
4S f./1/ 

~ HJ-6El 

061,E)];IIHEHHblH IIHCTIITYT H,n;EPHbIX IICCJIE)];OBAHIIH 

1-2006-123 

Ha npasax pyKonHcH 
Y)];K 539.173+539.172.84 

IOPEBHq 
BJia,nHMHp HaaHOBHq 

HCCJIE,L(OBAHHE ,L(EJIEHIDI ..H,L(EP 
H OEPA30BAHH..H HEHTPOHOB HA IIY1IKAX 

JIEfKHX PEJI..sITHBHCTC.KHX MEP 

CrreU:HaJibHOCTb: 01.04.16 - q>H3HKa aTOMHOro .SI,npa 

H 3JieMeHTapHbIX qaCTHU 

ABTopeq>epaT ,D,ncceprnuuu ua coucKauue yqeuoii creneuu 
,ll,OKTOpa q>H3HKO-MareMaTWieCKHX uayK 

)zy6ua 2006 



Pa6crra BLIIlOJIHeHa B Jia6opaTOpHH BLIC0KHX :meprn:ii HM. B.H. BeKCJiepa 

H A.M. EaJIMHa O61,e,zorneHHOro HHC'I'lfIYTil Jip;epH1,1x Hccne.zi;oBaHHH. 

04>uu;uaJ1LHble onnoueHTLI: 

AOICT0p cpH3HKO-MaTeMaTWieCKHX Hayic, 
CTapIIIHH HayqHLIH COTpYAHHK 

A0KTOp !pH3HKO-MaTeMaTWieCKHX Hayic, 
npocpeccop 

AOICT0p cpH3HKO-MaTeMaTWieCKHX HayK 

Be,rcy1o;au oprauH1au;m1: 

HH:cnnyr qJH3HKH BI,IC0KHX :mepmii, r. IIpOTBHHO. 

E.A. CrpoKOBCKHH 

B.B. CYMa'IeB 

IO.E. TmapettKo 

3amma AHCCepTal.{HH C0CT0HTCJI '-'-~-" --------- 2006 r. 

Ha 3acep;aHHH AffCCepTal.{H0HH0ro C0BeTa ,n; 720.001.02 

B Jia6opaTOpHH BLIC0KHX :mepmii HM. B.H. BeKcnepa HAM. Eanp;nHa 

O61,e,zorneHHoro HHCTHT)'Ta H)l;epHLIX HCCJie,ll;OBaHHH 

no ap;pecy r. ,Zl;y6Ha MocKOBCKOH o6nacTH. 

C AffCCepTal.{Heii M0:>KH0 03HaK0MHTLCJI B 6H6JIIIOTeKe 

O61,e.zi;HHeHHOro HHCTHT)'Ta Jip;epHLIX HCCJie,ll;OBaHHH. 

ABTOpecpepaT pa30CJiaH " ___ " ________ 2006 r. 

Y"IJ:eH1,1ii ceKpernp1, coBeTa: 
KaHAHAaT qJH3HKO-MaTeMaTHqecKHX HayK, 
CTapIIIHii Hay-qm1ii C0TPYAHHK #~B.A. Apeip,ee 

OlilUAJI XAPAKTEPHCTMKA PAliOTbI 

Alfl)'3JlhHOCTh TeMbl. 83aHMO,nettCTBHe rrerKHX JI,nep C TJDKeJihIMH ll,npaMH 

npH :meprHHX 0,5-5 Ar3B, OTHOClllII.HXCll K o6rraCTH npoMemyTOqHbIX 3Hepmii, 

llBJllleTCll O,nHHM H3 3cp<peKTHBHhIX cnoco60B ITOJIY'IeHHJI ropwmx ll,nep C MaJihIM 

B036y)K,neHHeM KOJIJieKTHBHhIX CTeneHett CB060,nhI. B TaKHX B3aHMo,nettCTBHJIX 

peaKI.{HH .nerreHHJI JI,nep H 3MHCCHJI neiiTPOHOB OTHOCJITCJI K OCHOBHhIM npoueccaM 

pacna.na H ,neB036y)K.l(eHHH JI,nepnott CHCTeMhl. B TO )Ke BpeMll 3Ta o6rraCTh 3Hepnrii 

xapaKTepmyeTCJI ITOJIBJieHIIeM HOBhIX KaHaJIOB 6hICTPOro pacna.na, peaKI.{HH 

pacrn.enrreHHJI c BbIJleTOM 6oJibIIIOro •mcrra H)'KJIOHOB H rrerKHX cpparMeHTOB n 

peaKI.{HH :M)'JlhTH<pparMeHTal.{HH C o6pa30BaHHeM ueCKOJlhKHX cpparMeHTOB 

npm,temyTO'IHOH. MaCChI, ceqeum:1 KOTOpbIX BO3pacTaIOT C ITOBhIIIIeHHeM 3HeprHH. 

Harrll'IHe ueCKOJlhKHX MO,!l pacna.na B036Y)K,!leHHOll ll,nepnott CHCTeMbl -

pacrn.ermeHHe, M)'JihTmpparMeHTaUHH, ,nerreHHe H HcnapeHHe nopmK,naeT 

onpe.nerreHHbie TPY.llHOCTH Ha nyTH 3KCnepHMeHTaJihHOro H TeopeTH'ICCKOrO 

no,nxo,noB no HCCJie,noBaHIIIO ,!lHHaMHKH JI,!lpO-ll,!lepuoro B3aHMO,!leHCTBHH, peaKI.{HH 

.neneHHH ll,nep H 31\fHCCHH nett.TPOHOB B o6rraCTH 3Heprni\: BhIIIIe 0,5 r38/ttyKJIOH. 

HeCMOTPll Ha MHTeJibttyIO HCTOpIIIO 3KcnepHMCHTaJihHOro H TeopeTH'leCKoro 

myqenttll ,nenemrn ll,nep, 3a,naqa nOJIY'ICHHH na,ne)KHhIX ,naHHhrx no ce'leHHHM 

.nerreIIHJI ll,nep pa3JIH'IHhIX ttyKJIH,nOB B o6rraCTH npoMemyTO'IHhIX 3Heprnii: H HX 

a,neKBaTnoro TeopeTH'leCKoro onncaHHH llBJllleTCJI BeChMa aKTYaJihHOH. Pe3yJlhTaThl 

nanmx mMepenntt ceqennii: .nerreHHH 
181

Ta, 
209Bi, 232

Th, 
235U, 238U n 237Np Ha nyqKax 

npoTOHOB H ,neHTPOHOB [I, 2] JIBJIJIIOTCJI cyrn.ecTBeHHhIM BKJia,noM B 6a3y 

3KCnepnMeHTaJibHhIX ,naHHhIX, CJIY)Karu.eii: OCHOBOH. ,!lJ1ll npoBepKH TeopeTH'leCKHX 

MO,!lerreii: H IIOJIY'IeHHH ouenO'IHhIX 3aBHCHMOCTeH. 

3MHCCHH HCHTPOHOB conpOBO)K.l(aeT BCe CTa.l(HH pacna.na B036Y)K,!leHHOH 

JI,nepnoii: CHCTeMhI, o6pa3yIOlII.CH.CJI B CTOJIKHOBeHHH, H ua Hee rrpHXO.l(HTCJI 

3Ha'IHTeJlhHaJI ,noJlll 3neprtttt uarreTarorn.eu qacTHI.{bI. Hccrre.nonaHne ,nnoH.Hhrx 

.nncpcpepeHI.{HaJihHhIX Ce'leIIHH o6pa30BaHHH nett.TPOHOB .naeT ueunyro HH<pOpMal.{IIIO 



,!I.IDl II0HHMaHIDI rrpol{ecca pacrra.u:a B036y,K)l;eHHOH .11.u:epHOH MaTepHH II .IIBJUleTC.11 

BeCbMa aJCTYaJII,HblM ,!I.ID1 pa3BIITIDI TeopHH .11.u:epHbIX peaKl..{HH B o6JiaCTH 

rrpoMe)K)'T0'IHblX :meprHH. BbICOKaH aJCTYaJII,H0CTb TaKHX IICCJie,ll;OBaHIIH rrpI1 

:meprIDIX £ 2'. } Ar3B 000,.IICHHeTC.II TaIOKe TeM, 'ITO HMeeTC.11 T0JII,K0 HeCK0JibK0 

3KCIIepHMeHT0B Ha II)"lKe rrp0TOH0B B 3TOH o6JiaCTH 3HeprI1H, BbID0JIHeHIIl>IX B KEK 

(.5IrroHHH), SACLA Y (<l>paHl..{IDI), IIT3<1> II Hamett rpyrrrrott B OII.5III [3, 4]. 

lI3MepeHIDI Ha .11.u:epHbIX II)"lKax 61,mII BrrepB1,1e rrpoBe.u:eHbI B OII.5III aBTopoM 

,n:uccepTaUHII C0BMeCTH0 C corpy,ll;HIIKaMII Pa,ll;lleBoro IIHCTilryTa HM. B.r. XnoIIHHa, 

CaHKT-IleTep6ypr [3]. 

B He,ll;aBHHX 3KCrrepHMeHTaX no Il3yqemno 3MIICCIIII 3apIDKeHIIl>IX .11.u:epHbIX 

cpparMeHTOB 6bIJIO II0Ka3aH0, 1IT0 B l{eHrpaJibHbIX CT0JIKH0BeHHHX IIp0T0H0B II .11.u:ep 

rrpoMe,K}'T0'IHbIX 3HeprI1H C T.!DKeJII,IMII .11.npaMII o6pa3YJOTC.II C0CT0.IIHHH .ll)];epHOH 

CIICTeMbl C B036y)K)l;eHileM B HeCK0JibK0 M3B Ha ttyKJI0H II IIJI0TH0CThIO cymecTBeHH0 

MeHbmeii IIJI0TH0CTH .11.u:ep B H0pMaJibH0M C0CT0.IIHHH. 3TO IIpHB0,ll;HT K 6bICTPOMY 

TeIIJI0B0MY pacmnpeHHIO .11.u:epHoii CIICTeMhI II ee pacrra,11;y qepe3 ¢a30BbIB rrepexo.u: 

(()Kll,ll;K0CTh-ra3» corrracH0 CTaTIICTH'leCKOH TeopHH MYJil,THcpparMeHTal{IIH. 

EcTeCTBeHHO 0JKH,ll;aTb, 'ITO B rrpol{ecce pacrra.u:a 0,n:H0BpeMeHHO C 3apIDKeHIIl>IMII 

cpparMeHTaMII IIp0IICX0,ll;HT TaKJKe 6b1crp1,rn c6poc qacTH HeiirpOHOB, rrpI1 3TOM llX 

xapaKTepIICTHKH Jl0JI)Klll,1 orpaJKaTh CBOHCTBa JlaHH0ro rrpol{ecca. B HaillllX pa6ornx 

[3, 4] II0Ka3aH0, 'ITO 3KcrrepHMeHTaJibH0e H3yqeHile 3MIICCHH HeiirpOHOB M0JKeT ,ll;aTb 

H0BYJO l{eHHyro HH¢0pMal{HIO 06 3T0M .IIBJieHHH. 3TO II0,ll;'lepKHBaeT aKIYaJII,H0CTh 

Heiirpomn,ix IICCJie,ll;OBaHIIH Ha II)"lKaX peilllTHBHCTCKHX .11.u:ep. 

Tpy,n:uocTH Ha rryTII C03JlaHIDI TeopI1I1 .11.u:po-.11.u:epHbIX B3aHMOJJ:eHCTBHH rrpn 

3HeprID1X HeCK0JibK0 r3B Ha HYKJI0H II CB.113aHHaH C 3THM rrpo6Jiel\rn pa3pa60TKH 

3¢¢eKTHBHbIX K0MilbIOTepHbIX K0,n:0B ,!I.IDl M0,n:eJittp0BaHHH TaKHX B3aHMO,n:eiiCTBHH 

.n:erraroT aJCTYaJII,HOH 3a,n:aqy pa3BHTH.II cpeuoMeHOJIOrll'leCKHX MO)leJieH ,!I.IDl 0IIHCaHHH 

xapaKTepIICTIIK IICrryCKaeMbIX 'laCTHI..{. IlpHMepoM TaKOH M0,ll;eJIH HBJI.lleTC.11 M0)leJII, 

,ll;BH,K}'II(HXC.11 IICT0'IHHK0B, pa3BHBaeMaH ,!I.IDl aHaJIH3a uettrpOHIIl>IX crreKrp0B B KEK 

(.5IrroHHH). B HamHX pa6ornx [3, 4] rrpe,ll;IlpHHHT0 .u:am,HeHIIIee pa3BHTHe M0JJ:CJIH Ha 

0CH0Be 'leThipex ,ll;BH,K}'II(HXC.11 IICT0'IHHK0B, orpaJKaIOII(HX 0CH0BHbie M0,n:bl pacrra,n:a 
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B036YJK.U:CHHOH .11.n:epHOH CIICTCMbl II BH0C.lllllile cymeCTBCHHbIH BKJia,n: B 3MIICCIIJO 

HettrpOHOB. Mo.u:errh xopomo B0CIIp0H3B0,ll;IIT .U:BOHHbie Jlil¢¢epeHl..{llam,Hbie 

pacrrpe.n:erreHIDI ueiirpoHoB B o6rracTII yrrroB 0;?: 30°, T.e. B o6nacTH cppanteHTaUHII 

.11,n:pa-MHIIIeHII, II II03B0JUleT BbI,n:eJIIITb HeiirpOHbI, IICrrycKaCMbie Ha CTa,n:HH 

MYJII,TllcpparMCHTaUIIII, 0UCHIITb Ce'-leHile llX o6pa3oBaHIDI H xapaKTepuyro 

TeMrreparypy B036yJKJJ:eHHOH .11.u:ep11oii CIICTeMbl B M0MeHT ee pacrra.u:a. 

Ha C03)laHile 6a3bl .11.u:epHblX .u:aHHbIX ,!I.IDl pa3JIH'-IHbIX .11.nepHO-¢Il3H'leCKHX 3a,naq 

H Hayqno-TeXHH'-leCKHX rrpIIJIOJKeHHH B o6rraCTH rrpoMe,K}'T0'-IHbIX 3Heprnii, TaKHX 

KaK, pa3BHTHe Ha OCH0Be CIIJibHOT0'-IHbIX ycKOpHTerreii 6orree 6e3orraCHOH .11.nepHOH 

3HepreTHKH II ycTaH0BOK ,!I.IDl rpaHCMYTaUIIH 0TX0.D.0B aT0MHbIX CTaHl..{llii II pH,na 

.npyrHX, uauerreHbl MeJK.nyuapo,nHbie H HaUHOHaJibHbie rrporpaMMbl B CIIIA, 

EBporreiiCKOM COI03e, .5IrroHHH H PoCCHH. BaJKHOH COCTaBJUIIOllleii 3TOH ,neHTeJII,H0CTII 

HBJUleTC.11 II0JIY'feHHe H0BblX 3KCIIepHMeHTaJibHbIX ,naHHbIX no peaKl..{ll.llM .nerreHH.11 H 

o6pa30BaHHJO ueiirpOHOB B 3KCrrepHMeHTaX co CBHHU0BbIMH MilllleIDIMH Ha II)"lKax 

nerKHX peilllTHBHCTCKHX HJlep, TaK KaK CBHHeu .IIBJIHeTC.11 HaH6orree '-!aCT0 

IICII0Jib3yeMbIM MaTepnarroM rrpu rrpoeKTHp0BaIIHH ueiirpouorrpOI13BO,nHII(eH 

MHIIieHH. )],HCKYCCH.11 0 rrpeuMymecTBe HCII0Jib30BaHml rryqKa .neiirpOHOB BMeCT0 

rrpOT0HOB ,!I.IDl reHepaunH HCHTPOHOB H rpaHCMYTaUHH pa.nnoaKTHBHbIX 0TX0,ll;0B 

rpe6yeT ,!I.IDl 0KOII'l.aTCJibHOro perneHH.11 Borrpoca rrpoBe,neHH.11 cpaBHIITeJibHbIX 

3KCIIepI1MeHTOB Ha II)"lKax rrp0T0HOB H ,n:eiirpOHOB. TaKHe CHCTeMaTH'leCKHe 

I1ccne,noBaHID1, BKJIJO'-la10mI1e B ce6.11 H3yqenHe rrpocrpaHCTBenno-yrrroBbIX 

pacrrpe.neneHIIH peaKl..{HH .n:erreHH.11 B rrorre ueiirpOHHOro HCT0'-IHHKa, ,n:BOHHblX 

,n:ucpcpepeHl..{llaJibHblX Ce'-leHHH H BblX0,ll;0B neiirpoHOB, MH0JKeCTBeHHOCTlf ueiirpOHOB 

II YHOCHMOH IIMH 3HeprHH, 6bIJIH BbIIIOJIHCHbl aBT0pOM ,n:HCCepTaUHH BMeCTe C 

coaBT0paMII Ha II)"lKax rrpOT0H0B H ,!lettrpOHOB B OII.5IH [4-6]. 

OT pa3BHTH.II 3KCIIepHMeHTaJibHblX MeT0,!l0B B 3Ha'-IHTeJibHOH CTerrenu 3aBHCHT 

rrporpecc B rrony•1eHHH HOBbIX ,n:aHHblX no peaKl..{ll.llM ,!leJieHHH H HettrpOHHbIM 

pacrrpe,!leJieHH.IIM B H3MepeHHHX Ha ycKopuTeJI.IIX, B TOM '-IHCJie B ycJIOBII.IIX «IIJIOXOH» 

reoMerpHH. MeTOJlbl TBep,noTeJibHbIX rpeK0BbIX ,n:eTeKT0pOB H,nep (TT)],), rroporOBbIX 
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,n:ereKTOpOB HeiiTpOHOB H BpeMeHH nponeTa mttpOKO HCnonh3YJOTCH B pa3.1IW1HhlX 

H,n:epHO-<pH3WfeCKHX ttccne,n:oBaHHHX. A1nopoM ,n:HCCepTaUHH BMeCTe C rpynnoil: 

colpy,n:HHKOB Pa,n:tteBoro HHCTmyra HM. B.f. XrroTIHHa 6LIJIH npe.n:npHHHTLI 

3Ha'IHTeJibHLie ycHJIHH no pa3BHTH10 3THX 3KcnepHMeHTaJibHbIX MeTO.D:OB ,n:JIH 

npoBe,n:eHHH HCCne,n:OBaHHH Ha ycKOpHTeJIHX H noJIY'IeHHH Ha,n:eiKHbIX .D:aHHbIX no 

ce'leHHHM tt BhIXO,n:aM pea~ ,n:eneHHH tt Heil:lpOHOB [7,8]. 

OcnoenaH UeJlb .llHCCepTaUHH COCTOHT B ttccne.n:omuum Ha OCHOBe pa3BHTbIX 

MeTO,n:OB H C03.D:8HHbIX ycTaHOBOK np011eccoB ,n:eneHHH H,n:ep H o6pa30BaHHH 

HeiiTpOHOB B 3KCnepHMeHTax C TOHKHMH H TOnCThIMH MHilleHHMH Ha ny'IK8X nenrnx 

peJIHTHBHCTCKHX H,n:ep H B H3Y':leHHH 3aKOHOMepHOCTeil:, npHCYI11HX 3THM <pH3H'leCKHM 

HBneHHHM. 

HayqnaH H0BH3Ha. B pe3ynhTaTe CHCTeMaTH':leCKHX MHoroneTHHX HCCne,n:OBaHHH 

Ha Bhme,n:eHHLIX TIY':!Kax peJIHTHBHCTCKHX H,n:ep cHHXpo<paJOlpOHa JIB3 OIUIH 

BnepBhie nOJIY'IeHbl 3KCnepttMeHTaJihHble ,n:aHHhie no .n:BOHHbIM ,n:tt<p<pepeH11HaJihHbIM 

ce'leHHHM o6pa30BaHHH HeiiTpoHOB B 11,n:po-H,n:epHbIX B38HMO,n:eil:CTBHHX nptt :meprIDIX 

HeCKOJibKO f3B Ha ttyKJIOH H OIJeHeHbI cpe,n:HHe MHO,KeCTBeHHOCTH HeiiTpOHOB. 

BnepBhie no.n:po6HO H3Y':leHa 3aBHCHMOCTb .D:H<p<pepeH11HMbHbIX pacnpe,n:eneHHil:, 

HHTerpMbHblX H 3HepreTH':leCKHX xapaKTepHCTHK HeHlpOHOB OT :meprHH H THTia 

'laCTHII ny':!Ka H pa3Mepa MHilleHH Ha npttMepe B38HMO,n:eil:CTBHH npOTOHOB H 

,n:eil:lpOHOB co CBHHUOBhIMH MHmeHHMH B Hatt6onee HHTepeCHOH .D:JIH npHJIO,KeHHH 

o6nacTH 3Hepmil: 1-3,7 f3B. C,n:enaH 3Ha'IHTeJibHblil: BKJia,n: B 6aJy ,n:aHHbIX no 

Ce':leHHHM .n:eneHHH npoTOHaMH H .n:eiiTpoHaMH B o6nacTH npoMe~O'IHbIX 3Heprttil:. 

BnepBhie npose,n:eHO cpaBHHTenhHOe HCCne,n:OBaHHe npOClpaHCTBeHHo-yrnoBbIX 

pacnpe,n:eneHHil: H nOJIHhIX BhIXO,n:OB pea~ .n:eneHHH ,n:JIH pa3nH'IHbIX TIDKeJibIX H,n:ep 

B HeiiTpOHHOM none npOTH,KeHHoil: CBHHUOBOH MHilleHH Ha ny':!Kax npOTOHOB H 

.n:eiiTpOHOB B 3aBHCHMOCTH OT HX 3HeprHH. 

B ,n:nccepTaUl{H npe,n:no,KeH HOBhIH 3KCnepHMeHTaJibHbill uero.n: HCCne,n:oBaHHH 
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3B0JIIOUHH H pacna,n:a B036~.uemmil: H,UepHOH CHCTeMhl, o6pa3yeMOH B H.n:po­

H,UepHbIX CT0JIKH0BeHHHX B o6naCTif npoMe~TO'IHbIX 3HeprHH, nyTeM H3Y':leHHH 

3MHCCHH HeHlpOHOB. 3l\lHCCHH HeHlpOHOB conpOBO:lK,UaeT see CTa,n:HH pacna.ua 

B036Y:lK.D:eHHOH H,n:epHOH CHCTeMbl, H Ha Hee npHXO,n:HTCH 3Ha':IHTenhHM ,U0JIH 3Heprnn 

HaJieTruomett 'laCTHUhl. TTOK83aHO, 'ITO H3Y':leHHe 3MHCCHH HeHlpOHOB HBJIHeTCll 

3<p<peKTHBHhlM MeTO,!lOM nOJIY'IeHHH ueHHOH H B pH.ue CJIY'Iaen YHHKaJihHOH 

ttmpopMaUHH O xapaKTepHCTHKax B036~.ueHHOH H,UepHOH CHCTeMhl Ha pa3JIWIHhIX 

CTa,UHHX ee 3BOJIIOUHH. 

Pa3BHTa M0.uenh .!lB~Il{HXCH HCTO'IHHKOB Ha OCHOBe BhI,UeneHHH <pH3H'leCKHX 

npoueccoB, BHOCHII{HX 3Ha'IHTeJihHhill BKJia.u B 3MHCCH10 HeHlpOHOB. Mo.ueJih 

HanpasneHa Ha aHaJIH3 pe3yJihTaTOB H3MepeHHH ,!lBOHHhIX .UH<p<pepeHUHaJihHhIX 

ceqennil: o6pa30BaHHH Hell.lpOHOB B H,!lp0-H,UepHhIX CTOJIKHOBeHHHX B o6naCTH 

npoMe~TO'IHhIX 3Hepmtt H HX napaMelpH3aumo. Orta OK83aJiaCh 3<p<peKTHBHhIM 

HHClpyMeHTOM .!lJlH H3Y':leHHH ,!lHHaMHKH H.UpO-ll,UepHbIX CTOnKHOBeHHH H oueHKH 

napaMelpOB TeMneparyp1,I H.uepnott cncTeMhI Ha pa3JIH'IHhIX cTa,UHHX ee pacna,n:a. 

Mo.uenh npnMeHeHa ,n:Jill aHaJIH3a 3MHCCHH neil:lpOHOB BO B3aHMO,UeHCTBHHX 

npOTOHOB H rrerKHX H,Uep C H.n:pOM CBHHUa. Bnepnble na 0CHOBe HeHlpOHHbIX .uaHHhIX 

ouenen1,1 napaMeTP TeMnepaTYPhI .!lJlH ropH'lett nepasnonecnoil: cTa,n:nn 

B3aHMO,Ueil:CTBHH H TeMnepaTYPa B036y)K.!leHHOro H,UepHoro OCTaTKa B MOMeHT 

pacna.ua no Kanarry MYnLTH<pparMeHTaUHH. 

Bnepnhle 3KCIIepHMeHTaJihHO no.upo6no H3Y':leHhl npenMYmecTBa, KOTOphie .uaeT 

nepexo.u OT TIY':!Ka npOTOHOB K TIY':IKY .ueiiTpOHOB .!lJlH reHepauHH HeHlpOHOB H 

.uerreHHll Tll'.lKenhIX ll,Uep. CncTeMaTH':leCKHe nccne.uosaHHH BKJIIO'lalOT B ce6ll 

cpanneHne ceqenttil: .uenenHH, npoclpaHcTnenno-yrnoBLIX pacnpe.ueneHHil: H nonHLIX 

BhIXO,!lOB peaKUHil: .uenenHH B Hell.lpOHHOM none npOTH'.lKeHHOH CBHHUOBOH MHilleHH, 

.n:BOHHhIX ,n:n<p<pepeHUHaJihHhIX Ce'leHHH H BhIXO.D:OB neil:lpOHOB, MHO:lKeCTBeHHOCTH 

HeHlpOHOB H YHOCHMOH HMH 3HeprHH. 

,lJ;JIH BhIIIOnHeHHH nccrre.uonaHHil: Ha ycKopHTeJIHX pa3BHTbl Mero.n: 

TBep.uoTenhHblX lpeKOBhIX ,UeTeKTOpOB H,n:ep Ha OCHOBe nascaHa ,n:JIH pemClpaUHH 

H,UepHbIX <pparMeHTOB H OCKOJIKOB .ueneHHH, MeTo,n: noporOBhIX ,n:eTeB.TOpOB 
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HeiiTpOHOB ,!!JUI H3Y'feHIDI HeihpoHHbIX noneii C )KeCTKHM :mepreTWieCKHM cneKipOM 

H MeTO.O: 3KCnepHMeHTaJThHOrO onpe.o:eneHIDI 3<p<peKTHBHOCTH HeHT{JOHHbIX 

.o:ereKTopoB Ha 6aJe opraHWieCKHX CUHHTifJl]UITOpOB ,!!JUI cneKipOMeT{JHH tteiiTpoHOB 

MeTO,O:OM BpeMeHH nponeTa. PaJBHTbie MeTO,o:bl nOCJIY)KHnH MeTO.o:WfeCKOH OCHOBOH 

,!!JUI nccne,o:oBaHHtt, onncaHHbIX B }],Hccepnuorn . 

IlpaKTll'leCKaSI ueHHOCTb JlHCCepTaUHJI. B }],HCCepTalUill npHBe,O:eH 6om,moii 

Ha6op HOBbIX 3KcnepttMeHTanbHbIX ,O:aHHbIX no ce'IeHIDIM H BblXO,O:aM pea.KIOrii: 

.o:eneHIDI n:.o:ep, }],H<p<pepeHuttanbHbIM pacnpe.n:eneHIDIM n HHTerpam,m,IM 

xapaKTepttCTHKaM HeHT{JOHOB, HCnycKaeMblX H3 CBHHUOBblX MttmeHeH, nORY'feHHbIM 

Ha nyqKax nerKHX n:.o:ep npoMe)K}'TO'IHbIX 3HeprHH. MHorne npe,o:cTaBJieHHb1e B 

.o:nccepTaUHH pe3ym,TaTI,J nORY'feHbI BnepBbie. CoBOKYfiHOCTb npe,o:CTaBJieHHblX 

3KCnepHMeHTanbHblX pe3ym,TaTOB MO)KeT 61,1Tb HCnOfil30BaHa .o:m1 pa3BHTIDI 

TeopeTWieCKHX MO,O:enett n:.o:po-n:.o:epHbIX B3aHMo,o:eHCTBHH H KOMilblOTepmIX KO,O:OB 

,!!JUI MO,O:eJIHpOBaHHJI npoxom.o:eHHJI 'IaCTHU BI,JCOKHX 3HeprHH B Bern;ecTBe. OHH TaK)Ke 

6y.o:yT noneJHI,J nptt npoeKTHpOBaHHH ycTaHOBOK tt nnaHHpOBaHHH HOBblX 

HCCJie,O:OBaHHH ,!!JUI mHpOKOro Kpyra npttnO)KeffHH ycKOpHTenett B HaYKe, TeXHOJIOrHH 

H Me,o:HUHHe, a TaK)Ke ,!!JUI no,o:roTOBKH IlttnOTHpyeMblX ,o:nttTeJll,HblX KOCMWieCKHX 

noneTOB K .o:pyrttM nnaHeTaM. 

PaJBHThie MeTO,o:bl ll3MepeHHJI H aHantt3a ,O:aHHblX HBMIOTCH 3<p<peKTHBHbIM 

HHCT{JyMeHTOM ,!JJU1 nccne,o:oBaHIDI .n:uttaMHKH n:.o:po-n:.o:epHbIX B3aHMO,O:eHCTBHH, 

3MHCCHH HeHT{JOHOB H HeHT{JOHHblX noneii Ha ycKOpHTeMX, .o:eneHIDI n:.o:ep 

BblCOK03HepreTWieCKID.IH 'IaCTHUaMH B o6nacTH npoMe)K}'TO'IHblX 3HeprHH. 

Ha JaIUHTV BhmocsiTcsi CJieJlVromue ocHOBttble noJioiKenusi: 

I. IlORY'feH 6on1,moii 061,eM HOBblX 3KCnepHMeHTaJThHblX ,O:aHHblX no .o:eneHHIO 

TH)KeJiblX n:.o:ep H o6pa30BaHHIO HeHTIJOHOB Ha nyqKax peMTHBHCTCKHX nerKHX 

n:.o:ep Ha 6aJe pa3BHThlX MeTO,O:OB H C03,0:aHHbIX ycTaHOBOK. IIpe,o:cTaBJieHHb1e B 

.o:nccepTaUHH pe3yn1,TaTI,J HMelOT Ba)KHOe 3Ha'IeHHe ,!!JUI pa3BHTIDI TeOpeTWieCKHX 
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npe,o:cTaBJieHHH O .O:HHaMHKe ll.O:pO-ll,O:epHbIX B3aIIMO,O:eHCTBHH H B3aHMO,O:eHCTBIDI 

BhICOK03HepreTH'IeCKHX 'IaCTHU C Bern;ecTBOM, KOMnbIOTepHbIX K0,0:0B .o:nn: 

MO,O:eJIIIpoBaHIDI 3THX <pll3Il'IeCKHX npoueccOB II pn:.o:a Ba)l(Hb!X COBpeMeHHblX 

ll,O:epHblX TeXHOJIOfHH na 6aJe ycKOpIITeneii. 

BnepB1,1e mMepem,1 ,o:Boiiu1,1e .o:nqiqiepeuUHam,m1e ceqe11HH 06paJ0BaHID1 

HeHT{JOHOB B ll,O:po-n:.o:epHblX B3aIIMO,O:eHCTBIDIX npII 3HeprttH HeCKOJll,KO r3B Ha 

HYKJIOH. 

BnepBMe npoBe,o:eHO CHCTeMaTWieCKOe II3Y'feUHe .O:BOHHblX }],H<p<pepeHUHaJTh­

HblX pacnpe.o:eneHHH HeHTIJOHOB ,!!JUI pa3JIWIHblX CBHHUOBblX MHllleHeH Ha IlY'fKax 

npOTOHOB H .o:eiiT{JOHOB B 3aBIICIIMOCTH OT HX 3HeprHH B nan6onee HHTepecHOH ,!!JUI 

npttnO)KeHHH o6naCTII 3Heprntt 1-3,7 r3B. 

C.o:enau 3Ha'InTen1,111,1ii BKJia,o: B 6aJy ,o:aHHbIX no ce'IeHIDIM .o:eneHIDI TH)Kem,ix 

n:.o:ep, 'ITO n03BOJIHnO npoaHanII3IIpOBaTb TeH,o:eHUHIO B H3MeneHHH .o:eJIHMOCTH 

pa3nWifilIX n:.o:ep B o6nacTII 3Heprnii OT I 00 M3B .o:o IO r3B u BnepB1,1e npoBeCTH 

cpaBHeHHe .o:enHMOCTeH n:.o:ep ,!!JUI npOTOHOB H ,o:eHT{JOHOB nptt 3Heprnn 1 r3B. 

BnepB1,1e no.o:po6Ho nccne,o:oBattbI npocT{JancTBe11110-yrnoB1,1e pacnpe,o:ene11ID1 

BblXO,O:OB peaKUHH .o:eneHHJI B HeHT{JOHHOM none npOTH)KeHHOH CBHHUOBOH MHIIIeHH 

,!!JUI MaTepttanOB l'>IHIIIeHH II 6na11KeTa, a TaK)Ke MHHOpHoro aKTHHH,O:a 
237

Np, KaK 

'PYHKUIDI 3Heprnn nY'JKa npOTOHOB H ,o:eHT{JOHOB._ 

2. IIpe,o:nO)KeH HOBI,JH 3KCnepHMeHTanbHI,JH MeTO.O: nccne.o:oBaHHJI 3BOJIIOUHH II 

pacna.o:a B036ym.o:eHHOH H,ll,epnott CHCTeMM, 06pa3yeMOH B n:.o:po-n:.o:epHblX 

CTOJIKHOBeHHJIX B o6naCTH npoMemyTO'IHblX 3HeprttH, OCHOBaHHblH Ha H3Y'feHHH 

3MHCCHH neiiTpOHOB. IIpe.o:no)KeHHbIH MeTO,I], 6aJnpyeTCH Ha ananme ,o:BOHHbIX 

}],H<p<pepeHUHanbHblX Ce'IeHHH o6pa30BaHHJI HeHTIJOHOB C noMOIUblO pa3BHTOH 

MO,l],eJIH .ll:BII)K}'IUHXCH HCTO'IHHKOB H HBMeTCH 3<p<peKTHBHI,IM HHCTIJYMeHTOM ,!!JUI 

H3Y'feHHJI xapaKTepHCTHK B036ym.o:eHHOH H,ll,epHOH CHCTeMbl Ha pa3JIII'IHblX 

CTa,IJ,IDIX ee 3BOJIIOIUll. 

PaJBHTa MO,l],em, 'IeTbipex ,o:BH)K}'IUHXCH HCTO'IHHKOB, COOTBeTCTByIOIUHX 

<pH3WleCKHM npoueccaM, BHOCHIUHM 3Ha'IHTenbHbIH BKJia,I], B 3MHCCHIO ueiiTpouoB, 
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,wra ammH3a H napaMelpH3awru ~ofun.ix .z~mp4>epeHUHa.JibHbIX ceqemrn: 

o6pa30BaHIDI HefupoHOB H H3)"-leHIDI ~aMHKH ll,zq>O-ll,11.epHbIX B3aHMO,neiiCTBHH. 

TIOKa3aHO Ha npHMepe B3aHMO,ll.eHCTBHH nenrnx ll,ll.ep C ll,zq>OM CBIIHQa npH 

npoMe)K)"fOqffblX :meprIDIX, qTO npe,n.JIO)KeHHbrli. MeT0,11. nO3BOillleT npOH3BeCTH 

npllMOe H3MepeHHe cpe,11.tteii TeMneparypbI B036y)K,ll.eHHOH ll,ll.epHOH CHCTeMbl Ha 

pa3~IX CTa,11.IDIX ee pacna,na, B TOM qffC.Jie OIIeHHTh C OTHOCHTeilbHO BbICOKOH 

TOqttOCThlO 3HaqeHHe Tr, COOTBeTCTB)'IOmee MOMeH'I)' pacna,na Ha He3aBHCHMbie 

H,11.epm1e 4>parMeHTbI. 

BnepBbie H3yqeHa 3aBHCHMocn 3Haqemrn: cpe.ntteii 'lrno)KeCTBeHHOCTH 

HeHlpOHOB H cpe,11.tteii :meprHH B036y)K,ll.eHIDI ll,11.ep-ocTaTKOB OT MaCCOBOro qffC.Jia 

ll,zq>a-cHapH,na C :mepmeii HeCKOilbKO r3B Ha ttyK.JIOH. 

3. BnepBbie Ha 6a3e COBOK}'IIHOCTH 3KCnepHMeHTa.JibHbIX ,naHHbIX no 3MHCCHH 

HeiilpOHOB B peaKWfll Pb(p,nx) npoatta.JIH3HpOBaHbI 3aBHCHMOCTH cpe,11.tteii 

MHO)KeCTBeHHOCTH HeihpOHOB H cpe,11.tteii 3HeprHH, 3alpaqttBaeMOH Ha 

o6pa30BaHHe HeHlpOHOB, OT 3HeprHH Ha.JieTaIOmttX npOTOHOB. 

TIOKa3aHO, qro B o6naCTH 3Heprmi BbIIIIe I r3B HMeeT MeCTO 34>4>eKT 

HacblmeHIDI 3HaqeHIDI cpe,11.tteii MHO)KeCTBeHHOCTH HeHlpOHOB C nOBbIIIIeHHeM 

3HeprHH npOTOHOB H npe,11..JIO)KeHO atta.JIHTHqeCKOe BbipameHHe 3TOH 3aBHCHMOCTH. 

Y CTaHOB.JieHO, qro C nOBbIIIIeHHeM 3HeprHH npOTOHOB cpe,11.HHH 3HeprIDI, 

3alpaqttBaeMaH npOTOHOM nyqKa Ha o6pa30BaHHe HeihpOHOB, ClpeMHTCH K 

nOCTOHHHOM}' 3HaqeHHIO H BHOCHT 3HaqttTeilbHblH BK.Jla,11. B 3HepreTffqeCKHH 6a.JiaHC 

peaKWfll. 

4. BnepBbie Ha ocHoBe atta.JIH3a ~ofun.rx .ntt<l><l>epeHUHa.JibHbIX pacnpe.nenemrn: 

HeihpOHOB nOKa3aHO, qTQ npoTOHbl H ,nempOHbl reHepttp)'IOT 6.JIH3KHe no 4>opMe 

3HepreTffqecKHe H npOClpaHCTBeHHb1e pacnpe,neneHIDI HeihpoHoB; cpe,11.HHH 

3HeprIDI HeihpOHOB MOHOTOHHO BO3pacTaeT C }'Be.JlffqeHHeM 3HeprHH nyqKa; 

npo11ecc pa3MHO)KeHIDI HeiilpOHOB B MHIIIeHH onpe,neillleT ,na.Jibttefunee noqTH 

.JIHHemme BO3pacTaHHe tteiilpOHHoro Bbrxo.na c YJ3e.JIHqeHHeM 3HeprHH nyqKa; 
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OTHOCII.Te.JibHaH ,11.O.JIH 3Hepr11.11. 1-laCTII.II IIyqKa, 3alpaq11.BaeMaH Ha o6pa30BaH11.e 

HeHlpOHOB, BO3pacTaeT C yBe.JiffqeHil.eM 3Hepr11.11. qacn1.11 nyqKa 11. o~aKOBa ,11..JIH 

npOTOHOB II. ,neiilpOHOB. 3TOT 34>4>eKT MO:lKeT 6bITb II.CilO.Jib3OBaH ,11..JIH ,11.a.JibHeiimero 

pa3MHO:lKeHIDI HeHlpOHOB B 6naHKeTe, qTo MO)KeT np11.BeCTH K }'Be.JiffqeHHIO 

3HaqeHIDI OilTII.Ma.JlbHOH 3Hepr11.11. IIyqKa ,11..JIH npOI1.3BO,11.CTBa HeHlpOHOB. 

IlOKa3aHo, qTO II.CilO.Jlb3OBaH11.e ,11..JIH npO11.3BO,11.CTBa HeHlpOHOB IIyqKa 

BbICOKO3HepreTttqeCKII.X .neiilpOHOB BMeCTO npOTOHOB TaKOH )Ke 3Hepnm. He .naeT 

KaKI1.X-n11.60 cymecTBeHHbIX npe11.MymecTB. 

5. BnepBI,Ie Ha OCHOBe aHa.JIH3a ceqeHHH II. BbIXO,11.OB peaKIIII.H .neneHIDI IlOKa3aHO, qTo 

,ne.JIHMOCTH H,nep ,11..JIH .neiilpOHOB II. npOTOHOB C 3Hepmeii I r3B 11.MeIOT 6.JIH3Kil.e 

3HaqeHIDI; 4>opMa npOClpaHCTBeHHo-yrnoBbIX pacnpe,neneHHH ,11..JIH BblXO,11.OB 

peaKIIII.H .neneHIDI B HeHlpOHHOM none npOTH:lKeHHOH CBHHIIOBOH MHmeHH cna6o 

3aBHCHT OT TII.Ila 11.OHOB IIyqKa, IlO.JIHbie BbIXO,11.bl peaKIIHH .neneHIDI 

np11.6.JII1.3HTe.JibHO .JIII.HeiiHo BO3paCTaIOT C 3Heprtteii qaCTHII IIyqKa, a nepexo.n OT 

npoTOHOB K .neiilpOHaM IlO3BO.JIHeT Ha -20 % IlOBbICHTb BbIXO,11.bl peaKIII1.ii .neneHIDI 

,11..JIH 
235

U 11. 
237

Np 11. nepcneKTHBeH ,11..JIH lpaHCM}'Ta1111.11. Hell'I)'HIDI, HO He ,naeT KaKoii­

.JIH6o BbirO,11.bl ,11..JIH .neneHIDI HyK.JIH,11.OB, 11.MeIOmll.X 6onee BbICOKOe 3HaqeHHe 

noporoBoii 3HeprHH ,11..JIH peaKIIHH .neneHIDI, TaKHX KaK 232Th H 238U. 

TaKII.M o6pa30M, npe,nCTaB.JieHHbIH B ,11.HCCepTallll.H MaTeptta.rI HBillleTCH Hatt6onee 

IlO.JIHbIM II. BCeCTOpOHHHM H3)"-leHHeM HBnemrn: .neneHIDI H,nep H o6pa30BaHIDI 

HeHlpOHOB Ha IIyqKax peilllTII.BHCTCKII.X nerKII.X H,nep B o6naCTH 3Heprmi HeCKO.JibKO 

f3B Ha HyK.JIOH, HBilllHCh HTOrOM MHOroneTHII.X 3KCnepHMeHTa.JlhHhIX HCC.Jie,noBaHHH 

Ha H,nepHbIX IIyqKax YCKOpHTe.JihHOro KOMII.JieKca Jla6oparopHH Bb!COKII.X 3Heprmi 

OIDIH. 

Anpo6aum1 JlHccepTaunu. MaTepna.ribI ,11.ttccepTallll.H ,noK.Jia,11.bIBa.JIHCh n 

o6Cy)K,ll.a.JIHCb Ha HayqmIX ceMHHapax Jla6oparopHH BhICOKII.X 3Hepmii OID111; 

Pa,11.tteBoro HHCTHTyTa HM. B.r. XnonHHa, CaHKT-TieTep6ypr; PSI, IIIBeiiuapIDI; n 
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6bUIH npe,D;CTaBJieHbI Ha CJie.LzyIOID.HX Me,K,ZzyHap0,!l;HbIX KOHc):>epeHJ.UU[X H C0BeID.aHIDIX: 

Pa6o'lee C0Bemamte «TBep,D;oTeJibHbie TPeK0Bbie ,D;eTeKT0pbI ll,llep H HX 

npHMeHeHIDI», ,[(y6Ha, I 990; 15-th Int. Conf. on Particle Tracks in Solids, Marburg, 

Germany, 1990; I I-th Int. Conf. on Advanced Neutron Sources ICANS-XI, KEK., 

Tsukuba, Japan, 1990; Specialists' Meeting on Accelerator-Based Transmutation, 

PSI, Villigen, Switzerland, 1992; Proc. Int. Conf. ICRS-10/RPS 2004, Madeira, 

Portugal, 2004; Int. Conf. on Accelerator Applications AccApp05, Venice, Italy, 2005; 

11-th Int. Conf. on Nuclear Reaction Mechanisms, Varenna, Italy, 2006. 

Ily6JJnKaynn. OcHOBHhie pe3yJibTaTbI ,D;Hcceprnr.urn ony6JIHKOBaHbI B 10 pa6oTax, 

CilHC0K K0T0pbIX npHB0,!l;HTCll B K0HUe aBTOpec):>epaTa. 

CTpyKTVpa n o6beM p:nccepTallHH. ,[(HccepTaI.IIDI cocT0HT H3 BBe,D;eHIDI, IlllTH 

rnaB, 3aKJTIOtJeHHll H CilHCKa JIHTeparypbI. O6mHii om,eM ,!l;HCCepTauHH - 175 

CTPairnu. ,[(HccepTaUHll C0,D;ep)KHT 23 Ta6JIHUbI, 56 pHCyttK0B H 6H6JIHorpac):>H'leCKHH 

CilHC0K JIHTeparypbI, BKJilO'laIOmHii 199 HaHMeHOBaHHH .. 

co,a:EP)KAHME ,a:MCCEPTAUMM 

Bo BBenemrn oqep'leH Kpyr paccMaTPHBaeMbIX c]:>H3H'leCKHX B0np0C0B, 

o6ocHOBbIBaeTCll HX aKryaJibH0CTh, cc]:>opMYJIHPOBaHbI TeMa H ueJIH ,!l;HCCepTaUHH, 

cxeMaTH'IH0 H3JI0)KeHo C0,D;ep)KaHHe ,!l;HCCepTaUHH. 

KpaTKO o6cy)K,!l;aeTCll C0BpeMeHH0e npe,D;CTaBJieHHe 06 0CH0BHbIX M0,D;ax 

pacna,D;a B036y)K,!l;eHHOH ll,D;epHOH CHCTeMbI, o6pa3yeMOH BO B3aHMO,D;eHCTBHllX JierKHX 

ll,D;ep C Tll)KeJibIM ll,D;p0M-MHWeHbIO npH npoMe~T0'IHbIX 3HeprHllX. OTMe'laeTCll, 'ITO 

Il0llBJieHHe H0BbIX npouecC0B 6bICTPOro pacna,D;a npH :meprHllX BbIII.Ie -500 

M3B/ttyKJIOH, peaKUHH pacmermeHIDI H MYJibTHc):>parneHTarurn, ,!l;0JI)KHbI npHB0,!l;HTh K 

H3MeHeHHIO ,D;eJIHM0CTH Tll)KeJibIX ll,D;ep H 0Ypa,KaTbCH Ha npouecce 3MHCCHH 

HeiirpoHOB. HecMOYpH Ha ,D;JIHTeJibttyro HCT0pHIO 3KCnepHMeHTaJibH0ro H 

TeopeTH'leCK0ro H3ytieHHll ,D;eJieHHll H,D;ep H 3MHCCHH HeUTPOHOB HMeeTCH BbIC0KaH 
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noTPe6HOCTb B H0BbIX 3KCnepHMeHTaJibHbIX ,D;aHHbIX H pa3BHTHH TeopeTH'leCKHX 

MO.n;eneii H K0,!l;0B B o6naCTH npoMe~0'IHbIX 3Heprnii. ,[(aeTCH KpaTKHH ofoop 

3KCnepHMeHTaJibHbIX pa6oT H 0TMetJaeTCll, 'ITO HaHMeHee H3ytieHHoii llBJilleTCll 

o6JiaCTb BbIWe 0,5 Ar3B. OTMeqaeTCH, 'ITO 3KcnepHMeHTaJibH0e H3ytieHHe 3MHCCHH 

He"TPOHOB M0,KeT ,!l;aTb H0BYJO HHc):>opr.rnuHIO 06 3B0JIIOUHH B036y)K,!l;eHHoii H,D;epHoii 

CHCTeMbl. ITepcneKTHBHbI.M HaripaBJieHHeM ,!l;JIH aHaJIH3a H HHTepnpeTaUHH 

pe3yJibTaTOB H3MepeHHH llBJilleTCll pa3BHTHe c):>eHOMeHOJIOrH'leCKHX MO,D;eJieii, B 

qacTHOCTH M0,!l;eJIH ,!l;B~ID.HXCll HCT0'IHHK0B. 3To M0,KeT Il03B0JIHTb Bbl,!l;eJIHTb H 

H3}"IHTb PllA xapaKTepHCTHK H,D;epHoii CHCTeMbI Ha pa3JIH'IHbIX CTa,D;HllX ee pacna,D;a, 

He npn6eraH K TeopeTH'leCKHM M0,D;eJIHM. 

KpaTKo o6cy)K,!l;aeTCH norpe6HOCTb B pe3yJibTaTax no Ce'leHIDIM H BbIX0,!l;aM 

peaKUHH ,D;eJieHHll H o6pa30BaHHIO HeiirpoHOB ,!l;JIH C0BpeMeHHbIX npHJIO)l(eHHU B 

o6JiaCTH npoMe~0'IHbIX 3HeprHii. OTMe'laeTCll, 'ITO rpe6yroTCll eme 60JibWHe 

ycHJIHll no npoBe,D;eHHIO H0BbIX 3KCnepHMeHTaJibHbIX HCCJie,D;0BaHHii. Ba,Kttoii 

COCTaBJIHIOmeii 3TOH ,D;eHTeJibH0CTH llBJilleTCH Il0Jiy'leHHe H0BbIX 3KcnepHMeHTaJibHbIX 

,!l;aHHbIX no peaKUIDIM ,D;eJieHHll H o6pa30BaHHIO HeiirpOHOB B 3KCnepHMeHTaX co 

CBHHUOBbI.MH MHWeHHMH Ha Dy'IKax nerKHX peJIHTHBHCTCKHX ll,D;ep. ,[(Hceycc1ra 0 

npeHMymecTBe HCn0Jib30BaHHll nyqKa ,D;eiirpOHOB BMeCTO npoT0H0B ,!l;JIH reHepaUHH 

HeiiTPOHOB H rpaHCMYTaUHH pa,D;H0aKTHBHbIX 0TX0,!1;_0B rpe6yeT ,!l;JIH 0K0H'laTeJibH0ro 

pemeHIDI Bonpoca npoBe,D;eHIDI CpaBHHTeJibHbIX 3KCnepHMeHT0B Ha nyqKax np0T0H0B 

H ,D;eiirpoHOB B HaH6oJiee HHTepecuoii AJIH npHJI0)KeHHii 06Jiacn1 3tteprHii 1-3 faB. 

I13JiaraeTCH JIOrHKa npe,D;CTaBJieHHll MaTepnana B AHCCepTaUHH. Bo BBe,D;eHHH K 

rnaBaM ,D;enaeTCH KpaTKHii ofoop C0CT0llHHll npo6JieMbl, ua K0T0poe HaUeJieHo 

HCCJie,D;OBaHHe. B 3aKJTIO'IHTeJibHbIX pa3,D;eJiax npHB0MTCH 0CH0BHbie pe3yJibTaTbI H 

BbIBO,!l;bl n o6Cy)K,!l;aeTcll HX npaKTH'leCK0e npnMeHeHne. B nepBOH rJiaBe H3JI0)KeHne 

MaTepnana Ha'IHHaeTCll c o6mero ofoopa MH0roJieTHHX HCCJie,!l;OBaHnii Ha 

BbIBe,D;eHHbIX nyqKax peJIHTHBHCTCKHX ll,D;ep cHuxpoc):>a3oTPona JIB3 OIUII1, 

pe3yJibTaTbI KOTOpbIX Il0JI0)KeHbI B 0CH0By ,!l;HCCepTaUHH. OcttOBHOH MaTepHaJI rnaBbI 

IlOCBllID.eH OilHCaHHIO 3KcnepHMeHTaJibHbIX MeT0,!l;0B H ycTaH0B0K. ITocrre,D;yromHe ,D;Be 

rJiaBbl IlOCBHmemI H3yqeHHIO 3JieMeHTapHbIX npoueccoB - cetJeHHH peaKUnii ,D;eJieHHH 
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H 3MHCCHH HeihpoHOB BO B3aHMo,a;euCTBIDIX nenrnx ll,llep C TIDKeill>IMH ll,!l;paMH. 

Ilocne,a;HHe ,a;Be rnaBbl nOCBHIIIeHbI pe3ym,TaTaM H3Mepemm C TOilCThIMH MHIIIeHHMH, 

BIDKHbIMH ,a;nll COBpeMeHHbIX npttnO)KeHIIU B o6nacTH npoMe~O'IllblX 3HeprHU. 

B r JUtBe 1 ,llaHO OUHCaHHe 3KCnepHMeHTaill>HblX MeTO,llOB H ycTaHOBOK, Ha 6a3e 

KOTOpbIX npOBO.a;HnHCb HCCne,a;oBaHHll no H3MepeHHIO ceqemm H BbIXO,llOB peaKUHU 

.a;eneHHH H 3MHCCHH HeHTPOHOB. 

B pa3,a;ene 1.1 ( BBe,a;eHHe) KpaTKo H3JIO)KeHo co.a;ep)KaHHe rnaBhI. 

B pa3,a;ene 1.2 ,a;aHa KpaTKaH xapaKTepncTHKa nccne.a;oaamm, nocBHIIIeHHhIX 

pa3BHTHIO 3KCnepHMeHTaill>HblX MeTO,llOB H m~eHHIO .a;eneHHH ll,!l;ep H 3MHCCHH 

HeHTPOHOB. IlpHBe,a;eH nepeqem 3KcnepHMeHTammix nnoma,a;oK H BbmonueHHbIX Ha 

HHX 3KCnepHMeHTOB Ha 6a3e BbIBe,lleHHbIX ~OB CHHXpO$a30TPOHa Jia6opaTOpHH 

BbICOKHX 3Heprnu O1-UIH. Pacnono)KeHHe 3KCnepHMeHTaill>HblX ycTaHOBOK 

cxeMaTHqeCKH noKa3aHO Ha pnc. l . 

EA2 

Hall 205 

PHC. l PacnoJJO)KeHHe 3KCnepHMeHTaJJbHbIX ycraHOBOK Ha KaHanax BbIBe,lleHHbIX IJY'IK0B 

CHHXpoq>aJOTPOHa: EAl - IlJJ0~a,llKa ,llJUI MeTO,llH'IeCKHX HCCJJe,llOBaHHii; EA2 - YC'r(\H0BKa 

«IIefiTPoHHblH ucroqHl{IO) ,llJUI HCCJJe,llOBaHHH C npOTll)KeHHOH CBHHQOBOH MHWeHblO; EA3 -

epeMHnponeTHbiii cneKTPOM~. 

12 

B pa3,a;ene 1.3 paCCMOTPeHO pa3BHTHe tt npHMeHeHHe MeTO,lla TBep,a;oTeill>HbIX 

TPeKOBblX ,a;eTeKTopoB ll,llep B H3MepeHHHX Ha ycK0pHTene. Hcnom,30BaHHe 

TBep,a;oTenhHbIX TPeKOBbIX ,a;eTeKTopoB ll,llep ua OCHOBe naBCaHa (TT)];) C 

aBTOMaTH3HpOBaHHbIM CneMOM HH$OpMaUHH C n0MOIIIbIO HCKpOBOro cqeTqHKa 

TPeKOB n03B0nHnO npoBeCTH ,a;eTanbHbie HCCJie,llOBaHHll no perHCTPaUHH BTOpH'IllbIX 

ll,!l;ep, BbIXO,lll'IW:HX C noaepXHOCTH pa3nuqmix MHmeHeu no.a: .a;euCTBHeM npoTOHOB B 

mnpoKoM HHTepaane 3Heprnu OT 200 M3B .a;o 3,65 f3B [8], a TaK)Ke B HeHTPOHHOM 

none DpOTll)KeHHOU CBIIHIIOBOU MHmeHH, o6~aameucH ~OM 

BbICOK03HepreTuqecKHX npOTOHOB [7]. BbmOJIHeHHbie HCCJie,a;oBaHHll BblllBHnH PM 

MeTO,a;uqeCKHX oco6eHHOCTeu npHMeHeHHll MeTO,a;a a H3MepeHHHX Ha YCKOpHTenHX. 

Ilo~eHHbie 3KCnepHMeHTallbHble .a;aHHhle n03B0JIHilH cymec-i-BeHHO YMeHbillHTb H 

~eCTh pa3IlH'Illbie $OHOBbie H IICKa)KaJOW:Ile 34>4>eKTbl. C.a;enaHHbie BblBO,llbl 6bIDII 

~TeHbl npH KOHCTPYHPOBaHIIH ,a;eTeKTOpOB II npoae,a;eHHH Il3Mepemm. 

B pa3,a;ene I .4 paccMaTPIIBaeTCH Mero.a: noporoBhIX ,a;eTeKTopoB u ero pa3BHTile 

,a;nll ,a;eTeKTI1poaaHHH BblCOK03HepreTuqecKHX HenTPOHOB. Hccne,a;oBaHHH, 

Bhill0ntteHHhie Ha ~ax DpOTOHOB MeTO,llOM TT)];, no3B0IlHnH 011eHHTb 3aBHCHMOCTb 

noporoaou 3HepruII OT Maccoaoro qI1cna Mep MilmeHH, Bhlme KOTopou HaqnuaeTcll 

6bICTPhIH pocT •mcna pernCTPI1pyeMbIX TPeKOB OT BTOpH'IllbIX ll,!l;ep, B03HHKaIOIIIHX B 

peaKUHHX pacm;enneHHH II 4>parMeHTal.UfH [8]. Oco6eHHo pe3KHU pocT Ha6nro.a;aeTCll 

,a;nH MHIIIeHeu Cd II Cu, ,a;nH KOTOpbIX 3Ha'leHHH noporoaou 3HeprHH cocTaBilllIOT 

HeCKOilhKHX COTeH M3B. Ilo~eHHble ,a;aHHble 6binH IICnOnb30BaHbI ,a;nll C03,llaHHll 

HOBblX ,a;eTeKTopoB C TOJICThIMII CJIOllMII Me.a;H, Ka,llMHll II CBIIHIIa, KOTOpbie BMecre C 

.a:ereKTOpOM Ha OCHOBe TOHKoro CJIOll 
209

Bi 6bmII npHMeHeHbI ,a;nll onpe.a;eneHHH 

BblXO,lla HeUTPOHOB C 3HeprHHMII Bblme ~90 M3B. BMeCTe C ,a;eTeKTOpaMII .a;eneHHH 

235u, 237
Np, 

238U II 
232Th HOBbie ,a;eTeKTOpbI n03B0JIHnH npoBeCTH ,a;eTall>Hbie 

Ilccne,a;oaaHHH npocTPaHcTBeHH0-3HepreTuqecKHX pacnpe.a;eneHHU HeuTPOHOB ,a;nH 

DpOTll)KeHHOU CBIIHIIOBOU MHIIIeHH Ha ~ax npOTOHOB II .a;eihpOHOB. O6c~aIOTCll 

34>4>eKTHBHOCTh perHCTPaUHH HeihpoHOB, KOHCTPYKUHH ,a;eTeKTopoB, MeTO,llHKa 

06pa60TKI1 pe3ym,TaTOB H3MepeHHU II B0CCTaHOBJieHHll 3HepreTHqeCKHX 

pacnpe.a;eneHHU HeihpottoB. 

13 



3aKJIIOlflfTenbHbie )Ula pa3,!l,ena 1.5 H 1.6 noca,:1meHhI onncaHHIO 3KcnepHMeH­

TanbHbIX ycTaH0B0K «Heii:TpOHHblll HCT0'IHHK>> tt BpeMHnponeTHbIH cneKTP0MeTp [4]. 

Ha nepBOU ycTaH0BKe, IlOKa3aHHOH Ha pttc. 2, KHHeTH'leCKaH 3HeprID1 

ycKopeHHbIX npoT0H0B H ,!l,eHTPOHOB K0HBepTHp0BanaCb B HeffTPOHHOe H3ny'leHHe B 

npOTll)KeHHOU CBHHl{OBOU MHilleHH ,!l,IlHHOU 60 CM, K0T0paH C00TBeTCTByeT 

npaKTH'IeCKH Il0nH0MY nornomeHHIO nyqKa 3a C'leT ll,!l,epmrx B3aHMO,!l,eHCTBHH. 

O6cy,K,!J,aIOTCH reoMeTPIDI H3MepeHHH, M0HHT0pttpoBaHHe nyqKa tt npoue,!J,Ypa 

npoBe,!l,eHHH o6nyqeHHH. 

go• 
Cl 

MWPC 

60° 

°' ' 
' 

30° 

oD 

10• 

,a 

P11c. 2. CxeMa yc-raH0BKII «HeirrpOHHblll IICT0'IHHK»: M - aJIIOMHHHeBblH ,!l,HCK M0HHTopa 

nyqKa, MWPC - MH0ronpoB0JI0'IHbie nponopQH0HaJibHble KaMepbl, T - MHllleHb, D -

c6opK11 c .UeTeKTopaMH .uenettm, H cjJparMeHTaQH11. 

BpeMHnponeTHbIH cneKTP0MeTP, noKaJamn.IH Ha pttc. 3, 6bm C03,!l,att MH 

npoBe,!l,eHIDI H3MepeHHH )UlOHHbIX ,!1,Hq>q>epeHl{HanbHbIX ceqeHHH H BblX0,!l,0B 

HeHTPOHOB H 3ap,i,KeHHbIX a,!1,p0H0B C MHlIIeIDIMH He6ollbmoro 

y,!l,oBnernopHIOIIIHX ycnoBmo «xopomeii» reoMeTPHH-

,:\J\ 
pa3Mepa, 

PerucTPal{IDI HeHTPOHOB ocymecTBnn:nacb c noM0IIIblO TPeX THn0B HeffTPOHHbIX 

,!l,eTeKT0p0B Ha 0CH0Be KpHCTannoB CTHilb6eHa, Il03B0nHIOIIJHX BbIII0ilIDITb ,!J,HCKpHMH­

Hal{HIO raMMa-KBaHT0B no qiopMe m.tnynhca, H nnacTH'JeCKHX Cl{HHTHJIIDIT0p0B 

14 

6ommoro 001,eMa. 3TO n03Bonnno nepeKpbITb mnpoKHii ,!l,Hana30H 3HeprHii 

HeffTPOHOB OT 300 K3B ,!l,0 -400 M3B. 

Ilo,!1,p06Ho onttcaHa npoue,!J,Ypa H3MepeHHH H nonyqeHHH pe3ymTaTOB. 

O6Cy)K,!J,aIOTCH HCil0Ilb3yeMbie B H3MepeHHHX MeTO,!l,bl H,!l,eHTHq>HKal{HH 'laCTHl{, 

xapaKTepttcTHKH HeffTPOHHblX ,!l,eTeKTopoB H MeTO,!l,HKH, HCII0ilb30BaHHbie ,!l,IlH 

onpe,!l,eneHHH 3q>q>eKTHBHOCTH perHCTPaUHH HeffTPOHOB. 

90° 

D "· 
120·~ vc , ~-- -

60° 

I 
30° , 

/ 

'· ' 
0 ~. _ '- I 1 

1so - 1- - - - - - - -.?' 
T 

Cl 

PHc. 3. CxeMa epeMHnponeTH0ro cneKTP0MeTpa: C,-C3 - ITyqK0Bhie CQHHTHJIJJHQH0HHhie 

C'leT'IHKH, MWPC - MH0ronp0B0JI0'IHble nponopQH0HaJibHhle KaMepbl, T - MllllleHb, vc -
CQHHTHilJJHQH0HHhle BeT0-C'leT'IHKH, D - HeirrpOHHble ,!leTeKT0pbi. 

B pa3,!l,ene 1.7 (3aKJIIO'leHHe) nepelflfCAAIOTCH 0CH0BHbie pe3yilbTaTbl, CBH3aHHbie 

C pa3BHTHeM 3KCnepHMeHTanbHbIX MeT0,!l,0B H C03,!l,aHHeM YCTaH0B0K Ha BbIBe,!l,eHHbIX 

nyqKax cHHXpOq>a30TPOHa OIUIH H paccMaTPHBaeTCn: B03M0,KH0e npttno,KeHHe 

pa3BHTbIX MeT0,!l,0B. 

B rJiaBe 2 npHBe,!l,eHbI H o6Cy)K,!J,aIOTCH pe3ynhTaThI HCcne,!l,OBaHHH ceqeHHii 

,!l,ene.HHJI 
209

Bi, 
232

Tb, 
235

U, 
238

U H 
237

Np Ha nyqKax np0T0H0B H ,!l,eHTPOHOB B Hatt6onee 

TPY,!J,HOH MH nccne,!J,0BaHHH o6nacTH 3HeprHii E 2'. 1 faB [l], a TaK,Ke ce'leHHH 

,!l,eneHHH 
181

Ta np0TOHllMH B HHTepsane 3HeprHii 0,2-1 faB [2]. 

B pa3,!l,ene 2.1 ( BBe,!l,eHHe) KpaTKo H3Il0)KeHa q>H3H'IeCKaH M0THBal{IDI H3yqeHHH 
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ceqemrn: .a;eneHIUI B o6nacTH npoMe)K}'TO'IHI,IX :mepnm H oIIHca.Hmo u;enn 

HCCne.a;oBaHIUI. 

B pa3.a;ene 2.2 H3JIOiKeH 3KCnepHMeHTaJil>HbIH MeTO)];, OIIHCaHhl c6opKH 

.a;eTeKTopoB, npou;e.a;ypa nonyqemra pe3ym,TaTOB, BBO.a;HMbie nonpaBKH H 

3KCnepHMeHTaJil>Hbie norpemHOCTH. 

B pa3.a;ene 2.3 o6cym.a;aeTCH reOMeTpHH 3KCilepHMeHTa H npHBe.a;eH CIIHCOK 

BbmoJIHeHHbIX mMepeHHii. Tio.a;po6Ho onnca.Ha npou;e.a;ypa onpe.a;eneHIUI cetieHIUI 

.a;eneHIUI 
181

Ta B H3MepeHHllX C TOJICTbIMH .a;ensm;HMHCH CJIOHMH, r.a;e B Ka'IeCTBe 

onopHOro 6Lmo HCilOID,30B8.HO ce'IeHHe .a;eneHHH natPb npH 3HeprHH 1 r3B. 

B pa3.a;ene 2.4 npHBe.a;eHbI pe3yJibTaTbl H3Mepemrn:. Tipe.a;cTaBJieHbI Ta6nH'IHl,Ie 

.a;aHHbie ,!1;M ornomeHHH 'IHCen OCKOnKOB .a;eneHIUI, 3aperHCTpHpOB8.HHbIX B 

HHTepBanax yrnoB 0 < 61 ° ( «Bnepe.a;») H 0 > 119° ( «Ha3!1,ZO)) B H3MepeHHHX Ha nyqKe 

npoTOHOB, H ,!1;M cetieHHH .a;eneHIUI npH HeCKOID,KHX 3HeprIDIX npOTOHOB B HHTepBane 

1,0-3,65 faB H .a;eiiTpoHOB C 3Hepmeii 1 r3B )];M 
209

Bi, 
232Th, 235U, 238U H 

237
Np. TaK 

me npHBe.a;eHO ce'IeHHe .a;eneHHH 
181

Ta, onpe.a;eneHHOe npH CeMH 3HeprHHX npoTOHOB 

B HHTepBane 0,2-1,0 faB. 

Pa:J.a;en 2.5 IlOCBHIB;eH cpaBHeHlllO nonyqeHHbIX P\!3YID,TaTOB C cymeCTByIOIIl;HMH 

HaH6onee Ha.a;emHblMH 3KCnepHMeHTlUil>HbIMH )];8.HHbIMH, C npe.a;CKa:38.HHHMH 

Mo.a;em,Horo pactieTa H cymecTByIOmHMH ou;eHKaMH 3aBHCHMOCTH ceqemrn: .a;eneHIUI 

H,!l;ep OT 3HepmH 6oM6ap.a;npyromnx npOTOHOB. B 6om,mHHCTBe cnyqaeB H3MepeHHbie 

cetieHIUI .a;eneHHH xopomo cornacyroTCH c pe3ym,TaTaMH .a;pyrnx aBropoB H 

y.a;OBJieTBOpHTeJibHO - C ou;eHeHHbIMH 3aBHCHMOCTHMH H BbIDOJIHeHHbIMH pacqeTaMH. 

Ha nyqKe .a;eiiTpOHOB 6blnH BbIIlOJIHeHbI OTHOCHTeID,Hbie H3MepeHIUI, H .a;nH 

nonyqeHIUI cetieHHH .a;eneHIUI HCOOID,30Banacb HOpMHpOBKa K 3HatieHlllO, B3HTOMY H3 

nHTeparypbI .a;nH .a;eneHHH 
232

Tb .a;eHTpOHaMH c 3Hepmeii 1 faB. TipoBe.a;eHHbie 

HCCJie,!l;OBaHIUI BHecnn cymecTBeHHblH BKna)]; B fia3y .a;aHHbIX no ceqeHIUIM .a;eneHIUI 

BblCOK03HepreTHtieCKHMH npOTOHaMH H .a;eiiTpOHaMH. 

Pa:J.a;en 2.6 IlOCBHIB;eH aHanH3Y .a;eJIHMOCTH TH;Kem,ix ,i:.a;ep B o6naCTH 

npoMe,K}'TO'IHblX 3Hepnm. AHann3 COBOKYfiHOCTH 3KcnepHMeHTlUil>HbIX pe3ym,rnTOB 

npH 3HeprHH npoTOHOB 1 r3B, IlOKa3aHHbIX Ha pnc. 4, CBH.a;erem,cTByeT 06 

16 

~ 
i 

, 
l 
{ 
I 

3KCilOHeHu;HanbHOM B03pacTaHHH .a;enHMOCTH THmem,ix s.a;ep C YBeJIH'IeHHeM 

napaMeTpa Z2/A s.a;pa-MnmeHH BnnOTb .a;o o6nacTH aKTHHH)];OB, r.a;e cetieHIUI .a;eneHIUI 

COCTaBnHIOT 6onee 50% OT cetieHHH Heynpyroro B3aHMO)];eHCTBHH, 'ITO npHBO)];HT K 

HaCbIIB;eHmo HCCJie.a;yeMOH 3aBHCHMOCTH. 

·= J2 0, 1 
._ 
b 

0,01 

-----------------------------------------,--------

□ 

□ 

30 32 34 

Z2/A 

36 38 

PttC. 4. 3aBHCHMOCTb ,ZleJIHMOCTH H,Zlep OT 22/A H,Zlpa-MHIIICHH ,ZlJIH 3Heprntt DpOTOHOB 1 r3B: 

• - HaIIIH H3MepeHml, CBeTJibie CHMBOJ!bl - ,ZlaHHble .Zlpyrttx 3KCnepttMeHTOB, KpHBaH -

00,ZlrQHKa K 3KCnepttMeHTaJibHblM ,ZlaHHblM. 

TionyqeHHbie pe3yJibTaTbl IlOKa3h!BaIOT, 'ITO B cpe.a;HeM .a;eJIHMOCTH THiKeID,IX 

H.a;ep HMelOT 6nu3KHe 3Ha'IeHIUI .a;nH .a;eirrpoHOB H npOTOHOB C 3Hepmeu 1 r3B. 

Ha OCHOBe aHanH3a 3HepreTH'IeCKOH 3aBHCHMOCTH cetieHHii .a;eneHIUI H.a;ep 

aKTHHH,!J;OB npOTOHaMH c.a;enaHO 3aKJIIO'IeHHe, 'ITO o6naCTb 3HeprHH 0,5-5 r3B 

HBMeTCH nepexo.a;Hoii OT peiKHMa, Kor.a;a cetieHHe .a;eneHHH cpaBHHMO c cetieHHeM 

Heynpyrnro B3aHMO,!l;eHCTBHH, K peiKffMY, KOr.a;a .a;eJIHMOCTb COCTaBMeT -40 %. ,Ami 

6onee nerKHX H.a;ep (A ,., 200-210) na o6nacTh 3Hepnm cooTBeTcTByeT cna6oii 
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3aBHCHMOCTH ceqeHIDI .n;eneHIDI OT :mepmH npOTOHOB. C ITOBbIIIleHHeM :meprHH 

.n;eJJHMOCTb ,wrn 
209

Bi CTPeMHTCll K ypoumo -10 %. 

1.0 
238LJ 

0.8 

0.6 

0.4 

<p <p ~ 
• jHH 

0.2 

·= -!2 0.0 
""' b 

0.2 

0.1 

t 
- ~ w-<>+4!4 j_ _ tt~ .. · • 

209Bi 

+--f 
w 

o.o 0.1 1 10 

3ttepnrn, r3B 

P11c. 5. ~enHMOCTb .llJ]ll 
209Bi II 

238U B o6naCTH :meprnii npOTOHOB BbIUie 0,1 P3B: • -

.naHHbie HaUIHX H3MepeHHM, KpHBall - pe3ynhTaT paclfeTa, .npyr11e CHMBOnbI - .naHHhie .npyrnx 

3KCnep11MeHTanhHbIX pa6oT . 

. TaKoe ITOBe.n;eHHe .n;eJJHMOCTeH Tll)KeJJbIX ll,!l;ep C H3MeHeHHeM :meprHH npOTOHOB 

5 u 2098 . 23sU H 6 u ITOKa3aHO Ha pHc. Ha npHMepe ll,!l;ep-MHIIIeHeH 1 H . a mo.n;aeMbIH 

18 

1. 

xapaKTep 3HepreTH'lecKHX 38BHCHMOCTeii .n;eJJHMOCTH aKTHHH.n;OB H BHCMYTa 

o6ycnourreH 6bICTPbIM pOCTOM ceqeHHtt npo11eccou pacmenneHIDI H 

MYJJbTHtpparMeHTaUHH C 3Hepmett npOTOHOB B HHTepuarre 0,5-5 faB. 

B pa3.n;erre 2.7 (3aKJilOqeHHe) H3JIO)KeHbl OCHOBHbie pe3yJJbTaTbI H BbIBO,!l;bI, a 

TaK)Ke paccMOTPeHO B03MO,KHOe HX npaKTH'IeCKOe npHMeHeHHe. 

r JI3B3 3 ITOCBllIIIeHa HCCJie,!l;OBaHHIO 3MHCCHH HeffTPOHOB B CTOJJKHOBeHHllX 

nerKHX ll,!l;ep C 3Hepmeir HeCKOJJbKO faB/ttyKJJOH C TIDKeJJblM ll,!l;pOM-MHIIIeHbIO [3,4]. 

B pa3.n;ene 3.1 (BBe.n;eHHe) .n;aeTCll Kp8TKHH o63op HCCJJe,!l;OBaHHH 3MHCCHH 

HeHTPOHOB B peaKUHllX npH npoMe~TOqHbIX 3HeprHllX nyTeM H3MepeHID1 

MHO,KeCTBeHHOCTH' H ,llBOHHbIX .n;HtptpepeHUHaJibHbIX ceqeHHH o6pa30BaHIDI 

HelJTPOHOB. ,AJill nyqKOB JJePiattlllHX ll,!l;ep C 3Hepmett ,!1;0 0,6 Af3B 3HepreTHlfeCKHe 

cneKTPbI HeHTPOHOB 6hIJJH He.n;aBHO H3MepeHbl no.n; pa3JJHlfHbIMH yrnaMH B 51.noHHH. 

IlpH 6onee •BbICOKHX :meprHllX unepBbie TaKHe .n;aHHhie 6bmH nonyqemI B HaIIIHX 

H3MepeHHllX, r.n;e 6Lma H3yqeHa TaK,Ke o6nacTb HH3K03HepreTH'lecKHX 

HCnapHTeJJbHhIX HettTPOHOB. ,[(aeTCll KpHTHlfeCKHH aHaJIH3 pa3BHTHll 

tpeHOMeHOJJOrH'leCKOH MO,!l;eJJH ,llB~IIIHXCll HCTOqHJIKOB .wrn OITHCaHIDI ,llBOHHbIX 

AHtptpepeHUHaJILHhIX ceqeHHH o6pa3oBaHIDI HettTPQHOB B o6rracTH npoMe~oqmrx 

:meprHH. 

B pa3.n;ene 3.2 OITHCaHbl H3MepeHID1 ,llBOHHbIX .n;HtptpepeHUHaJJbHbIX ceqeHJIH 

o6pa3oBaHIDI HeHTPOHOB B HeynpyrHX B3aHMO.n;eircTBHllX npoTOHOB 11 .n;eHTPOHOB c 

3Hepmeir 2 faB, ll.n;ep 
4
He c 3Hepmeii 4 f38 H H.n;ep 

I2
C c 3Hepmeii 24 f3B c H.!lPaMH 

CBHHIIa, BbillOJJHeHHbie Ha BpeMllnponeTHOM cneKTPOMeTPe. IIpe.n;cTaBJJeHbl 

nonyqeHHbie pe3yJJbTaTbl B o6naCTH yrnoB 0 2': 30° (B o6naCTH tpparMeHTaIIHH ll,!l;p8 

MHIIIeHH), B TOM qucne B BH.n;e cpaBHeHIDI C pe3yJJbTaTaMH H3Mepemrii Ha nyqKax 

npOTOHOB C 3HeprID1MH B HHTepBarre 1,5-3,0 f38, BbinOJJHeHHbIMH B KEK (51.noHIDI), 

SACLA Y (<l>paHIIIDI) H l1T3<1> (PoccID1). CpaBHeHHe noKa3aJIO xopomee cornacue 

,!l;aHHbIX, nonyqeHHLIX B pa3HbIX rra6opaTOpHllX. IlpH '.)TOM Heo6xo.n;HMO OTMeTHTb, 

~o o6nacTh HcnapHTeJJbHbIX HeffTPOHOB C 3HeprID1MH HJDKe 5 M3B HaH6onee 

no.n;po6Ho H3MepeHa JIHIIlb B HaIIIeM 3KcnepHMeHre. 
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1- . 

I 

B pa3,nene 3.3 o6C}')K)].filOTC8 ceqeHIDI o6pa30BaHIDI HeibpOHOB npoTOHaMH " 

,neibpoHaMH. 113MepeHIDI noKa3aJIH, 'ITO ,nuqiqiepem:umm,m1e u nonm1e ce'feHIDI 

o6pa30BaHIDI HeibpOHOB B Heynpyrux B3aUMO,neiiCTBIDIX npOTOHOB ",nempOHOB C 

8,D;paMU CBUHI.{a UMelOT 6nu3KHe 3Ha'feHIDI. 

Pa3,nen 3.4 nOCB8Il(eH attanU3y pe3ym.TaTOB B paMKax MO,nenu ,D;BIDK}'Dl:UXC8 

UCTO'IHUKOB. O6c}')K)].aeTC8 MO,nHq>HIUfPOBaHHa8 MO,nem. ,D;BIDK}'Dl:UXC8 UCTO'fHUKOB 

(M.D:11), npe,nnomeHHaa aBTOpoM ,nucceprnu;1rn ,nna aHaJIH3a u HHrepnpeTaIJ;UU 

3KCnepUMeHTam.mrx pe3ynLTaTOB no ,D;BOHHI,IM ,nuqiqiepeHIJ;Uam.m.IM ce'feHIDIM 

o6pa30BaHIDI HeiiTPOHOB B o6nacTn 3Hepruii BbIIIIe ~0,5 Ar3B. <l>03uqecKoii ocHoBoii 

npe,nnomeHHOH M.D:11 8BMeTC8 COBpeMeHHOe noHHMaHUe OCHOBHI,IX npon;ecCOB 

pacna,na a,nepHOH CUCTeMbl, B03HHKfilOil(eH B paccMaTPHBaeMbIX CTOnKHOBeHIDIX, 

KoTopoe 6a3ttpyerca Ha nonyqeHmrx: B nocne,nttee BpeMa 3KcnepUMeHTam.mrx u 

reopeTU'ieCKHX pe3ym.rnTax, u, npe,K,D;e Bcero, no 3MHCCHH a,nepmrx qiparneHTOB 

npoMemyro'fHoH Maccb1 B npon;ecce MYill>THq>parMeHTaIJ;HU. B Mo,nenu 

npe,nnonaraeTC8, 'ITO OCHOBHOH BKna,D; B 3MUCCHIO HeibpOHOB ,D;filOT 'feTbipe 

qimuqecKHX npon;ecca pacna,na Bo36}')K)].eHHoii a,nepHoii CHCTeMbI ('IeThlpe 

UCTO'IHUKa), OTBe'ffilOil(He 3a ucnycKattue HeHTPOHOB Ha KaCKa,nHOH CTa,D;HU B 

nepHq>epU'ieCKUX (I-ii UCTO'IHHK) H n;effTPaill>Hl,IX (2-ii HCTO'IHHK) CTOnKHOBeHIDIX, B 

npon;ecce qiparMeHTaIJ;HU (3-ii ncTo'IHHK) u Ha ucnapHTem.Hoii CTa.nHU ( 4-ii 

HCTO'IHHK). Mo,nenbHOe BblpameHUe, ucnom,3yeMoe ,nna no,nroHKU K 

3KcnepUMeHTanbmIM ,naHHI,IM, UMeeT cne,nyIOmHii BH.n 

d 2u 4 E+m-pp;cos0 
--= LPA; exp{-( 2 112 m)/7;}, 
dEdf! i=I (1 - pi ) 

r,ne HMnym.c HeHTPOHa p = (E 2 + 2Em)112
, E - KHHeTH'feCKa8 3HeprIDI HeibpoHa B n.c. 

B M3B, m - Macca noKoa HeibpoHa B M3B, () - yron BbmeTa HeibpoHa B n.c. 

Kam,nbm .nB~mHiica HCTO'fHHK xapaKTepmyerca napaMeTPaMH aMnnnTy,D;bI A;, 

TeMneparypbI T; u cKopocTn P;, Bb1pameHHoii B e,nuHHQax cKopocTU CBeTa. Bcero 

BbipameHUe (l) HMeeT 12 napaMeTPOB, KOTOpbie HaxO,D;8TC8 BO BpeMJI ero no,nroHKU K 

pe3ym.TaTaM H3MepeHHH no,n pa3nH'IHbIMH yrnaMH 8. 
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Puc. 6. )];BOMHbie )lmpcjlepeHI.lHaJibHbie CetJeHWI o6pa:meaHmI HeiiTpOHOB, H3MepeHHblX Ha 

nyqKax »Aep 4He c 3Heprueii 1 r3B/HyKJIOH (cneea) u »Aep 
12

C c 3Heprueii 2 faB/ttyKJioH 

(cnpaea). CHMBOJ!bl - Pe3YJibTaTbl H3MepeHHM, nyHKTHpHble KpHBbie Ha BepXHHX pucyHKax 

TTOKa.3blBa.JOT BKJia)lbl OT pa.3JIH'lHblX )lBHll<yl..QHXC8 HCTO'IHHKOB, CTTJIOWHbie KpHBbJe -

Pe3YJibTaT TTO)lrQHKH C TTOMOI..QblO MO)leJibHOro BbipalKeHH8. 

IIpe,nnomeHHaa M.D:11 ucnonbJOBaHa ,nna aHaJIH3a pe3ym.TaTOB H3MepeHHH B 

o6nacTn 3Hepruii npoTOHOB 0,25-6,6 r3B, a TaKme Ha nyqKax 6onee nD1cem.rx a,nep. 

Mo,nem. no3BonaeT ,no6HThca xopomero OnHCaHIDI ,D;Boiimrx ,nuqiqiepeHIJ;Uam.mrx 

Ce'feHHH BO BCeM ,nuana3oHe 3HeprHii HeHTPOHOB H, TeM caMbIM, on;eHUTh BKna,D;bl 

pa3nH'IHbIX npon;eccoB B 3MHCCUIO HeiiTPOHOB. IlpHMep onHcaHIDI npe,nnomeHHI,IM 
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M0,!lenbHbIM Bbipa,KeHHeM pe3ynhTaT0B H3MepeHHH .!lnJI CT0mrnoBeHHH JI.Uep 4He C 

:mepmeii: ) r3B/ttyI<JIOH 11 
I2

C C 3Hepmeii: 2 r3B/ttyI<JIOH C JI.UpaMH CBHHUa Il0Ka3aH 

tta pttc. 6. 

lIHTepeCHbIM pe3ynhTaT0M JIBAAeTCJI He3aBHCHM0CTb napaMeTP0B TeMnepaTYPbl 

.!lAA Bcex 'leTbipex HCT0'JHHK0B OT THna " 3HeprHH na.uaIOUieii: 'laCTill.lbl B o6naCTH 

:mepmii: Bhrme npttMepHo 0,5 Ar3B, KaK 3TO noKa1aHo Ha pttc. 7. 
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E, AP3B 

P11c. 7. IIapaMeTpb! TeMnepaTypbl HeihpOHHblX 11CTO'-IHl1KOB, Hatt,!leHHhie nptt IlO.!lrDHKe 

MO.!leJJhttoro Bb1pa)l(ett11JI K pe3yJJhTaTaM 113Mepett11i1 LANL, KEK 11 I1T3<1> (TeMHhie 

CHMBOJ!bl) .!lJIJI peaKl.(1111 Pb(p,nx) np11 pa3JJl1'-1Hh1X :meprtt.HX npoTOHOB H JIB3 01Ull1 .!lJIJI 

ny'-IKOBp (o), 
2H (L',), 4

He (v') 11 12C ( □). 

BenH'JHHa TeMneparypbl .!lAA Heii:TPOHOB, ttcnycKaeMbIX Ha CTa,!lHH 

tpparMeHTaUHH BbICOKOB036~.ueHHOro 0CTaTKa, C0CTaBttna 4, 7±0,3 M3B, 'ITO 

ttaXO.!lHTCJI B xopomeM cornactttt co 3Ha'leHtteM TeMnepaTYPbI Tr B T0'JKe pacna.ua 

CHCTeMbl Ha He3aBHCHMbie tpparMeHTbl (TeMneparypa lpa30BOrO nepexo.ua 

(GKH,!1,K0CTb-ra3» ), HaH,!leHHOH B :JKcnepmieHTaX no myqeHHIO 3MHCCHH 3aplDKeHHbrx 
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tpparMeHTOB npoMe~O'IHOH MaCCbl. 3TOT pe3ynhTaT npe,!lCTa.BAAeTCH Ba,KttblM, TaK 

KaK BnepBbie 3Ha'leHHe TeMnepaTYPhI Tr onpe.ueneH0 MeTO,!l0M, B K0TOp0M 

0TCYTCTByIOT nonpaBKH Ha KYil0H0BCKHe 3tptpeKThr. PaBeHcTBo TeMnepaTYP tt 

CKOpocreii: HCTO'IHHK0B HeHTPOHOB H tpparMeHTOB npoMe~O'IHOH MaCCbl 

CBH,11,eTenLCTBYeT, no-BH,11,HM0MY, 06 o,!lHHaKoBoii: nx tptt3H'JecKoii: npnpo.ue. 

IlonyqeHHbre 3Ha'leHHJI napaMeTPa TeMnepaTYPbl .!lAA HCnapHTenbHOH CTa,!lHH 

3MHCCHH HeffTPOHOB npHMepuo Ha 50% npeBblillalOT BeJilf'IHHbr, xapaKTepmre .!lAA 

peaKUHii: nptt HH3KHX 3Hepmxx. 

B pa1.uene npe.ucrnBneHbI H o6c~aIOTCJI pe3yn1,TaThr no ce'leHHIO 

o6pa30BaHHJI Heii:TPOHOB, cpe,!lHeii: MH0,KeCTBeHH0CTH H 3HeprHH HeffTPOHOB .!lAA 

B3aHMO,!leHCTBHH p, d, 4
He, 

I2
C C JI,!lpaMH Pb, np0B0,!lHTCH cpaBHHTenbHbIH attantt3 

napUHanbHbIX BI<Jla,!l0B OT npouecca tpparMeHTaUHH. fIOKa3aHO, 'ITO BI<Jla,!l OT 

HeHTPOHOB, ncnycKaeMbIX B npouecce tpparMeHTaUHH x.upa-0cTaTKa, C0CTaBAAeT 20-

26% .!lAA Bcex peaKUHii:. OueHKa cpe,!lHeii: 3HeprHH B036~eHHJI x.upa ocrnTKa Ha 

ncnapttTenbHOH CTa,!lHH .!lAA HCCne.uoBaHHbIX peaKUHii: C0CTa.Bttna - I 00 M3B. 

B pa1.uene 3.5 aHanmnpyeTCJI 3aBHCHM0CTb 3MHCCHH HeffTPOHOB OT 3HeprHH 

npoT0H0B B peaKUHH Pb(p,n.x). Ha 0CH0Be aHanma HMelOIUHXCJI 3KCnepHMeHTanbHblX 

,!laHHbIX .!llltptpepeHUHanhHblX " HHTerpanbHbIX ll3MepeHuii: BbilI0nHeHa oueHKa 

cpe,!lHeii: MH0:lKeCTBeHH0CTH Heii:TPOHOB Bcex 3Hepf1!ii: H C 3Hepmeii: Bblille 20 M3B B 

HHTepBane 3Hepruii: HaneTaIOIIIHX np0T0H0B 0, 1-3,5 r3B. Cpe,!lHHlI MH0,KeCTBeHH0CTb 

HeffTPOHOB B Heynpyrnx p-Pb B3aHMo.ueii:CTBHJIX CTPeMHTCJI K HaChIUieHHIO C 

Il0BblilleHHeM 3Hepmtt np0T0H0B B o6rracTH 3Hepmii: Bbime I r3B, KaK 3T0 Il0Ka3aIIO 

Ha pttc. 8. TaM )Ke npHBe.uemr pe3yJlbTaThI ailIIP0KCHMaUHH cpe,!lHHX 

MHO:lKeCTBeHHOCTeii: HeffTPOHOB Bcex 3Hepruii: M H C 3HeprH.HMH BbIIIIe 20 M3B M20. 

IlonyqeHHbre .!lAA 3THX BeJIH'JHH attaJIHTH'leCKHe Bbipa,KeHHJI "YTeM no.uroHKH K 

3KcnepHMeHTanbHbIM .uaHHbIM HMelOT BH,!l 

M = 39(1 - exp(-0.22EP))055 
H M 20 = 8(1- exp(-0.4Ep)) , 

r.ue Ep - KHHeTH'lecKax 3HeprH.H npoT0H0B B r3B. 
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.t 

AttaJIH3 )J;aHHbIX TaIOKe ITOKa3aJI, qTo B peaKU,HH Pb(p,nx) npH 3HeprHH npOTOHOB 

l-3 f3B OKOJIO 40 % 3HeprnH HaJieTaJOlllHX npoTOHOB H,11.eT Ha o6pa3oBaHHe 

tteii:TPOHOB, npuqeM 31 % npHX0,11.HTCH Ha KHHeTuqecKYJO 3tteprmo tteii:TPOHOB, H3 

KOTOpbIX 27 % YHOCHT HeUTPOHbl C 3Heprneu BhIIIIe 20 M3B, COCTaBIDllOlllHe - l/5 OT 

nonttoro BbIX0,11.a HeHTPOHOB. flonyqeHHhie pe3yJI&TaThl CBH,11.eTeJibCTBYJOT, qTo 

3MHCCHH HeHTPOHOB HBnHeTCl! BalKHbIM q>aKTopoM, KOTOpblU ,11.0JDKeH 06ll3aTellbHO 

yqHTbIBaTbCH nptt paCCMOTPeHHH 3HepreTuqecKoro 6arrattca peaKU,HH. 
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P11c. 8, Cpe,llHllll MHOlKeCTBeHHOCTb Bcex HeihpOHOB M 11 Heii:TpOHOB C 3Heprneii BbIIIIe 20 

MJB M20 Ha Heynpyroe B3al1MO,lleHCTBl1e npOTOHa C ll,llpOM CB11HUa: C11MBOJibl - BeJil1'll!Hbl, 

noJiy'leHHble 113 aHaJil13a pe3yJibTaTOB 3KCnep11MeHTaJibHbIX pa6oT, CTTJIOIIIHbie Kpl!Bble -

oueHKl1, noJiy'leHHble AJ!ll M 11 M20, nyHKT11pHall Kp11Ball - 3aBl1CIIMOCTb, npe,llJIOlKeHHall 

KyrnottoM (J. Cugnon) 11 Ap .. 

B pa3,11.ene 3.6 (3aKJIJOqeHHe) npHBe,11.eHbI OCHOBHbie BbIB0,11.bl H pe3yJihTaTbl, 

nonyqetttt&1e B ttccne,11.oeaHHH 3MHCCHH tteii:TPOHOB B p, d, 4
He, 12C - Pb 

B3aHM0,11.eUCTBHHX H paCCMOTPeHbl B03MO)l(Hble npttnO)KeHHH pa3BHTOU M)]Jf H 

pe3yJihTaTOB. 
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B rJ1aee 4 H3JIO)KeHhI pe3ynhTaTbI nccne,11.oeaHHH ,11.eneHHH H,11.ep B 

pa,11.HaUHOHHOM none npOTH)KeHHOH CBHHUOBOU MHIIIeHH 020x60 CM, HBIDllOllleUCll 

MHIIIeHhIO npaKTuqecKH nonttoro nornomeHHH nyqKa 3a cqeT H,11.epttoro 

B3aHM0,11.eucTBHH [5]. lhMepeHHH tta ycrnttoaKe «Heii:TPOHHhIH HCTOqHHK>> 6b1Jrn 

BbIIlOJIHeHhl ,11.nH 209Bi, 
232Th, 235U, 238U H 

237
Np npn IlHTH 3HeprHHX npoTOHOB H 

mecrn 3tteprHHx ,11.eii:TPOHOB B o6nacTH 3Heprnu 1-3,7 f3B. 

Pa3,11.eJibI 4. l H 4.2 IlOCBl!llleHhl MOTHBaUHH HCCJie,11.0BaHHH H OilHCaHHIO 

3KCnepHMeHTaJlbHOH ycTaHOBKH COOTBeTCTBeHHO. 
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P11c. 9. Bh1xo,llbI peaKu11ii AeJiett11J1 AJIH 
209

Bi, 
232Th 11 

238U B cnoe TOJIII\11HOii 1 MrlcM
2
, 

113MepeHHble TTO,ll pa3Jill'lHblMII yrnaMl1 K TTY'IKY npoTOHOB II ,lleHTPOHOB np11 TPeX pa3Jil1'lHblX 

3Heprl1l!X npOTOHOB 1, 2 II 3,7 r3B 11 AByx :meprnHX )leiiTpOHOB 1 11 3,7 r3B: TeMHble 

KPYlKKl1 11 CITJIOIIIHhle Kpl!Bble - ,llaHHbJe ,llJill npOTOHOB, CBeTJlbJe KPYlKKl1 11 nyHKTllpHble 

Kp11Bble - ,llaHHhle ,llJIH AettTPOHOB. 

Attanm H o6c~eHHe nonyqeHHhIX pe3yJibTaTOB HBnHIOTCH co,11.ep)KaHHeM 

pa3,11.eJIOB 4.3 H 4.4. floKa3aHO, ~o Ha6JII0,11.aeTCH cna6WJ 3aBHCHMOCTb qiopMbl 

npOCTPaHCTBeHHhIX H yrnoBhIX pacnpe,11.eneHHH BhIX0,11.0B peaKUHH ,11.eneHHH OT 

3HeprHH H THITa HOHOB nyqKa npH npH6JIH3HTeJibHO JIHHeHHOM yeenuqeffHH 
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:meprHH H THna HOHOB rry'{Ka npH npH6JJH3HTeJJbHO JJHHeHHOM yBeJJH'-IeHHH BhIXO/J,0B 

peaKI.{HH /J,eJJeHIDI C 3Hepruett HOHOB. Ha pHC. 9 npHBe/J,eH npHMep H3l\lepeHHhIX 

V V 2098 . 232Tb 23su 
yrJJOBhIX pacnpe/l,eJJeHHH BhlXO/J,OB peaKL{HH /J,eJJeHml I, If np11 

HeCKOJJhKHX 3HeprIDIX npOTOHOB H /J,ettrpOHOB. 

Y CTaHOBJJeHO, 'ITO nepexo/], OT npOTOHOB K /J,ettrpoHaM n03BOID!eT yBeJJH'IHTh 

V 20 01 23su 231N V 6 BhIXO/J, peaKI.{HH /J,eJJeHIDI Ha - /0 /J,IDI 11 p, HO He npHHOCHT KaKOll-JJll 0 

BhirO/J,hl /J,IDI ttyKJJll/J,OB, peaKI.{HH /J,eJJeHIUI KOTOpbIX llMelOT 6onee BhICOKllH nopor no 

3Hepnm Hett:rpOHOB. Cne/J,CTBHeM )Toro ~IBID!eTCJI Bh!BO/J, 0 TOM, 'ITO /J,IDI 

rpaHCMYTallHH TaKoro Ba)KHOro MHHOpHoro aKTllHH/J,a KaK 
237

Np rryTeM peaKLlllll 

/J,eJJeHIDI HCnOJJh30BaHHe /J,ettrpOHOB Bl',!eCTO npoTOHOB npHBO/J,llT K cyIIIeCTBeHHOl\fY 

BbIHrphirny, B TO BpeMJI KaK /J,Jlll 6naHKeTa Ha OCHOBe 
232Tb 11 

238U .ueitrpOHhl He .Ua!OT 

KaKHX-JIH60 npeuMyIIIeCTB no cpaBHeHHJO C npOTOHaMll TOH )Ke 3Heprmi. 

B pa3.uene 4. 5 ( 3aKJJJO'leHHe) nepe'IHCJieHbl OCIIOBHhie BhlBO.llhl H nOJI}"IeHHhie 

pe3yJihTaThl no myqeHHIO BhIXOJlOB peaKI.{HH /J,eJieHIDI B pa.1maL{HOHHOM none 

npOTH)KeHHOH CBHHL{OBOH l\1HII1eH11 H o6cy)K)J,aeTClI HX npaKTH'leCKaH 3Ha'IHMOCTh. 

B r JI3Be 5 paccMarpHBaJOTClI pe3yJihTaThl HCCJJe.UOBaHllH no o6pa30BaHHIO 

HettrpOHOB B TOJICThlX CBllHL{OBhIX l\lHIIIeHHX Ha rry'IKaX rrpoTOHOB 11 .uettrpOHOB C 

3Hepmett HeCKOJihKO f3B [4]. 

B pa3.uene 5. I H3Jl0)1(eHa MOTHBaIJ,IDI .uaHHhIX HCCJJe.UOBaHHH H npHBe.UeH 

KpaTKHH ofoop pa6oT, nOCBJIIIIeHHhlX CHCTeMaTH'leCKOMy myqettHJO o6pa3oBaHHe 

HettrpOHOB B TOJICThlX l\lHIIIeHJIX npOTOHaMH, .ueitrpouaMH H ner'laHIIIllMll H.UpaMH B 

o6nacrn 3Hepmit 0, 1-10 f3B. 

B pa3.uene 5.2 np11Be,11.eu cnHCOK 113MepeHHH, BhIITOJJHeHHhIX MeTO.llOM BpeMeHH 

Ha ny'IKax npoTOHOB H .uett:rpOHOB C 3Heprttett: OKOJJO 2 f3B C TOJJCThlMH CBHHIJ,OBbIMH 

MHIIIeHHMH 8x8x8, 020x20 CM. TipHBe.uetthl ,11.BOHHhie ,11.Hq>q>epeHIJ,HaJJhHhie BhlXO/J,hl 

uettrpOHOB H 3apH)KeHHhIX a,11.pOHOB /J,IDI 3THX MHIIIeHett. TioKa3aHO, 'ITO H3MepeHHhie 

pacnpe.uenemrn HettrpOHOB cna6o 3aBHCJIT OT THna 'laCTHIJ. rry'{Ka, a BhlXO.ll 

HettrpOHOB 3Ha'IHTeJJhHO npeBhIIIIaeT BhlXOJl 3apll)KeHHbIX a.upoHOB ~e /J,IDI MHIIIeHH 

8x8x8 CM n 3TO pacxo)KJleHHe B03pacTaeT c yBeJJH'leHHeM pa3Mepa MHIIIeHH. 
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B pa3.uene 5.3 o6cy)KJlaJOTCH H3MepettIDI MeTo,11.oM noporoBhIX .ueTeKTopoB 

nettrpOHOB Ha OCHOBe peaKL{HH .ueJieHIDI H cpparMeHTal{lt:H, BhffiOJJHeHHhie C 

rrpOTJI)KeHHOH CBHHU.OBOH MHIIIeHhJO 020x60 CM Ha rryqKax rrpoTOHOB u .ueHrpOHOB B 

ttHTepBane 3Hepmit 1-3,7 f3B. TipHBe.ueHhI rrpnMephl H3Mepemn,ix pacrrpe.ueneHHH 

HeHrpOHOB Ha 6oKOBOH noBepXHOCTH MHIIIeHH BJlOJJh ee OCH tt yrJJOBbie 

pacrrpe.ueneHIDI /J,IDI Bcex 3Hepmtt HeHrpOHOB H BhICOK03HepreTH'leCKOH KOMITOHeHThI 

C E > 20 M3B. TaK)Ke ITOKa3aHhl 3HepreTH'leCKlle cneKrphl HeHrpOHOB, HcrrycKaeMI,IX 

MHIIIemro B noJJHhIH renecm1ii yron. 

B pa3.uene 5.4 rrpoBOJlHTClI cpaBHeHHe ,11.BOHHhIX JlHq>q>epeHI.{llaJJhHhlX 

pacrrpe.ueneHHH HettrpOHOB, H3MepeHHhIX Ha rryqKax rrpOTOHOB C 3HepmeH OKOJJO 2 

f3B C TOHKHMH H TOJICTI,IMH CBHHIJ,OBhIMH MHIIIeHHMH, C npe.UCKa3aHIDIMH K0,11.a, B 

KOTOpOM /J,IDI onttcaHIDI nepBH'IHOH CTaJlHli B3aHMO.UeHCTBIDI HCITOJJh3yeTCH MO.UeJJh 

KBapK-rJJIOOHHhIX crpytt {Ko,11. QGSM), HepaBHOBeCHaH CTa.uHH BocrrpomBOJlHTCH 

3KCHTOHHOH M0,11.eJJhlO, pacna,11. ropH'Iero H,11.epHoro OCTaTKa OITHCbIBaeTC}l Ha 6a3e 

CTaTHCTH'leCKOH MO.UeJJH MYJJhTHq>parMeHTal{lill, a 3MHCCIDI HeHrpOHOB H3 

B036y)KJleHHblX H.Uep-OCTaTKOB ( BKJJIO'lall .ueneHHe) peanmyeTClI Ha 6a3e 

ttcnapHTeJJhHOH M0,11.eJJH. ,llIDI MO.UeJJHpOBaHIDI pa3MHO)KeHIDI HeHrpOHOB B TOJJCThlX 

MHIIIeHHX rrp HMeHeH K0,11. SHIELD. Y.uoBJJeTBOpttTeJJbHOe cornactte 

3KCnepHMeHTaJJhHhlX H TeopeTH'leCKHX pacnpe.ueneHHH /J,IDI TOHKOH H TOJJCThlX 

CBHIIIIOBhIX MHIIIeHeH CBH,11.eTeJJhCTByeT O TOM, 'ITO B KO.Ile, BKJJIO'laJOIIIeM OCHOBHbie 

q>H3H'leCKHe Mexami3Mhl o6pa3oBaHIDI H pacna/],a B036y)KJleHHOH H.UepHOH CHCTeMbl B 

a,11.pOH-}IJlepHblX H lI,11.p0-}1,11.epHblX B3aHMO.UeHCTBH}IX, ITO-BHJlHMOMy, rrpaBHJJhHO 

yqrem1 q>H3H'leCKHe npou,ecchl, rrpHBOMIIIHe K 3MHCCHH HeHrpOHOB. O.unaKO 

HMeJ0111HeCH HeKOTOpbie pacXO)KJleHIDI nOKa3hIBaJOT, 'ITO ITOJJO)KeHHbie B OCHOBY K0,11.a 

reopeTH'lecKHe ·no.uxo)],I,1 e111e rpe6yioT cBoero .UaJJhHeiiwero pa3BHTlf}l n 

TeCTHpOBaHIDI. 

B pa3.uene 5.5 o6cy)KJlaeTC}l BhIXO.ll HeHrpOHOB m CBHIIIlOBhlX MHIIIeHeH Ha 

na.uaioIIIYJO 'laCTHIJ.Y rryqKa. TipHBe,11.eHhI 'IHCJJeHHhie 3Ha'leHIDI H3MepeHHhIX BhIXOJlOB 

HeHrpOHOB AID! pa3JJH'IHhlX MHIIIeHeH. ,llnJI npOTJI)KeHHOH MHIIIeHH attanH3upyeTCH 

3aBHCHMOCTI, BhIXO,ZJ;a HeHrpOHOB · OT 3HeprHH na.uaioIIIHX npOTOHOB H ,ZJ;eHrpOHOB 
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nyre111 cpaBHeHHll nonyYeHl-lhlX )laHHhlX C pe3yJ1bTaTal\m .upyrttx pa6oT H 

npe.ucKa3aHMMH Ko.ua HERMES. Haurn u3111epemm 111eTo.uo111 noporoBhJX .uereKTopoB 

.uanu 3Ha11e11M cpe,!lHero Bh!XO,!la HeiiTpOHOB 6J1H3KHe K IlOJJY'leHHhll\l l\leTO,!lOl\l 

3a111e,!lJ1eHM, ecnu nocne.uuue nepec11nTaTh .!lJ15I yYeTa yTe11Kn BbICOKO3HepreTn11ecKHX 

Heil:TpoHOB. AHanu3 noKa3an, 'ITO a o6naCTu 3Hepmi1 BbIIIIe l f3B .uei1TPOHhl .ua10T 11a 

-10-15 % 6onbIIIHH BhlXO.!l HeHTPOHOB, 11e111 npoToHhI TOH )Ke 3Hepnm . 

Pa3.uen 5.6 ITOCBllUieH HCCJle,!lOBaHHIO llBJleHI-UI pa31\IHO,KeHM HeHTPOHOB B 

CBHHIJ:e 3a C'leT BTOpH'IHhIX ll,!lepHblX B3att1110.ueHCTBHH B l\lHIIIeHH Ha OCHOBe aHaJJH3a 

.uaHHhlX, nOJJY'leHHhle Ha nyYKe npOTOHOB. 
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P11c. I 0. Ha 11eso111 p11cyttKe npe.ncrns11ett cpe.ntt11i1 Bh1xo.n ttettTPOHOB Ha na.nawm1111 npoTOH 

.nm, CBHHUOBOH MHWeHH 020x60 CM: CBeTJlhie CHMBOJlhl - pe3yJJbTaTbl H3MepeHHH MeTO,!lOM 

3a111e.1111eHttll, • - pe3yJJhTaThl ttaw11x 113MepeHHH MeTO,!IOM nopOl'OBblX ,!leTeKTopoB, 

CITJJOWHall KpHBall - npe,nCKaJaHtte KO.Ua HERMES, nyHKTHpHall KpHBall - ouetteHHhlH 

cpe,nHHH Bh)XO.!l HettTpOHOB B nepBH4HblX ll,!lepHbIX B3aHMO,!leHCTBHllX. Ha npaBOM pttcyttKe 

ITOKaJaHh) OTHOCHTeJJbHhIC BKJla,!lhl B noJJHhIH BhIXO.!l HeHTPOHOB OT nepBH'IHhIX ( KpHBall ) ) 11 

BTOpHYHhIX (KpHBall 2) ll.!lepttblX B3a111110.nettCTBHH. 

TIOKa3aHo, '!TO C yaeJII-!'leHHeM TOJIIIJ:I-!Hhl H nonepe'IHOro pa3Mepa MHIIIeHI-1 

cpe,!lHllll MHO,KeCTBeHHOCTb HeHTPOHOB cymecrneHHO BO3paCTaeT 3a C'leT BTOpl-l'IHbIX 
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B3aHMO,!leHCTBHH B MHUieHH. C pOCTOM 3Hepruu npOTOHOB BKJia)J: npoii:ecca 

pa3MHO,KeHm1 HeHTPOHOB B BhJXO.!l HeHTPOHOB yaeJII-!'IHBaeTCll, 1-1 npu 3Heprnu 2 f3B 

OH npHMepno a 2 pa3a npeBbIUiaeT cpe,!lHIO!O MHO,KeCTBeHHOCTb neHTPOHOB OT 

nepBI-l'IHbIX B3aHMO,!leHCTBHH npOTOHOB B CBHHQOBOH MHIIIeHH 020x60 CM KaK 3TO 

nOKa3aHO Ha puc. l 0, r.ue Ha JieBOM pucyHKe np1-1ae.ueHbI 3KCnepHMeHTaJibHbie 

pe3yJihTaThI a111ecTe c npe.ucKa3am-1e111 Ko;i:a HERMES .!lJlll cpe,!lHero BhIXO;i:a 

HeHTPOHOB BMeCTe C OQeHeHHbIM cpe,!lHHM BbIXO)J:OM HeHTPOHOB B nepBI-l'IHbIX 

B3aHMO)J:eHCTBMX npOTOHOB UyYKa B MHIIIeHI-1, a Ha npaBOM p1-1cyHI<e nOKa3aHbl 

OTHOmeHM BKJia)J:OB OT nepBI-l'IHbIX I-I BTOpH'IHbIX B3aHMO)J:eHCTBHH K nOJIHOMY 

BhIXOJi:Y HettTPOHOB. 

B pa3;i:ene npe;i:cTaaneHhI 'IHCJieHHhie ;i:aHHhie no cpe,!lHett 3Hepr1-11-1 HeHTPOHOB, 

cpe.!lHHM BeJII-l'IHHaM KHHeTI-l'leCKOH 3Heprntt HeHTPOHHoro H3JJY'lemrn: 1-1 3HeprHH, 

H)J:ymei1 Ha o6pa30BaHHe HeHTPOHOB, B 3aBHCI-IMOCTI-I OT 3HeprHH I-I TI-Ina 'laCTHQ 

UyYKa. Tip1-1 O)J:HHaKOBOH 31-1eprn1-1 ny'IKa npOTOHbI no cpaaneHHIO C ;i:eHTPOHaMH 

npoH3BOMT HeHTPOHhI c 6onhmei1 cpe)i:Hei1 3Heprnei1. 3iptpeKT BO3pacrnmra cpeMeii 

3Heprl-!ll HeHTPOHOB 1-1 cpe;i:Hei1 KHHeTI-!'leCKOH 3Hepnm HeHTPOHHbro H3JJY'leHM, 

paCC'II-!TaHHbIX Ha e;i:HHI-IQY 3Hepr1-11-1 HaneTaIOUII-IX npoTOHOB, C pOCTOM 3Hepr1-11-1 

'!aCTI-IQ UyYKa MO,KeT 6bITb HCnOJib3OBaH .!lJlll )J:aJJhHeiimero pa3MHO,KeHM HeffTPOHOB 

B 6naHI<eTe, OKpy,KaJOUII-IM CBI-IHQOByIO MHIIIeHb. Tipu 3TOM, IlO-BI-1.!lHMOMY, 

OilTHMaJJhHall 3HeprHH UyYKa npOTOHOB .!lJlll nOJJY'lelUffl HaH60JibIIIero Bb!XO)J:a 

HeHTPOHOB Ha e)i:I-IHttey 3HeprnH '!aCTHQbI UyYKa MO,KeT cymecTBeHHO npeBbIIIIaTb 2 

f3B. CKa3aHHOe BbIIIIe npo;i:eMOHCTPHpOBaHO Ha pl-IC. 11, r;i:e npHBe;i:eHbI 

nOJJY'leHHhie Ha OCHOBe aHaJJH3a 3KcnepHMeHTaJJbHbIX ;i:aHHbIX 3aBHCI-IMOCTH 

cpe)i:Hero BhIXO)J:a HeHTPOHOB H cpe)i:Heii KHHeTI-!'lecKoii 3HeprHH HettTPOHHoro 

H3JJY'leHM, np1-1ae;i:eHHbIX Ha e)i:I-IHttey :meprntt npoTOHOB ITyYKa, OT :meprntt 

HaJJeTalOUlHX npoTOHOB .!lJlll CBHHUOBOH MHWeHH 020x60 CM. 

Ha OCHOBe COBOKYilHOCTI-1 nOJJY'leHHbIX pe3yJibTaTOB )i:Jill npOTll,KeHHOH MHIIIeHH 

MO,KHO c;i:eJiaTh BbIBO)J:, 'ITO nepexo;i: OT' npOTOHOB K ;i:eHTPOHaM He ;i:aeT KaKHX-JIH6o 

cymecrneHHhIX npeHMymeCTB .!lJlll npOH3BO)J:CTBa HeHTPOHOB. 
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Pttc. 11. OTHOWeHHll cpe.zrnero BbIX0.L{a HeihpOHOB tt cpe,Lltteil KHHeTH'-leCKOM :rneprntt 

HettTµOHHOro lt3JlY'leHllll K 3Hepr1111 npoT0H0B ny'-IKa. Kp1tBbie nony'-leHbl nYTeM no.L{roHKlt K 

3KCnep1tMeHTaJJbHblM .L{aHHblM. 

B pa:mene 5. 7 ( 33KJII04eHHe) npHB0,MTCll 0CH0BHbie BhlB0,[(hJ H pe3yJihT3Thl, 

noJIY4eHHhie B HCCJie,[(0B3HHH o6pa30BaHIDJ HeHTPOHOB npoT0HaMH H ,[(efrrpoHaMH B 

CBHHI.(0BhfX MHIIIeHl!X, H paCCM3TPHBaeTCll HX B03M0,KH0e rrpHJI0)KeHHe. 

B 33KJII011eH1te rrpttB0,[(l!TCll 0CH0BHhJe pe3yJihT3Thl ,[(Hcceprnu,HH. 
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