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I'maBa 4. AHajau3 JaHHBIX

OOmuit moaAXoJ K aHadu3y JaHHBIX JUIS TIOMCKAa 3HA4YeHUW TIapaMeTpoB,
ONPEACISAIOINX HEKOTOPYK) 3aBUCHMOCTb, COCTOUT B CPABHEHUM HKCIEPUMEHTAJIBHO
M3MEPEHHOM 3aBUCHUMOCTH C OXHMIA€MOM B paMKax TOM WJIM HHOM THUIIOTE3BI
3aBUCUMOCTBIO MPH Pa3JIMYHBIX 3HAYCHUSAX MapamMeTpoB. MeTod OTHOCHUTEIbHBIX
W3MEPEHUN, OMUCAaHHbIA B paznene 2.1, 3a7aéT AUl T€ BEJIUYMHBI, CBSI3b KOTOPBIX
HEOOXOJMMO CpaBHMBaATh. Tak Ui pealu3alud MOJEIbHO-HE3aBUCHMOTO aHaIn3a
U3MEPEHHBIE HA PA3JIMYHBIX PACCTOAHUAX CIEKTPbl PEAKTOPHBIX AHTUHEHUTPHUHO

H€O6XO,Z[I/IMO npeaACTaBUTh B COOTBETCTBYIOIIEM 3TOH 3aaa4€ BHUIC.

4.1 CpaBHeHHe IKCTIEPUMEHTAJIBHOI0 CIEKTPA AHTUHEHTPUHO C PACCYUTAHHBIM
PEAKTOPHBIM CHIEKTPOM

[Ipu cpaBHeHUM CHEKTPOB yJ0OHEe paccMaTpuBaTh CHEKTPbl MIHOBEHHBIX
curHajioB. [[ns cpaBHEHUs SKCIEPUMEHTANIBHOTO CHEKTPa MIHOBEHHBIX CHUTHAJIOB MpHU
peructpaiuu OBP ¢ pacu€THbIM criekTpoM HeoOxoaumo paccMmoTrperb MK BbluuCIEHUS
s dexktrBHOCTH perucTtpanun mporecca OBP B nmerexrope. CrnekTp, MOJy4YeHHBIM B
HKCIEPUMEHTE, JOJKEH CPABHUBATHCS C OXKUJIAEMbIM CIIEKTPOM MTHOBEHHBIX CUTHAJIOB,
paccuntanHbiM B MK cumysiaiuu. [Ipumep Takoro cpaBHEHUs MOKa3aH HA PUCYHKE 54,
I MPEJCTaBIICH KCIEPUMEHTAIBHBIN CIIEKTP MTHOBEHHBIX CUTHAJIOB, YCPEIHEHHBIN 1O
BCeM paccTosHuAM, 1 MK clieKTp MIHOBEHHBIX CUTHAJIOB, TIOJTy4eHHbIH u3 cnektpa 23°U ¢
Y4ETOM IOPOIr'OB PETUCTPALMH IKCIIEPUMEHTAIBHBIX CUTHAJIOB.

Kak yxe orMeuanoch, i1 aHalvM3a HA HEUTPUHHBIE OCUMWJUISIIMU MPABHIBHO
ucrnojs3oBaTh cpennuil crnektp curHaia ON-OFF mis kaxaoro paccTosHus, MpUUEM
MOJIYYCHHBIC B OJIDKAWIINX W3MEPEHUSX, YTOOBI JIy4IIMM 00pa3oM CKOMIICHCHUPOBATH

BpeMEHHbIE (IYKTyaluu KocMuyeckoro (ona. OJIHaKo, CpaBHEHHE MOKHO IPOBECTH,
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UCIIOJB3YSI U PA3HOCTh YCPeAHEHHBIX MO BceM paccrosiHusiM cniektpoB ON u OFF. DTto
MIO3BOJIIET BKJIIOUHUTHh B 00paOOTKY JaHHBIX JHUTENbHbIC n3MepeHus ¢Gona B 2020 rony.

O6a criekTpa CpaBHUBAIOTCS C PACUETHBIM U MPEJCTABICHBI HA PUCYHKE 54.
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Pucynox 54. Cpasaenme pacuétHoro MC cnekrpa antuseitpuHo mua U ¢
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skcriepuMeHTanbHbiM  ciekTpoM ON-OFF. Buu3y ux pa3HOCTh, HOpMHpOBaHHas Ha
pacu€tHbIi criekTp. [lepBrie ABa pUCYHKA MPEACTABISIOT CPEAHUNA MO BCEM PACCTOSHUSIM
cunektp curHana ON-OFF, Bropsie 1Ba prucyHKa MPECTaBISIOT PA3HOCTh YCPEAHEHHBIX TI0

BceM paccrosiHusaM criekTpoB ON u OFF, kyna BKIItoueHb! JJIUTENbHbIE U3MEpeHUs (PoHa.

CpaBHEHHE IKCIEPUMEHTAJIBHOIO U PACYETHOTO CIIEKTPOB JIEMOHCTPUPYET MX HE
BIIOJIHE Y/OBJIETBOPUTEIILHOE COIJIACHE B paMKax HMEIOMICHCS CTaTUCTHKU. [IpuumHb
BO3MOXHOTO PACXOXACHUS MOTYT OBITh BBI3BaHBI Pa3HBIMU OOCTOSITEIbCTBAMU. Bo-
NEPBBIX, HHEPreTHYecKas KaluOpOBKAa pacYeTHOrO CHEKTpa He (uKcHUpoBaHa, a
SHEpreTHUYecKas 3aBUCUMOCTh 3(()EKTUBHOCTU PETUCTPALUU HEHUTPUHO HE SBISETCS
MOJTHOCTBIO TOYHOW. BO-BTOPBIX, MOXKHO paccMaTpuUBaTh MPHUCYTCTBHE B CIEKTpPE, YacTO
oOcyxmaemoro 6amma B obsactu 5 MsB. O0e npuunHBI HENb3s UCKIOYUTH. Bompoc o
BO3MOXXHOCTH OCHWJUISIIMNA sBiseTcs TMaBHBIM. [loaToMy, Kak yXe OTMeualoch paHee,
CpaBHEHHE TOJBKO PHEPreTHUECKOM 3aBUCHUMOCTH C OKHUIA€MbIM CIEKTPOM HE BIIOJHE
YAOBJIETBOPUTENIHO, U JUIsI pEUIeHHs] 3TOM 3a7aud HY>KEH CHEKTpalbHO-HE3aBUCHUMBIN

MCTOJ aHAJIW3a OKCIICPUMCHTAJIbHBIX JJaHHBIX.



117

4.2 ChnekTpajbHO-He3aBUCHMMbIH MeTO/1 aHAJIU3A

B paznene 2.1 omucan MeToj aHanu3a JAHHBIX OTHOCUTENBHBIX U3MEPEHUSX, B
KOTOpOM (hopMa CIEKTpa OKa3bIBAETCS HE3HAYUTEIBHOU (3TO OyIeT OTAENbHO MPOBEPEHO
B paszzeine 5.2), TO €CTh KaK pa3 MOJENbHO U CHEKTPAJIbHO HE3aBUCUMBINA aHAIU3 JaHHBIX.
JI1st IpoCTOTHI MIPEeHEOpekEM pa3MEpPOM aKTUBHOW 30HBI PEAKTOpAa U BBICOTOM CEKIIMU

neTekTopa, Toraa ¢popmyina (31) Oymet UMETh BHI:

2
: <S (E) (1 — sin? 26, sin? (%)»
Rie” =Ny + ANik)L%c/K_l E (Ny £ ANy )LE = — Ll (33)
‘ K=1%% <5 (E) (1 — sin? 26, sin? (#)»
i

S(E) — navanbubliii crexrp 2°U, (s)— uHTErpHpoBaHue ¢ (DYHKIMEH >HEPreTHYECKOTO
paspemienus ¢ 0 = 250 k3B u unTerpupoBanue 1no sHepreTuueckuM OuHam. [IpaBas yactsb
ypaBHEHHUs TpEICTaBiIsieT co00il Takoe K€ OTHOIICHHE, 3allMCaHHOE B aHAJIMTUYECKOU
(dopMe ¢ yuéToM OCHMIUIALMOHHOM runote3bl. HecMOTpst Ha TO, 4TO JaHHOE YIPOILIEHUE
BIIOJIHE JIONYCTHMMO, B JAJbHEHMIIEM aHaW3€, TEM HE MEHEE, HCIIO0JIb30BaJach IOJIHAA
dopmyia (19).

3HaMeHaTeNlnb ATOr0 OTHOIIEHUS — CKOPOCTh CUETa aHTMHEUTPUHHBIX COOBITHH C
OHOM M TOW JK€ DHEPruel, HO YCPEAHEHHAs MO BCEM pPACCTOSHHUSIM, HO3TOMY IIpU

JOCTAaTOYHO OOJILIIION YaCTOTE OCIII/IJIJUIHI/Iﬁ 3HAMCHATCIIb BBIPOKAACTCA B KOHCTAHTY:

1 — sin? 20,, sin?(1.27Am3%,L, /E;)

R ~ (34)

1 - %Slnz 2914 914:0

DTO OTHOIICHHWE MPEBPAIIACTCS B CAWHUIYY TPU OTCYTCTBUH OCIILISIIUN. Rle,f P
oTHOIIeHUe B npuommkennu (34) ¢ Toynocteio 10 koddduenra 1/(1 — 1/2sin?20,,)
cooTBeTCTBYeT ypaBHeHHIO (19), ommchIBaromemMy mporece ocuuwumnuid. OIHAKo, C
y4€TOM KOHEYHOT'O Pa3pelieHUs JeTEKTOpa U IHUPUHBI SHEPTeTUYECKOro OMHa, Kak OyaeT

MIOKA3aHO B CIEAYIONIEM pasJiene, HaOIro1aeTcsl 3aTyXaHue OCIMIUILINN.
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Pe3ynbrarhl M3MepeHUl 3aBHCHUMOCTH IOTOKAa AHTMHEHUTPUHO OT PACCTOSHUS U
SHEPrUd MOTYT OBITH MPEACTAaBJICHBI B BHJE MATpHUIlbI, coAepxauiei 24 X K sneMeHTOB
N}, 0003HAYAOIINX PA3HOCTHBIN CHTHAI B I-TOM uHTepBaje (oune) snepruit (i = 1...K)
u K-roMm wuHTepBasie paccTosHuUM OT 1meHTpa peaktopa (k =1..24). B cymme MbI
noyryqaem 24 MoJoKeHUs, B KOTOPBIX U3MEPSIETCS CIEKTPAIbHBIA TOTOK aHTUHEUTPUHO B
nuranazone oT 6.4 M no 11.9 m. IIpocTpaHCTBEHHBI UHTEPBAJI COOTBETCTBYET pa3zmMepam
SYEHKH JIE€TEKTOpa U COCTaBJIsieT 23CM, 4YTO B JIBa pa3a MEHbIIIE pa3Mepa aKTUBHON 30HBI
peakropa.

DHepreTuueckuil CHeKTp paslenéH Ha HMHTEepBaJbl (OMHBI) Pa3IMYHON IIMPUHBI
500 k3B (K =9), 250 k3B (K = 18) u 125 k3B (K = 36). bonee noapodbHoe pazouenue
HE WMEET CMBICIAa W3-32 YMEHBIIEHUS CTATUCTUYECKONW TOYHOCTH JJIEMEHTA MATPHIIHI.
Jlaxe npu pazdouenue mno 500 kdB CTaTUCTUYECKOW TOYHOCTH HAIIUX HW3MEpPEHUN
HEJI0OCTAaTOYHO, YTOOBI MMOCTPOUTH OCIUJUIAIIMOHHYIO KPUBYIO. TaKkKe MaTpUIly U3MEPECHHM
MOXXHO TpPEACTaBUTh B BUJE 3aBUCUMOCTH OT Ly /Ej. Ilpm 3TOM HEKOTOpBIE 3JIE€MEHTHI
MaTpullbl OyAyT HMETh OJMHaKoBoe oTHomieHue Ly /Ej, To ecth omuHKOBy1O (azy
OCIIMILISIIMOHHON 3aBUCUMOCTh OT L/E W 3TM TOukM MOXHO OOBEIUHHUTH — KOT€PEHTHO
cinoxuTh. Ha pucynke 55 noka3zana maTpuila 3KCIIEPUMEHTAIBHBIX TAHHBIX U CXEMaTUYHO
MPEICTABIICHA TPOIIeypa KOTEPEHTHOTO CIOKEHUs. B nmanpHeimeM aHammusze Mbl Oyjaem
UCITI0JIb30BATh pa30ueHue Mo SHepreTHIHCKUM nHTepBaiam 1o 500 k3B u o0benuHenue mno
8 Touek , KpoMe TOro UCIOJIb30BaTh pa30MEHUE M0 SHEPreTUUHCKUM HHTepBaiaM 250 k»B
u obobenuuenue 16 Touek Onmuskux mo L/E wm Hakonen, mcmosib3oBaTh pa3zOMeHUE IO
HPHEPreTUYHCKUM HHTepBasiaM 125 k3B U 00beAMHEHHE COCEHUX PEe3yJbTaTOB Ha
3aBucuMocTH L/E mo 32 Toukwu.

Bce Tpum Bapmanta 0OpaOOTKM MaHHBIX WCHOJB3YIOT TMOYTH OJWH U TOT IXKE
CTATUCTUYECKUN MaTepual U OHMU B MpeliesaX CTATUCTUUECKOW TOYHOCTU SKBUBAJICHTHBI.
[{enecooOpa3HOCTh TOBTOpPEHUST OOPaOOTKM JaHHBIX COCTOUT B TOM, YTOOBI HM30€XaTh
ClIydyaiiHOW (IIyKTyanuu mnOpu cilydailHOM BbIOOpKEe JaHHBIX. [loaTOoMy ycpeaHeHue

PE3yIbTATOB BCEX BBIIICYNOMSHYTHIX BapUAHTOB 0OpPaOOTKHU JAHHBIX MOMOTraeT U30exaTh
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ciyyaiiHoil ¢uykryauuu. LlenecooGpa3Ho MOSICHUTB, UTO MPU YCPEIHEHUE CTaTUCTUYECKAS
TOYHOCTb CpPEJIHEro pe3ysbTaTa OcTaéTcsi Takou »xe. Hibke mpencTaBiieHbl pe3yJbTaThl

O6pa6OTKI/I 9KCIICPUMCHTAJIbHBIX JAHHBIX, UCITIOJIb3YS OIMMCAHHYIO BBIIIC CXCMY.
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Pucynox 55. MUnnroctpanus MeToa KOTEPEHTHOTO CIIOKEHUS PE3YJIBTATOB U3MEPECHUM IS
Sim

HoJXy4eHus 3aBucuMoctd R;," or otHomeHus L/E.

Jliist cpaBHeHus ¢ Teopuel cnenyet npoectd MK MonenrpoBaHre 3KCiepuMeHTa u
Y4ECTh 3HEPreTHUECKOe pa3pelieHue aerekropa. HecMorpss Ha Manoe BIHMSIHUE pa3MEpOB
CeKIIM JeTeKTopa W pa3MepoB AKTHUBHOM 30HBI peakTopa MpU MOJAETUPOBAHUHU ITH

[1apaMeTPhl YUUTHIBAIKCH.

4.3 MonTte-KapJiio MogempoBaHue 05KMIaeMbIX Pe3yJbTATOB € HCIO0JIb30BAHHEM
CNEKTPAJbHO-HE3aBUCUMOI0 METO/Ia AHAJIHU3A

B ostom maparpade omnuceiBatorcsi MonTte-Kapimo BbeUMcIeHUs, B KOTOPBIX
MCIOJIb30BaHbl TEOMETPUUECKUE TAPAMETPbl UCTOUHUKA U AETEKTOPA C YUETOM pa3OueHus
Ha OTJEJbHBIE CEKIIUH.

B f1aHHOM CHMyJAIMM ObLUIM MCIONB30BaHbBl 3HAYECHHS IapaMeTpoB Am?, u
sin? 20,, Omu3kue K TeM, 4YTO OyOyT TIOJy4eHbl B JajdbHEHIIEM U3 aHAIW3a

9KCIICPUMCHTAJIbHBIX JaHHBIX. HCHI) 9TOro MoOACIUPOBaHUsA COCTOHUT B TOM, YTOOBI



120

YBUJETh, KaK BBITJSAUT MpoliecC OCIMUIAIUNA Ha rmiockocTd E, L v kak u3Bneys npoiiecc
OCLMJUTSIMIA B BUJIC 3aBUCUMOCTH OT oTHoteHus L/E B cooTBeTcTBUY ¢ ypaBHeHHEeM (31).

MopenupoBajicsi MCTOYHHUK AHTUHEUTPUHO C TEOMETPUYECKHUMH pa3MepamMu
AKTUBHOM 30HBI peaktopa 42x42x35¢cM>, a TakKe JIETEKTOP aHTUHEHTPHUHO C yYETOM €ro
reoMeTpHYecKHX pa3mepoB (50 cekuuii ¢ pasmepamu 22.5x22.5x75cm®). Mcnonb3oBaics
aHTHHENTpUHHBIA crekTp U?, yMmHOXeHHBIH Ha QyHKOMIO dS(PdeKTa OCHUUISIUG
1 — sin? 20,, sin?(1.27Am3%,L, /E;).

Oxunaemblii 3GOEKT OCHMIUISILMN JUIsl Pa3IUYHOTO SHEPIeTUYECKOro pa3perieHus
JieTeKTopa moka3aH Ha rwiockoctu (E, L) kak marpuiia — pucyHku 56 u 57 ciieBa, U Kak
¢ysakus ot L/E, momydeHHas ClIOXEHHEM JaHHBIX C OAMHAKOBBIM OTHOIIeHueM L/E —
pucynku 56 u 57 cnpasa [91]. Ha pucynke 57 (ciaeBa) mpeacTaBieHa CMOJCIMPOBAHHAS
marpuna ortHomenus Ny L2/K 1YN; L%, KOTOpoe HpeIoKeHO HCIOIb30BaTh JIs
00pabOTKH JaHHBIX B COOTBETCTBUHU ¢ ypaBHeHHeM (31). B pacuérax cratuctuyeckas
TOYHOCTh MojenupoBanusi oTHouieHus: (AN, /N;,) cocraBisuia 1%, 4TO 3HAYUTEIHHO

JydlIc, 4Y€M B OKCIICPUMCHTC.

12
. 0.25 MeV

114 1,2

av

104 1,14

1,0

N(L,E)/N(L,E)

0,94

0,8

T
2 3 4 5 6 7 8 0,5 1,0 15 2,0 25 3,0 3,5 4,0 4,5 5,0
E, MeVv L/E

Pucynok 56. Marpuna ls,im otHommenust (Nj, L% /K 1YN; L2) nas SHepreTHdecKoro
paspemienus feTekTopa £125 ¥9B (cneBa); 3aBucumocts  RE™ o1 L/E (cripaBa).
BaxneiimuM mapaMeTpoM B 9TOM MOJCIHUPOBAHUU OBLIO HHEPTETUYECKOE
paspenieHne 1eTeKTopa, ONpenessjioch SHEPTEeTUUECKUM HHTEpBAJIoM B MaTpule 250 k3B
u 500 k3B cooTBeTcTBEHHO. MOXHO BHIETh, YTO YXYJUIEHUE BSHEPreTHUECKOro

paspelieHust AeTeKTopa mnojaasiseT Habmogaembid 3¢ ekt ocmmusanuii. Ho mpu stom



121

YMCHBIIACTCA YHCIIO Ha6J'HO,Z[aeMI>IX IEpUoOa0B OCHHHHHHHﬁ, a4 aMINIMTyaa TIICPBBIX

HaO0JII0/1aeMbIX OCIUJUISIIIUNA COXPaHSIETCS.
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Pucynok 57. Marpuua Rl-s,im otHommenust (Nj L% /K 1YN; L2) nas SHepreTHdecKoro

paspelnenns nerekropa £250 k3B (cieBa); 3aBucumocts R5™ ot L/E (cmipasa).

B »atoM pasgene crenyer caenaTh HEOOXOAMMbBIE TMOSCHEHHUS, CBSI3aHHBIE C
00paboTKOIl 3KcnepuMeHTanbHBIX AaHHbIX H uX MK wmonenupoBanuem. Ilpobrema
HHEPreTUYECKOro paspenieHuss Tpedyer ocoboro BHUMaHMs. [locTpoeHue MaTpHIIbI
U3MEPEHUN HaA IUIOCKOCTH C HHTepBagoM AE  yxke Tmpeamnosiaraetr BBEICHUE
SHEPreTUYecKoro paspemieHus. Pucynku 56 u 57 oTiAM4aeTcs TOJBKO TEM, YTO
SHEPreTUYCCKUM HTEepBaJl cOOpa JaHHBIX ObLI BbIOpaH pa3HbiM: AE = 250 xoB umu AE =
500 k3B. B ncxomHBIX pa3bIlpaHHBIX JAHHBIX 3HEPIeTHYECKOE pPa3pelIieHHE IETEKTOpa
CUMTAJOCh HJealNbHBIM. [l BBISICHEHHS BOMpoca O TOM, KakK CJeAyeT BbIOMpaTh
HHEPreTUYECKUN HMHTEPBAJI MOXKHO MTPOBECTH CIICAYIOIIEE MOJIETUPOBAHKE.

PaspIrpeiBaeTCsi 3KCIEPUMEHT C BSHEPreTHYECKUM paspenieHueM o=+250 k3B.
O6paboTka AaHHBIX JeJaeTcs ¢ dHepreTudeckuM uHTepBaioM 125 k9B, 250 k3B u 500
k3B. JlJis MOJHOTBHI KapTUHBI JIETAETCS TAKXKE pacueT € MJICANbHBIM SHEPreTUYECKUM
pa3penieHue U pa3HbIMUA SHEPTETUYECKUMH HHTEPBAJIAMH.

CpaBHeHUE 3aBUCHUMOCTEM, H300paXEHHBIX CJieBa W ClpaBa Ha pPHUCYHKE 58,
JIOCTATOYHO SICHO JEMOHCTPHUPYET BIMSHUE IHEPreTUUYECKOTO pa3pelleHus JETEKTopa Ha
OCHWJIISIIMOHHYIO KpuBYIHO. [IpaBble pUCYHKHM MOKa3bIBAIOT, YTO BHIOOP SHEPTETUUYECKOIrO
MHTEPBAJIa MEHBIIIUM WJIM PABHBIM YHEPreTUUECKOMY pa3pelIeHuI0 aeTekTopa 6= 250 k»B

NPAKTHYECKU HE BIMSET Ha (opMy OCHILISIMOHHON KpuBOW. BriOOp sHepreTHueckoro
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unrepBasia AE = 500 k3B npakThdecku 3aMeHsIET y4EeT SHEPreTUYECKOro pa3pelieHue
nerekropa ¢ = 250 k3B u MoxkeT OBITh MCHOJB30BaH Uil dKcmpecc aHanuza. s
OKOHYATENIbHBIX pacué€ToB CIEAYEeT HCIOJIb30BATh SHEPreTHYECKOro pa3pelieHue
nerektopa ¢ = 250 k3B. Beibop »sHeprernueckoro wuHTepBasia AE = 500 k9B wu
OJTHOBPEMEHHBIN YUYET SHEPTeTHUECKOTO pa3pemnieHne aetekropa ¢ = 250 k3B ommboyen,
9TO TPHUBOIUT K IBOMHOMY YYETY JHEPreTHYECKOTO pa3perieHus Kak 5TO CACIaHO B
padote [93].

WUtak, wucxomss W3 TOr0, UYTO DHEPrEeTHYECKOE pas3pelieHue ACTeKTOpa IpHU
perucTpanuy raMMa KBaHTOB HaxoautTcs B auamasone 220 - 310 xoB (pucynok 50) u
OCOOCHHOCTEH pErucTpanuu MO3UTPOoHOB (pucyHOK 39, Tabnmma 8.) mpeacTaBiisseTcs

I[IpaBUJIbHBIM BCCTH 06pa60TKy JAaHHBIX JUJIA aHaJin3a IIporecca OCHHHHHHHﬁ, HCIIOJIb3Ys

OHEPICTHYCCKOE pa3pCllICHUEC JCTCKTOpa O = 250 KC—)B, HE3aBUCAILCC OT OHCPIrUu
IMO3UTpPOHA.
13 13
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Pucynok 58. CneBa pacyé€r OCHWJUISIIMOHHOM KPHUBOM C HUACATBHBIM SHEPTETHYECKUM
pa3pellieHHEM JIETEKTOpa U ¢ IHEPreTUUeCKUM uHTepBaioMm 125 k3B, 250 k3B u 500 k3B.
CnpaBa — cUMyJISIMS OCHWUIALIMOHHBIX KPUBBIX C HEPTETHUUYECKUM PA3PEHICHUEM 0 =
250 k3B u unrepBanamu 125, 250, 500 k3B.
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Ha pucyHke 58 4uci0 KpacHbIX TOYEK HAa KPUBOW COOTBETCTBYET YHCIY DJIEMEHTOB
B Marpuue. YUEpHble TOYKM Ha KpUBOM MOSBISIOTCS IOCHE OOBEAMHEHMSI COCEIHMX
pe3ynbratoB Ha 3aBucumoctd L/E. Umcno 4€pHBIX TOYEK Ha BCEX IIECTH KPHUBBIX

OJMHAKOBOC.

4.4 IlepBas ¢pa3a aHaIM3a JAHHBIX

Hwuxe npuBoguTcs aHanu3 JaHHBIX CUTHaja AHTUHEMTPUHO OT peakTopa s
NIEPBOIO U BTOPOTO LIUKJIa U3MEPEHHUI COBMECTHO.

Ucxonnoe pacnpenenenne cuéta (ON — OFF) = N, Bo BCEM 3HEpreTHUYECKOM
Juana3oHe, MOKa3aHHOE Ha pUcyHKe 34 clieBa, MpeAcTaBisieT co00il OTKIOHEHUE cYETa OT
CpPEHEr0 3HA4YCHWs MJs Pa3HbIX CEpUl H3MEpPEHUil, KOTOpoe B KAXKIOM CIyyae
HOPMHUPOBAHO HA CBOI CTATUCTUYECKYIO OMIMOKY. DTO IO3BOJSAET OOBEIUHUTH BCE
M3MEpPEHUs] Ha pa3HbIX PACCTOSHUSX BMECTE C IEJIbIO BBIABICHUS JOIMOJHUTEIBHOTO
pa3bpoca TaHHBIX KpOME CTaTUCTHUYECKOT0. J[aHHOE pacipeieIeHHe XOPOILIO OIUCHIBAETCS
dynkmueit 'aycca u onpezensercs NpakTUIECKU TOJIBKO CTATUCTHUKON. DTO O3HAYAET, U4TO
JIOTIOJIHUTENbHBIX HECTAOMJIBHOCTEH KpOME H3MEHEHHH KOCMHYECKOro (oHa MbI HE
HaOJIr01aeM.

Mpl cpaBHHBAaEM €ro C paclpeAciieHUEM, MOJYyUYEHHBIM JJIsi OTHOLICHMS Rle,f P 3
TOro e Habopa naHHbIX. OHO, Tak ke, Kak u pacnpenenenne ON-OFF, HopMupoBaHo Ha
CTaTUCTUYECKYIO OIMOKY U MPECTABIAET COOO0M OTKIOHEHUE Rf,f P or enmanIEL

B nanHOM ciydae HCMIONB30BAIOCH pa3OMEHHE HSHEPreTHUECKOM IIKamsl Ha 9
uHTepBanoB 1o 500 k3B u mikanel paccrossHuil Ha 24 WHTEpBana, TO €CTh B MaTpULE
u3MepeHuit 216 snementoB. Ha pucyHke 59 cmpaBa Mmoka3aHO pacmpesnerneHue Bcex 216

todyek 1o L/E nuamazony ot 0.9 no 4.7. MoxHO BUIETh, YTO paclpeiesieHue Rle,f py>1<e

OT/IMYAETCS OT HOpMalbHOro. 3HadeHue y2/dof, momyueHHOE NPU JaHHOM CPAaBHEHUH,

coctaBisieT 25.9/16 yTo UCKIIOUAaET BO3MOKHOCTh OMUCAHUS PACIpPENeICHIE OTHOLICHUS
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ex o
Rikp GbyHKIMEH CTaTUCTHUYECKOTO pacIpeiesieHus], MOCKOJIbKY JIOCTOBEPHOCTh TAaKOTO
0 exp
OIMCAHUA COCTABISAET BCEro 5%. YIIMpEHUE pacupeneneHus R;,~ JODKHO BO3HMKHYTh

npu Han4duu 3¢ ¢dexTa OCHMIIAIUNA. DTO MOKHO paccCMaTpUBaTh KakK MEPBOE MPOSBICHUE

addekTa ocUIALMi B 00paOOTKH TaHHBIX.

(N;(L)L? — average) /o™ (R — 1) /o3
——— 1 3
| ON-OFF fluctuation distribution

Entrias 216
Mean -0.01534
RMS 1.264
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[ y%dof =25.9116
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Pucynok 59. CneBa — pacnpenenenune cuéra ON-OFF Bo BcéM sHepreTHueckoM
: exp
Juana3oHe, HOPMUPOBAHHOE HA 0; CIIpaBa — pacmupenenenue R, = nna 216 Touek mo L/E

nuanasony ot 0.9 1o 4.7, HopMHpOBaHHOE Ha 0.

4.5 Tlouck mapamMeTpoB OCHUISIIMIA

OnTuManpHble MTApaMeTphl OCUMIUIALMN MOYKHO HAWTH, UCIIONB3YS PACHpeIeIcHHE:

exp th)? exp)\2 _ 2 .i2 2
Zi,k(Rik - Rik) /(ARik = x“(sin” 26,4, Ami,).

Marpuna pe3ybTaToB U3MEPEHUH JOJKHA CPABHUBATHCSA C MATPULIEN C 0KUIAEMON
MaTpuLe, nojgydeHHoH ¢ moMoupto MK pacuéra ¢ sHepreTMueckuMm paspelieHHeM
+250 k3B. IloMck oOrpaHudeHHii Ha TIAapaMeTphl OCLWLIANMA  Am?Z,,sin? 20,
OCYIIECTBIISIICA C HOMOIIBIO MeToa Ay ?. Vicmonb30Banack 3aBUCHMOCTL R-0THOIIEHHS OT
napametpa L/E, HarasaHpiM 00pa3oM JeMOHCTPHUPYIOIIast MPOLECC OCIMIUISIIUA.

Pe3ynprar aHanmu3a JaHHBIX IEPBOTO M BTOPOIO LMKJIOB U3MEPEHUN HA INUIOCKOCTH

Am?2,,sin? 20, npencraBnen Ha pucyHke 60. OO6IAacTp NapaMeTpoB OCLMILISALHIA,
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0003HaueHHAas PO30BBIM I[BETOM HCKIIIOYEHA C JIOCTOBEPHOCTHIO Ooiiee 36. Tem He meHee,
CYLIECTBYIOT OOJacTH NapaMeTpoB, B TOM YHCcie 00JacTh BONU3M 3HadeHMil Am3, =
7.3eV? u sin?20,, = 0.36, KOTOpble MOTYT COOTBETCTBOBATh 3HAYEHHAM I1apPaMETPOB
OCHWJUISINUA. YPOBEHb JOCTOBEPHOCTH TMIIOTE3bl OCUMIUISLIUNA B CTEPUIIBHOE COCTOSTHUE
npu 3ToM cocTaBisieT 2.96. 37ech Takke MOKa3aHbl 00JIACTU PEAKTOPHOM M TaJUIMEeBOU
anomanuu [85].

125, 250, 500 keV. 6=+250 energy resolution. 2 cycles. Am = 7.3eV?, sin’20 = 0.36. 2.9 CL
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3 /! |
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Pucynox 60. PesynpTaT aHanmn3a JaHHBIX, TOJYYEHHBIX B XOJ€ TIEPBOTO M BTOPOTO IHKJIOB
u3MepeHuit. OrpaHuyeHHs Ha apaMeTphbl ocIMLIAnuiA Am2,, sin? 26,,. Po30BbIM 11BeTOM
o0o3Ha4YeHa 00JacTh MapamMeTpoB, MCKIIOUEHHAs ¢ YPOBHEM JOCTOBEPHOCTH Oosee 3G.
OpanxeBbiM — 00JIaCTh JOMYCTHUMBIX 3HAUYEHHM C JIOCTOBEPHOCThIO He Oojee 2.96.
3enéHpIM — 00JIaCTh JIONMYCTUMBIX 3HAYCHUH IMMapaMeTPOB OCIMLUISAIUNA C ypPOBHEM

JIOCTOBEPHOCTH 2G ¥ CHHUM — C YPOBHEM JIOCTOBEPHOCTH 1G.

Ha pucynke 61 mnpencraBieHbl pe3ynbTaThl aHalIM3a JaHHBIX IEPBOrO IHUKIIA
n3meperuid (l), pe3yapTaThl aHanM3a NAHHBIX MEPBOTO LUKJIA M3MEPEHUH COBMECTHO CO
BTOpBIM 1uKIIoM m3Mmepenuit (l1), a Taxke pe3ynbraThl aHaNHM3a JAHHBIX MEPBOTO MUKIIA
WU3MEPEHUH, CO BTOPBIM LIUKIIOM H3MEpEeHHid U ¢ TpeTheM nukioM m3mepenuii (111). Cnesa

— LleHTpabHas yacTh obnactu Am2,, sin? 20, u cpaBa OCHMJIIALIMOHHAS KPUBAS.
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—— am’=7.2 eV’ sin’(20) = 0.39, resolution 250 keV, bin 125 keV

O Observed, 24p, average (125, 250, 500 keV). First observation

Average 125, 250, 500 keV
Am'=7.2 eV, 5in’(20) = 0.39 GoF 055
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164 Average 125, 250, 500 keV
: Am’=7.3 eV’, sin’(20) = 0.36 ¥MoF  20.61/17 (1.21) GoF  0.24
1 unity £/DoF  31.90/19 (1.68) GoF 003
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7 == Am’=7.2 eV’, sin’(20) = 0.38, resolution 250 keV, bin 125 keV
18- © Observed, 24p, average (125, 250, 500 keV). First obs. + sec. cycle + backgr
Average 125, 250, 500 keV
169 Am’=7.2 eV?, sin’(20) = 0.36 FDoF 39817 (0.23) GoF  0.99
1 Unity £ /DeF  11.66/19 (0.61) GoF  0.82
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125, 250, 500 keV. a=+250 energy resolution. 1st cycle. Am = 7.2eV?, sin’20 = 0.39. 2.50 CL
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125, 250, 500 keV. 6=+250 energy resolution. 2 cycles. Am = 7.3eV?, sin®28 = 0.36. 2.90 CL
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Pucynok 61. CBepxy — pe3yibTaT aHaiu3 nepBoro Iukina usmepenuit (I), mocepenune — pesynabTar
aHayM3a JaHHbIX nepBoro u Broporo (II) nukmna n3MepeHuit BMecTe, CHU3Y — pe3yJibTaT aHajan3a JaHHBIX
BCEX IMKIOB u3MepeHwii BMecte ¢ TpeThbuM Iukiaom (III). CneBa — meHTpanbHbie oOnacTu BOIU3U
3HAYEeHUH MapaMeTpoB, COOTBETCTBYIOIIMX JyulleMy (HTy, Ha MIockocTd Am?,,sin?26,,, cupasa —

OCHWJIIAOUOHHBIC  KPHUBBLIC,

3apucuMoctTd R-otHOmenuss or L/E  mpu

S3HAYCHUAX T1apaMCTpPOB

Am?,,sin? 26, 4, COOTBETCTBYIONIUX JTyUllel alnpOKCUMAIH.
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B Tabmuue 9 npesncrasnensl 3Hauenus y2/DoF u GOF s aHanu30B ¢ HaIuuMeM U

OTCYTCTBHUEM OCUMJUIALMM 117151 Beex Tpéx ciryvaes |, 11, u 1.

Ta6nuua 9. 3nauenus y2/DoF u GOF myst TpéX HAGOPOB JAHHEIX.

Kpurepuii
coryacus ¢pura
0€3 oCUMILISAIUMA

[lapamerpsl Ami,, sin? 260,,,| x?/DoF (npuBenéuubiii y2) mus
Crny4aii| COOTBETCTBYIOIIHE JIydIllel | (DUTHPOBAHUS C TUIIOTE30M 0e3

anmpoKCUMaIuu OCIWJUISIITUHN U JUIs JTyuiero gura i yumero uTa
| 7.25B2, 15.61/17 (0.92) 0.55
0.39 (2.5 0) 24.59/19 (1.29) 0.17
' 7.3 5B2, 20.61/17 (1.21) 0.24
0.36 (2.9 o) 31.90/19 (1.68) 0.03
. 7.25B2, 3.98/17 (0.23) 0.99
0.36 (2.3 o) 11.66/19 (0.61) 0.82

3mech yxke cleyeT OOpaTUTh BHHUMAaHHE, 4TO OIIMOKa M3MepeHuil sin® 20,
YMEHBIIIUIACh TIOCJIE€ BKIIOYEHHUS MJAaHHBIX BTOPOTO IMKIA HM3MEPEHHH, a TaKkKe
YBEJIUYHIICS yPOBEHb MOCTOBepHOCTH. OmHAKO, TMOCHE BKIIOYEHUS JOMOTHUTEIBHBIX
u3MepeHuii poHa B TPEThEM LMKIIE OINMOKA B M3MEPEHHMH Sin? 260, yBenMYuIach W yman
ypOBeHb JaocToBepHOCTU. Kak yke OTMeuanoch, 4TO MNPEANOYTHTEIbHBIMU SIBISIOTCS
u3mepenus B pexxume peaktop ON peaktop OFF ¢ kopoTkuMm BpeMeHHBIM HHTEpBaJIoM. B
3TOM ciiydae QuiykTyaruu (GoHa KoMIeHCHpytoTcs. Korma Mbl HCTIOnb3yeM JIMTENbHbBIE U
HE3aBUCUMBbIE U3MepeHus (GoHa W CpPaBHUBACM HUX C W3MEPCHHSIMHU TPH BKIIOYEHHOM
peakTope ¢ MHTepBaJioM 1-2 roja, TOTria Mbl MOXKEM IOJIY4YUTh pa3dopoc JaHHBIX (poHa
3HAYUTENBHO 3a MpeAesiaMd CTATUCTUKUA. DTO MPHUBOJAUT TOJBKO K YBEIMYEHHUIO, a HE
YMEHBIIICHUIO OMUOKH n3MepeHuit. [103ToOMy MBI TOKHBI OCTAHOBHUTHCS HA PE3yJIbTATAX,
TIOJTy9eHHBIX B IIEPBOM M BTOPOM LMKJIE M3Mepenuii AmZ, = 7.30 + 0.13,, u sin® 20 =

0.36 + 0.12(2.90).
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4.6 3aBHCHMMOCTDH MOTOKA PEAKTOPHBIX AHTHHEHTPUHO OT PACCTOSIHUS B THANIA30He
6-12 meTpoB

PesynbpTarel m3MepeHMil pa3HOCTHM CYETa NPU BKIIOYEHHOM U BBIKJIIOYCHHOM
peakTope TIOKa3aHbl Ha pUCyHKax 62-64. ®urtupoBaHHEe OSKCIEPUMEHTAIHHOM
3aBUCHUMOCTH KOHCTaHTOM Na€T yNOBIETBOPUTENBbHBIM pe3ynbpTaT. Kpurepuit cornacus
umeeT BenuuuHy 22%. IlompaBku Ha KOHEYHBIE pa3Mepbl aKTHMBHOW 30HBI peakTopa U
CEeKLMH JIeTEKTOpa NPU PACCMOTPEHUU 3aBUCUMOCTH IIOTOKa OT  PACCTOSHUS
npeneOpexkumo Manbl — 0.3%, mompaBkamMu Ha pasHUIy MEXKIY OCBIO JIBHKEHUS
JETEKTOpa W HAIpPaBJICHUEM HA LEHTP AaKTHBHOW 30HBI pPEaKTOpa TaK € MOXHO
npeHedpeyb, OHU COCTaBIAIOT TpUOIM3UTENHHO 0.6%.

VYuuThIBas MOJy4YE€HHBIE MapaMETpPbl OCHWUIALUN, MOXHO OLEHUTh OTHOIIECHUE
Ha0JIF0Ja€MOTr0 MOTOKA K OKUIAAEMOMY MOTOKY PEAKTOPHBIX aHTUHEUTPUHO CO CIEKTPOM,
COOTBETCTBYIOIIMM BBICOKOOOOTrameénHoMy 2>°U TomuBy. [l 3HauYeHWil mapameTpoB
ocuwnanuit  Am#, =7.30 u sin?26 = 0.36 OyaeM HMETh 3aBUCHMOCTH 3TOTO
OTHOUIEHUSI OT PACCTOSHHUS, NMOKa3aHHYH0 Ha pUCyHKe 63 uépHoil nuHuen. Kak yxe
OTMEYAJIOCh paHee B paznene 2.1, mpu OOJBIION 4YacTOTE OCUMIUIALMH, TO €CTh IpH
JIOCTaTOYHO OONBIINX 3HAUYCHUAX PA3HOCTU KBAJPATOB MAacC, OTKIOHEHUS OTHOIICHHUS
IIOTOKOB OT KOHCTaHThI OBICTPO 3aTyXalOT U YK€ Ha PACCTOSIHUM HECKOJIBKUX METPOB
HAOMIOJAeTCsl TOJABKO JEPUIMUT, UYTO M HaOmogaeTcss Ha pucyHKe. OTHOLIEHUs
AKCIIEPUMEHTAIbHO Ha0MI0JaeMbIX B JKcrmepuMeHTe HelTpuHo-4 Ha pasiuyuHBIX
PACCTOSHUAX MOTOKOB K 3Ha4eHUAM QyHKIMK A/L* TpH COOTBETCTBYIOMIMX 3HAYEHHsAX L,
y KOTOpoi mapameTp A COOTBETCTBYET JIydllell ammpoOKCUMAIMH 3KCIEPUMEHTAIbHBIX
JaHHBIX (KpacHas JMHUSI HAa PUCYHKE 62) moKa3aHO Ha puUCYHKe 64; uépHas mpsMas —
COOTBETCTBYIOIIMN MapaMeTpaM OCHWUIALUN ypOoBEHb AedulnTa Ha paccTOSHUAX 6-12.
KpacHble TOukn Ha pucyHke 63 — ycpeaHEHHblEe 1O 4 3HAYEHHs] 3TUX OTHOLICHUM.
N3mepeHuss NOTOKAa aHTHMHEWTPUHO, BBIMOJIHEHHBIE HAa MOJEISAX JETEKTOpa, TaKkKe

TOKa3bIBAJIM XOPOIIEE COOTBETCTBHUE ¢ yObIBAHMEM MOTOKA Kak A/L? [94].
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g ON - OFF flux
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x’/NDF = 28.03/23
GoF 0.22
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PI/IcyHOK 62. 3aBUCHUMOCTHL ITOTOKa aHTHHCﬁTpHHO OT pacCTOsAHHUA OO0 aKTMBHOM 30HBI

peakTopa.

1,0 = !
—— Am’ =73 eV, sin’(20 ) = 0.36
® Obs/Exp

0.9

DN\ Mneed
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distance from reactor (m)
Pucynok 63. OTHomieHue HaAOJIOJaEMOro M O0XHUIAEMOTI0 MOTOKOB mpu yuére dddexrta

OCLMJIIALIMI ¢ MapaMeTpaMu, MHOJNYYeHHBIMH B dKcrepuMeHTe Helitpuno-4 Am?, =

7.3 eV?,sin? 260,, = 0.36.
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Pucynok 64. 3aBUCUMOCTbH MOTOKa HEUTPUHO OT PACCTOSHUS JO IEHTpAa aKTUBHOM 30HBI
peaKkTopa, MPEICTABICHUE pPE3YyJbTATOB HU3MEPEHUM, HOPMHUPOBAHHOE Ha JIY4IIYIO

annpokcumanuio Gpyskuueii A/L2.
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I'naBa 5. AHaJu3 BO3MOKHBIX CHCTEMaTHYeCKUX 3(PPeKTOoB

B nannom paznene npuBoaUTCS HEOOXOAUMBIN aHAIM3 CUCTEMAaTHUEeCKUX A(h(PEKTOB,
KOTOpbIE MOTJIM OBl C(OPMHUPOBATH HEKOTOPBIM OTKJIOHEHHUS B HM3MEPSEMOM CIIEKTpE,

KOTOPBIC B CBOIO OUCPCAb IIPUBCIIN OBI K Ha6JII-O,IIeHI/II-O HepI/IOIII/IIIGECKOfI 3aBHUCUMOCTH.

5.1 ®oH ObICTPLIX HEHTPOHOB

M3y4yeHne BO3ZMOXKHBIX CHCTEMATHUECKUX 3(PPEKTOB OBLIO BHITTOJHEHO C TTOMOIIBIO
(oHa OBICTPBIX HEHTPOHOB OT KOCMHUYECKOro M3Iy4deHHs. UToObI MPOBECTH MPOBEPKY Ha
BO3MOJKHBIE CcHUCTeMaTHueckue dS(PQPEeKThl, HYKHO BBIKIIOYUTH TIOTOK AHTUHEHTPHUHO
IPOBECTH TaKOW JK€ aHalu3 JAaHHbIX. TO ecTh HeOoOXOAMMO IOBTOPUTH BECh aHAJIH3
JaHHBIX, HCIONB3Yd (OH OBICTPBIX HEUTPOHOB OT KOCMHUYECKOTO M3IIy4CHHUS.
Cratuctudeckas TOYHOCTh pe3ysibTara MOJAOOHOr0 aHalu3a OyaeT 3aMETHO BBINIE, YeM
TOYHOCTh HaOmomaeMoro 3Qdekra, MOCKOJbKY MaHHBIX HW3MEpeHuid (oHa ObLIO
HaKoTuIeHO Oosbine. Pe3ynbpTarhl aHanm3a mM3MepeHuid ¢oHa (coOpaHBl JaHHBIC 32 BECh
nepuoj HabOJoAeHUs) Ha TposBicHUe dhPexTa OCHUIUIAINNA Ha TJIOCKOCTU TapaMeTpOB

Am?, u sin? 20,, npe/cTaBIeHbl HA PUCYHKE.
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Pucynok 65. Pesynbrar ananmsa MetogoM Ay? Ha rmiockoctu (sin?20;,, Am3,) mis
KOPpEIUPOBAHHOTO (hOHA.
Ha pucynke 66 cineBa moka3zaH pe3yJibTaT MPEACTABICHUS H3MEpPEHUM

KoppenupoBaHHOTO (oHa B Buae 3aBucuMmoct L/E Tak ke, kak W Ui JaHHBIX,
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noinyueHHbIx u3 pasHuiitl ON-OFF. W3 pucynka BuaHo, 4To (OH HE MOXKET
chopmMupoBath HabOAaeMbIN A(QPEKT OCIUILIAIINMA, TOKa3aHHBIM Ha pUCYHKE 66 crpaga.

KoppemupoBanusiii ¢oH (OBICTpbIE HEUTPOHBI OT KOCMUYECKOTO H3JIy4YCHHS) B
MOMEIICHUH JTA00PATOPUH HE SIBJISICTCS OJIHOPOJHBIM U UMEET HEKOTOPYIO 3aBUCUMOCTH OT
MecTa HaOMIOJeHUsA. DTO OOBSCHACTCS HEPAaBHOMEPHBIM paclpeIelicCHUEM MaTephajoB
MEePEKPHITHI (B OCHOBHOM O€TOHA) 37]aHUsI, 9YTO MOKHO YBUICTh Ha pucyHKe 18.

MoxHO BHIIETh, YTO 3aBUCUMOCTh R-oTHomenuss ot L/E ynmoBnerBopsier
(utrpoBanuIo KoHcTaHTOM ¢ Y2 /DoF = 1.3, B TO BpeMs Kak OIHCaHHE OCHUILISIHMOHHOIM
3aBUCUMOCTBIO JaéT )(2 /DoF = 6.1. [loaToMy MOKHO clejaTh 3aKJIOYEHHE O TOM, YTO
o0opy/sOBaHWE HE MOXKET OBIThb MPUYUHOW TMOSBJICHUS CHUCTEMATHUECKOro 3(dekrTa,

KOTOPBIM MOT ObI CO37aTh JOXKHBINA YPPEKT OCHMIIIALIN.

18 15
> . . I} =
1.5 14 M, =7.3eV, sin"20,, =036

14 4 +/DaF = 6.1, unity x/DoF = 1.3 134

1.24

11« %“

W
1

0.9 4

084 %‘

074
064 #/DoF = 1.21, unity ' /DoF = 1.68

av

N(L,E)/N(L,E)

05 T T u T T T T T T
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L/E (miMeV)

1.0 ' 15 I 20 ‘ 25
L/E (m/MeV)

Pucynox 66. CpaBHenue 3aBucumocteir R-otHomenun ot L/E momyueHHBIX U3
KOppenupoBaHHOro, (oHa — cieBa W curHaiga anTuHerTpuHO (pasHoctm ON-OFF) —

crpana.

5.2 ChnekrTpajbHasi He3AaBUCHMOCTH M 0COOEHHOCTH MeTO0/1a AHAJIU3A

Crnenyromuii BO3MOXKHBIA BONPOC — 3TO CHEKTpalibHas HE3aBUCUMOCTH METO/a.
OHa TpoJIEeMOHCTPpUpPOBAHA HAa PUCYHKE 67, TJie MpeAcTaBiIeHBbI pe3yJbTaThl 00pabOTKH
JAHHBIX TIEPBOTO ITUKIIA U3MEPEHUI C UCTIOIB30BAHUEM YETHIPEX PA3IMYHBIX CIIEKTPOB: 1)

HaO0JII0/1aeMOT0 AKCIIEPUMEHTAJILHOTO CIleKTpa, 2) cnekrpa U -235, 3) cnekTpa ¢ yuéTom
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ociuuisiudid u 4) cnekrpa Monrte Kapno Bbluucienuit. Kak moka3aHo Ha pHCYHKe,
utoroBas ¢pyHkuus ot L/E He 3aBUCUT OT HayajIbHOTO OKMJIAEMOT0 CIIEKTPa, MO3TOMY C

BBICOKOW TOYHOCTBIO MOYKHO YTBEPKIaTh, YTO OT CIIEKTPa B MpaBoil yactu ¢opmysl (31)

JICHCTBUTEILHO MPAKTHYECKH HET 3aBUCHUMOCTH [89].

A QObserved, 24p, 500keV

+  expected, 24p, 500keV, U-235

= predicted, 24p, 500keV, experiment
predicted, 24p, 500keV, Monte-Carlo

i * I ;ﬁ%—* *|
A g LL ;t%» ~ *lﬁl’*:r 5 '_IT‘_‘IA
Y i Ei

-
2]
1

average

N(L, E)/N(L,E)

0.5+

1jl] 1j5 210 215

LE,

Pucynox 67. CpaBHeHHE OKCIEPUMEHTAIbHBIX [AHHBIX C OXHUAACMBIMH (OpMaMu
3aBUCUMOCTH B IPEIOJIOKECHUN PA3JIMYHbIX HAYAIbHBIX HEUTPUHHBIX CIEKTPOB. UEpHBIE
TOUKU — criekTp 2°U, cuHme 3BE3M0YKH — DKCIIEPUMEHTANIBHBIN CIEKTD, YCPEAHEHHBIH 110
BCEM pACCTOSIHUAM, KpacHble poMObl — pesyibrar MonTte-Kapiao wmojenupoBaHus

HEUTPUHHOTO CIEKTpa JIJIsl MOJIHOMACHITAOHOIO IETEKTOPA.

[IpeacTaBisieT MHTEpPEC NMPOBEPUTH BIMSHUE BHIOOPKM UYMCIAa TOYEK B MPOLEIYpe

CYMMHUPOBAaHHE JUISl TIOJIYYEHHS OSKCIEPUMEHTAIBHOM  OCHWUISIHUOHHOW  KPHUBOM.

Pucynok 68 [89] nemoHCTpHpyeT, YTO KOrepeHTHOE CyMMHpOBaHue 10 7, 8 wim 9 Touek

AJIEMEHTOB MATPHUIIbl JAHHBIX MEPBOTO IHKJIA HE MPUBOAMUT K CYIIECTBEHHOW pa3HHUIIC B

DKCIEPUMEHTAIBHON OCLUMIUIALIMOHHON KPUBOM.
. Amz=7.34e\f2, sinz(ZO) =0.43 predicted, 24p, 500keV, 9 bins
+ Observed, 24p, 500keV, 9 bins. Average by 7

4 Observed, 24p, 500keV, 9 bins. Average by 8
= QObserved, 24p, 500keV, 9 bins. Average by 9

T T
1.0 1.5
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Zj[l 2j5
LIE,
Pucynok 68. KorepeHTHOE clioxkeHre Ui pa3HOTO KOJWYECTBa YHEPTeTUUECKUX OMHOB U C

Pa3HBIM YCPETHEHUEM.
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5.3 Buawusinue ycJIOBUI U3MepPeHUIl, 3aBUCSIIAX OT MOIITHOCTH PeaKTopa

@OnyKkTyallid HEKOPPEJIUPOBAHHBIE C MOIITHOCTBHIO PEAKTOpa HE TPEICTABIISIOT
OIMMAaCHOCTH TOSBJIICHHS JIOKHOTO 3¢ dekra ociunsaiuii. [losToMy crienyer mccienoBaTh
BO3MOXKHOE W3MEHEHHE KAKUX-THOO TMapaMeTpoB, KOPPEIMPOBAHHOE C MOIIHOCTHIO
peaktopa. Hampumep, Temmeparypa B Ja0OpaTOpHH YBEIHMYMUBACTCS MPH BKIIOYCHHUU
peakropa. Eciu mpu 3TOM m3MeHsieTcs, Harpumep, kodddumment ycuneraus POV, 1o 310
npuBeAET K cIBUTY criekTpoB. HeperymspHoctu B criektpe ¢oHa OyayT cmerieHbl. [Ipu
orepanuy BbIYUTaHHUS (OHA BOZHUKHET PA3HOCTh C MEPUOAMYECKON CTPYKTYpOu. IDTO
pacCy’XKJeHUEe BBI3BIBACT CIEAYIOIMIEe OCECIOKOWMCTBO O BO3MOKHOCTH BO3HUKHOBCHHSI
J0xkHOTO A(dekta ocrmmianmii. 37ech TpeOyeTcss KOJWYECTBEHHAs OIEHKA BO3MOXKHOM
BeJIMYMHBI Y PekTa.

W3meHeHue Temmneparypsl B JIaDOpaTOPHOM MOMENICHUH TPU BKIIOYECHUU PEaKTOpa
HE HaOIONaIoch B Mpeaenax TOYHOCTH 1-2 rpamyca. CiemyeT 3aMeTHTh, YTO JETEKTOP
COBMECTHO C YaCThIO JICKTPOHHOU ammaparypbl HAXOIUTCS BHYTPU MACCUBHOW 3aIUTHI
BecoM 60 TOHH. DTa 3ammTa SBISETCA IO CYIIECTBY KPHUOCTATOM. TeMIiepaTypHBIHA
KO3 GUIMEHT cTabmibHOCTH HampspkeHus Ha POV coctasmsier 0.23 BosibTa Ha Tpamgyc.
OTH WuccleoBaHUST OBUTM BBITIOJIHEHBI B CICIHUAIBHOM CTEHIE TPH HW3MEHCHUU
temnepaTypbl Ha 20 rpamgycoB. M3menenue kospdunmenta ®IY Hamamatsu R5912
coctaBiser 0.5 % Ha rpaayc, ciemoBarelibHO, cMelleHue crnektpa B obsactu 6000 kaB
coctraBisier 30-60 x»B. HakoHnem, B apyrom crnenuaJbHOM CTEHJE Oblia OCYyIIEeCTBIICHA
MPOBEpKa TEMIIEPATyPHOI CTaOMILHOCTH BCEH CHCTEMBI, BKIt0Yas @OV U CHUHTUILISATOP.
JlnanazoH W3MEHEHUs Temmeparypbl coctaBui Takke 20 rpamycoB, a TeMmIepaTypHas
ctabunbHOCTh 1% Ha rpagyc. Takum oOpa3om, BO3MOKHOE CMEIICHHE CIEKTpa B 00JIacTU
6000 k3B cocrasnsier 60-120 k3B.

JlJi IpOBEPKU BO3MOXKHOCTH (POPMUPOBAHUS JIOKHOTO 3PPeKTa ocimsanuii Opiia

CUMyJUpoBaHa 00pabOTKa MaHHBIX C Y4€TOM IMOJO0OHOTO CMelleHus. JTa o0paboTKa
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nokasaja, 4to cMmernieHue criekrpa B oomactu 6000 kaB Ha 120 k3B He oka3bIBaeT BIUSIHUS

U HE CUMYJIUpYeT (POpMUPOBaHUS JIOKHOTO 3P heKTa OCUUIUISIIIH.

5.4 HeoaHOPOAHOCTH CEKUMM

Crenyrouyii BOpoc — 3TO BIUSHUE HE OJJMHAKOBOM 3(PEKTUBHOCTH pErHCTpaIiu
HEUTPUHHBIX COOBITUN pa3IMYHbIMU psAgamMu aAeTekTopa. Ciieyer 3aMeTUTh, 4TO B JAHHOM
ciyyae peub HAET 00 S(PPEeKTUBHOCTH pPErHCTpAlMU KOPPEIUPOBAHHBIX CHUTHAJIOB.
Peructpanusi KoppenupoBaHHBIX CHTHAJIOB 3aXBaThIBAET Cpa3y HECKOJBKO CEKLUH, Kak
NOKa3aHO Ha pucyHke 35. DDPeKTUBHOCTh pErucTpaly CEKIUH 3aBUCUT OT €€
noJyioxkeHust. OgHaKo, Kaxk/ias CeKIHs epeMenIaeTcsi COBMECTHO CO CBOUM OKPY>KEHUEM U
e€ 3(eKTUBHOCTh HE 3aBUCUT OT IOJIOKEHHSI I€TEKTOpa. 3/1€Ch BaKHO HAIIOMHUTH, YTO
MBI HCIIOJIb3YeM METO]I OTHOCUTEIBHBIX H3MEPEHUN B CBS3H C TIEPEMEIICHUEM JIETEKTOpa
U, KpoMe TOro, 3PPEKTUBHOCTh PETUCTPALNU I KKIOW CEKIIMU COKpaIlaeTcs B Rle,f P
oTHomeHUu. Ecam Obl Bce CEKUMM cOOMpanM JaHHblE Ha BCEX PACCTOSHUAX, TO TOIJa
HUKAaKMX BOIPOCOB HE BO3HMKaNO. OJHAKO, M3MEPEHMsI KpPAEBBIMU CEKLUSMU HE
BOCIPOM3BOASATCS LIEHTpadbHbIMU ceKiusiMu. Kak Oyaer moka3zaHo B JalbHEHIIEM Takoro
BJIMSIHUS 32 TIPEJEIaMU CTaTUCTUYECKON TOYHOCTH HE HA0JII01aeTCsl.

Onpenenenne 3PGEKTUBHOCTH OTAEIBHBIX CEKIMH JOHKHO OBITh  CIENIaHO
JKCIEpUMEHTaIbHBIM yTéM. Ha camom paene HyxkHa 3((PEKTUBHOCTb OTIENIBHBIX PSIOB
JETEKTOpa, KyJ1a BXOAAT 5 CEKIUM, HAXOIAUIMXCSA HA OJUHAKOBOM PacCTOSHUU.

JlJi SKCHepUMEHTAIbHOTO omnpeneiaeHust 3p(GHEeKTUBHOCTH PSAOB MO OTHOIICHHUIO K
KOppEIMPOBAaHHBIM CUTHAJIAaM MOKHO  HMCIOJB30BaTh (OH OBICTPBIX HEWUTPOHOB
KOCMHYECKOI0 TPOUCXOXKIACHUS. B mpuHIMIE s peleHus MOCTaBIECHHOW 3aJauu
TpeOyeTcst TaKOi MCTOYHHUK, KOTOPbI OBl 00Jy4an Bech AETEKTOP OJHOPOAHO, MOJA0OHO
HEUTPUHHOMY TIOTOKY. @OH OBICTPHIX HEHTPOHOB KOCMHUYECKOIO MMPOUCXOXKICHHUS

SIBJISICTCS] TIPAKTUYECKH OJTHOPOJHBIM, KaK MOKa3aHo Ha pucyHke 24. OgHako, B IETEKTOpe
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BO3HUKAET MPOIECC CAMOIKPAHUPOBKH, IMOATOMY MEPBBIM M TOCIEAHHUHA PNl ETEKTOpa
MOKa3bIBAIOT 00Jiee BBICOKUI cueT. 3aBUCUMOCTh CU€Ta PSAIOB JACTEKTOpa OT HOMEpa psa
MoKa3aHa Ha pucyHke 69 crnesa.

PaccTosiHne mepeMenieHusi JEeTEeKTOpa COOTBETCTBYET pasMepy cekuuu (22.5 cm).
Bce mepeaBumkeHUsT KOHTPONHMPYIOTCS JIa3epHBIM JallbHOMEpoM. H3mepenus Obln
caenanbl pu 10 MO3UIIUAX JETEKTOpa TaKUM 00pa3oM, 4TOOBI B OJHOM M TOM K€ MECTE
MOTJIM HaXOAWTbCA pasHble psiabl. CHEKTphl, W3MEpPEHHBIE pa3HBIMH  DsIIaMH,

BIIOCTICACTBHUHN YCPCAHAIOTCA.
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A |
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Pucynok 69. Cpennee mo BceM MO3HMIMSIM paclpeleleHe MTHOBEHHBIX CHTHAJIOB
KOppeIupoBaHHOTO (oHA B jaeTekTope (cmeBa). OTKIOHEHHE CPETHETO pacCTpeleICHHs
MTHOBEHHBIX CHTHAJIOB OT MPOQWIIsi, 00yCIOBICHHOTO HEOJAHOPOAHOCTHIO (pOHA OBICTPBIX

HEUTPOHOB B MOMeIeHNH JJabopaTopuu (cripaBa).

IIpn pacCMOTpEHHMH CpPEIHEro pACHpPEIEICHUs] CYETA MIHOBEHHBIX CHUTHAJIOB IIO
psgam npu (OHOBBIX HM3MEPEHHMSX 3a BCE BpeMsi HaOopa TaHHBIX, MOKA3aHHOIO Ha
pucyHke 69 cnesa, cieyeT IOMHUTh, YTO MEPBbIM U MOCIAEAHUN PSABI HE UCIIOJIB3YIOTCS B
uTOroBbIi 3aBUcuMOCTU OT L/E. OHM HCHOJB3YIOTCS B KaYeCTBE MACCHUBHOM 3alIUTHI OT
HEHUTPOHOB, MO3TOMY CYET B HHUX HECKOJBKO BBIIIE, OHU 3KPAaHUPYIOT LEHTPAIBHYIO
pabouyro YacTth JerekTopa. Kak oTMeuanoch paHee, KOCMOTEHHBIM (POH OBICTPHIX

HEUTPOHOB BHYTPU [IaCCUBHOW 3alllUThl SIBISETCS OAHOpPOAHbIM. OnHaKo, A
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HEeKoppeaupoBaHHOTO (oHA HAOJIOAACTCS HEKOTOPBIN IpajaueHT — npuonmsutenbHo 10%
Ha pacCcTOSHUM OT 6 70 12 MeTpoB, YTO MOXKET OBITh CBSI3aHO CO CTPYKTYpPOH OETOHHBIX
Mmacc 3nanus (puc. 18)

Kpacnass nunus Ha pucynke 69 cineBa — mnpodwib pacnpeneneHusi OBICTPBIX
HEHUTPOHOB m3-3a d(pdekrra camorkpaHupoBaHus geTekropa. OTKIOHEHHE CuéTa OBICTPHIX
HEHUTPOHOB OT CPEIHEr0 3HAYEHUS MOXHO HWHTEPIPETHPOBATh KaK pa3HUIy B
3¢ (HEKTUBHOCTH Pa3TUYHBIX PSAAOB JAeTekTopa. CpenHee 3HAYCHHE STOTO OTKIOHEHUS ~
6% (pucynok 69 cnpaBa). OgHako, Ha OJHOH M TOW JK€ IO3UIUHU IO PACCTOSTHUIO
OKa3bIBAIOTCSl pPa3HbIC PSABI JETEKTOpa, W MPOWCXOIUT BhIpaBHUBaHUE 3(()EKTHBHOCTH
peTUCTpalMy ISl KaXKIOH TO3WIMH IO PACCTOSHHUIO, TIOTOMY TOJBKO YCpPETHEHHAS
3¢ (HEeKTUBHOCTH MO PsiAaM, HAXOAUBIIMMCS Ha OJJHOM M TOM K€ PACCTOSTHUH OT PeaKkTopa,
UTpacT PoJib.

Y1o0Obl paccCMOTPETh, KaK pa3ianuus B 3(PpPEKTUBHOCTU PSIIOB BIUAIOT HA KOHEYHBIE
pe3ynbTaThl, HEOOXOIMMO YYHUTHIBATh, YTO YCPEAHEHHE CIIEKTPOB, TIOIYYCHHBIX C
Pa3IMYHBIMH PAaMHU Ha OJTHOM M TOM K€ PacCTOSHUH. B 3TOM mpuOImKkeHnn KBaApaTHOE
OTKJIOHEHHE OT CpeIHEero 3HaueHus coctaBisieT ~ 1.8%, kak mokazaHo Ha pucynke /0
CBEPXY. JTO yKa3bIBaeT Ha TO, YTO BJIMSHUE HEOJHOPOTHOCTH JIETEKTOPa HA 3aBUCHUMOCTH
L/E siBisieTCsl HE3HAUMTENBHBIM M HE MOXKET OBITh UICTOYHUKOM 3 (HeKTa OCIMILISAIHIA.

Tem He wmenee, uenecooOpazHo mpoBectd MK BbBIUMCICHHS IS TOJHOTO
NPOSICHEHUS 3TOM cuTyaruu. Pe3yapTaThl TaKMX BBIYMCICHHUA MPUBEACHBI HA PUCYHOK 70
(BTOpOit). MoOXHO BHAETh, dYTO Yy4€T pa3zdpoca IPPEKTUBHOCTH PETHCTPAIUH
KOppEMMPOBAHHBIX COOBITHI HA PA3HBIX PACCTOSHUAX HE MOBIHUT HAa (D ()EKT oCcmuIAni
(puc. 70 Tpermit m uyerBEpthiid). Takas cuTyanus oObBICHICTCS TeM, 4TO 3(QdeKT
OCHMJUTSLIMNA HOCUT PE30HAHCHBIIN XapaKTep U YCIEITHO BBKUBAET B IPUCYTCTBUU IIIyMOB.

JleiicTBuTEeNnbHO, TIOCTE ycCpeaHeHHs Mo 8 Todek S(P(eKT mymMa NpakTHUeCKU
MOJIHOCTBIO MOJABIISIETCSA, TaK KaK OMpPEEessIoiasi 4acToTa IIyMOB 3HAUUTEIHHO BHIIIIE,
9YeM 4acTOTa OCIMUIAIIMOHHON KpuBOW. Pasmep durykTyainmii coctaBiseT He 00Jiee 0JHOTO

npotenta (1%), Toraa kak aMIIUTy1a OCIMJUIALIMOHHON KpUBOil coctaBinsgeT 15%.
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Pucynok 70. CBepXxy OTKJIOHEHHE CU€Ta KOPPEIHUpPOBAHHOTO (hoHA OT CpeIHEro 3Ha4eHWs Uil KaxAou
TOYKH HAOJIONEHUS TIOCTE YCPEIHEHHsI Mo BceM psnaM. Bropoit — pesynprar MK momenupoBaHus
adpdexra ocmwuanmid ¢ yu€rom/0e3 yuéra paznuuHON A(PGEKTHBHOCTH PSAIOB JIETEKTOpa s
KOPPEJIUPOBAaHHBIX COOBITUI Ha pa3HBIX paccTosiHUAX. KpacHpie Toukn — a3 dext ocummsiui 6e3 yuéra
BIUSHUS PA3nUIHON d(PPeKTUBHOCTH, CHHHE — 3PPEKT OCHWUIAIUNA ¢ YYETOM BIUSHUS PA3THIHON
apdextuBHOoCcTH. Tperuit — pasHocTh Mexay d3¢dektamu ¢ yd€toM U 0e3 yuéra pa3IMdHON
s dexTuBHOCTH ceKIuit. YeTBEPTHI — Ta K€ Pa3HOCTh, CyMMHUPOBaHHas 110 8.
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5.5 HckiarouyeHue psiioB

I[JIH AOIIOJIHHUTCIIBHOI'O TECTAa HNPOHCAYPbI aHa/IM3a MOXHO HMCKIHOYUTDH BTOpOfI n

TPETUI PSAIbI AETEKTOpa M3 aHaIM3a JAHHBIX B OJMkKaillliel K peakTopy MO3UIMH W/UIU

BOCBMOW U AEBATHIN PsiAbl B JAIBHEN OT PEAKTOPa MO3ULMHU, TO €CTh T€ JaHHBIE, KOTOPBIE

HC YCPCOHAIOTCA C APYTUMHU PAOAMHA. PCSYJ'IBTaT, HOJ'Iy‘IeHHBII\/'I Ha OCHOBC OJAHHBIX IICPBOI'O

1uKiaa, okasaH Ha pucynke 71 [89], orkyma BuaHO, uYTo 3S((PEKT OCHUILIAIUI

COXPaHACTCA, HO CTATUCTUYICCKAS TOYHOCTb YMCHBIIACTCA 1O YPOBHA JOCTOBCPHOCTHU ~20.

average

N(L, E)/N(L,E)

average

N(L, E)/N(L,E)

average

N(L, E)/N(L,E)

-
w
1

0.5+
1.5

1.0 (L _.."I

0.5+

0.5+

4 QObserved, 24p, 500keV, without first 2 positions
Am’=7.34eV>, sin’(20) = 0.39

1.0
LIE,

4 Observed, 24p, 500keV, without last 2 positions

Am2=7.34EV2, sin2(20) =0.39

1.0 ' 1.5
L/E

4 QObserved, 24p, 500keV, without first 2 and last 2 positions
am2=7.340V7, sinz(zu) =0.39

1.0 , 15
LIE,

Pucynok 71. CBepxy — pe3ylbTaT KOT€PEHTHOTO CIOXEHHUS O0e3 MEepBBhIX ABYX MO3ULIUN
NETEKTOpa; cepeiuHe — 0e3 MOCIeIHUX IBYX MO3UINI; CHU3Y — 0€3 MEPBBIX U MOCIEIHUX JIBYX.
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5.6 Cucremaruyeckue olIMOKH IKCIIEPUMEHTA

OznHa U3 BO3MOKHBIX CHCTEMATHUECKMX OMIMOOK IapameTpa OCLMUIALUNA Am?Z,
OTIPEIEIISCTCS. TOYHOCTBIO HDHEPTeTUYECKON KamumOpoBKU aeTekTopa. OTHOcCHTEIbHAS
TOYHOCTb OTHOIIeHUs L/E onpeznensiercst OTHOCUTENBHOM TOYHOCTHIO U3MEPEHUS IHEPTHUH,
TaK KaK OTHOCUTEJIbHAS TOYHOCTBIO HM3MEPEHHSI PACCTOSHUSI 3HAUYUTENIBHO JIyYlll€.
OtHOcUTENbHAs TOYHOCTh M3MEPEHUSI SHEPrud B HAMOOJIee CTATUCTHUUYECKHW 3HAYUMOU
4yacTH, HU3MepseMoro HelTpuHHoro cnekrpa 3-4 MbdB cocraBmser 5%. Ilostomy
BO3MOJKHAs CHMCTeMaTuueckas omubka mnapamerpa Am?, coctaBaser 0.60 5B2,
§(Am?)gysr1 = 0.60 3B,

Jlpyras cucTeMaTHdeckas OIIMOKa B ONpENENeHHH IapameTpa Am?, Moxker
BO3HUKATH IIPU 00pabOTKE JAHHBIX METOJAOM Y2 M3-3a BOSHMKHOBEHHS JONOIHUTEIBHBIX
obnacTeil BOKpYT ONTUMAJIbHOTO 3HaueHus Am3, = 7.3eV?. B uacTHOCTH, Onmxaiiiue
o6nactu HaxonaTcs npu 5.23B% u 8.85B2, kak BugHO u3 pucyHka 60. Tem He MeHee, BKas
oT caremmra 5.2 5B? cymecTBeHHO MeHbIne. [103TOMy BO3MOKHYKO CHCTEMATHYECKYIO
OIMMOKY MOYKHO OIICHUTH Kak & (Amz)systz ~ 1.0 3B2. B uTore, u3MepeHHOE 3HAUYEHUE
PA3HOCTU MAaCC AJIEKTPOHHOTO U CTEPUIIBHOTO HEUTPUHO COCTABIISIET:

AmZ, = (7.3 £ 0.13,, + 1.16,,,5,) 3B® = (7.3 + 1.17) 3B?

5.7 Monte-Kapio Moae1upoBaHHe IKCIEPUMEHTA € YYETOM CTATHCTHYECKOT
TOYHOCTH

[IpencraBieHHble B IlaBe 4 YpOBHH NOCTOBEPHOCTH Ha ILIOCKOCTH NApaMeTPOB
ocumisanuit (sin? 26,4, Am?,) 6bUI HOJyYeHbI C HCHOIL30BAHHEM TeopeMbl YHIIKCA,
KOTOpas yTBep:KIaeT, 4To (QYHKLHS OT ABYX HepeMeHHBIX (mapamMeTpoB (BUTHPOBAHUS)
Ax?(sin? 20,,,Am2,) = x?(sin? 20,4, Am?2,) — xZi,, THE X2i,— MUHUMATBHOE 3HAYECHUE

X 14 14) = X 14 14 Amin> TA€ Xmin

pacnpenenenus y2(sin? 26,,, Am3?,) B paccMaTpuBaeMoii 06J1aCTH 3HAUEHUI TAPAMETPOB
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sin? 20,4, Am?,, cTpeMuTCs K paclpeleleHHIo 2 ¢ IByMs CTEIEHAMH cBobGomabl. Torma
JUISL OLICHKH JTOBEPUTEIbHBIX WHTEPBAJIOB U COOTBETCTBYIOIIUX YPOBHEW JOCTOBEPHOCTU
MO’KHO IOJI30BAThCA IPOCTBIMU HEPAaBEHCTBaMHU. Tak 00JacTb 3HAUEHUS MApaMETPOB,
KOTOPBIE  COOTBETCTBYIOT  YPOBHIO  JIOCTOBEpHOCTM A  ompexpeisierca — Kak
{(sin?260,,,Am3,) : Ay?(sin®260,,,Am?,) < a}, roe ma A = 10 (68.3%),a = 2.30;
A= 20(95.45%),a = 6.18; A = 30 (99.73%),a = 11.83.

Opnako, g omnpeneneHus o0JacTed JOMyCTUMBIX 3HAYEHUHW IapaMeTpoB
OCLWJUIALIMNA KCIOJIb30BaHUS JAHHOW TEOPEMbl MOXKET MPUBECTU K HEBEPHOMY YPOBHIO
JIOCTOBEPHOCTH [96]. Jeno B TOM, 4TO COOTBETCTBHE
Ayx?(sin? 20,4, Am?2,) pactipeieleHHI0 Y5 CIPaBEIMBO  JIMIIb  ACHMMITOTHYECKH.
3aBUCHMOCTh BEPOATHOCTH OCHMIUISLMI OT IapameTpoB  sin? 260,,, Am#, napymaer
JaHHOE TpeOOoBaHUE: BO-NEPBBIX, M3-3a IEPUOJUYECKON 3aBHUCHUMOCTH, BO-BTODBIX,
3HaueHus mapameTpa sin? 260;, > 0 orpaHuMyYeHBl CHHM3Yy HYJIEM, TOrIa KaK HOPMAJIbHOE
pacnpeiesieHue OIPEICICHO HAa BCEW YHUCIOBOW OCH, WU B-TPETbUX, 3aBUCHUMOCTH
BEPOATHOCTH TAKOBA, YTO 3HAUYEHUS OJHOTO U3 MMAPAMETPOB BBIPOKAAIOTCA NPU 3HAYEHUSIX
BTOPOTO MapaMeTrpa cTpemsiuxcs K Hyio. [loatomy s Goiee KOpPpPEKTHOM OLEHKH
YPOBHSI JIOCTOBEPHOCTH YTBEPXKIEHUSA O HAOJIOJEHUM OCLWLIANUI HeoOxonuma Oolnee
CTporasi MpOBEpPKa THUIOTE3bl, KOTOpas OCHOBAaHA Ha MHOroOKpaTHbIXx MoHTte-Kapio
CUMYJISIHSIX.

B paznene 4.3 Obulo IpeaCTaBICHO MOJENIMPOBAHHE OSKCIEpUMEHTa 0e3 yuéra
(oHOBBIX ycnoBHiA. B manHOM pa3zzgene Mbl MpeacTaBiIsieM MOACIUPOBAHNE SKCIIEPUMEHTA
c ydéroM (POHOBBIX YCJIOBMH, HAOIIOAABILIMXCS B 3KCIEPUMEHTE U HSHEPreTHYECKON
3aBHCHUMOCTBIO SHEPTETUYECKOTO PA3PELIECHUS I€TEKTOPA.

B Momnre-Kapiio mozenu, kak u pasee, paCCMaTprUBaJICs HCTOYHUK aHTUHEUTPUHO C
pasMepaMu aKTHBHOM 30HBI peaktopa 42x42x35cM° W JETEKTOpP AHTMHEHTPHMHO,
cocTosnmi u3 50 CeKluii ¢ reOMeTpUYECKUMH pasMepamu 22.5x22.5x75¢m’. Cekiu B
OJHOM psAy ObUIM OO0beIUHEHBbl. AHTHHEUTPHUHO JCTEKTHUPOBAIMCH Ha Bcex 24

paccTosHUsAX OT 6.5M 110 12 M ¢ marom mo pasmepy psaa 22.5cm. CriekTp aHTUHEHTPUHO
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PasbIrPhLIBANICS B COOTBETCTBUM CO CIIEKTPOM aHTUHEHTPUHO A1 23°U, XOTS 5T0 HE MIpajo
POJH I UCTOJIB3YEMOTO HAMHU METOAA OTHOCHUTEIIBHBIX U3MEPEHUM.

KonmdecTtBo pasbIirpaHHbIX COOBITHH cooTBeTcTBOBasla cratuctuke cuéra (ON —
OFF), HakoruieHHOM B OKCHEpPUMEHTE Ha pa3HbIX pacCTOSHUSX. TakuMm 00pa3zoMm
aucnepcus cuéra B MOJIeu Oblla BEIOpaHA B COOTBETCTBUU CO CTATUCTUYECKOM OIMIMOKOM
AKCIIEPUMEHTA, TO €CTh C y4éToM (oHa. B MaHHOM cilydae MbI UCIOJIb30BAIH UTOTOBBIC
CTATUCTUYECKUE OUIMOKH, IMOJYYEHHBIE TOCIJIe 3aBEpPUICHUS BTOPOTO IUKIJA MU3MEpPEHUM.
Jlanubie w3MepeHuil ¢oHa TPU OCTAHOBJICHHOM PEAKTOPE HE MCIOJIb30BAIUCH. TaKuM
obpasoM Oblla CMOJENHpOBaHA dJKcrepuMeHTanbHas wMatpuna Ny = N(E7, Ly).
Heiitpunnsiit cuér ON — OFF pasbirpeiBascs Ui ABYX CIIydaeB ¢ OCHMWUIALUSAMU U 0e3
ocuMIUIsIUMU. [ns ciyyas ¢ OCHMJUISIUSMH MCIIOJIb30BAIMCh [MAPAMETPHI, IMOJYyYEHHBIE B
pesynbTaTe 00pabOTKU YKCIEPUMEHTANBHBIX JaHHBIX—AmZ, = 7.3 eV?, sin? 20,, = 0.36.

CraBunach 3aja4a  MHOTOKPAaTHOTO  BOCHPOM3BEACHUS  DKCIEPUMEHTa U
dbopMHUpOBaHUS paclpeneNeHus I JABYyX YHOMSHYTHIX CIy4aeB METOAOM YCPEIHCHUS
MaHHbIX. [l TmoilydeHus OCHWUISIMUOHHOM KPUBOM KaXIbli W3 Pa3bIlTPaHHBIX
HKCIIEPUMEHTOB aHAJTU3UPOBAJICA IO TaKOW Ke cXeme o0paboTKH, YTO M B pPEaTbHOM
sKcriepuMenTe. Kaxaplil pa3 aHaJIM3 NPOBOAWIICS C TUIIOTE30M OCUMIUISIIIUNA U C TUIIOTE301
0e3 ocuwuiAnuil. TeM caMbIM BBISICHSUIOCh, Kakasih M3 TUIOTE3 MOJIXOAUT JIydlle st
KaXJIOTO W3 pa3bIlTPaHHBIX AKCIEPUMEHTOB. JIJIsi 3TOro KaXKIbld pa3 pacCUUTHIBAIOCH
3HaueHue y2 1 MOATOHKM OCHMJUIAIMOHHON KPHBOM stinJ 60 KOHCTaHTOH y2,,c;. B
1e1oM, 66110 Haurpano 5-10° skcrepuMeHTOB A1 Cilydasi ¢ OCHUUISLUAME U CTOJIBKO 3K
0€3 OCLMIIISALUI.

Ha pucynke 72 npeacTaBlIeHO paclpefieleHHe 3HAYeHH NMpUBEAEHHOrO Y2 Ha
mnockocTd (Y Zonser XZm). CTeoyeT 3aMeTuTh, UTO 3HAYEHUS Y2, ,cr) Xoym ABIAIOTCA
KOPPENUPOBAHHBIMU, TaK KaK OHU IOJYyYEHBI U3 OJHOTO U TOTO K€ SKCIIEPUMEHTA, HO C
pa3HOW THMoTe30i 00padoTKu. JlOCTaTOYHO OYEBHIAHO, YTO ISl SKCIEPUMEHTOB O€3
OCLMILISALMI JIOJKHO HOMyYMThCS ONTHMANbHOE 3HAYEHUE Y2, =~ 1 mpu oOpaboTke ¢

TUIIOTE30M 0€3 OCHWUISALHUM, B TO BpeMsl Kak Mpu o0paboTKe MaHHBIX C TUIIOTE30U ¢
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OCHWJUISIIMSAMHM  ONTUMaJIbHOE 3HaueHue OyJer stin > 1. Jlnsg SKCIEepUMEHTOB ¢
OCIUJUISIITUSAMH CUTyalusl OyAeT aHAJIOTu4YHas, HO Ha000poT. ONTUMANIBHOE J1JIS stin =~ 1,

a X2 st > 1. Uucno creneneii cBo6oab! st ananmusa 17 u 19 B ciyuyae Hy/IeBoOi THIOTE3bI

OTCYTCTBUA OCHHJ’IJI?II_[I/Iﬁ U B ClIy4ac HaJIM4usd OCHI/IJIJIHI_[I/Iﬁ COOTBCTCTBCHHO. YH_II/IpeHI/Ie

pacrpeiesieHuid, 0 KOTOPOM FOBOPUIIOCH B pazjeiie 3.4 ObLJIO0 YUTEHO U B CUMYJISIUSX.
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Pucynok 72. CneBa IpeICTaBIEHO paclpelelcHHe 3HAYCHWH IPUBEAEHHOrO Y2 Ha
n0ckoCTd (Y 2y nse Xoim) JUIS MOJETUPOBAHUSA C JKCIIEPUMEHTANLHON CTaTUCTHKOH M C
ypoBHEM (DOHA, COOTBETCTBYIOUIETO 3KCHEpPUMEHTANIbHOMY (oHy. Pa3birpeiBanoch aBa
Cy4asl C TUIIOTE30M OCHWUIALMK U ¢ TUIMOTE30M 0e3 ocumuianuil. s Kaxaoro ciydas
IIPOBOAMJICS aHAIM3 C TUIMOTE30M OCUMIUILMIA U ¢ TUIIOTe30i 0e3 ocummiauuid. CripaBa Ta
K€ KapTHHA, TNIe YKa3aH IIEHTP pachupeneiceHus 0e3 OCHIUIAIUNA (4EpHBIA KPECTUK) U
OTKJIOHEHHE OT 3TOTO IEHTPa SKCIEPUMEHTAIBHOTO Pe3yiabTaTa (3eIEHbIA TPEYTOIbHUK —
NEepBbIi W BTOPOM WMKIBI). Pe3ynpTaT aHanmm3a 3KCIEPUMEHTAIbHBIX JIaHHBIX IIPH
00paboTKe B MPEINONOKEHUN THIIOTE3bl 00 OTCYTCTBHM/HAIMYUN OCLMIIALMN Y 20,sr =
1.68, nan 31.9 mns 19 cremeneit cBoOOIBI H )(Szin = 1.21 wm 20.6 mna 17 crenenen
cBOOO/IBI COOTBETCTBEHHO U Ay? = 11.3. BhlmeneHsl KOHTYpPEI pacrpeencnuii ¢ 16, 26 u
36. OTKIOHEHHE HKCIEPUMEHTAIBHOIO pe3yJbTaTa OT IEHTpa pacrhpenesieHus 0e3

OCIUJUTSIMNA COCTaBIISIET MPUOJIU3UTEIBHO 3.
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bonee cTporuii aHamm3 Ha BO3MOXHOCTb IOJY4YEHMsI CiydailiHOro »sddgekra
OCUMJUISIIMA MOKET OBITh CJENaH €O CBOOOJHBIMU MapaMeTpaMH OCLUWJUIALMN, Kak
yKa3bIBaJoCh B padorax [95, 96], mo3TomMy JjIsl YTOYHEHUS CTATUCTHYCCKONH 3HAYUMOCTH
pesynbrata HelitpuHo-4 OBl clenaH aHaIW3 SKCIIEPUMEHTAIBHBIX JaHHBIX Ha OCHOBE
Mounrte-Kapiio cumymsiiuii co cBOOOIHBIMH ITapaMeTpaMHu.

B pamkax 3Toro moaxona HaMH pa3bIPHIBAIUCH CIEKTPbl MTHOBEHHBIX CUTHAJIOB B
HEUTPUHHOM JETEKTOPE HA Pa3HbIX PACCTOSIHUSX OT PEaKTopa IpH yCIOBUU OTCYTCTBUS
ocuwuiAnuid. Pa30poc  paspIrppiBaeMbIX 3HAYEHUM W TOJYYMBIIASICS TOYHOCTh
OTIPEAEISINCh CTATUCTUYECKOM TOYHOCTBIO MaTpuipl Nj, KoTopas Obula JTOCTUTHYTa B
HKCIEPUMEHTE, TO €cTh 3HaueHUsIMU ANj,. CHeKTpbl, OJyY€HHbIE B PE3yJbTaTe OAHON
CUMYJISIIUU, 00pabaThIBAIMCh TaKUM K€ 00pa3oM, UYTO M 3KCIIEPUMEHTAIbHBIE CHEKTPHI,
Kak ObLIO omucaHo B pazaene 2.1 u 6osee moapoOHO B 4.2, TO €CTh C MocTpoeHueM R-
maTpuubl. Mcnonb3oBanue umeHHO MaTpuibl Nj, TpenactaBiserca Oojiee MpaBUIbLHBIM
CIIOCOOOM JUISl CUMYJISILIMM, TOCKOJIBKY OH OOJIbIIIE COOTBETCTBYET HOPSAIAKY 0OpabOTKH
JAHHBIX B HAIlIEM SKCIEPUMEHTE. XOTS U YHIPOIIEHHBIN MOAXO0/ C UCIIOJIB30BAHUEM CpPasy
R-matpuipl 7a€T B UTOre MOX0XKHUH pe3ynbrar. CUMYIISIIIMY [TOKa3ald, YTO pacipeielieHue
BEIUYMH R;;, MOJyYEHHBIX W3 pa3bllpaHHbIX 3HAaueHUU Nj, BeA€T cebsi HOpMalbHBIM
o6pazom. Beero 6bu10 paseirpano 1.5-10* cumynsnuii, 1 ObLIO MOJTYyYEHO PACHIPENETCHHE
T = Y2 — Xtest Fits THC X2 = x%(0,0) — xu-xBajpaT A HyJIEBOH THIOTE3BI
OTCYTCTBHS OCHMIUIALMH, Y Foq Fit = x*(sin? 20, Am?) — MUHMMANBHBIA XH-KBaJpaT,
COOTBETCTBYIOIIIMM  HEKOTOPbIM  3HAa4€HUSIM IapaMeTpoB  ocuwuauuid. JlanHoe
pacnpeeneHre IpeICTaBIeHO Ha pUCYHKe 73.

ITonyueHHOE paclpeieleHue OTINYaeTCs OT QYHKIHUU Y2 ¢ 2 CTENeHsAMH: CBOOOIBL,
0 KOTOpOI1 rOBOpUTCS B TeopeMe Yuikca. TeM He MeHee A0S CUMYJISILMM, 111 KOTOPBIX
T = 11.3 cocrainser 0.0075, 4To COOTBETCTBYET YPOBHIO 10CTOBEpHOCTHU 2.76. [TosaToMmy,
UCIIOJIb3Ysl ATOT 00Jiee CTPOrMi KPUTEPHUM JJI OLEHKU YPOBHS JTOCTOBEPHOCTH B CIydyae
skcriepuMenTa HeWTpuHO-4 MOXHO  3aKIIOYUTh, UYTO OCHWUIALMUA  PEaKTOPHBIX

AHTUHEUTPUHO B CTEPUIILHOE COCTOSIHUE HAOIIOAAIOTCS C YPOBHEM JOCTOBEPHOCTH 2.76.
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Pucynok 73. T pacnpezneneHue ajisg CTaATUCTHUYECKOTO aHanu3a Ha ocHoBe MonTte-Kapmio
cUMyIALMHA (cuHAS NUHUA) U QYHKIMS Y2 ¢ 2 cTemeHsMH CBOOOJbI, COOTBETCTBYIOLIAS

TeopeMe Y UJIKCa.
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I'naBa 6. CpaBHeHme C APYrUMH IKCIIEPUMEHTAMU

OuLeHKM WM OrpaHMYEHUs Ha MapaMeTpbl OCUMUIALMM HEUTPUHO B CTEPHIIBHOE
COCTOSIHME TIOJIyYE€Hbl BO MHOTMX OKCIEpUMEHTax. B 3ToM 3aBepliarome riase
paccMOTpeHbl CpaBHEHUs pe3ysibraTa HelTpuHo-4 1 HEKOTOPBIX APYTHUX 3KCIEPHUMEHTOB,
KaK HETOCPEICTBEHHO HAIPABICHHBIX HA IIOMCK CTEPUIIBHOTO HEUTPHUHO, TAK MU TeEX,
KOTOPBIE UMEIOT 3a7a4y M3MEPEHUE NPYIMX BEJIWYMH, U KOTOPBIE MOIYYAOT MapameTpsl
CTEPWJIBHOIO HEUTPUHO Kak CIEICTBHE pACIIMpPEHUs IMpoBepseMod Moaenu. bonee
noJpOoOHOE COMOCTaBlieHUsl pe3ynbrata HeWTpuHo-4 ApyruM OrpaHUYEHHsIM Ha

napaMeTphl CTEPUILHOrO HEHTpHUHO coaeprxkutcs B [97] u [98].

6.1 PeakTopHBIe IKCIIEPUMEHTHI

CpaBHeHHE C JPYTHMH  pEakTOpPHbBIMH  dKkcrepuMmentamu DANSS  [99],
NEOS+RENO[71], PROSPECT [100] u STEREO [101] npencraBieHo Ha pucyHke 74
cineBa. OkcrepuMeHTl DANSS m NEOS nHa ADC uMEIOT CYIIECTBEHHO MEHBIIYIO
YyBCTBUTEIBFHOCTh K OONBIIMM 3HaYeHHSAM Hapamerpa Am?Z, > 3 3B? wu3-3a GombHIMX
pa3MepoB aKTUBHOMU 30HBI peakTopa 3—4 mertpa. Jns ocumsuisiiuil ¢ nepuogom 1.4 m (s
cpenHeil sHeprum aHTHHEHTpuHO 4 M»AB mpu Am2, ~7 3B? ) npoUCXOAUT yCpeaHEHHE
apdekra yxke B mpeaenax akTUBHON 30HbI peakTopa. [losToMy 0061acTH orpaHUYEeHUN
DANSS u NEOS ¢ 95% CL Ha pucynke 74 (cneBa) He JOXOAAT A0 3HaueHuii Am?, >
7 3B2, a nna Am?, > 5 3B?, 3akpeIBas nuIIb 00JIbIIKE 3HAYEHUs Sin 26,, = 0.5

Pesynbrat sxcnepumenta PROSPECT [100] we BnosiHE cormacyercst pe3yibTaToM
Heiirpuno-4 - o6nacte 7.3 5B? ¢ ypoBHeM nocroBepHocTH ~1c Heiirpuno-4
HaKJIaJbIBAETCSl Ha 00JIacTh OrpaHMyYeHuil ¢ ypoBHeM noctoBepHocTu 95% PROSPECT.
Torpa kak, KOHTYpbI OIpaHUYCHUIM Ha TapaMeTpbl OCUWUIALUN, noayyeHHble B STEREO

[101] mocTratouno OJM3KH K 0OJACTSAM JONMYCTHMBIX 3Ha4YeHUH mapamerpoB Heitrpuno-4,
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XOTS TTapaMeTpbl OCHUJUISAIMH, COOTBETCTBYIoNME JTyumeMmy ¢uty Helitpuno-4, STEREO
HCKJIIOUMJI C JIOCTOBEPHOCTHIO ~3G. BakHo, yTo B 3kcnepumeHnte «HeuTpuHo-4» Mbl
Ha0JII0/1aeM OCHWJUIALMOHHBIN MPOIIECC HEMOCPEACTBEHHO B M3MEPEHUSAX. DKCIEPUMEHT
«HewTpuHO-4» UCIONIB3yeT 3HAYMTEIIBHO OOJIBIIUKI Auana3oH paccrosauid, yem STEREO
u PROSPECT (pucyHok 74 crnpaBa — pUCYHOK 57), 4TO MO3BOJISICT HAOIIOAATh MPOIIECC
OCLMJUIALIUNA HETIOCPEACTBEHHO B U3MEPEHUSX, UCIIOIb3YsI METOJ KOT€PEHTHOTO CIOXKEHUS

Pe3yJIbTaTOB U3MEPEHHM C OJIUHAKOBOM (ha30ii.

STEREQ Neutrino-4

; ",4::——1’: ECT 95% CL STEREO bip B

(V)

2
14

. NEOS+RENO
~ DS EE—-osur O+ 8+

Am

sin’20,, E, MeV PROSPECT

Pucynox 74. CneBa - cpaBHEHHUE YYBCTBUTEIBHOCTH JKCIEPUMEHTOB B 00JacTH
0.1 <sin?26,, <1 u 1 <Am? < 10 3B?: Neutrino-4, STEREO, PROSPECT, DANSS
u NEOS. CnpaBa— cpaBHenue obOnactedl (L, E) B u3MepeHuMsiXx uisi SKCHEPUMEHTOB:

Neutrino-4, STEREO u PROSPECT.

6.2 Oxcnepumentsl KATRIN u GERDA

Ha pucynke 75 3akpamieHa o00J1acTh IapaMeTpOB CTEPUIBHOTO HEHUTPHUHO,

onpenenseMas skcnepumenTamu Tpounk, KATRIN, BEST u DANSS, BHYyTpH KOTOpOTO
HAXONWTCS  Pe3ylbTaT  dKcrmepuMeHTa  Helitpuno-4:  Am?, = (7.30 +0.13, =
1.164y5:)9B?,  sin?26;, = 0.36 £ 0.12. KpacHslii ommMnc ykasbiBaeT — ypoBeHb

noctoBepHOCTH 95% B akcniepumente Helitpuno-4. PesynbraT sxcniepumenta KATRIN ne
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uckimodaer obnactu Helirpuno-4 nns sin? 260,, < 0.4 [102], Taxxke, Kak ¥ OrpaHUYEHHUS
T2K [30]. EcTb HEKOTOpBIE IPOTUBOPEUHs C OLEHKOH Ha sin? 20,,, KoTopas cleayeT U3
CranmaptHoi conHeuHOM Mojenu (BepTukanbHbie tuHUU AGSS09 n GS98 nHa pucyHke).
Ho mockonpKy 3Ta OImeHKa SBISICTCS MOJEIBHO 3aBUCHUMOM, TO B CiIydae HaJ&XKHOTO
MOATBEPXKIEHUs pe3ynbTata HelTpuHo-4 momens OyIeT HYXIaTbCcsl B IEPECMOTpE.
JlaHHBIE TIO OTpaHUYCHUAM HA MapaMeTPbl OCHWUISALIMKA HAa PUCYHKE 75, B TOM 4YHCIE
OTpaHUYCHHUS, OTHOCSIUECS K CICACTBUSAM M3 PE3YyJIbTATOB SKCIIEPUMEHTOB IO JTBOHHOMY
Oe3HeiTpuHHOMY OeTa-pacmany, B3sTel u3 [102].

B Hacrosmee BpeMs npenen Ha MacCy MalOpaHOBCKOTO HEUTPUHO, MOJYYEHHBIN B
skcriepumerTe GERDA [42] u B skcniepumente KamLAND-Zen [41] mis HopManbHOU

MEPApXMHM MacC B ~3 pasa MEHbIIE, 4€M IPEJCKasaHue Macchl Makopana Mmg,gp =

|Zimi Uezi| CIIeayIoIIee U3 pe3ynbTaTa sKcrepumenTa Helitpuno-4 (mg,pp = my UZ,, npu

my > my):
moypp = (0.27 £ 0.12)3B (Heiirpuno-4)
Moypp < [0.079 — 0.180]3B (90%CL) (GERDA)
Moypp < [0.036 — 0.156]3B (90%CL) (KamLAND-Zen)
T — — - S ——
E = ~<_| <=f= .. 1
[ e S~ =< T2K 1 Galli
= F;';\ex;ls';jed T anomaly
Reactor | ~ f S Sttt |+
anomaly N = BEST
95% | o B A e 1 95%
90% TN R
°F 1 — =7
Neutrino-4- T Troitsk
95% I i i, e e o
L i e _,‘i,:._ ,,{{j——’f_{ —ifuz ~ 95 /

I {.\) e I = allowed
" AT [ —68%
. 2

IKATRIN

DANSS [ ——— & 95%
95% 2@
1 . i o | - : \ jSe i
0.1 1
AGSS09  GS98 OPENH in226,,

99% 99%

Pucynox 75. CpaBHeHue pe3ysibTaToB 3KcnepuMmeHTa HelTpuHo-4 ¢ pesynbTaTamu

sxcriepuMeHToB KATRIN 1 GERDA Orpannuenus B3sthl u3 padot [102] u [30].



149

Ecnau B Oynymem mpenen MallopaHOBCKOM Macchl B 9KCHEPUMEHTaX MO ABOMHOMY
Oera-pacnagy OyJeT MOHMXKEH U pe3yJbTaT dKcnepuMmeHTa HelTpuHo-4 moarBepaurcs,

3TO 3aKPOET TUIIOTE3Y O JIETKOM MalOPaHOBCKOM HEHUTPHUHO.

6.3 TaanaueBas anomaJuusa u BEST

OkcriepumenT BEST Obln  HampaBiieH Ha omnpeaeineHde JBYX IapaMeTpoB
ocumisAnuid  sin® 20,, u Am#, u opuentupoBaH Ha obmacth Am?,~ 13B?, u c sroii
LEeJIbI0 TaJUIMEBBIA JETEKTOp ObUT pa3ienéH Ha aBa o0bEéMa. B skcmepumeHTe ynanoch
U3MEPUTHh JCPUIIMT HEUTPUHHOTO IMOTOKAa JjIsi 000uX 00BbEMOB (R, = 0.79 + 0.05u
R,y = 0.77 £ 0.05) ¢ nocratouHo xopoiieid TouyHOCThIO. Bemuuusbl Ry, U Ry:
OKa3aIMCh ONU3KU APYT APYTY, YTO YKa3bIBa€T HA OTHOCUTEIHHO OOJBINOE 3HAYCHHE
napamerpa Am3,. ITonpo6HbIil aHanu3 caenas B padore [53].

Ha pucynke 76 moka3aHbl o0O0OJacTH JOMYCTUMBIX 3HAYEHUW MapaMeTpoB
ocuwanuit (sin? 20,,,Am#%,) U cOOTBETCTBYIOIIEH JOCTOBEPHOCTBIO, MOIYYEHHBIE B

skcniepuMente Helitpuno-4 u B skcriepumentax BEST Bmecte ¢ SAGE u GALLEX.

Lev?

2

Am

—y

14
w0
IIPIIIIHIIIIIIIIIIIIlIIIIIIIlIIIl IIII[IIIIlIIlI

0Jtllll!]lllll!]lt!lI!illll!!llllil]lIlllllll{klll
01 02 03 04 05 06 07 08 09 1
sin(26, )

Pucynok 76. CpaBuenue pesynbrata 3xcniepuMerTa BEST coBmectHo ¢ A u pe3ynbrara

skcniepumenTa Helltpuno-4.
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3HauUTENbHOE HaJOXEHUE oO0JacTel yKa3blBa€T Ha XOpOoIllee COOTBETCTBUE
pEe3yJbTAaTOB SKCIEPUMEHTOB, YTO TAKXKE MOXHO 0oJjiee CTPOro MOJITBEPIUTH, MPOBEIS
COBMECTHBII aHAJIN3 TaHHBIX IEPEYUCIEHHBIX IKCIIEPUMEHTOB.

Jliist ob1iero ananuza pe3ysbTatoB HeWTpuHO-4 M SKCIIEPUMEHTOB C M30TOMHBIMU
VMCTOYHUKAMU MOYXHO BBIIIOJHUTH COBMECTHYIO OLIEHKY YPOBHEW JIOCTOBEPHOCTU TEM XK€
MeTosoM Ay? ¢ MCIONb30BaHMEM SKCIIEPMMEHTAIBHBIX JAHHBIX BCEX MEPEYHCIECHHBIX
SKCIIEpUMEHTOB. Ilpy BbluMCIeHHMM 3HaueHHil pacrpenenenus y?2 (sin? 260,,,Am?2,) no
HKCIIEPUMEHTAJIbHBIM TOYKAaM BCEX JKCIHEPUMEHTOB B OOIIEM cliydae HeOoOXOAMMO
YUUTHIBaTh ~ KOPPEIUPOBAHHBIE  OIMMOKKM, TO €CTb  OJMHAKOBBIE  HCTOYHUKU
cucTeMaTuyeckux omubok. OHAKO, METOMKA PEaKTOPHOTO 3KcnepuMmenTa Heltpuno-4
CYLIECTBEHHO OTJIMYAETCA OT PaJAMOXHMHUYECKOTO Croco0a H3MEpPEeHHUs HEUTPUHHOTO
NOTOKa, MCIOJb3yEMOI0 BO BCEX JKCIIEPUMEHTaX C HCTOYHHUKaMHU. I[loaTOMy MOXKHO
CUMTaTh, YTO OOIIME CHUCTEeMATHYECKOW OMMOKM Yy PEaKTOPHBIX M HM30TOIHBIX
AKCIIEPUMEHTOB OTCYTCTBYIOT. (CJenoBaTrenbHO, IpPU COBMECTHOM OLIEHKE YpPOBHEU
JIOCTOBEPHOCTU pactpeneiaeHus y2 mns HelTpuno-4 u y? raumeBbIX DKCIEPHMEHTOB
MO>KHO ITPOCTO CKJIAJbIBATh.

Pacuér mnocnegHero MOHO BOCHPOU3BECTH, HCIOJNb3YS TOT K€ IMOAXOA C
KOBapHaIlMOHHOM MaTpuIlei, KOTOPBIA MPUMEHSIICS B OpUTHHAIbHON pabote [53]. s
aHalu3a pesyibrara sKkcrepuMmenta BEST paccunthiBanoch OTHOIIEHHE O0XKHIa€MOTO
NOTOKa MpPU HAJUYMHM OCHWULSIIMN M 0e3 OCHWUSIUN C Y4YETOM TeOMETPUYECKUX
pa3MepOB HCTOYHMKA W MHILEHH, HUX B3aUMHOIO PACIOJOKEHHUS M 3HEPreTUYECKOTO
CIIEKTpa HCTOYHHMKA (JaHHbIe Takke B3sAThl W3 [53]). Kaxkmplii u3 00BEMOB MHIIICHH

paccMaTpuBancs OTAENbHO. PaspirpeiBanoch 10* coObITMI B IPOU3BONLHON TOUKE

MCTOYHUKA, KOTOPbIE IPUBEIHN Obl K pEAKIINU "'Gav,e) 'Ge B paccMaTtpuBaeMoM 00bEME
B IPEANOJOKEHUH OTCYTCTBUS OCIMIULALUNA. [OCKOIBKY pacnpeneneHue HamnpaBlICHUS
BBIJIETA HEUTPUHO U3 UCTOYHHUKA U30TPOITHO, a CEYEHUE KpaliHEe MaJlo, TO B3aUMOJIEVCTBUE
C SIIPOM TaJIAsI MOKET MTPOU30UTH B JTHO00M TOUKE BHIOPAHHOW YaCTH JETEKTOPA C YUETOM

yObIBaHMs 1MOTOKa Kak R2. T103TOMy B JETEKTOpE I'eHEPUPOBATIACH CIIy4aiiHbIM 00pa3oM
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TOYKa, B KOTOPOM IIPOU30ILIO B3aUMOJEHCTBUE, BBIYUCIISUINCH PACCTOSHUE MEXKIY TOUKOU
POXKJIEHHS M TOYKOM B3aUMOJEUCTBUS M COOTBETCTBYIOLIAS BEPOSITHOCTh MCUE3HOBEHMS
HEUTPUHO TMpH BBHIOPAHHBIX 3HAYCHMSIX MapaMeTpoB ocuwuianuid. Takum obpazom
OLICHUBAJICS AEPUIUT HEUTPUHO U 0KMJAEMBIN ITOTOK B KaXJA0M U3 00bEMOB MUILIEHU IS
3aJJaHHBIX 3HAYEHUM I1apaMeTpOB, IOCJIE 4YEero IO 3TUM JAaHHBIM, CIEAys INPOLEnypE,
onucanHoii B pasgene H [53], paccumTeiBanmch 3Hauenus y?2 (sin?26,,Am3,).
Pacnipenencnue Ay?, mOCTpOEHHOE Ha OCHOBAHHMHM TAKOTO pacdyéra Uil SKCIEPUMEHTa

BEST B cpaBHeHHE ¢ pe3yJIbTaTOM OPUTHHAIBLHON PabOTHI MIPEJCTABICHO HA PUCYHKE /7.

10 " 1 L. 1 7. 1 " [ 1 [ " 1 .i 1 1 1 1 1 L
f T vy |
B T s
‘ 1 \ -
| i i ), b [ 120 7]
8 - S SO [ 1c -
| ( \ *  b.fip]
:; ) ! \\\u ) T
/f 1/ ) i // i
v 0 ( _

Anm’ (V)
W
1

_,«’/ Reproduced analysis
3o E

= 26 -

---lo

* b.fp -

—T1 T 1 - 1 - T — T T T
00 01 02 03 04 05 06 07 08 09 N 1.0
sin 28

Pucynok 77. CpaBHeHHE JOMYyCTUMBIX OOJacTel, moyueHHbIX U3 3Kkcrepumenta BEST,
NpeACTaBACHHBIX B pabore [53] — 3akparneHHble 00JacTH, W pe3yjbTaTa aHaju3a,

OIIMCAaHHOI'0 B 9TOM Pa3JiCJIC — IYHKTHPHLIC JIMHUU.

[Ipy aHanuse, OMMCAHHOM BhIIE, pacnpejeneHue x2 (sin?260,,,Am?,) umeer
HECKOJbKO MHHHUMYMOB OUeHb OJIM3KMX 110 3HAUEHHIO B Toukax sin? 260, = 0.45,Am2, =
6.57eV?, sin?26,, = 0.45,Am?, = 8.72eV? u B sin?20,, = 0.43,Am?, = 3.55eV?,
TOCJIEHSAS. TOUKA OJNU3Ka K TOYKE JIydniero (pura u3 OpUIMHAIBHOM paboTsl sin 20, =
0.42,Am?, = 3.3eV2. Bnarogapsi BBICOKOW TOYHOCTM, JOCTHTHYTOH B OSKCIIEPMMEHTE

BEST, 061acTh JOMYCTHMBIX 3HAYEHHI CYIECTBEHHO OrpaHUYeHa 110 sin? 26,,, HO u3-3a
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HU3KOH 4yBCTBUTENLHOCTH JETEKTOpa K mapamerpy Ami, nus 3HadeHuii Am?Z, > 5eV?
00J1aCTh HE OTPaHMYEHA CBEPXY.

COBMECTHBII aHaIM3 BCEX TPEX TaJUIMEBBIX DKCIIEPUMEHTOB TpebyeT Goee
aKKypaTHOro ydéra OOIeH CHCTEMAaTHKM, TAaK K€, KaK W pacuéT 3HadYeHWi y?2mns
skcriepumenta BEST. Ho, kak yka3zano Tam ke B paszgene H [53] riaBHBIH HUCTOYHHK
KOPPEJIUPOBAHHON OMIMOKM BCEX TaJUIMEBBIX JKCHEPMMEHTOB — 3TO IIOIPEIIHOCTH B
pacuére ceueHnst peakumn  Ga(v,e)’'Ge. CIelOBATeNbHO, HCIONB3YsS NAHHBIE IIO
TIOJTy9eHHBIM B DKCIIEPHMEHTAX Ae(HMIMTAM IOTOKOB, KOTOPbIE HPHUBENEHBI B TaOJIHUIE
XIV [53], mocne aHaJIOrHYHOIO MOJEIMPOBAHHS OKHIAEMOrO MOTOKA MOXKHO IMONYYHThH
pacnpenenenue y? (sin?26,,,Am?,) s Bcex TPEX TaIMEBBIX DKCIEPHMEHTOB.
CpaBHEHHE pPACCUMTAHHOIO TAaKMM  00pa3oM  pachpelelecHHs W Pe3ylbTaTa,
npecTaBIeHHoro B [53] mokasano Ha pucyHke 78. TOYKH, COOTBETCTBYIOMIUE JTyULIEMY
(uTy, IpaKTMYECKH COBIANM: NaHHBIM aHam3 — sin?20;, = 0.33,AmZ, = 1.26eV?,

opuruHanbHas pabora — sin? 20;, = 0.32,Am?, = 1.25eV?.
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Pucynok 78. CpaBHEeHHE MOTMYyCTHMBIX 00JacTel, MOTyYeHHBIX U3 dkcnepuMeHToB BEST,

SAGE u GALLEX, npexncraBicHHbIX B pabote [53] — 3akpaiicHHble 001acTH, |

pe3yJiibTaTa aHajin3ad, OIMMCAHHOI'0 B 3TOM Pa3/iCJIC — IIYHKTHPHLIC JIMHUU.
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Kak BUIHO M3 pHUCYHKA, JOCTUTHYTO JOCTAaTOYHO XOpPOIIEE COIJIachue JTaHHOTO
aHajgu3a C pPe3yJbTaTOM OPUTHHAJILHONW pabOThl JJII COBMECTHOW OLIGHKH YPOBHEU
JIOCTOBEPHOCTH, ~MOJTOMY  BOCIIOJIL3YE€MCSl IMOIYYEHHBIM —pAacIpelcicHueM 2 s
rajUlMeBbIX DJKCIIEPUMEHTOB M CIOXMM ero c¢ y2(sin?260,,,Am?,) wu3 anammsa
skcnepumenTta Heiftpuno-4 s nmoctpoenus pacnpenenenus Ay?. Pesynbrar nokasaH Ha
PUCYHKE 79. MunumansHoe 3HaYCHHE COBMECTHOTO pacnpeenenus
x? (sin? 20, ,Am?%,)~ Touka nyumero (uTa, COOTBETCTBYET 3HAYEHUAM IAPAMETPOB
ocuwanumit sin? 20,, = 0.38, Am?, = 7.303B2. YpoBeHb J0CTOBEPHOCTH HAOIIOCHHUS
OCHWIUISILMKA MpU 3TOM JOCTUTaeT 5.86. AHAJIOTMYHBIA pe3yJbTaT, MOJYYEHHBIA C
MICTIONB30BAaHNEM OPMIMHANIBHBIX pachpeneneHuii y? (sin? 260,,,Am%,) skcrnepuMeHTOB
BEST, SAGE, GALLEX, Hetitpuno-4 u DANSS, npencrasnen B [103]. 3necw cienyer
YTOYHUTb, YTO TPH TAaKOM YypPOBHE JOCTOBEPHOCTH pa3HUIlA B OIICHKE YPOBHEH,
OCHOBaHHOM, KaK B JAHHOM PAacCMOTPEHHUH, Ha TeopeMe YMIKca U TOM, YTO MOXKET OBITh
nonyyeHa MK mopenupoBanueMm, CTpeMHUTCS K HYJIO, TaK Kak 00a COOTBETCTBYIOIIUX
pacrnpeneneHus (Kak BUIHO U3 PUCYHKA 73) aCUMIITOTAUYECKH CXOJIATCS.

10

2
Ams,, eV

III]IIIIIIIII TTTT IIII[IIII IIIIIIII] TTTT

TBEp

O_IlllillIllllllilllljllllIIIIIIIIiIIIIIII[ilIl]

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Pucynok 79. O6mactv TOMyCTUMBIX 3HAYEHUN MapaMEeTPOB OCHMIUISAIIUN MPU COBMECTHOM

aHanm3e sKkcriepumentoB Hewitpuno-4, BEST, SAGE u GALLEX.
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3akJII04YeHue

B pabote Oblna moka3aHa BO3MOXKHOCTb OIPEIEIICHHS NapaMeTpPOB OCLMJUISILMNA
AIIEKTPOHHBIX AHTHUHEUTPHUHO B CTEPUIIBHOE COCTOSIHHE 4Yepe3 M3MEPEHHE CIIEKTpa
pPEaKTOPHBIX  AHTUHEMTPUHO Ha  Pa3lIMYHBIX  PACCTOSHUSX  [EPEMEIAEMbIM
CEKIIMOHMPOBAHHBIM JETEKTOPOM B YCIOBHUSAX JIAOOpPaTOpPHUM, DPACIIOIOKEHHONM Ha
noepxHoctu 3emau. C mas 2016 roga nmo ¢eBpanp 2019 nabupanuch naHHBIE TpU
paboTarouieM peakTope W NPOBOAMINCH H3MepeHus ¢oHa. B pesynbrare Obuin
MOJIyY€HBI CIIEKTPhl aHTUHEHUTPUHO HA PA3HBIX PACCTOSHUSIX.

ITpoBepka rumore3sl 00 OCHWIISLIUSAX B CTEPUIIBHOE COCTOSHUE U OIPEIEIICHUE
apaMeTpoOB ATUX OCUMIUIALUHN 3aKI0Yalach B aHAJIN3€ U3MEHEHUS (POPMBI CIIEKTPOB.
MertogoM Ay? ObuUlM HOMydeHHI OOJACTH JOIMYCTUMBIX 3HAYEHUN IapaMeTpoB
OCUMJUISIIMA UM COOTBETCTBYIOIIME YPOBHU JIOCTOBEPHOCTH. bbulM oOIpeneneHsl
TapaMeTphl OCIMIISAIINIH Am%, = (7.3 +0.13;, + 1.16,, ) 3B? I/I
sin?20 = 0.36 + 0.12,,,;. /1 yTOYHEHUs YPOBHS JIOCTOBEPHOCTH NPOBOIUIOCH
noJpoOHOE MOJAETUPOBAHUE OHKCIEPUMEHTa C Y4€TOM (DOHOBBIX YCIOBHHA U
OKOHYATEJIbHOM CTaTUCTUYECKOW TOYHOCTH. MTOroBbIil YpPOBEHb JIOCTOBEPHOCTH
HaOmoAeHus YPPeKTa OCUUUIALNNA cocTaBui 2.70.

PaccMoTpeHbl BCEBO3MOXHBIE cucTeMaTHuueckue 3(G(GEKTb, KOTOpble MOTIJIH Obl
c(OpMHUPOBAThH JIOKHBIM OCHWUISLUOHHBINA 3¢ dekT. MccnenoBanue nokasaio, 4To HU
OJIMH U3 PACCMOTPEHHBIX BapUAHTOB HE MOXKET C JOCTaTOYHBIM OCHOBAaHUEM SIBIISITHCS
CKOJIb-HUOY/Ib CYLIECTBEHHON IIPUYMHON MOSIBICHUS IEPUOJNYECKON 3aBUCUMOCTH.
CpaBHenue pesyabTata HeltpuHo-4 ¢ pesynbraraMu JpyIHX HKCIEPUMEHTOB
MOKa3ajo, YTO C HEKOTOPHIMU SKCIEPUMEHTaMM, HE HaOMoMalomuUMu  3PPEeKT
OCLUMJUIALINNA, €CTh pacXOoXkJEeHHs B 00JacTH OOJBIIMX 3HAYEHUH IapameTpa
sin? 20,, > 0.4. Tem He MeHee, C SKCIEPUMEHTAMHU, B KOTOPHIX C PAa3HOH CTENEHBIO

nocroBepHoctd 3ddext ocrmmranui Hadmogaercs (IceCube, SAGE, GALLEX,
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BEST), pesyasrar Heiitpuno-4 xopomo coracyercs. COBMECTHBIM —aHaIM3
HeilitpuHo-4 1 SKCHEPUMEHTOB C TajUIMEBBIMU JeTeKTopamu aHTHUHeTpuHO SAGE,
GALLEX, BEST mnoxka3piBaeT ypoOBEHb JTOCTOBEpHOCTH Habmomenus >pdekra
ocILIAIMi 5.80.

Jns  nontBepxkneHusi pesyiabrara  Heiltpuno-4 ¢ OOnbIIMM — ypOBHEM
JIOCTOBEPHOCTU U OMNpPEAECICHUS IMapaMeTpOB OCHWUISIIUMKA ¢ 0Oojee BBICOKOU
TOYHOCTBIO TOJTOTOBJEH HOBBIA JETEKTOP, B KOTOPOM PEATM30BaHbI CIOCOOBI
nonasyiieHusi (oHa, KOTOPHIE HE MOTJIM OBITh HMCIOJB30BaHBl B CTAPOM JICTEKTOpE:
pazzieJieHue CUTHAJIOB 1Mo (OpMe UMITYJIbCa U YBEIUYCHHE KOHIIEHTPALUU TaI0HHUS.
HoBplif nerekTop oOecneyuT BTPOE JIYUIIYIH0 TOYHOCTh HM3MEPEHHM M TO3BOJIUT

JIOCTUYb YPOBHS IOCTOBEPHOCTH HaOMOAeHHS P deKTa OCIUIUIAINN ~50.
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IIpunsiTeie cOKpameHus U 0003HAYCHU S

CM — CrangapTHas MOJEIb

OBP — obpatns1it 6eta-pacnan

A3 — akTuBHag 3amTa

DDV — POTOIIEKTPOHHBIN YMHOKHUTETH

ACDM - A Cold Dark Matter, xocmoixoruueckass MOJENb C XOJIOJHON TEMHOU
MaTepuen U KOCMOJIOTMYECKOM MTOCTOAHHON A

CCM - Cranpaptaas Conneunas Mojenb

ADC - Analog to Digital Converter, ananoro-iudpoBoii mpeodpa3oBaTeiib

MK — Momnre-Kapno

GoF — goodness of fit, kpurepuii cornacus

DoF — degrees of freedom, uucio creneneii cBOOOIbI

CL - confidence level, ypoens mocroBepHOCTH

NO - normal ordering, HopmanbHas nepapxus

IO — inverse ordering, HHBEpCHAS HepapXUsI
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Introduction

Relevance

The existence of neutrinos has been known for a long time. A new particle was added
to the proton and electron in 1930 by W. Pauli [1] to explain the continuity of the beta-
spectrum and explain the "incorrect" statistics of nitrogen and lithium nuclei. The
experimental discovery of the neutrino took ~20 years. F. Reines and K. Cowan [2]
managed to observe the reaction of inverse beta decay (IBD) v, + p - n + e*. The source
of the neutrinos was the P reactor at Savannah River. Despite the fact that quite a lot of
time has passed since the prediction and after experimental observation, and some
properties of neutrinos are known quite well, and neutrinos have their place in the Standard
Model (SM), nevertheless, questions about how the neutrino sector of elementary particle
physics is still very much.

The complexity in the study of neutrinos, starting from the simple registration of
particles, is associated with a small interaction cross section. For example, the interaction
cross section of an antineutrino with an energy of the order of several MeV with a proton is
~10~**cm?. But, on the other hand, this circumstance also gives some advantage that can
be used. Neutrinos, born in the processes that are difficult to observe due to remoteness
(processes in space) or inaccessibility (reactor core, deep layers of the Earth), can provide
undistorted information directly about these processes. Also, since many properties of
neutrinos remain unidentified, their study allows us to expect results that are not described
in the Standard Model.

One of these results was the discovery of the effect of oscillations. The chlorine
experiment by R. Davis [3] showed a significant deficit of electron neutrinos produced on
the Sun in thermonuclear reactions and registered on Earth by a chlorine-argon detector,
compared with the prediction of the Standard Solar Model (SSM). The experiment

continued for a long time (30 years passed between the first publication and the final one),
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and as a result, the measured solar neutrino flux was 2.56 + 0.1644, £ 0.164,,,,SNU [4],
where SNU (solar neutrino unit) is the velocity capture of solar neutrinos by detector
atoms,1 SNU = 10736s~tatom™1. The Standard Solar Model, which was also refined and
confirmed in other experiments all this time, predicted a flux 7.6*1-3SNU [5]. The neutrino
registration method used in the R. Davis experiment was proposed by B. Pontecorvo, who,
together with V. Gribov, proposed the hypothesis of mixing of electron and muon
neutrinos by analogy with mixing in the hadronic sector to explain the result observed by
Davis [6]. The phenomenon of mixing leads to the effect of oscillations, that is, to the
transition of neutrinos of one type (flavor) to another. Thus, there appears a non-zero
probability of registering type B neutrinos in a stream of type A neutrinos produced in
some source. This probability changes with the distance from the source according to the
periodic law, which manifests itself in the deficit of solar neutrinos, which was observed
by R. Davis. That is, a part of the electron neutrinos born on the Sun (neutrinos of other
types are not born on the Sun), reaching the Earth, passes into muon neutrinos, which do
not interact with the substance of the Davis detector.

The existence of neutral currents, predicted in the SM and experimentally discovered,
prompted the idea of confirming the hypothesis of oscillations and explaining the deficit of
neutrinos from the Sun, regardless of the SSM calculations. The reaction through the
neutral current v, +d = p +n+ v, has the same cross section for all neutrinos and
allows you to independently detect the flow of neutrinos of all types, and the reaction
through the charged current v, + d = p + p + e~ only electron neutrinos. Registration of
neutrinos from the Sun by a heavy water detector using these reactions (as well as the
reaction of elastic scattering of neutrinos on an electron) in the SNO [7] experiment
showed a deficit only in the flux of electron neutrinos, and the flux of neutrinos of all types
exceeded it by almost three times, while corresponded to both the SSM and the neutrino
oscillation model.

The oscillation hypothesis was independently confirmed in other experiments with

solar neutrinos [8-12], and in observations of neutrinos produced in the atmosphere
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[13,14], also in experiments with reactor antineutrinos [15-18] and neutrinos produced at

accelerators [19-21].

The most important consequence of observing the effect of neutrino oscillations is
that neutrinos have a mass, since the difference in the squares of the masses determines the
frequency of the oscillations, and at zero mass, the effect would not be observed, while in
the SM these particles were assumed to be massless.

Comparing the total width of the Z-boson decay and the partial widths of the visible
decay modes (into quark-antiquark pairs or charged lepton-antilepton), one can obtain an
estimate for the number of active neutrinos involved in the interactions described by the
SM: N, = 292 £+ 0.05 from direct measurements of the visible Z-boson decay width
(N, = 2.996 + 0.007 from LEP-SLC data fitting) [22]. At present, all three types of
neutrinos and antineutrinos described in the SM have been experimentally discovered.
Almost all parameters associated with active neutrino oscillations have been
experimentally obtained: the values of the squared mass difference and the real parameters
of the mixing matrix. But the masses themselves remain unknown (there are only bounds
from above on the masses of individual types and on the sum of the masses). In addition,
the mass hierarchy remains unknown now, the phase of CP violation is another parameter
of the mixing matrix, the dipole moment. It is also unknown whether the neutrino is a
Dirac or Majorana fermion.

In addition, there are several experimentally observed anomalies (the reliability of
individual observations is ~3-5 standard deviations) that suggest an extension of the three-
flavor neutrino model by adding another type of neutrino.

1. In the LSND [23] and MiniBooNe [24] accelerator experiments, an excess of electron
neutrinos (antineutrinos) was found in the muon neutrino (antineutrino) flux, which
cannot be explained by direct oscillations v,, = v,.

2. In the SAGE [25] and GALLEX [26] experiments, when checking the efficiency of

gallium detectors with isotope sources of electron neutrinos, a deficit of neutrino events
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was found in relation to the expected value. This result is called the Gallium anomaly

(GA).

3. New results of calculations of the spectrum of antineutrinos [27,28] from reactors have
shown that the neutrino flux must be greater than that measured in reactor experiments
with a short baseline, that is, there is a shortage of reactor antineutrinos [29]. Thus, the
Reactor Antineutrino Anomaly (RAA) was declared.

All three anomalies can be explained by the existence of the fourth type of neutrino -
sterile. It is assumed that for a sterile neutrino, the cross section of interaction with SM
particles is even smaller; therefore, at this stage, its direct registration is not possible. But
due to mixing with the three flavors of neutrinos from the SM, oscillatory effects can be
observed, which, among other things, manifest themselves as the anomalies listed above.

In addition, there are some weaker indications for the existence of a sterile neutrino
(at a ~90% confidence level) following from the analysis of data from the T2K [30] and
IceCube [31] experiments.

The discovery of the sterile neutrino will mark the first experimental discovery of a
new particle that does not exist in the Standard Model. In addition, the discovery of
precisely a light sterile neutrino with a sufficiently large mixing angle will also entail the
need to revise both the standard cosmological model ACDM and the Standard Solar Model

and will also indicate the Dirac nature of neutrinos.

The purpose of the research

The purpose of the research is to determine the parameters of electron antineutrino
oscillations to a sterile state, or to establish upper limits on them and thus close the
possibility of explaining the observed anomalies using the hypothesis of a sterile neutrino
with a mass of ~1 eV. Moreover, this result should be obtained without using the
calculations of the expected flux and the expected antineutrino spectrum.

To solve this problem, it is necessary to measure the spectrum of reactor antineutrinos

from a research reactor with a small core size at various short distances of ~6-12 meters to
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identify distortions in the spectra due to oscillations to a sterile state by the method of

relative measurements under conditions of background on the Earth's surface.

The requirement that the result be independent of the model for calculating the
expected spectrum indicates the need to compare only the measured spectra, for which a
movable sectioned detector is used in the experiment. This detector measures the flux and
spectra of antineutrinos at different distances from the reactor.

The main obstacle to solving the problem of measuring the antineutrino spectrum
from a research reactor is the fact that the SM-3 reactor, where the research is being carried
out, is located on the Earth's surface, and the laboratory room are subject to a strong
influence of cosmic radiation, and, consequently, to all those problems which are
associated with it. Thus, a specific task is to detect antineutrinos and determine their
energy under background conditions on the Earth's surface.

Antineutrino detection occurs through the IBD reaction, the antineutrino energy is
determined from the positron energy. Background suppression is carried out by various
methods: using passive and active shielding, selection of correlated events, sectioning of
the detector, and selection of events that have features characteristic of the neutrino
detection process.

Scientific novelty

The antineutrino spectra were measured by a sectioned movable detector at different
distances from the research reactor.

The antineutrino spectra were measured in a laboratory on the Earth's surface, and not
in a special low-background underground laboratory with a high protection value in meters
of water equivalent.

The use of standard background suppression methods: passive shielding, active
shielding, and selection of correlated events in combination with detector separation made
it possible to achieve an effect/background ratio of ~0.5. Sectioning is necessary for

accurate positioning of the site of antineutrino interaction, but at the same time it provides
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additional criteria for selecting neutrino events, which made it possible to suppress the

background of accidental coincidences by 2.5 times.

A model-independent analysis of the change in the shape of the antineutrino spectrum
with distance normalized to the spectrum averaged over all distances is proposed. It is
convenient to represent the ratios obtained in the experiment as a dependence on the
variable L/E, where L are the distances in meters between the point of antineutrino
production in the reactor core and the point at which the IBD reaction occurred, and E is
the antineutrino energy in MeV. In this form, it is convenient to compare the experimental
dependence with the expected one for different values of the oscillation parameters.

As a result of the measurements, the effect of oscillations was found at a confidence
level of 2.7c. That is, the dependence observed as a result of relative measurements with a
reliability of at least 2.7 standard deviations better corresponded to the periodic law
describing the effect of oscillations, and not to a constant equal to unity, which refers to the
hypothesis of the absence of oscillations into a sterile state.

According to the shape of the dependence, the parameters of oscillations of electron

antineutrinos to a sterile state were determined Am?2, = (7.3 + 0.13,, + 1.164y5) eV?

and sin? 20 = 0.36 + 0.12,4;.
Practical significance

The development of methods for detecting neutrinos, which is required to solve
fundamental problems associated with oscillations to a sterile state, also contributes to
progress in solving applied problems using neutrinos.

The sterile neutrino, as a new, fourth state that does not interact with Standard Model
particles in a known way, is an indication of a new physics that should include interactions
not described in the Standard Model.

Thesis statements to be defended.
1. The possibility of measuring the dependence of the reactor antineutrino flux on the

distance in the range of 6-12 meters in laboratory conditions on the Earth's surface is
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shown. The measured dependence of the flow on the distance corresponds to the

A/L? function without noticeable deviations.

The use of combined passive shielding, active shielding with additional prohibition
duration, detector sectioning makes it possible to significantly suppress the
background and measure the antineutrino spectrum.

A sectioned antineutrino detector based on a liquid scintillator and a PMT on only
one side of the section, but without optical contact, can be used to measure the
antineutrino energy, since the light collection is practically independent of the
scintillation site.

In a model-independent manner, without using calculations of the expected number
of neutrino events from the reactor and the energy spectrum with a confidence of
2.70, the effect of antineutrino oscillations to a sterile state was detected.

The considered possible systematic effects are not the reason for observing the
decaying periodic dependence on L/E of the ratio of the number of registered
neutrino signals with certain L and E to the value of the number of neutrino events

averaged over all distances at a certain L.

Structure of the work

The work consists of an introduction, a brief review of the phenomenon of neutrino

mixing and the effect of oscillations, as well as the current state in this area, a description

of the preparation and conduct of the experiment, the result of the analysis of experimental

data and consideration of systematic effects, a comparison of the result obtained in the

work with the results of some other experiments, conclusions, thanks, bibliography of 99

references. The work contains 156 pages, 79 figures and 9 tables.
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Chapter 1. Neutrinos in the Standard Model and beyond

The Standard Model is a theory that describes the interaction of elementary particles.

Almost all predictions of the Standard Model (SM) are confirmed by experimental data.

1.1 Neutrinos in the Standard Model

The neutrino in the SM is a fermion with zero electric charge and has no color charge,
in other words, the neutrino does not participate in strong and electromagnetic interactions.
The neutrino is a lepton that interacts with other SM particles through charged and neutral
weak currents through the exchange of gauge vector bosons W* and Z°.

The participation of the neutrino only in weak processes is its distinguishing feature in
comparison with other elementary particles of the SM. This feature of the neutrino also
determines the smallness of its interaction cross section due to the large masses W* and Z°.

There are three doublets of quarks and three doublets of leptons in the SM, which
together form three generations. Thus, there are three types of neutrinos in the SM, which,
together with the corresponding charged lepton, constitute lepton doublets. The SM also
includes antiparticles, which have the same spin and mass, but have the opposite electrical
charge. This is how the SM describes three antineutrinos v,, v, v;, which form doublets
withe™, u*, 7" respectively.

For each lepton doublet, one can consider the numbers L., L,,, L,, which are equal to 1
for e™, u~, 7™ and for the corresponding neutrinos in each doublet v,, v,, v;, and equal to —
1 for antiparticles. The values of lepton numbers are given in Table 1. In all interactions
that are described by the SM, the laws of conservation of these lepton numbers will be

fulfilled, as well as the law of conservation of the total lepton number L = L, + L, + L, =

const. following from this. The fulfiliment of the law of conservation of lepton numbers

means that leptons are always born in pairs with antileptons, or, in other words,
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intermediate vector bosons (real or virtual) always decay into a quark-antiquark pair or into

a lepton-antilepton pair.

Table 1. Lepton numbers.

L, LM L;
e ,V, 1 0 0
L,y 0 1
T,V 0 0 1

In a weak interaction, P-invariance is violated and all particles that interact through
weak currents (both charged and neutral) are left-handed (that is, they have left-handed
chirality), that is, only left-handed particles enter weak doublets. Fermions, which have an
electric and/or color charge, participate in strong and/or electromagnetic interactions.
Moreover, both left and right components of these particles interact. Neutrinos do not
participate in either strong or electromagnetic interaction, but only in weak ones, therefore
only left neutrinos interact, and right neutrinos do not interact with anything, that is, there
are no right neutrinos in the SM. In addition, the right-hand components participate in the
Yukawa interaction with the Higgs scalar field. This interaction through the Higgs
mechanism (through spontaneous symmetry breaking) determines the mass of SM
particles. Everyone except neutrinos, since there are no right-handed neutrinos in the SM.
Thus, in the Standard Model, all neutrinos are strictly massless. This important

consequence also distinguishes neutrinos from other SM fermions.

1.2 Neutrino oscillations. Neutrino mass. Neutrino mixing

So, the SM describes 3 types of neutrinos with zero mass, and in all processes the law

of conservation of lepton numbers is fulfilled.
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As noted earlier, in numerous experiments with solar and atmospheric neutrinos, in

experiments on accelerators with a long baseline, and in experiments with reactor
antineutrinos, the effect of oscillations is observed - the transition of neutrinos of one type
to another. Without a detailed description of the history of observations of this
phenomenon, | will only note that at present neutrino oscillations are a reliably established
effect that is not described in the SM. During the transition of neutrinos from one type to
another, the total lepton number L is preserved, but the law of conservation of lepton
numbers L,, « = e, u, T is violated. But a more important consequence of the existence of
the effect of neutrino oscillations is the need for a nonzero neutrino mass.

The effect of neutrino oscillations can be described by assuming that the flavor
neutrino states participating in the weak interaction are represented as a superposition of
mass states, i.e., eigenstates of the Hamiltonian that describes the motion of the neutrino.
That is, a neutrino is born and detected as a flavor state, but propagates as a mass state, so
the effect of neutrino mixing is similar to the mixing of d, s, b quarks. The transition from
the mass basis to the flavor basis is carried out using a unitary matrix U, the elements of

which determine the superposition coefficients.
|Vi> = Zui(xlva>; |Va> =ZU;i|Vi> Uty = vut =1 (1)
a i

In what follows, we will assume that mass states are orthonormal, just like flavor

states.

<Vi|vj) = 8yj; <Va|vﬁ> = Oap (2)

Consider the production of a neutrino of type a (that is, as mentioned earlier, in the

process of a weak interaction involving another lepton of the same type a) ttime t = 0 and

) = > Uiy
J

represent it in a mass basis:

vj) 3)
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At time t a neutrino that has traveled the distance L =~ ct, can be represented in the

same way as a superposition of mass states:

|Va> = Z U:. (4)
J
Mass states change with time in accordance with the Schrédinger equation:
iat|vj) = H|Vj> (5)
The plane wave solution to this equation is
|Vj> =€ lEJt|VJ> (6)

where E; is Hamiltonian H eigenvalues: H|v;) = E;|v;),E; = /m]z +p?. In the case of

relativistic neutrinos at E; > m; we can assume
2
|pl|~|p]|~EE ~E+T2nE (7)
Neutrinos, which, usually can be observed in an experiment, are relativistic. This will
be even more true for reactor antineutrinos detected in the reverse beta decay reaction, the
threshold for which for the antineutrino energy is 1.8 MeV, while the neutrino mass must
be less than 1 eV.

Then

Va) = ZUéje‘iEftlvj) 8)
J

The probability of the transition a type o neutrino to type B will be equal to:
2
P(va - vﬁ) = | va|vﬁ Z Ugj Ugje -t = Z Ugj UﬁjUakU[}‘ke‘i(Ef‘Ek)t )
j,k
Using (7) and orthogonality of vector states (2), with Amjzk = m?

2

m P(v -
J k> a
vﬁ) = P,p We get
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_lAmJZkL
Pop(LE) = Z UgjUpjUarUgre ™ 2E (10)
J.k
Considering matrix U unitarity (1) , it is more convenient to rewrite the expression in
the form:

. oo (AmEL
Pop (L E) = 85 — 42 Re(Uy; Up;UaieUpi) sin

AE
>k

(11)

Am wL

+ ZZ Im(Uyq; UgjUgarUgy) sin g
j>k
In the case o« = S (11) is simplified and for the probability P,, we have

2 2 . Am; kL

Pyo(L,E) = 1—4Z|Uaj| |Ugi|? sin? 15 (12)
>k

Lysc = 4mE/Am k is called the oscillation length.

To obtain the formula for the transition probability P(ﬁa —>17ﬁ) in the case of
antineutrinos, a similar approach will be valid. The transition from the mass basis to the
flavor basis is described by the formula [v,) = X ; U,; |17]) where the mixing coefficients
are obtained by complex conjugation of the corresponding coefficients in formula (1) for
neutrinos.

Then formula (10) for antineutrinos will look like:

_lAmjsz
Pap(LE) = Z Uqgj UgiUgrUpre ™ 2E (13)
Jk
Reducing this formula to the form (11), we obtain
. .o Am]kL
Pag(LE) = 845 — 42 Re(Us; Up;UueUp) sin? | —2

j>k (14)

. .. (AmiL
— ZZCIm(Uaj UgjUaiUgy) sin oE
j>

As you can see, the difference between (11) and (14) is the sign in front of the term

with the imaginary part. This circumstance is important for measuring the CP violation
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phaseé.p. The value of CP-asymmetry A p = ingﬁiigﬁzﬁ% can be measured in an
a>Vp a=Vp

experiment with muon neutrino and antineutrino beams (a = u, f = e), as, for example, in
the T2K experiment [32].

The U matrix is called the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix Upys-
It is convenient to parametrize this unitary matrix as a product of rotation matrices. In the
case of three neutrinos, when o« = e,u, v and j = 1,2,3, the Upp s matrix will have four
independent real parameters: 6,,,0,5,60,5 —three rotation angles and 8., — the CP

violation phase:
Upmns = Ug,,Us,,Us,,
1 0 0 C13 0 Sl3e_i66P C12 S12 0 (15)
= (0 C23 523) 0 1 0 <—S12 C12 0>'

where ¢;; = cos 6;;,s;; = sin8;j. 8;; € [0,7/2],8¢p € [0,27]. It is also common to see

j )
mixing angle designations 8,, as solar, 8,5 as reactor and 6,5 as atmospheric. In such a

parametrization, the PMNS matrix takes the form:

—i5
C12€13 512€13 S13e CC¢P
_ is i8
Upmns = | —S12C23 — €12513523€"°CP  C15Cp3 — S1,51353€"0CP C13S23 (16)
is is
512823 — €12513C23€ "CP —C13823 — S12513C23€ " CF C13C23

This parametrization will be valid in the case of the Dirac neutrino; for the Majorana
neutrino, one more matrix P = diag (e, e"2,1) with two Majorana phase parameters is
added to the three indicated matrix factors n, , € [0,2m], but in the following presentation
we will adhere to the Dirac neutrino hypothesis.

For further consideration, it is useful to obtain formulas for the transition probability
in the simpler case of mixing of two neutrino states. Such an approximation often turns out
to be sufficient for analyzing the experimental data and obtaining the values of the
oscillation parameters from the measurement results. In this case, the PMNS matrix
becomes just an orthogonal rotation matrix on a plane with one real parameter, the mixing

angle 6:
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cosf  sinO )

Upmns = (— sinf cos@

(17)

For the transition probability P(va - vﬁ) formulas (11) and (12) are simplified to

. 5 _, (Am?L
Pyp(L, E) = sin® 26 sin 5 (a % B),
(18)
. . (Am?L
Py (L,E) = 1 — sin® 26 sin? 15 (a = p)

In practice, it is convenient to use a system of units in which the difference between
the squares of neutrino masses is measured in eV?, distance in meters, and neutrino energy
in MeV. Then (18) is transformed into

Pys (L, E) = sin® 20 sin® (1.27Am2 [eV?] Eﬁ{/i%) (a = B), )
P, (L, E) = 1 — sin? 20 sin? (1.27Am2 [eV?] E?l\[/lnel{/]) (a = B)

We note once again that this standard derivation of formulas for the probabilities of
neutrino transitions from one state to another was made on the assumption that all mass
neutrino states have the same definite momentum (7) and neutrinos move at a speed close
to the speed of light, then t = L (10). A more general derivation leading to the same results
can be found in [33,34].

Let's move on to simple conclusions that can be drawn by looking at the above
formulas:

1. Oscillations will not be observed if the neutrino masses are equal to zero, since in this
case Am?; = 0 = Pyp = §yp.
2. Total probability ¥z P, = 1. This is a consequence of the unitarity of the mixing

matrix Upyys- It also means that during oscillations the total number of neutrinos is
preserved, they only go from one type to another and back. That is, only the law of
conservation of L;, lepton numbers is violated, but the total lepton number is

conserved.
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3. Oscillations can be observed by detecting a-type neutrinos in the B-type neutrino flux

from the source, and the probability of such a process will be determined by formula

(11). Such experiments are called "appearance" experiments. Either one can observe

a change in the a-type neutrino flux and/or the a-type neutrino spectrum from the

source (or the difference between the flux from the expected value and the spectrum

from the calculated form), in which neutrinos of the same o type are born. Such
experiments are called "disappearance” experiments. The flux and shape of the

spectrum will be determined by the probability from (12).

At the moment, in various experiments with solar and atmospheric neutrinos, with
neutrinos produced at accelerators and in reactors, the effect of oscillations has been
reliably detected and almost all parameters determining the oscillations of the three types
of neutrinos known in the SM have been determined: Am2,, Am3,, 0;,, 8,3, 8,5 (the third
mass square difference parameter is not independent Am3, = Am%, + Am3,). 3 The

values of these parameters are taken from PDG [22] and are given in Table 2.

Table 2. Active neutrino oscillation parameters.

arameter| Sinz 812 9 ° Sinz 823 0 ° Sinz 813, 9 ° Am%l, Am:)z)z,
Hierarch 101 12, 1071 23 1072 13 1075 eV?| 107 3eV?
NO 3.047311 33.461581 5511028 47.9111 2141509 8.411518 7.341017 2.41915:935
10 3.03¥01%| 33.401387| 5.571017| 48.2%19| 2.18%5:08 | 8.491513 | 7.34%017| —2.478%0:933

However, the neutrino masses m;, remain unknown today. There are only different
upper estimates for the effective masses of various neutrinos, presented in (20) from [35]
for the effective electron neutrino mass and from [22] for the rest.

me’ < 0.8 eV, (90% CL),
m§t < 190 keV (90% CL), (20)

melf < 18.2 MeV (90% CL)

There is also a limit on the sum of the masses of all neutrinos thermalized in the

primordial plasma, which follows from the observations of astrophysical observations and
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the cosmological model ACDM Ym,, < (0.087 + 0.54)eV (95% CL) [22]. And as is clear

from the formulas given earlier, oscillation experiments cannot provide information about

the mass.
In addition, there are a few more open questions in the neutrino mixing model itself:

1. If the angle 6,5 is not exactly equal to 45°, awhich corresponds to the maximum
mixing, then it turns out to be uncertain in which octant it is 6,5 > 45° or 8,5 < 45°,
but to understand the nature of the neutrino mass, it is important to understand what
value is actually takes the mixing angle[36].

2. Mass hierarchy. It is possible to implement a model in which m; <m, <ms, ora
model with m; < m; <m,. The first scenario is called the direct or normal
hierarchy (NO in Table 2), the second is the reverse or inverse hierarchy (10 in Table
2). The measurement program of the JUNO neutrino observatory under construction
JUNO [37] also includes the determination of the neutrino mass hierarchy.

3. The value of the CP violation phase in the lepton sector §.p is unknown. The active
neutrino experiments T2K [32] and NOvA[38], as well as the large-scale projects
under preparation DUNE[39] and Hyper-Kamiokande[40] have an extensive research
program, including measurements of both the &.p, phases and neutrino mass
hierarchies, and accurate determination of the angle 6,5 and its octant..

4. Dirac or Majorana nature of neutrinos. Search for double neutrinoless beta decay. At
present, the best upper bound on the half-life of such a hypothetical process has been
obtained in the KamLand-ZEN [41] and GERDA [42] experiments and is
Ty}, > 2.3 X 102 years (90% CL) and Ty}, > 1.8 X 102 years (90% CL)
respectively.

5. Several experimental anomalies in oscillation experiments that do not fit into the 3-
neutrino mixing model, which were mentioned in the introduction, and which will be

discussed in more detail in the next section.
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1.3 Sterile neutrino. Anomalies

To date, anomalous results have been observed in various neutrino experiments,
which indicate a possible incompleteness of the description of the neutrino mixing
phenomenon, limited to three neutrinos. Moreover, the level of statistical significance of
these observations reaches 3-5c. The introduction of a sterile neutrino may be the
minimum expansion that will remove the observed contradictions. A sterile neutrino is a
fermion that does not interact with the SM gauge fields, but mixes with the three neutrinos

described in the SM. These three are usually called active.

1.3.1  Model 3+1

When deriving formulas (11) — (14) given in section 1.2, the assumption about the
number of mass and flavor neutrino states was not used anywhere. Therefore, these
formulas can easily be generalized to the case of the simplest extension of the mixing
model with three neutrinos to the "3 + 1" model with three active and one light sterile
neutrino.

To interpret the effects described below in terms of such an extended 3+1 model of
neutrino oscillations, we present here some formulas relating the mixing parameters.

The PMNS matrix becomes a 4x4 matrix and can already be parameterized with six

mixing angles and 3 complex phases of CP violation [43].

U U Uz Uy
UIS‘OJN13=U34U24U23U14U13U12= Ul; Ul; Ul; Ul; (21)
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cosf;, sinf;, 0 O cos 6,5 0 sinfze~%13
—sin @ cos @ 0 0 0 1 0 0
U — 12 12 , U — ] ,
12 0 0 1 0" | —singe%3 0  cosfy; O
0 0 0 1 0 0 0 1
1 0 0 0 cos 64 0 0 sinfy,e 0w
0 cosf sin 6 0 0 1 0 0
U5 =10 _sin 523 cos 922 o |/V1s= 0 0 1 0 (22)
0 0 0 1 —sinf;, e« 0 0 cos 6y,
1 0 0 0 1 0 0 0 _
U 0 1 0 0 v |0 cos ,, 0 sinf,,e %2
34710 0 «cosfy, sinf3, |”’°2%710 (U 1 0
0 0 —sinfs, cosbs, 0 —sinf,,e'd2e 0 cos 0,

In what follows, we will not be interested in the effects associated with CP violation,
and all dependences will be determined only by the squares of the moduli of the elements
of the mixing matrix. The elements of the mixing matrix, which determine the probabilities
of oscillations with a sterile state in the chosen parametrization, are given below.

|Ueal? = sin®(6,4)
|Upa|” = sin?(624) - c052(614) (23)
|Uz4]? = sin®(634) - c0s?(B,4) - c0s?(614)

The transition v, - v,, v, - v, and v, - v, probabilities under the assumption

my, >> my, 3 are then

Am?,L Am?2,L
Py, =1—4U,?(1 - |Ue4|2)sin2< 14 ) = 1 — sin? 26, sin2< 14 )

4E, 4E,
2 Am7,L : . Ami,L
Py, =1~ 4{U,4] ( |Upua )sm ( 4E,, ) =1—sin”*26,, 51n2< iE,, (24)

2 . (Am3,L _ _, [(Ami,L
Py, = 4Uesl?|Ups|” sin? < 4E, > = sin® 26, 51n2< iL,

Here we have introduced the following notation:

sin? 20,, = sin® 260, (25)
25
sin® 26, = 4 sin® 0,4 cos? 0,,(1 — sin® O,4 cos? H;4) ~ sin® 20,
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. 2 2 .2 2 1. .2
sin“ 26,,, = 4 sin“ 61, sin“ 6, cos 914zzsm 201, sin” 26,,

Assumption for sin® 26, is valid for small mixing angles 6,,. As can be seen from
formulas (24) and (25) it is possible to detect an electron neutrino in a muon flux not due
to direct oscillations v, — v,, but due to “second order” transitions v, — v; — v, through
a sterile neutrino. The possible detection of such an effect will be discussed in the next

section.

1.3.2  LSND experiment

The LSND (Liquid Scintillator Neutrino Detector) — an appearance experiment in
which electron antineutrinos are searched for in a muon flux, which appear due to
oscillations v, — v,. LSND detector is a cylinder filled with 167 tons of CH, mineral oil-
based liquid scintillator and has 1220 photomultiplier tubes (PMT).

The center of the detector is located 30 meters from the source V- The source of

neutrinos is a target on a proton beam with an energy of 798 MeV, in which ©-mesons.
Muon antineutrinos are born in the process of decays:
nt > ut+v,
(26)
pt—-et+v, +7v,

The detection of v, occurred in the IBD reaction with the registration of correlated
signals from e* and 2.2 MeV gamma-quantum from neutron capture on a proton n + p —
d+vy.

V. appearance channels in the v, flux and other background signals in the LSND
experiment were modeled in detail, and the expected spectrum under the assumption of the
absence of oscillations was calculated.

However, in the LSND experiment, it was found that the number of registered

electron antineutrinos in the muon antineutrino flux exceeded the expected value 87.9 +
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22.4 + 6.0 [23]. Comparison of the distributions of registered and expected events over

L/E,, shown in Figure 1 from [23].
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Figure 1. The L/E, distribution of registered v, events compared to the expected one. The

red line is the background spectrum, the green line is the expected spectrum of v, under the
assumption that there are no oscillations (the main source is the decay of u~ from the

decay of uncaptured 7 ~), the blue line is the expected spectrum with v, — v, oscillations.

1.3.3  MiniBooNE experiment

The MiniBooNE (Mini Booster Neutrino Experiment was created to independently
test the light sterile neutrino hypothesis explaining the anomalous result of LSND.
MiniBooNE is also an emergence experiment that was aimed at searching for signals from

electron neutrinos and antineutrinos in the v, and v, fluxes respectively. But the

experiment was carried out at a different distance and in a different energy range compared
to LSND.
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In addition to decays (26) m~ and u~ decays were also sources of neutrinos in
MiniBooNE.
T Uty
] (27)
u e +v,+ty,

m-mesons were produced in a beryllium target during interaction with a beam of
protons with an energy of 8 GeV. Also, in contrast to LSND, pions decayed in flight to a
stop, and by focusing 7*or 7~ in the desired region of the channel with a magnetic field, it
was possible to create either a v, beam or v, beam respectively.

The spherical detector, filled with 818 tons of mineral oil and having 1520 PMTs
(1280 for the internal volume and 240 for the active shielding system), was located 541
meters from the beryllium target. v, and v, with an energy of 0.2 — 1.5 GeV were recorded
as single signals from the quasi-elastic scattering process, which produces both scintillation
flashes and Cherenkov radiation. That is, the range of L/E, phase values in the
MiniBooNE experiment was within 0.2 + 2 and, thus, completely overlapped the L/E,
range in LSND (0.4 + 1.3). A certain amount of v, (v, ) appeared in the beam v, (v,) due
to decays of kaons in the target and muons decaying in the channel before stopping and
absorption. The spectrum of such events and other background signals was calculated or
estimated using additional measurements, including the SciBooNE detector, which was
located on the same beam closer to the target.

As a result of a long data set at 18.75 x 10%° protons on the target in the v, mode
and 11.27 x 10%° protons on the target in the v, mode, a significant excess of the number
of both v,-events and the number of signals from v, over expected values. In total,
638.0 + 52.1(stat.) + 122.2(syst.) [24] events were registered in excess of the expected
value in the energy range 200 < E,, < 1250 MeV. The statistical significance of this result

Is 4.80. The statistical significance of this result is v, and v, are shown in Figure 2 [24,44].
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Figure 2. Energy spectra expected and observed in MiniBooNE in quasi-elastic processes
in the antineutrino (left) and neutrino (right) beam mode.

The results of LSND and MiniBooNE are in good agreement with each other, and the
joint confidence level of the observed excess of the number of neutrino events in both
experiments is 6.1c (obtained by simple quadratic addition, since the experiments have
different energy and distance ranges, different systematics, etc.). Comparison of the results
of the LSND and MiniBooNE experiments are shown in the Figure 3.
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Figure 3. Comparison of the dependence of the occurrence probabilityv,(v,) on L/E, in
the MiniBooNE and LSND experiments.
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However, in experiments carried out under other conditions, OPERA [45] and
KARMEN?2 [46], when searching for the oscillations v, - v, and v, — V., respectively,
no effect similar to the results of LSND and MiniBooNE was found, although it remains
possible to reconcile the data of all four experiments. Also, a joint analysis of the results of

experiments on the disappearance of v, and v, made it possible to make restrictions on the
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parameters of oscillations to the sterile state, which quite strongly contradict the values that

are allowed by these two experiments to appear [47].

However, direct experimental verification is needed to finally confirm or refute the
effect observed in LSND and MiniBooNE. At the moment, data is being collected in the
MicroBooNE experiment, which, thanks to the ability of the new detector to recognize
particles in registered events, should provide more information about the origin of the
excess number of registered v, (v,) detected in LSND and MiniBooNE. Preliminary data
published by the collaboration do not yet confirm the results of LSND and MiniBooNE,
but the statistical significance is not yet sufficient. In addition, other experiments are being
prepared both at FermilLab, for example, the ICARUS experiment [48], and at other
accelerator complexes, for example, the JSNS experiment [49] at J-PARC.

If the effect observed in LSND and MiniBooNE is indeed caused by oscillations, then
it cannot be described within the mixing model with three neutrinos, so the results of these
experiments can be considered as an indication of the incompleteness of such a description
and suggest the existence of a fourth sterile neutrino state with a mass of ~1 eV. Then, as
was said earlier in Section 1.3.1, the appearance of v, is due to oscillations through the
sterile neutrino v, — vs = v,.

Another experiment related to the observation of muon neutrinos, but the source of
which is the Earth's atmosphere, also has some, but statistically significantly less
significant, indications of the disappearance of muon neutrinos from the flux due to

oscillations into a sterile state.

1.3.4 IceCube

The IceCube neutrino observatory [50] detects high-energy neutrinos of cosmic origin
outside the solar system. But besides this, by analyzing the spectra of atmospheric muon

neutrinos that have passed through the Earth and registered by a neutrino telescope, one
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can look for indications of oscillations of muon neutrinos into the sterile. At present, the

statistical significance of such an observation is ~90% [31].

1.3.5  Gallium anomaly

Another indication of the possible existence of an eV sterile neutrino is the so-called
gallium anomaly, the result of the calibration of gallium solar neutrino detectors in the
GALLEX (Gallium Experiment) and SAGE (Soviet American Gallium Experiment)
experiments using highly active sources based on ®'Cr and 3’ Ar isotopes.

The GALLEX and SAGE experiments were aimed at measuring the solar neutrino
flux by the radiochemical method. Electron neutrinos produced in thermonuclear processes

on the Sun are registered in the gallium target of detectors in the reaction:
Ve + "'Ga > "'Ge + e~ (28)

The germanium produced during exposure is subsequently extracted from the target
by a chemical method, and the integral neutrino flux is estimated from the number of
formed 71Ge atoms. The threshold of reaction (28) is rather low, 0.233 MeV, which makes
it possible to detect neutrinos from the pp reactionp +p » *H +e™ +v,.

Using the fabricated sources of 51Cr and 37Ar, it was supposed to evaluate the
efficiency of the detector for a more reliable estimate of the solar neutrino flux. The >!Cr
and *’Ar isotopes are sources of monochromatic neutrinos produced in the process of
electron capture. The expected flux of detected v,from the source was estimated from its
activity and the calculated value of the reaction cross section (28). In both experiments,
similar results were independently obtained: the measured flow turned out to be less than
expected by 12 + 15 % [51], depending on the calculated value of the cross section (28).

The reliability of this joint observation was 2.3-3.0c according to various estimates [52].
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The BEST experiment, also based on the radiochemical method of detecting neutrinos

from an intense 51Cr source, confirmed the existence of the gallium anomaly [53]. The
gallium detector was divided into two independent volumes, internal and external.
Extraction of accumulated germanium from each volume was also carried out
independently. A source was placed in the center of the internal volume. The expected flux
was estimated from the activity of the source measured by the calorimetric method. As a
result, a deficit of neutrinos (21 + 5)% and (23 + 5)% respectively, was recorded in the
internal and external volumes, which is in full agreement with the results of the GALLEX
and SAGE experiments. A comparison of the ratio R = r™e4S /rPred of the measured flux

to the predicted value for all three experiments is shown in Figure 4 [53].
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Figure 4. Comparison of the ratios of the measured neutrino flux from the source to the
predicted one obtained in the GALLEX, SAGE and BEST experiments.

An extended mixing model with one light sterile neutrino with a mass of ~1 eV and,

accordingly, Am?, ~ 1 eV2 can also explain this anomaly.

1.3.6  Reactor antineutrino anomaly

The reactor antineutrino anomaly also fits into such an extended 3 + 1 model of

neutrino oscillations at a confidence level of ~3c.
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As a result of new calculations proposed by the group of T. Muller [27] and

independently by P. Huber [28] the Huber-Mdller model), the updating of the isotope
databases, the results of measurements of the beta spectra of 22°*Pu and 2*°U were taken into
account, and the method of "effective™ beta-decay branches was used, another estimate was
obtained for the flux and spectrum of reactor antineutrinos. The approach of P. Huber and
the group of T. Mdller differed but led to the same result. The calculations indicated the
need to revise the results of 21 experiments with short baseline reactor antineutrinos (the
distances between the center of the reactor core and the center of the detector were ~10 —
100m). In these experiments, carried out at different times, by different research teams at

different reactors, the ratios of the observed antineutrino flux from the reactor F,, to the

expected Fo,, R = Fobs

. The values of expected flows obtained using new calculations

exp

gave new values of R for each experiment. Figure 5 from [29] shows the experimental
points with updated expected fluxes. The ratio value averaged over all experiments became
R = 0.943 + 0.023[29]. Subsequently, this ratio was given different estimates [54] within
a deficit of ~6% and a significance of 3c. That is, at distances of 10 - 100 m from the
source, there is a deficit of reactor antineutrinos ~6%, which could be explained by the
"disappearance" of antineutrinos from the flow through oscillations into a sterile state

described by formula (19), with the parameter Am2, ~ 1 eV2.
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198
In the Daya Bay, RENO and Double Chooz reactor experiments, together with the

measurement of the mixing angle 6,5 , the near detectors measured the flux and spectrum
of antineutrinos at distances of ~300-500m. Comparison of the measurement results with
the expected values calculated using the Huber-Muller model also showed a deficit of
reactor antineutrinos: in  Daya Bay (0.952+0.014 +0.023)[55], in RENO
(0.941+0.015)[56] and in Double Chooz (0.925+0.002stat)£0.010(exp)£0.023(moden)[57]. In
addition, an analysis was also made of the change in the spectrum of reactor v, with time
in Daya Bay [58] and RENO [59]. Due to the change in the composition of the fuel during
the operating cycle of the reactor, it is possible to isolate the spectrum v, from each of the
four isotopes that make up the fuel (>*U, 2°Pu, 28U and *'Pu). There are some indications
in the results of the analysis that only one #°U isotope is the cause of the deficiency, and
not all four, as would be the case in the case of oscillations. However, taking into account
some branches of beta decay, in general, the result of such an analysis is quite compatible
[60] with the total deficit of the flux from all 4 isotopes in the fuel composition.

However, there are other experimental effects found with a high level of confidence
that point to problems in the Huber-Muller model. Thus, in the already mentioned Daya
Bay [61], RENO [62] and Double Chooz[63], experiments, as well as in a number of other
NEQOS [64], STEREO and PROSPECT[65] experiments in the 6 MeV antineutrino energy
region (the energy released in the detector ~5 MeV, so this problem is sometimes called
the 5 MeV bump), there is a significant discrepancy between the spectrum calculated using
the Huber-Muller model and the observed one. The significance of this effect is greater
than 5 standard deviations.

In addition, due to the updating of the isotope databases, new models for calculating
the spectra of reactor antineutrinos were proposed by considering previously unaccounted
for corrections. New measurements of the ratio of the cumulative beta spectra of 2*U and
239pu were also performed [66]. The results of these measurements disagree with the results

obtained in ILL, which played an important role in the calculations in the Huber-Muller
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model. Thus, according to these data, the RAA deficiency practically disappears

0.971 + 0.021[67].

New calculations in the prediction of the neutrino flux and the shape of the spectrum
give opposite results. In one case [68] the neutrino deficit decreases, but the discrepancy
between the experimental and theoretical spectra in the 6 MeV region increases. In the
other case [69], on the contrary, with a better match of the spectra, the deficit of the entire
flux increases to 0.0785:925 [67]. This situation is described in more detail in review [67].

From all of the above, we can conclude that the most reliable and reliable way to
search for oscillations is the method of relative measurements, which will be discussed in

the next chapter.
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Chapter 2. Preparation of the Neutrino-4 experiment

In the previous section, the results of some experiments were presented that can be
considered as indications of the existence of a sterile neutrino. An analysis of these results
from the point of view of the model of neutrino oscillations with one sterile state shows
that the observed anomalies can be explained if the squared mass difference parameter is of
the order of Am2~1 eV?, that is, we are talking about a relatively light fourth mass state
my~ 1 eV. In this chapter, we will consider in more detail the technique of the extinction
experiment, with the help of which a model-independent test of this hypothesis is possible.

Let us immediately note that the difference in the value of the parameter Am? for the
observed oscillations of active neutrinos and the assumed oscillation to the sterile state is
3-5 orders of magnitude. Due to this, we can assume that the influence of the known
mixing parameters will be negligible, since the period of such oscillations is much larger
than that determined by the value Am2,~1eV? for the energy range up to 10 MeV.

conditions, one of which is sterile.

2.1 Method of relative measurements

In Section 1.2 , it was shown that the probability of detecting neutrinos v, depends on
the energy E, and the distance L between the point of production and the point of
interaction v,. Thus, v, flux with energy E varies with distance from a point source varies
with distance F(E,L) = N X Py, (L, E; Am?,sin? 28) x L2, where is the number of
neutrinos emitted by the source with energy E, taking into account the corresponding
interaction cross section and detection efficiency, P,, (L, E) is the probability described by
formula (19), and the factor L=2 is due to the decrease in the solid angle with distance at a

constant area.
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The method of relative measurements consists in comparing the values measured

under different conditions, due to which comparison with the values obtained as a result of
calculations is excluded from the analysis of experimental data. Thus, by measuring the

flux with the same detector at K points at distances L;,i = 1 ... K it is possible to normalize

the observed values F°PS(E, L,) to the average flux over all distances K=Y, F°*S(E, L,).

obs .
Then, the resulting ratios RPPS = K_1FZ-FE)L1?)'SL£;-L_)

must be compared with the expected

dependence:

F®XP(E,L;) _ 1-sin?26 sin?(1.27Am?L/E)

exp 2 cin? — —
R (L|Am , SN 20) K~1¥,FeXP(E,L;)  (1-sin226 sin2(1.27Am2L/E));’ (29)

which no longer depends on estimates of the source intensity, interaction cross section, and
efficiency, but is determined only by the oscillation parameters sin? 20 and Am?2. ( ), is
distance averaging. Comparing, for example, using the function y?, a set of experimental
points RPPS with curves that are determined by (29) at different values of the parameters, it
is possible to obtain estimates for the values of sin?26 and Am? by one or another
statistical method of analysis.

Considering the finite dimensions of the neutrino source and detector, formula (29)

takes the form:

de dVg [, dVs(1 — sin? 20 sin®(1.27Am? |7, — 74| /E)

R®*P(L|Am?,sin? 20) = (30)

(de dv, st dV,(1 — sin2 20 sin2(1.27Amz2|#, — 74| /E)),

In this case, L is the distance between the centers of the source and the detector. Of
course, integration over the volume of a periodic function will lead to averaging and
smoothing of the dependence of R®*P on distance, especially for large values of Am?,
which leads to a “degeneracy” of the oscillation amplitude determined by sin? 20 -
different values of the parameter sin? 28 will correspond to curves that are little different
from each other in terms of comparison with experimental values, which have a certain

statistical accuracy. That is, for different values of sin? 26 close values of y2 will be
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obtained. Thus, the dimensions of the source and detector comparable to the length of the

oscillations for a given Am?can significantly reduce the sensitivity of the experiment.

Until now, the neutrino spectrum of the source has not been considered. If there is a
spectral dependence, the situation becomes more complicated, since it is also necessary to
take into account the resolution of the detector, but even with a good resolution, as will be
clearly shown further on the example of reactors, the sensitivity also decreases with
distance from the source.

As was shown in Section 1.3 artificial isotopes emitting v, can serve as a source of
neutrinos for extinction experiments to study oscillations to a sterile state. Advantages of
specially designed neutrino isotope sources: small size, well-known spectrum, possibility
of accurate intensity measurement (~1%). In addition, such a source can be placed inside
the detector, thus achieving the maximum possible approximation. Having a positionally
sensitive detector capable of reconstructing the site of neutrino interaction with sufficient
accuracy, it is possible to carry out relative measurements. However, even the most highly
active sources (~1MKi) that are currently available require significant efforts associated
with the creation of a large-volume detector and low background levels in order to register
an acceptable number of neutrino events for a reliable determination of the oscillation
parameters. Along with the need to create special conditions for working with sources of
such high activity, this approach is associated with great technical difficulties.

Nuclear reactors as sources of antineutrinos are among the most convenient tools for
conducting all kinds of neutrino research. Thanks to the intensive use of atomic energy, a
large number of reactors have been built, which have been and continue to be used in
neutrino research. The high intensity (~2 - 1017%, - s~ per 1 MW of thermal power) of
the antineutrino flux, which the reactor can provide, partly compensates for the smallness
of the neutrino interaction cross section. This makes it possible to use detectors of a
relatively small volume for studying the properties of neutrinos. As noted above, it was the

antineutrino from the reactor that was first experimentally discovered, and subsequently
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other reactor experiments (primarily at industrial reactors of nuclear power plants) made it

possible to confirm the oscillation hypothesis and determine the mixing parameters.

However, the reactor is a source of antineutrinos with a continuous spectrum that
extends up to ~10 MeV. In this case, it IS necessary to measure the spectrum v, at different
distances S(E, L;), because due to the energy dependence of the oscillation probability, the
shape of the spectrum at different distances will be different. An example of such a
"deformation” of the spectrum is shown in Figure 6 on the left, which shows the
antineutrino spectrum of a 2®U point source folded with the function of the IBD reaction
cross section, which registers antineutrinos, and the same spectrum under the assumption
of oscillations to a sterile state with parameters Am2, = 5 eV? and sin? 26,, = 0.30,
which could be observed at a distance L = 10 m. Both spectra are normalized to unity for
shape comparison.

Thus, in order to carry out a model-independent analysis, it is necessary to compare
the observed dependence of R on distance with the predicted dependence, which, taking
into account the continuous spectrum S(E, L;), will be determined by formula (31). Such a
comparison also makes it possible to estimate the magnitude of the oscillation parameters.

Jg fF(E-E")dE' fvd dvg fvs dVsS(E',L)(1—-sin? 20 sin? (1.27Am?2|#—74|/E")

Re*P(E, L|Am?,sin? 20) = (31)

(J[g F(E-E")dE’ de dvg fvs dVsS(E',L)(1-sin2 20 sin2(1.27Am2|#—7ql/EN)L
In formula (31) integration over energy with the detector response function, which is

determined by its energy resolution fB f(E — E")dE', takes into account the finite

resolution of the detector. In a detector with an energy resolution of ~5% at an energy of
1 MeV, taking into account the statistical accuracy (corresponds to 10° registered neutrino
events at zero background), equally normalized spectra from a #°U point source at 10
meters with oscillations at Am2?, = 5 eV? and sin? 26,, = 0.30 and without oscillations
will have the form shown in Figure 6 on the right. Figure 6 (at the bottom) shows the ratio

of these spectra. The points are connected by a smooth line for convenience.



204
The parameter sin? 26,,, as noted earlier, determines the maximum amplitude of the

oscillations and the total deficit of the total flux, since the energy integration of the
function S(E) - sin® 1.27Am?L/E at Am?~1eV? leads to a fairly fast decay of the distance
dependence, which tends asymptotically to a constant ~1/2. Then the flow deficit, starting
from some distance, is defined as 1/2 sin? 26,,. The distance dependence of the ratio of
the total flux for the considered oscillation parameters to the flux without oscillations for a
point source and a detector with a resolution of 5% is shown in Figure 7.
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Figure 6. On the left - comparison of antineutrino spectra at a distance of 10 meters from a
point source of 235U in the absence of oscillations (blue line) and with oscillations with
parameters Am?, = 5 eV? and sin? 26,, = 0.30; on the right, the same spectra, taking into
account the detector resolution of ~5% per 1 MeV and the statistical accuracy of 106
recorded events; below, the ratio of these spectra.
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Figure 7. Dependence of the antineutrino flux ratio on a 235U point source in the presence
of oscillations with parameters Am?, = 5eV? and sin?26,, = 0.30 and without
oscillations.

In this case, the value of the parameter sin? 26,, = 0.30 chosen for demonstration is

quite large, although it is quite consistent with the GA. As can be seen from the figures, the
effect of oscillations with such parameters noticeably affects the shape of the spectrum.
However, from Figure 8, which shows the same ratio of the normalized spectra, it is clear
that with an increase in the observation distance to 40 meters, the difference in the shape of
the spectra in the presence and absence of oscillations decreases significantly (although the

integral neutrino deficit remains).
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Figure 8. The ratio of the antineutrino spectra at 40 meters from a 235U point source in the
absence of oscillations (blue line) and for oscillations with parameters Am#%, = 5 eV? and
Sin2 2014 - 030



206
If we take into account the size of the core, then with a diameter typical for the cores

of industrial reactors ~ 3 m, a reliable observation, taking into account the statistical
accuracy of the difference in the shape of the spectrum in the presence of oscillations to a
sterile state with the parameters Am?, = 5 eV? and sin? 26,, = 0.30 becomes practically

impossible even at a relatively close distance of ~10m, which is clearly shown in Figure 9.

oscillation/without oscillation at 40m from U-235 3m source. A = 5.0 eV*, sin’20 = 0.30 oscillation/without ascillation at 10m from U-235 3m source. Am® = 5.0 eV?, sin"28 = 0.30

ratio, arb. units
o
ratio, arb. units
T

l
;
;

09 0al—

08 0.8

2 3 4 I 5 ‘ 6‘ “‘B‘EVr‘IM;V ”'2' H:BHII4 I ‘5‘H 6 II?HHSEWMGV
Figure 9. On the left is the ratio of antineutrino spectra at 40 meters from a 235U source
with a diameter of 3m in the absence of oscillations (blue line) and with oscillations with

parameters Am?, = 5 eV? and sin? 26,, = 0.30; on the right - the same at 10 meters.

From such a simple simulation, we can conclude that the observation of fast
oscillations is possible at close distances from a small intense neutrino source. And the
smaller the source, the greater the values of Am?%, will be the sensitivity of the experiment,
since when the size of the source is comparable to the oscillation period, which is
determined by Am?,, the effect is significantly weakened. The optimal distance is
determined by the energy range of the neutrino source. Thus, in the already mentioned
reactor experiments Daya Bay [70], RENO[71], in which the observation is carried out at a
considerable distance (550 and 1600 meters in Daya Bay and 294 and 1383 meters in
RENO), the sensitivity to the parameter AmZ, is limited by the value ~0.3-0.5eV?. In the
DANSS [72] and NEOS [71], experiments, in which the detectors measure the spectra at
distances of 10.9 — 12.9m and 24m from the nuclear power plant reactor, respectively, the

sensitivity for Am?, > 5 eV? noticeably decreases. Under such conditions, one of the
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optimal sources for observing neutrino oscillations to a sterile state is a research reactor.

The compactness of the core of such reactors at a relatively high power creates conditions
for measuring the antineutrino spectrum at a relatively small distance from the source, the
dimensions of which will not have a significant effect on observation. However, carrying
out measurements with antineutrinos at a short distance from a research reactor is
associated with great difficulties, primarily due to the need for observation in a laboratory
on the Earth's surface under the influence of both the reactor itself and a significant
background associated with cosmic radiation.

In Chapter 4 a procedure based on formula (31) for searching for oscillation
parameters from experimental data will be described in more detail. Here we briefly
consider how to obtain the data necessary for such an analysis.

Based on what was said earlier, the task is reduced to registering a neutrino signal,
determining where the corresponding interaction occurred, and measuring the energy of the
neutrino. By registration, we mean the selection of an event related specifically to the
interaction of a neutrino with the substance of the detector among other signals, since the
cross section for the interaction of neutrinos is extremely small, even despite the large flux
from the reactor, the number of registered signals associated with neutrinos is small
compared to the background on the Earth's surface.

Registration of neutrinos in our detector occurs through the already mentioned
reaction of inverse beta decay v, + p » n+e™. A liquid organic scintillator with the
addition of gadolinium is used as a target. The use of a liquid scintillator makes it possible
to achieve target volumes sufficient for detecting neutrinos in the required amount. When
an antineutrino interacts with a target proton, a positron and a neutron are born. After
slowing down, the positron annihilates with the target electron, as a result of which two
gamma rays with an energy of 511 keV are born, which scatter in opposite directions. The
scintillation caused by the positron and gamma rays is recorded by the photomultiplier as
one signal. The amplitude and charge of this signal can be used to determine the energy of

the positron. The neutron produced in the IBD reaction is thermalized within ~5 pus and is
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captured by the gadolinium nucleus. The time of this capture is determined by the

concentration of gadolinium and is ~10°s. The gadolinium nucleus instantaneously
(~10'2s) emits 3—4 gamma quanta, which are also registered by the PMT by scintillation as
one signal. Thus, when detecting neutrinos, two time-correlated signals are observed: a
prompt signal from a positron and annihilation gamma-rays and a delayed signal from
gamma-rays from the reaction Gd(n,y). The characteristic time between signals depends
only on the concentration of gadolinium. Such a correlation of signals over time makes it
possible to single out an event associated with IBD reactions among the majority of single
uncorrelated signals that make up the main background. In addition, the energy of the
antineutrino can also be restored from the energy of the positron, which is determined from

the law of conservation of energy as Ey = E + + 1.81 MeV = Ej,,.opme + (1.81 — 2
0.511)MeV = Ej,,.ompe + 0.78 MeV, where E + is the positron energy, E, opm: IS the

energy of the prompt signal from the positron seen in the detector, and annihilation gamma
rays from 511 keV. Strictly speaking, part of the neutrino energy goes into the Kkinetic
energy of the proton, but this effect can be neglected. The scheme of registration of
antineutrinos through the IBD reaction is shown in Figure 10 on the left.

However, among the selected pairs of signals, for which the difference in the
registration time differs within the neutron capture time, it remains possible to accidentally
coincide with two unrelated signals, which are also separated in time within the same
limits. Such pairs of signals form a background of accidental coincidences. This
background is determined by the total load of the detector, due to the natural radioactivity
of the materials of the detector itself and materials around, cosmic radiation, as well as
background radiation, one way or another associated with the operation of the reactor. To
suppress this background, passive and active shielding are used, which will be discussed in
the following sections. In addition to loading, the accidental coincidence background level
depends linearly on the time interval in which the correlated signal must fall. This time is
determined by the reaction that makes it possible to detect a thermal neutron. In the case of

using the p(n,y)d reaction of neutron capture on a proton with the formation of a
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deuterium nucleus and the emission of a subsequently detected gamma-ray quantum with
an energy of 2.2 MeV, such a time can be ~10s, which is an order of magnitude higher
compared to using gadolinium as an absorbent. It is precisely because of the large thermal
neutron capture cross section that compounds with gadolinium are often used as additives
in the scintillator of neutrino detectors, which can significantly reduce the time between the
prompt and delayed signal. However, since gadolinium is a heavy metal, a high
concentration of its compounds can lead to instability of the scintillator and precipitation of
gadolinium.

In addition to the background of accidental coincidences, there is also a correlated
background. The correlated background signals are also associated with the Gd(n,y)
reaction, therefore they are also separated by the time interval between the neutron entering
the detector and its capture by the gadolinium nucleus, and the initial event that causes
both signals is not associated with a neutrino. Fast neutrons are the main source of the
correlated background. When a fast neutron enters the detector, it slows down through
elastic scattering on the target protons, as a result of which the recoil proton causes
scintillation, which gives the first prompt signal. The thermalized neutron, as in the case of
the IBD reaction, is absorbed, which gives a delayed signal. The scheme for registering a
correlated event from a fast neutron is shown in Figure 10 on the right.

The origin of fast neutrons is due both to the background of cosmic radiation and to
the operation of the reactor. More details about measurements of the background of fast
neutrons and its suppression will be presented in Sections 2.4 — 2.6.

Let's move on to a description of the detector and its systems, which allow relative
measurements of the spectrum of reactor antineutrinos at different distances: how neutrinos
are detected, their energy is measured, and the interaction site is determined, and by what
methods the background of accidental coincidences and the correlated background is

suppressed.
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Figure 10. On the left is a diagram of the process of registering antineutrinos through the
IBD reaction; on the right - a diagram of the event of a correlated background from the
successive interaction of a fast neutron with the nuclei of hydrogen and gadolinium atoms.

2.2 Description of the detector

The following systems can be distinguished in the Neutrino-4 facility:

* Reactor antineutrino detector. VVolume divided into sections and filled with liquid
scintillator.

»  Passive shielding. Serves for protection against neutron and gamma background.

» Active shielding (AS). The digitized AS signals are recorded in separate channels and
are used in subsequent data processing to distinguish detector signals that are not
related to cosmic radiation.

*  Detector movement system. The detector moves inside the passive shielding on a rail.

* High voltage distribution system. The system allows you to set an individual high
voltage for each PMT or active shielding element and monitor its stability.

»  Data acquisition system. The signal from each PMT or active shielding element that
exceeds the set threshold is digitized and recorded on the computer along with the
registration time.

The scheme of the Neutrino-4 installation is shown in the Figure 11.
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Figure 11. General scheme of an experimental setup. 1 — detector of reactor antineutrino,
2 — internal active shielding, 3 — external active shielding (umbrella), 4 — steel and lead
passive shielding, 5 — borated polyethylene passive shielding, 6 — moveable platform, 7 —
feed screw, 8 — step motor, 9 —shielding against fast neutrons made of iron shot.

Detector (1 on Figure 11) is an aluminum tank with dimensions of 245x133x124 cm?®
with a lid, divided into equal sections by a mirror assembly and filled with a liquid
scintillator.

The basis for the scintillator was linear alkyl benzene (LAB). This compound has a
high flash point, low reactivity, good light output, and is available for production in large
quantities. Since gadolinium is used for neutron capture, an important advantage of LAB is
the stability of its mixture with gadolinium compounds. The use of a gadolinium
concentration of 0.1% makes it possible to maintain the stability of the scintillator and
achieve a short thermal neutron capture time of ~31 ps. To achieve the required emission
and absorption spectra, 2,5-diphenyloxazole (PPO) at a concentration of 3 g/l and 1,4-
bis(2-methylsteryl) benzene (bis-MSB) at a concentration of 15 mg/l were also added to
the scintillator. The light output of the final scintillator is 50% of the light output of
anthracene. This scintillator was made by the Daya Bay Collaboration for their experiment
and 3m3 were sold by Prof. Jun Cao for the Neutrino-4 experiment. Details about the
production process and the study of the properties of this scintillator are described in [73].

Also, in [74] various options for the composition of a LAB-based scintillator are
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considered. The emission spectrum of this scintillator when it is irradiated with light with a

wavelength of 260 nm, taken from [73], is demonstrated in Figurel2.
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Figure 12. The emission spectrum of a gadolinium-doped scintillator from the Daya Bay
collaboration [73] upon irradiation at a wavelength of 260 nm.

The already mentioned properties of the stability of the gadolinium concentration
were tested for 500 days. The result of the check is shown in Figure 13 on the left, the
same figure on the right shows the stability of the optical properties of the scintillator. As
can be seen from the figure, the scintillator retains its properties for a long time.
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Figure 13. On the left, the concentration of gadolinium in the Daya Bay scintillator as a
function of time; on the right is the time dependence of the optical absorption of the Daya

Bay scintillator at a wavelength of 430 nm. Figures are taken from [73].

The disadvantages of this scintillator include weakly expressed properties of pulse

shape discrimination. In [75] there is some difference in the shape of the signals from
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heavy and light particles for a scintillator of similar composition (also based on LAB and

the addition of PPO and bis-MSB, but without gadolinium), but in [76] it is shown that this
difference is sufficient weak compared to the NE-213 scintillator..

The detector is divided by a solid horizontal mirror plane on both sides into two
unequal parts that are not optically connected to each other. The lower volume (denoted as
2 from the bottom in Figure 11) 170 mm high is divided along the long side of the tank by
a mirrored wall on both sides into two equal parts filled with the same scintillator. At the
ends of the lower volume, transparent plexiglass portholes are made, PMT-49B are glued
to them with the help of silicone oil, which are attached to the supporting structure. Two
PMTs on each side look at each part of the lower volume. Both parts of the lower volume
are optically unrelated and act as active shielding.

The upper volume of the detector (1 in Figurell) is divided by a special assembly into
50 (10 rows of 5 sections, the first row is closest to the reactor) identical vertical sections
with dimensions of 0.225x0.225x0.75m3. On top of each section, a PMT Enterprise 9354
or Hamamatsu 5912 PMT is installed (in the first three rows and in the other seven,
respectively). These PMT models are almost identical in their characteristics. The sections
are filled with a scintillator to a height of 0.70 m. A layer of air remains between the
scintillator and the PMT to equalize the light collection, which will be discussed in more
detail in Chapter 3. All, both the inner and outer walls of the separating assembly are
mirrored, made of aluminum-coated plexiglass. Thus, each section is a "well" with a
mirrored bottom and walls, into which the PMT looks without immersion. The total
volume of the scintillator in the upper part of the detector is 1.8 m3. The upper volume is
intended for registration of antineutrinos. The division into sections makes it possible to
determine, up to the size of the section, the place where the interaction of the antineutrino
with the proton took place. In addition, sectioning provides additional criteria for selecting
neutrino events according to the spatial distribution of signals characteristic of the IBD
reaction, thereby suppressing the correlated background and the background of accidental

coincidences during data processing. The first and last row of the detector is used as a
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passive shield against fast neutrons and as a gamma catcher for annihilation gamma

quanta. Thus, the volume of the scintillator used for measurements is 1.42 m®,

The detector is located on a cart (6 in Figure 11), that moves along the rails with the
help of a drive system. In the original version, the movement of the cart was carried out
through the rotation of the stepper motor (8 in Figure 11) of the screw (7 in the same
figure) of the ball screw, the nut of which was fixed to the cart. Subsequently, this system
was replaced by a manual winch, which was installed in place of the stepper motor. The
position of the detector was monitored by a laser rangefinder installed in the same place.
The positioning accuracy is 0.5cm. For measurements, the detector is moved to different
positions at a distance that is a multiple of the section size. As a result, different sections
measure the antineutrino spectrum at the same distances from the reactor, except for the
edge positions at near and far distances.

The detector on the cart moves inside the passive shielding - the "house™ (4, 5 in
Figure 11). The shield surrounds the detector on all sides and consists of sheets of iron and
lead to protect against gamma radiation, which are mounted on blocks of borated
polyethylene, designed to suppress the background of thermal and fast neutrons. Cast-iron
shot (9 in Figure 11) was placed between the house and the wall closest to the reactor as
additional protection against background radiation from the reactor. The total weight of
passive shielding (without shot) is 60 tons.

The active shielding of the detector consists of external (3 in Figure 11) and internal
(2 in Figure 11) parts in relation to passive shielding. External protection detectors -
"umbrella” are assembled from blocks of plastic scintillator with dimensions
50x50x12 cm?®, 3 or 4 blocks in a row per one module. The blocks are glued end-to-end
with silicone optical grease, and each module is wrapped in mylar and an opaque black
film. Two PMT-49s are attached to the ends of the module with optical contact on each
side. Six long and six short modules are mounted on two interlocked frames on wheels,
which move inside the channels laid on the roof with the help of a manual winch. The

umbrella moves separately from the detector, but in concert with the preservation of their
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symmetrical relative position in any position of the detector. The internal core consists of

the lower part, which was mentioned earlier, and the upper one, which is like an umbrella,
with the only difference that the three modules of the inner core are made up of five blocks
(the middle module is assembled from 50x30x12cm? blocks), located on the detector cover
and move with it. Active shielding operates according to the anti-coincidence scheme -
with simultaneous (or with a set time delay) registration of signals in any of the AS
modules and in the detector section, the signal in the detector is discarded. Such a system
makes it possible to suppress the muon background of cosmic radiation and partially
reduce the natural correlated background of fast neutrons associated with the interaction of
high-energy muons with the nuclei of the elements of the detector itself and the materials
surrounding it, in which fast neutrons appear.

High-voltage power supply for all detector’s and active shielding’s photomultipliers is
provided through the high-voltage distribution system. The system consists of a high-
voltage source, the voltage from which is supplied to a 50-channel distributor. From the
distributor, the high voltage is distributed individually to each PMT. Management and
control over the stability of the voltage set through the distributor is carried out from a
computer to which the distributor is connected via an interface PCI card. This high voltage
distribution system allows the gain of each photomultiplier to be individually adjusted and
kept stable, making it possible to set all sections of the neutrino detector and active
shielding modules in the same way. This system was developed in the WEM HEEP PNPI,
its characteristics are presented in the Table 3.

Table 3. Characteristics of the high voltage distribution system.

Characteristic Value

Voltage regulation 0...1500 V; 0.1%
Maximum current 0.5 mA

Current monitoring 0.1%

Voltage monitoring 0.1%

Stability (for 24 hours) 0.1%
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To organize the power supply of the dynodes of all PMTs, active dividers are used,

which were also developed in the RED HEPD PNPI. The use of active dividers makes it
possible to achieve low current consumption and independence of the voltage on the
dynodes from loading the PMT with signals.

To register and read signals from the detector, the CROS-3N system with time and
amplitude processing of input information was developed at the RED HEPD PNPI. System
was built using modern analog-to-digital converters, programmable FPGA logic and
economical reading of information using high-speed serial data transmission, including a
duplex optical channel. The structure of the CROS-3N system is shown in Figure 14. The
system consists of three functional parts: front-end electronics (ASF48 module - digitizer),
which performs amplitude-digital and time-digital primary data processing, formatting,
buffering and reading electronics (CCB16 module - concentrator), as well as data

accumulation electronics in the system buffer (module CBS-B).

Computer
i PCl bus
CBS-B
I Optical channel
CCB16
Serial link
Signals / \ Signals
—3 ASF48 |  ------ ASF48 [——
—_—) —

Figure 14. Structure of the CROS-3N system

ASF48 modules are located on the detector and contain 48 channels of primary
information processing. The detector signals are fed to the inputs of the amplitude-to-

digital (ADC) and time-to-digital (TDC) conversion. The two parallel streams are then
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formatted into a single block for subsequent reading via a serial link. The internal

programmable logic of the ASF48 module sets the time window during which the ADC
and TDC of input data transformations are sampled. A simplified diagram of the ASF48
module is shown in Figure 15. The module is based on 8-channel 12-bit converters (Flash
ADC) and an FPGA programmable logic chip.

The main characteristics of the ASF48 module are presented in the Table 4:

Table 4. Characteristics of the ASF48 module.

Characteristic Value
Number of channels 48
ADC bit depth 12 bit
ADC frequency 65 MHz
Timer bit length 44 bits, 100 MHz

(10 ns— 2 days.)

Transfer rate 100 Mb/s
Power supply 2.7 A/3.8V/10.3 W
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Figure 15. Simplified block diagram of the ASF48 module
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The CCB16 module is located near the ASF48 modules, up to 16 ASF48 modules can
be connected to the CCB16 module using bidirectional serial channels. The CCB16
module collects data from ASF48, forms a reading block and transmits data to the system
buffer (CBS-B module) via an optical channel (up to 2 GB/s). Control constants and other
service data can be loaded into ASF48 and CCB16 modules from the system buffer.

The CSB-B module is a standard PCI-32 card that provides data transmission over a
duplex optical channel and data reading to a computer via the PCI/PCI-X bus. The module
performs two main tasks: collecting and accumulating data for subsequent translation into
a computer, as well as recording a block of control constants from a computer for
subsequent translation into system modules. To work with the CROS-3N system, special
software has been created for Linux OS, with the help of which the system is configured
and managed.

In the Neutrino-4 experiment, the CROS-3N system operates in a mode with an
internal trigger. In this mode, when the value of the digitized sample of the input signal in
one of the digitizer channels exceeds the set threshold value, an internal trigger is
generated. When a trigger fires, the trigger response time is recorded by an internal timer, a
certain number of samples stored in a constantly updated memory area that preceded the
trigger firing is recorded - the so-called offset and the subsequent recording of a certain
number of samples after the trigger fires. Trigger thresholds are configured in the CROSS-
3N program individually for each channel of each ASF48 module. Adjustable values of the
number of offset samples (0-15) and the total number of samples to record (offset +
samples after the trigger from 1 to 992) are set for all channels of the same module. Offset
recording is necessary for further signal analysis to determine the zero level. The internal
timer operates at a frequency of 100 MHz, that is, the difference in the response time of the
two triggers can be set to an accuracy of 10ns. The scheme of operation of the CROS-3N

system in the mode with an internal trigger is shown in the Figure 16.
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The installation of the data acquisition system was made by V.G. Ivochkin,

N.V. Gruzinsky, A.O. Polyushkin and A.V. Vasiliev. Tuning and technical support of all
electronic systems was carried out by V.G. lvochkin.
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Figure 16. The scheme of operation of the CROS-3N system in the mode with an internal

trigger.

So, by sending signals from each PMT detector to a separate CROS channel, we have
all the necessary information at the output: the time of the event, the place — section in
which the signal was registered, and the digitized signal itself, by which the amplitude,
charge and pulse duration can be determined. Also, CROS receives signals from each plate
of the internal AS and signals from two parts of the "umbrella”. All data received by
CROSS-3N is written to a file for further processing.

2.3 Data processing

At the first stage, the data file is read, the parameters of each event are determined:
time, channel number, signal amplitude, taking into account the zero level. Events that can

be attributed to the signals of active shielding are determined by the channel number and
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amplitude. At the next stage, the signals of non-prohibited AS are selected. More details

about the criteria for this selection will be described in section 2.6.1. Further, the selected
events are grouped by time: signals registered in the range from 0 to 200ns (characteristic
pulse duration on the basis) are considered simultaneous. In this way, events that can be
connected by a single cause and consist of both one and several signals in different
channels of the detector are highlighted. The time of the first signal is attributed to such an
event.

Then there is a search for correlated pairs of events already among the grouped
simultaneous ones. The very first recorded event is considered as a potential signal from
the positron and gamma quanta - a prompt signal, then a window opens to search for the
second event. Hereafter, the words signal, and event are used as synonyms, unless
otherwise specified. The width of the window is selected in such a way as to detect the
second correlated signal with a probability close to 1. If T is the "lifetime" of a thermal
neutron in a scintillator before capture by the nucleus, then the number of neutrons
captured at time t will depend on time as N~e~t/%. The "lifetime" of a thermal neutron in a
scintillator, as noted earlier, depends only on the concentration of the absorber nuclei. So,
within a time interval of 3t with a 95% probability of capture will occur. If at the same
time you choose the width of the window 9z, then by the number of time-paired events that
are separated by an interval from 67 to 97, you can estimate the background of accidental
coincidences. The number of accidental coincidences is proportional to the time interval,
and the probability of detecting a second signal does not depend on time, so there are as
many accidental coincidences in the range of 67 — 97 as there are from 0 to 3z, and there
are practically no correlated signals anymore. When selecting correlated events, additional
conditions are used for the amplitude and spatial distribution of the signals that make up
the event, which are superimposed on the prompt and delayed events. More details about
the criteria for this selection will also be described in section 2.6.3. If a second signal is
detected in the time window (0 — 971), the correlated event is recorded, the next signal is

considered prompt and the search in a new time interval of 9t is repeated. If there is no
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second signal in the window, that is, the next event in time occurs later than 9z, then the

first event is discarded, and the second is considered prompt and the search is repeated. So
sequentially, going through all the events in chronological order, all correlated pairs of
events are highlighted. If an event consists of several signals of individual detector
channels, then their energies are added up, and this total energy is considered the energy of
the entire event, and the detector section in which the event occurred is the one where the
maximum amplitude signal was registered. Based on the selected events, two sets of
energy spectra of events are constructed that meet all the selection criteria — the spectra of
prompt signals that occurred in one row of sections, for which the delayed event occurs in
the interval 0 — 37, and the spectra of prompt signals that also occurred in any of the
sections of the same row, with a delayed signal in the interval 6t — 9t. The first set is the
total spectra of correlated and accidental signals of each detector row, the second is the
spectra of only accidental coincidences. The spectra are normalized for the time of the data
set. For each row, subtracting the second from the first spectrum, we obtain the final
spectrum of prompt signals of only correlated events in this row. Such spectra are collected
when the reactor is running (reactor ON) — both IBD and background signals from fast
neutrons fall into the spectra, and during the shutdown of the reactor (reactor OFF), then
only the background spectra are measured. The final result is the differences between the
time-normalized spectra measured with the reactor running and the background spectra

obtained for each row at each detector position.

2.4 Location of the experiment

A model-independent solution to the problem of searching for the fourth neutrino with
a mass of ~1eV requires not only a positionally and energetically sensitive detector, but
also, as can be concluded from Section 2.1, imposes conditions on the neutrino source. As

it has been shown, a high-power research reactor is one of the optimal neutrino sources just
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for the implementation of the relative measurement method in the task of searching for a

light sterile neutrino. The SM-3 reactor has a very compact core at high power, but to carry
out measurements of neutrino spectra in the background conditions accompanying such a

source, it is necessary to prepare a laboratory room.

24.1 SM-3 reactor

The SM-3 research reactor is a tank-type high-flow water-water nuclear reactor with
an intermediate neutron spectrum. The main advantage of the SM-3 reactor is a compact
core (42x42x35 cm?®) with a high thermal power of the reactor of 90 MW. The scheme of
the reactor and the cartogram of the core are shown in Figure 17. The main characteristics
are listed in Table 5. The figures and characteristics are taken from [77, 78].
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Figure 17. On the left is scheme of the SM-3 reactor: 1 — cover; 2 — overload mechanism; 3
— SM-3 vessel; 4 — inlet pipe; 5 — outlet pipe; 6 — small unloading area; 7 — CE tube; 8 —
large unloading area; 9 — fuel assembly; 10 — central high-flow area; 11 — beryllium
reflector; 12 — SM-2 tank; 13 — SM-2 thermal protection; 14 — inlet pipe of the cooling
system of the interbody space. On the right is a cartogram of the SM-3 core: 1 — neutron
trap; 2 — beryllium inserts; 3 — beryllium reflector blocks; 4 — central compensating tool.
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Table 5. Characteristics of the SM-3 reactor.
Characteristic Value
Maximum power 100 MW
Average neutron energy 0.1eV

Maximum density of thermal neutron flux

5.10%cm2st

Maximum density of fast neutron flux

2:10% cm2st

Size of the active zone

420x420x350 mm?

Moderator Water
Coolant Water
Reflector Beryllium

Fuel U0, 90% enrichment
Average energy release density 2 MW/I

The active zone is surrounded by a beryllium reflector, a neutron trap is placed in the
center of the zone. Uranium-235 dioxide with high enrichment (90%) is used as fuel. The
reactor is cooled by forced circulation of water under pressure up to 4.9Mpa in the primary
circuit. The trap, the core and the reflector provide locations for irradiated materials for a
wide range of materials science tasks and an extensive isotope program. The reactor
operates in the following mode: two microcampaigns lasting 10-14 days and stops between
them for up to 2 days for overload, after the completion of the second microcampaign, a
stop for 5 days follows. Once a year, for one month, scheduled preventive maintenance is
carried out, during which the reactor is stopped, and every two years, the vent center is
additionally repaired for a duration of 2 weeks.

In addition to radionuclide products for industrial or medical use, isotopes are
produced at the SM-3 reactor, including for experiments on the synthesis of new
superheavy elements [79], and a ®*Cr neutrino source was developed at this reactor for the
BEST experiment [80].

Initially, the SM-3 reactor with a maximum capacity of 100 MW was created for
conducting both beam and loop experiments. The five rooms into which the neutron beams

were withdrawn were separated by concrete walls 1 meter thick. This made it possible to
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conduct experiments with neutron beams without affecting the background conditions for

neighboring installations. Subsequently, the main program of experiments was aimed at
work related to irradiation in the center of the reactor core. Over 25 years of operation,
significant fluence has been accumulated on the reactor vessel, which necessitated its
replacement. The simplest solution was to install a new housing in the old reactor tank
without articulation with horizontal channels. But this decision led to the fact that the
center of the core became 67 cm higher relative to the previous position. As a result,
horizontal channels were no longer used, and priority was given to loop installations. The
neutron flux at the site of the former beamline channels was reduced by 4 orders of
magnitude, which, accordingly, led to a decrease in the neutron background (thermal
neutrons) to 4-10 n/(cm? s) in the former rooms of the beamlines. And this is several
orders of magnitude lower than the neutron background, which, as a rule, happens in
similar halls of research reactors.

The layout of the antineutrino detector on the SM-3 reactor is shown in Figure 18.
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Figure 18. Location of the antineutrino detector on the SM-3 reactor.
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2.4.2  Room preparation

The neutrino laboratory for searching for oscillations was equipped in room 162. Next
to this room there is only one room in which work is being carried out on a loop
installation, and as noted earlier, both rooms are separated by a thick concrete wall. In
addition, an important advantage of room 162 specifically for the oscillation search
experiment is the ability to position the detector close to the core and measure the spectrum
of reactor antineutrinos over a wide range of distances (6-12 meters).

The installation of experimental equipment was preceded by large-scale preparation
of the room [81, 82]. At the first stage of preparation, measurements of the muon flux of
cosmic radiation, gamma-ray spectra, thermal and fast neutron fluxes were carried out at
different points of the room and at different reactor power. A detector based on a Nal(TI)
crystal with a photoelectron multiplier was used as a gamma spectrometer. This detector
was also used to measure the inhomogeneity of the muon background due to the uneven
distribution of building materials. A calibrated proportional *He counter was used to
measure the thermal neutron flux. The fast neutron flux was measured by the same
proportional counter, which was placed in a protection made of polyethylene and borated
rubber. The outer layer of rubber absorbs thermal neutrons (a 3mm layer of rubber with
60% boron content suppresses the flow of thermal neutrons by 2 orders of magnitude), and
the inner layer of protection made of polyethylene without the addition of an absorber
slows down fast neutrons to thermal speeds for subsequent registration in the *He detector.
All measurements of background conditions at the stages of preparation before the
installation of passive shielding were carried out by V.G. Zinoviev.

To convert the counting rate of the proportional *He detector (ct) into units of flux
density, both detectors were calibrated using a standard MKS AT6102 detector. For
calibration, the ®He detector and the MKS were placed close to each other at a distance of

3m from the Pu-Be neutron source.
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The manufactured thermal and fast neutron detectors had a sensitivity two orders of

magnitude higher than the standard MKS detector. These detectors were used to make
measurements in low background conditions. The neutron background was evaluated, first
before the changes with the door of the former neutron channel (before the modification of
the slide gate device), then after the modification and, finally, after the installation of
passive shield of the neutrino detector.

The measurements showed significant and inhomogeneous fluxes of both thermal and
fast neutrons ~103cm?s? and ~102cm?2s* within the room, respectively, as well as their
dependence on the reactor power. The main source of the background of both fast and
thermal neutrons is the devices of the former neutron beamline.

The gamma background also depends on the state of the reactor, especially in the
energy range 3-8 MeV from the gamma quanta of the Fe(n,y), and from 1 MeV and
higher near the slide gate due to the induced activity of the neutron guide collimator parts.
Another source of constant gamma background, which does not depend so much on the
power of the reactor, is the unavoidable contamination of the floor with isotopes **'Cs,
0Co,'24Sh. Therefore, in order to reduce the background level before placing the
laboratory, it was necessary to fill the floor with heavy concrete and reconstruct the slide
gate device, taking into account the presence of three types of radiation — lead is needed to
suppress gamma radiation, as well as a moderator and a neutron absorber.

The collimator of the neutron guide was removed from the slide gate, which was then
plugged with a steel plug. All the free space of the slide gate device was laid with lead
bricks. As a result, the gamma background in the energy range of 1-10 MeV in the area of
the gate device decreased by 10-15 times. As a combined protection to suppress the
backgrounds of fast and thermal neutrons, a wall of paraffin (moderator) bricks with the
addition of boron carbide (absorber) was built immediately behind the gate device, to
which sheets of borated rubber were additionally attached.

As a result of the reconstruction of the slide gate device, the thermal neutron flux

decreased by ~29 times to the level of ~10*cm?s? [81]. The dependence on the reactor
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power decreased by 5 times. Before the reconstruction, the ratio of flows at the reactor

power of 90 MW and 0 MW was 10 times, after the reconstruction — 2 times. The
dependence of the thermal neutron flux on the distance to the gate device has also been
preserved. The flux of fast neutrons after the modernization of the gate decreased by 7-10
times and reached the level of 103cm?s?, which practically corresponds to the natural
neutron background on the Earth's surface caused by cosmic radiation. In addition, the
dependence of the fast neutron flux on the reactor power remained within (5 £ 2)%
(Figure 19 [82]), which is an important result for conducting an experiment related to the
registration of antineutrinos from the reactor. Filling the floor with heavy concrete
suppressed the gamma background in the energy range of 0.7-2.7 MeV (background from
137Cs, ©C0,'?4Sb) by 4 times.
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Figure 19. Neutron flux (at the reactor wall, that is, at a distance of 5.1 m from the reactor

core) depending on the reactor power.

Nevertheless, the dependence of the intensity of gamma radiation from energies 3-8
MeV on the reactor power, which is associated with the emission of hard gamma quanta

from the Fe(n,y) reaction, has been preserved. Together with the residual influence of the
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reactor on the fluxes of thermal and fast neutrons, this leads to the fact that in order to

conduct a neutrino experiment at a research reactor, the detector must be placed in passive
shielding to protect against background.

Measurements with a 5cm thick lead protection model showed the possibility of
attenuation of background gamma radiation in the range of 1.5-7.2 MeV by 4.5 times. The
influence of lead on the flow of fast neutrons, which are generated by the interaction of
muons of cosmic radiation with nuclei of heavy elements, was also studied. To do this, the
background flux was measured with a fast neutron detector at the same reactor power in a
5 cm thick lead shield and without it. In shielding, the fast neutron flux increased by 2
times. Therefore, borated polyethylene, which serves as a protection against thermal and
fast neutrons, should be an inner layer with respect to lead. Further investigation of the
background conditions already inside the passive shielding is described in the next section.

The passive shielding scheme of the "house" is shown in Figurell in the previous
section. As follows from the preliminary measurements of the background conditions in
the laboratory room and the study of the fast neutron count by a detector surrounded by
lead, comprehensive protection of the neutrino detector is required, and not only the
composition of the protection is important, but also the relative location of materials
shielding various types of radiation. Therefore, passive shielding is assembled from 1x2 m
steel plates with a thickness of 10 mm, which are the frame of the house. 6 lead sheets with
a thickness of 10 mm are attached to the plates, and borated polyethylene plates with a
thickness of 16 cm are attached to the walls from the inside. The total weight of passive
shielding is 60 tons, the volume of borated polyethylene is 10 m®. The dimensions of the
area protected by the house are 2x2x8m?3. The house in the process of assembly and
assembled is shown in Figure 20. Inside the passive shielding is a platform with an
antineutrino detector, which can move along rails in the range 6 — 12 m from the center of
the reactor. You can go down the stairs to the house through the roof if you remove the
upper modules of the house. For installation work and access to the inside of the house, a

crane with a lifting capacity of up to 2 tons is equipped in the room.
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The main hall and the room of the neutrino laboratory are connected through a hatch

in the ceiling of the room. The detector is loaded into passive shielding from the main hall
through this hatch; for this, an overhead crane of the main hall is used. Figure 21 shows the
house from the inside, in which the rail track, trolley, feed screw and detector are installed

(on the left is a prototype for 16 sections, on the right is a full-scale detector).

Figure 20. Top: left — passive shielding assembly, right — passive shielding roof; bottom —

passive shielding from the outside.
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Figure 21. General view of passive shielding: inside. On the left is the detector model. On

the right is a full-scale detector

2.5 Measuring background conditions inside the shield

After the installation of passive shielding, the same detectors (proportional 3He
counters and Nal(Tl) gamma spectrometer) carried out detailed measurements of gamma
spectra and fluxes of fast and thermal neutrons inside the house at different distances with

the reactor running and shut down.

2.5.1  Gamma radiation background

Gamma quanta do not lead to the appearance of correlated signals, but they are the
source of the accidental coincidences background, which must be subtracted, which
negatively affects the statistical accuracy (for more details, see Section 2.6.3). The purpose

of using passive shielding is to suppress the gamma background. But, besides this, it is
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important to reduce as much as possible the background inhomogeneity over the distance

from the reactor, and the dependence of its intensity on the reactor power. The strong
dependence of the background on the distance or power of the reactor can be the cause of a
large statistical spread in the estimated number of registered neutrino events.

After installing the passive shielding, detailed measurements of the gamma
background inside the shield were carried out to determine the actual operating conditions
of the detector. Gamma radiation from the isotopes ®°Co and *’Cs inside the passive shield
was reduced by an average of 4.6 times, from the Fe(n,y) reaction by an average of 3 times.
The installation of passive shielding made it possible to practically suppress the
background of gamma radiation from the reactor to the level of the residual background of
radioactive contamination. Thus, the dependence of the gamma spectrum on the position of
the detector and the power of the reactor was significantly reduced. Figure 22 shows the
spectra measured inside the shield along the path of the detector at distances of 6.28 m,
8.38 m, and 10.48 m from the reactor [81]. As can be seen, there are no noticeable

differences in the shapes of the spectrum.
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Figure 22. The spectrum of gamma radiation inside the passive shield at a reactor power of
90 MW, distances from the center of the reactor 6.28, 8.38, 10.48m.
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The dependence of the spectrum of background gamma radiation on the power of the

reactor at the detector position closest to it is shown in Figure 23 [83]. The difference
between 90 MW and a shutdown reactor in the region above 1.5 MeV is suppressed from
22 times (measured after the protection was installed outside on its roof near the reactor
wall) to only ~30%. Nevertheless, a residual dependence is observed in this energy range,
so the measurement of the background of accidental coincidences with its subsequent
subtraction must be done at each position of the detector.

Thus, the installation of passive shielding makes the conditions of the residual gamma

background satisfactory for measuring antineutrino spectra.
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Figure 23. Spectra of the gamma background with the reactor turned on and off.

25.2 Estimation of fast and thermal neutron fluxes

As was shown in Section 2.4.2, after the reconstruction of the sliding device of the

former neutron channel, both the thermal and fast neutron fluxes were significantly
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reduced almost to the level of the natural background due to cosmic radiation. The

dependence of these fluxes on the reactor power was also significantly suppressed.

The background of thermal neutrons in the context of the search for correlated signals
from the IBD reaction is like the gamma background in its influence, that is, it is the cause
of the background of accidental coincidences. Fast neutrons are the source of the correlated
background. This significantly distinguishes fast neutrons and makes them the most
dangerous background component, since it does not allow any selection to separate events
Iin the detector associated with fast neutrons from neutrino events. The spectrum of the
natural component of the background of fast neutrons associated with cosmic radiation is
measured during the shutdown of the reactor and subtracted. The high level of this
background in relation to the level of the effect, registered IBD events, also leads to a large
statistical error and the need for long-term data accumulation. But fast neutrons from the
reactor not only cannot be distinguished from antineutrinos (some ways to isolate signals
from antineutrinos will be discussed later), but their spectra cannot be measured separately.
In this regard, the task of suppressing fast neutrons from the reactor with protection to a
level significantly below the level of the expected effect becomes extremely important.

Measurement of the background of thermal neutrons in passive shielding showed that
the shielding factor for this type of radiation was 53. Outside the passive shielding on the
roof of the house, the thermal neutron flux with a reactor operating at a power of 90 MW
near the reactor wall is (17.7 + 1.2) - 10">cm~2?s~ %, and inside the shield also near the
reactor wall — (0.34 + 0.07) - 10~°cm~2s™1[81].

Inside the passive shield, the fast neutron flux was measured in two modes. In the first
mode, the influence of the reactor was determined. To do this, measurements of the fast
neutron flux inside the passive shield were carried out at the point closest to the reactor
with the reactor running and shut down. Both measurements lasted 10 days. With the
reactor turned on, the flow was (5.54 + 0.13)10° cm™2s™!, with turned off
(5.38 + 0.13)10° cm~2s™1, that is, with an accuracy within 2.5%, (0.16+0.13) 10° s'cm™

there is no difference [81].
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The second mode was intended for direct measurement of the background of fast

neutrons inside the passive shielding along the path of the neutrino detector. To do this, the
fast neutron detector was installed on top of the neutrino detector and moved along with it
in the neutrino channel from 6.25 m to 10.5 m from the reactor. The results of
measurements with the reactor on and off are shown in Figure 24. Within the limits of
statistical accuracy, there is no difference between the fast neutron flux when the reactor is
running and when it is stopped. It also doesn't depend on distance. In these measurements,
the background level was (8.5 + 0.1)107° s~tcm™2, which is somewhat higher than the
background measured at the point closest to the reactor. The difference can be explained by
the different location of the detector in relation to the neutron flux, the detector was in a
vertical position near the reactor wall, and in a horizontal position on top of the neutrino
detector. It should be noted that passive shielding makes an additional contribution to the
neutron background, since cosmic radiation muons interact with the shielding material.
However, the suppression factor for the fast neutron flux by the passive shield is 12 times,
and as a result, with a fast neutron flux outside the passive shield at a level of 102 s'cm?,
the flux inside the passive shield turns out to be (8.5 + 0.1)107° [81].

A more accurate estimate of the fast neutron flux from the reactor inside the passive
shield can be made using the passive shield's fast neutron flux suppression factor, which is
12 times. Then the excess of the flux of fast neutrons over the level of the cosmic
background at the full power of the reactor inside the passive shield is (0.38 + 0.15)%.
Thus, at a signal/background ratio of 0.5, the contribution of fast neutrons from the reactor
to the ON-OFF neutrino signal can be (1.1 £ 0.45)%. This is not a problem for the
measured data, especially since this background cannot be oscillatory.

As a result, we can draw the most important conclusion that the background of fast
neutrons is practically independent of the operating mode of the reactor and is determined
by neutrons that appeared because of the interaction of cosmic radiation muons with the
substance surrounding the detector. Thus, the background of fast neutrons from the reactor

Is suppressed to a level significantly below the level of registration of IBD events and will
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not affect the difference between the spectra when the reactor is on and off. Confirmation

of this, following from the analysis of the spatial distribution of signals, will also be

presented in the Section 2.6.3.
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Figure 24. Fast neutron background at various distances from the reactor, measured with a

fast neutron detector inside the passive shield. The fast neutron detector was placed on top

of the neutrino detector and moved along with it.

2.5.3  Studying the background conditions using the neutrino detector model

Prior to measurements with a full-scale detector, measurements were made with a
detector model. The antineutrino detector model without sections contained 400 liters of a
BC-525 liquid scintillator with a gadolinium concentration of 1 g/l, was equipped on top
with 16 photomultipliers 49B and 6 active shielding plates on all sides [81, 82].
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Figure 25 shows the spectrum obtained on the antineutrino detector model, which can

be conditionally divided into 4 parts. The first part (up to 2 MeV) corresponds to the
background of radioactive contamination, the second (2-10 MeV) covers the neutron
region, as it corresponds to the energy of gamma quanta from neutron capture by
gadolinium. The region from 10 to 60 MeV refers to the soft component of cosmic
radiation, which is obtained as a result of muon decay and muon capture in matter. And
finally, the region 60 — 120 MeV corresponds to the muons that have passed through the
detector — the hard component. Also in this figure, you can see small differences in the
spectra measured by the detector at different points.
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Figure 25. The energy spectra of the detector at different distances from the center of the

reactor are conditionally divided into zones. 1 - radioactive contamination background, 2 -

neutrons, 3 - soft component of cosmic radiation, 4 - muons.

During long-term measurements, changes in the intensity of the cosmic background
with time were found. The reason is fluctuations in atmospheric pressure and seasonal

temperature changes - well-known temperature and barometric effects of cosmic radiation.
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Figure 26 demonstrates the barometric effect caused by a large attenuation of the

intensity of cosmic rays with an increase in atmospheric pressure due to an increase in the
amount of matter between the layers of the atmosphere where muons are produced and the
detector; therefore, there is an anticorrelation between atmospheric pressure and the total
intensity of fast (muon) and slow (soft) component of cosmic radiation, that is, in the range
of 10 - 120 MeV.
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Figure 26. Barometric effect of cosmic rays: on the left axis is the total count rate in
spectral regions 3 and 4, on the right - atmospheric pressure, on the horizontal - the time of

measurements from January 23 to April 15, 2014.

The behavior of the hard and soft components differs in the presence of an additional
long-term drift, the sign of this shift for the fast and slow components is opposite. This is
the so-called temperature effect, which is explained as follows. With an increase in the
temperature of the lower layers of the atmosphere, their expansion leads to an increase in

the height at which muons are born. And due to the increase in the distance from the place
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of birth to the Earth, the fraction of decayed muons also increases. Thus, the intensity of

the fast (muon) component decreases, while the intensity of the slow component (the decay
products of muons: electrons and positrons, gamma rays) increases. Figure 27 shows the
drift effect with opposite signs for the fast and slow components of cosmic radiation when
the temperature of the lower atmosphere near the Earth's surface rises from -30°C to +10°C
from January to April 2014.
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Figure 27. Barometric and temperature effects of cosmic rays: top - the total count of the
detector in spectral regions 3 and 4; in the middle — detector count in area 4; bottom —
detector count in region 3. On the horizontal axis, the measurement time is from January
23 to April 15, 2014.
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An important quantitative conclusion about their influence on measurements can be

drawn from the studies of cosmic ray background variations. Cosmic background
fluctuations are determined by atmospheric pressure fluctuations, which are £1.1%. Direct

results of the statistical distribution of the neutrino signal will be presented in Section 3.4.

2.6 The result of the background suppression. Sectioning

The possible number of recorded IBD events, taking into account the thermal power
of the reactor, the small cross section and the efficiency of the detector, is ~10-s™%. Passive
shielding suppresses the overall background by an order of magnitude, but the residual
background is still quite large compared to the neutrino signal. The number of detector
signals inside the shielding is ~10°s?, which are composed of residual backgrounds of
gamma radiation, thermal and fast neutrons, muons and electrons. By isolating correlated
signals, it is possible to achieve a background level inside the shield of ~1s?, most of
which (more than 90%) is muons. To suppress the residual background, active shielding
and various selections are used, associated with the features of the spatial distribution of

event signals related to the IBD reaction.

2.6.1  Cosmogenic background, active shielding. Energy and time spectra of
correlated events

The correlated background is associated with cosmic radiation muons. Therefore,
when the reactor is turned off, the detector and the delayed coincidence method can be
used to study the muon background. Muons entering the detector give a delayed signal in
two cases: either the muon stops in the matter, a muon atom is formed, in which the muon
decays with a lifetime of 2.2 ps, or the interaction of the muon with matter leads to the

appearance of an evaporative neutron, which, after thermalization for 5 us is captured by



240
gadolinium. The characteristic time of neutron capture by gadolinium in a scintillator at a

concentration of 0.1% is t= 31.3s.

Figure 28 shows the time spectra of delayed coincidences obtained on a model of a
neutrino detector with 16 PMTs. The background of accidental coincidence has been
subtracted. The upper black curve corresponds to measurements without active detector
shielding. It includes two different exponents (straight lines on a logarithmic scale) that
correspond to muon decay and neutron capture by gadolinium. The integral under the first
exponent corresponds to the number of stopped muons per unit time 1.54 s, and the slope
corresponds to the muon lifetime (2.2 ps). Accordingly, the integral under the second
exponent refers to the number of neutrons captured per unit time 0.15 s, and the exponent
parameter 31.3us corresponds to the neutron lifetime in a scintillator with a gadolinium
concentration of 0.1%. The integral under the second exponent refers to the number of

neutrons captures per time unit 0.15 s [84].
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The number of stopped muons per second agrees with the estimate made on the basis

of data on the muon flux and scintillator mass, while the number of captured neutrons
corresponds to the calculated number of neutrons produced in the detector itself due to the
interaction of muons with its matter. The adequacy of the used passive shielding is
confirmed by the fact that adding 10 cm of borated polyethylene over the neutrino detector
does not change the count of fast neutrons. The spectra of delayed signals for time intervals
from 0 to 10 ps and from 10 to 100 ps between prompt and delayed events, obtained with
active shielding disabled, are shown in Figure 29. Signals from electrons and positrons
produced in decays fall into the time window of 0-10 us stopped muons, which before
stopping gave a prompt signal in the detector. Choosing a time window of 10-100 pus, we
see that the spectrum of delayed signals does not exceed 10 MeV, which corresponds to the

total energy of gamma quanta emitted by the gadolinium after neutron capture [84].
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Figure 29. Energy spectra of delayed signals in the detector model without active shielding
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prohibitions in the time window 0 — 10us — (1) and time window 10 - 100us — (2).

The muon background can be significantly reduced by using active shielding, as well

as using the detector itself as active shielding, when the detector signals with an energy
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greater than a certain threshold (in the case of the detector model, a threshold of 12 MeV

was chosen: signals from particles associated with the operation of the reactor and with
natural radioactivity cannot have more energy) are treated in the same way as signals
directly from the AS plates. Moreover, after each signal of the AS-prohibitions directly
from the plates or from the detector, the signals falling into the window of 100 ps (~31)
were discarded and were not considered in further analysis. Thus, the detector was "closed"
from the consequences of the interaction of muons with the substance of the detector itself
and the protection of its environment.

Figure 30 shows examples of measurements of the spectra of correlated signals after

inhibitions by active shielding.
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Figure 30. Energy spectra of prompt and delayed signals and time spectra: threshold for

prompt and delayed signals 1.5 - 9 MeV and 1.5 - 12 MeV, respectively

The lifetime of a neutron in a scintillator with gadolinium is 31.3 ps; therefore, a
neutron will be captured with a probability greater than 99% in the interval of 200 s (~6r)
after the first signal. Assuming that the background of accidental coincidences is

distributed evenly over time, we can use the interval after 200 us to measure it. To measure
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the background, we fix an interval of 100 us, and as a result, the entire interval in which

we check for the presence of a delayed signal - ~91, is 300 ps.

In addition to the time of appearance of the delayed signal, we have one more
parameter that allows us to select neutrino events, namely, the energies of the prompt and
delayed signals. Setting the energy thresholds, we strive to get the best possible
signal/background ratio. For a prompt signal, there is a natural lower limit of 1 MeV
associated with positron annihilation. Therefore, the lower limit of the detected energy
range lies strictly above 1 MeV. The lower we set the threshold, the more antineutrino
events will be registered, but at the same time the background of accidental coincidences
will increase. Figure 31 demonstrate the time and energy spectra of delayed signals at a
lower energy threshold of 3 MeV. In this case, the background of accidental coincidences
turns out to be quite low, and the number of antineutrino events remains at an acceptable
level. The fact is that the capture of a neutron by gadolinium gives a signal with a
sufficiently high energy - up to 8 MeV, and the background of natural radioactivity
practically dies out above 3 MeV. When the lower threshold is lowered from 3 to 1.5 MeV,

the rate of counting accidental coincidences increases significantly (Fig. 30).
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The upper limits of the energy range are determined by the spectrum of reactor

antineutrinos and the energy released during neutron capture by gadolinium. The result of
the study of the effect of energy thresholds on the background and the efficiency of
antineutrino detection was the detection ranges of prompt and delayed signals in the
detector model 1.5 -9 MeV and 3 - 10 MeV, respectively.

The use of active shielding and selection of signals by energy made it possible to
reduce the neutron correlated background to the level of 1.1-10%s. The remaining
correlated background is also associated with fast neutrons from the interaction of cosmic-
ray muons with matter outside the detector. This background can be partially suppressed
by more effective work of active shielding, but it almost does not react to fast neutrons
themselves - only to muons, which are the cause of their appearance.

There are two more signatures of the inverse beta decay reaction that can be used to
distinguish signals from antineutrinos. The first is related to the fact that the signal from
the positron and the signal from the recoil proton differ in the shape of the pulse. The
extent to which this difference can be detected largely depends on the scintillator, and in
the Daya Bay scintillator, as noted earlier, the PSD (Pulse Shape Discrimination)
properties are rather weak. The second sign by which it is possible to separate the positron
signal IBD event from the recoil proton is related to the registration of gamma quanta from
the annihilation of the positron.

2.6.2  Modeling a multi-section structure

In order to obtain additional criteria for the selection of neutrino events, a multi-
section detector was developed. There is a difference in localization of prompt signals of
neutrino and neutron events. A recoil proton flies about 1 mm in a liquid scintillator, while
a positron born in the IBD will necessarily annihilate with an electron, resulting in two

gamma quanta with an energy of 511 keV, which will fly in opposite directions. As a
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result, if the tank with the scintillator is divided into separate sections of constant size, with

walls reflecting optical photons, then the recoil proton track is highly likely to fit
completely in one section. At the same time, for a positron, the free path in an organic
scintillator is less than 5 cm, and the signal from it will also be visible in one section, but
gamma quanta with an energy of 511 keV can be registered in adjacent sections — sections
with a common face.

A Monte Carlo simulation of the detector model was performed by A.K. Fomin to
numerically estimate the proportion of IBD reaction events with various options for
recording prompt events. The internal volume of the detector model was divided into 16
sections measuring 0.225x0.225x0.7 m? with rigidly fixed partitions between them.

The probability of registering a two-section prompt signal depends on the position of
the section where the neutrino event occurred: in the center, on the edge, in the corner
section. The probabilities of registering a start in two sections for different relative
positions of the section in which the signal occurred, as well as the average probabilities
for a detector of 16 sections and for a detector of 50 sections are presented in Table 6. The
detector consists of 16 sections 4x4— 4 corner, 8 side and 4 inner central sections. In a full-
scale detector with 50 sections, since the first and last rows are used as a catcher of gamma
quanta from positron annihilation and are not used to register the positron itself, there are

no corner sections, side sections — 16, and central sections - 24.

Table 6. Probabilities of registering an prompt signals.

Central Side Corner | Detector average, 16 | Detector average, 50
section section section sections sections
0.424 0.294 0.188 0.300 0.372

The average probability for the entire detector is 30%. This means that in our scheme,
on average, 70% of prompt signals from neutrino events will be registered in only one

section. It turns out that if we consider only multi-sectional (in two or three adjacent



246

sections) events, then the number of neutrinos recorded will decrease 3 times, which is
obviously unacceptable. But for the analysis of the final result, we can choose both single
and multi-sectional events, and their percentage ratio to the total number of neutrino events
(70% and 30%) can be used as an additional criterion by which to check the correctness of
the selection of neutrino events. That is, the difference in the number of neutrino-like
events when the reactor is switched on and off should contain 30% of multi-section events
and 70% of single-section events.

To carry out preliminary measurements, a detector model was made, divided into 16
sections, filled with a Daya Bay scintillator with one PMT for each section. Measurements
with a Pu-Be fast neutron source were also carried out on this model. Figure 32 shows the
time spectra for single-section events and multi-section events. Obviously, if we consider
only multi-sectional prompt signals, then correlated signals from fast neutrons completely
disappear, leaving a straight line from accidental coincidences. This experiment clearly
demonstrates that fast neutrons give only one-section starts [85].

In measurements with a reactor (ON-OFF, that is, with the reactor turned on and off),
the fraction of the difference in the counting rate for two-section and single-section prompt
signals in the detector model, averaged over all distances, turns out to be equal to
(29 £ 7)% and (71 £ 13)% respectively. For a full-scale detector, this ratio is also in
accordance with the calculations and is (37 = 4)% and (63 £ 7)% [85, 86]. Within the limits
of the achieved accuracy, this ratio allows us to consider the recorded events as similar to
neutrinos and is an additional independent confirmation of the absence of any significant
number of fast neutrons from the reactor inside the passive shielding of the detector.

However, the accuracy of this statement is less than direct estimates of the
contribution of fast neutrons from the reactor to the ON-OFF neutrino signal, which can be
(1.1 £ 0.45)%, as shown in Section 2.5.2.
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Figure 32. Time spectra of delayed coincidences obtained with a fast neutron source. The
red curve corresponds to single—section starts, and the green one corresponds to multi-

section starts, and the blue one corresponds to no selection by the number of sections.

Unfortunately, we cannot use the selection for two-section starts, as we lose data
significantly. However, the sectioning of the detector also makes it possible to suppress the
background of accidental coincidences by introducing an additional selection criterion for a
delayed event associated with the multiplicity of gamma quanta emitted by gadolinium

after the capture of a thermal neutron.

2.6.3  Effect of AS and sectioning on background suppression

In a full-scale detector, a more effective AS was installed, described in Section 2.2.
The use of such shielding, together with prohibitions from the detector itself, as described

in Section 2.6.1 (only the threshold for triggering the detector as AS was lowered to 8
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MeV) allows you to completely get rid of the muon background and 2.3 times suppress the

correlated background. The selection takes place according to the following scheme: first,
all signals that relate to the internal AS and detector signals above the threshold are
selected, then all events that appear the time window of 100 us after these signals are
discarded. The suppression coefficient at this stage is 2.0. Then the signals that hit the
100 ps window after the external AS signals are discarded, which gives another 16%
background suppression. Thus, the final active shielding suppression coefficient is 2.3.
And the signal/correlated background ratio for the entire detector in the position closest to
the reactor (7.11m between the center of the core and the center of the detector) is 0.54.
The accuracy of the final result depends on both the correlated background and the
level of accidental coincidences. The dependence of the statistical error of the number of
neutrino events is determined by the formula (for simplicity, the set time with the reactor

turned on and off is considered the same):

1
6N, = (N, + 2Noff + 2( gjgjcc + Bgr))? (32)
where N, is the number of neutrino events, N, ¢ — is the correlated background (measured
when the reactor is turned off), Bjf; and Bgg¢ are the background of accidental

coincidences when the reactor is turned off and on, respectively.

It can be expected that in a detector having a sectional structure, several gamma
quanta of the Gd(n,y) reaction will give signals in different sections close to each other.
The experimental distribution is obtained as the difference between the distributions of the
number of signals in delayed events in the time window of 0-100 ps and in the window of
200-300 ps. The calculated and experimental distribution of the number of cells in which
gamma-quantum signals are observed after the capture of a neutron by gadolinium do not
fully correspond to each other, but they agree well that two or more detector sections are
involved from this reaction (Figure 33 on the left is calculated by A.K. Fomin, on the right
is experimental). This suggests that such a multiplicity of signals in a delayed event can be

used as an additional selection criterion.
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involved: on the left — theoretical, on the right — experimental.

It also becomes clear from the calculations that in the IBD reaction, the neutron path

length is small and, thus, the positron signal and the place where the neutron was captured

by gadolinium are located close to each other, within the same section or in neighboring

ones (Figure 34 left and right — calculated (made by M.S. Onegin) and experimental

distribution respectively). The experimental distribution is obtained in the same way as the

difference of distributions in the time window of 0-100 ps and 200-300 ps. The

distribution of the maximum signal in a delayed event was considered, with a location of

the prompt signal in 3rd cell of 4th row.
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The general picture of the distribution of delayed signals relative to the section in

which the prompt signal occurred is shown in the Figure 35 [85].

Figure 35. Distribution of delayed event signals by sections when a prompt event occurred

in 3rd section of the 4th row.

The introduction of a strict requirement that the prompt signal be in two adjacent cells
would reduce the correlated background from fast neutrons, along with this, the efficiency
of the detector would significantly decrease. But using a weaker criterion for selecting
neutrino events so that the prompt signal is either in one or two neighboring cells allows,
firstly, to lower the background of accidental coincidences, and secondly, makes it possible
to check whether there are no events associated with fast neutrons from the reactor together
with neutrino signals.

Thus, the introduction of a sectional structure provides additional criteria for the
selection of neutrino events, with which it is possible to reduce the background of
accidental coincidences. For measurements at the point closest to the reactor (7.11m from
the center of the detector to the center of the core), various event selection criteria were

applied, the results are in Table 7.
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Table 7. Results of using event selection criteria.

Corr. Accidental Corr. Accidental

coincidences,| coincidences, reactor is|coincidences, coincidences, reactor is A(OS;OEF)’ A/OFF SAO//A’

ON, (10%)  ON,(10%)* | OFF,(10%)%  OFF (10%)% (10°) 0
Without sectional
structure 875+ 18 2278 + 9 624 + 17 1894 +9 251+25 | 040  10.0
Prompt 1-2 cells | 718 + 16 1954 + 8 483 £ 16 1630 £ 8 235+23 | 049 | 9.7
Delayedn20r | 569+ 12 857 + 6 362 + 11 724 +6 207+16 | 0.57 | 7.9
Delayed in 2-5
sections 561 £ 12 854 +£6 360 £ 11 722 £6 201 +£16 | 0.56 | 8.0
Delayed in 2 or
more, radius 3 945 + 11 7935 347 £11 664 £5 198+16 | 0.57 | 7.9
sections
Delayed in 2 or
more, radius 2 492 +11 7095 316 £11 5015 176 £15 | 0.56 | 8.5
sections

From Table 7. it can be seen that the introduction of the condition for the multi-
section of the delayed signal made it possible to significantly (2.3 times) reduce the
background of accidental coincidences, which led to a decrease in the overall relative error,
together with the use of the condition of one- or two-section signals for an prompt event,
the suppression of the background of accidental coincidences was ~2.7 times. It can also be
concluded from the data in the table that despite the fact that both the calculation and the
experiment showed a small neutron path length (Fig. 34), the spread of gamma quanta in
this case can be quite significant, which is consistent with Figure 35.

Having gathered together information about the features of the inverse beta decay
reaction, we can formulate the following parameters for the selection of correlated events
associated with the registration of antineutrinos: prompt event consists of one signal of any
section, except for the sections of the first and last rows, or two signals that come from
neighboring (with one common face) sections, and a signal with a larger amplitude it
should not come from the sections of the first and last rows, and a signal with a smaller

amplitude can be from any section. The energy of the signals is summed up and should be
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in the range of 1500-8000 keV. The delayed event must consist of signals from two or

more sections located no further than 5 sections in any direction from the section in which
the maximum signal of the prompt event was registered. The energy of the signals is added
up, and the total energy should be in the range of 3200-8000 keV.

The energy of the signals is determined by their amplitude, and the correspondence of
the signal amplitude in the channels and the particle energy in the eV is established in the

process of energy calibration, which will be discussed in the next chapter.



253
Chapter 3. Neutrino-4 experiment

The project of a positionally and energetically sensitive full-scale detector of reactor
antineutrinos was developed simultaneously with the preparation of the room and the
measurement of the dependence of the antineutrino flux on the distance with the first
detector models. Measurements of antineutrino spectra at various distances by a full-scale
detector should have significantly expanded the sensitivity range to the oscillation
parameters compared to simple measurement of antineutrino fluxes. Before the start of the
measurements, a Monte Carlo simulation of the detector was carried out, test
measurements were performed with a layout of one section and an energy calibration of the

detector was carried out before the starting of data collection.

3.1 Energy resolution

To determine the energy resolution of the multi-section detector, a separate section
was made, with which detailed studies were carried out. We use the effect of total internal
reflection of light at the scintillator-air interface at large angles of incidence to equalize the
collection of light coming from different distances (the light collection becomes uniform).
The fact is that with full optical contact between the scintillator and the PMT, light
collection occurs better from positions close to the PMT — in a solid angle close to 2x.
Light from distant positions comes through a mirror light guide, while the efficiency of
light transportation for right angles of incidence on the mirror walls of the light guide is
noticeably worse due to repeated re-reflection between the walls. The effect of total
internal reflection of light at the scintillator-air interface at large angles of incidence to the
surface allows you to equalize the conditions of light transportation from different
distances. Finally, the presence of a mirror at the bottom of the light guide also allows you

to align the light collection conditions from different positions of the section.
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Figure 36 demonstrate the scheme of the experiment with a separate section. The

experimental stand was designed by V.G. lvochkin.

- Volume filled with air

. Rectangular
14 cm - container with
mirror walls

Scm

Plastic scintillator with
y-source “*Na attached

Mirror bottom

Figure 36. Scheme of a measuring stand with a layout of one section of the detector.

To study the efficiency of light collection using full internal reflection, the section
was filled with water, which has a refractive index close to the scintillator coefficient. To
simulate scintillation, a source consisting of a plastic scintillator and a ??Na gamma

radiation source with gamma lines of 511 keV and 1274 keV was used. The location of the
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scintillation was determined by the position of this source. The obtained spectra are shown

in the Figure 37 [85].
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Figure 37. Spectra of the 22Na gamma source at different positions of the scintillator in the
air gap section model.

As you can see, the positions of the gamma lines practically do not depend on the
position of the source at distances of 30 cm, 50 cm and 70 cm from the water surface. This
is also confirmed by the result of the Monte Carlo simulation, made by A.K. Fomin and
presented in Figure 38, which shows that in the case of separation of the PMT from the
surface of the scintillator, uniformity of the light collection is achieved. Therefore,
calibration of the detector with a scintillator can be done using sources located outside.

This greatly simplifies the calibration procedure.



256

0,000
0,000

2,900E+06 2,900E+06

5,800E+06 5,800E+06

8,700E+06 8,700E+06

1,160E+07 g 1,160E+07
N

1,450E+07 1,450E+07

1,740E+07 1,740E+07

2,030E+07 2,030E+07

2,320E+07

. 2,610E+07
2,900E+07

2,320E+07

.
2,610E+07

A .
| 2,900E+07

Figure 38. The result of the MC simulation of one section in the presence of an optical
contact (left) and without an optical contact (right).

3.2 Simulation of the experiment

To determine the effectiveness of the antineutrino detector, a computer model of the
entire detector was created by A.K. Fomin based on the model of one section and Monte
Carlo calculations were performed. The size of the detector and the properties of the
studied reaction are the parameters of the model. In the MC calculations, the annihilation
of a stopped positron generates 2 gamma quanta with an energy of 511 keV each, flying in
opposite directions. Neutrons arising in the reaction are absorbed by gadolinium to form a
cascade of gamma quanta with a total energy of about 8 MeV. Two consecutive signals
from a positron and a neutron are recorded in the detector. The detector consists of 5x10
sections 0.225x0.225x0.75 m? with rigidly fixed partitions between them. The material of
the scintillator is mineral oil (CH2) with the addition of gadolinium 1 g/I. The light output
of the scintillator is 10 photons at 1 MeV. In the model, the thickness of the partitions was
not taken into account. The model used a Hamamatsu R5912 photomultiplier. There is a

layer of air between the scintillator and the PMT. The antineutrino spectrum is
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reconstructed from the positron spectrum, since in the first approximation, the relationship

between the energy of the positron and the antineutrino is linear:E; = E_+ + 1.8 MeV.

The antineutrino spectrum of uranium #°U was used to simulate the antineutrino
spectrum [29]. During the simulation, it was assumed that the antineutrino flux was
directed parallel to the detector axis. Such an assumption is possible when the detector is
removed from the active zone of the reactor at a distance of 6-12 meters. The direction of
departure of positrons is assumed to be isotropic. The spatial distribution of neutron
capture by gadolinium, as well as calculations of energy release from positron and gamma
quanta in the scintillator were performed using the MCNP program [87]. The spectrum of
gamma quanta during neutron capture by gadolinium was generated for the reaction
157Gd(n,y). The exponential path length of photons in the scintillator is 4 m. Optical
photons are reflected from the walls with a probability of 0.95.

Figure 39 shows the distribution of the PMT count (the number of registered photons)
from positrons of different energies, considering the energy release from 2 gamma quanta
of 511 keV. The upper figure shows the distribution of signals for one section, taking into
account two gamma quanta with an energy of 511 keV. It is mainly determined by the
incomplete absorption of gamma quanta within one section, which explains the presence of
two peaks in the distribution at low energies. The middle figure shows the distribution of
signals for one section without taking into account gamma quanta of 511 keV. Only the
energy of the positron is recorded. The distributions for the first figure are also shown there
for comparison. The lower figure shows the distribution of signals considering 511 keV
gamma quanta and taking into account signals from neighboring sections (for comparison,
the distributions for the first figure are shown). This distribution is asymmetric, and it is
difficult to estimate its energy distribution. However, it is possible to choose such an
effective distribution width of 26 when the area under the curve for this width will be 68%.
In accordance with calculations (Table 8) the effective width of the distribution in the
lower figure practically does not depend on the positron energy and can be estimated as
206~ 500 keV.
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Figure 39. Distribution of PMT samples in one section from a positron with an energy
from 1 to 7 MeV together with the annihilation process (two gamma quanta with an energy
of 511 keV).
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Table 8. Effective distribution width for various positron energies.

Epos, MeV o, keV

2 215
4 233
6 251

Examples of registration of gamma quanta with energies 2.3 MeV 4.4 MeV 6.0 MeV
are shown in Figure 40 for the case of registration with only one section (green curve) and
the case of registration taking into account signals from adjacent cells (red curve). The
energy resolution during registration, taking into account signals from neighboring
sections, turns out to be twice as good and is 2o = 250 keV at an energy of 4.4 MeV. The
presence of partitions between adjacent sections should worsen the energy resolution. We

will return to the question of the real energy resolution of the detector in Section 3.5.
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Figure 40. Distribution of PMT samples in one section from gamma quanta with energies

of 2.3 MeV, 4.4 MeV and 6.0 MeV
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Figure 41 demonstrates distribution of signals from positron and neutron events. For a
positron event, we choose a threshold of ~1.5 MeV. For the positron spectrum, the
detection efficiency at this threshold is €,+ = 0.810(5).
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Figure 41. Signals from a positron (positron and 2 gamma-quantum) event - red curve,

from a neutron event - blue curve (only the section where the IBD event occurred is used

by the PMT), green curve - the PMT of all sections are used.

3.3 Energy calibration of a full-scale detector

In Section 3.1, it was shown that the energy resolution does not depend on the
location of the event registration. Therefore, calibration can be done using sources located
outside — above the detector (Fig. 19). Energy calibration for the full-scale detector was
carried out with gamma and neutron radiation sources (**Na along the 511 keV and 1274
keV lines, along the 2.2 MeV line from the p(n,y)d reaction, along the 4.4 MeV gamma
line from carbon 2C from the °Be(n,a)'*C" reaction in a Pu-Be source, and also by the total
energy of gamma quanta of 8 MeV when a neutron is captured by gadolinium — it is not
observed as a line due to energy losses from the departure of gamma quanta) [85]. The 4.4
MeV line has an additional broadening due to the superposition of the exponential gamma
background of the Pu-Be source. These calibration spectra are shown in Figure 43 and in
more detail in Figures 44 and 45.

The linearity of the resulting calibration dependence is shown in Figure 46. This made

it possible to measure the spectrum of prompt signals, which is recorded by the detector. It
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is related to the antineutrino energy by the following relation: Eyyomp: = Ey — 1.8 MeV +
2-0.511 MeV where E; is the antineutrino energy, 1.8 MeV corresponds to the energy of
the threshold of the IBD reaction, and 2-511 keV corresponds to the energy of positron
annihilation.
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Figure 42. Detector calibration scheme.
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Calibration in the energy range above 2 MeV is a problem due to the lack of

necessary gamma-ray sources in this range. The calibration and energy resolution
presented above belong to the same row of sections.

In fact, we are interested in the energy resolution of a detector consisting of a set of
sections. When registering a signal in one of the sections, signals from the immediate
environment are taken into account. Therefore, the energy resolution of the detector is

better than the energy resolution of a separate section.
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Figure 44. The result of the detector calibration. On the left, the line is 2.2 MeV from the
process p(n,y)d; in the middle — 4.4MeV from the reaction °Be(n, a)*>*C*; on the right — 8
MeV from the reaction Gd(n,y).
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Figure 45. Calibration spectrum 22Na.
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Figure 46. Linear dependence of energy calibration.

Registration of a positron is a more complex process than registration of a gamma-ray
guantum. The average free path of a positron is ~5 cm, so the signal is recorded in one
section, whereas gamma quanta often fly out of the section carrying away significant
energy. Therefore, the registration of a positron could occur with a better resolution than
the registration of gamma quanta. Unfortunately, the registration of the positron is
accompanied by the departure of two gamma quanta with an energy of 511 keV, which can
be registered in neighboring sections. Note that the process of registering two gamma
quanta with an energy of 511 keV leads to the same energy shift and broadening,
independent of the positron energy. Thus, the use of energy calibration for a separate
section along the gamma lines of sources and extrapolation of resolution by the square root
dependence on energy is incorrect when registering positrons. In the future we will return
to the discussion of this problem since the energy resolution during positron registration is

extremely important for describing the oscillation process.
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3.4 Detector movement scheme and measurement stability

During the exposure period at one detector position, both the background
measurement (OFF) and the measurement with the reactor running (ON) occur. The
schedule of the reactor operation and detector movement scheme are shown in Figure 47.
The duration of the reactor cycle is 8-10 days. The duration of the stop is 2-5 days and, as a
rule, alternates (2-5-2-... as mentioned in Section 2.4.1). In summer, the reactor is stopped
for a long period to perform scheduled preventive maintenance. The detector is moved to
the next position in the middle of the reactor cycle. Measurements are carried out in the

same position until the middle of the next cycle.

. . ON
OoN 1-5 days ON 1.5 davs ON 2-5 days
8-10 days 510 dayvs 8-10 days
OFF ’ OFF ' OFF
| i I J
| [ I
New detector position New detector position New detector position

Figure 47. schedule of the reactor operation and detector movement scheme.

The counting rate when the reactor is OFF is determined mainly by the cosmic
background, and its behavior depends on the distance of the building structure. At
distances of 10-12 meters, cosmic rays are shielded to a greater extent by concrete floors,
as shown in Figure 18.

The cosmogenic background is large in relation to the effect and constitutes the main
problem of the experiment, therefore, the distribution of time fluctuations of the cosmic
background requires detailed study.

Figure 48 shows the behavior of the correlated signal of the cosmogenic background
throughout the measurement time. When constructing this dependence, corrections were
made for background changes that occurred when the detector was moving. Fluctuations of

this distribution are determined mainly by statistics. Background measurements were
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carried out during different time intervals, in 2020, when the reactor was not working,

measurements were carried out at intervals several times longer, so fluctuations during this
period are noticeably less.
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Figure 48. The count rate of the correlated signal of the cosmic background throughout the
entire measurement time (above). The count rate of the correlated ON - OFF signal
throughout the entire measurement time (below). The first measurement cycle is from May
31, 2016 to May 10, 2018. The second cycle is from May 19, 2018 until the start of a long
shutdown of the reactor for reconstruction. The third cycle is background measurements

during reactor reconstruction.

To make a more detailed analysis, it is necessary to build a distribution of fluctuations

normalized to its own statistical error. This distribution is shown in Figure 49 on the left.
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The half-width of this distribution is 1.07 + 0.01, that is, additional fluctuations associated

with cosmic radiation are only 7%.

A similar count rate of the ON-OFF difference of correlated signals, demonstrating
the stability of the effect, is shown in Figure 48 below. Here, a correction has also been
made to the dependence of the ON-OFF effect on distance. The fluctuation distribution for
it is shown in Figure 49 on the right. The distribution of fluctuations is made, as before,
with normalization for each measurement's own statistical error. By the way, it should be
noted here that the accuracy of reproducing the reactor power from cycle to cycle was 2%
and was also averaged during long-term measurements. The standard deviation of this
distribution is 1.09 £ 0.02, that is, the broadening of the statistical distribution due to
additional fluctuations in the cosmic background and reactor power is only 9%. As a result,
it can be concluded that the accuracy of measurements can be determined statistically
despite a sufficiently large cosmic background. In principle, it is possible to add a
correction for the fluctuation of the cosmic background for each measurement using
atmospheric pressure measurements. However, this would be excessive, since the
correction is small, and, in addition, fluctuations in the cosmic background are averaged in
magnitude due to a large number (87) of measurements and the frequency of reactor
shutdowns.

In general, it can be concluded that the analysis of experimental data can be carried
out within the observed statistical accuracy.

Three measurement cycles should be distinguished. The first measurement cycle
lasted from June 2016 to May 2018. The results were published in [88, 89]. This was the
first observation of the oscillation effect at the level of three standard deviations. The
second measurement cycle lasted from May 2018 to October 2019. The statistical accuracy
of measurements was increased by 1.4 times. The result of joint data processing confirmed
the effect of oscillations at the same level of confidence. The results were published in
[90]. In the third cycle, measurements were carried out only on the background of the

stopped reactor during its reconstruction for a year and a half.
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3.5 Stability by the background measurements

The background is one of the most important problems of the experiment and requires
a detailed study. The correlated background signal is due to fast neutrons according to the
scheme shown in Section 2.1 on Figure 10, where the start signal is given by a recoil
proton during elastic scattering by hydrogen, which is the main component of the
scintillator. However, the process of interaction of neutrons with carbon nuclei, which is
also part of the scintillator, is possible. Finally, the process of interaction of neutrons with
oxygen nuclei, which is part of the plexiglass, from which the mirror partitions between the
sections are made, and also on aluminum nuclei, is possible, since the detector housing and
the sectional structure are made of an aluminum alloy (see Section 2.2).

The background spectrum averaged over all distances is shown in Figure 50. It should
be noted that in the region of 3-6 MeV one can see a bump and other local maxima on the
energy dependence of the background (Fig. 50). Such a background spectrum can be due to
the structure of the energy levels of carbon, oxygen, and aluminum nuclei. These

irregularities in the spectrum are superimposed on the smooth dependence of the spectrum
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of recoil protons during the scattering of fast neutrons, as well as on the correlated

background of unstable °Li and 8He isotopes, which are produced by cosmic rays during

interaction with carbon nuclei. These isotopes undergo B-decay followed by neutron decay

of the resulting nucleus.
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Figure 50. Background spectrum averaged over all distances.

The fast neutron in the (n,n") reaction leaves the nucleus in an excited state and its

transition back to the ground state occurs before the neutron is thermalized and captured.

The energies of the first excited levels of the carbon nucleus are 4.44 MeV and 7.65 MeV.

Excitation of the 7.65 MeV level is possible for fast neutrons with energies above 8.25

MeV. The 7.66 level mainly decays via the channel into 3 alpha particles through the éBe

intermediate nucleus [92]. The total energy of alpha particles in this case is about 400 keV.

The first exited state 4.44 MeV is a result of the inelastic scattering of the fast neutron and

decay with emission of a gamma before the neutron can be thermalized and captured.

Therefore, we observe a correlated event. For oxygen, the most intense line is at an energy

of 6.13 MeV. Similarly, the interaction of fast neutrons with aluminum leads to the

appearance of gamma rays with energies of 2.2 MeV, 3.68 MeV, 4.4 MeV and 5.15 MeV.
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Gamma lines with energies: 2.2 MeV, 3.68 MeV, 4.44 MeV, 515 MeV and

6.13 MeV can be considered as observed with varying degrees of certainty.

The presence of this structure in the background spectrum shows that the energy
calibration of the detector was preserved during all measurements. Moreover, since we
observe individual lines in the spectrum, although with not very good resolution, we can
estimate the energy resolution of the detector and propose a decomposition of the spectrum
shape into gamma lines (Fig. 50).

In the range from 2.0 MeV to 7.0 MeV, the energy resolution changes from 225 keV
to 310 keV. The presented estimate of the energy resolution refers to the whole detector,
which is somewhat better than the energy resolution of a separate section, since when a
signal is detected in one of the sections, signals from the nearest environment are taken
Into account.

To confirm the energy resolution of the detector used in the decomposition of the
experimental background spectrum, we performed an MC calculation of the energy
resolution for the entire detector, taking into account the signals from neighboring sections.
Examples of registration of gamma rays with energies of 2.3 MeV, 4.4 MeV and 6 MeV
were shown in Figure 40. The calculated resolution is 26=250 keV at an energy of 4.4
MeV. But in the experiment, the resolution at a given energy is 26=570 keV, that is, twice
as bad. The presence of partitions between adjacent sections, the difference in tuning of
individual sections, and instability over approximately three years of measurements can

degrade the energy resolution.

3.6 The spectrum of prompt signals and the spectrum of accidental coincidences

The spectrum of prompt signals of correlated events measured when the reactor is
OFF is subtracted from a similar spectrum measured at the same distance when the reactor

Is running ON (the spectrum of accidental coincidences is measured simultaneously with
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the correlated spectrum and is subtracted for each measurement separately). The difference

in the counting rate of correlated ON-OFF events over the entire energy range of 223 per
day in the distance range of 6-9 m, the signal/background ratio is 0.52. The counting rate of
correlated events when the reactor is running (ON) and stopped (OFF) and their differences
(ON-OFF) at different distances are shown in the Figure 51.
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Figure 51. On top is the counting rate of correlated events (reactor at 90 MW — ON) and
(reactor stopped — OFF) at different distances. Bottom — the difference in the counting rate
(ON-OFF) as a function of distance.

The spectra of correlated events when the reactor is running at power ON and when
the reactor is stopped OFF, as well as the spectrum of their difference ON-OFF are shown

in Figure 52. As discussed earlier, their difference refers to the neutrino spectrum of the
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reactor, since the fast neutron flux from the reactor, which could contribute to the ON-OFF

difference, does not exceed (1.1 £ 0.45)%, which was shown in section 2.5.2. But the most
important thing is that the background does not have any dependence similar to the
oscillation.

The ON spectrum and the OFF spectrum, averaged over all distances, are shown in
Figure 52 on the top. At the bottom of the figure is the spectrum of the ON-OFF signal
averaged over all distances — a blue histogram and the difference between the ON and OFF
spectra averaged over all distances — a red histogram. It should be noted that for the
analysis of neutrino oscillations, it is correct to use the spectrum of the ON-OFF signal for
each distance and obtained in the nearest measurements. This makes it possible to

compensate for the fluctuations of the cosmic background in the best way.
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Figure 52. On top are the ON and OFF spectra averaged over all distances. At the bottom is
the difference spectrum averaged over all distances — the blue line and the difference

between the ON and OFF spectra averaged over all distances — the red line.
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In addition to the correlated background, the problem is the background of accidental

coincidences. Its energy spectrum is shown in Figure 53 for three distances. The influence
of the reactor on the background of accidental coincidences is also shown in Figure 53 at
the bottom. This background increases significantly if we reduce the threshold for delayed
signals below 3 MeV and there is even some dependence on the reactor power. As
mentioned earlier, this problem can be solved by choosing a threshold for delayed signals
of 3.2 MeV, since the signal energy from the capture of a neutron by gadolinium is
noticeably higher and reaches 8 MeV. The threshold for an prompt signal is set at 1.5 MeV
to reduce the number of lost neutrino signals.

Thus, the conclusion of this analysis is the choice of optimal thresholds for recording
direct and delayed signals.: 1.5 MeV and 3.2 MeV respectively.

Accidental background at 7.11m from reactor.
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Figure 53. Background spectra of accidental coincidences at distances of 7.11 m, 9.3 m and
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11.1 m between the center of the reactor and the center of the detector (top). Background
spectra of accidental coincidences for a working reactor ON and stopped OFF at the
distance closest to the reactor - 7.11 m (bottom).
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Chapter 4. Data analysis

The general approach to data analysis for finding parameter values that determine a
certain dependence is to compare the experimentally measured dependence with the
dependence expected under a particular hypothesis for different parameter values. The
method of relative measurements described in Section 2.1, specifies only those values
whose relation needs to be compared. Thus, in order to implement a model-independent
analysis, the reactor antineutrino spectra measured at different distances must be presented

in the appropriate form for this task.

4.1 Comparison of the experimental antineutrino spectrum with the calculated
reactor spectrum

When comparing spectra, it iS more convenient to consider the spectra of prompt
signals. To compare the experimental spectrum of prompt signals during the registration of
IBD with the calculated spectrum, it is necessary to consider the MC of calculating the
efficiency of registration of the IBD process in the detector. The spectrum obtained in the
experiment should be compared with the expected spectrum of prompt signals calculated in
the MC simulation. An example of such a comparison is shown in Figure 54, where the
experimental spectrum of prompt signals averaged over all distances is presented, and the
MK spectrum of prompt signals obtained from the spectrum 235U taking into account the
thresholds for recording experimental signals..

As already noted, for the analysis of neutrino oscillations, it is correct to use the
average spectrum of the ON-OFF signal for each distance, and obtained in the nearest
measurements, in order to best compensate for the fluctuations of the cosmic background.
However, a comparison can be made using the difference of the ON and OFF spectra

averaged over all distances. This makes it possible to include long-term background
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measurements in data processing in 2020. Both spectra are compared with the calculated

one and are shown in Figure54.
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experimental ON-OFF spectrum. Below is their difference, normalized to the calculated
spectrum. The first two figures represent the ON-OFF signal spectrum averaged over all
distances, the second two figures represent the difference between the ON and OFF spectra

averaged over all distances, where long-term background measurements are included.

Comparison of experimental and calculated spectra demonstrates they’re not quite
satisfactory agreement within the framework of available statistical accuracy. The reasons
for the possible discrepancy may be caused by different circumstances. Firstly, the energy
calibration of the calculated spectrum is not fixed, and the energy dependence of the
neutrino registration efficiency is not completely accurate. Secondly, we can consider the
presence in the spectrum of the often-discussed bump in the 5 MeV region. Both reasons
cannot be ruled out. The question of the possibility of oscillations is the main one.
Therefore, as noted earlier, comparing only the energy dependence with the expected
spectrum is not entirely satisfactory, and a spectral-independent method of analyzing

experimental data is needed to solve this problem.
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4.2 Spectral-independent method of analysis

Section 2.1 describes a method for analyzing relative measurement data in which the
shape of the spectrum turns out to be insignificant (this will be checked separately in
Section 5.2), that is, just a model and spectrally independent data analysis. For simplicity,
we neglect the size of the reactor core and the height of the detector section, then the

formula (31) will have the form:

2
: <S (E) (1 — sin? 26, sin? (%)»
Fu” = £ ANi")L%‘/K_lz(Ni" + ANl = L 27amL, (33)
* K18k <s (8) (1 - sin? 26y, sin? (#)»
i

S(E) - initial spectrum 2®U, (s) — integration with the energy resolution function with
0=250 keV and integration by energy bins. The right-hand side of the equation is the same
ratio, written in analytical form taking into account the oscillation hypothesis. Despite the
fact that this simplification is quite acceptable, in further analysis, nevertheless, the full
formula (19) was used.

The denominator of this ratio is the counting rate of antineutrino events with the same
energy, but averaged over all distances, therefore, with a sufficiently high frequency of

oscillations, the denominator degenerates into a constant:

m _ 1 —sin? 26, sin?(1.27Amf, Ly /E;)
1 - 7Sin2 2014 14
e

This ratio turns into unity in the absence of oscillations. R;,” the ratio in the

approximation (34) up to the coefficient 1/(1 — 1/2 sin? 28,,) corresponds to equation
(19), describing the oscillation process. However, taking into account the final resolution
of the detector and the width of the energy bin, as will be shown in the next section, there
Is a damping of the oscillations.

The results of measurements of the dependence of the antineutrino flux on distance

and energy can be presented in the form of a matrix containing 24 X K elements N,
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denoting a difference signal in the i-th interval (binet) of energies (i = 1 ... K) and the k-th

interval of distances from the reactor center (k = 1...24). In total, we get 24 positions in
which the antineutrino spectral flux is measured in the range from 6.4 m to 11.9 m. The
spatial interval corresponds to the size of the detector cell and is 23cm, which is half the
size of the reactor core.

The energy spectrum is divided into intervals (bins) of different widths of 500 keV
(K=9), 250 keV (K=18) and 125 keV (K=36). A more detailed partitioning does not make
sense due to a decrease in the statistical accuracy of the matrix element. Even when
partitioned by 500 keV, the statistical accuracy of our measurements is not enough to
construct an oscillation curve. Also, the measurement matrix can be represented as a
dependence on L/E;. At the same time, some elements of the matrix will have the same
ratio Li/E;, that is, the single phase of the oscillation dependence on L/E and these points
can be combined — coherently folded. Figure 55 shows a matrix of experimental data and
schematically presents the procedure of coherent summation. In the further analysis, we
will use splitting by energy intervals of 500 keV and combining 8 points, in addition, we
will use splitting by energy intervals of 250 keV and combining 16 points close in L/E, and
finally, we will use splitting by energy intervals of 125 keV and combining neighboring

results into L/E dependencies of 32 points.

- L/Ef}éfl /

114

8 ', v s L/E; =1

0 1 2 3 4 5 6 7 8
E., MeV

Figure 55. lllustration of the method of coherent addition of measurement results to obtain

the dependence of R$I™ on the ratio L/E.
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All three data processing options use almost the same statistical material and they are

equivalent within statistical accuracy. The expediency of repeating data processing is to
avoid random fluctuations in the random sampling of data. Therefore, averaging the results
of all the above-mentioned data processing options helps to avoid random fluctuations. It is
advisable to explain that when averaging, the statistical accuracy of the average result
remains the same. The results of processing experimental data using the scheme described
above are presented.

For comparison with the theory, it is necessary to make a MC simulation of the
experiment and take into account the energy resolution of the detector. Despite the small
influence of the size of the detector sections and the size of the reactor core, these

parameters were taken into account during modeling.

4.3 Monte Carlo simulation of expected results using a spectral-independent analysis
method

This section describes Monte Carlo calculations in which the geometric parameters of
the source and detector are used, taking into account the split into separate sections.

In this simulation, the values of the parameters Am?, and sin? 20,, were used close
to those that will be obtained later from the analysis of experimental data. The purpose of
this simulation is to see what the oscillation process looks like on the E, L plane and how
to extract the oscillation process as a function of the L/E ratio in accordance with equation
(31).

An antineutrino source with the geometric dimensions of the reactor core
42x42x35 cm® was modeled, as well as an antineutrino detector taking into account its
geometric dimensions (50 sections with dimensions 22.5x22.5x75 ¢cm?®). The anti-neutrino
spectrum of 2®°U multiplied by the function of the oscillation effect was used
1 — sin? 20,, sin?(1.27Am3%,L, /E;).

The expected oscillation effect for different energy resolution of the detector is shown
on the plane (E,L) as a matrix — Figures 56 and 57 on the left, and as a function of L/E
obtained by adding data with the same L/E ratio — Figures 56 and 57 on the right [91].
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Figure 57 (left) shows a simulated matrix of the ratio N L%/K~1YN; L%, which is

proposed to be used for data processing in accordance with equation (31). In the
calculations, the statistical accuracy of modeling the ratio (AN;;/N;,) was 1%, which is
significantly better than in the experiment.

The most important parameter in this simulation was the energy resolution of the
detector, which was determined by the energy interval in the matrix of 250 keV and
500 keV, respectively. Clearly, the loss of the energy resolution of the detector suppresses
the observed effect of oscillations. But at the same time, the number of observed oscillation

periods decreases, and the amplitude of the first observed oscillations remains.
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Figure 56. Matrix R$I™ of the ratio (Ny L2 /K ~1YN;L2) for the +125keV detector energy

resolution (on the left); R$I™ dependance on L/E (on the right).
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In this section, the necessary explanations related to the processing of experimental
data and their MC modeling should be made. The problem of energy resolution requires
special attention. The construction of a measurement matrix on a plane with an interval AE
already involves the introduction of energy resolution. Figures 56 and 57 differ only in that
the energy interval of data collection was chosen differently: AE = 250 keV or
AE = 500keV. In the initial simulated data, the energy resolution of the detector was
considered ideal. To clarify the question of how to choose the energy interval, the
following modeling can be carried out.

An experiment with an energy resolution c=%2250 keV simulated. Data processing is
done with an energy interval of 125 keV, 250 keV and 500 keV. To complete the picture, a
calculation is also made with an ideal energy resolution and different energy intervals.

A comparison of the dependencies shown on the left and right in Figure 58, clearly
demonstrates the effect of the detector's energy resolution on the oscillation curve. The
right-hand figures show that the choice of the energy interval less than or equal to the
energy resolution of the detector o= 250 keV practically does not affect the shape of the
oscillation curve. The choice of the energy interval AE = 500 keV practically replaces the
consideration of the energy resolution of the detector c = 250 and can be used for express
analysis. For final calculations, the energy resolution of the detector ¢ = 250 keV should be
used. The choice of the energy interval AE = 500 keV and simultaneous accounting of the
energy resolution of the detector c = 250 keV is erroneous, this leads to a double
accounting of the energy resolution as done in [93].

So, based on the fact that the energy resolution of the detector when registering
gamma quanta is in the range of 220 - 310 keV (Figure 50) and the features of the
registration of positrons (Figure 39, Table 8.) it seems correct to process data for the
analysis of the oscillation process using the energy resolution of the detector o = 250 keV,

independent of the energy of the positron.
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Figure 58. On the left is the calculation of the oscillation curve with the ideal energy
resolution of the detector and with an energy interval of 125 keV, 250 keV and 500 keV.

On the right — simulation of oscillation curves with energy resolution o= 250keV and
intervals of 125, 250, 500 keV.

The number of red dots on the curve corresponds to the number of elements in the

matrix in Figure 58. Black dots on the curve appear after combining adjacent results on the

L/E dependence. The number of black dots on all six curves is the same.
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4.4 First phase of data analysis

Below is an analysis of the data of the antineutrino signal from the reactor for the first
and second measurement cycles together.

Initial count rate distribution (ON — OFF) = N,, over the entire energy range, shown in
Figure 34 on the left, is the count deviation from the average value for different series of
measurements, which in each case is normalized to its statistical error. This allows you to
combine all measurements at different distances together in order to identify additional
scatter in the data besides the statistical one. This distribution is well described by the
Gaussian function and is determined almost exclusively by statistics. This means that we
do not observe additional instabilities other than changes in the cosmic background.

We compare it with the distribution obtained for the ratio R;" from the same dataset.

It, like the ON-OFF distribution, is normalized to the statistical error and represents the

deviation of R;,* from unity.

In this case, the energy scale was divided into 9 intervals of 500 keV and the distance
scale into 24 intervals, that is, there are 216 elements in the measurement matrix. Figure 59
on the right shows the distribution of all 216 points over the L/E range from 0.9 to 4.7. It

exp

can be seen that the distribution R, “already differs from the normal one. The value of
x?2/dof, obtained from this comparison is 25.9/16, which excludes the possibility of
describing the distribution of the ratio R;" by a statistical distribution function, since the
reliability of such a description is only 5%.

The broadening of the distribution R;," should arise in the presence of the effect of

oscillations. This can be seen as the first manifestation of the effect of oscillations in data

processing.
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Figure 59. On the left - the distribution of the ON-OFF count rate in the entire energy
range, normalized to o; right — distribution Rl.e,fp for 216 points over the L/E range from 0.9

to 4.7, normalized to o.

4.5 Search for oscillation parameters

The optimal oscillation parameters can be found using the distribution:

Si(REP — RE)’/(ARGP)” = x*(sin® 26,4, Amd,).

The matrix of measurement results should be compared with the matrix with the
expected matrix obtained using the MC calculation with an energy resolution of £250 keV.
The search for constraints on the oscillation parameters Am?,, sin? 26,, was carried out
using the Ay?. The dependence of the R-ratio on the parameter L/E was used, which
clearly demonstrates the process of oscillations.

The result of the analysis of the data of the first and second cycles of measurements
on the plane Am?,, sin? 20,, is shown in Figure 60. The range of oscillation parameters
marked in pink is excluded with a reliability of more than 3c. However, there are

parameter regions, including the region near the values Am?, = 7.3eV? and sin? 28,, =
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0.36, which may correspond to the values of the oscillation parameters. The confidence

level of the hypothesis of oscillations to the sterile state is 2.9c. It also shows the regions of
the reactor and gallium anomalies [85].

125, 250, 500 keV. 6=+250 energy resolution. 2 cycles. Am = 7.3eVZ, sin20 = 0.36. 2.9c CL
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Figure 60. The result of the analysis of the data obtained during the first and second
measurement cycles. constraints on oscillation parameters Am3,,sin? 26,,. The area of
parameters excluded with a confidence level of more than 3o is marked in pink. Orange -
the range of acceptable values with a confidence of no more than 2.9¢. Green - the range of
acceptable values of the oscillation parameters with a confidence level of 26 and blue -

with a confidence level of 1c.

Figure 61 hows the results of the analysis of the data of the first measurement cycle
(1), the results of the analysis of the data of the first measurement cycle together with the
second measurement cycle (Il), as well as the results of the analysis of the data of the first
measurement cycle, with the second measurement cycle and with the third measurement
cycle (111) . On the left is the central part of the region Am?,, sin? 26,, and on the right is

the oscillation curve.
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Figure 61. On the top - the result of the analysis of the first measurement cycle (1), in the middle - the
result of the analysis of the data of the first and second (11) measurement cycles together, at the bottom -
the result of the analysis of the data of all measurement cycles together with the third cycle (I11). On the
left - central regions near the parameter values corresponding to the best fit, on the plane Am?2,, sin? 26,,,
on the right - oscillation curves, dependences of R-ratio on L/E at parameter values Am?,, sin? 26,
corresponding to the best approximation.
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Table 9 shows the y*/DoF and goodness of fit values for the assays with and without

oscillations for all three cases I, 11, and I11.

Table 9. ¥/DoF and GoF values for three datasets.

Goodness of fit
Am?2,,sin? 20,, parameters | y2/DoF (reduced y?) for the fit |for the hypothesis
Case | corresponding to the best fit | with hypothesis of no oscillation | w/out oscillation
point and for the best fit and for the best
fit
| 7.2 eV?, 15.61/17 (0.92) 0.55
0.39 (2.50) 24.59/19 (1.29) 0.17
I 7.3 eV?, 20.61/17 (1.21) 0.24
0.36 (2.9 0) 31.90/19 (1.68) 0.03
i 7.2 eV?, 3.98/17 (0.23) 0.99
0.36 (2.3 0) 11.66/19 (0.61) 0.82

Here it should already be noted that the measurement error of sin? 26,, decreased
after the inclusion of data from the second measurement cycle, and the confidence level
also increased. However, after the inclusion of additional background measurements in the
third cycle, the error of the sin? 26,, measurement increased, and the confidence level
dropped. As already noted, it is preferable to measure in the reactor ON reactor OFF mode
with a short time interval. In this case, background fluctuations are compensated. When we
use long-term and independent background measurements and compare them with the
reactor ON measurements at intervals of 1-2 years, then we can get a dispersion of the
background data well beyond the statistical limits. This only leads to an increase, not a
decrease, in the measurement error. Therefore, we consider the results obtained
in the first and second cycles of measurements Am?2, =7.30+0.13,, and
sin® 260 = 0.36 £ 0.12(2.90).
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4.6 Dependence of the flux of reactor antineutrinos on the distance in the range of 6-
12 meters

The results of measurements of the count rate difference with the reactor ON and OFF
are shown in Figures 62—64. Fitting the experimental dependence with a constant gives a
satisfactory result. The goodness of fit has a value of 22%. Corrections for the final
dimensions of the reactor core and detector sections when considering the dependence of
the flow on the distance are negligible - 0.3%, corrections for the difference between the
axis of motion of the detector and the direction to the center of the reactor core can also be

neglected, they are approximately 0.6%.
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Figure 62. Dependence of the antineutrino flux on the distance to the reactor core.

Considering the oscillation parameters obtained, it is possible to estimate the ratio of
the observed flux to the expected flux of reactor antineutrinos with a spectrum
corresponding to highly enriched 2°U fuel. For the values of the oscillation parameters
Am?, = 7.30 eV? and sin? 26 = 0.36 we will have the dependence of this ratio on the
distance shown in Figure 63 by the black line. As noted earlier in Section 2.1, at a high
frequency of oscillations, i.e., at sufficiently large values of the squared mass difference,
the deviations of the flux ratio from a constant quickly decay and only a deficit is observed

already at a distance of several meters, which is observed in the figure. The ratios of the
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fluxes experimentally observed in the Neutrino-4 experiment at different distances to the

values of the A/L? function at the corresponding values of L, for which the parameter A
corresponds to the best approximation of the experimental data (red line in Figure 62) is
shown in Figure 64; the black straight line is the deficit level corresponding to the
oscillation parameters at distances 6-12. The red dots in Figure 63 are the averaged over 4
values of these ratio. Antineutrino flux measured on the detector models also showed good

agreement with flux decrease as A/L? [94].
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Figure 63. The ratio of the observed and expected fluxes, taking into account the effect of
oscillations with the parameters obtained in the Neutrino-4 experiment
Am?, = 7.3 eV?,sin? 26,, = 0.36.
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Chapter 5. Analysis of possible systemic effects

This section provides the necessary analysis of systematic effects that could form
some deviations in the measured spectrum, which in turn would lead to the observation of

a periodic dependence.

5.1 Fast neutron background

The study of possible systematic effects was carried out using the background of fast
neutrons from cosmic radiation. To check for possible systematic effects, you need to turn
off the antineutrino flux and perform the same data analysis. That is, it is necessary to
repeat the entire data analysis using the background of fast neutrons from cosmic radiation.
The statistical accuracy of the result of such an analysis will be noticeably higher than the
accuracy of the observed effect since more background measurement data has been
accumulated. The results of the analysis of background measurements (data collected for
the entire observation period) on the manifestation of the effect of oscillations on the plane

of the parameters Am?, and sin? 20, are shown in the figure.

0 01 02 03 04 05 06 07 08 (%.9 1
sin’(20,,)

Figure 65. The result of the Ay2-analysis on the plane (sin? 26,,, Am%,) for the correlated

background.
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Figure 66 on the left shows the result of representing correlated background

measurements as an L/E plot in the same way as for the data obtained from the ON-OFF
difference. It can be seen from the figure that the background cannot form the observed
oscillation effect shown in Figure 66 on the right.

The correlated background (fast neutrons from cosmic radiation) in the laboratory is
not uniform and has some dependence on the place of observation. This is due to the
uneven distribution of floor materials (mainly concrete) of the building, which can be seen
in Figure 18.

It can be seen that the dependence of the R-ratio on L/E satisfies the constant fit with
x%/DoF = 1.3, while the oscillatory dependence gives y2/DoF = 6.1. Therefore, it can
be concluded that the equipment cannot be the cause of a systematic effect that could

create a false oscillation effect..
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Figure 66. Comparison of dependences of R-ratio on L/E obtained from correlated,

background — on the left, and antineutrino signal (ON-OFF differences) — on the right.

5.2 Spectral independence and features of the analysis method

The next possible question is the spectral independence of the method. It is shown in
Figure 67, which shows the results of data processing from the first measurement cycle
using four different spectra: 1) the observed experimental spectrum, 2) the 2%U spectrum,

3) the spectrum with oscillations taken into account, and 4) the spectrum of Monte Carlo
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calculations. As shown in the figure, the resulting function of L/E does not depend on the

initial expected spectrum [89], so it can be argued with high accuracy that there is really

practically no dependence on the spectrum on the right side of formula (31).
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Figure 67. Comparison of experimental data with the expected forms of dependence under
the assumption of different initial neutrino spectra. Black dots - 23U spectrum, blue stars -
experimental spectrum averaged over all distances, red diamonds - the result of Monte

Carlo simulation of the neutrino spectrum for a full-scale detector.

It is of interest to check the effect of sampling the number of points in the summation
procedure to obtain an experimental oscillation curve. Figure 68 [89] shows that coherent
summation over 7, 8, or 9 points of data matrix elements of the first cycle does not lead to

a significant difference in the experimental oscillation curve.
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Figure 68. Coherent summation for different number of energy bins and with different

averaging.
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5.3 Influence of measurement conditions depending on reactor power

Fluctuations that are not correlated with the power of the reactor do not pose a danger
of a false effect of oscillations. Therefore, it is necessary to investigate the possible change
in any parameters, correlated with the power of the reactor. For example, the temperature
in the laboratory increases when the reactor is turned on. If this changes, for example, the
PMT gain, then this will lead to a shift in the spectra. Irregularities in the background
spectrum will be shifted. During the background subtraction operation, a difference with a
periodic structure will occur. This reasoning raises the following concern about the
possibility of a false effect of oscillations. This requires a quantitative assessment of the
possible size of the effect.

The change in temperature in the laboratory room when the reactor was turned on was
not observed within an accuracy of 1-2 degrees. It should be noted that the detector,
together with a part of the electronic equipment, is located inside a passive shield weighing
60 tons. This protection is essentially a cryostat. The temperature coefficient of voltage
stability at the PMT is 0.23 volts per degree. These studies were carried out in a special
stand with a temperature change of 20 degrees. The change in the PMT coefficient of
Hamamatsu R5912 is 0.5% per degree, therefore, the shift of the spectrum in the region of
6000 keV is 30-60 keV. Finally, in another special stand, the temperature stability of the
entire system, including the PMT and the scintillator, was tested. The temperature range
was also 20 degrees, and the temperature stability was 1% per degree. Thus, the possible
shift of the spectrum in the region of 6000 keV is 60-120 keV.

To check the possibility of forming a false effect of oscillations, data processing was
simulated taking into account such a bias. This processing showed that the shift of the
spectrum in the region of 6000 keV by 120 keV has no effect and does not simulate the

formation of a false oscillation effect.
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5.4 Inhomogeneous of cells

The next question is the effect of different detection efficiency of neutrino events by
different rows of the detector. It should be noted that in this case we are talking about the
efficiency of registering correlated signals. The registration of correlated signals captures
several sections at once, as shown in Figure 35. The efficiency of registration of a section
depends on its position. However, each section moves with its surroundings and its
effectiveness does not depend on the position of the detector. Here it is important to recall
that we use the method of relative measurements due to the movement of the detector and,

in addition, the detection efficiency for each section is reduced in the R;." ratio. If all

sections collected data at all distances, then no questions arose. However, measurements by
the edge sections are not reproduced by the center sections. As will be shown below, no
such influence is observed beyond the limits of statistical accuracy.

Finding the effectiveness of individual sections must be done experimentally. What is
really needed is the efficiency of individual rows of the detector, which includes 5 sections
at the same distance.

To experimentally determine the efficiency of rows with respect to correlated signals,
the background of fast neutrons of cosmic origin can be used. In principle, to solve the
problem posed, a source is required that would irradiate the entire detector uniformly, like
a neutrino flux. The background of fast neutrons of cosmic origin is almost uniform, as
shown in Figure 24. However, a self-shielding process occurs in the detector, so the first
and last row of the detector show a higher count. The dependence of the detector row count
on the row number is shown in Figure 69 on the left.

The moving distance of the detector corresponds to the section size (22.5 cm). All
movements are controlled by a laser rangefinder. The measurements were made at 10
positions of the detector so that different rows could be in the same place. The spectra

measured in different rows are subsequently averaged.
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Figure 69. Distribution of prompt correlated background signals averaged over all
positions in the detector (left). Deviation of the average distribution of prompt signals from
the profile due to the inhomogeneity of the background of fast neutrons in the laboratory
room (right).

When considering the average distribution of the count of prompt signals over the
rows during background measurements for the entire time of data collection. shown in
Figure 69 on the left, remember that the first and last rows are not used in the final L/E
dependency. They are used as a passive shielding against neutrons, so the count in them is
somewhat higher, they shield the central working part of the detector. As noted earlier, the
cosmogenic background of fast neutrons inside the passive shield is homogeneous.
However, for the uncorrelated background, there is some gradient ~ 10% at 6 to 12 meters,
which may be due to the structure of the concrete masses of the building (Fig. 18).

The red line in Figure 69 on the left is the fast neutron distribution profile due to the
self-shielding effect of the detector. The deviation of the count of fast neutrons from the
average value can be interpreted as the difference in the efficiency of different rows of the
detector. The average value of this deviation is ~ 6% (Figure 69 at the bottom). However,
different rows of the detector appear at the same distance position, and the detection
efficiency for each distance position is equalized, so only the average efficiency over the
rows located at the same distance from the reactor plays a role.

To consider how differences in row efficiency affect the final results, it is necessary to

take into account that the averaging of spectra obtained with different rows at the same



294
distance. In this approximation, the squared deviation from the mean is ~1.8%, as shown in

Figure 70 (on top). This indicates that the influence of the detector inhomogeneity on the

L/E dependence is insignificant and cannot be the source of the oscillation effect.
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Figure 70. Top — the deviation of the correlated background count from the average value for each
observation point after averaging over all rows. The second one is the result of the MC simulation
of the oscillation effect with/without taking into account the different efficiency of the detector
rows for correlated events at different distances. Red dots are the effect of oscillations without
taking into account the influence of different efficiencies, blue dots are the effect of oscillations
taking into account the influence of different efficiencies. The third is the difference between the

effects with and without considering the different efficiency of the sections. Fourth - the same
difference, summed over 8.
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Nevertheless, it is advisable to carry out MC calculations to fully clarify this situation.

The results of such calculations are shown in Figure 70 (second). It can be seen that taking
Into account the scatter in the efficiency of registering correlated events at different
distances did not affect the effect of oscillations (Fig. 70 third and fourth). This situation is
explained by the fact that the effect of oscillations is of a resonant nature and successfully
survives in the presence of noise.

After averaging over 8 points, the noise effect is almost completely suppressed, since
the determining frequency of the noise is much higher than the frequency of the oscillation

curve. The fluctuations are no more than 1%, while the amplitude of the oscillation is 15%.

5.5 Excluding rows
For a further test of the analysis procedure, the second and third rows of the detector

can be excluded from the analysis of the data at the position closest to the reactor and/or
the eighth and ninth rows at the position farthest from the reactor, those data that are not
averaged with other rows. The result based on first cycle data is in the Figure 71 [89],
which shows that the effect of oscillations is preserved, but the statistical accuracy

decreases to a confidence level of ~2c.
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Figure 71. Top - the result of coherent summation without the first 2 positions of the detector; in

the middle - without the last 2 positions; bottom - without the first and last 2.

5.6 Systematic experimental uncertainties

One of the possible systematic errors of the oscillation parameter Am?, is determined
by the accuracy of the energy calibration of the detector. The relative accuracy of the L/E
ratio is determined by the relative accuracy of the energy measurement, since the relative
accuracy of the distance measurement is much better. The relative accuracy of energy
measurement in the most statistically significant part of the measured 3-4 MeV neutrino

spectrum is 5%. Therefore, the possible systematic error of the parameter Am3%, is

0.60 eV?, §(Am?*)sysr1 =~ 0.60eV2.
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Another systematic error in determining the parameter Am%, may occur when

processing data using the y? method due to the appearance of additional regions around the
optimal value Am?%, = 7.3eV2. In particular, the nearest regions are at 5.2eV? and 8.8eV?
as can be seen from Figure 60. However, the contribution from the 5.2eV? satellite is much
smaller. Therefore, the possible systematic error can be estimated as §(Am?);y,s, ~ 1.0 eV2.
As a result, the measured value of the mass difference between the electron and sterile
neutrinos is:

Am2, = (7.3 £0.134 + 1.1645,) eVZ = (7.3 £ 1.17) eV?

5.7 Monte Carlo Simulation of the experiment with statistical accuracy

The confidence levels presented in Chapter 4 on the oscillation parameter plane
(sin? 26,,, Am?2,) were obtained using the Wilks theorem, which states that a function of
two variables (fitting parameters) Ayx?(sin?20,,,Am2,) = x2(sin? 20,4, Am?2,) — xZn,
where y2., is the minimum value of the y?(sin?26,,, Am2,) in the considered range of
parameters sin? 26,,, Am2,, tends to the distribution y? with two degrees of freedom.
Then simple inequalities can be used to estimate the confidence intervals and the
corresponding confidence levels. Thus, the area of parameter values that correspond to the
confidence level A is defined {(sin?20,,,Am%,) : Ay?(sin?20,,,Am%,) < a}, as for
A =10 (683%),a = 2.30; A = 20 (95.45%),a = 6.18; A = 30 (99.73%),a = 11.83.

However, to determine the ranges of acceptable values of the oscillation parameters,
the use of this theorem can lead to an incorrect confidence level [96]. The point is that the
correspondence Ay?(sin? 26,,, Am3,) to the distribution y2 is valid only asymptotically.
The dependence of the oscillation probability on the parameters sin? 26,,, Am?, violates
this requirement: firstly, due to the periodic dependence, and secondly, the values of the
parameter sin? 26,, > 0 are bounded from below by zero, then as a normal distribution is
defined on the entire real axis, and thirdly, the dependence of the probability is such that
the values of one of the parameters degenerate when the values of the second parameter

tend to zero. Therefore, for a more correct assessment of the level of reliability of the
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statement about the observation of oscillations, a more rigorous verification of the

hypothesis is required, which is based on multiple Monte Carlo simulations.

In section 4.3 the simulation of the experiment was presented without taking into
account the background conditions. In this section, we present the simulation of the
experiment considering the background conditions observed in the experiment and the
energy dependence of the energy resolution of the detector.

In the Monte Carlo model, as before, an antineutrino source with dimensions of the
reactor core of 42x42x35cm?® and an antineutrino detector consisting of 50 sections with
geometric dimensions of 22.5x22.5x75cm?® were considered. Sections in the same row
were merged. Antineutrinos were detected at all 24 distances from 6.5 m to 12 m with a
row size step of 22.5 cm. The antineutrino spectrum was simulated in accordance with the
antineutrino spectrum for 2%°U, although this did not play a role for the method of relative
measurements used by us.

The number of simulated events corresponded to the counting statistics (ON - OFF)
accumulated in the experiment at different distances. Thus, the variance of the count in the
model was chosen in accordance with the statistical error of the experiment, that is, taking
into account the background. In this case, we used the final statistical errors obtained after
the completion of the second measurement cycle. The data of background measurements
with the reactor shut down were not used. Thus, the experimental matrix N, = N(E/, Ly)
was modeled. The ON-OFF neutrino count rate was simulated for two cases with
oscillations and without oscillations. For the case with oscillations, the parameters obtained
as a result of processing experimental data were used Am2, = 7.3 eV?, sin? 26,, = 0.36.

The purpose was to reproduce the experiment multiple times and form the distribution
for the two mentioned cases by averaging the data. To obtain an oscillation dependence,
each of the simulated experiments was analyzed according to the same processing scheme
as in the real experiment. Each time the analysis was carried out with the hypothesis of
oscillations and with the hypothesis without oscillations. Thus, it was found out which of

the hypotheses fits better for each of the experiments simulated. To do this, each time the
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value of x?2 was calculated to fit the oscillation curve yZ,,, or by the constant y2,,s¢. In

general, 5-10° experiments were performed for the case with oscillations and the same
number without oscillations.

Figure 72 shows the distribution of the values of the reduced y? on the plane
(¢ Zonse xZ.,). 1t should be noted that the values 2., x, are not independent, since they
are obtained from the same experiment, but with a different processing hypothesis. It is
obvious that for experiments without oscillations, the optimal value of y2,,. = 1 should
be obtained when processing with a hypothesis without oscillations, while when processing
data with a hypothesis with oscillations, the optimal value will be y2, > 1. For
experiments with oscillations, the situation will be similar, but vice versa, optimal for
xém = 1, and y2,,s: > 1. The number of degrees of freedom for analysis is 17 and 19 in
the case of the null hypothesis of the absence of oscillations and in the case of the presence
of oscillations, respectively. The broadening of distributions, which was discussed in

Section 3.4 was also taken into account in the simulations.
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Figure 72. On the left is the distribution of the values of the reduced y? on the plane

(x2onst» xZ,,) for simulation with experimental statistics and with a background level
corresponding to the experimental background. Two cases were simulated with the
hypothesis of oscillations and with the hypothesis without oscillations. For each case, the
analysis was carried out with the hypothesis of oscillations and with the hypothesis without
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oscillations. On the right is the same picture, where the distribution center without

oscillations is indicated (black cross) and the deviation from this center of the experimental
result (green triangle - the first and second cycles). The result of the analysis of
experimental data when processing under the assumption of the hypothesis of the
absence/presence of oscillations y2,,s; = 1.68, or 31.9 for 19 degrees of freedom and
X2, =121 or 20.6 for 17 degrees of freedom, respectively, and Ay? = 11.3. The
contours of distributions with 1o, 20 and 3c are marked. The deviation of the

experimental result from the distribution center without oscillations is approximately 3.

A more rigorous analysis of the possibility of obtaining a random effect of oscillations
can be done with free oscillation parameters, as indicated in [95, 96], therefore, to clarify
the statistical significance of the Neutrino-4 result, an analysis of experimental data was
made based on Monte Carlo simulations with free oscillations. parameters.

Within the framework of this approach, we simulated the spectra of prompt signals in
the neutrino detector at different distances from the reactor in the absence of oscillations.
The spread of the simulated values and the resulting accuracy were determined by the
statistical accuracy of the N;;, matrix, which was achieved in the experiment, that is, by the
values of AN;;,. The spectra obtained from one simulation were processed in the same way
as the experimental spectra, as described in Section 2.1 and in more detail in 4.2, i.e. with
the construction of the R-matrix. Using the N;, matrix in particular seems to be a more
correct way for the simulation, since it is more consistent with the order of data processing
in our experiment. Although a simplified approach using the R-matrix immediately gives a
similar result in the end. Simulations have shown that the distribution of R;,, obtained
from the simulated N;;, values normally distributed. In total, 1.5-10* simulations were
simulated, and the distribution T = x7,; — Xpest sir» Where xm,; = x2(0,0) is the chi-
square for the null hypothesis of the absence of oscillations, xjes; i = x*(sin? 26, Am?)

Is the minimum chi-square corresponding to some values of the oscillation parameters.

This distribution is shown in Figure 73.
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Figure 73. T distribution for statistical analysis based on Monte Carlo simulations (blue

line) and a y? function with 2 degrees of freedom corresponding to the Wilks theorem.

The resulting distribution differs from the function y? with 2 degrees of freedom,
which is discussed in the Wilks theorem. However, the proportion of simulations for which
T = 11.3is0.0075, which corresponds to a confidence level of 2.7c. Therefore, using this
more stringent criterion for assessing the confidence level in the case of the Neutrino-4
experiment, we can conclude that oscillations of reactor antineutrinos to a sterile state are

observed with a confidence level of 2.7c.
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Chapter 6. Comparison with other experiments

Estimates or constraints on the parameters of neutrino oscillations to the sterile state
have been obtained in many experiments. In this concluding chapter, comparisons of the
result of Neutrino-4 and some other experiments, both directly aimed at searching for the
sterile neutrino, and those that have the task of measuring other quantities, and which
obtain the parameters of the sterile neutrino as a consequence of expanding the tested
model, are considered. A more detailed comparison of the Neutrino-4 result with other

constraints on the sterile neutrino parameters is contained in [97] and [98].

6.1 Reactor experiments

Comparison with other reactor experiments DANSS [99], NEOS+RENOI[71],
PROSPECT [100] and STEREO [101] s shown in Figure 74 on the left. The DANSS and
NEOS experiments at NPPs are significantly less sensitive to large values of the parameter
Am2, > 3 eV? due to the large size of the reactor core (3—4 meters). For oscillations with
a period of 1.4 m (for an average antineutrino energy of 4 MeV at Am2, ~7 eV?), the
effect is averaged already within the limits of the reactor core. Therefore, the limitation
regions of DANSS and NEOS with 95% CL in Figure 74 (left) do not reach the values
Am2, > 7 eV?, and for the 4m?, > 5 eV?, covering only large values of sin? 26,, > 0.5

The result of the PROSPECT experiment [100] does not quite agree with the result
Neutrino-4 — 7.3 eV? region with ~1c confidence level Neutrino-4 is superimposed on the
constraints region with a 95% confidence level PROSPECT. Whereas the contours of
constraints on the oscillation parameters obtained in STEREO [101] are quite close to the
ranges of allowed values of the Neutrino-4 parameters, although the oscillation parameters
corresponding to the best fit of Neutrino-4 were excluded by STEREO with a CL ~3c. It is
Important that in the Neutrino-4 experiment we observe the oscillation process directly in
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the measurements. The Neutrino-4 experiment uses a much larger range of distances than

STEREO and PROSPECT (Figure 74 on the right — Figure 57), which makes it possible to
observe the process of oscillations directly in measurements using the method of coherent

addition of measurement results with the same phase.
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Figure 74. On the left - comparison of the sensitivity of experiments in the region
0.1 <sin?20,, <1 and 1<Am?<10eV?: Neutrino-4, STEREO, PROSPECT,
DANSS and NEOS. On the right — comparison of regions (L, E) in measurements for
experiments: Neutrino-4, STEREO and PROSPECT.

6.2 KATRIN and GERDA experiments

In Figure 75, the region of sterile neutrino parameters determined by the Troitsk,
KATRIN, BEST and DANSS experiments is shaded, within which the result of the
Neutrino-4 experiment is located: Am?, = (7.30 £ 0.13;, + 1.164,5,) €V?, sin?26;, =
0.36 £ 0.12. The red ellipse indicates the 95% confidence level in the Neutrino-4
experiment. The result of the KATRIN experiment does not exclude the Neutrino-4 region
for sin®26,, < 0.4 [102], nor does the T2K constraints [30]. There are some
contradictions with the estimate for sin? 26,,, which follows from the Standard Solar
Model (vertical lines AGSS09 and GS98). But since this estimate is model dependent, in
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the case of a reliable confirmation of the result of Neutrino-4, the model will need to be

revised. The data on the limitations on the oscillation parameters in Figure 75, including
the constraints related to the consequences of the results of experiments on neutrinoless
double beta decay, are taken from [102].

At present, the limit on the Majorana neutrino mass obtained in the GERDA
experiment [42] and in the KamLAND-Zen experiment [41] for the normal mass hierarchy
is ~3 times smaller than the Majorana mass prediction mg, s = |ZimiU§i| the following
from the result of the Neutrino-4 experiment (mg, 35 ~ muU?,, at m, > my):

Moypp = (0.27 £ 0.12)eV (Neutrino-4)
Moypp < [0.079 — 0.180]eV (90%CL) (GERDA)
Moypp < [0.036 — 0.156]eV (90%CL)  (KamLAND-Zen)

If in the future the Majorana mass limit from the double beta decay experiment is

lowered and the result of the Neutrino-4 experiment is confirmed, this will close the

hypothesis of a light Majorana neutrino.
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Figure 75. Comparison of the results of the Neutrino-4 experiment with the results of the
KATRIN and GERDA experiments. Constraints are taken from the [102] and [30].
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6.3 Gallium anomaly and BEST experiment

The BEST experiment was aimed at determining two oscillation parameters sin? 26, ,
and AmZ, and focused on the region with Am?,~ 1 eV2. For this purpose, the gallium
detector was divided into two volumes. In the experiment, it was possible to measure the
neutrino flux deficit for both volumes (R;,, = 0.79 £ 0.05and R,,; = 0.77 + 0.05) with
good accuracy. The values R;,, and R,,. turned out to be close to each other, which
indicates a large value of the parameter Am?Z,. A detailed analysis was made in [53].

Figure 76 shows the ranges of allowed values of the oscillation parameters
(sin? 26,,,Am?,) and the corresponding confidence levels obtained in the Neutrino-4
experiment and in the BEST experiments together with SAGE and GALLEX. A significant
overlap of the regions indicates a good agreement between the experimental results, which
can also be more rigorously confirmed by a joint analysis of the data of the above
experiments.
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Figure 76. Comparison of the result of the BEST experiment together with GA and the

result of the Neutrino-4 experiment.
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For a combined analysis of the results of Neutrino-4 and experiments with isotope

sources, it is possible to perform a joint assessment of the confidence levels by the same
Ax? method using the experimental data of all the above experiments. When calculating
the values of the distribution x? (sin?26,,,Am3%,) for the experimental points of all
experiments, in the general case, it is necessary to consider correlated uncertainties, that is,
the same sources of systematic uncertainties. However, the technique of the Neutrino-4
reactor experiment differs significantly from the radiochemical method for measuring the
neutrino flux, which is used in all experiments with sources. Therefore, we can assume that
there are no common systematic uncertainties in reactor and isotope experiments.
Therefore, when jointly estimating the confidence levels, the distributions y? for the
Neutrino-4 and y? for gallium experiments can simply be added.

The calculation of the latter one can be reproduced using the same covariance matrix
approach used in the original paper [53]. To analyze the result of the BEST experiment, we
calculated the ratio of the expected flux in the presence of oscillations and without
oscillations, taking into account the geometric sizes of the source and target, their relative
positions, and the energy spectrum of the source (the data are also taken from [53]). Each

of the target volumes was considered separately. 10* events were simulated at a random

point of the source, which would lead to the reaction’*Ga(v,e)’ Ge in the considered
volume, assuming the absence of oscillations. Since the distribution of the direction of
neutrino emission from the source is isotropic, and the cross section is extremely small, the
interaction with the gallium nucleus can occur at any point of the selected part of the
detector, taking into account the flux decreases as R Therefore, the point at which the
interaction occurred was randomly generated in the detector, the distance between the point
of creation and the point of interaction and the corresponding probability of the
disappearance of the neutrino were calculated for the chosen values of the oscillation
parameters. In this way, we estimated the neutrino deficit and the expected flux in each of
the target volumes for given parameter values, after which, using these data, following the

procedure described in Section H [53], we calculated the values y? (sin? 260,,,Am3%,). The
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distribution Ay?, made based on such a calculation for the BEST experiment in

comparison with the result of the original work is shown in Figure 77. In the analysis
described above, the distribution x? (sin? 26,,,Am?2,) has several minima very close in
value at points sin? 26,, = 0.45,Am2, = 6.57eV?, sin? 20,, = 0.45,Am?, = 8.72eV?
and at sin? 260,, = 0.43,Am?2, = 3.55eV?, the last point is close to the best fit point from
the original work sin? 26,, = 0.42, Am2, = 3.3eV?2. Due to the high accuracy achieved in
the BEST experiment, the area of allowed values is significantly limited in sin? 268,,, but
due to the low sensitivity of the detector to the parameter Am?, for the values

Am?2, > 5eV? the region is not limited from above..
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Figure 77. Comparison of the allowed regions obtained from the BEST experiment
presented in [53] — filled areas, and the result of the analysis described in this section -

dotted lines.

A joint analysis of all three gallium experiments requires a more accurate
consideration of the overall systematics, as well as the calculation of y? values for the

BEST experiment. But, as indicated in the same place in Section H [53], the main source of
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the correlated uncertainties in all gallium experiments is the error in calculating the cross
section for the reaction "'Ga(v,e)’'Ge. Therefore, using the data on the flux deficits
obtained in experiments, which are given in Table XIV [53], after a similar simulation of
the expected flux, one can obtain the distribution y?2 (sin?26,,,Am?,) for all three
experiments. A comparison of the distribution calculated in this way and the result
presented in [53] is shown in Figure 78. The points corresponding to the best fit almost
coincided: this analysis gave sin?26,, = 0.33,Am?, = 1.26eV?, the original -
sin? 20,, = 0.32,Am?, = 1.25eV?2.
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Figure 78. Comparison of the allowed regions obtained from the BEST, SAGE and

GALLEX experiments presented in [53] — shaded regions, and the result of the analysis

described in this section - dotted lines.

As can be seen from the figure, there is a fairly good agreement between this analysis
and the result of the original work for the joint assessment of confidence levels, so we use
the obtained distribution y? for gallium experiments and add it to y? (sin? 20,,,Am32,)

from the analysis of the Neutrino-4 experiment to construct the distribution Ay?2. The result
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is shown in Figure 79. The minimum value of the joint distribution y? (sin? 26,,,Am%,) —

the best fit point, corresponds to the wvalues of the oscillation parameters
sin? 20,, = 0.38, Am#, = 7.30eV2. The level of confidence in the observation of
oscillations in this case reaches 5.8c. A similar result obtained using the original
distributions y? (sin? 20,,,Am?%,) of the BEST, SAGE, GALLEX, Neutrino-4, and
DANSS experiments is presented in [103]. It should be clarified here that at this
confidence level, the difference in the level estimate based, as in this consideration, on the
Wilks theorem and that which can be obtained by MC modeling, tends to zero, since both

corresponding distributions (as seen from Fig. 73) converge.
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Figure 79. Allowed regions of the oscillation parameters in the joint analysis of the
Neutrino-4, BEST, SAGE, and GALLEX experiments.
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Conclusions

The work showed the possibility of determining the parameters of electron
antineutrino oscillations to a sterile state by measuring the spectrum of reactor
antineutrinos at different distances with a movable sectioned detector in a laboratory
located on the Earth's surface. From May 2016 to February 2019, data were collected
with the reactor in operation and background measurements were taken. As a result,
antineutrino spectra were obtained at different distances.

The testing of the hypothesis about oscillations to the sterile state and the
determination of the parameters of these oscillations consisted in the analysis of
changes in the shape of the spectra. Using the Ay? method, the allowed regions of the
oscillation parameters and the corresponding confidence levels were obtained. The

oscillation parameters Am3, = (7.3 £ 0.1354; + 1.164,4) eV? and

sin? 20 = 0.36 + 0.12,,,. were determined. To clarify the confidence level, a
detailed simulation of the experiment was carried out taking into account the
background conditions and the final statistical accuracy. The final confidence level in
the observation of the effect of oscillations was 2.7c.

All sorts of systematic effects that could form a false oscillation effect are considered.
The study showed that none of the options considered can reasonably be any
significant reason for the appearance of a periodic dependence.

Comparison of the Neutrino-4 result with the results of other experiments showed that
there are discrepancies with some experiments that do not observe the effect of
oscillations in the region of large values of the parameter sin?26,, > 0.4.
Nevertheless, with experiments in which the effect of oscillations is observed with
varying degrees of reliability (IceCube, SAGE, GALLEX, BEST), the Neutrino-4

result is in good agreement. Joint analysis of Neutrino-4 and experiments with
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gallium antineutrino detectors SAGE, GALLEX, BEST shows the confidence level of

the observation of the effect of oscillations 5.8c.

To confirm the Neutrino-4 result with a higher confidence level and to determine
the oscillation parameters with higher accuracy, a new detector was prepared, which
implements background suppression methods that could not be used in the old
detector: pulse shale discrimination and an increase in the concentration of
gadolinium. The new detector will provide three times better measurement accuracy

and will achieve a confidence level of the observation of the effect of oscillations ~5c.
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List of abbreviations and designations

SM - Standard model

IBD — inverse beta-decay

AS - active shielding

PMT — photomultiplier tube

ACDM - Lambda Cold Dark Matter, cosmological model with cold dark matter and
cosmological constant A

SSM - Standard Solar Model

ADC - Analog to Digital Converter

MC — Monte-Carlo

GoF — goodness of fit

DoF — degrees of freedom

CL - confidence level

NO — normal ordering

IO — inverse ordering
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