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1. To"tJHOCTb q>OpMyJI .l:(JIH ceqeHHH o6pa-

30BaHHH aTOMHO-CBH3aHHOM COCTOHHHHX 

3apH)KeHHblX ITHOHOB 

B HaCTOHIUee BpeMH Ha CT8JUIR C03)lamrn ycTaHOBKH Hax:O)lHTCH 

3KcnepHMeHT DIRAC no TO'IHOMY H3Mepemno BpeMeHH )KH3HH aTOMHO

CB.SI3aHHoro cocTOHHHH 1r+ H 1r Me3OHOB (1r+1r--aTOMa - A21r)- UenhIO 

)laHHOM pa60Thl HBJIHeTCH npoBepKa TO'IHOCTH- HeKOTOpbIX COOTHOIIIeHHM, 

Ha KOTOphIX OCHOBaHO nony'IeHHe q>H3H'IeCKOro pe3yJihTaTa B 3TOM 

3KcnepHMeuTe. 

B pa6oTe [1], OCHOBhIBMCh Ha COOTHOUiemrn:x KBaHTOBOM MexamIKH, 

6hma nonyqeHa cpopMyna, CBH3hIBaIOIUM Ce'IeHHH o6pa30BaHHH 3JieMeH

Tapuwx aTOMOB C )lBOMHhIM HHKJII03HBHhIM ceqenHeM o6pa30Bamrn 'IaCTH.Q, 

cocTaBJIHIOIUHX aTOM. linH cny'IM 1r+1r--aTQMa ceqeirne pO)K)leHHH HMeeT 

BH)l: 

da:; ( 3 EA ( 2 , da
0 I 

d ... = 21r) M 11/Jn O)j d ... d... . , 
PA A Pl P2 h=ih=iiA/2 

(1) 

r,n;e PA H EA - cooTBeTCTBeHHO HMnynhc H 3HeprHH A21r B na6opa:ropHm1: 

CHCTeMe KOOP.llHHaT, a MA ero Macca; l'I/Jn(O)l 2 
- KBa,llpaT KYJIOHOB

CKOM BOJIHOBOM cpyHK.QHH aTOMa npH HyneBOM paccTOHHHH; da0/dp1dih 
- ,llBOMHOe HHKJII03HBHOe ce'IeHHe o6pa3OBaJIHH 7r+7r- nap, 6e3 yqeTa 

KYJIOHOBCKOro B3alIMO,n;efICTBHH Me)K,n;y IlHOHaMlI B KOHe'IHOM COCTOHHHn:; 'Pl 
lI 'P2 - lIMilYJihChI 7r+ lI ?T- B na6opaTopHOH CHCTeMe KOOp,lllIHaT. TaK KaK 

BOJIHOBM q>YffK.QlIH BO,llOpo,n;onO)l06HhIX aTOMOB B Hyne OTJilI'IHa OT HyriH 

TOJihKO )lJIH COCTOHHlIII C op61ITaJihHhIM KBaHTOBhIM 'IlICJIOM l = 0, TO A21r 

o6pa3YIQTCH TOJihKO B S-COCTOHHHHX c rnaBHhIM KBaHTOBhIM 'IlICJIOM ·n. 
Ilpn: nony'IeHHlI cpopMyJihI (1) aMilJilITY.lla BCpOHTHOCTlI o6pa30BaHlIH 

7r+7r--aTOMa RA 6hIJia Bhl'IlICJieHa B npe,llilOJIO)KeHHH HyneBoro Pa.llHyca 

ClIJihHOro B3aHMO,lleHCTBHH, T.e. npe,n;nonaraJIOCh IlOCTOHHCTBO MaTplI'IHOro 

3JieMeHTa M(p) pO)K)leHirn 7r+7r-napbI B ClIJihHOM B3aHMO)leMCTBlilI npn: 

n:Mnynhcax nopH,llKa 6opoBcKoro n:Mnynhca 1r+1r- -aToMa PH = am1r/2 = 
0.5 M3B/c, )lJIH KOTopwx BOJIHOBM q>yttK.QHH aTOMa 1/Jn(P) OTJIH'IHa OT HynH: 



OueHIIM TOqHOCTh aToro np116n11)KeH11.si: .nn.si: cnyqa51 po)K,neHII.SI A21r 

B coc:ro.si:HIIU ls. Ma'tp11qHhIH aneMeHT M(p) B03hMeM B non10cHOM 

np116JiiI)KeHm1: 
m2 

M(p) = M(0) m2 + p2 ' (3) 

r.ne m MaccOBhIH napa:r.rnTp. lin.si: HaIIIero cnyqa51 oueHKa Ben11qnHhI m 

MO)KeT 6hITh nonyqeHa, HanpIIMep, II3 pacqeTOB B MO,llCJIII HC3aBI1CIIMhIX 

IICTOqHIIKOB [2]. B 3aBIICIIMOCTII OT napaMeTp0B MO,llCJIH ero 3HaqeHIIC 

ne)KIIT B IIHTCpBane 40 MaB/c :S m :S 80 MaB/c. Tor.na T0qHoe 3HaqeHne 

aMilJIIITY.llhl RA IIMeeT BII,ll: 

1 Rts = (21r)3/2 M(p = 0)'I/J1s(r = 0) {l + µa/m)2 ' (4) 

r.ne µ = m,r/2 - np1rne,neHHM Macca A2,r. Ilpn m = 40 MaB/c nonpaBKa 

K ceqeHIIIO {I) cocTaBn.si:eT ~ 5%. TaKM 60JihIIIM BCJIII'IIIHa nonpaBKII 

3aTpy,nH.SICT npIIMeHeHIIe qiopMyJihI (I) ,llJI.SI TOqHoro pac'-leTa qncna 

p0,llllBIIIIIXC.SI 7r+7r--aT0MOB C CB.SI3II C OTCYTCTBHeM T0qHoro MaTpH'-IHOro 

aneMeHTa M (p). 
O.n:HaKO ,llJI}l nonyqemrn qncna pO,lllIBIIIIIXC.SI' A21r B 3KCnepnMeHTe, 

ceqeHIIC lIX o6pa30BaHH.SI ,ll0JI:>KHO 6bITh Bhlpa:>KeHO qepe3 qJII3IIqecKII 

Ha6n10.naeMhle ceqemrn, a He da0 / dp1 dP2, B K0TopoM ncKn10qeHo Kyno

HOBCKoe B3aHMO,lleHCTBHe Me:>K,ny IlIIOHaMH B KOHeqH0M COCTO.SIHHII. TaKOC 

CO0THOIIICHHC cne.nyeT H3 pa60ThI [l]. IleiiCTBHTCJihHO, ecnn .ll0CJI0BH0 

Il0BT0pIITb paccy:>K,nemrn, nplIBC,llIIIIIC K qiopMyne ceqeHII.SI o6pa30BaHII.SI 

A21r ( 1)' II 3aMeHIITh B HIIX BOflHOByIO qJJHKUIIIO aT0Ma Ha KynoH0BCKYIO 

B0JIH0ByIO qJJHKUIIIO HenpephIBH0ro cneKTpa C npIIBe,neHHbIM IIMnynhC0M k, 
noTpe6oBaB ero MaJIOCTII, TO nOJiy<IHM T0qHo TaKyIO )KC KaK II (I) qiopMyny 

,llJI}l ceqeHII.SI o6pa30BaHII.SI naphI C MaJihIM OTHOCIITCJihHbIM IIMTIYJihC0M 

C e.nIIHCTBCHHhIM OTJIIIqIIeM B KBa,npaTe BOJIHOBOH qiyHKUIIII. Ilo3TOMY 

0THOIIIeHIIC ceqeHIIH po)K)leHII.SI 7r+ 7r- -aTOMa a A II nap bl 7r+ 7r-Me30HOB 

B CB060.llHOM COCT0.SIHIIII ac paBHO npOCTO OTH0IIICHIIIO KBa,npaT0B IIX 

B0JIHOBh!X qJJHKUIIH: 

' 
daA 

dac 
l'I/Jn(r = 0)12 
l'I/J;;;(r = 0)12 · 

(5) 

Ta.Koe :>Ke 0THOIIICHIIe ceqeunii ,llfl}l cnyqM qJ0T0pO:>K,llCHII.SI n03lITp0HII.SI 

II e+e--nap 6hmo nonyqeHO B pa6oTe [3]. 

2 

OueHIIM TO'IHOCTh npe.nnoJIO)KeHII.SI (2), KOTOpoe HCilOflh30Banoch np11 
nonyqemm OTHOIIICHH.SI (5) .nn.si: o6oux ceqem1ii. BhlnHIIICM aMnJIHTY.llY R 
,llJI}l npOH3BOJibHOro S-B0JIHOBOro COCTO.SIHII.SI f KaK .nmr ,Ul!CKperuoro TaK 

II ,llfl}l HenpepbIBHOro cneKTpa H nepeii,neM K KOOp,lllIHaTHOMY npe.ncTaBne-

HIIIO. 
C' 

R = (~)-
3/2 j M(p)'l/J1(p)d3p = (21r)312 / M(r}l/J1(r)d3r (6) 

MaTpIP-IHhIH 3JICMCHT l\1(r) OTnII<ICH OT HYJI.SI · Ha pacc-ro.SIHII.SIX B 

HCCKOflbKO qJM, n03TOMy pa3JIO)KHM ·l/J1(r) B Hyne. Ilpn 3TOM ,llJI}l s
BOJIHOBbIX KYJIOHOBCKIIX qiyHKUHH nepBbllf 'C.IfleH pa3JIO)KCHH.SI omrnaKOB .llJI.SI 

JII06bIX C0CTO.SIHH.SI .lllICKpCTHOro II HenpepbIBHOrO cneKTpa: 

'l/J1(r) =:;; ·1/;J(0) ( 1 - µar + O((µar) 2
)) (7) 

IlpII 3T0M aMnJIIITy.na paBHa: 

R = (21r)312 M(p = 0)'lf;1(r = 0) ( 1 - µa(r) + O(a2)) , (8) 

r.ne (r) cpe,nHIIH pa.nnyc: 

j rM(r)d3r 
(r)="--;;----

jM(r)d3r 

3.nech TaK)Ke nonpaBKH nepBoro nop.SI,nKa no O'. 0.llHHaKOBbl ,llfl}l COCT0.SIHH.SI 

.lllICKpCTHOro H HenpepbIBHOro cnCKTpa, _n03TOMy B OTHOIIICHIIH ( 5) OHH 

C0KpaIIIaIOTC.SI. 

TaKIIM o6pa30M ,llJI}l npOII3B0JibH0ro :r.mTpIIqHoro 3flCMCHTa J\,f(r), ,llJI}l 

KOTOporo cymecTBYCT (r), 0THOIIIeHIIe (5) BCpH0 c T0'lHOCThlO .no qneHOB 

BTOporo nop.SI,llKa no O'.. Ila)Ke B xy,nIIIeM cnyqae, paCCMOTpCHH0M BhIIIIC 

,llJI}l COCT0.SIHH.SI ls, 3TII nonpaBKH He MOryT npeBhIIIIaTb 0.2%. 

2. On;eHKa BpeMeHH )KH3HH 1r+1r--aToMa 

B 3KCnepIIMeHTC [4, 5] BpeM.SI )KII3HII 7r+7r--aTOMa, onpe.nen.Sin0Ch no 

BCp0.SITHOCTb,pa3BaJia aTOMa B MIIIIIeHH (Pbr), KOT0prur Bbl'IIICn.Sinacb KaK 

OTHOIIIeHIIe qucna Ha6n10.naeMhIX B 3KcnepIIMeHTC 7r+7r- -nap OT pa..1nana 

A21r (nA) K qncny po,nIIBIIIIIXC.SI aTOMOB (NA)- Benwnrna N,i Bhl'mcn.SI

nacb II3 qncna Ne Ha6mo.naeMhIX CB060.llHbJX. KynoH0BCKHX 7r+7r- -nap C 
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OTHOenTenhHhIMll nMnyJiheaMH B C.IJ.JiL q MeHhllle HeKOTOporo 3Ha'IeHH5I 

Q. lln5I nony'IeHH5I OTHoIIIeHH5I NA/Ne B <pOpMyne ( 5) qnemnenh ny:,KHO 

npuCy'7vilvi;rpC~:!Tb rro rJiaBHOMY KBaHTOBOMY t.mcrry n, · a 3HaMenaTCJih 

npOHHTerpupoBaTh B HHTepnane {O, Q]: 

f2-
NA aA n=l n3 

- = - = Q/2PB dk k 

/ 1 - exp ( - 21r / k) 
0 

Ne ae 

1.20205690 

Q/2PB dk k 

/ 1 - exp ( -21r / k) 
0 

(9) 

Iln5I uenonh30BaHHoro 3Ha'!eHH5I Q = 2 M3B/c HMeeM: 

NA 
K = Ne = 0.61457. (10) 

MHoroKpaTHOe paeee5IHHe B MHIIIeHH npHBO.UHT K yMeHhIIIeHHIO '!Mena 

KynOHOBCKHX nap e MaJihlMH q M, cne.noBaTeJibHO, K ynenH'IeHMIO OTHOIIIe

HH5I ( 10). Mo.nenupoBaHHe .nn5I .nnyx MHIIIeHeiI H3 TaHTaJia TOJIIIJ;HHOH 8 H 

1.4 MKM, ucnOJih30BaHHhlX B 3KcnepnMeHTe, .naeT erre.ny10mue pe3ynhTaTbl 

.D:JI5I OTHOIIIeHH5I nOJIHOrO 'IHCJia pO.D:HBIIIHXe5I 7r+7r--aTOMOB K queny 

KynOHOBCKIIX 7r+7r- nap B HHTepnarre q:::; 2 M3B/c[6]: 

K(s.) = 0.73, K(1.4) = 0.69. (11) 

B pa6oTe [7] 3TH K03<p<pHIJHeHThI 6hmn BhI'IncneHhI e OIIIH6Kof1, MX 

3Ha'IeHH5I 6hIJIH 0.97 H 0.95, eOOTBeTeTBeHHO. 3To npunerro K eMern;eHHIO 

B oueHKe nepo5ITHOeTH pa3BaJia aToMa B MHIIIeHn Pbr n, cne.nonaTeJihHO, 

npeMemi: )KH3HH A2,,., ony6nnKonaHHOMY B [4] u [5]. Bep05ITHOCTh pa3Barra 

8.TOMa B MHIIIeHH TOnrn;nHOH 8 MKM npu 3TOM 6bma 0.40 ± 0.9. C yqeTOM 
H3MeHeHH5I B 3Ha'IeHHII K03<p<pHIJHeHTa K(S.) 3Ta Bep05ITHOCTh paBHa: 

Ar = o.53 ± o.13 (12) 

Ha P_MC. 1. noKa3aHa Bep05ITHOeTh pa3Bana 7r+7r- -aTOMa KaK <pyHKIJH5I 

era BpeMeIIII )KH3HII T ,n;n5I MHIIIeHII TOJirn;nHOH 8 MKM Ta, nenonb30BaHHM B 

[4] H [5] .nn5I norryqemrn OIJeHKH BpeMeHH )Kll3HII A21r no 3KcnepnMeHTaJibHO 

orrpe.neneFiHoiI nemI'IHHe Pbr. TaK KaK KptiBM ne)KHT HH)Ke H3MepeHHoro 

3Hal.JeHH5I Bep05ITHOCTH pa3Bana, TO no cymecTByIOrn;HM .naHHhIM MO)KHO 

rrony'IMTh TOJihKO orpaHIIl.JeHHe Ha T CHH3y. Ilpu orpaHII'IeHHH C 0.D:HOH 
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PMe. 1: Bepo5ITHOeTh pa3nana 1r+1r--aToMa .nn5I MHIIIeHn TOnrn;nHoii 8 MKM 

Ta, Bhl'InerreHHM c y'IeTOM eneKTpa A2m KaK <l>YHKIIH5I era npeMeHn 

)KH3HH T [5]. Ilp5IMOM mrnneii IIOKa3aHa H3MepeHHM nep05ITHOeTb pa3Bana, 

rryHKTllpHM nnmrn - rpaHnua 90%-oro .nonepnTenhHoro nnTepnana II 

rronr1eHHOe ,n;n5I 3TOro HHTepnana orpaHn'IeHne Ha npeM5I )KH3HU. 
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CTOpOHhI .noBep1nenbHhlH HHTepBan ,nmI ypOBHH 90% paBeH KBaHTMnH 
HOpManbHOro pacrrpe,neneHHH rropH,D;Ka 0.1, 'ITO COOTBeTCTByeT 1.28a. 
BepOHTHOCTb pa:mana IIpH 3TOM paBHa 0.373, 'ITO ,naeT orpaHH'leHHe Ha 
BpeMH 2KH3HH A21r: 

T > 1.8 · 10-l5 C. (13) 

3TOT pe3ynhTaT cornacyeTCH C rrpe,ncKa3aHHHMH Te0pHH HapyrneHHOM 
KHpanhHOH CHMMeTpHH: T = (3.7 ± 0.3) . 10-15 C. K C02KaneHHIO, 
He.nocTaTO'IHaJI CTaTHCTH'leCKaJI TO'IHOCTh rronyqeHH0ro pe3ynhTaTa He 
Il03BOnHeT c.nenaTh KaKHe nH60 .nononHHTenbHhie BhIBO,nhI. B pa6oTax [4], 
[5] 6hlnO ony6nHKOBaHO orpaHH'leHHe T > 0.6. 10-15 c. 

B 3aKnroqeHHe aBTOphI Bhlpa2KaIOT 6naro.napHOCTh A.B. TapacoBy 3a 
BeChMa none3Hhie 06cy2K,neHHH rrpe,ncTaBneHHhIX pe3ynhTaTOB H A.B. Kyn
n;oBy 3a IlOMOrn;h B pa6oTe C nHTepaTypoii. 
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