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NUCNOJNIb30BAHME AMUCCUOHHOIO IBYX®A3HOIO AIETEKTOPA
HA BNTATOPOJHOM r'A3E )14 OBHAPYXEHWA PEAKOIO NPOLIECCA
KOFEPEHTHOIO PACCESAHWUSI HEATPUHO HA ATOMHOM ALPE

J1.IO. AKI/IMOBl, A.U. bono3npras, FO.B. Edbpevenko, A.B. dreHko?
Y®IBY «Tocyoapemeennviii nayunwii yenmp Poccuiickoii @edepayuu—
Hnemumym meopemuueckoii u 9KCnepumMeHmaibHou Qu3uku
«Hayuonanwrozo uccredosamenvcko2o yenmpa «Kypuamoscxuii uncmumymy, Mockea
Hayuonanvuwlii uccneoosamenvckuii aoepuviil ynusepcumem « MUDHU», Mockea
2Hayuonansnbiii uccredosamensexuii yeump «Kypuamoegckuu uncmumymy, Mockea

Jnst peructpaii aHTUHEWTPUHO TpeIUIaracTcsi UCIOJIb30BaTh SMUC-
CHOHHBIH JETeKTOp Ha CXKIKECHHOM OJIaropoJHOM rase, paboTaromuil B
YCIIOBUSAX KPUOTEHHBIX Temnepatyp. Co3aaHue TakoTo AeTEKTOpa ¢ Maccou
YYBCTBUTEIBHOM 00s1acTh 0koJ0 100 KT MMeeT IeTbI0 SKCIIEPUMEHTAILHOE
MOATBEPXKICHAE TEOPETHUECKH IIPEICKa3aHHOTO, HO 10 CHX IOp He
HaOJIIOAABIIErOCsT PEIKOTO MPOIIECCa KOT€PEHTHOTO PACCESHUS HEHTPHHO
Ha aTOMHOM $i/ipe. DTO MOXET OTKPBITh BO3MOXHOCTh JJIsI aOCOJIIOTHO HO-
BOTO M HE3aBHCHUMOTO METOJa KOHTPOJIS IPOLECCOB, NMPOUCXOAAIINX B
SANCPHOM PEaKTOpE.

HeynoBumas yactuiia HEUTPUHO, a TOYHEE €€ AHTUYACTULIA — aHTH-
HEUTpHHO, ObLIA OTKPHITa aMeprKaHCKUMU pu3ukamMu D. PaifHecoMm u
Y. Koysnom B 1956 r. [1]. IIockonbKy BEpOSITHOCTh B3aUMOJEHCTBHS
HEUTPUHO C BEIIECTBOM HHUYTOXKHO MaJa, B Ka4eCTBE MCTOUHMKA aHTH-
HEUTPUHO UCIOJIB30BAJICA SIACPHBIN PEaKTOp — camMblii MOLLHBIN U3 J0-
CTYITHBIX B 3€MHBIX YCIIOBHSIX HCTOYHHK TaKUX YacTHULl. AHTHUHEHTPHUHO
o0pa3yioTcs B mporiecce Oera-pacrafa Meperpy eHHbIX HEUTPOHAMHU
HECTAOMJIbHBIX OCKOJIKOB JIEJICHUS SIIEPHOrO TOIMBa. Ha Kaxnaplid akt
JieneHnss obpasyerca B CpeaHeM MpHUMEpHO 1o 6 aHTuHenTpuHo. [lpu
OeTa-pacrmaZie HEWTPOH B aTOMHOM si/Ipe TpEeBpaIlaeTcss B MPOTOH, U
MIPOUCXOANT UCITyCKaHUE NIEKTPOHA M aHTHHEWTpHHO. [Iponecc, ¢ mo-
MOIIbIO KOTOPOro Oblja 3aperucTpUpoOBaHa YacTULa AHTHHEHTPHHO,
Ha3bpIBaeTcs OOpaTHBIM OeTa-pacmajoM, KOTJa B pe3yibTare B3anMo-
JEHCTBUSI AHTUHEWTPUHO C MPOTOHOM OOpa3yroTCs MO3UTPOH H
HEUTPOH, 3aperuCTPUPOBATh U MACHTU(DHULIHUPOBATH KOTOPHIE YK€ 3HAa-

* Kypuan «Mup usmepennii» 8/2014.
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yuTenpHO npoiue. [IpumepHo uepes 20 et nocie nepBoil perucTpanuu
aHTHHEHTpHHO GU3MKK U3 Kyp4yaToBCKOro WHCTUTYTa MPEIIOKUIH
UCIIOJIb30BaTh AHTUHEUTPUHO AJSl KOHTPOJS MapaMeTpoB SIEPHOTO
peaxTopa [2], TOCKOIBKY MCITyCKaHWE aHTHHEUTPHHO B SIIEPHOM peak-
TOpE HEepa3pbIBHO CBA3aHO C MPOLECCOM JieNeHueM siaep. B skcmepu-
MeHTax, npoBoAuBImxcs Ha Poenckoit ADC B Vikpamne [3], Obu10
BIIEPBbIE IIOKA3aHO, YTO C MOMOIIBIO AETEKTOpPa Ha OCHOBE XHIKOTO
CIHUHTHILIATOPA Maccoi MPUMEPHO 1 T MOXKHO OTCIICKUBATH TEIIOBYIO
MOIIHOCTb SIIEPHOTO PEaKTopa ¢ TOYHOCTHIO Mopsiaka 2 %, 4To OJIM3KO K
touHoctn m3MmepeHuit momuoctu (0,5...1,5 %) ¢ momomsio Apyrux
METO/IOB, HCHONb3yeMbIx omeparopamu ADC. Takxe ObLIO YCTaHOB-
neHo [4], 9To 1o U3MEHEHHUIO (POPMBI SHEPTETUUECKOTO CIIEKTPa aHTHU-
HEUTPUHO MOXKHO OTCJIEKHMBATh HM30TOMHBIM COCTaB aKTHBHOM 30HBI
peakTopa — COOTHOLICHUE ypaHa W TUTyTOoHHWs. [locnenHee BBI3bIBAET
0O0JBIION HHTEPEC B CBA3H C aKTYAIbHOCTBIO 33124 HEPACIIPOCTPAHEHUS
AACPHBIX MaTCpHAJIOB, ITOCKOJIbKY Z[aHHLIﬁ METOA HE ITO3BOJISICT HUKA-
KUM o0pa3oM cdanbcuuupoBats NaHHble. He3aBucumo oT pabot Ha
Posenckoit ADC aHanOTHYHBIH JeTeKTOp ObLT pa3paboTaH U WCTIHITaH B
CIIA na ADC «Can-Onodpe» B Kamudopuuu [5]. Jus Toro aroObt
c/enaTh JCTEKTOPBI OoJiee KOMIIAKTHBIMH HJIM TPH COXpaHEeHWH rada-
PHUTOB MOBBICUTH HUX YYBCTBHTEJIBHOCTH, HY)KHO HCKaTh IPyTHe IPO-
Hecchl perucTpauuu HeUTpuHO. OJHMM M3 TAKUX HPOLECCOB MOXKET
CTaTh YIPYyroe KOrepeHTHOE paccesiHue HEUTPUHO Ha aTOMHOM sIJIpe.

Ynpyroe KorepeHTHOe paccesHue HEMTPUHO (aHTUHEUTPUHO)

Ha aTOMHOM fiape

[Iporecc ynpyroro KOrepeHTHOTO paccestHus HEHTPUHO (MU aHTH-
HEUTPUHO) Ha AaTOMHOM sifipe Tipeicka3biBaeTcst CTaHIapTHOW MOJIEITHIO
ANIEKTPOCTab0T0 B3aMMOAEUCTBUSI — Te—OpHeH, XOPOIIO MPOBEPEHHOMN
JUISL BCEX IPYTUX M3BECTHBIX 3JEMEHTAPHBIX YaCTHUI U UX B3aUMOJIECH-
cTBUid. JI0 HACTOSIIETO BPEMEHH, OJHAKO, HE OBLIO IKCIEPUMEHTAb-
HOTO TIOJITBEPKACHHS CYIIIECTBOBAHUS ATOTO MPOIIECCa B CHITY OOJIBIIAX
TEXHUYECKUX TPYAHOCTEH €ro PEerucTpalyu: SHEProBbIACICHHUE (s
PEaKTOPHBIX AHTUHEHTPHHO) TPOUCXOJUT B OCHOBHOM B 00JIaCTH MEHEE
1 k3B, pu 3TOM 17151 ero 0OHAPYKEHUST HEOOXOANM HH3KOIMOPOTOBBIH
JIETEKTOP C OOJBIIOI Maccoii (CBBIIE HECKOJBKUX KAJIOTPaMMOB), pa-
0OTaKONIMi B YCIOBUAX HU3KOIO paguarioHHoro ¢ona. Tem He MeHee
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(GU3MKU BO3JAraroT HaAEXIbl Ha TO, YTO ATOT MPOLECC B CKOPOM Bpe-
MEHH OyAeT He TOJNBKO OTKPHIT, HO M HCIOJB30BaH B MPAKTUUECCKUX
HeNsIX — JUIsl IUCTaHIMOHHOTO HEHWTPHHHOIO MOHHUTOPHMHIA SAEPHBIX
peakTopoB [6]. IIprunHON Takoro onTUMHU3Ma ABISAETCS TO, YTO BEPO-
ATHOCTH (CEYEHHE) NaHHOTO Ipolecca Ha MOPSIIOK IPEBOCXOAUT BEPO-
ATHOCTh YIOMSIHYTOIO paHee Ipolecca oOpaTHoro Oera-pacmana, a
pa3paboTaHHBIE B MOCIEIHEE BpeMs HOBBIE TEXHOJOIUU JETEKTHPOBa-
HUS1 9aCTHUL U U3JTyYEHUI 03BOJIAT B OrpKaiiineM OyIyIneM MOCTPOUTh
JETEKTOp IJsl perucrpauud 3toro npouecca. OTOenpHBIA HMHTEpeC
MPEJICTaBIsIeT MMOMCK BO3MOXHBIX OTKJIOHEHHM OT THpeacKa3aHuil
CranzapTHON MOZENH, HAINYKME KOTOPBIX CBUIETEIHCTBOBAJIO OBI, UTO
MPaBOMEPHO MpEaIoiararh CyIIECTBOBAaHHE TaK HA3bIBAEMOU «HOBOM
bU3UKIY.

CeudeHue npoliecca yIpyroro KOrepeHTHOro paccesiHusl HSUTpUHO Ha
ATOMHOM SIJIpe TapaMeTpUpyeTcs cleayromei Gpopmymnoii:

6=0,4x10"* x N?(E,)? em?, (1)

rae N — gnciao HeHTpOHOB B aTOMHOM snpe; E, — sHeprus HedTpuHo,

v
Mb3B [7]. [annas ¢opmMmysia copaBeqiuBa 10 3HAYCHHI SHEPTHi
HEUTPHUHO, HE MPEBBIIAIONINX BenuduHy mopsanka 50 M»aB. IIpomop-

2 . o
[UOHAIBHOCTH ceueHnst N maét MoIHbIH (aKTOp YCHIICHHS TPH HC-
MOJIb30BAaHUM TSKEIBIX SJIEp B KaueCTBE MUIICHH (paboyero BeliecTBa
JIETEKTOPA).

,U,eTeKTopr Ana perucrpauum ynpyroro KOorepeHTHoro

paccesiHUs HeWTPUHO HAa aTOMHOM Aigpe

B Hacrosmiee BpeMst UTsl peIIeHus YKa3aHHOM 3a/1aui MpeJIaraloTcs
3 Tuma JETeKTOPOB, MMEIOIIUX PEKOPAHO HHU3KHH HSHEpPreTHdYecKHil
MOPOT:

1) repMaHHEBBIH IETEKTOP ¢ «TOUYEYHBIM KOHTAKTOMY (aHTII. P-type
point contact, PPC) [8]: muskuii mopor 0OyCIOBIHBAETCS HHU3KHM
YPOBHEM IIYMOB 3JIEKTPOHHKH, KOTOPHIA B CBOIO o4epenpr obecredn-
BAETCS YPE3BbIYANHO HU3KOM BEIMYMHOMN 3JEKTpUUYECKON EMKOCTH Jie-
TEKTOpa BCJICICTBHE OYCHHb MaJIOW IIIOMAau P-N-Tiepexoaa. JHepreTH-
YECKUM MOPOr TAKOrO NETEKTOpPAa COCTABISIET HECKOJIBKO COTEH DJIEK-
TPOHBOJIBT;



2) TepMaHUEBBIA JETEKTOP C BHYTPCHHUM JIABUHHBIM YCHICHHEM
[9]. [To3BonsieT MOCTHYH emié 0oee HU3KOTO SHEPreTHYSCKOro mopora
(~ 50 x3B) Gmarogaps JTaBUHHOMY Pa3MHOXKEHHUIO DJIEKTPOHOB BOJIH3U
BIIEKTPOJIOB, BBITIOJIHEHHBIX B BHJIC MOJIOCOK (CTPHIIOB) JUISi CO3JAHMUS
0oJee CHIIBHOTO AJICKTPHYECKOTO TTOJIS;

3) sMuCCHOHHBIN ABYX(ha3HbIi ACTEKTOP HA KHUIAKOM OJIaropogHOM
raze [10]. BenmnunHy SHEpreTHYECKOTO MOPOTa HAa OCHOBAaHUHM HMEIO-
IIMXCS B HACTOSIIICE BpeMs 3HAHUHN 0 paboTe IeTeKTopa B 00JacTu 060-
Jiee BBICOKMX SHEPTUi MOXKHO OLIEHUTH Kak ~ 0,2...0,5 kaB.

Bce nepeuncrieHHbIE BBINIE JETEKTOPHI HAXOAATCS B CTAJIUU pas3pa-
00TKH. ABTOPBI HACTOSIICH CTATBhU SBJISIOTCS CO3JATEISIMU JIETEKTOpa
3-ro THMa, TO3TOMY KOHKPETHO O HEM MOUIET peub Jajee.

OMMCCHOHHDII ABYX(ha3HbIN JeTEKTOp

Ha XXUAKOM 6J'Ial'0p0.qHOM rase

OMHCCHOHHBIN IBYX(a3HBIA METOJ] PETUCTPAldH YacTHIl OBLI
MPEJIOKEH B CEMUJIECATHIX rOaX MPOLLIOr0 CTOJETHUS POCCUNCKUMU
¢usnkamu 13 MOCKOBCKOTO WHKEHEPHO-PHU3MUecKoro nHetutyTa [11].
CyTb METOAa COCTOMUT B TOM, YTO 3apsl, 0Opa30BaHHBII NMPH B3aHMMO-
NEHCTBUHM YacTUIBI C paboueil cpemoil AeTeKTopa, HM3BIEKACTCS U3
KUIKOH (pas3bl B ra3oByr0, Tlle MOTYT OBITh MCIIOJIB30BaHBI Pa3INuHbIC
CHOCOOBI  €ro  perucTpalmy,
MpUMEHsIEMble B Ta30HAIOJ-
HEHHBIX JeTeKkTopax. B cospe-
MEHHOM BapHaHTE ATOT METOJ

"y

Sne”pmm > - 3aKJIFOYAETCS B CIEMYIOIIEM.
none v | PaGounit 00BEM 1eTexkTOpa
; A)/ —y> s

Xe SIBJISIFOLLIMICS repMETUYHOMN

KaMepOfI KprocTtarta, 3a10JIHCH

ol
i 4< &Z\A KUJKUM OJaropoJHBIM Ta3oM
) ‘\V ! yv

Y (KCeHOHOM WJIM aproHoM) 0
HEKOTOporo ypoBHs (puc. 1). B
/ e \{A KaMepe HaXOAUTCS 3JIEKTPOI-

LXe Has cuUcTeMa, KoTopasi co3AaeT
/ £n B JKHJIKOM Ta3e JJIEKTPHYECKOE

nosie. O0bEM C JKUAKUM Ta3oM

Puc. 1. Tlpusimn paGots! AByxdasHoro  mpocMaTpuBaeTcs  (OTOIIEK-
3MUCCHOHHOTO JETEKTOpa TPOHHBIMU YMHOKHUTEIISIMA




(®DY). YacTria, mpoB3auMoICHCTBOBABIIAS B JICTEKTOPE, TPOU3BOIUT
BO30YyKICHUE aTOMOB pabouell cpedpl M ux HoHu3auuio. CHsITHE BO3-
OyXIeHHs aTOMOB IPOMCXOAUT 4epe3 BBICBEUHMBAHHE YJbTpaduoie-
TOBBIX ()OTOHOB CLIMHTHJUIALIMH, KOTOPOE PETUCTPUPYETCSI IPU ITOMOILU
ODY. Ilox meicTBHEM 3JEKTPUUECKOTO OISl MOHU3ALUOHHBIE DJICK-
TPOHBI IBIDKYTCS BBEpX K I'paHHLE XKuakoro rasza. Ilpeomonesas mo-
TEHIMANbHBIA O0apbep Ha MOBEPXHOCTH XKHUIKOCTH, OHU 3aTE€M BBITSTU-
BAIOTCsI B ra3oByio (azy. 3aech HANPsHKEHHOCTD AIIEKTPUYECKOTO OIS
nogoOpaHa Takod, YTOOBI ANEKTPOHBI YCKOPSUIUCh W MPOWU3BOAWIH
BO30Yy’KI€HNE aTOMOB Ta3a, HO HE BhI3BbIBAIN yOapHOH noHu3auuu. [Ipu
CHATHUM BO30Y>KACHHUS aTOMOB Tak e, Kak M MpH CUUHTWUISILNH, 00-
pasyroTcst ynbTpaduoneroBeie (GoTOHEI — 3TOT 3(eKT Ha3bBaeTcs
JNEeKTpOIOMUHecIeHIIneH. B 3apyOekHON mnuTepaType pacmpocTpa-
HCHO HAa3BaHHUC «IIPONOpIHOHAJIbHAA CHUHTUIIIALUA», IMMOCKOJBKY BC-
JMYMHA CBETOBOTO CHTHAja OYEBHUIHO MPOMOPLHUOHAIBHA KOJIHMYECTBY
9JIEKTPOHOB, 00PA30BABIIMXCS B PE3y/IbTaTe MOHU3AIMH. DJIETaHTHBIM
TCEXHUYCCKUM PCIICHUCM SABJIACTCA HCIIOJIB30BAHUE OAHUX U TEX KC
OOV 1y perucTpaluy Kak CUMHTWUISIIUOHHOIO, TaK M 3JIEKTPOJIIIO-
MHUHECLICHTHOTO CBETOBBIX CHTHaJOB. (DOTOYMHOXKHUTENIM pacrojara-
0Tcst B BuAe 2 Marpuil. OfHa HaXOIWUTCS CHHU3Y, B Cpele >KUIKOTO
OsaropogHOro rasa (3Ta MaTpuila 0ojee YyBCTBUTENbHA K CIIMHTHILIS-
IIMOHHOMY CHUTHaJly), Ipyras — CBepXy, B Ia30Boil (haze jerexTopa st
PETUCTpaLuy AIIEKTPOTIOMHUHECLICHIIMU. DTO MO3BOJSIET 000MTHUCH OT-
HOCUTEJIbHO HEOOJBIINM KOJINYECTBOM CIEKTPOMETPHUYECKHX KaHAJIOB
U UMCTH NpPU I3TOM HCIUIOXYIO TOYHOCTH OIPCACIICHUSA KOOPAWHATLI
TOYKH B3aumojeicTBus. KoopanHaThl B rOpu30HTAIBHON IITOCKOCTH (X,
Y) onpeaensoTcsi METOIOM B3BEIIMBAHHS CHTHAIOB C HECKOJIBKUX (O-
TOYMHOXHTEJICH MaTPHIIbI, KOOPAWHATA MO BepTUKain (Z) — 1o pa3Ho-
CTH MOMEHTOB BPEMEHM IPHUXOAA CLUUHTHIUIS- LUOHHOTO M 3JIEKTPO-
JIOMHUHECIIEHTHOTO CUTHAJIOB. TOYHOCTH ONpe/ieieHns] KOOPIUHATHI 110
X, Y BapbupyeTcs B 3aBUCMOCTH OT BEJIMUMHBI CUTHANA U 17151 OOJIBILINX
CHUTHAJIOB MOXKET AOCTUTaTh nopsiaka 1 Mmm. ToyHOCTH 1o ocu Z Jydiie
muwuMeTpa. 1lo cyTH, Takoil AeTeKTop — 3TO Kiacchyeckas Bpe-
MS-TIPOEKIIMOHHAS Kamepa, B KOTOPOH BMECTO Ta3a HCIOJIb3yeTcs
KHUJIKOCTb.

TexHONOorns: SMUCCHOHHOTO IBYX(a3HOrO JETEKTOpa AOJIT0e BPeMs
HE HaxoAWla NMPUMEHEHUs, MoKa He Obla BocTpeOOBaHa B JKCIEpU-
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MEHTaxX 10 MOUCKY BO BceneHHON TEMHOW MaTepuy B BUAE TSHKEIBIX
crnabo B3anmoneiicTByroux yactui (anri. Weakly Interacting Massive
Particles, WIMP). DTo mpowusorwio 6garomaps TOMy, 4TO Cpeia Kh-
KOTO OJIaropogHOro raza o0yiajjaeT YHUKaJIbHON CIIOCOOHOCTBIO Perh-
CTPUPOBATh CUMHTWUISIIMOHHBIA 1 MOHU3aLUOHHBIN CUTHAIIBI, TPHYEM
COOTHOILICHHE MEKAY CLMHTHUILNEH U MOHU3ALMEH 3aBUCUT OT COpTa
YaCTHIBI. JTO TIO3BOJISIET OTOMPATH TOIBKO HYXKHBIE COOBITHS. B coot-
BETCTBUU C Teopuein CynepcuMMETpHUH, MPEACKa3bIBAIOIIEH B Ka4eCTBE
kanguaara B WIMP Tspkényro wacTuily HEWTpauHO, B3aUMOICHCTBUE
(ympyroe paccesaue) gactur WIMP 10KHO TPOUCXOAUTH TONBKO C
aTOMHBIM SIAPOM, KOTOPOE, MOTydyasi KHHETHYECKYIO SHEPTHUIO, TOIKHO
MPOU3BOJNTh CUMHTHUISIMIO U MOHU3AIMIO B K3B-00mactu sHepruid.
Buemrnnii pagrannonsslii goH (TraMMa- u OeTa-u3ydeHHe) TakKe TaéT
CUMHTWULILMOHHBIA M HMOHM3AaLMOHHBIN CHUTHAJBI, HO COOTHOLICHHE
MEXIY HHUMH APYroe, YTO W IMO3BOJSIET MOJABIATH (PEKEKTHPOBATH)
9TOT (OH HpU MaremMaTudeckoii oOpaboTke coObITHII Oojiee ueM B
1000 pa3! TexHomorusi perucTpanvu saep OTAadd B KdB-oOmactu
SHEPIUU U PEKEKIHST POHOBBIX COOBITHIA OBLIH MPOJEMOHCTPUPOBAHEI U
XOpoIIo OoTpaboTaHBl B IKCIEPUMEHTAX MO MOUCKY TEMHOH MaTepuu
ZEPLIN [12] (Bemukooputarus), XENON [13] (CILIA-Utamus), LUX
[14] (CIIA), ncnonmp30BaBIIMX B KadecTBe paboueit cpeipl AeTeKTopa
skunknii kceHoH. [Ipu stom B3ammopeiicteue WIMP ¢ aromubMu sin-
paMH JI€TeKTOpa HMMHUTHPOBAJIOCH C IIOMOLIbIO HEWTPOHOB HY>KHBIX
SHEPrui.

TexHUKa perucTpald yIOpyroro KOTEPEHTHOTO  pacCesHUs
HEHTPHHO HAa aTOMHOM sJjpe B JIByX(pa3HOM SMHCCHOHHOM JETEKTOPE
oim3ka kK paccMotpeHHol TexHonoruu peructpanun WIMP. K coxa-
JICHUIO, DHEPTHUs SJep OTIAu, NOJYYHBIIMX €€ OT HeHTPUHO, 3HAYH-
TEJILHO HUKE, YeM OXKUIACTCs MPU YIPYTrOM PACCESIHUU Ha HHUX THIIO-
tetndecknx vactury WIMP. Ilpu 3TOM CHMHTHIUISIIMOHHBIA CHTHAI
OyZeT HAcTOJIBKO Majl, 4TO 3aperuCTPUpPOBATH €ro NPAKTHUYECKH He-
BO3MOKHO. DJIEKTPOIFOMUHECIIEHTHBIN JK€ CUTHAI MOXXHO OYJeT 3ape-
TUCTPUPOBATh ISl 3HAYMTENBbHOW HONMM coObITHH. [leno B ToM, 4uTO
SHEPreTHYECKUH CHEKTP PEaKTOPHBIX AHTHHEHTPUHO SIBIAETCS J0-
BOJIBHO TPOTSKEHHBIM U ox0oauT 10 10 M»aB, X0Ts KOJIMYeCcTBO aHTH-
HEHUTPUHO PE3KO MajJaeT ¢ yBelndeHneM ux sHepruu. Ha puc. 2 mpu-
BeACH CIEKTP PEaKTOPHBIX HEUTpHHO (M3 pabotsl [15]) msa 2 pens-
muxcs u30tonoB >°U u *°Pu, 0THOCHTEIbHOE COMIEpKAHNE KOTOPEIX B
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AACPHOM TOIIJIMBE MCHACTCA B

3aBHCHMOCTH ~ OT  BpeMeHH, 103
TIPONIEIIEr0 ¢ MOMEHTA 3a- ;
rpyskn Tormmea. B cmsmzm ¢ 03
>TUM  MeHseTcs u  dopma 10_25
HEHTPUHHOTO CHEKTpa B €ro
BBICOKODHEPTETHYECKOH YacTH, 4
a cueioBarenbHO, M (opma 105

CIICKTpa sJiep OTAa4M, 3aperu- 2 3 4 5 6 7 8

CTPUPOBAHHBIX B NCTCKTOPE.  pye o HopmupoBanHblii Ha akT gelne-

OueHKH, C/CNaHHbIC aBTOPAMU  yyg CIEKTP PEaKTOPHBIX AHTHHEHTPUHO
Ui JIETEKTOpa Ha JKMAKOM  jyg pensmuxes uszotornos U u 2°Pu
OmaropogHOM Tase, Moka3piBa-  [15]

0T, YTO JUIS OIpEIeICHUs

MPOIIEHTHOTO COOTHOIICHHUSI COCTaBa TOIUIMBA MO M3MEPEHHOMY CIIEK-
TPY HEUTPHHO HEOOXOAMM JETEKTOp ¢ Maccoil mopsaka 1 T u Oomnee.
TouHBIA OTKIMK JETEKTOPa HA SHEPTOBBIJEICHNE (BETMYNHA CUTajla B
KOJINYECTBE 3aPErHCTPUPOBAHHBIX JIICKTPOHOB HAa €IWHHILY BBIICIUB-
Iieiics SHEpruv) B HACTOSIIEEe BpeMsi HE W3BECTEH — JTO SBISETCS
NpEeMETOM HCCIIEIOBaHUSI HECKOJIBKUX JKCIIEPUMEHTANIBHBIX TPYIII
[16, 17]. Tem He MeHee OICHKA BEIMYHMHBI CHUTHAJA, CICIaHHAsS DKC-
Tpanosinueld u3 k3B-obmacTu (XOpoImo WCCieqoBaHHOW Onaromaps
JeTeKTopaM TEMHOW MaTepuu), MOKa3bIBaET, YTO CHTHAJ OXKHJIAETCS Ha
YPOBHE HECKOJIBKHX DJIEKTPOHOB HOHH3AIIHH.

OMHCCUOHHBIN IBYX(a3HBIH JETEKTOP C AIEKTPOIOMUHECIICHTHBIM
chEMOM HMH(]OpPMANMK Kak pa3 W o0JaflaeT TakoW YHWUKaJTbHOW BO3-
MOYKHOCTBIO, KaK CIEKTPOCKOIHUS OJMHOYHBIX MOHW3AIIMOHHBIX JIIEK-
TpoHOB [18—21] 1 MO3BOJNSET yCNENIHO PEUINTh 33Jady PErucTpanuu
KOTEPEHTHOTO paccesHus HEWTPUHO Ha aTOMHOM sjpe. B kaudectse
mpuMepa MOXXHO MPHUBECTH CHTHAN OT OAMHOYHOTO HOHHU3AIMOHHOTO
ANIEKTPOHA B JIeTEKTOpe (PHC. 3,a) U CIIEKTP TaKuX CUrHANOB (puc. 3,6),
nonydeHHbIH B feTekTope TémHON Marepun ZEPLIN-III [20]. Bnaro-
Japsi OOJNBLIOMY KOJWYECTBY MCITYCKAaeMbIX CHUHTHIUISIIMOHHBIX (o-
TOHOB — HECKOJIbKO COTEH Ha OJIMH 3JIEKTPOH — YAa&TCsl TOJIY4UTh J0-
CTaTOYHO OOJIBIIIOE KOJMYECTBO BHIOUTHIX C (DOTOKATONOB (HOTOYMHO-
xurened  (HoTodnekTpoHoB. M3 «rpeOGéHKM» Takux 0aHO(OTOAIEK-
TPOHHBIX CUTHAJIOB U COCTOUT OJHOYJIEKTPOHHBIN CUTHAMI (CM. puc. 3,a).
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CrieKTp OJHODJICKTPOHHBIX CUTHANIOB MMEET OTUETIMBBIN MUK, MOJIOKE-
HHE KOTOPOTO COOTBETCTBYET MpuMepHO 30 POTOIICKTPOHAM.

5
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Puc. 3. [Ipumep 0THOZIEKTPOHHOTO CUTHAJNA B JIETEKTOPE TEMHON MaTepuu
ZEPLIN-II1 (@); criekTp 0HO3IEKTPOHHBIX CHTHAIOB (6) [20]

B Hacrosimiee BpeMs Al PETMCTpPalUM KOI'€PEHTHOI'O PacCesHHS
HEUTPHUHO B MUpE pa3palbaThIBatOTCA 2 SKCIEPUMEHTAIbHbBIE YCTAHOBKH
C HCIMOJIb30BaHUEM KHMIKOTo Onaropoanoro rasa: B CLHA, B Jlusep-
MOPCKO#l HaIlMOHAIBHOH JTabopaToOpHH, — AETEKTOP Ha KUIKOM aproHe
[22, 23] u B Poccun koonepanueid «PoccuiicKuii SMUCCHOHHBIN JIETEK-
top» (PO/]) [24], B cocTtaBe KOTOPOIt pabOTAIOT HECKOIHKO HHCTUTYTOB
Y YHUBEPCHTETOB, — JCTEKTOP Ha JKUJIKOM KCEHOHE.

Poccuiickunii aMmmccnoHHbIi petektop PO-100

Oxkcnepument POJ1-100 Hanenen Ha oOHapyXeHHE Tpoliecca yupy-
TOro KOT€PEHTHOTO pacCessHUs HEMTPUHO Ha aTOMHOM sizpe. JleTekrop
(puc. 4) ctpoutTcs B COOTBETCTBMM CO CXEMOMW, MPEACTABIECHHOW Ha
puc. 1. Jlnsa noxnepkanus paboueii cpeibl KCEHOHA B JKUIKOM COCTOSI-
HUM HCIIONIb3YETCs] BAKYYMHBIN KPHOCTAT |, BHIMOJIHEHHBIA M3 THTaHA.
BHyTpu KpmocTaTta HaXOAWUTCS DIIEKTPOJHAS CTPYKTYpa, C IOMOIIHIO
KOTOPOH K KUAKOMY KCEHOHY NPHIJIOKEHO NeKTpudeckoe moise. OHa
COCTOMT M3 CETYATHIX (OMTUYECKH IPO3PAUHBIX) 3IEKTPOAOB — KaToaa 2,
PacToIOKEHHOTO CHH3Y W KOJIBLIEBBIX DJIEKTPOJOB 3 C paBHOMEPHO
pacrpenenéHHbIM 3JEKTPUUECKUM MOTEHIUAIOM AJISl CO3/IaHUs OJTHO-
POIHOTO TOJISI B KHUIKOCTH U 3JEKTPOJIOB 4, TaKKe CeTyaThIX, U CO-
3JIaHVS CHJIBHOTO 3JIEKTPHUYECKOTo MOl B Ta30BOM (hase HaJ| MOBEpX-
HOCTBIO JKMAKOIO KCeHOHa. Paboumii oObeM, 3aKIOU€HHBIA BHYTPH
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9NEKTPOAHON CHCTEMBI, MpPOCMAT-
puBaetcs (hOTOYMHOKUTENIMU
R11410-20. Brot HOBBIA THII (O-
TOYMHOXKUTEJIEH CIenuanbHO pas-
paboran smoHckoil ¢upmoii Ha-
mamatsu  m11 = HU3KO()OHOBBIX
SMHCCHUOHHBIX  JI€TEKTOpOB  Ha
KHUJIKOM KceHOHe. DOTOyMHOKH-
TeIW MOTYT paboTaTh NpU KpHO-
reHHbix Temneparypax (—100 °C) u
YYBCTBHUTENbHBl K [UIMHE BOJIHBI
175 aM ¢ 3 eKTUBHOCTBIO peru-
cTpanuu (KBaHTOBOW 3(PQeKTHB-
Hocteio QE) mopsaka 30 %. B me-
TEKTOpPE YCTAHOBJICHBI JBE MaT-
puel @OV mno 19 doroymHOKU-
TeNE B KaXKOOU — HIDKHAA 5 H
BepxHsst 6. Oxumaercsi, 4To B Jie-
tekrope POJI-100 Gmaromaps yse-
JMYCHHOM TOJIIUHE 3JIEKTPOJIIIO-
MHUHECIEHTHOT'O MPOMEXYTKa KO-
JTMYECTBO  (OTORIIEKTPOHOB  Ha
OJIMH 3JICKTPOH MOHHU3alMu OyAer
COCTaBJIAITh BeIMYUHY nopsnka 80,
YTO TOYTH B 3 pasa MPEeBOCXOIUT
AQHAJIOTHYHYIO BEJIMYMHY B JETEK-
tope ZEPLIN-IIL Ilpn Takom 3Ha-
YEeHUH MOXKHO YBEPEHHO TUCKpH-
MUHHPOBATh PeajbHBIC COOBITHS OT
OJTHOIEKTPOHHOT'O IIyMa, KOTO-
PBIH, Kak TOKa3alu HCCIICAOBAHUS
aBTopoB [19, 21] u uccinemoBanus
apyrux rpymn [18, 20], Bcerma
NPUCYTCTBYET B SMHCCHOHHOM JBYX()a3HOM IETEKTOpE Ha MKHJIKOM
KCEHOHE. DTOT IIyM MPOMCXOJNUT W3-332 HAKOIUICHHS HOHH3AIMOHHBIX
9JIEKTPOHOB MOJ MOBEPXHOCTHIO KHIKOTO KCEHOHA, KOTOPBIE CIIOH-
TAHHO BBIPBIBAIOTCS 3JIEKTPHUYECKUM IOJIEM B ra3oBylo (asy IeTeKTopa.

Puc. 4. KoHcTpykuus nerekropa
P3O/1-100: 1 — BakyyMHBII KprocTar
W3 TUTaHA; 2 — KaToJ; 3 — KOJIblIe-
BbIe DJJIEKTPOXBl; 4 — ceTyaThle
JNEKTPOJBI; 5 — HIKHAS MaTpula
DIV 6 — Bepxusist matpua DIY
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JKCnepUMEHT NO perucTpauumn ynpyroro

KOrepeHTHOoro paccesHua HeﬁTpMHO

B macrosmee BpeMs paccMaTpHBAIOTCS JBa BapHaHTa MPOBEIEHUS
TaKOT0 SKCIEPUMEHTA, KaX bl U3 KOTOPHIX UMEET CBOM IUTIOCHI U MH-
Hychl. llepBbIii BapuaHT — pa3MelieHrne AeTeKTopa BOIW3W aTOMHOMN
cranuu. [Ipenmnonaraemoe MecTo MpoBeJeHUs dKcepumenTa — Kanu-
HUHCKas aTOMHas CTaHIus, I. Y JOMJIS.

Bropoii BapuanT — pasmernenue nerekropa BOmmsu SNS (anan.
Spallation Neutron Source) HanmonaneHo# naGoparopun Oxpumka
(anan. Oak Ridge National Laboratory, ORNL), CIIIA [25]. SNS sB-
JISI€TCS CUJIBHOTOYHBIM YCKOPHUTEIEM NPOTOHOB 10 3Hepruu 1 I1B,
KOTOpbIe cOpachIBAIOTCS HA PTYTHYIO MUILIEHb. Y CKOPUTENh UCIIONIB3Y-
€TCsl KaK BBHICOKOMHTEHCHUBHBIM MCTOYHMK HEHTPOHOB IS Pa3IMYHBIX
MIPUKIIATHBIX 33]1a4 U SBISIETCS TAK)KE MOIIHBIM HCTOYHHKOM HEUTPHHO.

JKcnepuMeHT BOJM3M siiepHOro peakropa. HecmoTpsa Ha mpu-
BJIEKATENIbHOCTD 3KCIIEpUMEHTA BOJIU3H SJIEPHOTO peakTopa B OCHOBHOM
M3-32 BBICOKOTO TIOTOKA HEWTPHHO (aHTWHEHTPWHO), 3/1€Ch €€ MHOTO
HeZ0pabOTaHHBIX MOMEHTOB.

CaMbIM BaXXHBIM M3 HUX SBJIS€TCS HEU3BECTHOCTh BEJTUYHHBI
YAETHHOTO WOHHU3AIIMOHHOTO BBIXO/A IS aTOMOB OTJa4d, 00pa3oBaH-
HBIX TIPH PacCessHUH HEHUTPHUHO HAa aTOMHOM sfipe OJIaropomHOTO rasza
(cm. panee). lpeanonaraeMoe MecTo pa3MeIleHus] YCTAHOBKA — B TeX-
HUYECKOH raynepee nox peakropom Ha Kamnanackoit ADC (cxemMaTHuHO
MOKa3aHo Ha puc. 5). PaccrosiHue oT cepeluHBl aKTUBHOW 30HBI peax-
TOpa A0 nerekropa 19 m. B aToM MecTe MOTOK aHTUHEHUTPUHO OT SIAEP-
HOTO peakTopa Oyier cocTaBisith mpumepHo 1,35 x 10% em%c™ . Tlpn
TaKOM TIOTOKE B UYBCTBHTEIBHON 00NacTH aeTrekropa maccoit 100 kr
OXKUJACTCA B CYTKUA OKOJIO 38 ThIC. COOBITHH YIPYroro KOrepeHTHOTO
paccesiHud aHTUHEUTPUHO Ha aTOMHBIX s/IpaX KCEHOHa. MonenbHbIN
CIIEKTP CHTHAJIOB TOKa3aH Ha puc. 6 (cM. puc. 6,a). OCHMLTHPYIOIIHii
XapakKTep CIEeKTpa OTpaxaeT AUCKPETHOCTh 00pa30BaHHOTO 3apsia: KaK
OTMEYaoCh paHee, MPH KOJIUYECTBE (OTOAIEKTPOHOB Ha | BIIEKTPOH
MOHU3aMH, paBHOM ~ 80 (OTO31EKTPOHOB, OyAyT BHIHBI OTAEIbHHbIC
MIUKH, COOTBETCTBYIOIINE 3apsiny BeIUUUHOM 1, 2 u T. 1. anekTpoHoB. K
CO’KaJICHHUIO, JIWIIh B HE3HAUYNTENIbHOU JI0J1€ COOBITHI M3 3TOTO OTPOM-
HOTO YHCia Aapa OTAadd MPOW3BENYT MOHM3AILMIO, BEIMYMHON OoJee
nByx 2ekTpoHOB (Ne > 3). OrieHo4Has yacTtoTa TaKuxX COOBITHII pac-
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cestHHs cocTaBiaeT okojo 400
coObiTHii B cyTku. Tpebo-
BaHHE K BEIMYMHE CHUIHAJIa
Ne > 3 BBITEKAaeT U3 HEO0XO-
JIAMOCTH  TIOJHATBCS  Haj
IIyMOM CIHOHTaHHBIX  OJH-
HOYHBIX 3JIEKTPOHOB, YacTOTa
KOTOPOTO MOXET JOCTHraTh
100 I'm (cm. puc. 6 ams aByx
BapuanToB: 10 1 100 I'my). [pm
3TOM 4YacTOTa  CIIy4alHBIX
JIBOMHBEIX COBIIAJICHWM CHUTHA-
JIOB OT OJIMHOYHBIX BIIEKTPO-
HOB JIJINTEJIbHOCTBIO OKOJIO 1
MKC Oyzer coctaBisTh ~10 3a

CYTKH, a TPOUHBIX - YK€ Ha 6 19
TOPSIKOB MEHbIIE, T.¢. ~ 107,

MecTo  pacmono:KeHus [
JETEKTOpa TIOJHOCTBIO H30-

JUPOBAHO H 3AIUIIEHO OT
30HBI pa3MEINCHHs PeaKkTopa.
Takum o0Opa3zoMm, peakTop HE

Puc. 5. Ilnanupyemoe pacnoiioxeHue
nerexkropa POJI-100 (ceprrit kBagpar) Ha
KanuHuHCKON aTOMHOW  3JIEKTPOCTaH-
JAODKEH OKasplBaThb HAa -  yyy: cTpenmkoil MOKA3aHO PACCTOSHUE OT
TCKTOp TMNPAKTUYCCKH HHUKA-  aKTHBHOM 30HBI peakTopa J0 JACTEKTOpa
KOr0 paJuallMOHHOTO BO3-

JedcTBUs (KpoMe Kak depe3

HeiTpuno). Ilpennonaraercsi, 4to IeTEKTOp OylIeT IOMOJHHUTEIBHO
MOMEIIEH B TACCUBHYIO 3aIIUTY U3 OOPHUPOBAHHOTO MOJUATHIIEHA (~1 M)
u xkeneza (~10 cm). DTo nemaercs IUisi TOrO, YTOOBI 3alIUTHTHCS OT
BHEIITHETO PaJMalliOHHOTO ()OHA, BBI3BAHHOT'O €CTECTBEHHOW paaHo-
AKTUBHOCTBIO OCTOHHBIX KOHCTPYKLMI aTOMHOW CTaHIMH, U HEUTPOH-
HOro ¢oHa, MPOM3BOAMMOro B OETOHE KOCMHYECKHMH MIOOHAMHU.
Heo0xonumo ydecTs, 4TO caM peakTop W €ro 3JIaHHe SBISIOTCS XOpO-
nIel 3amuTOl 0T KOCMUYECKHX MIOOHOB. B BepTHKaIbHOM Hampasiie-
HUM TOJIIMHA 3aIUTHI COCTaBJIsIET OKOJ0 70 M BOAHOTO SKBHBAJIECHTA
(M B.3.), a mox yrmamu oT Beprukanmu ~60...70° — okomo 20 M B.3.
(GEMMA). D10 naét yMeHbIIIeHHE MOTOKa MIOOHOB 10 CPABHEHHUIO C UX
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MIOTOKOM Ha OTKPBITON NMOBEPXHOCTH 3eMJIM IMpHMEpHO B 5 pa3. Kak
MOKAa3bIBAaET KOMITBIOTEPHOE MOJEIMPOBAaHUE HEUTPOHHOTO (oHa, JO-
XOISIILETO 10 AETEKTOpPa, OH CPAaBHUM I10 BEJIMUMHE C raMMa-()OHOM OT
KOHCTPYKLIMOHHBIX 3JIEMEHTOB caMoro nerekropa. Ilpu moge-
JMPOBAaHUM TOCIEIHET0 YYUTHIBAIOCH, YTO BCE OCHOBHBIC 3JEMEHTHI
JETEKTOpa BBIIONHEHBl M3 MAaTEpHaIOB C MUHHUMAJIbHO BO3MOKHBIM
COJEepPKaHUEM PAJUALMOHHBIX 3arPA3HEHUH.

MopaenupoBaHrue MOKa3bIBaeT, YTO CYMMapHbIi (oH OT ramma-
KBaHTOB M HEHTPOHOB HE MPEBOCXOMUT BEIMYMHBI OKUAAEMOTO 3(-
dekta (400 coOBITHH B ACHB) JUISI pacCMaTPHBAEMOTO THAIla30HA Be-
JUYUH CUTHAJIOB (CM. puc. 6,0) mpu HaajexalieM BbIOOpe KOHCTPYK-
UOHHBIX MaTepuanoB U TUNa (HOTOyYMHOKHTENEH. J[OMONIHUTETHHBIM
KPUTEPHEM NIPUCYTCTBH MPOLIEcca KOTePEHTHOTO PacCesiHUS HEUTPUHO
Ha aTOMHOM sape OyAeT CpaBHUTEIbHBIM aHAJIN3 CHEKTPOB CHUTHAJIOB,
MOJYYEeHHBIX BO BpeMsl paboTHI SIIEPHOTO PEaKTOpa M BO BPEMS €ro

OCTAaHOBKHM.
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Puc. 6. OxugaeMplil CIEKTp CHUTHANOB OT B3aumojeicTBus HelTpuHO (C) H
(onoBeie curnansl Ha Kamununckoit ADC: (@) A u B — miym crnoHTaHHBIX
anekTpoHoB ¢ yactoroii 100 u 10 ' cooTBeTcTBeHHO; (6) A — (DOH, BBI3BAHHBIH

PaaroaKTHBHOCTBIO 3JIEMEHTOB JieTekTopa, B — ¢on or HelTpoHOB, 00pazo-
BaHHBIX KOCMHYECKUMH JIy9aMu

IkcnepumenT BOm3u SNS. Cpennuit motok HelitpuHO oT SNS B
HECKOJIbKO MHWJUIMOHOB pa3 MEHbIIE, YeM OT SIEPHOTO peakTopa, OJi-
HAaKO CEYECHHE B3aUMOJICHCTBHS B HECKOJIBKO COTEH pa3 OoJibllie BCieI-
cTBUE OOINbIIeH SHEpruM HEHUTPUHO (PacTET Kak KBaApaT SHEPTrUu
HEUTPUHO B cOOTBETCTBHH ¢ (opmyJoit (1)). Takxke urpaet OOJIBIIYIO
poib (akrop momasneHus BHemHero (ona mopsaka 1000 u Gosee
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Onmaromaps MMIyJibcHOW pabore yckoputens. B SNS cunpHOTOYHBIH
MIPOTOHHBIM MYYOK C 3HEpruei mpoToHoB okosio 1 3B, crankuBasck ¢
MUILEHBIO U3 JKUAKOH PTYTH, pa3OMBaeT aTOMHBIE Siipa MMIIEHU Ha
(parmMenTsl U TeHepupyeT m' M T -Me30HbL Ilocieanue OGbICTPO 3a-
XBaTBIBAIOTCS ATOMHBIMM SIIPAMHU PTYTH, & T -ME30HbI, OCTAHABJIMBAACH,

pacnajarTCs ¢ MCICKaHHEM MOHOXPOMATHYECKHX HEHTpuHO V| C

sHeprueit 30 MaB u [1-Me30HOB, KOTOpBIE C BPEMEHEM KU3HU 2,2 MKC
pacnanaroTcs ¢ uCTyckaHueM V, M V, HEHTPMHO C JHEprusMu To-

psAIKa HECKOJNBKUX aecaTkoB MaB (puc. 7). Bkimaxg HeliTpuHO OT pac-
TaJ0B 7T -ME30HOB Ha JIeTy HEBEIMK, HOITOMY pa3MbITUe uHuu 30 MaB

Vll HC3HAYUTCIIBHO. I[J'II/ITGJ'ILHOCTB IIPOTOHHOI'O IIy4YKa COCTaBJIACT

okoso 700 Hc, yactoTa uMmmyascoB 60 I', T. e. mepuoJ MOBTOPEHUS
paBeH 16,7 Mc. MIOOHHBIE HEUTPUHO TE€HEPUPYIOTCSI HETIOCPECTBEHHO
BO BpeMs1 cOpoca NPOTOHOB Ha MULIEHB, 8 OCHOBHAS! YaCTh 3JIEKTPOHHBIX
HEHTPUHO W MIOOHHBIX aHTHHEHTPHHO — mociie cOpoca B TeueHHE He-
CKOJIBKUX MHKPOCEKYH]I C IIOCTOSIHHOH CIlala MHTEHCUBHOCTH MOTOKa,
paBHOW 2,2 Mkc. bnaromaps 3ToMy BHEUIHMM HEWTPOHHBIM U TaM-
Ma-(hoH, He CBA3aHHBIH ¢ paboToil yckopuTens, 3pPpeKTHBHO CHIKAETCS
MNPONOPLHOHAIBHO OTHOIICHHUIO IEpHoJa MEeXIy cOpocaMu Iydka Ko
BpeMeHH HaOJIo/eHUs HEHTPUHHOIO IOTOKa. BpeMeHHas cTpyKTypa
HEHUTPUHHOTO TIOTOKa W OXKHJAeMble DSHEPreTHUecKHe CIEKTPhI
HEUTpUHO TOKa3aHel Ha pHc. 8. Kak oOuH W3 BapHaHTOB, IETEKTOP

3axsaTt
~99%
Puc. 7. Cxema o6pa3zo- / Vo
BaHWs HCUTPUHO B IIPO- dparmeHThbI f
ecce CTOJIKHOBEHMS \ 7= 2200 HC
My4Kka TPOTOHOB C MHU- \ / :
IeHbIo B ucrounnke SNS W
~1T1sB '.

dparmMeHTbl

17



MPEINOIaraeTCsl Ppa3MECTUTh BO BBEIPBHITOM B 3eMIIE KOJIOIE TITyOHMHON
okouio 20 M Ha paccTostHUM TTpuMepHO 40 M OT TOYKH B3aUMOJACHCTBUS
BHE OCHOBHOTO 3/IaHUS, B KOTOPOM IPOUCXOIUT B3aUMOICUCTBUE MIPO-
TOHOB C MUIIEHBIO (prc.9). DTOT BapmaHT XOpPOII TEM, YTO ITOTOK
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Puc. 8. BpemeHHas cTpykTypa HEHTPHHHOTO ITOTOKA
Y 0’KH/Ia€MbIE SHEPTeTHUECKHE CIICKTPBI HEHTPHHO

BHelHue cTpoeHus

Knuctpon

LlenTpansHas
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CXKVKEHUS
renvs

PaguoyacToTHbIi
UeHTp

BcnomorarensHbie
3naHuA
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5

ByctepHoe
KONbLO

Komnnekc
COOpYXeHui
HOBOW MULLIEHKN
yckopurtens

" Uentp
uccnepoBaHnsa
HaHoMarTepuanos

‘/
O6beaAUHE HHbI MHCTUTYT g

HEWTPOHHBLIX UCCNefoBaHNi ~

KunuwHbia |
$ona ORNL
! 4

Puc. 9. IIpenmonaraemoe MecTo (a) MPOBEACHUS YKCICPUMEHTA HA UCTOYHUKE

SNS Hanuonanenoli abopatopun  OKpHIKa;

pasMelIeHue JACTEKTOpa

PO/I-100 B crenmansHOM Kojoaue (6). CxemMa yCKOPHTEIBHOTO KOMILIEKCa
B3sTa ¢ caiita ORNL [25, http://neutrons.ornl. gov/facilities/SNS/worksshtml]
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HEHTPOHOB OT MHMIICHU TOJIHOCTBIO TMOTJIONIACTCS TOJIIEH 3eMITH.
Ocrarorcsi TONBKO (DOH OT €CTECTBEHHOW PaTUOAKTMBHOCTH W (HOH
HEUTPOHOB, TEHEPUPYEMBIX B TOJIIE 3eMJIM KOCMHYCCKHMH JIydaMH.
CyMMapHbIii TOTOK HEHTPUHO BCEX TUIIOB B 3TOM MECTE PACIIOIOKEHHS
netexropa cocrasmsier 5 x 10 em ¢

TMony4yennsiii pu momoind Monrte- Kapio-MoaenupoBaHus sHep-
FeTUYECKUN CIIEKTP CHUTHANIOB B JICTEKTOPE OT B3aWMOJCHCTBHUS
HEHTpUHO, 00pa3oBaHHBIX B McTouHHuKe SNS, nokaszan Ha puc. 10.

Puc. 10. OxuaeMblit
CHEKTp CHTHAJIOB OT B3a-
UMOJICUCTBUSL  HEUTPUHO
(D) u ¢doHOBBIC CUTHATBI
BOIU3H HCTOYHHUKA
HeltpuHo SNS: A — don
OoT HeHTpoHOB, 00pa3o-
BaHHBIX  KOCMHUYCCKHUMU
nydamu; B — QoH, BBI-
3BaHHBIA PaJllOAKTUBHOC-
TBIO 3JIEMEHTOB [IETEKTO-
pa; C — HeHTpOHHBIA QOH 102 ' 10° T 10%
ot SNS AMNAnTYAa curHana B poToaNeKTpoHax

10’

>
[~

10%

o

107244~

Temn cyeta, cobbiTnit/100 kr/10 ¢.3./cyT.

OsxniaeMoe KOJIMYeCTBO COOBITHI JUTS BEIMYMHBI CUTHANA 3 1 Ooree
MOHU3AIMOHHBIX AJIEKTPOHOB cocTamisieTr 1400 B rox. Berumcnenue
ramMma- 1 HeuTpoHHoro ¢oHa s SNS sBnsieTcst 6oee crnoXKHOM 3a/1a-
Yeid, 0JJHAKO MpeABAPUTEIbHBIC MOJIEIBHBIE OIEHKH MOKa3bIBAIOT, YTO
9TOT ()OH HE TpeBBIIAeT BeNMUUHY S dekra. JJokasarenbcTBOM MpH-
HA/JISKHOCTH IOJYYEHHBIX COOBITHH KOTEPEHTHOMY PACCESHHIO
HEUTPUHO Ha aTOMHBIX SJIPax Cpeabl AETEKTOpa B CIydae SKCIepUMEHTa
Ha SNS Oyner ciry>KUTh HaJlMuue BPEMEHHON CTPYKTYPBI JUIsi MacCHBa
COOBITHI — OH JOJKEH ITOBTOPATH OXKHUIAEMYIO BPEMEHHYIO CTPYKTYPY
TeHepUPYEMBIX HEUTPUHHBIX COOBITHH (CM. puc. 8,6). OTMETHM, 4TO AJIs
MOCTAaHOBKM SKCIEPUMEHTa 1o oOHapykeHuio 3¢ddekra ynpyroro ko-
TepEeHTHOTO paccesHUsi HEWTPUHO Ha aTOMHOM sIpe HE TpeOyeTcs
NPOBEJIEHHS TPEBAPUTENHHBIX HCCIIEOBAaHUNH WOHU3AIIMOHHOTO OT-
KJIMKA KUJKOTO ONaropojHOro rasa [uis siiep OTAa4H, IOTOMY YTO 3Ta
BEJIMYMHA YK€ MOJydeHA C XOPOIIEH CTENEeHbI0 TOYHOCTH B MpOIecce
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MOATOTOBKM OJKCIIEPUMEHTOB IO TOWCKY TEMHOM Marepun. OKc-
MNEPUMEHT MOXKET OBITh MPOBENEH C HCMOJIb30BAHMEM HMEIOLIMXCS
TEXHOJIOTHH yKe B Oirkaiiiiiee Bpems.

* * %

Takum 00pa3oM, yuyéHblE CTOAT Ha IOPOT€ OTKPBITHS Ipolecca
YIOPYroro KOTEPEHTHOI'O paccesHus HEUTPUHO Ha aTOMHOM S[pe,
MIPEJICKa3aHHOTO0 HEKOTOpOe BpeMs ToMy Haszal CTaHAapTHON MOJIENbBIO
3MeKTpocnadboro B3auMmoaeicTBusa. Ha MOMEHT mpeacka3aHusi TEXHO-
JIOTMH JAETEKTHPOBAHMS AJIEMEHTApHBIX YacTHUIl U M3Iy4YeHUH emé He
JIOCTUTII HeoOXxomuMoro ypoBHs. Celyac OHHM YK€ JOCTaTOYHO pa3-
BUTBI JIJIs1 OCYIIECTBICHHS SKCIIEPUMEHTA, HAIEIEHHOTO Ha OTKPHITHE
JIaHHOTO mporecca. OMHOI U3 MHOTOOOEIIAIONNX TEXHOIOTHA SBIISIETCS
IByX(ha3HBIIl METO/I AETEKTUPOBAHHUS YaCTHUII, 00JIaTat0NHil pEKOPIHON
YYBCTBUTENBHOCTHIO M TIO3BOJISIONIMIA PETUCTPUPOBATH OTIEIbHbBIE
VMOHU3AIMOHHbIE 3MEeKTPOHbI. C HCIIOIB30BAaHUEM 3TOr0 METoAa Iula-
HHUPYETCsl MIPOBEACHUE SKCIEPUMEHTa 0 MOMCKY NaHHOTO IpoIiecca.
PaccmarpuBatoTcst 2 MecTta Ui TAKOTO SKCHEpUMEHTa: UCTOYHUK SNS
(CIHA) u Kamununckas ADC (Poccust). [IpuBenénnsie MoaenbHBIC
OIIEHKH Benu4rH 3PQexTa n HOHOBBIX YCIOBUN MOKA3BIBAIOT, 4TO d(h-
¢dexT MoxeT ObITh Han&KHO 3aperucTpupoBaH. Hapsnmy ¢ ¢yHna-
MEHTAJIbHOCThIO (TpoBepka mpenckazanuid CTaHAapTHONM MOIenu Hu
BO3MOXXHOE YKa3aHHE Ha «HOBYIO (M3HKY» B Cllydae HECOOTBETCTBHS
NPEACKAa3aHHOTO CEYEHHs ITpoliecca SKCHEPUMEHTAIbHBIM JaHHBIM)
JAHHOE OTKPBITHE B OYyAyIIEM MOKET UMETh OOJbIOe MPaKTHYECKOe
MpPUMEHEHUE I JUCTAHIIMOHHOTO MOHUTOPHHra aKTUBHOW 30HBI
anepHoro peakropa ADC. C MoMOLIbI0 TAKOrO JAETEKTOPa BO3MOMKHO
HE3aBUCUMOE U3MEPEHUE BBIJIECISIEMON TEIUIOBOM MOIIHOCTH B HETpe-
PBIBHOM PEXHME, a B TIEPCIEKTUBE MPH YBETUUEHUH MACChl I€TEKTOpa
10 1 T — KOHTPOJb 32 COCTaBOM TOIUIMBA B XOJ/I€ €TO BBITOPAHMS 110 U3-
MEHEHUIO BBICOKO3HEPIHYHON YacTH CIIEKTPa aHTUHEUTPHHO.

Aemopul evipasicaiom baazodapuocmv Munucmepemsy Hayku u o6pazo-
sanusi Poccuiickoii @edepayuu 3a npedocmasienue epanma llpasumenvcmea
P® no Iocmanoenenuio Ne 220 (0oz2oeop Ne 11. G34.31.0049) u Poccuiickomy
Gonoy gynoamenmanvuwvix uccredosanuil (epanm 11_02_00668 a), a maxoice
pykogoocmay Kanununcroii ADC u pyxosoocmesy Hayuonanvhoii rabopamopuu
Oxpuodica 3a nposenenuvlll uHmepec.
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A TWO-PHASE EMISSION LIQUID XE DETECTOR FOR STUDY
OF LOW-IONIZATION EVENTS AT THE RESEARCH REACTOR IRT MEPhI
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M.D. Skorokhvatov, V.V. Sosnovtsev, V.N. Stekhanov, G.V. Tikhomirov
National Nuclear Research University « MEPhI», Russia

Abstract

A two-phase emission detector containing 5 kg of liquid Xe is installed at
the horizontal experimental channel of the research nuclear reactor IRT
MEPhI in order to measure the liquid Xe response to Xe atom recoils with
kinetic energies below 1 keV. Preliminary tests have demonstrated the basic
characteristics of the detector: an electron lifetime of > 15 us and single
ionization electron signal is ~ 10 photoelectrons. These parameters are suf-
ficient to detect and identify events at a single electron level.

Index Terms: emission detector, liquid Xe, ionization yield, electrons,
neutrino coherent scattering.

I. INTRODUCTION

Two-phase emission noble gas detectors [1-3] are being considered as
a powerful tool for the search for rare events with low energy deposi-
tions. The most successful emission detectors filled with liquid Xe (LXe)
have been constructed for the dark matter experiments. Recently these
experiments, ZEPLIN, XENON, and LUX [4-6] have shown rapid pro-
gress in setting the best limits on sensitivities to WIMPs.

Recently a two-phase emission detector has been proposed as a tool
for discovery of a rare process of neutrino elastic coherent scattering off
atomic nuclei [7—10]. This process is predicted by the Standard Model of
electroweak interaction but has not been observed yet because it requires
detection of nuclear recoils with very low kinetic energy (below 1 keV).
Beyond the impact on fundamental physics and verification of the
Standard Model [11], the observation and study of this process may lead
to development of a relatively compact and effective detector for mon-
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itoring nuclear reactors [12]. Recently, a new collaboration RED (Rus-
sian Emission Detector) has been established in order to develop a
massive LXe emission detector for neutrino studies. In this paper, we
report on first results of R&D efforts in development of the RED-100
[10] liquid Xe emission detector.

Although two-phase emission detectors are sensitive even to single
ionization electron, it is not known yet how many electron-ion pairs can
be produced per unit of the deposited energy by an atomic nucleus recoil
or by an electron at kinetic energies around and below 1 keV. Available
experimental data on ionization yield are limited to the energy range
above 4 keV for nuclear recoils (see [13] and references therein). Our
goal is to measure the ionization yield of Xe nuclear recoils in the
sub-keV range of kinetic energies in a neutron elastic scattering exper-
iment.

Il. EXPERIMENTAL SETUP

A. Location at IRT MEPhI

An experimental setup for observation and measurement of the re-
sponse of LXe to the nuclear recoils having keV and sub-keV kinetic
energies consists of a two-phase emission detector RED1 installed at a
horizontal experimental channel of the research reactor IRT MEPhI. The
detector is surrounded with layers of lead and borated polyethylene as
shown in Fig.1 [10]. This shielding reduces the external radioactive
background by one order of magnitude. The low energy Xe recoils will
be produced by elastic scattering of quasi-monochromatic neutron beam.
This beam is obtained from the nuclear reactor broad neutron energy
spectrum with a neutron filter.

B. Neutron beam

We plan to use a quasi-monochromatic neutron beam with an average
energy of 24+1.5 keV FWHM, which is formed from a broad reactor
neutron spectrum with Al-Fe filter consisting of 30 cm long iron rod
made of construction-grade steel and 70 cm long aluminum rod made of
99.99% aluminum (Fig. 1). The filter is installed into the 10 cm diameter
horizontal channel passing though the concrete shield of the reactor. The
*°Fe isotope has a deep resonance minimum in the total neutron
cross-section at 24 keV, and the %Al isotope effectively absorbs and
scatters the higher energy neutrons that pass through the iron.
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The 24 keV neutrons elastically scattered off Xe nuclei producing
nuclear recoils with kinetic energies from 0 to ~0.7 keV. Filters based on
different materials can be used to form quasi-monochromatic neutron
beams with a variety of different energies [14]. In the future, we plan to
use a Si filter to produce neutrons with energies 54 and 145 keV. The
correspondent maximum energies of Xe recoils for neutrons with these
energies are 1.5 and 4.5 keV. Thus, with the Si filter we will have the
possibility to cross-check our data with the existing data in the keV en-
ergy range of nuclear recoils.

1 2 3

I 9
|
4 4 4 4 4
7 8
_ .. _ - . 1 — — —.
1 L
5 5 5 5 5
1l 11
O 6 6

Fig. 1. Schematic drawing of the experimental setup at the horizontal experi-
mental channel of the research reactor IRT MEPhI: 1 — two-phase emission
detector RED1; 2, 3 — lead and borated polyethylene detector shield (10 cm
each); 4, 5— lead layers and polyethylene slabs of the filter shield (5-cm each);
6 — paraffin blocks; 7, 8 — neutron filter: Fe (30 cm) and Al (70 cm); 9 — concrete
shield

A passive shield of the filter is made of 32 layers of 5 cm thick pol-
yethylene sheets interleaved with 1 mm thick cadmium foils and 5 layers
of 5 cm thick lead breaks (Fig. 1). All filters were optimized with MCNP
4C code [15].

C. Detector RED1

In the two-phase emission detection technique [3] there are two sig-
nals produced by a particle interacting within the active volume of the
noble liquid. The 1-st signal is primary scintillation (SC). The 2-nd
signal is ionization signal measured by means of electroluminescence
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(EL) in the gas phase of the detector above the surface of liquid phase.
The charge is extracted from the liquid to the gas phase by application of
an electric field. The time difference between the two signals is defined
by the electron drift velocity and the distance between the point of in-
teraction and the LXe surface.

The emission detector RED1 was originally developed as a prototype
of the ZEPLIN-III dark matter detector [16]. Seven 17-diameter PMTs
are immersed into LXe and separated from a sensitive region (target)
with a wired cathode, as shown in Fig. 2 [10]. An electrode structure
includes a cathode, an intermediate field-shaping ring, and a flat alu-
minum-coated stainless steel anode. A screening grid located in the vi-
cinity of the PMT photocathodes protects them from the applied electron
drift field. The grid is biased at the same voltage as photocathodes. The
thickness of the active LXe layer is 22 mm. Field-shaping rings have
inner diameter of 105 mm. The electroluminescence-generating gas gap
of 5 mm depth is formed between the surface of liquid and the anode.

- T
Jal

Vacuum

Fig.2. The RED1 emission detector: 1 — warm vessel; 2 — cold vessel; 3 —
electrode system; 4 — anode; 5 — LXe surface; 6 — field shaping ring; 7 — wired
cathode (0.1 mm diam., 1 mm pitch); 8 — wired grid (0.1 mm diam., 1 mm
pitch); 9 — PMTs; 10 — copper jacket; 11 — stainless steel LXe displacers; 12 —
copper base plate; 13 — thermo conducting copper fingers; 14 — container filled
with liquid nitrogen; 15 — copper base plate; 16 — vacuum ports
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The maximum voltage drop between the anode and the cathode that can
be applied is 15 kV. The voltage is supplied to the electrode system via
Ceramaseal feedthroughs. The amount of LXe in the target is 0.6 kg
while the total amount of LXe contained in the detector is 5 kg.

The 175 nm wavelength Xe scintillation and electro-luminescence
photon emission is measured with FEU-181 photomultipliers equipped
with MgF, windows and multi-alkali photo cathodes having 15%
quantum efficiency at 200 nm wavelength. According to our previous
measurements, no temperature dependence of the quantum efficiency in
the range between room temperature and -120°C has been observed
within 5% experimental accuracy. All seven PMTs are biased with the
common voltage divider installed outside the detector.

D. Gas handling system

A gas handling system of the detector includes: standard metal-sealed
bellow valves, VCR-standard fittings, stainless-steel gas pipes and bel-
low hoses, pressure and vacuum gauges, residual gas analyzer (RGA),
stainless-steel high pressure storage cylinders, turbo-molecular and
magneto-discharge vacuum pumps, circulation pump and a MonoTorr
Phase Il rare gas purifier by SAES production.

E. %"Kr calibration system

Obtaining of detector response with a radioactive source uniformly
distributed over the detector volume is a necessary step in elaborating of
a 3D reconstruction procedure. For this purpose we use an isomeric
8MKr radioactive gaseous isotope [17]. This isotope decays with
T12,=1.83 h via internal conversion (IC) with energy release of 32.1 keV
to the first ®*Kr excited state (9.4 eV), which then decays via IC (95%) or
emission of y (5%) to the ground state with T,,=154 ns. The ®¥"Kr is
constantly produced from a decay **Rb (T.,=86.2 d). The *Rb was
produced at the Institute of Nuclear Researches RAS for the “Troitsk
nu-mass” experiment [18]. The isotope is deposited on a stainless-steel
foil and encapsulated in a stainless-steel container (*"Kr—generator)
incorporated in the gas system.

The #™Kr is delivered into the RED1 active volume by a flow of Xe
gas. For this purpose part of the Xe is taken from the input of the RED1
chamber to a bellow hose bent in a U-shape and cooled down by liquid
nitrogen. After warming up the hose the Xe comes to the ®™Kr-—
generator container which is heated to ~ 100°C for several hours be-
forehand in order to release the ®*™Kr from Rb. Then the Xe gas is con-
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densed back to the RED1 chamber through a Millipore Waferpure Micro
gas purifier. In order to ensure the same level of LXe in the RED1
chamber as before injection of ®™Kr into the detector the process of
condensation is stopped when the residual pressure in the system (in-
cluding the ®*"Kr—generator) is equal to the initial one.

In the detector, the decay of ®*"Kr produces two fast sequential scin-
tillation signals that correspond to the energies 32.1 and 9.4 keV and one
slow EL signal corresponded to the total deposited energy 41.5 keV.

F. Electron lifetime monitoring

A lifetime of free electrons drifting in a liquid noble gas medium
before their capture by electronegative impurities is a major operation
characteristic of a noble liquid detector. We use several independent
methods to measure it.

The gas system is equipped with a custom made electron-lifetime
monitor (ELM) shown in Fig.3 to measure the gas quality before filling
the detector. The ELM is a two-phase ionization chamber. An **Am
alpha particle source is placed in the center of the cathode located above
the surface of the liquid. The high-voltage anode is immersed into the
liquid. The ionization electrons are produced in the gas above the liquid
by alpha particles. The electrons drifting to the anode easily penetrate
through the gas-liquid interface since the ground state of excess electrons
in the liquid Xe is negative (pp. 24-26 of [2]).

A bath of melting solid ethyl alcohol is used for thermo stabilization
of the ELM at 2.5 bar Xe vapor pressure for several hours. The position
of the LXe surface is controlled visually through a quartz window
(Fig. 3).

At the operation pressure, the alpha particles are completely stopped
within the gas region. Since the electron-ion recombination rate in alpha
particle tracks in the gas is significantly lower than that in the liquid, this
method of generating drifting electrons provides much higher electron
yield than that in any liquid ionization chambers [19]. The induced sig-
nals are measured with a standard charge sensitive amplifier (CSA). The
lifetime of drifting electrons can be calculated from the obtained wave-
forms recorded with a digital scope LeCroy LT344 taking into account
the CSA time constant and the fact that the induced current decreases
exponentially with the drift time due to the electron capture by electro-
negative impurities. To increase the accuracy of the measurement ~1000
of waveforms are averaged.
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Fig. 3. A schematic drawing of the two-phase electron lifetime monitor ELM
(top) and a picture of the electrode system mounted on 4-1/2” ConFlat flange
with the optical window for visual control of the liquid level in the center
(bottom). Dimensions are shown in mm

The next three methods are used to measure the electron lifetime in
liquid Xe in the detector RED1 directly. In the 1% one, the detector RED1
is filled in such a way that the LXe surface is above the anode (4 in
Fig. 2). lonization electrons in the liquid Xe are generated by a radio-
active background, cosmic rays and an additional gamma-source in-
stalled outside the detector. lonization signals are measured with CSA
connected to the anode and recorded with the LeCroy LT344 scope
triggered by scintillation. The waveform averaged over several thou-
sands of events is associated with ionization practically uniformly dis-
tributed over the LXe volume. Mathematically this is equivalent to a
consideration of collection of a uniform charge created in “one collective
event”. The electron lifetime is obtained from fitting this waveform with
a mathematical function which takes into account: decrease of the charge
between electrodes due to its collection on the anode, an electron capture
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by electronegative impurities, and a leakage of the collected charge in
CSA. In this function a lifetime is introduced as a free parameter.

Typical waveforms measured by CSA with the ELM and with the
RED1 are given in Fig. 4. The waveforms obtained from the ELM are
shown on the top on left, and from the RED1, on the top on right. The
waveforms of the current shown on bottom are obtained by differentia-
tion (with smoothing) of the correspondent waveforms recorded from
CSA. The time point 2 at the ELM waveform corresponds to entrance of
the charge into the liquid. At this point, the current decreases because at a
given electric field the electron drift velocity in the liquid is less than that
in the gas. At infinite electron lifetime and infinite decay time of CSA the
part of the current waveform between the time points 2 and 3 for the
ELM would be flat, and the part between 1 and 3 for the RED1 would a
linear function.
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Fig. 4. Examples of waveforms of the induced charge measured with the ELM at
0.084 kV/cm (top on left) and with the RED1 at 0.37 kV/cm (top on right) and corre-
sponding current pulses (bottom row); 1 — electron drift begins; 2 — electrons pass
through the liquid interface; 3 — electrons come to the anode. Time scales are
5 ns/sample (left column) and 10 ns/sample (right column)
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In the 2" and 3" methods, the lifetime is measured during normal
detector operation, i.e. when the surface of LXe is below the anode, and
the electric field strength is sufficient to provide electron emission. In the
2" method, the lifetime is obtained from the analysis Z-distribution of
EL signals from the internal *™Kr and the external **'Cs. The events
from ®™Kr were selected by appearance of two scintillation signals
within time interval of several hundred nanoseconds, and the events from
3’Cs, by a photo peak in scintillation, correspondent to 662 keV. In the
3" method, the lifetime is obtained from the analysis of the slope of long
muon EL signals.

G. Electronics and trigger

An analog circuit of each PMT channel consists of a preamplifier,
several amplifiers and two digitizers for high and low sensitivity. The
signals from the PMTs are pre-amplified with a selectable gain (0.5 or 5)
8-channel unit designed by LUX [20]. The preamplifiers are mounted on
the detector cryostat. In each channel the signal is additionally amplified
with a gain of ~ 5 in a custom made CAMAC unit. Then the signal is split
in a three ways between CAEN V1720 VME 250 MS/s 8-channel ADC
(low sensitivity), an amplification cascade with a gain of ~ 25 situated in
the same CAMAC unit, and an 8-channel Phillips Scientific 772 ampli-
fier. The signal from the Phillips Scientific 772 with a gain of 10 is sent
to Struck SIS3350 VME 500 MS/s 8-channel ADC (high sensitivity).
The signal from the amplifier with a gain ~25 is sent to a fast discrimi-
nator. The discriminator is tuned (in each channel, individually) to
trigger on single photoelectron (SPE) signal. The signals from the out-
puts of all seven discriminators are summed with OR logical unit. The
resulting signal is used to form a digital trigger at a level of single ioni-
zation electron (SE trigger mode). It is produced when a sequence of 2 or
more discriminator pulses appears having an interval between individual
pulses no more than 350 ns. The total duration of the sequence must be
within 1200 ns. The signals from the parallel outputs of the Phillips
Scientific 772 amplifier are summed linearly and shaped with a time
constant of 0.5 us. This signal is sent to several discriminators with
thresholds from several SE to hundreds of keV. The signals from dis-
criminators are used to block the SE trigger when the large SC or EL
signal appeared before the SE pulse to prevent triggering on tails of such
signals. The blocking time interval varies from 20 to 1000 us depending
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on the pulse height. Also the signal from the discriminator with the
lowest threshold is used to form a trigger for measurements with radio-
active sources and gamma background. There is also a separate trigger
for the long (>5 us) muon events.

H. Measurement of Xe response to nuclear recoils

Measurement of the ionization yield can be performed by comparison
of the experimental EL spectrum for the low-energy nuclear recoils with
the Monte Carlo simulations taking into account all RED1 detector
characteristics with the ionization yield as a free parameter.

Scintillation is very weak for sub-keV nuclear recoils in LXe and
therefore not every event generates a photoelectron from scintillation.
Nevertheless, the intensity of scintillation signals can be measured if the
data taking system of the RED1 detector is triggered by electrolumi-
nescence signals (EL) and the waveforms of events containing Ne > 2
(Nspe > 20) are digitally summed (see Fig. 5). The resulting waveform
consists of the sum of EL signals, the sum of randomly distributed single
photoelectron noise signals and the sum of single photoelectron scintil-
lation (SC) signals located in the very-well defined time range in front of
the EL. This time range is equal to the maximum electron drift time over
the LXe layer, which is about 10 pus. Taking difference between the count
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Fig. 5. lllustration of the method to measure the very small scintillation
(see text) for infinite lifetime and uniform scintillation light collection
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rate of photoelectrons measured inside the drift range and the count rate
of photoelectrons measured outside of this range, the scintillation yield
associated with nuclei recoils can be determined. The random single
photoelectrons outside the drift range are mostly associated with PMT
noise signals and weak scintillation signals occurring outside the sensi-
tive volume of the detector. This method has been proven in the
ZEPLIN-II nuclear recoil data analysis for the energies > 2 keV, and the
results found are in good agreement with those obtained by other
methods [13].

ll. DETECTOR PERFORMANCE

A. Electron lifetime measurements

We have employed all methods described above for the electron
lifetime measurements.

Although in previous R&D studies related to ZEPLIN-III we had
sufficient life time in the same detector (called now RED1) of ~15-20 us
at the electric field of 3.7 kV/cm, after reassembling it at the reactor site
we have started with the very low values of few microseconds. This
stimulated us to carry out a detail study of electron lifetime dependence
verses electric field. The results obtained with ELM and RED1 are pre-
sented in Fig. 6. Every time during filling the detectors the Xe gas was
passed through the MonoTorr purifier. The results shown by open
squares correspond to the first measurement with ELM. Then we com-
pleted three cycles of Xe condensation to RED1 with subsequent recu-
peration of the LXe back to the cooled storage cylinder and then finally
filled RED1. The obtained data (filled squares) are in good agreement
with the ELM ones. Then, we repeated the measurements with ELM and
found that the electron lifetime has been improved in comparison to the
first run (Fig.6, open circles). The data obtained after that in the RED1
chamber are shown by filled circles. After several months, we repeated
the measurements with RED1 and found further improvement of the
lifetime. The data are presented by filled diamonds (after cycling three
times) and filled triangles (after cycling four times). Finally, in the next
experimental run (stars), after cycling three times we again achieved ~
20 ps at the electric field of 3.7 kV/cm. It is interesting to note that im-
provement of the electron lifetime goes much faster at the fields lower
than 1 kV/cm, then at the higher fields. Sensitivity of CSA method was
not enough to measure the long electron lifetimes at these values of field
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for the last three runs: the part between points 1 and 3 of the waveform of
current transformed to a straight line. The corresponding data are pre-
sented only by lower limits in Fig. 6.
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Fig. 6. Electron lifetime measured with CSA verses electric field; open and
filled symbols corresponds to ELM and RED1 data, correspondently. Data
points are connected by lines to highlight the series of measurements. From
bottom to top, the data corresponds to successive in time series of measurements

Electron lifetime behavior may be explained if there are several spe-
cies of electronegative impurities in Xe with various dependence of the
electron attachment rate constant versus electric field [21]. The
MonoTorr getter may have different purification efficiencies for these
impurities. The difficulty to achieve the large electron lifetime at the
high electric field values can be attributed in our case to a nitrous oxide
impurity which may be synthesized from residual N, and O, in a hot
getter (pp. 61-63 of [2], [22]). According to [21], the electron attachment
rate constant for N,O grows up with field in the interval from 10 to ~10
kVvicm.

During the last run we also monitored a lifetime with other methods
described above. The results are shown in Fig. 7. The measurements
with **’Cs and ¥ Kr are consistent to each other and both are consistent
with the CSA measurement (one point at 0 h). However, the values of the
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lifetime obtained from the analysis of muon waveform are systematically
lower than the **'Cs, ®™Kr, and CSA data. We will work on a muon data
analysis algorithm to reduce this discrepancy in future. It is seen from all
data that the purity is degrading with time, but there is a sufficient period
of time (~70h) available for data taking, when the electron lifetime is
higher than ~ 15 ps.
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Fig. 7. Electron lifetime measured with muons (circles), **Cs (stars),
and #™Kr (triangles), and CSA (diamond)

B. Single electron signals

A single electron signal is the one of basic characteristics of a
two-phase emission detector [9, 23—-26].

In two-phase Xe detectors, there is a specific noise of spontaneous
single electron emission. As suggested in [9, 25] this noise is attributed
to a spontaneous thermal emission of ionization electrons accumulated
under the liquid-gas interface. This electron emission is a source of a
high background rate that may interfere with observations of low ioni-
zation signals [9, 10].

A typical waveform of a single electron signal acquired from the
PMT array of the RED1 detector with the SE trigger mode is shown in
Fig.8a. This signal is a sequence (a cluster) of single photoelectron
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pulses distributed uniformly within a time interval of about 1 us. The
duration of the sequence corresponds to the drift time of electrons
through the gas gap between the surface of the liquid and the anode. The
EL signal is made from a number of SE signals (see example of wave-
form for ~ 30 keV gamma ray in Fig. 8b).
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Fig. 8. Waveforms associated with single electron (a)
and ~ 30 keV gamma ray (b) signals recorded in the RED1 detector

The value of the SE signal is obtained by integration of the SE
cluster. The distribution of single electron signals expressed in single
photoelectrons (SPE) is shown in Fig. 9. The peak corresponds to ~10
photoelectrons at the operation voltages (Fig. 9). This characteristic
demonstrates the sensitivity of the RED1 detector to the extremely low
ionization. With this average for SE number of photoelectrons distrib-
uted among several PMTs of the array it is possible to reconstruct the
coordinates of the SE events in the horizontal (XY) plane. The XY dis-
tribution of spontaneous SE events inside the central part of the sensitive
area of 40 mm radius obtained with the algorithm described in [27] is
shown in Fig. 10. This distribution is symmetrical and quite uniform
over the XY plane in the central part of the detector and has smaller
density in the periphery. This is qualitatively consistent with the origin of
spontaneous thermal emission of free electrons accumulated under the
surface of LXe proposed in [9, 25]. Not all electrons produced as a result
of particle interactions are emitted from liquid Xe, because the proba-
bility to pass throughout liquid-gas interface is less than 100%. Such
electrons are accumulated at this interface and slowly drift to the ring
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part of the anode immersed in the liquid (see Fig. 2). In comparison to
the electrons produced in the central part of the detector the electrons,
which arrive to the surface at the large radii, have a higher probability to
reach the anode ring without emission to the gas phase.
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trons (SPE); Gaussian fit is shown by ~ coordinate of spontaneous SE
curve events. The array of PMTs is

shown by round contours. The
boundary of the detector active
volume is shown by dash contour

IV. CONCLUSION

It is shown that the RED1 detector is capable to detect and identify
single electron events. The achieved electron lifetime of > 15 s is suf-
ficient for the measurements of the LXe response at the low energies.

We assembled the experimental setup with the Fe-Al filter to form a
quasi-monochromatic neutron beam with 24+1.5 (FWHM) keV energy
from a reactor broad spectrum. This setup will allow us to measure an
ionisation yield of low energy nuclear recoils resulting from the elastic
scattering of neutrons off atomic Xe nuclei in LXe.
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Abstract

We present the results of the first experimental study of ionization yield
of electron recoils with energies below 100 keV produced in liquid xenon by
the isotopes: *'Ar, #™Kr, **Am, *°Xe, 'Xe. It is confirmed by a direct
measurement with ¥Ar isotope (2.82 keV) that the ionization yield is
growing up with the energy decrease in the energy range below ~ 10 keV
accordingly to the NEST predictions. Decay time of scintillation at 2.82 keV
is measured to be T = 25 + 3 ns at the electric field of 3.75 kV/cm.

Index Terms: Noble liquid detectors (scintillation, ionization, dou-
ble-phase), Dark Matter detectors (WIMPs, axions, etc.), Neutrino detectors,
Very low-energy charged particle detectors.

Introduction
The two-phase (liquid/gas) emission detector was invented about

forty years ago 1[1], [2]. Through a long history of development it has
become a powerful instrument for the experiments searching for rare
processes. Recent rapid progress in the dark matter search experiments
(ZEPLIN, XENON, and LUX [3], [4], [5]) was made with this type of
detector. This was possible because of the unique performances of the

1 Corresponding author.
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two-phase detection technique. These performances include: superior
sensitivity to low energy ionization, particle identification, 3D position
reconstruction capability, and “wall-less” design benefiting from
self-shielding.

Recently a two-phase emission detector has been proposed as a tool
for discovery of a rare process of coherent neutrino-nucleus elastic
scattering (CNNS) [6], [7], [8], [9]. This process is predicted by the
Standard Model of electroweak interaction. However, it has not been
observed yet, because a detector must be sensitive to the very low energy
depositions from nuclear recoils.

Unfortunately, the detection properties of liquid noble gases which
are used as targets for rare interactions are not well studied in the
low-keV and sub-keV regions. The ionization yield for the low-energy
nuclear recoils has been measured by the research groups who develop
dark matter detectors. However, so far there were no direct experimental
measurements of the ionization yield of liquid xenon (LXe) for electron
recoils at the energies below 122 keV. An average energy to produce
electron ion pair (W; value) that is equal to an inverse value of the ion-
ization yield at the infinite electric field was measured in [10], [11] for
0.55 and 0.976-MeV #"Bi conversion electrons and in [12] for 122-keV
gammas. The study of ionization yield of an argon filled two-phase de-
tector in the low- and sub- keV region with *’Ar (0.27 and 2.82 keV) and
*°Fe (5.9 keV) isotopes was recently reported in [13].

Here we report on first experimental study with a two-phase emis-
sion detector of ionization yield of electron recoils with energies below
100 keV produced in liquid xenon by the isotopes: *’Ar, #™Kr, **Am,
129Xe, Blya

2. Detector

The emission detector used in this study was originally designed as a
prototype of the ZEPLIN-III dark matter detector [14]. The active
volume is a disk of 22 mm thickness and 105 mm diameter which con-
tains 0.6 kg of liquid xenon with the total amount of LXe contained in the
detector of ~ 5 kg. Seven 1”-diameter PMTs are immersed into LXe and
view active volume from the bottom as shown in figure 1 [9]. An elec-
trode structure includes a wired cathode, an intermediate field-shaping
ring, and a flat aluminium-coated stainless steel anode. Part of our
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measurements (see below) was done with an ***Am source situated on
the anode as shown in figure 1. There is a screening grid located in the
vicinity of the PMT photocathodes to protect them from the applied
electron drift field. The grid is biased at the same voltage as photo-
cathodes. The gas gap where electroluminescence is generated is formed
between the surface of liquid and the anode and has thickness of 5 mm.
The nominal voltage between the anode and the cathode is 11.85 kV that
corresponds to drift field 3.75 kV/cm in liquid and a maximal drift time
of 9 us. Maximal applied voltage is 15 kV. The voltage is supplied to the
electrode system via Ceramaseal feedthroughs.

1.2mm

& ]
SIS

gl i
%ﬂ ) 11,

18 & |18
Pumping out

Fig. 1. The emission detector: 1 — warm vessel; 2 — cold vessel; 3 — electrode
system; 4 — ***Am source; 5 — stainless steel foil (200 um); 6 — anode; 7 — LXe
surface; 8 — field shaping ring; 9 — wired cathode (0.1 mm diam., 1 mm pitch);
10 — wired grid (0.1 mm diam., 1 mm pitch); 11 — PMTs; 12 — copper jacket;
13 — stainless steel LXe displacers; 14 — copper base plate; 15 — thermo con-
ducting copper fingers; 16 — container filled with liquid nitrogen; 17 — copper
base plate; 18 — vacuum ports
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In a two-phase emission detector [2], there are two signals pro-
duced by a particle interacting within the active volume of the noble
liquid. The 1-st signal is primary scintillation (S1). The 2-nd one is
ionization measured by means of electroluminescence (S2) in the gas
phase of the detector. The charge is extracted from the liquid to the gas
phase by applied electric field. Electron drift velocity and the distance
between the point of interaction and the LXe surface define the time
interval between the two signals.

The 175 nm wavelength Xe scintillation and electroluminescence
photons are detected with FEU-181 photomultipliers equipped with
MgF, windows and multi-alkali photo cathodes having 15% quantum
efficiency at 200 nm wavelength. According to our previous measure-
ments, no temperature dependence of the quantum efficiency in the
range between room temperature and —120°C has been observed within
5% experimental accuracy. All seven PMTs are biased with the common
voltage divider installed outside the detector.

Signals from PMTs were amplified by fast preamplifiers [15] in-
stalled on the cryostat. Then signals were split into high sensitivity and
low sensitivity channels in order to obtain wider dynamic range. Signal
in high sensitivity channels were post amplified with 8-channel Phillips
Scientific 772. In addition, the preamplifiers are equipped with a remote
control switches to select gain 0.5 or 5. All this allows one to measure the
signal in the range from parts of single photoelectron (SPE) to ~5-10°
SPE. Signals are digitised at 2 ns sampling rate (Struck SIS3350 12-bit)
in the high sensitivity channels and 4 ns rate (CAEN V1720 12-bit) in the
low sensitivity ones. Similar (but with some differences) structure of
electronics was used for the old dataset (see below). Home developed
amplifiers [16] with a fixed gain of 5 were used for pre- and post- am-
plification. LeCroy LT344 4-chanel 500 MHz and Tektronix 4- channel
625 MHz 8-bit oscilloscopes were used for digitizing in the high sensi-
tivity channel and Struck SIS3320 (250 MHz, 12-bit) in the low sensi-
tivity channel. Waveforms were recorded in time intervals of 10 us be-
fore and after trigger point (20 us in total).

3. Calibration lines
The experimental data were obtained using two datasets of meas-
urements with calibration lines presented in table 1. The old dataset, in
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which we used Am and ®™Kr sources, is named RUN2009, the new
one, RUN2013. To combine the results of both datasets together we used
8MKr line as a reference point in both series of measurements.

Table 1. Energy lines and corresponding radioactive sources

Ee“\‘jrgy* 282|139 | 172 | 30 | 40 | 415 | 595 | 80 | 662
Isotope 37Ar 241Am 241Am 241Am 129xe 83mKr 241Am 131xe 137CS
. EC es-

Descrip- ' IC, y

- Au- Y Y cape | n-y > Y n-y Y
tion ger peak Auger

RUN2009 | - + + + _ + + _ _
RUN2013| + - - - + + - + +
3.1 %Ar

The isotope *’Ar decays to ¥Cl with a half-life of 35 days by virtue of
K- and L-capture with subsequent emission of Auger electron cascades
with total energies 2.82 and

|
0.27 keV and intensities ~10:1, —J ' 1
correspondently [17]. The ¥ Ar was — : —
produced by irradiation of the nat- o I 5 ==
ural Ca (97% of “°Ca) by 14-MeV S I P
neutrons from the d-t generator in Yy ! Sfj
the reaction: .
4OCa +n- 37Ar + 4He o .“:.‘ {:g/‘, ( source

The natural Ca in a form of © iy
chips from a turning machine was A R
encapsulated in a hermetic con- :';? q 0
tainer as shown in figure 2. The 1 e
chips were prepared by machining 1é5
of the calcium cylinder in an argon ok
atmosphere to prevent oxidation <
and hydration of metallic calcium. Fig. 2. Container with natural Ca
The container was pumped out to expose by fast neutrons.
before irradiation during several Dimensions are in mm

days with heating to ~ 200°C and
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controlling the residual outgassing with an RGA. The main residual gas
was hydrogen originated from the hydration reaction which took place
when the calcium chips were exposed to an open air during filling the
container. After outgassing, the container was isolated from air by vac-
uum valves and was disconnected from the gas system. Then it was
shipped to a stationary d-t neutron generator, where it was exposed to
510" neutrons in 4m. Using MCNP simulation we estimated that about
10" atoms of ¥ Ar had been produced. Then the container was connected
to the gas system again and baked for one week at ~ 200°C to extract the
argon atoms from the calcium. After that, the container was filled with
Xe gas. The RUN2013 experimental run was divided into two parts:
RUN2013-1 and RUN2013-2. In the 1% one, we used the xenon free from
the *’Ar isotope; in the 2™ one, mixed with *’Ar. To prepare this mixture
we condensed all the gas from the detector after the 1% part of the run to
the cylinder cooled down with LN, and then condensed there the gas
from the container. The detector was refilled again with the Xe + *Ar
mixture. This procedure was made to ensure the total use of the produced
% Ar atoms.

3.2 8mKr

The #™Kr radioactive gaseous isotope [18] decays with a half-life of
T2 = 1.83 h via internal conversion (IC) with energy release of 32.1 keV
to the first **Kr excited state (9.4 keV), which then decays via IC (95%)
or emission of y (5%) to the ground state with Ty, = 154 ns. The ®*"Kr is
constantly produced in a decay of *Rb (Ty, = 86.2 d). The *Rb isotope
was produced at the Institute of Nuclear Researches RAS for the “Troitsk
nu-mass” experiment [19]. The isotope was deposited on a stainless-steel
foil and encapsulated in a stainless-steel container. This container was
made from the standard MDC CF 2.75” nipple and was incorporated in
the gas system (“*™Kr—generator”).

The #¥"Kr was delivered into the detector active volume by a flow
of Xe gas. For this purpose the part of the Xe was taken from the input of
the detector chamber to a bellow hose bended in U-shape and cooled
down by liquid nitrogen. After warming up the hose the Xe gas was
coming to the "®™Kr—generator" container heated to ~100°C for several
hours beforehand in order to release the ®™Kr from Rb. Then the Xe gas
was condensed back to the detector chamber through Millipore Wafer-
pure Micro gas purifier. In order to ensure the same level of LXe in the
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detector chamber as before injection of *™Kr into detector the process of
condensation is stopped when the residual pressure in the system (in-
cluding the “®*"Kr—generator™) is equal to the initial one.

In the detector, the decay of ®*™Kr produces two fast sequential
scintillation signals (S1; and S1,) corresponding to the energies 32.1 and
9.4 keV and one wide electroluminescent signal (S2) corresponding to
the total deposited energy 41.5 keV.

In the RUN2013, the ®*"™Kr was injected twice: before and after *'Ar
injection.

3.3 ¥7Cs and 24'/Am

We used **'Cs (662 keV, in RUN2013) gamma-source to do meas-
urements at high energies. The source was installed outside of the de-
tector cryostat at the level of active volume.

The ***Am source was installed at the mirror anode of the electrode
structure (in RUN2009). The source was deposited on a stainless steel
disc with a diameter of 3 mm (4 in figure 1) and was protected with TiO,
1-um layer. In order to screen the alpha particles there was a stainless
steel foil in front of the source (5 in figure 1). Americium-241 undergoes
alpha decay to ’Np. The major gamma-line of 59.54 keV is produced
from de-excitation of the exited level of *’Np. The decay is accompa-
nied with Neptunium L X-rays, the most intense of which are: L,; and
Ly, 13.95 and 17.75 keV correspondently [20]. The 59.54-keV gamma
interacts with the K-shell electron of Xe atom. The vacancy on K-shell is
filled by transition of electron from the L-shell with emission of a
characteristic photon with 29.5-keV energy. Since interaction of
59.54-keV gamma with the LXe takes place within 1 mm from the sur-
face, there is the large probability for this X-ray to escape the LXe re-
sulting in the total energy deposition in the LXe of 30.0 keV.

3.4 PXe, P'Xe

For calibration of the LXe we also used 40 and 80 keV lines obtained
from n-gamma reaction on **Xe and ***Xe, correspondingly. Fast neu-
trons for this study were produced by Pu-Be source installed outside the
cryostat.
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4. Data analysis

4.1 Signal reconstruction

Recorded signal waveforms for each channel are examined for puls-
es. All pulses: S1, S2, single photoelectrons (SPE), noise or any pulses of
unknown origin that exceed threshold are counted and parameterized.
The latter includes calculation of amplitude, area, time and width of
pulse. Threshold is calculated as a multiple of baseline noise and is low
enough to catch even single photoelectrons. Pulses in different channels
that coincide within the defined time interval are considered to form one
cluster. The S1 and S2 clusters are identified by width and shape pa-
rameters of the pulses. Area value for clusters was calculated as sum of
areas of individual pulses within cluster. The S2 area values were cor-
rected then for finite electron lifetime in liquid. Both S1 and S2 area
values were corrected also with a spatial XY correction algorithm [21]
(called below as ‘geometry correction’). This correction takes into ac-
count the radial dependence of light collection. The light response
functions required for geometry correction was taken from the #"Kr data
analysis. Event energy was calculated using the area of S2 cluster.

We also analyzed ‘single electron’ events (SE) [8], [22], [23], [24],
[25]. Such events are extremely small and look like a sequence of SPE
signals with a total duration of ~ 1 ps that is typical to the width of S2
signals. We used a dedicated trigger to obtain a clear sample of such
events. A trigger was made to select the events with number of SPEs
greater than 2 and appeared without correlation with any large signal.
Such events are also called spontaneous SE (see [8], [25]). We select
these evens as sequence of SPEs taking place in a time window equal to
the width of electroluminescence signal. Additional cuts were applied to
remove events that actually are low-scintillation signals.

4.2 Free electron lifetime

Electron lifetime of free electrons in LXe is a very important param-
eter of a two-phase emission detector. In the experimental runs, this
value was quite moderate, about 15 ps on average at the 3.75 kV/cm
operation electric field. That is ~1.5 times greater than the full drift time
between the cathode and the LXe surface. Thus, correction of the S2
values is required in order to obtain the true value of ionization signal.
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Since the lifetime was changing slowly during RUN2013, we used two
methods to monitor it. First, we analyzed of the shape of cosmic muon
signals. Muons produce constant ionization at all depth from surface till
very bottom. So, resulting electroluminescence signal should decay
along drift time with a characteristic lifetime. Second, we calculated the
lifetime directly from fit of distribution of the S2 peak vs T, data, where
T is the interval between the S1 and S2 signal, a drift time of electrons
between the interaction point and the LXe surface.

4.3 Analgsis of the 8mKr data

The **™Kr events were selected from the RUN2013-1 dataset using a
criterion of presence of two scintillation pulses (S1; and S1,) following
one by another and single S2 pulse with additional condition of
S1;> S1,.

To check if the S1; and S1, pulses really correspond to the #"Kr
decay we plotted the distribution of the intervals between them. The Ty,
decay time of the exponent is 132 + 21 ns that within the error bars
corresponds to a table value of 154 ns for the half-life of excited level.
This confirms the correct selection of the ®*™Kr. The S2 signals were
corrected then for lifetime and geometry. The resulted S2 distribution is
shown in figure 3 in red color.

4.4 Analysis of the 3Ar data

After filling the detector with Xe+*’Ar mixture (RUN2013-2), the
count rate of the gamma-trigger raised up from the original ~15 Hz to
~25 Hz. We attributed this to the appearance of the main 2.82-keV line of
¥Ar. In the ¥ Ar data analysis, the peak position was defined as a relative
position to the ¥™Kr peak obtained in RUN2013-1. However, there was a
significant difference in event selection conditions related to the ¥’ Ar and
MK data. For the *’Ar events, S1 is single and much smaller than in the
8MKr ones. Its value is at a level of SPE. In order to check that in our
event selection we take the real S1 of *’Ar rather than an accidental SPE,
we calculated electron lifetime from the *’Ar data. We found this value to
be equal to 15 + 8 us which is consistent with that obtained by other
methods. Another criterion was obtaining the right decay time of scin-
tillation. To obtain the decay time we selected the events having two SPE
pulses (not necessarily from the same PMT) before the S2 signal and
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plotted the distribution of the intervals between them (see figure 4). One
or both of them may belong to a real scintillation or may be accidental. In
the case when both SPE signals are those from the real scintillation the
decay times in the distribution must be close to the lifetimes of exited
states of Xe,* molecules. The value of t = 25 + 3 ns (single exponent)
obtained from the distribution shown in figure 4 is consistent within the
error bars with t = 28.1 + 0.6 ns obtained in [26] for gammas from 40 to
511 keV and with t = 27 + 1 ns obtained in [27] for MeV-gammas from
2Bi measured at the same electric field. This decay time is defined by
the lifetime of the 33, state of Xe,*. The S2 signals were corrected with
the use of the electron lifetime, and then geometry correction was ap-
plied to them. The resulted S2 area distribution is shown in figure 3 in
blue color. The obtained ratio of ®*™Kr to *Ar peak position is
13.75 £ 1.90.
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Fig. 3. Distribution of S2 signal areas of *’Ar and ®™Kr events; red — events
from the ®™Kr runs, blue — events from * Ar runs, green — events from the runs
with both *Ar and #™Kr in the detector. Need to mention here why two Kr
peaks are at different amplitudes
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Fig. 4. Distribution of time intervals between the 1% and the 2™ SPE pulses,
attributed to the scintillation of ¥ Ar. Exponential fit corresponds to a decay time
of scintillation t=25+ 3 ns
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In addition, in order to reduce systematics we analyzed the datasets
where both the *’Ar and the ®*"Kr events were collected simultaneously.
We did not apply lifetime correction to these data but used only the
geometry correction (see green histogram in figure 3). In this case the
peaks are broader, and their positions are lower in compare with the
corrected peaks. The obtained ratio of *™Kr to *’Ar peak position is
12.85 + 1.80.

We used for the final ratio the weighted mean value of 13.3 £1.3.

4.5 Analysis of the other points of RUN2013

The Pu-Be and **¥'Cs experimental data were acquired with the pre-
amplifiers gain of 0.5 in order to fit to the dynamic range of electronics to
the high values of the S2 signals correspondent to 80 and 662 keV en-
ergies. The data were corrected using the lifetime and geometry correc-
tion algorithms. The resulted S2 distributions are given in figure 5 and
figure 6 for Pu-Be and **Cs, correspondingly.
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Fig. 6. Distribution of S2 signal areas of the events from *’Cs source.Need to
explain what ids the fitting curve
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4.6 Analysis of RUN2009 data

The energy spectrum obtained with ***Am is shown in figure 7. The
energy spectrum obtained with #™Kr source is also given in this figure.
Since the **Am source was installed in the middle of the anode it pre-
dominately illuminated the central part of the detector. In order to keep
the similar conditions for the #™Kr events we selected only those of them
that took place within the radius of 20 mm. No geometrical corrections
were applied for both datasets. The ®"Kr were corrected for the lifetime
of 17.9 +1.8 ps. No lifetime corrections were applied to the 2*Am events
because all of them had a shallow depth of an order of 1 mm. The lines
13.95 keV (Np Lay) and 17.75 keV (Np L) are not resolved each from
other. The intensity of the 1% line is strongly reduced by absorption in the
stainless steel foil. This was taken into account at fitting procedure.
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Fig. 7. Distribution of S2 signal areas of the events from ***Am
and ¥™Kr sources in the RUN2009 experimental run

4.7 Error estimation
Several sources of uncertainties of the obtained experimental points
were analyzed. The uncertainty caused by the event selection procedure
was estimated by variation of the selection criteria such as S1 and S2
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duration and interval between them. The uncertainty of the S2 values
coming from the selection of fit intervals was estimated by variation of
these intervals. One of the main contributions to the uncertainty comes
from the reconstruction procedure, and is caused by the uncertainty of
the electron lifetime. It was estimated by variation of the lifetime value.
Moreover, for the reconstruction of the detector response to the 662-keV
gammas, the data obtained in the low sensitivity channel (see above) was
used. Uncertainties of scale factors between the high and low sensitivity
individual channels also affect on the final accuracy.

The uncertainty of the *’Ar point is combined from the uncertainties
of the ®*"Kr point and the ratio between *Ar and *"K signals.

4.8 lonization yield

The experimental data on specific ionization yield in e/keV for
electron recoils in the liquid xenon obtained from the peak positions are
given in figure 8 and in table 2.

Table 2. Specific ionization yield for electron recoils in the liquid xenon
at different energies

Source Energy, keV lonization yield, e'/keV
Ar 2.82 47.8 £5.5 (syst.)
#TAm, Np Ly, 17.75 | 44.3 2.6 (stat.) "2 0 ey £
2.9*
2LAm, esc. peak 30 48.0+0.7 (stat.) *OTOYY o o+
(59.5-29.5 keV) 3.1*
129%e 40 47.3 + 0.4(stat.) £ 1.4 (syst.)
BmKr 41.5 432+ 0.1 (stat.) + 2.6 (syst.)
Am 59.5 48.9 + 0.1(stat.) + 0.3 (syst.) + 3.2*
Bixe 80 52.1+ 1.4 (stat) "M O ¢
BiCs 662 62.26+0.2 (stat.) *30Y)_ ¢ o)

* comes from the uncertainty of the RUN2009 to RUN2013 scale factor,
marked by bars in figure 8; the uncertainty that comes from the W; error bars is
not shown
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The data on ionization yield at the 3.75 kV/cm electric field are ob-
tained in a relative scale without absolute normalization since we didn’t
do any absolute calibration of the ionization signals. In order to nor-
malize the data we used an empirical model of ionization yield for elec-
trons and gammas given in [28]. In this model, the charge extracted from
electron track (the portion of electrons that escaped recombination) is
described by the formula:

QE) = — 2.
1+k/E)

70 241 *1Am
% E Am 131Xe *
= 37 =L
2 60}~ Ar 21y T e gam\ma / —
o = e
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Fig. 8. Experimental data for the ionization yield of LXe for electron recoils.
Black line- prediction by NEST. Green line- prediction by [30]
See text for explanation

This formula is generally accepted for parameterization of ionization
saturation curves, i.e. dependences of a fraction of the charge that escape
recombination to the total one (see [11], [29]). In this formula, E is
electric field strength, Q.. = 1/W;, W; is ionization work function, k is
value characterizing recombination process. In the reference [28], the
only dependences of k values versus the gamma-ray or electron energies
were derived from the measured ionization saturation curves for the low
energy gammas (15.3, 17.3, 21.4 keV) without absolute normalization of
the ionization yield. With the use of the dependence for gammas we
obtained the green line in figure 8. This curve is normalized in vertical
direction using W; = 15.1 = 0.2 eV which is the weighted average be-
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tween the values obtained in [10], [12], and [30] (see the next section).
Vertical uncertainty of this curve (shown by shadowed green) comes
from the W, error bars. Our data points (except of *’Ar one) are fitted to
this curve with the use of vertical scale factor as a free parameter. The
same relative uncertainty goes to the experimental points (shown by red
shadowing, the width of this shadowing in horizontal direction is arbi-
trary). On the same plot, the curve produced by NEST (Noble Element
Simulation Technique) [31] for the 3.75 kV/cm electric field is shown.

Normalization of the data points in vertical using W; = 15.1 £ 0.2 eV
results in a photoelectron yield per one single ionization electron
(SPE/SE) of 9.83 £ 0.35. To obtain this value we used the weighted
averaged 0.78 + 0.025 of the liquid-to-gas electron extraction coefficient
from [32], [33], [22]. Since in [33] there is no error bars specified for the
experimental points we’ve taken for them the same errors as in [32]. In
order to obtain the SPE/SE value by different way we’ve carried out a
special dedicated study of single electron events in RUN2013. The most
probable SPE/SE number obtained by counting SPEs within the SE se-
quence is equal to 7.3 + 1.1. Note, that these spontaneous SE events are
distributed nearly uniformly in the horizontal plane [8], [34]. Therefore,
the obtained SPE/SE value is underestimated since a light response
function decreases to periphery. After correction this value with the use
of the light response function obtained from ®"™Kr calibration we ob-
tained SPE/SE = 8.5 £ 1.2. This value agrees within the error bars with
that one obtained by normalization.

5. Discussion

One can see the remarkable coincidence of both curve shapes in fig-
ure 8 in the region of energies higher than 10 keV. The experimental data
fit very well to the general behavior of both of them. However, the NEST
curve goes lower than the curve plotted with the model given in [28],
normalized with the use of W; = 15.1 £ 0.2 eV.

This absolute normalization of experimental points is rather difficult
and might be debated. There are several measurements of W;-value in
literature. Historically, the first reliable measurement of W; = 15.6 +
+ 0.3 eV was done in [10]. In that work, the W;-value in the liquid Xe
was measured for MeV electrons and gammas from 2*’Bi with respect to
the W;-value in gas that was well established before. Quite close to this

56



but higher Wj-value equal to 16.5 + 0.8 eV was obtained for the 122-keV
gammas in the dark matter detector ZEPLIN I1l [12] with the similar
two-phase emission technique as is used in the current study. Absolute
calibration was based on knowledge of the SPE/SE value and measured
saturation curve. In the work [30], a universal value W = 13.46 + 0.29 eV
to create a quantum that is an ionization electron or a scintillation photon
was measured with the use of a double-phase emission technique. Ab-
solute calibration of both scintillation and ionization scales was done
with the use of a charge sensitive preamplifier (see [30] for details). The
corresponded W;-value can be obtained from W with the use of the ex-
iton-to-ion ratio of 0.06 for LXe (see [10], [35], [36]): W= (1+0.06)-W =
=14.27 + 0.3 eV. We used these three mentioned values to obtain the
weighted average. There are, however, the results of other measurements
that we do not take for averaging. In [37], W = 14 eV was obtained with a
two-phase detection technique. Taking into account the exiton-to-ion
ratio that corresponds to W; = 14.84. This value is not used because no
error bars are given to this value. In [38], W; = 13.6 = 0.2 eV was ob-
tained. We did not use it because the universal W-value derived from it as
W =W,/1.06 =12.8+ 0.2 eV is extraordinary low with respect to the set of
the other experimental W-values (see compilation of data in [31]).
Agreement within the error bars of the SPE/SE value obtained experi-
mentally with that derived from normalization using W; = 15.1 + 0.2 eV
confirms the correctness of normalization.

However, the offset between the NEST curve and experimental
points at the high energies is less important for us in compare with the
fact that the low-energy *’Ar point does follow to the prediction of the
NEST but not to the model given in [28]. The last one is based on the
common knowledge that the recombination goes stronger at higher
ionization density. However, in the low energy range (< ~ 10 keV), the
recombination probability depends on the energy via the number of ions
but not on dE/dx (Thomas-Imel regime [39]). For these energies, the
particle tracks are smaller than the thermalization distance of ionization
electrons, thus only part of the electrons may recombine with the ions on
track. This approach was successfully applied by Dahl to explain the odd
drop in the scintillation light yield at low energies [36]. The NEST code
is based on two different models depending on energy: Thomas-Imel and
Doke-Birks (see details in [31]).
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6. Conclusion

The experimental data on specific ionization yield for electron recoils
in liquid xenon were obtained for the first time in the energy region
below 100 keV. For the energies higher than ~ 10 keV the data demon-
strates excellent agreement with the classical models that implies de-
creasing of the yield with the energy decrease and with Thomas-Imel
model at lower energies. Our *’Ar point is the first direct experimental
evidence that in liquid xenon the ionization yield for electron recoils
increases with energy decrease similarly as this was demonstrated re-
cently for liquid argon [13]. This demonstrates that a noble gas
two-phase emission detector is sensitive to the very low-energy particles.

In addition to ionization measurements, we’ve obtained the decay
time of scintillation in liquid xenon at 2.82 keV (*’Ar): =25+ 3 ns. This
corresponds to the decay of °%," state of Xe,*.
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LLIYMOBbIE XAPAKTEPUCTUKK 5
HU3KO®OHOBbIX ®OTOINEKTPOHHbIX YMHOXWUTENEW
HAMAMATSU R11410-20

J.IO. Axumos™?, A.W.Bonosasias’, }O.B.Eq)peMeHKol'?’, B.A. Kamwms’,
AT. KOBaJ‘IeHKOl'z, I0.A. MeJ‘II/IKﬂHl, B.B.COCHOBHeBl, A.B.U_IaKI/IpOBl,
A.B.XpOMOB1
YHayuonansnsiii uccnedosamenscruii s0epuvill yHueepcumem « MUDHUy, Poccus
’['HI] P® Hucmumym meopemuyeckoii u I3KcnepumeHmanbHoll Qu3uKu,
Poccua
3ymts’epcumem wmama Tenneccu, Hoxceunn, USA

Jns skcnepUMeHTa 1o OOHApYXKEHMIO IIpolecca YIPyroro KOrepeHT-
HOI'0 paccesiHusl HEUTpUHO Ha aToMHOM siape B HUAY MU®U coznaéres
nByxdasubiit sMuccroHHbl nerekrop POJ1-100 Ha >xunkoM kcenone. Oc-
HOBHBIMH 3JIEMEHTaMU (DOTOPETUCTPUPYIOLIEH CUCTEMBI JAETEKTOpa SIBIIS-
foTcs (POTORNEKTpOHHBIE yMHOXHUTenn Hamamatsu R11410-20, cmemwm-
JIBHO pa3paboTaHHbIC I HU3KO(POHOBBIX HKCIIEPUMEHTOB B CpElE JKHU-
Koro kceHoHa. CTaThs MOCBSIIEHA Pe3yIbTaTaM HCCIICIOBAHUS OCHOBHBIX
XapaKTepUCTUK (DOTOYMHOXKHUTENEH, B IIEPBYIO OYEpelb IITYMOBBIX HM-
MYJIECOB M MOCICHUMITYJILCOB, HATMIHE KOTOPBIX MOXKET 3aTPyJHHUTH BBIIE-
JICHUE penKkuX coObITHH. [IpuBeneHBl aMIUIMTYJHbIE CHEKTPHI IIYMOBBIX
UMITyJIbCOB, BDEMEHHBIE CIIEKTPBI TIOCIEHUMITYJIECOB, 3aBUCUMOCTb YaCTOTBI
IIYMOBBIX UMITYJIbCOB OT HalpsDKEHHs MUTaHUsS (.3.y. ¥ OT TeMIepaTypsbl.

BBepeHue

B nacrosmee Bpems kommabopanueir POJl Benércs moaroroeka k
npoBeneHuo 3kcrepumenta PO/1-100 mo moucky 3¢ddekra korepeHT-
HOTO paccesiHHs HEHTPUHO HAa aTOMHBIX siApax KceHoHa [1, 2]. Dkcme-
PUMEHT TpeJroiaraeT co3faHue IByX(}ha3sHOro (KUAKOCTH-TA3) IMHC-
CHOHHOTO JICTEKTOpa ¢ 0o0IIel Maccoil pabouero BemiecTBa (KCEHOHA)
~200 kr, paboTaroiiero B pexxume JeTekTopa «0e3 cTeHok» [3]. AKT
YIPYTOTO paccessHusl HEUTPUHO Ha TSHKEIIOM sIIpe IPUBOAUT K TOMY, UTO
A7Ipo mpuodperaeT sHepruio ~1 k3B, Wro, BHmoclmencTBUHM, MPU €ro
JIBWKEHUH B IJIOTHOM CpeJie, BBI3BIBAET 00pa30BaHWE OJHOTO WM HE-
CKOJIBKMX DJIEKTPOHOB MOHM3aLWH. Takue 3IeKTPOHbI, 3aTe€M, BBITATH-
BAIOTCSI CWJIBHBIM 3JIEKTPHYECKUM TI0JIEM B ra30BYyIO (azy, Tae CUrHal
€IMHUYHBIX AJIEKTPOHOB IIPpe0o0pa3yeTcs B IIOMHUHECIIEHTHYIO BCITBIIIKY.

CbEéM CHUTHAIOB IpEAMNoiaracTcs OpraHu30BaTh C MOMOIIBIO (poTo-
AIIEKTPOHHBIX YMHOXHTeNeH ((.3.y.), COCTaBICHHBIX B JBE MAaTPHULbI
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(BepxHsiss u HIWKH:A) 1o 19 ¢.o.y. B kaxpoil. CormacHo pacuéram, ¢
y4€TOM re€OMETPHHU U KBAaHTOBOM 3()(peKTUBHOCTH HCTIONB3YEMBIX (.3.Y.,
JIFOMMHECLICHTHAsl BCIBIIIKA, TOPOXKAEHHAS OJHUM 3JIEKTPOHOM HOHU-
3aIy, MPUBOAUT K oOpa3oBanuio ~80 (GorosmekTpoHOB Ha (HOTOKATO-
nax Bcex (.3.y., T.e. Kaxabli §.3.y. paboTaet B pexume, OJU3KOM K
onHO(OTOHHOMY. IIpu 3TOM Hamo OTMETUTH, YTO OXKHIAEMOE UHUCIIO
MOJIE3HBIX COOBITHH KpaifHe Majio (HECKOJIbKO COOBITHH B CyTKH). B
CBSI3M C 3THM, B DKCICPUMEHTE HEOOXOJHMMO HCIONB30BaTh (.3.y. C
XOpOIIEeH YyBCTBUTENHLHOCTHIO K OAHO(OTOHHBIM CHTHaJaM M HU3KOM
4acTOTOM cOOCTBEHHBIX LIyMOB. Kpome Toro, Bce neTanu IETeKTopa, B
TOM 4YHCJI€ M KOMIIOHEHTBI, M3 KOTOPHIX cocTouT DY, momkHb Xa-
PaKTepH30BaThCS HU3KUM YPOBHEM COOCTBEHHOH PaliOAKTUBHOCTH.

Ha takyto pons 6511 BEIOpaH ¢.3.y. Hamamatsu R11410-20 (puc. 1) c
muameTpoM (oTokarona 37, cmenmaabHO pa3paOOTaHHBIN NI JKCIIe-
PUMCHTOB B JKHUIKOM KCeHOHE [4, 5]. DTO HOBBIH THI (¢.3.y., U IOTPE-
OyeTcs TOTIOTHUTEIBHOE HCCIE0BAaHUE €r0 MapaMeTPoOB, B YaCTHOCTH,
XapaKTePUCTUK IIYMOBBIX MMITYJbCOB M BO3MOXHOCTbh PETHCTPALUU
0JTHO()OTOHHBIX CUTHAJIOB.

R11410-20 — 12-guHOMHBIA (OTOYMHOKHUTENb C AUAMETPOM (HOTO-
karona 6.4 cMm (nuameTp KouOwI — 7.8 cM), KBaHTOBas 3()(PEKTHBHOCTH
¢dorokarona — 6onee 30% nans AIMHBL BOJIHBEL 178 HM, MakCHUMalbHOE
HanpspbkeHue nutanus — 1750 B. [Ing ymeHblieHus: coOCTBEHHOU pa-
JUOAKTUBHOCTH Kopmyc (.3.y. BBIIIOJHEH M3 MeTayuia. BakHo#l oco-
OCHHOCTBIO SIBIISIETCS HAJMYUE JIEKTPUUECKOI0 KOHTAKTa MEXAY KOp-
MyCOM U ()OTOKATOJIOM, B CBSI3H C UeM, [TPH MPOBEJICHAN IKCIIEPUMEHTA
TUTAHUPYETCS TTUTATh (.3.y. MOJIOKUTEIBHBIM HalpsDKEHHEM, I0/1aBa-
€MBIM Ha aHO[l, OCTaBJIsAA (POTOKATO, U, COOTBETCTBEHHO, KOpIYyC (.3.y.
M0J] HYJICBBIM TTOTCHITUATIOM.

YcTaHOBKa MO TECTUPOBAHUIO (.3.y. HAXOIUIACH B «YHUCTOH KOM-
HaTe» ¢ HU3KUM COJIEPKaHWUEM IbUTH U NpEeACTaBIsia coOOH CBEeTO3a-
IIMTHBI METAUTMYECKUH KOPOO, B KOTOPOM pacIojlarajiuch TECTUPY-
eMbie (0.3.y. 1 HA0Op CBETOIUO/IOB ¢ PA3HOU JUIMHOMN BOJIHBI U3TyUYCHHS
(A=250 um u A=405 um). Jlj1st yCUIICHUS! CUTHAIIOB C ().3.y. IPUMEHSIIICS
npenycunureas ORTEC VT120 ¢ koaddunmentom ycunenus 20. Jlas
M3MEPEHHsI CIIEKTPOB M YacTOTHI MCIIOIb30BAJIHMCh CTAHJAPTHHIC 3JIEK-
tpoHHble Onokn NIM u CAMAC.OO0mee ConpoTUBICHUE ACTUTENS
HampsOKeHUsT Uit TecTupyeMbix (.o.y— 1.85 Mom (cooTHomeHHe
HanpspDKeHui Ha quHoaax 4:1,5:2:1:1:1:1:1:1:1:1:2:1).
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OZHO3NEKTPOHHbBIE WYMbI

Kak yxe ObIJIO cKa3aHO, OCHOBHBIE MMITYJIbCHI, KOTOpBIE OyIyT pe-
THCTPUPOBATHCSA BO BpeMs SKCHEPHMEHTa — OXHO(OTOHHBIE M Majo
¢oronnsie. [loaTOMYy OCHOBHOE BHHUMaHHUE TPH U3yYCHHU XapaKTepH-
CTHK (.3.y. OBUIO yIENEeHO WMEHHO HCCIEIOBAHHIO OJHO(OTOHHBIX
uMIyascoB. Ha puc. 2 mpencraBieH TUMUYHBIN aMIUTUTYAHBIN CIIEKTP
IIyMOBBIX MMITyJIbCOB. {11 Gosiee TOYHOTO 3amaHus MOpora AUCKPH-
MHUHATOpa MPH W3MEPEHUH YaCTOTHI HIYMOBBIX MMITYJIbCOB, MIPEaBapH-
TENBHO OBIIM M3MEPEHBI CHEKTPHI OAHO(OTOHHBIX HMITYIBCOB C IO-
MOIIBIO CJTA00W MMITYJIbCHOM 3aCBETKU OT CBETOAMOMA. TUITUYHBIA OJ1-
HO(OTOHHBIN crekTp, moimy4yaeMblid ¢ .3.y. R11410-20, npencrasnen
Ha puc.3. KauecTBo (.3.y. ¢ TOUKH 3peHHS periucTpaIiiy O JHO(GOTOHHBIX
UMITYJIbCOB OIPEIEISIeTCS OTHOIICHHEM MaKCHMyMa CHEKTpa K MHHH-
mymy (peak-to-valley), nms R11410-20 xapakTepHOE 3HaY€HHE ATOM
BEJIMYHMHBI TTPHA OOJBIINX HAMPSDKEHUSIX COCTABISIET OKoJo 4. 3aBHCH-
MocTh Ko ummenta ycmneHus §.3.y. (G) ot Hanpspxenwust (V) xoporro
Corjiacyercs ¢ TEOPETHYECKOH, KOTOpas OMHCBHIBACTCS SKCIOHEHTOI
G=(AV)", rae N — uncino auHom0B, A —K03()(UIMEHT, CBA3BIBAIOIMIA
HanpspkeHue mutanus §.3.y. ¢ KoO3QPHUIUEHTOM BTOPUYHOW SMHUCCHUH.
Ha puc.4 npencrasneHa 3aBUCHMOCTh HanOo0JIee BEPOSTHON aMILTUTYIbI
0JTHO()OTOHHBIX CUTHAJIOB UCIBITAHHBIX ().3.y. OT HAIIPSDKEHUS T TAHUSI.

OnpeenieHre YuClia IIYMOBBIX UMIYJIBCOB OCYHIECTBISLIOCH C TIO-
MOIIBIO CYETHOTO YCTPOWCTBA, IOPOT TUCKPHMHHATOPA YCTaHABIIH-
BaJICS Ha ypoBHE 1/3 oT Hamboiee BEpOSTHON aMIUTUTYIBI OJHO(O-
TOHHBIX UMIYJbCOB. M3MepeHus pOBOAMIKICH TOCIIE BBICPIKKH KaX-
JI0ro Mproopa B TEMHOTE HE MeHee 16 JacoB, MOCKOJBKY 3acBeTKa (o-
TOKaToaa (.3.y. THEBHBIM CBETOM INPHBOJIHUT K PE3KOMY BO3PACTAHHIO
TEMHOBOT'O TOKa, KOTOPOE€ UMEET MECTO B TEUCHUE HECKOJIHKUX YacOB
nocie MpeKpalleHnsl 3aCBETKH, YTO CBSI3aHHO C mporueccamu docdo-
PECIICHIIMY B BELIECTBE BXOHOTO OKHA U C JIe BO30OYKICHUEM MOJICKYIT
¢dorokatona [6]. Ha pwuc.5 mpencraBieHa 3aBUCUMOCTh H3MEHCHHS
4acTOThl COOCTBEHHBIX HIYMOB (.3.y. OT BPEMEHH HaXOXX/JCHUS B TEM-
HOTE IIOCJI€ 3aCBETKH HPOJODKUTEIBHOCTBIO IMpuMepHO 10 MUHYT.
BuaHo, 4To mocie HECKONBKHUX YacoB cyeT crabunusupyercs. Ha puc. 6
MOKa3aHa 4acToTa IIyMOBBIX MMITYJIbCOB NIPU KOMHATHOM TeMIlepaType
OT HanpspKEeHUs NUTaHuA ¢.3.y. 175 mecTy o0pa3uoB. TunuyHas yactorta
LIYMOBBIX UMITYJIbCOB ¢.3.y.R11410-20 cocraBnser ~1.5 xl'u. B 10 xe
BpeMsi, CPEJI IIECTH UCTBITAHHBIX ().3.y. IPUCYTCTBYET OJMH MPHOOP,
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YacTOTa NIYMOBBIX UMITYJIHCOB KOTOPOT'O PE3KO PACTET C MOBBIIICHUEM
HaMpspKeHUs: TuTanus, noxoas a0 50 k.

W3mepeHne 4acTOTHl IIyMOBBIX HMITYJIBCOB TPH HHU3KOW TeMIIepa-
Type MPOBOAMIOCH C MOMOIIBbI0 TepMokamepsl TBT-2, mo3possromieit
oxiaguth §.3.y. mo temmneparypel —60 °C. Ha puc. 7 npexacraBieHa
3aBHCHUMOCTH YaCTOTBHI IIIyMOBBIX UMITYJIbCOB OT TEMIIEPATyphI, XapaK-
TepHas Aas nATH §.3.y. ¢ HEU3KUMH myMmamu, i ¢..y. KB00OIS —
YMEHbBIIIEHUE YaCTOTHI IIIYMOBBIX HMITYJIECOB TIPH TOHIDKEHUHN TEMIIe-
paTypsl He HaOIIF0JaII0Ch, OCTaBasch Ha ypoBHE 50 kI 'I.

Mocneumnynbebl

Kak BugHO M3 puc.l, B crieKkTpax cOOCTBEHHBIX HIyMOB (.3.y. mpH-
CYTCTBYET COCTABIISIOINASl C aMIUIMTYAAaMH, 3HAUUTEIBHO MPEBHIIIAIO-
MUMH OJHO(POTOHHBIE. YacToTa TakMX HMITYJIbCOB HeOOJbIIas: CO-
craBisieT okoJo 50 'l mpu KOMHATHOM TeMIiepaType U yMEHbIAETCS 0
equan ['epny nmpu moHmxkenmn TemnepaTypsl 10 —60 °C. Onpnako
OoJTbIIasi aMIUTATY/Ia UMITYJIBCOB U BO3MOKHOCTH 0Opa30BaHUs MOCIe-
JIOBAaTENILHOCTH UMITYJIbCOB MOTYT HMHUTHPOBATh MOJIE3HBIE COOBITHS B
peansHOM dKcriepuMmenTe. [Ipupona 3THX WMITyIbCOB CBs3aHa, B 3HA-
YUTENBHOM CTETIEHH, C DIIEKTPOHAMH, KOTOPBIE BRIOMBAIOTCS ¢ (POTOKA-
TOJIa TOJIOKUTEIILHBIMU HOHAMH, B TOM YHCIIE HOHAMH, 00pa30BaHHBIMH
MOCJIe PEruCTpalliid OCHOBHOTO HMMITYyJbca (TaKk HasbIBaeMbIC IOCIeE-
HUMITYJIbCBI).

Hdns  xaxgoro ¢.3.y. OBUIM TOJNyYeHBI BPEMEHHBIE CIIEKTPHI
HOCJICMMITYJIECOB. M3Mepsiiachk 3a/iepKKa MOSIBICHUS] CUTHAJIOB I10CTE
OTHOCHUTEIIFHO MOIITHOH 3acBeTKH (poTokarona (~100 GoToanexTpoHOB).
Ha puc.8 npencraBieH TUIIMYHBIN BpEMEHHOH CIIEKTP TOCIEHMITYJIECOB.

Ha monyueHHBIX CHEKTpax BBIJENSIOTCS TMHKH, KOTOpBIE, 1O 3a-
JIEpP>KKe TOSBICHUS W coriacHo (1), MOTyT OBITh MIECHTH(PHUIIMPOBAHBI
KaK MOCJIEHMMIYJIECHI OT HOHOB Pa3JIMYHBIX Ta30B, MOMABIINX B KOJOY

b.o.y.

r=1 2, 1)

qu
rjie 7 — Bpems Jpeiida MOHOB OT TOYKM 00pa3oBaHUs K (HOTOKATOMY
Bosb myTH |, M — mMacca woHa, q — 3apsin wona, U — pa3HOCTh MOTEH-
LMaJIOB MEXIy TOYKOM oOpa3oBaHMs MOHA U (oTokaromoM. ['paHmIIbI
COOTBETCTBHS ITMKOB BBI3BABLIMM WX MOHaM, NPHUBEIEHHbIE HA PUC. 7,
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paccuntanbl u3 ycioBus +10% HEOAHO3HAYHOCTH BEJIMYMHBI MYTH,
IPOMIEHHOTO HOHAMH OT TOYKH POXXKICHMSA A0 (poToKaToAa.

Hannune oTHOCUTENBHO Y3KUX MHUKOB (T.€. IPUMEPHO OJAWHAKOBOTO
BpPEMEHH IIPOJIeTa OMPENEIEHHOTO TUIIA HOHOB OT TOYKH 0Opa3oBaHUSA
0 TomamaHus B (OTOKATOM) MOKHO OOBSICHHTH HEOTHOPOIHOCTHIO
noJist B KaroaHou kamepe [7, 8]. OCHOBBIBAsACh Ha TOM, UTO 3aJIepPiKKa
MOSIBJICHUSL TIOCTICMMITYJIbCa TMPOMOPIMOHATIbHA OTHOIIECHHIO MAacChl
HOHA K €ro 3apsay, MOXKHO IPHUIKACATh KaKIOMY IUKY BBI3BABLIMNA €r0
MOH, KaK 3TO IIOKa3aHO Ha puc. 7. UINTeIbHOCTH JIOMUHECLEHINHU B
ycraHoBke PO/I-100 Oynet okomo 2 MKC, T.€. BpeMsl, XapaKTEpPHOE H JJIs
HOSABJICHUS TOCICHMITYJILCOB, 3HAaHHE CHEKTPOB AJIS KaXaoro ¢.s.y.
YCTaHOBKH TMO3BOJUT Oosiee 3PPEKTUBHO MPOBOAUTE OTOOP TMOJE3HBIX
coObITHii. B 001IeM ciay4ae, HajauMuue WM OTCYTCTBHE TEX MM HHBIX
IIUKOB B KaXXJIOM (1)3}/ 3aBHCUT OT TCXHOJIOI'MH U3IOTOBJICHUA, OJJHAKO
B TIpoIlecce XpaHEeHUs M AKCIUTyaTallnd B 00beM KOJOBI (.3.y. MOTYT
MPOHUKHYTH MOJIEKYJIbl APYTHX T'a30B, OCOOCHHO 3TO KacaeTcs Tellusl.
[TosTOMY 10 MCHOJB30BaHUS B DKCIEPUMEHTAIBHON YCTaHOBKE ¢.3.y.
XPaHATCS B TEPMETHYHOM SIIUKE (PUC. 9), 3aIMOITHAEMBIM Ta3000pa3HBIM
a30TOM B PEKUME «Ha IPOIYB», HCTOYHUKOM KOTOPOI'O SIBIISIETCS Map
a30Ta HaJl )KUJKUM a30TOM B cocyze Jlproapa.

3aknioyeHune

IIpoBeneHHbIE HCCIEAOBAHUA LIYMOBBIX XapakTepHUCTUK (.3.y.
R11410-20 moxa3anu, 4TO, IPU OTHOCHUTENBHO OONBIIOM (poTOKaTOMIE
(64 MM), s OOJNBIIMHCTBA 3K3EMIUBIPOB (.3.y. 4acToTa OJHO3JICK-
TPOHHBIX HTYMOBBIX UMITYJIbCOB HEBeNHMKa U cocTaBiseT ~1500 I' mpu
KOMHATHOM TemmepaTrype, cHikasich g0 ~10 I'm mpu temmepatype
-60°C. IlocnenMmynbChl ¢ OTHOCUTENIBHO OOJIBIION aMITUTYI0W UMEIOT
XapaKTepHYI0 BPEMEHHYIO CTPYKTYPY, CBSI3aHHYIO C COCTaBOM OCTa-
TOYHOTO Tra3a B KkonOe ¢.3.y. PesynbraTsl mcciemoBaHusl MoKazaln
BO3MOXKHOCTh HcIonb30BaHust ¢.3.y. R11410-20 B HuzkohoHOBOI
ycranoBke POJI-100 mocie npenBapuTeabHOT0 0TOOpA.
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Puc. 1. ®ororpadus ¢.3.y. R11410-20
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Puc. 9. ®ororpadus kopoOku-xpanuimiia §.3.y.
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YNPABNAEMbIWA REJMTENDb ANA ®OTOINEKTPOHHBIX
YMHOXWUTENEW TUNA HAMAMATSU R11410-20,
NCNONb3YEMbIX B SMUCCUOHHOM AETEKTOPE P3 100

JI.10. Aximos™?, A M. Bonosmeias’, 10.B. Eppemenxo™?, T.JI. Kpaxmamosa®,
B.A. KaHHI/IHl, A.B. KYMHaHl, 10.A. MeHI/IKﬂHl, E.M. OHuueHKO",
B.B. COCHOBI_ICBl, A.B. ]_HaKI/IPOBl
YHayuonanonsiii uccnedosamenscruii s0epubitl ynueepcumem « MUDHy, Poccus
2HHcmumym Meopemuyeckoll U IKCNePUMEHMAanbHol Uu3UKuU,
HUI] «Kypuamoeckuii uncmumympy, Poccus
3University of Tennessee, USA
E-mail: shalexey91l@mail.ru

Pa3zpabotana cxema ympaBieHHS paboToil (HOTOIIEKTPOHHOTO YMHO-
xkurens (¢.s.y.) Hamamatsu R11410-20, npeara3sHa4eHHOTO UT UCTIONb-
30BaHUSA B JKMJIKOKCEHOHOBOM 3MHCCHOHHOM aerektope POJI 100. s
MPEIOTBPAIICHUS AeTpaganny (POTOKATONA M3-32 MOIIHBIX 3aCBETOK, CBSI-
3aHHBIX C CHTHAJIAMH OT BBICOKOOHEPTUIHBIX KOCMHYECKHAX MIOOHOB, CXeMa
(opMupyeT WMIYJIbC HAMpPsOKSHHSA, MMOJABaeMbBI Ha ¢orokatox ¢.3.y.,
KOTOPBIH «3alUpacT» MEKIICKTPOIHBIN IPOMEIKYTOK MEXKTY (POTOKATOIOM
W MEPBBIM JUHOJAOM. TeM caMbIM NpeJOTBpAIIaeTCs MPOXOXKIECHUE dIICK-
TPOHHOTO TOKa Yepe3 TOT MPOMEKYTOK Ha OMpEJEICHHOE BpeMsl, 10CTa-
TOYHOE JJIs1 IOJTHOTO COOMpaHUs 3JIEKTPOHOB HOHMU3AINH B ieTekTope PO/]
100 mocne mepeceveHus: ero YyBCTBUTENLHOTO 00beMa KOCMHUUYECKAM MIO-
onoMm. [TapameTpbl cxembl OAOOpaHBI TaK, YTO BpeMs penakcaruu ¢.3.y.
Mocjie OKOHYAHHS IEHCTBHS 3alHMPAOIIETO MUMITYJIBECA, ONpPEesieMoe Iie-
PEXOIHBIMHU TIPOIIECCAMH B JIENUTENE, COCTaBIsAeT ~200 MKC TIpH MOIHOM
conpotuBiieHud aenutens 20 MOw, yTo sIBiIsS€TCS NPUEMIIEMBIM IS
MpernoJiaraeMoro ucnois3oBanus aerekropa PO/l 100 B sxcnepumenTe 1no
MOVCKY KOTEPEHTHOT'O PACCEesTHHUS HEHTPHHO HA S/IpaxX KCCHOHA.

BeegeHue
OMUCCUOHHBIN AETEKTOp Ha XKuIkoM kceHone POJI 100 cozmaercs

yeuusamu kosutabopanuu PO/ (Poccuiickne sSMIUCCHOHHBIE IETEKTOPHI)
JUTsSE OOHApY)KEHUS U UCCIeoBaHUs AP PeKTa KOTePEHTHOTO PaCcCesTHUs
HEUTPUHO Ha TsKeNbIX sapax [1]. IlpuHmun perucrpanuy 4acTuil B
IBYX(a3HbIX IMUCCHOHHBIX AETEKTOPAX, UCTIONB3YIOINX OJIaropoJHbIe
ra3pl B KauecTBe paboumx cpei, WLIIOCTPUPYET puc. 1. DIeKTpOHBI
MOHM3aNY, OOpa30BaHHBIE TPU B3aMMOAECWCTBUU PETUCTPUPYEMBIX
yacTull C KUAKOH (a3oll paboueld cpedpl AETEKTOPA, BBITATHBAIOTCS
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3NEKTPUYECKUM TIOJIEM B ra3oByr (asy, rue, apetidyst B TOCTaTOYHO
CWJIBHOM JJIEKTPUYECKOM TIOJI€, BBI3BIBAIOT CBEUCHHE ra3za — 3JIEKTPO-
momuHecnieHnmio [2]. Tlocnmemnss mpuMmedareabHa TEM, YTO JaeT
OTPOMHBIA CBETOBOM CHrHAJI, IPOMOPLHUOHANBHBIA YHACTY 3JIEKTPOHOB
nonmzanuu (~1000 GpoToOHOB Ha KaxabIi AMeKTpoH HoHu3auu). C mo-
MOIIIFI0 TAKOTO JIETEKTOpa MOXKHO PETUCTPUPOBATH CAMHUYIHBIC DJIEK-
TPOHBI, 00pa30BaHHBIC B MACCHUBHOM (IECATKH W COTHH KHUJIOTPaMMOB)
paboueii cpene merexkropa [3]. B HacTosiee BpeMsi SMUCCUOHHBIC JIE-
TEKTOPHI HIMPOKO HCIIOJIB3YIOTCS B 3KCHEPUMEHTAX IO TMOUCKY Mac-
CHBHBIX CIA00HOHH3UPYIOIIMX YaCTUI] TEMHOUN MaTepuu [4-5].

Puc. 1. Ilpuammm  paboTh
SMHUCCUOHHOTO fieTekTopa PO/
100. Ci — CHMHTHILIAIIHOHHAS
BCHBIIIKA B MECTE IIEPBUYHOTO Bayyi

B3aUMOJCHCTBUS YaCTUIIBI X C )
IUIOTHBIM PabOYHM BEIIECTBOM E oy, B H
JeTeKTOpa (KUIKAM KCEHO- BHTTTTITITIOIII0I0HE
HOM); DJ1 — 2JIeKTPOIIOMUHEC- KT S—

IIEHTHas BCIBIIIKA B Ta3000-
pa3HoM Xe, pOXICHHAs JIICK-
TPOHAMH HWOHH3ALUH, SMHUTH-
POBaHHBIMH M3 JKHJIKOTO Kce- 1'5 &

HOHa U Jped(yOMmUMHI depes3

ra3oBylo (¢a3y Mo ACHCTBHEM //%?33\ 1
anekTpudyeckoro  momst  E; >
OOV, u ®IY, — MaTpuIbl U3 X /
(HOTOPTEKTPOHHBIX ~ YMHOXHU-

Tenel (kKaxmas COCTOMT U3

19-tn (OTOINEKTPOHHEIX ARRRRRRRRNRRRNENY
yMHOXHTeNeH trma Hamama- °3Y2

tsu R11410-20), peructpu-

pyIOIIHE  BIIEKTPOIIOMHUHEC-

HEHTHBIH M CHUHTWIUISLINOH-

HBII CUTHAJIBI COOTBETCTBEHHO

XKuaxun Xe

[Ipu pabote smuccuonnoro nerekropa PO 100, comepkaimero
KUAKUN KceHOH Maccoil ~200 Kr M SKCIIOHMPYEMOTo B HAa3€MHOM Jia-
OopaTopuH, MOXET BO3HHKHYTHh NpoOJieMa cTapeHHs (OTOKaTOJOB
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¢.3.y. B pe3ynbTaTe 3aCBETKH OT JAJMHHBIX U HHTEHCUBHBIX CUTHAJIOB OT
KOCMHYECKHX YacTHI] BEICOKUX YHEPTHUH.

JleficTBUTEIBHO, €CITM TOJNIIMHA Pabodero BEIIeCTBa IETEKTOpa CO-
craBisier 40 cM, INIOTHOCTB XKHIKOTO KCEHOHA 3 T/CM, TO IpPH mepece-
YeHUH KOCMHYECKHM MIOOHOM BCEH TONIIMHBI paboyero BeliecTBa B
mocieTHeM BeiAenssercs dHeprus 240 MaB, xoTtopas co3gaeT mopsiaka
107 57eKTPOHOB HOHHU3ALMHK BJOJIb Tpeka MiooHa. C yueToM reoMeTpH-
4yeckoil u KBaHTOBOH 3ddexkTuBHOCTEN (hoTOyMHOKHTENEH, KOIPPu-
nueHTa ycwienus ¢.3.y. Hamamatsu R11410-20 v WHTEHCHUBHOCTH
AIIEKTPOIIOMHUHECIICHTHOTO CUTHAJIA TUIOTHOCTH MIPUBEIEHHOTO K aHOLY
3apsia Ha oToKaToE MOXKeT nocTurath 10 Ki/em® B ron.B pabotax [6,
7] OBLIO MOKA3aHO, YTO XAPAKTEPUCTHUKU OMIIECIIOYHBIX ()OTOKATOIOB
3aMETHO YXYAMIAIOTCS, HAUMHAS C TUIOTHOCTE! 3apsijia, MPUBEACHHOTO K
aHony, ~1 Ki/em?, aro aBTOPBI 3TUX PabOT CBSA3BIBAIOT C ACWCTBHEM Ha
¢dorokaron oOpaTHOrO TOKa HOHOB OcTaTOYHOro rasa. CoriacHo yka-
3aHHBIM OIICHKaM IIJIOTHOCTU MPHUBEICHHOTO K aHOIy 3apsana Ha (oTo-
karozxe ¢.3.y. Hamamatsu R11410-20 B skcniepumente P3J1 100, 3a-
MCETHOC M3MCHCHUC XapPaKTCPHUCTHUK (I)OTOKaTOILOB n3-3a BJIIHAHUA
BCIIBIIICK 3JICKTPOJIIOMUHECIHCHINU OT MIOOHOB MOYKHO OXXUJAATh MCHEC
4yeM gepes roJl paboTel B ycinoBusax dkcnepumenTa POJ[ 100, uto sBns-
eTcs HeTprueMIIeMbIM. JlaHHyI0 Mpo0iieMy mpeniaraeTcsi pemuTh TyTeM
UMITYJILCHOTO «BBIKJITFOUEHHS» ().3.y. Ha BpeMsl COOMpaHHUs SJIEKTPOHOB
WOHM3AIlMA C TpeKa MIOOHA B JKHUAKOM KCEHOHE, COCTaBIISIOIIEe
~200 mxkc.

Cxema ynpaBsnsemoro genurens

Jnst paboTsl (HOTORNEKTPOHHOTO YMHOXKHUTENST TPEOYETCsI IEeNUTENb
HaANPsDKEHUS, KOTOPBIN pachpe/ieiseT nojgaBaeMoe Ha ¢).3.y. HampsbKe-
HUE MEeXIY AMHOAAMH U PoToKaTo oM. CXema pe3UCTUBHOTO IETUTENS
¢.3.y. Hamamatsu R11410-20 npencrasneHa Ha puc. 2. B ucnoms3sye-
MO cXeMe BBICOKOE HampspKCHUE MmojaeTcs Ha aHop ¢.3.y. [ «BbI-
KIroueHus» (.3.y. paspaboTaHa dIIEKTPOHHAS cXxeMma-kKiod (puc. 3),
obecrnieunBaromas mojadyy Ha ()OTOKATOJ MMITYJIbCA HANPSHKCHHUS aM-
wiutyaot ~300 B u gnutensHOCTRIO ~200 MKC, 3aIIUPaOIIEro MpoMe-
KYTOK «oTokaroa—1-it TuHO ¢.3.y. HA YKa3aHHOE BPEMHl.
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Puc. 3. [IpuHuunuanbsHas cxema 3JIEKTPOHHOrO Kiroua
JUTSL «BBIKITFOUSHIS (.3.y.

IRFU9310

T

B 37011 cxeMe yrpaBigronMii UMIYJIbCHBIM CUTHAN TIOJIOKUTEIbHON
MOJIIPHOCTH aMIUTHTY 10N 5 B momaercs Ha ontpon 6N136, BeIxogHOM
CHUTHAJI KOTOPOT'O YCHJIMBAETCS C TIOMOIIBIO OUIOJISIPHBIX TPAH3UCTOPOB
BC547 u BC557 u ympapnser nosneBbiM Tpanzucropom IRFU9310,
NPOITYCKAIOIIMM B aKTUBHOM PEKHUME OMIOPHOE HANpSDKEHUE Ha BBIXOJ.
Ha BeIxone cxembl 00pa3yercsi UMITYJIbC MTOJIOKHUTENBHON MOISIPHOCTH,
PaBHBIN MO AJUTENBHOCTH YIPABJISIOIIEMY CUTHATY, a 110 aMIUIUTYAE —
OMOpHOMY HampspkeHuro. Cxema TO3BOJISET MOJAEpKUBaTh Ha (oTo-
KaToJie MIOTEHINAN «3eMITN» ISl obecrieueHus pabouero pexkuma §.3.y.
Hamamatsu R11410-20, a B MOMEHT mepecedyeHus] KOCMUYECKUM MIO-
OHOM YYBCTBUTEIILHOT'O 00BeMa JIeTeKTOpa — (HOPMHUPOBATH MMITYJIBC
HanpsDKEHUs AUTENbHOCTHI0 200 MKC, KOTOPBIH 3aMpaeT MPOMEKYTOK
“thoTokaron—1-ii AMHOM, TEM CaMbIM «BBIKIIFOUas» (.3.y.
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UcnbiTaHue ynpasnsemoro genutens

Pabora mpemmokeHHON CXeMBbI OBLTa MCCIIEOBAaHA C HCIIOIh30Ba-
HHEM MOZEIUPYIOUIEro (OHOBYIO 3aCBETKY CBETOAMOAA, OOIy4aBIIETO
(GoTOKaTO, U MHOTOKaHAJIBLHOTO TEHEepaTopa HMMITYJbCOB T ektronix
AFG3252, nonaBaBuiero UMIyJIbCHbIE CUTHANBI Ha JpaiiBep CBETONU-
ona u ympasisiromyto cxemy ¢ gdactotoir 100 I'm. C momombto mudpo-
Boro ociumiorpada Tektronix DPO 3054 wccnenoBannuch CHUTHAIBL C
a”Hoza ¢.3.y. ¥ ¢ YIPaBJISIIOIIECH CXEMBI.

Ha puc. 4 npeacrasieHa 3aBUCMMOCTb OTHOCUTEIBHOM aMILIUTY b
curHasia ()OHOBOH 3aCBETKH C (.3.y. OT aMIUIUTYAbI 3alIUPAIOILEr0 UM-

nynbca. BwuaHo, dTO

—— MO00OPOM  AMILITUTYIbI
pCL LTI . MOCIETHETO MOXHO

" CYUIECTBEHHO  yMEHbB-

" IIUTh aMIUIUTYy WM-
. MmyJbca 3acBETKH, pe-

. ructpupyemoro ¢.3.y. B
CHIIy HallM4usi eMKOCT-
001+ ! HOW CBsI3U Mexay (o-
‘ TOKAaTOAOM M IWHOAAMU
. CYLIECTBYET 3aMETHBIN

iE3 ' . . . . . WHTEpBaJl BPEeMEHH TI0-

0 50 100 150 200 250 300 CJIe OKOHYAHUS «3aIly-
AMnany,qa 3anupatowiero umnynbcea, B paIOHIeFO» I/IMHy.HI)CEl, B
Puc. 4. 3aBUCMMOCTb OTHOCHUTENLHOM aMINIUTY/IBl  TeyeHMe KOTOpOTO aM-

curHaia ¢ aHoza (.3.y. OT aMIUIMTYAbI 3amnupa- ATy CHTHama ¢
IOIIET0 UMITYJIbca

0,14

AmnnuTtyaa, oTH.eq.

¢.3.y. BOCCTaHaBIUBa-
eTcsl JI0 TPEeKHEero 3Ha-
yeHus. [JIMTeTbHOCTh 3TOr0 BPEMEHH PeNIaKCalliyd ONpeAessieTcs Ie-
PEXOTHBIMH TIPOLIECCAaMH B JEJIUTENE M JOJDKHA 3aBHCETh OT COIpPO-
TUBJICHUS JIETUTENS HAPsDKSHUs §.3.y.

Ha puc.5 mnpencraBineHbl 3aBUCHMOCTH aMIDIMTYJbI BBIXOJTHOTO
curHasna ¢.3.y. OT BPEMEHH 3aJePKKH MEXKAY OKOHUAHHEM «3aIlupa-
IOLIET0» CUTHANAa U CUTHAJIOM CO CBETOAMOJA JUIS PAa3JIMUHBIX COIpO-
TUBJCHUN nenutens ¢.3.y. COrnacHO PHUCYHKY, IPH HATUYMUA €MKOCTH
C1 (1 1®) mexay 1-m nuHOAOM ¢.3.y. U «3emieii» (cM. puc. 2) BEIOpOC
Ha 3aBUCHUMOCTSAX aMIUTUTY/AbI CUTHaJA (.3.y. OT BpEMEHH YMEHBIIAETCS
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¢ 50 o 10%. BugHo Taxke, 4TO M3MEHEHHUE CONPOTUBIECHUS JIEIUTENS
$.n.y. ¢ 1.85 mo 20 MOM NpUBOAUT K YBEIIMUYCHHUIO BPEMEHH pellaKkca-

muH §.o.y. ¢ ~25 10 ~200 MKc.

Homep kpusow

ConpoTusnenue genutens, MOm

1

185

185

AMNnuTyaa, oTH.eq.

wn

105

IS

10.5

v

20

0,0 ; : :
50

T T 1
100 150 200

Bpemsi 3agepxkn, MKCek

Puc. 5. 3aBHCHUMOCTH aMIUTMTY/IbI BBIXOHOTO CHTHajia (.3.y. OT BpEMEHHU 3a-
JIEPKKH MKy OKOHUYAHHEM 3aIUPAIOIIEr0 CUTHAIA U CUTHAJIOM CO CBETOJIH-
0J1a ISl pa3JInYHbIX KOH(UTypanuil qenutens ¢.3.y.

Tak kak ogHAa W3 MaTpul C
dh.n.y. B gmerekrope P3Ol 100
JIOJDKHAa OBITh PAcIOJIOKEHA B
KHUIKOM KCeHOHe (cM. puc. 1),
BEJIMYUHBI CONPOTHBICHUH B Je-
JIUTCIIIX  JOJIKHBI GI)ITI) 1010~
OpaHbl TakuM 00pa3oM, YTOOBI Ha
HUX HE TPOUCXOAWIO KHUICHUS
JKUAKOro KceHona. Ha puc. 6
npejacTapieHa ¢ororpadus ne-
JHUTENS. C TOJHBIM CONPOTHBIIE-
HueM 20 MOwm. OtcyTcTBHE KH-
NIEHHUSI Ha €r0 CONPOTHBIICHUSIX B
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JKUIKOM a30Te ObUI0 TOATBEP)KACHO BU3YaJbHBIM CIOCOOOM TIpH
HanpskeHuu 1o 2 kB.

3aknioyeHue

Pazpaborana cxema ympaBiueHwust pabotoit ¢.3.y. Hamamatsu
R11410-20 mns nerexropa PO/ 100. ITokazano, 4to:

— mojaBaeMoro Ha (oTtokaronx ¢.3.y. UMIIyJIbca JOCTATOYHO IS
«3anmpaHus) MpoMexyTka «hoTtokaron—1l-ii muHOM»"' C mEmbio (-
(eKkTHBHOTO TOHaBIEeHUS (DOHOBBIX 3aCBETOK ().3.y. OT CHTHAJIOB C
OOJBLINM YHEPTOBBIICICHUEM;

— BpeMms penakcauuu ¢.3.y. IOCIe OKOHYaHUs IEHCTBUS 3alHUparo-
HIETO CHUTHANA, ONPEAeNIeMOe MEPEXOAHBIMH MPOLECCAMU B JICNUTEIE,
cocrapisieT ~200 MKc mpu compoTuBieHnu Aenutens §.3.y. 20 MOw,
YTO SIBISICTCS NPUEMJIEMBIM Ul MCIIOIB30BAHUS B SKCIEPUMEHTE IO
00HapyKEHHIO KOTEPEHTHOTO PACCESIHNS HEUTPUHO Ha sSiApax KCEHOHa.

Pazpaboran 1 U3roTOBNIEH nenuTeNs A §.3.y. B akcniepumerTe PO ]
100 ¢ moansiM compotuBiieHueM 20 MOM. [loka3aHo OTCyTCTBHE KU-
ICHUA XKUJAKOI'0O a30Ta Ha €ro COINPOTUBJICHUAX IMPU HANPSAKCHUH OO 2
kB.

Pabora mpoBeaeHa mpH MOIAEP)KKE I'OCYAAPCTBEHHOI'O KOHTPAKTa
HUAY MU®U u Munucrepcta odpazoBanus PO Ne 11.G34.31.0049
ot 19 okrs6ps 2011 1. B pamkax rpaHTta npaBuTenscTBa Poccuiickoit
®enepannu 1o nocraHoBieHuo Ne220.
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CUCTEMA TEPMOCTATUPOBAHUA
XUAKO-KCEHOHOBOIO AMUCCUOHHOI O AETEKTOPA P3[1100

B.B. AnanneB 2, AN. Bonoam,m;{l, K.®. Bnacmcl, B.B. I[MHTpeHKol,
10.B. E(bpeMeHK01’3, 3.M. Vremes®, B.B. CocroBues’, H.A. TOJ‘ICTyXHHl
AB. HlaKI/IpOBl, P.P. IHa(bI/IrmeI/IHl, AB. XpOMOB1
*Hayuonanensiii uccredosamenvcxui adepuviii yuusepcumem « MHUDH», Poccus
2 Mocko8ckii 20cy0apcmeeHHbiti YHUSEpCUmen mexHoI02uil
u ynpaenenus um. K.I".Pazymosckozo, Poccus
3YHu3epcumem wmama TennecCu, USA
E-mail: ivantolstukhin@gmail.com

PazpaboTana u uWCHBITaHa CHCTEMa TEPMOCTATHPOBAHMS JKHJ-
KO-KCEHOHOBOTO IBYX(a3HOTO SMHUCCHOHHOTO neTekropa POJI-100, co-
3/1aBaeMoro kosutaboparuet Poccuiickie Omuccuonnsie Jletextopsr (PD/1)
JUISL IOCTAHOBKH SKCHEPHMEHTa 10 0OHAPYKEHUIO 3P PeKTa KOrepeHTHOTo
paccesHUs HEHTPHMHO Ha Aapax KceHoHa. OCHOBOM CHCTEMBI SIBISIOTCS
TepMOcH(]OHBI (3aMKHYTbIe TpyOdaThle IBYX(a3Hble TEIUIOBbIE TPYOBI),
3aMoJIHEHHbIE a30TOM M HCHOJB3YIOUINE B KAa4eCTBE XOJIOJWIBHUKA CBO-
OOIHO-KUIIALIMHN XUOKKAHN a30T. CrucreMa obOecrieunBaeT KoHneHcamuoo 180
KI' )KHJJKOTO KCEHOHAa B TCUCHHE CYTOK WM MOJJAEPXKAHUE TEeMIICpaTyphl TH-
TaHOBOTO KpHOCTaTa B auamna3oHe Temmneparyp 160-190 K ¢ TouHOCThIO
menee 1 K.

1. BBeaeHue

OMHCCUOHHBIN JETEKTOp Ha kUIKOM kceHoHe PDJ/I-100 co3naércs
ycuiusMu kostabopanuu Poccuniickue samuccronssle aetekTopsl (PO/])
C eNbI0 OOHapyKeHHs W HuccienoBanus 3¢dekra korepeHTHOTO pac-
CesTHUSI HEUTPUHO Ha TsxkenblxX sapax [1, 2]. [lpuHmmn peructpaiuu
yacTul B JBYX(a3HbIX SMHCCHOHHBIX IETEKTOPax, HCIOJIb3YIOIINX
OnaropoHbIe Ta3bl B KayecTBe paboUmX Cpejl, NEeTalbHO PACCMOTpPEH B
MoHorpaduu [3]. B Takux nerekropax MOXKHO PETMCTPHPOBATH €/IH-
HUYHBIE DJIEKTPOHBI, OOpa30BaHHBIE B MACCUBHBIX (IECSTKH U COTHH
KAJIOIPaMMOB) pabouunXx cpesiax, NCHOIb3YeMbIX KaK MUILIEHb JJIS1 OUYCHb
PEAKUX MPOLECCOB C MAJILIMU SHEproBbiAeneHusaMU [4—5]. JleTekTopsl
TAaKOTO THIA B HACTOSAIIEE BPEeMs IIHPOKO HCIIONB3YIOTCS B DKCIEPH-
MEHTaX 10 MOWMCKY XOJIOJHOW TEMHOH MaTepuH B (hopMe MacCHBHBIX
C1a00MOHM3UPYIOIINX YacTull [6—8].
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Herexkrop P3A-100 comepxut
JKUIKAH KceHOH Maccod 180 kr B
THTAHOBOM KprocTaTe Maccoit 100 kr
(puc. 1). O6mas macca JeTEKTOpa,
BKJIFOYAIOIIETO KCEHOH, KPHUOCTaT,
(hOTOYMHOXXHUTENN ¥ BHYTPEHHIOIO
CBETOCOOMpPAIONIYIO CTPYKTYypy Ha
OCHOBe (Toporiacta-4 COCTaBISCT
okoio 500 kr. 3agaya CHUCTEMEI
TEPMOCTATHPOBAHUS NETEKTOpa 3a-
KJIIOYaeTcs B TOM, 4YTOOEI obOecrie-
YATH KoHaeHcanuo 180 Kr KUIKoro
KCEHOHAa W TOJJepKaHue TeMIlepa-
Typbl TUTAHOBOTO KPHOCTAaTa B JHa-
nazone temmeparyp 160-170 K c
tounocTteio 0,1 K B Teuenwme miu-
TETHLHOTO BpeMeHH (Tiopsiaka 1 roza),
HEOOXOQUMOTO NIl MPOBEISHUS
SKCIIepUMEHTa. J{OTOTHHUTEThPHBIMU
TpeOOBAaHUSIMHU SIBJISIOTCS:

1. Cpemenme K MHHAMYMY
MacChI BCTIOMOTaTeIbHBIX YCTPOICTB
B HEMOCPEICTBEHHON OJIM30CTH K
JIETEKTOPY.

2. Pasmemenue JETEKTOpa
BHYTPHM MAacCHBHOHN 3alllUTHl HIU B
rIyOOKOM KOJIOAIE I TTOCTAaHOBKH
HU3KO()OHOBOTO 3KCIIEPUMEHTA.

ITocennee tpeboBaHue oO3HAUa-
€T, 4YTO JCTEKTOp JOJDKEH OBITh
yaanéH Ha PacCTOSHUE HECKOJBKO
METPOB OT CHCTEMBI cOOpa NaHHBIX,
CHCTEMBI T'a30BOH OUYHUCTKH, CHCTEMEI

Puc. 1. [derexrop PO/I-100 ¢ Tura-
HOBBIM KpPHOCTAaTOM, KOTOpBIH CO-
JIEp)KUT ABe Matpulibl u3 19 doro-
IEKTPOHHBIX YMHOXHTENEeH TUIa
Hamamatsu R11410-20, paccrosiHue
Mexay kotopeimu (50 cM) ompene-
JseT pa3Mep YyBCTBHTEIBHOH 00-
JACTH  JAETEKTOpa,  3allOJHEHHOM
JKHIKAM KCEHOHOM M OKPYXEHHBIH
OTpakaTelleM Ha OCHOBE (TOpPO-
I1acTa CO BCTPOCHHBIMH Apeiido-
BBIMH AJIEKTPOJIAMHU

OXJIAXKIACHUA U KPUOCTAaTUPOBAHUA ACTEKTOPA. 910 YCJI0BUE HaJlaract
S3HAYUTCIIbHBIC OIrpaHUYCHUS HaA IMPUCMIICMBIC TCXHOJIOTMH obecmneue-
HUA pa60TOCHOCO6HOCTI/I JACTCKTOpPA, B YaCTHOCTHU, TCXHOJIOTUIO KPHO-
CTaTUPOBaHMA. B JI&HHOIZ CTaTbEC pacCMaTpuBacCTCd CUCTEMA KpHUOCTa-
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TUPOBAHUS HA OCHOBE TEXHOJIOTUHU TepMOCcH(OHA (3aMKHYTOH TETIIOBOI
TpyOBI), KOTOpast yIOBIETBOPSET YKa3aHHBIM TPEOOBAHUSIM.

2. MpuHumn geicTeuA TepmMocndoHa

JByxda3Hpiii TpyOuaThli TEPMOCHU(OH 3aMKHYTOTO THMA TMPEI-
CTaBIISIET COOOH YCTPOWCTBO ISl ITepeiayr OONBITNX IIOTOKOB TETJIOBOM
suepruu [9]. s xpuoctarupoBanus aerekropa POJI-100 paszpaboran
nByx(ha3HbIil TepMOCU(]OH, B KOTOPOM HCIOJIB3YETCS a30T B KaueCTBE
pabouero Ttema. IlepeHoc Termia ocymiecTBIseTCS 3a CYET Pa3HOCTH
IJIOTHOCTEH >KUAKOHW M ra3000pa3Hoi (pa3 a3oTa, KOTophie 3PPEKTHBHO
pa3nensoTcs Mo ACUCTBUEM T'PaBUTAIIMOHHBIX CWII. TpyOuaThiid Tep-
MOCH(OH COCTOUT M3 TPEX OCHOBHBIX CEKIIHIA, KaK MOKa3aHO Ha pUC. 2.
OXJaKIaeMON CEeKINH (KOHICHCOpa), PACIIONIOKEHHOW HaJ HarpeBae-

m—

Puc. 2. Ilpunuun neu-

A

. CTBUS 3aMKHYTOTO

Q S TpyOgaToro JaByxdas-
-~

: : Lc (oxnaxpaeman cekums) HOTO TepmochpoHa

Te [£ N/ muamerpom D: Le —

IJIMHA  OXJIaXKJIaeMoi
CeKIIUM TpU TeMmIepa-
Y G Type Tc, B KOTOpOH
NEE MIPOUCXOTUT oTb0op
TeruIoBoH 3Heprun Q oT
L (agnabatuueckan cekums) rasa M Cro KOHJICHCa-
uust; Ly — nuHa ajgna-
OaTH4eCKOi CEKIINH
ks mpH  TeMmreparype Ta;
Ly — [umHa cekuuu npu
Temneparype Ty, TO-
[JIOMIAIOLIEH TEIJIOBYIO
L (ncnapuTenbHas cekuma) sHepruto Q; Lp — nynHa
CEeKIIMM  3aIlOJIHEHHOM
Lo KHUIAKOCTHIO [9]

——KUAKOCTD

077777

v(c Kannnmni
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MO cekuuen (Mcmapurens), U HacCUBHOH (anmabaTHYECKOH) CEKLUH,
COCIMHSIONICH /IBe YKa3aHHbIE aKTHBHBIE cekuuu. OO0beM oxjaxkaae-
MOTO BHEIIHUM XOJOAMJIBHUKOM KOHAEHCOpa [UIMHOM Lc 3amosHeH
ra3oM, KOTOPBIH, OTAaBasi TEIUIOBYIO SHEPrHi0 Q XOJNOIMIBHUKY depe3
CTCHKH TPYOBI, KOHICHCUPYETCS B KHUIKOCTh U MO/ JCHCTBUEM I'paBU-
TAI[MOHHOM CUJIBI CTEKAeT BHU3 UYepe3 ainabaTHUEeCKyIO CeKLUI0 JUIMHON
La B criapuTens AIMHOM Ly, KOTOPBIH 3aI0IHEH KUAKOCTHIO Ha IIMHE
Lp. B ucmapurene >XUAKOCTh MOTJIONIAECT TEIUIOBYIO 3Hepruro Q u3
OKpy>Katomeil TpyOy cpeapl M KUMUT. BosHuKaromuii mpu 3ToM map
NOJHUMAETCA 4epe3 aauadaTU4ecKyl0 CEKLIHI0 B KOHACHCOP M IMKJI
MOBTOPSIETCS.

Cpenu BO3MOXXHBIX pabouux cpel HaMu ObUT BBIOpaH a30T Kak
HauOoJee 1ocTynHas U Oe30macHasi HU3KOTeMIepaTypHast >KUAKOCTb, a
B Ka4yeCTBE XOJOAMJIbHHKA — OacceilH CBOOOJHO KHIISIIETO MHIKOTO
a30Ta, 3aKIIOYEHHBIM B clelUaibHbIi KpuoctaT (puc.3). B Takom
YCTPOHCTBE MUHUMAJIbHOE 3HAUYCHUE TEMIIEPaTYyphl XOJIOIWIBHUKA Tc
HE MOXET OBbITh HW)KE TEMIIEPaTypbl KHUILILETO NPH aTMochepHOM
napneHun xuakoro asota (77,4 K), a MmakcumanbHoe 3HaueHue (s
CTallMOHAPHOTO PEXHMa OXJIKACHHUS) HE MOXKET MpPEBBIIIATh KPUTH-
yecKyro temreparypy azora (126,2 K). YaenpHas momrHOCTh OXIa-
JKACHUS! OIPEAEISIETCs YACTbHOM TEIUIOTOM NCIapEeHNs )KUAKOTO a30Ta,
T.€. coctaBimgeT 199 x/[x Ha 1 Kr KUAKOTrO a30Ta, UCIAPSIEMOTO B XO-
JIOUIIbHUKE.

OxJa)kaaeMblii WM TEPMOCTATUPYEMbI OOBEKT HaXOOUTCS B TEIl-
JIOBOM KOHTAKTe ¢ ucrapuresieM. TepMocru(OH OMHUCHIBAEMOTO THIIA HE
MOXET 00eCHeUUTh TEPMOCTATHPOBaHHE OOBEKTa MPH TeMIepaTypax
Hmwke 77,4 K. B ciydae, ecnmu Temriepatypa OoXJjaKJaeMoro oObeKTa
JIOJDKHA OBITh BBIINIE KPUTHUYECKOH Temrmepatypsl azota (126,2 K), Tep-
MOCTaTHPOBaHHE OCYIIECTBISIETCS JAMHAMHYECKHM METOJIOM IyTEM
M3MEHEHHUS] KOJIMYECTBa a30Ta M JaBJICHHS ra3oBoil ¢a3el B TEPMOCH-
¢done. 3amaHHas TeMmIepaTrypa yCTaHAaBIMBAETCS 3a CUET HM3MEHEHHS
Oanmanca MEXJy MOTOKOM OTBOJAMMOTO uepe3 TepMOCH(OH Teria OT
00BeKTa, KorJa TepMOCHU(POH HAXOIUTCA B AKTUBHOM PEXHME, U MOTO-
KOM TeIia, MOCTYNAIOIIEM OT OKPY>KaroIIeH Cpe/bl.

Tepmocudon pabortaer kak 3(Q(HEKTUBHBI  TEIUIONPOBOHHUK.
MoMmTHOCTh OXJaXKICHUS C MOMOIIBIO Takoro ycrpouctBa W mporop-
UOHAJIbHA CEYCHUIO TEPMOCH(OHA U TPAAUEHTY TeMIIEpaTypbl BAOJb
€ro JUIMHBI 1 00paTHO NpONOpLUHOHANIbHA BenuuuHe IMHbI L=Lc+L:
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00  Kk-AAT
W = = 1
oT L ( )
rae k- yAaeiabHas TCINIONPOBOIHOCTD TepMOCI/Iq)OHa.
HpI/IHI/IMaﬂ B pacyeT Hapa3I/ITHLII>'I IOTOK TEILIa 4Y€PE3 KpHUOCTaT W(),

TCIUIOBYIO MPOBOJAUMOCTD TepMOCI/I(l)OHa MOJKHO OIIPCACINTDh KaK:

W+ Wy)-L
ke = ( A-A;‘)) ' 2)

rae A — TIoImaas CeYeHYs TePMOCU(OHA.

3. Cucrema TepmocTaTMpoBaHus

Herexrop PO/I-100 comepKUT ABe SIMEHCTHIX MAaTpHIBI U3 (HTOPO-
mracta-4 Ha 38 HU3KOPOHOBBIX (POTOIIEKTPOHHBIX YMHOKHUTEIEH
¢upmer Hamamatsu R11410-20 ¢ agmamerpom ¢otokatoga 80 M
(puc. 2). PaccrosiHue MeXay MaTpHIIAMH ONpEACsIeT pasMep YyB-
CTBHUTEJBHONW 00JaCTH AETEKTOPa, 3al0JHEHHOH >KUAKHUM KCEHOHOM M
OKPY>KEHHBIM TE()IOHOBBIM OTpaXKaTeJIeM CO BCTPOEHHBIMH Apeiido-
BBIMHU 3JIEKTpOAaMu, U coctaBisgeT 50 cMm. [[ns uckmoveHus] BO3HHK-
HOBEHUSI KOHBEKTHBHBIX MTOTOKOB BHYTPH KaMephl IO BbICOTE Apeido-
BOro o0béma 3a1aéTcs rpaJueHT TeMIIEpaTyp TakK, YTOObI KHUIKUI Kce-
HOH BHU3Y npetidoBoro o0péMa 061 Ha 1 K X0omonHee )KuaKoro KCeHoHa
HaBepXxy ApeidoBoro o0béMa. st 3Toro B BepxHeM M HIDKHEM (JiaH-
[ax XOJIOMHOIO cocyla (KaMephl) YCTaHOBIIEHBI MEIHbIE TEIIOOOMEH-
HUKH 7151 TIOACOCOUHEHUS IBYX TEpMOCHU(OHOB, 3aJal0IIUX I'PAJAUEHT
TEMIIEpaTyp MO BbICOTE Jpeii(oBoro o0béMa. ITH ke TepMOCU(OHBI
WCIIOJIB3YIOTCS JUISl KOHJICHCAIIMY KCEHOHA U3 ra3000pa3HOro COCTOSHUS
IpY 3al0JHEHUH JETEKTOpa XHUIKOCThIO. JlomomHuTenbHbIe ABa Tep-
MocH(OHA YCTaHOBJICHBI HA METHOM KpaHe, OKPYKarolieM KaMepy JUis
BHIPABHMBaHUS TPAJAUCHTOB TEMIIEPATYp MO OKPYKHOCTU Kamephbl (Ha
PUCYHKE He MoKa3aHbl). TakuM o0pa3zoMm, aisi pabOThl ¢ AETEKTOPOM
POA-100 Oymyr ucnomb3oBanbl 4 TepMocH(OHA, PpaCIOJIOKEHHBIC
BHYTpU CWIB(QOHHOTO METALIOPYKaBa C BHYTPEHHHM JHAMETPOM
100 mm.

Ha puc. 3 npencraBneHa NpuHIMIIHATBHAS CXeMa CHCTEMBI TEPMO-
cratupoBanus aetekropa POJI-100 (a) n oOmwmii Bua ycTtaHOBKH (0) B
NpoIecce TECTUPOBAHUS TEPMOCHU(POHOB PA3TMYHBIX KOHCTPYKLHH.
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KAMEPA HA
XKWAKOM KCEHOHE
Tu-175C 5

Puc. 3. IlpuHimnuanbpHas cxeMa TepMOCU(GOHHONW CHCTEMBI TEPMOCTATHPOBa-
uus aerekropa PO/I-100 (a) u obmuii Buj yctaHOBKH (6), KOTOpasi BKIIOYACT
JKMJIKOA30THBIN pe3epByap (B BepXHeEil JieBOi yacT (POTOCHUMKA), TEPMOCH-
¢oH B criIb()OHHOM MeTalUIO-pyKaBe JUIMHOM 4 M (B LeHTpe (OTOCHUMKA) U
CTAHIMIO HAIOJHEHUSI MHOTOKAaHAJILHOM TEPMOCHU(OHHON CHUCTEMBI a30TOM C
(POBBIM KOHTpOJIEM HapaMeTpoB pabouel cpeipl (croiika crpaBa Ha (o-
TOCHUMKE)

JuHamuueckoe TepMOCTATUPOBAHUE OCYIIECTBIIIETCS C HMOMOLIBIO
AJIEKTPOHHOHN CHCTEMBI ypaBieHus TepMocudpoHoM. DyHKIIMOHATBEHAS
cXeMa YIpaBJIeHHUs YeThIPEX-KaHAILHBIM TEPMOCHU(POHOM TOKa3aHa Ha
puc. 4. Cucrema cobpaHa Ha ocHOBe Moxyieil cepun Adam-6000
¢bupmbr Advantech u obecrieunBaeT U3MEpEeHHE TEMIIEPATyPhl TEPMO-
CTaTUPYEeMOT0 OOBEKTa C MOMOIIBI0 BKIFOUEHHOTO MO TPEXTOUECHHOM
cxeMe IaTiHOBoro tepmopesucropa PT-100 (6) u naBieHus a3ora ¢
MIOMOIIBIO MBE30KPUCTATITNYECKOTO JaT4uKa JaBJICHUS
PTI-S-AC15-15AQE (0). Tloxa3aHHble Ha PHCYHKE KialaHbl C 3JIEK-
TPOHHBIM YIIpaBIEHHEM HCIOJB3YIOTCS JUIsSl BIpbICKa () Wik cOpoca
(oTkaukn) azorta (2) B/M3 TepMOCH(OHA, COOTBETCTBEHHO. ChEM WH-
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dopManMu W ympaBJ€HHE CHCTEMON KOHTPOJS OCYIIECTBIISIETCS
BHEIIHUM YIPABISAIOIIUM KOMITBIOTEPOM, CBA3AHHBIM C YCTAHOBKOM 110
kanaiy Ethernet TCP/IP uepes ceTeBoii KOHIIEHTpATOP ().

Adam
1 6015 6

Ethermet| Eg| Adam MS
2628 ——| 6052
2 |2 ey -

Adam
1 6017 0 —

Puc. 4. dyHkoHaNbHAs cXeMa YIPABJICHUS U KOHTPOJIS [TapaMeTPOB YeThI-
pEXKaHAJIBHOW CHUCTEMBl TEPMOCTATUPOBAHMSA dYepe3 JOKaIbHYIO CeTh (a):
EKI-2528 — cereBoii kontenTparop; Adam-6015 — Motysib aHAIOrOBOTO BBOZA
Juist TepMoMeTpoB compoTuBieHus (0); Adam-6052 — mMoxynib AMCKpETHOTO
BBOJIa-BBIBOJIa YIPABISIEMBIX KIamaHoB (B, T); Adam-6017 — momyms aHaio-
TOBOT'O BBOJa-BBIBOJIa CHTHAJIA C JATYMKA JABJICHUS (1)

4. TexHMYeCKWA 3anyCK CMCTEMbI

Bbi0op KOHCTpYKIMH TEepMOCH()OHOB M HUX TECTHPOBAHHE OCY-
HIECTBIISIOCH C IOMOILBIO YCTAaHOBKH, MOKa3aHHOM Ha puc. 3,0. s
ucnojbp30BaHus B ycraHoBke POJ[-100 Hamu BbIOpaHbI-IBe 0a30BbIC
KOHCTPYKIIMH TEPMOCH()OHOB: Ha OCHOBE MEIHOW TPYyOKH AMaMETpOM
12,5 MM (tommmua ctenku 0,5 MM) ¥ CHIB(OHHBIX METALIOPYKABOB
BHYTPEHHHM JuaMeTpoM oT 12 go 35 mm. Jlns BeiOopa onTUMaibHOM
KOHCTPYKIIUH OTPEACISUINCH JIBA XapaKTEePHBIX IapamMeTpa TepMOCH-
¢doHa: yaenbHas TEIIONPOBOJHOCTD U Npeen Tertonepenaun. [penen
TEIUIONEPEaun TOCTUraeTcd B TOM CIy4yae, €ClIM TEIJIoBas Harpyska
NPUBOJUT K HAPYIICHHUIO IUPKYJISAIMU JBYyX(hazHoU pabodedt cpelibl
BHYTPH TepMOCH(OHa (BCKUIIAHUE KUIKOCTH M BO3HUKHOBEHHE ra3o-
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BOW MPOOKH), YTO MPUBOIUT K TOTEPE CIOCOOHOCTH TEPMOCH(OHA K
3¢ dexkTuBHON TeIIONEpEIaYe.

Pesynprar ncneiTaHuil ABYX KOHCTPYKIHN CHIIB()OHHOTO TEPMOCH-
¢oHa Ha Tpenen TeruIonepenadn WuocTpupyer puc. 5. TepmocraTu-
PYeMBIM 00BEKTOM (MOJIENBIO IETEKTOPA) SIBJIsUIACh CTajbHAast O0JIBaHKA
Maccoil 5 Kr, 3aKJfoueHHas B BAKYyMHYIO KaMepy Ha KOHLE CHIb(OH-
HOT'0 METAJUIOpyKaBa ¢ BHYTPEHHUM quamMeTpoM 80 MM U AJIMHON 2—4 M.
TeroBast Harpy3Ka co3/laBajachk UCKYCCTBEHHO ¢ momouisto /[xoyne-
BOr0 TEIUIa OT MOIIHOI'O PE3UCTOPa, YCTAHOBJIEHHOIO Ha mojenu. B
cily4ae TpyOuaToro TepMOCH(OHA CpBhIB CTAllMOHAPHOTO pPEXKUMA
oxJaxkaeHus mpoucxoaw mpu MomtHoctr 100 BT Ha pesucrope. AHa-
JIOTUYHOE HAOII0IeH e OBLIO CIeNTaHo paHee MpH padoTe ¢ TpyOUaThIMU
TepMocu(OHAMH, U3TOTOBJICHHBIMUA M3 Hepykaperoled cranu [10]. B
ciydae CHIL(OHHOTO METAIOPyKaBa MPUMEPHO TaKOTO YK€ BHYTpPEH-
HETO JuaMeTpa Mpeaelt TeIuonepeadn Habmoaancs mpyu MomHocty 60
Br. Cnenyer oTMeTUTh, YTO TEPMOCH(OH Ha OCHOBE TJIaJKOH TPYOKH
YCTOHYMBO paboTa npu K03 PUIMEeHTE 3aTI0THCHUH KUIKOCThIO Ky =
Le/L > 6%. TepmocudoH Ha OCHOBE CHJIB()OHHOTO METAIOPYyKaBa
ycroitunBo pabotan npu Ky > 25%, uro cBsizaHO ¢ penbedHON BHYT-
PEHHEH MOBEPXHOCTHIO TEIUIOBOH TPYOHI.

T T E
= MegHaA Tpybka
s+ CMAbDOH

TemnepaTtypa, K

0 50 100 150 200 250 300
Bpemsa, muH

Puc. 5. UccrnegoBanue mpezena TEIUIONEpeHOCa B TepMOCH(OHAX HA OCHOBE
MeIHOH TpyOKH (KBaagpaThl) M CHIB(POHHOTO METANIOPYKaBa (TPEyTOIHUKH )
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300

280

Temnepatypa, K

260
240
220

200

180 - -

160 1 1 1
0 50 100 150
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Puc. 6. [luHamMuueckas TepMOCTaOMIN3ALHS C TOMOIIBIO CHIB()OHHOTO
tepmocudoHa mpu Temreparypax 7 > T,

s TepMocTaTHpPOBaHUS MPU TEMIIEPAaTypax MPEBHILAKIINX KPHU-
THYeCcKylo Temreparypy azota (126,2 K) ucnonb3oBaiicst TnHaMHUYeCKUN
METO/I yNPABICHUS TEPMOCH(POHOM, MPH KOTOPOM CTaOMIIM3AIMS TEM-
nepaTypbl IOCTUTanach IyTeM HW3MEHEHHMs KoJndecTBa pabouero Be-
mectBa (azora) B Tepmocudone. Ha puc. 6 mokasan npuMep JUHAMU-
yeckoil Tepmocrabunmzanmu moaenu npu 181-183 K ¢ momomisio
CHIILOHHOTO TepMOCH()OHA M CHCTEMBI yNpaBlICHHS, [TOKa3aHHOW Ha
puc. 4.

OKCIIepUMEHTANbHBIE MCCIIEAOBAaHHUS TPYOUaThIX ABYX(a3HBIX Tep-
MOCU(OHOB 3aMKHYTOI'O THIIA C a30TOM B KauecTBe palboueil cpelsl
MOKa3aldHd, 4YTO OHU OOECHeurBaloT YAEIbHYIO TEMJIONPOBOAHOCTD
BI1oTh 710 K = 70-90 kBT/(K M), uTo Gosiee yem Ha jBa mopsiika mpe-
BBIIIACT YAETBbHYIO TEIUIONPOBOJHOCT Oeckuciopofnoii meau. [pu
3TOM IIpeJes TeIUIoNepeladn IIIaJKOCTeHHBIX TePMOCH(OHOB THAMET-
pom 10-40 MM BHE 3aBHCHMOCTH OT MaTrepHaja CTEHOK COCTaBIISET
nopsaka 100 Br/cv’. D10 03HaUAET, 4TO eClU TepMOCH(BOH TAKOrO THIA
uMeeT cedenne mopsaka 10 cM’, TO MOIIHOCTh TEIUIONEpPeIaty MOXKET
npocturath 1 kBT, uto goctatouHo misg KoHjaeHcanuy 180 kr KceHoHa B
JIETEKTOP B TEUYEHUE CYTOK, €CJIM TEIUIOBOM MOTOK 4Yepe3 KpHUOCTaT He
Oynet 3HauuTeNbHO Oonbine, ueM 100 Br.
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3aknioyeHue

Hamu paspa®oraHa KpuoreHHas CHCTeMa, KOTOpas IO3BOJSIET C
BBICOKOH A()(PEKTHBHOCTHIO TEPMOCTATHPOBATH MACCHUBHBIE OOBEKTHI,
yIanEéHHBIE HA PACCTOSHHUE HECKOJIBKMUX METPOB OT XOJIOAWIBHOW Ma-
HIMHBI HA OCHOBE CBOOOTHO-KHITALIETO KUAKOTO a3oTa. PaspaboranHas
cUCcTeMa IO3BOJIIET MUHMMHU3UPOBATH MAacCy KOHCTPYKLHOHHBIX Ma-
TEpUaNoB BOIU3U ACTEKTOPa U JaeT BO3MOXKHOCTH OKPY)KUTh AETEKTOP
MacCHBHOW MAaCCUBHOM 3alIUTON IS TTOCTAHOBKH HU3KO(OHOBBIX DKC-
nepuMeHnToB. Cucrema TepMOCTaTUPOBAHUS OYAET UCIIONb30BATHCS UL
oOecrieyeHus! (PYHKIMOHMPOBAHUS KMIKO-KCEHOHOBOI'O JETEKTOpa
PO/1-100 B skcmepuMeHTe TO OOHapyKeHUIO (P (PeKTa KOrepeHTHOTO
paccestHusS HeHTPUHO Ha TsHKENBIX sapax [ 1, 2].

Pabora mpoBeaeHa mpH MOIAEP)KKE I'OCYAAPCTBEHHOI'O KOHTPAKTa
HUAY MUOU u MunuctepctBa obpazoBanust PO Ne 11.G34.31.0049
ot 19 oktsa6ps 2011 r. B pamkax rpaHTta npaBuTenscTBa Poccuiickoit
®enepannu o nocraHoBieHuo Ne220.
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THE TWO-PHASE CLOSED TUBULAR
CRYOGENIC THERMOSYPHON

A.l. Bolozdynya, V.V, Dmitrenko®, Yu.V. Efremenko®?, A.V. Khromov',
R.R. Shafigullin, A.V. Shakirov*, V.V. Sosnovtsev', l.A. Tolstukhin’,
Z.M. Uteshev?, K.F. Vlasik®
! National Research Nuclear University MEPhI, Russia
2 University of Tennessee, USA

Abstract

The heat transfer characteristics of a two-phase closed tubular cryogenic
thermosyphon filled with nitrogen fluid have been investigated. The ther-
mosyphon consists of a 1.1 cm inside diameter, 5 m long copper tube en-
closed in a vacuum jacket, and uses a free-boiling liquid nitrogen pool as a
cooling machine. The system is compact, free from mechanical vibrations,
and can provide thermal stabilization of remotely located devices in the
temperature range of 80 — 120 K with the heat transfer limit up to a 100 W.

Index Terms: Cryogenic thermosyphon, Thermal conductivity, Thermal
resistance, Nitrogen fluid, Heat transfer.

1. Introduction

A two-phase closed tubular thermosyphon is a high performance heat
transfer device that can be used to transfer a large amount of heat at a
high rate [1]. The thermosyphon or gravity-assisted heat pipe consists of
three basic sections as shown in Fig. 1: a cooling section (condenser)
located above a heating section (evaporator) and a passive adiabatic
section connecting the two active sections. The condenser of length L is
filled with gas, which deposits heat energy Q into a cooling machine
operating in good thermal contact with this cooling section. The con-
densate generated inside the condenser falls down through the adiabatic
section into the evaporator, where the liquid is boiling and absorbing the
heat Q. The generated vapor rises into the condenser, returning the heat
to the cooling machine, condensing in the liquid phase, then, the heat
transfer cycle repeats. Since the operation of the thermosyphon relies
upon the gravitational force, the evaporator must be located below the
condenser.
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L¢ (cooling)
Condenser

-
>

| i
N
Ta t L (adiabatic)
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S k Tube
Q e Ly (heating)
NN
TH Evaporator
A (Cold Head)

Fig. 1. The operating principle of a two-phase closed tubular thermosyphon
(heat pipe) [1]

There are a few working fluids that can be used in cryogenic ther-
mosyphons as shown in Table 1. For this study, we have selected a
simple cryogenic cooling machine in which the condenser is immersed
in liquid nitrogen that freely boils at atmospheric pressure due to its low
cost, availability in large amounts and safety in operations. As seen from
Table 1, this nitrogen-based cooling machine can operate in the tem-
perature range between 63.15 K and 126.2 K and pump out the heat from
the evaporator with the latent heat of vaporization LHV =199 kJ/kg. In
the simplest configuration, a free boiling liquid nitrogen pool is used
providing the cooling section with the temperature TC = 77.36 K.
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Table 1. Working fluids for cryogenic thermosyphons

Gas Tep, K Thoiting: K Tep, K LHV, ki/kg
He 5.25 4.22 2.18 21

N, 44.45 27.104 24.556 86.3
Ne 126.2 77.36 63.15 199

0, 154.58 90.19 54.8 213
CF, 227.5 145.2 89.4 135.95
Ar 150.85 87.302 83.81 162.3
Kr 209.35 119.93 115.78 107.5
Xe 289.74 165.05 161.4 96.3

2. Experimental apparatus

The schematic illustration of the experimental setup is shown in
Fig. 2. The setup consists of a test stand, a liquid nitrogen reservoir and a
working fluid charging system.

(@)

(b)

Fig. 2. Schematic drawing of the experimental setup (a) and picture of the dis-
assembled cold end of the thermosyphon (b): 1 — liquid nitrogen inlet; 2 — ven-
tilation outlet; 3, 5 — vacuum jacket; 4 — nitrogen fluid supply from charging
system; 6 — cold head; 7 — heater; 8 — resistance thermometer; 9 — evaporator;
10 — adiabatic section
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The test stand includes a cryogenic thermosyphon connected to a
cooled device or cold head (a steel ingot of 4 kg mass) installed with an
adjustable heater and resistance thermometer. The adiabatic section of
the thermosyphon is made of 5 m long copper pipe with 11 mm inside
diameter wrapped in multiple layers of vacuum superinsulation and
enclosed into a vacuumed bellow hose of 68 mm inside diameter. The
evaporator is constructed as a channel of 11 mm in diameter and 7 cm in
length inside a copper pad of 8x8x2 cm® dimensions attached to the cold
head (Fig. 2b). The condenser is a stainless steel closed pipe with 11 mm
inside diameter and Ly = 30 cm length installed onto the bottom lid of the
custom made liquid nitrogen reservoir via 1-1/3” CF flange. The liquid
nitrogen boiling at atmospheric pressure works as a heat sink for the
thermosyphon. The vacuum jacket surrounding the reservoir and the
thermosyphon is pumped out with a turbo-molecular pump.

The cryogenic thermosyphon is connected to the working fluid
charging system (on the right in Fig. 3) by a stainless steel pipe of 2 min
length and 6 mm in di-
ameter. The charging
system is equipped with
manual,  electronically
operated valves and
pressure/vacuum gauges
to provide operations up
to eight thermosyphons
simultaneously. The
working nitrogen gas is
stored in a standard high
pressure cylinder.

Fig. 3. General view of the
thermosyphon system in-
cluding LN, reservoir (on
left), thermosyphon placed
inside the bellow hose (in
center) and the nitrogen
fluid charging station (on
right)
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The thermosyphon is filled with a small precisely measured amount
of nitrogen. The filling ratio of FR = Lp/(Ly +Lc +LA) = 0.065 is close to
the minimum value providing operations in a stable mode. Increasing the
nitrogen filling ratio does not significantly affect characteristics of the
thermosyphon. During the test the difference in vertical positions of the
condenser section and the evaporation section was about 2 m as shown in
Fig. 3.

3. Results and discussion

Fig. 4 shows the temperature of the cold head under different heat
load conditions. At the beginning of the test, the thermosyphon is
evacuated at room temperature. The cooling power is applied to the cold
head via the evaporator as soon as the thermosyphon is charged with
nitrogen fluid. The cooling rate 0.6 K/min is observed at FR = 3.2 %,
3 K/min is observed when a nitrogen filling ratio of FR = 6.5 % is
achieved (Fig. 4). When the lowest temperature 80 K is achieved, the
additional electric power is applied with the electrical heater (15 Ohm,
200 W resistor) installed on the cold head. The temperature

300

« FR=62%
250 ¢ + FR=35%[

]
o
o

3
[0]
5 150 ]
©
2 80w
g- 60 W
2 4a0W :

100 |+ 20 W . 4

i 1 n 1 i 1 " 1 n L " 1
0 50 100 150 200 250 300
time (min)

Fig. 4. Temperature of the cold head versus time for a filling ratio of 3.5 % and
6.2 %. Starting at room temperature, the cold head was cooled to 80 K, and four
intervals of power were applied with the electric heater (20, 40, 60 and 80 W) as
indicated on the graph
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rises with the increase of the heat load. The steady states are observed at
20, 40, 60, and 80 W. After achieving 120 K at the cold head with 80 W
applied power, the heater is turned off and the temperature of the cold
head is restored to 120 K after 1 hour of operation. Further tests showed
that the evaporator temperatures can not reach a steady state at a heat
load of 100 W or more but rises continuously. This observation indicates
that this thermosyphon has a 100 W limit on the heat transfer.

Fig. 5 shows the steady state temperatures versus the applied heat
loads. The highest temperature of the cold head 120 K is achieved with
80 W heat loads. The thermosyphon works as an efficient heat conductor
at HTL < 100 W. The thermosyphon can not work in steady mode with
heat load > 100 W. The cooling power of the thermosyphon W is pro-
portional to the cross section of the tube A and the temperature gradient
AT along its length L.:
0Q  k-AAT

W= oT L )
where factor k is the thermal conductivity of the thermosyphon. Taking
into account the parasitic (passive) heat load from the environment, W,
we can define the thermal conductivity K, as:

W+Wy)-L
A-AT
The total thermal resistance R as follows,
L
k=% ®

Under the assumption that the thermal conductivity of the ther-
mosyphon is temperature independent in the range of 80 — 100 K, from
Fig. 5 we can derive W, = 10 W, the thermal conductivity k = 83
kKW/K'm, and the thermal resistance R = 0.5 K/W for the investigated
thermosyphon. The heat transfer characteristics of the thermosyphon are
compared with published parameters of similar cryogenic thermosy-
phons in Table 2. Note that the thermal conductivity of our system is
close to that of a much larger in diameter thermosyphon described in [2].
At the same time, the total thermal resistance exceeds that for shorter
devices reported in [3, 6, 7] showing the effect of using a much longer
device in our studies.
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Fig 5. Temperature dependence of thermosyphon at steady mode versus

applied heat load

4. Conclusion

Table 2. Heat transfer characteristics of tubular two-phase thermosyphons

Fluid T,K |L,cm| I.D.,cm | k, KWK/m | R, KIW |HTL, W| Ref.
He 4-6 28 1.4 06-1.2 [7]
75— 0.05—- | 155.7 [3]
N, +Ar 145 28 1.4 0.37
0.1- 146 [6]
N, 72 -79|( 107 1.1 095
N, 80— | 130 | 2x0.95 200 [2]
100
N, 80— | 137 35 55 0.02 900 [2]
100
N, 80— | 500 1.1 83 0.5 100 This
120 work

The heat transfer characteristics of the 5-meter long cryogenic ther-
mosyphon filled with N, working fluid were studied. The thermal con-
ductivity and the heat transfer limit were measured. The system exhib-
ited extremely high thermal conductivity exceeding that value for copper
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by 200 — 500 times and close to that for nanotubes [5]. The heat transfer
limit for the nitrogen fluid thermosyphon of = 1 cm diameter is about
100 W ([2] and this work); HTL = 900 W for the thermosyphon of
3.6 cm inside diameter. These observations agreed with the fact that the
heat transfer limit is proportional to the cross section of the thermosy-
phon: HTL = A.

The studied design of the thermosyphon has the advantage of low
cost, compactness, high cooling power and can be used to support op-
erations of large liquid gas installations such as oxygen storage tanks.
The simple construction and remote cooling ability of the flexible copper
tube thermosyphon with 5 meters length, is important for arrangement of
low background experiments in fundamental research such as LUX,
RED100 [2, 8], in which cooled devices operate remotely inside a mas-
sive shielding, and mass of materials must be minimized. Although the
system has been known for a quite long time, the theoretical considera-
tion of thermodynamic processes inside is still study [4].
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FAMMA-NIOKATOP ANsl PAOUOHYKNUOHOW AWATHOCTUKK
OHKONOrM4yeCKNX 3ABOJIEBAHUA

A .M. Bonoszneins, K.A. Bopo6ses, E.I. Esrpadona, K.1. }KyKOBl,
B. A. Kannepos, B. B. Cocuosues, /l. E. ®ununmnos, A. K. SIratokosa
Hayuonanvhuwlii uccneoosamenvckuil a0epuviil ynusepcumem « MUDHUy, Poccus
Y dusuveckuii uncmumym um. I1.H. Jlebeoesa PAH, Poccus

OmnucaH MUHHATIOPHBIN JETEKTOP Y-KBAHTOB HAa OCHOBE CIIMHTHILISIIM-
onHoro kpuctamia LaBr;:Ce u xpeMHUEBOrO ()OTOYMHOXHTENS IS HC-
MOJb30BaHUST B sAcpHON MenuipHe. D((HEKTUBHOCTh PETHCTPAIUH
Y-KBaHTOB cocTaBmia 29% s B7Cs (662 ®3B) 1 70% mms >'Co (122 k3B).
IIpu ucnonb30BaHNK BOJNB()PAMOBOTO KOJLIMMATOPA M3MEPCHBI MPOCTPaH-
cTBeHHOE paspemierne (8 MM st > Co) U YITIOBOE paspelleHne puoopa
(26° wis *'Co).

BBepeHue

['aMma-nokaTop — 3TO MHHHATIOPHBIM JETEKTOp Y-U3Iy4eHUs,
MpeIHa3HAYEeHHBIN JJI MCIIOJIb30BaHUS B AJIEPHON MEIUIIMHE C LENbIO
OIpesieNICHHs B PEKUME pealbHOTO BPEMEHH MPOCTPAHCTBEHHOT'O pac-
npeaesieHns] PaAOaKTUBHBIX (PapMaKOIOrH4ecKuX MpenapaToB B Tele
yenoBeka. i 5TOro B KPOBEHOCHYIO CHCTEMY IMallieHTa BBOIAT dap-
MaKOJIOTUYECKHE TPerapaThl, aKTUBHO yCBaMBaE€Mble OIpeNEICHHBIMU
HOBOOOPA30BaHUSIMH M COAEPIKAIIUE PAIHMOAKTHBHBIC W30TOIbI, H3IIY-
qaromme y-KBaHThI, Hampumep "TC-MIBI u *"Tc-rerpodocmun [1].
IIpu py4yHOM CKaHMPOBAaHUHU Teja TMAlMEHTa Y-JIOKATOPOM CKOPOCTh
cdyera mpubopa BO3pacTaeT MO Mepe NPHOIMKEHUS JCTEKTHUPYIOLIEeH
4acTu K 00JNaCTH PACHOJIOKEHHUs] aKTUBHOTO OdYara M JIOCTUTaeT Mak-
CUMyMa B TOYKE, IJIe pacCTOSHHE MEXIy JIOKaTOPOM M 04aroM MHUHU-
MasbHO (puc. 1).

MeToauka pydyHOr0 CKaHMPOBAHHWA MUHHATIOPHBIM Y-IE€TEKTOPOM
Opyd PagMOM30TOIHONW JAWAarHOCTHUKE  JOMOJHSIET ToMorpaduyecKue
WCCIIEIOBAHNS C TIOMOIIBIO Y-KaMep M MO3UTPOHHO-IMHUCCHOHHBIX TO-
MorpagoB [2]. B aHITIOA3bIYHON HAaYyYHOH JHMTEpaType Takue NpUOOpHI
Yale BCero Ha3bplBAIOT gamma probe, 4To B J0CIOBHOM IEPEBOjE Ha
PYCCKUH S3BIK 03HaUaeT ramma-30H1 [3, 4]. [llupoko u3BecTHHI Y-30HAbI
NpOU3BOJICTBA aMepuKaHCKuX Kkommanuit Neoprobe m Mammotome,
WCIIOJIB3YIOIINE B KaUeCTBE Y-JIETEKTOpa IMOIYIPOBOJHHUKOBBIE JIETEK-
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Topbl Ha ocHOBe CdZnTe [3], u eBponeiickoro npousBoautens Eurorad
(®panus) Ha OCHOBE CUMHTWUISIHHOHHOTO Kpuctamwia Csl u kpeMHu-
eBoro (oroaunozaa [4]. Konduryparus y-30H10B BapbUpyeTCs B 3aBU-
CHUMOCTH OT pelIaeMoi 3a/1auu.

CKOpoCTb cHeTa

f
"

Puc. 1. Jlokanu3zauus odiacTeld ¢ BBICOKOH KOHIEHTpaIen
pagrodapmIipenapara ¢ HIOMOIIBIO Y-JIOKaTopa

B nmanHHOW paboTe MCCleAOBaHBI XapaKTEPUCTHKH Y-JIOKaTopa Ha
OCHOBE HOBOTO BBICOKOA(()EKTHBHOTO /IS Y-KBAHTOB HEOPTaHUYECKOTO
ciuHTHUIATOpa LaBr;:Ce oTeuecTBEHHOrO MPOM3BOICTBA M TBEPIO-
TEIBHOTO KPEMHHEBOTr0 (OTOyMHOXUTENS (Si-(.3.y.) ¢ BHYTPEHHUM
YCWJICHHEM ONITHYECKOTO CHI'HAJIa IPOU3BOICTBA SMOHCKOH KOMITAaHUU
Hamamatsu, npuHimn AeiCTBUS KOTOPOro B CBOE BpeMs ObLI pa3spa-
6oran B HUAY MUDU [5, 6].

1. YcTpomncTBO ramma-nokaropa

YCTpOHCTBO M BHEIIHWM BUJ JeHcTByroLero odpasua y-lokaropa
NoKa3aHbl Ha puc. 2. UyBcTBUTENbHASA YacTh NpubOpa — CLUMHTUILIS-
nroHHbIN kpuctaimn LaBrs:Ce B ¢dopme muwimHapa JuaMeTpoM 5 MM H
JuMHON 10 MM — HaXxoIWTCS B ONTHYECKOM KOHTAaKTe C KPEMHHEBBIM
¢doroymuoxkutenem Hamamatsu MPPC S10931-050P ¢ pa3mepamu
4yBCTBUTENBHOH 00macTy 3x3 MM°. CUMHTIILIATOP U (JOTONPHEMHHUK
IIOMEIICHBI B TEPMETUYHBIA CBETOHENPOHULIAEMBII IJIACTUKOBBIN KOP-
nyc. DIEKTPOHHBIE KOMIIOHEHTHI CUCTEMBI cOOpa JAaHHBIX Pa3MEIICHBI
Ha MHOTOCJIOMHOW NeYaTHOH IUIaTe, pacHojOKEHHON BHYTPH TOTO XKe
HUIAHIPUYECKOT0 Kopiryca. J{is BeIAeeHus y3KOT0 KOHUYECKOTO IO
3peHHs CHMHTHIUIATOP 3aKIIOYEH B BOJB(PPaMOBBIA MWIHHAP (KOJUIU-
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Marop) C TOJIIMHONW CTEHKH 2 MM W JHAMETPOM OCEBOTO OTBEPCTHSI
5 MMm.

Tepaerieonsit xopuyc Mevarian nsara

LaBrs:(Ce)

[T‘
It
N/

Puc. 2. a — Cxema ycTpoiicTBa y-okaropa: Y¢ — ycunutens, KoM —
komraparop, MSP — MukpoxoHTpoiep, PU — panuo4acToTHbIi nepeaaTuuk;
0 — oOmmuit BUI IpOOHIKA

B1ok a5eKTpoHHKH Y-JIOKaTopa, pacloOKeHHBIH BHYTPH MTPOOHUKA,
COJEPKUT CXEMY MOoJauu HalpspKeHHA cMelleHus Ha Si-¢d.a.y., cxemy
YCHUJICHUS U JUCKPUMHUHALIMH aHAJIOTOBOT'O CUTHAJIA IETEKTOPa U CXeMY
nuTanus. barapeiinoe nuranue +3 B momaeTcst Ha BxoJ mpeoOpa3oBa-
tenst mocrosiaHoro Hanpsbkeruss DC-DC MAX 1932, Ha BeIxoae KOTO-
poro ycraHaBiauBaeTcsa HampsbkeHue oT 25 no 75 B. Tonkas perynu-
POBKa HaNpsDKEHUsI CMENICHUsT o0ecreuuBaeTCesl Mmojlaueii Ha BTOpOU
KOHTaKT Si-().3.y. HANPsDKEHUSI TOM e MOJISIPHOCTH BeTHYHHOM 0T 0 110
1000 MB. BennurHa HanpspKeHUs! BHICTABIISIETCS] IPOrPaMMHBIM 00pa-
30M C IOMOIIIBI0 H(PoaHATOTOBOTO peodpazosares (m.a.m.). [logayua
HanpsDKeHUs cMelenns: Ha Si-(h.3.y. ¥ peryiupoBKa Mmopora JUCKpH-
MHUHALUHN OCYIIECTBIISIOTCS ¢ MOMOIIBIO KOMITBIOTEPA, C KOTOPBIM JIO-
KaTop COCAMHEH M0 paJnoKaHaly Wwin kabento. BerxonHas nuHGpOpManus
(ckopocTh cyeTa AEeTeKTOpa) BHIBOAWTCA HA AKPaH MEPCOHATBHOTO
KOMITbIOTEpa (11.K.). AHAJIOrOBBIN CHUrHai ¢ (OTONPUEMHHUKA MOIACTCS
Ha YCUJIMTENb U, Jaliee, Ha KOMIapaTop, Ha KOTOPOM C MOMOIIBIO 11.a.11.
BBICTaBJISIETCSl Tpebdyemoe 3HadeHue omopHoro HampspkeHus Uy, C
BbIXOJ1a KoMIlaparopa uHpopmaims yxe B nudposom dopmare moja-
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eTcs Ha BX0J MUKpokoHTposuiepa MSP430, B KoTOpoM OCYIIeCTBIISIETCS
CYMMHUPOBaHHUE UMITYJIBCOB € JIeTekTopa. st mocneayromeit o00padboTku
JaHHbIE EPENAIOTCS Ha ILK.

2. U3mepeHue xapakTepucTMK ramma-nokaropa

2.1. hhekmusHocmb pecucmpayuu

O} PeKTHBHOCTH PETUCTPALINH Y-KBAHTOB OTIPEAETSIIACH C TOMOIIBIO
Y-MCTOYHMKA Ha OCHOBE m30Tona > Co Ha muHuE 122 k3B, KoTOpas mo
SHEpruu OJIM3Ka K TMHUHM HanOoJjee pacpoCTPaHEHHOTO MEAULIUHCKOTO
pamronsotoma *™Tc (140 k3B), a Takke ¢ TOMOLIBIO Y-HCTOYHHKA - CS
(662 x3B).

Jns onpenenenns 3pPpeKTHBHOCTH U3MEPSITIACh CKOPOCTH CUETa Jie-
TEKTOpa B 3aBUCUMOCTH OT PACCTOSHUS MEXIYy MAETEKTOpOM U
y-ucrounukoM. Ha pwuc. 3, TOMHMO SKCIIEPHMEHTANBHBIX IaHHBIX,
MpEeCTaBICHBl PACUETHBIC KPUBBIE CKOPOCTH CUETa JCTEKTOpa B 3aBU-
CHUMOCTH OT PacCTOSIHUS JI0 UCTOUHHMKA. KpHBbIe, OKa3aHHbBIE CILIONI-
HOW JIMHHEH, pacCUNTaHbl B MPUOIMKCHUN TOYSYHOTO MCTOYHHUKA TTPU
ycnoBuu ero 100%-noit addextuBHocTu. Ilyrem BappupoBanus 3¢-
(EKTUBHOCTH PETUCTpPAIlMK YCTAHOBIIECHO, YTO HAWIy4llIee COTJIacHe
pacUeTHBIX KPUBBIX W IKCIMEPUMEHTAIBHBIX JAaHHBIX JTOCTHTACTCS TPH
3¢ (HEKTUBHOCTH PETUCTPAIIUH Y-KBAHTOB, paBHOK 70% Ha nuHuu 124
B (°'Co) u 29% ua muaMK 662 k3B (Cs-137), 4TO COOTBETCTBYET
KPUBBIM, TIPOXOJSAIIUM BOJHM3M SKCIIEPUMEHTAIBHBIX TOYEK (IITPUXO-
BBIC TUHUU Ha puc. 3). JlaHHBIe HA prC. 3 XOPOIIO ANNPOKCUMHUPYIOTCS
3aBHCUMOCTBIO ~1/R% T.e., B IIPE/ICTABICHHOM JHANa30He PACCTOSHHIA
MOJKHO IIOJIb30BaThCS MPUOIMKEHUEM TOYEYHOT'O0 UCTOYHHUKA U TOYeU-
HOT'O JIETEKTOPA.

[TpuBeneHHBIE AKCHIEPUMEHTANIbHBIE JaHHBIE TMO3BOJISIOT ONpele-
JUTh YYBCTBUTEIBHOCTH Y-JIOKATOpPAa KaK CKOPOCTh CuUeTa JIETEKTOpa,
OTHECEHHYIO K €MHHIIe aKTUBHOCTH MUCTOYHHKA. [Ipu ncroms3oBaHUM
vcTouHnKa °'CO 9Ta BENMYMHA COCTaBMIA 12 MMIyIbcoB/c/KBK, 4To
Ooiee yeM B JiBa pa3a NPEBBINIAET MUHHUMAIBHYIO TPeOyeMylo UyB-
CTBUTEILHOCTD JII MEAWIIMHCKHUX Y-IPOOHUKOB 5 HMMITYICOB/C/KBK

(3].
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Puc. 3. 3aBUCHMOCTH CKOPOCTH CYeTa JETEKTOPa OT PACCTOSHUS A0 UCTOYHHKA
57 137
Co aktuBHOCThIO 100 KbK (a) u ~*'Cs aktuBHOCTBIO 100 KbK (6). Toukn —
9KCIIEPUMEHT, CILIOIIHAS TMHUS — pacueTHast 3¢ dexTuBHOCTh (100 %)

2.2. [lpocmpaHcmeeHHoe U y251080€ pa3pelueHue
[IpocTpancTBeHHOE pa3penieHre Y-NpOoOHUKA XapaKTepU3yeT MH-
HUMAJIBHOC PACCTOSIHHUEC MCKAY ABYMS TOYCYHBIMHU HCTOYHUKAMH, Ha
KOTOpOM OHH MOTYT OBITh I/II[eHTI/I(l)I/ILII/IpOBaHBI KaK OTACJIBbHBIC HC-
TOYHUKU. 21}15[ OIpeaCICHHUA ITPOCTPAHCTBECHHOT'O pa3pCII€HNUA CHUMAKOT
3aBUCUMOCTb CKOPOCTHU CYETa ACTCKTOpa OT IIOJOXCHUA HCTOYHHKA
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BJIOJIb JIMHHH, TEPICHANKYIIPHON OCH NIETEKTOpa, KaK IMOKa3aHO Ha
puc. 4.

Konnumarop
{_____________\""}' WcTouHKMK
v
.,EE CUMHTHAAFTOP ----]-.-c-h;-._%&
(]

Puc. 4. Cxema uzmepeHus MpoCTPaHCTBEHHOTO pa3pelieHns y-I0KaTopa

160

-

140 4 ’Co (122 kaB)
MNP = 8 mm

120 4

100

80+

N, ¢’

60 4

40

20 A

Puc. 5. 3aBHUCHMOCTH CKOPOCTH CU€Ta OT MONEPEIHON KOOPIAMHATHI MEXKIY
JETEKTOPOM U HCTOYHHKOM

HanMenbiee paccTosiHie MEKAY IETEKTOPOM M UCTOUHHUKOM BJIOJIb
OCH JIETEKTOpa BBIOMPAETCS PABHBIM | CM, YTO COOTBETCTBYET THITUIHON
riryOuHe pacnonoxeHust TuMgoy3sioB B Tejie denoBeka. Lllupuna Ha
noiryBbicoTe 3Toro pacnpeneieans (FWHM) ssiserca xapakrepucrtu-
KOH MPOCTPaHCTBEHHOTO pa3pelieHus npudopa. Pe3ynbraTel uamepe-
HUI TpecTaBieHbl Ha puc. 5. IIpoctpancTBenHoe paspemenne FWHM
na muann 122 1B (°'Co) coctaBuio 8 M.
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st ompenencHus TPOCTPAHCTBECHHON CEIEKTHUBHOCTH (YTJIOBOTO
paspeleHus JeTeKTOpa) U3MEPSCETCs 3aBUCUMOCTh CKOPOCTH CUETa Jie-
TEKTOpa OT TOJISIPHOTO YTila MEXIY OCBhIO JAETEKTOpa W JHMHHEH, CO-
SIUHSIONIEH MEeTeKTOp W MCTOYHHK, KakK MmokazaHo Ha puc. 6. FWHM
JTAHHOTO Paclpe/ICICHHUs MPUHUMACTCS B KAueCTBE XapaKTCPUCTHUKU
MIPOCTPAHCTBEHHON CEJIEKTUBHOCTH. Pe3ynbTaTbl H3MEpEeHH Mpea-
ctaBieHbl Ha puc. 7. lllupuHa pacrpe/eneHns Ha MOyBBICOTE COCTa-
Buia 26° Ha nunuu 122 x3B.

Konnumarop et
[—"”"""”"'—\“ﬁI _..-"""-' MCTOUHMK
s Yo 4
ol Cyvrmrunnmrop Fressssssssssssssssssssssssssssssssssmeesssnns
n 30 cm
BT

Puc. 6. Cxema M3MepeHHs IPOCTPAHCTBEHHO CENEKTHBHOCTH Y-JIOKaTopa
45—

4,0 57
“Co (122 k3B)

35+ -} % % nc = 26°

3,0

2,5

&H/

2,0

N, ¢

1,5 4

1,0 §

0,5

ey =

Ll
.

00 +——7—

Puc. 7. 3aBucumMocCTb CKOPOCTH cHETa OT MOJIAPHOTO YTJia
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2.3. Busyanu3sayus 6uonozu4ecko2o obbekma

Puc. 8. JlaboparopHoe )KMBOTHOE B TIpoliecce U3MEPEHHH (a) U MOJTyueHHas ¢
TIOMOIIBIO TAMMa-JIOKaTOpa KapTa PacrpeieNieHUst INOTHOCTH HAKOIUICHUS
panunodapmmpemnapara (6). [llkana spkocTr n300pakeHHs MpeCTaBICHA B

JOTapU(PMUYECKUX SANHULIAX

I'amma-nokaTop ObUT MCIBITAaH B PEXKUME BU3yalu3amuu in Vivo Ha
7a00paTOpHON KpbICe, KOTOpOW ObLT BBemeH paanodapMmpenapat
“Texnedut”. Crycts Tpu yaca mociie BBEACHUS pajuodapMipenapar
HAKOITWJICS TPEUMYIIECTBEHHO B MOYEBOM ITy3bIpe, pa3Mepbl KOTOPOTO
COCTaBJIIIOT TPHUMEPHO | €M, YTO TO3BOJMIO HCIBITATH HPHOOP B
YCIIOBHSAX, OJM3KHX K PEabHBIM YCIIOBUSM PUMEHEHUS.

Ha puc. 8a moka3ana cxema CKaHHPOBAHHMS TeJla KPBICHL: Ha TEJIO
HaJIO)KEHa CeTKa, B y3J1aX KOTOPOIl CHUMaJach CKOPOCTh CYETa B 3aBU-
CHMOCTH OT JIBYMEPHOTO TIOJIOXKEHHS Y-JIoKaTopa. J[BymMepHoe pacrpe-
JieJieHHe aKTUBHOCTH Tpenapara ObUIO MOJIYYEHO C IMOMOIIBIO ITaKkeTa
nporpaMmm MATLAB, kak noka3ano Ha puc. 80. M3 BoccTaHOBIEHHOTO
n300paXKeHUs1 BUJHO, YTO OOJIACTH TOBBIIIEHHOW KOHIIGHTpPAIH pa-
auodapMipenapara 4eTKO pasidyuMa [0 CPaBHEHUIO C COCEOHHMH
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ydacTkaMu. POHOBasi aKTUBHOCTb MATKHMX TKaHEH MO3BOJSAET ONpeEne-
JIUTH KOHTYPHI TeJla KPBICHL, YTO 00ECTIeYNBAET BOZMOKHOCTD ITPUBS3KH
00/1aCTH MaKCUMAaJIbHOTO HAaKOIUICHHA paguodapMipenapara K aHaTo-
MHYECKOH CTPYKTYpE.

3aknioyeHune

B nanHO# cTaThe MpencTaBIeHbl PE3YJIbTAThl UCCIEIOBAHUS XapakK-
TEPUCTHK 7Y-JTOKAaTOpa Ha OCHOBE HEOPraHWYECKOTO CLUHTHILIATOpA
LaBr;:Ce u kpemuueBoro horoymuoxurens Si-¢.s.y. [IpogemoncTpu-
pOBaHa BO3MOKHOCTH OMNpEAEICHUS] IJIOTHOCTH paclpelesieHus pa-
nurodapmipenapara in Vivo Ha 1ab0paTOpPHBIX KHBOTHBIX. Pe3ynbTarTh
W3MEPEHNH OCHOBHBIX XapaKTEPUCTHUK Y-IIOKaTopa B CPaBHEHHH C
KOMMEPUYECKH TOCTYITHBIMH NPHOOpaMH aHAJIOTHYHOTO Kjacca IpHUBe-
JeHbl B Tabmuie. M3 cpaBHEHHUs MapaMeTpOB NMPUOOPOB BUIHO, YTO
paspabotannsiii B HUSAY MU®U y-nokarop He ycTymaer 3amagHbIM
aHaJioraM 1o CBOMM TEXHHUYECKUX XapakTepucTtukam. [Ipennomnaraercs,
YTO €ro KOMMEpUEcKas LIeHa MOXKET ObITh HMXKE 32 CUET OTHOCHTEIBHO
HEBBICOKOH CTOMMOCTH KOMIIOHEHT OT€YECTBEHHOTO ITPOM3BO/CTBA.

CpaBHEHHE XapaKTEPUCTHUK Y-JIOKATOPA U 3apyOE)KHBIX aHATOTOB

Mapka npu6opa Koopmunataoe | 0o paspe- yBCTBHTENE-
(mpom3BOIHTEN) paspeucHue, IeRHe, rpazyc HOCTb, UMITYJIb-
MM ’ Y coB/c/kBk
EuroprobeCsJ,
(Eurorad, ®pammms) 14 35 7
C-Trak Om-
ni-Probe, 15 50 23
(Care Wise, CIIIA)
Neoprobe-2000
(Neoprobe, CIIIA) 15 36 10
I'amma-nmoxarop
(HUSY MU®OW) 8 26 12

PaboTa BbINOJIHEHA YAaCTHYHO NPU MOJJIEPKKE TOCYAapCTBEHHOTO
koHtpakta HUAY MUHUOU u MunucrepcrBa obpaszoBanus Pd
Ne 11.G34.31.0049 ot 19 okts10ps 2011 r., 1 yacTuyHO m1pHU HUHAHCO-
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Boil moxanepkke CKOJKOBCKOTO HMHCTUTYTa HAyKH M TEXHOJIOTHI
(CxonTex) B pamkax npoekra Skoltech/MIT Initiative.
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