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Opesuu B. . u np. P1-2005-79
OO6p 30B HHE HEHTPOHOB IPU B3 MMOJIEHCTBUN PEIITUBUCTCKUX
IIPOTOHOB U JAEHTPOHOB CO CBHHLOBBIMU MUILIEHAMU

OO6cyxn 10Tcs pe3ylpT Thl MO JBOMHBIM AH(QepeHIr JIbHBIM CEYEHUSIM U BbI-
X0l M HEHTPOHOB, IOJyYeHHbIE BO BPEMSIPOJIETHBIX H3MEPEHUSIX C P 3THYHBIMU
CBUHLIOBBIMH MHILIEHAMH H IIy4K X IPOTOHOB U JEUTPOHOB C 3HEprueil OKojo
2 I'sB. IIpocTp HCTBEHHO-PHEPreTHYECKOE P CIIpEAeTIeHHEe HEUTPOHOB VIS MPOTH-
’KEHHOH CBHHLIOBOW MHILIEHU M3YY JIOCh METONOM IOPOTOBBIX JETEKTOPOB B 00T CTH
9HEPIUil NPOTOHOB U AeWTpoHOB 1-3,7 I'sB. AH nusupyercs 3 BUCUMOCTb CpeIHEi
MHOXECTBEHHOCTU HEHTPOHOB, DHEPIUU HEHTPOHOB M IPOLIECC P 3MHOXEHUS HEll-
TPOHOB B CBHHLE OT p 3Me€p MMIIEHH, TUIl W DHEPIHU Y CTHUI[ NMyYK .
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Neutron Production in Interactions of Relativistic
Protons and Deuterons with Lead Targets

Results on the neutron double-differential cross sections and yields obtained in
the time-of-flight measurements with different lead targets and beams of protons and
deuterons at an energy of about 2 GeV are discussed. The neutron spatial-energy
distribution for an extended lead target was studied by the threshold detector method
in the energy range of protons and deuterons 1-3.7 GeV. A dependence of the mean
neutron multiplicity, energy of neutrons, and process of neutron multiplication in lead
on the target dimension, and the type and energy of the beam particle is analyzed.
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BBEJEHUE

Hnrepec x 0o6p 30B HHIO HEUTPOHOB B TOHKHUX M TOJICTBIX MHIIEHSIX Y CTH-
Il MU BBICOKMX ®HEPIUil BO MHOTOM OIPENENSeTC IUPOKUM CIIEKTPOM MPUIOXKE-
HUIl HEUTPOHHBIX [ HHbIX. HEHTpOHBI UIp 10T B XHYIO POJIb B IUH MUKE SIE€PHBIX
pe KLUl IIpU BBICOKUX 9HEPIusX, T K K K BCE CT AWMU IPOLECC P CII I U JEBO3-
OyxkaeHuss oOp 3ylolIedcs B CTOJKHOBEHUH SIEPHON CHCTEMbI COIPOBOXJI IOTCS
9MUCCHUEN HEUTPOHOB. IJid TOJCTBIX MMILEHEH IOIOJHUTENbHBIA BKJ ]I B 3MHC-
CUI0 HEUTPOHOB ]I 10T BTOPUYHBIE SAEPHBbIE B3 MMOIEMCTBUS B MUILIEHU. P 3MHO-
’KEHHE HEHTPOHOB C OJHOBPEMEHHBIM OCII OJIEHHEM BBIXOJ 3 PSDKEHHBIX 4 CTHI
Jeql €T TOJICThIE MHIIEHU IIPEXJE BCEr0 UCTOUYHUK MM HeUTpoHOB. IloatoMy co-
BPEMEHHBIE IPOEKTHl MOLIHBIX HEHTPOHHBIX MCTOYHUKOB H O 3€ MHTEHCHBHBIX
YCKOpUTEIIeH MPOTOHOB HUCIOJIB3YIOT JJIi NMPOU3BOACTB HEUTPOHOB B3 MMOJEH-
CTBHE BBICOKODHEPTeTUYECKHUX MPOTOHOB C MPOTSKEHHBIMU TSXKEIBIMU MUILIEHIMU.
JIpyruM B XHBIM INPWJIOXKEHHEM HEUTPOHHBIX I HHBIX SBIIAETCA JO3UMETpHs H
YCT HOBK X, [I€ UMEET MECTO B3 UMOJEWUCTBHE BBICOKOPHEPIETHYECKUX Y CTHIL C
BEILECTBOM, BKJIIOY S P AU LHUOHHYI0 MEAULMHY U KOCMHUYecKue mnonersl. OmHO-
BPEMEHHO C 9KCIIEPUMEHT JIbHBIMU METOJ MU HCCJIEOB HHUs BCe OOJNBIIYIO POJb
npuoOpeT eT MOJETUPOB HUE NPOLECC B3 MMOJIEHCTBUS 4 CTHUI] BHICOKUX DHEp-
TWii C BEIIeCTBOM. B H crosimee Bpemsi nMeeTcsl O0JIbIIOe KOJINYECTBO P 37TMYHBIX
KOMITBIOTEPHBIX KOIOB, VISl P 3BUTHS M TECTUPOB HHSI KOTOPHIX HEOOXOOUMBI P 3-
HOOOp 3HbIE SEpHBIE [ HHbIE U NPEXAE BCETO PEe3ylbT Thl M3MEPEHUH IBOMHBIX
JucepeHIy JbHBIX P CIpefeseHUil HEHTPOHOB U 3 PSAXKEHHBIX Y CTHIL.

B nocneanue rogp! ObUT BBITOTHEH LIENBIH PsiI 9KCIIEPUMEHTOB H IyYK X MPO-
TOHOB U JICUTPOHOB, H IIP BJICHHBIX H I10JIydeHHE HEMTPOHHBIX I HHbIX. HBOIHBIE
augdepeHy JIbHbIe cedyeHus] 00p 30B HHUsS HEHTPOHOB M3MEPSUIMCh H TIPOTOH X
B 001 cru snepruit 0,1-3 I'sB [1-15]. [IBoiinble aucpepeHiy JibHbIE P CIIpe-
JeJIeHUs. HEUTPOHOB Ul TOJICTBIX MUILIEHEW UCCIENOB JINCh H IIy4K X IPOTOHOB
B [1, 16-20]. P cmpenenenus mo MHOXECTBEHHOCTH HEHTPOHOB MpPU B3 UMOMICH-
CTBMU IIPOTOHOB U JEHTPOHOB BBICOKMX DHEPIHH C TAXKENbIMU MHUIIEHSIMU U3Yyd -
Juch B [21-25], cpenHue MHOXECTBEHHOCTH M BBIXOIbl HEUTPOHOB HU3MEPSITUCH
B [26-30].

I HH g p GOT TOCBAIIEH CHCTEM THYECKOMY HCCIIENOB HUIO OOp 30B HU
HEWTPOHOB B CBMHIOBBIX MHIIEHSX IIPOTOH MM M AEUTPOH MM B 00J1 CTH DHEPruii
1-4 T'sB. DkcnepuMeHTHI ObUTH BBIOJTHEHBl H BBIBEAEHHBIX MYYK X CHHXPOQ -
3oTpon JIB® OUAU. Hekortopsie pe3ymbT ThI HPOBEASHHBIX UCCTIENOB HHUN OBLTH
npenct Biensl B [19, 26, 27, 31].



1. UBSMEPEHUSA METOA0OM BPEMEHMU ITPOJIETA

H oskcmepuMeHT JbHON IUTONI OKE BPEMSIPOJIETHOTO CIIEKTPOMETP , CXEeM -
TUYECKHH BHJI KOTOPOW MOK 3 H H puc.l, MUIIEHb P CION T J Cb B (POKyce
BBIBEICHHOTO IyYK MPOTOHOB. DPOKYCHPOBK IMyYK H MHIIEHb OCYIIECTBIUT Ch
C MOMOIIBIO IByX MHOTOIPOBOJIOYHBIX MPONOPLUOH JIBbHBIX K Mep. Ilonepeunsrit
p 3Mep My4K H TOJOBUHE BBICOTHI OT M KcuMyM cocT Bl 15-20 mm. UnTen-
CHBHOCTh My4K B P 3[MYHBIX M3MEPEHHAX B PHUPOB J cb OT 3 - 10* 1o 5 - 10°
9y ctull H cOpoc mmutenpHOCThI0 350 Mc. B m3MepeHusIx H mydke MPOTOHOB CO-
OBITHE PErUCTPHPOB JIOCHh B CIIyY € BOBHUKHOBEHHS OBICTPOTO COBII JCHHS CUTH -
JIOB OT ABYX (B paie U3MEPEHU — TpexX) My4KOBbIX CYETYUKOB C I CTUUECKUMHU
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Puc. 1. P cnonoxeHne IeTeKTOPOB U MHUILEHHU MPH W3MEPEHUSIX METOIOM BPEMEHH Ipo-
sier : C1—C3 — mnydkoBble CHMHTWLIILMOHHbIE cueTuyuk, MWPC — MHOromnpoBosiouHbie
MPOMOPLUOH JIbHBIE K Mepbl, T — mumens, VC — CHOUHTHUTALHUOHHBIE BETO-CUETUHKH,
D — HeUTpoHHBIE IETEKTOPHI

CUMHTWUIATOP MU TONIIMHOM 3-5 MM, p CIOJ T BUIMXCS BIEpeIy MHILEHH, U
H JIMYMSl CUTH JI XOTs OBl OT OJHOTO M3 HEHTPOHHBIX JIETEKTOPOB. Jpyroil myd-
KOBBIIl CYETYHK C IUT CTHYeCKUM cUUHTIIIIATOpoM 10 X 10 X 5 MM p 3meln jcd
H p ccTosHUMH 1,5 M 103 Oy MHIIEHH M WCIIOJIB30B JICS IS BBIIEJICHUS B3 HUMO-
JIEeHUCTBUHA B MUIIEHH U B HM3MepeHHdx ¢oH . B skcmepuMeHT X H myuke Jeid-
TPOHOB BBUIY OOJBIIOTO (DOH CO CTOPOHBI YCKOPUTEIISI UCTIOB30B JICS ITyYKOBBIH
tpurrep C;®Co®Cs(veto), KOTOPBIHA BB B3 UMOAEHCTBUS B MulleHH. T -
KOW TpHITep NMPHUBOIWI K HEKOTOPOMY 3 HUXEHHMIO BBIXOJ HEWTPOHOB, T K K K
HEUTpPOHBI, 00p 30B BIIMECd B pe KLHU CPbIB IPOTOH , HE PETHCTPUPOB JIMCh B
Cllyd € mom 1 Hug ObicTporo mpotoH B cueTynk C3. B MyuykoBhIX cyeTdmk X
ObLIM MCHONB30B HbI (hoToyMHOXHUTETH DPDY-87 1 DDY-85.



Perucrp 1us HEUTPOHOB OCYLIECTBIIUI Cb C IIOMOLIBIO TPEX TUIIOB HEUTPOH-
HBIX JeTeKTopoB. g 061 ctu sHepruil Huxe 2,5 MaB mpumeHsuics meTeKTop
¢ Kpuct JutoM ctwibber au MerpoM 40 mm u tonumuoi 10 mm (D). Baumy
IIp KTHYECKOW HE3 BUCHMOCTH 3KCHEPUMEHT JIBHBIX J HHBIX OT yITT HM3MEPEHUd
B OOJI CTU HU3KMX DHEPIrHid H MU ObUI MCIIOJIBb30B H TOJBKO OAMH jeTeKTop Dj.
006 crh sHepruil Bbime 2,5 M3sB wucclienoB 1 ¢b ¢ MOMOIIBIO JIETEKTOPOB H
OCHOBe KpPHUCT JUIOB CTHIbOeH i MeTpoM 50 MM u tomuuHOi 50 MM (D3).
B o6oux THI X AETEKTOPOB KPHUCT JUIbl OBUIM COEAMHEHBI ¢ (DOTOYMHOXHTENIEM
®ODY-30. Mg upeHTUUK UM HEUTPOHOB MCIIONB30B JICA METOA P 3IEJIeHHUS
HEHTPOHOB M I' MM -KB HTOB MO (pOpMEe HMILYJIBC , YTO ITO3BOJIWIO 3H YUTESIBHO
YMEHBIIUTh BKJI Il OT CiIyd HHOro ¢oH M (POH OT p CCEIHHOrO U MPSIMOTrO
I MM -M3TydeHus. JI1d OCyLIEeCTBIEHHs p 3[eJIeHUs HEUTPOHOB U I' MM -KB HTOB
1o opme umiyinbc i geTekTopoB Dy u Do nomnuseiil 3 psap umnyiasc ¢ DY
U 3 pag ero ObICTPON KOMITOHEHTHI MO B JIUCh H BXoAbl 3 psmoBeix ALITL. B
TPEThEM THUIlE HEUTPOHHBIX AeTeKTOPOB (D3) NPUMEHSUTHCH IUT CTHYECKHE CLIMH-
Tugaropsl au MetpoM 120 u TommuHoi 200 MM, coequHEHHbIe ¢ (DOTOK TOAOM
ODY-63. DTU AETEKTOPHI MO3BOJIM U3MEPSATh CIIEKTPbl HEHTPOHOB B 001 CTH
sHepruii Boie 25 MaB. Iloporu peructp 1y HEUTPOHOB IJIsl AeTeKTOpoB Dy u
D cocr Bngnu 0,1 u 1 MaB cooTBeTCTBEHHO, [UIsl IETEKTOPOB D3 MCHOB30B -
Jioch AB 3H 4yeHus nopor : 10 u 30 MaB.

Ilepen HENTPOHHBIMU AETEKTOP MU P CIOJ T JIUCh BeTo-cueTyuku VC ¢ TOH-
KUMH IUT CTUYECKHMH CHMHTHUIATOP MH TOMIIUHON 3 MM Juid aetekTopoB D; u
Dy u 5 MM ana nerektopoB Ds. B nepsom ciyd e ucnons3os iuce @DY-87, Bo
BropoM — ®DY-30. [ngd ymeHplieHUS (POH OT HU3KODHEPIETUUECKUX I MM -
KB HTOB HEUTPOHHbIE JETEKTOPHI ObLIM OKPYXXEHBI 3 IIMTHBIM CJIOEM W3 CBHHI]
ToMUHON 3 MM. DPEeKTUBHOCTh PETUCTP LM HEUTPOHOB JETEKTOP MM OIlpe-
JeJIsil Cb, B OCHOBHOM, ®KCIIEPUMEHT JIbHO C MOMOIIBIO P 3IUYHBIX METOHO0B [32].
H puc.2 nox 3 HBI pe3yasT Tl U3MepeHui athgekTHBHOCTH AeTeKTopoB Di, Dy
n D3. T M Xe npuBefieHbl KpUBbIE, OMMCHIB IOLIME 9KCIIEPUMEHT JIbHBIE [ HHBIE
W HMCHOJIb30B HHbIE H MU NpH 00p OO0TKe pe3yspT ToB m3Mepenuil. IlorpemHocts
BeMUIUHBI d(ppekTuBHOCTU cocT BisieT 4—10 % mna Dy, 7-12 % mnga Dy u 10-
20 % pnga D3 u 3 BUCUT OT Hepruu HEHTpoH . TUNHYHBIE 3H YEHHUs MpOJIeT-
HbIX 0 3 g gerekTopoB Di, Do u D3 coct Basstu 70 (120), 120 (150) u 150
(200) cM cooTBeTCTBEHHO (B CKOOK X YK 3 HBI 3H UCHHUS IS M3MEpPEHH C MU-
menbto F20 x 20 cm). Bpems nposier onpenensyioch o0 BpEMEHHOMY MHTEPB JIy
MEXJy CUTH J1 MU OT BTOPOIO IIyYKOBOIO CUETYHK M HEUTPOHHOIO HETEKTOP .
JIJ1s1 ®TOr0 CUrH Jibl C JUCKPUMUH TOPOB 1oX B juch H Bxoasl BLII. B n npHei-
1I1eM BO BpeMsi 00p OOTKM JI HHBIX MPOBOIMII Ch KOPPEKLHs BPEMEHHBIX CIIEKTPOB
IyTeM BBEJICHHS [ONOJHUTEIBHOIO CMEIEHHs, BEIUYUH KOTOPOro 3 BHUCEN OT

MIUTUTYABl UMITYyIIbC HEHTPOHHOIO NETEKTOp . BennuuH 3Toil momp BKU oIpe-
JeNUl Cb MO CMEUIEHUI0 NUK MTHOBEHHBIX I' MM -KB HTOB B 3 BUCHMOCTH OT
MIUTUTYBl MMIIyJIbC . BpeMeHHOe p 3pelieHue, U3MEPEeHHOEe M0 IIHMPHUHE MUK



MIHOBCHHBIX I' MM -KB HTOB H IIOJIOBUHE €I0 BBICOTBI, COCT BJIAJIO ~1 HC JUIA
HACTCKTOPOB BCEX THUIIOB.
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Puc. 2. 3 BucumocTs 3(h(heKTHBHOCTH HEHTPOHHBIX AETEKTOPOB OT ®HEPIUM HEUTPOHOB:
CHMBOJIBI — pE3yJIbT Thl M3MepeHuil; A, /A — COOTBETCTBYIOT AeTeKTopy Dz c moporom
peructp uuu 10 MaB; O, { — nerekropy D3 ¢ noporom peructp unu 30 MaB; kprBbie —
UCIIONB30B HHBIE 3 BUCHMOCTH

TOHK 4 MUILIEHb, MCIOJIB30B BII gCd B U3MEPEHUSIX JBOIHOro aucepeHiu-
JILHOTO CeYeHUs! 00p 30B HHUSI HEMTPOHOB, NMPEACT BT cOOOW CBUHLOBYIO ILT -
ctuHy p 3mMepoM 100 x 100 x 6 MM, ycT HoBieHHYyI0 mon yrioMm 30° umu 60° k
ocu myuk . [ToMuMO M3MepeHMil ¢ TOHKOW MHIIEHbIO OBUIM IMPOBEIEHBI M3Mepe-
HUS JBOMHBIX JH(phepeHIn JTbHBIX BBIXOJOB HEHTPOHOB W3 TOJICTBIX CBHHIIOBBIX
muleHen 8 x 8 X 8 u @20 x 20 cm.

OIHOBpPEMEHHO C HEUTPOH MM JeTeKTOpbl D3 perucTpupoB jJu U 3 pSXKEH-
HBle Y CTULBI. B mocienHem ciyd e curd Jjbl co cueTyukoB VC HCMONB30B JIHCh
K K Ipu3H K 3 psan . MneHTuguk nmst ofHO3 PSAMHBIX 9 CTHI] OCYLIECTBIUT Chb C
MOMOIIBI0 OTHOBPEMEHHOTO H JIM3 BPEMEHH MpPOJET W MIUIMTYABI CUTH J [e-
tektop D3 [33].

X p KTepUCTHUKU W3MEPEHMH, BBIIOTHEHHBIX CO CBHHLOBBIMH MMIICHIMH H
BPEMSIIPOJIETHOM CIIEKTPOMETpE, IPUBEIeHbl B T OJ1. 1.

[ToMMMO OCHOBHBIX WM3MEPEHHH IMPOBOMMIMCH JONOIHHUTENIbHBIE OIBITH 63
MHUIIEHH U C TEHEBBIM XXeJIe3HbIM KOHYCOM ITHHOW 70 cM mis onpeneneHus BKI -
10B OT (poHOBBIX coObIThii. [IpenB puTENnbHO OBIIM M3YYEHBI BKJ OBl OT P 3/IHM4Y-
HBIX (DOHOBBIX MCTOYHHKOB [34]. Ilyrem cp BHEHMS pe3ylbT TOB U3MEPEHUIl H



T GJIPIH 1. X P KTE€PpHUCTHKH 1«13Mepe1—mﬁ CO CBUHLIOBBIMM MUIIIEHAMU H BPEMAIIPOJICT-
HOM CIIEKTpOMETpe

[Mydox |Dueprud, [9B | Mumens, MM | [leTekTopbl Vrom, ©
D 2,0 100 x 100 x 6 D; 120
(6,93%) D2, D3 30, 90, 150
p 2,0 100 x 100 x 6 D> 30, 60, 90, 120
(12,0%) Ds 30, 60, 90
D 2,0 80 x 80 x 80 D; 120
D2, D3 |30, 60, 90, 120, 150
D 2,55 80 x 80 x 80 | D1, D2, D3 90
D 2,55 @200 x 200 Dy, D3 90
D> 30, 90, 150
d 2,0 100 x 100 x 6 D; 60
(6,93%) D2 30, 90, 150
d 2,0 80 x 80 x 80 D: 60
Do 30, 90, 150
d 2,0 @200 x 200 D; 60
D> 30, 90, 150
*VK 3 H 9¢eKTHBH 5 TONIMH MHUIIEHHU 110 MydKYy.

JByX P 3JIMYHBIX TNPOJIETHBIX © 3 X mig mumenn @20 x 20 cMm Obul  onpene-
JIeH TOMp BK , CBI3 HH S C MCK X€HHeM (POpMBI CIIEKTP 3 CYeT yBEJIMYEHH
BPEMEHU IIOI [ HUS HEHWTPOHOB B JAETEKTOP M3-3 P CCEIHUS M SAEPHBIX B3 -
UMOJEMCTBUI BHYTPH CBUHLIOBOW MHIIEHU. M KCHM JIbH § BEJIMUUH IONpP BKU
coct BisieT ~ 20 % B 0067 CTHM HU3KHUX Hepruid. Bo BpeMs 00p OOTKH pe3ynbT -
TOB BBOIWIHNCH IOIP BKH H MEpPTBOE BpeMs CHEKTPOMETP , H B3 HUMOJIEHCTBUE
HEHTPOHOB B MHILEHHU, B CIMHTHUIITOPE BETO-CYETYMK U B CBHHLIOBOH 3 IIUTE,
OKpPYX BILIEH CUMHTWIIATOP AeTeKTop . He 3 BUCAIN S OT ®HEpruu MojH 4 CUCTe-
M THYECK S MOTPELIHOCTH VIS P 3JIMYHBIX YIVIOB U JETEKTOPOB COCT BIISieT OT 16
10 25 %. OCHOBHBIMH COCT BIISIOIIMMH 3TOH MOTPEIIHOCTH SIBJISIOTCS HEOIpe-
JEJIEHHOCTU B OLIGHKE YUCII P MUIIEHH, YUCJ YN BIIMX H MHINEHb Y CTUIL
MyYK U BKJI JOB OT (DOHOBBIX 3(h(heKTOB.

2. BIBMEPEHHA METOAOM HOPOI'OBBIX JETEKTOPOB

BButy HEBO3MOXHOCTH UCIIONB30B HUS METOA BpPEMEHH IpoJeT Ui u3yue-
HUS NPOCTP HCTBEHHO-PHEPIeTHYECKUX X P KTEPUCTUK HEHTPOHHOIO MOJIS Mpo-
TSIKEHHOU CBUHIIOBOU MuIieHH @20x60 cM, H MU [yIsl 9TOU 1eii ObLT NPUMEHEH
METOJ ITOPOTOBBIX AETEKTOPOB HEUTPOHOB. DTOT METOJ HOJIY4WIT CBOE 1 JIbHEHIIee
p 3BuTHe B p 60T X [27, 35], H LeNeHHBIX H TPUMEHEHHUE METOI B M3MEPEHHUIX
C XECTKHUM DHEepreTMYeCKUM CIEKTPOM HEUTPOHOB, MPOCTHP IOLIUMCS 0 COTEH



MsB. B K uyecTBe JETEKTOPOB C HU3KUMU IOPOT MM PErucTp LMW ObUTH HC-
TI0NB30B HBI JeTeKTophl pe Kimii genenus 22°U, 23"Np, 238U u 232Th. Bonee
BBICOKUMH MOPOT MU PErHCTp IIMU B 00 CTH AeCITKOB—coTeH MaB 061 1 nu ne-
TEKTOpbl H OCHOBe pe Kuuu jeienus 2°°Bi u pe Kumii ¢p IMeHT LuM Menu U
K amusa [27, 35, 36].

OO6p 3yrompecs B pe KUMSAX AeleHus U (pp IMEHT LUH SaepHble (p IMEHTHI
PEerucTpUpOB JIUCh TBEPAOTEIBHBIMU TPeKOBbIMU JeTeKTop MU suep (TTH) H oc-
HOBE IUIEHKHM U3 NOJauaTWiIeHTepedT a1 T (11 BC H ) TommuHoi 6 MkM. Ilocne
TP BJIEHHUS B ILEJIOYHOM P CTBOPE TPEKH, OCT BJISEMBIE SIp MHU B IUIEHKE, OACYH-
TBIB JIUCh C TIOMOILIBIO BTOM THYECKOIO UCKPOBOIO CUETYMK TpeKos [37]. Herek-
TOp JIeNeHUs COCTOSAN U3 JENSIIEerocsd caos TOMIMHON ~ 1 Mr/cM? u i MeTpom
11,3 MM (tom a6 1 cM?), H HECEHHOTO H  JIIOMMHHEBYIO TOIOXKKY TH METPOM
19 MM 1 Tommuuoi 0,2 MM U p criosioxenHoro BwtotHyo K TTH. C npotusono-
soxHoi croponsl TTII ®kp HUPOB JICd IUCKOM U3 MONUATUNEH . [leTekTop ¢p I-
MEHT LIUM COCTOSUT U3 ABYX TOJICTBIX (pp TMEHTHPYIOIIUX CJIOEB B BUJIE JUCKOB, 00-
xuM fomux ¢ aByx cropoH TTH. T K g KOHCTpyKIms AeTeKTop ¢p IMEHT IHU
obecrieunB J1 , BO-NIEPBBIX, CP BHHUTEIBHO BBICOKYI0 3(pheKTHBHOCTb PETHCTP -
UM HEUTPOHOB 3 CYET UCIIOJIB30B HUS TOJICTBIX (bp IMEHTUPYIOILUX CJIOEB; BO-
BTOPBIX, 3H YUTEJIbHOE YMEHbLIEHUE YYBCTBUTEIBHOCTH K OPHEHT LIUU IETEKTOP
B P AU IIMOHHOM IOJIe U, B-TPeThUX, 3Kp HUPOBKY TTIl oT hoHOBBIX pp I'MEHTOB,
BO3HUK IOHIMX B JPYrUX KOHCTPYKLMOHHBIX M Tepu JI X. g mox BiaeHus ¢oH
OT TEIUIOBBIX HEUTPOHOB JETEKTOPHI JEJIEHNS P 3MELl JINCh B K JIMHEBOH K IICYJIE.

l'eomerpud u3MepeHuil ok 3 H H puc.3. Muuiesb H XoOu cb B (okyce
BBIBEJJCHHOTO IIy4K CHHXpO( 30TpoH . HelTpoHHBIE NETEKTOPHI P CIHOJI T JIHCh
BIOJIb OCH MHIIEHHM H ee OOKOBOIl CTOpPOHE, T KX€ H TOPLEBBIX CTOPOH X.
JInd ucciaenoB HUS YITIOBOTO P CIIPEAETIEeHUs HEHTPOHOB JETEKTOPHI P 3Mell JIUCh
moxg yrn mu 10, 30, 60, 90, 120 u 150° H p ccrosHuu 1 M OT UEHTP MHU-

MWPC

Puc. 3. Cxem wu3MepeHuii ¢ NPOTSKEHHOW CBUHLOBON MHUIIEHbIO: M —  JIIOMUHHMEBBIN
JucK MoHuTOp nyuk , MWPC — MHOronpoBosioyHble [IPOIOPLUOH JIbHBIE K Mepbl, T —
muireHb, D — cOopku ¢ geTeKTop MU AeneHus U (hp TMEHT LUH



uieHu. g yBelIn4eHus CT TUCTHKU M YMEHBIIEHHS METOINYECKOM MOrperHOCTH
B U3MEPEHMSIX C JETeKTOp MM (bp TMEHT IIMH HCIIOJIB30B JIOCH 10 7 cOOPOK MO
K XIObIM yrioM. [IOMHMO JETeKTOp ¢ TOHKHM CJIOEM BHCMYT B psiie 9KCIepH-
MEHTOB ObUIN NPHMEHEHBI AETEKTOPHI C TOJICTHIMHU CIOSIMH CBHHIL[ , KOHCTPYKLIUS
KOTOPBIX ObLT MISHTHMYHOH KOHCTPYKIMH HETeKTOpoB (p rmeHt uuu. O6 ne-
TEKTOpP MMEIOT OJIU3KWE 3H YEHHUS [MOPOrOBOM DHEPTUM PErHCTp LMU HEHTPOHOB,
OIH KO HCIOJIb30B HHE JETEKTOpP BTOPOrO THUIl MO3BOJISIET YBEIMYMTH MONIYY e-
MYIO CT THUCTHKY IPH TOM XK€ YHCIIe 4 CTHI IMyduK .

ITepen K XIbIM ®KCHEPHMEHTOM C ITOMOIIBIO ABYX MHOTOIPOBOJIOYHBIX MPO-
MOPIIMOH JIBHBIX K Mep NPOBOAWI Cb (DOKYCHPOBK Iy4K MU TII{ TEJIbH S IOCTH-
POBK MHIIIEHH, YTOOBI €€ OCb COBIT [l J1 C OCbIO IydK . P 3Mep myuk coct BIIsI
~15-20 MM (IIONH § IIUPUH H TIOJIOBUHE BBICOTBHI) B TOPU3OHT JIBHOM U BEpTHU-
K JIBHOM H TIp BIICHHSIX.

MOHHMTOPHUPOB HHUE Iy4KOB MPOTOHOB M JAEHTPOHOB OCYIIECTBIISUIOCH MO pe-
KIuaM 06p 308 Hus uzoton 2iNa B momuHuu. [l 9TOTO Tepej MUIIEHbIO H
p ccroguuu 40 cM nomern Jics JIIOMUHHEBBIN AUCK, B KOTOPOM CITyCTSl HEKOTOpPOE
BpeMsl 110Cjle U3MEPEHHsl ONpeIeNsoch cofepx Hue 2*Na ¢ MoMOIIbio TOMyIpo-
BOJHMKOBOTO I' MM -criekTpoMeTp . Ceuenne pe kiuu 27 Al(p,X)**Na B 061 ctu
sHepruil HeckKosbko 9B u3BecTHO ¢ morpemHocThio ~5 % [38, 39]. g sHepruu
npoToHoB 1 I'®B H Mm ObUTO HWCMONMB30B HO 3H 4YeHwe cedeHus 10,8 MO,  mid
Gosiee BBHICOKHMX DHEPIUil OHO IOJI T JIOCh IMOCTOSHHBIM U p BHbIM 10,0 M6. s
JEUTPOHOB OBLIIO UCIIOJIB30B HO 3H ueHue ceueHus (15,25 + 1,50) M6, nosyyeHHOE
npu sHepruu 2,33 I'sB B [40]. IIpoBeaeHHble H MU OTHOCUTEIbHBIE U3MEPEHUS H
My4yKe JACUTPOHOB B MHTEpB Jie sHepruil 1-4 I'sB mok 3 nM, 4To ®HepreTuyeck s
3 BUCUMOCTh CEYEHMs pe KLUHU 27Al(d,X)24Na CXOIH C TOW, YTO OBUT TOJTy4eH

B 9KCIEPUMEHT X IS IPOTOHOB.

[MonHbIil CIHMCOK BBITIOJIHEHHbBIX 9KCIIEPUMEHTOB IpUBEAEH B T Oi1. 2.

[ToMMMO OCHOBHBIX M3MEpEHHil ObUTM BBINOIHEHbl HECKOJIBKO DKCIIEPUMEH-
TOB [UISl OTIPEAENIEHHS TIONP BOK H PErucTp M0 (POHOBBIX HEHTPOHOB, KOTOpPBIE
OK 3 Jiuch H ubonee 3H uuTenbHbiMU A 23°U u 23"Np. 3H yenus monp BKH,
YYUTHIB IOLIEH PETUCTpP L0 NPOTOHOB U T-ME30HOB, HOJTyd JIUCh IIyTEM p CYET ,
B KOTOPOM HCIIOJIb30B JIMCh BHEPreTHUECKUE CHEKTPhl 4 CTHLl, U3MEpEHHbIe Me-
TOZOM BpeMeHM nposer mid mumiend @20x20 cm. H ubosnbiuee 3H yeHue dToi
nonp BKHU ~ 10 % ObIIO MOTy4EHO 11 IeTEeKTOPOB AENICHNSI BUCMYT U J€TEKTOPOB
¢p r™enTt num. IorpemHocTh ompeneneHus YuclI TPEeKOB cocT BisieT ~ 6—8 %
u ~ 18 % mnd neTeKTopos JeneHus U ¢p I'MEHT UM cooTBeTcTBeHHO. Heompene-
JIEHHOCTb M CCBI JIeJISIIEerocs HyKJiIua B cioe cocT BigeT 3 %. [lonp BK H 3 BU-
cUMOCTb 3((PeKTUBHOCTH JETEKTOPOB AENEHHUS OT MX OPHUEHT IIMU OTHOCUTESIBHO
H Np BJEHMS I 1 IOIIUX HEHUTPOHOB MMEET M KCHUM JIbHOE 3H 4eHue ~ 30 % s
JIETeKTOp C AEJSIINMCS CJIOEM BHCMYT , MOMELIeHHbIM 1o yrioMm 10° kK H mp -
BIICHUIO ITyYK , JUIS OCT JIBHBIX IIOPOTOBBIX JIETEKTOPOB OH He mpeBbi eT 13 %.
DT momp BK BBOOWI Cb NpH omnpeneieHuu yucia otcuetoB B TTI [41, 42].



T omun 2. DKCIEPUMEHTHI ¢ MPOTSIKEHHOW CBHHIIOBOI MuIIeHb0 & 20 X 60 cM H
My4YK X IPOTOHOB U JAEHTPOHOB

IIygok | DHeprug, ['sB | Ymcno skcnepruMeHTOB
p 0,994 2
P 2,00 2
P 2,55 1
p 3,17 2
p 3,65 3
d 1,03 1
d 1,49 1*
d 1,98 1
d 2,55 1*
d 3,00 1*
d 3,76 1

*OTHOCHTGHBHI)IC HU3MEPEHUS.

D eKTUBHOCTh PErUCTp LUK HEUTPOHOB MIOPOTOBBIMH JIETEKTOP MH JIeJICHUS
OTIpesieNIsl Cb 10 hopMyIie

e = Nyoy, (1)

rie N — 4KCIIO sep AeNsmerocs HykKiua B cioe mio apio 1 em?; n = 0,515 —
a¢ppeKTHBHOCTL PErvCTp LMH OCKOJIKOB JIeJIeHHs, 0y — cedeHue jaenennsd. Ceue-
HUS JeNeHUs HEUTPOH MH XOpPOIIO M3y4eHsl B 001 cTu sHepruil Huxe 20 MaB u
COJIepX TCS B P 3IMYHBIX OUOIMOTEK X SACPHBIX JI HHbIX. B 0071 cTu Gojiee BhICO-
KHMX HEPruil HEUTPOHOB OHU M3MepAIuch B [43—-48]. M3-3 OTCyTCTBUS HCTOYHHMK
MOHO®HEPreTHYECKUX HEHTPOHOB BBICOKHMX DHEPIHil 3 BUCUMOCTD 3(h(PeKTHBHOCTH
OT ®HEprHuy Uil AETEKTOPOB H OCHOBE pe KIMHU (Pp I'MEHT UM ObUT THOJy4eH
DKCIIEPUMEHT JIbHO H Iy4Ke IpoTOoHOB [36, 41]. IIpu aTOM mpenmon r J10ch, 9YTO
ceyeHue oOp 30B HHS (p TMEHTOB M UX X P KTEPUCTUKH P KTUYECKH HE 3 BHUCST
OT TN H JIET IOLEr0 HYKJIOH . 3 BUCUMOCTbH 9(P(PeKTUBHOCTU PETUCTP LIUU OT
DHEPIUU HEUTPOHOB IS UCIIOIB30B HHBIX H MM IIOPOTOBBIX JIETEKTOPOB MOK 3 H
H puc.4. IlorpemHoCTs 3h(PeKTHBHOCTH MOPOTOBBIX JETEKTOPOB COCT BIISIET JUIS
001 ctu sHepruit ke 30 MsB ot 3 mo 15 %, mpu Gonee BBICOKHX DHEPTHIX
~ 20 %.

OO6n cTH ®HEpruil, COOTBETCTBYIOIINE M KCHUM JIbHOM YyBCTBHUTEIbHOCTH I10-
POTOBBIX JIETEKTOPOB K CIIEKTPY HEHTPOHOB, ObLIM OLIEHEHDI C TIOMOILBIO DHEPIeTH-
YEeCKOro CIEeKTP HEHTPOHOB, MOIYyYEHHOTO VISl CBUHIIOBOM Mumenn @20 x 60 cm.
Hnreps nb1 sHepruii, coorBercTByomue 90 u 60 % BKI A M B OTKJIMKH P 37IHY-
HBIX ITOPOTOBBIX Pe KIMii, MPEACT BIIEHbI B T OJ1. 3.



102 —

2100
cé U
M
=
S100
=
Q)
10!
Cu cd
102 ] ] ] ] ] ]
102 10! 100 10! 102 103 104

E, M>B

Puc. 4. DdeKTUBHOCTD PErUCTp LUK HEHTPOHOB IS MCIIOJIB3yEMbIX B U3MEPEHHUSIX MOPO-
FOBBIX JIETEKTOPOB K K (PyHKLUS SHEPrMU HEUTPOHOB

T omun 3. WHTepB b1 HEPruii, cooreercrBywmue 90 m 60% BKI I M B OTKIMKH
P 3JMYHBIX MOPOTOBBIX pe KIUil

[Moporoseiit gerekrop | AFE (90 % otknuk ), MaB | AFE (60 % otkinuk ), MaB
25U(n,f) 0,16-35,4 0,47-4,30
Z"Np(n,f) 0,58-39,3 0,98-5,31
Z8U(n,f) 1,50-113 2,06-25,8
232Th(n,f) 1,50-155 2,54-48.5
209Bi(n,f) 66,5-443 101-291

Cd(n,fr) 101-492 139-359
Cu(n,fr) 91-547 125-399

Pe3ynbT ThI 1O p copeneneHuo CKOPOCTEeM pe KUWM JIeJIeHUS U OTKJIMKOB
JETEKTOPOB (Pp IMEHT LUH MoapoOHO 0OCyx roTcs B [42, 49].

JI11 BOCCT HOBJIEHMS SHEPIETUYECKUX P CIPEAEICHUM HEUTPOHOB IO [ H-
HBIM MHTETP JIbHBIX U3MEPEHUIl C MOMOILBI0 MOPOrOBBIX JETEKTOPOB MPUMEHSIICT
WUTEP LIMOHHBIM METOH MUHMMHU3 MU H Np BIeHHOro p cxoxpgenus [50]. B x -
4YecTBe H 4 JIBHOTO MPUOIMXEHHsS 3HEPreTHYecKOro P CIPEneNeHHs] HEeHTPOHOB
H MU OBUTM MCIIOJIB30B HBI PE3YJIbT Thl U3MEPEHUH METOIOM BPEMEHH IPOJIeT JUIst



mumeHd @20x20 cM. OLeHK MOrpemHOCTH BOCCT HOBJIEHHUS ®HEPreTHYecKoro
P clpeneneHus HEHTPOHOB MIPOBOAMI Ch C MOMOIIBI0 MHOTOKP THOTO CT THCTHYe-
CKOro p 30poC 3KCIEPUMEHT JIbHBIX 3H UYEHHI OTKJIMKOB HOPOTOBBIX JETEKTOPOB,
T KX€ B PU MU (POPMBI H 4 JIBHOTO 3HEPIeTHYECKOrO P CIIPEAENICHHs] HEHTpo-
HoB. HMccrenoB HHE MOK 3 JI0, YTO MOTPEILIHOCTDb Pe3ybT T BOCCT HOBIIEHUS MPU
P 3YMHOM 3 JI HUH HYJIEBOI'O IPHOJIMXEHUSI DHEPIETHYECKOro CIIEKTP HEHTPOHOB
B OCHOBHOM OIIpeJIesIsIeTCsl MOrPEeLIHOCThI0 UCXOAHBIX A HHbIX. HudepeHim mib-
HBIE U MHTETP JIbHbIE BBIXOABl HEUTPOHOB H I J IOMIYI0 Y CTHLY IyYK H XOIOH-
JIUCh M3 PE3yNbT TOB YIVIOBBIX M3MEPEHHWH ITyTeM HHTEIPHPOB HUS DKCIEPHMEH-
T JIBHBIX 1 HHBIX 110 TEJIECHOMY YIVIy ¥ HEpriuu HeHTpoHOB. OlLieHeHHbIe Morpel-
HOCTH BOCCT HOBJIEHHUSI HEHTPOHHBIX BBIXOOB COCT BJISIOT JUIA ITyYKOB IIPOTOHOB
u IeUTpoHoB 12 u 16 % COOTBETCTBEHHO.
HexoTopbie pe3yaspT Thl, OJIy4eHHBIE B U3MEPEHUSAX C MPOTAKEHHON CBUHLIO-
BOW MHUIIIEHBIO, 00CYX] JIUCh B [26, 27].

3. AHAJIU3 PE3YJIbTATOB U3MEPEHUI

3.1. Ceuenns oOp 30B HUA HEHUTPOHORB. [ricpchepeHiiy JbHbIE CeYeHUs1 00p -
30B HUS HEUTPOHOB JUIS P 3JUYHBIX YIJIOB, IIPOUHTEIPHUPOB HHbBIC MO DHEPrHH B
uaTeps 1 x 0-2, 2-20 u 20-2000 M»B, npusenens! B T 671.4 111 000MX THUIIOB
9 crur nyuk . CeyeHus I MOJTHOTO MHTEPB J1 ®HEpPruil HEUTPOHOB H XOMIJIICH

T 6mu 4. Inddepeny TbpHbIE cedeHUs 00p 30B HHA HEHTPOHOB (MO/cp) s p 31H4-
HBIX YIJIOB M DHEPreTHYECKHX MHTEPB JIOB B HEYNPYIHX B3 MMOJEHCTBHAX NPOTOHOB M
JIeHTPOHOB ¢ AP MU CBHHL ©IpH 3Hepruu 2 B

Huteps n Yron
3 HY({OK o o o o o
sHepruii, MaB 30 60 90 120 150
0-2 D 1055 £230
d 1028 £ 260
220 D 1860 +410{1422+£313|1550£250|1625+410|1732+380
d 1356 +280 1071 £ 260 1093 +£250
202000 D 994 £210 | 728 £160 | 493 +80 | 378+95 | 377+£85
d 1071 £ 305 401 £120 235+95
0-2000 D 3909 £ 860 3205 705 [ 3098 £ 560 {3058 £ 7653164 700
d 3455 +770 2500 £ 600 2422 1+ 560
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IyTeM CYMMHPOB HUS BEJIUYWH, ONpPEAENECHHBIX IS BBINIEYK 3 HHBIX 3HEpreTH-
YEeCKMX HMHTEpB JIOB, NIPU BTOM IIPEAIoN I JIOCh, YTO B 001 cth Huxe 2 MaB
BEJIMYMH CEUYEHHUS HE 3 BHCHUT OT yIJI ®MHCCHU HEHTPOHOB.

B coct B cedyeHus pe KIMH B3 MMOIEWCTBHUS NEHTPOH C SAPOM CBUHI OR
BXOIAT CEYEHHs MPOLeCC IIOMHOIO IMOITIOMEHUS JEUTPOH SAPOM 0, U pe KLU
CPBIB HETPOH 0, WIM NMPOTOH 0p. B H muX usmepeHuax tpurrep oréop
COOBITHI BBIIEIISUT TOJIBKO MEPBbIE JAB IPOLECC U 3 Mpell JI PErkcTp LHMI0 Heii-
TPOHOB, BO3HHMK IOIIMX B pe KIUHM CPbIB TPOTOH . B M3MepeHHAX HEHTpOHBI,
POXHI eMble B pe KIMU CPBIB MPOTOH , HE PErMCTPUPOB JINCh, U UX BKJI A HE
yureH B T 61.4. CeueHue 9TOil pe KUUHU cOCT BdeT o, ~ 380 M6 [51]. I'py6 4
OLIGHK BKJI JI 3TOro NPOLECC B 3MUCCHI0 HEHTPOHOB IMOK 3 JI , YTO y4eT dTUX
HEUTPOHOB MPHBOAUT NP KTHYECKH K P BEHCTBY CEYEHHWiIl 0Op 30B HHUSI HEUTPO-
HOB B HEYyIIPYIUX B3 HUMOJEWUCTBUSIX IMPOTOHOB U JEHTPOHOB C SAp MU CBUHII IpU
sHepruu 2 I'sB.

Cp BHeHHe ABOWHBIX Ju(hepeHIn JIbHBIX CeYeHUil oOp 30B HHS HEHTPOHOB
s pe ki Pb(p, nz) u Pb(d, nx), m3MepeHHBIX NMpH OXHOW M TOH Xe dHEep-
rud 9 ctul mydk 2 [B, mok 3 HO H puc.5 (3mech U A Jee YK 3 HBl TOJIBKO
3 BHUCAIIME OT HEPIUU HEUTPOHOB DKCIIEPUMEHT JIbHbIE IOTPELIHOCTH).

107 —
6 |-
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glo 90°(x 10) .:‘\OVB\ ;
Z 10 L %. (1Y @ é’%
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o Geee 2o
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% 1 Qo@ 2o 9% ..’9
< 10! | ® © e
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Puc. 5. Pe3ynbr Tl m3MepeHuil ABOMHBIX qu(depeHn JIbHbIX cedeHHid oOp 30B HUS HEl-
TpPOHOB B pe Kuuax Pb(p,nx) (@) u Pb(d,nx) (O) npu suepruu 2 I'sB

H puc. 6 npeact BieHbl pe3ynbT Tl H IIMX M3MEPEHUH H IydKe NPOTOHOB

¢ sueprueit 2 B coBmectHo ¢ 1 HEHBIMU UTD® mng sHeprum npotonos 1,6 [5B
[13] m 2,2 T%B (yron 119°) [14, 15] u KEK [11, 12] anst AByX ®HEPrii IpOTOHOB

11
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Puc. 6. Cp BHeHHe pe3yabpT TOB M3MEpPEHUI ABOMHOrO augepeHtn JIbHOTO cedeHus oop -
30B HHSl HEATpOHOB B pe Kimu Pb(p,nx) npu E, = 2,0 ['sB (@) ¢ 1 HHbIMH UTDD ()
st Ep = 2,2 TeB u 0 = 120° [14, 15] u (O) ms 1,6 TeB [13] u ¢ o uaeivu KEK s
E,=15T3B (A)u3,0IeB (V) [11,12]

1,5 u 3,0 I'»B. Ilpu obiem xopoiem cort cuu pe3yibT ToB u3Mepenuii B KEK
ObLT MOJy4eH HECKOJIbKO MEHBLIMI BbIXOJ HEUTPOHOB B UCII PUTEIBHON 001 CTH
BHEPreTHYecKoro crekTp Huxe 5 MsB. IlomoOHoe p cXoXleHHe C 1 HHBIMU
KEK T x:xe umeror pe3yinsT Tbl usmepenuit [9, 10] npu E, = 1,6 I'eB.

3.2. CpenHsasi MHOXKECTBEHHOCTh HeHTPOHOB B pe Kuuu Pb(p, nz). 3 Bucu-
MOCTb CpefJHelf MHOXKECTBEHHOCTH HEHTPOHOB OT ®HEPIUU H JIET IOIIMX IPOTOHOB
WCCIIENIOB JI Chb C TPUBJIEYEHUEM pE3yJlbT TOB Hel BHHMX u3MepeHuil [1-6, 9-15,
25, 28]. [ng ompepeneHus 3H YEHHWH 3TOH BEIMYMHBI KCHEPUMEHT JIbHBIE P C-
npenesieHus, MOoJyYeHHbIE B M3MEPEHUSIX METOIOM BPEMEHH MpOJIET , HHTETPUpPO-
B JIMCh I10 HEPTUH U TEJIECHOMY YIIIY.

Pe3ynpT THI H IIMX W3MEPEHWH H JIM3MPOB JIMCh C MOMOIIBI0 MOOU(UIIPO-
B HHOH MOJENHN JBUXYIINXCS UCTOUYHHKOB, KOTOP 51 ObUI p 3BUT JUIS OIIMC HHS
JBOMHBIX IH(phepeHH JIbHBIX CeYeHH 00p 30B HHsI HEUTPOHOB B CTOJIKHOBEHUSX
BBICOKOPHEPIeTUYECKUX MIPOTOHOB U JIETKUX SAEP C TSAKEIbIMU SIIP MU B 001 CTH
sHepruil Boie 0,5 ['sB/HykoH. [N H au3 pe3ynsT TOB U3MEPEHHI Mo YT MU
0 > 30° H Mu OBUT HCHOJIB30B H MOJIEND YETHIPEX MCTOUYHHMKOB, OTBEY IOIINX
3 HCIYCK HHE HEHUTPOHOB H K CK AHOW CT AU B mepudepmiyeckux (i = 1) u
LEHTp JIBHBIX (¢ = 2) CTOJIKHOBEHHAIX, B Iporecce ¢p rMeHT MU (¢ = 3) U H

12



UCH PUTENBbHOUN CT muu (¢ = 4). B 2TOM Cllyd € BbIp XEHHUE, UCIOJIb3yeMoe IS
MOATOHKHU K ®KCIEPUMEHT JIbHBIM I HHBIM, UMEET BUI

dEdQ ~ - (1-p2)i/2 —m |/T; ¢, (2)

a2 . E +m — pB; cosd
o ZpAi expd — + m — pB; cos
=1
rJe MMIIYJIbC HEUTPOH
p=(E*+2Em)'/?,

E — xuHeTmyeck § sHeprus HEUTpoH B J.C. (B MaB); m — M cc mokos Hell-
tpon (B MaB); § — yron Bbuier HedTpoH B s.c.; A;,T;, (5; — 1 p MeTphl
MIUTUTYABI, TEMIIEP TYpbl U CKOPOCTH B €IMHHUI] X CKOPOCTH CBET IS ¢-IO HC-
TOYHUK COOTBETCTBEHHO. [IpM ®TOM HE Y4YMTBHIB JIMCh HEUTPOHBI, 0Op 3yloLIHecs
MOA M JIBIMH yIT MM K Iy4Ky B IIPOLIECC X KB 3MHEYNPYIoro M KB 3UYyIPYyroro
HYKJIOH-HYKJIOHHOTO B3 MMojeicTBus. H ¥iIeHH S H MU cpemHssl MHOXECTBEH-
HOCTb HEHTPOHOB Ul MPOTOHOB C¢ 3Heprueil 2 IsB cocr Buger 21,8 £+3,4 Heii-
TPOH H B3 UMOJEHUCTBUE.

Wzmepenus B KEK [11, 12], SACLE [9, 10] u UTD® [13] Obuiu BBINOIHEHEI
Il HEUTPOHOB ¢ dHeprueit Boime 1, 2 u 2,5 MaB cooTBeTCTBEHHO, U NPU UHTE-
TPUPOB HHUHM TI0 BCEMY MHTEpPB JIy HEPIrHil HEHTPOHOB H MH BBOAW/I Cb IIONP BK
H BbBIXOJ HEHTPOHOB HMXKE 3THX I'P HUYHBIX DHEPIUil, H HIOEHH S U3 Pe3yJabT TOB
JPYTHX M3MEpeHH M p CueToB. B m3MepeHmsx, rie HUXHAS TP HUYH S DHEPrUs
p BHAT cb ~ 0,5 MaB, nn4 onpeneneHus 31 YeHUN HUXE 3TON SHEPTHM NPOBOIU-
JI Cb OKCTp MOJISLKS 3 BUCUMOCTH, H HIeHHOM it 06a ctu 0,5-5 MaB. Bo Bcex
CITyd SIX MOJ T JIOCh, YTO 3TO BHOCHUT JOMOIHHUTEIBHYI0 HEOIPEIeIEHHOCTD B MOJ-
Hblid BbIXOH HeATpOHOB, AM ~ 0,5-1 HelTpoH. Iy UHTEPIIpET LUK Pe3yJIbT TOB
[25] ucnonp30B Jicd H 7TU3, BRITOMHEHHBIH B [57]. B m3mepennsax [28] skcmepu-
MEHT JIbH 4 YCT HOBK II03BOJISUT OINpPEIEsISITh BBIXOAbI HEUTPOHOB HUXE DHEPIUU
15 MaB. IloatoMy pe3yibT Thl 3THX M3MEPEHHil ObUTM CKOPPEKTHUPOB HbI MyTEM
100 BJIEHUS BBIXOI HEHTPOHOB ¢ dHepruei Boiie 15 MsB, H iineHHoro mo j H-
HBIM, MOJyY€HHBIM METOIOM BpeMeHHM mposeT . CpenHue BbIXOABI HEHTPOHOB H
HeyIpyroe B3 MMOJEHCTBUE MOK 3 HBl H puc.7. T M Xe mpuBegeH 3 BHCHUMOCTD
u3 [58] u oUeHK , MOMyYeHH 9 H MU B PE3YyJbT T MOATOHKM K 3KCIEPUMEHT JIb-
HBIM J1 HHBIM:

M = 39(1 — exp(—0,22E,))%5, 3)

e E, — oHeprud nporoHos B I'sB. Ilpu XopolleM OIMC HUM PE3YIbT TOB
U3MEpPEHUH Cp BHUTEJIBHO BBICOKME IMOTPEIIHOCTH 3KCHEPUMEHT JIBHBIX JI HHBIX
HE I03BOJISIIOT OTA Th IPEANOYTEHHE K KOM-IMOO W3 NPHUBENEHHBIX H PUCYHKE
3 BucuMmocTeil. CpeHss BeTMYMH MOJTHOTO BBIXOA HEHTPOHOB MMEET TeHASHIIMIO
K H CBHIIEHUIO C yBeJIMYEHHUEM sHepruu npotoHoB. Eciu B mHTEpB Jie Mexny 1 u
2 I'sB HeUTpOHHBII BBIXOA BO3p CT €T H ~ 7 HEHUTPOHOB, TO yXe B 0OJ CTH OT
2 no 3 I'»B npup 1ienue coct Bisger Bcero ~ 4 Heitpon . H 3TOM Xxe pucyHke
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Puc. 7. CpenHsis MHOXECTBEHHOCTh BCEX HEUTPOHOB M U HEHTPOHOB C SHEpPrUeil BbIIIe
20 MaB My B pe xuuu Pb(p,nx): B — g wu s p 6or , 00 — [1-6], O — [11,12],
A — [9,10], A — [32], & — [25,57], ® — [13], crmomHble KpUBbIE — PE3yJabT T
nnpoxkcuMm nuu juid M u Moo, IyHKTUPH 4 KPUB S — 3 BUCUMOCTb U3 [58]

MIPUBEJCHBI [ HHbIE 110 CPEJHEMY BBIXOHY HEHTpPOHOB ¢ »Heprueit Bbime 20 MaB,
KOTOPbIE XOPOLLIO OIUCHIB IOTCS BBIP KEHUEM

Mo = 8(1 — exp(—0,4E,)). 4)

[Ipu moucke »TON MIPOKCUMHUPYIOMIEH (PYHKIMH ObUIO T KX€ HUCIONB30B HO
3H yeHue 7,0+ 1,4 HEWTPOH H HEyIpyroe B3 UMOAEUCTBUE IPOTOHOB C dHEP-
rueit 6,6 I'»B, nomydennoe w3 H au3 g HHBIX [14, 15]. Jomd T KUX BBICOKO-
DHEPreTHYeCKUX HEUTPOHOB Bo3p cT eT oT 10 mo 22,9 % c yBenuueHueM dHepruu
H JIeT omux npotoHos oT 250 go 3000 MaB.

K x MOXHO BuzieTh U3 T O71. 5, 3H YeHHS CpeHEH MHOXECTBEHHOCTH HEUTpO-
HOB B P 3JIMYHBIX ®HEPIeTUYECKUX IPYMIl X, H IineHusle H Mu npu E, = 2 [oB
u ompenenennsle B [10] mpu sHeprusgx m a fomux mnportonos 0,8, 1,2 u 1,6 B,
H XOIITCSl B XOPOIIEM COIJT CHU MEXIy COOOM.

3.3. DHeprus HelTpoHOB B pe Kuuu Pb(p, nx). Heitrpons:, 06p 3yomuecs
MIpY B3 UMOJEHCTBUU BHICOKODHEPreTUUECKUX IPOTOHOB U AEUTPOHOB C TSXKEIbIMU
SIOp MU, YHOCST OOJIBIIYIO JIOJII0 SHEPIUH H JIET IOIIMX Y CTHUI[ U B 3H YUTEJILHON
CTEIeHH ONPEJesISTI0T PHePreTUYeCK A O J1 HC pe KUUH. AH JIU3 9KCIIEPUMEHT Jib-
HBIX 1 HHBIX I IMy9K MPOTOHOB TOK 3 JI, YTO CPeAHsSS ®HEeprus HEHTPOHOB U
MOJTH 1 KMHETHYIECK S DHEepPrud UCIyCK eMbIX HEUTpPOHOB Fii, BO3p CT IOT C yBe-
JIMYEHHEM 3SHeprud OOMO PHUMPYHIOLIMX MPOTOHOB. KHHETHYEeCK s ®Heprus Heii-
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T omun 5. CpexHsisi MHOKECTBEHHOCTh HEUTPOHOB B P 3JIMYHBIX YHEPreTHYECKUX IPyII-
NI X B 3 BUCHMOCTH OT YHEPIUH N J IOLIUX MPOTOHOB. B CKOOK X mpHBexeHbI MpencK -
3 mug kox INCL [10]

E,, TsB|E <2 M»sB|2 < E < 20 MsB|E > 20 MsB | DxcniepumenT
0.8 4,9) 6,5+0,7 1,9+0,2 [10]
1,2 (5.8) 83+0.,8 2,703 [10]
1,6 (6,0) 10,1 +£1,0 34+£05 [10]
2,0 7,1+1,5 10,8 +1,8 3,94+0,8 |H mm g HHBIE

TpoHOB ¢ E > 20 MbaB, HecMOTps H HX M JIOE YHCJIO, COCT BISET B CpEIHEM
(27 £3) % or aHeprum 1 J 0IKUX IPOTOHOB BO BCEM UCCIIELYEMOM U 1 30HE [y,
3 BUCMMOCTU BeNMYUHBI Fyi, u otHOoweHnud Ei;,/F,, oT SHEPruM H JIET I0IUX
MIPOTOHOB, IOJIyY€HHbIE H OCHOBE HMMEIOIINXCS 3KCIIEPUMEHT JIbHBIX DPEe3YJbT -
TOB, NMOK 3 Hbl H pHc. 8. C yBelnueHneM dHEpruy NpOTOHOB Jons Eyin CH 4 1
CNIerK TNOHMX eTcd B 061 ctu coten MeB u npu £, > 1000 MsB cr HOBUTCA

Mp KTUYECKHU MOCTOSIHHOH, cocT Byt (31 £2) %.

Ekin’ MhB a Ekin/E]w % 6

1200 60F

1000 50f

800 40+

600 - 30 T3

400 - ¥ 20+

200 10+
0 n 1 n 1 n 1 n 1 n 1 n 1 n ] O 1 1 1 1 1 1 ]
0 05 1,0 1,520 25 3035 0 05 1,0 1,520 25 3,0 35

E,.ToB E, B

Puc. 8. 3 BucuMocTh cpenHell KMHETHYECKOH BSHEpPTHH

Eyin (a) n otHowenust Fiin/Ep

(6) or »Hepruu MpOTOHOB B pe Kiuu Pb(p,nx). OG0O3H 4eHUs Te ke, 4TO U H puc. 7,
CIUIOIIHbIE KPUBbIE — OLIEHEHHbIE 3 BUCUMOCTHU

Eciu npuHATH, YTO ®HEPrusl OTHEIeHus HeHUTpoH S, ~ 7 MaB, To nonu s

sHeprus W, unym & H 00p 30B HHe HEHTpPOHOB B pe Kimu Pb(p, nr), Moxer
OBITH BBIYUCIICH K K

W = Exin + SpM. (5)
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C pocrom sHEprud NpOTOHOB BenM4MH oTHowenus W/E, cH 4 1 yMeHb-
1 ercd, Ipu sHeprusax seime ~ 500 MeB ero 3H yenue cia 60 3 BUCUT OT E)
u B uHTepB Je 1-3 IsB cocr Bnger (40 £4) %.

T xuM oOp 30M, B SIEPHBIX pe KIMSAX C SAP MU CBUHII IIPU ®HEPITHU MPOTO-
HOB 1-3 I'sB okono 40 % sHepruu H JIET IOUIMX MPOTOHOB UIAET H 00p 30B Hue
HEUTPOHOB, Mpu4yeM 31 % NpUXOOUTCI H KHMHETHYECKYI0 DHEPIUI0 HEUTPOHOB, U3
KOTOpBIX 27 % yHOCAT HEUTPOHBI ¢ aHeprueil Boite 20 MaB, coct Bistomme ~ 1/5
OT TIOJTHOTO BBIXOZl HEHWTPOHOB.

DHepreTuyeckuii 6 71 HC pe KIMHM MOXET ObITh 3 IHC H K K

E,=W+Y Ei+E" + Fre, (6)

7

Ile CyMMHPOB HHE BelleTCsS MO HCIYCK eMbIM 4 CTUI[ M (WCKITIOY S HEUTPOHBHI),
FE; — BI04 eT B ce0s1 KHHETUYECKYI0 SHEPIUI0, SHEPIUI0 OTJIE/ICHHS U DHEPIHI0
MOKOsI /I HOBBIX OOp 3yrOImuXcsl 4 CTHil, F* — »Heprus BO30YXICHUS SIp -
OCT TK TIOCJI€ DMHUCCUU HEUTPOHOB, Fio. — ®DHEprus OTH 4Yu sAp -ocT TK . [IBe
nocienHue BenyuHel, £ u E,o., B cymme He mpeBbin ot 10 MsB, u umMu MoxHO
npenebpeuys. Torm , yuutsB 5, yto W ~ 0,4F,, MOIyd eM JIOJII0 DHEPIUU H Jie-
T IOMIEro MPOTOH , WAYIIYI0O H B®MHCCHIO 3 PSXKEHHBIX U CTHII, BKITIOY $ SOACPHbIC
tp rMeHTHI, U OOp 30B HHE HOBBIX Y CTHUI (IJT BHBIM O00p 30M, T-ME30HOB):

ZE ~0,6E,. (7

IIpu sHeprum nporoHoB 2 I'sB B Heynpyrux B3 UMOJEHCTBUAX C AP MU
cBuHIl B cpeaHeM okosio 800 MaB yxomutr H 00p 30B HHE HEHTPOHOB WM IIpH-
MepHo 1200 MsB ocrt eTcds H ®MHCCHIO 3 PAXEHHBIX 4 CTHII U 0Op 30B HHE
MIOHOB.

3.4. DHepreTuyecKkne p crpenejleHHsA HEHTPOHOB /I TOJCTBIX MHIIEHEH.
H3mepeHHble 1BOiHBIE MuhhepeHI JIbHbIE BBIXOObI HEHTPOHOB 11 CBUHLIOBOM
MUIIEHH 8 X 8 X 8 CcM H IIyuKe IIPOTOHOB U JEUTPOHOB C dHepruei 2 9B u s
cBUHLIOBOH MulieHd @20 X 20 cM H TPOTOH X ¢ aHeprueit 2,55 I'sB u nedTpon x
c sHeprueil 2 I'sB mok 3 Hel H puc.9, u 6 coorBercTBeHHO. K K M B ciyy e
TOHKOH MUILIEHH, OEUTPOHBI [ 0T HECKOJBKO MEHBUIMH BBIXOA HEHTPOHOB IOX
OONBIIMMH YIJT MM TI0 CP BHEHHIO C MPOTOH MM ONU3KOHW ®HEPIUH, HO, B IIEJTIOM,
MOJTy4eHHBbIE P CIIpeseNieHns] ONMM3KM M MX JIOK JIbHBIE P CXOXIECHHUS CP BHHUMBI C
9KCIEPUMEHT JIbHBIMU TOIPELIHOCTSIMHU.

Cp BHEHHE DHEpreTHYeCKUX CIEKTPOB HEUTPOHOB, IIPOTOHOB U 3 PAXEHHBIX
T-ME30HOB, U3MEpPEeHHbIX 1oJ yriioM 90°, npu 06ydeHUH NPOTOH MU CBHHLOBBIX
muiieHed 8x8x8 cm u @20x20 cMm, ok 3 HO H puc. 10, U 6 COOTBETCTBEHHO.
OCHOBHOH BKJI 1l B BBIXOA HEHTPOHOB [ IOT HEWTPOHBI HU3KMUX BHEPIUH, OIS
He#iTpoHOB ¢ sHeprusmu Boie 20 MaB coct Bisiet He 6onee 15 %. B To ke Bpems

16



T

el

E o0t ¢ 309(x 104) a 103 . 6

‘a 103 | 60°(x10%) 102 | 30°(x102) _

I (O L

o | 9ox109) 10! '

S 100 F120°(x10) 100 |90°(x10)

' oL e 9 o

g 19 TN B 10T 150

g 101+ 150 5

ple~] —2

S 102} o1

ol 103F 107

S 104 104

N\Q 10 r

NS. 1075 L 1 | ) —5 [ L L L )

=~ 0l 1 10 100 1000 0,1 1 10 100 1000
E, MsB E, MaB

Puc. 9. DHeprerndeckue CeKTpsl HEHTPOHOB, U3MEPEHHbIE H IIy4K X MPOTOHOB (@) u
neiitponoB (O, A) it p 3IMYHBIX YIJIOB M CBUHIIOBBIX MHIIEHeH 8 X 8 X 8 cM (a) u
@20 x 20 cm (6). Odna mumenn @20 X 20 cM HHU3KOZHEpreTHdeck s 0OJ CTh CIEKTp
u3MepsuT ¢b 101 yritom 60° (A)

100 a 10! - 6
S 10~ 100 L
o 107+
& ™. o1l

—2 L
g 10 *-._._“ ol \&\
T -3 L

10 -,
g \'s, 107°F T,
< 4 | %
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g et i, |
% 10> r - 1075* = es g %
S ‘o
o~ —6 | P | P | 10*6 Lol P | P |
~ 10 1 10 100 1000 1 10 100 1000
E, M»B E, M»B

Puc. 10. DHepreTuyeckue crieKTpbl HEHTPOHOB (@), MPoTOHOB (O) U T-Me30HOB (A), U3-
MepeHHbIe 11011 yriioM 90° juis mMuinereit 8 X 8 X 8 oM (a), £, = 2,0 9B u @20 x 20 cm
(6), E, = 2,55 I'»B

BBIXOJl ®TUX BBICOKOSHEPIeTHYECKHX HEHTPOHOB MPEBBII €T BBIXOMABI IPOTOHOB U
3 PSKEHHBIX 7T-ME30HOB, U ®TO P 3JIMYHME YBEIMYUB €TCS C P 3MEPOM MHILICHH.
3.5. Cp BHeHMeE C pe3yJbT T MM MOAEIHPOB HHUA. ABTOp MU [52] ObuT npen-
JIOXEH T K H 3bIB €Mblii KOMITOHEHTHBIN nogxoa K p 3p 6OTKC U HCIIOJIB30B -
HHIO CIIOXHBIX YHCJIEHHBIX Mogeneil mis (PU3MKH sSIepHbIX B3 umopeiicTBuid. C
LeNbI0 pe JIM3 LUK I HHOTrO MOOXOH OBUIO CO3[ HO CHeLH JIbHOe KOMIIOHEHTHO-
OpPHEHTHPOB HHOE Iporp MMHOe obecrieuenue [53], obsery romee npouecc H -
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IMC HUSI MOJIEJIBHBIX KOMIIOHEHT, M3 KOTOPBIX COOMp 10TCS (pU3MYECKUE MOIENN
SOepHBIX B3 MMogpeiicTBuil. B 4 ctHOcTH, H 43bike C++ OBUIM H IHC HBI KOM-
MOHEHTHI, 13 KOTOPBIX MOXHO COOp Thb XOPOIIO M3BECTHBIE (PEHOMEHOJIOTHYECKHE
MOIENM, T KM€ K K KMHETHYECK S MOJAEIb KB PK-IIIOOHHBIX CTpyH [54], npen-
P BHOBECH § 9KCHUTOHH $I MoIeib [55] u Mopmenu p cim i BO30YXIEHHBIX saep
[56]. CoOopku »THX Momesieil v ObUIM KCIOJNB30B HbI H MU JJI BBIYUCIICHHS
JBOMHBIX AW(p(epeHIM JIbHBIX CceYeHHil O0Op 30B HMSI HEUTPOHOB B HEYNPYTHX
p—-Pb-cronknosenusax. Ilpouecc Momenupos HHMS IPOTOH-ANEPHOrO B3 MMOAEH-
CTBHSI OCYLLECTBIISJICA B TPU CT JHUU: CH Y JI MOJEIUPOB JI Cb KUHETUYECK I CT -
IUd SIepHON pe KIMH, 3 TeM Ipeip BHOBECH 4 CT M4 WU, H KOHell, CT Jud p C-
I A BO30YXIEHHOIO siIp -OCT TK . P cCUMT HHOE ceueHue pe KUMHU JUIsl CTOJIK-
HOBEHUs NPOTOHOB ¢ aHepruedd 2 B c sup mu cBuHI coct Biaster 1695 M6 u
XOpOLLO COINI CYeTcsl ¢ IMOJy4YeHHbIMH 3H 4eHusiMu B [10]. Dro 3H yeHue wuc-
MOJIb30B JIOCh H MU IIPU H JIU3€ Pe3yJabT TOB U3MEPEHHI M OIPENEIEeHUs Cpel-
HEl MHOXECTBEHHOCTH HEUTpPOHOB B pe Kuuu. K x BupHO u3 puc. 11, MmoznensHbie
P CYEThl YIOBIETBOPUTEIBHO BOCIPOM3BOIIT PE3y/IbT Thl DKCIEPUMEHT JId BCeX
YIJIOB.

108 -
107 F 30°(x10%)
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|

O
106 | 60°(

lCp

105 |

M0-M»sB

d20/dEdQ,
S S o o o
[=} — %] [95} N

o

e,

10—1'......| M| A AR |

1 10 100 1000
E, M>B

Puc. 11. Cp BHeHue pe3ynbT TOB uzMepeHuii (@) ¢ MpeacK 3 HUSIMU TEOPETHYECKOH MO-
nemu (O) s nBoiiHOro audepeHIy JILHOro ceueHus 00p 30B HUS HEHTPOHOB B pe KLU
Pb(p,nx) mpu E, = 2,0 I'sB

C OMOIIBI0O ONKMC HHOTO KOJ ObUIO IPOBEAEHO MOIEIMPOB HUE JBOMHBIX
qucepeHy JbHBIX P CIpefeseHUi HeHTPOHOB /IS TOJICTBIX CBUHIIOBBIX MMIIIE-
Hell 8 X 8x 8 u P20 x 20 cM U IyuyK IIPOTOHOB, KOTOPBIE BMECTE C PE3YJIBT T MU
M3MEPEHNH H BPEMSIPOIETHOM CIIEKTPOMETpE MOK 3 Hbl H puc. 12. JInsg obenx
MHUILEHEH UMEETCs YIOBIETBOPUTEIBHOE COITl CUE PE3YJIbT TOB MOJEIMPOB HUSA U
9KCIIEPUMEHT .
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Puc. 12. Cp BHeHue pe3ynbT TOB HM3MEpPEeHUH IBOWHOrO IudepeHuu JIbHOro p crpe-
nesieHns] HeUTpoHOoB (@) C MpeacK 3 HUAMH TeopeTmdeckKoil Momenu (O) masd MHIIEHU
8 x 8 x8cwm, By =2,0 B (a) u mummenn @20 x 20 cm, E, = 2,55 I'sB (6)

3.6. BpIxoa HEMTPOHOB MJIA TOJCTBIX MUIIeHeH. CpenHue BbIXOAbl HEHTPOHOB
MOJIyY JICh IIyTEM MHTErPUPOB HUs JBOWHBIX AU(QEpeHLr JIbHBIX P CIpejesie-
HHI HEHTPOHOB MO TEJIECHOMY YIUTy U ®HEPIUH. B H WX M3MepeHHsX BepOSITHOCTD
SIEPHOTO B3 MMOJACHCTBUS U1 P 37IMYHBIX CBUHLOBBIX MHIIEHEH B PHUPOB JI Ch
OT €IWHHUI] IIPOLIEHTOB [0 NP KTUYECKH IOJHOTO MOIVIOIIEHUS! IPOTOHOB ITyYK .
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Y CTb OJIyYEHHBIX PE3y/bT TOB II0 CPEAHEN MHOXECTBEHHOCTU HEUTPOHOB H B3 -
MMOZEHCTBHE NTPOTOH IyYK B MHUIIEHH I HbI B T 671.6. IIprBeneHHbIe BETNYUHBI
XOpOWIO COINI CYIOTCS C PE3YJBT T MU, ITOJYYEHHBIMU IJI P 3JIMYHBIX CBHHLOBBIX
mumeHeil ¢ nmomoreio kog HERMES [25,57].

T 6mmy 6. CpeHue MHOKEeCTBEHHOCTH HEHTPOHOB H B3 MMOJIEICTBHE NPOTOH IMY4YK
B MHIIEHH [UIA P 3JMYHBIX CBHHIOBBIX MMINEHeH W JBYX Hepruii mpoToHoB. s mu-
meHd 2060 cM npuBeneHbI cpeHHE BLIXOAbI HEHTPOHOB H I /I IOLIMIi NIPOTOH

E,, [sB Muiens, cM
ToHK s 8x8x8 | @20 x 20 | @20 x 60
2,0 21,8+3,4 | 25,6+3,8 442+53
2,55 41,4+6,2 | 63,5+7,6

Jng MpOTSAXKEHHOU CBUHLIOBOM MMINEHU CPEJHHE BBIXOABI HEUTPOHOB U3YY -
JIUCh TIPH HECKOJIBbKHX DHEPrusX MPOTOHOB U AEHTPOHOB. [lomydeHHbIe pe3yinb-
T ThI MPEACT BJIEHBI B T OJI. 7 BMECTE C BHIXOJ MM HEUTPOHOB C DHEPIUSIMH BbILIE
20 MsB. CpenHue BbIXOAbI HEHTPOHOB BO3p CT IOT C 3HEprHed 4 CTHULl IyykK ,
IpUYeM JEHTPOHBI UMEIOT MIPEUMYIIECTBO IIEpel MPOTOH MU C TOH X€ dHEepPrUew.
OnH K0 00p TH K PTHH BO3HHUK €T IIPH CP BHEHHH BBIXOJl BBICOKOSHEpIeTHye-
CKHMX HEHTPOHOB. DTO TOBOPUT O TOM, YTO HEMTPOHBI, IPOU3BOAUMBIE IIPOTOH MU,
UMeIoT OoJiee KEeCTKHUil dHEPreTHYeCKHid CIIeKTp, YeM B CIyd € MydK JeHTPOHOB
C TOU XK€ DHEPrUEH.

T 6mun 7. CpenHue BbIXOAbI HEHTPOHOB BCeX 3HePruii Y M ¢ sHeprusavu Boiue 20 M»>B
Y50, MoiydeHHbIe H MY4YK X NPOTOHOB M JeHTPOHOB I NPOTAKEHHON CBUHIIOBOI
mueHu ©20x60 cm

E,, Y Yoo | Ea Y Y0
I'sB (n/p) (n/p) | TeB (n/d) (n/d)
0994 | 24,1429 2,1+£04 | 1,03 | 249440 17403
20 | 442453 47408 | 198 | 585+94 4,1+08
255 | 63,5+76 58+10| —
3,17 | 71,6486 68+12 | —
3,65 | 80,6+9,7 85+15 3,76 | 989+158 82416

H puc. 13 npuseneHsl pe3ylbT Thl MUMEIOUIMXCHA HM3MEPEHHH CPEIHErO BbI-
X0l HEWTPOHOB Ul CBUHLIOBOM MuuieHd 20 x 60 cM, IOJlydeHHblE H IIy4K X
MIPOTOHOB (@) U NEUTPOHOB (6). Pe3ynbT Thl U3MepeHuil METOIOM 3 MejyieHus [28]
ObLIM CKOPPEKTUPOB Hbl H YTeuKy HeWTpoHOB ¢ £ > 15 MaB. CrulomHoii Kpu-
BOW IIOK 3 H PE3yNbT T MOJEIUPOB HUA I Iy4K IPOTOHOB C IOMOLIBIO KOJ
HERMES [25]. B npenen X 9KCHEPUMEHT JIbHBIX MOTPELIHOCTEH UMEETCS XOpO-
Iee COIVI CHE€ P 3JIMYHBIX DKCIIEPUMEHT JIbHBIX I HHBIX M ®KCIIEPUMEHT C Ipea-
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Puc. 13. Cpennuil BbIXOJ HEUTPOHOB H 1 [ IOUIMIA NIPOTOH (a) U JAEUTPOH (6) i1 CBUHIO-
Boil MumeHn @20 X 60 cM B 3 BUCUMOCTH OT BHEpPIUHU My4K : @ — pe3ysabT Thl H CTOSILEH
p 601b; O — cKOppeKTHpOB HHble 1 HHble [28]; A — 1 HHbIE [59, 60]; crutomHble Kpy-
Boie — mpenck 3 Hue kog HERMES g nydk npoToHOB [25]; myHKTHpHbBIE KpUBbIE —
CpeIHUI1 BBIXON HEHTPOHOB B EPBUYHBIX SAEPHBIX B3 MMOAEHCTBHAX Y7 JUIS My4K IIPOTO-
HOB U TIIPOKCUM LUS 1 HHBIX [28] 115 myyk JeHTpOHOB

CK 3 HMeM Kop . B 06n cru sHepruii Boiie 1 I'B pelitponst o o H ~ 10—15 %
OOJBILIMIA BBIXOJl HEHTPOHOB, YeM IPOTOHbI C TOW K€ DHEPrUEH.

B XHBIM [UI MOHMM HHUS IPOLIECC P 3MHOXEHUS HEUTPOHOB B CBHUHIIOBBIX
MUILIEHAIX SBIIeTCd H JIM3 POJIM BTOPUYHBIX B3 MMOJEHCTBUIl B MOBBIIIEHMH MHO-
’KECTBEHHOCTH HEHTPOHOB U 3 BUCHUMOCTHU 3TOTO SBJIEHUS OT P 3MEPOB MUIIEHHU
W BHEPIWH 4 CTUI MydK . [l OLEHKM CpPEeIHUX 3H YEHHH BBIXOX Y7 M MHO-
KECTBEHHOCTH )M HEHTPOHOB B MEPBUYHBIX B3 MMOAEHCTBHSX MPOTOHOB ITy4K
MCIOJIB30B JI0Ch BbIp XeHue (3). [Ipu sneprum nmporonos 2 B Bk 1 mpouecc
P 3MHOXEHHS HEUTPOHOB B CBHHLE I MUILIEHH 8§ X 8X 8 cM cocT Biser 25 % ot
MOJIHOTO BBIXOJ , JUIS NPOTSKEHHOW MMIIEHH OH YXe COCT BiseT Golee 1oJo-
BuHbL. [lpu yBenmmueHnu IymuHbl MumieHd ¢ 20 go 60 cM mpm ToOM Xe OU MeTpe
20 cM ®TOT BKJI A MOBHINI eTcd H ~ 20 % mpu sHepruu mpoToHoB 2,55 I=B.
BrluncnieHH S ®HEPreTHYecK s 3 BUCHUMOCTb CPEIHEIO BBIXOJ HEHTPOHOB B IEp-
BUYHBIX B3 MMOJIEHCTBUAX MPOTOHOB ITy4K B MPOTSKEHHOW CBHHLIOBON MMIIEHU
Mok 3 H H puc.13, nyHktupHoil KpuBoil. Cp BHEHHME BBIXOA HEHTPOHOB U3
MEPBUYHBIX B3 MMOAEHCTBUI MPOTOHOB C IOJHBIM BBIXOJOM HEUTPOHOB IOK 3bI-
B €T, YTO IIPU DHEPIUSAX IMPOTOHOB HECKONBKO ['9B BTOpHYHBIE B3 MMONEHCTBUA
BHYTPH IIPOTSKEHHBIX MULIEHEH [ 0T CYIIECTBEHHBIN BKJI [, KOTOPBI YMEHBII €T
9(pheKT H CBHILIEHUS C POCTOM DHEPTUM MPOTOH .

DHepreTUYecKUe X p KTEPUCTUKHM HEUTPOHHOTO W3IIy4eHUsS JUId CBHUHIIOBOMU
mumeHn @20x60 cM U Tpex SHEepruil NPOTOHOB U JAEHTPOHOB IpPHBEIEHHI B
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T 0. 8. CpenHue BeJTMYMHBI DHEPIUU HEUTPOHOB < E >, KHHETHMYECKOIl HEPruu
HEHUTpOHHOTO M3MydeHus Fiy;, u sHepruu W, 3 Tp 4eHHOH H 0Op 30B HHE HEii-
TPOHOB, BO3p CT IOT C ®HEprued NyuyK Fheam. [1pu 9ToM oTHOMEHUS Fiyin/Eheam
U W/Epeam T KXe TOK 3bIB 0T pocT. [lo cp BHEHHIO C AEHTPOH MH HPOTOHBI
I 10T O0Jiee BBICOKYIO CPEIHIOK DHEPTHI0 HEUTPOHOB, OJIH KO JIOJIs SHEPIUH MydK |,
3 Tp 4MB eM s H 00p 30B HuEe HeHTpOHOB, W/Fheam NP KTHYECKH HE 3 BUCHT
OT THUII 4 CTHII IIy4K , CTPEMACh K 1/2 ¢ poctom aHepruu.

T 6mun 8. DHepreTHyeckne X P KT€PUCTHKH HEHTPOHOB Uil CBUHLIOBOW MHIIEHH
220 x 60 cM pH Tpex p 3JUYHBIX SHEPIUAX H JIeT IOIMX MPOTOHOB U AeHTPOHOB

Ebeam, < E >, Ekin, Ekin/Ebeam, % W, W/Ebeamy %o
=B MsB MsB MbsB
ITpotonsl
0,994 8,82 213 21,3 382 38,2
2,0 11,6 513 25,6 822 41,1
3,65 13,7 1106 30,3 1670 45,6
JeiTpoHbl
1,03 6,52 162 15,7 336 32,6
1,98 7,87 460 23,2 870 439
3,76 10,4 1025 27,3 1717 45,7

HccnenoB HUS BBIXOI HEHTPOHOB M3 CBUHIIOBOW MPOTSAXKEHHOH MuiieHn &20
X60 cM MoK 3 JIU, YTO 3 BUCUMOCTH CPETHEro YUCJ HEUTPOHOB H E€IUHUILY DHEP-
MU OYYK [JOCTUT €T M KCUM JIbHOTO 3H YEHHS IIPU DHEPIHU IYYK B HHTEPB Jie
1-2 I'sB u 1 nee MEIIEHHO CII I €T C IMOBbIIIeHUEM dHeprud. OOBYHO M3 DTOrO
¢ KT 1en ercs BBIBOI, YTO ONTHUM JIBHOW ®HEPIUEi I MPOU3BOACTB HEUTPOHOB
spisieTcsd sHeprusd nydk ~ | IsB. OpH Ko, K K MOK 3 JIM H IIU UCCJIEN0B HUI,
CpenHssl DHEpPrusi HEMTPOHOB M KUHETHUYECK $I DHEPTusl HEUTPOHHOTO W3JTy4eHUs
H eOUHMIy ®HEPrMH INYYK HENpPEPHIBHO BO3P CT 10T C POCTOM SHEPIHM IYYK ,
YTO MOXeT OBITh HCIIONB30B HO VIS I JIbHEHIIero p 3MHOXEHHS HEUTPOHOB B
671 HKeTe, OKpPYX IOIIeM CBUHIIOBYIO MHIIEeHb. [Ipu 3TOM, MO-BUOMMOMY, CIIEdyeT
OXWJ Th CYIIECTBEHHOTO CABUT M KCHUMYM P CIIPEIENIeHUs] CPEIHEro Ynucil Hew-
TPOHOB H E€IMHUILY SHEPIUH [ydK B CTOPOHY Oosbiimx sHepruid. T KuM o6p 30M,
BOINPOC 00 ONTUM JIbHOW SHEPIUH Iy4dK JUIs MPOU3BOICTB HEUTPOHOB OCT €TCS
OTKPBITBIM.

3AKIIIOYEHHUE

AH 1TM3 U3MEPEeHHOIO H MyYKe MPOTOHOB ABOMHOIrO AU(epeHI JIbHOTO ce-
4yeHHs oOp 30B HUS HEWTPOHOB B pe Kuuu Pb(p,nx) mok 3 j1 Xxopolee corn cue
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MOJYYEHHBIX H MH Pe3ylbT TOB C [l HHbIMH JPYTHMX DKCIEPUMEHTOB, T KXe€ C
pe3yapT T MU MOAenUpoB HHA. OnpeneneHH S H MU CPelH:dsd MHOXECTBEHHOCTb
HEUTPOHOB Juld NMpPOTOHOB C sHepruei 2 [vB cocr Buger 21,8 £+ 3,4 HellTpoH
H B3 uMogeiicTeue. IlonydeHH 4 ®HEpreTuyecK s 3 BUCHUMOCTb CpEJHEN MHOXe-
CTBEHHOCTH HEHTPOHOB B HeyNnpyrux p—Pb-B3 MMO#EHCTBUSAX HE3H YHUTENBHO OT-
Ju4 etcd oT npet r emoil B [58]. C moBbllieHHEM 3HEpPruu MPOTOHOB CPEIHSS
9HEprus HEUTPOHOB BO3D CT €T, HOJIM DHEPIUU IIyYK , YHOCUMOW HEUTPOH MU
B BUJE KMHETHYECKOH ®HEPIUU U SHEPIuH, Uaylmeid H obp 30B HHE HEHTPOHOB C
Y4€TOM DHEPIUH CBS3H, OCT I0TCS MPUOIM3UTEIbHO IIOCTOSHHBIMU B 00 CTH BBIIIE
1 I'®B u coct Bsor ~ 31 u =~ 40% cooTBeTcTBeHHO. B mpenen x sKcrnepumeH-
T JIBHBIX TOTPEIIHOCTEd H MU NOJy4eHbl OJM3KKMe 3H 4eHHsl ceueHHid oOp 30B -
HUS HEUTPOHOB Ul II J IOLUX IIPOTOHOB U JEUTPOHOB C OJMH KOBOHU ®HEprueu
2 T'sB. BBuay Toro, 4yTo ceuyeHue pe KLMHU [Uld AEUTPOHOB BBILIE, YEM ISl IIPOTO-
HOB, CpellHdsd MHOXECTBEHHOCTb HEHTPOHOB B P€ KLHU I IPOTOHOB HECKOJIBKO
BBILIIE, YeM VI AeUTPOHOB. OH KO 3TO p 3/1IMYME H XOQUTCH B IPENesl X MOrpel-
HOCTEH U3MEPEHUN.

JInd TOJCTBIX CBUHIIOBBIX MHILIEHEH H3MEpeHHd METOIOM BPEMEHHM IpOJieT
HOK 3 JIM, 4TO, K K ¥ B CIIyd € C TOHKOU MUILIEHBIO, SMUCCUS HEUTPOHOB HU3KHX
SHEPrUil IMeeT U30TPOIHBIM X P KTep, B 00N CTH BBICOKHX DHEPIUil OH H TIp -
BIIEH TIPEUMYIIECTBEHHO Brepea. [IpOTOHBI M JEUTPOHBI MPOU3BOIAT OU3KHE MO
thopMe u BemMUMHE dHEpreTHYeckue p crpeneraeHus: HelTpoHoB. C yBenuueHHeM
P 3Mep MHUILIEHH [IPEUMYILIECTBO 3MUCCHUH HEHTPOHOB H I UCITYCK HHUEM 3 PSKEeH-
HBIX Y CTHULl yBenuuuB ercd. OmnpenesneHHble H MU CpPeJHUE MHOXECTBEHHOCTH
HEHTPOHOB Ul BCEX MCCIIENOB HHBIX H ITydKe IPOTOHOB CBUHIIOBBIX MHIIEHEN
XOpOIIIO corlt cyorcd ¢ npeack 3 musmu kom HERMES [25, 57]. na npots-
’KEHHO! CBUHIIOBOW MUILEHH 1 MeTpoM 20 u TonuuHoi 60 cM H 1M U3MepeHus
METOJOM MOPOTOBBIX IETEKTOPOB [ JM 3H YEHHd CPEIHEro BBIXOJ HEHTPOHOB,
O7M3KHe K TOJyYeHHBIM METOIOM 3 MelyleHusl B [28], eciam »TH ]I HHBIE CKOp-
PEKTHPOB Th H YTEYKY BBICOKO®HEPIeTHYECKHX HEWTpOHOB. B 00; cTh »HEepruii
Boire 1 [@B meittponsr 1 1oT H# ~ 10-15 % Oomnpimuii BBIXOI HEUTPOHOB, YeM
IIPOTOHBI C TOM XK€ DHEPIUEH.

AH 53 mpolecc p 3MHOXEHMS HEHTPOHOB B CBUHIIOBBIX MHILEHIX P 3JIHY-
HOTO P 3M€p , BBIIOJIHEHHBII M1 My4K TPOTOHOB, MOK 3 JI, YTO C yBEJIMUEHHEM
TOJILIMHBI U TIONEPEYHOrO P 3MEP MHUILIEHH CPEIHAd MHOXECTBEHHOCTb HEUTPO-
HOB CYILECTBEHHO BO3p CT €T 3 CY€T BTOPUYHBIX B3 UMOJEWCTBHI B MuiieHu. C
pPOCTOM BHEPTHH INPOTOHOB BKII J MPOLECC P 3MHOXEHUS HEHUTPOHOB B BBIXOJ
HEHTPOHOB yBEIMYUB €TCS, MPEBBII S IPUMEPHO B B P 3 CPEIHIOI MHOXe-
CTBEHHOCTb HEUTPOHOB OT IIEPBUYHBIX B3 MUMOJECHCTBUI IIPOTOHOB B CBUHLIOBOU
muienn @20x60 cm npu E, = 2 I'sB. H3Mepenus ¢ NpoTsSXeHHOH CBUHLIOBON
MHUILIEHBIO MOK 3 JIM, YTO NPH OAUH KOBOH BHEPIHU IIy4K IPOTOHBI IIPOU3BOIAT
HEHTpOHBI ¢ Oonpinel cpenHeil sHeprueil U 1 10T H ~ 10 % O6O0NbIIyl0 KHHETH-
YEeCKYyI0 DHEPrHI0 HEUTPOHHOTO M3JIy4eHHs, YeM AeUTpOoHbl. OTHOLIeHHe MOJTHON
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9HEpruu, 3 TP YUB MOl H 00p 30B HHE HEUTPOHOB, K ®HEPIrHMU Y CTHIL ITy4K
MOK 3bIB €T CJ1 OBIif pOCT C ®HEepruel IMyyk ; BEIMYMH 3TOTO OTHOLIEHHUS HE 3 -
BUCHT OT THI Y CTHI] W COCT BsieT ~ 46 % mpu sHepruu 3,7 [9B. Ddexr
BO3p CT HHUS CpEiHEH SHEepruyd HEHTPOHOB M KWHETHYECKOH 3HEpruM HEHTpOH-
HOTO M3JIy4eHUS H €AWHMIly DHEpPrHH My4K C POCTOM DHEPIUH My4yK MOXET
ObITH MCIIOJIB30B H IS [ JIbHEUIIEro p 3MHOXEHHs] HEHTPOHOB B OJ1 HKeTe, OKpY-
X IOLIEM CBUHLIOBYIO MHUIlIeHb. [Ipu 3TOM BOIpoc 00 ONTHM JIbHOW DHEPIUH YUK
IU1sl IPOU3BOACTB  HEHTPOHOB TpeOyeT A JIbHEHIEero U3ydeHusl.
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