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ruit UOBD, r. [porBuno [3]. YyBcTBUTENbHBIM
3JIEMEHT JaTuMKa MpeAcTaBiseT co00i LUIMHAP
auamMeTpoM 1 MM m giuHOM 1 MM. Manblii pa3Mep
CHMHTWUISITOPOB MO3BOJISIET YMEHBIINTD PETUCTPU-
PYEMBIii TOTOK 10 YPOBHSI HECKOJIBKUX MIIIMOHOB
coObITUIT B ceKyHay. CBeT OT CLHUHTUJISITOPOB
nepenaeTcs Mo KBapleBbIM CBETOBOJAM K CUMThI-
Balollleil 2JIEKTPOHUKE, a PETUCTPalls ONITUYECKUX
HMIMITYJIbCOB OCYIIIECTBIISIETCS C IIOMOIIIBIO OXJIaXKaa-
€MBbIX MUKPOIIMKCEIbHBIX JIJABUHHBIX (DOTOAMOOOB
(SiPM) AFBR-S4K33C0135L (Broadcom). CurHan
¢ Bbixoga SiPM ycunuBaeTcs M MOCTYIAaeT Ha BXObI
KOMIIapaTOpOB M Jajiee IolagaeT Ha CUYETUYMKU
MMITYJIbCOB. YHCIIO 3aperucTpupoOBaHHBIX COOBITUIA
3a 10 Mc TrepenaeTcst B KOMIBIOTEp IJIS JaJlbHeHIIIeit
o0paboTku. Pa3Huiia B oTcuyeTax 1aTYMKOB C OOpOM
u 6e3 Oopa Mo3BojsSIeT OLEHUTh BKJaad HEUTpOH-
HOM KOMITOHEHTHhI, a pa3HOCTb OTCYETOB B KaHalle
neTekTopa 6e3 6opa 1 yrciia COObITUI, 3aperucTpu-
POBaHHBIX B KaHaJle 0€3 CLIMHTU/LISATOPA, 1aeT CUT-
HaJl, IPOIOPIIMOHAIBHBII 103€¢ raMMa-M3IyIeHHUs
B TOUYKE U3MEPEHHUSI, TTOCKOIBKY ITO3BOJISIET UCKITIO-
YUTh BKJIAJ YEPEHKOBCKOIO U3IydyeHUsl, 00pa3yro-
1LIErOCsl B ONTOBOJIOKHE.

2. CUCTEMA PETUCTPALIUU

IlepBast Bepcusi CUCTEMBI peTUCTpallUM JIETEK-
Topa Oblja pazpaboTaHa Ha OCHOBE CIeIMAIU3U-
POBaHHBIX MUKPOCXEM [IJisI pabOThl ¢ MUKPOIIUK-
CeJIbHBIMU JaBUHHBIMU dotoanonamu OMEGA
EASIROC (B noBoit Bepcun CITIROC) [4].
HecmoTps Ha ycmnemrHoe IpuMeHEHHE JaHHOTO
IeTeKTopa IS U3MEPEeHUs IMapaMeTpoB, TeHepU-
pyeMoro Ha yCTaHOBKE MOTOKa HEWTPOHOB [5],
cuctema objagajiia psSaoOM CYLIECTBEHHBIX HEIO-
CcTaTKoB. B yacTHOCTM, MHTETpPabHOE UCIIOJHEHUE
CXeMbl aHAJOroBOro (POPMUPOBAHUS UMITYIbCOB
HE YUYMUTBIBACT XapaKTePUCTUK MOIKIIOYAEMbIX K €€
BXOJaM MUKPOITMKCEIbHBIX JIaBUHHBIX (POTOIMNO-
OB, YTO IIPUBOAUT K HEONTUMAJIIbHOMY (OpPMMU-
POBAHUIO MMITYJIbCOB, K MCKAXKEHUIO UMIYJIbCOB
OOMBIIMX aMIUIMTYI U, KaK CJIeICTBUE, K POPMUPO-
BaHUIO OOJIBIIIOIO MEPTBOIO BPEMEHU — HE MEHee
50 HC. KpoMe TOro, 3Tm MUKpPOCXEMBI B HAaCTOSI-
1ee BpeMsi KOMMepUecKr He TOoCTyImHBL. Ha puc. 1
MOKa3aHbl XapaKTepHbie (POPMBI MMITYJIbCOB Ha
BbIXOJle OUMOJISIPHOIO (DOPMUPOBATENSI MUKPO-
cxeMbl CITIROC. JIng ycTpaHeHUs MepeyncieH-
HBIX BBIIIIE HEMTOCTAaTKOB ObLIa pa3paboTaHa HOBas
BEPCHS CUCTEMBI PETUCTPAIIIM, B KOTOPOII NCIIOIb-
3yeTcsl GopMUpOBaHUE UMITYJILCOB C 3aMellleHueM

IMPUBOPHI U TEXHUKA DKCITEPUMEHTA

Puc. 1. ®opma ummyabca Ha BBIXOIE OUTIOISIPHOTO
dopmuposarens MukpocxeMbl CITIROC

KOHCTaHTbI BpeMeHH, O0OYCJIOBIEHHOII BpeMEeHEM
nepe3apsiaky s9eeK MUKPOIIMKCEIbHOTO JIaBHH-
Horo (oroauoaa okojio 40 HC, MEHBIIIUM MO BeIU-
YyuHEe 3HAa4YeHMEeM, paBHBIM MpuMepHo 15 Hc. Ha
puc. 2 moka3aH (parMeHT OJOK-CXEMBbI CUCTEMBI
perucTpauuu, a Ha puc. 3 — xapakrepHasa popma
MMITYJIbCA 0 U IIOCJIE€ YCHIIUTENISI-(DOPMUPOBATEIIS.
[IpuMmeHeHNne cxeMbl aKTUBHOI'O BOCCTaHOBJICHUS
MOCTOSTHHOIM COCTaBJISIIONIEH M MacCUBHOTO (hop-
MHUPOBaHUSI OTHOIIOJSIPHBIX UMITYJIbCOB C ITOMO-
b0 1enmoYyku R — LR mo3BOJMIIO CyIIECTBEHHO
NOBBICUTH OBICTPOAEHCTBUE PETUCTPUPYIOLIECIH
3JIEKTPOHUKHM. Hamuume aByx KoMITapaTopoB, TIOI-
KJIIOUEHHBIX K BBIXOIY (DOPMHMPOBATENISI B KaXIOM
KaHaJle, IT03BOJISIET BEIOPATh ITOPOT PErUCTpaLin,
3aBUCIINI OT NOIKIIOYEHHOTO K JTaHHOMY KaHalry
TUIA CUMHTUWLISTOpA.

DddexkTuBHAA MUPUHA UMITYJIbCA OMIpeaesieT
MEpTBOE BpeMsI CHUCTEMbI PErucTpaluu, KOTO-
poe IPUBOAUT K TOMY, UTO M3MEpPEHHBIE CKOpPO-
CTH cUeTa MMITYJIbCOB OYIYT HUXE peallbHbIX. DTO
HCKaXaeT CTaTUCTUYECKUE pacIIpeaeIeHUs 3aperu-
CTPUPOBAHHBIX COObITUI. TeM He MEHee UCTUHHAas
CKOPOCTh CUYETa MOXET ObITh BOCCTAHOBJICHA IIPU
M3BECTHBIX IMapaMeTpax CUCTeMbl. M3MepeHHas
CKOpOCTb cyeTa R ompenensiercs no ¢gopmyie R =
= N exp(—NT) mjisd cCUCTEMbI C MPOAJeBAIOLIUM
MEPTBBIM BpeMEHEM T, BXOAHBIM (UICTUHHBIM) ITIOTO-
koM N u 1io popmyine R= N/(1 + Nt) miist cucteMbl
C HEeTIpOIJIeBAIOIIMM MEPTBBIM BPEMEHEM.

H7s orpeneseHUs TUIIA CUCTEMbI UCIIOIb3YeTCS
TOT (paKT, yTo popMa paclpencieHrus NHTePBaJIOB
BpEMEHM MEXIY 3apeTMCTPUPOBAHHBIMU UMITYJIb-
caMM JIJI 3TUX JIBYX CilydaeB pasiaudaetcs [6]. Tak,
IUIOTHOCTh BEPOSITHOCTU pacIIpeneieHUs] UHTep-
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Puc. 2. ®parmeHT 6J10K-CXeMBbI aHAJIOTOBOIT 00paboTku curHana nerekropa b/IH

2.506S/s

s IMpoints -1

Puc. 3. ®opma ummyabca 1o (1) u mocie (2) cxeMbl
¢dopmupoBanus aerekropa bJIH

BaJIOB I HEMPOAJIEBAIOIIEro MEPTBOI0 BpeMEHU
OIMUCBIBAETCS MPOCTON (POPMYIIOIi:

f()=0(—1) Ne ¥,

IMPUBOPbLI U TEXHUKA SKCITEPUMEHTA Ne 2

B TO BpEM# KaK AJid ITPOAJIEBAIOIIECIO MEPTBOI'O BPEC-
MEHHU OHa OITMCHIBAeTCs 0oJiee CIOKHBIM BbIpaze-
HueM [7, 8]
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N MMCCT XapaKTCPHOC NCKaXKCHHEC (pOprI B MaKCH-
MYMCEC paClIpCaCICHUA.

3. MEPTBOE BPEMA CUCTEMBbI
PETUCTPALNNU

OmnpenencHUe BEIUYMHBI MEPTBOTO BpeMEHU
CHCTEMBI pETMCTpallii IIPOBOIMJIOCH B IIpoliecce
00JIydeHUsI JaTYMKOB Ha YCKOPUTEIbHOM HCTOY-
HUKE HEHTPOHOB U MPU 00JIYyYEHUHN PEHTTEHOBCKUM
usnyyeHuem. Ilpu oOnyyeHUn HEMTpOHAMU MakK-
CHMAaJIBHBIN ITOTOK COOBITUI COCTABIISLI IIPUMEPHO
4-10° OTCUETOB B CEKYHILY, YTO OIPENESUIOCH apa-
MeTpaMu IelCTByOLIero yckoputens. Jns noctu-
KeHUS OOJNBIIUX MO BEJIUMYUHE PErMCTPUPYEMBIX
IMOTOKOB MCIIOJIb30BajlaCh PEHTIEHOBCKasl TpyOKa
Mpu HanpsokeHuu 95 kB 1 ycTaHOBIIEHHOM n00a-
BouyHOM ¢unbTpe Cu TommuHoi 0.3 mMm. B mipo-
1Iecce M3MEpPEeHMS ¢ TTOMOIIIBIO IM(PPOBOTO OCILIMII-
snorpaga Tektronix DPO3032 npoBoauiachk 3amuch
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OCLIMJUIOTPAMM Ha BBIXOJe KOMIIApaTOPOB C IIaroM
o BpeMeHM 2 HC U anuHoii Beicopku 1 000 000
TOYEK IPU pa3IMIHON MHTEHCUBHOCTU OOJIYYeHUS
neTtekropa. Ha ocHOBe moaydeHHBIX JaHHBIX (hop-
MUIPOBAIMCh TUCTOTPAMMBI pacIipene/ieHUi MHTEP-
BaJIOB MEXIY COOBITUSIMU M MX aIlllpOKCHUMAaIIMs
AHAJIMTUYECKUMU BbIpAXXEHUSIMU, OTKyIa OIpe-
NeJIsIIOCh MEPTBOE BpeMsi CUCTeMbl M BeJIMYMHA
BXOIHOTO oToKa. [IpuMep Takoro pacrpeneiaeHus
npencrasiaeH Ha puc. 4. Ha aToM ke prcyHKe moKa-
3aHBl PE3YJbTAaThl alllIPOKCUMALIUM 3KCIIEPUMEH-
TaJIbHBIX JaHHBIX aHAIMTUYECKMMU BhIPaKEHUSIMU
IUIS ABYX TUIIOB MEPTBOIO BpeMEHU — IPOJieBalo-
11Iero U HempomieBatoliero. Ha pucyHke BuaHo, 4To
B pacmpeneieHsIX UHTEPBAJIOB MEXIY COOBITUSIMU
MBI He HabJIogaeM XapaKTepHOIO IJIaTO B MHTEP-
Bajie OT T 0 2T, KOTOPOE JO0JKHA MPUCYTCTBOBATh
B paclpeleJeHUsIX IJIg CUCTeM C TPOAJIeBaOIIUM
MepTBBIM BpeMeHeM. CpenHee 3HaUYeHHe HeTpo-
JIeBAIOIIEro MEPTBOIO BPEMEHU, IIOJIYYEeHHOE U3
aKcrnepuMeHTa, cocrasuser 24.6+0.1 He. Ha puc. 5
MpeacTaBiIeHa 3aBUCUMOCTh CKOPOCTH cUeTa AeTeK-
topa B/IH oT BeluMuyuHBl BXOAHOrO motoka. s
CpaBHEHMSs IPEACTaBICHBI JaHHBIE IJIs “Haealb-
HOTro” AeTeKTopa U pe3yiabTaThbl alMmpoKCUMAallUuu
SKCMEePUMEHTAJbHBIX JAaHHBIX (DOPMYJIOi, OIM-
CBHIBAIONICH CUYETHYIO XapaKTePUCTUKY IETEKTOpa
C HENpPOIJICBAIOIIMM MEPTBHIM BpEeMEHEM, PaBHBIM
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JImuTeIbHOCTh MHTEpBAJIa, C

Puc. 4. PacnipeneneHnie MHTEpBaJIOB BpeMEHU MEXTY

COOBITUSIMU (TOUKM) U PE3YJIbTAT alpoOKCUMALUU AaH-

HBIX BBIPAXXEHUSIMU [IJIs1 HEMTPOJIEBAIOLLETO (IITPUXO-

Basi KpuBasi) U npojjieBamuiero (CruiomrHas Kpusas)
MEpPTBOTO BpEMEHU
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Puc. 5. 3aBUCUMOCTb CKOPOCTM cueTa AeTeKTopa OT

BXOOHOM 3arpy3kKu IJis MIeaJbHOTO HeTeKTopa 6e3

npocyeToB (IITpUXoBas JUHMA) U netekropa BJAH

(crinomrHast iuHuUs). ITokazaHbl pe3yabTaThl UBMEHEHU M

C HeliTpoHaMU (YepHbIe KBaapaThl) U PEHTTEHOBCKUMU
doToHaMU (KPYXKKI)

24.6 Hc. CpaBHUTENBHBIN aHAIN3 MOKA3bIBAET, YTO
MPOCYETHI 2JEKTPOHUKU He TpesbiaioT 20 % npu
BXOIHOM IOTOKe 10 107 0TCUEeTOB B CEKyHAY U TO,
YTO JJI1 BOCCTAHOBJICHUS BEIUYMUHBI “UCTUHHOIO”
MOTOKA JOCTATOYHO CKOPPEKTHUPOBATh U3MEPEHHbIE
3HAYEHUSI, OCHOBBIBAsSICh Ha BEJIMYMHE MEPTBOTO
BpPEMEHMU.

4. BAKJIIOYEHUE

B pabote npencraBiaeHbl pe3yJbTaTbl U3MeEpe-
HUST OBICTPOACUCTBUS HOBOM CHCTEMBI perucTpa-
UM OBICTPOTO IEeTEKTOpa HEHWTPOHOB, KOTOPHIM
IUIAaHUPYETCSI UCIOJb30BaTh Ha YCKOPUTEIHLHOM
ncrouHuke HeiTpoHoB VITA 8 HMMULI onkonoruu
M. H.H. broxuna. Peanu3zaiusg cxeMbl ¢hopMUpo-
BaHUs UMIIYJbCOB C YUETOM BPEMEHU IMepe3apsaKu
sT9eeK MUKPOIIMKCEIbHBIX JIJABUHHBIX (DOTOINOIOB
MO3BOJIMJIa CYIIECTBEHHO IOBBICUTH OBICTPOACH-
CTBUE PETUCTPUPYIOLIEH 3JEKTPOHUKH, IO CpaB-
HEHMIO C HCII0JIb30BAaHHBIM paHee aHaJIoroM Ha
OCHOBE CIleLIMaIU3MpPOBaHHBIX MUKpocxeMm. Ha
OCHOBE M3MEpPEHUI1, IIPOBEISHHBIX Ha OEHCTBYIO-
meit ycranoBke B USAAD CO PAH, pacnpenenenus
WHTEPBAJIOB MEXIY MMITYJIbCaMU XOPOIIO OINHK-
CBHIBAIOTCS HEMpPOIJIEBAIOIIMM MEPTBBIM BpeMe-
HeM 24.6£0.1 HC, YTO MO3BOJISIET PETUCTPUPOBATH

Ne 2 2026



CUCTEMA PETUCTPALIMU BLICTPOI'O IETEKTOPA HEUTPOHOB 37

COOBITUS ¢ MUHUMAaJIbHBIMHM IIpOCYETAMM JIaxKe
NPY BBICOKOM MHTEHCUBHOCTU BXOIHBIX COOBITHIA
¥ UCIOJIb30BaTh 3TO 3HAYEHUE IJIsI BOCCTAHOBIIE-
HUS BeJIUYUHBI “UCTUHHOTO” MOTOKA COOBITUII Ha
JIeTeKTOP.

KOH®JIMUKT MHTEPECOB

ABTOpBI 3asIBJISIIOT, YTO Y HUX HET KOH(pIUKTa
MHTEPECOB.
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