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CseTnoii rraMHTII 
rrpo~eccopa llropx EoH~apeHKO 

rIIr AHTCKIIE IIMIIY JlbCbl TEIIJIOBbIX HEHTPOHOB B 
JIOBYIIIKAX JiOJiblllllX YCKOPIITEJIEH. 

B03MO)KHOCTII <l>ll3INECKIIX 3KCIIEPIIMEHTOB. 

I0.51. CTaBIICCKIIH, 
OI151I1, LJ:y6tta. 

B ;i.aom1e o6HttHCKHe opeMeHa (n»TH;J.eCl!Thie ro;i.u npournoro 

BeKa) Hropb EoH;i.apeHKO o6paTHJI BHHMaHHe CBOHX KOJIJier H ;i.py3eii 

Ha B03MOlKHOCTll, 0TKpbIBalOIUHeCJ:J Ml! 3KCnepHMeHT0B B J:J;J.epHOH. 

¢H3HKe Hll3KHX ll cpe;J.HllX 3HeprHii npn C03;J.aHHH ycKOpHTeJieii 

3aplllKeHHb!X 'laCTlllI C CHJihHOM ¢oKyCHpOBKOH.. O;i.HllM ll3 CJie;J.CTBHH. 

CTaJIO npeAJI0JKeHHe llCn0Jib30BaTh 6bICTPOIIHKJlll'IHhlH. npOTOHHhlH. 

CHHXpoTpOH Ha 500 M3B, pa3pa60TaHHhlH. CoKOJIOBbIM ll AP- B 

HoBOCH6HpCKOM l1HCTHryTe l!;J.epHOH. ¢H3HKH B Ka11ecrne 

llMnyJihCHOfO HCT0'IHHKa Hett.TPOHOB ;I.Jill opeMl!-npoJieTHOH. 

Hett.TpOHHOH. cneKTpOCKOnHll [l]. 3TO npe;i.JIOlKeHHe 6hIJIO 

noMeplKaHo aKa;i.. A.M.Ey;i.KepoM n aKa;i.. A.l1.JleiinyHcKHM, HO He 

6bIJIO ony6JIHKOBaHo H3 coo6palKeHHH. npnMeHHMOCTH ;I.Jill 

HCCJie;J.OBaHHM, HMeBIIIHX BOeHHOe 3Ha11eHHe. B nocne;i.m1e ro;i.u, B 

KOHi.ie ceMH;J.eCJ:JThIX, nol!BHJIOCh npeAJIOlKeHHe ncnOJih30BaTb 

60JihlIIHe npoTOHHhie CllHXpOTpOHhl (Ha T3BHhie 3HepmH) ;I.Jill 

reHepnpooaHllll mraHTCKllX llMnynhCOB TenJIOBhlX Hett.TPOHOB [2] 
(cHa11ana - cepnyxoocKoii npoTOHHhlii cnHXPOTPOH YHK Ha 3 T::io, 

3aTeM SCSC Ha 10 T::io n Tenepb - coopyJKaeMhiii B CERN'e LHC Ha 

7T3B. 

Tio-BHAHMOMY B CBJ:J31l C 3THM npe;J.JIOJKeHlleM o6a nepBb!X 

npoeKTa yJKe no'lllJill B Eo3e, npoeKT JKe LHC noKa JKHB, XOTh n 

llMeIOTCll TPYAHOCTll npn ero ocymecTBJieHllH ... 

Pac'leThl, npooe;i.eHHhie B l1HCTllryTe l!;J.epHb!X llCCJie;i.oiiaHHH 

PAH (MocKoa), noKaJann, 'ITO npH o;i.Hoo6opornoM Bhrno;i.e 7-T::io 

np0T0HOB (OCHOBHOH. pelKllM pa60Tbl ycKopnTeJIJ:J) Ha Tl!JKeJiyw 

MHIIIeHh, pa3MeIUeHHYIO B Ha'laJihHOH. 11aCTH rpa¢1lTOBOH. JI0BYIIIKH ll 

cHa6JKeHHYIO oo;i.opo;i.oco;i.epJKaIUHM 3aMe;J.JIHTeneM, B nocne;i.HeM 

reHepHpyeTCll mraHTCKlltt. HMnyJihC TenJI0BhIX HeHTP0HOB C nllKOBOH 
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TIJIOTHOCTb!O TIOTOKa 1,5 - 2. 1019 
Heihp/cM

2
CeK. H .l(JIHTeJibHOCTb!O 

I 00 - 250 MKCeK. 

3TO OTKpbIBaeT HOBbJe BO3MO)KHOCTH Mll 3KCnepttMeHTaJlbHblX 

HCCJie.l(OBaHHll s o6JiaCTH HettTpOHHOll ll.l(epHOll q>H3HKH, HettTpOHHOll 

q>H3HKH KOH.l(eHCHpOBaHHblX cpe.l(, HeHTpHHHOll q>H3HKH C 

HCTIOJlb3OBaHtteM BCeii HHTeHCHBHOCTH cynepycKOpHTeJill, '!TO 

HHCKOJlbKO He Mewaer .l\PYnlM ero 3a.l(alJaM. Heo6XO.l(HMO TaK)Ke 

OTMeTHTb, '!TO TIO.l(06Hblll ycKOpHTeJib, coopy)KaeMblll, B OCHOBHOM, 

.!(Jill' 3KCnepttMeHTOB co BCTpe'!HblMH nyqKaMH, 6y.l(eT HMeTb H 

BTopyIO nosywKy ny'!Ka, TaK)Ke npttrO.l\HYJO .!\Jill no.l(o6HbIX 

3KCnepttMeHTOB ... 

I. BBeAeHHe 

C03.[(attne ycKopnTem,Ho-HaK0IIHTeJihHoro K0MrrneKca LHC (pnc.1,(3)) 

0TKpbrnaeT HemKH,[(aHHbie B03M0)KH0CTH ,[(JIH q>H3H1IeCKHX HCCJie,[(0BaHHH B 

CBepXIIJI0THbIX HMIIYJibCHbIX II0T0Kax Me,[(JieHHbIX HettTpOHOB (TeIIJIOBbIX, 

X0JI0,[(HbIX, YJib'fl)aXOJIO,[(HbIX). 3.r1ecb paccMa'fl)HBaIOTCH HCCJie,[(0BaHHH c 

TeIIJI0BbIMH HeH'fl)OHaMH. Bo3MO)KHbie 3KCrrepHMeHTbI C X0JI0,[(HbIMH H 

YJib'fl)aX0JI0,[(HbIMH HettTpOHaMH B CTa,[(HH o6cy)K,[(eHHH n ou:eH0K. 

O.[(HHM H3 «tJY,[(ec rrpHp0.[(bI» HBJIHeTCH 6JIH30CTb BpeMeHH o6paiu:eHHH 

rrpoT0H0B B 6oJibllIHX K0JibU:eBbIX ycKopHTeJIHX ( ~ 70 - 80 MKCeK) n BpeMeHH 

)KH3HH TeIIJI0BbIX HettTp0HOB B B0.[(0po.r1oco.r1ep)KaJUHX 3aMe,[(JIHTeJIHX (Bo.[(a, 

rn.r1pn.r1 U:HPK0HHH n .rlP ). 3TO n eCTb 0CH0Ba reHepaU:HH cpaBHHTeJibH0 

K0p0TKHX HMIIYJihC0B TeIIJI0BbIX HeH'fl)OHOB C rHraHTCKOH . IIHKOBOH 

IIJI0TH0CTbIO II0T0Ka, BIIJI0Tb ,[(0 ~ 10 20 
Hett'fl)ICM

2
CeK. 

B CB0e BpeMH P.BHJibCOH rrpe.[(JI0)KHJI HCII0Jib30Ban; ycK0pHTeJIH rrpoT0H0B 

Ha BbIC0KHe 3HeprnH (coTHH r3B) ,[(JIH T.H. «3JieKTp0H.[(epHoro 6pH.[(HHra» {EJIE 
- II0JIYtJeHHH 3HeprHH H ,[(eJIHJUHXCH MaTepnarroB C II0M0JUblO ycKopeHHbIX 

rrp0TOH0B HJIH H.[(ep) [4]. 3TO, rrpe.[(JI0)KeHHe 6hIJIO OIIIH601IHbIM, TaK KaK 

Han6orree 3q>q>eKTHBHM o6rracTb 3Heprnii rrp0T0H0B ,[(JIH p0)K,[(eHHH HettTpOHOB 

Jie)KHT B 0KpecTH0CTH 1,2 r3B [5]. C poCT0M 3HeprnH rrp0TOH0B E rrpHMbie HX 

H0HH3aU:H0HHbie II0TepH B Beiu:ecTBe rra,[(aIOT ( ~ 1/E) H Bee 6oJibllIM ,[(0JIH 

3HeprHH H,[(eT Ha B036J)K.[(eHHe H.[(ep, K0Topoe, B KOHe'IH0M C'IeTe, rrpHB0,[(HT K 

HcrrapeHHIO HettTp0H0B - K 0CH0BH0MY rrpou:eccy ,[(JlH EJIE. O.[(HaKO B o6rracTH 

3HeprHii 400-500 M3B Ha'IHHaeTCH HHTeHCHBH0e p0)K,[(eHHe. 1t
0
-Me30H0B, 

pacrra.r1 K0T0pbIX ,[(aeT Ha'IaJI0 3JieK'fl)OHHO-q>OTOHHbIM JIHBHHM. OHH Be.[(YT K 
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BT0pllqHblM ll0HH3aQH0HHbIM Il0TepxM 3Heprllll npoT0H0B. KoHKypeHQHX 

nepBHqHbIX H BT0pllqHblX H0HH3aQH0HHbIX Il0Tepb npHB0,l].HT K Il0XBJieHHIO 

nmpoKoro MaKCHM)'Ma B ydeJlbHOM BbIX0,l].e HeHTPOHOB H3 np0TX)KeHHblX 

TX)KeJiblX MHIIIeHeil:, 06.rryqaeMbIX np0T0HaMH (y.n.enbHbIH BbIX0)]. - qHCJIO 

HcnycKaeMhIX Heil:TPOHOB Ha npoTOH ll e,l].HHHQY ero 3HeprHH B 3aBHCHM0CTH OT 

3HepmH npoToHa, dN/E,p) [5]. Y.n.enhHbiil: BhIXO.D. Heil:TPOHOB B 3TOM 

MaKCHM)'Me )].Jijl Tj{)KeJibIX nporn)KeHHbIX MHIIIeHeil: ( CBHHeQ, BOJib<ppaM) 

C0CTaBJIXeT ~ 24 HeiiTP/npOTOH r3B. 

EoJibIIIOe qHCJI0 npOTOHOB B HaKOilllTeJibHblX KOJibQax ycKOpllTeJibHOro 

KOMnneKca (npoeKTHOe 3HaqeHHX )].Jijl LHC (CERN) ~ 3. 10 14 
npoTOHoB) u 

BblC0KM HX 3HeprHX o6ecneqllBaIOT reHepaQHIO rHraHTCKHX HMnyJihC0B 

HeHTPOHOB [2]. Xorn y.n.eJihHbIH BbIXO)]. npH CBepXBbICOKllX 3Hepmxx ~e 

cpaBHHTeJibHO MaJI (TOJlbKO OKOJIO 2,5 HeiiTP/npoT.r3B npH 7 T3B [6]), IlOJIHblH 

BblXO,l]. )].Jljl nporn)KeHHOH BOJibq:>paMOBOH MHIIIeHH )].OCTllraeT ~ 2.104 

HeiiTP/npOTOH. OCHOBHOe orpaHHqeHHe - HarpeB MHIIIeHH 3a HMilYJibC. 

II. rnraHTCKHe HMDY JlhChl HeiiTpOHOB B 

JionymKax LHC. 

Y cKopHTeJibHO-HaKonttTeJihHhiil: KOMnneKc LHC (6onhrnoil: a.n.poHHhIH 

KOJIJiail:.n.ep) C03,l].aeTCX KaK COBOKYTTHOCTb )].Byx HaK0ilHTeJibHbIX KOJieQ H 

CHCTeMbl ycKOpHTeneii-HH)KeKTOpOB, C03,l].aIOmHx BCTPeqHbie QHpKynHpyIOmue 

nyqKH npOTOHOB HJIH .n.pymx 3apx)KeHHblX qacTHQ (x.n.ep ). KoJibQa HMelOT 

nepeceqeHHX, o6ecneqHBaIOmHe npoBe,l].eHHe 3KCnepHMeHTOB Ha BCTPeqHbIX 

nyqKax npoTOHOB c 3Hepmeil: .n.o 7 T3B. HaqanbHhiii .D.HaMeTP nyqKa npoT0H0B 

B KpOCC0Bepe - OKOJIO 15 MHKpOM~OB. Co BpeMeHeM HaKOilJieHHe oniH60K B 

Il0BOpOTHbIX MarHHTaX ll q:>oeycHpyIOmHx JIHH3aX npHBO)].llT K «pacnyxaHHIO» 

nyqKa H IlOTepe «CBeTHMOCTH» 3KcnepuMeHTa, KOTopax o6paTHO 

nponopQHOHaJibHa qernepTOil: CTeneHH ,l].HaMeTPa nyqKa... BpeMX )KH3Hll 

CBeTHMOCTH OK0JIO 10 qacoB. Ilo3TOMY Ka)K,l].ble 10 qacoB BCIO HaKOilJieHHyIO 

HHTeHCHBHOCTb npOT0HOB (npoeKTHOe ·ee 3HaqeHHe ~ 3.10 14 
npOTOHOB B 

Ka)K)].OM nyqKe [3]) npe.n.nonaraeTcx c6pachrnaTh, nYTeM o.n.Hoo6opoTHOro 

BbIB0,l].a, B JI0ByrnKH H npoQecc ycKopeHHX H HaK0ilJieHHX HaqHHaTb Cbl3HOBa. 
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JloByrnKa rrpe,ncTaBJUJ:eT co6oii rpaqiHTOBblll QHJJHH,np ,n;HaMeTpOM 1 MeTP » 

,l(JIHHOH OKOJIO 10 MeTpOB, OKpy)KeHHblll pa,n;HaQHOHHOH 3aIQHTOH H3 CTMH II 

6eTOHa. EcnH B HaqanI,HOH qacrn rpaqJIITOBOH JIOBynIKH (B 10 - 20 CM OT ee 

qipoHTMbHOH IIOBepxHOCTII) pa3MeCTIITb TH)KeJI)'IO MHIIIeHb TOJIIQHHOH B 2-3 
,l(JIHHbl H,nepHoro rrpo6era rrpoTOHOB (MH BOJioqipaMa 3TO OKOJIO 60 CM) -

60JibIIIIIHCTBO IIpOTOHOB HCIIbITaeT H.n;epHoie B3aHMO,neiicTBIIH, KOTOpoie 

3aBepIIIaTCH IICIIapeHIIeM HeHTPOHOB B036y)K,neHHbIMII H,npaMII. KaK y)Ke 

OTMeqanoco, o,n;HaKO, HMeeT MeCTO KOHKypHp)'IOIQHH rrpou;ecc - pO)K.[(eHIIe n° -
Me30HOB reHepIIpyeT 3JieKTPOHHO-qJOTOHHbie JIHBHH, B3aIIMO,neiiCTBHe KOTOpbIX 

C BeIQeCTBOM pO)K.ll;aeT rrpIIMepHO Ha .[(Ba rropH,n;Ka MeHoIIIe HeiiTpOHOB, qeM 

B3aHMo,neiiCTBHe a.npoHOB C H.ll;paMII. Ilepe,naqa 3HeprnH rrepBHqHI,IX rrpOTOHOB 

JIIIBHHM CYIQeCTBeHHO CHH)KaeT BI,IXO.ll; HeHTPOHOB. 

TaKHM o6pa30M, TH)KeJiaH MHIIIeHb B rpaqiHTOBOH JIOBYIIIKe HBIITCH 

IIHTeHCHBHI,IM HMIIYJibCHbIM IICTOqHHKOM HeiiTpOHOB C KaCKa.[(HO

IICIIapttTeJII,HbIM 3HepreTHqecKIIM crreKTPOM. OKOJIO 90% HeiiTpOHOB 6y.nYT 

HMeTb cpe,n;HIOIO 3HeprnIO 2-3 M3B H yrnoBoe pacrrpe,neneHIIe. 6JIII3KOe K 

II30TpOIIHOMY. OCTMI,Hbie, KacKa.[(Hbie, yrnoBoe pacrrpe,neneHIIe BblTHHYTOe 

BIIepe.n H 3HeprIIH BIIJIOTI, .no rrepBIIqHoii 3HeprnH rrpoTOHOB (7 T3B ). 

,n:n»TeJibHOCTI, IIMIIynoca HeiiTpOHOB COCTaBIIT rrpiiMepHO 70 MIIKpoceKytt,n -

BpeMH o6opoTa rrpOTOHOB B KOJibQe. 

TaKOH HCTOqHIIK HeiiTpOHOB 6y,neT IIMeTb 3HaqHTeJII,Hbie rrpeHMYIQeCTBa 

rrepe.n IIMIIYJibCHbIMH H,nepHbIMII peaKTopaMH O.ll;HOKpaTHoro ,neiiCTBIIH C 

TeMrrepaTypHbIM caMoraIIIeHHeM, IIMeIOIQIIMII 6JIII3KIIH IIHTerpanoHI,IH BblXO.ll; 

HeiiTPOHOB, HO 6onee .[(JIIIHHI,lll IIMIIYJibC, 3HaqIITeJibHblH BblXO.ll; 

3aIIa3.[(I,IBaJOIQIIX HeiiTPOHOB II CYIQeCTBeHHbie orpaHHqeHIIH B IIOCTaHOBKe 

3KCrrepIIMeHTOB, B cnyqae Heo6xo,n;IIMOCTH ((BJie3aTb» BHYTPb aKTHBHOH 30Hbl 

peaKTOpa. PaccMaTPHBaeMbIH IICToqHIIK HeiiTpOHOB II03BOJIHT HCIIOJib30BaTb 

rrpaKTHqecKII BCIO HHTeHCHBHOCTI, cyrrepycKOpHTeJIH ,l(JIH HeiiTPOHHbIX 

3KCrrepIIMeHTOB, He MeIIIaH ,npyrHM rrporpaMMaM, T.e. CYIQeCTBeHHO paCIIIHpIIT 

3KCrrepIIMeHTMbHbie B03MO)KHOCTII ycKopHTeJioHOro KOMIIJieKca. 

,n;nH orrpe.neneHIIH BblXO.ll;a HeiiTPOHOB rrpH o6nyqeHHII TH)KeJiblX 

rrporn)KeHHblX MIIIIIeHeii rrpOTOHaMII CBepXBblCOKOH 3HeprnII rpyrrrroii H.M. 

Co6oneBCKOro (HJIH PAH), 61,m rrpoBe,neH QIIKn pacqfaoB MeTo,noM MoHTe

Kapno [5,6]. 
B HaCTOHIQee BpeMH HCIIOJio3yeTCH pH,n KOMIIbIOTepHbIX rrporpaMM .ll;JIH 

pacqeTa B3aIIMO,neiicTBIIH rrpoTOHOB C BeIQeCTBOM. 
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lllIIpoKo pacrrpocTpaHeHa coBpeMeHHruI Bepcmr HETC (High Energy 
Transport Code, [7]), LAHET (Jioc-AnaMoccKrui Jla6oparnpmr), HERMES 

(Hccne,!l,oBaTenhcKIIH u.eHTp IOnIIx), NMTC (JAERI) II ,!1,p. 3rn rrporpaMMhI 
IICII0llh3YJOT M0,!],enh Me)KbH,!1,epHoro KacKa,!],a EepTIIHII [8], ,!],eTanhH0 
0IIIIChIBaIOlll.YJO, B 3KCKnl03HBH0M II0,!l,X0,!],e, BCe CTa,!],IIII H,!1,epHhIX peaKU.HH B 
rrpOTH)KeHHOH MIIIIIeHII. OHII IIpIIMeHHMhl rrpII 3HepmHX rrpoT0H0B ,!1,0 10-

20 f3B. 
PyccKIIM aHanoroM HETC HBnHeTcH rrporpaMMa SHIELD. CoBpeMeHHhIH 

BapIIaHT SHIELD [9,10,11] II03BonHeT M0,!1,enIIpoBaTh p0)K,!l,eHIIe II rrepeHoc 
ffYKn0H0B, IIII0H0B, Ka0H0B, aHTIIHyKll0H0B, MIO0H0B II H,!1,ep C 
rrp0II3B0llhHhIMII (A,Z) B IIp0TH)KeHHhIX Cll0)l(HhIX MIIIIIeHHX IIpII 3HeprIIHX ,!1,0 

~ 100 f3B. 
Cne,!J,yiollJ.IIH He3aBHCIIMhIH a,!1,pOHHhIH TpaHcrropTHhIH KO,!], - FLUKA 

(rrepBrui BepcIIH - 1974, [12]. Hcrronh3YeTCH IIHKnI03IIBHhIH II0,!1,X0,!1, B 
M0,!],enIIp0BaHIIII H,!1,epHhIX B3aHMO,!],eii:cTBIIH. B ero COBpeMeHHOH BepCIIII 
[13,14] rrpII BhIC0KIIX 3HepmHX rrpIIMeHeHa ,!l,ByxrrapT0HHruI M0,!l,enh (DPMJET, 
J.Ranf), a rrpn 3HepmHX B 0KpeCTH0CTII 1 r3B - opHrIIHMhHruI BepCIIH 
KaCKa,!],HO-IICIIapIITenbHOH M0,!l,enII. IlporpaMMa II03B0nHeT M0,!],enIIpoBaTh 

a,!1,p0HHhie KaCKa,!1,hl B Belll.eCTBe rrpII 3HepmHX ,!1,0 20 T3B. 
IlpIIMeHHIOTCH TaK)Ke KOM6IIHaU.IIII rrporpaMM, II03B0llHIOlll.IIe peIIIaTh 

IIIIIpoKIIii: Kpyr 3a,!1,al.J:. B 1.J:acTH0CTII, rrporpaMMa CALOR [15,16], BKnI01.J:aIOllJ.ruI 
HETC, MORSE, EGS4 II MYJihTII<pparMeHTaU.IIOHHYJO M0,!l,eJih a,!1,poH-H,!1,epHhIX 
B3aIIMO,!l,eHCTBIIH [17]. 3Ta rrporpaMMa TaK)Ke II03B0JIHeT rrpoB0,!1,IITh pacl.J:eThl 
,!l,0 3Hepmii: ~ 20 T3B. 

lllIIpOKO ncrroJih3yeTCH TaK)Ke HHKnI03IIBHruI rrporpaMMa rrepeHoca MARS 

[18], rrepBruI BepCIIH KOTopoii: 6bma pa3BIITa B H.MOXOBhIM (1975, H<l>B3, 
IlpoTBIIHo ). 

K HaCT0HllJ.eMy BpeMeHH rrpoBe,!],eHO HeMan0 3KCIIepIIMeHT0B no 
orrpe,!1,eJieHIIIO BhIX0,!1,a HettrpOHOB II3 IIp0TH)KeHHhIX TH)KeJihIX MIIIIIeHeH B 
,!1,IIaIIa30He 3Hepmii: IIp0T0H0B OT 0,25 ,!1,0 70 r3B. O6e 3TII KpattHIIe T0'IKII 
II0JIY1IeHhI 3KCIIepIIMeHTMhHhIMII rpyrrrraMII IUIH PAH - 0,25 r3B [19] - Ha 
Me.n;IIU.IIHCK0M Kattane rrpoTOHH0ro CIIHxporpoHa HT3<1> II 70 r3B [20] - Ha 
ceprryxoBCK0M ycKopIITene. Pe3yJihTaThI paHHIIX 3KcrrepIIMeHTOB B 
0KpeCTH0CTII ~ 1 r3B HaII6onee II0JIH0 rrpe,!1,CTaBJieHhl B pa6oTe [21]. B 
rrocne,!l,HIIe f0,!l,hl 6bIJIII II0JIYl.J:eHhI ,!],aHHhie rrpII 3HeprIIII rrp0T0H0B 12 r3B [22]. 
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Bee 3TH pe3yJihTaTbI HeIIJIOXO cornaC)'IOTCH C HaIIIHMH pacqfaaMH Bb!XO)],a 

HettTpOHOB )],JIH 3Heprnii rrpOTOHOB B )],Hana3oHe 0,2 - IO TeV. 3TO OTKpb!BaeT 

B03MO)KHOCTb BbI6opa HaH6onee 3cpcpeKTHBHOll 3HeprnH npoTOHOB )],JIH 

KOHKpeTHOll 3a)],aqH. TaK )],JIH 3JieKrpOH)],epHoro 6pH)],HHra onTHMaJibHa 

3HeprHH npOTOHOB ~ 1,2 I'3B. O)],HaKO, C ToqKH 3peHHH pa60Tocnoco6HOCTH 

ycKOpHTeJIH 6onee 3cpcpeKTHBHOll MO)KeT OKa3aTbCH 3Heprnx ,..,, 10 I'3B -

60JibIIIee BpeMH )Kll3HH HOHHoro HCTOqHHKa npH cpaBHHTeJibHO MaJib!X TOKax II 

MeHbIIIHe (B pacqeTe Ha npOH3Be)],eHHblll HettTpOH) pa)],HaJ:.(HOHHbie 

noBpe)K)],eHHH nepBOll CTeHKH MHIIIeHH [23]. 

Pacqfabl .[(eMeHTbeBbIX II ,1],p. npOBO)],HJIHCb )],JIH CBHHl.(OBOU MHIIIeHH 

npHpO)],HOrO H30TOnHoro COCTaBa B BH)],e l.(HJIHH)],pa )],HaMeTpOM 20 CM II 

)],JIHHOll 60 CM. KapaH)],aIIIHblll nyqoK npOTOHOB na)],aJI B l.(eHTp MHIIIeHH, B)],OJib 

ee ocH. B T3BHOH o6nacTH HcnoJib30BaJIHCb nporpaMMhI FLUKA II Calor, B 

HH3KOH - opttrHHaJibHM nporpaMMa LOENT c 26-rpyrrnoBott CHCTeMoii 

HeiiTpOHHbIX )],aHHbIX I1. EOH)],apeHKO II ,1],p [24 ], 3JieKrpOHHO-cpOTOHHbie JIHBHH 

Mo)],eJIHpoBaJIHCb nporpaMMOtt EGS4, CBH3aHHOtt c SHIELD cnel.(HaJibHbIM 

HHTepcpettCOM. Ha pHC. 2 MO)KHO BH)],eTb BbIXO)], HeiirpOHOB C 3Heprnett HH)Ke 

10,5 M3B B 3aBHCHMOCTH OT 3HeprnH npOTOHOB B )],Hana30He 0,1 - 10 T3B. Ha 

pttc.3 - npO)],OJibHOe pacnpe,1],eJieHHe HCTOqHHKOB HeiirpoHOB )],JIH 

BOJibcppaMOBOll MHIIIeHH, Ha pHC. 4 - y)],eJibHblll BbIXO)], HeiiTpOHOB B 

3aBHCHMOCTH OT 3HeprHH npOTOHOB. 

Ha6mo)],aeTCH 3HaqHTeJibHOe paCXO)K)],eHHe pe3yJibTaTOB pacqeTOB, 

npoBe)],eHHhIX no FLUKA II CALOR (oKoJio 1,6 npH 6 T3B). C HaIIIHMH 

pe3yJihTaTaMH npH 70 I'3B [20] nyqIIIee cornactte )],aIOT pacqeThI no nporpaMMe 

CALOR, HO 70 I'3B - CJIHIIIKOM )],aJieKH OT HHTepeCYJOIIIeii Hae o6nacTH. 

Ilo3TOMY oqeHb HHTepecHO nonyqHTb xorn 6hI O)],HO 3HaqeHHe )],JIH T3BHb!X 

3Heprntt. 3TO MO)KHO 6bIJIO 6bI C)],eJiaTb npH 3HeprnH 0,9 T3B Ha TeBarpoHe 

(FNAL). 

B COOTBeTCTBHH c HMeIOII.(ettCH HHcpOpMal.(Hell [3], l.(HpKyJIHP)'IOIIIHe nyqKH 

c6paCh!BaIOTCH ropH30HTaJibHO B cenzyM-MarHHTbl, KOTOpbie OTKJIOHHIOT HX 

BepTHKaJibHO Ha JIOBYIIIKH, pacnOJIO)KeHHbie B OT)],aJieHHOll 30He ( ~ 750 M). 

.[(JIH o6ettx JIOBYIIIeK HcnoJih3yeTcx O)],Ha cHcTeMa IlbIBo)],a IP6 (pHc.5) . 

.[(Jlx CHH)KeHHH TenJIOBOll Harpy3KH nyqoK «pa3Ma3bIBaeTCH no JIHl.(eBOll 

noBepxHOCTH rpacpHTa )],BYMH opTOrQHaJibHb!MH MarHHTaMH, nHTaeMb!MH 14 

Kr!.(, 15 KB. 
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nerno BH.[(eTb, qTQ CHHXpOHH3aum1 o60HX MarHHTOB Il03BOJIHT ITOJiyqHTb 

KOJibUeBOH Il)"IOK BHyrpH rpaqrnrn, «pa3.[()'TbIH» 3a cqeT MHOroKpaTHOro 

pacceHHHH. EcJIH BBeCTH B 3TOT Il)"IOK KOJibUeByio BOJiblppaMOB)'IO MHilleHb C 

BHyrpeHHHM BO.[(OpO.[(OCO.[(ep)l(amHM 3aMe.[(JIHTeJieM, MO)l(HO IlOJI)"IHTb 

KOJibUeBOH HCTQqHHK KaCKa.[(HO-HCnapnTeJibHbIX Heii:TpoHOB C HMITYJibCHbIM 

ITOTOKOM TeITJIOBblX Heii:TpOHOB B ITOJIOCTH 3aMe.[(JIHTeJIH IlJIOTHOCTblO - 1019 

Heii:rp/cM
2
CeK H .[(JIHTeJibHOCTblO - 250 MKCeK. IlpH HCITOJib30BaHHH ITJIOCKOH 

MHmeHH C 6oKOBblM 3aMe.[(JIHTeJieM - HMITYJibCbl. TeITJIOBbIX Heii:TpOHOB 

IIJIOTHOCTblO - 2.1019 
Heii:rp/cM

2
CeK H .[(JIHTeJibHOCTblO OKOJIO 100 MKCeK .[(JIH 

3KCIIepHMeHTOB BHe MHilleHH. 

KaK MO)l(HO BH.[(eTb H3 IIpHBe.[(eHHOro IIpHMepa, OCHOBHbie pe)l(HMbl H 

arperaTbI, 11pe.[(ycMorpeHHbie KoHue11ryanhHbIM 11poeKToM LHC, 

06ec11eqHBaIOT, B IIpHHUHIIe, B03MO)l(HOCTb reHepaunn MOIUHbIX HMnyJibCOB 

TeIIJIOBbIX Heii:rpOHOB. ,ll;oIIOJIHHTeJibHO .[(OJI)l(Ha 6bITb C03.[(aHa MHmeHb C 

CHCTeMoii: 3aMe.[(JIHTeneii: H 3KCIIepHMeHTaJibHbIX KaHaJIOB. TeM caMbIM 

3KCIIepHMeHTaJibHbie B03MO)l(HOCTH KOMIIJieKca LHC 6bIJIH 6bI cymeCTBeHHO 

pacmapeHbI. 

III. Bo3MO,KHOe npuMeHeHue JioBymKu LHC B 

HeiiTpOHHhIX HCCJie,ll;OBaHHHX 

llMIIYJibCHbiii: HCToqHHK Heii:rpoHOB Ha OCHOBe noBymKH LHC OTKpbIBaeT 

HHTepeCHbie B03MO)l(HOCTH .[(JIH HCCJie.[(OBaHHH B o6JiaCTH Heii:rpomrnii: H.[(epHoii: 

q>H3HKH, Heii:rpOHHOH q>H3HKH KOH,D,eHCHpOBaHHblX cpe.[( H Heii:TpHHHOii: 

q>H3HKH. HapH.[(y C 3KCnepnMeHTaMH B KJiaccnqecKOii: IIOCTaHOBKe 6i;mo 6bI 

IIOJie3HO HCIIOJib30BaTb raraHTCKHe HMIIYJibCbl TeIIJIOBbIX Heii:rpOHOB .[(JIH 

H3)"1eHHH 11poueccoB B CBepXIIJIOTHblX Jia3epHblX CBeTOBblX IIOJIHX, B 

CBepXCHJibHbIX HMIIYJibCHbIX MarHHTHblX IIOJIHX H IIpH ,D,pyrnx 3KCrpeMaJibHbIX 

COCTOHHHH BemecTBa H 3HeprHH, ,D,OCTYIIHblX TOJibKO B «pe.[(KOHMIIYJibCHOM» 

BH.[(e, a TaK)l(e .[(JIH H3yqeHHH pe,D,KHX 11poueccoB, HaIIpHMep IIpHMOro 

pacceHHHH Jia3epHoro CBeTa Ha ·MarHHTHOM MOMeHTe CB060.[(HOrO Heii:rpoHa 

HJIH ero IIOJIHpH3aUHH, 3KCIIepnMeHTaJibHOe H3)"1eHne pacceHHHH CBeTa Ha 

CBH3aHHblX B KpHCTaJIJie Heii:TpOHaX H 11pe,D,CKa3aHHOro B [25] ycnneHHH 

3cpcpeKTa B6JIH3H qJOHOHHbIX pe30HaHCOB. 
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MMeeT CMbICJI paccMOTpeTb )J:Be MHIIIeHH, KOTOpbie MO)KHO 61,rno 6b1 

«rrpmi:eIIHTb» K JWYM JIOBYIIIKaM - o;i:tty Ji:JUI rettepaQHH IIJIOTHI,IX HMIIYJibCHbIX 

IIOTOKOB BHYTPH 3aMe)J:JIHTemr ( «HeiirpoHHOro ra:3a>>) H BTOpyro - ;i:mr 

rettepaQHH IIOTOKOB TeIIJIOBI,IX HeiiTpOHOB, CBernIQHX BO BHeIIIHHH 

HeiiTpOHHbIH Kattan. IlpoBe,n;eHHbie pacqeTHI,Ie OQeHKH IIOKa:3anH [26], qTQ 

rronyumpHHa HMrryn1,ca TeIIJIOBI,IX tteiirpoHOB B IIOJIOCTH 

BO,n;opo;i:oco;i:ep)KaIQero 3aMe)J:JIHTemI COCTaBHT rrpHMepHo 250 MKCeK, a Ha 

IIOBepxHOCTH 3aMe,n;JIHTemr, «CBeTHIQeii» B HeiiTpOHHI,IH Kattan ~ 100 MKCeK 

rrpH IIHKOBOH IIJIOTHOCTH IIOTOKa TeIIJIOBI,IX tteiiTpOHOB ~ 1,5.10 
19 

H 

~ 10
20 

tteiirp/cM
2 

ceK (B rrocne;i:tteM cnyqae - rrpH HCIIOJib30BaHHH 

6epHJIJIHeBoro orpa)KaTeJIH ). 

A.3i.:cnepuMeHTbl B «11eiiTpo11noM raJe». 

a) IlpRMoe U3MepeHue OllUHbl pacceRHUR HeumpoHa Ha HeumpoHe. 

3;:i:ecI, IIOHBJIHeTCH, H, IIO-BH)J:HMOMY, BIIepBbie, B03MO)KHOCTI, 

rrpeQH3HOHHOro H3MepeHHH ceqeHHH pacceHHHH HeiiTpotta Ha HeiiTpoHe. B 

COOTBeTCTBHH C rHIIOTe30H 3apH)J:OBOH tte3aBHCHMOCTH H,n;epttbIX CHJI, 

B3aHMo;i:eiiCTBHe ,n;Byx HYKJIOHOB B O)J:HOM KBaHTOBOM COCTOHHHH He )J:OJI)KHO 

3aBHCeTb OT HX 3apH;i:a. B qacTHOCTH, rrpH HH3KHX 3HeprHHX )J:JIHHa pacceHHIIH 

n-p ,n;OJI)Ktta 61,1Tb paBHa Ji:JIHHe n-n (H30CIIHH T = 1, CIIHH S = 0). B 

3KCrrepHMeHTax IIO H3MepeHHIO )J:JIHHI,l n-p pacceHHHH rronyqeHa TOqHQCTI, 

~0,5%. 

~H nn-pacceHHHH H3BeCTHO CBbIIIIe 50 OQeHOK, OCHOBaHHbIX Ha H3yqeHHH 

BJIHHHHH B3aHMO,n;eiiCTBHH .n;Byx CBo6o,n;HI,IX HeiiTpOHOB Ha 3HeprerHqecKHH 

crreKrp C-qacTHQ B peaKQHH A+B = C+2n. ~HHbI pacceHHHH no TaKIIM 

OQeHKaM Jie)KaT B )J:HaIIa:30He -11,2 > ann> -25 fm. ~HHa pacceHHHH H3 

ycpe;i:HeHHH 3THX ;i:aHHI,IX 
1
a nn = -16, 70±0,38 fm [27] (B cpaBHeHHH: 

1 
anp = - 23,56±0,56 fm). PaCXO)K)J:eHHe )J:OBOJII,HO BeJIHKO, He roBopH y)K o TOM, 

qro IIpH rrpoBe,n;eHHH OQeHOK CYIQeCTBeHHyro pOJII, HrpaIOT rrpe;i:rroJIO)KeHHH 0 

MeXaHH3Me peaKQHH. Ilo3TOMy, IIpH Bcex ycrrexax COBpeMeHHbIX TeopHii 

3JieMeHTapHbIX B3aHMo;i:eiicTBHH, 3HaqeHHe rrpHMoro 3KCIIepHMeHTa IIO 

H3MepeHHIO )J:JIHHI,I nn-pacceHHHH TPYJ:i:HO rrepeoQeHHTI, ••. 

IlpHMbie 3KCIIepHMeHTI,I IIO H3MepeHHIO )J:JIHHbI nn-pacceHHIIH 

, rrpe;i:naranHCI, HeO)J:HOKpaTHO. B pa6oTe [28] rrpe;i:naranoc1, HCIIOJib30BaHIIe 
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HAepHoro B3pbIBa. M.M. EoHnapeHKO II np. - IIMITYJibCHbIH peaKTop a 

KOCMIIqecKOM npocTpaHCTBe [29]. IlpeJ:(JlaraJIOCb IICilOJib30BaHIIe MOIIIHOrO 

nyJibCIIpyio111ero peaKTOpa MEP-2 [30], IIMITYJibCHblX peaKTOpOB OJ:(HOKpaTHOro 

neiicTBIIH C TeMnepaTypHblM caMorarneHIIeM. OnHaKO J:(eTaJibHbIH aHaJIII3 

IlOKa3aJI HenpoXOJ:(IIMOCTb npo6JieMbl q>OHOB OT MrHoBeHHblX II 

3anaJJ:(b1BaIOI11IIX HeHTPOHOB, na II O)KIIJ:(aeMble 3q>q>eKTbl 6bIJIII MaJibl. .. ' 

PacqeTbI C.A. Hoaocenoaa c IIcnoJib30BaHIIeM pacqeTHoii nporpaMMbI B.H. 

MIIpornHIIqeHKO (NeuMC) ):(AA MIIIIIeHII-JioayrnKII LHC II3 BOJibq>paMa, 

CHa6)KeHHOii BHYTPeHHIIM rIIJ:(pIIJ:(-UIIpKOHIIeBbIM 3aMeJ:(JIIITeJieM C IlOJIOCTbIO, 

IlOKa3aJIII [31 ], qTO TOK HeHTPOHOB q~pe3 neTeKTOp J:(IIaMeTpOM - 2,2 CM, 

o6ycJIOBJieHHbIH pacceHHIIeM HeiiTpOHOB Ha HeiiTPOHax a BaKyyMHOH IIOJIOCTII 

3aMeJ:(JIIITeJIH COCTaBIIT - 10
5 

. HeHTPOHOB 3a OJ:(IIH rIIraHTCKIIH IIMIIYJibC. 3TO 

06ec11eqIIT Heo6xonIIMYIO CTaTIICTIIqecKyio ToqHOCTb y)Ke 3a OJ:(IIH IIMIIYJibC. 

E111e 5 -10 IIMIIYJibCOB Il03BOJIHT BHeCTII Heo6XOJ:(IIMbie nonpaBKII (pacceHHIIe 

HeiiTpOHOB Ha HJ:(pax, BbI6IIaaeMblX II3 CTeHOK BaKYYMHOH KaMepbI, Ha 

OCTaTQqHQM raJe, yqeCTb pacnpeneneHIIe IIJIOTHOCTII IlOTOKa HeHTPOHOB B 

IIOJIOCTII, CIIeKTp HeiiTPOHOB C IICilOJib30BaHIIeM TeXHIIKII 110 BpeMeHII npoJieTa 

II T.n). MMeHHO 60JibIIIIIe 3q>q>eKTbl II OTHOCIITeJibHO MaJibie q>OHbl BCeJIHIOT 

Ha):(e)KJ:(bl Ha J:(OCTII)KeHIIe BbICOKOH TQqHQCTII 3KcnepIIMeHTa, IIOpHJ:(Ka -1 %. 

Bo3MO)KHM cxeMa 3KCIIepIIMeHTa (pIIC. 6, 7) BKJIIOqaeT KOJibl.(eByio 

BOJibq>paMOBYJO MIIIIIeHb C BHYTPeHHIIM 3aMeJ:(JIIITeJieM II3 rIIJ:(pIIna UIIpKOHIIH 

030 x 60 CM. BaKyyMHM KaMepa pac11onaraeTCH B YJibTPaXoJIOJ:(HbIX IIOJIOCTII 

3aMeJ:(JIIITeJIH 020 CM, 3a):(H}l}I CTeHKa ee ynaneHa OT MIIIIIeHII Ha - 25 MeTPOB, a 

neTeKTOp .- Ha 12 M. CIICTeMa CHa6)KeHa KOJIJIIIMaTopaMII II J:(IIaq>parMaMII, TaK 

qTo neTeKTOp «He BIIJ:(IIT» 3aMeJ:(JIIITeJib II CTeHKII BaKyyMHOH KaMepbI. 

IlpennonaraeTCH IICIIOJib30BaTb TPII )KeJie3HO-BOJ:(HbIX KOJIJIIIMaTopa Ha 

paccTOHHIIII 2, 4. II 6 M~OB OT MIIIIIeHII, TOJIIIIIIHOH 100, 150 II 180 CM 

COOTBeTCTBeHHO, co CJIOHMII B4 C II KaJ:(MIIeBblM IIOKpbITIIeM. 

Ilocne Haqana HeiiTPOHHoro IIMIIYJibca J:(eTeKTop 3a11IIpaeTcH Ha - 3 

MIIJIJIIICeKYHAbI. B 3TOM cnyqae He pemCTPIIPYJOTCH HeiiTPOHbI c 3Hepmeii > 
0,84 3B OT 3aMeJ:(JIIITeAA II HeiiTpOHbl C 3Hepmeii > 2,2 3B OT. 3a):(Heii CTeHKII 

BaKYYMHOii KaMepbI. IlpII 3TOM OKOJIO 70% HeiiTPOHOB, pacceHHHbIX B 

HeiiTPOHHOM raJe, perIICTPIIpyeTCH. <l>OH TeITJIOBblX HeHTPOHOB, pacceHHHbIX 

Ha rpaHHX KOJIJIIIMaTopoB II OT CTeHOK BaKYYMHOH KaMepbl COCTaBJI}leT - 1 % 

OT 3q>q>eKTa, q>OH OT pacceHHIIH Ha OCTaTOqHQM raJe IIpII ero naaJieHIIII 

- 10 · 7 TOPP OKOJIO 6%. <l>oH 3aIIa3J:(blBaIOIIIIIX 6bICTPbIX HeiiTpOHOB 
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rrpeHe6pe)I<HM. <l>oH KOCMH'leCKHX HeiiTpOHOB 3Ha'IHTem,Ho MeHbIIIe rrpou,eHTa 

[30]. 

6) My!f bmUHeumpoHHble ROepHble peGKlJUU. 

BbICOKruI HMrrynbCHruI rrnOTHOCTb TerrnOBbIX Heiirp0HOB n 6onbIIIHe ceqeHHH 

pa,n:Hall,HOHHOro HX 3aXBaTa, He pe,n:KHe B TerrnoBOll o6naCTH :meprnii 

OTKpbrnaror rryrn nccne,n:oBaHHH MYflbTHHeiirpoHHbIX peaKu,Hii, Kor,n:a »:,n:po 

3axBaTbrnaeT HeCKOnbKO, no KpaiiHeii Mepe ,n:Ba HeiirpoHa rrepe.n: f3-pacna,n:oM. 

,n:o CHX nop TaKHe peaKll,HH Ha6nro,n:anHCb TOflbKO rrpH »:,n:epHbIX B3pbrnax H TO B 

o6naCTH Ha,n:TerrnoBbIX HeiirpOHOB HnH ycpe,n:HeHHbIX ce'leHHll. B qacTHOCTH, 

IIO»:Bn»:eTCH B03MO)KHOCTb CHHTe3a HeiirpOHHO-H36bITO'IHbIX rpaHcypaHOB IIpH 

MynLTHHeiirpoHHOM 3axBaTe B TH)KenLix MHIIIeH»:x (Cf, Cu, Md H np.). B 

COOTBeTCTBHH C poCTOM BpeMeHH )KH3HH C YBenH'leHHeM 'IHCna HeiirpOHOB B 

»:,n:pe, neperp~eHHbie HeiirpoHaMH H30TOilbl Moryr 6bITb cpaBHHTenbHO 

.n:onro)KHB)'lll,HMH. 3To OTKpOeT B03MO)KHOCTH ,n:eTanbHOro myqeHHH HX 

CBOHCTB. 

B) Hcc;reiJoeamm e3aUMoiJeucmellR HeumpoHoe c paiJuoaKmU6HblMU ROpa.Mu. 

OTKpbrnaeTCH B03MO)KHOCTb H3yqeHHH B3aHMO,n:eiiCTBHH HeiirpOHOB C 

pa,n:HOaKTHBHblMH »:,n:paMH, H30MepaMH, B 'laCTHOCTH H C o6pa3Yffilll,HMHCH IIpH 

3aXBaTe HeiirpOHOB BO BpeMH HMnynbca. 
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Ji) IJyqKOBble 3KCnepuMeHTbl 

a) JfcCJ1e006GHWl cmpy1<mypbl u OUHa.MUKU 6eUfeCm6a 6 C6epxcWlbHblX 
wwnyllbCHblX MGZHUmHblX noJIRX [32]. 
6) JfccJ1e006aHWl cmpy1<mypbl u OUHa.MUKU 6eUfeCm6a npu wwnyllbCHblX 

, c6epxiJa6J1eHWlX. 

B) HeiiTpnHHbie 3KCnepHMCHTbl. 

a) JfccJ1e006GHWl 6 nomoKax HeumpUHO U3 MUUteHU. 
IIpe.n,cTaBJUleT IIHTepec COilOCTaBJieHIIe H.D,epHI,JX peaKQIIH B IlOTOKax 

peaKTOpHbIX aHTIIHeHTpIIHO, IICTOYJHIIKOM KOTOpbIX HBJIHIOTCH, no cym, 

HettTpOHHO-H36bITOYJHbie OCKOJIKII .n,eJieHIIH, c H.D,epHbIMII peaKQIIHMII B IlOTOKaX 

HettTpIIHO OT pacna.n,a HeHTpOHHo-.n,eq>IIQIITHbIX npO.D,)'KTOB spallation

npoQecca (npo6neMa MairopaHOBCKIIx cIIn). 

6) JfccJ1eiJ06aHU5l 6 nomo1<ax ;J1Cecm1<ux HeumpuHo. 
IIpe.n,CTaBJIHeT IIHTepec IICilOJib3OBaHIIe rIIraHTCKIIX IIMilYJibCOB TeilJIOBbIX 

HeirTpOHOB )],JIH reuepaQIIII IlOTOKOB )KeCTKIIX HeHTpIIHO C IICilOJib3OBaHIIeM, 

HanpIIMep, JIIITIIeBoro KOHBepTopa. 

IV. 3aKmoqeune. 

C03.n,aHIIe B uaYJaJibHOir YJacTII rpaq>IIToBoil: noByrnKII LHC TH)Kenoil: 

MHIIIeHII C BO.D,Opo.n,oco.n,ep)KaUIIIM 3aMe)J,JIHTeJieM OTKpbIBaeT .HOBbie 

BO3MO)KHOCTII )J,JIH IICCJie)J,OBaHIIH B o6JiaCTII q>II3IIKII YJaCTIIQ, H.D,epHOH q>II3IIKII 

II q>II3IIKII KOH)J,eHCIIpOBaHHbIX cpe.n,, 6e3 Bpe.D,HOH KOHKypeHQIIII C .n,pyrnMII 

nporpaMMaMII, npe.n,ycMoTpeHHbIMII )],JUI LHC. 

ABTOpbl pa.D,bl BbICKa3aTb CBOIO npII3HaTeJibHOCTb A.B II ,ll;.B. 

,ll;eMeHTbeBbIM, M.B.Ka3apHOBCKOMY, A.C. l1rrbIIHOBy, B.r. MIIpOIIIHIIYJeHKO, 

B.B.HmQy, C.A. HoBocenoBy, A.,ll;. PoroBy, H.M. Co6oneBcKoMy 3a 

YYJaCTIIe B pa6oTe, B.B. BacIIJibeBy, B.<l>. KonecoBy, M.A. MapKoBy II A.H._ 

CKpIIHCKOMY 3a nno.n,OTBOpHbie .D,IIcKyccIIII II no)],)J,ep)KKY, P.P. BIIJibCOHY 3a 

«nepBbIH TOJI'IOK» B o6cy)K.n,aeMOM HanpaBJieHIIII. 
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LHC 

SPS-LHC transfer lines 

Energy E (UVJ 711 

DlpQ!e field B (T] 8.4 
Luminosity L (cm-2 s-'J 1034 
Beam-beam parameter e 0.0034 
Total beam-beam tune spread 0.01 
!Djectlon· energy Et (GeV] 450 
Circulating current/Qeam 1- (A) 0.53 
Number of bunches ki.. 2835 . 
Harmonic number hRF 35640 
Bunch spacing 'I\, [ns) 24.95 
Particles per bunch "" l,05 1011 

Stored beam energy E. (MJ) 334 
Normalized transverse emittance (Jj,y)u2/fj ta [µm.rad) 3.75 

Collisions 
/j-value at I.P. tr (ml o.5 
r.m.s. beam radius at I.P. u• [µm) 16 
r.m.s. divergence at I.P. <I° (µrad) 32 
Luminosity per bunch collision t., (cm-2) 3.14102' 
Crossing angle ,ef, (µrad) 200 
Numl:!er of events per crossing nc 19 
Beam lifetime 1\,iom (h] 22. 
Luminosity lifetime .,.,. lhl 10 

P~c 1 
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Neutron yield, n/p 
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Neutron sources distribution in W 
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Layout of the beam dump insertion at IP6 
Main parameters of the extraction septum, kicker and diluter magnets 

IUiuta l~tum~ !Kicker magnet , Diluter horiz. 1 uiluter vert. 
Bending strength 

l~I 60 7.1 7.0 7.0 
Nomillal field 1.0 0.51 1.2 1.2 
Overall length [m) 70 25 8 10 
Gap/Beam aperture (mm) 45 58 x 58 58x42· 58 X 42 
{horiz. x vert.) 
Rise time (µa) d.c. 3 
Frequency [kHz) 14 14 
Flat top (µa) 90 
Voltege lkVJ 30 15 15 
Number of modules 12 14 4 5 -

PMc5 
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LHCGNP 
proposal-1981 

f~ 1/lOhour 
Np~ 3(1).1014/P 
8r_ -- ~ 70 JJ8 
Ef"HT~l20µs 

rT ~ l,S.1019 neut/cm2s 



3 _ back vakuum chamber wall 

t-W-

tonbeem 

7 / / / 1 r / 1 1 / /I / · 
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HEHTPOH 

JO.A. AizeKCaHopoe, 

JJH<P UM. Jf.M <PpaHKa, OHHH 

PaccMalpHBaeTCll HCTOpHll 0TKJ)MTHll ttelilpOHa. O6c)')KJ(aIOTCll ero 3JieKlp0MarHHTHbie CB0licTBa. 

TTpHBOl(llTCll ;nlHHl,Je 0 ~-pacrra,D.e HelilpOHa, 0 )).JIHHax paccel!HHll Helilp0H-IIp0TOH H rrpoT0H-IIp0TOH, 0 

II0HCKax OCIUIJIJillIUili HelilpOH-aHTHHelilpOH. 

1. HcropHH OTKpbITHH ueiiTpoua 
Ha•IaJIO HCTOpHH OTKphITHJI HCHTPOHa IlOJIO)KHJIO H3BCCTHOe BbICKa3bIBaHIIC 

3.Pe3epip0pAa CACJiaHHOe B 1920 r. /1/' 0 TOM, qTQ B03M0)KH0 cynrecrnoaam1e 3JICKTPOHa 

oqeHb TCCHO CBJl3aHHOro C npOTOHOM. IlpeACKa3aHHbIC Pe3epip0pAOM CBOHCTBa TaKOro 

rHilOTCTHqecKoro COCTOJIHHJI oqeHb IlOXO)KH Ha CBOHCTBa HCHTPOHa, 3KCnepHMCHTaJibHO 

OTKpbITOro Il03AHee B 1932 r. 

CJieAyeT ynoMJIHYTh TaK)KC 3KCnepHMCHTaJibHhIC pa6oTbI EoTe H EeKKepa B 

repMaHHH H KropH H )KoJIHO BO <I>paHUHH , OTHOCJlmHeCJI K CaMOMY Haqany 30x rDAOB. 

ABTOphl pa60T Ha6JIIOAaJIH CHJlbHO npOHHKaromee H3JiyqeHHC ' 06pa3yromeecJ1 B 

pe3yJibTaTe o6nyqeHHJI JICrKHX 3JICMCHTOB anbipa qacTHUaMH IlOJIOHHJI. OAHaKO aBTOpbI 

6bIJIH yaepeHbI, qTo HMCIOT ACJIO c y-H3nyqeHHCM. 

B 1932 r. q3ABHK (AHrJIHJi) /2/ OT6pocHJI runoTe3y O y-H3nyqeHHH H BbICKa3aJI 

npeAITOJIO)KCHHC, qTo Ha6JIIOAaeMoe H3JiyqeHHe - IlOTOK HOBhIX qacTHU - HCHTPOHOB, H B 

TOM )KC rOAY HaaHeHKO BbICKa3aJI npeAITOJIO)KCHHC, qTo HCHTPOH - 3TO HOBaJI 3JICMCHTapHaJI 

qacTHUa /3/. 

KaK H3BCCTHO, HCHTPOH BXOAHT B COCTaB IlO~H Bcex aTOMHbIX MCP, a CBOHCTBa 

HCHTPOHa KaK 3JICMCHTapHOH qaCTHUbI AOBOJibHO HCKJiroqHTCJibHbI. OTCYTCTBHe y HCHTPOHa 

3JICKTPHqecKoro 3apMa Il03B0JIJICT HCilOJib30BaTb ero C ycneXOM npH H3yqeHHH, HanpHMep, 

qHCTO JIACPHbIX B3aHMOACHCTBHH. Y)Ke qepe3 rDA nocne OTKpbITHJI HCHTPOHa, Ha Ion 

BcecOI03HOH JIACPHOH KOHipepeHUHH (JleHHHrpM, 1933) JiefinynCKHH B qaCTHOCTH 

npeAJiaran AJIJI nonyqeHHJI MomHhIX IlOTOKOB HCHTPOHOB YCKOpl!Tb anbipa qaCTHUbI B 

pa3pMHbIX TPY6Kax, qrn H 6bIJIO CACJiaHO a XapbKOBe. 

HH)KC Ji OCTaHOBJIIOCb Ha HaH6onee Ba)l(HbIX CBOHCTBax HCHTPOHa. TeM 6onee, qrn 

HCKOTOphle H3 HHX C MOCH TOqKH 3peHHJI HCAOCTaTOqHo yrny6JieHHO H 6eccnopHO IlOHJITbI. 

He H~HO TaK)Ke 3a6hIBaTb, qTO UCJibIH PM 3KCnepHMCHTOB, npOBCACHHbIX B o6naCTII 

!pH3HKH HH3KHX 3HeprHH oqeHb TOqHbI H HMCIOT HenocpCACTBCHHOe OTHOIIICHHe K !pH3HKe 

3JICMCHTapHhIX qacTHU. ,[J;aHHbIC, npHBCACHHhle HH)Ke, B3JITbI H3 H3BCCTHbIX HCTOqHHKOB'. 

Landolt-Bornstein, Gr.I, v.16, «Low Energy Neutron Physics», Subv.A, Part I, Springer

Verlag, 2000.; H «Neutron Data Booklet», ILL, 2002. 06 OTACJibHhIX 3KcnepHMCHTaX MO)KHO 

TaK)Ke npoqHTaTb B KHHre aBTOpa AaHHOro AOKJiaAa : «<I>ynAaMCHTaJibHbie CBOHCTBa 

HefiTPoHa», MocKaa, 1992 •• 

2.3JieKTpoMarHHTHhie CBOHCTBa HeiiTpOHa 
a) IlleuHzepoecKoe pacceRHue 

TeopeTHqecKH AaHHOe pacceJIHHe 6bmo npeACKa3aHO llIBHHrepoM a 1948 r./4/ OHO 

JIBJIJICTCJI pe3yJibTaTOM B3aHMOACHCTBHJI MarHHTHOro MOMCHTa HCHTPOHa, ABH)Kyn1erocJ1 B 

3JICKTPHqecKoM none J1Apa. 

B cnyqae HCilOJil!pH30BaHHbIX ITMaIOmHx HCHTPOHOB AH!p!pCpCHUHaJibHOe ceqeHHe 

pacceJIHHJI IlOA yrnoM 0 HMeeT BHA: 
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cr(O) =cro(O) + [1-f(q)]2 '(cot20/2 
r,11e cr0(0) - ce'IeHne H,11epHoro pacceJIHHH. 

BTopoil: 'UleH cpopMynhI rrpe,11cTaBnHer co6oil: ce'IeHne lllBHHrepoBcKoro pacceJIHHH, r,11e 

h Ze2 

y= (1/2) µn (Mc)(hc), 

q = 2ksin 0/2 

fir ) _ 4n ""J sin qr ( ) 2d3 ,q - - --p r r r -aTOMHhlll cpopM-cpaKTop, 
Z o qr 

HecMOrpll: Ha Ka3anOCh 6bI He3Ha'IHTenhHOCTh lllBHHrepOBCKOro ::icpcpeKTa ,!IOIIOilHHTenhHbIH 

BKna,11 B ce'IeHne pacceJIHHH 6b1crpo BO3pacraeT c YMeHbllleHHeM yrna H B o6nacTH yrnoB 2-

30 rrpH 3HeprHH HeiirpOHOB rropH,!IKa lM::iB CTaHOBHTCll: cpaBHHMbIM C Jl:,!lepHbIM 

pacceJIHHeM. 

3KcrrepnMeHTanbHOe o6Hapy,KeHHe lllBHHrepoBCKOro paccell:HHJl: -,!IOBOilhHO 

CflO)KHall: 3a,!la'Ia. Heo6xo,!IHMhl KaK MOIIIHhlll HCTO'IHHK 6bICrpbIX 

(Mera::ineKrpOHOBOilhTHhIX) HeiirpoHOB TaK H HX xopOlllall: KOnnnMaIJ;Hll:. MHoroqncneHHbie 

IIOIIh!TKH qJH3HKOB 3a py6e)KOM He rrpnBenH K ycrrexy H BrrepBhie 3KCIIepHMeHTanbHO 

pacceHHHe 6hrno Ha6n10,11eHo B 06HHHCKe B 1955-56r. B pe3ynhTaTe rrycKa rrepBoro B 

EBporre peaKTOpa Ha 6b!CrpbIX HeiirpoHax, IIO3BOIlHBlllero HMeTb B pacrropll:)KeHHH 

CYIIIeCTBeHHO 6onhll1He IIOTOKH HeiirpOHOB C 3Heprneil: Bblllle 1 M::iB. Heo6XO,!IHMO 

yrroMHHyrh 06 3TOM IIOCKOilhKY KonnHMaIJ;Hll: OCYIIIeCTBnll:nacb C caHKIJ;HH PYKOBO,!IHTeneil: 

<1>31I (06HHHCK) EnoxnHIJ;eBa n Jieil:rryrrcKoro. KonnnMaTop rrpe,11craBnHn co6oil: cTanbHoe 

H3,!lenne ,!IIlHHOIO 1 M H pa3MepoM 111enn 9x36 MM
2

• OH 6brn BCTaBneH B ropH30HTanbHhlll 

KaHan peaKTOpa Herrocpe,!ICTBeHHO K aKTHBHOH 3OHe ,!IHaMerpoM Bcero Illllllh 13 CM. 06111aH 

cxeMa OIIhITa rrpnBe,!leHa Ha pnc. l. B pe3ynhTaTe o6HHHCKHX 3KCIIepHMeHTOB 

lllBHHrepoBCKOe pacceHHHe 6blno Ha,!le)KHO ycraHOBneHO /5/. 

6) 3J1eKmpu'leCKaJ1 noMpu3yeMocmb 11eitmpo11a 
B 06HHHCKe rrpH paccell:HHH HeiirpoHOB Ha Manb!e yrnhI Ha TJl:)KeflbIX ll:,!lpax 6hrnH 

3aMe'IeHbl aHOManHH /6,7/, He CBJl:3aHHb!e co lllBHHrepOBCKHM pacceHHHeM. IlpHMepOM 

MO)KeT Cily,KHTh pnc.2, B3Jl:Th!H H3 pa60TbI /7/, orry6nHKOBaHHOH B 1957 ro,11y. Pa60Thl 6hrnH 

HHHIJ;HHpOBaHbl Ha'IaBlllHMHCJl: B TO BpeMJl: (1953 r.) 3KCIIepHMeHTanbHh!MH 

nccne,11OBaHHHMH Xo<plllTa,!ITepa H ,lip., rrpnBe,!llllHMH, B 'IaCTHOCTH, K Ha,!le)KHOMY 

ycraHOBneHHIO ::ineKrpOMarHHTHOH CTPYKTYPhI KaK rrpoTOHa (1954-55rr.), TaK n HeiirpoHa 

(1957-59rr.). 

B 5Oe ro,!lhl qJH3HKaMH 06HHHCKa 6hlnO BBe,!leHo IIOHll:THe ::ineKrpH'IeCKOH 

IIOMpH3yeMOCTH HeiirpoHa H Bhl'IHCneHa aMIIIlHTY.lla pacceJIHHJl: HeiirpoHOB, 

o6ycnoBneHHall: ,!laHHh!M ll:BneHHeM /5,8/. AHanOrH'IHhie pa60TbI, HO OTHOCll:IIIHeCJl: K 

paccell:HHIO raMMa nyqeil: ll:,!lpaMH, IIOBO,!IHilHCh He3aBHCHMO H O,!IHOBpeMeHHO B CIIIA 

(KnHiiH /9/ n <l>HAHe (Ean,11nH, K CO)KaneHHIO, rrepBall: rry6nnKaIJ;Hll: IIOJl:BHnacb nHlllh B 1960 

r./1O/). B 06HHHCKe Q)KH,!lanOCh, 'ITO IIOilHpH3yeMOCTh HeiirpoHOB rrpoHBHTCJl: rrpH 

pacceHHHH HX Ha Manhie yrnhI TJl:)KeflbIMH ll:,!lpaMH H, aHanOrH'IHO HMeIOIIIeMyCH B TO BpeMH 

061,JicHeHHIO KBa,!lpaTH'IHOro ::icpcpeKTa lllrapKa, 6y,11er OIIHChIBaTbCJl: IIOTeHu;HanOM BH,!la: 

Ua = -as2/2 = - a(Ze)2/2r4, (2) 

r,11e E - KynoHOBCKOe none ll:,!lpa, a a - K03qlqJHIJ;HeHT ::ineKrpH'IeCKOll rronHpH3yeMOCTH 

HeiirpoHa. 

0TKnOHeHne OT TeOpeTH'IeCKoro OIIHCaHHJl: pacceHHHJl: M::iB-Hh!X HeiirpOHOB, 

BKnl01Ia10111ero Illllllh o6hI'IHblll ll:,!lepHblll H lllBHHrepOBCKHll IIOTeHu;HanhI, 6bIIlO BrrepBbie 
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3aMe'IeHO B O6HIIHCKe B 1957 r. B pa6ornx /6,7/. OHO aH!IJJil3I1pOBaJlOCh II .[Im! 3Ha'IeHIIH a 
nOJIY'JaJlaCh BeJIIl'IIIHa nopH.[IKa 10-4°c~. B .[laJlhHeiirneM OTKJIOHeHIIH OT TeopIIII 

Ha6JIJO.[laJlIICh KaK B pOCCilllCKIIX ' TaK II B 3apy6elKHhIX IICCJie.[IOBaHIIHX. 

Ha'IIIHaH C 60x ro.[IOB, B JIIITepaType nOHBIIJIIICh pe3yJihTaThl OIIeHOK BeJIIl'IIIHhl a 
npII 3HeprI1HX HeHTPOHOB HillKe 300 K3B. K HIIM OTHOCHTCH pa60Thl, BhlIIOJIHeHHble B 

~y6He, a raT11I1He, a repMaHIIII, a AHrJIIIII, a CIIIA II a .r1pyrI1x cTPaHax. O.r1HaKo 

npIIBOJIIIMhle 011eHKII a 6bIJIII npIIMepHO Ha .[IBa nopH.[IKa MeHhille BeJIIl'IIIHhl 10-4°cM
3
, a 

IIMeHHO, JielKaJlII B paiioHe 10"
42

cM
3

• KpoMe Toro, B 1960 r. pa6oTa roJib.[laHCKOro II JIP,, 

( OnhIThl no pacceHHIIIO q>OTOHOB Ha npOTOHax), npIIBeJia K Il3MepeHIIIO BeJIIl'IIIHhl 

3JieKTPI11IeCKOll nomipI13yeMOCTII npOTOHa, paBHOll (0.9±0.2)x 10"
42

cM
3 

•. IloJIHpI13yeMOCTh 

HeiiTPOHa He .[IOJilKHa CIIJihHO OTJIIl'IaThCJI OT TaKoii aeJIIl'IIIHhI. 

TaKIIM o6pa30M, IIMeJIOCh CIIJihHOe pacxolK.[leHI1e MelK.[ly pe3yJihTaTaMII, 

nOJIY'JeHHhIMII B o6JiaCTII M3B-X HeHTPOHOB II B o6JiaCTII HeHTPOHHhIX 3Heprilii HillKe 300 

K3B. ~aHHOe npOTIIBOpe11I1e OCTaBaJlOCh He06bHCHeHHhIM B Te1IeHI1e nopH.[IKa 45 JieT. 

Ha6JIJO.[laeMhlll B 3KCnepI1MeHTe .[IOnOJIHIITeJihHhlll BKJia.[I B ce11eHI1e pacce»HIIH 

HeHTPOHOB Ha MaJlhie yrJihl MOlKHO nonhITaTbCH 061,»CHIITh, npe.r1noJiara», 'ITO npII 

pacceHHIIII 6bICTPhIX HeiiTPOHOB Ha H.[lpax IlrpaeT pOJih .[laJlhHO.[leiicrnyromee 

B3aIIMO.[leHCTBile Tilna BaH-.[lep-Baanbca. IIonhITKaM no.r106Horo 061,»cHeHIIH nOCBHIIIeHbl 

He.[laBHile pa6oTbl /11-14/. B 3TIIX pa6ornx a nepBOM 6opHOBCKOM npI16JII1lKeHI1I1 6hIJIII 

nOJIY'JeHbl aMnJIIITYJlhl pacceHHIIH HeHTPOHOB Ha noTeHIIIlaJJax, B3HTh!X B <popMe : 

U(r) = -UR(R/r)" JIJIH r 2':: R (3) 

U(r) =0 Jl!IH r<R 
r.r1e UR - KOHCTaHTa (cM. HillKe), R- pa.r1I1yc H.[lpa, a n=4,5,6,7. 

bhlJIO nOKaJaHo, 'ITO o6HapYlKI1Th npOHBJieHile JlaJlhHO.[leiicTByroIIIero noTeHIIIlaJla npII n>4 

npII aHanll3e Hil3K03HepreTil'IeCKIIX .[laHHhIX (HanpIIMep, .[IJIH TOpIIH, ypaHa II nJIYTOHIIH, r.r1e 

.[IOnOJIHIITeJihHb!e aHOMaJlIIII HaII6oJiee CIIJihHhl) npaKTil'IeCKII HeB03MOlKHO. B 'IaCTHOCTII, 

no <pYHKIIIIOHaJlhHOll 3aBIICIIMOCTII OT 3HeprIIII BKJia.[I B ce11eHI1e pacceHHIIH, 

o6ycJIOBJieHHhlll .[laJlhHO.[leiiCTBYJOIIIIIM noTeHIIIlaJlOM, nO'ITII He OTJII11IaeTCH OT BKJia.[la 

o6bI'IHOro 'IIICTO H.[lepHoro noTeHIIIIaJla oco6eHHO npII 6oJibIIIOM 'IIICJie pe3oHaHCOB . 

O.[IHaKo, KaK 6bIJIO nOKa3aHO B pa6oTe /12/, npII 3Heprn»x 0.5-10 M3B II npII no.r16ope 

KOHCTaHThl UR"" 300 K3B Il3MeHeHIIH JIII<p<pepeHIIIIaJlhHOro ce11eHIIH pacce»HIIH HefripoHOB 

Ha Il30Tone 
208Pb B o6JJaCTII MaJlhIX yrnoa, Bhl3BaHHhie JlaJlhHO.[lellCTBYJOIIIIIM noTeHIIIlaJlOM 

~r "6 
' 6yJ1YT npII6JJil3IITeJihHO TaKIIMII lKe, KaK II Bhl3BaHHble noTeHIIIlaJlOM 

non»pI13yeMOCTII co 3Ha1IeHI1eM a= 1.5x10·
40

cM
3

• 

O11eHIIM Tenepb KOHCTaHTY UR CIIJJ npilrnlKeHIIH Bau-.r1ep- Baanhca aHaJlIITil'IeCKII 

(JlaHHa» 011eHKa He 6hrna npoae.[leHa a pa6ornx /11-14/). 

KaK Il3BeCTHO, .[laHHh!e CIIJJhl paCC'IIIThIBa!OTCH BO BTOpoM npII6JJillKt:HIIII TeOpIIII 

B03MYIIIeHilll II BhI3BaHhl OHII 3JJeKTPI11IeCKIIM .[IIInOJJh-.[IIInOJJhHhIM B3aIIMO.[leilcTBIIeM. 

Cpe.[IHile 3Ha'IeHIIJI 3JJeKTPII'IeCKIIX .[IIlnOJJhllh!X MOMeHTOB KaK y HeHTPOHa, TaK II y aTOMa 

paBHhl HYJJIO Il3-3a c<pepI11IeCKOll CIIMMeTPIIII pacnpe.[leJJeHIIH nJJOTHOCTII 3apH.[10B II 3<p<peKT 

B3aIIMO.[lellCTBIIH B nepBOM npI16JJI1lKeHI1II TeOpIIII B03MYIIIeHIIll OTCYTCTByeT. 

Bo BTOpOM npI16JJIIlKeHI1II BJJIIHHIIe CIIJJ BaH-.[lep-Baanhca Ha aKT pacce»HIIH .[IJJH 

IIHTepecyromero Hae CJJY'JaH MOlKHO 011euI1Th no aHanOrIIII c I1Me10meiic» B JJIITepaType 

pa3pa6oTKOll aHanorII'IHOro B3aIIMO.[lellCTBIIH JIByx aTOMOB. IloCKOJJhKY npo11ecc 011eHKH 

.[IOKJia.[lhIBaJlCH MHOIO Ha pH.[le MelK.[IYHaPOJIHhIX KOH<pepeHIIIlll /15, 16/ npIIBe.[ly JJIIIIIh 

KOHe'IHhlll pe3yJJhTaT: 
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(4) 

r.L{e R - pa.z:1ttyc ».Lipa aToMa (.Lin» cnyqa» ypaHa R = 9.4x10"
13

cM), '1E: =En-Eo1- :meprHH 

B036Y)KJ(eHHH n-ro :meKTJ)OHa B aTOMe H a: -nonHpH3yeMOCTb n-ro :rneKTJ)OHa, 

HaXOMrnerocH B CBH3aHHOM COCTOHHHH B aTOMe. 

3Ha'leHHH .1E: B (4) MOJKHO npHHHTb paBHbIMH :mepnrnM CBH3H COOTBeTCTBYJOillHX 

:rneKTJ)OHOB B aTOMe. ,[(nH ypaHa 3HeprnH CBH3H MeHHIOTCH OT 115.6 K3B (K-o6ono'!Ka) .LIO 

BenH'IHHbl nop».L{Ka 1 K3B H MeHbIIIe .LlnH N,O H P- o6ono'leK. 3Ha'leHHH a: .L{nH 

JneKTJ)OHOB B CflOJKHOM aTOMe Heo6XO.L{HMO 3HaTb. O.L{HaKo, CTPOrGll TeopHH .LlflH HX 

Bbl'IHCneHllH B HaCTo»rnee BpeMH HeT. B nepBOM nptt6nnJKeHllll llX MOJKHO C'lllTaTb 

paBHbIMH 3Ha'leHHHM non»pH3yeMOCTH 3neKTPOHOB B aTOMe, npHHHB .LlflH 011eHOK MO.L{enb 

aTOMa B Bll.L{e nnHeiiHoro OCIIHflflHTOpa, Kone6nIOillerocH c 'laCTOTaMll Wk =EJh, r.L{e Ek -
3HeprHH .LIBHJKYillHXCH B aTOMe JneKTPOHOB. B TaKOM cnyqae 6y.L1eM llMeTb /17/: 

e2h2 
at= Nk-E2 (5) 

ffi k 

r.L{e ffi - Macca JneKTPOHa, a Nk - 'IHCno 3neKTPOHOB B aTOMe, HMeIOillHX 3HeprHIO Ek, 
HmpopMallHIO O 3Ha'leHHHX Ek MOJKHO nonyqllTb, npnpaBHHB llX 3HeprHHM CBH3H 

COOTBeTCTBYJOillHX 3neKTPOHOB B aTOMe. 

<l>opMyny (5) MOJKHO npoBepHTb Ha npHMepe aTOMa BO.LIOPO.Lla a TaKJKe 6onee 

THJKenbIX aTOMOB: HanpnMep, onoBa H ypaHa. MaKCHMMbHbie pacxoJK.L{eHHH C HCTHHHb!Mll 

3Ha'leHHHMH He npeBbIIIIaIOT 40-50% H HHKOHM o6pa30M He MOryT OTflH'laTbCH Ha .L{Ba 

nop».L1Ka. 

HcKOMOe 3Ha'leHHe UR MOJKHO nonyqnTb, npOBO.LIH onepa11nIO ycpe.L{HeHHH UR(0) no 

yrnaM pacce»HHH: 
82 82 

UR= f UR (0)sin0d0/ f sin0d0 (6) 

IlpOBO.LIH 'lllCneHHO paCCMOTPeHHble BbIIIIe onepa11HH, MOJKHO nonyqHTb cornacHO 

<jJopMyne (6) .Lin» ypaHa n 3Heprnn HeiiTPOHOB 1 M3B 011eHKY UR "" 210 K3B npH 

BbI6paHHOM npn pac'leTe HHTepBane yrnoB, B KOTOpOM Ha6nIO.L{aeTCH .L{OnonHHTenbHblll 

3<p<peKT, 01 = 0.1° H 02 = 10° H npH 3Ha'leHHH non»pmyeMOCTll HeiiTPOHa an= 1.5x10". 
42

cM3
• TaKHM o6pa30M, CTOllT 3aMeTHTb, 'ITO, cornacHO BbIIIOnHeHHhlM BbIIIIe paC'leTaM, 

HeCMOTPH Ha 'Ipe3BbI'lallHO Manyio BenH'IHHY nopH.L{Ka 10-4
2
cM

3
, JneKTPH'leCKaH 

nonHpH3yeMOCTb HeiiTPOHa 6hlJia· 3aMe'leHa B onbnax no pacceHHHIO 6bICTPbIX HeiiTPOHOB 

Ha Manb1e yrnbI Ha rnJKenbIX ».Llpax YJKe B 1957 ro.L{y (nepBbie pa6oTbI /6,7/), T.e. qepe3 ro.L1-

.L1Ba nocne rnnoTe3bI o Heii H pa11bme, 'leM non»pmyeMOCTb npoToHa B onbITaX no y-p : 

pacce»HHIO, npoae.L{eHHbIX B 1960r. 

B) B3aUMooeucm6ue Me:J1Coy HeumpoHoM u 3/leKmpoHoM 
XoTenOCb 6hl erne pa3 o6paTHTb BHHMaHHe Ha BaJKHbie cne.L{CTBHH, BbITeKaIOilllle H3 

pe3yJibTaTOB ll3MepeHHll BenH'lllHbl MHHbl pacceHHHH HeiiTPOHa Ha 3neKTJ)OHe, 

npOBO.L{HMbIX npH pacceHHllH HH3K03HepreTH'leCKllX HeiiTPOHOB Ha H.L{pax. 

TeopeTH'leCKHe nccne.L{oBaHHH HHTepecyiornero aonpoca c yqeToM acex 

cyrnecTBeHHbIX 3<p<peKTOB 6blnO, BH.L{llMO, BnepBble npoBe.L{eHO B 1952 r. <l>pll.LIOM ll 3aTeM 

<l>on.L{H /18,19/. 11Mll 6blno nOKaJaH0, 'ITO noTeH11Han B3aHMO.L{eiiCTBHH MeJK.L{y HeHTPOHOM H 

JneKTP0H0M C0CTOHT H3 .LIByx '!aCTeii. O.L{Ha ll3 HHX nponop11noHanbHa aH0MMbHOMY 
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MarHHTHOMY MOMeHTY HeHTJ)OHa µ , .upyriur 3aBHCHT OT rrponil!ceHHOCTH pacrrpe.ueneHHH 

3JieKTJ)HtiecKoro 3apH,!la B Heii:TJ)OHe. EI,mo IIOKa3aHo, 'ITO Ha6mo.uaeMoe B 

HH3K03HepreTHqecKOM 3KCIIepHMeHTe B3aHMO,!leHCTBHe Me)K,!ly HeHTJ)OHOM H 3JieKTJ)OHOM 

,!lOJIJKHO co.uepJKaTh CYMMY .UByx qneHOB: MarHHTHOro, KOTOphlii: MOJKeT fihITh paccqHTaH, H 

.upyroro, CBH3aHHoro c BHYTJ)eHHHM pacrrpe.ueneHHeM 3JieKTJ)HqecKoro 3apH.ua, 

B03HHKaIOlllero BCJie,!lCTBHe BllpTyaJihHOro pacrra.ua HeHTJ)OHa, corJiaCHO TeopHH IOKaBhI, Ha 

rrpOTOH H OTJ)Hl(aTeJihHhlll 7t-Me30H H HMeIOmero rrpocTJ)aHCTBeHHYJO rrpornJKeHHOCTh 

rropH.UKa fll(mxc)"' l.4xl0·
13

cM. CornacHo <l>on.uH, JII06iur HeHTJ)aJihHaH qacm11a, .uaJKe ecJIH 

TaKoii qacm11e HeJih3H rrpHrrncaTh HnKaKoro pacrrpe.ueneHHH 3apH,!la, H, cne.uoaaTeJihHO, ee 

qiopMq>aKTOp .ll:HpaKa, OIIHChIBaIOlllHH rrpOCTJ)aHCTBeHHOe pacrrpe.ueneHHe 3apH.ua, FI ( q2
) = 0 

IIpH Bcex rrepe.uaHHhIX qeThlpexMepHhIX HMIIYJihCax q, BCe-TaKH 6y.ucr B3aHMO,!leii:CTBOBaTu 

C 3JieKTJ)HqecKHMH 3apH,!laMH, eCJIH OHa o6na.uaeT aHOMaJihHhIM MarHHTHhIM MOMeHTOM. 

TaKoe B3aHMO,!leHCTBHe He 3aBHCllT OT OTHOCHTeJihHOH CKOpOCTH ,!lBHJKeHHH H HBJIHeTCH B 

3TOM CMhICJie JIHlllh KOHTaKTHhIM. 

MaTeMaTnqecKoe BhlpaJKeHHe ,!lJIH ,!lJIHHhl pacceHHHH HeHTJ)OHa 

IIOJiyqeHHOe <l>oJI,!lll H3 o6o6meHHOro ypaBHeHHH .ll:HpaKa, HMeeT BH,!l 

2Me ( fl )
2 

ane = 7[ E1 + µe 2Mc ], 

Ha 3JieKTJ)OHe, 

(7) 

r.ue e1 OIIHChIBaeT pa.unanhHYJO rrpornJKeHHOCTh pacrrpe.ueneHHH 3JieKTJ)HqecKoro 3apH,!la B 

HeHTJ)OHe, a BTOpoii: qJieH rrpe,!lCTaBJIHeT co6oii: BKJla,!l aHOMaJihHOrO MarHHTHoro MOMeHTa 

µ. 
B pa6oTe <l>oJI,!lH 

E1 ~ ¾ f r2p(r )d
3
r = ~<r2E,in>, (8) 

r.ue <r2E,in> - cpe.uHHii KBa,!lpaT pa.uHyca pacrrpe.ueneHHH 3apH.ua n, KaK IIHllleT <l>on.uH, 

« ... 3HaK rrporropl(HOHaJihHOCTH, a He paaeHCTBa, T.K. CYllleCTBYeT HeKOTOpaH 

HeO,!lH03HaqHOCTh B CBH3H peJIHTllBHCTCKHX K03qlqllll(HeHTOB C qlll3HqecKH rrpornJKeHHhIM 

CTaTnqecKHM pacrrpe.ueneHHeM 3apH.ua » p(r). 

O.uHaKO B rrpe.ueJihHOM cnyqae HH3KHX 3HeprHii, a HMeHHO rrpH TaKHX 3HeprHHX 

3KCrrepHMeHTaJihHO orrpe.ueJIHeTCH BeJIHqHHa ane' MOJKHO IIOKa3aTh /20,21/, qTO 

e 
E1 = 

6
<r2E,in>, (9) 

lhaK, rrpH HH3KHX 3HeprHHX 

2Me
2 

1 2 ( fl )
2 

ane= ~[ 6<rE,in >+µ 2Mc ] =a.+ap. (10 

BKJia.u BTOporo qneHa B BeJinqHHy ane MOJKHO paccqHTaTh. OH paBeH ap = - l.468xl0·3 q>M 

H o6hJqHo Ha3hIBaeTCH ,!lJIHHOH pacceHHHH <l>OJI,!lH. 

3HaK rrepaoro qneHa, orrpe.uenHeMhIH 3HaKOM BeJIHqHHhl <r2E,in>, 3aBHCHT OT 

ll3MepHeMOH B 3KcrrepHMeHTe ,!lJIHHhl pacceHHllH ane . CTOHT 3aMeTHTh, 'ITO B rrpHHI(HIIe 3HaK 

cpe.uHero KBa.uparn 3JieKTJ)HqecKoro pa.unyca <r2E,in> (cM. (8)) B 11enoM HeHTJ)aJihHoii: He 

HMeIOmeii: 3apH,!la qaCTHI(hI MOJKeT fihITh KaK IIOJIOJKHTeJihHhIM, TaK H OTJ)Hl(aTeJihHhIM. 

TaKOH 3HaK ,!lOJIJKeH orrpe,!leJIHThCH 3HaKOM 3apH,!la, paCIIOJIOJKeHHOro Ha rrepHq>epHH. 

.D:eii:CTBHTeJihHO, IIOCKOJlhKY OJKH,!laeMoe pacrrpe.ueneHne 3JieKTJ)HqecKoro 3apH,!la B 

HYKJIOHe, .UJIH cnyqiur HeHTJ)OHa HMeeT OTJ)Hl(aTeJihHO 3apHJKeHHhlH ((XBOCT», aeJIHqHHa 

<r2 E,in> ,!lJIH HeHTJ)OHa ,!lOJIJKHa 6h1Th OTJ)Hl(aTeJihHOH. Xo.u KpHBhIX, OIIHChIBaIOlllHX 

pacrrpe.ueneHne 3JieKTJ)nqecKoro 3apH,!la B HeHTJ)OHe Herrocpe.ucTBeHHO CBH3aH c Me30HHoii 
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Ta6m111a 

ABTOpbI, r0,!I MeTO.ll MmneHb Benwurna -ane[i0"3 <pM] 
3<p<peKTa 

B.XaBeHc ".LIP, 3HepreTH'leCKlUI CBttHell H BHCM)'T 
LIO"ne f Oiot"' 1.5% 1.91± 0.36 

1947-51 3aBHCHM0CTb 
II0JIH0ro Ce'leHHll 

,n:.103 H,!lp, OTplDKeHtte 3epKanoOi-Bi LI0/0 "'50% 1.39±0.13 
1952-53 HellTpOHOB 

E.MenKOHbllH " 3ttepremqecKal! BttcMyr LIO"ne fOiot"' 1.5% 1.56±0.05 
,lip., 1959 3aBHCHM0CTb 

II0JIH0ro ce'!eHHll 

B.Kpott,f.Pttttro ActtMM~ttll Enaropo,!IH&Ie LIO"ne / Oiot ss0.5% 1.33±0.03 
1966-73 paccel!Httll ra3bl 

JI.Kecrep ".LIP- 3ttepreTtt'lecKal! BttcMyr, CBHHell LIO"n, fOiot ssl.2% 1.32 ± 0.03 
1976-95 3aBHCHM0CTb tt CBHHeu-208 

II0JIH0ro ce'!eHHll 
" H3MepeHtte ,!IJIHH 
paccel!HHll 

IO.AneKcaH,!lpOB 3ttepreTtt'!ecKal! BttcMyr Liu., I Oiot "'1.2% 1.55 ± 0.11 
tt ,lip., 1985 3aBHCHM0CTb 

II0JIH0ro Ce'!eHHll 

IO.AneKcaH,!lpoB " ,n:ncppaKUHll BoJI&<ppaM-186, LIO"ne / Oiot ss20% 1.60 ± 0.05 
.LIP-, 1974-85 HellTpOHOB M0H0KpHCTaJIJI 

C.Korre11Kttli 11 3ttepreTtt'leCKall CBtttteu-208 LIO"ne fOiot ssl.2% 1.33±0.03± 0.03 
.LIP- 1994-97 3aBHCIIM0CTb 

II0JIH0ro Ce'!eHHll BttCMyr 1.44±0.03± 0.06 

T.EHHK ",lip., 3ttepreTtt'leCKall CBttHe11 - 208 LIO"n, fOiot"' 1.2% 1.67±0.16 
1995 3aBHCHM0CTb 

II0JIH0ro Ce'!eHl!ll 

A.JlaIITeB " .LIP- 3tteprem'!eCKall CBttHe11 -208 LIO"n, IOiot ssl.2% 1.78 ± 0.25 
3aBHCHM0CTb 

1988-99 II0JIH0ro ce'!eHHll BttCMyr 1.75 ± 0.27 



TeOpHeil. IOKaBbl. lfa Hee cnenyeT, 'ITO 6naronapH OCHOBHOMY nOJIOlKeHHIO IOKaBbl, 

061,.!!CHHBlllero npOHCXOlK)leHHe »nepHbIX CHJI, KaK pe3yJlbTaT o6MeHa Me30HaMH, 

HMeIOlllHMH no cpaBHeHHIO c HYKJIOHaMH 6onee JlerKyIO Macey, HellTPOH 'IaCTb BpeMeHH 

)lOJllKeH npOBO)lHTb B BHPTYMbHOM COCTO.!IHHH: npOTOH nJIIOC OTPH{laTeJlbHO 3ap»lKeHHblll 

7t-Me30H. IlOJIHblll 3ap.!l)l HeHTPOHa paBeH HYJIIO, onHaKO BeJIH'IHHa <r2E,in>, cornaCHO 

COOTHOllleHHIO (8), )lOJllKHa 6bITb OTPH!laTeJlbHOll. 

Pe3yJlbTaTbl HaH6onee TO'IHb!X H3MepeHHll )lJIHH pacce$IHH.!I ane npHBe)leHbl B 

Ta6JIH{le (cM. CTP,6,). KaK cnenycr H3 Hee, B HaCTO.!llllee BpeM.!I 3KCnepHMeHTaJlbHbie naHHbie 

MOlKHO pa3]leJIHTb.Ha ]lBe rpyrrnbI. Pe3yJ1bTaT O)lHOll H3 HHX <aoe> = (- 1.58±0.03)x10"3<pM 

npHBO)lHT K < r2E,in> <0, 'ITO COOTBeTCTBYeT TeopHH IOKaBbI, npyroil. lKe - (<aoe> = (-

1.30±0.03)x10"3 <pM) npHBO)lHT K <r2E,in> > 0, 'ITO npOTHBOpe'IHT TeOpHH IOKaBbl. J1H6o 

nOCJle)lHHe 3KCnepHMeHTaJlbHbie naHHble HeBepHbi, JIH60 BbillleH3JIOlKeHHblll nonxon rne-TO 

HMeeT CYllleCTBeHHbie norpelllHOCTH. 

AHaJIH3HPYH npHBe)leHHb!e B Ta6JIH{le naHHbie, XOTeJIOCb 6b! o6paTHTb BHHMaHHe, 

'ITO BJIHHHHeM pe30HaHCHOro pacceHHHH Ha BeJIH'IHHY ane )lJIH o6pa3qa CBHH{la-208 npH 

3HeprnH HeHTPOHOB BnJIOTb no 2000 3B MOlKHO npeHe6pe'Ib H nonyqHTb )lJIH o6pa60TKH 

3KCnepHMeHTaJlbHb!X naHHb!X <popMyny /21/: 

1 .Jcr1o1(E 1)-.Jcr1oI (E2) 

ane= .J4it F(E
1
)-F(E

2
) 

(11) 

rne F(E) - npOHHTerpHpOBaHHblll no yrnaM aTOMHblll <popM-<paKTop 

O6pa6aTb!BaH C noMOlllblO (11) pe3yJlbTaTbl H3MepeHHll HTOrOBOll pa60Tbl KecTepa H np. 

MOlKHO nonyqHTb 

3Hepnrn, eV E1 = 1.26 
E2=5.19 

.[vi11Ha pacceimmI, ane, -1.58(30) 
10·16 cm 

E1 = 1.26 
E2 = 1970 

-0.26(15) 

E2 = 5.19 
E2 = 1970 

+0.10(29) 

lfa nonyqeHHb!X pe3yJlbTaTOB HanpalllHBaeTCH Bb!BO)l, 'ITO BeJIH'IHHa CJ101(1970) onpeneneHa 

B pa6oTe KecTepa H np. HenpaBHJlbHO. ECJIH npHHHTb, 'ITO CJ1o1(1970) = 11.525 6apH BMeCTO 

11.479 6apH, TO MOlKHO noJlyqHTb ane, 10"16 cm= -1.59(15) (Mll 1.26 11 1970 JB) 11 ane, 10"16 cm= 
-1.61(29) (Mll 5.19 H 1970 3B), '!TO n0-Bll,llllM0MY 6JIH3KO K llCTHHe. 

B 3aKJII0'1eIme CT0HT 3aMeTHTh, '!TO llH0r,lla B ne'!aTH n0llBJill!OTCll yTBep)K)leHllll ( CM., 
Hanp11Mep, /22/), '!TO np11po,11a BBe,11eHH0ro B ,11y6HeHCKOH pa6oTe 1974r. (ArreKCaH,llpOB 11 ,lip.) 
He60Jibll!Oro <<rHn0TeTH'leCK0ro» paccellHllJI HeHTPOHOB Ha M0H0KpHCTaJIJie BOJib<ppaMa-186 
0CTaeTCll ,110 CllX nop HeBblllCHeHHOH. Ha caM0M ,lleJie 3TO He TaK. «r11noTeTH'leCKOe» paccel!Hlle 
o6l!3aHO CB0HM npoHCX0)K)leHHeM <peppoMarHHTHblM KJiacrepaM, o6pa3YIOil111MCll B o6pa31.1e 
napaMarHHTH0ro BOJib<ppaMa B0Kpyr MHKpo np11Mecett K06aJibTa, KJiacTep1,1 ,lla!OT ,ll0n0JIHHTeJibH0e 
<peppoMarHHTHOe pacceJIHHe B 6p3rrOBCKlle nHKll (He 6oJiee 4-5%). Ilp11po,11a paccellHllll BhlllCHeHa 
B C0BMeCTHhIX 3KCnepHMeHTaX C rpynnott <l>poHTaCheBOH (JIH<l>), C faT'lllHOil 11 C ,llll<ppaKl.\llOHHOH 
rpynnott HHcmwa B PlKelK (qCCP) (ony6JIHKOBaHhI B nep110,11 c 1980 no 1985rr.). Ha p11c.3 
np11Be,11eHa TaKlKe KpHBaJI MarHHTHOH BocnpHHM'lllB0CTll o6pa31.1a llCCJie,11yeMoro BOJib<ppaMa, 
noJiy'leHHall npo<p. Kp3HrJIOM B AHrJillll /23/. Ilpll Hll3KllX TeMneparypax 11 6oJiblllttX MarHttTHhlX 
n0JillX Ha6JIIO,llaIOTCll aH0MaJitttt, CBOHCTBeHHble He napaMarHHTH0MY o6pa3ey. 

XoTeJIOCb 61,1 TaKlKe 3aMeTttTh, '!TO no M0eMY MHeHtt!O B HaCT0J1I11ee BpeMll ttMeeT CMblCJI 

IICKaTh H0BbJe 3KCnepttMeHTbl no ll3MepeHtt!O ane , B K0T0pblX BeJitt'IHHa L10'ne / O'tot C0CTaBJillJia 61,1 
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HeCK0JlbK0 ,!leCJITK0B npoueHTOB, a He I%. B :)TOM CJIY'lae 6b1Jl0 6hI MeHbIIIe npo6neM C BBe,11eH1ieM 
pa3Jlll'IH0ro po.11a CllCTeMaT!l'leCKllX nonpaB0K. 
r) Pe3yJ1bmamb1 noucKOB Bpo:>1CiJe1111020 3J1eKmpu1JecK020 iJunoJ1b11020 M0Me11ma 11eumpo11a 

HaIIJI)"IIIIIIe 3KCnepIIMeHTaJibHble pe3yJihTaTbl TaKOBhI: 

HJIJI (rpeH06Jib, 1999), dn /e = (-0.10 ± 0.36)xl0"25 cm 

Illli!<l> (raT'IIIHa, 1992), d0 /e = (0.26 ± 0.42 ± 0.l6)xl0·25 cm 

B HaCT0HI.Qee BpeMJI: Be.!IYTC!I: pa60Tbl no YTO'!HeHIIIO npIIBe,neHHb!X ,naHHb!X. 

CJie,nyeT OTMeTnTh, •no ncnoJib30Banne YXH .!IJIH H3MepeHnH 3,ll;M HeiiTpoHa BnepBbie 

6bmo npe,nJI0)KeHo lllannpo (JIH<l>, 1968r.) 

.!1) MG211UmllblU iJunollbllblU MOMe11m 11eumpo11a 

11JIJI (rpeHOfiJih, 1979), µ 0 = -1.91304184(88) µN 

r.ne µN - Jl:.!lepHb!H MarHeT0H 

e) MG211UmllblU MOIIOnOJlbllblU 3apll0 11eumpo11a 

Ml1T (Macca'!Y3eTc, ClllA,1986) QM= (0.28 ± 0.72)x10·
27 

CGS-

3rn - pe3yJihTaT .nmppaKL{HOHHOro 3KCnepnMeHTa. B 3KcnepnMeHTe ncnOJib30BaHa 

K0HL{enL{HJI: 3qJqJeKTHBHOH Macchi, npe.!ICKa3aHHaH .!IHHaMH'!eCKOH Teopneii .!IIiqJpaKUHII. 

3qiqieKTHBHaH Macca M0)KeT 6bITb Ha 5-6 nop!l:,!lK0B MeHbllle o6bl'IHOH MaCCbl. 

)K) 3JleKmputJecKuu 3apRiJ 11eumpo11a 

11JIJI (rpeHo6Jih, 1988) QE = (-0.4 ± 1.l)xl0·
21 

3apH,na 3JieKTpOHa 

3KcnepnMeHTaJibHaH 0L{eHKa M0)KeT 6hITb YJI)"lllleHa B HeCKOJihKO ,neCJl:TK0B pa3 npII 

coaMecrnoM ncnoJib30BaHIIII MeTO.!I0B Ml1T (ClllA) 1967 n 1986rr. 

3. 13- pacna.n neiiTpona 
CxeMa pacna,na: 

n ➔ p + e· +Ye+ y 
<l>OTOH B 3KCnepnMeHTe noKa He o6Hap~eH 

BepoHTHOCTb pacna.na: 

(P,i\) 2 <S> P, pv [P,·Pv] 2 W~ l+a--c +--(A-c+B-c+D---c ), 
E,Ev S E, Ev E,Ev 

r.ne p - HMnyJihChl, E - 3Heprnn, S -cnnH HeHTpOHa 

3KcnepIIMeHTaJibHble .naHHhie K03qJqJHL{HeHTOB: 

a=-0.102(5), A=-0.1170(13), 

B = 0.983 (4), D = - 0.00055 (95). 

l13MepeHHJI: K03qJqJHL{HeHTa A BnepBbie 6hIJIH Ha'!aTbl B O6HHHCKe B 1960r. no HHHL{HaTHBe 

DOH,napeHKO. O,nHaKO, BO BpeMJI: ll3MepeHnii aMepnKaHL{hl ony6JIHKOBaJIH CBOH .naHHble Ii 

o6HHHCKHe H3MepeHHJI: 6bIJIH npeKpaI.QeHhl. 

BpeMH )Kll3Hn: 

t = 885.8 ± 0.9 ceK (2000r.) 

4. ,ll;JIHHbl n-p u p-p pacceHHUH 
l13Mepemrn .!IJIIIH n-p II p-p pacce!l:HUJI: npoB0.!lllJIHCb MHOroKpaTHO. PJl:.!IOM qJH3HKOB 

6bIJIH pa3pa6oTaHbl MeT0.!lhl Bbl'IHCJieHHJI: nonpaB0K, )"IHTbIBaIOI.QHX KYJI0HOBCKOe 

B3aHMO.!leHCTBHe, B3aHMO,neiicTBne Me)K.!ly MarHHTHbIMII M0MeHTaMII, pa3HHUY Mace Me)K.!ly . 

HeHTpOHOM II npoTOH0M, nOJI!1:pH3aL{IIIO BaKYYMa, KOHe'!Hbie pa3Mepb1 HYKJI0HOB. C yqeTOM 

3THX nonpaB0K 3Ha'!eHHJI: CHHrJieTHhIX .!llIIIH n-p H p-p pacceHHHJI: paBHhl: 

aop = -23.516(13) qiepMH n app = -17.25(16) qiepMn 
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TaKIIM o6pa30M cyrnecTByeT pa3HIIIJ;a: 
~a= anp-app = -6.27 ± 0.16 qiepMn, 

CllJILHO BLIXO.[(HIUaH 3a npe.zi:eJILI 3KcnepnMeHTaJILHLIX norpeIIIHOCTeii II, Bll.[(llMO, 
YKaJLIBaJOIUruI Ha HapyrneHIIe rnnoTe3LI 3apH.[(OBOH He3aBIICllMOCTll H.[(epHLIX CllJI B npe.zi:ene 
MaJILIX 3Heprnii. 

5. 06 OCU:HJIJIHU:llHX HeiiTpOH - aHTHHeiiTpOH 

Ilo.zi:o6HLie OCU:llJIJIHU:llll B03MOJKHLI, eCJill cyrneCTBYJOT B3allMO,[(eHCTBIIH, B KOTOpLIX 
He coxpaHHeTCH 6apIIOHHLIH 3apH.zi:. Bo3MOJKHOCTL He coxpaHeHIIH 6apIIOHHOro 3ap».zi:a 
paccMaTPIIBaJiaCL CaxapOBLIM B 1967 ro.zi:y, a Bonpoc O B03MOJKHOCTll OCU:llJIJIHQllH 61,m 
IlOCTaBJieH BnepBLie KY3LMllHLIM B 1970 ro.zi:y. 

3KcnepnMeHTaJILHLIH IlOllCK OCQllJIJIHQllH Be,[(eTCH cl 981 ro.zi:a. HaIIJI)"IIIIlle 
pe3yJILTaThl IlOJI)"IeHLI B HJIJI (rpeHo6JIL) B 1994 ro.zi:y. XapaKTepHoe BpeMH OCQIIJIJIHIJ:llll 
He 61,mo Haii.zi:eHO. Oii:eHKa COCTaBIIJia: 

'tnn > 0.86xl08 ceK Ha ypOBHe .[(OCTOBepHOCTll 90%. 
Cne.zi:yeT 3aMeTllTL, qTQ nepBLie IlOllCKll 'tnn npOBO.[(llJillCL B JIH<l> (JJ:y6Ha) B 1981 ro.zi:y. 
O.[(HaKO OHll npnBeJill K .[(OBOJILHO Hll3KOH oii:eHKe 'tnn > 66 ceK. 
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PHc. l. CxeMa ycTaHOBKH )lJHI o6Hap)')KeHH.!I lIIBHHrepOBCKOro pacce.!IHHlf. 

l - aKTHBHa.!I 30Ha peaKTOpa 

2 , 3 - KOJlJlHMaTOpbl 

4-3aII.lHTa 

5 - pacceHaaTenh 

6 - KOJlJlHMaTOp 

7 - .ueTeKTop 
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dcr/dQ 

5 
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I 
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4 8 12 16 ?Q 74 28 

8. 

Pnc.2. Yrnoab1e pacrrpe.neneHHJI Hei1Tpottoa c :mepmeu nopJ1,nKa 1 MJB npn 
ynpyroM pacceJIHHH Ha Pu, U H Cu. 
lli'rpHXOBaJI JlHHHJI - OIITH'IeCKaJI Mo,neJJb. 
llhpHX-II)'HKTHpHaJI _JJHHHJI - OIITHqecKaJI MO,neJJb + lllBHHrepoBCKHH IIOTeHUHaJJ. 
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Pnc.3. MarHHTHall BOCnpHHM'IHBOCTb o6pa3l{a 
186W npn HH3KHX TeMneparypax H 

Bb!COKHX MarHHTHb!X nonl!X. 
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PACCEHME HEHTPOHA HA HEHTPOHE 

c.r. K~MeHCKHU, IO.B. 11BaHKOB 

BopoHe:JICCKuu 20cyoapcm6eHHbZU yHu6epcumem, PoccUR 

PacCMO'IpeHO COBpeMeHHOe COCTOll:HHe npep;cTaBJieHHH O 3apHJJ;OBOU He3aBHCHMOCTH H 

3apgp;oaoii CHMMe'IpHH HYKJIOH-HYKJIOHHJ,IX gp;epHbIX B3aHMOp;eiiCTBHU. IlOKa3aHO, qTQ 

HMeJOID;aHCH Ha cerop;HH COBOKyrrHOCTJ, 3KcnepnMeHTaJIJ,HJ,IX AaHHJ,IX 0 

HH3K03HepreTnqecKOM gp;epHOM B3aHMOJJ;eiiCTBHH HYKJIOHOB He n03B0JIHeT cp;eJiaTJ, 

OJ];H03Ha~1,1ii BJ,IBO,D; 0 CTaTyce BJ,IIIIeYKa3aHHOfO npe,nCTaBJieHHH. Cp;enano 3aKJIJOqeHne 0 

Heo6xo,nnMOCTH H aKTYaJibHOCTH npHMJ,IX 3KCnepnMeHTOB no HH3K03HepreTnqeCKOMY 

Heii'IpOH-Heii'IpOHHOMY pacceHHHJO. 

1.BBE,ll;EHME 

B gp;epHOU qJH3HKe 60JiblllyJO pOJIJ, nrpaeT npep;cTaBJieHne O 3apHJJ;OBOU He3aBHCHMOCTH 

gp;epHbIX HYKJIOH-HYKJIOHHJ,IX B3aHMO,neiicTBnii, comaCHO KOTopoMy HJJ;epHbie CHJIJ,I, 

,neiiCTByJOID;He Me)K,!l;y HyKJIOHaMH, He 3aBHCHT OT 3JieK'IpnqecKoro 3apgp;a HYKJIOHOB, TO eCTJ, 

HBJIHJOTCH OJJ;HHMH H TeMH )Ke B napax qacTm~ (HeU'IpOH-HeU'IpOH), (HeU'IpOH-npoTOH), 

(npoTOH-npoTOH), HaxO,D;Hlll;HXCH a OJJ;HHaKOBJ,JX KBaHTOBJ,IX COCTOHHHHX [1]. 3TO 

yrnep)KJ);eHne n03BOJIHeT paccMa'IpHBaTJ, HeiiTpOH ~ npOTOH KaK pa3JIHqHJ,Je COCTOHHHH 

O,D;HOU qacTHIIbl - HYKJIOHa. Ilpn 3TOM He60JIJ,IllaH pa3HHIIa B Maccax H pa3JIHqne B 

MarHHTHJ,IX MOMeHTax H)'KJIOHOB npHBO,!l;HT K TOMY, qTo yrnep)K,!l;eHne O 3apH,!1;0B0ll 

He3aBHCHMOCTH HYKJIOH-HYKJIOHHbIX Hp;epHbIX B3aHMOJJ;eiiCTBHll BblIIOJIHHeTCH JIHIIIJ, 

npn6JIU)KeHHO. B 3TOM npn6JIII)KeHIIH AJIH onncaHHH CBOUCTB H,nep H pacqeTOB H,nep111,rx 

peaKIIHH BBe,nen H IIIHpOKO ncnOJib3YeTCH MaTeMaTnqecKIIU q>OpMaJIII3M H30TOJIHqecKoro 

cnIIHa [2]. B paMKax 3TOro qiopMaJIH3Ma, HanpnMep, ycneIIIHO OnIICJ,IBaJOTCH II30TOnnqecKIIe 

MYJibTHnJieTJ,I B JierKHX gp;pax [3], a TaK)Ke II306ap-aHaJIOfOBJ,Je COCTOHHIIH, 

B036y)KJ);aIOID;IIeCH B peaKIIHHX nepep;aqII 0,D;HOfO HYKJIOHa [4]. 
Menee o6rn;nM CBOUCTBOM no cpaBnennJO C 3apHJJ;OBOU He3aBHCHMOCTJ,JO HBJIHeTCH 

3apgp;OBaH CHMMe'IpHH Hp;epHbIX CHJI, 03HaqaJOrn;aH, qTo B3aHMo,neiiCTBHH neii'IpOHa C 

Heii'IpOHOM n npoTOHa c npOTOHOM o6JI~aJOT op;nnaKOBbIMH CBOUCTBaMH. 

PacCMO'IpeHHJO COBpeMeHHOfO COCTOHHHH npep;CTaBJiennii O 3apH,D;OBOU ne3aBHCIIMOCTH H 

3apgp;OBOU CHMMeTpnn Hp;epHbIX HYKJIOH-HYKJIOHHJ,IX B3aIIMOJJ;eiiCTBHU H nOCTaHOBKe 

B03MO)KHJ,IX 3KCnepnMeHTOB, no3BOJIHJOID;HX yToqnHTJ, CTaTyc 3THX npe,nCTaBJieHIIll, II 

nOCBHID;eHa naCTOHIIl;aH pa6orn. 

2. HYKJIOH-HYKJIOHHbIE B3AMMO,ll;EHCTBIDI IIPM HM3KMX 
3HEPnrnx 

B COBpeMeHHOU KBaHTOBOU xpOMOJJ;HHaMHKe (KX,ll;) nOKa3aHO, qTo HeU'IpOH n BKJlloqaeT 

3 BanenTHbIX KBapKa n = udd , npoTOH p TaK)Ke cocTOHT H3 3 Bane11T111,1x KBapKoa 

p = uud , rp;e u - up-KBapK, d - down-KBapK. KBapKn IIMeJOT cnIIH, paa111,1ii ½, II 

xapaKTepH3yJOTCH 3JieK'IpHqecKHM 3apgp;oM q, H30CnHHOM f H ero npoeKnIIeii t,, a TaK)Ke 
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CTJ)aIIH0CTh!O s. 3HaqeHmI 3TIIX KBfillT0BhIX queen wu:r KIDK,Lloro H3 KBapK0B rrpHBeaeHhl B 

rn5nune 1, rrpll'IeM e - 3JieMeHrnpHhIH 3JieKTJ)HqecKuil: 3ap»a. 

Ta5nuna 1 
Tun 

t s 
KBapKa 

q t, 

2 1 1 
u -e - - 0 

3 2 2 

d 
1 1 1 

--e - -- 0 
3 2 2 

Macchr u H d KBapKoB HMeIOT 0TJiuqruornuecJI 3HaqeHn»: mu ,::,i (1- 5) M3B; 

md ,::,i ( 3 - 9) M3B. ITepeHocqHKaMH B3aHMoaeil:CTBHH Me:JKAy KBapKaMH JIBJIJIIOTCJI fJIIO0Hhl 

- qaCTHnhl, HMeIOIIIHe CIIHH, paBHhIH eaHHHne, rroaqnHJIIOIIIHeCJI CTaTHCTHKe Eo3e H 

xapaKTepH3YIOIIIHeCJI crrenmpuqecKHM KBfillT0BhlM qncJI0M - nBeT0M, He HMeIOIIIHM aHaJI0ra 

B JIAepHOH qJH3HKe HYKJI0H0B. Hanuque nBeTa rrpHB0AHT K cyrnecrneHH0H oco5eHHOCTH 

B3aHMOAeHCTBHJI KBapK0B - OHO MaJI0 Ha MaJihIX paCCT0JIHHJIX Me:JKAy KBapKaMH H 5hICTJ)O 

pacTeT C yBeJiuqeHueM :noro paCCT0JIHHJI. 3To CBOHCTBO CHJihHhIX B3aHM0aeil:CTBHH, 

Ha.JhIBaeMoe «aCHMIITOTHqecKOH CB05oaoil:», II03B0JIJieT JierK0 yqHThIBaTh KBapK-fJIIO0HH0e 

B3aHM0aeil:crnue rrpu 50JihIIIHX 0TH0CHTeJihHhIX 3HeprHJIX HYKJIOH-HYKJIOHHhlX 

B3aHM0aeil:CTBHH, C00TBeTCTBYIOIIIHX MaJihIM pacCT0JIHHJIM Me:JKAY KBapKaMH BO 

B3aHM0AeHCTBYIOIIIHX HYKJI0Hax, H aorrycKaeT HCII0Jih30BaIIHe Te0pHH B03MYJ:neHHH 

(«rrepTyp5aTHBHhie» IIOAXOAhI). B cnyqae iKe HH3KHX 0TH0CHTeJihHhIX 3Hepruil: HYKJI0H0B, 

C00TBeTCTBYIOIIIHX xaparcrepHhlM paccT0JIHHJIM Me:JKAy HYKJI0HaMH r ~ 1 q>M rrpH5JIHiKeHHe 

«aCHMIITOTHqecKOH CB050AhI» He pa5orneT, H HCII0Jih30BaTh Te0pH!O B03MyIIIeHHH HeJih3JI. B 

3T0M CJiyqae HCII0Jih30BaIIHe MeT0A0B KX,[l HaTaJIKHBaeTCJI Ha rrpnHnHIIHaJihHhie 

CJI0iKH0CTH, K0T0phie He II03B0JIJIIOT orrucaTh HH3K03HepreTuqecKne HYKJI0H-HYKJI0HHhie 

B3aHM0aeil:CTBHJI H3 rrepBorrpuHnnrroB KBfillTOBOH xp0M0AHHaMHKH. 

B CBJI3H C 3THM HaH5oJiee pacrrpOCTJ)aIIeHHhlH TeopeTuqecKHH BapHaIIT 0IIHCfillHJI 

HYKJI0H-HYKJI0HHhIX B3aHMoaeil:CTBHH CBJI3fill C rrpeacnumeHHeM 06 o5MeHe 5o30HaMH 

Me:JKAy HYKJI0HaMH (o5MeH ,r-, m-, p- Me30HaMH H T.a.). B paMKax 3Toro BapuaHTa 

II0CTJ)0eHhl HYKJI0H-HYKJI0HHhle II0TeHnHaJihl OAH05030HHOro o5MeHa, o503HaqaeMhie KaK 

OBEP [5], o5JI3aTeJihHO BKJIIOqaIOIIIHe H o5MeH KoppenupoBaHHhIMH rrapaMH IIH0H0B, 

Ha.JhIBaeMhlMH CKaJIHpHhlMH CF -Me30HaMH. 

HarrpaBJieHHe OAH05030HHOro o5MeHa He JIBJIJieTCJI CTJ)0I'HM rroaxoaoM, HMeeT 

orrpeaeJieHHhie TPYAH0CTH H BKJl!OqaeT M0AeJihH0 3aBHCJIIIIHe BeJIHqHHhI. I103TOMY 

0CH0BHhIM rroaxoaoM K orrucaHHIO HYKJI0H-HYKJI0HHhlX B3aHMoaeil:CTBHH rrpu HH3KHX 

3HeprnJIX JIBJIJieTCJI BBeaeHHe qieHOMeHOJioruqeCKHX HYKJI0H-HYKJI0HHhIX II0TeHnHaJI0B. 

Macchi (3Heprnu IIOKOJI) HeHTJ)OHa H rrpoT0Ha HMeIOT 5JIH3KHe 3HaqeHHJI: 

Mpc2 =938,26 M3B; Mnc2 =939,55 M3B (LiMIM=l,4•10-3
). IlpoTOH 

paccMaTJ)HBaeTCJI KaK crn5HJihHWI qacTnna; y Heil:TjJ0Ha )Ke K0HeqHoe BpeMJI iKH3HH 

T n = ( 17, 0 ± 0, 4) MHH., ~o CBJI3aII0 C rrpeBhIIIIeHHeM MaCChl HeHTJ)OHa HaA Maccoil: 
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rrpoTOHa (Mn > MP) H p- -pacrra.r10M HeiiTPOHa Ha rrpoTOH, :meKTPOH H aHTHHeiiTPHHO. 

3JieKTPH'leCKHe 3apMbI, MarHHTHhie /:{HITOJlbHhie MOMeHTbl H cpenHeKBa,[lpaTH'IHhie 

3apMOBbie Pa.rlHYCbl HYKJIOHOB, paBHhl, COOTBeTCTBeHHO: 

ep =(l±l0-
15 )e; en =(0±6·l0-

12 )e; 
µp ={2,79274±0,00006)~; µn =-{1,91314±0,00004)~ 

2M~ 2M~ 

(-)1/2 (-)1/2 ri =(0,80±0,03) qiM; ri =(0,79±0,15) qJM. 

bJIH30CTb Mace HYKJIOHOB H ycTaHOBJieHH!UI 3KCnepHMeHTaJibHO 6JIH30CTb HYKJIOH

HYKJIOHHbIX Jl:):{epHbIX B3aHMO):{eiiCTBHii npnBeJIH, KaK OTMe'laJIOCb BbIIIIe, K BBe/:{eHHIO 

qiopMaJIH3Ma H30TOITH'leCKOro CITHHa HyKJIOHa [2] no aHaJIOrHH C OITHCaHHeM o6b!'IHOro 

CITHHa. B paMKax 3TOro qiopMaJIH3Ma HeiiTpOH H rrpOTOH paccMaTpHBaIOTCJl: KaK /:{Ba 

pa3JIH'!Hb!X COCTOJl:HHJl: 0/:{HOH H TOH )Ke '!aCTHQbl - HyKJIOHa, xapaKTepH3YJOillHeCJI 

pa3JIH'IHblMH 3Ha'leHHJl:MH npoeKQHH H30TOITCITHHa T z Ha OCb Z , npH'IeM, B . Jl:):{epHoii 

qJH3HKe npHHJl:TO, 'ITO AM HeiiTpOHa Tz =+½,a /:{M'npOTOHa 'z = - ½ B OTJIH'!He OT 

qJH3HKH 3JieMeHT_apHbIX '!aCTHQ, rne npHHJl:TO o6paTHOe onpeneJieHHe COOTBeTCTBYIOillHX T z . 

BBe/:{eHHe H30TOITH'leCKOro CITHHa HaKJia,[lbIBaeT onpeneJieHHh!e orpaHnqeHHJl: Ha 

CTpyKTYPY BOJIHOBOii 4JYHKQHH ):{Byx HYKJIOHOB, a HMeHHO: BOJIHOB!UI 4JYHKQHJl: napbl /:{OJI)!(Ha 

6b!Tb aHTHCHMMeTPH30BaHa no OTHOIIIeHHIO K rrepeCTaHOBKe He TOJibKO npocTpaHCTBeHHb!X H 

CITHHOBbIX, HO H H30TOITCITHH0Bb!X KOOPAHHaT HYKJIOHOB. KBaHTOBhie 'IHCJia, 

xapaKTepH3YJOillHe BOJIHOBYJO 4JYHKQHIO napbl HYKJIOHOB AM CJIY'l!UI MaJib!X 3Heprnii 

B3aHMO):{eiiCTBHJl: BKJIIO'laIOT B ce6JI CITHH S, H30TOITCITHH T, ero npoeKQHIO T, H 

OTHOCHTeJibHbIH MOMeHT l. OCHOBHOH BKJia,[I B ce'!eHHe HH3K03HepreTH'leCKOro pacceJIHHJl: 

HYKJIOHOB /:{aIOT COCTOJl:HHJl: c OTHOCHTeJibHblM MOMeHTOM napbl l=O. B Ta6JIHQe 2 npHBe/:{eHbl 

KBaHTOBb!e 'IHCJia, xapaKTepH3YJOilllle aHTHCHMMeTPH'IHYIO BOJIHOBYIO qiynKQHIO napbl 

HyKJIOHOB AM CJiy'lai:I MaJib!X 3Heprnii B3aHMO):{eiicTBHJl:. Bnnno, 'ITO HeiiTPOH-HeiiTPOHH!UI H 

npOTOH-npoTOHH!UI napbl o6pa3YJOT TOJibKO CITHHOBb!e CHHrneThl, Torna KaK /:{JIJl: HeiiTpOH

npOTOHHOii napbl B03MO)KeH TaK)Ke CITHHOBb!H TPHITJieT. 

Ta6Jinna2 

n-n ½ = 1 T=l l=0 S=O 

p-p ½ =-1 T=l l = 0 S=O 

n-p Tz =0 
T=l l = 0 S=O 

T=0 l = 0 S=l 

IlOHJl:THe H30TOITH'leCKOro CITHHa IT03BOJIHJIO cqiopMyJIHpOBaTb npe):{CTaBJieHHe 0 

3apMOBOH He3aBHCHMOCTH HyKJIOH-HYKJIOHHb!X B3aHMO):{eiicTBHii B CHCTeMax HyKJIOHOB 

'Iepe3 npoll:BJieHHe BpaIQaTeJibHOii HHBapHaHTHOCTH B H30IIpOCTPaHCTBe. faMHJibTOHHaH 

CHJlbHb!X B3aHMOAeiiCTBHH He MeHJieTCJl: npn IIOBOpOTax B H30TOITH'leCKOM rrpOCTpaHCTBe 

H30CIIHHOB HyKJIOHOB, BXO):{Jl:IllllX B HCCJienyeMYJO CHCTeMy, T.e. Bee B3aHMO):{eiiCTBHJI 

38 



3aBHC$IT OT CKru:rnpHb!X rrpoH3Be,[leHHll ( ~~ ) H30CIIHHOB B3aIIMO,[lellCTB)'lOlllHX H)'KJIOHOB 

(i, k ). Toma faMHJibTOHHaH H KOMMYTHpyeT C KBa,LlpaTOM IIOJIHOro H30CIIHHa CHCTeMbl 
-2 

H)'KJIOHOB T H ero rrpoeKL{Hell ½ Ha OCb z . B JTOM CJI)"Iae B03HHKaeT H306apnqecKM 

MYJlbTHIIJieTHM CTPYKTypa - COBOKyrrHOCTb COCT0$1Hllll CHCTeMbl, xapaKTepn3yeMbIX 

3Ha'!eHH$IMH IIOJIHOro H30TOIICIIHHa H ero rrpoeKttHH T,Tz_(-T :s; Tz :s; T), KOTOpM 

o6pa3yeT BblpO)K.[leHHblll MYJlbTHIIJieT. 

B g.z:1epHbIX CHCTeMax H306apnqeCKM CHMMeTPH$1 He $IBAAeTC$1 TO'IHOll. Ee HapyweHHe 

B03M0)KH0 He TOJlbKO H3•3a rrpH6JIH)KeHHOrO xapaKTepa H30TOIIH'leCKOll HHBapHaHTHOCTH 

g.z:1epHbIX CHJI, HO H H3-3a KYJIOHOBCKOro B3aHMO,[lellCTBH$1 Me)K,[ly HYKJIOHaMH H pa3HHL{bl 

Mace Heil:TPOHa H rrpOTOHa. TeM He MeHee, JTa CHMMeTpH$1 xopowo BH,[IHa B crreKTPax 

B036y)K.[leHHll Mep (HarrpnMep, ~ g.z:1pax 
140 ( T = l, ½ = -1 ), 14N ( T = l, Tz = 0 ), 14C 

(T=l, Tz =+1)[3]. 
B CBOIO oqepe,Llb, Ha $13bIKe H30TOIIH'leCKOro CIIHHa 3apg,1:10BM CHMMeTPH$1 ,[IJig HeHTPOH

HeHTPOHHblX H rrpOTOH-rrpoTOHHbIX MepHbIX B3aHMO,[lei1cTBHll 03Ha'laeT HHBapHaHTHOCTb 

raMHJibTOHHaHa JTHX B3anMo,1:1ei1crnni1 OTHOCHTeJibHO orrepattnn Rr = exp( -itrTY) -

Bpam:eHHg B H30CIIHHOBOM rrpOCTPaHCTBe BOKpyr OCH y Ha 180°. 

3. PACCEJIHHE HYKJIOHA HA HYKJIOHE IlPH HH3KHX 3HEPrHJix 

Han6oJiee nmjiopMaTHBHbIM crroco6oM IIOJI)"IeHH$1 ,[laHHb!X O 3apMOBO-CHMM~HHHbIX 

CBOllCTBax g.z:1epHbIX B3aIIMO,[lellCTBHll rrpn HH3KHX JHeprngx $IBJI$leTC$1 H)'KJIOH·HYKJIOHHOe 

pacCe$IHHe. PacCMOTPHM COOTBeTCTB)'lOUlllll JTOMY CJIY'laIO MaTeMaTH'leCKHll qiopMaJIH3M. 

AMIIJIHTy,1:1a pacce$1Hll$1 qacTHL{bl Ha cqiepnqecKH CHMMeTpH'IHOM IIOTeHL{HaJie V ( r) 
HMeeT BH,[I: 

/(0)= L(2l +l).fiPz(cos0), (1) 

I 

r,1:1e Ji - rrapttHaJibHM aMIIJIHTy,Lla pacCe$IHH$1, I - OTHOCHTeJibHblll op6HTaJibHblll MOMeHT. 

,lJ;Jig H)'KJIOH·HYKJIOHHOro pacce$1Hll$1 B CHCTeMe tteHTpa Mace JHeprng OTHOCHTeJibHOro 

t?k2 

.LIBH)KeHng E HYKJIOHOB c MaccaMn m 1, m2 HMeeT Bn,1:1: E = --.-, r,1:1e k - BOJIHOBOH 

2m 

m• = m1m2 m 
BeKTOp OTHOCHTeJibHOro ,[IBH)KeHH$1 H)'KJIOHOB, ~ - - IIpHBe,[leHHM Macca. 

m1 +m2 2 
ITpn MaJibIX 3Ha'!eHH$IX JHeprnn E n, coorneTcTBeHHO, HMrryJibCa k, Kor,1:1a kb < < l, r,1:1e b 
- pa,1:1nyc IIOTeHL{HaJia, B paccegHHH orrpe,LleAAIOUlHM 6y,1:1eT 3HaqeHHe OTHOCHTeJibHOrO 

MOMeHTa I = 0 n Bblpa)KeHHe ,[IJI$1 aMIIJIHTY.z:lbl paccegHH$1 IIpHHHMaeT BH,[I: 

1 
fo(0)= 2ik(S0 -l), (2) 

C" 2ioo S I 0 r,1:1e ...,0 = e - 1-MaTPHtta Mg = , 50 - qia3a paccegHng, rrpnqeM H3 qiopMyJibI (2) 

S0 = ( 1 + 2ikf0 ) . 
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YcJioBHe yHHTapHOCTH S-MaTpHI~hI (S0 (S0 )+ = 1) ,naeT: 

(1 + 2ikfo )( 1 - 2ilif0*) = 1. (3) 

OTc10,na cJie,nyeT, qTO Jm lo = k llo 12 
H Jm ( ;

0 

) = -k; ~o 11maom1eT rrpe,ncTaBHTh 

lo ( k) a o6meM BH,ne KaJ< 

1 
lo(k)= go(k)-ik' (4) 

r,ne g0 ( k) - aeJIHqHHa, cBll3aHH!UI c q>a3oii 80 cJie,nyIOmHM H3 (2) cooTH0111eHHeM: 

g0 ( k) = kctg( o0 ), (5) 

rrpHqeM g 0 ( k) aemecrneHHa rrpH JII06hIX aemecrneHHhIX E (-oo < E < +oo ), TaK qTO 

4JYHK~Hll go ( k), 3aBHCHT TOJlhKO OT ~CJihIX CTCIICHCll E H, CJie,noBaTCJihHO, OT qeTHhIX 

CTerreHeii k . 
IlpH MaJihIX k q>YHK~Hll g O ( k) MO)KCT 6hITh rrpe,ncTaBJICHa B qiopMe, co,nep)Kaineii 

JIHIIlh ,naa rrepBhIX qJICHa ee pa3JIO)KCHHll 110 CTCIICHl!M k : 
k2r. k2r. 

go(k)=go(O)+-o =xo+-o, 
2 2 

H Bhipa)KCHHC ,nllll aMIIJIHTY,nhl paCCCl!HHll lo(k) (4) rrpeo6pa3yCTCll K BH,ny: 

1 
lo(k) = k2 

ro 'k -xo +--- 1 
2 

Tor,na ceqeHHe yrrpyroro paccellHHll a 0 orrpe,nelilleTCll KaK [6] 

(6) 

(7) 

ao=llo(k)J2= 
1 

2 (8) 

( 
k

2
r. ) Xo+-f +k2 

1 
r,ne BCJIHqHHy Xo o6bl'IHO rrpe,ncTaBJillIOT B BH,ne Xo = --, r,ne rrapaMeTp a - Ha3hma10T 

a 
,nJIHHOll pacCCl!HHll, a ro - 3q>q>CKTHBHhIM pa,nHyCOM. 3TH rrapaMCTphl a H ro OIIHChIBaIOT 

paCCCllHHC HyKJIOHa Ha HYKJIOHC BO Bceii o6JiaCTH MaJihIX 3Heprnii. 

4. .l(JIHHbl PACCEHHIDI II '.M>«l>EKTHBHblE PA.l(HYCbl .l(JIH 
HH3K03HEPrETHlJECKOrO HYKJIOH-HYKJIOHHOro PACCEHHIDI 

,[(lill (n-p )-paccel!HHll B03MO)l(Hhl ,nBa cJiyq!UI, xapaI<TepH3yIOJnHCCll CJie,ny10inHMH 

3HaqeHHllMH H30TOIICIIHHa, CIIHHa H OTHOCHTCJihHOro MOMCHTa rrapbl HyKJIOHOB: T = 0, 
S = 1, l = 0 - TpHIIJiernoe paccel!HHe; T = 1, S = 0 , l = 0 - CHHrnernoe paccexHHe. ,[(Jill 
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TpirnJieTHoro pacceJIHHJI HaH)'.(eHHhie H3 aHaJIH3a JKCrrepHMeHTaJihHhIX ce'leHHll [7] 

rrapaMeTPhI at H rot rrpHHHMaJOT 3Ha'leHHJI at = 5, 4 qJM; rot = 1, 7 qJM. 3Ha'leHHe at > 0 
orrpe.n;eJIJ1eT rromoc S-MaTPHilhI S0 B aepxHeii KOMITJieKcHoii rroJiyrrJiocKocTH k, 
pacrrOJIOJKeHHhlll Ha MHHMOU OCH H COOTBeTCTBYIOIIIHll CBJl3aHHOMY COCTOJIHHIO HeiiTPOHa C 

ti2 
rrpoTOHOM (.n;eiiTpoHy) c JHeprneii CBJl3H Et = ---

2 
= -2, 23 MJB. 

mat 
s s 

,lvuI CHHrneTHoro pacceJ1HHJ1 [7] orrpe,n;eJieHHhie H3 JKcrrepHMeHTa 3Ha'leHHJI anp H rnpO 

paBHhl a~p=(-23,7146±0,0127) qJM; r:po=(2,758±0,053) qJM. TaK KaK a JTOM 

CJIY'Jae ,!l;JIHHa pacceJ1HHJ1 a~P < 0, S -MaTPHila S0 HMeeT rroJIIOC, JieJKaIIJHii Ha HHJKHeii 

MHHMOU ITOJIYOCH B KOMITJieKCHOU ITJIOCKOCTH k , 'ITO COOTBeTCTByeT CHHrJieTHOMY 

BHPTYaJihHOMY cocTOJIHHIO (n-p) rrapb1 c JHeprneii Ei = -0, 067 M3B. 
,[vIJI OITHCaHHJI rrpOTOH-rrpoTOHHOro HH3KO3HepreTH'leCKoro pacceJIHHJI Heo6xo.n;HMO, 

ITOMHMO Jl,n;epHoro, Y'JeCTh H KYJIOHOBCKOe )];aJihHO)];eiicrnyro111ee B3aHMO,n;eiiCTBHe .n;ayx 

rrpOTOHOB [7]. ,[(JIJI pa,n;IIaJihHOll BOJIHOBOU 4JYHKIIIIII (J?o ( r) , OIIHChIBaJOIIJeii OTHOCHTeJihHOe 

)];BHJKeHIIe .n;ayx rrpoTOHOB, IIMeeT MeCTO CJie.n;yro111ee aCMIITOTH'leCKOe BhipaJKeHIIe: 

%(r) r➔oo (F0 cos'50 +G0 sin'50 ), (9) 

r.n;e '50 - «J1.n;epHaH» qia3a pacceJ1HIIJ1, F0 ( r) II G0 ( r) - peryJillpHaH II HeperyJIJ1pHaH 

pa,n;HaJihHhie KyJIOHOBCKIIe 4JYHKIIIIII, IIMeIOIIJHe CJie.n;y10111ee aCHMITTOTH'leCKOe rroae.n;eHIIe 

rrpH r ➔ oo: 

F0 (r) ➔ sin( kr-¼ In2kr+<5;>'
11

} 

G0 (r) ➔ cos( kr-f 1n2kr + <5;>'11
), 

rrpII'leM KYJIOHOBCKall qJa3a pacceJIHHJI <5;>'11 
IIMeeT BH.n;: 

<5;>'11 = argr( 1 + f} 
C Y'JeTOM (10)-(11) Bh!paJKeHIIe (9) MOJKHO 3aITIICaTh B BII.n;e: 

%(r) r➔oo sin( kr-¼ ln2kr+<5;>'11 +<50 ). 

(10) 

(11) 

(12) 

KaK 6bIJIO IlOKa3aHO B pa6oTe [7], rrpH HaJIH'IHH KYJIOHOBCKOro B3aHMO,n;eiiCTBIIJI BblpaJKeHIIe 

)];JIJI ctg'50 rrpe.n;cTaBJIJ1eTCJ1 a aH.n;e: 

ctgO0 =-:[e:.;: -f (ka,)+x;,). (Bl 
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2h2 2h2 

nw ac = • 
2 
=--

2 
= 57,6 <pM - KynoHOBCKai:I e~HHHI(a ~nHHbI, X =canst; 

m Z1Z2e me 

h( kac) - aHanHTHqecKai:1 <pyHKI(HJI, Bb1paJKaeMai:1 qepe3 faMMa-<pyHKI(HIO, o0 - «H~epHai:I 

<pa3a», CTpOHII(ai:ICJI C yqeTOM B03~eil:CTBHJI KynoHOBCKOro IIOTeHI(Hana. 

ITpH ac ➔ 00, T.e. rrpH Z1 = Z2 = 0, ctgoo = - X , qTQ COBII~aeT no <pOpMe C 
k 

attanornqHoil: qiopMynoil: ~nJI ctgo0 B cnyqae (n-p) pacceJIHHJI. BenuquHy X B qiopMyne 

(13) MOJKHO Bblpa3HTb qepe3 HHTerpanbI OT BOllHOBbIX <pyHKI(HH OTHOCHTenbHOro ~BHJKeHHJI 

k 2-s 
r o 1 

rrpoToHoa u rrpe~CTaBHTb KaK [7]: X = io + _Ef!_, r~e Xo = --- . 2 -s 
aPP 

IlpH yqeTe 3aBHCHMOCTH 3KCrrepHMeHTMbHbIX ceqeHHH OT 3HeprnH £ MOJKHO rronyqHTb 

cne~YIQII(He 3HaqeHHJI rrapaMeTpoB (p-p) pacceHHHJI: 

a;P =-(7,815±0,008) <pM; r;po =(2,975±0,025) <pM. 

TX S S 
n3 cpaaHeHHJI 3THX BenuqHH C COOTBeTCTBYlQII(HMH rrapaMeTpaMH anp H rnpO CHHrneTHOro 

(n-p)-pacceHHHJI BH~Ho ux cylI(ecrneHHoe pa3nuque, o6ycnoaneHHoe anHHHHeM 

KynoHOBCKOro B3aHMO~eil:CTBHJI Ha "JI~epHYIQ" <pa3y (p-p)-pacceJIHHJI. 

B pa6ornx [8-11] ~nll: (n-p)-pacceJIHHJI rrpH yqeTe B3aHMO~eil:CTBHJI MarHHTHblX 

~HIIOllbHbIX MOMeHTOB, rronHpH3aI(HH BaKyyMa H KOHeqHbIX pa3MepoB HyKnOHOB 6hmo 

Hail:~eHo cne~YIQII(ee rrorrpaaneHHOe 3HaqeHHe ~nHHbI CHHrneTHoro (n-p)-pacceJIHHH: 

a~P =-(23, 7146 ± 0,0127) <pM, KOTopoe cna6o ornuqaeTcJI OT rrpe~crnaneHHoro BbIIIIe 

3HaqeHHJI a~p 6e3 yqeTa yKa3aHHbIX <paKTOpOB. 

AHanoruqHo yqeT BblIIIerrepequcneHHbIX <paKTOpOB ~nll: rrpoTOH-IIpOTOHHOH ~nHHbl 

pacceHHHJI a;p rrpHBO~HT K ee H3MeHeHHIO He 6onee qeM Ha 10 % [8-11]. 

.ll:nH cpaBHeHHJI Heil:TpOH-IIpOTOHHOH ~nHHbl pacceJIHHJI a~p C aHanornqHoil: ·~nHHOH 

pacceJIHHJI a;p ~Byx rrpoTOHOB, orrpe~enJieMOH TOllbKO MepHbIM IIOTeHI(HMOM 

B3aHMO~eil:CTBHJI rrpoTOHOB, Heo6xo~HMO CHJITb BllHJIHHe Ha rronyqeHHYIO BbIIIIe ~nHHY 

pacceJIHHJI a;p IIOTeHI(Hana KynoHOBCKOro B3aHMO~eil:CTBHJI ~Byx rrpOTOHOB. OcylI(eCTBHTb 

3TO CHJITHe MOJKHO TOllbKO MO~enbHblM o6pa30M rrpH HCIIOllb30BaHHH <peHOMeHonoruqecKHX 

JI~epHbIX HYKnOH-HYKllOHHbIX IIOTeHI(HMOB. 

5. <l>EHOMEHOJIOrHqECKHE R)J;EPHhIE IlOTEHU:HAJihl 
B3AHMO,U:EHCTBIDI MEJK)],Y HYKJIOHAMH IlPH HH3KHX 3HEPrIDix 

.lJ:nJI OIIHCaHHJI 3KCIIepHMeHTMbHbIX ceqeHHH HYKnOH-HYKllOHHOro pacceJIHHJI rrpH 

HH3KHX 3HeprHJIX MOJKHO HCIIOllb30BaTb <peHOMeHonoruqecKHe MepHbie IIOTeHI(HMbl. HHJKe 

rrpHBe~eHbl BblpaJKeHHJI ,n:nJI YKa3aHHbIX IIOTeHI(HanOB H HX rrapaMerpbl. Cne~yeT OTMeTHTb, 

qTo YKa3aHHbie <peHOMeHonoruqeCKHe IIOTeHI(HMbI, xopOIIIO OIIHCbIBaIOII(He <pa3bl 
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HH3K03HepreTuqecKoro pacceJIHHJI HyKJIOHOB, HMeIOT HeO)];H03Haqnocm B BI,I6ope q>OpMbI • 

.[{mr rrpoCTOThl paCCMOTpHM na6ophl noTeHIIHaJIOB, HMeIOIIIHX rrpocTeil.nme q>OpMbI, B BH)];e 

3KCIIOHeHIIHaJihHOf0 IIOTeHIIHaJia, rrpJIMOyrOJibHOH J!Mbl H ITOTeHIIHaJia lOKaBbl [12]. B 

o6IIIeM CJiyqae rrpe)];CTaBHM :nu IIOTeHIIHaJlbl KaK 

3KCIIOHeHIIHaJibHaJI JIMa: 

V(r) =-s(741,541)exp[-3,5412(i)] M::iB, (14) 

npJIMOyroJibHaJI JIMa: 

V() 
{

-s(l02,276)b-2 ,r<b, 
r = M::iB 
. O,r>b. 

(15) 

IIOTeHIIHaJI lOKaBbI: 

V(r)=-s(147,585)b-
2
(; }xp[-2,11496(i)] M::iB. (16) 

IlapaMeTPbI s u b MJI TPHITJiernoro (n-p) u cuHrnernoro (n-p) u (p-p)- pacceJIHHH u 

COOTBeTCTBYIOIIIHe HM MHHbl pacceJIHHJI H 3q>q>eKTHBHbie pa;:i;uyChl [7] )];aHbl B Ta6JIHIIe 3. 

Ta6JinIIa 3 
<l>opMa J!Mbl s b, q>M a, q>M r0 , q>M 

TpurrJieTHoe 3KCIIOHeHIIHaJlbHaJI 1,417 2,351 
(n-p) - IlpJIMoyroJihHaJI 1,441 2,043 +5,415 1,75 
pacceJIHHe IloTeHIIHaJI l0Kaab1 1,420 2,919 
CuHrneTHOe 3KCIIOHeHIIHaJlbHaJI 0,935 2,23 
(n-p) - IlPJIMOVfOJibHaJI 0,925 2,37 -23,68 2,6 
pacceJIHHe IloTeHIIHaJI lOKaBbI 0,949 2,06 
CunrJieTHoe 3KCIIOHeHIIHaJibHaJI 0,9073 2,513 
(p-p) - IlpJIMoyroJibHaJI 0,8893 2,583 -7,8 2,8 
pacceJIHHe IloTeHIIHaJI lOKaBbI 0,9216 2,480 

OTMeTHM, ~o BeJinquHa rrapaM~a s > l COOTBeTCTByeT B03MOJKHOCTH o6pa30BaTb 

CBJI3aHHOe COCTOJIHHe rrapbl HYKJIOHOB, )];JIJI cJiyqaJI S < l TaKaJI B03MOJKHOCTb OTCYTCTByeT. 

113 rn6JIHIIhl 3 BH)];HO, ~o B CJiyqae TPHIIJieTHOro pacceJIHHJI B03MOJKHO o6pa30BaHHe 

CBJl3aHHOro COCTOJIHHJI (n-p) rraphl (;:i;eHTPOH), CHHrJieTHbie napbl HyKJIOHOB CBJl3aHHhIX 

cocTOJIHHH He o6pa3YIQT. Bn;:i;Ho TaKJKe, ~o napaMeTP s, xapaKTepH3YIOIIIHH rny6uHy 

ITOTeHIIHaJlbHOH J!Mbl, )];JIJI CHHrneTHOH (n-p) napbl OTJiuqaeTCJI OT ananoruqHoro napaMeTPa 

)];JIJI CHHrJieTHOH (p-p) napbl ~ 1,03 pa3a, B TO BpeMJI KaK napaM~bl, xapaKTepH3YIOIIIHe 

pa;:i;uycbI ITOTeHIIHaJIOB, )];JIJI YKaJaHHbIX cJiyqaeB OTJIHqaIOTCJI B 0,88 pa3a. TaKHM o6pa30M, 

pa3JIHqHJI B napaMeTpax CHHrJieTHhIX (n-p) H (p-p) q>eHOMeHOJIOruqeCKHX Jl)];epHbIX 

ITOTeHIIHaJIOB He BeJIHKO, XOTJI OHO H npuBO)];HT K 3aMeTHblM H3MeHeHHJIM B 

COOTBeTCTBYIOIIIHX MHHax pacceJIHHJI. 

B Ta6JIHIIe 4 npuae;:i;eHbl BbIITOJIHeHHbie a HaCTOJIIIIeH pa6oTe pacqeTbl )];JIJI Jl)];epHbIX 

ITOTeHIIHaJIOB, npe;:i;cTaBJieHHhIX BhITIIe, CHHrJieTHOH )];JIHHhl pacceJIHHJI a;p H 3q>q>eKTHBHOro 

pa;:i;uyca r:po (p-p)-pacceJIHHJI npu BhIKJIIOqeHHOM KYJIOHOBCKOM ITOTeHIIHaJie. B pa60Te [8] 
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nnme )Ke paC'JeTI,I 6bmH ITp0Be,lleHbl .11IDI B0CbMH Ha6opoB q>eHOMeHonorH'leCKHX H,llepHbIX 

ITp0T0H-ITp0T0HHbIX IT0TeHIIHM0B H Haii,11eHbl 3Ha'leHHH ,llnHHbl pacceHHHH a;p, ne)KaIIIHe B 

,IIHaIIaJ0He (16,5-19,0) q>M, KOT0pbiii C00TBeTcTByeT ,IIHaIIa30HY 3Ha'!eHHii a;p Ta6JIHIIbI 4. 

Ta6nHIIa4 

THIT IT0TeHIIHa.Jia ,UJIHHa pacceHHHH, Q)M 3mmeKTHBHbIH p3,1111yc, Q)M 

3KCITOHeHIIlla.JibHbIH 17,8 2,6 
IlpHMOYfOJibHM »Ma 16,9 3,1 
IOKaea 19,8 2,9 

lfa cpaBHemrn BbIIIIeITpHBe,11eHHbIX 3Ha'JeH11ii CHHrJieTHbIX (n-p) II (p-p) ,IIJIIIH pacceHHIIH 

a~p H a;p Bil,IIH0 IIX 3Ha'!HTeJibH0e pa3JIIl'!Ile (oKono 5 e,IIHHIIII). TaKoe pa3JIH'lHe ne M0)KeT 

6bITb o6'bHCHeHO BnHHHileM q>aKTOpOB, YKaJaHHbIX BbIIIIe, II 03Ha'laeT, 'ITO ITpe,IICTaBJieHHe 0 

3apH,110BOii He3aBIICIIM0CTII H,11epHbIX CHJI HBAAeTCH ITpI16JII1)KeHHbIM. Ilepexo.11 K 6onee 

CJI0)KHbIM qiopMaM q>eHOMeHOJIOfH'leCKHX HYKJI0H-HYKJI0HHblX IT0TeHIIHM0B, HaIIpHMep, K 

IT0TeHIIHMaM C 0TTMKHBaTeJibHbIM K0p0M, He MeHHeT 3aMeTH0 3Ha'!eHHH ,IIJIHH pacceHHIIH 

s s V V anp H a pp H coxpaHHeT IT0JIY'JeHHblII BbIIIIe BbIB0,11 0 HeT0'lH0CTII H30TOITH'leCK0H 

IIHBapilaHTH0CTH H,llepHbIX CHJI. 

6. HCCJIE.ll;OBAHHE .l(JIHHbl HEHTPOH-HEHTPOHHOro PACCERHIDI 

IlocKOJibKY ITPHMbie 3KCITepI1MeHTbI ITO pacceHHIIIO HeiiTPOHa Ha HeiiTPOHe ,110 CHX IT0P 

He 0CYIIIeCTBJieHbI, ,IIJIH 0ITpe,11eJieHI1H ,IIJIHHbl (n-n )-pacce»HHH 6bIJIII IICIT0Jib30BaHbl 

3KCITepIIMeHTbl ITO H,llepHbIM peaKIIIIHM, B K0He'!HbIX KaHanax K0T0pbIX B03HIIKaIOT ,IIBa 

HeiiTpOHa. K TaKHM peaKIIIIHM 0TH0CHTCH, HaIIpIIMep, peaKIIHH: n ( d, p) 2n ; 

fH(d, 3He)2n; 3H( 3H,a)2n; d(:r-,r)2n. B 3TIIX 3KCITepHMeHTax oKaJanocr, 

B03M0)KHbIM [13] IICCJie,110BaTb HeiiTPOH-HeiiTPOHHbie K0ppeJIHIIHII ITPH MaJiblX 

0TH0CHTeJibHbIX 3HeprHHX HeiiTpOH0B II ITPII HX aHaJIH3e H3BJieqr, 3Ha'leHHH HeiiTPOH-

HeiiTPOHHOii ,IIJIHHbl pacceHHHH ann II 3q>q>eKTIIBHOfO pa,11Hyca r:no. YKa3aHHblli aHaJIH3 

ITP0B0,IIHJICH ITPH IICIT0nb30BaHIIH q>OpMMil3Ma BaTCOHa-MI1r,11ana [14], 0CH0BaHH0ro Ha 

Y'JeTe B3aHMO,lleiiCTBIIH BblJieTaIOIIIHX HeiiTPOHOB B K0He'!H0M Kanane peaKIIHII. 

IlycTb p0 IIMITynr,c IIeHTPa Mace ,11ayx ar,meTaIOIIIHX HeiiTpoHoB (p0 = p1 + p2 ); p -
HMITynr,c IIX oTH0CIITeJibHoro ,IIBil)KeHHH (p = (p1 - p2 )/2 ). PaccMOTPIIM cny'laii, Kor,11a 

p2 p2 
p<<p0 , E=-<<E0 =-0 

II E0 >>1Evl, r,11e Ev - BBe,11eHHM BbIIIIe 
m 4m 

0TPHIIaTenbHM 3HeprHH BIIPTYaJibH0ro C0CT0HHIIH .IIByx HeiiTPOHOB. BepOHTHOCTb 

o6pa3oBanHH dW B peaKIIHII ,11ayx HeiiTP0H0B c HMITynr,coM p B HHTepaane dp 
ITP0IT0PIIII0HaJibHa KBa,llpaTy M0.IIYAA BOJIHOBOH q>yttKIIIIH 0TH0CHTenbH0ro ,IIBH)KeHHH 

HeiiTPOHOB lq, P 12 , Kor,11a '!aCTIIIIbI Hax0MTCH B 06nacTI1 ,11eiicTBI1H »,11epHbIX CHJI ( r ~ b ). 
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(17) 

.ll:llil OTHOCHTeJihHOfO op6HTaJihHOro MOMeHTa I = 0, AJIJI KOToporo CHJihHO rrpOJIBJIJIIOTCJI 

HeHTPOH-Hei1:TpOHHhie KOppeJIJII.lHH, BOJIHOBaJI 'PYHKI.lHJI 'I' p (r) HMeeT aCHMIITOTHKy: 

(18) 

TaK 'ITO, BhipalKeHHe (17) rrpHHHMaeT BH,n: 

dW=CJ/ol2dp= ~dp 2 (19) 

( Xo - k ;o) + k2 

OTcIO,na MOlKHO rroJiyqHTh pacrrpe,neJieHHe dW ( E) rro 3HeprHJIM OTHOCHTeJibHoro 

ABHlKeHHJI E ,nByx HeHTPOHOB [14]: 

dW(E) = t? ( k2r. )2 
- Xo ___ o +E 
mn 2 

✓EdE 
(20) 

.ll:llil IIOJiyqeHHJI yrnoBoro pacrrpe,neJieHHJI ,nByx BbIJieTaIOII.lHX HeHTPOHOB y,no6HO 

BhI,neJIHTh cocTaBJIJIIOII.lHe OTHOCHTeJihHoro HMIIYJihca p : p11 - rrapaJIJieJihHYJO Po H p 1- -

2 p2 + 2 - p 1- P11 
rreprreH,nHKYllilPHYJO Po, rrpHqeM - = 

m m 
113 orrpe,neJieHHJI p cJie,nyeT: [Po,P] = [p1,p2 ], (p0p 1-) = p1p2 sin0, r,ne 0 yroJI 

MelK,ny HMIIYJihCaMH ,nByx HeHTPOHOB p1 H p2 • Tor,na BhipalKeHHe AJIJI yrnoBoro 

pacrrpe,neJieHHJI AByx BbIJieTaIOII.lHX HeHTPOHOB MJI MaJibIX yrnoB 0 H rrpH HCIIOJih30BaHHH 

lpOPMYJihl (20) rrpe,nCTaBHTCJI B BH,ne: 

dW~ p1_dP1_ ~ 0d0 

p/ ti2 ( k2ro)2 ~Jez+ 4E, 
-+- Xo--- E 

m m 2 o 

(21) 

E 

r,ne BeJIHqHHa orrpe,neJIJ1eTCJ1 KaK E~ ~( z0 - k~o r. KOTOpaJI rrpH k ➔ 0 HMeeT 
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Han6onee HHTepeCHOH ,IIJIJI yml3aHH0ro aHaJIH3a JIBJIJieTCJI peaKu;HJI CT0JIKH0BeHHJI 7r -

Me30H0B C ,lleHTp0HaMn: d + 7r - ➔ r + 2n ' B KOTOpOH B Bb!X0,IIH0M Kanane rrpncyTCTBY!OT 

raMMa-KBaHT ll ,IIBa neHTPOHa, rrpn11eM r-KBaHT HMeeT 3JieKTP0MarHHTHyIO rrpnpo,11y, a 

HeHTpOHbl B3aHMO,lleHCTB!OT rrocpe,11CTB0M JI,llepHbIX CHJI. JJ:n,:i :noH peaKu;nn B pa6oTe [14] 
BbIII0JIHeH aHaJIH3 crreKTpa r -KBaHT0B, K0T0pbIH II03B0JIHJI HaHTH CJie,11yIOIIJee 3ua11eune 

HeHTPOH-HeHTpOHHOH ,IIJIHHbl pacceJIHHJI: ann = -( 18, 5 ± 0, 4) <pM. 

B pa6oTe [15] H3 auann3a HeHTPOH-HeHTpOHHbIX yrnoBbIX n :meprem11eCKHX 

pacrrpe,11eneunj:j B yKaJaunoH peaKu;nn HaH,11euo 3ua11eune a~n : a~n = -( 18, 7 ± 0, 5) <pM, 

K0T0poe 0Ka3aJI0Cb 6JIH3KHM C auanorn'IHbIM 3Ha11euneM a~n' II0JiyqeHHblM B pa6oTe [14]. 

3n1 3ua11eun,:i xoporno KoppennpyIOT c ,11nnnoH ,:i,11epuoro rrpornu-rrpornuuoro 

s V 

pacce,:iun,:i a PP, rronyqeu11on B rrpe,11hI,11YIIJeM pa3,11ene. 

EIIJe 0,IIHHM HCTO'IHHK0M nuqiopMau;nn 0 (n-n) - B3aHM0,lleHCTBHH CJIY)l(HT peaKu;n,:i: 

n + d ➔ p + 2n. JJ:n,:i nee HaH,IICHbl 3Ha'ICHHJI ,IIJIHHbl (n-n)-pacceJIHHJI B KHHeMam11ecKn 

II0JIHbIX 3KCrrepnMCHTax ann = ( 16 - 1 7) !pM, K0T0pbIC xoporno K0ppennpyeT C ,IIJIHHOH 

a~n' IIOJiy11e11110H Bblllle B peaKu;nn d + Tr- ➔ r + 2n . 

Ilpn aHann3e peaKu;nH n + 3 H ➔ d + 2n, d + 3 H ➔ 3 He+ 2n, 
3 H + 3 H ➔ 4 He+ 2n natt,1e110 311a11e11ne HCHTPOH-HeHTPOHHOH AJIHHhI pacce,:i11n,:i 

a~n = -( 16, 61 ± 0, 54) !pM, K0ppennpyIOIIJee c II0JIY'ICHHbIMH Bblllle aHaJI0rH'lllbIMH 

V s 
3Ha'leHHJIMH ll cpaBHHM0C co 3ua11e11neM rrp0T0H-IIp0T0HH0H ,IJIHHbl paCCCJIHHJI Q pp C 

yqeT0M T0JlbK0 JI,!1Cp11oro (p-p) B3aHM0,leHCTBHJI. Ilo3TOMY M0)l(H0 K0HCTaTnpoBaTb 

6JIH30CTb BeJIH'IHH ann H a pp' TO CCTb ,I0CTaT0'IHY!O TO'IHOCTb rrpe,ICTaBJieHHJI . 06 

H30TOIIH'leCKOH CHMMCTpnn JI,1ep11b1X 11yKJI0H-HYKJI0HHbIX B3aHMO,leHCTBHH. O,111aKO, BO 

s s 
Bcex CJI)"1aJIX, ,IIJIHHbl pacceJIHHJI ann 3aMeTH0 0TJIH:aIOTCJI OT ,IJIHH anp , 'ITO II~3B0JIJICT 

C,lleJiaTb Bb!B0,I 0 rrpn6JIH)l(eHHOM xapaKTepe rrpe,ICTaBJICHHJI 0 3apH,10B0H HHBapnaHTH0CTH 

H,llepHbIX CHJI. 
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6. 3AKJIIOqEHHE 

Ilpoae;:ieHHblH Bb!llle aHaJIIl3 II0,(TBep)K,l:laeT Heo6XO,(HMOCTb rrpoae;:ieHIDI I1p$fb!X 

3KCITepnMeHT0B ITO Hll3K03HepreTll'IeCK0MY HeiiTpOH-HeiiTpOHHOMY pacceJIHilIO. KaK 

0TMe'laJI0Cb Bb!llle, 0TJ!Il'llle ITpOTOH-ITpOTOHHOH H,i:epHOH a;p Il HeiiTPOH-ITpOTOHHOH a~p 
CllHrJieTHbIX MllH pacceJIHilJI ,(0CTilraeTCJI cpaBHilTeJibH0 MaJlbIM IlJMeHeHileM rny6nHbl 

H,i:epHblX IT0TeHIIIlaJI0B Il IT03T0MY C T0'lH0CTblO /:10 0TH0CilTeJibH0 MaJibIX IT0ITpaB0K 
ITpe;:icTaBJieHneM 06 Il30TOITil'leCKOH IlHBapllaHTH0CTil HYKJI0H-HyKJI0HHb!X Jl,lepHbIX CHJI 
M0lKH0 II0Jib30BaTbCJI ITPil aHaJill3e H30T0ITH'leCKHX 3cpcpeKTOB B aT0MHblX H,i:pax. O;:iHaKO, 
ITPH T0'lH0M paCCM0TPeHHH M0lKH0 Ha6JIIO,(aTb 0TKJI0HeHHJI OT YKaJaHHoro ITpe,ICTaBJieHHJI. 

B cny11ae IT0,(TBep)K,l:leHHJI B ITpl!MbIX 3KCITepnMeHTax ITO HeiiTPOH-HeiiTP0HHOMY 
s s 

Hll3K03HepreTn'leCK0MY pacceJIHHIO 3aMeTH0ro 0TJIIl'lHJI ,(JIHH pacceJIHHJI ann OT anp 
B03HHKaeT ITpo6neMa TeopeTH'leCK0ro IT0HHMaHHJI 3T0ro 3cpcpeKTa, K0T0poe M0lKeT 6b1Th 

CJie,ICTBileM pa3JIIl'lllJI KBapK0BblX CTPYKTYP HeiiTP0Ha H ITP0T0Ha, a TaKJKe pa3Hllllbl B 
aMIIJIHTYtlax O,IH06030HHblX o6MeHOB B HeHTPOH-HeiiTpOHHbIX H HeHTPOH-ITpOTOHHblX 
B3aHM0,leHCTBilJIX. ,[(eiiCTBHTeJibHO, B CJIY'lae HeHTPOH-HeiiTpOHHOro B3aHMO,(eHCTBHJI 

6 
V O V 

B03M0JKeH 0 MeH T0JibK0 HeHTPaJibHblMII 1[ -MeJ0HaMII, B TO BpeMJI KaK B HeIITp0H-

ITP0T0HH0M B3aHM0,leHCTBIIIl B03M0JKeH o6MeH Il 3ap~lKeHHbIMH 1[ -MeJ0HaMH. 
ABTOpbl BblpaJKaIOT HCKpeHHIOIO 6naro;:iapHOCTb opraH11JaTopy CeMIIHapa CTaBIICKOMY 

I0.5!. Ja IT0MeplKKY HaCTOJIIIIeii pa60Tbl H . AJieKCaH,1poay IO.A. H JI10601II1111y B.JI. Ja 
ITpe;:icTaBJieHne HOBeiilIIIIX MaTepIIaJI0B ITO TeMe pa6oTbl n 11eHHble o6cy)K,l:leHHJI. Pa6oTa 
BbIIT0JIHeHa ITPH ITOMeplKKe rpaHTa "YH11BepcnTen1 Poccnn" (YP-01.02.013). 
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PACqETHhlE XAPAKTEPIICTIIKII IICTQqHIIKA HEU:TPOHOB HA 
IiA3E KOJIJIAfi):I;EP A IJ;EPH 

K@~_coB B.<I>., HrrhKaeB P.H., )J{JITHIIK A.K., Xopy)lmil: B.X. (P<I>.5IU-BHHH3<I>), 

CTaBIICCKIIH I0 . .5!. (OH.5IH) 

IIpIIBe,!(eHbI pacqeTHbie xapaKTeprrCTHKII IIMIIYJibCH0r0 IICT0qHrrKa TeIIJI0BbIX 

Heil:rpoHOB, B03M0)l(H0ro ,!(JUI peanrr3arrrrrr Ha 6a3e coopy)l(aeMoro B UEPH Komrail:,!(epa. 

PacqeTbI BhIII0JIHeHbI BO BHHH3<I> (r. CapOB) c rroM0IIIhIO .!(Byx rrporpaMM MeTo,!(a MoHTe

Kaprro: rrporpaMMhI UEPH GEANT-3 rr rrporpaMMhI BHHH3<I> C-95. IIpe,!(rr01raranrr, qm 

IICToqHJIK Heil:Tp0H0B 6y,!(eT peanII30BaH B BII,!(e IIIIJIIIH,!(prrqecKOH BOJibq>paMOBOH MIIllieHII, 

C0,!(ep)l(arrreil: BHyrpeHHIIH 3aMe,!(JIIITeJib Heil:TpOH0B II3 rII,!(pII,!(a IIIIPK0HIIH, 6oM6ap,!(IIpyeMOH 

rrp0T0HaMII KOJIJiail:,!(epa. OrreHKa rrpe,!(eJibHOH M0IIIH0CTII IICT0qHIIKa Heil:TpOHOB 0CH0BaHa 

Ha pe3yJihTaTaX pacqern ,!(IIHaMIIqecKIIX HarrpH)l(eHIIH B BOJibq>paMe, B03HIIKaIOIIIIIX rrpII 

pe3K0M pa3orpeBe MIIllieHII rrp0T0HaMII. B rrerr»x CHJI)l(eHirn orpaHJiqJITeJibH0H porrII 

MexaHJiqecKIIX HarrpH)l(eHIIH cqiopMyrrrrpoBa!IbI peK0MeH,!(aIIIIII 0TH0CIITeJih!I0 

parrIIoHanbH0ro pa36rreHIIH MaCCIIBa MIIllieHII Ha 0T,!(eJib!Ihie ::meMeHTbI. 

1. Bne.D;eHHe 

KaK II3Becrno, 6orrh!rroil: a.!(pOHHhiii Korrrrail:.!(ep, coopy)l(aeMhiii B UEPH (lllBeil:rrapII») 

0pIIeHTIIp0BaH rJiaBHbIM o6pa30M Ha 3KCrrepIIMeHTbI co CT0JIKH0BeHIIeM TH)l(eJiblX qacTIIII, B 

TOM qrrcrre II rrp0T0H0B, ycKopeHHbIX ,!(0 orpoMHOH, paBH0H 7 T3B 3HeprrrII. B Kaqecrne 

rro6oqHoro rrpIIMeHeHIIH rryqKa rrp0T0H0B II3 HaK0IIIITeJibH0ro K0JihIIa KOJIJiail:,!(epa, 

paccMaTpIIBaeTCH II,!(eH C03,!(aHIIH M0IIIH0ro IIMIIYJibCH0ro IICT0qHJIKa TeIIJI0BbIX Heil:TpOHOB. 

B pe3yJihTaTe pacqeT0B II K0HrrerrTyanbHbIX rrpoeKTHbIX rrpopa6oTOK, BbIII0JIHeHHbIX I0 . .5!. 
CTaBIICCKIIM, a TaK)l(e !IM B coaBT0pcrne C C0Tpy.!(HIIKaMII HHCTIITyra H,!(epHbIX 

IICCJie,!(0BaHIIH (r. MocKBa), 6bma rrpopIIC0BaHa o6rrra» cxeMa II orreHeHbl rrapaMeTpbI 3T0ro 

IICTOqHJIKa-[1,2]. (PacqeTbI BbIII0JIHHJIII c II0M0IIIb!O MeTO,!(a MoHTe-Kaprro, 6a3IIPYIOIIIerocH 

Ha yHIIBepcanbHOil: TpaHcrroprnoil: rrporpaMMe SHIELD II a.!(p0HHhIX rrporpaMMax FLUKA II 

CALOR.) B YKa3aHHhIX pa6oTax rrpIIBe,!(eHbI TaK)l(e pe3yJihTaThI pacqern 3aBIICIIM0CTII 

BbIX0,!(a Heil:Tp0H0B II3 MIIllieHII ycK0pIITeJIH OT 3HeprIIII rrp0T0H0B II paccMorpeHa cxeMa 

opraHII3arrIIII 0IIbIT0B ITO rrpHM0MY II3MepeHIIIO ceqeHIIH pacceHHIIH Heil:TpOHa Ha Heil:TpOHe 

[3]. 
Ba)l(Heil:ll!eil: rrpIIHa,!(Jie)l(H0CThIO coopy)l(aeMoro ycKopIITerr» UEPH, rroToMy on II 

Ha3bIBaeTCH KOJIJiail:,!(epoM, HBJIHIOTCH ,!(Ba HaK0IIIITeJibHbIX K0JihIIa, IIpoTOHbI ycKop1ITem1 

II0CTyrraIOT B 3TII K0JibIIa, HaKaIIJIIIBaIOTCH B HIIX, a 3aTeM BbIB0,!(HTCH B BII,!(e IIHTeHCIIB!IbIX 

rryqK0B, B TOM qJicrre II HaBcrpeqy 0,!(IIH .!(pyroMy. 

HaKOIIIITeJibHhie K0JihIIa oqJIIIIaIOTCH pa3 3a 10 qacoB. IIpII 3TOM II0JIH0e qJicrro 

rrp0T0H0B B rryqKe Ha BbIX0,!(e paBH0 3·10
14

• IIyqoK 6beT B rpaq>IITOBbIH rJIYllIIITeJib II 

0K0HqaTeJibH0 3aTyxaeT B anIOMIIHIIeBbIX II )l(eJie3HbIX 3JieMeHTax 3aIIIIITbI. IIpe,!(IIOJiaraeTCH, 

qro MIIllieHb II3 BOJibq>paMa, rrpeo6pa3yIOIIIaH rrp0T0HbI B neil:rp0HbI, 6y.!(eT pa3Merrrena na 

IIYTII rryqKa B rpaq>IITe. ,l(rrIITeJibHOCTb rryqKa rrp0T0H0B II3 HaK0IIIITeJihH0ro K0JihIIa 

C0CTaBJUieT 80 MKC. KaK II0Ka3aH0 B ,!(0KJia,!(ax [1,2], B pe3yJihTaTe 3aMe,!(JieHIIH 

renepIIp0BaHHblX MIIllieHblO neil:Tp0HOB B rII,!(pII,!(e IIIIPK0HIIH M0)l(eT 6bITb C03,!(aH IICToqnJIK 
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TerrnoBhlX Heil:-rpOHOB C IIJIOTHOCTI,IO IIOTOKa HeH-rpOHOB 1,5·10
19 

Hl(cM
2
c) II )],JIIITeJibHOCTI,IO 

IIMIIYJihCa (nmpIIHa Ha IIOJIOBIIHe BblCOTbI) 120 MKC. 

IIo IIHIIIIIIaTIIBe I0..51. CTaBIICKOro pac11eThl YKll3aHHOfO IICTO'lHIIKa Heil:-rpOHOB 61,mn 

opraHII30BaHbi II BO BHI1I13<l>. 3TII pac'leThl BI,IIIOJIHeHI,I C IIOMOIIIhlO ,!IByx IICIIOJlh3yeMbIX 

KOMrrJieKcHo rrporpaMM MeTO,!la MoHTe-Kapno: rrporpaMMhl l.lEPH GEANT-3 II rrporpaMMhI 

BHI1I13<l> C-95 [4]. Ha3Ha11eHIIe rrporpaMMhI GEANT-3 - pac11eT BhlCOK03Heprem11Horo 

IIOTOKa neil:TpOHOB, rropolK,!laeMoro B MIIIIIeHII rrpoT0HaMH. Ha3Ha11em1e rrporpaMMbl C-95 -

pac11eT rrp0IIecca 3aMe)],JleHIIH 3TIIX Heil:TpOHOB II IIJI0THOCTII IIOTOKa TerrJIOBhlX Heil:-rpOHOB B 

II0JIOCTII 3aMe,!IJIIITeJIH. 

OIIeHKa rrpe,!leJII,HbIX rrapaMe-rpOB o6cylK,!laeMOfO IICT0'lHIIKa Heil:-rpoHOB Bb!IIOJIHeHa 

rrpII c-rporOM y11eTe HBJieHIIH ,!IIIHaMII'leCKOro TeIIJIOBOfO y,1apa B MIIIIIeHII, CBH3aHH0ro C 

pe3KIIM pa3orpeBOM BOJibCppaMa B rryqKe rrpoTOH0B. B 3TIIX IIeJIHX IICIIOJlb30BaHbl 

,!IOCTaTO'lH0 T0'lHhie aHaJIIITII'leCKIIe peIIIeHIIH 3a,!la'lII ,!IIIHaMII'leCKOH TepMoyrrpyrocTII ,!IJIH 

MO,!leJieil: KaK MOHOJIIITH0H MIIIIIeHII, TaK II ee 3JieMeHT0B. B IITore aHaJIII3a pe3yJibTaT0B 

TepMOMeXaHII'leCKIIX pac11eT0B cqiopMyJIIIpOBaHbl peKOMeH,!laIIIIII 0THOCIITeJibHO 

IIeJiecoo6pa3HOfO pa36IIeHIIH MIIIIIeHII Ha He3aBIICIIM0 KperrHIIIIIeCH qiparMeHTbl. 

2. XapaKTepHCTlIKlI IIOJUI Heil:TpOHOB, C03~aBaeMOro B MlIIIIeHH 

O~HlIM rrpOTOHOM KOJmaii~epa 

KaK y)Ke CKa3aHO BhIIIIe, pac11eTbl xapaKTepIICTIIK IICT0'lHIIKa HeHTJ)OHOB 6bIJIII 

BhIIIOJIHeHhl c rroMOIIIhJO a,1poHHoil: rrporpaMMhl GEANT-3 MeTo,!la MoHTe-Kapno, 

pa3pa6oTaHHoil: B l.lEPH, II IICrron1,3yeMoil: B KOMIIJieKce c Heil: rrporpaMMhI BHI1I13<l> C-95. 

B pac11ernx no rrporpaMMe C-95 IICIIOJlb30BaJIII rrpeIIMynrecTBeHH0 Heil:-rpOHHhie KOHCTaHTbl 

II3 6II6JIIIoTeKII ENDF/BVI. 

3 

4 
Pttc. I. BapHaHTLI Komjmryparum MHWeHH e pacqerax xapaKTepttcTHK 

HCTO'IHHKa HellTpoHOB: I - BOJIL<ppaM; 2 - fll.D:PH.II I.IHpKOHHll (ZrH2); 
3 - CKB03Hal! IlOJIOCTL .llHaMeTpOM IO CM; 4 - JaKpLITal! IlOJIOCTI, 

e <pOpMe [IHJIHH.llpa .11HaMeTpOM H BLICOTOil IO CM 
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PaccMarp1rnarrII MIIIIIeHh II3 BOJib<ppaMa B BII,le IIOJIOro KpyroBoro l.\IIJIIIH,1pa 

BHeIIIHIIM ,IIIaMeTpOM 40 II Bh!COTOH 60 CM. BHyTpeHHIIll ,IIIaMerp BOJib<ppaMOBOll MIIIIIem1 

rrpe,1rronararrII paBHblM 20 IIJIII 16 CM. B oceBOll IIOJIOCTII BOJib<ppaMOBOro l.\IIJIHH,lpa 

pa3MeIIIa.JIII 3aMe,IJIHTeJib HeiiTpOHOB II3 rn,1pII,1a l.\HpKOHHJI (ZrH2). B MaCCHBe rn,1pII,1a 

l.\HpKOHHJI C03,laBarrII oceByIO IIOJIOCTb /:IIIaMeTp0M 10 CM: ,IJIHHHYIO CKB03HYJO HJIII 

KOpOTKYJO, Bh!COTOH 10 CM B 11eHTpe 3aMe,IJIHTeJIJI ( CM. pIIC. 1 ). IlpocJie)KIIBa.Jill crreKTp, 

<pJI!OeHC If IIJIOTHOCTb II0TOKa HeiiTpOHOB B IIOJIOCTII 3aMe,IJIIITeJIJI, OTHeceHHhie K 1 rrpoTOHY 

II3 KOJibl.\a HaKOIIIITeJIJI, II paccqnTaHHhJe KaK B rrpII6JIH)KeHHII CB060,1Hh!X aTOMOB B0,10po,1a, 

TaK II B rrpn6JIII)KeHHII yqera XllMifqecKOll CBJ13ll B0,1opo,1a C aTOMaMll l.\HpKOHHJI. I1MeJIH B 

Bll/:IY rrpn :noM, qTo IIMeHHO B YKa3aHHOH IIOJIOCTH 6y,1eT ocyIIIeCTBJIJ!TbCJI IIOJie3HOe 

IICIIOJib30BaHHe HeiiTpOHOB paccMarpIIBaeMoro llCTOqHnKa. 

IlepBOHaqarrbHO B 11eJIJ1x TeCTHpOBaHHJI rrporpaMM 6hIJIII paccqIITaHhl cneKTp n 

IIOJIHhlll Bh!X0/:1 HeiirpoHOB II3 BOJib<ppaMOBOll MHIIIeHH ,lllaMeTpOM 20 II Bh!COTOH 60 CM II0/:1 

B03,leHCTBIIeM rrpoTOHOB C 3Heprneu 1 T3B. Pe3yJihTaT pacqeTa cpaBHIIBa.Jill C ,1aHHh!Mll 

H.M. Co6oJieBCKOro (I1HCTIITYT Jl,lepHbIX IICCJie,IOBaHnii) no cneKTpy II Bb!XO/:IY neiirpoHOB 

II3 TOH )Ke MHIIIeHn, paccqIITaHHhIX c IIOMOIIIh!O nporpaMM SHIELD, FLUKA n CALOR. 

EhIJIO KOHCTaTnpoBaHo OTJIIfqHoe cornacne Tex II ,1pyrIIx ,1aHHhIX. 

Ilocne rrpoBe,leHHJI YKa3aHHOro cpaBHemrn 6bIJill BhIIIOJIHeHbl OCHOBHhie pacqeTbl 

HeiiTpOHHh!X n TeIIJIOBhIX xapaKTepHCTllK MIIIIIeHeii, rrpe,1cTaBJieHHhIX na pnc. 1, rrpII 

3Heprnn rrpoTOHOB 7 T3B. PaccqnTaHHbie qncna HeiiTpOHOB, rrpOII3Be,leHHhIX O,IHIIM 

rrpoTOHOM B MIIIIIeHII, qimoeHC II0TOKa TeIIJIOBhIX (E<bB) n fihICTpb!X (E> 13B) HeiiTpOHOB B 

IIOJIOCTII 3aMe,IJIHTeJIJI, TaK)Ke OTHeceHHhlll K 1 rrpOTOHY II3 HaKOIIHTeJIJI, If ,IJIHTeJihHOCTh 

IIMIIYJibCa TeIIJIOBhIX HeiiTpOHOB Ha IIOJIOBHHe BblCOThl rrpe,1cTaBJieHbl B Ta6JI. 1. 

Ta6nn11a 1. lfacno HeiiTpOHOB, po)K,leHHhlX B MIIIIIeHII, <pJIIOeHC TeIIJIOBhIX, 6bICTpb!X n 

rrpocyMMHpOBaHHhIX HeiiTpOHOB B IIOJIOCTII 3aMe,IJIIITeJIJI, OTHeCeHHhie K 1 rrpoTOHY, ll 

r-, ---- ---- - - - -- - --- --- - -- ---- -- ------.-- ----

11cnonh3yeMan Twn TTonHhili <Ilmoenc Hellrponoe, w'cM' ,[IJmTenhHOCTh 
MO)lenL MHWeHH BhlXO)l HMnynhca 

(pnc. I) HeHTpOHOB E<l3B E>IJB TTonHLril TennoeMx 
neHrpoHOB,MKC 

Mol!enh a 32000 12,2 5,3 17,5 170 
ceo60)lHhlX 6 33800 12,1 10,0 22,1 1'40 

aTOMOB 6 32000 13,2 5,7 18,9 250 
B0/lOPO/la 

Mo/lenL c 

y'leTOM CBn3H 6 33800 15,2 10,0 25,2 90 
H H Zr 

MnIIIeHb TIIrra 6 Ha pIIc.1 OTJIIfqaeTCJI OT MIIIIIeHII TIIIIa a 60JibIIIeii TOJIIIIIIHOH CJIOJI 

BOJib<ppaMa ll MeHhIIIeii - CJI0JI fII,lpH,1a l.\IIPKOHHJI. KaK Bll/:IHO ll3 Ta6JI.l, rrepexo,1 OT 

MIIIIIeHII THIIa a K MHIIIeHH TIIIIa 6 IIMeeT CJie,ICTBHeM He60JibIIIOe yaeJinqeHIIe IIOJIHOro 

qncna HeiirpOHOB, rrpOII3Be,leHHhlX rrpOTOHOM, yMeHbIIIeHHe ,IJIIITeJibHOCTll llMIIYJibCa 

TeIIJIOBhIX HeiirpoHOB, a TaK)Ke IIO'ITll /:IByKpaTHOe IIOBhIIIIeHne qimoeHca 6hICTpb!X 

HeHTpOHOB. 

PacqeTbl ,IJIJI MIIIIIeHH THIIa 6 BhIIIOJIHeHbl KaK B rrpII6JIII)KeHHll CB060,1Hb!X aTOMOB 

BO,IOpo,1a, TaK ll B 6onee TOqnoM rrpII6JIII)KeHHII C yqeTOM XilMifqecKOll CBJl3II B0,10po,1a C 

l.\IIpKOHIIeM . .ll:aHHbie rn6n.1 IIOKa3h!BaIOT, qTo 6onee TOqHhlll pacqeT c yqeTOM XIIMIIqecKoii 

CBJl3ll BO,IOpo,1a C l.\IIpKOHIIeM ,1aeT 3aMeTHO 6onee Bh!COKIIH <pJI!OeHC TeIIJIOBh!X HeiiTpOHOB B 
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IIOJIOCTH 3aMe,lJIU:Tem1 ll 3Ha'!HTeJihHO MeHhllIYIO ,lJ!llTeJihHOCTh llMIIYJihCa TeIIJIOBhIX 

Heil:TpOHOB. 

B 11em1x ,la.JlhHeil:mero rrpocJie)!(HBaHmr 3aBU:CllMOCTll rrapaMeTpOB llCTO'IHU:Ka 

Heil:TpOHOB OT TllIIa MllilleHH u llCIIOJih3yeMoro rrpu:6JIU)!(eHml ,lJil! Bonopona 6hIJIH 

rrposeneHhl MO,leJihHhie pac'!eThl c rIIIIOTeTU'!eCKllM llMIIYJihCOM 6hICTphIX HeHTPOHOB. 

Heil:TPOHhl BBO,lllJill B Ha'!aJihHhlll MOMeHT B Mumenu Tllrra a, 6, 6 H B MllilleHh THIIa 6 C 

3aIIOJIHeHHOll runpunoM IIHPKOHHH IIOJIOCTh!O. B llTOre pac'!eTOB orrpeneJil!Jill OTHOilleHHe 

!pJIIOeHca TeIIJIOBhlX HeHTPOHOB K IIOJIHOMY !pJIIOency neil:TPOHOB B 11eHTPa.JlhHOll o6JiaCTll 

IIOJIOCTH (HJill B COOTBeTCTBYIOIIIeii o6naCTll runpuna IIHPKOHH»). Pe3yJihTaThl pac'!eTa 

rrpe,lCTaBJieHhl B Ta6JI.2. 

Ta6nu:11a 2. OTHOilleHHe !pJI!OeHCOB TeIIJIOBhIX HeHTPOHOB K IIOJIHOMY B IIOJIOCTll 

B3 aBU:CllMOCTll OT Tuna MllilleHH ll llCIIOJlh3VeMOll MO,leJIH Bonooona 

Tim MllllJeHH ( PHC. I) Mo,11em, ao,11000,11a OTHOUJeHMe QlJUOeHCOB 

a C yqeT0M XllMHqeCK0li 0,71 
CBJl3H 

6 Cao60,11Hbie aTOMhI 0,47 
6 C yqeToM XHMmecKoli 0,53 

CBJ13H 

6 6e3 noJI0CTM Cao60,11Hble aTOMhI 0,72 
6 6e3 Il0JI0CTM C yqeToM XHMmecKol\ 0,76 

CBJ13ll 

Cao60,11Hble aTOMhI 0,69 
6 C yqeT0M XHMmeCK0li 0,75 

CBJ13H 

~aHHhle Ta6JI.2 BhIHBJIHIOT rrpu:MepHO Te )!(e, '!TO u OTMe'!eHhl Bh!ille, TeHneHIIllll B 

3aBU:CllMOCTll crreKTPaJihHhlX xapaKTepucTHK !pJIIOeHca HeHTPOHOB B IIOJIOCTll OT TUIIa 

Mll!IIeHH ll llCIIOJih3yeMOll MO,leJIH Bonopona. 

Ilpu:Be,leHHhie Bhlille CBeneHHH O !pJI!OeHce HeHTPOHOB B IIOJIOCTll 3aMe,lJIHTeJil! 

OTHOCHTCH rroKa K I rrpOTOHY ll3 HaKOIIU:TeJI». O11enKa xapaKTepHCTllK IIOJIHOro llCTO'IHU:Ka 

HeHTPOHOB MO)!(eT 6bITh nana Jlllillh IIOCJie orrpeneneHHH ypoBHH MexaHU'!eCKllX HarrpH)!(eHllll 

B BOJih!ppaMOBOll MllilleHH ll norrycTU:Mh!X TeMrrepaTyp pa3orpeBa MllilleHH B rry'!Ke rrpOTOHOB 

Konnail:nepa. 

3 . .[(omr :meproBKmma B MIIIIIeIDix, C03J:(aBaeMoro 0J:IHIIM npoT0H0M 

KonnaiiJ:(epa 

B narrhHeiimeM anarru:3e BHHManue 6yneT cocpenoTO'!eHo BOKpyr nau:6onee 

rrepcrreKTllBHOll Mllmeuu - MllilleHH THIIa 6 - u BOKpyr ee xapaKTepu:CTHK, IIOJIY'!eHHhIX B 

6onee TO'IHOM pac'!eTe c Y'!eTOM XllMH'!eCKOll CBH3ll aTOMOB BO,lOpona u IIHPKOHHH. 

B IIeJIHX C03,laHllH 6a3hl ,lJIH BhI60pa BapuaHTOB B03MO)!(H0f0 pa36UeHHH MaCCU:Ba 

BOJih!ppaMOBOll MHIIIeHH Ha He3aBllCHMO Kperr»muec» ::meMeHThl 3,leCh BhlIIOJIHeHhl 

anarroru'!Hhle BhIIIIerrpu:BenenHhlM BCIIOMOraTCJlhHhle pac'leThl. BcrroMOraTeJihHh!e paC'!eThl 

rrpu:BH3aHhl K BOJih!ppaMOBOll MHIIIeHH THIIa 6 C BKJIIO'leHHh!Mll B nee :meMeHTaMll 

MeTaJIJIH'!ecKoro THTana (cM. puc.2). Herrocpencrneuuoe Ha3Ha'!enue 3THX pac'!eTOB -

orrpenenenue ypoBHeil: pa3orpeBa rrpoTOHaMH THTaHOBhlX 3JieMeHTOB B cpasueuuu c 

pa3orpeBOM BOJih!ppaMa ll COCTaBJieHHH Ha llX OCHOBe 3aKJIIO'!eHHH O B03MO)!(HOCTH 



llCIIOJib3OBamrn: TU:TaHa B KaqeCTBe MaTepuaJia KapKaca, Kpemm~ero OT,!l;eJihHbie :meMeHTbl 

BOJib<ppaMOBOll MmrreHU. 

B Ta6JI.3 rrpu:Be,!l;eHbl BKJia,!l;bl :mepruu rrpoTOHOM B MaCCU:Bbl BOJib<ppaMa, fll,!l;pH,!l;a 

QHpKOHHH ll TU:TaHa B MU:llienu 2 B 3aBU:CllMOCTll OT z, a TaKJKe aHaJIOrrrqHble ,!l;aHHbie ,!l;JIH 

MaCCHBa BOJib<ppaMa B rrepBOHaqaJibHOll MU:llieHII TUIIa 6. 
EcJIH CYAHTb HO Hau:6oJiee pa3orpeThlM o6JiaCTHM BOJib<ppaMa u TllTaHa, TO IIJIOTHOCTb 

3HeproBKJia,!l;a OT rrpOTOHa B BOJib<ppaMe MU:llieHU 2 B 4,2 pa3a 6oJibllie, qeM B TU:TaHe. 

AHaJioruqHoe COOTHOllieHue IIJIOTHOCTeii 3HeproBKJia,!l;a B BOJib<ppaMe ll TU:TaHe MllllieHH 0 
IIOJiyqeHO paBHbIM 6,5. Cpe,!l;Hee 3HaqeHue ,!l;Byx YKa3aHHbIX COOTHOllienuii paBHO 5,35. 3TO 

cpe,!l;Hee COOTHOllieHHe IIJIOTHOCTeii 3HeprOBKJia,!l;a B BOJib!ppaMe ll TIITaHe ll ,!l;aHHbie IIO 

3HeproBKJIMY OT rrpornna B BOJib<ppaM MU:llieHU 6 (rrocJie,!l;HHH KOJIOHKa rn6JI.3) 6YAYT 

llCIIOJib3OBaHbl B CJie,!l;yIOllieM pa3,!l;eJie rrpu rrpoBe,!l;eHHll TepMOMexaHuqecKUX pacqeTOB ll 

Bbipa6oTKe peKoMeH,!l;aQU:ll OTHOCU:TeJibHO BbJ6opa 6oJiee paQUOHaJibHOll CTPYKTYPhl 

BOJib<ppaMOBOll MU:llieHU. 

40 

16 
10 

0 

4 

PHC. 2. Kott<!rnrypa1.11IJ1 MIIIIleHH THna 6 c BKJIIO'leHHeM THTaHOBOro 

3JieMeHTa B BH)le l.lHJIHH/lpWieCKOM o6orro<IKH (MHIIIeHI, 2) HJIH )IHCKa 

(MHIIJeHb o) TOJIIllliHOM 1 CM: 1 - THTaHOBbIM 3JieMeHT; 2 - BOJib<ppaM; 

3 - rH)lpH/1 UHpKOHIIll; 4 - IlOJIOCTb 

Ta6Jiu:Qa 3. 3HeproBKJIM rrpOTOHa B MaCCllBbl BOJib<ppaMa, fll,!l;pH,!l;a QHpKOHHH u TllTaHa B 

U&&& -----~,-- -~--- --·-- ·- ---..-· --- - - ---- -·--- ----- - - -----·------- -- -
8KJia)l 3HeomH e KOrrL1.1eeoli crroil, r3B 

z, CM MHilleHb THna 2 Mmnettb THna 6, 
w ZrH2 Ti w 

0-10 876 302 2,15 863 
10-20 1139 287 7,66 1201 
20-30 852 408 14,3 968 
30-40 636 267 19,8 719 
40-50 467 254 23,8 513 
50-60 325 135,6 24,7 357 
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4. MexaHHqeCKHe HaIIpJDKCHHH B MOHOJIHTHOH BOJib<ppaMOBOH MHlIICHH HJIH 

B ee cpparMeHTaX. IlapaMerp1,1 HCTQqHHKa HettrpOHOB 

Ilo,n B03,neiiCTBHeM rryqKa rrpOTOHOB ll3 HaKOIIHTeJihHOro KOJihl(a ycKOpHTeJIJ! 

BOJihqJpaMOBM MllllleHh MO)l(eT pa3orpeaaThCJI ,no Bh!COKllX TeMrrepaTyp. IlocKOJihKY 

pa3orpea MllllleHH ocy111ecTBJIJ1eTCJI 3a KopoTKOe (-80 MKC) BpeMJI, B Hell B036~aIOTCJI 

BH6pa11nn, corrpOBO)l(,naeMble 60JihlllllMll ,nllHaMllqecKllMll HarrpJl)l(eHHJIMll. KaK 6y,neT Bll,nHO 

ll3 ,naJihHeHlllero, aMITJIHTy,na 3TllX HaITpJl)l(eHllll JIBJ!JleTCJI Han6oJiee cypOBh!M 

OrpaHHqnTeJieM M0!11HOCTll llCTOqHnKa HeHTPOHOB. 

4.1. HarrpJ1)1(eHHJI n rrapaMeTphl llCToqHHKa HeHTPOHOB a MOHOJIHTHOH BOJlhqlpaMOBOll 

MllllleHll. 

O11eHKa HarrpJ1)1(eHllll a MOHOJlllTHh!X MllllleHJIX, rrpe,ncTaBJieHHh!X Ha pnc.1, MO)l(eT 

6bITh BhlITOJIHeHa Ha OCHOBe llMe10111HXCJI aHaJillTllqeCKllX pellleHllll ,nllHaMnqeCKOH 3a_naqn 

TepMoyrrpyroCTll. I1MeIOTCJI B BH,ny pellleHHJI ,nJIJI MllHHOll l(llJlllH,npnqecKOll o6oJioqKll c 

O,nHopo,nHh!M rrpOCTPaHCTBeHHh!M pacrrpe,neJieHHeM TeMrrepaTyph! [ 5] llJill MJI 

l(llJIHH,npnqecKOll o6oJioqKH C rrpOH3B0JlhHh!M oceCHMMeTpnqHh!M rrpOCTPaHCTBeHHh!M 

pacrrpe,neJieHHeM TeMrreparyphl [6] (3aBHCllMOCTh TeMrrepaTyphl OT BpeMeHll B TOM ll ,npyroM 

CJiyqae rrpoll3B0JlhHM). 

3,nech llCITOJih30BaHO XOTJI ll MeHee TOqHoe, HO cy111ecTBeHHO 6oJiee rrpOCTOe rrepaoe 

pellleHHe. OHO llMeeT Bll,n: 

- ,nJIJI pa,nllaJihHhIX TepMoyrrpyrnx CMellleHllll: 
I 

u(t) = K(l + v)OJR J0(;)sin[OJ(t-;)]d;; 
0 

- ,nJIJI OKp~Hh!X TepMoyrrpyrnx HarrpJ1)1(eHHH: 

r, KE I 

qxp(t) =-[OJ J0(;)sin[OJ(t-;)]d; -0(t)], 
1-v 

0 

(1) 

r,ne BBe,neHhl o603HaqeHHJI: K - JIHHeHHhlll K034JqllllllleHT TeMrreparypHoro paClllllpeHHJI 

MaTepnaJia MllllleHn; E, V - Mo,nyJih IOHra ll K034JqJlllllleHT IlyaccoHa MaTepMaJia MllllleHH; 

R - cpe,nHllll pa,nnyc MllllleHH; S(t) - ITOBhlllleHHe TeMrrepaTyph! MllllleHll a Han6oJiee 

pa3orpeTOM ee CJioe B 3aBllCllMOCTll OT apeMeHn; CO - KpyroBM qacTOTa pa,nllaJihHh!X 

KOJie6aHllll MllllleHH (o6oJioqKH): 

l~E OJ=- 2 ; 

R (1-v )p 

p - ITJIOTHOCTh MaTepnaJia MllllleHH. 

KaK ITOKa3aHO B pa6oTe [5], aMITJIHTy,na paCTJ!rHBfilOlllllX HarrpJ1)1(eHllll a pellleHllll (1) 
MO)l(eT 6hITh Ol(eHeHa C 60JihllIOll TOqHOCTh!O C ITOMOlllh!O CJie.nYJ0111eii rrapaMeTPnqeCKOH 

4JOPMYJihl 

n = KE0 l];l] = OJT1r I sh OJT1r 
rprp MOKC 1 - V 3,5255 3,5255 

(2) 

(T- lllllpHHa llMITYJihCa rrpoTOHOB Ha ITOJIOBHHe BhICOThI; T=80 MKC). 

<l>n3nqecKne ll MexaHHqecKHe xapaKTepHCTHKH BOJihTpaMa rrpH KOMHaTHOH 

TeMrrepaType rrpHHJ!ThI B pacqeTe paBHhIMH [7]: p=l 9,3 r/cM ; E=385 rrra=3,85· 1010 
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.z:11rn/cM
2

; v = 0,2825; K=4,43· I0-6 0C-1; TerrnoeMKOCTh Cp=24,42 ,[()Kf(Monh·
0
C)=2,503 

,[()K/(cM
3

•
0
C); R=14 CM. 

C ITpHBe,LleHHhIMH MexaHnqecKIIMII H TeITnOq>H3HqecKHMH KOHCTaHTaMH BOnhq>paMa 

ITonyqeHo: ro=4,7032·10
4 

c-
1
; TeITnoeMKOCTh o6naCTH MHIIIeHH Bh!COTOH 10 CM = 

2, 7081 • 10
4
,[()K/°C ( o6beM :noil: o6naCTH = 10566 CM

3
). IlocKOnhKY BKna,LI :meprnn ITPOTOHOM 

B Han6onee pa3orpeTyro o6nacTh MHIIIeHH THITa 6 paBeH 1201 f3B nnn 1,9077·10-
7 ,[()I( (cM. 

ITocne,LIHIOIO KOnOHKY rn6n.3; 1 f3B=l,5884·10-
10 ,[()!(), O,LIHH ITPOTOH ITOBhIIIIaeT 

TeMITepaTypy 3TOil: Han6onee pa3orpeBaeMoil: o6nacTH Ha 0, 70444· 10-
11 

°C. 

B 3THX ycnOBHHX ITonyqeHO, qro B COOTBeTCTBHII C q>OpMynoil: (2) 1 ITpOTOH C03,LlaeT B 

MOHOnHTHOH MHIIIeHH MexaHnqecKHe HaITpH)KeHIIH aMITnHTY.LIOll 3,934· 10-
6 

Ila. 

Ilpe.z:1en ITpoqHOCTH Ha pa3pbIB CITeqeHHhIX CnHTKOB BOnhq>paMa paBeH 110 MITa, a 

BOnhq>paMa, CITeIJHMhHO o6pa60TaHHOro ,LlaBneHHeM, - 10
3 

MITa H BhIIIIe [8]. IlOCKOnhKY 

TPY.LIHO ITpe,LIITOnmKHTh, qTo MaCCHBHaH, BeCOM 6onee 1T MHIIIeHh rapaHTHpOBaHHO ITpOil:,LleT 

CITeIJHMhHYJO o6pa60TKY, 3,LleCb coqreHO IJenecoo6pa3HhIM ITPH OIJeHKe HecyIIJeil: 

CITOC06HOCTH MHIIIeHH HCITOnh30BaTb 3HaqeHHe ITpe.z:1ena ITpoqHOCTH BOnhq>paMa 110 MITa. 

KpoMe Toro ITpHHHTO,qTo MaKCHMMhHhie narrp»)KeHHH B MHIIIeHH He ,LIOn)KHbl ITpeBhIIIJaTh 

70% OT ITpe.z:1ena ITpoqHOCTH, T.e. He ,LIOn)KHbl ITpeBbIIIIaTb ypoBeHh HaITpH)KeHHll 77 MITa. 

B 3THX ITpe,LIITOnO)KeHHHX ITOKa3aHO, qTo MexaHnqecKHe narrpH)KeHHH HBnHIOTCH 

cypoBbIM orpaHnqIITeneM mneHCHBHOCTH 6pocaeMoro Ha MHIIIeHh ITyqKa ITPOTOHOB. KaK 

cne.z:1yeT H3 pacqeTa, B paccMaTpHBaeMoil: MHIIIeHH THITa 6 MaKCHMMhHOe ITOBhIIIIeHne 

TeMITepaTyphl ne ,LIOn)KHO ITpeBbIIIIaTb 138 °C, a qncno ITPOTOHOB B ITyqKe - 1,96·10
13

• 

CornaCHO ,LlaHHhlM rn6n.1 TaKOil: IT)"IOK ITPOTOHOB 6y.z:1eT C03,LlaBaTh B ITOnOCTH MHIIIeHH 

q>nIOeHC Heil:TpOHOB 2,98· 10
14 

H!cM
2

• 

I-13 ITpHBe,LleHHOH OIJeHKH HarrpH)KeHIIH BH,LIHO, qTo B cnyqae MOHOnHTHOH MHIIIeHH 

orpaHnqnTenhHaH ponh .z:IHHaMnqecKoro TeITnoBoro y.z:1apa oqeHh 3HaqnTenhHa n .LIOCTH)KeHne 

Bh!COKHX ITapaMerpoB HCTOqHnKa Heil:TpOHOB B 3TOM cnyqae HeB03MO)KH0. OrpaHnqnTenhHaH 

ponh MexannqecKnx Harrp»)KeHnil: MO)KeT 6bITh cyIIJecrnenHo CHH)KeHa ITyreM pa36neHHH 

MIIIIIeHH Ha 3neMeHThl C MeHbIIIHMH xapaKTepHb!Mll pa3MepaMH. B KaqecTBe OITOphl, 

KpeirnIIJeil: q>parMeHTbl BOnbq>paMOBOH MHIIIeHH, MO)KHO peKOMeH,LIOBaTb TOHKOCTeHHhlli 

KapKac II3 TnTaHa. 

KaK 6bIJIO ITOKa3aHO B pa3.z:1ene 3, TeMITepaTypa pa3orpeBa THTaHa IT)"IKOM ITPOTOHOB 

ITpIIMepHO B 5 pa3 IIH)Ke TeMITepaTyphl BOnhq>paMa. 3TO o6CTOHTenhCTBO B coqe'FaHHH c 

q>aKTOpOM BO MHOro pa3 6onee BhICOKOro ITpe.z:1ena ITpOqHOCTH THTaHa B cpaBHeHHH c 

BOnhq>paMOM 03HaqaeT, qro ITpo6neM C TeITnOBhIM y.z:1apoM B THTaHOBOM KapKace He 

B03HHKHeT ,Lla)Ke B cnyqae ITyqKa ITPOTOHOB, pa3orpeBaIOIIJero BOnhq>paM .LIO oqeHb Bh!COKHX 

TeMITepaTyp. 

4.2. HaITpH)KeHHH n ITapaMerpbl HCTOqHHKa Heil:TpOHOB B MHIIIeHH, pa36HTOH Ha 

q>parMeHThl 

BapnaHT MIIIIIeHH, B KOTopoil: ITpaKTnqecKH ITOnHOCThlO CHHThl orpaHnqeHHH ITO 

HarrpH)KeHHHM ITOKa3aH Ha pnc.3. B 3TOM cnyqae MOHOnHTHaH MHIIIeHb pa36HTa ITO BhICOTe 

IJHnHH,Llpa Ha 4 O,LIHHaKOBhIX ,LIIICKa II Ka)K,Llblll ,LIHCK pa36HT ITO a3HMYTY na 8 0,LIHHaKOBhIX 

CeKTOpOB. Ilpe,LIITOnaraeTCH, qTO 32 q>parMeHTa MHIIIeHH 3aKpeITneHbl C ITOMOIIJblO TOpIJOBhlX 

IIITHq>TOB Ha KpyrnhIX THTaHOBhIX rrnaCTHHax, pa3MeIIJeHHhIX BHYTPH IJHnHH,LlpHqecKoro 

THTaHOBOro KOpITyca. 
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PHC. 3. Komjrnrypal.UfJI MHUleHH nma 6, pa:i6HTOll Ha HeJaBHCHMO 

3aKperurneMLie q>parMeHThI: I - BHernmrn THTaHOBlUI IJJiaCTHHa; 

2 - Bl!yrpeHHJIJI THT3HOBaJI IJJiaCTHHa; 3 - THTaHOBhlil Kopnyc; 

4 - qiparMeHTI,J BOJihq>paMOBOll MHllleHH; 5 - rH.11,pH.ll, UHPKOHHJI; 

6 - nOJIOCTI,; 7 - me3.11,a .11,JIJI IIlTHq>TOB qiparMeHTOB MHllleHH 

/ 

7 

Ol(eHKa HarrpJDKeHHll n BOm,<ppaMe n '.HOM CJiyqae 6brna BbllJ0JIHeHa n rrpe.11rroJI0)KeHHH, 'ITO 

YKa3aHHbie <pparMeHTbI HMeIOT <pOpMy rnapa C 3<p<peKTHBHbIM .llHl!MeTp0M 15 CM. ,[(OBOJlbHO 

o6Il(ee aHaJIHTnqecKoe perneHne Ja.llaqn .llHHaMHqecKoii TepMoyrrpyrocTH .llJIH rnapa 6brno 

II0JiyqeH0 n pa6oTe [9] c II0M0il(bIO MeTo.11a pa3JI0)KeHHH no co6cTBeHHbIM 4>YHKI(HHM. 3TO 

perneHHe ( CM. IlpHJIO)KeHHe) 6bIJIO HCII0Jib30BaH0 3.lleCb C BBe.11eHHeM yrrp0il(aIOil(HX 

rrpe.11rrono)KeHHll 06 0.IIH0P0.IIH0M rrp0CTpaHCTBeHH0M pacrrpe.11eneHHH TeMrrepaTypbI B rnape 

H KOJIOKOJI006pa3H0ll BpeMeHHOll <pOpMe HMIIYJibCa IIp0T0H0B C nmpHHOll Ha II0JI0BHHe 

BbIC0TbI 80 MKC. 

KaK cne.11yeT HJ YKa3aHH0ro pacCM0TpeHml, ypoBeHb MexaHHqecKHX HaIIpH)KeHHll B 

MHIIIeHH, pa36HT0ll Ha <pparMeHTbI, pe3K0 lJ0HH)KaeTCH. CornaCHO perneHHIO (3) 0.IIHH 

rrp0TOH 6y.11eT C03.llaBaTb B Han6onee pa3orpeTbIX <pparMeHTaX BOJib<ppaMOBOll MHIIIeHH 

MeXaHHqeCKHe HaIIpH)KeHHH llMIIJIHTY.llOll 2,606· 10"7 
Ila, T.e. l!MIIJIHTY.IIOH B 15 pa3 MeHbIIIeii 

HaIIpH)KeHHll B MOHOJIHTHOll MHIIIeHH. Ilpn Tex )Ke, 'ITO H BbIIIIe, rrpe.11rr0JIQ)KeHHHX 

0TH0CHTeJibH0 rrpe.11ena rrpoqHQCTH BOJib<ppaMa H rrpe.11eJibH0 .11orrycTHMbIX HarrpH)KeHHll B 

HeM rroJiyqeHo B HT0re, qTo B cnyqae pa36HT0ll Ha <pparMeHTbI MHIIIeHH: 

- CKaqoK TeMrrepaTypbI HaH60Jiee pa3orpenaeMbIX <pparMeHTOE', He .ll0JI)KeH 

IIpeBbIIIIaTb 2080 °C; 

- qHCJI0 rrp0T0H0B B rryqKe He .ll0Jl)KH0 rrpeBbIIIIaTb 2,95· 1014
; 

- rryqoK rrp0TOH0B qHCJI0M 2,95· 1014 
6y.11eT rropo)K.llaTb B II0JI0CTH MHIIIeHH 6 <pJIIOeHC 

TeIIJI0BbIX HeHTpOHOB 4,5· 1015 
HICM

2 
(IIOJIHblll <pJIIOeHC HeHTpOHOB B lJ0JI0CTH 6y.11cr paneH 

7,4·10 15 
HicM

2
). 
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CornaCHO ,!laHHhIM Ta6n.1 ,!IJIIITeJihH0CTh IIMIIYJihCa TeIIJI0BhIX Hell.TIJOHOB B II0JI0CTII 

MmneHII 6 paBHa 90 MKC. C yqeT0M 3TOil. IIHciiOPMaIIIIII II0JI)"leH0, qTo IIJI0TH0CTh II0T0Ka 

TeIIJI0BhIX Heil.TIJ0HOB B II0JI0CTII MmneHII 6, pa361ITOll Ha ciiparMeHThI, 5,6· 10
19 

H/(cM
2
c). 

HarrOMHIIM, qTo rrpIIBe,!leHHhie Bhillle ,!laHHhie 0 HarrpH)KeHIIHX B MIIllleHII rrp1IBl!3aHhl 

K 3HaqeHIIl!M MexaHIIqecKIIX II TerrnocliII3IIqecKIIX K0HCTaHT BOJihciipaMa rrpn KOMHaTHOil. 

TeMrrepazype. YqeT Ha 0CH0Be IIHcliopManIIII crrpaBoqHIIKa [7] TeMrrepaTypHoil. 3aBIICIIM0CTII 

YKaJaHHhIX K0HCTaHT II3MeHl!eT rrpIIBe,!leHHYJO 0IJeHKY He oqeHh 3HaqIITeJihH0. TaK, npII 

3HaqeHHl!X K0HCTaHT, 0TH0CllllIIIXCll K TeMnepaType BOJihciipaMa 1000 °C, Hanpl!lKeHIIll B 

3JieMeHTax MIIllleHII, H0pM1Ip0BaHHhie Ha 1 np0T0H, n0BhllllfilOTCll ,!10 2,9· 10"
7 

rra (BMeCTO 

2,61 • 10·
7 

ITa npII KOMHaTHoil. TeMnepazype). 

3aiouoqemre 

ITpIIBe,!leHhl pacqeTHhie xapaKTepIICTHKII IIMnyJihCH0fO IICT0qHIIKa TenJI0BhIX 

Heil.TIJOHOB, B03M0)KH0f0 ,!IJlll pean1I3aIJIIII Ha 6roe coopy)KaeMoro B U:EPH K0JIJiail..11epa. 

PacqeThl BhIIT0JIHeHhl C noM0IIJhIO .!IByx nporpaMM MeT0,!la MOHTe-Kapno: a,!lpOHHOil. 

nporpaMMhI U:EPH GEANT-3 II rrporpaMMhI BHl1113<1> C-95, a TaK)Ke c npIIBJieqe1rneM 

aHaJIIITIIqecKIIX peIIIeHIIll .!IByx ,!IIIHaMIIqecKIIX 3a,!laq TepMoynpyroCTII. ITOKa3aHO, qTo B 

cnyqae MOHOJIIITHOll MIIllleHII ,!I0CTll)KeHIIe Bh!C0KIIX napaMe1Jl0B IICT0qHIIKa HeB03M0lKH0. 

3TOMY nperrl!TCTBYJOT BhIC0KIIe MeXaHIIqecKIIe Hanpll)KeHIIll, B03HIIKfilOIIJIIe B MIIllleHII II0,!I 

B03,!leil.CTBIIeM IIMnyJihCa npoT0H0B K0JIJiail..11epa. ITpe,!IJIO)KeH BapIIaHT BOJihciipaMOBOll 

MIIllleHII, pa36IITOil. Ha 6oJihllIOe qIIcno He3aBIICIIMhIX 3JieMeHT0B II B pe3yJihTaTe 

II36aBJieHHOll OT YKaJaHHhIX orpaHnqeHIIll no HaIIpl!)KeHIIl!M. ITonyqeHO, qTo B II0JI0CTII 3TOil. 

MHllleHII M0fYT 6b!Th reHep1Ip0BaHhI IIMnyJihChl TeIIJI0BhIX Heil.TIJ0HOB C clinIOeHCOM 4,5· 10
15 

HlcM
2

, ,!IJIIITeJibH0CThIO 90 MKC II MaKCIIMaJihHOil. IIJI0TH0CThIO noT0Ka 5,6· 10
19 

Hl(cM
2
c). 

ITpttJIO)Kemre 

PeIIIeHIIe ccliepIIqeCKII-CIIMMeTIJIIqHOil. 3a,!laqlI ,!IIIHaMIIqecKoil. TepMoynpyroCTII ,!IJlll 

II0JI0fO IIIapa c BHY1JleHHIIM II BHellIHIIM PMIIYCaMII a II b II0JI)"leH0 B pa6oTe [9] c 

n0M0IIJhIO pa3JI0)KeHIIH no co6cTBeHHhIM ciiYHKIJHHM. OHO IIMeeT BII,!I (pellleHIIe crrpaBe,!IJIIIB0 

II B cnyqae a= 0, T. e. B cnyqae IIIapa 6e3 rronocTII): 

u(r,t)= 1 2 1 2 r+°'I,Diilv(r)q(t)+ [/J<
0 lab(0° - 0°) p<0 l(a0° -b0°) "' ] 

2A-(b-a) (3A+2µ)(b-a) i=I ' 

+ f (nfl -mp?l};(r)<l>(m;,t); 0,0 = 0°(a); 0; = 0°(b); 
i=l 
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,ui_bfk ()d/bf22()d· _ 1 • ()--d-(sinl;r+B;cosl;rJ· ,_,k - r V; r r r V; r r, W; - 11,;C, V; r - , 
• • d(l;r) l;r 

B = (l+2µ)(2-l;a 2 )tglp-2l;a +ZA(lp-tglp); 
' 2l(lptglp+l)- (2-l;a2)+2lptglp l+2µ) 

A; - Kopmi: ypaBHemrn: 

v0za+(z2a2 -v0 )tgza 
(z2a2 -v0 )-v0zatgza 

t 

(3) 

0(r,t) = 0° (r)q(t); <I>(w,t) = f q(q)sin[w(t-q)]dq; A,µ- KOHCTaHThl JlaMe: 

l- Ev . 
- (l+v)(l-2v)' 

(0) /J = (3-1 + 2µ)K; 

r, 

rr(r,t), rprp(r,t) - pa,nIIaJihHhie II OKp}')Kllbie HarrpiDKeHII.11 B mape. 
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llCIIOJih3OBAH0E IIPOrP AMMHOrO KOMIIJIEKCA RAMCES AJUI 
OIJ;EHKll BO3MO)KHOCTll llCCJIE}J:OBAHllil nn-PACCE.51Hllil HA 

JIOBYIIIKAX EOJihlllllX YCKOPllTEJIEH 

BBE.D:EHHE 

CaMapnH C.H., Mo;:i:ecTOB ,n:.r., Ilrroxoil: B.B. 

PoccuucKuu <PeiJepwzb1tb1u JliJep11b1u ~e11mp -BcepoccuucKUu Hay•mo

lfcCJ1eoo6ameJ1bcKuu lf11cmumym Te;mu1JecKoii <Pu3UKU UM. aKaiJ. 

E.lf.3a6a6axu11a,456770, C11e:J1CUHCK, PoccWI 

Ha 12-oil: Me)l():()'Hapo;:i:HOH KOH<pepem:inn no npo6rreMaM COBpeMeHHOH (pll3HKH, 

npOXO)J;HBIIIeH rreTOM 2003 ro;:i:a B .D:y6He, 6bm c;:i:erraH )J;OKna;:i: [
1
] 0 B03MO)KHOCTH norr}"IeHHH 

6oJibIIIHX HMnyJibCOB Me;:i:neHHbIX Heil:rpOHOB Ha racnTenHX nyqKoB (beam dump) 7-T3B 

npoTOHOB, norryqaeMbIX Ha EorrbIIIOM A):q,oHHOM KorraH)];epe (LHC) B ll;EPHe. Ha 
OCHOBaHHH oneHOK B03MO)KHblX HeHTPOHHbIX noTOKOB 6bmO nOKa3aHo, qTo 
nporu03HpyeMhie xapaKTepHCTHKH HeHrpOHHblX norreil: MOryT npe;:i:cTaBilHTb 60JibIIIOH 
llHTepec B o6rraCTH noCTaHOBKH 3KcnepnMeHTOB C ncnoJib30BaHHeM TenrrOBbIX, XOJIO)];HbIX n 
YJibrpaXOJIO)J;HblX HeHrpOHOB. B TOM qncrre, oneHeHHbie xapaKTepHCTHKH HeHrpOHHblX norreil: 
(;:i:ocTnraromne noTOKOB 1019-1020 HeHTPOHOBICM2c) MOryT OKa3aTbCH npneMJieMbIMH )];IlH 

6orree TOqHhlX one110K napaMerpoB nn-pacceHHHH. B ;:i:oKna;:i:e npnae;:i:e11b1 npe;:i:aapnTeJibHbie 

oneHKH BbIXO)];a Heil:rpOHOB )];IlH HeCKOJibKHX MaKeTOB YCTaHOBOK, nonyqeHHbIX B pe3yJibTaTe 
pacqeTOB no nerroMy PMY H3BeCTHhlX KO)J;OB [2,3]: SHIELD (.D:y611a), FLUKA n CALOR. 

B ;:i:a1111oil: pa6oTe npnae;:i:eHbl cpaBHemrn BbIXO)];a 11eil:rpo110B ll3 BOJib<ppaMOBOH 

MHIIIeHII B 3aBHCHMOCTH OT 3Heprnn npOTOHHOro nyqKa, noil}"IeHHbie H3 3KCnepnMeHTa ll 

pacqeTOB no nporpaMMaM SHIELD, FLUKA n CALOR c pe3yrrLTaTaMH, nonyqeHHbIMn no 

nporpaMMe HANDRA (BHHHT<l>) pnc.1. KpoMe TOro, 11a oc11oae KOHnemyanLHOro 
;:i:n3afi11a 6bma npoae;:i:eHa pacqeTHaH onTnMmanHH ycrnHOBKH )];nH 06ecneqe11nH 

11anrryqIIIero Bhlxo;:i:a 11eil:rpo110B B 3KcnepnMeHTanbHhlH Ka11arr., a TaK )Ke npnae;:i:eHbl one11Kn 
«IIIYMOBbJX)) noTOKOB Heil:rpoHOB B)];OJlb 3KCnepnMeHTailbHOro KaHana (KOJIJIHMaTopa), 
BnJIOTb )];O MeCTa pacnoJIO)KeHHH ;:i:eTeKTopoB HeHrpOHOB npH3BaHHbIX <pHKCHpOBaTb 
11eil:rp0Hbl nocrre n-n pacceHHHH (qTO COCTaBnHeT 10M OT JIHHHH nyqKa). Bee oneHKH 6bmn 

rrpoae;:i:eHbl c ncrroJib3oBaHneM KOMITJieKca nporpaMM RAMCES: HANDRA 
Mo;:i:errnpoaa11ne BbICOK03HepreTnqecKHx a;:i:po1111blX KaCKa)];OB (15MeV<E<lOT3B); 
ITPH3MA - Mo;:i:errnpoaa11ne HH3K03HepreTnqecKnx 11eil:rpo110B (E<15M3B). 
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Pttc. 1. B@xo~ HeihpoHOB B pe3yJibTaTe rra~emui rry'lKa rrpOTOHOB Ha BOJib!ppaMOBYIO 
MHIIIeHb B 3aBllCHMOCTH OT :meprttll IIpOTOHOB. CpaBHeHne pac1IeTOB no pa3Jill'lHb!M 
MeTO~HKaM C 3KcrrepHMeHTaJibHb!MH ~aHHbIMH. 
Exp. 1. [4], Exp. 2. [5]. 
HANDRA (1)-reHepaTOp SYCHEV (cttcTeMa KOHCTaHT D2N2 [6]) 15M:iB-2f'3B, 

reuepaTOp JAM [7] >2f':iB. 
HANDRA (2)- reuepaTOp SYCHEV (cttcTeMa KoucTaHT D2N2[6]) 15M:iB-2f'3B, 

reuepaTOp JAM [7] 2f':iB-10f'3B, reuepaTOp HIJlNG [8] >1Of'3B. 
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KoHL,eenmyanbHblU iJu3aiiH ycmaHOBKU. 

B pa6oTe [
1
] 6bIJI npnBe,11eH KOHI~eITTya.JibHbIH ,!IH3aHH racnTeJUI rryqKa, KOTOpblll 

yqnTbIBaeT onbIT ncnoJib30BaHnH no,1106HhlX ycrpOHCTB Ha 60JibIIIHX ycKopnTeJIHX. KpoMe 

T0ro, 6bIJIH npe,!IJI0)KeHbI HeK0T0pbre H3MeHeHHH n03B0JUIIOmne ncn0Jib30BaTb racnTeJib B 

3KCnepnMeHTa.JlbHhlX ueJUix. B ,11aHHOH pa6oTe 3a 0CH0BY 6pa.JIC.ll 3T0T KOHUenrya.JibHblll 

,!IH3aHH C HeK0T0pbIMH yrrpomeHHHMn: CHCTeMa cqnTa.JiaCb UHJIHH,!lpnqecKH CHMMerpnqHOH, 

He yqnTbIBa.JiaCb CHCTeMa 0XJia)K,!leHHH YCTaH0BKH, HO 6onee ,!leTa.JibH0 npopa60TaH ,!IH3aHH 

3KCnepnMeHTa.JlbH0ro KaHa.Jia. Bee rrpHHHTbie H3MeHeHH.ll He ,!I0JI)l(Hbl npnHunnHa.JibH0 

HCK~aTh napaMerpbI HeHrpOHHbIX noneu. 

3aMe,!IJIHTeJib npe,!ICTaBJUieT co6oii BOJib<ppaMOBhlll UHJIHH,!lpnqecKHll CJIOU 

pa,11nycaMn OT 20,110 40 CM n ,!IJIHHOU 150 CM. 3aKJiroqeHHhlll B 6eTOHHblll qexon C BHeIIIHHM 

pa,11nycoM 100cM. B HeK0T0pbIX H3 paccMarpnnaeMbIX MO,!leJieU YCTaH0B0K Me)K,!ly 

BOJibq>paMOBbIM 3aMe,!IJIHTeJieM n 6eTOHHbIM qeXJI0M noMema.Jic.ll CJIOU 5 CM 6epHJIJIHeBoro 

orpa)KaTeJIH. KoJIJIHMaTop pacnoJI0)KeH nepneH,11neyilllpHo HanpanneHnro nyqKa, rrpoxo,11nT 

qepe3 0Cb UHJIHH,!lpnqecKoro MHIIIeHHoro y3na Ha paCCT0HHHH OT Topua 35 CM. KoJIJIHMaTOp 

npe,!ICTaBJIHeT co6oii rpy6y (a.JIIOMHHHH) pa,11nycoM R=5cM c rnnmnHOU cTeHKH 2MM, BHYTPH 

KOTopou HaX0,!IHTC.ll BaKYYM, paCCT0HHHe OT ueHrpa MHIIIeHH0ro y3na ,110 T0qKH 

,!leTeKTHpoBaHH.ll (B o6e CTOpOHhl) C0CTaBJUieT 1000cM. BttyTPH K0JIJIHMaTOpa pacnoJI0)KeHbI 

cqiepnqecKHe pacqernhle ,!leTeKT0pbI pa,11nycoM 4cM (BaKYYM), n K0T0pbIX oueHHBa.JIC.ll noT0K 

HeHrpOHOB. PacnOJIO)KeHne K0JIJIHMaTopa B 3aMe,11JIHTeJie 6bIJIO Bbr6paHO B C00TBeTCTBHH C 

MaKCHMYM0M BbIX0,!la HeurpOHOB B BOJibq>paMe ,!lilll IIp0T0H0B C 3Hepmeu 7 TeB, qTo no 

HaIIInM oueHKaM, npnMepHo coorneTCTByeT 35 CM. 

CqnTa.JIOCb, qT0 np0TOHbI C 3Hepmeu 7 T3B na,11aIOT Ha rnpeu BOJibq>paMOBOro 

3aMe,11JIHTeJUI paBH0MepH0 no 0KpY)KH0CTH pa,11nycoM R=30 CM, H0pMa.JibH0 K nonepXH0CTH 

Topua. O6mM cxeMa ycTaH0BKH npnne,11eHa Ha pnc. 2. 

-------------
Pnc.2. O6mM cxeMa yCTaH0BKH. 

IlpOTOHbI 7 T3B 

1-BOJibq>paMOBhlll 3aMe,!IJIHTeJib, 

2-rpaq>HTOBhlll cep,11eqHnK, 

3-KOJIJIHMaTop, 

4-6eTOHHM 3amnrn, 
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OCTaJlbHbie AeTaJIH ycTaHOBKH: 3aMeAJIHTeJib, 11eHT{)aJibHblH cepAeqH!IK H 3a1111na 

KOJUIHMaTopa OT qJOHOBbIX IIOTOKOB, BapbHpOBaJIHCb c 11errb!O o6ecrreqnTb MaKCHMaJlbHbIH 

Bb!XOA HeHT{)OHOB B IIeH-rpe KOJIJIHMaTopa. B pacqeTax IIOTOK pa3AeJUIJICJI Ha T{)H 

3HeprcrnqecKHe rpyrrrrhl: 1 - (0-10-
2
MeB), 2 - (10-

2
-2MeB), n 3 - (2-15MeB). Orrrn:MH3aIIIDI 

3aKJIJ0qaJiaCb B IIOBbIIIIeHHH AOJIH Heii:-rpOHOB 1-oii: rpyIIIIbl C IIOHH)KeHneM OCTaJibHblX rpyrrrr 

B IIeH-rpe KOJIJIHMaTopa. KpoMe :noro Heo6XOAHMO 6b!JIO yMeHbIIIHTb IIOTOKH Ha KOHIIaX 

KOJUIHMaTopa B o6rracTH AeTeKTHpoBaHID! Heii:-rpOHOB, qT06b1 o6ecrreqHTb ycToii:qnByIO 

pernc-rpa11n10 pacceJIHHbIX B n-n B3aHMOAeii:CTBHJIX Heii:-rpOHOB. 

A,npOHHhlH KacKaA, rropo)l(AaeMhlH 7 T3B rrpOTOHaMH, MOAeJIHpOBaJICJI C IIOMOIIIb!O 

rrporpaMMbI HANDRA c ncrrorrb30BaHHeM renepaTOpOB SYCHEV (oT 15M::iB AO 2 f3B), 

JAM (BhlIIIe 2 f::iB) n HIJING (BbIIIIe 10 f3B), rAe qacTHIIbI rrpocne)KHBaJIHCb AO ::iHeprnn 15 

M::iB, rrocrre qero, IIOAKJ110qanacb rrporpaMMa IIPII3MA, n Heii:-rpoHbI rrpocJie)KHBaJIHCb AO 

3Heprnii: 0.01 3B. 

B pacqernx 6bIJIH paCCMOT{)eHbl ceMb BapnaHTOB reoMe-rpnn, T{)H H3 KOTOphlX 

rrpeACTaBJIJl!OT HHTepec - setup4, setups, setup? (pnc. 3-6). OcTaJibHhle BapnaHThl ycTaHOBKH 

AaIOT 3HaqnTeJibHO XYAIIIHe 3HaqeHHJI IIOTOKOB Heii:-rpOHOB H He rrpHBOAJITCJI B AaHHOH 

pa6oTe. 

BapnaHT Setup4 (pnc. 3) nMeeT nan6orree rrpocry10 re0Me-rpn10, KOJIJIHMaTOp AJIJI 

3TOrO BapnaHTa 3aKpbIT CJIOeM Kap6HAa 6opa (BHy-rpeHHHH AHaMe-rp 5.2 CM, TOJIIIIHHa 4cM), a 

B c-rpyKrypy MHIIIeHHOrO Y3Jia A06aBJieH CJIOH ZrH2 (BHy-rpeHHHH paAHYC 12cM, TOJIIIIHHa 

8cM). 

HeMHOro CJIO)l(Hee BapnaHT Setups (pnc. 4). B 3TOM BapnaHTe B MHIIIeHHblH y3err 

A06aBJieH CJIOH 6epnrrJIHJI AJIJI OT{)a)KeHHJI neii:-rpOHOB Bb!XOAJIIIIHX H3 MHIIIeHHOfO Y3Jia 

(Bey-rpeHHHH PaAHYC 40cM, TOJIIIIHHa 5cM), a KOJUIHMaTOp AOIIOJIHHTeJibHO 3a111n111eH CJIOeM 

yrnepoAa (Bey-rpeHHHH paAHYC 9.2CM, TOJIIIIHHa 3cM). 

E111e 6orree CJIO)KHbiii: BapnaHT Setup? (pnc.5-6). rrraBHOe ornnqne :noro Bapnanrn OT 

rrpeAbIAYIIIHX BapnaHTOB B AOIIOJIHHTeJibHOM 3aMeAJIHTerre, KOTOpbIH IIOCTaBJieH 

HerrocpeACTBeHHO rrepeA MHIIIeHHblM Y3JIOM, H IIOBTOplleT rrpoq>HJib KOJUIHMaTopa. JJ:Ba CJI0JI, 

OKpy)Ka!0111He KOJIJIHMaTop, IIOAeJieHbl Ha ABa yqacTKa, rpaHnIIa pa3AeJia Me)l(Ay HHMH 

COOTBeTCTByeT rpaHn11e Me)l(Ay CJIOJIMH BOllbq>paMa II 6epHJIJIHJI B MHIIIeHHOM y3rre. 

Bny-rpennnii: CJIOH (BHYT{)eHHHH paAHYC 5.2cM, TOJIIIIHHa 4cM.) B qacTH, 6JIH3KOH 11en-rpy 

MHIIIeHH COCTOHT H3 yrnepoAa, AaJiee AO KOHIIa KOJUIHMaTopa - H3 Kap6HAa 6opa. BneIIJHHH 

CJIOH (BHy-rpennnii: paAHYC 9.2CM, TOJIIIIHHa 3cM) B qacTH, 6JIH3KOH K 11en-rpy COCTOHT H3 

ZrH2, B OCTaJibHOH qaCTH - H3 yrnepOAa. 

IloCKOJibKY BapnanT Setup? OKa3aJICJI nan6onee yAaqnbIM, B paMKaX 

paccMa-rpnBaeMblX pe3yJibTaTOB, TO AJlll nero 6b!JI rrpoBeAeH 6onee 110Ap06HhlH pacqeT AJill 

AeTeKTopoB, pacrroJio)KeHHbIX Ha 6oJibIIIOM yAanennn OT 11en-rpa KOJIJIHMaTOpa. Ilpn ::JTOM 

HCIIOJib30BaJIHCb B03M0)KHOCTH IIPII3MA B HeananoroBOM MOAerrnpOBaHHH, TaK KaK IIpJIMOH 

pacqeT ne II03BOJIJleT CAerraTb 011enKH C rrpneMJieMOH rrorpeIIJH0CTb!O. 

Pe3ynbmamb1 pac'lemoa. 

lf3 pe3yJibTaTOB pacqeTa BHAHO, qTo Han6orree OIITHMaJibllhlM, C TOqKH 3peHIDI 

COOTHOIIIeHHJI rrepBoii: H ·BTOpoii: (HJIH -rpeTbeii:) rpyrrrr neii:-rponoB, nan6orree ::iqiqieKTHBHbIM 

JIBJIJleTCJI BapnaHT Setup?. 3TO xopoIIJO BHAHO H3 pnc. 7-9. H H3 Ta6JIHIIbl 1, rAe 
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rrpe,!lCTaBJJeHbl cpaBHeHJ,IJI 3Haqem1ii IIOTOKOB B l{eHTPe KOJJJIHMaTopa KIDK,!lOH H3 

:mepreTHqecKHx rpyrrrr ,!lJUI BapHaHTOB Setup4, Setups H Setup?. KaK BH,!lHO H3 Ta6nm.u,1 

IIOTOK rrepBoii rpyrrrrbl B BapHaHTe Setup? B TPH pa3a Bb!Ille qeM ,!lJUI OCTaJJbHb!X BapHaHTaX, 

B TO BpeMll KaK IIOTOKH BTOpoii rpyrrrrbl HIDKe, a IIOTOKH TPeTbeii rpyrrrrbl BO Bcex TPeX 

BapHaHTax BapbHpy!OTCll He3HaqHTeJJbHO, ecnH rrpHHllTb BO BHHMaHHe He oqeHb XOPOIIIYIO 

rrorpeIIIHOCTb pe3yilbTaTOB ,!lJUI HeiiTPOHOB TPeTbeii rpyrrrrbl. 

D.011 ,.., .... .,., 100.00 ,.,., 
PHc. 3. Mo,!lenb pa6oqeii qacrH ycTaHOBKH. BapHaHT Setup4. IIorrepeqHhlii pa3pe3 no ocH 

KOJJJJHMaTopa - BepXHHii pHCYHOK, IIpO,!lOJJbHb!H pa3pe3 B,!lOilb JJHHHH rryqKa - HIDKHHii. 
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PHc. 4. MoAeJih pa6oqeii qacrn ycraHOBKH. BapHaHT Setup5. IlorrepeqHhIH pa3pe3 no oc11 

KOJIJIHMaTopa - aepXHHH pHCYHOK, IIpOAOJihHhIH pa3pe3 BAOJih JIHHHH rryqKa - HH)l(HHH. 
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P1-1c.5 . Mo.uem, pa6oqeil: qaCTH ycTaHOBKH. Bap1taHT Setup7. IIorrepeqHbIH pa3pe3 no ocH 
KOIDIHMaTopa - aepXHHH pHCYHOK, rrpO,llOJibHblH pa3pe3 B,llOJlb JIHHHH rry'IKa - HH)KHHH. 
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JJ:orroJIHHTeJII,HI,IH BQJII,(fipaMOBI,lll 

HarrpaBJieHue IIOTOKa ..... 
IIOOTOHOB 

Puc. 6. Mo,nen1, pafioqej:i qacTu ycrnHOBKH. BapuaHT Setup7. 
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Puc. 7. Pacrrpe.11enettue IIOTOKa HeHTPOHOB B.IIOJIL KonnuMaTopa. BapuaHT Setup4. 
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Puc. 8. Pacrrpe,nenettue rroToKa HeHTPOHOB n,non1, KOJIJIUMarnpa. BapuaHT Setups. 
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Puc. 9. Pacrrpe.11eJiettue rroToKa HeHTPOHOB n,non1, KOJIJIUMarnpa. BapuattT Setup7. 
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Pnc. 9. Pacrrpe.z:1erreHne IIOTOKa HeiJ:TPoHOB B,[(OJih KOJIJIHMaTOpa. BapnaHT Setup7. 
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Ta6mu~a 1. 

IlOTOKH HeiiTpOHOB B u~mpe K0JIJIHMaTOpa ,1UUI pa3JIH'IHblX BapHaHT0B 

VCTaH0B0K. 

IlOTOK (1/cM" Ha 0,[\HH IIP0T0H HCTO'IHHKa) 

Setuo4 Setuo5 Setuo7 

0<E<l0-'MeV 4.5 6.3% 4.09 6.4% 13.6 3.6% 

10-2<E<2MeV 8.64 4.9% 4.27 5.8% 3.68 7.0% 

2<E<14MeV 0.872 11.5% 0.169 16% 0.273 17% 

B CH.JI)' XBH0ro 11peHM)'~eCTBa ycTaH0BKH Setup? 11epep; 0CTaJibHblMH, B IIJiaHe 

3q>q>eKTHBHOCTH 110.Jl)''IaeMbIX II0T0K0B, MX Hee 6bIJIH oueHeHbl II0T0KH He:iiTpOHOB Ha BCeM 

11p0TIDKeHHH K0JIJIHMaTopa BIIJI0Tb AO 11pep;110JiaraeMoro MeCTa pacll0JI0JKeHHX 

3KC11epnMeHTaJibHbIX p;eTeKTopoB ('ITO 11pe,LIII0JI0JKHTeJibH0 C0CTaBJIXeT lOM OT ueHTPa 

KOJIJIHMaTOpa) pHC. 9. ,[t;JIX 3TOro BapnaHTa 6bIJI oueHeH ClleKTP HeHTPOHOB pHC.10., a TaK JKe 

3HeproBbl,[\eJieHHe OT BblC0K03HepreTH'IeCKHX 11p0T0H0B B BOJibq>paMOBOM 3aMe,[\JIHTeJie 

(20<r<40)cM II B unpK0HHeB0M 3aMe,[\JIHTeJie HeHTPOHOB (12<r<20) CM pHC. 11. OueHKa 

3HeproBbl,[\eJieHHX 11p0B0,[\HJiaCb Ha CeTKe C pa36HeHneM 110 pap;Hycy 2cM II OCH z 5 CM, 

HaKJia,[lbrnaeMOH Ha reoMeTPHIO. TaKHM o6pa30M, Ha pHC. 11. 11pnBe,L1eH0 cpep;Hee 110 X'IeiiKe 

pa36neHHX, 3HeproBbI,[\eJieHHe T0JibK0 B o6JiaCTXX H3 w n ZrH2, II H0pMHp0BaHH0e Ha Macey 

C00TBeTCTBYIO~ero Be~eCTBa. 
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Pnc.10. C11eKTP HeiiTP0H0B B p;eTeKT0pax Ha pa3JIH'IHblX paCCT0XHHXX OT ueHTPa 

K0JIJIHMarnpa. BapHaHT Setup?. 
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Ta6rrm:~a 2. 
TToTOK (llcM2 Ha OJJ;HH npOTOH HCTQqHHKa) JJ;JU1 pa3JIHqHblX :mepre-rHqecKHX rpynn. 

B S 7 apHaHT etup . 

3Heprent'lecKaJt 
PacCTOJIHMe OT 1.48HTP3 K011nMM3TOP3 

rpynna (eV) OcM 20CM 40CM 990CM 
1/cM' % 1/cM' % 1/cM' % lfcM1 

% 

[1.0e-2, 1.0e-1] 11 .837 3.862 10.625 7.948 1.8046 7.145 5.92e-6 22.96 
[1 .0e-1, 1.0e+Ol 0.5824 11 .57 1.0599 17.13 0.3205 28.94 2.15e-6 25.32 
[1 .0e+O, 1.0e+1 I 0.5509 18.35 1.079 13.66 0.3428 13.59 1.22e-6 61.85 
[1 .0e+1, 1.0e+21 0.6080 13.90 1.0918 10.28 0.2687 15.56 1.17e-6 94.77 
[1 .0e+2, 1.0e+3] 0.7282 10.62 1.3673 9.037 0.4390 13.87 1.18e-6 39.48 
[1 .0e+3, 1.0e+41 0.7274 10.29 1.5509 11.26 0.7546 13.50 8.87e-7 38.07 
[1 .0e+4, 1.0e+61 1.9436 11 .24 4.8238 6.998 2.0545 6.181 2.57e-6 28.90 
[1 .0e+6, 2.0e+6) 0.2806 16.76 0.7190 14.49 0.2580 14.34 3.39e-7 57.40 
[2.0e+6, 1.9e+ 71 0.2729 35.13 0.6247 25.81 0.2963 30.92 - -

IlornoII.1eHttaJ1 3Hepnrn r3B/r 

35 

30 

'i' 
~ 
0 

i 25 

0.. 

20 

15 

150 100 Z (cM) 50 0 

PHC. 11. 3HeproBbIJJ;eJieHHe a nornOTHTerre. BapHaHT Setup?. 
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3aKJ110'1eHue. 

KaK n0Ka3aJill npe.[(BapnTeJihHhie paC'IeThI, BhIX0,[( HeiiTPOHOB, paCC'IHTaHHhlll C 

ncnoJih30BaHneM K0MnJieKca RAMCES, .[(0CTaT0'IH0 xoporno cornacycrcx c 

3KCnepnMeHTaJihHhlMH ,[(8HHhlMH ll pac'IeTaMH no .[(pyrnM nporpaMMaM. lIMe!OT MeCT0 

HeK0T0phie 0TJIH'IHH B ,[(Hana30He 3Heprnii 2-10 f3B CBH38HHhie, no-BH,[(HM0MY, C 

K0ppeKTH0CTh!O onncaHHH H,[(epHhIX B38HMO.[(eiicrnnii reHepaTopoM JAM, ncn0Jih3yeMhlM B 

3TOii o6JiacTn 3Heprnii 'IaCTHIJ. BHe 3Toro ,[(nana3oHa 3Heprnii cornacne c pac'IeTaMH no 

nporpaMMaM FLUKA, SHIELD n CALOR xopornee. B o6JiacTn 3Heprnii npoT0H0B < 2 f3B 

.[(JIH onncaHnx H.[(epHhIX peaKIJnii ncnoJih30BaJICH reHepaTOp SYCHEV (cncTeMa K0HCTaHT 

D2N2), a B o6JiacTn 3Heprnii > 1 0f3B, 6hmn npoBe,[(eHhl .[(Be cepnn pac'IeTOB c 

ncn0Jih30B8HHeM reHepaTopoB JAM H HIJING. Pac'IeThl C ncn0Jih30B8HHeM reHepaTopa 

HIJING ,[(aIOT Jiy'Irnee cornacne c pe3yJihTaTaMH pac'IeT0B no nporpaMMaM CALOR n 

FLUKA. 

IIpe,[(BapnTeJihHhie 0IJeHKH n0T0K0B HeiiTPOHOB B 3KCnepnMeHT8JihH0M KaHaJie 

(IJeHTP KOJIJIHMaTopa) n0Ka3aJill, 'ITO Han60JihIIIHll Bh!X0,[( HeiiTPOHOB ,[(0CTnraeTCH Ha 

paCCT0HHHll 35 CM OT nJI0CK0CTH na,[(eHHH ny'IKa. IlOKa38HO, 'ITO He3H8'IHTeJihH0e 

H3MeHeHne B ,[(H38HHe 3KCnepnMeHTaJihHOll ycTaH0BKH M0)KeT ,[(8Th yBeJIH'IeHne n0T0K0B 

HeHTPOHOB B IJeHTPe K0JIJIHMaTopa B 3 pa3a H BhIIIIe, H npn 3T0M n0BhlCHTh «Ka'IeCTB0» 

noT0K0B - yBeJIH'IHB ,[(0JIIO Hll3K03HepreTH'IeCKHX HeiiTPOHOB E<0.l 3B H cyIIJeCTBeHH0 

n0HH3HB ,[(0JIIO BhIC0K03HepreTH'IeCKHX HeHTPOHOB. 

bhlJIO n0Ka38H0, 'ITO npn napaMeTPaX K0JIJillMaTopa: pa.[(nyc 5 CM ll ,[(JIHHa OT IJeHTPa 

K0JIJIHMaTopa ,[(0 MeCTa pacn0JI0)KeHHH ,[(eTeKT0p0B 10 M, np0HCX0,[(HT raIIIeHne rnyM0BhIX 

n0TOK0B B 106
-10

7 
pa3. 
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IJOTOKH TeDJIOBLIX ueiiTpouoe e 1aMeNJHTeJJRX noeymKH LHC 
A.,/(. PozoB 

JIH<I>, OHHH, /(y6Ha. 

,[(mi Mo.n:e;IHpomIBIDI Hcnonb3omrua nporpaMMa MCNPX-2.4 H 1UICT1l'IH0 FLUKA 
Mo.n:enHpomrnue a.n:poHHbIX KacKa.n:oa a MCNPX WUI :1ttepnm 6onee lOf:1B 
npoH3B0.D:HTCH c noM0IIl,bJO M0,zzynH H3 FLUKA (fluka-1.0/1990 A. Ferrari) 

Moderator Graph~ 

Puc.1 Pacqe-rnag reoMeTpIDI. IlyqoK npoT0H0B KOnhlleBOii, IIIHpHHoii 1 CM. 

lfucno npoTOH0B = 3(1)·1014
- 38 70 MHKpOCeKyH.D:(WUI .D:aJibHeHIDHX pacqerou H 

H0pMHpoBKH 6epeTCH T0ilbK0 0,nHa TpeTb HHTeHCHBHOCTH npoT0HH0ro IlyqKa). 
OcHOBHaH MHIDeHb H3 BOJ11»4'paMa, 3aMe,NJJITenb H3: 
IloTOK rennoBblX HeHTpoHOB(0-0.4:1B)(ycpe,nHeHHblH no o6neMy nonocTH) WUI 
3aMeJl:IlHTenefi:: 

► Bo.i:.a-
Cl>moeec NIii TeDJI0BblX Cl>th = 9.1 e/cftC/npo-roe (9.1·1014 e/cM2/HMnyJ11»c), 
Cl>moeuc NIii 6b1CTpb1x(>0.4:tB) = 6.5 e/cft</npo-rou, 

► ZrH2-
Cl>moeec NIii TeDJI0BblX Cl>th= 11.9 e/cftC/npoTOH (l.2·1015 e/cM2

/ HMDyJil»C), 
Cl>moeuc N1116b1CTpb1x(>0.4:1B) = 5.6 e/cftC/npoTou. 

CraTH=ecKaH T0'DIOCTb pacqera - 1 %. BpeMH cqera WU1 700 npoTOH0B - 1300MHH. 

0cHOBHaH MHIJJeHb H3 ._apK0HHII, 3aMe.n:nHTenh H3: 
► ZrH2-

Cl>moeec NIii TeDJI0BblX Cl>1•= 2.70 e/cM2/npoTOH (2.7·1014 e/cM2
/ 

HMDyJibC)., 
Cl>JUOeHC MK 6blCTpblX(>0.4:tB) = 1.40 e/cftC/npo-roe. 
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Neu1ron Spectra in C8vlly 
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DistriblAion Neutron Aux in Ca'tity 
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PHc 2, 3Heprem11ecKHii cneKTp H rrpoc"IpaHCTBeHHoe pacnpe.n;eneHHe HeH"IpOHOB no 
n;eH"Ipy TenJIOBOH noJIOCTH BHYTPH 3aMe.n;JIHTeIDI, MmrreHJ, H3 BOJih<ppaMa. 

10 
W Target, Outer Channel In Graphit 
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PHC 3, IlpoC'IpaHCTBeHHOe pacnpe.n;eJieHHe HeH"IpOHOB no BHeIIIHeM)' KaHaJIY. MHmeHJ, H3 
BOJlh<ppaMa. Ilycroii Krumn .n;HaMe"IpOM 10cM H .n;JIHHOH 100cM, pacnoJIO)ICeH cpa3y 3a 
MHilleHJ,IO. 
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W Target, Central Cavity 
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PHC. 4. BpeMCHHOC pacrrpe,!lCJICHHC HCHTJ)OHOB ITO ~eHrpy TCIIJIOBOH IIOJIOCm BHYTJ)H 

3aMCMHTCJUl, MmIICHh H3 BOJihq>paMa. IlpjjMOyrOJihHhIH HMIIYJihC HCTO'IHHKa rrpoTOHOB 

E = 7 TeV, ,lvIHTCJihHOCThIO 70 µceK. IlHKOBrul IIJIOTHOCTh TCIIJIOBhIX HCHTJ)OHOB = 
(3.6·1018 u/cM2/c). 

Outer Zone 1 

Outer Zone 2 

Inner Zone 

i 
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PHC. 5. PacrroJIO)KCHHC BHyrpCHHCH H BHClIIHHX 06JI)"IaTCJihHhIX 30H B MHIIICHH LHC H 

3HCpl'C'fHqCCKHH CIICK-rp HCHTJ)OHOB B 3THX 30Hax. 
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IlpoBepKa Ha npocrnii Mo,n;entt - B3aHMo,n;eiicTBHe npoT0H0B co 
CBHHI.J;OBOH MHllleHbIO: cpaBHeHHe C ,n;pyrHMH pacqeTaMH 

Proton Beool 

0.1-7000 GeV 
p 

Lead Target 
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PHc. 6. Y,neJihHbl.H BhIXO,n Heii-rpoHoB [n/(p GeV)] H BhIXO,n Heii-rpoHon (nip] m 
W{JIHH,npHqecKOH CBHHUOBOH MHIIICHH (R=IO cm, L=60 cm) rrpH 06Jl)"ICHHH IIyqKOM 

IIpOTOHOB, KaK ip)'HKUIDI :meprnH rrpOTOHa 

BbIXO,n HCHTpOHOB HJ CBHHUOBOH MHIIICHH H3MepSIJIC11 H cqHTWIC11 HCCKOJlbKHMH 

rpyrrrraMH n IIIHpoKOM ,nHanaJOHe ::meprnii rrepBHqttOfO rryqica. B 6oJibIIIHHCTBe 

HJMepeHHH CBHHUOBM MHIIICHb HMeJia UHJIHH_npffqCCKYJO q>OpMy. PaJMepbl MHIIICHH 

6b1Jm, KaK rrpaBHJIO, cJie.nyroIIU1e: pa.nHyc R=IO CM, MHHa L=60 CM. Taxa11 MHIIICHh 

IIOJIHOCTblO rrorn01naer rrpOTOHbl C :meprneii } r3B, rra,naIOIIIHe B,nOJib ee OCH, H qacro 

ncrpeqaerc11 B 3KCIIepHMCHTWlbHbIX H pacqeTHo-reopeTHqeCKHX HCCJie,nOBaHH1!X. 

TaKHM o6pa30M, rrpone,neHHOe cpaBHCHHe C 3KCIIepHMCHTOM H pacqeraMH ,npyrnx 

aBTOpoB IIOKaJblBaeT, qro KO,n MCNPX rrpaBHJlbHO BOCIIpoH3BO,nHT OCHOBHblC 

JaKOHOMepHOCTH B3aHMO,neHCTBH11 rryqKa npoTOHOB co CBHHUOBOH MHIIICHblO B IIIHpoKOM 

HHTepBWie 3Heprnii. 
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W Target, Thermal Neutrons only 
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PHc. 7, CprumeHHe apeMeHHOro pacnpe):leJICHH.11 TeITJIOBhIX HCHTpOHOB BHyrpH 

QHJIHH):lpH'ICCKOH Mmue1rn C BO):ll!HhIM 33MCMHTCJICM H ITJIOCKOH MHIIICHH(lOcM) nmoc 

5CM BO):lbl. 
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TEPMOMEXAHHKA MI1Il1EH11-JIOBYII1KI1 LHC. 

B.Jl.JlOMHAJe 

JIH<IJ, OHHH, 141980 J(y6na 

1. Bsei:.enue. 

fIIraHTCKlie Heil:-rpOHHhie IIMIIYJihChI corrpOBO)K,LlaJOTCJI COOTBeTCTBYIOIIIIIMH TepMO

MeXaHII'leCKHMII Harpy3KaMII. TerrJIOBOll y,n;ap B CaMOraC»IIIIIXCJI »,n;epHhIX peaKTOpax, 

pa3orpeBaeMhIX 3a IIMIIYJihC Ha HeCKOJihKO COT rpa,n;ycoB, yJKe rrpe,n;CTaBJIJ!eT 3Ha'IIITeJihHYIO 

IIHJKeHepHYIO rrpo6JieMy. Kor,n;a JKe pe'Ih II,!l;eT O HarpeBaHHII MaTepnana Ha ThICJl'IH 

rpa,n;ycoB 3a BpeM» 50-100 MHKpoceKyH,n;, rrpo6JieMa TeIIJIOBOro y,n;apa CTaHOBIITCJI oco6eHHO 

aKTYaJihHOll. HarrpIIMep, BOJih<ppaMOBa» MHIIIeHb Maccoil: 1000 Kr (061,eM 52 JI), B KOTopoil: 

Bhl,!l;eJI»eTCJI :meprII» 1/3 f,[(JK, xapaKTepHa» ,!l;JIJI YMepeHHOro «rHraHTCKOro» HMIIYJihCa 

Heil:TpOHOB, HarpeBaeTCJI na 2200 rpa,n;ycoB. CBHHIIOBa» MHIIIeHh Toro lKe 061,eMa 

HarpeJiaCh 6hI Ha 4500 rpa,n;ycoB, ecJIII 6bI ne 6bmo KIIIIeHIIJI (Ha CaMOM ,n;eJie OKOJIO 50% 
CBIIHIIa o6paTHTCJI B rrap ). Harrp»iKeHIIJI, KOTOpbie rrpH 3TOM B03HIIKaJOT B MaTepIIaJie 

MIIIIIeHII IIJIII orropHhIX KOHCTPYKIIIIJIX cyIIIeCTBeHHO rrpeBhIIIIaJOT rrpe,n;eJihl rrpO'IHOCTII. 

B 'laCTHOCTII, CIIJIOIIIHOll BOJih<ppaMOBhlll IIHJIIIH,!l;p, paBHOMepHO HarpeThlll Ha 2200 
K, - MrHOBeHHO IIJIII 3a BpeM», He rrpeBh!IIIaJOIIIee BpeMeHII rrpo6era 3BYKOBOll BOJIHhl B,!l;OJih 

ero MIIHHMaJihHOro pa3Mepa, - IIO,!l;Beprc» 6hI Harrp»lKeHIIllM 10 rrra, 'ITO B 170 pa3 BhIIIIe 

rrpe,n;eJia rrpO'IHOCTH rrpn TeMrrepazype 2200°c. fipn Macce B 0,!l;HY TOHHY TaKa» MHIIIeHh 

pa3pyIIIHJiaCh 6b! Ha pa3JieTaJOIIIHeCl! KYCKII, y,n;ap KOTOph!X IIO OKpylKaJOIIIIIM KOHC'fPYKIIHllM 

6bIJI 6b! cpaBHIIM co B3ph!BOM 4 Kr T})OTIIJia. A6COJIIOTHO JKeCTKa» orropa IIHJIHH,!l;pa 

IIOJIY'IHJia 6bI IIMIIYJihC CIIJihl 109
H 3a BpeMll IIOpll,!l;Ka 100 MKC. OrropHa» peIIIeTKa ll,!l;epHoro 

peaKTOpa He Bbl,!l;eplKaJIH 6hI TaKOro HMIIYJihCa. ,[(Jlll MIIIIIeHII, Ha6panHOll H3 60JihIIIOro 

'IHCJia OT,!l;eJihHhIX CTeplKHeil:, OIIeHKH Harrpl!lKeHHll II KIIHeTII'leCKOll :meprnn TeIIJIOBOro 

y,n;apa CHIIlKaJOTCll COOTBeTCTBeHHO B 2.5 pa3a II Ha rropll,!l;OK, HO II B JTOM CJIY'!ae TeIIJIOBOll 

y,n;ap MOJKeT OKa3aThCll COKPYIIIIITeJihHhIM, eCJIH He rrpHHl!Th crreIIIIaJihHhIX Mep 

Mepbl, KOTOpb!e MOlKHO rrpe,n;JIOlKIITh )];Jill CMl!r'leHIIll TeIIJIOBOro y,n;apa (TY), 

CBO,!l;l!TCll, B OCHOBHOM, K HCKYCCTBeHHOMY CHHlKeHIIIO yrrpyrnx CBOHCTB MIIIIIeHII. 3Ta Mepa 

3<p<peKTIIBHa ,!l;Jill CMllr'leHHll B03,n;eil:CTBIIll TY KaK Ha caMy MHIIIeHh, TaK II Ha orropHbie 

KOHCT})YKIIIIII, He3aBIICIIMO OT KOHKpeTHOro ycTpOil:CTBa IIOCJie,!l;HIIX. Mepbl, HarrpasJieHHhle 

Ha CMllr'leHIIe TY IICKJIIO'IIITeJibHO IIO orropHhIM KOHCTPYKIIIIllM, MoryT n He rro-rpe6oBaTh 

II3MeHeHIIll yrrpyrnx CBOHCTB MHIIIeHH, eCJIH ecTh B03MOlKHOCTh o6oil:THCh BhI6opoM 

IIO,!l;XO,!l;l!IIIeil: KOHCTPYKIIIIII OIIOph! IIJIII rrpoCTO y,n;a'IHOro crroco6a KperrJieHHJI narpeBaeMoro 

MaTepnana. 

HnlKe paccMo-rpeHhl II CpaBHIIBaJOTCll HeCKOJihKO crroco6oB CMllr'leHIIll TeIIJIOBOro 

y,n;apa B rnep.n;oil: BOJih<ppaMOBOll MHIIIeHII rrpOTOHHOro ycKOpIITeJill, KOTOpa» pa6oTaeT B 

pelKIIMe O'leHh pe,n;KIIX IIMIIYJihCOB C 3Heprneil: 334 M,[(lK KaJK,!l;hlll. fipoTOHhl C 3Heprnei1: 

7 T3B, HaKOIIJieHHhie B KOJihIIe ,!l;JIIIHOll 22 KM, 3a O,!l;IIH o6opoT c6paCh!BaJOTCll Ha MHIIIeHh 

Maccoil: 1 T (c KpyroBOll pa3BepTKOll IIY'!Ka, KaK IIOKa3aHO na pIIc.1), B pe3yJihTaTe '!ero 

BOJih<ppaM 3a 70 MKC rro,n;orpeBaeTCll Ha 2200 rpa,n;ycoB. OT,n;eJihHO, B CBll3II C rrpo6JieMOll 

CMl!r'leHIIll TeIIJIOBhIX y,n;apoB, paccMo-rpeHhl TaKJKe B03MOlKHOCTII lKH,!l;KOll CBIIHIIOBOll 
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MHIIIeHH, co,!l;ep)Ka.ui;eii rry3hiphKH ra3a B Ka'Jecrne ,!l;eMrrqmpyIOUJero :meMeHrn. 
11cnonh3YeMhie Alli! KOnH'leCTBeHHhIX OIJeHOK napaMerpbl BOnb«ppaMa H CBHHIJa npHBe,!l;eHbl B 
rn6n.l. 
T AliJIIIU:A 1. IIapaMeTphl MaTepuanoe MHmenn. 

BonL1l1paM Ceuneu: 

ATOMHruJ Macca, a.e.M. 183.85 207.2 
IInoTHOCTh, r/cM3 19.35 11.3 (T) 

10.5 ()!() 
TeMrrepaTypa rrnaBneHH.ll, K 3690 600 
TeMnepaTypa KHrreHH.ll, K 5950 2020 
Y ,!l;enhHruJ Tennorn nnaBneHH.ll, ~)K/r 190 23 
Y ,!l;eJihHruJ Tenrrorn KHneHH.ll, ~)K/r 4200 860 
Ko3qJqJHIJHeHT TepMHqecKoro paCIIIHpeHH.ll: 

- nHHeiiHhiii (a), 1/K 5.1 10-6 3.3 10-S (T) 

- 061,eMHhlll (av), 1/K 1.5 10-5 1.2 10-4 ()K) 

y ,!l;eJibHruJ TenrroeMKOCTh C p , ~)K/r K 0.15 0.14 ()K) 

MOAYJih !Oma (E), rrra 360 16 
Mo,!l;yJih 06beMHOll yrrpyrocTH (K), fila 300 34 ()!() 
CKopOCTh 3ByKa B CTep)l(He (c), Mic 4310 1200 

CKopOCTh rrpO,!l;OnhHhIX BOnH (Co), Mic 5460 1800 ()K) 

Ilpe,!l;err npo'IHOCTII ( as), MITa: 
- IIpH 300K 1000 16 
-npH 2470K 60 

EaT npH T = JK, MITa 1.84 0.53 

Ka,T npH T = JK, MITa 4.6 4.1 

2. IIpe,!l;eJibHaH 3HeproeMK0CTb MHmeneii. 

KaKOBhl npe,!l;eJihHb!e B03MO)l(HOCTH MaTepHaJIOB ,!l;n.ll reHepaIJHH MOUJHhIX HeiirpOHHhIX 
HMITYJihCOB? Bh16op H3 IIJIOTHhIX ryronnaBKHX MaTepHaJIOB OrpaHH'leH II.l!TbIO MeTaJIJiaMH 
VIII p.ll,!l;a IlepHO,!l;H'leCKOii CHCTeMhl 3JieMeHTOB: TaHTarr, BOnb«ppaM, peHHii, OCMHii, HpH,!l;Hll. 
B rn6rr.2 OHH cpaBHHBaJOTC.ll no PMY rrapaMerpOB, BKJIIO'la.ll TaKHe HCKyccrneHHhie KpHTepHH 
KaK rrpOH3Be,!l;eHHe KOHIJeHrpaIJHH .ll,!l;ep N Ha 3ap.ll,!l; .ll,!l;pa Z H TeMrrepaTypy KHIIeHH.ll. Bee 
xapaKTepHCTHKH, 3a HCKnIO'leHHeM CO,!l;ep)l(aHH.ll B 3eMHOll Kope, O'leHb 6JIH3KH Apyr K Apyry. 
IlrroTHOCTh - Ba)l(Hhlll rrapaMerp Alli! reHepaIJHH BhICOKOHHTeHCHBHhIX HeiiTpOHHhIX IIOTOKOB. 
HaH6orree IIJIOTHhlll - OCMHll (22.6 r/cM3), 0,!l;HaKO CaMhlll TyronrraBKHll H BhICOKOKHII.llllJHll 
MeTaJIJI - BOJibqJpaM, OCTaIOUJHllC.ll B KOH,!l;eHCHpOBaHHOM COCTO.l!HHH npH TeMrrepaType 
IIO'ITH 6000K, TO)l(e o6rra,!l;aeT BhICOKOii rrnOTHOCThIO (19.4 r/cM3

). OH )Ke HMeeT 
ITO,!l;aBlli!IOUJee npen:MyUJeCTBO ITO pacnpocrpaHeHHOCTH. IlpHHHMa.ll 3TO BO BHHMaHHe, H 
Y'fHThlBa.ll 6nH30CTh rrpe,!l;eJihHh!X Terrnoco,!l;ep)KaHHii 3THX MeTaJIJIOB, He 6yAeT 60JihIIIOll 
OIIIH6Koii 3ruJBHTh, 'ITO npe,!l;eJihHhIMH B03MO)KHOCT.l!MH o6rra,!l;aeT BOJibqJpaMOBruJ MHIIIeHb. 
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lfro6bI HarpeTb BOJib!ppaMOByro MIIIIIeHb Maccoii 1000 Kr OT 300K ,n;o TO'IKII KIIIIeHII.11 
IIpII HOpMaJibHOM ,n;aBJieHIIII (5950K) IIOTPe6yeTC.II 3Heprn.11 1.05 f,[(lK. BeJIIIqIIHa 1 f,[(lK Ha 
TOHHY MeTaJIJia - 3TO, IIO-BII,ll;IIMOMY, TeXHIIqeCKIIH rrpe,n;eJI B03MOlKHOCTeii llMIIYJibCHbIX 
rrpoTOHHbIX MllIIIeHeii, OCTaIOIIIIIXC.11 B KOH,D;eHCIIpOBaHHOM (lKII,D;KOM) COCTO.IIHIIII IIOCJie 
IIMIIYJibCa. ,[(JI.II rnep,D;b!X MIIIIIeHeii 3TOT rrpe,n;eJI B,ll;BOe HIIlKe: 0.5 f,[(lKIT. EcJIII lKe rrpIIH.IITb 
B03MOlKHOCTb C03,ll;aHII.II Bb!KIIIIaIOIIIeii MIIIIIeHII, TO 3TY ~IIqipy CJie,n;yeT yaeJIIIqllTb ,n;o 5 
f,[(:a,IT. 3To ylKe TeopeTIIqecKIIH rrpe.n;eJI, 3a KOTOpb!M naqIIHaIOTC.11 B3pb!Bbl. 3Hepr11.11 
IIMIIYJihca MHIIIeHII-JIOBYIIIKII LHC (1/3 f,[(lKIT) 3aMeTHO HIIlKe HaIIMeHhIIIero II3 3TllX TPex 
rrpe,n;eJIOB. 

Ilpo6JieMbl, CB.113aHHhie C oxmtlK,D;eHIIeM MIIIIIeHll, 3,n;ecb BO BHIIMaH11e He 
rrpIIHIIMaIOTC.11. Ilpe,n;IIOJiaraeTC.11, qTo IIMIIYJibCbl HaCTOJibKO pe,n;KII, qTo 3TIIX rrpo6JieM 
B03HIIKHYTb ne ,ll;OJilKHO. 

TA6JIIUJ:A 2. Ha1160Jiee nJIOTHLie, -ryronJiaBime II Tpy;:010Jie-ryq11e T»mem,1e MeTaJIJILI [1] 

IlapaMeTP 

IlJIOTHOCTb, r/cM' 
TIJJI,K 
TKHTT, K 
Lnn , K,[(lKIMOJib 
LKHTT ' K,[(lKIMOJib 
Cp ' ,[(lKIMOJib K 
N, 1021 aToMlcM3 

NZ , ycJIOBHbie e,n;11HII~hI 
NZT KHn , ycJIOBHbie e.n;HHII~hI 
Co,n;eplKaHIIe B 3eMHOii Kope [2] 
( ITO OTHOIIIeHIIIO K 30JIOTY) 

Ep = 7 T3B 
0 = 70MKC 

<l>,h ""1019 1ieump I CM 2C 

73Ta1s1 74 w's4 

16.65 19.35 
3270 3690 
5620 5950 

35 35.1 
745 770 

25.29 24.27 
55.4 63.4 
40.4 46.9 
22.7 27.9 
400 12000 

600 

1sRe
186 76OSl90 

21.02 22.57 
3450 3320 
5900 5300 
33.1 31.8 
716 748 

25.23 24.70 
68.1 71.6 
51.1 54.4 
30.1 28.8 

0.2 10 

BOJibqJpaM: 

M sel000K2 

Vse50J1 

Q = 334I'jf:JIC 

T =2200K 

EaT = 4I'lla 

nlrl93 

22.42 
2720 
4650 
26.3 
613 

25.10 
70.0 
53.9 
25.1 

0.2 

U = a cT = 48 MI c 

MU 2 /2 = 1.2M,lf:J1C 

IloJioCTh ,n;JI.11 
3aMeMIITeJI.II 
Heii:TPOHOB 

PIIc.1. CxeMa 11 rrpe,n;rroJiaraeMhie xapaKTepIICTIIKII rrpoTOHHoii MIIIIIeHII LHC. 
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Nb 

w 

L 

l 

AeMmjm
PYIDll1il/l 

npylKHHa 

AeMmjmpy
lOll1Hli fll3 

Ilo)OlecKa 

2 3 

CTOJJ6W
Ta6JJeTOK 

4 

r.130-

lKll)IKOCTHil/l 

MHIIIeHJ, 

5 

Pnc.2. Crroco6br CMJ1flleHHJ1 TeIIJIOBoro y,11apa. 1 - KJiaccnqecKHil: TB::JJI, He 

co,11eplKaUIHH ,11eMII<pHPYIOUiero ::JJieMeHTa. 2 - rrpylKHHHblll ,11eMrr<pep: rrpylKHHbl 

paCTJlrHBaIOT BO BpeMeHH HMIIYJibC, coo6UiaeMblll o60JIO~e pa:meTaIOUIHMHCJI 

IIOJIOBHHaMH CTeplKHJI, H rrporropUHOHaJibHO CHHlKaIOT Harpy3Ky. 3 - raJOBblll 

,lleMII<pep: pa3JieTaIOUIHeCJI IIOJIOBHHbl CTeplKHJI KaK rropIIIHH ClKHMaIOT ra3. 4 -
,lleMII<pHpOBaHHe B CTOJI6e Ta6JieTOK c IIIepoxoBaTbIMH IIOBepXHOCTJIMH 

KOHTaKTa. 5 - ,11eMII<pHpOBaHHe B CTOJI6e lKH,IIKOCTH, co,11epJKaUieil: IIY3blpbKH 

raJa. 

3. TenJIOBOH y,11ap n KJiaccuqecKOM TB::JJie. 

IIycTb MHIIIeHb, H306paJKeHHaJI Ha pnc.1, Ha6paHa H3 BOJib<ppaMOBbIX CTepJKueil:, 

3aKJIIOqeHHbIX B o6orroqKy H3 ,IIOCTaTOqHo JierKoro H TepMOCTOHKOro MaTepnana (Hno6nil:, 

THTaHOBbie coe,IIHHeHHJI H T.rr.). TaKal! KOHCTPYKUHJI HaIIOMHHaeT YCTPOHCTBO TB::JJia 

Jl,llepHoro peaKTOpa. Ha pnc.2(1) H306palKeH CIIJIOIIIHOH BOJib<ppaMOBblll cep,11eqHHK, 

CB060,11uo OIIHPaIOIIIHHCJI Ha ,IIOHbIIIIKO HH06HeBOH o6orroqKH. Ecrrn CTeplKHH 
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opHeHTHpOBaHbl B)];Onh ll)"IKa, TO Ha11paBneHHe «BBepx» Ha pHC.2 COOTBeTcrnyeT 

ropH30HTanhHOMY HarrpaBneHHIO Ha pHC. l. B 3TOM Cn)"Iae TepMHH ((QllllpaIOIIJllllCH» 6yneT 

03HaqaTh, qro ne)KaIIJHll ropH30HTanhHO CTep)KeHb HMeeT TeCHhlll KOHTaKT C )];OHhIIIIKOM 

o6ono~H. B )];anhHeiiIIIeM 6yneM HMeTh B Bll.LIY 3TOT Cnj"Iaii. 

B pa60TaX [3-5] IIOKa3aHO, qTQ )];AA CMHI"leHH.H TellnOBhIX y.z:1apoB B CTep)KHeBbIX 

TB3nax llMllynhCHOro .H,LlepHOro peaKTopa, B KOTOpbIX He llCIIOnh3YIOTCH c11e11HanbHhie 

.z:1eM11qmpYJOIIJHe ycrpoiicrna na110.z:106He 11py)KHHHhIX 110.z:1BecoK, M.HrKHX .z:1eM11qmpYJOIIJHX 

11p0Kna,[IOK ll T.11., HY)KHQ Hnll COKpaIIJaTb aKTHBHYJO ,[lnHHY TB3na L, TaK qTQ6bI BpeMH 

11po6era 3BYKOBOH BOnHhl B,[IOnh TOllnHBHOfO CTep)KH.H Ve OKa3anOCh MHOfO MeHbIIIe 

BpeMeHH ero pa3orpeBa e, TO eCTh BhIIIOmIHnOCh ycnOBHe 

y = c0 IL» 1, (1) 

Hnll Ha6HpaTb TOIInllBHhlll cep.z:1eqHHK ll3 Ta6neTOK C rnepoxoBaTb!Mll IIOBepXHOCTHMll 

KOHTaKTa. 

AMllnHry.[la HallpH)KeHHii, KOTOpbie B03HHKaIOT B o6onoqKe B pe3ynhTaTe y.z:1apa 

CTep)KH.H 110 ee ,[IOHhIIIIKY, paccqnThIBaeTCH 110 q>OpMynaM [3]: 

= Ea T ·["' "' sin(ny/2)] 0 l· (Ysm u.+uo , <y<, 
pclpscs+FSIF ny/2 

(2) 

17 
= Ea T 

sm pc/pc+FIF . ..:.., y>l. 
s s s y 

(3) 

3.z:1ecb E - MO.[lynh IOnra, a - K03q>q>llIJlleHT nHneiinoro pacIIInpeHHH, T - cpe,LIHllll ITO 

.z:1nnHe 110,LIOrpeB CTep)KHH, p - llnOTHOCTh, C - CKOpOCTh 3ByKa ll F - ITnOIIJ!l,[lh 

11011epeqHoro ceqennH CTep)KHH. BennqnHhl c llH,[leKCOM «s» OTHOCHTCH K o6onoqKe. 

IIpe.z:111onaraeTC.H, qro 110.z:1orpeBoM 11ocne.z:1Heii MO)KHO 11pene6peqh. 

BennqnHa Ha11p.H)Kennii EaT xapaKTepn3yeT TY B CaMOM cTep)KHe, MrHOBenno H 

paBHOMepHO HarpeTOM Ha T rpa.[lycoB. CTep)KeHb HaCTOnhKO TOROK, qro eMy He 3arrpeIIJeHO 

KBa3llCTaTnqecKll pacrnnp.HTbC.H B pa.[lllanbHOM HaIIpaBneHllll 11pn CKOnh yro.z:1no BhICOKOii 

CKOpOCTll pa3orpeBa. B Ta6n.l HapH,Lly C EaT ,[IAA cpaBHeHH.H 11pHBe)];eHbl ll 311aqeHHH 

HallpH)KeHllll Ka,T, KOTOpbie B03HllKaIOT B Cn)"Iae, KOr,[la TaKoii 3arrpeT nano)KeH: 

HarrpnMep 11pn TellnOBOM y.z:1ape B )Kll,[IKOM CBHHIJe, 3anHTOM B oqeHb 11poqHYJO aMITyny ll 

1103TOMY B006IIJe He llMeIOIIJero B03MO)KHOCTll paCIIIllpHThCH B pa.[lllanbHOM HaITpaBnemm. 

qneH B KB!l.[lpaTHhlX CK06Kax (2) )"IllTbIBaeT ponh nepaBHOMepHOCTll TeITnOBhl,[leneHHH ITO 

MHHe CTep)KHH. Ko3q>q>llIJlleHThl 8 a ll 8 0 011pe.z:1enHIOTC.H qepe3 aKCllanbHhlll K03q>q>llIJHeHT 

HepaBHOMepHOCTll 3HeproBbl,[leneHHH k, 110 q>OpMynaM: 

8 =~ 8 = ,r/2-k, 
O 1-2/,r' a ,r/2-1 ° 

MaKCHManhHOMY K03q>q>llIJlleHry HepaBHOMepHOCTll k z = "I 2 COOTBeTCTBYeT 

CllHYCOH,[lanhHOe pacnpe.z:1enenne C nyneBb!Mll rpanHqHh!Mll ycnOBllHMll na KOHIJax CTeplKHH. 

IIpHMeHHTenhHO K ropH30HTanbHOMY nono)KeHHIO CTep)KH.H - B)];Onh nyqKa - MO)KHO 

npe.z:1nono)KHTh MaKCHMYM HepaBHOMepHOCTll ( 8 0 = k, = ,r / 2, 8 a = 0 ) npH coxpanemm 
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noJIH0ro 3Haqemrn Bhl,lWJieHHOH 3Hepnm. IlpII pacnoJI0)l(eHIIII TB3JI0B nonepeK nyqKa yqeT 
cpaKTOpa HepaBH0MepH0CTII HeCK0JlhK0 ycJI0)l(HHeTCH, 0,IIHaK0 cne,11yeT IIMeTb B BII.IIY, qTQ ero 
p0Jib B MexaHII3Me TY no o6onoqKe 3aMeTHa T0JihK0 npII ,II0CTaToqHo 6bICTPOM HarpeBaHIIII 

CTep)l(HH (Kor,11a y < 1, CM. (2)). IlpII y > 1 3Ta 3aBIICIIM0CTh, cornaCH0 (3), npona,11aeT -

CIIJia TY no o6onoqKe CTaH0BIITCH 3aBIICHIIIeil: T0JlhK0 OT cpe,11Hero no,11orpeBa T. 
3HaMeHaTeJih cpopMyJihl (2), paBHhlH CYMMe OTHOIIIeHIIH B0JIH0BhIX conpOTIIBJieHIIH 

CTep)l(HH II o6oJIOqKII II nJIOIIIa,lleil: HX nonepeqHhIX ceqeHIIH, IIrpaeT p0Jib CMHrqaJOIIIero 

qlaKTOpa TY no o6onoqKe, TO eCTb o6onoqKa ,II0Jl)l(Ha 6bITh KaK M0)l(H0 T0JIIIIe, a ee 

MaTepIIaJI ,II0JI)l(eH 06na,11aTb KaK M0)l(H0 MeHbIIIIIM B0JIH0BhIM conp0TIIBJieHIIeM p ,c' . IlpII 

0TH0IIIeHIIII nJIOIIIa,lleil: ceqeHIIH F, IF = 0.25, K0T0poe B ,llaJibHeil:rneM 6y,11eM cqIITaTb 

HeII3MeHHhIM, cpaKTop pc I p,c, + F, IF paBeH 3.1 .11J1H HII06IIH, 2.2 MH CTaJIII II 3.8 JIM 

nnaHa (cnnaB Ti-Al-Mo-Si-Zr). To ecTh .11J1H Tpy6oK peanbHoil: TOJIIIIIIHhI ocna6neHIIe TY 

ofol3aHO rJiaBHhIM o6pa30M HII3K0MY B0JIH0B0MY conp0TIIBJieHIIIO p,c, MaTepIIaJia 

o6onoqKII no 0TH0IIIeHIIIO K BOJibqJpaMy. OTHOIIIeHIIe F, IF= 0.25, xapaKTepHoe .IIJIH 

TB3JI0B H,llepHoro peaKT0pa, B ,llaHH0M cnyqae C00TBeTCTByeT, no-BII,IIIIM0MY, npaKTIIqecK0MY 
npe,11eny T0JIIIIIIHbl o6onoqKII: ,ll~e B npe,lleJibH0 TeCHOH TPeyroJihHOH perneTKe · II B 
0TCYTCTBIIe 3a30pa Me)l(,lly CTep)l(HeM H o6onoqKoil: 061,eMHM ,II0JIH BOJlbqJpaMa paBHa B 3T0M 
cnyqae 72.6%. 

IlpIIMeqaTeJibHOH oco6eHHOCTblO ,IIIIHaMIIqecKIIX HanpH)l(eHIIH (2) II (3) HBJIHeTCH TO, 
~o 0HII IIMeIOT KOHeqHhlll npe,11eJI npII HyJieBOH T0JIIIIIIHe o60JIO~II, qTo ,IIJIH CTaTIIqeCKIIX 
Harpy30K 6bmo 6bI a6cyp,110M. <l>IIJIIqecKII 3T0 oqeBII,IIH0 - HaITpH)l(eHIIH B CKOJih yro,11H0 
TOHKOH o6ono~e onpe,11eJIHIOTCH nepeMeIIIeHIIHMII HII)l(Hero K0HI~a CTep)l(HH (pIIc.2( 1) ), no 
ycJI0BIIIO HeBeC0M0ro, a 0HII (nepeMeIIIeHIIH) BCer,11a K0HeqHhl. Bo3MO)l(eH napa,II0KC: oqeHb 
TOHKaH o6onoqKa M0)l(eT Bbl,llep)l(aTh ,II0B0JibH0 CIIJihHhlll TenJIOBOH y,11ap, HO pa3pyIIIIITCH 

npII MaJieil:rneil: CTaTIIqecKOH Harpy3Ke. 06 3T0M CJie,11yeT n0MHIITh, npe,IIJiaraH 
,11eMnqJIIPYJOIIIIIe YCTPOHCTBa, Hano,1106IIe 06cy)l(,11aeMhlX HII)l(e npy)l(IIHHhIX IIJIII fa30BhlX 
,11eMncpepoB. 

,[(JIH cnJI0IIIHoro BOJibqJpaMOBOro CTep)l(HH ,IIJIIIHOH 60 CM, HarpeBaeMoro 3a 70 MKC 
ycJI0BIIe (1) He BhIII0JIHHeTCH, TaK KaK y = 0.5 npII CK0p0CTII 3ByKa B CTep)l(He 4310 Mic. IlpII 
no,11orpeBe BOJihqJpaMa Ha 2200K HanpH)l(eHIIH B o6onoqKe, paccqIITaHHhie no cpopMyne (2) 

.IIJIH HII06IIH (npe,11eJI npoqH0CTII npII K0MHaTH0H TeMneparypeo-B =330MIJa), oco6o 

npoqHoil: CTaJIII H18K9M5T (o-8 = 2050MIIa) II TIITatta (cnnaB Ti-Al-Mo-Si-Zr, 

o-8 =1150MIJa): 

0-,m =l.84MIJa=5.6o-8 (11U06UU), 

o-,m = 2.65Mlla= 1.30-8 (cmaJib), 

o-,m =l.50Mila=l.3o-8 (muma11), 

B HII06IIeBOH TPY6Ke HanpH)l(eHIIH noqrn B 6 pa3 BhIIIIe npe,11ena npo~0CTH npII 
K0MHaTHOH TeMnepaType (o6onoqKa, no ycJI0BIIIO, He HarpeBaeTCH). qT06bI CHJUIITb 
HanpH)l(eHIIH ,110 npIIeMJieMbIX 3HaqeHHH, T.e. B 6 pa3 II 6onee, H~H0 IIJIII C0KpaTIITh .IIJIHHY 
cnJI0IIIHOH qacrn CTep)l(HH 6onee, qeM B 8 pa3, KaK Toro TPe6yeT cpopMyJia (3), IIJIII BB0,IIIITb 
,lleMnqJIIPYJOIIIIIH JJieMeHT. HanpH)l(eHIIH B BOJibq>paMOBOM CTep)l(He eIIIe 6onee BhIC0KHe. 

BenIIqIIHa EaT = 4I'lla B 70 pa3 BhlIIIe npe,11erra npoqHocTII BOJihq>paMa (60 MIJa npII 
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2470K [1 ]), II03TOMY CTep)J(eHb ofoI3aTeJibHO 6y.r(eT pa1pyrneH - ecJm He B C)J(aTOM 

COCTOJIHIUI, TO OfoI3aTeJibHO B <pa3e paCTH)J(eHHJI. 3TO eII1e 0,1:(HH ,I:(OBO,I:( B IIOJib3Y 

<pparMeHTalllUI - pa36HBKa CTep)J(HJI Ha 6onee KOpOTKHe KYCKH IIOJie3Ha KaK ,I:(JIJI o60JIO'IKH, 

TaK Il ,I:(JIJI CaMOro CTep)J(HJI. 

B 3TOH CBJl3Il CJie,I:(yeT OTMeTHTb, 'ITO eCJIIl CB060,I:(Hblll CTep)J(eHb, COCTOJIIIIIlll Il3 

.r(Byx corrpnKaCaJOIIIIlXCJI IIOJIOBHH, MrHOBeHHO HarpeTb Ha T rpa.r1ycoB, TO OH 6y.r(eT HMeTb 

HaIIpJI)J(eHHJI C)J(aTHJI, HO He 6y.r(eT HMeTb paCTJlrHBaJOIIIHX HaIIpJI)J(eHHll. Enaro,!:lapJI pa3pe3y 

rrepeMeHbI 3naKa narrpJI)J(eHnii ne rrpon3oii,!:leT: 3arrac yrrpyroii 3neprnn C)J(aTOro cTep)J(HJI 

rrpeBpaTHTCJI B KHHeTH'leCKYIO 3HeprHIO IIOCTyTiaTeJibHOro ,I:(Bil)J(eHHJI ero pa:12pyJ1CellllblX 
IIOJIOBHH. Ecnn KOHTaKT Me)J(,I:(y IIOJIOBHHaMil 6bIJI H,I:(eaJibHbIM, eCJIIl CTep)J(eHb He 6b!JI 

pa3pyrneH B <pa3e C)J(aTHJI n He 6bIJIO IIJiaCTH'leCKHX n Apyrnx ,I:(IlCCHIIaTHBHblX KaHaJIOB, TO 

CKOpOCTb ,I:(BH)KeHHJI IIOJIOBHH MaKCHMaJibHa Il paBHa 

U0 =acT, (4) 

rrpH'IeM T - cpeiJ11uu ITO ,I:(JIHHe CTep)J(HJI IIO,!:IOrpeB. B ,I:(aJibHeiirneM coxpaHIITb CTep)J(eHb 

6y.r(eT He TPYAHO, «yJIOBilB)) pa3JieTeBIIIHecJI qacTH crreIJIIaJibHblMII ,I:(eMrr<pepaMII. Ecn11 )Ke 

OH pa1pyrnaeTCJI eII1e rrp11 C)J(aTHH, CJie,!:lyeT yBeJIII'IIITb 'IIICJIO pa3pe30B, ocna6IITb IIJIII 

IIOJIHOCTb!O JIIIKBil,I:(IIpOBaTb KOHTaKT Me)J(,I:(y COCTaBHbIMII 'laCTHMII CTep)J(HJI. H11)J(e 

paccMOTPeH rrpIIMep CTep)J(HJI, COCTOJ1II1ero Il3 .r(Byx CIIMMeTpH'IHbIX qacTeii C 11,I:(eaJibHbIMil 

IIOBepXHOCTHMII KOHTaKTa (B 3TOM cnyqae TY MaKCIIMaJieH, 3aTO 061,eMHaH ,I:(OJIH TJl)J(eJioro 

MeTaJIJia He YMeHbIIIaeTcJI). 

4. IlpymHHHblC ,I:(CMU<pepLI TCDJIOBOro YAapa. 

EcJIII BOJib<ppaMOBblll CTep)J(eHb pa3,!:1eJIIITb na ,!:(Be paBHble IIOJIOBIIHbl, TO yrrpyraH 311eprnJ1, 

3arracennax B CTep)J(He CKa'lKOM TeMrrepaTypbl, Bbl,I:(eJIIITCJI B BII,I:(e KIIHeTII'leCKOll 3Hepr1111 

ero qacTeii, pa1neTaJOII11IXCJI co CKOpOCTb!O u, KOTOpaH 3aBIICIIT OT rrpo,!:IOJI)J(HTeJibHOCTII 0 H 

rrpOCTPaHCTBenno-BpeMeHHOll q>OpMbl TeMrreparypHoro CKa'!Ka. B paccMaTPHBaeMOM CJiyqae 

rrpocTpancrneHHoe pacrrpe,!:lenenne - cnnycon,!:lanbnoe, c MaKCHMaJibnoii 

HepaBHOMepnocTbJO; TeMrreparypa cnaqana (0 < t < 0) napacrneT co BpeMeneM· cTporo 

JIHHeiino, a 3aTeM (t > 0) IIOMep)J(HBaeTCJI IIOCTOJIHHOH, rrpn'IeM MIITeJibHOCTb IIMIIYJibCa 

COBila,I:(aeT C BpeMeHeM rrpo6era 3BYKOBOH BOJIHbl B,!:IOJib IIOJIOBHHbl CTep)J(HJI: 0 = U2c. flp11 

3THX yCJIOBHJIX CKOpOCTb pa3JieTa na 10% HH)J(e rrpe,!:leJibHOro 3Ha'leHIIJI ( 4): 

U = (2✓2 / 7!)U0 = 0.900U0 = 43.5 Mic. 

O.r(Ha IIOJIOBHHa CTep)J(HJI OTTaJIKHBaeTCJI OT ,!:lpyroii KaK OT )J(eCTKOll orropb!. qT06bI 

HMeTb rrpe,!:ICTaBJienne O MaCIIITa6e Il3Mene1111ii CKOpOCTil u B 3aBIICIIMOCTil OT BpeMe1111 0 
pa1orpeBa CTep)J(HJI n rrpocTpancrnenHoii <jJopMbZ TeMrreparypnoro cKa'!Ka, na pnc.3 

cpaBHIIBaJOTCJI CKOpOCTII IIO,I:(CKOKa .r(Byx CTep)J(Heii, 0,1:(IIHaKOBbIX BO Bcex OTHOIIIeHIIJIX, 

BKJIIO'laH paBeHCTBO cpe,!:IHHX TeMrreparyp, KpOMe 0,1:(HOro - OHH IIMe!OT cyII1eCTBe11110 

pa111b1e npocmpa11cmee1111b1e <jJopMbl TeMrrepaTypHoro cKa'lKa: qernepTb n rronoB11ny 

rrepHO,I:(a CHHYC0H,I:(bl. MoMeHT IIO,I:(CKOKa fJ (rroTepn KOHTaKTa C orropoii) OTC'lHTbIBaeTCJI OT 

naqana IIO,I:(beMa TeMrrepaTypb!. lfa 3THX ,I:(aHHblX BH,I:(110, 'ITO rrp11 MrHOBeHHOM narpeBe 

CTep)J(HJI CKOpOCTb U . He 3aBHCHT OT qiopMbl rrpOCTPaHCTBeHHOro pacrrpe,!:leJieHIIJI 

TeMrrepaTypbl. flp11 0 > 0 3Ta 3aBIICHMOCTb eCTb, HO ona cna6a. BeAYIIIHM <paKTOpOM 
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BJimIHmI .l!BIDieTC.ll 0: npu0 = 2hlc CKOpOCTh )'MeHbIIIaeTC.ll B,!{BOe, no OTHOIIIeHHIO K Uo, Ha 

um,rneM pucyHKe u Ha 36% Ha BepxHeM. 

' ' ' ' ' ' ' ' ' ' ' 

, 
' 

, , , 

h T(x) = cos (1!X/2h). 

]. 0 = 0: 

3. 0 =2h/c: U=¾ U0 

T(x) = sin (nxlh). 

1. 0 = 0: 

3. 0 =2h/c: U= ½ U0 

Puc.3. CKopOCTh U u MOMeHT lj no,ncKOKa CTep)l(H.ll OT a6COJIIOTHO )l(eCTKOH 

orropbI B 3aBHCHMOCTH OT BpeMeHH 0 ero HarpeBa npu ,nByx pa3Hh!X q>OpMax 

rrpocTPaHCTBenHoro pacnpe,neneuuSI TeMneparyphI. U0 = acT, r,ne T = Const 

- cpe,nHHii no AJIHHe h no,norpeB CTep)l(H.ll. 

Ilpu HaJIH'IHH npy)l(HH (BapHaHT 2 Ha puc.2) K~a.ll H3 nOJIOBHH 6y,neT «yJIOBJieHa» 

CBOeii npy)l(HHOH Ha KOHD;e o6oJIOlIKH. Enaro,nap.ll npy)l(HHaM HMnyJihC, KOTOphIH nonyqaeT 

o6oJIO'IKa, TO eCTh npOH3Be,neHne CHJihl Ha BpeM.ll ,neiiCTBH.ll 3TOH CHJihI, . MO)l(HO TaK 

pacrnHYTh BO BpeMeHH, 'ITO CHJIOBOe B03,neiicTBHe ua o6oJIO'IKY CTaHeT BnOJIHe 

YAOBJieTBOp.l!Th ycJIOBH.l!M npO'IHOCTH. KaKOBhl B 3TOM cnyqae ,!{OJI)l(Hhl 6hITh napaMeTPhI 

npy)l(HJI: )l(eCTKOCTh k H C)l(aTHe X, onpe,neIDIIOill;ee Heo6xo,nHMhlll 061,eM CB060,nHoro 

npocTpaHcTBa B TB3Jie? IlonaraSI, 'ITO fa3a no,n o60JIO'IKOH HeT B006Ill;e Will OH ue OKa3hIBae.T 

conpOTHBJieHH.ll ABH~Ill;HMC.ll qacrnM CTep)l(H.ll, a BpeM.ll C)l(aTH.ll npy)l(H'.cl MHOro 60JihIIIe 

LI C ' nOJIYtJHM KBa3HCTaTH'IeCKyJO ou;eHKY Hanp.ll)l(eHHH B o60JIO'!Ke B MOMeHT 

HaH60JihIIIero C)l(aTH.ll npy)l(HH: 

F L U 2 L U 2 

a, =-•-p-=4-p-. 
F, x 2 x 2 

(5) 
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IIp1IpaBHIIBWI HaIIpj{)KeHmI (Ys rrpe;:i;eny rrpO'IHOCTII (YB' HaXO,LIIIM MIIHIIMaJibHO 

;:i;orryCTIIMYIO BeJIII'lllHY C)KaTIIJI rrpy)KIIH 

Xm;n =.f_,pU2 =2 pU2 
L Fs 2<YB <YB 

(6) 

IIplI rro;:i;orpeae BOJib<ppaMa Ha 2200K 3a 70 MKC pU2 = 36.7 Mlla. ,n:nll H1I061Ieaoil: TPY6KII 

(rrpe;:i;eJI rrpO'IHOCTII (YB= 330Mlla) HII)KHIIll rrpe;:i;eJI C)KaTIIJI rrpy)KIIHbl xmin = 0.22L, IIJIII 

13.32 CM rrplI ,LIJIIIHe cTep)KHJI 60 CM. ,n:JIJI TPY6KII II3 oco6o rrpo'!Hoil: CTaJIII H18K9M5T 

( <YB = 2050Mlla) xmin = 0.036L = 2.2 CM, a .LIJIJI TIITaHOBOll TPY6KII (crrnaB Ti-Al-Mo-Si-Zr, 

a-B = 1150Mlla) xmin = 0.064L = 3.8 CM. PeaJibHbie 3Ha'!eHIIJI C)KaTIIJI ,LIOJI)l(Hbl 6hITh, no 

MeHbIIIeil: Mepe, B necKOJibKO pa3 BbIIIIe TeopeTII'leCKOfO MIIHIIMYMa, CooTBeTCTBeHHO 

)KeCTKOCTb rrpy)KIIH ,LIOJI)l(Ha 6bITb MeHbIIIe TeopeTII'leCKOro MaKCIIMyMa (m - Macca 

CTep)KHj{) 

k _ mU _ Fs 2Fa-B _ Fa-B 2 ( )2 2 2 
max - 2x;in - F . pU2L - 8pU2L' 

(7) 

KOTOpblll, KaK cne;:i;yeT II3 qiopMyJihl, rrpl!MO rrporropQIIOHaJieH llJIOllla,LIII rrorrepe'IHOfO 

ce'!eHIIJI cTep)l(Hll F = :rd 2 I 4 II o6panrn rrporropQ1Io11ane11 ero .LIJIIIHe L. )KecTKOCTh 

rrpy)KIIHbI kmax ,LIJIJI H1I061IeBoil: TPY6KII paBHa 12000 HIM rrplI ,LIIIaMeTPe CTep)KHJI d = 5 MM, 

II B03pacrneT ;:i;o 48000 HIM rrplI d = 10 MM. C1Ina B03;:i;eil:CTBIIJI C)KaTOil: rrpy)KIIHhI Ha 

o60JIO'IKY kmaxxmm = F,a-s paBHa COOTBeTCTBeHHO 1600 II 6400 H. EcJIII ,LIOIIYCTIIMbie 

HaIIpll)KeHIIJI BbI6paTb a B pa3 MeHbIIIIIMII rrpe;:i;ena BpeMeHHOll rrpO'IHOCTII <YB, TO C)KaTIIe 

rrpy)KIIHbl, ee )KeCTKOCTb II CIIJia B03,LlellCTBIIJI Ha o6oJIO'IKY 

X = Bxmin• 

k = kmax / B2, 

k X = kmaxXmin / B = F5 <Y B / B. 

Harrp1IMep, Ml! CTaJihHhIX TPY6 II cocy;:i;oa rro;:i; ;:i;aaneH1IeM B = 3. 75 [6]. IIoJiarall B = 4, 
IIOJIY'IIIM BeJIII'IIIHY C)KaTIIJI rrpy)KIIHbl, B'leTBepo 6oJiblIIYJO TeopeTII'leCKOfO MIIHIIMyMa (T.e. 

53 CM ,LIJIJI H1I061IeBOll o6oJIO'IKII), )KeCTKOCTb rrpy)KIIHbl CHII31ITCJI B 16 pa3, a ee ;:i;aBJie1me Ha 

o6oJio'!Ky CTaHeT B'lernepo MeHbIIIe: 400 H rrplI d = 5 MM II 1600 H rrplI d = 10 MM. Ba)KHO 

OTMeTIITb, 'ITO C)KaTIIe X BhI61IpaeTCJI rrporropQIIOHaJibHO FIF,, TO eCTb TeM 60JibIIIe, '!eM 

TOHbIIIe o60JIO'!Ka. IIplI TaKOM Bbr6ope «rrapa;:i;OKC», 0 KOTOpOM fOBOplIJIOCb BbIIIIe, 

HeB03MO)KeH, TaK KaK OTHOIIIeHIIe HarrpJ1)KeH1Ill (5) II (2) ~e ne IIMeeT oco6eHHOCTII rrplI F, 
=O: 

<Y5 _2.f/-.L.U0 _(1+ pcF)- <YB ·(F,+pc)= <YB. (8) 
(Ysm Jr X C PscsFs ✓2 BpUoc F p,cs (YsmB 

IIpOCTPaHCTBO, He06XO,LIIIMOe ,LIJIJI pa3MemeHIIJI rrpy)KIIHbI, CKJia,LlbIBaeTCJI II3 

BeJIII'IIIHbl C)KaTIIJI X IIJIIOC pa3Mep C)KaTOll rrpy)KIIHbl. lleM 60JihIIIe CB060;:i;11oro 
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rrpocTpaHCTBa MOlKeT ,ZIOIIYCTHTI:, KOHCTP)'K~HJI MHIUeHH, TeM «MJII"Ie» TOpMOlKeHHe qacTeii 

CTeplKHJI H TeM HHlKe TPe6oBa.HHJI K CaMHM rrpylKHHaM. Hannqne ra3a 6y)WT crroco6cTBOBaTb 

TOpMOlKeHHIO, IlO3TOMY lKeCTKOCTI:, rrpylKHH B .11eiicTBHTeJibHOCTH MOlKHO CHH3HTI:, BeCbMa 

3Ha'lHTeJibHO, BIIJIOTb ,ZIO IIOJIHOro OTKa3a OT rrpylKHHHOro ,ZleMmpnpoBa.HHJI, rrepeJIOlKHB 3TY 

cpyHK~HIO Ha ra3. IlpylKHHhl, IIO-BH,ZIHMOMY, II0Ha,ZI06JITCJI H B 3TOM cnyqae, HO B .11pyroM 

Ka11ecTBe, HarrpnMep B Ka'leCTBe IIO,ZIBeCKH CTeplKHJI HJIH ,ZIJIJI BO3Bpall(eHHJI cpparMeHTOB B 

HCXO,ZIHOe COCTOJIHHe. 

5. raJOBLie .11eMrr4>ep1:,1 TenJioBoro y.11apa. 

Terrep1:, B Ka'leCTBe yrrpyroro 3JieMeHTa - ra3, a,ZIHa6aTH'leCKH ClKHMaeMhlll pa3JieTa!OII(HMHCJI 

'laCTJIMH CTeplKHJI. IlpylKHHhl, H306palKeHHhle Ha pnc.2(3), HMe!OT rrpaKTH'leCKH HyJieBYJO 

lKeCTKOCTI:, H He OKa3bIBaIOT 3aMeTHOro BJIHJIHHJI Ha ,ZIBHlKeHHe BOJibqJpaMa. 3a3op MelK,Zly 

BOJibqJpaMOBblM «rropIUHeM» n o6oJIO'lKOll MOlKHO C'lHTaTb HyJieBbIM, TPeHne OTCYTCTByeT. 

HMeeTCJI rro-rrpelKHeMy O,ZIHH pa3pe3 CTeplKHJI C H,ZleaJibllhlM KOHTaKTOM ero IIOJIOBHH. fa3 

HarpeaaeTCJI TOJibKO B pe3yJioTaTe a,ZIHa6aTH'leCKOro ClKaTHJI. Ilpe.11rronaraeTCJI TaKlKe, 'lTO 

o6e IIOJIOBHHhl CTeplKHJI, KaK H a rrpe,Zlhl,Zlyll(eM rryHKTe, Bhl,ZleplKaJIH cpa3y ClKaTHJI n He 

pa3pyIUHJIHCb. HHTepeCHO BhlJICHHTh, KaKOBhl, rrpH TaKHX YCJIOBHJIX, ,!J;OJilKHbl 61:,rr1:, 

rrapaMerphl ra3a - Ha'laJibHhle 061,eM Vo (a o.11Hoii KaMepe) n .11aaneHne Po , a TaKlKe 

rroKa3aTeJI1:, a.11na6aT1:,1 r =CPI Cv - ,ZIJIJI nan6onee 3cpcpeKTHBHOro CMJ1r11eHHJ1 TY? 

EcJIH m - IIOJIHaJI Macca CTeplKHJI H u - Ha'laJibHaJI CKOpOCTh pa3neTa ero 

IIOJIOBHH, B HaIUeM cnyqae u = 0.9a cT' TO 061,eM VJ ' ,ZlaBJieHHe p I H a6COJIIOTHaJI 

TeMrrepaTYPa T1 MaKCHMaJibHO ClKaToro ra3a 

(9) 

3TH COOTHOilleHHJI He 3aBHCJIT OT ,ZIHaMeTPa ra30BOll IIOJIOCTH 11O,!l; «rropmHeM», HO 3aBHCJIT 

OT ee Ha'laJibl!Oll ,ZIJIHHhl (BhlCOThl) lo ' IIOCKOJibKY OTHOIUeHHe MaCCbl CTeplKHJI K Ha'laJibHOMY 

061,eMy IIOJIOCTH m I V0 = p L II O • 

CnolKHOe HarrplllKeHHOe COCTOJIHHe o60JIO'lKH B MOMeHT MaKCHMaJibHOro 

ClKaTHJI ra3a 6y.11eM xapaKTepH3OBaTb 3KBHBaJieHTHbIM Harrpl!lKeHneM BH,!l;a (cp. C cpopMyJioil: 

(5)): 
r 

F F [ y -1 L p U
2

] r-1 er =n•-P. =n•-P. 1+--·---
,, F, 1 F, 0 4 10 P0 ' 

(10) 

r.11e n - HeKOe 'lHCJIO 60Jibllle e,ZIHHH~bI; n = 1, ecJIH 6hl ra3, KaK IIpYlf<HHa, ,ZlaBHJI TOJII:,KO Ha 

,!l;OHhlllIKO o6oJIO'lKH. ,[{nJi rpy6hlX o~eHOK MOlKHO IIOJIOlKHTI:, n = 2, TO eCTI:, C'lHTaTb, 'lTO 
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o6ono'IKa Harpy)KeHa KOJibU:eBbIMII pacrnnrnaroru;IIMII Harrp»)KeHirnMII, xapaKTepHbIMII MJI 
)::(JIIIHHOll TPY6bI, HaxO)::(jiru;eii:c» ITO):( BHYTpeHHIIM )::(aBJieHIIeM. (113 IIH)KeHepHbIX q>OpMyJI 

pac'IeTa TOJill(IIHbl CTeHOK TPY6 II KOprrycoB rraporeHepaTOpOB [ 6) CJie)::(yeT )::(pyra» on;eHKa: 

n "' ( 4 + F, IF)/ 2.3 ; 'IIICJieHHO oHa 6JIII3Ka K )::(BOii:Ke ). Ilonara» a,, = a 8 , II3 (10) uaxo)::(IIM 

HII)KHIIH rrpe)::(eJI ):(JI» IO : 

/Omin = r.=.!.. pU
2 

[( F,a-B Jr;' -1]-l 
L 4 P0 nF P0 

(11) 

IlpII cpaBHeHIIII ( 11) C ( 6) CJie)::(yeT IIMeTb B BIIllY' 'ITO C)KaTIIeM Xmin ra30B0ll IIOJIOCTII 

HBAAeTCH pa3HOCTb (/omin - 11). B Ta6JI.3 cpaBHIIBaIOTCH pe3yJibTaTbl pac'IeTOB no q>OpMyJie 

(11) rrpII )::(Byx 3Ha'IeHIIHX Ha'IaJibHOro )::(aBJieHIIH O)::(HO- II )::(ByxaTOMHOro II)::(eaJibHOro ra3a 

):(AA CJIYlJa» n = 2 II F, = 0.25F. B CK06Kax YKa3aHbl TaK)Ke 3Ha'IeHIIH OTHOIIIeHIIH 

BbI6paHHOro pa3Mepa IIOJIOCTII K MIIHIIMaJibHOMY (lr/lomin), COOTBeTCTByIOru;IIe 3aIIacy 

rrpO'IHOCTII B = 4. 113 Ta6JIIIU:bl BII)::(HO, 'ITO 061,eM ra30B0ll IIOJIOCTII pe3KO COKparu;aeTCH rrpII 

yBeJIII'IeHIIII Ha'IaJibHOro )::(aBJieHIIH, rrpII'IeM 0)::(HOaTOMHblll ra3 6onee 3q>q>eKTIIBeH B 

Ka'Iecrne )::(eMrrq>epa. 

TAliJIIIU:A 3. M111111MaJ1bHL111 uaqaJILHLiii 061,eM OAHOii ra3ono11 nonocTu no 

OTHOIIICHHIO K 061,eMy CTep:amH, lon,;,IL, H OTHOmenue lr/lomin (B CK06Kax) npu ABYX 

JHa'leHHHX UOKa3aTeJIH aAHa6aTLI II 11a'laJILHOro AaBJICHIIH raJa AJIH mrn61rn, CTaJIII II 

THTaHa. 

r= 715 r= 513 
MaTepHa.rI o60JIO'IKH 

(npenerr npo'IHocrn, MITa) 
Po= 0.1 Mila Po= 1 Mlla Po= 0.1 Mlla Po= 1 Mila 

Huo6ur1 (330) 8.00 1.94 6.04 1.78 
(1.66) (2.00) (1.88) (2.22) 

CTaJib (2050) 4.36 0.95 2.77 0.75 
(1.58) (I. 70) (I.SO) (1.91) 

·. 

TttrnHOBbiii cnrraB (1150) 5.26 1.17 3.53 0.97 
(1.60) (1.76) (1.82) (1.97) 

llpUMetJanue K ma611u1Je. OlfeHKU 6bzno11ne11b1 ORR n = 2, F, = 0.25F up U 2 = 36.7 MJia. 
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Ha'Ia/II,Hhlll pa3Mep IIOJIOCTH 

!..£_ =~- pU2 [(~)r;I -l]-1, 
L 4 P0 nFP0B 

(12) 

B OTJIH'IHe OT llp)')KHHHOro ,n:eMmpepa, He 11po11op11noHaJieH B; raJOBhlll 061,eM pacxo,n:yeTCII 

6onee 3KOHOMHO - yBeJIH'IHBaeTCII Bcero B 1.6+2.2 pa3a 11pn CHH)KeHHH ,n:011ycTHMOll 

BeJIH'IHHhl Ha11p11)KeHHll B B = 4 pa3a (cM. 'IHCJia B CK06Kax B Ta6JI.3). ,[(AA O'IeHh TOHKHX 

o6oJIO'IeK 3TO 11penMy111ecTBO YTPa'IHBaeTCII. Pli3Mep IIOJIOCTH HeorpaHn'IeHHO B03pacTaeT C 

YMeHhIIIeHneM 11no111a.n:n ce'IeHn11 o6oJio'IKH .n:o 11pe,n:ena nFPoBlas = 8FPr/as (0.025F .Zl:lIII 
Nb o60JIO'IKH 110.n: ,n:aBJieHneM ]Mfla), 06pa111aio111ero B HOJih 'IJieH B KBa,n:paTHhIX CK06Kax 

(12) H 03Ha'IaIOIIIero, 'ITO 11pe,n:eJihHhie Hallpil)KeHirn ,n:OCTHraIOTCII y)Ke .n:eiicrnneM 

Ha'IaJihHOro ,n:aBJieHHII raJa. y 11py)KHH T~oro 11pe,n:eJia HeT, IIOCKOJlhKY HX «Ha'IaJihHOe 

,n:aBJieHne» paBHO HYJIIO. 

KaK H B cnyqae 11pY)KHHHOro ,n:eMmpepa, BhI6op pa3Mepa IIOJIOCTH 110 llpaBHJIY (12) 
(«'IeM TOHhIIIe o6oJIO'IKa, TeM 60JihIIIe») YCTPaHileT oco6eHHOCTh B OTHOIIIeHHH CTaTH'IeCKHX 

(10) H .Zl:HHaMH'IeCKHX (2) Ha11p11)KeHnii (cp. C (8)): 
r 

ass=(l+y-l_!:___pU
2 )r·1

• nP0 ·(l+pcF)= 0'8 ·(Fs+pc)=_!!_i}_ 
asm 4 lo Po ✓2pUoc PsCsFs ✓2 BpUoc F PsCs _ - asmB . 

Te11JI0Boii y,n:ap CMI1r'IaeTc11 B O'smBlas = 4asmlas = 22.3 pa3a .n:n11 Hno6neBoii o6ono'IKH n B 

5 .2 pa3a .Zl:JIII CTaJihHOll n THTaHOBOll o6oJIO'IeK. 

POJih cna6oii IIPY)KHHhl B raJOBOM ,n:eMmpepe paBHOCHJlhHa YBeJIH'IeHHIO 110Kli3aTeJIII 

a,n:na6aThl .n:o 3<p<peKTHBHOro 3Ha'Iel!HII 

TO eCTh pOJih - IIOJIO)KHTeJihHall. 

_ kit 
r,ff - r+ P v. , 

0 0 

6. TernIOBOii: y.n:ap B COCTaBHLIX CTepmHHX 

CBo6o,n:Hhlll CTep)KeHh ,n:JIHHOH L, HarpeBaeMhlll c IIOCTOIIHHOH CKOpOCThlO f , OCIIHJIJIHpyeT c 

11epno,n:0M 2Vc n aM11nnry,n:oii Harrp11)KeHnii am = Ea f • L 12c . IlpocTeii111ee pe111eHne 

11po6JieMhl TY - pa.3,n:eJIHTh CTep)KeHh Ha .n:ocTaTO'IHO 6oJihIIIOe 'IHCJIO He3G6UCUMblX 'IaCTell 

BhICOToii (.n:nnHoii) h Ta.K, 'IT06h1 Harrp11)KeHn11 EaT•h/2cHe 11peBh1111ann ,n:011ycTHMhIX 

3Ha'IeHnii. MnHHMaJihHhlll OTHOCHTeJihHhIU 3a30p Me)K.Zl:y 'IaCnlMII CTep)KHII paBeH, 

O'IeBH.Zl:HO, aT, TO ecTh IIOTepn B IIJIOTHOCTH 11op11,n:Ka 1 % 11pn T = 2200K Ilpn CKOpOCTH 

t = TI 0 = 3 • l O 7 KI c n 11pe,n:ene 11po'IHOCTH BOJih<ppaMa 60 Mn a CTep)KeHh 11pn111noch 6h1 

pa.3,n:ennTh KaK MHHHMYM Ha 70 rn6neToK co cpe,n:Heii BhICoToii h = 9 MM. Pe3yJihTaTOM TY B 

TaKOM «cTep)KHe» 6hIJIH 6hI 3aTYXaIOIIIHe OCIIHJIJIIIIIHH B 11enoM HellO.Zl:Bll)KHhIX Ta6JieTOK 6e3 

y.n:apoB 110 o6ono'IKe. 

Ha llpaKTHKe, 0,n:HaKO, KOHCTPYKIIHIO H3 He3aBHCHMhIX qacTeii C MHHHMaJihHhIM' 

3a30pOM 11po111e 3aMeHHTh Ha6opoM cna60CBI13aHHhIX qacTeii CTep)KHII. CKopoCTh 3BYKa B 
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CTep)l(He, Ha6prurnoro H3 HeHAeaJihHhIX Ta6neTOK, TO eCTh HMe!OIIJ;HX IIIepoxoBaTh!e 

IlJIOCKOCTH KOHTaKTa, HH)Ke, qeM CKOpOCTh 3ByKa B CilJIOIIIHOM CTep)l(He [5] . IlpH'IHHa - B 

HeJIHHeiiHOCTH CBJI3H <<HanpJI)KeHHe - AeqiopM~HJI», B03HHKaIOIIJ;eii OT TOro, 'ITO 

AeqiopM~HH KOHI.leHTPHPyIOTCJI B MaJIOH o6nacTH B6JIH3H KOHTaKTa, TO eCTh HMe!OT 

JIOKaJihHhlll xapaKTep. IlpH KOHTaKTe IIIapoB AeqiopM~HH JIOKaJihHhl H B OTCYTCTBHe 

IIIepoxoBaTOCTH, IlOCKOJlhKY KOHTaKT - TO'le'!Hh!H. 

lllepoxoBaTOCTh He JIBJIJieTCJI cym;ecrneHHh!M qiaKTOpOM npH KOHTaKTe cqiepH'IeCKHX 

IlOBepXHOCTeii. PacCMOTPHM «cTep)KeHh», Ha6paHHhlll H3 IIIapOB OAHHaKOBoro PMHyca R. B 
[7] IlOKa3aHO, 'ITO BpeMJI coyAapeHHJI AByx IIIapoB MHOro 6oJihIIIe Ric H paBHO 

2 215 Ric 
Tc =2.94xlu=5.837(1-µ) --

115
, 

(ul c) 

rAe x - MaKCHMaJihHOe c6JIH)KeHHe IIIapoB npH AeqiopM~HH, u - HX Ha'laJihHaJI 

OTHOCHTeJihHaJI CKOpOCTh, µ - K03qlqJHI.1HeHT IlyacCOHa, C = .J E / p . ,[(eqiopM~HJI IIIapoB 

cocpeAOTO'leHa B MaJIOH o6naCTH B OKpeCTHOCTH KOHTaKTa, AeqiopM~Heii B OCTaJlhHOM 

061,eMe IIIapoB MO)KHO npeHe6pe%. C)KaThlll CTOJI6HK IIIapoB nocne CHJITHJI Harpy3KH 6yAeT 

pa3rp~aThCJI co CKOpOCThlO, paBHOH OTHOIIIeHHIO AHaMeTPa IIIapa K IlOJIOBHHe BpeMeHH 

coyAapeHHJI: 

2R &
114c (u/c) 115 

c,ff = -- = 0.6866 ~ = 0.685 C 2 215 • 
rc/2 vl-µ 2 (1-µ) 

3AeCh 6 = XI 2R - ycpeAHeHHaJI no AJIHHe «CTep)KHJI)) AeqiopMal.lHJl C)KaTHJI, KOTOpyIO 6yAeM 

C'IHTaTh IlOJIO)KHTeJihHOH BeJIH'IHHOH. 

EcJIH IlJIOIIJ;Mh KOHTaKTa C)KaTh!X IIIapoB - Kpyr PMHyca a, TO c6JIH)KeHHe IIIapoB H 

2a2 ✓2 E 1n 2 
CHJia HX CAaBJIHBaHHJI [7]: X = -- H / = ---2 V R. x 31 

• TiycTh CTOJI6HKH IIIapoB 
R 3 1-µ . 

o6pa3yIOT KBMpaTHyIO peIIIeTKy C IlJIOIIJ;Mh!O JI'leHKH (2R)2
• O603Ha'IHB HanpJI)KeHHe 

C)KaTHJI qepe3 OTHOIIIeHHe a= - f /(2R) 2
, nonyqHM CBJI3h HanpJI)KeHHe-AeqiopM~HJI B BHAe: 

1 E &312 

-(J'=-·--
3 1-µ 2 • 

3TO ypaBHeHHe COCTOJIHHJI AJIJI HaCh!IlHOro TB3Jia C ynaKOBKOH IIIapoB, COOTBeTCTByIOIIJ;eii 

npOCTeiimeii Ky6H'leCKOH peIIIeTKe. 3aKOH «TPeX BTOphIX» Ka'leCTBeHHO OTJIH'laeT ero OT 

3aKOHa rYKa: - (J' = E 6. 3AeCh H AaJiee 3HaK «MHHYC» nepeA (J' CTaBHTCJI IlOTOMy, 'ITO 

AeqiopM~HJI C)KaTHJI C'IHTaeTCJI IlOJIO)KHTeJihHOH BeJIH'IHHOH (BO H36e)KaHHe B03MO)KH0CTH 

MHHMhlX 3Ha'!eHHH d). 
Ecnn 6h! CTOJI6HKH IIIapoB 6hmH pacnoJIO)KeHhl He B KBMpaTHOH, a B TpeyroJihHOH 

peIIIeTKe C IlJIOIIJ;Mh!O JI'leiiKH ✓3R2 , TO K03qlqJHI.1HeHT 1/3 B IlOCJieAHeii qiopMyne 

3aMeHHJICJI 6h! Ha 4/3✓3 = 0.77. B cnyqae IlJIOTHOH ynaKOBKH IIIapoB (c K03qlqJHI.1HeHTOM 
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yrra.K0BKH✓2.n-/ 6 = 0.74) Ta.KHM KOJ<pqlH~HeHTOM CJIY)I(HJia 6bl BeJinqnHa 16/9✓3 = 1.03. B 
II0CJie,Z:(HeM cJiyqae KIDK.!{I,IH map Hax0.l(HTCH B BbleMKe Tp0HKH mapoB H II03T0MY CHJibl, Ha 

Hero ,ieil:crnyromne, HarrpaBJieHhl rro,i yrJioM. TaKHM o6pa:mM, ii o6meM cJiyqae 3achIIIKH 

map0B 0/:IHHaK0B0ro proMepa, CHJia C)I(aTHH, rrpHJI0)I(eHHaH K e,IHHHqHoil: IIJI0m~n Ha T0p~e 

HaCbIIIHOH K0JI0HHbl H IIp0,I0JII,HaH ,ieqiopM~HH IIOCJie,iHeil: CBH3aHbl HeJIHHeil:HbIM 

C00TH0IIIeHneM BH,la 

Es312 
-a= Const --

1
--

2
-, 

-µ 
r,ie K0HCTaHTa 3aBHCHT OT ITJI0TH0CTH yrra.K0BKH H Hax0.l(HTCH B rrpe,ieJiax OT 0.33 ):10 1.03. 
IlpnMeqaTeJibHO, qTo 3Ta <pOpMyJia He co,iep)I(HT 3aBHCHM0CTH OT pa3Mepa mapoB. 

Mo)I(HO rrpe,III0JI0)I(HTI,, qTo rrpn C)I(aTHH CTep)I(HH, pacrrHJieHH0ro Ha 0T):leJII,HI,Ie 

cerMeHThl, 3aBHCHM0CTI, Me)I(Ay Harpy3K0H H ,ieqiopM~Heil: Ta.K)I(e 6y,icr HeJIHHeHHOH. B 
pa6oTe [5] rrpe,iJI0)I(eHa 3aBHCHM0CTI, 

-a=E5_(.!._)" 
n s0 

B KOTopoil: n - HeKoe qncJI0 (n > 1 ), s ~So, a So - ,ieqiopM~HH, BbIIIIe KOT0poil: HeJIHHeHHaH 

3aBHCHM0CTb rrpeKpamaeTCH H HaqnHaeT ,ieil:CTB0BaTb 3aK0H rYKa. ECJIH 61,r Hep0BH0CTH 

K0HTaKTHI,IX IT0BepXHOCTeil: MQ)I(HQ 6bIJIO rrpe,icTaBHTb B BH):le cqiepnqeCKHX 

HeO,IHOpO,IHOCTeil:, TO CJie):I0BaJI0 6hl IT0JIQ)I(HTh: n = 3 I 2, So = 4(1- µ 2
) 

2 
(BeJIH'lHHa So 

BbI6patta rrpH 3HaqeHHH Const = 1 I 3 ). O,iHaKO 3KCIIepHMeHTI,I [ 5] co CTep)I(HeM, Ha6paHHI,IM 

H3 <pap<popoBbIX Ta6JieTOK, IT0Ka3aJIH, ~o n = 2 + 3' a So rropH,iKa 10-3• 3qi<peKTHBHaH 

CK0p0CTI, 3ByKa B C0CTaBH0M CTep)I(He, K0T0paH H3MepHJiach Herrocpe,icrneHH0, 

orrpe,ieJIHeTCH cornacH0 Te0pHH [5] c II0M0mi,IO Bblpa)I(eHnH: 
n-1 

c,JJ = c __ l_(.!._)T 
✓n So 

Ilo,icTaBJIHH CIO,la n = 3/2, So = 4(1- µ 2)
2

' Hax0,IHM, qTQ CK0p0CTI, 3ByKa B CTOJI6e mapoB 

s1'4c 
):IQJI)I(Ha 61,ITI, paBHa, cornaCH0 3TOH Teopnn, c,jf = 0.5774 ~ BMeCT0 «ToqHoro» 

vl-µ2 

s1'4c 
3HaqeHHH c,jf = 0.6866 ~ ' Hail:,ieHHoro BI,IIIIe. TeopHH 

vl-µ2 

3aHH)I(eHH0e Ha 16% 3HaqeHne J<p<peKTHBHOH CK0p0CTH 3BYKa. 

[5] B ,laHH0M CJiyqae ,iaeT 

TeIIJIOBOH y,iap B C0CTaBH0M CTep)I(He OCJia6JIHeTCH no cpaBHeHHIO c TY B CIIJI0IIIH0M 

CTep)I(He B 

pro • .[(mr mapOBOH 3aCbIITKH 

N- Es_ 1-µ2 

- -a - Const✓&' 

r,ie Const= 0.33 + 1.03 . 
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Ha OCHOBaJillll 3KCrrepHMCHTOB [5] ycTaHOBJICHO, qTo BeJinqnHa Co 

rrporropUHOHaJihHa qncJiy pa3pC3OB Ha C,'IHHHny ,'IJIHHbl CTCp)KHH. Ilpn 6oJihIIIOM qncJie 

pa3pC3OB Co o6paTHO rrporropnnoHaJibHa BhICOTC CerMCHTa (Ta6JieTKn). ,[(JI» 

HCIIOJib3OBaBIIIHXCH B OIIhITax qiapqiopOBhIX Ta6JieTOK, IIIepoxoaaTOCTh KOTOpb!X 6bIJia, rro

Bll,'IHMOMY, rropH,'IKa 0.01 MM, 

0.05 
Co= h(MM). (13) 

IloJiara» 3TY q>OpMyJiy crrpaBC,'IJIHBOll ll ,'IJIH BOJibq>paMa, IIOJiyqaeM Co= 0.1 ,'IJIH 

BOJibq>paMOBhIX Ta6JICTOK Bh!COTOIT h = 0.5 MM. Ilpn rro,1Orpeae BOJibq>paMa Ha 2200 
rpa,1ycOB ,1eqiopMann» C = a T = 0.01122 . EcJIH rrpn 3TOM B3HTh ,'la)Ke Hll)KHIQIO oneHKY 

n = 2, TO OCJia6JICHHe TY a TaKOM CTCp)KHC (Ta6JieTKH BbICOTOil. 0.5 MM): 

N= 
2

c0 =18. (14) 
C 

EcJIH )KC B3HTh BepXHIOIO OUCHKY n, TO q>aKTOp CMHfqCHHH BO3pacTaeT Ha IIOpH,IOK: N = 240 
rrpn n = 3. ,[(JI» cpaBHCHHH: OCJia6JieHIIC TY B MHIIICHH, KOTOpa» Ha6paHa H3 CTOJI6HKOB 

BOJibq>paMOBh!X IIIapOB a KBa,'lpaTHOll peIIICTKe (Const= 1/3, µ = 0.3 ), 

1-µ2 
N=3 ✓& =26. (15) 

<l>aKTOpbI (14) ll (15) HMCIOT cyinecrneHHYIO pa3HI1ny: OUCHKY (14) JICfKO yaeJinqnTh Ha 

rrop»,'IOK, yaeJinqna COOTBCTCTBCHHO IIIepoxoaaTOCTh Ta6JieTOK, TOf,'la KaK ,'IJIH ,'laJIHOll 

yrraKOBKH UOeaJlbHblX IIIapoB oneHKa (15) CTPOfO q>HKCHpOBaJia. licrroJih30BaHHC 

IIIepoxoBaTb!X IIIapoB rrpaKTnqeCKH He YBCJinqnT rropncTOCTH MHIIICHH, 3aTO cyinecTBCHHO 

IIOBhICHT ee ,'ICMIIq>HpYIQIUHe cBoil.crna (pe3yJihTHpy10iunil. q>aKTop CM»rqeHn» TY 6y,1eT, rro

BH/:IHMOMY, orrpe,1eJIHTbCH rrpOH3BC,'ICHHCM BCJIHqnH THIIa (15) n (14)). IlocJie Ka)K,'IOfO 

llMIIYJibCa BCTPHXHBanne MHIIICHH 6y,1eT o6HOBJIHTh KOHTaKT Me)K,'ly IIIapaMH, rrpe,1ornpaiua» 

BO3MO)KHOCTh HaKJierra. Ilo cpaBHCHHIO co CTOJI60M Ta6JICTOK, ,1OJIH MeTaJIJia, 3arroJimnoinero 

o6oJioqKy, B cJiyqae IIIapoBoil. 3aCbIIIKH 3HaqHTCJihHO Hll)Ke: He 6oJiee 74%, CCJIH He 

HCIIOJib3OBaTb IIIapbl pa3HhIX ,'IHaMeTpOB. Ilo3TOMY 3aChIIIKa rnapoB HC B o6oJioqKn, a 

Herrocpe,'ICTBCHHO B Koprryc MlllIICHH 6y,1eT llMCTh oqeBH,'IHbie rrpenMyinecTBa B IIJIOTHOCTH. 

HcIIOJih3YH CTCp)KHll, Ha6paHHh!C ll3 ,'IHCKOB C rnepoxoBaTOCThIO rropH,'IKa 0.01+0.l 
MM, 3aChIIIKY rnepoxoBaTbIX rnapOB pa3HhIX (,1Byx - Tpex) ,'lllaMCTPOB HJIH KOMIIO3HUHH, 

rro,106Hhie KHprrnqHoil. KJla,'IKe ll3 rnepoxoBaTbIX 3JICMCHTOB, MO)KHO B ,'ICCHTKH ll ,'la)Ke COTHH 

pa:3 OCJia6HTh TCIIJIOBOIT y,1ap rrpn coxpaHCHHH ,'IOJIH MCTaJIJia Ha ypOBHe 90%. 

7. TerrJIOBOH y,1ap B ,'IByx4>aJHOH raJO-lKll,'IKOCTIIOH cpe,1e. 

)Kn,'IKOCTh, CO,'ICp)Kaina» faJOBhlC IIY3hlpbKH, - ropa:3,'1O MCHee yrrpyroe o6paJOBaHne no 

cpaBHCHHIO C qncrnil. )Kll,'IKOCThIO. Mo,1yJih yrrpyrocTH pc2 
,'IByxq>aJHOll cpe,'lhl HH3OK 
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rJiaBHhIM o6pa30M H3-3a HH3KOH CKOpOCTH 3B)'Ka C B raJO-)KH)lKOCTHOH CMeCH )la)Ke rrpH 

OTHOCHTeJihHO MaJIOM CO)lep)KaHHH raJa, KOr)la IIJIOTHOCTh p CMeCH Marro OTJIH'laeTCH OT 

IIJIOTHOCTH Po 'IHCTOH )KH)lKOCTH. EcJIH )lAA 'IHCTOH iKH)lKOCTH (HH)leKC «O») ypaBHeHHe 

COCTOHHHH HMeeT BH/l p = P - P0 = p 0c; ( a,0T - v ~
0

v
0 J, r)le p 0c; - MO/lYJih o6oeMHOil: 

yrrpyroCTH, Bhlpa)KeHHhIH qepe3 IIJIOTHOCTh H CKOpOCTh 3B)'Ka, avo - K03q>q>HJ.(HeHT 

o6'heMHOro pacrrrnpeHHH, T - IIO)lOrpeB H ( V - Vo)/ Vo - OTHOCHTeJihHOe H3MeHeHHe 

y)leJihHOro o6'beMa 'IHCTOH )KH)lKOCTH, TO )lJIH )KH)lKOCTH, CO)lep)Karrieil: fa3 c o6'heMHOH 

)lOrreil: &
1 

, ypaaHeHHe COCTOHHHH Bblpa3HTCH qepe3 HOBbie 3Ha'leHHH rrapaMeTpoB: 

(16) 

3)leCb av H V - COOTBeTCTBeHHO K03!p!plll(HeHT o6'heMHOro pacrrrnpeHHH H y)leJibHbIH o6'heM 

CMecn. EcJIH raJ He ycrreBaeT rrporpeBaTbCH 3a BpeMH BCIIbIIIIKH, TO eCTb TenJIOBaH 

nocTOHHHaH BpeMeHII fa3OBbIX nY3blpbKOB O'leHb BeJinKa no cpaanenmo C 0, TO C)KaTne raJa 

MO)KHO C'lHTaTb a)lna6aTH'leCKHM. B 3TOM cJiyqae av = (1-c')avo, a MO)lyJib o6oeMHOH 

ynpyrocTH p c2 
H8XO)lHTCH H3 ypaaneHHH )lAA C)KHMaeMOCTH CMeCH, paBHOH 

cpe)lHeB3BeIIIeHHOMy no o6'beMHbIM )lOJIHM KOMnoneHT 3Ha'leHHIO BH)la 

1 1-&' &1 

--=--+---------
pc2 p0c; r P+(y-l/3)2a/ R 

(17) 

3)leCb r = C p I CV nOKa3aTeJib a)lHa6aTbl raJa, a - K03q>!plll(HeHT noaepXHOCTHOro HaTH)KeHHH 

(450 )lHIDCM ilAA CBHHJ.(a); rH)lpOCTaTH'leCKOe )laBJieHHe a )KH)lKOCTH P n cpe)lHHH pa)lnyc 

nY3blpbKOB R MO)KHO 3aMeHHTh HX Ha'laJibHblMH 3Ha'leHHHMH Po H Ro. <l>opMyJia (17), 
norryqennax npn MaJibIX BO3MymenHHX nrroTnocTn raJa, corJiacyeTcx c 

3KcnepnMeHTaJibHbIMH )laHHblMH no H3Mepenmo CKOpOCTH pacnpOCTPaHeHHH y)lapnbIX BOJIH 

B BO)lO-B03/lYIIIHOH CMecn [8]. Harrn'llle KaIIHJIAApHOH COCTaBJIHJOIJ.(eil: B (17) o6'hHCHHeT, no

BH)lllMOMY, H npnpo)ly 3aperHCTPHPOBaHHbIX OCJ.(HJIAAJ.(HH )laBJieHHH nocJie npoxo)K)leHHH 

y)lapnoil: BOJIHbl. 

IlocTOHHHaH apeMenn rry3bipbKa nopx)lKa P'R 2 I 6J.'T', r)le J.' - TenJionpoBO)lHOCTh 

raJa, a P' H T' - ero )laBJieHne H a6COJIIOTHaH TeMneparypa. 3na'IHT, IIY3bipeK C)KHMaeTCH 

a)lna6aTH'leCKH, ecJin P'R 2 I 6J.'T' >>0. C /lpyroil: cTOpOHbI, 1IT06b1, )KH)lKOCTb ycrreaarra 

(KBaJHCTaTH'lecKn) pacIIInpHTbCH BOBHYTPh ny3b!pbKOB raJa, cpe)lnee paccToxnne l Me)K)ly 

nY3blpbKaMH )lOJI)KHO 6bITb MHOro MeHbIIIe paCCTOHHHH, KOTopoe npOXO)llll' 3B)'KOBaH BOJIHa 

B 'lHCTOil: )Kll)lKocTH 3a apeMx neil:TPonnoil: acnbIIIIKH: l << c00, T.e. npH 3a)laHHOM 

CO)lep)KaHHH raJa 
4 -c' =-tr(R/1)3 

3 
pa3Mep nY3blpbKOB 6y)leT orpaHH'leH caepxy 

MaKCHMaJibHO )lonycTnMoil: BeJIH'lnnoil: l . Crre)loBaTeJibHO, ycJIOBHH a)lna6aTH'lHOCTH I! 
KBa3HCTaTH'lHOCTH C)KaTHH orpaHH'lHBaJOT pa!lnyC IIY3blpbKOB B npe)leJiax 
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0✓6Xr' IP'« R « e001/3c' / 4,r 

~JUI KCeHOHa, 06na.r1ruornero HaIIMeHI,IIIeii TeIIJIOIIpOBO)];HOCThlO cpe,1:1u HHepTHhIX nnoB, 

Hll)KHHH npe,1:1eJI OKOJIO 0.1 MM; ,':(JUI renmr - 0.4 MM. BepxHHH rrpe,1:1eJI - rropll,LU(a 

CaHTHMeTpOB rrpu co,1:1ep)KaHHH ra:m &
1 
rropR;:i;Ka 0.1. 

~Jljl Harnux ~eneii ypaBHeHHe COCTORHHR y;:i;o6Heii 3arrucaTh B BH,':(e 

p = p - Po = Poe; (a r - V - Vo ) 
Z +1 vO (1-&')Vo ' 

(18) 

r,1:1e Z + 1 MO)KHO Ha3BaTh cpaKTOpOM CMRr'leHHR TeIIJIOBOro y,1:1apa. 3To - BeJIH'IHHa, 

IIOKa3hIBaIOIIIM, BO CKOJihKO pa3 ,':(aBJieHue B CMeCH HH)Ke ,':(aBJieHHR B 'IHCTOH )KH,':(KOCTH rrpu 

HX H30XOpH'leCKOM no;:i;orpeBe Ha O,':(HHaKOBOe 'IHCJIO rpa.z:1ycoB r. I10,1:1orpeBaeM8.ll 

)KH,':(KOCTh 6y;:i;eT pacrnupRThCR BOBHYTPh IIY3hlphKOB, ,':(aBJieHHe 6y,1:1eT penaKCHpOBaTh 6e3 

pacrnupeHHR MHIIIeHH KaK ~enoro. ITpu a,r(Ha6aTH'leCKOM C)KaTHH IIY3hlphKOB (He 

o6R3aTeJihHO MaJIOM): 

z _ p 0e; (1- R
3 

I Rt)·&' 1(1- &
1

) _ &
1 

p 0e; I Y P0 [l 2a- (l 1 )]-' 
- P;(RtrlR 3r-1)-(R

0
/R-1)2a-lR

0 
-1-c'· (l+Y)q(Y). + R

0
P

0 
-3y 

(19) 

3,1:1ech Y = Rt I R3 -1 - cTerreHh C)KaTHR rry3hiphKOB, P; = P0 + 2a- I R0 Ha'laJihHoe ,':laBJieHue 

B ra3e. <PYffK~HR s(Y,l HMeeT BU,':(: 

(l+YY -1 [(l+YY -1 (1+Y)"
3 -lJ q(Y)=---+r --- 3---- . 

yY yY Y 

Ko3cpcpm:~ueHT r = (2a- / R0P0 ) • [3y + (3y-1)(2a- I R0P0 W < 1 !(3y -1) Man, II03TOMY BTOphlM 

cnaraeMhIM B 3TOH cpopMyne MO)KHO rrpeHe6pe'lh. BenutJuHa Y = Rt I R3 -1 Haxo,1:1uTcR H3 

ypaBHeHlljl: 

l c'/(1-c')-a.or ,Y=~·Y(l+Y)q(Y), 
a r a.or vO 

(20) 

r;:i;e Xo = JPo 2 [1 + 2
0- (1 -_!__)] -MaJiall BeJIH'IHHa. I1o3TOMY B rrepBOM rrpu6JIH)KeHHH 

Poeo Ro Po 3y 

y"' a.or. k' /(1-&')-a.orJ-'. 
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TAI,JIHD;A 4. cl>a1rrop CMHP1euun TCDJioBoro yAapa (Z + 1) u cTeneuL cmaTHH ra1a 

( Y = Rg I R3 -1) B JaBucHMOCTH oT ua'laJILHOii 061,eMuoii /l:OJIH nycToT c' ll:JIH 6oJILmux 

( 2u I R0 P0 « 1) u MCJIKHX ( 2u I RoPo = 1) Hy3Lipeii. AAua6arn'lecKoe npu6Jiumeuue. 

Z+l y 

&' 
2u/ R0 P0 =0 2ul R0 Po = 1 2ul R0 P0 =0 2u/R0 P0 =1 --

a,0T 

0 1 1 - -

0.5 2.2 2.2 1390 870 

0.75 7.1 7.1 625 380 

0.85 95 71 96 72 

0.9 1144 587 15.8 15.5 

1 5280 2760 4.88 4.87 

1.18 14800 8400 2.1 2.1 

2 77100 42500 0.5 0.5 

Ilp11 CKalJKoo6pa3HOM U0BblllieHIIII TeMrrepaTYPbl )!(11/l:K0ro CBIIHI(a OT T0'IKII 
rrnaBneHll.ll ,ll0 T0'IKII KlllleHll.ll BenH'!IIHa TeMrrepaTYPH0ro CKalJKa T = 1420!(, :mepm.ll 
HMrryn1,ca 0.2 I'J(:JtC II CKa'I0K ,llaBneHH.ll B 'IIICTOM CBIIHI(e 61,m 61,1, cornaCH0 Ta6n.1, 0K0no 
60000 amM. Ilpn Hanll'!IIH raJOBOH q>a3hl ,llaBneHlle B CMeCH paCC'IIIThIBaCTC.ll 110 q>OpMynaM 

(18)-(20) rrpn 3MaHHhlX 3Ha'!eHIDIX Ha'lanbHOii 11op11CT0CTII c' H Benll'IHHI,I a,oT. I·fa (20) 

orrpe,llen.llCTC.ll C)l(aTHe rry3hlpeii y' H3 (19) H8X0,ll11TC.ll q>aKTOp z, KOTOpbIH II0,llCTaBn.llCTC.ll B 
q>OpMyny ,lln.ll ,llaBneHH.ll (18). Pe3yn1,TaThl TaKIIX pac<JeTOB rrp11Be,lleHI,I B Ta6n.4 ,lln.ll q>aKTOpa 
CM.llPieHH.ll TY II C)l(aTH.ll IIY3wpeii B 3aBIICHM0CTII OT Ha'!anbHOH II0pllCT0CTII cpe,llI,I, 
H3Mep.lleMoii B ,ll0n.llX rrporn03npyeM0ro pacumpeHH.ll )l(IIAK0CTII 

a,oT = 0.00012 -1420 = 0.17. O6pfill(aCT Ha ce6.ll BHIIMaHlle pe3Ka.ll 3aBIICIIM0CTI, q>aKTopa Z 

OT II0pllCT0CTII B paiioHe 8 I a,oT = 1, a TaK)l(e 6onbIIIa.ll CTerreHI, C)l(aTll.ll IIY3hlpeii, no 

CYIIIeCTBY IIX cxn0IIhlBaHHe, rrp11 8 I a,oT < 1 • Pac<JeThl BhlII0nHeHHbie ,lln.ll «MenKHX» 

IIY3bipeii C00TBCTCTBYIOT PMIIYCY Ro .,, 0.01.M.M. B MHa6aT11'leCKOM rrpn6n11)l(eHHII TaKlle 

IIYJhlpll paccMarp11Ban, He KoppeKTHo, II03T0MY ,llaHHhle rn6n.4 ,lln.ll 2u I R0P0 = 1 

rrpaKTH'leCK0ro 3Ha'!eHIIH He IIMeIOT. 
MenKHe IIY3hlpI,K11 HHepruoro raJa pa3MepoM rrop.ll,llKa 0.01 MM n MeHee ycrreBaIOT 

rrporpeBaTI,CH 3a C'!eT T0nI,K0 0,llH0ro MeXaHH3Ma Terrnorrp0B0,llH0CTII. Cne,lloBaTenbHO, 

M0)l(H0 rrpe,llIIono)l(HTI,, 'ITO TeMrrepaTYPa raJa C0BIIMaCT C TeMrrepaTYPOH CBIIHI(a. Tor,lla, B 
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ypaBHemrn: COCTOHHllil (16) K03!p!pIIn;IIeHT TepMIIqecKoro pacnmpemrn CMeCII 6y)leT 

CO)lep)KaTb II raJOBYJO KOMIIOHeHry: 

, ( P;. Z) a =(1-& )· a +--·-
' '

0 p
0
e; r; . 

3)lecb P; = P0 + 2a I R0 II r; HaqanhHhie )laBJieHIIe II a6coJIIOTHaH TeMneparypa raJa, a 

Ko::icpcpIIn;IIeHT Z onpe)leJIHeTc» Tenepb no qiopMyne ( T' = r; + T ): 

, y 2 z-_&_____ Poeo . 
-1-&' l+Y Y-P;T'IT;-((l+Y) 113 -1)·2a/R0 ' 

(21) 

npIIqeM 

2 
& Poeo 

limY➔O Z = 1-&'. P;T' 1r;-2a/3Ro 
(22) 

OTCIO)la, C)KIIMaeMOCTh CMeCII (cp. c (17)): 

_1_ = (1 + z)--1-_&_' = _1-_c_' +---&' __ _ 
pe2 p 0ei p 0e; P;T'1T;-2a/3R0 

113 cpaBHeHIIH paBHOBeCHoro Z - qiaKTopa (21) c a)lIIa6aTIIqeCKIIM (19) BII)lHO 

HeKOTOpoe npeIIMyil!eCTBO nocJie)lHero, TO eCTh )lJIH 6onee ::iqiqieKTIIBHOro CM»rqeHIIH TY 
npe)lnoqTIITeJibHee Kpyrrnhie ny3hlpII raJa: )lIIaMerpoM 1 MM II BhIIIIe. Tpe6oBaHIIH K CaMOMY 

raJy npHMO npOTIIBOnOJIO)KHbl rpe6oBaHlli!M K raJOBOMY )leMnqiepy B n.5: HaqaJihHOe 

)laBJieHIIe raJa )lOJI)KHO 6hITh KaK MO)KHO MeHbIIIe, noKaJaTeJib a)llla6aTbl - MIIHIIMaJlhHhlll 

(xorn 3)leCb BhI6opa no CYil!eCTBY HeT - IIHepTHbie raJhI), TennonpOBO)lHOCTh -

MIIHIIMaJihHaH. faJOBhie IIY3blpbKII B )KII)lKOCTII - CKOpee CB060)lHOe npocTpaHCTBO )lJIH 

paCIIIIIpeHHH nocJie)lHeii, He)KeJIII yrrpyra» )leMn!pIIPYJOillaH cpe)la. 

TaKIIM o6pa30M, CBIIHU:OBaH MIIIIIeHb C raJOM ::iqicpeKTIIBHO raCIIT TY BnJIOTb )lO 

TOqKII KIIneHllil CBIIHn;a, O)lHaKO )lOJIH raJa )lOJI)KHa 6bITh ne MeHhIIIe nporH03IIpyeMoro 

TepMIIqecKoro paCIIIIIpeHIIH )KII)lKOCTII, TO eCTh He MeHee 17%. EOJibIIIOH K03!pqJIIn;IIeHT 

061,eMHOro paCIIIIIpeHIIH )Kil)lKOCTII B )laHHOM cnyqae HBJIHeTCH 3HaqIITeJibHhIM He)lOCTaTKOM 

B TB3JlhHOM BapIIaHTe MIIIIIeHIIH II3-3a 6oJibIIIOH 06I1Ieii nopIICTOCTII. O)lHaKO, 3anom1eHIIe 

CBIIHU:OM Bcero 061,eMa MIIIIIeHII 6y)leT IIMeTh CBOII npeIIMYil!ecria. IlpIIBJieKaTeJieH BapIIa!IT 

3aCbIIIKII MIIIIIeHII TBep)lOH CBIIHI(OBOH )lp06hl0 B IIHepTHOM raJe C K03!pqJIIn;IIeHTOM 

ynaKOBKII 0.74. YBeJIIIqeHIIe 061,eMa CBIIHn;a npII nJiaBJieHIIII BO BpeMH IIMIIYJibCa CHII)KaeT 

nopIICTOCTh c 26 )lO 20% II )laJibHeHIIIIIH pa3orpeB 6y)leT llpOIICXO)lIITh c HaqaJihHhIM 

co)lep)KaHIIeM raJa &' = 0.2. 

3a cqeT pa3orpeBa II nJiaBJieHIIH TBep)loro CBIIHn;a yBeJIIIqIIBaeTCH II npe)leJibHaH 

3HeprnH IIMnynhca: c 0.20 )lO 0.26 I'):JIC!m. i\)lIIa6arnqeCKIIH !paKTOp CMHrqeHIIH TY B '.!TOM 

cnyqae oKono 15000 (npe)lnocne)lHHH crpoKa ra6n.4). AMnnIIry)la )laBJieHIIH npII TY 

CHII)KaeTCH )lO COBepIIIeHHO 6e3onaCHhIX 4 amM. (B TBep)lOH 3aCbIIIKe TY onacHOCTII TaK)Ke 

He npe)lCTaBJIHeT II3-3a HII3KIIX yrrpyrIIX xapaKTepIICTIIK CBIIHn;a II HII3KOH TeMneparypbl 

nnaBnemrn). 
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ITocJie HMITYJILCa pacrmaBJieHHLIH CBHHeII, BMeCTe C ITPO.zzyKTaMH ,D;eJieHmI, 

CJIHBaeTCX B OTCTOHHHK, neryqne ITpO,D;YKTLI peaKUmi, BMeCTe C ,D;eMmpnp)'IOIIIHM rmoM, 

C,D;yBaIOTCX, qepe3 qJHJIJ,TPLI, HJIH Ha xpaneHne B CITeIIHaJIJ,HJ,Ie eMKOCTH, HJIH 

HeITOCpe,D;cTBeHHO B aTMocqiepy (eCJIH :no B03MO)KH0 ITO 3KOJIOfH'IeCKHM HOpMaM). K 

oqepe,D;HOMY HMITYJILCy MHIIIeHJ, roTOBHTCX H3 CBe)KeH 3aCJ,IJIKH HJIH H3 O'IHUieHHOro CBHHIIa, 

KOTOpLIH HCITOJlb30BaJICX panee. CyurecTBeHHJ,IM He,D;OCTaTKOM CBHHIIa ITO cpaaHeHHIO C 

BOJlbqJpaMOM XBJIXeTCX ero HH3Kax (B 4 pma) 3HeproeMKOCTh H HH3Kax ITJIOTHOCTh: ITpn 

O,!J;HHaKOBOH ITOpHCTOCTH KOHIIeHTPaIIHX TX)Kefilrx X,!l;ep y BOJIL«ppaMa a 2 pma BbIIIIe, 'IeM y 

CBHHIIa. ITpnBJieKaTeJibHOH CTOpOHOH XBJ!XeTCX ITpOCTOTa H Ha,D;e)KHOCTh KOHCTPYKIIHH. 

8. 3aKJIIO'ICIIHe. 

TeITJIOBOH y,D;ap ITPH CKa'IKax TeMITepaTypLI B HeCKOJlbKO ThlCX'I rpa,!J;YCOB - BITOJIHe 

peIIIaeMax HH)KeHepHax ITp06JieMa, TPe6)'IOurax He TaKHX ~ H 60JIJ,IIIHX ITOTep1, B 

qJH3H'IeCKHX xapaKTepncTnKax MHIIIeHn, B ITepB)'IO oqepe,D;L - B cpe,D;Heil KOHIIeHTPaIIHH 

TX)KeJibIX X,!l;ep. 

- ITp~HHHO-rmoBIJe ,D;eMIT«pephl ,!J;OCTaTO'IHO 3cp«peKTHBHO raCXT TY H ITpaKTH'IeCKH 

He TPe6)'IOT yBeJin'IeHHX ITOpHCTOCTH MHIIIeHH. 0,D;HaKo OHH TPe6)'IOT 6oJILIIIOro CB060,D;HOro 

ITpOCTPaHCTBa Ha KOHIIax cTep)KHX. 3TO HCKJIIO'IaeT B03M0)KHOCTJ, pmMeureHHX CTep)KHeil: 

ITOITepeK ITyqKa. 

- CocTa.BHLie CTep)KHH H Boo6ure MHIIIeHH, Ha6paHHJ,Ie H3 60JibIIIOro 'IHCJia KYCKOB C 

IIIepoxoBaTbIMH ITOBepxHOCTXMH KOHTaKTa, HMeIOT ITpOCT)'IO KOHCTPYKIIHIO H IT03B0AAIOT 

CMXr'IaTJ, TeITJIOBOH y,D;ap a COTHH pm ITpn ITOTepxx a cpe,D;Heil ITJIOTHOCTH MeTaJIJia ,!J;O 10%. 

- HaCbIIIHhle MHIIIeHH H3 IIIapoB pmHbIX ,!l;HaMeTPOB CMXr'IaIOT TY B ,D;eCXTKH pm ITPH 

H,D;eaJILHLIX n B cornn pm ITpn IIIepoxoaaTLIX IToaepxHocrnx KOHTaKTa, 06ecITe'Illaax ITPH 

3TOM 061,eMH)'IO ,!J;OJIIO MeTaJIJia Ha ypoBHe 90%. 

- )Kn,D;KOMeTaJIJIH'IeCKHe CBHHIIOBLie MHIIIeHH C ITYJhlpLKaMH rmoBOH qim1,r CMXr'IaIOT 

TY B ,D;eCXTKH ThlCX'I pm ITpn 061,eMHOH ,!J;OJie MeTaJIJia 20%. XapaKTepHbIH pmMep 

ITY3bipbKOB H 061,eMHax ,!J;OJIX rma KOffTPOJIHp)'IOTCX ecTeCTBeHHJ,IM o6pmoM - ITO 

ITapaMeTPaM 3aChlIIKH CBHHIIOBOH ,D;po6n B MHIIIeHb. MaKCHMaJIJ,Hax 3HeproeMKOCTh 

KOH,D;eHCHpOBaHHOH CBHHIIOBOH MHIIIeHH (260 M/(:JK:!m) B 4 pma HH)Ke ITO cpaaiieHHIO c 

BOJlbqJpaMOBOH MHIIIeHbIO. 
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XAPAKTEPIICTIIKII IIMIIY JlbCHOro PEAKTOPA «.S.IrY AP» KAK 
IICTQqHIIKA HEHTPOHOB ,[J;JI.H IIPOBE,[J;EHII.H IIP.HMOro 

II3MEPEHII.H CEqEHII.H NN-PACCE.HHII.H 

E.I'JleeaKoe. B.B.A11opeee, B.B.3axapoe, A.I'Kponomyxu11, H.II.KypaKoe, 
B.I1.Jlumeu11, A.E.JlbZ;JJCUH, O.A.Mu112moe, B.MOnapu11, A.MIJepeeCllloe. 

PoccniicK11ii <l>e.L1epaJibHLiii JD.epHbiii ll,e11Tp 
BcepoccniicKnii Hay'lno-1IccJie.L10BaTeJibCKHii II11cTHTYT Texun'lecKoii <1>11111KH, 

r.C11emn11cK, Pocc1rn. 

AHHomaL(UR. 

PaCCMOlpeHI,I oco6e11HOCTH K0HClpYKQHH, C0CTaBa T0IIJIHBa II pe)KHM0B 

pa6on,I pacrnopnoro lfMIIYJibCH0ro peaKTopa JlfY AP, B K0T0p0M pa3JICT T0IIJilfBH0ro 

pacrnopa BO BpeMJI IIMIIYJibCa .neJieHIIll 11p01ICX0,LIHT 11pelfl\fYIQeCTBe1rno B 

pa,LIIIaJibH0M , 11a11paBJieHlflf. TiplIBe,LleHbl 0CH0BHhle Jl,LlepHO-q>If31IqecKIIe 

xapaKTepm:1_1IKII peaKTopa, a TaK)Ke pe3yJibTaTbl II3Mepeirnil: 11p0ClpaHCTBeHHhlX 

pac11pe.neJieH1Ill If ClleKlpaJibHblX xapaKTeplICTlfK IIOJieil: TellJI0BbIX II Ha.[ITellJI0BhlX 

HelllpOH0B, q>OpM1IpyeMbIX K0HBeprnpyIDIQIIMlf YClpOllCTBaMII peaKTopa. 

BaeoeHue. 

PeaKTop JlfY AP [I] 0TH0CIITCJI K KJiaccy a11ep1I0.L\IfqecKIIx IIMIIYJibCHhlX 

peaKTopoB, K0T0pbie JIBJIJllOTCJI HaII6oJiee M0IQHblMII ( cpe,LIII II3BeCTHhlX 

Jia6opaTOpHbIX IICToqHIIKOB) IIMIIYJibCHbIMII IICTQqHIIKaMII TJ,Y- II3JiyqeHlfji, Cpe,LIII 

HlfX 3K0H0MIIqH0CTblO If BbIC0KlfMII ,LI0CTHrHYTbIMII 11apaMClpaM1I II0JIJI II3Jiyqemrn B 

60JibIIllfX 110 061,eMy II0JI0CTJIX BbI.[leJIJllOTCJI pacrnopHbie IIMIIYJibCHbie peaKT0pbI. 

OcHOBHhlM He.[I0CTaTK0M paCTB0pHbIX 1151P JIBJIJICTCJI 3HaqIITeJibH0 6oJibIIIaJI, 110 

cpaBHeHmo C MCTaJIJIIIqecKIIMII peaKTopaMH, .LIJIIITeJibH0CTb IIMIIyJibC0B .neJieHIIll II, 

C0OTBCTCTBeHH0, MeHbIIIM IIJI0TH0CTb II0T0Ka HClllpOH0B. 

YMeHbIIIeHIIe .LIJIIITeJibH0CTII IIMIIYJibCa 11p1I qiopcrrpoBaHIIII pe)KHM0B pa60Tbl 

peaKTopa CBJl3aHo C ne11po11opQII0HaJibH0 CIIJibHbIM p0CT0M MexaHnqecKIIx narpy30K 

Ha Kop11yc, If 1103T0MY orpaHIIqeno ero KOHelJHOll llp0'-IH0CTblO. BcJie.[ICTBIIe 3Toro, 

11p1I qiopc1IpoBaH1III pe)K1IMa pa60Tbl paCTBopnoro 1151P HaII60Jiee YHIIBepCaJibHbIM, a 

B PJ1.L1e CJiyqaeB If e,LIIIHCTBeHH0 B03M0)KHbIM JIBJIJICTCJI II0IICK IIYTeil: CHlf)KeHIIJI 

,LIIIHaMHlJeCKIIX Harpy30K Ha MaTepIIaJI K0p11yca aKTIIBHOll 30Hbl (A3). 

B lJaCTH0CTlf, ,LIIIHaM1IlJeCK1Ie Harpy3KII B03M0)KH0 CHlf31ITb B TaK0M yClpOllCTBe, 

K0Topoe 1103B0JIJICT pa3MeIQaTb )Klf.LIKYlO aKTIIBnyID 30HY Ha HeK0T0p0M paCCT0JIHIIlf 

OT CTeH0K Kop11yca If TeM caMhlM ,LI0IIYCKaCT ee pa3JICT II0CJie lfMIIyJibCa .neJieHIIll B 

IIOJIHblll TeJieCHhlll yroJI ("pa:1pyIIIalOIQaJICJ1" aKTIIBHaJI 30Ha). 
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~JUI peaKTopa 51fY AP 6hm npeAJIO)KeH coBeprneHHO HOBhitt cnoco6 

pa3Mememrn paCTBOpHOll aKTIIBHOll 3OHhI C IICnOJih3OBaHIIeM B03AYIIIHOil: "nOAYIIIKH", 

'ITO AOCTIIraeTCH npIIMeHeHIIeM COTOnOA06Hoil: KOHCTPYKQIIII co MHO)KeCTBOM rnyxIIX 

BO3AYIIIHhIX "KapMaHOB", pacnOJIO)KeHHhIX no BHYTPeHHeMy nepIIMeTPY 

QIIJIIIHApIIqecKoil: CTeHKII Kopnyca. IlpII 3anoJIHeHIIII TaKOll KOHCTPYKIIIIII pacTBopoM 

BffYTPII BO3AYIIIHhIX "KapMaHOB" CO3AaeTCH He60JihIIIOe II36bITOqHoe AaBJieHIIe raJa 

(B03AYIIIHaH nOAYIIIKa), KOTOpoe II npenHTCTBYeT AaJihHeil:rneMy 3anoJIHeHIIIO 

"KapMaHa" (6oJiee noApo6Ho KOHCTPYKIIIIH :noro AIICTaHQIIIIpy10mero ycTPoil:cTBa 

npIIBeAeHa HII)Ke). 

Bo BpeMH IIMnyJihCa AeJieHIIll pa3BIIBaIOIIIeecH IIHepQIIaJihHOe AaBJieHIIe BO 

MHOfO pa3 npeBbIIIIaeT HaqaJibHOe AaBJieHIIe raJa B "KapMaHax", II paCTBOp MO)KeT 

CB060AHO pa3JieTaThCH KaK B aKCIIaJihHOM, TaK II B paAIIaJihHOM HanpaBJieHIIHX. 

HII)Ke npeACTaBJieHhI KOHCTPYKIIIIH Kopnyca aKTIIBHOil: 3OHhI (A3) peaKTopa II 

ero TeXHOJiomqecKOll CHCTeMhI, a TaK)Ke OCHOBHhie pe3yJihTaThI 3KcnepHMeHTaJihHhIX 

IICCJieAOBaHHll 

KoHcmpy«u,uR pea«mopa RrYAP. 
B coCTaB peaKTopa 51rY AP BXOMT: 

• Kopnyc aKTIIBHOll 3OHhl (A3) C MexaHH3MOM ynpaBJIHIOIIIIIX CTep)KHeil: H 

MexaHH3MOM 3arpy3KH o6pa3QOB; 

• CTeHA AJIH pa3MeIIIeHHH KOpnyca A3; 

• TeXHOJIOfIIqecKOe o6opyAOBaHIIe, npeAHa3HaqeHHOe AJIH xpaHeHIIH TOnJIIIBa, ero 

npurOTOBJieHIIH nepeA BOCnpOH3BOACTBOM A3 H noAaqu B KOpnyc peaKTopa; 

• nyJihT ynpaBJieHIIH peaKTOpOM. 

Kopnyc aKTHBHOii JOHLi BhlnOJIHeH ABYXCJIOllHhIM II pa360pHhIM (pIIc. l ). 
CHJIOBaH qacTh ero COCTOHT II3 TPeX AeTaJieil:: BHeIIIHeil: CHJIOBOll o6oJioqKH 

(co6cTBeHHO Kopnyc), BHYTPeHHeil: CHJIOBOll o6oJioqKH (mJih3a) H KphIIIIKH, KOTOphie 

H3fOTOBJieHhI II3 BhICOKonpoqHoil: CTaJIH 3O:xrCA. Me)KAY 3TIIMII o6oJioqKaMII 

pa3MemeHa repMeTHqHaH aMnyJia, H3fOTOBJieHHaH H3 Kopp03HOHHOCTOllKOll 

aycTeHHTHOil: CTaJIII 12X18HlOT H HMeIOIIIaH CJIO)KHYIO ope6peHHyIO KOHCTPYKIIIIIO -

AHCTaHQHHPYIOIIIHil: 3KpaH, no3BOJIHIOIIIHil: OTAeJIHTh Apyr OT Apyra B03AYIIIHoil: 

npOCJIOllKOll QIIJIIIHApHqecKHe noBepXHOCTH A3 u aMnyJihI. Kopnyc ycTaHOBJieH Ha 

onopHOll nJIHTe C nOMOIIIhlO 6 nap pe3HHOBhIX aMOpTH3aTopoB, npeAHaJHaqeHHhIX 

AJIH AeMnqmpoBaHIIH ero KOJie6aHHll B BepTIIKaJihHOM HanpaBJieHHH nocJie HMnyJihCa 

AeJieHIIil:. 
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Pttc. 1. Kopnyc A3 peaKTopa 51fY AP. 

1 - BHeIIIIDrn CllJIOBru! o6oJIO'IKa Kopnyca c KpbIIIIKOii; 2 - aMnyJia; 3 -QeH1paJibHbIH 

3KCIIepttMeHTaJII,HI,IH Kanan; 4 - llMIIYJibCHhle CTep)l(Hll ( CBe,neHbl K QeHrpy A3); 

5 - aMopTmamp1,1 MexaHll3Ma HC; 6 - CJIHBHOH 'Ipy6onpoBo,n; 7 - CBHHQOBrui' 

6ttOJIOfll1IeCKruI 3aIQHTa (HeIIO,[(Bll)l(HruI 'IaCTb); 8 - BHy'IpeHiurn CllJIOBru! o6oJIO'IKa 

(rnJib3a); 9 - qmaHeQ )l(eCTKOCTH; 10 - CBllHQOBaH 6ttOJIOrH'IeCKruI 3aIQHTa 

(IIO,[(Bll)l(Hru! 'IaCTb); 11 - OIIOpHru! IIJIHTa; 12 - IIO,[(BeCKa Kopnyca. Pa3Mep1,1 B MM 

CBUHQOBaH 6noJioruqecKaH 3am;uTa Kopnyca COCTOllT ll3 neIIO,[(Bll)l(HOH ll 

IIO,[(Bll)l(HOH qacTeii TOJIIQllHOH 4.5 CM Ka)l(,[(ru!. IIo,nBll)l(Hru! 'IaCTI, nptt IIOBopoTe 

MO)l(eT OTKpbIBaTb OKHa, llMeJOIQlleCH B HeIIO,[(Bll)l(HOH 'IaCTll, TeM caMbIM 

o6JiyqaeMI.Ie o6pa3Qhl MOryT pa3MeIQaTbCH B Henocpe,ncTBeHHOH 6Jill30CTll OT 

Kopnyca A3. ' 

PeaKTop 51fY AP ttMeeT ,nBa ttMnyJI1,c111,1x cTep)l(HH (Bepxnttil: M Hll)l(Httil:), 

KOTOphle llCIIOJib3YIOTCH ,[(JIH 6hlC'IpOrD BBO,na peaKTHBHOCTll, a B CTaTll'IeCKOM 

pe)l(HMe pa60TI,I BhlIIOJIHHIOT TaK)l(e q>yHKQllll ,[(OIIOJIHHTeJII,HI,IX opraHOB aBapttil:noil: 

3aIQllTI,I. . 

HC BbIIIOJIHeHbl B q>opMe IIOJibIX QllJillH.[(pOB ll3 Hep)l(aBeJOmeil: CTaJIH, 

3aIIOJIHeHHI,IX Heil:'IpOHOIIOrJIOIQalOIQllM MaTepllaJIOM. CttcTeMa ynpaBJieHHH XO,[(OM. 

HC ll IIHeBMaTH'IeCKlle IIpllBO,[(bl, ocymecTBJIHIOIQlle nepeMeIQeHtte llMIIYJibCHI,IX 

CTep)l(Heil:, BblIIOJIHeHbl TaKllM o6pa30M, 'IT06bI Ka)l(,[(I,IH CTep)l(eHI, Mor nepeMeIQaThCH 

He3aBHCllMO OT ,npyroro. 

TexHOJIOfU'ICCKaH CUCTeMa peaKTOpa. 

TeXHOJIOrH'IeCKruI CllCTeMa peaKTopa 51fY AP COCTOllT m pacTBOpHoro tt 

fa3OBOro KOHTJPOB (pttc.2). 
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Puc.2. TeXHOJIOrH'leCKIDI CHCTeMa perucropa 
C><J - ,a JITY AP. 
91-<] - 21 

"fl - • 1 - A3; 2 - Koprryc A3; 3 - 6noJioru'leCKM 

3~nrn; 4 - Hll)KHlIH MC; 5 - aepxHnil: MC; 6 -
rrplIBO.ll 3arpY3Kll o6pa3llOB; 7 - Heil:rpOHHI,IH 

lICTOqHHK; 

8 - ra.MMa-06JiyqaTeJI1,; 9 - BeHTHJih PY'!HOil:; 

10 - qmJihTP oqncTKH ra3oa; 11 - Hacoc 

MeM6paHHbIH; 12, 16, 17 - .llaTqlIKH .r1aBJiemur; 

13, 14 - 6aJIJIOHI,I-XpaHHJIIl!lla iKllJIKOro TOIIJIHBa; 

15 -fa30Bhlll 6aJIJIOH; 18 - KJiaIIaH HOpMaJihHO 

OTKpbITI,IH; 19 - lICKpOBOH BOCIIJia.MeHnTeJI1,; 

20 - rrplIBO.ll 6noJioruqecKOH 3a!lllIThI; 21 -
KJiaIIaH HOpMaJII,HO 3aKpbIThIH; 22 - o6pa3ell Ha 

o6JiyqaTeJihHOH II03Illlllll. 

K pacTBopHoMy KOHTYPY TexHorrom'!ecKoii cucTeMhr OTHOC»Tc»: Kopnyc A3; 

6aJIJIOHI,I-xpaHHJIII!lla TOIIJIIIBHOro pacTBopa; raMMa-06Jiy'laTeJI1,; 6aJIJIOH-c6opHIIK 

npOJIIlTOro npII aBapIIH pacTBopa (Ha puc.2 He IIOKa3aH); coe~IIHIITCJII,HI,Ie 

KOMMYHHKallIIII C 3anopHOll apMazypoii; TeXHOJiomqeCKIIH npII»MOK. fa30BI,IH 

KOHTYP CIICTeMI,I BKJIIO'laeT B ce6» fa30Bhlll 6aJIJIOH, MeM6paHHI,Ill Hacoc ~» OTKa'IKH 

ra3a, IlCKpOBOH BOCIIJiaMeHIITeJII, rpeMyqero ra3a, coe~IIHIITeJII,Hhle KOMMYHHKallIIII C 

3anopHoii apMazypoii. 

TexHOJIOruqec1mii llHKJI norryqeHHH IIMIIyrr1,ca COCTOIIT II3 HeCKOJibKilX 

OCHOBHI,IX onepallIIH: no~a'III TOIIJIIIBa B Kopnyc; peryJIIIpoBaHHH peaKTHBHOCTil 

(IIOilCKa CTapTOBOro COCTOHHHH); reHepallIIIl HMnym,ca ~eJieHHll C IIOMOlllblO 

"BhlCrperra" IlMIIYJibCHI,IX CTep:ameii II3 A3; pa360pKH aKTHBHOH 30HI,I ( CJIIIBa 

pacTBopa H3 Kopnyca peaKTopa); C)l<HraHHH o6pa3oBaBineroc» npu reHepIIpoBaHHII 

IlMIIYJibCa ~eJieHIIll pa~IIOJIIITH'leCKOro ra3a. YnpaBJiemre BCeMII onepallHHMil 

TeXHOJIOfII'leCKOro llIIKJia aBTOMaTH3IIpOBaHO Il Be~eTCH C nyJibTa peaKTopa. 

npuHt.1,un oeucmeun peaKmopa RrYAP 
CoBpeMeHHbie roMoreHHI,Ie paCTBOpHMe IIMnyJII,CHbie peaKTop1,1 Be~ Ha'laJIO 

OT 3KCnepIIMeHTOB no myqeHIIIO paCTBOpHbIX CIICTeM B Jioc-AnaMoce, KOTOpbie 

BbipocJIII B rrporpaMMY KEWB-peaKTopoB [2]. KEWB-peaKTop1,1 

npo~eMOHCrpIIpOBaJIII 6e3onacHy10 caMoreHepallIIIO H~KplITII'leCKHX (Ha 

MrHOBeHHblX HeiirpoHax) IIMIIYJII,COB ~eJieHIIH B paCTBOpHblX CIICTeMax. BM~eJICHIIe 

3HeprnII ~eJieHHH B TaKIIX CIICTeMax orpaHII'leHO 60JII,IIIOH OT{)IIllaTeJII,HOH o6paTHOH 

CBH3I,IO Me~y MO!llHOCTl,IO II peaKTIIBHOCThIO, npII 3TOM aBTOMaTII'leCKH 

<popMIIpyeTCH IIMIIYJII,C MOlllHOCTII, II peaKTop caM ce6» racn:r. IIo6oqHI,IMII 

3<p<peKTaMII HBJIHIOTCH npoeyKTI,I pa~IIOJIII3a BO~I,I- KIICJiopo~ II BO~opo~, II 

IIHepllIIaJII,HOe ~aBJieHIIe, o6ycJIOBJieHHOe TeIIJIOBblM paCIIIIIpeHIIeM pacTBOpa. 

AKTHBHI,Ie 30HI,I Bcex II3BeCTHI,IX K HaCTO»llleMy BpeMeHII paCTBOpHMX 

IIMnyrr1,cH1,1x peaKTopoB (1111H, BHP, 3Jil1P, 11fPl1K, SILENE) BhIIIOJIHeHM B 

<popMe llIIJIIIH~pa co CB060~HOH IIJIOCKOH BepxHeii rpaHIIlleii. B TaKOH reoMerpIIII Bee· 
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rrepeMemeHIDI )KII,UKOrO TOIIJIIIBa Moryr rrpoIICXO,UIITh JIIIlllh B BepTIIKaJII,HOM 

HarrpaBJieHIIII, II .nmi: Hee MO)KHO IIOKa3aTh, qTo MaKCIIMaJihHOe IIHepQIIaJihHOe 

,naBJiettIIe B pacrnope Puu~(Hh-112)2, r.ne H - BhlCOTa A3, a , 11z- rronyIIIttpIIHa 

uMnyn1,ca .neneHIIil:. 

O,nHaKO, rrpOCTOe peIIIeHIIe BhIIIOJIHUTh A3 B q>OpMe IIJIOCKOro CJIOH c QeJih!O 

CHII)KeHIIH BeJiuqIIJlhl p HH He)KeJiaTeJihHO KaK II3-3a HeB03MO)KH0CTII rronyqenIIH B 

::noM cnyqae 60JihIIIOU: 3KCrrepIIMeHT~hHOU: Jiqeil:Ku (TIIrra QeHTpaJihHOro 

3KcrrepIIMeHTaJihHOrO KaHana) C BhlCOKIIM II 0,UHOpO,nHhlM q>JI!OeHCOM HeU:TpOIIOB, TaK 

II II3-3a pe3Koro CHU)Kel!UH 061,eMHOU: COCTaBJI»IOmeil: TeMrrepaTypHoro 

K03q>q>IIQIIeHTa raIIIeHIDI peaKTIIBHOCTU. 

CIITyaQIIH cymecTBeHHO MeHHeTCH, eCJIII IIJIOCKIIU: CJIOU: "cBepHyr1," B 

QIIJIIIH,np, OCTaBIIB BffYTPII QeHTpaJihHhlll KaHaJI, II ocymecTBIITh B03MO)KHOCTI, 

pa3JieTa TaKOU: CIICTeMhl KaK B pa,nIIaJihHOM, TaK II B aKCIIaJihHOM HarrpaBJieHIIHX. 

KoHQeIIQIDI TaKOro pacrnopHoro peaKTopa ( C rrpeIIMymecTBeHHO pa,nilaJII,llhlM 

pa3JieTOM TOIIJIIIBa) 113JIO)KeHa B pa6oTe [1]. 

AHaJIII3 IlOKa3hlBaeT, qTO OCHOBHOU: 3q>q>eKT CHII)KeHIIH ,naBJieHIDI o6ycJIOBJien 

.UBYMH q>aKTopaMII: yBeJIIIqeHIIeM rrnoma,nI1 CBo6o,nHOU: IIOBepXHOCTII TOIIJIIIBHOro 

pacTBopa H yMeHI,llleHIIeM TOJimIIHhl CJIOH paCTBOpa B pa,nIIaJihHOM HarrpaBJieHim. 

,[(ml cnyqa» paBHOIIpoqHI,JX KOprrycoB O)KU,UaeMM ,UJIHTeJII,IIOCTh IIMrryn1,ca B 

peaKTope JirY AP MO)KeT 61,rr1, B ~ 5 pa3 l.IeHhIIIe, qeM B peaKTope c A3 o6@qHoil: 

KOHq>IIrypaQIIU. 

Ilocne,nHee o6CTOHTeJihCTBO II03BOJIHeT cymecrBe1rno CHH311Th ,UJIHTeJihHOCTh 

tteil:TpOHHOro HMIIYJihCa peaKTopa (npII coxpaHeHIIII y,neJibHOro 3HeproBbI,neJieHIDI), 

,nJIH qero Heo6xo,nHMO IIOBhICIITh KOHQeHTpaQIIIO ».nep rop1oqero (235
U) B paCTBope II, 

C QeJihlO OilTIIMII3aQIIII reoMerpuqeCKIIX pa3MepoB A3, BBO,UIITh B pacTBOp 

3q>q>eKTIIBHhlU: IlOrJIOTIITeJih Hett:TpOHOB, HaIIpIIMep, Ka,nMIIU:. C IIOMOmhIO 

BapbIIpoBaHIDI KOHQeHrpau:IIil: ypaHa II Ka,UMHH B paCTBOpe ,UOCTiffaIOTCH rpe6yeMhie 

reoMeTpIIqecKUe pa3Mephl aKTIIBHOU: 30Hhl. 

TeXHonomqecKa» cucTeMa peaKTopa JirY AP co.nep)KIIT Bo,n11@il: pacrnop conn 

UO2SO4 ofaeMOM 39,5 JIIITpOB C xapaKTepHOU: KOHQeHTpaQueil: 1,65 r/cM3. PaCTBOp 

co,nep)KIIT 465 r/n ypaHa, o6orameHHoro .no 90% 
235

U. TaKa» 6onhIIIM KOHQe11rpaQn» 

TOIIJIHBa HMeJia peIIIaIOmee 3HaqeHue B yMeHhIIIeHHH BpeMeHn )KlI3HU MrHOBeHHhlX 

tteil:TpOIIOB i ~ 6µc H, COOTBeTCTBeHHO, ,nJIHTeJihHOCTH MaKCIIMaJihHOro lIMilYJihCa .no 

0,68 MC. O,nHaKo, 3Ta BhlCOKM KOHQeHTpaU:IIH TOIIJIHBa B q>HKCHpOBaHIIOU: no BhlCOTe 

copoKa caHTIIMeTpOBOU: reOMeTpIIH KOHCTpYKUIIII, B IIpIIHQHIIe, ,nenana 61,1 aKTIIBHYIO 

30HY CJIHIIIKOM Ha,UKpIITnqHoil:. .n;n» Toro, qTO 61,1 IIMeTh rrpIIeMJieMhlll ypoBeHh 

KpIITnqHOCTII, 61,ma ,no6aBJieHa con1, CdSO4 c KOHQeHTpaQIIeil: Ka,UMIDI 5 r/n. 

3qiq>eKTIIBHhle pa3Mephl aKTHBHOU: 30Hhl: BHyrpeHHHU: pa,nuyc 8,8 CM H Hap~Hhlll 

pa,nIIyc 19,8 CM. KpnTnqecKM BhlCOTa pacrnopa C BBe,neHHhlMH B aKTIIBHYIO 30HY 

lIMIIYJihCHhlMII CTep)KHHMU - 38,6 CM. 

TOIIJIIIBO 3aKaqnBaeTCH B KOprryc JirY APa Herrocpe,nCTBeHIIO rrepe.n 

3aIIJiaHIIpOBaHHhlM HMIIYJihCOM. KpnTnqHOCTI, JlrY APa ,noCTIIraeTCH nyreM 

perynupoBaHIDI BhlCOThl ypoBHH pacrnopa. YpoBeHh IIO,UCTpOHKH 3aBHCIIT OT 
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MaTepIIaJIOB, IIOMem;eHHI,IX B CKB03HOH KaHaJI. llMIIYJihC reHepIIpyeTCll rrocpe.L(CTBOM 

BhIBe,[(eHIIll IIMIIYJihCHhIX CTep:llrneii, qTo Be,[(eT K JIIIHeHHOMY BBO.L(y peaKTHBHOCTII ( C 

MaKCIIMaJihHOH CKOpOCThlO BBO.L(a 0, 10 /J,J/MC ). MaKCIIMaJihHO .L(OIIYCTIIMOe 3HaqeHIIe 

Ha.LIKPITTIIqHOCTII Ha MrHOBeHHhIX HeiiTpoHax paBHO 3,5 /Jeff 

TIIrrIIqHhie cpopMhl IIMIIYJihCa MOlll;HOCTII IIOKa3aHhl Ha PIIC. 3{a, 6, B) ,[(Jill 

cnyqa,i:, Kor.Lia B 11eHTpaJihHhIH 3KcrrepIIMeHTaJihHhIH KaHaJI {lPK) peaKTopa 

ycrnHOBJieHhl IIOJIII3TIIJieHOBhIH KOHBepTop II KOJIJIIIMaTop, rrpe.L(Ha3HaqeHHhie ,[(Jill 

rrpoBe.L(eHHJI nn-3KcrrepIIMeHTa. 

Jlf'Y AP racIIT caM ce6ll 6naro.L(apll B03HIIKHOBeHIIIO 6onhIIIoii OTpIIIIaTeJihHOii 

peaKTIIBHOCTII. Coo6pIDKeHHJI 6e30IIaCHOCTII Tpe6yIOT rrpoBe,[(eHHJI .L(OIIOJIHITTeJihHhIX 

MeporrplllITIIH: B03Bpam;eHIIll IIMrryJihCHhIX CTep)I<Heii o6paTHO B KaHaJI II 6hICTpOro 

CJIIIBa pa30rpeToro ,[(0 15o
0c pacTBopa B 6aJIJIOHhI-XpaHIIJIIIlll;a. IIocne,[(Hee 

rrpOIICXO,[(IIT B TeqeHIIII 0.L(HOH MIIHYThl, HaqIIHaJI C 15-oii ceKyH.L(hl rrocne IIMIIYJihCa. 

PeaKTop MO)KeT rrpOII3BO.L(llTh ,[(Ba IIMIIYJihCa B ,[(eHh. 
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Ilpe,nCTaBJieHHbie Ha PIIC. 3 IIMIIYJibCbl MOmHOCTII 6blJIII IIOJiylJeHbl ,wur 
CJIY1Illil, Kor,na c u:eJiblO OCJia6JieHIIe BJIIUIHIUI "KOMHaTHhlX" HeihpoHOB n 

yMeHbIIIeHirn BCJie,nCTBIIe 3TOro KOJie6aHIIll MomHOCTII Ha "XBOCTe" IIMIIYJibCa Kopnyc 

peaKTopa 61,m oKpy)KeH 6opHoii 3amIIToii. 

<l>opMa IIMIIYJibCOB perIIClpIIpOBaJiaCb OTKalJeHHbIMII .no 3HalJeHIUI 10·
6 

MM.pT.CT6. KaMepaMII ,neneHIIH KHT54-l II KHK15-l. PerIIClpIIpy10maH annaparypa 

o6ecne1IIIBaJia Heo6xo,nIIMhlll ,nIIHaMIIlJeCKHll ,nIIaIIa30H B npe,nenax IIIeCTII nopH,nKOB, 

lJTO II03BOJIIIJIO npOBO,nIITh perIIClpaU:IIIO 6e3 ,noIIOJIHIITeJibHhlX "CIIIIIBOK". 

Teopm, KHHeTIIKII IIMIIYJibCHhlX peaKTOpOB xopOIIIO pa3BIITa (CM. HanpIIMep, 

MOHorpaqJIIIO KIIIIIIHa [3]).11cnOJib3YH a,nIIa6aTII1IeCKYJO MO,neJib <l>yKca-XaHCeHa II 

,nonoJIHIITeJibHYIO MO,neJib ,nJIH MexaHII3Ma OlpIIU:aTeJibHOll peaKTIIBHOCTH, TeOpIU! 

MO)KeT y,noBJieTBOpIITeJibHO BOCIIpOII3BeCTII qiopMy IIMIIYJihCa, npe,nCTaBJieHHYJO Ha 

PIIc.3., a TaK )Ke IIOJIY1IIITb 3aBIICIIMOCTb OT peaKTIIBHOCTII TaKIIX BeJIIIlJIIH KaK 

3HeprIIH IIMIIYJibCa, IIOJIYIIIIIpIIHa IIMIIYJibCa, napaMelp aCIIMMelpIIII IIMIIYJibCa II 

IIHepU:IIaJibHOe ,naBJieHIIe. 3TII napaMelpbl 6bIJIII II3YlJeHbl ,nJIH JlfY APa 

3KCIIepIIMeHTaJibHO. 

MaKCIIMaJihHhiii IIMnyn1,c ,neneHIIii peaKTopa xapaKTepII3ycrcH cne.ny10mIIMII 

napaMelpaMII: 

• IlonHoe 3Heproa1,1,neneHIIe B A3 33.4 M,l{)K; 

• IlepIIo,n HapaCTaHIIH MomHOCTII ~210 MKC; 

• lllIIpIIHa IIMIIYJibCa Ha IIOJIYBhlCOTe IIIIKa (IIOJIYIIIIIpIIHa) ~680 MKC; 

• IlIIKOBaH MomHoCTh ~0.6-10
5 

MBT 

• Y ,neJihHaH MomHoCTh ~ 1.28· 10
3 

KBTlcM
3

• 

3arpy3Ka U:3K IIOJIII3TIIJieHOBhlM KOHBepTopoM II KOHYCHbIM KOJIJIIIMaTOpOM 

(PIIc.4) npIIBO,nHT K yaeJIIIlJeHIIIO BpeMeHII )KII3HII (BpeMeHII reHepan:IIII) MrHOBeHHbIX 

HelllpOHOB, II, KaK CJie,ncTBIIe, K yaeJIIIlJeHIIIO IIOJIYIIIIIpIIHbl IIMIIYJihCa MOmHOCTII. 

TaK, HanpIIMep, IIMIIYJibC C 3HeprOBbI,neJieHIIeM E=30,1M,n:)K (PIIC. 3B) IIMeeT 

IIOJiyIIIIIpIIHY •ui~0,99 MC, B TO BpeMH KaK IIMrryJibC C TeM )Ke 3HeproBhl,neJieHIIeM npII 

OTCYTCTBIIII KOHBeprnpa IIMeeT IIOJIYIIIIIpIIHY •112~0,79 MC. 

B IIJiaHIIpyeMblX 3KCIIepIIMeHTaX 6y.nYT IICIIOJib30BaThCH IIMIIYJihChl C 

pa3JIII1IHbIM 3Heproa1,1,neneHIIeM, nocKOJihKY pa3JIII1IIIe 3aBIICIIMOCTeii qioHa II 

3qJqJeKTa OT 3Heproa1,1,neJieHIU1 B A3 6y,neT IICIIOJib30BaHO ,nJIH 3KcnepIIMeHTaJibHOro 

onpe,neJieHIIH qioHa, T.K. qJOH npHMO nponopU:IIOHaJieH IIHTeHCIIBHOCTII HeiilpOHOB B 

IIMIIYJibCe, a 3qiqieKT IIMeeT KBa,npaTIIlJHYIO 3aBIICIIMOCTb. 

npocmpaHcmaeHH0-3Hep2emu'leCKue xapaKmepucmuKu nona 
HeiimpOH06 

11ccJie,noaaHIUI npOClpaHCTBeHH0~3HepreTII1JeCKIIX xapaKTepIICTIIK IIOJIH 

HeiilpOHOB peaKTopa JirY AP COCTOHJIII B onpe,neJieHIIII 3HeproBbI,neJieHIIH B 
TOIIJIIIBHOM pacrnope II HOpMIIpOBKe no 3T0ll BeJIIIlJIIHe IIITaTHblX cpe,nCTB 

MOHIITOpIIpOBaHIIH; 3HepreTII1IeCKHX CIIeKlpOB II npOClpaHCTBeHHbIX pacnpe,neJieHIIii 

qimoeHCOB HeihpOHOB B 06.riaCTHX, npe,nHa3HalJeHHbIX ,nJIH pa3MemeHIU1.96JiyqaeMbIX 

o6pa3U:OB, a TaK)Ke B IIOJIII3TIIJieHOBOM KOHBepTope. . 
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3HepreTil1ICCKHH cneKip HCHTJ)OHOB B [(3K 11BJHICTC11 KOMII03HU:HCH 

.n;emrrem,HbIX ll 3aMC)];JICHHhlX HCHTJ)OHOB. 

,!(ml CM11PICHH11 cneKipa " rrpeo6pa30BaHU11 6bl(;rphlX HCHTJ)OHOB B TCIIJIOBbIC 

ucnorrb3yroTc11 KOHBepTHpyroiu:ue ycTpoiicTBa (KY) [4]. Ottu npe,n;cTaBJI11IOT co6oii 

IlOJihlC U:HJIHH.n;phl H3 IIOJIH3THJICHa IlJIOTHOCTbIO 0,9r/cM3, KOTOpbIC ycTaHaBJIHBaIOTC11 

B KaHarre peaKTopa. ,ll;JIHHa U:llJIIIH.n;pOB OT 398 MM .n;o 485 MM, BHCIIIHIIH .n;11aMCTp -

120 MM. B pa60Te [4] llCCJIC)];OBaJIH TJ)ll BapllaHTa KY c TOJIIUHHOH CTCHOK - 11, 22 II 
40 MM, B rrocrre.n;ywiu:eM ,n;JI1I rrpoBC)];CHH11 nn-3KCrrepIIMCHTa 6hlJI BbI6paH Bap11aHT C 

TOJIIUIIHOH CTCHKH 27 MM. 

O6IUIIH BH.n; Koprryca peaKTopa C 3aJIIITOH aKTHBHOH 30HOH " ycTaHOBJICHHhlMll 

" ycTaHOBJICHHhlMH 3KCrrepIIMCHTaJibHhlMll YCTJ)OHCTBaMll rrpIIBe,n;en na P11c. 4 

HC 

m 
:=1 U:eKIJ> 

KOHBepropa 

6opHpoBaHHLiil nomt3THJJCH 

Tpllll)'JJHpOBaHHLiil 

Eopm,1ll 
3KpaH 

A=20 MM 

MaaccHMYM 
pacnpe)leneHHJI 
JHeproeLl,!l,CJIC 

HIDIBA3 

... 
ll) .., 

PncyuoK 4 O6~uii Bll.l{ Kopnyca pearcropa RIT AP u 
0CH0BHhle ra6apHTHLJe paJMepLI 

Orrpe,n;eJICHIIC xapaKTepllCTHK norreii TCIIJIOBhlX II Ha.n;TCIIJIOBhlX neiiTponoB, 

KOTOphle qiopMupyroTc11 KOHBCpTHpyroiu:uM11 ycTpoiiCTBaMu (KY) B Kattarre peaKTopa 

.5JrY AP, BhlilOJIHCHO C Il0MOIUbIO HCHTpOHHO-aKTHBau;uonHoro MCT0,n;a ll3Mepen11ii. 

,!(ml CilCKipaJibHhlX IICCJIC)];OBaHHH rrpI1MCH11JIHCb HCHTJ)OHHO-aKT11BaUHOHHhlC 

)];CTCKTOpbI (,n;HA). 
,!(ml ll3Mepenll11 pacrrpe.n;enenuii <pJIIOCHCOB TCIIJIOBhlX HCHTJ)OHOB no BbICOTC II 

.n;HaMCTJ)Y KY B KaqeCTBe ,n;HA ucnonb3oBarrH Me.n;ttyro npoBonoey Toniu:unoii 0,4 MM 

" Ha6ophl MC)];HhlX )];CTCKT0p0B. OTnOCIITCJibHhlC ll3MCpCHH11 aKTUBHOCTH ,n;eTCKTOpOB 

104 



Il3 Me,!(H, KOTOpI,Ie HCIIOJII,3OBaJIHCI, ,nm, orrpe,nerremui rrpOCTpaHCTBeHHI,IX 

pacrrpe,neJieHHll BHyrpH KY, BI,IIIOJIHJIJIH Ha CQHHTHJIJIJIQHOHHOM O,!(HOKaHaJII,HOM 

CIIeKTpOMeTpe. IlorpernHOCTI, OTHOCITTeJII,HI,IX Il3MepeHHll OKOJIO 2 %. 
Pe3yJII,TaT MO,!(eJIHpOBaHHJI H I13MepeHHJI qimoeHca TeIIJIOBI,IX Heil:TpoHOB B 

3aBHCHMOCTH OT TOJIIQHHI,I 3aMe,!(JIHTeM rrpHBe,neH Ha pHC 5. 

4 

3.5 

i3 
~ 2.5 

~ 2 
0 
::::, 1.5 .... 

0.5 

0 

C 

0 

• 
V 

• 
0 

0 

0 . 

2 3 

t, CM. 

-
1 

4 5 

Pttc 5 <I>moeHC TeIIJIOBI,IX 

Heil:TpoHOB F(l013
/cM

2/M,[vK) B 

3aBHCHMOCTH OT TOJIIQHHI,I 

3aMe.!(JIITTeM t (cM). Pacqcrr,1 

MeTO.!(OM MK rrpe,ncTaBJieHI,I 

Kpy)KKaMH, TOqKH C 

rrorpernHOCTJIMH - pe3yJibTaTI,I 

H3MepeHHll 

I-lcrroJib3YJi 3TH 3KCIIepHMeHTaJII,HI,Ie pe3yJII,TaTI,I H yqHTI,IBM, lfl'O 

,!(JIITTeJII,HOCTI, HMrryrrr,ca ~t=0,9 MC, MI,I 3aKJIIOqaeM, lfl'O QHJIHH,npttqecKHil: 

3aMe,!(JIITTeJII, TOJIIQHHOH 27MM o6ecrreqHBaeT ,!(M HMIIyrrr,ca C 3HeproBbI,!(eJieHHeM 

30,1 ~)K HMrryJII,CHYIO IIJIOTHOCTI, IIOTOKa TeIIJIOBI,IX Heil:TpOHOB -0,8xl018 
/cM

2 
CB 

ueHTpaJihHoil: o6rracTH KaHana. 

DbIJIO TaK)Ke H3MepeHO BepTHKaJII,HOe pacrrpe,nerreHHe Heil:TpOHHOll IIJIOTHOCTH 

BHyrpH KaHana ,!(Jlji 3aMe,!(JIITTeJIJI TOJIIQHHOH 27MM. Ha Pttc. 6 IIOKa3aHO 

pacrrpe,nerreHtte qttcerr peaKQHil: 63Cu(n,y)64Cu no BI,ICOTe KOHBeprnpa c 

«IIpHBJl3KOH» ueHTpa I13MepHTeJibHOH JIHHeil:KH (Ha6op Me,!(HI,IX ,!(eTeKTopoB) K 

ueHTpy KOHBeprnpa. 

Jlesoe «KpbIJIO» pacrrpe,nerreHHJI rrpaKTHqeCKH He MeHJleTCJI B 3aBHCHMOCTH OT 

3HeproBbI,!(eJieHHJI B HMrryrrr,ce, rrpasoe «KpI,IJIO» HCIIbITI,IBaeT He3HaqmeJII,HI,Ie 

BO3MymeHHJI B 3aBHCHMOCTH OT 3HeproBbI,!(eJieHHJI, qTo CBJl3aHo C pa3HOll BI,ICOTOH 

A3 IIpH reHepttpoBaHHH HMrryJII,COB C pa3JIH:qHI,IM 3HeproBI,I,!(eJieHHeM. 
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Prrc. 6. Pacnpe~eneHrre qIIcen peaKu;rril: 
63

Cu(n,y)64Cu no BbICOTe KOHB~pTopa 
Tennon1,1x Heil:TpoHoB peaKTopa 5IrYAP. 

MaKCHMYM B pacnpe~eJieHHII cpmoeHc'a TeIIJIOBI,IX Heil:TpoHOB He _COBII~aeT C 
IIeHTpOM IIOJIH3TIIJieHOBOro KOHBepTopa, HO npaKTrrqecKH COBII~aeT C IIOJIO)KeHHeM 

IIempa A3 11 c pacqeTHbIM MaKCHMYMOM B pacnpe~eJieHHH_qHCJia J;(eJieHHIT. 

3HepreTIIqecKHIT CIIeKTP Heil:TpoHOB B :iaMeMHTeJie O)KH~aeTCJI 
nperrMyIIIeCTBeHHO MaKCBeJIJIOBCKHM H HMeeT l/E0 3IIHTeIIJIOBOil: XBOCT C BeJIHqHHOIT 

n, 3aBHCJIIIIeil: OT TOJIIIIHHI,I 3aMe~JIHTeJIH. ~H CIIeKTPaJII,HI,IX H3MepeHHIT 61,m 

HCIIOJib30BaH Ha6op H3 12 aKTHBaIIHOHHI,IX ~eTeKTOpOB TeIIJIOBI,IX Heil:TpoHOB H 18 
~eTeKTOpOB 6bIC1pI,IX Heil:lpOHOB. IlpHMeHHJilICI, ~eTeKTOpbI m CTaH~apTHbIX 

Ha6opoB CH, AKH-T H ~eTeKTopoB pa3pa6oTKH BHl111T<l>. Ilonyqetto, ~o 3HaqeHHe 
cpmoeHca TeIIJIOBbIX HelilpOHOB B MaKCHMyMe pacnpe~eJieHHJI COCTaBJIHeT ~2,3xl013 

HlcM
2 

nprr 3Hepron1,1~eneHHH B A3 peaKTopa, panHoro 1 M,n:)K. 
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4'u3u'lec«oe o«pYJKeHue pea«mopa. 
B HaCTo»mee BpeMR pearcrop ao.n;roTOBJieH K apoBe.n;eHJUO 3KCIIeplIMeHTOB IIO 

lI3MepeHlIIO ceqeHliji nn-pacceJIHliji: B q>yH.n;aMeHTe pearcropa COOCHO C u;eliTpaJII,HblM 

3KCIIeprrMeHTaJibHbIM KaHaJIOM o6opy.n;oBaHa rnax:Ta rny6HHOH ' 10;5M, 
ape.D;Ha3HatJeHHM .nmr pa3MemeHlIR HmKHeii qaCTlI KOJIJilIMaIJ;lIOHHOii ClICTeMhl, 

BaKYYMHoro KaHarra lI .n;erercropa .n;rrR perncTJ)au;rrrr nn-co6hlTHii, Ha,n aepeKpbITlieM 

pearcropnoro 3aJia, TaIOKe COOCHO C u;eliTpaJibHhlM 3KCIIeprrMeHTaJibHhlM KaHaJIOM, 

BbIIIOJIHeHO OTBepCTlie MR pa3MemeHliji BepxHeii lJaCTlI KOJIJilIMaIJ;HOHHOll ClICTeMhl, 
mrOTOBJieHa 3amHTa lI3 6oprrpoBaHHOro IIOJilI3THJieHa, ycTaHaBJilIBaeMM Me)K)J;y 

KopaycoM pearcropa lI ero 6eTOHHbIM q>yH.n;aMeHTOM. 

3aKJ110'leHue. 
K HaCTORmeMy BpeMeHlI B 3KCIIeprrMeHTaJibHbIX lICCJie,noBaHlij!X IIO 

q>OpMlipOBaHlIIO IIOJieii TeIIJIOBbIX HeiiTJ)OHOB C IIOMom1,10 3aMe.D;JilITeJieii B KaHarre 
51fY AP ,D;OCTIIrHyTa MrHOBeHHM IIJIOTHOCTb IIOTOKa TeIIJIOBhlX HeHTJ)OHOB -

0,8xl018/cM
2
c, Heo6xo.n;rrMM .nmr ycaernHoro apoBe.n;eHliji nn-3KcaeprrMeHTa, a TaIOKe 

BbIIIOJIHeHbl pa6oTbl IIO Mo.n;epHmaIJ;lIH ero q>lI3liqecKoro OKpy)KeHlIR. 

3rn pa60Tbl BhlIIOJIHeHbl IIplI yqacTlilI JIH<I> OI15111, IIplI q>lIHaHCOBOii 

ao.n.n;ep)KKe MHTU:, apoercr N!!2286 lI P<l><l>H, rpam N!!Ol-02-17181. 
Ha Haqarr1,HoM 3Taae pa6oT Mo.n;epHH3aIJ;liji qimrrqecKoro oKpy)KeHlIR pearcropa 

61,rna q>lIHaHCOBO ao.n.nep)KaHa pyKOBO.D;CTBOM OI15111, 'ITO II03BOJilIJIO BbIIIOJIHlITb 

apoxo.n;Ky rnaxThl ao.n pearcropoM rr ee o6ycTJ)oiicTBO. 
B TeqeHlie 2003-2004r.r . .D;OIIOJIHHTeJibHOe lplIHaHClipOBaHlie Ha IIO,D;roTOBKY 

3KcaeprrMeHTa 61,rno aorryqeHo OT MHT MrrHaToMa Poccrrrr. 
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IlPmIOEH3MEPEHHECEqEHIDI 
HEHTPOH-HEHTPOHHOro PACCERHIDI HA PEAKTOPE fil'YAP. 

MO~POBAHHE 3«1>cf>EKTA 

IO.H. qepuyxau, .Sl.3. Kan~HeB, , 1,.r. JleeaICOB, ,n;.r. Mo~eCToB, 
,n;.B.XMeJILHBQICBH 

PoccHiicKHii «l>eAepanLHLIH JIAepHLIH ~emp - BcepoccHiicKHii Hayqtto-HccneAOBaTeJILCKHH 
HHCTHTYf TeXHHqecKOH <j>H3HKH HM. aKa,lleMHKa E.11. 3a6a6llXHlla (1Jemi6HHCKllll o6n., r. Ctte)KJIHCK) 

~ npeACI'OJII.Qero 3KCilepHMeHTa no npllMOM)' H3MepeHHIO Heihpcm-HeihpoHHOro (nn) 
pacceJIHHJI Ha perum>pe .HrYAP (1,2) npoBeAeHLI BLlqffCJieHHJI IlnOTHOCTH Dn-C'l'OJIKHOBeHHH e 
3KCilepHMeHTanLHOM KaHane (3K) nomcrrnneHoeoro KOHBepropa nnaHHpyeMOH H3MepHTeJILHOH 

YCTaHOBKH c peaKTOpoM .HrY AP; IlnOTHOCTH HeihpoHOB e 3K, CKOpOCTH KOTOPLIX nocne 

nn-pacceJIHHJI HanpaeneHLI B cropotty AeTeKTOpa B,l(OJ!b OCH KOJIJIHM~OHHOH CHCTeMLI (KC), 

BXOAJII.QeH B COCTIIB H3MepHTeJILHOH YCTaHOBKH; 3HepreTH'lecKoro pacnpe.l(eneHHJI IlnOTHOCTH 

HeihpoHOB e 3K, HanpaeneHHLIX nocne Dn-C'l'OJIKHOBeHHH e cropoey AeTeKTOpa; O:lKHJ(aeMoro qHCJia 

8KTOB permrrp~ HeihpoHOB, HCIILITaBWHX Dn-C'l'OJIKHOBeHHJI B 3K, AeTeKTOpoM TennOBLIX 

Heihpottoe KC 38 OAHH HMDyJibC AeJieHHH e aJCl'HBHOH 30He peaKTOpa .HrY AP ("31j><j>eKTa"); 

nonpaeKH K IlnOTHOCTH Dn-C'I'OJIKHOBeHHH e 3K, CBJl38HHOH c epeMeHHOH <j>opMOH HMDyJibCa 
Aenemm e A3. 

Pe:JyJILTilTLI 8HMH3HpYJOTCll. 

1. Bne~euee. IlOCTaeosn 1~a'IB 

B HacTO~ee BpeMX Be.n:ercx IIO,n:roTOBKa K rrepBOMY rrpXMOMY HJMepeHH10 ceqeHHX 

HeiiTpoH-HeihpoHHoro (nn) paccexHHX <Jon, rrpe,n:no)KeHHoMy B pa6o-rax [1,2] .n:nx rrpoBepm 

rHIIOTe3LI 3ap11,n:OBOH CHMMeTpHH x,n:epHIJX CHJI. IlpH 3TOM TO-OCTh orrpe.n:e.nenHX ceqeHHX 

<Jon .n:nx TeIIJIOBbIX H 3IIHTeIIJIOBbIX HeihpoHOB (c 3Heprneii: E < 1 3B) Jl:OJl)KHa 

COCTilBJIJITb ~5%. 
H3MepeHHe ceqeHHX <Jon B )'KaJaHHOM :mepreTHqecKOM ,n:H3Il330He 6y.n:er rrpoBe,n:eHO 

Ha pacTIIOpHOM HMIIYJILCHOM pea.ICTOpe filY AP, o6mmaromeM YHHK3JlbHJ,IMH .n:nx 
rrpe.n:cro~ero 3KCIIepHMeH1'll xapaKTepHCTHKaMH IIO cpaeHeHmo C .n})yrnMH 

CYI.QecTBYJOlllHMH YCTimOBKaMH TIUCOro KJiacca [3-5]: 
• MaKCHMaJILHoe qffCJIO .n:eneHHii: (f) B aKTHBHOii: JOHe (A3) pea.ICTOpa Ja HMrryJILC -

Nr= 1018 f, qeMY COOTBeTCTBYeT 3HeproBLIAeJieHHe Q = 30 M):{x<; 
• IIOJiyIIIHpHHa HMrryJILCa C MaKCHMaJILHLIM 3HeproBLIAeneHHeM - 'tJ/2 = 0,8 MC, qro 

JIBlllleTCX peKop.n:HI,lM JHaqeHHeM .n:nx pacTI!OpHI,DC pea.ICTOpoB; 

• HaJIHqHe CKBOJHOro, l{empam,Horo, l{HJIHH.npffqecKoro KaHana ,n:HaMeTpOM 0 12 CM; 

• HHJKHH ypoBeHb MOlllHOCTH .n:o,n:eJIHBaHHii: B TOIIJIHBe A3 B "XBocre" HMrryJILCa 

(rrpHMepHO B 105 
p33 Memme, qeM MaKCHMaJILHoe 3HaqeHHe MOlllHOCTH). 

Pa6oqeii: o6nacn.ro, B KOTOpoii: IIJiaHHpyeTCX Ha6J110,n:aTh DD-cTOJIKHOBeHHX TeIIJIOBbIX 

H 3IIHTeIIJIOBbIX HeihpoHOB (3$<l>eKT), JIBlllleTCX BnyrpeHHXX IIOJIOCTh KaHaJia pea.ICTOpa. lfx 
pernC'l"J)al{HX OCYI.QecTBJIXeTCX B.Il:OJIL OCH B3KYYMHpoBa.HHOro KaHaJia 

3
He-.n:ereKTOpoM, 
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HaxO,lVIIIUfMCH Ha paCCTOHHHH L = 12 M OT A3, 'ITO c IIOMOUV,IO MeTo.11a BpeMeHH IIpOJieTa 

(MBII) II03BOJIHeT oTce% ::iq>q>eKT OT q>oHa foJCTPhIX Heii:TPOHOB, po)KJlaIOIIlHXCH B A3. <l>oH 

TeIIJIOBhIX Heii:TPOHOB B IIJiaHHpyeMOM 3KCIIepHMeHTe IIO.!laBJIHeTCH IIpHMeHeHHeM 

cIIellHaJihHoro KOJIJIHMarnpa II CHCT~MhI Heii:TPOHHO~IIornoIIIaIOIIUfX .!IHaq>parM HJ 6opa, 

o6paJJIOIIlHX CJio:JKHJIO KOJIJIHMa}lHOHHJIO CHCTeMy (KC) H3MepHTeJihHOH ycTaHOBKH. 

MaKCHMaJihHOe 3Haqeirne q>JIIOeHca Heii:TPOHOB . 3a HMIIJJihC C 3HeproBhl.!leJieHHeM 

Q = 30 M,[{)K B KaHaJie COCTaBJIHeT :l 0 15 
Hie~, .z:t:OJIH TeIIJIOBhIX II 3IIHTeIIJIOBhIX Heii:TPOHOB B 

HeM paBHa -5%. ,[{JIM IIOBhIIIIeHHH 3TOH .!IOJIH .110 -(40+50)% B KattaJie JCTaHaBJIHBaeTCH 

KOHBeprnp-MO.!lepaTOp HeHTPOHOB B BH.!le IIOJIOii: IIOJIH3THJieHOBOii: (CH2) TPJ6hi 

c BHJTPeHHHM Pa.!IHJCOM R = 3 CM, TOJIIIlHHOii: CTeHOK -3 CM II BhICOTOii: H = 50 CM 

(HeCKOJihKO 60JihIIIeii: BhICOThl A3). IlpH TaKOH IIOCTaHOBKe H3MepeHHH B Kaqecrne o6JiaCTH 

nn-CTOJIKHOBeHHH BhlCTJIIaeT ofo,eM 3KCIIepHMeHTaJihHOro KaHaJia (3K) B KOHBepTope 

(V = 1,4 JI), ,a ero CTeHKH MOryT paccMaTPHBaThCH KaK IlHJIHH.!lpHqecKH CHMM~Hqffh!H 

IIOBepxHOCTHhiii: HCTOqffHK Heii:TPOHOB q(R, z, E, 8, t) [ CM -i • c-
1 

• ::iB-
1 

• cTep-
1
], r.11e (R, z) -

KOOp.!IHHaThI TQqKH Ha IIOBepXHOCTH 3K B IlHJIHH.!lpHqecKoii: CHCTeMe KOOp.!IHHaT (r, z, <p) c 

OChIO i\ B.!IOJih OCH CHMM~HH 3K, 8 - yroJI BhIJieTa HeHTPOHa H3 TQqKH Q(R, z) 

HCTQqHHKa OTHOCHTeJihHO HOpMaJIH K IIOBepXHOCTH 3K B 3TOH ToqKe, E - 3HeprHH 

BhIJieTaIOIIlero Heii:TpOna, t - BpeMH ero BhIJieTa. 

KIIneMaTHqeCKM cxeMa nn-CTOJIKHOBeHHH B 3K IIOKaJaHa na pHC. I. 

➔ 
Z, K .n;ereKTopy 

V, 

z 

Pnc. 1. PacqeTHaJI cxeMa 3KCnepttMeHTaJU,HOro KaHaJia. 

3.11ech: Q;(R, z;, <p;), i = I, 2 - rnqKH BhIJieTa .!IBJX 1ieiiTPoli:0B c IIOBepxttocm 3K 

co cKopocTHMH '\\, coorieTCTBenno; P(r, z, <p = 0)-ToqKa HX CTOJIKHOBeHIIH; 
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i = 1, 2 (1.1) 

MOAYJih CKOpOCTii BhIJieTaromero HCllTJ)OHa; m = 1,66. 10~24 
r. - Macca Heii-rpoHa, 

b = 1,388 · 106 
CM· c-1 

• 3B-
112

. 

O,nHOll H3 KJIIO'ICBbIX 33,ll;a'I rrpe,ncTmrmero 3KCrrepHMCHTa .l!BJllleTC.11 IlOJIY'ICHHe 

MaKCHMaJihHO TO'IHOH KOJIH'ICCTBeHHOll CB.ll3H Me)K_ny xapaKTepHCTHKaMH IlOJlll pacce.l!HHhIX 

HCHTJ)OHOB rrpn nn-CTOJIKHOBCHH.l!X B 3K, orrpe,neJlllIOmnx H3Mep.11eMhlll 3q>q>eKT, H 

xapaKTepHCTHKaMH HCTO'IHHKa HCHTJ)OHOB. OT,neJihHhie acrreKTbl 3TOll 33,ll;a'IH pacCMOTJ)CHhl 

a pa6oTax [2,6,7]. B HaCTo.11meil: pa6oTe rrpnMeHeH HeCKOJibKO HHOH rro,nxo,n K BbI'IHCJieHHIO 

,nmpqiepeHIIHaJihHbIX xapaKTepHCTHK IlOJlll pacce.l!HHhIX Heil:-rpOHOB rrpn nn-CTOJIKHOBCHH.l!X B 

3K, 'ICM B rrpe,nhi,nymnx pa6oTax. OH OCHOBaH Ha .l!BHOM HCilOJih30BaHHH q>yttKIIHH 

pacce.l!HH.11 g(v2 ➔ v, V1) [cTep-
1 

• (cMlcf
1
] B Jia6opaTOpHOll CHCTeMe KOOpAHHaT, xopowo 

H3BCCTH0ll B Teopnn TepMaJIH3aIIHH Heil:-rpoHOB (cM., HarrpnMep, [8,9]). B CJiyqae 

nn-pacce.l!HH.11 OHa orrpe,neJllleT IlJIOTHOCTh BepO.l!THOCTH rrepexo,na Heii:-rpoHa co CKOpOCThlO 

V 2 B COCTO.l!HHe co CKOpOCTblO V rrpn ero CTOJIKHOBCHHH C Heil:-rpoHOM, HMeIOmHM 

CKOpOCTh VI : 

(- - - ) 1 v
2 

"( 2 2(_ -) (- - )) g V2 ➔ V,Vt =-·-·u V - Vc ·V + Vt ·V2 . 
7t VR 

(1.2) 

3,nech ci(x)- 6-q>yttKIIH.11 ,[(npaKa, 

- 1 (- - ) 1- - I Ve =2 Vt +v2 , VR = V2 -Vi. 

3Ta q>yttKIIH.ll .l!BJI.lleTC.11 CJICACTBHCM 3aKOHOB coxpaHCHH.ll 3HeprnH-HMITYJibCa rrpn 

nn-pacce.l!HHH, a TaK)l(C 3KCrrepHMCHTaJihHhIX ,naHHbIX, CBHACTCJibCTBYIQmnx O TOM, 'ITO 

yrnoaoe pacrrpe,neJieHne yrrpyro pacce.11HHhIX Heii:-rpoHOB Ha .11,npax B o6JiaCTH HH3KHX 

3Heprnil: (S-pacce.11Hne) - H30TJ)OilHO B CHCTeMe IICH-rpa Mace CTaJIKHBaromnxc.11 'IaCTHII. 

He-rpy,nHO IlOKa3aTb, 'ITO OHa HOpMHpOBaHa Ha e,nHHHIIY 

JdnJ<lv·g(v2 ➔ v,v1)=I. (1.3) 
411 

B pe3yJihTaTe AJlll AHq>q>epeHIIHaJibHOro CC'ICHH.11 nn-pacce.l!HH.11 6y,neM HMCTh 

(1.4) 

r,ne B HHTepecYIQmeM Hae ,nnarraJoHe JHeprnii (S-pacce.11Hne) aeJIH'IHHa crnn MO)l(CT 

C'IHTaTbC.11 IlOCTO.l!HHOH 

crnn = const = 10 6.* (1.5) 
Han6oJiee ,neTaJihHOii xapaKTepncTnKoii n-rroJlll B 3K, orrpe,neJlll10meii 

pernc-rpnpyeMblii 3q>q>eKT, .l!BJllleTC.11. ABa)I{_nbl ,nnq>q>epeHIIHaJihHa.11 IlJIOTHOCTb HCHTJ)OHOB, 

CKOpOCTH KOTOpbIX rrocJie nn-pacce.l!HH.11 B TO'IKe. P(r, z) B MOMCHT BpeMeR'li t HarrpaBJICHbl 

BAOJib OCH 3K (e,) B CTOpOHY ,nereKTOpa. O6o3Ha'IHM ee 'Iepe3 

( E ) _ d2
nn(r,z, t,E,e,) [ -3. -1. -1. 8 _1] 

Ilil E r, z, t, z = ---'------=- CM C cTep 3 , 
dr.l-dE 

me E, - JHeprn.11 Heii-rpoHa, Jier.11mero rrocJie nn-cTOJIKHOBeHH.11 B cTopoey ,nereKTopa • 

• IlpHHllTO B npe,11nOJIO)l(eHHH paneHCTBa ,llJIHH nn-paccellHHll H npoTOH-npOTOHHOro paccel!HHll. 
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C IlOBCpXHOCTIIOll IlJIOTHOCThIO llCTO'IHIIKa HCll'IJ)OHOB B 3K q(R, 
ceqeHIICM nn-pacceHHllll (1.4) oHa CBH3aHa COOTHOIIleHIICM: 

z, E, o, t) H 

bR2 OJ 2:r H/2 { R,z2,E2,02,t- ~:) 
nnE (r,z, t,E 2 ) = rc-- fdE2 fdq> 2 f dz2 2 x 

2vEz O O -H/2 d2V2 

OJ 2:r H/2 q( R,z1,E1,01,t-~) 

xfdE1 fdq>1 I dz1·crnn·g(v2 ➔ Vz,Yt)•vR 2 Vt 
0 0 -H/2 d1 Vi 

BLIBO,Zl KOTOporo OCHOBaH Ha llHTCrpam,HOM MCTO,ZlC IIaii:epnca (MMII) [9]. 
3,nech B COOTBCTCTBllll c pnc. 1 

2 2 2 r 2r z-z; 

[ 2 ( )2] d; =IPQ;j =R 1+ R2 -RCOS(j)j + ~ , i =1, 2; 

coso- = .!.(1-~cosq>•) i =1 2· 
I d; R I , , , 

VR =lv1 -v2l= ✓vr +v~ -2V1V2 ·µR, v2 [ c:] = b.JE2 [3B], 

(1.6) 

R
2

[· . (r )(r )(z-z1)(z-z2)] µR =cos0R =-- Slll(j)J ·S!Il(j)z + --COS(j)J --COS(j)z + 2 . 
d1d2 R R R 

K BIDKHhlM xapaKTepHCTllKaM paccMa'IJ)IIBaeMoro n-IIOJIH OTHOCHTCH TaIOKC 
,nmpq>epeHIUiaJibHaH IIJIOTHOCTI, HCll1J)OHOB nn, [cM-J • c-1

- CTep-1
), CKOpOCTll KOTOphlX IIOCJie 

nn-pacceHHllH B TO~e P(r, z) B MOMCHT BpCMCHll t HanpaBJICHhl B,ZlOJih OCH 3K B CTOpOHY 
,nereKTopa: 

dnn(r,z, t,e2 ) OJfd E 
nn 2 (r,z,t)=----- E 2 ·nnE(r,z,t, 2 ); 

. dO o 
(1.7) 

ll IlJIOTHOCTh nn-CTOJIKHOBCHllll B TO~e P(r, z) B MOMCHT BpCMCHll t: 

nn(r,z,t) =.!. I dn-(dnn(r,z,t,n)}· 
2 4" dO 

(1.8) 

QeJibIO ,ZlaHHOll pa6oThl HBJIHCTCH KOJIIIqeCTBCHHhlli pacqCT II aHaJill3 YKa3aHHhIX 
Bhlllle xapaKTepHCTllK IIOJIH no COOTHOIUCHIIHM MMII, a TaIOKC OU:CHKa pernC'IJ)HpyeMoro 
3q>q>eKTa ,ZlJlH ycJIOBllll, COOTBCTCTBYlQII(llX IlJiaHHpyeMOll IIOCTaHOBKe rrpe,nCTOHII(Cro 
3KcnepHMCHTa: 

R H/2 Ezmax 

No =21t03q,fdtJrdr Jdz JdE 2 nnE(r,z,t,E2 )·E(E2 ). (1.9) 
T O -H/2 Ezmin 

3,nech No - qncno HCll'IJ)OHOB, llCilhITaBIIlllX nn-CTOJIKHOBCHHH B 061,eMe 3K 3a 
BpeMH n-llMilYJihCa peaKTopa 't II 3apernC1J)Hp0BaHHhlX ,ZlCTCKTOpOM (3q>q>eKT), i::(E,) -
3q>q>eKTIIBHOCTI, pernC'IJ)au;Hll HCll1J)OHOB C 3Heprneii: E, ,ZlCTCKTOpOM KC, n,<t> -
3q>q>eKTIIBHhlll TCJICCHhlli yron ,nCTeKTopa B rrpHHHToii: KC, E, min, E, max - COOTBCTCTBenno, 
MllHllMaJihHOC ll MaKCllMaJibHOC 3HaqennH 3Heprnii: HCll'IJ)OHOB B Bhl6paHHOM BpCMCHHOM 
oKHe pernC'IJ)au:Hll MBII. 
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,[(Jrn paC'IeTOB 6b1Jrn pa3pa6onma CIICI.(IHlJlbHIDI rrporpa~tMa (MKM) Bbl'IHCJICHHJI 

MHOroKpaTHblX HHTerpaJIOB, BXO,Alll[(HX B COOTHOIIICHHR (1.6-1.9), B KOTOpoil: 

HHTerpHpOBaHHC ocylI(eCTBAAJIOCb MCTO,!IOM MOHTe-KapJIO. KOHTPOJib rrpoBO,!IHMbIX no 3TOH 

rrporpaMMe Bbl'IHCJICHHH OCYIIJCCTBJijjJICJI B TCCTOBblX paC'IeTax. 

KaK H B rrpe.!lbl.!IYIIJHX pa6oTax [2,6,7], B pac'!e-rax 6bmo rrpHHRTO cerrapa6eJibHoe 

rrpe,11CTaBJICHHC q>yrrKI.(HH IIOBepXHOCTHOro HCTO'IHHKa a 3K: 

q=S(t)·F(z)•\l'(o)•M(E). (1.10) 

Jl:anee 6y,11eM C'IHTaTb, 'ITO cpyrrKI.(HH F(z) [cM-2
] H \l'(O) [cTep-

1
], xapaKTepH3yiolI(He, 

COOTBeTCTBCHHO, rrpOCTPaHCTBCHHOe H yrnoaoe pacrrpe,11eJICHHJI HCHTPOHOB Ha IIOBepXHOCTH 

3K, HOpMHpOBaHbI Ha C,!IHHHI.(y 
H/2 rc/2 

21tR JF(z)dz=l, 21t J\l'(o)·sino·do=l, 
-H/2 0 

a :mepreTH'ICCKOe pacrrpe,11eJICHHC HCHTPOHOB HCTO'IHHKa M(E) [3B-
1·r1

] HOpMHpOBaHO Ha 

IIOJIHOe 'IHCJIO HCHTPOHOB, HCrrycKaCMblX c IIOBepXHOCTH 3K a ero IIOJIOCTb rrpH O,!IHOM 

,!ICJICHHH B A3 (:X, [ Hit)) 
00 

JM(E)dE =:x,. 
0 

IlpH 3THX ycJIOBHRX cpyrrKI.(HR S(t) HMCeT CMbICJI HHTCHCHBHOCTH ,!ICJICHHH [f/c] B A3, 

a q>YffKI.(HR q 6y,11e-r HOpMHpOBaHa Ha IIOJIHyio HHTCHCHBHOCTb IIOBepXHOCTHOro HCTO'IHHKa 

HCHTPOHOB a 3K: 
H/2 rc/2 oo 

(2n) 2R Jdz· Jdo• JdE•sino·q(R,z,o,E,t)=:x,·S(t). 
-H/2 0 0 

IIepBOHa'laJibHO paC'ICTbl rrpoBO,!IHJIHCb B rrpe,11rrOJIOlKCHHH CTal.(HOHapHOCTH 

n-HCTO'IHHKa S(t) = const =So, a 3aTeM - ,!IJijj HCTO'IHHKa C xapaKTepHOH ,!IAA peaKTOpa 

.51TY AP cpopMoii HMnynhca. 

2. <l>yuK~UH UCToquuKa 

Pac'IeT cpyHKI.(Hil: F(z), \l'(o), M(E), BXO,Al!JI(HX B coomoIIIeHHe (1.10), 6un rrpoae,11eH 

MeTO,!IOM MoHTe-KapJIO ,!IJijj MO,!ICJibHOH CHCTCMbl, MaKCHMaJibHO 6JIH3KOH 

K KOHCTPYKTOpCKHM cxeMaM A3 peaKTopa .HrY AP H rrnarrHpyeMoil: KC (pHc. 2). B 

Pe3YJibTaTe ,!IJijj paccMaTPHBaeMoii CHCTCMbl 6bma IIO,!ITBCplK,!leHa B03MOlKHOCTb 

cerrapa6eJibHOro rrpe,!ICTaBJICHHJI cpyrrKI.(HH HCTO'IHHKa q(R, Z, o, E) H IIOKa3aHO, 'ITO B 

o6JiaCTH TCIIJIOBbIX H 3IIHTCIIJIOBbIX 3Heprnil: (E < 1 3B) ero IIPOCTPaHCTBCHHOe 

pacrrpe,11eJICHHe C xoporneil: TO'IHOCTbIO arrrrpoKCHMHpyeTCJI cpyrrKI.(HCH 

F(z) [ cM-2] = 1,524· 10-3 cos 1tz , H, = 55,31 cM; (2.1) 
H3 

ero yrnoBrui 3aBHCHMOCTb IlpaKTH'ICCKH TO'IHO OIIHCbIBaeTCR pacnpe,11eJieHHCM JlaM6epTa 

\I'(µ) =!:[TJ(µ)-T)(µ-1)], (2.2) 
7t 

r.11e µ=cos o, T)(µ) - C,!IHHH'IHIDI cpyrrKI.(HJI X3BHCail:,11a; a 3HepreTH'ICCKOe pacrrpe,11eJICHHC 

M(E) 3aMeTHO OTJIH'IaeTCJI OT COOTBeTCTByiolI(ero MaKCBCJIJIOBCKOro CIICKTPa 

(MM(E)-E-exp(-E/kT), kT = 0,025 3B) rrpH HH3KHX 3HeprnRX E < 10-2 3B H O'ICHb CHJibHO 

- rrpH 3HCprnRX E > 0, 1 3B, 'ITO ,!ICMOHCTPHPYCT pHC. 3. 
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7 
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' R29.5 

6 3. 

____ r---11 __________ ) ___________ ~RB.5 

R6.0 
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• if~-r---f--1---
3. 8 2 (lb ii 

V. ... 

Dl R3.0 

·-· -· -·-. -· -·- ·-► 
~ Z,cM 

Pnc. 2. PacqerHlUI cxeMa qiparMeHTa KOJIJIHMal.lHOHHOH CllCTCMbl c peaKTOpHb!M 6JIOKOM (P). 
CocTaBbl n IIJIOTHOCTH (p) o6JiaCTeii: 
I - peaKTopHhlii 6JioK c CH2-KoHaepTepoM (R = 3 CM, H = 50 cM); 
2 - rpy6a H3 Al, p = 2.7 r/cM3; 
3.1 - CMeCb BO~bI c Kap6n~oM 6opa: 10Bo.n/1B3_21sC1H1.630o.s 15, p = 1.9 r/cM3; 
3.2- Cd, p = 8.6 r/cM3; 
4-Kap6n~ 6opa: 10Bo.785 11 B3_215C1, p = 1.5 r/cM3; 
5 - rrorrn3rnrreH c 5 aec. % 6opa ecT.: 10B0.00411B0.01sCo.J26Ho.6s2, p = 0.8 r/cM3; 
6, 7 - MHorocrroiiHhle rpy6hl KBH; 
8 - aaKYYM, p = O; 
Di (i=l, ... ,4)- ~naqiparMbl ll3 6opa, 06ora111eHHOro ll3OTOIIOM 10B. 
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Pnc. 3. 3tteprernqeCKaJI 3aBHCHM0CTh noeepxHocrnoro HCTQqHHKa HeihpOHOB B 3K peaKTopa 
>lfY AP (pnc. 2) B 0TH0CHTeJihHhlX CJIHHHQax (MM max = Ma max = 1 ). 

IIo 3Toii: npll'nrne B nocne.zzyromnx BbJtIHcneHnmc no nporpaMMc MKII 

rcnOJib30BaJIOCb Haii,!lCHHOC B pac11eTax MCTO,!lOM MoHTc-Kapno 33K_rpynnoaoe 

1pe,!lCTaBJICHllC cncicrpa M(E). TaKOC )KC (llCXO,!lHOC) npc,!lCTIIBJICHllC B 3TllX Bbl'IllCJICHHIDC 

ihIJIO npnmrro ll ,lJ.lli[ npOCTPaHCTBCHHOrO pacnpc,!lCJICHllJI llCTO.l'.fHHKa F(z): C IIIaI'OM 

1z = 2 CM HaMHHc 3K H = 50 CM. 

B 3TOM )KC QHKJIC pac11croa MCTO.llOM MoHTc-Kapno (MK) ,lJ.llil paccMaTPUBacMoii: 
llCTCMbl (pnc. 2) 6hlJia onpC,!lCJICHa ITJIOTHOCTh HCHTPOHOB a pJI)le TO'ICK P(r, z) 3K, KOTOpaJI 

areM cpaBHllBaJiaCb C COOTBCTCTB}'IOmHMll BCJllll'.fllHaMU, noll)"ICHHbIMll no nporpaMMC 

1Kl1: 

n(r,z) = S
0 

•n1(r,z), n 1(r,z) = R EJdE/J dcp1 Hf dz1 /Cr,z;zi,cpi,E1) , 
o o -H/2 d (r,z;z1,cp1)·v(E1) 

21t R H/2 
n=So ·n1 , ii1 =- Jdr•r Jdz-n1 (r,z), V=1t·R2 ·H. 

V o -H/2 

3.zlCCb II ,!lancc: J = F(z) · \/f(O) · M(E) , Em - rpaunl'.fHaJI 3Hcpmx uciiTPOHOB B 

ICKTpC llCTO'lHllKa M(E), Y'lliThlBaCMaJI B pac11cTax. 

PeJyJibTaTbl npoBC,!lCHHOro cpaaHCHllJI ,llJIJI TOl'.fCK P(r, z) Ha OCH 3K (r = 0) npn 

n = 1 3B, R = 3 CM, H = 50 CM npHBC,!lCHhl B Ta6nnQc 1. 

Ta6nnQa 1 
- OHO_!l_llJ 10-10 c·11·cM-3 c 3Hc mcii E = (0-1 _3B B To11Kax P(0, z 3K. rnTHD~!J,_H~ 

Z, CM 25 14 0 -14 -25 n, (lcr,%) 

n1 MK 5,673 (0,7) 26,24 (0,5) 36,89 (0,5) 26,33 (0,5) 
5,771 
07 

lcr,%)* MKH 5 489 26,12 36,62 26,16 5,559 25,91 0,22 
J(CCh u J(aJJee I cr - cpe/UICKBal(paTffqmlJI norpeWHOCTh pac'leTOB, ,!UIJI MKH - 1 er < 0,1 %. 
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I-fa ITp1rne,neHHhIX B Ta6rrm.:ie ,naHHhIX crre,nyeT, 'ITO MMII n ceITapa6err1,Hoe 

rrpe,ncTaBJJeHHe cpyaKI:(llH HCTOqHnKa, peaJJH3OBaHHbie B ITpOrpaMMe MKH, 06ecITeqnBaIOT 

,nocTaToqHO BI,ICOKYJO TOqffOCTh BI,NHCJJeHHii:: OTJJHqne ITpOBe,neHHI,IX pacqeTOB cpyHKI:(HH 

n1(r,z) ITO Heii: lI ITPH IIp.l!MOM Mo,nerrnpOBaHHH cpopMHpOBaHHll HeHTPOHHOro ITOJJ.ll B 3K 

MeTO,nOM MoHTe-Kaprro B HaH6orree 3HaqnMoii: o6rraCTH 061,eMa 3K He ITpeBbIIIIaeT -1 %. 
B 3aKJJIOqeHHe pa3,nerra OTMeTHM BIDKHYJO oco6eHHOCTI, ITOJJ.ll TeITJJOBI,IX Heii:TPOHOB B 

paccMaTPHBaeMOM 3K: OHO ITpaKTHqecKH o,nHopo,nao B,nOJJI, pa,nHyca KaHarra, qTO llBJJ.lleTCll 

crre,nCTBHeM ,nocTaTOqHO 60JJI,IIIOro OTHOIIIeHHll H/R = 17 ,nJJ.ll Hero. 

3. IlJIOTHOCTb ueiiTpou-ueiiTpOHllblX CTOJIKHOBCHHH B 3KCnepHMCIIT3JlbH0M 
KauaJie peaKTopa. Y'leT auu3oTponuu ueiiTpon-ueiiTpouuoro pacceHHHH 

CornacHo MMII ITpOCTPaHCTBeHHOe pacITpe,nerremrn ITJJOTHOCTH nn-cTOJJKHOBeHnii: 

,nJJ.ll Me,nJJeHHI,IX HeHTPOHOB, Korona MO)KHO cqnTaTI, BbIIIOJJHeHHI,IM ycJJOBHe (1.5), 
OITpe,neJJ.lleTCll COOTHOIIIeHH.l!MH: 

nn(r,z) =S~ •crnn •nn1 (r,z), (3.1) 

( )
- R2 EJmdE 2J"d HJ/2 d J2(r,z;z2,<p2,E2) 

nn1 r,z -- 2 <p2 z2 2 x 
2 o o -H/2 d2(r,z;z2,<p2)•v2(E2) 

Em 21t H/2 J (r z· z <p E ) 
x JdE1 Jdcp1 J dz1 •vR(r,z;E1,E2,<p1,<p2,z1,z2)· 2 I ' ' I• I• I . 

o o -H/2 d1 (r,z;z1,<p1)·v1(E1) 

CoOTBeTCTBeHHO, ,nJJ.ll cpe,nHeii: ITJJOTHOCTH nn-CTOJJKHOBeHHH B 061,eMe 

paccMaTPHBaeMoro 3K 6y,neM nMeTb 

_ 21tR H/2 
nn1 =- Jdr·r Jdz-nn1(r,z). 

V O -H/2 

- 2 -
nn = S0 • cr nn · nn1, (3.2) 

Pe3yrr1,TaT1,1 BwqncrreHHll yKa3aHHI,IX BhIIIIe BerrnqnH ITO ITporpaMMe MKH ITPH 

HCXO,nffl,IX ,naHHbIX, yKa3aHHI,IX B pa3,nerre 2, H HeCKOJJI,KHX 3HaqeHHl!X rpaHHqHOH :meprnn 

Em ITpe,nCTaBJJeHI,I B Ta6JJHI:(e 2 •. 

Ta6rrnr:ia2 

- . . 
Z, CM 

nn1, 10-1• c/f·cM5 (la,%) 
Em= 0,13B Em= I 3B Em= 103B Em= 100 3B Em= 100038 

25 3,461 (0,1) 4,791 (0,1) 5,351 (0,1) 5,906 (0,1) 6,455 (0,1) 
14 97,02 (0 03) 132,1 (0,03) 145,3 (0,03) 158,1 (0.03) 170,5 (0,03) 
0 191,8 (0,02) 261, I (0,02) 287,1 (0,02) 312, I (0,02) 336,6 (0,02) 

-14 97,35 (0,03) 132,5 (0,03) 145,8 (0,03) 158,6 (0,03) 171,1 (0,03) 
-25 3,544 (0,1) 4,904 (0,1) 5,478 (0,1) 6,046 (0,1) 6,607 (0,1) 

MJ, 10-14 
108,1 (1,1) 147,2 (1,1) 161,8 (1,1) 175,9 (1,1) 189,7 (1,2) 

c/(f·cM5) (la,%) 

• 3,1:1ec1, H e noCJie)zy!OUIHJC pa:i,1:1enax KOlfillOJib noll)"leHHbIX pe:iynnaroe OCyll(eCTBJIJIJICll e n:croeoli 3a,11aqe, 
npHBe,l:leHHOH B IlplllIOlKeHHH I. 
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napa6enbHOe 
5ecne'IHBaJOT 

'OB ciiYHKQHH 
, noJUI B 3K 

leT-1%. 
HeiiTPOHOB B 
'ITO HBJUieTCX 

TaJibHOM 

:ceHHUH 

TOJIKHOBeHHH 
JIOBHe (1.5), 

(3.1) 

(3.2) 

1e MKI1 npu 

'IHOii :mepnm 

Ta6nnQa2 

L 

E,,, = I 000 38 
6,455 {0,1) 
170,5 (0,03) 
336,6 (0,02) 
171,1 (0,03) 
6,607 (0,1) 

189,7 (1,2) 

KaK CJiel{yeT H3 npel{CTaBJieHHbIX B Ta6JIHQe 2 l{aHHbIX, BeJIH'IHHbI IlllJ, nn J 

: cymecrneHHO 3aBHCHT OT rpaHH'IHOH :meprnu Em B cneKTpe HCTO'IHHKa HeHTPOHOB M(E). 

ITocKOJibKY B paccMaTPHBaeMOM l{HarraJOHe :meprnii (E ~ 103 3B), O'nn = const (1.5), 3TO 

03Ha'laeT, 'ITO nJIOTHOCTb nn-CTOJIKHOBeHHH B 3K onpel{eJUieTCH He TOJlbKO CTOJIKHOBeHHHMH 

TenJIOBbIX HeiiTPOHOB (c E ~ 1 3B), HO H B 3Ha'IHTeJibHOH CTeneHH - CTOJIKHOBeHHHMH 

HMTenJIOBbIX HeiiTPOHOB (E > 1 3B). 

Haiil{eHHbie 3Ha'leHHH IlllJ no3BOJUIIOT nonyqHTb OQeHKY cpel{Heii no 061,eMy 3K 

/:\HclicliepeHQHaJibHOH nJIOTHOCTH HeiiTPOHOB, CKOpOCTH KOTOpbIX nocne nn-CTOJIKHOBeHHii 
HarrpaBJieHbI Bl{OJib OCH 3K (OZ) B CTOpoHy l{eTeKTOpa: 

- 2 - 2nn1 
nnz = S0 • cr nn • IlllzJ, nnz1 = --, (3.3a) 

47t 
0TK)'l{a npH Em= I 3B (cM. Ta6JIHQY 2) cnel{yeT 

- -13 C 
IlllzJ = 2,34 · 10 · 2 5 

• (3.36) 
f ·CM ·CTep 

B 3TOH OQeHKe npel{nonaraeTCX H30TPOnHH nn-pacceXHHH B na6opaTOpHoii CHCTeMe 

(rr.c.) KOOpl{HHaT. O;:{HaKO cornacHO (1.2) nn-pacceHHHe B JI.C. - aHHJOTPOnno. C yqeTOM 
aHHJOTPOnHH nn-pacceHHHH l{HclicliepenQHaJibllaH nJIOTHOCTb neiiTPOHOB, CKOpOCTH KOTOpbIX 
nocne nn-CTOJIKHOBeHHii narrpaBJieHbI Bl{OJlb OCH 3K B CTopony l{eTeKTOpa, onpel{eJIHeTCH 
COOTHOIIJeHHHMH: 

g, = 

dnn(r,z,e2 ) 
8

2 ( 
Illl 2 (r,z)=---~~= o·0'00 ·Illlz1 r,z) 

dn 
(3.4) 

nnz1(r,z)=R2EjdE/fdq>z H{ dz2 /2(r,z;zz,q>z,E2) x 
o o -H/2 d 2(r,z;z2,q>2)•v2(E2) 

Em 211 H/2 
x JdEI Jdq>I fdz1 ·VR(r,z;EI ,E2,q>I ,q>2,zI ,z2)·g 2 (r,z;EI ,E2,q>I ,q>2,z1,z2)x 

0 0 -H/2 

x J1(r,z;z1,(j)1,E1) . 
2 ' d I (r,z;zI ,q>I )-v I (EI ) 

Z-Zj 
µi = -d---, i =1, 2, 

I 

_ 21tR H/2 
nnz1 =- fdr·r fdz•nnz1(r,z). 

V O -H/2 

PeJyJibTaTbI BbI'IHCJieHHH BeJIH'IHH nnzJ(r, z) no nporpaMMe MKH npu panee 
npHHHTbIX HCXO)UlbIX l{aHHbIX H rpaHH'IHOH 3Heprnu Em = 1 3B npHBel{eHbl B Ta6JIHQe 3. 

117 



Ta6mn~a3 

,[(mpqiepemvrn.rrhHru! IIJIOTHOCTh HeiirpoHOB llllzJ(r,z) [10-14 c·r2·cM-5·cTep-1
] B ToqKax P(0, z) 

3K IIPH Em= 1 3B. Pacqer IIO IlPOil)aMMe MKH. 

Z;, CM I 25 I 14 0 -14 -25 

llllzj ~%)~ 3,086 (0,08) I 26,13 (0,03) 39,53 (0,03) 14,80 (0,05) 0,0386 {0,~ 

Cpe.11HIDI IIO 061,eMy 3K .I\Hq>q>epeHI.~HaJihHru! IIJIOTHOCTh HeiirpOHOB, CKOpOCTH 
KOTOphIX rroc.rre nn-CTOJIKHOBeHHll. HaIIpaBJieHhl B CTOpOHY .11eTeKTopa, B paccMaTPHBaeMOll. 

CHCTeMe rrpH Em = 1 3B OKll.3aJiaCh paBHOii 

nnz1 =2,29-10-13 
2 

~ (lcr::0,9%). (3.5) 
f ·CM ·CTep 

l13 cpaBHeHHJI 3TOll. Be.rrHqHHhl C OQeHKOll. (3.3) BH.I\HO, qro HX pll.3JIHqHe 

COCTaBJIJieT -2%. He60JihIIIOe OTJIHqHe Me)KJ{y HHMH rro.rryqeHO TaK)Ke H B pa6oTe [2]. 

O.IIHaKO, c.rre.11yeT 3aMeTHTh, qro rrpocTpaHCTBeHHOe pacrrpe.11e.rreHHe IIJIOTHOCTH llllzJ(r, z) 

B.IIOJlh OCH 3K c~eCTBeHHO OTJIHqaeTCJI OT COOTBeTCTBYIOIQero pacrrpe.11e.rreHHJI IIJIOTHOCTH 

nn1(r, z): eCJIH BTOpoe H3 HHX IIpHMepHO CHMMerpHqHo OTHOCHTeJihHO QeHTpa 3K (z = 0), TO 

rrepBoe - cymecrneHHO acHMMerpHqHo (CM. Ta6JIHQhl 2, 3). B PMHaJihHOM HaIIpaB.rreHHH 

KaK q>YffKQHJI nnzJ(r, z), TaK H q>yHKQHJI nn1(r, z) rrpH z = const Moryr cqHTaThCJI rrpHMepHo 

O.I\HOpO.I\HhIMH B 06.rraCTH 0 ~ r ~ R, qro, KaK y)Ke OTMeqa.rrocb, JIBJIJieTCJI c.rre.11crnHeM 

.I\OCTaToqHo 6oJihIIIOfO OTHOIIIeHHJI H/R .IIJIJl paccMarpHBaeMoro 3K. 

B 3aKmoqeHHe Pll.3.lleJia rrpHBe.11eM OQeHKY IIOJIHOro qHc.rra nn-CTOJIKHOBeHHll. B 3K 
3a HMIIYJihC (NN), qHCJia HeiirpoHOB B. 3K 3a HMIIYJihC, CKOpOCTH KOTOphlX rroc.rre 

nn-CTOJIKHOBeHHll. HarrpaBneHhl B CTOpOHY .11eTeKTopa (NN,), H qHcna 3aperHCTPHPOBaHHhIX 

HM HeiirpOHOB (No), HCIIhITaBIIIHX nn-CT0JIKH0BeHHJI B 3K, 3a HMIIYJihC. IlpH qHcne .11eneHHll. 

B A3 peaKTopa 3a HMrrynhc Nr = 10
18 f, .11nHTenhHOCTH HMrrynhca 't112 = 0,8 Mc, V = 1,4 • 103 

cM
3
, cr00 = 10 6, Em ::l 3B cornacHo (3.2), (3.4), (3.5) nonyqHM: 

NN = Ni ·'tuI
2 · V •nnJ ·cr00 = 2,6·107, S0 = Nr ·'tu1

2, 

NN z = N; · 't1/2 · V • llllzJ · 0" 00 = 4,0 · 10
6

cTep-l, 

No= NNz •!1aq, ·E, 

me n,4> - 3q>q>eKTHBHhlll. TeneCHhlll. yron .11eTeKTopa [cTep], E - 3q>q>eKTHBHOCTh 

perncTpaQHH HeiirpOHOB .11eTeKTOpOM. EcnH, KaK B [2], rrpHHJITh i; = 100%, 

!1,4> = 6,4. 10-5 CTep, TO qHcno 3aperHcrpHp0BaHHhIX .l\eTeKTOpOM HeiirpoHOB, HCIIhITaBIIIHX 

nn-CTOJIKHOBeHHJI B 3K 3a MaKCHMaJihHhlll. Il-HMIIYJihC peaKTOpa, rrpH Em = 1 3B COCTaBHT 

BennqHHY No= 2,6·10
2 

llHMII., qro HeCKOJihKO 6onhIIIe 3HaqeHHJI No = 180 llHMII., 

rrpHBe.11eHHOfO B pa6oTax [2, 7]. 

4. TpauccJ>0pMaQHH 3HepreTH'leci.:oro cnei.:Tpa ueiiTpouos 
npu 11eiiTpo11-ueiiTponuoM pacceuuuu 

KaK OTMeqeHO B Pll.3.llene 1, Han6o.rree .11eTaJihHOll. xapaKTepHCTHKOll. Il-IIOJIJI B 3K, 

orrpe.11enmomeii perncrpHpyeMhiii Jq>q>eKT B rrpe.11cTOJIIQeM JKcrrepHMeHTe, JIBJIJieTCJI .I\Ba)KJ{hl 
.I\Hq>q>epeHQHaJihHru! IIJIOTHOCTh HeiirpOHOB, CKOpOCTH KOTOpbIX rrocne nn-pacceJIHHJI B TOqKe 

P(r,z) HaIIpaB.rreHhI B.I\OJih OCH 3K B crnpoHy .zteTeKTopa. CornacHo (1.6) rrocne 
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HHTerpnpoBaJiml no OJ:IHOH ll3 3HepreTnqecKHX nepeMeHHbIX (E1) C yqeTOM 
BXO,lVIII(CH B qJ)'HKlllllO pacceHHHH (1.2), OHa onpe,:ieJIHCTCH COOTHOIIICHHCM: 

0-qJ)'HKllHH, 

( E ) d
2
nn(r,z,E,e,) 82 ( E ) 

nnE r,z, z = dQ-dE o •crnn •nnEJ r,z, z , 

( F)
_R2·v,EJmdE 2J11d HJ/2d F(z2)·1j1(02)•M(E2) 

nnEJ r,z, z ---- 2 <pz Zz 2 x 
7t o o -H/2 dz(r,z;zz,<pz)•v2(E2) 

211 H/2 F(z ) '"(◊ ) M(b-2u2) 
x Jdq,1 J dz1 · 2 

1 ·"' 1 --~---[ri(u)-ri(u-vm)]. 
o -H/2 d1 (r,z;zi,<p1) lvRµR -v,µ1I 

v,(vzµz -v,) Iv rr;-
U = u(r,z,E,;z1,z2,<p1,<p2,E2) =~-~~~-, v, =bvE,, Vm =bvEm. 

vzµR -v,µ1 

(4.1) 

B pacqernx onpe,:ieJIHJIHCh cpe,:iHne no 0T,:ien1,n1,1M o6nacrnM 3K c o6LeMaMH 

vi= 1tR2·6zi ll BCCMY o6LeMy 3K :mepreTnqecKne 3aBHCHMOCTH nJIOTHOCTH HCHTpOHOB, 
CKOpOCTH KOTOpbIX nocne nn-CTOJIKHOBCHHH HanpaBJICHbl BJ:IOJII, OCH 3K B CTOpony 
J:ICTCKTopa 

IIpn 3TOM BbICOTa 3K (H = 50 CM) pa36HBaJiaCb Ha CCMb npnMepno paBHbIX qacTeil: 
(i = 1, 2, ... 7). 

PacqeTI,I 61,mn np0Be,:ien1,1 ,:iJIH ,:iByx 3Haqennil: rpaJinquoil: ::ineprnn B cneKTpe 

ncrnqnnKa Em = 1 ::iB n 103 ::iB. B pe3yJihTaTe 61,mo noKITTaJio, ~o cneKTphI neil:TpOHOB, 
HCnIJTaBIIIHX nn-CTOJIKHOBCHHH B pa3JIHqHI,lX o6JiaCTHX 3K, 3aMCTHO OTJIHqaIOTCH Me)K)l;y 
co6oil:. CymecrneHHO OTJIWiaIOTCH OHH n OT cneKTpa HCTOqHnKa M(E), qrn J:!CMOHCTpHpyeT 

pnc. 4, r,:ie 3TOT cneKTp cpaBHHBaCTCH co cpe,:iHHM no BCCMY o6LeMy 3K ::inepreTnqecKHM 
- 3 

pacnpe,:ieJieHHCM nJIOTHOCTH HCHTpOHOB nn EJ (E z) npn Em = 10 ::iB, pacceHHHbIX nocne 

nn-CTOJIKHOBCHHH B crnpony J:leTCKTOpa. O,:inaKo BIDKHIJM HBJIHCTCH TO, ~o B TenJIOBOH 

o6nacrn ::ineprnil: neil:TpOHOB Ez ~ 0,2 ::iB qiyHKQHH llilEJ(E,) npaKTnqecKH He 3aBHCHT 

OT rpannqnoil: 3Heprnn Em B cneKTpC HCHTpOHHOro HCTO'fHHKa. A 3TO 03HaqaeT, ~o, 
HCCMOTpH Ha 3HaqnTCJII,HbIH BKJian HanTenJIOBIJX HCHTpOHOB B nJIOTHOCTh nn-CTOJIKHOBCHHH 

B 3K (CM. Ta6JIHllY 2), HX pOJII, B qiopMHpOBaJIHH cneKTpa TenJIOBbIX neii:TpOHOB 
(c ::ineprHHMH Ez < 0,2 ::iB), HanpaBJICHHbIX nocne nn-CTOJIKHOBeimii: B CTOpoHy J:ICTCKTopa, 
npene6pe)KHMO Mana. 

IIonyqeHHIJe J:la.IIHbie 6hIJIH HCnOJib30BaHIJ nJIH pacqeTa 0)KHJ:laeMoro "::iqiqieKTa" No 
B nnan11pyeMoii nOCTaJIOBKe ll3Mepe1mil: <Jnn C KOJIJIHMaQHOHHOii: CHCTCMOH, cxeMa KOTOpoii: 
nOKa3aJia na pHC. 5. 

C 3TOH QCJiblO neo6xo,:iHMOe Ml! onpe,:ieJICHHH "::iqiqieKTa" (1.9) 3HaqeHHe n><I> 
nJIH paccMaTpHBaeMoii KC BbiqHcJIHJioc1, MeTOJ:IOM Monre-Kapno no nporpaMMe IIPI13MA 
npH ycJIOBHH, ~o B noJIOCTH 3K 3ana.II o6LeMHIJH H30TpOnHIJH HCTOqHHK ncil:TpOHOB 
C HOpMHpD!laJIHbIM Ha CnHHllllY npocTpaJICTBCHH0-3HepreTHqecKHM pacnpe,:ieJICHHCM• 

TI(r, z, Ez)- llilE,i (E,), i = 1,2, ... 7 (4.2), naii:,:ienHhIM no nporpaMMe MKI1 B HHTepBane 
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3Heprnii Ez = (0-1) 3B. B KIDK,[(0H H3 o6nacTeii 3K c 061,eMOM V; HCT0qHHK cqHTaJICll 

rrp0CTPaHCTBeHH0-0,lUi0p0.n;HI,IM. 

0 
10 ,,,,,· 

,/ ,, 
I ,/' 

>
,, ,, 

/ 

1ei't// 

10 

-3 
10 

10 .. 

10 .. 103 
_, 

10 1Ci1 

E,3B 

1- - - - Ma/El 

2-+- MEJ(E,) 

10° 10
1 

10' 

Puc. 4. 3ttepreTU'leCKaJI 3aBUCUMOCTh noaepXHOCTHOro UCTO'IHHKa HeiiTpOHOB B 3K (1) u cpe,1Heii no 

ero 061,eM)' IlJIOTHOCTU HeiiTpoHOB (2), pacceJIHHhlX nocne nn-CTO/IKHOBeHUH B cropoey ]:leTeKTopa 

npu Em= 103 3B, B OTHOCUTe/lhHhlX e]:IUHHQax (Ma max = DDEJmax = 1 ). 

AHanOrHqffbie BbrqffCJieHHll 6bIJIH npoae.n;eHhl u .lVlll HeCK0JlhKHX .n;pyrHx BapnaHT0B 

pacrrpe.n;eneHHH II(r, z, Ez). B qacTH0CTH, 6hIJI paccMoTpeH 061,eMHhlH H30TPOnHhtil: 

HCTQqffllK B 3K C rrp0CTPaHCTBeHH0-3HepreTHqecKHM pacnpe.n;enemieM 

II(r, z, Ez) ~ F(z)·M(Ez) (Ez = (0-1) 3B, CM. pa:3.n;en 2), KoTopoe cne.n;yeT 0)Kll,!l;aTh npH 

pacceHHIIH HeHTPOHOB HCTQqHHKa Ha Tl!)KeJI0M HHepmoM ra3e (Ar), K0T0phlM IIJiaHHPYeTCH 

3aII0JIHHTh 3K B M0,!l;eJibH0M 3KcnepHMeHTe. TaKOH 3KcnepHMeHT nJiaHHpycrcH rrpoBeCTH B 

Kaqecrne o.n;Horo H3 3TaII0B rro.n;roT0BKH K 3aqeTH0MY H3MepeHHIO [1,2]. 
B pacqernx orrpe.n;eJijJ:JIHCh qHcna 

3
He(n,p)T-peaKQHii B 

3
He-.n;eTeKTope 

paccMaTPHBaeMOH KOJIJIHMaQHOHHOH CHCTeMhI, H0pMHp0BaHHbie Ha 0,!l;HH HeHTPOH 

061,eMHOro HCTQqHHKa B 3K. OHH onpe.n;eJijJ:IOT Bep0HTH0CTh w pernCTPaQHH HeHTPOHOB 

TaK0rO HCT0qffHKa, H, KaK cne.n;CTBHe, 3HaqeHHe 3cpq>eKTHBHOro TeJieCH0ro yrna C yqeTOM 

3cpcpeKTHBHOCTH .n;creKTopa E(E): i;Q3 <1> = 41tW, r.n;e i; - cpe.n;Hllll no cneKTPY HeiiTPOHOB 

061,eMHOro HCTQqttHKa 3cpq>eKTHBHOCTh 
3
He-.n;eTeKTopa. 
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Pnc. 5. PacqeTHaJI oce-CHMMe1JJHqHaJI MO,lleJib KOJIJIHM3UHOHHOH CHCTeMbl KC14 C peaKTOpHb!M 6rroKOM H ,lleTeKTopoM. Pa3Mepb1 B CM. 
CoCTaBbl n IIJIOTHOCTH (p) o6rracTe:il:: 
P - peaKTOpHblll 6rroK; 
1 -IIOJIHJTHJieH: CH2, p = 0.92 r/cM3; 2 - TPY6a H3 Al, p = 2.7 r/cM3; 
3.1-cMeCb BO.lib! c Kap6H,110M 6opa: 10Bo.785 11B3,215C1H1.6J00.s1s, p = 1.9 r/cM3; 3.2-Cd, p = 8.6 r/cM3; 
4, 12- Kap6H,116opa (B Jl.ll. ,!IOJI.!IX): 10Bo.77611B3,224C, p = 1.5 r/cM3; 
5 -IIOJIHJTHJieH c 5 Bee.% 6opa ecT. (B .ll,11. ,!IOJI.llx): 10Bo.00411Bo.01sCo.326Ho.6s2, p = 0.8 r/cM3; 
6- Bo,11a c 5 Bee.% 6opa ecT. (B .ll,11. ,!IOJI.llx): 10Bo.oos11Bo.0230o.324Ho.648, p = 1.0 r/cM3; 
7 - CTaJib (B Bee.%): Cr(l8) Ni(10)Mn(2.O)C(O.12)Si(O.8)Ti(O.8)S(O.O2)P(O.O35)Fe(68.225), p = 7.8 r/cM3; 
8 + 10 - BHenrnee OKp)')KeHHe 3aKJia,11Ho:il: TPY6b1 KBI1; 
11 -,11eTeKTop: 3He, p = 1.21·10-4 r/cM3; 
13 + 22 - ceKUHH KBI1 c HeHTPOHHo-rrornoruaIOIUHMH CJIO.l!MH H3 Cd n: B4C; 
Di (i=l, ... ,15)-KOJIJIHMHpyIOIUHe ,11n:aqiparMblH3 6opa; 
23 - B3KYYM, p = 0. 



Pacqen,r ITOKa3aJIII, 'ITO WI.!! npIIIDITOii: cxeMhI KC BeJrnqIIHa eQ3q, WI.!! Bcex 

paCCMOTPeHHhIX BapIIaHTOB pacnpe,neJieHIIH IT(r, z, E,) OKa3aJiaCb npaKTIIqecKII o,nIIHaKOBOH 
II paBHOii: = 9,1 ·10-5 CTep. 11cnoJih3Y.ll 3TO 3HaqeHIIe napaM~a eQ3q, cornaCHo (1.9) npII 

Nr= 1018 f, 't112 = 0,8 MC, O"nn = 10 6, V = 1,41 ·103 cM3
, 0 :'.SE,~ 1 3B, qeMy cooTBeTcTByeT 

bB 
JnmJ(Ez)dEZ = 2,32-10-13 c·(F·cM5·cTepr1, 
0 

noJiyqIIM No ::370 1/IIMn, 'ITO npIIMepHO B ,nBa pa3a 6oJibIIIe COOTBeTCTByrorneii Ol(eHKII, 
npIIBe,neHHOH B pa6oTax [2,7]. EcJIII, IICXO,n.ll II3 npe,nnoJiaraeMoro BpeMeHHOfO OKHa 
pemcTPallIIII MBIT, B 3Toii 011eHKe npIIH.l!Th 10-3 3B :'.SE, ~ 0, 1 3B, TO 

O,bB_ 
J nnm(Ez)dEZ = 1,88·10-13 c·(F·cM5·cTepr1 

0,00bB 

II, CJie,noBaTeJibHO, No= 300 1/IIMn. 
113 3TIIX )Ke ,naHHbIX CJie,nyroT ,nBa Ba)KHbIX BhIBO,na: 

• BO-nepBbIX, npII pacqeTe BpeM.ll-npoJieTHhIX cneKTPOB HeHTPOHOB, IICnbITaBIIIIIX 
nn-CTOJIKHOBeHII.ll B 3K, B03MO)KeH nepexo.n K IIX ycpe,nHeHHOMY no ofo,eMy 3K 

3HepreTIIqecKoMy pacnpe,neJieHIIJO nn E (E z) ; 

• II, B0-BTOpbIX, BeJIIIqIIHa Er.l3q, , Heo6xo,nIIMa.ll ,nJI.ll IIHTepnpeTal(IIII pe3yJihTaTOB 

II3MepeHIIll B 3aqeTHOM 3KCnepIIMeHTe no onpe,neJieHIIIO ceqeHIIll O"nn, 

C norpeIIIHOCTblO < 1 % MO)KeT 6hITb II3MepeHa B MO,neJibHOM 3KcnepIIMeHTe 
C 3aIIOJIHeHireM 3K IIHepTHbIMII fa3aMII (He, Ar), KaK 3TO npe,nJiaraeTC.ll 
B pa6oTax [1,2]. 

5. 0 BpeMeuuoii 3aBUCHMOCTH DJIOTHOCTH ueiiTpo11-11eiiTpOHllbIX CTOJIKIIOBenuii 

O11eHey BJIII.l!HIDI HeCTal(IIOHapHOCTII IICTOqHIIKa Ha q>OpMIIpOBaHIIe nOJI.ll HeHTPOHOB, 
onpe,neJI.ll10rnero IICCJie,nyeMhIH 3q>q>eKT, npoBe,neM Ha npIIMepe pacqeTa nJIOTH0CTH 
CTOJIKHOBeHllll TenJIOBbIX HellTPQHOB B 3K. 

B 3T0M CJiyqae, eCJIII npHH.l!Th cenapa6eJibHOe npe,nCTaBJieHHe Il0BepXH0CTH0ro 
n-HCT0qHirKa (1.10), cornacHO 11MIT 6y,neM llMeTh 

nn(r,z,t)=crnn -nntJ, (5.1) 

( 
d2) . R2 Em 21' ·. H/2 st- V2 •J2(r,Z,Z2,<p2,E2) 

nntJ (r,z, t) = - f dE2 f dcp2 f dz 2 2 x 
2 o o -H/2 d2(r,z;z2,<p2)•v2(E2) 

Em 27t H/2 s(t- ~: }11(r,z;z1,<p1,E1) 
x fdE 1 fdcp1 J dz1 -vR(r,z;E1,E2,cp1,cp2,z1,z2)· 2 . 

o o -H/2 d1 (r,z;z1,<p1)•v1(E1) 

r,ne S(t) = Nr· fT(t), Nr[f]- noJIHoe q!fCJI0 ,neJieHHii: B A3 peaKrnpa 3°a IIMnyJihC, fr(t) [ c-1
] -

H0pMIIp0BaHHa.ll Ha e,nHHIIIIY, ll3MepeHHa.ll BpeMeHHa.ll 3aBIICIIM0CTh T0Ka TeITJI0BhIX 
HeHTPOH0B Ha BHYTPeHHeii IT0BepXHOCTll 3K: 
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(5.2) 

Eenn npeMH rrponera Terrnonoro Heil:Tpona B 3K e~eeTnenno MeHI,IIIe 
,!IJ!llTeJibHOeTll q>ponrn Heil:Tponnoro llMIIYJibea ( d/vT < t<1>, VT - 2. 105 ewe), 'ITO MO)KHO 
eqnrnTh BbIIIOJIHeHHblM ,!IJ!Jl: paeeMaTPHBaeMbIX yeJIOBllH B IIJiaHllpyeMOM 3KerrepHMenre Ha 

. ( d-) peaKTope .5IrY AP, TO q>yHKI\llll: S t- v: , i = 1, 2 rrpn6Jill)KeHHO MO)Ker 6bITb rrpe,l(eTaBJiena 

pa3JIO)KeHlleM: 

s(t-~) = S(t)-S'(t)-~+.!.s"(t) ·(~)

2 

Yj V; 2 V; 

B pe3yJibTaTe ,!(Jill: epe,l(neii: IIO 061.eMy 31<: IIJIOTHOeTll nn-eTOJIKHOBennii: rronyqnM: 

nnt1(t)=N/fi(t)•nn1 -A(t), (5.3) 
r,l(e 

A(t)=l-..!.L. fT(t) +.!1.-(fT(t))
2 

+.!. . .!1-. f-r(t); 
Io fT(t) Io fT(t) 2 Io fT(t) 

R2 R H/2 Em 2it H/2 Em 211 H/2 yR .J
1 
.J

2 I0 = - · Jc!r-r Jdz · J dE1 Jdcp1 · Jdz1 · JdE2 Jdcp2 Jdz2 · 2 2 = nn1; 
2v O -H/2 0 0 -H/2 0 0 -H/2 d1 ·d2 ·V1 ·V2 

R2 R H/2 Em 211 H/2 Em 211 H/2 yR .J1 .J2 (di d 2 ) 
I1 =-· Jdr-r Jdz- J dE1 Jdcp1 · Jdz1 · JdE2 Jdcp2 J<lz2 · 2 2 · -+- ; 

2V O -H/2 0 O -H/2 0 0 -H/2 d1 ·d2 ·V1 ·V2 V1 V2 

R2 RJ H/J2 EJm 2111 H/J2 Em 2J11 HJ/2 yR .J1 .J 2 -~-~-, 
I2 =-· dr-r dz• dE1 · dcp1 · dz1 · JdE 2 dcp 2 dz2 ·-2

-
2
~~~ 

2V O -H/2 0 0 -H/2 0 0 -H/2 d1 ·d2 ·V1 ·V2 v, V2 

R 2 R H/2 Em 211 H/2 Em 2it H/2 
I3 = - · Jc!r · r Jdz · J dE1 · Jdcp1 · Jdz1 · JdE2 Jdcp2 Jdz2 x 

2V o -H/2 o o -H/2 o O -H/2 

vR -J1 -J 2 [(d1 )

2 

(d 2 )

2

] 
xdf-drv,•V2 ~ +~ . 

,[(JIH paeeMaTPnnaeMbIX yenonnii: 311aqe11nH nnTerpanon I;, i = 0, 1, 2, 3 rrpn Em= 1 3B, 
BbJqneneHHbie IIO rrporpaMMe MKH, 0Ka3aJilleb paBHb!Mll (lcr ,:::; 1 %): 

10 = 1,47·10-12 e/(F·eM5), 11 = 4,58·10-17 e2/(F·eM5), 
Ii= 3,32·10-22 e3/(F·eM5), I3 = 1,99·10-21 e3/(F·eM5). 

3rn ,l(aHHbie 6bIJill neIIOJib30BaHbl ,!IJ!Jl: 011eHKll BpeMeHHOro q>OpM-q>aKTOpa A(t), 
BXO,l(Jl:I11ero n eoOTHOIIIenne (5.3). CooTBeTeTBYIOilllle BhlqneneHllll: 6bIJill rrpone,l(em,i; .wµi: 

llMIIYJibea ,l(eJieHllH N2 520 e 311eproBbl,l(eJie11neM Q = 25 M,[()K, rronyqeHHOro na perucrope 
.5IrY AP. l13MepeHHall: B 3TOM rryeKe qiopMa n-llMIIYJibea fu(t), HOpMllpOBaHHall: 
yenonneM (5.2), IIOKa3ana na pne. 6. TaM )Ke rrpnne,l(enu q>YHKllllll: f00(t) ~ fl(t)·A(t), 
xapaKTepll3YJOillall: BpeMeHHYJO 3aBllellMOeTb epe,l(Heii: IIJIOTHOeTll nn-eTOJIKHOBennii: B 
061.eMe 3K, ll q>OpM-q>aKTOp A(t) B rrpe,l(IIOJIO)KeHllll, qTQ fT(t) = fu(t). 
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1_21 = 1-fr(l)/frmax,frmax=B.06-102,c-1 
2-fnn(l)/fMmax,fnnmax=6.48-105, c·2 

-3-A(t) 

0.8 

0.6 

0.4 

0.2 

3.5 4 

I 
I 

J' 
,' 

/ 
./ 

4.5 I, CCK ' ,-,, 5.5 6 y 10-3 

Puc. 6. <l>opMa ttMnyJJbca JJ,eJJeHuii N2 520 peaKTopa 5lrY AP (I), BpeMeHHaJI 3asucttMOCTb cpeJJ.Hett 

IlJJOTHOCTU nn-CTOJJKHOBeHUH B 3K (2) " <pOpM-<paKTOp (3) B 3TOM ttMnyJJbCe. 

KaK Bll)J.HO Ill pnC)'HKa, nonynmpnHa BpeMeHHOH 3aBllCllMOCTll r •• (t) JaMeTHO 

MeHbIIle COOTBeTCTBYJOII\eH BeJinqnHbI HMnyn1,ca ,llCJICHllH, qro 6naronpmrrno JJ.JU1 

ncnoJibJOBaHHH MBII npn pemcTPannn 3cpcpeKTa; a JHaqeHne cjJopM-<paKTOpa A(t) JaMeTHO 

OTJillqaeTCH OT C,llllHHUbI TOJibKO Ha Kprurx 3T0f0 pacnpe,lleJieHHH: npnqeM Ha nepeJJ,HeM 

cppOHTe HMnyn1,ca ,lleJieHnii OH MCHbIIle e,llllHHUbI, a Ha 33,llHeM ero cppOHTe - 6oJibIIle 

e,llllHllUbI. 

EcJIH BbrpIDKeHne (5.3) npOHHTerpnpoBaTb no BpeMeHH n nepeiiTH K onpeJJ,eJieHHIO 

nOJIHOI'O qncJia nn-CTOJIKHOBCHllH B 3K Ja HMnyn1,c (NN), TO npn ycJIOBllll fr(0) = fr(oo) = 0 
nOnyqHM 

2 I - ( ) NN = Nr<t;cp •V •nnJ · l+oA ·crnn, 

oA =-~- l3 -212 
2 -1--, 

0 

-I 
00 

2 "t3cp = Jfy(t)dt (5.4) 
0 

00 

a = "t3cp · J(f-r(t) )2 dt. 
0 

CoOTHOIIleHtte (5.4) nOKaJbIBaeT, qro .llJljj nJiaHttpyeMoro 3KCnepttMeHTa no 

onpe,lleJieHHIO ceqeHHH O"nn TPe6yeTCH ne TOJibKO ,llOCTaToqno TOqHoe MOHllTOpttpoBanue 

qttCJia ,lleJieHHH B A3 peaKTopa Nr, HO tt He MeHee Toqnoe MOHllTOpttpOBaHlle cjJopMbl 

llMnyn1,ca TeIIJIOBblX HCHTPOHOB fr(t) B 3K. 

IlonpaBKa 0A K noJIHOMY qllCJIY nn-CTOJIKHOBeHnii B 3K Ja BpeMH llMnyn1,ca, 

CBH3aHHM C HeCTaIIllOHapHOCTblO llCTOqHHKa, HMeeT OTPHUaTeJibHbIH 3HaK. ,[J:AA 

paccMaTPttBaeMoro ttMrryn1,ca N2 520 c JHeproBbI,lleJieHtteM Q = 25 M,[()K (<t,<1> = 1,87 Mc, 

a= 2,16·106 
c-

2
) oHa paBHa loAI = 0,1 %. Crnn1, MaJioe JHaqeHtte JToii nonpaBKH 061,HcnHeTcH 

TeM, qro B03MYII\aIOII\ee ,lleHCTBlle cjJopM-cpaKTopa A(t) Ha nepe,llHeM ll 33,llHeM cjJpoHTax 

n-HMnyn1,ca HOCllT npOTHBOnOJIO)KHb!H 3HaK ll TeM CaMbIM qacTnqHo KOMnencttpyeTCH. 

IT03TOMY B nepBOM nptt6JIH)KeHllll ee BJillHHlleM Ha BeJillqttHY NN MO)KHO npene6peq1,_ 

124 



B 3aJOIIO'leHHe pa3,nena OTMeTHM, 'ITO, KaJ( cne.nyeT ll3 paCCMOTpeHHOrO npHMepa C 

HMnyJibCOM N2 520, BeJIH'IHHa 't3<j,, HMe!Oll.lllil cornaCHO (5.4) CMbICJI ::icpcpeKTHBHOll 
.!lJIHTeJibHOCTH HMnyJihCa TenJIOBbIX Hell.TPOHOB B 3K no OTHOIIIeHHIO K nn-paccemm10, 

3aMeTHO 60JibIIIe ero nonyIIIHplll!bI •I/2, panee HCnOJib30BaHHOll B Ka'leCTBe '><I> npn 011e11Kax 
BeJIH'IHH NN, NN2 , No B pa6oTe (2] H pa3,nenax 3, 4 HaCTOJill.leil. pa60TbI. Ilo::iToMy 
npnae,neHHhle TaM 011eHKll 3THX BeJIH'lllll l!OCJIT 3aBbIIllaJ0ll.lllll xapaKTep. 

6. 3aKJUO'ICIIUC 

,[(Jill: npe,nCTOll:ll.lero 3KcnepnMenrn no npll:MOMY ll3MepeHHIO HeHTPOH-HeHTPOHHOro 
(nn) pacceJIHHJI Ha peaKTope .51fY AP (1,2] npnae,neHbI COOTHOIIIeHllll: ,nJIJI Bbl'lllCJieHirn 
nJIOTl!OCTll nn-CTOJIKHOBeHHll B 3KcnepHMeHTaJibHOM KaHane (3K) noJIH3THJieHOBOro 
KOHBepTopa nnamrpyeMoil. II3MepnTeJibHOll ycTaHOBKll C peaKTOpOM .51fY AP; nJIOTHOCTll 
Hell.TPOHOB a 3K, CKOpOCTll KOTOpbIX nocJie nn-pacceJIHllll: HanpaaJieHbI a CTOpOHY ,neTeKTOpa 
B.!lOJlb OCH KOJIJIHMal\llOHHOll. CHCTeMbI (KC), BXO.!lll:ll.leii B COCTaB ll3MepnTeJibHOll ycTaHOBKH; 
3HepreTH'leCKOro pacnpe,neJieHHll: nJIOTHOCTH ueil.TPOIIOB B 3K, uarrpaBJieHHbIX nocne 

nn-CTOJIKHOBeHHll B CTopoHy ,neTeKTOpa; OJlm,naeMoro 'IHCJia aKTOB perHCTPal\Hll Heil.TPOHOB, 
HCnbITaBIIIHX nn-CTOJIKHOBeHHJI B 3K, ,neTeKTOpOM TenJIOBbIX Hell.TPOHOB KC 3a 0.!lllH 

HMnyJibC ,neJieHHll B aJ<THBl!Oll 30He peaKTOpa .51fY AP ("::icpcpeKTa"); no!!paBKll K nJIOTHOCTll 

nn-CTOJIKHOBennil. B 3K, CBJI3aHHOll C BpeMel!l!Oll cpopMOll HMnyJibCa .neneHHll B A3. 
CooTIIOIIIel!Hll: nonyqeHbI 11a OCHOBe llHTerpaJibl!Oro MeTo.na Ilail.epnca 

C HCilOJib30BanneM ll:Bl!oro BR.Ila cpyHKI.\llll nn-paccell:Hllll: B Jia6opaTOpHOll CHCTeMe 
KOop.nnuaT (8,9]. ,[(Jill 'IHCJieHHbIX pacqeTOB no 11pnae,neHHbIM COOTHOIIIeHHll:M pa3pa6ornHa 
nporpaMMa MKM. KoHTPOJib npoae,neHHbIX no Heil. Bhl'IHCJieunil. ocyll.leCTBJIJIJICJI B 
cne11HaJibl!O no,no6paHHOll TeCTOBOll 3a,naqe, .nonycKaJOll.leil. aHaJIHTH'leCKOe peIIIerrne. 

,[(aH no.npo6Hblll aHaJill3 pe3yJibTaTOB pacqeTOB xapaKTepHCTHK ueil.TPOHHOro noJIJI, 
cpopMHPYJOll.lerocJI npn nn-pacceJIHHH B paccMaTPHBaeMoil. Mo,nenn 3K, n npnae,neHa 011eHKa 

m1m,naeMoro "::icpcpeKTa". 

IlpuJio;iceuue 1 
,[(Jill KOHTPOJIJI BbI'lllCJieHHll MHOrOKpaTHbIX HHTerpaJIOB, BXOMll.lllX B onpe.neneune 

cpynK11nil. nni(r, z), nnz1(r, z) n IlilEJ(r, z, E 2), no pa3pa6oTauHoil. nporpaMMe MKM 6hmn 
npoae.neHhl TeCTOBble pacqeTbI 3THX BeJIH'llll! Ha OCH 3K (r = 0) C MO,neJibHbIM 
noaepXHOCTHbIM HCTO'IHHKOM Hell.TPOHOB a cpopMe (1.10), r.ne 

I cos<i 
F(z)=-<i(z), \j/(8)=-, M(E)=x·8(E-E0). (Ill.I) 

2rcR re 
Ilpn 3THX ycJIOBllll:X BbipmKeHHJI (3.1), (3.4) n (4.1) Mll: YKa3aHHbIX BeJIH'lllH 

CYll.leCTBeHHO yrrpOll.laIOTCJI ll npHHHMaJOT BH,n: 

2x2 I 
nn1(z,r = 0) = 

3 4 
,===, (Ill.2) 

re R Vo ✓(132 +1)7 

Ililz1(Z,r=O)= X
2 

• Jz(P) , (Ill.3) 
2rc4R 4Vo ✓cp2 + I) 7 
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0, p :=;-1 

J dx (P+✓xi, -1:=;p:=;o 

132 ,Jx(l-x2) 

Jz(P)=1 fdx (P+✓xi +/Jdx p2+x ' 

132 ,Jx(l-x2) o ,.jx(l-x2) 

I p2 
2Jdx +x , 1:=;p 
o ,Jx(l-x2) 

x2 
nnEJ(z,Ez,r = 0) = 21t4R 4voEo 

0, p:=;-1 

..fi-JE(P,Y) 
(132 +1)2 , 

o:=;p:=;1 

JE (P,y) = H1-A(P, r)J-½ { TJ(r)-TJ( r- (:: ~\
2 

JJ -1 :=; p :=; 1 

[l-A(l3,y)J-°2· T) y--- -T) y--- , 1:=;p t [ ( (p-1)2J ( ((3+1)
2
J] 

p2+1 p2+1 

(ITl.4) 

A(P,y) =(P- ✓r(P 2 
+1) r, v0 =h,./E;, z 

P= R' 
E 

y =-z. (ITl.5) 
Eo 

PacqeTbl no qiopMyJiaM {ITl.2-ITl.5) 6hmH npoBe.n;eHbl npH cne.n:yioHIHX HCXO.ll:HbIX 
.n;aHHbIX: R = 3 cM, x = 1 r 1

, Eo = 0,025 ::iB, b = 1,388 • 106 cM · c-1 
• ::iB-112

• 

l1x pe3yJibTaTbl npHBe.n;eHbl B Ta6JIHIIax ITl.1-ITl.3. TaM JKe .n:m1 cpaBHeHmI 
noKa3aHbI COOTBeTCTBYIOHIHe pe3yJibTaTbl pacqeTOB .zu:rn HCTOqHHKa (ITl.1) no nporpaMMe 
MKI1. 

Ta6nuuaI11.1 
ITnornoCTb nn-cToJIKHOBeHHil: Ha OCH 3K (r = 0). TecTOBhiil:_pacqeT c HCTOqHHKOM _{ITl J}. 

---
~~-l2 t 2 • ~~M-s {lei< 10-c, %) ---

Z, CM 
5 1,5 0 1,5 5 10 20 

<I>opMyna 34,62 1662 3629 1662 34,62 0,587 5,73·W-' 
(TTl.2) 

TTporpaMMa 34,63 1662 3629 1662 34,63 0,587 5,74 ·I0-3 

MKH 

Ta6nm1aIT1.2 
I1JIOTHOCTb HeHTPOHOB B 3K npH r = 0, paccei:IHHbIX npH nn-CTOJIKHOBeHHJ'IX B.ll:OJib ero OCH a , 

.. TecTOBhiii pacqeT c HcrnqnHKOM (IT 1._1 l 
z, CM 

nn,_,, I0- 12 t 2·c•cM-5·CTep-1 (lcr,%) 

-5 -1,5 0 1,5 5 IO 20 
<I>opMyna 

0 26,37 346,2 463,9 46,74 2,833 0,1075 
(TTJ.3) 

TTporpaMMa 
0 26,37 (0,01) 346,0 463,8 46,73 2,832 0,1074 

MKH (0,01) (0,01) (0,03) (0 03) (0,03) 
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Ta6mi:na Ill.3 
fpyrIIIOBOH :mepren1qecKHH crreKTp IIJIOTHOCTH HeHTpOHOB B 3K rrpH r = 0, pacce»HHhIX rrpn 

Illl-CTOilKHOBeHll}IX B,[(Oilh ero OCH. TecTOBhIH pacqeT c lICTOqttHKOM (Ill .1 ): n qncnHTene -

no d>oPMYne (IIl .4 ), B 3HaMeHaTene - rro rrporpaMMe MKH. 

~ 
&mElk, 10-12 r 2 •c·CM-5 ·crep-1 (lcr, %) 

-1,5 0 1,5 5 10 20 ' 
B 

0-0,1 
1,106 1,540 0,992 _o_ _ o_ _o _ 

1,104 (2,5) 1,57 (6,0) 1,01 (3,8) 0 0 0 

0,1 -0,25 
3,814 4.561 2.913 _o_ _ o_ _o _ 

3,773 (1,6) 4,61 (3,3) 2,73 (3,8) 0 0 0 

0,25 - 0,5 
21,45 11,27 7,125 1,429 _ o_ _o _ 

21,28 (0,8) 11,36 (2,3) 6,68 (6,7) 1,44 (0,8) 0 0 

0,5 - 0,75 
0 14.90 9.224 1,163 _ o_ _o _ 

0,175 (8,6) 15,49 (1,7) 9,62 (7,4) 1,18 (1,0) 0 0 

0,75-1 
_o_ 18.24 10 93 1,244 _ o_ _o _ 

0 18,01 (1,5) 10,52 (2,8) 1,24 (1,1) 0 0 

1-2,5 
_o_ 295,4 94,67 10,09 1.087 0.0472 

0 292,6 (0,7) 95,51 (1,4) 10,2 (2,4) 1,07 (1,3) 0,0472 (1,4) 

2,5-5 
_o_ 0 338,0 32.81 1 747 0,0602 

0 2,2 (10,2) 340,5 (0,7) 32,7 (0,6) 1,76 (0,7) 0,0598 (0,8) 

5-7,5 
_ o_ _o_ _ o _ _o_ _o _ 0 

0 0 0 0 0 -0-

nnzEJ 
26.37 345.9 463,9 46 74 2.834 0.1074 
26,33 345,8 466,6 46,76 2,83 0,107 

3.[(eCh 
00 

dnnEJk = fnnEJ(E 2 ,z)·dE 2 , nnzE1(z) = fnnE1(z,E 2 )dE 2 ea nnz1(z). 
~n 0 

KaK cne.[(yeT 113 rrpHBe,[(eHHhIX B Ta6nnnax Ill.1-Ill.3 ,[(aHHhIX pe3yilhTaThl pacqeTOB 

rro rrporpaMMe MKH n cpopMynaM (Ill.2-Ill.5) HaxOMTC» B YllOBnernopnTenhHOM cornac1111 

Me)K.[(y co6oil., ~o CBH,[(eTeilhCTByeT O ,[(OCTaToqHOH TOqttOCTH rrpOBO,[(HMhIX IIO rrporpaMMe 

MKI1 pacqernn. 
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IIEPCIIEKTHBHbl HEHTPOHHblX HCCJIE~OBAHHH 
MArHETH3MA C HMIIYJibCHbIM MAI'HHTHbIM IIOJIEM 

HA HHTEHCHBHbIX HMIIYJibCHbIX HCT01IHHKAX HEHTPOHOB. 

HHTu:B.B. 
Jla6opamopUR HeiimpoHHoii <PU3uiru, 06oeiJuHeHHblU lfHcmumym JliJepHblX lfcCJ1eiJoeaHuii 

Jl,y6Ha MocKoecKoii 06J1acmu, 141980, PoccUR (nietz@nf.jinr.ru) 

AHHOTau:un 

PaCCMOTpeHl,I B03MOJKHOCTH HeilTpOHHl,IX HCCne11oeaHHil MarHHTHOil CTpYKTYJlU KpHcrannOB C 

Hcnom,3oBaHHeM HMnym,CHOro MarHHTHOro nom1 Ha MO!qHblX HeilTpOHHUX HCTQqHHKax. IlpOH3Be)leHO 

cpaeHeHHe ycnOBHil )lnll TaKHX pa6oT Ha peaKTOpHOM KOMnneKce 6APC5+PYH (THPAH, CHeJKHHCK) H 

spallation-HCTQqHHKe, npoeKTnpyeMOM Ha OCHOBe npOTOHHOro ycKOpHTenll LHC (CERN), C ycnoBHJIMH 

Ha cneKTpOMeTpe CHHM-2 (peaKTop HEP-2, OIDIH). 
IlHKOBl,IH noTOK TenITOBUX HeilTpOHOB Ha 6APC5+PYH e 8 - 10 pa3 6onbllie, qeM Ha CHHM-2. 3ro 

no3BOITHT 3HaqHTeITbHO IlOBbICHTb eennqney HCITOITL3yeMoro MarHHTHOfO ITOITJI. Ha LHC-HcroqHHKe 

craeyT B03MOJKHl,IMH HeilTpoHHUe Hccne11oeaHHJIMH C 0)1HOpa30BblMH HMnynLCaMH MarHHTHOro nom1, 

HanpHMep e nonJIX AO 1000 K3. 

IlpHBe)leHU HeKoropue npHMepbl B03MOJKHbIX HeilTpOHHl,IX Hccne11oeaHHil C HCITO)lb30BaHHeM 

HMnynLCHOro MarHHTHOro IlOITJI. 

IloCTOHHHhle MllTHHTHhle II0JIH, HCII0Jib3YeMhle B HeHTJ)OHHblX HCCJie,[loBaHHHX 

MafHHTHbIX CBOHCTB K0H,[leHcHpoBaHHhlX cpe.z:1, 06b1qHo He rrpeBhllllaIOT 100 - 120 K3 H 

T0JibK0 B .z:IByx Jia6opaTOpHHX HCII0Jib3YIOTCH .[IJIH TaKHX HCCJie,[IOBaHHll CBepxrrp0B0.z:IHllllle 

MarHHThl c II0JieM ,[10 140 - 160 K3 [1-3]. )vi.ir IIOJieil: c 6o'JiblllHMH BeJinqnHaMH Heo6XO,[IHMO 

C03,[laBaTh HMIIYJibCHbie MarHHTHbie ycTaH0BKH. 

O,1:1HaKo, B cpaaHeHHH C 
11
KJiaccnqecKHMH

11 
MeT0,[laMH n3yqeHHH MarHeTH3Ma (TaKHX KaK 

H3MepeHHH HaMllTHHqeHH0CTH, MarHHTHOll B0CIIpHHMqHB0CTH, MarHHTH0f0 pe3oHaHca, 

3<pq>eKTa Keppa ll ,Lip.), rrpn K0T0pbIX <pH3nqecKH 3HaqnMaH HHq>OpMaU:HH M0)KeT 6b!Tb 

II0JiyqeHa Bcero 3a HeCK0JibK0 HMIIYJibC0B II0JIH, HeHTJ)OHHhle H3MepeHHH C HMIIYJibCHhlM 

MllTHHTHbIM II0JieM CBH3aHbl C PM0M cepbe3HhlX .z:I0II0JIHHTeJibHbIX TJ)e6oBaHHll. Ha30BeM 

JIHlllb 0CH0BHbie H3 HHX: 

a) Heo6XO,[IHM Ha6op a,[leKBaTHOll CTaTHCTHKH pacce.irHHbIX HeHTJ)OHOB 3a rrpneMJIHM0e 

BpeMH H3MepeHHll. Ilo3TOMY TJ)e6yeTCH MH0f0Kpamoe II0BTopeHne HMIIYJibC0B 

MarHHTH0fO II0JIH. 

b) MllTHHThl .[I0JI)l(Hbl HMCTh BbIC0KYIO rrpoqHQCTb H Bbl,[lep)KHBaTb 60JiblllOe qncno 

HMIIYJibC0B T0Ka. 

C) qacTOTa IIOBTOpeHHll HMIIYJibC0B II0JIH orpaHnqeHa HarpeB0M MafHHTa H CaMoro 

HCCJie.z:1yeMoro o6pa3n:a, eCJIH OH HMeeT HeBbIC0K0e 3JieKTJ)nqecKoe corrp0THBJieHne. 

d) 3JieMeHThl yCTJ)OllCTBa, HCII0Jib3YeMoro ,[IJIH TepMoCTaTnpoBaHHH o6pa3U:OB ll 

Hax0,LIHlllHec.ir a o6JiaCTH MarHHTH0f0 II0JIH, He ,[I0JI)l(Hbl co.z:1ep)KaTb MeTaJIJI0B c 

HeBhlC0KHM 3JieKTJ)nqecKHM corrp0THBJieHHeM. 

e) ECTb orpattnqeHHH, CBH3aHHbie C reOMeTpHeii: 3KCIIepnMeHTa. Bo3M0)1(Hbl ,[IBa THIIa 

MllTHHTOB: 0,[IH0CeKU:H0HHbie H .z:IByxceKU:H0HHhle (split-type). B rrepB0M cnyqae B none 

HarrpaaJieH0 ropH30HTaJibH0 H M0)KH0 .[leTeKTnpoBaTb Heii:TJ)OHbl, pacceHHHhle Ha MaJibie 

YfJihl, HarrpnMep B npe,1:1eJiax OT 0 ,LIO 30° ' HJIH Ha 60JiblllHe yrnhl, ofihiqHo He MeHee 

160°. ,lvl.ir .z:IByxceKQH0HHhlX MafHHT0B C ropH30HTaJibHhlM II0JieM, Kp0Me YKaJaHHbIX 

yrJI0B, B03M0)KH0 pacceHHHe Ha yrJihl 0K0JI0 90°(± 7°). 3TH ycJI0BHH oco6eHHO 
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orpaHHqHBaJOT B03MO)KHOCTH 3KCIIepHMeHTOB rrpH HCCJJeAOBaHHH AH<!>paKQHH Ha 

MOHOKpHCTaJJJJax, KOrAa IIOJJe AOJJ)Kl!O 6bITb HarrpaBJJeHO BAOJJb 3aAaHHhIX 

KpHCTaJJJJorpa<!>nqecKHX oceil:, qTo 3HaqnTeJJbHO orpaHHqHBaeT BbJ6op B03MO)KHhlH 

AH4JpaKQHOl!llblX IIJJOCKOCTeil:. ~JUI BepTHKaJJbl!OrO HarrpaaJJel!HJI IIOJJJI HCII0Jlh3YJOTCJI 

AByxCeKQHOHHbie MarHHTbl. B 3TIIX CJJ)"IaJIX JJJ06hie yrJJhl pacceJIHHJI B ropH30HTaJJbHOH 

IIJJOCKOCTH B03MOlKHhl; OAHaKO qncJJO KaHaJJOB AJJJI neil:TPOHHhlX Il)"IKOB H HX 

pa3MemeHHe orpaHIIqIIBaeTCJI TPe6oBaHIIJIMll K rrpoqHOCTll ManmTa. 

f) Han6oJJee CBeTOCIIJlbHb!Mll MeTOAaMH llCCJJeAOBaHHH KpHCTaJJJJHqeCHX BemeCTB 

JIBJJJleTCJI KorepeHTHOe pacceJIHHe HeHTPOHOB (AH<!>paKQIIJI H Heyrrpyroe KOrepeHTHOe 

pacceJIHHe) Ha MOHOKpIICTaJJJJHqecKIIX o6pa3Qax. IloJJHKpHCTaJJJlbl Moryr 6bITb 

IICIIOJlb30BaHhl, HO rrpH 3TOM HHTeHCIIBHOCTb 3aperHCTPHPOBaHHbIX AeTeKTOpOM 

HeHTPOHOB 3HaqnTeJJbHO MeHbllle, rrpII Tex )Ke o6beMax o6pa3Qa, KpOMe Toro, 

IIOJJ)"IaeMaJI HH<!>opMaQHJI o6eAHJ!eTCJI H3-3a ycpeAHeHHJI !IO BCeM yrJJaM Me)KAY 

HanpaBJJeHHJIMH IIOJJJI H KpllCTaJJJJorpa<!>IIqecKHX oceil: HCCJJeAyeMoro aemecrna. 

B AaHHOH pa60Te Mb! orpaHIIqIIaaeMCJI paccMOTPeHHeM HCTOqHIIKOB c HaII6oJJee 

BLICOKIIMII 3naqeHHJIMH MrHOBeHHOH IIHTeHCHBHOCTH HeHTPOHOB, H, CJJeAOBaTeJJbHO, 

Il03BOJJJIIOIQHMH pa6oTaTb C HaII60JJbIIIHMH BeJJIIqIIHaMH MarHIITHoro IIOJJJI. JTO IICTOqHIIKII 

C MOIQHblMII OAIIHOqHblMII BCIIhIIIIKaMH HeHTPOHOB. K HIIM OTHOCJITCJI TaK Ha3bIBaeMble 

burst-peaKTophl, TaKIIe KaK peaKTop ElffP [4,5] (BHI1113<1>, P<l>.5IU:, r. Capoa) II peaKTopHhlH 

KOMIIJleKc EAPC5+PYH [6] (BHI111T<l>, P<l>.5IU:, CHe)KIIHCK). Brnpoil: II3 HHX JIBJJJieTCJI 

npe,1111oqTHTeJlbllhlM AJJJI HeHTPOHHbIX IICCJJeAOBaHIIH MarHHTHbIX CBOHCTB 

KOH,lleHCIIpoBaHHbIX cpeA C IICIIOJlh30Ba1meM IIMIIYJJbCHbIX MarHIITHhlX IIOJJeil: 60JJbIIIOH 

BeJmq11HbI. KpoMe EAPC5+PYH 6yAyr paccMOTPeHhl ycJJOBHJI rrpoBeAeHHJI MarnHTHhlX. 

11ccrre,110BaHIIH Ha HeHTPOHHOM llCToqm1Ke, KOTOphlil: rrpeAIIOJJaraeTCJI C03AaTb Ha OCHOBe 

npOTOHHoro ycKopIITeJJbHOro KOMIIJJeKca LHC (Large Hadronic Collider, CERN) [7-9], II Ha 

KOTOpOM MO)KHO IIMeTh HaII60JJbIIIYJO MrIIOBeHHYJO IIJJOTHOCTb IIOTOKa 11eil:TPOHOB II3 

113BeCTHhlX B HaCTOJIIQee BpeMJI IICTOqHIIKOB (He cqHTaJI IICTOqHIIKII B3phlBHOro TIIna). B 

HaCTOJIIQee BpeMJI cymeCTBYeT TOJlbKO OAHH HeHTPOHHblH cneKTPOM~ C IIMIIYJJhCHhIM 

ManIIITHbIM IIOJJeM, CHHM-2 [10,11] Ha IIMIIYJJbCHOM peaKTOpe QIIKJJHqecKoro AeHCTBHJI 

IIEP-2 (011.5II1, r.~y6Ha) (OAHaKO ceil:qac cneKTPOM~ He HCIIOJlh3yeTCJI II3-3a OTCyrCTBIIJI 

llMIIYJihCHhlX MarHIITOB). MbI cpaBHIIM ycnoBIIJI npoaeAeHIIJI nccJJeAOBaHIIil: Ha EAPCS+PYH 

11 LHC-11crnqHIIKe c ycnoBIIJIMII Ha CHHM2-HEP2. OrpaHHqIIMCJI TOJJhKO AII<!>paKQIIeil: 

HeiirpoHOB npH IICIIOJlh30BaHIIH MOHOKpHCTaJJJJIIqecKIIX o6pa3QOB. 0AHaKO OTMeTIIM, qTo 

cneK1pOM~ CHI1M2 rrpeAHa3HaqeH TaK)Ke AJJJI 3KCnepHMeHTOB C HeyrrpyrIIM KorepeHTHbIM 

pacceJIHHeM npH II3)"IeHIIll AHHaMIIqecKIIX CBOHCTB KpHCTaJJJJHqecKOH pellleTKH, H TaKIIe 

Hccrre,11oaaHHJ1, B npIIHQIIne, MOlKHO BhIIIOJJHJITh Ha EAPCS+PYH II LHC-IIcToqHIIKe. 

,[(114lpaKQIIOHHhie HCCJJeAOBaHIIJI KpIICTaJJJJHqecKIIX aemecTB Ha llMIIYJJhCHOM HeHTPOHHOM 

llCTOqHifKe HpH llCIIOJlb30BaHHH IIMIIYJJhCHOro IIOJJJI OCHOBaHbl Ha aHaJJH3e TeIIJJOBhIX 

HeiiTpOHOB no BpeMeHII 11poneTa <!>11KCIIpOBaHHOro paCCTOJIHHJI [12]. reoM~HJI TaKHX 

ll3MepeHHH C MOHOKpHCTaJJJJHqeCKIIMH o6pa3QaMII IIOKa3aHa Ha pHc. l. OnpeAeJJeHHbIM 

o6pa30M opIIeHrnpoaaHHhlH MOHOKpHCTaJJJJ IIOMemaeTCJI B "6eJJblil:" Il)"IOK, IIOJJ)"IeHHbIH C 

3aMeAJIHTeJJJI HeHTPOHOB, II C IIOMO!Qb!O AeTeKTopa, ycTaHOBJJeHHOro B IIOJJO)KeH11e 

Ep3ITOBCKOro OTP~eHHJI OT KpllCTaJJJJa, IIOJJ)"Ia!OT BpeMeHHOH cneKTP pacceJIIIHbIX 

HeiirpOHOB, COCTOJIIQIIH H3 Ha6opa AH<!>paKQIIOHHhIX IIIIKOB. 11MnyJJhC MarHHTHOro IIOJJJI 

C!!HXpOHH3IIpyeTCJI C Bb!AeJJeHHhlM AII<!>paKQIIOHHhlM IIIIKOM, H 113MepJI!OT II3MeHeHIIe 

~OpMbI 3TOro IIHKa npII AeHCTBllll MarHIITHOro IIOJJJI. BpeMeHHOe COOTBeTCTBHe Me~y 

11mppaKQHOHHbIM CIIeKTPOM II IIMIIYJJbCOM IIOJJJI IIOKa3aHO cxeMaTIIqHo Ha p11c.2, a Ha p11c.3 B 

KaqeCTHe npIIMepa rrpeACTaBJJeHO COOTBeTCTBIIe Me~y llMIIYJJhCOM IIOJJJI H H3MeHeHHOH 

~opMoil: AH<!>paKQIIOHHoro IIHKa (224) AJJJI Cr20 3, nonyq:eHHoe Ha HEP-2 [13]. If3MeHeHHe 
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llHTeHCHBHOCTH B ,11aHHOM IIpHMepe CBll3aHO 

aHTmpeppoMarHeTH3Ma !IO.II ,11eii:crnneM IIOJIJI. 

C ll3MeHeHHeM HaIIpaBJieHHJI Oc11 

~1 

2 

r 

P11c. J reoMeTpllll .11mppaKL1IIOHHhIX 113Mepemtii: C IIMnyJihCHl,[M 

IICTO'IHIIKOM II IIMnyJihCHhIM MafHIITHhIM noneM: I - IICTO'IH11k 

HeHTpOHOB, 2 - 3aMe}VUfreJib Heii:TpOHOB, 3 - MOHOKp1ICTaJIJI1I'lecK11ii 

06paJeL1, 4 - IIMnyJihCHhIH MarHITT, 5 - ,neTeKTOp HeHTpOHOB. 
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PIIC. 2 BpeMeHHOe COOTBeTCTBIIe Me)l(Jly 

,nmj>paKI.IIIOHHhIM cneKTpOM, IlOJl)"leHHbIM 

KaK ql)'HKLIIIJI BpeMeHII nponern Heii:TpOHOB OT 

IICTO'IHIIKa .no ,nereKTopa, II IIMnyJihCOM 

MarHITTHOfO ITOJIJI. IloKaJaHO CMe11.1ett11e 

IIMnyJibCa ITOJIJI, )"111Tb1Bat01I.1ee BpeMJI 

nponeTa MOHOXpOMaTII'leCKIIX Heii:TpOHOB OT 

06paJL1a ,no ,nereKTopa. 

P1Ic.3 Cep1IJ1 II3 Tpex JaBIICII_Mocreii 

nplIBe,neHHOii IIHTeHCIIBHOCTII 

,111IqipaKL11I1I I = (I H - I0) / I0 (I" II Io -
cneKTphl, IlOJl)"leHHhle C MarHHTHbIM 

noneM II 6e3 MarHITTHoro noJIJI, 

COOTBeTCTBeHHO) KaK qiyHKLIIIII HOMepa 

BpeMeHHOro KattaJia, /VIJI Cr203 nplI 

YKaJaHHhIX BeJill'!IIHaX aMITJIJITY,l\hl 

Hm' KOTOphle 6bIJIII IlOJI)"leHhl np11 

TeMneparype T = 136 K ' r = + 1 °' 
TH = 1000 µs , ump11He KIDK,lloro 

BpeMeHHOro KaHaJia t = 8 µs • 

IloKaJaHa TaJOKe qiopMa HMnyn1,ca 

ITOJIJI, a Ha BKJia,l\hIIIIe K p1ICYHKY -
reoMeTpHJI H3MepeH1IH. 

KaK BH,l\HO ll3 :noro pHC)'IIKa, Ka.JK,IIOMY 3HaqeHHIO IlOJIJI COOTBeTCTB)'eT CBOe 3Ha'!eHHe 

1nrreHCHBHOCTll pacceJIHHblX HeHTPOHOB, T.e. B 3KcnepHMeHTe cpa3y ll3MeplleTCll 

3aBHCllMOCTb HanpaBJieHHJI OCH aHTmpeppoMarHeTll3Ma OT BeJIH'lllHbI IlOJIJI. B CBJl3ll C 3THM, 

cne)l)'eT KOCH)'TbCJI BO!Ipoca O BpeMeHHOM pa3perneHHll Llt B TaKHX ll3MepeHHJIX. IlpH 

pa6oTe C llMII)'JlbCHbIM IIOJieM Llt =C1 ✓(L2t:..'A.)2 +('A.ot:..L2)2 [12,14], r.11e 

t:,.'A,=[(c1Li/ts)2+tg
2
eB/(J...ot:..e'fr

5 
(BeJIHqllHbl L1 JI L2 IlOKaJaHbI Ha pnc.1, 'ts -

)lJJl,ffeJibHOCTb BCIIbIIIIKll HeHTPOHOB, t:..0 - Heo1Ipe,11eJieHHOCTb B Bem1qHHe Ep3ITOBCKOro 

yrna, CBJl3aHHaJI C M03allqHOCTbIO KpHCTaJIJia ll C KOJIJIHMau;neii: HeHTPOHHblX Il)"IKOB, t:..L2 -

aeoIIpeJ].eJieHHOCTb BO BpeMeHH !IpOJieTa HeHTPOHOB, CBJl3aHHaJI C pa3MepaMH o6paJu;a ll C 

TOJJIUIIHOH ,11eTeKTopa, K034JqJHl.lIIeHT c 1 = 2.52 x 10-
6 

ceKk
1
cM.

1
) • .l-1:Jill CHH)'COll.llaJihHhIX 

HMII)'llbCOB MarHIITHOro IIOJIJI C aMIIJIHT)'J].OH Hm ll J].JIHTeJibHOCTbIO (IIOJIOBIIHa IIepIIO,lla 

c1mycoIIJ].aJibHOH BOJIHbI) TH, OTHOCHTeJibHOe IIOJieBoe pa3perneHHe 

t:..H t:..t I t I paBHO:-- = 1[-· COS7t- • Ilpn peaJibHbIX pa3Mepax o6pa3D;OB, TOJIIIl;HHax J].eTeKTopa n 

Hm TH TH 
reoMeTPHqeCKHX xapaKTepHCTHKax 3KC!IepHMeHTa MO:lKHO IIOJI)"lllTb t:..t = 2µs. Ecrrn 

TH =300µs, t:..t=2µs, TO !Ipll t=O (B HatJaJie llMII)'JibCa IIOJill) OTHOCHTeJibHOe pa3perneHHe 

[10 BeJIH'IHHe IIOJIJI t:..H/Hm = 2%. IlpH 6o'JibIIIHX 3Ha'!eHHJIX t, T.e. 6JIH)Ke K MaKCHM)'MY 

HMII)'JibCa IIOJIJI, pa3perneHIIe )'JI)"IIIIaeTCJI. 

Ta6nm1:a 1 

eAIIHHL\bl CHHM-2 tta HEP-2 EAPCS+PYH LHC 

IlHKOBall IlJlOTHOCTb 
., . 

7xI015 1.sx1018 l.5x1019 01hCM C 

TenJJOBblX 11eiiTpo110B 

,[{JJHTeJlbHOCTb BCilblWKH MHKpoceK 300 150 150 

TerIJlOBblX HeiiTpOHOB, ts 

l.JaCTOTa BCfll,IWeK 5 HMn/ceK I mm/cyrKH I HMn/1 Oqacon 

P1 (3A) not"'A. 11Mn· 
2.7xl05 =3.5x107 = 3x108 

P 1 t:,.'A,m (3A.) ncM·'11Mn·1 

l.25xl03 = I.6x 105 = l.35xl06 

(80 =45°. 1]=5') 

OnTHMaJJl,Hble JHa'!eHHll K3 150-300 200-700 300-1000 
MarHHTHOro rIOJlll )UIJI 

,n11cboaKTOMerna 

CpaBHHTeJihHble xapaKTepHCTHKll CIIeKTPOMeTPOB Ha TPeX llCTOqHHKax HefiTPoHOB 

IlpHMeHHTeJihHO K ,llllqJpaKD;llOHHbIM ll3MepeHJIJIM C llMII)'JibCHbIM IIOJieM 1Ipe,11CTaBJieHbI B 

Ta6Jinu;e 1 (cM. rnK:lKe [14]). Ilpn 3TOM MhI 1Ipe,111IoJiaraeM, qrn Ha EAPC5+PYH H LHC

HcToqHnKe reOMeTPHqeCKHe )'CJIOBllll 0,/lllHaKOBbI C ycJIOBHJIMll Ha CHHM-2, T.e. 

3aMe,IIJIHTeJih HefiTPOHOB 3KBHBaJieHTeH rpe6eHqaTOMY 3aMe,IIJIHTeJIIO, llCIIOllb3)'eMOMY Ha 

llEP-2, a .llllqJpaKTOMeTP pacIIOJiaraeTCJI Ha paCCTOJIHllll 30 MOT 3aMe,IIJIHTeJIJI Ha Bb!XO,lle ll3 

HCKpllBJieHHOro 3epKaJibHOro HefiTPoHOBO,lla. B Ta6JIHD;e: p - 3TO IIJIOTHOCTb IlllKOBOro 

IIOTOKa Te!IJIOBblX HefiTPOHOB C IIOBepXHOCTll 3aMe,IIJIHTeJIJI, P1 - IIJIOTHOCTb IIOTOKa 

Heii:TPOHOB, !Ia,llaIOIIl;llX Ha o6pa3eu; 3a BpeMH, paBHOe ,IIJIHTeJibHOCTll BC!IbIIIIKll TelIJIOBbIX 
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HeirrpoHOB (300µs ,ll.JIJI CHHM-2, 150µs ,ll.JIJI EAPC5+PYH 11 150µs ,ll.JIJI LHC; 

~A.m = A.oTJltgSB - .1:111aml30H ,ll.Jil1H BOJIH, CBJl3aHHI,lll C M03aH'lHOCTI,IO Kp11CTaJIJia (B HaIIIeM 

rrp11Mepe 10 = 3 A, yroJI EpJrra 0B = 45°, TJ = 5' ). IloJTOMY BeJiwmHa P1~1m paBHa · 

KOJI11qecrBy HeiiTPOHOB, pacceJIHHhlX B .[leTeKTop 3a 0.[111H 11MIIYJihC, eCJil1 OTPaJKaIOillaJI 

crroco6HOCTI, Kp11CTaJIJia paBHa R = 1 (KoHeqHo, B peaJibHhlX 3KIIep11MeHTax, B KOTOphlX 

orrpe.neJIJleTCJI IIOJieBaJI 3aBl1Cl1MOCTI, 11HTeHCHBHOCTH, CJie.[lyeT Bhl611paTI, BeJI11q11Hy R, 
.[IOCTaTOqHO y.naJieHHYJO OT e.[111H11Uhl). 

-' Pttc.4 feoMeTplfll .[IH<ppa~lfOHHblX 3KCrrepttMeHTOB C lfMnyJihCHI,JM noJieM 

Ha EAPCS+PYH: 1 - aKTHBHhie 30HbI peaKTOpa 6APC5, 2 - peaKTOpHbIH 

4 yMHO)KHTeJih HeiiTpoHos PYH, 3 - 3aMeMttren1, HeiiTpoHos, 4 -

MOHOKpHCT3JIJlllqecKHii o6pa3el.l, 5 - lfMnyJibCHbIH MarHHT, 6 - .11ereKTOp 

5 HeiiTpoHOB. 

KoMmreKc EAPC5+PYH rrpe.ncraBJIJleT co6oii .nBe aKT11BHhre 30HhI 11 HaxOMillllHCJI 

MeJKAy H11M11 YMHOJK11TeJI1, HeiiTPOHOB PYH (cM. p11c.4). AKTl1BHhlii JJieMeHT PYH 11MeeT 

cflopMy U11JIHH.[lpa, 3aIIOJIHeHHOro B .[IBa CJIOJI aKTl1BHhlMl1 3JieMeHTaMH, H3rOTOBJieHHhlMl1 ll3 

BhlCOK006orameHHOro ypaHa, KaK cxeMaTHqHo IIOKaJaHO Ha p11c.5. BHyTPeHHHll .[111aM~ 

u;eHTPaJihHOro KaHaJia PYH paBeH 25.4 CM. ,lv!JI IIOJiyqeHl1JI TeIIJIOBhlX HeirrpoHOB CJie.nyeT 

IIOMeCTIITI, B 3TOT KaHaJI BO.[lopo.nco.nepJKamnii 3aMe,ll.JIIITeJih, l1Me10m11ii cflopMy .[111CKa. 

~ 
W1 

6 

Pttc.5 AKTMBHaJI 30Ha PYH. a -
KOH<pttrypalU{JI, 6 - HYMepa11llll rne3J( 

MJI ypaHOBblX :meMeHTOB. 

EJiaro.napll 60JI1,rneii rr11K0Boii IIJioruocr11 rroToKa HeHTPOHOB B KOMIIJieKce EAPC5+PYH, 

rrp11 0.[111HaKOBI,IX rrpoqnx ycJIOBl1JIX, Heo6xo.[111MaJI HHcfiopMaqHJI MOJKeT 61,rr1, IIOJiyqeHa rrpn 

3HaqIITeJII,HO MeHhIIIeM q11cJie 11MIIYJihCOB rromr, qeM Ha HEP-2. Harrp11Mep, H3 Ta6JI11Uhl 

MOJKHO BH.[leTh, ~o rrp11 11CIIQJII,30BaHl111 HeiiTPOHOB C ,ll.Jil1HOH BOJIHhl 3A pe3yJihTaThl, 

KOTop1,re Ha crreKTPOM~e CHHM-2 (HEP-2) IIOTPe6yroT 5000 11Mrryn1,coB MarH11rnoro 

IIOJIJI, Ha KOMIIJieKce EAPC5+PYH MOJKHO rroJiyq11n Bcero 3a 40 nMrryJI1,coB. Ha rrpaKT11Ke, 

113-3a orpami:qeHHOll rrpoqHQCTH 11MIIYJII,CHI,IX MarHIITOB, 3TO II03BOJil1T rrpOBO.[IHTh 

11CCJie.[IOBaHHJI rrp11 3Haq11TeJihHO 60JII,IIIUX BeJI11q11Hax MarHHTHOro IIOJIJI, qeM Ha 

crreKTPOM~e CHHM-2. 
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Eme rroqTH Ha IIOpJl.[IOK IIOBI,ICl1TCJI IIHKOBaJI 11HTeHCl1BHOCTI, HeHTPOHOB rrp11 C03.[laHHl1 

11CTOqH11Ka Ha OCHOBe ycKop11TeJihHOro KOMIIJieKca LHC. Bo3MOJKHOCTI, reHepau:1111 

11HTeHCl1BHhIX HeHTPOHHhlX IIOTOKa rrp11 c6poce rrpOTOHHOro rryqKa 113 KOJihl(a U11KJil1qecKoro 

ycKop11TeJIJ1 paCCMOTPeHa B CTaThJIX [8,9]. CornaCHO [7], B KOJII,l(e YCKOp11TeJII,HOro 

KOMIIJieKca LHC 6y.neT HaKaIIJIHBaTI,CJI OKOJIO 3x 1014 
rrpOTOHOB C 3Heprneii 7TeV. qepe3 

KaJK.l:lhie 10 qacoB 3Tl1 IIpOTOHhl 113 KOJII,IJ;a 6y.nYT c6paChlBaThCJI B rpacfJHTOBYJO JIOByrnKy. 

J1pe.nrroJiaraeTcJ1 [8] paJMecT11T1, B rrepe.nHeii qacT11 JTOH JI0ByrnK11 KOJihl(eByro, 

UIIJil1H.[lp11qecKOH KOHcflttrypau:n11, Ml1IIIeHI, 113 TJIJKeJioro MeTaJIJia, HarrpnMep 113 BOJibcflpaMa, 

11 BO.[IOpo.n-co.nepJKamnii 3aMe.[IJil1TeJII, HeHTPOHOB. B pe3yJibTaTe qepe3 KaJK.[II,Ie 10 qacoB 

MOJKHO reHepnpoBaTb 11HTeHCHBHYJO BCIIhIIIIKY TeIIJIOBbIX HeHTPOHOB. Ha p11c.6 IIOKa3aHa 

cxeMa TaKOro l1CTOqH11Ka HeHTPOHOB. CornacHO [8], rrp11 11CIIOJII,30BaHl1H TOJihKO TPeTheii 

qaCTII IIpOTOHOB H3 ycKopnTeJII,HOro KOJibIJ;a, C BOJibcflpaMOBOH Ml1IIIeHI,IO 11 ZrH2-

3aMe.[IJil1TeJieM MOJKHO IIOJiyqaTI, II11K0Bhlll IIOTOK TeIIJIOBhlX HeHTPOHOB C IIJIOTHOCTI,IO OKOJIO 

1.sx10
19 

n/(cm
2
s). H3 Ta6Jil1l(I,I MOJKHO Bl1.[leTI,, qrn IIl1KOBaJI HHTeHCl1BHOCTb B TaKOM 

CJiyqae 6y.ncr rrp11MepHo B 8 pa3 6oJII,rne, qeM rrp11 11crroJib30BaH1111 KOMIIJieKca EAPC5+PYH. 

l~;J LHCGNP 
proposaJ.1981 

f-1/!0hour 
N,-3(1).1014/P 
a, - soµs 
e""1- 120 µs 

8""1 - 1,5.IO" neut/cm2s 

--.. 

Pnc.6 IlpoeKT llCTOqHMKa HeiiTpoHOB c 

BOJib<ppaMOBOH MHIIIeHbIO If ZrHz-33MeMnTeJieM, 

C03J(aHHOro Ha c6poce 7 TeV npOTOHHOro 

KOJihl(esoro nyqKa nptt LHC [8]. 

Ilptt 11CIIOJII,30BaHl111 LHC-11CTO'!Hl1Ka B .n11cflpaKu;110HHbIX 11CCJie.[IOBaHHJIX MarHeTH3Ma 

MO)l(HQ He TOJibKO YMeHbllil1TI, q11cno Heo6xo.nnMhIX llMIIYJihCOB IIOITJI 11, COOTBeTCTBeHHO, 

IlOBbIC11Tb Ben11q11HI,I MarHHTJIOro IIOJIJI, HO CTaHOBl1TCJl B03MOJKHI,IM rrpone.neH11e 
3

1Ccnep11MeHTOB C 0.[111HQqHI,IM11 l1MIIYJihCaM11 IIOJIJI, Kor.na MarHl1T (n, B03MOJKHO, CaM 

l!ccne.nyeM1,rii o6paJeu;) pa3pyrnacrcJI B pe3yJihTaTe 11Mrryn1,ca. Harrp11Mep, rrp11 ycJioB1111, 

1Cor11a 0TPaJKaIOillaJI crroco6HOCTI, Kp11CTaJIJia panHa R = 0.2 (3TO BIIOJIHe .norrycTl1MO /:IJIJI 
8

hinOJIHeH11J1 KOJI11qecTBeHHI,IX 113MepeHnii ), MOJKHO IIOJiyqaTI, C IIJIOilla.nn Kp11CTaJIJia B 

l cm 
2

, B Ka)l(.[IOM BpeMeHHOM KaHaJie ,ll.JI11TeJII,HQCTI,IO 2 µs , KOJI11qecTBO HeHTPOHOB, paBHOe 
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OKOnO 3.5x103 n/pulse. B 3TOM Cn)"Iae CTaTHCTHqeCKIDI oum6Ka B KIDKt\OM BpeMeHH0ll{ 

KaHane npH Ha6ope 3a Ot\HH HMnynhC noJUI COCTaBmleT OKOno 1.7%. 
3aMeTHM, qro B nocnetiHeM PlltlY Ta6JIIIIIbl YKa3aHbl onTHMaJibHbJe BenHqHHbl MarHHTHLJx 

noneii t1nJ1 HeiirpOHHbIX iimppaKIIHOHHbIX nccnetioBaHHH Ha rpex paccMorpeHHLJX 

HCTOqHHKax HeiirpOHOB. 
Ilpn 6onbIIIHX 3arpY3Kax iiereKTopa, Koropble OlKHt\aIOTCJI npn pa6ore Ha paccMorpeHHLJx 

ncroqHnKax HeiirpOHOB, pelKHM cqera KalKt\OrG HeiirpoHa CTaHOBHTCJI HeB03MOlKHbIM. B 
TaKHX Cn)"IIDIX cneiiyer pa3pa6aTbIBaTb H ncnonb30BaTb 11TOKOBblll

11 
pelKHM npn perncrpa11na 

HHTeHCHBHOCTH, T.e. npeo6pa30BbIBaTb TOK C iiereKTopa, HanpnMep C q>OTOYMHOlKHTeJJJi, 
CHa6lKeHHOro HeiirpoHHbIM KOHBepropOM, B KalKt\OM BpeMeHHOM KaHane (IIInpnHOH B 4 HJll! 
B 2 µs) B qncno, nponopIIHOHaJibHOe TOKY, c nocJJetiYJO!llHM aHaJIH30M cneKrpa B 

COOTBeTCTBHH C HOMepoM KaHana. OnbIT C03tiaHHJI TaKoro Tuna HeiirpOHHOro iiereKTOpa npa 

umpnHe KaHana 8 µs CY!llecrnyer B JIH<l> OllJIH. 

,n:nJI HeiirpOHHbIX crreKrpOMerpOB C HMrrynhCHb!M MarHHTHb!M noneM OTKpbIBaeTCJi 
IIIHpOKOe none q>H3nqecKHX nccnetiOBaHHH MarHHTHbIX CBOHCTB KOHtieHcnpoBaHHb!X cpeii. 

1. ,n:ulj>paKIIHOHHble ll3MepeHHH crpyKTyphI MarHHTllhlX lj>a30BblX COCTOHHHii:, 

Hllt\YIIHPOBaHHhlX HMHYJihCHhlM MarHHTllhlM noJieM B MOHOKpncraJIJiax. 

Han6onee t\OCTYJIHbIM t1nJ1 3KCrrepnMeHTOB C HMnynhCHbIM rroneM JIBnJleTCl! 
H3)"IeHne opneHTaIIHOHHbIX q>a30BbIX nepexotiOB B Bemecrnax C 
aHTHq>eppOJ\,!arHHTHhIM nnn qieppnMarHHTHbIM yrropJ1t1oqeHneM. BennqnHLJ 
MarHHTHbIX rroneii, Heo6xot1HMbIX B TaKHX nccnetioBaHHJIX, paBHLI 

H=.JHAHE :=100-250kOe, riie HA - ::iqiq>eKTHBHOe none aHn3orponnn n HE. 

none o6MeHHOrO B3aHMOtieiiCTBHJI 
l13MepeHne H3MeHeHHJI opneHTaIIHH MarHHTHbIX noiipeIIIeTOK n03BOnJleT H3)"IaTb 

xapaKTep MarHHTHbIX H o6MeHHblX B3aHMOtieiiCTBHH Mell(tly HOHaMH H onpetieJUITb 
KOHCTaHTbl 3THX B3aHMOtieHCTBHH. 

IlpnBetieM nHIIIb HeCKOnbKO npnMepoB: 
(a) <l>a30Bble nepeXOt\bl B aHTHq>eppoMarHHTHb!X Bemecrnax, o6natiaIO!llHX 

cna6bIM qieppoMarHeTH3MOM, HanpnMep, B a-Fe2O3, petiK03eMenhHbJe 

oproqieppnrhl; 
(b) XapaKTep nepexoiia aHTHq>eppoMarneTHKOB C OTHOCHTenhHO · HH3KOH 
TeMneparypoii HeenJI B napaMarHHTHOe COCTOJIHHe. npn iieiiCTBHH BHeIIIHero nonJI 

(HanpnMep, B FeCO3 npH H = 200kOe ); 

(c) IloBetieHne BemecTB C HeKonnnHeapHb!M MarHHTHhIM yrroplltloqeHHeM B 
MarHHTHOM none (raKnx KaK CsCuCI3, DyAg, ... ); 
(d) CoetinHeHHJI, COCTOJl!llHe H3 HeCKOnbKHX MarHHTHbIX KOMnOHeHT, KOTOpb!e BO 
BHeIIIHeM none Moryr 6bITb B q>a30Bb!X COCTOJIHHJIX C pa3nnqHbIMH TnnaMll 
MfHnrnoro yrropJ1t1oqeHHJ1 (HanpnMep, ReAO3. R = Ho, Tm, Tb, Er, A= Fe, Cr, riie 
A + - aHTHq>eppoMarHHTHIDI noiicnCTeMa, COCTOJl!llIDI H3 qerbipex rroiipeIIIeTOK, C 
rpeMJI B03MOlKHbIMH THnaMH aHTHq>eppoMarHHTHOro yrropJ1t1oqeHHJI, a Re

3
+. -

napaMarHHTHIDI noiicncTeMa, HO MOlKeT yrroplltloqnBaTbCJI aHTHq>eppoMarHJJTHO no):I 
tieHCTBHeM aMrHHTHOro nonll); 
(e) Hccnet10BaHne noBetieHHJI B MarHHTHOM none BemecTB, 06nat1aIO!llHX 
CBOHCTBOM "rnraHTCKOrO MarHHTOconpOTHBneHHJl11 (Re1-x AxMnO3, riie Re = La, 
Nd, Y, A= Ca, Sr, Ba, Pb); 
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2. 

3. 

5. 

(f) Hccnet10BaHne KaCKatia Bb!COKononeBbIX nepeXOt\OB Mell(tly pa3nnqHbIMH 
THIJaMH npocrpaHCTBeHHO-MOtiYnHpOBaHHbIX CTPYKTYP B Cr2O3, iionnpoBaHHOM 
Fe3+ noHaMn; 
(g) l13)"IeHne KpHCTannnqecKoii n MarnnTHOii CTPYKTYPhI crrnH-IlaiiepnoBcKnx 
coeiinHeHHH Tnna CuGeO3 npn q>a30BOM nepexoiie, HHt\YIIHPOBaHHOM MarHHTHb!M 
noneM; 
(h) l13)"IeHne lj>a30BbIX nepeXOt\OB H3 IIHKnOHt\aJibHOH cnHHOBOH CTPYKTYPbl B 
110t1HOpOt1Hoe" aHTHq>eppoMarHHTHOe COCTOJIHHe t1nJ1 cerHeTO-MarHeTHKa BiFeO3 

noii iieiicrnneM nonJ1 H = 200 kOe. 
HcCJietiOBaHIIe lj>JIIOKTYa1111ii HaMarm1qeHHOCTII B6JIH3H ToqeK lj>a30BhlX 

nepeXOt\OB BTOporo poiia, IIHtlYIIIIPOBaHHblX 111\IIIYJihCHblM MarHHTHhlM IIOJieM, 

C HCIIOJih30BaHIIeM MaJioyrJIOBoro pacceHHIIH neiiTpOHOB. 

HcCJiet1oea11ne KHHeTHKH nepeopue11Ta111111 n pena11:ca1111011ub1x 11po11eccoe npu 

MarnnTHblX lj>a30BblX 11epexoi:1ax nepeoro poi:1a. 

HcCJie):IOBa11ne MarHIITllhlX II o6MeHHblX B3aHMO):leUCTBIIU nyreM II3MepeHHH 

i:111cnepc110HHhlX COOTIIOIIIeIIHU C noMOIIIhlO ueynpyroro KOrepeHTHOro 

pacceHHIIH 11eiiTpOHOB. 
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Field - induced spin phase transitions in molecular magnets and 
heavy fermion systems 

A.S.Mischenk:o1
, A.K.Zvezdin2 

A.M.Prokhorov Institute of General Physics RAS 

l.Introduction. 

Field induced phase transitions (FIP1) attract great attention due to the fact 
that they can be model objects for studies of many fundamental interactions which 
take part in the formation of a magnetic structure of a material (1]. FIPT in 
mesoscopic molecules (Mn12Ac, Fe8, Fe10 etc. - for details see [2]) has been studied 
recently [3]. Compounds that experience a spin phase transition (low spin- high spin) 
are especially interesting from an applied point of view. Among them are materials 
with the phase transitions like r;t- Ce3

·
67+ - r- Ce3

·06t- [4], Com - Con [5-8], 
Mom - Mon [9] etc, as well as the spin transition from S = 0 to S = 2 in Fe2

+ ions [10]. 
The influence of an applied magnetic field on the transition temperature of a high 
spin- low spin transition in Mnm[(pyrol)3tren] has been considered both theoretically 
and experimentally in [11]. Such compounds are interesting for nanotechnology, in 
particular for 2D-systems (thin films and films containing nanoclusters). 

This report summarizes our recent study of FIPT in a Co valence tautomer, 
metallic Ce and URu2Sii. 

2. Co valence tautomers. 

The compound discussed in this section is a paramagnetic o-semiquinonic Co 
complex with a,a'-dipyridyl (a,a'-bpy)Co(Cat)(SQ). SQ is an anion-radical, and Cat 
is a dianion of the o-quinone. These two fragments represent different forms of the 
ligand with a variable valence. Valence tautomerism and spin-crossover coexist is this 
compound. The Co complex can be in one of two states: low spin (LS) and high spin 
(HS). The LS state is (a,a'-bpy)Co(Cat)(SQ), where Co(Ill) has a ti configuration 
and the total SEin of the complex is 1/2. The HS state is (a,a'-bpy)Co(SQ):z, where 
Co(II), has a d' configuration and the total spin is 3/2 + 1/2 + 1/2 [5]. The molecular 
structure of the Co complex is presented in Fig. 1 [5]. Taking into account that 
geometry of inner core of complex is close to octahedral ( cubic symmetry in general), 
d-orbitals of a Co ion can be considered to be splitted into two levels - t2g and eg 
(Fig. 2). t2g-level has a lower energy than eg. eg-orbitals have admixture of o--orbitals, 
whereas t2g have admixture of 1t-orbitals of the ligands. Boundary 7t • -orbitals of 
quinonic ligands have intermediate energy between fig and eg- Splitting of the two 
energy levels t2g and eg is such that low spin configuration is more stable at low 
temperatures i.e. t2g level is fully occupied by six electrons whereas eg is unoccupied. 
Increasing of temperature causes electron transfer from 7t • -orbital of catecholate 
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ligand to eg level of metal. Decreasing of charge at Co ion from 3+ to 2+ promotes 
spin-crossover, which causes the transfer of one electron from t2g to e8 level (Fig. 2). 

Phase diagram of the FIPTin the Co complex 

The mentioned interconversion is accompanied by a phase transition under 
temperature change in the absence of a magnetic field [6]. According to [8], the major 
contribution to the low spin phase is made by a 3d' configuration of Co (Sea= 0) and 
ligand spin (SL = 1/2), where Sea is a Co spin, SL is a ligand spin. High spin phase is 
represented by a 3d7 configuration of Co (Sea= 3/2) and two ligand spins 
(SL= 1/2 + 1/2) as indicated in Fig. 2. 

Fig. 1. Molecular structure of the Co complex [5] in low (a) and high (b) spin 

phases. 

=ec 

+ 7(1f(SQ) ¾-
tl.#..t.+ 7(k ( Cat) 

lt:lt=ff f lg 

Co (III) 

#eg 

+ + 
7(k (SQ) 7(k (SQ) 

~tlg 

Co (II) H.S. 

Fig. 2. Distribution of the d and ligand electrons in the Co complex [6-9]. 

The spin phase transition in the Co complex can be described by a model of free 
magnetic ions, which gives the dependence of the critical field on temperature (for 
more details see [12, 13]): 

B 2k;F {l[ (M-TM) ]} _.f!:...=--Arccosh - l+exp ---- -1 , 
B

0 
M 2 k8 T 

(1) 

where Be, is a critical magnetic field of the phase transition, Bo is the critical field at 
zero temperature presented in (7), L1E =Ens-ELS, LIS = Sss-SLS are the differences 
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of energy and entropy between the two phases. A connection can be established 
between Bent, T112 (the critical temperature at which the transition takes place in the 
absence of a magnetic field), and independent parameters of the model. By taking the 
limits T ➔ 0, B ➔ 0 in (1) we obtain: 

/1E /1E 
BCrit =--, 'I'i.,2 =-

4µB AS 
(2) 

The second formula in (2) also represents the fact that the transition is entropy-driven 
by temperature. In fact this approach and result has been shown in [12]. Magnetically 
induced phase transition in the Co complex in question and close compounds have 
been predicted in [12]. The prediction formed the basis for the decision to run the 
complex explosion experiment. The phase diagram from [12] for four Co complexes 
with different ligands is given in Fig. 3. The legend in the figure lists neutral ligands 
of the Co complexes considered in [12] - Dpbpy, Dmbpy, Bpy, and Phen, and their 
critical temperatures. More detailed description of these ligands is beyond the scope 
of this publication and can be found in [7]. As you can see from the graphs, the 
predicted critical field for the spin phase transition in a Co complex varies from 
about 100 to 250 T depending on particular composition of the Co complex. 
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Fig. 3. B-Tphase diagram for different Co complexes [12]. 
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Experimental methods, experimental results and their interpretation. 

The experiments were performed in explosion magnetic fields by means of a 
compensating coils sensor (for more detailes on the experimental part see [2]). The 
sensor is a couple of compensated induction coils. A sample is placed inside one of 
them. An imbalanced signal is then proportional to the time derivative of the 
magnetization of the sample dA.fldt: 

V(H)=dA.f !dt+K·dH !dt, (3) 

where the second term is a parasitic imbalance signal. Coefficient K depends on how 
well the coils were compensated before the experiment, and ideally it should be equal 
to zero. This is however impossible in a real experiment, especially with the applied 
explosion magnetic fields. In this method, the rate of change of the magnetic field is 
up to dH/dt ~ 106 Tis. If the magnetic transition takes place in a narrow field region 
and the derivative dA.fldt exceeds the imbalance coefficient K, then it is possible to 
calculate M(H) with a good precision. 

1,0 V(H) 
-K·dH/dt 

C: 
::s 
.ci ... 
111 T=4.2K 

111 0,5 
C 
Cl 
en 

0,0 

-2 0 2 4 6 8 10 12 14 16 

t, µs 

Fig. 4. Magnetic field raises exponentially with time in the explosion technique in 
magnetocumulative generator MK-1 (solid line). Direct experimental result-:- the 
imbalanced signal proportional to the differential magnetic susceptibility is the 
dotted line. 

The measured imbalanced signal V(H) is presented in Fig. 4 by the dotted 
curve. As you can see from the plot, the sample shows anomalous behaviour 
associated with the magnetic phase transition at 100 T. The parasitic signal KdH/dt is 
the solid line. The value of the coefficient K here is chosen such that the imbalanced 
and parasitic signals coincide in the areas far from the transition. Subtracting the 
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parasitic signal from the imbalanced signal gives the time derivative of the 
magnetization d}.1/dt. Then the differential magnetic susceptibility can be obtained via 
dM/dH = (dM/dt)l(dH/dt). Magnetization versus magnetic field is the result of the 
integration of d}.1/dH over Hand is given in Fig. 5. As can be seen from the figure, 
the magnetisation changes smoothly at the transition. Most likely it is an intrinsic 
property of the transition in the Co complex, and this smoothness is not due to the 
finite resolution of the experimental technique. 

Dependence of magnetization on temperature in a weak applied field is given 
in Fig. 6 [5]. The entropy driven low spin - high spin phase transition is smooth and 
resembles of the field - induced transition in Fig. 5. The smoothness does not follow 
from the proposed model, and it can be a result of the correlation between the d
electron and the electrons on the ligands. Further study of this compound is required 
to clarify this particular behavior. 
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0.0 
L 
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Fig. 5. Magnetisation of the Co complex 
at T= 4.2 K versus the applied magnetic 
fieldB. 
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Fig. 6. Dependence of the magnetic 
moment of the Co complex on 
temperature at B = 1 T [5]. 

The experimental data given above comes down to two points on the B-T 
phase diagram. This information can be used to estimate some parameters of the Co 
complex in the framework of the presented model. The value of the entropy 
change LIS at the transition has been given in literature [6, 7, 8, 14]. The results of the 
direct measurements presented in the current work allow to make estimation of LIS 
and LlE of field-induced spin phase transition by means of (2). Substitution of the 
critical temperature T112= 300 Kand field Bent= 100 Tin (2) gives the values for the 
entropy change LIS and energy difference ,1£ between the two phases. Calculation 
gives the values LIS~ 0.896 R per mole and ,1£ = 2.23 kJ/mole. The obtained values 
are important for the fundamental understanding of the phenomenon of valence 
tautomerism in molecular magnets. As mentioned earlier, such molecules can be 
building blocks for new molecular devices with a wide range of applications - from 
computing to room temperature refrigeration. Direct measurements of fundamental 
properties such as entropy and energy differences between two states of bistable 
systems are crucial for designing of new materials with required properties. 
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3. Metallic Ce. 

Surprisingly, a quite similar phenomena can be found in metallic Ce. Ligand 
electrons bear some similarities to the hybridised s- and d - electrons that form the 
conduction band in Ce, and the magnetic d - electron on Co can correspond to the 
magnetic!- electron in y- Ce. More detailes are given in what follows. 

The fascinating properties of metallic Ce have attracted great interest for many 
years. Its extremely rich phase diagram consists of at least five allotropic forms [15]. 
In this paper, we are only concerned with the low-volume face-centered cubic (fee) 
non-magnetic a- Ce3

'
67

+ and high-volume fee magnetic y- Ce3
·
06

+ phases and the first 
order field induced phase transition between them. The transition is unique among 
elemental solids as it ends in a critical point, like the well-known liquid-gas transition. 
Such a solid state structural transition is of great interest by itself and, what is more, 
metallic Ce manifests the so-called non-integer valence in the a - phase what has 
opened the field of the intermediate or mixed valence states in rare earths and 
actinides [15]. 

A number of models has been proposed to describe the a - y phase transition 
in Ce (for a detailed review on the problem, see [16, 17]). Falikov-Kimball model 
takes only thef- ands - electron interaction into account [13]. This allows to describe 
the general features of the transition, i:e: the change of the Ce valence and the critical 
point on the p - T phase diagram. Depending on the interaction strength relatively to 
the reciprocal density of states in the conduction band, the transition can be whether 
smooth or abrupt (a more detailed consideration is presented in below). However, the 
model is incapable to predict the mixed valence states of Ce. The solution is to add the 
s -fhybridization energy to the Falikov-Kimball model [18, 19]. 

Recently there has been rising interest in a study of the influence of external 
magnetic field on the phase transitions in materials with mixed valence states in 
general and in metallic Ce in particular. Namely, B-Tphase diagram for the first order 
valence transition in YblnC1.4 and metallic Ce has been calculated in [16] by means of 
the free-ion scheme. A similar approach was used to calculate the phase diagram of 
the field induced valence transition in a Co valence tautomeric complex, and recent 
experimental results correspond to the model quite good [13]. 

Ce band structure withs -f hybridisation. 

A scetch of the Ce band structure in the framework of the Falikov-Kimbal 
model [I 7] and with the account of s -fhybridisation is presented in Fig. 7. 

The a-Ce band structure is scetched in Fig. 7, a. The conduction band of the 
hybridised s - and d - Bloch states has a total width of Wh + W, = 8.16 e V. The density 
of states in the conduction band p, is approximated in what follows by a constant over 
all the bandwidth: p,(E) = 12Nl(Wh+W.J, where N is a total number of Ce atoms and 
every Ce atom has 12 electron states. Thej-states are (2/+ 1)-fold degenerate and 
have the energy LI relatively to the Fermi level EF. There are two kinds of one-particle 
excitations in the system: the electron excitations within the energy interval from EF 
to W, and the hole excitations within the interval from -Wh to EF. External pressure, 
magnetic field or temperature effectively shifts the f- level relatively to the Fermi 

141 



level, inducing the phase transition and changing the number of electrons on the 
/- level of the i-th site n; from - 0 to - I. 

The r- Ce band structure is schematically presented in Fig. 7, b. The 
conduction band is higher than in a - Ce ( or, alternatively, the/- level is lower) due 
to the interaction between conduction and f- electrons Gn;. This results in an 
occupation of the magnetic f- states and appearance of nh extra holes in the 
conduction band. The condition of electroneutrality n; = nh will be used below to 
obtain a self-consistent equation for a critical magnetic field Be. The s - f 
hybridisation leads to the broadening of the f- level, appearance of intermediate 
valence states and metastable y- state at low temperatures. The broadening of the 
f- states is indicated on the right hand side in Fig. 7, b. States with more .than one 
f- electron (or mixed states with different orbital momentum projections) have much 
higher energy due to the Coulomb repulsion U- 6 - 7 eV [20]. DOS of the/- level in 
y- Ce is shown in Fig. 7, b on the right. The shown projection of the orbital moment 
is m = 5/2. This is not necessarily the case in the absence of an applied magnetic field. 
In general, the site can be occupied by any of the (21+ 1) projections. However, at 
finite temperatures the occupied state is statistically averaged and the ground state is 
mixed with contributions from all the (21 + I) possible momentum projections 
according to the Boltzmann distribution. 

The parameters used below are taken from literature: W, = 2.72 eV, 
Wh = 5.44 eV, LI= 0.118 eV, G = 0.44 eV [17], I'= 30 - 60 meV, and 
U=6-7eV[20]. 

(a) T=0,B=0 
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Fig. 7. Schematic band structure of metallic Ce in the vicinity of the a- y phase transition. 
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Anderson mode/with the Falikov-Kimbal interaction. 

The phase transition was described in [21] by means of the Anderson impurity 
Hamiltonian with the account of the Falikov-Kimball interaction: 

H "' + ~E + G"' + + = L., ekakak + L., imCimCim +-L., c,mcimakak 
k m=-J. N k; 

i,m 
(4) 

+ ~ kE(a;c,m +H.C.)+ ~ ;,E~•:,c,mc;,.c;m,, 

where a/, ak are creation and annihilation operators of the conduction electrons in 
state lk>; C;m +, c,m are creation and annihilation operators of an f- electron on site i 
with the projection of the orbital momentum m. The first term in (4) accounts for the 
kinetic energy of the conduction electrons, the second term is responsible for the one
particle energy of the f- electrons. Falikov-Kimbal interaction (direct Coulomb 
interaction between the s- and/- electrons) is the third term. The fourth term stands 
for the s - f hybridisation, and the last is the Coulomb repulsion of electrons on one 

j- site. 
The equations of motion for the Green functions of the conduction and 

localised electrons of Hamiltonian (4) are: 

G,m;•m{ (JJ-E,m - ~~(a;ak)J- ~v/,mGk,i'm' =o,m,i'm'> 
(5) 

Gk,i'm'((JJ -ek - G L (c,:,c,m)J- 1:vk,imGim,i'm' = 0, 
N 1m rm 

where G;m,i'm' = <<C;mC\·m·>>w, Gk,i'm' = <<akC\·m·>>w are the Green functions in 
w - representation. The Falikov-Kimball interaction is decoupled by means of 
<c\mC;mG+kGk> = <c\mc;m><a+kGk>, what can be considered as a first approximation. 
The Coulomb interaction U between electrons on one f - site is very strong compared 
to other contributions and we will use the approximation U---+ oo. 

Solution to (5) in the Hartree-Fock approximation for the self energy can be 
expressed as [21]: 

[ 
~-(2a-_!_Jn -k TlnZ] 

11 1 r. p' 
0 

n, = - + - Im \JI - +--- ,-~-....:........,'------- , (6) 
2 1l 2 210<BT 210<BT 

where n; is the average number of conduction electrons, Im \JI= Im dlnG(x) I dx is 
the imaginary part of the Euler digamma function, and G(x) stands for the Euler 
gamma function. Z is the partition function of a free f- electron with J = 5/2 and 
g1 = 6/7 in a magnetic field. Formula (6) is a self-consistent equation for the number 
of electrons n;. An electroneutrality condition was used to obtain it, i.e. the number of 
holes that appear in the y- phase (nh = pe(Gn; - LI + EF), see Fig. 7) is equal to the 
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number of f- electrons n;, from where the Fermi energy can be found: 
EF{nJ = L1 + (JI p - G)n;. 

The solution to (6) is plotted in Fig. 8. As can be seen from the figure, the 
critical magnetic field vanishes with temperature according to the conclusion reached 
in [16] in the framework of the free-ion scheme. 
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Fig. 8. Finite temperature simulation of the transition by (6). 

Magnetisation versus magnetic field curve (see Fig. 9) can be calculated in the free
ion scheme as the major contribution is made by/- electrons: 

± mexp(- gJmµsBJ 
m=-J k 8 T 

M(B,T) = n;(B,T)gJµs z , (7) 

where n;(B, T} is the solution of ( 6). AB - T phase diagram is estimated from Fig. 8 by 
the Maxwell rule. The result is close to that reported in [16] and is presented in 
Fig. 10. The inset shows a change of magnetisation at the transition region. It is big 
enough to be detected by the explosive megagauss technique. 
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Fig. 9. Simulation of the magnetisation 
process in the vicinity of the a- r 
transition according to (7). 
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3. B - T phase diagram in URu2Siz. 

Band structure of of URu2Sb is quite similar to the Ce structure. The model of 
interconfigurational interaction proposed in [23] in conjunction with the mathematical 
apparatus analogous to presented above can be applied to calculate the B - T phase 
diagram ofURu2Si2 and describes some puzzling features of the transition. 

Magnetic and thermal properties ofURu2Si2 were extensively studied in recent 
years [24 - 26]. It is known from heat capacity [27], magnetisation [28], 
resistivity [29], ultrasonic measurements [27] that in zero magnetic field at 
temperatures below 17.5 K the magnetic structure of URu2Sb is antiferromagnetic 
(AFM) with a negligible magnetic moment per U atom <M;> ~ 10·

2 
µ8 [30]. The 

magnetic structure changes from AFM to paramagnetic (PM) at the temperature 
of 17.5 K via a sharp first order phase transformation. The AFM-PM transition is 
shifted to lower temperatures by an applied magnetic field (H) according to an 
experimental H-T phase diagram [31]. The origin of the first order phase 
transformation in URu2Sb at 17.5 K and the presence of the critical quantum point on 
magnetic H - T phase diagram [32] remain open. Yet another open question is the 
inconsistency between the large peak of heat capacity (entropy change) at the 
transition and small value of the magnetic moment per U atom. The phases with the 
so - called hidden order parameters, such as quadruple momentum [33], triple spin 
correlation function [34] were utilized for the explanation of this phenomena. 

This section contains the results of our modelling of the low temperature 
magnetic transition at 17.5 K. Anderson impurity Hamiltonian was used with the 
addition of the Falikov-Kimball interaction [35]. As a basis of our calculations we 
used zero-temperature Green function formalism to explain metal-insulator transition 
described in [36] and extended finite temperature model used in [21, 37]. 

The assumed configuration of an U4
+ atom is 5d"5/' with 2 electrons in the 

conduction band. The total magnetic moment coincides with the total magnetic 
moment of the 5/2 term and is equal to µ, ~ 3µ, (S = 1, L = 5, J = 4, L - 2S = 3, 

g = 3/4). If there is a hole in the 5d orbital of an U atom, its energy is decreased on U 
relatively to the filled 5d level without a hole due to the Coulomb interaction within 
the 5d level and inter-configuration exchange between d- and /- orbitals. We 
assumed the exchange mentioned above to be of the AFM type. The magnetic 
configuration for a hole in the 5d level is L = 2, S = 1/2, J = 5/2, g = 6/5 with the total 
magnetic moment of 3µ, and its value coincides with a moment for 5/2 

term. Due to 
AFM interconfigurational exchange the moments from d - and/- orbital compensate 
each other at low temperatures and the magnetic moment vanishes. 

Anderson mode/with the Falikov-Kimba/ interaction. 

The Hamiltonian of the interaction of the conduction electrons and the holes in 
the 5d 9 localized level is [23] 

H = 'Leka;ak + LEm,h,:,hnn -LuJ1-b,:,hm.)+ 
k mi nri (8) 

+ L(vk,mia;hm, +V/m,h;;.at)- ~ Lh::,.hm,a;ak, 
k,mi k,mi 
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where a\ (ak) is the creation (annihilation) operator for conduction electrons, 
b + mi (bm;) is the creation (annihilation) operator to for localised Sd -holes, Em; is the 
energy of the localized level, c, is the energy of the conduction electron in 

k-representation, G is the Falikov-Kimball interaction between the conduction and 
d -electrons; U is the energy difference between 5d 0 and 5d 1 levels due to the 
Coulomb interaction and exchange between/- and d -spins; Vis the energy related to 
the hybridisation between the conduction band and the localized Sd -level. The 
consideration then follows the Ce case described above, and the formula for the 
average number of holes on the d- level is similar to (6). 

However, There are two types of interaction within one U atom in the model: 
(i) an interplay between localised Sd level and conduction band and (ii) AFM 
interaction between d -holes and /-electrons. Only the former is taken into account 
in (6). The AFM interaction can be introduced as follows. One can consider the 
system of d- holes and/- electrons at a fixed value of nh and assume that the actual 
magnetic field acting on d - holes in Hamiltonian (8) is lower than the applied 
magnetic field because of the molecular field induced by the/- electrons. At a fixed 
nh the Hamiltonian of interacting d - holes and/- electrons can be expressed in the 
molecular field approximation: 

H = -L_gµBHS;d - LgfµBHS( + 
i i (9) 

+ L_lexgµs(s1 )sid + L_l.,gfµB(sd)s(, 

where gd = 6/5 is a g factor of a d - electron; lex (l,;>O) is an exchange integral 
corresponding to the AFM interaction between the/- electrons and d- holes; S,' is the 

operator of the total magnetic moment of the d-hole that belongs to the i-th U atom 
and (s') is the average spin of 5/2 electrons per U atom. 

According to the molecular field theory, the magnetic moments corresponding 
to the spins (s') and (s') are the solutions of the following system of equations: 

(sd) = gJB✓ ( g::B (H -lex(S1 ))), 

(s1 )=grJfBJI( g1:tB ( H-Jex: (sd))} 
(10) 

where gr= 3/4 is a g-factor of the /-electrons; .fr= 4 is the quantum number of the 
total momentum of the /-electrons and BJ(x) is the Brillouin function of order J. The 
first approximation for the solution of (II) verified by numerical calculations is: 

(st)=gfJf; (st)=gJB✓( g::B (H-JexgfJ~)). (11) 

In other words, we assumed that the moments of/- electrons aligned with an applied 
magnetic field, whei:eas the moments of d -holes are initially set in the opposite 
direction. The link between the two systems described by Hamiltonians (8) and (9) 
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can be established by substitution of a molecular field Hmol = H-A<So> instead of 
an applied field H partition function Zin ( 6). 

The result of the calculations is shown in Fig. 11. 
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Fig. 11. Calculated temperature 
dependencies of the fraction ofU atoms 
nh(J) with a hole at the localized Sdlevel. 

Fig. 12. Calculated H - T phase diagram 
is compared to anH - Tphase diagram 
extracted from ultrasonic measurements 
in [32]. 

The theoretical H - T phase diagram derived from nh(H, T) is compared with 
experiment [32] in Fig. 12. 

The energy of the system oflocalized d-holes can be calculated using standard 
finite temperature formalism: 

dw 
) - _!_ =f 'w _81 )ImG1,Jw) (OJ -8

1 
I ) 

8(T - ~ I+exp /kT Jr~«> 

(12) 

Theoretical heat capacity of the localised d-holes was obtained by numerical 
differentiation of (12). The results are compared to experimental data [27] in Fig. 13. 
The experimental curve grows linearly after the transition due to the contribution of 
conduction electrons at low temperatures, which is not taken into account in the 
plotted theoretical curve. 

The magnetization per U atom can be approximated as 

M = nh((sd)+(S1 ))+(1-nhXS~m), 

(s1 )=g J B (grµsJrH I) 
rem f f JI /kT , 

(13) 

where <Sd> and <S1> are the solutions of(ll). The first term in (13) is a 
contribution to the magnetization from U atoms with d -holes at the localized level 
and the second term is a paramagnetic contribution from U atoms without the filled 
localized level. The results of the calculation are shown in Fig.' 14. The parameters 
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used in simulations are I'=0.0295eV, G=0.leV, /ex=llT=> 
UEX= 4.24453 10·5 eV. 
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Fig. 13. Heat capacity of the localised 
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Three examples of field induced phase transitions are presented in this report: 
low spin - high spin phase transition in Co tautomers, a- y phase transition in 
metallic Ce, and low temperature AFM - FM transition in URu2Si2. All three 
theoretical models and experiment in megagauss fields on Co tautomers yield 
important information on the strengths of interactions within the electronic system of 
the considered materials. 
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HCIIOJib30BAHHE HEHTPOHHblX IIOTOKOB 
BbICOKOH IIJIOTHOCTH ,Lt;JUI rEHEPAIJ;HH 

)KECTKHX HEHTPHHO. 

IO.C.JhoTOCTaHCKllH 

MocKOBCKMH HmKeHepHO-<pll3HqecKttH MHCTHT)'T 

(rocy.n:apcTBeHHbIH YHttBepcttTeT) r. MocKBa. 

B.H. lliIIIIyK 

HHCTHTYT TeopeTttqecKoii tt 3KcrrepttMeHTaJibHOH cptt3HKM. r. MocKBa. 

5£.n;epHbie peaKTOpbI, KaK MOIIIHbie Ve -llCTOqHllKll llCilOJib3YJOTCH .ll:JlJI 

myqeHllH Heii:TpttHO y)I{e 6onee 50-ll JieT co BpeMeH 3KCrrepttMeHTOB KoBaHa If 

PeiiHeca rro Ha6mo,n;eHttIO HeiiTpttHO Ha peaKTope CaBaHa-PttBep. BMecTe c 

rrpettMyIIIeCTBaMll, CBH3aHHbIMll C llHTeHCllBHbIM peaKTOpHbIM Ve -ITOTOKOM, 

ttMeIOTCH Heorrpe.n:eneHHOCTll B cpopMe v e -crreKTPa, oco6eHHO B )I{eCTKOH ero 

qacTtt Ba)I{HOH, 6naro.n;apH 3aBHCllMOCTll OT 3Heprttll Ev ceqeHMH v e -3axBaTa 

KaK a~ E~. )KecTKM qacTb peaKTOpHoro v e -crreKTPa cpopMttpyeTCH KopoTK0-. 

)I{llBYIIIllMll HeHTPOHOll36bJTOqHbIMll H,D;paMtt-rrpo,n;yKTaMll .n:eneHMH c 6oJibIIIOii 

3Heprtteii P-pacrra.n:a tt, B ocHOBHOM, c rrnoxo tt3yqeHHbIMll cxeMaMtt pacrra.n:a, 

KOTOpbie rrpttXO,D;llTbCH rrporH03llpOBaTb, llCilOJib3YH TeopeTttqecKtte MO,D;eJill. 

O,n;HaKo, ropa3,D;O 3cp<peKTllBHee llCilOJib30BaTb KOHBeprnp, OKp~aIOIIIllii 

aKTMBHYJO 30HY H,n;epHoro peaKrnpa ll rrornoIIIaIOIIIHH ncxOMIIIMe HeHTPOHbI, 

rrpeo6pa3yH llX B )I{eCTKlle aHTllHeHTPllHO C ll3BeCTHbIM crreKTPOM. 11.n:eH TaKoro 

KOHBepTttpoBaHMH 3a cqeT pea~ttll 
7Li(n,y)8Li c rrocne.n:yioIIIttM pacrra,n;oM 

KopoTKO)I{ttByIIIero mornrra 
8Li (T112 = 0.84 s, E;'ax =13.0 MeV); 6bIJia 

BbICKa3aHa JI.A. MttKa3JlbHHOM, 11.E. CrrttBaKOM ll B.r. Q1rnoeBbIM eIIIe B 1965 
ro.n:y [1] ] ll B TOM )Ke ro.n;y ,n;oKJia,D;bIBaJiacb B OOH Ha III Me)I{,n;yHapo,n;Hoii 

KOH<pepeHIIllll ITO llCITOJib30BaHllIO aTOMHOH 3Heprntt B MllpHbIX IIeJIHX [2,3]. 
Brrocne,n;cTBllll ll,D;eH crreIIllaJill3llpOBaHHOrO peaKTOpa-KOHBepTopa .n:m1 

HeHTPllHHbIX llCCCJie,n;oBaHMH pa3BllBaJiaCb B IIHKJie pa6oT aBTOpOB ( CM. o63opbl 

[4,5]). B pe3yJibTaTe 3TllX pa6oT 6bIJIO IlOKa3aHo, qrn M0)I{HO OilTllMll3llpOBaTI, 

CllCTeMy peaKTOp-KOHBepTop KaK ITO KOHCTPYKilllOHHbIM oco6eHHOCTHM, TaK II 

ITO XllMllqecKOMY COCTaBy BeIIIeCTBa KOHBepTopa, a TaK )Ke ITO llCilOJib3yeMbIM 

pe)I{ttMaM ll3MepeHllH ll pa6oTbI, qT06bI C03,D;aTb pa60TaIOIIIYI0 

3KcrrepttMeHTaJibHYJO YCTaHOBKY rrpeBOCXOMIIIYJO ITO CBOeH 3<p<peKTHBHOCTll 

llMeIOIIIlleCH aHaJIOrll. 

EIIIe 6onee 3<p<peKTllBHOH OKa3aJiaCb rrpe,n;cTaBJieHHM KOHIIeITIIIDl 

llHTeHCllBHoro llCTOqHllKa HeHTPllHO Ha 6a3e JillHeHHOro rrpOTOHHOr0 

ycK0pllTeJIH, 6naHKeTa-pa3MHO)I{llTeJIH HeHTPOHOB tt JlllTlleBoro KOHBepTopa, 
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pa6oTaIOIIIero B cTaTttqecKOM tt ,D;llHaMllqecKOM pe)I{llMax. TaKoe 

ycTJJOHCTBO, IlOXO)I{e Ha pa3pa6aTbIBaeMbie B HaCTOHIIIee_ BpeMH 

3JieKTpOH,n;epHbie ycTaHOBKll, BKJIIOqaIOIIIlle llHTeHCllBHbie HellTPOHHbie 

ucTOqHllKll Ha 6a3e ycKopttTem1, pa3MHO)I{aIOIIIyio MllIIIeHb ll 6naHKeT C 

pa.rlllOaKTllBHbIM BeIIIeCTB0M, rrpe,n;Ha3HaqeHHbie, B OCHOBHOM, ,D;JIH 

rrepepa6oTKll pa.n;ttoaKTllBHblX OTXO,D;OB B paMKaX HaIIllOHaJibHbIX tt 

Me)l(.n:yHapo,n;HbIX rrporpaMM ( CM. o63opb1 [ 6-10]). B HaCTOHIIIeH pa6oTe 

rrpe.n:naraeTCH 3aMeHllTb 6m:tHKeT C pa,n;ttoaKTllBHblM BeIIIeCTBOM Ha JlllTlleBbIH 

KOHBeprnp C IIeJibIO rronyqeHMH llHTeHCllBHOro ITOTOKa aHTMHeHTPMHO. TaKllM 

o6pa30M, B HaCTOHIIIee BpeMH, Kor.n:a pa3BllBaIOTCH 6oJibIIIlle Me)I{,n;yHapo,n;Hbie 

rrpoeKTbl no C03,D;aHllIO oqeHb llHTeHCllBHbIX HeHTPOHHblX llCTOqHHKOB ,D;JIH 

rrepepa60TKll H,n;epHblX OTXO,D;OB, CTaHOBllTCH 6onee peaJibHbIM C03,D;aHtte 

«HeHTPMHHOH cpa6pttKH», rrpe,n;Ha3HaqeHHOH ,n;nH HayqHhIX ttccne,n;oBaHMH. 

B HaCTOHIIIeH pa6oTe paccMaTPMBaIOTCH rrpoIIeCCbl B JlllTlleBOM 

K0HBeprnpe, OIITllMll3llpYJOTCH pe)I{llMbl pa6oTbl ycTaHOBKll, ee 

reoMeTPttqecKne rrapaMeTPbI ll XllMllqecKllH C0CTaB BeIIIeCTBa KOHBepTopa, 

rrpe,n;cTaBJieHa KOHIIeITIIllH llHTeHCllBHOro llCTOqHMKa HeHTPllH0 Ha 6a3e 

mrneHHOro rrpOTOHHOro ycKopttTeJIH C HeHTpOHOpa3MHO)I{aIOIIIeH MllIIIeHbIO ll 

mntteBoro KOHBeprnpa. 

1. KopoTKO,KHBym;ue HCU:TpOHOH36blTOqHblC si.r.pa H npo6JieMa 

Mo.r.eJIHpOB3HHH cneKTpa peaKTOpHblX 3HTHHCU:TpHHO 

HHTepecyioIIIttii Hae crreKTP aHTttHeHTPMHO OT peaKTopa MO)I{eT 6hITb 

rrpe,n;cTaBJieH qeTblpbMH cnaraeMbIMll: 

Nxf Ev ,t)= NF(Ev ,t)+ NFP(Eil ,t)+L1calc NFP(Ev ,t)+ L1nyNFP(Ev ,t) (1) 

IIepBOe cnaraeMoe COOTBeTCTByeT Ve -ll3JiyqeHlllO H,n;ep TH)KeJibIX 3JieMeHTOB, 

o6pa3YJOIIIllXCH rrpll pa6oTe peaKTopa. 3.n;ecb OCHOBHOH BKJia,n; .n:aeT (n,y)
pea~llH Ha 238U ( C rrocne.n:yioIIIllM p--pacrra,n;oM 

239
U), KOTOpbIH COCTaBJIHeT 

OCHOBHYJO Macey TOilJillBa. KaK 6bIJIO IIOKa3aHO B [11, 12], Ve -crreKTPbI 
239

U ll 
238Np llMeIOT oco6eHHOCTll B Bll,D;e CKaqKoB COOTBeTCTBeHHO C E';'ax=l,27 ll 

0,72 M3B. BTopoe cnaraeMoe B (1) HBJIHeTCH OCHOBHbIM ll OIIllCbIBaeT 

II3JiyqeHlle CMeCll ll3BeCTHbIX H,n;ep-rrpo,n;yKTOB ,n;eJieHllH. O6pa3yIOIIIlleCH rrpll 

.n:eneHllll ,n;Ba rrepBllqHbIX OCKOJIKa, rrepeo6oraIIIeHbl HeHTPOHaMH tt Ka)K.!J;blH 

nocne,n;oBaTeJibHO pacrra.n;aeTCH B cpe,n;HeM OKOJIO TPeX pa3, qTO B pe3yJibTaTe 

.n:afa rrpttMepHo 6 v /.n:eneHtte. TpeTbe cnaraeMoe orrpe,n;eJIHeT BKJia.n; 

HeHTPOHOll36b1ToqHbIX H,n;ep-rrpo,n;yKToB .n:eneHMH c Hett3BeCTHbIMll cxeMaMtt P

pacrra.n;a. TaKHX H,n;ep ,n;oBOJibHO MHoro ll rrptt 3Heprntt Er;> 6 M3B MX BKJia,n; B' 
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v 0 -cneICTp cocTaBIDieT 6om,rne 25%, a npu Ev> 7 M3B - y)Ke 50%. 3ty 

C0CTaBmnonzyro npHX0)];HTI,CH paccqlfTbIBaTb, HCil0Jib3YH pa3JllfqHLie 

TeopeTuqecKHe MeT0)];HKH. qeTBepToe CJiaraeM0e 0illfCbIBaeT nonpaBKy K v. -
cneKTPY B03HHKaIOIIzyIO OT nornorn:eHHH Heiil])OHOB npo.n;yKTaMH .n;eJieHHH Ji 

.n;aeT ae6onl>rnoii BKJia.n; B Hlf3K03HepreTuqecK)'IO o6nacTb cneKl])a. . 

3KcnepttMeHTaJibHM cuzyaQHH, xoporno H3JI0)KeHHM B.H. KoneiiKHHl>IM 

[13] tt npttBe.n;eHHM Hlf)Ke Ha pttc. 1 tt 2 Il0Ka3bIBaeT, qTo, c O)];HOH CTOp0HI,I, 

.n;aHHl>Ie pa3Hl>IX 3KcnepttMeHT0B xoporno cornaC)'IOTCH, HanpttMep 

KOHBepcHOHHbIH cneICTp aHTHHeiil])HHO [14, 15] tt cneICTp, lf3MepeHHbIH Ha 

peaKrnpe KOJIJia6opaQtteii CST [16] H cneKTP pa6oTbl [13], cM. puc. 2, 

6 
,_ 
c; 
~ 4 
a, 
(') e 
--" 2 

,J 
'a'. 

0 
0 

' 
1 Ev, M3B 2 

i 
" 'lJ 10-i 
e 
j.10-4. b 

'a'. 
2 4 Ev, M3B 8 

1.4 ~ p (Ey) / Po(Ev) 

1.2~ 2 

1.0 '"~----~ 

0.8 

0.6 

2 4 Ev, M3B 8 

Puc. 1. [13, 17] CneKTp aHTHHeiiTpHHO BB3P .n;n,i 

cepe.n;HHI,I KaMnaHHlf peaKT0pa: 

a. PacqeT pa6oTbI [13] .n;IDI o6nacTH Ev< 2 M3B: 

cnnornHM KpHBM - noJIHl>Iii cneICTp p( Ev_); 

nyHKTHp, nepeXO.n;Hlll;Hii B CilJI0IIIH)'IO KpHB)'IO -

K0MnoHeHT cneICTpa OT 6ern-pacna.n;a npo.n;yKToB 
.n;eneHHH. 

b. ToqKlf - H3MepeHtte Ha cneKl])0Mel])e POHC Ha 

P A3C; KpecTbI - cneKl]), nonyqeHHl>Iii lf3 

lf3MepeHttii cneICTpoB 6ern-qacTHQ cMeceii 

npo.n;yKT0B .n;eJieHHH [14, 15]. 

Puc. 2. OrnorneHtte cneICTpoB v
0 

[13, 17]: 

1 - p0, H3MepeHHH Ha POHCe (rnTpHXOBbie KpHBble -

rpaHHQbl Il0JI0Cbl norpeIIIHOCTeii); KpHBM 2 -
lf3MepeHHH Ha peaKTOpe [16]; TQqKlf 3 
KOHBepCHOHHbIH cneKl]) [14, 15]. Bee norpernH0CTII 

-90% C.L. 

a C .n;pyroii CT0p0Hbl, npH EV > 7 M3B norpernH0CTH CHJibH0 yBeJilfqHBaIOTCH. 

YnyqrnHTI, cyIQeCTBeHH0 cuzyaQHIO 3a cqeT HCil0Jib30BaHHH pacqeTHbIX 

.n;aHHbIX He y.n;aeTC.H lf3-3a Heo6xo.n;HMOCTH HCil0Jib30BaTb nporno3bl CXeM ~

pacna.n;a K0p0TK0)KlfBYlll;HX Hell.1])0HOH36bITOqHI,IX H.n;ep-npo.n;yKT0B .n;eJieHHH 

(cnaraeMoe L1ca/c NFP(E.,t) B (1)). MHoroqlfCJieHHbie pacqeTbl v.-cneICTpa, 

npoBe.n;eHHble KaK B cxeMaTuqeCKHX [18-21], TaK tt B MHKp0CK0illfqecKHX 

no.n;xo.n;ax [22-24] ( CM. TaK )Ke ofoop [25]), B TOM qucne H aBTOpaMH c 

HCil0Jib30BaHHeM Te0pHH K0HeqHI,IX <pepMH-CHCTeM A.Ii. Mttr.n;ana He )];aJilf 
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x:oporneii ToqHoCTH B )KeCTKoii o6nacTH peaKTOpHoro v e -cneKl])a H3-3a 

MH0)l(ecrna Heonpe.n;eJieHHOCTeii, CBH3aHHbIX C pa6oTOii K0HKpeTH0r0 peaKTopa 

II C )];HHaMHKOH C0CTaBa H.n;epHoro ropIOqero. 

2. JIHTHCBhIH KOHBepTop peaKTOpHbIX ueiiTpOHOB e 

3HTHHCHTpHHO 

O.n;HaKO, ropa1.n;o 3<p<peKTHBHee HCil0Jib30BaTb K0HBepT0p, OKpy)KaIOrn;Hii 

aKTHBH)'IO 30HY H.n;epHoro peaKTOpa lf nornorn;aIOrn;Hii HCX0)];Hlll;He HeHl])OHbI, 

npeo6pa3yH HX B )KeCTKHe aHTHHeiiTpHHO C lf3BeCTHbIM cneKl])0M. ITocJie Toro 

KaK B 1965 ro.n;y 6brna BbICKa3aHa u.n;eH TaKoro K0HBepTHp0BaHHH 3a cqeT 

peaKQHH 7Li(n,y)8Li c nocJie.Ll)'IOrn:HM pacna.n;oM KopoTK0)l(HBYIQero mornna 
8Li (T112 = 0.84 s, E;'ax =13.0 MeV) [1], B 1974 ro.n;y B HA3 HM. H.B. 

KypqaToBa 6l>rna pa1pa60TaHa K0HQenQHH HMnynl>cHoro peaKT0pa PHI-Ir [26] 
cneQHaJibH0 npe.n;Ha3HaqeHH0ro )];IDI Heiil])HHHbIX HCCJie.n;oBaHHii. O.n;HaKO 3T0 

He 6l>IJIO peaJIH30BaH0 lf B )];aJII,HeiirneM Heiil])HHHI,Ie HCCJie)];0BaHHH CTaJilf 

pa3BHBaTbCH C HCil0Jib30BaHHeM M0lll;HbIX np0MbIIIIJieHHbIX peaKT0p0B. Pa60Tbl 

np0B0MTC$1 KaK y Hae B Cl])aHe, TaK tt 3a py6e)KOM (CM. ofoopbl: [13, 24, 27] tt 
[28, 29]). 

Ho tt.n;eH cneQHaJIH3Hp0BaHH0ro peaKTOpa-K0HBepTopa )];JIH Heiil])HHHbIX 

HCCJie)];OBaHHH He 6brna 3a6bITa BBlf.LIY HBHbIX npettMyrn:ecTB 6onee )KeCTKoro 

JIHTHeBoro cneKTpa ( CM. pttc. 3) tt nocne.n;oBaTeJibH0 pa3BHBaJiaCb B QHKJie 

pa6oT aBT0p0B, HaquHaH c 1987 r. [30] (CM. ofoopbl [4-5]). 

f 2.: 
,_., 

f '' 
Ve-cnetcrp 

23su 

~_:___ 
(V6 -cneKTp 
OT BU}x 10 

~ 0.5 

or-:::::;: I I :;::::-:-+- I I ....... I 

0.0 2.0 4.0 6.0 8.0 10.0 12.0 

3Heprnsi V 8 , [MeV] 

CTaTu<JecKuii pemuM pa6oTLI. 

Puc. 3. CpaBHeHtte peaKTop

Horo H 8Li v e -cneICTp0B. 

(Cpe.n;HHH 3HeprHH Ev= 6.5 
Me V )];JIH 

8Li v e - cneKl])a 

H ceqeHtte v e -3axBaTa 

B03pacTaeT B .n;eCHTKH pa3.) 

KoHCl])YKTHBH0 u.n;eH peaKT0pa-K0HBepTopa npocTa lf HJIJIIOCl])HpyeTCH 
Ha puc. 4, r.n;e npe.n;cTaBJieHbI .n;Ba B03M0)l(HbIX BapttaHTa pacnoJI0)KeHHH 

aI<THBHOii 30Hbl peaKTOpa, 0Kpy)KaIOrn:ero K0HBeprnpa co.n;ep)KaIQHH JIHTHH lf 

'f,i)l(eJI0B0)];H0ro 3aMe)];JIHTe.JUilo1'pa)KaTeJIH Heiil])OH0B. 
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PHc. 4. KoHcTJ)yKu;HoHHaJI cxeMa peaKrnpa-KOHBeprnpa. 

OnTlIMlI3al(lIOHHbie pacqeTbl nOKa3aJllI, qTo HalI60JibIIIaJI 

3cpcpeKTlIBHOCTb - k (r,n;e k paBHO KOJIHqecrny HYIOIH,[(OB 
8Li nonyqaeMhIX Ha 

O,[(lIH HCHTJ)OH, BbIXO,[(Hll(lIH lI3 aKTlIBHOH 30Hbl) nonyqaeTCH B reoMeTOHH A, 
BKJIIoqaIOII(eii TH)KCJIOBO,[(Hblll Olpa)KaTeJib HCHTJ)OHOB. QqeBH,n;HO, qTo . C 

7L• YBCJIHqeHHCM pa3MepoB KOHBepTopa, MaCCbl JllITHH lI qlICTOTbl no H30Torry I 

(
6
Li - ClIJibHblll nornoTHTCJib HCHTJ)OHOB), 3cpq>eKTHBHOCTb - k YBCJiliqHBaeTCH. 

TaK )KC OHa pacTeT C yBeJIHqeHHCM pa3MepoB Olpa)KaTeJIH lIJllI 3aMe,[(JilITeJIH. 

TaKHM o6pa30M, KOHCTJ)YKIJ;lIOHHaJI 3a,n;aqa ,[(OJI)KHa 6bITb onTHMlI3HpOBaHa no 

MHOrHM napaMCTJ)aM. TaKaJI OnTHMH3al(HH ,[(JIH CTaTttqCCKOro pe)KHMa pa6onI 

peaKTopa-KOHBeprnpa npOBO,[(HJiaCb HaMH B 1988-90 rr. tt ony6JIHKOBaHa B 

u;ttKJie pa6oT [40 - 45]. 

OnTHMH3al(HH napaMCTJ)OB KOHCTJ)YKIJ;HH peaKTopa-KOHBepTopa 

npoBo,n;ttnacb c HcnoJib30BaHHCM MoHTe-KapnoBcKoii nporpaMMbI MAMOHT, 

pa3pa6aTbIBaBIIIeiicH B TeqeHHe MHOrHX JleT ,[(JIH peaKTOpHbIX lI reocpH3ttqCCKlIX 

pacqfaoB lI OTJla)KCHHOH npH. conocTaBJICHlilI pacqeTOB nepeHoca HCHTJ)OHOB C 

6a30BbIMlI lIHTerpaJibHbIMlI 3KcnepHMCHTaMH [46-51]. Mbl He 6y,n;eM ,n;eTaJibHO 

OCTaHaBJIHBaTbCH 3,[(CCb Ha onHCaHHlI nporpaMMbl MAMOHT, OTMCTHM 

TOJibKO, qTo OHa HCnOJib3YCT COBpeMeHHbie H,n;epHbie ,n;aHHbie, Haxo,n;HTCH .B 

pa6oqeM COCTOHHHH tt ycneIIIHO onncbrnaeT nepeHOC HCHTJ)OHOB B cpe,n;ax 

pa3JIHqHoro COCTaBa lI B ycJIOBHHX pa3JIHqHbIX KOHCTJ)YKIJ;lIOHHblX perneHHH. 
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Bb16op eem:ecTBa KoueepTopa. 

CaMbIM Ba)KHbIM ,[(JIH CTaTttqCCKOro pe)KHMa pa60Tbl CTaJI BbI6op JllITHH

co,n;ep)Kall(ero Bell(ecrna KOHBepTopa. OnTHMH3au;HH npoBo,n;nnach H no 

XlIMHqecKOMY COCTaBY Bell(eCTBa KOHBeprnpa, KOTOpblll BapbHpOBaJICH B 

urnpoKHX npe,n;enax - OT TH)KeJIOBO,[(HbIX pacrnopoB LiOD, LiOD D 20 H LiD, 
,11,0 TaKHX coe,n;ttHeHttii KaK Li2C2, Li2C03, Li20, LiDC03, LiF, LiDF2 H HX 

T.H)KeJIOBO,[(HbIX pacrnopoB. IlpH 3TOM q>lIKCHpOBaJIOCb 3HaqeHHe 

3cpcpeKTlIBHOCTlI k lI B pa3JIHqHbIX BapttaHTaX reoMeTJ)HlI, paccqlITbIBaJiacb 

Macca Heo6xo,n;HMOro JllITHH npH qlICTOTe no H30Tony 
7Li paBHOH 99.99%, T.K. 

rrptteMJieMaH qlICTOTa no H30Tony 
7Li ,[(OJI)I(Ha COCTaBJIHTb 99.99 - 99.995%, 

tJ:TO MO)KeT 6bITb peaJibHO B HaCTOHII(ee BpeMH. OcHOBHbIM «napa3HTHbIM» 

IIOrJIOTHTeJieM HeHTJ)OHOB 6y,n;eT lI30TOn 
6Li cetJ:eHHe nornoll(eHHH HeHTJ)OHOB 

KOTOporo B TennoBoii rnqKe B ~ 2.10
4 

pm 6onhrne qeM y 
7Li. 

Heo6xo,n;HMO OTMeTHTb, qTO B npou;ecce pa60Tbl Bell(eCTBO KOHBeprnpa 

6y)].eT caMOOtJ:lIII(aTbCH 3a cqeT «BbirOpaHHH» nornoTHTeJIH 
6Li B HeHTJ)OHHOM 

IIOTOKe. Pe3yJihTaTbl pactJ:eTOB no Hatt6onee nepcneKTlIBHbIM coe,n;ttHeHlIHM 

rrpe,n;cTaBJieHhI B rn6m1u;e I. · 
KaK BH,[(HO H3 npttBe,n;eHHoii rn6nttu;h1, TH)KeJIOBO,[(HbIH pacrnop LiOD 

MO)KeT cqHTaTbCH Hatt6onee nepcneKTlIBHbIM. TaK, HanpttMep, nptt 

KOHI(eHTJ)aIJ;HlI JIHTHH paBHOH 9 .46 %, ,[(JIH ,[(OCTH)KeHlIH 3cpcpeKTlIBHOCTlI k = 
7.7% 1J)e6yeTCH B 300 pa3 MeHbIIIe JllITHH, qeM npH HCnOJib30BaHHH 

oqttll(eHHOro MeTaJIJIHqecKoro JllITHH-7. 

Ta6JIHI~a 1. Cpae11e11ue pa3JIH'IHblX BapnaHTOB XIIMH'ICCKHX coe,IJ;HHCHHii 

JIIITHH, HCnOJib3YCMblX B Ka'leCTBe MaTepuaJia KOHBepTopa. 

MaTepnan ITJIOTHOCTb TeMneparypa Macca Li (kg) ,n;m1 k = 
KOHBepTopa (g/cm

2
) rrnaaneHHH (t

0C) 9% (Li=99.99%) 

7
LiD- 0.89( crystal) 686±5 >300 

)],eihepHL\ 0.80(pressed) 

JIHTHH 

7
LiOD- 1.495 462+471 250 

rHL\pOKCHL( (L\JIH LiOH) 

JIIITHH 

7
LiODD20 1.965 >600 (L\JIH 115 

LiOHH20) 

7
LiODD20 70 

+7
Li 6% 
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Pattee 6bIJIH npe,n;JI0)Kemrn HCn0JII,30BaTb B peaKT0pHbIX HettTPHHHI,JX 
12B [42] ~ ~ ~ ~ 3KCnepHMeHTax H30T0n , HMeIOIIUIH )KeCTI<JIH Ve -cneKTP n0X0)KHH Ha 

JIHTHeB1,1u: E;'ax=13.4 MeV, Ev= 6.5 MeV, T112 = 20 ms. O,n;HaKo 

OTH0CHTeJII,HI,Je ceqeHIDI napa3HTH0ro 3axBaTa TenJI0BbIX HeHTPOHOB Ha 6ope 

[cra{1°B)lcrny(11B) = 3837/0.0055] Ha HeCK0JII,K0 nopH,n;K0B 0TJIHqaIOTCSI OT 

JIHTHeBI,JX OTHOllleHHll [cra(6Li)/crnr(7
Li) = 937/0.045] B xy,n;lll)'IO CTOpotty. 3TO 

npHBe,n;eT K T0MY, qTo 6op TPe6yeT Ha ,n;Ba nopSI,n;Ka 60JII,lllett oqHCTKH no 

H30Tony 
11B qeM 

7
Li, T.e. ,n;JISI moTOna 

11B TPe6yeTcSI MHHHMaJibHaSI qHcToTa 

npHMepH0 paBHaSI 99, 9997%, B TO BpeMSI KaK ,[IJISI 
7Li ,[I0CTaTOqHo :::: 99, 99% 

npH TOH )Ke 3<p<peKTHBHOCTH K0HBepTOpa. 

,U:uuaMnqec1rnii pemnM pa6oTLI. 

,lvISI yBeJIHqeHIDI cqeTa none3HbIX co6bITHll B HeUTPHHHOM ,n;eTeKTOpe 

aBTopaMn 61,ma npe,n;no)KeHa cxeMa ,n;HHaMHqecKoro pe)KHMa pa6oTbI 

ycTaH0BKH [32,43], B KOTOpou )KH,[IKHU JIHTHU HJIH TSI)KeJI0B0,[IHblll pacrnop ero 

XHMHqecKoro coe,n;HHeHHSI npoKaqHBaeTCSI OT aKTHBIJOll 30HI,I peaKTopa ,[10 

pe3epsyapa, pacn0JI0)KeHH0ro PSl.z:I0M C ,n;eTeKT0p0M KaK n0Ka3aHo Ha pHC. 5. 

IlpoKaqKa )KH,n;Koro Beru;ecrna K0HBepTOpa ,n;0JI)KHa ocyru;ecTBJISITbCR 

MaKCHMaJII,H0 6bICTPO H B 60JibllIHX 061,eMax, qTo onpe,n;enSieT 

K0HCTPYKU:H0HHI,Je oco6eHHOCTH ycTaH0BKH, B qacTH0CTH, 6oJibllIOll ,[IHaMeTP 

Tpy6, M0IIIH0CTI, HaC0C0B, )KeCTK0CTI, K0HCTPYKU:HH. 

' ---Y~;a~~;;a- -------, 
o6ecrreqemrn PClKHMa , 

"Cl 

, ~- - .. , 
I - I 
I ~ 0., 
I :J::: ~ I 
I ::s::' ~ I 
I 0., 4.) I 
I f,-1 t; I 
I'~ t::( I 

·-~--' 

PHc. 5. CxeMa ycTaH0BKH peaKTop-K0HBepTOp-pe3epByap, pa6ornroru;eu B 

,[IHHaMHqeCK0M pe)KHMe npoKaqKH )KH,ll;K0ro JIHTHUCO,n;ep)Karu;ero BeIIIeCTBa 

K0HBepTOpa. 
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TaKaSI ycTaH0BKa no3B0JIHT He T0JII,K0 pa6oTaTI, C 6onee )KeCTKHM 

cneKTP0M aHTHHettTPHHo, HO H Bap1,HpoBaT1, )KeCTK0CTb ,1e -cneKTPa 3a cqeT 

cK0p0CTH npoKaqKH. 

B ycTaH0BKe C ,ll;HHaMHqecKHM pe)KHM0M pa60TI,I )KH,ll;KaSI JIHTHeBaSI 

K0Mn03HQHSI npoKaqHBaeTCSI B 3aMKHYT0M U:HKJie qepe3 K0HBepTop H ,n;anee K 

.ueTeKTOpy, KOTOpblll pacnoJI0)KeH B6JIH3H HaKonHTeJibH0ro pe3epsyapa HJIH 

.ua)Ke BHYTPH Hero. 3a BpeMSI ,[I0CTaBKH aKTHBHp0BaHH0ro JIHTIDI K ,n;eTeKTopy 

If30T0n 8Li qacTHqH0 pacna,n;aeTCSI, qTo nerK0 paccqHTbIBaeTCSI, HCn0Jib3YSI 

ypaBHeHIDI pacna,n;a [32]. CyMMaptt1,1u ve -cneKTP cKJia,n;i,rnaeTCSI, TaKHM 

o6pa3oM, H3 cneKTPa aKTHBHOH 30HbI + cneKTPa oKpy)KaIOIIIero A3 K0HBepTopa 

+ cneKTPa OT pe3epsyapa n + cneKTPa H,n;yIIIero H3 Kattana npoKaqKH. B 3TOH 

3a,n;aqe y)Ke 0Ka3bIBaIOTCSI CBSI3aHHI,IMH He Mettee ceMH napaMeTP0B: TPH 

061,eMa (KOHBepTOpa, pe3epsyapa H KaHana ,[IOCTaBKH) + ,n;Ba paCCT0SIHIDI (L

)'.(JIHHa Kattana H S- paCCT0SIHHe OT pe3epsyapa ,n;o ,n;eTeKTOpa) + ,n;Be CK0p0CTH 

rrpoKaqKn (v - TpattcnopTHaSI B Mic H W - CK0p0CTI, npoKaqKn MaCCI,I B M
3
/c). 

Pattee 61,mo npoaHaJIH3Hp0BaH0 MH0)KeCTB0 pa3nnqHI,IX BapHaHT0B [12, 43, 3], 

IICX0M H3 peaJII,HI,IX TeXHnqeCKHX B03MO)KHOCTett. QqeBH,[IHO, qTo CK0p0CTII 

rrpoKaqKH )KH,ll;KOU JIHTHeBOll K0Mn03HQHH H n0T0KH ,[I0Jl)KHI,I 6bITI, 

MaKCHMaJII,H0 B03M0)KHI,IMH. PaccMaTPHBaJICSI, TaK )Ke H BapHaHT 

BepTHKaJII,HOll K0Mn0H0BKH ycTaH0BKH. TaKOll BapnaHT HMeeT pSI,n; 

rrpeHMYIIIeCTB, B qacTH0CTH CBSI3aHHI,IX C 3aIIJ;HTOll OT cpoHa npn ,[IJIHTeJibHI,IX 

Il3MepeHHSIX. 

B peanbHOtt reoMeTPHH ( CM. pnc. 5) nonaraeM T0JIIIJ;Htty K0HBepTOpa Le= 

lM, ,n;HaMeTP aKTHBHOtt 30HbI DAZ = 46 cM, qTo coorneTcrnyeT 061,eMy A3 B 51n 

KaK y peaKT0pa ITI1K [44], pa.n;eyc nosopoTa Rt = 1.35 M H ttan0JIHeHne 

K0HBepTOpa - LiOD c KOHQeHTPau;Heu JIHTHSI ~ 5.66% npH qHcTOTe no moTOny 
7Li P 7 =99,99%. Ilpn 3THX napaMeTPax HMeeM 3<p<peKTHBHOCTb k ~ 0.10 n c 

HCn0Jib30BaHHeM reoMeTPHqeCK0ro cpaKTOpa ~ R2
, )KeCTKHX JIHTHeBbIX 

HeHTPHHO B ,[IHHaMnqecK0M pe)KHMe pa60TI,I ,[I0JI)KH0 61,ITI, 3aperHCTPHP0BaH0 

Ha nopSI,ll;0K 6oJibllle, qeM B CTaTHqecK0M. J.J:euCTBHTeJII,HO, npn CK0p0CTSIX 

npoKaqKn v = 10 Mic H w = 3 M3/c, nonyqaeM, qTo B pe3epByape pacna,n;aeTcSI 

10,3% OT o6ru;ero qncna o6pa30BaBllIHXCSI B K0HBepTOpe H,n;ep 
8Li (NR::::: 0.1), a 

npH ,n;eTeKT0pe pacnoJI0)KeHH0M Ha pacCT0SIHHH S OT pe3epsyapa, 0TH0llleHHe X 
llJI0THOCTett n0T0K0B )KeCTKHX JIHTHeBbIX Ve OT pe3epByapa K MSirKHM Ve OT 

aKTHBHou 30HbI 6y,n;eT pastto: X = NR (RI s1 ), qTO npn R =lOM n S = 0.5M 

.n;aeT ycnneHHe 0TH0llleHIDI B 40 pa3. C yqeT0M TeJieCHI,IX yrnoB QR n QAZ 
perncTPaU:HH B03pacTaeT eIIIe B QR/ QAZ pa3. 

J.J:onOJIHHTeJII,Hblll BbIHrpbllll nonyqaeTCSI B ,ll;HHaMHqeCK0M pe)KHMe 3a 

cqeT )KeCTK0CTH v e -cneKTPa 6naro,n;apSI 3aBHCHM0CTH a ~ E~, T.K. ,ll;Ollil 

)I(eCTKHX JUITHeBbIX Ve B 3T0M cnyqae pe3K0 yBeJIHqHBaeTCSI. TaK, ceqeHHe 
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(Ve+ p) peaKI(lUI 6y,n:eT B 28 + 34 pa3a 6om,1Ile C Ve-cneKrpOM OT 
8Li, qeM 0l 

235U, a ceqeHIIe (ve + d) peaKI(IIII COOTBeTCTBeHHO 60JibIIle B 30 + 40 pa:3 13 

HeihpanbHOM II B ~ 80 pa3 B 3apH)I(eHHOM KaHane. B ,L\IIHaMIIqecKOM pe)I(IIMe 
6onee qeM Ha nopx,n:oK B03pacraeT II o6ru;IIii cqeT aHTIIHeiirpIIHO B (ve + p) Ii 

(Ve+ d) peaKI(IIII (HOpMIIpOBKa = 6.13 ve/,n:eneHIIe). 

IlpII yBeJIIIqeHIIII CKOpOCTHbIX napaMerpoB npoKaqKII JIIITIIeBoro 
coe,n:IIHeHIIH B l(IIKJie, 3q>q>eKTIIBHOCTb ,L\IIHaMIIqecKOH cxeMbI eru;e 6onee 
yBeJIIIqIIBaeTCH. Y)I(e cym:ecTByioT IICCJie,n:oBaTeJibCKIIe peaKTOpbI, IIMeIOID;Iie 
HY)I(Hbie napaMerpbI: ATR (Idaho, USA) co cKopocTbIO npoKaqKII oxna,n:IITe.rur 
170 - 200 MIMIIH, GHFR 15.5 Mic, SRHFD (Savannah River, USA) c nornK0M: 
D2O - oxna,n:IITeJIH 5.65 M3/c II C JIIIHeiiHOH CKOpOCTblO 19.8 Mic. 

TaKIIM o6pa30M, ,L\JIH pa3JIIIqHblX pe)I(IIMOB npoKaqKII Ii 

KOHCTPYKIJ;IIOHHbIX BapIIaHTOB, nonyqeHO, qTo 3a cqeT yBeJIIIqeHIIH )I(eCTKOCTH 

v e -cneKrpa, ,n:JIH HeiirpanbHoro KaHana ( v e ,d) peaKIJ;IIII cqeT none3HbIX 

co6bITIIH MO)I(eT B03pacTaTb B ,n:eCHTKII pa3, a ,L\JIH 3apH)I(eHHOro - Ha .n:aa 

nopx,n:Ka. 

TopM03HOe H3JiyqeHHe 3JICKrpOHOB. 

IlpII W-pacna.n:e KopoTKO)I(IIByru;ero II3ornna 8Li, o6pa3yiom;IIecx 

)I(eCTKIIe 3JieKrpOHbI TOpM03HTCH B Beru;eCTBe KOHBepTopa, IICnyCKaH y-KBaHTbI C 

E;•x=E;ax. CneKrp TOpM03H0ro lI3JiyqeHIIH IIMeeT TIInIIqHblll BII,L\ [53] II pe3KO 

B03pacrneT c yMeHhIIleHIIeM 3HeprnII OT 3HaqeHIIH E;ax KaK 1/E a, r,n:e a> l. 

TaKIIM o6pa30M, TOpM03HOe lI3JiyqeHIIe 3JieKrpOHOB C03,n:aeT cepbe3ttyro 
q_>OHOBYJO aKTIIBHOCTb B o6nacTII E<6-8 MeV, qrn HBJIHeTCH cym:ecrneHHOH 

noMexoii B HeKOTOpbIX 3KCnepIIMeHTax. HanpIIMep, II3MepeHIIe y-KBgHTOB C 

3Heprneii 478 K3B, mnyqaeMbIX npII nepexo,n:e 7Li II3 B036~eHHoro 
COCTOHHIIH B OCHOBHOe B peaKI(IIII Heynpyroro pacceHHIIH aHTIIHeiirpIIHO Ha 
x,n:pax II30TOna 7Li (2) B OnbITaX no o6Hapy)I(eHIIIO HeiirpanbHbIX TOKOB (cM. 
HII)I(e ), 6y,n:eT cyru;ecrneHHO 3arpy,n:HeHO IIJIII .n:a)I(e HeB03MO)I(H0 II3-3a 

cyru;ecrneHHOro q_>OHa 06pa3yeMoro TOpM03HbIM mnyqeHIIeM ~-3JieKrpOHOB. 

AHamn TPHTHeBoii aKrHBHOCTH. 

)J;ononHIITenhHYJO q>oHoByio pa,n:IIoaKTIIBHOCTb c03,n:aeT rpIITHH, 

o6pa3yiom;IIiicx B peaKu;IIHx HeiirpoHOB c JIIITIIeM: 6,Li (n, ex) T II 7Li (n, nIcx) T, 
a TaK )Ke B D 2O npII pa,n:IIau;IIoHHOM 3axBaTe HeiirpoHa: D {n, y) T. PeaKu;llil c 
7Li HBJIHeTCH noporoBOH (Enopor ~ 3 M3B) H ee BKJia,n: B o6pa30BaHIIe TPHTWI 
Hecym:ecTBeHeH. 
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DbIJIII npoBe,n:eHbI pacqfabI no o6pa3oBaHIIIO TPIITIIH B JIIITIIII II 
nornom:eHIIIO HeiirpOHOB B TH)I(eJIOH BO,n:e B reoMerpIIII 6JIII3KOH K 
11ccne,n:0BaTeJibCKOMY peaKTopy IIHK, npII nornKe 1015 

HlcM2 ·c II npII qIIcToTe 
no II30Tony 7Li P1 = 99,99 % C HOpMIIpOBKOH Ha HeiirpOH IICTOqHIIKa, 
nonyqeHo, qTo xapaKTepHbie BeJIIIqIIHbI CKOpOCTII HaKonneHIIH TPIITIIeBOll 

aKTIIBHOCTII: ,L\JIH rnep,n:oTeJibHbIX KOHBeprnpoB npII Le =70cM ~ (25 + 30) 

MKKu/(n.c. ); .n:nx KOHBeprnpoB c pacrnopoM LiOD npII Le =90cM ~ (11 + 1 7) 
MKKul(n.c.). IlpII 3TOM CKOpOCTb HaKonneHIIH TPIITIIH B JIIIrpe ofo,eMa 
TJI)KeJIOBO,L\HOH o6onoqKII MeHbIIle ,n:aHHbIX BeJIIIqIIH Ha ,n:Ba II 6onee nopH,n:Ka, 
TaK qTO TH)KeJI0BO,n:HaH o6onoqKa coqerneT q>YHKQIIII orpa)I(aTeJIH II 3aID;IITbI. 
Ou;eHKa ,L\JIH napaMerpoB peaKTOpa fil1K ,n:aeT 3HaqeHIIH aKTIIBHOCTII 
o6pa3yiom;erocx rpIITIIH, 6nII3KIIe K 2 Ku/n.HaKonneHIIe rpRTIIeBoH 
aKTIIBHOCTII npII ,L\IIHaMIIqecKOM pe)I(IIMe pa60TbI o6ycJIOBJIIIBaeT 
Heo6xo,n:IIMOCTb II30TOnHOH oqIICTKII ee B cneu;IIanbHOM KOHrype. 

OTMeTIIM, qTO 3a cqeT BbirOpaHIIH B KOHBepTope II30Tona 6Li, 
rrpoIICXO,L\IIT caMO oqIICTKa Bem:ecrna KOHBepTopa II yBeJIIIqeHIIH napaMerpa P1, 

7L• xapaKTepmyiom:ero qIIcTory no mornny 1. 

TaKIIM o6pa30M, Mo,n:enIIpOBaHIIe CTaTIIqecKoro II ,L\IIHaMIIqecKoro 
pe)KIIMOB pa60TbI nOKa3ano, qTo MO)I(HO onTIIMII3IIpOBaTb CIICTeMy peaKTop
KOHBepTop, KaK no KOHCTPYKIJ;IIOHHbIM oco6eHHOCTHM, TaK II no XIIMIIqecKOMY 
COCTaBy Bem;eCTBa KOHBepTopa, a TaK )Ke no IICnOJib3yeMbIM pe)I(IIMaM pa60TbI 
H H3Mepemrn, qTo6bl C03,n:aTb pa6oTaIOII(YJO 3KcnepIIMeHTailbHYJO ycTaHOBKY, 
rrpeBOCXO,n:Hll(YJO no CBOeH 3q_>q_>eKTIIBHOCTII IIMeIOII(IIeCH aHanorII. 

3. Kouu;em:~HSI HHTeHCHBHOro HCToqum.:a ueiiTpHHO ua 6a1e 

MOIIJ;HhIX :me1npo.s1;:i:epHbIX ycTaHOBOK 

3q>q>eKTIIBHOCTb II )KeCTKOCTb cyMMapHoro Ve -cneKrpa MO)I(eT 6bITb 

3HaqIITeJibHO BbIIIle ,L\JIH Ve - IICTOqHIIKa C03,LlaHHOro Ha 6a3e IIMnyJibCHOrO 

peaKTOpa OKpy)I(eHHOrO n- v e KOHBepTOpOM. Jlyqrne 6y,n:yr II q_>OHOBbie YCJIOBIIH 

.D:JIH 3KCnepIIMeHTOB. Hcxo,n:Hll(IIH B 3TOM cnyqae HeiirpoHHbIH nOTOK OT 
K0MnaKTHoro IIMnyJibCHoro peaKTopa 6y,n:eT ropa3,LIO )I(eCTqe II IIHTeHCIIBHee, 
TaK qTO norpe6yeTCH 60JibIIle TH)KeJIOH BO,L\bl ,L\JIH 3aMe,n:neHIIH II TepManII3au;mi 
6bicrpbIX HeHrpOHOB. HcnOJib30BaHIIe B 3TOM cnyqae CTaH,n:apTHoro 
HMnyJibCHOro peaKTopa [ 44] OKpy)I(eHHOro KOHBepTopoM, ,L\OBOJibHO CJIO)I(HO 
T.K. 3TO MO)I(eT CIIJibHO nOBJIIIHTb Ha peaKTIIBHOCTb II ynpaBJIHeMOCTb peaKTOpa, 
TeM 6onee, qTo y MHOrIIX IIMnyJibCHbIX peaKTOpOB IIMeIOTCH ,L\BII)I(YID;IIeCH 
1:iaCTII KOHcrpyKIJ;IIII. XoTH Bee 3TII npo6neMbI pernaeMbI, TeM He MeHee, B' 
HacToxm:ee BpeMH C03,n:aHIIe cneQIIailbHOro peaKTOpa ,L\JIH HeHrpIIHHbIX 
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uccne,n;oBamiil: Tuna HMrryni,cHoro peaKTopa Pl1Hr [26] HBmieTCJI 

rrpo6JieMaTII'IHbIM TaK )Ke H H3-3a qmHaHCOBI,IX coo6pa)KeHHH. 

B HaCTOHID;eii pa6oTe rrpe,n;JiaraeTCH HCIIOJib3OBaTb MOID;Hblll HeHTPOHHI,Jij 

HCTO'IHHK 6ycTepHoro THrra B COtJeTaHHH C ycKOpHTeJieM 3apH)KeHHbIX tJaCTHQ, 

OKp~eHHblll KOHBepTopoM H3 JIHTHiico,n;ep)KaIQero Bem;ecTBa. IIpe,n;CTaBJieHHaJI 

KOHQeIIQHH HHTeHCHBHOro HCTOtJHHKa HeiiTPHHO Ha 6a3e rrpoTOHHoro 

ycKOpHTeJIH, 6JiaHKeTa-pa3MHO)KHTeJIH HeHTPOHOB u JIHTHeBoro KOHBepTopa, 

pa60TaIOID;ero B CTaTH'IeCKOM H ,D;HHaMII'IeCKOM pe)KHMax ,D;OJI)KHa 6bITI, em;e 

6onee 3cpq>eKTHBHOi1, tJeM paccMOTPeHHbiil: BbIIIIe crnu;uoHapH1,1il: HJIH 

HMIIYJibCHbiil: peaKTop, oKpy)KeHHbIM KOHBepTopoM u pa6ornIOm;uil: B 

,D;HHaMHtJeCKOM pe)KHMe. 

TaKaJI ycTaHOBKa IIOXO)Ka Ha CO3,D;aBaeMbie B HaCTOJIIQee BpeMH 

ycTPoiicTBa, BKJIIOtJaIOIQHe HHTeHCHBHbre HeiiTPOHHbie HCTOtJHHKH Ha 6a3e 

ycKOpHTeJIH rrpoTOHOB H Heii:TPOHOIIpOH3BO,n;HID;eii: MHIIIeHH, ll 

IIO,D;KpHTHtJeCKOro peaKTopa, Ha3bIBaeMoro 6JiaHKeTOM. IIo,n;o6Hbie YCTaHOBKH 

rrJiaHHPYJOTCH B CIIIA, Poccuu u EBporre ,n;JIH TPaHcMyrnu;uu {yttHtJTO)KeHHH) 

)];OJiro)KHBYIQHX pa,n;uoaKTHBHbIX OTXO,D;OB B paMKax HaQHOHaJibHbIX ll 

Me)K,n;yHapo,n;HbIX rrporpaMM (cM. ofoopbl [6-9]). B HaIIIeii JIHTepazype TaKHe 

ycrnHOBKH Ha3bIBaIOT 3JieKTPOPH.n;epHbIMH (3JUIY), a B 3apy6e)KHOil: -

Accelerator Driven System (ADS). B HacTOHIQeil: pa6oTe rrpe,n;naraeTC5I 

HCIIOJib3OBaTb ,D;OIIOJIHHTeJibHO em;e H JIHTHeBblll KOHBepTop C QeJiblO 

IIOJiyqeHHH HHTeHCHBHOro IIOTOKa aHTHHeHTPHHO )];JIH HayqHhlX 

uccne,n;oBaHuil:. 

CxeMa rnKoii: 3JieKTPOH.n;epHoii: ycTaHOBKH rrpe,n;cTaBJieHa Ha puc. 6 B 

,n;Byx BapuaHTaX - MH CTaTutJeCKOro H ,D;HHaMutJeCKOro pe)KHMOB pa60Tbl. B 
,D;HHaMHtJeCKOM pe)KHMe Ve -,n;eTeKTop pacrroJiaraeTCH B6JIH3H pe3epByapa HJIH 

BHYTP" Hero, a qepe3 pe3epByap rrpoKatJHBaeTcH JIHTuiico,n;ep)KaIQee xuM

coe,n;uHeHue, HarrpHMep rn)KeJioBo,n;Hbiil: pacrnop LiOD. 3To rro3BOJIHeT 

yMeHbIIIHTb BKJia,n; aHTHHeHTPHHO OT ,n;eJIHTeJibHOro rrpou;ecca, rrpoxo,n;Hm;ero B 

6JiaHKeTe-pa3MHO)KHTeJie HeHTPOHOB. KaK u B CJiyqae ycrnHOBKH ,D;Jl5I 

,D;HHaMHtJecKoro pe)KHMa pa60Tbl, BO3MO)KeH BapuaHT BepTHKaJibHOH 

KOMIIOHOBKH C ycKOpHTeJII,HblM KOMIIJieKCOM, paCIIOJIO)KeHHblM CBepxy KaK 

IIJiaHupyeTCH ,n;JIH 3JUIY ( CM. HH)Ke ). B BepTHKaJibHOM BapuaHTe C IIO,D;3eMHbIM 

paCIIOJIO)KeHHeM HeiiTPOHHOro HCTOtJHHKa JiyqIIIe peIIIaIOTCH BOIIpOCbl 3aIQHTbl. 

KpoMe Toro, rrpu IIO)];3eMHOM pacrrOJIO)KeHHH HaKOIIHTeJibHOro pe3epByapa II 

II3MepIITeJibHOro KOMIIJieKca JiyqIIIe 6y,n;yT q>OHOBbie ycJIOBHH • 

.D:orrOJIHHTeJibHblll BbIHrpbIIII B Ve -II OTO Ke MO)KHO IIOJiyqHTb, IICIIOJib3Yj{ 

JIIITHeBbie XHMCoe,n;uHeHHH B 3JieMeHTax KOHCTPYKQHH ycTaHOBKH, HarrpuMep B 

KatJeCTBe TeIIJIOHOCHTeJIH. 
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nll1nteBbllll aHTL!1HSIIITPll1HHbllll L,1CT04HL,1K 

Ha 6a3e 6ycTepa p,ns:1 ,D,0)KL,1r8Hll1s:I s:1p,epHblX OTXO,D,08 

Cmamu'lecKuiJ pe)KLJM 
pa6omb1 KOHaepmopa 

( nyYOK 

m1He~Hbl~ ) _. 

ycKop1,1Tenb npOTOHOB 

611aHKeT - /llllTeBblCl 

HeC1Tp111HHblC1 KOHBepTOp 

(LiF - BeF2) + 
P8Alll08KTIIIBHblC1 OTXOAbl 

1113/lTOnHblCl COCTaB /llllTIIISl: 

Li-6 - 0.01%, Li-7 - 99.99%) 

flUH8MU'l0CKUU D0)KLJM 
pa6omb1 KOHaepmopa 

J1HTHCBbIC 3HTHHCfiTpHHO 

\) iJ l} MIIIWeHb 

(11111HeClHb1Cl) nyy~ 

ycKop111Tenb npOTOHOB p- .;..:.--:..;..:.,--··-· """ ...... , 
611a11KeT - m1TeBblC1 
HeC1Tpl.1HHblC1 KOHBeprnp 

{1 ,(). ~ 
JIHTHeBhlC 3HTIIHCiiTpHHO 

JlllTJleBhle 3HTJIIICHTp11110 

~ II l} M111weHb 

' '• '• ', .. 
_H~"1IPQtl~ _'.;.,. 

(] ,(). \) 
JlllTIICBhlC 3HTIIIICHTp11110 

AHTIIIHeC1TplllHHblC1 

AeTeKTOp 

lllllTIIICl 

lllllTIIICl 

:<{(JJ, 

AHTl.1HeC1Tpl.1HHblC1 

AeTeKTop 

Puc. 6. CxeMa 3JieKTPOH,n;epHoii ycrnHOBKII c JIHTHeBbIM 6JiaHKeToM -

l<OHBepTopoM B ,n;Byx BapIIaHTax - )];JIH CTaTHtJeCKOro H ,D;IIHaMIItJeCKOro 

pe)KHMOB pa60Tbl. 

161 



O6m:nn BII.LI 3JleKTJ)OH,nepHOH ycTaHOBKII c llIITIIeBbIM 6naHKeTOM 
KOHBeprnpoM ,nnH ,nnHaMnqecKoro pe)KttMa pa6oTbI rrpe,ncrnaneH Ha pnc. 7. 

nono)l{eH~e 
aHrnHe'1rp~HHOrO 

,QereKTopa 
s crarnYeCKOM 

pe)l{~Me 

( ,lpOTOHHblM 

m1HelllHb1111 ) ~;- , c:c 

ycKop11Tenb 

6naHKer-peaKTop 
C f!AepHblM rnnm'IBOM 
(nmoc paAL'IOaKTl.1BHble 
OTXOAbl) 

,'3,fl 

0 :s: 
~ ,E 
0 Q) 
:c C. 

Q) ~ ~::E * e- a e o,,.t.:o 
c::; Q) Q) Q) 

0 ::c: t ~ 

Pnc. 7. O6m:aH cxeMa :meKTpoH,nepHOH ycTaHOBKII c llIITIIeBbIM 

6naHKeTOM - KOHBeprnpoM [54]. 

a. 

~ 
:!! 
a, 
C[ 

Ilpe,ncTaBJieHaH Ha pnc. 7 cxeMa rrpe,nnaraeMoii ycTaHOBKII, 
,neMOHCTJ)IIpyeT, qTO po)K_naIOm:IIeCH B MIIIIIeHII HeHTJ)OHbl «no,npbIBaIOT» 
no,nKpIITIJqecKIIii peaKTOp co,nep)Kam:nii conn llIITIIH II C03,naeTCH MOIIIHblll 
HeHTJ)OHHblll IIMnynbc, KOTOpbIH nona,naeT B KOHBeprnp, r,ne II po)K,naeTCj{ 
IIHTeHCIIBHblll Ve - TIOTOK. ,[(anee, cornaCHO .LIIIHaMIIqecKOH cxeMe, co,nep)Kam:ee 

llIITIIH Bem:ecTBO KOHBeprnpa npoKaqnaaeTCH no TJ)aHcnopTHOMY KaHany B 
pe3epayap 6ntt)Ke K ,neTeKTopy, qTo o6ecneqnBaeT cym:ecrneHHO 6onbIIIIIii cqeT 

none3HbIX co6bITIIH. 
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CoopeMeHHbie B03M0~uocTu. 

B KaqecTBe o,nHoro II3 BapnaHTOB 3lleKTJ)OH,nepHOH ycTaHOBKII ,nnH 
yHIJqTO)KeHIIH H,nepHblX OTXO.LIOB, KOTOpyIO MO)KHO IICil0llb30BaTb B KaqecTBe 

r.iom:Horo Ve -IICToqHIIKa C llIITIIeBbIM KOHBepTopoM, paCCMOTJ)IIM ycTaHOBKY, 

upe.nno)KeHHyIO Kapno Py66na [6] II onncaHHyIO TaK )Ke B ofoope [9] - pnc. 8. 

Ocnoe110Ji KOpnyc 

Kopn)'CkOIITlllhw:eirra 

Oo~ellif Tel1.JJOI'O BCB,;zyXll 

C'n)(1C. xo.,0,1,uoro oowxa, 

llh 
I.I IJ t.l "" 

a ; i ~ 
"!!. !!. Ei 
§ E f.i e ~ ,. ~ ~ ~ ,. 
~!;~~I 

c; ~i;: 

Bxo)l 
80'.l")'Xa 

·Bwxo.:1 
sowxa 

Tpy6a 

~1 
2/;0HOCHTCJlb 

AaatJHAUas 
JIOB\'Wll:3. 

ny .. u 

Tcrutoo6Me:HJI.HI: 

·ToMHBO 

Pnc. 8. [9]. 
IlpnH11nnnanbHaH cxeMa 
CTaH,napTHOro 6noKa 3.5.I<l>Y 
Tennoaoii MOID:HOCTblO 1500 
l\1BT. BbICOTa KOpnyca ~ 25 M, 

,nnaMeTJ) ~ 6 M. 

IJyqoK npoTOHOB BBO.LIIITCH 

BepTIIKallbHO no BaKyyMHOH 
TJ)y6Ke ,nnH npOII3B0.LICTBa 
spallation-HeiiTpOHOB Ha ypoBHe 
aKTIIBHOH 30Hbl. 3To 
no,nKpIITIIqeCKaH CIICTeMa C 
6bICTJ)blM cneKTJ)OM HeHTJ)OHOB, 
ynpaBnHeMaH npoTOHHbIM 
ycKopnTeneM. O,nHOH II3 rnaBHbIX 
oco6eHHOCTeii ycTaHOBKII 
HBnHeTCH Hannqne 104

T 

pacnnaBneHHoro CBIIHIJa, 

IICTIOllb3yeMoro B KaqecTBe 

MIIIIIeHII .LlllH npOII3BO,LICTBa 

HeHTJ)OHOB rrpn 6oM6ap,nnpoBKe 

npoTOHaMII, B KaqeCTBe 

3aMe,nnnTenH HeHTJ)OHOB II 

TennoHOCIITenH. 

Bo3MO)KHbl II ,npyrne BapIIaHTbl MIIIIIeHeii, HanpIIMep rnep,noTenbHaH IIllII 
CBIIHIJOBaH rnep,nocpa3HaH MIIIIIeHb COCTOHID:aH II3 CBIIHIJOBbIX IIIapIIKOB Manoro 
/J,IIaMeTJ)a, rII,npaBnuqecKII B3BeIIIeHHblX B TH)KellOBO.LIHOM TennoHOCIITene. 
Tio,npo6Hee pa3nIIqHbie II ,neTanII KOHCTJ)YKIIIIII B03MO)KHOH ycTaHOBKII 

onucaHbI B ofoope [7]. 

Ecnn OT cneKTJ)a 6bICTJ)bIX HeHTJ)OHOB, Heo6xo,nIIMblX .LIM 
BocnpOII3BO.LICTBa H,nepHoro TOilllIIBa nepeiiTII B no,no6HblX ycTaHOBKax K· 
TennOBbIM HeHTJ)OHaM, ,naIOm:IIM 6onbIIIIIH pe3yllbTIIpyrom:nii IlOTOK, TO 
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B03MO)KH0 HCIIOJib30BaTJ, JIHTHHCO,D;ep)Kam:un: TH)KeJIOBO.L(HbIH TeIIJIOHOCHTeJII, l! 

3aMe.L(JIHTeJib B COOTBeTCTB)'IOID:HX ymax ycTaHOBKH. Bo3MO)KHO TaK )I(e 

ucrroJio30BaHue )KH,D;KoconeBoro peaKTopa. B rrpoeKTax MSBR (Molten Salt 

Breeder Reactor) u DMSR (Denaturated Molten Salt Reactor) B Ka'IeCTBe 

HOCHTeJIH TOIIJIHBa B rrepBOM KOHrype HCIIOJib30BaJIHCb COJieBoJe CHCTeMoI Ha 

ocHoBe Li, Be/F ( B cooTHOIIIeHHH 2: I). XHMH'IecKue u q>u3uqecKHe CBOHCTBa 

TaKHX CHCTeM cerO.L(HH Hau6onee ,n;eTaJibHO H3YlfeHbI, II03TOMY ,n;aHHaH COJieBag 

KOMII03HU:HH 6oma HCIIOJib30BaHa Ha 3TaIIe rrpe,n;BapuTeJibHbIX pac'IeTOB )KCP -

rrepe)KttraTeJIH. Ilpu OTHOCHTeJibHO He6oJibIIIHX KOHU:eHrpau:IDJ:x 

rpaHcypaHOBbIX ttyKJIH.L(OB B pacrrnaBe (~ I% MOJI) B pacqernx TOIIJIHBHOro 

KoHzypa c LiF-BeFz-XF3 (X-Pu; Np; Am; Cm) B rrpe.n;enax rrorpeIIIHocm 

H3MepeHHH (IO+ 15)% MO)KHO HCIIOJib30BaTb ,n;aHHbJe no CBOHCTBaM TOJibKO 

ocHOBHOH conu 66LiF - 34BeF2 (cM. rro.n;po6Hee B rrpoeKTe KHA3). Ho Bo Bcex 

rrpoeKTax OCTaeTCH rrpo6JieMa pa3Mem:eHHH JIHTHeBoro KOHBeprnpa B6JIH3I! 
aKTHBHOH 30Hbl peaKTopa. 

IIepcrreKTHBHbie cym:eCTB)'IOID;He HMIIYJibCHble Hett:rpOHHbie HCTO'IHHKI! 
rrpe,n;CTaBJieHbI B Ta6n.2 [10]. 

Ta6nm.-a 2. Cym:ecToyrom:ue nMnyJILCHLie ueiiTpouuLie ucT011unKu. 

CTpaHa Haqano Mom:HoCTb .Z:(mITeJibHOCTb lfaCTOTa IlHKOBbIH 
MeCTO pa60TbI rry'IKa npOTOHHOfO cru:) IIOTOK 
Ha3BaHue (ro.n) (KBT) HMnynoca(µs) Tenn. 

HeHlfOHOB 
(I 0 1 HlcM 2 c) 

JlnOHHH 
1980 3 0.1 20 3 

Isukuba · 
KENS/KEK 

PoccHH 1984 2000 305 5 100 

.[(y6Ha ,neneHHH no TenJIOBbIM 

IffiP-2 Hen:rpoHaM 

UK 1985 160 
Abingdon 

0.4 50 20+100 

ISIS 

USA 
Los Alamos 1985 56 0.27 20 34 

LANSCE 

Argonne 1981 7 0.1 30 5 
IPNS 
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Cne.n;yeT OTMeTHTb, 'ITO rrpoeKTttpyeMbie HettTpOHHbie HCTO'IHHKH 

6y.nYT cym:ecTBeHHO ornuqancH OT cym;ecTBy10m;ux (cM. Ta6n. 3). Hau6onee 

0po,nBHHYTbIM HBJIHeTcH rrpoeKT .SNS, KOTOpoIH rrnaHupyeTCH 3arrycTHTo B OaK

pu.n)Ke B 2007. 

Ta6nuu:a 3. Hoooe noKoJieuue ueiiTpoHHLIX ucT0'IHHK0B 

06o3Ha'Iemrn: WP - MOID;HOCTb rryq:Ka rrpoTOHOB (MBT), Ep - 3HeprHH 

npOTOHOB (r3B), QP - qaCTOTa (ru:), Ip - 'IHCJIO rrpOTOHOB B HMIIyJioCe, 'tp -

,m1p1rna HMIIYJihca (µs). 

Ha3BaHHe WP Ep OP Ip tp Y CKOpHTeJib .[(pyrne 

MeCTO (MW) (GeV) (Hz) (1013) (µs) KOMnOHeHThl 

SNS*) 2.0 1.0 ·60 20.8 1.0 18.5 M3B Konh~o 

Oak Ridge CTaH.L(apTHhlH pa,nHycoM 

LINAC 40M 

1.0 GeV SC 
LINAC 

KEK/JAERI 1.0 3.0 25 8 <1.0 400MJB 
Tokai **) crnH.n;apTHhIH 

LINAC+ 600 
M3BSC 
3 H 50 r3B 
CHHXpOTpOHhl 

ESS ***) 5.0 1.33 50 46 1.4 1.33 r3B ,[(Ba KOJib~a 

Eapona 
CTaH,D;apTHhIH pa,nHycoM 

HJIH 35 M 

caepxnpo-
BO.L(H. LINAC 

AUSTRON 0.5 1.6 50 3.9 0.44 1.6 rJB 

ABCTpHH***) CHHXpOTpOH 

LPSS ***) 1.0 0.8 60 12 1000 Mo.n;epHHJH-

Jioc-AnaMoc poBaHHhlH 
LANSCE 
Linac 

*) - B CTa.L(HH CTpOHTeJibCTBa, 3arrycK B 2007 ro.n;y. 
**)- IIO.L(TBep)K.L(eHHhlH rrpoeKT, ***) - B CTa.L(HH rrpoeKTHpOBaHHH. 
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Cner.vrnnIICTbI npIIII.IJIII K e,zi;IIHOMY Bbrno.zi;y, qTo cym;ecTBYJO~asi 

TeXHOJIOnUI, KaK JIIIHeHHI,I.X ycKOpIITe.Jieii, TaK II IJIIKJIOTpOHOB, MO){(ei, 

o6ecneqIJTI, rpe6yeMYJO MOID;HOCTI, nyqKa oT 10 .zi;o 20 MA npII 3Hepnu1 
npoTOHOB 1 I'3B [9]. TaKOH BI,IBO.D; c,zi;e.JiaH Ha OCHOBe aHa.JIII3a .zi;eiiCTBYJO~li)( 

ycKopIITe.JieH II npoeKTOB, pa3pa6aTI>rnaeMI,IX B pa3.JIIJqHI,I.X CTpaHax. 

TaKIIM o6pa30M, B HaCTOJlm;ee BpeMH, Kor.zi;a pa3BIIBaIOTC51 60.JII,IIIJie 

Me)K.D;yHapo,zi;HI,Je npoeKTI,I no C03.D;aHIIIO oqeHI, lIHTeHCIIBHI,IX HeHTpOHHI,l)( 

lICTOqHIJKOB ,IJ;AA nepepa60TKII 51.zi;epHI,IX OTXO,IJ;OB, CTaHOBIITC51 6onee pea.JibHblM 

C03.D;aHIIe «HeHTplIHHOH q>a6pIIKII», npe,zi;Ha3HaqeHHOH .D;JI51 HayqH~I)( 

Hccne,zi;oBaHIIH. 

4. Oi_.emrn ueii:TpHHHOro II0T0Ka B 3KCIIepttMeHTax C 

HCII0Jlh30BaHHeM JI0BymeK 60JihIDHX ycKOpHTeJieii: H JIHTHeBoro 

K0HBepTopa 

Hcnon1,30BaHIIe JIOByIIIeK 60.JII,II.IIIX ycKopIITeneii .D;JIH nonyqeHIDI 

rnraHTCKIIX IIMny.JII,COB Ten.JIOBI,IX HeHTpOHOB [47] nopH.D;Ka 1017-1018 

HeHTpOHOB 3a IIMny.JII,C .D;JIIITe.JII,HOCTI,IO 150 - 200 MIIJIJIIICeeyH,zi;, no3BOAAeT C 

nOMOID;I,IO JIIITIIHCO.D;ep)KaID;ero Il- Ve KOHBepTopa reHepIIpOBaTI, lIHTeHCIIBHble 

noTOKII )KeCTKIIX aHTIIHeHTplIHO ,IJ;JI51 HayqHI,IX IICCJie,zi;oBaHIIH. To, 'ITO 

nonyqaIOTC51 HeHTpOHI,I C Ten.JIOBOH 3HeprIIeH, cym;ecrneHHO ynyqIIIaeT ll:X 

KOHBepTIIpyeMOCTI,. Ho, C .zi;pyroii CTOpOHI,I, rpe6yioTC51 .zi;onOJIHIITe.JII,Hble 

YCIIJIII51 .D;JI51 BI,IBO.D;a IIX II3 06.JiaCTII, r.zi;e OHM o6pa3YJOTC51 II HaKan.JIIIBaIOTCH, 

.D;JI51 Toro qT061,1 OHM nona.JIII B KOHBepTop. 

,[(JIH Toro, qT061,1 onpe,zi;e.JIIITI, o6m;IIH ve -noTOK OIJeHIIM cHaqana qIJcno 

JIIITIIeBI,IX aHTIIHeHTplIHO, o6pa3YJOID;IIXC51 Ha O.D;IIH HeHTpOH IICTOqHIJKa. 

B JIIITIIeBOM HeHTpOHHOM KOHBeprnpe 06pa3yeTC51 II30TOn 
8
Li npH 

7L"( )SL· q ~ ~ aKTIIBaIJIIII 1 n,y 1 • IICJIO JIIITIIeBI,IX aHTIIHeIITplIHO · Ve, 

06pa3y10m;IIXCH npII ~--pacna.zi;e 
8Li onpe.zi;enHeTCH oTHOIIIeHIIeM ceqeHIIH O"ny 

,zi;AA 
7
Li K ceqeHIIHM KOHKYPIIPYJOID;IIX npoIJeccoB. ITpII Hcnon1,30BaHIIII cMecH 

6L· 7L• ~ II30TOnOB 1 II 1 B KaqecTBe Bem;eCTBa KOHBepTopa II 3aMe,zi;neHIIII HeIITpOH0B 

.zi;o Ten.JIOBOH 3HeprIIII BepOHTHOCTI, (n,y)-KaHa.Jia Ha 
7Li npaKTIJqecKII paBHa 

OTHOIIIeHIIIO ceqeHIIH peaKIJIIII 
7
Li(n,y)8Li K ceqeHIIIO nornom;eHII51 

6
Li(n,'a)T. 

Ten.JIOBI,Ie ceqeHII51 6Li xopOIIIO cornaCYJOTC51 B pa3.JIIJqHI,l.X 6II6.JIIIOTeKax 

HeHTpOHHI,IX ,zi;aHHbIX: cr1 = 937.06 6H, O"na = 936.296 6H cornacHo JENDL72. B 
6II6.JIIIOTeKax JENDL-2 II ENDL-83 OIJeHKII TennoBbI.X ceqeHIIH ?Li 
pa3.JIIJqaIOTC51 .zi;o ITOJiyTOpa pa3, O.D;HaKO, OTeqecrneHHM OIJeHKa (BoH.D;apeHK0 

M.M.) II JENDL-2 npaKTIJqeCKII COBna.D;aIOT: O"t = 1.09434 6H, O"e1 = 1.04894 6H, 

O"ny = 45.4 M6H (no ,zi;aHHI,IM JENDL-2). ,[(JIH OIJeHKII BepOHTHOCTII (n,y)-KaHa.Jia 

Ha 
7
Li Heo6xo,zi;IIMO yqeCTI, MaKpoceqeHII51 Bcex lI30TOnOB Bem;ecTBa 

KOHBepTopa II, B oco6eHHOCTII, qIJCTOTY II30TOnHoro COCTaBa JIIITII51. 
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llcKJIJOqIJTe.JII,HO Ba)KHO 3HaTI, n.JIOTHOCTI, pacnpe.zi;eneHII51 Ten.JIOBI,IX 

aett:TpOHOB ,IJ;JI51 KOHKpeTHOH reoMeTpIIII ycTaHOBKII, noCKOJII,KY .D;Hq>q>y3IIOHHI,Ie 

aettTpOHbI onpe,zi;e.JIHIOT no.JIOBIIHY II 6onee nornom;eHIIH. B HacTOHID;IIX 

pacqernx 6y,zi;eM npe.zi;nonaraTI>, qTo Bee o6pa3YJOID;HecH TennoB1,1e HeHTpOHI,I 

norra,zi;aIOT B KOHBeprnp. By,zi;eM noHIIMaTI, no.zi; 3q>q>eKTIIBHOCTI,IO KOHBeprnpa k 
qHCJIO JIIITIJeBI,JX aHTIIHeHTplIHO (rrpII pacna.zi;e 

8Li ), HOpMIIpoBaHHOe Ha O.D;IIH 

gettTpOH, HcrrycKaeMI,lll II3 aKTIIBHOH 30HI,I (II.JIM lICTOqHIJKa HeHTpOHOB). 

B rrpoBe,zi;eHHI,IX aBTopaMII pacqeTax nonyqeHo, qTo npII npaKTIJqecKII 

pea.JII,HOH qIJcTOTe JIIITII51 P7 = 99.99% (no II3ornny 
7
Li) 3q>q>eKTIIBHOCTI, 

KOHBeprnpa npII TOJIID;IIHe JIIITIIeBOro CJI051 Le= 1.5 + 1. 7 M COCTaBJIHeT k = 
0.055+0.083 npII Ha.JIIJqIJIJ B KOHCTpyKIJIIII KOHBeprnpa T5J:)Ke.JIOBO,IJ;HOro 

3aMe,1J;JIIITe.JIH II.JIM OTpa)KaTeM. Bonee BI,ICOKYJO 3q>q>eKTIIBHOCTI, o6ecneqIJBaeT 

reoMeTpIIH c OTpa)KaTe.JieM, II.JIM cnoIIcTM reoMeTpIIH (KaK em:e 6onee 

3qJq>eKTlIBHa51) C 0,IJ;HOBpeMeHHbIM IICITOJII,30BaHIIeM T5J:)Ke.JIOBO,IJ;HOro 

3aMe,1J;JIIITe.JIH II OTpa)KaTe.JIH, qTo o6ecneqIJBaeT .zi;onOJIHIITe.JII,HYJO 3KOHOMIIIO 

BbICOKOqIJCToro JIIITII51. 

,lJ;a.JibHeiiIIIee nOBI,IIUeHIIe 3q>q>eKTIIBHOCTII KOHBeprnpa .zi;o k = 0.11 

B03MO)KHO npII 3aMeHe JIIITII51 Ha rn)Ke.JI0Bo,zi;H1,rii pacrnop LiOD (npII 

K0HIJeHTpaIJIIII JIIITII51 9 .46%) npII 0,IJ;HOBpeMeHHOM yMeHI,IUeHIIII TOJIID;IIHI,I 

CJI051 KOHBepTopa .zi;o Le= 1.0 M, qTO no3BOJI51eT CHII3IITI, Heo6xo,zi;IIMYJO Macey 

BbICOKOqIJCTOrO JIIITII51 Ha ,zi;Ba nop51.D;Ka. IIorpe6yeTC51 npIIMepHO 34 Kr JIIITIIH, 

lfTO B 300 pa3 MeHbIIIe B cpaBHeHIIII c qIJCTO JIIITIIeBI,IM K0HBeprnpoM. 

O'IeBII,IJ;HO, qTO B ,IJ;a.JII,HeiiII.IeM TOJII,KO 3a cqeT yBe.JIIJqeHII51 MaCCI,I JIIITII51 6e3 

yBe.JIIJqeHII51 qIJCTOTI,l no II30Tony 
7
Li MO)KHO .D;OCTIJqI, 3q>q>eKTIIBHOCTII 

K0HBeprnpa B 20-30%. 

IIepexo.zi; OT BI,III.IeyKa3aHHI,IX CTaTIJqecKIIX cxeM (pe)KIIMOB) pa60TI,I 

JUITIIeBoro KOHBeprnpa K .D;IIHaMIIqecKOH cxeMe, Kor.zi;a JIIITIIHCO.D;ep)Kam:Hii 

MaTepIIa.JI KOHBeprnpa npoKaqIJBaeTC51 B HenpepI,IBHOM 3aMKttyTOM IJIIK.Jle OT 

30HI,I C BI,ICOKIIM HeHTpOHHI,IM nOTOKOM K y.zi;aneHHOMY \\-,zi;eTeKTOPY 

o6ecneqIJT (3a cqeT reoMeTpIJqecKoro q>aKTopa ~1/R
2

) 6on1,II.IIIe ve-noTOKII 

B6.JIII3II ,zi;eTeKTOpa. 

TaKIIM o6pa3oM, npII Bbrxo.zi;e 6"10
18 

Heil:rpoHoB 3a IIMnyn1,c B noByII.IKe 

6oJII,II.IIIX ycKOpIITe.Jieii II 3q>q>eKTIIBHOCTII KOHBeprnpa B 20-30%, MO)KHO 
~ 1 21018 ~ . )J.0CTIIrHyTI, IIOTOKOB aHTIIHeIITplIHO nopH,zi;Ka - . Ve 3a IIMnyn1,c. 

5. HeKOTOpbie <l>tt3HqecKHe acneKThl 

II ~ 7L• eynpyroe pacceHHIIe aHTIIHCHTpHHO ua I. 

Cym:ecTBOBaHIIe HeHTpa.JII,HI,I.X TOKOB .zi;enaeT 

B03MO)KHI,IM Heynpyroe pacceHHIIe aHTIIHeHTplIH0 Ha 

liaII60JII,IIIIIH IIHTepec npe,zi;cTaBJIHeT peaKIJH51 
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npIIHIJIIITIIa.JII,H0. 
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Ve+ 
7
Li ➔ 7Li* + ve' ➔ 7

Li + y (478 K3B) + ve' (2) 

3zy peaKIIHIO C.C. repIIITeiiH JI ,n:p. [45] em;e B 1962 ro.n:y rrpe,n:.rro)KIUia 
JICilOllb30BaTI, ,ll;JUI IlOHCKa Heii-rpanbHbIX TOKOB. Ee MO)KHO pernc-rpHpOBaTI, no 

y-KBaHTaM c 3Heprneii 478 K3B, H3JI)"IaeMbIM rrpH rrepexo,n:e 7Li ll:J 

B036y)K,ll;eHHOro COCTOHHIDl B OCHOBHOe. B cxeMe C ,ll;HHaMH1IeCKHM pe)KHM0M 

pa60TI,I B pe3epByape MO)KHO 6y,n:eT Ha6mo,n:aTb peaKIIHIO (2), Ilplf<IeM 
rro,n:aBJUITOm;Hii BKna,n: ,n:a.n:yr )KeCTKHe aHTHHeii-rpHHO OT pacrra,n:oB 8Li B 3TOM )Ke 

061,eMe. CeqeHHe peaKIIHH (2) B 3TOM cnyqae 6y,n:eT Ha 1.5 + 2 rropH,n:Ka 6onbIIIe 

BenHqllHI,I 15.10
44

cM
2
/,n:en. rrpe,n:cTaBneHHOH B [46], r,n:e HCilOllb30BanCH crreKTp 

peaKTOpHbIX aHTJIHeHTJ)JIHO. 1Jncno rrone3HbIX co6bITHH B 1M3 Bem;ecTBa 
pe3epByapa TO)Ke ,ll;Oll)KHO 6bITI, BO MHoro pa3 6onbIIIe, qeM B peaKTOpH0M 

3KcrrepHMeHTe, r,n:e rronaraeTcH ~enll'IHHa 2000 co6bITHii B CYTKJI [46](c-rp. 97), 

BO rrepBbIX H3-3a rrpaKTll'IeCKOro OTCYTCTBHH cpaKTopa paCCTOHHIDl ,n:o Ve-

HCTOqHJIKa (
8
Li Haxo,n:HTCH B TOM )Ke pe3epByape), a BO-BTOpbIX H3-3a 6o'nbIDHX 

B03MO)KHOCTeii pernc-rpaQHH o6pa3YJOID;HXCH y-KBaHTOB B pe3epByape, 
y,n:aneHHOM OT peaKTopa. 

O,n:HaKO YKa3aHHbIH 3KCrrepJIMeHT ITO pernc-rpaQHH y-KBaHTOB C 3Heprneii 
478 K3B, 6y,n:eT cym;ecTBeHHO 3a-rpy,n:HeH Hllll ,ll;a)Ke HeB03MO)KeH H3-3a 

cyIQecTBeHHoro cpoHa 06pa3yeMoro mpM03HbIM H3nyqeHHeM P-3neK-rpoHoB. · 

HcCJie,n:oBaHHe pa3JIH'IHH v e H Ve. 

3KcrrepHMeHT no Hccne,n:oBaHHIO pa3nHqllil Ve JI ve 61,rn rrpe,n:no)KeH B 

pa6oTe [48], B qacTHOCTH C HCilOllb30BaHHeM ranHii-repMaHHeBoro [49] JI iio,n:
KCeHOHHOro [50-51] conHeqHI,IX ,n:eTeKTOpOB. H,n:eH ero COCTOHT B TOM, qm6bI 

B IlOTOKe v e H OT MOID;HOro H,n:epHoro peaKTopa IlOilbITaTbCH o6Hapy)KHTb 

rrpoQecc 

ve + 
7I

Ga ➔ 7IGe + e-, (3) 

TaK )Ke HHTepec rrpe,n:cTaBJUieT peaKQIDl: 

ve+ 1271 ➔ 127Xe+e-, (4) 

IIepBbie no,n:o6Hbie 3KcrrepHMeHTI,I Ha xnope 6brnH rrpoBe,n:eHbI B 1955-1959 

ro,n:ax (cM. Ho6eneBCKYJO neKQHIO P. ,l1;3BHca Mn. [52]), r,n:e Hccne,n:0Banac1, 
peaKQIDl: 

ve + 
37

Cl ➔ 37Ar + e-, (5) 

O,n:HaKO, B TO BpeMH cqHTanH, qTo H3yqaIOT peaKQHIO C Heii-rpHHO OT peaKTOpa. 

B HaCTOHm;ee BpeMH 6blno 6bl HHTepeCHO IlOBTOpHTI, OilbIT ,l1;3BHCa C 
yqeTOM 3BOllIOIIHH HaIIIHX rrpe,n:cTaBneHJIH KaK O rrpHpo,n:e cna6oro 

B3aHMo,n:eiicTBIDl, TaK H o npoQecce cpopMHpoBaHHH ve -crreK-rpa peaKTopa. 

XoTH pa3nHqHe Ve H ve H3yqaeTcH TaK)Ke B 6onee TOqH1,1x orr1,nax no 
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,uaoii:HOMY 2p-pacrra,n:y, Hccne,n:oBaHHe peaKIIHH (3-5) MOryT ,n:aTb HOBYIO 

JIHq>OpMaIIHIO. Cyn, B TOM, qTO rrpoIIeCCI,I HCITYCKaHHH H rrornoIQeHHH 
aHTHHeiiTpHHO B peaKIIHHX (3-5) pa3,n:eneHbl MaKpOCKOilHqecKHM 

paCCTOHHHeM R, Ha KOTOpOM MoryT rrpOHCXO,ll;HTI, OCIIHllllHIIHH VeB Ve. 

Xorn H30Torr1,1 37Cl, 7IGa H 1271 61,rnH npe,n:no)KeHbI BHaqane ,n:nH 

,ueTeKTHpOBaHHH conHeqHI,IX Heii-rpHHO, He6e3bIHTepeCHO Hcrrpo6oBaTb HX B 
peaKTOpHbIX 3KCrrepHMeHTax H, oco6eHHO B coqeTaHHH C nHTHeBbIM 

J(0HBepmpoM, T.K. ceqeHHe peaKIIHH (3)-(5) B03pacTaeT Ha )KeCTKHX 
JIIITHeBbIX v e B HeCKOilbKO pa3. I1 oco6eHHO, KaK IlOKa3anH HaIDH pacqeTbI, Ha 

:no B03pacTaHHe ceqeHIDl BnIDleT pe30HaHCHbIH xapaKTep CHilOBbIX cpyHKIIHH 

Sp(E). .D;eil:CTBHTenbHO, H3BeCTHI,Ie ,n:eTeKTOpM conHeqHI,IX Heil:TpJIHO, 

pacrrono)KeHHI,Ie B6nH3H H,n:epHbIX peaKTopoB HilH ,n:pyrHX Ve -HcTOqHIIKOB, 

HailpHMep KOM6HHJlpOBaHHI,IX HCTOqHHKOB c Li-co,n:ep)KaID;HM KOHBepmpoM, 

MOryT HCilOilb30BaTbCH B 3KCrrepHMeHTax no ITOHCKY Ve BVe OCIIHililHIIHH. 

CTerreHb rrepeKpbITIDl COCTOHHHH Ve H Ve 061,1qHo xapaKTepH3yeTCH BenHqHHOH 

a2 = cr,Kcnlcrpacq, T. e. OTHOIIIeHHeM H3MepeHHoro ceqeHHH peaKIIHH (3-5), 

(v0 +zAN ➔ z+1AN-1+e- - B o6m;eM cnyqae) K paccqJITaHHOMY B rrpe,n:rrono)KeHHH 

v O =Ve. B HaCTOHIQeil: pa6oTe BenHqHHa O'pacq rronyqaeTCH Ha OCHOBe pacqeTa 

CIIIlOBOH cpyHKIIHH H,n:ep 37 Ar, 7IGe JI 127Xe C yqeTOM B036y)K,n:eHHI,IX COCTOHHHH 
II B TOM qHcne I'aMOB-TennepoBcKoro pe3oHaHca. IIonyqeHo, qm yqeT 

KonneKTJIBHblX H306apH1IeCKHX COCTOHHHH yBenHqJIBaeT pacqeTHOe ceqeHHe 
rrpHMepHO B ,n:Ba pa3a, B TOM qHcne H ,n:JUI Heil:-rpHHO conHeqHoro crreK-rpa. Ho 

HaH6on1,mee yBenHqeHHe rrapaMe-rpa cMernHBaHHH a ,n:on)KHO 61,n1, B cnyqae 

IICITOilb30BaHIDl )KeCTKOro IlHTHeBoro crreK-rpa. TaK rrpH 3cpcpeKTJIBHOCTH 

K0HBepmpa B 5% H 15% rrapaMe-rp a yBenHqHBaeTCH 5 H 10 pa3, qm ,n:enaeT 

3KCrrepHMeHTI,I no ITOJICKY v e BVe OCIIHilllHIIHH Ha peaKTOpax cym;ecTBeHHO 

6onee rrepcrreKTHBHbIMH, qeM Ha ycKOpHTenHX. 
K CO)KaneHHIO rrpH HCITOilb30BaHHH HCTOqHHKOB Ha 6a3e 

3IleKTpoH,n:epHbIX ycTaHOB0K H noByrneK 6onbIIIHX ycKOpHTeneil:, 
rronyqaeMbIH IlOTOK He 6y,n:eT qHCTO aHTHHeil:TpHHHbIM, KaK c cnyqae c 
H,n;epHMM peaKTOpOM, a ,n:On)KHa 6bITI, rrpHMeCb Heil:TpHHHOH KOMilOHeHTbl, 

rropo)K.n:aeMOH B ycKOpHTene H noByrnKe. XoTH Heil:TpHHHaH KOMITOHeHTa 
6y,n:eT He6onbIIIOH, 3TO, CKopee Bcero He Il03BOilHT rrpoBeCTH 
npeIIH3HOHHI,Ie 3KCrrepHMeHTbI, OITHCaHHbie BI,IIIIe. He HCKnroqeHO, qTo 

y,n:aCTCH orrpe,n:enHTb q>OHOBYIO HeHTpHHHYIO KOMITOHeHTY B rrpHMbIX 
li3MepeHHHX. 

PeaK .. HH C npOTOH8MH H .z:i;eiiTpoHaMH. 

IIo-rrpe)KHeMY aKryanbHI,IMH OCTaIOTCH peaKQHH aHTHHeHTJ)HHO C 
npoTOHaMH H ,n:eil:-rpOHaMH: 
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ve+p➔ n+e+ 

ve + d➔ n + p + ve 

Ve+ d➔ n + n + Ve 

( HeiiTpanbHblH KaHan) O" np 

(3apH)KeHHbIM KaHan) O"nn 

(6) 

(7) 

(8) 

B peaK.QHH aHTHHeHTJ)HHO c npoTOmlMH ( 6) ~JUI peaKTOpHbIX v 
e 

ceqeHHe O" V ~ 5x10"
43

cM
2
/~en H yBenHqHBaeTCH B HeCKOnbKO pa3 IlPH 

HCnonb30BaHHH nHTHeBoro KOHBepTopa. 

PaccMOTpHM no~po6Hee peaK.QHIO aHTHHeHTJ)HHO c ~eii:TJ)OHaMH (7)
(8). Hcnonb30BaHHe nHTHeBoro KOHBepTopa cyI.QeCTBeHHO yBenHqHBae-r 
KOnttqeCTBO none3HbIX co6bITHH. CeqeHHH peaK.QHH (7)-(8) paccqHTbIBanHCb 
HaMH co cnmKHbIM cneKTJ)OM COCTOHI.QHM H3 ~Byx cnaraeMblX 

Nv (E) = NR (E) +k 'Ne (E) (9) 

r~e NR (E) - Ve •cneKTp OT aKTHBHOii 30HbI peaKTopa, Ne (E) - Ve •cneKTp 8Li 
H k - 3<p<peKTHBHOCTb KOHBeprnpa. 

B 

~ 
~ 6 

~~ 

~ 4 

'§. 
t, 

2 

Puc.9 unnIOCTJ)ttpyeT pocT ceqeHHH paccMaTJ)HBaeMblX peaK.QHH B 
3aBHCHMOCTH OT 3<p<peKTHB-
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II 
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0
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TaKHM o6pa30M, Mbl BH~HM, qTo Hcnonb30BaHHe nHTHeBoro KOHBepTopa 
BO MHOro pa3 yBenHqHBaeT ceqeHHH Bcex paCCMOTJ)eHHbIX peaK.QHM C 
aHTHHeMTJ)HHO. 

3a1,mroqeuHe. 

H,n,eH - ucnonb30BaTb noByIIIKH 6onbIIIHX ycKOpHTeneii ~nH nonyqeHHH 
rnraHTCKHX HMnynbCOB TennOBbIX HeHTJ)OHOB [47] oqeHb xoporno coqeTaeTCH c 
11,!].eeii reHepa.QHH HHTeHCHBHbIX noTOKOB )KeCTKHX aHTHHeHTJ)HHO B nHTHeBOM 

n-ve KOHBepTope [54]. HMnynbCHbIH xapaKTep Ve•nOTOKa ynyqrnaeT 

3KCnepHMeHTanbHYIO CHTya.QHIO H n03BOnHeT y6paTb nHIIIHHM q>OH. 

Hccne~oBaHHe peaK.u;uii Heyrrpyroro pacceHHIUI aHnrneiiTJ)HHO Ha 
7Li M Ha H,n:pax 

37
Cl, 71Ga u 

1271, ucnonL3yeMbIX ~nH ~eTeKTHpoBaHHH 

conHeqHbIX HeiiTpHHO, HBAAeTCH npo6neMaTHqHbIM npu ucnonb30BaHHH 
JlCTOqHHKOB Ha 6a3e 3neKTpOH~epHbIX YCTaHOBOK H noByrneK 6onbIIIHX 
ycKopuTeneii H3-3a 6onbIIIHX q>OHOB. 

PeaK.QHH aHTHHeHTJ)HHO C npOTOHaMH H ~eHTJ)OHaMH OCTaIOTCH no
rrpe)KHeMy aKTyanbHbIMH H, OC06eHHO HHTepeCHbIMH B COqeTaHHH C ll- Ve 

~ SL· KOHBepTopoM, T.K. B cnyqae C )KeCTKHM Ve -cneKTpOM OT H30Tona I, 

ceqeHue peaK.QHH B03pacTaeT BO MHoro pa3. 
TaKHM o6pa30M, B HaCTOHI.Qee BpeMH, B paMKax 6onbIIIHX 

Me)K~yHapo~HbIX npoeKTOB no KOHCTpyHpOBaHHIO HeHTJ)OHHbIX HCTOqHHKOB C 
oqeHb BbICOKOH nnoTHOCTbIO noTOKa, CTaHOBHTCH 6onee peanbHbIM C03~aHHe 
<<HeiiTJ)HHHoii cpa6pttKH», npe~Ha3HaqeHHoii ~nH HayqHLIX uccne~oBaHHM. 
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PEAKTOPHhlH KOMIIJIEKC THPAH KAK HCTOqHHK TEITJIOBLIX 

HEHTPOHOB 

)];JUI «l>YH,l(AMEHTAJILHLIX HCCJIE)];OBAHHH 

C.A. AHJ:1peeB, B.ll.JIITTmrn, A.B.JlyKHH, A.A.CHOIIKOB 

PoccuiicKlll <l>e,llepaJibHhIH 5I,llepHbIH IJ;emp - BcepocCHHCKlill HaY'IH0-HCCJie,!I0BaTeJibCKHii: 

HHCTIIT)'T TeXHWieCK0H q>H3HKH HM. aKa,lleMHKa E.11. 3a6a6axirna cqeJUI6HHCKIDI o6rr., r. Ctte)KHHCK) 

O6cy)l(J1ll10TCJI B03MOJKHOCTH peaKTOpHoro KOMilJieKca THPAH KaK HCTO'IHHKa TenJIOBbIX HeihpClHOB AA>! 
ljlyHJ:13MeHTaJihHbIX HCCJie,!IOBaIDIII. OmICaHbl 3KCnepHMeHThl no KOHBepTHpoBaHIIlO 6bICTpblX HeihpoHOB B 
TenJIOBLie. PaCCMOTpeHa cxeMa 3KCnepHMeHTa no reHepllqHH H HaKOnJieHIIlO YXH, mrna OI~eHKa IlJIOTHOCTH 
YXH B JIOBylllKe nocrre IIMnyJibca .l(eJieH11il. BbillOJIHeHLI oueHKH noCTaHOBKH 3KcnepIIMeHTOB no H3j"Ielllll() 
HeihpoH-HeillpOHHoro paccemnJI. 

Bae,lleuue 

B HaCTOHillee Bpewr 0/:IHlfMlf 113 Half60Jiee MOilIHbIX lfMIIYJibCHbIX HeirrpOHHbIX 

lfCTO'IHlfKOB ll:BJIHIOTCll: HMnyJibCHbie peaKTOpbl caMOraCHillero ,lleHCTBlfll: [l, 2]. ,lJ;eJiaJOTCll: 

IIOIIbITKlf IIX lfCIIOJ!b30BaHlfll: B <pyH,llaMeHTaJibHblX lfCCJie,!IOBaHlliIX [3-5]. ECJIH 

xapaKTepH30BaTb KatJeCTBO HeirrpOHHOrD lfCTO'IHHKa MaKClfMaJibHbIM qJJIJOeHCOM HeirrpOHOB, 

IIOJIYllllfpHHOH HMnyJibCa If o6neMOM ,!IJ!ll: o6Jiy'leHHii '0/:IHOpO,!IHblM MaKClfMaJibHblM 

qJJIJOeHCOM, TO HaH60Jiee rrpO,!IBlfttyTOH B HaCTOHillee Bpewr peaKTOpHoii ycraHOBKOH 

ll:BJ!HeTCll: KOMIIJieKC TllP AH [2]. QeJiblO HaCTOHilleii pa60Tbl ll:BJ!HeTCll: OQeHKa B03M0)KHOCTH 

lfCIIOJib30BaHHH yCTaHOBKlf TllPAH B KatJeCTBe MOilIHOro lfMIIYJihCHOro lfCTO'IHHKa 

TeIIJIOBbIX HeirrpoHOB ,!IJ!ll: cjlyH,llaMeHTaJibHbIX lfCCJie,!IOBaHHH. 

1. TpexJOHHLiii peaicropnh1ii KOMIIJICKc THP AH 

PeaKTopHbiii KOMrrJieKc TllP AH rrpe/:ICTaBJIHeT co6oii TPeXJOHttyJO CBH3aHHYJO B 

HeirrpOHHOM OTHOilleHim peaKTOpHyJO CHCTeMY Ha 6hICTPbIX HeirrpoHax (pHC. 1), 

rrpe,!1Ha3Ha'leHttyJO /:IM pa60Tbl B HMnyJibCHOM pe)KlfMe [2]. KoMIIJieKC COCTOlfT 113 

/:IBYXJOHHoro HMnyJihCHOro peaKTopa EAPC-5 If peaKTopa-yMHO)K!ITeJIH HeiiTPOHOB PYH. B 

Ka'leCTBe TOIIJ!lfBHOro MaTepHana lfCIIOJ!b3YeTCll: CIIJiaB BbICOK0060rallleHHOro ypaHa C 

MOJIH6J:1eHoM. PeaKTop EAPC-5 HMeeT /:IBe O/:IHHaKOBhie aKTHBHb1e JOHhI A31 If A32. 

KoHCTPYKQHeii rrpe/:lyCMOTPeHa B03MO)KHOCTb HJMeHeHHH pacCTOHHHH Me)ICJ:IJ A3 l II A32 B 

rrpe,lleJiax 33.7-150 CM. PeaKTop-yMHO)K!ITeJib HeirrpOHOB (A33) MO)KHO yCTaHaBJIHBaTb 

rrp0113BOJ!bHO OTHOC!ITeJibHO A3 l If A32. KoMrrJieKc rrpe,!1Ha3Ha'leH ,!IJIH reHepHpoaaHlfll: 
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r,10U1Hb!X KOpOTKHX HMIIYJihCOB ,lleJieHHH. MaKCHMaJibHbIH HMIIYJibC ,lleJieHIIii, KOTOpblH 6hIJI 

noJIY'leH Ha KOMIIJieKCe, xapaKTepH3YeTCll: CJie,llyJOillHMH rrapaM~aMH: MaKCHMaJibHOe 

q11cno ,lleJieHnii B TPeX A3 paBHO -10
18 

,lleJI., B TOM tJHCJie a A31 II A32 no -2.5-10
17 

,lien., B 

pYH -5· l 0 17 
,lleJI., MaKCHMaJibHhiii cjlnJOeHc B QeHTPaJihHOM KaHane PYH J:11IaM~OM 25 CM u 

µJIUHOH 22 CM paBeH -10
15 

CM-
2

, IIOJIYUIUpHHa IIMnyJihCa COCTaBJill:eT 50-100 MKC. CrreKTP 

»e11TpoH0B B KaHane PYH - 6b1CTPb111., cpe/:IHHH :mepnrn paaHa -1.2 MJB. BpeMeHHaH 

3aBHCHMOCTb MaKCHMaJibHOro HMIIYJibCa ,lleJieHHii COCTOIIT 113 6hICTPOii qaCTII B cjlopMe, 

no1:\06Hoii pacrrpe,lleJieHIIJO raycca, C IIOJIYilIIIPIIHO!l -50 MKC H XBOCTa, np0,!10Jl)KIITeJibHOCTb 

K0TOporo JaBHCHT OT pe)KHMa pa60Tbl peaKTopa (pnc. 2). Han6onee KOpOTKH!l. XBOCT 

peaJIH30BaH B pe)KHMe, rrp1I KOTOpOM OTCKOK MaCCHBHOro 6JIOKa 6eJonaCHOCTH, 

!13fOTOBJieHHOro 113 TOIIJIHBHOro MaTep1IaJia, OT ynopa u Bb!B0/:1 ero H3 A3 npOHCXO/:IIIT II0/:1 

µe11.CTB1IeM TeIIJIOBOro y,llapa. B 3TOM pe)KIIMe npO,!IOJl)KIITeJibHOCTb XBOCTa COCTaBJIHeT -200 

MKC nplI ,!IOJie ,lleJieHIIH B XBOCTe a HeCKOJ!bKO npoQeHTOB (/:IAA HMIIYJibCa Ha p1IC. 2 /:IOJ!ll: 

µeJieHII!l. B XBOCTe paBHa -3 %). 

KoMnJieKC Tl1PAH pacnOJIO)KeH B 3KCnep1IMeHTaJibHOM 3aJie ,!IJIHHO!l. 18 M, UIHpHHO!l. 12 

M II Bb!COTO!l. 6 M. CMe)KHblll. H3MepnTeJibHbl!l 3aJI OT,lleJieH OT 3KCnep1IMeHTaJibHOro 3aJia 

6eTOHHO!l. CTeHOH TOJ!IlIHHOii 2 M, a KOTOpoii BbIIIOJIHeHbl ,!IBa KOJIJIIIMaTopa ,!IHaMeTpOM 30 

CM (p1Ic. 3). 

Pe,1Krnp
y~1HoiK1ne~111 

P1Ic. 1. O6JIIHH BlfA peaKTOpttoro K0M1meKca lliPAH 
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2. Ko11nepn1pona11ue 6bICTpbIX ueihpouon B TCDJIOBbIC 

.[vrn 011eHKH B03M0)KH0CTeH KOMIIJieKca Till' AH KaK HCTQqHHKa TeIIJIOBhIX HeHTpOHOB 

6hm BbIIIOJIHeH 3KCrrepHMeHT C HCIIOJ!h30BaHHeM ITOJIH3THJieHOBOH BCTaBKH B 11eHTpaJibHbIH 

KaHan PYH B KaqeCTBe 3aMeJ:IJIHTeJIH HeHTpOHOB. BCTaBKa HMeJia <pOpM}' ITOJIOro '--IHJIHHJ:lpa 

BbICOTOH 33 CM, BHeIIIHHM J:IHaMeTpOM 22 CM u BHyTpeHHHM J:IHaMeTpOM 13 CM u 6hma 

ycTaHoaneH ropn30HTaJihHO B KaHane PYH. B J:1aHHOM 3KcrrepnMeHTe H3 PYH 6Lma YllaJieHa 

qaCTb J:1eJIHII1eroc» MaTepuana, TaK ~o K03cpcpu11ueHT YMHO)KeHHH HeHTpOHOB B PYH 

COCTaBJIHJI -10. reoMeTpHH OITbITa rrpeJ:1CTaBJieHa Ha pnc. 4. 

B YKa3aHHOM 3KcrrepnMeHTe 6hm peanH30BaH cpmoeHC TeIIJIOBblX HeHTµOHOB B ITOJIOCTH 

3aMeJ:IJIHTeJIH -0.7-10
14 

CM-
2 

rrpu reHepupoBaHHH B peaKTOpHOM KOMITJieKce 3.15• 10
17 

J:1eJI. 

Ilpu yaennqeHHH K03<pcpn11ueHTa yMHO)KeHn» PYH rryTeM 3arronHeHHH rrycThIX rne3J:I 

TOITJIHBHhlMH CTep)KHHMH [2] <pJIIOeHC TeITJIOBhIX HeHTµOHOB B 3aMeJ:IJIHTeJie MO)KeT 6hITb 

3HaqnTeJihHO yaenuqeH. Ilpu MaKCHMaJihHOM pa3peIIIeHHOM Ha KOMITJieKce THP AH 

HMrryJihCe rrpn reHepupoBaHHH 10
18 

J:1eJI. H ITOJIYIIIHpHHe HMITYJihCa -70 MKC <pJIIOeHC 

TeIIJIOBblX HeHTµOHOB B ITOJIOCTH 3aMeJ:IJIHTeJIH, yCTaHOBJieHHoro B 11eHTµaJibHhlH KaHan PYH, 

COCTaBHT -5·10
14 

CM-
2

, qTo COOTBeTCTByeT IIJIOTHOCTH ITOTOKa TeITJIOBhIX HeHTpOHOB BO 

BpeMH HMITYJibCa-3·10
19 

CM-
2
-c-

1
. 

KpomtrreiH 
ltBCTaH~HOHHOfl: 

3arpY.,1CH 

Pnc. 4. feoMeTJ)HH 011&1-ra c 3aMe,zinHTeneM (an,zi c6oKy) 
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3. O11em~a HCT0'IHHKa YJibTpaX0JI0JJ;HbIX ueiiTpOHOB 

Ha K0MIUieKce Tl1P AH HMelOTCll 60JibIIIHe B03MQ)KHQCTH JJ;Jill peaJIH3aUifH rrpaKTH'leCKI! 

Jil06bJX crroco6oB HaK0TIJieHHl! YJihTPax0JI0.l{HblX HeiiTp0HOB (YXH). 3TO o6ycJIOBJieHo 

KOHCTPYKQHeH yCTaH0BKH H OTCyTCTBHeM BJIHllHHll pa3MeruaeMbIX B6JIH3H A3 06beKTOB Ha 

KHHeTH'leCKHe rrapaMfTPbl peaKTopa. ,lvili rrpoBe,!{eHHll 3KCrrepuMeHTOB 110 HaKOTIJieHH!Q 

YXH Ha K0MIUieKce Tl1P AH Heo6xo,!{HMO K0HBePTupoBaTb )KeCTKHH crreKTP HeiiTpoHoa 8 

TeilJIOBOH rrpH Il0M0IUH 3aMe,!{JIHTeJill, Bbl,!{eJIHTb YXH H3 TeTIJI0B0fO CTieKTPa H Il0MeCTHTb 

HX B HeiiTpoHuyIO JI0BYIIIKY, HaKoHeu, TPaHcrropTupoaaTb JI0BYIIIKY HaKorrneHHbIMH YXH a 

H3MepHTeJibHbIH 3aJI. 

OueHKa .l{0JIH YXH B crreKTPe TeIUI0BbIX HeiiTpoHOB no <pOPMYJie, rrpHBe,!{eHHOH B pa60Te 

[6], ,!{aeT e = ½( i:im J-5-10-
12

, rne Eiim-170 H3B - rpaHH'IHall 3HepIID1 YXH; Tn=300 K 

- TeMrreparypa HeHTJ)OHHOro raJa. C Il0M0IUblO TBep,!{OTeJibHblX K0HBePT0p0B MQ)KHQ Ha 

HeCK0JibK0 rropll.l{K0B yBeJIH'IHTb BbIX0,!{ YXH. MaKCHMaJibHbie BbJX0,!{bl YXH Ha6JIIO,!{aIOTCll 

y K0HBepT0p0B C rrpHtty.l{HTeJibHblM 0XJI~eHHeM, Hau6onee 3<p<peKTHBHbIMH llBJilllOTCll 

K0HBePT0PbI C HaMopo)KeHHOH )Klf,!{K0CTblO (BO,!{OH), C )KH,!{KHM HJIH TBep,!{bIM ,!{eHTepueM. 

)];Jlll cpaBHHTeJibHOH KOJIH'IeCTBeHHOH xapaKTepHCTHKH 3<p<peKTHBHOCTH K0HBepTOp0B 

G( ) 
fPm£ (T,,,Tc) 

BB0.l{HTCll <paKTop Bb!HrpbIIIIa T., T;,, T, = ( ) , r,!{e T,, 
fPm£ T,,T, 

TeMrreparypa 

HeiiTpoHHOro raJa, T,, - TeMrreparypa K0HBepTOpa, T,, - perrepHaH TeMrreparypa ( o6h!'IHO 

BbI6HpaeTCll paBHOH 300 K), ~ - IlJIOTH0CTb IlOT0Ka YXH. 

B HaCTOl!IUee BpeMll Ha peaKTope BBP-M IIlUl<I> [7] c HCrr0Jib30BaHHeM K0HBepTopa Ha 

0CH0Be c TBep.l{0ro .l{eifTepHl! c TeMrreparypoif 7'=13 K ,!{0CTHruyT <paKTOp Bb!HrpbIIIIa 

G=1230 OTH0CHTeJibH0 raJoo6pa3HOro .l{eifTepHll rrpH K0MHarnoif TeMrreparype {300 K). 

<l>aKTop Bb!HrpbIIIIa ,!{Jlll K0HBePTopa Ha 0CH0Be Il0JIH3THJieHa rrpH KOMHaTHOH TeMrreparype 

COCTaBJilleT-350 [8]. 

Ha puc. 5 110Ka3aHa cxeMa HeiiTpoHHOH JI0BYIIIKH, KOT0pyIO MQ)KHQ 6bIJIO 6bi yCTaH0BHTb 

B ueffTPaJibH0M KaHaJie PYH BilJIOTttylO K CJI0llM 3aMe,!{JIHTeJill HeHTPOHQB. 

BaKYyMupoBaHHall HeHTJ)OHHall JI0BYIIIKa B BH,!{e CTaKaHa H3 Hep=BeIOrueif CTaJIH C 

HaHeCeHHbIM Ha BttyTPeHHIOIO rroBepXH0CTb CJI0eM Be HJIH BeO {rpaHH'IHbie CK0poCTH 
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paBHbl 6.89 H 6.99 Mic COOTBeTCTBeHHO). O.l{HH H3 T0pU0B JI0BYIIIKH - OKHO ,!{QJI)KeH 6bITb 

jJ3fOT0BJieH H3 ZrH1.g (rpaHH'IHall CK0p0CTb 0,6 Mic) If Herrocpe.l{CTBeHHO rrpnneraTb K 

ioHBepTopy. )];uaMfTP JI0BYIIIKH d=13 CM (no BttyTPeHHeMY .l{HaMfTPY 3aMe.l{JIHTeJill), .l{JIHHa 

,,,30 CM. B6JIH3H 0KHa ,!{Jlll rrponycKaHHll YXH rrpe.l{yCM0TPeH KJiarraH ,!{Jlll 3aKpbITHll 

flOBYIIIKH. KoHCTPYKUHll JI0BYIIIKH rrpe.l{CTaBJieHa Ha puc. 5. 

CTaKllH 
(=) 

CJioitBe 
~HJIHBeO 

OKHoYXH 
(ZrH) 

Puc. 5. CxeMa rroayUIKH YXH 

IlpH HCil0Jib30BaHHH TBep.l{0fO ,!{CHTepull, 'ITO llBJilleTCll Hau6onee 3<p<peKTHBHbIM 110 

cpaBHCHHIO c APYrHMH crroco6aMu rr0JIY'ICHHll YXH, G-<paKTOp paaeH -350 n BbIXO.l{ YXH 

H3 TCilJI0B0fO crreKTPa HCHTpOH0B M0)KCT 6bITb YBCJIH'ICH C -5·10-
12 

,!{0 -10-
9

_ Ilpu 

ITJIOTH0CTH Il0T0Ka TeIUI0BbIX HCHTJ)0H0B B Il0JI0CTH 3aMC,!{JIHTCJill BO BpeMll HMilYJibCa 

qi,3-1019 {cM2•cf1, IlJI0TH0CTb IlOT0Ka YXH Ha BbIX0,!{e K0HBepTopa 6y.l{eT paBHa 

qJyxtt-3·1010 (cM2•cf1. Ilpu ,!{HaMfTPC K0HBepropa d=13 CM H ,!{JIHTCJibH0CTH HMnyJibCa t-70 

MKC 'IHCJI0 HeifTp0H0B, rrorraBIIIHX B JI0BYIIIKY, C0CTaBHT NYXu-2.7-10
7

. Ilpu HCI10Jlb30BaHHH 

l\HJIHH.l{pH'ICCKOH JI0BYIIIKH c TaKHM ,!{HaMfTP0M n ,!{JIHHOH 30 CM IlJIOTH0CTb HCHTpOHOB 

6y,!{eT paBHa IlYXtt-6.8· 103 CM-
3

. CJie.l{yeT OTMeTHTb, 'ITO B 0,!{H0M H3 IlOCJIC,!{HHX 

3KcrrepuMeHToB Ha peaKTOpe EllrP (BHIIB3<I>), r.l{e rrpuMeHllJICll crroco6 rronyqeHHll YXH c 

ITOM0IUblO ,!{HHaMH'ICCK0ro K0HBepTopa, YAaJI0Cb ,!{0CTH'lb IlJI0TH0CTH HCHTJ)OH0B 26±5 CM-
3 

[3, 4]. 

IIpoBC.l{CHHC H3MepeHHH B ycJI0BHllX BbIC0K0r0 HCHTJ)OHH0r0 <poHa B peaKT0pHOM 3aJIC He 

npe.l{CTaBJilleTCll B03MQ)KHb!M, II03T0MY Heo6XO,!{HMO ocyrueCTBJil!Tb TPaHcrropTHpOBKY 

1<ourei1Hepa c YXH OT A3 peaKTopttoro K0MrrJieKca B n3MepureJibHbIH JaJI. Ilpu 
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IICnOJib30BaHirn -rpy6onpOBO,!la, npOXO,!llll.[(ero 11epe3 KOJIJIIIMaTop II CBH3blBaJOI.Qero 

peaKTOpHblll II li3MepllTeJibHblll 3aJibl, paCCTOJ'IHIIe COCTaBllT -10 M. IlpII CKOpOCTII .!lBIIJl(e1ull! 

JIOBYIIIKII 1 Mic 3TO pacCTOllHIIe MO:lKeT 6b!Tb npoii)leHO npIIMepHO 3a 10 C, '1TO B 102 Pa:i 

MeHbIIIe nepIIO.!la nonypacna,!la cao60.!lHOro HellTJ)OHa. Ilo3TOMY nOTepII YXH 3a C'!er 

pacna,!la BO BpeMJI -rpaHcnopTIIpOBKII KOHTeiiHepa MO:lKHO C"lfl!TaTb He3Ha'1HTeJibHblMI!. 

IIorepII YXH npII TJ)aHcnopTIIpOBKe 6y.!lyT onpe,!leJIJ'ITbCll, rnaBHbIM o6pa30M, Ka'leCTB01.1 

JIOBYIIIKII (HaJIII"'IIIeM ,!leq>eKTOB, llleJieii, ,!laBJieHIIeM OCTaTO"'IHOro raJa II ,!lp.), Ha,!le:lKHOCTb!Q 

nyru II ,!lIIHaMIIKOll .!lBll)KeHIIll JIOBYIIIKII. 

CxeMa B03MO:lKHOro 3KcnepIIMeHTa no reHepIIpoaaHmo YXH Ha KOMilJieKce TIIP Al{ 

nOKa3aHa Ha pIIC. 6. IIpe,!lnOJiaraeTCll, '1TO 3KcnepIIMeHTaJibHall yCTaHOBKa 6y.!leT COCTOJ'ITb 113 

CJie,!ly!OlllllX KOMnOHeHTOB: 1) 3KCnepIIMeHTaJibHOro KaHaJia PYH, n03B0Jlll!OI11ero 

06ecne'11fTb BbICOKIIll II paBHOMepHblll q>JI!OeHC HellTJ)OHOB BO BpeMJ'I 06ny11eHHJ'I; 2) 

3aMe,!lJIHTeJIJ'I Ha OCHOBe nOJIII3THJieHa .!lJIJ'I nony11eHHJ'I TenJIOBbIX HeiiTpOHOB; 3) KOHBepTOpa 

YXH Ha OCHOBe TBep,!loro coe,!lIIHeHIIll )leiiTepIIll, o6Jia,!laIOlllero BbICOKOll 3q>q>eKTIIBHOCTb!O 

reHepa11IIII YXH; 4) KpIIoreHHOll CIICTeMbl C )KII,!lKIIM rem1eM .!lJIJ'I HaMopa)KlfBaHl!JI 

,!leihepIIll; 5) JIOBYIIIKII YXH B Bll.!le I.1HJIIIH.!lpII11ecKoii KancyJibI, noMelllaeMoii B noJIOCTb 

3aMe.!lJIHTeJIJ'I; 6) -rpy6onpoBo,!la, npoxO,!lJ'llllero 11epe3 KOJIJIIIMaTop II npe,!lHaJHa11eHHoro_ J:IJIJ! 

TJ)aHcnopTIIpOBKII JIOBYIIIKII B II3MepIITeJibHblll 3aJI. 

i 

Puc. 6. CxeMa onh1Ta no reHepaQllll YXH Ha KOMnJieKce IBP AH 
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4. OQenKa B03M0lKH0CTH u3y11emm ueihpou-ueihpomrnro pacceHHHH 

Ha KOMnJieKce TIIP AH B03MO:lKHa noCTaHOBKa 3KCnepIIMeHTa no II3y11eHIIIO HellTJ)OH

HellTJ)OHHOro paccellHHll, HanpIIMep, B paMKaX cxeMhl, aHaJIOrII"'IHOH cxeMe, peanIDyeMOll Ha 

peaKTope filY AP [5]. B nepBOM npn6JIJI)KeHHH MO:lKHO C"lfllTaTb, '1TO ace napaMe-rpbl 

3KCnep11MeHTaJibHOll yCTaHOBKII B 3KCnepIIMeHTaX Ha TIIP Afl II filY AP O,!lHHaKOBbl, II 

pa3JIH'1He COCTOllT JIIIlllb a o6beMe nOJIOCTII, r,!le Ha6JIIO,!la!OTCll HeHTJ)OH-HellTJ)OHHbie 

CTOJIKHOBeHIIll. B 3TOM cny11ae OTHOIIIeHIIe '1IICJia pemc-rpnpyeMbIX co6bITIIH .!lJIJ'I 

3KCnepnMeHTOB Ha TIIPAH II filY AP 6y,!leT nponOpl.lIIOHaJibHO OTHOIIIeHII!O 06beMOB C 

tteii-rpoH-HeIITJ)OHHbIMH paccel!HIIllMH II ,!lJillTeJibHOCTeii IIMnyJibCOB ,!leJieHHH. ECJIII 

noJIO:lKHTb o6beMbI nonoCTII B PYH II filY AP paBHbIMII npIIMepHo 8 n 1. 4 .!lM
3
, 

]:IJIHTeJibHOCTII HMnyJibCOB paBHbIMII 70 MKC II 1 MC, TO 011eHKa OTHOIIIeHHJ'I '1HCJia 

pemc-rpIIpyeMbIX co6bITIIH B 3KcnepnMeHTax Ha TIIP AH II filY AP ,!laCT aeJIII"'IIIHY - 10
2

. 

YKaJaHHOe 3Ha'1nTeJibHOe pa3JIH'1He CBII,!leTeJibCTBYeT O nepcneKTIIBHOCTII KOMnJieKca 

TI1P AH KaK IICTO'IHIIKa HeHTJ)OHOB B 3KCnepIIMeHTax no II3y'leHII!O HeHTJ)OH-HellTJ)OHHOro 

paccellHIIll. 

3aKJII0'1CHHe 

IloKaJaHa nepcneKTHBHOCTb peaKTOpHoro KOMnJieKca THP AH KaK MOllIHOro 

HMnyJibCHOro IICT0'1HIIKa TeilJIOBbIX HeHTJ)OHOB, npIIro,!lHOro ,!lJIJ'I q>yH.!laMeHTaJibHbIX 

IICCJie,!lOBaHIIll II 06ecne11IIBa10ll1ero q>JI!OeHC HellTJ)OHOB -5· 1014 
CM-

2 
B 06beMe HeCKOJlbKO 

]:IM3 npII .!lJIIITeJibHOCTII - 70 MKC. O11eHeHa B03MO:lKHOCTb C03,!laHIIll IICTO'IHIIKa 

YJibTJ)axOJIO,!lHblX HellTJ)OHOB C nJIOTHOCTb!O -7·103 
CM-

3 
B 06beMe HeCKOJibKO .!lM

3
. 

PacCMOTJ)eHa TaK:lKe B03MO:lKHOCTb noCTaHOBKII 3KCnepIIMeHTOB no II3y11eHIIIO HeHTJ)OH

HellTJ)OHHOro paccel!HIIll. O11eHKa '1HCJia pernCTJ)HpyeMblX co6bITIIll B 3KCnepIIMeHTax Ha 

Tl1P AH npIIMepHO B 102 
pa3 npeBbIIIIaeT aHaJIOrH"'IHOe 'IIICJIO B no,!lrOTaBJIHBaeMOM 

3KcnepnMeHTe Ha peaKTope MY AP. 
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rEHEPHPOBAHHE HMIIYJihCOB TEITJIOBhIX HEHTPOHOB 
HA PEAKTOPE 1mrP 

B.H.Eor,naHoB, B.H.Hnhlrn, M.H.KyBIIIHHOB, B.T.Ilymrn, 
B.B.Ca)l(HOB, H.f.CMHOHOB, 10.A.TpyrneB, B.A.YcTHHeHKO 

P<l> .5IU-BHHH3<1> 

PeaKTop EHfP (61,rcTIJhlll: HMrryn1,cH1,rll: rpaq>HTOBhlll: peaKTop) [l] OTHOCHTCJI K 

I(Jlaccy arrepuo_nuqecKHX HCCne,noBaTeJibCKHX HMIIYJibCHhIX peaKTOpOB CaMOraCJ!Illero 
~ell:cTBHJI. OH 61,rn BBe,neH B 3Kcrrnyarnnmo BO BHHH3<1> B 1977 r. H ycrreIIIHO 
!iCIIOJih3yeTCJI KaK MOillHblll HCTOqHHK HeHTIJOHHOfO H faMMa-H3JiyqeHHll:. 3TO 

eAHHCTBeHHhlll HMIIYJibCHblll peaKTOp Ha 6bICTIJbIX HeHTIJOHax, HMeIOmHll: ,nucrrepCHOHHOe 
ypaH-rpaq>HTOBOe TOIIJIHBO. TexHOJIOrHJI H3fOTOBJieHHJI roMoreHHOro rnep,noro ypaH
rpaq>HTOBOfO TOIIJIHBa, a TaKlKe KpyrrHora6apHTHbIX MOHOJIHTHbIX KOJibQeBbIX TB3JIOB H3 
Hero crrenuan1,Ho pmpa6ornHa ,nnll peaKTopa EHfP. B peaKTope EHfP B Kaqecrne 

rOIIJIHBHOfO MaTepuana HCIIOJib3yeTCJI crrpeccoBaHHaJI o,nHopO,nHaJI CMeCb ,nByOKHCH ypaHa C 
rpaq>HTOM. OmomeHHe qucna J1,nep rpaq>HTa K qucny J1,nep 

235U cocrnBnJleT - 16. 

06orameHHe ypaHa H30TOIIOM 
235U paBHO 90%. 

KoMIIOHOBKa peaKTOpa H TeXHOnornqecKoro o6opy,noBaHHJI B peaKTopHOM 3,naHHH 

cxeMaTHqHo rrpe,ncrnBneHa Ha puc.1. 

2 3 'f 5 

6 

ff 10 !J a 

PHCJHOK 1 CxeMaTuqecKHll: BH,n 3,naHHJI peaKTopa EHfP B pmpe3e. 1, 4 -TenelKKH ,nAA 

o6pa3QOB; 2 - A3; 3, 11 - OTKaTHbie CTaJibHbie ,nBepu; 5, 10 - rro,nBH)l(HaJI 6HonoruqecKaJI 

3aIIIHTa; 6 - na6opaTOpHH; 7 - peaKTopHhlll 3an; 8 - orropHal! IIJIHTa; 9 - MeXaHH3MbI 
rrepeMern:eHHJI 6JIOKOB perynupoBaHHJI peaKTHBHOCTH. 

A3 He HMeeT OTIJalKaTenJ1 H pacrronolKeHa B neHTPe lKene3ofieTOHHoro Ka3eMarn 
(11.5x10x8 M3), KOTOpbrll: o6ecrreqHBaeT Heo6xo,nHMJIO 3alllHTY OT H3JiyqeHHll peaKTopa HOT 
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HeCaHKl{II0HIIpomrnm,ix BHeIIIHIIX Bo3.11eiicrn1Iii Ha caM perucrop. UeHrp A3 pac110JiolKea Ha 
BLIC0Te 1. 7 M OT 110Jia. 

O6JI)"IeHIIe 061,eKTOB M0lKeT 11p0II3B0.111IThCH KaK B neHTpaJihH0M KaHaJie A3 

(.111IaMerp 100 MM, Bh!C0Ta ~ 700 MM), TaK II He11ocpe.11CTBeHH0 y 60KOBOH 110BepXH0CT!I A3. 
B 110CJie,L\HeM CJI)"Iae He cyIIJecrnyeT 3HaqlITeJihHhIX orpaH1IqeH1IH Ha K0HCTpYKI.llIIO II 

ra6ap1IThl (~0.9 M) o6JI)"IaeMbIX ycrpoiicTB • .l(oCTaBKa IICCJie.11yeMh!X 061,eKTOB B 30Hh! 

o6JI)"IeHIIH (neHTpaJihHh!H KaHaJI, o6JiaCTh CHapylKII A3) ocyIIjeCTBJIHeTCH L\IICTaHl(II0HHO 113 
CMelKHhIX 110MeIIjeHIIH. 

PeaKTop EHrP o6Jia,L\aeT peK0p.L\Hh!MII 3HaqeHHHMII qJJIIOeHCOB 6bJCTphIX Heiirponos 

B 60JihIIIIIX 061,eMax , .110CTYl1Hh!X LIJIH o6JI)"IeHIIH: 

~ l • 10
16 

HicM
2 

B neHTpaJihH0M KaHaJie LIHaMerpoM ~ 100 MM, Bh!C0TOH ~ 550MM; 

~ l • l 0
15 

HlcM
2 

Ha BHeIIIHeii 110BepxHocm A3 .11IIaMerpoM ~ 800 MM. 

Ha peaKTope EMrP peaJIII30BaHa II 11paKTIIqecKII IICl10Jlh3YeTCH C0B0KyrrH0CTL 

pa3JIIIqHhIX pelKIIM0B pa60Tb1, 6a3IIPYJOIIJIIXCH Ha KOM6IIHIIpOBaHHOM IICII0J!h30Batt1111 

TeIIJIOBoro CaM0raIIIeHIIH II .1101I0JIHIITeJihH0ro II3MeHeHHH peaKTHBH0CTII C 110M0ll!LIO 

rrepeMeIIJeHIIH opraH0B pery1mpoBaHIIH, B TOM qIIcJie II rrporpaMMHo-yrrpaBJIHeMoro. 

<l>opMa IIMl1YJihCa orrpe.11eJIHeTCH BhI6paHHh!M pelKIIM0M pa60Thl. Ilo 3apattee 

3a,L\aBaeMoii rrporpaMMe M0)KH0 BlI.110II3MeHHTh qiopMy lIMIIYJihCa II KBa3IIIIMIIym,ca, 

peryJIIIpOBaTh C00TH0IIIeHIIe :meproBbl.LleJieHIIH B 11IIKe II 11XBOCTe" lIMl1YJihCa, ypoBeHL 

M0IIJH0CTII B 
11
XBOCTe" lIMl1YJihCa II B KBa3IIIIMl1YJihCe II T,.11, 

CoBoKyrrHOCTh peaJIII30BaHHhIX B peaKTope EMrP cBoiicrn: 

• BLIC0KIIe yp0BHII n-y•II3JI)"IeHIIH B 60JihIIIIIX 061,eMax; 

• JierKIIH .110CTYl1 K o6JI)"IaTeJihHh!M 1103lll{IIHM; 

• B03MO)KHOCTh peryJIIIp0BaHIIH B IIIIIp0KIIX 11pe.11eJiax qJJIIOeHca HeHTpOHOB II Y·.1103hl 11p11 

11paKrnqecKII 0,L\IIHaK0BOH qiopMe lIM11YJihca; 

• 6oJibIIIaH CB060.11a B BapbIIp0BaHIIII BpeMeHH0ro TeM11a reHepIIpoBaHIIH :meprIIII B A3 II, 

coorneTcTBeHHO, n-y•II3JI)"IeHIIii ( OT .11JIIITeJihHocrn IIMl1YJihca 2Mc .110 0.5c II 6oJiee ); 

06ec11eqIIBaeT B03M0)KH0CTh 11pIIMeHeHIIH peaKT0pa EMrP .[\ITH peaJIII3al{IIII IIIIIp0Koro Kpyra 

lICCJie.[\0BaTeJihCKIIX rrporpaMM. 

.l(Jrn pH.Lia· 11pIIMeHeHIIH peaKTopa rpe6yeTCH 110JI)"IeHIIe lIHTeHCIIBHh!X 110T0KOB 

3aMeMeHHh!X HeiirpOHOB. 3To .11ocrnraercx C 110M0IIJhlO orp~aTeJIH, lI3fOT0BJieHf!0fO H3 

MaTepIIaJia, xopoIIIo 3aMe.[\JIHIOIIjero HeiirpOHhl [2]. B .11aHH0H pa6oTe rrpIIB0.[\HTCll 

11apaMerpbl peaKrnpa EMrP II xapaKTepIICTHKII HeiirpOHHOfO lI3JI)"IeHIIH 11pll pa3MeIIjeHHII 

B6JIII3ll ero A3 0Tpa)KaTeJieii, pa3Mepbl K0TOphIX cpaBHIIMhl C pa3MepaMII A3. 

A3 c rpaqiIITOBh!M 0Tpa)KaTeJieM 

Orp~aTeJih pa3MeIIJaJICH B11JI0THYJO K Hapy)KH0H 110BepxH0CTII K0)Kyxa A3 II. 61,IJJ 
BhIIIOJIHeH B BII.[\e 11pHMoyroJihH0fO 11apaJIJieJie1IIIl1e.11a, 11epe.11Heii ( o6pameHHOH K A3) rpaBH 

KOTOporo 11PII.11aHa qiopMa, 6JIII3KaH K qiopMe K0)Kyxa XapaKTepHh!H pa3Mep orp~aTeJili 

a~800MM (OH 011pe.11eJIHeTCH IIIIIplIHOH 11poeMa B CTeHe peaKTOpHoro 3aJia, qepe3 KOTOpblll 

ocyIIJeCTBJIHeTCH L\lICTaHl{lI0HHaH .110CTaBKa o6JiyqaeMhlX ycrpoiiCTB K A3).IloCKOJihKY TaKOM 

pa3Mep cpaBHIIM C LIJllIHOH .11llql4JY3IIII Tel1JI0BhIX HeiirpOHOB B rpaqiIITe (L,.,500MM), TO 

lIC110Jlh30BaHHhlll orp~aTeJih He HBJIHeTCH "6eCKOHeqffbJM". .l(JIH 11pe.110TBpaIIjeHHJI 

JIOKaJihHOro BCl1JieCKa .11eJieHIIH B 11epIIqiepIIHHOH o6JiaCTII A3, o6pameHHOH K 0Tpa)KaTeJIIO, 
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l!Cl10Jlh30BaJICH 6opHh!H qJHJihTp LIJlH 110rJI0IIJeHIIH 3aMeMeHHhIX HeiirpOHOB, 

B03BpaIIjaIOIIJIIXCH ll3 orp~aTeJIH B A3. 

XapaKTepIICTIIKII HeHTpOHHOfO 110JIH lI3MepHJIIICh C 110M0IIJhlO pa3JillqffhJX 

3HeproqyBCTBIITeJihHhIX peaKl{IIH, ll.11YIIJIIX 110.11 .11eiiCTBIIeM HeHTpOHOB. IlpII 3T0M 

l!Cl10Jlh30BaJIIICh KaK MaJIOra6apIITHh!e lI0HII3al{II0HHh!e KaMepbl .11eJieHIIH, TaK II 

aKTIIBal{lI0HHh!e lIH,L\IIKaT0phI, qlICJI0 peaKl{lIH B K0T0pbIX lI3MepHJI0Ch C 110M0l1{hl0 

Cl{lIHTIIJIJIHl{lI0HH0fO y-c11eKTp0Merpa. 

Pe3yJihTaThl lI3MepeHIIH 110Ka3aJIII, qro MaKCIIMaJihHaH 11JI0TH0CTh .11eJieHIIll B 

rpaqJIITOBOM orp~aTeJie .11ocrnraercx Ha rny6IIHe r 0 "'230MM II L1JIH 
235

U (n,f) B 9 pa3 

upeBhIIIIaeT aHaJiornqHoe 3HaqeHIIe B neHrpe A3. 3TO 03HaqaeT, qro 11pII reHepIIp0BaHIIII 

1,1aKCIIMaJihH0fO lIMl1YJihCa .11eJieHIIH (280M.l()K) HaII60JihIIIaH 11JI0TH0CTh .11eJieHIIH B o6pa3ne 

113 MeTaJIJIIIqecKoro ypaHa (90% 
235

U) B rpaqJIITOBOM orp~aTeJie C0CTaBIIT 5x*l0
14 

.11eJI!r. 

0TMeTHM, qro B C00TBeTCTBIIII C [2] ro "'✓1:, r.11e ,: - B03paCT Tel1JI0BhIX HeHTpOHOB 

EhIJIII II3MepeHhl TaK)Ke pac11pe.11eJieHIIH 11JI0THOCTeii HeK0T0phIX peaKl{llll !IO 061,eMy 

Ky6IIqecKOH II0JI0CTII, o6pa30BaHHOll B rpaqiIITOBOM 0Tpa)KaTeJie B o6JiaCTII MaKCIIMYMa 

IIJIOTHOCTeii 6ecrroporoBhIX peaKl{lIH. 3Ta II0JI0CTh (200x 200 x200MM.) pa3MeIIjeHa 

oceCIIMMerpIIqH0 B orp~aTeJie Ha rny6IIHe 200MM OT ero rrepe.L1Heii rpaHII. Pe3yJihTaThl 

II0Ka3aJIII, qTo 11JI0TH0CTh 6ecrroporoBhIX peaKl{IIll rrprucrIIqeCKII He II3MeHHeTCH !IO 061,eMy 

II0JI0CTII. 

lf3 pe3yJihTaT0B lI3MepeHIIH IIJI0TH0CTII .11eJie1rnii 
235

U II 
239

Pu B Ka,L\MIIeBhIX qJIIJihTpaX II 

6e3 HIIX B C00TBeTCTBIIII C [3,4] 6bIJia orrpe.11eJieHa 3qJqJeKTIIBHaH TeMrreparypa Tn Te!IJIOBOH 

K0Ml10HeHThl HeHTpOHHOfO 110T0Ka. .l(JIH pacqeTa 3aTeM qJJIIOeHca Tel1JI0BhlX HeHTpOHOB 

IICl10Jlh30BaJIIICh .11J!H cpaBHeHIIH 3KCnepIIMeHTaJihHhie 3HaqeHIIH aKTIIBal{lI0HHhIX 

IIHTerpaJI0B peaKl{llll 
235

U(n,f), 
239

Pu(n,f) II 
197 

Au(n,y ), .11aBIIIIIe 11paKTIIqeCKII C0B11a,[\aIOIIJIIe 

pe3yJihTaThl. IloJI)"IeHHh!e 3HaqeHIIH TeM11eparyphl II qimoeHca Tel1JI0BhIX HeiirpoHOB, 

C00TBeTCTBYJOIIJero MaKCIIMaJihH0MY 3HeproBhl.LleJieHIIIO B A3 280M.l()K, 11pIIBe.11eHhl B 

ta6JIII1(e. KaK BIIL\H0 ll3 Ta6JIII1{hl, qJJIIOeHC 110 061,eMy 110JI0CTII 110CT0HHeH. 

Ta6JIII1(a. 3HaqenIIH 3qJqJeKTIIBHOH TeM11eparypbl T n II qJJIIOenca Tel1JI0Bh!X neiiTp0H0B Fi 
B pa3JillqHh!X T0qKax 110 OCH rpaqJIITOBOfO 0Tpa)KaTeJIH 

Oceaoii Kal!aJI .111rnMeTp0M 30 MM IToJTOCTb 200x200x200MM 

ITapaMeTp Koop,111IHara r, MM ITepeaHJIJI Ue11Tp 3a,[(Hllll 

100 150 240 340 500 CTeHKa noJTOCTH CTeHKa 

Tn,K 460 441 409 359 311 440 430 421 

F1, 1014
11ellTp./(cM

2 280 M,UlK) 2,1 3,3 4,2 4,0 2,3 3,4 3,4 3,3 

EhIJIO ocyIIJeCTBJieH0 renepIIp0BaHIIe HeCK0JihKIIX lIMl1YJihC0B .11eJieHIIH 11pII pa3JIIIqff0M 

Y.11aJieHIIII rpaqJIITOBOfO orp~aTeJIH OT K0)Kyxa A3. Perncrpal{IIH qiopMhl IIMl1YJihCa 

11p0II3B0.LllIJ!aCh C 110M0IIJhlO .11eTeKT0p0B (BaKYYMHaH KaMepa .11eJieHIIH, KOaKCllaJihHh!H 

qJOT03JieMeHT C 11JiacTMaccoBh!M Cl{lIHTIIJIJIHTOpoM), pa3MeIIjaeMh!X B neHTpaJihH0M KaHaJie 

A3 II B K0JIJIIIMIIp0BaHH0M neiirpOHHOM 11yqKe B coceMeM C perucropnLIM 3aJI0M. 

110MeIIjeHIIII. .l(JIH pernCTpal{IIII qiopMhl lIMl1YJihCa Tel1JI0BhIX HeHTpOHOB onHa KaMepa 
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,neneHIDI pacnonara.nacb BHyrpn 01J)IDKaTemI Ha r.rry6nHe 60cM. ConocTaBJieHne HMITYJihco8 
,neJieHHH B A3 6e3 rpacpllTOBOro 01J)IDKaTemI [I] ll npn ero HaJill'Illll IlOKaJbIBaeT, 'ITO npl! 

O,AllHaKOBhIX CTapTOBblX nepno,nax pa3roHa xapaKTepHCTllKll llMITYJihCOB ,neJieHllH B JTl{l( 

reOMe1J)IDIX A3 B l(eJIOM 6Jill3Kll ,npyr K ,npyry. 

B TO )Ke Bpewr IlllK llMITYJibCa B 01J)IDKaTeJie ,nocTllraeTCll' Ha (0.8 - I .O)MC Il03)1(e 

,nJillTeJibHOCTh llMITYJibCa .Ha IlOJIOBllHe BhICOThl 60JihIIIe, a 3a,AHllH cppOHT 6oJiee 3aTHHyr: 

IIo,no6HaH 1J)aHC!pOpMal(llll llMITYJihCa 6bIC1J)hIX HeH1J)OHOB B 3aMe,nJIHTeJie ll'BllileTCJi 

mnnqHoii [5] ll 3aBllCllT KaK OT COOTHOIIIeHIDI BpeMeHHhIX napaMe1J)OB peaKTOpa (nepao.l(, 

IlOJIYIIIllpHHa 0) ll 3aMe,nJIHTemI (BpeMH )Kll3Hll TeITJIOBhIX HeH1J)OHOB lo, IlOCTOll'HHaH cna,na), 

TaK ll OT rny6HHhl TOqKtt Ha6mo,neHIDI B 01J)IDKaTeJie. ,ll;JIH llCilOJih3yeMoro rpacpHTOBoro 

6noKa 10 ""' IMC, T.e. 10 ""'0 n HeKoTopoe ymnpeHne llMITYJihCa B 01J)IDKaTeJie npe,nonpe,neJieHo. 

lknOJib3Yll' ,AaHHbie no cpmoeHcy TeITJIOBhIX HeH1J)OHOB, nonyqaeM , 'ITO B rpacpHTOBOM 

01J)IDKaTeJie MaKCllMaJibHhIH IlOTOK TeITJIOBhIX HeH1J)OHOB MO)KeT ,nocTllraTb B IlllKe llMITYJihCa 

3HaqeHIDI 7.10
16 

Heii1J).ICM
2 

c. C noMOII(h npnMeHHeMhIX Ha peaKrnpe EHTP pe)KllMOB 

pa60Tbl (llMITYJihCHOro, KBa3llllMITYJihCHOfO, cramqecKoro [I]) IlOTOK TeITJIOBbIX Hell1J)OHOB 

B 01J)IDKaTeJie MO)KeT BapbllpOBaThCll' OT CKOJih yro,nHO MaJioro 3HaqeHllll' .no YKaJaHHoro 

MaKCllMaJibHOro. 

Mo,nennpoBaHHe aBapnii Tnna RIA .nJIH TBJJIOB peaKTopoB BB3P 

Pe3yJibTaTbI, IlOJiyqeHHbie npll llCCJie,nOBaHllll noJieii 3aMe,nJieHHhIX HeH1J)OHOB B 

rpacpHTOBOM 01J)IDKaTeJie Ha peaKTope El'.IrP, 6bIJill llCilOJib30BaHhl ,nJIH Mo,nennpOBaHllll 

aBapnii c B03pacraHneM peaKTHBHocm (RIA-Reactivity Ininiated Accident) n onpe,neJieHHll 

rpaHlll( pa6oTOCnoco6HOCTll TBJJIOB peaKTopoB BB3P B TaKllX ycJIOBllll'X. 

• Cero,nHHIIIHee COCTOll'Hlle ll nepcneKTllBbl pa3BllTIDI H,nepHOH JHepreTllKll Poccm1 

1J)e6yioT o6ocHOBaHIDI ll IlOBhIIIIeHllll' 6e3onaCHOCTll OTeqecTBeHHhIX .513Y ll llX 

KOHKypeHTOCilOC06HOCTll Ha MllpOBOM pbIHKe. 

,ll;Jill pemeHIDI JTHX 3a_naq Heo6xo,nnMo B nepByio oqepe,nh 06ecITeqeHHe aTTeCTal(llll II 

JIIII(eH3llpOBaHIDI cymeCTByiomero ll ITepcITeKTIIBHOro TOITJIIIBa, 'ITO HeB03MO)KH0 6e3 

JKCITepnMeHTaJibHbIX llCCJie,nOBaHIIH xapaKTepllCTIIK g,nepHoro rop10qero. B CBll'3ll C 

cymecTByiomeii TeH,neHI(lleii ITOBhIIIIeHllll' BhiropaHllll' TOITJIHBa ,nJIH ynyqmeHllll 

JKOHOMnqecKHX ITOKaJaTeJieii A3C oco6eHHO aKTyaJihHbIM CTaHOBIITCll' OITpe,neJieHne 

BJIID!Hllll' CTeITeHll BblropaHllll' TOITJillBa Ha ITpe,neJibI ero pa60TOCITOC06HOCTll. HaI16onee 

ITpe,nCTaBllTeJihHhIMll ll'BJIHIOTCll' peaKTOpHbie llCCJie,nOBaHllll' TOITJIHBa, KOTOpbie IT03B0JIHIOT 

HaH6onee ITOJIHO MO,neJillpOBaTb ITpOI(eCChI, ITpoTeKaIOII(lle B JHepreTnqeCKllX peaKTOpax. 

Oco6eHHOCThIO peaKTopa El1f p ll'BJIHeTCll' B03MO)KHOCTb reHepal(llll ,nByx TllITOB 

llMITYJihCOB C ITOJIYIIIIIPllHOH 0 - (2-10) MC ll 02>0.4 ceK. 3TO IT03BOJIHeT: 

• ITpoBeCTH cpaBHeHne ITOBe,neHHH TOITJIIIBa BB3P c PWR n BWR. B Han6onee ITOJIHOH 

nporpaMMe ITO llCilbITaHHHM TOITJIIIBa, ITpDBO,AllMOH B .51ITOHllll Ha peaKTOpe NSRR [6,7] 

~e B TeqeHnn 6onee 20 JieT c TOITJIHBOM PWR II BWR, ncITOJib3yioTcH HMITYJihChI 

peaKTopa c IlOJIYIIIllpllHOH 0 - (3-15) MC. 

• IIpoBeCTll aHaJill3 aBapllHHhIX CllTYal(llH C HaH6oJiee BepoHTHOH ,nJIHTeJibHOCTblO 

(ITOJiymllpllHOil:) llMITYJlhCa JHeprOBhI,neJieHIDI 0 - (1-3) ceK. 

B pa6oTax ITO o60CHOBaHllIO Jllll(eH3llOHHhIX KpllTepneB B YCJIOBllHX aBapnii C 

Bo3pacTaHHeM peaKTHBHOCTH .nJIH BhITOpeBmnx TBJJIOB THITa BB3P-440, BB3P-l 000 
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t!PaHHMaIOT yqacme P<l>.51U-BH11113<l>, fHU P<l> BHl111HM HM. aK. A.A. EoqBapa, fHU 

pd> Hl111AP (r. ,ll;HMH1J)OBrpa.n) n PHU "KypqaTOBCKHH HHCTllTYT 

OCHOBHbIMll l(eJIHMll pa6oT 6i,mo: 
pe3yJihTaTOB .nJIH o6ecITeqeHHH arrecTal(Hll ll 

' IlonyqeHlle JKCITepnMeHTaJibHhIX 

JIHI(eH3!ipOBaHlle TOITJIHBa. 
' Co3,AaHlle 6aJhl ,naHHhIX ,nJill' BepncpnKal(llll KO,AOB ITO pacqeTaM ITOBe,neHIDI TBJJIOB B 

aBapHHHbIX CllTYal(llll'X. 
IIpaKTllqecKoe BbIIIOJIHeHlle ITOCTaBJieHHOH 3a_naq1I IT01J)e6oBaJIO ITpoBe,neHilll' 

f!llaTeJihHOro MeTO,nHqecKOfO o6ocHoBaHllll' llCITbITaHHH. ITpll JTOM OCHOBHOH aKI(eHT 6hIJI 

c)lellaH Ha pacqeTHbie ll JKCITepIIMeHTaJihHbie MeTO,AllKll OITpe,neJieHllll' JHeproBbI,neJieHilll' Ii 

3t1TaJihITIIII TOITJlllBa. Ha peaKTOpe El1f p 6hIJia ITpoBe,neHa cepllll' CITel(llaJibHhIX 

MeTO,AilqecKHX JKCITepHMeHTOB .nJIH Bepll!pIIKal(IIII II KaJII16poBKll MeTO,AllK, pa3pa6oTaHO 

uaTeMaTHqecKoe o6ecITeqeHile ,nJill' ll3MepI1TeJihHbIX MeTO,AllK. KpoMe Toro, B JKCITepHMeHTax 

co cBe)KllMll TBJJiaMll BB3P-l 000 01J)a6oTaHhl MeTO,AIIKII Il3MepeHilll' ,naBJieHllll' B aMITyne C 

!B3JIOM, BHYTPII TBJJia, TeMITepaTyphl ITOBepXHOCTII TBJJia. 
CxeMa ITpOBe,neHilll' IICITbITaHHH ITpIIBe,neHa Ha p!ic.2. ,ll;Jill ITOBhIIIIeHllll' 3HeprOBBO,na B 

!OITJillBO, oco6eHHO BbirOpeBmero TBJJia COCTaB 01J)a)KaTeJill' 6hIJI pacqeTH0-

3KCITepI1MeHTaJibHhIM o6pa30M OITTIIMil3!ipOBaH, B qaCTHOCTll B Hero BBe,neH 6JIOK ll3 

6epnJIJIHH, oKpy)KaIOII(HH aMITYJIY c TBJJIOM. 
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// / / // ./ ///// / / ///// /// ///, - -~ ~ - KmKyx A3 EllTP 

e!l:i:l -Be+rpa<!>n1'+Fe+CH2 - -A3 ElffP ~ - Bo.n:a+noirn:rrHneH 

PucyHOK 2 CxeMa rrpoBe,[leHH.11 3KCIIepHMeHTOB. 

B rrponecce IlCIIbITaHilll pernC'IpilpOBaJIIlCb q>OpMa IlMIIYJibCa ll3JiyqeHilll peaKTopa 
EI1:rP (Il, COOTBeTCTBeHHO, q>OpMa IlMIIYJibCa .[leJieHilll .ll,[lep ypaHa B o6pa3I.le TB3Jia), 
TeMrrepaTypa IIOBepXHOCTH o6onoqKH TB3Jia, ,[laBJieHile B aMIIyJie, ,[laBJieHile reJIH.11 B TBJJie, 
q>IlKCilpyeTC.11 MOMeHT pa3repMeTH3anilH o6onoqKil no Il3MeHeHino ,[laBJieHil.11 B TB3Jie HJill 
aMrryne (Puc.3,4). 
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PucyHOK 4 3aBilCilMOCTb ,[laBJieHil.11 BHy'Ipil TB3Jia OT BpeMeHil. 

Dbillil rrpoBe,[leHbl o6nyqeHil.ll YKOpoqeHHbIX o6pa3I.l0B Heo6nyqeHHbIX IIITaTHbIX 
TB3JIOB peaKTopoa mrra BB3P-1000, ll3rDTOBJieHHbIX BO BHI1I1HM, Il peqia6pHKOBaHHbIX 
o6pa3I.lOB TB3JIOB peaxTOpoa nma BB3P (BB3P-440 Il BB3P-l 000) c BbiropaHHeM - 50 
MBT·CYTIKrU II -60 MBT·CYTIKrU, II3roTOBJieHHbIX a HI1I1AP. B KaqecTBe MaTepuana 
o6oJioqeK IICIIOJib30BaJIIICb CIIJiaBbl 3-110 II 3-63 5. 

B pe3yJibTaTe pa6oT: 
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• Ha 6aJe HMIIYllhCHOro H,D;epHoro peaKTopa EHrP C03;:J:aH '.lKCIIepnMeHTaJihHhlH KOMIIJiel(c 
(e;:i:HHCTBeHHhlH B Poccnn) .Lilli! HCIIh!TaHHH HMHTaTOpOB TB'.llIOB peaKTopoB THIIa BB3P, 

8 
TOM qncrre BhiropeBIIIHX. YpoBeHb '.lHeproBBO;:J:a B CBe)Kee TOIIlIHBO o6oraIIIeHHeM 4,4% 
cocTaBllileT -2 K,[()KfrUO2, B Bh1ropeBIIIee - 1 K,[()KfrUO2 (-50MBrcYTIKrU npu 
HaqarrbHOM o6oraIIIeHHH 4,4 %). 

• rrpOBe;:i:eH llllKll nccrre;:i:oBaHHH IIOBe;:i:eHHH CBe)KHX TB'.llIOB BB3P-1000 B pa:3llll~LIX 
ycrrOBHHX .Lilli! ;:i:Byx THIIOB o6orroqeK 3-110 n 3-635. lICIIbITaHHH rrpOBO;:J:HlIHCh B Bo.zie 
(rrpn aTMOC<pepHOM ;:i:aBJieHHH H ;:i:aBJieHHH -150 aTM) H B B03;:J:yxe. IIorryIIInpmu,, 
HMIIYllhCOB peryrrnpOBaJIHCh B ;:J:HaIIll30He OT -2MC ;:i:o - lceK. IlorryqeH 11eHHhlll: 
MaTepnarr .Lilli! BepH<pHK~HH pacqeTHI,IX KO;:J:OB. 

• rrpoBe;:i:eHhl aMIIYllhHhie '.lKCrrepHMeHThl c BhirOpeBIIIHMH TB'.lllaMH c BhirOpaHHeM ;:i:o -60 
MBT·cYTIKrU rrpn paJJinqffhJX ypOBHHX Harp~eHHH BIIJIOTh ;:i:o pa:3pYIIIeHHH. 

• rrpopa60TaHa B03MO)KHOCTh rrpoBe;:i:eHHH nccrre;:i:OBaHHH TB'.llIOB 6bICTPhIX peaKTopoa 
(BKJI10qax peaKTop THIIa «EPECT» B paMKax rrpe3H;:J:eHTCKoii HHHI1HaTHBb1) B aMrryrrax c 
COOTBeTCTBYJOmHM TeIIJIOHOCHTeJieM (n TeMrrepaTYPOii) .Lilli! nccrre;:i:oBaHHH HX IIOBe;:i:eHHJI 
rrpn pa:3llllqffbJX ycJIOBHHX Harp~eHHH, H TB'.llIOB peaKTOpa PEMK. 

• pa:3pa60TaH KOMIIJieKC rrporpaMM .Lilli! pacqeTa BerrnqnHhl H pa;:i:HaJibHOro pacrrpe;:i:erreHHJI 
'.lHeproBBO;:J:a B BbirOpeBirree TOIIJIHBO, aHaJIH3a pe3yllhTaTOB '.lKCIIepnMeHTOB. 

• C03;:J:aH H3MepnTeJibHhlH KOMIIJieKc .Lilli! perHCTP~HH <pOpMbl HMIIYllhCa peaKTopa H 
rrapaMeTPOB HMHTaTopa TB'.llla B rrpo11ecce '.lKCrrepHMeHTa. 

CrrncoK HCIIOllb30BaHHOH lIHTepaTYPbl. 

1. KyBIIIHHOB M.M., KorrecoB B.<I>., BoHHOB A.M., CMnpHoB H.r. Arrepno;:i:ttqecKHil: 
nMrryrrhCHhiii peaKTop EHrP. II BAHT.-Cep. lIMrryrrhCHhie peaKTopb1 n rrpocThle 
KpHTHqecKne c6opKH.- 1988, BhIII.l, C. 3 -12. 
2. EaTh r.A., KoqeHoB A.C., Ka6aHOB JI.II. lfccrre;:i:oBaTeJihCKHe H,D;epHbie peaKTopbI. - 2 
H3;:J:., M., 3HeproaTOMH3;:J:aT, 1985. 

3 . .51ph!Ha B.II. MeTO;:J:HKa H3MepeHHH xapaKTepHCTHK rrorreii TeIIJIOBh!X H Ha;:J:TeIIJIOBhIX 
HeHTPOHOB C IIOMOmhIO aKTHB~HOHHh!X ;:J:eTeKTopoB. - B KH. «MeTPOJIOrHH HeiiTPOHHhIX 
H3MepeHnii Ha H,D;epHO-<pHJnqecKnx ycTaHOBKax.» - M.: ~HlflIATOMHH<popM, 1976, T.2, c.2-
12. 

4. EeKypII K., BnpTII K. HeiiTPOHHM <pH3HKa. - M.: ATOMH3;:i:aT, 1968. 
5. Miley G.H., Dochi P.K.. Pulse-propagation experiments using a fast-burst reactor. - IEEE 
Trans. Nucl. Sci.,1965, vol.8, N22, p.437. 
6. Ishikawa M., Inabe T. The nuclear safety research reactor (NSRR) in Japan. Advance in 

nuclear science and technology. New-York/London, 1979 

7. Phisics, Safety and Application of Pulse Reactors. Proc. of Intern., Embedded Topical 
Meeting, November 13-17, 1994, Washington D.C., p. 25-32. 
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B03MO)l{HOCTif IIPOrPAMMhl IIPl13MA-,n:. 

51.3. KaH~ O.B. 3~errnH, A.r. MnxarrhKOBa, .z:i:.r. Mo;:i:ecroB. 

PoccuiicKUii <l>ei>epOJlbHblii Jloep11blii [Je11mp - BcepoccuiicKUii Ha)l'mo

lfcCJ1ei>oBame11bCKuii lf11cmumym Tex11ul/ecKoii <f>u:JuKU UM. aKai>. 

E.H.3a6a6axu11a,456770, C11eJ1CU11CK, PoccUH 

1. Ha:maqeHHe rrporpaMMbI IIPl13MA.,n: 

IlporpaMMa IIPlf3MA • .[( co3;:i:aHa Ha 6aJe rrporpaMMhl IIPlf3MA[l) n npe;:i:Ha3HaqeHa 

)IJUI peIIIeHHH MeTO;:J:OM MoHTe-Kaprro 3a,i:aq, CBH3aHHh!X C pacqeTOM H,D;epHbIX peaKTOpOB H 

KJ)HTHqecKHX c6opoK, B Kaqecrne nCTOqnHKa 6epYTCH TOqKH ;:i:eneHHH, pacrrpe;:i:eneHHhie rro 

co6CTBeHHOH 4JYHKIIHH. 

8 3aBHCHMOCTH OT ycJIOBHH 3a;:i:aqn H3 TQqeK ;:i:eneHHH ncnycKaIOTCH: 

a) HeHTPOHhl ;:i:eJIHTeJihHOro crreKTPa, 

6) HeiiTpoHhl H qJOTOHhl ;:i:eJIHTeJihHOro crreKTPa. 

IlporpaMMa no3BOllileT peIIIaTh IIIHpoKHii Kpyr 3a,i:aq. HarrpnMep, TaKHX, KaK: 

I. O11eHKa K'.$1> - ::iqi<peKTHBHhlH KO::J<p<pHI1HeHT pa3MHO)KeHHH HeiiTPoHoB, t"' - cpe;:i:Hee 

BpeMH )KH3HH HeHTpoHa OT ;:i:erreHHH ;:i:o ;:i:eneHHH, Vcp - cpe;:i:Hee qncJIO qaCTHII, 

po)l(JleHHhlX rrpH ;:i:eneHHH. 3TH craH;:i:apTIIhle BeJillqnHbI 011eHHBaIOTCH BCer;:i:a; 

2. rronyqeHne HeKOTOpbIX rrapaM~B (<pJIIOeHC, CIIeKTP, ;:J:03a) IIOllil (n, y) - H3JiyqeHHH B 

6JIH)l(Heii 30He peaKTOpa; 

3. B03;:J:eHCTBHe (n, y)- HJJiyqeHHH Ha CHCTeMhl, IIOMemeHHbie B 30He peaKTopa; 

4. Bh!XOJ:J: (n, y) - HJJiyqeHHH peaKTOpa qepe3 KOJIJIHMaTOp n MO;:J:eJIHpoBaHHe TPaeKTOpHH 

qaCTHII .Lilli! rronyqeHHH pe3yJihTaTOB B CHCTeMax 3a KOJIJIHMaTOpoM; 

5. OIITifMH3ailllll 3llllUfThl; 

11 .npyrne 3a,i:aqn. 
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B ocnoBy pacqern 3a,n;aq Ha co6crneHHoe 3HaqeHue no nporpaMMe IlPH3MA,~ 

nOJI0)I(eH onucaHHhlli B [2] MeT0.[( oneHKH no noKonemrnM ,[(eJieHHH C II0CT0JIHHhW qllCJI01.1 

ToqeK B IIOK0JieHHH. 

PITTJrnque 3aKmOqaeTCJI B crroco6e peanll3anuu 3Toro MeTo.[(a. Ilporpm.u.ia 

IlPH3MA.n npe.[(Ha3Haqena .[(]Ill pacqern rrrnpoKoro Kpyrn 3a,n;aq, BKmoqruoru;ux TaKne, B 

KOTopbIX neo6xo.[(HMO Be.[(eHue HeaHanoroBoro crroco6a M0.[(emrpoBaHHJI rpaeKTopujj 

(HarrpuMep, pacqeT rrpoxo)I(,[(eHHJI :innyqeHHJI B o6pa3QbI MailhIX pa3MepoB, noMeru;eHHJ,Je B 

neHrpe KaHana HMIIYJihCH0ro peaKTopa). Ilo 3TOH rrpnqnHe B03HHKJia Heo6XO.[(HMocn, 

pa3.[(eJIHTb rrponecc reHepaQHH II0K0JieHHJI (HCTOqHnK) ll nponecc M0,[(ennp0BaJ!IIJI 

rpaeKTOpHH qaCTHQ, ncrrycKaeMbIX ll3 T0qeK ,[(eneHHJI oqepe.[(H0ro II0K0JieHHJI. B pe3yJihTaTe, 

cqeT 3a,[(aq no rrporpaMMe IlPl13MA.n CB0.[(HTCJI K peIIIeHHIO YCJI0BH0 He0.[(H0p0.[(Horo 

JIHHeu:Horo ypaBHeHHJI, B K0T0p0M B Kaqecrne HCT0qHnKa BblCTY!IaJOT T0qKH ,[(eneHIIJI 

TeKyru:ero II0K0JieHHJl. 

2. CxeMa pacqera. 

CxeMa M0,[(enupoBaHHJl 0CH0BaHa Ha MeT0,[(e IIOKOJieHHH ToqeK ,[(eneHHH. Ilpn JTOM 

qncno ToqeK ,[(eJieHHJI .[(JIJl Ka)I(,[(0ro noKoneHHJI 0CTaeTCJI II0CT0JIHHbThl: (nf). Bee pe3yJihTaTbl, 

CHHMaeMhre B nponecce cqern, rrpnBo.[(JITCJl B rrepecqeTe Ha 0.[(H0 .[(eneHne. nJIJl. pacqera 

3a,[(aqn no nporpaMMe IlP113MA.n B HCX0.[(HhIX .[(aHHbIX He06XO.[(llMO 3a,D;aTb naqam,aoe 

pacrrpe,[(eneHne HeHrpOHOB B aKTHBH0H 30He .CHCTeMhl. O6brqHo JT0 paBH0MepHoe no Macce 

aKTHBHOH 30HhI npocrpaHcTBeHH0e pacrrpe.[(enemre Heu:rpoHoB .[(enuTeJibH0ro crreKrpa •. 

CHaqana BKJIIOqaeTCJl MO.[(y!lb OCn0, B K0TOp0M M0.[(eJIHpyroTCJI rpaeK'I0pHII 

Heu:rpoHOB HCToqmrKa .[(0 nonyqeHHJI nf ToqeK ,[(eJieHmr HaqanbH0ro n0K0JieHHJI. 

nJIJl T0r0, qTofihI pacrrpe.[(eJieHHe ToqeK ,[(eJieHHJI B n0K0Jiemm ycTaH0BHJI0Cb B 

COOTBeTCTBHH C . co6crneHHOH cpynKnneu:, rrp0H3B0.[(HTCJI M «X0JI0CTbIX rrporoHOB» 

nOKOJieHHH M0.[(yJieM OCn (CTaH.[(apTHO M=}Q), rrpn JTOM CHJlTHe pe3yJihTaT0B He 

rrp0H3B0.[(HTCJl. TaK KaK cnenuanbHbIX KpHTepHeB BbIX0,[(a Ha co6cTBeHHyro cpynmmo B 

rrporpaMMe HeT, TO B C0MHHTeJibHbIX cnyqal!X qucno M M0)I(H0 YBennqHTb. 

Mo.[(ennpoBaHue (npn Heo6xo.[(nMocTu c rrpnMeHeHneM HeaHanoroBhIX crroco6oB) 

rpaeKiopmr Heu:rpOHOB, ncnycKaeMbIX ll3 6aHKa T0qeK .[(eneHHJl TeKyru:ero noKoneHHJI, 

ocyru:ecTBJIJleT M0.[(yJib OCK. IlOJlBHBIIIHeCJI B X0,[(e M0,[(enup0BaHHJI qacTHQbI 3aH0CJlTCJI B 
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6aHK ucToqHHK0BhIX qacTnn. Ilocne OCK pa6oTaJOT Moeynu OCN, OCF u .[(anee rro mnaM 

1,10.[(enupyeMhIX qacTHQ. 

CxeMa pacqcra IIaKeTa rpaeKiopuu: B cqcrHou: qacm nporpaMMhI npuBe.[(eHa Ha 

I PucynKe I. 

Pac'!eT 

naKeTOB 

TP~_t!_KTOPllll 

11---------------, 

Puc.I. 

CyMMHpOBaH 

He 

pe3_yn&TaT0B 

LI;uKJI (I) CBJl3aH C «X0JI0CTbThl: nporoH0M» M IIOKOJieHHH. L(uKJI (2) CBJl3aH C 

pacqeT0M BT0pllqHbIX qaCTllQ pa3JillqHOH npup0.[(hl, K0T0pbre p0.[(llJillCb rrpu M0,[(enupoBaHllll 

TpaeKTOpuu: KaK B OCK, TaK u cqeTHbIX M0eyneu: BHYTPH QHKJia (2). 11HhThl:ll CJI0BaMll, QllKJI 

(2) «KPYTHTCJI » II0Ka 6aHKll llCTOqHllK0BhIX qacTHQ He nycTbI. LI;nKJI (3) «KPYTHTCJI » II0Ka 

BpeMJI, 3aKa3aHH0e Ha pacqeT, He llCTeqeT, llJill qucno paccquTaHHbIX II0KOJieHllll (qucno 

IIaKeTOB) He CTaHeT paBHhThl: 3a,[(aHH0MY qucny. 

3. HeammorOBOe M0,D.eJIHp0BaHIIe 

~ peIIIeHHJI 3a,n;aq, B K0T0pbIX He06XO.[(llMO BbfqllCJIJlTb cpynmuoHMhI, CBJl3aHHbie C 

MMbThl:ll Bep05ITH0CTJIMll (HarrpuMep, 3a,n;aqu 3alI(HThI OT H3nyqeHHJI, 3a,n;aqn ,i:eTeK'rllp0BaHllJI 

ll .[(p.) peanH30BaHa cxeMa M0,[(enupoBaHHJI !IO neHH0CTll [3], II03B0JIJIIOlI(aJI a,[(aIITllp0BaTh 

anropuTM rrocrpoeHHJI rpaeKTopuu K oco6eHHOCTJlM 3a,n;aqu_ 

195 



IIpn pa3pa6oTKe 3TOll cxeMbl 6bIJia HCIIOJib30BaIIa H,!{eH II03TaIIHOro pacqern CJlfflKHbD( 

3aJ{a'I, cornaCHO KOTopoii HCXO,!{HaH 3a,naqa pa36HBaeTCH Ha PM II0,!{3aJ{a'I, IIOMaIOIIIHXCl{ 

pemeHHIO, H IIOCJie,!{OBaTeJibHO rrpoBO,!{HTCH He3aBHCHMbie pac'IeTbl KIDK,!{Oll H3 HII)C 

(pe3yJibTaTbl pac'IeTa rrepBOll rroma,na'III CJIY)KaT HCTO'IHHKOM BTopoii II0,!{3aJ{a'IH H T • .n.). 

3Ta cxeMa II03BOJIHeT IIOJIY'IaTb KOHe'IHblll pe3yJibTaT B 0,!{HOM CKB03HOM paC'IeTe, a 

pa36HeHne Ha II0,!{3aJ{a'IH HCIIOJib30BaTb .l{JlH II03TaIIHOro rrpnMeHeHHH pa3JIH'IHbIX MeTO.l{OB 

HeaHaJIOfOBOro MO,!{eJIHpOBaHHH. C 3TOll 11eJibIO HaMH Bbl,!{eJieHO 4 BH,!{a 3aJ{a'I c 0,!{HOMepHoii 

reOMeTpHeii H rrpOCTbIM COOTHOIIIeHHeM Me)K)zy HCTO'IHHKOM H ,!{eTeKTOpOM (3JieMeHTapHbD( 

3aJ{a'I), K KOM6HHaIIHH KOTOpbIX MO)KHO CBeCTH 60JibIIIHHCTBO TPaJJ:HIIHOHHbIX 3aJ{aq 

JIHHeiiHoii Teopnn rrepeHoca. 

1. IIpoxo)K,!{eHne H3JIY1IeHHH B OIITH'IeCKII: IIJIOTHOll cpe.ne. 

2. IIpoXO)K,!{eHne Il3JIY1IeHHH B OIITII'IeCKH rrp03pa'IHOll cpe.ne. 

3. IIpoxo)K,!{eHHe H3JIY1IeHHH B ,!{eTeKTOp, pacrroJIO)KeHHblll B BaKYYMe HJIH 'IIICTOM 

rrorJIOTHTeJie. 

4. IIpoxo)K,!{eHne H3JIY1IeHHH B ,!{eTeKTop, pacrroJIO)KeHHblll B H3JIY'IaIOIIIeii H 

paccenBruoIIIeii cpe.ne. 

.[{ruI KIDK,!{Oro BH,!{a 3aJ{a'I BbI6paHbl cxeMbI HeaHaJIOrDBOro MO,!{eJIHpOBaHHH H rrpaBHJia 

IIOCTPOeHHH rrpn6JIH)KeHHOll <pyttKIIHH 11eHHOCTII n COOTBeTCTBYIOIIIHX HeaHaJIOrDBbIX 

pacrrpe.neJieHnii; C03.l{aH aIIrrapaT "yrrpaBJieHHH C'IeToM", II03BOAAIOIIIHii, cpe.nn rrpoqero, 

OCYIIIeCTBJIHTb rrepexo.n OT 0,!{HOll 3JieMeHTapHoii 3aJ{a'IH K .npyroii B rrpo11ecce IIOCTPOeHHH 

TPaeKTopnn. 

4. IlonyqeHHe K0ppenHp0BaHHI,IX pe3yJII,TaTOB. 

qaCTO B03HHKaeT Heo6XO,!{HMOCTb 011eHIITb BKJiaJ{ B pe3yJibTaT OT 'IaCTHU, 

rro6bIBaBIIIHX B TOH HJIH HHOll CHTYaIIHH. .[{ruI IIOJIY'IeHHH TaKHX pe3yJibTaTOB 6bIJI 

pa3pa60TaH MeTO,!{ Me'IeHbIX 'IaCTHII. CYTb MeTO,!{a 3aKJIIO'IaeTCH B CJie.nywIIIeM. 

B HCXO,!{HbIX ,!{aHHbIX peaJIH30BaHa B03M0)KHOCTb 3aKll3bIBaTb MapKil:pOBKY 'IaCTHIIbl 

orrpe.neJieHHbIM THIIOM MeTKII: B 3aBHCHMOCTH OT CHTYaIIHH, B KOTopoii OHa HaxO,!{HTCH , II 

3aJ{aBaTb pe3yJibTaTbI IIO ycJIOBHHM. IlpOCTOe ycJIOBHe rrpe,!{CTaBJIHeT co6oii rrepe'IeHb THIIOB 

MeTOK, KOTOpbIMH ,!{OJI)KHa 6bITb IIOMe'IeHa (HJIH He IIOMe'IeHa) qacru11a. CoorneTCTBYIOIIIHll 
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pe3yJibTaT 3aHOCHTCH JIHIIIb B CJIY1Iae BbIIIOJIHeHHH 3TOro ycJIOBHH. EcJIH ,!{Ba HJIH HeCKOJibKO 

npoCTbIX ycJIOBHll o6'be,!{HHHTb, IIOCTaBHB rrepe.n KIDK,!{bIM 3HaK IIJIIOC (II) HJIH MHffYC (M), TO 

OOJIY'IIIM CJIO)KHOe ycJIOBHe. B 3TOM CJIY1Iae, eCJIH KaKoe-Jin6o rrpOCTOe ycJIOBHe 

BblIIOJIHHeTCH, TO pe3yJibTaT <pHKCHpyeTCH C COOTBeTCTBYIOIIIHM 3HaKOM. CJIO)KHOe ycJIOBHe, B 

qaCTHOCTH, 3a,naeTCH B CJIY1Iae, Kor.na Heo6XO,!{HMO oueHHTb 3<p<peKT BJIHHHHH B03MYIIIeHnli B 

r,!HOroBapHaHTHOM pac'IeTe 3a,na'IH. 

MMeeTCH IIIHpOKil:ll Kpyr 3aJ{a'I (HaIIpnMep, 3aJ{a'IH IIO OIITHMH3aIIHH q>OpMbl H 

COCTaBa 3aIIIHTbl OT H3JIY1IeHHH), B KOTOpbIX IIOJie3HO KOppeJinpoBaTb pac'IeTbl pa3HbIX 

BapnaHTOB 3aJ{a'IH, Kor.na TPaeKTOpHH 'IaCTHII B pa3JIH'IHbIX BapHaHTax B Ha'IaJibHOH CBOeii 

qaCTH, Ha'IIIHaH OT HCTO'IHHKa ,!{0 30Hbl B03MYIIIeHHH, COBIIaJ{aIOT. 3a,na'IH paccMaTPHBaIOTCH 

B CJie.nywIIIeii 06IIIeii IIOCTaHOBKe. 

B CHCTeMy c HCTO'IHHKOM n .neTeKTOpOM BKJiaJ{bIBaeTCH o6'beM V, KOTOphlii BHOCHT 

HeKOTOPYIO HeO,!{HOpO.l{HOCTb B cpe.ny (o6'beM MO)KeT co.nep)KaTb B ce6e .l{eTeKTop). 

Tpe6yeTCH 011eHHTb BJIHHHHe HeO,!{HOpO.l{HOCTH ,!{JlH CJIY1IaeB: 

I. BapHaHTbl C MeHHIOIIIHMCH COCTaBOM. BapHaHTbl OTJIH'IaIOTCH COCTaBOM BeIIIeCTBa, 

3aIIOJIHHIOIIIero o6'beM V. 

2. BapHaHTbl c HapaCTaIOIIIHM o6'beMOM V. PaJMepbl o6'beMa MeHHIOTCH IIO rrpaBHJIY: 

V(l) = V1, V(2) =V1 + V2 , ... , V(k) =V1 +V2 + ... +Vk. 

3. BapHaHTbl c rrepeMeIIIaIOIIIHMCH o6'beMOM. BapnaHThl OTJIH'IaIOTCH TeM, 'ITO o6'beMbl V(i), 

i= l, ... ,k IIOMeIIIaIOTCH B pa3Hble MeCTa CHCTeMbI, rrpn'IeM 3TH o6'beMbl MO~ pa3JIH'IaTbCH 

reoMeTPHeli H COCTaBOM. 

4. BapnaHTbl C B03MYIIIeHHeM KOHIIeHTPaIIHH. MeHHeTCH KOHIIeHTPaIIHH 3JieMeHTOB 
I 

BeIIIecrna, 3aIIOJIHHIOIIIHX HeKOTOPYIO o6JiaCTb CHCTeMbI. Pll3JIH'IHe B KOHUeHTPaIIHH 

3a,naeTCH qepe3 CJIO)KHOe BeIIIeCTBO, COCTaBJieHHOe H3 HeCKOJibKHX rrpOCTbIX BeIIIeCTB: 

MeHHeTCH BeCOBaH KOHIIeHTPaIIHH 0,!{HOro HJIH HeCKOJibKHX BeIIIeCTB (B 'IaCTHOM CJIY1Iae 

MeHHeTCH TOJibKO IIJIOTHOCTb BeIIIeCTBa, 3aIIOJIHHIOIIIero o6JiaCTb), rrpn 3TOM CJMMa 

BeCOBbIX KOHIIeHTPaIIHH ,!{OJI)KHa 6bITb paBHa e,!{HHHIIe. B 3TOM CJIY1Iae ,!{JlH Bcex 

BapHaHTOB 3aJ{a'IH CTPOHTCll e.1U1HaH COBMeIIIeHHaH TPaeKTopnx, COOTBeTCTBYIOIIIM 

HeB03MYIIIeHHOMY Bapnattry, CMeIIIeHne TPaeKTOpHii .l{JlH .npyrnx BapHaHTOB 

KOMIIeHcnpyeTCH COOTBeTCTBYIOIIIHMH BeCOBbIMH MHO)KHTeJillMH [2]. 
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B 33,!{aqax, C00TBeTCTB)'IOmHx CJl)"IruIM 1-3, M0)KH0 BhIJleJIHTb .!{Ba copTa rpaeKTopnu 

- He rrepeceKruomHx 30HY B03MymeHHH ( 0HH XBAAIOTCH o6mHMH ,!{AA BCex BapHaHT0B 33,!{a'Ilf 

H cocrnBnxJOT 6onhlII)'IO qacn Bcex rpaeKTOpHii) H HMeJOmHx o6myro qacn .!{AA Bcex 

BapHaHT0B 3a,naqH .l{0 Tex rrop, rroKa qacnU(a He rrorra,naer B 30HY B03MymeHHH. C yqer0M: 

3TOH oco6eHHOCTH 61,m pa3pa6oTaH H peanH30BaH crre11HanbHbIH crroco6 M0,!{eJIHp0BaHlIJI 

rpaeKTOpHii qacTHI.(. 

CYTb crroco6a: KIDK,ll;0MY BapHaHTY 33,!{aqff C00TBeTCTByeT CBOH H0Mep MeTKH (Ha 

qacTHIIY HCT0qffHKa HaH0CHTCH BCe 3TH MeTKH), rrpH BJieTe qaCTHllhl B B03MymeHHbIH 061,eM, 

oHa pacmerrm1ercx Ha .!{Be qacTHI.(hl - 0.l{Ha rrp0.l{0mKaeT 6ny)l(.l{aHHe B reoMerpHu, 

orneqruomeii BapIIaHTY C B03MymeHHbIM 061,eMOM C MeTKOH, C00TBeTCTB)'IOmeii 3TOMy 

BapHaHry (ocTanhHbie MeTKH CTHpaIOTCH); .l{pyrrur - B reoMerpHII, orneqruomeii BapllaHTy C 

HeB03MymeHHbIM 061,eMOM ( CTHpaeTCH MeTKa, C00TBeTCTB)'IOmrur BapHaHTY C B03MymeHHbIM 

061,eMOM, 0CTanbHbie coxpaHHIOTCH). B ycJI0BHH ,!{AA rronyqeHHH pe3yJihTaT0B ,!{AA KIDK,n;oro 

BapIIaHTa BX0.l{HT C00TBeTCTB)'IOmHii H0Mep MeTKH. 

.D:orrycKaeTCH coqeTaHHe HeCK0JibKHX THII0B B03MymeHIIH, ITPH 3T0M H0Mepa MeT0K 

KIDK,n;0ro nma .l{0JI)I(HbI H,!{TH ITO IT0PMKY (HaHMeHhIIIllH H0Mep C00TBeTCTByer 

HeB03MymeHH0MY BapHaHry) H He M0fYT C0BITaJ{aTb C H0MepaMll MeT0K H3 .l{pyroro Tlllia 

B03MymeHHH. Bee 3T0 IT03B0AAeT IT0Jl)"IaTh B 0.l{H0M pacqere K0ppenup0BaHHbie pe3yJihTaTbI 

,!{AA HeCK0JibKHX ,!{eCHTK0B BapIIaHT0B 33,!{aqff. 

qT06hI IT0~Tb B pacqere pa3H0CTb pe3yJihTaT0B Me)l(.l{y B03MymeHHbIM Ii 

HeB03MymeHHbIM BapIIaHTaMll, He06XO,!{HMO 33,!{aTb CJIO)l<H0e ycJI0BHe, C0CT0xmee H3 .l{Byx 

ITp0CTbIX ycnOBHH C C00TBeTCTB)'IOmllMH 3HaKaMH. 

B ITporpaMMe ITPH3MA..D: cymecrnyeT B03M0)l(H0CTh 33,!{aBaTh H 011eHHBaTh BJIIIHHHe 

mo6oro H3 0ITHCaHHbIX BbIIIIe THIT0B B03MymeHHH. IlpH 3T0M B03HHKaeT .l{0IT0JIHHTeJibHaJI 

ITpo6neMa, CBH3aHHruI C TeM, qro B03MymeHHe, BH0CHM0e B CHCTeMY, BJIHHeT Ha 

pacITpe.l{eJieHIIe T0qeK ,!{eJieHHH (HCTQqHHKa) KIDK,n;0ro BapHaHTa 33,!{aqff. 

.n:nx perrreHHH 3TOH rrpo6neMbI B o6meM CJl)"Iae M0,!{eJIHp0BaHHe IICTOpHii HeiirpoH0B 

B M0.l{yJie OCK ocymecTBAAeTCH ITO cxeMe «ManbIX IITepaQHH ITO .l{eJieHIIHM», T.e. ITp0B0.l{HTCll 

.l{0IT0JIHHTeJibHbie HTepaQHH ,!{AA YCTaH0BJieHHH ToqeK ,!{eJieHIIH. 
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PacqeTI,I q>OHOBbIX ycJIOBHH 3KCnepHMeHTa. 

U:enb pacqeT0B - Bbr6op OITTHManbHOH reoMerpHH H MaTepHan0B .!{AA HeiirpOHHOH 

3amunr H KOJIJIHMaQHOHHOH CHCTeMbI. reoMerpIIH ycTaH0BKH rrpHBe,!{eHa Ha pHC.2. 

KoJIJIHMaQHOHHruI CHCTeMa ycrpoeHa TaKHM o6pa30M, qro6hI cymecTBeHH0 YMeHbIIIIITh 

aep0HTH0CTh II0IIaJ{aHHH B ,!{eTeKTop HeiirpOHOB, p0.l{HBIIIHXCH B aKTHBHOH 30He (A3) 

peaKTopa. OHa HMeeT CJI0)l(H)'IO reoMerpIIIO. CocTaBHOH qacThlO 3TOH CIICTeMhI HBAAeTCH 

KaHan BbIB0,!{a HeiirpoHOB, pacceHHHbIX B pe3yJibTaTe n-n-CTOJIKHOBeHHH B HarrpaaneHHH 

/:(eTeKTopa. OcHOBHhle pe3yJihTaThI, K0T0pbre Heo6XO,!{HMO II0Jl)"IIITh - 3T0 CITeKrp 

HeiirpOHOB, ITaJ{aJOmHx Ha ,!{eTeKT0p, qHCJI0 peaKQHH 
3
He(n,p) B ,!{eTeKT0pe, pacITpe.l{eJieHHbIX 

no BpeMeHu. 

IL a ID I I 
~ 

I 
- 8 I I D 

I 

Puc. 2. reoMerpHx 3KcITepHMeHTanhH0ro KaHana. 

AHanH3 33,!{aqff pacqeTa qJOHOBbIX xapaKTepllCTHK IT03B0JIHJI BbIJleJIHTb cne.l{)'IOmHe 

3JieMeHrnpHhre 33,!{aqff: 

1. 3a,naqa ITp0X0)l(,!{eHHH HeiirpoHOB B KaHan. reoMerpIIH CHCTeMbI - IIHJIHH.l{pHqecKrur, • 
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COOCHlUI C KaHaJIOM. Cnoco6 pewemrn - 3KCnOHeHQllaJibHOe npeo6pa30BaHUe. 

2. 3a,naqa npoxo)KJ(emrn HeihpoHoB B cqiepuqecKHii AeTeKTop, onucaHHbiii BOKpyr 

peWILHoro AeTeKTopa. reoMeTpllil cucTeMbI - cqiepuqecKrur. Cnoco6 pewemui -

3KcnoHeHQHaJlbHOe npeo6pa30BaHHe. 

3. 3a,naqa npOXO)KJ(eHHJl'. HeiiTPOHOB B cqiepnqecKHii AeTeKTop, onHCaHHblll BOKpyr 

peaJibHOro AeTeKTopa. reoMeTPHll'. CHCTeMbl - cqiepnqeCKruI. Cnoco6 peweHllJI - MeTOA 

KOHQeHTPHqecKHX AeTeKTopoB. 

bbIJI npoBeAeH QHKJI CKB03Hb!X pacqi:ToB npoXO)KJ(eHHJl'. HeiiTPOHOB H3 A3 B AeTeKTop. 

PacqenI 6bIJIH npoBeAeHbl ,11ID1 AByx KOJIJIHMaQHOHHbIX CHCTeM. ,ll;IDI nepBoii CHCTeMbl qJOH 

cywecTBeHHO npeBbICHJI npeAnOJiaraeMblll CHrHaJI OT n-n-paccell'.HHbIX HeHTPOHOB. O~aKO, 

Ha 3THX pacqeTax 6oma OTPa60TaHa cxeMa MOAeJIHpOBaHHJl'. no QeHHOCTH, KOToprur 6e3 

3Ha~eJibHbIX H3MeHeHHii npnMeHJl'.JlaCb B nocne,zzyiomnx pacqeTax. bOJiblIIHHCTBO pacqi:ToB 

npoBO~JIOCb ,11ID1 BTopoii CHCTeMbI C KOHnqecKHM KOJIJIHMaTopoM, ucnoJib30BaHHe KOTopoii 

n03BOJIHJIO cywecTBeHHO CHH3HTb qJOH B6JIH3H AeTeKTopa. Ilpn OIITHMH3aQHU 

KOJIJIHMaQHOHHOii CHCTeMbl BapbHpOBaJIHCb COCTaB H reOMeTpllil AHaqJparM H KOHnqecKoro 

KOJIJIHMaTopa. T.K. Ka)KJ(blll pacqeT TPe6yeT 3HaqnTeJibHbIX '.3aTPaT cqeTHOro BpeMeHH, TO 

rrpnMeHll'.JiaCb cxeMa MHOroBapHaHTHoro pacqern, KOrAa B OAHOM pacqi:Te IIOJIY'IaIOTCJl'. 

KoppenupOBaHHble pe3yJibTaTbI ,IIIDI 311,naHHbIX BapHaHTOB Ja,naqn. KpoMe :noro B pacqi:Tax 

lIIHpOKO HCIIOJib30BaJICJl'. crroco6 rronyqeHllil pe3yJibTaTOB no YCJIOBllll'.M. B qacTHOCTH, pa36HB 

CHCTeMY Ha IIOJIOCbI BAOJib OCH KaHaJia H noCTaBHB B COOTBeTCTBUe Ka)KJ(Oll nonoce 

orrpeAeJieHHble HOMepa MeTOK, Mbl rronyqnJIH KBa,npaTffYIO MaTPH11Y pe3YJibTaTOB, KOTOpall'. 

onpeAeJIHJia BKJ!ll,n B HCKOMblli pe3yJioTaT OT HeiiTPOHOB, IIOIIaBlIIHX B AeTeKTop nocne 

coyAapeHllJI B IIOJIOCe II; npn ycJIOBHH, ~o OHH rrepeA 3THM coyAapHJIHCb B IIOJIOCe Ilj

AHWIH3 3IBX pe3yJioTaTOB II03BOJIHJI IIOA06paTb napaMeTpbl HeaHaJiororo MOAeJIHpOBaHllil. 
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H,ll;EPHO-OITTH1IECKIIH IlPEOEPA30BATEJTh KAK ,ll;ETEKTOP HEMTPOHOB 

]l.E.IloB6bIIn, C.I1.Me11bHHKOB, B.T.I1y1mH, A.A.CttHHHCKHii 

P<l>.51[( "BHl111 3KcrrepttMeHTaJJ.bHoii cpmmm" 

1. B HallieM HHCTHryTe (BHl1113<l>) B TeqeHJie rrpHMepHO TpH,[(IJ,arn JieT rrpOBO.LlHTCl! 

HCCJie,[(OBaHirn H.L(epHO-B036)')!(,LlaeMOll IIJia3Mbl II B03MOJKHOCTH C03,[(aHHH Ha ee OCH0Be 

MOIIJ,HbIX HCT0qHHKOB Jia3epHoro II3JiyqeHHH [1]. BrrepBbie reHepaIJ,HH rrpII B036YJK,[(emu1 

Jia3epOB H,[(epHbIMH II3JiyqeHHHMH 6bma rro11yqeHa BO BHl1113<l> B 1972 ro,[(y. TeM CaMbIM: 

6bma BIIepBbie 3KcrrepHMeHTaJJ.bHO ,[(0Ka3aHa B03MOJKHOCTb rrpHM0ro rrpeo6pa30BaHHl! 

».LlepHoii 3Hepnm B Jia3epHoe II3JiyqeHIIe. · 

2 . .[(JIH IIOHCKa Jia3epHbIX cpe,[( C H,[(epHOll HaKaqKoii 6bma He06XO,[(HMa HH«pOpMaIJ,Hll 

0 CIIeKTPax JIIOMIIHeCIJ,eHIJ,IIII rrpII B036)')!(,LleHHH fa30BbIX cpe,[( BbICOKoro ,[(aBJieHHll 

H,[(epHbIMH II3JiyqeHHHMII, B qacTHOCTII, 0CKOJIKaMH ,[(eJieHHH ypatta. TaKHe IICCJie,[(OBaHHll 

rrpoBO,[(IIJIIICb mtMII KaK qacTb Jia3epHOll ITpOrpaMMbl Ha ITpornJKeHHH MHOfHX JieT. 11MeHHO 

IICCJie,[(OBaHHH ITO JIIOMIIHecIJ,eHTHbIM xapaKTepHCTIIKaM fa30BbIX cpe,[( IT03BOJIIIJIH C,[(eJian, 

rrpe,[(ITOJIOJKeHHe O B03MOJKHOCTH C03,[(aHHH HeiiTPOHHOro ,[(eTeKTopa, ITPIIHIJ,HII pa6on,r 

KOToporo 3aKJIJOqaeTCH B ITpHMOM ITpeo6pa30BaHIIII KHHeTHqecKoii 3HeprIIII H,[(epHbIX qacm11 

(HaITpIIMep, OCKOJIKOB ,[(eJieHHH ypatta) B JilOMHHecIJ,eHTHOe II3JiyqeHIIe. 11HTeHCIIBHOCTI, 

JIIOMHHeCIJ,eHIJ,HII II3Mep»eTCH «pOTOITpIIeMHblM YCTPOHCTBOM, pa3MeIIJ,eHHbIM BHe 30Hbl 

o6nyqeHIIH 3a 6IIOJIOfHqecKoii 3aIIJ,HTOll peaKTOpa, OITTIIqecKoe H3JiyqeHHe K 

(pOTOITpHeMHHKY BbIBO,[(HTCH C ITOMOIIJ,blO CBeTOBO,[(a. EcJIII BbIXO,[( CBeTOB0r0 H3JiyqeHIUI 

MOHOTOHHO 3aBIICIIT OT HeiiTPOHHOfO ITOTOKa, TO TaKOll ITpII60p MOJKHO HCITOJlb30BaTb KaK 

HeiiTP0HHblll ,[(eTeKTOp. 

3. lf3 OCHOBHbIX rrpo6JieM, KOTOpble He06XO,[(IIMO peIIIHTb ITpH C03,[(aHHH 

HeiiTPOHHOro ,[(eTeKTopa Ha OCHOBe .51OI1, MOJKHO BbI,[(eJIHTb CJie,[(yIOIIJ,IIe: 

ITOHCK OITTHMaJJ.bHOll JIIOMIIHeCIJ,IIpYJOIIJ,eii fa30BOH cpe,[(bl II H3yqeHHe ee 

xapaKTepIICTIIK; 

pa3pa60TKa TeXHOJI0fIIH II3rDTOBJieHIIH TOHKOITJieHoqHbIX ypaHOBbIX CJIOeB H 

Koprryca ,[(eTeKTopa; 

pa3pa60TKa BOJIOKOHHbIX CBeTOBO,[(OB ,[(JIH Bb!BO,[(a JIIOMIIHeCIJ,eHTHOfO H3JiyqeHHH 3a 

6HOJIOfIIqecKYJO 3aIIJ,HTY peaKTOpa C MHHHMaJJ.bHbIMII ITOTepHMH. 

ITpH BbI6ope fa30B0ll cpe,[(bl ,[(JIH HeiiTPOHHOro ,[(eTeKT0pa Heo6XO,[(HMO yqHTb!BaTb 

PH.Ll TPe6oBaHHii: 

MOHOTOHHaH 3aBHCHMOCTb MOIIJ,HOCTH JIIOMHHeCIJ,eHIJ,IIII OT MOIIJ,HOCTH B036ylK,[(eHHH 

(HeiiTpOHHOfO ITOTOKa); 

Bb!COKOe (oKOJIO 1 aTM) ,[(aBJieHHe cpe,[(bl, KOTOpoe OITpe,[(eJIHeTCH ,[(JIHHOH ITpo6era 

3ap»JKeHHbIX qacTIIIJ, (OCKOJIKOB ,[(eJieHHH ypaHa) B cpe,[(e H ITOITepeqHbIM pa3MepoM 

,[(eTeKTOpa; 

XIIMHqecKaH CTa6HJibHOCTb ra30BOH CMeCII (BOCCTaHOBJieHHe XIIMIIqecKOro cocTaBa 

CMeCH ITOCJie pa.L(Hall,HOHHOfO B03,[(eHCTBIIH II OTC)'TCTBIIe "BbirOpaHHH", CBe,[(eHIIe K 

MHHHMYMY 3cp«peKTa ,[(ecop6IJ,HII Bpe,[(HbIX ITPHMeceii co CTeHOK KIOBeTbr); 

MaKCIIMaJJ.bHO B03MOJKHaH 3cp«peKTHBHOCTb JIIOMHHeCIJ,eHIJ,IIII cpe,[(bl ( OTHOIIIeHHe 

MOIIJ,HOCTH JIIOMIIHeCIJ,eHIJ,IIH K BJIOJKeHHOll B cpe.L(y MOIIJ,HOCTH) Ha OT,[(eJibHblX 

CITeKTPaJJ.bHbIX JIHHHHX IIJIH B HeKOTOpOM ,[(HaIIa30He crreKTPa; 
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cornacoBaHIIe ,[(JIHHbl BOJIHbl CBeTOBOro H3JiyqeHHH C ITOJIOCaMH MaKCHMaJJ.bHOfO 

npoITycKaHHH CBeTOBO,[(a, C IIOMOIIJ,blO K0TOporo CBeTOBOe H3JiyqeHHe Bb!BO,[(IITCH 3a ITpe,[(eJibl 

aKTHBHOll 30Hbl peaKTOpa II IIO,[(aeTCH Ha (pOTOIIpIIeMHIIK. 

113 aHaJIII3a JIHTepaT)'pHblX ,[(aHHbIX H C yqeTOM Ramero OITbITa MOJKHO C,[(eJiaTb 

BbIB0,[(, ~o ,[(JIH ,[(eTeKTopa IJ,enecoo6pa3HO HCIIOJlb30BaTb qHCTbie HHePTHble fa3bl HJIH HX 

CMeCH ITpH ,[(aBJieHHH -1 aTM, KOTOpbie II3JiyqaIOT B BH,[(HMOH HJIH 6JIHJKHeii HK o6nacrnx 

CITeKTPa, ,[(JIH B036)')!(,LleHHH fa30BbIX cpe,[( MOJKHO ITPHMeHHTb CJIOH 
235U C TOJIIIJ,HHOH, 

npHMepHO paBHOll IIOJIOBIIHe ITpo6era OCK0JIKa ,[(eJieHHH B MaTepIIaJJ.e CJIOH. ,[(JIH BbIBO,[(a 

CBeTOBOfO II3JiyqeHHH II3 ,[(eTeKTOpa Hero rrepe,[(aqH Ha OIITHqeCKHii ,[(eTeKTOp CJie,[(yeT 

HCITOJib30BaTb BOJIOKOHHble CBeTOBO,[(bl H3 ITJiaBJieHoro KBapll,a Bb!COKOH qifCTOTbl. 

4. HccJie,[(OBaHHH CITeKTPaJJ.bHO-JIIOMHHHecIJ,eHTHbIX xapaKTepHCTHK HHepTHblX fa30B 

H HX CMeceii HaH6onee ITO,[(p06HO 6bIJIH BbIIIOJIHeHbl Ha HMITYJibCHbIX peaKTopax fHP-2 H 

B11P-2M [2]. 

5. ITepBaH cepHH 3KCITepHMeHTOB 6hma BbIIIOJIHeHa Ha HMITYJibCHOM peaKTope fHP-2 

c ,[(JIHTeJibHOCTblO HMITYJibCa OKOJIO 300 MKC. 

CcpepttqeCKaH aKTHBHaH 30Ha peaKTOpa fHP-2 HMeeT ,[(HaMeTP 300 MM, II3roT0BJieHa 

H3 CITJiaBa MeTaJIJIIIqecKoro ypatta H MOJIII6,[(eHa. AKTHBHM 30Ha OKpyJKeHa OTpaJKaTeJieM 

HeiiTPOHOB B BH,[(e KOJIITaKa c TOJIIIJ,HHOH CTeHOK 60 MM. MaTepHaJIOM OTPaJKaTeJIH HBJIHeTCH 

roMoreHHaH CMeCb IIOJIHIIpOIIHJieHa c OKIICblO Ka,[(MHH, qTo 06ecITeqttBaeT IIOBbIIlleHIIe 

BblXO,[(a faMMa-II3JiyqeHHH II CHHJKaeT B03MyIIJ,eHHH OT BHelllHHX YCTPOHCTB. .[(JIH 6onee 

IIOJIHOro HCITOJib30BaHHH B03MOJKHOCTeii peaKTOpa KaK HCTOqHHKa HeiiTPOHHOfO H3JiyqeHIIH B 

OTPaJKaTeJie IIMeeTCH 6oKOBOe ornepCTHe ,[(HaMeTPOM 300 MM. 

B HMITYJibCHOM peJKIIMe B aKTHBHOll 30He peaKTopa BbI,[(eJIHeTCH 3HeprHH 7 M.[(JK 

(2,7x10
17 

,[(eJieHHii). ITpH 3TOM TeMITepaTypa TOITJIHBa yseJIIIqifBaeTCH ITpIIMepHO Ha 400°C. 

.[(03a raMMa-H3JiyqeHHH 3a BpeMH HMIIYJibCa Ha BHeIIIHeii ITOBepxHOCTH OTpaJKaTeJIH 

COCTaBJIHeT 600 fp; «pJIIOeHC 6bICTPbIX HeiiTPOHOB B ornepCTIIH OTPaJKaTeJIH - 10
14 

CM-
2

. 

6. B 3KCITepHMeHTax Ha 6blCTpOM HMITYJibCHOM peaKTope fHP-2 .HCITOJib30BaJJ.aCb 

KlOBeTa C ITJIOCKHMH ypaH0BbIMH CJIOHMH. CxeMa KIOBeTbl ITOKa3aHa Ha pttc. l. KIOBeTa 

rrpe,[(CTaBJIHeT co6oii repMeTHqHblll KOHTeiiHep, B KpbIIIIKe KOTOporo yCTaHOBJieHbI: a) 
HH,[(YKIJ,HOHHblll ,[(aTqnK ,[(aBJieHHH ,[(JIH OITpe,[(eJieHHH 3HeprOBKJia,[(a ITO CKaqKy ,[(aBJieHHH; 6) 
OITTnqecKHll pa31,eM ,[(JIH IlO,[(COe,[(nHeHHH CTeKJIOB0JIOKOHHOfO CBeTOBO,[(a; e) OKHO H3 

pa.L(HaIJ,HOHHO-CTOHKOro KBapIJ,a KY-1 ,[(HaMeTpOM 15 MM • .[(JIH ysenttqeHHH ITOTOKa TeIIJIOBbIX 

HellTPOHOB KIOBeTa OKpyJKeHa ITOJIH3THJieHOBbIM 3aMe,[(JIHTeJieM C TOJIIIJ,HHOH OKOJI0 30 MM. 

BHYTPH KIOBeTbl pacnoJIOJKeHbl ITapaJIJieJibHO .Llpyr .Llpyry Ha paccTOHHHH 2 CM ,[(Be 

ITJIOCKHe aJJ.lOMHHHeBbie ITJiaCTHHbl C ypaHOBbIMH CJIOHMH. Pa3Mep aJJ.lOMHHHeBbIX ITJiaCTHH -

10x6 CM
2

• Ha o6paIIJ,eHHbie BHYTPb IIOBepXHOCTH ITJiaCTHH MeTO,[(OM MarHeTpOHHOfO 

HaIIbIJieHHH HaHeCeHbl ypaHOBbie CJIOH TOJIIIJ,HHOH 5,6 MrlcM
2 

ITO MeTaJIJIHqecKOMY 
235U. 

YpattOBbie CJIOH ITOKpbITbl TOHKOH aJIIOMHHHeBoii IIJieHKOll TOJIIIJ,HHOH OKOJIO 0,5 Mr/cM
2

• 

AnlOMHHHeBaH ITJieHKa, ITpe,[(Ha3HaqeHHaH ,[(JIH 3aIIJ,HTbl ypaHOBOro CJIOH OT Koppo3HH H OT 

paCITbIJieHHH OCKOJIKaMH ,[(eJieHHH, He3HaqnTeJibHO (Ha 10-15%) CHHJKaeT 3HeproBKJia,[( B fa3 •. 

Y.L(eJibHaH MOIIJ,HOCTb HaKaqKH fa30BbIX cpe.Ll 3aBHCHT OT BH,[(a H ,[(aBJieHHH fa3a. ITpH 

,[(aBJieHHH HeOHa 1 aTM HJIH ,[(aBJieHHH reJIHH 3 aTM y.LleJibHaH MOIIJ,HOCTb HaKa~n B 

MaKCHM)'Me HMITYJibCa ,[(OCTHraeT 1,5 KBT/cM
3 

(0,45 .[(JK/c~). 

ITpn ITpOBe,[(eHHH 3KCITepnMeHTOB KlOBeTa ITOMeIIJ,aJJ.aCb B6JIH3H ITOBepXHOCTH 

aKTHBHoii 30HbI peaKrnpa IBP-2 BITJIOTHYJO K ornepcTHIO B OTPaJKarnne. CxeMa 

3KCITepnMeHTa ITOKa3aHa Ha pnc.2. 
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,lvrn BbIBO,n:a CBeTOBOro H3ll)"IeHH.II H3 KIOBeTbl H ero lpaHCITOpnipOBKH IC 

perHClpHp)'IOIIIeil: arrITaparype HCITOJib30BaJiaCh ITOJIHpOBaHHa.11 H3Hyrpn: aJIIOMHHHeBa.11 TPY6a 

c BHyrpeHHHM /1:HaMelpOM 45 MM n .!l:JIHHOH OKOJIO 5 M. Ha KOHIIe lpy6bl pa3MeIIIeH 

o6beKTHB, C ITOMOIIIhlO KOToporo CBeTOBOe H3JiyqeHne qJOKycnpOBaJIOCb Ha Topel! 

KBapIIeBoro BOJIOKOHHOfO CBeTOBO,n:a .!l:JIHHOH OKOJIO 20 M H BbIBOJIHJiaCb 3a 6nonorn:qecKyio 

3aIIIHT)' peaKTopa B H3MepnTeJinH)'IO KOMHary, r.n:e pacnonaranncn cITeKlporpaqi • 

Ilepe,n: ITpone,n:em1eM 3KcnepnMeHrn KIOBeTa OTKaqnnanacn .n:o ,n:anneHn.11 - 10-4 Topp 

H HaIIOJIH.IIJiaCb HCCJie,n:yeMbIMH fa3aMH. 8 JiaHHOH cepnn 3Kcnepn:MeHTOB HCITOJib30BaJIHCI, 

HHePTHble fa3bl BbICOKOH qncTOThl C KOHIIeHlpaIIneil: ITpnMeceil: MOJieKyJI.11pHbIX fa30B He 

6onee 10-4 %. 

.lvrn H3MepeHH.II CITeKlpOB JIIOMHHeCIIeHIIHH HCITOJib30BaJIC.II cneKlpOMelp s2000 

qinpMnI Ocean Optics. CITeKlporpa<jJ ,n:aer B03MO)KHOCTh pernclpnponaTb cITeKlpbl 

JIIOMHHeCIIeHIIHH B JillaIIa30He 175-875 HM c pa3perneHneM 0.4 HM. B cneKlporpaqie 

HCITOJib3YeTC.II II3C-JinHeil:Ka, COCTa.llIIIa.11 H3 2048 3JieMeHTOB C pa3MepaMH 12,5x200 MKM 

Ka)K.!l:bIH. qyBCTBHTeJibHOCTb CITeKlporpaqia COCTaBJI.lleT 86 qJOTOHOB Ha OTcqeT. CBeTOBOe 

H3ll)"IeHne no,n:ananoch Ha BXOJI cneKlporpaqia C ITOMOIIlblO .!l:JIHHHOro CTeKJIOBOJIOKOHH0fO 

CBeTOBO,n:a (pnc.2). B CB.113H C TeM, ~o .!l:JI.11 CTeKJIOBOJIOKOHHOfO CBeTOBO,n:a Ha6n10,n:aeTCX 

CHJibHOe ITOfJIOIIIeHne CBeTOBOro H3JI)"leHHX B Y<t> o6JiaCTH cneKlpa, peanbHbIH JIHaIIa30H 

pern:ClpaIIHH CITeKlpOB COCTaBJI.lleT ITpnMepHO OT 350 .n:o 875 HM. 

Ilepe.n: npone,n:eHneM 3KcnepnMeHTOB 6bIJia BhlnOJIHeHa a6coJIIOTHa.11 Kann6poBKa 

CITeKlpOMelpa S2000 C ITOMOIIIblO 3TaJIOHHbIX JiaMn H Hail:,n:eHa MalpHIIa noITpanoqHI,IX 

K03qlqJHIIHeHTOB .!l:JI.11 II3C-JinHeiiKH C yqeTOM CITeKlpaJibHOil: qyBCTBHTeJihHOCTH II3C-

3JieMeHTOB. 

AimJIHT)'JIHO-BpeMeHHble xapaKTepncTHKH cneqeHH.11' 51:OII H3)"laJIHCb C nOMOIIIhIO 

KpeMHHeBoro qJOTO,n:no.n:a <t>,l{-256A c BpeMeHHbIM pa3perneHHeM He xy)Ke 5 HC. <t>om.n:no.n: 

n03BOJI.lleT pern:ClpHpoBaTb CBeTOBOe H3ll)"IeHne B .n:narra30He 400-1100 HM, MaKCHMaJibHM 

qyBCTBHTeJibHOCTb - B o6JiaCTH 750-900 HM. 

7. B 3KCnepnMeHTax Ha peaKTope rl1P-2 6nIJIH HCCJie,n:OBaHbl CITeKlphl 

JIIOMHHeCIIeHIIHH HeoHa, KpHITTOHa, KCeHOHa H H3MepeHbl aMITJIHTYJIHO-BpeMeHHble 

xapaKTepncTHKH HMITYJibCOB JIIOMHHeCIIeHIIHH (<jJOTOJIHOJI <t>,l{-256A) n HMITYJibCOB 

JiaBJieHH.11 (.n:a~HK ,l{MI1) npn pa3HbIX HaqaJII,HI,IX JiaBJieHnxx HeoHa, KpHITTOHa H KCeHoHa. 

IlpHMep TaKHX 3aBHCHMOCTeil: ITOKa3aH Ha pnc.3. I-fa JiaHHbIX, ITpnne,n:eHHbIX Ha 3T0M 

pHCyttKe, BH/1:HO, ~o qJOpMa HMnyJinCa JIIOMHHeCIIeHIIHH JIOCTaToqHo xoporno nOBTOpXeT 

qiopMy Heil:lpOHHOfO HMnyJibca. . 

3aBHCHMOCTH CBeTOBbIXO,n:a (pnc. 4) OT JiaBJieHH.11 fa3a .!l:JI.11 HeOHa, KpHITTOHa n: 

KCeHOHa npoBOJIHJIHCb BO BCeM JIHaIIa30He qyBCTBHTeJibHOCTH qiom.n:no.n:a <t>,l{-256A 6e3 

Bbl,n:eJieHH.11 OTJieJibHbIX JIHHHH HJIH yqacTKOB cneKlpa C ITOMOIIIblO CBeTOqJHJiblpOB. 

,l{anneHH.11, npn KOTOpbIX CBeTOBbIX0/1:bI .!l:JI.11 KPHIITOHa H KCeHOHa MaKCHMaJibHbl, COCTaBJIXIOT 

0,15-0.20 aTM, .!l:JI.11 HeOHa - 0,3-0,5 aTM. MaKCHMaJlbHbIH BbIX0/1: JIIOMHHeCIIeHTHOfO 

H3ll)"IeHH.II 3apern:ClpllpOBaH .!l:JI.11 KPHIITOHa. 

CpanHeHne BpeMeHHbIX 3aBHCHMOCTeil: JIIOMHHeCIIeHTHOro H Heil:lpOHHOfO H3JiyqeHHH 

noKa3aHO Ha pnc.5, r,n:e B norapn<jJMnqecKoM Macrnrn6e H3o6pa)KeHbl nepe.n:nne qipoHThI 

HeiiTPQHHOfO H JIIOMHHeCIIeHTHOfO HMnyJinCOB. KaK BHJIHO H3 3THX pncyttKOB, .!l:JI.11 HeoHa ll 

KCeHOHa Ha6JIIO,n:aercx npn6JIH3HTeJibHO JIHHeil:Ha.11 3aBHCHMOCTb Me)K.!l:y BbIXOJIOM 

JIIOMHHeCIIeHTHOfO H3ll)"IeHH.II H HeiilpOHHbIM ITOTOKOM B /l:HaIIa30He ITpHMepHo lpeX 

nopx,n:KOB no HeiilpOHHOMY noTOKy. ,l{JI.11 KpHITTOHa npn JiaBJieHHH 0,2 aTM JIHHeil:HaH 

3aBHCHMOCTb Hapyrnaerc.11. 
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8. Eonee ITO,n:po6HO JIIOMHHeCIIeHTHble xapaKTepncTHKH HHepTHbIX fa30B H HX CMeceil: 

6hIJIH H3yqeHbl B 3KcnepnMeHTax Ha BOJIHOM HMITYJibCHOM peaKTope B11P-2M C 6onee 

,n:JIHHHbIM Heil:lpOHHbIM HMITYJibCOM - OKOJIO 3 MC. 

B peaKTope B11P-2M .11.!l:epHoe TOITJIHBO (ypatt c o6oraIIIeHneM 90 % ITO H30TOITY 
235

U) 

HCITOJin3yeTCX B Bn,n:e pacrnopa COJIH UO2SO4 B 061,1qHoil: no,n:e. O6beM TOITJIHBHOfO pacrnopa 

COCTaBJI.lleT 104 JI, KOHIIeHlpaIIHX ypatta - 67 r/JI. Pacrnop Hax0/1:HTCX B BepTHKaJibHO 

pacITOJIO)KeHHOM IIHJIHH,n:pnqecKOM KOpITyce peaKTopa, KOTOpblil: HMeeT BbICOTY 2 M n 

)lllaMelp OKOJIO 0,7 M ITpH TOJIIIIHHe CTeHOK 65 MM. B JIHHIIIe K0pITyca HMeeTCX BOfHYTa.11 

!IOJiycqiepnqecKa.11 IT0JIOCTb c BHyrpeHHHM JIHaMelpOM 300 MM. 

CncTeMa ynpaBJieHHX H 3aIIIHTbl ,n:aeT B03M0)KHOCTb 3KCnnyaTnpoBaTb peaKTop B11P-

2M n .n:nyx pe)KHMax pa6oTbl - HMITYJibCHOM n CTaTnqeCKOM. B HMIIYJibCHOM pe)KHMe 

)lllaIIa30H JI0CTH)KHMI,IX H IT0BTOpxeMbIX 3HaqeHn:il: 3HeprOBbl,ZieJieHH.II £=5-60 M,l{)K ( OT 

1,7x10
17 

.n:o 2,lx10
18 

,n:eneHnil:). Ornnqn:e 3aIIJiaHnpoBaHHoro n <jJaKTnqecKoro 

::meprOBbl,!leJieHH.11 3a HMITYJibC He ITpeBbIIIIaeT, KaK ITpaBHJIO, ±2,0 M,l{)K. OcHOBHble 

rrapaMelpbl HMITYJihCOB peaKTopa B11P-2M ITpnne,n:eHbl B rn6nnIIe 1. 

B CTaTnqecKOM pe)KHMe ITOCTOXHHbIH ypoBeHb MOIIIHOCTH, Ha KOTOpbIH MO)KeT 6n!Tb 

Bnme.n:eH peaKTOp, Haxo,n:HTCX B npe,n:enax OT ITpaKTnqecKH HyJieBoro 3HaqeHHX .n:o 30 KBT. 

Bo3MO)KeH TaK)Ke BblXOJI Ha 3HaqeHHX MOIIIH0CTH, H3MepxeMble COTHXMH KHJIOBaTT (.n:o 

1 MBT n 6onee B pe)KHMe TaK Ha3hIBaeMoro "KBa3HHMITYJibca"). 

9. ,!{JI.II H3)"leHHX JIIOMHHeCIIeHTHbIX xapaKTepnCTHK 61,ma H3fOTOBJieHa KIOBeTa C 

IIHJIHHJipn:qecKHM ypaHOBbIM cnoeM, KOTOpa.11 XBJIXeTC.11 ITPOTOTHnOM HeHlpOHHOfO 

)leTeKTOpa. B 3TOM cnyqae B036y)K.!l:eHne aKTHBHbIX fa30BbIX cpe,n: ocyIIIeCTBJI.lleTCX 

0CKOJIKaMH .n:eneHHX ypaHa, BhIJieTaIOIIIHMH H3 CJIOX rrpn ero o6nyqeHHH HeiilpOHaMH. CxeMa 

KIOBeTu1 ITpnne.n:eHa Ha pnc.6. 

OcHOBHbIM 3JieMeHTOM fa30BOH KIOBeTbl XBJI.lleTC.11 IIHJIHH,n:pnqecKnil: ypaHOBblil: CJIOil: 

)lJIHHOH 190 MM n BHyrpeHHHM /1:HaMelpOM 28 MM, KOTOpblil: HaHeCeH MeTOJIOM 

:meKlpOJIHTHqecKoro OCa)K.!l:eHHX Ha BHyrpeHHIOIO noaepXHOCTb aJIIOMHHHeBOH lpy6Kn. 

Cnoil: npe,n:cTanJI.lleT co6oil: cMecn oKn:cn (UOV, n 3aKncn (U3O 8) ypatta. Macca 

MernnnnqecKoro ypatta (c o6orameHneM 90% ITO 
23 

U) paaHxeTcx 0,9 r, cpe,n:HAA TOJIIIIHHa 

CJI0.11 no MeTannnqecKOMY ypaHy- 5,2 MflcM
2
• 

Tpy6Ka c ypaHOBbIM CJI0eM IT0MeIIIanacb BHyrpn KOpITyca KIOBeTbl c BHeIIIHHM 

)lHaMelpOM 46 MM. Ha TOpIIax KOPITYCa 3aKpenneHbl ,n:Ba qJJiaHIIa /1:HaMelp0M 135 MM. Ha 

!pJiaHIIax pa3MeIIIeHbl KpaH .!l:JIX OTKaqKn H HaIIOJIHeHH.11 KIOBeTbl nccne,n:yeMbIMH fa3aMH, 

oKHa H3 KBapIIa KY-1 TOJIIIIHHOH 10 MM .!l:JI.11 BbIBOJia CBeTOBOfO mnyqeHHX n 

Manora6apnTHblil: HHJIYKIIHOHHhlil: ,n:a~nK .n:anneHH.11 ,l{Ml1. 

.lvrn ynenn:qeHH.11 ITOTOKa TeITJIOBbIX Heil:lpOHOB KOpITyc KIOBeTbl C ypaHOBbIM CJIOeM 

rroMeIIIeHbl B ITOJIH3THJieHOBbIH 3aMe,n:JIHTeJib C BHyrpeHHHM JIHaMelpOM 46 MM H BHeIIIHHM 

]lllaMelpOM 108 MM. 

II':fe.n: ITpone,n:eHneM 3KcnepnMeHTa KIOBera OTKaqnnanacn .n:o ocTaToqHoro .n:anneHnx 

0KOJIO 10 MM pT. CT. n HaIIOJIH.IIJiaCh HCCJie,n:yeMhIMH fa3aMH. CncTeMa BaKYYMHpOBaHH.11 n 

fa30HaIIOJIHeHH.II, H3fOTOBJieHHa.ll H3 Hep)KaBeIOIIIeil: CTaJIH, COCTOHT H3 JIByxCTyneHqaToil: 

cncTeMbl OTKaqKH, 6aJIJIOHOB C pafioqHMH fa3aMH, cpe,n:CTB H3MepeHH.11 BaKYYMa H JiaBJieHH.11 

fa30B. ,!{JI.II HaIIOJIHeHH.11 KIOBeTbl HCITOJib30BaJIHCb HHepTHble fa3bl He, Ne, Ar, Kr, Xe 

Bb!COKOH qn:cTOTbl c co,n:ep)KaHHeM OCHOBHOfO fa3a He MeHee 99,994 %. KOHIIeHlpaIIHH 

npnMeceil: N2, CO2, C~, 02, H 2 n H 2O He ITpen1,1rnann cooTBeTCTBeHHO 3-10-4, 1-10·5, 1-10-
5
, 

1-10-4, 2•10-4 H 3·10-4 %. 
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10. IlpH rrpoBe,LleHHH 3KcrrepHMeHT0B ra30Bru! KIOBeTa II0Memarrach B ueHTPa.JihHLIU 

Kattarr peaKTopa BHP-2M c BHyrpeHHHM ,LIHaMeTP0M 142 MM. B 3KcrrepnMeHTax Ha peaKTope 

BHP-2M pa3MemeHne pemcTPnpyromeil: arrrraparyphr B6JIH3H raJoBoii KIOBeThI 3aTPY.LIHeHo 

TeM, 'ITO 3Ta arrrrapaTYPa II0,LIBepraeTCll B03,LleHCTBHIO HHTeHCHBHhIX HMIIYJILC0B 

HeHTPOHHOro H raMMa H3JI)"IeHHH. B CBll3H C 3THM CBeT0B0e H3JI)"IeHHe H3 KIOBeTI,r 

BhIB0,LIHJI0Ch 3a rrpe,LleJihI 6nonomqecKoil: 3all\HThI H perHCTPHP0Ba.JI0Ch !pOTOIIpHeMHHKaMH. 

B ,LlaHHhIX 3KCIIepnMeHTax HCII0Jib30Ba.JIHCh TPH cxeMbI H3MepeHHH B 3aBHCHM0CTH OT 

pe=Ma pa6oThl peaKTopa: 

HMnVllbCHblU pe:JICUM. ra3oBruI KIOBeTa pacrronararracL B aKTHBHOH 30He peaKTopa. 

~ BhIB0,Lla CBeT0B0ro H3JiyqeHHll H3 aKTHBHOH 30Hhl H ero TPaHCII0pTHp0BKH K 

perHCTPHpyromeil: arrrraparype HCII0Jih30Ba.JiaCb II0JIHpoBaHHruI H3HyrpH a.JIIOMHHHeBrui TPY6a 

C BHyrpeHHHM ,LIHaM~0M 66 MM. qaCTh CBeT0B0ro H3JI)"IeHHll, 0TPa)KeHHoro OT 

rrp03paqttOH KBapueBOH IIJiaCTHHhI, II0,LlaBa.JiaCb Ha !pOT03JieMeHT <l>-28, K0T0pLril: 

pemcTPHP0Barr cpopMy CBeT0Boro HMIIYJihCa. B HeK0T0phrx cnyqruix (rrpn Karrn6poBKe .5IOIT 

co CMeChlO Ne-Kr) HCII0Jih30Ba.JICll !pOT03JieKTpOHHhIH YMH0)KHTeJih <l>3Y-119. PaCCTOllHHe 

OT 0KHa KIOBeThI ,LIO KBapueBOH IIJiaCTHHhI (.LIJIHHa a.JIIOMHHHeBOH TPY6Lr)- 550 CM. CBeTOBOe 

H3JI)"IeHne, rrpoIIIe,1:1IIIee KBapueByro rrnacTHHY, cpoKycnpoBarrocb Ha Topeu KBapueBoro 

M0H0B0JI0K0HH0ro CBeT0B0,Lla ,LIJIHHOH 30 M (.LIHaMeTP B0JI0KHa - 62,5 MKM) n BhIB0,LIHJiaCL 3a 

6nonomqecKyro 3amnTy peaKTopa B rryJihT0BYIO, r,1:1e pacrronararrcH crreKTPOrpacp S2000 

cpnpMhI Ocean Optics. 

Pe:J/CUM "K6Q3UUMnVllbC06". Ilpn pa6oTe peaKTopa B pe)KHMe "KBa3HHMIIYJihCOB'' 

rrp0B0,LIHJiaCb rrpoBepKa pa60TOCIIOC06HOCTH .5IOI1-,LleTeKTOpa H ero Ka.JIH6pOBKa rrpH Ma.JILIX 

HeHTPOHHhIX II0T0Kax. ,[(JIJi perHCTPauHH JIIOMHHecueHTH0ro HMIIYJibCa HCII0Jih30Ba.JICll 

!pOT03JieKTPOHHhIH YMH0)KHTeJib <l>3Y-119, KOTOpbIH pa3Memarrcl! B rryJihTOBOH BMeCTO 

crreKTporpacpa S2000. JlIOMHHecueHTH0e H3JI)"IeHHe Ha <l>3Y-119 II0,LlaBa.JI0Ch c II0M0ll\bIO 

aJIIOMHHHeBOH TPY6hr n B0JI0K0HH0ro CBeT0B0,Lla (CM. pnc.2). 

Cmamu'leCKUU pe:JICUM. IlpH pa6oTe peaKTopa B CTaTHqecK0M pe)KHMe M0ll\H0CTb 

JIIOMHHecueHTH0ro H3JI)"IeHHll 6bma MHHHMa.JibHOH. B 3T0M cnyqae aJIIOMHHHeBruI TPY6a 

0TCYTCTB0Ba.Jia. JlIOMHHecueHTHOe H3JI)"IeHHe rrepe,LlaBa.JI0Ch Ha qJOT03JieKTPOHHblli 

YMH0)KHTeJib <l>3Y-119 C II0M0ll\hlO T0JibK0 B0JI0K0HH0ro CBeT0B0,Lla. IlpH 3T0M 

O,LIHOJIHH30BhIH ofo,eKTHB pa3Memarrcll Cpa3y )Ke 3a 0KH0M KIOBeThI. 

11. B 3KCrrepnMeHTax Ha peaKTope BHP-2M nccne,1:10Batthr HHepTHhie raJhI He, Ne, 

Ar, Kr, Xe n .LIBOHHhre cMecn He-Ne(Ar,Kr,Xe); Ne-Ar(Kr,Xe); Ar-Kr(Xe); Kr-Xe. B 

,LlaHHhIX 3KCIIepHMeHTax, r,1:1e HCCJie,LI0BaHhI Bee JIHepTHbie ra3bI U Bee HHTepeCHbie · ,LIJilI 

rrpaKTHqeCKHX rrpnMeHeHHH KOM6HHaUHH HX ,LIBOHHhIX CMeceil:, ,LlaBJieHHe 0CH0BH0r0 

K0MII0HeHTa (6ycpepHoro ra3a) B 3aBUCHM0CTH OT ero BH,Lla paBHllJI0Ch 0,23-1,8 aTM, a 

K0HUeHTPauHll IIpHMeCH - 0,1-3,3 %. ,[(aBJieHHll ra30BhIX cpe,1:1 BhI6Hpa.JIHCh TaKIIM o6pa30M, 

qT06bI 3HeproBKJia,LlhI B HHX 6hIJIH 0,LIUHaK0Bhl (3a HCKJIJOqeHHeM KCeHoHa, .LIJIJl K0Toporo 

H3MepeHHll 6bIJIH BhIII0JIHeHhl IIpH TPeX pa3HhIX ,LlaBJieHHHX). 

B Ta6nnue 2 rrpe,LICTaBJieHbI Bee HCCJie,LloBaHHhie UHepTHbie ra3hI n HX CMeCH. B 3TOH 

)Ke Ta6JIHUe rrpHBe,LleHhI Haqa.JihHbie ,LlaBJieHHH; CKaqoK ,LlaBJieHUll, H3MepeHHhlH ,Lla~K0M 

,LlaBJieHHll, y,1:1eJihHhIH 3HeproBKJia,LI 3a HMIIYJibC H aMIIJIHT)',Lla cnrnarra C tpOTOIIpHeMHHKa; ' 

12. K oco6eHHOCTl!M ,LlaHHhlX 3KcrrepnMeHT0B cJie,LlyeT 0THeCTH TO o6CTOllTeJibCTB0, 

'ITO H3MepeHne CIIeKTPa.JihHhIX xapaKTepHCTHK ,LIJIJi BCex HHepTHhlX ra30B H HX CMeceil: 

BhIII0JIHeH0 B 0,LIHHaK0BhIX 3KCrrepHMeHTaJlhHhlX YCJI0BHllX, 'ITO IT03BOJIJieT cpaBHHBaTh 

HHTeHCHBH0CTH Bcex 3ap.emCTPHP0BaHHhIX JIIOMHHecueHTHhIX JIHHHH. 
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Ha pHc.7 n pnc.8 B Kaqecrne rrpnMepa rrpnBe,LleHhI arrrrapaTYPHhre crreKTPhl .LIJIJl 

CMeceil: Ne-Kr H Ar-Xe. ,[(JIJl T0ro, 'IT06hl M0)KH0 6bIJIO CpaBHHBaTb HHTeHCHBH0CTH BCex 

3apemCTPHP0BaHHhIX crreKTPa.JihHbIX JIJJHHH Heo6XO,LIUMO BhlII0JIHUTh K0ppeKTHp0BKY 

arrrrapaTYPHLIX crreKTP0B, 3apemcTPHP0BaHHhIX crreKTPorpacpoM S2000. 

B ,LlaHHhIX 3KCrrepHMeHTa.JihHhIX ycJI0BHllX HCKa)KeHHll CIIeKTP0B MO~ rrp0HCX0,LIHTb 

no CJie,Llyroll\HM 0CH0BHhlM rrpnqHHaM: a) 3aBHCHM0CTh qyBCTBHTeJibH0CTH .LIHtppaKUHOHHOH 

perrreTKH H I13C-3JieMeHTOB OT ,LIJIHHhI B0JIHhI CBeT0B0ro H3JI)"IeHmr; 6) H3MeHeHHe 

nporrycKaHUll KBapueBoro 0KHa KIOBeThI rrpH o6nyqeHHH; e) 3aBHCUM0CTb rrporrycKaHHll 

KBapueBoro CBeT0B0,Lla OT ,LIJIHHhI B0JIHhI; 2) 3aBHCHM0CTh K03!pqJHUHeHTa rrporrycKaHHll 

aJIIOMHHHeBOH TPY6hr OT ,LIJIHHhI B0JIHhl. B rrpoBe,LleHHhIX 0IIbITax Y.Lla.JI0Ch II0JI)"IHTh pattee 

0TCYTCTByIDmHe ,LlaHHbie 06 HHTeHCHBH0CTllX rrpHMepH0 150 aT0MapHhlX, M0JieKyJillpHLIX H 

H0HHhlX JIHHHH B ,LlllaITa30He crreKTPa 350-875 HM. 3TH JIUHHH rrpHHa,LIJie)KamHx rrepeX0,LlaM 

HeI (5 JIHHHil.), NeI (29), Ari (16), Arll (10), KrI (17), KrII (11), XeI (19), XeII (10), N2 (1), 

N/ (3), NI (15), OI (9), CI (7). CKoppeKTHpoBaHHhre HHTeHCHBH0CTH crreKTPa.JihHhIX JIHHHH 

JIIOMHHecueHUHU orry6JIUKOBaHbI B [3] B BH,Lle Ta6JIHU. B Kaqecrne rrpnMepa rrpnBe,LleHa 0,LIHa 

n3 HHX (rn6nuua 3). 

IlonyqeHHbre ,LlaHHbie rrpe,LICTaBJIJilOT HHTepec He T0JihK0 ,LIJill HeHTPOHHOro ,LleTeKT0pa 

Ha ocHoBe H,LlepHo-orrnrqecKoro rrpeo6pa3oBattHH. HHcpopMauHH no crreKTPaM 

JIIOMHHecueHUHH Heo6xo,LIHMa ,LIJIJi II0HHMaHHll KUHeTHKII rrpoueccoB c yqacTneM H0H0B, 

:meKTP0H0B H B036~eHHhIX aT0M0B B IIJia3Me UHepTHhIX ra30B, a TaK)Ke ,LIJIJi II0UCKa cpe,1:1, 

K0T0pbie M0)KH0 llCII0Jih30BaTh rrpn C03,LlaHHH CUUHTHJIIDIUU0HHhIX ,LleTeKTopoB HJIH 

llCToqHHK0B Jia3epHoro H3JI)"IeHHll. B 6JIH)KaHIIIeM 6y,1:1ymeM Mhl rrpe,LIII0JiaraeM U3)"IUTb 

crreKTpbl JIIOMUHecueHUUH B ,LlllaIIa30He ,LIJIUH B0JIH OT 1 ,LIO 2 MKM. B HaCT0llmee BpeMll TaKru! 

llH!pOpMauHll rrpaKTnqecKH 0TCYTCTByeT. 

13. PacCMOTPHM 6onee rro,1:1po6HO pe3yJihTaThI, K0T0phie II0Ka3bIBaIOT CBll3h Me)K,Lly 

BbIX0,LI0M JIIOMUHecueHTH0ro H3JI)"IeHHll U Heil.TpOHHhlM II0T0K0M. 

B rrocne,1:1y10mnx 3KCrrepHMeHTax ,LIJIJi 6onee ,LleTa.JihH0ro H3yqeHHll 3aBHCHM0CTH 

JIIOMUHecueHTH0ro BbIX0,Lla OT HeHTPOHHOro II0T0Ka HCII0Jih30Ba.JiaCb cMeCb Ne-Kr (1,7 % 

Kr) rrpH ,LlaBJieHHU 0,64 aTM. 

Ha pnc.9 n pnc.10 B Kaqecrne rrpnMepa II0Ka3aHhI HMIIYJihChI HeiiTP0HH0ro n 

cBeToBoro H3JI)"IeHHll .LIJlll .LIByx pa3HhlX HMIIYJihC0B peaKTopa BHP-2M (E = 55,2 n 12,8 

M,[()K). B 3THX 3KcrrepnMeHTax HCII0Jih30Ba.JiaCh CMeCh Ne-Kr (1,7% Kr) rrpH ,LlaBJieHHH 0,64 

aTM. ,[(Jill perHCTPauHn JIIOMHHecueHTH0ro H3JI)"IeHHll HCII0Jih30Ba.JICll qJOT03JieKTPOHHhIH 

YMH0)KHTeJib <l>3Y-119. AHarrornqHhle pe3yJihTaTbr II0JI)"IeHhl TaK)Ke ,LIJill ,1:1pymx ra30BhIX 

cpe,1:1. ~ 60JihIIIHHCTBa ra30BhIX cpe,1:1 cpopMbl HMIIYJihC0B JIIOMHHecueHUHH H HeiiTpOHHOro 

H3JI)"IeHHll 6JIH3KH ,1:1pyr ,1:1pyry. 

lf3 ,LlaHHhIX, rronyqeHHhIX .LIJIJl cMecn Ne-Kr rrpn pa6oTe peaKTopa B HMIIYJibCH0M 

pe=Me BH,LIH0, 'ITO cpopMa HMIIYJibCa JIIOMHHecueHUHH xoporrro II0BT0plleT cpopMy 

HeHTPOHH0ro HMIIYJibCa (pnc.9, pnc.10), 'ITO CBH,LleTeJibCTByeT 0 JIHHeHHOH 3aBHCHM0CTH 

Me)K,Lly BhIX0,LI0M JIIOMHHecueHTH0ro H3JI)"IeHHll H HeHTPOHHbIM II0T0K0M. TaKOH xapaKTep_ 

3aBHCHM0CTH ofo,llcHlleTCll TeM, 'ITO xapaKTepHhie BpeMeHa Bcex IIJia3MeHHhIX rrpouecC0B B 

ra30BhlX cpe,1:1ax, rrpHB0,Llllll\HX K 3aCeJieHHIO B036y)K,LleHHhIX COCTOllHHH aT0M0B, H BpeMeHa 

)KH3HH B036~eHHhIX COCTOllHHH 3HaqnTeJihH0 MeHbUie ,LIJIHTeJILH0CTH HeHTPOHHOro 

HMIIYJihCa (HMIIYJihca B036~eHHH). 

,[(JIJl H3)"IeHHll CBll3H Me)K,Lly CBeT0BbIX0,LI0M H HeiiTP0HHhIM II0T0K0M B TeqeHHe 

6onee ,LIJIHTeJihHhIX rrpoMe)KYTK0B BpeMeHH 6hlJIH BhlII0JIHeHhI H3MepeHHll HHTeHCHBH0CTH 

JIIOMHHecueHUHH rrpH pa6oTe peaKTopa BHP-2M B KBa3HHMIIYJihCH0M n CTaTnqeCK0M 
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pelKHMax. PeruC-rpfillIDI JllOMHHecu;eHrnoro HJJiyqeHmI ocyiu;ecrnrumacb C nOMOIIIhIO <1>3Y. 

119. B pelKHMe "KBaJHHMnyJibca" nHKOB!llI MOIIIHOCTh, BhmeIDIIOIII!llICH B a.KTHBHOil: JOHe 

perucropa, ,l{OCTHraJia l MBT, a npH pa6oTe perucropa n CTaTH''leCKOM pe)l(HMe MaKCHMaJihHax 

MOIIIHOCTb COCTaBJUIJia OKOJIO l KBT. l-:13 peJyJihTaTOB HJMepeHHH, npHBe,neHHhlX Ila pHc.11 ll 

pHc.12, BH,l{HO, 'ITO HHTeHCHBHOCTb JllOMHHecu;eHTHOro HJJiyqeHIDI ,l{OCTaTO'IHO xopouro 

"cJie,nHT" Ja HJMeHeHHeM nJIOTHOCTH nOTOKa Heil:-rpOHOB. 

14. ,[(IDI TOro 'IT06hI 51OII MO)l(HO 6hIJIO HCnOJihJOBaTb KaK Heil:-rpOHHhlll ,l{eTeKTop 

Heo6XO,l{HMO, 'IT06bI Bh!XO,l{ JIIOMHHecu;eHTHOro HJJiyqeHIDI MOHOTOHHO JaBHCeJI OT 

Heil:-rpOHHOro nOTOKa. HannyqIIIHll BapHaHT - JIHHeil:H!llI JaBHCHMOCTh • .[(eil:CTBHTeJibHO, ecn1:1 

no,nneCTH HTOr cpanHeHHIO q>OpM JllOMHHecu;eHTHbIX H Heil:-rpOHHbIX HMITYJibCOB npH pa3HbIX 

pe)l(HMax pa6oTbI perucropa BMP-2M, TO MO)l(HO CKaJaTh, 'ITO CBeTOBhIXO,l{ JIHHeil:HO JaBHCl!T 

OT nJIOTHOCTH nOTOKa Heil:-rpOHOB B nmpOKOM ,l{HaIIaJOHe 108 
- l 0 16 

CM
02

•c·
1 

(pHC.13). 

15. B ,l{aHHb!X 3KCnepHMeHTax CBeTOBOe HJJiyqeHHe nepe,naBaJIOCb HJ 51OII Ha 

qiomnpHeMHOe yc-rpoil:CTBO c nOMOiu;bIO CBeTOBO,l{HOll -rpy6hI H (HJIH) CTeKJIOBOJIOKOHHOro 

CBeTOBO,na. IIpH PaJMelu;eHHH Heil:-rpOHHhIX ,neTeKTopoB Ha OCHOBe 51OII BHYTPH a.KTHBH0U 

JOHhI peaKTopa Han6oJiee npHeMJieMhIM cnoco6oM nepe,na'IH cneToBoro HJJiyqeHHH Ha 

q>OTOnpHeMHbie yc-rpoil:CTBa HBIDieTCH HCnOJibJOBaHHe CTeKJIOBOJIOKOHHbIX CBeTOBO,l{OB. B 
3TOM cnyqae Heo6xo,nHMO peIIIHTh ,l{Be OCHOBHbie npo6JieMhI: a) cornaconaHHe ,l{JIHHhl BOJIHhI 

CBeTOBOro HJJiyqeHIDI 51OII C OKHaMH np03pa'IHOCTH CBeTOBO,na, 6) HJMeHeHHe 

npoJpa'IHOCTH CBeTOBO,na no,n ,neil:CTBHeM peaKTOpHbIX HJJiyqeHHll (pa,nHfillHOHHaH 

CTOHKOCTh CBeTOBO,na). Han6oJiee no,nxo,nHlu;HMH ,l{IDI 3THX u;eJieH HBJIHIOTCH KBapu;eBhie 

CBeTOBO,l{hl, KOTOphie HMeIOT MHHHMaJihHble OnTH'IeCKHe noTepH n MK o6JiaCTH cneK-rpa, r,11e 

Ha6JIIO,l{aeTCH 3q>q>eKTHBH!llI JIIOMHHecu;eHU:HH HHepTHbIX raJOB, H MaKCHMaJibHYJO 

pa,nHfillHOHHyIO CTOHKOCTb. CTOllKOCTb npOMbIIIIJieHHOro CBeTOBO,lla He ,l{OCTaTO'IHa ,l{JIH 

HCnOJibJOBaHHH B ycJIOBmIX perucropHoro HJJiyqeHIDI, n03TOMY B HaIIIeM HHCTHTYTe 6bIJill 

rrpone,neHbl 3KcnepHMeHTaJibHbie HCCJie,!IOBaHIDI no BJIHHHHIO KOHU:eH-rpfillHH pa3JIH'IHhIX 

,no6anoK ,nIDI nOBbIIIIeHIDI pa,nHau;HOHHOil: CTOHKOCTH CBeTOBO,l{OB [ 4]. 

16. B Kaqecrne MaTepHaJia CJIOH ,11eIDI1u;erocx ne1u;ecrna MH 51OII MO)l(HO, B 

npHHU:Hne, HCnOJibJOBaTb PaJJIH'IHbie HJOTOnhI (235U, 239
Pu, 

238U, 232To H ,np. ). .[(mi: 
peruC-rpfillHH TeIIJIOBblX Heil:-rpOHOB u;eJiecoo6paJHO npHMeHHTb 

235U HJIH 
239

Pu, a ,l{JIH 

perHC'IJlfillHH 6bIC1JlhlX HeH-rpOHOB -
238U, 232Th H ,np., KOTOpbie HMeIOT 3HepreTH'IeCKHH 

nopor ,!ICJICHIDI. B ,l{aHHbIX 3KCnepHMeHT3X 6bIJIH HCnOJihJOBaHbI TOHKHe CJIOH 
235U, 

TeXHOJIOrIDI HJroTOBJieHIDI H CBOHCTBa KOTOpbIX ,!IOCTaTO'IHO xopoIIIO HJyqeHbl BO BHMM3<I> 

H B HMMAP (r. ,[(HMH-rponrpa,n) [5]. McnhITaHHH cJioen HJ 
235U, BhlnOJIHeHHhie Ha perucrope 

PET-6 ,no Heil:-rpOHHhIX qimoeHCOB ~ 10
2° CM

02
, nOKaJaJIH, 'ITO pecypc pa60Tbl MeTaJIJIH'ICCKHX 

CJIOeB C Jalu;HTHOH aJIIOMHHHeBOll nJieHKOll npeBOCXO,!IHT 0, 1 % no BhiropaHHIO, a ,llIDI 

HHTepMeTaJIJIH,l{HbIX CJIOeB - 0,4%. IIpH 3TOM CTa6HJibHOCTh OCHOBHhlX xaprucrepHCTHK CJIOeB 

OCTaBaJiaCb BhICOKOll. 

17. K HaCTOHIIIeMy BpeMeHH HaH60JibIIIee pacnpoc-rpaHeHHe B Ka'Iecrne ,l{eTCKTOp0B 

Heil:-rpOHOB Ha perucropax nOJiyqHJIH HOHHJfillHOHHbie KaMepbl [6]. IIpH 0,l{HHaKOBh!X 

npo6JieMax TeXHOJIOruH HJroTOBJICHHH H pecypca 51OII HMeIOT PH.II BhITO,l{HbIX OTJIH'Il!H OT 

KaMep ,11eJieHIDI: OTCYTCTBHe HanpH)l(CHIDI nHTaHIDI Ha ,naT'Il!Ke, 6ecKa6eJihHhlll BbIB0.11 

CHrHaJia HJ aKTHBHOll JOHhl perucropa, OTCYTCTBHe Heo6XO,!IHMOCTH ycTaHOBKH annapaTYPbl 

ycHJieHIDI CHrHaJia B Henocpe,!ICTBeHHOll 6JIHJOCTH OT ,11aT'Il!Ka, BOJMO)l(HOCTb nO,!IKJIIO'ICHillI 

TeCTHPYIOIIIHX HCTO'IHHKOB OIITH'IeCKOro HJJiyqeHIDI Henocpe,nCTBCHHO B KaHaJI nepe,na'IH 

CHrHaJia OT ,naT'Il!Ka K npHeMHHKY 6eJ YMeHbIIIeHIDI xaprucrepHCTHK Ha,l{e)l(HOCTH KaHaJia, qTO 

nOJBOIDieT npOBO,l{HTb ,l{HarHOCTHKY H KaJIH6pOBKY KaHaJia nepe,na'Il! H o6pa6oTKH CHmaJia B 
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peaJibHOM MaCIIITa6e BpeMeHH, BOJMO)l(HOCTb ynpaBJieHHH C nOMOiu;hIO onTH'ICCKoro CHrHaJia 

, ftaT'Il!Ka Henocpe,11cTBeHHO CHJIOBbIM q>OT03JieK-rpOHHbIM KJIIO'IOM, KOTOpblll pa3MbIKaeT 

3JieK-rpH'IeCKHe u;enH cpe,!ICTB anapHil:HOll Jalu;HThI. raJOBbie 51OII MO~ pa6oTaTb KaK 

fteTeKTOpbl H,llepHbIX qacTHu; B pa3JIH'IHhIX pe)l(HMax: B C'IeTHOM CU:HHTHJIIDIIIHOHHOM 

pelKHMe, Kor,na IIJIOTHOCTh nOTOKa peruc-:rympyeMhIX 'IaCTHU: nponopU:HOHaJibHa 'IaCTOTe 

}IMilYJlhCOB C q>OTonpHeMHOro yc-rpoil:crna ,!ICTeKTOpa, B peJKHMe KBaJHHenpepbIBHOro 

pa,nHOJIIOMHHecu;eHTHOro cBe'IeHHH H pe)l(HMe JiaJepHOH reHepau;HH. B nocne,11HeM CJiyqae 

j!OIT npe,ncTaBIDieT co6ott JiaJep c H,llepHOH HaKa'IKOH, KOTOpbIH HBIDieTCH noporoBbIM 

yc-rpoil:CTBOM, cpa6aTbIBaIOiu;eM npH onpe,11eJieHHOM ypoBHe Heil:-rpOHHOro noTOKa, H 3TO 

CBOHCTBO mnepa MOJKeT 6bITh HCnOJih30BaHO B CHCTeMaX aBapHHHOll OCTaHOBKH peaKTopa 

opH oIIIH6Ke onepampa B Bb16ope -rpe6yeMoro nepHo,na paJroHa perucropa. IIopor 

cpa6aTbIBaHIDI JiaJepHoro 51OII MOJKHO HJMeHHTb Ja C'IeT Bb16opa raJOBOH cpe,llbl, aKTHBHOH 

)IJIHHhl cpe,l{bI H K03q>q>Hu;HeHTOB 0-rpaJKeHIDI JepKaJI peJOHaTOpa. MaKeT no,1106Hoii CHCTeMbI, 

K0TOp!llI He no-rpe6IDiei 3HepruH, B COCTaBe KOTopoil: OTCYTCTByIOT 3JieK1J)H'IeCKHe CHrHaJihl, 

npe,l{JloJKeH B pa6ore [7]. 
18. TaKHM o6paJOM, BOJMO)l(HOCTh COJ,llaHIDI Heii-rpOHHOro ,11eTeKTopa Ha OCHOBe 

mepHO-OIITH'IeCKOro rrpeo6paJOBaTeIDI npe,11cTaBIDieTCH BnOJIHe peaJihHOll. IIpoTOTHn 

Heil:-rpOHHOro ,neTeKTopa B ,l{aHHbIX 3KCnepHMeHT3X noKaJaJI CBOIO pa6orncnoco6HOCTb. 

/J;aJibHellIII!llI pa6oTa HanpanJieHa Ha peIIIeHHe HaY'IHhlX H TeXHOJIOrH'IeCKHX npo6JieM, 

CBHJaHHh!X C COJ,l{aHHeM MHHHaTIOpHoro Heil:-rpoHHOro ,neTeKTopa C 6oJibIIIHM pecypcoM 

pa6oThl. 
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2 3 4 5 6 7 8 

PHc.1. CxeMa 5IOII c 1mocKHMH ypaHOBhIMH cJIOjjMH: 1 

CBeTOBO.n; 2 - q>OKycHpyIOll\Hll 061,eKTHB; 3 - ITOJIHpOBaHHM 

4 - OKHO .LIJljj BbIBO.L(a H3JI)"IeHHjj; 5 - KpbIIIIKa KIOBeTbl; 6 

ITOJIH3THJieHOBblll 3aMe,LIJIHTeJib; 8 - ITO,LIJIO)KKa CO CJIOeM 
235

U. 

2 

3 

4 l 

6 

- cTeKJIOBOJIOKOHHblll 

aJIIOMHHHeBM Tpy6a; 

Kopnyc KIOBeTbI; 7 

"---

PHc.2. CxeMa 3KcnepHMeHTOB: 1 - aKTHBHM 30Ha peaKTopa I'I1P2, 2 - OTpa)KaTeJib 

HeUTpOHOB, 3 - ornepcTHe .LIJljj BbIBO.L(a HeUTpOHHOro H3JI)"IeHHjj, 4 - 5IOII C ITJIOCKHMH 

ypaHOBbIMH , CJIQjjMH, 5 - IIOJIHpOBaHHM aJIIOMHHHeBM Tpy6a, 6 - o6'beKTHB, 

7 - KBapneBblll CBeTOBO,LI, 8 - OIITH'IeCKHll pa3BeTBHTeJib, 9 - q>OTO,LIHO,LI <l>L(-256A, 10 -

cneKTporpaqi S2000. 
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PHc.3. I1MITYJibCbl CBeTOBOro H3JI)"Iefflijj (1), HeHTpOHHOro H3JI)"IeHlijj (2) H CKa'IKa.ztaBJiefflijj 

(3) .LIJljj HeOHa npH JtaBJieHHH 0.6 aTM. 
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PHc.4. 3aBHCHMOCTb BbIXO.zta JIIOMHHec[leIITHoro H3JI)"Iefflijj OT Ha'IIDII,HOro .ztaBJieHHjj HeoHa. 
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Pnc.5. CprumeHne rrepe.D,HllX q>pOHTOB llMrryJibC0B JIIOMHHecn;eHTH0ro (1) n 

HeiiTP0HH0ro (2) ll3JiyqeHnii rrpn .D,aBJieHllll KCeH0Ha 0.16 aTM. 

Ta6nuu:a 1 

OcHOBHhle napaMeTphl nMrryJILC0B peaKTopa BHP-2M npu JueprnBLmCJieuuu 60 ~ 

MHHllMaJibHbIH rrepll0.D, HapacTaHllll: M0!Il;H0CTll, MC 1,03 

IloJiy11mpnua llMIIYJibCa, MC 2,6 

Cpe.D,HJIJI JHeprnJI ueiiTPOHOB B JKcrrepnMeHTaJihHhIX KaHaJiax, MJB 0,65 

Cpe.D,HJIJI JHeprnJI raMMa-KBaHT0B, MJB 1,6 

IloJIHhIH q>JIIOeHc HeiiTPOHOB, 1014 cM·
2

: 

Ha .D,He n;eHTPaJihH0ro KaHaJia 7,0 

B rromoce rroJiyccpepnqecKoii rroJiocrn 6,8 

<l>JIIOeHc HeiiTPOHOB c JHeprneii 6oJibIIIe 0,1 MJB, 1014 cM·2: 

Ha .D,He n;eHTPaJibH0ro KaHaJia 3,9 

B rromoce rroJiycd>epnqecKoii rroJI0CTH 4,0 

IlornomeHHaJI .D.03a raMMa-n3JiyqeHnJI B B03.1J.YXe, 103 rp: 

Ha .D,He n;eHTPaJihH0ro KaHaJia 4,6 

B nomoce rroJiyccpepHqecKoii rroJiocrn 4,8 
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Pnc.6. CxeMa KIOBeTI,I c U:llJillffJlpllqecKHM ypaH0Bb!M CJI0eM: 1 - KpaH .D,JIJI 0TKaqKll n 

uarr0JIHeHHJI KIOBeTbl ra3aMH; 2 - aepxHHH qlJiaHen;; 3 - Kperre)l(Hb!e IIIIIllJibKll; 

4 - 3aMe.D,JIHTeJib (IIOJillJTHJieH); 5 - Koprryc KIOBeThI; 6 - ypaHOBbIH CJIOH Ha 

U:llJillH.D,pnqecKoii II0.D,JI0)l(Ke; 7 - Hll)KHHH q>JiaHen;; 8 - Hll)KHJIJI repMeTH3llPYIOin;aJI Kpb!IIIKa; 

9, IO - KBapn;eBbie 0KHa; 11 - BepXHJIJI repMeTH3llPYIOin;aJI Kpb!IIIKa; 12 - .D,aTqllK .D,aBJieHHJI 
.l(MII-10-1. 

213 



Ta6mn~a2 

PeJyJILT3Tbl UJMepemrn JHeprOBKJia~a no CK3'1Icy ~aBJICHIIH U ClffHaJIOB C 

cf,oTonpueMHIIKa ~JIH nnepTHLIX raJOB u IIX CMeceii 

N2 
E, faJOBall D.p, 

w,, u, po, lJ.",K/c HM 
Ml1,)K cpe;i;a aTM aTM MJ 0TH. e,D;. 

II 
43 61,0 He 1,8 1,1 0,19 32 
37 53,1 Ne 0,64 - - 50 
41 56,4 Ar 0,45 0,79 0,14 32 
36 53,4 Kr 0,32 - - 16 
42 55,2 Xe 0,23 0,85 0,15 18 
35 54,3 Xe 0,47 - - 42 
34 54,6 Xe 1,0 - - 38 
46 56,4 He-Ne (0,11 % Ne) 1,8 0,91 0,16 22 
50 56,1 He-Ne (0,56 % Ne) 1,8 0,90 0,16 30 
45 56,1 He-Ne (1,1 % Ne) 1,8 0,92 0,16 32 
51 54,3 He-Ne (2,2 % Ne) 1,8 0,90 0,16 33 
48 54,9 He-Ne (3,3 % Ne) 1,8 0,90 0,16 32 
66 52,7 He-Ar (0,11 % Ar) 1,8 0,83 0,14 58 
60 55,0 He-Ar (0,56 % Ar) 1,8 0,83 0,14 100 
64 53,4 He-Ar (1,1 % Ar) 1,8 0,80 0,14 79 
67 53,1 He-Ar (2,2 % Ar) 1,8 0,86 0,15 67 
65 53,6 He-Ar (3,3 % Ar) 1,8 0,90 0,16 78 
59 54,9 He-Kr (0,56 % Kr) 1,8 0,86 0,15 59 
58 53,4 He-Xe (0,56 % Xe) 1,8 - - 34 
61 54,3 Ne-Ar (1,7 % Ar) 0,64 0,78 0,14 32 
62 55,8 Ne-Kr (1,7 % Kr) 0,64 0,78 0,14 36 
63 54,3 Ne-Xe (1,7 % Xe) 0,64 0,80 0,14 33 
54 54,0 Ar-Kr (2,2 % Kr) 0,45 0,90 0,16 28 
52 55,2 Ar-Xe (1,0 % Xe) 0,45 - - 43 
57 55,2 Ar-Xe (2,2 % Xe) 0,45 0,96 0,17 29 
53 57,3 Kr-Xe (2,2 % Xe) 0,32 0,96 0,17 34 

ITpnMe'!aHne: £ - 3Hepr0BbI,D;eJieHne B aKTHBHOll 30He 
peaKT0pa; Po - Ha'laJibH0e ,D;aJlJieHne raJOBOll cpe~LI; D.p - CKa'I0K 
~aBJieHHH, H3MepeHHblli ,D;aT'IHK0M ll,MM; w, - y;i;eJILHL1ii: 
JHepr0BKJia,D; B raJ0BYJO cpe;i;y 3a HMIIYJILC; U - aMIIJIHTy;i;a CHfHaJia 
c QJOTOIIPHeMHHKa <l>-28. 

214 

~ 

1800 i Nc-Kr(59:l);p -0,64arn 

1600 

1400 

~ = 1200 I -;s g 
€ 1000 ~ 
0 

E . 
5 800 

j 600 

400 

200 

l 
q 

f 
~ 

i I 
i ~ 

! 

1 
i 

I 
~ 

~ 

·l 
i 

~ 'ii -~. ~ I i -
..; ,0 "ii 
~ ~ e 

~ ll~·'ii 'ii 

: ~ ~ 
~ ~ g 

l 
~ 

11 

l 
~ 

0 Iii """'-"'. ~\e.. &. 1' L f 380 ......,,,- ••. UIUL,--JVL.AII., u 
430 480 530 580 630 680 730 

,[l.rruna BOJIHhl, HM 

g 
~ 

~ 

g 

NVI.J\.ll NW,,•-A I 
780 830 

Pnc.7. CrreKTp JIIOMHHeCQeHI~HH CMecn Ne-Kr (59:1) rrpn ,D;aBJieHHH 0,64 aTM. 

500 ,-------------------------------------~ 

450 

400 

350 

Ar-Xe(99:l);p = 0,45 ant g 
~ 

E Joo 
g 
~ 

~ .f 
~ 250 

5 J 200 
~ 

150 

100 

so 

400 450 500 550 600 650 700 

,zii.uua BOJIHLI, HM 

• 1 g ~ ~ 

~ ~ 

750 800 

~ 
E 

Pnc.8. CrreKTp JIIOMHHecQeHQHH cMecn Ar-Xe (99:1) rrpn ;i;aaneHnn 0,45 aTM. 

215 

850 



Ta6JI11Qa 3 
H11TeHCHBHOCTL cneKTpaJILHLIX JIHHHII B cl\feCH He - Ne npu )];3BJieHHII 1,8 aTM 

,[(mrna ATOM I1HTeHCHBHOCTL , 0TH. el];. 
BOJIHbl, IIJIH Ilepexoll: 

He-Ne He-Ne He-Ne He-Ne He-Ne 
HM HOH 

(29:1) (44:1) (89:1) (179:1) (899:1) 
391.4 Ni'. ffi2E/)Al - (X2E.°1Al 6400 2700 5900 4200 5700 
427.8 N2 ... (B

2Eu°1Al - (X
2E/)v=1 970 600 1200 860 1200 

470.9 Ni'" (B2E/)Al - (X
2E."1v=2 200 240 330 310 290 

521.9 NI 6s ~P312 - 3v ~Sui° - - 260 240 170 
533.1 OI 5s , D4 3 i° - 3p , P3 130 - 260 280 100 
540.1 Nel 3v'rt/2lo- 3sf3/2h 0 480 530 380 530 120 
585.2 Nel 3v'rt/2lo- 3s'fl/211° 25000 32000 49000 22000 5700 
594.4 Nel 3v'f3/2h- 3sf3/2h0 530 590 520 900 -
603.0 Nel 3v'fl/2lt - 3sf3/211° - 450 420 - -
609.6 Nel 3v'fl/2h - 3sf3/2li° 820 1000 990 820 -
616.3 Nel 3v'rI/211 - 3s'rI/2lo0 1800 1600 1200 1300 560 
621.7 Nel 3vf3/211 - 3sf3/2li° - 470 520 580 -
626.6 Nel 3v'f3/2h - 3s'fl/2lo0 1100 860 900 1000 -
633.4 Nel 3vf5/2h- 3sf3/2li° 1000 930 1000 820 -
640.2 Nel 3vf5/2h- 3sf3/2h0 3000 2800 2600 2400 960 
650.6 Nel 3vf5/2h- 3sf3/211 ° 1800 1800 1500 1300 470 
659.8 Nel 3v'fl/2l1 - 3s'fl/2h0 1000 710 1000 880 -
667.8 Nel 3v'f3/2h- 3s'fl/211° 1600 1700 1500 1500 500 
671.7 Nel 3v'f3/2l1 - 3s'fl/2l1° 890 1100 860 780 -
692.9 Nel 3vf3/2h- 3s'fl/2l1° 930 930 1000 1300 -
703.2 Nel 3vfl/211 - 3sf3/2h0 20000 19000 15000 10000 4300 
724.5 Nel 3pf l/211 - 3sf3/2]1° 11000 10000 6500 5000 1600 
743.9 Nel 3vfl/211 - 3s'rt/2lo0 2500 3600 2600 3300 -
777.4 OI 3p 'P123 -3s 'Si° 17000 20000 11000 15000 7100 

216 

~-
~ 
i:: 
::. 
::: 
)~ 

i:: 

0.8 

~ . 0.6 
::l" "1: u tJJ 
<!) • 

::: ::: :s: f-.. 
::. 0 
g 
Cl 
:s: 

'i:S 
~ 
::: 
0 

~ ,:,. 
<!) 

0.4 

0.2 

::r: 0 -1--=~---,-----,-----,----~---,-----,---1 

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014 

BpeMll, c 

Pnc.9. HeiiTpoHHLIB HMIIYJILC (1) 11 JIIOMHHecu;eHTHLiii HMIIYJILC (2) )];JUI CMec11 Ne-Kr 
(1,7 % Kr) rrp11 )];aBnemm 0,64 aTM (E = 55,2 M,[{)K). 
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Pnc.10. HeiiTIJOHHblli HMIIYJibC (1) n JIIOMHHecu;eHTHblli HMIIYJibC (2) MH CMeCH Ne-Kr 
1,7 % Kr) npn )];aBJieH1111 0,64 aTM (E = 12,8 M,[{)K). 
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PHc.11. lfaMeHeHHe BO BpeMeHH HHTeHCHBHOCTH HeiiTpOHHOrD (1) H JIIOMHHec~eHTHOrD (2) 
HJnyqeHHJI WIH cMecH Ne-Kr (1,7 % Kr) rrpH )J,aBJieHHH 0,64 aTM. Pemcrop B11P-2M pa6orneT: 

a KBaJHHMIIYJibCHOM pe,KHMe (MOillHOCTb a MaKCHMYMe IIHKa - OKOJIO 1 MBT) 
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PHc.12. l13MeHeHHe BO BpeMeHH HHTeHCHBHOCTH Heii-rpOHHoro (1) H JIIOMHHec~eHTHOro (2) 
H3JI)"IeHHJI WIH cMecH Ne-Kr (1,7 % Kr) rrpH )J,aaneHHH 0,64 aTM. PeaKTop B11P-2M pa6oTaeT 
a CTaTHqeCKOM pe)KHMe (MOil(HOCT!, a MaKCHMYMe - 1 KBT). 
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PHc.13. 3aBHCHMOCT!, MOillHOCTH JIIOMHHec~eH~HH OT IIJIOTHOCTH IIOTOKa TeIIJIOBl,IX 
HeiiTpOHOB W[JI CMeCH Ne-Kr (1,7 % Kr) rrpH )J,aBJieHHH 0,64 aTM. KanH6poBKa .510I1 
BnIIIOJIHeHa rrpH pa3JIHqH1,Ix pe,KHMax pa60T1,1 peaKTopa B11P-2M. 
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Studies in Giant Pulses of Thermal Neutrons from Pulsed Reactor and in Traps 
in Large Accelerators: Proceedings of the International Workshop (Dubna, 
April 27-29, 2005). -Dubna: JINR, 2005. -219 p. 

ISBN 5-9530-0096-0 
This issue includes reports that have been presented during the Workshop and devoted 

to a review of possibilities of generation of the giant thermal neutron pulses by means 
of the pulsed burst reactors (such as YAGUAR) or targets of high-energy proton accelera
tors (such as LHC, CERN) for fundamental physical investigation. The performed estima
tion has shown that these facilities open a new field of investigations in high-density 
fluxes of slow neutrons, which is not accessible at other approaches. The new possible ex
periments are, for example, measurement of neutron-neutron scattering cross section (ex
periment with a neutron gas) and investigation of structure and dynamics of solid state 
in super strong pulsed magnetic fields, under super high pulsed pressures, in light laser 
beams (experiment with a pulsed neutron beam). Here, for LHC the neutron experiments 
allow one to use all power of the super accelerator not interfering with other programs. 

HayqHoe n3.namie 

HccJie)J.oBaHHH B ruraHTCKHX HMnyJibcax TeUJIOBbIX 
ueiiTpOHOB OT HI\IUYJibCllblX peaKTopoB " B JIOBymKaX 

60JibIDHX ycKOpHTeJieH 

MeJ1CoyHapooHoe pa6o'-lee coBeUfaHue 

Studies in Giant Pulses of Thermal Neutrons from Pulsed 
Reactors and in Traps in Large Accelerators International 

Workshop 

Proceedings 

.[(3,9-2005-144 

C6opHHK OTIIeqarnH MeTO)J.OM rrpHMOro perrpo.nynnpoaaHHH 
C OpllfllH!UIOB, rrpe)J.OCTaBJieHHb!X oprKOMHTeTOM. 

OTBeTCTBeHHMH 3a II0,11.I'OTOBKY c6opHHKa K rreqaTH £. B. Jlbl'taZUII. 

Ilo,11nncaHo B neqan, 21.10.2005. 
<l>opMaT 60 x 90/16. E}'Mara oqiceTHlUI. Ileqan, oqiceTHlUI. 
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