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0ccneAOB8HHH CllHHOBI1X,OC06eHHOCT8i1: B38HMOA6HCTBHH H6HTPO

HOB C a,np8MH HBHHDTCH CYJit6CTB6HHOH ~BCTbD HeDTpOHHOH cneKTpO

CKOilHH. IlOCKOllbKY CilHH ftBllH6TCH OAHOU H3 OCHOBH!lX xapaKTepHCTHK 

HAPB H H6i1:TpOH8, H606~0AffMOCTb TBKHX HCCH6AOB8HHi1: B 060CHOB8HH

ftX He HYJl,lt86TCH. DAHaKO HM6DmMCH HH~OpMa!UfH B~CbMa orpa

HHQ6H8 K8K no 06'b6MY, TBK H no K8Q6CTBY HBO MHOrOM eme OCHO

B8H8 Ha MBTepuane, nonyqeHHOM KOCB6HH!1MH U6TOA8MH.H3yqeuv.c B3a

HMOA6i1:CTBHH nonHpl1~0BaHHI1X H6i1:TpOHOB C nonHpH30BaHHl1MH a,npaM11 

HBnHeTCH npHMllM M6TOAOM _HCC/I6AOBaHHH CilHHOBon 3aBHCHMOCT11.Pa3BH

TH6 M6TOAa nonyqeHHH nonHpH30BaHHl1X HenTpOHH!lX nyqKoB,OCHOBaHHOro 

Ha ~H/IbTPanRH HenrpOHOB qepe3 nonHpH30BaHHYD npOTOHHYD MHW6Hb, 

npeAOCTaBH/IO B03MOXHOCTb npOABHX6HHH 11ccneAOBaH11n B BeCbMa 11HTe

peCHYD c TOQKH speHHH HenTpOHHOi1: peaoHBHCHOH cneKTPOCKOilHH 06-

naCTb aHeprHI AO IUD KaB, OCT8B8BmylJCH AO BToro BH8 B03UOXHO

cren 3KCll8pHM6HTOB C nonHPH30B8HH!1MH H6i1:TpOH8MH H HAPBMH. 0AH8-

KO BBHAY 60nbWHX M8TOAHQ6CKYX TPYAHOCTen, CBH38HHUX C C03A8HH6M 

YCTBHOBOK AJIH nonHpH88IUfH H8i1:TpOHOB H HA8P, SKCil6pMM8HT8llbHUe 

HCCll8AOB8HHH B yK838HHOM AH8Il830H6 3HeprHH AO H8CTOH~ero Bpeue

HH OTCYTCTBOB8Jm. B AHCcepTBUHOHHOH patioTe npep;c~8Bll6Hl1 nepBue 

pesyJibT8Tl1 SKCil8PHM8HT8llbH!1X HCC/I6AOB8HHH CITHHOBOH 38BHCHKOCTH 

B38HMOAei1:CTBHH H8i1:TpOHOB C HAPBMH (A~ 165) B AH8Il830H6 SHeprHH 

AO IOU KSB, BKnDqa~~eu o6naCTb s~eprHH ueAneHHliX H8HTPOHOB 

(E << I sB) H 06JI8CTb SHeprHH peaoHBHCHUX H8HTPOHOB_ (E-:> I sB). 

91tcnepi!ueaTa111,!WA 11aTepHan nonyqeH c HcnonbBOB8HHel4 ABYX 

M8TOAOB H3M8p6HHH: 146TOA8 nponyCK8HHH IlOnHPH30B8HHUX pe30H8HC

liUX HeRTpoaoB qepes nonHpH30BBHHYD HA6PHYD W1meHb H ueTOAB p;H-. ~ ' ~ 

~P8KUHH M6,llJ16HHUX H8i1:TpOHOB HB 8HTH~eppowarH8THK8X npH CBepx-

HH8KHX T8Mneparypax. P8CCMOTPHM COA6PE8HHe OTA6JlbH!1X p83A6HOB 

AHCC8pT8UHH. 
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CIIH&O~a~ 38BHCHMOCTo ycpe8H8HHoro ceqeHHH; 

aqitTpOHH8H CHnOB8H tllYHKUHR 

.5.,:-_BOnHOB8H 

HHTepec K 8KC08pHM8HT8M C nonHpH30B8HHYMH.HettTpOH8HH H HA

paHH B 3H8qHT8JloHOit CT8ll8HH CBH38H C HCCJI8AOB8HH8M CllHHOBOit aa

BHCHMOCTH ceqeHHff B38IUIOA8ICTBHR HeffTPOHOB H flAep. B o6naCTH 

peaoHBHCHYX HettTpOHOB STD K8C88TCH npelt,lte BCero onpeA8Jl8HHH 

CllHHOB HettTpOHHblX peaoHBHCOB B BYRCH8HHR CDMHOBOtt 38BKCHMOCTH 

s -BOnHOBOit He£iTPOHHOit CHJIOBOlt tPYHKLtHH s O,:: rn°/ D • CHno-

BSH ~YHKUHH HBJIH8TCH B8llllOU X8p8KT8pHCTHKOi1,KOMD8YHA-H]Ul8,H C 

ee DOMOillbD onpeA8JIH8TCH TOK H83YB88HOe YCP8AH8HH08 ceqeHHe 

(npeACT8BnRDill86 _ycpeAaeHHe no SHepre:raqeCKOKY HHTepBBJIY t BKnD

qaD111euy KHOro peaOHSHCHblX YPOBHett), KBCCOBYI B aHepr~THqeCKHit 

XOA KOTOporo OllHCYB88TCR OAHOqaCTHqHl,ll,I OllTHqeCKHM IlOT8HUHBnou. 

B CHny Toro, qTo 3TOT noTeHuaan B 06111eu cnyqae 38BHCHT OT CllH

HOB H8i!TpOH8 H HAPS (qTo eCTo cneACTBH8 CllHHOBOil SSBHCHMOCTH 

HyKnOH-HyKnOHHOrO B38HMOA8ilCTBHH), B CHnOBOil ~YHKLtHH T8Kllt8 ADnx

HB npoHBHTbCH CllHHOBBH 38BHCHMOCTb. 0AH8KO :reopeTH~eCKHe pacqe

TY YK83YB811T Ha MSHOCTb cmm-cnHHOBOr,o OllTHqecKoro llOT8HLtHBJl8 

(/Ussl < o,r MaB AJIH HAep oonacTH A~I65). 

lpyroil B03MOXHOit npHqffHOH cy111eCTBOB8HHH CDHHOBOR 38BHCH

MOCTH CHnonoa tPYHKLtHH MOllt6T 6YTb H8nHqHe BXOAHYX COCTOHHHit B 

KOMnay11,1t-HAP8, KOTOpYe )t01!lKHbl npOHBHTbCH B BHA8 npo:.rnxyTOqHott 

CTpyKTYPY B o6JIBCTH ycpeAH6HHOro ceqeHHH~ CornaCHO TeopeTHqe

CKHM llP8ACK838HHflM, BBHAY 6onbmolt nnoTHOCTH BXOAHYX COCTOHHHH 

THll8 ( 2 P -J h, ) H .BUCOKOit nnOTHOCTH YPOBH8H l(0Mll8j'H,1t-RAPB B 

o6nacTH A~ 165 npouelltyTOqHaH CTPYl<Typa B ceqemiH 6CJlH H HMe-

6T K8CTO, TO AOJIJ(H8 6YTb cna6o BYpallteHHOH. M A6HCTBHT6JlbHO,T8-

K8H CTPYKTypa B nonHOM ceqeHHH He H86nDA8Jl8Cb. 0AHBKO npH H3Me-
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peHHH p83HOCTH ceqeHHlil AHH ABYX CllHHOBYX KBHanoB 140llt6T 6YTb 

BYHBneHO npeo6JIBA8HH8 BXOAHYX COCTOHHHit, CBH38HHYX C onpeAeJieH

HYM CllHHOM. B 8TOM CMYCne 3KCll8pMM6HTY C ~OJIHpH30B8HHhIMH; H8lt

TPOH8MH H nonHpH30B8HHYMH RAP8MH woryT npeACT8BnHTb qyBCTBH

TenoHblit M8TOA H86JlDA8HHH BXOAHYX COCTOHHHtt. Cne.ztyeT OTM8THTb, 

qTO HM8JDTCH TeopeTHqeCKH8 llP8ACK888HHR (JettH) 06 yCHJI8HHH ponH 

BXOAHYX COCTOHHHit B o6nacTH A~I65, qTO 6uno 6Y HHTepecno npoBe

pHTo 8KCnepHM8HT8JlbHO. 

0 paaJlHq:HH 3HSq6HHlt S -BOHHOBNX CHHQ]lhIX ipyam:.i11n s; H s:: 
.ztJISI ~BYX CllHHOBLIX COCTOSIHHlil :1j = I!I/2 ~JISI H6KOTOpbIX 

HAeP coo6~anocb·B pa,ne pa6oT HB ocHoBe uaTepHana no napaMeTpau 

H6HTPOHHYX peaOH8HCOB (cnHHY, H8i!TpOHHbl8 WHPH~bl). 0AH8KO CTBTH

CTHqecKHH 8H8JIH3 M8T6PH8na, npOB8A8HHYit B ,lly6He, llOK838JI, qTo 

8TH 8KCil6pHM8HT8JlbHY6 A8HHhl6 He ll03BOHHIOT C.ztenBTb AOCTOB8pHOrO 

aaKnvqeHHR O paanHtrnH s~ H s~ BBHAY orpaHHqeHHOCTH ~Hcna 

ypoBHeil." BenHq~rna OTHOCHTenbHolil owH6KH CHJIOBoii tPYHKUHH, cBaaaa

HBH C orpaHHqeHHOCTblD qffcna pe30H8HCOB ti ·~ np116mt1t8HHO p8BHa: 

oS = ~2.S/tl. • 0TCDA8 BHAHO, q•ro AJIH 06HapyEeHHH p83HOCTH 

( s:- S~)/ $ 0 = O,I H600XO]UIMO 3H8HHl:l CllHHOB H He'i1TpOHHYX mH

PHH He MeHee qeu AJIH rooo peaOH8HCOB. CoBp8146HHbIU ypOB8Hb 

aKcnepHM8HT8JlbHOil TeXHHKH noKa ABneK OT TBKHX B03MOlltHOCTett. 

,llpyrolt llOAXOA K onpeAeneHHJO CllHHOBOlil 38BHCHMOCTH CHHOBYX WYHK

UHH MOll6T. 6YTb pe8nH30B8H ny:reM HauepeHHH CllHHOBOlt 38BHCHMOCTH 

ycpe.ztH6HH~ro ceqeHHH B 5KCnepHM8HT8X no nponycK8HHJD nonHpl130-

B8HHblX HettTpOHOB qepea nonapH30B8HHYIO H.zt8PHYil MHW8Hb,, 6ea on

peA6Jl8HHH napaMeTpOB HHAHBHAYBHbHhll{ ypOBHeit. li oOnaCTl1 ycpeA

H8HHH (npoHaBOAHMOrO Ha-aa H6AOCT8TOqHo xopowero aHepreTHqe

CKoro, paaperuP-HHH annapaTypy) MOllt8T COA6pllt8TbCH 3H8ql,IT8llbll08 
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KOJ1HqeCTBO pe30HaHCHl-lX yponnen ( N ~ 104)' qTo ll03DO}Ul8T _01{8HHTI, , 

,llOCT8TOqHo xopomo paanuqae CHJIOBliX ~YHKIUfil. 

Onpe.nenaelllill B aKcnepm.1eHTC aiW/(lKT nponycKOHlffl 6 pa-

Beu 

c - MP- Nct. - r r I ( - Np+-N<L - -n.TrLff{zp-J <o+>-<6->) (I) 

K IIOJK8T 6!iTL npe,llCT8B118H ,llJIH S-HenTpOllOB B BHA8 

f = -n{n.fr1 ik [z,?JR-fE·(s:-s:J +4TT( R;- R~)] • (2) 

3,ll8CL Np 14 r/ Q. - O'l'CqeTU ,ll;8T8KTOp8 np:a napannen:&HO~ H OH

Tlmapam1enr,11oli nonapH881.(IIHJC net1TpOHOB H HACP, f n. U f ,r -

DOID1pnaa1um nei1TpOUOB Ii H,llep. n. - TOJil!Ulll8 1mmeHH B Hl1./c-.l- 1 

<. G+> . H < cL > - ycpe){HCHHUC llOJIHUe ceqeHHH ,llJIH CDC TOHHH!l 

CO CilHH01l J == T ± i/2 COOTB8TCTB8HHO, ~+ _ll p-._ - CO

OTB8TCTBYTOll(HC aqxlleKT.IIBHb18 p8,llHycu llOTC Hl.(l18Jll>HOI'O paCC8HHitH. KaK 

BH,lll!O H3 (2), paauocT:& C!,1JIOBblX ~YHKl{llit ( s:- S~) 110llt8T 6UT1, 
. , 2 

no11Y11eHo, ecm1 Beirnq1ma ( R+ -R!) uauepeHa ueaa:e.ucHuo 

mrn no 3HepreTHqeCKO:UY XOAY aqxpeKTa nponyCKaHHH. 

£K£llfill!ll,!!H!_ 

Ma~epeHHH nponycKOHHH Il011Hpl130B8Hllb1X uenTpOHOB 'lepea no11H

p11aoB8HHYTO H,llepny10 !.!Hmeur, npoBOAU11HC:& 118TO,llOM Bpeueau nponeTD 

118 111my11:&CHO!i 6blCTp011 peaKTope HEP-30-, p860T8Blll8ll B 6ycTepuou 

peimue C HHECKTOpOl:I J!Ya-40. BpeueHHOC paapemeu1,1e Cll8KTpOll8Tp8 

HO nponeTHOi 6838 II6 ~ COCT8BIDlJIO 25 HJI~ 40 HC/u. Cxeua 3KC

nepHMeHT8 IlOK838H8 H8 pHC. I. B K8'18CTB8 noIDlpH30B8HHOH npOTOH

HOH UHmeHH HCnon:&30B8JICH UOHOKpHCTDnn ,llBOttHOI'O JlaHTall-MaI'HHeBoro 

HI1Tp8T8 {JIMH) paCioqeli ll110lq8,l{LIO 25 c~ H TOJIIIUIHOtl 13,2 JUI, B KO

TOPOY npOTOHU KpHCT81IJIH88l{HOHl!O~ DO,llli nonnpH80B8JIHCL MCTO,llOll 
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"conHA"-sil,\peKT8. HanpaBneHHe nonapH38l.\HH HeiTpOHOB ( f~::= 50%) 

MOSHO 6imo H3M8HHTb, M8HHH 3H8K nonapll38UHH npOTOHOB (HeAneH

HHff peBepc) HnH IlOBOP8lll1138H Ha 180° uarHHT BM8CT8 C KPHOCT8-

TOM H KPHCTannoM J!MH 38 BP8Mff npHllepno IO C (6HCTPHH peBepc). 

~na nonHpH38UHH ffA8PHOH 14Hill8llH 6un HCilORb30B8H KPHOCT8T C pac

TBOP6HH8M 3He B 4H~. H.1tP8 nonapH30B8nHCb npH oxn8EA8HHH MHmeHH 

38 cqeT CB8pXTOHKOro B88HMOABncn1HR C BHYTPH8TOMHUM warHHTHHM 

nonew. Hcnonn30B8llHCb weTannHqecKHe o6p83UH ronnMHH H Tep6Ha H 

HHTepweTannHqecKoe coeAHHeHHe TmFe~. IlpH oxna;KJ:{eHHH 06pa3-

uo» AO TewnepBTYPH o,o3°K P83BHB8H8Cb 6nH3K8ff KIO(}):-HOA BHyTpH

A0M8HHall nonHpH3aUHH,OAHa.KO BliCTpB.HBaHH8 A0M8HOB BH8DIHHM MarHHT

HHM nonew 15 K3 H3-38 M8rHHTHOH xeCTKOCTH o6p83UOB ll03BOllHHO 

nonyqHn B CP6AH8M 50i60% HA8PHOH nonHpH38UHH. HeiTpOHU perH

CTpHpOB8lIHCb 200-nHTpOBHM llHAICOCTHHM Cl.\HHTHnnHUHOHHUM (~t ) 
A8T8KTOpOY C 3ipql8KTHBHOCTbV ~ 30%. HaKonneHH8 Cll8KTpOB H 

ynpaBn8HHe 6UCTPW peBepcoM nonRpH38UHH H8HTpOHOB BenOCb C no

MO~bD cucTewu, coaABHHOii Ha OCHOBe wanott SBM TPA-IOOI. Ilpoue

Aypa HswepeHHH 6una cneAYv~en. B TeqeHHe 12-18 qacoB, npH ipHK

cupo»aHHOH nonapH38UHH npOTOHOB, B Il8MHTH TPA H8K8IlllHB8mtCb 

nooqepeAHO cneKTpu Np H No.. c 6ucTpuw peBepcow qepea Kax

AH8 TpH YHHYTU. 38T8M npOTOHH8R MHM8Hb nepeBOAHH8Cb B COCTOH

HH8 C ApyrHM 3H8KOY nonapH381UIH H npoBOAHH8Cb cneAYD~8H cepHH 

H3YepeHHH. Bcero tta6upanocn npHMepHO IO cepH" T8KHX H3M8p8HHi 

Ana KBXAoro 06pa8ua. HaKonneHHBR B naMRTH TPA HHWGPMBIUIR nepHo

AHqecKH 38IlHCUB8naco H8 warHHTHli6 neHTli SBM ESCM-4, H8 KOTOpOH 

H npoBOAHn8Cb o6pa60TK8 H3YepeHHH C HCllOnb30B8HH8Y OCUHnnorpa

~a co CB6TOBliM K8P8HA8mow. 
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f8.:!J,!L!8!U_H_O~ClJIA8.!!H!l_ 

0Clpa60TK8 yqaCTKO BpeHOHHOrO CD8KTP8 B OCllI8CTll paapemBHHUX 

pe30H8HCOB C 3Hepruen AO 3IO an noanomrna nonyqHTb CDHHH 

66 poaoHSHCOB 159-rb, 55 peaoHOHCOB 165Ho 11 36 peaououcoD 

169Tm, KOTOpble uenocpe;a;cTBBHHO onpe;a;emrnHCl, 31!81Wll 3qiqJCKT8 

nponyCKBHHfl, K8K 3TO BH;D;HO 1'13 pac. 2. IlonyqeilllhlC 3HaqeHHR CnH

HOB no;a;TBep,!!HlIU B OCHOBHOl.l HUCIOl!lltCCH ,!t8HHble, 60libWHHCTBO cnu

HOB onpe;a;eneHO B nonttpH38UHOHHOU 3KCllOpHllCHTC nnepnue. 

IlonyqeHHblC 3Hoqemm CDHHOB 61:.mt HCil01Ib30B8HU ,lllifl oueHKH 

attaqem1n s; 2 s~ B o6nacTn atteprm1 O-t3IO 3B. Ha pHc, 3 

npe;a;CT8B1ICHH H8p8CT8D~He cywuu npane;a;eHHblX HettTpOHHblX WHPHH 

rn° R;a;pa 159Tb. LIHCR B BH;a;y,qTo S~=<zr,t)±f6E~ H3 rpaqm

KO WOJKHO nonyqnn OUCHKY S no mo6oMy l!HTC pnany 3Heprl!H. 3Tll 

p~aynLT8TH flB1IHIOTCH xopomen H1I1IJOCTpauHen K BblBO.llY, qTO HYXHO 

OCTOpOEHO OTHOCHTLCR K YTBCpJK,11;8HHD O p83~HtU1H CHlIOBblX qiyHKUHil 

np11- H800JILWOil CT8THCTl1lt6 qncna YPOBIIC!i. TaK, H8npn11ep, HS 

yqaCTKe ;a;o 90 aB CHlIOBble qiyHKUHH p831IHQ81l'l'CH npHUBpHO B 2,5 pa-

38, pacm11peHH8 auepreTHQBCKOro HHTepnana nOK83blB88T, qTo STO 

CJI8,D;CTBH8 JIOK8JILHOH qJ1IIJKTyau,m HBt!TpOHHhIX lllHpHH. B U61IO'II ;D;JIR 

ncex Tpex H,!!8p B 1rnrepBane 0-310 aB HBCl1IJ0,11;8CWli8 p831IHQHR Cll

JIOBblX qiyHKUHll He npaBblW8JOT CT8THCTHQ8CKOR OWHClKH, oClyCJIOB1I8HHOll 

qJ1IDKTY8.UHJlMl1 HCHTpOHHhIX mHpllH l,l llHTO pBBJIOB. 

KaK OTK8Q8lIOCL, 60111,men TO'IHOCTH no t!HCJIY p8301!8HCOB IIOEHO 

;a;ocT11q1, pacm11pemteit auepreTHqecKoro ;a;Manaaotta 3a ct1eT o6naCTH 

ycpe~H6HHOro ceqeHHH,Ha PHC.4 npe.ztCT8.ll1I8HH ~8.Hl!bl8 no 3HepreTH

qeCKO!JY XOJI.Y CilHH-CDHHOBOro ceqemrn 6ss =: 2i+i (<6+>-<0-)) ,ll1Ili 

H,1tep Tb, Ho, Tm B OClJIBCTH aHeprHH 2-100 KaB. 

8 

!59 
Cmrn-cnnHonoe ceqeaue Tb oClaapyxHBaeT BblpaxeHHYJO peao-

aaacHyJO CTPYKTYPY ll!HpHHOH npHK8pHO 40+50 K3B, KOTOP8H ae 11.ozeT 

6blTL ormcaaa onrHqecKoil MD.ll8lILD, B pauax KoTopolt xapaKrepaue 

mHpHHbl DOA06HliX OCUHlilIHUHH onpe,!!6lIRJOTCR 3HeprHHLlli nopH,!!KB 

~ I MaB. TaKOBa lite C>!TYBUHfl B cnyqae H;a;pa !69Tm , ,ll1Ili KOTOporo 

Ha6JID,lla8TCSI 3Ha'IHT81IbHbllt MaCWTa6 H3M6H6°HHSI 6-ss (OT -730 ~o 

80 M6) • B pa~e H3M6p6HHlt B 3KCnepHM6HTax C nonJipH30Ba.HHblllH 

HeltTpOHBIIH H HAPBMH 165Ho llPH saeprHRX Bblme IOO. KaB 6HJIO 

yCT8HOBJl6hO OTCJTCTBHe C~HHOBOro 3qxf)8KT8. B H8llll1X Ha11.epaam1x 

npH aueprHRX HHXe IOO K3B npOHBllJllICH aaaqHT8Jll,Hbllt CDHHOBblil aip

qJBKT, ClIC,lly8T T8Kllte. OTMBTHTL, 'lTO C TO'IKH apeHHH TeopeTH'IBCKHX 

npe,!!CT8BJI6HHlt CllHHOB8ff 38l!HCHMOCTL ycpe;a;HeHHOro ceqeHHR, ae 

CBH38HH8H C BXO,llHblMH COCTORHHHWH, ,ll01IJKH8 6b1To npHMepHO 0,llHH8KO

BOlt .llJIR paccMBTPHBaeMhlx tt;a;ep, nocKonLKY OHH np:i,!!CTBBnHJOT co6olt 

KOHqJHrypauHJO THna npoTOH-HeqeTl!bllt OCTQB. IlpH 0,!!HH8KOBOH CllHHO

BOlt 38BHCHWOCTH OllTHqecKoro DOT6HUH8Jl8 paanHqHe B CDHH8X HA6p

Hh!X MHmeHelt AOlilltHO npHBBCTH K paa~HqHOH B8lIHtraHe CDHHOBOro s~

qJ8KT8, HaR60lll,WRlt sqiqieKT ClI8,llOB8lIO 61,1 OXH,ll8To ;D;lIR H,!!pa C 11ane111,

KHII CDHHOW ( 169-rm, I=I/2) H H8Hll8HLmHR 3qiqJ6KT - ]tllR H,llp8 C 

6ommH11. cnuaow (165Ho , I=7 /2). IlpOJIBnea:11a BXOJtHblX coCTOHHHlt B 

3THX ll~pax ~OJilll!hl ClblTb HH.ltHBH,D;YaJILHbl, H C 3THM npe;a;nonoxe

HHBW HBWH ,llBHHble cornacyDTca: CTPYKTYPH CDHHOBblX sqiqieKTOB paa

JIHqHl,I. T8KHW oClpaaou, YK838HHbl8 Bblme o6CTORT8}11,CTB8 Il03B01IHDT 

c;a;exaTL B~BO.ll, qTo HHllt8 sueprHH IOO KaB B 3KCnepHM8HT8 C llOlIH

PH30118HHblKH HeltTPOH8KH H H;a;pawH B nonuow·ce~eHHH H861IJO,!!B8TCH 

npOll6lltYTOqHaR CTpyKTypa, CBH38HH8R co CllHHOA, KOTOPYD, no-BH~H-

11011.y,11oxtto o6~HCHHTL HBlIHqaew BXO,llHblX COCTOHHHlt 11 KownayH,ll-H;a;pe. 

COOTB6TCTB8IIHO CDHHOBble 3qJql8KTbl MOryT 61,1Tb Bblp8ll:8Hbl B TepMHHBX 

CllHHOBOlt 88BHCHMOCTH S -BOJIHOBOlt CHlIOBOlt WYHKUHH cornacao 
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qiopwyne (2) B npe.1:1nonoxemm R+ ~ R._ • JJ.aaHue no ( s_;-s.:'; 
npe'ACTSBneHli HS pHc. 5. E 3KCnepHMeHT8JIDHlile omH6KH BKn11qeHli 

Heonpe'AeneHHOCTH, CBR38HHlile,c qJ1IDKTY8.UH88.HettTpOHHliX mHplllH H 

HHTePB81IOB ll8llAY ypOBHHllH. Ycpe'AH8Hna: no HB6JIIO'A8ellott CTPYKTy

pe ( s~ - S.:') B 111HT8 pBane 2-tI0O K3B I!03BOJIHnO nony•mTD oueHKH 

cnHHOBoro 3qJqJ8KT8 B s -BOJIHOBOtt CHJIOBOtt lf:JYHKUHlll R'Aep 159Tb 

11 169'frn ( (S+-sf)/5°~ o,oS) • Peam,Hoe paam1qHe cHnoBux 

qiyHKUldi nonyqeHO 'AJlli 165Ho ( ( s; ~ s:)/ 5°· = -o,n±o,04). 

B uenow 'AJIH Bcex Tpex HAep nonytJ:eHHlie peaynuaTu aBnHIOTCH HBH

Clonee TOqHNllH B Cp8Bl!emm C Hll8llli1,HllHCH 'ASHHNIIH no oueHKe cmrno

Boro aiW?eKTa B 5 -BonHoBott CHnoao~ qiyHKUHHx). 

CnH~QB~ii -3.SBHCHllOCTD 81lllJIHTY8 pacceRHHH Me8118HHN~ 

HellTpOHOB 

Me'A118HHNe HettTpOHN, Hll8lOIIUle 'AllHH~ BOnHli. ~ro-8 CM, T.e. 

nopR,nKa xapaKT8PHlilX 8TOllHliX paauepoB, mHpOKO .Hcno1ID8Y!OTCH .nnR 

Hccne'AOBSHHR 8TOllHOH CTPYKTYPlil H 'AHHBllHKH. ~ayqeHHe CllHHOBOH 

38BHCHMOCTH B38HllO'A8HCTBHH 1,1e4neHHlilX aettTpOHOB C H'APB!IH A88T 

HHqi0p118UH~ 0 xapaKTepe H CBOllCTBSX H,nepHlilX CHn B cnyqae nerKHX 

a,nep. B cnyqae C1IO~HliX a,nep - 3TO HHl{lOpll8UHH O CBOHCTBSX TSK 

H831i1B88MNX OTplllUBTenDHliX ypOBHeil ( C 3H8pr111en B036yllt'A8HHii Hlllllte 

aHeprHH CBii3H HeilTPOHB). 3H8Hllle CllHHOBliX 811IlJIHTYA llOJleT ClliTD 

noneaHO B 'APYrHX 0611aCTiiX qJH3HKH, Hanp1111,1ep Anii 1113yqeHHR H'A8PHO

ro ll8rHeTH31l8, 111ccne,nOB8HHii CB8PXTOHKll1X B38HllO'A8HCTBHtt; B 

CTPYKTYPHliX HCC1I8'AOB8HHRX. JJ.nR no,naBniilO~ero 6onbWHHCTB8 a,nep, 

x) IlOK838HH1,18 HS pHc~ 4 H_ pHC. 5 ABHHlie npe,nCT8Bll6HJJ B 

T80n. 1. 
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PMc,5. Peaym,TaT.1,1 B o6nacTH ycpe~HeHHoro ceqeHRH. OTHOCHTeJU,
HM pa3HOCT1> CllHHOBHX CRJIOBHX qiyHKURU JI,nep 159Tb , 
165Ho, 169Tm 

~Jr 
PMc.6. CxeMa aKcnepRMeHTa no ~paKUlffl npn cBepxHM3KRX TeM

nepaTypax. 1-He~TPOHOBO~, 2-KonJIBMaTOp, 3-KpHOCTaT c 
pacTBopeHReM 3He B 4He, 4-oxJia~~aeM~ o6pasen, 5-~e
TeKTop. 

12 

0.l{H8KO, .l{8HHHe O CllHHOB.l,IX 8HllJIMTY'A8X pacceHHHH OTCyTCTBY~T, 

llOCKOnl>KY AnH HX onpeA6JI6HHH H6.l{OCT8TOQHO 06UQHO npOBO.l{HM.l,IX 

H3M6pOHHtt nonHoro ll KOrepOHTHOro ceqeHHtt pacceHHHH. IlpHMUM Me

TO'AOJ.4 pemeHHH aron 38'A81lH HBnHeTC~ HCnon1,aoBaHH6 nonHp.1130B8H

HUX HettTpOHOB H llOJIHPH30B8HHNX HA6P, B H8CTOH~ett pa6oTe npH

lleHJIJICJI Oonee npocron Mero.zt. :enepBHe npe.ztJIOlKCHHHil 4>,Jl.lliannpo, 

L!6TO,lt ,ItHq>prucrurn H8IlOJIJIPH30BaHH.l,IX HellTpOHOB Ha aHTmjJeppo

uarHHTHOtt YHmeHH C OPH6HTMpOB8HHUMH H.l{p8MH. 

PacceHHHe MBAneHHNX HettTpOHOB npoHCXO.l{HT no ABYM CilHHOB.l,IM 

KBHBnau ( J =:rtl/2); COOTBCTCTBCHHO 8MnnHTY.ztY pacceHHHff MOlKHO 

llPCACT8BHT1> B BH.l{O 

_ I-t-1 a. i I Z ( :,..:.,. 
a, - 2f+i + + zr+i Q_ + ZI+i a.+-a.J (IS), ( 3) 

lr1nH a. ==- a + 2 B (It) . 

rAe Q+ 11 Q_ - cnHHOBHe a11nnHTy.zt.1,1 pacceHHHfl, A11nJI.11TyAa A 
onpe.ztenaer KorepeHTHOe pacceHHHe B aKcnepHMeHre c HenonHpHao

B8HHmm HettTpOH8MH H fl.ztpa1rn, a CilHH-CilHHOi38ff aMilJIHTY.zta B, -

CilHH-HeKorepeHTHOe paCCCHHHB: 

6wh = 4 rr A 2 ) 6,,.c. = 4 rrrcr+i) B.,_ • ( 4) 

COOTB6TCTB8HHO llOJIHOe ceqeaHe pacceHHHH paBHO: 

_ _/. (I+i ?.. _l_a2) 
6$C - 6a,i, + 6,nc. - '1 ll 2I+i a+ + 2r+j - ( 5) 

MaxepeHHe IlOJIHOro H KOrepeHTHoro C61l8HHtt pacceHHHH Il03BOJIH8T 

onpe.ztenHTI, CilHH-HeKorepeHTH08 C81l6HH8 

llOJIYll.llTI, .l{B8 H86opa CilHHOB.l,IX 8MilJIHTYA 

6,nc H TOM C8M.lill4 

[ a.+, a._! . Sra npoue-

.ztypa, 0.l{HBKO, KOppeKTHB npn .l{OCT8TOllllO 60JII,WOM 3H81l8HHH 6 inc., 

BliXO.l{H~eY aa OWH6Ky H3MepeHHH, B CBOD oqepe.zt1,, BU6op yCJIOBHll B 

.ztHwpaKnHOHHOU 5KCil8pHM8HTe cy~eCTBCHHO onpe.ztennerca B8nHqHHOi 

13 
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6,nc.. OUBHKY KOTopoil IlOJI83HO HUCTI, nepeA Haqanou H3UepeHHli. 

B CBH3H C 3THM 1,11,J npOB8JIH HauepeHHH ceqeHHH pacceHHHH Dsc. 
141 f5"9 '165 1b9-

HA8P Pr, Tb, Ho, Tin, Hcnon1,syH reoweTpHJO pacceHHHH Ha 

yron 145° K H8Dp8BJI8HHIO nyqKa, B O~JI8CTH 3HeprHH 0,5*10 aB. 

BL160p TBKHX YCJIOBHtt Il03BOJIH8T H368BHTI,Cfl OT BKJIBAOB napauarHHT

Horo pacceHHHH H B03MOJ!HOH npHM8CH a6cop6HpOB8HHOrO B o6paauax 

BOAOPOA8. IlonyqeHHLJe peayJII>T8TLJ ( 6sc) IlOK838JIH, qTo ill48IO-

ll!H8CH B JIHTepaType A8HHL18 38BLJill8HLJ, 8 cp8BH8HHe C H3B8CTHLIMH 

3HaqeHHHMH KorepeHTHOro ceqeHHH pacceHHHH ( 6 Wh) D03BOJIHJIO 

YCT8HOBHTI, Bepxmdt np8}.le·n B8m1qHHLI 6,n~ (T86JIHU8 2). BLIHBH-

JI8CI, Heo6XO,ltHMOCTI, HCDOJib30B8HHH 6onee qyBCTBHT8JlbHOro M8TOA8 

HawepeHHH 
(5 "" C. • 

AiB.!O! !3!8l!,8!!_H~ ~D!H=C!!H!!_O~LI! ~M!!.JI!T,Vl:. 2,K£.Dfill!M~H,! 

Hcnon&ayewLJl KBTOA AHtPBKUHH H8 BHTHteppowarHHTHLJX o6paa

qax OCHOBBH H8 B03MOXHOCTH BLIA8JI8HHH B AHtPBKUHOHHOM cneKTpe 

aToro xnacca warHHTHLJX CTPYKTYP OTPlm8HHtt, COOTB8TCTBYDlllHX 

warHHTHOMY ynopHAOqeHH~ (qHCTO warHHTHOe p8CC8HHH8). B 3TH xe 

0Tp8l!8HHH ABET BKJI8A opHeHTHPOB8HHL18 HAPB, IlOCKOJII,KY B nvouecce 

OXJI8XA8HHft AO CB8PXHH3KHX TewnepaTyp HA8PHL18 CDHHLI ynopHAOqHB8-

llTCft 1'8K ll8,K8K H 81°0MHLJ8 CDHHN, 38 cqeT CB6PXTOHKOrO B38HMO

A8ICTBHH. Tax K8K 8H1'~eppowarH8THK HBJIH8TCH warHHTHO-HeUTpan&

HOl CHCTewott, 1'.e. OTCYTC1'ByeT BLJA8JI8HH08 H8Dp8BJI6HH8, B38HMO

A6lCTBH6,C 8HTHteppOK8I'H8THKOM H6 38BHCHT OT 3H8K8 H8HTpOHHOH 

nonapH38qHH, llTO Il03BOJIH8T npln.18HHT& H8DOJIHpH30.ll8HHll8 Hett

TPOHHLJe nytmH. 

liHT8HCHBHOCTI, AH~paKqROHHOro warHHTHOro OTP8Jt61il!ff H8DOJIH

PH30B8HHLJX H8!TpOHOB B cnyqae npocTelmero KOJIJIHH88pHOro 8HTH-
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~eppowarHeTHK8 onpe,lleJIH6TCH KBK 

- 2 J ~ ( a /t + 5 l f ,J ) , (6) 

a~-a-
rAe !'.Ip· - 8MilJIHTY.ll8 MBrHHTHOrO pacCeHHHH, fl>-= zr+f 
cmrn-cnHHOB8H 8MilJIHTY.ll8, f,, - .il,ll6pH8H IlOJIHpH88UHH B no.ztpe

lli6TK8X 8HTHWeppOM8rHeTHK8, OilHCUB86M8H ~YHKUHett EpHJIJID8H8. Bu

p8E6HH6 (6) CBH,lleTeJibCTByeT 06 HHTep~epeHUHH MBrHHTHOro pacce

HHHH H H,llepHoro CilHH-88BHCHMOro pacceHHHH, B08HHK8D~ero B peaynb

T8Te nonHpH88UHH H.ztep. TBKHM o6paaoM,H8MepeHH6 HHTeHCHBHOCTH 

M8rHHTHUX OTpa~eHHH npH H8JIH4HH H OTCYTCTBHH H,llepHon IlOJIHpH88-

UHH Il03BOJIHeT onpe,ll6JIHTb CilHH-CilHHOBYD 8Millli!TY.ztY ~, IlpH 8TOM 

H606XO,llHMO 8H8Tb MBrHHTHYIO CTPYKTYPY o6paaua, B6JIH4HIIY H 8H8K 

CBepXTOHKOro IlOJIH H8 H.ztpe, TeMnepaTypy MHllieHH, 

B peaJibHUX 8KCnepHM6HT8JlbHUX ycJIOBHHX H3MepeHH.il npOBO,ltH

JIHCb npH .llBYX. TeMnepaTypax: Tr~ MHHHM8JlbHOH TeunepaType, COOT

BeTCTBYIOI!len Ma.KCHMaJ!bHOH J1,nep11oll IlOJillpHaauirn, H T2 - MaKCl!MaJib

HOll TeMnepaType, npH KOTOpoll HAepH8H IlOJIHpH38UHH B.8H84HTeJibHOll 

CTeneHH paapywanacb, MarHMTHOe pacceHHHe B 3TOM ,llll8Il830He TeM

nepaTyp OCT8B8J10Cb IlOCTOHHHUM, IlpHMeHHJIHCb MeTaJIJIH4eCKHe H 

HHTepueTBJIJIHqecKHe o6paaUli HCCJieAyewux H.1tep ( Pr 1+8 , TbA.g > 

Uo)1'm ), 4TO Il03BOJIHJ10 p860T8Tb B YCJIOBHHX H8CU~eHHH,KpHBOtt 

EpHJIJII03H8 H.Ha6eraTb BJIHHHHH TeMnepaTypHblX Heonpe,lleJieHHOCTell H8. 

peaynhT8TH, 

3KcnepHMeHTH no .llHWP8KUHOHHOMy pacceHHHIO npOBO,ltHJIHCb MeTO

,llOM BpeMeH, nponeT8.H8 ~MilYJibCHOM peaKTope ~EP-30 C HCilOJlb80B8~ 

HHeM IlOJIHKPHCT8JIJIH4eCKHX 06p88UOB. Cxeua 3KCnepHMeHT8,IlOK838!18 

H8 pHc, 6. 06p~8~U.OXJl8~,ll8JIHC~ B KOHTeilHepe KPHOCT8T8 c.paCTBO

peHHeM 3He B 4He, YCT8HOBJl~HHOro H8 nponeTHOtt 6aae 35 u; ,lleTeK-
f : • ; - •A '• I 
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TOP, CKOMilOHOB8HHUtt H8 reJIH6BliX C46T4HKOB BHCOKoro ,ll8BJ16HHH, 

pacnonaraJICH IlO.ll: 38.llBHHlill yrJIOll pacceHHHH 28 HO paCCTO!UillH 2 M 

OT o6pa31{8. BH6op yrno pacce!IHHH onpe.zteJIHJICH :;,a YCJJOBHH OllTH

K8Jll>HOrO COOTHOW6HHH HHT8HCHBHOCT6H H paapeweHHH pewneKCOB. Me

TO.zt H8MepoHHH CllHH-CilHHOBOll 8MnJIHTY.ztli npe,llB8pHT6JlbHO npoBepan

CH B KOHTP01Il>HOM 8KCnepHM6HTe C 59co (pHC. 7), CflHHOBlie awnnH

Ty,llU KOTOporo 6UJIH H3B6CTHH. 

iJ 1000 f- .. 

500 

..... ,.,:.;,:,,""f.i';:? 

Coo 
(111) .. 

29=Y>" 

i~ 

i 
600 650 700 N~ 

Plic,7. Y4aCTOK 3KCnepHMeHTaJlbHOi1 HetiTPOHOrpaMMH Co(} B od11a
CTH OTpa11teHli.fI (III)M. tJK- HOMep KaHaJIB ana11uaaTopa 

IDHPHHOH 40 MKC t N - 4liCJ10 OTC4eTOB .n.eTeKTopa. 
TO'lKH - li3Mepemrn npH TeMnepaType T=0,5°1{, KBa,!1.paTu -
HSMepeIIBe npa TeMnepaType 'l'=0,05°K. 

fe£Y~&!B!H_H_o[c1qe[H~ 

~auepeHHe CllHH-CllHHOBHX 8Millli!TY~ pacceHHlffl M6A116HHUX nen

TPOHOB H,!tpa1m 'Pr> 'T'b, l-lo,Tm noKaaano BHCOKYD 4YBCTBHTenb

HOCT& .ztHWP8KI{HOHHOro K8TOA8, IloJiy4eHHHe peayn1>T8TU npe,llCT8BJl6Hli 

B Ta611Hue. 2 B BH.lle paaaocTH cnHHOBHX aunJIHTY.zt ti Q. = ( a.+a-hi<cn 
H CUHH-B8KOrepeHTHOrO C646HHfl 6,,,c. 1 TSU :ate ].l8Hli ,ll1IH Cp8BHe

HHK oueHKH B6JlH4HH!f 6,nc ,nonyqenaue nyTeM H3MepeHKH IlOJlHoro H 
-R .~Jrnr 

KorepeHTHoro ceqeHKlt .. Hcno11baya BHpaxeH11e at - -L!, E:; -t i CBHalf-

Bav~ee axn11HTY.llli pacceHHHH c napaueTpaw nonouTenbHUX peaouau-
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COB C H3B8CTHb!M CUHHOM, MOMHO p8CCIIHT8T» 3HaqeHHH {).. 0.. pa~4 • 

Paami•me aHaqeHHi1 t:.a. pan .. H . ll a.~~cn , Il03BOJIHeT onp8,lte-

JIHTL CilHHOBbli1 BK1I8'A 6nHxanwHX K TennOBO.lt TO~e OTPHU8TenLHblX 

ypoBHett, 0 Cy1I1eCTBOB8HHH KOTOPl:lX H3BeCTHO B nepByD oqepe'AL H3 

paanuqua pacqeTHblX H 3KCnepHMeHT81ILHblX 3HaqeHHtt ceqeHHH P8'AH8-

UHOHHoro 38XB8T8 (6nr, Ta6nHU8 2). B cnyqae fl'A8P 141 pr' 
159•rb H 

165 HI) P8'AH8UHOHHbltt 38XB8T o6yCJIOBneH B OCHOBHOM 

OTPHU8T8JILHbll4H ypoBHHMH. IlpH 3TOM 'AJIH 141 pr H 159Tb Hwee; 

MeCTO npeo6JI8'A8HH8 BKJI8'A8 OTPHU8TeJILHblX ypOBHen co CilHHOM 

1 = I+I/2' OTpHU8TeJII,Hbli1 3H8K paaHOCTH l,.Q9KlTT -c,.a. pact 

B cnyqae 165Ho CBH'AeTeJILCTByeT O npeHMYllleCTB8HHOM BKJI8'A8 OTpH-

U8TeJILHb!X YPOBHen co CilHHOM l = I-I/2. CeqeHHe P8'AHBUHOHHoro 

38XB8T8 Me'AJI8HHblX He.ltTpOHOB H'APOM 169,.-m o6yCJIOBJI8HO B OCHOB

HOM BKJI8'AOM llOJIO~HT8JII,Hl:lX ypoBHe.lt,H 3TO IlO'ATBepX'A88TCH OTCyT

CTBH8M 38148THoro CllHHOBOro BKJI8'A8 OTPHU8T8JILHl:lX YPOBHe.lt. 

MaJioe 3HaqeHHe CilHH-H8KOrepeHTHOro ceqeHHH pacceHHHH H'A

POM 159Tb npaKTHqeCKH HCKJIDqaeT B03MOXHOCTI, HCCJI8'AOB8HHtt 3~ 

~eKTOB HA8PHOro ynopH'AOqeHHH B-C08'AHH8HHHX TepC>HH C llOMOIJlI,D 

148'AJI8 HHblX He.ltTpOHOB. .l{JIJI H'A8P 141Pr H 16~-rn B OTCyT-

CTBHe HHTep~epeHUHOHHOrO M8X8HH3M8 yCHJI8HHH CllHH-38BHCHMOro 

fl'A8pHoro pacceHHHH T8K8H B03UOMHOCTI, OCT88TCH JIHw~·npH YCJIOBHH 

HCilOJII,30B8HHH MOHOKpHCT8JIJIHqeCKHX, o6paauo:a. 

0CH_9]3Hbl8 HTOrH 

I. IlpHM8HHT8JII,HO K YCJIOBHJIM pa6o:rn H8liTpOHHl;>ro cne1tTpOM8Tpa 

no M8TO~y BpeMeHH npoJiera C HMilYJILCHblM Ob!CTpb!M peaKTOpOM MEP-JO 

B KaqecTBe HCTOtIHHK8 HettTpOHOB 0Tpa60T8H8 H OCYJ118CTBJre H8 M8TO

'AHK8 HauepeHHH nponyCK8HHH IlOJIHPH30B8HHHX H8ITPOH0B'qepea llOJIH-
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PH30B8HHYD H~epHyID MHW8HI, C HCilgJIL30B8HH8M'0830BblX ycT8HOBOK -

llOJIHpH30B8HHO.lt npOTOHHOtt MHmeHH H pe~pHxepaTopa c· p8CTBOP8HH8M 

3He B 
4He. 

2. MeTOAOM nponycKBHWl llOJIHpH30B8HHl:lX pe30H8HCHHX He.ltrpo

HOB qepea nonapH30B8HHHe H,l{epH1i1e wumeHH 159,.b , 165Ho , 1691'rn 

OilPC'A8JI8Hli CilHHbl H8i1TpOHHblX pe30H8HCOB B 06JI8CTH 3HeprHH 'AO 

310 aB. 

3. H8H6onee CYlll8CTB8HHbltt peayJILT8T IlOJIYtI8H B HCCJieAOB8HHHX 

CilHHOBO.lt 38BHCHMOCTH ycpeAHeHHOro IlOJIHoro C8tI6HHH B o0JI8CTH 

SHeprHH 2~100 KaB. Ha6JID'A88Mble CilHHOBble 3~~6KTH Il03BOJIHDT C'A8-

1I8TL Bb!BO'A, qTo HMeeT 148CTO npOHBJICHHC npouemyToqHott CTPYKTYPH, 

KOTOPYD, nO-BiJAHMOMY, KO~HO o6~HCHHTL H8JIHtIHeM BXO'AHhlX COCTOH

HHl B KOMI18YH'A-H~pe. 

4. B 06JiaCTH atteprHH KeAneHHhlX HellTpOHOB M8TOAOM 'AH$paK

UHH Ha 8HTH~ppowarHHTHblX o6paauax C opHeHTHpOB8HHUMH H'AP8MH 

H3MepeHH CilHH-CilHHOBble 8UllJIHTY'AH pacceHHIDI AnH H'ACP I41 Pr 
159Tb , 1651,1 0 , I69'f'm • 

T8KHM o6paaou,c HCllOJII,30B8HHeu 'ABYX 3KCnepHM6HT8nLHl:lX ue

TO'AOB :11ccneAOB8H8 CilHHOBBH 38BHC~MOCTL B38HMOA6HCTBHR He.ltTpo

HOB C HAP814H B o6naCTH SHeprHH 'AO ID□ KaB. 
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