
OBbE,1JJ1HEHHb[J1 11HCTl1TYT 5I,I(EPHDIX 11CCJIE,I(OBAHHM 

ITOKOTI1JIOBCKI1H 
IOpHli HayMoBrrq 

3-2011-67 
Ha rrpaBax pyKorrHcH 

Y,I(K 539.172.4 

I1CCJIE,[(OBAHH.5I fEHEPAQI1I1 I1 B3AI1MO,[(EHCTBI1H 

YJihTPAXOJIO,[(HhIX HEHTPOHOB 

Crre:u;HaJibHOCT&: 01.04.16- cpH3HKa aTOMHoro 51,n;pa 

H 3JieMeHTapH:OIX qacTH:U: 

AaTOpeqiepaT 1:i:i;1cceprnl.(1111 Ha co11cKami:e yqeHOH cTerreH11 
,L(OKTopa <t>mHKO-MaTeMaTHqecKHX HayK 

,[(y6Ha 2011 



Pa6oTa BhIIIOJIHOHa B J1a6opaTop1rn HCHTPOHHOM <i>mHKH HM. M.M.©paHKa 
06'be,n;HHeHHoro IIHCTHTyTa .HfI.epHbIX HCCJie,D;OBaHHM. 

O<i>HIT.HaJThHbie onnoHeHThI: 

,il;OKTOP <l>H3HKO-MaTeMaTH"!eCKHX HayK, 
rrpo<l>eccop 

A.JI.Bapa6aHoB 

B .M.Jiym,HKOB 

B.B. Q>e,.n;opOB 

Be,nym,rur opraHH3aII,H.H focy,n;apcTBeHHhlli Hay"!Hhrn u,eHTP P<I> 
<I>n3HK0-9Heprern:"leCKHli HHCTHTYT 
r.06mmCK KaJiy:iKcKoii o6JI. 

3am,nTa ,IJ;HCCepTaII,HH COCTOHTC.ff " .••. "................ 2011r. B ... 'IaC. Ha 
3ace,n;amrn cITen,na.JIM3lipOBaHHoro coBeTa ,Il;720.001.06 ITO ITpliCy)K,Il;eHHIO 
Y"fi:\HhIX CTeITeHeii: npn JJa6opaTOplm HeliTpOHHOH qm:3HKH H Jia6opaTOpHH 
a,n.epHbIX peaKII,HH 06'be,D.HHeHHOro HHCTHTyTa .H,IJ;epHbIX HCCJie,LI,OBaHHH ITO 
a.n;pecy: 141980, r.,11,y6Ha MocKOBCKOH o6JTacTn. 

C ,LI,nccepTan,HeiI MO:iKHO 03HaKo;v1HThC.ff B 6n6.JmoreKe OM.HM. 

ABTOpe<l>epa.T pa30CJTaH 11 •••• " ••••••••••••• 2011r. 

A.r.IIoITeKo 



I. 0Blll,A5I XAPAKTEPI1CTI1KA PABOTbI 

A1CmyaJ1/b'/WCm'b npo61Le.M'b1,. YJihTpaxoJI0,11,Hhie HefiTpOHbI (YXH, aHepnu1 HIUKe .-v300 

rnB, CKOpOCTb HIDKe "'7,5 M/c, ,lI,JIIIHa BOJUibI 6oJibIIIe rv400 A, 9KBHBaJieHTHa51 

TeMrrepaTypa HFDKe rv 1 MK) c HX 3aMeqaTeJibHbIM CBOHCTBOM B03MO)l(HOCTH xpaHeHirn 

B 3aMKHYTblX 06'heMaX B Te•reHHe ,11.JlHTeJibHOro BpeMeHH cefiqac 5IBJ15IIOTC5I IIOJie3HhIM 

HHCTpyMeHTOM B HCCJie,II,OBaHHH ¢YH,ll,aMeHTaJibHhIX CBOMCTB HeMTPOHa H 06em.a10T 

rrpHMeHemrn B ¢113111<e KOH,II,eHCHpoBaHHOro cocTOH:HHH Beu:i;ecTBa. Pa3B11T11e HCCJie)J,oBaHHfi 

11 3KcrreprrMeHTaJihHOi1: TeXHHKH YXH rrpe,rrpraBJrneT HHTepec1-1y10 11 Ba)l(HYIO •iacTb 

COBpeMeHHOM cPYH,II,aMeHTaJibHOH ¢H3HKH. 

c caMoro l-Ia'HWia HCCJI€,II,OBaHHM o603Ha'lHJ1HCb ,lI,Be OCHOBHbie rrpo6.neMbI: •1pe3BbJqaii:HO 

HH3Kaa 11HTeHCHBHOCTh rroTOKOB YXH n, cooTBeTCTBeHHO, rrJIOTHOCTefi HefiTpOHOB 

B JIOBYIIIKaX H H80)l(H,ll.aHHO 60JibllIH8 3KCrrepHM8HTaJlhHbie paCXO)l(,Il,€HH51: BeJIWll!Hbl 

K03¢¢m.I,H€HTa IIOTepb npYI OTpa)KeHHH OT CT8HOK.C rrpe,lI,CKa3aHirnMH Teopml. 9TH 

paCXQ)K,lI,€Hl15I eu:i;e 60JibUie IIO)J,Orpemi: HHTepec K rrpo6JieMe, BhI3BaB II05I:BJI8HHe 

pa6oT, CTaB.HIJJ;HX IIO,LJ; COMHeHHe rrpaBliJihHOCTh KBaHTOBOMexaH11qeCKHX pacqeTOB, 

11 cT11MyJI11poBaB 6oJiee ,rr,eTaJihnoe TeopeTHt.recKoe paccMOTpemrn B3a11MO,lI,eficTBHH: 

J<BaHTOBhIX BOJIH c BeII.I,eCTBOM 11 9KCrrepHM8HTbl ITO l1X npoBepKe. l..{pe3Bhl'-IaMHO MaJia51 

3HeprHH: H B8CbMa HH3J<a51 ( oco6eHHO Ha paHHl1X 3Tarrax HCCJ1€,Il,OBaH11ii:) HHT8HCHBHOCTb 

rroTOKOB YXH B pH,lI,e CJiyt.IaeB Tpe6oBaJia H3o6peTeHHH: H peaJIH3aI.I,11H HOBhIX 

op11r11HaJihHhIX IIO,Il,X0,11.0B K perneHHIO 9KCIIepHM8HTaJibHhIX 3a,ri;at.I. I1ccne,ri;oBaHHe CBOHCTB 

YXH 11 rrpoBe,ri;eHHe cpyH,IJ,aMeHTaJibHhIX 3KcrrepHMeHTOB Tpe6oBaJIH rro:ttc1<a Ha116onee 

3¢¢eKTI1BHhIX MaTepHaJIOB ,IJ,Jrn 3aMe,II.Jil1TeJieii: 11 pa3pa60TKH MeTOJI.OB reHepaI.I,1111 6oJiee 

BhICOKHX IIOTOKOB YXH, B qacTHOCTH c opHeHTaI.I,Hefr Ha l1MIIYJihCHhie HCTaqH11KH 

HefiTpOHOB. 

~eJl,'b 'l-tacm0Ji14eu pa6om?il 3aKJIIO'IaJiaCb B l1CCJie,LJ;OBaHl1H H pa3pa6oTKe aKTYaJibHbIX 

BorrpocoB cPH3HKH H 9Kcrrep11MeHTaJibHOM TexH11KH YXH, a HMettHo: B pa3pa6oTKe 

1<oppeJIH:I.I,HOHHOfi BpeMHrrpoJieTttofi cne1<TpoMeTp11H YXH H rrpoBe,rr.emrn 9Kcrrep:m.vreHTOB 

no HCCJI8,LJ;OBaHHIO CBOHCTB YXH c ee rrpHMeHeHHeM - Ha6JIIO,LJ;8HHH M€TaJIJil1qecKoro 

OTpa)K8HHH: HefiTpOHOB H rrp0Bep1<e 1rnaHTOBOMexaHH'·IecKo:H Teopmi: B3aHMo,rr.efiCTBl1H: YXH 

c OTpa)l(aIOu:i;eii CTeHKOH, B IIOHCKe 11 peaJIH3aI.I,HH 9¢¢eKTHBHbIX M8TO,LJ;OB reHepaI.I,HH 

YXH Ha HMIIYJihCHhIX l1CTOt.IHHKax, B ,ri;eTaJibHOM HCCJie,rr.oBaHHH reHepaI.I,1111 YXH B 

3aMe,II,Jil1T8J15I:X, B IIOHCI<e I1 HCCJI8,LJ;OBa1rnH na11Jiyt.Illll1X MaTep11aJIOB ,II.JIH: CTeHOK JIOByllleK 

YXH, B HccJie,n.0Ba1rnn ,ri;enomi:pH3aI.I,HH YXH rrpH HX oTpa)Kemm OT cTeHOK, B n0Hc1<e 

HOBhIX rrpHMeHeH11:H YXH ,ri;Jrn nocTaHOBKH ¢yn,ri;aMeHTaJibHhIX 9I<crrepHM8HTOB. 

Hay"-maJi 'l-t06U3'Ha u npax:mu"-tec'X:a.R, u,eHttocm'b pa6om'bt. B pa6oTe noJiyqen1>1 
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CJie,n;yro:r.n;ne HOBbie MeTO,lJ;M'leCKHe ll Hay'!Hbie pe3yJibTaTbI: 

TiocTpoeHhI BpeM5Irrpo.JieTHhre crreKTpoMeTpbI YXH KOppeJI5IIJ;HOHHoro nma c u;eJihIO 

YB8JIH"'l8HH.H CB8TOCllJibI ll OTHOIII8HH.H 9¢¢eKTa K ¢oHy rrpH H3MepeHHH cneKTpOB 

HeliTpOHOB IIPH MaJIOM HTeHCHBHOCTH H HHor,n;a B ycJIOBH5IX OTHOCHT8JibHO BbICOKOrO 

¢oHa. ITpoBe,n;eH ,n;eTaJibHbIM aHaJIH3 oco6eHHOCTei1 n B03MmKHhIX norpeIIIHOCTeli 

r<oppeJI.HD;MOHHoro MeTo,n;a B npnMeHeHnn K YXH. Pa3pa6oTaHbI n orrTMMH3HpoBaHbI 

cu;HHTHJIJI5ID;HOHHbre HeiiTpOHHbre ,n;eTeKTOpbI ,n;mr TaKo:M crreKTpoMeTpnH. Pa3pa6oTaHHa5I 

cneKTpOMeTpH5I rrpMMeHeHa ,ll;JI5! Ha6JIIO)J;8Hll.£! 9¢¢eKTa MeTaJIJIH'l8CKOro OTpa:>KeHH.£! 

HeliTpOHOB OT IIOBepxHOCTH Be:r.n;ecTB c 6oJibIIIHM Ce'!eHHeM 3axBaTa. Tipe,n;JIO)K8H ll 

'IHCJieHHO npoMo,rr,eJIHpoBaH MeTo,n; H3MepeHmr O'leHb MaJihIX H3MeHeHn:M 9Heprnn YXH, 

OCHOBaHHblH Ha HCIIOJib30BaHHH KOM6MHau;nn HHTep<J?epeHD;HOHHbIX cPMJibTpOB. 9TOT 

MeTO,ll; HaIIIeJI B ,n;aJibH8MIII8M rrpHM8H8HHe B 9KCnepHM8HTax. 003,n;aH BpeM5IIIpOJieTHbIH 

CIIeKTpOMeTp c KOJibl1;8BbIM KOOpJJ:HHaTHblM ,n;eTeKTOpOM )J;JI.£! H3MepeHH.£! IIOJIHblX ll 

,n;n¢¢epemi;naJibHhIX ce'leHn:M pacce5IHH5I O'!eHb Me,n;JieHHhIX HeliTpOHOB. Ha 9TOM 

cneKTpoMeTpe I:I3MepeHbI He:MTpOHHbie ce'leHH5I B ,n;nana30He ,n;JIHH BOJIH 200-1000 A )J;JI.£! 

p5I,n;a MaTepuaJioB, cyI1J;eCTBeHHbIX )J;JI.H ¢n3HKH YXH. 9KcnepnMeHTaJibHO npOBepetta 

KBaHTOBOMexaHn'!ecKa.a TeopH5I B3aHMo,n;elicTBH5I YXH c Be:r.n;ecTBOM nyTeM nocJioliHoro 

H3MepeHH5I aKTMBaD;HH no,n;6ap'bepHbIMl:I HeliTpOHaMH MaTepHaJia OTpa)KaIOII1;8M CTeHKH. 

Tipe,n;JiofKeHbI HOBbre MeTO,ll;hI reHepau;uH YXH Ha HMITYJihCHhIX HCTO'-IHHKax. MeTo,n; 

,ll;BHfKy:r.n;eroc.£I KOHBepTepa 6bIJI Il03)K8 HCITbITaH B COBM8CTHbIX 9KCrreprrMeHTax JIH<'I> 

OM5Il1 H MHcTHTyTa rrpHKJia,n;Holi ¢I:I3HKH B r. CapoBe. B cooTBeTCTBHI:I c ,n;pyruM 

M8TOJJ:OM - H8CTau;HoHapHoro TpaHCITOpTa ITO 3epKaJibHOMY HeliTpOHOBOJJ:Y - rrpoBe,n;eHbI 

rr3MepeHrr5I reHepau;rrH YXH B TBep,n;oM ,n;e:MTepHH Ha HMITYJihCHOM peaKTope TPMrA. 

Tipe,n;JiofKeHa ITOCTaHOBKa 9KCrrepHM8HTOB H BCeCTOpOHHe aKcrrepHMeHTaJihHO HCCJie,n;oBaHa 

reHepau;mr YXH B Hau6oJiee rrepcrreKTHBHbIX HH3KOTeMrrepaTypHbIX 3aMe,D;JIHTeJI5IX­

KOHBepTepax YXH: ,n;eliTepHH, KI:ICJIOpo,n;e H ,n;eliTepoMeTaHe B ra3006pa3HOM, )KH,ll;KOM H 

TBep,n;oM COCTO.HHH5IX. Ilpe,n;JIO)K8HbI H 9KCrrepHM8HTaJibHO HCCJI8,D,OBaHbI HOBbie MaTeprraJibI 

- HH3KOTeMrrepaTypHbie ¢ToprroJIHMepbI - ,ll;JI5I rroKpbITH5I CTeHoK JioByrner< YXH c 

u;eJibIO MHHHMH3au;mI llX ITOTepb rrpH xpaHeHHH. Ha OCHOBe 3TllX H3MepeHHM npe,n;cKa3aH 

Ko9¢¢n:u;n:eHT rroTepb YXH 2 x 10-5, no,n;TBep)K,n;eHHbiti: B ,n;aJibHeliIIIeM B np5IMbix 

3KCIIepHM8HTax, ll HeIIJIOXO corJiacyro:r.n;HMC5I c pac'!eTaMH Ha OCHOBe ll3MepeHHOH IIJIOTHOCTll 

B036yfK,n;eHHH ,D;JI5I aTHX Be:r.n;ecTB. B ,n;aJihHelirneM Ha OCHOBe 9THX uccJie,rr,oBaHHli 6hIJIO 

rrpoBe,n;eHO HOBOe ll3MepeHHe BpeMeHH )KH3Hll HeliTpOHa c YJIY'IIII8HHOM TO'IHOCTbIO. 

Pa3pa6oTaHa MeTOAHKa H H3MepeHbI crreKTpbr KBa3rrynpyro H Heynpyro pacce£HHbIX 

YXH npn: ux rro,n;6ap'bepHoM OTpafKeHHH OT rroBepxHoCTH TBep,n;hrx TeJI. TeopeTH'lecKn 
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paccMoTpeHa ,n:erromrprrna:u;mr YXH B JIOBYIIIKax. I1pe,n:Jio2KeHbI H npoaHaJIM3MpOBaHbI 

pa3JIH'IHbie B03M02KHbie BapMaHTbI 9KCnepHMeHTaJibHOro IIOHCKa OCD;HJIJUID;HM HeitTpOH -

3epKaJihHbrit HeitTpOH. Ha ocHoBe 9THX npe,n:Jio2Kemrit 6bIJIH B ,n:aJibHeitrneM npoBe,n:eHbI 

nepBbie crre:u;HaJibHbie 9KCnepHMeHTbI no ycTaHOBJieHHIO orpaHH'IeHHH Ha nepHO,IJ: TaI<B:X 

OCD;HJIJI5ID;HH. 

Ha 3a'l.1-'iumy eui-toc.ftmc.ft 

- Co3,n:amre BpeM5InpoJieTHbIX cneKTpoMeTpoB YXH KoppeJIHD;HOHHoro THna ,n:JIH 

H3MepeHHH cneKTpOB HeitTpOHOB B ycJIOBH5IX HH3KOH HHTeHCHBHOCTH H HHOr,n:a 

OTHOCHTeJibHO BbICOKOro ¢oHa H pa3pa60TKa H onTHMH3aD;H5I CI.l;HHTHJIJI5III;HOHHbIX 

HeitTpOHHbIX ,n:eTeKTOpOB ,l.l;J15I TaKOH crreKTPOMeTpMH. 

ITpe,n:JimKeHHe n 'IHCJieHHoe Mo,n:eJrnpoBaHne MeTo,n:a H3MepeHH5I o'IeHb 

MaJihIX H3MeHeHnit ::iHeprnH YXH, ocHoBaHHoro Ha HCnOJib30Ba1rnn KOM6HHa:a;MH 

HHTepcpepeHII;HOHHbIX cpHJibTpOB. 

- Co3,n:aHHe BpeM5Inpo.IIeTHOro crreKTpoMeTpa c KOJibD;eBbIM Koop,n:HHaTHbIM ,n:eTeKTopoM 

,IJ:JI5I H3MepeHH5I nOJIHOrO H ,n:H¢¢epeH:u;HaJibHOro Ce'IeHH5I pacce5IHH5I O'IeHb Me,n:JieHHbIX 

H€HTpOHOB. 

- I1pe,n:JI02KeHne HOBbIX MeTo,n:oB reHepa:u;Hn YXH Ha HMnyJibCHbIX HCTO'IHHKax, MCNP­

pacqeTbI reHepa:u;HH n nepBbie 9KcnepnMeHTbI no rettepa:u;rrn YXH Ha HMnyJibCHOM 

peaKTope TPHr A. 

- IT pe,n:.JimKemie HOBO it nocTaHOBKH n npoBe,n:emrn 9KCnepHM€HTOB no H.CCJie,n:oBamrro 

reHepa:u;HH YXH B HH3KOTeJYrnepaTypHbIX 3aMe,n:JIHTeJI5IX-KOHBepTepax YXH: ,n:eitTepHH, 

KHCJIOpo,n:e H ,n:e:HTepoMeTaHe B ra3oo6pa3HOM, 2KH,l.l;KOM H TBep,n:oM COCT05IHH5IX. 

- Ilpe,IJ:JIQ)KeHHe H HCCJie,n:oBaHIIe HOBbIX MaTepHaJIOB - HH3KOTeMnepaTypHbIX 

rjJToprroJIHMepoB - ,IJ:JI5I noKpbITH5I cTeHOK JIOByrneK YXH c :u;eJibIO MHHHMH3a:u;Hn HX nOTepb 

npH xpaHeHHH. 

- Pa3pa6oTKa MeTO,IJ:HKH H3MepeHH5I Bep05ITHOCTH pacce5IHH5I H cneKTpoB KBa3nyrrpyro 

pacceHHHhrx YXH npn nx no,n:6ap'bepHOM oTpa)KeHHH OT rroBepxHOCTH TBep,n:hrx Te.JI. 

- TeopeTn'Iecr<oe paccMOTpeHHe ,n:eno.II5Ipn3a:u;rrn YXH B JIOBYIIIKax. 

- I1pe,n:JI02KeHirn H aHaJIH3 B03M02KHbIX BapnaHTOB 9KcnepHMeHTaJibHOrO nOHCKa 

OCII;HJIJI5III;HH HeHTpOH - 3epKaJibHbIH HeHTpOH. 

llo.11,y'L(,ei-ti-t'bte aBmopo.M pesy.11,'bmam'bt: 

- ,lI,eTaJibHbIM aHaJIH3 oco6eHHOCTeit H B03M0)KHbIX norpeIIIHOCTeit KOppeJI5III;HOHHOrO 

BpeMHnpoJieTHoro MeToJia B npHMeHeHHH K cneKTpoMeTpHH YXH. 

- Ha6Jim,n:eHHe 9cpcpeKTa MeTaJIJIH'IecKoro OTpa)KeHHH HeitTpOHOB npH HX oTpa2KeHHH 

OT IIOBepXHOCTH Bem;eCTB c 60JibIIIHM ceqeHHeM 3axBaTa. 
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- l13Mepemrn HeliTpOHHhIX ce'-IeHMil: B ,n:Mana3oHe ,IJ;JIMH BOJIH 200-1000 A ,n;mr pzr,n;a 

MaTepMaJioB, cym;ecTBeHHhIX ,n:n.H cptt3MKH YXH: Al, Cu, Zr, Si, 6LiF, Tetj:)JIOH, noJIM3THJieH, 

cpTOpIIOJIMM€pbI. 

- 9KcnepHM€HTaJihHazr npoBepKa KBaHTOBOMexaHW-IeCKOH Teop1rn B3amvro,n;eHCTBH5I 

YXH c Bem;ecTBOM nyTeM rrocnoliHoro H3MepeHMzr aKTHBan;Mrr rro,n;6ap'bepHhIMM 

H€HTpOHaMM MaTeprrana OTpa)KaIOm;e:H CTeHKH. 

- Pac'-!eTnr n: M3MepeHMe reHepan;rrn YXH B TBep,n:oM ,n:eliTepn:M Ha rrMrrynncHOM 

peaKTope TP11T A. 

- BcecTopoHHee 3KcrrepnMeHTaJihHOe rrccne,n;oBaHMe reHepan;rrn: YXH B Han6onee 

rrepcrreKTMBHhIX HH3KOTeMrrepaTypHhIX 3aMe,n;n:rrTenzrx-KOHBepTepax YXH: ,n;eliTepn:M, 

KHCJIOpo,n:e H ,n;eliTepoMeTaHe B ra3oo6pa3HOM, )KH,Il;KOM M TBep,n;oM COCT05IHH5IX. 

- 9KcrrepHM€HTaJihHOe HCCJI€,IJ;OBaHn:e HOBhIX MaTepMMOB - HH3KOTeMrrepaTypHbIX 

cpToprroJin:MepoB - ,n;Jrn rroKphrTnzr cTeHOK noByilleK YXH c n;enhIO MHHHMM3an;rrrr rrx rroTeph 

rrpH xpaHeHHH. 

- l13MepeHne crreKTpoB KBa3Mynpyroro paccezrHHHzr YXH rrprr nx rro,n;6ap'bepHOM 

OTpa:>KeHHM OT IIOBepXHOCTH TBep,IJ;bIX TeJI: M€,Il;H H Te<j:>noHa. 

- TeopeTn'-IecKoe paccMoTpeHne ,n:erronzrpn:3an;HM YXH B JIOBYillKax. 

- Ilpe,n:JIO)K€HHe H aHaJ1M3 pa3JIH'-IHhIX B03MQ)KHhIX BapHaHTOB 3KCrrepHM€HTaJibHOro 

IIOMCKa OCI:t;MJIJIZ!IJ;HH H€HTpOH - 3€pKaJ1hHhIH H€HTPOH. 

Anpo6av,u.R pa6om'bt: Pe3ynhTaThI pa60ThI, H3JIO)K€HHnre B ,n;n:ccepTan;:rr:rr ,n;oKna,n;r,rnaJIMCh 

Ha pzr,n;e M€)K,Il;yHapo,n:HhIX KOHcpepeHn;Hil: H ceMHHapax B pa3JifiLIHbIX cpH3M'-I8CKHX 

na6opaToprrzrx MHpa: Ha CeccrrM OT,n;eneHrrzr zr,n;epHo:H cpH3HKH AH CCCP (1984), 

2-li (1999), 3-li (2001), 4-li (2003), 5-li (2005) :rr 6-li (2007) Me)K,IJ;yHapo,n;Hnrx 

KoH<j:>epemrrrzrx 11 YJihTpaxono,n;Hnre H xonO)J;Hhre HeliTpOHhI - cpH3MKa H HCTO'-IHHKH'', 

Ha Crren;HaJihHOM CoBem;amrn 3HMHeit Ceccrr:rr AMepMKaHCKoro zr,n;epHoro o6m;ecTBa 

"<l>M3HKa, 6e3orracHOCTh n rrpMMeHeHMe MMIIYJihCHhIX peaKTopoB 11 (BarnrrHrToH, Hozr6ph 

1994); Ha CoBem;aHMH 11 YnhTpaxono,n;Hhre Hei1TpOHhI 11 (CaHTa <De, ,n;eKa6pr, 1995); Ha 

Me)K,n;yHapo,n;Ho:it KOHcpepeHIJ;MH 11 HeH:TpOHHazr orrTHKa 11 , (KyMaTop:rr, .HnoH:rrzr, MapT 

1996); Ha Crren;:rraJibHOM CoBem;amrn 3KcrrepTOB EBporrelicKoro crrannelillIH MCTO'-IHMKa 

(ESS) 11 8KcrrnyaTan;rrzr HOBhIX HCTOqHnKoB YXH, a,n;arrTrrpoBaHHhIX K HMIIYJihCHhIM 

crraJIJI€H1I1H-HCTO'-II-IHI<:aM" (BeHa, cpeBpaJib 2002); Ha ceMHHape 11HCTHTyTa cpH3HKM 

YmrnepcrrTeTa feli,n;enh6epr (MapT 2006); Ha Tpex ceM1rnapax 11HCTHTyTa zr,n;epHo:it 

Teopmr YHHBepc:rrTeTa llIT. BarnMHrTOH rro IlporpaMMe 11 <l>yH,n;aMeHTaJibHa.H HeliTpOHHazr 

cpH3HKa 11 (CM3TTJI, arrpenh 2007); Ha XVIII CoBenraHHM Me)K,Il;yHapo,n;HoH: Konna6opan;nn 

rro rrepe,n;oBhIM He:itTpOHHhIM MCTO'-IHHKaM ICANS XVIII (fyaH,n;oHr, KHP, arrpenh 2007); Ha 

4 

I 



Me)K,ll;yHapo,n;HoM COBeru;amr11 ITO cPH3IIKe -qacTIID; c Me,n;neHHhIMH HeliTpoHaMII (fpeHo6Jih, 

Mail: 2008); Ha ceMnHape I1HCTHTyTa cPH3HKII YHnBepc1ITeTa r. MaliHu; (moHh 2008); 

Ha CoBeru;aHIIII "Crreu;HaJIH3HpoBaHHbre HeliTpOHHbre ITY"'IKH Ha peaKTopax Manoli n 

cpe,n;HeH MOIIl;HOCTH H aHTH-rpyITITHpOBKa HeliTpOHOB 11 (BeHa, OKT5I6pb 2008); Ha ceMHHapax 

Jia6opaTopHH Heil:TpOHHOH ¢n3HKH OI151I1. 

06afi.M U cmpy7"mypa auccepma'Ui'U'U. ~HCCepTaD;Irn COCTOHT H3 BBe,n;eHH5I, 8 rJiaB H 

3arrn10qeHHR, H3JIO)KeHa Ha 221 cTpamn:i;e, BKJIIO'IaR 4 Ta6JIHIJ;hI n 112 pHcyHKOB. CITHCOK 

JIHTepaTyphI co.n;ep:tI<HT 230 HaHMeHoBaHIIH. 

II. KPATKOE CO~EP:/KAHI1E ~l1CCEPTAUI1I1 

Bo eeeae'HUU o6ocHOBbIBaeTC5I aKTyaJihHOCTb TeMbI, ¢opMyJinpyeTC5I u;eJib 

HCCJie,n;oBaHHH n ocHOBHhie ITOJimKeHHR, BbIHOCHMhre Ha 3alil;HTy. YXH HMeIOT CBOHCTBO 

OTpa)KaTbC5I OT IIOBepXHOCTH Beru;eCTB c IIOJIQ)KHTeJibHOH ,II,JIHHOH pacce5IHH.H rrpH BCex 

yrJiax ITa,n;eHH.H. CBOHCTBO YXH oTpa)KaThCH rrpII Bcex yrJiax rra,n;eHH.H c BepoRTHOCTbIO 

6JIH3KOH K e,n;HHHD;e 03HaqaeT B03MO:tKHOCTb HX xpaHeHmI B 3aMKHYTbIX o6'beMax B 

Te'!eHHe ,D;JIHTeJibHoro BpeMeHH, B H,n;eaJie rrpn6mI)Ka10ru;erocH K BpeMeHH 6eTa-pacITa,n;a 

Heil:TpoHa. B ITepByIO oqepe,IJ,b IIMeHHO 9Ta B03MmKHOCTh, II03BOJIRIOru;aR rrpoBO,ll;HTb 

ITper:i;H3HOHHbie 9KCrrepHMeHTbl ITO IICCJie,n;oBaHIIIO cPYH,D;aMeHTaJihHbIX CBOHCTB He:itTpOHa 

n ero B3aHMo,n;eil:cTBHH, CTHMYJIHPOBana IICCJie,n;oBaHHR c YXH. 0,n;Ha H3 HaH6oJiee 

HHTepecHbIX H Ba)KHhIX ITpo6.rreM B cPII3IIKe YXH cocTOHT B peaJIH3aD;HH ITpe,n;cKa3hIBaeMbIX 

TeOpHe:it BeJIH"'-IHH K09¢q:mu;neHTa IIOTepb r;: 

7) = - Im U / Re U, Im b = -a(>..)/2>.., (1) 

r.n;e rpaHHqHa.H 9HeprII.H OTpa)KaIOrr:i;eil: CTeHKII: 

(2) 

Ni - 'IHCJIO a,n;ep i-copTa B e,n;HHnu;e o6'beMa Beru;ecTBa, bcoh,i - ,n;.rrHHa KorepeHTHoro 

pacceHHH.H HeliTpoHa Ha cBa3aHHhIX a,n;pax copTa i, m - Macca HeliTpoHa, a - ceqeHHe 

HeyrrpyrHX rrpor:i;ecCOB B3aHMO,II,eHCTBHZI HeliTpOHOB c Beru;eCTBOM CTemm. 

Pacc'!HTaHHa.H Be.rrnqnHa K09cPcPHD;HeHTa rroTepb 7) ,n;.rr.H HaH6oJiee HHTepecHhIX ,II,JI.H 

xpaHeHH5I HeHTpOHOB Beru;eCTB, HMeIOIIJ;IIX .n;ocTaTO'IHO 60JibIIIYIO rpaHnqHyIO 9Heprmo H 

MaJioe ceqeHHe 3axBaTa Heil:TpOHOB: 6epHJIJIHH, yrJiepo,n;, D20, 0 2 II .n;p., MO)KeT 6hITb oqeHb 

Mana ( oco6eHHO rrpH HH3KHX TeMnepaTypax, Kor,n;a HeyITpyroe pacceRHHe rro,n;aB.rreHo) H 

COCTaBJIHeT 10-6 - 10-1 . 
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ITepcITeKTHBHHM MOLKeT 6bITb H ITpHMeHeHHe YXH B H3y'IeHHH CTPYKTYPhI H !J:HHaMHKH 

KOH,ll;6HCHpOBaHHOro COCTO.HHH.H Bem;eCTBa, TaK I<aK H6HTpOHbl c 6oJibillOH ,II,JIHHOH BOJIHbI 

oco6eHHO 'IYBCTBHTeJihHbI K CTPYKTYPHhIM Heo,n;Hopo,n,HOCT.HM H K ,II,HHaMHKe !J:BII:>KeHH.H 

KPYITHbIX MOJieKyJI H KJiacTepoB. 

B nepeou 2.11,aee, rrocB.HIIJ;eHHoli cITeKTpoMeTpHrr o'IeHb Me,n,neHHhrx HeliTpoHoB, orrrrcaHbI 

pa3pa6oTaHHbie BpeM.HITpOJieTHbie KOppemm;rroHHbie CITeKTpOMeTpbl c MexaHH'I8CKHMH 

ITC8B,II,OCJiy'IaHHbIMH rrpepbIBaTeJI.HMH (MaJibIH c ;:i:uaMeTpOM !J:HCKa ITpepbIBaTeJI.H 40 CM 

H 60JibillOH c ,n;uaMeTpOM ,II,HCKa 160 CM), C03,n:aHHbie AJI.H yBeJIH'I8HH.H CB8TOCHJibl H 

OTHOmeHH.H 9¢¢eKTa K <Potty rrpH H3MepeHHH cneKTpOB O'I6Hb M8,JJ;JI8HHbIX H8HTpOHOB. 

B KoppenmJ;HOHHOM MeTo,n:e rrpepbrnaTeJib B Te'IeHHe ITepHo,n:a Mo,n,ynm:i;uH nyqr<a 

T OTKphrnaeTc.H n pa3 BMecTo o,n:Horo pa3a, KaK B KJiaccrrqecKOM MeTo,n;e rrponeTa. 

B pe3yJihTaTe 3¢¢eKTHBHhrii noTOK qacTHIJ; Ha ,n,eTeKTOp yBeJIH'IHBaeTc.H B n pa3 

nprr HeH3MeHHOM ¢oHe. Mo,n:ymn:i;mr rry'IKa qacTHIJ; ITCeB,n:ocJiyqaiiHhIM ITpepbrnaTeJieM 

rrpOH3BO,II,HTC.H no 3aKOHY 
N-1 

S(t) = L aig(t - i6.T), (3) 
i=O 

r,n;e g(t) - MOAYJI.HIJ;H.H ITY'IKa ITpephrnaTeJieM c o,n:Hoti m;eJihIO, N - qucno 3JieMeHTapHbIX 

HHTepBaJIOB AJIHTeJihHOCThIO 6.T B nepHo,n:e ITocne,n,oBaTeJihHOCTH T = N · 6.T, rr ,II,JI.H 

KOppeJI.HIJ;HOHHOro MeTo,n;a ai - IIC8B!J:OCJiyqaliHa.H 6uHapHa5I IIOCJie,n:oBaTeJibHOCTb HyJieti H 

e,II,HHHIJ;. 

EcnH urnpHHa KaHana BpeMeHHoro aHaJIH3aTopa 6.T paBHa 3JieMeHTapHoMy HHTepBany 

6.T, TO t.IIICJIO H6MTpOHOB, 3aperHCTpHpOBaHHbIX B k-TOM I<aHaJie: 

N-l 

zk = L ak-di + uk, HJIH, B MaTpH'IHOti ¢opMe Z =A· F + U, 
i=O 

(4) 

r;:i:e Ji - BpeM.HITpOJieTHbIH CITeKTp, COOTB8TCTBYIOIIJ;HH i-TOMY KaHaJiy aHaJIH3aTopa, ui 

- cpe,n,Hrrit ypoBeHb ¢oHa B KaHaJie, Z - N-MepHbIH BeKTop, 9JieMeHTaMH KOToporo 

.HBJiaIOTca BeJIH'IHHhI zk oTc'IeToB B KaHanax aHaJIH3aTopa, F H U - BeKTOpbI 

BpeMmrpoJieTHoro cITeKTpa rr tjJoHa, cooTBeTCTBeHHO, A - IJ;HKJIH'IecKaa N x N 

MaTpHIJ;a, CTpOKH KOTOpOH ITOJIY'I8HbI IJ;HKJIH'I6CKOH ITepecTaHOBKOM ITOCJie,n:oBaTe.JibHOCTH 

ai. ,D;na o6br'IHOro ITpephIBaTeJia MaTpHIJ;a A ITepexo,n;rrT B e,n,rrHrr ... rnyro I. Ifa 

ABYX rroc.Jie,II,HHX BbipaLKeHHit cJie,n:yeT, 'ITO BpeMaITponeTHbiit cITeKTp (ITpH detA f 
0): F B(Z - U), r,n,e B · A I. TaKHM o6pa30M 3TH cooTHomeHrra 

IT03BOJI.HIOT ITOJiy'IaTb pacnpe,n;eJieHHe ITO BpeMeHH ITpoJieTa F ITO pacITpe,n:e.JieHHIO Z, 

3aperHcTpHpOBaHHOMY aHaJIH3aTopoM. IfaJio.JKeH MeTOA H ITpoaHaJIH3HpoBaHhI oco6eHHOCTH 

KOppe.JI5IIJ;HOHHOro aHaJIH3a rrpH ITC8B!J:OCJiy'I:aMHOH MOAYJI5IIJ;HH ITOTOKa O'IeHb Me,n,JieHHbIX 
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HeliTpOHOB. HccJie,n;oBaHbI ¢aKTOpbr, BJII:HIIOilIFie Ha <PYHKu;mo pa3pemeHFIH, a HMeHHO: 

KOHei::i:Ha5l TOJIIIJ;HHa rrpepbIBaTeJI5l H HeCTa6IIJihHbIH C,Il;BHr cpa3 Me:;>K,n;y pa3BepTKOH 

aHaJin3aTopa II Bparu;eHneM MexaHH'!ecKoro rrpepbIBaTeJIH, co3,n;aroru;ero Mo,n;ymrpyroru;yIO 

ITOCJI€,Il;OBaTeJibHOCTb. l'I3JIQ)KeHbI pe3yJibTaTbI KOMIIbIOTepHoro MO,Il;€JIHpOBamrn pa60TbI 

KOppeJI5l[\lIOHHOrO crreKTpOMeTpa. 

ITpe,n;cTaBJieHhI pe3yJihTaTbI pa3pa6oTKII II orrTIIMIBaIJ;IIH crreu;IIaJibHbIX 

CIJ;IIHTIIJIJIZIJ;IIOHHbIX ,n;eTeKTOpoB YXH, co,n;eplKaIIJ;IIX CIJ;IIHTFIJIJIHTOpbI ZnS(Ag) II 

rrapaTep¢eHIIJI II pa,n;IIaTOpbI 6LiOH II 6LiF' rrpHMeH5IeMbIX B OIIFICaHHbIX crreKTpOMeTpax. 

OmrcaH CIJ;HHTIIJIJIHIJ;IIOHHhrli ,n;eTeKTOp YXH c rocppIIpoBaHHbIM Bparu;aroru;nMCH 

C[\HHTIIJIJI5ITOpOM, He OTpalKaIOIIJ;IIH Heti:TpOHbI II IIMeroru;nti: a¢¢eKTIIBHOCTb, He 

3aBIIC5IIIJ;YIO OT 8Hepr:rrn He:iiTpOHOB. l'I3JIOJKeH MeTO,Il; H3MepeHHH 8HepreTni::i:eCKOH 

3aBHCHMOCTH acp¢eKTHBHOCTH ,n;eTeKTOpOB YXH n pe3yJihTaTbI ero rrpHMeHeHnH ,Il;JIH 

IIOJiyi::i:eHHH xapaKTepIICTHK C03,Il;aHHbIX ,IJ;eTeKTOpOB. 

ITpe,n;cTaBJieHhI pe3yJihTaThI TeCTIIpoBaHII.a KoppeJIHIJ;HOHHoro crreKTpoMeTpa rrpII 

II3MepeHIIII npoxoM,n;eHn.a YXH i::i:epe3 FIHTep¢epeHIJ;HOHHbre cpI:IJihTpbr. 

OrmcaHa rrpe,n;JiolKeHHaz cxeMa FI pe3yJihTaThr "IHCJieHHoro Mo,n;eJIHpoBaHII.a crroco6a 

II3MepeHI:I5I oi::i:eHb MaJibIX II3MeHeHHH ~meprnII HeHTpOHOB, OCHOBaHHbIH Ha rrpnMeHeHIIII 

KOM6IIHa[\IIH HHTep¢epeH[\lIOHHbIX qmJibTpOB. 

OrrncaH BpeM.arrpoJIEiTHhIH crreKTpoMeTp c BepTI:IKaJibHoli npoJieTHoli 6a3ofi II 

ropH30HTa.JibHbIM KOJib[\eBbIM KOOp,II,HHaTHbIM ,n;eTeKTOpOM, rrpe,n;Ha3Hai::i:eHHbIH ,Il;JI5l 

H3MepeHm:I IIOJIHOro II ,n;mpcpepeHu;I:IaJibHOro cei::i:eHII5l pacce5IHH5l oi::i:eHb Me,n;JieHHbIX 

HeliTpoHOB. ITpoaHaJIH3IIpoBaHo BJIII5IHIIe rpaBFITaIJ;IIII Ha pa6oTy II pa3pemeHIIe TaKoro 

cneKTpoMeTpa. ITpe,n;cTaB.JieHbI pe3yJihTaTbI FI3Mepe1rnii rro.JIHbIX II ,n;II¢cpepeHu;FiaJihHbIX 

cei::i:eHIIii B ,n;IIna3oHe ,I!;JIFIH BOJIH 200-1000 A ,I!;JIH pH,n;a MaTepIIaJIOB HHTepeCHhIX 

,II,JIH cpII3HKII YXH: Al, Cu, Zr, Si, 6LiF, TecpJIOH, rroJIFI8TIIJieH, ¢ToprroJIIIMepbr. 113 

aHamna IIOBe,n;eHH5I IIOJIHbIX H ,II,Hcp¢epeHu;naJibHbIX cei::i:eHHH H3B.Jiei::i:eHbI rrapaMeTpbI, 

xapaKTepH3YIOIIJ;Fie H80,Il;HOpO,II,HOCTb FICCJie,II;OBaHHbIX MaTepFiaJIOB B TepMIIHax BeJIII'IHHbI 

¢JIYKTyau;IIH IIJIOTHOCTH II KOpp€JI5l[\HOHHOH ,I!;JIHHbI 8THX cpJiyKTyau;IIii. 

Bo emopou 2J1,aee orrFicaHo npnMeHeHFie pa3pa6oTaHHoro crreKTpoMeTpa ,n;Jia 

Ha6Jiro,n;emrn a¢¢er<Ta MeTaJIJIH'1€CKoro OTpa:a<eHH5I He:iITpOHOB OT IIOBepXHOCTH Beru;eCTB 

c 60JibillHM C8'-IeHH8M 3axBaTa. 

AMIIJIHTy,n;a OTpa:>KeHHOH OT IIOBepXHOCTII pa3,n;eJia HeiITpOHHOH BOJIHbI IIMeeT BII,Il; 

Pno - Pn 
r= ' 

Pno + Pn 
(5) 

r,n;e Pno H Pn = (P;;,o - 2mU) 1! 2, COOTBeTCTBeHHO, HOpMaJibHbie K ITOBepxHOCTII pa3,II,eJia 

KOMIIOH8HTbI IIMITYJibCa HeliTpOHa B BaKyyMe II Beru;ecTBe H m - Macca HeiiTpOHa. 
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IToTeHIJ;HaJI B3aHMO,IJ;eHCTBH.H Heii:TpOHa co cpe,n;oii: B COOTBeTCTBHH c yp. (1) H (2) MO)KHQ 

3a1mcaTb 

U UI ·u" 1 ( '2 • "2) = - i = 2m P - ip · (6) 

BH,n;Ho, qTo rrpH qficTo MHHMOH ,)];JIHHe pacceHHHH Kos¢qmrJ;HeHT oTpa)KeHHH R = lrl2 

OTJIHqeH OT HJJIH H rrpH P~o « 2mlUI R ~ 1, H B rrpe,n;eJle MaJibIX 9HeprHH yBeJIHqeHHe 

rrorJloru;eHH.H rrpHBO,IJ;HT K yBeJIH"iemno OTpa)KeHHH. 

OrrHcaHa ycTaHOBKa ,ll...il.H H3MepeHHH KOScPcPHD;HeHTa oTpa)KeHHa YXH, rro3BOJ1H10ru;aa 

rrpoBO,)];HTb H3MepeHHe crreKTpa.ilbHOH 3aBHCHMOCTH OTpa)KeHHH Heii:TpOHOB OT 

CBe)KeHaITbIJleHHbIX B BaKyyMe MeTMJIHqecKHX IIOBepXHOCTett. ,[(JIH H3MepeHHH crreKTpOB 

HCIIOJlb30BaJICH 60.ilbIDOH KOppe.il.HD;HOHHbifi BpeMarrpo.ileTHblfi crreKTpOMeTp. 

,[(JIH 9.ileMeHTOB c 60.ilbillHM ceqeHHeM 3axBaTa H3-3a HMH"IHH HH3KOJle)Karu;Hx 

pe30HaHCOB ,lJ..JIHHa pacce.HHHH 3aMeTHO H3M€H.H€TCH ,n;a)Ke B ,n;HaITa30He 9HeprHH Me,n;JleHHbIX 

Heii:TpOHOB. B STOM cJ1yqae 9HepreTH'<!eCKHli xo,n; ,U,JIHHbI pacceHHHH orrpe,u,eJIHeTca 

¢opMyJ1oli Bpeii:Ta-BHrnepa: 

"" 2rn3(E-E3)g3 ."" rn3r3g3 
b = bo + 7 k3[4(E- E3)2 + rJ] - i 7 k3[4(E - E3)2 + rJ], (7) 

r,n;e bo - ,)];JIHHa IIOT€HD;HaJlbHOrO paCC€HHH.H, rj H r nj - IlOJIHaH H HefiTpOHHaH IDHpHHbl 

pesoHaHca rrpH 9HeprHH E3, g3 - CTaTHCTH'<!eCKHH ¢aKTop, k3 - BOJIHOBoli BeKTop rrpH 

sHeprnH E3. 

,[(JIH rrpoBepKH ,Il;OCTOBepHOCTH ,n;aHHbIX OTpa6oTaHa MeTO,IJ;HKa IlO.ily"ieHH.H sepKaJibHO 

r.ila,IJ;KOH, HO He OTpa)Karoru;eii: HefiTpOHbl IIO,Il;JIO)KKH H3 CMeCH H30TOIIOB CaMapHH: 

152Smo,4 _nat Smo,6, ,)];Jl.H KOTOpOH peMbHa.H '<!aCTb IlOT€HD;HaJia ,Il;Jl.H HefiTpOHOB u' oqeHb 

MMa, a MHMMa.H qaCTb IIOTeHn;MaJla eru;e He,U,OCTaToqHQ B€JIHKa ,Il;JIH rrpOHB.ileHH..H 3aMeTHOro 

11 MeTMJIHqecKoro"oTpa)KeHH.a: b = (0, 06 - 0, 59i)F. 

MeTaJ1J1HqecKoe oTpa)KeHH:e, o6.a3aHHoe MHHMOH qacTM rroTem::i;HMa oTpa)Karoru;eii: 

CTeHKH, rrpo,n;eMOHCTpHpOBaHO ,ll..Jl..H H30TOrra 155Gd, ,)];JIH KOTOporo b = (0, 67 - 13, 04i)F. 

B mpem'beu Maee paccMoTpeHbI 9KcrrepHMeHTbI no rrpoBepKe KBaHTOBOMexaHHqecKoli 

TeopHH B3aHMo,n;elicTBH.H YXH c Beru;ecTBOM. 113.ilO)KeHa CHTyan;HH c npo6J1eMoli xpaHeHHH 

YXH, 3aKJ1roqaroru;a.aca B CH.ilbHOM pacxo)K,n;eHHH pacqeTHbIX H 9KcnepHMeHTaJibHhrx 

KoscpcpHn;HeHTOB rroTepb YXH rrpH OTpa)KeHHH OT CTeHKH. 

OrrHcaHa HH3KOcPOHOBaa ycTaHOBKa ,n;J1a H3MepeHH..H c BbICOKOH scp¢eKTHBHOCTbIO 

MaJlbIX 6eTa-aKTHBHOCTeH H 9KCrrepFIM€HTbl no IIOCJIOHHOMY M3MepeHHIO aKTHBaD;HH M€,ll..HOH 

OTpa)Karorn;eii: CTeHKH no,n;6ap'bepHbIMH Heii:TpoHaMH. OrrHcaHbI MeTO,lJ..bI orrpe,n;eJ1eHHH 

IIJIOTHOCTH IIOTOKa Heii:TpOHOB B KaMepe 06J1yqeHH.H: MeTO,IJ; qepHoro ,n;eTeKTOpa H MeTO,IJ; 

aKTHBan;1rn cpO.ilbr H3 HHKeJlb-Mapram:i;eBoro CITJlaBa c HyJieBOH cyMMapHOH aMIIJIHTJ,lJ..OH 
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KorepeHTHoro pacceamrn. Ilpoae,n;eHo cpaBHeHHe ITO.JiyqeHHbIX pesyJihTaTOB ITO aKTHBan;1rn 

OTpa)KaIO:m;eii: CTeHKH c KBaHTOBOMexaHH'ieCKHMH pacqihaMH H ITOKa3aHO xopornee 

COOTBeTCTBHe c HHMH Ha ypOBHe 10-5 ,lJ.JIR Be.JIH'iHHbI K08cpcpHD;HeHTa ITOTepb Ha O,lJ.HO 

OTpa)KeHHe, 'iTO B 50 pas MeHbme, qeM H3MepeHHbIH K08cpcpH:a;HeHT ITOTepb ,IT.JIR Me,rr.H. 

B "l,em6epmoii, ZJia6e H3JiaraIOTCR ITpe,rr..JIO)KeHHbie MeTO,ll;hI reHepa:a;:1m YXH Ha 

HMITY.JibCHbIX HCTO'iHHKax HeH:TpOHOB: MeTo,n; ,ll;BH)Ky:m;eroca KOHBepTepa H MeTo,n; 

HecTa:a;HoHapHoro TpaHcITopTa YXH ITO sepKMhHOMY HeH:TpoHoao,n;y H saxBaTa 

YJibTpaxoJio,n;HhlX HeliTpOHOB B JioaymKy. 

Iloc.Jie 8KCITepHMeHTOB 1111.H<l> CTaJIO RCHO, 'iTO ITepcITeKTHBHbIM MaTepHaJIOM ,ll;JIR 

KpHoreHHoro KOHBepTepa YXH RB.JIReTca TBep,n;hIH ,n;eH:TepHH:. lfaJiaraeMaa: pa6oTa HMeJia 

aK:a;eHT Ha HMITYJihCHOH reHepa:a;HH YXH, Ha H3MepeHHH ceqeHHH reHepa:a;HH a pa3HhIX 

KOHBepTepax H Ha HCC.Jie,n;oBaHHH 3aBHCHMOCTH Ce'ieHHH reHepa:a;m1 OT CITeKTpa ITa,n;aIOIII;HX 

HeHTpOHOB H TeMITepaTypbI KOHBepTepa. 

Ilpe,n;cTaB.JieHbI pesy.JihTaTbI pacqeToB ITOTOKOB TeITJIOBhIX H xoJio,n;HhIX HeH:TpoHoB Ha 

peaKTope TPMrA MAPK-2 B ,n;eTa.JibHOH pea.JIHCTH'iecKott reoMeTp1m aKTHBHOH 30HhI 

peaKTopa, HeliTpOHOBo,n;oa H xoJIO,lJ.HbIX saMe,n;.JIHTeJieH: c ITOMOIII;bIO ITporpaMMhI MC­

NP H saTeM, c HCITOJih30BaHH:eM 3THX pesy.JihTaToB, reHepau;HH YXH a ,n;ettTepHH B 

O,Il;HOcpOHOHHOM HeKorepeHTHOM ITpH6Jill)KeHHH c HCITOJib30BaHHeM ITJIOTHOCTH cpOHOHHbIX 

cocTORHHtt ,n;.Jia TBep,n;oro ,n;eti:TepHa. B -qacTHOCTH ITo.Jiy'ieHo, 'iTO ITPH Ha.JIH'iHH TBep,n;o­

MeTaHoaoro ITpe,n;3aMe,n;mneJia O)KH,n;aeMaR reHepa:a;HR YXH B ,n;eti:TepHeBOM KOHBepTepe 

B pa,n;HaJihHOM KaHa.Jie peaKTopa rrpH mTaTHOM 10 M,Ll;)K HMITYJibce peaKTopa cocTaBJIReT 

3, 5x 105 YXH/cM3 H.JIH 7x 107 YXH B KOHBepTepe o6'heMoM 200 cM3. OrrHcaHbI pe3y.JihTaTbI 

H3Mepemrn TeITJIOBbI,ll;e.JieHirn B pa:,n;e MaTepHa.JIOB rrpH HMITY.JibCe peaKTOpa H rrpoae,n;eHO 

cpaBHeHHe c pacqeTaMH. Orn1caHhl rrepBbie aKcITepHMeHThI ITO HMITY.JibCHOH reHepa:a;m1 

YXH B HH3KOTeMrrepaTypHoM TBep,n;oM ,n;eH:TepHeBOM KOHBepTepe Ha KacaTeJihHOM 

KaHa.Jie aITepHo,n;11qecKoro HMITYJihCHoro peaKTopa TPMfA MAPK-2 YHHBepcHTeTa r. 

MaH:H:a; H ITpoae,n;eHo cpaaHeHHe c pacqeTOM. MccJie,n;oBaHo BJIHa:HHe TepMOD;HKJIHpoBamrn 

("oT)l(Hra") Ha rrpo3pa'1HOCTb KpHCTaJIJIOB ,n;eti:TepHR ,n;JIR YXH. 

Orr11caHbI Hoaaa ITpe,n;Jio)KeHHaa: rrocTaHOBKa aKcrrepHMeHTOB, ycTaHOBKa H ,n;eTaJihHOe 

HCCJie,n;oaaHHe reHepa:a;HH YXH B ITPOTO'l:HOM H HaKoITHTeJibHOM pe)KHMax B HaH6oJiee 

ITepcrreKTHBHbIX KpHoreHHbIX 3aMe,D;JIHT6JIRX: ,n;eH:TepHH, KHCJIOpo,n;e H ,n;eti:TepoMeTaHe B 

mHpOKOM ,n;HarrasoHe TeMITepaTyp B rasoo6pa3HOM, )KHAKOM H TBep,n;oM COCTORHHa:x, 

rrpoBe,rr.eHHOe Ha BbIBe,n;eHHOM IIY'iKe XOJIO,lJ.HbIX HeHTpOHOB B l1HCTHTyTe IlayJrn lllepepa 

(PSI). ,Ll;Jia: ,n;eH:Tep1rn TaK)Ke H3MepeHa reHepa:a;:rrn YXH Ha cerrapHpoaaHHhIX ITO 

CKOpOCTH rryqKax XOJIO,ll;HbIX HeHTpOHOB, rrpoBe,rr.eHO COIIOCTaBJieHHe ,rr.aHHbIX 8KCrrepH:MeHTa 
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c MHOro¢oHOHHbIMH paC'-IeTaMH H rronyqeHO HeIIJIOXOe corJiaCHe. 

,l.I;mr Bcex Tpex 3aMe,II;JIHTeJieii: rrpe,n;cTaBJI8Hbl pe3yJibTaTbl H3MepeHHH IIOJIHbIX ceqeHHH 

,II;JI.H XOJIO,II;HbIX Heii:TpOHOB rrpH pa3JIHqHbIX TeMrrepaTypax H KpHCTaJIJIH'IeCKHX ¢a3aX. 

B nJlmou 2.riaee co,n;epLKHTC.H onHcaHHe rrpe,n;nmKeHH.H HOBbIX MaTepnanoB ,n;na 

rroKpbITH.H CTeHOK JIOByIIIeK YXH HH3KOTeMrrepaTypHbIX ¢ToprroJIHMepoB H 

rrccne,n;oBaHH.H nx CBOMCTB. IIpeu;rr3HOHHOe H3MepeHHe BpeMeHH )KH3HH Heil:TpoHa 

BaLKHO ,n;na ycTaHOBJieHH.H rrapaMeTpOB CTaH,n;apTHOii: Mo,n;eJIH u yToqHeHM.H rrpou;ecca 

HyKneocMHTe3a Ha paHHeil: cTa,n;nu. BenwmHa Heo6xo,n;HMbIX rrorrpaBOK H CHCTeMaTHqecKHX 

OIIIH60K rrpH ll3BJieqeHHH H3 ,n;aHHbIX H3MepeHHH BemrqHHbI BpeMeHH )KH3HH MeTO,II;OM 

xpaHeHH.H YXH B 3aMKHyToM o6beMe 3aBHCHT oT BeJIHqHHbI rroTepb Heii:TpoHOB npH 

CTOJIKHOBeHH.HX co CTeHKaMH. Tio3TOMy IIOHCK HOBbIX MaTepHaJIOB c MHHHMaJibHbIMH 

IIOTep.HMH H HCCJI8,II;OBaHMe HX CBOMCTB cyru;eCTB8HHbl ,r:t;JI.H rrpo,r:t;BH2K8HH.H B HarrpaBJieHHH K 

6onee BbICOKOH TOqHOCTll 9KCrrepHMeHTOB. 

BbIJI HCCJie,r:t;oBaH pa,n; Hll3KOTeMnepaTypHbIX ¢ToprroJIHMepoB poccHii:CKoro 

rrpOH3BO,II;CTBa, CHHTe3upoBaHHbIX B TiepMCKOM ci>HJIHaJie PHU, "TipHKJia,r:t;Ha.H XllMH.H 11 H 

B focy,r:t;apCTB8HHOM HCCJie,r:t;OBaTeJibCKOM HHCTHTyTe opraHHqecKOM XHMHH H T8XHOJIOrHH 

B MocKBe. OrrucaHbI pe3yJibTaTbI H3MepeHHM B.H3KOCTH H ceqeHHil: pacceaHH.H HeliTpOHOB 

B ,r:t;Harra3oHe ,r:t;JIHH BOJIH 1-20 A B ¢YHKIJ;HH TeMrrepaTypbI OT 10 ,r:i;o 300 K. 

l13MepeHH.H HeliTpOHHbIX ceqeHMM rrpoBO,r:t;HJIHCb Ha rryqKe HMIIYJibCHoro peaKTopa 

l1BP-2 J1H<P 0115!11. HaH6onee HHTepeCHbIMH H rrepcrreKTHBHbIMll OKa3aJIHCb CJIOLKHbie 

IIOJIH¢TopoKCllM8TllJI8HbI c o6ru;eil: ¢opMyJioli CF30(CF20)n(CF2CF20)m(OCF2CF20)1 

CF3 c n:m:l=65,8:3,l:0,2 H MOJieKynapHbIM BecoM 4883, H n:m:l=30,3:1,5:0,2 H 

MOJieKyJI.HpHbIM BeCOM 2354, m.vreIOITI;HMII TeMrrepaTypy IIOTepII T8Kyt.IeCTH B6JIH3H -100 c. 
Ha ocHoBaHHH H3MepeHHM HeliTpOHHbIX ceqeHHM BbrqncneH OLKH,n;aeMhIM Koa¢¢Hu;HeHT 

IIOTepb Heil:TpOHOB - 77 = 2 x 10-5 rrpH TeivmepaType OKOJIO 160° K, B6Jill3H KOTOpoii: 

rrapaMeTp B.H3KOCTH y,n;o6eH ,n;mr y,r:i;ep)KaHII.H IIOJIHMepa Ha IIOBepXHOCTH. 

Ou;eHeHo KBa3Hynpyroe pacceaHHe HeliTpOHOB Ha ,n;H¢¢Y3HO ,n;BmKyITI;HXC.H Kpymrbrx 

MOJieKyJiax IIOJIHMepa ll TeopeTrrqecKH paccMOTpeHO pacce.HHHe Heil:TpOHOB B.H3KoynpyrHMH 

noBepxHOCTHbIMH BOJIHaMII npH oTpa:II<eHHH YXH OT rroBepxHOCTH B.H3KOM fKII,II;KOCTII 

II IIX BJIH.HHIIe Ha IIOTepII YJibTpaxoJIO,II;HbIX Heii:TpOHOB npH xpaHeHHH. ,l.I;na cnyqaa 

B.H3KOynpyrrrx ITOBepXHOCTHbIX BOJIH paccMOTpeHHe rrpoBe,n;eHO B paMKax MO,II;8JIII 

MaKCBenna B.H3KOM )KH,II;KOCTH c HCIIOJib30BaHIIeM ,II;HHaMrrqecKoro CTpyKTypHoro ¢aKTopa 

,r:t;JI.H H30Tporrnoft B.H3Koynpyroft cpe,r:t;br, orrpe,n;enaeMoro qeTbipM.H rrapaMeTpaMH cpe,n;bI: 

TeMnepaTypoil: T, nJIOTHOCTbIO p, MO,r:t;yJieM c,n;BHra G II BpeMeHeM penaKCa1IHH C,II;BHrOBbIX 

Harrpa)l{eHIIM T. Bepo.HTHOCTb pacce.HHH.H Heil:TpoHa c HaqaJibHbIM BOJIHOBbIM BeKTOpoM 
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k0 H KOHe'IHOH :::rnepmeil E orrpe.n;emreTrn HHTerpa.rroM OT ,ll;HHaMH'IeCKoro CTpyKTypHoro 

¢aKTOpa ,ll;JUI H30TpOIIHOH B2:3Koyrrpyroil cpe,ll;bl s ( q' 6.nE) ITO rrepe.n;aHHOHMY BOJIHOBOMY 

BeKTOpy q: 
.... l6koi 1 J ( b..E) .... 

w(ko -+ E) = (27r) 3 21i S q, T kl. · q · dq · d¢. (8) 

113 pac'IeTOB BepmITHOCTH pacce.HHH.H B cPYHKI!HH rrepe.n;aHHOH 3HeprHH CJie.n;yeT, 'ITO 

rrpH OTpa:EKeHHH YXH MOfKeT HMeTb MeCTO :=mepreTwrncKoe ynrnpeHHe rrop21.n;Ka (1-10) 

H3B. KpoMe B03MO:>I<HOCTH KOJIH'IeCTBeHHoro cpaBHeHHR pacc'IHTaHHbIX Bepo.HTHOCTeil c 

SKCrrepHM8HTaJibHbIMH .n;aHHbIMH y,n;a.rrocb H3BJI8'Ib H3 IIOCJI8,ll;HHX ,ll;Harra30H rrapaMeTpOB 

,ll;HHaMH'IecKoil Mo.n;eJIH - MO,n;JJIR c.n;aHra G 11 BpeMeHH peJiaKCaI!HH C,ll;BHroabrx HarrpmKeHHil 

T. 

Ha ocHOBe orrn:caHHbIX rrccJie,n;oBamrit HH3KOTeMnepaTypHbIX cpToprroJIHMepoB B 

,ll;aJibHeilrrreM 6bIJI IIOCTaBJieH 3KCIIepHMeHT ITO H3Mepemno BpeMeHH :>KH3HH HeilTpOHa 

rryTeM xpaHeHHR YXH B JioByrrrKax, rroKpbIThrx HCCJie.n;oBaHHbIM q)ToprroJIHMepoM. B :::>THX 

SKCrrepHMeHTax y.n;aJIOCb ,ll;OCTHrHyTh rrpe,n;cKa3aHHOro K03cp¢HI!HeIITa IIOTepb 'r/ = 2 x 10-5' 

TaK 'ITO rrorrpaBKH Ha rr0Tep11 YXH Ha cTeHKax cocTaBJIRJIH JIHIIIh (1-2)% OT 6eTa-pacrra,n;a 

HeilTpOHa, 'ITO Ha rropR,ll;OK MeHbIIle, '18M B rrpe,n;bI,ll;YIIJ;HX H3MepeHHRX BpeMeHH :>KH3HH 

HeilTpoHa MeTo,n;oM xpaHeHHR YXH B 3aM1rnyThIX o6'beMax. 

Ha ocHoBe H3MepeHH.a crreKTpOB Bo36y:>K,n;eHnil ¢ToprroJinMepoB 6bIJIH BbI'IHCJieHhr 

o:>Kn,n;aeMhre KO:::>cPcPHI!H8HThI rroTepb YXH npn OTpa:>I<eHnn B cPYHKI!Hll TeMrrepaTyphI 

H c,n;eJiaHhl OITTHMHCTH'I€CKH8 3aKJIIO'I8HHR 0 B03MO:>KHOCTH .n;aJihHeilrnero nporpecca B 

HarrpaBJieHHH yMeHbIIIeHH.a Koscp¢HI!H8HTa rroTeph YXH rrpH xpaHeHHH B o6JiaCTh 77 ="-' 

10-1. 

B wecmou 2Aaee co.n;ep:>KHTCR 01rncamre MeTO,ll;HKH H H3MepeHHil crreKTpOB KBa3n:yrrpyro 

pacceRHHhIX YXH npn: n:x rro.n;6ap'bepHOM oTpa:>KeHnn OT rroaepxHocTH TBep,n:brx TeJI: Me,n;n:, 

Te¢JioHa n aJIMa3orro.n;o6Horo yrnepo,n;a. 

I1pHpo,n;a 3cPcP8KTa MaJibIX rrepe,n;aq 3Heprnn, n:.n;yru;n:x c H80:>KH,ll;aHHO 60JibIIIOH 

BepORTHOCTbIO ,.,_, 10-5 - 10-5 rrpu OTpa:EKeHHH OT TBep.n;bIX IIOBepXHOCTeil He BIIOJIHe .acHa. 

Pacc'IHTbIBaeMa.a aepo.aTHOCTb pacce.aHH.a Ha ¢oHoHax co CTOJib MaJibIMH rrepe,n;aqaMH 

:::>HeprHH ,II;OJI:>KHa 6bITb MHOrO rrop.a,n;KOB MeHbIIIe. Tipe,n;JiaraJIHCb pa3Jill'IHbie MexaHH3Mbl 

,n;JI.a o6'b.HCH€HH5.l CTOJib 60JibIIIOH aeponTHOCTH pacce.aHH.a B CTOJib MaJibIH HeilTpOHHbIH 

<Pa30BbIH o6'beM: ,n;n¢cpy3HOHHOe ,Il;BH:>K8HHe aTOMOB BO,n;opo.n;a, a,n;cop6HpOBaHHOI'O Ha 

IIOBepxHOCTH HJIH paCTBOpeHHOro B rrpurroaepXHOCTHOM CJioe, H ,Il;BH:>KeHne MaJibIX 

CJia6oCBR3aHHbIX qacTHI! Ha IIOBepXHOCTH. 

OrrncbrnaeMbIH MeTo,n; crreKTpoMeTpnn: KBa3nyrrpyroro pacceaHHn YXH ocHoBaH Ha 

ll3MepeHHH BpeMeHHbIX 3aBHCHMOCT8M CKOpOCTH C'IeTa Heil:TpOHOB, BbIJieTaroru;n:x H3 
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KaMepbI xpaHemu1 YXH, T.e. pacce.HHHbIX rrccJie,n;yeMbIM o6pa3I!OM, npH HCIIOJib30BaHHH 

B Ka'!eCTBe norJIOTHTeJie:H: IIJiaCTHH H3 MOHOKpHCTMJIH'I8CKOro KpeMHH.H H po,n;rreBbIX 

tj;>oJibr. B OIIHCaHHbIX 3KcnepHMeHTax no cpaBHeHHIO c npe)KHHMH pa6oTaMH, r,n;e 3TOT 

s¢¢eKT H3Y'IMC5I c npOTHBOpe'IHBbIMH pe3yJibTaTaMH, crreKTP Ha'!aJibHbIX HeMTpOHOB 6brJI 

pacnrnpeH c 50 mlB ,n;o 150-200 mB, ,n;HaTia30H 3Heprrrrr pacceHHHbIX ,n;eTeKTrrpyeMhIX 

He:H:TpOHOB 6bIJI pacmrrpeH ,n;o B03MmKHoro MaKCHMyMa - OT YXH ,n;o TeTIJIOBbIX. 

CKopoCTb cqeTa ,n;eTeKTopa pacceHHHbIX He:H:TpOHOB Tiprr HaJIH'IHH TIOrJIOTHTeJI.H Me)K,n;y 

o6pa3rrOM H ,n;eTeKTOpOM eCTb pe3yJibTaT HHTerprrpoBaHHfl: 

N:~:;;ber(t) = j <p(v, t)E~j1 (v, absorber)dv (9) 

r,n;e <p( v' t) He:H:TpOHHbIH TIOTOK, a s<P<PeKTHBHOCTb perHCTparrHH ,n;eTeKTOpOM HeliTpOHOB 

co CKOpOCTbIO v, nepeceI<aIOIIIHX 'IYBCTBHTeJibHbIM o6'beM ,n;eTeKTOpa IIOCJie npoxmK,n;eHHfl 

CKB03b norJIOTHT€Jib paBHa 

E (v e r r' absorber)= e-dabs'Eabs(v)/cosl1(l - eldet(r,r')"Edet(v)) 
eff ' ' ' ' ' 

(10) 

r,n;e dabs - TOJIIIIHHa TIOrJIOTHT€JI.H, e - yroJI HeHTpOHHOH TpaeKTOpHH TIO OTHOIII€HHIO K 

HOpMaJIH IIJIOCI<OCTH rrorJIOTHT€JI5I, ~abs ( v) - MaKpOCKOIIH'I€CKOe Ce'-IeHHe rrorJIOTHT€JI5I ,n;Jrn 

HeliTpoHOB co cKopoCTbIO v, ldet ( r, r') - ,n;JIHHa HeliTpOHHOli TpaeKToprrH BHYTPH o6'heMa 

,n;eTeKTOpa, 3aBHC5IIIIa5I OT KOOp,n;HHaT r H r' TO'!eK Bxo,n;a HeliTpOHa B ,n;eTeKTOp H BbIXO,n;a 

H3 Hero, ~det( v) - MaKpOCKOIIH'IeCKOe ceqeHrre IIOrJIOIII8HH5I HeliTpOHa R,n;paMH 3He B o6'beMe 

,n;eTeKTOpa. cha a<P<PeKTHBHOCTb MOJJ;8JIHpOBaJiaCb M8TO,.U:OM MoHTe-KapJIO B cPYHKI!HH 

CKOpOCTH HeHTpOHa H TOJIIIIHHbI rrorJIOTHT8JI5I 

E~ff(V, absorber) =< EeJJ(V, 8, r, r', absorber) >trajectories (11) 

B pe3yJibTaTe ycpe,n;HeHH.H TIO BCeM TpaeKTOpH5IM HeliTpOHOB, pacce.HHHbIX o6pa3I!OM H 

rrepecer<aIOIIIHX o6'beM ,n;eTeKTopa. 

CrreKTpbr pacce.HHHbIX HeliTpOHOB 1.p( v) =< <p( v, t) > ~t, ycpe,n;HeHHbie no BpeMeHH 

,Ll;Jifl pa3JIH'IHbIX BpeMeHHbIX HHTepBaJIOB D.t xpaHeHHfl HeliTpOHOB, H3BJieKa.JIHCb 

H3 3KCrrepHM8HTaJibHbIX ,n;aHHbIX MeTO,.U:OM HaHM€HbIIIHX KBa,n;paTOB B pa3JIH'IHbIX 

rrpe,n;IIOJIQ)K8HH5IX 0 ¢opMe 3THX crreKTpOB. 

BepoRTHOCTb pacceRHHH c Manon nepe,n;aqeli 3HeprHH (rroJiy'IeHHOe KaK OTHOIIIeHHe 

H3MepeHHoro rroTOKa HarpeTbIX HeilTpOHOB K IIJIOTHOCTH rroToKa rra,n;arom;Hx YXH H K 

ITJIOIIIa,n;H o6pa3~a) OKa3aJiaCb paBHOH (2 ± 0.2) x 10-4 ,n;JIR TecPJIOHa H (5 ± 0.9) x 10-5 ,.U:Jifl 

M€,.U:HbIX o6pa3I!OB. 

)J;aJiee B 9TOH rnaBe paccMOTpeH B03MO:tK.HbIH s¢¢eKT rrp05IBJI€HH5I ,n;rr<P<PY3HH 

Bo,n;opo,n;a B KBa3HyrrpyroM pacceRHHH YXH rrprr HX OTpa:tK.eHHH OT rroBepxHoCTH. KaK 
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M3BeCTHO, o6bI'!HOM rrpo6JieMofi ,II;JI5I xpaHeHM5I YXH B 3aMKHYThIX cocy,n;ax 5IBJI5IIOTC5I 

BO,IJ;Opo,n;co,n;ep:>Karu;Me 3arp5I3HeHM5I IIOBepXHOCTM. 

,Il;mjxpy3H5I BO,n;opo,n;a B a,n;cop6HpOBaHHOM CJIOe HJIM B rrpHIIOBepXHOCTHOM CJIOe rrpH 

KOMHaTHOM TeMITepaType MO:>I<eT 6bITh 3Ha'!HTeJihHOM c K09cpcpm:i;ueHTOM ,n;mpcpy3MM D :::::: 

10-5 cM2 / c n: 6oJiee. Bo,n;opo,n;, pacTBopeHHbIM B MeTaJIJiax, TaK:>.Ke B p5I,n;e cJiycraeB HMeeT 

60JibIIIOM K09cpcpmi;neHT ,n;ncpcpy3HH. 

IlpH MaJibIX H3MeHeHH5IX BOJIHOBoro BeKTopa r;, YIIIHpettue cpyHKIJ;HH pacce5IHH5I ITPH 

o,n;HOM aKTe pacce5IHH5I ( ITOJiyIIIn:p1rna Ha ITOJIYBhICOTe) paBHa o E = hr;,2 D, n: rrpn: n:cxo,n;ttofi 

9HeprHH H8MTpOHa '.::::'. 50H9B HD'.::::'. 10-5 CM2/c MM88M OE'.::::'. 2H9B, a B pe3yJihTaTe COTeH 

aKTOB pacce5IHH5I BO BpeM5I xpaHeHH5I YXH !lE = OE· n112 , yIIIn:pettn:e cITeKTpa MO:>.KeT 

,Il;OCTHraTb ,n;eC5ITKOB H9B. 

I1HTerpn:poBaHMe ITO TeJieCHOMY yrJiy Bbipa:>K8HM5I ,Il;JI5I ,II;Ba:>K,Il;bI ,n;n:cpcpepeHri;HaJibHOro 

ce'!eHH5I KBa3Myrrpyroro pacce5IHM5I B rmaccII'iecKoM rrpe,n;eJie ,n;aeT ,n;IIcpcpepettri;MaJihHOe 

ce'!eHHe KBa3MyITpyroro pacce5IHH5I B cpyHKIJ;HH rrepe,n;aHHOM 9HeprHH t:: 

d dz+ b2((1+d)1/2+1)4 
(Jqel 2 a [ ] 

TE= 41fbinc Eo Zn d2 + b2( (1 + d)l/2 - 1) 4 ' 
(12) 

r,n;e a= h/(167rMD), M - Macca HeliTpoHa, b = 2MD/n, Md= t:/E0 , E0 - Ha'!aJihHa5I 

9HeprII5I HefiTpoHa. Pe3yJihTaTbI BbI'!HCJieHHM ,n;HcpcpepeHri;MaJihHoro ce'!eHM5I II Bepo5ITHOCTH 

KBa3Hyrrpyroro paCC85IHM.H Ha ,n;ucpcpyH,n;HpyIOru;eM aTOMe BO,n;opo,n;a ITOKa3aJIM, qTo ITpM 

,Il;OCTaTO'-IHO BbICOKMX K09cpcpMIJ;MeHTax ,n;n:cp¢y3HM 9TOT MexaHH3M MO:>.K8T ,n;aBaTb 3aMeTHbIM 

BKJia,IJ;. 

B cea'bMOU 3.tiaee TeopeTuqecKM paCCMOTpeHa ,n;errOJI5IpM3aIJ;M5I YXH B JIOBYIIIKax, 

HMeIOru;a5I 3Ha'!eHMe rrpH H3MepeHMHH 9,11,M HeMTpOHa M yrJIOBbIX KOppeJI5IIJ;HM rrpH pacrra,n;e 

HefiTpoHa c ITpHMeHeHMeM YJibTpaxoJIO,II;HhIX HefiTpOHOB. 

QqeBH,Il;HO, 'ITO ,n;erroJI5IpH3aIJ;M5I YXH B JIOBYIIIKax oTqacTH yBeJrn:qMBaeT IIIHpHHY 

pe30HaHCHOM JIMHMH H yMeHbIIIaeT rJiy6HHY rrpoBaJia B pe30HaHCHOM KpHBOM, yxy,n;rna.a 

qyBCTBHTeJibHOCTh 9KCITepHM8HTa no ITOMCKY 8,II;M HefiTpoHa. 

BbIJIO ITOKa3aHO, qTo BepO.HTHOCTb ITepeBopoTa CIIMHa H8HTpOHa rrpH OTpa:>KeHHM OT 

MaTepHaJihHOM CT8HKH B Heo,n;Hopo,n;HOM MarHMTHOM IIOJie MO:>KeT 6hITb 3HaqMTeJibHOll 

,n;a:>Ke eCJIM ITapaMeTp a,n;ua6aTM'!HOCTH ,Il;JI.H ,Il;BH:>K8HM5I CIIMHa B 9TOM ITOJie B8JIMK. 8To 

rrpoHCXO,II;MT ITOTOMy, qTo rrpOM3BO,II;Ha5I ITO BpeMeHH MarHMTHOro ITOJI5I B CHCTeMe HellTpOHa 

rrpeTeprreBaeT pa3pbIB B TOM CMbICJie, qTO OTpa:>KeHMe OT CTeHKH ITpOHCXO,IJ;MT 3a BpeM.H 

0'!8Hb MaJioe ITO cpaBHeHHIO c rrepHO,II;OM JiapMOpOBCKOM rrperi;eccHH. 

IlyCTb H8MTpaJibHa5I qaCTMIJ;a c MarHHTHbIM MOM8HTOM ,II;BH:>.K8TC5I B H80,Il;HOpO,Il;HOM 

MarHMTHOM ITOJie BHYTPM JIOBYllIKH, OTpaJKa5ICb OT ee CT8HOK. IJoMeCTHM CHCTeMy 
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KOop,n;1rnaT HeHTpOHa B TO'l:Ke OTpa)I<eHIUI TaK, 'ITO OCb x HaITpaBJieHa B,Il;OJib MarHMTHOH 

CIIJIOBOH JIMHMM. Ilprr ITOCTO.HHHhIX Hx '# 0, Hy = 0, Hz = tH, H > 0 pema.a ypaBH8HII.H 

lllpe,n;IIHrepa ,LI;JI.H cmrnopHbIX KOMITOH8HT 

(13) 

r,n;e w = µHx/fi, a = µH /Ti, µ - MarHHTHhIH MOMeHT HeliTpOHa, rro,n;cTaBJI.H5.I ¢ = e-zl2u, 

z = -iat2 , II BBO,n;a a = w2 / 4ia, ITonyqaeM Bhrpa:>KeHIIa ,n;na BepoaTHOCTII 

rrepeBOpOTa CIIMHa ITO OTHOmeHIIIO K HarrpaBJI8HIIIO MarHIITHoro IIOJI5.I: 

(14) 

B 3aBIICIIMOCTH OT 3HaKa H3M8H8HII5.I BO BpeMeHII KOMIIOHeHThI Hz(t) MarHIITHOrO IIOJI.H ;IJ,O 

II ITOCJie OTpa:>KeHIUI H€HTpoHa OT CT8HKII, II r,n;e ~ = 1/24lal, ( = 1/24la'j. 

qIICJI8HHhie o:u;emrn ,Il;JI5.I KOHKpeTHhIX CIITyau;IIH: ,n;aroT, 'ITO ITO cpaBH€HIIIO c ;IJ,BYDK6HII€M 

H8HTpOHa 6e3 OTpa:>KeHHH, KOr;IJ,a Bep05.ITHOCTb rrepeBopoTa CITIIHa 3KCITOHeHu;IIaJihHO MaJia, 

rrpII HaJIIIqIIII OTpa)l(eHIIH OHa pe3KO B03pacTaeT ;IJ,a:>Ke ITPII ;IJ,CTaTO'IHO BbICOKOM CTerreHM 

O,Il;HOpO,LI;HOCTH MarHMTHOro IIOJI.H. 

B eoc'b.Moti uiaee co,n;ep:tKIITca aHaJIII3 B03MO:tKHhIX BapIIaHTOB 3KCrrepIIM6HTaJihHOro 

ITOIICKa OCIJ;HJIJI.HTI;HH He:ti:TpOH - 3epKaJihHhIH HeHTpOH. 

ITpe,n;rrono:>KeHHe o cyru;ecTBOBaHIIII qacTIIIJ; c o6paTHOil: acIIMMeTpHeH: BrrepBbre 6brno 

BbICKa3aHO B MCTOpM'IeCKOM pa6oTe J1II II 5!Hra, CO;IJ,ep:>Karu;e:ti: rIIIIOTe3y 0 HapymeHMH 

qfaHOCTII. ITocne Ha6nro,n;eHIIa C P-HapyIIIeHIIa 3Ta H,n;ea 6brna BHOBh B03po:tK,n;eHa B 

pa6oTe KofoapeBa, 0Kym.r II TioMepaH'IyKa. B 3TO:H pa6oTe 6r:.rno ITOKa3aHo, 'ITO 

3epKaJihHhie qaCTHJJ;hI, eCJIH OHII cyru;eCTBJIOT, He MOryT B3aIIMO,Il;8MCTBOBaTb c o6bI'IHbIMM 

qacTII:r.:t;aMM rrocpe,n;CTBOM o6hI'IHOro CMJihHOrO HJIH 3JieKTpOMarHMTHOro B3aMMO,l1;8MCTBII5.I, 

HO TOJihKO rrocpe,n;CTBOM H8KOero HOBOro CJia6oro II ITp8MMyru;eCTBeHHO rpaBIITaIJ;IIOHHOro 

B3aIIMO,Il;€MCTBHH. 3a IIOCJie,n;yroru;IIe 40 JI8T II05.IBHJI0Cb MHOro HOBbIX H,n;e:H B 3TOM 

HarrpaBJieHIIII. B1rn11 BhICKa3aHhI apryMeHThr, '-ITO TeMHaa MaTepIIa MO:>KeT cocT05.ITh 

II3 3epKaJihHhIX o6'beKTOB. Komi;err:r.:t;II.a 38pKaJibHOit MaTepIIII HaIIIJia TaK:>Ke pa3BIITIIe B 

TeOpH.HX cyrrepcTpyH. 

He,n;aBHO TaK:>Ke 61mo rrpe,n;rrono:>Ketto, 'ITO 6bICTpbre n __... n' -oc:r.:t;IIJIJI5.IIJ;IIII MoryT 

o6eCITff'IIITb 3cpcpeKTIIBHbIH MexaHM3M rrpOXO:tK,n;emrn Ha O'l:eHb 60JihIIIMe KOCMM'-I8CKII8 

paCCT05.IHM5.I IIpOTOHOB CBepXBhICOKMX 3H8prIIH, BbIIIIe IIOpora o6pe3amrn: rpafi38Ha-

3au;eITMHa-Ky3MIIHa 5 x 1019 3B. 0Ka3aJIOCh, 'ITO cyru;ecTByIOru;Me 3KCII8pHM€HTaJibHbI8 

orpaHM'18HM.H Ha OCIJ;MJIJI5.IIJ;IIII n --? n' 0'18Hh cna6br TaK KaK e,n;MHCTB€HHhIM CMrHaJIOM 

TaKoro ITepexo,n;a 5IBmrnTca HC'Ie3HOB€HIIe HeitTpoHa. CITeu;IIaJihHhIX 3KCITepHM8HTOB rro 

IIOMCKY Tar<aro HC'Ie3HOB€HM5.I Ha MOMeHT paCCMOTpemrn 3TOM ITp06JieMhI He rrpOBO,Il;MJIOCh. 
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B pa6oTe 6bma paccMOTpeHa CIITyan;H.H, cyru;ecTByroru;a.H B BOITpoce orpattw:ieHIIM 

Ha OCD;II.JI.JI.HD;IIII H8MTpOH-38pKaJihHblM H8MTpOH, II rrpoaHaJIII3IIpOBaHbI B03M02KHhI8 

aKcITepHMeHThI ITO ycTaHOBJieHIIIO TaKIIX orpaHII'!eHIIii. PaccMOTpeHhI ITo,n;xo,n;hr Ha ocHoBe 

perIICTpan;IIII cpaKTa IIC'!e3HOBeHII.H HeiiTpoHoB: HeiiTpOI-IHhIM ITY'iKOBhIM 9KCITepIIM8HT 

II aKcITepIIMeHT ITO xpaHeHIIIO YXH B .JIOBYllIKax II pacc-c:rIITaHa 'IYBCTBIIT8.JibHOCTh 

B03M02KHhIX 9KCITepHMeHTOB. BcKope ITOC.Jie ITy6.Jim<an;HH aToro paccMOTpeHH.H H 

c HCI10.Jib30BaHH8M ITpe,n;Jio:>K8HHOM 3,IJ;8Cb CX8Mbl ITOCTaHOBKH 9KCITepHM8HTOB 6hI.JIH 

rrpoBe,n;eI-Ihr H3MepeHII.H c YXH, B KOTOphrx 6bIJIH ycTaHOB.JieHhr HOBhre, 60.Jiee BbICOKHe 

orpaHII'l8HII.H Ha Bp8M.H OCD;IIJI.JI.HIJ;HH H8MTpOH-38pKaJibHblM HeiiTpOH Ha ypOBHe Tosc>400 

c (90%). 

B aa'X:A10"le1-mu co,n;ep)I<aTC.H ocHOBHhre HTOrH H3.JI02KeHHhIX B ,n;HccepTaD;HH 

HCCJI8,D;OBaHIIM: 

1. c D;8.JibIO YB8JUPI8HII.H CB8TOCII.Jibl H OTH011I8HH.H aqxpeKTa K <Potty ITPH 

H3MepeHHH CIT8KTpOB 0'!8Hb M8,D;.JI8HHbIX H8MTpOHOB pa3pa6oTaHa BpeM.HITpO.JieTHa.H 

crreKTpoMeTpH.H YXH Koppe.JI.HD;HOHHoro THrra. CKOHCTpyHpOBaHhI II rrocTpoeHhI ,n;Ba 

Bp8M.HITpO.JieTHhIX crreKTpOMeTpa - Ma.JiblM c ,TI;IIaMeTpOM rrpephIBaTe.JI.H 40 CM H 

60.JihllIOM c ,n;IIaMeTpOM rrpephrnaTe.JI.H 160 CM. Pa3pa60TaHhI II oITTIIMH3IIpoBaHhI 

CD;IIHTII.JI.JI.HD;IIOHHhre ,n;eTeKTOphr YXH ,n;mr Tarrnii CITeKTpoMeTpIIII. 

2. ITocTpoeH BpeM.HITpo.JieTHbili pe¢.JieKTOMeTp ,TI;JI.H YXH c B03M02KHOCThIO HaHeceHH.H 

MHOrOC.JIOHHbIX MeTaJIJIH'i8CKHX ITOKpb!THH Ha OTpa)KaIOliIYIO H8MTpOHbl ITOBepXHOCTb 

M8TO,IJ;OM HCITapemrn B BaKyyMe CMeceii MeTaJIJIOB H8ITOCpe,n;CTB8HHO Ha ITY'!Ke 

HeiiTpOHOB. Pa3pa60TaHHa.H cITeKTpoMeTpH.H H pe¢JieKTOMeTp ITpHMeHeHbI ,D;JI.H 

Ha6JIIO,IJ;8HH.H ITpe,n;cKa3aHHOro paHee a¢¢eKTa MeTa.JIJIII'l8CKOrO 0Tpa2K8HII.H 

H8HTpOHOB ITPH HX 0Tpa2K8HMH OT ITOB8pXHOCTH B8liI8CTB c 60.JibllIHM C8'!8HH8M 

3axBaTa. 

3. Ilpe,n;.JIO)K8H H 'IHCJI8HHO rrpoMO,TI;8.JIHpOBaH M8TO,D; H3MepeHII.H Ma.JiblX II3M8H8HIIM 

9HeprIIH Y.JibTpaxo.JIO,IJ;HbIX H8HTpOHOB, OCHOBaHHbIH Ha ITpIIM8H8HHH KOM6IIHaD;IIH 

HHTepcpepeI-ID;IIOHHhIX cPHJihTpoB. IIpe,n;.JioJKeHHhrit MeTo,z:i; 3aTeM 6bm peaJIH30BaH 

,n;pyroit rpyrrITOH H rrpIIMeHeH ,D;.JI.H Ha6.JIIO,TI;8HII.H H IICCJI8,D;OBaHH.H H8CKOJibKHX 

H8HTpOHHO-OITTII'i8CKIIX ::i¢¢eKTOB. 

4. Co3,z:i;aH BpeM.HrrpoJieTHbrii: crreKTpoMeTp c KOJibD;8BhIM Koop,z:i;HHaTHhIM ,n;eTeKTopoM 

,TI;.JI.H II3MepeHII.H 110.JIHbIX H ,D;M¢¢epeHn;HaJihHbIX C8'!8HHH pacce.HHH.H O'i8Hh 

M8,D;Jl8HHhIX H8HTpOHOB. IlpOB8,D;8Hbl H3MepeHH.H HeitTpOHHbIX ce-c:reHIIH ,TI;JI.H p.H,z:i;a 
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MaTep1rnJioB (Al, Zr, Cu, Si, 6LiF, TecPJIOH, noJIH3THJieH, ¢Topnomrnepbr) 

B ,n;nana3oHe ,n;mrn BOJIH 200-1000 An H3 ceqeHHH orrpe,n;eneHbI napaMeTpbr 

HeO,II;HOpO,IJ;HOCTH cpe,D;bl ,D;JI.H HeO,n;Hopo,n;HbIX MaTepIIaJIOB. 

5. 8KcrrepHMeHTaJibHO rrpoBepeHa TeopH.a B3aHMo,n;eiicTBH.H YXH c Bern;ecTBOM npn nx 

OTpa)KeHHH OT MaTepHaJibHOH CTeHKH. cho C,LJ;eJiaHO rryTeM nOCJIOHHOrO H3MepeHH51 

aKTirna:o;HH rro,n;6ap'hepHbIMH HeiiTpOHaMH MaTepHaJia OTpa)KaIOrn;e:H Me,IJ;HOH CTeHKH. 

IIor<a3aHo, "<ITO no KpaiiHeii Mepe Ha ypoBHe K03cPcPH:U:HeHTa rroTepb 10-5 HeT 

ocHOBaHHH ,rr,JI.a Mo,rr,ncpm<a1IHH npHH.HTOti: Teop1rn B3aHMo,n;ei1cTBHR YXH c Bern;ecTBOM 

OTpa)KaIOrn;ei1 CTeHKH. 

6. Ilpe,rr,Jio)KeHbI HOBhre MeTO,LJ;bI reHepa:u;1rn YXH Ha HMnynhCHbIX HeitTpOHHhIX 

HCTO"<IHHKax: MeTO,D; ,LJ;BH)Kyr:u;eroc.a KOHBepTepa II MeTO,D; HeCTa:o;HOHapHoro 

3axBaTa YXH B noByrnKy. IlpoBe,rr,eHhr no,n;po6Hhre pacqeThI MeTo,n;oM MoHTe­

Kapno c rrpHMeHeHHeM rrporpaMMhI MCNP reHepa:u;rrn YXH B pa3JIHqHhIX 

Hll3KOTeMrrepaTypHbIX KOHBepTepax: rrapa-Bo,n;opo,n; II OpTo-,n;eitTepHi1 c pa3JIHqHbIMH 

HH3KOTeMrrepaTypHblMH rrpe,n;3aMe,LJ;JIHTeJI.HMH: opTO-BO,LI,Opo,n;, Me3HTHJieH, MeTaH. 

IloKa3aHO, qTo npH OTITHMaJibHOM Bbr6ope KOM6Ima:o;HH rrpe,rr,3aMe,D;JIHTeJib­

KOHBepTep Ha pa,n;rrnJihHOM KanaJie peaKTopa TPJ!ITA MapK-2 H npH CTaH,n;apTHOM 

HMnyJihCe peaKTopa c 3HeprOBhr,n;enenHeM 10 M,[(:>K KOJinqecTBO po)K,n;aeMhIX YXH B 

,n;eitTepHeBOM KOHBepTepe o6'beMOM 200 CM3 npH6JIH)KaeTC51 K 108 . 0TCIO,n;a CJie,n;yeT, 

qTo rrpH pa3yMI-IhIX rroTep.ax YXH rrpH TpaHcnopTnpom<e no neH:TpOHOBo,n;y II 

HX 3axBaTe B JIOBYIIIKY -.:.rncJio YXH B JIOBYIIIKe MO)KeT ,n;ocTHraTb 107, qTo BO 

MHoro pa3 rrpeBhIIIIaeT ,n;ocTnrHyToe Ha Jiyt.rrneM ncToqHnKe YXH B I1HcTHTyTe 

J1ay3-JiaH)KeBeHa. IIpoBe,n;eHbI rrepBhre 3KcrrepnMeHThI no nMnynhcnoH: reHepa:u;nn 

YXH B TBep,n;o,n;eH:TeprreBoM 3aMe,n;nnTene Ha HMnynhcHoM peaKTope TPI1rA MapK-2 

YHHBepCHTeTa r. MaitH:o;. 

7. Ilpe,n;JIO)KeHa nOCTaHOBKa 3KCnepnMeHTOB H BCeCTOpOHHe 3KCnepHMeHTaJibHO 

rrccne,n;oBaHa reHepa:o;H.a YXH B Harr6oJiee nepcneKTIIBHhIX KpMoreHHhIX 

3aMe,IJ,JIHTemrx-KOHBepTepax YXH: ,n;ei1TepMM, KMCJiopo,n;e H ,n;eftTepoMeTaHe 

B ra3oo6pa3HOM, :>KH,IJ;KOM II TBep,n;oM COCTO.HHII.HX. IloJiyqeHHbre pe3yJibTaTbl 

conocTaBJieHbI c ,n;eTa.JihHhIMH pacqeTaMM reHepa:o;irn YXH. 

8. Ilpe,n;JI02K8Hbl II 3KCnepHMeHTaJibHO IICCJie,IJ,OBaHbl HOBbie MaTepHaJibl 

HH3KOTeMrrepaTypHbre cpToprronHMepbI - ,n;nR noKpbITII.H CTeHOK JIOByIIIeK YXH 

c :o;eJiblO MIIHHMII3a:o;rrrr HX noTepb npII xpaHeHIIII. I13MepeI-Ibl B.H3KOCTb II CKOpOCTb 
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:rrcrrapeHHH Ha:rr6oJiee IIO,ll;X0,1];5IIIl;HX q)TOpIIOJ1HM8pOB B cpyHKJJ;IIII TeMrrepaTypbI. 

I13MepeHbI ceqeHmI paCC85IH:IHI H8MTpOHOB na cpTOpIIOJ1HMepax B ,n;:rrarra3oHe 

,n;JIHH BOJIH 1-20 A :rr ,n;:rrarra3oHe TeMrrepaTyp 10-300 K. l13 ,n;aHnhIX no ce'leHHHM 

pacceHHHH ,Ll;J1.H HH3KOTeMrrepaTypHbIX cpTOpIIOJ1HMepoB IIOJiy'leHhI rrpe,n;cKa3amrn 

,n;mr mK:rr,n;aeMoit BeJIH'IIIHhr K09tj;JcpIIu;MenTa rroTepb YXH: 2x10-6 , rro,n;TBep)K,n;enHbre 

rro3,n;nee B sKcrreprrMeHTax rro xpaHeHHIO YXH. 

9. Pa3pa60TaHa MeTO,ll;IIKa II H3MepeHhr crreKTpbI KBa3Fiyrrpyro pacceHHHhIX YXH rrp:rr 

nx rro,n;6ap'bepHoM oTpa:tKemrn OT rroBepxnocTII TBep,n;hIX TeJI. MeTo,n; 3aKJiroqaeTCH 

B II3MepeHIIH KpHBhIX rrponycKaHIIH pacce.HnHhIX YXH '-Iepe3 KaJIII6poBaHHhie 

rrorJIOTIITeJIH n ,n;aJibHeitrneM BOCCTaHOBJieHHII H3 9THX KpIIBhIX crreKTpOB YXH. 

10. TeopeTnqecrrn paccMoTpeHa ,n;erroJIHpH3au;mr YXH B JIOByrnKax. I1oKa3aHo, qTo 

rrpH orrpe,n;eJieHHbIX ycJIOBH2!X - HaJIHqHH rpa,n;neHTa MarHHTHOro IIOJ15I B TO'IK8 

OTpa)KeHH51 HeftTpOHa OT CT8HKII - MO:tKeT HM8Tb MeCTO 3aMeTHa.H ,n;erromipH3aD;II51 rrpH 

O,Ll;HOM y,n;ape ,n;a)Ke B ycJIOBH2!X BbICOKoro napaMeTpa a,n;:rra6aTH'IHOCTH ,ll;J151 ,ll;BH)K8HHH 

CIIHHa HeMTpOHa B MarHHTHOM IIOJie. 

11. I1pe,n;Jio:>K8HbI H rrpoaHammnpoBaHbI pa3JIH'-IHbie B03Mo:>KHbie BapHaHTbI 

9KCnepHM8HTaJ1bHOro IIOIICKa OCI.l;HJIJ1.HD;HH HeMTpOH - 38pKaJibHbIH H8HTpOH. 

Pe3yJihTaTbI HCCJie,n;oBaHHfi H3JlO:tKeHbI B 37 ny6JIHKau;1u1x, H3 HHX 1 Borrrna B ro,n;oBoit 

oTqeT I1ncT:rrTyTa .H,n;epnoit XHMHI'.I YnnBepc:rrTeTa MafiHu;, 4 Coo6ru;emrn OI15II1, 3 ,n;oKJia,n;a 

ony6JII'.IKOBaHbI B MaTep:n:aJiax KOHCpepeHU.HH H 29 CTaTefi B pecpep:rrpyeMbIX )KypHaJiax: 
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62-64. 
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