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Anexc xus B.1O. u ngp. P18-2013-132
OO6H pyXeHHe JIM 30B B KUMOEpIIUTE C TIOMOIIbIO METOJ
MEUeHbIX HeUTPOHOB

IlpensokeH WHHOB IIMOHH 9 TEXHOJOTWSI MOWUCK  JIM 30B B KMMOEPIMTOBOM
MOpofie H OCHOBE METOH MEYeHbIX HeWTpoHoB. OOCyXI IOTCS pe3yabT Thl 3KC-
NEePUMEHT JIbHBIX HCCIEHOB HUM MO OOMydeHHI0 OOp 310B KMMOEpIUT —OBICTPBIMH
MEUYeHbIMH HeHUTpoH Mu ¢ sHeprueil 14,1 MsB. HMcTouyHMKOM MOTOK MEUYEHbIX
HEHTPOHOB fBISeTCd MOPT THBHBI HEHTPOHHBI TeHEpP TOP CO BCTPOEHHBIM 64-
MUKCEIbHBIM KPEMHHUEBBIM JIb() -AE€TEKTOPOM C JBYXCTOPOHHUM CTPUIIOBBIM CHEMOM.
Peructp mms X p KT€pUCTHUECKOTO I' MM -M3JIy4€HHs, BO3HUK IOILETO B PE3yJbT Te
MPOLECC HEYNPYIoro p CCEeAHUs HEUTPOHOB H ANP X XUMUYECKHX DJIEMEHTOB, BXO-
JAIIMX B COCT B KUMOEPIIUT , OCYILECTBIISIETCS C TIOMOIIBIO IIECTH I MM -I€TEKTOPOB
H ocHoBe Kpuct juioB BGO. Kpurepuem oOH pyXeHUs M 3 SBISIeTCS H JIM4YKe
MOBBIIIEHHON KOHLIEHTP LU YINIEpoI B OIpelesieHHOM obbeme o6p 31  KumOep-
JIIT .

P 6ot BbimosHeH BJI 6op Topuu usnKu BICOKHX aHepruil uMm. B. H. Bekciep
n A.M.b nuun OMAU.

IMpenpunt O6beAUHEHHOTO UHCTUTYT SAEPHBIX HccilenoB Huil. dy6um , 2013

Aleksakhin V. Yu. et al. P18-2013-132
Detection of Diamonds in Kimberlite by Tagged Neutron Method

Innovation technology for diamond detection in kimberlite based on the tagged
neutron method is proposed. The results of experimental researches on irradiation of
kimberlite samples with fast tagged neutrons with energy 14.1 MeV are discussed.
The source of tagged neutron flux is a portable neutron generator with a built-
in 64-pixel silicon alpha detector with double-sided stripped readout. Characteristic
gamma rays produced as a result of inelastic neutron scattering on nuclei of chemical
elements included in the composition of kimberlite are registered by six gamma-ray
detectors based on BGO crystals. The criterion for diamond presence is an increased
carbon concentration within the certain volume of kimberlite sample.

The investigation has been performed at the Veksler and Baldin Laboratory of
High Energy Physics, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna, 2013




BBEJIEHUE

B H crosimee BpeMd B TEXHOJIOTHYECKOM Ipolecce 00Or HIEHHS JIM 30CO-
AepX ILIero KUMOEpIUT MNPOBOAMUTCS JE3MHTErP LM B APOOWIK X WIH B JIKOBBIX
Ipecc X C MOCIEeAYIUM I IALIIMM C MOW3METbYEHHEM PYyAbl B MEIBHUI] X MOK-
poro ¢ mou3Mmenbdyenus 10 p 3mep 0,2 MM u Mmenbie. OGOr 1eHue pyusl Mpo-
U3BOAUTCS PEHTTEHOMIOMUHECLIEHTHBIM, TP BUT LIMOHHBIM, (DJIOT LIMOHHBIM METO-
o mu [1].

B pEHTreHOIIOMUHECHEHTHOM Cel p LIMM MCIONB3YETCSd CBOMCTBO IIM 30B
JIIOMHHECLPOB Th IO BO3IEHCTBUEM PEHTTEHOBCKOTO M3IyYEHHs: DPEHTICHOIIO-
MHMHECLEHTHBI Cell P TOp BTOM THYECKH OTCEK €T TOT HEeOOXOIMMbIi 00beM
KOHUEHTP T PYIbl, B KOTOPOM H XOIMUTCS P CKPBITBIA JIM 3.

OCHOBHBIM HEIOCT TKOM CYILLIECTBYIOILETrO METOH JOOBIYM JIM 30B SBISETCS
TO, YTO HpH ApOOIEHUHN KyCKOB KMMOEpIHT MOTYT OBITh p 3pYIIEHBl H nbOoiee
LIEHHbIE KPYIHBIE JIM 3bl M CCOM OT 5 K P TOB M BBILIE.

OO0 «Heiitpounsie texHonoruu» 1o 3 K 3y AK «AJIPOCA» p 3p 6ot ji0
WHHOB IIMOHHYIO METOIMKY OOH pYyXXEHHs KPYITHbBIX JIM 30B B KUMOEPJIMTOBOM I10-
pone 6e3 ee p 3pymeHusi. CyTb METOIMKH COCTOUT B OOJyYEHUH KPYITHBIX KYCKOB
KuMOepuT OBICTPHIMU HEUTPOH MU ¢ Hepruei 14 MsB, KoTOpbie BO3HUK IOT B
OMH pHOIl SIEpHOI pe KIHu

d +*H — “He + n. 1)

H np BiieHHE BBUIET HEWTPOH OINPENESSIETCS MYyTEM PETUCTP LUK (MEYEHMS)
Q-4 CTHILBI, CONYTCTBYIOLIEN HENUTPOHY, CIIEIM JIbHBIM (-IE€TEKTOPOM. MeueHble
HENTPOHBI, TI0I J 5 B KUMOEPJIMTOBYIO OPOY, MHAYLUPYIOT D€ KLMHU HEYIIPYrOro
p ccesHus

n+A—-n+~vy+ A", 2)

B PE3y/IbT T€ KOTOPbIX BO30YXIEHHE SIIP CHUM €TCSl UCIyCK HHEM Y-KB HTOB C
®HEPreTHYECKUM CIIEKTPOM, X P KTEPHBIM I K XJIOTO XUMHUYECKOTO 3JIEMEHT ,
COCT BJIAIOLIEr0 OOBEKT HOCMOTP . Peructp mms X p KTEPUCTHYECKOrO y-H3Iy-
YEHUs] OCYIIECTBIISETCS T MM -IE€TEKTOP MH B COBII JICHUSIX C CHIH JIOM OT
a-etekrop . M3MepeHue IIMTEIBHOCTH BPEMEHHOrO WHTEPB J1  MEXJIy CUTH -
J MU C (- U 7y-I€TEKTOPOB IO3BOJIFET ONPEIeNUTh P CCTOSHHE OT HUCTOYHUK
HEUTPOHOB 10 TOYKH, U3 KOTOPOH OBbLT BBIMYIIEH Y-KB HT, ITOCKOJIBKY CKOPOCTb
HEHUTPOH TOCTOSHH M p BH S5 cm/HCc. T KuM 00p 30M, METOI MEYEHBIX Hei-
TpoHOB (MMH) 1 eT BO3MOXHOCTH OIPENETHTh BCE TPHU KOOPAWH THI OON CTH
uccleyeMoro oop 31 , B KOTOPOH ONpPeNesaeTcs JIeMEHTHbIH COCT B.



Merox Me4YeHbIX HEUTPOHOB MOJIYYWII B TIOCIEAHEE BPEeMs LIMPOKOE p CIpPO-
ctp Henue [2-12] mpu co30 HUM JETEKTOPOB B3PHIBY THIX M H PKOTHYECKUX Be-
LIECTB, KOTOPBIE MO3BOJISIOT ONPEETUTD SIEMEHTHBIH COCT B BELIECTB , CKPBITOTO
B 00BEKT X JOCMOTpP P 3HOIO YpPOBHS — OT PYYHOM KJI O OO MOPCKUX KOHTEii-
HEpOB.

IMpumenenne MMH 11t HOMCK  JIM 30B CBOAUTCSI K OOH PYXEHHUIO M30BITK
yrepon B o0p 3ie KUMOEpuT . Bosiblll s MPOHUK 0L 1 CIIOCOGHOCTh OBICTPHIX
HEWTPOHOB JI €T BO3MOXHOCTb HCCIIENOB Th OOp 3Ll KUMOEPJIUT 3H YHMTENbHBIX
p 3mepoB. CriocobHocts MMH ompesieniith TpeXMepHOE IOJIOXEHHEe HCKOMOTO
BEILECTB MO3BOJISIET HE TOJBKO YCT HOBUTH (0 KT H JIMYUS KPYIHOTO JIM 3 B
KyCKe IOpOfbl, HO U ONPENeNUTh, B K KOM MecTe o0p 31 OH p CIHOJIOXEH. DTO
MO3BOJISIET OCYILECTBHUTH CENEKLHMI0 KUMOEpIUTOBON pyIbl U OIPENeNUTh KYCKH
MOPOJBI, COIEPXK IIMe KPYIHBIE JIM 3bl, 10 CT AWM MENKOro ApoOieHws.

H mu 6bi1 p 3p 6OT H METOI BTOM THYECKOIO OOH PYXEHHS! JIM 30B B KUM-
6epIMTOBOI TOPOfe M CO3I H OKCIEPUMEHT JIBH S YCT HOBK IO IOMCKY JIM -
30B, H KOTOPOii BBIIIOJHEHB! 9KCHEPUMEHTHI 110 U3MEPEHUI0 KPYIHOCTH OOH py-
KMB €MOT0 JIM 3 JUIs P 3JIMYHBIX (POHOBBIX YCIIOBHI.

1. OIIMCAHHUE YCTAHOBKH

DKCHEPUMEHT JIbH S YCT HOBK [0 IIOMCKY JIM 30B B KUMOEpIIUTE COCTOUT U3
mopT TUBHOTO HelTponHoro reHep Top WHI-27 co BcTpoeHHBIM 64-TIMKCETHHBIM
7 -OETEKTOPOM, IIECTH I MM -I€TEeKTOPOB H OCHOBe KpucT jutoB BGO, amek-
TPOHUKH CUCTEMBI COOp JI HHBIX C JIb() - U T MM -IA€TEKTOPOB, OJIOKOB IIUT HUS
neiirponHoro reuep top (HI) u bt - u r MM -gerekropos. OOIMiA BUA YCT -
HOBKM IIpHBeIeH H pHuc. 1.

Puc. 1. OGwnii BUI 9KCIIEPUMEHT JIbHOM YCT HOBKH



H nepeanem mn He puc. 1 BUAHBI IECTh I' MM -A€TEKTOPOB, KpUcT Juibl BGO
KOTOPBIX 3 HIMIICHBI OT MPSIMOTO TOI I HUS HEHTpPOHOB, ucmyck embix MHI-27,
CT JIbHBIMH 010K MH. OGJ1 CTh MEYEHBIX ITy4KOB HEUTPOHOB, MOI 1 IOIMX H HC-
clleqyeMblii OOBEKT, BBIIENISETCS] LIECThI0 TeHEp TOP MM JI 3ePHBIX JIMHHUM, YKpen-
sneHHbMu H Kopryce HI. MuT Top 1M 3 p cnoi r jicd H HoaBecKe, KOTop
T KX€ MOINI JepX Tb HECKOJIbKO 00p 310B KUMOepnuT . TUIHMYH $ 1OCT HOBK
OIBIT — MMHT TOP JIM 3 P CIOJ T Jicsi 3 00p 310M KUMOEpIUT — MOK 3 H
H puc.2.

Puc. 2. Umut Top smM 3 M ccoid 1,78 r3 00p 3u0M KUMOEpIUT

B psge ciyd eB UMUT TOp JIM 3 TIOMEI JICS MeXIy IByMsl 0Op 3Ll MU KHUM-
OepIUT WU BBOIAWIICS B OTBEPCTHUE, IIPOCBEPIIEHHOE B 00p 3LeE.

1.1. HeiirponHsiii redep Top. Helitponusiii renep top MHI-27 p 3p 6ot H
Bcepoccuiickum uHctutyroM  BToM TUKM uM. H.JI. llyxoB (MockB ) u umMeer
CIIEQyIOIINE X P KTEPUCTUKU:

M KCHUM JIbH 1 MHT€HCHBHOCTH 5-107 ¢!

®HEprusl HeHTPOHOB 14,1 M=B

PEeXUM HEHTPOHHOIO U3ITy4eHUS MTOCTOSTHHBIN

[T HUeE (200£5)B

M KCHM JIbH s mnoTpebisieM g momuocts 40 Br

P 3Mep HEHUTPOHHOTO TeHep TOp 130 x 279 x 227 Mmm
M cC 8 KT

BpeMs KHU3HH 800 u

Buyrpu HI' p cnionoxen 64-nukcenbHblii KpEMHUEBbIH JIb( -IETEKTOP, P 3-
p 6ot uubiii B OUAU (dy6H ), KoTOpBIit 06ecieunB eT (YOpMUPOB HHE 64 My4YKOB
MEYEHBIX HEUTPOHOB.

1.2. Anbd -merekrop. KpemHHEBbII «-IeTEKTOp, BCTP UB €MbIi B HEl-
TPOHHBIN TeHep TOp, NMPEACT BiseT cOOOW JIByXCTOPOHHUI CTPUIIOBBIA JETEKTOP,



KOTOPBII COAEPKUT BOCEMb B3 MMHO NEPHEHAUKY/ISPHBIX CTPUIIOB H K XHOMl cTO-
poHe, 06p 3YIIIMX M TpULy 8 X 8 ¢ p 3MepoM K Xaoro ainemeHT 4 x 4 mm. Ion-
HbId p 3Mep YyBCTBHUTEIBHOH 00N CTH 64-3]IEMEHTHOTO (-IETEKTOp COCT BIISeT
32 x 32 MM. Anbh -HETEKTOp p CHOJOXEH H P CCTOSHUHM 62 MM OT TPUTHEBOH
MULIeHU. BIoK 1eTeKTOpHOH »1IeKTPOHUKHU Jb() -JETEKTOP COCTOMT U3 16 He3 -
BUCHMBIX YCWIMTENIEH CUTH JIOB, IIOCTYI IOMMX C 16 CTPUIIOB Jb( -IETEKTOP .
IIpenycunutenu cUrd jJoB Jb -A€TEKTOP MOHTHUPYIOTCS B 3 aHel u ctu HI.

Jlnst 0OH pyXeHus JIM 30B B XXKHO TOYHO 3H Tb IIPOCTP HCTBEHHbBIE p CIIpe-
JIeJIEHUs] MEYEHBIX IYYKOB HEHTPOHOB, IIOCKOJIBKY Pe4b MAET O AETEeKTUPOB HUU
00bexTOB p 3Mep mu mopagk 10-20 mm. IlpocTp HCTBEHHBIE X P KTEPHUCTHUKH
64 MeuyeHbIX MyYKOB HEUHTPOHOB OBUIN M3MEPEHBI C TOMOIIBIO CLIMHTUILIALIIOHHOTO
CTPHUMIOBOTO IeTeKTop (mpocduiomeTp ). P 3Mep K XmOro cTpun , BHITOJTHEHHOTO
U3 IUT CTUYECKOTO CUMHTWIIATOP B BHJE IPSMOYIOJIBHOIO I P JUIEIENUIIe] , CO-
ct BiageT 150 X 7 X 5 MM (TOJIMH CTpPUIl BAOJb H NP BJIEHUS IYYK MEYEHBIX
HeliTpoHoB 5 MM). Bce 16 cTpunos npoduioMeTp CBETOU3OIUPOB HBI APYT OT
apyr . CBerocOOp ¢ HUX H MHOTO HOMHBIN (POTODJIEKTPOHHBIH YMHOXHTENb OCY-
LIECTBIISETCS C TIOMOILIBI0 p HOEpOB.

H puc.3 npuBeneHsl NpOCTp HCTBEHHBIE P CHPEIETICHHS MEUYEHBIX IMyYKOB
HEWTPOHOB B IVIOCKOCTH, MEPNEHANKYISIPHON UX H NP BIeHHI0. B K uyecTse mpu-
Mep IOCTPOEHBI MPOCTP HCTBEHHBIE P CIPEAEIEHHS 3 PETHCTPHPOB HHBIX COOBI-
THUI{, COOTBETCTBYIOIIIE COBI AEHUSIM CUTH J1 C Y-CTPUI C CUTH JIOM C K XJIOTO
U3 BOCbMU X-CTPHIIOB.

P cnpenenenusi, nmpuseneHHpIe H pHC. 3, TOMYYSHBI IyTEM MIPOKCHUM MU
yucen COOBITH, 3 PErMCTPHPOB HHBIX CTPUI MM IpoduiioMerp , (yHKIHMeE
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I' ycc ¢ nensio onpeneneHys MOJ0XEHUS HEHTPOB MEUEHBIX IIyYKOB U MX IIMPHH.
IIupuHBI MEYEHBIX MyYKOB M ITOJOXKEHMS! LEHTPOB MOIYYEHHBIX IHMKOB XOPOILIO
COBI A 10T CO 3H YEHHSIMHM, OXHJ €MBIMH Il TOYEYHOTO JEHTPOHHOIO MydK H
MHIIICHH.

H p ccroguuu 20 cm ot mumenu HI' p 3Mep MedeHOro mydk B IUIOCKOCTH,
HNEePHEeHAUKYISPHOI H TP BJIEHHUI0 MEYEHOrO IMyYK , COCT Bl 13 X 13 MM.

1.3. T MM -gerekTop. [is peructp UMM I' MM -KB HTOB OT OOJy4eHHS 00b-
€KTOB JJOCMOTP MCIOJIb30B JIUCh IIECTh I MM -J€TEKTOPOB H OCHOBE KPHUCT JIJIOB
BGO au metpom 76 MM U TOJIIMHON 65 MM.

JleTekTopsl T MM -KB HTOB H OCHOBe KpuCT jiioB BGO 061 1 10T clienyio-
IIUMHU CBOHCTB MH.

1. XopomumM sHepreTHYecKuM p 3pemeHneM (8—2,5 %) B 11 1 30HE dHEPTHid
1-12 MaB. Cnenyer oTMETUTE, 4TO H T MM -luHuM yriepon (B, = 4,44 MsB)
DHEPreTUYEeCKoe p 3pelleHue I' MM -JeTeKTOp B cpefHeM cocT Bisio 4,4 %.

2. BpicoKO#1 2(pheKTHBHOCTBIO PETUCTP LMK I MM -KB HTOB B YK 3 HHOM HH-
TEPB JI€ 9HEPIUN.

3. Hu3KO# 4yBCTBUTEIPHOCTHIO 110 OTHOLIEHHIO K PETUCTp LUK (DOHOBBIX HEM-
TPOHOB.

Bpemennoe p 3perenue cucteMsl (av—-y)-COBI AEHHH, YCPEIHEHHOE 10 BCEil
COBOKYITHOCTU I' MM -JI€T€KTOPOB, COCT BJIseT 3,3 Hc.

1.4. Cucrem cOGop 1 HHbIX. KOHCTPYKTHBHO DErvcTpUpYIONl 5 3J1eKTPO-
HUK CHCTEeMbl COOp [l HHBIX C JIb() - U T MM -IE€TEKTOPOB BBIIIOJIHEH B BHUIE
OHOI M1 Thl H 32 BXOA , KOTOp 4 UMeeT p 3Mep cT HA pTHOM PCI-k pThI C BO3-
MOXHOCTBIO ycT HOBKU B PCI-E-crior nepcon mpHoro xommbiotep (I1K). O6men
uagopm mueit ¢ IMK ocymectsigercs depe3 PCI-E-mury. B ocHOBY cucTtemsl
PEerucTp LM CUTH JIOB C JIb() - U T MM -A€TEKTOPOB MOJIOXKEH MPUHIUI X OLMU-
(POBKH C TOCIIEAYIOIIMM BOCCT HOBJIEHHEM BPEMEHHBIX U MIUIUTYAHBIX X p KTe-
PHUCTHK UMITY/IbCOB. st obecnieyenus TpebyeMoil CKOPOCTH Iiepel] YM [ HHbIX IO
PCI-une unrepgeiic p 60T eT B pexxume npsimoro goctyn k 1 msaru [1K.

B coct B cucteMbl cOOp A HHBIX BXOZUT T KXX€ COOTBETCTBYIOLLEE ITPOTP MM-
Hoe oOecrieyeHne, KOTOpoe BKIIIOY €T B ce0sd OCHOBHOW Momyib (Ip iiBep), Mpo-
TP MMy YIp BI€HHS M IIPOrp MMy peKOHCTpyKimu. IIn T cbop wuH(OpM 1uu
obecrieyuB eT npsaMoe 1HupoBoe npeodp 30B HHUE UMITYJILCOB CUTH JIOB, IIPUXOLIS-
IMX OT Jb( - U T MM -IeTeKTopoB. OH MMeeT BCTPOEHHbIE TPUTTEPHBIE CXEMBI
wis p GOTBH B TpeX PeXHUM X: BPEMEHHOM, SHEPreTHYeCKOM ONHOK H JIbHOM H
B pexmMme (a—<y)-coBll AeHni. Mcmomnp3yd mporp MMHOE oOecredeHHe, MOXKHO
TOYHO BOCCT HOBUTH MIUTUTYIHbIE U BPEMEHHEIE X P KTEPUCTHKM CUrH J1 . Bce
porp MMHoe obecriedyeHue p OOT €T IOJ yIp BJIEHHWEM Ollep LMOHHOH CHUCTEMBI
Linux.



2. HCCJIEAYEMBIE OBPA3IIbI

Hns emonsenns p 6otel AK «AJIPOCA» (OAO) nepen 1 p 31uyHBIe 00-
P 3LbI UMUT TOPOB JIM 30B, KUMOEPJIUTOBOM IOPOJIbI, KEPHOB U3 I'e0JIOrop 3Be-
JOYHBIX CKB XMH. H miepBoM T ne co3x HHMS M OTp OOTKM METOOMKH OBUTH Iie-
pen HbI MSTh UMUT TOPOB JIM 30B, BBIIOJHEHHBIX U3 JIM 3HOTO MOPOUIK , IIECTh
00p 310B KMMOEpIUTOBOM NOPOAB! U TpU 06p 31 KepHOB. H BTOpOM 3T ne mis
MPOBEPKH METOAMKM OBUIO BBICT HO 55 KI KMMOEpPIHUTOBOH MOPOABI CO CKI [
pymHuK «Mup» B Bumge 33 o0p 310B. Kpome »TOro Mpl HCIONB30B JIM 0Op 3LIbI
yriiepod . M cc ¥ p 3Mepbl 0Op 3LOB yIliepoJ W MMHUT TOPOB JIM 30B IIpHBE-

JIEeHbI B T O, 1.

T 6muxy 1. M cc u p 3Mepsl 06p 3LO0B yIJIePOX ¥ UMHT TOPOB JIM 30B

Tun 06p 311 M cc,r | I' 6 purHbe p 3Mepsl, MM
Yrnepon 4.4 19,2 x 19,2 x 7,8
HWmur Top M 30B 0,3 a5 x 6
HWmur Ttop 1M 30B 1,15 8,14 x 8,6
HWmur Top 1M 30B 1,78 @10 x 9
Hmut Top 1M 30B 5,2 15 x 11,7
HWmur Top 1M 30B 11,2 220,15 x 14
Yrnepon 1,93 10,5 x 10,7 x 10,2
Yrnepon 1,92 10,5 x 10,6 x 10,15
Yrnepon 5,8 19,5 x 18,8 x 10
Yrnepon 10,91 19,6 x 18,6 x 17,8
Yrnepon 48,5 32 x 30,1 x 30,1
Yrnepon 50,17 32,5 x 30,5 x 30,2

T Omuny 2. P 3MepsI 00p 310B KUMOEPIUT H TMEPBOM 3T me p OOTHI

H nmuce H 06p 31€

P 3mepor (I X B x T), cM (s 0o6p 310B
Herp BUIILHOI (OPMBI P 3MEpHI X p KTepHbIE)

Her 15 x 16 x 2
KCM 13x8x3
3M C-127/5 197,5 8,5 X 7,5 X 2,5
H-9 24/24 Tt 129m 6x8x3
H-9 24/24 T 147m 8 x 3 x4
H-9 24/24 Tt 175m 8% 6x3

B 1 671.2 mpuBeneHsl p 3Mepsl 00p 310B KUMOEPIUT , MOTyIEHHBIX

BOM 3T 1ie p OGOTHI.

H T1iep-



OO6p 31bI KUIMOEPITUT , Tiepell HHbIe H M H BTOPOM 3T Iie p OOTHI, MPEACT -
BIISUTH COOOM K MHH HENp BIUIBHOI (POPMBI, C TUITHYHBIMU JIMHEHHBIME P 3MEp MU
10-20 cm u TommmHON 4—-10 cM.

3. METOJIUKA U3MEPEHUII

IMockoneKy M 3Bl TP KTHMYECKU HOJHOCTBIO COCTOAT M3 YITIEPOA , METOANK
ux OOH pyXeHHs 3 K04 J Chb B H XOXIEHMU M30BITK YIIEpOA B K KOM-THOO
0611 cth 06p 31 KUMOEpIUT . DHEpreTHYecKUi CIeKTp X P KTEPUCTUYECKOTO U3-
JIlydeHHd yriepofl B pe Kuuu (2) mpuBefieH H puc. 4.
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Puc. 4. DHepreTnyeckuii CrieKTp I MM -KB HTOB Juid Ip ¢uT (yriepon )

K x BugHO u3 puc.4, cnekTp ymepoa X p KTepusyercd JMHUEH U3TydeHUs
I MM -KB HTOB c sHepruei 4,44 MsB. Kpome TOro, 4eTko BUIEH IHUK OAUHOY-
HOW yreukn u3 KpucT i1 BGO r MM -kB HT c sHepruei 0,511 MaB, coorset-
ctByomuit Heprun 3,93 MaB. Cronp mpocT 4 ¢opM T MM -CHEKTp yITIEpOA
CYLLIECTBEHHO yNPOLI €T 3 JI 4y ero p CIO3H B HHs B KUMOepiuTe.

DHepreTUYecKHii CIIEKTp I' MM -KB HTOB OT KMMOEpJIIUT TMOK 3 H H pHC. 5.
Xopomio BHAHBI KHCIOPOOHbIE JIWMHUH Tpu 3dHEeprusax 6,13 u 3,8 MaB. B 10
e BpeMsl yriiepoaHbiii uk npu 4,44 MsB orcyrctByer. DTo objierd er 3 1 4y
UICHTU(UK LUM 1M 30B.

I UMHUT UMM CHEKTp KMMOEpJIIUT C H JM4YMeM B HeM JIM 3 K o0p 3uy
KuUMOepUT ObUT HPUKpeIUieH Ip PUTOBBIH KyOuK ¢ rp Hbio 25 MM. [Ipocymmu-
POB HHBIH 110 BCEM MEUEHbIM MYYK M CIEKTpP OT T KOil COOPKHM IOK 3 H H pHC. 5
(Xp CH 4 IUHMA).

Xopowuio BUAHO, YTO H JIMYME YIIEpOoH MposBIseT ce6sd MMKOM MpU SHEpruH
4,44 M»B, KOTOpBIH OTCYTCTBYET B YUCTOM KUMOEpIIHTE.
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Puc. 5. DHepreTuyeckue CreKTpbl T MM -KB HTOB OT OOp 3I[ KHUMOEPIHT (CHHSS JIMHUS)
U OT COOpKU KMMOEPIHT + Ip (PUTOBBIN KyOUK (Kp CH s JIMHUS)

THUIUYH 51 TIOCT HOBK OIBITOB C UMHUT TOP MH JIM 30B COCTOSUI B OOJyue-
HuK cOOpku KUMOEpuT + uMUT TOp (cM. puc.2). COOpK p CrHoa r Ji b H P C-
crostHud 14 cM OT HEUTpOHHOro reHep Top . P ccrosiHue ot cOOpKH O I' MM -
neTeKTopoB cocT B0 30 cM. MHTEeHCUBHOCTh HEHUTpOHHOTrO reHep Top I =
5-107 ¢~!. Tunmunoe Bpemss H Gop cT THcTHKH 30 MuH. XoTenoch Gbl TOM-
YEepKHYTb, YTO T KO€ BpeMsi H OOp BBIOMP JIOCH TOJIBKO W3 COOOp XEHHU MOoITy-
YHUTH 3 BEIOMO XOPOILYIO CT THCTHKY, YTOOBI IPOBEPUTH NPOLEAYPY H XOXICHHS

JIM 30B.

[Tpu o6myyeHnn MedeHbIME HEHTPOH MM 00p 3ew p 30uB Jica H 64 06n cry,
B K XJIOH M3 KOTOPBIX ITPOMCXOIMIO OIpeAe/ieHHe 2IEMEHTHOro cocT B . Tunuy-
HBII CIIEKTp, MMOTy4eHHbIH Npu 00aydeHun o6p 31 KumOepnur Ne2 ¥ UMUT TOp

oM 3 M ccoii 11 r, mpuBeneH H puc. 6.

BumHo, 4TO B p 3HBIX SYEHK X CIIEKTPbI I MM -KB HTOB MOTYT OBITh P 3HBIMH,
HO ®TO HEB XXHO, T K K K JUISl [ JIbHEHIIEro H JM3 OTOUD IOTCS TOJBKO COOBITHS
B uHTepB Jie 4,2-4,6 MaB, coOTBETCTBYIOIIEM JTUHUM YIJIEPOL .

Jnst ynobctB 00p GOTKM M BOCHPHATHS IOJyd €MOM MH(OPM LM Mbl BBEJIH
L[BETOBYIO CXEMY CO CJICAYIOLIMMH 0003H YEHHUSIMH.

B Kk Xmoil syeiike ¢ HOMEPOM i BBIYMCIT Cb BemmuuH A, = N — N;, rae
N — cpennee 4ucio coObITHl B 00JI CTH yIIEPOAHOIO IMK IO BceMy 0Op 3Ly.
Slyeiik, B KOTOPBIX OTKJIOHEHHE OT cpenHero A, He mpesbill Jio 30, [Ie 0 —
CT THCTMYECK $1 OUIMOK JI HHOTO W3MEPEHMs, 3 IITPUXOBBIB JIMCh 3BE310YK MH,
P BHOMEPHBIM CEpbIM LIBETOM IIOK 3 HbI SYEHKH, IJie OTKIOHeHUe Gonee yeM 3o0.
IMTockomnpKy 00p 3€Il 3 4 CTYIO OK 3bIB JICS MEHBLIE 30HBI IOCMOTP , B HEKOTOPBIX
S4YedK X H OUp J1 Cb HEZOCT TOYH 51 CT THCTHK , T KHe 0OJ CTH He IUTPHXYIOTC,



Puc. 6. DHepretHyeckue CHEKTPHl I' MM -KB HTOB, IIOJIydEHHBbIE IIpH OOJIydyeHHH 00p 311
kumbepaut Ne2 u umurt top M 3 (11 1)

BBIIENSIIOTCS ITYCTBIMU TPSIMOYTOJIbHUK MH. ECTb siUeiiKu, B KOTOPBIX P 3HOCTb
A; = N — N, oTpuLl TelbH 5, 4TO YK 3bIB €T H TO, YTO B HUX HET IIPEBBILICHU
coObITuii B 0651 cTH JinHKuU yriepox . T Kue o651 CTH 3 LITPUXOBBIB JIUCh MPOCTOM
H KJIOHHOW IITPUXOBKOM.

B x uecrTBe KpuUTepus H XOXICHHS JM 3 OBLIO NPUHATO CT HO PTHOE CT -
THCTHYECKOE YCIIOBUE

A; > 3o. 3)

4. PE3VJIbTATHI U3MEPEHUI

IMepBoii poBepKO# crip BeTUBOCTH Kputepus (3) CT Jin pe3ylbT Thl 00p -
6GOTKH CreKTpoB misd 06p 310B KuMOepnuT M KepHoB. H puc.7 mox 3 HO p c-
npenenenne BenuuuH A; = N — N; mnsg o6p 31 kumbGepinut Ne3.

BupHo, 4to, AeHCTBUTEIBHO, 110 Bceil 00J1 cTH 00p 31 OTKJIOHEHHE OT Cpel-
HEero He MpeBblll eT 30. MMEeHHO T K § K PTUH OXHJ eTcs AT OJHOPOAHOIO
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Puc. 7. P copenenenne A; = N — N; mis o6p 31 kumbepnur Ne3
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Puc. 8. DHeprernyeckne CIeKTpsl I' MM -KB HTOB, IOJIydeHHbIE IIpH 0OIydeHHH oOp 310B
KEpHOB (IIOK 3 Hbl P 3HBIMU LIBET MH)

0o0p 31 — OTKJIOHEHHE OT CPEJHEro 3 CYET TOJBKO CT TUCTUYECKHX (IYKTY -
LUid ¢ OOJIBILION 10JIel BEPOSITHOCTH HE NPEBbI €T 30.

Pe3ynbT THI H3MepeHuii Bcex oOp 310B KUMOEPIHT , IPUBEACHHBIX B T O1. 2
u Tpex oOp 310B KEPHOB CBHAETENBCTBOB JIX 00 OTCYTCTBHM B HUX JIM 30B H
CT TUCTHYECKH 3H 4MMOM ypoBHe. IlocienHee o6CTOATENBCTBO OCOOEHHO IpHMe-
Y TeJIbHO, MOCKOJIBKY C M I10 cebe yIJIepoj B COCT BE BELIECTB KEPHOB MMeIC,
YTO BUJIHO H UX DHEPreTUYecKUX CHEeKTp X (CM. puc.8).

H puc.8 oryernuBo BupeH yriepoaHsiii nuk npu 4,44 MsB. OpH k0 ¢ MO
1o cebe H JIMYKE YIIIEPOA B BJIEMEHTHOM COCT Be BEILIECTB KEPHOB He MPHBEJIO K
W3MEHEHUIO JIOK JIbHOU KOHIIEHTP LUM YIJIepox K KOH-TubO mpocTp HCTBEHHOM
0011 CTH.
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Puc. 9. P cnpenenenrie A; = N — N; OTKJIOHEHHSI OT CpeiHero st obimydeHus: cOOpKu
kumGepiut Ne 1 (tomummu 2 cM) u umut Top M 3 Ne6 (M cc 11,2 1)

H puc.9 npusenensl pe3yabT Tl 00p OOTKM 1 HHbIX OOJIydeHUS COOPKH
kuMOeprut Ne 1 (Tommue 2 cM) ¥ UMUT Top JiM 3 Ne6 (M cc 11,2 r). Umu-
T TOp OBUI P CIIOJIOXKEH B LIEHTPE 30HBI IOCMOTP . JIMHEHHBIH p 3Mep UMUT TOP
coct BisuT 20 MM, B TO BpeMd K K p 3Mep OTHOTO MEYEHOro IMydyK H I HHOM p C-
crosiauu cocT BisuT 11 mm. CrlienoB TebHO, CUTH J1 (M30BITOK YIJIEPOI ) JOJIXKEH
ObLT OBITH BUIEH B HECKOJIBKUX SYEHK X.

He#icTBUTEIPHO, XOPOIIO BHUAHO, K K B TPYIe HECKOIbKUX LEHTP JIbHBIX
s4yeek H OJII0l eTCsl NpeBbILIeHHe H JI [P HULEH CT THCTHYECKHUX (UIYKTY LU B
30. B pe JbHOCTH BEeJIMYMH MPEBBIIICHUS YUCIT 3 PETHCTPUPOB HHBIX COOBITHIA B
YIJIEPOIHOM JIUHUU H JI CPeqHUM 10 00p 31y goctur et 20,50, T.e. CUTH J1 OYeHb
YETKUIl U OJIHO3H YHO CBSI3 HHBIA C MPUCYTCTBHEM HMHT TOpP JIM 3 .

B T 61.3 ;1 ercd NHONHOE ONKWC HUE MPOBEICHHBIX OIBITOB M ITOJYYEHHBIX
pe3yJbT TOB.

Pe3ynbpT THI IPOBEAEHHBIX OIBITOB CBHAETEIBCTBYIOT O TOM, YTO 3 1 4  BTO-
M THYECKOTro OOH pYXEHHsS UMHT TOP JIM 3 , P CHOJIOKEHHOIO BHYTPH KYCKOB
KUMOEpJIUT , yCIeHmHO pemieH . P 3p 00T HHBI JTOPUTM NP BHJIBHO HJIEHTH-
(punpyer monoXeHue UMHUT TOP JIM 3 . MUHUM JIbHO OOH PYXHB €M 51 M CC
UMUT TOp JM 3 cocT Bun 1,15 r3 rtommuunoit kumbepiutr 1 cM. Crient Jib-
HOE HCCJIEfOB HHUe NPOBENSHO I OLEHKM MUHUM JIBHOTO BpeMeHH, TpeOyeMoro
1019 OOH pyXeHHs NpeBbIlieHus H ypoBHe 3o. [lns ycioBus onbiT Ne 6 3T0 BpeMs
cocT BWIO 16 MuH.

IMocne oxonu Hus mepsoro T 1 p 6ot AK «AJIPOCA» (OAO) nepen n
33 06p 31 KumOGeprnur oOuiei M ccoit 55 Kr st oTp OOTKH METOIUKU OOH py-
XeHus M 30B. X p KTEpHBIH JIMHEHHBIH p 3Mep o0Op 31 coct Bsu1 15-20 cm
¢ M ccoit 1-2 kr (puc. 10).
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T Oommy 3. Pe3yasT ThI IPOBeeHHBIX OIBITOB M0 O0H PYXKEHHI0O HMHUT TOPOB JIM 30B
B P 3JIMYHBIX YCIOBHAX

Omnuc Hue Wmur Top;| Ipesbiienue, o
McCC,T

Kum6epmur Nel 1 14 oM ot HI. 3 xumbepriurtom | Ne6; 11,2 20,5

B [IEHTPE MEYEHOrO MITH — MMHT TOp JM 3 No 6

Kum6epnur Ne 1 1 14 cm ot HI. 3 xumbeprnutom | Ne5; 5,2 9,8

B [IEHTPE MEYEHOIO IMSTH — UMHUT TOp JM 3 Ne5

KumGepnur Ne 1 1 14 cm or HI. 3 xumbeprutom | No5; 5,2 6,8

B LEHTPE MEYEHOrO ISITH — HUMUT TOp JiM 3 NeS.

3  UMHT TOPOM JIM 3 CTOMUT 00Op 3el KUMOepiuT

No2

KumGepnur Ne 1 1 14 cm or HI. 3 xumbeprnurtom | Ned; 1,78 6,2

B LIGHTPE MEYEHOTrO MATH — MMUT TOp JM 3 Ned

Kum6epnur Nel 1 14 oM ot HI. 3 xumbeprnutom | Ne3; 1,15 2,5

B IEHTPE MEYEHOro MATH — UMHUT TOp JM 3 Ne3

Kum6epnur Nel 5 14 oM ot HI. 3 xumbGepnutom | Ned; 1,78 4,2

B LEHTPE MEYEHOIO ISITH — UMUT TOp 1M 3 Ned.

3 HUMHT TOPOM JIM 3 CTOUT OOp 3el KUMOepIuT

Ne2

Kum6Gepnur Ne2 1 14 cm ot HI'. B kumbGepinure Bol- | Ned; 1,78 3,9

CBEpJICHO OTBEPCTUE U METPOM, COOTBETCTBYIOLLUM
06p 3y umuT Top M 3 Ned., B orBepctHe BCT -
BlleH UMHT Top M 3 Ned. Tommuma KumOGepiuT
110 HEUTPOH M OKoNO 1 cM

Kum6epnur Ned4 1 14 cm ot HI. B xumbeprute BbI- | Ned; 1,78 1,7
CBEpJICHO OTBEPCTUE U METPOM, COOTBETCTBYIOILUM
o6p 3y umuT Top M 3 Ned., B orBepctHe BCT -
BiIeH uMuT Top JiM 3 Ned. Tommuma xumbepnur
[0 HEUTPOH M OKONO 4 cM

Kum6Gepnur Ne2 1 14 cm ot HI'. B kumbGepinure Bbl- | Ned; 1,15 3,3
CBEPJIEHO OTBEPCTHE OU METPOM, COOTBETCTBYIOIIUM
00p 3uy umur Top M 3 Ne3. B orBepcTue BCT -
BIeH UMHT Top M 3 Ne3. Tommuma KumOGepnuT
10 HEHTpOH M oKkoiIo 1 cM

IIpu o6cnenoB HUM OOp 3L0B KMMOEPJIUT 10 TPUBEJCHHOH BBIIIE IPOLE-
aype B 32 06p 31 X He ObUIO OTMEYEHO CT THCTHYECKH 3H YMMOIO IpPEBbIIICHUS
JIOK JIBHOTO COHepX HHS yIIepoi H A cpernuM. H Gmiop emoe OTKJIOHEHHE OT
CpeIHero Mo BceM o0p 3L M He IpeBbI JI0 2,50. DTO A eT yK 3 HHe H TO, 4TO
npel T' eM S METOIMK IPUBOAUT K HEOOJIBLIOMY IPOLEHTY JIOXHBIX MOIOXH-

12



Puc. 10. O6p 316l KUMOEPIUTOBON PY/Ibl, MIOJIyIEHHOH H BTOPOM 3T Iie p OOTHI

TENBHBIX TPEBOT (XOTS CT THCTHK JUISl MOATBEPXKAEHHS! TOTO YTBEPXKICHHUS MOK
HEJIOCT TOYH ).

B omgHOoM u3 00p 3m0B (Ne17) 6pUT0 OOH PYXEHO CYIIECTBEHHOE JIOK JIbHOE
NIPEBbIIEHUE YIVIEPOA H [ CPEAHMM YpPOBHEM. BenMuyMH MpEeBbIIEHUs JIOK Jib-
HOTO COJIepX HUS YIJIEPOH H J CPeJHUM cOCT BWJIO OT 3,3 10 5,80 B 3 BUCUMOCTH
OT p KypcC , HOJ KOTOpbIM 00JIy4 Jicsi 00p 3ell.

IMocne Bo3Bp mieHus 0Op 310B B T. MUpPHBIN ObUT MPOBENEH H Jin3 00p 311
Ne 17 ¢ npesbilieHreM yrnepon . B HeM oOH pyXuiM JIB  HEOJHOPOIHBIX JIM 3-
HBIX BKJIIOYEHUS M METPOM 0 7 MM, COCTOSLIMX M3 MEJIKMX 4 CTHI[ P 3MEpOM
ot 1 1o 2 mm. @ororp ¢us M 3HBIX BKIIOYEHHH MpuBeneH Hike (puc. 11).

789201 23456735!!!!'!

Puc. 11. I8 1M 3HBIX BKJIIOYEHHs] B KUMOepiuTe H (POHE JTHMHEUKH

T kuMm 0oOp 30M, BKCIIEPUMEHT JIbHO ObUI IPOIEMOHCTPHPOB H  BO3MOX-
HOCTb OOH pYXEHHSI JIM 30B B KUMOEpPJIHMTE METOJOM MEUYEHBIX HEHTPOHOB.

13



BbBIBO/JIbI

P 3p 60T H MeETOOMK U TEXHOJIOTHMs OOH PyXeHHs JIM 30B B KUMOEpJIUTO-
BOIi [IOPOJIe H OCHOBE HCIIOJIb30B HUS METOJ MeueHbIX HeiiTpoHoB. Co3n H 9Kc-
IIEPUMEHT JIBH 4 YCT HOBK , OCHOBY KOTOPOM COCT BIIIET NIOPT THUBHBIM HEUTPOH-
HBII T€HEp TOP CO BCTPOEHHBIM 64-NMKCETbHBIM KPEMHHUEBBIM JIb() -IETEKTOPOM.
Wnentuduk 1y M 30B NPOU3BOAWI Chb [0 H JIMYHIO JIOK JIBHOTO M30BITK  yIJIe-
pon B HcciexyeMoM oOp 3le. DHepreTHyeckue CeKTpbl I MM -KB HTOB OT KHM-
OGepiuT U3MEPSIIMCH C OMOIIIBIO IIECTU I' MM -JIETEKTOPOB H OCHOBE KPHUCT JUIOB
BGO.

Pe3ynbT THI M3MEpeHHIl ¢ MMUT TOp MH JIM 30B B COBOKYIHOCTH C 0Op 3-
I MM KMMOEpIIUT , p 3HBIMH 10 P 3MEpy U M CCe, CBHAETENILCTBYIOT O TOM, 4TO
31494 BTOM THYECKOro OOH pyXeHHs JM 3 ycnemHo pemeH . C MOMOIIbIO
p 3p OOT HHOTO JITOPUTM H BHICOKOM YpPOBHE JOCTOBEPHOCTH OCYILECTBIISIETCS
0oOH pyXeHHE JM 3 B KycKe KUMOEpJUT Npou3BOJIbHOHN hopmbl. H cymiecTBy-
IOLIEM DKCIIEPHMEHT JIbHOM CTE€HIe MHUHUM JIbHO OOH PYXHB €M s M CC HMHT -
TOp M 3 coct Biser 1,15 r npu ToNMHe 9Kp HUPYIOLIEro CJI0s KUMOEpIuT |,
P CIIOJIOKEHHOTO Iepel UMHT TOpoM, 1 cM.

[Mocnemyiow s MpoBepK  JITOPUTM P CHO3H B HUS H 33 0o6p 31 X KUMOep-
JUT 0OIIei M ccoll 55 KI MOATBEPAWSI TOTEHIHM JI UCIIOb30B HHUS TEXHOJIOTHU
MMH g1t pe M3 MU 9TON LIENU: JIOXHBIX TPEBOr OOH pyXeHO He Obulo, B
o0p 31e, Ie JIOK JIPHOE MPEBBIIIEHNEe COAEPXK HHS YIIEPOd COCT BHWIIO OT 3,3 110
5,80, OBUIO AEHCTBUTEBHO OOH PYXEHO AB HEOJHOPOIHBIX JIM 3HBIX BKJIIOYE-
HUS 11 METPOM JI0 7 MM, COCTOSILIUX M3 MEJIKUX 4 CTHLl P 3MepoM OT 1 10 2 MM.

ABropsl BbIp X 0T 61 rog pHocth cotpynHuk M BHHUUA um. H.JI. lyxos
(Mocks ) E.II. Boromwo6osy, 0. K. IIpecusikosy, B.HU.PerkkoBy, T.0.X c ey,
A.C.Yynpukosy, [.H.I0pkoBy 3 031 HUE HEUTPOHHOIO I'€HEpP TOpP C YHHU-
K JIbBHBIMU I P METP MH, T kxe corpyniHuk M AK <«AJIPOCA» (OAO)
A.C.HU n esyu O.E.KoB nbpuyKy 3 ILEHHBIE 3 M€Y HUA.

JIUTEPATYPA

Conooos FO.I1. u op. l'emmonorus 1M 3 . M., 2008. C.416.
Hawkins P. O., Sutton R. W. // Rev. Sci. Instr. 1960. V.31. P.241.
Ussery L. 1. et al. Los Alamos Nat. Lab. Report LA12847-MS (October 1994).

Rhodes E. et al. // SPIE. 1993. V.2092. P.288;
Rhodes E. et al. // IEEE Trans. Nucl. Sci. 1992. V.39. P. 1041-1045.

Beyerle A., Hurley J. P., Tunnell L. // Nucl. Instr. Meth. A. 1990. V.299. P.458.
6. Pesenti S. et al. // Nucl. Instr. Meth. A. 2004. V.531. P.657.

7. Bystritsky V.M. et al. // Proc. of the 4th Intern. Symp. on Technology and Mine
Problem, Naval Postgraduate School, March 13-16, Monterey, California, 2000.

il S

b

14



10.
11.
12.

Bystritsky V. M. et al. // Proc. of the Intern. Conf. on Requirements and Technologies
for the Detection, Removal and Neutralization of Landmines and UXO, EUDEM2-
SCOT-2003, 15-18 September 2003, Vrije Universiteit Brussel, Brussels, Belguim,
2003. V. 1,2.

Bystritsky V. M. et al. // Proc. Conf. «Portable Neutron Generators and Technologies
on Their Basis», Moscow, 2004. P. 283.

Bystritsky V.M. et al. JINR Commun. E13-2006-36. Dubna, 2006.
Bystritsky V. M. et al. // Phys. Part. Nucl. Lett. 2008. No.5. P.441.
Bystritsky V. M. et al. // Phys. Part. Nucl. Lett. 2013. No.5. P.722.

IMonyueno 18 gek 6pst 2013 r.



Pen xtop E.B.C 6 es

TMonmuc Ho B 11eu 16 13.02.2014.
®Dopm 1 60 X 90/16. Bym r odcern 4. Ileu b odceTH 4.
Yen. new. n. 1,1, Yu-uzn. 1. 1,3. Tup x 245 9k3. 3 k 3 Ne 58188.

W3n tenbckuii otaen OOGbeIMHEHHOTO HHCTUTYT SIICPHBIX HCCIICHOB HUit
141980, r. dy6n , Mockosck s 06:1., yi1. 2Konmo-Kropu, 6.
E-mail: publish@jinr.ru
www.jinr.ru/publish/



