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KOHBEPCUS MIOOHUS B AHTUMIO OHUN
B.A.T'opmees

BBenenmne

CrammapTHas MoIelb Ha CETOMHS SBISETCS OOIIENPUHITON Teopueil >IeKTpociiaboro B3amMo-
[ecTBUS M XOPOIIO ONMCBIBAET MPpaKTUIECK BCe CYIIeCTBYIONINE SKCIepUMeH TallbHbIe NaHHbIe.
Onmako, HecMOTpsI Ha CBOIO ~ yCTOMYNBOCTE , OHa ellle HajleKa /10 CBOETO MOJTHOTO 3aBEpIIeHNs,
1 CyILIecTBYeT psi CBOMCTB 31K TPOCcaadboro B3auMoNIelcTBIs, Ha KOTOphIe OHa He HaeT OTBeTa.
HazoBem ueTbipe u3 HUX:

IIpupona kupasgbHoOil acuMMeTpum cjiaaboro BzaumomenictBus. B Cranmaprroli Mome-
JW Ha OCHOBAHWUN TOJLKO DKCIEPHMEHTAJbHBIX MTaHHLIX 3aJI0KEHO, 4TO BCe (yHIaMeH-
TabHble PEPMUOHBI ABISIOTCS JTEBO-CIUPATBHBIMI YacTHIAMI (aHTHGEPMIOHBI — TPABO-
CIIpasbible aHTHIACTHIBI), CAMMeTpHs uX B3anMoneiicTsus ecth SUL(2) x U(1), a me-
PEHOCUYNKOM cj1aboro B3amMopneicTBus sBisercs jebiii Wi-6030H. B neficTBuTenbHocTn
MOKET OKa3aThes (1 ¢ TEOPETHIECKON TOUKH 3PEHHS, HTO GoJiee Pa3yMHO), 9T0 KipaTbHast
acUMMeTpHs CJIab0ro B3aMMONENCTBIA €CTh Pe3ybTaT CIOHTAHHOIO HapyIIeHns I100alhb-
woit SUL(2) x SUR(2) x U(1)-cummeTpun, BO3HHKAIOINIEN BCIEACTBIE GOMBIION PasHoOCTN
Macc mpaBoro Wg- u eBoro Wi,-6030HOB (9KCTIEPUMEHT Ha CETONHS aeT OrpaHndene Ha

maccy Wr: Wg > 406 T'sB/c?.)

CsBolicTBa XUITCOBCKUX yacTul. Kakx msBectno, B CranmapTHO#l Momenn Bce QyHIaMeH-
TallbHble (PEPMUOHBI SIBISIOTCS 0€3MacCOBBIMU HacTUIIaMU, a HabaiomaeMas Macca JIel-
TOHOB 1 KBapKOB BO3HUKAET 4Yepe3 MeXaHu3M XUrrca ojaromaps WX B3alMONENCTBUIO B
OPUCYTCTBUN cKasgpHoro nosis Xurrca. Mexanusm Xurrca TpebGyeT Hajqudus B TpUpOIe
CKaJISPHBIX XUTTCOBCKUX GO30HOB. JKCIepUMeHTaIbHoe HabItofnenne XUTTCOBCKUX 6030~
HOB (IpsiMoe M KOCBEHHOE), oNpeeeniie X 3apsama, MacChl U [Ip. CBONCTB SBISIOTCS
OITHOI M3 CaMblX BaKHBIX 3a7a4 COBPEeMEHHONW (PU3NKN dJIeMEeHTapHBLIX YaCTHII.

CBolicTBa HEATPUHO. JBiseTCs MU HEHTPUHO YacTUIEN NUPAKOBCKOTO THa (HEHTPUHO 1
AHTUHEATPUHO pasHble YacTHUIL) W MaOpAHOBCKOTO THMA (HEATPUHO W aHTHHENTPH-
HO TOXAecTBeHHble acTulbl)? CymecTBYeT U CMelTnBatie MeXIy HEHTPUHO PasHbIX
moxostennii! KakxoBa Macca HefiTpuHo?

Bun 3akoHa coxpaHeHUs JIEIITOHHOTO uucia. Paspeliennble pacmanbl MIOOHA ff — €V,
[ — evvy MOMYCKaloT pas3fimIHble 3aKOHBI COXPAHEHUS JENTOHHOTO JHMca:

e AnauTMBHBLIN 3aKOH. BBomuTcs nBa JIEMTOHHBIX YNC/Ia — JIEKTPOHHOE (Le) n MIO-

OHHOE (Lu)3 L.=+1nnse v, L, =—1 nna et v, L, = 0 171 ocTalbHLIX YaCTUIL;
_ - _ + > _

L, =41 nns p~ v,, L, = —1 nns p™ v,, L, = 0 nasg ocrampunix gactum. 1pe-

6yeTcs coxpamenme y. L; = const mjs KaxKIOro MOKOJEHUS JIEITOHOB. 3aKOH JIETKO

paciipoCTpaHigeTCd N Ha ApyTrue IMOKOJIEHU JIEITTOHOB.

e MynbTUnINKaTUBHBIA 3aKoH. BBonuTcs onmo nentonnoe ncio (L) u menTonmast
gernocth (Lp): L = 41 nua e p~ ve vy, L = —1 naa et pt 0. vy, L = 0 nas
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octanbubix yactuil; Lp = —1 nos p~ pt vp v,, Lp = 41 nns ocragbHbIX dacTuil.
Tpe6yercs Bumonnenne ycnosuit 3. [ = const, [[ Lp = (—1)" = const, rne k, —
YUCII0 FaCTUIl BTOPOTO MOKOIEHTS.

Pacmmpenne 5Toit cxeMbl Ha T-JI€TITOH TTPUBOANT K TpebOBAHUIO: Z(LM + L.+ LT) =
const, [[ Lp = (—1)kut*e mm6o [] Lp = (—1)k** = const.

e Cxema Kononuuckoro — Maxmyna — 3eapnoBuda. BBonuTcs oiHO JENTOHHOE
aneno(L*): L* = +1 noa e pt ve vy, L = —1 nns et p~ e vy, L* = 0 nas
OCTATLHLIX JacTull. 1 pebyeTcs Boimonnenue ycaosus: y, L* = const.

Bce 5T weThipe cBolicTBa c1aboro B3amMONENCTBHS MOIydaloT eCTeCTBEHHOe 0OhICHEeHNe,
ecim B IpUpOe CYIIeCTBYeT mporece kKouBepeun Mioonus (M = pte™) B antumoonuit (M =
-+
poet).
[aMuibTORMAH TpoIecca, OTBEYAIONINIl 3a Mepexoll MIOOHWS B aHTUMIOOHHN, IMeeT BH/I:

G )
HMM:“f%£%ﬁJ1+7Q%¢WMJ+7Q¢e+AHC- (1)

Eciu mpenonoxnTsh cylecTBoBaime B3auMoneicTsus Hyyy, nepesonsimero M B M, To co-
CTOSHHUSAMHI C OIpefle/leHHBIMI MacCaMI CTaHOBATCS NMHHeiiHble xomGuHammn M w M: M, =
—(M + M)/ﬂ [Tpu 5Tom, ecin B MomenT ¢ = 0 cuctema npencTaniser coboil YNCTHINT MIOO-
HUH, TO K MOMEHTY ! OHa MepexonuT B

% [Mle—imlt—mt/z + M2€—im2t—l““t/2 : (2)
roe I, — BeposTHOCTH pacmama MIOOHA, Mjz — Macca dacTun Mo, mpudeM: my — mg =
< MHIM >+ < M|H|M > .

Takum obpasom, B cucTeMe mpoucxonaT ocmmmisuma M — M ¢ nepuomom T = 27/16),
§=2< MHIM >=2-10""%G5;/Gr 5B, Gr — pepMueBckas KOHCTaHTa CIabGOTO BIIAIMO-
MENCTBAL.

Briepsrie Ha Bo3MOKHOCTH cymecTBoBanus nepexorna M — M ykasan B.Ilonrexopso (1957).
Heranbupiii ananus mpotnecca mposenn G.Feinberg and S.Weinberg (1961).
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Puc.1. Ilepexon M — M B Momenn ¢ MaiiopaHOBCKWM HEHTPUHO.
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Haubomee peannctuyeckas Momenb, nonyckaioiias nepexon M — M , BOBHUKAET, eClIi Hel-
TPUHO SIBJISIETCS MalOPaHOBCKOI YacTHUIEl, T.e. COBIadaeT cO CBoell anTudacTuiei. B SU(Z)—
CUMMETPUYHBIX MOJETIAX ¢ MallOPpAHOBCKUMY HEHTPUHO HeM3beXKHO BOZHMKAIOT NBaX bl 3aps-
JKeHHble XUrrcoBckue 6o30ubl. O6Men TakuMu 6030HaMU IPUBOAUT K IIPOIECCY, M300pakeHHOMY
wa puc.l, u x Beauunne Gy /G, paBHoii:

GMM _ feefuu (MW )2 (3)
G 9 Myy )’

rie fees fuu — KOHCTQHTBI CBS3M; g? = 8GFM§V/\/_ — GespasMepHas KOHCTaHTa c/1aboro B3am-
moneticTBust; My — macca W-6o3ona; My — Macca mBax bl 3apsKEHHOTO XUTTCOBCKOTO GO30HA.

OxcrnepuMeHTalbHas CHTyalns ncciaenoBains komusepcuu M — M mo cocrosamio Ha
1995 r. mpencrapnena B Tabsm.1.

Tabmuma 1

PesyabTaThl 5KCIEePUMEHTAILHOTO MCCIeNOBAHMS
nepexona M — M (ny6nukannm 90-x romos)

DkcrepuMenT Meron nccnenoBanmust G

TRIUMF 1990 | B+~ oT peaxuun < 0.29 GF
RELER L MR LR

LAMPF 1991 | e” oT pacnama pu~ < 0.16 G
u aToMHBIT et

HUAP-ONAN [1] 1992 | e~ or pacnama g~ < 0.38 G
144 < F. <53 MsB

HUAP-ONAN [2] 1993 | e~ or pacnama g~ < 0.13 Gp

*) | 46,5 < E. <53 MbB

LAMPF 1993 | L, n K, X-ayun < 6.9 Gp
MeszoaToMa Bi

HUAP-ONAN [3] 1994 | e~ or pacnama g~ <0.14 Gp

) | 46.5 < E, < 53 MoB

*) — mpemBapuUTENbHBIE PE3YALTATH, *) — Habmonero 1 cobbITe.

Kax Bummo w3 Tabm.l, mydimime Ha ceromusi SKCIEPUMEHTAILHBIE PE3YILTATHI M0 TOUCKY
nepexona M — M monydennt B skcepumente [TUAD-OUAN, Bomonnennom wa mydke " mo-
BepxHOCTHLIX MiooHOB dasorpouna JIAIl OUAN [1-3].

OkcnepumeHT [INAD-OUNAN

B [TNA®D npenioxen n peajn3oBaH HOBBLIH MPSAMON 1 HE3aBUCUMBIH MeTOM MCCIENOBAHMS KOH-
BepCHn MiooHus B anTuMioonnit (M — M ) W cosmana HeoOXOAMMas almapaTypa s MpoBe-
nenust skcenepumenta [4,5]. B 1989-1990 rr. ma mroonnoMm kamasie cuuxporukiorpona [TUAD
IpoBeeHa HacTPOIKa HOBOI allllapaTypPhl, BRIIOIHEHELI NCCACHOBAaHS (POHOBLIX YCIIOBUM B IIPE]I-
JlaraeMoil TIOCTAHOBKE SKCIIEPUMEHTA.



—130—

[locTamoBKa SKCIepuMeHTa 10 ToncKy kKouBepermn M — M u m3MepeHme BepOSTHOCTH 3TO-
ro mportecca npoBenerbl obnenuuentoit rpymnnon [TUADP-OUAN wa nyuke ”moBepxmocTHHIX
Mi00HOB daszorpona JIAIL OUAN.

[lepsoiit uks Gusnueckux ncciaenoBanmii na ¢asorpore JIAIl OUAN 6oin mposenen B mae
— miorie 1991 1. Boutn mpoBenennr crienyiomine w3Mepenus: 1) nccaenoBanbl mapaMeTphl Ty Ka
"TIOBEPXHOCTHLIX MIOOHOB; 2) M3y4eH BKJIal] (OHOBBIX TMPOMIECCOB B PEATBLHBIX YCIOBHUIX HKCITe-
puMenTa; 3) WccaenoBana BeposSTHOCTE BhIXOMa MIooHHs 13 moporinka 510y B BakyyMm; 4) mpoBe-
TeHa mepBast cepus QU3MIeCKNX N3MEePEHHil poliecca KOHBEPCUN U MOy deHa TepBas OlleHKa Ha
Bermariabl Wy u Gaar [1: Warr < 3.6 1076 G < 0.38GEF (90% CL).

PesynbTaTnl 5Tux nccmenoBanuil OKa3alli, 9TO, HECMOTPS Ha TO, YTO MOTYyUYEHHLIH Gusn-
YeCKWi pe3yInLTaT IS BEPOSITHOCTHU MPOTECca KOHBEPCUU CPABHUM € PE3YIbLTATaMM, Oy IeH-
HBLIMU paHee Ha Me30HHBIX Gabpukax, CylIecTBOBaBIIas TOT/Ia NHTEHCHBHOCTH MyYKa ~ HOBEPX-
nocTHBIX” MI0OHOB (~ 1.8 - 10° ¢~! nmpu Toke mpoToroB 2 MKA ), TeoMeTpuUecKne U BpeMeHHEIe
mapamMeTphl alfapaTypbl OblTH SBHO HEMOCTATOIHBI IS TIOTYIEHTS HKCIIEPUMEH TATbLHBIX TaH-
HBIX, TTPEBBIMTAIONIINX MIPOBON YPOBEHD.

K womumy 1991 r. B [IUAD u OUAN 6bun 3aBepitiersl paboThI IO MOMEPHU3AIINN CYIIECTBY-
IOIEN almapaTypbl U TPaKTa MyYKa TMOBEPXHOCTHBIX MIOOHOB. BRI yBeTmYeHsl yrom 3axBaTa
CIIEKTpOMeTPa 1 OLICTPONERICTBIE CUCTEMBI CIUTHIBAHUS WH(MOPMAINK € MTPOMOPITNOHATLHBIX
kamep. [louTn B Tpu pasa yBenndena NHTEHCHBHOCTH MYYKa ~HMOBEPXHOCTHBIX MIOOHOB 3a CUET
3aMeHbI KBaIPYIOIBHBIX JIMH3 KaHala Ha CONEHONIalbHble JINH3LI, pa3paboTanuble W W3rOTO-
Brennbie B JIAIl OUAN cnemmanbro mms macTosiero skcrepumenTa. OcHOBHBIE TapaMeTph
nyuka: uMmysnbe 21.5 MoB/c; AP/ P ~ 7.7%; wnrencusrnocTs (mpu Toke mporonos 2.0 MkA)
I, =4.8-10° ¢7'; comepkanme mosuTporoB B myuke N+ /N,+ =~ 2; pasmep myduxa (mmpuna Ha
nostyBeicoTe) 7 X 8 cm?; cKBaKHOCTD mydka 75%.

B 1991-1992 rr. ma ¢asorpone JIAI OUAN Guutn mpoBenensbl 1Be HOBLIE ceprun (PU3MIECKUX
mMepennit kousepcenn M — M. PesynbraTsl 9THX NCCISNOBAHUN 1 UX CPABHEHNE C JAHHLIMI,
MOy YEHHBIMU patee IPYTUME aBTOpaM’, TpencTaBaeHsbl B Tabu. 1.

CxeMa HKCIepUMeHTAILHON yCTAHOBKM, YKCIEPUMEHTAILHbIE CIIEKTPLI W CIIOCO6 aHalm3a
SKCIEPUMEHTATBHBIX JaHHLIX NpUBeeHbl B paboTax [2,3]. BapeructpupoBano omuo cobLITHE,
YIOBJIETBOPSIOLIEe KPUTEpHsiM 0T6opa, sl ciydas mpotiecca Kousepenn M — M.

Hamomumm, arto ucmonmbsyemas B sxcrepumente [TUADP-OUAN meronmka mccienoBamms
mporecca KOHBEPCUU OCHOBaHa Ha PETUCTPAINN BBICOKOYHEPTUIHBLIX DIEKTPOHOB OT pachama
MIOOHA aHTUMIOOHUS € MOMOIIBIO TITHPOKOYTOIHHOTO MAarHUTHOTO CIIEKTPOMETPa, a s pasie-
merust u3anIecKnxX n GOHOBBIX COOLITUN NCHOIBL3YETCS CPABHUTENLHBIN aHaJIi3 BCEX MOCTYITHBIX
IS M3MepeHst apaMeTpPoB (IIPOCTPaHCTBEHHDIX, AMIIHTYIHBIX, BPEMEHHLIX ) ~TIOIe3HBIX” CO-
OLITUN TTPU PETUCTPANNT CIIEKTPOMETPOM TIO3UTPOHOB OT paclafia MIOOHWS 1 HJIEKTPOHOB OT
pacramga aHTUMIOOHUS, a TaKikKe TMapaMeTpoB, TOIYIaeMbIX MpH TOCTenytoleil o6paboTke co-
oerTuii . Korma cmekTpoMeTp HacTpoeH Ha permcrpanmio et oT pacmama ', perucTpupyeMble
COOLITUS B TOMABIISIIONIEM YnCye (PU3NIECKUe, 9TO MTaeT BO3MOKHOCTH OMPENETUTh OCHOBHLIE
mapaMeTphl YIOMSHYTHIX BBIIIE pacipenefenuil (cpenmwe sHadenust u nucnepcnn). Homyden-
Hble 3HaYeHns H>TUX MapaMeTpPOB W KOPUIOP WX M3MEHEHWH MCIOIL3YIOTCS B MalbHeReM mITs
pexektyn ~Hepu3mIecknx COOLITHH TPHU PETUCTpAlny € OT pachama f~, KOTda OCHOBHAS
YaCcTh PErNCTPUPYEMBIX COOBITHI (HOHOBAS.

[lonmubiit mepedersh mapamMeTpoB W KOPUIOPHI WX BO3MOKHBIX 3HAUEHUH MaHbl B Tabir.2.
B weit mpencTaBiennt Takke 3HAYEHWS TTapaMeTPOB 71 3aPETUCTPUPOBAHHOTO B HYKCIEPUMEHTE
COBLITUSI, KOTOPOE MOXKHO OTHECTH K KOHBEPCUU MIOOHUS B aHTHMIOOHUI.
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Tabmuma 2

[TapameTpsl, ncnonb3yembie njas oT60pa GU3NIECKUX COOBITHI

Tun | Hapamerp wmun wmaxc Coboitue | [lapamerp wumm  makce  CoboiTme
X1 210 1130 516 | Z1 240 850 796
X2 40 1520 476 | 22 20 1100 884
X3 60 1130 700 | Z3 180 1320 988
1 X4 30 1340 972 | 74 40 1380 996
AT1 110 500 190 | AT2 140 500 220

AT3 180 400 260
Al 25 120 41 | A2 25 150 69
A3 50 550 511 | A4 50 550 349
Yron X-12 -13 18 3 | Yrom Z-12 -D 8 3
Yron T-12 -16 20 3| ¥roa N-12 -13 10 -1
Yron X-34 131 177 161 | Yrox Z-34 -13 11 -1

II | Yrox R 80 150 104
Mumrens X -85 65 5 | Mumrenn 72 -35 32 31
Mumens T -90 30 -7 | Mumrenn N -20 42 31
Pamuyc F 0 80 36 | Pammyc S 0 68 47
KaugecTtBo 1 2 1 | Oneprus 46.5 53 48.6
AXY -34 45 11 | AZ -60 45 9
Hopwmann 85 95 90 | AS. -8 9 2
IIT | Pacuer-X -80 66 9 | Pacuer-7Z -39 32 31
Pacuer-T -85 79 -3 | Pacuer-N -60 60 33
Pacuer-F 0 30 36 | Pacuer-S 0 68 47
[MenTp -30 22 -7 | CexTop 114 130 125
Hnmnaa 103 154 115 | Homroc Z 0 125 67

I — mapameTpbl, n3mepsiembie B mpotiecce skcepuMenTa: X1-X4, Z1-74 — xoopnuuathl B 8
mnockocTsx K (xkompr [IBK); AT'1— AT'3 — paswocTn BpeMeH Mpuxoia cTPpo6-CHTHATIOB CITIH-
THJISTIHOHHOTO cYeTYnKa 1 KaTomoB Tpex [TK (KOIIBI HBK); Al-A2 — aMIIUTYOLI CHTHAJIOB
CIMHTHISIINOHHBIX caeTunkoB crekTpoMerpa (komel [I13K); A3-A4 — aMmiamTymsl curnanon
¢ karonubix npenycunureneir [IK (kompr [I3K); I[IK — nponopunonamsrbie kamepnr, [IBK —
npeobpasoBatens Bpemsi—komn; 13K — mpeobpasoBaTens 3apsin—Kor.

I — mapameTpbl, BEIYMCISEMBIE B TIpoliecce dKcrepuMenTa (pexnm on-line): Yrom X-12 —
Yron 7-34 — yraoBble XapakTepucTHKI coObITHs (Tpamycer); Yrom R — yrom oTknonenns da-
cTUUbLl B ciekTpoMeTpe (rpanychl); Mutmenn X — Mutens N — xapakTepucTuka TOUKM, Te
mpomsotres pactan Mioona (MM); Pammyc F — Pagyc S — pacrnionoxere Tpak Topun 51K TpoHa
OTHOCUTETHHO TEHTPa BHEITHUX KOIINMATOPOB YCTAHOBKH (MM ).

[I1 — mapameTpsI, BoIancaseMble B TIPOLecce MOCIenyoleil o6paboTkn cobbiTuil (pexum off-
line): KauecTBo — xapakTepucTuka coobITHs (1 - TpaeK TOpHs 57I€KTPOHA B CIIEKTPOMETPE HaX0-
TUTCSE BIAJIN OT €0 MOJTIOCOB, 2 - BOIM3M OT TOTIOCOB), DHeprust — sHeprus smekTpora (MsB);
AXY, AZ, Hopwmans, AfJ, — mapamerpsl o6paboTku (mompobree cm. [3]); Pacuer-X —
Pacuer-S — mapameTpsl HadanbHON TpaeKTOPUN COOLITHUS TP WHBEPCHOI 06paboTke (pacdeT-
Has TpaekTopus B obpaTHoM Hampasienun); llentp — omoc 7 — xapakTep pacrmonoxemnus
TPAEKTOPUN BJIEKTPOHA OTHOCUTETTBHO TEOMETPUN CIEKTPOMETPA.
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B 1abmn.3 cymmupytoTes pesynbTaThl Beex cepuit m3Mmepennit skcnepumenta [[UADP-OUAN.

Tabnuma 3
PesynpTaThl 5KCIepHMEHTATLHOTO MCCIIeIOBAHNS TIPOTecca
xouBepcuun M — M B skcnepumente [TMADP-ONAN
Cepus N, W(AFE) Wi | Ny Wz Goanr
I [1] 4.5-101° 1 1.05-107% | 0.027 0 <3.6-107° | <0.38GR
IT+ITT [3] | 3.44 - 10 | 1.51 - 1072 | 0.029 1 <5.1-1077 | <0.14Gr
[4+IT+1IT | 3.89 - 101! 1 <4.7-1077 | <€0.14Gr

N, — TosTHOe YHCI0 MIOOHOB, TIPOIIEANINX Yepes Mutiienb; W (A E) — BeposTHOCTD perncTpalini
sJIeK TpoHa ¢ sueprueil B unrepsaie AF cnexrpomerpom [5]; Wy — ncnombsyemoe snauenue st
BEPOSITHOCTHU BbIxoma Mioouus u3 mnopoiika 510, B Bakyym [5]; Nyssz — 9UCIIO 3aperucTpupo-
BAHMHLIX COOLITHI; Wy — M3MepeHHoe 3HadeHne BeposTHOCTH mpoliecca Kouepenn M — M
G yar — M3Mepennasi BepXHsisi TPaHUIa KOHCTAHTHI CBSI3W B DTOM TIPOIIECCE.

N3 skcrepuMenTanbHBIX JaHHBIX, TOTYYEHHbIX B 9THX NCCIENOBAHUAX, U BhIpakenus (3),
CTIENYIONIEro U3 TeopeTmueckoit Monenu mepexona M — M ¢ MaflopaHOBCKIM HeHTPUHO, T0-
Jarasi, 4YTO KOHCTAHTBL fe. U [*,, TOro XKe MOpSOKa, YTO U ¢, MOKHO NOJYyUYNThH OIEHKY Ha
Maccy OBazK bl 3apsSKeHHOr0 XUTTCOBCKOTo 6030Ha H ™1, 0TBETCTBEHHOTO 3a MIPOIECC KOHBEPCUN

M — M: M_|__|_ Z 210 FSB/C2.

IlepcniekTuBHI HAJIBHERIINX MCCIIENOBAHUMI

Onmoit w3 TpymHOCTell m3ydenmsi mepexoma M — M sBuseTcs Masas BEPOSTHOCTH HAXO-
JKJICHIS CBSA3aHHOIO BICKTPOHA M MIooHa B onHoil Touke [(0)[%, rme (0) = (p°/7)/?
HepeSTUBUCTCKas KyJOHOBCKas BOJHOBas (PYHKIUS B Hyse KOOPAMHATHOIO IPOCTPAHCTBA
(n = ma, m—macca snekTpona, o = 1/137). ['mnoterndeckoe B3aumoneiicrsue Hyp7, mepe-
Bomsiiee cucremy (pte™) B (u”et), 3aBenoMo MPOMCXOMUT Ha PACCTOSHUIX, MHOIO MEHBIITHX,
"em Goposckmit pammyc, mostomy: < M|Hywm|M >= [(0)]* < p=, et Hymlpt,e” >, toe
HOCJIETHUI MaTPUYHBIN SJeMEHT GEPETCS MEKIY COCTOSHUAMEI CBOOOMHBIX TMOKOSAIIHXCS YaCTHUII.

daxTgeckn 5To 03HaYaeT, YTO GOIBIIYIO YaCTh BPEMEHN JKM3HN aTOM MIOOHUS (PU3NYECKn
He ToToB K mepexony M — M, maxe ecim IpelNoNoXNTh, YTO B IPHPONe HeT HUKAKIX 3allpe-
TOB /I TakKoro mpornecca. llepexon Bo3sMoxkeH TOMLKO B KOPOTKHE MHTEPBAJIbl BpEMEHN, KO da
PONCXOMUT TIepecedenne BOJTHOBBIX (PYHKIMIT MIOOHa 1 >JIEK TPoHa. JIerko olneHnTh mpomoTKu-
TenbHOCTH Al 5TOro MOMEHTa BCTPEYH, & NMEHHO:

At = Ary, v, ~5-107% ¢, (4)

roe Ar,, ~ 1071% v — xapaxTepHblii paguyc ciaboro BzammoneiicTus; v, = ac ~ 2 - 10° m/c —
opOUTATbHAS CKOPOCTH BIIEKTPOHA B aTOME MIOOHMS.

Nurepsan Bpemenn At, onpenenseMblil BuipakenneM (4), 6eCKOHEUHO Masl IO CPABHEHHIO,
HaIpUMeEpP, € XapaKTEePHBIM BPEMEHEM CBEPXTOHKUX OCHUJIISINA B aToMe MiooHus Alp; =
1/wo ~ 4-107" ¢, mo muOTO GosbIIEe Bpemenn At,, — XapaKTepHOTO BpeMeHN CJTaboro B3amMomIeii-
CTBUS, B Te€YeHUE KOTOPOTO MPOUCXONUT MUHAMUYECKUN MEPEXON MEKIY NBYMS COCTOSHUSIMIA:
Haga bABIM (B HameM ciydae M) n xoreanwsim (M).
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IleficTBITEILHO, €CIIN ToTaraTh, 9To s nepexona M — M cropaBenamBa Momels ¢ Mafopa-
HOBCKIM HefiTPHHO , TO B KBAaHTOBOII Teopun noms mepexon M — M ommchBaeTcs IHATpaMMOil
¢ OGMEHOM [BazK/Ibl 3apsKeHHBIM XUITCOBCKUM Gosonom (puc.l) sa spems Atl, ~ h/(My,c?).
Ucnonbsys smavenme M., = 210 I'sB, momyuennoe B skcnepumente [[TUADP-OUAN, umeem:
At, ~3-107% c.

Takum obpazom, BpeMeHHU, B TeUeHNe KOTOPOTO 3IEKTPOH U MIOOH aTOMa MIOOHUSI MOTYT
HaXOMUTCs B oblacTu meficTBUs cuil ciraboro B3amMomeincTBus, 60oiee 4eM MOCTATOYHO IIJIS CO-
Beprnenns ocummsunit M — M.

[Ipn KBaHTOBO-MEXaHIMYECKOM OMUMCAHIN Mpoliecca kouBepcun M — M BaKHO yUHTBIBATD
n TO OO6CTOSITEITLCTBO, UTO TIPU HKCIEPUMEHTATHHOM HCCIENOBAHIE TPOIECCa MBI IMEEM IeIT0
C TIOISIPU30BAHHBIMI MIOOHAMM, UTO MPUBOAUT K TOMY, UYTO B HAYaJIbLHLIH MOMEHT BpeMeEHU
3aCeIeHHOCTD YPOBHEN CBEPX TOHKOI CTPYKTYPBI MIOOHUS Pa3indHa (3aBUCHT OT BUIA U CTETEHN
TOAPU3AIIN TTy9Ka MIOOHOB). YdeT HalpaBIeHUs MONSPU3ANN MTYyIKa MIOOHOB MPUBOAUT K
TOMY, 9TO P PACCMOTPEHIT BPEMEHHON 3aBUCUMOCTH BOJTHOBON (DY HKITUH MIOOHUS He MIJTSI BCEX
CITMHOBLIX COCTOSHUN aTOMa MIOOHUS MOYKHO MCTIOTH30BaTh CTAMOHAPHDIE PEITEHNs ¥ PaBHEHMsI
[Mpenunrepa [6].

[Tpu ocTanoBke MOAIPU30OBAHHBIX MIOOHOB B BEIECTBE TEPBOHAYAIILHO 00PAa3yIOTCs IBa CO-
CTOSAHUS aTOMa MIOOHU: |—|— +>m |—|— — > 1. Cocrosume |—|— + > gaBisgeTCs YUCTBHIM KBaHTOBBLIM
COCTOSTHUEM cHCTeMBI T e” m co Bpemenem He msmensercs. Cocrosnue | — + > me aBisgercs
YUCTBIM KBAHTOBLIM COCTOSHEEM U CO BpEMEHEM MOXKET MepeiiTu B cocTosume | + — > 3a cuer
KOHTaKTHOIO CBEPXTOHKOIO B3auMomeiicTBus B aTome Mioonus. [Ipu sTom, kax mokasawno B [6],
BEPOSTHOCTL TOTO, YTO MIOOHUN OKakKeTCss B TOM K€ COCTOSHUE | + — > B KaKOM-TO TO3IHUiIT
MOMEHT BpeMeHnn f, paBHA:

Py = cos*(At/2h). (5)
BeposTHOCTH TOro, 4TO MIOOHHH OKaKeTCs B COCTOSHUY | — + >, NaeTCs BLIPaKEHUEM:
P, = sin®*(At/2h). (6)

Takum 06pa3oM, B aTOMe MIOOHUS TTPONCXOAAT OCIIIIISIINT MEKILY COCTOSHUAMN |+ — > 1
| — 4+ >. Ilepwon octmmnsumii: T' = Ax/2h = 4.4 -107 c.

[lepexon M — M mepesomuT coctosuue | + + >(| — + >, | + — >) mioonns B cocTosmHme
|+ 4+ >(]—+ >, |+ — >) anTumioonns (caaboe B3anMoneiicTBIE He MeHseT CIIMHOBOTO COCTOS-
HIS B3anMofelicTByomux dactui). Ho Tak Kak MarHuTHbIE MOMEHTHI MIOOHUS U aHTUMIOOHS
IIPOTHUBOIOJIOKHEL 110 3HAKY, TO B MAUHUTHOM I0jle 3 bHeprus cocTOSHUIL 10 U HOCiIe Iepexona
M — M 6ynet ormmuaThes Ha Benmumay |A| & eB/2m..

K anamormvsbiM BBIBOZAM MOMKHO NIPUATH, paccMaTpUBas B KadecTBe 6asmca CTaIlOHAP-
uele perenns ypasaenus [Ipennurepa. [Ipu sTom, kak OyneT nokasaHo HHUKe, MOKHO OLCHUTH
sHepruio nepexorna M — M.

Jlist cMelIaHHBIX COCTOSHUIL CHCTEMBI CYLIECTBYIOT CIENyIollue CTallMOHAPHLIE DEIleHMs
(mpenmomaraem B < 1 I'c, 90 BLIMONHAETCS 71T BCEX MPUBENEHHBIX B TabIl. 1. 9KCIepUMeHTOB):

3>=al+— > +b|—+ >, [hs>=[3> I B A4,

1.]110606 COCTOAHNE aTOMa MIOOHHA B Ka)KI[I)IfI MOMEHT BPEMEHUN MOXHO IIpeACTaBUTEL B BUJE JTNHENHON KOM-

Gumanun 6asmcHBIX cocrosuuil: ¢ = Ci| + + > +C% + — > +C3| — + > +C4| — — >. Ecan nanpasuTh
OChb KBaHTOBaHWUs 1O HAIPABIEHWIO ITyYKa MIOOHOB, TO 3HaK ~ + ” 03Ha4aeT, 9TO CIUH MIOOHa (DJIEKTpOHA)
HalpaBlleH BIlepel, a 3HaK ~ — | 9TO COOTBETCTBYIONIMIl CIMH HAIpaBleH Ha3aj, PHYeM B BBIDAKEeHUSX

|++ >, |+—>, | —+ >, | — — > 1uepBbiil 3HaK OTHOCUTCA K MIOOHY, BTOPOIl — K 5JI€KTPOHY .
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4 >=0bl4+—> —a| —+ >, [py>=]4> e UPEL B~ _34/4, (7)
rne a = (14+a/2)/vV2, b=(1—-a/2)/V2, >+ =1 a=24B/A 2

Kak yxe ormeuasoch BbIllle, B HallleM cJIydae MepBoHavaJIbHO PABHOBEPOSTHO Obpa3oBaHIe
MOBYX CIWHOBBIX COCTOSHWHN aToMa MIOOHWS: | +—>n | + + > Cocrosgune | + 4+ > gaBasgercs
YHCTBIM KBAaHTOBBIM cocTostHueM ¢ sueprueit By = A/4 + pB. T.x. y anTuMioonus g apyroro
3HaKa, To mepexon M — M 13 cocTOSHES ) IPOUCXONUT ¢ yBeImdeHneM >Heprun Ha A = 2u B
5B (I[JI}I B=1T¢ A=12-10"°% 3B), 9TO MPUBOAUT K CHJIBHOMY TOABIEHWIO TIPOIecca
kousepenn M — M.

I cMeIanioro cOCTOSHMS B Hadal bHBI MoMeHT Bpemernn ¢ = 0 : [0(0) >= | + — >.
Pasnoxum 5To cocTosnue no cramuonapubiM coctosuusm. T.k. cocrosuue |+ — > BXxonuT u B
Y3, I B 1y, HAXOMIM:

[(0) >= |+ — >=a|3 > +b[4 >,
[ih(1) >= alhs > +blepy >= a|3 > e /MEt 4 pg > = (I/MEat, (8)

Dueprust mioonust F(M) B coctosuum ¢ (1):

B(M) =< (iR (1) > =< s + b By + Eubisy >=
s A 34 A
:aE3—|—bE4—g(l—l—oz)—?(l—oz)——z(l—Qoz). 9)

[Ipu mepexone K aHTUMIOOHITO KOX(GMUIMEHTHI @ 11 b B Bhipamkenusx (7) MEHSIOTCS CIEMYIO-
mnm obpazom: @ — b, b — a. Torma BomHOBast PYHKIINS aHTUMIOOHIS ¢(1) nMeeT BUII:

6(t) >= blgs > +a|¢q >, (10)

|¢3 > (b| 4+ — > _|_a| — 4 >)e—(i/h)E3t7 |¢4 S — (a| 4> —b| — 4 >)e—(i/h)E4t‘

Cocrosame 1(t) ¢ sueprueit £ (M), onpenensemoii BuipaxenueM (8), Tpu KOHBEPCHN Tiepe-

xomuT B ¢(t) ¢ sneprueit £(M):

B(I) =< 6{1)[ih 16(1) >=< bés + ata| Exbos + Eaady >=

A A A
= szg —|— G2E4 = g(l — Oé) — %(1 —|— Oé) = —Z(l —|— 20[) (11)

Buipaxenns (9) u (11) oTamuaiorcest 3HaKOM Tepen «v, KaK 1 JOIKHO OBITH TPH TEPeXoe
M — M. Orcrona nomydaem:

A=EM)—EM)=—-A/4+ Aa/2 + AJ4+ Aa/2 = Aa =24'B. (12)

I3 mpuBeneHHBIX BHIMIe BHIKTANOK W Bhipaxenns (12) ciemyer, aTo mepexon M — M w3
coctosrust 1(t), Koropoe pasBuiaoch u3 cocrosaus (0) = | + — >, cBiA3aH ¢ U3MEHEHUEM
SHEPTUH, KaK W B clydae mepexona u3 coctosans (0) = [+ + >, na senmuunny A = 24'B, n

BCJIENICTBYE >TOTO TPU MPOBENEHNN SKCIIepUMeHTa B MarHuTHOM rnoste epexon M — M 6yner
MoaBlleH BO BCEX CIMHOBBLIX COCTOSHUSIX aTOMa MIOOHUS.

231ech 1 HIKe MCTOIb3yeM cieiylonme obosHauenns: i = —(pe + fiy), f' = —(fte — fty), He W fy, COOTBET-
CTBEHHO, MATHATHEIN MOMEHT 5IIeKTPOHA U MIOOHA.
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Pamnee npenmnonaranocsk (ncnonn3ys craiuonapibie permenns ypashenus lpennurepa mis
mioonns ), uTto mepexon M — M wu3 coctosmus moomns | + — > (] — + >) me Tpebyer mo-
MOJIHUTELHON SHEPru, T.K. B CTAlMOHAPHOM cilydae cocTosuus |+ — > u | — + > Bcerma
nepeMeriaibl. Kak mTokaszano BbIllle, TaKoe MPUOINKEHNE HECTTPABENINBO B PEATLHLIX yCIIO-
BUSIX mccienoBanus kousepenun M — M, U B DTUX COCTOSHUAX TaKkKe MMEeT MECTO CHIBHOE
MofaBileHne BEPOSITHOCTH MPOTECCa KOHBEPCUN B MPUCY TCTBUH BHEITHETO MATHUTHOTO OIS,

N3-3a manuuust y MIOOHUS KBaApyIOILHOrO MOMeHTa [7] aHasornuynoe neiicTsue GyneT oka-
3BIBATD HAJMIHME B O0IACTH B3aUMONEHNCTBUS CUIBLHBIX HEOMHOPOMHBLIX HIIEKTPUUECKHUX MOJTEN.

W3 ckasammoro ciemyer,qTo Kpafifie BaXKHO TPHU TAHUPOBAHWE MATLHENIINX MCCIENOBAHUT
MPUHAMATL MEPBI 0 KOMIIEHCAIINN BHEITHUX HJIEKTPUIECKNX U MArHUTHLIX MOJiell B obiIacTn
MPOCTPAHCTBA, T/e HabIIogaeTcs B DKCIIEPUMEHTE DTOT TIPOIECC.

B mactostiee Bpemst B [IUAD uw OUAN npoxomut momroToBka K HOBOW cepuum M3MepEHUN
npotecca kouBepcun M — M. DkcnepuMeHT GymeT TPOBONUTLCS B YCAOBHAX OTCYTCTBHS B
obIacTu MUINEHN BHEITHNX MArHUTHBIX U HJIEKTPUYecKuX mosieil. bymyT cyiecTBento yiayd-
[IIEHBbl TEOMETPUYECKe U BpeMeHHble TapaMeTphl yeTanoBku. [lmanmpyercs yaydmmTs cyime-
CTBYIONIMIT Ipenes Ha BeposSTHOCTH KouBepenn M — M, Kak MEHEMYM, Ha TOPSIIOK.
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