MWNHNCTEPCTBO OBPA3OBAHUA N HAYKM
POCCWMNCKOW PEAEPALMI

HALMOHOABHBIN MCCAEAOBATEABCKMM AAEPHBIN
yHusepcuret «MUPNy

AaBopaTopms IKCMEPUMEHTAABHOM FAEPHOM GOU3UKM

A2AP HAAY MNP,
CBOPHMK TPYAOB

Bbinyck 2

Mocksa 2015



VIIK 539.1(06)
BBK 22.383
Cc23

JI25D HUAY MUOU. Coopruk Tpynos. Bemmyck 2. — M.: HUSTY MU®DU,
2015. - 144 c.

Bo BTOpOii BBITyCK cOOpHUKa TPYIOB MEXKaderpalnbHOH IabopaTtopuu
SKCIEpPUMEHTANBHOM sinepHoit Gr3ukn HUAY MUOU BKITIOYEHBI IPETIPHHTHI
CTaTbell, MOArOTOBICHHBIX JJIS IyOIUKAIIMK B BeIyIUX HAyYHBIX XKypHajax B
2014 u 2015 rogax. llenbio BBITyCKa SBISETCS CBOCBPEMEHHOE MH(POPMHPO-
BaHME HAy4YHBIX COTPYJHUKOB M CTYACHTOB, CIICLUATH3UPYIOIINXCS B 00JIaCTH
IKCIIEPUMEHTAJILHON siIepHON (PU3MKU U MEIULIUHCKOW (DU3UKH, JUIS HCIONb-
30BaHus B (PYHIAMEHTAJbHBIX W TPHKIAIHBIX HCCICJOBAaHMSX, a TAaKXKe B
y4eOHOM Ipoliecce.

ISBN 978-5-7262-1991-2 © Hayuonanvuolil ucciedo8amenbCKuil
A0epHulil yHueepcumem « MUDPHUy, 2015

CraTbu cOOpPHHKA U3AI0TCS B aBTOPCKOH peIaKIlnu

Marepuans! noctynwiu B YIJI1 01.09.2015 .



OrnaBneHue

Bono3dbis AN., Akumos [.10.

K MCTOpMM SMUCCUMOHHOMO MeTOAA perncTpaLmumn peakux NpoLeceos ............ 5
Bolozdynya A.

Experiments on direct dark matter search with two-phase

EMISSION AELECIONS ......e.ieceeeeeeeire e 36

Akimov D.Yu., Bolozdynya A.l., Efremenko Yu.V., Kaplin V.A., Khromov A.V.,
Melikyan Yu.A., V.V. Sosnovtsev

Observation of light emission from Hamamatsu R11410-20

PhOtOMUIIPHEr tUDES.........cocveiceciie e 45

bonosdbia AN., E¢ppemenko KO.B., CocHosues B.B., Toncmyxur NLA.,
LWakupos A.B., LWagpueynnuH P.P., Xpomos A.B.

TepMoCTaTUPOBAHMUE KMAKO-KCEHOHOBOMO

3aMUCCUOHHOTO AETEKTOPA POL-100 ... 51

Bolozdynya A.l., Efremenko Yu.V., Khromov V.A., Shafigullin R.R.,
Shakirov A.V., Sosnovtsev V.V., Tolstukhin |.A.
The two-phase closed bellow flex hose cryogenic thermosyphon............... 58

bepdHukosa A.K., bono3dsins A.U., KaHuepos B.A.
MopTaTVBHbIE raMMa-AeTEeKTOPbI AN MHTPAONEPALMOHHOTO
NCMONb30BaHUS B AOEPHON MEAULMHE. OB30P.....c.cvieeerecrrireeieireeieeseiane 63

bensies B.H., bepdHukoga A.K., bonosdsiHa A.N., Iybos J1.10.,
Wmoukuti KO.B., Lixal B.C.
Geant4/Gate mogenvpoBaH1e KOMNTOHOBCKOW Ar-Xe ramma-kamepbi
AN MEQULMHCKON PaANOHYKINOHON OUATHOCTUKM......covveverireeseeceerevnans 84

Berdnikova A. K., Belyaev V.N., Bolozdynya A.l., Kantserov V.A.,
Sosnovtsev V.V., Zhukov K.I., Znamenskiy I.A.
Gamma locator for radionuclide diagnostics of oncological diseases....... 102

3



Haymoe 1.11., Akumos [.10., benos B.A., 5oro3dbiHs AU,
Edppemerko F0.B., KannuH B.A.
Lincbposas TpurrepHas cuctema anst getekropa RED-100..........covevee. 110

AHaHbee B.B., 601030bHs AN., K Bnacuk.®., Amumpetko B.B.,
Eppemerko t0.B., Ymewes 3.M., CocHosues B.B., ToricmyxuH U.A.,
Ulakupos A.B., Wagpueynnu+ P.P., Xpomos A.B.
Cucrema koHTponst getektopa PO100 ans akcnepuveHTa
Ha yckoputene SNS B pamkax konnabopauun COHERENT ..................... 119

Akimov D.Yu., Belov V.A., Bolozdynya A.l., Burenkov A.A., Efremenko Yu.V.,
Etenko A.V., Kaplin V.A., Khromov A.V., Konovalov A.M., Kovalenko A.G.,
Kumpan A.V., Melikyan Yu.A., Rudik D.G., Sosnovtsev V.V.

Search for elastic coherent neutrino scattering off atomic nuclei

at the Kalinin Nuclear Power Plant ............c.ccovoeeeiiiieeceeecceeeceea 127

Akimov D.Yu., Belov V.A., Bolozdynya A.l., Burenkov A.A., Efremenko Yu.V.,
Etenko A.V., Kaplin V.A., Khromov A.V., Konovalov A.M., Kovalenko A.G.,
Kumpan A.V., Melikyan Yu.A., Rudik D.G., Sosnovtsev V.V.

Investigation of coherent neutrino scattering

at the Spallation Neutron SOUrCE ........cccovvvverenereeeee s 138



K UCTOPUA SMUCCUOHHOIO METOA
PEFMCTPALIMWA PEOKUX MPOLIECCOB*

A.UN. bono3zapius, J.HO. Akumos
Hayuonanvuwlii uccneoosamenvckuil aoepuviil ynusepcumem « MUDH»

OddextuBHas peructpauusi claboB3aMMOACHCTBYIOMINX YacTUL H
MIPOHUKAIOMINX U3ITyYEHUH BO3MOKHA TOJIBKO C IIOMOIIBIO TETEKTOPOB C
MacCcHBHOW M IJIOTHOM pabodeii cpenoid. [lockonbky sHeprusi, octas-
nsiemasi B pabodyeill cpele OETEKTOpa B 3THUX CIIydasx O4YeHb Mala,
HEOOXOIUMBI CIeUaIbHbIE MEPbl, YTOOB! YCUIMBATh CIIA0ble CUTHABI.
Pa3paboTaHO HECKOJIBKO MOAXOMOB IJISi PETUCTPALMU MaJbIX 3HEPro-
BBIJICJIICHUI B MAaCCUBHBIX ACTEKTOpax. B 3Toil Ii1aBe Mbl OCTaHOBUMCS
Ha KJIacCe IETEKTOPOB, HCIHOJB3YIOIIMX BO3MOXKHOCTHb BBITATHUBATbH
JIEKTPOHBI MOHM3ALMH M3 HEMOJSIPHBIX AMIJICKTPUKOB W YCHIMBATH
WOHU3AIIMOHHBIA CHTHAJI METOJIaMH, Pa3pabOTaHHBIMHU JJISl Ta30BBIX
JIETEKTOPOB.

IlepBble pa3paOOTKHM SMHCCHOHHBIX JETEKTOPOB OBUIM CBS3aHBI C
MOMBITKOM HMCIONB30BaTh MX JUIA BU3yallM3alldd TPEKOB YaCTHUI[ BbI-
cokux 3Hepruil. OHaKO BCKOpe MOCye MEePBbIX YCHEIIHBIX HCIBITaHUHI
SMHCCHOHHON CTPUMEPHOM KaMepbl Ha IPOTOHHOM CHHXPOTPOHE
HUTO® Obl10 OCO3HAHO, YTO 3HAYUTENILHBIE BpeMeHa apeida JI1eKTpo-
HOB U3 paboueil cpepl SMUCCHOHHONW KaMephl pa3MepaMu mopsaka 1 M
3HAYUTEIFHO OTPAHUYMBAIOT BO3MOXKHOCTH MIPUMEHEHHSI TaKUX JETeK-
TOpPOB UIsl UCHOJB30BaHU B 3KCIEPUMEHTAX HA COBPEMEHHBIX YCKO-
PUTENSAX BHICOKON CBETHMOCTH.

IIocne »TOr0, SMMCCHOHHBIM METOJ MCCIAEAOBAICA HA MPEIMET HC-
MOJIb30BAHUS Ul BU3YaU3allMH MOJIEH raMMa-u3IydeHUHd B sJIEpHON
MeaunuHe. llepBas *e MONBITKA MOCTPOEHUS AMHCCHOHHOM KaMephl,
CpPaBHHMMOI IO CBOMM TapaMeTpaM C KJIACCHYECKUMHU TaMMa KaMepaMu
Ha KpHCTaJUIaX MOAMCTOro HaTpus ObLIa YCIENIHOHM, W rpymma B TO
BpeMsi Mooablx emé paszpaborunkoB (C. Kamamraukos, B. Eropos u
A. bono3npias) Opu1a B 1984 romy Harpaxkaena menansio AH CCCP 3a
3Ty padory.

" Omnpaeneno ¢ Tpyowl kKongepenyuu no uzuKe GbICOKUX FHepuil, KEAHMOBCOT
meopuy nonsA, MamemMamuyeckol Qusuke u Kocmonouu, noceéawennou 70-nemuro
UTOP HUIL] "Kypuamosckuii uncmumym”".
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C pa3BUTHEM HEYCKOPHUTENLHONW (M3UKH M TOCTAHOBKOH HHU3KO-
(OHOBBIX JKCIIEPUMEHTOB IO TOWUCKY PEAKHX SIEPHBIX PacnaioB H
HK30THYECKHUX YACTHII CTAJIO SICHO, YTO SMHUCCHOHHBIE AETEKTOPHI MOTYT
MIPUBHECTH B 3TH WCCIICOBAaHUS 3HAUYHUTENBHBIE MPENMYIIecTBa, Oia-
rojapsi BO3MOKHOCTH MOCTPOCHUS JETEKTOPOB «0e3 CTEHOK» OOJBIIOi
MAacChl M C OYeHb HU3KHUM MTOPOTOM peructparm. [lepas mombiTka Ta-
Koro ponaa Owuia mpennpuaaTa B UTO® B 90-x rogax Mmpomnioro Beka
NpU CO3JaHUU SMHUCCHOHHOTO JCTEKTOpa Ha KUIKOM KCEHOHE JIsl U3-
MEpEeHHsI MAaTHUTHOTO MOMEHTa HEUTPHUHO. 32 OTHOCHTEIEHO KOPOTKOE
BpeMsl, TIPOIIE/IIIee C TeX MOp, IMACCUOHHBIE JETEKTOPHI 3aHsN YHHU-
KaJbHYIO HUIIY B apceHalle METO0B COBPEMEHHON IKCIIEPUMEHTAIIBLHOM
W TPHUKIAJAHOW (QU3MKH. 3HAMEHATeNbHO, 4TO 3a mocieanue 30 jer
TEXHOJIOTHSI YMICCHOHHBIX IETEKTOPOB MPOIUIA ITYTh OT MUHUATIOPHBIX
OMHUCCHOHHBIX JIETEKTOPOB TSI METOINIECKIX UCCIIEI0BaHUN 00hEMOM
ok0J10 1 cM3 110 SKCHEepUMEHTAIBHBIX YCTAaHOBOK 00BEMOM Mopsiaka 1
M3 ISt pelieHus OHOHM M3 QyHIaMEHTABHBIX MPOOJIeM COBPEMEHHOM
HayKHU — MIOMCKAa TEMHOT'O BELECTBA BO BeeneHHOM.

OMUCCHOHHasA CTpUMeEpHan Kamepa

OMHCCHOHHAs CTPUMEPHAs Kamepa SKCIIOHUPOBATIaCh HA BTOPHYHOM
Iy4ke MpOoTOHHOro cuHxpoTpoHa UTO®D B 1977-1979 ronax. B stom
JIeTeKTope padouell cpemoil CIIy>Kuil AUCK TBEPAOro KPUITOHA TOJIIH-
HOH 5 MM U quamerpom 12,5 cM, TOMEIICHHBIA MEXTy CETYaThIM aHO-
JIOM U KaTOJIOM, KOTOPBIM CIIYy’KWJIO THO KaMmepsl. JIHO Kamepsl UMENIO
CJIOKHBIA MPOGHIb, KOTOPEIH OOecreyrBag OJHOPOAHOE 3JIEKTpHUe-
CKOE TIOJIE B TBEPJIOM KPHUIITOHE C TOJI€ 3peHus Kamepbl. Oxiaxaancs
JIETEKTOP ¢ MOMOILBIO JKUIKOIO a30oTa. Busyanuzanus TPEeKOB MPOUC-
XOJIWJIa B HEOHE NPH HOPMAJIBHOM JaBJIEHUH, COACP)KAaBIIEM IPUMECH
MapoB KPUITOHA.

Cxema ycTpoiicTBa SMUCCHOHHON CTPUMEPHOI KaMephl TOKa3aHa Ha
puc. 1. Kamepa 3amyckanack OT TeJIECKONAa CLUMHTWIIISLHMOHHBIX CYET-
YHKOB, BBIJCISBIINX YaCTUIB! BBICOKMX 3HEPTHi (ITMOHBI C UMITYJIbCOM
3 I'3B/c) npoxomuBIIMX Yepe3 TBepAbli KpunToH. K ceTuaromy aHoy
MPUIIArajgoch MOCTOSHHOE MOJOXKHUTEIBHOE HANPSKEHHUE, CO3/1aBaBIIee
B TBEPJIOM KPUIITOHE HIIEKTPUUECKOE MOJIE HAPsHKEHHOCTHIO 1,5 kKB/cm,
BBITATHBAIONISE AJIEKTPOHBI B Ta30ByI0 ¢aszy. C 3amepxkoi, HeoOXo-
JUMOM JUIA BBITSTHBAHUSA DJIEKTPOHOB B T'a3, HA aHOJ MOAABAJIIOCh MM-
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nyJbe BbIicokoro Hanpsbkenus (10 100 kB mnurensHocThio 60 He). Tlpu
9TOM Ha 3JEKTPOHAX B Tra3e pa3BUBAJICS CTPUMEPHEIN paspsan. Pacmpe-
JIeTICHNe CTPHUMEPOB TI0 TIOJTI0 aHOa (GOTOrpadupoBaIoCh 4epe3 OKHO C
HOMOIIBIO (pOTOKaMepHI, KaKk MOKa3aHo Ha pHC. 2.

2 Ll +U
3
4
5
8 8 [ KA 8
9 K= RS 1

10cm 7 6

Puc. 1. Dmuccnonnas ctpuMepHast kamepa: 1 — porokamepa, 2 — 3epkaino, 3 —
OKHO, 4 — cOCy[l U3 HEpIKaBEIOLIeH CTaJll, 5 — XKUAKO-a30THBIA KpHOCTAT, 6 —
TBEpAbIA KPUNTOH, 7 — CETYATBIA aHO/, 8 — CUUHTHUISIHUOHHBIE CYETUUKH, 9 —
TPEK PENATUBUCTCKON YACTHIIBI

Puc. 2. U306paxkeHne TPEeKOB BTOPHYHBIX YAacCTHIL, BOSHUKIIHMX IPH B3aHMO-
JIEHCTBUU TIEPBUYHON PEIATHBUCTCKOW YaCTHIBI B Kopiyce kKamepbl. Crers-
myecs OJHOPOJHBIE O0JACTH — IuIa3Ma CTPHMEPOB, PACTEKAroOImascs IO I0-
BEPXHOCTH TBEPAOTO KPUITOHA
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Kak mokasanm 3KCiepuMEHTHI ¢ SMHUCCHOHHOW CTPHUMEPHOHN Kame-
POH, CTPUMEPHBII pa3psii HaYMHACT Pa3BHUBATHCA, KOTJA HANpSHKEH-
HOCTB AJIGKTPUYECKOTO TIOJSI B ra3e mpeBbimaeTr 2 kB/cm. Y auBuremns-
HBIM OKa3aJICca TOT (PaKT, 9TO HANIPSHKEHHOCTH BU3YATH3UPYIOMIETO OIS
oKaszallaCh HE3aBUCHMOI OT TemmepaTypsl (IUIOTHOCTH) ra3a. B cBoe
BpeMsI K TAaKOMY JK€ 3aKIFOUEHHUIO TPHUIILTH MPH pa3padoTKe KPHOTESHHOM
CTPUMEPHOHN KaMephl, paboTaromeil B mapax XUAKOTO TeIus IPH TeM-
nepatype 4 K. OT1oT 3ddekt MoxeT ObITH CBSI3aH C POCTOM KOHILICH-
Tpaluun JUMEPOB 6HaFOpOI[HBIX ra3oB C IOHUKCHUCM TEMIICPATYPHI; KaK
W3BECTHO, TOTEHIIMAT WOHHU3AIWW JTUMEPOB TOHIDKEH Ha BEIUYHHY
SHEPTHH CBA3H aTOMOB B auMepax (1-2 3B).

Tpexu pensaTUBUCTCKUX MHOHOB W, WHOTAA, BTOPUYHBIX YaCTHI] —
MPOAYKTOB B3aUMOACUCTBHSI IMOHOB ¢ Pa0OYMM BEIIECTBOM JETEKTOpa
WIH C €ro CTeHkKamH, (otorpadupoBanuch (HOTOKaMEpOd WM Hapoit
¢doTokamMep IS TOCTPOEHHsI cTepeon3odpakeHnii. TunmraHoe n3obpa-
JKEHHE TMPSIMBIX TPEKOB YACTHII, MPOIIEAIINX Yepe3 ra3 Mpu COOTBET-
CTBYIOHIGI‘/'I YCTAaHOBKEC CYHCTUYMKOB CHUHTHIIJIAIMOHHOIO TEJIECKOIa,
MOKa3aHbel Ha puc. 3,a. «['a30BbIi» TpeK BBITISANT KaK IIETIOYKa OT-
JIENBHBIX CTPUMEPOB. TUNHYHBIA «3IMHUCCHUOHHBIIN» TPEK OT YaCTHII,
nmpomeaAmmnx 4€pe3 TBepI[BIfI KPHUIITOH BBITJIAJAUT KBAa3UHCIIPEPBIBHLIM C
pa3MepoM CTpUMEpOB TOpsiika 2 MM 10 momo U 0,5 MM JauameTpom,
YIIaKOBaHHBIE B TPEKE C IDIOTHOCTHIO mmopsiaka 1 ctpumepa Ha 1 MM
Tpeka (puc. 3,0), 4TO, BEPOSATHO, SBISETCS CJIEJICTBUEM BBICOKOH
TUIOTHOCTH 3JIEKTPOHOB HA YMHCCHOHHOM TpEKE.

HaGnroieHue MmiIoTHRIX 3MUCCHOHHBIX TPEKOB MPUBEIO aBTOPOB K
NPEIJIOKEHUIO HCIOJIb30BaTh SMHUCCUOHHBIA JETEKTOp ISl MOHMCKa
aHOMAJIBHO CIA0OMOHM3UPYIOMHUX YacTull. M, meicTBUTENsHO, Cpemu
KOJUIEKIIMM CHUMKOB C 3MHUCCHOHHOHM CTPHUMEpHOH Kamephl ObLIH 00-
Hapy>KeHbl PEAKHE CHUMKH aHOMAJIBbHBIX TPEKOB C IUIOTHOCTBIO CTpHU-
MepoB nopsaka 0,5 Ha 1 cM jumHBI Tpeka. Takue TpeKu MOTIH OBITh
pPacCMOTPEHEBI KaK KaHANJAThl HA aHOMaJIbHbIC YaCTHIBI, TPOU3BOAAIINEC
Ha HECKOJIBKO TMOPSAKOB MEHBINE 3JIEKTPOHOB MOHHM3ALMH, YE€M peisi-
TUBUCTCKHUE ITHUOHBI. O)IHaKO aHaJIn3 YCHOBI/Iﬁ CbEMKH IIOKasall, 4TO
AHOMAJIBHBIC TPEKU ABJIAIOTCA CICACTBUEM IaMATH ACTCKTOpPA. Kaxk
MOKa3aHo Ha (OTO pHc. 2, MHOTA MJIa3Ma OT CTPUMEPOB KacaeTcsl Io-
BEPXHOCTH TBEPAOro KpHITOoHa. Ecnym criexyromuii BU3yaau3Upyro-
M UMITYJIbC TOJIAETCST AOCTATOYHO OBICTPO TOCHE MPEABIAYIIETO,
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Puc. 3. Tlpumepsl TpPEeKOB 4YaCTHII, 3aPETUCTPUPOBAHHBIX B IMHUCCHOHHOMN
CTPUMEpPHON Kamepe (CBepXy BHH3): TPEK PEISITUBHCTCKON YaCTHIbI, MPO-
uieanel yepes ras (a); TPeK YaCTHIIbI, POLICNICH Yepe3 TBEP/Abld KPUITOH
(0); menpTa-31eKTPOH (B); TpeKH BTOPUYHBIX YacTHIl (T). Dortorpadus crenaHna
35-MM (orokamepoit 3eHur ¢ o0bekTuBOM HOnuTep-9 (hokycHoe paccTosiHUE
83 mm) ¢ paccrostHus 1,6 M

TO 3JIEKTPUUYECKOE MOJE CPHIBAET C 3apsDKEHHOM MOBEPXHOCTU BIIEK-
TPOHOB U TIPH 3TOM BO3HHKAET TPEK «(PaHTOM», MPOXOASIIHNA TOYHO 110
TOMY 7K€ MECTY, UTO U NPEABIAYIINI TPEK, OJHAKO STOT [IOBTOPHBIN TPEK
MMeeT 3HAYUTEIFHO MEHBITYIO INIOTHOCTh CTPUMEPOB. ITO HAOIIOIE-
HHE JaJl0 OCHOBAaHUE JJIsl IBYyX BBIBOJIOB:

1) moBepxHOCTh pazziena (a3 MOXKET CIYKUTh UCTOUHHKOM O3JIEK-
TPOHOB, HECBSI3aHHBIX MO0 CBOEMY MPOUCXOKIEHUIO C PETUCTPUPYEMOM
YaCTHUILICH;

2) SMHUCCHOHHAsi KaMepa JEHCTBUTENBHO CIOcOOHA OOHApy>KMUBAaTh
HEOOBIYHBIE OOBEKTHI, CO3AAMNINE 3HAUNTEIILHO MEHBIIE 3JIEKTPOHOB
WOHU3AIMY, YEM U3BECTHBIC YaCTHIIBI.
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Puc. 4. Cxema ycrpolicTBa OombImoi cTpuMepHOr Kamepbl «Hamexma»: 1 —
IpefioBhIe KONbIa B JKUAKOM KPUNITOHE, 2 — KaTol, 3 — KOpITyc KaMmepsl, 4 —
TPEKH MPOXOSNINX YaCTHL, 5 — 0O0pe3aromuid paspsaHuk, 6 — monedopMu-
PYIOIIHUI 3JIEKTPOA CTPUMEPHOH KaMepbl, 7 — ONTHYECKOE OKHO, 8 — ceTdaTas
4acTh MOJIe(HOPMHUPYIOIIETO BJIEKTPOAA, 9 — LEHTPANbHBINH JIEKTPOJ CTPH-
MepHOU kaMmepsl, 10 — kepamuueckuii uzonsatop, 11 — nmpoxoanoit (oboctps-
fommit) paspsiqauk, 12 — reHeparop ApkaiabeBa-Mapkca, U — npeiidoBoe
HanpsKeHHe, OJJaHHOE Ha KaToJl; CTpPUMEpHOe M300pakeHne TPeKoB 4 moka-
3aHO BEPTHUKAIBHBIMU INTPUXaMHU MEXAY CETUATBHIMH 3JIEKTPOJAaMH CTPHMEp-
HOM KaMephl

B 1980-¢ rogpr B UTO® Obuta npeanpuHsTa MOMBITKA TOCTPOUTH
OOJIBIIYI0 IMHCCHOHHYIO KaMepy I PETHCTpalli OJHOBPEMEHHO
HECKOJIBKMX HEUTPalbHBIX MMHOHOB, TEHEPUPYEMBIX MPH aHHUTHIISITUH
AHTHUIIPOTOHOB B spax. Cxema ycrpoiicTBa kamepbl «Hanexna» moxa-
3aHa Ha puc. 4; ¢ortorpadus kamepsl 0e3 Kpuoctara B OOJBILIOM 3KC-
MepUMeHTAIbHOM 3ajie yckopurens UTO® — na puc. 5. Pabounm Be-
[IECTBOM KaMepbl J0JDKHA ObUIA CIIY’KUTh MHIICHb Ul HEHUTpalbHBIX
MHOHOB B (hopMe MIMHAPA U3 KUAKOTO KpUNTOHA JruaMeTpoM 50 cM u
BbicOoTOM 20 CcM, HajJ KOTOPOH YCTaHOBJIEHA OXJaXJaeMas LEeIbHO-
MeTaJJTMuecKas CTpUMepHas kamepa auamerpoM 1,5 M. CtpumepHas
KaMepa COCTOsUIa M3 JIByX CHMMETPUYHBIX 4YacTeld C LEeHTPaJbHBIM
CeTYaThIM BBICOKOBOJIBTHBIM JIEKTPOAOM, IOJBEIICHHBIM Ha KepaMu-
YECKHUX U30JITOpax. BRICOKOBOIBTHEIN MMIYILC aMIuaTyaoi 250 kB,
TeHepUpyEMBIN TeHEepaTopoM ApkaibeBa-Mapkca ¢ yTapHOH €eMKOCTBIO
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2200 n®, cOOTBETCTBYIOIIEH €MKOCTH CTPUMEPHOW Kamepsl, (GopMu-
pOBaJiCsl ¢ MOMOIIBIO MPOXOAHOTO, 00PE3aloUIero Pa3psSIHUKOB U BbI-
COKOBOJIBTHOM JINHUH 33AEPKKU
TaK, YTOOBl HWMETh JUINTENb-
HocTb 20 HC.

Kamepa «Hanmexma» Oblia
noctpoeHa B UTOD B 1980-¢
roAbl M HUCTBITaHA IO YacCTsIM:
LEeJbHOMETAJUINYECKass  CTpH-
MepHas Kamepa IIOKas3ajia CIIo-
COOHOCTD BU3YaJ3HUPOBATh
TPEeKH 4acTHll (Ha pHC. 5 BHU3Y
MOKa3aH TPeK OT a30THOro Ja-
3epa B HEOHE C MapamMH ajb-
¢da-HadTHIAMHHA); KHJIKO-
KPUNTOHOBAasl HMOHM3ALMOHHAS
Kamepa HCIIBITaHA, Kak ObLIO
OTIMCAHO BBIIIIE.

Puc. 5. Omuccuonnas kamepa «Ha-
Jexna» B bombiom skcnepumMen-
TagbHOM 3aje yckopurenss UTOD
(BBepXy) 1 m300paxkeHue myuka YD
nazepa JITU-21 B HeoHe ¢ 10OaBKOH
napoB anbba-HapTWIAMHHA TIPH
KOMHAaTHOM TeMmIiepaType U JiaBiie-
HUU 1,2 aT™, MOJy4eHHOE C MOMO-
b0 CTPUMEPHON Kamepsl (ama-
MeTp mouist 3peHus 50 cm, rirybuHa
3peHus — 15 cm)

aﬂeKTpOﬂl'OMMHECU,eHTHbIe IMUCCUOHHbIEe AeTEeKTOpPbI

OMHCCHOHHbBIC JACTCKTOPbI HA YUCTBIX Onar OpOJAHBIX Ta3ax, HC-
MOJIB3YIOIHUEC J3JICKTPOJIFOMHUHCCICHIIUTO ra3oBoH (1)33},1 AJid YCUJICHUSA
HNOHHU3AaIIMOHHOT'O CHI'HAaJI, HanboJjiee 9acTo HCIIOJIB3YKOTCA B COBpE-
MCHHBIX I[BYX(baSHI:IX OMHCCHUOHHBIX ACTEKTOpax.
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3neKmponi0MUHecueHmb/e 3MUCCUOHHbIe 00HOKaHasbHbIe OemeKmopb/

MuHUaTIOPHBINA 3JIEKTPOIFOMUHECLIEHTHBIN YMUCCUOHHBIN IETEKTOP
U3 CTEKJISTHHOM TPYOKH, OKa3aHHBIA Ha PUC. 6, NCIIOIB30BAIICA B CEPUU
pabot B UTDD 1o ucciaenoBaHuio MOPOroBbiX 3(pHEeKToB 3MEKTPOHHOMH
SMUCCHUU U3 TBEPJOTO APTrOHA, KUJIKUX U TBEPIbIX KPUITOHA U METaHa
(TIpu HUCTIONTB30BaHMH HEOHA B KaueCTBE 0ATACTHOTO Ta3a) U UX CMECEH,
a TaKkKe JUIsl CpaBHEHHUS CUUHTUIUISIIMOHHBIX U AJIEKTPOJIFOMUHECIIEHT-
HBIX CBOWCTB Pa3JIMYHBIX KOHJICHCUPOBAHHBIX 0JaropoIHBIX ra30B.

Puc.6. Cxema ycrpoiicTBa _1cm 5 ; 1

MHUHHATIOPHOTO  AJIEKTPOJIIO-

MHHECIIEHTHOTO  3MHCCHOH- A
HOro JerexTopa: 1 — oTBep- : -
cTHUs U THOjadyd rasa, 2 — ‘ |
KOHJICHCHpOBaHHas (asa, 3 —
CTCKJITHHBI LWIMHAD [IHa-
MeTpoM 15 MM, NOKpBITHIN SRREEE
U3HYTpU Mapa-TepHeHUIOM; ' ———
4 — yIUTOTHSAIOIIUE TPOKIAJKA
U3 TOHKOTO TedoHa; 5 — Ka-
TOJ C ab(a-uCTOUHUKOM; 6 —
OOnT ISl YIUIOTHEHHS C JIH-
JNEKTPUYECKOH IPOKIALKOM;
7 — TemIOBOW 3KpaH C peryjaupyeMoil Temreparypoi B nuanasone 77-120 K;
DoroymHOXHTENs PDY-82, yCTAaHOBICHHBIH B MJIOCKOCTH PHUCYHKA I03aaU
3a3eMJICHHOW CETKH, Ha PUCYHKE He MOKa3aH

N O o A~ W N

Bckope 0b110 T0Ka3aHo, Y4TO 3JEKTPOIIOMHHECIIEHTHBIE JIETEKTOPHI C
HECKOJIBKOMHU q)OTOHpI/IeMHI/IKaMI/I IMO3BOJIAAIOT AOCTHUTaTh MPEKPACHOI'O
MPOCTPAHCTBEHHOTO Pa3pelieHUss M CTPOUTh IU(PPOBBIM METOIOM
M300pakKeHUs TOJIEH SICPHBIX W3ITYYCHHH, KOTOPBIE MPOU3BOMISAT TO-
YEYHO-TIOI00HYI0 HOHU3AIHIO B paboUei cpesie IeTEKTopa.

OneKTPONOMUHECLIEHTHbIE AMUCCUOHHBIE Kamepbl

DIeKTPOTIOMHUHECIIEHTHAS IMHUCCHOHHAs Kamepa (puc. 7 u puc. 8)
ObuTa pa3paboTaHa W WCHBITAHA OOBEIMHEHHON TPYNIION HCCIeaoBa-
teneir 13 MUOU u UTOD u ucneitana B UTOD B 126.214 B Havane
1980-x romoB s MOCTPOEHHUS JABYMEPHBIX H300paKEHHH MoJei
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1.2 3 4

Puc.7. DnekrpoiroMHHECLIEHTHass dMHCCHOHHas ramma-kamepa c¢ 19 doro-
ymHO)uTe sIMH POY-139: 1 — ceruarsiii aHoI; 2 — KaTOJ — JHO KaMephl; 3 —
BaKyyMHasl TEIUIO M30JSILUs; 4 — TeIUIOM30JISLHS, 5 — CTEKJITHHOE OKHO, IO-
KpBITOE Napa-TepEHUIIOM C BHYTPEHHEI CTOPOHBI; 6 — CBETOBO/| U3 aKpHJIa;
7 — hoToyMHOXKHTEINB; 8§ — OOKOBasi CBUHIIOBAs 3aIlUTa

ramMMa-u3Iy4deHus B syiepHoit Menunuae. Kamepa npezacrasisia co0oi
COCYZl U3 HEpIKaBEIOIIEH CTalli, BHEIIHHE KOHTYPBI KOTOPOTO IO3BO-
JISUTA MCTIOJIb30BaTh CBHUHIIOBYIO 3aIIUTy OT CTaHIAPTHOM CIMHTHILIA-
IIMOHHO¥ ramma-kameps! Ha kpuctaiie u3 Nal(T1). Karomom nerexropa
CITy’KHJIO TOHKOE JTHO COCyZla, Ha KOTOPOE HaMOpa)kKMBAJICS CIIOU TBEp-
JIOTO KPUIITOHA MM KCEHOHA TOJIIMHOM 10 1 cM. AHOX NpencTaBisul
coboii koublo auamerpoMm 30 cM, IEHTpaNbHAs YacTh KOTOPOTO JiUa-
MeTpoM 24,5 cM Oblla mepekphiTa CeTKOH M3 HUXPOMOBOI MPOBOJIOKH
nuamerpoM 50 MUKpPOH ¢ maroM 1 mm. JleBsSTHaAIATh CTEKIISIHHBIX OKOH
JUaMeTpoM 7 cM OBLIM YCTaHOBJICHBI B I'€KCAarOHAJbHOM IIOPSIKE U
YIJIOTHEHBI Ha BEPXHEHN KPBIIIKE KaMEPBI C IOMOIIBIO0 METHO-UHANEBBIX
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MPOKIAZ0K U MPYXKUHHBIX [aii0. BHyTpeHHsIs TOBEPXHOCTH OKOH Oblia
TOKPBITA Mapa-TepeHmnom TommuHoii 0,5 Mr/cv’. Kakioe okHO yepes
AKPUJIOBBIM CBETOBOJ IPOCMATPHUBAIOCH CHEKTPOMETPUUECKUM (HOTO-
ymmHoxkuTeaem ®OVY-139. Jlis 3amoiHeHus KaMephbl UCIONIb30BAINCH
KPHUITOH MJIM KCEHOH, OUMIICHHBIE ITyTEeM MPOMYCKaHHUS Yepe3 XpOMO-
cHIMKaTHEIN agcopOent tuma Oxisorb (Messer Group GmbH) npons-
BojicTBa MHCTHTYTA Opranmyeckuii xumun B Mockse u ropstanii (900 K)
KaJbLUEBBIH reTTep. ['a3 XpaHuics npu HOPMAJIbHBIX YCIOBUSX B MPH-
COCJIMHEHHOM K Kamepe HepiaBewlieMm cocyne auamerpoM 80 cMm u
BbIcOTOM 150 cM, BHYTpEHHSSI TOBEPXHOCTH KOTOPOTO OBbIJIa B BAKyyMe
3aIllblJICHA TUTAHOM.

KOOpILI/IHaTI)I TO‘IC‘IHO'HOI[O6HI)IX U MOHHM3AalIMOHHBIX KJIACTCPOB B
IUIOCKOCTH aHOJA ONPEAEIUINCH MO LEHTPY TSKECTU paclpelleeHuUst
CUTHAJIOB ¢ MaTpuity 19 dhoToymMHOXHTENEH, KaK 3TO AENaeTCsl B raM-
Ma-kamepe AHrepa. B3pemmBaHue OCyIIECTBISUIOCH aHAIOTOBBIM Me-
TOJIOM Ha PE3UCUTOPHOM MaTpHulle, KOTOPYIO COCTABISUTH HArpy304YHbIE
PE3UCTOPBI B AaHOAHBIX LEmsx (poToymHOXuTeneld. Busyanpaoe 0tob-
paXkeHue JIBYMEPHOI'O pacIpeNeeHUs] B3BEIIEHHBIX CUTHAJIOB IIPOU3-
BOJIMJIOCH C TMIOMOIIBIO 3armoMuHaroniero ocisuiorpada Tektronix 603.
BuyTpenHe paspemieHre KaMepbl ONpPEeAesUIoch € MOMOIIBIO allb-
(a-uCcTOUHMKA, YCTAHOBJICHHOTO Ha JHE KaMepbl M IMOKPBHITOTO aiio-
MHHHEBOI MAacKOW. BHyTpeHHee pa3penieHue AeTeKTopa 0 INIOCKOCTH
aHozna cocraswio 2,5 MM FWHM npu 3anonHeHun Kamepsl TBEPABIM
KpUNTOHOM. IIpy MCHONB30BaHMM BHELIHEIO raMMa-MCTOYHHKA SHEp-
rueir 59,6 k3B (241 Am), MOKPHITOr0 CBUHIIOBOW MacKoW M YCTaHOB-
JICHHOTO B IICHTPE TOJIsl 3PEHUST KaMEPBI, M JKUJIKOTO KCEHOHA B KAYeCTBE
pabGoueil cpeapl ObUIM TOJYYENHBl PAcCHpeAeTICHUS] KOOPAWHATHBIX
curHasioB (puc. 8), Mo KOTOPBIM OIpeJIeNIeHO TMPOCTPAHCTBEHHOE pas-
pemenue 3,5 Mm FWHM, 4to B 3 pasa myurie, 9eM MpOCTPAHCTBEHHOE
paspelieHue raMMa-KaMepbl, MCIOJIb30BABIICH MPUMEPHO TAKYIO K€
Mmatpuny 19 ¢poroymuoxureneit ®OY-139 ans cuuThBaHUS CUUHTHII-
JSIIIMOHHOTO curHaina ¢ kpucraiia Nal(T1).

Bckope Ob110 1TOKa3aHO, YTO ANEKTPOTIOMHUHECIICHTHBIE JETEKTOPHI C
HECKOJBKOMH (POTONPUEMHUKAMH TO3BOJISIIOT JOCTHTaTh MPEKPACHOTO
IPOCTPAHCTBEHHOTO pPAa3pelIeHUs] U CTPOUTh LU(PPOBBIM METOAOM
n300paXkeHusl NoJeH AAEPHBIX W3Iy4EHHUH, KOTOpbIE MPOU3BOIAT TO-
YEYHO-TTOI00HYIO HOHU3AIUIO B paboueii cpesie AeTeKTopa.
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Puc. 8. N300pakeHne raMMa-HCTOYHUKA C SHEPTUel raMMa-KBaHTOB 59,6 kaB
(241 Am) MOKpBHITOTO CBUHIIOBOM MacKoif ¢ ABYMsSI OTBEPCTHSAMHU THAMETPOM
2 MM Ha paccTosHUU 8 MM (clieBa) M pacnpe/esieHne KOOPIANHATHBIX CUTHAJIOB
nomnepek u3o0paxeHus (crpasa) NMpH AaBICHHM KCEHOHA B Kamepe 1,8 atM u
HaINpsKEHHOCTH 3JIEKTPHYECKOT0o NouIA B rase 7 kB/cm

st neMoHCTpanuu paboTOCIOCOOHOCTH KaMephl MO0 BCEMY ITOJIHO
3peHus mepe]] BXOJHBIM OKHOM JIETEKTOpa yCTaHABIUBAIACH CBUHIIOBAS
Macka ¢ 17 orBepctusiMu. Macka oOiyyanach ramMMa-KBaHTaMH C
sreprueit 122 3B (57Co). IlomyuenHoe u300pakeHHE MOKa3aHO Ha
puc. 9. DHepreTudeckoe paspelleHHe ONpeleNsioch MyTeM aHallor-
0OBOI'0 CYMMHUPOBaHHs CUTHAJIOB co Bcex DDV Ha pe3sucTOpHOI MaTpuLe
C IOMOIIBIO aMIUIMTyIHOTrO aHanuzaropa AM-256-6. DuepreTndeckoe
paspemenue 15 % FWHM O6rputo msmepeno mis 122 k3B 57Co ram-
Ma-UCTOYHUKA TpU 2 KB/cM HampsyKeHHOCTH 3JIEKTPHYECKOTO OIS B
4-MM ci10€ TBEpJOro KCEHOHA U
16 % FWHM npu HampsbkeH-
HOCTH 3JIEKTPUYECKOTO TOJS B
JKUJIKOM KCEHOHE TOJILMHOMN
1,5 Mm.

Puc. 9. M300paxeHre CBHHIIOBOW
MAcCKH{ TI0 TOJI0 3PEHHUS JAHaMET-
poMm 22 cM, TIOTy4eHHOE C MTOMO-
mpeo 122 k3B ramMMma-kBaHTOB
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OAHOBpeMeHHOG ncnonb3oBaHne NOHM3aLUOHHOIO

N CULUHTUNNALUOHHOIO CUrHaNnoB

Uwncrtele OnmaroponHbie ra3el Kak pabodas cpefa JETEKTOPOB YHH-
KaJIbHBl TE€M, YTO COYETAIOT B ceOE XOpOIIUE CIUHTUIUIAIUOHHBIC U
WOHU3AIMOHHBIE CBOMCTBa. BO3MOXKHOCTh CheMa WHGpOpPMAIUK C Jie-
TEKTOPOB Ha YHCTBHIX OJarOPOJHBIX ra3ax MO JABYM KaHAJIaM — CIIHH-
TWUTAUOHHOMY M MOHM3aIIMOHHOMY — JIaBHO TIPHBIIEKaja UCCIIE0Ba-
TEJeH.

CyuHmunnayuoHHble dpelichosble kamepsb!

Cumatmsaiuonssie  apeidoBeie kamepsl (CHK) — mo3ummoH-
HO-YYBCTBUTEJIbHBIE JETEKTOPHI, B KOTOPHIX IPOCTPAHCTBEHHOE pas3-
pellieHne, B YaCTHOCTH, OCTHTaeTcs M3MEPEHHEM BpeMeHHU apeida
3JIEKTPOHOB, HEOOXOIUMOI0 Ul TOTrO, YTOObI JOCTHYL aHOIA, MOCIE
MEPBUYHOTO B3aMMOJICHCTBUSI PETHCTPUPYEMBIX 4YacTHI ¢ paboueit
cpenoit aerekropa. Onmna w3 nyuymmx CJIK Obina co3pgana rpymnmoit
MUOU UTOD u ucneitana B CLIA mo 3aka3y kommaHum Siemens
Nuclear Medicine Group B 90-x rogax B KauecTBe albT€pHATHBBI FaMMa
KaMepaM Ha CHMHTWUISIMOHHBIX KpPHUCTAJUIaX AJS PagdOU30TONHOM
JUAarHOCTHKH B SIIEPHOU METUIIMHE.

CHK-19 (puc. 10), koTopasi COCTOSIIS U3 KOPITyca U3 HepIKaBeoLIeH
CTaJIM ¥ 3JICKTPOIHOM CHUCTEMBI, BKIIIOUAIoNIeit 37-MM npedoBbIil mpo-
MEXYTOK H 6-MM 3JICKTPOJIFOMHHECIIEHTHBIH POMEXYTOK, 00pa3oBaH-
HBIE TPOBOJIOYHBIMH 3JeKTpoAaMu. CHMHTWUILUMH B Ipei(oBOM
MIPOMEXKYTKE M 3JEKTPOIIOMUHECIEHIINSI B CBETO-TIPOU3BOISAIIEM TPO-
MEXKYTKE PErHCTPUPOBAIUCH C TOMOINIBIO JEBATHAMIATH (OTOYMHO-
xurened POY-139 ¢ nquamerpom KoiObsl 80 MM, YCTaHOBJICHHBIX BHE
kamepbl. Kaxapii @DV Haxoawiics B ONTHYECKOM KOHTAaKTE€ C OT-
JIeNIbHBIM OKHOM, TOKPBITBIM M3HYTpH Tapa-tepdenmioM. s BBonma
raMMa-u3IydeHusl CIy)XWIo cepuveckoe aJlOMHUHHUEBOE OKHO TOJI-
muHOM 3 MM. JlaBiieHNe KCEHOHA KaMepe BapbHUpOBAJIOCH BILUIOTH 110 20
at™M. JIOMOJHUTEIbHBIA TOHKHN aJIOMHUHHEBBIA 3JICKTPOJa ObUT ycTa-
HOBJIE MEXAY OKHOM U Apei(OBBIM MPOMEKYTKOM I BHIPABHUBAHHS
UIEKTPUIECKOTO MOJISL.

l'amma-uznydeHue momajgano B JETEKTOP 4Yepe3 BXOAHOE OKHO H
HOIVIAINANOCh B ApeiipoBOM NpPOMEXyTKe, Tle KOHBEPTHPOBAIOCH B
MOHM3ALIMOHHBIN KJIACTEP U MEPBUYUHYIO CHUHTUIUIALIMOHHYIO BCIIBIIIKY.
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Puc.10. YCTpOHCTBO CUMHTHIUIAIMOHHON apeiidoBoii kamepsl (a) U u300pa-
JKEHUE CBHHIIOBOW MackH (0) B miiockocTH ¢oTokaronom OOV (BBepxy) H 10
rIyOuHe Kamepsl (BHH3Y), MOJyY€HHOE OT TOYEYHOro HCTOYHHKA 241Am,
PacIoIOKEHHOTO Ha PAaCCTOSHUM 1,5 M OT BXOIHOTO OKHA KaMepHhl

B otHocuTenbHO ciiaboMm aperidorom moite (~ 0,1 kB/cM - at™) Kitactep
JJIEKTPOHOB HOHH3AIMK Jpel(oBaJl B CBETONPOHM3BOJAIIMIA IPO-
MEXYTOK, TJ¢ B cuiibHOM mojie (2—3 kB/cM - aTM) reHepupoBa 3jeK-
TPOJIOMUHECIICHTHYIO BCIBINKY. [lojokeHHEe TOYEYHO-TI0T00HOTO
MOHM3AIMOHHOTO KJacTepa ONPEAesUIOCh B MPOSKIIMK Ha TIOCKOCTh
CBETONPOU3BOIAIICTO MPOMEKYTKA U U3MEPSUIOCH TI0 PaclpeieICHHUIO
BEJIMYMH DIIEKTPOJIIOMUHECIICHTHBIX CHUTHAJIOB IO Matpulle (oTo-
ymuoxuteneit. Koopmunater {X;, Yi.} Kiactepa ¥ SHEprus YacTHUIHI,
BBIJICJICHHAsI B Kiactepe, E onpenensivch MyTeM B3BEIIUBAHUS WU3Me-
PECHHBIX BEJIMYUH CUTHAIIOB:

EZZkiAi, XZZXiAi/ZAi,yzzyiAi/ZAi, (36)
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rae i =1,..., 19 — Homepa (dortoymHOKHTENEH, Aj — OTKIUK (POTOYM-
HOXXHUTEIsT HoMep |, Kj — Beca CHTHAJIOB, ONpe/eNsieMbIe yTeM Kaauo-
poBku. IlepBuunsie K03(hGUIMEHTH K; ompemeasiucey mo Kod(hQuim-
eHTaMm ycwieHns PV, a 3aTeM KOPPEKTHPOBAIUCH MO OTKIHKY Je-
TEKTOpa Ha BO30YKICHHE raMMa-MCTOYHHKOM ° CO, H3TydeHHEe KOTO-
POTO HAIPABIIOCH C MMOMOIIBIO KOJDIMMATPa MO KaXaelid u3 19 ¢o-
ToymMHOXuTeneu. [Ipouemypa moBTOpsIachk HECKONBKO pa3, MOKa HE
JIOCTUTANIACh HEOAHOPOAHOCTH MPOCTPAHCTBEHHOTO OTKJIHMKA < 1 MM U
omnOKa B ONpeAeiIeHu: 3Heprun Ha nuHun 122 k3B menbiie 1 %. Ilo-
clie 3TOTo OBIJI0 M3MEPEHO COOCTBEHHOE MPOCTPAHCTBEHHOE pa3pellie-
HUE KaK IAPUHA OTKINKA Ha KOJUTMMUPOBAHHBIN ITy90K TaMMa KBaHTOB
OT HCTOYHHKOB ° CO 1 2**Am.

Kamepa 3amyckaetcst mepBUYHOM CUMHTWIUISIIHEH. [jist 3TOTO BCe
®DY BKIIIOYCHHI Ha COBIAJCHUE 10 MaXKOpUTapHOil cxeme. [lonoxenue
MOHM3AIMOHHOTO KJIacTepa MO TIyOMHE OIMpeAemsieTcsl MO BeIHYUHE
3aJI€PKKH MEXIY CUMHTHIUIALIHUOHHOM U 3JIEKTPOTIOMUHECIICHTHOM
BenbimkaMu. Cuctema coopa nanHbeiX B cranaapre KAMAK B nmunuMio ¢
MEPCOHALHBIM KOMIIBIOTEPOM THIAa Pentium mo3Bosiia pacio3HaBaTh
oT 1 10 4 HOHM3AIIMOHHBIX KJIACTEPOB, OTHOCAIINXCS K OJJHOMY CIIHUH-
TWUBIIAOHHOMY — TpUTTEpy. O(GQEKTUBHOCTh CHUHTWUISIIHOHHOTO
Tpurrepa coctasisiia 60 % st raMMa KBaHTOB ¢ 3Heprued 60 k3B
(** Am) npu naBaenny kcenona 9 at™ (rotHocTh 0,054 /em®). TIpu Tex
e yCIIOBUsIX 3P PEKTUBHOCT peructpanuu gocturaia 80 %, eciu uc-
IIOJIB30BAJICS 3JIEKTPOJOMUHECHEHTHbIN Tpurrep. Ilpu stom sHepre-
trdeckoe paspemenne CJIK-19 cocrasisio 2,7 % FWHM (puc. 11,a) B
CpemHeM M0 Moo 3peHus auamerpoMm 22 cMm u 2,5 % FWHM nmns
KOJUTHMHPOBAHHOTO Tyuka 122 k3B (°'Co) ramma kBanToB. TpexmepHas
MO3ULIMOHHAs YyBCTBUTENBHOCTh cocTaBmwia 3,5 MM FWHM B miocko-
ct Matpuubl POV u 0,6 MM 1o riy6rHe IperhoBOro MpoMeKyTKa JUIs
raMMa KBaHTOB ¢ dHeprueit 60 k3B. bricTponeiicTBre kaMepsl 3aBUCETI0
oT pexxuma pabotsl u coctaBisuio 100 k', koraa kaMepa 3amyckanach
OT 3JICKTPOJIOMHHECIIEHTHOTO CUTHalla, YTO CPAaBHUMO C OBICTpOJICH-
CTBHEM CIMHTWJUIAIIMOHHBIX TaMMa KaMep Takoro ke pazmepa. Korma
KaMmepa 3aIlycKajach OT CHMHTWULIINK W m3Mepstia 3D mosiokeHus
HECKOJBKMX MOHU3AIMOHHBIX KJIAacTepoB, €€ ObICTpOAEHCTBHE COCTaB-
jst1o 20 k1.
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Puc.11. Cnektp 57Co (a) m mByMepHOE pacmlpeneiicHHe MO SHEPTHsM IBYX
MIOCJICIOBATENBHBIX CHIHAIOB M3 TpPEX, OOIIee SHEPrOBBIICICHHE KOTOPBIX
coctaBisio 140 k3B ot ncrtounuka 99mTc (0)

BaxxHO OTMETHTB, YTO 3HAHUE TPETbEH KOOPAMHATHI Z IO IIyOuHe
JIper(dOBOTr0 MPOMEKYTKAa MOXKHO HMCIOJNB30BaTh JUIS YIyYLICHHUS Ka-
YecTBa JIByXMEPHOTO H300paskeHHs B XY-TIOCKOCTH (PeXHuM pabOTHI
Kamepsl AHrepa). Hanpumep, cpean MHOTOKJIACTEPHBIX COOBITHH IS
PEKOHCTPYKIIUU H300paKCHUSI MOKHO BBIOMPATh TOJBKO KIIACTEPHI,
BO3HHKIIKE OT (DOTOMOTIIOMICHUS MEPBUYHBIX TaMMa KBaHTOB. DHep-
reTUYEeCKOe Pa3pelIeHNue TaKKe MOKET OBbITh YIIy4IIEHO, €CJIM BBOAUTh
MOIIPaBKY Ha 3axBaT 3JIEKTPOHOB AJIEKTPOOTPULATEIBHBIMU MIPUMECS-
MU, a TaKKe OTOMPaTh MHOTOKIIACTEPHBIC COOBITHS, BKIFOUYAIOIINE Xa-
paKTepuCTHUECKUEe KBaHTHI KceHoHa c aHepruei 29,80 kaB (K,) u
33,64 k3B (Kp), n npuiaBas knactepam 3TUX KBAHTOB TOYHO U3BECTHBIE
3HAYCHUS DHEPIUil, U TeM caMbIiM d(PEKTHBHO yIydiiasi TOYHOCTh W3-
MepeHus Bceil moriomienHoi sHeprun. Ha puc. 11,6 mokazaH crektp
*'Co, n3MepenHsIi TakuM o6pasom (fluorescent gated mode) ¢ suepre-
TUYECKUM paspereHreM 2,2 % FWHM, BMecTo u3MepeHHbIX 0OBIYHBIM
criocodom 2,7 % (puc. 11).

O crocoOHOCTH KaMephl K TPEXMEPHOMY UMaDKUHTY MOYKHO CYIUTh
no puc. 10,6, Ha KOTOPOM NPEACTABICHO H300pakK€HHE CBUHIIOBOW
MacKH C PETYJIIPHON CETKOW OTBEPCTHH JUAMETPOM 4 MM C IIIaroM 8 MM.
Macka pacmonaraiach nepea BXOJHBIM OKHOM KaMephl W 00iydanach
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TOUYEUHBIM HCTOUHHKOM * CO, PACIIONOKEHHBIM HA PACCTOSHUHU 1,5 M OT
BXOJHOT0 OKHA KaMephl Ha ero ocu. BepxHee pacnpeneneHue cooTBeT-
crByeT XY-TIPOCKIMH H300paKeHUS] MAacKW Ha IIOCKOCTH MAaTPHIIBI
®DY. HmwkHee pacmpeneicHUe IMOKA3bIBACT ITOJIOKEHHE TOUYCK B3aW-
MoJeHcTBHUI 1o riryOuHe apeiidoBoro mpomMexyTtka (B XZ-MI0CKOCTH)
JUISL O/THOTO M3 IIEHTPAIBHBIX PSIIOB BEPXHETO H300paKEeHHS.

CrnocoOHOCTh JETEKTOpa H3MEpSTh IOJIOKCHHE HOHU3AMOHHBIX
KJIACTEPOB B TPEXMEPHOM IMPOCTPAHCTBE U HACHTU(UIMPOBATH TOUKH
KOMIITOHOBCKOT'O PacCesHUsS MCIIOJIb30Bajach Ais ucnbitanus CAK-19
B pexxume KoMOTOHOBCKOW KaMmephl.

OMMCCUOHHDI AETEKTOP «06e3 CTEHOK»

HanOonpmmii BBIMTPHIIT JOCTUTACTCS B METOJUKE PETHCTPALUH,
€CIIM HCIOJB30BaTh B paMKax OJHOIO MpHOOpa BCe MPEUMYIIECTBa,
KOTOPBIC JA€T MIPUMCHECHUC YN CTBIX 6JIaFOpOI[HBIX ra3oB, a HMMCHHO

BO3MOXKHOCTh CheMa CHTHAJa JJIsi OJTHOTO COOBITHS IO JBYM KaHa-
JIaM — MOHU3AIIMOHHOMY ¥ CIIMHTHIIISIITHOHHOMY

BO3MOXXHOCTh 3(p()EeKTUBHOTO YyCHIICHHST MOHH3aIIMOHHOT'O CHTHAJa
IIpU UCIIOJIB30BAaHUH SMUCCUHHOTO METOAA PETUCTPpAlINU;

BO3MOKHOCTH ITOCTPOCHUS MPAaKTUYECKH HEOTPAaHMUEHHOTO IO pas-
MepaM H Macce JIETEKTopa.

Hcnonb3oBanue BeeX 3THX (DaKTOPOB MO3BOJISIET CO3/1aTh PEKOPIHBIH
MO0 YYBCTBUTEIHHOCTH K PEIKUM U CIa00MOHU3YIOIIUM YaCTHIIAM JIe-
TEKTOp «0e3 cTeHOK». Mmes ObuTa BHIIBUHYTa aBTOPOM 3TOH pabOTHI
okoJi0 18 yieT Ha3aa u BrepBbie onyOnukoBana 15 net Hazan. [TpuHimn
JIEUCTBUS «OECCTEHOYHOTO» 3MHUCCHOHHOTO JETEKTOPa 3aKJII0YaeTCs B
CIIEYIOLIEM.

1) Perucrpupyemoe uzmyueHHE B3aMMOACHCTBYET C KOHJIEHCH-
POBaHHO paboueii cpe/oi AeTeKTOpa, BO30YKIaeT U HOHU3YET aTOMBI,
B pe3yJbTaTe Yero BOSHUKAET MEPBBIN CUTHAI, TIPOSBISIOIINANACS B BUC
CUUHTHUIALNN KOHICHCUPOBAHHBIX 0JIATOPOHBIX Ia30B. DTOT CUIHAI
UCTIOJIB3YETCs JIJISI 3aITyCcKa CUCTEMBI CheMa MH(POPMAITHH C JIETEKTOpA.

2) bnaromaps NMpUIOKEHHOMY 3JICKTPUYSCKOMY IIOJIO, DIICKTPOHBI
WMOHM3AIHNU IPEH(PYIOT K CBOOOHOW MOBEPXHOCTH KOHJICHCHPOBAHHOMN
paboueii cpeapl NeTeKTopa W BRIXOMAT U3 He€ (IMUTHPYIOT) B PaBHO-
BECHYIO Ta30ByI0 a3y WIH BaKyyM, IJIe TCHEPHPYIOT BTOPOW, YCH-
JICHHBIH CHUTHAJI, MPOMOPIUOHATBHBIA KOJIUYECTBY 3JICKTPOHOB HMOHH-
3anud. Y CHIIEHHE 3TOr0 BTOPOTO CUTHAT MOXKET JOCTHUTAThCS Pa3HBIMU
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croco0aMu: 3JEKTPOIIOMUHECIIEHIINEH OJIaropoTHOTO rasa, JIaBUHHBIM
Pa3sMHOXKEHUEM 3JIEKTPOHOB B Pa3peKeHHOH ra30Boi (ase, yCKOpeHHEM
3JIEKTPOHOB B BaKyyMe M Ip. MaTpuia JaT4MKOB HCIIOIB3YETCs VIS
TOTO, YTOOBI 3apETUCTPUPOBATE IBYMEPHOE pacIpeiesieHHe BTOPUIHBIX
YaCTHI ¥ ONPEAETUTH KOOPAWHATHI IEPBUYHOTO B3aUMOJICHCTBUS BAOJIb
MOBEPXHOCTH, COCTABISAEMOI BXOJHBIMH OKHAMHM MaTpHLbl JaTIYUKOB
(manpumep, poToymMHOXKHUTENEH, Kak Toka3zaHo Ha Puc.12). [lockompky
BTOPOW CHTHaNl 3ajJiep>kaH OTHOCUTEIBHO TEPBOrO Ha BpeMs Apeida
9JIEKTPOHOB MOHU3AIINH, 110 33JIePKKE MEXKIY MEPBbIM U BTOPBIM CHT-
HaJlaMH OIpeesiieTcs TPeThsl KOOpAWHATA IEPBOHAYANBHOW TOUKH
B3auUMOJICHCTBHUA.

3) 3HaHMe MOJIOKEHUS TOYKM B3aMMOJAEWCTBUS B TpEX-MEPHOM
MPOCTPAHCTBE HCHOJIB3YETCS Uil 0TOOpa COOBITHM MPOUCXOISAIIUX B
qyBCTBUTEIbHOM 00ObeMe A (puc. 12). Jlns m0ocTaToyHo OOJBIIUX U
MaCCHBHBIX JETEKTOPOB, MOCTPOCHHBIX U3 MaTEPHAJIOB ¢ OOJBILONH MO~
TJIOLIAIONIEH CIIOCOOHOCTRIO K SIICPHBIM HM3IYy4YeHUSM (M3 KHIKOTO
KCEHOHA, HampuMmep), 00beM CBEPXUHMCTOrO BEILECTBa AETEKTOpa B,
OKPY’KalOIIEro 4YyBCTBHUTENBHBI 00beM A, UTpaeT pojib 3alllUThl OT
palMOaKTUBHOTO W3IYYEHHsI OKPYXAloIIUX MaTepuaioB. B pexume
aKTHUBHOM 3alUTHI c10W B ncnonb3yercs amst oTceBa cOOBITHH B 00BEMe
A, KOppenupoBaHHBIX 10 BPEMEHH ¢ COOBITUSAMH B o0beMe B. OT0
MO3BOJIIET MCKIIIOYATh COOBITHS, MPOHM3OLICANINE B Pe3ybTaTe MHO-
TOKPAaTHBIX paccessHUi (POHOBBIX YACTHII.

JlONIOTHUTEIEHBIM MOIIHBIM METOIOM OTCeBa (DOHOBBIX COOBITHI
CITY’)KUT UACHTH(DUKAIUS TPUPOJIBI B3aUMOACHCTBHS 110 COOTHOIIICHHIO
JIOJIel SHEpTrHH, 3aTpaueHHBIX Ha HOHU3AIMIO M BO30YKAeHHE paboueit
cpelpl eTeKTopa. B KpHOTreHHBIX TBEpABIX OJaropoAHbBIX razax BO3-
MOXKHO TaK)K€ YCHJICHHE CHUTHaja TpU COOMpaHWH DIIEKTPOHOB Ha
CBEPXIIPOBOJISIIIMX AJIEKTPOJAX, a TaKkKe TeHeparus (OHOHOB M HX
pasmHOXKeHue, Onarogapst 3¢dexry Tpodumosa-Heranosa-Jlroka. B
TAKOM Cllydae HIDKHHH MOPOT PErHCTPallM IOHHMXKAETCS BIUIOTH /10
sHepruu GoHoHa (~ 0,001 3B), u cTaHOBHUTCS BO3MOKHBIM TPEXMEPHBIN
KOPPEJSILMOHHBIA aHaJM3, YTO JOJDKHO CYIIECTBEHHO YIYUIIHUTH (-
(beKTUBHOCTH O0TCeBa (POHOBBIX COOBITHH. Bce 3TH 0COOEHHOCTH B CO-
YeTaHUM C JOCTYIHOCThIO B MaciuTabax AECATKOB TOHH, JIENAr0T Ts-
XKeJble OJIaropo/lHble rasbl, & Cpelld HUX B NIEPBYIO OUepelb KCEHOH,
HaunOoJiee MPUBJIEKATEIbHBIMHU CPEJaMH AJIS IETEKTOPOB BUMIIOB.
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Puc. 12. TIpunnmn paboThl «OECCTEHOYHOT0» SMHUCCHOHHOTO JieTeKkTopa: 1 —
CUMHTWULILIMOHHAS BCIIBIIIKA B TOYKE B3aMMOJICUCTBHS CIa0OB3aUMOMIEHCT-
Bytouied yactuipl W ¢ pabodrM BELIECTBOM JIETEKTOpPa — KOHASHCHPOBAHHBIM
OmaropomHbeIM razoM LXe, moMemeHHsIM B 3JeKTpUUecKoe moie F; 2 — amek-
TPOJIFOMHHECLIEHTHAsI BCIIBILIKA B Ta3e, MHUIMUPOBAHHAS 3JICKTPOHAMH HOHU-
3alKu, BRITSHYTBIMH U3 LXe u apeiidyrommMu depe3 paBHOBECHYIO T'a30BYIO
(ha3y B IOCTATOYHO CHIIFHOM 3JIEKTPUYECKOM ToJie; 3 — mMarpuia (GOTOyMHO-
JKUTEINEH, PErHCTPUPYIOMINX CHMHTHUISIIMOHHYIO U 3JEKTPOJIIOMHHECIIEHT-
HYIO BCHBIIIKH; A — YyBCTBUTENBHBIN 00BbEM, N3 KOTOPOTO BHIOMPAIOTCS MO-
Je3HbIe coObITUS; B — 3ammTHBIN ClOH, B KOTOPOM B OCHOBHOM IIPOUCXOJISIT
COOBITHS, CBSI3aHHBIE C PAJANOAKTUBHOCTBIO OKpY»Karoumx Marepuanos; UA —
nortenuan anoaa, UC — noreHuman karoga

BaxxHBIM TpenMyIIECTBOM OJIarOPOTHBIX CpPEJ SBISETCS BO3MOXK-
HOCTb UX CBEPXTOHKOM OYHMCTKHM OT MpHUMECEH M JOJITOXHBYIIMX pa-
OUOAKTUBHBIX H30TONOB. Ocoboe MecTo cpean OnaropomHbBIX cpen
MPUHAUIEKUT KOHACHCHPOBAHHOMY KCEHOHY, KOTOPBIH, Omaromaps
BBICOKOH IUIOTHOCTH M OOJNBIIOMY aTOMHOMY HOMEpY, ITPEKpacHO IO-
rJIalIaeT raMMa-KBaHTbl H MOXKET UTPaTh Posib d3PPEKTUBHON aKTUBHOMN
3aIIUTBI OT ECTECTBEHHOW PaINOAKTUBHOCTH.
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Kunkuii kceHOH 00NaaeT He TOJNBKO MPEKPACHBIMU 3alIMTHBIMH
CBOWCTBaMHM OT €CTECTBEHHOTO raMMa-()OHa, HO ¥ OT HEHTPOHOB, MPH-
4yeM B Cllydyac HEHUTPOHOB BO3MOXKHO [OINOJIHUTEIBHOE I10/ABJICHUE
¢oHa 1O MHOTOKPAaTHBIM YIPYTUM pPacCesHHUsSM, XapaKTepHBIM IS
HEHTPOHOB, OJHAKO 3aMETHBIH 3(PQPEKT BO3MOKEH TONBKO JUIS JETEK-
TOPOB C Maccoil B COTHH KHWJIOIpaMMOB. Tak, COIJIacCHO paccdyeram
P. I'etintckena (LUX) B gerekrope obmeit maccoit 10 TOHH B 4yBCTBH-
TEJILHOM sIIpe Maccoil 6 TOHH 3a CYeT OTCEeBa 10 MHOTOKPAaTHOMY pac-
CESTHHIO BO3MOXKHO TIOHW)KEHHE (POHA OT HEMTPOHOB C OOIIMM SHEPro-
BBIIeNIeHHEeM 5—25 k3B Ooinee, yem Ha 4 mopsiaka.

IlepBasi mombITKa CO34AaTh SMHCCHOHHBIA JETEKTOP «0€3 CTEHOK»
osuta mpeanpuasaTa B UTO®. JKuaKoKCeHOHOBBI AMUCCHOHHBIN Jie-
TCKTOP JIsA MOCTAHOBKHU OIIbITA IO OMNPCACIICHUIO NPCJACia HAa MarHuT-
HBI MOMEHT HEHTPHHO OBUI CIIPOEKTHPOBaH U moctpoeH B UTOD B
19941998 rogax kak «0e3CTeHOYHASD» KaMepa C OJHON MaTpuIen u3 7
(boTOyMHOXKUTENEH AUAMETPOM 52 MM, PacIoiIOKEHHOU B Ta30BoH (aze
HaJ JKUIKUM KceHoHoM (puc. 13). Marpuna @DV mnpocMaTpuBaeT
3JIEKTPOJIFOMHUHECHEHTHBIN 3a30p MEXIY CETYaTbIM aHOJIOM U CETKOi,
MEXIY KOTOPBIMH pacliojlarajlach TakXe CBOOOJHAs IOBEPXHOCTb
KUIKocTd. [loMMMO aHOlla M CETKH SJIEKTPOAHAs CHCTEMa KaMephl
BKJIIOYaja JAper(oBble KOJMbLA U AITIOMUHHEBBIH KaTOM, MOKPBITHIHA
BOJIHOBBIM CMECTHTENIeM. BHyTpeHHsAs Kamepa IeTeKTopa, H3rOTOB-
JICHHAsI U3 HU3KO(OHOBOTO THTaHA, BMemaeT 30 TUTPOB KUAKOCTH. J1Jist
OUYUCTKH KCEHOHa ObLTa pa3paboTaHa, M3rOTOBJIICHA M UCIHBITaHA 0OJIb-
LIOSI UCKPOBasi OYMCTKAa «MOMNIOIBIP», CIPOEKTUPOBAHHAS I OIHO-
BpPEMEHHOH OYMCTKH 00pa3ia KHUIKOro 0J1aropoAHOro raza 00beMoM JI0
100 mutpoB. C momompio «MOTOABIpa» OBUIM OYUIIEHBI OOpa3IlhI
KUJIKUX KCEHOHA M KPUINITOHA Maccoi 10 26 Kr ¥ AOCTUTHYTa ITyOuHa
OYUCTKH, HKBUBAJICHTHAs [JIMHE JApeiia BIEKTPOHOB [0 3axBara
> 100 cm.

K coxkarneHnto, 3TOT MPOEKT He OBLT 3aBEpILICH 13-3a HEJOCTATOYHOTO
¢unancuposanus B nepuon tpandopmannu CCCP B Poccuiickyto @e-
Jiepanuro.
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a)
Puc.13. CxemaTuueckuii puCyHOK ycTpoicTBa (a) u hororpadus 3IeKTPOAHOM
CHCTEeMbl B MOMEHT YCTaHOBKM B Kamepy u3 Hu3kodoHoBoro tutaHa (0)
SMHUCCHOHHOTO JIETEKTOpa Ui W3MEPEHUS MarHUTHOTO MOMEHTa HEWTPHHO,
noctpoeHHoro B UTO® B 1994-1998 romax: 1 — ra3oBblil BBOJ AJIs1 KCEHOHA; 2
— KaToj; 3 — OKHA JJI BBOJA PEHTTCHOBCKOTO HM3IYUYCHHS U KOHTPOJS YH-
CTOTHI )KHJKOTO KCEHOHA; 4 — BEICOKOBOJIBTHBIA BBOJX; 5 — Apeii(oBbIe Aiek-
Tpozbl; 6 — POTOYMHOKHUTEIND; 7 — ra30BbIi BHIBOJ KCEHOHA; § — KHMKOA30THAS
py0amika; 9 — BakyyMHBIH Kpuocrar; 10 — paguanuoHHasl 3alura B Kamepe,
3aMoJIHEHHOM Ta3000pa3HeIM a3oToM; 11 — duaHen, Kk KOTOpOMy MOJBEIICHA
HU3KO(OHOBAA KaMepa; 12 — mTynep I MOICOSTNHEHUS K Ta30BOH cucTeme;
13 — MHOTOIITHIPHKOBBIE JCKTPHUCCKUE TEPMOBBOIBI; 14 — CTEpXKEHb, K KO-
TOpPOMY IOJBEIlICHAa TUTAHOBas kamepa; 15 — OoJUH U3 BBOJIOB/BBIBOJOB IS
JKUJIKOTO a30Ta

Mowuck TeMHoW MaTepumn Bo BeeneHHon

OnHoilt U3 QyHIaMEHTATLHBIX MPOOJIEM COBPEMEHHOM acTPOPU3UKH
sIBIISIETCA e(UIMT TpaBUTHPYIOIIEH Macchl B HaOmogaemoi Bcenen-
HOU. DTOT NEQUIUT MPUXOIUTCS KOMIICHCHPOBATh BBEJACHUEM THIIO-
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TETHYECKOT'O «TEMHOT'0» BEIIECTBa ¢ OOIEH Maccoi, B HECKOJIBKO pa3
NPEeBOCXOJAIIeH Maccy HaOmogaemoro OapuoHHOro BemiecTBa. Jlo-
KaJIbHas! TIIOTHOCTD XOJOAHOTO TEMHOTO BEIIECTBA MOXET COCTABISATh
ot 0,4 110 0,7 T3B/(c’cM®), ipu 5TOM mPHpO/Ia STOrO BEIIECTBA OCTACTCS
Hen3BecTHOH. OHO W3 MOMYJSPHBIX MPEINOJI0KEHUH 3aKII0UacTcsl B
TOM, 9TO TEMHOE BEIIECTBO COCTABIIIIOT HEPEIATUBUCTCKUE CIIa0o0-
B3aMMO/IeHicTByOIIMEe MaccuBHbIe daTuilpl (weakly interacting massive
particles — WIMPS — Bumribl), Macca KOTOpbIX coriacHo Cynepcum-
METPUYHONH MOJETH MOXET JeXaTh B Juana3zoHe Mexay 10 u
104 T5B/c?, a cedeHHs B3aMMOMICHCTBHII ¢ OOBIYHBIM OAPHOHHBIM Be-
IIECTBOM MOXKET OBITb OYE€Hb HHM3KUM, BIIOTH 10 10—48 cm?. Ecnu
MIPEIMONI0KEHNE O CYIIECTBOBAHWN TAaKUX YACTHUI] OKAXKETCS CIIpaBe/l-
JMBBIM, TO Hally [aJlakTHKY CleyeT paccMaTpUBaTh MOTPY>KEHHOH B
00J1ako MaJIOTIOJIBWKHBIX BUMIIOB, a Hally IUJIaHETY JBWXKYIIEHCS
CKBO3b 3TO 007aK0 co ckopocThio 230 km/cek. llpaMbiM mokaszaremns-
CTBOM CYIICCTBOBaHUS TEMHOM MaTepUH B JOPME CYNePCUMMETPUYHBIX
BUMIIOB TIOCITYKMJIO ObI OOHApYKEHHE paccesHUs STH YacTHUI] Ha apax
00br9HOTO BemiecTBa. CIOXKHOCTH MPSAMOTO OOHApYXEHHSI BUMIIOB 3a-
KIIFOYaeTCs B TOM, YTO SKCIIEPUMEHT HYXXHO CTaBHTHb C MacCCHBHBIMU
MUIICHSIMU (COTHHM KHJIOIPAMMOB), a UCKaTh COOBITHS — C SHEPrOBbI-
JeneHnssMu nopsiika 1 k3B Ha (oHe CHrHallOB OT ecTeCTBEHHOW pa-
JINOAKTHBHOCTH U KOCMHYECKUX JTydei.

B 1989 roay corpynnuku UTO® A.C. bapabam u A.W. Boso3nbiss
NPEJIONKUITN UCIONB30BaTh YMUCCHOHHBIN JIETEKTOP C Ta30BBIM YCH-
JeHueM, 3anoiaHeHHbId 100 Kr sKMIKUM IOpU KOMHATHOW TeMIiepaType
M300KTAHOM, IUIS MOWCKA BEMIOB ¢ Maccoii 1-10 ToB/c?. Ha puc. 13
MOKa3aHa CXeMa JIETEKTOpa U3 TOTO MpeasioxkeHus. JleTeKTop, UCIob-
3YIOIIMH JIETKOE OpPraHW4YecKoe BEIIECTBO B Ka4ecTBEe pabodveid cpejsbl,
JIOJDKEH 001ajaTh HU3KOHW YYBCTBHTEIBHOCTHIO K raMMa KBaHTaM —
OCHOBHOMY HCTOYHHKA (DOHA, a Takke paboTaTh NMpyU KOMHATHOH TEeM-
nepatype 6e3 He0OX0IMMOCTH UCIIOJIL30BAHUS JIOPOTOT0 M MACCHBHOTO
KpHOCTaTa.

C tex mop yckoputenbHble 3kcniepumenTsl B [IEPHe uckmounnu
BO3MOXKHOCTh CYIIIECTBOBAHUSI CYNEPCUMMETPUYHBIX BHMIIOB C Mac-
camu Menbie 80 IB/c® u ceyenusmu Gonbire 10—42 CMZ, a B XoJie
pa3paboTKN OOJBIIMX JIETEKTOPOB HA KOHIACHCHPOBAHHBIX OJIATOpPOJI-
HBIX ra3ax ObUIO HAWOEHO pelIieHrne «Oe3CTEeHOYHOT0)» 3MHCCHOHHOTO
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JICTEKTOpPa C O4YeHb A((DEKTUBHBEIM MEXaHW3MOM IIOAaBIICHUS (hOHOB.
OTO BBIABUHYJIO METOAMKY SMUCCHUOHHBIX JETEKTOPOB HA KOHACHCH-
POBAaHHBIX OJIATOPOJHBIX ra3ax Ha MEPBOE MECTO CPEIr COBPEMEHHBIX
TEXHOJIOTHH MOUCKA XOJOJHOTO TEMHOTO BEIEeCTBa B (JOPME BUMIIOB.

XENON

IlepBoIii BCTHHHO «Oe3cTeHOUHBIN» neTekTop XENONI10O ObI1 1mo-
ctpoeH kojutabopareir XENON 1s moucka X0JIoAHOTO TEMHOTO Be-
mecTBa B popme BUMIOB. CxemMa yCTpOWCTBA IETEKTOpa IpEeACTaBICHA
Ha puc. 14. Ietextop conepxait 17 Kr »KUAKOTO KCEHOHA, BIIO)KEHHOTO B
MUITMHIPHYECKHN peduiekTop U3 TeoHa, UTpaBIIero Posib CBETOCO-
Omparomeil CTpyKTYpbl U U30JATOpa, MOJJIEPKUBABIIETO Jper(oBbIe
KoJIbIIa 7151 GOopMHUPOBaHUS OTHOPOIAHOTO NpeiihoBoro mois B 00beme
JIMaMeTpPOM U BBICOTOM 0Koyio 20 cM. JIjig cheMa CUTHAIOB HCIOJIB30-
BAJINCH JIBE MaTpUIBl (POTOYMHOXKHTENIEH C KBAJAPATHBIMU BXOJHBIMH
okHaMH 2,5x2,5 cM®  u3 KBaplia U METAUIMYECKUMHU KOpIIycaMu
(Hamamatsu R8520-AL): ogna u3 Hux comepkana 48 ®DY u pacro-
Jaraiach B rase, a BTopas cofepkana 32 (41 mocie mociennelr Moau-
¢duxanmn) GV u pacnonaranach B )KHIKOCTH IO CETYATHIM KaTOJIOM.
Jerextop ObLI MOMEIIEH B BAKyyMHBIH KPHOCTAT OOLIMMH pa3zMepaMu
@70x100 cM® M TIpH TIPOBEICHHH SKCIEPUMEHTA B MTAIBSHCKOH IOJI-
3eMHoOi nabopatopun Laboratori Nazionali del Gran Sasso (LNGS)
OKpY’KaJICS TaCCHBHOM 3alUTON M3 MoNudTHiIeHa ToiamuHoil 30 cm
(2,2 TOHHBI) ¥ CBUHIIA TONIIMHOM 23 cM (27 TOHH)

Hetextop XENON10 skcrioanposancs B8 LNGS B 2006-2008 rogax.
Tunu4ynoe coObITHE C YHEProBhIIENeHHEeM 5 K3B nokaszano Ha puc.15. B
BEPXHEW YacTH PHCYHKa IOKa3aHbl CXEMbl aKTHUBALUU (OTOYMHOKH-
TeJed BEPXHEH M HWKHEW MaTpul NPH PETUCTPALMU CLUMHTHIUISLUOH-
Horo (S1) u anekTpomomuHecHeHTHoro (S2) curnanos. [lpu npuio-
JKeHHOM JipeiigoBom mose 0,72 kB/cMm S1 curHan umeeT HHTEHCUBHOCTh
2,2 ¢oroanekrpoHa/kaBee. Curnan S2 — 450 ¢dorosnekrpona/ksBee
(phe/keVee) B mone okoxno 7,5 kB/cM, 4to B mepecyere Ha OAUH Apeid-
¢yromuii 35ekTpoH AaetT ~20 (OTOIIEKTPOHOB Ha BEPXHIO MAaTpPHUILY
®DY. Jlnsg cobbITUs B IIEHTpe jAeTeKkTopa 3PGEeKTUBHOCTH CBETOCOOpa
¢oronoB ot curnana S1 Ha HwkHIOW Matpuy POV 80 %, a Ha Bepx-
HI010 — 20 % H3-32 OTpaKEHHUS OT MOBEPXHOCTH KHUIKOCTH.

26



Puc. 14. Cxema ycTpoiCTBa >KHAKOKCEHOHOBOTO 3MHCCHOHHOTO IETEKTOpa
XENON10: 1 — BakyyMHBII KPHOCTAT; 2 — MEHAsI TOJIOBKA KPHOKYyJepa; 3 —
TEIJIOOOMEHHMK ISl Ta3000pa3HOr0 KCEHOHAa; 4 — BEpXHssA Marpula u3
48 poToymHOXHMTENEH; 5 — ceTKH; 6 — npei(oBble KOJbIa BHYTPH Te(IIOHO-
BOT'O OTpakaTellbl; 7 — CeT4aThIi Karol; 8 — HKHsA Marpuia u3 32 ¢poroym-
HOXHUTEIeH

Braromapst HeNpepbIBHOM IMUPKYJISAIUY ra3a yepe3 ropsiuuil MeTa-
JIMYECKUIA TETTEP BPEMsI JKU3HHU JICKTPOHOB (S2 CHrHai) MOCTENEHHO
YAY4IIaI0Ch, TOCTUTHYB Y€pe3 HECKOJIbKO Helelb 2 MC WIH 4 M MyTH
npetida 10 3axpara.
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Puc. 15. Tunmunoe coObITHE C YHEPTOBBIACICHHEM 5 K3B U pacrpeneneHus
(hOTORNIEKTPOHOB TIO BEpPXHEW M HIDKHEH Marpuile (GOTOYMHOXHTENEH JeTeK-
topa XENONI10 mis cimHTIIDBIIHOHHOTO (S1) M 31eKTpOIIOMUHECIIEHTHOTO
(S2) curnanos. [lannasie komtaboparm XENON

Omuccuonnslid gerektop XENON1O no3Boaui ycTaHOBUTD JTyUIIUHA
mpenesn Ha CHUH-HEe3aBUCHMBIE B3amMopeicTBuss B 2007 rtomy u
CIIMH-3aBUCHMBIE B3aUMOJIEHICTBHUS C H30TONAMHU 129%e u B'Xe B
2008 romy. Ha ocHOBe HEHaOIIOJIEHUS] CUTHAJIOB OT BUMIIOB B 5,4 KT
YYBCTBUTEJIIBHOM SpE JETEKTOpa OBbLIO HMCKIOYEHO (HOpMHUpOBaHUE
TEMHOTO BEIIECTBa B 3HAYHMTEIHLHONH YaCTH IMapaMETPHIECKOro Ipo-
CTPaHCTBA «CEUCHUE-MACCay, BKIIFOYAs HEUTPAIIMHO, a TAKXKE THKEIIBIX
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MaifopaHOBCKHMX HEHTPHHO ¢ Maccamu B auamasone ot 10 I'aB/c? 1o
2 ToB/c”.

CxkopocTh cyetra (POHOBBIX OIHO-KITACTEPHBIX COOBITHI B HYBCT-
BUTEITLHOM  siApe  Maccod 54 Kr cocTraBismla B CpeaHEM
0,6 coOwITus/KoBee/kr/nens’. M3-3a OTHOCHTENHEHO HEGOJBIIONO pas-
mepa XENONI10 nongasnenue ¢oHoB, O6maromaps 3¢ ¢dekty camodkpa-
HUPOBKH OBUIO HE OYeHb A(()EKTHBHOE, OITOMY MPHUILIOCH UCIOJb-
30BaTh JOBOJIHHO MOIIHYIO ITACCHBHYIO 3alUTy. TeM He MeHee, OIbIT
paborB ¢ XENONIO sicHO moka3zai, 4To TpeXMepHasl MO3WITHOHHAS
YYBCTBUTEIILHOCTh U BHIOOpP COOBITHH Ha YAaJICHUH OT CTEHOK BeCchMa
TIEPCIIEKTUBHBIN MyTh MOBBIMIEHUS! YyBCTBUTEIHHOCTH HU3KO(OHOBOTO
SKCIIEPUMEHTA.

B cneayromem perekrope XENON100, ycraHoBIIeHHOM B Jiabopa-
topun ['pan Cacco B 2008 romay, macca KceHOHa OBLIO yBETHYEHA JI0
170 xr (65 Xr 4yBCTBUTENBHOE SIIPO). B 3TOM meTeKTope aKTUBHBINA
o0bem muamerpoM 30 cM u BbIcOTOH 30 CM, OKpPY>KEHHBIH OTpaXkaro-
HIMMU TJIacTUHaMu TeduioHa, mpocMmarpuBaercst 242 (hOTOYMHOXKHUTE-
asimu R8520-06-Al. TIpu 6000 kr-aeup sxcnozuimu XENON100 mgos-
JK€H JOCTHTHYTh YYBCTBUTENBHOCTH K CIHH-HE3aBUCUMBIM BHMII-
HYKJIOH B3aUMOJICUCTBUSIM IO CEYEHUIO 2 107 cm?.

IIpenmonaraercss yay4qmuTh kKadecTBo jaerekropa XENONI100, 3a-
MeHHB (OTOYMHOXKHTENM Ha TUOpumHble (ortonpuemanku QUPID,
KPHOCTAT M3 HEPXKABEIOIIeH CTalnM Ha KPUOCTaT M3 OE3KUCIOPOIAHOM
Meau, yBennauth npeiid ot 30 1o 60 cM u MUCHONB30BaTh AaKTUBHYIO
3alIUTy OT KOCMUYECKMX MIOOHOB. MIOOHHBIA MOTOK B MECTE yCTa-
HOBKHM jeTekTtoap Ha riayomHe 3100 MeTpoB BOJHOIO SKBHBAJICHTA B
naboparopu GSNL cocrasmsier 22 M 2 neHb . HelTpoHsI, reHepupy-
€MBbI€ B CKAJIbHBIX MOPOJIaX KOCMUYECKUMH MIOOHAMH, CO3JAI0T TJIaB-
HBI (JOH MO sApaM OTAa4H, HEOTIUYMMBEIM OT BHUMIIOB, KOTOPBIA B
100-kr mumenu cocrasisier 2,7+0,7 orcuera B rox. JJobaska 20 cm
BHEIIHEW MAacCUBHOHN MOJMATUICHOBOM 3allUTHl YMEHBIIUT MOTO KOC-
MOT€HHBIX HEUTpoHOB em€ B 10 pa3. YcoBepiieHCBOBaHHAsS BEpCHUS
nerexktopa XENON100 3apadoraer B 2012 roay.

*
Enununa xsBee HUCHOJIBL3YETCA JIs1 SHEPIruu (1)0HOBI:IX 3JICKTPOHOB, KBr —
OKBMBAJICHTHAs SHEPTUs IJid AACP OTHAYH.
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ZEPLIN

Komna6opanus UK Dark Matter Collaboration paspaboTania cepuro
JKUJIKOKCEHOHOBBIX JIETEKTOPOB Ul IIOWCKA XOJIOMHOT'O TEMHOTO Be-
mectBa B (OopME MAaCCHUBHBIX CI1a0OB3aMMOJICHCTBYIOLIMX YacTHII.
IlepBsiii B 3T0# cepun nerekrop ZEPLIN-I ¢ wyBctBuTensHol (fiducial)
Maccoil 3,1 Kr ucroap30Baji TOJNIBKO CUMHTHLLALUIO. Cienyromee mo-
kosnenne nerekropoB ZEPLIN OpuT0 OCHOBAaHO y)K€ Ha dMHCCHOHHOM
METOJUKE U HCIOJB30BANIO KaK CIMHTWUIALMOHHBIM, TaK M 3MHCCH-
OHHBIN CHUTHaNbl Js peructpanuu dactwim. Jlerextopsr ZEPLIN-II
(30 kr kcenona) u ZEPLIN-III (6 Kr KCEHOHA) HCIOJIB30BAIUCH B pe-
ANBHBIX HU3KO(OHOBBIX SKCHEPUMEHTaX MO MOUCKY XOJOMAHOTO TEM-
Horo BemecTBa B popme Bummnos (WIMP), uToObl 1aTh OrpaHudeHIe Ha
CEYEHHUE B3aUMOIEUCTBUS C OOBIYHBIM BEIIECTBOM < 107",

B nerexkrope ZEPLIN-II 30 kr >kMIKOro KCEHOHa HaXOIWUJIUCH B
napeiidoBoM 00bEMe, OTPAHUYEHHOM KOHHUYECKHM OTPaXKaTeleM U3 Te-
¢nona, KoTopblii mnpocMmarpuBamu 7  QoroymHoxutened ETL
D742QKFLB ¢ kBapieBsiMH OKHaMu auamerpoMm 13 cMm, pacmoo-
JKEHHBIMHU B ra3e HaJl CeTYaThIM aHOJIOM BHYTpHU JeTeKkTopa. [lerekrop
ZEPLIN-III otnuyancs orcyTcBueM Te(hJIOHOBOIO OTpakaTelsl, CeT-
YaThIX U Iper(OBBIX DIIEKTPOJIOB C LENbI0 yOpaTh U3 YyBCTBUTEIHHOTO
o0beMa MOTeHIMAJIbHbIE UCTOYHUKH 3arpsi3HEHMS; 3a 3TO OBLIO 3aria-
YEHO MCII0JIb30BaHUEM 0oJiee MeJIKoro padbouero oobema (340 x 3,5 cm)
1 HeOOJBIION Macchl pabodero BemecTna. s ynydiieHus: cBerocoopa
OpY PErucTpali CUUHTWULINUK Matpuna ¢ortoymHoxutenei (31
HITyKa) pacrioyiaranach B )KUAKOCTH, a aHOJI ObIJT BHITIOIHEH U3 (DOJIBTH C
oTpakaroiiuM nokpeitueM. Jlerekrop ZEPLIN-III paGortan ¢ Beicokumu
npeiipoeivu  monsmu (8 KB/cM) C 1EeNbI0  YMEHBIIUTh «KBEH-
YUHT»-3((HEKT U TTO3BOJIUTH PETUCTPUPOBATH CIA0BIe MOHU3AINOHHBIE
curHansl ot saep otaauu. [lerexktop ZEPLIN-III mo3Bonun noctaBuTh
JYYIIAN TpeeN Ha CIUH-3aBUCUMBIE B3aUMOJICHCTBHS BUMIIOB C aTO-
MaMH KCEHOHa.

LUX

CaMmplii 9yBCTBUTEIBHBIN B JaHHBIH MOMEHT JKCIIEPUMEHT IO IIO-
ucKy BUMITOB ctaBuT Koyutaboprmst LUX (Liquid Underground Xenon) ¢
MHUIIICHBIO M3 HIKOI0 KCeHOHa Maccoit 360 Kr, CKOpOCTh COOBITHI B
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KOTOpOM orpaHudecHa BenudyuHON 1 coObiThe/100 kr/mecsi. Cxemaru-
YECKUH PHUCYHOK JICTEKTOpa MPEICTaBJICH Ha puc. 16,a oOmmii BUI
YCTaHOBKH B TIOJI3€MHOM Taboparopuu — Ha puc. 17. JleTexkTop cocTouT
W3 ABYX BIIOKEHHBIX JIPYT B ApPYyTra MUJIMHIPOB U3 HU3KO(GOHOBOTO TH-
TaHa. BHyTpeHHU coCy OKpYKEeH MEAHBIM 3KPaHOM M OXJIaKJaeTCs 10
temneparypsl 165—190 K ¢ momo1ipto xKuIK0a30THOTO TepMocr(oHa.

©)

Puc.16. Cxema ycrpoiictBa nerekropa LUX ¢ THTaHOBBIM KpHOCTAaTOM (a) U
MPOTOTHII JAETEKTOpa Ha HcmbiTaHusx B yHuBepcutere CWRU B 2008-2009
rozaax (0)

Herexkrop LUX wucnons3yer nBe Martpuupl, Kaxaas u3 60 mumuH-
JpUYecKUX HHU3KOQOHOBHIX (oToymHOXHTeneld Hamamatsu R8778
IUAMETPOM 56 MM C METaJUTHIECKIMH Kopirycamu. BepxHsis maTpuiia B
OCHOBHOM OYZET HCIONB30BATHCA IS H300paXeHHS B JIBYMEPHOM
MPOCTPAHCTBE BCHBIIIKU JJICKTPOTIOMUHECIICHITUH (S2) C TOYHOCTHIO
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nopsiaka 1 cM. HiokHsis MaTpuiia pacroyioxkeHa B )KUAKOM KCEHOHE TI0/T
CEeTYaTBhIM KaTOJOM U HanOoJiee YyBCTBUTEIbHA K CIMHTHUISIIMOHHBIM
curHanam. @otoymHoxkutenn turna Hamamatsu R8778 crnenunansaO
pa3paboTaHbl Ui paboTHI MpH Temreparype okono 170 K u npu naB-
JICHUSIX JI0 5 aT™ M HUCIHBITaHbl MPU ITUX YCIOBHSX KoJUTaboparmeit
XMASS. KBaprieBoe okao @OV u Marepuan poTokaTosa BEIOpaHbI Tak,
YTOOBI 00ECIEYNTh KBAHTOBYIO 3(P(PEKTHBHOCTh (OTOKATOA TOPSIIKA
30% na anuae BoiHBI 175 HM, 3ddexTuBHOCTE coOupaHust (HOTOIICK-
TPOHOB Ha TiepBbId quHOA 90% U, Kak KOMOMHAITUIO STUX JIBYX (akTo-
POB, 001IYI0 KBaHTOBYIO 3 deKTUBHOCTE nprbopa okoio 27 %.

Puc. 17. O6mwmii Bua nerexkropa LUX ¢ BOJsIHOW 3aIMTO#, yCTAHOBICHHOTO B
rremepe J[pBuca maxtel Homestake Ha riryOouse 4,5 KM BOJHOT'O SKBHBAJICHTA.
Kommaboparmms LUX

OxcnepumerT LUX cTaBUT LENbIO 3aperucTpUpOBaTh WM MCKIIIO-
YUTh BO3MOXXHOCTb CYIIECTBOBAaHMs BHMIIOB CO CIIMH-HE3aBUCHUMBIM
CEUCHHEM paccesHus Ha HyktoHe 7-107*° ¢cM?, 9TO SKBHBANEHTHO CKO-
poct cuera coObituii 0,5 coObITHs/100KT/Mecal B 4yBCTBUTEIHHOM
simpe netekropa mMaccoit 100 kr mpu o0mieit Macce >KUAKOTO KCEHOHA
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300 kr. ®oH 3KcIepuMeHTa B OCHOBHOM OyJeT CBsI3aH CO B3aMMOJCH-
CTBHSIMU TaMMa KBaHTOB, KOTOpbIE HAarOT O3JIEKTPOHBI OTHaud, |
HEUTpOHAMM, KOTOpPbIE NAIOT sAzpa oTAauu. Llenp skcnepuMeHTa — J10-
cTH4b cKOpocTH cuera doHoB < 8-107 cobbrTHs/KdBee/Kr/neHp TpH
MIOPOTOBOI PHEPTUH B TPE/IEax YyBCTBUTEIBHOTO SApa.

i nocTHKeHHs IOCTABICHHOW 1IETH 10 YPOBHIO (DOHOB JETEKTOP
LUX 6yzer yctaHoBieH B noa3eMHoi B maxte Homestake Ha rmyOune
7200 MeTpoB BOAHOIO 3KBHBAJICHTA B HEJABHO CO3JAaHHOM MOJ3EMHOI
naboparopun DUSEL (Deep underground science and engineering
laboratory) m mcmonp30BaTh YHCTYIO BOAY B KaueCTBE MACCHBHON 3a-
wuThl (puc. 17). Pacuersi metomom Monte-Kapio mokaszanu, 4To
2,5-METpOBBIN €O BOJBI MOHMKAET TIOTOK HEHTPOHOB C SHEprHed >
100 k3B 6onee, gem B 100 pa3. D10 03HAYAET, YTO NPU MUHUMATHHON
TOJIIIMHE BOJBI 2,5 M B II0OOM HalpaBJIEHUH aKTHBHOCThH OKPY>KaOLINX
MOpOJ] TI0 TaMMa KBaHTaM M HEWTpOHaM OyAeT MmojaBlieHa JI0 YPOBHS
pPanuoaKTUBHOCTH BHYTPEHHHUX KOMIIOHEHT JAETEKTOPA.

Hamnbonee paanoakTUBHBIM HMCTOYHMKOM TI'aMMa-KBaHTOB CpeId
BHYTPEHHHX JJIEMEHTOB JIETEKTOpa SBISAIOTCA (poToymHOkmTenu. Ho
HauOoJIee CepPbe3HBIM UCTOYHMKOM BHYTPEHHETO (JOHA, BEPOSTHO, OY-
JIET MPUMECh paauoakTHBHOTO n3oTomna 85Kr (687 k3B makcumanbHas
sHeprus Oerta-criektpa, 10,76 et mepuoa moirypacnana), OTHOCHUTENb-
Hasl KOHIIEHTpAIUsi KOTOPOrO B €CTECTBEHHOW CMECH M30TOIOB KpHII-
tona cocrasmsier 1.3-107? (1,3 ppt). Mcmomns3ys 9Ty cHCTEMy 9KCITe-
pumenT LUX crioco6eH NOHU3UTH KOHIIEHTPAIUIO KPUITOHA B KCEHOHE
HUXE YPOBHS S5 ppt.

Jpyras onacHOCTh UCXOOUT OT NMPUMECH PaJUOAKTHBHOIO Oiaro-
ponHoro rasa Rn, KOTOpBI MOKET UCIyCKaThCsl pa3IMYHBIMUA MaTEpU-
aJlaMi BHYTpPHU JIETEKTOpa U, KaKk ObUIO TIOKa3aHO B HECKOJBKHUX JKCIIE-
PUMEHTax, pacnagaTbcs B 00beMe KUAKOCTH. UTOOBI JOCTHUYB MOCTAB-
JIEHHOH 11eNn 10 (DOHY AIIEKTPOHOB OTAAYH, TpeOyeTcs JOCTUYb YPOBHS
aKTUBHOCTH 10 pamoHy 16 mbk. B pabouem o6beme nerexTopa
XENONI10 ckopocts a-pacmaga coctaBiana 5 mbk. B nmerexrope
ZEPLINII ckopocth a-pacnana coctapisuia 1 bk, HO Bckope ObUIO
YCTaHOBJICHO, YTO KCTOYHUKOM pPajioHa SBIISIETCS TeTTep, KOTOPHIH B TO
BpEMsI UCTIONIb30BAIH Il OYMCTKH KCCHOHA.

Haunbonpiryro onacHOCTb IJisl 9KCIIEPUMEHTA MPEJCTAaBIsIET POH OT
HEUTPOHOB, KOTOPBIET TCHEPUPYIOTCSI B TOPHOH I1OPOJIE KOCMUYECKUMHU
MIOOHAaMH BBICOKHX 3Hepruid. HelTpoHsl, paccenBasich B paboueM Be-
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IIECTBE JCTEKTOPa, MPOU3BOIAT SAApa OTAaYH — (DOH, HEOTIIMYUMBIN OT
nosiesHoro curHana. OgHaKo, B OTJIMYKE OT BUMIIOB, HEUTPOHBI MOTYT
paccemBaTbCs HECKOIBKO Pa3 B MAaCCHBHOM JieTekTope. Eciu merextop
CcrocobeH OOHapyXHBaTh HECKOJIBKO HMOHW3AIMOHHBIX KIIACTEPOB,
BO3HUKIINX OJHOBPEMEHHO, TO MOXHO CYIIECTBEHHO MOJaBUTh ()OH OT
HeUTpoHOB. B skcnepumente LUX BonsiHas 3aIiMTa B IEPBYIO OYEPEIb
paccyuTaHa Ha TO, YTO0BI 9P (EKTHUBHO paccenBaTh BHEITHUE HEHTPOHBI.
B nanpHeliieM miuaHUPYeTCS OKPYXUTh NETEKTOP KUIKUM CIUHTHII-
JATOPOM B KayeCTBE JOMNOJIHUTEIbHOM AaKTUBHOW 3alllUThl IMPOTUB
HEUTPOHOB.

42
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Puc. 18. Ceuenne ynpororo paccesiHusi JUisi CIIMH-HE3aBUCHMBIX B3aUMOJIEH-
CTBHUH BHMIIOB B 3aBHCUMOCTH OT MX MAacChl, BKJIIOYasi SKCIEPHMEHTAIIbHbIC
JIaHHBIE, TIOTYYSHHBIE ¢ MTOMOIIBI0 feTekTopoB WARP 2.3L (1), ZEPLIN-II (2),
ZEPLIN-III (3) 1 XENON-10 (4), a Takxe 0XuiaeMble pe3ysbTaThl C JeTeK-
topoB ciuenyronmx mokoneHnidr LUX 300 kr (5); LUX 3 tonnsr (7), LUX
20 TonH (9) 1 XENON-100 (6) u XENON 1 ToHHa (8) B CpaBHEHHH C TeOpe-
THYECKUMH TpeJICKa3aHUsIMH, 3aKIIOUYEHHBIMH BHYTPH 3alITPUXOBaHHOW 00-
nactv. PucyHok mepepucoBaH ¢ rpaduka, aBTOMaTHUECKH T'€HEPUPYEMOro B
UHTEepHeTe Ha BeO-caiire http://dendera.berkeley.edu/plotter/entryform.html

CnepytoLee NokoneHne 4eTeKTOPOB BUMNOB

HecMmoTpsi Ha OTHOCHTENBHO HellaBHEE NMPU3HAHHUE SMUCCHOHHBIX
JISTEKTOPOB KaK MEPCIEKTUBHOIO MHCTPYMEHTAa B OOJIACTH HEYCKOPH-
TENbHON (DM3UKH, 3Ta METOJHMKA YXKE OTIMYMIACH HECKOJBKHUMH MH-
poBeiME pekopaamu. B 2007 roxy nocne 136 Kr-aeHb DKCIIO3HUIHAH Je-
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tektopa XENONI10 B monzemuoii nadoparopun ['pan Cacco Obl1 mO-
Jy4eH JIy4lIM{d mpeAen Ha BUMII-HYKJIOH CHHH-HE3aBHCUMOE CEUCHHE,
OCTaBHUBILUII 10334 JOJIrO€ BpeMs JIyUIIUH 3KCIEPUMEHT Ha KpHO-
TEeHHBIX TEPMAaHHMEBBIX M KpeMHHUEBHIX nerekropax CDMS. B nauame
2009 roma nyvmiee OrpaHMYEHHE Ha CIHH-3aBUCHMOE paccesHHe
BUMII-HYKJIOH YCTaHOBJICHO C IIOMOUIbIO 3MHCCHOHHOIO JETEKTOpa
ZEPLIN-1II. B Hactosmee Bpemst (2015 rom) mydmwii mpeaen Ha Cy-
[IECTBOBaHUE TEMHOW MaTepuH B (JOPME BHUMIIOB YCTAHOBIICH B DKCIIE-
pumente LUX (cM. claenyroInyro CTaTbio 3TOro COOPHHKA).

B XMIKOKCEHOHOBBIX NeTeKTopax ¢ Maccoil 10 TOHH (HOBBIH dKC-
nepuMeHT LZ) u Bblle moaasicHue GpoHa OT paAHOAKTUBHOCTH OKpY-
JKAIOIIUX MaTepPHalIoOB YXe OyJeT HACTOIBKO CHIIBHBIM, YTO B3aUMO-
JEHCTBUSI COJIHEUHBIX HEHTPHUHO CTAHYT OCHOBHBIM (PaKTOpOM, Orpa-
HUYUBAIOIIUM YyBCTBUTEJIBHOCTh AKCIEPUMEHTOB. B 3TOoM ciydae
OKU/IaeTCs, YTO HEUTPUHO PP-IMKIA OYyAyT MOCTOSIHHOW KOMIOHEHTOMH
B muanazone 0-50 kaBee co ckopocteio cuera 1.2:107° co6BI-
Tuii/x3Bee/Kr/neHs.

Nutepatypa

1. Bolozdynya A.l. Emission detectors. World Scientific Publishing Co.,
Singapore, 2010.

2. bono3apiast A.W. T103UIMOHHO-YYBCTBUTEIbHBIC JAETEKTOPHI HA OCHOBE
YUCTHIX OJIATOPOTHBIX TA30B JIJISI PETUCTPAIIUH CTA00MOHU3UPYIOLTUX YACTHIL U
MOJIeH sIIEPHBIX U3ITyUYeHUH. ABTOpedepaT TuccepTainuy Ha COUCKaHUe YIeHOH
CTeTIeH! JOKTOpa (pm3mko-mareMatmdecknx Hayk. HUSAY MU®U, Mocksa,
2010.
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EXPERIMENTS ON DIRECT DARK MATTER SEARCH WITH TWO-PHASE
EMISSION DETECTORS®

A. Bolozdynya
Laboratory for Experimental Nuclear Physics,
National Research Nuclear University MEPhI

Emission detectors, invented 45 years ago in MEPhI, found their unique
application in modern experiments searching for cold dark matter in the
form of weakly ionizing massive particles (WIMPSs). The current best limits
for the interaction cross sections of supersymmetric WIMPSs having a mass
of 100 GeV/c2 with nucleons were measured with emission detector LUX
containing 360 kg of liquid xenon as detector medium installed in Davis’
cave at Homestake mine in South Dakota. Emission detectors of the next
generation G2, with an active detector mass of about 10 tons, will either
unambiguously detect WIMPs or rule out all current theoretical predictions
for WIMP existence. Detectors of the G3 generation will be used for multi-
ple purposes including detection of double beta neutrinoless decay and
low-energy neutrinos.

Introduction

The most fundamental problem of modern astrophysics is the missing
mass of the universe, which indicates its presence only via gravitational
forces. According the standard model of cosmology, the total
mass—energy of the known universe contains 4.9% ordinary matter,
26.8% dark matter and 68.3% dark energy Ade et al. (2014). Thus, dark
matter constitutes 84.5% of the total matter in the universe with a local
density of about 0.3 (GeV/c2)/cm3 Read (2014). However, the nature of
dark matter remains unknown, providing a central problem for cos-
mology for more than two decades. One possible explanation of the
invisible mass is that it consists of nonbaryonic weakly interacting
massive particles (WIMPs) expected in the Supersymmetry model. The
model predicts that masses of such particles are scaled in the range from
10 to 10* GeV/c? and that they can interact with baryonic matter via the
weak nuclear force and gravity, or possibly other interactions with
cross-sections no higher than the weak scale Kamionkowski (1997). One

* Omnpaeneno 6 Physics Procedia Elsevier.
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popular approach for observing WIMPs is to search for direct
WIMP-nucleus scattering. A problem is that this approach requires a
search for energy depositions in the sub-keV energy range in targets with
mass of at least hundreds kilograms and provides an efficient rejection of
background from natural radioactivity and cosmic rays. In this paper, we
review the two-phase emission detector technology that can satisfy the
challenging requirements of the advanced instrumentation to observe
extremely rare interactions of very weakly ionizing astroparticles.

Emission method of particle detection

The emission method of particle detection was invented 45 years ago
at MEPhI’s department of experimental nuclear physics by Dolgoshein
et al. (1970). The method allowed the detection of weakly ionizing par-
ticles in massive condensed dielectrics as reviewed by Bolozdynya
(2010). A band diagram of a diode emission detector is shown in Fig. 1.

e
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Cathode! Dielectric  :Gas/Vacuum' Anode

Fig. 1. Band diagram of diode emission ionization chamber with non-polar
dielectrics working medium of thickness x and between-electrode gap d biased
with voltage V detecting X ionizing particle

Quasi-free electrons generated by a detected particle X lose their original
energy by generating secondary ionizations and excitations in the con-
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densed medium (at relaxation length y), drift to the interface surface,
penetrate the surface potential barrier 4 and escape into the rarefied
phase (gas or vacuum). In a vacuum, electrons can be accelerated by the
electric field F, before reaching the anode. The energy acquired from the
electric field E3 can result in secondary ionizations at the anode and thus
amplify the electron signal. In a gas, drifting electrons can acquire en-
ergy E, that can be sufficient to excite the gas and generate electrolu-
minescence or result in avalanche multiplication of the electrons. Both
processes can be used to amplify the electron signal. Additional E2+¢®
energy gain is possible if superconductive anodes connected to transi-
tion-edge sensors (TES) are used to collect ionization electrons as shown
in Bolozdynya (2006).

As soon as the advantages of detection of weakly ionizing particles
by the emission method were recognized, an attempt to image tracks of
anomalous low-ionizing particles generated by high energy particles was
undertaken using a streamer emission chamber constructed at MEPhI
and exposed to the beam of 3.7 GeV/c pions at the ITEP proton syn-
chrotron Bolozdynya et al. (1980). In 1989 an idea was published to use
an emission detector based on 100 liters of room temperature liquid
isooctane to detect 1-10 GeV/c> WIMPs Barabash and Bolozdynya
(1989). However, the best performance for WIMP detection was likely
through the use of “wall-less” emission detector technology with 3D
digital selection of point-like interactions occurred inside massive de-
tection medium Bolozdynya et al. (1995) as shown in Fig. 2.

1) Radiation interacts with the condensed target medium, exciting and
ionizing atoms; this process generates a prompt signal that manifests
itself in the form of scintillation in noble liquids and solids, phonons in
crystals, and rotons in superfluid helium. This signal serves as a trigger.

2) Under influence of the applied electric field ionization electrons
drift to the surface of the condensed medium and then escape into the
rarefied gas or vacuum region (or superconductive collector, for cryo-
genic crystal targets) where generate a second, amplified signal. An
array of sensors is used to measure the two-dimensional distribution of
the secondary particles and to determine the coordinates of the original
event on the plane of the sensor array. Since the second signal is delayed
from the first one, the third coordinate of the original interaction is also
uniquely determined in the time-projection mode.
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3) From the three-dimensional position reconstruction, a fiducial
volume A can be defined. Then, events originating in the vicinity to the
detector walls can be eliminated as being potentially associated with
radioactive background radiated from the surrounding materials. By
making the detector sufficiently large and choosing a target medium with
a high stopping power for nuclear radiation, the fiducial volume is ef-
fectively shielded by the outer detector medium layer B. The layer B can
be used as active shielding to reject events in the fiducial volume A
correlated with detected interactions in the layer B and an outside active
shielding if needed (not shown in Fig. 2). That allows rejection of events
associated with multiple scattering background particles, for example,
neutrons.

4) Analysis of redistribution of energy deposited by detected particles
between ionization (EL signal in Fig.2 ), photon- and phonon excitations
(Sc signal in Fig.2) improves the efficiency of background suppression.

Fig. 2. Principal of opera-
tion for a liquid xenon
“wall-less” emission de-

tector detecting hypothetic
weakly interacting particle
X: Sc — scintillation flash
generated at the point of
primary interaction be-
tween X and Xe atoms;
EL — electroluminescence
flash of gaseous Xe excited
by electrons extracted from : .
liquid Xe by electric field F ] 0. :
and drifting through the gas X

at high electric fields (>1 s
kV/cm/bar); PMT1 and

PMT2 — arrays of photo- ww

detectors detecting Sc and v

EL signals; A — the fiducial

volume where events con-

sidered to be useful occurred; B — the shielding layer of LXe. The active volume
of the detector is surrounded with highly reflective cylindrical Teflon reflector
embodied with drift electrode structure providing uniform field F.
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The above listed features, along with the availability of super-pure
noble gases in large amounts, make condensed noble gases the most
attractive media for emission detectors of rare events. It is important to
point out that there are other detector technologies that can be used to
construct ‘wall-less’ detectors. For example, bulk scintillators viewed by
a photo-detector array totally surrounding the ‘crystal-ball’ have been
considered as ‘wall-less’ detectors for such experiments as XMASS,
CLEAN. However, emission detectors based on pure noble gases require
fewer readout channels and allow identification of interactions since the
first signal is proportional to the excitation of the condensed medium; the
second is proportional to the ionization.

The first really wall-less emission detector was constructed by
XENON collaboration in 2005-2006 Aprile et al. (2006). The first suc-
cessful detector XENON-10 contained 13.5 kg of liquid xenon (LXe) in
a 15 cm diameter and 15 cm deep sensitive volume. Due to the relatively
small size of XENON-10, the background reduction due to active
self-shielding was quite modest. The most background was suppressed
by passive gamma and neutron shielding and the detector’s
three-dimensional position sensitivity. The passive shield has 30 cm of
polyethylene (2.2 tons), and 23 cm of Pb (27 tons). The electron-recoil
(ER) background in an inner fiducial volume (FV) of 5.4 kg LXe was ~
0.6 evt/keVee/kg/day* for single scatter events with valid S1 (prompt
light) and S2 (proportional light) signals. XENON-10 clearly demon-
strated that, by selecting an inner FV, one can effectively eliminate
events with partial charge collection when it occurs near the edge of the
Xe active volume. After cuts were applied to remove anomalous events,
the energy window of interest was analyzed for the 58.6 live-days of
WIMP-search data at the Gran Sasso Underground Lab. At the 90% CL,
the upper limit for the WIMP-nucleon cross-section was determined to
be 8.8:10* cm?” at a WIMP mass of 100 GeV and 4.5-10* cm? at
30 GeV.

New results for spin-dependent WIMP-nucleon interactions with
129Xe and 131Xe were reported in 2008 Angle et al. (2008) after 58.6
live days of operation. Based on the non-observation of a WIMP signal
in a fiducial volume containing 5.4 kg of liquid xenon, previously un-
explored regions in the theoretically allowed parameter space for neu-
tralinos were excluded. Also excluded was a heavy Majorana neutrino
with a mass in the range of ~ 10 GeV/c*— 2 TeV/c® as a dark matter
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candidate under standard assumptions for its density and distribution in
the galactic halo

In 2007, the best limits for WIMP—nucleon cross-sections were re-
ported from a 136 kg-d exposure of the XENON-10 LXe emission de-
tector

At the beginning of 2009, the best limit for the spin-dependent
WIMP-nucleon cross-sections was reported from the first run of the
ZEPLIN-III LXe emission detector by Lebedenko et al. (2009).

Much greater sensitivity has been achieved with XENON-100 de-
tector, currently running at Gran Sasso. This member of the XENON
detector family contains 170 kg of xenon with 65 kg in the FV and
105 kg in the active shield. With a 6000 kg-d exposure, the experiment is
expected to reach a sensitivity for spin-independent WIMP-nucleon
interactions down to 2:10™* cm? cross-section at a WIMP mass of
100 GeV/c? by the end of 2009 Aprile and Baudis (2009); and the up-
graded XENON-100, with a low-background copper vessel, better
krypton separation, and improved passive and adding active shielding
has improved this sensitivity by an order of magnitude Aprile (2012).

The Large Underground Xenon (LUX) collaboration is running a
360 kg active mass, two-phase LXe emission detector for a deep un-
derground experiment provided the best current limit with an event rate
better than ~1event/100 kg/month  that corresponds to a
spin-independent WIMP-nucleon cross-section of 7.6:10“°cm?® at a
WIMP mass 33 GeV/c? Akerib et al. (2014). Detector LZ of the second
generation (G2) will be constructed at the same Davis’ cage of the
Homestake mine by joint collaboration of former LUX and ZEPLIN
experiments. The LZ detector will use 8 ton LXe active mass and can
reach sensitivity below 10 c¢cm? for spin-independent cross-sections.
The sensitivity of some direct WIMP search experiments using
two-phase emission detectors in the last decade are compared in table 1.

With the increasing detector mass and sensitivity of dark matter ex-
periments, neutrino interactions will soon become an irreducible source
of background for WIMP search experiments, at which point neutrinos
can be considered as special objects of interest. Multi-ton active mass
WIMP detectors of the next G3 generation shall become, even with
naturally occurring isotope abundances, sensitive to double-beta decay
and solar neutrinos, making them useful for multi-task experiments. A
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possibility to use isotope enriched targets for axion detection is still open
as shown by Vergados et al. (2015).

Table 1
Direct dark matter search with two-phase emission detectors
Detector Achieved | Location, | Status References
Proiect mass, sensitivity, | Years on
J Totall | 10™ecm*@ | duty
Feducial, kg | GeV/c?
XEN- 25/5 LXe 8.8 @ 100; |GS, Com- | Aprile etal.
ON-10 55@ 30 2006-07 |pleted |(2006)
ZEPLIN Il |31/8 LXe 66 @ 55 BM, Com- | Lebedenko et
2006-07 |pleted |al. (2008)
XEN- 170/105 0.2 @100 |GS, Active |Aprileetal.
ON-100 LXe 2008-now (2009)
LUX 360/100 0.07 @ 100 |H, Active |Akerib et al.
LXe 2013-now (2014)
DarkSide- |46 LAr 6.1 @100 |GS, Com- | Agnes et al.
50 37 LXe 3.7@ 49 2013-2014 |pleted | (2015)
PandaX-I J, 2014 Com- | Xiaoetal.
pleted |(2014)
PandaX-Il |500/300 J, 2015 u/c
LXe
XEN- 2200/1100L GS, 2016 |ulc Aprile et al.
ON1T Xe H, 2018 |ulc (2012)
LZ 7000/6000 Cho (2014)
LXe

Notes: (BM) Boulby mine (England); (GS) Gran Sasso Underground Labora-
tory (ltaly); (H) Homestake DUSEL (USA); (J) Jinping (China); (u/c) under
construction.

Conclusion

At the beginning of the 21st century, highly sensitive two-phase
emission detectors have driven down the limits for cold dark matter
scattering cross-sections. Emission detector technology has become the
basis for the second generation of the cold dark matter experiments
searching for WIMPs with up to 10 tons targets. Emission detectors are

42



also being considered for the detection of rare events such as neutrino
coherent scattering off heavy nuclei Akimov et al. (2013) and proposed
to detect positron neutrinoless double-beta decays by Bolozdynya et al.
(1997). All these exciting opportunities look achievable, especially be-
cause of unique combination of detection properties of emission detec-
tors such as

o extremely effective suppression of the natural radioactive background
due to three-dimensional imaging capability with electronic readout and
effective self-shielding;

e availability in huge masses (tens or even hundreds tonnes) in order to
provide a reasonable counting rate for events with extremely low
Cross-sections;

o rejection of background and identification of particles due to multi-mode
readout in excitation and ionization channels of energy depositions;

e possibility to use massive isotopically enriched targets.
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OBSERVATION OF LIGHT EMISSION FROM HAMAMATSU R11410-20
PHOTOMULTIPLIER TUBES*

D.Yu. Akimov*®, A.l. Bolozdynya® Yu.V. Efremenko *°, V.A. Kaplin®,
A.V. Khromov?, Yu.A. Melikyan? V.V. Sosnovtsev®
®The Laboratory for Experimental Nuclear Physics of the National Research Nuclear
University MEPhI (Moscow Engineering Physics Institute),
®SSC RF Institute for Theoretical and Experimental Physics of National Research Centre
“Kurchatov Institute”
“University of Tennessee

We have shown that high voltage biased Hamamatsu R11410-20 pho-
tomultipliers with a dark count rate above 10 kHz emit single photons. The
effect has been observed in a few units at room temperature and tempera-
tures reduced down to -60 degrees Celsius. The effect should be taken into
account in experiments aimed on search for rare events with small energy
depositions in massive liquid xenon detectors.

Keywords: Photomultiplier; Dark count rate; Liquid xenon detector;
Rare events; Single photon emission.

The Hamamatsu R11410 photomultiplier tube (PMT) is a perspective
VUV light photodetector specially designed for low-background ex-
periments based on a liquid xenon detector technology [1-4].
The Hamamatsu R11410-20 PMT body is made of cobalt free Kovar
metal that allows the operation of the PMT in the Earth’s magnetic field
without additional magnetic shielding. The low radioactive PMT is
equipped with 76 mm diameter synthetic silica window and 64 mm
diameter bialkali photocathode with quantum efficiency of about 30% at
175 nm. The typical bias voltage is ~ 1500V, with a maximum value of
1750V.

Thirty four R11410-20 PMTs were purchased and then characterized
in the Laboratory for Experimental Nuclear Physics of NRNU MEPhI to
be installed into the RED100 neutrino detector [5]. The majority of
PMTs demonstrated dark count rate between 0.5 and 8 kHz at room
temperature at the same gain of 8+10°. Two PMTs from this set have
shown the abnormally high and unstable dark count rate: 20 kHz and
60 kHz (KB0054 and KB0018 serial numbers, respectively).

* Omnpasneno ¢ Nuclear Instruments and Methods.
45



In this study, we have checked a hypothesis that abnormally high dark
rate may be associated with light emission from the PMT dynode system.
The experimental setup included two PMT units situated “face-to-face”
inside a light-tight box. There was an optical insulation between PMT
windows that could be installed or removed. The box could be cooled
down with a rate of 0.2 K/min. The PMTs could be biased inde-
pendently.

At room temperature, the dark count rates have been measured for the
previously selected noisy KB0054 PMT and for the good one (KB0019
serial number; dark count rate <1 kHz). The KB0054 PMT bias voltage
Us, was variable between 1200 V and 1750 V with 50 V steps. The
KB0019 PMT bias voltage was maintained constant at 1600V. Before
testing, the both PMTs were biased and stored in darkness for at least
2 hours. The dark count rate was measured with a threshold of 1/3 of a
photoelectron in dependence on applied Us, voltage. The measured de-
pendencies of the optically coupled PMTs on Us, are shown in Fig.1. As
one can see, the count rate of the KB0019 PMT is proportional to that of
the KB0054 PMT at Us, > 1350V. To check the assumption that the
effect is associated with light emission from the KB0054 PMT, the se-
cond set of measurements was performed with optically decoupled
KB0019 and KB0054 PMTs as shown in Fig. 2.

1000 5 v KB0054
1 KB0019 (U=const)

100 A v

"Dark" rate, kHz

0|1 T T T T T T 1
1100 1200 1300 1400 1500 1600 1700 1800

KBO054 bias voltage, V

Fig. 1. Dark count rates of optically coupled KB0019 and KB0054 PMTs
versus Us, voltage
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"Dark" rate, kHz
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1100 1200 1300 1400 1500 1600 1700 1800
KB0054 bias voltage, V

Fig. 2. Dark count rates of optically decoupled KB0019 and KB0054 PMTs
versus Us, voltage

The dramatic difference in behavior of dependencies for the KB0019
PMT in Fig.1 and Fig.2 may serve as evidence of light emission from the
noisy KB0054 PMT. It is important to note that the amplitude spectrum
of the dark counts from the KB0054 PMT behaves as a typical single
photoelectron spectrum. No time coincidence between dark pulses de-
tected from optically coupled KB0019 and KB0054 PMTs has been
observed. This also indicates that the light emission is associated with
random emission of single photons.

The next test was performed with optically coupled KB0021 and
KB0019 PMTs being cooled down to —60 °C. The both PMTs were
characterized with low dark count rate (< 1 kHz) at room temperature but
they behaved differently at low temperatures. In Fig.3 the following
dependencies are presented:

o dark count rate of the KB0021 PMT versus temperature when the
KB0019 PMT is turned off (squares);

o dark count rate of the KB0021 PMT versus temperature when the
KB0019 PMT is turned on (circles);

o dark count rate of the KB0019 PMT versus temperature when the
KB0021 PMT is turned off (triangles picked up);
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e dark count rate of the KB0O019 PMT versus temperature when the
KB0021 PMT is turned on (triangles picked down).

As seen in Fig.3, after cooling the KB0019 PMT to —45 °C and be-
low, its dark count rate raised up dramatically regardless of the KB0021
PMT operational status. At the same time, the dark count rate of the
KB0021 PMT remained small (<100 Hz) at low temperatures while the
KB0019 PMT was off, and rose up significantly when the KB0019 PMT
was turned on.

10000 = KB0021 (KB0019 off)
e KB0021 (KB0019 on)
KB0019 (KB0021 off) 3
1000 v KB0019 (KB0021 on)
v
N 100
T ®
o
8 10
=
@
1
0
: . '
A
0,1 A 1

0,01 +—F——7— LI | T T g
20 10 0 -10 -20 -30 -40 -50 -60

Temperature, °C

Fig. 3. The dark rate versus temperature for KB0019 and KB0021 PMTs

Finally, we have cross-checked the results of the two sets of exper-
iments described above and have measured the dark count rate of the
KB0054 PMT optically coupled to the KB0021 PMT versus Us, at
—60 °C (Fig. 4). The result is consistent with the result shown in Fig.1.

The acquired data prove our suggestion that the high frequency dark
count rate observed for Hamamatsu R11410-20 PMTs at room temper-
ature and at temperatures below —45°C is associated with the single
photon emission from the PMT internal structure. Note this kind of light
emission was also reported for the Hamamatsu R11065-10 PMT [6].
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Fig. 4. Dark count rates of optically coupled KB0021 and KB0054 PMTs
versus Us, measured at —60 °C

We believe that the photon emission effect can be observed with
different level of intensity in any high-voltage biased PMT. The effect
may depend on construction materials, temperature and design of a
PMT. The effect cannot essentially affect registration of multi-photon
signals with several PMTSs operated in the coincidence mode because of
random character of the single photon emission. However, detection of
weak scintillation signals with a large number of PMTs viewing the
same detection volume (such as in the LZ detector [7]) could be affected
by this effect. For this type of the detector setup PMTs should be
pre-selected on relatively low (< 1 kHz) dark count rate in the tempera-
ture range of operation.
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TEPMOCTATUPOBAHUE XUAKO-KCEHOHOBOIO 3MUCCUOHHOIO
LNETEKTOPA P3[-100"

AN. BOHOBﬂHHH*, 10.B. EC[)peMeHKO*’**, B.B. COCHOBHeB*, n.A. TOJICTyXI/IH*,
A.B. Ilaxupos, P.P. adurymms’, A.B. Xpomos~
"Hayuonansubiii uccredosamensexuii s0epuvitl ynueepcumem « MUy, Poccus
**YHueepcumem wmama Tenneccu, CLLIA

[IpuBeneHsl pe3ynbTaThl HWCHIBITAHHS CHCTEMBI TEPMOCTATHPOBAHHUS
JKUJIKO-KCEHOHOBOTO ABYX(ha3HOTO AMHCCHOHHOTO AeTekTopa PO/1-100 ms
MIOCTAaHOBKH OTBITa TI0 OOHAPYKEHUIO (P (PeKTa KOTEPEHTHOTO PacCesHUS
HEHTPHHO Ha sApaX KCeHOHA. OCHOBOM CHCTEMBI SIBJISTIOTCS TEPMOCH(OHBI
(3aMKHYTBIC MBYX(a3HbIC TCIUIOBBIC TPYOBI), 3aIOJIHCHHBIC a30TOM U HC-
MOJIb3YIONIME B KA4eCTBE XOJOMJIbHHMKA KHILAIIMNA TPH aTMOCHEpPHOM
JIaBJICHUH KUIKUNA a30T. Cuctema obecrneunBaeT MojJiepKaHnue TeMIepa-
Typsl pabodero BemecTBa aerekropa POJI-100 npu temmepatype 167 K ¢
TOYHOCTBIO Jiyute 1 K.

BBepeHue

OMUCCUOHHBIN JETeKTOp Ha XuakoM kceHoHe POJ[-100 cozmaércs
ycuiusaMu kostabopanuu Poccuniickue smuccronnsie aetekTopsl (PO/I)
C Lebio OOHapyXeHHs M uccliefjoBaHus d(h(deKTa KOrepeHTHOro pac-
CesiHUS HEHUTPUHO Ha TsDKENBIX sipax [1, 2]. OMUCCHOHHBIC TETEKTOPHI
0071a1a10T PEKOPIHON UYBCTBUTEIHLHOCTHIO K HOHW3ANMU (BILIOTH JIO
eIMHUYHBIX JJIEKTPOHOB) [3—4] W B HAcTOAIIEe BpPEeMS HIUPOKO HC-
MOJIE3YIOTCS B AKCIIEPUMEHTAX IO TIOUCKY XOJIOJHONH TEMHOW MaTEpPHH B
(dopMe MacCHUBHBIX CIaOOMOHM3MPYIOMMX 4acTull [5—7]. YcTpoiicTBo
nerexkropa PO/I-100, cogepskamiero 240 Kr ®UAKOrO KCEHOHA B Kaye-
cTBe paboyero BEIIECTBA, OMUCAHO B CTaThe [§].

B nannoii paboTe paccMaTpHuBarOTCS pe3yIbTaThl TEPMOCTATHPOBA-
HUsI KprocTara netekropa P2/1-100.

Cuctema TepmMocTaTUpOBaHUs

s kpuocratuposanus gerekropa POJI-100 ucnons3yercs cucrema
13 YeTBHIPEX NBYX(a3HBIX 3aMKHYTHIX TEPMOCH(OHOB [8], B KOTOPBIX
HEPEeHOC TeIUla OT JIETEKTOpa K CBOOOJHOKHUIIIEMY >KHAKOMY a30Ty

" Omnpaeneno ¢ Ipubopbl u mexuuxa sxcnepumenmad.

51



OCYIIECTBIISIETCS. C MOMOIIBIO IBYX(a3HOTO TEIJIOHOCHTENS 3a CUET
BO3/ICHCTBHS TPaBUTALMOHHBIX CHJ. B KauecTBe TEIIOHOCUTENSI B
TepMocH(OHAX UCIONb3YETCs a30T, B ra3000pa3HOM COCTOSIHUH I10Ja-
BaeMBIi B 3aMKHYTYIO TEIIOBYIO TpyOy, BEpXHHUI KOHEI[ KOTOpPOH
OXJIaXKJIAeTCsl B BAaHHE KHUIBSILIETO MPH aTMOC()EPHOM AaBICHUH KHUIKOTO
a30Ta, a HIWKHUH KOHEII
YCTaHOBJIEH B TEIUIOOOMEH-
HUKE, 3aKpelUICHHOM Ha
OXJIaXKIaeMOM o0BeKTe,
HampuMep, Ha TEIJIOBOM
JKpaHe, OKpYXKaroleMm Jie-
TEKTOp WU Ha TeIoo0-
MEHHHKaX BHYTPH OXJIa-
kK maeMoii kamepsl (puc. 1).

Puc. 1. IIpuHuunuanbHas cxe-
Ma CHCTEMBI TEPMOCTATHpPOBa-
HUs nerekropa POJI-100: 1 —
maTpyOoK TOmayd  SKHUIKOTO
a30Ta B pe3epByap IS JKUIKOTO
a30Ta, 2 — BEHTUIALMOHHBIN
natpyOok, 3 — pesepByap A
XKHUJKOTO a30Ta, 4 — matpyook
JUIS  TOoAaYd  Ta3000pa3HOro
azota B Ttepmocud)oH, 5 — Ba-
KYyMHUPOBaHHBI ~ METAJLIOPY-
KaB, 6 — TemJIOBOH OKpaH,
OKPYXKAIONIMKA XOJOJHYIO Ka-
Mepy, 7 — TUIATHHOBBIC TEPMO-
pEe3UCTOpBl, 8§ — BEpXHUM Tem-

JOOOMEHHHMK, 9 — BepxHHUi
TermI000MeHHUK, 10 — OOKOBBIE
tepmocudonsr, 11 — HWKHUI
TEMI000MEHHHUK

B kadecTBe TEIUIOBBIX TPYO B 3TOH yCTaHOBKE UCIIONB3YIOTCS ME-
HBIE TPYOKH AuaMeTpoM 12 mm ¢ TommuHoi cteHkH 0,5 mm. B xauectse
TEIIO0OMEHHHUKOB HCIIOJIB3YIOTCSI MACCUBHBIE MEHbIE 31EMEHTHI (0T 1
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no 10 kr maccoii), HaxXoIANIMECS B TETUIOBOM KOHTAKTE C TEILIOBBIM
JKpPaHOM, OKPY)KAIOIIUM XOJOJHYIO KaMepy WU C XOJOIMIbHUKAMU
BHYTPH KaMephl, KOTOPBIE TIPeAHa3HAUEHBI 17151 KOHACHCAIIUN KCEHOHA U
yHOpaBieHusT TPAANCHTOM TeMIIepaTypsl BHYTPH XOJIOAHON KaMephl.
Mennbie TpyOKH BIIasiHBI B TEIZIOOOMEHHUKHU C TIOMOIIBIO CEPEOPSTHOTO
npunost. Bee aneMeHTs TepMOCH()OHOB, TEIIOOOMEHHUKOB M TEIIOBOM
9KpaH OKPYKEHbI BaKyyMHOU CyTIep-H30JISIIUEN ISl CHIDKCHUS paju-
allMOHHOM TEIJIOBOM Ha-
Irpy3KH OT BHEIIHEW (Tem-
JIOW) KaMephl KPHOCTaTa,
HaXOJSIIEHCS TIPH  KOM-
HaTHOU TeMIIepaType.
O0BeM MeXIy XOIOIHON U
TEIJION KamMepaMH OTKa-
YUBAETCA C  ITOMOIIKLIO
TypOOMOJICKYIISIPHOTO
Hacoca.

OO0 BUJ yCTaHOBKH
MOKa3aH Ha pHuc. 2.

Puc. 2. OOmwmii Bujg ycra-
HOBKHM: | — kpwocrar, 2 —
pe3epByap AJIsl KHIKOTO a30-
Ta, 3 —METaIOpyKaB C Tep-
mocudoHamu, 4 — craHIUsA
KOHTPOJISI U YIPaBICHUS
MHOTOKaHAJILHON — TepMOCH-
(hoHHOI cucTeMoi

TepMocTatnpoBaHue XOJOAHONW KamMephl OCYIIECTBISIETCS TWHAMH-
YECKHM METOAOM MYTEM HM3MEHEHHs KOJIMYECTBa a30Ta B TEPMOCH(O-
HaX. TepMOcHU(OH MpaKTHYECKH HE TEPEHOCHT TEIUIOBYIO HEPTHIO,
€CII JIaBJICHUE a30Ta BHYTPH 3aMKHYTOHN TEIUIOBOW TPYOBI CHMXKaeTCs
HIKe atMocepHoro nasieHus. Eciu jgaBieHue mojaBaeMoro B Terl-
JOBYI0 TpyOy Ta3000pa3HOro a3oTa MpeBHIIIaeT aTMOc(epHOe NaBie-
HUE, B BEpPXHEH €ro 4acTd, YCTAaHOBJICHHOW B *KHUIKOM a30Te, KOH/ICH-
cUpyeTcsl KHUIKOCTh. JKUAKHHA a30T MoJ ACHCTBHEM TPaBUTALMH I10-
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CTyHaeT B HIKHIOIO YacTh TEIUIOBOW TPYOBI, T1e Ucapsisich, OTOMpaeT
TEIJIOBYIO SHEPrHi0 y TemaooOMeHHHKa. OOpa30BaBLIMICS MPH 3TOM
ra3 yCcTpeMJIIeTCS B BEPXHIOI0 4acCTh TEIUIOBOH TPyOBI M Ipolecc Io-
BTOpsiercsi. CKOpOCTh Iepenadu TeIula B TaKOH IPaBUTAllMOHHO-aKTH-
BUPYEMOM cHCTeMe MPEBhIIIAeT CKOPOCTh Mepeiaun Teria ¢ IOMOLIBIO
MEIHOr0 TEIUIONPOBOJA TaKOro K€ JhaMeTpa Mo KpaillHed mepe Ha
2 mopsifka. 3aJaHHAs TEMIlEpaTypa XOJOIHOW KaMephl yCTaHABIHBA-
eTcs 3a CUET PeryIMpoBaHus OanaHca MEKAY MOTOKOM Teria, OTBOJH-
MOTO 4epe3 TepMOcHu(OH, U MOTOKOM TeIlIa, MOCTYNAIOIIET0 U3 OKpPY-
JKaroLLEH Cpebl.

I[HSI HUCKIIFOUYCHUSI BO3HUKHOBCHHA KOHBCKTHUBHBIX IIOTOKOB B XUI-
KOM KCEHOHE MpH paboTe IETEKTOpa BHYTPH XOJIOJHOTO COCYAa KPUO-
cTarta 3a1aéTcs TPaJueHT TEMIEPaTyp 110 BHICOTE AETEKTOPa TaK, YTOOBI
KUAKUHN KCeHOH BHU3Y ObUT Ha 1 K xonmomHee )KuaKoro KCeHOHA BBEPXY
pabouero o6bvéma. s 3TOro B BepxHeM M HIDKHeM (hJIaHIaX BHYT-
PEHHETO XOJIOMHOTO COCylla KPHOCTAaTa YCTAHOBJICHBI CIICIUaIbHBIC
teruooOMeHHuKH (9 u 11 Ha Puc.l) ams tepmocudoHOB, 3amaroriux
TpajIneHT TEMIeparyp Mo BBHICOTE pabodero odObéma. ITH Ke Teruio-
OOMEHHUKH HCIOIB3YIOTCS JJIs KOHJACHCAIMM KCEHOHAa W3 razoodpas-
HOT'O COCTOSIHMSI TIPH 3aIIOJIHEHUH JETEKTOpa >KUIKOCThIO. Ternool-
menHUKH (10, Puc. 1), yctaHOBNIEHHBIE HA MEIHOM 3KpaHE, OKPYKako-
HIeM XOJIONHYI0 KaMmepy, NpeaHa3HaueHbl JJIsl CheMa Tellia, MOCTyma-
IOLIET0 PaJHallMOHHBIM 00pa30oM U3 OKPYKAIOLIEH Cpeabl Yepe3 CTCHKH
BHEILIHETO TEMJIOr0 COCYAa KPHOCTaTa.

JHaMuuecKkoe TepMOCTATUPOBAHUE OCYIISCTBIISIETCS C TOMOIIBIO
YETHIPEXKAHAIBHON AJIEKTPOHHON CHUCTEMBI YIPABJICHHS TEPMOCH(O-
HOM, COCTaB M (PyHKIMOHAJIbHAsI CXeMa KOTOPOH ObUTH OMUCAaHBI paHee
[8]. YmpaBnenue tepMocupOHOM, a UMEHHO, BBIBOJI YCTAHOBKH Ha pa-
Oouyro Temmeparypy ¢ MOCIETYIOIIeH cTadmiIm3aueil Ipyu 3aJaHHON
Temreparype 1, BHIIOIHACTCS HE3aBUCHUMO ISl KaXI0ro KaHama. AJ-
TOPUTM PabOThl aBTOMAaTHYECKON CUCTEMBI TEPMOCTAOMIIN3ALIUH OHOTO
KaHaJIa BBITJISIUT CIIETYIONIMM 00pa3oM:

1) BkmoueHue TepMocuoHa: KiamnaH MoAayy ra3o00pa3Horo a3ora
OT BHEIIIHETO0 WCTOYHHUKA Ta3a (Yepe3 peAyKTop OT OajuioHa BBICOKOTO
JTaBJICHHUS) B TEIUIOBYIO TPYOy OTKpBIBacTCS Ha BpeMs Al; ;

2) depe3 HEKOTOpOE BpEeMs TeMIlepaTypa TeINIOOOMEHHUKA JOCTHT-
HeT 3HauyeHus | —AT,;
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3) 4TOOBI CHU3UTH TEMI OXJAKACHUS Ha Bpems Al, OTKpbIBaeTCS
KJIanaH cOpoca azota B atmMochepy;

4) m3-3a MIPUTOKA BHEITHETO TEIUIa TeMIIepaTypa TeII000MeHHUKa
HauMHAET PaCTH M JOCTHraeT 3HaueHus 1 o+AT,

5) KmamaH moJa4d Ta3000pa3HOr0 a30Ta BHOBb OTKPHIBACTCS Ha
BpeMs Al; W ITMKJI OXJaXIeHUS MoBTOpsiercs. I[lapamerpnr Aty, Aly
(i=1,2,3,4) kak KamMOPOBOYHBIC KOHCTAHTBI, MOAOMPAFOTCS OIBIT-
HBIM ITyTEM AJIS1 KaXI0T0 TepMOCcCH(PpOoHa HHAUBHIYAIBHO C YYETOM €ro
MOITHOCTH M HEOOXOMUMOCTH MHHUMM3AIUU IMOTEPh T'a3000pa3HOro
asora.

TepmocTabunusaumsa kpuocrata

Ha puc. 3 npencrasieHa 3aBUCUMOCTb TEMIIEPATypbl XOJIOAHON Ka-
MepblI B IByX Toukax. [lnaro mpu remmneparype 223 K nocTurayTo myrem
mooopa ONTUMAaTBHBIX 3HAYEHNH KATMOPOBOYHBIX KOHCTAHT Atyj 1 Aty;.
Ha Puc.4 Gonee neranpHO TpeACTaBlieHa TeMIIEpaTypHas Auarpamma
pabOThI aBTOMATHYECKOM CUCTEMBI IMHAMUYECKOHM TepMOCTA0MIIU3AIINN
B pailoHe 1uiato mpu 3agaHHON TemmnepaTtype 167 K. Buano, uto oT-
KJIOHEHMS TEMIIEpaTypbl OT 3aJJaHHON BeJIMYMHBI He npeBbimaoT 1 K.
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Puc. 3. 3aBuCMMOCTh TeMIepaTyphbl XOJIOIHOW KaMephl KPHOCTaTa OT BPEMEHH
OXJIKJIEHUS B TOYKaX YCTAaHOBKH HIDKHETO TeruiooOMeHHUWKa (1) u Termnoo0-
MEHHUKa Ha TEIJIOBOM dKpaHe (2) MpH IBYX 33JJaHHBIX TeMIIepaTypax
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Puc. 4. 3aBucuMocCTh TEMIEpaTyphl XOJIOAHON KaMephl KpHOcTaTa OT BPEMEHU
OXJIQKACHUS B TOUKAX YCTAHOBKH HIDKHEro TeriooOMeHHuKa (1) u Temnooo-
MEHHHMKa Ha TEIUIOBOM 3KpaHe (2) B paiione mrato mpu 167 K ¢ Gombiinm
pas3pelieHreM 1o TeMIeparype

3aknioyeHune

Takum 00pa3oMm, NMPOJEMOHCTPUPOBAHA CIIOCOOHOCTh KPUOTEHHOM
CHCTEMBl HAa OCHOBE 3aMKHYTBHIX IBYX(a3HbIX TEPMOCH(OHOB CO CBO-
OOTHO-KUTISAIIMM JKUIKUM a30TOM B KauecTBE XOJOAMIBHHUKA MOJIEp-
JKUBATh TEMIEPATYPY XOJIOAHOW KaMephl Kpuoctata maccoi 150 kxr ¢
ToyHOCTBIO He Xyxe | K mpu temmneparype, HeoOX0MMOM AJIs 3a1oJi-
HEHUS KPUOCTaTa )KUIKUM KCEHOHOM.

Pabora mpoBenena mpu MOANEPKKE TOCYAapCTBEHHOTO KOHTPAaKTa
HUAY MUDU nu Munuctepctsa obpazoBanus PO Ne 11.G34.31.0049
ot 19 okTsa6ps 2011 1. B pamkax TrpaHTa mpaBuTenbcTBa Poccuiickoit
®enepanyu 1Mo moctaHoBieHUIo Ne220.
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THE TWO-PHASE CLOSED BELLOWS FLEX HOSE
CRYOGENIC THERMOSYPHON"

A.l. Bolozdynya®, Yu.V. Efremenko™? V.A. Khromov', R.R. Shafigullin’,
A.V. Shakirov?, V.V. Sosnovtsev', I.A. Tolstukhin®
! National Research Nuclear University MEPhI (Moscow Engineering Physics Institute),
31 Kashirskoe Shosse, Moscow, 115409, Russia
2 University of Tennessee, Knoxville, TN 37996, United State of America

The heat transfer characteristics of a two-phase closed cryogenic ther-
mosyphon made of stainless steel bellow hose filled with nitrogen fluid have
been investigated. The thermosyphon consists of 12 mm inside diameter and
2 m long stainless steel bellow flex hose enclosed in a vacuum jacket and
uses a free-boiling liquid nitrogen pool as a cooling machine. The system is
very flexible and can provide heat transfer rate up to 60 W in the temperature
range of 80-100 K.

Keywords: Cryogenic bellow flex hose thermosyphon; Thermal con-
ductivity; Thermal resistance; Nitrogen fluid; Heat transfer .

Nomenclature: A — cross section, mm?% L — Total length of the ther-
mosyphon, m; Ly — Length of the heat absorbing section operating at T
temperature; Lc — Length of the cooling section operating at T temperature;
HTL — Heat Transfer Limit, W; T — Temperature, K; FR — Filling Ratio, %;
W — Power, W; R — Total thermal resistance, K/W/

Introduction

In our recent publication [1] we have shown that a two-phase closed
tubular thermosyphon made of 1/2" copper tube is a high performance
heat transfer device that can be used to transfer a heat at rate up to 100 W.
The thermosyphon or gravity-assisted heat pipe consists of three basic
sections: a cooling section (condenser) located above a heating section
(evaporator) and a passive adiabatic section connecting the two active
sections [2]. In continuation of our previous research the adiabatic sec-
tion made of copper pipe we have investigated a possibility to use a
standard high-vacuum stainless steel bellow hose with 1/2" inside di-
ameter as an adiabatic section of the tubular thermosyphon with the same
cooling and heating sections as reported in [1]. Such kind of a construc-
tion is much more flexible than that of the device with a copper tube used

* Omnpasneno 6 International Journal of Heat and Mass Transfer.
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as the adiabatic section and can be used for cooling and thermo stabili-
zation of very movable devices.

Experimental apparatus

An experimental setup consists of a test stand, a liquid nitrogen res-
ervoir and a working fluid charging system as shown in Fig. 1. The test
stand includes a steel ingot of 4 kg mass with a heater, thermo resistor
and cold head (evaporator) of the thermosyphon installed on it. The
adiabatic section of the thermosyphon is made of braided stainless steel
bellow hose of 12 mm inside diameter and 22 mm outside diameter and
La=2 m length wrapped in several layers of vacuum super-insulation
and enclosed inside a vacuumed bellow hose of 68 mm inside diameter.
The evaporator is performed as a channel of 11 mm diameter and
Ly =7 cm length inside a copper pad of 8x8x2 cm?® dimensions bolted to
the cold head. The condenser is a stainless steel closed pipe of the 11 mm
inside diameter and Lc = 30
cm length installed inside lig-
uid nitrogen pool. The liquid
nitrogen boiling at atmos-
pheric pressure is working as a
heat sink for the condenser
section of the thermosyphon.
The vacuum jacket surround-
ing the reservoir and the
thermosyphon  has  being
pumped out with a tur-
bo-molecular pump.

(a) LN, tank

Fig. 1. Schematic drawing of the
experimental setup: 1 — liquid
nitrogen inlet; 2 - ventilation
outlet; 3, 5 — vacuum jacket;
4 —nitrogen fluid supply from
charging system; 6 — cold head;
7 — heater; 8 — thermo resistor;
9 — evaporator; 10 — bellow
flexible hose adiabatic section

(b) TS end system
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The cryogenic thermosyphon is connected to the working fluid
charging system by a stainless steel pipe of 4" diameter. The charging
system is equipped with handle and electronically operated valves and
gauges and pressure/vacuum sensors. Working nitrogen gas is stored in
a standard high pressure cylinder.
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Fig. 2. Temperature of the cold head versus cooling time for thermosyphon with
adiabatic section made of a bellow hose (triangles) and a copper pipe (squares)
at different electric heater power applied as indicated above the curves in Watts.
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Fig. 3. Temperature dependence of the cold head versus time for the bellow hose
thermosyphon at FR = 25% (t < 100 min) and FR =0 (t >100 min)
60



The thermosyphon begins effectively cool down the cold head at the
filling ratio FR > 20% that is at least 5 times more than that required for
the thermosyphon based on the copper tube of about the same inner
diameter [1]. This effect is associated with waved inside surface of the
adiabatic section. The internal relief of the bellow hose needs to be filled
for operations in a stable mode. We found that the increasing of the ni-
trogen filling ratio does not significantly affect characteristics of the
thermosyphon.

Results

Fig.2 shows the temperature of the cold head under different heat load
conditions. At the beginning of the test, the thermosyphon is vacuumed
at room temperature. The cooling power is applied to the cold head via
the evaporator as soon as the thermosyphon was charged with nitrogen
fluid. The rate of cooling 1.3 K/min has been observed for the bellow
hose thermosyphon when the nitrogen filling ratio FR = 25% has been
applied. When the lowest temperature 80 K is achieved, the additional
electric power is applied with the electrical heater (15 Ohm, 200 W re-
sistor) installed on the cold head. The temperature rises with the increase
of the heat load. The steady states are observed at 20, 40, 60, and 80 W
for the copper tube thermosyphon and at 20 and 30 W for the bellow hose
thermosyphon. The heat transfer limit is achieved when the next step in
increasing heat load leads to catastrophic boiling of the fluid and ab-
ruptly growing temperature of the cold head. The heat load limit for the
bellow hose thermosyphon is up to 60 W.

In order to operate the cold head at temperatures exceeding the
cooling temperature of the nitrogen (74.8 K) we have used dynamic
mode in which the amount of fluid in the thermosyphon is changed with
the filling system. In Fig.3 there is shown an example of stabilization of
the cold head temperature at 181-182 K when the pressure of nitrogen
was released down to the normal atmospheric pressure. The positive
slop of 0.03 K/min has been observed after the pressure stabilized at
normal value. The slop of the curve at t >100 min is a result of heating
the cold head due to imperfections of the vacuum superinsulation.

Conclusion
The heat transfer characteristics of the bellow flex hose cryogenic
thermosyphon filled with N, working fluid are studied. The thermal
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conductivity and the heat transfer limit are measured. The heat transfer
limit is found to be about 60 W at the filling ratio 25%.

The studied design of the thermosyphon has an advantage against
pipe-based systems due to very high flexibility that is important for ar-
rangement of movable devices for example in fundamental Physics re-
search [3].
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MOPTATUBHBIE TAMMA-QETEKTOPbI ANA UHTPAOMEPALIMOHHOTO
UCNoJib3OBAHUA B AOEPHOU MEAMLIVHE.
OB30P*

A K. bepanukosa, A.W. bono3neins, B.A. Kanuepos
Hayuonanvuwiii uccnedosamensckuil aoepuviti yrugepcumem MUDU

IlopTaTBHBIE TaMMa-30H/bl HAIUIM MIMPOKOE NPUMEHEHUE B pPaauo-
XUPYPrHYEeCKOW JMarHOCTUKE B siaepHOW MenuumHe. O030p mocBsIieH
OIMCAHUIO U CPAaBHEHHIO KOMMEPUYECKUX MOoJieiell raMMa-30H0B, Hauboiee
[IMPOKO NPECTABICHHBIX HA MUPOBOM PHIHKE MEIULIMHCKUX H3ACTHH.

BBepeHue

B mocnegnee Bpems 3HAUMTENbHOE pPA3BUTHE MOIy4HJIa KIMHUYE-
CKasi IMarHOCTHKa 3a00JIeBaHMI YEJIOBEKa C TIOMOIIBIO BBEJICHHS B €TI0
OpraHW3M pPagUOM30TONa B HWHIMKATOPHBIX KoimndecTBax. HawmbOomee
pacnpoctpaH€HHas paguoxupyprudeckas [1].

CUrHaNbHBIM CUMTAETCS MEPBBIA TUMGOY3el, KyAa NonajalT Omy-
XOJIEBBIE KIIETKH U3 30HBI TUMQOOTTOKA. IIpn oTcyTcTBHM MeTacTas B
CUTHaJILHOM JINM()OY3JIe BEPOSTHOCTH MPOIIEAypa — JIOKAIU3AIHUS CUT-
HaBHBIX JTUM@aTryeckux y3i10B (CJIY) ¢ mOMOIIBbI0 MEUEHBIX Pajfo-
AKTUBHBIMH M30TOIAMH KOJUIOUIOB MOPAXKEHHsI OCTAIBHBIX (aKCHIISP-
HBIX) TuM(pOY3110B rperedpexxumo mana. Konnenmmto CIIY npemmoxun
n-p P. Kabanac B 1977 rony [2]. OH mokazaiu, 9To CYIIECTBYET JINM-
(haTUUeCcKuil IICHTP, 110 KOTOPOMY IMPOXOJUT IEPBBIA MOTOK UMbl U3
OTIpEIENICHHOTO TKAaHEBOTO OT/ENa, U KOTOPBIN MEePBBIM IMOPAKAETCS
METacTa3aMH.

B nepBoii nosoBuHe 90-X ro 0B OUONCHS CUTHAJIBHBIX JINM(OY3JI0B
(BCJIY) Obl1a mpeanoxeHa KaKk MHUHHMAJIBHO WHBAa3MBHBIA (TPOHU-
KaIIUH B OpraHU3M) W HauOoJiee YyBCTBUTEIBHBIH METON MCCIEIO0-
BaHUS IS ONPEICIICHUS COCTOSIHUS CHUTHAJIBHBIX JIMM(GOY3JIOB (HO-
JAJTFHOTO CTaryca) y OOJNBHBIX pakoM MoyiogHOH xkene3nl (PMIK). B
1993r. n1-p Kpar ¢ coaBTopamu BepBbI€ UCIIOIB30BAIIN JIJIS1 3THUX Ieei
paanoakTUBHBIN u30ToM [3]. B nanbHeiiem ObLIO BBEICHO COUECTAHHOE
WCTIOJIb30BaHUE KPacUTENs M PaAMOAKTUBHOTO H30TOIA, KOTOPOE IO-
JY4YUIIO IIUPOKOe MpUMEHeHme. Ps uccnemoBaTeneli, cpaBHUBAs CO-

" Omnpaeneno ¢ Ipubopvl u mexuuxa sxcnepumenmad.
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crosaue CJIY ¢ omnepanMoHHBIM TMPEnapaToM TOCE IMOAMBIIIEYHON
nuM(OANCCEKINN TOKa3ald, YTO OHO YETKO OTPa)KaeT COCTOSHUE
OCTaJBHBIX TUM(OY3JIOB, N OMOTICHS CUTHAIBHBIX JTUM(OY3II0B OBICTPO
ObLIa MPUHATA B MPAKTHKY.

B 2009 rony BCJIY Oblna mpuHSATa Kak CTaHIAPTHBIM METOJ| HC-
CICIOBaHMS TIPH TIEPBHYHOM oOllepabelbHOM HWHBasuBHOM PMXK ¢
KITMHIYECKH HEMOpaKeHHBIMU TOAMBIIIeYHbIMA JuMpoy3mamu (cNO)
[4].

CymiecTByloT nBa crnocoba uaentudukanuu CJIY. IIpu koHTpacT-
HOBH3yaJbHOM METOJE PAIAOM C OITyXONBIO BBOJUTCS CHEIHabHAas
Kkpacka — 1% pacTBop cuHero uzocyibgana. [Ipoucxonaur okpaiivBanme
muMparuueckux y3moB, U CJIY HarisHO TPOSIBISIOTCS BO BpEMs
oTIepaIum.

[Ipu nu30TOIM-acCOIMIPOBAHHOM METOJIE 3a JICHb A0 OINepalny MO/I-
KOXHO MEPUTYMOPAILHO BBOJUTCS PaJUOU30TONHBIN mpenapar. [Ipu
JTUMQPOCIUHTUTPAPUX MECTO Ha KOXE C¢ HauOOJbIICH TaM-
Ma-aKTUBHOCThIO Mapkupyerca kKak npoekuus CJIY. Bo Bpems ome-
palyy UCTIONIL3YETCSl PYYHOW ramMMa-JIeTeKTop Juisi obierdeHust oOHa-
pyxenus u ynanenus CJIY. MHoOroducieHHbIe HCCIeI0BaHMUs MTOKa3a-
JIY, YTO BBINIETIEPEUHCICHHBIE METOIbI B3aMMOJIOTIONHAEMBI, M TIPH UX
COUETAaHHOM TIPUMEHEHHH 3HAYHUTEIhHO TIOBBIIIACTCS TIOKa3aTelb
unentudukanun CJIY. Pe3ynbraThl HECKONBKHX TaKOTO POJa HCCIe-
JTOBaHMIA TIpUBEIeHBI B Ta0M. 1.

Tabmuna 1
BCJIY y manueHToB ¢ onepadesIbHbIM PaKOM MOJIOUHOM kKeJe3bl [5]

BepositHOCTE COB-
BepostHOCTB
MaJIeHNs] COCTOSTHUSI
Cmoco0 UACHTU(QHUKAINN
ABTOpHI CUTHAJIbHBIX
UIeHTU(DUKALIUH CUTHAJIbHBIX
Mboy3108, % U aKCHJUIAPHBIX
’ mMdoy3IoB, %
Meijer et al, 99m
1996 Tc 93,3(28/30) 100(28/28)
fggf}”'”' etal, Jomre 4 oxpacka | 92(57/62) 100(57/57)
Albertini etal, |*™Tc+ oxpacka mm
1995 ofHa okpacka 95(20/21) 100(20/20)
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Statman et al, Oxpacka 93(93/100) 100(93/93)
1996

%’5‘4“"‘”0 etal | oxpacka 65,5(114/174) | 95,6(109/114)
lsgeétjch et al, Oxpacka 66,3(128/193) 95,3(122/128)

#¥MTC — MHBEKIMA KOIOHAA MEUEHHBIX TEXHELMeM-99m dYacTHIl
YeJI0BEYECKOTO CHIBOPOTOYHOIO aNnbOYMHHA, HCIIOIB30BAHUE CLIUHTHU-
rpadun u/nunu raMMa-IeTeKTopa;

Oxkpacka — UHBEKIHA CIIEIHATFHON KPAacKu (CHHUHN H30CyIb(haH).

B cpaBuennn ¢ nmogmsbimednon auMmdoaucceknuei (I1JIJ]) ocHOB-
HbIM TipeumymiecTBoM BCJIY sBnsiercst Oonee HU3Kas 4acTOTa OCIOXK-
HEHHUI Tocie ATOH MaHUMYISIIUH (CM. TalIl. 2), BTOPOE BAXKHOE IIpe-
MMYILIECTBO — HU3Kasi CTOUMOCTh. JTO BMELIATENILCTBO TPeOYeT MEHbLIE
OMEPaliMOHHOI0 BPEMCHU U MOKCT UCIIOJIB30BATHCA B aM6y.TIaTOpHI)IX
YCIIOBHSX.

Tabmuna 2
CpaBHenue nocieonepannoHHbIX ocnoxaernii BCITY u T/ [6]
[TocneonepaimoHHbIE OCI0KHEHUS BCI1Y I
bonn 28,6% 46,8%
Hapymienne 4yBcTBHTETFHOCTH 24,9% 81,2%
OrpaHu4eHnE O IBUKHOCTH 6,4% 20,7%
Jlumbpenema 3,5% 14,3%

buoricuss CUTHaNBHBIX JUMQPATHYECKUX Y3JOB TPU TEPBHUY-
HO-JIOKaJTM30BAaHHON MeJIaHOME KOKH TEXHHYECKH JOCTATOYHO MPOCTa
[7]. HakanyHne omepanmuu C TTOMOIIBI0 TaMMa KaMephl BBITOIHSICTCS
Tpe/oNepaHonHas THMPOCIMHTHIPadUsS C HCIONb30BaHHEM "TC,
KOTOPBIY MOJKOXHO BBOJUTCS BOKPYT OMYXOJH, JUIS UIACHTHU(DUKAITUN
pernoHapHOro JTUM(OKOIIIEKTOpa U MPUOIMIUTETFHOTO MECTOHAXO0XK-
JICHUS] CUTHAJIBHBIX JHM(aTHYeCKNX Y3J0B BHYTpH Hero. Kommown
n3oTomna (arorUTHpPyeTcs MakpodaraMu BHYTPH JIUM(DATHIECKOTO y3-
ma. OTO yAEpKMBAET €r0 B APEHUPYIOIIEM y3JIe U MPeIOoTBPaIIaeT ero
JANTbHEHIIIHI Maccak M0 TUM(ATUICCKUM ITyTSIM.
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JlumdocuuTurpadus npoBoaUTCs Yepes 2 mociie BBEACHUS U30TOIa.
Junamuueckass muMQpoCIUHTHTpadusl TOMOTAET OTIUYUThL HCTUHHBIC
CHUTHaJbHBIE JUM(ATHYECKUE Y3JIbI, B KOTOpPHIE IMPOUCXOAMUT HETO-
CPEIICTBEHHBIN ApeHaX JIUM(BI OT MEPBHYHON OITyXOJH, OT «HECHT-
HAJIBHBIX» JTUM()ATUIECKUX y3JI0B, KOTOPHIC MOTYT HAXOAUTHCS PSAIOM.
Kpome Toro, nmumbocumHTUTpadus MO3BONISIET BBIABUTH OONBHBIX, Y
KOTOPBIX OTTOK JINM(BI TPOUCXOIUT B 2 TUM(OKOIIICKTOPA.

Mecrtonaxoxaenue CJIY oTMewaeTcss paauojoroM Ha KOXKe Ia-
nuenta mapkepoM. Crenyer OTMETHTh, YTO BCICICTBHE peaKcalluy
0OJTBHOTO BO BpeMsl OMEpallié M €ro TOJOXEHHs Ha ONepalliOHHOM
croiie pacnonoxenue CJIY mMoxeT He COBCEM TOYHO COBMAAaTh C MET-
Kol Ha koxe. [To3aToMy XHpypr 3aMHTEPECOBaH B TOM, YTOOBI YTOYHUTH
JIOKAIIM3alAI0 Y3JI0B B OIEPAIMOHHOW C TOMOIIBI0 MOPTATHBHOTO
ramma-JeTeKTopa.

Bo Bpems omepanuu B MEpPBYIO OYepelb MIHUPOKO MCCEKAETCS OIly-
XO0JIb, a 3aTEM BBbIIIOJIHACTCSA 6I/IOHCI/IH CUT'HAJIBHBIX HI/IM(i)aTI/I‘-ICCKI/IX
y310B. [locne ynanenus CJIY onepanoHHOe T0Je 0053aTENBFHO TOIHKHO
OBITH MICCIIEIOBAHO €IlIe Pa3 raMMa-JeTeKTOPOM.

FamMma-30HAbI ANS GuoncuUK cUrHanbHbIX MMM OY3noB

OcCo0BIM THUTIOM PYYHBIX JUATHOCTHYECKHX MPHOOPOB, TPUMEHsIE-
MBIX B PaJHOHYKIHIHOM JMAarHOCTUKE, SBISIOTCS KOMITAKTHBIE TaM-
Ma-30H[bl, WM raMMa-IpoOHUKK (gamma-probe), mpeaHa3HauYeHHBIE
JUTSL JIOKAJIBHOTO OTIpeieNieHust obiacTell HaKoTuleHHus panuodapMIipe-
rapara B OpraHu3Me.

B 1942 rony Mapusnennu u ['ongmIMHUAT KCHONB30BAIU PYYHOUH
cuetunk ['efirepa-Mrojuiepa aj1st TOro, 4TOOBI CPaBHUTH IOTJIOILECHHE
panuonykimuaa gocdopa-32, MpUMEHSEMOTO B SIEPHON MEAUIIUHE JIISI
JIeYeHHs 3JT0KAYECTBEHHBIX HOBOOOPA30BaHMHN PAa3JIMUHBIX JIOKAIH3a-
UH ¥ pa3UYHBIX KOXHBIX 3a0oneBanusx [8], u 3arem Jloy-bump c
COTPYTHUKAMHU UCTIOIB30BAIN MOXOKYIO TEXHOJIOTHIO IS TOTO, YTOOBI
OTIIMYUTH 3JI0KAUYECTBEHHOE TMOpakeHHUE MOJIOYHOH KeJe3bl OT J00po-
kauecTBeHHOro [9]. IlepBoe WHTpaonepanOHHOE HCIOJIb30BaHUE
ramMma-mpoOHHKa MPOBOAWIOCH HAa TMAIMEHTE C OIMyXoJbio Mosra. Ilo-
CKOJIBKY Yy cueTunka I eiirepa-Mroiepa Hu3kas 3QPeKTUBHOCTh PETrH-
CTpallii TaMMa-KBaHTOB, ObUI pa3pa0oTaH ramMma-30HJ Ha OCHOBE
CHMHTHUISIIMOHHOTO JieTeKTopa. BrepBple Takoil mpuboOp co CUUH-
tustopom CsI(T1) mis oOHapyxenus usotoma I-131 mpu uccnemo-
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BaHNM IIeW Ha HAJIMYME KapLUWHOMBI HIMTOBHIHOH >Kene3bl ObLT HC-
nosik3oBaH XappucoM [10]. B 70-x romax Obutn pa3paboTaHbl NIEPBEIC
ramMma-30H/Ibl Ha OCHOBE TIOJTYITPOBOJTHUKOBBIX J€TEKTOPOB.

CxeMaTnyHOEe M300paKEHUE WHTPAOIICPAITMOHHOIO0 TaMMa-30H7a
npecTaBieHo Ha pHc. 1. JleTekTop raMMa-KBaHTOB PaCIIONIOKEH 0331
KOJUTMMATOpPa, Ha PacCTOSIHUK 0 OT BXOJHOTO OKHa JaerekTopa. Llembio
KOJUTUMAIINH SIBIISIETCSl CHIDKCHHE BKJIA/a M3IYUYCHHS B HANPaBICHUH
OOKOBBIX CTOPOH JIeTeKTopa (IIyM), KOTOPBIA TMPEMATCTBYET TOYHOU
nokanu3auuu obnactu rurnepdukcanuu paauodapmipenapara (mo-
JIE3HBIN CUTHAN).

JetexTop

Komnumarop

Brensuit konnumarop
(OTIIMOHAIBHO)

ITone 3penHmsa
JeTeKTopa

Puc. 1. CxemaTHuHOE H300paKCHHE TaMMa-30H/1a

B HacTosiiiee BpeMsi Ha 3amajHOM PBIHKE MPEJICTABICHBI KOMMEp-
YECKHU JIOCTYITHBIE MHTPAOIIEPAIIMOHHBIE 30HIbI ISl PETUCTPAIUU TaM-
Ma-uzirydenus [11 — 16]. OcHoBoO# J11000r0 KOMMEPUYECKH JAOCTYITHOTO
30HJa SBJISICTCSA WM CHUHTHILISIMOHHBIA, WM IOJIYIIPOBOIHUKOBBIN
nerekrop. bosee BbICOKas IIIOTHOCTD M Z,g¢ CUMHTUILUIALIMOHHBIX KPH-
CTaJUIOB 00ecIeurBaroOT 0oJiee BBICOKYIO BEPOSTHOCTH (DOTORJIEKTPH-
YECKOro MOIJIONICHUs B MaTepHalie JeTeKkTopa. Tak Kak BEpOSTHOCTh
(dhoToaddexTa MporopIuoHaITbHA 234,4,5, Jlake HeOOoIbIIas pa3HUIla dTOH
BEJIMYMHBI JIJIS MaTepuaia JEeTeKTOpa 3HAYUTEBHO BIMSIET HAa €T0 JyB-
CTBHUTEJBHOCTD, T.€. OTHOIICHHE CKOPOCTH CUeTa JIETEKTOpa K aKTHB-
HOCTH MCTOYHHKA Ha (PMKCHPOBAHHOM PacCTOSHUH. ['eoMeTpus neTek-
TOpa M €r0 KOHCTPYKIIMOHHBIE OCOOCHHOCTH TAaKXE OIMPEICISIIOT TeX-
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HUYECKUE XapPaKTePUCTUKH TraMMa-npoOHuKa. C 3TOH TOUYKM 3peHHs
CHMHTWUSIIMOHHBIE JIETEKTOPhl OKa3bIBAIOTCS MNPEANOYTHTEIbHEE,
KpOME TOTO COBPEMEHHBIE TEXHOJIOTHH WX MPOU3BOJICTBA TO3BOJSIIOT
M3TOTOBJIATH KPHUCTAIUIBI XOPOIIET0 KauyecTBa M HEOOXOAMMBIX pa3Me-
POB 10 pa3yMHOH 1eHe. OCHOBHBIM HEJOCTATKOM CHHHTHIUISIIAOHHBIX
raMMa-TipoOHUKOB SBJISETCS HECTAOMIBHOCTH DHEPTETHUCCKOW Kaauo-
POBKH, TO3TOMY JHEPTeTHUYECKYI0) KAITHOPOBKY JETEKTOpa BHIHYKIEH
NPOBOAMTH MOJNB30BaTenb. KannOpoBka OOBIYHO BBHIMOSHIETCS BpYY-
HYI0, C UCIIOJIb30BaHMEM HM3BECTHOTO MCTOYHHKA; aBTOMAaTHYecKas Ka-
JTUOPOBKa MPEAyCMOTPEHa TOJIBKO y Mojesel npousBoaurens C-Track
Automatic.

CurHan Ha BBIXOJIE TTONYITPOBOJHUKOBBIX JIETEKTOPOB CPOPMHUPOBAH
Ha OCHOBE KOJIIMYECTBa HOCHTENIEH 3apsnoB, 0Opa30BaHHBIX B 00e-
HEHHOW 30HE KpHCTaia TPy B3aUMOJICHCTBUU TaMMa-KBaHTA C Bellle-
CTBOM JIETEKTOpa, U aMIUIUTYyJa CUTHAIA clab0 3aBUCUT OT BEIUYHHBI
MPUIOKEHHOTO HAIMpPSKEHUsI CMEUICHHUS, YTO 00eCreunuBacT CTaOMIIb-
HOCTB TIOJIOXKEHUS (poTOmHKA.

OHepreTu4eckoe OKHO TUCKPUMMHAIMU OMNpENeNsieT KOJUYECTBO
3aperuCTPUPOBAHHBIX COOBITHH, OTOOpakaeMoe Ha JuCIUIee. 3adaTyro
BEIOOP OKHA JAMCKPUMUHAIINY TIPEIOCTABISETCS MOJIB30BATEN0. DHEp-
reTrdecKas JUCKPUMHUHAIIHS ITO3BOJICT UCKITFOUUTE BKIIA/I PACCESTHHBIX
raMMa-KBaHTOB, KOTOpBIE€ TOMAAA0T B OKHO KOJUIMMAaTopa TOCHe OJI-
Horo win Oonee KomnToHOBCKMX B3amMopelicTBuii. Takume ram-
Ma-KBaHTHI BBUIETAIOT M3 MECT HAKOIUIEHWS WCTOYHHWKA BHE O0JIACTH
uHTepeca (Hanpumep, mecta BBeZieHust POII), Tepsas 4acTs 3Hepruu npu
Ka)XJIOM aKTe paccesHHs Ha 3JeKTpOHaX OMOIOTHYecKoi Tkanu. Takue
COOBITHSI TOJDKHBI OBITH MCKITIOYEHBI U3 PACCMOTPEHUS, TaK KaK OHU HE
HECYT HH(pOPMAIMK OTHOCHUTEIBLHO HCKOMOI'O MecTa HakoruieHus POII,
Y MEIAIOT eT0 MPaBIIbHOM JOKaTU3aIiH.

Kommepuyecku focTynHble raMma-30HAbI

Cpe;m COBPEMECHHBIX MECAWIMWHCKUX CHUHTUIUIAOUOHHBIX TIaM-
Ma-30HI0B HauboJiee pacnpoOCTPAHCHHBIMH B MHPOBOW MPAKTHKE SIB-
asiercst mpubopsr Tuma C-Track Automatic kommanuu Care Wise
(CIIIA). Baenrawmii BUI raMMa-30H1a PEACTaBiIcH Ha puc. 2. JleTekTop
BBIMIOJIHCH HA OCHOBE CHMHTHUIAIMOHHOTO Kpuctaima CsI(TI), suep-
TeTUYCCKUI TUAMAa30H PETUCTPUPYEMOTO TaMMa-U3TyUCHUS COCTABIISICT
27-400 x»B. CucreMa BKJIHOYaeT B ce0s JBa CMEHHBIX KOJUIMMATOpa,
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paccuMTaHHBIX Ha HEOOJbLINE >HEpruM ramma-kBaHToB (TC-99m), a
TaKke Ooliee «TSDKENBI» KONJIMMATOp AJS 3allUThl OT HU3ITyYeHHS
In-111. Kpome Toro, mpuCyTCTBYeT MOTOIHHUTEIHHBIN JAIapOCKOIIH-
yecku#t mryn anmuHou 46,6 cm. Ilpnbop mocTasnsercs BMecTe ¢ Kamuo-
POBOYHBIM KBa3UTOUYEUHBIM HUCTOYHUKOM C0-57 aktuBHOCTHIO 200 KbK
JUTSE PYTHHHBIX TPOBEPOK pabOTH MpubOpa M PYYHOH KaTHOpPOBKH
SHEPreTHYECKOr0 OKHA AUCKprMuHaiuu. Kannbposka ocymniecTisercs
MyTeM TOIIATOBOrO YBEIMYECHHUS! pabovero HampspKeHHs AETEKTopa 10
JOCTIKEHHS MAKCUMAJIBHOW CKOPOCTH CYETa.

Puc. 2. Buemmnwuii Bug ramma-3onaa C-Track Automatic [11]

Europrobe, ramma-30H11 mipo-
usBoautenss Eurorad (®pas-
Hs1), WCIIOJIB3YeT CIHHTHILIS-
uonHbIi kpuctamut Csl(Tl)-co
CbEMHBIM BHEIIHHM KOJUTMMa-
TOPOM JUIS YJIYYLICHUS TIpO-
CTPAHCTBEHHBIX XapaKTEPHCTHK
(puc. 3).

Hebonpio#t  gucrneit  Ha
O5oKke ympaBieHUs NPHOOPOM
MO3BOJIIET ~ OTOOpa)kath  am-
IUTUTYHBIN CIIEKTP HCTOYHHUKA. Puc. 3. Buewrnuii BuJ raMma-30H/1a
Herexktop mnpeaHazHayeH s Europrobe [12]
pETUCTpaIii raMMa-KBaHTOB C
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sHeprueii 110 kaB — 1 MaB. Cuctema Takxke BKIIIOYAeT B ceOs IOTMOJI-
HUTEJIBHBIM 30H] Ha OCHOBE IMOJYNPOBOJHHKOBOro Kpucrtamna CZT,
pabortaromuii B quana3zoHe sHepruii 20—170 k3B, uTo mMO3BONAET HC-
MoJIb30BaTh ero it rmoucka CJIY ¢ rexnenmemM-99m.

[ ] | [ —

CraHgapTHBII Iy

«30THYTHIITY My -

JlanmapockonmdaecKuii mym

Puc. 4. Buemmnnii Bug ramma-30u108 Node Seeker [13]

Node Seeker pacnpoctpansiercsi B8 EBponie komnanueit GE Healthcare
(mpoumsBoautens Intra Medical Imaging, CIIIA). 'aMma-30HIbI BBIITYC-
KalOTCS B TpeX KOH(HUTYpamusix: ¢ MPSMBIM W H30THYTBIM IIYIIOM, a
TaK)Ke ¢ y3KUM HaKOHEUHUKOM C AuaMeTpoM 6 MM (puc. 4). Bee 30H751
BBITIOJTHEHBI Ha OCHOBE CHMHTHUISIIIMOHHOTO KpucTtayuia LY SO, koto-
pbIif COCIMHEH CBETOBOJOM CO BCTPOCHHBIM (POTOIIEKTPOHHBIM
YMHOXHTEIICM.

Gammafinder, Beimyckaembiii Hemenkoit kommanueit World of
Medicine, siBnsieTcss GeCITpOBOJHBIM raMMa-30HAOM Ha OCHOBE CIIMH-
tasitopa CsI(TI). TIpubop oTIHYaeTCs OT BBIMIENEPEUNCIIEHHBIX MO-
Jienieil OTCYTCTBHEM OTENBHOTO OJIOKA yIpaBliCHUS U WHIUKAIMHA Pe-
3yJbTaTa, BBIOOP HACTPOEK OCYILECTBIISETCS NPU TIOMOIIM KHOIIOK,
pacmoJIOKeHHBIX Ha Kopiyce 30Haa (puc. 5). IIpocTora auzaiina orpa-
HUYKMBaeT (DYHKIMOHAIBHBIC BO3MOXHOCTH HPUOOpa, OTCYTCTBYET JI0-
CTYNI K aMIUTUTYHOMY CIIEKTPY W MOPOraM JUCKPUMHHAIIUH, BPEMEH-
HOU WHTEpBall OOHOBJICHUS JAHHBIX He BapbupyeTcs. CKOpoCTh cuera
JeTekTopa oToOpaxkaeTcss Ha MUPPOBOM JHCIUIEE, KOTOPBIH HAXOJIUTCS
Ha Topue 30HIa. TexHWYecKHe XapaKTepPUCTHKU 30HIA HE TPEICTaB-
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nedsl, oxHako, Gammafinder
ABJSIETCS. €IUHCTBEHHBIM MpU-
00opoM CBOEro Kiacca, KOTOPBIH
npouie’l MEJUIUHCKUE HCITBI-
tanus B Poccum B CaHkT-
ITerepOypxkckom HHUM  onko-
moruu uM. ipod. H. H. ITerpoBa
U PEKOMEHIOBaH K HCIIONB30-
BaHHIO B  OHKOJIOTMYECKOH
HpaKTHKE.

Cpenu MoOIyNpOBOTHUKOBBIX
raMMa-30HJI0B HambOoiee IIu-
pokoe pacmpoctpanenne moayumn Navigator kommanum Dilon Diag-
nostics (CIIIA). BuemrHuii BHI raMMa-30H/1a TPeICTaBiIeH Ha puc. 6. B
cuctemy noucka CJIY BXOAST HECKOJIBKO 30H/I0B Ha OCHOBE KpHCTalIa
CZT: crangapTHBIE Iyl C MPSMBIM WIH U30THYTHIM HAKOHEYHHUKOM,
JanapocKonudeckue myns! rHo# 31 cM. B Tabmumax mpeacraBieHb
TEXHUYECKUE XapaKTePHCTHKH CTaHIAPTHOTO 30HAA 0Oe3 JOTOIHH-
TEJIFHOTO BHEITHETO KOJUIMMATopa.

Puc. 5. Buemnwnii Buj raMMma-30H1a
Gammafinder [14]

N
»

Puc. 6. Bremnnii Bug ramma-3onna Navigator [15]

Kommanus Devicor Medical Products (CIIIA) npousBoaut Habop
raMMa-30H10B Ha ocHOBe kpuctamia CZT - Neoprobe, koTopseie coB-
MECTUMBI C YHUBEPCAILHBIM OJIOKOM yIpaBJIeHHs W 00pabOTKH WH-
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(dopmaruu; JETeKTOpPbl pabOTaloT B DHEPreTHYECKOM JHara3oHe
27-364 x3B. Jluneiika 30ou108 Neoprobe BlueTip mpencraBnena yHu-
BEpPCAIBHBIM CTEPUIIM30BAHHBIM OJJHOPA30BBIM KOPIYCOM C TpeMs
MHOT'OPa30BbIMA CMEHHBIMH HAKOHEYHHMKaMH: JIuamerpa 19 mm, Ge3
BHYTPCHHETO KOJUTUMATOpa; auamerpa 12 MM, ¢ BHYTPEHHEH KOJUIU-
Mareit; 12 MM, 0e3 BHyTpeHHero KoimnmaTopa (puc. 7).

Puc. 7. Buemmnuii Bug ramma-3ou108 Neoprobe BlueTip [16]

OCHOBHbIE TeXHUYECKME XapaKTepUCTUKU FraMMa-30HA0B

l'amma-30HABI, TIpeTHA3HAYCHHBIC JJIsT pa0OTHI B YCIOBHUSX OIepa-
IIUOHHOM, UMEIOT OTJIMYAIOIIMECS OT OOJBIIMHCTBA SACPHO-MEIAUIINH-
CKHUX amnmaparoB YCJIOBHS JKCIUTyaTaluu. |'aMMa-30HbI JOJKHBI CTa-
OMIIEHO pa0oTaTh B qUANa30HE TEMIEpaTyp OT KOMHATHOW JIO TeMIle-
paTyphl Tena, B TO BpeMs KakK JMETEKTOPHI JUIsl BU3yadu3alluy MpeHa-
3HAYCHBI JJI pa0OThI B TIOMEIICHUN C KOHTPOJIUPYEMBIMUA TEMIIEpaTy-
poOii W BIAXHOCTHIO. PydHBIE 30HIBI OBICTPO TEpPEMENIAOTCS B IIPO-
CTPaHCTBE B PA3JIUYHBIX TOJOXKEHUSX, a JUISl OCTAJIbHBIX AETEKTOPOB
JIOTYCKAIOTCSA TOJIBKO MEJUICHHbIC JBMKCHHS B (DUKCHPOBAHHBIX
HaNpaBIEHUIX. 30H]IBI MOTYT OKa3aThCS B KOHTAKTE C OMOJIOTHYECKUMU
JKUJKOCTSIMU, & COCAMHEHMSI Ha KOHIE CTEPUIIbHBIX 3aIUTHBIX YEXJIOB
He Bcerja Bmaroctoiikue. [1oo0HBIE YCIOBHS OKpY’KaloIIew cpenpl
MOBBIMIAIOT BEPOSTHOCTh OTKa3a TaMMa-TpoOHWKOB. JIisi mpoBepku
HAJIEKHOCTU PabOTHI CUCTEMBI JIETEKTOP JODKEH OBITh MPOTECTUPOBAH
C TaMMa-ACTOYHUKOM HEOOJIBIIION aKTUBHOCTH TIEPE]] HCTIOIh30BAHUEM.
B cBs3u ¢ HEOOXOAUMOCTBIO pa3pabOTKH CTAaHAAPTHON METOIUKHU MPO-
BEPKH KOHTPOJIS KavyecTBa TaMMa-30HIIOB OBLTH CO3JIaHBI J[BA IPOTO-
Kona: UtanbsiHCKui mpoTOKOJ U npoTokod HanmonansHoi# acconuanuu
npousBoauTenei AnmekTpoodopynoBanms CIIIA (NEMA).
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WMmanssHckul npomokon

[TepBbIii TPOTOKOI KOHTPOJIS KAYECTBA MEIUIIMHCKUX TaMMa-30H/10B
o511 yrBepkneH B Mapre 2001 roma MranssHCKOM acconpanueid Meau-
nuHCKUX (usnkoB (AIFM) u UranesHcKoi rpynmnoi no u3y4eHuro pa-
muoxupypruu 1 uMmmyHocuuHTUrpaduu (GISCRIS) [17]. OcHoBHO#M
3amadeld pa3paboTku MTambsHCKOrO TIPOTOKONIa OblTa pa3paboTka
CTaHJAPTHBIX BOCHPOM3BOAMMBIX TECTOB, KOTOPble B OOJIBIIMHCTBE
OCHOBaHBI Ha U3MEPEHHAX C MCHOJb30BaHUEM HcTouHMKa CO0-57 (unm
Tc-99m) B HemocpeACTBEHHOM KOHTAKTE C YYBCTBHUTEIHHON YacTBHIO
raMMa-30Haa. VcnblTaHusl B pPacCeMBaIOLICH cpelle CBEACHBI K H3Mepe-
HUSIM YyBCTBHUTEIBHOCTH, KOOPJMHATHOTO M YIJIOBOTO pa3pelIeHUs, H
BBITIOJTHSIOTCS C MCIIOJb30BaHUEM YETHIPEX TUIACTHH U3 MOJUMETHIIME-
TaKpuaTa TOJMUHON 1 cMm.

Jpyroi 1enbi0 MpoOTOKOda SIBJIAETCS CPABHEHUE TEXHUYECKUX Xa-
PaKTEepUCTUK KOMMEPYECKUX MOJEJel ramMma-30HJ0OB B OJUHAKOBBIX
CTaHJAPTU3UPOBAHHBIX YCIOBUAX M3MepeHui. B HUTtanbssHCKOM IpOTO-
KoJIe BBIOOp LIMPUHBI SHEPTETUUECKOIO OKHA JUCKPUMUHALMHA HMEET
Ba)XHOE 3HAYCHHUE: YeM IMpPE OKHO TUCKPUMHHAIMH, TEM JIydllle JyB-
CTBHUTEJNBHOCT MPUOOPA U XYXKE YIIIOBOE pa3pelicHue, TaKk KaK yBelIu-
YeH BKJIJ PACCEIHHOIO M3IyueHHs. Tak Kak SHEPreTHUECKHE CIIEKTPEI
paznnyarorcst mo Gopme Ui AETEKTOPOB Pa3HOTO THIA, MIMPHHA OKHA
JIOJDKHA OBITH BBIOpaHa TakUM 00pa3oM, 4YTOOBI CpaBHEHHE YyBCTBU-
TEJIbHOCTH TaMMa-30H0B ObIJIO KOPPEKTHBIM.

OHepreTuvecKkrue paspeleHrne NOJIYHPOBOAHUKOBBIX JIETEKTOPOB
0OBIYHO OBIBAET JIyHIle, YeM CIHHTHIUIALIMOHHBIX, TOITOMY CpaBHEHHE
UX TapaMeTpoB B OJMHAKOBOM OKHE AMCKPHUMMHAIIMU NPHUBENO ObI K
3aHMKEHUIO XapaKTEPUCTUK 30HI0B Ha CHUHTHILUISIIMOHHOM KPUCTAIIE,
MO3TOMY «CTaHAAPTHOE OKHO» B VITAIBIHCKOM MPOTOKOJIE OMPEIENECHO
B IIpeAeIax ABOMHON ITOJHOM IIMPUHBI HAa MOJYBBICOTE OTHOCUTEIBHO
CpeIHEro 3HaYeHMs MHUKa MOJHOTO moriomeHus. s accumeTpuaHbIX
MMAKOB CTAaHIAPTHOE OKHO JICXKUT B TIpeenax IBOHWHON OOJbIei 1mo-
JTYUIMPHUHBI HA TTOTYBBICOTE.

Koopaunarnoe paspemienne (RS) n3Mepsercss B COOTBETCTBUHU C
OKCTIIEPUMEHTAJILHON yCTaHOBKOM, n300pakeHHo! Ha Puc. 8, Ha ueTsl-
pex rmyounax B 10, 20, 30 1 40 MM B TKaHEIKBHUBAJICHTHOM TIOTJIOTUTEIIE
PMMA. Rs onpenensieTcs Kak yIBOEHHOE pACCTOSHUE X1/, HA KOTOPOM
CKOpPOCTh CYeTa YMEHBINAETCS B J[Ba pa3a IO CPaBHEHHIO C MaKCH-
MaJbHOM.
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Ocp feTexkTopa

ITmactuaer 13 PMMA

(2]

v
v — I

X

Hctounuk

Puc. 8. Cxema uzmepeHust KOOPAUHTAHOTO pa3pelIeHns

JetexTop

Puc. 9. T'eomerpus zerexTopa
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Rs pacret ¢ yBenuueHueM TI1yOUHBI, TAK KakK MOJIE 3pEHUS IETEKTOpa
npeAcTaBisieT co00i KOHYC ¢ BEpPIIMHON y TOpIa KpHCTallla U yIiioM,
OrpaHHYEHHBIM OOKOBBIMH CTE€HKaMM KoyumMaTtopa. OueHkoil paspe-
LIEHUs], HE 3aBUCSILEH OT IIyOHHBI, SBIISIETCS YIJIOBOE paspelienue Ra,
KOTOpOE OTpeAeseTCs KaK J1Ba MOJOBUHHBIX yIJIa PACKPBITHA KOHYCA!

Ra = 2 arctg (Xy2/Z). (1)

Kax mokazano Ha puc. 9, dopmymna (1) sBnseTcss mpuOIMKEHHON B
TUTAHE OIICHKH PAcCTOSHUS Z MEXKIY TaMMa-30HIOM U UCTOYHUKOM, TaK
KakK B ILCP'ICTBI/ITCJIBHOCTH pacCToAHUEC MCKAY KpUCTALLIOM U MUCTOYHHU-
koM coctaBisieT (Z + d). HeTo4HOCTh TaKoW OIEHKH YMEHBIIAETCS ¢
yBeIMUeHHEeM Z, MOTOMY PEKOMEHIOBAHO MPOBOAUTH U3MEPEHHE yT-
JI0BOTO paspeineHus Ha riryoune 40 mm. Kpome Toro, namenenue Ra ¢
NTyOUHOMN 00YCIIOBIICHO YBETHUCHHEM BKJIA/Ia PACCESTHHOTO H3ITyUYCHUSI.

lpomokon NEMA NU-3 2004

HetictByromuM npoTtokoiaoM HanumoHanbHON accounuanuu Mpou3-
BOJUTEIICH dIICKTPOOOOPYIOBaHUS Ha JaHHBIA MOMEHT siBiisieTcst NEMA
NU-3 2004 [18]. On BritouaeT B ce0s Oomnbuii Habop U3MepeHuil, yeM
WTanbsiHCKUI TPOTOKOJ, U B LIEJIOM SBIISIeTCs 60JIee TOUHBIM, OHAKO U
OoJiee TPyIOEMKHM JUTS BBITIONHEHUs. B Hem Oollee TmiaTenbHO Uccie-
JIyeTcsl BIMSHHE DPAacCesTHHOro wu3nydeHus: Hampumep, dyBCTBUTENB-
HOCTb U3MepsieTcst Ha paccTosiHUAX 30 MM U 50 MM MEX1y UICTOUHUKOM
U JETEKTOpPOM, KaK B BO3/JyXe, Tak U B pacceuBarouiei cpexae. [Ipen-
CTaBJICHBI JIBa JOTIOJHUTENBHBIX TECTA: YyBCTBUTEIBLHOCTDh K paccesH-
HOMY M3JTy4EeHHUIO U 00bEMHAs UYyBCTBUTEILHOCTE K paclipe/IeIEHHOMY B
cpeZie UCTOYHHMKY. B kadecTBe paccenBaromiedl cpeibl MCIONB3YeTCs
BOJHBINA (haHTOM pasmepamu He Mmemee 20x20x15 cm®. HemocratkoMm
nporokona NEMA siBisieTcst OTCyTCTBHE pErIaMeHTUPOBAHUS SHEPre-
TUYECKOTO0 OKHA JIUCKPUMHHAILMH, YTO 3aTPYAHSET CpaBHEHHE TaM-
Ma-30HJIOB Pa3HBIX MOJICIICH, OJHAKO, TEXHWYECKUE XapaKTEPUCTHKH
ramMMa-30HI0B, IPUBEACHHBIE B OOJBIIMHCTBE IMyOIMKalni, H3MEPEHbI
B COOTBETCTBUU ¢ poTokoiom NEMA.

Haubonee BaXHBIMH pe3yJbTaTaMU HW3MEPEHHA, YTBEPXKICHHBIX
npotokoioM NEMA NU-3 2004, seisroTcst:

o YygcmeumenvHocmos 6 6030yxe

[Ipu u3MepeHNH YyBCTBUTEIBHOCTH B BO3JYX€ MCTOUYHHUK pPacIoia-
raercsi Ha OCH, IIPOXOSIIIEH Yepe3 LeHTpP NeTeKTopa, U (PUKCUPYETCs Ha
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paccTtosHUM 3 CM, a 3aTeM 5 CM MEXAy MCTOYHHUKOM M JECTEKTOPOM.
JIro6ast pacceuBaroIasl NOBEPXHOCTh JOKHA HAXOJUTCS HAa PaccTos-
HUM MHUHUMYM 5 CM OT OCH JIETEKTOP-MCTOYHUK. /Iy KaXkKaoro moJo-
JKEHHs MCTOYHHKA CTATHCTHKA JOJDKHA COCTaBJIATH MHHHMYM 10* ot-
cueToB. Pe3yibraT M3MepeHUs YYBCTBUTEIBHOCTH B BO3AyXE IpE-
CTaBJIeTCSA KaK CKOPOCTh CYEeTa FaMMa-30H/1a Ha €MHUIYY aKTHBHOCTH
HCTOYHUKA.

o YyecmeumenvHocms 6 pacceusaioweli cpeoe

Hcrounuk pacronaraetcss BHyTpH BOAHOTO (haHTOMa Ha TiIyOuHE
3 cmunu 5 cM. ['amma-30H] GUKCHpyeETCs TAKUM 00pa3oM, 4TOOBI TOpeIl
IIyTa Kacajcsi HOBEPXHOCTH BOJBI, M OCh JETEKTOpa COBIAalIa C OCHIO
UCTOYHUKA. ISl K&KIO0TO MOJIOKEHHUS UCTOUYHMKA CTATUCTHKA JOJDKHA
coctapnaTh MuaEMyM 10° oTcueToB. Pe3ynbTaT M3MepeHHs dUyBCTBH-
TEILHOCTH B BO3/IyX€ IPEICTABIAETCS KaK CKOPOCTh CYeTa raMMa-30H/1a
Ha eIMHHILy aKTUBHOCTH HCTOYHHKA.

o YyecmeumenvHOCMb K pACCEAHHOMY U3NYYEHUIO

CxeMa U3MEpPeHHH YYBCTBUTEIHFHOCTH K PacCEeSHHOMY H3ITyYEHHIO
npejcTasieHa Ha puc. 10.

Jletextop

Toueunsrit
IICTOYHIIK

| Bona

50 MM

Puc. 10. Cxema HN3MEPCHUA HYBCTBUTCIIBHOCTU K PACCECIHHOMY U3TYUCHUIO

JeTtekTop GuKcUpyeTcss HaJl BOAHBIM (DaHTOMOM TaKHUM 00pa3oM,
yTOOBI TOpEIl WIyNa Kacaics IOBEPXHOCTH BOABlI. VICTOYHHK Tam-
Ma-KBaHTOB PACIOJIaraeTcsi Ha PACCTOSIHUM 5 CM OT YyBCTBUTEIBHOU
YacTU JETEKTOpa, MEPIEHAUKYISIPHO OCH AETEKTOpa, HA YPOBHE IIO-
BEPXHOCTH BOJIBI HETIOCPEICTBEHHO 3a CTEHKOH BOXHOTO (haHTOMA.
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Craructuka cocraBuser He Menee 10° orcueros. ITomyueHHEIA pe-
3yJIbTaT CPAaBHUBAETCS C PE3YJIBTATOM M3MEPEHH B aHAJIOTHYHOHN r'eo-
METPUH B OTCYTCTBHE PACCEHMBAIOIICH Cpeabl; B CiIydae, €CH MOIy-
YeHHasl BenW4yuHa cocramisier O6osee 10% oT u3MepsieMoil 4yBCTBU-
TEJILHOCTH B BOJE, OKOHYATENBHBIA Pe3ybTaT KOPPEKTUPYIOT Ha 3Ty
BEIIMYHUHY.

e Koopounamnoe paspewenue

Och ieTeKTopa

X !
<>
i
|
[
|
|
|
i

[ 4 Boma
[
[
i
i
i

i 5 'I I'my6una
gey
OYEUHBIIT i 3 S S
UCTOYHIK i
I
\ :
! d:

Puc. 11. Cxema n3MepeHust KOOPAUHATHOIO Pa3peIIeHHs

Jniss u3aMepeHusi KOOPAMHATHOTO pa3pellieHus] NCTOYHHK pacroia-
raercsi Ha OCH, TIPOXOJISIIIEH Yepe3 IEeHTp JeTeKTopa, U (GUKCUPYeTCs Ha
paccTosHuM 3 cM, a 3aTeM 5 CM MEXAY HCTOYHUKOM M JeTeKTopoM. B
cllydyae W3MEpEeHHs pa3pelleHus] B pacceuBarolledl cpeae HMCTOYHMK
HAaXOAWUTCS BHYTPU BOAHOTO (haHTOMA, a IETEKTOpP KacaeTcs IIOBEPXHO-
cte BoasI (puc. 11).

77



HcTounnk momkeH OBITh 3aKPEIUICH Ha TMEPEIBUKHOM IMOJICTaBKe,
o0ecreynBaroLieii ero nepeMenieHrue B TOpU30HTAIBHON TIOCKOCTH Ha
paccrostare X = £50 MM OT OCH JETEKTOpa C TOYHOCTHIO HE MEHEe
0,5 MmM. CraTricTiKa B TIMKE TOJTYYEHHOTO pacrpeelicHus JTOJIKHA CO-
cTaBmaTh He Menee 5x10° orcueros. Illar mepeMemieHHsT MCTOYHHKA
JIOJDKEH OBITh TOJIOOpaH TakK, YTOOBI BHYTPH IIUPHUHBI HA MOITYyBBICOTE
pacnpeneneHus Haxoamiock He MeHee 10 Touek. Pesympratom m3me-
pEeHUSI KOOPAMHATHOTO pa3pelicHusl SBISICTCS MOJIHAS IIMPUHA Ha T10-
JIOBMHE BBICOTBHI KOOPJAMHATHOI'O PACIPEIEICHUs CKOPOCTH CYETa TaM-
Ma-30H/A.

o Venosoe paspewenue

|
i

Ocp meTexTopa L— 0
i
i
i

Boma

/
. 3cM; Scem
Toueunsrii

I
|
I
I
1
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|
I
I
UCTOYHUK I
I
I

Puc. 12. CxeMa u3MepeHHus yriioBOro pa3peieHus

st u3sMepeHus yriioBoro pa3pemieHnss HCTOYHUK PacloiaraeTcs Ha
ocH, MIPOXOAsIIeH yepe3 LEeHTP AETeKTopa, U PUKCUPYETCs Ha paccTo-
SHUM 3 CM, a 3aTeM 5 CM MEX1y UCTOUYHHKOM U JeTeKTopoM. B ciryuae
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M3MEpEeHHsl YIJIOBOTO pa3pelIeHus] B PacCEHBAIOUICH Cpeie MCTOYHHK
HaXOJUTCSA BHYTPH BOAHOTO (paHTOMA, a AETEKTOP KacaeTcsl IOBEPXHO-
¢t BoaHl (puc. 12).

T'amMa-30H1 J0KeH OBITH 3aUKCHPOBAH TaKUM 00pa3oM, YTOOBI
ObuT obecrieueH HAaKJIOH JeTekTopa Ha yrom 6 = +80° oTHOCHTENbHO
BEPTUKAIILHON ocH, ¢ mmaroM He MmeHee 5°. Illar HakioHa AeTeKTOpa
JIOJKEH OBITh TIOJIOOpaH TaK, YTOOBI BHYTPH IIMPUHBI HA TIOIYBBICOTE
pacrpenencHus HaxoAWIOCh He MeHee 10 TOYeK; CTaTUCTUKA COCTaB-
JII€T MUHUMYM 5x10° oTcYeTOB B MHUKE pacnpenenenus. YTJIOBOE pas-
pelIeHne OmpeeNsaeTcsl KaKk TOoJHas IIMPUHA Ha TOJOBHHE BBICOTHI
YIJIOBOTO paclpe/ieieHus] CKOPOCTH cUeTa TaMMa-30H/1a.

CpaBHeHIe TeXHNYECKMX XapaKTEPUCTUK KOMMEPYECKIX raMMa-30H40B

Texanueckue XapPAKTCPUCTHUKU KOMMCEPUYCCKU AOCTYNHBIX TIaMMa-
30HJIOB, TpE/ACTaBICHHBIX B maparpade «KoMMepyecku MOCTYIHBIC
ramMMa-30HIbD», IPUBOASTCA B psjie uccienoBanuii [19-21]. Bee mapa-
METpBbI, 32 UCKIIOYEHHEM SHEPTeTHYECKOTO pa3pelleHus, U3BMEPEHbI B
cootBercTBrH ¢ mpotokosiom NEMA NU-3 2004.

OHepeemuyeckoe paspeweHue

DHepPreTUUecKoe pa3pelieHrue raMmMa-30H10B MIPUBEIECHO Ha JTUHUHU
122 x3B ncrounnka Co-57 (Tabmuma 3). Tak kak He BCe MOJICTH UMEIOT
BO3MOKHOCTb U3MCEPCHUSA SHCPICTHUUCCKOI'0 CIICKTpa, SHCPICTUYICCKOC
pasperieHrie MPHUBEACHO I 4eThipex mpousBoaurenei: Care Wise
(C-track Automatic), EURORAD (Europrobe Csl, Europrobe CdTe),
Dilon diagnostics (Neoprobe), Devicor Medical Products (Navigator).

Tabmuma 3
DHepreTHvecKoe pa3penieHne KOMMEPUYECKIX raMMa-30H10B

Mopens HetexTop DHepreTuieckoe paspeiieHue, %o
C-track Automatic Csl 21,2
Europrobe Csl Csl 29,8
Europrobe CdTe CdTe 9,5
Neoprobe CdznTe 6,9
Navigator CdTe 14,5
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YyscmeumesnbHoCMb

Ha puc. 13 npencraBieHsl pe3yapTaThl CPaBHEHUS YyBCTBUTENBHO-
CTH raMMa-30H/I0B B BO3/lyX€ U B pacCEeUBAIOIIEH cpelie, Ha PaCCTOSHUU
3 cM MeXJly HCTOUHHUKOM U AETEKTOPOM.

C-Track. cTaHIaP THHIIT KOMTHMAaTOP 200 1500
C-Track. "maxenplil’ KoJUIHMAaTOp =550 850
Europrobe Csl. 6e3 BHEIIHEr0 KOJTHMATOPa 1700 1200
Europrobe Csl, ¢ BHENTHHM KO T Ma 0D OM o 020 1240
1 ealcar . , 2300
Node Seeler, mymn "nox yruom" 1700
! ealc or - . 2200
Node Seeker. mpAmMort mym = 1700
Node Seelcer, manap ockornrTeciani myn e 250
B B Bome
- - & 420
Europrobe CdTe, 63 BHemHerO .. 210 B B Bo3myXe
Europrobe CdTe, ¢ BHEIHIM KollIHMaTopom e 310
Neoprobe, fe3 BHEIIHETO KOIIHMATOPa TE00 2200
S O 5
Neoprobe, ¢ BHEIIHIM KOTHMATOP OM o 700 250
- R 510
Navigator, Ses KonIEMATOPa e g
0 500 1000 1500 2000 2500
UyBCTBHTETRHO CTE, HMIT/ ¢/ MBK

Puc. 13. UyBCTBUTEIBHOCTH KOMMEPYECKHUX T'aMMa-30HJI0B

[pocmpaHcmeeHHoe U y2r1080e paspeuieHue
PesynbraThl cpaBHEHMSI KOOPAMHATHOTO U YIJIOBOTO pa3pelieHus Ha
paccTosHUM 3 CM MEXLy HCTOUHHUKOM U JIETEKTOPOM B BOZE NPEACTaB-
JieHbl Ha puc. 14, 15 cOOTBETCTBEHHO.

C-Track. cTaHAAPTHEOT KOTIHMATOD
C-Track, "TAXeNsNl" KOIIHMATOD

Europrobe CsI, Ge3 BHeIIIHero KOITIMATOPA
Europrobe CsI, ¢ BHEIIHIIM KOTTIMATOPOM

Node Seeker, Iy "ot yrmom"
Node Seeker, mpsanoii iy
Node Seeler, mamapocKommrde kIt ITyTE

Europrobe CdTe, Ge3 BHellTHeT0 KOIIIIIMATOPA
Europrobe CdTe, ¢ BHEIITHIIM KOITIMATOPOM

Neoprobe, Ge3 BHEIIHeT0 KOTIIIMATOPA
Neoprobe, ¢ BHENIHIM KOTLTHMATOPOM

Navigator, Ge3 KOIIIMAaTOpa

_
38

102

141

0 20 40 60 80
KoopaiHaTHOE paspermeHtre, MM

100

120 140 160

Puc. 14. KoopnuHaTHOe pa3penieHrne KOMMEPIECKIX TaMMa-30H10B
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C-Track, cTaHAAPTHELT KOIIMATOP
C-Track, "TAEeNbHI" KOIIIMATOP

Europrobe CsI, e3 BHeIHeT o KOIIHMAaTOPa
Europrobe Csl, ¢ BHeIIHIIM KOTIIMATOPOM

Node Seeker, mym "moy yrmom"
Node Seelker, Ipsmoit Iy
Node Seeker, TamapockoTouecKIdI Iy

Europrobe CdTe. Ge3 BHEIIHET0 KOILITHMATOPa
Europrobe CdTe. ¢ BHEIHIIM KOTTHMATOPOM
Neoprobe, Ge3 BHEIIHero KOIIMATOPa 141
Neoprobe, ¢ BHEIIHIM KOIIIMATOPOM

Navigator, 6e3 KOILTHMATOPa

0 20 40 60 80 100 120 140 160
VInmoBoe paspelleHe, ©

Puc. 15. YrnoBoe pa3pelieHne KOMMEpYECKUX raMMa-30H10B

3aknioyeHve

AHanu3 XapaKTepUCTHK raMMa 30H0OB MTOKA3bIBAET, YTO YCIOBHO UX
MOJKHO pa3fieuTh Ha Tpu rpymisl. K nepBoil u3 HUX OTHOCSATCS MOJAETH
C TIOBBHIIIEHHOW YYBCTBUTEILHOCTHIO, B KOTOPBIX HE HCIIOJIB3YETCS
BHEIIHSSI KOJUTMMAITUS, HO MPOCTPAHCTBEHHBIE XaPAKTEPUCTHKU YXY/I-
nreHsl. Ko BTOpOH Tpymme MOKHO OTHECTH TaMMa-30HIbI ¢ Oolee
CTPOTOM KOJUIMMAlIMEH, TaKue 30H[Ibl JIEMOHCTPUPYIOT XOPOUIEE MPO-
CTPaHCTBEHHOE pa3pelieHue, HO B TO JK€ BpeMs IPaKTUYECKH B IBa pa3a
YCTYNaroT B YyBCTBHTEIHHOCTH TPEJCTABHTEISM TepBOil rpymmbl. K
TpPeThel rpymme OTHOCITCA TaMMa-30H[bl, UMEIOIUE Y3KUH Iy, KO-
TOpPBIE MOTYT OBITh WCIOJb30BaHHl B MHUHUMAJIBHO WHBa3HBHBIX XH-
PYPrHUYECKUX TPOIeypax WU B CUTYyalUsX, Korja JTUM(paTHIeCKuid
y3en TpynHojocTyned. OHaKo, 30H/bI TAKOTO THUNA HE 00JNafaroT HU
BBICOKOH YyBCTBUTEIBHOCTHIO, HU BBIJAIONIUMUCS ITPOCTPAHCTBEHHBI-
MU XapaKTepUCTUKaMHU.

Jns cpaBHEHHS] KOMMEpPYECKHMX TraMMa-30HIOB ObUT TMpeaioxKeH
KpUTEpHH «10OpOTHOCTHY» Q, OCHOBaHHBIH Ha JIByX Hanboliee BaKHBIX
napaMerpax MnpruOOpOB JaHHOTO KJIACCa: YYBCTBUTEIBHOCTBIO S M yT-
noBbIM pasperienneM Ra [20]. Komnpomuce Mexmy 3TUMHU IByMS Xa-
pPaKTepUCTUKAMHU €CTh OOPOTHOCTH Q, KOTOpast onpeaensercss Kak oT-
HolIeHUe S K TeJiecHOMY yrity AQ/2m, 00pa30BaHHOMY BpallleHHUEM yria
0. HecmoTpst Ha TO, YTO TOOPOTHOCTD SIBISETCS MOJIE3HBIM ITApaMeTPOM
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CHUCTCMBI, HanOOIbIICE 3HAYCHUE npu Bm60pe ramMma-30HJa B KOHCUHOM
HUTOr¢ MMCIOT TUII XHUPYPIrU4€CKOro BMCHIATC/ILCTBA U MPCAIIOYTCHUA

XUpypra.
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GEANT4/GATE MOAENNPOBAHUE KOMI'ITOHOBQKOVI AR-XE
FAMMA-KAMEPbI A4 MEAULWHCKOW
PAOUOHYKNMAHOW OUATHOCTMKU®

B.H. benses, A K. bepaauxosa, A.W. bonozasias, JI.IO. y6os,
10.B. llItoukwuii, B.C. IIxai

Hayuonanvuwiii uccnedosamenvckuil asoepuvitl yrugepcumem « MUDHy

B paboTe mpuBeneHBI pe3ynbTaThl MOJCTUPOBAHHUSA AIHHAPHIECKON
ra3oBOi KOMITOHOBCKOH aproH—KCEHOHOBOH TraMMa-KaMephl OONBIIOro
pa3mepa. [TokazaHo, 4T0 3(PEKTHBHOCTD PETUCTPAINH COBIIAJCHUN TaM-
Mma-kamepbl cocrtaBisier 1-3 %. [lpu pexonctpykuuu 3D u3oOpakeHuit
METOIOM MaKCHMAJILHOT'O IPaBAOIOI00MS IPOCTPAHCTBEHHOE Pa3peIlICHUE
coctaBmio ~ 20 mm. OnTuMHU3alusi KOHCTPYKIHMH raMMa-Kamepbl M yCo-
BEPIICHCTBOBAHUE METOJIOB PEKOHCTPYKIMM M300pakeHUIl MO3BOMAT MpU
MIPUEMIIEMOM TPOCTPAHCTBEHHOM paszpemieHud B 10-100 pa3 yMeHBIINTH
JI030BYIO Harpy3Ky Ha IallMEeHTa IIPU PAJUOHYKJIUHOU JUATHOCTUKE.

KiroueBrle cioBa: KOMITOHOBCKAS KaMepa, paCC€I/IBaIOH.[I/II71 ACTEKTOD,
anekTpoHHas koyuumanus, OOIKT.

In the report computer simulation of cylindrical Compton scattering
Ar-Xe gamma camera are described. Detection efficiency of modeled Ar-Xe
camera is 1-3%, spatial resolution ~ 40 mm (simple cone back-projection)
and ~ 20 mm (maximum likelihood method). Compton scattering cylindri-
cal Ar-Xe camera make it possible to image of radiotracers with higher de-
tection efficiency (10-100 times) than collimated Anger’s camera.

Keywords: Compton camera, scatter detector, electronic collimation,
SPECT

BBepgeHue
PaJII/IOI/I?,OTOHHa}I MCEOUIIMHCKAas1 I/IHTI.‘)OCKOHI/I?I ITIO3BOJISICT HCHUHBA-

3UBHO WCCJICIOBATh BHYTPEHHUE OPTaHbl U OMOXMMHYECKHE TTPOIIECCHI,
MIPOUCXOASIIKE B TKAHAX U opraHax nauuenta [1]. B Hacrosiee Bpems
JUTsl BU3yanm3anuu pacnpezaeneHus POII B uccnexyemMoM o0beKTe 1IH-
POKO TIPUMEHSIETCSI METOA OJHO(MOTOHHON dMHUCCHOHHOW TOMOTpaduu
(ODIKT), B KOTOPOM HCIIONB3YIOTCS raMMa-Kamepbl Tuma AHrepa
[2, 3], umeromue mpocTpaHcTBeHHOE paspericHue ~ 10 mm. OmHako
HU3Kas CBETOCHJIA THUX raMMa-Kamep, UCITOIB3YIOIINX MEXaHUICCKHE
KOJUTMMATOPBI, HE TO3BOJISIET CYIIECTBEHHO CHHU3UTH pPaTvalliOHHBIC
JTO3BI, TIOJTy4YaeMbIe IMAllUEHTOM B X0Ji¢ 00CIICIOBaHU.

* “
Omnpasneno 6 JKypnan meopemuueckou Qusuxu.
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B psne pabot [4—6] paccMOTpeHBI AETEKTOPHI C AIIEKTPOHHOU KOJI-
JUMalnuel u3nydeHus Ha ocHoBe 3(exra Kommrona, oOnamaroiye
BBICOKOW CBETOCHIIOW W TIPUEMIIEMBIM TPOCTPAHCTBEHHBIM pa3peliie-
HueM ~ 10 mm. B manHO# paboTe ¢ MOMOIIBI0 MOJCIMPOBAHUS B CPEIe
Geant4/Gate [7] ObLIH ONTUMHU3UPOBAHBI APAMETPHI IIHIHHAPHICSCKON
Ta30BOH KOMIITOHOBCKOH aproH — KCEHOHOBOH Tramma-KaMephl 00b-
Ioro pasmepa, BbIpaOboTaHbl TpeOOBaHMS K OTOOPY COOBITHII M pac-
CMOTpPEHBl aJTOPUTMBbI PEKOHCTPYKLMH KOMNOTOHOBCKMX 3D wm300pa-
JKCHUU.

KomnToHOBCKas ramma-Kamepa

[MpuHnmn omnpeneneHus MONOXKEHHUST UCTOYHUKA C MOMOLIBIO A(¢-
¢dexta KomnToHa 3aKi1I04aeTCsl B UCMOJIB30BAHUN CBSI3H MEXIY YIIIOM
paccesiHuss @ M SHEprueil paccessHHOTO ramma-kBaHTa Ej;, mmeBiero
nepBoHavyanbHyo dHepruto E (1):

E = . (1)
1+ [1—cos(8)]

2
m.C

3Hast SHEPTHUIO AEKTPOHA OoTnauM E, mpum KoMNTOHOBCKOM pacces-
HuM ramma-kBanrta (E.=E-E;) Mmoxxno ompenenuts yron paccesuus @
():
cos(6) =1—m,c? 1 )
E-E, E
KomnToHOBCcKasi TaMMa-kamepa COCTOMT W3 JIBYX IO3HUIMOH-
HO-4yBCTBUTENBHBIX AECTEKTOPOB (CM. puc. 1): Ommkalmui K HCTOY-
HUKY — pacceuBatommii nerekrop (PIl), a nanbHuil — nmoryomaromuii
netextop (I1/1). Breratormmii raMma-KBaHT pacCeMBAETCs HA JIEKTPOHE
B P/I, npenaBasi eMy yacThb CBOEW NEPBOHAYAIBHON SHEPIUH, a 3aTEM
norsioniaercs Bo BropoMm aetektope — IIJI. [lns ompenenenus yrna
paccessHEsI @ HEOOXOMMO OIPENEeNTUTh SHEPTHUIO ANEKTpoHa oTnauu E,
B PJI. KoMnToHOBCKas ramMma-kaMmepa ONpeAessieT HalpaBlIeHUE Mpu-
néra raMMa-KBaHTa ¢ TOYHOCTBIO JI0 KOHYcCa COOBITHH, MOJOBUHHBIN
YTOJI pacTBOpa KOHYycCa OIpeaelseTcs yriioM paccesaus . Ocpio Ko-
Hyca COOBITHI SIBISICTCS MPSMast JINHUS, COSIMHSIONIAS TOUYKH B3aHMO-
nevictBus B PI1 (X1, Y1, Z1) u I1J1 (X, Y2, Z2), @ BEpIITMHON — TOYKA B3aW-
MOJIeHCTBUS (KOMIITOHOBCKOTO paccestuus) B P/,
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PacceuBatowmi
AeTeKTop

(x1,y1,21, Eq)
> UCTOYHUK
L
y
Z
Mornowatowmii geTeKTop
(X2,¥2,22, E2) X

Puc. 1. ITpunHuun paGoTbl KOMITOHOBCKOM raMma-KaMephbl

Herounocte B onpezeneHuy yriia KOMITOHOBCKOIO paccesiHusi A®
oTmpezensieTcs: KOHEYHBIM dHepreTuieckuM paspeuienneM AE pacceu-
BaIOIIETO JeTeKTOpa (A;), MOTPEIIHOCTHIO B OMPEACICHNH KOOPAWHAT
coObITHI (A;) U UMITYJIECHBIM PACIIPE/ICICHHEM aTOMHBIX 3JICKTPOHOB,
Ha KOTOPBIX MPOMCXOUT KOMITOHOBCKOE paccestHue (Asz).

Heomnpenenénnocts A; 3aBucur ot AE u yrna paccesHus O:

AE -m,c?
A= z . " 3
(E-E,) -sin®

Hns yrios paccesnust © ~45° nmpu E = 140 k3B u AE = 1 k3B Be-
JuanHa Aq ~ 2.5°.

HeonpenenénHocTs A, 3aBUCHUT OT TOYHOCTH OIPEIEIIEHUS KOOp-
JMHAT COOBITUI KOMITOHOBCKOTO paccesHus Al u Gporosddexra Ary,,
a TaK)Ke OT PaCCTOSIHUS I' MEXKly TOUKAMHU B3aUMOJICHCTBUIA:

,/Arz +Ar?
A, JO i S (4)

r

IIpu TouHOCTH OmpezeneHus KoopauHaT ~ 3 MM u I ~ 300 MM Be-
nnarHa A, cocTaBuT ~ 1°.

HeomnpeaenéuHocTs Az 3aBUCUT OT aTOMHOI'O HOMepa pabouero Be-
mectBa PJ] u mis amementoB ¢ Z ~ 10 cocTaBisgeT BeauunHy 3—5° B
JMaria3oHe yrioB paccessHus 10 ~ 90°.
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OO61mas HeonpenenéHHOCTh A® COCTaBIsCT:

A@:aMMgMg. (5)

OTMeTnM, 9TO HeonpeaenEHHOCTh A® = 4° MPUBOIUT HA PACCTOSHIH
10 cM k HeonpeneIEHHOCTH KOOPIUHATHI B ~ 7 MM.

Bbi160p onTMManbHbIX NapaMeTpPOB ra3oBbIX AETEKTOPOB

Ob6uwue mpebosaHus k demekmopam KOMNMOHOBCKOU 2aMMa-Kamephb|

PacceuBaronuit  getextop (PJl), ompenemstoniuii  KOOpAWHATHI
KOMIITOHOBCKOT'O B3aUMOZEHUCTBHS U SHEPTUI0 KOMIITOHOBCKOIO 3JICK-
TpOHa, JOJDKEH 00JalaTh BBICOKMM JHEPreTHMYECKUM pa3pelieHueM U
npeo0ragammeil BepoITHOCThIO KOMIITOHOBCKOTO PACCESIHUS Hx TaM-
Ma-KBaHTOB. @OTOAP(EKT 1 MHOTOKPAaTHOE KOMITOHOBCKOE paccesHue
B PJ| momxHBI OBITh MHUHUMANBHEL. J[€TEKTOp MOIHOTO TOTIOIICHHUS
(IT), onpenensromuii KOOPIAUHATEL U YHEPTUIO (POTOIIEKTPUIECKOTO
TIOTJIOMIEHHUS, TOJDKEH MIMETh BBICOKYIO BEpOATHOCTH hoToadpderta fan
raMMa-KBaHTOB, paccesHHbIX B PJI. Bxiaabpl OJHOKPAaTHOIO U MHOIO-
KpPaTHOTO KOMIITOHOBCKOTO paccesHus (¢ mocieayommmM Gpotodddex-
toM) B I1J] 70mKHBI OBITE MUHUMANBHEL. [Ipon3BeieHre BETUYHH #k U
Ha> ONIPEIEISIOT OOLIYI0 BEPOSTHOCTh PETMCTPALIMH ITOJIE3HOTO COObI-
THS Hxrk KOMOTOHOBCKOW raMMa-KaMephl.

KomnToHOBCcKas ramMma-kaMepa IpeJHa3HadyeHa s Hened Meu-
IIUHCKOW BH3yaJM3allMM C HCIOJb30BaHUEM H30Toma TexHenui-99m,
WCIYCKAIOIIUM raMMa-KBaHTHI ¢ 3Heprued 141 k3B. O0wvekT nuarso-
CTHKHM pa3MeIlaeTcs BHYTPH I'aMMa-KaMepbl, IO3TOMY OHa MJOJDKHA
UMETh 3HauuTeNbHbIE pasMmepbl (~ 1 M). OnTumanpHONW TeomeTpueit
KOMIITOHOBCKOM ramMma-KaMmepsl, OTBEYarolleld MOCTaBIEHHOHN 3ajaue,
SBIISIETCSl KOAKCHAJIbHASI CHCTEMa BIIOXKEHHBIX LIMIMHIPOB — Ta30BbIX
JIeTeKkTopoB. Llempio MozenmpoBaHUs SBISIACH ONTHMH3AIMS Mapa-
METpOB ra3oBbix AeTeKkTopoB P/ u I1J] koMnTOHOBCKOM raMMa-KaMepbl
JUTSL TIOJYYEHHUS] MaKCUMaJIbHO BBICOKOH 3()()eKTUBHOCTH PErHCTpaLluu
MOJIE3HBIX COOBITHH.

Bbi6op napamempog 2a308bix demekmopos

Bribop u onTUMH3aIys MapaMeTpoB Ta30BBIX JETEKTOPOB OCY-
HIECTBIIsIaCh MOJEIUpoBaHueM MeToaoM MoHTe-Kapio B cpene mpo-
rpammupoBanus Gate, okoHuaTenpHas 00pabOTKa Pe3yIbTaTOB MOJC-
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naupoBanus — B cpene MathLab. MoHnoHanpaBieHHOE raMMa-U3ITydeHUE
(140 x»B) momnagano B LEHTP MOBEPXHOCTH ra3oBOr0O JETEKTOpa (Ia-
pamtenenunesn TomauHoN 10 cM 1 momepedHsiM pazmepoM 20%20 cm).
CTaTHCTHKA pasbIrPhIBACMbIX COOBITHII cocTaBisuIa He Meree 10°.

B Tabn. | npuBeaeHsl MONMyYeHHbIE 3HAYEeHUS MOMHOU 3(deKTns-
HOCTH PETHCTPAIH &g M OTHOCUTEIbHBIC BEPOSTHOCTH ¥ Pa3UYHBIX
TUIIOB B3aMMOZeHCcTBUM pu naBiaeHusx 10-40 aT™ 11 HeOHa, aproHa u
KceHOHa. B HeoHe u aprone npeobiasaeT 0JHOKPaTHOE KOMITOHOBCKOE
paccesaue (17x > 75 %), a B kceHoHe — POTOIPGEKT (o > 90 %). Tlo-
CKOJIBKY 3(p(peKTUBHOCTH pETUCTpaNny B Ar B ~ 2 pa3a BbIie, yeM B Ne,
TO pabounm raza Pl Obu1 BeIOpaH apros. Pabouwm razom I1]1 Obut BBI-
Opan kceHoH. HeoOxonnmast 3p(eKTHBHOCTD PErHCTPAIIA MOXET JI0-
CTHUTAThCs 32 CUET TOBBIIICHUS JAaBIICHHS ra3a B ICTCKTOPE W/WIIK yBe-
JMYCHHS €TO TONIIUHBI.

Tabmuua 1
D¢ddexruBHOCTS peructpanuu ramma-kBanToB (140 k3B) 1 BKJIAZBI pa3IuIHbIX
B3auMojeiicTBuit 1yt Ne, Ar i Xe IpHu pa3HbIX JaBICHUSIX Ta3a
(Tommuua nerekropa 10 cm)

OTHoOCHUTEIbHBIN BRI/
JaBiaenne | IpdexTuBHocTH (BEpOATHOCTH) B3aMMOJCHCTBHA
rzi?‘:, perlilc’::[;/a;l)unn Dorto3dpexT 31;::;11:;0:‘[]; MHorokpatHbli
Nos, %0 % '| KOMOTOH Nk, %0
Heon (Ne)
10 1,15 1,5 95,3 3,2
20 2,23 1,8 94,7 3,5
40 4,49 1,7 93,9 4,4
AproH (Ar)
10 2,45 13,2 82,5 4,3
20 4,84 141 81,3 4,6
40 9,36 15,8 78,7 55
Kcenon (Xe)
10 34,57 91,5 7,5 1,0
20 57,24 94,7 4,7 0,6
40 81,56 97,1 2,5 04
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st BBIOOpa onTUMaNbHOM TONmUHBL Ar-PJ] u naBneHus raza ObL1o
MPOBEJCHO MOJeIUpoBaHue A((EKTUBHOCTH pACCESHUS &g TraM-
Ma-KBaHTOB ¢ 3Heprueii 140 k3B npu n3MeHeHnn TOMMUHEI R OT 5 cM
mo 50 cm mpu maBmenusax 10, 15 m 20 atm. Ha puc. 2 npencraBieHs
MOJTyYEHHBIE PE3yJIbTAaThl B BHJIC JUArPaMM COOTHOIICHUN MEXIY (-
(hEeKTUBHOCTBIO pPacCesHUS £k, PABHOH MPOM3BEIACHUIO MTOTHON d(Ddek-
TUBHOCTH PETUCTPAINH &y HA BEPOSITHOCTh OJHOKPATHBIX KOMITOHOB-
CKUX paccesHuit yx (éx = ém#jx) ¥ KOMIITOHOBCKOTO OTHOIICHHUS K,
PaBHOTO OTHOIICHHIO BEPOSTHOCTH OJHOKPATHBIX KOMIITOHOBCKUX
paccesiHul #x K BEPOSITHOCTH MHOTOKPAaTHBIX KOMIITOHOBCKHX pacces-

HUN NMk-
Kk = ] e (6)

—8— Ar, R=5+50 cm (P=15 aTm)

90 }
I‘ I I I
80 " ——&— Ar, R=5+50 cm (P=10 at™m) ||
\
\ ——  Ar, R=5+50 cm (P=20 at™m) —

KomnroHoBckoe oTHOmeHHe Kk

250
30 40| 50
= S
30 40 50
0
0 4 8 12 16 20

¢ dexTuBHOCTD paccessHus EK, %o

Puc. 2. /lnarpaMMsl cooTHOIIEHUH 3(pPEKTUBHOCTH PACCESTHUS £k
Y KOMIITOHOBCKOTO oTHOLIeHHUs K B Ar (E, = 140 x3B)

U3 puc. 2 BuznHo, uto 3¢ dexTuBHOCTL paccessHus ex ~ 10 % obec-
neuynBaercs npu TojimuHe aerekropa R =50cm (10 atm), R =35 cm
(15 at™) mm R = 25 cm (20 at™). KoMIITOHOBCKOE OTHOIIIEHHE Ky TIPH
YBEJIUYECHUH NaBlieHUd yMeHbluaercs ¢ ~ 30 go ~ 20, T.e. yBenuyuBa-
€TCsl OTHOCHUTENbHBIA BKIJIaJ] MHOTOKPAaTHOTO KOMIITOHOBCKOTO paccesi-
HUS. DTO MOXET B JATbHEHIIIEM YXYIIIUTh Ka4eCTBO KOHEYHOTO H300-
paxenus. [Ipu Huzkom nasienuu (10 atM) OoJbINast TONIIUHA JCTEK-
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Topa MpHUBEAET K CYIIECTBEHHOMY YBEJIMUCHHIO KaHAIOB PETUCTPALUN
KoOpauHaT coObITHHA. McXoas W3 MOJMy4YeHHBIX pe3yJNbTaToOB OITH-
MaibHBIM BapuanToM Ar-PJI Oyzmer razoBas Kamepa TOINIIHMHOMN
R ~ 35 cm ¢ maBienunem aprona P = 15 atM, koTopas oOecrieuut HEOO-
x0auMyt0 3G ¢GeKTUBHOCTD peructpauuu &g ~ 10 % mpu KOMITOHOB-
CKOM OTHOILLEHUH Ky ~ 22.

Jns BeIOOpa ontuMansHOM TommuHbl Xe-11/] n qaBnenns raza ObUIO
aHAJIOTMYHOE MOJienHpoBaHHe YP(HEKTUBHOCTH (OTONOITIOMIEHHS Eqgyt
ramMMa-KBaHTOB ¢ sHeprueil 140 koB mpu maMeHeHuH TONMMHEI R OT
5 e 1o 50 cm ipu maBnenwsx 10, 15 u 20 atm. Ha puc. 3 npeacraBieHb
MOJy4YeHHbIE Pe3yJbTaThl B BHJIE AUArPAMM COOTHOIICHUH MEXIy 3-
(EeKTUBHOCTHIO (DOTOTOTIIONIECHHS 03 MPEABAPUTEIILHOTO KOMIITOHOB-
CKOTO B3aUMOICHCTBUS &gyt (€¢o1 = Ngo1 /N, Toe N — umcno rawm-
Ma-KBaHTOB, IIOIABILIHUX B A€TEKTOP) H OTHOIIEHUEM (HOTOIDDEKTOB Ky,
PaBHBIM OTHOIIEHUIO YKcia cOObITHIA ¢ hoTod(derToM Oe3 peaBapu-
TEJIBHOTO KOMIITOHOBCKOTO PaccesiHusl (Ngy1) K 4UCITy COOBITHH ¢ (o-
TO3(hPEKTOM ToCIIe MPEABAPUTETBLHBIX OJHO- (Nixigs), ABYX- (Nacigy) H
6onee (N-2c+¢») KOMOTOHOBCKHX B3aMMOIEHCTBHI:

Ko = nc[)al / (nlk+(1)3+n21<+(1)3+n>21<+(b3) (7)
18 3 I I I I
\ —a— Xe, R=5+50 cm (P=10 aTm)
16 N —8— Xe, R=5+50 cm (P=15 atm) | |
s X —e— Xe, R=5+50 cm (P=20 aTm)
& N - - Xe, P=5+50 arm (R=10 cm)
£ 14 -
N\
z N 420
E 12 R‘\ A 50
¢ N s
= 20 \’\\?\ \gLO
2 10 Je 50
g T , 20 Se
S g Sk %ees

6

20 30 40 50 60 70 80 90 100
¢ PexruBHOCTH poTONOrNIOMEHUST EPa1, Y0

Puc. 3. lnarpammMel cooTHOMIEHHH 3P HEKTHBHOCTH PETUCTPALIUHN Egyy
U oTHOIIEHUs GOoTOIDDEKTOB Ky, B Xe
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W3 puc. 3 BuaHO, 4T0 3P PeKTUBHOCTD POTONOTTIOIEHUS Egy1 ~ 15 %0
obOecnieunBaercss npu TommmHe getekTopa R =50cm (10 atm),
R=30cwMm (15 arm) miu R = 20 cm (20 atm). OtHomenue poroaddex-
TOB K¢, IIPH YBEIMYCHUH JaBJIE€HHUs yMeHblaeTcsa ¢ ~ 11 1o ~9, T.e.
YBEITMUMBACTCS OTHOCHUTENBHBINA BKJIal COOBITHIA ¢ POTOdIPPEeKTOM C
IpeaBapUTEIbHBIM KOMITOHOBCKUM PACCESIHHEM. DTO MOXKET B Aajlb-
HeHMIleM YXyAIIUTh KadeCTBO KOHEYHOro u3oOpaxeHus. JlaBienue
50 atm npu R =10 cM Taxke o0eceYnBaET €y, = 75%, HO IpU 3TOM
3HAYCHUE Ky, yMeHbIIaercs 10 ~ 8. Ilpu nuskom naenenun (10 atm)
Oonplias TOJMIIMHA KCEHOHOBOTO AETEKTOpa MPHUBEAET K CYLIECTBEH-
HOMY YBEJIMYCHHUIO KaHAJIOB PETUCTPALIMU KOOpIUHAT coObITHi. Mcxoas
U3 MOJIyYSHHBIX Pe3yIbTaTOB ONTHMANbHBIM BapuantoM Xe-I1J] Oyner
ra3zoBas kamepa TommuHoi R = 30 cM ¢ naBnennem kceHoHa P =~ 15 atm,
KoTopas odecreduT 3P HEeKTUBHOCTD (POTOMOINIOMIEHUS Egy1 = 12 %o TIPU
oTHomeHHU GoTodPHEKTOB Ky, = 9,5.

OueHka moyHocmu onpedenieHusi KoopduHam e3aumodelicmeus

Jisl OUEHKH MpeJeNbHOTO MPOCTPAHCTBEHHOTO pa3pelleHust ObUIO
MOJIYYEHO CpellHee OTKIIOHEHHE LIEHTpa TSKECTU SHEPreTHYEeCKUX I0-
Tepb AR, 3JIEKTPOHOB OT TOUKM HMCITycKaHUs. Monenb cocTosiia u3 Jie-
Tektopa pazmepom 30%30 cm u TonmuHOM 2 cM (fuia Ne u Ar) u 4 cMm
(mns Xe). ICTOYHHK 3IEKTPOHOB — M30TPOIMHEIH, PaclioIoKeH B IIEHTPE
JeTeKTOpa. JHEprus 31eKTpoHOB Mg Ne um Ar cocraBisina 50 x»B
(MakcHMaJibHasl 3HEPTHs 3JEKTPOHA NMPH KOMITOHOBCKOM pacCesHUU
raMma-kBaHTta ¢ 3Heprued 140 x3B), mis Xe — 110 k3B (3ueprus do-
TO3JIEKTpOHA TpU (OTONOINIOMIEHNH TaMMa-KBaHTa C SHepruer
140 x3B).

PesynbTarhl MonenupoBanus npeacTaBieHsl B Taoi. 2 u Ha puc. 4.
Hns  aproma mnpu maBnennmn P =15atM cpegHee OTKIOHEHHWE
AR, ~0,9MM mpu cpeaHekBagpaTHYHOM OTKIOHeHHH ~ 0,3 MM, 4TO
SBIISICTCSl BEPXHEW OIEHKOW B TOYHOCTH OTPENENCHUs] KOOPIAHHATHI
OJTHOKPATHOTO KOMHITOHOBCKOTO B3aMMOJIEHCTBUsS. [ KCEHOHA IpH
P=15atm AR.,~09MM npu cperHEeKBaApaTUYHOM OTKIOHEHHHU
~ 0,4 mm. Onnako nipu potordderre B Xe BOZHUKAET TAKKE XapaKTe-
pucTrueckoe uanyueHue ¢ sHeprueii ~ 30 kB, uyTo mpuBeaér k 1o-
MOJTHUTENFHON MOTPEIIHOCTH B ONPEAEICHUH KOOPAMHATHI TOUKH (ho-
T3¢ exra.
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Tabmuma 2

CpenHee OTKIIOHEHHUE LIEHTPA TSHKECTH YHEPreTHUECKHUX oteps AR (Mm)
3JIEKTPOHOB OT TOYKHU MCITYCKAHUSA B 3aBUCUMOCTH OT JIaBJICHUS rasa

p AR, MM E‘; Z]I_‘;_B(; (AERY’ 2431‘6 AR¢iy, MM
aTI'VI (E=50 x3B) IZ3B) ]’g"B) (Ee+Ey,p, = 140 k3B)
Ne Ar Xe
10 2,6 1.3 1.4 8,8 3,0
15 1,7 0,87 0,92 7,9 2,4
20 1,3 0,65 0,70 7,1 2,1

Jisl OLleHKH BKJIa/ia XapaKTepUCTHYECKOTO M3ITy4YeHHUs! ObLIO TOMY-
YEHO CpelHEe OTKJIOHEHHE KOOPAMHATHI B3aUMOACHCTBUS XapaKTepH-
CTUYECKOro u3iydeHus AR, oT Touku ucnyckanus. Mozens cocTosiia u3
Xe nerexropa ceuenreM 30%30 cm u TomuuHoM 10 cM. McTounuk mo-
HORHEPreTUUECKUX Y-KBAHTOB C 3Heprueit 30 k3B — u30TponHsiid, pac-
MOJIOKEH B LEHTpPE AETeKTOpa. Pe3ynpTaThl MOIETHpPOBAaHUS Mpen-
CTaBJICHBI B MIPEIIOCIIe/IHEH KOOHKe Tabi. 2 U Ha puc. 5.

Yucao 3JICKTPOHOB

3500 | , ,
* Ne, (Ee =50x3B)
3000 A Ar s Ar, (Ee =50x3B) H
iy « Xe, (Ee = 110k3B)
Y A
2500 T xe
2000 iada N
s ‘1 Ne
;» o‘ ‘_._,-,cf.,,, V4
1500 : e L3
4 A B
1000 2 A“"' b
%
e A0 ™
500 S 4 %
.‘f - 4\ 9
04 " s‘&bﬂh‘ xk
0 0,5 1 15 2 2,5 3 3,5 4

Otkionenne ARe, Mm

Puc. 4. PactipenienieHre OTKIIOHCHUH LIEHTPOB TSHKECTU SHEPIETUICCKUX IOTEPh
anekTpoHoB AR, ot Toukum wucmyckanus mis Ne, Ar (E.=50x3B) u Xe
(E. = 110 x»B) npu masienust 15 atm
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Puc. 5. PacnpenieneHue OTKIIOHEHUH LICHTPOB TSHKECTH SHEPIETUYECKUX IIOTEPh
st 31eKTpoHOB (E.- = 110 x3B) AR,, s XapaKTepUCTHIECKOTO H3ITyUCHHS
(Exap. = 30 x3B) AR, 1 1711 cymMMapHOTO 3HeproBuiienenus npu Goroaddexre

(Ee-t+Esqp. = 140 x9B) AR+, B Xe (naBnenue 15 atm)

CpenHee OTKJIOHEHHE KOOPAMHATHI B3aMMOJICHCTBHUSA XapaKTepH-

CTUYCCKOI'O U3JTYUCHU ARy JJIsL Xe cocTaBuiio ~ 8 Mm. PacnpeneneHI/Ie

OTKJIOHEHHI KOOpAUHAT «CYMMAapHOTro» B3aHMOH6ﬁCTBHH A Re+7

(110 k3B + 30 k3B) paccunTBHIBAIOCH 110 LIEHTPY TSIKECTH:
-Eo+1,-E,
ARy, =———1—1, (®)
E. +E,
rae fe — KOOpAWHATa LEHTPa TSKECTH JHEpPreTHUecKux morepb AR,
anekTpoHa; E, —sHeprus snekrpona (110 xa3B); r, — koopanHara neHTpa
TSODKECTH JHEPreTHYECKUX MOTEPh XapaKTEPHCTHUECKOTO H3ITYYCHUS;
E, — >Heprus xapakrepuctudeckoro usnydenns (30 xaB).

IlommydeHHble pe3yabTaThl TPEACTABICHBI B TOCIETHEH KOJOHKE
Tab. 2, U3 KOTOPOH ClieayeT, uTo i Xe CpelHee OTKIOHEHHE KOOp-
JIMHATBl «CYMMapHOro» B3auMoJeHcTBUA AR.., (porosddexra) co-
CTaBlsieT ~ 2,4 MM, a IIUPUHA paclpe/ielieHHs] Ha TIOJIOBHHE BBICOTHI

~ 3 MM.
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[Ipu HamM4YUKM 3IEKTPOHUKH, MO3BOJISIIONICH BBIACIATh U aHAIU3U-
pOBaTh KOOPAMHATHI U SHEPTUIO KAXKJIOTO COOBITHS MPH MHOTOKPATHBIX
B3aMMOJICHCTBHAX, MpeNeNIbHas TOYHOCTH ONpPEAETICHHS KOOPIMHAT B
Xe-I1J] coctaBut ~ 1 MM, a B Ar-P/] mosBuTcs BO3MOXHOCTE d(hhek-
TUBHO BBIIENSATH COOBITHSI OJHOKPATHOTO M MHOTOKPAaTHOTO KOMIITO-
HOBCKOTO PacCestHUSL.

Anroputm oT60pa cobbITMI B ra30BOI KOMNTOHOBCKOIM raMma-kamepe

Mamemamuyeckas moOernb 2amma-kamepb!

Jlns OLEHKH BKJIQJIA PA3IMYHBIX THIIOB COBIIQACHWHA W BBHIPAOOTKH
anroputMa 0TOOpa COBMANEHWH OBLJIO TMPOBEICHO MOJIEITHPOBAHHUE B
cpene Gate/Geant4 paboThl KOMIOTOHOBCKOW raMma-Kamepbl B ITUJIHH-
JpUYECKOil reomMeTpun. MaTteMaTHdecKkas MOJIeNb KaMephl MpPeICTaB-
nsieT co00i 1Ba KOHIIeHTpruiecknx ninHapa - Ar-PJl u Xe-I1]1 (puc. 6).

MornowatoLwmii Xe-aeTektop

PacceuBatoLuii Ar-aeTekTop

Metannuyeckas [
neperopogka (100 mkm) Ao\ [ X
T AN e AR 0.8 O AR TAA RS, ) i \ ¢ : -

Puc. 6. Monens nuianHIpudIeckor Ar-Xe KOMITOHOBCKOH TaMMa-KaMephl

JlaBnenue ra3a B o0oux gerekTopax 15 atm. BHyTpenuuii nmamerp
P — 400 mm, BHemHnii — 1100 mMm. Buyrtpennuit mmamerp [ —
1100 mm, BHemmauid — 1700 mMMm. Mexay OeTEKTOpaMH pacloyiokeHa
ToHkas (1 MM) Merayumyeckas meperopoaka. JliMHa IETEKTOPOB
500 mm. B meHTpe ramma-kamephl pacrloJIOKEH TOYEYHBIM paguoax-
THUBHBI MOHO3HEPreTUYECKUI M30TPONHBINA ramMmma-ucTouHuk 140 xa3B.
Bcero 65110 passirpano 108 cobbrTHii.

O hekTUBHOCTh perucTpanuu COBMAACHUN cocTaBwia ~ 3 % mpHu
otbope 1Mo cymmapHO# BbieneHHoW sHeprun (Epy+ Epy) > 100 k3B u
~0,5% mnpu sneprermyeckoM ordope B Ar-PII Epy =10+ 29 k3B, B

94



Xe-I1J1 Epy > 70 k3B u cymmapHoit BeinenenHoi sneprun > 100 kaB.
[Tpu BbIOpanHOM 3HepreTryeckoM okHe Ar-PJI orcekaroTcs coOwiTus,
CBSI3aHHBIC C MAJIOYTJIOBBIM KOMIITOHOBCKHUM pAacCESHHUEM, a TaKkKe
BBI3BaHHBIC XapakTepucTHUecKknuM wu3inydeHneM (~30 x3B) kceHoHa.
Takum 00pa3zoM, OUANa30H PETUCTPUPYEMBIX YTIIOB PACCESIHUS CO-
crasisieT 45°-90°.

ITIpu sToM HeoOxoamMo yuecTb, uTo ~ 20 % Bcex HCHyIIEHHBIX
ramMMa-KBaHTOB BBIJIETA]IO0 4epe3 TOpIbl raMMa-Kamepbl 0e3 B3amMmo-
JEUCTBHUS.

Knaccugpukauyus u kpumepuu ombopa cognadeHul

Jns monmydeHus: M300paKeHUs] pacrpeleNieHUs] NCTOYHHKOB TaM-
Ma-KBaHTOB B MCCJIEYEMOM OOBEKTE, B MEPBYIO OYEPe]lb HEOOXOIUMO
0oTOOpaTh COOBITHS, Hecymue B cebe mome3Hyro mHpopmanuto. OToop
COBMAJICHUH JTOJKEH MTPOBOAUTHCS TI0 CIEAYIOIUM KPUTEPHSIM:

a) Mo O4YepEMHOCTH COOBITHI — TepBOe COOBITHE (OIXHOKPATHOE
KOMIITOHOBCKOE paccesiHue JOJDKHO MPOHU30MTH B MEPBOM pacceuBalo-
mem aerekrope PJI, a Bropoe (poro3dhdexr) — Bo BTOpoM moriomaro-
meM aerekrope T1J1;

0) Mo BemMYHMHE SHEPruu (3aBHCAIIEH OT yIiia paccenBaHUs), BbI-
JIeNuBIIeHCs B TiepBoM jaetektope P/l — oTcekaroTcst Te yriiel pacceu-
BaHUsI, PU KOTOPBIX Tonaanue B Aerektop 1] 3aBegoMo HEBO3MOXK-
HO;

B) IO CYMMapHO# SHEPTHUH, BBIJICICHHOW B 000OUX JETEKTOpax, paB-
HOU DHEPrHH raMMa-KBaHTa, UCITYIIIEHHOTO HCTOYHUKOM.

Bce nabmomaemeie coBnageHus B Ar-Xe raMma-kamepe ObLTH pas-
JieieHsl Ha BoceMb TumoB (cM. Tao6m. 3). CoBmagenus tuna «0» 0e3
KOMIITTOHOBCKOT'O paccesiHis BO3HUKAIOT NpH (hoToaddekre mepBHIHBIX
ramma-kBaHToB B Xe-IIJl m mocrnenyromield perucTpamnuu XxapakTepH-
ctuaeckoro n3nyuenus (~ 30 kaB) B Ar-PJl nerexrope. ITu coBnaieHus
HE HECYT MOJIE3HOH MHPOpMALMH U SIBISIOTCS (poHOBBIMU. COBIAIEHUS
TUNA «1» — «IONIe3HBIEY COBIAICHUS, 00YCIOBICHHBIE KOMITOHOBCKUM
paccesHHEeM NEepBUYHBIX ramma-KBaHTOB B Ar-PJ u mocnemyromum
doroadpdexrom paccessuaoro mznydenust B Xe-I1/]. CoBnanenus tumna
«2-7», BO3HUKAIOMIME TIPH MHOTOKPATHOM KOMIITOHOBCKOM pacCesHUH
MepBUYHBIX raMMa-kBaHTOB B PJ] u I1/], nckakaroT mosie3nyio uHpOp-
MaIHIo.
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Ta6muna 3
Krnaccudukanms pa3nuyHbIX THIIOB COBIAJICHUIN
(«K» — xomniToHOBCKOE paccesiaue, «PI» — poToaddexT)

Tun 1-oe coObITHE 2-0€e coObITHE
Ilone3HocTnh
COBIL P ‘ I PI ‘ I
(boHoBbic @3 — peructparms poro/e” (110 kaB) u xapakrepu-
0 (wym) cTH-9ecKoro y-kBaHTa (30 xk3B) pa3sHbEIME JeTeKTO-
y pamu
1 MOJIC3HBIC omun K (6]
HCKaKCHUE oxuH K (6]
3 YCIOBHO 1O omun K onuH K
JIe3HBIE
nBa K (6]
4 HCKaKCHUE
oaun K oauH K+dH
nBa K (6}
5 HCKaXKEHHUE
oaun K oauH K+®H
6 HCKa)KeHUEe oxnH K oauH K
7 HCKAKEHUE 6omnpme qyx K

Ha puc. 7 npuBesieH OTHOCHUTENBHBIN BKIIA/ Pa3IMYHBIX THIIOB COB-
MaJCHAN TP Pa3IUYHBIX YCIOBUSAX SHEPTETHUECKOTO 0TOOpa COOBITHI
B JieTekTOpax. M3 mpuBeIEHHBIX JaHHBIX CJICAYET, YTO HPU BBEICHUU
sHepreruueckoro orbopa B gerektopax (10 k3B < Ep; <29 k3B,
Enp> 70 k2B) BkIaj «1oie3HbIX» coBnajeHui tuma «1» yBenuuusa-
ercs ¢ 67,2 % mo 87,9 %, Bkinan coBmaneHuii Tama «0» yMEHBIIAETCS ¢
15,8 % mo 0,2 %, BKJIaj COBHAACHUHN THIA «4» MPAKTUYSCKH HE M3ME-
Hsetcs (~ 12 %), BKiIaJl OCTAIIbHBIX THUIIOB COBIAJICHUN HE TPEBHIIIAET
0,5 %.

PeKOHCTPYKLMA NPOCTPAHCTBEHHOrO pacnpeaeneHus

TOY€YHbIX MICTOYHUKOB

B nacrosiiee Bpemsi paccMaTpHBarOTCsS HECKOJIBKO Pa3IMYHBIX all-
TOPUTMOB PEKOHCTPYKIIMHA HM300paKEHHUH JJIsI KOMITOHOBCKON TaM-
Ma-KaMephbl, TaKKe, KaKk METOJ] MaKCUMAJIbHOT0 IipaBaomnonoous MLEM,
ART, Meronm (GUIBTPOBaHHBIX OOpaTHBEIX Mpoekimi u ap. [8, 9].
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100
90 87,9 O Ar-Xe 0e3 3HepreTnueckoro oroopa B
nerexkropax, (E1+E2) > 100 k3B
X 80 B Ar-Xe, 10 3B < E1 <29 k3B, E2 > 70 3B, |
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Tun coBnageHunii

Puc. 7. OTHOCHTENBHBIN BKJIA pa3IMYHBIX THUIIOB COBHAJcHHUN B Ar-Xe ram-
Ma-Kamepe 0e3 SHepreTH4eckoro ordopa B [ETEKTOpax U C OTOOpOM
10 k3B < Epy < 29 k3B, Epp> 70 k3B, Epp+ Epy> 100 k3B (kmaccudukarmro
THUIIOB CM. B Ta01I. 3)

B OCHOBHOM HCHOJB3YIOTCS UTEPAIMOHHBIE METOBI, TIOCKOJBKY pea-
JM3alys AITOPUTMOB MPSIMOM PEKOHCTPYKLMH CYIECTBEHHO CIOXKHEE
AHAJIOTUYHBIX AITOPUTMOB, HCIIOJIB3YEMBIX B TPAJAUIIUOHHON KOMIIbIO-
TepHOi ToMorpadun. BeiOop anropurMa peKOHCTPYKIIUN H300paKeHHsI
BO MHOIOM OINpeAeNseTcsl KOHCTPYKIMEH KOMIITOHOBCKOM ram-
Ma-KaMepbl U OKOHYATEJILHO OyleT C/AeNaH Ha 3aKIIOYUTEIbHOM 3Tale
MOJEITUPOBAHUSL.

B craree [10] aBTOpBEI paccMOTpenu ABa METOAA PEKOHCTPYKIMH
n3o0paxenus. [lepsoiit meton, metonq ESM (ellipse stacking method),
3aKJIIOYalcs B pa3OMEHHH HCCIeqyeMOH o0JIacTH Ha MapaulelbHbIe
TUTOCKOCTH M HaXOXK/IGHUH TIepECeYeHN KOHYCOB C ATHMH IIOCKOCTSI-
mu. Bo BTopom metone — metone RTM (ray tracing method) npousso-
JUJIOCHh pa30HeHHe KOHYCOB Ha HECKOJBKO JIydeil. ABTOpaMH cienaH
BBIBOJI O TOM, YTO KayeCTBO M300pa’KeHHIA, TIOIyUYEHHBIX 000MMHU Me-
TOJIaMH, IPUMEPHO OMHAKOBO, HO MeTo RTM mMeHee TpeGoBaTeneH K
MPOU3BOJAUTENBHOCTH BBIYMCINTEILHON MAIIMHBL.

Jns oueHkW (QYHKIMH HPOCTPAHCTBEHHOTO PACCESHHS TOYCYHBIX
WCTOYHUKOB M 3aBHCUMOCTH KauecTBa H300paKEHHS OT TEOMETPHH
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raMMa-kamepsl B cpene MatLab ObuTH HamucaHbl MPOTPaMMBbl PEKOH-
CTPYKIHMH H300pa)KeHWI Ha OCHOBE MPOCTEHMIIEr0 MeToAa OOpaTHBIX
KOHYCHBIX Tipoeknuii (ESM) n urepaiuoHHOTO METO/1a MAaKCHMATBHOTO
npasgomogoous (maximum likelihood estimation method — MLEM).

Hcnonb3oBancs cnepyronmit anroputm MLEM [11]:

- m000€e 3apEernCTPUPOBAHHOE MTOJIE3HOE COOBITHE | MPH OOpaTHOM
MPOEIUPOBAHIH TPEACTABISIET COOOH KOHYC COOBITHS C TIOJIOBHHHBIM
YIJIOM PacKpbIBa, paBHBIM YTy KOMITOHOBCKOTO paccesHus 6, mepe-
cekaroImuil onpeaenéHnoe koauyectBo (Habop) mukcenoB I(j) (Bokce-
1o B 3D) BoccTaHaBIMBaeMOTo N300paKeHUS;

- TMOCKOJIbKY COOBITHE j COCTOSUIOCH, TO MCTOYHHMK 3TOTO COOBITHS
00s13aTeNIbHO JI0JDKEH HAXOAUTHCS B OJHOM M3 mukcenoB Hadopa I(j),
OJTHAKO pacIpe/eieHue TUIOTHOCTH BEPOSITHOCTH 10 TIOBEPXHOCTH KO-
Hyca Oyner majarh npornopuuoHansHo Bennunte 1/R (R — paguyc mo-
MEPEeYHOr0 CEUYeHHsT KOHyca COOBITHS), TOCKOJIBKY BEPOSTHOCTH
HaXO0>KACHUS UCTOYHHUKA IS JIIOOBIX MONEPEYHBIX CEUYEHNUH OIMHAKOBEI,
a JUTMHA OKPYXHOCTH YBEIHYHBAETCS MPOIMOPIIHOHANBHO PaInycy ce-
yenns R;

- yuntsiBasi, 4to R = Lsin@ (L — paccTosiHre OT TOYKH paccesiHus J10
KOHKPETHOTO i-T0 MUKCeNa), KoMy i-mukcerny u3 Habopa 1(j) MoxHO
IPHIINCATh BEPOATHOCTH Kjj (HEHOPMHUPOBAHHYIO) HaXOMICHNA HCTOY-
HHUKa B I-OM MHKCee, MpornopiuoHansayto (L; sm0,) T.€. COCTaBUTh
CHCTEMHYIO MaTPHILy ISl COOBITHA |;

- yu€T yke uMerolencs nHQOpPMaIuu O BO3MOXXHOM paclpeaeTIeHIH
UCTOYHUKA OCYIIECTBISETCS MEPEMHOKEHHUEM BEIMYUHBI TpEAroia-
raeMoil BEpOSITHOCTU 4; HAa DJIIEMEHT kij CHCTEMHON MaTpHIbl IS CO-
ObitHs J, T.e. (4, Kjj); OTMETHM, YTO NpU MPOCTOM OOPaTHOM IMPOELH-
poBaHMU («HYyJEBas» HWTEpanysi) HHPOpMAIMA O BO3MOXXHOM pacrpe-
JIeIEHNH MCTOYHUKOB HET W MOATOMY JUIS BCEX MHUKCEN M300pa)KeHUs
i = 1

- cymMMma Benu4uHbI (4;,°Kjj) mo Bcemy Habopy mukcen I(j), koropsie
MePECEKAOTCSl KOHYCOM COOBITHSI | TAET MOTHYIO BEPOSITHOCTh COOBITHS

2 ki
iNj)
HOCTh HaXOXKJIEHHS HCTOYHHKA B |-OM mukcerre st COOBITHS |.

j, a BBIPAXXCHUC OIpeaACIACT HOPMUPOBAHHYIO Ha 1 BCPOAT-
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Ha puc. 8 npuBeseHb pEKOHCTPYMPOBAHHBIC H300pa)KEHUS JBYX
TOYCYHBIX ramMMma-ucTouHUKOB (140 k3B), pacmonoXeHHBIX CUMMET-
pUYHO OT ocH Z Ha paccTostHAH 40 MM.

10 20 30 40 50 10 20 30 40 50

Puc. 8. PekonctpyupoBanubie n3o0paxkenus B miockoctd OXY naByx Toded-
HBIX U30TPOIHBIX HICTOYHUKOB, PACTIONIO’KEHHBIX Ha pacCTOSIHUU +40 MM OT ocH
Z; a) METOJl IPOCTHIX OOPATHBIX KOHYCHBIX NMPOEKLHNH; 6) METOl MaKCHMalb-
Horo npasaononooust MLEM (mocne 7 urepanuit)

[Ipy peKOHCTPYKIMH METOAOM MPOCTHIX OOPATHBIX KOHYCHBIX MPO-
eKIIMH TPOCTpaHCTBEHHOE paspemenue coctaBmio ~ 40 mm. Ilocre-
TyIoITiee MCIOJIb30BaHue uTepanuoHHoro anroputMa MLEM mo3Bo-
JHJIO YIYYIIMTh TMPOCTPAHCTBEHHOE pasperieHue 10 ~ 20 mm. Bribop
Hauboee 3pPEeKTUBHOTO aNTOPUTMA PEKOHCTPYKIIUN H300paKSHHS BO
MHOTOM OTpeAesieTcs KOHCTPYKIIMEH KOMITOHOBCKOW TaMMa-KaMephl
U OKOHYATEJIBHO OYJET CliellaH Ha 3aKIIOYUTEIBHOM 3Tare MOJIEINpPO-
BaHUSI.

3akntoveHue

B pabote paccMOTpeHBI OCHOBHBIC TIPUHITUIIBI PA0OTH KOMITTOHOB-
CKOM ramma-kamepsbl JJIsl Ueled pajuoHyKIUuIHON auarHoctuku. Ilo-
Ka3aHo, YTO MCXOJs M3 OOJIBIIMX pa3MepoB 00BbEKTA TUATHOCTHUKH H,
COOTBETCTBCHHO, KOMIITTOHOBCKOTO JIETEKTOpa Hamboyiee IMpueMiIeMoi
SIBJISICTCSI KOHCTPYKIUSI TaMMa-KaMephbl, COCTOSIIEH U3 ABYX IWJIMH-
JIPUYECKUX Ta30BBIX JETEKTOPOB. B pe3yibpTare MpoBEeNIEHHOTO MOjie-
JUPOBaHUS OBLTU OMpE/CIICHbI Padouue MmapamMeTphbl aproOHOBOTO pac-
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cenBaroniero aetekTopa (Ar-PJl) 1 KCEHOHOBOTO MOTIOIIAIOMIETO Je-
tektopa (Xe-I1/]) u momyueHsl ciuenyromne pe3yabTaThl:

- Ar-PJ. Tommuaoit 350 mm (15 atm) obectieunT 3¢hGHEKTHBHOCTD
pacceuBanus uznyueHus (140 kaB) ~ 10 %, npocTpaHcTBEeHHOE pa3spe-
mienue ~ 1 Mu;

- Xe-I1J] rommmuoi 300 MM (15 atM) obGecmieunT 3P GHEKTHBHOCTD
(oTomnoromeHus paccessHHOTO M3ny4deHus ~ 70%, mpocTpaHCTBEHHOE
pa3peiieHue COCTaBUT ~ 3 MM;

- IPY 3HEPreTUYECKOM OTOOPE COBIAJAIOIINX COOBITHI B JETEKTO-
pax 3¢ GeKTHBHOCTH PETUCTPAIK cOBNaaeHu# cocTapmia ~ 0,5-1 %;

- FWHM o¢yHkuun paccestHust KOOpAWHATHI TOYEYHOTO H30TPOITHOTO
UCTOYHHUKA (TIPOCTPAHCTBEHHOE pa3pellieHne), TMONyYeHHasT PEKOH-
CTPYKIIMEH C IMOMOIIBI0 TPOCTEUIIET0 METONa OOPATHBIX MPOEKITUI
coctaBuia ~ 40 MM, a IpH PEKOHCTPYKIIUHU C TTIOMOIIBIO HTEPAITHOHHOTO
MeTo1a MakcuMalbHOro npasaononoous (MLEM) ~ 20 mwm.

[Tockonbky MeTaJUIMYECKHE CTEHKH JIETEKTOPOB JOJDKHBI BBIIEP-
JKMBaTh AaBiieHue ~ 15 aTM, uX TOJILMHA J0JDKHA OBITH 3HAYHUTEILHOM
(~3-5MM), 9TO TPUBEAET K CYIISCTBEHHOMY YMEHBILICHUIO YHCIIA
copnanenuii (~50 %) u gomosHuTENEHOMY yBenuueHutro FWHM
(YHKIIMH paccessHUs TOUKH.

Ecin B kauecTBe paccenBaromIero aproHOBOTO JETEKTOpa WCIOb-
30BaTh MOJIYNPOBOAHUKOBBIE JeTekTopsl CAdZNnTe, To 3¢ddexTrBHOCTD
pETHCTpallMd KOMITOHOBCKOW TaMMa-KaMepbl MOXKET OBITh CyIIle-
CTBEHHO yBEIMYCHA.
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GAMMA LOCATOR FOR RADIONUCLIDE DIAGNOSTICS
OF ONCOLOGICAL DISEASES®

AK. Berdnikova’, V.N. Belyaev', A.l. Bolozdynya’, V.A. Kantserov,
V.V. Sosnovtsev?, K.1. Zhukov?, I.A. Znamenskiy*
"National Research Nuclear University “MEPhI”

2P.N. Lebedev Physical Institute
of the Russian Academy of Sciences

Miniature gamma probe for nuclear medicine based on a scintillation
crystal LaBrs:Ce and a silicon photomultiplier is described. Performance
measurements are provided according to the NEMA NU3-2004 protocol.
Sensitivity, spatial resolution and angular selectivity are measured for three
different collimators.

Introduction

GAMMA locator is a handheld lightweight and compact gamma probe
based on a scintillation crystal LaBr;:Ce and silicone photomultiplier to
be used for detection of gamma-radiation emitted by radionuclides such
as 99m-|-c, 125|’ ST [1].

The gamma locator can be used for radioguided surgery of sentinel
lymph nodes and for non-invasive scanning of the human body [2]. In
the first case, a radiotracer is injected into the patient preoperatively and
surgeon checks the presence of metastasis in the lymph nodes after the
removal of the tumor. In the second case, gamma locator is used for
preoperative localization of occult or nonpalpable lesions.

Manual scanning of the region of interest with a miniature gamma
detector complements widely used radiodiagnostic studies such are
planar scintigraphy and single-photon emission computed tomography.
Such devices are usually called gamma probes, and a number of manu-
facturing companies provide commercially available devices. Com-
monly used gamma probes from American companies Neoprobe and
Mammotome are based on a semiconductor detector CdZnTe [3], and a
probe from Eurorad (France) is based on a scintillation crystal Csl and a
silicon photomultiplier [4]. Configuration and design of a probe may
vary depending on a particular medical procedure.

* Omnpasneno ¢ IEEE Transactions on Nuclear Science.
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In this study gamma locator performance measurements are provided
according to the NEMA NU3-2004 protocol. Sensitivity, spatial resolu-
tion and angular selectivity are measured for three different collimators.

Design of the Gamma Locator

Schematic diagram and a picture of the gamma locator are shown on a
fig. 1. Cylindrical scintillation crystal LaBr;:Ce of 5 mm diameter and
10 mm length is optically coupled to a SensL MicroFC-30035-SMT
silicon photomultiplier with a sensitive area of 3x3 mm?. SiPM is packed
together with a scintillator in a sealed duraluminum enclosure. Readout
electronics are mounted on a two sided PCB.

PCB
enclosure

LaBrsCe |SiPM
- = g e m
‘ L 45V

Electronics of the gamma locator are based on a SiPM biasing
scheme (BS), comparator (C), microcontroller unit (MCU), power sup-
ply circuit. SiPM output is connected through a decoupling capacitor and
an amplifier to a comparator for the discrimination of signals caused by
140 keV gamma rays from 99mTc. Battery-powered +5 V is applied to
the input of the DC-DC voltage converter, whose output voltage is set
from +25 V to +75 V. Adjusting of the bias voltage of the photodetector
and the thresholds of the discriminator is carried out by changing the
resistance of the trimmers. Indication is performed by an acoustic signal
and a digital display.

Lead bullet-shaped collimators with a wall thickness of 3 mm are
used to narrow a field of view of the detector (fig. 2). In the present study
collimators with the aperture diameter d = 2 mm, 3 mm and 4 mm were
used.

103



od

.

17.5

Fig. 2. Collimator design. All dimensions are given in millimeters

Performance of the Gamma Locator

Quality control tests of the gamma locator were performed according
to the NEMA NU3-2004 “Performance Measurements and Quality
Control Guidelines for Non-Imaging Gamma Probes” protocol [6]. The
key parameters were evaluated within this study: sensitivity in air and in
a scatter medium, spatial and angular resolution in a scatter medium.
Each quantity was measured using a °’Co “point” source. The activity
used for each test was low enough to guarantee that the system was op-
erating in its linear count rate region, which was determined experi-
mentally as 49.1 MBq. Measurements in the scatter medium were per-
formed using a 30 cm x 30 cm x 30 cm water tank, and the tip of the
gamma locator was protected with a finger of a surgical glove.

A. Sensitivity

Sensitivity of the gamma locator was measured in the air and in the
scatter medium at the distances of 30 mm and 50 mm between the tip of
the probe and the point-like gamma source. While performing meas-
urements in water the probe was positioned with its head touching the
water surface. Sensitivity is reported as counts per seconds per unit of
radioactivity at the specific distance. The results of sensitivity meas-
urements in the air and in the scatter medium for gamma locator using
each of three collimators with different aperture diameters are presented
in the table 1.
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B. Spatial resolution
Spatial resolution of the gamma probe is a minimal distance between
two point gamma sources at which they can be detected separately.

| Probe axis
Lateral :/
i

distance (x)

Nl

Water

Depth

Gamma source

Fig. 3. Spatial resolution test configuration

Spatial resolution can be measured as a full width at the half maxi-
mum (FWHM) of a spatial distribution of sensitivity of the gamma probe
obtained at increasing lateral distances (x) at the fixed depth (fig. 3). The
depths between the detector and the source were set to be 30 mm and 50
mm in the air and in the water according to the NEMA guidelines. The
resulting plots are analyzed to determine the FWHM spatial resolution of
the probe.

The spatial resolution profiles of the Gamma Locator in the water at
the 30 mm depth for collimators with 2 mm, 3 mm and 4 mm aperture
diameters (Collimator 1, 2, 3) are shown in the Fig. 4.

The results of spatial resolution measurements in the air and in the
water at 30 mm and 50 mm depths with each collimator are presented in
the Table 1.
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Fig. 4. Spatial resolution profiles at 30 mm depth in the water. Experimental
data for collimator 1 is given with square markers, data for collimator 2 is given
with point markers, data for collimator 3 is given with circle markers

C. Angular selectivity

Spatial resolution is determined by measuring FWHM of an angular
distribution of sensitivity of the gamma probe obtained at various angles
between the probe axis and the centerline of the gamma source at the
fixed depth (Fig. 5). The depths between the detector and the source were
set to be 30 mm and 50 mm in the air and in the water. The resulting plots
are analyzed to determine the FWHM angular selectivity of the probe.

Results

Performance measurements of the gamma locator based on a scin-
tillation crystal LaBr;:Ce and a silicon photomultiplier according to the
NEMA NU3-2004 protocol were provided within this study. Sensitivity,
spatial resolution and angular selectivity were measured in the air and in
the scatter medium for three collimator designs. Experimental results of
the parameters measurements are presented in the table 1.
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Fig. 5. Angular selectivity test configuration

The angular selectivity profiles of the gamma locator in the water at
the 30 mm depth with Collimators 1, 2 and 3 are shown in the Fig. 6.
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Fig. 6. Angular selectivity profiles at 30 mm depth in the water. Experimental
data for collimator 1 is given with square markers, data for collimator 2 is given
with point markers, data for collimator 3 is given with circle markers
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Table 1
Performance Of The Gamma with Various Collimators

Collimator design

Medium Collimator 1  Collimator 2  Collimator 3
2 mm hole 3 mm hole 4 mm hole
Depth 30 mm

Spatial Air 13 16 18
resolution,

mm Water 15 28 20
Angular Air 14 19 17
selectivity,

deg Water 17 19 26
Sensitivity, Air 31 81 191
cps/MBq Water 17 59 118

Depth 50 mm

Spatial Air 17 24 26
resolution,

mm Water 20 25 31
Angular Air 12 19 19
selectivity,

deg Water 17 21 25
Sensitivity, Air 17 42 94
cps/MBq Water 8 26 48

The results from the Table 1 show that the technical parameters of
gamma locator are not inferior to the foreign analogues and satisfy the
minimum requirements for the commercially available medical gamma
probes [6]. Comparison of experimental results of gamma locator per-
formance measurements with different collimators shows that the best
balance between spatial resolution and sensitivity is obtained with a
collimator with a 4 mm aperture diameter. However, to choose the ap-
propriate collimator requirements for the specific radioguided surgical
procedure should be considered.
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LM®POBAA TPUTTEPHASA CUCTEMA ANns AETEKTOPA RED-100"

I1IT. HayMOBl, J.10. AKI/IMOBl'Z, B.A. BeJIOBl’Z, A.N. BOJIOBﬂHHHl,
10.B. Edpemenxo™®, B.A. Kammnu'
YHayuonanonsiii uccnedosamenscruii s0epubitl ynueepcumem « MUDHU»
2OI'BY «HIL] PO UTAD» HUL] «Kypuamosciuii Hucmumymy
3YJLtugepcumem Tennecu

Pa3zpaborana cucrema (GOpMHpOBaHHMS TpHUITEpa JUIS JAETEKTOpa Ha
xuakoM kceHoHe RED-100. Tpurrep MoskeT BbIpaOaThIBaThCsl Ha BCE THITBI
cOOBITHI, HEOOXOMUMBIX JIETEKTOPY ISl KaJHuOpOBKM M HabOpa JaHHBIX,
BKJIIOYas COOBITUS C OJTHUM JIEKTPOHOM HMOHU3alMu. B cucreme peanuso-
BaH MEXaHU3M PErucTpalvu COOBITHH, Il KaKAOMY COOBITHIO NPUCBAH-
BaeTCsl BPEMEHHAs MeTKa M TUN coObiTus. TpurrepHas cucremMa HeoOXo-
J¥Ma B CHUCTEMax IOMCKAa PEAKHX COOBITHH s 0TOOpa M COXpaHEHUS
TONMBKO ToJIe3HOH wmH(popMmammu ¢ MaccuBa ALIl. B manHO# craThe pac-
CMOTPCHBI XapaKTePHCTHKH M peanu3aiys OJoka Tpurrepa, odOecrednBa-
IOIIETO0 BBICOKYIO 3((eKTHBHOCTH CpabaThIBaHMS JaXe Ha MaJO3HEpre-
THYHBIE COOBITHS.

Knouesvie crnosa: nudpoBoii Tpurrep, TpurrepHas cuctema, [TJINC,
JIETEKTOP Ha XKHUJIKOM KCEHOHE, KOTEPEHTHOE paccessHie HEUTPHHO

BBepgeHue

MesxayHapoaHoii Hayunoit kosmtadopainueii COHERENT [1] mpu
yuyactun  MexkadenpanbHoil  J1abOpaTOpUHM  SKCHEPUMEHTAIbHON
sanepaoit ¢uzukn HUAY MUODU cozpmaetcs nmerextop RED-100,
npeHa3HaYeHHbBIN I OOHApY>KEHHUS U UccIeIoBaHus dPQeKTa ynpy-
roro KOrepeHTHOr0 paccesHus HEHTPUHO Ha aTOMHBIX snpax [2, 3]. B
KayecTBE MCTOYHHMKA HEWTPUHO JJISl MPOBEACHUSI M3MEPEHUI paccMaT-
puBatorcst Spallation Neutron Source Harmonanbho#t nadoparopuu
Ox-Pumx (CIHA) u peaxtop Kammuunckoit ADC (Y nmomis). Bemen-
CTBHE MAJIOCTH PHEPTHMHM HEUTPHHO OT 0OOMX MCTOYHHMKOB OXHJaeMast
9Heprus suep oTnauu BecbMa Mana (< 10 keV).

VYcraHoBKa mpejacTaBiser co0oit nByx(da3HbI 3MHCCHOHHBIN Jie-
TEKTOp Ha >XKUAKOM KceHoHe [3]. [lpuHumm paboTsl TakuX NETEKTOPOB
wIrocTpupyeT puc. 1. BzaumopeiictBue wactun c¢ pabodeid cpenoi
JIETeKTOpa CO3/1aeT B Hel (POTOHBI CHMHTHIUISAIUA U AJICKTPOHBI HOHH-
3aIH. DJIEKTPOHBI B NPWIOKEHHOM 3JIEKTPHUYECKOM TI0JIE ApPeH(yIOT

* Omnpasneno 6 Aepuas Qu3UKa U UHICUHUPUHS.
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BBEPX K CBOOOHOM TIOBEPXHOCTH KUJKOCTH, BBITATUBAIOTCS B Ta30BYIO
dazy, rae, aApeldys B CHIBHOM JJICKTPHUYSCKOM II0JIC, TCHEPHPYIOT
AIIEKTPOIIOMUHECIICHIINIO Ta30BON (ha3bl KCEHOHA, YTO HCIOIB3YeTCS
IUTSL  yCWJICHWS HMOHW3AIMOHHOTO CcuTHana. CHUHTWUIAIWOHHBIA U
3IEKTPOJIFOMUHECIICHTHBIN  (3a[IepyKaHHbINA) CHTHAIBI HCIIOJIB3YIOTCS
JUTSI BOCCTAHOBIJICHHUSI SHEPTUH, MOJIOKEHUSI W THIIA B3aUMOJIEHCTBYIO-
MIFX YacTHII. JIeTeKTOpHI TaKOTO THIA HAILIN MIMPOKOE MPUMEHEHNE B
M3MEPEHUSX SACep OTIaYl MaJIbIX YHEPTHUl JIJIs1 MOUCKAa TEMHOM MaTepuu
[5]. OtnuuuTensHOM YepTO AYMUCCUOHHBIX ETEKTOPOB SBIISECTCS 3HA-
YUTENBHBINA, 10 HECKOIBKHX COTEH (JOTOHOB Ha IEKTPOH MOHU3AIINH,
BBIXOJI JICKTPOIIOMUHECIICHITUN. DTO MO3BOJISET JNOCTHYh OYCHH BBI-
COKOH YyBCTBUTEIILHOCTH, BIIOTH JIO PETHCTPALMN OAMHOYHBIX SJICK-
TpoHoB moHm3anuu (SE) [4]. Ilpu croms Majol SHEpruH, CTaTUCTHUKA
(OTOHOB yMEHBINIAETCS HACTOJBKO, YTO, C TOYKH 3pEHHUs (HOPMBEI,
3JIEKTPOJIOMUHECIICHTHBIN CUTHAJ paciaaaeTcs Ha COCTABIISIFOIINE €ro
CUTHaJBl OMUMHOYHBIX (oTodnekTpoHoB (SPE), pacnpenencHHbIE MO
BCEH IJTMHE AIIEKTPOJIFOMHUHECIIEHTHOTO CHTHANIA, YTO B HAIIIEM Cydae
COCTaBJISIET 3HAUUTENbHBIE 2 MKC.

B nmerektope P3]I-100 cBeToBBIE CUTHANBI PErHUCTPUPYIOTCS 38
DY, cobpanHeiMU 110 19 MTYK B ABYX IUIOCKOCTSIX, PACHOI0KEHHBIX
HaJ ¥ TOJ YyBCTBUTEIbHBIM 00BeMOM (cM. puc. 1). Curnansl ¢ @IY
YCUJIMBAIOTCS OBICTPHIMH YCUIUTEIISIMU U OIIU(PPOBBIBAIOTCS MOIYJISIMU
FlashADC. /lnana3oH HHTEpECYIOIUX HAC SHEPTUIl COCTABISAET OT OA-
HOTO 3JeKTpoHa moHu3auuu 10 ~100 k3B, 4TO COOTBETCTBYET CyM-
MapHOMY PErHCTPHPYEMOMY KOMudecTBY (poToHOB 0T 10° 10 5*10°. D10
HAKJIaJIbIBACT TOBBIIICHHBIE TPEOOBaHMS Ha CXeMy (QOPMHUPOBAHHS
TpUITEpa, KaK B YACTH HWKHETO MOPOra, Tak B OTHOLICHUM JUHAMHUYE-
CKOTO /Ihamna3oHa.

MocTaHoBKa 3agaum

OOBIYHO TpUTTEp HA CHUHTWULIIUIO U JIOMHHECICHIIUIO obecrie-
YUBAETCS MPOCTON IUCKPUMHUHAIINEH CHTHAJIOB B CYMMapHOM KaHajie
nocie criaakuBaromero Gpuistpa. B skcnepuMenTe Ha peakTope OXKu-
JTaeMBIN TTosie3HbI curHan nMeeT MeHee 10 SE, uto TpebyeT omycTuth
HIDKHUH TIOPOT TaKOT'O TPUTTEPA IO YPOBHS B HECKONbKO SE. AMruim-
TyJHOE pa3pelieHue oAHO(OTOHHBIX MMITYJIbcoB POV noBonbHO Be-
miko (FWHM = 100%), 4to, B cinydae aHaJOrOBOTO CYMMHPOBAHUS
CHMT'HAJIOB, BeJET K OoJbIIMM oInnOKaM B oleHke koyumyecTtBa SPE.
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Oddert cnonranHoi smuccuu SE [4, 6] co3aaet GoH, MPEBHIIAIIINT
curHa Ha 2-3 mopsiaka [2]. B ducroit cratucTrke (hOTOHOB COOBITHS
XOpOIIIO pa3iauyaroTcs mo koiauuectBy SE [2] u Takoit (oH jerko mo-
JIaBUTb, HO, TIPU JOTOJHUTEIBHOM PAa3MBITHH 3a CUET HU3KOTO aMILIH-
TynHoro paszpemenust SPE, oH mMpOKO pacmpocTpaHHUTCS 1O BCEMY
MHTEpECYIOIeMy Hac Anuana3oHy. I[IpuMeHeHne JMCKpUMUHATOPOB JUIs
KaXJO0ro KaHajla, a 3aTéM aHaJOrOBOIO0 CYMMMPOBAHMS 3HAYUTEIBHO
YIYYIIAeT aMIUIMTY/THOE Pa3pelIeHUe, HO B HAIIUX YCJIOBHSX MOXKET
OBITB BCE ellle HeJoCcTaTOYHO. JlomoTHuTeNbHAs TPO0IIeMa 3aKITF0YaeTCst
B TOM, YTO CUMHTHUISAIIMOHHBIE CUTHAJIBI MOTYT JIaBaTh Takoe ke KO-
muaectBo SPE uro m SE, mpu 3TOM MMEOT 3HAYUTENBHO OONBIITYIO
SHEPrU0 U AOJDKHBI UCKIIOYAThbCs Tpurrepom. Ilostomy 11st mosHOro
BOIUIOIICHUSI BCEX TPeOOBaHUIN K TPUITEPYy OBUIO MPEIIOKEHO HC-
MOJIb30BaTh JAUCKPUMUHATOPBI B KAXJIOM KaHaie W IM(POBYIO CXeMy,
MPUHUMAIOLIYI0 MX CUTHAJIBI, YTO MO3BOJIUT TOYHO U HAAECXKHO IEpe-
cunthiBaTh npuxoasume SPE. Jlanee mMbl OyneM paccMaTpuBaTh TJiaB-
HBIM 00pa30M UMEHHO 3Ty YacTh TPUITEPHOH cHCTeMbl. Takoi Moaxo
Tak)Ke TIO3BOJIMII HAM HCIIOJIB30BaTh OOJIee CIOXKHYIO JIOTHKY Oe3 3Ha-
YUTENBHOTO POCTA KOJMYECTBA UCTIOIb3YEMBIX MOIYIIEH.

Vacuum
E Gaseous Xe 3
PMTI

N

Puc. 1. O0mas cxemMa U IPUHITUT pabOThl YCTAHOBKH
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s peanuzanuu TpeOyeMoro GyHKIMOHANA PEIIEHO WCIOIb30BaTh
uudposoit monyns CAEN V1495 ¢ unauBuayanbHOW NPOIIMBKON U 3
monyns auckpumuHaTopoB CAEN V895. Hcnonp3oanne 1udpoBoit
MPOrpaMMUpPYEMON JIOTHYECKOW HHTErpabHON cxeMbl Onoka V1495
ynpouiaer MOAU(UKAIMIO W pacIIUpseT BO3MOXXHOCTH TPHUITEPHOM
cuctemsl. Pa3paboTka mporpaMMHO#l MIPOITMBKY BEIETCS MPH TTOMOIIIH
CHCTEeMBI aBTOMaTH3upoBanHOTro npoektupoBanms (CAIIP) Quartus 9.1.

Peanusauus TpurrepHomn cucTembl

CurHanel ¢ xaxzaoro @DV nomanarT Ha UHAUBUAyaIbHBIE IHC-
KPUMUHATOPKI, HACTPOCHHBIE Ha cpabarbiBanue Ha SPE, a 3aTeM npsimo
B nudpoBoit Momyns V1495, BHyTpeHHIOIO OpraHU3aIuio UG poOBOTo
MOJYJISI MOKHO Pa3JeNUTh Ha TPU YaCTH: OJIOKH JIOKAIBHBIX TPUITEPOB,
cXeMa COBMNaJeHHH, OJOK perucTpanuu COOBITHH. BIOKH JIOKaTbHBIX
TPUITEPOB (QOPMUPYIOT CUTHAN CpabaThIBaHUSI TPH COOTBETCTBUH
BXOZSIINX CUTHAJIOB OIIPEICJIEHHBIM YCIOBUSIM. Pe3ynbraTsl momaroTcs
Ha yIpaBIsieMyl0 CXeMY COBIAJIEHUH, KOTOpasi ONpeeNnsieT, KaK1e THITbI
COOBITHI JOJDKHBI COBMACThH JUISL BBIIAYM OCHOBHOTO TpurTepa. biok
peructpauuu coOBITHI COXpaHseT BO BCTPOEHHOH OydepHOoH mamMsTH
MHPOPMAIMIO O cpadaTbIBAHUM OCHOBHOT'O TPUITEPA, TAKYylO KakK Bpe-
MEHHAasi METKa U THI COOBITHS, a TaKKe BBIPAOATHIBAET BBIXOISIIHHA
TPUITEPHBIA CHUTHAJ, KOTOPBIA 3allyCKaeT PETUCTPAINIoO COOBITHS B
maccuBe ALIL Ilo 3anpocy, TpurrepHas cucrema rnepenaér nHpopma-
U0 O 3aPErHCTPUPOBAHHBIX COOBITHSIX M3 COOCTBEHHOro Oydepa B
cuctemy coopa ganubix DAQ.

Pabora 610ka noacuera SPE ocymecTsisieTcs myTeM CyMMHPOBAHUS
KOJIMYECTBA MMITYJIBCOB B 3aJlaHHOM BpeMEHHOM oOkHe. Ilomyuennas
CyMMa CpaBHHMBAETCSA C HIDKHUM M BEPXHHM ITOPOTAaMH JJIsl JaHHOTO
tuna coobiTua. CyIIecTBYeT Ba TaKUX OJIOKa JJIsl HE3aBUCUMOTI'O IO/~
cYyeTa UMIYJIbCOB C HIKHHUX M BEpXHUX Miockoctedl @Y. Illupuna
BPEMEHHOTO OKHa W TOpOrH 3amatorcs cuctemoir DAQ B peructpax
HacTpoiku Onoka. DyHKIMOHAILHAS CXeMa OCHOBHOTO (hpparMeHTa
3TOTO BBIYMCIUTENBHOTO OJIOKA IIOKa3aHa Ha puc. 2. CxeMa TaKTHpYeTCs
OCHOBHBIM TeHepaTopoM 9acToTel 100 MI'i. CurHambel ¢ TUCKpUMHHA-
topoB (DI) moctynaror Ha mapauieIbHBIH CyMMaTOp, KOTOPHIN KaXIpIe
10 HC cymmupyeT 3HadeHus Beex 19 BxomoB. Kaxknas Takas cymma mo-
cTymnaeT Ha BerauraTtens U Ha FIFO, koTopoe npoaBuraet nocTynusLiee
3HaueHue yepe3 BcE kommdectBo xpaHuMbix FIFO cnos. Takum o6pa-
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30M, OCYIIECTBIISICTCS 3aJICPKKa MOCTYIMUBIICH CYMMBI Ha BPEMsl, paB-
Hoe 10 Hc*(emkocts FIFO). 3HaueHue ¢ mapaienbHOrO CyMMaTopa
MOJIACTCSl Ha BBIYMTATENb, TJI€ M3 HErO BBIYMTACTCS 3aJepKaHHOE 3Ha-
yenue u3 FIFO. Bxos! Beruntaress (napauiensHbli cymmarop u FIFO)
CUHXPOHU3HUPOBAHBI, a CaM BBIYMTATE]Ib HE CHHXPOHU3MPOBAH, OH
TPATUT HA BBIYMTAHHWE BpPeMs MEHbIIEe onHOro Takta. Cymmarop ¢ akx-
KyMYJIATOPOM CKJIAJbIBACT 3HAYCHUS, TTOJYUYCHHBIC C BBIYUTATENS, KO-
TOPBIC MOTYT OBITh KaK IOJIOKUTEIBHBIMH, TaK U OTPULIATEIIBHBIMH, U
KQXKJbIM TAaKT 3allMCHIBACT B AKKYMYJIATOP PpE3YJbTaT, SIBJSIOLIUNCS
TEKYIUM 3HAYEHHUEM CYMMbI KOJIMYECTBA MMITYJIbCOB BO BPEMCHHOM
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Puc. 2. OcHOBHOIT (hparMeHT BEIYUCIUTEIHHOTO OJI0KA TPUTTEPHON CHCTEMBI

Hacrpoiika mmpuHBl OKHa peaqn3oBaHa CIEAYIOmUM oOpa3oM. B
TpUITEpE MPESYCMOTPEHBI PETUCTPHI LIMPHHBI OKHA, B KOTOPBIE C KOM-
neiotepa DAQ 3anmceiBaroTcs TpeOyemble 3HaueHMs. Kaxnaplid Takt
FIFO BBIIarOT 9MCIIO0 COOCTBEHHBIX 3aHSTHIX CJIOB (UW). JlaHHOE YHCiI0
CPaBHUBAETCS C TEM, KOTOPOE 3aJIaHO B PETUCTPE IMUPUHBI OKHA, U B
ciyuae paBeHCTBa BbiaeTcs curHan Ha ureHue FIFO (RDreq). Takum
obpasom, Bce ucnonb3yemele cioBa B FIFO o6pasyrot cocrosinue 3Ha-
YeHWH CyMM, TIOJYYEHHBIX Ha TaKTax BHYTpPH JIaHHOTO okHa. Komude-
CTBO UCIIOJIB3YEMBIX CIIOB CTAHOBHUTCS IOCTOSIHHBIM, TaK KaK CHUTHAJ Ha
3aMMCh BKJIIOYEH BCETAA U BKIIIOYMJIICS CUTHAII Ha YTCHHE.

Pe3ynpTaTthl cyMMaTOpOB C aKKyMyJIATOPOM CPaBHHMBAIOTCS CO 3HA-
YEHUSIMU, 3aJJaHHBIMH B PErUCTpax Moporo. B cioyvae ecnu pesynbraTt
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MPEBBICWJI HIDKHUM M HE TPEBBICKI BEPXHUH MOPOT B TEUCHHUE BpE-
MEHHOTO OKHa, BBIPa0aThIBAETCSI JIOKANBHBIA TPHUITEpP, MOCTYHAIOIIUMA
Ha cxemy coBmajeHwii. JInaus 3anepxku JI3 obecrieunBaeT coxpaHeHue
HIDKHETO TIOpOoTra Ha BCIO IIMPUHY OKHA, YTOOBI MCKIIOYHTH BO3MOXK-
HOCTh cpaOaTbIBaHMsI TPUITEpa, KOTAa BHYTPU OJHOTO OKHA CHavaia
MPEBBIIIAETCS] HUYKHUM MOPOT, 3aTeM — HIXKHUM 1 BEpXHUH, 3aTEM CHOBa
TOJIBKO HIKHHHA. B Takom cimydae o0a curaama OyAZyT B COCTOSHUH
SJVHHUIIBI U, TOCTYNUB Ha 3neMeHT U ¢ omauM BxoxoMm HE, pesynbrar
OyJIeT paBeH HYIIIO.

Cxema cosmaneHuit (puc. 3) peanuzoBaHa Ha anmementax U, NI,
HE. Jloruka paboThl cxembl cieaymomas. B perucrpe BKIoUeHUs Ka-
HAJIOB 33JIaeTCsl CIMHUIA B OMTax KaHAJIOB, KOTOPBIC IOJDKHBI OBITH
BKIIFOUEHBI, & HOIb — B T€X OUTaX, KOTOPHIE COOTBETCTBYIOT BBIKIIIO-
YEHHBIM KaHaJIaM.

inhibit
LWKWHa
VME

*0 zawenka Ha 1 Cxema 3afaHHA
conagexne MKC MiuH. uHTepaana | TPUITEP
&t » I Meay I >
» TPUrrEpami

pervctp
» BHAIOYEHUA
KaHanoe

»

Y Y v Xy Xy XY KY Xy ¥y ¥Y XY X

NNOKa/ibHbl€ TPpUIrepbl

1,

Puc. 3. Cxema coBmaneHuit u cxema GopMHUpOBaHUS TPUTTEPHOTO CUTHAIA
TPUITEPHOMN CUCTEMBI

BbIxog Ka¥moro JOKaIbHOI'O TPUITEpa W BBIXOJ OHWTa COOTBET-
CTBYIOLIEro peructpa noaarrcs Ha cxemy WMJIN ¢ ogaum Bxogom HE.
Ecnm xaHanm BBIKITIOYEH, TO HOJb COOTBETCTBYIOIIETO OWTa pETHCTpa
HWHBEPTUpPYETCS, U BbIXxoJ cxeMbl NJIN nact enuHuIly, HE3aBUCUMO OT
3HAUCHUs JIOKaabHOro Tpurrepa. Ha Beixomax snementoB NJIN Bkito-
YEHHBIX KaHAJOB EIWHUIA TMOSBUTCS TOJBKO B CIy4yac JOKaJbHBIX
TPHUTTEPOB, PABHBIX €AMHHUIIE HA COOTBETCTBYIOIINX KaHanax. Korma Bce
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KaHaJIbl COBIIA/IAIOT, cxeMa M BeIpabaThIBaeT €MUHUILY, CHTHATIM3UPYS O
coBnajieHWH. [laHHBIA CHUTHANl MMOCTYMAET B CXEMY 3allelKd A Gop-
MHUPOBAHUS Ha BBIXOJE CUrHaja JumMTenpHocThio 1 Mkc. Cdopmupo-
BaHHBII TPUITEPHBIH CUTHAJ MPOXOAUT uYepe3 CXEMy 3aJaHUsl MUHU-
MaJILHOTO WHTEpBaJla MEKAY TPUITEpaMH, U €CIId MHTEpBajl HE Hapy-
LIEH, BbIIAETCS 4yepe3 BHEMHMM Boixon MaccuBy ALl Bernauy Tpur-
TepHOI0 CUI'Haja MOKHO 3alPeTHUTh, II01aB CHUTHAJ Ha BHEIIHUHM BXOX
inhibit. [Tpu 3ToM coObITHE BCe paBHO OyIIET 3aperUCTPUPOBAHO.

brok perucrpanuy COOBITHUH MpeACTaBsieT cO00i cxemy oOHapy-
JKEHHS TOCIEIHEro CpaboTaBLIETo MEpeA COBIAACHUEM JIOKAJIbHOTO
TPUITEPA, COCTOSIILIETO M3 JBYX MOCIEAOBATEILHO COCTMHEHHBIX JeCs-
TUPA3PAIHBIX (TaK KaK KOJIMYECTBO KaHAIOB paBHO 10-TH) perucTpos,
24-x pazpsnHblii caetynk BpemeHnn U FIFO must coOwrtuit. CueTdnk
BPEMEHH, BBHIY €ro IEpErOJHEHHs, HEOOXOOUMO NPUBS3BIBATH K
cueTunky BpeMeHu Ha cucremMe DAQ. Hlupuna FIFO 32 paspsna,
rnyouna — 4096 cnos. Pazpsiner 31-28 3apesepBupoBansl, 27-24 — kox
MOCIIETHETO CpaboTaBIIero KaHana mepen cosmaneHuem, 23-0 — Bpe-
MEHHasi OTMETKa COOBITHS B MUKpocekyHaax. Koa dhopmupyercs ¢ mo-
MOIIBIO CTaHAAPTHOW cXeMbl mmdparopa, KOTopas npeodpasyeT yHU-
TapHBIM KOJl B IBOUYHBIH.

Peann3zoBana BO3MOKHOCTh HE BBIAABATH TPUITEPHBIA CUTHAI MPH
nepenonaennn FIFO, mnbo xe mepe3anuceiBaTh cTapble COOBITHSI.

Pe3ynbTaTtbl MCNbITaHWI

IIpoBepka pabGoThl Osioka mojacyera SPE ocymiecTrisaach npu mo-
MOIIIM TEHEPaTOpa CUTHAIIOB IMPOU3BOILHON (POPMBI, KOTOPHII HACTpa-
UBAJICS Ha TEHEPALMIO I[yTOB H3BECTHOIO KOJUYECTBA HMITYJHCOB.
MakcumanbHas pabodasi yactora cucteMmbl coctaBmia 100 MI'n, mak-
CUMaJTbHAas 33/IePKKa BBIIAYH TPUTTEPA TIO0CIIe BOSHUKHOBEHHUS COOBITHS
coctaBuia 10 He, Cxema, Bxoasimas B ocHOBY nporiusku jJuist [IUINC va
miare 6soka CAEN V1495, 3ansuta 50 % Bcex ee pecypcos.
s mpoBepku pabOTHl CHCTEMBI B YCIIOBHSX, MPUOIMKEHHBIX K pe-
abHBIM, OBLTa cOOpaHa yIpOoIIeHHAs MOJIENTb OJTHOTO KaHajla yCTaHOBKHU
B coctae ®DY B TEMHOM SIIHMKE, OCBEIIAIONMIETO €r0 CBETOAMO/IA, U
nuckpumuHatopa. C reHeparopa CHTHAJIOB Ha CBETOAMOJ TOABAJICS
UMITYJbC JIUTEIBHOCTRI0 | MKC W aMIUIMTYIOHM, OCTATOYHO MAaJoH,
yTo0b1 ®DY peructpupoBanio OnWHOYHBIE (HOTOAIEKTPOHBL. HM3mene-
HUEM aMIUIUTY/IBI TIOaBAEMOTO CHUTHAJA OCYIIECTBISIIOCh YIIPaBIeHIE
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CPEIHUM KOJIM4uecTBOM (poTodeKTpoHOB. [lopor nuckpumunaTopa ObLT
yctaHosyieH Ha ypoBHe 0.5 amrmiutynsl SPE. Curnan ¢ auckpumuHa-
topa momaBaincs Ha FlashADC wu 3ammceiBasics B ¢aiiil COBMECTHO ¢
MIPU3HAKOM Cpa0aThIBAaHUS TPUTTEpA, TPUITEP Opajcs OT MEPBHYHOTO
reaeparopa. @opMbl CUTHAJIOB B AajbHEHIIEM aHATU3UPOBAIKCH MPU
MTOMOIIIH MTPOrpaMMBI 00pabOTKH, KOTOpasi HAXOIWJIA U TIOJCUNTHIBAJIA
KOJIMYECTBO MMITYJIHCOB B KQKJOM COOBITHH. 3aTeéM CTPOHMINCH THCTO-
rpaMMBbl paclpelefieHns KONUYEeCTBA COOBITHHA MO KOJIUYECTBY HM-
MYyJIbCOB B COOBITHH JJISI TEX COOBITHH, Tlle MPHUCYTCTBYET MpPU3HAK
cpabaThIBaHUs TPUTTEPA, U IS BCceX COOBITHH. OTHOIIEHHE TUCTOTPAMM
naeT 3¢ (GEeKTUBHOCTh, MPUBEACHHYIO Ha puc. 4. JIerko BHIETh, YTO
TpUTTEp BBIpabaTHIBAETCS CTPOTO B Mpe/esiaX MEXIy YCTaHOBICHHBIMU
HIOKHUM U BepxHUM Tioporamu (5 SPE u 16 SPE, cooTBeTcTBeHHO), Mpu
sToM 3 pekTuBHOCT cocTaister 100 %.
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Puc. 4. Tucrorpamma 3 peKTHBHOCTH TPUTTEPA B TIPE/IETaX 3aJaHHBIX TOPOTOB
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Habmromaemoe HeOONBIIOE pa3MbITHE Ha TPaHUIAX JUdANa3oHa
MOXHO OOBSCHUTH HEOOJBIIMMU OCOOCHHOCTSAMH ydYeTa KOJIUYECTBA
HMIIYJIbCOB B IIPOrpaMMe€ aHAJIA3a.

Taroke paboTa TPUITEPHOTO MOl ObliIa MPOBEPEHA B HECKOIBKUX
HaOOpax JaHHBIX BO BpeMs CEaHCa M3MEPEHHH, MPOBEJICHHOTO C IO-
Motpio getekTopa RED-1 (mpototuna gerekropa RED-100) B nexabpe
2013 r. I1o pe3ynpTaTaM NPOBEPKH HEJAOUYETOB HE 0OHAPYKEHO, MOJIYJIb
paboTaeT mTaTHo.
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Pabora mpoBesieHa mpu MoOAJEpKKE TOCyIapCcTBEeHHOro KoHTpakta HUSY
MUNOU u Mununcrepcra obpazoBanust PO Ne 11.G34.31.0049 ot 19 okrs16ps
2011 r. B pamkax rpaHTa mpaButenscTBa Poccuiickoit denepanuu no nocra-
HoOBIIeHHIO Ne220.
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CUCTEMA KOHTPONA AETEKTOPA P3/1100
ANnA 3KCMEPUMEHTA HA YCKOPUTENE SNS*

B.B. AHaHbeB 2, AN. BOJ‘IO3L[I)IH511, K.®. Bnacmcl, B.B. Z[MmpeHKol,
10.B. EqueMeHKol'3, 3.M. Vremes®, B.B. Cocrosues’, U.A. TOJICTyXHHl,
A.B.[HaKPIpOBl, P.P.L[Ia(bnrynnnﬂl, A.B.XpOMOB1
Hayuonanenviii uccnedosamenscxuii sdepuwiii yuusepcumem « MUDH»
2 Mockosckuii 2ocyoapemeentulii mexnuueckuti yuusepcumem um. H.D.Baymana
3YHueepcumem wmama Tenneccu, Hoxceunn, CIIIA

[IpuBeneHo onmucaHue CUCTEMBI KOHTPOJISA YMHUCCHOHHOTO JETEKTOpa Ha
)kuakoM kceHoHe POJI-100, npenHa3HauE€HHOTO I MOMCKA U UCCIIEOBA-
HUA 3¢ QeKTa KOTEPEeHTHOTO pacCestHUs HEHTPHUHO HA TSDKEIBIX sIpax.
[IpencraBneHsl SKCIEPUMEHTANBHBIE PE3YJIBTATHI, TOJNYUYCHHBIE NIPH Te-
CTHPOBAHMH TEPMOCTAaTUPOBAHUS JAeTekTopa. [Ioka3zaHa BO3ZMOXKHOCTH 3a-
XOJIXKMBAHMS JIETEKTOpa A0 pabodeil TeMIepaTypsl BOIM3H TEMIEPaTyphl
JKUJKOTO a30Ta C TMOCIEAYIOIEH TepMOCTaOMIM3alel ¢ TOYHOCTBIO HE
xyxe 1 rpagyca.

CosznaBaembiii pamkax kosuraboparuun COHERENT sMuccuoHHBI#M
JeTeKTop Ha xkujakoM kceHoHe POJI100 mpenHasHaueH A1 MOMCKA U
uccienoBanus 3¢ (hekTa KOrepeHTHOTO pacCesTHUs HEUTPUHO Ha TsDKe-
neix sapax [1, 2]. B pabote [3] paccmaTpuBavCh BOIPOCKH OXJIaXKICHUS
(TepMocTaTUPOBaHUS) TPOTOTHIIA IETEKTOPA C ITOMOIIBIO YETHIPEXKa-
HapHOTO TepMocudoHa. B HacTosIei craThbe mpeAcTaBleHO 00IIee
ommucaHue cuctemMbl KoHTpods netekropa POJ1100. [IpuBomstcs pe-
3yJAbTAaThl Pa0OTHl CHUCTEMBI B PEXKHUME JHHAMHYECKOTO TEPMO-
CTaTUPOBAHMUSI IPU TEMIIEPATYPE KUJKOI'0 KCEHOHA.

Cucrema KOHTpOJSl TpeaHazHadeHa I ChéMa HHPOpPMAIUU C
3JIEKTPOHHON YCTAaHOBKHU B PEKUME PEATHHOTO BPEMEHH, YITPaBICHUS €&
OTENbHBIMU MOJICUCTEMAaMHU, 3alUCH TEKYIIUX JaHHBIX B JIOKAJIBHYIO U
ynanéHHyo 0a3bl JaHHBIX, BU3yalU3allMI0 JAHHBIX W OTPabOTKYy He-
MTATHBIX cuTyanuid. CucTemMa, CXeMaTUIHO TPEACTaBIICHHAS HA puC. 1,
BKIIIOUAeT B ceOs almapaTHYr U IPOTPaMMHYIO 4YacTH. ATmaparHas
4acTh, MOKa3aHHAsl HA PUCYHKE CJE€Ba, B CBOIO OUEpe/lb BKIIIOYAET Clie-
JIYIOTITHE TTOACUCTEMBL:

" Omnpaeneno ¢ Ipubopvl u mexuuxa sxcnepumenmad.
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1) cucrema ynpapieHus 4-KaHaJbHBIM TEPMOCH(POHOM;

2) cucTeMa yrpaBJieHHs TIOTOKAaMU KCEHOHa B Ta30BOM CHUCTEME Jie-
TEKTOPA;

3) cuctema ympaBlieHUs] BHICOKOBOJIBTHBIM MTUTaHUEM 1 Gopmu-
poBanus apeiipoBoro o0béma geTeKTOpa;

4) cucteMa 3aIUTBl CUIIOBBIX 3JIEMEHTOB YCTaHOBKH OT IIEPErpeBa;

5) cuctema OMOBEIICHUs NMPH BO3HUKHOBEHHH HEIITATHBIX CHTYa-
LU,

Wudopmanus ¢ ykazaHHBIX TOACHCTEM IPUHUMAETCS IO CETH
Ethernet ympasmstorum ITK ¢ momorsio nporpammer “Cepsep”. JlaH-
Has MporpamMMa B PeXHME pealbHOro BPEMEHH pellacT 3ajadd JTua-
THOCTHUKHU, KOHTPOJIA, YHPABJICHHA KW COXpPAaHCHUA IOaHHBIX B Oazax
JaHHBIX, a TAaKXKE OTOOpaKeHMS TEKYLIMX 3HAUYCHWH Ha 3KpaHe MOHH-
topa. [Iporpamma “KnmeHT” cayXuT 1 Tpadudeckoro oToOpaskeHus
uHpOpMAIMK U PabOTaeT HE3aBUCUMO OT YIPABJISAIONICH MPOTpaMMEI.
BI/I3yaHH3aHI/Iﬂ JaHHbIX 00eux mporpaMm BBIINIOJHACTCA € IMOMOILIBIO
JIBYX 27’ MOHUTOPOB, PAacCIOJIOKEHHBIX HA MECTE ONEpaTOpa.

PaccmoTpum mogpoOHee coctaB M (YHKIIMOHANBHOCTh OTIENBHBIX
MOJICHCTEM,

Hardware Software Visualization

Termosyphon controle subsystem

Server
display

Gas controle subsystem Server Client

High-voltage control subsystem

X / Client

Overheat control subsystem i / display

B P —

Alerter

SMs [ Database |
}7 \ /

Puc. 1. Ctpykrypa cucremsl koHTpo:s aerekropa RED-100 (cM. Tekcr)

OyHKIMOHATEHAST CXeMa YIPaBICHHUS YeThIPEXKaHATBHBIM TEPMO-
cudoHOM ToKa3aHa Ha puc. 2. Cucrema coOpaHa Ha OCHOBE MOJYJieH
cepun Adam-6000 ¢upmer Advantech, cBszannas c¢ cethto Ethernet
yepe3 KoHIeHTpaTtop (a). Moaynn o0ecreunBaoT U3MEPECHHIE TEMITC-
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paTypbl TEPMOCTaTUPYEMOTO0 OOBEKTa C MOMOILIBI0 BKJIHOYEHHOTO IO
TPEXTOUCHHON CXeMe IUIaTHHOBOro Ttepmopesuctopa PT-100 (b) u
JIABJICHUSI 230Ta C MOMOIIBIO MThe30KPUCTAITMYECKOTO JaTYHKa JIaBJie-
aus PTI-S-AC15-15AQE (g). IMokaszaHHble Ha PHUCYHKE KJIAIaHbI C
SMIEKTPOHHBIM YIIPABJICHUEM HCIOIB3YIOTCSA I BIOpbICKAa (C) HIH
copoca B armocdepy azora (d) B/m3 TepmocuoHa, COOTBETCTBEHHO.
[penycMoTpeH Takke KaHal OTKAYKH a30Ta C MOMOIIbI0 BAKYyMHOTO
Hacoca (Ha puc, He mokasaH), [lojaua ynpaBiSIONMX CUTHAJIOB Ha
KJIarmaHbl KOHTPOJIUPYIOTCS C IOMOIIBIO MOAYJS HHU(POBOTO BBOAA (€).
JIOTIOTHHUTENLHO, B COCTaB CHUCTEMbI Yepe3 MEepeXOMHHK (j), BKIFOUEH
Bakyymmetp (h) Ui KOHTpOJISI BAKYYMHOW M30JSIMH JeTekTopa, Cu-
CTeMa BKJIIOUEHA B CTOMKY YIPaBJICHUS TEPMOCH(HUOHOM.

] \ %
3 =
|

Puc. 2. OyHKIMOHATBHAS CXeMa YIPABICHHS U KOHTPOJIS MapaMeTpOB YeThI-
péxkaHanpHON cuctembl TepmoctarupoBanus: EKI-2528 — cereBoit koHueH-
tparop (a), Adam-6015 — Moxysp aHAIOrOBOro BBOJAA LIS TEPMOPE3HCTOPOB
(b), Adam-6052 — MoayNTb JHCKPETHOrO BBOJAA CHUTHAJOB C YIPAaBISIECMbIX
kianano (c,d), Adam-6050 — moxynas mudposoro Beoga (e), Adam-6017 —
MOIy/Ib ~QHAJIOrOBOTO BBOJA CHTHAJIOB C Jarduka jgaejieHus  (Q),
NPORT-56108DT — nepexoauuk Ethernet-RS232 (i), TPG-262 — BakyymmeTp
(h), (j) — ucrouHMKK IHTAHUS
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OyHKIMOHAILHAS CXeMa YIPaBJICHUS U KOHTPOJIS TapaMeTpoB ra-
30BOM cuctemsl Aetekropa RED-100 [3] npeacraBneHa Ha puc.3. OHa
yIpaBiseTcs MO JTHHUSAM CcBsi3u RS-232 depe3 mepexomHHK OT ceTd
Ethernet (a). Cuctema obecrieunBaeT peryJupoBaHHE MO 33TaHHOMY
3aKOHY YETHIPbMsI TIOTOKAMH KCEHOHa B T'a30BOW CHUCTEME JETEKTOpa
RED-100 ¢ momoribio 4eThipéXKaHaibHOTo KoHTposutepa (D) u perysis-
topamu moroka (ch.1-ch.4). Kpome Toro, obecreunBaeTcs M3MEpPEHHUE
JIABJICHHUS B YETHIPEX KOHTPOJILHBIX TOYKAX T'a30BOH CUCTEMBI C IIOMO-
IIBIO IByXKaHAIIBHBIX U3MepuTeneil nasnenus (c,d), ¢ naraukamu ().

|
] L

fa b

Puc. 3. ®yHKImOHaNBEHAS CXeMa YIPABJICHUS U KOHTPOJIS TapaMeTPOB ra30BOi
cucrembl: NPORT-56108DT — nepexonnuk Ethernet-RS232 (a); MKS-647 —
4-kaHaNbHBIA KOTpOJUIEp ra3oBoro noroka, MKS-1479 — koHTposuieps! razo-
Boro moroka (ch.1-ch.4), Datum-2000 — nByxkaHaJbHbBII BakyymmeTp (c, d),
(e) — maruuku naBreHUs

OyHKIMOHAIIEHAS CXE€Ma YIIPABIICHUS M KOHTPOJISI TapaMeTPOB BbI-
COKOBOJIbTHOH CHCTEeMBI [yisg (OpMUpOBaHus JpeidoBoro oobéma Je-
TekTopa [3] mokazana Ha puc. 4. OHa peanu3oBaHa HEMOCPEICTBEHHO B
CTOMKE W3MEPUTEIHLHON CHCTEMBI U BKIIIOUAEeT B ceOsl CeTeBOI KOHLICH-
TpaTop (2) (B TOM uncie Ui pacuMpenus uHui cBszu Ethernet) u nea
udpoananoropeix Momyas (b) mms ympaeinenus GI0KaMHM BBICOKO-
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BOJITHOTO HanpsDKEeHUs (C). YIpaBiIeHHE OCYILECTBISETCS C TIOMOIIBIO
12 pazpsanoro LIAIL a xoHTposb 0OecrieunBaeTcs, ¢ MOMOIIBIO BXOI-
Horo 16-paspsaaoro ALIII, Bxoasimux B coctaB momyisi Adam-6024.
Hudpossie BBIXOIBI MOAYNSA CIyXaT AJS BKIIOYCHHUS- BBIKJIIOYCHUS
BBICOKOT'O HampspkeHus. CucreMa cHaOXeHa OTIENBHBIM HCTOYHHKOM
muranus (d).

1
|

|

Puc. 4. ®OyHkIMoOHaNBHAS cXeMa YIPABJICHUS U KOHTPOJIS MapaMeTPOB BBICO-
KOBOJIBTHOM cucTeMbl netekropa: Adam-2024 — aHamoroBblid BXOAHON/BBIXOI-
Hoi Mmonyab (D), SLXXPN10 — BBICOKOBOJBTHBIE HCTOYHHMKH IHMTAHUSA C
HarnpspkenueM XX 10 20 u 50 kB coorserctBenHo (C), PWR-244 — ucroynuk
nutanus (d)

@OyHKIMOHATIbHAS CXeMa KOHTPOJISI CHCTEMbI OT IeperpeBa ycTa-
HoBk RED-100 mpencraBmena Ha puc. 5. OHa npegHazHayeHa s
KOHTPOJISI OT TIeperpeBa CHIIOBBIX 3JEMEHTOB YCTAHOBKH, TaKMX Kak
OJIOKM TMHUTaHHUS KPEHTOB M HACOCHI, ¢ MOMOIIbI0 u3meputens (D) u
TEMIIEPATYpPHBIX TAaTUYNKOB, YKPEIJIEHHBIX Ha COOTBETCTBYIOIIEM 00O0-
pynoBanuu. CuctemMa O0OBEIMHEHA C BBICOKOBOJIBTHOW CHUCTEMOM
YIIPaBJICHHS, UCTIOJIB3Ysl COBMECTHBIE PECYPCHI (CETEBOI KOHIICHTPATOP,
onok nutanus). Kpeitet NIM (h) uMeroT BcTpoeHHyr0 cHCTeMy KOH-
TPOJISL OT TIEPETPEBA CO CBsA3BIO Mo JuHuK Ethernet.

CucTteMa OMOBEIIEHHS P BO3HUKHOBEHUH HEMITATHBIX CHUTYAIUil
MMeeT NPOrPpaMMHYIO U allapaTHyr peanusanuio. [IporpamMHas pe-
aITM3aIns CepBepa OCYIIECTBISICTCS C TIOMOIIBI0 BCTPOSHHOW KOJIOHKH,
a anmaparHasi — ¢ IOMOIIBIO CHPEHBI, YCTAaHOBJIICHHOW B CTOMKE YIpaB-
JIeHUsI TepMOCU(POHOM, VCroNb30BaHe TOTO WM WHOTO CIIocoda Omo-
BEIICHMS, BKJIOYass pacchUiky SMS cooOmieHuit omnpemensercst mpo-
TrpaMMHO, B 3aBUCIMOCTH OT XapaKTepa HEIITaTHON CUTYyaIlny.
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Puc. 5. ®dyHxnmoHanpHast cxeMa KOHTPOJISI CUCTEMEI 0T neperpesa: EKI-2528 —
cereBoil koHUEeHTpaTop (a), Adam-6017 — aHaIOroBbIi BXOMHON MOAYIb CHUT-
HAJIOB TEMIICPATypHBIX MaT4ukoB (D), IeTeKTOPHOM cHCTEMBI (C), Ta30BOU CH-
cremsl (d), m3mepurenbHoit cuctemsi (&), (h) — cucrema kouTposst kpetito NIM

B HacTosIee BpeMsi BBITIOJIHACTCS COOPKa, OTIIAIKa U TECTUPOBAHHUE
nerekropa POMI-100 u ero otnenbHbIX moicucteM. B uactHoCcTH, B
paMKax MPOBEPKH BO3MOXKHOCTH TEPMOCTATUPOBAHMS JIETEKTOpa IpH
TeMIlepaType J>KHJIKOTO KCEHOHA, BBHIMIOJIHEHA OJKCIECPUMEHTAIbHAS
MPOBEPKA CHUCTEMBI YIIPABIIEHUS YETHIPEXKAaHAIBHBIM TEPMOCU(POHOM.
Macca oxnaxaaemMoro oobekra cocrasisuia 120 Kr, a KOJMYECTBO KOH-
neHcrupyeMoro kceHona 20 Kr.

VYnpaeneHnue tepMocu(OHOM, a UIMEHHO, BBIBOJ] YCTAHOBKH Ha pa-
0ouyr0 TeMrepaTypy ¢ HMOCIeIyroIIel cTa0mIn3aueil B 3alaHHOM WH-
TepBaje Ul BCeX KaHAJIOB BHITIONHSJICS HE3aBHCUMO. TakuM 00pa3om,
obecreurnBaeTcs BO3MOXKHOCTh TEPMOCTATHPOBAHUS JIETEKTOpA IO He-
TBIPEM TOYKAaM C 33JaHHBIM TEMIIEpaTypHbIM rpaaueHToM [3]. buaro-
Jlapsi 3HAYNTEIIBHON Macce OXJIAKIAEMOTO IETEKTOpa, U KaK CJICICTBHE,
0OJTBIIION TeMITepaTypPHON HHEPITMOHHOCTH, aJITOPUTM PaOOTHI CHCTEMBI
TepMOCTaOWIM3aIMK JOCTATOYHO MPOCT. PaccMoTpuM ero Ha mpumepe
OJIHOTO KaHalla, MPEAroaras, YTo HaJi0 BBIBECTH TEPMOCU(DOH C KOM-
HATHOW TeMIepaTypsl 10 paboueii TO, U 3aTeM yIepKUBaTh ¢€ B HH-
tepBasie TO£AT. Brirrouaem TepMOCU(OH, OTKPBIB Ha BpeMs Aty kinaman
BIIPBICKA a30Ta. Yepe3 HeKoTopoe Bpems (MOpsIKa HECKOIbKO YacoB)
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Temrmeparypa AocTuruet 3HadeHust 10-AT. [Ipu sTom Ha Bpems At, ot-
KpBIBaeTCs KiamnaH copoca a3ota B aTMocdepy, OTKIIIo4as JanbHeiiee
OXJIQK/ICHHE W TIEPeBOAS CHUCTEMY B PeXHM TepMmoctabimsamun. [lox
IPUTOKOM BHEIIHETO TEIIa TeMIlepaTypa Ha9YWHAET PacTH M JOCTHTaeT
3HadeHus: 10+AT, mocie 4ero cHOBa OTKpBIBAaeTCS KIANaH BIIPBICKA
azora (At;) W OUKI OXJaXAeHUs MoBTOpsercs. [lapameTpnr Aty, Atly
(i=1,4) — xanuOpPOBOYHBIC KOHCTAHTHI, MOAOMPAEMbIC IKCIICPUMEH-
TaJIBHO IS KKJ0TO TepMOCH(OHA ¢ YIETOM €ro MOITHOCTH, a TaKKe
HEOOXOJMMOCTHI0 MUHIMHU3AIINN TIOTEPh Ta3000pa3HOTO a30Ta.
OKcrepuMeHTaNbHas 3aBUCUMOCTh TEMIEpaTypbl OT BPEMEHH IS
YeTHIPEXKaHAIBHOTO TepMOCH(OHA TII0CIE BBIBOJA OXJIAKIAEMOTO
00bekTa B pabouyro TOYKy ¢ Temrmeparypoii ~ 167,5 °K mokaszan Ha
puc.6. I'papuxu monydensr npu AT ==+ 0,5°. Bugno, 4ro, Bapbupys
JAHHBIA TIapaMeTp, HECIOKHO JOOUTHCS CTaOMIBHOCTH TEMIEPaTyphI
JIETEKTOpa B MpEeAeiIax OJHOTO Ipaxyca W HIDKE NPH MPpHUEeMIIEMON dYa-

crote BKmouenns KiamagoB (< 0.5 a ™),

171 -

170

169
168 U 4

?

167

166

165

164
163 —1 v 1 v 1 I I & I & I % 1 7 v
0 1 2 3 4 5 6 7 8 9 10

Temnepartypa, K

Bpewms, 4

Puc.6. DxcriepuMeHTaIbHAS 3aBHCHMOCTh TEMIIEPATyphl OT BPEMEHH I 4e-
TBIPEXKaHAIIBHOTO TepMocudoHa. MHAEKCH COOTBETCTBYIOT HOMEPY TEPMO-
cu(oHa ¥ COOTBETCTBYIOIIEH TOUKE OXJIAXKACHHS JeTekropa (1, 2 — BepxHssI U
HIDKHSIS TOYKA JICTEKTOpa, 3, 4 — 1Be OOKOBBIX CTCHKH)
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3aknioyeHue

B pabote mpeacraBneHO ONMMCaHWE CHCTEMBI KOHTPOJS SMHUCCHOH-
HOTO JeTeKTopa Ha kuakoM kceHone POJI-100, mpenHa3HadeHHOTO IS
MOWCKa W UccieoBaHus 3(pexTa KOrepeHTHOTO pacCestHUS HEHTPHUHO
Ha TSOKENBIX siapax. IIpencTaBieHbl sKCIepUMEHTaIbHBIE PEe3yIbTaThI,
MOJTyYeHHBIE TIPH TEPMOCTATHPOBAHUN JIETEKTOpa B 0OJIACTH TeMIepa-
TYpHI KAIKOTO KceHOHa. [lokasana BO3MOXKHOCTH 3aXOJIaKUBAHUS JIe-
TEeKTOpa A0 paboueil TeMIepaTypsl U MOCIEeYIOMIeH CTa0IH3aIen ¢
TOYHOCTEIO B IIpenienax 1 rpamyca.

Paborta mpoBeneHa mpu MOANEPIKKE TOCYAapCTBEHHOTO KOHTPaKTa
HUAY MUOU u MununcrepcrBa obpazoarus PO Ne 11.G34.31.0049
ot 19 okTs0ps 2011 1. B paMkax TpaHTa MpaBUTENbCTBa Poccuiickoit
®enepanyn 1o moctanoBieHUto Ne 220.
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We propose to detect and study neutrino neutral elastic coherent scat-
tering off atomic nuclei with two-phase emission detector with liquid xenon
as a target medium. One of the possible experimental site is a Kalinin Nu-
clear Power Plant (KNPP) situated in the Russian Federation. In this paper
we discuss the design of the detector and expected signals and background
for this site.

Introduction

There are a lot of predicted physical phenomena, which haven't been
experimentally discovered yet. For example non-baryonic dark matter,
neutrinoless double beta decay. One of the most interesting processes,
predicted by Standard Model (SM), is the coherent elastic neutrino nu-
cleus scattering. Discovery of this process would give additional con-
firmation of SM and also could be used for nuclear reactor monitoring.
This search require development of detectors responsible to distinguish
extremely rare events from background caused by natural radioactivity
and cosmic rays.

One of the promising technologies for this challenging task is a
two-phase emission detector technology. It is well-known technique for
direct dark matter searching. Recently, RED (Russian Emission Detec-
tors) collaboration performed large mass liquid Xenon emission detector
for neutrino research. This article is focused on the one of the possible
site for our detector — Kalinin Nuclear Power Plant, design of the de-

* Omnpasneno 6 Physics Procedia Elsevier.
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tector and primarily simulations of expected signal in comparison with
different background are presented.

Search for elastic coherent neutrino scattering at KNPP

Coherent scattering

Coherent elastic neutrino nucleus scattering was predicted by the SM
long time ago [1]. The differential cross section of this process can be
given by the formula:

2

9o _CEqim (1—M—E£JF2(Q2),

dE, 4n 2E;
where Gg is the Fermi constant, F(Q®) is the form factor at
four-momentum Q and Q,,= N — (1 — 4 sin’(6,,))Z is the weak charge for
a nucleus with N neutrons and Z protons, 6,, is the weak mixing angle.
The total cross section is relatively large which is presented as:

6~0.4-10*N?(E,)?*cm?

E, is measured in MeV [2]. This formula is valid for neutrinos with
energies up to 50 MeV, and thus can be applied to reactor, solar and
supernova neutrinos. The dependence of the cross section on the neutron
number as N? provides a significant advantage for detectors using heavy
nuclei as a target. Consequently, the compact neutrino detectors can be
used for observation coherent neutrino scattering and furthermore for
reactor monitoring techniques and nonproliferation tasks [3]. Unfortu-
nately, the reaction has not been measured yet, since the energy of recoil
nucleus is extremely low. For example, the energy of Xenon recoil nu-
cleus is below 1 keV for neutrinos produced at nuclear power plant.
Detectors for this research require large mass, high efficiency for
sub-keV signals and low background level. There are several directions
of development detectors for searching coherent scattering: low noise
Germanium detector [4], low background Nal detectors [5], and noble
emission detectors [6, 7, 8]. We are studying the last one technology
since its capability to measure low signals, compactness and good
scalability up to several tones in the future.

Emission detector RED-100
The emission method of particle detection was invented about 40
years ago [9]. It can be used for construction of so called “wall less”
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detectors, that make them attractive for low background experiments
[10]. Also this technique allows detection of single ionization electron,
generated in target medium, such as condensed noble gases. Nowadays
emission detectors are widely used for cold dark matter searching in
assumption that it manifests itself as weakly interacting massive particles
(WIMPs). Neutrino coherent scattering off heavy nuclei must have the
same signature as a WIMP's signal. Two-phase emission detector oper-
ates as follows (Fig. 1):

Fig. 1. Operation principle of two-phase «wall less» detector with liquid xenon
as a target medium. Sc — scintillation flush generated by interaction of particle X
with Xe atoms; EL — electroluminescence flush in the gaseous state generated
by electrons extracted from liquid state by electric field F; PMT1 and PMT2 —
arrays of PMTSs responsible for detection Sc and EL; A — the fiducial volume;
B — liquid xenon used as an active shield for fiducial volume. The active volume
is surrounded by a highly reflective cylindrical teflon reflector with electrode
structure providing uniform electric field F. The detector is enclosed in the
vacuum cryostat made from low-background titanium
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1. Radiation interacts with the target (liquid xenon in our case),
ionizing and exciting atoms. Excitement of atoms is released by emission
of characteristic photon. This scintillation signal can be registered and
used as a trigger.

2. lonization electrons drift under external electric field to the sur-
face of the condensed state where they pass to the gaseous state through
the surface potential barrier. In the gas, under strong external electric
field, electrons attain enough kinetic energy for exciting atoms of the
gas. Thus secondary scintillation (so called electroluminescent) is gen-
erated.

3. Both primary and secondary scintillations are measured by pho-
todetectors. With a set of photodetectors one can reconstruct the coor-
dinates of the original event in the plane of the set. Using the time delay
between two scintillation signals corresponded to electron drift time the
third coordinate can be derived.

4. Fiducial wvolume (A, Fig.1) can be determined using
three-dimensional reconstruction. Huge amount of target medium with a
high stopping power around the fiducial volume suppress background
caused by radioactivity of detectors parts. It can be also used as an active
shield to reduce background in fiducial volume correlated with interac-
tions in outer volume.

5. Further analysis of scintillation and ionization signals can reject
background as well.

The RED-100 is the two-phase emission detector being under con-
struction in correspondence with its schematic computer model showed
at the figure 2. The detector consist of vacuum cryostat made from tita-
nium for maintenance xenon in liquid state. There is an electrode struc-
ture in the cryostat for applying an electric field to the liquid xenon. It
consists of grid cathode at the bottom, electrode field-shaping rings and
grid electrodes used for making strong electric field in the electrolumi-
nescent gap. Target medium included in the electrode system is being
watched by PMT R11410-20 developed by Hamamatsu special for
low-background emission detectors with liquid xenon as a target me-
dium. These PMTs were made for cryogenic temperatures (-100 oC),
qguantum efficiency for the 175 nm wavelength is about 30%. RED-100
has two sets with 19 PMT in each, one under the grid cathode and one at
the top of target medium. Owing to extended electroluminescent gap to
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11 mm thick approximately we expect amplification such as 80 photo-
electrons per one ionization electron. This will allow us to distinguish
real events from single photoelectrons noise.

1m68cm

64 cm

Fig. 2. The computer model of the detector RED-100. 1 — Titanium warm ves-
sel; 2 — Thermosyphone cold head; 3, 6 — Arrays of 19 PMTs in each in a copper
holders; 4 — Copper termoscreen; 5 — Teflon drift chamber filled with liquid
xenon and electrode structure; 7 — Titanium cold vessel

Neutrino elastic coherent scattering experiment at KNPP

Despite the RED-100 will likely move to SNS at the Oak Ridge Na-
tional Laboratory of USA for the first observation of neutrino coherent
scattering on nuclei, there is a possibility to carry out the experiment at
the Kalinin Nuclear Power Plant. The nuclear reactor produces huge
amount of electron anti-neutrinos in beta decays of radioactive neu-
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tron-rich products of fission. The neutrino flux depends on composition
of fuel in the reactor core, therefore, can be used for reactor monitoring.
The reaction of coherent neutrino scattering if observed could be used for
reactor monitoring as well [3]. So we are looking forward to carry out the
experiment at this site.

The Kalinin Nuclear Power Plant is equipped with four WPR-type
nuclear reactors with 3 GW power each. The local background was
measured by experiments GEMMA [11] and DANSS [12] which are
already installed at one of the unit. The possible place for our experiment
is in the underground gallery bellow the reactor core in 19 meters fromit.

This site is overburden by 70 meters of water equivalent (m.w.e.) in
vertical direction (if we take into account the reactor core, its shielding
and construction elements) against cosmic rays and provides about 20
m.w.e. at 60-70°. We expect reduction of cosmic muon flux in a factor of
5. The hadron component of cosmic rays will be eliminated [13].

An expected antineutrino flux at the distance of 19 m from reactor
core is about 1.35*10"cm™?*s ™. We expect about 38000 events per day
in the fiducial volume of 100 kg of liquid xenon. Since nuclear recoils
produce only a few ionization electrons, the single electron noise can be
a problem for events registration. Single electron emission is spontane-
ous process observed in two-phase emission detectors. This noise is
associated with thermal electron emission of ionization electrons ac-
cumulated under the liquid surface [14]. On the figure 3there is a result
of our simulation for antineutrino signal vs single electrons noise. Peaks
on the antineutrino scattering curve correspond to detection of one, two
and so on ionization electrons. It is seen that huge background caused by
single electrons noise can be avoided if we require threshold at the level
of three and more electrons per event. In this assumption the rate of
antineutrino coherent scattering events per day will be reduced to 433
approximately.

The background estimation is running now on the computer model of
the detector and GEANT-4, but we have already had a preliminary re-
sults. It includes background from the natural radioactivity of the internal
and external components, neutrons generated by cosmic rays, and Kr85
distributed within Xe volume. It was used only fiducial volume of 100 kg
of liquid xenon from 200 kg of total mass for self-shielding.

For estimation background caused by detector components, the data
from general database was used. Recently we received data on the ra-
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dioactivity of exactly our detector components, so new set of calculation
is being carried on. Preliminary results, obtained with general dataset can
be founded in the table 1. At the region of interest, the background
caused by Kr85 has rate about 0.5 events per day which is not significant.

=y
(=]
=1

=y
(=]
Cd

=y
(=]
=

rate, 1/day/100kg/10phe
o

102

=y
(=]
T

T T T T T T T T TTIT T TITm TTTT TTTTmp T 1T

2 —
10 number of photoelectror11g
Fig. 3. The simulation of the single emission electron noise in the RED-100 at

two rates of 100 Hz (A) and 10 Hz (B) and neutrino coherent scattering (C)

Table 1

The natural radioactivity of detector components
Component (material) By | BTHh | Y | Pco | BCs
PMT (mBa/unit) 04 | 03 | 83 | 20 -
Cryostat (Titanium) (mBa/kg) 0.2 0.25 | 0.93 - -
Reflector (Teflon) (mBg/kg) 2 2 15 5 1
PMT support / heat exchanger
(Copper) (mBg/kg) 2 1 4 ! 05

The radioactivity from external environment was measured by
GEMMA collaboration at the possible location at KNPP [11]. Simula-
tion gave rate 30 events per day in our detector at the energy range of
interest (below 1 keV). It is at least 10 times smaller then the background
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rate from internal components. Also according GEMMA measurements
neutron flux from the reactor core does not depend on the reactor oper-
ating or not since the location is well isolated from reactor core. That’s
mean, we should focus on the cosmic rays as the second main contributor
to the total background.

-
o
T

—
[=1]
T

rate, 1/day/100kg/10phe

—_
(=]

10

102 10°
number of photcelectrons

Fig. 4. The simulation of the background caused by detector components (A), by
neutrons of cosmic rays (B) in comparison with simulation of coherent neutrino
scattering (C)

As it was mentioned before it is muon component which produce the
main part of the background associated with cosmic rays at the detectors
disposal. Original muons don’t contribute much to the low energy rang
also they and their products can be vetoed by plastic scintillation «um-
brella» covering the RED-100. The most dangerous background gener-
ated by muons and cannot be avoided is the neutrons both prompt and
cooled down after number of scattering in the shielding. Simulation of
this background was done with several assumptions. According to
GEMMA measurements the muon flux is reduced with a factor of 5 from
Earth surface level. GEMMA is situated one step up from the RED-100
possible site, but we used factor 5 as a pessimistic variant since we ha-
ven’t got any calculation of muon flux at our disposal. Also we used in
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our calculations the same energy spectrum of neutrons as it is at the level
of Earth surface [15].

The preliminary result on summary of backgrounds from internal
detector structure components radioactivity (A), cosmic neutrons (B)
together with expected signal (C) is presented on the figure 4.

As the expected signal is at a level of several order of magnitude
higher then background we propose our detector as a compact tool for
different tasks of reactor monitoring. We are carrying on the simulation
of several reactor parameters which could be obtained by our neutrino
detector. At the figure 5 one can find preliminary results of this simula-
tions.

osition)

ate, _1/day

1iday (30 days expr
[

100 150 200 250 300 20 40 60 80

Fig. 5. Preliminary simulation of antineutrino flux evolution (on the left site)
during the 350 days of reactor cycle and simulation of reactor power monitoring

(on the right site) using the coherent neutrino scattering and RED-100 as a tool

Conclusion

We proposed the two-phase xenon detector responsible to detect
neutral coherent neutrino scattering on heavy nuclei. We have been
studying the environmental conditions at one of the possible detector
site, KNPP. Computer model showed possibility of usage our detector
for detect and study coherent neutrino scattering at this disposal. Fur-
thermore, it is possible to use this process and our detector as a tool for
different reactor monitoring tasks: monitoring of output power; moni-
toring of burnup effect; monitoring of critical situations.
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We propose to observe and to study neutrino coherent scattering reaction
on Spallation Neutron Source of the Oak Ridge National Laboratory in
U.S.A. using two-phase emission detector. We present expected detector
rates for different experimental conditions.

Introduction

Coherent neutrino elastic scattering on nuclei is predicted and well
described by the Standard Model (SM), but never been observed. The
reaction is important for understanding processes in supernovae. The
reaction study can provide the sensitive SM tests and search of non-
standard neutrino interaction.

Neutrino coherent scattering

The process of neutrino coherent elastic interaction with atomic nu-
clei attracted attention long time ago [1]. The differential cross section
can be presented in zero spin approximation and for energy below ~50
MeV as:

do G2 ME, ) 5,
—=—FQ:M|1-—L |F , 1
dE. ~ an Qw 2E2 Q%) 1)
where Gg is the Fermi constant, F(QZ) is the form factor at

four-momentum Q and Qu = N — (1 — 4 sin%(0w))Z is the weak charge for
a nucleus with N neutrons and Z protons, 6y is the weak mixing angle.

* Omnpasneno 6 Physics Procedia Elsevier.
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The total cross section has the largest for neutrino reactions value due
to coherent enhancement factor ~N?for heavy enough nuclei and can be
parameterized as:

6 ~0.4-10N?(E,)?cm?. (2)
The reaction has never been observed because of the very low energy
(up to several tenth of keV) of recoil nuclei.

Detector RED100

We propose to use two-phase emission detector for neutrino scatter-
ing event. The emission method of particle detection was invented about
40 years ago [2]. Particles interact with the condensed target medium,
exciting and ionizing atoms, generating prompt signal in form of scin-
tillation. lonization electrons drift to the free liquid surface under in-
fluence of electric field. In the gas phase drifting electrons generate
electroluminescent signal (secondary scintillation). An array of photo-
multipliers is used to detect both scintillation signals. The
two-dimensional distribution of
detected scintillation photons can
be used to determine the coordi-
nates of the original events in
plane. Since the secondary scin-
tillation is delayed from the pri-
mary one by the electron drift
time, the third coordinate of the
interaction can be reconstructed
from the delay time analyses.

Fig. 1. RED100. 1-titanium warm
vessel; 2- top PMT array; 3-Xe gas
gap; 4-liquid Xe; 5-teflon reflec-
tor;6-bottom PMT array; 7-titanium
cryostat

RED100 (Russian Emission Detector) is under commissioning now.
The design of the detector is presented at Fig. 1. A cryostat of the de-
tector is made of low radioactivity titanium. The target volume of 400
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mm diameter is filled with liquid Xenon and is viewed by two arrays of
nineteen 3”-diameter photomultipliers of Hamamatsu R11410-10. The
distance between the PMT arrays is 750 mm. The internal vessel of the
cryostat is cooled down and kept at the constant temperature using the
thermosyphon technology. The total mass of liquid Xenon is 200 kg. The
data will be taken from the central fiducial volume of 100 kg mass.

Spallation Neutron Source

We consider Spallation Neutron Source (SNS) of the Oak Ridge Na-
tional Laboratory in U.S.A. as most promising very intensive source of
neutrino. At Spallation Neutron Source neutrinos are produced as a result
of decay of pions and muons after interaction of protons with a mas-
sive-nucleus target. The SNS is a IMW 1 GeV proton accelerator pro-
ducing neutrons by spallation in a bulk mercury target. Every proton
interacting with the target also gives 0.098 n* and 0.061 p* in average.
The negative pions are quickly stopped and captured by atomic nuclei
with little chance to decay. On the contrary, the stopped n* and p* decay
at rest and create three neutrino species muon neutrino and anti-neutrino,
electron neutrino. The proton beam at the SNS hits the target with 600-ns
bunches at 60 Hz frequency. Due to the short beam spill the neutrinos at
SNS have specific time distributions (Fig. 2): muon neutrinos from the
pion decays are produced during a beam spill but muon anti-neutrinos
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Fig. 2. SNS neutrinos flux time structure (left); SNS neutrinos
energy spectrum (right)
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and electron neutrinos have time distribution with a muon life time of
2.2 ms that provides unambiguous signature of neutrino scattering sig-
nals.

Detection of coherent neutrino scattering

The RED100 response to neutrino scattering and background events
was simulated in computational model based on Geant4 [3], [4], with
aim of package NEST [5], describing interaction of charged particles in
noble gases based detectors.

The signature of useful event is pair of primary scintillating signal and
electroluminescent signal. Not all of coherent scattering events produce
primary scintillation signal, but to completely realize the benefits of SNS
neutrinos time structure only double events should be taken into account,
providing possibility to get precise time correlation with pulsed beam.

The result of the detector RED100 response simulation, correspond-
ing to such double signals is presented at the Fig. 3. The distance from
the SNS target corresponds to 30 m.

rate, 1/year/100kg/100phe

L1,

o b e by PTII IIR S IR St \ \
o 2000 4000 6000 8000 10000 12000 14000 16000
number of photoelectrons

Fig. 3. Simulated counting rate in RED100 detector at 30 m from SNS target

The time structure of the SNS beam gives the opportunity to select
neutrino scattering events corresponding to delayed portion of neutrino
flux only, originating from decay. Sorting out events arriving 1 s after
beam pulse reduces available neutrino flux by factor 0.78. The result of
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the detector RED100 response simulation, corresponding to such de-
layed signals is presented at the Fig. 4.

The detailed treatment of background sources was performed. The list
consists of:

e natural radioactivity from detector components, including PMT

e natural radioactivity from surrounding construction materials

e COSmMic muons

e neutrons, induced by cosmic muon interaction with surrounding
construction materials

The time structure of the SNS beam will greatly reduce background
rates. As shown at the Fig. 2 all neutrinos will arrive within several mi-
croseconds after the beam pulses. As a result, all background events will
be suppressed by a factor ~1000-2000 by ignoring events too late after a
beam pulse.

The most dangerous background source is the beam-induced high
energy neutrons flux, but it can be suppressed by appropriate siting and
shielding. The measurements with 1 s time cut will reduce much this
background source too, because emission of such neutrons occur within
this time window mainly.
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Fig. 4. Simulated counting rate in RED100 detector at 30 m from SNS target
with 1 s time cut
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Conclusion

We investigated the possibility to detect and to study the reaction of
neutrino coherent scattering on nuclei in neutrino flux, emitting by
Spallation Neutron Source of the Oak Ridge National Laboratory in
U.S.A. The evaluated experimental conditions promise good opportunity
to register this reaction.
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