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KHceneB 10.<l>., JI106ounm B.JI . P6-99-258 
.[lJIHaMll'-IeCKruI JIOJUipII3aum1 p,mIIOaKTIIBHbIX .anep 

P,mJIOaKTJIBHble .anpa, JIMIInaHTIIpOBaHHhle B nom1pII30BaHH)'IO npoTOHH)'IO 
MJillleHb C Bb!COKOH CTeJieHblO non.apII3aQJIH, npeMaraeTC.SI non.SipII30BaTb MeTona
MJI AIIHaMH'IeCKOH opIIeHTaUHJI anep. AHII30TpOIIJI51 B yrnOBOM pacnpeneneHJIJI 
y-nmyqeHJI51 anep, nonapII30BaHHblX AIIHaMJiqeCKJIM oxna)l(J(eHJieM, 3aBJICJIT OT 
TeMnepaTypb! 3neKTpOHHoro CIIJIH-CIIHHOBOro pe3epByapa. TipoBeneH pacqeT yrno
BOro pacnpeneneHH51 y-KBaHTOB IIpII KaCK<mHOM (j3-y)-pacn,me .anpa 22 Na(3+) B 
CIInbHOM MarHJITHOM none. IloKa3aHO, qTo IIpII 6onbUMaHOBCKOM pacnpeneneHJIJI 
3acenettttocTeii 3eeMaHOBCKIIX MarttIITHhlX nonypoBtteii yrnoBoe pacnpenenettJie 
y-IImyqeHH51 He 3aBJICHT OT 3HaKa CIIHHOBOH TeMnepaTypb!, Torna KaK TeH30pHru! 
nonap1nauna KB<mpynonbHblX anep, HaXOMllllIXC51 BO BHYTPIIKpncTannJiqecKOM 
3neKTpJiqecKOM none, Bhl3b!BaeT CIInhH)'IO 3aBIICJIMOCTb aHH30TpOIIJIJI OT 3HaKa IIO
napmaUIIJI . .[leMOHCTPHPYJOTC51 lIIHpOKJie B03MO)KHOCTH L(JIHaMJiqecKOH opIIeHTa
unn nna nccnenoBaHJia MarHJITHoii CTPYKTYPhl JI mrnaMIIKJI cnJIH-CIIJIHOBhlX B3aII
MoneiicTBIIii penKnx anep B AII3neKTpnqecKJIX MaTpIIuax. O6cy)KL(aJOTC51 q>JI3II
KO-TexttnqecKne npeJIMYllleCTBa JI HenocTaTKJI MeTona B pe)KJIMe on-line 
HMIInaHTaUHH T51)Kenb!X anep. 

Pa6orn Bb!IlOnHeHa B Jla6oparnpnn q>H3HKH qaCTIIU JI Jia6oparnpJIJI Bb!COKJIX 
3Heprnii O.IDIH. 

noenDHHT 061,emrneHHOro IIHCTl!TVTa ll.[{eDHhIX IICCJJeJtoBaHHH. Jlv6Ha, 1999 

TiepeBOA aBTOpOB 

Kiselev Yu.F., Lyuboshitz V.L. P6-99-258 
Dynamic Polarization of Radioactive Nuclei 

Radioactive nuclei, embedded into a frozen polarized proton target, are pro
posed to polarize by means of some dynamic polarization methods. Anisotropy of 
the angular y-radiation of nuclei polarized by the dynamic cooling method is ex
pected to depend on the electron spin-spin reservoir temperature. Angular distribu
tions of y-quantum emitted by 22 Na(3+) in the cascade (j3-y)-radiation are calcu
lated. It is shown, that this distribution does not depend on the spin temperature 
sign at the Boltzmann populations among the Zeeman magnetic substates, whereas 
a tensor polarization of quadrupole nuclei, placed in the electric field of the crys
tal, cases considerable sign dependence. The new method promises wide opportu
nities for the magnetic structure investigations as well as for the study of spin-spin 
interaction dynamics of rear nuclei in the dielectrics. Besides physical-technical 
advantages and disadvantages of the given method are discussed for the heavy nu
clear polarization in the on-line implantation mode. 

The investigation has been performed at the Laboratory of Particle Physics 
and at the Laboratory of High Energies, JINR. 
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1. IJBeoeuue 

l13Mepem1e amnoTpomm yrnoeoro pacnpe.l{eJieHm1 (rl-y)-H3Jiyqemiii HBIDleTCH 

Ha116onee 'IYBCTBHTeJibHblM MeT0,!{0M HCCJie.l{0Bamra Il0ID1pH3oBaHHbIX H,!{ep Ii lfX 

ceepXT0HKIIX B3aHMO.l{eHCTBlllf (I]. O6bI'IHO IICCJie.l{yeMbie H.l{pa HMilJiaHTHp}'lOT B 

<f>eppoMafHHTHbie MaTplll.lbl, B K0T0pbIX 0HH Il0JIHPH3YIOTCH 3a C'leT 3Ha'IHTeJibHOii 
'. . ,, , 

BHYTpeHHeii HH.l{YKUIIII "" 50 T H 0XJI~eHHH ,!{0 ceepXHH3KHX TeMneparyp 

(10+30 MK). linaro.l{apH BbICOK0ii cKopoCTH cnHH-peweT0'IHOtt penaKcaunH, e 

CilHHOBOH CHCTeMe H.l{ep yCTaHaBJIHBaeTCH 60JibUMaHOBCKOe (paBHOBeCHoe) 

pacnpe,!{eJieHHe C TeMneparypoii pemeTKH, HO )KeCTKaH CBH3b CilHH0B C pemeTKOii He 

Il03B0JIHeT 3a,!{eHCTBOBaTb eec& apceHaJI H3BeCTHblX MeTO,!{0B.HCCJie,!{OBaHHH CilHHOBbIX 

CHCTeM, HanpHMep, B03M0)KH0CTb H3MeHHTb 3HaK HX CilHHOBOii TeMneparypbI. 

B Il0JIHKpHCTaJIJIH'leCKHX ,!{H3JieKTpHKaX (6YTaHOJI, nponaff,!{HOJI [2, 3]), ,!{aBHO 

HCil0Jib3yeMbIX B Ka'!eCTBe 3aM0p0)KeHHbIX Il0ID1pH3oBaHHblX npOT0HHblX MHIIIeHeiii H 

MOH0KpHCTaJIJiax,' HanpnMep LiF C F-ue8TpaMH, npHMeHHIOT MeTO,!{bl ,!{HHaMH'!ecKOii 

norui:pH3aUHH ,H.l{ep (AIU!). K0T0pbIMH ,!{0CTHraeTCH Il0'ITH I 00% IlOJIHpH3aUHH H-F- : 

CilHH0B o6onx 3HaK0B [4+6]. B 0TJIH'!He OT <f>eppoMarHHTHblX Marpm-1, ,llli3JieKTpHKH 

np03pa'!Hbl ,!{ID! 3JieKTp0MarHHTHbIX noJieii, no Kpaii:Heii Mepe BilJI0Tb ,l:10 qaCTOT 

1011 
ru, HMeIOT npeHe6pe)KHMO cna6&re BHYTPeHHHe. JI0KaJibHbie MarHHTH&Ie IlOIDI 

,,:,}0-
3 T, a BbIC0KaH npOTOHHaH Il0JIHpH3aUHH B HHX o6ecne'IHBaeTC»: npH 

cpaBHIITeJI&H0 nerK0 ,llOCTH)KHMblX 3KCnepHMeHTaJibHblX YCJI0BHHX: TeMneparype 

0,2+0,5 K n e o6&I'IHOM MarHHTH0M Il0Jie ,,:,2;5 T. IlpHHUHilHaJibHbIM OTJIH'!HeM 

,llH3JieKTpHK0B OT qieppoMarHHTHbIX MarpHU HBIDIIOTCH orpOMH&Ie, ,ll0CTHraiom:ue 

1000 u 6onee qacoe epeMeHa · cnHH-pemeTO'IHOii penaKcaunu, TaK '!To MarmnH&re 

M0MeHTbl 0Ka3bIBalOTCH npaKTH'leCKH H30JIHpoeaHHbIMH OT . pemeTKH. 6naro,1:1apH 

3TOMY CTaHOBHTCH B03M0)KHbIMH C03.l{aHue BbICOKOH BeKTOPHOii Ii TeH30pHoii • 

rrorui:pn3au1m H.l{ep, npHrOTOBJieHue He60JibQMaHOBCKlfX 3aCeJieHHOCTeii CmlHOBbIX 

COCTOHHHH [7, 8] H ,lla)Ke "<f>OKYCHpOBKa" CilHH0B e 'IHCTOe KBaHTOeoe C0CTOHHHe [9]. 

B npe,!{JlaraeMOii pa6ore aHaJIH3HpyeTCH npHMeHeHHe ,l(fUI ,llJIH II0JIHpll3aQHH 

pa.l{H0aKTHBHblX H,!{ep, HMilJiaHTHpoeaHHbIX. B Il0JIHPH30BaHHYJO MHIIIeHb. IloKa3aHO, 



'ITO, n.cno~~y» .z:u:rn,, MO)KHO ,nOCTHrttyrh BbICOKOII aml3Cl"rJ'Oilllll y-~pJ/Y~e~//~; . . . . 

Ha11p,eH!l 3aBUCIIMOCTb 
::{ .. ' ;: 

yrnmmro 
, . ; ' ( ,~. i { p~crp~.nenemrn y-KBaH'f()B OT CilllHOBOII 

,;:;;,,; 

Te71IIepaP7Ph/ ~pf1· T~~~opHo~ pC>n~p~~~~III[ pa.f!110aKTuB1ihIX Kaa.npyIIonhtthIX ».n~p, 
' ': : .. ..·. ; , , ! . . . ) 

HllXO~ll{ijXCH B JieO,nIJOpO.nJlOM 3neiqpu~eCKOM none. 
· •. , i ·1· ·1 ·'.: '•. _: J_it_,; :·;C-t ·.! .. , j,:; "(; ; ,;-- •I;.·;; ' -, ,·, • '. ' .. 

Hccne.noaaHue B .nattH0M J-1anpaaneH1111 6hmo ntt11um1poaatto ttarnnM .npyroM u 
'' ' .. ·; ',:_"i, i: :,· :i••.1~· /;;:11~~···· ·;,:~:-: ; ""1 ·' "' ; . 

Y'JIITe~eM M. H. Ilo.nrop~UKH!v? n 0~, cae;n()n n~MHTH KOTOporo Mbl nocB»LUaeM 31)' 

pa6ozy; :,.,. ,,.,. ··•,,,,,,,,,,,,,,..-.,,,_., ,. •'r' 

2. llo3/fpu~au,ua K1Jaopy~~lfbllb~,floep 
. '. •' . : . . .,,·,' ·c, 

HanOMHUM CO,nep)KaHIIe rpex ~e'fO~()l3 .n11HaMHl{e~KOlf non»p113a1pm »,nep ~4°'" 

+ 8], KOTOpbie nepcneKTHBHbl .nn» uccne,noBaHHH KBa,npynonbHblX ».nep. 3TH MeTO,nbI 
, • '' • ·, 'j' .l)' ,.I) ,•_, !. •·, ' 

npoaepeHbl B MaTepHanax C BbJCOKUMU CnHHOBbIMH KOHUeHTpauH»MH, HO, 

HaCKOnbKO HaM H3BeCTHO, He l~Ccne.noaaJIHCb npHMeHHTenbHO K pe.nKHM 

pa.nuoaKTHBHblM ».npaM. 

Ha116onee , · pacnpocrpaHeH~bIM HBJIS!eTCH ~eTo.n ".n11ttaM11qecKoro 

oxna)K,neHHH" (AO) [5, 6]. .[ln» ero peanmauIm a MaTepmui Murnett11 nyreM 

paCTBOpeHHH, .nmpq>y3HH HJIH o6nyqeHHH BBO.n»T rapaMarHIITHyIO npnMeCb 

(KpaMepcoab1 ueHTPhI [4]) c KOHUeHTPar:lnefi nop».nKa N, "' 1020 cM·3. MoneKynhI 

npHMec11 co.nep)KaT HecnapeHHhie :meKlJ)OHbI (S = 1/2), KOTOpb1e a none Ho npu 

TeMneparype To noMpH3yfOTC» .no aenH'IHH~I 

p = 100%-th(hy,Ho) 
• . 2kfo , (2.1) 

r.ne h - nOCTOHHHaH II.riaHKa, Ys - rHpOMarHHTHOe OTHOllleHne 3neKTpOHOB, k -

noCTo»HHM .lionhUMaHa. Ilp11 Ho= 2,5 T H To= 0,3 K non»pH3auIrn P, = 99,997%. 

Ilpu Tex )Ke ycnoBHHX, a COOTBeTCT!3HU c qJOPMYJIOlf (2.1 ), . cnHHbl npoTOHOB 

(HH,neKC p) non»p113YJOTCH TOJibKO .no aennq11Hbl Pp= 0,85%, IlOCKOJibKY y.lyp ~ 656. 

. Cyrb MeTO,na 3aKJIIOl{aeTCH B nept!,naqe npOTOHaM BblCOKOII nom1p113auIm 

3neKT(lOHHblX CnHHOB . .nn» noro MaTepuan o6nyqalOT MHKpOBOJIHOBblM noneM C 
• •'..'."'.".1•" . 

qaCTOTOlf V B6Jlll3H ueHTpa nHHHH 3n~"fl)O~Horo pe30HaHca, COOTBeTCTBYIOI.l.lero 

napMopoBCKOII qaCTOTe v,o = r.,Ho = 7 -1019 ru B none 2,5 T. KaK nOKa3aJI 
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TipoBOTOpOB [ 11 ], no.n .nettCTBHeM HaCbILUalOI.l.lero non» noae.nemte CilllHOBOlf 

CHCTeMbl onHCbIBaeTCH He O,nHOII, a .nayMH CilllHOBblMII TeMneparypaMH. O.nHa 113 

HHX - 3eeMaHOBCKa» TeMneparypa · - on11Cb1BaeT pacnpe.nenemIe cnnHOB no 

MarHHTHbIM no.nypoBH»M; .npyra» - TeMneparypa cmm-cnHHOBOrO pe3epayapa -

CBSI3atta C :meprne11 CnHH-CnHHOBbIX B3aUMO,nel!CTBHlf. Tiocne.nH»H npn 

Hepe30HaHCHOM o6nyqemm 3JieKT(lOHHblX cni!HOB cnnbHO nOHH)KaeTCH, TaK' KaK 

pa3HOCTHbitt KBaHT hjv-vs0l nona.naeT B cneKTP qaCTOT cmm-cmmoaoro pe3epayapa, 

rnnpIma K0Toporo nop»,nKa ,::300 Mru. H~yJlHO BU)leTb, 'ITO 3TOT cneKTP qaCTOT 

nepeKpbIBaeT TaK)Ke H xapaKTepHbie napMOpOBCKHe qaCTOTbl ».nepHblX cnHHOB B 

none 2,5 T, n03TOMY B HTOre TeMneparypa 3JieKT(lOHHOro cnuH-CnHHOBOro 

pe3epayapa II CillIHOBM TeMneparypa »,nep HMelOT Tett.neHl.J,HIO K BbipaBHIIBaHHIO. 

Orc10.na, B qaCTHOCTH, cne.nyeT, 'ITO B CJIY'{ae non»pH30BaHHblX pa.nnoaKTHBHblX 

».nep no am1J0Tponu11 ux (13-y)-yrnoaoro pacnpe.neneHHH MO)KHO 6y.ner cy.nHTb o 

TeMneparype pe3epayapa cnHH-CnHHOBbIX B3aUMO,IlettCTBHlf. TionO)KHTeJibHaH 

paccrpo11Ka (v-vs0) CTHMYJIHPYeT OTPHUaTeJibHbie cnnHOBbie TeMneparypbI ».nep, 

noCKOnbKY npu 3TOM ».nepHbIM cnnHaM nepe.naeTCH KBaHT h(v-v!IJ). Ilpn 

OTPUUaTenbHOM 3HaKe paCCTpOHKH (v-vs0) ».nepHbie cnHHbl OT,IlalOT He)lOCTalOI.l.lHll 

KBaHT h(vs0-v) 3JieKT(lOHHOMY cnnH-cnnHOBOMY pe3epnyapy [6]. YcnneHue »,nepHoii 

non»pInauun Bbipa)KaeTCH B nOHH)KeHHH HX cnHHOBOll TeMneparypbl (Tj) no 

cpaBHeHHIO C TeMneparypo11 pellleTKH (To) npHMepHO B ±m,0/(2..[ii;) pa3a [6], r.ne 

M2 - BTOpOII MOMeHT nnHmI nornomeHHSI 3JieKT(lOHHOro napaMarHIITHOro 

pe30HaHca (3TIP), aJ,o = 2n-v,o. Ilpu OilTHMaJibHOlf KOHl.J,effTPaunn napaMarHHTHblX 

ueffTPOB MaKCHMaJibHOe ycHJieHue )lOCTHraeTCH Ha qaCTOTax, COOTBeTCTBYJOIIJ,HX 

cKJiottaM 3TIP-nuHHH, a OTHorneHHe IT <I TJI MO)KeT .noCTuraTb HecKOJibKHX coTeH 

pa3. TipaKTUl{eCKH .naHHblM MeTO)lOM y.naeTC» ,nOCTUrHyrb nO'ITH nOJIHOII (±98%) 

non»pmaUHH npoTOHOB u ±55% - .nefiTPOHOB. Oco6eHHOCTblO .n;o HBJIS!eTCH TO, 'ITO 

ace ».nepHb!e cnUHbl B MaTPUUe, BKJIIOl{aSI cnHHbl KBa,npynonbHblX »,nep, 3a apeMH 

,.,. l{ noJIY'{alOT 60JibUMaHOBCKOe pacnpe.neneHHe, COOTBeTCTBYJOI.l.lee MHHHMaJibHOII 

~ 



TeMrreparype IIOpll,nKa ±1 MK; HaIIOMHIIM, lJTO IIpll 3TOM TeMneparypa pewerKII 

Haxo.nHTCJI B 06nacn1 0, 1 +0,3 K. 

AttanonilJHbIH 3q>q>eKT J1,nepHoii rronJ1pmau1111 B03HHKaer, ecm1 BMeCTo 

3JJeKTPOHHbIX CIIlfHOB IICIIOJJb30BaTb IIOJJllPlf30BaHHbie rrpoTOHHbie CnIIHbI [7, 8). 

Pa3JJlflJlfe 3aKJJJOlJaeTCJI B TOM, lJTO 06JJY4eHlflO rrepeMeHHbIM IIOJJeM Tenepb 

IIO.[lBepraJOTCJI He 3JJeKTPOHHbie CIIlfHbl rrp11MeCHblX ueHTPOB, a IIOJJllpll30BaHHbie 

rrpOTOHbl s ClfJJbHOM MarHlfTHOM IIOJJe Ha lJaCToTe, 6JJll3KOH K npoTOHHOII 

napMopoBcKoii 'laCTOTe VJo = yiJ{o "" I 06 Mru B none 2,5 T. llinp1rna cnel\Tpa 

ll,nepHbIX JJOKaJJbHbIX IIOJJeii COCTaBJJJleT .neCJITKll Kru (rip11MepHO Ha TPlf nopll,nKa 

y)l(e, lJeM B CJJy'lae 3JJeKTPOHHbIX CIIl!HOB), II03TOMY pa,nllO'laCTOTHOe HaCbI1lleH11e 

rrpOTOHHbIX CIIHHOB crroco6Ho ll3MeHIITb 3Heprn!O CIIIIH-CnIIHOBblX B3al!MO.[lel!CTBIIII 

.npyrnx J1,nepHbIX CIIHHOB [12). B HHTepecyJOmeM Hae CJJY4ae pe,nK11x KBa,npyrroJJbHbIX 

Jl,nep, paCTBopeHHbIX B IIOJJllpH30BaHHOII MllllleHI!, pOJJblO l!X .[llfIIOJJb-.[llfIIOJJbHOro 

B3allMO,neiiCTBHJI MQ)l(HQ rrpeHe6pe'lb, Tor.na "pe30H11py10meli cncreMoli" 

OKa3bIBaJOTCJI KBa,npyrrOJJbHble B3allMO,neliCTBllJI CIIHHOB ,C 3JJeKTPH'leCKllM IIOJJeM B 

MaTPHUe [8, 9]. B pe3y)lbTaTe pa3HOCTHM 3Heprnll hv0 ""h(V-VJo) 6y.ner ysem141rnaTb 

HJJll yMeHblllaTb, B 3aBHCHMOCTH OT 3HaKa lJaCTOTHOII paCCTPOIIKlf II 3HaKa 

rrpOTOHHOH IIOJJllpll3aum1, cpe,nHJOJO 3HepmJO B3aHMO,neiiCTBllJI KBa,npyIIOJJbHbIX 

J1,nep {fIQ) c KpttCTaJJJJ11lJeCKHM noneM. 3Ta 3Hepnrn .naercll q>OPMYJJOii [8] 

\fig) =hX ·(3-]; -J(J +I))= hX-A, 

X = vg(3-cos
2(¢)-1), 

eqO 
V - -

Q - 8hl(2J -1)' 

(2.2) 

r.ne J - CIIHH ll,npa, q - KBa,npyrroJJbHblll MOMeHT ll,npa B CM2
, Q - rnaBHOe 3HalJeHne 

CHMM~lllJHOro TeH3opa Qa/J = iJ2rp/oxaOXp (<p - IIOTeHUllaJJ 3JJeKTPHlleCKOro IIOJJJI B 

KpHCTaJJJJe), ¢ - yroJJ Me)l(.[ly HarrpaBJJeHHeM IIOCTOJIHHOro MarttlfTHoro IIOJJJI If 

rnaBHOII OCblO Z TeH3opa Qap. B ClfCTeMe rnaBHbIX oceli rrp11 aKCllaJJbHOII ClfMMerp1111 

IIOJJJI HeHyJJeBbie KOMIIOHeHTbl TeH30pa 3aIIl!CbIBaJOTCJI B Blf.[le 
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() 
Q== = Q, Q,._""( = Q_., = -; (2.3) 

Herpy.nHo B11,nerb 113 q>OPMYJJbI (2.2), lJTO ll3MeHemie 3Hepnm Ksa.npynoJJbHbIX 

B3alfMO.[lellCTBIIII se.ner K ll3MeHeHIIIO TeH30pHoii IIOJJllp113aUIIII (A), lfJJII 

BbICTPOeHHOCTII. Han6onee npoCTbIM AJJJI aHaJJ113a J1BJJJ1eTCJ1 cny'lali ttyneaoii 

sel\TOpHOII IIOJJJ1pn3au1m KBa,npynOJJbHblX ll,nep, IIOCKOJJbKY np11 3TOM 3aCeJJeHHOCTI! 

CTaUIIOHapHblX COCTOJIHIIII ll,npa C q>IIKCllpOBaHHb!Mlf npoeKUHJIMlf CIIIIHOB ll1 Ha 

HanpaaneHne . MarHHTHoro 

B3allMO.[lellCTBlfeM : 

IIOJJJI onpe.nenJ1JOTCJ1 TOJJbKO KBa.upynOJJbHbIM 

Pmm = 
exp(-fJHt,i I h) 

J 

Lexp(- fJHt I 1,) 
exp(-µ:r~m

2 
-./(.1+1))) ,(2.4) 

exp{- f]X./(.J + ]))+ 2L exp(- f]X(3m 1 -./(./+I))) 
m .J 

r.ne fl<J h (kltJ IIHBepCHM CnIIHOBaJI TeMneparypa pe3epayapa KBa.upynoJJbl_fbIX 

a3a11Mo,ne11CTa1111. 3HaK T<J orrpe.ueJJJ1eTCJ1 3HaKOM rrpomae.neH11J1 P,,-(v-v10). 

3aceJJeHHOCTll Pmm npe.nCTaBJJJIIOT co6oii 3JJeMeHTbl CnIIHOBOii MaTPllUbl IIJJOTHOCTII 

J1,nep, KOTOpall B .uaHHOM CJJylJae JIBJJJleTCJI .u11arOHaJJbHOii. C YlleTOM (2.4) Bb1pa)l(eH11e 

AJJJI BblCTPOeHHOCTH rrpllHIIMaer B11.[l 

J 

A= LPmm(3m2 -./(./+])}= (2.5) 
m .J 

J 

6Lm 2 
exp[- fJ){(3m 2 

- ./(./ + 1))] 
m-1 

J -./(./+I). 

exp(fJX./(./ + 1) + 2Lexp(-/JX(3m
2 
-./(./ + 1))] 

m I 

B lJaCTHOM CJJylJae ./ = I 3Ta q>OpMyJJa 6hlJJa noJJylJeHa II 3KCrrep11MeHTaJJbHO 

rrposepeHa B [8]. B npe.nene OlJeHb H113KIIX IIOJJO)l(IITeJJbHblX TeMrreparyp T(J II yrnax 

0 ::; e < arccos(3·
1
/
2

) BbICTPOeHHOCTb A ➔ -./(./ ➔ J), TO eCTb Bee ll.Upa HaXO.[lJITCJI B 

coCTOJ1H1m c npoeKUHeii cmrna m = 0, a rrpn yrnax arccos(3.v
2

) < 0 ::; rc/2 sem1lJ11Ha A 

➔ ./(2.1-1), If B 3TOM CJJylJae 3aCeJJeHHOCTII ,neJJJITCJI rropostty Me)l(.[ly COCTOJIHlfJIMII 

111 = .J H lll = -.I. 8 rrpe.nene OlJeHb Hll3KIIX OTPlfUaTeJJbHbIX TeMneparyp Clfl)'aUIIJI 

06pamaercJ1. Mero.n rrpeAJJO)l(eH II npoaepeH Ha .neliTpottax [7, 8] 11 MO)l(eT oKaJaTbCJI 

IIOJJe3HblM B CJJy'lae tte60JJbllIIIX KBa.npyrroJJbHblX MOMeHTOB IIOpll,nKa 3-10"27 
CM2, 
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KOr,!la hv(} "" h(V-V10). 3Kcnep11MeHTaJlbHble BpeMeHa nom1p113au1111 3TIIM MeTO,!lOM 

COCTaBJllllOT HeCKOnbKO .!leCHTKOB CeK}'H.!l, a .!lOCTlliKIIMble Cn!IHOBble TeMnepaiypbl 

nopH.!lKa ±10 MKK [8]. 

I13-3a TltnH'-IHO Hlf3KIIX BeJllllJIIH MarHHTHblX MOMeHTOB KBa.!lpynonbHblX ll.!lep . . 

nonHp113aUlllf nonyqaeMbie O0bllJHblM MeTO.!lOM Jl,0, nO-Bll.!lllMOMy, He npeBblCHT 

±20%, n03TOMY 3HatJl!TenbHOe yc1rnem1e nonHpmamm, ,!lOCTllrHYTOe MeTO.!lOM Kpocc

penaKcaum1 C nonHp1130BaHHblMII npOTOHaMI! [13], npe.!lCTaBnHeT cyweCTBeHHOe 

npO.!lBlliKeH11e K npaKT11tJeCKOMY 11cnonb30Bamuo ,!ll1HaM11tJeCKIIX MeTO,!lOB. I1neH 

3aKJIIOtJaeTCH B cneny10weM: nyCTb nOMIIMO H.!lep co Cnl!HOM .J :C: ) MaTpnua conepiKIIT 

pacnpocrpaHeHHbie H.!lpa, Hanp11Mep nonHp1130BaHHble npOTOHbl (./ = 1/2), KOTOpbre, B 

B11.!lY 6onbUJOro r11poMarHIITHOrO OTHOUieHllll, HMelOT BblCOK}'IO TennoeMKOCTb 

Cn!IHOBOH CIICTeMbl. TaK KaK B OTnlftJHe OT npOTOHHbIX CnHHOB B3aHMO,!lettCTBHe 

KBanpynonbHbIX H,!lep C peUieTKOH coxpaHHeTCH ll B ttyneBOM MarHl!THOM none, TO, 

nOHlliKaH Ho, MOiKHO COBMeCTl!Tb napMopoBCK}'IO tJaCTOl)' npOTOHOB C 

KaanpynonhHhIM pacwenneH11eM H.!lep cn11Ha ./ :c: 1. B MOMeHT nepecetJemlll tJaCToT 

npo11cxomrr Kpocc-penaKcau110HHaH nepenatJa. BbICOKOtt npoTOHHOtt nonHp113au1111 

KBanpynonbHbIM H,!lpaM. 3Kcnep11MeHTbl 0binll BbinOnHeHbl Ha aMMllaKe (NH3) [13]. B 

none 0,056 T Kaanpynonhttoe pacwenneH11e CTa611nhHh1x H.!lep aJoTa 6v Q = 2,4 Mru 

0Ka3b1BaeTCH paBHblM napMOpOBCKOH tJaCTOTe npOTOHOB, n03TOMY B pe3ynhTaTe 

Kpocc-penaKcau1111 H.!lpa 
14

N nonHp113y10TcH notJm no 50% nonHp113au1m [13]. Kpocc

penaKcau11H 06ecnetJ11aaer Bh1cory10 CKopoCTb nonHpmau1111 nopH.!lKa [14] 

W =(r./yh)2-(1; -cos{t :: )J', (2.6) 

rne y,/yp "" 7-10·
2 

- OTHOllleH11e H,!lepttblX rnpoMarnl!THblX KOHCTilHT, Ji "" 10·5 C -

apeMH nonepetJHOtt penaKcau1111 npoTOHHhIX cmrnoa, L10 - tJaCTOTHaH . paccrpottKa 

MeiK.!ly cn11HaM11, Liu - w11p1rna npoTOHHOtt n11H1111, I; "" 1 - cao6o,!lHbitt napaMerp. 

TTonaraH Lio ;::, LIH , nonyqaeM W1 
;::, 2 MC, T. e. IICKJIIOlJIITenbHO KOpOTKOe BpeMH 

nonHpmau1111, lJTO 0blJIO Obi BbJrO,!lHO 11cnonh30BaTb B peiKl!Me ori-line IIMnnaHTau1111 

H.!lep B MHllleHb. TTonytJeHHOe pacnpeneneHHe cnHHOB no MarHHTHblM nonypOBHHM He 

6 

I. 
ti 
~ 

! 
( 

I 
~ 

HBnlleTCll 6onhUMaHOBCKIIM, HO OHO MOiKeT coxpaHHTbCH .!lJIIITenhHOe BpeMH, 

"3aMopaiKIIBaTbCll" 6naronapH TOMY, lJTO MarHIITHble nonypOBHII KBa,!lpynonbHblX 

ll,!lep He HBnHIOTCll 3KBll,!lllCTaHTHblMII If npouecc yCTaHOBneHHH BffYTPeHHero 

paBHOBeCllll CBH3aH C }lJIIIHHblMH apeMeHaMH cn11H-peUieTOlJHOH penaKcaunn [15]. 

TeopeTlltJeCKII B TaKIIX CIICTeMax MOiKHO "c1porycnpoaaTb" CnHHbl B lJHCTOe 

KBaHTOBOe COCTOllHl!e [9]. 

PacCMOTµeHHbie MeTO,!lbl MOiKHO ncnonb30BaTb If B cnyqae pannoaKTHBHblX 

H.!lep, HMnnaHTllpOBaHHblX B nonHp1130BaHttyro MHllleHh, ecnn OHH BXO,!lHT B COCTaB 

,!lHaMarHIITHbIX aTOMOB 11n11 KpaMepCOBCKIIX [4] napaMarHHTHbIX ueHTµOB. OAHaKO 

np11MeJ-i1rrenhHO K peAKHM HApaM caMa H,!{eH MeTO,!{a JJ.O, onnpa!OWaHCH Ha ,!{HHaMHK}' 

KonneKTIIBHbIX cmrn-cnHHOBbIX B3allMO,!{ettCTBHH, ttyiK.!laeTCH B npaKTntJeCKOM 

nowaepiK,!lemm. TaKoe TeCT11poaatt11e yno6ttee acero BhmonHHTh co cpaBHHTeJibHO 

,!{OnrOiKHBYWIIMII pannoaKTHBHblMH H,!lpaMH, HanpHMep C 1130TOnOM 
22

Na; yrJIOBOe 

pacnpeAeJieHne KOTOporo ,!{eTaJibHO npoaHaJIH3HpOBaHO HHiKe. 

3. Pac'lem yz.wBow pacnpeoeJ1euUJ1 r-u3Jly'leuua 

TTOJIYlfHM tteo6xonnMhie lpOPMYJibI · AJIH aHHJOTµonnn a yrnoaoM 

pacnpeneJiettnn y-KBaHTOB npn pacnane noAAp113oaattttb1x Mep. O6cyiK,!laeMaH 

aHH30TµOnHH H3JIYlfeHHH HenocpeACTBeHHO CBHJaHa C TeM, lJTO B pe3ynbTare 

o6cyiK,!laeMblX MeXaHH3MOB ,!lHHaMH'leCKOH noAAp113aUHH BeJIH'IHHbl ,!{HarOHaJlbHbie 

:meMeHTbl MaTµIIUbl nJIOTHOCTH (pmm) cyweCTBeHHO OTJIH'lalOTCH OT 3HalfeHHH 

(2./ + 1 r1
, COOTBeTCTByrowero HenoJIHp1130BaHHblM H,!{paM. IlonyqeHHble lpOPMYJibl 

MO)KHO 11cnonb30BaTb np11 JII060M pacnpe,!{eJieHlm cnHHOB no MarHHTHblM 

noeypOBHHM, OHH, B lfaCTHOCTH, n03BOJIHIOT paCC'IHTaTb lpOPMY yrJIOBOro 

pacnpe,!{eJieHIUI y-H3JIYlfeHHH B 3aBHCHMOCTlf OT 3HaKa CnHHOBOH TeMnepaTYPbl npu 

TeH30pHOH noAAp113aUHH, B03HHKaromett 3a ClfeT KBa,!lpynoJibHOro pacmenJieHIUI (CM. 

COOTHOllleHHH 2.4 II 2.5). 

ECJIH B030yiK,!lettime AAPO IIMeei CilHH ./, a y KOHe'IHOro HApa CilHH J' = 0, TO 

ttopMnpoaattttoe yrnoiloe pacnpeneJiettne y-KBaHTOB OTHOCHTeJihHO HanpaaneHHH 

MarHIITHOro nOJIH 6y.!leT HMeTb BIi,!{ [ I 6, 17] 
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W(0) = 
2~: 1]:J p~~[(d~;(0))2 +(d::.~1(0))2}, (3 .. 1) 

r.ne d!;;/(0)- qiyHKQIUI Burttepa (3JieMeHTbJ Ma-rp11ubI KOHe'lttbJX spamem1ii), p~
1
:,' -

3aceneHHocni cimHOBbJX coc-ro»HHii. AHanOrH'IHas qiopMyna MO)KeT 6b1Tb Ham1caHa 11 

npH J' :1; 0 .nnii 'llfCTblX :meK-rpH'leCKHX lfJIII MarHIITHbJX y-nepexo.uos onpe.ueneHHOII 

MYllbTHnOJibHOCTH L: 

W(0)=·
2
~+l ±±(cf:_,, Lµf P~::[(d;,~1(0))2 +(d;/:(0))2] 

7r r=-J µ=-L 
(3.2) 

3.necb C - xo3qiqiuuuem Kne6wa - rop.notta. B cnyqae mrnaMuqecKoii nonsp113aumI c 
. . 

HCil0Jlb3OBaHileM non»pH3OBaHHblX npOTOHOB (pa3.ll. 2) 3aceneHH~CTII on11Cb1Ba10TC8 

qiopMYnoii 2.4. Ilp11 6onbUMaHoscKOM pacnpe.ueneHm1 3eeMaHOBCKIIX yposHeii s 

MarHHTHOM none Ho [ 18] 

Pmm = 
emx 

j 

Lemx'J 
m==--j 

, r~,2~) r{;;), 
e Ho 

x=µ 2m c. kT, 
p 

(3.3) 

(3.4) 

r.ne µ - MarHHTHblll MOMeHT B s.uepHblX MartteTOHax, lllp - Macca npOTOHa, C -

cxopoc-rb cse-ra B BaKYYMe, T - cmrnosas TeMneparypa. 
• • ' I • ' 

PaCCMOTJ)HM yrnosy!O aHH3OTJ)OnlllO y-KBaHTOB B KaC.Ka,llHblX (13-r)-nepexo.nax 
. . -· .. . 

s:.uep c OTJIH'IHblM. OT HYJJH MarHHTHbIM MOMeHTOM ( CnHH J :1; 0) [IO]. TiyCTb s 

Pe3YJJbTaTe J3-pacna.na o6pa3y!OTC8 npoMe)eyfO'IHble .llO'lepIme s.upa C 0TJlll4HblM OT 

HYJIH CillfHOM J: KOTOpbie s CBOIO O'lepe,llb HCnbITbIBalOT 6blCTPbIH y-pacna.u. KaK Mbl 

YBH.llHM Hu~e, ecnu :meKTJ)oHy u aHTHHeii-rpuHo nepe.uae-rcs onpe.ueneHHb1ii 

cyMr.1apHb1ii yrnos°-ii MOMeHT L, a ux HMnynhCbI He pernCTp11pyt0Tcs (To eCTb 

npOH3BO.llHTCs cooTBeTCTByt0mee ycpe.uHeH11e), nonsp113au11s ,noqepHero s.upa cpa3y 

)Ke nocne J3-pacna.ua O.llHO3Ha'IHO CB»3aHa c nonsp113au11eii Ha'laJibHOro 

.llOJlrQ)KllBYIUero s.npa ll TeM caMblM C IICXO,llHOH CnHHOBOH TeMneparypoii. 

IlpoMe~O'IHble s.npa ,llOJl)KHbl 6b!Tb HaCTOJJbKO KOpOTKO)KHBYIUHMII, 'IT06bl IIX 

CnHHOBOe COCTO8HHe 3a speMH )Kll3HII He ycnesano 3aMeTHO. ll3MeH8TbC8. PeanbHO 

8 

~ . 
.,. 
i' 

I 

I 
\ 
I 

:;-

3TO O3Ha'laeT, '!TO speMH )Klf3HII npoMe)KyrO'lHOro s.upa ,llOJJ)KHO 6bITb O'leHb MaJIO no 
,\- - . . .. ~ 

cpasHeHHIO C o6paTHOII qaCTOTOII csepXTOHKoro pacmetmeH118 aTOMHblX ypoimeii 
8 'I . . ·, . . . . •. . : < 

( T << 1 o· + 1 ff c). 8 3TIIX ycJJOB118X yrnosoe pacnpe.ueJJeH1Ie y-KBaHTOB OTHOCIITeJJbHO 

ttanpasneH11s nons Ho Hece-r 11HqiopMau11t0 ,06 emrnoil cmrnosoil • TeMneparype 

Ha'laJibHblX pa.lll!OaKTIIBHbIX,8.llep II OKpy)Ka!Ou..tllX IIX tlCCJJenyeMblX Hepa.um'JaKTIIBHblX 

s.uep. PacCMOTpllM np0113!JOJlbHblll pacna.u ... ~ . .• ,:.,i, 

3 1J1 ➔ b1J'1 +xii> 
..... -~ 

np11 ycnosmI, 'ITO coeoKynHOCTb qac-r11u X, mmyJJbC1>1 KOTOpbIx He qi11Kc1ipyt0TC8, 

yHOCIIT onpe.ueneHHbIII cyMMapHbiil MOMeHT° KomIqec-rea .llBll)KeH11s L. TTocKOJJbKY B 

paccMaTpl!BaeMOM CJJy'lae HeT HIIKaKIIX Bbl,lleJJeHHblX HanpasJJeH11il, KpOMe. Tex; 

KOTOpble CB83aHbl C nonsp11~au11eil qaCTIIUbl a, rlOJJ8p113aUIIOHHble napaMe-rpbl 

qaCTIIUbl b, o6pa3yt0me11cs B pe3yJJbTaTe pa:cna.ua, onpe.ueJJ8IOTC8 IICKJIIO'lllTeJJbHO 

seKTopHblM CJJO)KeH1IeM MOMeHTOB. l1Hb1MII CJJOBaM11~ COBOKYnHOCTb 'laCTIIU X 

MO)KHO JaMeHIITb QJIIKTIIBHOil "qac-r11ueil" co Cnl!HOM L, nonaras, '!TO op611TaJibHbltt 

MOMettT c11c-reMbI (b+X) pasett HYJJIO. B TaK011 c11ryauIm 3neMeHTbI cm1Hoso11 

MaTpllUbl nJJOTHOCTll 'laCTHUbl b CB83aHbl C 3JJeMeHTaMH CnllHOBOII MaTpl!Ubl 

nJJOTHOCTll 'laCTIIUbl a npOCTblM COOTHOllleH1IeM: 

L 
IJ'I ~ ('., ""'' CJ ni•p 1.11 

Pmn, = L.... .I'm ,.,, 0 

J'nl LfJ 
O 

Pnlt/1 ;;l+/1 ')' ,, /. 

(3.5) 

r.ue (' - K03qJCjmu11eHTbl Kne6rna - rop,llOHa. He-rpy.llHO B11.lleTb , 'ITO ecmI CnllHOBaH 

MaTpHua nJJOTHOCTll Ha'laJibHOII 'laCTl!Ubl a - .llllarOHaJJbHM, TO Ma-rp11ua nJJOTHOCTII 

KOHe'IHOII 'laCTHUbl b 6y.ue-r TaK)Ke m1arOHaJJbH011, np11'leM 

L l 

IJ') ~ ( ,J ""'') tJ) 
Pmm = L.J ( J'm l.p · PmfJl mt/I· (3.6) ,, /. 

113 QJOPMYJJbl t3.6) II 113BeCTHOro ll3 Teop,m CJIO)KeHH8 MOMeHTOB paBeHCTBa 

~(c.,. ""'')i - 21 + 1 L.J Jm /,JI - -- · 

'' 2J' + 1 
(3.7) 

ebrreKae-r, 'ITO ecmI pacna,nat0mascs qac-r11ua He nonspmoeaHa (p~
1
~;, .,.,, = (2J + 1) ·1 

np11 \m +µ\~.I), To qac-r11ua b TaK)Ke po)K.llae-rcs Henonsp113osaHH011: 

9 



p~!,; 1 = (2./' + 1) 
1 c'i,,,.,. <I>opMyJia (3.5) xopowo meecrna e Teop1111 y-pacnaaa 

,· . ,·,· . . ' . ' . ' 

op11e~-r:11poeaHHbIX H.uep - .o~f onpe.ueJI.~eT ycpe.uHeHHbte no 13CeM Hanpae,1eH11HM 

BbIJieTa y-KBaHTOB TTQJIHp113aUlf.OHHbie, napaMeTpbl KOHe4HOro H.Upa, 06pa1y101uerocH B, 
. ' • ;,. ·t.. . :.· , .. · . . , •. ' . 

pe3Yf~T~Te ~epe~o.uoe onpt!.u_eJieHHO~ MyJib'flln(?JibHOCTII .L [ 17, 19]. B 3TOM cJiy4ae 

no.I\,~ no.~H.¥,~~T y-K_Bi\HT. B COOTBeTCTB~l!l ,CO CKa3aHHbIM Bb,IW~, COOTH<;>WeHIIH (3.5 

u 3.6) OTHOCHTCH II K J3-pacna.uy H)lpa (a TaKJKe u K-Jaxeary) npll )'CJIOBIIII, •no 

JienTOHaM nepe.uaeTcH yrnoeoit MOMeff~. L, a HanpaeJieH11e 11x BbIJieTa He 

p~rnCTpupyeTCH. 8 4a~HOCTII, np11 pa3peW~H':fOM, nep_eXO)le raMOBa ~ TeJIJiepa 

yrnoeoit M,OMeHT CHCTeMbl ~JieKTpOH-aHTIIH~ttTpHHO (11m_1 n0311TpOH-HettTp11HO) paeeH 
• -• • .. , dj" .,· ; .. ,, . . ,, > 

emm11ue [20]. B c11ryaum1, Kor.ua JJ. - J'I = 1, pa3peweHlibIH nepexo.u raMoea - , 

Te~nepa HBJIHeTCH OCf1<>BHblM (OCTaJibHbie CIIJibHO no.uaeJieHbl) II nOJIHp1nau11H H.upa, 

06pa3yi01uerocH e pe1yJibT~Te. J3-pacna.ua, _c xopoweit. TO';IHOCTblO om,cbIBaeTcH 

q>opMY,Jial\-111 (3.5 11 3.6) ~ L = ]. , 

Pac~M.OTPHM cny'."aii, Kor.ua np11 J3-pacna.ue nonHp113oBaHHbIX H.Uep np11Mec11, 

IIMelOlllllX cn11H J, cmm npoMeJK}'T04HOro KOpOTKOJKIIBYlllero H.Upa npllHIIMaeT 

3Ha4e1me J' = J - 1 un11 J' ~ J + 1. npe.unoJIO)KIIM .uanee, 4TO npoMeJK}'T04HOe H.upo e 

pe3yJibTaTe y-pacna.ua nepeXO)lllT B COCTOHHHe C HyJieBblM CTTIIHOM. Tor.ua C Y4eTOM 

(3.1 n 3.4) HOpMttpoeaHHoe Ha e.u11H11uy yrnoeoe pacnpe.ueneH11e y-KBaHTOB 

OTHOCIITeJibHO HanpaeJieHIIH MarHHTHOro TTOJIH (oc11 KBaHTOBaHHH) 6y.ueT IIMeTb Bll)l 

[10] 

·w(0) ~ 2~~+ l {t(p~} + p(~\J [(d~;'(0))2 +(d~'/(0))2 ]+2p~')(d~~')(0))2}, (3.8) 

r.ue P(J') = ""(cJ m+µ) 2
p(J) np11J= 3 J'= 2 IIMeeM 

mm ~ J'm Iµ mt-µ mt-µ'· , 
µ:-0.±l 

W(0)= 
8
~ {½(p~~J + p 1;~i}sin

2
0(1+cos

2
0)+ 

+ ½{p);l + p~;~1 )-(4cos4 0-3cos2 0 + t)+3p~> cos2 0sin 2 0 }, 

np114eM 
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(3.9) \ 
J 
i 

Ecn11./=2,./'= 1, 

P
121 ·_ p(3l +.!.pol +_!_p(31 
22 - 33 

3 
21 

15 
II , 

P
(1) =~pl31 +_!_p(3) +.!.P,(3) 
II 3 11 15 II 5 00, 

2 3 2 
P

(l) _ -p(3) +-p,(3) +-p(3) 
00 - 5 II · 5 00 '5 -1-1' 

2 8 1 
121 __ 13) +- 13) ·+- (3) 

P-1-1 - 3 P-2-2 15 P-1-1 5Poo, 

(21 = (.11 + .!. (3) + _!_ (3) 
P-2-2 P+3 3 P-2-2 15 P-1-1 · 

W(0)= 
8
~ {½(Pi:1 

+ l:~1)(1+cos
2

0) + p1i:}0sin2 
0}, 

1 1 
P(I) =p(2) +-p(2) +-p,(3) 

11 22 2 11 6 00, 

1 2 1 
p, (1) =-p(2) +-p,(2) +-p(2) 

00 · 2 11 3 00 2 -H, 

(I) _ (2) +.!.. (2) +.!.. (2) 
P+1 - P-2-2 2 P-1-1 6 Poo 

(3_.10) 

(3.11} 

(3.12) 

np11 J = 1, J' = 2 yrnoeoe pacnpe.ueneHne y-KeaHToB onHCbIBaeTCH q>opMynoii (3 .8) co 

3Ha1Jett11eM 

P
(2) _Ip(l) 
22 -5 II• 

(2) _ 2- (1) + 2- (1) 
P11 -

10
P11 

10
Poo, 

(2) _ _!_ (1) +_!_ (1) ~ (1) 
Poo - 10 P11 10 P+1 + 5 Poo, 

(2) _ 2_ (I) +2- (1) 
P-1-1 - 10 P+1 10 Poo, 

(2) _I· <1> 
P-2-2 - 5 P-1-1 · 

(3.13) 

KaK cne.uyeT H3 q>OpMyJI 3.3 H 3.8+3.13, H3MeHeHtte 3HaKa CnIIHOBOH TeMneparypbl 

np11 60JibQMaHOBC~OM pacnpe.ueJieHHII 3eeMaHOBCKl1X ypoetteii B MarHHTHOM none He 
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BJilUleT Ha Bllll yrnoaoro pacnpeuenemrn y-H3JJY'!eHIUI BBIILIY CIIMMeTpllll 3TIIX 

Bbipa)KeHHH OTHOCIITeJJbHO 3aMeHbl Pmm B P-m-m• C upyroii CTOpOHbl, np11 

KBa.D.pynOJJbHOM pacmennemrn ypoBHeii l1HBepcIrn 3HaKa TeMneparypbl HeCOMHeHHO 

n3Memrr yrnoaoe pacnpeueneHne, TaK KaK, HanpuMep, np11 uoCTaTO'IHO Hll3Kl1X 

CflHHOBblX TeMneparypax OHa oeuer K 3aMeHe P1i + P-J,J B poo ( CM. KOMMeHTapllll K 

2.5). 

4. Pac11em 0;111 «ac«aanozo nepexoaa 22Na(3+)-r 22Ne(2) ~ 22
Ne (It) 

B Ka'leCTBe npHMepa M. H. TiouropeuKHll npeUJIO)KIIJI HCCJieuoaaTb yrnOBble 

pacnpei1eneH11R y-n3nY<Jemrn a npouecce 
22
Na(3+)-r 

22
Ne(2+) ~ 22

Ne(O') [ I 0). 

MbI npoaHamnnpoaanu noaeuemIe yrnoaoro pacnpeuenemrn np11 pa3HblX MeTouax 

UHHaMH'IeCKOH nonRpH3auIm RUep, H3JJO)KeHHblX B pa3uene 2 uaHHOII pa60Tbl. 

HanOMHHM, '!TO 3KcnepHMeHT UOJI)KeH ocymeCTBJIRTbCR npn Hel13MeHHOM Ho, C TOIi 

JIHlllb pa3HHUeii, '!TO B cny<Jae AO Hepe3oHaHCHbIM MHKpoaoJJHOBblM noneM 

o6JIY<JaIOTCR 3JieKTPOHHbie CflllHbl napaMarHHTHblX 'ueHTPOB, BO BTOpOM 

Hepe30HaHCHbIM pauuo'!aCTOTHblM IlOJieM o6ny'!alOTCR nom1p1130BaHHble npOTOHbl. 

CooTBeTCTBeHHO, unarOHaJibHbie 3JleMeHTbl MaTPHUbl IlJIOTHOCTH paCC'IHTbIBalOTCR no 

q>OPMYJJaM 3.3 u 2.4. 

Pa.n11oaKTHBHoe »upo 22Na ( CM. p11c. I) 11MeeT nep11oi1 nonypacnaua 2,6 roua, 

cmrn-'leTHOCTb 3+ n MarHIITHblll MOMeHT a »uepHbIX MarHeTOHax µ = +1,75 [20). B 

HaCTORmee apeM» HaM HeH3BeCTHbl 3KCnepHMeHTaJibHbie uaHHble, 

CBHUeTeJJbCTBYIOI.UHe O HaJIH'IIUl y »upa 22Na HeHyneaoro KBaupynOJibHOfO MOMeHTa 

(CM. [20, 21]). TeM He MeHee llJIR ueMOHCTpaUHll HOBOH MeTOl\llKII H3Mepemrn 

KBaupynoJJbHblX MOMeHTOB, Mbl 6yueM npeunonaraTb, '!TO 
22

Na HMeeT He60JiblIIOII 

KBaupynOJibHblll MOMeHT, BeJIH'IHHa KOToporo nollJ]e)KllT onpeueneHHIO. 8 pe3yJibTaTe 

raMOB - TennepOBCKOfO !3 1
-nepexoua C MaKCHMaJibHOII 3Heprneii fl0311TpOHOB 550 K3B 

(nnu K-Jaxaarn) o6paJyerc» npoMe~o'IHOe »upo 
22

Ne co cmrnoM ./' = 2. Ero 

nepnou nonypacnaua coCTaomIer 3, 7-10-
12 

c, T. e. apeMR )Kll3HII O'leHh Mano no 

cpaaHeHIIIO C xapaKTepHblM nep11oi10M· UJIR CBepxTOHKOro pacmennemrn aTOMHblX 

12 

22 
Na 

11 
3{+) 2.6ro'Aa •cf'"'= 

~ 

2(+) 2Ne -r = 3.7 pc :::::::... ,/ 

-~~--.------,::========= 
ft-90%, EC-9.5% 

y= 1.27 MeV 

22 

Ne \IJ .. Jll:..0.06% 
O(+) rn y 1 

P11c. -1. CxeMa (13-y)-nepexouoo UJIR Rupa 22Na(3') 
I.I~-----------,--~----, 

1.05 

§ 
~ 0.95 
,!I 

0.9 

0.85 

0.2 0.4 0.6 0.8 
(:(t!l(O) 

P11c. 2. Yrnoooe pacnpei1enemIe y-113ny'leH11R np11 Ka_CKMHOM (13-y)-pacnaue »upa 

' 22
Na(3'), HOpMllpOBaHHOe Ha 1130TpOnHOe pacnpei1enemIe W = (41t)"1. 

TiapaMerp x onpeuen»erc» no q>OPMYJie (4.3), rue Ho - BHeurnee MarnmHoe 

none, T- cmrnoaa» TeMneparypa 
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ypoaHeH. R.upo 22Ne(2 ') HJny•rneT y-KBaHTbI c 3Heprne11 1280 K38 11 nepexo.u11T a 

cra6HJibHblH H30TOn 22Ne C HyneBblM cnHHOM (21]. 

B paccMaTPHBaeMOH curya1.11m yrnoaoe pacnpe.uenett11e y-KBaHTOB c 3Heprue11 

1280 K38 OTHOClfTenbHO Ho MO)KeT 6bITb BbI'HICneHO no cpopMYnaM (3.9, 3.10) 

He3aBHCIIMO OT Toro; KaKOMY KaHany coorneTCTBYeT nepexo.u 22Na(3 ·) ➔ 22Ne(2 · )➔ 
22Ne co-), Jf-pacna.uy Ha rJ0311TpOH If HeHTPIIHO lfJll[ K-3axaary. Ornowett11e 

lfHTeHClfBHOCTeH lf3nyqeHIUI no.n yrnoM 0 = 0 11 0 = 1t/2 a o6meM cny•rne Bbipa)KaeTC.H 

cpopMYnOH 

w(x,o) 

w(x,~) 

2 1o(pi~' + p~~'-J+s(p::' + p!~'J+3Poo 
J · 5{,o13

' + p 13
' )+ 5{,o13

' + p 13
' )+ 3{,o13

' + p 1
-'

1 )+ p ' 33 -3-3 22 -2-2 11 1-1 00 

(4.1) 

KOTOpM npH 6onbl.lMaHOBCKOM pacnpe.neneHlfll 3eeMaHOBCKlfX ypOBHeH B MarHIITHOM 

none lfMeeT, B COOTBeTCTBlfll C (3.3, 3.4), cne,nylOIUIIH B11.Q: 

10ch(3- x) +Sch(!)+ 3 w(x,o) 2 3 3 

w(x,~) 3. 5ch(x)+.5ch(¾x)+3ch(})+1 
(4.2) 

B 3KCnep11MeHTe KM116poary .QeTeKTopoB .H,nepHoro 113nyl.feHII.H y.uo6Hee BbIITOnHHTb C 

Henon.Hp113oaaHHbIMH H,npaM11, Kor.na 113nyl.feH11e H30TPOnHo, TO eCTb W(x=0) =Wo= 

:::l/(41t). Ha p11c. 2 np11ae,neHbI HOpM11poaaHHb1e Ha W0 yrnoab1e pacITpe.nenett1ui 

y-lf3JJyqeHH.H ITOm1pll3oaaHHblX .H,!lep 22Na; OHlf paCCl.flfTb[BaJlllCb ITO cpopMYnaM (3.9, 

3.10) C 6onbQMaHOBCKIIM pacnpe.ueneH11eM (3.3) CITIIHOB no MarHHTHblM no,nypoBH.HM, 

B KOTOpOM J = 3, 

x= 0,64 Ho 
T 

(4.3) 

(Ho 3a.uaeTCH a Tecnax, cn11HOBM TeMneparypa _ a MK). 3aMeTHM, l.fTO ecm1 x << I 

(cna6oe MarHHTHOe none, BblCOKa.H CITHHOBM TeMITeparypa), TO , KaK H~Y.!lHO 

B11.!leTb, ace aenHl.fHHbI p~l ITpH6nu3HTenbHO paBHbI Me)K.Qy co6011 u yrnoaoe 

pacnpe,neneHHe y-KBaHTOB H30TPOnHoe. Tipu x >> I, Kor.o;a p~~J = P!!> =I, HMeeT 

Mecro pe3KM aHH30TPOnllH: cpopMYna (3.9) ,o;aeT 
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W(0) =-
5
-(1-cos~ 0). 

I 6;r 
(4.4) 

Ecm1 KBa,o;pynonbHbIH MOMeHT 22Na TOl.fHO paaeH HynlO, TO 3eeMaHOBCKHe MarHIITHble 

ITO,nypOBHII 6y.uYT 3KBlf.!lllCTaHTHblMlf, a yrnoaoe pacnpe.o;eneHne B 

nom1Kp11cranm14ecK011 MaTP111.1e 6y,neT IIMeTb BH.!l, noKa3aHHbIH Ha puc. 2. B ITpouecce 

.no CITIIHOBa.H TeMneparypa 6y,o;eT nOHU)KaTbC.H, yaeJ11Il.fHBM BeKTOptty!O 

non.HpH3aQHIO, KOTOPM OITpe.nen.HeTC.H cpyHKQHeH lip1rnn103Ha : 

I J 

PJ =- L_lllPmm =B(x,J=3). 
J m~-J 

(4.5) 

Yrnoaoe pacnpe,nenett11e ITpH x = ±0,25 Ha puc. 2 cooTBeT<--'TBYeT nerKO .QOCTH)KHMOH 

B 3Kcnep11MeHTe CfllfHOBOH TeMneparype nopH,nKa ±6,6 MK, npll X = ±1,5 -

HaHMeHbWHM TeMneparypaM ±·1, 1 MK. KaK y)Ke roaopunocb, au,n pacITpe.nenemui He 

H3MeH.HeTC.H ITPII IIHBepc11u 3HaKa TeMneparypbl. 

)J,pyro11 cnyl.faH yrnoaoro pacITpe.neneHH.H y-H3J1Yl.feHl!H np11 Hyneao11 

BeKTOpHOH non.Hpu3a1.1Im H BbICOKOH TeH30pHOH non.Hpll3al{HH pa.unoaKTHBHblX .H.Qep 

noKa3aH Ha pnc. 3. TTpe,nITonaraeTC.H, l.fTO MIIKpOBOnHOBOe ITOne, ocymeCTBn.HIOUlee 

.no .H.Qep 3a C'.:feT 3neKTpOHHblX CITIIHOB, BblKJllOl.feHO, a noMpH3al.lllH pa.unoaKTHBHblX 

.H,o;ep co CITHHOM 3 u HeHyneBblM KBa.upynonbHblM MOMeHTOM, HaxOMIUHXC.H BffYTPH 

KpHCTaJJnHl.feCKOH MaTPHllbl, B03HHKaeT B pe3ynbTaTe • pa,nHOl.faCTOTHOro ttaCbIUleHl!H 

non.HpH30BaHHblX npOTOHHblX CnHHOB, OKpJ)KalOIUHX 3Tli pa.uuoaKTHBHble .H,npa (CM. 

pa3.n. 2). Pacl.feT ,neMOHCTPHPYeT an11Htt11e tte6onbllloro KBa,npynonbttoro 

B3aHMO.QeHCTBIIH .H.!lpa C tteo,nttopo,o;HblM 3neKTPHl.feCKHM noneM KpuCTanna Ha 

yrnoaoe pacnpe,nenettue y-H3nyqettl!H a cnyqae KaCKa.Qttoro (13-y)-pacna.ua 22Na npu 

yrne </> = 0 Me)K.Qy rnaBHOM OCblO MOHOKpHCTanna n MarHHTHbIM noneM. )Kupttble 

nHHHH COOTBeTCTBYIOT nonO)KHTeJlbHblM, ITYHKTHpttbie - OTPHl.laTenbHblM CITHHOBbIM 

TeMITeparypaM; 3aceneHHOCTH CnHHOBblX COCTO.HHHH onpe.o;eMIOTC.H ITO cpopMYnaM 

(2.2+2.4). Bu,nHO, l.fTO Kaa.upynOnbHOe B3allMO.QeHCTBHe Kal.feCTBeHHO Mett.HeT !pOPMY 

yrnoaoro pacITpe.o;enettu.H npn HHBepcuu 3ttaKa TeMneparypb1. B 

ITOnHKpHCTannnqeCKHX o6pa3Ltax 3neMeHTb1 MaTPHLtbI nnoTttocrnp~l(cos</>) a 

cpopMYne (3.10) Heo6xo.o;uMo ycpe,o;ttHTb no H30TPOITHOMY pacnpe.o;enettHIO oceii 
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t.4 

t.2 

S 0.8 
:j: 
.!j 

0.6 

0.4 

0.2 

px = - 0.5; ¢,=cf' 

0.2 

" " 

0.4 0.6 
Co5(0) 

........ 

" \ 
" " 

\ 
\ 

0.8 

\ 
\ 

\ 

\ 

\ 

\ 
\ 

Puc. 3. 3aaucuMOCTh yrnoaoro pacnpe.1:1eneHHll y-ll3nyqemrn npu KacKaAttOM (l3-y)

pacna.1:1e H.[lpa 22Na(3+) B MOHOKpHCTaJine (,p = 0) OT 3HaKa cnHHOBOH 

TeMneparypbl npu BbICOKOH TeH3opHOH nonHpll3aUHH II paBHOH ttymo 

BeKTopHOH nonllpn3al(HH. I1pe.1:1nonaraeTCll, '!TO ll.[lpa 
22

Na(3+) B 

AHJneKTPHlfeCKOii MaTPnue nMe!OT He6onhIIIOH KBaApynonhHbIH MOMeHT. 

MeTKa "aver" o6o3HalfaeT ycpeAHeHHbie no yrnaM ( ¢>) yrnoab1e 

pacnpe.1:1eneHHH B nonnKpHCTaJinH'feCKHX MaTPHUaX. IlapaMeTpbl px 

onpe.1:1eneHhI cornacHo cpopMYnaM (2.2+2.4) 

d(cos(,p)). B pe3ynhTare aHH30TPOnnll cyll(ec-raeHHO ocna6nlleTCll (cM. p11c. 3), HO no

npe:ll<HeMY coxpaHHeTCH 3aBHCHMOCTb pacnpe.1:1eneHHH y-KBaHTOB OT 3HaKa cnHHOBOH 

TeMneparypbt. 

R.n.pa, HMe!Oll(He 6onbIIIOH KBaApynonbHblH MOMeHT, y.1:106HO nonllpH30BaTb 

MeTO.[IOM Kpocc-penaKcau1111 C nonllpll30BaHHblMH npOTOHaMII. ,[(Jill 3TOro none Ho 

tty)KHO a.1:111a6aTll'feCKlf CHH31fTb .[10 aenH'flfHbl, npH KOTOpOH 3eeMaHOBCKOe 

pacll(enneHHe npOTOHHbIX cmrnoa B OCTaTO'fHOM none coana.1:1aeT C lfaCTOTOH 

KBaApynonbHOro nepexo.1:1a [13] nonllp113yeMblX ll.[lep. 
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B CHlf)KeHHOM none 

npOIICXO.llllT 6blCTpall Kpocc-penaKcau1rn Me)K.ny npOTOHHblMII cmrnaMII II cmrnaMH 

pe.nKIIX KBa.npynOJJbHbIX ll.llep (CM. 2.6). MeTO.ll n03B0JllleT Ha.[lellTbCll Ha 

ocyll(eCTBJ1eH11e on-line nonllp113aUIIII KBa.npynonbHblX ll.llep, IIMnJJaHTllpyeMbIX B 

nonllpH30BaHHYIO npOTOHHYIO MlfllleHb. ITpH 3TOM, KaK y)Ke roaop11nOCb, OTKpbrnaeTCll 

B03M0)KH0CTb np,irOTOBJJeHlfll lfllCTbIX KBaHTOBblX COCTOllHIIH C onpe.neneHHblMII 

npoeKUHllMII cmrnoa Ha Hanpaanem1e Marn11THoro nonll [9]. Hcnonb3yll TY )Ke caMYIO 

CXeMY pacna.na 3. ~ 2. ~o. , '!TO II y 22Na, Mbl paCC'fllTaJIII yrnoaoe 

pacnpe.nenem1e y-113nylfeHI1ll ll.nep, HaXO.llllll(IIXCll B lfllCTbIX KBaHTOBblX COCTOllHllllX; 

pe3ynhTaTbl paC'feTa npe.ncTaBJleHbl Ha p11c. 4. 

.slattblM npe11Myll(eCTBOM .lll13JJek.,p11lfeCKHX MaTpllU llBnlleTCll IIX 6onee 

Bbl CO Kall ( ,::0, I +0,3 K) TeMneparypa perneTKII, npu KOTOpOtt coxpattlleTCll. 

B03M0)KHOCTb nOJJllpI13au1111 KBa.npynOJJbHbIX ll.llep, no cpaBHeHIIIO co cnyqaeM 

cpeppoMarttl!THblX MaTp11u (,:;0,02 K). ITocne.[lttee CBll3aHO C TeM, '!TO 

l.!I 

1.25 I z:..::::::...:: ''JJ - '• u•-1- 1 ..:..::._ 

' " .., 0. 75 ~ 

0.5 

0.2~ 

0.2 0.4 0.6 0.8 
C:m(O) 

P11c.4. Yrnoab1e pacnpe.nenettllll y-113nylfett11ll npu KacKa.nttoM (J3-y)-pacna.ne HApa 

3' ~ 2' ~O' a cnyqae, Kor.1:1a ace cmrnbI "ccporyc11poaattb1" a 

COCTOllHlle m,, o6oJttalfeHHOe MeTKOtt 
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XOJIO.UOnp0113B0.UIITeJibHOCTb pecppm1<epaTopa paCTBOpeHllll 'He B ~He KBa.upaTJl'!HO 

na.uaeT C TeMneparypott, IT03TOM)' np11 0,2 K y.uaeTCll 06ecne1Il1Tb np11MepHO B CTO pa3 

6oJiee BbICOKYIO MOLUHOCTb OXJia)K.uemrn MaTep11aJia. Hanp11Mep, ecm1 npe.unOJIO)Kl!Tb, 

'ITO ny'-IOK C l!HTeHCl!BHOCTblO I 05 c·1 pam1oaITTHBHblX ll.Uep C 3Heprnett I 0 

MJB/HyKJIOH II MaCCOBbIM '-IIICJIOM paBHblM 60 ITOJIHOCTblO nornomaeTCll B 

ITOJillp1130BaHHOtt MIIWeH11, TO pacce,rnaeMall MOLUHOCTb COCTaBIIT np11MepHO 0, I MBT. 

Ilp11 TeMneparype "'0,2 K 3TO - BITOJIHe .uonyCT11Mal1 Harpy3Ka .UJill pe<ppH,KepaTOpa 

paCTBOpeHllll cpe.nHett 

XOJIO.UOITp0113B0.UIITeJibHOCTb 

MOLUHOCTII, 

np11 0,02 

HO npaITTll'-leCKII He.UOCTll)KIIMall 

K. OTPIIUaTeJibHbIM <paITTOpOM np11 

Kpocc-peJiaKcau110HHOtt nom1p113aum1 .llBJilleTCll HeO0XO.UIIMOCTb CHll,KeHllll ITOJill Ho, 

B Pe3YJibTaTe qero npOIICXO.UIIT yMeHbwem1e BpeMeHII .ll.UepHOtt cmrn-peweTO'-IHOtt 

peJiaKcar.um .no .uec.llTKOB '-laCOB. TeM He MeHee 3TH BpeMeHa OCTaIOTC.ll eme 

.UOCTaTO'-IHO .UJilfHHbIMII LIJill on-line IICCJie.UOBaHHtt B 06JiaCT11 I<0pOTKO)KIIBYLUHX ll.Uep. 

Ilpoae.ueHHbitt aHaJill3 npe.unoJiaraeT, 'ITO MeTO.UbI mrnaM111Iec1<oiJ op11eHTaum1 

6Y.UYT "pa6oTaTb" 11 a cJiy'-lae pe.u1<11x ll.Uep. Bonpoc - TaK JIii 3To? TPe6yeT 

3KCnep11MeHTaJibHOro HCCJie.noBaHHll. Anp11op11 OCTaIOTCll HellCHblMII If .upyr11e 

BOnpOCbl, Hanp11Mep: 6y.ueT JIii B OTCYTCTBlle KBa.upynOJibHOro MOMeHTa 22Na yrnoBoe 

pacnpe.ueJieHlle '-IYBCTBIITeJibHO K TeMneparype CITlfH-CITIIHOBblX B3aHMO.UettCTBlltt 

OKpy)KalOLUIIX npOTOHOB np11 Hepe3oHaHCHOM HaCbILUeHHII ITOCJie.UHHX? 0TMeTIIM, 'ITO 

B CJiy'-lae pacnpoCTPaHeHHblX ll.Uep TaKall 3aBHCIIMOCTb llBJilleTCll xopowo 

yCTaHOBJieHHblM 3KCnep11MeHTaJibHbIM <paITTOM (12]. Mb! TaK)Ke He 3HaeM: KaK 0bICTPO 

6y.nYT noJillp113oaaTbCll pe.u1<11e ll.Upa MeTO.UOM /J,O, ecJI11 11x 11MnJiaHTaU11ll 6y.ueT 

ocymeCTBJI.llTbC.ll B MIIWeHb C npe.uaap11TeJibHO IlOJillp1130BaHHblMII npOTOHaM11? Bee 

3TH BOilpOCbl HaxOMTCll 3a npe.ueJiaMII B03MO)KHOCTeii IIX BblllCHeHll.ll MeTO.UaMII 

KJiaCCll'-leCKOro RMP, BBIILIY KpaiiHe H113KOH '-IYBCTBHTeJibHOCTII IlOCJie.nHero; 3.UeCb 

Heo6xo.u11Ma TLUaTeJibHall 3KcnepHMeHTaJibHall npoaepKa C Henocpe.UCTBeHHbIM 

HCITOJib30BaHlfeM pa,n11oaITTIIBHbIX .ll.Uep. 

5. 3a1v11011e11ue 

B .!llf3Jief<TPHKaX, no cpaBHeHHIO C <peppoMarHHTHblMII MaTPHI.laMH, MeTO.Ubl 

/J,l1JI Il03B0m!T nepeMeCTHTb IICCJie.uoaaHH.ll MarHHTHbIX MOMeHTOB B o6JiaCTb 6onee 
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BblCOKIIX ("' 0, 1 +0,3 ~) peweTO'ff!blX TeMneparyp, IICKJIIO'-ll!Tb BJilfllHHe peweTKII Ha 
) . • , ! ' ' .,. '. : . • ' 

CITlfHOBYIO CIICTeMy II OCJia0HTb BJillllHl!e BHYTPeHHIIX JIOKaJibHbIX MarHIITHb(X ITOJiett. 
, • . ,. '. •••. ' ' ! 

C npllHUIIITl!aJI~~oii TO'-IKII 3pe1prn Lll!lf~M/I'-IeCKall ITOJillP/l3aIU!ll pa.u11oaITTl!BHbJX ll.Uep 

OTKpoeT f!YTb K 11~ytJeH,1t0 ocq6emmc-reii CTaTIICTIIKII 
d , ' '. 

II CflllH-CITIIHOBbIX 

B3allMO.UettCTBlltt pe.UKIIX ll.Uep, Il03B0JIIIT I/CITOJib30liaT~ pe~C!pc CITlfHOBOtt 

TeJ'1flC!P~T)'pbl .UJill IICCJie.z:i~BaHllll KBa.upynoJibHplX J'10MeHTOB (I, Ka~ Mbl . 0)1(11.UaeM, 

MO_)KeT ,0bffb 11cnoJib30BaHa . .UJill on-line nbJillp113a111111 ll.Uep, • 11MnJiattn1pyeMbIX a 

nOJillp,130BaHHYIO MIIWeHb. flpo.ueJJaHHbl~ aHaJill3 pacKpbIBaeT K~~ noTe~UllaJiplfYIO 

!pll3IIKO-TeXHll'-leCKYIO 3<p<peITT,IBHOC'fb MeTO.UOB /J,fUI, TaK · II B03MO)f(Hble 

orpaH111IeH11ll Ha 11x np11MeHem1e. 
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