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OEIQAH XAPAKTEPIICTIIKA PAiiOTbl 

AK'ryaJibHOCTb TeMhl 

llcCJie,AOBaHIJ:e npoueccoB, npoHCXO,[\lllI(llX C yqaCTlleM MIOOHOB, npe,ACTaBJUleT llHTepec 

JJ,JUI myqemur aBJieHHH, OTHOCHII(llXCH K Pa3Jlll'IHbIM o6nacrnM 3HaHllH. 3TH llCCJJe,AO

Bamrn '!aCTO 3aHHMaIOT norpaHll'IHOe noJJOJKeHHe MeJK.Izy HeCKOJlbKllMll Tpa,!lllUllOHHb!Mll 

pa3,AeJJaMll qJll3llKll. CBOHCTBa 3JJeMeHTapHb!X '!aCTllU, cna6b1e B3aifMO,AeiicTBua, KBaHTOBaH 

::ineKTPOAHHaMuKa, CTp)'Krypa aTOMHhIX Mep, CTP)'KTypa ,meKTPOHHOii o6oJJO'IKH aTOMOB, 

XllMll'IeCKUe CBOHCTBa aTOMOB, MepHblll CHHTe3 (MIO-KaTaJJll3), CBOHCTBa KOH,AeHcupoBaHHb!X 

cpe,A, Hepa3pyrnaIOII(UH 3JJeMeHTHb!H aHaJJU3 (BKJJIO'IaH 3JJeMeHTHb!H aHaJJll3 "in vivo" B 

opraHU3Me 'IeJJOBeKa) - TaKOB HenoJJHb!H nepe'IeHb HanpaBJieHUH, no KOTOpb!M B HaCTOHII(ee 

BpeMH npoBO,l\l!TCH HCCJie,AOBaHllH C noMOII(blO MIOOHOB. 

Ilpu nona,uaHUH B cpe,Ay OTpuuaTeJJbHb!H MIOOH 3aMeJJ,JUieTCH ll 3axBaThIBaeTCH KYJJO

HOBCKHM noJJeM Mpa, 06pa3ya 3K30TH'IeCKllH MIOOHHb!H aTOM, f,Ae B none Mpa, KpOMe 

3JJeKTpOHOB, HaxOJlHTCH B CBH3aHI_IOM COCTOHHHll Hecrn6HJJbHaH noAApH30BaHHaa '!aCTHUa. 

OTpHUaTeJJbHb!H MIOOH Ha lS-ypOBHe B aTOMe no,ABepJKeH BJlllHHHIO HeCKOJJbKHX cpaKTOpoB: 

• U3-3a peAATHBHCTCKOfO JlBHJKeHua B CBH3aHHOM COCTOHHUH MarHHTHb!H MOMeHT MIOOHa 

OTJJH'!aeTCH OT MarHHTHOfO MOMeHTa CB060JlHOfO MIOOl!a (peAATHBUCTCKaH nonpaBKa 

HJJU nonpaBKa EpeiiTa); 

• HaJJH'IHe CHJlbHOfO KYJJOHOBCKOfO noAA Mpa Ha MIOOHe aBJUleTCH npH'IUHOH B03HHK

HOBeHua HOBb!X pa,uHaUHOHHb!X nonpaBOK K MarHHTHOMY MOMeHTY, KOTOpb!e B cnyqae 

CB060JlHOfO MIOOHa OTCYTCTByIOT; • 

• MarHUTHblll MOMeHT MIOOHa, HaXO,[\lllI(eroca Ha lS-ypOBHe, B3aUMO,AeHCTByeT C MarnuT

Hb!MU MOMeHTaMH Mpa, 3JJeKTPOHHOH o6oJJO'IKH CaMOfO 3K30Tll'IeCKOfO aTOMa ( ecmi: 

OHR OTJJH'IHbl OT HYAA) II aToMaMH cpe,Abl, 'ITO npHBO,[\l!T K H3MeHeHHIO noAApll3aUUH 

MIOOHa BO BpeMeHu; 

• MIOOH, HaXO,[\lllI(UHCH na lS-ypoBHe, 3aXBaTbrnaeTCH MPOM JJH6o pacna,uaeT no cxeMe 

µ- --+ e- + De + Vµ-

B HaCTOHII(ee BpeMa CKOpOCTb MepHOfO 3axBaTa MIOOHOB ll3McpeHa JJ,JUI 6oJJbllIUHCTBa 

3JJeMeHTOB Ta6mJ:Ubl MeH,AeneeBa ( CM. Hanp., [ 1]). lIMelOII(Heca 3KCnepHMeHTaJJbHb!e ,AaHHbie 

YJlOBJiernopHTeJJbHO comaCyIOTCH C Z-3aBHCHMOCTblO CKOpOCTH MepHOfO 3axBaTa MIOOHOB, 

nonyqeHHoil B pa6oTe [2]. ComacHo pac'!eTaM [2], B o6nacrn 6naropoJlHhIX ra3oB OJKHJlaIOTca 

MHHHMJMbl B. Z-3aBHCHMOCTH CKOpOCTH MepHoro 3axBaTa MIOOHOB. O,AHaKO JlO HaCTOHII(HX 

H3MepeHHH CBe)leHua O CKOpOCTll MepHoro 3aXBaTa MIOOHOB B 6naropOJlHb!X ra3ax KpHnTOHe 

II KCeHoHe OTCYTCTBOBaJJH, a B cnyqae aproHa TO'IHOCTb H3MepeHllH 6bIJJa He,AOCTaTO'IHa JJ,JUI 

npoBepKH npe,ACKa3aHHH paC'IeTOB [2]. 
MeJKAy TeM, H3yqeHHe MepHoro 3axBaTa 3TUMH 3JJeMeHTaMH (noMHMO JlOnOJJHeHua K 

ne,AOCTaIOII(UM Ta6JJH'IHbIM )laHHbIM) UHTepeCHO no P51JlY npH'IHH. Bo-nepBbIX, Heo6XOJlHMO 

npoBepHTb npe,ACKa3aHua TeopeTn'IeCKHX pac'IeTOB B o6JJaCTH MllHHMYMOB B Z-3aBHCHMOCTH 

CKOpOCTH MepHoro 3axBaTa MIOOHOB. MeTOJlbl npeo6pa30BaHua If pac'!eTa MaTPII'IHOfO 

3JJeMeHTa nepexo,Aa Mpa H3 OCHOBHOro B B036YJK)leHHbie COCTOHHllH, npHMeHeHHbie B 

pa6oTax [2, 3] JJ,JUI HaxO)KJleHua CKOpOCTII MepHOfO 3axBaTa OTpnuaTeJJbllbIX MIOOHOB, 
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IIIIl.p0K0 ll.Cn0Jib3YJOTC.s! npll mrrepnpeTal.lllll pe3yJibTaTOB p.si;:J;a .llpyrnx .si;:J;epHbIX peaKUil.ii, Ha

npll.Mep, npll llHTepnpeTal.lllll 3KCnepttMeHTaJibHblX )laHHbIX no Bep0.s!TH0CTll pa,llllal.lll0HH0I'O 

3aXBaTa MIO0Ha. Ji3yqeHHe 3T0I'O npol.lecca C'IHTaeTC.s! HaI1.6onee nepcneKTII.BHbl"!. C TO'IKH 

3peHil..s! onpe,lleJieHil..s! K0HCTaHTbl nceB)l0CKaJI.sipH0I'O JieIIT0H-HYKJI0HH0I'O B3all.MO)leiiCTBil..s!. 

Ilo3TOMY npoBepKa npe,llCKa3am1ii TeopeTH'IeCKHX pac'IeT0B CK0p0CTll .si;:J;epH0I'O 3axBaTa 

0TPil.l.laTeJibHblX MJO0H0B B o6JiaCTll .si;:J;ep, me Q)Kll,[{aeTC.s! HeTpHBllaJibHM 3aBHCHM0CTb 

Bep0.s!TH0CTll MJ0-3aXBaTa OT Z .si;:J;pa, npe,llCTaBJI.s!eTC.s! Ba,KHOii ll aKTJaJibHOii. 

Bo-BTOpbIX, KpHIIT0H ll KCeH0H HMeJOT HeCKOJibK0 CTa6HJibHbJX ll.30TOnOB, 'ITO ,[{aeT 

B03MQ)KHQCTb ll.CCJie,[{0BaTb ll30TOnH'IeCKYJO 3aBHCHM0CTb CK0p0CTII. .si;:J;epH0I'O 3axBaTa 

0TPHl.laTeJibHbIX MIO0H0B. <l>OpMJJia pa60Thl [2] ll MHKp0CK0nll'IeCKHe pac'IeTbl B paMKax 

'IaCTll'IHO-)lblpO'IHOii M0)leJill .si;:J;pa [3-5] npe,llCKa3b!BaJOT 3Ha'Ill.TeJibH0e pa3IIH'Ille B CKOpOCTll 

3aXBaTa MJO0H0B ll.30TOnaMH 0,[{H0I'O ll Toro )Ke 3JieMeHTa. 3KcnepttMeHTaJibHO TaKOii 3cpcpeKT 

HCCJie,[{OBaJIC.s! JIII.Illb ,[{J1.s! HeCKOJibKllX .si;:J;ep. B 0CH0BHOM 6hmll nonyqeHbl )laHHbie TOJibKO ,[{J1.s! 

,[{Byx coce,[{HllX ll30TOn0B C MaCC0Bb!Mll 'IllCJiaMH A, 0TJIH'IaIOll.lllMII.C.s! Ha 1-2 e,[{HHHl.lbl, 'ITO 

orpaHil.'Ill.BaJI0 B03M0)KH0CTb myqeHil..s! qJJHKl.lllOHaJibHOii 3aBHCHM0CTll CK0p0CTll 3axBaTa B 

6onee IIIIl.p0K0M )lll.ana30He ll.3MeHeHil..s! ll36bITKa HeiiTpOHOB B Mpe. B HeK0T0pblX pa6oTax 

ll.CnOJib30BaJIII.Cb o6pa31.lbl C He)lOCTaTO'IHOii 'IllCTOTOii no llCCJieeyeM0MY ll.30T0rry, 'ITO 

CJll.leCTBeHH0 OCJIO)KH.s!JIO cpaBHeHil.e 3KCnepll.MeHTaJibHblX pe3yJihTaT0B C TeopeTtt'IeCKHMll 

pac'IeTaMtt. 

li3MepeHtte MaIBII.TH0I'O MOMeHTa OTpttl.laTeJibH0I'O MIO0Ha, HaX0Mmeroc.si Ha lS-ypoBHe 

B aT0Me, npe,llCTaBJI.s!eT llHTepec C TO'IKH 3peHil..s! npoBepKH pac'!eT0B: a) no KBaHTOBOii 

Teopttll ,[{J1.s! 'IaCTlll.l co cnHHOM 1 /2, comacH0 KOTopoii ll3-3a PeJI.siTHBHCTCK0I'O ,[{Bll.)KeHil..s! 

'IaCTil.l.lbl, CB.s!3aHHOii B aTOMe, ee MaIBII.THblli M0MeHT ,[{QJI)KeH 0TJIH'IaTbC.s! OT MaIBII.THOI'O 

M0MeHTa CB060)lHOii 'IaCTHl.lbl; 6) no KBaHTOBOii 3JieKTP0JlllHaMII.Ke 0 ,[{0n0JIHHTeJibHbIX 

(KpOMe ll.3BeCTHblX ,[{J1.s! CB060)lHOii 'IaCTlll.lbl) PMHal.lll0HHbIX nonpaBKax K MaIBHTH0MY 

M0MeHTY ll.3-3a HaXO)K,[{eHil..s! 'IaCTHl.lbl B KYJI0H0BCKOM none .si;:J;pa. 

YKa3aHHbie nonpaBKll HMeJOT MeCTO KaK ,[{J1.s! MIO0Ha, TaK II. ,[{J1.s! 3JieKTp0Ha B aT0Me. 

Ilpll.HHMM BO BHII.MaHtte TOT cpaKT, 'ITO OTpll.l.laTeJibHblli MJO0H Ha lS-ypoBHe aTOMa HaxO,[{llTC.s! 

B 6onee CllJibH0M KYJI0H0BCK0M none, 'IeM 1 S-3JieKTPOH, ll.3MepeHHe MaIBHTH0ro MOMeHTa 

MJO0Ha, CB.s!3aHHOfO B aT0Me, npe,llCTaBJI.s!eT oco6blii HHTepec. HanpttMep, KYJI0HOBCKOe none 

Ha MJO0He B yrnepo,lle cpaBHII.M0 C ero BeJill'Ill.HOii Ha 1S-3JieKTpOHe B CBHHl.le. 

B HaCTo.simee BpeM.s! CJll.leCTBYJOT 3KCnepttMeHTaJibHbie )laHHbie O BeJill'IHHe MaIBHTHOfO 

M0MeHTa 3JieKTp0Ha Ha lS-ypoBHe B0,ll0pO,lla [6], )leiiTepll.s! [7], reJJil..s! [8] ,ll yrnepo,lla [9, 10], 
KOT0pbie B npe)leJiax norpeIIIH0CTll ll3MepeHil..s! xop0IIIO cornacyioTC.s! C TeopeTH'IeCKHMII. 

pac'IeTaMII.. JlttIIIb B cnyqae ymepo,lla T0'IH0CTb 3KCnepttMeHTaJibHbIX )laHHbIX [10], nony

'IeHHbIX B 2000 roey, n03B0JI.s!eT npoBepll.Tb npe,llCKa3aHil..s! KBaHTOBOii 3JieKTP0.[{llHaMII.Kll 0 

PMHal.lllOHHbIX nonpaBKax K MaIBII.TH0MY M0MeHry 3JieKTP0Ha B KYJIOH0BCK0M none Mpa. 

,Uo He)laBHero BpeMeHH B JIHTepaTYPe llMeJIHCb Tpll pa60Tbl, nocB.simeHHbJe ll3MepeHHJO 

MaIBHTH0fO M0MeHTa MJO0Ha B CB.s!3aHH0M C0CT0.s!Hllll [11-13]. O.[{HaKO pe3yJibTaTbl 

ll.3MepeHil.li [13] nonpaBOK K g-cpaKTOpy 0TPHl.laTeJibHOfO MIO0Ha B JierKHX aTOMax 6onee 

'IeM B ,[{Ba pa3a 0TJIH'IaJOTC.s! OT pe3yJibTaTOB [11]. li3MepeHil..s! )Ke [12] B T.s!)KeJiblX 3JieMeHTax 

(Zn, Cd, Pb) c OTHOCII.TeJibHOii norpeIIIH0CTbIO oKono 50 % BPM JIH Moryr paccMaTPII.BaThC.si 

B Ka'IeCTBe cepbe3HOii OCH0Bbl ,[{J1.s! cpaBHeHil..s! C Teoptteii. 

KaK ll3BeCTH0, llCCJie,[{0BaHHe noBe)leHil..s! noAAptt3al.lllll nOJIQ)KllTeJibHbIX ll 0TPlll.laTeJib

HbIX MJOOHOB B cpe,lle C0CTaBJI.s!eT OCH0BY µSR-MeTO)la myqeHil..s! CBOHCTB BemecTB. O.[{HaKO 

0TPHl.laTeJibHbJe MJOOHbl ,[{J1.s! llCCJie)loBaHil..s! CB0HCTB cpe,llbl noKa HCn0Jib3YJOTC.s! He)lOCTaTO'IH0. 

B )laHH0M OTH0IIIeHHll 0,[{Hll.M H3 nepcneKTII.BHbIX HanpaBJieHHii .s!BJI.s!eTC.s! HCCJie)lOBaHHe no-
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Be,[{eHil..s! aKl.lenT0pHbIX npttMeceii B nonyrrp0BO,[{Hll.Kax. liHTepec K llCCJie)l0BaHII.JO npll.MeCHblX 

l.leHTpOB B nonyrrp0B0)lHHKax o6ycnoBJieH TeM, 'ITO HMeHHO BBe)leHil.eM pa3JIIl.'IHblX npttMeceii 

nonyqaJOT o6pa31.lbl, o6JIMaIOll.llle Heo6xO)lllMbIMll CBOHCTBaMll ,[{J1.s! HX npaKTil.'IeCKOfO 

npttMeHeHil..s!. B noCJie,[{Hll.e fO,[{bl ll.HTepec K ll.CCJie)l0BaHHJO napaMaIBHTHbIX l.leHTpOB B 

nonyrrpoB0,[{HHKaX CJll.leCTBeHHO B03poc B CB.s!3ll C IIIIl.pOK0 o6CJ)K,llaeMoii B JIII.TepaTYPe 

B03M0)KH0CTbJO C03,[{aHil..s! Ha HX OCH0Be M0)leJill KBaHT0BOI'O K0MnbJOTepa [14]. B )laHH0M 

cnyqae KpaiiHe Ba,KHO HMeTb ,[{eTaJibHbJe ,[{aHHbJe 06 3JieKTPOHHOii CTPYKTYPe pa3IIH'IHbIX 

napaMaIBII.THblX l.leHTp0B ll 06 HX B3aHMO)leiiCTBil..s!X B nonyrrpoB0,[{HHKax. O.[{HllM ll3 Tlln0B 

napaMaIBII.THbIX l.leHTp0B B nonyrrpoBO,[{Hll.KllX .s!BJI.s!eTC.s! MeJIKHii aKl.leIITOpHblli l.leHTp (AU). 
HecM0TP.sl Ha TO, 'ITO 3a HeCKOJibKO )leC.s!TKOB JieT HaK0IIJieH0 orp0MH0e KOJIH'IeCTB0 

3KCnepttMeHTaJibHblX )laHHbIX 0 pa3III1.'IHblX npttMec.six ll )lecpeKTax, MeJIKil.e aKl.leIIT0pHb!e 

l.leHTpbi B nonyrrpoB0,[{Hll.Kax C Kpll.CTaJIJIH'IeCKOii CTPYKTYPOii aJIMa3a (KpeMHHii, repMaHHii, 

aJIMa3 II. T.Jl.) ,[{0 CHX nop MaJIO myqeHbl KaK skcnepttMeHTaJibH0, TaK ll TeopeTtt'IeCKll [15-

17]. 
CneeyeT OTMeTHTb, 'ITO llCCJie,[{0BaHil.e noAAptt3al.lllll 0Tpll.l.laTeJibHbIX MJOOH0B B KpeMHil.ll 

nptt TeMnepaTJPaX BhIIIIe 77 K. 6hmtt npoBe)leHbI B.C.EBceeBbIM H C0TPY.llHHKaMH [18] eme 

B ceMll.[{eC.s!TbJe fO)lbl. Bo3M0)KHOCTb npttMeHeHil..s! 0TPHl.laTeJibHbIX MIO0H0B ,[{J1.s! myqeHil..s! 

AU B nonyrrpoB0)lHHKax 0CH0BaHa Ha TOM, 'ITO nptt 3aXBaTe MIO0Ha aTOM0M cpe,llbl 

06pa3yeTC.s! MJOOHHblli aTOM, KOTOpblli ll.MllTHpyeT aKl.lenT0PHYJO npttMeCb B nonyrrp0B0,[{HHKe. 

Hanpll.Mep, B KpeMHII.H 06pa3yeTC.s! aHaJI0r aTOMa aJIJOMHHil..s! (µAl). Ilptt 3T0M BeJIIl.'Ill.Ha 

P(t)- 3aBHCHM0CTb OT BpeMeHH t noAAptt3al.lHII. MJO0Ha Ha lS-ypOBHe aT0Ma - onpe,lleJI.s!eTC.s! 

C0CTO.s!HlleM 3JieKTpOHHOii o60JIO'IKH µAI (aKl.lenTOpHOfO l.leHTpa) II. ero B3aHMO)leHCTBil..s!Mll 

co cpe)loii. 

YHII.KaJihH0CTb µSR-MeTO,[{a no OTHOIIIeHII.IO K paccMaTPII.BaeMOii 3Ma'Ie C0CT0HT B TOM, B 

0TJIIl.'Ille OT .llpyrnx MeTO)l0B, ,[{J1.s! 3KcnepttMeHTaJibHOfO Ha6JIJO)leHil..s! He Tpe6yeTC.s! Bb!C0KM 

K0Hl.leHTpal.lll.s! llCCJieeyeMbIX l.leHTp0B, 6onee Toro, B Ka)K,[{blli M0MeHT BpeMeHH B o6pa31.le 

HMeeTC.s! He 6onee 0,[{HOfO "Me'IeHHOro" (npHCJTCTBil.eM MJO0Ha Ha IS-ypoBHe) aTOMa, 3a 

K0T0pbIM np0B0)lllTC.s! Ha6JIJO)leHHe. 

.QeJib pa60Tbl 

1. li3MepeHHe CKOp0CTll .si;:J;epH0fO 3axBaTa OTPHl.laTeJibHbIX MJO0H0B ll.30TOnaMH HHepTHblX 

ra30B n npoBepKa npe,llCKa3aHttii TeopeTil.'IeCKHX pac'IeToB B o6nacTH .si;:J;ep, r)le 

Q)Kll,[{aeTC.s! HeTPII.BllaJibHM 3aBHCHM0CTb CKOp0CTll MJ0-3axBaTa OT Z .si;:J;pa. 

2. li3MepeHil.e g-cpaKTOpa MJOOHa Ha lS-ypoBHe pa3IIH'IHbIX aT0M0B ,[{J1.s! onpe,lleJieHH.s! 

BeJill'Ill.Hbl PeJI.siTII.Bll.CTCKOii nonpaBKll K MaIBII.TH0MY MOMeHry CB.s!3aHH0fO B aTOMe 

MIOOHa. TIOHCK cpe,llbl, me 3cpcpeKTbl, B03Hll.KaJOmtte ll3-3a noAAptt3al.lllll 3JieKTPOH0B 

cpe,llbI BO BHeIIIHeM MaIBHTHOM none, MaJibl, ll He BJIH.s!JOT Ha pe3yJibTaTbl ll3MepeHH.s! 

BeJill'IllHbl pa,llHal.lll0HHbIX nonpaB0K K g-cpaKTopy MIO0Ha B aTOMe, B03HllKaIOll.lllX B 

KYJI0H0BCK0M none Mpa • 

3. licnOJib30BaHtte Il)"IKOB noAApll30BaHHblX OTPHl.laTeJibHbIX MIO0H0B ,[{J1.s! HCCJie,[{0BaHH.s! 

aKl.lernopHbIX npttMeceii B nonyrrp0BO,[{HHKax Ha npll.Mepe KpeMHH.s!: myqeHHe CBOHCTB 

aKl.lenTOpH0fO l.leHTPa Al ll ero B3all.MO)leiiCTBH.s! co cpe)loii B n- ll p-Tttna KpeMHllll B 

IIIHp0K0M ,[{Hana30He ll3MeHeHllii K0Hl.leHTPal.lllll npll.MeCH. 
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HayqHaH H0BH3Ha 

BnepBbie Il3MepeHa CKOpOCTb MepHoro 3axBaTa OTPHI.{aTeJ!bHbIX MIOOHOB B II3OTOnax 

IIHepTHbIX ra3OB Bb!COKOH CTeneHil o6oramemill: 84Kr, 129Xe, 132Xe Il 136Xe. 'TotJHOCTb 

113MepeH!ilI BepmrrHOCTil 3axBaTa 
40 Ar YJI)"IIIIeHa B TPil pa3a. 3TII pe3yJibTaTbl nomaep,KJJ;aIOT 

npe,!lCKaJaH!ilI TeopeTu'leCKUX pactJeTOB O HaJIIl'IIlil MilHilMJMOB B 3aBilCilMOCTil CKOpOCTil 

MepHoro 3axBaTa OT 3apMa Mpa B o6JiaCTil 5[,!lep IlHepTHblX ra3OB. l13MepeHue B TPeX Bb!COKO 

o6orameHHblX Il30TOnax KCeHOHa nO3BOJIIlJIO nowaep,!lilTb Il30TOn-3cj:Jcj:JeKT npu 5[,!lepHOM MI0-

3aXBaTe. 

l13MepeHue MarnuTHOro MOMeHTa MIOOHa Ha lS-ypoaHe aTOMOB (C, 0, Mg, Si, S) 

nO3BOJIIlJIO nomaep,!lilTb Z-3aBilCilMOCTb PeJIJITilBilCTCKOH nonpaBKil K g-cj:JaKTopy MIOOHa, 

CBJl3aHHOI'O B KYJIOHOBCKOM none Jierrrnx 5[,!lep. YJiyqIIIeHile TO'IHOCTil Il3MepeH!ilI npuMepHO 

B ceMb pa3 B CJiyqae Zn Il Cd BblllBilJIO cymeCTBeHHOe pacxo,KJJ;eHue 3KCnepuMeHTaJibHblX 

,aaHHbIX C TeopeTU'leCKilMil pactJeTaMil g-cj:JaKTOpa MIOOHa Ha lS-ypoBHe 3TilX aTOMOB. 

BnepBbie noJillpil3OBaHHhie OTpuuaTeJibHbie MIOOHbl ycneIIIHO npuMeHeHbl ,!lJilI IlCCJie,!lO

BaH!ilI B3ailMO,!leiicTBiilI Herny60KilX aKUeIITOpHbIX npuMeceil: B noJIYIIpOBO,!lHUKax: 

• BnepBbie 3KCnepIIMeHTaJibHO IlCCJie,!lOBaH MeXaHil3M peJiaKcauuu MaIBilTHOI'O MO

MeHTa aKUemopHoro ueHTpa aJIIOMilH!ilI B o6paJuax n- u p-Tuna KpeMH!ilI npu 

KOHUeHTpaU!ilIX npuMecu Hil:lKe Il BblIIIe KpIITII'leCKOH, COOTBeTCTByIOilleil: nepexo,ay 

nOJIYIIpOBO,!lHilK-MeTaJIJI ( nepexo,!l Morra); 

• BnepBbie o6HapY:lKeH C,!lBilr tJaCTOTbl npeueccuu cnuHa OTp11uaTeJibHOI'O MIOOHa B 

noJIYIIpOBO,!lHUKax Il IlCCJie,!lOBaHO CBepXTOHKOe B3ailMO,!leHCTBIIe aKUenTOpHOfO ueHTPa 

aJIIOMilH!ilI B KpeMHilII; 

• BnepBbie 3KcnepuMeHTaJibHO o6HapY:lKeHa ,!lByxKoMnOHeHTHall noJillpII3aU!ilI OTPUUa

TeJ!bHbIX MIOOHOB B aemecTBe Il ,!laHO cj:Jil3Il'leCKOe o60CHOBaHile ,!laHHOI'O 3cj:Jcj:JeKTa. 

IIpaKTHqecKaH 3HaqHM0CTb 

KaK noKa3b!BaIOT pacqeTbl [19, 20), Ha OCHOBe MilKpocKonuqecKOI'O on11caH1ilI 3apMOBO

o6MeHHbIX B036y,KJJ;eHilll B Mpe, pe3yJihTaThl Il3MepeHuil: CKOpOCTil MepHOfO 3axBaTa 

OTpuuaTeJibHblX MIOOHOB B Il3OTonax IlHepTHblX ra3OB npe,!lCTaBJilIIOT npaKTU'leCKUil: IlHTepec 

,!lJilI onpe,!leJieH!ilI Bil,!la ocrnTO'IHhIX B3auMo,!leil:CTBilil: Me)K,!ly HYKJIOHaMU ri Mpe. OcrnTO'IHOe 

B3ailMO,!leHCTBile Me)K,!ly HYKJIOHaMil urpaeT onpe,!leJIJl!OmyIO pOJib B 3aceJieHUil BbICOKO

B036y,KJJ;eHHbIX, Jie:lKamux B o6JiaCTu BbIIIIe rnraHTCKOI'O pe3OHaHCa, COCTOllHilll B 3ap5[,!1OBO

o6MeHHbIX peaKU!ilIX. 

l13MepeH!ilI MarnuTHOI'O MOMeHTa (g-cj:JaKTopa) MIOOHa Ha lS-ypoBHe paJJIIl'IHbIX aTOMOB 

Ba:lKHbl KaK ,!lJilI IlCCJie,!lOBaH!ilI MaJIOil3)"1eHHblX 3cj:Jcj:JeKTOB, o6yCJIOBJieHHbIX PeJIJITilBilCTCKOH 

Il pa,auauuOHHbIMil nonpaBKaMil K MarnUTHOMY MOMeHTY ,!lilpaKOBCKOH qaCTUUbl, HaxO,!lJI

meil:Cll B ueHTpaJibHO-CilMMeTPil'IHOM KYJIOHOBCKOM nOJie Mpa, TaK Il ,!lJilI KoppeKTHOfO 

aHaJIIl3a Il IlHTepnpernuuu pe3yJibTaTOB 3KCnepuMeHTaJibHblX pa6oT C OTPUUaTeJibHbIMil MIOO

HaMil. HarrpuMep, npu aHaJIIl3e pe3yJihTaTOB 3KCnepUMeHTOB no IlCCJie,!lOBaHil!O CBepXTOHKOfO 

B3ailMO,!leil:CTB!ilI B MIOOHHOM aTOMe B CJl)"lae Mep C OTJIIl'IHbIM OT ffYJill 5[,!lepHbIM MaIBilTHblM 

MOMeHTOM IlJIIl 3KCnepuMeHTOB no Il3)"1eHil!O CBOHCTBa cpe,!lbI C nOMOt:nbIO OTPilUaTeJibHbIX 

MIOOHOB. 

Ilo.JI)"IeHHbie HaMil ,!laHHbie O KOHCTaHTe CBepXTOHKOI'O B3ailMO,!leHCTB!ilI B aKuenTOpHOM 

ueHTpe Al, 0 CKOpOCTil peJiaKcauuu MaIBilTHOro MOMeHTa ,!laHHOro ueHTPa Il ee 3aBilCilMOCTil 
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OT TeMnepaTypbi, KOHUeHTpau11u Il TIIna np11Mecu B KpeMHilil MOryT 6hITb IlCnOJib3OBaHbl np11 

pa3pa60TKe Il CO3,!laHUil nonyrrpoBO,!lHilKOBbIX npu6opoB, B TOM 'IIlCJie np116op0B, 6a3upyio

t:nIIXCll Ha KBaHTOBbIX CBOHCTBax npIIMeCHblX ueHTpOB. HanpIIMep, npu MO,!leJIIIpOBaHIIII Il 

pa3pa6oTKe KBaHTOBOI'O KOMnhIOTepa Ha OCHOBe aKUenTopHbIX ueHTpOB a KpeMHilil. 

OCHOBHble Il0JI0:tH:eHHH L{HCCepTao;1m, BLIH0CHMble Ha 3aIIJ,HyY 

Ha 3amury BblHOCllTCll: 

• Pe3yJibTaTbl 113MepeHIIH CKOpOCTII j[,!(epHoro 3axBaTa OTPilUaTeJibHbIX MIOOHOB B 

uJoTonax uHepTHhIX ra:ioa 40 Ar, 84Kr, 129Xe, 132Xe u 136Xe, nomaep,KJJ;aIOJUile 

npe,!lCKaJaH!ilI TeOpeTil'leCKUX pactJeTOB O HaJIIl'IIIe MilHilMJMOB B 3aBilCilMOCTII 

CKOpOCTil 5[,!lepHOI'O 3axBaTa OT 3ap5[,!1a Mpa B o6JiaCTil Mep IlHepTHbIX raJOB Il Il3OTOn-

3cj:Jcj:JeKTa npu MepHoM MI0-3axBaTe; 

• BeJIIl'IIlHbl PeJIJiTilBIICTCKO~ nonpaBKil K g-cj:JaKTopy MIOOHa Ha lS-ypoBHe aTOMOB C, 
0, Mg, Si, S, Zn u Cd, Il3MepeHHhie no qacTOTe npeuecc1111 cnuHa MIOOHa BO BHeIIIHeM 

MaIBilTHOM none. ,UaHHble ,!lJilI JierKUX aTOMOB He npOTilBOpe'laT TeopeTU'leCKOH 

3aBUCIIMOCTil PeJIJITilBilCTCKOH nonpaBKil K g-cj:JaKTopy MIOOHa, HaxO,!lJit:nerocl! B 

KYJIOHOBCKOM none Mpa OT 3apMa Mpa. B CJiyqae Tll:lKeJ!blX aTOMOB (Zn, Cd) BblllBJieHO 

cymecTBeHHOe pacxo,KJJ;eHile 3KCnepUMeHTaJibHbIX ,!laHHbIX Il TeopeTU'leCKilX pac'leTOB 

g-cj:JaKTOpa MIOOHa Ha lS-ypoBHe 3TIIX aTOMOB. 

• Pe3yJibTaTbl IlCCJie,!lOBaH!ilI B3ailMO,!leil:CTB!ilI Herny60KilX aKuenTOpHblX npHMeceil: 

B nonyrrpoBO,!lHilKax C nOMOt:nBIO noJillpil3OBaHHbIX OTPHUaTeJibHblX MIOOHOB Ha 

OCHOBaHilil KOTOpbIX: 

a) anepBbie 3KcnepHMeHTaJibHO noKaJaHO, 'ITO B 06pa3uax n- Il p-Tilna KpeMH!ilI 

C KOHUeHTpau11eil: npUMecu MeHee 2-1017 CM-3 Il B KpeMHIIIl C Il303JieKTpOHHOH 

np11MeChIO peJiaKcaulilI MarnHTHoro MoMeHTa aKUenTopHoro ueHTpa npu TeMnepaTYPax 

T:S 50 K o6yCJioBJieHa CnIIH-peIIIeTO'IHblM B3ailMO,!leHCTBIIeM, II CKOpOCTb peJiaKCaUIIIl 

nponopUHOHaJibHa npHMepHO T 3• II pH KOHUeHTPaulillx npm.1ecu BbIIIIe KpilTil'leCKOH, 

COOTBeTCTByIOt:neil: nepexo,ay Morra (nOJiyrrpoBO,!lHilK-MeTaJI), OCHOBHbIM MexaHil3MOM 

peJiaKcau11u MarnIITHOI'O MOMeHTa aKUeIITOpHOI'O ueHTPa CTaHOBilTCll cnIIH-06MeHHOe 

paccel!HHe HOCUTeJieil: 3apMa Ha aKUemope; 

6) BnepBbie o6HapY:lKeH C,!lBIIr qacTOTbl npeueccuu cnHna OTPHUaTeJibHOfO MIOOHa 

B KpeMHilil Il IlCCJie,!lOBaHa ero 3aBilCilMOCTb OT TeMnepaTYPbI B o6pa3uax C 

pa3HbIMil npuMeCl!Mil. Ha OCHOBe 3TilX Il3MepeHilll BnepBbie onpe,aeJieHa KOHCTaHTa 

CBepXTOHKOI'O B3ailMO,!leHCTB!ilI ,!lJilI aK{lenTOpHoro ueHTPa Al B KpeMHilil Il IIJIOTHOCTb 

BOJIHOBOH cj:JynKUIIII ,!lblpKil Ha Mpe aToMa aKUemopa; 

B) BnepBbie 3KCnepHMeHTaJibHO Ha6JIIO,!leHa ,!lByxKoMnOHeHTHall (peJiaKCilpyIOillall II 

HepeJiaKCIIPYJOillall) nOJillpU3aU!ilI OTPUUaTeJibHbIX MIOOHOB B aemeCTBe. l1cxo,!lJI Il3 

,!lByx BO3MO:lKHbIX COCTOllHilll aKUemopHOH npHMeCH B KpeMHUil (napaMaIBilTHOil: Il 

,!lllaMaIBHTHOH) II BO3MO:lKHOCTil nepexo,aa Me)K,!ly 3THMII COCTOl!HlilIMH, COCTaBJieHO 

,!lIIcj:Jcj:JepeHUUaJibHOe ypaBHeHIIe Il Hail:,!leHO peIIIeHHe, 113 KOTOporo CJie,ayeT ,!lByxKOM

noHeHTHall noJillpil3aulilI MIOOHa. 
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JIHqHhIH BKJia~ C0HCK3Te.JIH 

)lnccepTal.(IDI BbIIIOJIHeHa Ha OCHOBaHIIII npe.LVIOXeHHb!X aBTOpOM ll peaJIH30BaHHb!X npu ero 

Henocpe,n:cTBeHHb!M yqaCTllll 3KCnepuMeHTaJ!bHb!X pa6oT. 06pa60TKa 3KCnepHMeHTaJ!bHb!X 

JWHHbIX npOBO,U:llJiaCb naKeTOM nporpaMM, C03,U:aHHb!X aBTOpOM C ucnoJib30BaHHeM ll3BeCTHOll 

peanu3al.(Hll MeTO,n:a HaHMeHblllllX KBa.n:paTOB (FUMILI) H 6b!CTporo <l>ypbe-npeo6pa30BaHIDI 

(FFf) H3 6n6nuoTeKH Ol151H Ha H3hIKe FORTRAN. 

Anpo6aQHH pa6on,1 

OcHOBHhie pe3yJibTaThl, BOllle,U:llllle B HaCTOH[l.(JIO ,n:uccepTal.(HIO, ,U:OKJIMb!BaJ!llCb Ha Hayq

Hb!X ceMuHapax OT,n:ena cptt3HKH npoMexyrnqHhIX aHeprnii: JUIIT OI151H, Jla6oparnpuu 

Heii:TpOHHOll !pll3llKll OI151H, B llHCTllryTe ITayM Illeppepa (II1Beii:11apIDI), Ha ceMHHapax 

exero,n:Hb!X 3HMHHX lIIKOJI no 51,n:epHoii: !pll3llKll (ITeTep6yprcKHii: 1-IHCTHTYT 51,n:epHOll !pll3llKII 

HM.E.IT.KoHCTaHTHHoBa PAH, raTquHa, PoccIDI) B 1993-2002 IT, a TaKXe Ha Mex,n:yttapo,n:HhIX 

KOHcpepen11IDix: III Int. Symposium on Muon and Pion Interaction with Matter (October 

18-21, 1994, Dubna, Russia), 15-th General Conference of the Condensed Matter (April 

22-25, Baveno-Stresa, 1-ITaJIIDI, 1996), VII µSR Conference (Nikko, 51noHIDI, 1996), VIII 
µSR Conference (Les Diablerets, IllBeii:11apIDI, 1999) u IX µSR Conference (June 3-7, 

Williamsburg, ClllA, 2002). 

IIy6JIHK3QHH 

Pe3yJihTaTbl ,n:uccepTal.lllH ll3JIOXeHbl B 22 ny6m1Kal.(ID1X. 

CTpyKl)'Pa ~11ccepTaQHH 

)luccepTal.lIDI COCTOHT ll3 BBe,n:eHIDI, II51Tll maB, 3aKJIIOqeHIDI ll rrpllJIOXeHIDI. 06'beM 

,n:nccepTal.(llll 157 CTpaHHI.( MalIIIIHOlillCHOI'O TeKCTa, BKJIIQqM 34 pucyttKa, 19 Ta6JIHI.(, 2 

npllJIOXeHIDI ll 6u6nuorpacpuqecKHii: nepeqeHb llClIOJib30BaHHb!X JIHTepaTypHb!X llCTOqHllKOB 

ll3 224 HaHMeHOBaHHll. 

CO,il;EP)KAHIIE ,il;IICCEPTAQIIII 

Bo BBe,n:emm rrpe,n:cTaBJieH KpaTKllll ofoop COCTOHHIDI ,n:en' B llCCJie,U:OBaHIDIX rrpo11ecc0B C 

yqacTHeM MIOOHOB . H oqepqeH Kpyr OCHOBHb!X rrpo6neM, CBH3a:HHb!X C B3a:HMO,n:eii:CTBIDIMH 

lIOMpll30BaHHOro OTpHI.(aTeJibHOI'O MIOOHa, HaXO,n:Hll.(el'OCH B CBH3aHHOM COCTOHHllll B aTOMe, 

orrpe,n:eneHa 3a,n:aqu ,n:ucceprn11uoHHoro nccne,n:oBaHIDI. 
B nepsoii rJiaBe paccMOTpeHbl rrpo11eccbi 3a:Me.LVIeHIDI ll 3axBaTa OTPHI.laTeJibHb!X MIOOHOB 

aTOMa:Mll cpe,U:bl, ,n:erroMpll3al.(IDI MIOOHOB rrpn KaCKMHb!X rrepexo.n:ax ll3 Bb!COKOB036yx,n:eH

Hb!X ypOBHeii: B lS-cocTOHHHe, o6cyx,n:aIOTCH B03MOXHb!e npuquHbl ,n:erroMpll3al.(HH MIOOHOB 

Ha lS-ypoBHe B ll30JIHpOBaHHOM aTOMe B CJiyqMX 6eccrrHHOBb!X 51,n:ep ll 51,n:ep, o6Jia,n:a:IO[l.(llX 

OTJIHqHb!Mll OT HYM ManmTHb!Mll MOMeHTa:Mll. ITpttBe,n:eHbl H3BeCTHbie H3 JIHTepaTYPhI 

pe3yJihTaTbl TeopeTuqeCKIIX ll 3KcnepuMeHTaJ!bHb!X llCCJie,U:OBaHHll BJIIDIHIDI cpe,U:bl ll BHelIIHllX 

!paKTOpOB Ha BeJillqHHbl lIOMpll3al.(llll OTpttl.laTeJibHOro MIOOHa, HaxO,n:Hll.(erocH B CBH3aHHOM 

COCTOHHIIll B aTOMe. 
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Ta6Jittl.(a 1. OcHOBHbie napa:MeTpbl cneKTpOMeTPOB, llClIOJib30BaHHb!X npu rrpoBe,n:eHllll 

ll3MepeHllll 

MIOCIIHH MIOOHHH LFQ GPD* 

l:.J:HCJIO TeJieCKOlIOB 2 2 2 2 (4) 

Pa3pellla:IO[l.(ee BpeMH, HC 1.2 1.2 1.2 1.2 

IllupttHa KaHana, HC 5.5 (0.87 ) 5.0 0.625 0.625 

)lJIHHa rncTorpaMMbl, MKC 10 (1.7) 10 10 10 
YpoBeHh cpoHa 10-j 10-2 10-2 10-J - 10-z 

MarnHTHOe lIOJie, Krc 0-6 0-0.5 0-5 0-5 

)lnana3oH TeMrrepaTYP, K 4.2-300 4.2- 300 4.2- 300 2-300 

(10- 300) 

ToqHOCTb no,n:,n:epxaHIDI 0.1 0.1 0.1 0.1 

TeMnepaTYPhl, K 

MaKCHMaJ!bHbie pa3Mepbl 070 X 15 070 X 15 030 X 15 020 X 10 
06pa311a, MM (030 X 15) 

B CK06Kax npttBe,O:el!bl 3HaqeHIDI napa:MeTpOB npu HCnOJib30BaHllll KplloCTaTa CCR 

Bo BTopoii rnase onucaHhI aKcnepuMeHTaJihHM TeXHHKa H3MepeHIDI u npo11e.n:ypa o6pa6oTKH 

3KCnepnMeHTaJ!bHb!X ,n:aHHbIX, npoBO,U:llTCH aHaJIH3 B03MOXl!b!X CllCTeMaTnqecKHX Olllll60K 

ll3MepeHHii:. 

MeTo,n:nqeCKll 3a,n:aqa COCTOAAa B ll3MepeHllll pacnpe,n:eneHIDI no BpeMeHH 3JieKTpOHOB 

OT pacna.n:a MIOOHOB no OTHOllleHHIO K MOMeHry OCTaHOBKll noCJie,U:HllX B llCCJie.n:yeMOll 

MHllleHH. lI3MepeHIDI npoBO,U:llJIHCh Ha cneKTpoMeTPaX MIOCITHH [21] (JUIIT OI151H), 

MIOOHHH [22] (ITI151<1>, ra~uHa), LFQ (Longitudinal Field Quenching spectrometer) [23] u 

GPD (General Purpose spectrometer for Decay channel) [24] (PSI, 1llBeii:11apIDI). ITpuBe,n:eHo 

orrucaHne cneKTpOMeTpa MIOCITHH, ccpopMJnttpoBaHbI TPe6oBaHIDI K yCJioBHIO perncTpa11un 

3JieKTpOHOB OT pacna.n:a MIOOHOB, ll, COOTBeTCTBeHHO K Tpnrrepy, ocymecTBJIHIO[l.(ero 

nepBnqHblll OT6op noJie3Hb!X co6bITllll. 

CneKTpoMeTPhI MIOCITHH, MIOOHHH, LFQ n GPD nocTpoeHbI no o,n:HOMJ n TOMY 

xe npHHI.(Hny u OTJIHqaIQTCH ,n:pyr OT .n:pyra Jllllllb no HeKOTOpb!M napa:MeTpa:M. 0CHOBHble 

xapaKTepHCTHKll cneKTpOMeTPOB npe,n:CTaBJieHbl B Ta6nu11e 1. 

CJTb npo11e.n:ypbl o6pa60TKII COCTOAAa B ll3BJieqeHHll ll3 3KCnepnMeHTaJibHb!X ,U:aHHb!X 

IIH!pOpMal.(Hll O BpeMeHH Xll3Hll ll O 3aBHCHMOCTll noMpll3al.(llll MIOOHa OT BpeMeHH Ha 

lS-ypoBHe aTOMOB llCCJie.n:yeMoro Bemecrna. ITo.n:roHKa 3KCnepnMeHTaJ!bHb!X ,n:aHHb!X K TeO

peTuqecKHM 'cpyttKI.(IDIM ocymeCTBJIAAaCb MeTO,U:OM HaHMeHblllllX KBa,n:paTOB Ha nepCOHaJ!bHOM 

KOMilbIOTepe rnna Pentium-2 (no.n: yrrpaBJieHHeM onepa11uoHHoii: cucTeMbI Free BSD) c 

noMO[l.(hIO nporpa:MM MUFIT n MUONFIT [28). MUFIT nOCTPOeHa Ha 6a3e ll3BeCTHb!X 

peanll3al.(Hll MeTO,n:a HanMeHhlllllX KBa,n:paTOB FUMILI [29) n 6b!CTporo <l>ypbe-aHaJill3a FFf 
ll3 6u6JIHOTeKH nporpa:MM OI151H Ha !pOPTPaHe [30) H JierKO nepeHOCHTCH B KOMnbIOTepbl, 

pa6orn10mne no.n: yrrpaBiieHtteM onepa11uoHHoii: cncreMbI UNIX. 

B peaJibHb!X YCJIOBIDIX npoBe,n:eHIDI 3KcnepnMeHTa qacTb MIOOHOB, noMHMO 06pa311a, 

ocTaHaBJIHBaeTCH B MaTepuanax KpHOCTaTa ll B Cl.(llHTllJIMI.(llOHHb!X cqe~nKax, ll TaKXe 

,n:aeT BKJIM B cneKTp. IToCKOJibKY BpeMH Xll3Hll µ- 3aBHCHT OT 3ap51,n:a aTOMHOI'O 51,n:pa, TO 

,n:ucpcpepeHI.1HaJihHbiii: no BpeMeHn cneKTp µ- -+ c pacna.n:a npe,n:CTaBMeT co6oii: CYMMY 
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Pnc. 1. BpeMemi6e pacrrpe,n:e.rreHne anercrpoHOB µ -+ e pacrra,[la B CJiyqae MmrreHil Il3 

KpeMHIDI C rrpnMeCI,IO qiocqiopa (1.6 . 1013 CM-3) B rrorrepe'IHOM ManIIlTHOM IIOJie 800 re 

rrplI TeMrrepaType 300 K (rrpHMbIMil JllIHIDIMil IIOKa3aHbl BKJia,[lbl B crreKTp KpeMHileBOH n 

qJOHOBbIX KOMIIOHeHT) 

HeCKOJibKlIX paCIIa.[lHI,JX :ilKCIIOHeHT: 

N(t) = L Nx(0) e-t/-rx (1 + axPx(t)) + B(t), (1) 
X 

r,n:e Nx(0), Tx, ax Il Px(t) - COOTBeTCTBeHHO C'leT B HyJieBOM KaHaJie rncTOrpaMMbl, BpeMH 

)Kll3Hil MIOOHa Ha lS-ypOBHe, KO:ilqlqllIUileHT aCilMMeTPillI SJieKTPOHOB pacrra.[la Il rrpoeKUIDI 

BeKTOpa IIOJI5Ipll3aUillI Ha OCb Ha6JIIO,n:eHIDI ,[lJI5I MIOOHOB, 3axBa'1eHHbIX aTOMOM X; B(t) -
qJOH. 

IlocKOJibKY IlCIIOJII,3JIOTC5! yrneao,n:opo,n:Hble CUilHTlIJIJI51UlIOHHbie C'leT'llIKll II KplIOCTaTbl 

Il3 HeMarHilTHI,IX MaTepilaJIOB (Me,n:r,, JiaTYHr,), B µ-sR-crreKTPe rrplICJTCTBJIOT KOMIIOHeHTI,I, 

o6yCJIOBJieHHbie 3axBaTOM MIOOHOB yrnepo,n:OM Il Me,[lb!O ( CM. pnc. 1). '· 
<PoH B crreKTpe IIMeeT BpeMeHHYIO CTPYKTYPY, o6yCJioBJieHHYIO CTPYKTYPOH rrpoTOHHoro 

rryqKa. Ami mmcaHIDI CTPYKTJPbl qJOHa IlCIIOJlb30BaJiacr, CJMMa HeCKOJibKilX rrepBbIX 

rapMOHilK (nmax :S 3) ycKOplITeJibHOH 'laCTOTI,J (w.c): 

nmax 

B(t) =Bo+ L Bn cos(nwact + <Pn) , (2) 
n=l 

r.n:e Bo - He 3aBilC511UlIH OT BpeMeHil qJOH CJiyqaHHbIX COBIIa,[leHilll. 

lfacTOTa Bb!BO,n:a rrpoTOHHOro rryqKa Fae = Wac/21r Ha qla30TPOHe OIUII1 Il ClIHXpOUHKJIO

TpOHe PSI COCTaBJI51eT, COOTBeTCTBeHHO, 14.6 Mru [25) II 50.6330 Mru [31). 
BII,n: qJYffKUIIH IIOAApll3aUillI Pcu(t) Il Pc(t) BO BHeIIIHeM rrorrepe'IHOM cmmy MIOOHa 

MarHHTHOM IIOJie orrpe,n:eJI5IJIC.ll B He3aBilCilMblX aKcrrepHMeHTax C MHIIIeHI,IO Il3 Me,n:II. 

IloAAplI3auIDI OTPIIUaTeJibHb!X MIOOHOB, OCTaHOBilBIIIIIXC51 B CUilHTlIJIJI51UlIOHHb!X C'leT

'IIIKaX, He paaHa HYJIIO, Il B rrorrepe'IHOM MarHHTHOM IIOJie IIMeeT MeCTO He3aTyXaIOIUM 
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rrpeueccIDI BeKTOpa IIOAAplI3aUillI Ha 'laCTOTe, 6JIIl3KOH K 'laCTOTe rrpeuecCIIIl CIIIlHa 

CB06o,n:Horo MIOOHa: 

Pc(t) = Pc(0) cos(wc + <i'>c), (3) 

r,n:e ac(0) = acPc(0), We II <i'>c - COOTBeTCTBeHHO, aMIIJIHTy,n:a, 'laCTOTa II Ha'laJibHM qJa3a 

rrpeuecc1I1I. 

B pa,n:e cnyqaeB qJYHKUIDI IIOAAp1I3aUIIII IIMeeT 6oJie CJIO)KHblll Bil,n:. Harrp1IMep, ,[lJI5I 

KpeMHIDI ( 3,n:ecr, II ,n:anee IIH,n:eKC Si OIIYJUeH) 'PYHKUIDI IIOAApII3aUIIII 3aIII!CbIBaJiacr, B Bil,n:e: 

P(t) = P0 e-,\t cos(wt + ¢) (4) 
IlJIII 

P(t) = P0 ( A1e-Xtcos(w1t + ¢1) + A2 cos(w2t + ¢2)). (5) 

O,n:HOKOMIIOHeHTHM qlYHKIIJ:UI IIOAApH3aUIIII ( 4) -OIIIICbIBaeT 3aTyXaIOIUYIO rrpeuecCil!O 

CIIIIHa MIOOHa a rrorrepe'IHOM MarHIITHOM IIOJie ( A, .\ - :ilKCIIepuMeHTaJibHO Ha6JIIO,n:aeMM 

CKOpOCTb pe.rraKCaUillI CIIIIHa MIOOHa) • .[(ByxKOMIIOHeHTHM qJYHKUIDI IIOAApmaunII (5) rrpe.n:

CTaBJI51eT co6oii CYMMY pe.rraKCIIPYIOIUero II HepeJiaKCIIPYIOIUero KOMIIOHeHTOB rroAApmauIIII 

C OTHOCI!TeJibHb!MII aMIIJIHTY.D:aMII At II A2 (Ai+ A2 = 1). 
B STOH )Ke rnaBe rrpOBO.[ll!TC51 aHaJIII3 B03MO)KHb!X CIICTe1-taTII'leCKIIX OIIIII60K ll3MepeHIIH, 

B03HIIKaJOIUIIX II3-3a peaJIJ,HI,IX qlll3H'leCKIIX ycJIOBIIH II3MepeHIDI (KOHe'IHOe BpeMH O)Kil,n:aHIDI 

pacrra,[la MIOOHa, HaJIII'llle B MeCTe paCIIOJIO)KeHIDI MIIIIIeHII pacceaHHb!X MarHIITHbIX 

IIOJieii, HeO,n:Hopo,n:HOCTI, MarHIITHOro IIOJI51 Ha MIIIIIeHII II T.,n:.) II ll3-3a B03M0)KHblX 

rrpII60pHbIX IICKa)KeHIIH (HeJIIIHeHHOCTb 
0

IIpeo6pa30BaTeAA 'apetUI-Ko,n:'' KOHe'IHOe BpeMeHH0e 

pa3peIIIeH11e rrpII6opa, KOHe'IHM IIIHpIIHa KaHaJia BpeMeHH6ro crreKTpa) CIIeKTpa BpeMeHH6ro 

pacrrpe,n:e.rreHIDI SJieKTPOHOB OT pacrra,[la MIOOHOB. IlOKa3aHO, 'ITO O)Kil,n:aeMbie Cl!CTeMaTJI

qecKIIe OIIIH6KII B orrpe,n:e.rremrn BpeMeHII )KII3HII MIOOHa, qacTOTbl rrpeueCCIIII II CKOpOCTII 

peJiaKCaUHII CIIIIHa MIOOHa B HeCKOJlbKO pa3 MeHbIIIe CTaTIICTH'leCKOH OIIIII6KII BblIIOJIHeHHbIX 

Il3MepeHm1:. 

TpeTD.ll rnaBa IIOCBHIUeHa II3MepeHIIIO CKOpOCTII 51,n:epHoro 3axBaTa MIOOHOB II30TOIIaMII 

IIHepTHblX fa30B. 

B pa3,n:eJie 3.1 o6CJ)K.D:aeTC51 COCT05IHIIe .n:e.rr B :ilKCrrepIIMeHTaJibHbIX II TeopeTII'leCKIIX 

IICCJie,n:oBaHIDIX CKOpOCTII 51,n:epHoro 3axBaTa OTPIIUaTeJibHb!X MIOOHOB. IlpIIBe,n:eHhl 06IUIIH 

BH.D: acpcpeKTIIBHOro ra>.J:IlJlbTOHIIaHa 51,n:epHoro 3axBaTa MIOOHa, CJie.D:YIOIUIIH II3 TeOplIII YHIIBep

CaJibHOro <llepM1I-B3aIIMO,n:eiiCTBIDI II lliIIOTe3bl coxpaHeHIDI BeKTOpHoro TOKa II IIOJiy<IeHHbie 

Ha OCHOBe ::lTOro raMilJlbTOHIIaHa IlplIMaKOBbIM, II 3aTeM ronap,n:OM II IlplIMaKOBOM [2] 
3aBHCIIMOCTII CKOpOCTII 51,n:epHoro 3axBaTa MIOOHOB OT 3ap51,n:a 51,n:pa. Pe3yJIJ,TaTbl pacqeTOB 

ronap,n:a-IlpIIMaKOBa cpaBHIIBa!OTC51 C II3BeCTHb!MII II3 JIHTepaTJPbl :ilKCrrepIIMeHTaJibHbIMII 

,n:aHHb!Mll. 

B pa3,n:e.rre 3.2 rrpe,n:CTaBJieHbl pe3yJihTaTbl HaCTO.llIUIIX II3MepeHIIH CKOpOCTII 51,n:epHoro 3axBaTa 

MIOOHOB B II30TOIIax 6naropo,n:Hb!X fa30B II rrpoBO,[llITC51 IIX cpaBHeHIIe C TeopeTH'leCKIIMII 

pac'leTaMII. 

IlOCKOJlbK)' MIOOH II3 1 S-COCT05IHIDI JIII6o pacrra,[laeTC51, JIII6o 3axBaTbJBaeTC.ll MPOM, 

II3MepaeMoe B :ilKCIIepIIMeHTe BpeMH )KII3HII MIOOHa 7 orrpe,n:eJI51eTC51 CJMMOH CKOpOCTeii STIIX 

,n:ayx rrpoueccoa: 

-r-1 = QA.! + Ac , 
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me A.I - CKOpOCT!, pacna,n;a CB060JlHOI'O MIOOHa, Ac - CKOpOCTI, ero 3aJCBaTa MPOM. 

CKOpOCTb pacna,n;a CB060){HOI'O MIOOHa 113BeCTHa C Bb!COKOH TO'IHOCTblO. O6bNHO B Ka'leCTBe 

:noil BeJill'll!Hbl Ilpl!Hl!MaeTCH BeJill'll!Ha, o6paTHaH BpeMeHll )Kl!3Hll µ+, paBHOM)' 2197.03 ± 
0.04 HC [32]. Pacna,n; CBH3aHHOro MIOOHa IlO cpaBHeHl!IO C paCila)lOM CB060){HOI'O MIOOHa 

IlO){aBJieH, B OCHOBHOM, IlO npINHHe Toro, 'ITO IlOJIHaH :meprIDI MIOOHa Ha lS-ypoBHe MeHbIIIe 

IlOJIHOH ,mepnm CB060){HOI'O MIOOHa Ha BeJIH'IHH)' 3Hepnrn CBH3H MIOOHa B aTOMe. IloCJie)lHee 

npHBO){HT K )'MeHbllleHl!IO !pa30BOI'O IlpOCTPaHCTBa, ,!IOCT)'IIHOI'O )lJIH 'laCTHU np11 pacna)le 

CBH3aHHOro MIOOHa IlO cpaBHeHHIO C paCila)lOM CB060){HOI'O MIOOHa. <l>aKTop IlO){aBJieHHH Q 
TeopeTl!'leCKH paCC'IHTaH [33] H COCTaBJIHeT (B lS-coCTOHHHH) 0.95 JllIH KpHilTOHa, 0.91 JllIH 

KCeHOHa 11 0.99 )lJIH aproHa. 

B 113MepeHHHX 6bIJIH HCilOJib30BaHbl Bh!COK006oromeHHbie IlO H3)"1aeMOM)' 1130TOil)' ra3bl: 
129Xe- 99.91 %, 128Xe- 0.08%; .Ilpyrne npHMec11 < 0.01 %; 
132Xe- 97.54%, 131Xe- 2.45%; 134Xe< 0.05%, .Ilpyrne npHMeCH < 0.01%; 
136Xe- 94%, 134Xe- 5.9%, .Ilpyrne npHMecH < 0.02%; 
84Kr- 92.9%, 83 Kr~ 7%, Jlpyrne npHMeCH < 0.02%; 
40 Ar- 99.6%, 36 Ar- 0.337%, 38 Ar- 0.063%, .Ilpyrne npHMeCH < 0.02%. 

Oco6eHHOCTb HaCTOHIIlllX H3MepeHHH COCTOHJia B llCilOJib30BaHHll KpllOI'CHHblX MHIIIeHeil 

C KOH)leHc11poBaHHbIM HCCJieeyeMhIM ra30M, 'ITO Il03BOJIHJIO IlpOBe){eHl!e 3KCnepHMeHTOB Ha 

Il)"IKax MIOOHOB co 3Ha'IHTeJibHbIM pa36pocoM npo6eroB. Ha TaKHX Il)"IKax npoBe){eHHe 

113MepeHllll B ra3e 3aTp)',!lHeHO, TaK KaK ){OJIH MIOOHOB, OCTaHaBJIHBaJOIIIHXCH B HCCJieeyeMOM 

Bemecrne npll pa3)'MHbIX pa3Mepax Ml!IIIeHHero KOHTeilHepa, He npeBbIIIIaeT HeCKOJibKHX 

npoueHTOB OT o6mero IlOTOKa MIOOHOB, Ila)la10m11x Ha MHIIIeHb. IlpH 3TOM cymeCTBeHHOe 

KOJIH'leCTBO MIOOHOB OCTaHaBJIHBaeTCH B MaTep11ane KOHTeilHepa 11 B C'leT'll!Kax, 'ITO 

3Ha'll!TeJibHO )'BeJill'IHBaeT !pOH. 

IlnoTHOCTll rnep){b!X KCeHOHa, Kpl!IlTOHa 11 aproHa (3.0, 2.411 1.4 r/cM3, COOTBeTCTBeHHO) 

){OCTaTO'IHO Bb!COKH )lJIH 3cpcpeKTllBHOI"O HCilOJib30BaHHH Il)"IKa MIOOHOB np11 pa3Mepe 

KOHTeilHepa B){OJib OCH Il)"IKa 10 MM )lJIH KCeHOHa H KpHilTOHa 11 15 MM )lJIH aproHa. IlpH 

aTMOCcpepHOM ){aBJieHllll TeMnepaTJPhl IlJiaBJieHHH/KHileHHH (B rpaeycax KenbBHHa) p~BHbl 

161.36/165.03 JllIH KCeHOHa, 115.76/119.76 JllIH KpHIITOHa 11 83.78/87.28 JllIH aproHa, 'ITO 

Il03BOJIHeT )lJIH l!X 3aMOpa,K11BaHl!H llCilOJib30BaTb )Kll)lKHH a30T B Ka'leCTBe XJia)lareHTa. 

,lJ.mI npoBe){eHHH HaCTOHIIIllX 113MepeHl!H 6bIJI CKOHCTP)'HPOBaH 11 113I"OTOBJieH KpllOCTaT, 

OXJia)K)laeMblH )Kll)lKllM a30TOM. 

MaTepHaJibl, l!CilOJib30BaHHbie B 3JieMeHTaX KOHCTP)'KUllH BaKY)'MHOI"O KO)Kyxa KpHOCTaTa 

11 Ml!IIIeHHOH KaMepbl, KOTOpbie Henocpe){CTBeHHO HaxO)lHTCH Ha nyrn Il)"IKa MIOOHOB, 

Bb1611pan11cb TaKllM o6pa30M, 'IT06hI BpeMH )Kl!3Hll OTp11uaTeJibHOro MIOOHa B lS-COCTOHHllH 

aTOMOB, COCTaBJIHIOIIIHX 3Tll MaTepllaJibl, cymeCTBeHHO OTJill'laJIHCb OT npe){IlOJiaraeMoro 

BpeMeHll )Kll3Hll B 11ccneeyeMOM H30TOile. 3-ro ){aCT B03MO)KHOCTb Bbl)leJil!Tb BKJia)l B 

113MepHeMblH cneKTP OT MIOOHOB, OCTaHOBllBIIIHXCH B 3Tl!X IlOCTOpOHHllX MaTepHanax. Ilp11 

3TOM ){OJIH !pOHOBbIX co6hITHH MO)KeT 6b!Tb cymeCTBeHHO )'MeHbllleHa 3a C'leT llCilOJib30BaHHH 

TOHKHX BXO){Hb!X 11 BbIXO)lHblX OKOH. CxeMaTll'leCKHH qepTe)K MllllleHHOH 'laCTll KpHOCTaTa C 

)'Ka3aHlleM pa3MepoB npe){CTaBJieH Ha p11c. 2, H3 KOToporo Bll)lHO, 'ITO MailJiapOBbie OKHa 

BaKY)'MHOI"O KO)Kyxa Kpl!OCTaTa l!Me!OT ){HaMeTP, cymeCTBeHHO npeBOCXO)lHIIlllH ){llaMCTP 

Il)"IKa MIOOHOB. KaMepa JllIH Kr 11 Xe 6hma CJleJiaHa 113 aJIJOMllHHH MapKH AJ]J ( 'll!CTorn 

99.5% ), a KaMepa JllIH Ar 113 Me)lll MapK11 Ml (q11cT0Ta 99.9% ). OfueM KaMepbI JllIH Kr 11 Xe 

6bIJI onpe,!leJieH, HCXO)lH 113 l!MelOIIIllXCH KOJIJNeCTB BemeCTBa COOTBeTCTB)'IOIIIllX 1130TOilOB 

(no 5 Jil!TpOB ra3a np11 HOpMaJibHbIX )'CJIOBHHX). 

B Ta6JI. 2 npe){CTaBJieHbl pe3)'JibTaTbl 113MepeHllH IlOJIHbIX CKOpOCTeil MepHoro 3axBaTa 
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P11c. 3. 3aBl!CllMOCTb IlpHBe){eHHOH CKOpOCTll HJ{epHoro 3aXBaTa OTp11uaTeJibHb!X MIOOHOB 

AcZ/z:ff OT 3ap5IJ{a Mpa: CilJIOIIIHaH Jll!Hl!H - pac'leT IlO !pOpM)'Jie ronap,!la-IlpHMaKOBa [2]; 

o, • - nmepaTJPHhIC ){aHHhie (cM. [1]); D - 84Kr, 136Xe; !:::,. - 40Ar, 132Xe; ◊ - 129Xe 
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Ta6mu~a 2. BpeMll :iKU3HII II CKOpOCTb 51,!l;epHoro 3ax:BaTa OTpIII.{aTt:JibHbIX MIOOHOB B Il30TOllax 

Xe, Kr II Ar 

lfaOTOII BpeMll :iKH3HII r, HC CKopoCTb 3ax:BaTa Ac, MKC-l 

3Kc11epI1MeHT Pac'IeT 3Kc11epHMeHT PacqeT 

Ec-r. Xe 95±7 10.1 ±0.7 
129Xe 82.7 ± 1.7 82.9 [2) 11.7±0.3 11.6 [2) 
132Xe 101.7 ± 1.7 97.8 [2) 9.4 ±0.2 9.8 [2) 
136Xe 111.0 ± 4.6 125.4 [2] 8.6 ±0.4 7.5 [2) 
84Kr 139.2± 2.9 151.1 [2) 6.75 ±0.15 6.17 [2) 

7.0 (gp/g. = 8) [3) 

7.2 (gp/g. = 6) [3) 
4UAr 568±6 584.6 [2) 1.31±0.01 1.26 [2) 

571 ±20 [35) 
--

10 I 
I 

16 

Kr 1•r "'- Xe 
14 

13 

': ·r ~•---- I': " )ii 7 )ii II 

.f J 10 

•n 79 81 83 85 87 ~23 125 127 129 131 133 135 137 

A A 

PIie. 4. 3aBIICIIMOCTb IIOJIHOH CKOpOCTII 51,!l;epHoro 3ax:BaTa OTpHI~aTeJihHbIX MIOOHOB B Kr 

II Xe OT MaCCOBOI'O 'IIICJia II30T011a: CIIJIOlIIHrul JIIIHIDI - pacqeT 110 q:JOpM)'Jie I'oJiapJJ,a

IlpIIMaKOBa [2); ll)'HKTIIP - pac'IeT B IIMIIYJibCHOM 11pII6JIII:iKeHI1II (gp/ g. = 8) [3]; ■ -

3KC11epI1MeHTaJibHbie pe3yJibTaTbl 

µ- JJ.)Ul Bcex IICCJieJJ,OBaHHbIX H30TOIIOB. TaM xe 11pIIBeJJ,eHbl pac'IeTHhie JJ,aHHbie 110 q:JOpM)'rre 

foJiapna-IlpIIMaKOBa [2), a TaK:iKe paC'IeTbl 110 [3] JJ.)UI JJ,Byx 3Ha'IeHIIH OTHOllleHIDI gp/ g. 
IIHAYI.lllPOBaHHOH nceBJJ,OCKllillipHOH gp II aKCIIaJibHO-BeKTOpHOH g. KOHCTaHT CIDl3II CJia6oro 

HYKJIOIIHOI'O TOKa. 

Ha pIIC. 4 3KCnepIIMeHTaJibHbie pe3YJibTaTbl JJ.)UI 
84Kr II 129•132•136Xe cpaBHIIBaIOTC51 C 

TeopeTII'IeCKHMII paC'IeTaMH. Ha6JIIOJJ,aeMrul OT'IeTJIIIBrul II30TOn11qecKrul 3aBIICIIMOCTb CKO

poCTII MepHoro µ- -3ax:BaTa JJ.)UI H30TOnOB Xe ynoBJieTBopl!TeJibHO OIIIICbIBaeTC51 pac'IeTaMII 

no q:JOpMYJie I'oJiapJJ,a-IlpHMaKOBa. B CJiyqae 84Kr 3KCnepHMeHTaJibHOe 3Ha'IeHIIe Ac 6JIII:iKe 

K pac'IeTaM, BbIIIOJIHeHHhIM P.A.3paM:iK51HOM, B.A.KY3bMIIHbIM II T.B.TeTepenoil: [3, 34), 'IeM 

K pacqeTaM no q:iopMYJie I'OJiapJJ,a-IlpIIMaKOBa. 

Ha p11c. 3 npenc-raBJieHbl COBOKYflHbie )laHHbie no CKOpOCTII MepHOro 3ax:BaTa 

OTPIII.{aTeJibHblX MIOOHOB B 3aBIICIIMOCTII OT 3apMa Mpa [1). 3necb xe np11BeJ:(eHbl Harrrn 

pe3yJihTaTbl no 3ax:Bary B 6JiaroponttblX ra3ax. 3Ha'IeHI151 3q:Jq:JeKTIIBHOI'O 3apMa Mpa, 
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'I 

Heo6XO)],IIMbie JJ.)UI cpaBHeHI151 HaCTo51mIIx JJ,aHHh!X C pacqeTaMII roJiapJJ,a II IlpIIMaKOBa, 

6hmII Bhl'IIICJieHbl HaMII C IICnOJib30Bam,eM BOJIHOBbIX q:J)'HKI.{IIH MIOOHa, ITOJiyqeHHbIX 

IlycTOBaJIOBbIM [36)(rrpIIJIO:iKeHIIe 1 ). KaK BII)],HO 113 pIIC)'HKa, 3Ha'IeHI151 CKopocTeii MepHoro 

3axBaTa MIOOHOB B 1130To11ax 
40 

Ar, 
132

Xe, 136Xe II 84Kr Hax:OMTCH B o6Jiacrnx, YKa3aHHhIX 

B pa6oTe [ 1) MIIHIIMyMOB 3aBIICIIMocm npIIBeJJ,eHHoil: CKopocTII 3axnarn Ac Z / z:rr OT 3apMa 
Mpa. 

B 'ICTnepToii mane II3JIO:iKeHbl pe3yJibTaTbl 113MepeHI151 MafHIITHOfO MOMeHTa OTPIII.{aTeJibHOI'O 

MIOOHa Ha 1S-ypoBHe Pa3JIII'IHbIX aTOMOB. 

B pa3JJ,eJie 4.1 o6CyxJJ,aIOTC5i 11pII'IIIHbl, 11pIIBOMmIIe K OTJIII'IlIIO MarnIITHOfO MOMeHTa 

AIIpaKOBCKOil: 'IaCTIII.{bl, Hax:OMmeil:c51 B CB513aHHOM COCT051HlIII B KYJIOHOBCKOM ITOJie aTOMa, 

OT Marnnnwro MOMeHTa CB060)],HOH qacTIII.{bl. IlpnBeneHbl 113BeCTHbie II3 JIIITepaTYPbl 

O:iKIIJJ,aeMb!e BeJIII'IIIHbl rronpaBOK K MarHIITHOM)' MOMeHTY 3JieKTpOHa II MIOOHa Ha 1S

YPOBHe Pa3JIII'IHbIX aTOMOB II pe3yJibTaTbl pattee BbiITOJIHeHHb!X II3MepeHHH 3TIIX nonpaBOK 

JJ.)UI ::JJieKTPOHa II MIOOHa B HeKOTOpb!X aTOMax. 

C yqeToM nonpaBOK K MafHIITHOM)' MOMeHTy OTPIII.{aTeJibHOro MIOOHa B CB513aHHOM 

COCT051HillI g-q:JaKTOp OTpIII.{aTeJibHOro MIOOHa B 1S-coCT051HIIII aTOMa C HyJieBbIM MepHbIM 

CITHHOM II )],IlaMarHIITHOH 3JieKTpOHHOH o60JIO'IKOH MO:iKeT 6h1Tb 11pe)],CTaBJieH KaK: 
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g!5 = 2(1 + I:atl), (6) 
i=l 

rJJ,e g!5 
- g-q:iaKTOp MIOOHa B 1S-COCT051HIIII aTOMa; ai) ... a?) - no11paBKII K BeJIII'IIIHe 

g-q:iaKrnpa: a£1
l - paJJ,IIal{IIOHHrul IIOITpaBKa JJ.)UI CB060JJ,HOI'O MIOOHa; a£2l - pa.r(IIal{IIOHHrul 

11011paBKa, o6ycJioBJieHHrul HaxoxneHIIeM MIOOHa B KYJIOHOBCKOM 110Jie Mpa; aVJ - peJI51TII

BIICTCKrul IIOllpaBKa; a£4
l - 11011paBKa, YlJIITbIBaIOma51 IIOJI51p113al{IIIO Mpa (11epepac11peneJieH1Ie 

HYKJIOHOB B Mpe B 11pIICYTCTBIIII MIOOHa Ha 1S-ypoBHe); a~) - 11011paBKa Ha n11aMafHIITHOe 

3KpaHIIpoBaH11e BHerrmero MarHIITHOro IIOJI51 3JieKTp0HHOH o6oJIO'IKOil:; a£6l - 11011paBKa Ha 

IIOJI51pll3al{IIIO 3JieKTpOHHOH o6oJIO'IKII aTOMa; a?) - no11paBKa, Y'IIITbIBaIOma51 ABII:iKeHIIe 
l{eHTpa Mace CIICTeMbl. 

B pa3JJ,eJie 4.2 IIOJJ,po6no OIIIICaHbl ycJIOBI151 11poBeJJ,eHID1 II3MepeHI151 MarHIITHOro MOMeHTa 

OTpIII.{aTeJibHOfO MIOOHa Ha 1S-ypOBHe, o6cyxJJ,aIOTC51 B03MO:iKHOCTII KOHTPOJI5i 11apaMeTpOB 

YCTaHOBKII BO BpeMll II3Mepennil: IIYTeM aHaJIII3a q:JOHOBOro CllfHaJia B 113Mep51eMOM ClleKTpe 

BpeMenn6ro pac11peJJ,eJieHI151 3JieKTpOHOB OT pac11aJJ,a MIOOHOB. 

lfaMepeH11e MafHIITHOfO MOMeHTa MIOOHa 11pOBOAIIJIIICb 110 qacTOTe 11pel{eCCIIII CIIIIHa 

MIOOHa BO BuerrrneM MafHIITHOM IIOJie. B rro11epe'IHOM MarHIITHOM IIOJie H CIIIIH MIOOHa 
11pel{ecc11pyeT C 'IaCTOTOH: 

w = 2µµH/ti = g!8 µ~H/fi, (7) 
rJJ,e µ~ - MarneTOH Eopa JJ.)UI MIOOHa. CoorneTCTBeHHO no11paBKa K g-q:JaKTOpy CB5i3aHHOI'O 

OTpIII.{aTeJibHOI'O MIOOHa MO:iKeT 6bITb 011peJJ,eJieHa KaK: 

µ£ree _ µ!S 
~ µµ 

g£'ee _ g,~s 

g£ree 

wfree -w 
wfree (8) 

rne wfrec, w - COOTBeTCTBeHHO, qacTOTa 11pel{eCCIIII CITIIHa CB06onnoro MIOOHa II 'IaCToTa 

11pel{eCCIIIl CIIIIHa µ- B 1 S-COCT051HIIII aTOMa. 
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qaCTb !pOHOBOro cnrnana B ll3Mep.sieMbIX cneICTpax o6yCJioBJieHa HaJill'llleM npHMeCH 
3JieKTPOHOB (oKOJIO npoueHTa) B nyqKe MIOOHOB. PacnpeAeJieHHe no BpeMeHH npHMeCHbIX 
:aneKTPOHOB ttMeeT nepHO'AHqeCKYIO CTPYKTYPY c xapaKTepHoii qaCToToii, paBHOtt qaCToTe 
BbICOKoqaCTOTHOro (Bq) no!l.sl ycKopIITeJI.sl. qaCTOTa Bq-nOJI.sl ycKOpIITeJI.sl PSI CTa6HJill3ll
pyeTC.sl C OTHOCIITeJibHOH ToqHOCTbIO 10-s. 3To o6CTO.s!TeJibCTBO n03BOJI.sleT KOffTPOJIHpoBaTb 
BpeMeHHbie napaM~bl ycTaHOBKH B UeJIOM, BKJIIQqa.si xapaKTepHCTHKH npeo6pa30BaTeJI.sl 
'BpeM.H-KO'A'' B pa6oqnx YCJIOBH.s!X B TeqeHHe Bcero 3KCnepHMeHTa. 

Ta6nnua 3. 3HaqeHH.sl qaCTOTbI Fae H wµ, onpeAeneHHbie H3 cepnn ll3MepeHHtt RUN2000 B 
rpa<pIITe 

H, Wµ' 211" ·Fae, q,aiin 
Kfc pan. µc-1 pa,n. µc-1 

1 1.0 85.048± 0.006 318.146± 0.005 y00127.dat 
2 1.5 127.464± 0.005 318.142± 0.004 y00140.dat 
3 2.0 170.114± 0.007 318.142± 0.004 y00141.dat 
4 2.0 170.104± 0.008 318.138± 0.009 y00149.dat 
5 1.5 127.469± 0.005 318.146± 0.007 y00150.dat 

IIpeACTaBJieHHbie B Ta6JI. 3 pe3yJibTaTbl o6pa60TKH HeCKOJlbKHX cneICTpOB MeTOAOM 
HaHMeHbIIIHX KBa,npaTOB nOKa3bIBaIOT, ~O Fae OnpeAeJI.sleTC.sl C TOqHOCTbIO ~ 10-s (Q.5 KrU) 
n B npeAeJiax norpeIIIHOCTH ll3MepeHH.sl COBna,naeT c qaCTOTOH no!l.sl ycKOpHTeJI.sl. 3HaqeHH.sl 
Fae, onpeAeJieHHbie ll3 cneKTPOB, H3MepeHHbIX B pa3HOe BpeM.H Ha npOT.sl)KeHHH ceaHca 
'AJIHTeJibHOCTbIO OKOJIO 300 qaCOB B npeAeJiax CTaTHCTHqecKOH norpeIIIHOCTH COBna,naIOT Apyr 

C ApyroM. 
BbIIIIenpHBeAeHHbie AaHHbie noKa3bIBaIOT, qTQ napaM~bl HaCTO.HIIIeii µSR-ycTaHOBKll 

n03BOJI.slIOT npH He06XO'AllMOM ypOBHe Ha6opa CTaTHCTHKll ll3Mep.si:Tb qacTOTY npeuecCHH 
cnHHa MIOOHa c ToqHOCTbIO 'AO ~ 10-5 (0.5 Kru). 

qaCTOTa npeueccHH cnHHa CB060AHOro MIOOHa onpeAeJI.s!JlaCb no qacTOTe npeueccHH 
µ+ B MeAH KaK wfree = w(µ+, Cu)/(1 + Kc0 ). Kcu - CABHr Haiirn 'AJl.sl noJIO)KIITeJibHOro 
MIOOHa B MeAH, KOTOpbIH COCTaBJI.sleT (60.0±2.5) · 10-6 [37]. CooTBeTCTBeHHO, CHaqana 6bma 
H3MepeHa qacTOTa npeuecCHH cnHHa noJIO)KIITeJibHOro MIOOHa B Me'AH 'it rpa<pHTe. 3aTeM 
MIOOHHbIH KaHan µE4 6bm HaCTPOeH 'AJl.sl nonyqeHH.sl nyqKa OTPHUaTeJibHbIX MIOOHOB c TeM )Ke 
HMnyJibCOM, KaK y nyqKa noJIO:lKIITeJibHbIX MIOOHOB, H 6bmH npoBeAeHbl H3MepeHH.sl qacTOTbl 
npeueccnn cnnHa µ- B C, O(H20), Mg, Si, S, Zn H Cd. JfaMepeHH.sl 'AJl.sl o6pa3UOB O(H20), 
Mg, Si, s, Zn H Cd qepeAOBaJIHCb C H3MepeHH.s!MH B rpa<pIITe, npOBO'AHMbIMH B Tex )Ke 
MarHHTHblX nOJI.slX, qTO n 'AJl.sl HCCJieAyeMbIX o6pa3UOB. 

B Pa3AeJie 4.3 npeACTaBJieHbl pe3yJibTaTbl H3MepeHHH MarHHTHOro MOMeHTa (g-<paKTOpa) 
OTPHUaTeJibHOro MIOOHa Ha lS-ypoBHe aTOMOB C, O(H2O), Mg, Si, S, Zn u Cd. 3KcnepHMeH
TaJibHbie 'AaHHbie cpaBHHBaIOTC.sl C TeopeTHqeCKHMH pacqeTaMH H o6cy,KAaIOTC.sl B03M0)1(Hble 
npnqHHbl pacxo,KAeHHH 3KCnepHMeHTaJibHbIX AaHHbIX H TeopeTnqecKHX pacqeToB. 
)lmI BeJIHqHH K03<p<pHUHeHTa acHMM~Hll npocrpaHCTBeHHOro pacnpeAeJieHH.sl no3HTPOHOB 
OT pacna,na µ+ B Cu H C u :aneKTPOHOB OT pacna,na µ- B C, O(H2O), Mg, Si, S, Zn H 
Cd 6hmH nonyqeHbI CJieAYIOIIIHe 3HaqeHH.s1: (18.1±0.1)% , (21.8±0.1)%, (4.86±0.03)%, 
(1.77±0.04)%, (3.24±0.04)%, (3.04±0.04)%, (2.13±0.02)% (1.07±0.05)% H 

(2.0±0.1)%, COOTBeTCTBeHHO. 
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J,fa 3KCrrepHMeHTaJibHblX AaHHbIX no qacTOTe npeuecCHH CIIHHa noJIO)KHTeJibHOro MIOOHa 
B Me'AH w(µ+, Cu, H) H oTpnuaTeJibHOro MIOOHa B rpa<pHTe w(µ-, C, H) npH O'AHOM H TOM 
)Ke BHeIIIHeM MarnHTHOM none, KpoMe (g;ee - g!8 ( C)) / g;ee, 6bmo onpeAeJieHo OTHOIIIeHHe 
R = w(µ+, Cu, H)/w(µ-, C, H), KOTopoe He 3aBHCHT OT KOHKpeTHoro 3HaqeHH.sl BeJIHqHHbI 
H. 

B cnyqae O(H2O), Mg, Si, S, Zn II Cd 3HaqeHH.sl wfree onpeAeJI.s!JIIICb no qacToTe 
rrpeueCCIIII CIIHHa OTPIIUaTeJibHOro MIOOHa B rpa<pHTe, H3MepeHHOH B COOTBeTCTBYIOIIIeM 
MarHIITHOM none, KaK wfree = R · w(µ-, C)/(1' + Kc0 ). 3TO nmBOJI.slJIO m6e)KaTb qacTYIO 
nepeHaCTpOttKy 3JieMeHTOB MIOOHHOro KaHana 'AJl.sl npoBeAeHH.sl nooqepeAHOro Il3MepeHH.sl Ha 
nyqKax C nOJIO)KllTeJibHbIMH H OTpHUaTeJibHbIMH MIOOHaMH. 

Ta6nnua 4. IIonpaBKH K BeJIHqHHe g-<paKTopa CB.sl3aHHOro OTpHUaTeJibHOro MIOOHa 'AJl.sl 

o6pa3UOB yrnepoAa, KHCJIOPOAa (BOAa), Marnll.sl, KpeMHH.sl, cepbl, UIIHKa II Ka.!lMH.sl 

O6pa3eU I 104. (l~ee - g~•)7g~ee 
RUN1999 RUN2000 RUN2001 cpeAHee 

C(rpa<pI1T) 7.5±0.7 7.9±0.7 7.5±0.2 7.5±0.2 
0, in H2O 6.5±1.6 7.0±1.1 6.8±0.9 
Mg, MeTan. 21.0±1.6 23.1±0.9. 22.6±0.8 
Si, KpIICTaJI. 35.1±2.8 35.9±1.1 36.±2 35.8±0.8 
S, aMOp<p. 42.4±2.1 42.4±2.1 
Zn, MeTan. 77±22 75±9 75.3±8.3 
Cd 67±22 67±22 

B Ta6JI. 4 npeACTaBJieHbl 3HaqeHH.sl (g£'ee - g!8 )/ g£ree OTpHUaTeJibHOro MIOOHa Ha 
lS-ypoBHe aTOMOB, nonyqeHHbie B pa3Hb!X ceaHcax H3MepeHIIH, ll cpeAHHe 3HaqeHH.sl no 
pe3yJibTaTaM pa3Hb!X ceaHCOB. KaK BU'AHO H3 Ta6JI. 4, B npeAenax norpeIIIHOCTll H3MepeHH.sl 
pe3yJibTaTbl pa3Hb!X ceaHCOB xopOIIIO cornaCYIQTC.sl Me)K'Ay co6oii. 

IIonyqeHHbie B HaCTO.HIIIeii pa6oTe 3HaqeHH.sl nonpaBOK K BeJIHqHHe g-<paKTOpa OTPIIUa
TeJibHOro MIOOHa B lS-COCTO.slHHH aTOMOB yrnepoAa, KIICJIOpOAa, Marnll.sl, KpeMHH.sl, cepbi, 
UHHKa n KaAMH.sl cpaBHHBaIOTC.sl B Ta6JI. 5 c aHanornqHblMH AaHHbIMH, nonyqeHHbIMII B 
pa6ornx [11, 12], a TaK,Ke c TeopernqecKHMH pacqeTaMH [39]. 

IIonyqeHHbJe HaMII 3HaqeHH.sl nonpaBOK K g-<paKTOpy (MafHIITHOMY MOMeHry) OTPHUaTeJib
HOro MIOOHa B lS-COCTO.slHilll 'AJl.sl yrnepoAa, KHCJIOPO'Aa, MarHH.sl, KpeMHH.sl n cepbl 6Jill3KH 
K AaHHbIM pa6oTbI [11] H OTJIHqaIOTC.sl OT pe3ynbTaTOB pa60Tbl [13], me 'AJl.sl OTpHUaTeJibHbIX 
MIOOHOB B Mg, Si H S BennqnHa (g;ee - g!')/ g;ee 6hma MeHbIIIe pe3yJibTaTOB [11] Ha 
(17 ± 4) • 10-4

_ ToqHocTb HaCTo.simnx mMepeHHii g!5 B nerKIIx aToMax (C, 0, Mg, Si, 
S) 6nn3Ka K TOqHoCTH II3MepeHHii B [11], a B Mg n Si B ~ 3 pa3a, B cepe B ~ 1.5 pa3a 
BbIIIIe, qeM OHa 6bma B pa60Te [13]. B cnyqae UHHKa H KaAMH.sl TOqHQCTb ll3MepeHHH no 
cpaBHeHHIO c JIIITepaTYPHbIMH AaHHbIMH [12] ynyqIIIeHa B ceMb pa3a. B CJiyqae yrnepoAa n 
KpeMHH.sl llMeeT MeCTO HCKJIIQqIITeJibHOe COBna,neH11e pe3yJibTaT0B HaCT0.sllIIHX H3MepeHHH C 
AaHHbIMII [11]. 

B UeJI0M 3KcnepHMeHTaJibHbie AaHHbie nowBep,KAaIOT TeHAeHUllIO poem BeJIHqHHbl 
(g;ee - g!')/g;ee c YBeJIHqeHJieM 3ap.s1Aa Mpa Z (cM. pnc. 5). TeM He MeHee, KaK Bll'AHO 
II3 Ta6JI. 5, npaKTnqecKII 'AJl.sl BCeX o6pa3UOB 3KCnepHMeHTaJibHbie 3HaqeHH.sl (g;ee - g!')/g;ee 
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Ta6mi:ua 5. 3KcnepHMeHTaJibHLie .[(aHHLie H pe3yJILTaTLI TeopeTnqecmx pacqeT0B BeJIHqHHbl 

g-<paKTOpa 0TPHUaTerrhH0ro MIO0Ha B yrnepone, KlfCJIOpone(aona), MaIBHH, KpeMHHH, cepe, 

UHHKe, Ka,[(MHH H CBHHUe. 8 crryqae Ka,IJ.MIDI TeopeTnqeCKHe 3HaqeHIDI nonpaB0K ai> H a~
4

) 

6LIJIH norryqeHI,I HHTepnOmIUHeft .[(aHHbIX (38,39], a BeJIIfqHHa nonpaBKii at> B3HTa H3 (41] 

O6pa3eu 104 
• (g~= - gt•)Jgtee 

HacT.pa6oTa 3KCn. [11) 3KCn. [12] Teop. (39) 

C(rpa<pHT) 7.5±0.2 7.6±0.3 8.2±0.1 

7.1±0.6 

8.0±0.5 

0, B H2O 6.8±0.9 9.4±1.0 14.3±0.2 

Mg, MeTarr. 22.6±0.8 26.4±0.7 29.8±0.6 

Mg, B MgH2 29.6±0.7 

Si, KpHCT. 35.8±0.8 36.3±1.1 39.1±1.0 

S, aMop<p. 42.4±2.1 48.2±1.6 49.1±1.5 

Zn 75.3±8.3 120±62 129 (> 122) 

Cd 67±22 201±140 218 (2 175) 

Pb 468±220 383 

MeHLllle, qeM pacqeTHLre. B crryqae rrerrrn:x 3JieMeHT0B (aKJiroqasr aT0MLI cepi,r) pa3HHUa 

Me)K,[I)' TeopeTnqecKHMH H 3KCnepHMeHTaJibHbIMH 3HaqeHIDIMH C0CTaBmieT He 6orree 7 • 10-4• 

OTKJIOHeHHe 3KcnepHMeHTaJibHbIX 3HaqeHHH (g!ee - gt•)Jg~= TaK0ro MaCIIITa6a OT 

pacqeTHLIX M0)KeT 6LITL o6ycrroBJieHo TeM, ~o a TeopeTnqecmx pacqeTax He ~eHLI 

3<p<peKTbl, CBH3aHHLie C nomipH3aUHeft 3JieKTPOHHOH o6orroqm MIO0HH0ro aT0Ma H 

3JieKTp0H0B np0B0.[(HM0CTH ( C.[(BHf HaiiTa H XHMB:qeCKHH C.[(BHr). 

HanoMHHM, ~o npn 3axBaTe oTpnuaTerrLHoro MIO0Ha B C, H 2O, Mg, Si, S, Zn H Cd 

B cpene o6pa3yeTCH aT0M, K0T0pbIH C ToqKH 3peHIDI CTP0eHIDI ero 3JieKTPOHHOH o6orroqKif 

HBmieTCH aHarroroM aT0Ma B, N, Na, Al, P, Cu H Ag, coorneTCTBeHH0. IlpnqeM, no ycrroaIDIM 

3KcnepHMeHTa B Ka)K.[(bIH M0MeHT apeMeHH B ofueMe o6pa3ua HMeeTCH He 6orree 0.[(H0ro 

MIO0HH0ro aT0Ma. lh H3BeCTHbIX JIHTeparypHLIX .[laHHbIX crrenyeT, qT0 BeJIIfqifHa C.[(Bllra HaiiTa 

(n XllMifqecKoro C.[(Bllra) M0)KeT C0CTaBlli!Tb ~ (6 - 7). 10-4 B crryqae KIICJiopona H MamIDI, 

;S (6.5 ± 0.5) • 10-5 , ;S (7 ± 1) • 10-4. ;S (42.9 ± 0.4) • 10-4 a crryqasrx KpeMHIDI, UHHKa n 

Ka,[(MIDI, C00TBeTCTBeHH0. 

Pe3yJILTaTbl 3JieMeHTH0ro aHaJIH3a o6pa3UOB Zn H Cd C yqeTOM CYllleCTByroIUHX 3KcnepH

MeHTaJlbHbIX ,[(aHHbIX 0 BJIIDIHllll npHMeceft aT0M0B nepeX0.[(HbIX 3JieMeHT0B Ha C.[(Bllr HaiiTa 

n03B0llilIOT 3aKJIIOqHTL, ~o npHMeCH HMeIOIUHXCH B nccrreeyeMLIX HaMH MllllleHHx Zn If Cd 

M0rJill ll3MeHHTb BeJIHqifHbl C.[(BHra HaiiTa no cpaBHeHHIO C qifCTbIMll o6pa3UaMH He 6orree qeM 

Ha 10%. CoOTBeTCTBeHHO BeJIIfqifHa .[(aHH0ro 3<p<peKTa B HeCK0JibK0 pa3 MeHLIIIe ToqH0CTll 

HaCT0HIUHX H3MepeHHH. 

QqeBll.[(HO, ~o yqeT C.[(Bllra HaiiTa He n03B0llileT YCTPaHHTb pacxo)K.[(eHHe (npeBLIIIIa

roruee IIHTb CTaH.[lapTHbIX OllIH6oK) Me)K,[I)' TeopeTnqecKifMH pacqeTaMll H 3KCnepHMeHTaJib

HbIMll .[(aHHLIMH .[(llil Zn H Cd. 

IlonpaBKii a~), a~4
) If ar) CaMH no ce6e MaJibl H, C00TBeTCTBeHH0, TPY.IlH0 Q)Kll.[(aTL, 

~o HeToqH0CTH a HX BbN~eHHH Moryr HBJIHTbCH npnqrmoft Ha6rrronaeMLIX pacxo)K,[(eHHH 

B crryqae Zn H Cd. BeJIIfqifHa a~> C BbIC0KOH T0qH0CTbIO H3BeCTHa ll3 He3aBHCHMbIX 
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Pnc. 5. 3aBHCHMOCTb g-<paKTopa MIO0Ha, CBH3aHH0ro Ha lS-ypOBHe aT0Ma, OT 3apH.[(a H.[lpa. 

.[{aHHLie npHBe.[leHbl B Bll.[(e (1-g!8 /gf::::.e). 104• ◊-pe3yJILTaTbl HaCT0HIUHX H3MepeHHH, 0-

.[(aHHbie ll3 pa60TLI [12] H + - .[laHHLie H3 (11]. Kpnaasr C00TBeTCTayeT TeopeTnqecmM 

pacqeTaM (38, 39] • 

H3MepeHHH. IlonpaBKa Ha .[(llaMaIBHTH0~ 3KpaHHpoaaHHe a~) .[(0CTaT0qHo xop0III0 cqHTaeTCH 

TeopeTnqecm (cM. Harrp. [41]), If CYllleCTBeHH0ro pacxo)K,[(eHIDI pe3yJILTaTOB 3THX pacqeTOB 

C 3KCnepHMeHTaJibHbIMll .[laHHbIMll no aTOMapHOH MarHHTHOH aocnpHH~HB0CTH He Ha6rrro

.[(aJI0Cb. 

TaKHM o6pa30M, o6HapyxeHO CYllleCTaeHH0e 0TKJI0HeHHe (nopH.[(Ka IIHTH CTaH.[lapTHLIX 

OIIIH6oK) 3KCnepHMeHTaJibHbIX 3HaqeHHH g-<paKTopa 0TPHUaTeJibH0ro MIO0Ha, Hax0.[(HIUerocH 

Ha lS-ypOBHe aT0M0B UHHKa H Ka,[(MIDI, OT pe3yJILTaT0B TeopeTifqecmx pacqeTOB. 

Pacxo)K,[(eHHe TeopeTnqecKHX pacqeT0B H pe3yJILTaT0B H3MepeHHH M0)KeT CBll.[(eTeJibCTB0BaTb 

KaK 06 aH0MaJibH0M C.[(Bllre HaiiTa Ha MIO0HH0M aT0Me B Zn H Cd, TaK If 0 HeToqH0CTH 

BbNHCJieHIDI perrHTHBllCTCKOH nonpaBKii K MaIBHTH0MY M0MeHry MIO0Ha • 

lh acex llCCJie.[l0BaHHblX MHIIIeHeft yrrrepon ( aJIMa3) H KpeMHllH 0TJIIfqaIOTCH TeM, qTo B 

HHX C.[(Bllr HaiiTa B MIO0HH0M aT0Me HaHMeHbllillll. B yrrrepone If KpeMHllll K0HUeHTPaUHH 

CB060.[(HbIX HOCHTerreii 3apH.[la no cpaBHeHHIO C MeTaJIJiaMll Ha HeCK0JibK0 nopH.[(K0B MeHLIIIe, 

MIOOHHLIH aT0M B yrrrepone If KpeMHllH HBmieTCH aKuenTOpHOH npHMeCLIO H npH KOMHaTHOH 

TeMneparype Hax0.[lHTCH a .[(llaMaIBllTH0M C0CT0HHllll. Ilonpo6HLie llCCJie.[(0BaHIDI a KpeMHllll 

( CM. rnaay V) n03B0lli!IOT 3aKJIIOqHTI,, ~o npH onpenerreHH0M BL16ope Tllna H K0HUeH

TPaUHH npHMeCH a norrynpoB0.[(HHKe BJIIDIHlle rnep.[(0TeJibHbIX <paKTOpOB, o6ycrroBJieHHbIX 

npoBe,[(eHHeM H3MepeHHH B KOH.[leHCHpOBaHHOH cpene, Ha pe3YJILTaTbl onpenerreHIDI g!8 

M0ryT 6LITb CBe.[(eHLI K MllHHMYMY- CoorneTCTBeHHO, .[(aJILHeiiIIIee yaerrnqeHHe T0qH0CTH 

ll3MepeHIDI g-<paKTopa 0TPHUaTeJibH0ro MIO0Ha B yrrrepone, KpeMHHH, H B03M0)KH0, B 

repMaHllH, n0-Bll.[(llM0MY, no3B0JIHT onpe.[(eJIHTb ai> H TeM CaMllM npoaepHTb pe3yJILTaTbl 

pacqeT0B pa.[(llaUif0HHbIX nonpaB0K npH ycrroBHH HaJIIfqllI CHJibHbIX KYJI0H0BCKHX norreii. 

Hallie npewro)KeHHe 0TH0CHTeJibH0 H3MepeHHH g!8 Ha nopM0K T0qHee .[(0CTHrHYTLIX B 

Hacroxruee BpeMH aKJiroqeHo B nporpaMMY nccrrenoaaHHH C03.[laBaeMoii B PSI Hoaoft µSR 
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ycTaHOBKII C peKOpJ:(HbIMII rrapaMeTpaMII (Marn!ITHOe IIOJie 10 TeCJia, BpeMeHHOe pa3pewem1e 

~ 50 rrc). 

luITall rnana rrocmm-1eHa IICCJieJ:(OBaH!IIO B3a!IMOJ:(eikTBllil aKUeIITOpHblX ueHTpOB B aJIMaJa

IIOJ:(06HbIX rronyrrpoBOJ:(HIIKax C IIOMOlliblO IIOilllp1130BaHHblX OTp11uaTeJibHbIX MIOO~()B (pa3-

pa60TKe MeTOJ:(a IICCJieJ:(OBaHIDI B3a!IMOJ:(eUCTBllil aKUeIITOpHoro ueHTpa B rronyrrpoBOJ:(H!IKaX 

C IICIIOJib30BaH!leM IIOlllp1130BaHHblX OTp11uaTeJibHbIX MIOOHOB). 

B pa3J:(eJie 5 .1 113JIO)KeHO COBpeMeHHOe COCTOJ'!Hlle TeopeTil'IeCKIIX II 3KCrrep11MeHTaJibHb!X 

IICCJieJ:(OBaH!lll MeJIKIIX . aKUeIITOpHbIX rrp11Meceu B KpeMHIIII. PaCCMOTpeHbl OCHOBHble 

TPYJ:IHOCTII, BCTpeqaJO[U!leCJ:I B 3TIIX IICCJieJ:(OBaHIDIX, II aHaJIIl311pyIOTCJ'I qrn311qecK11e IIPil'IIIHbl, 

orpaH11q11BaIO[UI1e rrp11MeHeH11e TPa.LIIIUIIOHHbIX 3KCrrep11MeHTaJibHbIX MeTOJ:(OB J:(Jlll IICCJieJ:(O

BaHIDI MeJIKIIX aKuerrTopHbIX uempoB B rronyrrpOBOJ:(H!IKax C KpIICTaJIJIIlqecKOH CTPYKTYPOH 

aJIMaJa. 

B pa3J:(eJie 5.2 06c~a10TCJ'I <pll3!1qecK!le rrpeJ:(IIOCblJIKII, J'IBJUIIOIU!leCJ:I OCHOBOH IICIIOJib30Ba

Hllil IIOilllp1130BaHHbIX OTp11uaTeJibHbIX MIOOHOB J:(Jlll IICCJieJ:(OBaHIDI aKUeIITOpHOH rrp11Mec11 B 

rronyrrpOBOJ:(HIIKax. IIpeJ:(CTaBJieHbl pe3yJibTaTbl rrpoBeJ:(eHHbIX J:(IICCepTaHTOM IICCJieJ:(OBaH!lll 

TeMrrepaTypHOH 3aBIIC!IMOCTII IIOilllp113aU!III OTp11uaTeJibHbIX MIOOHOB B J:(Byx o6paJuax 

KpeMHllil. BbIBOJ:(bl, CJieJ:(yIOIU!le 113 3TIIX 3Kcrrep11MeHTaJibHbIX J:(aHHbIX, IIOCJl~IIJIII OCHOBOH 

J:(Jlll J:(aJibHeuwero rrpoBeJ:(eHIDI llI!lpOKOro crreKTPa IICCJieJ:(OBaHIIH B KpeMHIIII II pa3pa60TKII 

MeTOJ:(a IICCJieJ:(OBaHIDI MeJIKIIX aKUeIITOpHbIX rrp11Meceu B rronyrrpoBOJ:(HIIKax. 

BrrepBbie 3KCIIepnMeHTaJibHOe J:(OKaJaTeJibCTBO cymecTBOBaHIDI rrapaMaIBIITHOro COCTO

J'!Hllil µAl-aKuerrTopa B KpeMHllll 6bmo rronyqeHO HaMH B ll3MepeHIDIX, Bb!IIOJIHeHHbIX Ha 

<paJoTpoHe JUIII OIUII-I. B J:(aHHOtt pa60Te 113yqanoch rroBeJ:(eH11e rromip113au1111 µ- B 

Kp!ICTaJIJl!lqecKOM KpeMHIIII p-rnrra C KOHUeHTpau11eu rrp11Mecn 6opa [B]=l.3 • 1014 CM-3• 

l13MepeHIDI rrpOBOJ:(IIJIIICb B rrorrepeqHoM CIIIIHY MIOOHa MaIBIITHOM IIOJie 800 re B J:(IlaIIaJOHe 

TeMrrepaTyp 4.2 - 300 K. IIp11 TeMrrepaTYPax H!l)Ke ~ 30 K 6bma o6Hap~eHa penaKcauIDI 

(YMeHbllieH11e BO BpeMeHII aMIIJIIITYJ:lbl rrpeuecc1111) CIIIIHa MIOOHa ( CM. p11c. 6). l13MeHeH11e 

IIOilllp113aU!III BO BpeMeHII xopowo OIIIICbIBaeTCJ'I <JlYHKU!lell (4). OKa3aJIOCb, qTQ CKOpOCTb 

penaKcau1111 ,\ rrp11 T=l 7.5 K COCTaBJllleT (1.07 ± 0.7) • 106 c 1 II JaBIICIIT OT TeMrrepaTypbl 

KaK A~ r-a, fJ:(e Q = 2.75 ± 0.3, 

,Uanee B 113MepeHIDIX B o6paJue KpIICTaJIJI!lqecKoro KpeMHllil n-TIIIIa IIpOBOJ:(IIMOCTll 

(KoHuempauIDI rrp11Mec11 qiocqiopa [P]=l.6 • 1013 CM-3), KpoMe penaKcau1111 crrnna MIOOHa, 

6bm o6Hap~eH rrapaMarnIITHblll CJ:(Bllr qacTOTbl rrpeuecc1m CIIIIHa MIOOHa. 

TeMrrepaTYPHbie 3aBIICIIMOCTII BeJIIlqIIH Po, A II !!,.w/wo, rronyqeHHbie B pe3yJibTaTe 

arrrrpOKCI1Mau1111 3KCrrepHMeHTaJibHbIX J:(aHHbIX <JlYHKUileH (4), rrpeJ:(CTaM.eHbl Ha p11cytt

Kax 7 6-B. CJ:1Bllr qacTOTbI l!,.w / w0 orrpeJ:(eJIJ'IJICJ:I IIYTeM cpaBHeHIDI qacTOTbI rrpeuecc1111 w 
rrp11 TeMrrepaType T c ee JHaqeH11eM w0 rrp11 T = 300 K. Ilp11 3TOM rrpeJ:(rronaranocb, 

qTo rrp11 T = 300 K aKUeIITOpHbIH ueHTp IIOHil30BaH II, COOTBeTCTBeHHO, rrapaMarnIITHblll 

CJ:(Bllr qacTOTbl OTCYTCTByeT. 113 p11cyttKOB cneeyeT, qTo: a) CKOpOCTb penaKcau1111 CIIIIHa 

MIOOHa JaB11c11T OT TeMrrepaTYPhI cTerreHHbIM o6paJoM; B) qacrnrn rrpeuecc1111 crr11Ha µ
rrp11 T ~ 30 K Bbillie, qeM rrp11 ~(OMHaTHOH . TeMrrep~TYPe, II OTHOCIITeJibHblll CJ:(Bllr qaCTOTbl 

rrpeuecc1111 !!,.w/wo COCTaBJllleT IIOpJ'IJ:(Ka 7. 10-3 rrp11 T ~ 20 K. .[(aHHbie IIO TeMrrepaTYPHOH 

3aB!ICIIMOCTII ,\ xopowo OIIIICbIBaIOTCJ'I CTerreHHOH <pyttKUileU A ~ r-a co 3HaqeH!leM 

a= 2.8±0.2. 

TaKIIM o6pa30M, 3KCIIepnMeHTaJibHbie J:(aHHbie II03BOJUIIOT CJ:(eJiaTb CJieJ:(yIO[Ulle Ba)KHbie 

BblBOJ:(bI: 1) rrp11 Hll3KIIX TeMrrepaTYPax B KpeMHIIII aKUeIITOpHblll ueHTP µAl HaxOJ:(IITCJI B 

He!IOHil30BaHHOM (rrapaMarnIITHOM) COCTOJ'IHIIII - µAl0; 2) CKOpOCTb penaKcau11n MaIBIITHOro 

MOMeHTa µAl-aKuerrTopa 3HaqIITeJibHO Bbillie qaCTOTbl, COOTBeTCTByIOIUeH CBepxTOHKOMY 
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P11c. 6. BpeMeHH0e pacrrpeJ:(eJieH!le 3JieKTpOHOB µ- ➔ e- pacrra.r1a B KpeMHIIII C KOHUeHTPa

u11eu rrp11Mec11 6opa 1.3 • 1014 cM-3 rrp11 pam11qHb1x TeMrrepaTYPax, 3Kcrrep11MeHTaJihHb1e 

J:(aHHbie rrorrpaBJieHbl Ha 3KCIIOHeHry pacrra.r1a II BbI~eHbl BKJia,IJ;bl KOMIIOHeHTOB, He 

OTHOCJ:IIUIIXCJ'I K Si. IlyttKTilpHbie JIIIHllll rrpoBeJ:(eHbl IIO MeTOJ:IY Ha!IMeHbllIIIX KB3,LlpaTOB 
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P11c. 7. TeMrrepaTYPHbie 3aB!ICllMOCTll CKOpOCTII penaKcaunn (6) ll CJ:(Bllra qaCTOTbl rrpeuecCilll 

(B) CIIHHa µ- B o6paJue KpeMHllil C rrpHMeCbIO qiocqiopa ([P]= 1.6-10
13 

CM-
3
). IlyttKTilpHbie 

JIIIHIIII rrpoBeJ:(eHbl J:(Jlll HarllllJ:(HOCTII 

BJa11MoJ:(ettcTB1110 n J:laHHOM ueHTPe (v » A/n); rrp11 T~ 60 K cKopocTb penaKcaun11 crr11Ha 

MIOOHa rrpaKT11qecKI1 o6paTHO rrporropu110HaJibHa TPeTbett cTerreH11 TeMrrepaTYPhI. 

B pa3J:(eJie 5.3 Ha OCHOBe 113MepeH!IH CJ:(Bllra qacTOTbl rrpeuecc1111 CII!IHa MIOOHa B pJ'IJ:(e 

o6pa3UOB KpeMHllil orrpeJ:(eJieHa KOHCTaHTa cnepXTOHKOro B3a!IMOJ:(eiicTBIDI B aKuemopHOH 

rrp11Mec11 aJIIOMIIHllil B KpeMHIIII, a TaK)Ke IIJIOTHOCTb BOJIHOBOH <JlYHKUIIII J:(blpKII Ha J'IJ:(pe 

aKUemopHoro ueHTPa Al. 
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B TeopeTH'IeCKIIX pa6ornx (43, 44] 6wm nonyqem,I filiaJIIITI1qecKI1e BblpIDKeHIUI, ycrnHaB

JIIIBaIOIIIIle CBJ13b Me;iq:zy H3MeplleMblMII B 3KcnepI1MeHTe BeJII1qI1H1IMII .A II /'J.w ( CKOpOCTb 

penaKca11m1 II napaMaIBI!THblll CJJ:Bilf qacTOTbl npe11eccI1II CnIIHa MIOOHa) II TeMII, KOTOpbie 

xapaKTepI13YIQT B3aHMo,n:eiiCTBil5! napaMarnHTHoro aK11emopHoro 11eHTpa µAlo·· B Si (A 
- KOHCTaHTa CBepxTOHKOro B3aHMO,n:eiiCTBI15!; V - CKOpOCTb penaKCallIIII MaIBIITHOfO 

MOMeHTa aK11emopa). CornaCHO (43, 44], IIpII V » A/Ti (B rrpe,n:noJIOXeHIIII Il30TpOnHOro 

CBepXTOHKOro B3aI1Mo,n:eiiCTBil5!) /'J.w II .A 3aBIICJIT OT A II V KaK: 

/'J.w = _ gµB . J(J + l)A (9) 
w0 2µ~ 3kBT 

>,. = J(J + 1) ((A/Ti)
2 + (A/Ti)2v) 

3 v v2 +w; ' (10) 

r,n:e /'J.w = w(T) - w0 (w0 - yrrroBa5! qacToTa npe11eccI1I1 cnIIHa MIOOHa B ,n:I1aMarn11THOM 

COCTOJIHIIII MIOOHHOro a To Ma); Ti = h /21r, h - IIOCTOJIHHa5! IlrrmIKa; kB - . nOCTOJIHHa5! 

bOJibllMaHa; µB II µ~ - MarneTOH Eopa ,n:JIJI 3JieKTpoHa II MIOOHa, COOTBeTCTBeHHO; g -
g-cpaKTOp aKlleIITOpHoro 11eHTpa; We = gµBB /Ti - yrrroBa5! qaCTOTa rrpe11ecCIIII MarnIITHOfO 

MOMeHTa 3JieKTpOHHOii_o6orroqKII aKllenTopHoro 11eHTPa BO BHenrneM MaIBIITHOM norre B; T 
- TeMneparypa B rpa,n:ycax KerrhBIIHa. 

C lleJibIO norryqeHil5! ,n:eTaJibHOll IIH(pOpMallIIII O B3aHMO,n:eiiCTBil5!X aK11emopHOH rrpI1MeCH 

aJIIOMIIHil5! B peweTKe KpeMHil5! HaMII 6bIJIII npoBe,n:eHbl HCCJieJJ:OBaHil5! noJIJ1pH3allHII 

OTPHllaTeJibHblX MIOOHOB B 6orree qeM 20 o6pa311ax KpeMHI15!_ n- II p-THna c KOHI1eHTpa11neii 

npIIMeCH B ,n:I1anaJOHe OT ~ 1012 ,n:o ~ 1020 CM-3• 

L(mJ: BCex HCCJie,n:oBaHHbIX o6pa3ll0B n- II p-Tnna C KOHlleHTpa11115!MII npHMeceii ,n:o 

2 • 1017 CM-3 II B crryqae o6pa311a KpeMHil5! C npHMeCbIO repMmII15! BeJIIlqIIHa CJJ:Bilra qacTOTbl 

npel.(eCCIIH CnHHa MIOOHa COCTaBJIJ!eT nopll,n:Ka 7 • 10-3 npu T = 20 K, a ero TeMrreparypHa5! 

3aBHCIIMOCTb He nponrnopeqIIT 1/T-3aKOHY K10pu. 

KoHCTaHTa CBepXTOHKOro B3aIIMO)lellCTBil5! ,n:JIJI MIOOHHOro aTOMa aJIIOMIIHil5! B KpeMHHH 

6hma orrpe)leJieHa B pe3yJibTaTe annpoKcuMal.(HH 3KcnepI1MeHTaJibHbIX )laHHbIX /'J.w / w0(T) 
3aBHCIIMOCTbIO (9). Cpe)lHee 3HaqeHile KOHCTaHTbl CBepxTOHKOro B3aHMO)leHCTBil5! ,n:JIJI 

npe)lCTaBJieHHbIX B Ta6JII!l.(e 6 o6pa31.(0B n- II p-Tilna KpeMHI15! C KOHl.(eHTpa11I1eii rrpuMeCII 

Menee 2 • 1017 cM-3 cocTaBIIJIO A/h = (26.5 ± 2.3) Mr!.( (owu6Ka 6bma onpe,n:eneua 

no B3BeweHHeMy cpe)lHe-KBa;:i:paTilqHOMY OTKJIOHeHHIO 3HaqeHilll A/ h OTHOCHTeJibHO HX 

cpe,n:Hero 3HaqeHI15!). B o6pa31.(e KpeMHI15! c npI1MeCbIO repMaHil5! A/h = ·(23.6 ± 1.5) Mfl.(. 

L(mJ: o6pa31.(0B BblpO)K)leHHOro KpeMHil5! p-THna npOBO)lHMOCTH ua6JIIO)laJIOCb OTKJIOHeuue 

TeMneparypHOll 3aBIICIIMOCTII C)lBilra qacTOTbl npel.(eCCIIII CnIIHa MIOOHa OT 1 /T-3aKOHa 

K10pI1. B KpeMHHII n-THIIa C KOHl.(eHTPal.(Heii npuMeCII 6oJibIIIe, qeM 2-1017 CM-3 BCJie)lCTBile 

IIOJIBJICHI15! uepenaKCIIPYIOIIICll KOMnOHeHTbl IIOJIJ1pI13al.(HH ToqHOCTb onpe,n:eJICHI15! qacTOTbl 

npel.(eCCHII cnuHa MIOOHa OKa3aJiaCb He)lOCTaToquoii ,n:JIJI ycTmIOBJieHil5! Bll)la TeMneparypHOll 

3aBHCIIMOCTII /'J.w / wo. 
3Ha5! BeJIIlqJIHY KOHCTmITbl CBCpXTOHKOro B3aHMO)leHCTBil5! ,n:JIJI µAl-aK11enTopa B Si 

- A(µAl)/h = (26.5 ± 2.3) Mr!.(, HCTPYllHO JJ:JIJI aKl.(emopuoro l.(eHTPa, o6pa30BmIHoro 

'06b1qHbIM' aTOMOM Al B Si, onpe)leJIIITb: a) KOHCTaHTY CBepXTOHKOro B3aIIMO)lellCTBIIJI -

A(AI); 6) CBepxTOHKoe norre JlbipKII Ha J!JlPe aToMa Al - Bhr(AI); B) B npe)lilorroxenuI1, qTo 

OCHOBHOH BKJia,n: B CBepXTOHKOe IIOJie o6yCJIOBJieH KOHTaKTHbIM B3aHMO)leHCTBIICM 01.(eHHTb 

IIJIOTHOCTb BOJIHOBOH cpynKl.(HII JlbipKH Ha J!Jlpe npHMeCHOro aTOMa - 1'1'(0)12 (Al): 
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Ta6JII11.(a 6. 3HaqeHil5! KOHCTmITbl CBCpXTOHKOfO B3m!MO)leHCTBil5! ,n:JIJI aKl.(enTopuoro l.(eHTPa 

µAl B Si, norryqeHHble H3 )lfil!Hb!X IIO TCMneparypHOll 3aBHCIIMOCTII C)lBHra qacTOTbl npel.(eCCHH 

cnIIHa µ- B o6pa31.(ax KpeMHil5! C KOHl.(eHTPallileii aKl.(CIITOpHOll (llOHOpHoii) npI1MeCI1 ;S 
2. 1017 CM-3 (n - KOHl.(eHTPallll5! IIpIIMecu) 

IlpIIMeCb n, CM-3 A/h, Mr11 

p 3.2-10
12 27.9±1.6 

p 1.6. 1013 25.5±1.7 

- 25.2±1.1 

p 2.3 • 1015 27.7±1.4 

As 8. 101~ 27.0±1.8 

As 2. 1017 23.9±2.3 

B 8.7.1013 29.1±2.3 

B 5.5-1016 28.7±2.1 

Al 2 .1014 19.9±2.1 

Ga 1.1 • 101s 28.6±1.8 

Int* intrinsic 28.5±2.0 

• KpCMHilll c co6CTBeHHOll npOBO)lIIMOCTblO II YJleITbHblM conpOTI1BJieHI1eM 20 KOM·CM 

A(Al)/h = (A<7t1>) · ~ • ~. = (-2.2±0.2) Mfo,. 

Bhr(Al) = _ A(!!Al)SeJ = (2940 ± 270) re , (11) 
µ,. 

1'1'(0)1
2 

(Al) ~ 3\Bhf(Al)I 
81rµ9 

= 3.8 • 1022 CM-J , 

r)le µNII IN - MaIBIITHblll MOMeHT II cnIIH Jl)lpa aToMa 
27

AI (µN = +3.64µ~, IN= 5/2, µ~ 
- Jl)lepHblll MarneTOH Eopa); µµ II Sµ - MaIBIITHblll MOMeHT II cnIIH MIOOHa. 

113 cpaBHeHil5! norryqeHHbIX 3HaqeHIIH A(AI) II 1'1'(0)1
2 

(Al) c auarrornqHbIMII rrapa

MeTpaMII ,n:JIJ1 )lOHOpa P31 B Si crreJlYeT, qTO CBepXTOHKOC B3allMO)lCHCTBIIC ,n:JIJI MeJIKOfO 

aKl.(eIITopa B Si 6orree qeM Ha rropJl)lOK crra6ee, qeM JJ:JIJ1 MeJIKOfO )lOHOpa. HacTOllIIIIlll 

BbIBO)l IIO)lTBep)K)laeTCJI TaK)KC pe3yJibTaTaMII pa60Tbl [40], r)le ,n:JIJI MeJIKOfO aKl.(eIITopa 

B11 B Si 6bma norryqeua ol.(eHKa Bhf(B 11)/(lglJ) :::::: 450 re. 3Haq11TeJibHO 6orree crra6oe 

CBepxTOHKOC B3aIIMO)leHCTBIIC B crryqae MeJIKIIX aKl.(CnTOpOB no cpaBHCHIIIO C MeJIKIIMII 

)lOHOpaMI! B KpCMHIIII, CBI!)lCTeJibCTBYeT O CYIIIeCTBCHHOM BKJia)lC p-BOJIHbl B BOJIHOBYIQ 

cpynKlll!IO OCHOBHOfO COCTOJIHil5! aKl.(CIITOpHOll IIpI1MeCI1. 

B pa3)lerre 5.4 3KCnepI1MeHTaJibHble )lmIHbie no CKOpOCTII perraKCal.(IIII CIIIIHa MIOOHa B 

KpeMHIIII aHaJII13IIPYIOTCll C l.(eJibIO BblllCHeHil5! MCXaHil3Ma perraKCallIIII II norryqeHil5! 

IIH<pOpMal.(Illl O TeMneparypHOll II KOHlleifTPaUIIOHHOll 3aBIICIIMOCTII CKOpOCTII perraKCauIIII 

MaIBIITHOfO MOMeHTa aKl.(emopHOfO ueUTPa B KpeMHIIII. Ha pI1CYffKe 8 rrpe)lCTaBJieHbl 

3KCnepl!MeHTaJibHbie )lmIHbie no TeMIIeparypHOll 3aBIICIIMOCTII CKOpOCTII perraKCauIIII cnI1Ha 

MIOOHa B o6pa3Uax KpeMHil5! C rrpl!MeCblO aJIIOMIIHil5! (2-10
14, 2.2-10

17 
CM-

3
) II 6opa (5.5-10

16
, 

4.1·1018 CM-3 ). M.3 pIICYffKa Bll)lHO, qTO CKOpOCTb perraKcaUIIII CIIIIHa MIOOHa rrpII IIOHIIXCHIIII 

TeMrreparypbl YBeJIIlqI1BaeTCll. B o6pa31.(ax C KOHl.(e11TPauI1eii rrpIIMCCII BbIIIIe ~ 2 • 10
17 

CM-
3 
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PHc. 8. TeMneparypHllil 3aBHCHM0CTb CK0p0CTH perraKCaJWH CnHHa M!O0Ha )UilI o6pa3UOB 

KpeMHIDI C npHMeCb!O a.JIIOMHHIDI (2 · 1014, 2.2 · 1017 CM-3) H 6opa (5.5-1016, 4.1-1018 CM-3) 

B KpeMHHH perraKcauIDI ManIHTH0I'O M0MeHTa aKuenTopa M0)KeT 6bITb Bb13BaHa KaK ero 

B3aHMO,[(eil:CTBHeM C KpHCTaJIJmqecKoil: perneTKOH ( CnHH-perneToqHoe B3aHM0,[(eil:cTBHe ), TaK 

H cnHH-06MeHHbIM paccel!HHeM CB060,[(Hb!X H0CHTeJieil: 3apll,[(a Ha aKuenTope. 

3KcnepHMeHTa.JibHb!e ,[(aHHb!e no TeMneparypHoil: 3aBHCHM0CTH CK0p0CTH perraKCaUHH 

CnHHa M!O0Ha 0nHCb!BaJIHCb 3aBHCHM0CTb!O (10) B npe,[(n0JI0)KeHHH, qTo CK0p0CTb perraK

cauHH MarnHTH0I'O M0MeHTa aKuenrnpHoro ueHTpa 3aBHCHT OT TeMnepaTypbl KaK 

v(T) = C .fq, T = T/To, To=lK. .(12) 
IlpH o6pa6oTKe 3KcnepHMeHTaJ!bHbIX ,[(aHHbIX 3HaqeHHe K0HCTaHTbI CBepxT0HK0I'O 

B3aHMO,[(eHCTBIDI npHHHMa.JI0Cb paBHbIM A/h = 26.5 Mru - cpe,[(HeMy 3HaqeHHIO ,[(aHH0ro 

napaMeTpa )UilI o6pa3UOB KpeMHIDI C K0HUeHTpaUIDIMlf npHMeCH ,[(0 2 . 1017 CM-3 • 

Pe3yJILTaTbI o6pa60TKH 3KcnepHMeHTaJ!bHbIX ,[(aHHbIX CBH,[(eTeJibCTBJIOT 0 TOM, qTo B 

o6JiaCTH K0HUeHTpauHil: ,[(0 ~ 1017 
CM-3 CK0p0CTb perraKCaUHH MarnHTH0I'O M0MeHTa 

aKuemopa H noKa3aTeJib CTeneHH q (cM. pHc. 9) npaKTHqecKn He 3aBHC~ OT K0HUeHTpaunH 

H THna npHMeCH B KpeMHHH. IlpH 3T0M n0Ka3aTeJib CTeneHn q 0Ka3aJICll 6JIH30K 

K TpeM, a CK0p0CTb perraKCaUHH npH qJHKCHpOBaHHOH TeMneparype, HanpHMep, npH 

T = 10 K, nptt6JIH3HTeJlbHO paaHa 1010 c-1• QqeBH,[(HO, qTo BJIIDIHHe CnHH-06MeHHOI'O 

paccel!HIDI, CK0p0CTb K0T0poro nponopUH0HaJ!bHa K0HUeHTpaUHH CB060,[(HbIX H0CHTerreil: 

3apll,[(a, B ,[(aHH0M ,[(nana3oHe TeMneparyp H K0HUeHTpaunn npnMeceil: npeHe6pe)KHMo Ma.JIM. 

CoorneTCTBeHHO, Ha6JIIO,[(aeMrur perraKcauIDI ManIHTH0I'O M0MeHTa aKUenT0pHoro ueHTPa 

o6ycJIOBJieHa cnnH-perneToqHbIM B3aHM0,[(eHCTBHeM, 0 qeM TaK)Ke CBH,[(eTeJibCTByeT CTeneHHllil 

( ~ T 3
) 3aBHCHM0CTb II OT Tel\meparypbl. 

OmnqHe TeMnepaTypH0H 3aBHCllM0CTH CK0p0CTll perraKcaunn MarnHTH0I'O M0MeHTa aK

uemopnoro ueHTpa OT 3aBHCllM0CTll BH,[(a T 5 [45] M0)KeT 6b!Tb o6yCJIOBJieHo TeM cpaKTOM, 

qTQ a [45] npn paCCM0TpeHllll H,[(ea.JibH0I'O KpllCTaJIJia KpeMHIDI He yqHTb!Ba.JI0Cb BpeMl! )l(If3Hll 

cpoHOHOB, K0Topoe npn TeMneparypax HH)Ke TeMneparypb! )le6rur MeHl!eTCll KaK r-2, a B pll,[(e 

cnyqaea ,[(a)Ke CllJILHee [47]. 
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Puc. 9. 3aBHCllMOCTb n0Ka3aTeJill CTeneHH q B qJYHKUllll 11 = C,'fq OT K0HUeHTpaunn npnMecn 

(n) a KpeMHHH: a) n-Tnrra, 6) p-rnrra. IlYHKTllpHLie JlllHllll rrpoBe,[(eHbl .!UilI HarJlll,[(H0CTH 

IlpH yaerrHqeHHH K0HUeHTPaUHH npHMeCH Bb!ille ~ 1018 CM-3 Ha6JIIO,[(aeTCll cy

mecTBeHH0e ll3MeHeHHe TeMnepaTypHOH 3aBHCHMOCTH CKOp0CTH perraKCaUHH (YMeHbilleHHe 

napaMeTpa q), 0,[(H0BpeMeHHO CK0p0CTb perraKCaUHH rrpu qJHKCHpOBaHHOH TeMnepaType, 

HanpHMep, npH T = 10 K, B03pacrneT 6onee qeM 11a nopll,[(0K B Y3K0M ,[(Hana3oHe H3MeHeHIDI 

KOHUeHTpauHil:. l-faaecrno [48], qTQ BBe,[(eHHe rrpn~eceil: npHBO,[(HT K H3MeHeHH!O qJOHOHHOI'O 

crreKTpa KpHCTaJIJia, qTo M0)KeT npHBeCTJ-1 K J-13MeHeHHIO CK0p0CTJ-1 cnHH-perneToqHoil: 

perraKcau1-11-1 a o6JiaCTH BbIC0KHX KOHUeHTpau1-1il:. C .[(pyroil: CTOp0Hbl, a ,[(aHHOH o6JiaCTH K0H

ueHTpau1-1il: npHMeCH B n- H p-THIIa KpeMHHH HMeeT MeCTO nepexo,[( K MeTaJIJIHqecK0MY THny 

npoB0,[(HM0CTH [49], 1-1 C00TBeTCTBeHH0, M0)KeT B03pacTaTb BKJla,[( cnHH-06MeHHOI'O paccel!HIDI 

CB060,[(Hb!X HOCHTerreil: 3apll,[(a Ha aKUemope. Ilp1-1 K0HUeHTpauIDix aKUemopHOH (,[(OHOpHoil:) 

npHMeCH npeBbIIIIaIOIUHX nc (nc - KpHTHqecKal! KOHUeHTpauIDI, C0OTBeTCTBJIOIUal! nepexo,[(y 

nonyrrpoBO,[(HHK-MeTaJIJI) K0HUeHTPaUIDI CB060,[(HblX H0CHTerreil: 3apll,[(a B nonyrrpoB0,[(HHKe 

npHMepH0 paBHa K0HUeHTpaUHH npHMeCHbIX aT0MOB. B 3aBHCHM0CTH OT THna aTOMa rrp1-1MeCH 

nc ,[(Jill KpeMHIDI MeHlleTCll OT ~ 3. 1018 CM-3 ,[(0 ~ 7. 1018 CM-3 [49]. 
C UeJib!O BblllCHeHIDI npHqJ-IH J-13MeHeHIDI TeMrreparypHOH 3aBHCHMOCTH H BeJIJ-lqJ-IHbl 

CK0p0CTJ-1 perraKcau1-11-1 MarnHTH0I'O M0MeHTa aKUemopa npH K0HUeHTpaUHH aKUeIITOpHOH 

(,[(OHOpHoil:) npHMeCH n.(nct) > ' 1017 CM-3 6LIJIH npoBe,[(eHbl J-13MepeHIDI B o6pa3ue 

KpeMHIDI C Bb!COKOH KOHUeHTpau1-1eil: npHMeCJ-1 repMaHIDI (9 . 1019 CM-3). repMaHHH, 

KaK H KpeMHHH, llBJilleTCll qeTb1peXBa.JieHTHbIM, H npHMeCb repMaHIDI He npHB0,[(J-IT K 

yaerrHqenHIO K0HUeHTpau1-11-1 CB060,[(Hb!X HOCI-ITeJieil: 3apll,[(a B KpeMHJ-11-1 no cpaBHeHH!O C 

'q1-1CTbIMJ-1
1 

o6pa3UaMH, B K0T0pb!X npH HH3KHX TeMneparypax KOHUeHTpauIDI CB060AHb!X 

HOCHTeJieil: npeHe6pe:lKHMO Ma.Jia. CooTBeTCTBeHHO cpaBHeHHe pe3yJILTaT0B HCCJie,[(OBaHHH )UilI 

KpeMHIDI C npHMeCb!O repMaHIDI 1-1 KpeMHIDI C K0HUeHTPaUIDIMJ-1 ,[(0H0pHbIX (aKuenTOpHb!X) 

np1-1Mecefi) n > nc n03B0JilleT pa3,[(eJIJ-ITb BKJla,[(bl B perraKCaUHIO MarnHTH0fO M0MeHTa 

aKuenTopa, K0T0pbie o6yCJioBJieHbl B3aHMO,[(eHCTBHeM co CB060,[(Hb!MH HOCHTeJIJIMJ-1 3apll,[(a 

1-1 C KpHCTaJIJIJ-lqeCKOH perneTKOH. 

l·h aHa.Jill3a ,[(aHHb!X no TeMneparypHOH 3aBHCllMOCTH CKOpOCTH perraKcaunH CIIHHa M!OOHa 

6bIJIO Hall.,[(eH0, qTo B CJiyqae KpeMHllll C rrpuMeCb!O repMaHIDI (9-1019 CM-3) 3HaqeHIDI 

napaMeTpOB CH q paBHbl {37 ± 14)-106 c-1 ll 2.87 ±0.16, CO0TBeTCTBeHHO. TaKllM o6pa30M, 

0Ka3a.JIOCb, qTo BeJIHqllna nOKa3aTeJill creneHHOH 3aBHCHMOCTH q )UilI ,[(aHHOI'O o6pa3ua B 

npe,[(errax oum6KH COBna,[(aeT co 3HaqeHlll!MH q ~ 3 )UilI ,[(eCl!Tll o6pa3UOB KpeMHIDI C pa3Hb!MH 

{P, B, As, Al, Ga) npRMecl!MH, KOHUeHTpauIDI KOTopLix 6Lma He 6onee 2 . 1017 cM-3 • 
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AmUiomqHbIH, 6ml3KHH K T3' xaparnep TeMrreparypHOH 3aBHCHMOCTH V B o6pa31.(aX 

KpeMHllil C n.(nd) ;S 1017 CM-3 H B KpeMHHH C Bb!COKOH (~ 102° CM-3) KOHl.(eHTpal.(Hett 

npnMeCH repMaHllil, H BMeCTe C TeM cymecrne1rnoe OTKJIOHeHne V OT T3-3al3HCHMOCTII 

np11 n.(nd) ~ nc CBH,IJ;eTt!JlbCTB}'IOT O TOM, qTo B rrepBOM CJiyqae penaKCal.(llil MarnHTHOfO 

MOMeHTa aKuenTOpHoro ueHTpa o6yCJioBJieHa CIIHH-pe111eToqHblM B3aHMO.QettCTBHeM, a BO 

BTOpOM cnyqae cymecTBeHHb!H BKJia.Q B penaKCal.(HIO BHOCHT CIIHH-06MeHHOe pacce~rnHe 

HOCHTeJiett 3apMa Ha aKuerrTope. 

CKopOCTb CIIIIH-06MeHHOro paccel!Hllil cso6o,nHb!X HOCHTeJieH 3ap51.Qa Ha napaMarnHTHOM 

ueHTpe B BblpO)K.QeHHOM rronyrrpoBO.QHHKe, KaK H B MeTanne, nponopu110HMbHa nepBOH 

cTeneHH TeMneparypbI: 

v = (3 li- 1 n213u kBT, (13) 

rne u - 3cpcpeKTHBHoe ceqeHne crrnu-o6Meuuoro paccel!Hllil; n - KOHl.(eHTpal.(llil np11Mecn; (3 
- qncJieHHblH K03cpcpnuneHT (Ml! KpeMHllil (3 ~ I (50]). 

CoorneTCTBeHHO, Ml! BblpO)K.QeHHb!X o6pa3UOB KpeMHllil TeMnepaTypHal! JaBHCHMOCTb 

cKopocTu penaKcau11n MarnnTuoro MOMeHrn aKl.(enTopuoro ueHTpa MO)KeT 6b!Tb npencrn

MeHa B BH,IJ;e: 

v(T) = Ci · T + C2 · i'3, T'= T/To, To= IK. (14) 

Pe3yJ1bTaTbl aHanH3a 3KcnepnMeHTMbHb!X naHHb!X Ml! nsyx o6pa31.(0B BblpO)K.QeIIHOfO 

KpeMHHll c yqeToM BKJia.na cnuH-o6Meuuoro paccel!Hllil npnseneHbI B rn6nnue 7. 

Ta6nul.(a 7. 311aqeHllll napaMeTpOB C1 ll C2, ll Ol.(eHKH ceqeHllil CIIHH-06MeHHOro paccel!Hllll 

.QbtpOK /jh ll 3JieKTpOHOB l7e Ha napaMarnHTHOM aKl.(eIITOpHOM ueHTpe AI B Si (* -
npn o6pa6oTKe BennqnHa C2 6bma cpuKcnpoBaHa comactto cpenHeMY 3HaqeHHIO naHHOro 

napaMeTpa Ml! o6pa31.(0B n- H p-Tuna KpeMHllil C KOHUeHTpaUlli!MH npHMeCH no ~ 2 . 
1011 CM-3) 

O6pa3eU C I , 10~ c- I C2 , 106 c-• 17h, CMl 170 , CM2 

Si:B [4. l · 101
• CM-j] 42±4 9• ~ 10-u -

Si:P [4.5 . 101H CM-jj 2.4 ±0.4 4.9 ± 1.2 - ~ 8 · 10-1> 

lh rn6nnl.(hI BH,ll;HO, qTo npn npn6JIH3HTeJibHO panHbIX KOHUeHTP;Lllli!X aKuerrTopHott 

npuMeCH 6opa ll .QOHOpHOH rrpnMecn cpoccpopa ([B]~[P]~ 4 . 1018 CM-3) 3cpcpeKTHBHOe 

ceqe11ue CIIHH-06MeHH0fO paccel!Hllil .QblpOK Ha aKuenTope COCTaBJllleT 17h ~ 10-13 CM2 ll 

6onee qeM Ha nopll.QOK npeBOCXO.QHT ceqeHHe paccel!Hllil Ml! 3JleKTpOHOB. 

Pa3.QeJI 5.5 IIOCBll!l.(eH myqeHHIO oco6eHHOCTH B3aHMO.QeHCTBlli! aKl.(eIITOpHOH rrpnMeCH 

s CHJlbHOJ1ernpoBaHHb!X o6pa3uax KpeMHllil. B KpeMHHH n-Tnna c KOHUeHTPal.(Hett npnMeCH 

2 2 · l0I8cM-3 ([Sb]=2 • 1018 CM-3, [P]=4.5 • 1018 cM-3 n [P]=l.14 • 1019 CM-3) 6bmo 

o6HapJ)!(eHo, qTo cpyttKUllil, OIIHCbIBalOIUal! BpeMeHH}'IO 3aBHCHMOCTb IIOJlllpH3aUHH MIOOHOB 

npu T;S 50 K, KpOMe penaKcnpyioruero KOMIIOHeHTa, conep)KllT He3aTyxalOIUHH KOMIIOHeHT. 

B pe3yJibTaTe annpoKCHMaunn 3KCnepHMeHTMbHblX naHHb!X Ml! o6pa3ua KpeMHllil C 

np11MeCblO cypbMbl ([Sb]=2 • 1018 CM-3) ll C npuMeCblO cpoccpopa ([P]=4.5 . 1018 CM-3) 

nByxKOMIIOHeHTHOH cpyttKUHett (5) 6b!J10 Hafi.neuo, qTQ CYMMapHal! aMIIJIHTyna penaKcupy

lOlllero II uepenaKcnpyioruero KOMIIOHeHTOB IIOJlllpH3al.(Hll B Haqanbllb!H MOMeHT speMeHH 

(T.e BeJinqnua Po B cpopMyne (5)) B npenenax 3KcnepHMeHTMbHblX OlllH60K He 3aBHCHT 
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Puc. 10. TeMneparypHal! 3asm,HM0CTb aMIIJinryn penaKc11pyioruero (A I ) H HepenaKcnpy

IOIUero (A2) KOMIIOHeHTOB OCTaToqHott IIOJlllpH3al.(HH OTplll.(aTeJibHb!X MIOOHOB B 06pa3ue 

KpeMHllil C npHMeCblO cypbMbl (2 . 1018 CM-3) 

OT TeMnepaTypbl H COOTBeTcrnyeT nennqnHe OCTaTOqHOH IIOJlllpH3aunn rrpn KOMHaTHOH 

TeMnepaType, npn KOTopott B cneKTpe npHCJTCTByeT JIHlllb He3aTyxalOIUHH KOMIIOHeHT 

IIOJlllpH3aUHH. TeMnepaTypHal! 3aBHCHMOCTb OTHOCHTeJibHb!X aMIIJIHTyn penaKcnpyioruero 
(Ai) H HepenaKcnpyioruero (A2) KOMIIOHeHTOB IIOJlllpH3al.(HH Ml! 06pa3ua C npnMeCblO 

cypbMbI npencrnBJieua Ha pnc. IO. · 
qacTOTbI rrpeueccun crrnHa MIOOHa Ml! penaKcnpyioruero II HepenaKcnpyioruero KOMrro

HeHTOB pa3J1HqHbl. 8 cnyqae HepenaKcnpyioruero KOMIIOHeHTa IIOJlllpH3aUHH qaCTOTa npe

uecCHH COOTBeTCTByeT nnaMarnHTHOMY COCTOllHHIO 3JieKTpOHIIOH o6onoqKH aKl.(emopHoro 

ueuTpa, B TO BpeMll KaK Ml! penaKcnpyioruero KOMIIOHeHTa IIOJlllpH3al.(HH HMeeT MeCTO 

napaMarnHTHb!H C.QBHf qaCTOTbl rrpel.(eCCllll. CpenHee 3HaqeHne C.QBHra qacTOTbl npel.(eCCHH B 

nuanaJoHe TeMnepaTyp 8 - 20 K cocrnsHJ10 L'lw/w0 = (8.0 ± 2.2) • 10-3_ 

Ha6n10,ne1rne penaKcnpyioruero ll uepenaKCHpyioruero KOMIIOHeHTOB IIOJlllpH3aUHH 03Ha

qaeT, qTo B TeqeHne BpeMeHH Ha6nIO,neHllil 3a IIOJlllpH3aunett µ-' aKUeIITOpHb!H ueHTp MO)KeT 

uaxo,nHTbCll KaK B HettTpMbHOM µAI0, TaK ll B HOHll30BaHHOM µAI- COCTOllHlli!X. TaKHM 

o6pa30M, ueo6xo.QHMO npennonO)KlfTb, qTO JIH6o MIOOHHblH aTOM H3HaqanbHO (3a BpeMll 

Mettee ( A/ h )-1) cpopMupyeTCll C onpeneneHHOH BepOllTHOCTblO B Ka)K.QOM H3 COCTOJIHIIH, 

m160 HMelOT MeCTO nepexonbr Me)K.Qy naHHblMH COCTOllHHllMll co CKOpOCTblO Vtr IIOpMKa 

1/Tµ (rµ- BpeMll )KH3Hll MIOOHa ua· IS-ypOBHe aTOMa). 

lhMeHeHue IIOJlllpH3aUHH CIIHHa MIOOHa BO BpeMeHH npn Hannqnn nepexona aKUeIITOpHoro 

ueHTpa HJ rrapaMarnnTHoro B nnaMarnHTHOe cocrol!Hllil (nepexon µAI0 -+µ AI-) co 

CKOpOCTblO Vtr rrpoaHMH3HpOBaHO B rrpHJlO)KeHHH 2. IlOKa3aHo, qTo B 3TOM CJiyqae 

IIOJlllpH3al.(llil MIOOHa KaK cpyttKUllil BpeMeHH nettCTBHTeJibHO HMeeT BH,IJ; (5), T.e. npencrnBJllleT 

co6ofi CYMMY penaKc11pyioruero H HepenaKcnpyioruero KOMIIOHeHTOB. CoorneTCTBeHHO, ll3 
3KCnepuMeHTaJlbHb!X naHHb!X MOryT 6b!Tb onpeneJieHbl 3HaqeHllil Vtr• 

B pe3ynbTaTe o6pa60TKH 3KCnepuMeHTMbHbIX naHHb!X Ml! o6pa3UOB KpeMHllil C 
npuMeCblO CypbMbl (2 • 1018 CM-3) II cpoccpopa (4.5 • 1018 CM-3) C HCIIOJib30BaHHeM 

cpyttKUHH II0JlllpH3aUHH (5) 6b!J10 onpeneneuo, qTQ CKOpOCTb HOHll3aUHH aKl.(emopHoro 

l.(eHTpa MIOMHHllil B naHHb!X 06pa3uax npnMepHO COCTaBJllleT ~ l MKC-I npn T = 4.2 K. B 
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cny<1ae KpeMHlill C KOHl{eHTpal{neii npnMecn cpoccpopa 1. 14. 1019 CM-3 V1r f':;j 3 .5 ± 1.0 MKC- I 

npn T = 5.1 - 9 K. 
Dpn npn6nmKeHHH K0Hl{eHTpal{HH .!lOHOpHoii npnMeCH a nonynpoB0.!{Hl!Ke K nc -

KpHTil'IeCKOH K0Hl{eHTpal{HH, COOTBeTCTB)'IOIUeii nepexo.uy nonynpoB0.!{HHK-MeTann '(nepexo.u 

Morra), K0Hl{eHTpal{liJI 3neKTp0H0B B 30He np0B0.!lHM0CTH npaKTil'IeCKH CTaH0BHTC.11 paBHOH 

K0Hl{eHTpal{HH npnMeceii H He 3aBHCHT OT TeMneparypbl. CooTBeTCTBeHHO, npttl!HHOii 

HOHtt3al{liJI aKl{eIIT0pa Al0 B nonynpoB0.!{HHKe n-Tttlla M0JKeT 6b!Th 3axBaT 3neKTp0Ha H3 

30Hhl np0B0.!lHM0CTH. Dptt 3T0M Vir = /3ne, r.ue /3-K03!p!plil{HeHT 3axBaTa 3neKTp0Ha, ne
K0Hl{eHTpal{liJI 3neKTp0H0B B 30He np0B0.!{HM0CTH. )lJuI KpeMHliJI C npnMeCbIO cyphMhl 

n cpoccpopa KpHTHl!eCKa.H K0Hl{eHTpal{liJI COCTaM.HeT: nc(Sb) = 3. 1018 CM-3
, nc(P) = 

3.5.10 18 CM-3 [49]. CooTBeTCTBeHHO, B cny<1ae o6pa3l{a KpeMHliJI C KOHl{eHTpal{neii npnMectt 

cpoccpopa 4.5.10 18 CM-3 , npttHHMa.H ne = [P] = 4.5-1018 CM-3 H Vir = 0.5µs- I (cpe.uHee B 

HHTepaane 4.5- 10 K) HaX0.!{HM, l!T0 Benttl!HHa /3(Al0) npttMepH0 paBHa 2. 10-13 CM3
• c I B 

.uuana3oHe TeMneparyp 4.5 ~ T ~ 10 K. 

Hap.11.!ly C CttnhH0nernpoBaHHhIM KpeMHHeM ll-THIIa 6h!Jm uccne.uoaaHbl o6pa3l{hl KpeMHliJI 

p-rnna C npnMeCbIO aTOM0B 6opa 4.1-10 18 CM-3 ' 1.34-1019 CM-3 n 4.9-1019 CM-3• B 

o6pa3l{aX KpeMHliJI C KOHl{eHTpal{neii npttMecn aTOM0B 6opa B HeCK0nhK0 pa3 6onhIIIeii 

nc ([B]=l.34-10I9 CM-3; 4.9-10 19 CM-3) B npe.uenax T0l!H0CTH H3MepeHliJI penaKCal{liJI CIIHHa 

MIO0Ha He 6hIJia o6HapYJKeHa. 

B KpeMHHH C npnMeCblO 6opa [B]= 4.9 . 1019 CM-3 C.!{BHr l!aCT0Thl npel{eCCHH CIIHHa 

MIOOHa He 3aBHCHT OT TeMnepaTypbl, n cpe.uHee 3Hal!eHtte l:!,.w/wo(T) B HHTepaane 5-70 K 

C0CTaBn.HeT (4:5±2.5)10-4 • Dpu K0Hl{eHTpal{HH 6opa 4.9 . 1019 CM-3 >> nc KpeMHHH 

o6na.uaeT MeTannttl!eCK0ii npoB0.!{HM0CThIO, u C.!{Bttr l!aCT0Thl npel{eCCHH CIIHHa MIO0Ha M0JKeT 

6b1Th o6ycnoaneH nompH3al{neii CB060.!lHhIX HOCHTeneii 3ap.!l.!{a BO BHeIIIHeM MarHHTHOM none 

(c.uaur Haiirn). Pe3ynhTaThl HaCT0.HIUHX H3MepeHttii !:!,.w/wo He np0THB0pel!aT H3BeCTHhIM 

3KcnepuMeHTMhHhlM .uaHHhlM 110 BenHl!HHe C.!{Bttra Haiirn (K) B KpeMHHH C npnMeCbIO 

aTOM0B 6opa, npeBhlIIlaIOIUeii 2.7-10 19 CM-3: K r:::J 6· 10-5 nptt T = 4.2 K [51]. nocTO.HHCTBO 

3Hal!eHttii !:!,.w/wo(T) B IIIHpOK0M .uttana30He TeMnepaTyp xop0III0 cornacyeTC.11 C TeM !paKTOM, 

l!T0 naynueBCKa.H CIIHH0Ba.H HaMarnttl!eHH0CTh cao6o.!{HhlX HOCHTeneii 3ap.!l.!{a B MeTannax He 

3aBHCHT OT TeMnepaTyphl (cM., HanpttMep [48]). 

Pe3ynhTaTbl 6onee .!{eTMhHOro ttccne.uoaaHlill TeMneparypHoii 3aBHCHM0CTH !:!,.w/wo(T) B 

KpeMHHH C npnMeCbIO 6opa 4.1-1018 CM-3 H B KpeMHHH C npnMeChIO cpoccpopa 1.6-1013 CM-3 

npttse.ueHhl Ha pnc. 11. 

}lnll o6pa3l{a Si:P npu T < 50 K n Si:B nptt T > 50 K IIYHKTHpHhie nttHnn Ha 

puc. 11 npe.UCTaBnlllOT 3aBHCHM0CTH BH.!{a 1/T tt (1/T - I/To), C00TBeTCTBeHH0. KaK 

B11.llll0 H3 pttCYHKa, 3aBHCHM0CTh l:!,.w/wo = f(T) onpe.uemeTC.11 1/T-3aKOHOM K10ptt npn 

T < 50 K a Si:P n nptt T > 50 K B Si:B. B nocne.uHeM cny<1ae 3KcnepttMeHTMhHhie 

.ua11Hb1e ny<1IIIe annp0KCHMnpyioTc.11 3aBHCHM0CThIO BH.!la l:!,.w / w0 ~ ( 1 /T - 1 /T1). 3m 
C00TBeTCTByeT T0MY, l!T0 B Si:B aKl{ernopHblll l{ettTp nptt KOMHaTHoii TeMneparype T1 

He H0HH30BaH. B pe3ynhTaTe !pHTttpoBaHliJI HaCT0.!llllHX 3KCIIepnMeHTMhHhIX .!{aHHhIX B 

YKa3aHHhIX TeMneparypHblX .u1-mna30Hax 3aBHCHM0CThIO (9) 6hma onpe.ueneHa BenHl!HHa 

K0HCTaHThl csepXT0HK0ro B3aHMO.!{eiiCTBliJI (A/h) .!ln.11 µAi-aKl{eIITOpa, K0T0pa.H C0CTaBttna 

(23 ± 2) 1-i (20.0 ± 2.3) Mfl.l .um Si:P tt Si:B, C00TBCTCTBeHH0. 

O.UHaKO, B cny<1ae KpeMHlill C npnMeCbIO 6opa B .!{Halla30He TeMnepaTyp 4.5 K ~ T ;S 
40 K Ha6n10.uaeTC.!I CttnhH0e 0TKn0HeHtte 3aBHCHM0CTH 6w/wo = J(T) OT 1/T-3aKOHa: nptt 

T r:::J 50 K poCT C.!{Bttra l!aCT0Thl c )'MeHhIIIeHtteM TeMneparyphl npeKpamaeTC.11 tt nptt T < 
50 K, Il0-BH.!lHM0MY, HMeeT MeCTO .!{aJKe HeK0T0poe )'MeHbIIIeHtte l:!,.w /wo c II0HHJKeHtteM T. 
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Pnc. 11. TeMneparypHble 3aBHCHM0CTH C.!{BHra qacT0Thl npel{eCCHH CIIHHa MIOOHa lJ.JUI 

o6pa31{0B KpeMHliJI C npttMeChlO 6opa n cpoccpopa 

B Si C KOHl{eHTpal{tteii npnMeCH 6opa 4.1-1018 CM-3 Ha6n10.uaeMbIH H3JI0M B 3aBHCHM0CTH 

l:!,.w/wo = f(T) M0JKeT 6bITh o6ycnoaneH B3aHMO.!{eiicrnneM µAl-aKl{ernopa C npnMeCHhlMH 

ueHTpaMn 6opa . .[laHHOe B3aHMO.!{eHCTBHe, 110-BH.!{HM0MY, CTaHOBHTC.11 3cpcpeKTHBHhIM nnwb 

npu T ;S 50 K. .[lanbHeiiurne ttccne.uoBaHliJI B3aHMO.!{eiicTBliJI aKl{ernopHOro l{eHTpa 

Al B p-Tnna KpeMHHH C KOHl{eHTpal{neii npnMecn n ~ nc npe.ucTaM.HIOT HHTepec C 

T0l!KH 3peHllJI H3y<IeHliJI MeJKnpnMeCH0ro B3aHMO.!{eiiCTBliJI B Heynop.11.!{0l!eHHblX CHCTeMax, 

KaK0BbIMH l!BAAIOTC.11 cny<1aiiHO pacnpe.ueneHHbie npnMecn B KpeMHHH. 

Pe3Koe H3MeHeHne TeMneparypHoii 3aBHCHM0CTH l:!,.w / wo npn T ~50 K can.ueTenhcTayeT 

0 TOM, ljTQ B KpeMHHH C npnMeCblO cpoccpopa npn T > 50 K HMeeT MeCT0 H0HH3al{H.H 

All B KpeMHHH n-rnna napaMarnnrnoe cocT0.HHne Al.I, - µAl0, a K0T0p0M .uaHHhiii l{ettrp 

o6pa3yeTCll 3a BpeMeHa t < 10-s C [42], He .!IBAACTC.11 TepM0)lHHaMHl!eCKH paBH0BeCHbIM. 

B npHHUHIIC, H0HH3al{liJI aKl{eIIT0pa B KpeMHHH n-Tnna C K0Hl{eHTpal{neii npliMecn n « 
nc M0JKeT 6b!Tb o6ycnoanena cne.uyioIUHMH npol{eccaMn: 1) 3axsaT0M 3neKTpoHa H3 30Hbl 

np0B0.!lHM0CTH; 2) TCIInOBOH HOHH3al{neii, T.e . .!lhlpKa (h+) 6naro.uapll B3aHMQ.!{eHCTBHIO C 

!pOHOHaMH npno6peTaeT 3Heprn10 H II0KH.UaeT npnMeCHhlH l{eHTp. 

DO-B11.llHMOMY, Henb3ll HCKn!Ol!HTb H B03M0JKH0CTh Toro, l!TO B KpeMHHH n-THIIa aToM 

,,Al M0JKeT cpopMnpoBaTbC.11 B H0HH30BaHH0M C0CT0.!IHHH B cny<1ae, Kor.ua K0Hl{CHTpal(H.H 

CB060.!{HbIX 3nCKTp0H0B B o6pa3l{e npeBbIIIIaeT K0Hl{eHTpal{HIO .!lhlp0K, o6pa3)'10lllHXCll B 

npol{ecce cpopMttpOBaHlill MIO0HH0ro aTOMa. 

Bb!llCHCHHe pontt KaJK.!{oro H3 YKa3aHHhIX MexaHH3MOB Tpe6yeT npoae;!CHliJI Pl!Jla 

nccne.uoaaHnii. HanpnMep, nccne.uoaaHne 3aancnM0CTH TeMneparyphl T;, nptt KoTopoii HMeeT 

MCCTO tt3Jlo'M Ha KpHBhIX l:!,.w/wo = f(T), OT K0Hl{eHTpal{HH .!l0HopoB B KpCMHUH 1103B0nttT 

BblllCHHTb ponh npol{ecca TCIInOB0ii H0HH3al{HH. 
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3AKJIIOqEHIIE 

OcHOBHble pe3yJihTaThl II BbIBO)lbl: 

1. BrrepBbie ll3MepeHbl CKOpOCTb ll)lepHoro 33XBaTa OTPIIllaTeJibHhIX MIOOHOB II30TOIIaMII 

IIHepTHbIX ra:30B KplIIITOHa (Kr84
) II KCeHOHa (Xe129, Xe132

, Xe136
) II B TPII pa3a 

YJI)"IIIJeHa TOqHOCTb II3MepeHlill 3TOH CKOpOCTII ,IVIlI aproHa (Ar40). IlorryqeHHbie pe-

3YJibTaTbl IIO)lTBep)KJlaIOT rrpe)lCKa3aHlill Teopcr1IqecK1IX pacqeTOB rorrap)la-IlplIMaKOBa 

0 HaJI1Iq1I1I MIIHIIMYMOB B 33BIICIIMOCTII CKOpOCTII ll)lepHoro 3axBaTa MIOOHa OT 3apll)la 

ll/lpa Z. 

2. YcTaHOBJieHO, ~o Ha6JIIO)laeMaJI ll30TOIIttqeCKaJI 33BIICIIMOCTb CKOpOCTII ll)lepHoro 

3axBaTa MIOOHa B ll30TOIIax KCeHOHa He rrpOTIIBOpeqlIT TeopeT1IqeCKIIM pacqeTaM [2]. 

3. MeTO/lOM rrpe11ecc1I1I CIIIIHa MIOOHa BO BHeIIJHeM MaI1IIITHOM IIOJie ll3MepeHbl g-<paKTOp 

MIOOHa, CB.113aHHOro B lS-COCTO.IIHIIII aTOMOB yrrrepo)la, KllCJIOpOJla (H20), Mal1Ilill, 

KpeMHIIII, cepbl, l.llIHKa II KaJlMlill. B CJiyqaJIX l.llIHKa II Ka/lMlill TOqHOCTb ll3MepeHIIH 

YJI)"IIIJeHa IIplIMepHo a ceMb pa3 IIO cpaaHeHIIIO c JIIITeparypHblMII JlaHHhlMII [12]. 

4. YCTaHOBJieHO, ~o ,IVIlI rrerrrnx 3JieMeHTOB, BKJIIQqaJ[ cepy, B rrpe)lerrax OIIJII6KII 

HaCTO.IIII11Ie JlaHHhie IIO g-<paKTopy MIOOHa corrraCYIOTC.11 C pe3yJihTaTaMII ll3Mepe1rnfi [11] 
II He rrpornaopeqaT TeopeTnqecKHM pacqeTaM [38, 39]. 

5. B crryqae l.llIHKa II Ka/lMlill 06Hapyxe110 cym:eCTBeHHOe pacxo)KJleHIIe ll3MepeHHblX 

3HaqeHIIH g-<paKTopa MIOOHa OT pe3yJihTaTOB TeopernqecKHX pacqeTOB [38, 39]. 

6. BrrepBbie orrpe)lerreHa KOHCTaHTa CBepXTOHKOI'O B3aHMO)leHCTBlill B aKl.leIITOpHOM 

11eHTPe, o6pa30BaHHOM aTOMOM Al B Si, B rrpe)lIIOJIO:lKeHIIII ll30TPOIIHOI'O CBepXTOHKOI'O 

B3aHMOJlefiCTalill: A/h(21 Al) = (- 2.2 ± 0.2) Mr11. IloJI)"IeHa 3Kcrrep1IMeHTarrhHaJI 

011eHKa IIJIOTHocrn BOJIHOBofi <pYHKl.llIII JlhIPKH Ha l!Jlpe aTOMa Al B Si: 1'1'(0)12 ~ 
3.8. 1022 CM-3 II C)leJiaHO 3aKJIIOqeHIIe O cym:ecTBeHHOM BKJia)le p-BOJIHbl B BOJIHOBYIO 

qJYHKl.llIIO OCHOBHOI'O COCTO.l!Hlill aKl.leIITOpHOH rrplIMeCII B KpeMHIIH. 

7. BrrepBbie orrpe)lerreH Bll)l TeMrreparypHOH 33BIICIIMOCTII CKOpOCTII perraKCal.llllI Mar

HllTHOI'O MOMeHTa MeJIKOI'O aKl.leIITopHoro 11eHTPa B He)le<popM1IpOBaHHOM KpeMHIIII B 

JlliaIIa30He KOHl.leHTPal.llIH rrp1IMeCHhIX aTOMOB OT ~ 5-1012 /lO 1020 cM-3 II TeMrreparyp 

4.2-50 K. 
YCTaHOBJieHO, ~o B crryqae HII3KOH KOHl.leHTPalllllI CB060)lHhlX HOCHTerrefi 3apll)la 

( HeBb!pO)KJleHHblll KpeMHIIH, KpeMHIIH C ll303JieKTPOHHaJI IIpHMeChlO) perraKCal.llill 

MaI1IllTHOI'O MOMeHTa MeJIKOI'O 3K11eIITOpHOI'O 11eHTPa B KpeMHIIII IIplI T :'.5 50 K 
o6ycrroBJieHa CIIIIH-pellleTOqHblM B33llMO)leHCTBIIeM, II CKOpOCTh perraKCal.llllI 33BIICIIT 

OT TeMrreparypbl KaK 11 ~ Tq, q ::::: 3. B BblpO)KJleHHOM KpeMHIIII IIplI T :S 30 K 
perraKCal.llill MaI1IllTHOI'O MOMeHTa aKl.leIITopa rrpaK=ecKH IIOJIHOCThlO orrpe)leJI.lleTC.11 

CIIIIH-06MeHHblM pacce.11H1IeM CB060)lHblX HOCHTerrefi 3apll)la. 

8. BrrepBbie 3Kcrrep11MeHTaJibHO Ha6JIIO)leHa JlByxKOMIIOHeHTHaJI IIOJI.llpll3al.llill OTPIIl.la

TeJihHblX MIOOHOB a cpe)le. B KpeMHIIII n-TIIIIa IIplI KOHI1effTP3l.llllI rrplIMeCII 6orree 

1018 CM-3 o6HapyxeHo, ~o qJYHKlllill, OIIIICblBaIOIIlaJI apeMeHHYIO 33BIICIIMOCTb IIOJI.11-

p1I33l.llIII MIOOHa, rrpeJlCTaBJI.lleT co6ofi CYMMY perraKclipYIOm:ero II HeperraKC1IPYIOII1ero 

KOMIIOHeHTOB. BbIIIOJIHeHHbie aHaJillTIJlieCKHe pacqeTbl IIOKa3hlBaIOT, ~o Ha6JIIO)leHHe 
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JlByxKOMIIOHeHTHOH IIOJI.llpH33l.lHH MIOOHa B KpeMHHH B03MO:lKHO B JlByx CJiyqaJIX: a) 

MIOOHHhlll aTOM C orrpe)leJieHHOH BepO.IITHOCThlO o6pa3yeTC.II KaK B IIOHII30BaHHOM, TaK H 

B HelIOHH30BaHHOM COCTO.l!Hlil!X H rrepeXO)lhl Me:lKJlY 3THMH COCTO.l!Hlil!MII OTCYTCTBYIOT; 

6) MIOOHHhlll aTOM o6pa3yeTC.II B OCHOBHOM B HelIOHH30BaHHOM COCTO.IIHHe, H co 

CKOpOCTblO, cpaBHllMOH C 1/rs;, rrepeXO)lllT B HOHII30BaHHOe COCTO.IIHHe, a BepO.IITHOCTb 

o6paTHOro rrepexo)la rrpeHe6pe:lKIIMO Marra. 

9. IlorryqeHbl 011eHKH ,IVIlI 3<p<peKTHBHhlX ceqeHHH CIIHH-06MeHHOI'O pacce.11Hlill JlblpOK (ah) 
H 3JieKTPOHOB (ae) Ha 3K11eIITOpHOM 11eHTPe Al B Si: ah~ 10-13 CM2, ae ~ 8, 10-15 CM2 

rrpH KOHl.leHTPal.lHH 3K11eIITOpHOH (JlOHOpHofi) rrpHMeCH n.(nd) ~ 4. 1018 CM-3• 

10. IlorryqeHa 011eHKa ,IVIlI K03!p!plll.lHeHTa 33XBaTa 3JieKTPOHOB rrpoBO)llIMOCTH HeHTparrb

HhlM aTOMOM aJIIOMllHlill B KpeMHHH: ,B(Al0)::::: 2. 10-13 CM3 • c-1 rrpH T=4.5-10 K. 
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