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YtJeHLIH CeKpeTapL .!1:HccepTaUHOHHOro C0BeTy / 

,[{OKTOp q>H3HKO-MaTeMaTHtieCKHX Ha}'K 5(/-i / IO.A.EarycoB 

OEIIJ,A5I XAPAKTEPl1CTl1KA P AEOTbl 

AKTYaJibHOCTh npo6JieMbl. B paMKaX COBpeMeHHbIX ITpe)..(CTaBJieHI-Ilf 

qJH3HKH 3JieMeHTapHbIX qacTHU myqei_me ITHOH-ITHOHHOro B3aHMO)..(ettCT

BIDI ITPH MaJibIX 3Hepnrnx HMeeT Ba)KHOe 3Haqem,e, TaK KaK OHO OT

HOCHTC}I K HeITepTyp6aTIIBHOlf o6JiaCTH KX,U. ConpeMeHHbIH TeopeTH

qecKHlf TIO)..(XOJ._( K onucamuo ITIIOH-ITHOHHOro B3aUMO)..(ettCTBHH, OCHOBaH 

Ha KHpaJibHOlf TeOpHH B03Mylll.eHHH, KOTOpm! 3KBHBaJieHTHa B MaTeMa

THqecKOM CMbICJie KX.U Ii 06ecITeqHBaeT CllCTeMaTH'-leCKHlf CITOC06 Bbl

qllcJiemrn ITapaMeTpoB 6oJihUIOro lJHCJia ITpoueccon ITPH HH3KHX 3Hep

mHx C KOHTpOJIHpyeMOlf TQqfIOCTbI0. IlO)..(XO)..(, OCHOBaHHblli Ha KHpaJib

HOlf TeOplIH B03MYllJ.eHHii, IT03BOJIHJI BbJlJHCJIHTb s-BOJIHOBble )J.JU!Hbl 7r7i

pacceHHHH c TOlIH0CThID Jiyqrnc 5%. OmrnKo mnccTHhle 3KcrrcpttMeH

TaJihHhie )..(aHHbie HMelOT T0qHOCTh He JIY'!lllC 20%, 11 B OCHOBHOM ITO

JiyqeHhl MO)..(eJibHO 3aBHCHMblM o6pa30M. 

AKTYaJihHOCTh Ha6JIIO)..(emrn H 113yqemrn aT0Ma, C0CT0Hlll.ero H3 7r+ 11 

Jr- Me30HOB (A2,r), CBH3aHa C TeM, qT0 3TO 0TKpbrnaeT H0BYIO B03MO)K

HOCTb IIOJiyqeHHH M0)leJibHO He3aBHCllMOii 1rncpopMawrn O J._(JIHHax 7r7r

pacce51Hll}I. TaKOlf aT0M HBJI51eTC}I YHHKa.'IbHOH CllCTeMOlf J._(Jl}I 113yqeHID1 

IIHOH-IIH0HHOro B3al!MO)..(eHCTBII51 ITpH HH3KHX 3Hepnrnx, TaK KaK B HeM 

)..(Ba 1r-Me3oHa HMeIOT OTH0CHTCJIMlhIH HMITYJihC OK0JIO 0.5 l'vfaB/c. Bpe11rn 

.lKH3Hll 7r 1 Jr- -aTOMa T o6panIO npoIT0pUH0H<UlbHO pa3H0CTH J._(JIHH 7r7r

pacceHHll}I B s-C0CT0HHHll C ll30T0ITCIIHHaMn O H 2. TeM caMbIM H3MC

pe1rne BpeMeHH .lKH3Hll 7r+ Jr- -aT0Ma OTKpbrnaeT B03MO)KH0CTb ITponepKH 

Teopuu HapyrneHHOH KHpaJibHOlf CHMMCTpHH, JIC)Kameii B 0CH0BC JiarpaH

)KHaH0B, 0ITHCbIBaIOmnx B3aHMOJ._(CHCTBHe KBapK0B, fJIIOOH0B H a.L(pOH0B. 

OITHCaHHe rrpoueccoB B3aHMO)..(ettcTBID1 1r+1r- -aToMa ITpH ITpoxo)KJ._(e

HHH qepe3 BClll.CCTBO }IBJI}ICTC.H Ba)KHOH qacTbIO 3KCITCpHMCHTa ITO Ha-

6JIIOJ._(CHHIO ·u 113yqeumo A21r, TaK KaK MCTOJ._( Ha6mo)..(eHID1 0CH0BaH Ha 

Bhl)..(eJICHHH 7r+ 7r- ITap, B03HHKaIOlll.HX B pC3YJihTaTe pa3BaJia aT0Ma ITPH 

)..(BH)KCHHH B Bemecrne. 

B )..(HCCCpTaQHH 0ITHCbIBaCTC}I 3KCITepHMCHT ITO ua6JIIO)..(CHHIO 7r+ 7r- -

aT0Ma H H3Mepenmo ero BpeMCHH )Kll3HH, MCTOJ._( Bbl'-IHCJICHID! Bep0HT

HOCTH pa3BaJia A21r B BClll.eCTBC MHllICHII, llIHp0K0aITeprypm,Ie CUHHTlill

JI}IQHOHHbIC fO)..(OCKOITbl Ha <I>3Y-85 H CHCTCMa c6opa J._(aIUibIX 3KCITepH

MCHTa. 

l' ebl>tJUiir:'&:;wn. iili;UfJT I 
mtf!J;!ibJX BCCJIE!l~Uli 
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U:eJI& pa6oTbl. ,Uucceprnrurn nocn51meHa Ha6mo.ueHHIO 1r+1r- -aTOMa, 

nepBOH 3KCnepHMeHTaJibHOH Ol.{eHKe ero BpeMenu )KH3HH H onucaHHI0 

npol.{eccon B3aHMo.ueiicTBH51 A2,,. c nemecTBoM. 

HayqHaJI HOBH3Ha H npaKTJJqecKaJI u;eHHOCTh. B 3KcnepuMeHTe Ha 

ycKopuTe.rre Y-70 B peaKI.J,HH p Ta➔ 1r+1r- X npn 70 faB nnepBbie 

3apemCTpttponano 272 ± 49 1r+1r- nap OT pa3BaJia 1r+1r- -aTOMOB u no

nyqeHa nepBM 3KCnepHMeHTaJibHa51 01..{CHKa Hlf)!(Heii rpaHHI..{bl BpeMCHH 

)KH3HH TaKHX aTOM0B. ,UoKa3aHa npHHI..{HnHaJibHM B03M0)KHOCTb Ha6JIIO

.ueHH51 7r+7r- -aTOMOB H H3MepeHH51 HX BpeMeHH )l(Jf3HH. 

Pa3pa6oTaH MeTO.U, KOTOpbIH no3BOJrneT onttcaTb 3B0JIIOI..{HIO 3aCeJieH

HOCTH COCT051HHH BO.UOpo.uono.uo6HbIX aTOMOB npu HX .UBH2KCHIIH B Be

mecrne H n0JI)"-IHTb Bep051THOCTb pa3BaJia A21r• B paMKax 3T0ro Me

TO.Ua nonyqeHbl TQqHbie aHaJIHTHqecKHe cpopMyJibl M51 cpopMcpaKTOpOB 

BOJJ:Opo.uono.uo6HbIX aTOMOB JJ:JI5I HaqaJibHhIX COCT051HHH Is, 2s, 3s, 4s 
H Bcex KOHeqHhIX COCT051HHH C rnaBHhIM KBaHTOBbIM qucJIOM n :S 10 H 

op6ttTaJihHhIM KBaHTOBhIM qucJIOM l :S 4, a TaK)KC BhJqucJieHhl nOJIHhIC 

ceqenH51 H ceqemrn nepeXOJJ:OB JJ:JI51 npOH3BOJihHblX HaqaJibHhIX H KOHeq

HhIX COCT051HHH A21r C n :S 10 npu B3aHMO.UCHCTBHH C 60JihllIHM qHCJIOM 

MaTepHaJIOB. 

Anpo6an;HJI pa60Tbl. B .UHCCepTal.{HH OIIHCaHhl pe3yJihTaTbl HCCJie

.UOBaHHH, BhIIIOJIHeHHhIX B Jia6opaTOpHH 51.UCpHhIX npo6JieM OI15IH C 

1989 no 1996 IT. Pa60Thl, B0IIIC.UIIIHe n .UHCCepTaUHIO, .UOKJiaJJ:hIBaJIHCb 

Ha Ha)"-IHhIX ceMHHapax JUIII H JIB3 OI15IH, H<I>B3 (IIpornttHo ), Ha 

Me)KJJ:yuapo.uHoii KOHcpepeHJ.]JIH "Me30Hhl H HJJ:pa npH np0MC)KYTO'IHbIX 

3HepIB5Ix" (,Uy6na, Mari 1994 r.), Ha Me)KJJ:yuapo.uHoM cnMn03HyMe no 

npo6JieMaM B3aHMO,UeHCTBllli MIOOHOB H nH0HOB C nemecTB0M (,Uy6Ha, 

oKrn6ph 1994 r.), Ha Me)KJJ:yuapo.uHoii KOHcpepeHI..{HH "Hadron Struc

ture'96" (Crnpa Jlecna, CJioBaKH51 cpeBpaJih 1996 r.) . 

IIy6JIHK3U:llH. OCHOBHbie pe3)'JlhTaThl, BOIIIe.UIIIHe B .o:uccepTal.{HIO 

ony6JIHKOBaHhl n 8 pa60TaX. 

CTPYKTYPB .D:Hcceprnu;uu. ,UttccepTal.{H51 cocTOHT H3 BBe.ueHH51, Tpex 

rnaB H 3aKJI10qemrn; OHa co.o:ep2KHT 100 CTPaHHI..{, 18 pttcynKoB, 9 Ta-

6JIHI..{ H 6tt6mmrpacpnqecKHii cnHCOK JIHTepaTyphI H3 88 HaHMCH0BaHHH. 
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CO,UEP)KAHHE PAEOThI 

Bo nne,a:eHHH .uaeTC51 o63op C0BpeMCHHbIX Teopen1qecKHX npe.D:CTa

BJICHHH O nH0H-nHOHHOM B3aHMO.UCHCTBHH H 3KCnepHMCHTaJlbHbIX .uan

HhIX 0 MHHax 7f7r-pacce51HH51. IlpHBC.UCHhl OCHOBHbIC CBOHCTBa 7f 1 7f- -

aT0M0B: ceqeHHe o6pa30BaHH51 H BpeM51 )KH3HH, a TaK)KC onHcaHbl npo

l.{CCChl, CB513aHHhIC C o6pa30BaHHCM 7r+7r- nap B cno6o.ruIOM COCT051HlUI, 

KOTOphIC 51BJ15IIOTC51 0CHOBHbIM qJOHOM M51 na6mo.o:eHH51 7r+7r- -aT0MOB. 

CoBpCMCHHhIH TeopeTHqecKHH no.uxo.o: K onncaHHIO nnoH-nH0HI-IOro 

B3aHMO.D:CHCTBH51, OCHOBaH Ha KHpaJibHOH TC0pHH B03Mymenuii. B paM

KaX 3TOH TeopHH B3aHMO.UeHCTBHe npH HH3KHX :mepmHX onHCbIBaeTC51 

3cpcpeKTHBHhIM narpaH)KHaHOM, KOTOphIH nonyqen npH pa3JI0)KeHlrn no 

0THOCHTeJibHbIM HMnyJibCaM nifOH0B H HX MaccaM JierKHX KBapK0B. 

Pa3HOCTh S-B0JIH0BhIX MHH 7f7r-pacce51IUUI C H30T0nCIIHHaMH O H 2 

/i = ao - a2 B paMKax KHpaJibHOH TeopHH npe.UCTaBJilICTC51 B BH.Ue pa3-

JIO)KCHH51 no CTCIICHHM Mace nHOIIa 

Ii = lio { 1 + li2m; + /i4m! + ... } . 
ITpw1eM BCJIHqHHbl Ii; Bblpa)Ka!OTC51 TOJibKO qepe3 3~CnepHMCHTaJibH0 

onpe.o:eJI51CMble KOHCTaHTbl. ITpH yqeTe BT0poro •rnena pa3JI0%emrn: /i = 
(0.25 ± 0.01) m;'. 

Ha116onee TOqHblC, M0.UCJihH0 HC3aBHCHMblC, .o:aHHble 0 ne,1nq1rne ao 

nonyqeHbl H3 pacnaJJ:a Ke4: 

a.o = 0.26 ± 0.05 

ToqHOCTb 3TOH BeJIHqHHbl B 5 pa3 xy)Ke TeopeTnqecKoro npe,!lCKa3aHH51. 

BpeM51 )KH3HH A2,r B s-COCT051HHH onpe.ueJI51CTC5i 3ap51.D:OBOOfo,teHHblM 

npol.{eCCOM (aHHHfHJI51UHeii): 7r+ 7f- ➔ 1r0 1r0 . Bep051THOCTb 3TOro KaHaJia 

99.6%. BpeM51 )KHJHH A2,r B s-C0CT051HHH, C rnaBHbIM KBaHTOBbIM qH

CJIOM n, CB513aHO C s-BOJIHOBhIMH MIIHaMH 7f7r-pacce51HH51 ao H a2: 

1 2 2 - ~ (ao - a2) ll/ln(0)j , 
Tn 

r.ue VJn(0) - KYJI0H0BCKM B0JIH0BM cpyHKUH51 aTOMa B ns C0CTOHHHH 

npn ttynenoM paccTOHHHH. Bennq11Ha npeMeHH )KHJHH A21r, nonyqeHHa$1 

Ha OCHOBamm npe.ucKaJaHHH KHpaJihHOH TC0pHH, C0CTaBmleT T = (3.7 ± 
0.3) · 10-IS C. . 

Ilpn CTOJib MaJIOM BpeMCHH )KHJHH MCTO.D: Ha6mo.o:emrn A2,,. 0CHOBaH 

na Bhi.D:CJICHHH 7r+7r- nap OT pa3BaJia aTOM0B B TOH )KC MHllICHII, r11e 
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OHII o6pa30BaJIHCb. TaKIIe napbl HMCIOT npaKTH'ICCKII paBHble IIMIIYJibCbl 

B C.l..{.II. II B ,U:aJlbHCHIIICM Ha3bIBaIOTC51 aTOMHblMII. 

CeqeHIIC o6pa30BaHH51 3JICMeHTapHbIX aTOMOB CB513aHIIO C ,U:BOHHbIM 

IIHKJII03IIBHbIM ceqeHIICM o6pa30BaHH51 qaCTIII..{, COCTaBJI51IOIIJIIX aTOM. ,n.rrn 
c11yqm1 1r+1r--aToMa ceqeHIIe po)KJl:eHH51 IIMeeT BH,u:: 

de,_/ = (21r)3 EA l1Pn(0)l2 ~a? - I , (1) 
dpA MA dp1 dp2 fii=ih=·h/2 

r,u:e PA II EA - coorneTCTBCHHO IIMnynhc II 3HeprH51 A21r B 11a6opa

TOpHoii CHCTCMC KOOp,U:HHaT, a MA ero Macca; da?/dp1dfii - ,U:BOHHOC 

HHKJII03HBHOe ceqeHHe o6pa30BaHH51 7r+7r- nap OT KOpOTKO)KHBYIIIIIX IIC

TOqHHKOB, 6e3 yqeTa KyJIOHOBCKOro B3aHMO,U:CHCTBH51 Me)KJl:y IIIIOHaMH B 

KoHeqHoM cocTOHHHH; p1 H p2 - IIMIIYJibCbI IIIIOHOB. 

IIapbI 7r+7r- MC30HOB, Ha cpoHe KOTOpbIX Ha61110,u:aeTC51 A2,r, MO)KHO 

pa3,UeJIHTb Ha ,U:Ba THIIa no pa3Mepy 0611acTH o6pa30BaHH51 7r-Me30HOB. K 

nepBOMY nmy OTHOC51TC51 napbl po)KJl:aIOIIJHCC51 npII cpparMeHTal..{IIII KBap

KOB H B pacna,n:ax IIIHpOKHX pe30HaHCOB (p, w, L\, ... ). B 3TOM cnyqae 

.u:ncpcpepeHl..{HaJlbHOe ceqeHHe o6pa30BaHH51 TaKHX nap IIpH MaJibIX OTHO

CHTCJlbHblX HMnyJU>cax q < IO M3B/c B c.u.M. napb1 cHJibHO B03pacrneT 

3a cqeT KYJIOHOBCKOro B3aIIMO,U:CHCTBH51 ITHOHOB B KOHeqHoM COCT051HIIH. 

IIpH 3TOM ceqeHHe o6pa30BaHH51 nap YMHO)KaCTC51 Ha cpaKTop: 

A ( ) 21rm1ro:/ q 
c q = 1 - exp (-21rm1ro:/q) ' 

(2) 

r,u:e o: - nocTORHHM TOHKOH CTPYKTYPbI. 1r+1r- napbI, o6pa3oBaHHbie OT 

KOpOTKO)KHBYIIJIIX HCToqHHKOB 6y,u:eM Ha3bIBaTb KYJIOHOBCKHMH. CeqeHHe 

o6pa3oBaHH51 TaKIIX nap 3aBIICHT TaK)Ke OT Koppenaunn B npouecce po

)KJl:CHH51 qacTHU H CHJlbHOro B3aHMO,U:CHCTBH51 B KOHeqHOM COCT051HHH. 

Ko BTOpoMy nmy OTHOC51TC51 napbl, Ha3bIBaCMbIC pacna,n:HbIMH, B KO

TOpbIX 0,U:HH HJIII o6a nuoHa o6pa30BaJIIICb B pacna,n:ax ,U:OJlfO)KlIBYIIJIIX 

qacTHU (T/, Kt A, ... ). B 3TOM cnyqae TIInIIqHoe paCCT051HIIC Me)KJl:y 

qacTIIl..{aMII B MOMCHT po)KJl:CHH51 > I 000 cpM II no3TOMY BKJia,D: KYJIOHOB

CKOro H CHJlbHOro B3aHMO,U:eHCTBII51 B KOHeqnoM COCT051HIIII npene6pe

)KlIMO MaJI. TaKOe CYIIJCCTBCHHOe pa3JIIIque lICIIOJlb3YCTC51 npH onucaHIIII 

cpona, Ha KOTOpOM BbI,u:CJIRIOTC51 napbl OT pa3BaJia A21r-

B nepBOH rJl3BC onucaHbl npoueccbl B3aIIMO,U:CHCTBH51 7r+7r- -aTOMa 

C aTOMaMII Bemecrna npu ,U:BH)KeHHH B MIIIIICHII II pa3pa6ornH MCTO,U: 

BblqHcJiemrn Bep051THOCTH pa3B~a 7r+7r- -aTOMa B BCIIJeCTBe MIIIIICHII. 
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IIpeo611a,n:aIOIIJHM B3aHMO,U:CHCTBHeM A21r C BCIIJCCTBOM 51BJl5IeTrn 3JICK

TpOMarnHTHOe. lJOJIHOe ceqeHHe B3aIIMO,U:eHCTBH51 O"tot B nepBOM 6opHOB

CKOM rrpn6JIII)KCHHH IIMeeT BH,u:: 

2 00 

O"tot = l61r ;2 J ( I - F/(q)) (1Fo(q)l2 + Sinc(q)) d;, 
0 q 

r,u:e q - nepe,u:aHHbIH HMny11hc, a· /3 - cKopocTb A2,r B e,u:nttnuax c. 

Ceqem1e B3aHMo,u:eiicTBH51 npn KOTopoM A2" nepexo.u:nT m cocT051HH51 i 
B COCT051HHe j 3aIIHCblBaeTC51 KaK 

2 00 

a{= 81r;2 j IF/(if/2) - F/(-ij/2)12 (Sinc(q) + IFo(q)j2
) d;. 

0 q 

3,11.ecb Fo(q.) - cpopMcpa1:(TOP ynpyroro pacceamrn, a Sinc(q) - cpyHKUHa 

HeKorepeHTHOro pacce5!HH51 aTOMOB MHIIICHH. F/ (q) - cpopMcpaKTOp Ha

JieTaIOIIJero aTOMa, KOTOpbII'.i: IIMeeT BH,u:: 

F/ (q) = UI exp(iq'r)ji). 

Han6011ee aKKypaTHOe OIIIICam1e BCCX 3THX cpopMcpaKTOpOB Ba)KHO ,11.JI51 

nonyqemrn TO'IHbIX ceqen:nii. 

CeqeHH51 pa3BaJia BblqIIcJl5lJIHCb BbJqIITaHIIeM 113 nOJIHbIX ceqeHIIH 

cyMMbI ceqeuIIii nepexo,11.on c yqeToM acm.mTOTIIqecKoro none,11.eHH51 npH 

60JiblIIHX n. 
B ,11.nccepTaUIIH nonyqeHbI TOqHbIC aHaJII,JTHqecKIIe Bblpa)KCHH5l ,11.JI51 

cpopMcpaKTOpOB BO,U:Opo,11.ono,11.06HbIX aTOMOB ,l1.Jl5l HaqaJibHbIX COCT051HHH 

ls, 2s, 3s, 4s II Bcex KOHeqHbIX COCT05!HHH C rnaBHbIM KBaHTOBbIM 

qncJIOM n::; 10 n op6HTaJibHbIM KBaHTOBbIM qncJIOM l ::; 4. PacqeTbI Bbl

IIOJIHCHbI C HCIIOJib30BaHIIeM CIICTCMLI aHaJIIITIIqecKIIX BI,Jquc11e1rnii RE

DUCE. IIepeX0,11.HbIC cpopMcpaKTOpbI B0,11.0po.u:ono.u:o6HLIX aTOMOB F/ ( q) 
MOryT 6bITb npe,11.cTaBJieHbl n BH,u:e: 

C j N 
pn'l'O( ) q ~ b 2i 

nOO q = (d + d 2)k ~ i q · 
0 1q i=O 

3,u:ecb q Bbipa)KeH B C,11.HHHl..{aX 6opOBCKOro HMIIYJibCa PB = /10:, r.u:e 

µ - npnne,11.eHHM Macca aToMa. B ,11.IIcceprnuIIII npnne,u:etta rn611nua 

K03cpcpIIuneHTOB C, j, d0 , d1, k, b; Ma nepexo,11.on m cocTOamrn Is B 

np, IIMeIOIIJHX HaH60JibIIIYIO HH;.CHCHBHOCTb rrpn B3aHM0,11.eHCTBHH A21r C 

aTOMaMH. 

ATOMbI MHIIICHH onHCblBaJIHCh JJ.BYM51 pa3JIHqHbIMH crroco6aMH. B 

nepBOM HCnOJih30BaJIHCh npOCTbie cpopMcpaKTOpbl B napaMeTpmaunu 
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MOJibep JUUi M01leJIH ToMaca-<l>epMH (T<l>M), a BO BTOpOM, 6onee· TQq

HOM cnoco6e, ucnoJib30BaJIHCh rn6mtUhI F(q, Z) H Sinc(q), nonyqeHHbie 

MeT01lOM caMocornacoBaHHoro noJUI XapTpu-<l>oKa (X<I>). Bb1qucnemui: 

noKa3aJIH, qTo MSI CJI)"IM A21r ceqemui:, BbJqllcJieHHbie B napaMeTpH3a

UHH T<l>M, BocnpomBOMT ceqemui:, nonyqeHHbie no Mern.ny X<I>, c 

TOqHOCTblO OKOJIO 1 %, qTo Il03BOJISleT lICilOJib30BaTb MO,neJib T<l>M MSI 

ynporueHHSI pacqeTOB. 

J,13 Ta6JIHU ceqeHHH, nonyqeHHbIX B ,nuccepTaUHH, CJie,nyeT, qTo npo

uecc pa3BaJia A2.,.. He SIBJI5IeTCSI 1lOMHHHpYIQIUHM nptt B3aHMOJ];eHCTBHH C 

aTOMOM MHilleHH, H ero 1l0JISI y6hrnaeT C pOCTOM rnaBHOro KBaHTOBOfO 

qucna n. Ilpeo6na.ua10ruuM S1BJIS1eTcS1 npouecc B036)')KJ.(eHttSI A2.,.., Bepo

SITH0CTb ::noro npouecca B03pacrneT C pocT0M Tl.. TaKHM o6pa30M MSI 

Toquoro onucaHHSI npouecca pa3BaJia A2.,.. H)')KH0 paccMaTpnBaTb ero KaK 

MHoroypoBHeBYIO CHCTeMy H OilHCbIBaTb 3B0JIIOUHIO 3aCeJieHH0CTH oqeuh 

60JiblllOfO qucna ypOBHeii, a He orpauttqHBaTbCSI T0JibK0 s-COCT0SIHHSIMH. 

no::iToMy, ucnoJih3YSI Toqub1e aHaJIHTttqecKtte Bbipa)l(eHHSI MSI cpopM

cpaKTopoB np0H3B0JibHbIX nepexo.noB BO,nopo.nono.no6HbIX aT0M0B, B 1lHC

cepTaUHH 6hIJIH Il0JiyqeHbI Il0JIHbie ceqeHHSI H ceqeHHSI BCeX pa3peweH

HbIX nepexo.noB MSI cocTOSIHHii c rnaBHhIM KBaHTOBbIM qttcJioM n :S I 0. 
B rn6ni-lue I npttBe.neHbI noJIHbie ceqeHHSI B3attMo.neiicTBHSI A2.,.. c Ta 

MSI s-COCTOSIHHH C n :S 7 H BKJia.D. B HHX ceqeHHH B036y)l(J];eHHSI. Btt.nHO, 

qT0 Il0JIHbie ceqeHHSI paCTYT C p0CTOM n, H cne.noBaTeJibH0 pa3Mepa 

aT0Ma. TaK )Ke B03pacTaeT H BKJia.D. ceqeHHH nepeX01l0B, npttqeM 0HH 

B 0CH0BH0M HJJ:YT C yBeJittqeuueM KBaHT0BbIX qttceJI. BKJia,u npoueccoB 

,neB036y)l(J];eHHSI He3uaqnTeJieH. YBeJittqeutte BKJia.D.a npoueccoB no36y)l(J];e

HHS1 061,S1cID1eTCSI TeM, qTo C p0CT0M n paCCT0SIHHe Me)l(J];y C0CellHHMH 

yp0BIDIMH YMeHbWaeTCSI, a nptt OJJ.HOqJOTOHHOM o6MeHe MaJibie nepeuaqH 

peaJilI3YIQTCSI C 6oJibllleii Bep0SITHOCTblO. )lrrSI HJIJIIOCTpaUHH He3aBHCHM0-

CTH CJJ,eJiaHHbIX BbIB0JJ.0B OT 3HaqeHHH op6ttTaJibHOro KBaHT0B0ro qttcJia 

l B Ta6nnue 2 npnBeJJ.eHbl Te )Ke BeJIHqHHbI, qTo n B rn6nnue I, MSI 

np-COCTOSIHHH. Btt.nHO, qTo Bee 3aKOHOMepH0CTH B BeJiuqttuax ceqeunii 

MSI 3TOro CJI)"IM coxpaHHJIHCb. 

nonyqeHHbie ceqeuHSI nepeXOJJ.OB tt Il0JIHbie ceqeHHSI 6bIJIH HCil0Jib-

30BaHbI MSI onncaHHSI 3BOJIIOUHH 3aCeJieHH0CTH ypoBHeii A2.,.. nptt ero 

JJ.BIDKeHHlI B Beruecrne Il0CJie o6pa30BaRHSI. BepOSITHOCTb BbIX0JJ.a 7r+7r

rrap OT pa3BaJia aTOMa (B JJ.aJibHeiiweM Ha3bIBaeMM BepmITH0CTblO pa3-

BaJia) rronyqaeTCSI Ha 0CH0BaHHH 3HaHHSI 3aceJieHHOCTeii ypoBHeii. 
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Ta6nnua 1: IlOJIHbie ceqemui: B3aHM0J];ettCTBHSI A2,r C Ta (a;~t) MSI s
COCTOSIHHH npH pa3JinqHbIX n. Ornowem1e L a{.f a~~t uaeT nepoS1T

n2:5 I0 

H0CTb rrepexoua B JII06oe 1lHCKpeTH0e C0CTOSIHHe f C n2 :S 10. OT-

uornemte L at/ a~; uaeT BepoSITH0CTb nepexoua c yBem1qeutteM 
n:5n2:510 

KBaHT0BbIX qttceJI, T.e. Bep0SITH0CTb B036)')KJ.(eHIUI. 

n atot CM2 L al /atot L al /atot ns, ns ns ns ns 
n2'.5I0 n:5n2:510 

1 3.468 . 10-20 0.619 0.619 
2 3.128. 10- 19 0.887 0.887 
3 1.038- 10---:IS 0.940 0.935 
4 2.24.0. 10-18 0.957 0.946 
5 3.812. 10--- 18 0.960 0.944 
6 5.597. 10- 18 0.958 0.937 
7 7.448. 10--- 18 0.952 0.926 

·-

Ta6m1ua 2: IloJIHbie ceqeHHSI B3aHMOJJ,eHCTBml A.2.,.. C Ta (a;~;) MSI p
C0CT0SIHHH c m = 1 nptt pa3JIHqHbIX n. OTttomenne L afiP/ a;~ uaeT 

n2:5 IO 

Bep05iTH0CTb. nepexoua B JII06oe JJ.HCKpeTH0e C0CT0SIHHe f C n2 :S 10. 
OTuomentte L afip/ a:; uaeT BepoSITH0CTh nepexoua 6e3 ~1enbwe

n:Sn2:5 IO 

HHSI rnasnoro KBaHT0B0ro qHcJia, T.e. BepmITH0CTb B036y)l(JJ.eHHSI. 

n atot CM2 L al /atot L al /atot np• n2:5IO np np np np 
n$n2'.5IO 

·2 2.782. 10- 19 0.886 0.856 
3 1.088. 10-18 0.937 0.912 
4 2.451. 10- 18 0.954 0.927 
5 4.227. 10- 18 0.960 0.931 
6 6.218. 10-.18 0.959 0.927 
7 8.250. 10-18 0.952 0.916 
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BepO.lITHOCTb Toro, qTo A2,,- HaXO.I{UTC.lI B COCTO.lIHUU i nocne npo

XO)K.I{eHH.ll paCCTO.lIHH.ll s B BemecTBe (Pi ( s)), OTIUCbIBaeTC.lI CHCTeMOH 

;:J.mpcpepeHUUaJibHblX ypoBHeii: 

dpi(s) 00 

-d- = LlliiPi(s) · 
S j=I 

3.I{eCb aij - MaTpuua o6paTHbIX .I{JIUH nepeXO.I{OB U3 COCTO.lIHIJ.ll J B 

COCTO.lIHUe i. ,[vI.lI i # j aij HMeeT BH,I{: 

(J}pNo 
aii = 132A , 

r.I{e (Jj - acHMTITOTHqecKoe 3HaqeHHe ceqeHH.ll nepexo.I{a u3 cocTO.lIHH.ll 

j B COCTO.lIHHe i npu /3 = 1, p 11 A - IlJIOTHOCTb u aTOMHbIH Bee 

MHIIIeHH, coorneTcrneHHO u N0 - q11cno ABora.I{po. ,[(n.H i = j aii 

OilHCbIBaeT nomme y6bIBaHue 3aceneHHOCTU COCTO.lIHU.lI i: 

(Jf°t pN0 { MA J{JI.lI ns cocTO.lIHUH 
aii = 2 - PACTn 

/3 A O J{JI.lI Bcex OCTaJibHbIX COCTO.lIHUH 

3.I{eCb nepBbIH qneH CB.lI3aH C YMeHbIIIeHUeM 3aceneHHOCTH U3-3a B3aHMO

,I{eHCTBH.ll C BeIUeCTBOM MUIIIeHH, a BTOpoii OTIUCbIBaeT npouecc aHHUrH

JI.lIUHU (pacna.I{) aTOMa, KOTOpbIH cym:ecTBeH TOJibKO .I{J1.lI ns COCTO.lIHHH. 

(Ynpyroe pacce.lIHUe .I{J1.lI A2,,- B nepBOM 6opHOBCKOM npu6nu2KeHUU 3a

npemetto: (Jtot = (Jinel). BenuqUHbl MA U PA, COOTBeTCTBeHHO, MaCCa 

U UMnyJibC aTOMa, Tn - BpeM.lI )K113HU A2,,- B ns COCTO.lIHUU. Haqanb

Hble ycJIOBH.ll .I{JI.ll CUCTeMbl ypaBHeHUH 3a.I{aIOTC.lI BepO.lITHOCTbIO o6pa30-

BaHH.ll A2,,. B pa3JiuqHhIX cocTO.lIHH.lIX. Otta nponopuuoHanbHa n-3 .I{J1.lI 

S-COCTO.lIHHH U paBHa HYJIIO .I{J1.lI Bcex OCTaJibHbIX. BpeM.lI )KU3HU 11 UM

nynhC aTOMa .lIBJI.lIIOTC.lI napaMeTPaMU B 3TOH CHCTeMe. 

CucTeMa ypOBHeii pe111anacb .I{J1.lI Bcex pa3pe111eHHbIX COCTO.lIHHH C 

n ::; 7, npu 3TOM pa3MepHOCTb CUCTeMbl YAaJIOCb COKpaTHTb .I{O 50. 

Ilocne ycpe.I{HeHH.ll pe111eHH.ll CHCTeMbl ypoBHeii no KOOp.I{HHaTaM ToqeK 

po)K.I{eHH.ll A2,,- B MUIIIeHU, nonyqaIOTC.lI CJie.I{yioIUue BeJIUqHHbl OilUCbIBa

IOIUUe COCTO.lIHUe aTOMa Ha BblXO.I{e U3 MHIIIeHu: CYMMa 3aceneHHOCTeii 

BCex on11caHHbIX .I{HCKpeTHblX ypOBHeii Pdsc C n ::; 7, oueHKa CYMMbl 

3aceneHHOCTeii Bcex .I{HCKpeTHbIX COCTO.lIHUH C n > 7 Ptail H BepO.lIT

HOCTb aHHUrHJI.lIUUU Panh B MHIIIeHU. BepO.lITHOCTb pa3BaJia aTOMa Bbl

q11clliLJiaCb KaK: 

Pbr = I - Pdsc - Ptail - Panh • 
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,[vI.lI BpeMeHU )Kl13HU A2,,- T = 3.7 . 10- 15 C, TOJIIUHHbl MUIIIeHH 113 

Ta 8 MKM H cpe.I{Hero UMTIYJibCa A2,,. (PA) = 2.9 faB/c 3TH Bepo.lITHOCTH 

UMeIOT CJie.I{yioIUHe 3HaqeHH.ll: 

Ar= 0.415, Pdsc = 0.422, Ptail = 0.006 II Panh = 0.157. (3) 

.[(n.ll BTOpoii MUllieHU, UCTIOJib30BaHHOH B 3KCnepuMeHTe, TOJIIUUHOH 

1.4 MKM Ta COOTBeTCTByiomue BeJiuquHbl IIMeIOT 3HaqeHH.ll: 

Pbr = 0.102, Pdsc = 0.844, Ptail = 0.009 II Panh = 0.045 . ( 4) 

AHaJIU3 IIOKa3bIBaeT, qTO MaKCHMaJibHa.ll Heonpe.I{eJieHHOCTb B pbr He 

npeBb1111aeT 0.5%. 3m Benuq1rna cymecrne1rno MeiibIIIe, qeM Heonpe.I{e

neHHOCTh B 7% B ceqeHl!.lJX B3aIIMO.I{eHCTBH.ll, BblqIICJieHHblX B nepBOM 

6opHOBCKOM npu6JIH2KeHHU . 

.t 0.7 
Q.,. 

0.6 

0.5 

0.4 

0.3 

0.2 

0.1 

00 1 2 3 5 

p=4.7 GeV/c 
TTa 20 µm 
"'Ni 70µm 
11 Ti 175 µm 
o Al436 µm 

7 8 9 10 
't 10•15 s 

Puc. 1: 3aBIICHMOCTb BepO.lITH0CTH pa3BaJia A2,,. OT BpeMeHII )Kl13HH 

aTOMa T J{JI.lI pa3JIIfqHbIX MaTepttaJIOB MHIIIeHII. 

OnucaHHbIM MeTO.I{0M 6hmII BbIIIOJIHeHbl pac~IeTbl, Heo6XO.I{IIMbie 

.I{JI~ nonyqeHH.ll BpeMeHU )KH3HH 113 3KCIIepHMeHTaJibHbIX .I{aHHbIX ( CM. 

Puc. 5), a. TaK)Ke .I{J1.lI Bbi6opa BemecTBa u TOJIIUHHbl MHIIIeHH, o6ecne

qIIBaIOIUeii Ha1myq111yio qyBCTBI-ITeJibH0CTb KO Bpe.MeHH )KU3HH .I{J1.lI HO

B0fO 3KcnepttMeiiTa DIRAC - CERN PS212 no rnqHo.My 113MepeHHIO 

BpeMeHU )KH3HH A2,r ( CM. Pttc. 1). 
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Target M~ -----------~ 
1 - - -+-

I I I I I II 1111 IU,!! _JII_ - - - -·- -·- .!._ 

~O.Sm \ -----i:---=:::::i- ~ ~ ~c._ -_ - - ~2~-::~~-:- --+ 
Wm ~, A 

p 

a) 

Sµ b) 

MC 

·- - - - - -· ----ti-
----------

DC 

Pttc. 2: 3KcrrepttMeHTaJibHIDI ycrnHOBKa, Bll.ll: CBepxy: a) '-- cxeMa Ka

HaJia: p - BHyrpeHHHH rrpOTOHHblH IIy<IOK ' Target - MeXaHH3M MH

llieHH, Col - KOJIJIHMarnp, MS - MarnttTHIDI Jamttra; b) - MarnHT 

H .u:ereKTOpbl: M - IIOJII0C crreKrpOMerpll'IeCI<Oro MarnttTa, vc - Ba

KYYMHIDI KaMepa, DC - .u:peiiqJOBbie KaMepbI, H - CUHHTHJIIDIUHOHHbie 

ro.u:ocKOIIbI, S, Sµ - CUHHTHJIJUIUH0HHbie ctieT'IHKH, · C - raJOBbie qe

peHKoBcKHe ctieTtIHKH, Absorber - tiyryHHbIH rrornorttrenb, MC -
MOHHTOpHbie ctieT'IHKH. 

B BTopoii mane OIIHCaHa ::JKcrrepHMeHTaJibHIDI ycrnHOBKa, Ha KOTO

poii rrpoBOJJ:HJIHCb H3MepeHID1, llIHpOKOarreprypHbie CUHHTHJIIDIUHOHHbie 

ro.u:ocKOIIbl Ha <I>3Y-85 H CHCTeMa c6opa .u:aHHbIX 3KcnepHMeHTa. 

I13Mepemrn rrpOBO.l(HJIHCb Ha npOTOHHOM CHHxporpoHe Y-70 M<I>B3 

B IlpoTBIIHO. CxeMa ::iKcnepttMeHTaJibHOH ycraHOBKH npuee.11:eHa H~ 

Puc. 2. BropHtIHbie 'IaCTHUbl, pOJJ:HBllIHec.H Ha Buyrpeuueii MHllieHH, IIO

CJie rrpoxo)IQJ;emrn crreuttaJibHOro KaHaJia MHHOii 40 M, rrpucoe.u:uueu-
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HOro K BaKYYMHOH KaMepe YCKOpHTeJI.H 6e3 rreperopo.n;oK, perncrpttpoBa

JIHCb JJ:ByxIIIIe'IeBbIM MarnHTHbIM crreKrpOMerpOM. Ka)IQJ;bIH TeJieCKOII co

CTO.HJI H3 .n;peti:q:>OBbIX KaMep DC, CUHHTHJIJUIUHOHHbIX fO.l(OCKOilOB H1,2, 

6oJibllIHX CUHHTHJIJI.HUHOHHblX cqeTlJHKOB Si,2, ra30BblX qepeHKOBCKHX 

C'IeT'IHKOB 61 ,2, perncrpttpoBaBllIHX ::JJieKTpOHhl H II03Hrp0Hbl, 6oJibllIHX 

CUHHTHJIJI.HUHOHHblX C'IeT'IHKOB Sµi,µ2, paCIIOJIO)KeHHblX 3a IIOrJIOTHTe

JI.HMH H3 qyryu:a, KOTOpbie He rrponycKaJIH a.n;poHbl. KaKHe-Jitt6o .n;ereK

TOpbI Me)IQJ;y MHllieHblO H MarnHTOM OTCyrCTBOBaJIH. 

MuoroypoBHeBbIH rpttrrep ycraHOBKH OT6ttpa.TI COBIIa.n;eutte npOTHBO

IlOJIO)KHO 3ap.H)KeHHblX nap a.n;poHOB C orpaHH'IeHHeM Ha BeJIH'IHHY OT

HOCHTeJibHOro HMrryn1,ca. Ilptt'IeM B HCTHHHblX COBIIa.n;eHH.HX perncrptt

pOBaJIHCb TOJlbKO 7r+7r- napbl. MMilYJibCbl qaCTHU Jie)KaJIH B nuana301-1e 

0.8 -;--2.4 f::iB/c. O61>eM CyMMapHOH CTaTHCTHKH, na6paHHOH B 3KCnepH

MeHTe COCTaBHJI 1.3 . 107 co6bITHH. 

OCHOBHOH q:>OH npH perncrpaUHH 7r+7r- nap C0CTaBJI.HJIH rrapbl cny
qaiiHbIX COBna.n;eHHH . .[{.rm BbIJJ:eJieHH.H HCTHHHbIX COBna.n;eHHH mnepBa.TI 

BpeMeHH Me)IQJ;y rrpoxp)KJ{eHH.HMH 1IaCTHU B TeJieCKOnax Ti H T2 H3Me

p.HIIC.H CllHHTHJIJI.HUHOHHhIMH ronocKonaMH Hi H H2• Ka)KJ{hIH ronocKon 

conep)KaJI no 24 C'IeT'IHKa c q:>OTOYMHO)KHTeJI.HMH <I>3Y-85 tt CUHH

THJIJI.HTOpaMH pa3MepoM 4.8 X 43 CM2' TOJIIUHHOH 2 CM; pa3Mep qye

CTBHTeJII,HOH o6JiaCTH COCTaBJI.HeT 1200 X 410 MM2 n.rrn Ka)KJJ:oro IIJieqa 

cneKTpOMerpa. Cpe.n;neKBa.n;paTH'IHOe OTKJIOHentte pa3HOCTH BpeMeH J{Jrn 

cyMMapnoro pacnpenenenH.H co scex ctieTtIHKOB cocrnnmm CTt = 0.8 nc. 

3ro pa3pernentte B .[{Ba pa3a nyqrne, 'IeM pa3pernentte, Kornpoe o6ecne

'IHBaJIH 6oJibllIHe CUHHTHJIJI.HUHOHHhle C'IeTtIHKH Si H S2. 

CttcTeMa c6opa naHHblX cocro.HJia H3 rnecrtt KpeiiroB KAMAK, neyx 

MHKpo-3BM .UBK-2 H MHHtt-3BM PDP-11/45 c naKomrreJI.HMH na 

MarnHTHOH nenre (HMJI)i. Ona Il03BOJI.HJia npHHHMaTb no 600 co6bITHH. 

MHHOH 76 CJIOB nptt MHTeJihHOCTH c6poca Ha MHIIJeHI, 1 C. IlOTOK 

npttHHMaeMbIX co6bITHH BO BpeM.H Ha6opa naHHhIX COCTaBJI.HJI OKOJIO 90 

co6blTHH 3a. c6poc H orpaHH1IHBaJIC.H TOJlbKO ypOBHeM CJiy<IaHHblX COBIIa

.n;enttti:. MMenach TaK)Ke B03MO)KHOCTh HaKaIIJIHBaTh no I 00 rncrorpaMM 

H aHaJIH3HpOBaTb npHHHMaeMble naHHbie. 

IlporpaMMHOe o6ecrreqeHtte cucreMbl c6opa naHHbIX 61,mo pea.TIH-

30BaHo c ucrroIIh30BantteM )lnaJioroeoii CucreMbI CrpYKrypttpoBaHHoro 

IlporpaMMttpoeamrn (.[{CCII). J1,ruJ. rronyqeHH.H MaKCHMaJihHoro 6blcrpo-

I HcnOJib30B3nHCb annapaTHbie cpencrna CHCTeMbl c6opa ,llaHHbIX, ,llOCTYIIHbie B ce

pennne 80-LIX, ao apeMll nal!ana ::iKcIIep1IMe1na. 

11 



.ueiiCTBIDI nporpaMMbl B paMKaX .D:CCTI 6blJI pa3pa60TaH Ha6op KO

Matt.u:, KOTOpbie . no3BOJIHJIH IIHCaTb npou:e,u:ypbl Ha H3bIKe 6JIH3KOM K 

acceM6Jiepy. TioJiyqe1rnoe npe.ueJibHOe 6blCTpo.ueiicTBHe CHCTeMbI COOT

BCTCTByeT CKOpOCTH npneMa 89 K6aiiT/c HJIH 22 MKC/CJIOBO, qTQ co

Bna,u:aeT C MaKCHMaJibHOH, ~ HCnOJih30BaHHbIX annapaTHbIX cpe.ucrn, 

CKOpOCTblO npHeMa ,U:aHHbIX. 

B TpeTbeH rnaBC OilHCana npou:e.uypa o6pa60TKH 3KCTTCpHMeHTaJib

HbIX .uaHHbIX, MeTO,U BbUJ:eJICHIDl. 7r+7r- nap OT pa3BaJia A21r, onpe.uenemrn 

BepOHTHOCTH ero pa3BaJia H BpeMeHH )KH3HH. 

TipocTpaHCTBeHH~ peKOHCTPYKU:HH TpeKOB npoBommacb no mrcpop

MaU:HH C .u:pettcpOBbIX KaMep. Oco6eHHOCTblO 3KCnepHMeHTa HBJIHeTCH OT

CJTCTBHe B MarHIITHOM cneKTpOMeTpe TpeKOBbIX .ueTCKTOpOB .uo MarHIITa. 

Tio3TOMY npn reoMeTpuqecKoii peKOHCTPJKU:HII co6bITHii u onpe.ueJieHnn 

HMIIYJibCOB npe.unOJiafaJIOCb, qTo Bee qacTHU:bI HcnycKaIOTCH H3 TOqKH 

MHIIIelUI, pacnoJIO)KeHHOH Ha OCH KaHaJia. TiapbI, pO.UHBIIIHCCH He B MII

IIIeHH, OT6paCblBaJIHCb no reoMeTpuqecKHM KpIITepIDIM. 

B pe3yJihTaTC H3Mepemn'i H MO,U:eJIHpOBUHIDI 6bum nOJI)"ICHbl CJie,u:y

IOIIIIIe 3HaqeHHH .UJIH pa3peIIICHIDI YCTaHOBKH, ycpe.uneHHbie no HMnyJibC

HOMY HHTepBany 0.8 --c- 2.4 foB/c: 

• no HMnynhcy 1r-Me30HOB B na6oparnpHoii cncTeMe (jv!P = 0.008; 

• no yrny pacrnopa qacTHU: nepe.u MarnnToM 1J0,,2 = 0.1 Mpa,u:; 

O no yrny Me)KJJ:y npoeKU:1IBMH TpeKOB H HX HanpaBJienneM Ha MH

IIIeHb B BepTHKaJibHOH TIJIOCKOCTH (j <l>v, = (j <l>v2 = 1.2 Mpa,u:; 

0 no KOOp.U:IIHaTaM qacTHU: Ha BXO.UC B MafHHT /j X = 4 MM, IJy = 
1 MM. 

TIOJI)"ICHHbIC 3HaqeHIDI pa3peIIIeHIDI ycTaHOBKH II pacnpe.ueJieHHe 

aTOMHbIX nap nocrre pa3Bana II03BOmmH BblqIICJIHTb BeJittqHHbI cpe.uHe

KBa,u:pan1qHbIX OTKJIOHeHHH B npocTpaHCTBC OTHOCIITeJibHOro HMnyJihCa q 
B c.u:.H. .umr aTOMHbIX nap, 3aperncTpIIpOBaHHbIX ycTaHOBKOH . .D:JIH npo

CKU:HH OTH0CHTCJibH0ro HMnyJibCa Ha HanpaBJieHne cpe,u:Hero HMnyJibCa 

napbI p = (P1 + fh)/2 H Ha TIJIOCKOCTb XY, nepnett.u:IIKYJIHpHym p; qL II 

qx,Y C0OTBeTCTBeHHO, nOJI)"ICHbI CJie.UYJOIIIHe 3HaqenIDI: 

"TOJICTM" MHIIIeHb: IJqL = 1.3 M3B/c, IJqx = aqy = 0.60 M3B/c . (5) 

"TOHKott" MHIIIeHb: an = l.3 M3B/c, IJqx = CTqy = 0.44 M3B/c (6) 
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Pacnpe.ue.rreHHe no pa3HOCTH BpeMeH o6pa30BaHIDI qacTIIU: B MIIIIIeHH 

tpr = t1 - t2 (Puc. 3) HMeeT nHK HCTHHHbIX COBna,u:eHHH (/j = 0.8 He) 

II paBHOMeptty10 no.uno)KKy cnyqaiiHhIX coBna,u:eHHii. B HHTepBane l:it2 = 
2.56 HC co.uep)KaTC51 KaK HCTHHHbie, TaK H cnyqattHbie COBna,u:eHH51 Nta, 
a B HHTepBanax l:it1 = l:it3 = 8.0 HC - TOJibKO cnyqaiiHhie COBna,u:eHIDI 

Na. OTHOIIICHIIe HCTHHHhIX K cnyqattHbIM B IIHTepBaJie l:it2 paBHO 0.36. 
1r+1r- napbl cocTaBJI51IOT 6onee 97%. OT o6IIIero qHcJia 3aperncTPIIpo

BaHHbIX nap HCTIIHHbIX COBna,u:eHIIH. 
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.... 

, ........................ : ....................... • .. •··· ........... • ........................ , ................. . 

fl.ti ll.t2 ll.t3 

~---------------~ -10 -7.5 -5 -2.5 0 2.5 5 . 7.5 IO 
t1 - t2 ns 

PHC. 3: Pacnpe.ue.rreHHe no pa3HOCTII BpeMeH o6pa30BaHIDI qacTIIU: B 

MHIIICHH tpr = t1 - t2. 

Pacnpe.ue.rreHHe nap HCTHHHbIX COBna,u:eHIIH no OTHOCIITeJibHOMY HM

rrymcy q (KaK II no .upyrnM nepeMeHHhIM) nonyqaeTcH m pacnpe.ue.rre

nnii Nta H Na C yqeTOM IIIIIpIIH BpCMCHHblX HHTepBaJIOB: 

dNt = dNta _ ( l:it2 ) dNa. 
dq dq !:it I + l:it3 dq 

KaK noKa3aHO Bblllle, BCe. aTOMHbie nap bl cocpe.uoToqeHbl B o6JiaCTH 

q < 3 M3B/c. Tio3TOMY B pacnpe.ueneHHH no q B HHTepBaJie q < 3 M3B/c 

npHCJTCTBYJOT KaK aTOMHbie napbl, TaK II napbl 7r+7r- MC30HOB, pO.UHB

IIIHCCH B CB060.UHOM COCT051HIIH. A B HHTepBane q > 3 M3B/c co.uep

)KaTC51 TOJibKO CB060.UHbie napbl. ATOMHbie napbl BhI,n:CJI51JIHCb no CJIC.UYJO

IIIeii npou:e.uype. lhMepeHHoe pacnpe.ueJiemre cBo6o.unhIX nap B o6JiaCTH 

q > 3 M3B/c onIICbIBaJIOCh qJHTHpYJOIIIeii cpyttKu:neii, 3aTeM 3Ta cpyttKu:IDI 

npo.uneBanac1 B ci6nacTb Man11x q. l.Jucno aTOMHhIX nap nonyqanoc1 KaK 

m6hITOK 7r+ 71"- nap B o6JiaCTII MaJiblX q na.u: qJIITIIPYJOIIICH cpyttKU:HCH. 
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lPIITHpyIDIUrul cpyHKUJUI CTJ)OIIJiaCb II3 pacnpeJJ:eJiemrn nap cnyqai'.iHbIX 

COBnaJJ:eHIIH 71"+ II 71"- Me30HOB, TaK KaK pa3JIIIqIIe Me,KJJ:y pacnpeJJ:eneHII-

51MII nap IICTIIHHhIX II cnyqaHHhIX COBnaJJ:eHIIH CB513aHO TOJihKO co B3aII

MOJJ:eHCTBIIeM B KOHeqnoM COCT051HIIII II KOppeJI51U:II51MII, KOTOpbie B03HII

KaIOT B npou:ecce po,KJJ:emrn nap qacTIIU:. 3cpcpeKTHBHOCTII pemcTJ)aU:IIII 

JJ:]151 HCTIIHHhIX .H cnyqattHhIX nap O)lIIHaKOBhl ff onpeJJ:eJI51IOTC51 TOJlhKO 

IIMn)'JibCaMII ~aCTHU:. 3To n03B0JI51eT HCnOJih30BaTb pacnpeJJ:eJieHIIe no 

OTHOCHTeJibHOM)' IIMn)'JihC)' <I> ( q) nap cnyqaHHhIX COBnaJJ:eHIIH 71"+ 71"- Me-

30HOB JJ:]151 onncamrn pacnpeJJ:eJieHII51 nap IICTIIHHLIX COBnaJ:(eHIIH. 

C )"IeTOM Toro, qTo KoppeJI51U:IIII JJ:]151 nap HCTHHHbIX COBnaJ:(eHIIH 

npHC)'TCTB)'IOT TOJihKO B K)'JIOHOBCKHX nap ax ( CM. BBe)leHIIe)' B npo

CTeihueM cnyqae cpHTHpy101urui: cpyHKU:II51 MO)KeT 6bITh onpenenena KaK: 

G(q) = n[A~(q)<l>(q) + f<l>(q)] . (7) 

3nech CB060)lHhIH napaMeTp f onIICbIBaeT BKJiaJJ: pacnaJJ:HhIX 7r+71"- nap. 

BTOpoii CB060JJ:HhIH napaMeTp - HOpMHpOBOqffbIH MHO)KHTeJib n. c.t>ynK

u:irn A~(q) 3TO MOJJ:HqJIIU:HpoBaHHhlH K)'JIOHOBCKHH cpaKTOp (2), B KOTO

poM yqTeHO OTJIHqne OTHOCIITeJibHOro HMn)'JibCa q, H3Mepennoro )'CTa

HOBKOH, OT OTHOCHTeJihHOfO HMn)'JibCa qreal, nonyqaeMOfO 7r+ 7r- napOH 

B npou:ecce po,KJJ:eHII51. 

Pa3JIHqHoe pa3perneHHe 3KCnepHMeHTaJihHOH ycTaHOBKH no npoeK

U:II51M OTHOCHTeJibHoro HMn)'JibCa napbI npHBOJJ:HT K TOM)', '-ITO napbl. 

aTOMHbie HMeIOT H3MepeHHhIH OTHOCIITeJibHhIH HMn)'JibC pacnpenenett

HhIH B 3JIJIHnCOH)le, a He rnape . .Urrn aTOMHhIX nap, 3apernCTpIIpOBaHIIbIX 

ycTaHOBKOH, JJ:JIIIHhI nonyoceu COOTBeTCTB)'IOmero 3JIJIHnCOH)la an, <7qx 

lI a qy npHBeJ:(eHbl B ( 5) H ( 6). flo3TOM)' JJ:]151 ni:myqeHII51 JI)"Illlero OTHO

rneHII51 qncna aTOMHhIX nap, IIMeIOIUHX MaJihie q, K cpoHy "cB060JlHhIX" 

nap, KOTOpbIH nO'-ITII paBHOMepHO pacnpeJJ:eJieH B npocTpaHCTBe ij, aHa

JIH3 npoBOJJ:IIJIC51 BMecTO lq1 no nepeMeHHOH F: 

F = ~I (.:!!:__)2 + (~)2 + (~)2 
<7qL <7qX <7qy 

3KcnepIIMeHTaJihHhie pacnpeJJ:eneHII51 71"+ n- nap, irnnyqeHHhie npu 

Ha6ope c "TO,JICTOH" ( thick-tk) II "TOHKOH" ( thin..:..tn )' MIIllleIIBMH ( 8 MKM 

II 1.4 MKM Ta COOTBeTCTBeHHO) qJIITHpOBaJIIICh B o6JiaCTh F > 3 qJ)'HK~ 

u:neu (7). OnpeJJ:eJieHHhie npn 3TOM JJ:Ba CB060JJ:HhIX napaMeTpa ncnOJib~ 

30BaJIHCb JJ:JI51 nonyqeHII51 cpHTHpyioiu:eH qJ)'HKU:HH -i:urn BCero IIHTepBana 

F. KoJIIIqeCTBO aTOMHhIX nap onpeJJ:eJIIDIOCb KaK -- II~6bITOK 7r+71"- riap 
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Pttc. 4: 3KcnepttMeHTaJihHhie pacnpeJJ:eJieHII51 1r+11"- nap (TOqKn c. ornn6-

KaMH), nonyqeHHbie npII Ha6ope c "TOJICTOH" (a) n "TOHKOH" (b) MHille

H51MH II COOTBeTCTB)'IOIUIIe qJIITIIp)'IOmHe cpyHKU:IIII (mcrnrpaMMbI) KaK 

cp)'HKU:HH nepeMeHHOH F. _OTHOllleHII51 3KCnepIIMeHTaJibHhIX pacnpeJJ:eJie

HHH K cpIITHp)'IOIUHM cp)'HKU:II51M noKa3aHbl Ha pHC)'HKaX ( c,d). I-fafo,ITOK 

11"+1r- nap B nepBhIX JJ:BYX 61-rnax o6ycnoBJieH napaMH OT pa3Ba.rra A2,r. 
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Ha,r( qmrnpymmeii cpynKuneii B o6nacrn F :::; 2, TaK KaK B 3TOtt o6nacrn 

OTHOIIIeHIIe 3cpcpeKTa K OWH6Ke )].OCTIIraeT naHJiyqIIIero 3Ha'IeHID!. 

Ha Pttc. 4 Il0Ka3aHhl 3KCrrepHMeHTaJlhHbie pacrrpe)].eJieHID! 7r+ 7f- rrap 

rro rrepeMenttoii F, rron:yqeHHhie rrpII tta6ope c "TOncTOtt" (Pttc. 4a) 

tt "TOHKOtt" (Pnc. 4b) MHilleIDIMII tt COOTBeTCTBYIOIUHe qJIITIIpYJOmIIe 

cpyHKUJIII. KoJIII'IeCTBO co6hITHH B Ka)K)].OM pacrrpe)].eJieHIIII COOTBeT

CTBeHIIO paBH0 5.9-104 II 4.4-104
. TaIOKe rrpIIBe)].eHhl 0THOIIIeHIUI 3Kcrre

pnMeHTaJihHLIX pacnpe)].eJieHIIH K qJHTIIPYJOIUIIM cpyHKUIDIM (Pnc. 4c,d). 

Tipn 3TOM 'IlICJIO (nA) rrap OT pa3BaJia A2-,r, Bhl)].eJieHHhIX B IIHTepmme 

F:::; 2, II cpe)].Hee 3Hatiem1e x2 (Ha 35 cTerreneii CB060)].b1), rronyqeHHhie 

rrpn qJHTIIpOBaHHH B o6naCTH F > 3, C0CTaBHJIH: 

n1 = 272 ± 49, x:2 = 1.28 

n~ = 35 ±41, x2 = 0.75. 

(8) 
(9) 

Pacnpe,ri:enemUI: )].JI.SI "TOJICTOtt" n "TOHKOtt" MIIIIIeHett 6bIJIH rrony

'ICHhl B a6comoTHO omrnaKOBhIX ycnomrnx. EmrncTBeHHoe pa3JIH'IHe -

cymecTBeHHO MCHhllla,q BCpO.SITHOCTh pa3Bana 7r+ 7r-· -a TO Ma )].JI.SI "TOHKOtt" 

MIIllICHH rro cpaBHCHHIO C "TOJICTOtt" (cM. (3),. (4)). TaKIIM o6pa30M, 

OTCYTCTBIIe CTaTIICTII'IeCKII 3Ha'IHMOI'O 3cpcpeKTa )].JI.SI "TOHKOtt" MIIIIIeHH 

)].OKa3bIBaeT, 'ITO m6bITO'IHhie 7r+7r- nap B o6JiaCTil F :::; 2 Ha "TOJICTott" 

MHIIIeHII o6pa30BaJIHCh B pe3yJihTaTe pa3BaJia 7r+7r- -aTOMOB B BCll{CCTBe 

MIIIIIeHH. 

OTHOIIICHIIC 'IIICJia aT0MHhIX rrap, Bhl)].eneHHhIX Ha "TOJICTOtt" MII

IIICHII BO BTOp0M 6nHe pacrrpe)].eJieHIUI, K 'IIICJIY B rrepBOM 611He coc

TaBJI.SleT 1.65 ± 0.47. TaKoe :;Ke OTHOillCHIIe )].JI.SI qJHTIIpYJOmeii cpyHKUIIH 

paBHO 5.09±0.30, 'ITO IlOKa3bIBaeT C0BeprneHHO pa3HYIO 3aBIICIIMOCTh OT 

F Bhl)].CJieHHOro 3cpcpeKTa H cpoHa. TeM caMblM IICKJIIO'IaeTC.SI B03M0)K

H0CTh cpopMnpoBaHIDI 3cpcpeKTa H3 cpona 3a C'IeT He60JihlIIOH OIIIII6KH B 

H0pMHp0BKe. 

AHaJIIl3 BKJia)].a pa3JIH'IHhIX rrpoueccoB, KOTOpble Moryr rrpHBCCTII 

K IICKa:;KCHHI0 pe3yJihTaTa, IlOKa3aJI }l0CTOBepHOCTb na6mo)].CI-UUI 7r+7r- -

aTOMa. 

B pe3yJinTaTe cpnn1poBaHID1 rroJiyqeHO 'IHCJIO KYJIOHOBCKIIX rrap B 

HHTepmUie q :::; 2 M3B/c )].JI.SI "TOJICTOH" H "TOHKOH" MHIIICHCH: 

Nf! = 983 ± 54, Nhn = 757 ± 42, 
KOTopoe O)].H03HaqHO CB.Sl3aHO C fIOJIHbfM qacJIOM po)].HBIIIHXC.SI A2.,.. ( 1). 
YqttThIBalI )].0JII0 aT0MHblX rrap B HHTepBane F ~ 2 OT IlOJIH0ro q11-
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cna pa3BaJIIIBIIIHXC.SI aTOMOB 6hma rronyqeHa BepO.SITHOCTh pa3BaJia A2-,r B 

"TOJICTOH" MIIIIIeHII: 

Ar = 0.53 ± 0.13. 

I1p11 90% )].OBCpHTeJihHOM ypOBHC (cM. PIIc. 5) 3TO COOTBCTCTBYCT orpa

HH'ICHIIIO )].JI.SI npeMCHII ,KII3HII OCHOBHOro COCTO.SIHIDI A2.,..: 

Q..~ 0.6 

0.5 

0.4 

0.1 

0 2 

. 
T > 1.8 • 10- 15 c . 

4 6 8 IO 
-c/0·15 S 

PIIc. 5: Bepo.si:THOCTh pa3BaJia 1r+1r- -aToMa )].JI.SI MIIIIIeHH TOJIIUIIHOH 

8 MKM Ta, Bhl'IHCJieHHa.si: c yqeTOM crreKTPa A2-,r, KaK cpynKUIDI ero 

npeMeHH ,Kil3HH T. I1p.SIMOH JIHHHeH IIOKa3aHa Il3MepeHHa.SI nepO.SITHOCTh 

pa3BaJia, rryHKTHpHa.SI JIHHIDI - rpaHHUa 90%-oro )].OBepHTeJibHOro HH

Tepnana H rronyqettttoe )].JI.SI 3TOro HHTepnana orpaHH'Ienne na npeM.SI 

,i(Il3HH. To'IKaMH .IIOKa3aHa BepO.SITHOCTh pa3BaJia )].JLq MHIIICHH TOJIIUH

HOH 1.4 MKM Ta. 
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OcHOBHLie peJyJILTaTLI, Il0JiyqeHHbie B nuccepTal.{Hll! 

1. lfaroTOBJieHbl .[(Ba IllIIpOKOanepTypHbIX Cl.{IIHTIIJIJIHl.{IIOHHbIX ro.no

CKOIIa Ha <1>3Y-85; Ka)K.[(blH IIO 24 cqeTqIIKa II qyocTBIITeJibHOH 

o6naCTbIO pa3MepoM 1200 x 410 MM2
. 11onyqeno BpeMeHHOe pa3pe

II1eHIIe a = 0.8 HC B II3MepeHIIII pa3HOCTII BpeMeH IIpOXO)K.[(eHIIB 

D.Byx qacn1u, '-ITO 06ecneq1IJ10 ynyqllleHIIe BpeMemmro pa3peII1e

HII9: CYilleCTBOBaBilleH ycTaHOBKII B .[(Ba pa3a. 

2. BnepBbie nonyqeHbI rnqHbie aHaJIIITIIqeCKIIe cpopMyJibl ,[(JIH cpopM

cpaKTOpOB B0.[(0pon.ono.no6HbIX aTOMOB .!UIB HaqaJibHbIX (;OCTOHHIIH 

ls, 2s, 3s, 4s II Bcex KOHeqHbIX COCTOHHIIH c rnaBHbIM KBaHTOBbIM 

llIICJIOM n S 10 II op6IITaJibHbIM KBaHTOBbIM qIICJIOM l S 4. 

3. Ha OCHOBaHIIII nonyqeHHblX cpopMcpaKTOpOB, B nepBOM 6opHOB

CKOM IIpII6JimKeHIIII Bb{qIICJieHbI IIOJIHbie, ynpyme II Heynpyme 

ceqeHII9:, ce<IeHn» pa3oana (IIoHIIJau1rn) II ce<IeHII» nepexo.uoo .rum 
BOD.Opo.nonon.o6HbIX aTOMOB, HaX0.[(9:IUHXCH HCXOD.HO B COCTOHHIIHX 

ls, 2s II 3s. B Ka<IecTBe MHilleHeii 6hIJIH B39:TbI H, C, N, Ar II 

Ta, B Ka<IeCTBe HaJieTa!OIUIIX aTOMOB H, A2e, A,,.,,, A2,,., A,,.k, A,,.p 
(A,,.P - 1r-p-aToM). CpaBHeHIIe ce<IeHIIH, BbiqncneHHbIX npII onII

camrn cpopMcpaKTOpOB aTOMOB MHWeHII B MO.UeJIII XapTpII-<l>OKa 

II B napaMeTpII3aUIIH MoJibep ,[(JIH MOD.eJIH ToMaca-<l>epMII, II03B0-

mi:eT cn.eJiaTb BbIBO.[( 0 TOM, qyo B nocne.uHeM cnyqae TOllHOCTb 

Bb{qIICJieHII9: ce<IeHIIH B3aIIMOD.eHCTB!IB A2,,. C aTOMaMII BCIUeCTBa 

COCTaBJIHeT OKOJIO 1 %. 

4. 11oKa3aHO, qTo HaJieTaIOIUIIH aTOM B OCHOBHOM pa3BaJIHBaeTCH B 

pe3yJihTaTe pMa IIOCJie.[(OBaTeJibHbIX B3aIIMO.[(eHCTBIIH H .[(JIH no

nyqeHII9: Bepo»THOCTH pa3BaJia ero cne.nyeT OIIIICbIBaTb KaK MHO

roypoBHeBYIO CIICTeMy n yqHTbIBaTb nepeXO.[(bI Me)K.[(y 6oJibWHM 

llHCJIOM COCTOHHHH. 11cIIOJib3YH Bbipa)KeHIIB .[(JIH cpopMcpaKTOpOB 

BO.[(Op0.[(0II0.[(06HbIX aTOMOB .[(JIH IIpOII3B0JlbHbIX .[(IICKpeTHblX nepe

XO.[(OB, s nepBOM 6opHOBCKOM IIpII6JimKeHHH Bb{qHCJieHbI IIOJIHbie 

ceqeHII9: H ceqemrn nepexon.oB .[(JIH npOII3B0JlbHbIX HaqaJibHbIX II 

KOHeqHbIX COCTOHHIIH A21r C n s IO npII B3aHMO.[(eHCTBHll C 6oJib

IllHM qncJIOM MaTepnanoB. 

5. Pa3pa60TaH MeTO.[(, KOTOpbIH II03BOn»eT, IICIIOJib3YH fIOJIHbie ce

qemrn II ceqeHIIH nepex0.[(0B, OIIIICaTb 3BOJ1IOUIIIO 3aceneHHOCTH 
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COCTOHHIIH BO.[(OpO.[(OII0.[(06HbIX aTOMOB npII IIX ,[(BII)KeHIIH B Beme

crne II Ha HX OCHOBe IIOJiyqIITb Bepo»THOCTb pa3BaJia A2,r. 3THM 

MeTO.[(OM BblllIICJieHa Bepo»THOCTb pa3BaJia A2,r KaK cpyttKUII9: ero 

BpeMeHII )KJI3HII, a TaIOKe BbIIIOJIHeHbl pacqeTbl .!UIB OIITIIMII3aUIIII 

3KCIIepIIMeHTa no Ha6JIIO.[(eHIIIO A2,,.. 

6. BbIIIOJIHeHbl pacqeTbl, II03BOJIIIBWIIe BbI6paTb MIIIlleHb, KOTOpa» 

o6ccne<IIIT HalIJlyqlllyIO qyBCTBHTeJibHOCTb KO BpeMeHII )KII3HII .[(JIH 

3KcnepnMeHrn DIRAC no rnqnoMy IIJMepeHIIIO speMeHH )KII3HII 

A2,r Ha ycKopIITene PS B CERN. 

7. B 3KcnepnMeHTe Ha ycKopnTene Y-70 B peaKUIIII p Ta➔ 1r+1r- X 
npn 70 r3B snepBbie JapemcTpnposaHo 272 ± 49 1r+1r- nap OT 

pa3BaJia A2,r II TeM caMbIM ocymecTBJieHo nepsoe Ha6nio.neHIIe 

aTOMa, o6pa30BaHHOro 7r+ II 71"- Me30HaMII. 

8. 113 aHaJIII3a 3KCIIepIIMeHTaJibHbIX ,[(aHHbIX IIOJiyqeHo 3HaqeHHe 

Bepo»THOCTII pa3BaJia 7r+7r- -aTOMOB. 110 3aBIICIIMOCTII Bepo»THOCTH 

pa3sana A2,,. OT speMeHn )KIIJHII II IIJMepeHHOMY 3HaqeHIIIO 3TOH 

Bepo»THoc:i-n IIOJiyqeHa nepBa» 3KCIIepIIMeHTaJibHa» oueHKa .[(JIH 

HII)KHeii rpaHIIUbI BpeMeHII )KII3HH A2,,.. 11pII 90% .[(OBepHTeJibHOM 

ypoBHe ,[(JIH BpeMeHII )KII3HH OCHOBHOro COCTOHHII9: aTOMa IIOJiy

qeHO orpa11nqe11ue: 

T > 1.8 • 10- 15 c. 

3TOT pe3yJibTaT cornacyeTCH C npe.ncKa3aHII9:MH TeOpHII HapyllleH

HOH KIIpaJibHOH CIIMMeTpirn: T = (3.7 ± 0.3). 10- 15 C. 
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