In the basole, nezing the Law of Similarity =nd the Law of TTnity, the mods] of the
oreation and evolwtion of the TUniverss iz propossd. Thiz mods] states thet oor
Undverss iz part of the Super-Tniverss, the separate laver in 3 Gber space, and
ﬂmummmmmmmmm@g
delocalized point. The comesponding particles are produced in each space.
evolution of the foor-dimensional World iz

brzne of the five-dimensional World On the basiz ofthe new modal schemss of
weak and sttong interactions in two adjacent spaces are considersd Thess
schemes allow us to dezoribe known experimentz] resnlts. The mechandzm for
the production of matter in the Universe by Sclar Fisld ensrpy is proposad,
and nucleer reactions, which lad to the orestion of all stzhle and wnetahles
atomic noclsi known in our time, ars explzinsd Theze procezzes ans rezponeible
g the emizzion of starz. The book axplzins the propsnties of the Scalar Fisld
The stroctere of heavy (£ = 4) noclei, 3= wall a= the hisrnchy of intsraction’s
bozons iz desoribed. The mechanizm of the birth of the stellar and planstary
syztem iz conziderad
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[penucaosue

XX BEK O3HAMEHOBAJICS OOJIBIIMM KOJMYECTBOM HAy4YHBIX OTKpBHITUH. Iyl Hamiero ciydas
BOKHO OTMETHTh, IIPEKJIC BCETO, OTKPBITHE TajlakTUK BO Bcenennoi. 3atem, B 1929 r. Xab0a oTKpbLT
KpacHOE CMEIEHUE B CIIEKTPE U3ITyUEHUS TalaKTHK U MHTEPIIPETUPOBAJ €T0 KaK pa30eranus rajJakTUK.
BriocnenctBrun 3Ta MHTEpOpPETALUS MOATBEPANIACH, U MOSBUJIOCH MHOTO T€OPHUd, KOTOPHIE MBITATIUCH
OOBSICHUTH M3BECTHBIE HKCIIEPUMEHTANbHBIE (pakThl. CamMmyto OOJBIIYIO U3BECTHOCTD MOTYYHIIA TEOPHUS
poxnaeHuss Beenennoil myrtem bosbmioli B3peiB M3 HadyanbHOW CHUHTYJIAPHOCTH YPE3BBIYAWHO MAaJbIX
pa3MepoB, BBICOKOW TeMIepaTypsl U ioTHocTH Marepuu (CtangaptHas mozenb A. ['amoBa). KpymnHbie
Hay4yHbIC CHJIBI OBbLIM OpOIICHBI Ha pa3pabOTKy Takoro mMexaHusma poxaeHusi Beenennoit. Kazamoch
Obl, 4TO Ha JaHHBIH MOMEHT OIMCAHBI BCE JETAld OTHOCUTEIBHO pOXKIeHHUs1 BceleHHOW B mepBbIe
MOMEHTBI TOCJIe€ Hayana bonbmoro B3peiBa M B mocieayronme NEpHOIbl 3BOJIOLMUN BEIIECTBA BO
Bcenennoit. OgHako 10 cMX MOp OCTajIMCh 0€3 BHUMAaHUS BaKHBIC JIETAU B MPOIIECCE POXKICHUSA U
sBOMIOIMN BceneHHo. DTH neTajau MpOTHBOpPEYaT OCHOBHBIM 3aKOHaM (U3WKH, a MOTOMY OBLIH

OTBEPTHYTHI U3 pPACCMOTPEHUS (PU3UKAMHU.

B mepeuens 3THX aeTaneil OTHOCUTCS, MPEXkIe BCEro, TOT (aKT, YTO MPH B3PHIBE BELIECTBA M3
CUHTYJISIPHOCTH OHa cpa3y K€ JOJDKHA HAaXOIUThCSl BHYTPU YEPHOU JBIPBI, MOCKOJbKY HaudajabHBIN
paauyc BceneHHON 3HAYMTENLHO MEHBIIE BEIUYHMHBI TPABHUTALMOHHOTO paauyca. Kak crnencrtsue,
HOBOpOXJEHHass BceneHHas nomkHa cpa3zy »Ke KoJulalicupoBaTh B Touky. HaOmonenus xe
MOKa3bIBAIOT, 4TO BceneHHas umeeT oueHb OOJBIION paanyc, BEIMYMHA KOTOPOTO 3HAYMTEIHHO

IIPEBBILLIAET €€ TPAaBUTALUOHHBINA PaJNYC, U, KPOME TOr0, OHAa PaCLIUPSIETCS.

BO-BTOpBIX, OHTPOIIUA MAaTCpUH B HOBOpO)KI[GHHOﬁ Bcenennoit u3 HayanbHOM CUHTYJIIPHOCTHU
O4YCHBb BCJIMKA, YTO JOJDKHO IIOMCIIATh CO3JaHHIO MACCHUBHBIX O0OBEKTOB: TraJIJaKTHK, 3BC3/, IINIAHCT U
T.AO. HOCKOHBKy CO31aHHUC TaKHUX 00BEKTOB Tp€6y€T IMOHW)KXCHHUC OHTPOIINH, TaKOM MEXaHU3M
POKIACHUA Bcenennoii OPpOTHUBOPCYUT 3aKOHAM TCPMOAMHAMUKHU. B 10 x¢ BpeM:A IJI1 CYHICCTBOBAHUS

TepMOHHHaMHqGCKOﬁ CTPCJIbl BPEMCHU DHTPOIUS A0JDKHA YBCJINYNBATHCH.

[TombITKH corynacoBaTh HEKOTOPhIE MOMEHTHI U HeTOYHOCTH CTaHAApTHON MOJIENH C MOMOIIbIO
TEOpUU HHQISIUH TPOCTPAHCTBA CTAIKHBAIOTCS C HOBBIMH NPOTHBOPEYUSMH, B YaCTHOCTHU
OTHOCHUTEJIFHO 3aKOHA TPUEJIMHCTBA MPOCTPAHCTBA-BPEMEHU-BEILIECTBA, OTKPHITOr0o A. DUHIITEHHOM.

CornacHo 3TOMY 3aKOHY BCC IIPOCTPAHCTBO JOOJDKHO OBLITH 3aIOJIHEHO BCIICCTBOM MW BO BCEM
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IIPOCTPAHCTBE JOJDKHO IMpOTeKaTh Bpems. Eciu ke NpUHATH TEOpuro HHQIIALKH, TO HYXHO

COTJIaCUTBCS, YTO MPOCTPAHCTBO MOXKET CYIICCTBOBATH 0e3 MaTCpuHu.

HGCMOTpﬂ Ha OOMbIINE JOCTHUXXCHUA KOCMOJIOTUUECKOU HAyKH, 10 CUX IIOPp HE BBIACHCHO, UMECT
I Hama BcenenHas OrpaHUYCHHUC B IMPOCTPAHCTBC. B 10 Xke BpCMs HU3BCCTHO, 4YTO 3aIllOJIHCHHAs
3BC31aMH 6€3FpaHI/I‘IHa$I Bcenennas JOJIDKHa o0ecrneynuTs 0ECKOHEYHO 60J'IBIJ_IYIO SAPKOCTb HOYHOTO
neOa. IlombITKM OOBACHUTH 3TOT q)aKT paB6€FaHI/I€M TaJJaKTUK HC HPHUHHOCAT YAOBJIICTBOPCHUS,

MIOCKOJIbKY OT/IaJICHHbIE TAJIaKTUKHN HA0JII0IAl0TCS B BUAUMOM 00J1aCTH CIIEKTpa.

Coucox MOpoOTUBOPEUYUH MOXKHO MPOJIOJKATh, YTO BBI3BIBAET HEAOBOJILCTBO CTaHIapTHOM

MOJIEJILIO BO3SHUKHOBEHNS BceleHHoi.

B Takoii CUTyalluu aBTOp HaHHOﬁ KHUTH 3aJaJICA HEJIbKO CO3aTh TAKYIHO MOACJIb POXKACHUA

Bcenennoil, kotopasi He MPOTUBOpeUHIIa ObI U3BECTHBIM 3aKOHAM (DU3UKH.

B ocHoBy Monenu mosoxeHbl 3aKOH €IMHCTBA M 3aKOH TOJOOWS, KaK BBICIIME 3aKOHBI BO
Bcenennoit. OToro oka3ajaoch J0CTaTOYHO, YTOOBI MOCIb JIMIINJIACH TPOTHUBOPEYHHA C M3BECTHBIMHU

3aKOHaMu (1)I/IBI/IKI/I.

Hcnonp3oBaB TakoW MOAXOA K pEIIEHHIO MpoOJeMbl, aBTOp TMOHSJ, YTO Hama BceneHHas
sisierca vacThio Cynep-BceeneHHO#, mpeAcTaBIEHHON pPacClOEHHBIM MNPOCTPAHCTBOM, B KOTOPOM
MEXJy OTJIEJIbHBIMH IPOCTPAHCTBAMM CYIIECTBYET JMIIb HH(OPMAIMOHHYIO CBS3b 4Yepe3 OJHY

JEJIOKAJIN30BAHHYIO TOUKY.

Kak cnencrue, aBTOpy yaanoch MpenjiokKUTh U OMKMCATh MOJICNb POKICHUS Haliel BcenenHoid,
B KOTOPOM BEIIECTBO POXKJAETCS C MOCTOSIHHOM CKOPOCTBIO, @ HadallbHasl TeMIieparypa Obljaa paBHOU
Hymo. Takast MOJienb MO3BOJIMIIA OMUCATh CJIa00€ U CHIIBHOE B3aWMOJICHCTBUS, MEXAHU3M POXKICHUS
IUTAHETHBIX CHCTEM WU TaJlaKTHK, a TaKXXe BBIABUTH €II€ HEU3BECTHbIE BO3MOXHOCTH: BO3MOXKHOCTH
MTHOBEHHOMW Tiepeaun nHpOpMaluu B mpeaenax Bceil BeeneHHONW M BOBMOXKHOCTD YepIiaTh SHEPTUIO
n3 CkamspHoro [lonisi, KOTOpOMY OTBOOUTCS OJIHA W3 TJAaBHBIX POJEH B MPOLECCE POXKICHUS U

3BOJIIOIIMHY MaTepuu Bo BeeneHHoil.
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I'nasa 1. Po:xaenue u >BoJironusa BeejieHHOM ¢ MUHHMAJIbHOM HAYAJIbHOM
JHTPONHEH

Mopenu Bcenennoii, kak u JOObIe Jpyrue, CTPOSATCS Ha OCHOBE TE€X TEOPETUYECKUX
MIPEJICTaBJIEHUH, KOTOPbIE CYIIECTBYIOT B HacTosiliee BpeMsi B KocMosoruu. CoBpeMeHHasi KOCMOJIOTUs
BO3HUKJIA TOCJIE MOSBJICHUS OOIIEeH TEOPUH OTHOCUTEIBHOCTH U MOATOMY €€, B OTIMYME OT MPEeKHEH,
KJIACCUYECKOM, HAa3bIBAIOT PEISITUBUCTCKON. HOBBIN ATam ee pa3BuTHs ObLI CBSI3aH C MCCIIEOBAaHUSIMU
A.A. ®puamana, KOTOPOMY YJIalI0Ch BIEPBbIE TEOPETHUECKH JOKa3aTh, YTO BeeneHHas, 3armonHeHHbIN
TATOTES] BEIIECTBOM, HE MOXKET ObITh CTAllMOHAPHOW. DTOT MPUHIMITUAIHLHO HOBBIN pEe3yNIbTaT HaIIel
CBO€ TOATBEPXkACHUE Mociie oOHapyxkeHUs: Xa00iaom B 1929 kpacHoro cmemeHusi, KOTopoe ObBLIO
HCTOJIKOBAHO Kak siBieHUE "pa3z0eranus” rajakTUK. B CBSI3M ¢ 3TMM HA TEpBbIA IUIaH BBIABUTAIOTCS
po0JIeMbl UCCIIEAOBaHUs paciiupeHus BceneHHoi 1 onpeesieHusl Bo3pacTa Mo MPOJI0JDKUTEIIbHOCTH
3TOrO pacmupeHus. TpeTuid nmepuoa pa3BUTHs KOCMOJIOTHH CBsizaH ¢ padotamu I'.A. ['amoBa. B Hux
UCCIIeYIOTC (U3MYECKHE TPOIECChl, NPOUCXOAMBIIUE HA PA3IMYHBIX CTAJAUAX PACIIUPEHUS
Bcenennoii.

Bce yueHble MCXOIAT M3 TOro, 4TO CHayana BceneHHas Haxoauiach B YCIOBUSAX, KOTOpBIE
XapaKTepU3YyIOTCsl HAIWMYMEM BBICOKOW TeMIlepaTypbl M JIaBJICHHS B CUHTYJISIPHOCTH, B KOTOpPOHl Oblia
cocpeloTo4eHa Bcst Matepus. Jlajgee oHa MOCTENeHHO OXJIaKJallachk 1o Mepe pacunpenus BeeneHHoit.
Mopens ropsiueii Becenennoii BrnepBble ObUta BeIIBUHYTa ['.A. ['aMOBBIM M BIOCIEIACTBHU Ha3BaHa
CTaHJIaPTHOM.

Mogens I'.A. 'amoBa TpeGoBana a1aTh OTBET HA PsAJ BaXKHBIX BOMPOCOB. B wacTHOCTH, eciu BCs
MaTepusi ObUIa COCpPEOTOYEHAa B CHHTYJISPHOCTH, TO INOYEMY HE BO3HMKJIA uYepHas Jwipa? Yem
onpenensercss cTtpena BpemeHu? HMmeer nu  BceeneHHas HeEKylo TpaHHMIly B HOPOCTpPaHCTBE?
BrinonHAOTCA M 3aKOHBI TEPMOJIMHAMUKH B Tpoiiecce 3Boitounu Bceenennoi? Ecnu Bcenennas
Oe3rpaHnyHa, TO MOYEMYy HOUYBIO TeMHO? MOXKET JH CyIIECTBOBATh MPOCTPAHCTBO Oe3 marepunu? U
MHOTO JPYT'HX, HE MEHE€ BaXHbBIX U ()yH/IaMEHTAJIbHBIX BOIIPOCOB.

K coxanenuto, MHOTOYMCIICHHBIE MOJIENIA POXKIACHUS M IBOJIONUH BceneHHOW 00XOomsT psn u3
HA3BaHHBIX BAXKHBIX BONPOCOB M TIOITOMY HE MOTYT OBITh NPUEMIIEMBIMH, TTOCKOJBKY SIBHO
npoTuBopedar 3akoHaM (u3uku. CymEecTBYIOT TMONBITKA CHSATh HEKOTOPBIE MPOTHBOPEUHS
cTangaptHoi Moxaenu. Hampumep, pa3pabatsiBaercss mH(IsIIMOHHAs Monenb Beenennoil. OnHako B
3TOM CJIy4ae OJHU NPOTHUBOPEYHUs MPOCTO 3aMEHSIOTCsA ApyruMu. IlosTomy mpobiema poXAeHHS U

3BOJIIOLIMH BcelleHHOM ocTaeTcsl Ype3BbIYaAHO aKTyaIbHOM.



B Takoil cuTyanuum aBTOp peHIMI TNPEAJIOKUTh COOCTBEHHYIO MOJIeNb, KOTOpas Obl He
MPOTUBOPEYMIIA HA3BaHHBIM (U3NYECKUM TMPHUHIMIIAM W OJHO3HAYHO MOTJa OTBETHTH Ha
MOCTaBJICHHBIE BOMIPOCHI [1]. B ocHOBe Mozemnu, mpeioKEeHHOM aBTOPOM, JiexKaT 3aKOHBI TOJI00HS U
eaAnHCTBa BO BeenleHHOM.

W3BectHO, yTO BeenenHas mmeeT nepapxuueckoe CTPOEHHE, YTO OOYCIIaBIMBAET BBHINOJIHEHUE
3akona moao6us [2]. bonee Toro, B [2] MpUHIUI HEPapXHUECKOTO MOJOOMS paccMaTpUBAJICS Kak
HOBBIM (yHIaMEHTaNbHBIN 3akoH (pu3uku. Kpome Toro, 3akoH moao0usi 0JHO3HAYHO OMUCKHIBACTCS C
nomoisio JlpeBa XXu3Hu, 4TO MO3BOJIMIIO aBTOPY MOHOrpaduu [2] co3maTh TEOPHIO HUEPAPXUUECKUX
CHCTEM M CO3JIaTh MHOTOYHMCIICHHBIE CXEMBI JIa3epOB Ha CBOOOJHBIX 3JEKTPOHAX. DTy UHPOPMAIHIO

MBI UCIIOJIb3YEM MPU MOJIETUPOBAHUH MIPOIIECCOB POXKJICHUS U 3BOJIOIIMK BeeneHnHoil.
1.1. BuyTpuyTpoOHOe pa3BuTue pedeHka

CornacHO TeopuM HepapXMUecKux cucteM M JokTpuHe JlpeBa JKu3HM Bce MpouLecchl BO
Bcenennoil mpoucxoasT mo eIMHOMY CLIEHAPUIO, XOTS U Ha Pa3HbIX YPOBHSAX M B Pa3HBIX MacliTadax.
Hcxonst w3 3TOro, ans pelieHusl IOCTaBJIEHHOM MpoOsieMbl Mbl OyAeM CpaBHUBATh JTallbl
BHYTPUYTPOOHOI'O Pa3BUTHsI peOCHKA U ATAIbI POKICHUS U 3BOJIOIUN BeenenHou.

[Ipexxne Bcero, s Havaja BHYTPUYTPOOHOTO pa3BUTHs peOEHKa HY>KHO OIUIOJIOTBOPEHHE
YKEHCKOU SIUIIEKIIETKH CIIEPMATO30M/I0M. 3aTEM CIIEYET BpeMs pejlakCallui K CO3/IaHUI0 MOJHOUEHHON
KJIETKH, TOTOBOM K pa3MHOkeHuto. [l crapra Impolecca pa3sMHOXKEHHS KIETOK TpeOyercs
NocTyIuieHne MHpOpMaluK O Havyaie JeJIeHusl KIeToK. B kieTke yxe 3amucaHa uHGoOpMAIHs O TOM,
KaKoW BHJ JOJDKEH UMETh YEJOBEYECKH OpraHu3M, KOTOpPBIH OyaeT pa3BUBAThCS BHYTPUYTPOOHO.
CrnenoBaTenbHO, JOKHO CYILIECTBOBATH J1BA THIA HH(POPMAIUH.

Jloru4HO MPEATONI0KUTh, YTO HHPOPMALIHUS O Havaie JIeICHUs KIETKU JOKHA MOCTYIATh U3BHE.
Ha »1Ty MbIciib HaBOguT TOT (HakT, 4YTO CpeAd >KMBOTHOIO MHpa HUMEIOTCS Ciy4yaH, Korja
OIJIOZIOTBOPEHHE SIMIIEKIETKH MPOUCXOAUT Cpa3y MOCie POXKIACHHUS CaMKH, B TO BpeMs KaK Hadalo
JIEJIEHHs KJIETKH TMPOMCXOAMT MOCJE IOJIOBOTO CO3peBaHMsA *KUBOTHOro. Kpome Ttoro, y measexneit
OIUIOIOTBOPEHHUE NMPOUCXOAUT B MIOHE WM HIOJIE, OJTHAKO OIUIOAOTBOPEHHAS SIMIEKJIETKa HAUMHAET
pa3BUBATLCS TOJNBKO B HOSOpe. AHAJIOTMYHO, B YyKe C(HOPMUPOBAHHOM OpPraHHM3ME IIOCE €ro
POXKICHUS JENICHUE KIETKH MPOUCXOAUT TOJBKO IMPH HEOOXOAUMOCTH, a WHpopManus 00 3Toi
HEOOXOAMMOCTH MOCTYIMAET OT OpraHu3Ma.

BosBpamaemcs k mepBoi KieTKe Oyayliero opranu3ma. Beimie ObUIO yKa3zaHO, 4YTO BCs

nporpaMMa CO3JaHusl JKMBOI'O OpraHM3Ma YK€ 3alloKeHa B TEepBOW KieTke. B mepByro KieTKy
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MOCTYIIAeT SHEPTHsl, HEOOXOqMMast I Pa3MHOXKEHHUS KJIETOK M pa3BUTHUsSI oprann3Ma. CTpOUTEIbCTBO
OpraHu3Ma MPOUCXOJUT B COOTBETCTBHH C UEPAPXHUECKUM 3aKOHOM, TO €CTh, CHauana (GOPMUPYIOTCS
BOJIOKHa (OJIHOMEpHBIE OOBEKTHI), Jajiee TKaHU (IBYMEPHBIE OOBEKTHI) U TPEXMEpPHBIE OOBEKTHI.
[TockonbKy TpexMepHble OOBEKTHI SIBISIOTCS (YHKIHOHAIBHBIMHU, TO, MpPEXJAe YeM OHU OyayT
CO3JIaHBbI, JIOJDKHA MMOCTYIUTH HHPOPMALIUS O CO3/IaHUH 3TUX OOBEKTOB M UX OyIylIei JAesTelbHOCTH.
Takum 00pa3oM, co3TaHHBIE TPEXMEPHBIE OOBEKTHI CPa3y HAUMHAIOT QYHKIMOHAIBHYIO e TENbHOCTD
B 3aBHCHMOCTH OT Ha3HAa4eHUs oOpraHa. B COOTBETCTBMM C wHepapxuell oOpraHu3Ma CO3/JaHue
TPEXMEPHBIX  OOBEKTOB  MPOWCXOAWT B  CJEAYIOUIeW  IOCIEIOBATEILHOCTH:  CO3JaHUE
MOHO(YHKIIMOHAJIbHAS OpraHa (IOJbKU), 3aT€M JOJIbKH OOBEAMHSIOTCA B MONH(DYHKIMOHAIBHBINA
oprad (me4eHb, MOYKH U T.1.). B cBOrO odepens monaudyHKIHMOHAIbHBIE OPTaHbl OOBEIUHSAIOTCS B
CUCTEeMBbI (MHUTaHue, OOMEHa BEIIECTB, KPOBEHOCHYIO, HEPBHYIO, 3alIUTHYI0, UMMYHHYIO U T.1.). Bce
cuctembl (popmupyror opranusm. W yxe npu BHYTpUYTPOOHOM pa3BUTHH peOEHKAa €ro OpraHbl
MIOJTHOLIEHHO BBITIOJHSIIOT CBOU () yHKIIHH.

[Ipu poxneHnn peGeHkKa HYKHO BBECTH IOTIOJHUTENIbHYI0 HMH(POpPMAIMIO, KOTOpas o0ecrneduT
Mepexo]] OpraHu3Ma K aBTOHOMHOMY (YHKIIMOHHUPOBaHUIO. PeOEHOK OTHenseTcss OT JHEPreTUKU
MaTEepUHCKOTO Opranu3ma (mepepes3aceTcsl IMyNOBWHA), HAYMHAET JbIIIATh (BKJIIOYAIOTCS JIETKHUE),

noTpedsATh MUILy U ToMy nogooHoe. [leproa BHYyTpuyTpoOHOM KU3HU 3aBEPILIUIICS.
1.2. Moaeab poskaeHus 4 3Bo0nnu Beesennoi

[TogoGHO Hauwady BHYTPHYTPOOHOTO pa3BUTHS peOEHKAa BBOAUTCS dHEPrus W WHPOpMAIHs B
ompeneneHHyl0 Touky (Mwup-1). DTa TOuka HE HWMeEeT NPOCTPAHCTBEHHOTO H3MepeHus. bynem
xapakrtepusoBartb ee kak Mup Ilosisa-Bpemenu. Ilpu atom cpasy cosmaercss mporpamma CTPYKTYpbI
Oyaymeit Cymnep-BceneHHoli Kkak paccloeHHOro mpoctpaHcTBa. Ilep6oii OTIpPaBHOW TOYKOU
MIPEJIOKEHHOTO MEXAHM3Ma PpOXKJACHHS W 3BOJIOLMHM MHUpa SBISETCS YTBEP)KJIEHHUE, COIIACHO
KOTOPOMY HA4aJioM M MPOJ0JDKEHHEM 3BoJroIu Oyaymero Cymnep-BeenenHoii Oyzier ee pacmmpenue
CO CKOPOCTBIO CBeTa, MPUYEM Cpa3y IMOJYy4YalOT PACIIMPEHHE BCE COCTABJSIOUIME €€ SJIEMEHTHI:
oJTHOMepHOe mpocTpaHcTBO (Mup-2), nBymepHoe nmpocTpancTBo (Mup-3) u TpexmMepHOe MPOCTPAHCTBO
(Mup-4). YtoObl He HapymaTh TPAJAULIMOHHOTO Ha3BaHus Mmup-4 o0o3HauuMm kak Bcenennas, a
pPAacCIOEHHOE  NPOCTPAHCTBO, COCTOSILIEE W3  HYJIb-MEPHOTO  NPOCTPAHCTBA, OJHOMEPHOIO
MIPOCTPAHCTBA, IBYMEPHOI'O MPOCTPAHCTBA U TPEXMEPHOr0 MpocTpaHcTBa Ha3oBeM Cynep-BceneHHol.
IIpu »ToM Mup Ilonsi-BpeMeHH SBISIETCS COCTOSIHUEM YHCTOTO CTaHOBJIEHUS, COCTOSHUEM

IlepBuunbix Buxpeii, Hauanom BuxpeBoii JIBu:kenuii win ['maBuoit JIpmwxkymeit Cunoii. Otcrona
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CIelyeT, YTO BUXPEBYIO CTpyKTypy Bcenennoii 3amaer Ilone, koTopoe MOpoxkJaeT OJHO JIBYyX- M
TpexMmepHasi Beenennasi, rie Bce Bpamaercs. OT poxaeHus 10 3aBeplieHus Beenennas pakranbpHas,
Y 3TH (PpaKTaibl BPAIIAIOTCA.

Taxum o6pasom, [lone nmopoxaaer paccioeHHOe MPOocTpaHCTBO U BpeMsi B HeM. Camo xe [lone
MOXET OBITh TOJIBKO CKAJAPHBIM. [lose BHOCHUT SHEPruio, KOTOPOM HAMOJHAET BCE yKa3aHHbIE
MIPOCTPAHCTBA, MOJOOHO TOMY, KaK COEJUHEHHBIE COCY/bl HAIOJHSIOTCS >XUAKOCThIO. [Ipm 3TOM
pa3Mep IpOCTPAHCTB («COCYAOB)») yBEIUUYHUBAETCS cO BpeMeHeM. CKOpOCTh HAIOJIHEHHUsS MEPBBIX JIBYX
«COCYJZIOB»  <OKHJIKOCTBIO» IPEBBIIIAET CKOPOCTh YBEIHWYEHHUS OOBEMOB «COCYZOB», TakK 4YTO
(GKUJKOCTh» TIEpENIMBAeTCd B CIEAYIOIMN «cocya». Tak Mo odepeau 3amojHSAETCS SHEprueu
OJTHOMEPHOE TPOCTPAHCTBO, 3aTE€M JIBYMEPHOE MPOCTPAHCTBO M, HAKOHEL, SHEpPrus MOCTyNaeT B
TpexMepHOe TpocTpaHCcTBO. (CremoBaTeNbHO, IUIOTHOCTh JHUOHHOTO BEIIECTBA JIOJDKHA OBITh
NMOCTOAAHHOM B TIpoliecce 3arojHEHUS YacTUIAMH TPEXMEPHOTO IPOCTPAaHCTBA. TpexMepHoe
MPOCTPAHCTBO HAUMHAET 3alOJHATHCSA SHEPrUel TOJIBKO Yepe3 ONpPENEICHHbIA MPOMEKYTOK BPEMEHHU

AT,. Ecnu Haganom poxxaenus Cynep-BceeneHHON cuuTaTh Ha4aso 3al0JHEHus sHeprue Mupa-1 u B

9TO K€ BpeMsi HauWHaeTcs pacmupenue npoctpancts Cynep-BeeneHHol, To npu 3amoiHeHun Mupa-2
230 o
Oyner odeHb MajeHbKUM (Bo3MOkHO 1077 c). Iloka 3amomHuTCs sHepruerr Mup-2, Mup-3 ycneer

3aMETHO PACIIUPUTHCS, a IOTOMY BPEMSI €T0 3ar0IHEHUS OYJEeT HECKOJIBKO O0JIbIe (BOZMOXKHO 10° ¢).
B Takom ciy4ae uepe3 NpOMEXYTOK BpeMeHu ATj~ 10° ¢ wHauHeT 3amonmHATHCA dHeprueir Mup-4.

OtMmerum, uro B Cynep-BceeneHHOM Mexay CIOSIMU PacCIOEHHOTO MPOCTPAHCTBA CYIIECTBYET TOJIBKO
WHGOPMAITMOHHYIO CBSI3b Yepe3 OJHY JCIOKAITM30BaHHYO TOUKY [3].

Bmopou otnpaBHOW Toukoi Oymer cBoiictBo [lonsi - ero cmocoOHOCTh HEMOCPEICTBEHHO
co3/laBaTh 4YacTUIIBl MaTepud BO BceX IMpocTpaHCTBax pacciioeHHod Cynep-BcecenenHoir B
cooTBeTcTBUHU ¢ hopmyroit E = mc’. DTHM OHO OTIHYACTCS OT BEKTOPHOTO 3JIEKTPOMArHUTHOTO ot
KOTOpPO€ MOXET B OINpeAeSeHHBIX YCIOBHUSIX CO3/1aBaTh MHapy yacTHUla-aHTH4YacTula. Ilockosbky B
Mupe-1 HeT 3apsa0B, CO3AaHHAsT MaTepUs JOJDKHA OBITH DJIEKTPOHEHTPAIbHOM. A 3TO 3HAYUT, YTO B
Mupe-4 OynyT co3maBaThCsl TOJBKO KIJIACTEPHl HEUTPOHOB, KOTOPHIE XapaKTEPU3YIOTCS HYJIEBBIMHU

SHAYCHUAMU 3apsaa, ClIMHA U TOMY HO,I[06H0€.

1 ~ o

DU3UKU 3HAKOMBI C BOJHAMH HEBJICKTPOMArHuTHOU TIPpUPOABI, B YaCTHOCTH, BOJHAMH ,He-BpOI/IJ'IH, O/THAKO BO BCEX
KOCMOTOHUYCCKUX TCOPUAX YUUTBIBAIOT TOJBKO JJICKTPOMArHUTHBIC BOJHBI, KOTOPBIC CONPOBOXKAAIOT aHHUTUIIAOUIO U
POXKIACHUE DJIICMECHTAPHBIX YaCTHUIL.
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HUrak, Mup-4 wu3HavanbHO OyneT pacmupsThCs Oe3 BelecTBA B HEM 3a HCKIIOYCHUEM
3aIlOJIHEHHBIX BaKyyMHBIX cOCTOsiHME. CrenoBaTenbHO, B 3TOM MUpe HHUKAKOW CHHTYJISIPHOCTH HE
Oynet. BemecTBo (cpasy mosiHbIi HA0Op (GepMHUOHOB U 0030HOB) MOSBUTCS TOJIBKO TOTJA, KOT/A €ro
HayvaJbHas IUIOTHOCTh HE OYyJeT MpeBbIIATh IUIOTHOCTH SJIEPHOTO BEIIECTBA. DTO Mpembsa OTIpaBHAs
TOYKA.

[TepenuBanue sueprun Ilons B Mup-2 (mpocTpaHCTBa-BpEMEHH) COMPOBOKIAETCS POKICHHUEM
TSDKEJIBIX 3apsDKEHHBIX YacTHIL - IPEOHOB (YCIOBHO, KBApKOB-2), BEJIMUMHA 3apsijia KOTOPHIX paBHA ¢
=4q,/2 = +e/6 (g, - 3apsia KBapKa TPEXMEPHOTO MPOCTPAHCTBA-BPEMEHHU, € — MUHHMAJIbHBIN 3apsij
YacTUIBI B YETHIPEXMEPHOM MPOCTPAHCTBE-BPEMEHH). 371€Ch BBEJICHO NPEIIONIOXKEHNE (uemeepmasn
OTIIpaBHasl TOYKA), COIJACHO KOTOPOMY MHUHHUMAJbHBIM 3apsa B omnpenereHHoM cioe Cynep-
MPOCTPAHCTBA OTPEACISETCS ero pa3MepHOCThI0. [103TOMY KBapKH-3 UMEIOT 3apsia g, = +e/3, AUOHBI -
q1===%qy/2.

BenuunHy MakcMManbHOTO 3apsijia B #1-MEPHOM IPOCTPAHCTBE MOXKHO OIMPENEIUTh 10 (hopMylie
q,= i[n/ (n + 1)] q,., - CnenoBarenbHO, MAKCUMaIbHO BO3MOKHOM BEIMUMHON 3apsjia KBapKa sBISICTCS

max

q," = £(%)e. [lBurasacp janee, MOXKHO CHEJaTh BBIBOJ, YTO B TPEXMEPHOM IIPOCTPAHCTBE JOJIKHBI
CylllecTBOBaTh 3apsjabl +e, +2e, £3e, a takke 0. IlepBoil yacTuile COOTBETCTBYIOT siipa BOJOpOJa
(IIPOTOH W NEWTPOH, NMEPBOTO MHOTO, BTOPOTO - Maso), BTOpol — siapa remus (,He i JHe=,a,
NEpBOTrO Majio, BTOPOTro 0oJibIIE), TpeTheit — sapa nutus (SLi i ]Li, mepBoro majuo, BTOPOTO

Oonpmre). Bce 3apsagpl  MMEIOT  TOJMOKMUTENBHBIM  3HaK. [l crabwimsanuum  aTOMOB |
anexTpoHenTpaibHocTH Beenennoit B IlposBneHHOoM Mupe UCHOJIB3YIOTCS AJIEKTPOHBI, HUMEOUINE
3apsi —e.

JIBymepHbIii Mup 3neKkTpoHelTpanbHblil. OJHOBPEMEHHO C MOSBJICHHEM IPEOHOB BO3HUKAIOT
YCIIOBUS JUIsl CYLIECTBOBAHHUS JIBYMEPHBIX 0030HOB, KOTOpble OyayT oOecrneyuBaTh B3aUMOJEHCTBHE
Mex 1y npeoHaMu. [TockoibKy Takoe B3aMMOJIeCTBHE MOPOAUT YaCTULBI TPEXMEPHOTO MUpPA (KBapKU-
3), TO ciemyeT cuuTaTh, YTO 3TU 0030HBI OJJHOBPEMEHHO NMpHUHAIeKAT Kak Mupy-2, tak u Mupy-3.
Hns Mupa-3 nBymepHbsii Mup sBisercs CKpbITBIM, a TpexMepHbld Mwup (MHp KBapKoB) -
[IposiBnerrpiM Mupowm. [ToHSITHO, YTO PUHAIIEKHOCTH 0030HOB 70 IBYX MUPOB peau3yeTcs myTemM
nepenadn uHGOpMaAIMU W TpOCTpaHCTBEeHHBIM MeTamopdo3 [3]. CiemoBaTeNbHO, MBI UMEEM HAMYIO
OTIPABHYIO TOUKY.

YuutsiBas 3aKoH eIMHCTBA, Kak Boicmmii 3akon BcesleHHOM, MbI TOJDKHBI B3ATh 32 OCHOBY,

yto Ilone YYBCTBYCT, KOHTPOJUPYCT U HAIIPABJISICT BCC IIPOLCCCHI IIPpU CO3AaHUN MHpa To €CTb, MbI
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NPUHUMAEM Kak IOCTYNaT (uiecmas OTHpaBHas Touka), yTo lloje mmeeT AOCTATOYHYIO HEPTHIO,
unpopmarmio u Ilporpammy co3manus maTepuasbHOro Mupa M Mwupa JKHMBBIX, TO eCTh, Halieu
BcenenHoii.

st Toro, 9TOOBI B TPEXMEPHOM MPOCTPAHCTBE CYIIECTBOBANIO deKTpoMaruutHoe nose (OMII),
HE0O0XOMMO, YTOOBI B OJJHOMEPHOM MPOCTPAHCTBE, I'JI€ HET MPEANOChUIOK /I cyiiecTBoBaHus OMII,
C HEO0OXOJUMOCTBIO POKJAJIMCh OJHOMEPHBIE YACTHUIIBl, HECYIIHE B cebe Kak AJIEKTPUYECKHE, TaK U
MarHutHele 3apsasl. OTcio/a, YacTUIBl B OJIHOMEPHOM IPOCTPAHCTBE C HEOOXOAMMOCTHIO JIOJIKHBI
ObITh IMOHAMM, TO €CTh OJHOBPEMEHHO OBbITh HOCHUTENSIMU 3JIEKTPUUYECKOIO U MAarHUTHOTO 3apsi/iOB.
[Ipouecc poxkaeHHS ATUX YaCTUI] B OJJHOMEPHOM IMPOCTPAHCTBE OYJET MPOJOIDKATHCS A0 TEX MOp, MOKa
OyZeT pacTu Macca BellecTBa B IPOCTPAHCTBE CAMOM BBICOKOW Pa3MEPHOCTH.

Co3nanue nepBOil MPOCTPAHCTBEHHOM KOOpAMHATBHI - 3TO bonbimioit B3pbeB ajii 1BymMEpHOro
Mupa. B omHOMEpHOM TPOCTpPAHCTBE BCE  B3aUMOJICUCTBHS  JIOJDKHBI ~ OBITH  CIUIIKOM
JEeTEPMUHUPOBAHHBIMU. [103TOMY 3BOJIOIUS JIBYMEPHOrO Mupa OyAeT KpaTKOBPEMEHHOW. 3a 3TO
BpeMs pa3Mmepbl JIByMepHOro Mupa OyayT HE3HAYMTEIbHBIMU, YTO M OMPEIENIUT BpeMs Iepexojaa K
cienymomemy, Tpexmepaomy Mupy. Co BpeMeHeM pa3Mepbl IByMEpHOT0 Mupa OyayT yBeITH4nUBaThHCS,
oOecrieunBas 3BOJIOIMI0 MHpPOB ¢ 6oJiee BHICOKON pa3MEpHOCTHIO.

[Tockonbky nByMepHBI MuUp [OKEH TOJBKO OJHY HPOCTPAHCTBEHHYIO KOOpPAMHATY,
OTCYTCTBYIOT IIPEIIIOCBIIKH JUISl CO3/1aHUsI BUXPEBBIX ANEKTPUUECKOIO U MarHUTHOTO ITOJIEH.

B Takom ciiydae cTaHOBHUTCS TOHSITHBIM, IMOYeMy, HauuHas ¢ Mwupa-3, Mbl HE BCTpeudaem
MarHuTHBIX MOHOIIOJIEM, OJHAKO 3aMedyaeM, 4YTO BCE KBAPKU TpPeXMEpHOro Mwupa u 31eMEHTApHBIE
JacTULbl (WM NOJaBIIsioniee OONBIIMHCTBO) YeThIPEXMEPHOTO Mupa UMEIOT CIIUH. DTO MOTOMY, YTO
JMOHBI OOBEIMHIINCh TaKUM O00pa3oM, YTO MarHUTHBIE 3apsjibl HE MepexolsiT K Mupam BbIciIen
Pa3MEpPHOCTH, a MOPOXKAAIOT JINIIb CIIUH.

Brictpoe HaceimeHue gBymMepHoro Mupa IMOHaMH W TpeoOpa3oBaHHE JIBYMEPHOTO
MIPOCTPAHCTBa-BpEMEHN Ha OpaHy TpPEXMEpPHOro NPOCTPAHCTBA-BPEMEHHM BBI3BIBAET IMOSIBICHUE
CIJILHOTO HMH()OPMAIIMOHHOTO B3aUMOJCUCTBUSL Mexay Mupom-2 u  Mupom-3. Ilpu sTOM
MIPOJIOJDKAETCS CO3JaHKe TUOHOB 3a cueT [lomnst oqHomepHoro Mupa.

Crout oTrmetuts, uto nepBoHadanbHoe [IOJIE HacTonbKO MOIIIHOE, YTO OHO OYJET MOCTABIATH
SHEPruI0 U Ha CO3JAHHE M SBOJIOLUIO BCEX APYTHX HPOCTPAHCTB. TO €CTh, Mbl UMEEM TY TEMHYIO
SHEPrui0, KOTOPYIO UUIYT U HE MOTYT HAMTH HU TEOPETUKH, HU ACTPOHOMBI.

Hacpimenne OpaHbl IBYMEPHOTO MPOCTPAHCTBA JTUOHAMHU CIIOCOOCTBYET (pa30BOMY MEPEXOIY -
CO3JAHMIO YACTHUIl B TPEXMEPHOM IPOCTPAHCTBE-BPEMEHHU, KOTOPOE XapaKTEPU3yeTCs OJMHAKOBBIMH
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[0 BKJIAJy MPOCTPAHCTBEHHBIMU KoOpJuHatamMu x W y. WUrtak, npousouien bosbmioi B3pwiB s
TpexmepHoro Mupa. Ilpu 3ToM co3ar0Tcsl YaCTUIBI TPEXMEPHOTO MPOCTPAHCTBA-BPEMEHU C 3apsIaMu
+q, 1 £2q,, TOE ¢2 = €/3, e - DNEeMEHTapHbBIN SIEKTPUUESCKUH 3apsi/i B YETHIPEXMEPHOM MPOCTPAHCTBE-
Bpemenn’. Hachimenne TpexmepHoro MEpa 9acTHIAMH TPHBEIET K NMPEBPALICHHIO €ro B OpaHy
yeTbIipexmMepHoro Mupa. IlapaiensHo co3atoTcest 6030HbI TpeXMEPHOTo Mupa, KOTopble OTBEYAIOT 3a

CHJIBHOE B3aMMO/IEHCTBUE MEXIY KBapKaMH U 3a ciaboe B3aumojeiicTeue. Hachienue TpexmMepHoro
IpocTpaHcTBa "KuAKOCThIO" 3aBepmaetcs uepes AT, ~10~° ¢ (oHO Bce elue 04eHb Masble pa3Mephbl).

W cHOBa, TNOCKOJBbKY CHJIBHOE B3aUMOJICHCTBHE MEXJy KBapKaMd MOPOJUT YaCTHUIIbI
gyeTbipexMepHoro Mupa (ycJIOBHO: KkBapku-4>), TO CJIeJIyeT CUMTaTh, YTO 3T OO30HBI MPUHAIJICIKAT
onHoBpeMeHHO Mupy-3 u Mupy-4. Ilpu stom mns Mupa-4 Mup-3 6yner CkpbIThiM Mupom, B TO
Bpems Kak Hamia Beenennas - [IposBnenasim Mupowm. Kak u pasblie, npuHaAiIe:KHOCTb 0030HOB ABYM
Mupam peanusyercst myTeM mnepeaadu HHGpopMaluu 1 yepes MpocTpaHCTBEHHBINH MeTamopdos [3].

B TpexmepHom Mupe Bce elie HEIOCTAaTOYHBI YCJIOBHUS Uil CYLIECTBOBAaHUS BHXPEBOTO
MarHuTHOTO TOJIs, KOTOpOoe TpeOyeT TpeX MPOCTPAHCTBEHHBIX KOOPAMHAT. A JUIsl DJIEKTPHUECKOTO U
MarHUTHOTO TMOJIEH NOSBUJIACh HOBash BO3MOXHOCTb: IMOMHMMO MPOJOJBHBIX MOTYT BO3HUKATh M
pacupoCTpaHsAThCS IONEPEUYHbIE JJIEKTPUYECKUE M CIOMHOBBbIE BOJHBL. Toraa BOJHBI JAOJKHBI
CHUpaIbHYIO KOH(MUTypalrio (ITPoI0JIbHO-TIOTIEpEYHas BOJIHA).

[Ipexxae uem mepedTH K cienyomemMy (a3oBomy mepexony, oOpaTHM BHHUMAaHHE Ha pa3Mephbl
yactull Mupa-2 u Mupa-3. AKCUOMOM SIBJISIETCSI TO, YTO 3TH YaCTHUIIbl UMEIOT KOHEUHbIE pa3MeEphl B
MPOSIBIICHHBIX U3MEPEHUSAX: COOTBETCTBEHHO, B OJIHOM M JIBYX H3MepeHusx. Morio Obl Mmoka3aTbes,
YTO B JAPYTUX HU3MEPEHHSIX YacTUIbl UMEIOT HYJIEBBbIE pa3Mephl, YTO CO3/aBajo Obl TPYIHOCTU JIs
onucaHus Takux gactull. OJTHAKO MBI 3HAEM, YTO HapsAly C MPOSBICHHBIMU U3MEPEHUSIMU CYIIECTBYIOT
JIOTIOJIHUTEIIbHbIE CBEpHYThIe u3MmepeHus [4,5]. Ilpudem JyrHa CBEpHYTOro M3MepeHus: Bcero Ha 1-2
nopsijika 06oJble 3yIeMeHTapHOM JUIMHbI. Hanmuuue Takux u3MepeHuil MO3BOJISET MPEANONI0KHUTh, YTO
JMOHBI UMEIOT HE MEHEEe YeM TPEXMEPHYIO CTPYKTYPY, OJHAKO BUTAThCS MOTYT TOJBKO IO OJHOMY
U3MepeHuIo. [[pyrue u3mepeHus mperycMOTPEHBI /ISl TOSBIICHUS ONpeeICHHbIX CBOWCTB YacTHll, a
He Js ABvkeHus. MTak, MeXaHn4eckoe IBUKEHHUE YaCTHULIBI BO3MOKHO TOJBKO BIOJIb MPOSBIEHHOTO

HU3MEPEHUS.

? Mudopmanust 0 okanmsamuy kBapkoB B CkpsiroM Mupe (2+1) BriepBbie mosiBisiercst B MoHorpadu [2].

3 KajkeTcs, [T YaCTHIL 4eTHIPEXMEPHOro MHpa caMbIM JTydIIMM Ha3BaHHEM OyzeT He KBapku-4, a raiirenuts! (hyhelith), ot
hydrogen - Bomopon, helium - renuif, lithium — muTnit.
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AHaNOrMYHO MOXHO OINHCaTh CTPYKTYpy uactul] Mwupa-3, rae 2 u3MepeHusi MposiBIEHbI U
MUHUMYM OJIHO M3MEpEHHUE 3aMKHYTO. Takasi cuTyanus CrocOOCTBYET HAJMYMIO JIBUKEHHS TOJIBKO B
JIBYX MPOSIBICHHBIX U3MEPEHUSX.

CToUT HAaNOMHUTb, YTO ONUCAHHBIE YCIIOBHO TpeXMEpHbIe mpocTpaHcTBa Mupa-2 u Mupa-3 He
MepeceKarTcss U He UMEIOT OOIMX M3MEpPeHUui Mexay coboil u ¢ Mupom-4. Takum oOpazom, MbI
IPUXOIMM K HEOOXOZMMOCTH Kak MHHEMYM g0 (3+3+7)" m3mepenmii cymectyromeii Cymep-
Bcenennoit. Bkirouas uH(poOpManmoHHoe uMmepeHue, umeeMm 14 usmepenuit. Ckopee BCEro, 3THUX
HM3MEPEHU TI0CTaTOYHO JUIsl TOJIHOTO onucaHus Bcex cBoilcTB Cynep-BceeneHHol B 1IeJIoM, U KaXJI0TO
Mupa B yacTHocTU. YHUCIIO NpOsBIEHHBIX U3MepeHui BceneHHol - 4, a 4uciIo CKPBITHIX U3MEPEHUH -
3, Bcero 7.

[Tocrne 3aBepiieHus pa3gyBaHue TpexMepHOTo Mupa (depe3) mpoucxoauT (a3oBbIid EpeXxo], TO
ecTh, bombmnoit B3pbiB [y1s1 yeThipexmepHOro mpoctpaHcTBa-BpemeHu (3+1). PokmaroTcst gacTuilsl
(xBapku-4, eaticenumsl) 4YETHIPEXMEPHOTO MPOCTPAHCTBA-BPEMEHH: JIEKTPOHBI, TPOTOHBI, JEHTPOHEI,
JiBa TUNA siAep rejqus U jABa Tuma sjep autus. [Ipu 3ToM ¢ yBenuueHHeM 3apsijia MOJIOKHUTEIbHO
3apsKEHHBIX YaCTHI] UX YHMCIIO 3aMETHO IMaJaerT.

B uersipexmepHOM Mupe co3naroTcsi IpUBBIYHBIE JUISI HAC KBAHTHI CBETA, KOTOPbIE MOTYT UMETh
JTUHEWHYI0 WM IUPKYJSIPHYIO TOJISIPU3AIMI0 W JIBUTATBCA CO CKOPOCTBhIO cBera. OHM ke, Oymydn
BUPTYaJIbHBIMH, OTBETCTBEHHBI 32 HJIEKTPOMATrHUTHOE B3aUMO/JICHCTBHE MEX/1Yy YaCTUIIAMHU.

OHeprusi  3JIEKTPOCTATMYECKOTO  B3aUMOJCHCTBHA €  yBEIMYEHHUEM pacCTOsHuS — Oyzer
yMEHbIIAThCS 10 Hyss. Takoi XapakTep B3aWMOJEWUCTBUS JIOJDKEH INPUBECTH K TOMY, YTO HpHU
nepexoje yeTbipexmepHoro Mupa B OpaHy naTuMepHOro Mwupa dYacTuiel 4eTblpexmepHoro Mmupa
CMOTYT COCYIIIECTBOBATh C YacCTHIIaMH OpaHbl MATUMEpHOTO Mupa (oTcyTcTBYeT KoH(paitHMeHT). Takas
CUTYyallsl MOXET UMETh CYIIECTBEHHbIE MOCeACTBUSA. B yacTHOCTH, OTCYTCTBHE KOH(aHMeHTa s
4acTUIl YeThIpexMepHoro Mwupa u dYacTtull OpaHU TSATHMEpHOro Mwupa CTaHEeT MPEemsSTCTBUEM ISt
co3maHusl caMmoro msTuMepHoro Mupa. CrnepoBarenbHO, OpaHa nsSTUMEpHOro Mupa sBIsSeTCA
3asepwarowenr cranueii sBomonuu Bceenennoit (Cymep-BceenenHoii, o0beauHsAOmMENH OTHOMEPHOE

CKPBITOE TPOCTPAHCTBO, JBYMEPHOE CKpPBITOE TIPOCTPAHCTBO M TIPOSBICHHOE TPEXMEPHOE

* Mup 3 + | u3Mepenuii 3HAUMTENBHO Goraue Ha YaCTHIIBI H TOJIS, TOYTOMY TpeOyeT He MeHee 7 H3MEpeHHit (U3 HuX 3
3aMKHYTEHIE).
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npoctpanctBo)’. Takoe yTBEpIKICHHE MOJICPKUBACT H 3aKOH IOJ00HS BHYTPHYTPOOHOMY PasBUTHIO
pebeHKa.

[MosiBIEHUE HENTPOHOB B YETHIPEXMEPHOM MHUPE CONPOBOKIAAETCS MosiBieHueM W(Z°)-0030HOB,
OTBETCTBEHHBIX 3a ciaboe B3ammoeiicTBue [6]. [lockobKy Takoe B3aMMOJIEHCTBUE COMPOBOKIACTCS
M3MEHEHUEM KaK HEeHTPOHOB, TaK M KBAPKOB, TaKue O030HBI HAXOAATCS OJHOBPEMEHHO B TPEXMEPHOM

U yeTblpexMepHoM Mupe.
Posx/ieHneM U cTabunm3anueii onekTporos u sinep H , iD, ;He, JHe, {Li, | Li 3aBepuaercs

dopMupoBaHKe deThipexMepHOoro Mupa (depes Af ~ 107 ¢). Ero mpespatienue B GpaHy MSTHMEPHOTO
MHUpPa COTPOBOXKIACTCS POXKACHUEM BCeX TOKENbIX (Z> 3) smep, Mg KOTOPBIX YaCTHUIIBI
YeTHIPEXMEpPHOr0 Mupa GYIyT COCTABISIOMINMHE® .

PaznyBanue uetsipexmepHoro Mupa kak OpaHbl MATUMEPHOT0 Mupa MPOUCXOTUT OYECHB JIOJITO
BCJIC/ICTBME 3HAUMTEIILHOTO yBelndeHus pa3mepoB Bcenennoit. [loatomy BpeMs pa3myBaHHs MOKET
npeBocxouth At ~ 10'® ¢. Tlpu pasiyBannu 6panbl msTHMEpHOro MEpa ero IIOTHOCTh YMEHBIIACTCS,
YTO SIBJSIETCS JOMOJHUTEIFHBIM CBUICTEIBCTBOM B MOJB3Yy TOTO, YTO OpaHa msTuMmepHoro Mupa
ABIISIETCS 3aBepiaronieit (haszoit sBomonun Cynep-Beenennoit (mpu co3ganuu yeTsipexMepHoro Mupa
IUIOTHOCTh MaTepHH B OpaHe TpexmepHoro Mupa pocina, 4to u nopoauio boinbiioit B3peis).

N, xors spomonusa Cynep-Bcenennoi 3aBepmmTcst 10 00pa3oBaHus mNsATUMEpHOro Mupa,
BO3MOKHOCTB €T0 CO3/IaHusl OyNIeT 3a/1aBaTh aIrOPUTM JUIs CYIIECTBOBAHUSI OCHOBHBIX THUIIOB 3apsIOB
yeThIpexMepHoro Mupa [1].

OOpaTuM BHHMaHHE Ha TOJ00ME BHYTPHUYTPOOHOTO pa3BuTHsi peOeHka u 3Bomtorun Cymep-
Bcenennoit. OmnonoTBopeHHOM siiTiekIeTke OyJeT COOTBETCTBOBATH co3laHue 3apojsima Cymep-
Bcenennoii, o6o3Hauennoro kak «llome + Bpems» wimm omHomepHbiii Mup Ilons-spemenu. Torma
CO3/IaHUE BOJIOKOH OYyJIET 03HaYaTh CO3/laHUE OJHOMEPHOI0 MPOCTPAHCTBA, a MYTh K CO3/IaHUIO TKaHEH
- 9TO IMyTh K 00pa3oBaHMI0 OpaHbl IByMepHOro Mupa.

OO6paszoBaHue JIBYMEPHOTO MPOCTpPaHCTBA OyAE€T COOTBETCTBOBATH OOpa30BaHWIO TKaHEH, a
SBOJIIOLIMS IBYMEPHOIO MTPOCTPAHCTBA K OpaHe TPEXMEPHOro MPOCTPAHCTBA - 3TO MYTh K 00pa30BaHUIO

TPEXMEPHBIX (H)YHKIIHOHATHHBIX OPTaHOB.

5 I3 .
Taxoii BEIBOJ CII€AYET M U3 CPABHEHHMS BHYTPUYTPOOHOTO pa3BUTHA pedeHka U pasputis Cymnep-BceeneHHoiA.

6 Kak MOIIeKy/1a COCTOMT U3 ATOMOB, TAK COFIACHO 3aKOHY ITO00MS SIApa TSHKEITBIX ATOMOB JIOJIKHBI COCTOSTh U3 JEFKHX
sIep, TO €CTh, s/Ipa TAXKENbIX aTOMOB UMEIOT MOJIEKYJISPHYIO CTPYKTYPY.

17



Tenepp caenmaem HeOousblIyto mnay3y. HyXHO OTMETHTh, YTO OJHOMEPHOE U JBYMEpPHOE
MPOCTPAHCTBA HE OOECIEYMBAIOT YCIOBHH PAa3BUTHS pPa3syMHOW ku3HH. [lodTOMYy OHa Tam W He

MOSBUJIACh. A TpeXMEpHOE NPOCTPAHCTBO Kak pa3 IS TOr0 W co3[AaeTcs, 4TOObl KH3Hb Tam

npuoOpesia BceX BO3MOXKHBIX (popM (aHTpomHBIN npuHIUn Bo Beenennoii [7]). [loatomy, npexae yem
CO3/IaCTCSl YETHIPEXMEpPHOE IMPOCTPAHCTBO-BpEMs, HEOOXOIUMO OOECHEeUUTh MEPEeXo] HaJIUYUEeM
WHTEJUIeKTa, MH()OPMAIIUU O HACTYMAIOIICH pa3yMHOM KU3HU.

Tonpko Temepb MNOSIBIJIMCH BCE OCHOBAaHHUS JJIsi CO3/IaHUSI UYETBIPEXMEPHOI'0 IPOCTPAHCTBA-
BpeMeHHU. 3ateM Haul Mup npeobpa3zyercss Ha OpaHy MATUMEPHOTO IPOCTPAHCTBA-BPEMEHH.

[Tomo6HO TOMY, Kak peOEHOK MpU POXKACHUU TMOJTYy4aeT JONMOTHUTEIbHYI0 MH()OPMALUIO, TaK U
IPU CO3JIaHUM >KM3HU BBICIIETO YpOBHS BO BceneHHON [OMKHA IOCTYNaTh JOIMOJIHUTENbHAs
uHpopMaIus.

VYuutsiBas 3aKoH eIMHCTBA, Kak Buicimuii 3akon BcesieHHO#, MBI TOJDKHBI PUHATH Kak (PaxT,
9TO MH(POPMAIHS O JKU3HU JEHCTBYET Ha BCEX MEPAPXUUECKUX YPOBHAX Mupa-4, TO €CTb Mbl HMEEM
neno ¢ pasymMHor Beenennoii. Haue He Moruia Obl CyliecTBOBaTh KU3Hb Ha 3emiie!

HuTepecHo B 3TOM IJ1aHEe OOpaTUTh BHUMAHHE HA TEOPUI0 HOOC(hEphl, KOTOPYIO pa3padaTbiBal
Bepuanckuii [8] 1 koTopas Bkirouaet 6uocdepy He ToIbKo 3emid, a 1 BeeneHHo.

HeoxunanHplM MOATBEPKACHUEM BBIBOJAA O CO3JaHMM pa3yMHOM BceneHHoil oka3zanach
nHpopmaIms o pacuetax AByX reHetuko, Puuapna ['opmona ¢ Gulf Specimen Marine Laboratory u
Anekces IllapoBa m3 National Institute on Aging, KOTOpble HCIOJIB30BAIM OMOIOTHYECKUN aHajor
3akoHa Mypa mist onpenenenus Bo3zpacta JJHK u nanum, yro JIHK nossunace 10" et Hasaz, To ecTh
KU3Hb B 2 pasa craplie Hamed IaHeThl (10 TeoJIOTMYeCKUM JaHHBIM 3eMJIsl CO3/1aHa 4,5:10° mer
Hazan) [9]. CnenoBaTenbHO, TpOrpaMMa pa3yMHOMN KU3HH TOSABWIIACH Cpasy ke MpH co3aaHuu Mupa-4
W peajau3oBajlach Ha 3emiie MpPU JIOCTHKEHHHM COOTBETCTBYIOIIUX HKOJOTHYECKUX YCIIOBHIA,
HEOOXOIMMBIX ISl CYIIECTBOBAHUS KU3HU.

Ecnmu Ob1 Beenennasi Hauana CBOIO ABOJIIOIMIO C CHHTYJISAPHOW TOYKH, TOT/Ia OHA OKa3ajlach ObI
BHYTPH Y€pHOU JbIpbl. OLIEHKH 17151 BETMYUHBI TPABUTALIMOHHOTO paguyca ClIeayolue:

L _GM 6,67259-107" -10%
S 9-10"

25
_74.10% =12 }50 M _784-10° ce.1em.
9,46-10° m/cs.p.

Jlnst »TOro pacuera WCIIOJIb30BaHA 3aBBIIEHHAs Macca MeTarajgakTUKu (BMECTO peasibHOM
CpelHel INIOTHOCTU MaTepuy B MeTarajlakTHKe UCIOJIb30BaHa €€ KpUTUYECKasd BEIMUNHA, T.€.  pip =

107 r/en).
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YroObl M30aBUTHCS OT HETOYHOCTEH CTaHAAPTHOM MOJEIH, BOCIOJIb3YEeMCS MPEesIoKEHHBIM
BBIIIIE MEXaHU3MOM U OyJIeM CUMTAaTh, YTO Ha BCEX dTamax dBONIONHUU BceneHHOH ee rpaBUTAIlMOHHBIN
paanyc CyIieCTBEHHO MeHbIe panuyca Beenennoit, T.e. ¢ = 7Ry, # (( 1. IlockosibKy pokIeHHOE
MPOCTPAHCTBO YBEIMYMUBAET CBOM pajMyc CO CKOPOCThIO cBeTa, T0 Ry = cTy. 3necy Ty - Bpems
AKU3HU MeTarajlakTHKy.

Jlis ynpouieHust 3a1a4d MPOU3BEJEM pacueT s YeThlpexMepHoro Mwupa, a He Juisi OpaHbl

IIATAMCPHOTO MHpa

3
- U _ _ . _ne’ly
YuuteiBas, 4TO 7 = =nR, =ncT,, naxogum: M, = .

c? G

CJ'IG,I[OB&TGJ'IBHO, mpouecc 06p330BaHI/I$I MaTepyuu B HAIEM MHUPE OCYIICCTBIIICTCA MOCTOSIHHO C
o 7
OJMHAKOBOH CKOPOCTBIO

_dM,  nc®  n-27-10%

Um
dT, G 6,67-107"

ke/c=1n-4,05-10" ke/c.

st cpeaHedt nioTHOCTH BenecTBa Bo BeeneHHoM Haxoaum

p_SMU 3T, 3y 3n 3,58-10%n

- - = = = 1.1
4nR,  AnGc’T,  4nGT, 4-314-6,67-107"'T; T} (D

UToOBl OCYIIECTBUTh BBIYUCIICHHE BeMWYWH My, v, 1 p, HEOOXOAUMO BhIOpaTh HaYaJIbHbIE
ycnoBus. Bennuuny 7y HaiieMm, UCHOJb3ys BEIMYMHY KOHCTaHTHI XaO6ma H = 73,8 kM/(c-Mnk) =
0,755-10'10 ner! = 2,392-10’18 ¢! [10], IIpu sToM Oynem cuWTaTh, YTO KpAacHOE CMeEIIEHUE
00yCIIOBIIEHO pacIIUPEeHUEM MPOCTPAHCTBA, a He pazdoeranuem ranaktuk. Orcroga Ty = 13,25 10° ner =
4,18:10" ¢, Ry = 1,25:10% m. [IpocTpaHCTBO MOJTHOCTBIO 3amOJHEHO BemecTBoM. M3 dopmynsr (1)
HAXOJMM IapaMeTp 7, B3AB BEIUYHUHY IJIOTHOCTH p = 0,05-pp = 5107 xr/m’: 5 = 0,0244. Ckopoctb
oGpasoBanusi Matepuu Oyiaer v, = 1-10°* kr/c, T.e. okono 5000 CONHEYHBIX Macc 3a CEKYHIY.

CoBpemennass macca Bcenennoit (4,18-1051 KI) OKa3ajJlaCh Ha MOPSJOK MEHBIIE 0XKHIaeMOMH.

7 VuyeHble (UM3MKM TIPHBBIKIH CUMTATh, YTO CYIIECTBYET 3aKOH COXPAHEHHS OAPMOHHOIO YHCIA, MOCKOJIBKY 3TO
COOTBETCTBYET JKCIIEPUMEHTAJIbHBIM (DaKTaM NP BCEX B3aMMOACHCTBHSAX M IpeBpalleHusX OaproHOB. [Ipm 3TOoM OHH
3a0BIBAalOT, YTO B Mpolecce co3JaHus BcelneHHOI cornacHo CTaHAApTHOM MOJETH B CHHIYISPHOH TOYKe HE OBIIO
O6apuonoB. OHH MOSBIINCH B mporecce 3Bomonun Bcemennoit. CrnemoBaTenbHO, NPH POXICHUN BceneHHOH 3akoH
coxpaHeHHs1 6apHOHHOTO 4HcNa He AeiicTByeT. B Mozenu aBTopa mpolecc poxkaeHus BeeneHHOH npoTekaeT HeMpephIBHO.
B sTom cmywae coxpaHeHHE OapHOHHOTO UHCIa HEBO3MOXKHO. B TO e BpeMs B IpOIECCax CHUIBHOTO M ciraboro
B3aNMOJICHCTBHA OAPHOHHOE YHCIIO COXPAHACTCS.
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CrezoBarelbHo, (G ()EKTHBHOE KOIHYECTBO 3BE3] C Maccoil, paBHoil Macce Commia, (M, = 1,99-10°°
k), paBHo 2,1-10%".

Hnst ouenku Bpemenu Ty, Havana 3anojiHeHus: Mupa-4 BellecTBOM BO3bMEM 3a OCHOBY, YTO
IJIOTHOCTh BEIIECTBA B 3TOT MOMEHT JOJI’KHA COCTaBJIATH Do = 10" kr/™’. B Takom cllydae pacuer Jlaet
Tuo = 3:107 ¢c. B 3T0T MOMEHT pamunyc Bcenennoit Obut paBeH 9 kM. C 3TOro MOMEHTa HAYMHAETCS
3amojHeHrue oO0beMa MaTepuel ¢ MOCTOSHHOM CKOpocThio. B Takom ciyuae ¢opmyna nbeie(l) mist
MepPBOM CEKyH/IbI paciiupenust BeceneHHon OyneT uMeTh BUJL

3n-t

= ) 1.2
r 47zGiTUO+t)_3 (12

B a10it hopmyne Bpems ¢ otcunthiBaeTcst oT bonbioro B3psisa B Mupe-4. Vike uepes 1 cekyHmy
nocine bonwmroro B3peiBa popmyiel (1) u (2) He Oyayt otnmuarbes. CornacHo Gopmysie (2) MI0THOCTh
BEIIECTBA CHayajla yBEJIMYMBAeTCs, JAOCTHras Makcumyma npu ¢ =1y,/2. Ilpu stom Tonmbko 15%
o0bema Oyzmer 3aHATO BemecTBOM. ClienoBaTelnbHO, OyAyT OOpa30BBIBATHCS OTAEIBHBIC 3apPOJIBIIIH
Oynylmux 3Be3 U TAIaKTHK.

Ecnu cunrtate, 4TO B CpeJHEM HA KaXKIYyIO 3B€3]ly MPUXOAUTCS OJMHAKOBOE IMOCTYIUIEHUE MAaCCHhl,
torga Connie nonygaer 4,76:10'% kr/c. B takom ciyuae 3a rox macca ConHiia Bospacter Ha 1,5-10%
KT, a 3a 1,325-1010 JIET - Ha 1,99-1030 KT, TO €CTh, BCst Macca CouHIia.

Coznanue rajlakTHK U 3Be3] TpeOyeT, YTOOBI MPU CO3AaHUU BemecTBO B Mupe-4 cpasy ke ObLIo
CTPYKTYPUPOBaHHBIM, YTO MOXXET OO0ECIEeYUTh TOJbKO (ppaKkTadbHasi CTPYKTypa 3apojibliia
Bcenennoil, mpuiyem KakIplid 3JIeMEHT (hpakTana JOJHDKEH MMETh Bpalmarouiunii MoMmeHT. Kpome Toro,
Bonbiioit B3peiB B Mupe-4 J1015keH BHECTH MUHUMAJIBHO BO3MOKHYIO SHTPOIIHUIO, TO €CTh POXKJIEHHOE
BEIIECTBO JOJDKHO OBITh XOJ0AHBIM. [Ipu nanpHelIneM MOCTYIUIGHMH BelIecTBa B 001acTh
CYLIECTBYIOIIEH Macchl OyneT MpOoUCXOoAuTh ee HarpeB. B paGore [1] Obulo moka3aHO, 4TO B ITOM
MOJIEIH DHTPOIHUsI BceleHHOW MOomKHA YBENIMYHBATBHCS CO BPEMEHEM, YTO COOTBETCTBYET 3aKOHAM
TEPMOJMHAMUKH U OTIPEIEISIET TEPMOAMHAMUYECKYIO CTPEIy BPEMEHH.

3Hasi CPeHIOI0 IUIOTHOCTh MaTepuu BO BceleHHOW, MOXKHO OLCHHTH CPeAHIO d((EKTHBHYIO
BEJIMUMHY IUIOTHOCTH KBapKOBOTO BemiectBa B Mmupe-3 M IuOHHOTO BemecTBa B Mupe-2. s

MMPOBEACHHNA OLICHKU 6yz[eM CUNTAaTh, YTO MaccCa B€IICCTBA B KaXXJ0M CJI0€ OJJMHAKOBA. BOCHOHBSyeMCH

dbopmynamu
M, 3M, M, M, 4 M, 2 )
Ps3 v, 47TR131 P> g ”R(ZJ 3 Pilty s P 2R, 3 P37y
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OTtcroga HaxoAuM, YTO KBAPKOBOE BEIIECTBO MMeET 3(PPEKTHUBHYIO BEIMUUHY IUIOTHOCTH py =
8,33-10"2 kr/M>. B TO ke BpeMsl Ui JUOHHOIO BEIIECTBA MOIYYUM p; = 1,64-1025 KI/M.
CnenoBatenbHO, BemecTBo B Mupe-3 Bce elie pa3pexeHo, a B Mupe-2 oueHb CKaTo € TOUKH 3pEHUs
Mupa-4.

WHuTepecHoe cpaBHEHHE: €ClIM SJIEPHYI0 MAaTEpUI0 PACHOJOXKUTh B ILEMOYKY, TO IOIYYHM
JNIMHEHHYIO IIOTHOCTH p; = 1,267-10'2 kr/M, a ecim co31aTh IIOCKYIO CTPYKTYpY, Torma p, = 1,11-10°
kr/m>. TakuM 06pasoM, 3(h(heKTHBHAs IUIOTHOCT KBAPKOBOTO BEIIECTBA Ha 4 IMOPSAKA MCHBIIE
SIIEPHON TUIOTHOCTH, @ JUOHHOTO - Ha 13 mopsakoB Oosbine. He MCKIIOYEHO, OJHAKO, YTO peajbHas
Macca JUOHHOTO U KBapKOBOTO BEIIECTBA 3HAUUTEIBHO OTIMYAETCSA OT JAaHHOM OLICHKH, OCKOJBKY 3TH
BEUIECTBA HAXOIATCS B JPYTUX cJosXx BceneHHOH, rzae OTCYTCTBYIOT NPEANOCBUIKUA ISt
BO3HUKHOBEHHUSI IPUBBIYHOMN JJIST HAC MACCHI.

Eue o1HO BaskHOE cpaBHEHUE HAWJIEHHOW TMHEWHOMW MJIOTHOCTH ¢ apameTrpamu [lnaHka.
H3BectHO, uT0 Macca [1nanka pasaa M, = 2,176761- 10 Kr, a JuimHa [Inanka - [, = 1,616 10 m. Ecin
yacTulbl ¢ Maccoi [11aHka BEICTPOUTH B JIMHEHHYIO LIETIOYKY, TOT/Ia MOJYyYHUM JIMHEHHYIO TJIOTHOCTh
p1=1,347 10?7 kr/m. Kax Buamm, [IOJIy4CHHBIE TIaPAMETPBI 71 IUIAHKOBCKOM JINHEHHOM IUNIOTHOCTH Ha
2 mopsKa NPEeBbIIAIOT HAIIK OLIEHKH JUIs IUIOTHOCTH IMOHHOTO BellecTBa. Eciu yuects mapamerp
paspexenus 7 = 0,0244 u npUMEHHUTH €ro K BRIYUCICHUIO IIOTHOCTH IJIAHKOBCKOW MaTe€puu, TO
noxy4anMm 7p; = 3,29-10% kr/m, 9T0 TOIBKO B 2 pa3a MPEBHIMIACT HANHICHHYIO HaMH 3 (hEKTHBHYIO
BEJIMUMHY IJIOTHOCTHU JAMOHHOM Matepuu. Takas 6JM30CTh BETUUUH MOJTYYEHHBIX TapaMeTPOB
CBUJIETEIbCTBYET, YTO MJIAHKOBCKHE MapamMeTphl (Macca, JJIMHa, BpeMsl) peaau3yloTcss HMEHHO B

O0THOMEPHOM npocTpaHcTBe Mupa-2.
1.3. YBesamuenue s3uTponun Bceesennoii

Upe3BpIualiHO BaKHOM XapaKTEpUCTUKON BcelleHHOH sABIIAeTCs €€ pacTylias SHTPOIUs, KOTopast
TIPETONOKHTEIPHO YKA3bIBACT HA HAMPABJICHHE TSUCHUS BPEMEHH - CTPEIIbI BPEMEHH .

B Mopemsx poxnenus ropsdyer Bcenennoit B mponecce borbmoro B3peiBa neknmapupyercs
NOJHBIM Xaoc M Oe3yMHO OonblIas 3HTPONMSA, KOTOpas HEINPEMEHHO IIOMEIIAeT CO3JaHHI0
yHOpAJOYEHHONW BceneHHoM, TOMUHUPOBAHUIO (DYHIAMEHTAIBbHBIX 3aKOHOB, YIPaBIAIOUIMX KU3HBIO

BceneHHOI U TOSIBIEHUEM KU3HU.

¥ o moBOTY CTpeNBl BpEMEHH y aBTOPa KHUIH €CTh COOCTBEHHOE BUICHHE, OMyGIMKOBAHHOE B [4].
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CrnenoBaTenbHO, TOJIBKO MOUIHBIA OpraHU3aTOpP M MCIIOJHUTENb MOI TaK HalpaBUTh JeHCTBUE
MOIIHBIX CHJI, YTOOBI BO3HUKJIA 3aMeYaTeIbHas OpraHu3alys U 3aKOHBL. M MO3TOMY MBI IPUXOIUM K
BBIBOJly, UTO COBCEM He ropsiueil Obljla BHOBb CO3JaHHas BcesneHHas B KaXKIOM CJIO€ PacCiIOE€HHOIO
npoctpancTBa. Cxopee, bosnbIoii B3phIB 7151 KakI0ro €08 MOPOKIail HYJEBYIO (MJIM MHUHUMAJIbHO
BO3MOYKHYIO) SHTPOIIHIO ¥ a0COIOTHYIO YITOPSI0YEHHOCTb.

Bocnonb3yemcs HOBOI MOJIENbIO pa3BUTHs BeeneHHol /it pacueTa U3MEHEHUs! SHTPOITHH.

Bynem paccmarpuBaTh TONBKO ObICTpble mporecchl. IIpu 3ToM HEOOXOIUMO MOMHHUTH, UTO
MeJIEHHbIE MPOLECCHl B HEXHBOW MPHUPOJE MOTYT MPOTEKATh TOJILKO B HAIIPABJICHUH YBEIUYEHUS
sHTpormu. CrenoBarenbHO, 00pa3oBaHHE HEOJHOPOJHOCTEH, WX YIJIOTHEHHWE, IpPEBpalleHHE B
raJlakTUKH, CKOIUIEHUS 3BE3J M 3BE3/IHbIE CUCTEMBI JOJDKHO MPOUCXOJUTh C YBEITUUYEHUEM SHTPOINUHU
CUCTEMBI.

BricTphIe ke mporneccsl, KOTOpble B HanOOIbIlIeH CTENEHN OTBETCTBEHHBI 3a POCT SHTPOIINH,

00YCIJIOBJIEHBI POKICHUEM MAaTEPUH C IIOCTOSTHHOM CKOPOCTHIO:

, —dM, _ne’ 0,0244-27-10%

n =T G c67 .10 xe/c=1-10" ke/c. (1.3)
U I/

EciIi paselnTh 9Ty BETHIHHY Ha MOJIPHYIO Maccy HeiiTporoB (M = 107 kr/mMoub), TO

MIOJIY4YHM:

ﬂzu—’”zl-lO” Mo/ c. (1.4)
da M

[Tockonbky nist BecenenHo# B mporecce poKIeHH

dS:d(vSM)=§dV+"CVT‘”+SMdv (1.5)

W 1oJ1arasi, 4To TeMIepaTypa pokaaemMoro Bemectsa nocrostuaa (d7 = 0), Haxoaum

ﬁzvdSM +SM.Q=%CZRU +ﬂ-(R~anM+CVlnT+SO)=
dt dt dt R, dt dt

r 3 (1.6)
o .ni-(R-anM+CV1nT+SO).

1
T, M G
AHaJ'II/ISI/Ip}ISI MMOJTYYCHHOC BbIPAKCHUE, 3aMCUACM, UTO 0621 YJICHA B npaBoﬁ qaCTHu 6OJ'IBH_IG HYJIA.

CJ'IGI[OBaTeJ'IBHO, OHTPOIIHA Bcenennoii pacTeT CO BPpCMCHEM. HepBBIﬁ YJICH B npaBoﬁ 9aCTu 11agactT Co
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BpEMEHEM COTJIaCHO 3aBUCUMOCTH ~ 1/7Ty, OJHAKO BTOPOM UjieH yBeIMYMBaETCs co BpeMeHneM (~ InTy),
MOCKOJIBKY
M 42GMT;

%
Y p 3y

(1.7)

Taxum 00pa3om, a) sHTpomnust BeeneHHo qeiiCTBUTEIHHO YBETUYUBACTCSI CO BpEeMEHEM, 0)
CKOPOCTb POCTa HHTPOIUH B MPOLECCE CO3AaHMSI MAaTEpUU YMEHbIIAeTCa co BpeMeHeM. CrenyeT
OTMETHUTb, YTO MPOIIECCHI 3BE3/1000pa30BaHMs, KOTOPHIE IAI0T CYIIECTBEHHBII BKJIA]l B SHTPOIUIO
Bcenennoii, co BpeMeHeM MOTYT HECKOJIBKO CTaOMIN3UPOBATH CKOPOCTh POCTa SHTPONUH BeeneHHO.

YBenuueHune SHTPOIHUU CO BPEMEHEM - 3TO OJHO U3 ONPEICICHUIN TaK Ha3bIBAEMOM CTpebl
BPEMEHHU, TO €CTh BO3MOXKHOCTH OTJIMYUTH MPOIIJIOE OT OYAYIIEero, OnpeeuTh HallpaBIeHue
BPEMEHU.

CylIecTBYIOT TpH pa3IMYHBIX CTpeibl BpeMeHH. Bo-nepBhIX, cTpesia TepMoinHaMUYecKas,
yKa3bIBarollasi HapaBJieHUE BPEMEHH, B KOTOPOM pacTeT 3HTponus. Bo-BTOphIX, cTpena
NICUXO0JIOTUYECcKas. DTO HalpaBJIeHHUE, B KOTOPOM MBI UyBCTBYEM XOJ] BpEMEHH, HalpaBjeHHe, IpU
KOTOPOM MBI IOMHHUM TIPOILIOE, HO He Oyaymiee. M B-TpeTbux, cTpeia KOCMOJIOTHYecKas. DTo
HampaBJieHHE BpEMEeHH, B KOTOpoM BcenenHas pacumpsiercs, a 38e3/bl U3JIy4aioT CBET.

Berlmie Mbl paccMOTpenn U3MEHEHUE SHTPONHH € paciiupeHueM BeeneHHo 1 pocToM ee Macchl,
OTKYZa BUJTHO, UTO HAIIpaBJIEHUE BpeMEHHU BO BceeneHHOM ueTko onpe/esisieTcs Kak ee paclIupeHreM,
TaK U pOCTOM dHTpoIuHU. HarmpasiieHnue ncuxoJoruaeckoit cTpelibl BpeMEHH B Oy TyIIee siBIseTCs

aKCHOMOM.
1.4. BriBoabI

B paGore Ha ocHOBaHmM 3akoHa ToOM00MS W 3aKOHA €IMHCTBA BO BceneHHOW mpenoxeHa
MOJIeJIb CO3/IaHMsI U IBOJIIOIMH BcelleHHOH, B KOTOPO# BBIIOMHSIOTCS 3aKOHBI (pu3uku. s co3ganus
MOJIeNIU TIpUBIIeYeHa WH(OpMAIUs O BHYTPUYTPOOHOM pa3BUTUHU peOeHKa, a Takke KoHIenius pesa
KuzHy, 4TO TO3BOJWIIO OMUCAaTh CTPYKTYpy BceneHHoM u Bce 3Talbl CO3/aHUST M 3BOJIOIUU
Bcenennoii.

1. Hama Bcenennas siBnsierca yactbio Cynep-BceneHHON, OTJEIbHBIM CJIOEM B PacClIOEHHOM
MIPOCTPAaHCTBE. MeXay OTIENbHBIMH CIIOSIMM OCYIIECTBIISIETCS MHPOpPMAIMOHHAsI CBSI3b 4epe3 OIHY

ACJIOKAJIU30BAHHYIO TOYKY.
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2. B mporecce co3nanusi Cynep-Bcenennoii O6bu1 3amonHeH ongHomepHbii Mup [lons-Bpemenn.
Ototr Mup He UMeeT 4acTull, HO umMeeT MolHoe [lone u nHpopMaIHIo O JaTbHEHIINX IMIarax CO3IaHus
Cynep-BcenenHoil.

3. Dueprus [lons «nepenuBaercs» B coceanuii nBymepHsbii (1+1) Mup, B KOTOPOM pOKIAIOTCS
napbl yactull [1anka ¢ IpOTHBOIOIIOKHBIMH 3JEKTPUUECKUMH U MarHUTHBIMU 3apsilaMH, JBU)KCHHE
KOTOPBIX OIPaHUYEHO OJHOM MPOCTPAHCTBEHHON KOOPIUHATOM.

4. 3aBeplieHUE 3aMOJHEHMS] JABYMEpPHOro Mupa NPUBOAUT K «IEPEIMBAHUIO» DHEPTUU B
COCEIHMI TpexMepHBbIH MuUp - MUp U3BECTHBIX KBapKOB, UMEIOIIMX JIPOOHBIE FIEKTPUUECKHE 3apsiibl,
LBETHBIE 3apsAbl U CIMHBL. CIEAYIOIHNM [IaroM SIBJISIETCS «IIePEIMBAHUE» YHEPTUU B YETHIPEXMEPHBII
(3+1) Mup u pokaeHus: 4acTHUIl 3TOro Mupa. DBOIOIHUS 3TOTO MUpPa 3aBEpIIACTCs CO3/IaHUEM OpaHbI
naTUMepHoro Mupa. DTa 3BONIONHS COMPOBOXKAACTCS POXKACHHEM BCEro Habopa YCTOWYHMBBIX WU
HEYCTOMUYMBBIX TSDKEJIBIX SAJep M AaTOMOB. 3aloOjHEHHE Ka)XJ0ro HOBOTO CJOS PacCIOEHHOIO
MIPOCTPAHCTBA HE BHOCHUT B 3TO MPOCTPAHCTBO SHTPOMHUHU (XOJOJHOE, AOCOTIOTHO JETEPMUHHUPOBAHHOE
HaYyaJio 3BOJIIOIIHH).

5. Ans co3nanud B Haiie BceneHHOM ®U3HU U, B YaCTHOCTH, YEJIOBEKA HA MIYTH OT TPEXMEPHOTO
710 yeTblpexmMepHoro Mupa Obl1a BBe/leHa COOTBETCTBYIOIAsE HHPOpMAIIHS.

6. [IpennoxxeHHas MojieNb HE MPUBOAMT K BO3MOYKHOCTH KoJjuianca BeeneHHo# B YepHYyIO JbIpy.
Mojens noaepKuBaeT aHTPOIHBIA MPUHLIKI BO BeeneHHOoM.

7. CTpena BpeMeHHU, KOTOpasi olpe/ielisieTcs] HallpaBJIeHUEM pocTa SHTponuu BeenenHoi,

HanpasjieHa B Oyayliee, IOCKOJIbKY B 3TOM HaIlPaBJIEHUU SHTPOIUS JIEHCTBUTENILHO PaCTET.
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I'maBa 2. KBapku u jienTOHBI B HOBOIl MO/1eJIM BCeJICHHOM

Uwurass marepuan riaBel | HacTosmeld MoHorpaduu, Mbl MO3HAKOMHIIMCH C HOBOW MOJENBIO
BO3HMKHOBEHUS Hamleil BceraeHHOW ¢ MUHMMallbHOM HayalbHOW 3HTponuel, onucanHyto B [1]. [Ipu

3TOM Hama BceleHHas SBigeTcs MpeICTABIICHHOU

cocrtapHo uyactbio Cynep-Bcenennoi,

PACCIOCHHBIM ITPOCTPAHCTBOM.

Tabnuna 2.1. Knaccudukanus aapoHOB.

CumBox Macca (B | DJIeKTpHYECKHIA N
KBapkoBblii cocTas
Ha3zpanue |YacTtu-|AHTHYA-|31€KTPOHHBIX 3apsjg
I'pynna | uyacTHus na CTHIIA Maccax)
n’ 264,1 0 7" =i —dd
ITronsr - = = E—
T i 273,1 1 -1 7t =ud, 7~ =ud
+ — —
Me30HEI | Kore30HEL : K 966,4 1 -1 us
K 974,1 0 ds
OTa-Hylb- 0 - B
Y- n 1074 0 7’ =c (uu +dd )+ ¢, (ss)
[Tpoton D 1836,1 1 -1 uud
Hetitpon n n 1838,6 0 udd
Jambna- A A0 2183,1 0 uds
TUTIEPOH
i 3" 2327.6 1 -1 uus
" Cura- S 2333,6 0 uds
APHOHDI | THUTICPOHBI =
> > 23431 -1 1 dds
Ken- =’ &0 25728 0 uss
TUIICPOHBI o = 2585.,6 -1 1 dss
Owmera-
MHHYC- Q oX 3273 -1 1 S858
TUTIEPOH

Takas ctpykrypa Cymnep-BceneHnHoii BbI3bIBaeT MosiBjieHHE aApoHOB BO Bceenennoit (Mupe-4) B

pe3yapTaTe B3aMMOJCWCTBUS MEXIy KBapkamMu B Mupe-3 u mepemauun uHoOpManuu o0 STOM
B3amMozeiicTBun B Mup-4 .. Takum oOpa3om, ogHOW yactuie Mwupa-4 MOKET OBITh TMOCTAaBJICHA B
COOTBETCTBHE TpyINIa KBapkoB Mupa-3, KOTOpas HACUUTHIBAET B HYJIIEBOM MPHUONMIKEHUH 2 WIH TPU
kBapku (Tabm.2.1).

B Tabn. 2.1 comepkarcsi aHHBIC O YACTHUIIAX, B CTPYKTYpPE KOTOPBIX MPUCYTCTBYIOT NIEPBHIE TPH

KBapka (erkue kBapku). [IoHSITHO, 4TO CyliecTByeT OOJbIIasi Cepysl YaCTHUIl, B COCTaBE KOTOPHIX €CTh

u 0oJjee TsHKeble KBApKH.
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[TockoabKy YacTHIBI UMEIOT BHYTPEHHIOIO KBAapKOBOE CTPYKTYpPY, TO OHHU MOTYT OBITh U B
BO30Y>XJCHHOM CHHIJIETHOM WM TPUIIETHOM COCTOSIHUU B ClIydae JBYXKBapKOBBIX CTPYKTYp, WU
yOJIETHOM MJIM KBAPTETHOM COCTOSIHMS JUIS TPEXKBAPKOBBIX CTPYKTYD.

CunbHoe B3auMo/ieiicTBie B Mupe-4 nposiBisieTcs BCIEJCTBUE TOTO, YTO OJMH HYKJIOH U3/1y4yaeT
T-ME30H, a BTOPOI ero Morjouaer 3a Bpems ~10% ¢. Takne 9acTHIIbI HA3BIBAKOTCS BUPTYaJIbHBIMU.
Uro0Obl caenatb 3TH YaCTUIBl peallbHBIMU, UX HEOOXOIUMO OCBOOOIUTH OT B3aMMOJACWUCTBUSA C
HYKJIOHaMH. /[l 3TOro Hy)XHO JaTh NHOHY O3HEPTrUI0 s MpeoJojeHus paboThl BBHIXOJA U
MpeI0CTaBIeHUS] KHHETUYECKOM 2Hepruu (aHanor Gotodddekra).

Bpems )KU3HH T ¥ T ME30HOB COCTaBJSET 2,6 10 c,a n°-Me30Ha — 0,8 10" ¢.

BepostHO, i1 yTOYHEHHBIX pacyeTOB XapaKTEPUCTUK aJPOHOB U COOTBETCTBYIOUIMX
B3aUMOJICUCTBHI HYXHO NpPUHMMAaThb BO BHHMAHHE HECKOJBKO TaKUX TpPYIN KBapKOB.
[lonTBepkaeHNEM TaKOro NPEANOJIOKEHHS SIBISIETCS pPOXJACHUE Cpa3y OOJbIIOr0 KOJWYECTBA
9JIEMEHTAPHBIX YacTULl MpPU HEYNPYroM CTOJKHOBEHHHM YacTHIl BBICOKMX »3Hepruil. Iloatomy
HEYIHMBHUTENBHO, YTO B MOHOTpaduu [2] yTBEep)KaaeTcs, 4To aJpoHy COOTBETCTBYET 0K0s10 6000 yacTuIy
B CkpeitoM Mupe. WTak, ans onucaHusi CBOWCTB MPOTOHA B HYJIIEBOM NPUOIMKEHHH HEOOXOIUMO
NPUHATH BO BHUMaHHE TPU KBAapKH, a C IOBBIIIEHUEM YPOBHS TOYHOCTH HX KOJMYECTBO JIOJIKHO
CYILLECTBEHHO yBenuuuThes (10 6000).

DTO HANMOMHUHAET PAacTBOP TMOJISIPHOM MOJEKYJIbl B BOJE, BOKPYTI KOTOpoil QopMupyercs
COJIbBaTHAast 000JI0YKA U3 HECKOJIBKUX MOJIEKYJ BOJbI, U CYLIECTBYET JaJIbHSS 30HA MOJIEKYJI, BIUSHUE
KOTOPBIX MO’KHO Y4ECTh C IOMOIIbIO YCPEIHEHHBIX MaKPOCKOIMUECKUX ITapaMeTPOB PaCTBOPHUTEIIS.

Takum 00pa3oM, HYKJIOHY MOXHO IMOCTaBUTH B cooTBeTcTBUE 6000 KBapKOB, a ATUM KBapKaMm
MOYHO TTOCTaBUTh B cooTBeTcTBUE 2000 HYKIIOHOB.

Wtak, B HacTosIIee BpeMs B OINpEIEICHHOM NPUOIMKEHUHN HaleHa CBSI3b MEXAYy KBapKaMu U
anaponamu. OHAKO 70 CUX TOp HE HalaeHa WHGOPMAIMOHHAS CBSI3b MEKIY KBapKaMH U JICITOHAMHU.

N3noxeHuio 3Toro BOIIpOCa U MOCBAILICHA JJaHHAs I'JIaBa.

2.1. Ci1a0oe B3anMoaeicTBue

ITosiBjIeHHE HEUTPOHOB B YETHLIPEXMEPHOM Mupe conpoBoxkaaeTcs nossienremM W(Z°)- 6030HOB,
OTBETCTBEHHBIX 3a ciaboe B3ammoeiictue [3]. [lockonbKy Takoe B3aMMOIEHCTBHUE COMPOBOKIACTCS
M3MEHEHUEM KaK HEMTPOHOB, TaK U KBAPKOB, TaKHe OO30HBI JOJDKHBI HaXOIUTHCS KaK B TPEXMEPHOM

TaK U B 4YeThlpexMepHOoM Mupe.
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Eciu 061 W(Z°)- 6030H u3iy4ajics OJHOM YacCTHIEN, a MOIJIOIIANCS APYroi, BO3HUKIO OBl
CBEPXCHIILHOE B3aWMOJCUCTBUE (TSDKENbld 0030H) MEXIy HHMH. PeanmpHO ke paguyc crmaboro
B3aMMoIeicTBIs cocTaisier R~ 2:10™% M [4], To ecTh cylecTBEHHO MEHbIIIe pajguyca HeilTpoHa. Tak
9YTO 3T OO30HBI 32 BpeMs KU3HM HE BBIXOAAT 3a MpPEJeNbl HYKJIOHA, YTO JeJaeT HEBO3MOXHBIM
MOSIBJICHUE CBEPXCUIIBHOTO B3aMMOJECHCTBUS MEXTy YACTULIAMHU.

B mnacrosimiee Bpemsi mpuHSATa cxema ciaaboro B3aWMOJCHCTBHS, COTJIACHO KOTOPOM d-KBapkK
n3nydaer W - 6030H, npeBpainiasch B u-kBapk (puc.2.1a). B cBoto ouepend eupmyanvusiit W - 6030H
pacmanaeTcs Ha Mapy peanbHbiX JIENTOHOB: 3JIEKTPOH M aHTHMHEWTpuHO. CienoBaTellbHO, MMEEeM
MepBOe MPOTUBOPEUNE M3BECTHON CXEMBI c1aboro B3ammojeiicTBus. Kpome Toro, He MOHATHO, 3a4eM
HPHUPOJIE HYXKEH Z°- GO30H.

Takoif MOAXOM K PEIICHUI0 MPOOJEeMBbl HYXHO CUHMTaTh OMMKOOYHbIM. [lns pemieHus
MOCTaBJICHHON MPOOIeMBbl PACCMOTPUM HECKOJIBKO IIArOB MOCIEA0BATENbHBIX TPUOIMKEHHH, KOTOphIE

B PE3YyJIbTATC NOJI?KHBI ITO3BOJIMTH OITMCATh MEXAaHU3M ciraboro BBaHMOHeﬁCTBHH.

u(+3 u(+3
v(0) _e(-) v(0) _e(-)
u(+2) VO O e d-4)
W(-1) Z(0)
Y (@ a-hf @ a1 (©

d(-3)

Puc. 2.1. U3BectHas [3] nuarpamma DeitHmana cnaboro B3auMoIeHCTBUS (@) U MIPEATIOKEHHBIE B
JAHHOW KHHWre nuarpammbl (b) W (C) B KadyecTBe NEpPBOTO IIara K IMO3HAHUIO (PU3UKU CIIaboro

B3aHUMOJIEUCTBUSL.

B cnyuae cmabGoro B3auMoIeHCTBHSI BUPTYaJIbHBIN 0030H 00s13aTEIHHO JOHKEH BEPHYTHCS K TOM
gacTuie, KoTopas ero wu3nmydmwna. HMuade »5TOoT 0030H OyzmeT oOTBe4aTh 3a CBEPXCUIIBHOE
B3aUMOJICHCTBHE.

[Mockonpky Mup-3 57I€KTpOHEHTpaANbHBIM, TO KOJIMYECTBO (-KBApKOB JIOJDKHA OBITH BIBOE
Oonpllle yMcia u-KBApKOB. B mpuHATON cTaHAapTHON cXxeme cliaboro B3aMMOJIEHCTBUSA d-KBapK
MIpPEBpaIIaeTCs B U-KBAPK, UTO HApyuiaem >IeKTpOHeUTpaibHOCTh Mupa-3.

Kpowme Toro, He MoxeT yacTuia (peaibHas WM BUPTyadbHAs) UCUE3HYTh B OJJHOM IPOCTPAHCTBE,

YTOOLI ITOSIBUTLCS B ApYyTroMm. B kaxaom MNPOCTPAHCTBE J0JKHO YTO-TO OCTABaATHCH.
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[TorTOMy HYXHO HM3MEHUTH CXEMy CJIa0Or0 B3aUMOJECUCTBHS TaKUM OO0pa3oM, YTOOBI OJHA
YacTUIa U3Nydasa U Torjomana 3T 0030HbL. Ilepebim wiazom K W3MEHEHHUIO 3TOM CXEMBI SIBIISAETCS
MOHUMaHHWE TOrO, YTO B TpOIEcce >KU3HM BHPTYaJbHOW YAaCTHIBI OHa HMMEET BO3MOXKHOCTb
[PEBPATUTHLCA B APYTYIO BUPTYAIBHYIO YACTHILY C POKICHUEM KBAPKOB MIIM JIENTOHOB (- 6030H U Z°-
0030H mpuHamIekaT Mupy-3 u depe3 nepenady wHpopmauuu Mupy-4). [lpu sTom B pesynbrare
cmaboro B3aUMOJICUCTBHS C OOpa3oBaHUEM JPYTHX 3apsOKEHHBIX dacTull W- 0030H JOJDKEH
NpEeBPATUTLCS B Z - 6030H Win HaoOopoT (puc.2.1, b u ¢).

Tor ¢akT, uto cBOGOmHBIA Z°- 6030H MaccuHee (91,2 THB) wem W*- 6030H (80,4 I'3B), He
MeIIaeT TPOTEKAHWIO TAaKUX TNPOIECCOB, TIOCKOJIBbKY o00a OO030HBI OCTAlOTCS BHUPTYaTbHBIMU
(cBsi3aHHBIMU C KBapkamu). bosiee Toro, BhICBOOOXKJIEHHAs HEpPrusi MpPU TaKOM MpeoOpa3oBaHUU
(oHEpreTHUecKuil ypoOBeHb MAaCCUBHOW BHPTYaJIbHON YAaCTHUIIBI JOJDKEH JICKATh 3HAYUTEILHO TIIYOXKe)
JOJDKHA 00ECTIeYHTh BOZMOKHOCTH POXKIECHHS Maphl CBOOOIHBIX JIENITOHOB, B YACTHOCTH DJIEKTPOHA H
AJNIEKTPOHHOTO aHTHHEUTpHHO. Takoil mpormecc He OyneT BIUSATH HA pacCIpeiesiCHHE YHEPTUU MEXTY
00pa30BaHHBIMU JICTITOHAMH, B PE3YJIBTATE YETO IEKTPOH MOXKET MOTYIUTH POU3BOJIBHYIO BEIMUYUHY
KMHETUYECKON SHEPTUU OT HYJIS 10 MAKCUMAaJIbHO BO3MOKHOM BEITMUMHBI.

Taxum 06pa3oM, IPeTIOKEHHAS CXeMa TI0Ka3bIBAET, 3a4eM HYKeH Z° - 0030H.

[Tockonpky HECTaOWIBHOCTH MPOSIBIISIETCS TOJBKO y HEWTpPOHA, HAAO MOJararh, 4To d- KBapK
MOXXET M3JIy4aTh 0030HBI CIA00TO B3aUMOICHCTBUS TOJBLKO B MPUCYTCTBUHU NMapbl KBapkoB (ud). B
COCTaB MPOTOHA TOKE BXOJHT IMapa KBapKoB (ud), 0IHAKO OHA HE CIOCOOHA aKTHBUPOBATH M3IyUeHHE
6030Ha u-KBapkoM. U Bce ke - aKTUBHOCTh sfiep M3BECTHA, OTKYJA CIIEAYET, 4TO U-KBAPK MOYKHO
aKTHBUPOBATh JIOTIOMHUTEIHHEIM B3aUMOJIEHCTBUEM C OKDYKAIOIIMMH IIPOTOHAMH (f - aKTMBHOCTh
CYIIIECTBYET TOJBKO MPU U30BITKE TPOTOHOB).

Hanuuue aktuBammu c1aboro B3auMOJICHCTBUS COCEHUMH HYKIOHAMH MOYKHO TPOCITICIUTH Ha

npuMepe - akTHBHOCTH sifiep. B TO Bpemsi Kak XapaKTepUCTHUECKOEe BpeMs pacmaaa CBOOOIHOTO

HeWTpoHa cocraBisieT T ~ 881 ¢, B cirydae ;’He oHO yMeHbiieHo a0 0,797 ¢, nis 39 Li -0,176 ¢, a nnsa

“B - 0,0186 ¢ u T.0. [5]. CnenoBaTenbHo, ¢ YBEJIMYEHHEM KOIMYECTBA HEHTPOHOB B Spax ¢
M30BITOYHBIMH HEHTPOHAMH f§- aKTHBHOCTh BO3PACTaeT. AHAJIOTHUHBIN pe3ylbTaT MMeeM U s [ -
AKTHBHOCTH: XapaKTEPHCTHYECKOE BPEMs pacrasa nporona B siape . C coctasisier 20,34 muH, a B ,C
-19,48 ¢, B N -9,96 mun, a B ' N - 0,01095 c. AHaNOTHYHBII Pe3y/IbTAaT HMEEM | B CIIydae 6onee

TAXKEIBIX AACP.
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Bmopoii war. Tlockonbky B 000ux Mupax [OJDKEH BBINOJHATHCS 3aKOH COXpaHEHHS
BIEKTPUYECKOTO 3apsfa, Ipolece nmpeodpasosanus W - 6030Ha B Z°- 6O30H JOJDKEH COMPOBOKAATHCS
pOXACHUEM Mapbl KBAPKOB, KOTOPbIE HUMEIOT CYMMAapHBIM 3JEKTPUUECKHUMN 3apsan -1 U cyMMapHBIA
ciuH s = (. DTa Ta *e mapa KBapkoB, KOTopasi GOPMUPYET T -ME30H.

OKCIepUMEHT TOKa3bIBaeT, 4YTO IpH pacrnaje HEHUTpoHa oOpa3yercss MPOTOH, 3JEKTPOH U
AJIEKTPOHHOE aHTHUHEUTPUHO (pHC.2.2). ITO MOXKET ObITh, eciii B Mupe-3 peakiusi ipeBpaienus W -
0030Ha B Z°- 0030H CONPOBOXKIAETCS 00pa3oBAHUEM Taphl d + & B CBA3AHHOM (BUPTYaJIbHOM) BUJIE C
7°- 6030HOM. ITOCKOJIBKY IUIOTHOCTH KBAapKOBOTO BellecTBa B Mupe-3 Gosbinas [1], 9T0 BBI3BIBaeT
B3aUMOJICUCTBHE MEXIY BUPTYyaJIbHOM 4YacTUUEH u# W peanbHOW u. [IpyM aHHUrWILIIUM STOW mapbl
BBIIETIUTCA 3HEPrusi, HeoOXoAumas sl OcBOOOXAeHUs d-kBapka. IlockonbKy peanbHas 4acTHIIA,
Oyayun (epMHOHOM, HE MOXET CTaTh BUPTYaJbHOM, B3aUMOJEHCTBHE KBapka u C U MOXET ObITh
TOJIbKO KOHTAKTHBIM C OJIHOBPEMEHHBIM MpPEoOpa3OBaHHEM d-KBapKa, BXOJSIIETO B COCTaB
BUPTYaJIbHOH Mapsl, B CBOOOIHBIN d-kBapK. [Ipr 7TOM HEOOXOAMMO BCTIOMHUTB, YTO Macca d-KBapka (~
7 MbB/c?) npeBprmaet Maccy u- KBapka (~ 5 M>bB/c?), 4T0 MOIJI0 GBI IOMEIIATh IPOTEKAHUIO PEAKIIHHI
cmaboro B3aumomerctBus. OpHaKo, TMPOTEKAaHWIO HATOM peakuuu OyAeT crmocoOCTBOBATH
npeobpazoBanus W — Z°, Ipu KOTOPOM BBLAEISETCS OOJblas dHEprus. B TakoMm ciydae pacman
HENTpPOHA Ha MPOTOH U JICNTOHBI HE OyJIeT COMPOBOXKIATHCS BbIACICHUEM Y-KBaHTOB.

Wtak, yrouHeHHyIO0 cxeMy mpeoOpa3oBaHHs HEUTPOHA HAa MPOTOH C BBIICICHUEM JETITOHOB

MO>XHO M300pa3uTh B BUJE, 1300pakeHHOM Ha puc.2.2 (BTOpoH miar):

2
u(+ 5

Puc. 2.2. Bropoii mar k mo3HaHuto QU3MKH c1adoro B3auMoIeHCTBUS.

B sr10i1 cxeme (puc.2.2) mosiBieHUE Hapbl KBApKOB (dL_t ) COINPOBOKJIAETCS IOSBJICHUEM I1apBI
JICTITOHOB (e’17 )
AHanornyHo TpaHchopMupyeTcs cxema, n3oOpakeHHass Ha puc.2.1c, B KOTOpOH NEepBHYHBIM

ABJISETCA POXKICHHE BUPTYaIbHOTO Z°- G030HA C MpeBpalieHneM ero B W'- 6030H. OJHAKO, B 3TOM
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cllydae, CKopee BCEero, He XBaTaeT SHEPIHH JUIsl pOKICHHs Maphbl JenToHoB. Clie10BaTeNbHO, 3Ta CXeMa
HE MOXET Peau30BaThCA.

®dakTUYECKH BECh IMpOIECC CJIadoro B3aWMMOJEHCTBHUA B Mupe-3 MOXKHO oOmucaTh OpyTTO-
bopmyIoi:

u+(udd )—(uud)+d.

[Ipu 5TOM mpolecc 3aMeHbl COCTaBa TPOMKHU CBSI3aHHBIX KBAPKOB Ha MH()OPMAIIMOHHOM YPOBHE
BBI3bIBAET 3aMEHY HEHTPOHA Ha IPOTOH C BbIACJIEHUEM 3JIEKTPOHA U aHTUHEHTPUHO.

Teneps paccMOTpUM mpemuil wiaz B TIOHUMAaHUA MEXAaHU3MOB CJIa0oro B3aumojaencTBus. s
0oJiee AETAILHOTO OOBSICHEHHS TPOIECCOB CIab0ro B3aMMOJCHCTBUS 00paTUM BHHMAaHHE Ha TO, YTO

0030Hy B Mupe-3 OMKEH COOTBETCTBOBaTh 0030H B Mupe-4 (ImpocTpaHCTBEHHBII MeTamopdo3
Tepnosuna [2]). [TosTomy 6030HE B Mupe-3 Hazosem W," n Z; . Yro kacaetcst 6030H0B B Mupe-4, To
COXpaHMM 32 HUMU CTapble 0003HAYCHUSI.

[Mockonpky, Onaromaps HWHPOPMALMOHHOMY  B3aUMOJCHUCTBUIO M  MPOCTPAHCTBEHHOMY
Meramopdo3y, mporecchl B Mupe-3 u B Mupe-4 JOKHBI OCYIIECTBISTHCS CHHXPOHH3HPOBAHO',
OKOHYATeJIbHas CXeMa MPOLIECCOB C1a00ro B3aUMOCHCTBUS OyIET UMETh BUIL:

I u 1
-/5d dy su -/5d
Mup-3  <{-1/5d Wi \/ Z /50

2/311 2/311
| |1

e

[TonsTHO, YTO B 3TON CXE€ME HY)KHO Y4€CTh aHHUTHISLUIO ¥ + # C BblAEJICHUEM CBOOOJHOTO d-

Mup-4

kBapka. Kak crieayer u3 Buja cxemsl c1aboro B3auMoJeiicTBus, npeoOpa3oBaHus d-KBapKa B U-KBapK
COIIPOBOXKJIAETCSI MPEeoO0pa3oBaHUEM Ha BTOPOM OJTame u-KBapka B d-KBapK, 4YTO oOOecreunBaeT
3JIEKTPOHEUTpaIbHOCTh Mupa-3.

OTta cxema OIHOBPEMEHHO OOBSCHSET, MOYEeMYy CYIIECTBYIOT MapajljIeNid MEXIY KBapKOBBIM

cocTaBoM BellecTBa B Mupe-3 u sentonamu B Mupe-4 (1a6:1.2.2).

° MakTudecKu 6030HBI CIAGOTO B3auMozencTBuss B Mupe-3 u Mupe-4 sBisercss omHON YacTuield, oObeTUHEHHOH Ha
MH(POPMALIMOHHOM YPOBHE BCIIEICTBHIE MPOCTPAHCTBEHHOTO MeTaMop(o3a.
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Tabnuma 2.2. Tlapamienu MeXay KBapKOBBIM COCTaBOM BemiecTBa B Mupe-3 u jJenToHamMu U
raiirenutamu B Mupe-4.

KBapku d u s, C b, t
JlenToHBbI e Ve U Vi T, V;

9 10 671 - 77+
IaiirenuTel !H, D | JHe, ,He sLi, JLi

I/ITaK, CYHICCTBYCT IMapalIC/Ib MCXKAY KBApKaMH W JICITOHAMH, YTO YKa3bIBACT HAa CBA3b MCKIAY

HUMUA. U neicTBUTENBHO, JIENTOHHBIE Tapbl (JIEKTPOH IUTFOC aHTHHEHTpHUHO) oOpasyrorcs u3z W-
0030HOB B OJHOM aKTe€ C MpeoOpa3oBaHMEM KBAapKOB B TPOIECCE MPOTEKAaHUs PEaKIuii cradboro
B3aumMozeicTBus. CyliecTBYIOT TpU Hapbl KBAapKOB W TpU THapbl JienToHOB. MHTepecHO, 4TO
CYHIECTBYIOT M TPH Mapbl raurenuToB. OQHAKO, 3Ty Mapaiellb HYy)KHO JOMOJHUTEBHO U3YYaTh.

OO6paiaet Ha cedst BHUMaHUE TOT (DAKT, UTO CyMMa IIBETHBIX 3aps0B 00pa30BaHHBIX B MPOIIECCE
cj1aboro B3aMMOJICHCTBMSI KBAapKOB paBHA HYJO, KaKk MU CyMMa JIENTOHHBIX 4YHMCEI O0Opa30BaHHBIX
nenToHoB. CyMMapHBIH 3JIEKTPUUECKHI 3apsia 3TUX yacTuil B Mupe-3 u Mupe-4 onunakoB. B o6onx
Mupax oOpasyeTcst yacTula U aHTHYacTHia. Mtak, npocTpaHCTBEHHBIM MeTaMop($h0o30M 00pa30BaHHON
napbl KBapKOB SIBJIIETCS] 00pa30BaHHas Mapa JIENTOHOB.

Coznaercs BIEYATIICHHE, YTO Mapa KBAapKOB M Tapa JICNITOHOB SIBISIOTCA PACHICTNICHHBIMU
COCTOSIHUSIMUA OJIHOM yacTuibl (0030Ha) B Mupe-3 1 oHON dacTuisl B Mupe-4, CBSI3aHHBIMH MEXITY
co00if TPOCTpaHCTBEHHBIM MeTamop¢do3oM. OaHAKO, MPOCTPAHCTBEHHBIH MeTaMOp(o3 MOXKET
00BEeIMHATH U HECKOJIbKO YacTull CKpbITOro Mupa ¢ 0JHON JacTuliel (MM HECKOJIbKMMH YaCTHIIAMU)
[IposiBnenHoro Mwupa, kak 3T0 HaONIOAaeTCs Ha mMpuMmepe aapoHoB. [103ToMy HEyTUBUTENBHO, YTO
JIByM YacTHIlaM Mupa-3 COOTBETCTBYIOT cpa3y JBe uacTuibl Mwupa-4. U Bce-Taku yHOMSIHYTYIO

YaCTUIY MOKHO HalTH. JlJis1 3TOro pacCMOTpPUM CXEMY:
W (2 e +v, )52 +e +7,.

[epBorii mporecc OyneT M309HEPreTUYECKUM, C OOpa30BaHHEM IPOMEKYTOYHOTO CIIOKHOTO
. 25
0030Ha, KOTOPKIH 32 KOPOTKOEe BpeMs (<10~ ¢) pacnazaercs ¢ 00pa3oBaHKEM BUPTYaIbHOIro 6030Ha Z°
Y CBOOOJTHOM Maphl JIETITOHOB.

AHanornyHasi  peakmus — npoucxomut B Mupe-3.  Takum  oOpa3oMm,  CBSI3aHHBIMHU

MIPOCTPAaHCTBEHHBIM MeTaMop(do3oM yacturiamu B Mupe-3 u Mupe-4 sBisttoTcst 6030HbI (Zf +d+u ) "

(Z ‘te + i7e) C OY€Hb MaJIbIM BPEMEHEM KXHM3HH.

' Tajirenuter (hyhelith) — 06benuHeHHOE Ha3BaHue rpyIE sep, oT hydrogen - Bomopos, helium - resii, lithium — muTwui.
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Ecnu B pesynbrare pasaeneHust 6030Ha (Z3° +d+u ) poskaroTcs 60300 Z, U cBOOOHAs mapa
KBapKOB d+iu , TO JajibHEHIIee B3aUMOJAEHUCTBUE TNPUBEIECT K H3JIyUEHHUIO Y-KBaHTOB. Ecimu ke
BUpTYyaJlbHas Napa d +u CHavaja B3aUMOJICHCTBYET cO CBOOOJHBIM u- KBAPKOM, TOTAA U3ITyYEHUS Y-

KBAaHTOB HE OyJeT.
N3 cTpyKTyphl OKOHYATEIBHOW CXEMBI MPOIIECCOB CIIA0OTO B3aMMOJIEUCTBUSA CJEIYET, UYTO

pOKIaeTcs mapa KBapkoB (d,u ), KOTOpasi BXOJUT B CTPYKTypy muoHa 7. [lo3TOMy HEyIMBUTEIBHO,

YTO 3apsDKEHHBIC TMHOHBI pacrajgaroTcs ¢ oOpa3oBaHueM JjenToHOB. C APyroid CTOPOHBI, MUOHBI -
JIOCTaTOYHO MacCHBHbIE YacThilbl (264,1 n 273,1 mMacc sieKTpoHa), a CyMMapHas Macca 00pa30BaHHBIX
JIENITOHOB (JIEKTPOH U AJIEKTPOHHOE aHTHHEUTPHUHO) TPU pacrajie HeUTpOHa HE MPEBHIIIAET Pa3HOCTH
Macc HedTpoHa u mporoHa (2,5309 maccel snekTpoHa). B ciydae [-akTHBHOCTH sAlep SHEPrust
00pa30BaHHBIX JIENTOHOB MOXET Ha MOPSAJIOK YBEIHMUUTHCS 32 CYET YHEPIHH aKTUBHOTO s1pa. B aTom
HUYETO YIUBUTEIHHOTO HET, MOCKOJIBKY B IMpoIleccax ciaboro B3anMOJCHCTBUS HCXOAHOE COCTOSHUE
COOTBETCTBYET BUPTYAIbHBIM YACTHIIAM, KOTOPbIE HYXKIAIOTCS B SHEPTHH Il CBOETO OCBOOOXK/ICHUS,
9TO U 00YCJIOBIMBACT MOHWKEHUE YHEPTUU POKICHHBIX JICTITOHOB.

Jist moITBEPIKACHHUS ONTMCAHHOM peakui 00paTUM BHUMAaHKE Ha TOT (PAKT, YTO T-ME30HBI MOTYT
pacmanaThCsi HECKOJIBKUMU CIIOCO0aMHU: ¢ U3TyYeHHEM U 0€3 M3IIy4eHUs Y-KBAaHTOB:
o, (7,)
e +v.(7)

,ui+vﬂ(17ﬂ)+;/
e +v,(v,)+7

+

T —>

OOpamjaeM BHUMaHUE HA TOT (akT, YTO pacra]] 3apsHKEHHBIX MHOHOB HA JICITOHBI MPOUCXOAUT

Ha YPOBHE COXPAaHEHUS YHEPTUU U DIEKTPUUYECKOro 3apsaa B oboux Mupax. [Ipu stom B Mupe-3 m'-
. - — —\x 1

ME30H B3aMMOJIEUCTBYET CO CBOOOJHBIM u- kBapkoM: (du )+u — ((uu )+d)— (uu)*+d +y . Takas

peaKusi UCIONb3yeT CUIBHOE B3aUMOJICHCTBHE, YTO W NPUBOAWT K MaJlOMY BPEMEHH XH3HU T -

Me30Ha. B Takom ciyuae BbImesieTcss CBOOOJHBIM d- KBapK W W3Iy4yaeTcs Y-KBAaHT, a W30BITOYHAs

sHeprust B Mupe-4 pacxoayeTcst Ha CO3JaHHe Maphl JIEITOHOB, KOTOPBIE COMPOBOXKIAIOT IMOSBICHHUE

KBapkoB d+u . IlockoiabKy m'- ME30HY COOTBETCTBYET peajibHasi Iapa KBapkoB d,u, TO €CTb HE

TPATUTCS SHEPrusi Ha OCBOOOXKJIEHHE HTON Mapbl W3 BUPTYAJIBHOTO COCTOSIHMS, TO M D3HEPrus

" 3nech (uL_t ) * _ pakyyMHas 4acTHIIA.
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CO3/IaHHOW Tapbl JIENTOHOB Oy/eT 3HAUYMUTENIbHO BBILIE, YEM IPH pachajie HEMTpoHa MO MEXaHU3MY
CJ1a00Tr0 B3aMMO/ICHCTBUSI.

Msl yXe TOBOPHJIM, YTO MEXIY PAacCIOCHHBIMU NPOCTPAHCTBAMHU CYLIECTBYET JIMIIL MEPEHOC
uHpopmaruu. B coyyae ke ci1aboro B3auMoIeCTBHSI MePEeHOCUTCA HH(OpMAIUSA 0 He00X0TUMOCTH
POKIeHMs Napbl JENTOHOB 32 CYeT UCI0JIb30BaHNS JHEPTUH, KOTOpasi uMeeTcss B Mupe-4.

Usnyuenuss u nornomenuss Wi(£1) umn Z7 - 6o3oHa Ge3 POXkIeHHS Maphbl JIENTOHOB OyJeT

BBITVIAACTD TAK:

. a-4)
u(+ d(-4)
Z5(0) Z5(0)
d(- d(-9)

A BOT Tak 6y,Z[€T BBITVIAACTD PACCCAHUC IIPU BSaHMOﬂeﬁCTBHH MEKAY KBApKaMH C Y4aCTUCM Z;) -

0030Ha (Bce mpo1ecchl MPOoUcXoaaT B Mupe-3):

d u

a/ ZsOu Z3(0)d

CJ'IG,I[OBaTeJ'IBHO, npu TaKoM cxeme BBaHMOHeﬁCTBHH W3 n Z3O - 0030HBI OCTAIOTCS BUPTYaJIbHBIMU

B Mupe-3. TToCcKOJIbKY paccemBaHHe OCYIIECTBIAETCA HA Z, — 0030HAX, HE YyBCTBUTEIBHBIX K THITY
KBapKOB, TO MPOLIECCHl PACCEMBAHUS MOTYT MPOMCXOAUTH B MPOU3BOJBHOW Mape KBAPKOB, OJMH W3

KOTOPBIX HM3JTydaeT BUPTyalbHbIi Z, — 0030H, a JApYyroil paccemBaeTcsi Ha HeM. YCJIOBUSA I

H3ITYy4YCHUA Z30 — 0o30Ha O6CY)K,I[3J'II/ICB BBIIIIC.

AHanoruyHo OyayT NPOTEKATh MPOLECCH PACCEMBAHMS DJIEKTPOHA U HEUTPHHO Ha Z°- 6030HaX B
Mupe-4. EctecTBeHHO, Z°- 6030H Oy/I€T M3JIydaThCs ¥ MOTJIOMIATECA HEXTPOHOM (IPYIIION HEWTPOHOB)
WIM TPYIION NPOTOHOB. PaccesHue HENTPUHO Ha JJIEKTPOHE C ydacTHeM Z°- 0030HA He MOKET

CylmecTBoBaTb, IIOCKOJIBKY JICITOHBI HC  U3JIy4daroT 0030HOB  ci1aboro BBaHMOHeﬁCTBHH.
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CnenoBaTenbHO, B peakUusAX cJIab0ro B3aMMOACHCTBHUS MbI MOXEM 3apeTrHCTPUPOBATH TOJBKO

paccesiHUs DJIEKTPOHA WM HEUTPUHO HAa HEUTPOHE C YUaCTHEM BHPTYaIbHBIX O030HOB.
2.2 U3BecTHBIE peaKIMHU C YYaCTHEM HelTPUHO

Temnepb paccMOTPUM U3BECTHBIE PEAKIIMH C yHaCTUEM HEUTPUHO.
1. Peaknusi, kotopyro Habmromanu Paitnec u Kosh:
p +e —>v+n
1 o0paTHas K HeH peaxius
v+n—p +e.

OTtH pe€aKiuy MOKHO OIIKMCATh C TIOMOIIBIO CXCM!

n(0) ve(0) p(+) e(-)
p(+ \
e(-) W(-1) ve(0)
n(0),

[lepBast W3 3TUX CXEM TMO3BOJISIET 3apPETUCTPUPOBATH HEUTPHUHO NPU JOCTATOYHO OOJBIION
SHEPTUU JJIEKTPOHA (mec2 > 1,3 M»aB), uto u 6110 caenano. Kpome Toro, mogoOHass peakiys MOXKET
peasm3oBaThCsl MmyTeM K-3axBaTa 3J€KTpOHa aTOMHBIM siapoM. Ilpu 3ToM BbLAETUTCS HEUTpHUHO, a
3apsii aTOMHOTO sI/Ipa YMEHBIIUTCS HA SAMHHUILY.

Bropas peakiusi MoXeT IpOTeKaTh MPU MPOU3BOJILHON 3HEpruu HeTpuHo. [Ipu 3ToM Hcue3Her
HEHUTPUHO U TIOSBUTCS DJIEKTPOH.

O6e peakIuy BO3MOXKHEI, TIOCKOJBKY TpH TIpeoOpazosannn W' — Z° BeIenseTcs HeoOXoauMast
JUTSI TIPOTEKAHUs peakiuu 3Heprus (>1.3 MaB).

2. JIerko BUIETH, YTO OYIET pa3pelieHa peakiiys B3auMOJIeHCTBUS aHTHHEUTPUHO (TIPU SHEPTUH
aHTHUHeHTpuHO £E.>1.81 M>B) ¢ NpOTOHOM, KOTOpPBI B sipe € M30BITKOM HIPOTOHOB CIOCOOEH
m3mydath W' - GO30HBI:

v, + pJr —n+e"

3. HaKOHeLI, PACCMOTPUM PCAKIIUIO pacCliaa Tay-JICIITOHA.
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Cunraercsi, 4To 3Ta peakUus OCYIIECTBISETCS B paMKax cjlaboro B3aMMOACWUCTBUS, YEMY
-13
MPOTUBOPEUYUT MAJIOE BpeMs KU3HU Tay-JienToHa (2.9-107 ¢).
[TockomnbKy pacmaj Tay-jenToHa HaOII0Aadl He B aOCOJIIOTHOM BaKyyMe, CIIEeIyeT CUHUTaTh, YTO
OH B3aMMOJICUCTBYET C aTOMHBIMH siipaMu. Ciiaboe B3auMoIeHCTBUE MPOSBUTCS JIMIIb B TOM ClIydae,
KOTJIa Tay-JIeNTOH Oy/eT B3aMMO/IEHCTBOBATE ¢ W' - G030HOM IO cXeMe MpeoOpa3oBaHMs 3IEKTPOHA B

AJIEKTPOHHOE HeWTprHO. ClietoBaTeIbHO, Oy/IeM UMETh PEaKITUN

n(0) v(0) p(+) ()
n(0) \ p(+ \
W(+1) () W(-1) v+(0)
p(+) n(0)

O1u peakmuu OyAyT MPOTEKaTh MPH MPOU3BOJIBHBIX YHEPTHSX Tay-JIEITOHA (m,c2 = 1784,36
Mb5B) u gocraTouHoit sHeprun Tay-HehuTpuno (E,; > 1783,06 MaB). [Ipu sToM He pokaatoTcs THOHBI,
a TOJIBKO IIPOUCXOAUT U3MEHEHHE 3apsija sapa.

[TepBast U3 TUX peakIuii BO3MOXKHA MPH HAIWYUH B TIPOCTPAHCTBE SI€P C M30BITKOM MPOTOHOB,
B TO BpeMs KakK BTOpas MOXKET HpOTeKaThb Ha sApax C H30BITKOM HeHpoHOB. OgHAKO, peakuus
MpEeBpaIICHUs] Tay-JIENTOHA 1O cXeMe cIaboro B3aMMOJCHCTBHUA OYAET MaJOBEPOSTHOW, a MOTOMY
MemsieHHOH. OTcroa cieiyeT, yTo Takas peakiusi He MOXKET OIUCATh SKCIIEpUMEHTANIbHbIE JJaHHBIE TI0
npeoOpa3oBaHUIO Tay-JENTOHA.

Ckopee, HYXHO UCKaTh TMPHYMHBI HECTAOMJIBHOCTH Tay-JENTOHA B paMKaX CHIHHOTO
B3aMMOJICHCTBUSI.

Tay-nenToH, MMesi Maccy, MPEBHIIIAIOIIYI0 MacCcy HYKIOHOB, MOXET JIETKO NPOHHKHYTH B
aTOMHOE SIPO W BBI3BATh TIyOOKO HEYNpyruil ymap. B pesynbrate Takoro ymapa u3 siapa Oyner
BBIOWTA JpyTas 4acTHIIA - T, KOTOpPasi BO3BMET Ha ce0sl AIEKTPUIECKHIA 3aps]l Tay-ienToHa. [Ipu atom
BMECTO Tay-JIETITOHA W3 sJpa BbUIETAeT Tay-JIENTOHHOE HEeUTpuHO. CieoBaTelbHO, PEakiUs UMEeT
BU/T;

T+X 5" X+1 +v.
3neck stapo (“X) BBICTYIIAET B POJIH KATAIH3aTOPA.
Hpyroii peakiyeil MokeT ObITh BHIOMBAHUE M3 sA/ipa HEHTPAIBHOTO MHOHA C TPeoOpa3oBaHUEM

OHOI'O IIPOTOHA B AAPEC HA HeﬁTpOHZ
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-, Z Z-1 0
T +2X 5>y + 20+,
Kpome Toro, cymiecTByeT BO3MOXXHOCTh CIIOHTAHHOTO pachajia Tay-JIenToHa ¢ o0pa3oBaHHEM
JIETKHAX JIEITTOHOB:
TN+ 17/1 + V,.
T—e tv, tv.
Bce nmpuBeneHHbIE peaKIMU pachaja Tay-JeNnTOHAa JIOJDKHBI TPOTEKaTh C  BBICOKOM
3¢ (HEKTUBHOCTHIO, UYTO COOTBETCTBYET pe3ysIbTaTaM dKCIEPUMEHTAIBHBIX UCCIIEIOBAHMM.

Peakmmro pacraga Tay-JIeNTOHAa IO CXeMe ClIaboro B3aMMOJEHCTBHS OYAyT CONPOBOXKIATH

peakuuu B Mupe-3:

d(-3) u(e,)
d(-3)
W3+ g)
u(+ %—

Ui

2.3. BuiBoanbl

Ha ocHoBaHMM mnpensioKeHHON paHee aBTOPOM MOJIENM TMpollecca BO3HUKHOBEHUS Hallen
Bcenennoit ¢ MHWHMManbHOW HayaldbHOW OJHTPONHMEH B paboTe pacCMOTPEHBI CXEMBbl CJ1aboro
B3anMojeicTBus B Mupe-3 u B Mupe-4. D10 paccMOTpeHHE TO3BOJIMIIO OMHUCATh MPOLECCH Claboro
B3aMMOJICHCTBUS, aJIEKBATHO ONMHUCHIBAIOT U3BECTHBIEC SKCIIEPUMEHTANIbHBIE Pe3yibTaThl. B yacTHOCTH,
B paboOTe yCTaHOBJICHO:

1. ITockonbKy B3aUMOJEUCTBHE MEXAY KBapkaMu B Mupe-3 npHUBOJIUT K MOSBICHUIO aIpOHOB B
Mupe-4, To 6030HEI W* n Z°, OTBeTCTBEHHBIE 3a c1a00e B3aMMOJIEHCTBHUE, JOKHBI CYIIECTBOBATh B
pe3yabpTaTe MPOCTPAHCTBEHHOTO MeTaMopdo3a 0JHON YacTeio B Mupe-3, a npyroii - B Mupe-4. Mexay
STUMH  YacTsAMU CYIIECTBYET B3aUMOJICHCTBHE Ha HWHPOPMAIMOHHOM  ypOBHE, KOTOPOE
CUHXPOHHU3UPYET BCE MPOLIECCHI, MPOTEKAIOIINE C yIacTHEM 3TUX O030HOB.

2. B mpomecce cnaboro B3ammojeiicTBus B Mupe-3 BHPTyadbHBIH O030H H3ITydaeTcs W
TIOTJIONIAETCS OJHUM M TeM K€ KBapKOM. [IpH 3TOM MOKET CIydHThCS, YTO M3IydeHHHIH /- 6030H 32

BPEMS CBOETO CYIIECTBOBAHMS MPEBPATUTCS B Z°- 6030H, 00pasyst MpU 3TOM Tapy KBapK-aHTHKBAPK C
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MIPOTUBOIIOJIOKHBIMU  IIBETHBIMH  3apsilaMd M LEJNbIM CYMMAapHBIM 3JIEKTPUUYECKUM  3apsIOM.
CuHXpOHHO ¢ 3TUM TmpoueccoM B Mupe-4 oOpa3yercss mapa JENTOHOB C HYJEBBIM CYMMapHBIM
JIEITOHHBIM YHUCJIOM U 3JEKTPUYECKHM 3apsiioM, PaBHBIM CyMMAapHOMY 3JIEKTPHUECKOMY 3apsiiy B
Mupe-3. Takum oOpa3zom, B3aUMOJCHCTBHE MEXIy KBapkamMu B Mmupe-3 NPUBOAWT K TOSBICHUIO
aapoHOB B Mmupe-4, a TMOsBIEHUE Taphl KBApK-aHTUKBApK B Tpolecce claboro B3amMMOJICHCTBUS
NPUBOJUT K TOSBJICHHUIO TMApbl JIENTOH-aHTWJICNTOH (HAampuMep, OJJEKTPOH - 3JIEKTPOHHOE
aHTUHENTpUHO) B Mupe-4.

3. JIenTOHBI He MOTYT M3JTyd4aTh BHUPTyalnbHbIE 6030HEI W u Z°. PaccesHue M mpeobpazoBaHie
JIENITOHOB BO3MOXHO TOJBKO HA 06030HaX W' um Z°) m3mydaeMsIX sapaMu. AHajIoruds€o B Mupe-3
BO3MO’KHO IPOTEKAaHUE pPeaKLUii paccessHUs U MPeoOpa3oBaHMs KBAPKOB.

4. HecTtaOWIpHOCTH Tay-JENTOHA JUIIb B HE3HAUUTEIHHOW CTEMEHU OIMCBHIBACTCS PEaKIUe
ciaboro B3auMmozelcTBui. BmecTto 3TOro, Tay-jaenTtoH MOXET pacmnaJaThCsl MO CXEMe CHIIBHOTO
B3aUMOJICUCTBHSI, TOCKOJIBKY OH MOJKET JIETKO MPOHUKATh B aTOMHOE PO, BbI3bIBASI HEYNPYTHd yiap
C POKIEHHEM MHOHOB T MIM m° M Tay-JIENTOHHOTO HeiTpuHo. KpoMe Toro, 3¢ (eKTHBHO MpOTEKaloT

peaKuuy CIIOHTaHHOTO pacnaja TSHKENBIX JIENTOHOB Ha JIETKHE.
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I'naBa 3. MexaHu3Mbl Po:KIeHHS BellleCTBA B HOBOI Moaesn Beenennoi

B manHOM rnaBe BOCHOJIB3yeMCS MOJIEIBI0 BOBHUKHOBEHUS Hallel BceleHHOW ¢ MUHUMAaJIbHOM
HavyaJIbHOM »HTponuel [1], n3noxkeHHoi B riase 1, A onvcaHWs MEXAaHU3MOB POXKICHUS BEUIECTBA
BO BCeX ClI0siX paccioeHHoro Cynep-npoctpaHcTsa [2].

Poxnenune pacclio€HHOTO MPOCTPAHCTBA MPOUCXOAUT OJHOBPEMEHHO BO BCEX CIOSX C
nosiieHueM sHepruu llons-BpeMeHH B HylnbMepHOM mpocTpaHcTBe (B Mupe-1). Ilone poxnaer
BEILECTBO, MOCTAAUITHO 3an0Hss1 0AHOMEepHBIM Mup (Mup-2), nsymepusiit Mup (Mup-3) u Hamr Mup-
4. C momenTa poxaenus Cyrnep-BceneHHON XapakTepHbId pa3mep (paanyc) Kaxaoro MpoCcTpaHCTBa
YBEIMYMBACTCS CO CKOPOCTBIO CBETA. 3alOJHEHUE HAIIero MpOCTPAHCTBA HAUYMHAETCA C MOMEHTa
BpemeHu 1y, = 3107 c. [Ipu aTom B Mupe-4 maTepusi poxIaeTcsi ¢ MOCTOSIHHON cKopocThio. K aTomy
MOMEHTY BPEMEHH B HaIlleM MMPOCTPAHCTBE OBLIN 3aII0JIHEHBI JIUITL BAKYYMHBIE COCTOSTHUS [3].

Oueprusi ckajmsipHoro Ilonst B oTiMYMe OT 3JIEKTPOMAarHUTHOTO TOJS MMEET BO3MOXKHOCTb
HEINOCPE/ICTBEHHO CO37aBaTh YAacCTHUIBI COOTBETCTBYIOLIET0 MpocTpaHcTBa. [Ipum 3TOM co3naHHBIE
YacTUIBl WJIM KOMIUIEKCHl YacTUI[ HE JOJDKHBI MMETh 3apsioB W CIMHOB. B HameMm mpocTpaHcTBe
TaKUMHU YaCTUIIAMU SIBIIAIOTCS KOMIUIEKCHI HEUTPOHOB (OMHEUTPOHBI, KOMIUJIEKCHI OWHEUTPOHOB).
HcxonHoe BeliecTBO HAMOMUHAIO COBOKYITHOCTh MaJI€HBKUX XOJIOJAHBIX HEUTPOHHBIX 3Be3/. B Mupe-
3 poxpaaercsi cpazy KOMIUIEKC U3 6 KBapKOB (HE MMEET LIBETHOTO M AJIEKTPUYECKOTO 3apsijia, a TaKkkKe
CTHMHA), COOTBETCTBYIOIIUX OMHEUTpPOHY. B Mupe-2 poxxaaercss COBOKYITHOCTh JHOHOB, CyMMAapHBIN
3JIEKTPUYECKUN U MATHUTHBIN 3aps/i KOTOPBIX PaBEH HYIIIO.

B nanHOIf raBe, UCTIONB3YS TE JK€ 3aKOHBI, OYIyT PacKPBITHI MEXAaHU3MBI POXKIACHHUS YACTHIl
aTOMHBIX si/Iep B HalIel yeTbipexmepHoit (3+1) Beenennoii - B Mupe-4.

B coBpeMEHHBIX KOCMOTOHMYECKUX TEOPUSX POKACHHE THKEIBIX XUMUYECKHUX DIEMEHTOB
OTHOCSIT K B3pBIBY CBEPXHOBBIX 3B€3/, B HEIpaX KOTOPBIX Oylarofapsi MPOTEKAaHUIO TEPMOSICPHBIX
PEaKIuii TOMHKHBI CYIIECTBOBATh YCIOBHSI, CIOCOOCTBYIOIINE CHHTE3Y TSDKEIBIX aTOMHBIX siiep. Ecin
3TO TaK, TO B3PHIB CBEPXHOBOW 3BE3JIbI IMOBJICYET BHIOPOC TSHKENBIX XUMHUYECKHX JIJIEMEHTOB B
KOCMHUYECKOE TMPOCTPaHCTBO. Jlamee 1O yMOJYAaHHUIO CUMTAETCA, YTO OTH TSDKEIble aTOMBbI
IPYNIUPYIOTCS B OKPECTHOCTSIX 3BE3[], a 3aTeM M3 HUX 00pa3yloTcsl MEJIKHE W KPYIHbIE IUIAHETHI.
OnHako B OOJBIIMHCTBE KOCMOTOHHMYECKHUX TEOPUH KOHEUHBIM 3TallOM TEpMOSIEPHOIO CHUHTE3a
ABIIIETCSl CO3/1aHUE sAnpa skene3a. M Tombko B ciaywyae, Korja TemIeparypa B LEHTpE 3Be3[bl

MpeBbIIIACT 10° K, camtaercs, 9T0 BO3MOXKHO MPOTEKaHUE HYHAOTEPMHUUECKUX PEaAKIUi 00pa3oBaHUs
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TsoKenbIX siaep (Z> 50). Ecnu nefcTBUTENBHO Takash BO3MOXKHOCTH CYIIECTBYET, TO TsDKEJbIE siipa
OyAyT KOHIIEHTPUpPOBAThCS B IIGHTPEe 3Be3Abl. B ciyuae, Korja B pe3yibTaTe B3pbIBA Ha MECTE
MAacCCHBHOM 3Be37bl 00pa3yeTcsi HEHTpOHHAs 3Be3/1a, TsHKEJIbIe sipa OCTaHyTCs B Hel. BriOpackiBanue
UX B KOCMHYECKOE MPOCTPaHCTBO He OyneT. B To ke BpeMs Ha 3emiie ecTh OoraThle 3aJ€KU CBHUHIIA,
pTYTH, ypaHa u Jip. Yl He 04eBUIHO, UTO MPEAJIOKEHHBIH MEXaHU3M POXKICHUS TSDKEJIBIX aTOMHBIX Aep
B TEPMOSJICPHBIX 3BE37aX MOXKET JaTh OTBET Ha BOINPOC: OTKY/A B3SUIMCh OOTraThle 3aJIeXKH TAKEIbIX
2JIEMEHTOB Ha 3emuie?

OO6paiiaeM BHUMaHHE Ha TO, YTO B3PbIBBI CBEPXHOBBIX 3BE3[l - OUEHB PEIKOE ABJICHUE B Mpeesax
OJTHOM TaJaKTHKH (3a MOCIEAHEe ThICSUeIeTHEe B HAIlleH TalakTUKe UX ObLIO Beero 4 [4]), mosTomy ux
M3y4aloT HAa MAcCHUBE BCEX TaJlakTHK, JOCTYMHBIX Habmoaenno. Kpome Toro, B TepMosiAEpHBIX 3Be31aX
nporecc oOpa3oBaHus TsDKENbIX snep (Z> 50) sHepretnyecku HeBbIroeH. ClieoBaTeIbHO, TaKHe
B3pPBIBBl HE CMOTYT O0ECIEYHTh JOCTATOYHOIO KOJIMYECTBA TSKENBIX XMUMUYECKHX SJIEMEHTOB Jake
JUI CO3/IaHUsl OOJIAKOB KOCMHMYECKOW TBIJIM, HE TOBOPSI YK€ O UPE3BBIUANHO Malloil BEPOSTHOCTH
3axBaTa TakuX OOJIAKOB 3Be3/laMH C MocieAylouMm oOpa3oBaHueM IiaHer. C Apyroil CTOPOHBI,
JIBOIHBIE 3BE€3/Ibl - JOCTATOYHO PAacHpOCTpaHEHHOE siBieHHe BO Bcenennoil. HanpammBaercs BbIBOL,
YTO KaK JBOWHBIE 3BE3/Ibl, TAK U 3BE3bI C IIJIAHETAMU UMEIOT OOIIUI MEXaHU3M MPOUCXOKIACHUS.

[MosToMy HEOOXOAMMO HCKAaTh JPYTHE€ MEXaHH3MbI, KOTOpbIE Obl O00ECHeuMiIN PpOKICHHE
TSKEJIBIX XMMUYECKUX 3JIEMEHTOB, a TAK)KE MaJIbIX U OOJIBIINX IUIAHET B MOJI€ TATOTEHUS 3BE3I.

C apyro# cTOpOHBI, BOBHUKAET BOMPOC O pokaeHuH BO BcenmenHoit Mmarepum BooOme. B stom
MJIaHe MOYKHO MPUBECTU MHEHUE N3BECTHOTO MateMartuka u actpodusuka C. Xokunra [5]:

«PaznyBanuem BceneHHOM MOXXHO OBIIIO ObI OOBSICHUTH, TTOUEMY B HEl Tak MHOTO BellecTBa. B
JOCTYITHOM HabmoeHuto ooactu BeeneHHo# conepkuTces mopsiaka 10* gacra. OTKkyna B3sUIHCH BCE
oHu? OTBET 3aKJII0YaETCs B TOM, YTO B KBAaHTOBOM TEOPUH YACTHUIIBI MOTYT POXKAATHCS U3 SHEPTUH B
BU/JIC TIap YacTHIa-aHTH4YacTHIa. Ho Toraa cpasy BO3HUKAET BOMPOC: OTKyAa Oepercs sueprusi? OTBeT
takoB. [loxHas sHeprus Beenennoil B TouHOCTH paBHA HYIO. BerectBo Bo Beenennoit oOpazoBano u3
MOJIOKUTENIbHOM SHepruu. Ho Bce BemecTBo caMo ce0st MPUTATHBACT MO/ ISHCTBHEM IpaBUTauu. /[Ba
OJIM3KO PACIIOJIOKEHHBIX KYCKHM BEIECTBAa HMMEIOT MEHBIIYI0 3HEPIui0, 4eM Te JK€ JBa KYCKa,
HaxOJUIUXCS JTaJeKo APYr OT Apyra, Tak Kak AJii Pa3HECEHUs UX B CTOPOHBI HY)XHO 3aTpaTUTh
SHEPrul0 Ha NPEOJOJICHWE TPaBUTALMOHHOW CHIBI, CTpeMsIIeHcs MX COoeAuHUTh. MTak, sHeprus
IPABUTALMOHHOTO MOJS B ONpPENEJICHHOM CMBbIC/IE HeratuBHas. MOXKHO MOKa3aTh, YTO B Ciy4yae

BCCHCHHOﬁ, INpUMCPHO OHHOpOHHOﬁ B IPOCTPAHCTBE, 3Ta HCTAaTUBHAs T'paBUTALIMOHHAA OSHCPIUA B
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TOYHOCTH KOMIIEHCHPYET IOJIOKUTEIbHYIO SHEPTHl0, CBSI3aHHYIO C BemiecTBOM. [losTomy mosHas
SHeprus BceneHHoil paBHa HYIIIO».

[To sTOMY MOBO/IY MOXKHO CKa3aTh CIIEAYIOLIEE.

B nannom BbickazbiBanuu C. Xokunr [5] Bcnen 3a B Kopu [6] cuuTaer, 4yTo moTeHIMaIbHAs
SHEPrusi HOJHOCTHI0 KOMIIEHCUPYET MOJOKHUTEIbHYIO (KHHETUYECKYIO SHEPIHIO TUIIOC SHEPTHUIO TOKOS
BEII[ECTBA), TaK YTO B CyMME SHEpTHs paBHa Hymto. Eciu Obl 3TO OBLJIO Tak, He ObUTO ObI PUYHMH IS
00pa30BaHUsl YEPHBIX JIbIP, B3PHIBOB CBEPXHOBBIX M TOMY M0j00HOe. CpaBHEHHE MOTEHLIHATbHON
SHEpPruu ¢ 3Hepruei BemectBa Ha npuMepe CoMHEUHOW CUCTEMBbl MOKAa3alo, YTO BEJIWYMHA Mc*
ConHila ¥ IaHeT NpPEeBbIIAeT MOTEHIIMATIBHYIO SHEPTHUIO Ha 9 OPSAIKOB.

AHaNOTHYHBIN pacyeT H3HEPruM TPABUTAIIMOHHOTO B3aWMOJIEUCTBUS YaCTHUIIBI C Macco
BcenenHoil mokas3bIBaeT, 4TO OTHOLIECHUE PEISTUBUCTCKOM SHEPIHMHM MOKOS YACTHUIbl J0 BEJIHYUHBI
rpaBUTAIIMOHHOW PHEPTUU B3aUMOJICHCTBUS OMpeJielisieTcsl COOTHOIIeHHeM paauyca BeenenHoit Ry K
€ro IpaBUTALIMOHHOMY PaJNyCy ré'. Ucnonb3ys nannsie A Ry U rg, B3AThIE U3 [ 1], MOKHO TTOKa3aTh,
YTO 3HEPrusi MOKOs MPEBBIIIAET IPABUTALMOHHYIO 3HEprui0 B 27 pa3. [pyrumu ciioBamH, BKIJIAIOM
SHEPrHH JBW)KCHUS W TPABUTALMOHHOTO B3aUMOJCHCTBHUS MOXXHO TpeHeOpedb MO CPaBHEHHIO C
TIOJIHOM HHEepruel BemecTsa BeeneHHOM, KOTopas SBISETCS OOJBIION MOJ0KUTEIHLHOW BETMUNHON, HU
B KOEM CJIy4yae He paBHOU HyI0. MTak, 1OCTUYb HYJIEBOTO YPOBHS HEPruu Bo BeeneHHON B MpUHIUIIE
HEBO3MOKHO.

IIpy 5TOM KOJUIAIIC HE M3MEHSeT CYIIECTBEHHO Bemmduubl Mc’. Kommanc 3Be3q MpHBOIMT K
CYLIECTBEHHOMY YMEHBIIEHHIO HUX pajauyca, MOSBIsAeTCs OOJBIION W30BITOK HHEPIUH, DPABHBIN
IIOJIOBUHE PAa3HMIBI MOTEHIUAIBHBIX JHEPTrUH H3HAYAJIBHOM 3BE31bl M CKOJUIAIICUPOBAHHOM. OTOT
M30BITOK C HEOOXOIUMOCTBIO IPUBOIUT K B3PBIBY 3Be3/bl, UTO U Habmoaaercs Bo Beenennoit. To ects,
KOJUTarc siBIsieTcs: OBICTpBIM TporieccoM (aamabatnyeckuM). Ecnu Obl miporiece cokaTtusi 3BE3bI OBbLT
MEJIEHHBIM, TOT/Ia U30BITOK SHEPTUU BBIIIEN Obl B BUAC M3Ty4eHHs] ()OTOHOB M YACTHII, HE BBI3BIBAs
B3pPbIBA 3BE3/IbI (OTKPHITAsI CUCTEMA, TPOIIECC HeaInabaTHIECKUHN).

Pa3 Bcenennas npeanonaraeTcsi 3aMKHYTOH [7], TO ee pacuiupeHue BO3MOKHO wiu 1) Gmarogaps
HavyaJbHOMY M30BITKY KHHETHYecKoW sHepruu (Bca BceneHnas ponamnack B pe3ynbTare bosbiioro
B3priBa, Macca mocTosiHHAs), v 2) OJaroaapsi IOCTOSTHHOMY BJIIMBAHUIO BEIIECTBA M YHEPTHH (Macca

YBEIUYMBAETCs) B pacuiupsitonytocs Beenennyto.

12 Ry 3 yMy _ 3__yMy 16 _ 3 r
Es=—["ymp-dnrdr=-m>=—"~2=:m=—12 - E=mc?2-=L
0 2 Ry 2 e Ry 2 Ry
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B nepBoii Mojenu KoHe4YHas CTajusi 3BOMIONMUA BceleHHONW 3aBUCHUT OT BEMUYUHBI CyMMAapHOMN
SHEPruu (KMHETUYECKOW M MOTEHUUATbHOM), KOTOpas MOXET OKa3aThCsl KakK MOJOKHUTEIbHOM, TaKk U
paBHOM HYJIO WM OTpUllaTebHOU. M ToNbKO oTpUllaTeNnbHAas SHEprus Jienaet BeeneHHyo 3aMKHYTOM,
pacuupeHrue KOTopoi Korjaa-1ubo CMEHUTCS CKaTHEM.

Bo BTOpO# MOseNnn KOHEYHAsl CTaiusl HBOJIONNHY BeeneHHOM MOMHOCThIO 3aBUCUT OT MPOTrPaMMBbl

ckansgpuoro [loss.

3.1. Poxxnenue BemecTBa

Jist oObsiICHEHHsT pOXKIeHUs BemecTBa u3 sHepruu [lonst Oymem cuurtath, uTo ckagsipHoe IloJsie
MO’KeT HelmoCpeICTBeHHO co3laBaTh BemlecTBo. OnHako [lone He sBIsIeTCS HOCUTENIEM 3apsi/IOB.
[TosTomy u Hama BceneHHast 3JeKTpOHEUTpaIbHA, TO €CTh KOJUYECTBO MPOTOHOB PaBHO KOJUYECTBY
9MeKTpoHOB. Takoil GakT NMpu MOCTOSHHOM POXKJICHHH BEIECTBA CBUACTEIHCTBYET, YTO POKIAIOTCS
TOJBKO HEHTPOHBI. DTO MOTYT OBITH OJIWHOYHBIE HeI?ITpOHLIB, a MOTyT OBITh U KIJIACTEpHI,
coliepKalllie MHOTO HEHUTPOHOB, MEXIY KOTOPBIMH OCYLIECTBIISIETCSI CHUJIBHOE B3aHMMOJEHCTBUE C
y4acTHEM HEUTpasIbHBIX MUOHOB. [IOHATHO, YTO HEHTPOHBI B TaKUX KiIacTepax OyAyT HUCIBITHIBATH
pacmaj BCJIeCTBHE MTPOTEKAHUS MPOILIECCOB CIA00r0 B3aUMOICHCTBUS.

Takum o6pa3om, M3 HeiiTpoHa oOpasyeTcs mapa p + €, a KpPOME TOrO DIEKTPOHHOE
AHTUHEUTPUHO.

Knacrep u3 AByX HEHTpPOHOB JacT JACUTPOH, 3JIEKTPOH M aHTHHeHTpuHO. Kiactrep u3 Tpex

HEHUTPOHOB JACT TPUTOH, IEKTPOH U aHTUHEUTPUHO, a IIPU JAJIBHENIIEM pacaje - 23 He. n Tax nanee.

BemecTBo mipu co3nannu yeTeipexmepHoro mupa (Mupa-4), Kak CBHIETEIbCTBYIOT HAIITK OLIEHKH

17 3 .
[1], O6but0 oYeHb TWIOTHBIM (~10"" Kr/M’), HO B Tpolecce pacuupeHus BceneHHO# ero MmiIoTHOCTh
1aj[aa, 9To IPUBEIO K BBIICICHUIO KIACTEPOB MPOM3BOIBHON BEIMUMHBI' ', KaXIBI M3 KOTODHIX B
YaCTHOCTH SBOJIIOIIMOHMPOBAJI COTJIACHO 3aKOHaM (M3HMKH, 00pa3ys IMOJIHBINH HAOOp SIep, JOKUBIIUX
70 HamuX nHel. Bee octanbHble (HecTaOUIIbHBIE) SIpa PACTIaIiCh €lle Ha PAHHUX CTAJAHSIX dBOJIOIUH.

O6paLuaeM BHHMAHHEC HaA TO, YTO XapPaKTCPUCTUYCCKOC BpPEMs paciiaga CBOGO,I[HOFO HeﬁTpOHa

coctapiser T~ 881 ¢ [8], Tpurus - 3,87-10° ¢, *He - 0,797 ¢, JLi - 0,176 ¢, '}B - 0,0186 ¢ u .11. [9].

13 o

HeI/ITpOH ABJIACTCA HOCHUTCJIEM CIIMHA U 6apI/IOHHOFO qguciia, a 1MoToMy MaJOBEPOATHO, 4YTO [Tone 6yz[eT co3J1aBaTb
HUMCHHO OJMHOYHBIC HeI‘/'ITpOHLI. CKopee, 6yI[yT POXOAThHCA Hapbl WM KJIaCTEPBI HeﬁTpOHOB C IOJIHOCTBKO CKOMIICH-
CHUPOBAHHBIMU 3apsaMU U CIIMHAMU.

14 OTHn HCXOOHBIC KIIACTECPHI ABJIAOTCA MUKPOCKOTIMYCCKUMU HeﬁTpOHHLIMH 3BC31aMH.
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[TonsiTHO, YTO B HOBOOOpPA30BAaHHOW HEUTPOHHOW MaTepuu OYIAyT MPOTEKaTh IOCTATOYHO
OBICTpBIE TIPOIIECCHI O0pa30BaHUS MPOTOHOB W AJEKTPOHOB. [Ipm 3TOM BBIIENSIETCS SHEPrUsl U
BellecTBO HarpeBaercs. VM moka IJIOTHOCTH BemiecTBa OyzaeT OOJIBIION, JOJDKHBI MPOTEKaTh U
oOpaTHbIE€ TpOIECCHl - OOBEIMHEHUE AJIEKTPOHOB C MPOTOHAMU B HEWTpoH (aHaymor K-3axBara B
TOKETBIX aToMax ). [Ipu 3TOM BBIACIUTCS HEHTPHHO.

B paGote [10]" 65110 mOKA3aHO, UTO BO BCEICHHOI CYIIECTBYET KPyroBOPOT SHEPTHH, OI0OHO
TOMY, KaK Ha 3eMJie CYIIECTBYET KPYTOBOPOT BOAbI. KpyroBOpoT BOJIbI COCTOUT U3 YETHIPEX ITAIOB: 1)
WCIapeHue BOJIbI C TIOBEPXHOCTH MOPEH, 2) KOHJACHCAIHS TapOB BOBI B 00JIaka M UX MepeMelIeHue, 3)
BO3BpallleHUE BOJBI Ha CYyIIy B BHJAE OCAIKOB, 4) .MepeMeleHHEe BOAbI B MOpPE IO pEKaM.
AHaNOTUYHBINA KPYrOBOPOT M3JIy4EHUS 3BE€3]] MPUBOJIUT K KOHEYHOMY BPEMEHU KU3HU KBAHTOB CBETA.
B xoHeyHOM cueTe, SHEprusl U3TyUeHUs! 3BE3/] BO3BPAIIACTCS B IIEHTP CaMUX 3BE3]l, YTOOBI 3aBEPIIUTH
LUKJI KPYyTOBOPOTa SHEPTHH B IPUPO/IE.

Ecnun CoNHIE NOTydaeT B IpoOLEcce KPYroBOPOTA JHEPrHH Kakaylo cexyray 4-10° kr
HEUTPOHOB, a B TMpollecce YBEIUYeHHs Macchbl BceneHHoll - 4,25-10" kr/c [1], m cTonmbkO ke
HEHTPOHOB pacmagaeTcs ¢ 0O0pa3oBaHUEM TPOTOHOB, JJEKTPOHOB W AHTHHEUTPUHO, TO JIETKO
MOJICYUTATh, YTO MpPEBpAlAIOTCS MPUMEPHO 2,510 + 2,5:10% HEUTPOHOB/C (HWXKHSS TpaHHIIA
COOTBETCTBYET MPOLECCY KPYrOBOPOTA SHEPTUH, & BEPXHSIS - POKICHUIO HOBOIM MaTepuu B MpoLEcce
sBOJIIOLIMU BeeneHHoH, eciiu 3Ta MaTepusi poXkaaeTcs B mpejaeaax o0beMa MacCUBHBIX Tell - 3Be3]] WIN
manet). ClenoBaTeNbHO, CTOJILKO XK€ 00pa3yeTcs W aHTHHEHUTPHHO, KOTOpPHIE BHIOPACHIBAIOTCS B
KOCMHUYECKOE€ MPOCTpaHCTBO. [Ipr 3TOM Ha KaxKJblil KBaJpaTHBI METp 3€MHON MOBEPXHOCTH MaJacT
910 + 9-10" AHTUHEUTPUHO B CeKyHJy. Eciii HOBOE BelIecTBO POKJIaeTcsl YaCTMYHO B Tpejesiax
Connia, a octanbHbie B okpecTHOocTH ConHIa (B mpenenax obmaka Oopra), TO TOTOK aHTHHEUTPUHO
Oynet uaru He Toibko oT CoJHIIA, HO M OT 3TUX obsacteit. OTcrona ciemnyeT, 4to oT CoJiHIla Ha 3eMITI0
HET [OTOK, Menbme 9-10" AHTUHEUTPHUHO B CEKYHAY.

[Ipy HanMuuM BTOPUYHBIX TIPOLIECCOB MNpPeoOpa3OBaHMs MaTepUU 3Ta BEIMYMHA MOXKET

HU3MCHUTHCA. KpOMe TOr'o, MOT'YT IIOABHUTBHCS HeﬁTpHHO.

'3 KpyroBopoT sHepruu Bo BceleHHOM NOJKEH MPOMCXOMTH 33 CYET KBAHTOB JEKTPOMArHHTHOrO Tois ((OTOHOB),
KOTOpBIE HE BIUSAIOT Ha 3JIEKTpOHEHTpanbHOCTh Beenennoil. Ha mpenpinymem atane 310 OyaeT SHEPreTHYeCKUi MOTOK U3
BEPXHETO MEPapXWIECKOr0 YPOBHS, KOTOPBI TpaHCHOPMHpPYETCS B MAcCCHBHOM Tele B HEHTpaIbHBIE YACTHIBI U
3NIEKTPOMArHUTHBIE BOJMHBL I10CKOIBKY 271€KTPOMAarHUTHOE U3NTydeHUe cocTaBiseT 77% ot Bcero usnydenus ConHia, To B
TaKOM JK€ COCTaBe dHeprus u TpaHchopmupyercs B ConHIE B IMUKIMYECKOM Mpoliecce Kpyrosopora. B Takom cirydae
HIWDKHSSA TPAHULA IOTOKA aHTUHEUTPUHO MOXKET YMEHBIIUTHCSA 10 23% OT IpUBEICHHON BEIMYUHBL.
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3aMeTuM, YTO BCE 3TU NIPOIECChl aKTyalbHbl U B HEMTPOHHBIX 3Be3/ax (myibcapax). Hecmotps
Ha OOJIBIINE JAaBJICHUS, KOTOPHIE CIEPKUBAIOT HEUTPOHHYIO 3BE3/ly B KOMIAKTHOM BHUJE, B HEH BO
BCceM 00bEME JOIHKHO ObITh MHOTO 3JIEKTPOHOB U MPOTOHOB. [10CKOIBKY 3TO JMHAMUYHO PABHOBECHBIN
rpoliecc, HEUTPOHHAs 3Be3/a Oy/neT M3IydaTh OOJBINONW MOTOK HEUTPUHO M aHTUHEHTPHUHO, a TaKKe
3JIEKTPOMArHUTHbIE BOJIHBI B IIHPOKOM JHama3oHe 4dacToT. Eciau yuyecTb, 4To 00beM HEHTPOHHON
3Be37bl MOXKET OBITh pE30HATOPOM Ul DSJICKTPUUYECKUX KOJICOAHUH, MOPOKICHHBIX HAIUYHEM
3JIEKTPOHHOTO Ta3za, TO MOXXHO TMOHATh MPUPOAY IMYIbCUPYIOMIMX 3JIEKTPOMAarHUTHBIX KOJIE€OaHMI,
KOTOpBIE€ PETUCTPUPYIOT HALIM NpUEeMHUKHU. [Ipu 3TOM He MCKIIOYEHO, YTO B YCIOBHUSIX HEUTPOHHOU
3Be3/bl pacraj] HEUTPOHOB CTHUMYJIHPYETCS STUMH KOJICOaHUSMHU (aHAJIOT BBIHYXICHHOTO HM3JIy4CHUS
aTOMOB B Jlazepax).

PacnipocTpansis mporiecc 00pa3zoBaHusi MATEPHH Ha COBPEMEHHOE COCTOsIHIE BceneHHoH, MOKHO
MOHATH, YTO POXKJIEHHE HEHTPOHOB B 3Be3[aX NPUBEIET K IMOSBICHHUIO JOMOJHUTEILHOM 3HEPIrHH,
aTOMOB BOJOPOJA (MM AJIEKTPOHOB U MPOTOHOB), a TaKXKE aHTUHEUTPUHO. BO3MOXXHO MOsIBIIeHHE U
HEUTPUHO BCIIEICTBUE peaKli 00pa30BaHUsl HEUTPOHOB U3 3JIEKTPOHOB U IIPOTOHOB.

MOo>kHO BBLAEIUTH JBa 3Tana poxkaeHus Matepun. CHavana pacCMOTPHUM MEPBbIN 3TaIl.

Bo3bmem 3a OCHOBY, 4TO poauBiiasics marepuss B Mupe-4 mmena (QpakTalbHYIO CTPYKTYpy H
mioTHOCTH mopsiaka 10" kr/m’. TIpu 9TOM 0GBeM OfHOi Oymayniei 3Be3/1bl B TEUCHUE OJHOM CEeKYHIbI
YBEJIUUUTCS OT 1,454-10'9 M = 1,454 MM 110 5,38-104 M. OTMETHM, YTO 3TOT 00BEM BKIIOYAET KaK
0o0BeM caMoM 3Be3/bl, TaK U 00beM MPOCTPAHCTBA MEX/Y 3BE€3/1aMU. DTO MPOCTPAHCTBO 00pPA30BaAIOCh
BCJIE/ICTBUE TOTO, UTO B MpeJesiaX 3apoJiblia Oy aymieil 3Be3/1bl cHavana JeiCTBOBAIM CHIIbI CHIIBHOTO
B3aMMOJICHCTBUS, Jlajiee B INpOLecCe CTPYKTYPUPOBAHMS BEILIECTBA W MPOTEKaHUs peakuuil ciaboro
B3aUMOJICUCTBUSL TOABUJIUCH CHJIBI BJIEKTPOMArHUTHOIO B3aumojeiicTBusa. I[lpu ganbHeiem
YBEJIMYEHUM Macchl 3B€3/bl M  pacIIUpPeHUH TPOCTPAHCTBA CTAHOBUTCS  Ipeoliiajgaromien
IPAaBUTALIMOHHOE B3aWMOJCHCTBUE. ODTU CHIIBI 3aMEJUIMIIA PacIIMpeHue 3Be31bl U, KaK CIEICTBUE,
00yCIIOBUJIM OTHOCUTENIBHOE YBEIMUYEHHE 00beMa BaKyyMa MEX/y 3BE3/1aMHU.

[Mockonmpky Mexay (pakTanaMyd B HAa4aldbHOW CTPYKType BceneHHOW ObUIM MPOMEXKYTKH, TO
HAYTO HE MEIIAJ0 BPAIICHUIO OTIEIBHBIX dJeMEHTOB ¢pakrTajgoB (Oyaymux 3Be3d) BOKPYT
COOCTBEHHOTO IIEHTpPa MacC, a TaK)Ke TPYIIBI SJEMEHTOB (pakTajoB (Oyayliel raJakTHK{A) BOKPYT
o0mIero 1eHTpa Macc.

BTtopoii BakHBIII MOMEHT, Ha KOTODBII cpa3y e HYKHO OOpaTHTh BHUMAaHHE, 3aKIOYACTCS B
CYLIECTBEHHOM pa3JIMYUU YCJIOBHMH CYIIECTBOBAHHUA HAYaJbHOM TycTOW Macchl BceneHHOM OT

HU3BCCTHBIX B HACTOALICC BPCMA HeﬁTpOHHBIX 3BC3 1. 9T0 pasiiniue MOKHO XapaKTCPHU30BATb
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OTHOCHUTEJIFHBIM M3MeHeHneM pa3Mepa (nedopmanun) Beenennoit € = ARy /Ry = ATy /Ty. Ecnu B34TH
ATy =1 c, To nepopmanus BeceneHHol B HacTosAIIee BpeMs OKaKeTcst Ha 18 MOpsIIKOB MEHBIIIE, YeM B
MepBble CEeKYHJbl CyllecTBOBaHUs Mupa-4. DTo pacTsiKeHHEe BellecTBa B Hayaje 3BOJIOIUU
Bcenennoil HacTOIbKO MOIIHOE, YTO €r0 HEBO3MOXKHO 3aTOPMO3UThH CHUJIAMU B3aUMOJIEUCTBUS MEXIY
aneMeHTamMu (ppakranoB. Kak ciencTsue, NOSBISIOTCS OTJENbHbIE TAIAKTUKY U 3B€3/1bI B HUX.
Pacmiupenne mnpocTpaHcTBa INpHBEAET K CTPYKTYPHPOBAHHMIO OOBEMa 3Be3/bl Ha OCTPOBKHU
IUIOTHOTO BEIIECTBA, KOTOPOE OOYCIOBUT YBEIMUYEHHE CPEIHUX PACCTOSIHMHA Mexay HUMH. OJHaKo,
Macca OCTPOBKOB 6 Hauane pacuiupenus Bcenennoii mosrcem cyuwjecmeenno npesviuiame maccy
CaM020 MANHCEN020 CMAOUILHOZ0 AMOMHO20 A0PA U, KPOME TOTO, OHA OBICTPO OYAET YBEINIHBATHCS.
OAHOBPEMEHHO C ONHUCAHHBIM CTPYKTYPHUPOBAHMEM COCTOSITCSI TpOILeCChl MpeoOpa3oBaHuUs
BEIIECTBA: B pe3ylibTaTe MPOTEKAaHUs pPEaKIuid c1aboro B3aUMOJICHCTBHS: TOSBATCS TPOTOHBI U
9MeKTpoHbl. OCTPOBKHU MPEBpATATCS B aTOMHBIE siipa cBepxOobiioi Maccel. Kpome Toro, 6osbiioit
M30BITOK HEUTPOHOB MPUBE/IET U K BBIJCIICHUIO OTJEIBHBIX HEHTPOHOB Yepe3 MOBEPXHOCTh OCTPOBKOB.
HeiliTpoHsl MOTYT BBI3BaTh PEAKIMIO JIEJICHUS aTOMHBIX sIep Ha OTAeNbHbIe ()parMEeHThI, BEIUYHUHA
KOTOPBIX B pe3ysibTaTe Oy/AeT YMEHIIAThCS, M MPUBOAUTH K CO3/IaHUIO s/Iep, coAepKammx oT 1 10 >92
npoToHOB. Kak ciie/icTBHe, BBIICIUTCS MHOTO TEIUIOBOM SHEPIHH, U BEIIECTBO OYJET pa3orpeBaThes.
Kak BuamM, Takoii MeXaHHM3M SBONIONHHM BCENeHHON TpUBENET K POXKICHHIO, B YaCTHOCTH,
TSDKEJIBIX aTOMHBIX SiIep B HayaJlbHble MOMEHTHI BpeMeHH nocie bonbmoro B3peisa. [losTomy cienyer
0XuaaTh, yTo HeApa CoJIHIA U 3Be3[ COCTOAT M3 TSKeJbIX s/lep, YBeJHYeHHe Macc U JieJieHue

KOTOPbIX 00ecmeYnT BhIJeJIeHHe JHEPIUU U MOAAEPKAHNE TEMIICPATYPHOI'O pekKUMa B 3BE€31aX.

3.2. Po:xxneHue JIerKuXx sijiep 1 aTOMOB

Ha BTOpoM 3Tame paccMOTpuM pokaeHUS JErKUX siep B mpoiiecce sBoitonnu Beenennoii. Korpa
B pe3yibTaTe JEJICHUS TKENbIX SAep YUCIO JIETKUX A/ep CTAaHEeT 3HAYMTENIbHO MPEBOCXOAAIIUM HaJl
YHCIIOM TSKEIBIX AP, TAaKOM X0/1 ABOJIIOLUH Oy1eT Mpeo01aaoiiM.

Bynem cuutaTh, 4TO pOKAECHUE MAaTEPUH OCYLIECTBIISIETCS ApaMHU HEUTPOHOB, KOTOPBIE B CyMME
HE HEeCyT 3aps/ioB U CHHHOB. Takoe POXKICHUS OCYIIECTBIISIETCS MOCTOSHHO U HE TpeOyeT BBICOKOU
TeMIiepaTypbl (XOJOJHBIA CHHTE3) I TPOTEKaHWs SACPHBIX peakuuil. B cBowo ouepens,
TEepPMOsIZIEpHbIE pEeaklMU CHUHTE3a CYHIECTBYIOT JIMIIb MPU JOCTATOYHO BBICOKMX TEMIIEpaTypax,
KOTOpBIE MTO3BOJISIIOT MPEOI0IeBaTh KyJIOHOBCKH Oapbep. Takue TeMreparypsl CyIIEeCTBYIOT TOJIBKO B
TEPMOSZICPHBIX 3B€3/1aX, KOTOPbIE 00ECIIEUNBAIOT IPOTEKAHUE PEAKIIHIA:

ptp—d+e +v+0,5M3B,
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d+p—>He+7y+5,5M>dB,

SHe +3He — o+ 2p + 12,9 MaB.

Taxoi MKJI TO3BOJISIET YETHIPEM MIPOTOHAM NPEBPATUTHCS B O- YACTHILY C BBIJCICHUEM YHEPTUU
okoJio 19 M»aB.

Takoil mpocToil MeXaHHW3M HYKJIEOCHMHTE3a MpEeKpaliaeTcs Ha CO3JaHUU (-YaCTHUIl, TTOCKOIbKY
A]Ipa C MAacCOBBIM YHCIIOM 5 HE MOTYT CYIIECTBOBaTh. B mnmrTeparype mpolieMy yaanoch pelIuTb,
MPE/IONIOKUB CYIIECTBOBAHUE PEAKIIMU TPOUHOTO cUsiHUS o-yacTul [11] mpu T ~10° K:

30— '>C+ 7,7 MeB.

TpoliHoe ciusiHUEe siAep reus BO3MOXKHO BCIIEJCTBUE PE30HAHCA MEXKAY TPEMs 0-4aCTULIAMU H

BO30YXJICHHBIM SIAPOM IZC *. DKCIIepUMEHT II0Ka3ajl, 4YTO JACHCTBUTEIBHO SIPO 2C umeer

COOTBETCTBYIOIINE BO30YXICHHOE COCTOSHUE, Oyarojaps KOTOPOMY TPOWHOE CIHMSHHE. (- YaCTHUIL

CUUTACTCA BOSMO)KHBIM16. Ecau sto SAAPO YCHECT U3IIYUYUTDH Y- KBAHT, IIPECKAC YEM PA3BAJIUTCA HaA 3 a-
YaCTULbI, YTO MAJIOBCPOSATHO, TOr' Ia 6y,[[€T CO3JaHO AapO0 162C .

OpHako, TEPMOSICPHBIM HYKJICOCHHTE3 C MPHUOIIKEHWEM Macchl siapa a0 S50 okxa3wiBaeTcs
HEDPPEKTUBHBIM.

B namem ke ciayyae (X0JOJHBIM HYKJICOCUHTE3) POXKACHHUE BEIIECTBA OCYIIECTBIIACTCA B sAPax U
B TIOJiE sIep, T/A€ C OMNPEIEICHHOW BEPOATHOCTBHIO POXKAAIOTCSI CBOOOJHBIC WM CBSI3aHHBIC
OuHEUTpOHBI (Bn).

B ortnmume or OMIPOTOHOB, KOTOpbIE HE MOTYT CYIIECTBOBATH BCIEACTBHE MPEOOIIaTAIOIIETO
3JIEKTPOCTATHUECKOTO OTTAJIKMBAHUS MEX]y MPOTOHAMHU, B OMHEHTpPOHE PHEPrus CBSA3M JOCTATOYHO
Bemuka (~0.5 M»dB [12,13]). EauHCTBEHHOW NPUYMHON HEYCTOMYMBOCTH OWHEHTpOHA SIBISAETCS
peaknus cmaboro B3aUMOJCHCTBHS, KOTOpas MPEBpaTUT OWMHEUTPOH B nelTpoH. I[lpm stom Bpems
KHU3HU OnHEeHTpoHa OyneT Ha 1-4 mopsiaka MEHBIIE BPEMEHH JKU3HU HEHTPOHA. DTO OYEHH OOJIBIIOE
BpeMsI 110 CPAaBHEHHUIO CO BPEMEHEM >KU3HH 3apsSKEHHBIX THOHOB.

Ecnu Bn — cBOOO1HBIC YaCTHIIBI, TOT[a BO3MOKHBI PEaAKITHH:

Bn—2n—2!/p+2e +2V
Bn— ld +e +V

A Tenepb pacCMOTPUM TMPOIECCH B A/IpE NP POKJCHUU B HEM Bh.

'® B Takoil peaKkiMM He YUHTHIBACTCS KYJOHOBCKOE OTTANKMBAHHE MEXKIY O- YAaCTHIIAMH, KOTOPOE CO3JaeT Gaphbep A
IpoTeKkaHus peakuuu. [103ToMy peakiys BO3MOKHA TOJIBKO IIPU IUIOTHOCTU MAaTE€PUU MOPSAKA AIEPHOU, KOIAa OKPY:KEHHUE
JIPYTHX 3apsIOB HUBEIIUPYET KyJIOHOBCKOE OTTAJIKUBAHUE.
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\p +Bn— T — JHe +e + v
1 2 1 2 1 - g
P tBn—id +gn—id+ ptetv
'd +Bn— |H— JHe +e +V
2 4 3 1 3 1 - ~ 3 1 - ~
d+Bn—H —-> T+ n—-> T+ p+te+v - He+ p+2e +2v
T +Bn— H — jHe+ jn+e +V— JHe+ |p +2¢ +2V
3 Syy % 4 1 4 1 -~
,He + Bn — JHe — JHe+ ;n — JHe+ p +e +V
JHe+Bn— {He — JHe +2,n — jHe +2|p +2e +2V
JHe+Bn— JHe — {Li +e +V
[ockonbKy siapa , He u ;Li He CyIIECTBYIOT, TO HE CIENYeT OKUIATh BRIOPACHIBAHUS HEHTPOHA
U3 A1pa 26 He. Ha HauanpHOM cTaguu pacuupeHus: BeceneHHOM BO3MOKHO MTPOTEKAHUE PEaKIU:
SHe+ Bn— He — {Li +¢ + V— Be+2e +2V — 2 He+2e +2V
SHe+ Bn— He — {Li +e + V— [Be + yn + 2¢ +2V — Be+ p+3e+3V
SHe+Bn— JHe — Li +e +V— [Li+ n+ e +vV— [Li+ p+2e+2V
B 5TOM ciiydae He CyNIECTBYET sjpa ,Be, KOTOpOE SBJSETCS CyMMOH HECBA3aHHBIX MEKIY
co6oif o- wactum. [losToMy, B Hamexje, 4T0 ;Li OKakeTcs JOCTATOYHO AKTHBUPOBAHHBIM, €MY
MIPUITACAHO BHIOpachIBAaHUE HEHTPOHA M DJIEKTPOHA JIMOO TONBKO HeliTpoHa. ClenoBaTenbHO, peaKius

00pa3oBaHus , Be B IaHHOM cllydae SIBISETCS TMIOTETHYECKOH. Kpome TOro, MpuBeicHHbIE Peakiiu

Ha caMOM JieJie SBJIAIOTCS OOJIBIIONW PEeIKOCTBIO (BEPOSITHOCTh POXKACHUS €IWHHUIBI  Macchl
OMHENTPOHOB K €IWHHUIIE MAacChl BEIIECTBA B JaHHBIH MOMEHT COCTAaBIISET 2:10", 10 ectp paBHa
COOTHOIIICHUIO TIpHUpalieHuto macchl Bceenennoit 3a 1 cexkynmy k macce Bceenennoit [1]). Takum
06pa3oM, BEpOSTHOCTb IOSBICHHS OMHEHTpoHOB cocraBisier 107" GuueiitpoHoB 3a 1 ¢ Ha omuH
HYKJIOH B JaHHOM sjpe, a IOTOMY CYUTaTh, YTO B TaKWX peakUusx OyayT 3a7eiicTBOBaHBI
HecTaOWIbHbIE sapa, Henb3s. CrenoBaTenbHO, B JajbHEWIIEM MBI OyleM paccMaTpHBAaTh TOJBKO
cTabuibHbIe sipa (TOYHEE, KBa3UCTaOMIIbHBIC), BpEMS IMOIypaciaaa KOTOPBIX OMpEeNsieTcs ToaaMu.

Hamee

°Li+Bn— Li
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DTa peakiys aHAJIOTUYHA NPEIbITYIIEH, OJHAKO OCYIIECTBIAETCS CO CTaOWIbHOI yacTuueil §Li.
B 5ToM ciyyae He WCKIIOUEHA DPEakiusi POYXKJIEHWsS AKTMBUPOBAHHOTO siapa Li, CHOCOGHOTO
BBIODOCHTL HEHTPOH, MPOTOH WJIM DJIEKTPOH. B mepBom ciyuae oOpasyercsi ,Li, BO BTOPOM -
HECYIECTBYIONIMI U30TOM . He , KOTOPBIi cpasy e JIMIIUTCS HeliTpoHa. ECii HCIyCcKaeTes SIIEKTPOH,

TOraa 06p3.3y€TC$I HECYIICCTBYIOIIAA YaCTHULla fBe , KOTOpad Cpa3y KC pacrnagcTcsa Ha 2 a- HJaCTHIIBI.

Bo3moyxHo, Ha mepBoM dTane o0pa3oBaHuUs TareauToB [1], Korja uMeeTcs MHOTO HEHTPOHOB,

y y y I
Gyner > deKTHBHOM peaKius 3aXBaTa HEHTPOHA HIKHUM PSIOM raiiremuTos' . Tora «BHIBETPHTCAY
JLi n ; He. POuTCS MHOTO M JIEHTPOHOB.
1 1 2
P ton —d
OZnHaKo HENpPEPHIBHBIN KaHaI 06pa3oBaHus IPOTOHOB CO BDEMEHEM CYIIECTBEHHO MEPECHIINT UX

npeoOpa3oBaHus B JCHTPOHBI.

3 1 4

sHe + jn — jHe

671 - 1 771>

sLi+ n — JLi

CrnemyeTr OTMETHTh, YTO HEYNPYrHe yaapbl HEUTPOHAMH IO SApax BO3MOXKHBI NPU HATHIHU

pe3oHaHca u ObICTPOTO KaHalla pellakcaluy Bo30YKICHHsT HOBOTO spa. Pe3oHaHC MOXKeT o0ecreunTh
COOTBETCTBYIOIAsE KHMHETHUYECKas HSHEpPrHus B3aUMOJCHCTBYIOUIMX 4YacTUI[ B CHCTEME KOOpIWHAT

Jo4yepHero sapa. Jpyrumu ciioBamH, BEpOSATHOCTb 3aXBaTa HEHTPOHA AJIpOM Uil OOJBIIMHCTBA SAEp

MOXKET OKa3aThCsl HUYTOKHO MaJlol. J[BUraeMcs najibuie.
77 97 . 9 — ~
;Li +Bn— JLi — ,Be +e +v
JBe +e — Li 3axBar K- >JIEKTpOHA B aTOMe
.Be +Bn— Be — !B +¢ + V -usBectHas ff-akTuBHOCTH |, Be.
9 1 10
Be +,n — ,Be
10 12 11 1 11 1 - ~
sBetBn— ;Be — ,Be + n— B+ p+2 +2v
lOB+B 12 12 L e + ~ 1000
5 n— B — C+te +Vv (100%)

"B+Bn— B> NC*+e +V—o 3ate +vV  (1,5%)

"7 3neck aBTOp BBEN TepMuH «raitremuten (hydrogen - Bogopox, helium - remuit, lithium — muTuit) 1ms 0603HAYCHIS

1 2 3 4 61: Tr1:
urecty crabunbHbx usotonos | H , D, ;He, ;He, ;Li, ,Li.
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UB+Bn— "B > UC+e+V

"C+Bn—"C > YN +e+V

WC +Bn— C > UN +e +V

14 16 16 — ~ 16 — ~
C+Bn— C—> 'N+e +v — O+ 2e +2v
UN +Bn— N - {0 +e + ¥

UN +Bn— N - JO+e +V

15 17 16 1 - ~ 16 1 - ~
sN+Bn— N —» O+ n+e +v -0+ p+ 2 +2v
O +Bn— 0

YO+Bn— 0 - JF +e+V

YO +Bn— 0 > YF + e +V — [)Ne + 2¢ +2V
Y"F + Bn— % F — 'Ne +e +V

»“Ne + Bn — ’Ne CTaGUIILHOE SIIPO.
w'Ne +Bn— "Ne — [iNa +e +V

22 24 24 24 — ~

wwNe +Bn— /Ne — |{Na— ;Mg+e +v

23 25 25 - ~

1wNa +Bn— [[Na — Mg +e +v

*Mg +Bn— SMg cTabUIIBLHOE AIPO.
aMg+Bn— Mg — Al +e + 7

“Mg +Bn— Mg — SAl +e +V — XBSi + 2e +2V
TAl +Bn— SAl — VSi +e +V

28S- + B 30 @y 6

)i n— ,Si CTaOMIILHOE AIPO.

29 Q- 31 Qs 31 — ~

wSit Bn— [Si — P +e +v

NSi+Bn— 5Si > 2P +e +vV > S+ 2e +2V
NP+ Br— BP > BS e+ 7

32S +B 34S 6

e n— cTabuUIBHOE A/PO.

33 35 35 - ~
WS+ Bn— S — JCl +te +v
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HS +Bn— 0S CTaGUIILHOE SIPO.

XS +Bn— S — BCl +e +V — Ar +2e +2V

2Cl +Bn—ICl CTaGUIIBHOE SIPO.

37 39 39 - ~ 39

L,Cl +Bn— [Cl - JAr +e + v — K  crabuibHOE S1pO.

BCl +Bn— 5Cl — JSAr +e +V

WAr +Bn— 0 Ar CTaGUIIBHOE A1PO.

Jlins 06pasoBaHus CTaOWIBHOTO sA1Apa . Ar HEOOXOIUMO TIPEANOJIOKUTh, UTO CTAOMILHBIN B
HOPMAJILHOM COCTOSIHMH M30TOIl oS TIPH BCTPEYE ¢S C OMHEHTPOHOM OKAKETCS AKTHBUPOBAHHBIM C
peakuuen

WS > NCl+ e +V o JAr+ 2e +2v 6

6S = 1 e tv — JAr+ 2e 1% CTaOMIIBHOE SIIPO.

[losTOMY KOHIEHTpaIWs ;¢S B IPUPOJIE COCTABISET TONBKO 0,014%.

Takoe mpeanonoxeHrue MOXKHO CUUTaTh 0OOCHOBaHHBIM, ITOCKOJIBKY B aHAJOTMYHOM CUTyaluu ¢
2B B 1,5% ciydasx o0pasyeTcs aKTUBMPOBAHHOE spo '.C, MTHOBEHHOM pachajatomeecs Ha 3 o

YaCTHIIBL.

[Ipomoimkas 3amuck peakimii 00pa3zoBaHUs SAep, MOKHO TIOMTH 0 CaAMBIX TSXKENBIX JOCTATOYHO
CTaOMJIBHBIX SiZIep, COCTaB KOTOPBIX HAaXOJUTCS B OKPECTHOCTH OCTPOBOB CTAOMJIBHOCTH aTOMHBIX
snep. [loatomy, ecnu uMeeTcss MECTOpOXIeHHE ypaHa-238, cienyeT 0XuaaTh oOpa3oBaHUS B HEM
mayToHns. Ml 9TO COOTBETCTBYeT NEHCTBHTENLHOCTH (B Pyaax OGHApykeHbl > Pu ¢ IEPHOIOM

nonypacnaaa 24100 netr u 244

239

Pu ¢ mepuonom nonypacmana 80 muH. ser). [Ipu 3ToM okazanoch, 4TO

Pu o6pasyercs cornacHo siIepHON peakiuu:

238 1 239 B 239 ‘e 239
o U+n—5,U >0 INp > o Pu

[TpomMexyTouHbIE IPOJIYKTHI UMEIOT MaJio€ BpeMs XKU3HU: 23,5 MUHYT AJid U u 2,3565 CYTOK
JUISt 239Np.

VYauBieHue BBI3BAJIO TO, YTO YYEHBIM HE YJAJIOCh HAWTH pEaKIMH, KOTOpble MpHUBETU Obl K
o6pasosannio “**Pu. MccmeoBaTenn peInid, 4TO OH 06pasoBancs mpexsae cosmanus CONHEYHOlH
cucteMsl (4,5 mupa. JeT Ha3ad), a MOTOMY €ro KOHIEHTpalus Ha JaHHBIH MOMEHT COCTaBJISET

npuGmKeHHo 6,5-107"® ot HayanbHOIL.
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Ms1 jxe 00paTuM BHUMaHHE Ha TO, YTO 3TOT M30TOIl IUIYTOHUsS Hanbojee CTaOUIBHBIN U, KpoMe
TOTO, JUIS €T0 CO3/[aHusl HEOOXOMMO J0OABUTE K /Py 55U JiBa IPOTOHA U 4ETHIPE HEHTpOHa (TaKoe

18
COOTHOIICHHE XapaKTePHO IS TSKEIBIX sAep ).

244

Konnenrpamuto atomoB ~ Pu MOXHO HaWTH, 3Has BpeMsl >KU3HM 3THUX aTOMOB, CKOPOCTb

POKIEHHUS KIIACTEPOB U3 TPeX OMHEHTPOHOB M KOHIIEHTPAIMU aTOMOB ‘U . WITak,
d|(gn)
387 7], o)) _[244 ]
[92U 88171, v =|ylu
92
WK

dlin))  [#Pu] 6510

. — — — . -33 -1
Buld ~[ulr 2zsaoe 00T

OTa BeIMYMHA OKazajach Ha 15 TOPAJIKOB MEHbIE OTHOCUTEIBHOM CKOPOCTH POXACHUS
OMHENTPOHOB B IaHHBI MOMEHT BpeMeHu Bo Beenennoii [1]. HaBepHoe, Tak 1 TOJKHO OBITh.

244
Taxum 00pazom, MOXKHO ClIeIaTh BBIBOJI, UTO ~  Pu B YPaHOBBIX py/ax oOpasyeTcs Mo peaKkiuu:

238 1 244 ‘e 244 s 244
BU +((n), > U—L 5 Np—L52 Py
CrnenoBaTenbHO, B OKPECTHOCTH TsKeNbIX sifiep [lone obpasyeT kinactepsl U3 TpeX OMHEUTPOHOB.

BoJIbIoi H30BITOK HEHTPOHOB B 0OPa30BAHHOM SJPE 5yU TIPHBEJET K YCHIICHHIO ff - aKTUBHOCTH, TaK

YTO MPOMEKYTOUHBIX SIJIEp Mbl HE CMOXKEM 3a(UKCUPOBATh.

A Temepr paccMOTpuM, 4TO ObLIO ObI, ecnu Obl BceneHHas 3amonHsIach BEMIECTBOM Yepe3
CO3JIaHHUE OTJEIbHbBIX HEUTPOHOB?

B ortnnumne ot OUHEHTPOHOB, KOTOPBIE HECYT TOJLKO OAPUOHHBIN 3apsis (TOCKOIBKY OTCYTCTBYET
B3aMMOICHCTBHE MKy OAPUOHHBIMHU 3apsIaMH, HX NIEPEUMEHOBAIN B OapHOHHBIE YHCIIa), HEUTPOHBI
HECYT €Ile M CIHH - PEalbHYK) XapaKTePUCTHKY YaCTHUIIbI, CJICJCTBHEM CYIIECTBOBAHUS KOTOPOU
SIBIISIETCS] MATHUTHBI MOMEHT YaCTHIIBI U PsI/I B3aUMOJCHCTBUH.

ClIe10BATENBHO, €CIIH OBl POXKIAINCH TOJIBKO HEHTPOHBI B SAPAX WIH B IOJE SApa’ , TOrAa B

MNEPBYIO MUHYTY IIOCJIC Bonbiioro B3pBIBa POAUITHUCH OBl BCE M3BECTHBLIE M HEM3BECTHLIE HU30TOIIbI,

18 23817 208 pg, i 20
arpumMep, B Aape 9 IO CpaBHCHHIO C AAPOM 8 KOJIMYCCTBO HEUTPOHOB YBCIIMYCHO Ha , @ YUCJIO MPOTOHOB -

Ha 10.

" B mono6Ho#l cuTyammu Haxomurtest d(dEKT TIKENOro aToMa T CIHMH-OPOUTANBHOTO B3aMMOJIECHCTBHSA, BETHYHHA
KOTOpPOTO HE 3aBHUCHT OT TOTO, TSKEJIBIH aTOM HAaXOAUTCS B COOCTBEHHOM sIpe, WIH B cocemHeM. Ilo3Tomy mporeccs
POXJICHUSI OMHEHTPOHOB Oy/IeM CUNTATh PABHOBEPOSTHBIMH B SpE U B MOJIE SIpa.
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MIOCKOJIBKY CKOPOCTb POXJICHUS siiep MpeBbliiana Obl CKOPOCTh UX pacnana. Ho B nanpHelem sipa,
KHUBYIINE MEHEE CEKYH]IbI, HCKIIOYAUCh ObI M3 mporecca TBopeHus. Yepe3 3,5 CyTOK HCKIIIOUMIHACH
OB BCe s1pa, KOTOpBIE KUBYT Meree 10° ¢. Ecii moCMOTpeTh Ha TabIIHILy H30TONOB, TO MBI 3aMETHM,
YTO OCTAJOCh OUEHb MAJIO HECTAOMIIBHBIX S7IEp, KOTOPBIE ellle CIOCOOHBI MPUHATH Y4acTHe B CO3AaHUU

HOBBIX saep. Ha ceropnsmHuii neHbp B 3TOM mpolrecce OyayT y4dacTBOBAaThb TOJIBKO CTaOMIIbHBIE
H30TOIIBI, a TaK¥XKe 293§ U , Bpems nostypacmajia KOTOporo CocTaBiiser 4,5 10° ner = 1,42:10" c.

A Temepb MOCMOTPHUM Ha TaOJIHIly U30TOMOB M OINPENEINM, KAKUX M30TOIOB He ObLIO OBl B HAllle
BpeMsl (CO3/IaHHBIX B IMEPBbIC TOABI TaK Majo, YTO UX MOXKHO HE YYHTHIBATh B U30TOITHOM COCTaBE
Bcenennoii).

Htak, ecnu Obl co3jaHie U30TONOB MPOMCXOIUIIO BCIEICTBUE POXKACHHUS HEUTPOHOB B sIIpax WU

B TOJIE s7iep, TOT/a M3 sAapa , He HEBO3MOXKHO ObLIO Obl MONYUYWIH AApo . Li, U3 aapa ,Be Mbl He

nosydusiu Obl AApo , Be, a 3a HUM He ObLIM OBl CO37aHBI BCe Apyrue sAapa. Kpome Toro, co3nanue
M30TOINOB Yepe3 pOXKJIEHHE HEHUTPOHOB B fAJpax HE CIIOCOOHO OIucaTh pa3ihuyhe BO BKIJIAgax

CTaOMJIBHBIX M30TOIIOB OJHOT'O M TOI'O XK€ XMMHUYCCKOI'O 3JICMCHTA. BOJII)IHYIO 4acCThb ;He €€ MOXXHO

OOBSACHUTH pacmagioM HecTabuIbHOTO sapa B . Snpa {B, 2N, ) Na , KoTopble TOXe pacnajarTcs ¢

BhIIENIEHUEM 5 He, B TIpUPOJE OTCYTCTBYIOT. B 3TOM TlaHe YIHMBISET COOTHONIEHHE BKIAja sJEp
neona [, Nel:[ [JNe:[;2Ne] = 90,92: 0,257: 8,82. AHaIOTHYHO /IS sAJA€p MArHHUS, KPEMHHS M JIp.
Takve COOTHOIIEHHS HCKIIOYAIOT BO3MOKHOCTH POMKICHHS ONMHOYHBIX HEHTPOHOB B sAiApax H
COTJIACYIOTCS C POYK/ICHUEM OUHEHTPOHOB.

UTak, Ha OCHOBAHMHM MPHUBEJEHHOTO AHAN3a MOXHO OJHO3HAYHO YTBEPK/ATh, YTO CO3/IAHHE

HU30TOIIOB ATOMHBIX AACP MPOUCXOIUT HCKIIOYHUTCIIBHO H3-3a POXIACHUSA 6HH€I>1TpOHOB U KJIaCTCPOB

OMHEHTPOHOB B sPaXx.

3.3. BuiBoabI

Amnanuz mpoliecca poXxkJAeHUSI U 3BOJIOIMK BcelleHHONW ¢ MUHUMAalIbHOW HayajabHOM 3HTpOIUEH
MO3BOJIMJ TIPEAJIOKUTh MEXAHU3MbI POXKJIEHHUS BellecTBa (JIETKUX M TSKENBIX aTOMHBIX sjep), a
UMEHHO:

1. Hambonee BeposTHO, pOXICHUE BEIIECTBA BO BceneHHOW, CO3MaHHOW C MUHUMAJIbHOM
HAYaJIbHOW YHTPOIHUEH, OCYIIECTBISICTCS B SApaxX WM B TOJE sAep B popme OMHEHTpOHA WK KilacTepa

U3 Tpex OMHEUTpOHOB 3a cueT 3Hepruu [loss. DTOT MexaHU3M NOKa3bIBAET, UTO B MEPBbIE MOMEHTHI

54



1ocJie poXkaAcHUs BCenmeHHON poKIaroTcs B OCHOBHOM TSKEIBIE Spa, MacChl KOTOPBIX MPEBBIIIAIOT
MacChl U3BECTHBIX aTOMHBIX SI7EP.

2. llenHble peakiuy JEJICHUS] aTOMHBIX siJiep BBI3BIBAIOT HArpeB BELIECTBA U OOYCJIABIUBAIOT
U3ITy4YaTeNbHYI0 CIIOCOOHOCTD 3BE€3]1 U BHICOKYIO TEMIIEPATYPY B AJIpax IIAHET BILIOThH JI0 HACTOSILETO
BPEMEHU.

3. B nporecce sBotonuy BeeneHHOMN, Kora Yuciio MPOTOHOB (ATOMOB BOJIOPO/Ia) CYIIIECTBEHHO
MPEBBICUT YMCIO TSDKEIBIX sifep, OyaeT MpeoOiaaTh MEXaHU3M pOXKICHHS JIETKUX sJep, 4To
XapaKTEepHO AJIs 3B€3]1 B Halle BpeMs. bosee Toro, u B Helpax 3€MIIM IOJKHBI IPOUCXOIUTH ITPOLIECCHI
POXKICHHUS JIETKUX aTOMOB, YTO B pe3ysbTaTe 00ecrevnBaeT mosiBJeHre atMocepbl 3eMIIu U BOJBI Ha
€€ MIOBEPXHOCTH.

4. BeposTHOCTB POXICHHS GUHEHTpOHA B HacTosimee BpeMsi coctaBiusier 10™'® GuueiitpoHoB Ha
OJIMH HYKJIOH B CeKyHJy. II0CKOJIBKY CKOpPOCTh pOXKIE€HHUS BEIIECTBA IOCTOSIHHAS BO BPEMEHH, a Macca
Bcenennoit pacter, TO BEpOSTHOCTh POXIEHHUS YACTHIBI B SJApPe YMEHBIIAETCS OOpaTHO
MPONOPIIMOHAIEHO BPEMEHH CYIlleCTBOBaHUs BceeneHHo.

5. B momenT Bomsmoro B3psiBa B Mupe-4 BEpOsSTHOCTh pOXKICHUS] OMHEHTPOHA HAa OJMH HYKJIOH
cocrapmsia Goee 10° ¢ Tlo 3aBEPIIECHUIO0 OJTHOM CEKYHJIbI BEPOATHOCTh POXKICHHUS OMHEHTpOHA Ha
OJIMH HYKJIOH CTaja MEHbILE €UHUIIBL.

6. Poxnenue wmarepun BceneHHON myTeM pOXIEHUS OJHHOYHBIX HEUTPOHOB B s/pax
OKa3bIBAETCsI HEBO3MOXKHBIM.

7. TlpemnokeHHBI MeXaHU3M OOBACHSET OOJIBIIYIO JOJI0 BOJOPOJA W TElHs B BEIIECTBE

Bcenennoil 1 packpbsiBaeT HCTOYHUK U3TYyUEHHUS 3BE3/T.
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I'naBa 4. CTpykTypa aTOMHBIX siiep B HOBOil Moaean BeesenHnoii

4.1. BBenenue

HoBast Mmonens oOpa3zoBanus Bcenennoii [1], onmucannas B riaBe 1, ocCHOBBIBaeTCS Ha 3aKOHaX
nonobus [2] u equHcTBa. OHA YTBEPKIAeT, YTO Hamla BeenenHas siBisieTcs cocTaBHOM yacThio Cyrmep-
Bcenennoil, mpejcTaBieHHONW pacClOEHHBIM MPOCTPAaHCTBOM [3], B KOTOpPOM MEXJY COCEAHUMU
CIIOSIMH CYIIECTBYET HH()OPMAlMOHHOE B3aUMOJICHCTBHE Yepe3 OJHY JACIOKATN30BAHHYIO TOUKY.
Hynemepnoe mnpoctpanctBo Ilons-BpeMeHM HMeeT BO3MOXXKHOCTH B3aUMOJEHCTBOBATH C JIPYTMMHU
MPOCTPAHCTBAMH U 33J1aBaTh MPOTPAMMY 3BOIOIMH BceneHHOH.

Takas crpykrypa Cynep-BceneHHO#H MOKHA CYIIECTBEHHO TMOBIHUATH HAa CTPYKTYPY ATOMHBIX
sJIep ¥ Ha MPOLIECChI, MPOTEKAIOIINE B HUX.

B nanHO# T71aBe, UCTIONB3YsS Te K€ 3aKOHBI, OYIyT PacCKPBITBI MEXAHU3MBI CO3JIAaHUS YAaCTHUI[ U
aTOMHBIX siIep B Hallel yetsipexmepHo (3 + 1) Beenennoi.

B nmuteparype oOcykaanoch MHOXKECTBO MOJENEH CTPYKTYpbl aToMHOro siiapa. OnHa W3 HUX,
KOTOpasl BOIJIa BO BCE YUYEOHMKH IO sJIepHON (pu3MKe, MpencTaBiseT sApO KaK COBOKYIHOCTb
MPOTOHOB M HEHUTPOHOB C TaKOW KOH(Urypalueil, KoTopas oOecrnedyrnBacT MUHUMYM DHEPTHH Spa.
[Ipu 3TOM cuMTaeTcs, YTO, HECMOTPS HA 0- AKTUBHOCTD TSKEIBIX SAEP, B CTPYKTYpE spa OTCYTCTBYIOT
0i- YaCTUIBl KaK BBIICJICHHBIE KJIACTephl. ECTh cpeau 3TUX Mojeneld M KiacTepHas (MOJICKYIsIpHas)
Moelnb [5-7].

KnacrepHast monens (Mau MoJeib HYKJIOHHBIX acCOIMAlMN) TPAKTYeT CTPYKTYpPY HEKOTOPBIX
sep Kak CBOETO poJia MOJIEKYINy, COCTOSIIIYI0 U3 O- 4acTull, aeutpoHoB (D), tputonos (T) u map.
Hanpuwmep, 12C=3oc, 16O=4a, SLi =o+D, 'Li=a+T u TOMY MOJ00HOE.

Mojienb HyKJIIOHHBIX acCOLMALUH - 3TO MOJIENIb AaTOMHOTO sJIpa, OCHOBaHHAasI Ha TPEJICTABICHUH O
AIIpe KaKk O CHCTEME KJIACTEPOB, MM HYKJIOHHBIX aCCOLMAIUH, OMPENICICHHOTO TUIA, KaK MPAaBHIIO, Ol
kiactepoB. Camblii IPOCTON BapHaHT MojenH (0- KiIacTepHas Moaens) Obul chopmynupoBan B 1937
Jx. A. Bumiepom (J.A. Wheeler). Takass Moaens BO3HUKIIA B CBS3M C TEM, YTO CTAOMIBHOCTH SIACP
BO3pACTaET, €CIH SIPO COJNEPKUT YETHOE KOJIMYECTBO MPOTOHOB U HEUTPOHOB, KaK U B O~ YAaCTHULIE.
[TosTomMy MoaenupoBanIM Takue siApa Kak KIacTepsl M3 o- 4acTuil. K 4mciay Takux sjep OTHOCATCS
siapa 8Be, 12C, 10, Ne u Tomy mogobHoe (n = 2, 3, 4, 5). B Takux sjpax aHOMajabHO OOJIbIIAS
BenMuYMHA SHepruu E,, HeoOXomumasi Ui OTIIEIUICHUS HeWTpoHa. [Ipu mepexome K coceaHeMmy

HEYETHOMY IO OTHOILLIEHUIO K YUCTY HEUTPOHOB spy OoHa yMeHblaeTcs Ha 10-15 MaB. B To xe Bpems
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SHEprHst OTHCNeHUs o~ acTuipl By Manma. Tak, sapo *Be HecTaGHIIBHOE 10 OTHOLICHHIO K pacnagy Ha
nBe o- gactunbl (E,<0), mosTomMy Takoe siapo He cymiecTByeT. [ns apyrux siaep JaHHOTO psna
SHEPIrus CBA3MU OL- YACTUIbI YBETUUHUBAETCS (B sApe 12c sHeprus £, =7 MaB, B YO E,=16 M>5B).

DKCIepUMEHTaIBHO HaiiJleHa 3aKOHOMEPHOCTh, COTJIACHO KOTOPOU B SIIEPHBIX peaklMsIX siapa,
COCTOSAIIME M3 O- YacTUL, JIETKO HCIYCKAaIOT O-4acTUIbl. boyiee TOro, mokasaHo, 4YTO Cpeau
BO30YXXJICHHBIX COCTOSHHI STUX SJIEP CYIIECTBYIOT COCTOSIHUSL C aHOMAJIbHO OOJBIIMMU IMPUHAMH OL-
MepexoA0B. DTO O3HAYAET, YTO O- YACTULBI Cyuiecmeyrom Ha TOBEPXHOCTH fJ]ipa KaK BbIJCICHHbIE
KJIaCTEPBHI.

JUis Takux siep BOJHOBas (YHKUUS sApa 3alUCBIBAETCS B BUJE AHTUCUMETPU30BAHOIO
MIPOU3BEJICHUS] BOJIHOBBIX (DYHKIUI 1, ONMCHIBAIOIIMX BHYTPEHHEE JBI)KEHHE HYKJIOHOB B
OTJECIILHOM O~ KJIacTepe, Ha BOJHOBYIO (DYHKIIMIO Y, OMHCHIBAIONIYIO JBH)KCHHE KIACTEPOB APYT

OTHOCHUTCJIBHO JApYyTra.

W(gBe): ;1‘//051(”1)‘/1052(’”2 )ZL(R1 - R, )9

4

rae - Ri = Z T /4. pannyc-BeKTOp IIEHTpa Macc O- Kiactepa, L - MOTHBIA OpOUTAIBHBII MOMEHT
i=1

sanpa, ;1 - OTMepaTop aHTHCUMMETPHU3AIINH 110 HYKJIOHAM, OTHOCSIIUMCS K Pa3JIMYHBIM KJIACTEPaAM.

OnHako OBLJIO YCTAHOBJICHO, YTO TaKas BOJHOBAasS (YHKIHS YJIOBJICTBOPUTEIHHO OIUCHIBACT
TIOBEIeHUE UMb *Be u 12C, HO HE TOAUTCS JJI1 OIMCAHUS 16O, PNe u TOMY MOA00HOE.

KiactepHnas Mojenb HMCHONB3YeTCS IS ONMHUCAHHUS sAEpHBIX peaknuid. Hambosee oOmmmm
MOJXO0/I0M 3JIeCh SABJISIETCSI TaK HA3bIBAEMBIH METOJ PE3OHUPYIOMUX Tpynn (Mogo0HO MeTony
BaJICHTHBIX CBS3€H MPHU OMHCAHUH MOJIEKYII [8]).

Yacto mpu OMMCaHUM SAEp HCIOJB3YIOT KIACTEPHYIO MOJIEIb C TSKEIbIMH KJIacTepamHu.
Hampumep, npu onucanuu sapa 24Mg €ro MHTEPIPETUPYIOT KaK «MOJICKYIY», COCTOSIIYIO M3 JBYX

12
anep ~C, KOTOpble HAXOJATCSI HA HEKOTOPOM PacCTOSTHUM JIpYT OT Apyra. B Takom ciydae mpu 3anucu

BOJIHOBO# (DYHKIIMH s1/[pa BMECTO BOJIHOBBIX (DYHKIMH Yy 3aIIUCHIBAIOT ¥/, -

WHTepecHo, YTO aHAIOrOM KJIACTepHOW MOJENH sipa sIBISETCS KBAPKOBas MOJEIb HYKIOHOB
(HyKJIOH paccMaTpHBaeTCsi KakK 3-KBapKOBBIM KiIacTep W MperojaraeTcs TakkKe CYIIeCTBOBAHUE
MYJIbTHKBAPKOBUX KOHPUTYpaIuii: 6- 1 9-KBapKOBBIX KJIACTEPOB).

[IpeacraBnenne KiacTepHOW MOJAEIM OKa3ajuCh TOJE3HBIMU U1 OMNMCAHMs —Ipolecca
(¢parMeHTaluy HYKJIOHOB B SIZICPHBIX pPeaKUUAX 101 BIUSHUEM TSKEJbIX HOHOB BHICOKMX YHEPIHH.

58



Takum o00pa3oM, MBI HMe€EM pealbHOE NOJATBEPKACHUE MOJEKYISIPHONH CTPYKTYpHI sIep.
EnvHcTBEHHOE, YeM OTIMYAIOTCS KJIACTEPHBIE MOJEIH, HCIONb3yeMble B SKCIEPUMEHTAJIbHBIX U
TEOPETHYECKUX HCCIIEIOBAHUAX, OT HAlled MOJENIH, 3TO TO, YTO OHU SBISIOTCA SMIIMPUYECKUMU,
HUYeM He o0ocHoBaHHbIMHM. Hame e mnpeacTaBieHHEe 3aKOHOMEPHO BBITEKaeT M3 HOBOMU

METO/I0JIOTHYECKOW OCHOBBI TTO3HaHUsI Mupa.
4.2. Yactuubl yerbipexMepHoii Beenennoit

Cornacno BbiBogam B.Kynuma [2] nam IIposBnennsiii Mup umeer 4 uzmepenusi, a CKpbITHIA
(wenposiBneHHsbI) Mup - nuib 3. Bmecte Mbl uMeeM 7 u3MepeHuil: 3 usMepeHus Juisi KBapKOB, YEThIPE
M3MEpPEHUs sl HYKJIOHOB, 3JIEKTPOHOB, aTOMOB, BELIECTBA, MOJICH.

YerbipexMepHblii Mup 4acTuil MOpOKIAeTCs TpEeXMEpHbIM MHpOM B pe3yibTaTe CKIICUBAHMS
KBapKOB ITIoOHaMU B yacTuisl. [Ipu 3Tom kBapku HaxoxasaTcss B CkpeiToM Mupe, a COOTBETCTBYIOIINE
yactunbl B [IposiBieanom Mupe [1,2].

3apsa kBapkoB coctaBisieT —(¥3)e u +(%5)e (A7 aHTUKBapKOB 3HAKHM MPOTUBOIOJIOXKHBIE), € —
MUHUMAaJIbHBIN 3apsij] YaCTULIbI B YETHIPEXMEPHOM IPOCTPAHCTBE-BPEMEHH.

Otcrona cienyer, uTo 3apsabl KBapKoB (pOpMHpYIOTCS pa3MepHOCTbi0 Mupa: mo + (}5)e Ha
Kaxaylo koopauHaty. ClieoBaTeNbHO, BCE THUIIBI KBapKOB JBYMEpHbIE (TIOCKOJIBKY HPOCTPAHCTBO
uMeeT 2 U3MEpPEeHHs, TO U BCE YACTHIIbI 3TOTO MPOCTPAHCTBA JOJDKHBI UMETh BO3MOXKHOCTh JIBUTATHCS
TOJILKO B JIBYX HAIpPaBIIEHUSIX), YTO JOIMYCKAeTCS Pa3MEPHOCTHIO MpOCTpaHcTBa. Takum oOpazom,
MOJKHO MPENOI0KHUTh, 4TO B CKPBITOM IIPOCTPAHCTBE UMEIOT BO3MOKHOCTD CYILIECTBOBATH 3apsibl 0,
+(Y5)e u £(*%)e.

CpaBHEHHE STHX BBIBOJOB C JaHHBIMH TaOs. 4.1 MoKasbIBaeT, YTO JJISI KBAPKOB PEATH3YIOTCS
TobKO 3apsaabl -(3)e m +(%)e, a NS aHTUKBApKOB - MPOTHUBOIOJIOKHBIE 3apsAfibl. DTOT pe3yJbTaT
MOXKHO TIOHSITh, YYHTBHIBAs, YTO pOXIeHHE BceneHHOW u300pakaeTcss Kak BHUXPh (2 OTCrOla U
3aKpy4yuBaHus B rpaButauuu [7] u Bpemenu [9]). Ilpu »>TOM, Kak cTalMOHApHbBIE COCTOSIHUS,

peanu3yroTcs 3 nmpoekuuu 3apsaa B Mupe-3, kak nmokazaHo Ha puc.4.1.
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Puc.4.1. Tpu npoexiuu 3apsga B Mupe-3. JIBa tuma 3apsaoB -(Y3)e JOIDKHBI OTIMYATHCS
JIOTIOJIHUTENIbHBIMA KBAaHTOBBIMU YHCIaMH (CHUPATbHOCTHIO). 3epKalbHOE OTPaKEHUE
OTHOCHTEJIBHO OCH Yy (WJIM B TOYKE HHBEPCUH) JACT 3apsAbl aHTHYACTHIL.

st onipeienienust 3apsaoB B Mupe-4 HeoOX0MMO HCIIONIb30BaTh BpamieHue chepsl (puc.4.2).

Puc.4.2. Yetsipe npoekiuu 3apsina B Mupe-4. 3epkajibHOE OTpaKeHHE B INTIOCKOCTH XY (MU B
TOYKE MHBEPCHUHU) JACT 3apsi/ibl aHTUYACTULI.

Tab6nuna 4.1. KBapku

TI/II'II( ézgil:aﬂ aﬂeKzgg;{;CKHI/I Crnm Iser Macca (pacuer)
d -(1/3)e PREITTHI, CHTHH, ~7 MeB/c?
KpacHbII
u +(2/3)e " ~5 MeB/c?
s —(1/3)e " ~150 MeB/c?
h/2
c +2/3)e " ~1,5 TeB/c’
b —(1/3)e 4 ~4,5 TeB/c?
t +(2/3) e £ ~175 T'eB/c?
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Heo0xoaumMo 0oTMETUTH ellie OJJHY BaXKHYIO JeTajlb: Bce yacThullbl Mupa-4 oOpa3oBaHbl Oyarogaps
nepegadye MHGoOpMaIMM U3 KJacTepa KBapKOB, B TO BpeMsl Kak TsDKeEJIbIe sijpa 00pa30BaHbl U3 YacTHUIL
Mupa-4, KBapKy KOTOPBIX HE TpaHUYaT MEXIy co00il. OO0 3TOM CTOUT MOMHUTH U TIPH PACCMOTPEHUHU
TEepMOsZIEpHOM peakiuu o0pa3oBaHus spa reius U3 sAep BOJOPOJA U JIMTUS WIW U3 dlep Aerrepus,
KOIJla KBapKd CJOXHOIO sjpa He TrpaHMyaT Mexay coboil. M Ttombko Onaromapst ydacTuio
BUPTYaJbHBIX Map (IIPOTOH-aHTUIIPOTOH W T.I.) U3 CIOXKHOIO sifpa reius oOpas3yercss o- 4yacTUla
Mupa-4.

IIpu mnepexonme co Ckpeitoro Mupa B [lposiBaeHHBIH MeHSE€TCS pa3MepHOCTh Mupa, a
cleoBaTeNIbHO, U BelMnunHa 3apsiga. PazmepHocts [lpossiennoro Mupa tpeOyeT KOMOMHHPOBAHUS
3apsAI0B KBAPKOB JIJIsl CO3/IaHUS 3apsia *e€.

C npyroit ctoponsl, B IIposBIEHHOM MPOCTPaHCTBE IOJDKHBI CyIIecTBOBaTh 3apsanbl 0, +£Q/4,
+2Q/4, £3Q/4. 3aecy BenmuunHa +(Q COOTBETCTBYET 3apsily CIEAYIONIEro MATUMepHOro Mmupa, ms
KOTOPOTO HaIlle MPOCTPAHCTBO OYIET MOPOKIAIOUTUM (2 MOKET M CKPBITHIM).

Kak cnencteue, Q = 4q = 4e — snemeHrtapHblii 3apsa Oyaymero [IposiBnennoro Mupa, mis
KOTOPOT'O HAIllM YaCcTULBI OyyT KBapKaMu-4.

Kpome Toro, us wusnoxennoro (puc.4.2) cieayer, 4To B HalleM HPOCTPAHCTBE JIOJKHBI
CYIIIECTBOBATh CTAOMIIbHBIE 3apsaabl +e, £2e, +3e, a Takke 0.

[TepBoii wacTuile COOTBETCTBYIOT si/jpa BOoAOpoJa (MPOTOH W JAEUTPOH, MepBOro Bo BceneHHOM

MHOTO, BTOPOTO - Majo), BTOpoil - siapa remus (,He n ;He=,a, nepsoro Bo BceneHHoii maio,
BTOpOTO OO0JbINE), TpeThel - sapa JTUTHA ( ;’Li 5 ;Li, mepBoro Bo BceneHHOW Maiio, BTOPOTO

6obe)*’. KoHeuHO, JOMKHBI CYIIECTBOBATh YACTHIS M AHTHYACTHIH COOTBETCTBYIOIIMX YACTHI[ C
IPOTUBOIOJIOKHBIMU 1O 3HaKy 3apsaamu. OpjHako, s cTaOMIM3alMyd  aTOMOB U
3JIEKTPOHEUTpaIbHOCTH BcelleHHOW B MposiBIEHHOM Mupe HCHIONB3YIOTCS 3JEKTPOHBI, HWMEIOIIUE

3apsiz -e.

20 . o

HamnpammuBaercst HHTepecHas Mapaiienb: TpU Mapbl KBAPKOB U TPU Mapbl 4acTUl Mupa-4. Jng BTOpoit U TpeThel mapel
KBapKOB BEpXHHUH KBapK OoJiee MaCCHBHBIN, a IS MEPBOH Hapsl - HA0OOPOT. AHAJIOTHYHBIE COOTHOIICHUS HAOMOAAIOTCS B
pacnpocTpaseHuy yactul Mupa-4.
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Tab6nuna 4.2. Yactuubl yerbipexmepuoro Mupa (Mupa — 4).2 !

Bapsin Yactuup CymmapHoe Cgcfﬁ:(;{f; U30TOIOB BO
» .
0 I

te \H, iD 0,65 [2,10]

+2e ;He, jHe 0,24 [2,10]

3e sLi, JLi 6,5105[11]

Ipumeuanue: Yncno 3apspKeHHBIX YacTUI B Mupe-4 COOTHOCUTCSI TAKMM 00pa3oM:
[12D] = 1,56-104-[11H ], mocnennero 65% maccel Beenennoi,
[JHe] = 1,38'10’6~[;He ], mocnennero 24% maccsl Beenennoit,

[PLi] =8,1- 10'2-[ZL1‘ ], mocieanero 2-10™° Bo Beenennoit, Ha 3emie — 6,5-107.

[Tockonpky B wactuiax Mwupa-4 mMpoUCXOIUT OBICTPBIA MPOIECC OOMEHHOTO B3aUMOICHUCTBHS
(pep, nen, ne>p), CleayeT CYUTATh, YTO KAXABIH AJIIEMEHT ITHX YACTHIl SBISETCS PE3yJIbTaTOM
YCpEIHEeHHUs, a MOTOMY BCE 3JIEMEHTHI - COCTABJIAIOIIME YACTHUI] - TOXJAECTBEHHBI, @ CAMU YaCTHUIIbI
Mupa-4 sBASIOTCS HeleUMbIMH. TakuMu OHU OyAyT BBICTYIIATh 7S 4acTHIl Opanbl Mupa-5.

[Tockonpky yacTuiiel Mupa-4 BBICTYNAIOT KaK HEAETUMbIE, UX Jydllle U300pa)kaTh MPU MOMOILHU
KBapKOBOM CTPYKTYPBI:

[H =2u+d=u’d,
°D = 3u+3d=u’d’,
JHe = Su+4d=u’d*,

JHe = 6u+6d=u’d°®,

°Li = 9u+9d=u’d’,

TLi = 10u+11d= u'd".

Htak, Mbpl UMeeM cTaOWIIBHBIC CTPYKTYpPBI, coJepxaimiue 3 KBapka, 6 KBapkoB, 9 KBapkos, 12

kBapkoB, 18 kBapkoB u 21 kBapk. CTpyKTypsl, comepxamieii 15 kBapkoB (;Hewmu Li), Her

21 o
I/ICHOJ'ILL’»yﬂ MMpEACTAaBJICHUEC YaCTHUIL MHpa-4, npeaCTaBJICHHOC Ha pHC.4.2, MOXHO HaWTH HPOU3BCACHUC MNJIMHBI

COOTBETCTBYIOMICTO Kpyra Ha BBICOTY CETMEHTA, a 3aTEM COOTHOMICHUEC 3THUX BEJIMYUH. HpI/I OTOM OKa3bIBACTCA, YTO OHO
paBHo 1: 0,6285: 0,2484: 0, T.e. COOTBETCTBYET CO/AEPKAHNIO COOTBETCTBYIOLINX 3apsA10B Bo BeeneHHoi.
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(oTpulaTeNbHAst BENMYMHA ODHEPIMM CBA3U HEHWTpoHa wWiu mpotoHa ¢ ,He)[12]. Takue sapa

OTCYTCTBYIOT U TaKUE€ KBAPKOBBIE CTPYKTYPbI OTCYTCTBYIOT Cpelin yacTuil Mupa-4.

Takum obpazom, npu nepexoae oT Ckpsitoro Mupa-3 mo I[lposiBnenHoro Mupa-4 u3 KBapKoOB
o0pa3yloTcsi 4acTHIlbl, TO €cTh BemiecTBeHHbINH [IposiBinennsiii Mup. IlosToMy KBapku HaxoIsTCs B
Ckpoitom Mupe, a amgponbl B IIposBneHHoM. M Mexay HUMHU CyIIECTBYET HH(POPMAIIMOHHOE
B3aUMOJICHCTBHE.

[Tockoneky apyrue siipa u atombl Hamero Mupa oOpa3yroTcs Kak CleJCTBHE KOMOMHAIUU
cemeiicTBa yactuil Mupa-4, To cieyeT MpeanoaokuTh, 4TO ¢ 00pa3oBaHUEM APYTUX SJEp U aTOMOB
[IposiBnennsiit Mup-4 monyuni msTy0 KOOPAHMHATY (CTajn OpaHOM YeThIPeXMEPHOTO MPOCTPAHCTBA),
KOTOpasi CO BpEMEHEM CTajla YBEJIMYUBATHCS. DTO MPHUBEJIO K POKJIECHUIO BELIECTBA, IJIAHET, 3BE3] U
T.J., TOPOXKIAET pa3ayBaHue BceneHHON.

Takum 006pa3oM, MBI )KUBEM B pasayBaromieiics 6pane Mupa-5.

JlBurasich B 0OpaTHOM HAINpPaBJICHWH, MBI MMOHMEM, YTO IJIsI CKPBITOTO JJsi HAC TPEXMEPHOTO
Mupa Oyzaer cyiiecTBOBaTh MOPOXKIAIOIIUX JABYMEPHBIM MHp, KOTOPBIM 00ECHEYUT BO3MOXKHOCTH
CylIeCTBOBaHUs 3apsiioB + 1/2 oTHOcuTeNnbHO 3apsaa kBapka-3. [{ns Mupa-4 stot 3apsa Oynet +e/6.
OTH KBapKH-2 MOPOJISAT BCE BO3MOXHBIE KBapku-3. B cratbe [1] ObUIO MOKa3aHO, YTO TH KBApKU-2
JIOJDKHBI OBITH AMOHAMH, UMEIOIIMMHU KaK dJICKTPUUYECKUH, TaK U MAarHUTHBIN 3apsipl. [Ipu nepexone k
IIPOCTPAHCTBAM BBICIIMX pa3MEPHOCTEM MarHUTHBIE 3apsbl OOYCIIaBIMBAIOT MOSBJIEHUE CIIMHOB
3JIEMEHTApPHBIX YaCTHII.

IIpu poxnenuun Mupa-4 TepsrOTCS HEKOTOpPbIE KBAHTOBBIE YMCJIA KBAPKOB, B YACTHOCTH IIBET.
[TosTroMy MOXHO MpEANOJOKHUTb, YTO B JABYMEPHOM Mupe CyIIECTBOBAJIM HEKOTOpbIE
XapaKTEePUCTUKU, KOTOPBIE MOTEPSUIUCH MPH nepexoze B Mup-3 (B T.4. yHOMSHYTbIE BbIllIE MarHUTHBIE
3apsanel). Takum oOpazom, nBe yactuilbl Mupa-2 HecyT ¢ co0oil 60mbIIol HaOOp KBAHTOBBIX YHCEI,
KOTOPBIE MOCTENEHHO TEPAIOTCS NMPHU Nepexoae K Mupam BbICIIEH pa3MEPHOCTH.

Koopaunara Ilons-Bpemenu oOmass it BCceX IMPOCTPAHCTB, TOITOMY K  Halemy
YeThIpexMepHOMY Mupy Heo0X0uMO A00aBUTH JiBa MPOCTPAHCTBEHHBIX U3MEPEHUSI KBAPKOB M OIHO
MIPOCTPAHCTBEHHOE M3MEPEHUE COCTABJIOIIMX KBAapKOB (JMOHOB) W3 mpenbinymero Mupa. Beero

oyaer 7 u3mepenuii. OnHako 3 W3 HHUX UMEIOT Pa3HYI CTENEHb CKPBITOCTH (2 OmwkHero u 1

ynanensoro Ckpeiroro Mupa).
B Mupe-4 cymectBytoT ¢oToHbl. OHU MOSBISIFOTCS, B YACTHOCTH, IPU AaHHUTWISILIUN YACTHIIBI C
anTuyactuied. Ho cyliecTByroT yacTuipl (HampuMep, ), KOTOPbIE MMEIT KBAapKOBOE CTPYKTYPY

THUIIa KBApK-aHTHKBApPK. OTO BBI3BIBACT pacnaa TakKuxX 4aCTUIl Ha Y-KBAHTHI B MHpe-4, B TO BpCMA KaK
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AHHUTWIIALIMS KBapKa ¢ aHTUKBApKU JOJDKHA JaTh 2 crienupudeckue st Mupa-3 aBymepHbie (JOTOHBI.

B cratpe [1] npuBoaunack nadopmanus o Tume 3TuX GOTOHOB.
4.3. Yactuusl Mupa-5. Uepapxusi 6030H0B

B wamem Mupe-5 Bce apyrue sapa (Z > 4), kpome wyactui, Mupa-4, SABIAIOTCS
KOMOMHHUPOBAHHBIMH U3 «QJIEMEHTAPHBIX» YacTHIl Mupa-4 1 UIMEIOT BO3MOKHOCTh pasiaraTthCs Ha 3TU
«@NeMeHTapHble» dYacTuipl: CHadana pacCMOTPUM CTPYKTYpbl aTOMHBIX sjiep, KaKk KOMOWHAIIUU
HEHUTPOHOB U «3NIEMEHTapHBIX» YacTull, Mupa-4. [Ipu sTom OyneM cumTaTh, 4TO BKJIAJ HEKOTOPOU

KOM6HHaLIHI/I QJICMCHTAPHBIX» YaCTUII MHpa-4 3aBUCUT OT KOHICHTPAIUH 3TUXYACTHIL] BO Bcenennoii.

Hanpumep, cornacHo a6 4.2 Bo BeenenHoii sep §Li 04eHb Majio. A TOTOTMY JIOJKHO ObITH MaJIo
¥ KOMOMHaIwmii, comepxammx . Li . Jlanee st ynyqineHus: OMMCAHUS CTPYKTYPBI TSIKENBIX SJEP MBI

PACIIMPUM CITMCOK «3JIEMEHTAPHBIX)» YacTull Mupa-4 BBeIeHUEM TSKENbIX u30TonoB 1 , SHe, LI
CrnenoBaTelibHO, KOMOMHALIMY «3JIEMEHTAPHBIX» YAaCTUIl UMEIOT BUJL:

*T—1D+,n, - 51po HecTabuiIbHOE (- AKTUBHOE) 32 CUET BKJIA/Ia HEHTPOHA;

SLi—]Li+n, - a1po B - aKTHBHOE;

9 Tr., 2 . o

4Be— Li+|D, -41po cTabuiabHOE; HO MaJIO, IIOCKOJIBKY MAJIO JIMTUS U AEHTEpUs BO
Bcenennoii;

""Be—!Li+ D+ n<>Li+>T, B- 41p0 aKTUBHOE;

4 shim o<z Ly b, Ap ;

"B — Ja+ {Li, - 1p0 cTaOWIIBHOE; HO MEHBIIE, YeM ) B, IOCKONBKY [36 Li] < [37 Li]

11 4 77 . .

sB— ja+ ,Li, -4ap0 cTabuIIbHOE; HO MAaJIo, TOCKOJIBbKY Majlo JUTUs BO BeeneHHOl;

12 4 Tr-, 1 - 12

sB— Ja+ ,Li+n, - B-a1po aktuBHOE, 00pasyeTcst C B BO30YKICHHOM COCTOSIHUH,
KOTOPOE, B CBOIO OYEPEJIb, PACHAAETC HA 3 0i- YACTUIIBI.

o +

UC -2 a+!D+/H, nm '!C — 2 Ja+He, Brnaj BTopoii koMOGuHaIMHU MaJ, nepsast B -

aKTHUBHAS (IIPOTOH B TOJIE SAEPHBIX CUIT HECTAOMITBHBIN ),

PC—>3Ja, wm [C—2{Li, - a1po cTabWILHOE, OJJHAKO BTOPOTO THIIA OYEHb MAJIO,
TIOCKOJIbKY B IPUPOJIE OUEHb Mo - Li ;

¢ C—?SLi+]Li, - a1po cTabUIBHOE, HO TaKuX sAep oueHb Mano (1%).
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HC—2]Li, wm ['Co]Li+ja+D+,n, wm 'C —>3Ja+2)n, - a1po HectabumbHOE (B -
aKTUBHOE) 3a CYET BKJaJa HEUTPOHOB, IMOCKOJIBKY BKJIAJ 3TOr0 TUIA COCTABJIAIOIIMX MaKCHMAaJIbHbIH
3a CYET OYEHb GOJIBIIOTO KOJIMYECTBA | I ;

2N =2} a+;He+!H, - B'- aapo aktusHOe, 06pasyetcss '-C B BO30YKIEHHOM COCTOSHHM,
KOTOpOE pactajaeTcst Ha 3 0-4aCTHLIbL

YN =3 a+H, - aapo B'- akTuBHOE,

YN >3 a+D, wm YN —=2] a+{Li, - 11po cTabuIbHOE, BHOCUT OCHOBHOI BKJIAJ B
M30TOMHBINA COCTAB siIep a30Ta, BTOPOTO THIAa KOMOWHAIIUNA MaJIo,

"N —2)a+]Li, sapo crabuibHOE, HO BRI oTHX saep mai (0,365%),

N =2 a+]Li+,n, -sa1po B -akTuBHOE, IpeBpamaercs Ha 'sO B BO30YkKICHHOM COCTOSIHUM,
U3 KOTOPOTO BBIJIETAET OJIHA Oi- YACTHIA,

. 22

¥0 >4 ja, wm '{O->20Li+ ja, - 11po cTabUIBLHOE B OCHOBHOM COCTOSHUH ~; BKJIA]I
BTOPOM KOMOMHAIIMN HE3HAUYUTENbHBIH, TOCKOJIBKY BO BeenenHoit ouens maio 36 Li.

170 4 Tr-, 671> 6

¢O — Ja+ ;Li+]Li, Takux saep JOJDKHO ObITh Majlo, MOCKOJIbKY KOJTMYECTBO sSJIEP JIUTUS-7 BO
Bcenennoit Mano, a muTug-6 €Iie MEHBIIE [N(;a)))N(;Li)))N(gLi)].

Y0 — Ja+2 ]Li, - a1po cTabUIbHOE; MX MEHBIIE, 4eM '\ O, TOCKOIBbKY N(;a)» N(;Li), HO
GosbIe B 6 pas, uem O .

Y0 > Ja+2 [Li+, ;

o 5 ,Li+,n, - sa1po B-akTUBHOE,

SF —>4a+:D, wu S F -3 a+iLi, SF —23a+]Li+;D+H, - TonbKo mocieanss

+

KOMOMHaIMs 00ecneduBaeT B -akTUBHOCTb, I03TOMY peakuus MeaineHHas (109,7 mun),

19 4 Ty

o FF =3 a+;Li, aapo cTabuIbHOE,

YF >3, a+]Li+, ) 11,56

0 5> o+, Li+n, sapo B’- aktusnoe (11,56 c),

19N 4 4 2D IH 19N 4 4 3H + o 6

o Ne =>4 a+D+ H, ,Ne >4, a+;He,- a1po B -akTUBHOE, BTOPOI KOMOUHAILIUK MaJIo,

IMOCKOJIbKY KOHIICHTpaluAd AACPp reyms-3 Bo BeelleHHOM 3HAUNTEILHO MEHBIIIE KOHOCHTpaluuu A1CP

JIEUTEpUsL.

16
*? Huke NpPUBEICHO 3HAYUTEIHHO GOJIbIIE CTPYKTYp Spa ¢O, obecneunBaroOUX ero CTa0UIbHOCTH B OCHOBHOM

COCTOSTHUH.
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23
W Ne —5] a, sanpo crabunsroe™ (90,92%),
2 Ne —3] a+]Li+!D, anpo crabunbHoe, Ho Mao (0,257%)
2Ne —25a+2]Li, sapo ctabuisHoe (8,82%),
“Ne —»2)a+2]Li+ n, - aapo B- akTuBHOE
104ve 2 sLityn, - A1p .
22 4 2 4 67 - 4 Tr:,3 4 Tr-,3 1 Tr:,67- 1 +
i Na =55 a+D, 4;a+;Li, 3; a+;Li+,He, o +2,Li+;He+ H, 2, Li+;Li+2/H, sapop -
aKTUBHOE 32 CYET JBYX MOCIEIHUX KOHPUrypalui,
23 4 Tr -+
1 Na >4, a+,Li, 11po cTabUIbHOE,
W Na >4 a+]Li+, ;
11 Na =>4 a+;Li+,n, aapo B -akTUBHOE.
* * * * * * * * * *
55 4 Tr -
siMn —5; a +5,Li, aapo cTabuibHOE,
54 4 77 4 77 67+ .
wFe—>10,a+2,Li, 7,0 +2,Li+2;Li, aapo crabunbHoe (5,84%), BTOpoi KOHGUrypaLuu
Majio,
SFe—>105a+2]Li+ n, 750 +3]Li+{Li, 6;a +4]Li+;He, B 5TOM ciydae O3KCIIEPMMEHT
26 2 shiTon, 7y 3 3bt, 0, sbiT, e, A p
55 55
NIOKa3pIBAET HAJIMYME 3axBaTa K-dJI€KTPOHA C IpEBpallleHUEM >gFe B crabuibHOe sapo ,; Mn.
CnenoBaTenbHO, HYKHO TPEANONOXKHTb, 4YTO BKJIAJ TIOCIEIHEH KOH(Urypanuu sBIsieTCs
ONPEJIENAIONIMM, @ MEPBOil OYeHb ManbiM. B mone sgpa ;He 4YHWCIO HEHTPOHOB YMEHBIIEHO, UTO
IpHUBEJIET K 3axBaTy K-3JI€KTpOHA € MPEBPALEHUEM €ro B SAPO TPUTHUS, KOTOPOE, B CBOIO OYEpeb,
V) 7 .
0OBEIMHSACK C 0.- YACTHUIIEH, IaeT PO ; Li, UTO ¥ COOTBETCTBYET KOH(UIypaluu sapa 5, Mn.
JlBurasicb B TOM J>K€ NOpAAKE K TSDKEIbIM sIpaM, Mbl oOpaiiaeM BHMMaHHE Ha TO, YTO
(V) 7 .
COOTHOIIEHHE YHCIIa IPOTOHOB U HEUTPOHOB BILIOTH 110 sigpa Ne50 MoxkHO onucaTh cojepkanueM ; Li,
JHe w t.1. Ho manbuie BKiax HEHTPOHOB yBennuuBaetcs. Boinee Toro, mpu nepexoge ot o Pb k U
npubasmiock 10 nmpororo u 20 HeiTpoHoB [13]. CnenoBaTenbHO, K paCCMOTPEHHUIO HY)KHO MPUBIICYH
sapa 31T , ;’He, 39Lz'. JIeHCTBUTENBbHO, Takue siApa CYIIECTBYIOT, OIHAKO, OHU [ -aKTHBHBIE CO

BPEMEHEM KU3HU, COOTBETCTBEHHO, 3,87-108 c=12,262 ner, 0,797 cn 0,176 c.

23
Ha camom fente siapo 29Ne MMeeT 3HAYMTENbHO GOJIbIIE CTPYKTYP, YTO IPOAEMOHCTPMPOBAHO HIDKE Ha TIpUMEpE Aapa

16
‘0.
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Heilitponsl B CBOOOJHOM COCTOSSHMHM TOXE [3- aKTUBHBIC, OJHAKO, BCE spa MX COAEpKar.
B3aumopeiicTBue MexXly HYKJIOHAMH HaMHOTO ObICTpee MpeBpamiaeT HEHTPOH B MPOTOH, YeM OH MOT
OBl COBEPILIUTH aKT JICICHUSI.

B cBsi3u ¢ 3TUM, B sApax MOTYT CTaOWJIBHO CYIIECTBOBAaTh TPU YKa3aHHBIC TSDKEIbIC sIpa, B
KOTOPBIX YHCIIO HEHTPOHOB B JIBa pa3a MPEBBIIIACT YHCIO MPOTOHOB. HE0OX0QMMOCTh B TaKUX sIpax
JIOJDKHA 000CHOBBIBATHCS BHYTPHUSZICPHBIM B3aMMOJCHCTBUEM.

3a B3aUMOJEWCTBHE MEXIy YacTULAMH BCETJa COOTBETCTBYIOT 0030HBL MexXay KBapKamu
CHIBHOE B3aHMOJIEHCTBHE IEPEHOCAT TNIOOHEL, a cmaboe W() u Z° - G030HBI, KOTOpHIE OJHOIA
cTopoHOM HaxoxasaTcs B Mupe-3, a BTopoii - B Mupe-4 [14]. He crout BeIOpachiBaTh U3 pacCMOTPEHUS
6030H5I (") 1 T°. OHM OTBETCTBEHHBI 33 IEPEHOC B3AMMO/ICHCTBHIS MEXKTy HYKIOHAMH B TPEX TPYIIIIax
4yacTull 4eTblpexMepHoro Mupa. Mexay yactuuamu Mupa-4 n0KHBI IEPEHOCUTh B3aWMOJIEHCTBUE
6030Hb1 Mupa-4. Takumu MOTYT OBITH O- YACTHUIIA, & TAKXKEe OO30H, COCTOSIIMI W3 JBYX CBS3aHHBIX
HelTpoHoB Y(2n). Hampumep:

1L T T+ X (Ja W Tl T+]Li

JLi+/HLi+Y(2n )/ Ho Liv T (puc. 4.3).

JLi+iHe<>]Li+Y(2n )+ He<s> ] Li+ He

SHe+!H<> He+Y(2n )+ H<> He+’T

B TakoMm ciyuae CTaHOBHUTCSI MOHATHBIM HEOOXOJMMOCThH JBOMHOTO BKJIaJa HEHTPOHOB MPOTUB

ITPOTOHOB B TAXKECJIbIX AApax.

'g®.'

Puc.4.3. BuyTpusiaepHoe B3auMoAeCTBHUE 3a cUeT nepeHoca 6o3ona Y (2n).
[Tockonpky mpenmomnaraercsi, 4ro 0030H X(0) 3HAYUTENHLHO TsDKenee 0o3oHa Y(2n), TO OH
JOJKeH OBl oOecreunTh 3HA4YMTENbHO Oojiee CuibHOE B3auMmojelicTBue. OHAKO MpaKTHKa

IIOKa3bIBACT, YTO O- 4YaCTHIbI c;1a00 CBA3aHBI C OCTAILHBIMHU (I)pal"MeHTaMI/I sapa, MOCKOJIbKY UMCIOT
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3HAYUTEIBHBIA JJCKTpUUecKuil 3apsa.  CliejoBaTeIbHO, 0- YacTHIIA HE CMOXET 00eCleunuTh
B3aMMO/ICHCTBUE MEX]y COCTABISIOIIMMU dYacTsAMU snapa. boiee Toro, ecimm OBl 0- YacTHIIBI
y4acTBOBaJIM B (opmupoBaHuu siaep ¢ Z> 50, To He ObLJIO OBl COOTHOIICHHE MEXIY KOJIUYECTBOM
n00aBIICHHBIX TIPOTOHOB W HeWTpoHoB 1: 2. Tak dYTo NpHUACTCS HCKIIOYNATH BO3MOXKHOCTH
B3aMMOJICHCTBHSA 3a cueT 0030HOB X ().

B 5TOM Mi1aHe MOHATHO, 4TO SPO | Be —>2; @ He MOXKET CyIEeCTBOBATh U CPa3y Paclagaercs Ha
JIBE 0- YacTUIbl. B TaHHOM ciydae HEBO3MOXHO OpraHM30BaTh MEPEHOC JIBYX HEHTpPOHOB. Bo3MoxkeH
JMIIG Pe30HaHCHBI 00MeH Y (2n)- 6030Hamu. OgHAKO, B TAKOM CIIy4ae OT O- YaCTHUI[bI HEOOXOIUMO
CHauaja OTopBaTh 2 HEHTPOHA, a 3aTeM MOCTaBUTh Ha UX MECTO JAPYrue JiBa HeMTpoHa. B To BpeMs kak
MOCTIC/THSASL PEAKIMS BBITJSIAUT JOBOJILHO MPOCTOM, TepBasi TpeOyeT O4eHb OOJBIINX YCHIUH, TaK 4TO
€e peayn3alys BhITISAUT IPoOIeMaTUYHOM.

B cnyuae ''C =35 a A1p0 MOXHO Tak M300pa3HTh TONBKO B BO30YXKICHHOM COCTOSHHH, 4TO U
OPUBOAMUT K €ro pacmany Ha 3 a- yactuipl. OCHOBHOE K€ COCTOSIHHE 00ecredyuT KOH(Uryparus

PC—JLi+3/HeLi+2/H+ T . "MonekynspHas" cTpyKTypa BHIIISIUT Tak (puc.4.4):

Puc.4.4. ,MonekynspHas CTpyKTypa” siapa yriepoja 162C .

[TockonbKy mepeHocsIMi B3auMOoeicTBHE O030H SIBISETCS BUPTYaJIbHBIM, YaCTHULIA MOXET €ro
U3JIy4UTh U TYT k€ noriotuth (puc.4.5). Takoe sBieHHE [ETAIbHO OMNHCAHO B KBAaHTOBOI
3JIEKTPOIMHAMHUKE.

OtHOcuTEenbHO OWHEHTPOHA, BBEJEHHOTO B JAHHOW cTaThe Kak 0o30Ha Mwupa-4, B nuTeparype
oueHb Mayi0 HH(popmauuu. 3BecTHO mMIIb, 4YTO MEXIy HEHTpPOHAMM CYIIECTBYET CHJIbHOE

B3aMMOJICHCTBHE 3a CUeT OOMEHa HEUTpaIbHBIMH NMHOHAMH. AHAJOTUYHOE B3aUMOJCHCTBHUE JTOJKHO
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CyLIECTBOBaTh M B OumnpoToHe. OgHAKO, B 3TOM CIIydae 3JEKTPOCTATUYECKOE OTTAIKUBAHUE MEXKTY
npotoHamu (= 1 M»1B) mpuBOaUT K TOMY, YTO pE3YJIbTHUPYIOLIAsh SHEPrusi CBsI3U B OUIIPOTOHE
okasbiBaeTcs paBHOl -0.5 M»pB. CrnenoBaTenbHO, SHEprusi CUIBHOTO B3aWMOJCHCTBUS, BbI3BaHHAS
NEPEHOCOM HEUTPAIbHOTO MUOHA MEXy HelTpoHamu, paBHa = 0.5 M»aB [15, 16]. Ognako, HEUTpOH
pacmagaercs B pe3yibTaTe MPOTEKaHHs MPOIEcCOB ciaaboro B3amMopaencTBus 3a Bpems ~881 c [17].
CpaBHHBas nepuObI MOJTypachaga YeTHBIX [ - aKTUBHBIX siaep (Hampumep, Ty, (16N) =714cuTy,
("*N) = 0.63 ¢; Ty, (*°F) = 11.56 ¢ u Ty, (**F) = 4.0 ¢ [13]), MOKHO CIEIaTh BBIBOL, YTO C YBEINICHHEM
KOJINYECTBA HEHUTPOHOB B KJacTepe IMEPHO IMOIypacnaaga HEHTpPOHA MOMKET YMEHBIIUThCS Ha 1-4
nopsaka. OpaHako, 3TO 3HAUMUTENBHO OOJbIlle TMEpHoj Mojypacnaza OO30HOB  CHJIBHOTO

BSaHMOHeﬁCTBHﬂ - IMOHOB.

BHPTYaJIbHbIH (POTOH

—_—
BHUPTYaJIbHBIH ITHOH

(@)

BHPTYaJIbHbIH (POTOH

BuptyanbHblii nuoH )

Puc. 4.5. YacTuia B OKpyKeHHH BUPTYalbHbIX GO30HOB: @ — IIPOTOH, 6 - , Li .

CrnenoBaTenpHO, B pe3ysbTaTe MPOIECCOB M3TYyYEHHS-NOTIIONIEHHsS 0030Ha NMPOCTPAHCTBEHHAsS

OpUCHTAIUA NI (I)OpMa COCTaBJIAIOIIHNX AApa MOXKCET ITIOCTOAHHO MCHATLCA. DTO0 Ba)KHO B TeX ClIydasx,

12
Koraa B sape OpaHbl S-mepHOro Mupa HaxoauTcs Oosiee AByX uacTull-4, Hampumep, B saape C

naxonurcs 4 wactuupl-4 (;Li+3/H wm ]Li+2/H+,T). B Takom ciyuae nepenoc Y(2n) -6o30Ha

6y,[[eT PaBHOBCPOATHBIM Ha BCC TpHU sAApa IIPOTOHA. Takum O6p330M, BOJIHOBAs1 (I)YHKL[I/IH sapa Imocje

neperoca Y(2n) -6030Ha OyzeT cojepaTh paBHbIE BKJIAJIbI BCEX TPEX aTOMOB BOJIOPOJA.
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AmnanoruyHo, myua  sgpa  Kuciopoaa-16: 186 0] —>4;a - TaKo€ COCTOSHHE  SIBJISIETCS
BBICOKOBO30YX/IeHHbIM. Hanuuue derelpex o- dYacTull oOecrneuuT Oonblie BO3MOXKHOCTEH ISt
OpraHu3allid OCHOBHOTO W HIKHUX BO30Y)KJIEHHBIX COCTOSHUM, NMpUYeM HIDKHEE BO30YKICHHOE
COCTOSIHME BBIOpACHIBAET TOJIBKO OJIHY 0- YACTHILY, IPEeBpaliasich B AJpo yriepoaa-12.

16 9r., 4 1

cO— Li+;a+3 H,
$O—JLi+ T +4/H ,
YO—]Li+23T +3/H ,
O—SHe+]Li+3/H,
$O— He+,a+ T +3/H .

CornacHo npunyuny nodoous, sipa IOKHBI CTPOUTHCS KaK COBOKYIHOCTb TPEX Map YacTHII
Mupa-4, Kak MOJEKYJbl CTpPOSTCS u3 aroMoB. Ilpu »ToM 0030HOM, KOTOpBIH Ompeaemnser
B3aMMOJICHCTBUE MEXTY SJICKTPOHOM U SIAPOM B aTOME, BBICTYIAET BUPTyanbHbIN (hoToH [18]. B TO )€
BpeMsl, 0030HOM, ORpeOeNAIOUWUM 63AUMOOCIICIEUE AMOMOE 6 MOJIeKyne, Gblcmynaem napa
INNEKMPOHOG 8 CUHZIEMHOM COCHOAHUU, OKPYIHCEHHAA WYOO0il 6UpPmMyaibHbIX omonos. Ita napa
3JIEKTPOHOB HAXOJUTCS B TIOCTOSSHHOM JIBUKEHUU BOKPYT B3aUMO/ICHCTBYIOIUX aTOMOB.

AHanornyHo, 0030HOM, KOTOPBI OTBEYAET 3a B3aWMOJCHCTBHE MEXIYy udacTuiiamMu Mupa-4 B
AIpax XUMUYECKHX 3JIEMEHTOB, BBICTYNACT Ouneimpon (IBa HEUTPOHA) 6 uiybe u3 HelumpanbHvlxX

NUOHOEG. HOBTOMy JIOTUYHO MPCANOJIOKUTb, HYTO CJIOXHBIC dgpa HMCKOT OIPCACICHHYIO

reOMCTPHUYCCKYIO CTPYKTYpPY, KaK MOJICKYJbl H3 aTOMOB. B Ttakom ciydyac, B COCTOSHUH

O—]Li+;a+3/H a1po ;Li OKpYX€eHO ¢ TPEX CTOPOH MPOTOHAMH U B 3TOH CTPYKTYPE MPOSIBISETCS

B3auMo/ielicTBre 3a cueT Y(2n) -6o30H0B. B3amMoseiicTBue 3TOl CTPyKTYphl ¢ G030HOM S OyneT

OCJIa0JICHHBIM, B PE3YJIbTATE YETO O~ YacTHUIa OYJeT BHIOpACKIBATHCS U3 sAPa, YTO U HAOIIOJAeTCS TIPH

BO30YXICHUU si/Ipa.

T[TouTH pe30HaHCHBIM C TIPEABIAYIIIM COCTOSHUEM OyzieT cocTosnue sO—>yHe+]Li+3/H , ecnu
OHM O0OJAJal0T OJWHAKOBOM T'€OMETPUYECKON CTpyKTypoil. OmgHakOo B 3TOM  COCTOSHUH
npeznonaraercs, uto 5 He - aktuBHas yacTuia. ClieoBaTeNbHO, CTPYKTYPa MOKET ObITh OTJIMYHOM OT

MPEIBIIyIIe C BO3MOXHOCTBIO TMPOSBICHHUS OOJBIIET0 KOJMYECTBA BAPUAHTOB B3aMMOICHUCTBUS
myreM mnepeHoca ©0o3oHa Y(2n). OTo MOkeT OOYCIOBUTH MOHIKEHHE COOTBETCTBYIOIIETO

OHCPIreTUYCCKOTO YPOBHA U CTaGI/IHI/IBaI_II/IIO sapa.
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3aMeTHO GoNlee HUM3KYH SHEPIUIO JOJKHA MMETh CTpykTypa sO—SHe+ja+ T +3/H, rne
NPOSIBIIIIOTCA Cpa3y JBa HepeHochl Y(2n) -6030H0B. Heckombko Huke OyneT jexaTb COCTOSHHUE,
oTBeTCTBYIOUIEE CTPYKTYpe '«O—>,Li+ T +4/H , n pe3oHaHCHOE (TOXIECTBEHHOE) €My COCTOSHHE
*O—]Li+23T +3,H , rne cpasy nepenocsarcs nsa Y(2n) -6030Hbl. Bce 3T0 cTaOMIBHBIE CTPYKTYpbI
sapa 'S O.

Bepnemcs k BupTyanbHEIM (OTOHAM M rpaBuTOHaM. HeoOxomumo HaiiTM MeXaHM3M, COTJIACHO
KOTOPOMY JIBA OJHOMMEHHBIE DJIEKTPUYECKHME 3apsbl OTTAIKUBAIOTCA, a pPa3sHOMMEHHbIE
NpUTATMBalOTCA. Eciu BUpTyanbHOH wuacTuiel OyaeT OOBIYHBIA IIOCKONOJISAPU30BAHHBIA (HOTOH,
TOTJla HEBO3MOXKHO YJOBJIETBOPUTH YKa3aHHBIM TPEOOBAaHMAM B3aMMOJECHCTBUA MEXKIYy 3apsiaMu.

CJ'IG,I[OBaTeJ'IBHO, BHpTyaJ’IBHBIfI (1)OTOH JOJDKCH OBLITL 00sI3aTENLHO HUPKYJISAPHO TIOJIAPU30BAHHBIM

(puc.4.6-a).

(a) (0)
Puc. 4.6. LupkynspHbIii IpaBOTIONSPU30BAaHHBIN (OTOH (a) U TpaBUTOH (0).
HyxHO y4ecTb, 4TO BHpTyajbHasi YacTHIlA CBsI3aHA C YACTHIEH, KOTOpas €e M3JIy4aeT, TO €CTh
BUpTYalbHas YaCTHIIA JIOKAJTM30BaHA B MOTEHIMATIBHOM sMe.
[TockonbKy BHUPTyalbHBIM OO30H MOXKHO TPEACTABUTH Kak OO030H, CBS3aHHBIM C YacTHICH
OTIpE/ICTICHHON BEIMYMHOW dHepruu (puc.4.7), TO CyMMapHasi SHEPTUsl YacTUIBI C €€ BUPTYaJbHBIMU

qaCcTULlaMHU JOJDKHA OBLITH HEMHOI'O 0OJIBIIIE (I/IHa‘-Ie HC MMPOABUTCA BSaHMOHeﬁCTBHe MCXKOY T-Ia.CTI/II_IaMI/I)
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OT TOJHOM JYHEPrHH CaMOil YaCTHIBI ', OXHAKO 3aMETHO MEHbIE, YeM CyMMa SHEPIHil 4acTHII
0CBOOOXK/IEHHOTO 0030HAa.

Ecnmu MBI paccmaTpuBaeM 3JIEKTPUYECKH 3apsDKEHHYIO YacTHIy, CJeIyeT CYUTaTh, 4YTO
MIOJIO’KUTEJIBHBIE 3apsbl U3IY4aroT LUPKYJISPHO-TOISPU30BaHHBIA (POTOH OJHOrO THMA (Hampumep,
MIPaBO-TOJISIPU30BAHHBINA, OJTHAKO, 3TO HY)KHO YCTaHOBUTH TOYHO), TO OTPHUIATEIbHO 3apsDKEHHBIC -
¢otonsl Broporo Tuma. [lorjomieHne ¢ NPUTSHKEHUS MEXAY YacTUI[AMHM OCYIIECTBIISETCS, €ClIM Ha
YacTUIly MOMAaJaeT BUPTYaJbHBIH (OTOH IPYroro THUIA, Y€M YacTUIAa M3JydaeT. TakuM oOpas3om,
9JIEKTPOH HE 3aXO04yeT TOIVIOTUTh BUPTYaJIbHBbIH (OTOH, W3IYUYEHHBIH JPYIMM 3JIEKTPOHOM.
OcymiecTBUTCS pacCEeMBaHUE, COMPOBOXKAAEMOE OTTAJKMBAHUEM. AHAJIOTMYHO Uil TPOTOHA.
CoOcTBeHHBIN XK€ BUPTYalIbHBIH (DOTOH IO 3aBEPIICHUIO YJAJIEHUS OT YAaCTHUIbl KaK Obl OTpa)kaercs
00paTHO MOTEHLIMATBHON SIMOM ¢ M3MEHEHHEM HaNpaBIICHHs LUPKYISIPHON MONApU3aluu (HEeUYeTHas
BoJTHOBas pyHKIHs). Torna Takoi GOTOH OyIeT MOTJIONIEHHBIM €T0 U3TYYUBIICH YacTHIICH.

[IpennoxeHHbIE  MEXaHW3M  TOJHOCTHIO  ONHUIIET  AKCIEPUMEHTANbHbIE  JaHHBIE  TI0
3JIEKTPOCTATHUECKOMY B3aHMMOAEHCTBUIO.

Teneps mocMOTpUM Ha TpaBUTOHBL. OCHOBHOE CBOMCTBO TPABUTAIIMOHHOTO TOJIS - IPUTSATHBAHUE
MEXJy MaccaMH U OTCYTCTBHE OTTajJkuBaHMs. OJHAKO, COIJACHO 3aKOHY TIPaBUTAIIMOHHOTO
B3aMMOJICHCTBHUS, Macca OT MHHYC-MacChl OyJeT OTTaJKUBAThHCS (€CIM CYIIECTBYET THMIIOTETHUYECKAs
MHHYyC-Macca). DTo nepBoe ycioBue. M BTopoe ycioBue - TpaBUTOH J0JDKEH ObITh 6030HOM CO CITHHOM
s=2.

Takum TpeOOBaHUSAM MOXKHO YIOBJIETBOPUTH TOJBKO NPU YCIOBHUM, €CIH CUUTATh TI'PaBUTOH
NBOIHOM crupanbio (puc.4.6-6), momobHoi nBorino# crupanu JIHK. Tlockonbky BosmHOBast pyHKIMsS
TAKOrO BHPTYaJbHOI'O TPaBUTOHA IMPEAINOJIATaeTCs YETHOW, TO MPH OTPAKEHUHW OH HE MEHSeT
HanpaBjeHHE LUPKYISIPHON MOJSAPU3ALMU U MOXKET ObITh MOIJIOIIEHHBIM €ro M3JIy4YUBIIEH MacCOM.
Ecnu rpaBUTOH M31y4aeT MHHYyC-Macca, TOT/Ia HallpaBIIEHUE IMUPKYISPHON MOJISAPU3AIUUA U3MEHHUTCS
Ha TPOTHUBOIOJIOKHOE. TakoW MHUHYC-TpPaBUTOH OyleT TMOTJIOMAThCsl MHUHYC-Maccoi, OTHAKO

PacCCUuBaThCA MAacCOH. CJ'IGI[OBaTeIIBHO, OH 00€eCIEYUT OTTAJKHBAHUSI MAcChl OT MUHYC-MACCBhI.

** B 5TOM clTydae 4acTHIIA HAXOUTCS B IIyGe M3 YaCTHII BAKyyMa, IBISIONIMXCS GO30HAME C HYIIEBOil SHEprHeii.
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Puc.4.7. BupryanbHasi 4acTHlla B OKPECTHOCTH U3NYUYUBIIEH €€ YaCTHUIIbI.

BupTyanbHas mapa uyacTHIl, HOPOXAA€MbIX (U3NYECKHMM BaKyyMOM, OTJIMYAeTCs OT clydas
BUPTYaJIbHOTO (OTOHA B OKPECTHOCTH 3JIEKTPHUUECKOro 3apsijia TeM, 4TO 00e YacTHLBl B Mape
(37EKTPOH-TIO3UTPOH  WJIM BHUPTyajbHass TMapa JAPYrUX YacTHUI[) SIBISAIOTCA BHPTYaJbHBIMU,
CJIEIOBATEIbHO, HAXOAATCS B TIIyOOKOH MOTEHLHANbHOM siMe. Takast BUpTyallbHas 1apa aHHUTHIINPYET
06e3 wu3nydeHus: (QOTOHOB, MOCKOJBKY CyYMMapHas SHEprus BHUPTYyaJbHON Iaphl paBHA HYJIIO C
TOYHOCTBIO JI0 COOTHOLIEHUSI HeompeneneHHocTed. OqHako BUpPTyaibHas Mapa MOXKET BCTYNHUTh BO
B3aUMOJICHCTBHE C peajbHON Mapoi, B pe3ybTare Yero BOJIHOBas QYHKIUS peaTbHOW YaCTUIII MOXKET

OKa3aTbCia CHOH(HOﬁ, qTo U peaJ’IHByeTCfI, KakK CTpaHHOC IMOB€ACHUEC YAaCTHUII.
4.4. BeiBoabI

B nanHO# cTaThe HAa OCHOBAHWW HOBBIX MPEJACTABICHHU O co3laHuu BceeneHHoill m 3akoHax
moo0us U eIUHCTBA BO BceneHHON naHOo onucaHue CTPYKTYPhI TSOKENbIX (Z > 4) anep U uepapxuu
0030HOB B3anMoelcTBus. B yactHOCTH!

1. BBenena knaccugukanus 3apsiioB 3J€MEHTAPHBIX YaCTUIl B PA3IUYHBIX CIIOAX PACCIOCHHOTO
npoctpanctBa Cynep-Bcenennoil. IlokazaHo, 4YTo B OJHOMEPHOM TIPOCTPAHCTBE JOJIKHBI
CYIIIECTBOBAThH JIMOHBI C JIEKTPUIECKUM 3apsiioM +e/6, B ABymMmepHOM Mupe (Mupe KBapKoB) - 3apsibl
+e/3 u £2e/3, B TpeXMepHOM MPOCTPaHCTBE - 3apsisl 0, e, +2e u £3e.

2. llpemmoxeHa MoOJETh MOJEKYISPHOH CTPYKTYphl BCEX sIEp M TOKa3aHbl MPUYUHBI
HECTaOMJIBHOCTH J1€p B OCHOBHOM WJIM BO30YKI€HHOM COCTOSIHUSIX.

3. Ilpoanamu3upoBaHa wuepapxusi O030HOB, OTBETCTBEHHBIX 32 B3aUMOJICHCTBHE MEXKIY

YaCTULIAMH B Pa3IMYHBIX HEPAPXUUYECKHUX CIOSIX pacclioeHHOro npoctpancTa Cynep-BeeneHHo.
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4, HpeHHO)KCHBI HOBBIE 0030HBI JIA 00BSICHEHUS BSaHMOHeﬁCTBHH MCKAY 3JIEMCHTAMU aTOMHBIX
Aaep. HOKaBaHO, 4YTO B pPOJIM OTHUX 0030HOB JAOJDKHBI BBICTYIIATDh MAPbl CBA3AHHBIX HeﬁTpOHOB, TO €CTb

OMHEUTPOHBI.
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I'naBa 5. O0pa3oBaHue IAHETHOM cCMCTEMbI B HOBOI Moaeu Beenennoi

JUis netanbHOrO ONMMcaHMs Ipolecca oOpa3oBaHUs TaaKTHUK, 3BE3JHBIX U IJIAHETHBIX CHCTEM
BOCIIOJIb3yeMCsl MTPUBEACHHONW B riaBe 1 monenbio co3nanus Bceenennoil [1] kak coCTaBHOW 4acThbiO
paccnoenHoro npoctpancTia [2] Cynep-BcenenHoi.

BaxHO OTMETHTB, YTO 3aIIOJIHEHUE YHEPTUEN PACCIOEHHOTO MPOCTPAaHCTBA HAaUMHAETCsA ¢ Mupa-
1. 3arem 3anmoIHAIOTCS MPOCTPAHCTBA BBICUIMX Pa3MEPHOCTEH Kax /bl B CBOIO ouepes. HauanbHOe Bpems
3aIOTHEHHs SHEpruell Hameil uyeThpexmepHoil Bcenmennoit (Mupa-4) pasro Ty, = 3107 ¢ mocre
nosiBJieHus1 »Hepruu B Mupe-1. Ilpu stom sHeprus, mocrymnaromias B Mup-4, o0iagaer CriocoOHOCTBHIO
CO37aBaTh OWHEUTPOHBI B CHUHIJIETHOM COCTOSHMM (3apsiAbl MU MarHUTHBIH MOMEHT paBeH HYJIO) B
OKPECTHOCTH aTOMHBIX SIJEp.

B stom coctosiHuu sHeprus cBsizu B OmHeiTpoHe coctaBisger ~70 k3B [3]. Ognako GuHEUTpPOH
MPOSIBIISIET HECTAOMIIBHOCTh, OOYCIIOBJIIEHHYIO IpolieccaMu ciaaboro B3aumMonencTBusi. M3BectHo, uTO
MeproJl Tojypacnaga cBoOogaHOro HedTpoHa cocraBisier 881 ¢ [4]. Hammuue AomosHUTETHHOTO
HEHTPOHA BBI3BIBAET AKTHUBALIMIO CIA0OTO B3aMMOJCHCTBHS M 3HAYMTEIHHOE YMEHBIIECHHE TEepHoja
moJrypacnazia HEHTpOHa KaK B COCTaBe OMHEWTPOHA, TaK M B COCTaBe [3- aKTHBHOTO sijpa [5,6]. OxHako
BpeMsl TIoJIypaciajia OMHEUTPOHA OCTASTCS 3HAYUTEIBHO OOJbINE, YeM COOTBETCTBYIOIIEE BpEMS IJIs
MMHOHA, OTBETCTBEHHOTO 32 CUJIBHOE B3aUMOJCHCTBHE.

B otimmumne ot CranmapTHoii Monenu poxaeHus: Beenennoit [7-11] u3 cuHTYISIPHOCTH ¢ OECKOHEUHO
OO0JIBIIION TIOTHOCTBIO BELIECTBA M OECKOHEUHO BBICOKOM TeMIlepaTypoil, a cieoBaTeIbHO U OECKOHEUHO
OOJIBIIION DHTpOMHEH, JaHHAs MOJIENb pOXKAeHUs BceneHHON obecrieynBaeT MUHHMAaIbHO BO3MOXKHYIO
BEJIMUUHY SHTPOIINH, XOJOIHOE UCXOAHOE COCTOSIHUE U OIPAaHUYEHHYIO INIOTHOCTh BEIIECTBA.

B npemtoxeHHOW MOXENM HYIBMEPHOE NPOCTPAaHCTBO IlonsA-BpeMEHM WMeEET BO3MOMXHOCTH
B3aMMOZENUCTBOBATH C JPYTMMHU IIPOCTPAaHCTBAMHU U 3aJaBaTh IporpaMmy 3Bomonuu Beenennoit. CoryacHo
3TOW Mporpamme, MpHU POXKIESHUH BeliecTBa B Mupe-4 oHO uMeeT (pakTambHYI0 CTPYKTYpPY M OONbIION
BpALIAIONINHA MOMEHT Ka)KJJ0r0 3JIeMeHTa (paKTaa.

Hcxoast U3 3TOro paccMOTPUM POXKJIEHHE IUIAHETHON CHCTEMBbI OT MEPBHYHOIO (pakrajga 10 TOTrO

COCTOSAAHHA, KOTOPOE MbI Ha6J'I}0):[aCM B HACTOALICC BPEMH.

5.1. Poxknenne miiaHeTHOH CHCTEMBbI
Bo3bMEM 3a OCHOBY, 4TO POIMBIIAsCS HEHTpOHHAs Marepus’> B Mupe-4 mmena (pakTanbHYIO

CTpYKTYpy ¥ motHocts mopsiaka 107 xr/m®, T.e. mmoTHOCTH smepHoro BemiectBa. Uepes 1 cexyHmy

** TobKO TaKMM 06Pa30M 0GecTIeyHBaeTC CyMMapHAs 3eKTPOHEHTPAILHOCTD BellecTsa B Mupe-4.
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CpeHss BENMUMHA IUIOTHOCTH ymama 10 8,74°107 kr/m’. Tlpu 3ToM 06beM OfHOM Oymymiei 3Be3ibl B
TEUECHHE OJHOU CEKYH]Ibl YBEIUYMICS OT 1,454'10’9 M = 1,454 MM® 10 5,38‘104 M. OTMETUM, YTO 3TOT
00beM BKJIIOYAET Kak 00beM camMol 3Be3flbl, TAK U 00BbEM YacTH MPOCTPAHCTBA MEXKIY 3BE3JaMH. JTO
MPOCTPAHCTBO 0O0pa3oBaloCh € caMoOro Hadana, obecreunBas (pakTaJbHOCTH BemiectBa B Mupe-4.
ITepBuuHbIii 3apoasiin OyayIeil 3Be3/1bI HAOMHHAET MUKPOCKOITMUYECKYI0 HEUTPOHHYIO 3BE3.Ly.

B mpenenax 3apoabima Oynymieil 3Be3/bl CHayala OBLIM MPEBOCXOMASAIIUMH CHIIBI CHIBHOTO
B3anMoeicTBUsA. Jlanee B mporecce CTPYKTYPHPOBAHHS BEIIECTBA U MPOTEKAHUS PEAKIUU CIadoro
B3aUMOJICUCTBHSI MOSBWINCH CHUJIBI 3JEKTPOMATHUTHOrO B3auMoAeHcTBusA. [lpu manmpHelimem
YBEJIMYEHUM MacChl 3BE3/bl M PACUIMPEHUH IPOCTPAHCTBA CTAHOBUTCSA  IpeoOJaaroiuM
IPAaBUTALMOHHOE B3aWMOJCHCTBUE. ODTU CHIIBI 3aMEIUIMIIA PacIIMpEeHue 3Be31bl U, KaK CIEICTBUE,
MIpUBEJH K 00pa30BaHUIO OOJILITUX 00HEMOB MPOCTPAHCTBA (BaKyyMa) MEK/y 3BE€3/IaMH.

Mexnay 3apoablliaMH 3B€3/1 B HayaJlbHOW CTPYKType BceneHHOW CyliecTBOBaIU MPOMEXKYTKH,
KOTOpBIE 00€CreunBaOT BO3MOXHOCTh MX BpAIEHUS BOKPYr COOCTBEHHOTO LIEHTpAa Macc, a TaKke
IPYIIIBI 3apOIBIIICH (GYIyIeil ralakTHKK) BOKPYT 0BIIero HeHtpa Mace™’.

Hpyroii BayKHBIII MOMEHT, Ha KOTOPBIA Cpa3y e HYKHO OOpaTUTh BHUMAaHHE, 3aKITIOYAETCS B
CYIIIECTBEHHOM pa3JIMuMK YCJIOBUM CYIIECTBOBAaHUSA HayajdbHOM IUIOTHOW Macchl BcelleHHOW OT
W3BECTHBIX B HAalle BpeMs HEUTPOHHBIX 3B€3A. OTO pa3iuyde MOXKHO XapaKTepHU30BaTh
OTHOCHUTEIIbHBIM M3MEHEHHEM pa3mepa (nedopmarun) Beenennoii € = ARy/Ry = ATy/Ty. Eciu B3STH
ATy = 1 ¢, To nedhopmanus Bcenennoit B Hame Bpemsi Ha 18 MOpsSIKOB MEHBIE, YeM B IEPBBIC
CEeKyHJbl CyIIecTBOBaHUSA Mupa-4. DTO pacTsHKEHHE BeEIlecTBa B Hayaje 3BOJIOUMU BceneHHO
HACTOJIBKO MOIIHOE, YTO €r0 HEBO3MOXHO 3aTOPMO3HUTh CHJIAMH B3aUMOJICUCTBUS MEXIY dJIeMEHTaMU
¢dpaxrana. Kak cieacTBue, NOsSBISIOTCS OTJCIbHBIC TATAKTUKA U 3BE3]IbI B HUX.

Pacmmmpenne mpocTpaHCTBa MPUBEAECT K CTPYKTYPHUPOBAHHIO OOBEMa 3BE3NbI HAa OCTPOBKHU
IUIOTHOTO BELIeCTBAa (3apOJBIIIN AaTOMHBIX sJI€p), KOTOpO€ NPUBENET K YBEIMUEHHUIO CPETHHX
paccTosiHM Mexay HMMH. OJHAaKO Macca OCTPOBKOB 6 Hauane pacuiupenusi Bcenemnoti Moxer
CYIIECTBEHHO MPEBBIIIATh MACCy CAMOI0 TSDKEJIOro CTaOMJIBHOTO aTOMHOTO Sifjpa U, KpOME TOro, OHa
OBICTpO OynIeT yBEeIWYHMBATHCS, MOCKOJIBKY, COTJIACHO MOJIENH, HOBOE BEHIECTBO POXKIACTCS B MOJE

ATOMHBIX AO€P.

26 o " .

[Ipn moAroToBKE JAHHOW ITyOIMKAlMK K MEYaTH aBTOP MO3HAKOMMIICS CO CTaTbei [12], aBTOpBI KOTOPOW Ha OCHOBAaHUH
M3y9ICHUS OPHEHTAINU TaTaKTHK B MPOCTPAHCTBE JEJNAIOT BEIBOJA O CYMIECTBOBAHMH HAYATHHOTO BPAIaTeIbHOIO MOMEHTA
Ipu poxkaeHuu BeeneHHOM.
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OAHOBPEMEHHO C ONHUCAHHBIM CTPYKTYPHUPOBAaHHEM COCTOSITCSI TPOLECChl MpeoOpa3oBaHuUs
BEIIECTBA: B pe3ylibTaTe MPOTEKAaHUs DPEaKIHid c1aboro B3aUMOJICHCTBHS: TOSBATCS TPOTOHBI U
aeKTpoHbl. OCTPOBKH MPEBpATATCS B aTOMHBIE siipa cBepxOo0binoi Maccel. Kpome Toro, 6osbiioit
130BITOK HEUTPOHOB MPUBEJET U K BBIJCJICHUIO OTJCIBbHBIX HEHTPOHOB Yepe3 MOBEPXHOCTh OCTPOBKOB.
Takue HEWTPOHBI MOTYT BBI3BAaTh PEAKLUUHU JEJICHHS ATOMHBIX SAep Ha OTJENbHble (DparMeHThl,
BEJIMUMHA KOTOPBIX B pe3yjbTare OyIeT YMEHbIIAThCS MO CO3JaHUs slep, coiepxamux ot 1 1o 92
IIPOTOHOB, CylecTByomux Ha 3emie. Kak crienctBue, BBIJSINUTCS MHOTO TEIUIOBOW 3HEPTHUH, U
BEIIIECTBO OYAET pa3orpeBaThCs.

Kak BuguM, Takoi MEXaHW3M BOJIONUU BCeneHHO MpUBEAET K POXKACHHUIO TSHKEIBIX aTOMHBIX
siiep B MepBble MOMEHTHI nociie bonbioro B3preisa.

Temeppr yutrem TOT (akt, uTo (pakTanbHas cTpyKTypa BceneHHOW Brimroudana OOJBIION
BpalIaroNIMii MOMEHT Ka)KJI0TO AJIeMEeHTa ¢pakTana, Kaxaou Oymymieit 3Be3nsl. Bpamenue Oymyrieit
3Be3/bl MPHUBENET K ¢ nedopMaIiy, B Pe3yIbTaTe Yero OHa MPUOOpETacT AUCKO0Opa3Hyio (opmy.
Ota popma HamOMUHAET rajJakTUKy B MuHHaTiope. Co BpeMeHeM Macca 3Be3/lbl HACTOJIBKO BBIPACTET,
YTO TpaBUTAIMS Oy/IeT CTPEMUTHCS BEPHYTH €l mapooldpasHyo Gopmy. ITomy OyIeT crmocoOCTBOBATh
yYMEHBIIEHUIO AedopManuu mpoctpaHcTBa. OnHako, nepudepuiiHas 4acTh AUCKOOOpa3HOU (HOpMbI
3Be31bl (B ciaydae ComHeuHo# cucteMbl Macca ConHia B 750 pa3 mpeBbIIIaeT CyMMapHYIO MacCcy BCEX
€e CIyTHHUKOB) IMOJIy4UT OOJIBIION BpalalolIMii MOMEHT M OCTAaHETCs 3a MpelelaMH 3BEe3Jbl, 4TO
obecrieunT oOpazoBanue Oyaymux ruiaHer. [IoHATHO, YTO OpOWTHI ATUX TUIAHET JOJDKHBI JIEKATh B
AKBATOPHAIBHON TUIOCKOCTH 3Be3bl. boyiee Toro, 3Be3ma W IJIaHETHl HA CBOEH OpOWTE TOJDKHBI
BpalllaThCs B OJHY U Ty e CTOpoHy. [Ipu 3TOM ocu BpalieHus MjIaHeT MOTYT UMEThb NPOU3BOJIBHOE
HampaBJieHHE (Xaoc), a YIJOBble CKOPOCTH HX BpallleHUS JOJDKHBI CYHIECTBEHHO OTIMYATHCS
BCJIE/ICTBUE OYpHBIX HPOIIECCOB JEJICHHsS OCTPOBKOB BEIECTBA, YTO Mbl W HaOJIOJaeM Ha Npumepe
wtaneT COJIHEYHOH CUCTEMBI.

UYro >xe Mbl IMeeM Ha camoM jernie? Bce Oonbiue mmaneTsl - Mepkypuid, Benepa, 3emisi, Mapc,
Omurep, Catypn, Ypan um Henryn - Bpamatorcs Bokpyr CoiHIIAa B OJHOM HampaBlIeHUU (B
HalpaBJIeHUH OCeBOro BpamieHuss camoro CoJjHIA), MOYTH IO KPYroBBIM OpOMTaM, IUIOCKOCTH
KOTOPBIX HMEIOT HEOOBIIONM HAKIIOH APYT K APYTY (M K MIIOCKOCTH COTHEYHOTO AKBATOPA).

[InaneTsl WMEIOT pa3IMYHBIC YIJIBI OCEBOTO HAKJIOHA, TO €CTh, MX OCH HAMpPAaBIEHBI O]
OTIPE/ICJICHHBIM YIJIOM K IJIOCKOCTH JKBAaTOpa MAaTEPUHCKOH 3Be3Abl. VIMEHHO MOATOMY, KOJIMYECTBO
CBETA IMOJY4aeMOTO TeM HJIM WHBIM MOJIyIIAPHEM MEHSETCS B TEUEHHE TOJa; MOCKOJIBKY CEBEPHOE
MoJTylaprue TUIaHEThl OOJbIIE OCBEHIAeTCs, 4YeM IOKHOE TOJyliapue, Wik ke HaobopoT. Kax
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CJIEICTBHE, Ha OOJBIIMHCTBE IJIAHET MPOUCXOIUT CMEHA CE30HOB, TO €CTh, U3MEHEHHE KIuMara B
TeueHue roja. Bpewms, xorga ogHo u3 moaymapuil Ooibine oOpameHo k ComHIy, Ha3bIBaeTCs
COJIHIIECTOSIHMEM. B TedeHue oaHOro 0060poTa BOKPYT 3B€3.bl (00HO20 6uUmMKa niaHemvl HO C80ell
opbume) BCTpEYaeTCsl J/iBa COJIHIECTOSHUS; KOTJa OJHO M3 MOJYIIapUil HAaXOJUTCS B JIETHEM
COJIHLIECTOSIHUM M JIEHb TaM CaMbli JJIMHHBIM, TOTJa KakK JIpyroe IMoJyliapue HaXOIUTCS B 3UMHEM
COJIHLIECTOSIHUH, C €70 YPE3BBIYAHO KOPOTKHUM JIHEM. BClleICTBHE TAKOTO pacnoIOKEHHs, TOTyIIapHst
MIOJIy4arOT PA3HOE KOJMYECTBO CBE€Ta M TEIUIA, YTO CIYKUT NPUYMHON €XKErOJHBIX H3MEHEHUI
MOTOAHBIX YCIOBUH Ha IJIAHETE.

OceBoii HaknoH KOnuTepa upe3BbUaiHO MaJl, U C€30HHBIE U3MEHEHHUS TaM MHUHUMAaJbHbI, TOTAA
Kak YpaH, HAIPOTHB, UMEET HACTOJILKO OOJIBIIION OCEBOM HAKJIOH, YTO OH oOparaeTcst BOKpyr ComHia
MPAKTHYECKU «HA OOKY», U BO BpEMsl COJHIIECTOSIHHA OJHO W3 €ro IMOJYIIApUi UIMTEIbHOE BpeMs
HaxoauTcs 1o COIHEYHBIM CBETOM, a IPYroe MOCTOSIHHO HAaXOUTCS B TEMHOTE. MEXy 3TUMU ABYMS
COCTOSIHUSIMU €CTh BpeMsi (B€CHa M OCEHb), KOTJa JAHM U HOYM CMEHSAIOT JPYr ApPYyra ¢ KaXIbIM
000pOTOM TIJTAHETHI.

Ecnu HauanbHBI MOMEHT MHEpIUH Oyayiel 3Be3/16 0003HAUUTh J,, @ Ha4aldbHbIN pagnyc R,, TO
B IIPOIIECCE YBEJIMUYCHHUsS pajiyca 3TON 3Be3/lbl MOMEHT MHEPIUU YBEIUUUTCS B (R/R(,)2 paz. Ilpu s3Tom
BO CTOJIBKO K€ Pa3 YMEHBIIHUTCS yrioBas CKOPOCTh BpAIEHHs 3TOTO (parMeHTa (€Ciu CIpaBeIHBO
HEepeITUBUCTCKOE NMpUOImkeHue). JlonoaHurenbHas Macca J00aBiIseTcss K OCHOBHOM ¢ cOXpaHEeHHEM
MEXaHMYECKUX XapaKTEPUCTHK OCHOBHOM Macchl. B pesynbprate MOMEHT ummyibca L 3Be3Ibl B
MIPOU3BOJIbHBIII MOMEHT BpeMEHH OyJIeT paBHBIM

L =L, (m/m,). (5.1)

MosxHo mnoncuuTaTh npuOMmmKeHHyro BenumunHy L mnsa ConHna (6e3 ydera 3aBHCHMOCTH

IUIOTHOCTH OT paccTosiHus 10 nenTpa CoiHia):

L= %MRza): 2.8-10% krw/e. (5.2)

OceBoe Bpamenue CoiHIa cocTaBisgeT auib 2% MOMEHTa UMITyJIbca Beeil COTHEUHOM CUCTEMBI,
xotst Macca Comnna cocraBisier Oosee 99,8% oOmelt Maccel. Takoe pacmpeneneHue MOMEHTa
umnynasca Mexxay COoJHIIEM U TUIAHETaMH CBS3aHO C MEIJICHHBIM BpareHreM COJHIIa U OTPOMHBIMU
pa3MepaMi TUTAHETHOU CUCTEMBI - €€ TMONEPEYHHK B HECKOJIBKO THICSY pa3 Oonbiie auamerpa ComHia.

CrnenoBaTenbHO, MOMEHT UMITysibca COJTHEYHOU CUCTEMBI cocTaBisierT 1,4 10°® kr-m?/c.

Temepp MOXXHO TPOW3BECTH OICHKY HAaudaJdbHON BETUYMHBI MOMEHTa uMmmyibca ConHEYHOU

CUCTCMBI:
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L, = L-(m,/m) = 1,4-10°*(1,454:10%/1,99-10°°) = 1,02-10"® kr-m*/c.

B oroif popmyne HauanmpHas macca 3Be3Abl OINpENeeHa KaK MPOW3BEACHHE MEPBOHAYAIHLHOTO
00beMa, OTHOCSIIETOCS K OIHOM 3Be3/Ie, Ha INIOTHOCTH siaepHoro Bermectsa (10! kr/m’).

Jlerko mokasarb, UYTO Takas BEJIMYMHA MOMEHTA MMITYJIbCA SIBISETCS PEIATUBUCTCKOM. Tem He
MEHee, 3apOoJbIll 3Be3[bl HMEET MapooOpa3Hyro (opMy, MOCKOIbKY SJIEpHbIE CHUJIBl HMEIOT
3HAYUTENbHYIO BENUYHUHY. W TOJIBKO MpU pacHIMpEeHUH POCTPAHCTBA U YBEITUUEHUHU Pa3MEPOB 3BE3Ibl,
KOI'Jla YBEJIWYHMBAIOTCS CBOOOJHBIE MPOMEXKYTKH MEXIY 3JIEMEHTaMHM MacChl 3B€3/bl (3apojbllIaMu
aTOMHBIX si7Iep), popma 3Be3qbl CTaHOBUTCA AMCKOOOpasHoil. Co BpeMeHeM nepudepuiiubie 00IacTu
JTMCKOOOpa3HOM (POPMBI MOTYHAOT CAMOCTOSITENIbHYIO KU3Hb KaK CITyTHUKH 3BE3IbI.

Ha »sToMm sTamne co3paHus maHeT HEOOXOAMMO HAMTH KBAaHTOBBIE YCIIOBHS, KOTOpbIe obecrievar
W3BECTHOE COOTHOIIEHHE paauycoB opOut miaHeT ConHeuHol cuctembl. [lOCKONBKY 3TO
MaKpOCKOIIMYECKass CHUCTeMa, TO HaNpallMBaeTcs BBIBOJ 00 0OOpa30BaHUU PE30HAHCOB MEXKIY
OTJENIbHBIMH OPOUTAaMU IIJIAHET. DTO MOTYT OBITh PE30HAHCHI Pa3HBIX THMNOB. Hampumep, BpaiieHue
Jlyasl BOkpyr 3emuii U BOKpPYT COOCTBEHHOW OCH OCYIIECTBIISIETCS C OJMHAKOBOM YacTOTOW, B
pe3yabTaTe 4ero moBepxHOCTh JIyHBI BCce BpeMsi HanpaBJieHa Ha 3eMITI0 OJTHOW CTOPOHOM.

Takoro Tuma pe30HAHC BO3MOXKEH W MEXAYy IUIaHeTaMH. B TakoM ciyyae MpH KaKIOM
NpUOMIKEHUH OJIHA U3 ITHUX IUIAHET Bcerjaa Oyaer oOpaileHa K JAPYrod IUIaHETe OJHON CTOPOHOM.
OTOT ciayyall peanusyetrcs Mexay Mepkypuem u 3emied. OgHako TakoW ciydail ckopee OyneT
UCKJIIOYEHHUEM, YEM TPABUIIOM.

JUis Bcex ke IUIaHET Ba)K€H pE30HaHC Mexay opbutamu. Ecim coceaHue miaHeTHl B
OTIpEJICIICHHOE BpeMsl HaxXOJWJIMCh Ha OJHOM TpsAMOM, mpoxopsmiei uepe3 CoiHIE, TO Cleayrolas
Takas K€ CHUTyallusi B pe3oHaHce TpeOyeT, Hampumep, uToObl 3a TOJIOBUHY 000pOTa YIaJleHHON
TJIaHEeTHI OJIMIKHSA TIaHeTa cienana 1,5 obopora.

MBI 1OJTy4nIIH TIEPBOE COOTHOIICHUE MEXTY TTEPHUOTAMHU:

05-T =15-T, ,, (5.3)
w1, =3-T.1.
Taxoro Tuna pe3oHaHC JOKEH MPOUCXOIUTh MEKIY COCETHUMH IIJIaHETaMHU.
Teneps Bocmonb3yeMcsi TpeTbuM 3akoHOM Kerutepa (a - Oosblias MOTYOCh DIUTMIITUYECKON

OpOUTHI):

Lo| _[ 4] _o, (5.4)
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Otcrona

( % Jz 3/9 = 2,080. (5.5)

n—-1

Urak, eciu paguyc opOUTHI (MM OOJBIIAs MOTYOCh) CIIEAYIONIEH TUIAaHETHl MPEBHIIIAET PATUyC
npeapiayiei B 2,08 pa3a, To opOUTHI OYIyT B pe30HAHCE, B3ATOM B KauecTBe nmpumepa. Bes marepus,
KOTOpasi HaXOAMUTCS 3a TpeJieiaMi yKa3aHHbIX OpOHT, OyAET CTATMBAThCS K PE30HAHCHOW opOute. B
pesynbTare (Gopmupyrorcs IiaHeThl. Ha opOurax ruiaHeT He ocTaeTcss CBOOOJHOTO BEIECTBa.
[IpyuuHa 3akiroyaeTcss B TOM, 4YTO JaXe NPU HE3HAUYMUTENbHBIX OTKJIOHEHUSAX OPOUT 3apojbliia
IUTAHETHI ¥ APYTOro BEIIEeCTBA UX BeTpeuya HemsOexxHa. CreoBaTesbHO, IPOM30MIET 3aXBaT IIaHeTON
BElIECTBA ¢ OpOUTHI BOKPYT 3Be3/bl. [l TOro 4ToObI IIaHeTa MMella CBOM CITyTHMKH, HEOOXOJIUMO,
9TOOBI Takas CTPYKTypa BEIIECTBA CYIIECTBOBAJA MPH CO3/JaHUU TUIAHET B MOMEHT OTHEJICHHUS OT
nucka Oynyiei 38e31bl. Jlpyrue MexaHu3Mbl CO3jaHNsl CIYTHUKOB HE CTOJIb OUYEBUIHBI.

Uto ke B 3TOM IUIaHE TOBOPUT pealbHOE TMOJoXkeHHe Bemer s ComHEYHON CHUCTEeMbI?

PesynbpTaThl HccnenoBaHMit IpeACTaBiIeHbI B Ta0. 5.1.

Tabnuma 5.1. TTapamerps! mnanet CoJTHEYHOM CUCTEMBI.

T,, 3eMHBIX | Paccrosgaue nqo ComHia, a=R,
n Teno Macca, xr
CYTOK MJIH. KM
1 | Mepkypuit | 3,3022:10% | 87,97 46,0012—69,8169 57,909
2 | Benepa 4,8685-10™ | 227,70 107,476259-108,942109 | 108,209
3 | Bemums 5,9737-10* | 365,26 147,098290-152,098232 | 149,598
4 | Mapc 6,4185-107 | 686,98 206,669-249,2093 227,939
6 | IOmurep 1,8986:10° 111.314a. | 740,52 — 816,62 778,57
7 | Carypn 5,683:10%° 291.1671. | 1353,57-1513,33 1433,45
8 | Vpam 8,7-10” 841151 2748,9-3004,4 2876,75
9 | Henryn 1,0243-10°° | 164:1.288x. | 4452,9-4553,9 4503,4
10 | Inyron 1,19-102 2471.2551. | 4436,8-7375,9 5906,35
Hockomsky T, =3T,..=3""-T}, 10
T
ln(?”J =(n—1)-np, (5.6)
1

r7ie BenmunHa f =3 B uUJea’lbHOM BapUaHTE.

AHaIOTUYHO
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In| £ |=(n=1)-Iny, (5.7)

a,
rze 7/:3\/5 =2,08 B uaeambHOM BapHWaHTe, @, — CPEAHSAS BEIMYMHA paguyca OpOUTHI (OoJbIIas
MOJIyOCh 3JUIMIICA) 1-1 TIJIaHETHI.

CorracHO 3THM 3aBUCUMOCTSIM TIOCTpOUM rpaduku (puc. 5.1).

OKCTpanoJssiys MOTYyYEHHbIX 3aBUCUMOCTEH MPSMBIMH JIMHUSIMU MOKa3bIBAET, YTO CYLIECTBYET
JIOBOJIBHO Xopomasi koppemsinust (koddduument xoppenmsimun 0,997 B oboux ciydasx). OmHako
HalJIeHHbIC BETUYHMHBI [ W Y 3aMETHO OTJIMYAIOTCS OT MJeadbHBIX BeanuuH. Haineno f = 2,2338, y =
1,71. Omnako cootHomenue Inf/lny = 1,5 coorBercTByeT TperheMy 3akoHy Kemiepa. Ilpu Takmx
BEIMYMHAX HalIeHHBIX KOO(P(UIMEHTOB yhaleHHas IiaHeTa omuiuer ayry 291,78° mexmy aByms

BCTpEYaMH, a OJIMKHSAS - HA OJTMH 000POT OOJIBIIIE.

IS
o

o
X

In(a /a))
In(T /T))

N

Iny = 0,53645 ] B
] y=1,71 3 InB = 0,80369
Bl=2,2338

0 1 2 3 4 5 8 9 0 1 2 3 4 5 6 7 8 9
n-1

61
Puc.5.1. 3aBucumoctu [n(a,/a;) n In(T,/T)) ot HOMepa maHeThl COTHEYHOW CHCTEMBI (JIaHHBIC

JUTS TI0sica aCTePOUIOB Ha TpariKax OTCYTCTBYIOT).
31ech MBI MOMBITAIUCH 3aJI0KUTh OIPEACICHHYI (HU3UKY B OOBSICHEHHS 3aKOHOMEPHOCTEH B
opoutax tuiaHer ConHedHOW cucTeMbl. OJHAaKO B JIUTEpaType CYIIECTBYET OJMIMPHYCCKAsS

3aBHCHMOCTb, KOTOpasi OMHUCHIBAET MapaMmeTpbl opOUT miaaHeT CoJIHEYHON CUCTEMbI. DTO U3BECTHBIN

SMIIMpHUYECKUH 3aK0H Tunnyca-bone.

Cornacro 3akony Twummyca-bonme BenmumHa cpemHero paamyca OpOHWTHI n-U TJIAHETHI B

aCTPOHOMHUYECKUX €IMHUIIAX ONHUCHIBAeTCs (OPMYJIION:

Ry=0,4+0,32"? Ry, =04. (5.8)
rne Ry, — paauyc opoutsl MepKypusi.
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Tab6numa 5.2. IIpoBepka smnupudeckoro 3akona Turmyca-boe.

o Pannyc opOuThI (a.e.) R, —R,
Il1anera n 2" o npapuay | paxrrueckuii R -R,
Mepkypuii 1 0,4 0,39
Benepa 2 1 0,7 0,72
3emuis 3 2 1,0 1,00 1,825
Mapc 4 4 1,6 1,52 1,855
[Tosic 5 8 2,8 2,2-3,6 2,096 (o opbuTe Liepepsr)
acTepOU/IOB
Onurep 6 16 5,2 5,20 2,021
CarypH 7 32 10,0 9,54 1,9
VYpau 8 64 19,6 19,22 2,053
Henryn BBITIAIaCT 30,06 1,579
Opk 9 128 39,173
Tnyron o |128| 388 39,5 %;g;ja()"mocme“mo
Xaymea 9 128 42,985
KsaBap 9 128 43,405
Maxkemaxe 9 128 45,4365
2007 Jl43 9 128 47,910
Dpuna 10 256 77,2 67,7 1,721

Oty dhopMyity MOXKHO ITpeoOpa3oBaTh K BUIY:

R R

n+el M:2

Rn - RM
CornacHo 310t hopmyre Juist r000M TUTaHEeThl PacCTOSHUE OT Hee N0 TUTaHeThl MepKypuil B 1Ba
pasa Oojblie, 4YeM paccTOSIHME OT Mpeablaymed ImiaHeTsl A0 Mepkypus. PesynbraThl
COOTBETCTBYIOIIIUX PAacYETOB MPUBEEHBI B Ta0. 5.2.
Kak BuaHo w3 Tabmuibl 5.2, sMmupuyeckuid 3akoH Tunuyca-bojie BBIMOTHSIETCS UL C
0onb0i HaTsKKOM. CunTaercs, 4To pe3yapTaTsl Uit HenTyHa BbImaiaroT U3 3TOrO 3aKOHA, a BMECTO
Hero Hy>kHo Opatb [1myToH.

JaBaiiTe monpoOyeM yTOYHUTH 3aBUCUMOCTS (5.8). [lepenumiem ee B hopme

R, =Ry + cd". (PaccTosHUS B aCTPOHOMHYECKUX €IUHUIIAX )

B Takom cnyudae

In(R, - Ry)=1Inc+ nind (5.9
I'paduk, COOTBETCTBYIOIIMIA ATOW 3aBUCUMOCTH, IPUBE/ICH Ha puc.5.2.
Kaxk cnenyer u3 puc.5.2, nanasle no HenTyHy HOpManbHO yKJIAaAbIBAIOTCS HA NPSIMYIO JUHUIO, B

TO BpeMsl Kak pe3yiabTarbl Juid IuiytouaoB (Ilmyron m DOpupaa) cymecTBeHHO OTKIOHsAIOTC. I[lo
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o0paboTke 3THX TpaduKOB HaWjeHHbIe BenuuuHbl n ¢ = -1,1283, In d = 0,66198, ¢ = 0,32358;

d = 1,9388. Koapdurment xkoppemsamun coctaisieT 0,99963.

] 2007 JJ,
4- M 7_73p
aymea————

3 ] HJl}},'h’ll‘IOH / HeHTyHHHYTOH
=
T o2
&
14

04

19 Benepa

0 2 4 n-2 6 8 10

Puc. 5.2. 3aBucumocts BenmuuHsbl n(R, - R)) OT HOMEpa TUTaHETHI (PUCYHOK BKJIIOYAET MaJibie
IJTAHETHI).

Takum oOpazom, u3 puc. 5.1 u puc.5.2 (XOTs 3Ta 32aBUCUMOCTh HAYYHO HEOOOCHOBAHHA) MOXHO
ClenaTh BBIBOJ, 4YTO MEXAy opOutamu tutaHeT COJHEYHOW CHCTEMBI CYMIECTBYIOT DPE30HAHCHBIE
3aBHCHMOCTH.

W3 puc.5.2 cnenyer, 4To B IIMPOKOM MAacCHBE IJIAHET PE30HAHC ACHCTBUTEIBHO HaOIIIOJaeTcs,
eciim maneiM 1iaHetam (ILmyToHy m Dpuae) mpUCBOUTH HOMEpa Ha eIWHUIly MeHble. [Ipu sTom
npyrue mainele 1wiaHetsl [lmyrounsl (kpome Opunsl) U1 HenTyH okaspIBaroTCsl psSAOM, UYTO MOXKET
TOJBKO CBHUIETEIBCTBOBATH O TOM, YTO ITH KOCMHUYeCKHe Tejia ObLIM CO3JaHbl B KOMILIEKCe,
oJ100HO TOMY, Kak BMecTe co3/ianbl 3emuis u Jlyna. OgHako onpesiesieHHble CUIIbL, IeHCTBYIOIINE IPU
paclIupeHuy MPOCTPAHCTBA B HaudaJbHBIN MEpPHOJ, pPa3opBajid CBA3b MEXKAY MalbIMHU IUIAHETAMHU U
HentyHom, B pe3ynbpTaTe yero HenTyH HECKONBKO CMECTHJICS OT PE30HAHCHON OpOUTHI, a MaJble
TUTAHETHI TIOYYMIIA OPOUTHI, CYIIECTBEHHO OTKJIOHSIOUIUECS OT SKBATOpUAIbHOHN miockocty CoHIA.
OnHako B3auMMOJEMCTBHE MEXAY ITHMMHM KOCMHUYECKHUMM TeJaMH IMpOJ0JDKAeT YAEepkKHUBaThb MX Ha
opOuTax, BRIMAJAOIINX U3 PE30OHAHCHOTO PsAJIa, XapaKTepHOTro s BeeX TuiaHeT CONHEYHON CUCTEMBI.
Bonee toro, opouts! [lnyrona u HentyHa oka3anuch CHHXPOHHU3UPOBAHHBIMM: MEPUOJIBI 0OpalleHus
ITnyrona, HentyHa u Ypana Bokpyr ConHua oTHocsTcs Kak 3: 2: 1 (cinenoBarensHo, Ha 3 o6opoTa
Hentyna Bokpyr Connna mnpuxomutcs 2 obOopora Ilmytona). Baxkna eme onHa pgerans B
MOJTBEPKJCHUE €IMHCTBA MallbIX IulaHeT M HenrtyHa: miockocTh skBaropa HenTyHa HakiIoHeHa K

IUIOCKOCTH OpOUTHI TwiaHeT BOKpyr CojHia (IIOCKOCTH SKIMNTHKK) Ha 29°, a IUIOCKOCTh OpOHUTHI
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[Tnyrona HakioHeHa Ha 17,1°. MOXHO IpeaoN0KUTh, 9YTO TIOCTOPOHHSS CHJIA IIPUBEIA HE TOIBKO K
paspeIBy cBsi3u Mexay [lmyroHoMm m HenTyHOM, HO M K CMEIICHHIO HANPABICHUSI MOMEHTA UMITYJIbCa
Henrtyna.

Hakonen, nocnenHee, 4To Ba)KHO MOHSTh, 3TO PACHpPEEIEHUE MAacChl U IUIOTHOCTH MEXIY
rtaHeraMu COJTHEUHOM CHUCTEMBI.

Hcnonp3ys 3akoH moqo0ust, MOXKHO MOHATH, YTO HA HAYaJIbHOM CTaluu pacimpeHus: BeeneHHow,
KOrJla JIBUXKEHHs ObUIM PEISITUBUCTCKUMH, NEHCTBOBAJIM 3aKOHBI KBaHTOBOW MexaHHMKHU. [TocMoTpum
Ha Ka4yeCTBEHHYIO KapTUHY pachpelesieHus BOJHOBOM (QYyHKIUMU dJekTpoHa B 2s, 3p wuimm 4d
cocrosiHusx (puc.5.3.). Mcxons u3 3aBUCMMOCTH TaKOTO B, TJIe BEJIMYHWHA aOCIIUCCHI BHIOMpATach
TaK, 4ToObI (YHKIIMS MEHSJIA 3HAK TIPU X = ar = §, MOXHO TMOHSTh, YTO Macca MepKypus 0JKHA OBITh
MaJIoii, a Macca 3eMJIM B IpYIIIe MIaHeT 3eMHOM Ipymbl — caMoii Gombioif. Ha opbute acteponioB He
Morsa obpazoBarbes mianera (f(x) = 0). Macca HOnutepa momxHa OBITH MakcuMalbHOW. Macca

IJIAHET, paCIOJIOKCHHBIX 3a IOHI/ITCPOM, AOJKHA 3aKOHOMEPHO YMCHBIIATHLCA.

20
104
x)0
‘f( _)10_"_
201
30+
40t
501
601
701
801
901
-100 +———— |

0 10 20 30 40 X 50 60

Puc. 5.3. 3aBHCHMOCTDh aMIUIMTYIbl BEPOSTHOCTH HAXOXKJICHHS YACTHUIBI OT PACCTOSIHUS [0
2 2
LEHTpa MoJIs (B OTHOCUTENbHBIX eIUHUIAX, f(x) = x"(x-x"/8)-exp(-x/4)).

Ha pwuc.5.3 u3o0paxeHa 3aBUCUMOCTh aMIUIMTYABI, @ HE CaMOW BEPOSTHOCTH PAaCIpEIeICHUS
Macchl. YTOOBI MOIYYUTh pacIipeie]IeHne MacChl, HEOOXO0AUMO BO3BECTH (QYHKIHMIO f{x) B kBagpat. ToT
(akT, 4TO aMIUIMTY/a BEPOSATHOCTU 3a MpEJesiaMy T0sCa aCTePOUJIOB MMEET OTPHIATENbHBIA 3HAK,
HaBOJUT HA MBICJIb, YTO COOTBETCTBYIOIINE IUTAHETHI JOJDKHBI COCTOSATH U3 aTOMOB M MOJIEKYII IpYTOi
npuposiel, yeMm OmmxHue K ConmHIly ruraHeTsl. KpoMe TOro, Takoro Tuma pacmpeesieHHe Macchl OT
paccTosiHUSL MOTJO0 COpPMUPOBATBHCA TONBKO HAa PAaHHUX CTAAMAX SBOJIOIMHM BceneHHOH, Korma

,I[CI‘/’ICTBOBaJ'II/I KBAaHTOBBIC Bq)(l)CKTLI. Ha MMO3AHUX CTAJUAX IIPOUCXOJUIO TOJBKO OYHIICHUC
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MIPOCTPAHCTBA CO3JaHHBIMU IIaHeTaMu. [losic actepouoB HUKOTa He ObUT IIaHeToil. OH ocTancs
TaKUM, KaKuM ObUT ¢(hOPMHUPOBAHHBIM HA PAaHHUX CTAIUSAX IBONIONNH BeeneHHo.

Tor ¢daxT, 4yTO MIOTHOCTH OOJBIIMX IUTAHET Maja, MOXHO OOBSACHHTh, MCXOJl U3 3aKOHA
BonbumMana 1 pacnipeseneHys KOHIEHTPALMY Ta30B C YBEJIMYEHUEM BBICOTHI B OKPECTHOCTH 3EMIIH.
Takoe pacnpezenenue onucbiBaeTcs Gopmynoit:

n :exp(_ m_gh} (5.10)

1, kT
IJIe m — Macca MOJIEKYJbl, M, — KOHLUEHTPAIUsl COOTBETCTBYIOIIUX MOJIEKYJ BOJIU3U MOBEPXHOCTHU
3emuu. DTOM 3aBUCUMOCTH COOTBETCTBYET paclpenesieHne, n300pakeHHoe Ha puc. 5.4.

Kak cnemyer w3 3aBUCHMMOCTEH, M300pa)X€HHBIX Ha puUC.5.4, C YBEIWYEHHUEM BBICOTHI Haj
ypOBHEM 3eMJIH CYIIECTBEHHO YMEHBIIAETCsS KOHIIEHTpAIUs TSHKEIBIX MOJIEKYI, U atMochepa Oyzaer
MPEJICTaBJICHA B OCHOBHOM JIETKUMH MoJIeKylnaMu. Tak Oyzaer u npu poxxaeHnn COTHEYHON CUCTEMBI:
Tspkenbpie aTOMBI OYAYT pacmpeesieHbl BONMM3HM 3Be3fbl, a Jierkue OynyT (GopMHUpOBaTh OTAaICHHBIC
TUTAHETHI.

Ecmu MBI paccMOTpuUM pacmpeesieHHe M0 Macce M PacCTOSHUSAM CHYTHUKOB FOmuTepa win
CatypHa, TO 3aMETHUM, YTO B ITHX CIIy4asX TOXKE UMEET MECTO MPABHUIIO, OMTHCHIBAEMOE (DYHKITHEH f{X).

Y 3emuin MBI BUAMM OJWH TsDKENbIM CIyTHUK. M3BecTeH emie OAMH YHAJICHHBIH CIYTHUK
HeOOoIBIION Macchl Ha pacctosHud 19 muH. kM. Ho obmiee mpaBmiio TpeOyeT, 9ToObl B MPOMEXKYTKE
Mexay 3emiedt u JIyHoi ObUIO ele HEeCKOJBKO MEJKHX CITYTHHKOB, HE 3aMEUEHHBIX JI0 CHUX TIOp.
MoxHO TPeABUACTh U PACCTOSIHUS 10 HUX: 224 10° KM, 131-10° KM, 77 10° KM, 45- 10° kv 1 26-10° km.

AHaNOTUYHO U 3a npeaenaMu opOouTs! JIyHBI.

1,0
0,9
0,81
0,74
0,6
0,51
0,4
0,34
0,2-

0,8 1,0

Puc. 5.4. 3aBUcUMOCTb OTHOCUTENFHOM KOHIIEHTPAIMK I'a30B OT BBICOTHI ( x=mgh/ kT ).
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OnucaHHBIN B TOM TJIaBe MEXaHU3M DPOXKICHUS TUIAHETHOW CHCTEMbI OJHOBPEMEHHO IOKa3al,
YTO HA PaHHUX CTAIusIX dBoMonuU BceeneHHON ¢ 601bmoi 3()(QEeKTHBHOCTRIO CHaYajda POKIAIHUCH
TsDKesble aToMbl. [Ipy 3TOM NOSABISAINCH CBOOOJHBIE HEUTPOHBI, HJIEKTPOHBI U MPOTOHBI, a 3aT€M B
pe3yabpTaTe 0-aKTUBHOCTH TSDKEJBIX siep M aToMbl reius. [1ockonbKy OMHEHTPOHBI POXKIAOTCS B
OKPECTHOCTH AaTOMHBIX fJep, TO Macca 3THUX siep MOCTOSHHO yBenuuuBaercsi. OJHOBpEeMEHHbIE
MIPOLIECCHI PAIMOAKTUBHOIO paclajia NPUBOIAT K HATMYUIO JUHAMUYECKOTO PaBHOBECHSI, B PE3yibTaTe
KOTOPOro IJIaHeTa 3eMJIsl U Jpyrue, noJoOHble el MIIaHEeThl, UMeeT OOJIBLIOE COAEPIKAHUE TSAKEIbIX
s7iep 3a mpeaeaMu cTadUIbHOCTH (MacCHBHEE s/ipa CBHHIIA). A pa3 CYIIECTBYIOT 3aJIeKHU ypaHa, TO B
HUX JOJDKHBI CYIIECTBOBAaTh M JI0OOABKM TUTYTOHHS, YTO JEHCTBUTEIHLHO HMEET MECTO Ha 3emiie

py ¢ neproJioM mnojypacrnaga 80 MiIH.

(oGHapyxeHsl > Pu ¢ meprogoM moxypacmazga 24100 et u
JIET).

Otcroma creayeT, 4Tro HE TOJbKO IUIAHEThl, HO U BHYTPEHHHE 00JIacTH 3Be3[ COCTOAT
NPEeUMYIIECTBEHHO W3 TSKEJbIX sijlep XHMHYECKHUX 3jeMeHTOB. lVmeHnHo »tu obnactu u
o0ecrieunBalOT MOCTYMJICHUE PHEPIMHU M IOCTOSHCTBO B M3JIy4aTeIbHOM CIIOCOOHOCTH 3Be3[l, HE
OTHOCSLIMXCS K KJIaccy TepMosiaepHbIX 3Be3d. K umciy Takux 3Be3n oTHocutcs CoJHUE U Apyrue
3BE3/bl, M3JIydaTeJIbHbIE XapaKTEPUCTUKU KOTOPBIX OMMCHIBAIOTCS C MOMOUIbI 3KCIEPUMEHTAIBHO
HalJICHHOTO 3aKOHa «Macca-cBeTuMocTb» [13]. Tompko Takum 00pa3oM MOXXHO MOHATH OTPOMHYIO
M3IIy4aTeIbHYI0 CIOCOOHOCTh XOJIOHBIX 3Be3/-TUranToB (betenbreiise, € Aurigae).

C pacummpenuem BceneHHol BKIIaJ] TAKOro MeXaHU3Ma POXKJICHHUS aTOMHBIX sIIep U aTOMOB OyzieT
CHIDKATBCS, a KOTJja KOHIIEHTPALUs JIETKUX siJiep CTaHeT Mpeoliajaromieid, Ha IepBoe MECTO BbIieT
MOCTaIMHOE TIPeoO0pa3oBaHus JETKUX sA/ep B Oojee TsHKeNble 3a CUET POKIIEHUS OMHEHTPOHOB B UX
OKpecTHOCTU. B 0OBIYHBIX 3Be€37aX BKJIAJ TEPMOSACPHBIX peakluil B mpeoOpa3oBaHUs JETKUX S/Iep B
Oornee TsKeNble He3HauyuTeNneH. bornee Toro, m B TepMOsSiIepHbIX 3Be3JaX OH He sBJAETCS
onpeaessiioIUuM.

Beiie MBI paccMOTpenM TMOYTH WJACANBHBIA CiIy4yad, KOTJa, HECMOTpsl Ha MPOTEKaHHE
HEKOHTPOJIMPYEMBIX pPEaKIUU SACPHOTO TPEBpAIIEHUS B 3apOJIbIIIE 3BE3/bl, OHA UMeeT (opmy
UJeaNbHOTO NUCcKa. PeasibHO e 3Ta hopMa MOKET OBITh BHITSHYTOM WM JJake XaOTUIHOU. Bo Besikom
cllydae, BO3HHMKA€T BO3MOXXHOCTh Ha JTOH CTaguH, KOTJa BKIIOYAETCS TPABUTAIIMOHHOE C)KaThe
BEIIECTBA B 3BE3/ly, OOpa3oBaHWE HE OJHOW, a ABYX Wiu Ooinee 3Be3a. Ilepwoapl oOpamieHus B
3BE3JHBIX Tapax MOTYT JOCTHUTaTh MHOTHX ThICSY JIeT (B Makcumyme pacmpezneneHus). Ho OGonee
WHTEPECHBIM TIPEJICTABISIETCS Clydyail, Korja nepruo oopaiieHus coctaBisieT aumb 11 munyt. B aTom
ciydae Oenblii KapiauK co ckopocTeio 1200 km/c aBMKeTCst BOKPYT 19- KUIOMETPOBOM HEHTPOHHOM
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3Be3Nlbl, 0 Macce coorBercTByromerd Comniy [14]. PaccrosHme mexay 3Be3gaMH B OTOW mape
coctaBnsier 126000 xm, T.e. B 3 pa3za MeHbIIe paccTOsHUS MexAy 3emied u JIyHoit. DtoT dakt
3aCTaBJISIeT 33 lyMaThCsl O MEXaHU3Me 00pa30BaHUs TaKOM Maphl 3BE3/1.

OOuenpuHATEIA B JIUTEpaType MeEXaHW3M 00pa3oBaHUs HEUTPOHHBIX 3BE3/ IyTEM B3pbIBa
CBEPXHOBBIX 3B€3]] HE B COCTOSIHUM OOBSCHUTH CYILIECTBOBAHHE 3TOW TECHOM Maphl 3Be37, MOCKOJIbKY
paauyc OOJBIION 3BE3bI TIEpE]l €€ B3phIBOM cylecTBeHHO mpeBbimaeT 126000 kM. s cpaBHeHus,
pamunyc Comuna (oObruHas 3Be3na) coctabisger 696000 kM. B Takom ciydae cienyeTr cuumTaTh, 4TO
TeCHas 1apa 3Be3]l C caMOro Havayia Obula Takoi mapoii. IHaue roBopsi, 3TO TOT PEeIKHUi Cirydail, Korja
HayaJlbHAasi HEWUTPOHHAs MaTepHsl HE 3BOJIOLMOHUPOBAJTA B CTPYKTYpy HOpMalbHON 3Be3nbl. U
IIpUYMHA KaK pa3 B TOM, YTO C CaMOro Hayajla co3Jajach TecHas mapa OyayIiux 3Be3]l. DTO 0Kazajo
MOIIIHOE BJIMSIHHE OJHOM 3B€3/bl HA JPYryl0, TaK 4YTO OJHA OCTajach HEUTPOHHOM, a BTOpas cMorjia
HBOJIIOLIMOHUPOBATH TOJIBKO K COCTOSHUIO O€lIoro Kapiimka (IpOMEXYTO4YHasl IUIOTHOCTh MEXIY
HEHUTPOHHOU 3BE3/10i M OOBIYHBIMHU 3BE37aMH, TO €CTh B MIJUIMOH pa3 OOJbIIe TUIOTHOCTH OOBIYHON
3Be3zpl). Kak ciencteue, npuBeeHHBIH (PaKT sIpKO CBUAETEIBCTBYET B MOJIb3Yy NPEAI0:KEHHOI0 B
JAHHOM CTaTbhbe MeXaHHU3Ma POKAeHHUS FAIAKTHK, 3Be3/l, IVIAHETHON CHCTEeMBI.

BeposiTHOCTh Takoro THma pa3BUTUS HBOJIIOLMU 3BE37000pa3oBaHMsl JOCTATOYHO BEJHKa,
MOCKOJILKY JIBOMHBIE 3BE3/IbI JOCTATOYHO YaCTO HAOIOIAIOTCS B ranakThke Mueunsrii [TyTs.

TpoliHble 3Be3/bI BCTPEUAIOTCS 3HAYUTENBbHO (mpuMepHO B 20 pa3) pexe. OHHU, Kak MpaBUIo,
COCTOSIT U3 TECHOM JIBOMHOM 3Be€3/bI (TJIABHOM Mapbl) U UX JAJIEKOT0 CITYTHHKA, KOTOPHIMA BpaliaeTcs
BOKPYT TJIaBHOW Maphl, Kak BOKPYr eauHOoro tena. [Ipumepom TpolHON 3Be3/bl SBISETCS Halla
omxaimiast cocenka - Anbga llenTtaBpa: ynanéunas 3Besna [Ipoxcuma llenTaBpa oOpaiaercs BOKpyr
nByxkoMmrnoHeHTHON Anbda IlentaBpnl (Anbda LlentaBpa A u Anbda llenraBpa B). Tonbko mpu
TaKOM CTPOCHHUH CUCTEMA U3 TPEX 3BE3]] yCTOWUYHMBA.

YeTrpIpexKpaTHBIC 3BE3/bI AJIS1 YCTOMUYMBOCTH CUCTEMBI JOJDKHBI MPEICTABISTh COOOH JBE TECHBIC
napbl 3Be3/1, yAAJEHHBIX Ha OOJIbIINE PACCTOSIHUS, MPEBBIIIAIOIIEE PACCTOSHUE B Mape 3Be3/] HE MEHEe
4eM B S pas.

Haiinensl Taxke HSATH U IIECTUKpPATHBIE 3BE3JIbl, B KOTOPBIX TPEThs IMapa 3Be3] Bpallaercs
BOKPYT JBOMHBIX 3BE3].

B knure [15] oTmedaercs, 4TO MPU MNOHMKEHUM KPATHOCTH 3BE3]l HA €AMHMIY YHCIIO CHUCTEM
BO3pacTaeT mpuMepHo B 4 pasa. [Ipu 3TOM [BOWHBIE CHCTEMBI COCTaBISIIOT MpUMEPHO 75% Bcex
CUCTEM, TpOWHbIE - uyTh MeHee 20%, yeTBepHbIe - mpuMepHo 5%, nsarepHsie - 1,2%, mectepHbie -
0,3%.
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5.2. BeiBOaBI

B pabore paccMOTpeHO pOXKIEHUE TUTAHETHOW CHUCTEMBI, HCXOIS W3 MOJEIU POXKIACHUS
Bcenennoit ¢ MUHUMaIbHOW HavyallbHOW SHTponuel. Pazputre 310l MOJIEIN TTOKa3aio, 4To:

1) 3aponeim Oyaymiei 3Be3[pl MPEICTABISAET COOOW 3IEMEHT (pakTana, BpaLIArOIIUNACT C
PEIATUBUCTCKOM CKOPOCTHIO. [10 Mepe yBenmueHust MacChl B pa3Mepa dTOTO JIEMEHTa OH MPHOOpeTaeT
mrckooOpasnyro Gopmy. Hactymaer MomeHT, Korja nepudepruieckne 001acTu IUCKa OTPBIBAIOTCS OT
JIMCKa, YHOCS ¢ COOOW 3HAYMTEIbHYI0 YacTh MOMEHTa MUMIyJbca CUCTeMbl. OpOUTHI BCeX IUTaHET
JIOJDKHBI  HaXOJUTHCS B DKBATOPHAIBHOW TIOCKOCTH 3Be37bl. HampaBiieHue oceil BpaieHHs IMIaHeT
JOJDKHBI U3MEHSATBCS OT TUTAHETHI JI0 TUTAHETHI.

2) OTtopBaHHbBIE MacChl O0Pa3ylOT IUIAHETHYIO cHcTeMy. Mexay opOMTaMu IJIaHET BO3HUKAIOT
PE30HAHCHBIC SIBIICHUS, B PE3YNbTAaTe KOTOPHIX 3aBHCHMOCTH PACCTOSHHUS OT TUTAHETHI JIO 3BE3[IbI
YKJIa/IbIBa€TC B F€OMETPHUECKYI0 MpPOrpeccHio. AHaIN3 PE30HAHCHBIX SIBJICHUH IMO3BOJIMI CHENaTh
BBIBOJI, uTO [ImyTou et (kpoMe Dpuibl) M3HAYAIBHO OBLIM CITyTHUKaMu HenTyHa.

3) Ecnu ¢pakran Oyaymieidt 3Be37bl JBOJTIOLUOHUPYET TakKuM oOpa3oMm, 4To ero ¢dopma
OKa3bIBAETCSl BBITSHYTOH, pa3phiB (ppakTana MpUBOAUT K POXKIACHUIO Mapbl WM OOJIBIIEro KOJUYECTBA
B3aUMO/ICHCTBYIOIIUX 3BE3/.

4) Ucxons n3 3akoHa Mo100Us TPOBEICHO CPAaBHEHUE JBMXKCHHSI AJIEKTPOHA B aTOME U TUTAHETHI
B CosiHeUHO# cucTeme. JTO CpaBHEHHE IMOKa3allo, YTO a) B Tpymre IuianeT oT Mepkypust 10 Mapca
3emutst TOJDKHa 00JialaTh MaKCMMaJIbHOW BETUYMHONW Macchl, 0) Ha opOWTE acTepOMIOB TIJIAHETHI
HUKOT]Ia HE OBLJIO, B) B TpYIINe MIaHeT-TurantoB Omurep momkeH o0iaanaTh caMoi OOJBIION MacCoi,
I') IJTAHETHI TPYIIIBI 3eMJIM JOJDKHBI XapaKTepU30BaThCS OOJIBIION BEJIMYMHOMN IUIOTHOCTH BEIIECTBA, B

TO BpEMs KaK IJIaHCTBI-TUI'aHThI — MaJlol MIOTHOCTBIO.
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I'naBa 6. CkansipHoe moJjie B HOBOM Mojeu BeesieHHOM

[Tpu paccmotpenuun moaenu co3maanust Beenennoit [1] Mbl 0OpaTuiu BHUMaHUe Ha TO, YTO Hallla
Bcenennas sBnsiercsi cocraBHOM uacThio Cynep-Bceenennoit. B cBoro ouepennr Cymep-Bceenennas
MIPEJICTaBJIEHA PACCIOCHHBIM MpOCTpaHCTBOM [2]. Bce ciom paccioeHHOro IMpOCTPaHCTBA
pacIIUpPSIOTCS CO BPEMEHEM CO CKOPOCTBIO cBeTa. [IpumBBIUHOE Ul HAC TPEXMEpPHOE IPOCTPAHCTBO
(uetpipexmepHas (3 + 1) Bcenennas) TpaHUYUT ¢ ABYMEpPHBIM MpocTpaHcTBOM (Mmupom-3) KBapKoB
[3,4]. AHanOrMYHO, IBYMEPHOE MPOCTPAHCTBO TPAHUYUT C OJHOMEPHBIM IpocTpaHcTBOM (Mupom-2)
muoHoB (wactunl Ilmanka). Hakonen, opHOMEpHOE MPOCTPAHCTBO TPAHUYUT C HYJIbMEPHBIM
npoctpanctBoM (Mupom-1) CkamsipHoro I[lons-Bpemenu. 3amoiHEHHE OJHEPTHEH PacCIOSHHOTO
MPOCTPAaHCTBAa HaymHaeTcs ¢ Mupa-1. 3aTeM 3amonHAIOTCS MPOCTPAHCTBA BBICHIMX Pa3MEPHOCTEH
KaXIbIH B CBOIO ouepenb. [Ipu sTom sHeprus, mocrymaromas B Mupa-2, o0iiagaer crmocoOHOCTBIO
co3JaBaTh 4YacTHULEl Mupa-2. AHalOrM4HO, 3HEprus, moctynawmomas B Mup-3 u Mup-4, obnanaer
CIOCOOHOCTHIO CO31aBaTh, COOTBETCTBEHHO, IPYyNNbl KBAPKOB U OMHEHTPOHbBI B OKPECTHOCTH
aTOMHBIX siiep. BakHOll XapakTepUCTHUKOW OSTUX TPYNI YACTUI SBISETCS OTCYTCTBHE 3apsiiOB
(LIBETHBIX, JIEKTPUUYECKUX, MATHUTHBIX ) 1 MAarHUTHBIX MOMEHTOB.

B ormnmmume ot CranmaptHoil monenu poxkiaeHus Bceenennoit [5-9] u3 cuHrymsproctu ¢
OeCcKOHEUHO OOJIBIION TIUIOTHOCTHIO BEIIECTBA M OECKOHEYHO BBICOKOW TeMmIepaTypou, a
CIIEIOBATEIbHO M OECKOHEUHO OOJBIION SHTPOMHUEH, JaHHAs MOJAENb poxaeHus BceeneHHOU
o0ecrieunBaeT MUHUMAJIBHO BO3MOXHYIO BEJIWYUHY SHTPONMHM, XOJOJHOE MCXOJHOE COCTOSHUE U
OTPaHUYEHHYIO TUIOTHOCTh BEILIECTBA.

B npennoxennoit monenmu CkansipHoe I[lone u3 HymbMmepHoro mpoctpaHcTBa Ilons-Bpemenu
UMEEeT BO3MOXXKHOCTh B3aUMOJICHCTBOBAaTh C JPYIMMM IIPOCTPAHCTBAMHU M 3a/laBaTh MPOTrpamMMy
IBOMIOLMH BeeneHHou.

B nmanHoil cratbe MBI paccMoTpuM cBoiicTBa Ilosisi, criocoOHBIE OOBSICHUTH BCE BO3MOYKHBIC

MPOLIECChI, MpoTeKatomue B Mukpomupe u Makpomupa Mupa-4.
6.1. Cxansipnoe Ilose

B 1921 T. Kamyma omyOnmkoBajl CTaTblo, B KOTOPOW MPEATIONKWI METOJ OOBEeIMHEHUS
TPaBUTAIIMOHHOW M 3JICKTPOMArHUTHOTO B3aUMOJICHCTBHS (00IIE TEOPHH OTHOCUTEIBHOCTH M TE€OPUU
3JIEKTPOMAarHUTHOTO 10Jii MakcBelljla) Ha OCHOBE THIIOTE3bl, COIJIACHO KOTOPOH Haml MHp

MIPECTABIIAECTCA KaK HCKPUBIICHHOE ISITUMEPHOE IIPOCTPAaHCTBO-BpeMs. Ilpm sTom, Kak u Uit
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YEeTBIPEXMEPHOT0 MPOCTPAHCTBA-BPEMEHH CUMTAJIOCh, YTO OJHA KOOpAMHATa BPEMEHHas, a YeThIpe -
npoctpancTBeHHsbie [10,11].

2
B TaKoM ciydae s ISTHMEPHOTO HHTEpBaa 3aliIeM”

dl’ =G ,dx"dx”, (6.1)
rje uHACKCh A u B Teneps umerot 3Hauenue 0, 1, 2, 3, 5 (deTBepka HaMepeHHO TponyiieHa). Tenepb

KOMIOHEHTHI TeH30pa G 3anuieM B (popmMe MaTpHUIIBI

o
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Q
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Gl ;

GS = Gaﬂ GaS _ gaﬂ Aa (62)
st GSﬂ GSS Aﬁ : GSS

0 1 32 33 35

GSO GSI G52 G53 GSS

Q
Q
Q

v

i

Q

9
Q@
Q9 Q

9
9

B sToit popmyne rpedeckre uHACKCH o U f poberatoT uetsipe 3HadeHus: 0, 1, 2, 3. Tenzop G
CUMMETPHUYHBIM, TIOATOMY B HEM TONbKO 15 pasmuunbix kommoHeHT. [Ipu 3tom 10 KOMmoHEHT

COOTBETCTBYIOT TEH30pYy OOIIeil TEOpUU OTHOCUTEIBHOCTH OWHIINTEHHA, YeThIPE KOMIIOHEHTHI

2y

2
C

COOTBETCTBYIOT KOMIIOHEHTAM JJIEKTPOMarHUTHOIO BEKTOPHOro noTeHnuana A, (G, = A, ey -

rpaBUTAIIMOHHAS TIOCTOsTHHASA B (hopmyiie HproToHa), a qomonHuTeNbHAsE KoMIToHeHTa Gss HEM3BECTHA.
U3 ctpykTypsl MaTpuibl G cienyeT, yTo KomMnoHeHTa Gss COOTBETCTBYET Hen3BeCcTHOMY CKasipHOMY
[omzo.

Taxum oOpazom, Teopust Kanyiiel Tpedyer cymiecTBoBaHus qonoiaHUTenbHOro Ckansiproro [loss
U COOTBETCTBYIOIIETO B3auMojeicTBusi. PaccmarpuBas matpuily (6.2), MOKHO YTBEP)KIaTh, YTO Kak
TPaBUTALMOHHOE W JJIEKTPOMArHUTHOE IO TMPOSBISIIOTCS B Mukpomupe u Makpomupe, Tak U
HensBecTHO CkamsipHoe Ilone momxHO mposiBisiThcs B Mukpomupe u Makpomupe. OOmieit s 3tux
MoJiel SBISETCS W 3aBHCUMOCTh HMX HANPSHKEHHOCTH OT PACCTOSHHS. ODIEKTPOMAarHUTHOE TOJIe
0Ka3aJI0Ch 3HAYUTEIFHO CHJIbHEE TPAaBUTAIIMOHHOTO M MAaKCUMAIILHO TPOSIBISIETCS B CTPOSHUH aTOMOB
¥ MOJIEKYJI, BO B3aWMOJCHCTBUH MEXAY 3apsgamMi. 3a HaJU4Me Macchl JIEeMEHTAPHBIX YaCTHII,

CKOpee BCEro, OTBEeTCTBeHHOe HMeHHO Ckaasiproe Ilosie (Macca - CKanspHas BEIMYHHA) >,

27 N
B teopetuueckoil puznke NpUHATO HE MUCATh 3HAK CYMMBI, a CUUTATh, YTO OH CYILECTBYET, €CIIM UHIEKCH B hopmyIe
HOBTOPSIIOTCSL.

% TeopeTHKH CUMTAIOT, YTO MACCA SIEMEHTAPHBIX YACTHI[ MOPOKIACTCS B PE3yNbTaTe WX B3aMMOICHCTBHS C IOIEM
ckansipHoro 6o3oHa Xwurrca (Peter Ware Higgs). B kBaHTOBO# MeXaHMKE €CTh KECTKOE IPaBWJIO: B3aMMOJCHCTBOBAThH
MEX/1y COOO0i MOTYT COCTOSIHHSI C OJIMHAKOBOHM cuMMeTpHeil. Tak MoxeT i 6030H XUrrca, BepOSITHOCTh CyIIeCTBOBAHMS
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NMOCTOSIHHO NPHUCYTCTBYIOLIee BO BeesreHHOM. A ITOCKOJIBKY BEJIMYNHA MACCHI DJIEMEHTAPHBIX YaCTHI]
HE 3aBUCUT OT KoopauHaT B MeraranakTtuke, To AeiictBue CkanspHoro I[lonst onnHakoBO BO Bcel
Bcenennoii. bonee Toro, MoxHO naxke yrBepxkaaTth, uto CrajsipHoe Ilose ¢popmupyer Beenennyio.
Takum o6pazom, Mbl oToxaecTBiIsieM Ckansaproe [lone mo teopun Kamyist ¢ [Tonem Mupa-1 [1]. U3
BbIpakeHusa (6.2) MOXHO crenaTth BbIBOJ, uTo CkamspHoe [losne moposkmaer apyrue moiis, 4To U
o0ecrieunBaeT poKJICHHS BEILECTBA, CYIIECTBOBAHNE )KU3HH, IBOJIOIMIO BeeneHHoil.

Brimme 6b110 ckazano, uTo Mup-1 HynbmepHbIi. OgHAKO CTOUT OTMETHTH, UTO BCE BO3MOYKHBIC
KoopJMHaTel B Mupe-1 He pacKphIThl, 3aMKHYThIE caMy Ha ce0s B KoJblla Masioro paauyca. [loatomy
Ha CaMOM JeJie JIOKAJbHAfl CUMMETPHUSl MOJs MOKeT ObITh cdepuyeckoii B MHOTOMEPHOM
npocrpancrie. [loje BbICOKONH cHUMMeTpuM 00daJaeT CIOCOOHOCTHIO MOPOXKAATh MPOCTPAHCTBA U
YacTHUIIbl C TOHWKEHHON cummerpued. Ilpu stom Mup-2 m Mup-3 HMEIOT HWIMHIPHUYECKYIO
CUMMETPHUIO (HUTh MaJIOro JuameTpa M JUCK Mayloil BbICOTHI), a Mup-4 normyckaeT Bce BO3MOXKHbBIE
CUMMETPHH, BKIIOYasi CPEPUIECCKYI0O CUMMETPHUIO B TPEXMEPHOM MPOCTPAHCTBE, /Uil Yero u3 Mupa-1

BBOJUTCS B Mup-4 nonosiHuTenbHas nHbopmamms [1].
6.2. BakyymHBIe 4aCTHIbI

OdeHb TPYAHO TPOUCXOAUT (OPMUPOBAHUE BAKHEUIIETO MOHATHUA COBPEMEHHOW (PU3MKH -
¢usnueckoro Bakyyma (®B). B Teuenue nByX ThICSY JIET CUMTAJIOCh, YTO MPOCTPAHCTBO 3aIMOJHEHO
Bcernponukaronmm >pupom. B XX Beke >dup Obln 3aMeHeH aOCOMIOTHOW mycToToi. OmHaKo auis
OOBSICHEHHUSI PAa3IMYHBIX SIBIEHUH (MOMPAaBKM K MATHUTHOMY MOMEHTY 3JIEKTPOHA, CMEILEHHE YPOBHS
TOHKOW CTPYKTYpPBI B aTOME BOJIOPOJIa U T.J.) BBOJMINCH TaKUe MOHATHS KaK "BaKyyMHBIE TIOTIPaBKU".
B nacrosmee Bpemss @B paccmaTpuBaeTcs Kak HUKHEE COCTOSHHE KBAaHTOBBIX MOJIEH. B TO ke Bpems
®B mnpomomkarT HAAENATH BCE OONBIIUM KOJUYECTBOM HUKAK HEOOBSICHUMBIX, HO JKECTKO
MOCTYJIMPOBAHHBIX CBOMCTB. (CuuWTaercs, HampuMmep, 4TO, ACUCTBYS Ha (QHU3MUECKUN BaKyyM
OTIepPaTOpOM POXKACHHUS YACTHII, MOXXHO MOJyduTh U3 myctoro ®B peanpubie uyacTumbl. Hukakoro
HaMeKa Ha MEXaHu3M 3Toro mpouecca HeT [12]. [la 3T0 ¥ MOHATHO, BeAb M3BECTHBIE YETHIPE TUIA
($U3NYECKUX B3aMMOACUCTBUN HE MOTYT OOBSICHUTH MPOIIECCHI, CBSA3aHHBIE C MPHUPOIOH (PU3MIECKOTO
BaKyyMa.

B monorpaduu [12] BnepBbie ObuTa M3JI0KEHA CIEAYIONIAs THIOTE3a O MPUPOJIE U CTPYKType

q)I/ISI/I‘-IGCKOFO BaKyyMa. Ipd aHHUTWIAIVH Napbl YaCTHHA-AaHTUYACTUIA OHU HE TUKBUAUPYIOTCH,

KOTOpOro Bo BcelleHHO# paBHa HYJI10, 00€CTIEUUTH CYIIECTBOBAaHHE MAcChl BCEX BO3MOXKHBIX 4acTHUI] (Kak 0030HOB, TaK U
JIENTOHOB, KaK CKaJSPHBIX, TAK ¥ BEKTOPHBIX YaCTHIL)?
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a 00beIUHSAIOTCS B CHCTEMY, Ha3BaHHYIO dJleMeHTapHo#l yactumeii Bakyyma (OUB). B OUB B
HEBO30YX/ICHHOM COCTOSIHUM B HallleM Jab0opaTOpHOM IPOCTPAHCTBE BCE KBAHTOBBIC YWCIIA PaBHBI
HYJIIO.

OcHOBOW (pM3MYECKOro BaKyymMa coriacHo [12] sBisleTcs NPOTOH-aHTHIPOTOHHEIH (p p))

BakyyM. Komrenrpammss OUB B sToM Buze Bakyyma pasHa 1,54541:10% cm™, B To Bpems Kak

-3
, To ectb Ha 10

KoHIeHTpauus JUB IeKTpOH-IIO3UTPOHHOrO Bakyyma pasHa 1,73009-10% cm
nopsiikoB MeHbIne. Becero B [12] HacuuTano 9 BHAOB (U3MYECKOTO BaKyyMa, BKJIHOYas HEHTPHUHO-
aHTUHEHUTPUHHBIN BakyyM. OnqHako, B MoHorpaduu [12] He aHATU3UPYIOTCS MPUYUHBI U MEXaHU3MBI
peoOpazoBaHUs Maphl YaCTUIA-AHTUYACTHUIIA B DJIEMEHTAPHYIO YaCTUIy BaKyyMa.

Bosbmem 3a ocHOBY nipuBeieHHBIN B [12] moaxo/ a1 onucanusi U3N4ecKoro Bakyyma.

B sTOM 1I1aHE MHTEPECHO PACCMOTPETH MPUPOAY AHHUTHIISIIUY YacTuil. Hu anexTpocraruyeckoe,
HU TPaBUTAIMOHHOE B3aMMOJIEHCTBUE HE MOTYT OOBSCHUTH 3TOT (PeHoMeH. OcoOEHHO ITO KacaeTcs
AHHUTWIAIIAYA HEUTPUHO C COOTBETCTBYIOIINM aHTHHEUTPHHO.

KynoHoBckoe B3anMMOJEHCTBHE MEXKIY DJIEKTPOHOM U MO3UTPOHOM CIIOCOOHO OMHUCATh TOJIBKO
CO3/IaHUE «aTOMay MO3UTPOHUS, YTO U HAOIIOAAETCS B OKCIIEPUMEHTAX.

Taxum 00pa3om, MbI IPUXOJUM K BBIBOJY, YTO CO3/IaHHE BaKyyMHON YaCTHIIBI U3 Mapbl YacTUIIA-
AHTHYACTHIIA C HYJIEBBIM PACCTOSTHUEM MEXy HUMHU TpeOyeT Ipyroro Tuma B3aumojeicTus. Bo Bcex
Clly4dasiX BaKyyMHasl 4acTHIIa SBIISieTCs cKalsipHOU. [109TOMY MOKHO clienaTth JOTMYeCKUid BBIBOJI, YTO
umenHo CkaJisipHoe Ilosie BbI3bIBaeT co31aHUe BaKYyMHOI 4yacTuubl. VTak, oAHUM U3 CBOICTB
Ckansipuoro IloJis sBisieTcs: ero yuacrue B c031aHUM BaKYyMHBIX yacTull. [Ipu 3ToM BakyyMHBbIe
YaCTHIIBI 3aKpBITHl JUIS BHENIHEro Bo3neiicTBus. [l mpeoOpa3oBaHUsl BaKyyMHOW YacTUK B Mapy
peanbHBIX YaCTHUIl HY’)KHO €€ MOJspru30BaTh. Eciu 9T0 mapa 3apsHkeHHBIX YacTUIl (9JEKTPOH-TIO3UTPOH,
KBapK-aHTHKBAapK), TO TOSPH3AlMS MPOHCXOJUT B KYJIOHOBCKOM TIOJE€ AaTOMHBIX slep, a
npeoOpazoBaHUe JTON BUPTYAJIbHON Mapbl B Mapy CBOOOJHBIX 3apsHKEHHBIX YACTHII BO3MOYKHO
BCJIEJICTBUE BO30OYKICHUS TOJSIPU30BAHHOW BaKyyMHOM YacCTHIBI KBAaHTOM JJIEKTPOMArHHUTHOTO
unydenust (hv > 2mc?). Takoil mporecc paspellcH, MOCKOJIBKY paspelieH oOpaTHBI mpolece -
n3IydeHue GOTOHOB NPU AaHHUTHIIALIUY YaCTUIIBI C aHTHYACTHUIICH.

C 1pyroét CTOpPOHBI, AHHUTWISAIMS TPOUCXOAUT TPU B3AUMOJCHCTBUM YaCTHUIBI C
COOTBETCTBYIOIICH aHTHYACTHIICH, HE3aBUCUMO OT BEITUYHHBI AJIEKTPUUECKOTO 3aps/ia, CIUHA, MAacChI.
OT0T (haKT emie pa3 CBUAETEIBCTBYET B MOJIb3Y TOTO, YTO OTBETCTBEHHBIM 33 aHHUTWJISIIIUIO BBICTYIIAET

umenHo [lone. [Tockonpky [losie crmocoOHO MOPOKIATH YACTHUIIBI C OMPEISICHHON MacCoil, TO BEpHBIM
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JOJDKHO OBITh M YTBEpPXKJAEHHE O BO3MOXHOCTH AHHUTWISIMHN (MCUE3HOBEHUIO MAcChl U JIPYrHX
(GU3NYECKUX XapaKTEPUCTUK) YaCTHIIBI C €€ aHTHYaCTHIeH nipu ydacTun [Toss.

Takum 00pa3oM, B3auMOICHCTBHE MEK/y YaCTHUIIEH U ee aHTUYacTHIeH ¢ ydactrem [loms moxker
YMEHBIINTE PACCTOSHHIE MEX/Ty HUMH JI0 HyJISl, & SHEPIHs B3aMMOICHCTBHS Oy/IeT paBHO# 2mc?.

Heobxoanmo npuHATH Kak (akT, 4ToO MO0 TAKOMY Ke MexaHu3My co3naaiorcs DUB u B Mupe-3,
I'7le B3aUMO/IEUCTBUE MPOUCXOIUT MEXK Y KBAPKOM U aHTUKBAPKOM.

Bosmoxknocts yuactus Ilonst B mporieccax aHHUTHIISIMM TpeOyeT, YTOObl BCe YacTHLBI M HX
AHTHYACTHLBI ObLIM HOCHTEJsIMU B3auMmoneiicTBus 4yepe3 Ilose. CrnenoBarenbHO, aTOMHBIE AApa
OTHOBPEMEHHO SIBJAIOTCH HocuTesiMu U Ckansiproro Iloas, nHaye B MX OKPECTHOCTH OKAXKETCS
HEBO3MOKHBIM PO’KJEHHME IMapbl WM TPYIIIbI Map HEHTPOHOB, KaK ATO TpeOyeT MOJAENb POXKACHUS U
sBomonuu Beenennoii [1]. bonee Toro, oauHakKoBBIM MaccaMm MPOTOHOB COOTBETCTBYET M CTPOTO
onuHakoBbl Bkiman [loms. B Takom ciydae, B okpecTHOCTH sifep mpu y4dactuu Iloas Oymyt
MOJISIPU30BAThCS BaKyyMHBIC YAaCTHUIIBI, CO3JaHHBIE Ha OCHOBE HEUTpuHO. Bo30OyxneHwe »THX
noJsisipu3oBaHHbIX CkansipHeiM [losem vacTull mpuBereT K BO3MOXKHOCTU POXKACHHUS Mapbl peabHbIX
YacTUIl HEUTPUHO W AHTUHEHUTPUHO. B STOM TmiaHe MOXXHO BCIIOMHHTH 00 YOEKICHHSAX aBTOpa
MoHorpaduu [12], corsacHo KOTOpoMy BO30yKJIeHHE BaKyyMHOW YaCTHIIbI, CO3JJaHHOW Ha OCHOBE
napbl HEUTPUHO-aHTHHEUTPUHO, OTBETCTBEHHO 32 (DOHOBOE HM3JIYUYCHHE, W3BECTHOE KaK PEITUKTOBOE
H3JIyYEHHE BcernerHoii*’.

Crout 00paTuTh BHUMAHUE Ha €II€ OJIHY BO3MOXKHOCTH - Ha B030y:kaenune DUB Ilosem B
COCTOSIHHS, HEPIrusi KOTOPBIX MeHbmie 2mc’. Takas MOTPEGHOCTh abCONIOTHO HEOOXOMMMA JUis
ONHKCAHUS B3aUMOJCHCTBHUS MEXJYy 4YacTULIAMH C Y4YacTHEeM BHPTYyaJbHbIX 0030HOB. IIpu sTOM
SHEPreTUYECKUE COCTOSIHUS BUPTYaAIbHBIX O0O30HOB JIOJIKHBI JIEXKATh HUKE SHEPTeTUUECKUX COCTOSHUN
TeX ke 0030HOB B CBOOOJHOM COCTOSIHMM W, KPOME€ TOTO, JOJIKHBI JIeKaTh BbIIIEe cocTosHuii DUB.
Kpowme Toro, sHEpreTnieckoe COCTOsTHUE BUPTYaIbHOTO 0030HA TOJDKHO OBITH TEM HUXKE, YeM OOJIbIle
€ro Macca B CBOOOIHOM COCTOSTHUM.

PaccmarpuBas nponecc poxaeHus u 3Boounu Beenennoit [1], aBTOp BBeNl peaKIMIO POKICHUS
OMHEHTPOHOB B OKpPECTHOCTH CYHIECTBYIOUIMX aTOMHbIX snep. CnepoBarenbHo, [lone wumeer
BO3MOKHOCTh POXIaTh OMHEHTPOHBI WM KJacTephl OMHEHTPOHOB B OKPECTHOCTH YaCTHI], KOTOPHIC
SABJIAIOTCS HOcUTeIsIMU Toro ke [lomsa. OgHako, MexaHU3M POXKIEHHUS BellecTBa Bo BcenenHoil B

Hayaje (mepBas MIJDTUCEKYH/Ia) €r0 Pa3BUTHUS CYHIECTBEHHO OTIMYANICA OT YMOMSIHYyTOro. Jlerno B ToMm,

% ABTOp CTaThH HMEET APYTOii B3IVIS HA IPHPOLY PEIHKTOBOTO H3mydeHus [23].
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YTO B IEPBbIE MOMEHTHI poXxaeHusi BceneHHoli B HeM BemlecTBa emie He Obuto. OgHako Bceenennas
pOIMIIach W Hayalla PacIIUpsThCA C MOCTOSHHOW ckopocThio. [l Toro utoObl Beenennas Hauama
3aMlOJIHATHCS  BEIIECTBOM, HEOOXOIUMO, 4YTOOBI BCE BpeMsi C MOMEHTa €€ CO3JaHHusg B He
MIPUCYTCTBOBAJIM BCE BO3MOKHBIE BaKyyMHble yacTulibl. [Ipu Manom HavyanpHOM oObeMe BceeneHHoM
MJI0THOCTH 2Hepruu I[loms, mocrynatomiero Bo BeenenHyro, Oblia ype3BbuaiiHO Oobiioi. B Takom
ciyuae [lone 6b110 ciocoOHO BO30YKIaTh BCE BO3MOXHBIE Maphbl YaCTUIA-aHTUYACTUIIA, A Jajbllle, B
OKpPECTHOCTH 00pa30BaHHBIX YaCTHIl CTAIM POKIAThCSI OMHEHTPOHBI U UX Ki1acTepsl. B aToM mpouecce
BKJIAJ] aHTHYACTHI] B POKJICHHE MaTepUH OBICTPO YMEHBIIWIICS A0 HYJIS, OCKOJIbKY KOHKYPHPYIOIINE
IIPOLIECCHl OBICTPO M HEYKJIOHHO HaOMpaiu CUiy.

[Tone m B Hacrosiiiee BpeMs CHOCOOHO BO30Y)KIaTh M3 BaKyyMa Iapbl YacTHIa-aHTHMYACTHIIA,
OJTHAKO KOHIICHTPAIMs TAKUX YAaCTHUIl MAJa€T CO BPEMEHEM 0OpaTHO MPOIMOPLIHUOHATIBFHO Ky0y BpeMeH!
cymectBoBanus Bcenennoit. [lo cpaBHEHHIO C KOHIIEHTpalUe POXKICHHBIX OMHEUTPOHOB B TOJIE

ATOMHBIX AO€pP 9TO T-IlZ)GSBLILIElI‘/'IHO Majiast BEJIN4YHUHaA.
6.3. IluckpeTrHOCTH BpeMeHH B yeJUHeHHOI BcesieHHOM

Panee aBTOp MMen MOMBITKY ONKMCATh TUCKPETHOCTh BPEMEHHM HAa OCHOBaHMHU 3akoHa EnnHcTBa
Bo Bceenennotii [13]. IIpu sTom Bceenennas npencrapisiack B TPAAUIIMOHHOM MOHMMaHuu. Mcxons u3
MOCTyJIaTa TUCKPETHOCTH BPEMEHH, OBbLIIO MOHATHO, YTO €JUHCTBO BO BceneHHoi MokHO oOecneuuTh
TOJILKO TIPY OJTHOBPEMEHHOM CYIIIECTBOBAHMHU BCEX YAacTUIl MeTarajakTuku. A 3TO OBUIO BO3MOYKHO
JUIIb TPU YCIOBUM, YTO 33 MEPUOJA JUCKPETHOCTH BpPEMEHU CHUTHAJl €IMHCTBA OXBATUT BCIO
Bcenennyto. [Ipu 5TOM nepuo IMCKPETHOCTH ONpEeIisiyIcs 1Mo Gpopmyrie

At= i > (6.3)
M,c

rae My - Mmacca BeniecTsa Bo BeceneHHOM.

Jlns HaXOXIEHUs ATHX MapaMeTpoB B pabore [13] BBogwiMCh ompeseneHHbIE aKCHOMBI. B
YaCTHOCTH, CYHUTAJOCh, YTO MPHUBEIACHHBIE B JIUTEPATYPE MHOTOYHCIECHHBIE HCTOPUYECKHE U
reoJiormueckue naHHbie (HaunHas ot [lnatona u [Tudaropa 10 COBpeMEHHBIX T€OpUN BOSHHUKHOBEHUS
UMBWIM3ALMA U JIUTOJOTHUYECKUX IUIMT) CBUIETENBCTBYIOT, UTO 3€MJISl HAXOJUTCS B MOJIE, KOTOPOE
OTMCHIBAETCS CUMMETpHEl nonekasapa (ukocasyapa). CienoBaTelbHO, CHMMeTpHUs /0AeKa’Apa (B
JIOKAJIbHOM MNPUOJIMKEHMH) [10JKHA onMcbiBaTh (u3uky Bcesennoil. I[lpuBbruHOe a1 Hac
TPEXMEpPHOE MPOCTPAHCTBO COOTBETCTBYET CHMMETpUU KyOa, Tpu pedpa KOTOpOro IpU BEpIIMHE

COOTBECTCTBYCT TPEM MPOCTPAHCTBCHHLIM KOOpAWHATaM, a YCTBIPCXYTOJIbHAd TI'paHb - YCTBIPEM
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n3MepeHussM. COOTBETCTBEHHO, CHMMeTPHMA /I0/AeKajApa CBHAETEeJbCTBYeT 0 HAJIWYMH Tpex
NMPOCTPAHCTBEHHBIX KOOPAMHAT (Tpu pedpa MpW BEpUIMHE) M NATH H3MePeHUil (MATUKOHEYHAs
TpaHb).

Okasanoch, 4To rpymnna goaekasapa (/) DOMyCKaeT CyIeCTBOBaHHME IBYX OJHOMEPHBIX (I'ig,
'), geTbipex TpexmepHbIX (I, T2y, I3, I'3u), 1ByX deTbipexmepHbIX (I'4g, I'4y) ¥ ABYX mATHMEpPHBIX
(I'sg, I'sy) mpencraBieHnii (IoAIPOCTPAHCTB).

KonuuectBo um cuMmmeTpus TpencTaBleHWW Tpynmbl [, Jand OcHOBaHWe cuurtath [13], yTO

CyliecTByeT 4 pa3HOBHIHOCTH BEIECTBA: BEIIECTBO (Macca ), aHTUBEIIECTBO (aHTUMacca 71 ),
MHUHYC-BEIIECTBO (MUHYC-Macca 71 ) U aHTHU-MHHYC-BEHIECTBO (aHTU-MUHYC-Macca m ). Ilpu stom

BEJTMUYMHBI M M 71 - TONOKHTENbHbIC BENWUHHBL, & 71 W M - OTPHUATENBHBIC. JTHM H OyxeT
o0ecrieueHa TIOJNIHAsE CUMMETPHUST MHpPO3AaHUs Mo Macce. [loCKONmbKYy OTpUIIaTeNbHON Macce
COOTBETCTBYET OTpHUIATEIbHAasl SHEPIHsl CBOOOJHBIX YACTHIl, 3TO 00eCleYnBaeT CUMMETPHUIO MUpa U
OTHOCHUTEJIBHO SHEPTUU U TEMIIEPATYPHI.

Jlnst omucaHusi JUCKPETHOCTH BPEMEHM U MIHOBEHHOTO PAaCHpOCTPAaHEHMsI B3aUMOJICHCTBUS B
HaleM BpeMeHU-TpocTpaHcTBe B [13] mpemioxkeHO BBECTH JOTOJHUTENBHYIO BPEMEHHYIO
pa3MepHOCTh (KpOME IMPUBBIYHOIO BPEMEHM ! BBEACHO JPYryl0 OPTOTOHAJIBHYIO €My BPEMEHHYIO
KoopauHaty t). IIpennonaranoch, 4T0 HOCUTENEM TaKOTO B3aUMOACHCTBUS SBISIETCS TPABUTALIMOHHOE
[oJie C €ro KBaHTOM - TpaBUTOHOM. BBeleHHMEe B paccMOTpeHHE JBYX BPEMEHHBIX KOOpIHHAT
CBHUJICTEIBCTBYET, UTO MBI IMeeM MpocTpancTBo Ae-Currepa Il pomga (mpoctpanctBo antu-ne-Cutrepa
[14] c curnarypoii 1, 1, -1, -1, -1).

[Ipu sToM MartepuanbHas BceneHHas mpeacTaBiisieTcsl Kak COCTOSIIAs U3 TPeX COCTaBJISIOIIMX
(m, m W m), pa3eNeHHBIX MHTEPBAJIAMU BpeMeHU At/2, ne At - KBaHT BpeMeHU. B Takom cimydae
MI0JIHAsl Macca paBHA 7.

I'paBuTOH npencTaBiseTCA KaK ABOMHON BUXPb, COCTOSAIIMN U3 MAacChl M U MUHYC-MAcChl 71 .

C maccoit, cooTBeTCTBYIOIIEH BpeMeHH ¢ = (), B3aMOJIeHCTBYET IPaBUTOH, KOTOPBIA HAXOIUTCS B
MPOILIOM OTHOCUTENBHO BEIIECTBA, MOTJIOMIAICh UM (COOCTBEHHO TOTJIONMIAETCSI BUXPh M , BUXPb M
pa3MbIBaeT (YHKIUIO 3JIEMEHTa Macchl m BO BpeMeHM). J[BU)KeHHE TI'paBUTOHA BJIOJIb 3aMKHYTOH
BPEMEHHON KOOpAMHATHl T OOECHEeYMBAET €ro MOJHOE MOIVIOIIEHHWE Maccod m. DTO MOIJIOIIeHHE
BBI3BIBACT HMCUE3HOBEHHE Maphl (m, 7 ), a BMECTO 3TOTO0 CHMMETPUYHO OTHOCUTEIBHO TPETHErO

JJIEMEHTa M TOSBISICTCS HOBast mapa (7 , m) ¢ BpeMEeHHbIMU KoopauHaTamu 3 At/2 (m ) i 2At (m), a
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TaK)K€ HOBBIM IPaBUTOH, CMEIICHHBI OTHOCUTEIBHO MEPBOTO IPaBUTOHA BO BPEMEHU HA BpeMms Af.
[Ipouecc moBTOpsieTcst OECKOHEYHO.

OTmeTuM, 4YTO COIVIACHO TAaKOM MOJENH J/JIsi TEYEHUS BPEMEHH ! B MPOTHUBOMNOJIOKHOM
HaNpaBJICHUH Macca JI0JDKHA UMETh CTPYKTYPY (7 ,m, m ).

Takoe paccMOTpeHHE JaeT BEJIMYMHY MEepUoAa AUCKPETHOCTH BpeMeHU Af = 10" ¢. A m
oOecrieueHus] €IMHCTBA BO BceleHHOH CKOpOCTh TMepeHoca WH(GOPMAIUU JI0JDKHA UMETh IMOPSIOK
~1-10"" w/e.

Takoe HECOOTBETCTBHUE MOIYYEHHOTO pe3yiIbTaTa U CKOPOCTH CBETA y/1aJ0Ch MIPEOA0IETh TOJIBKO
B HOBOI Mojienu BeenenHnol, kak yactu paccinoernHoi Cynep-Beenennoit [1].

WNHTepecHO OTMETHTH, YTO YK€ 4epe3 Toj Mmocie omyOnukoBaHus cratbu [13] mosiBHiach
uHpopMaIus, KOTopast ObUIa MOTY4YeHa MPU aHAIHM3€ JAHHBIX KOocMuYeckoro ammapara WMAP. Dra
uHbopMaIus TO3BOJMIIA aBTopaM myonukamuii [15-17] BeIIBUHYTH rumortely, 4yto BceneHHas
MIPENICTaBISECT COOON AoaeKa’ApuIHOe pocTpancTBo [lyaHkape.

Ecnu Ob1 He ObUTO enuHCTBA Mupa, TOT/1a TPaBUTOH, U3IYYECHHBIH 2JIEMEHTAPHON YacTULIEH, MOT
OBl B3aMMOJICHCTBOBATh TOJBKO C TOHM JK€ YaCTUIEH, MOCKOJIBKY JAPYrHe 3JIEMEHTapHbIC YaCTHIIBI
CYIIECTBOBAJIM ObI B JPYTUX BPEMEHHBIX TOUYKaX. JTO MPUBEJIO Obl K OTCYTCTBUIO TPABUTALMOHHOTO
B3aUMOJICUCTBHSI M, KakK CJIEACTBHE, K HWCYE3HOBEHHUIO WJIM HEBO3MOKHOCTH CYIIECTBOBAHUS
MaTepuanbHOro Mupa. CremoBaTeNbHO, €IMHCTBO SBISIETCS a0COMIOTHO HEOOXOAMMBIM, W OHO
oOecrieunBaeTcst BO Bcell BceneHHON B3aMMHBIM  OLIylIIeHHEM BceX TOKIeCTBEHHBIX
3jeMeHTapHbIX 4acTull. COOCTBEHHO, Ui JTOr0 M HYXHA HMX TOXKIECTBEHHOCTh. B3ammHoe
OLIYIIIEHHE YacTHIl BO BceneHHOM BO3MOXKHO JIMIIB IPU MTHOBEHHOM IiepeHoce UH(OpMaIlui BO BCEM

npoctpaHcTBe Beenennoil. Takast BO3SMOKHOCTB CYLIECTBYET B paccioeHHor Cynep-BceneHHoi.
6.4. Cunxponun3anus u equHcTBO B Cynep-Bceesnennoii. KBant Bpemenn

A Tenepp yurem TOT (akt, uto Hama Cynep-Bcenennas paccioeHa Ha Mupbl pasHBIX
pa3MepHOCTeid, a Hama BeenenHast siBisieTcst OpaHOW 4eThIpeXMEPHOT0 pocTpaHcTBa [1].

MOHO TIPEAIONIOKNUTh, YTO CUHXPOHU3AIUS MPOIECCOB B Mupe-4 mMoria Obl MPOUCXOIUTH 3
[EHTpa YEeTBHIPEXMEPHOTO TPOCTPAHCTBa, OpaHOW KoToporo sBisercs Mup-4. OpHako Takas
CHUHXpOHHU3aIUs Oy/eT MPOUCXOIUTh C 3aJepKKOM, paBHOI BpeMEeHHM NOCTUKEHMs CUTHaja OT LEHTpa
YETBIPEXMEPHOTO POCTPAHCTBA K TPEXMEPHON MOBEPXHOCTH.

[Tepeitns k paccmoTpenuto paccioeHHoi Cymnep-BceeneHHoil, MBI 3aMeuaeM 3HaYUTENBHO OoJiee

MOIIHBIC 3(1)(1)€KTBI, KOTOPBIC C YCIICXOM MOTYT OBLITH HCITOJL30BaHbl HE TOJIBKO AJI1 CHHXPOHH3allun

99



JIBMDKEHUS BEIIECTBA B JUCKPETHOM BpEMEHH, HO U JUII MTHOBEHHOI nepeaayn HHGOPMALUHN MexKIY
J00bIMH TOukamu Mupa-4.

Mpbl yXe yINOMHHATId O TOM, YTO CBSI3b MEXJIY CJOSAMU PACCIOEHHOIO IPOCTPAaHCTBA
OCYILIECTBJISIETCS TOJIBKO B OJTHOM TOYKE, a 3Ta TOYKA JICJIOKAJIN30BaHA B KaXJJIOM U3 COCETHUX CIIOEB.
[Tockonbky uepe3 TOUKy NepeHOCUTCsE HHPOpMALHs, TO 03HAYAET, YTO HHPOpMAIIHUS U3 KaXKI0W TOUKU
Mupa-4 omHOBpeMEeHHO OyJeT nepefaHa B Kakayr Touky Mupa-3. Jlanee, sta uHpopmanus OyaeT
nepegadHa B Mup-2 u, HakoHel, B Mup-1, Mupy Ilons-BpeMeHH, HE UMEIOIEMY MPOTSHKEHHOCTH B
npoctpancTBe. Kpome toro, unpopmanus uz Mupa-3 MOKeT nepeiaBaThCsi B IPOU3BOJIBHYIO TOUKY
Mupa-4.

[Tockonbky Mup Ilonsg-BpeMeHr HEMOCPEACTBEHHO B3aUMOJIEUCTBYET CO BCEMU TOUKaMHU Hallei
Bcenennoii, To nHGOpManus K HEMy MOXKET cpa3y MOCTYIMAaTh ¢ KAKAOW TOYKH HAIIETO MPOCTPAHCTBA.

Takum oOpa3om, JIOTUUHO C/ENIaTh BBIBOJ, YTO CHHXpPOHM3auus U ExmncrBo Mupa-4 moxer
o0ecieyuBaThcsl  HemocpeactBeHHo o1 Iloasi, kKoTOpoe HampaBisieT [OUPEKTUBBI BHU3 11O
HepapXUuecKOM JECTHUIIE.

Mpsl oOpatuinu BHUMaHHE, YTO BemecTBO moctymaer oT [lons BO Bce CloM pPacCclOeHHOTO
IIPOCTPAHCTBA C MOCTOSAHHOIN ckopocThio. [Ipu 3ToM B Mup-4 BemiecTBo MOCTYNAET CO CKOPOCTBIO
dM/dt = 5000 comneunsix macc B cekyHay [1]. [TooTomy JOrHYHO TPEANOTIOKHUTH, YTO 3Ta Macca U

OyJIeT ornpeAensaTh TUCKPETHOCTh BpeMEHHU (KBaHT BPEMEHH):

B 6.626-107 .
At =5 ~736-10%c. 6.4
M T 110%-9-10° ¢ ©4

Orta BenmuuHa OoJble HaljeHHo B [13] Ha 17 mopsiakoB, oJlHaKo MeHbIe BpeMeHu [lnanka Ha
41 nopsnox.

Mpbl onpeaenuiu JUCKPETHOCTh BPEMEHM B HalleM INPOCTPAHCTBE, OJHaKO, 3anaeT ero [lose,
TOYHEe, ero Kojiebanus. Eciu Bpemsi JUCKPETHOCTH paBHO nepruoay kKosiedanuii [1oss, To yactora aTHX

KOJIeOaHUNI

v,=At' = 1,36-10% ¢ (6.5)
Crnenyer cnenarpb eimie OAHY IMOMpaBKy. Jlemo B TOM, 4TO BEHIECTBO Cpa3y POXKIAETCS BO BCEX
ciosix paccinoeHHor Cyriep-BceneHHONW. A 3TO 3HAUYUT, YTO IIAar AUCKPETHOCTH BpemeHU (4) OyaeT
YMEHBUIEH NMPUMEPHO B TpH paza (2,45:10™ ¢), a gacrora (6.5) xoneGanuii Iloms YBEJIMYEHA BO

CTOIBKO 3Ke pa3 (4,08:10% ¢™).
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s Toro 4toOBl cXema, MOSICHAMIAs TUCKPETHOCTh BpeMeHu [13], Obuta neHCTBUTEIBHOM,
HY>)KHO BMECTO MAacChl M MHHYC-MAacChl B35iThb DHEPrHI0 U MHUHYC-3Hepruto. CrenoBatenbHo, [lone
XapaKkTepu3yeTcsl ABYMSI COCTOSIHUAMMU: C TIOJIOKUTEIbHON U OTPUIIATEILHON SHEPTUEH.

IIpu 3anonnenun IlomemM Touku Mupa-1 B HEM BO3HUKAET JABUMKEHHE FpaBI/ITOHa3O BJIOJIb
KoopAuHaThI T. [[oCKOJIBKY TOUKA UMEET HYJE€BOW pa3Mep, TPaBUTOH CMOXKET oxXxBaTUTh [lose 3a Bpewmsi,
HE TpeBbIIIAIONIee BEIUYUHY Afy MU NMPOU3BOJIBHOW CKOPOCTH JBM)KEHMs I'paBUTOHA. bonee Toro,
JIOTUYHO IPENOI0KUTh, YTO TPABUTOH JBUKETCS 110 3aMKHYTOW TPAaeKTOPUH, TO €CTh OCh T CBEPHYTa
B KOJIBLIO C MTPOJOJDKUTEIBHOCTBIO Afy.

Tenepb JIerko NOHATH U MPOSBICHUE €AMHCTBA BCEX TOXKAECTBEHHBIX YaCTHIl BO BCcelleHHOM: OHO
o0ecrieunBaeTCsl B3aMMOJIEHCTBUEM MEXY CIOSMHU pacciaoeHHoro npocrpancrsa Cynep-Beenennoi, B
gacTHOCTH Mex 1y [lonem nu Mupom-4, a Taxke Mex 1y yactunamu Mupa-4 u Mupa-3.

B3anmHoe omrynieHne Mexay TOXJIECTBEHHBIMH YacTUI[AMM IPHUBEAET K TOMY, UTO KaKIas
JJIEMEHTapHasl YaCTHIIA C OTNpe/IeleHHON (ha3oit cBOeil (YHKIMH CyIIECTBOBaHUS OyeT MpeICTaBIeHa

B Ka)XKJIbIii MOMEHT TUCKpEeTHOro BpeMeHH. Hanpumep, QyHKIMs CyliecTBOBaHUS YacTUIBI C Maccoi

m; MOXET ONUCHIBAThCS BBIpAKEHHEM V; = a-exp(-iwit), TtIe @ = 2m/At, a=c-m/h -

HOPMHPOBOYHBIH MHOKUTENb, Af,= /i (m,.cz). ITpu >ToM nmepuon konebanus At; 3ar0JHEH NEPUOAAMH

kosiebanus Cynep-Bceenennoii, To ecte At; = Ny Aty, toe N; = M/m;— 1ienoe 4ucio.
6.5. Uepapxust crpykTypbl Beenennoi

Breimie MBI ynoMmsiHynu 00 HepapXW4YecKWX YpOBHSAX B crpoeHun Bceenennoit u Cymep-
Bcenennoil. B 3ToM 11aHe cieqyeT BCIOMHATD, YTO HEPAPXHUECKOE CTPOCHHE BCeeHHON TOCTaTOYHO
noapobHo omucaHo B pabotax [17-19]. MHTepecHbIM B ATOM IUIaHE SBJISETCS TO, YTO KaXKIOMY
OTIIEJIbHOMY HEpPapXM4YeCKOMY YPOBHIO BO BceneHHOW  COOTBETCTBYET CBOW  MEXaHU3M
B3aMIMOJCHCTBUS MEXAYy OJJIEMEHTAMH J3TOTO YpoBHA. B wacTHOcTH, criaboe B3amMOCCTBHE
COOTBETCTBYET YPOBHIO JJIEMEHTAPHBIX YACTHII, CUJIHHOE B3aMMOJCHCTBHE - CTPYKType OapHOHOB (B
TOM YHCJI€ HYKJIOHOB) M aTOMHBIX SAEp, DJIEKTPOMAarHUTHOE B3aUMOJIEUCTBHE - CTPYKTYpPE aTOMOB,
MOJIEKYJT M CHCTEM B3aUMOJCHCTBYIOIIMX YAaCTHIl, IPABUTALIMOHHOE B3aUMOJIECHCTBUE — CTPYKTYype
TUTAHETApHBIX M 3BE3[HBIX CHUCTEM M T.J. 3JeCh K€ XOTeJIOCh OBl CKa3aTh, YTO CTPYKTYPHUPOBAHUE
cTpoeHusi BcelleHHOW MOHOCTBIO BbI3BaHO JeiicTBUEM [0, KoTopoe BHOCUT CBOM TOJIEBOM BKJIaJ B

KaXIBIN 2JIEMEHT uepapxuu BeenenHoit, 00yclaBianBaeT ero CTpyKTypHpPOBaHHE.

30 B JAaHHOM CJIy4dac 3TO YCIIOBHOC Ha3BaHUC.
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6.6. MruoBeHHbIil nepeHoc uHgopmanun B Mupe-4

HccnenoBanne HaydHOW JMTEpaTyphl MOKA3allo, YTO CYIIECTBYET HaydHass HHQopMamms o0
AKCIIEPUMEHTAJIbHBIX JIaHHBIX, ToJydeHHbIX Ko3bipeBbiM [21,22], Ha KOTOpble [0 CHUX TIOp
CHelMaIuCThl (pakTHuecku He oOpaTwin BHUMaHMA. OJHAKO OSTU JaHHbIE [OATBEPXKIAIOT
BO3MOKHOCTh MTHOBEHHOT'O ITepeHoca HH(OPMaIIMU O KOOPAWHATAX OTJAJIEHHBIX 3BE3/I.

Cob6ctBenHo, Ko3bIpeB /10Ka3biBall pealbHOCTh YETHIPEXMEPHOM reoMeTpuu MHUHKOBCKOTO (pHC.
6.1).

Ha puc. 6.1 u3o0paxkeHa o1Ha MPOCTPAHCTBEHHAs KOOpJIMHATa W BpEMEHHas KOoopJuHaTta f.
Touka O - nonoxxenue Habmroaarens. Toukamu 1, 2 u 3 0003HAUEHBI MTOJIOKEHUS YIaJICHHON 3BE3/1bI B
MIPOILIOM, B HacTosilee BpeMs U B OyaymeM. JlydaMu moJ yriom K cUCTeMe KOOpAMHAT M300pakeH
MyTh DSJEKTPOMArHUTHOW BOJHBL. KBaHT cBeTa, WM3Iy4eHHBI 3BE30M B TOUYKEe 1, MOXOIUT 10
nmabopaTopHOM cucTeMbl KoopauHaT (Touka ). DTOT Jyd Mbl M HaOIIOJaeM BHU3YaJIbHO WIH C
MOMOIIbI0  Teneckomna. Ko3bIpeB HCIONb30Ban  TelnecKorn-pedrekrop, B (POKanbHON TIOCKOCTH
KOTOpOro momecTws naTtyvk. OH OOHapy»Kuj, 4TO B TaKOM CiIydae KpOMe BUAMMOIO H300pakKeHHs
3BE3bl PETUCTPUPYETCS AATIYMKOM €Ile JBa H300paKEHUs STOW ke 3Be31pl. MHOTOYHCICHHBIMU
SKCIIEpUMEHTAMH OH JOoKa3aj, 4YTO JaT4YuK perucTpupyeT wuHdopmaiuio (dHTponuio). [laTumk
peructpupyeT WHGOpPMAIMIO Jake B TOM CiIy4ae, KOTJla Ha IyTH CBETOBOTO JIyda IOMECTUTH
HENpPO3payuHyo sl 3JIEKTPOMAarHUTHBIX BOJH IIACTUHKY. TakuM oOpa3om, AJis MOTOKAa MH(pOpMALUU
HE CYIIECTBYET Mperpa.

Ko3bipeB cnenan BbIBOA, YTO HHGOPMAIUS MOXKET PaCIpPOCTPAHATHCS OT 3Be31bl 1) U3 MpoLuIoro
CO CKOpPOCTBIO CBETA, 2) C JaHHOTO MOMEHTa BpEMEHH, a Takxke 3) u3 OyayIiero Baojiab CBETOBOTO JIyda
B oOpatHOM HampasiieHuu (puc.6.1). [Ipu ucnonp3zoBanuu Tenaeckona-pedpakropa HabIIOIAETCS U
OJIHO ONTHYECKOe H300paxeHue 3Be3/bl. CienoBareiabHO, MOTOK SHTPONHUH (MHMOPMAIIMH) MOXKET
OTpa’KaThCs OT 3epKaJia, KaKk U CBETOBOM 1y4. JInH3a jxe He MOkKeT (POKyCHPOBATh MOTOK YHTPOIIUH.

[TockonbKy OZHOBpEMEHHO HAOIOATIOCh BUIUMOE IOJIOKEHHE 3Be3 Ha HeOecHOU cdepe,
COOTBETCTBYIOIIEH WX TOJIO)KEHWI0O B MOMEHT W3IyYCHHsI CBETa, CPAaBHEHHE TaKHX pE3YJIbTAaTOB
no3Bowio M. Ko3bIpeBy MOIyYyuTh BaXKHYIO HH(MOpMAIMIO O TMapajjiakce 3Be3ll. A 3TO B CBOIO
ouepeb CBUICTENBCTBYET B MOJIb3Y TOTO, YTO HH(POpPMALIHS MOKET Oe3 MpOMe JIeHUs TIepeaaBaThCs Ha

00JIBIIINE PACCTOSHUS.

102



A
\\
é
3 %,
2,
2,
\\ Q
%,
f?
D nnpopmai
$
&@ \\ r
7 A EONS
*IS:’ /49) @2, N

Puc.6.1. Yetsipexmepnas reometpus MunkoBckoro (mo Kossipeny).

Takum oOpa3oM, pacci0eHHOe MPOCTPAHCTBO MOKeT 00eclneYUTb MIHOBEHHBIH MepeHoc
uHpopmanum Kak 6marogapst HHPOPMaIMOHHON CBsI3K Mex Ay Mupom-4 u Mupom-3, Tak u 6marogaps
nHGOPMAITMOHHON CBs3u Mexay Mupom-4 u Mupom-1. Ilepenoc nHpopmanuu B OTpUIATETHHOM
HAaIpaBJIICHUM BPEMEHH BO3MOKEH JUIIb NpU ydacTuu [loims, mockonbky Ilosie MomkeT HeCTH Kak
MOJIOKUTEJbHYI0, TAK M OTPULATEJBHYI0 HEPrUI0, a OTCIO/Ia, IEPEHOCUTh WH(POPMAIUIO BIOIH
BPEMEHHOI KOOPIMHATHI B 000UX HAINPABIICHUSX.

[lepenoc wHpOpMaMM B MPOU3BOJIBHYIO TOUYKY Hamiei BceleHHOW ¢ TMOMOIIBIO CBOWCTB
paccinoennoi Cynep-BceneHHol sBIIeTCS OCHOBAHUEM ISl pa3padOTKM MTHOBEHHON KOCMUYeCKOM
CBSI3H Me:KIy NMPOM3BOJIbHBIMU TOYKaMHu BceeHHOM, 111 pa3padoTKu MeTO10B HAOJIIO/IEHUH 3a
npoueccaMu B yJAJeHHbIX KOCMHUYECKHX 00beKTax B JaHHbIH MOMEHT BpeMeHH. B Hacrosmiee
Bpems 3Ta npobiiema BakHa B CBA3M C T€M, YTO KOCMHUYECKHE JJaOOpaToOpuu yKe JIETAloT IO Bcel
ConHeuHolt cucteme. YK€ MOHSATHO, YTO HCTOYHMK HMH(OPMAlMU JOJDKEH UMETh SHTPONUHHYIO
npuponxy. Y3KuM Jyd Juid  nepenauyM-mipuemMa  uHpopMauuu  GopMHUpyeTcs NpU  IOMOIIHU
napabonudeckoro 3epkana. [Ipu 3ToM HampaBieHHE pacrpocTpaHeHUs HHGOOPMAIMU, a BOZMOXKHO U
NpUEMHUK HHpOpManuu, obecrneduTcs HH(POPMALMOHHBIM B3aUMOJEHCTBUEM MEXIY YacTHLIAMU

Mupa-4 u Mupa-3 npu yyactuu Mupa-1.
6.7. HeucuepnaeMblii MCTOYHUK 3HEPTUHA

N3 paccmotpenus coiicTB [lons cnenyer, utro Mup Ilonsi-BpeMeHU SBJISIETCSI HEMCUEPIIAEMbIM
HCTOYHUKOM JHEpruu. B mepcnekTBe 4enoBe4eCTBO [JOJKHO HCHOJIb30BAaTh  TOJIbKO
nocrymnjenus 3Heprun ¢ IloJst - HeMcYepnaeMoro MCTOYHMKA IKOJOTMYECKH YHCTOH IHEPrHH.

D10 MOXeT ObITh BTOpUYHas sHeprusi [lons, koropas HakammBaeTcss B Heapax 3emun, CofHIa,
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Bcenennoii (B yacTHocTH, Bo30yx)aeHHOTO [lonem Bakyyma). Bo3MOXXHBI B IepCIEKTUBE U pa3pabOTKU
MPSIMOTO MCTOIb30BaHus dHeprun [los.

[TocTosiHHOE pPOKACHUS BEIIECTBA 3a cUeT dHepruu [lojst mMpUBOAMUT K TOMY, YTO CyMMapHas
SHEprusi HeAp 3eMIIH MOCTOSHHO yBEIMYMBAETCS. JTO oOecledyrnBaeT HercuyeprnaeMble MepCIIeKTHBBI
WCTIOJIb30BaHMS SHEPTHH HEAp 3eMIIH TSl IPOU3BOCTBA YHEPTUH, HAPHUMED, ITyTeM MpeoOpa3oBaHUs
BOJIBI, MOJIaBaeéMOi 1O TpyOaM Ha JOCTaTOYHO OOJBIIYI0 TIyOWHY, B BOISHOHM Map MOJ BBICOKUM
JaBIICHUEM W WCTIOJIBb30BaHMS Tapa JJIsl MPOU3BOJICTBA JIEKTPOIHEPTUH M 00ECTIEUeHUS YeTIOBEYECKUX

MOCEJIEHU ropsiueit BOJIOM.
6.8. BoiBoabl.

[Ipu ucnonw3oBanuu 3akoHa eauWHCTBA BO BceneHHol mpennokeHa mozenb [lomns-Bpemenw,
KOTOpasi Mo3BOJIsieT onucath (¢Gu3nuky Beenennoil, kak cocramsomeit Cynep-Beenennoii. [1pu stom
MO0Ka3aHo, 4To:

). Cummerpus nozaekaszipa CBUAETEICTBYET O HaIM4YuKM B Mupe-1 Tpex mpoCTpaHCTBEHHBIX U
JIBYX BPEMEHHBIX U3MEpPEeHUI (TPOCTPaHCTBO aHTU-Ae-CUTTEpa).

2). Tlone xapakTepuszyeTcs BBICOKOW CHMMETpUEH B MHOTOMEPHOM TMPOCTPAHCTBE, a TakKkKe
JIBYMsI COCTOSIHUSIMU: C MOJIOKMTEIbHON W OTPHIATEILHOI SHeprueil. TojlbKo B TaKOM cllydae OHO
OyzeT 3aj1aBaTh TUCKPETHOCTh BPEMEHH.

3). LlenoctHocTh BeeneHHOM MOXET 00eCeYnTh TOJIBKO MIHOBEHHBIH TEpeHOC WHpOpMAIiu B
npeaenax Bcel Bceenennoil. B monenu o6ocobGnenHoit BeenenHoi ckopocTh mepeHoca nHpopmamu
JOJDKHA OBITh 4Ype3BbIUAHO OO0NBIIOH. B Mojenmn paccilioeHHOTO TPOCTPAHCTBA BCE CKOPOCTH
nepeHoca uHGopmanuu ¢ yyactueM [lons 10KHBI ObITh OJMHAKOBBIMU U PaBHBIMU CKOPOCTH CBETa B
BakyyMe. B Takom ciyuae nenoctHocts Beesennoii odecneunBaer coiictso Ilosst u3 Mupa-1.

4). BzaunmHoe omnymieHue dactuil Bo Beenennoit npoucxoaut ¢ ydactuem [lons uz Mupa-1 u
MIPOCTPAHCTBA KBapKOB U3 Mupa-3. Takoe omrynieHue NpuBeIeT K OMMCAHUIO YaCTHIIBI KaK KOJIeOaHus
¢ eprooM At; = h/m;c®. IToT HaKT 0OBICHSIET IPUPO/TY BOTHOBBIX CBOMCTB YACTHIL.

5). Tlone 3amaeT AUCKPETHOCTH BpEeMEHHW B Hamel Bcenennout - Af, = 73610 ¢ (gacTota
koneOanmii [Tomst 1,36~1084 c'l). Bo30H, OTBETCTBEHHBIN 3a NUCKPETHOCTH BPEMEHU, IBIKETCA MO
3aMKHYTOW TPAaeKTOPHUH BAOJb OCH BTOPOTO BPEMEHHU, TO €CThb BTOPOE BPEMsI CBEPHYTHIM B KOJIBLIO C
MPOAOIDKUTENBHOCTBIO Aty. [Tpr 3TOM CKOpOCTh 6030HA COCTABIISIET CKOPOCTH CBETA.

6). ITose obecrieynBaeT MOSIBJICHHE MACChI DJIEMEHTAPHBIX YACTHII.
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7). Ilone umeeT criocoOHOCTh MOPOKAATh B Mupe-4 OMHEUTPOHBI WK KJIaCTephl OMHEUTPOHOB B
OKPECTHOCTH CYIIECTBYIOIIMX YaCTHUI] U AaTOMHBIX SITIEP.

8). C yuactueM B3aumojeincTBua yepe3 llose wacThiia ¢ aHTUYACTHIIEM MOTYT CO31aTh
BaKyyMHYI0 yacTuiry. [lose crmocoOHO BO30yIUTh BAaKYyMHYIO YacTHILYy U 00€CTIeYUTh 00pa3oBaHuE U3
Hee Mapbl peajbHbIX YaCTHII, a TAK)KE MOXKET BBI3BaTh BO30YKCHNE BAKYYMHOUW YaCTHUIIBI B COCTOSIHHE,
SHEprusi KOTOPOTO MEHBIIIe YHEPTUU Mapbl cBOOOAHBIX dacTuil. CnemoBarensHo, [lone cozmaer mapy
BUPTYyaJbHBIX YacTHII. Bce MaTepHranbHbIe YacTHUIIBI CITIOCOOHBI B3auMoeiicTBoBaTh uepes [lore.

9). BbIBO/1 HA MePCNEKTUBY: NIEPEHOC UH(POPMAITUU B MPOU3BOJIBHYIO TOUKY Hamiel BcenenHoi

¢ momotipio cBoiicTB [lons u paccnoennoit Cynep-BeeneHHol sBnsieTCs: OCHOBaHUEM ISl pa3pabOTKu
MIHOBEHHOI0 KOCMMYECKOl CBSI3M MeX1y MNpPOM3BOJbHBIMH TO4YkamMu BcesienHoil, aas
pa3padoTKi MeTOA0B HAOJIOJAeHMII 32 NpoueccaMd B YAAJEHHBIX KOCMHYECKMX O00beKTax B
AAHHbIIi MOMEHT BPeMEeHH.

10) Mup Ilons-BpemeHU SIBIsI€TCS HEHCUEPHAEMbIM HCTOYHHKOM 3Hepruu. B mepcmekTuse
YyeJIOBe4eCTBO J0JKHO MCIOJIb30BATh TOJBKO NMocTyijieHne 3Hepruu u3 Iloasi. 3to Moxer ObITh
BTOpuyHas »Heprus [loms, koropass HakarmmuBaeTcst B Heapax 3emin, Connna, Bceenennoit (B
YaCTHOCTH, dHeprusi Bo3OyxkieHHoro [losem Bakyyma). Bo3MOXHBI B MEpCHEKTHBE M pa3pabOTKU

IpsAMOIo MCIIOJIB30BaHUs DHCPIrun IToms.
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I'nmaBa 7. CuianHOe B3auMoeiicTBHEe B HOBOI Moaeu BeeeHHon

B cratee [1] Ha ocHOBaHMM 3akoHa Moj00Ms ¥ 3aKOHA €IMHCTBA aBTOPOM IPEAJIOKEHa MOJIEIh
npoliecca BO3HUKHOBEHHU Hallleil BeeleHHOM ¢ MUHUMaNbHOW HavanbHOM SHTponuel. [Ipu sTom Haia
Bcenennas sBnsiercsi cocrtaBHOM yacThio Cynep-Bceenennoit. B cBoro ouepennr Cymep-Bcenennas
IIPEACTaBIEHA PACCIOCHHBIM MIPOCTPAHCTBOM [2], IPUYEM COCEHUE CIIOM OTJIMYAIOTCS Pa3MEPHOCTHIO
MPOCTPAHCTBA Ha equHUIly. [IpUBBIUHOE IS HAC TPEXMEpPHOE MPOCTPaHCTBO (deThipexmepHas (3 + 1)
Bcenennas) rpaHHYUT ¢ JBYMEPHBIM IMPOCTPAHCTBOM KBAapKOB. [10700HO AByMEpHOE MPOCTPAHCTBO
IPaHUYUT C OJHOMEPHBIM IPOCTPAHCTBOM JMOHOB (uactun [lnmanka). Hakoneu, oxHomepHOe
MPOCTPAHCTBO TPAHUYUT C HYJIBMEPHBIM MpocTpancTBoM CkamsipHoro Iloms-Bpemenun. Mexmy
COCEIHUMM TPOCTPAHCTBAMH CYIIECTBYeT HWH(POPMAIMOHHOE B3aUMOJCHUCTBHE uepe3 OAHY
JeJIOKaIU30BaHHyl0 Touky. HynemepHoe mnpoctpaHcTBo Ilons-BpeMeHH HMeET BO3MOKHOCTD
B3aMMOJICHCTBOBATH C APYTMMHU MPOCTPAHCTBAMH U 33aBaTh MIPOrpaMMy IBOJIIOLINN BceeneHHoil.

Ckanspaoe [lome mocnenoBaTenbHO HAMONHAET BCE MPOCTPAHCTBA, CO3JaBasi B  KaXIOM
KOMIUIEKCHl YaCTHUIl, XapaKTePH3YIOIIUXCS OTCYTCTBUEM 3apsfoB M JAPYTrUX KBAaHTOBBIX 4mcen. B
Mupe-4 stomMy TpeOOBaHHIO YIOBIETBOPSIOT TMaphl HEHUTPOHOB WM KJIAacTephl Map HEHUTPOHOB B
CHHIJIETHOM cOCTOSHUH. B Mupe-3 370 OyayT KOMIUIEKCHl KBapKOB, KOTOPbIE COOTBETCTBYIOT Iape
HelpoHoB. B Mupe-2 3To OyIyT KOMIUIEKCHI JUOHOB C COOTBETCTBYIOIIMMHU XapaKTEPUCTUKAMH.

Takas ctpykrypa Cymnep-BceeneHnHoill BbI3bIBaeT MosiBIEHUE apoHOB Bo Beenennoit (Mupe-4) B
pe3ynbTaTe B3aUMOJCUCTBHS MEXIy KBapkaMu B Mupe-3 u mnepenaun uHdopmamuu o0 3TOM
B3aumojelicteun B Mup-4. Takum oOpazom, ogHo¥ yactuiie Mwupa-4 MoxeT ObITh MOCTaBiIeHA B
COOTBETCTBHE Ipylna KBapkoB Mupa-3, KoTopas HACUUTBHIBAET B HYJIEBOM NPUOIMKEHUH 2 WU TPU
kBapka. Ilpu 3ToM MeXIy KBapKaMu M MEXAY aJpOHaMH CYIIECTBYET CHJIBHOE B3aUMO/JEICTBHE,
KOTOpO€E MOoJIpoOHO uccneayercs, HaunHas ¢ 1935 ropa.

CunbHOE BHYTpUsIJIEpHOE B3auMOJEMcTBHE ObUIO BIIEPBBIE OINMCAHO SMOHCKUM YYEHbBIM-
¢usukom IOkaBoit B 1935 r. ¢ ucmnosnp3oBaHMEM OOMEHHBIX 4YacTUIl - Me30HOB. CoBpeMeHHOE
OIKCaHUE CWJIBHOTO B3aMMOJICHCTBHS JAaeT KBAaHTOBas XpoMoJauHaMmuKa. KBaHTOBas XpoMoJIuHaMHKa
BXOJIUT B TaK Ha3piBaeMylo CTaHAApTHYIO MOJAENb, KOTOpas SIBISIETCS CYMMOW COBPEMEHHBIX
MIPEJICTABJIIEHUH O CTPOCHWU MUKPOMHpPA, XOTS M HE MOXET MPETeH/I0BaTh Ha 3aBEpILECHHbIC 3HAHUSA,
MIOCKOJIKY HE OOBSACHSET PE3yJIbTaTOB HEKOTOPBHIX 3KCIIEPUMEHTOB M HE BKIIIOYAET B ce0sl TEOPHIO

rpaBHUTalUNA.
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Cornacno mozenu FOkaBbl cuiibHOE B3auMojecTBHE B Mupe-4 nposiBiIseTcs: BCIEJICTBUE TOTO,
YTO OJIMH HYKJIOH H3Ily4aeT TT-ME30H, a BTOPOil €ro MOrIOmaeT 3a Bpems ¢ ~ 1072 ¢. Takue 4acTHIBI
Ha3bIBAIOTCS BUPTYyaJbHBIMU. UTOOBI CliedaTh 3TH YacTULBl pealbHIMU, X HEOOXOAUMO OCBOOOAUTH
OT B3aMMOJEHUCTBUS C HYKJIIOHAMHU. JJIs1 3TOr0 HY’KHO NMPEAOCTABUTH MHOHY YHEPTHIO /ISl IPEOI0JICHUS
paboThI BBIXO/1a U TIOJIYYeHUsI KWHETHYEeCKOM sHeprun (aHasor ¢pororpdexra).

BeposTHO, a/i1 YTOYHEHHBIX pPACYETOB XapaKTEPUCTHUK aJpPOHOB U  COOTBETCTBYIOIIUX
B3aMMOJCHCTBUN HYXHO MpPHUHUMATh BO BHHMMAaHHE HECKOJBKO TaKHUX TIpYyNI KBapKOB.
[lonTBepkaeHNEM TaKOro NPEANOJOKEHHS SIBISIETCS POXJACHUE Cpa3y OOJbIIOr0 KOJWYECTBA
AJIEMEHTAPHBIX YACTHUIl TPH HEYNPYroM CTOJKHOBEHHHM YAaCTHI[ BBICOKMX dSHeprui. I[lostomy
HEYIMBHUTENBHO, 4TO B MOHOTpadu [3] yTBep)kaaercs, 4To aJpoHy COOTBETCTBYeT 0Koy10 6000 yacTuiy
B Ckpeirtom Mupe. CrenoBarenbHO, Uil OMUCAHHUS CBOWCTB NMPOTOHA B HYJICBOM NPUOIMKCHUU
HEOOXOJMMO NPUHATH BO BHUMAHUE TPHU KBapKH, a C MOBBIIIEHUEM YPOBHS TOUHOCTU UX KOJIUYECTBO
JIOJDKHO CYIIEeCTBEHHO yBenmnduThes (10 6000).

DTO HamOMMHAeT pacTBOpP IMOJSPHOM MOJIEKYJIbl B BOJE, BOKPYT KOTOpoW (opMupyercs
conbBaTHast 000JI0UKA U3 HECKOJBKUX MOJIEKYJ BOJBI M CYIIECTBYET NAJbHSS 30HA MOJICKYII, BIUSHUE
KOTOPBIX MOKHO Y4ECTh C IOMOIIbIO YCPEIHEHHBIX MaKPOCKOIIMUECKUX ITapaMeTPOB PaCTBOPHUTEIIS.

Takum 06pa3oM, HYKIOHY MOXHO IMOCTaBUTh B COOTBeTcTBHE /10 6000 KBapKOB, @ ITHM KBapKam
MO>XHO TTOCTaBUTH B cooTBeTcTBUE 2000 HYKIIOHOB.

Urak, B HacTosimiee Bpemsi B pamkax CTaHIApTHOM MOJIENM HaliJleHa CBA3b MEXKIY KBapKaMu U

aJIpOHaMH.

B nanHoit pabote rccieayeTcs CHIIBHOE B3aUMOICHCTBUE B PaMKaX HOBOM MOJICIH POXKICHUS U
ABOJTIOIUH BceneHHoi, XapakTepu3yroleicss MUHIMAJIbHON HadyallbHOM SHTponHei [1].

Jns  panpHEWIIero W3J0KEHWs MaTepuaia TNpuMeM BO BHUMaHWE W3JIOKEHHBIE B [3]
TEOPETUUYECKHE TPEJCTABICHUS O TpHpPoAEe U CTpykType ¢usnueckoro Bakyyma (DB): mpm
AHHUTWJISIHMN Napbl YACTHIA-AaHTHMYACTHLIA OHM He JHUKBHIMPYIOTCH, a O0ObEAMHSIOTCH B
CHCTeMY, HAa3BaHHYI0 JJieMeHTapHoll 4actumeii Bakyyma (OUB). B DUB B HeB030yxIeHHOM
COCTOSIHUM B HalleM J1abopaTOpHOM HPOCTPAHCTBE BCE KBAHTOBBIE YMCIAa PaBHBI HYM0. OCHOBOM
(U3HYIECKOro BaKyyMa COTJIacHO [3] ABJIsAeTCs MPOTOH-aHTHIPOTOHHEIH (p p ) BakyyMm. KoHmenTparms
DYUB B oTOM BHE Bakyyma paBHa 1,54541:10% cM™, B To Bpems kak konuentparus JUB 31eKTpoH-
MO3UTPOHHOTO BaKyyMa paBHA 1,73009:10% cm™, To ecth Ha 10 nopsnkoB MeHbiie. Kpome Toro, JUB
o0pa3yloT Bce cTabmibHbIe YacTHIl Mupa-4 u Mupa-3. B pabote aBTopa [4] onuchIBalOTCs CBOMCTBA

ITonst u3 Mupa-1, o0bsICHAIOIIME TPUYNHY BOSHUKHOBEHUS YaCTHIl BaKyyMa.
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Jlpyrue m3BecTHbIE B3aUMOJECICTBUS HE B COCTOSHUU CO3/1aBaTh YACTHULbI BaKyyMma, IIO3TOMY B
CranapTHON MOJENIN OHU OTCYTCTBYIOT. [Ipy 3TOM BakyyM XapakTepHu3yIOT HaOOpOM COCTOSHUI, Ha
KOTOpble  HAKJIaJbIBAIOTCSl  JIOTOJHUTEIbHBIE  ycloBHA. B dwactHocTH, Uit OOBSICHEHMS
HKCHEPUMEHTAIIBHO OTKPBITBIX IMONPAaBOK K MAarHUTHOMY MOMEHTY AJIEKTPOHA U CMEIICHUS YPOBHS
TOHKOI CTPYKTypBl B aTOM€ BOJOpPOJA 3aCTaBHJIO (PU3MKOB HAAEIMTh OKPYKAIOIIYI CPeAy TaKUM
HOHATHEM, KaK "BaKyyMHble mnomnpaBKku'. PU3UKH MPOAOJDKAIOT HAJENATh BaKyyM Bce OOJIbIINM
KOJIMYECTBOM JKECTKO IIOCTYJMPOBAHHBIX CBOWCTB. CumnTaercsi, HampuMep, 4TO JAEHCTBYS Ha
(Gu3MUecKuil BaKyyM OIEpaToOpoM pPOXKJIEHHS YacTHUI], MOKHO IMOJy4uTh W3 mycroro ®B peanbHble

YaCTHUIbI. Huxakxoro Hameka Ha MEXaHH3M 3TOTO mponecca HET.
7.1. CuabHoe B3aumonaeicreue B CTaHIapTHOM MOJeJIH

Bce YaCTUIbl, COCTOAIIMUC N3 KBAPKOB, OTHOCATCA K KJIaCCy aApOHOB. OI[HI/I COCTOST U3 KBAapKa U

AHTUKBApKa, ApYTHUC - U3 TPEX KBAPKOB. Camble U3BECTHEIC U3 IMOCJICIHUX - IIPOTOH U HGﬁTpOH.

[Tpotox (+1) Heitrpox (0)
3apsi/ibl KBApKOB B COCTaBe MIPOTOHA KOMOMHUPYIOTCS B +1 (B €JMHUIIAX 3JIEMEHTApHOTO 3aps/a),
a jutst HerTpoHa - B 0.
KBapku ynepxuBaroTcs 61aroaps Iiir0o0HaM - KBAaHTaM TOJIs CHIIBHOTO B3aMMOAEHCTBHS.
KBapku umeroT coOCTBEHHBINM BUI 3apsiia, KOTOPBIA Ha3bIBAETCS «IBET». B 1000l MOMEHT
BPEMEHU KBAapK MOXKET HaXOAMUTHCS B OJHOM M3 TPEX COCTOSHUH, WM IBETOB - K, 3, ¢ (KpacHBIH,
3eJIeHblH, CHHUH, (Ha aHTJIUIICKOM s3bIKe 7, b, g - red, blue, green). IIpu nmornomeHny WM UCIyCKaHUU

[TFOOHOB IBET KBapKa MOYET U3MEHHUTRLCS, HAIIPUMEP
u(b) — (b,F)—I- u(r)

diry+ (b,7)— d(b) (7.1)

[Ipu 3TOM Apyrue KBaHTOBBIE YUCIIA KBApKa U €r0 apoMaTr’ | He H3MCHSIOTCS.

31
ApOMaT — o0IIIee Ha3BaHUE IS psaa KBaHTOBBIX YUCCII, XapaKTECPU3YIONIUX TUIT KBapKa HUJIN JICTITOHA.
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U3 tpex uBetoB (7, b, g) 1 Tpex aHTUIBETOB (7, b, g ) MOXKHO COCTaBUTH TaOJIHUILy BO3MOMKHBIX

KOMOWHAITMH TIIF0OHOB (Ta0.7.1).

['moon umeer cnuH 1, Kak U QOTOH, UMEET 2 CHUHOBBIE COCTOSHUS, DJIEKTPOHEUTpaTbHBIM,

MMeeT LBETOBOH 3apsiy 17, gg,bb,rg, g7, rb ,bF,gb ,bg .

Tabnuma 7.1. KomOuHamu u3 1BETOB U aHTHIIBETOB, KOTOPBIE MIEPEHOCST TITFOOHBI.

r b g
F Fr 7b g
b br bb he
g gr gb gg
dakTrueckd, OOMEH TaKMUMH TJIFOOHAMH MEXKIy KBapKaMH ONHIIET MEXKKBAPKOBOE

B3aumozelcTere. OQHaKo, B KBAHTOBOM XPOMOJMHAMHUKE, KaK M KBAHTOBON MEXaHUKE, ONUCAHUE
B3aMIMOJICHCTBUSL OCYIIECTBIIIOT C HKCIOJB30BAHUEM BOJHOBBIX (YHKIMH, CHMMETPHUS KOTOPBIX
JOJDKHA COOTBETCTBOBATh CHMMETPUHM JIOKAJIBHOTO TMpocTpaHCTBa. [loaToMy cHadanma HaxomsT
JUHEWHble KOMOWHAIMM BOJHOBBIX (DYHKUHMN, KOTOpble Obl YIOBJIETBOPSUIM YCIOBMIO 3amauu. U3
AJIEMEHTOB, HE PACMOJIOXXEHHBIX HAa JUaroHanud Tabia. 1, MOKHO COCTaBHTH 6 Pa3MYHBIX IIBETOBBIX

KoMGHHAMI:
g1= (7 +b6r) N2, gs=~i(7b—br) N2,
9:=(7g + g )/N2,  gs=-i(7g - gr)/V2, (72)
g96=(bg + 3 ) N2, g,=—i(bg - gb) V2.

W3 Tpex 31meMeHTOB, pacHoOJIOXKEHHbIX Ha aAuaroHanu (7r, bb, gg) MOXHO HOCTPOUTH 3

He3aBUCUMBIE OeciiBeTHBIE (Oenbie) KomOuHauu. /IBe u3 Hux:
gs=(7r —bb) N2, go=(Fr +bb-2gg ) /N6 (1.3)
SBIISIFOTCS IEPEHOCUYNKAMU B3aMMO/ICHCTBHS, & TPEThs
(7r +bb + gg ) V3 (7.4)
SIBIISIETCS] TIOJTHOCTHIO CHMMETPUYHOM OTHOCHUTENIBHO IBETOB W MPEICTABISAECT U3 ceOs OeclBETHBIN

nBeToBO# cunrier. CunTaercs, 4To JacTHIla, 001amaronas TaKoW IBETOBOM KOMOHHAIINEH, HE MOXKET

OBITH MIEPEHOCYMKOM I[BETOBOTO B3aUMOJICHCTBUS MKy KBapKamu [5,6].

32 TyT npHBOAATCS 3apA/IbI [JIFOOHOB, HAXOIANIMXCS B MONE TIOHIKEHHON cuMMeTpuH. CHMMETpHs CBOGOIHOTO III00OHA
omuceIBaeTcs B paMkax rpymmsl SU(3).
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[TonsiTHO, YTO NMpUBEEHHBIE KOMOWHAIIMYA MOKHO IUKIWYECKU (r—g—b—r) nepecTaBisiTh. [Ipu
STOM MOMEHSETCS 3aIKCh IS BCEX KBAPKOB, KPOME MOJIHOCUMMETPUIHOTO.

Tpu mocnegHue BOJHOBbIE (YHKIIMM KBapKOB B3SThI 110 AQHAJIOTUU C BBIPAXXEHHEM BOJHOBOM
(GyHKIMM TpeX B3aUMOJCHCTBYIOIIMX aTOMOB (Hampumep, Hona). Ilpu >TOM MOHOCHMMETpUYHAS
KOMOMHALUsl JaeT MHHHMMAJIbHYIO SHEpPrHI0 MOJIEKYJbl, AHTUCUMMETpPUYHAs (g3) COOTBETCTBYET
OTCYTCTBUIO HHEPrHMM CBS3BIBAHUS MEXIy aTOMaMH, a CIJEJOBATEIbHO, OCTAaBIIET HEU3MEHHOMN
SHEPIrHI0 COCTABHBIX YACTEW, a TPEThs (gs) - Pa3phIXJIAIONIAsl, XapaKTePU3yeT MOBBIIIEHHYIO SHEPTHUIO
COCTOSIHMS.

Jnist Toro 4TOOBI CBSA3BIBAHUE MPOM3OIILIO, HEOOXOIMMO, YTOOBI SHEPTUsl KBapKa IUTIOC SHEPTHS
BUPTYaJIbHOTO TJIIOOHA MpeBbIlIaja 3Heprus keapka. Creayer mojaratb, 4To B Ciy4yae TJIFOOHOB C
MOJTHOCUMMETPUYHON BOJHOBOHM ()YHKIIMEH CyMMapHas HEpTus HE OTIMYAeTCS OT SHEPTrUU KBapKa,
T.€. NMOJHOCHMMETPHUYHAsi KOMOMHALMS COOTBETCTBYET 3JIeMEHTAPHOH 4acThue Bakyyma. B
TAaKOM CJydae MOJHOCUMMETPUYHBIN TITF0OH HE CMOXKET 00ECTIeYnBATh CBS3BIBAHNE MEXKIY KBAapKaMH.
N orcyrcTBue B3anmoencTBUs OyeT HE B IIBETOBOM KOMOMHAIIMH, @ B CyMMapHOW SHEPTHH KBapKa U
BUPTYaJIBbHOTO TIOOHA. KBapku g3 m gg TOKE HE MEPEHOCST LBET, HO CBSI3bIBaHHE 00ECIEUMBAIOT.
MoxHo cuuMTath BCEe 8 KOMOWHAIMKA TJIIOOHOB BO30YXKJIECHHBIMH COCTOSHHSIMH OCHOBHOTO
MOJTHOCUMMETPUYIHOTO COCTOSTHHS, YTO ¥ MO3BOJIIET UM Y4aCTBOBATh B CUIILHOM B3aUMO/ICHCTBUH.

Takum oOpa3om, JBe TMepBble CHUMMETPUYHbIE KOMOMHaIMM (g3 U gg) BMECTE€ C IIECTHIO
HEJMaroHaJbHBIMU KOMOMHALMSIMU MPEJCTABIAIOT & TUIOB BOJIHOBBIX (YHKIHMM TJIIOOHOB -
MEPEHOCUNKOB CHJIBHOTO 1IBETOBOI'O B3aMMOJCHUCTBUSI.

Jlerko BuAETH, 4TO BOJHOBbIE (DYHKIMU g U g 00€CNeunBalOT B3aUMOEHCTBHE MEX Ty KPAaCHBIM
U CUHUM KBapKaMH, g4 U g5 - MEXIY KpacHbIM U 3€JIEHBbIM, €6 U g7 - MEXKAY CHHUM U 3€JICHBIM.
OyHKIMSA g3 ONUCHIBAET B3aUMOJICHCTBHE KPACHOTO W CHHEr0 KBAapKOB 0€3 M3MEHEHHs IIBETa.
AHanornuHo, (QYHKIUS g3 OMUCHIBACT B3aMMOJICHCTBHE BCEX TPEX LIBETOB KBApPKOB 0€3 M3MEHEHUS
1[BETA.

[TocKONBKY TIIOOHBI, B OTJIMYHE OT (DOTOHOB, UMEIOT LIBETA, TEOPHUS JOMYCKAET, YTO JJISI HHUX
BO3MOJKHBI ITPOLIECCHI UCITYCKAHUS TJIFOOHOB IJIFOOHAMU M B3aMMOJEHUCTBHE MEXIY ABYMS TJIIOOHAMHU.
[IpaBna, Takoit 3(hPeKT BOZMOKEH CKOpee He sl BUPTYaTbHBIX, a UIS PeaIbHBIX TITIOOHOB. [ToaTomy
TaKoe B3aUMO/ICHCTBHE HE OOHAPYKUJI HUA OJIUH SKCIIEPUMEHT.

B3anmogeiicTBre ¢ ydacTHEM TIIOOHOB OTBETCTBEHHO 32 y/Ep)KaHHE KBApKOB BHYTPHU aapoHa. B
OTIMYME OT KOHCTAHTHI 3JIEKTPOMATHUTHOTO B3aMMOJCUCTBUS, KOHCTaHTAa CHJIBHOTO IIBETOBOTO
B3aMMOJICHCTBUS PACTET C YBEIMYCHUEM PACCTOSTHUS MEXKTY KBapKaMH.
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['1Mr00HBI UTparoT CYIIECTBEHHYIO POJb B OPMUPOBAHUHM BHYTPEHHEH CTPYKTYpHI aapoHoB. M3
MIPOIIECCOB TIyOOKOHEYNMPYToro pacCesHusl YacTHIl Ha HYKJIOHAX CIEAYEeT, YTO MPUMEPHO TOJOBHHA
SHEPrUM HYKJIOHA MPUXOAUTCS Ha IITFOOHBI.

CyiecTBoBaHME KBAPKOB IOJHOCTHIO OOBSCHSIET HAJIMYME MAarHUTHOTO MOMEHTa y NpPOTOHA
(2,79275-pp) n melitpona (-1,93-,).

B TO BpeMst Kak BeTMUMHA 3JIEKTPOMATHUTHOTO B3aUMOJICHCTBHUS XapaKTePU3yeTCsi KOHCTAHTOH,
Benn4yrHa KoTopod paBHa 1/137,03597 (310 kBampat amrmutynbl (-0,08542455) mornomenus uiu
U3ITy4YeHHs] BUPTYaJTbHOTO (DOTOHA DIEKTPOHOM), BEJIMYMHA CHIIBHOTO B3aUMOJICHCTBHS OMpPEIEIIeTCs
[JIFOOHHOM KOHCTAHTOM g, CYIIECTBEHHO IMPEBBILIAIONIEH BEIMYUMHY KOHCTAHTBI 3JIEKTPOMArHUTHOTO
B3aUMOJICHCTBHS.

CunbHOE B3aUMOJICHCTBHE MEX/1y aJpOHAMH OMHUCHIBAIOT C UCIIOJIb30BAaHUEM OOMEHA MHOHAMHU,
CTPYKTYpa KOTOPBIX IpeJICTaBlIeHa KBAPKOM M aHTHKBAPKOM, KOTOpPbIE HECYT LIBET U aHTHUIBET. MTaK,
MHOHBI - OECIIBETHBIE YACTUIIBI C HYJIEBBIM CITUHOM (OO30HBI).

[1noHbI - HecTaOMIIbHBIE YaCTULIBI.

Bo3onbl noqunHs0TCA cratucTuke bo3e - DHHIITEHA: B OAHOM KBAaHTOBOM COCTOSTHUM MOKET
HaXOJMUTbCS HEOIPAaHMUYEHHOE KOJIMYECTBO YACTHIl C TOKJICCTBEHHBIMH KBAHTOBBIMHU uuciaamu. K
0030HaM OTHOCSTCS: TUIIOTETUYECKHU IpaBUTOH (ciiuH 2), poton (cnmH 1), W u Z - 6030HBI (CITUH
1), rawonbl (criuH 1), Me30HBI U Me30HHBbIe pe3oHaHchl (cruH (), a TakKe aHTUYACTHUIBI BCEX

MEPEYHCIECHHBIX YaCTHII.
Hcxopst u3 cOOTHOIIEHUST HEOTTPEIEIeHHOCTEN

At-AE > h (7.5)

HalJIeM pacCcTOsTHUE, Ha KOTOPOE EPEMECTUTCS BUPTYaIbHBIA O030H 3a BpeMs At

r:cAt=i: Ch2 =L=/1€ (7.6)
AE m,c® mgc

DT0 paccTrosiHue W OyIeT pajauycoM B3aMMOJCHCTBUs 4acTHIl. Eciu G030HOM sBJISETCS NMHOH
(Mge =273 m,), o r = 8,9-10""° m.

B ciyuae craGoro B3ammoneiictsust (W' - 6o3on) # = 1,5:10"7 m. Takoe Maloe paccTosHHE U
npenonpeaenseT cnadocTh B3aumoaeicTeus. [loaToMmy Bpems xu3HU HeiTpona nocruraer 881 ¢ [7].

[ToaTOMy M HEUTPUHO €71a00 B3aUMOJICHCTBYET C BEIIECTBOM.

114



bapuoHbI 1 ME30HBI BMECTE COCTaBIIAIOT TPYIILY aipOHOB. B 1aHHOM cilyuae Ui Hac BaXKHO, YTO
o 0 — 7 + 7 - _ = _
IIMOHbI ¥ HYKJIOHBI UMCIOT CIIC/YIOINI KBAPKOB COCTaB 7 =uu —dd 7" =ud , 7~ =ud p =uud, n

= udd.
Bpewmst skisHE 1T 1 70-Me30H0B 2,6-10 ¢, a n’-mesona — 0,8-107° ¢ [8].
CuiibHOE B3aMMOJICHCTBHE MEXKy HYKIIOHAMH MPOSBISICTCS BCICJACTBUAE TOTO, YTO OJIUH HYKJIOH
WCIYCKaeT BUPTYAIbHBINA T-ME30H (IMIHOH), @ BTOPOH €ro MOTJIOIACT 32 BPeMsI £ ~ 107 c.
B pe3ynbraTe BUpTYaIbHBIX IMPOLIECCOB HYKJIOH OKa3bIBAETCS B IIIyO€ U3 ITHOHOB:
pe(m+n),
ne (ptm),
p e (p+n°), (7.7)
ne@m+n’),
o0pasyromux Tojie sSAepHbIX cuil. Jletanu pokJeHus MHOHOB B TEOPHM HE OMUCHIBAIOTCA. [IpocTto
CUUTAETCS, YTO BCE MPOLIECCHI MPOUCXOIAT B PAMKaX COOTHOIICHUS HEOIIPEIeIEHHOCTEH.
[Moryomenre STHX MHOHOB APYIMMH HYKJIOHAMH TPHBOJAUT K B3aUMOJCHCTBHIO MEKIY
HYKJIOHAMH, TO €CTh K TPOSIBIICHUIO SACPHBIX CHII:
ptnem+at)+tneon+ (nt+n) o n+p
ntpeo(ptn)tpeopt(ptn)eoptn
ptpeo(ptm)tpeopt(ptn’)eoptp (7.8)
ntneom+n’)+neont+t@m+n’)eontn
Termepp TOCMOTPUM Ha  MEXHYKJIOHHOC B3aWMOJICHCTBHE HA  KBapKOBOM  YpPOBHE.

B3anmoneiicTBrue MeX 1y IPOTOHOM U HEUTPOHOM UMEET BUA:

uud +udd <> (udd +ud )+ udd <> udd +(ud +udd) <> udd +uud. (7.9)

3/ech B MoJIE IPOTOHA TIPOMCXOUT POXKJICHHE BUPTYAIHLHOTO ITHOHA T, KOTOPHIH MEPEHOCHTCS
Ha HEUTPOH, MpeBpalias ero B MPOTOH BCICACTBUE aHHUTHIISAIIMN KBapka d HEHTpOHA C aHTHKBAPKOM
d mmona. [Ipu 9TOM u-KBapK, OCTABIIHICS OT IHOHA, BXOJUT B COCTAB TOIBKO YTO OOPA30BAHHOTO
npoToHa. [10CKONMbKY MPH 3TOM MUOH HAXOIUTCS B BHPTYaTbHOM COCTOSTHHH, TaKas aHHUTWISAIHS HE
COTMPOBOKIAETCS BBIJICIIEHUEM YHEPTUH, TO €CTh OTCYTCTBYET U3JIYYCHHS Y-KBAaHTOB.

ToapoGHO B3aMMOIEIICTBHE MEX Ty IIPOTOHOM H HeiftpoHoM n = (“d(r)y+ “u(g)+ “d(b)) npu
y4acTUH ITF00HOB B CTaHAAPTHOM MOJIETN OMUCHIBACTCS CIICIYIOIINM 00pa3oM.

a) U3ITyYEeHHsI TIF0OOHOB C U3MEHEHHUEM IIBETa KBapKa:

“u(g) — 'g(g, 7 ) + "u(r)
115



“d(g) — 'g(g, 7 )+ "d(r) (7.10)
6) TIOTJIOIIICHUC I[pyl"I/IM KBapKOM TJIFOOHA C UBMCHCHHUECM IIBCTA KBapKa

Tur) +'g(g,7) — "u(e)

() +'g(g,r) — "d(2). (7.11)

CrnenoBaTensHO, IEPEHOC TIIIOOHOB MPOUCXOAUT TOJIBKO B CHHTJIETHOH mape KBapkoB. [Ipu aTom
CIHH KBapka (-'2) M ero 1BeT OKa3bIBAIOTCS JKECTKO 3aKPETJICHHBIMHU M MEPEHOCSITCS OJHOBPEMEHHO.
Takum 00pazoMm, CIIMH MEPEHOCUTCS C MEPBOTO KBapKa Ha BTOPOM, CO BTOPOTO HA TPETHUH, C TPETHETO
Ha TIEpBBIM M Tak jgainee mo kpyry. IIpm »ToM OBICTphIi OOMEH MPOEKIMSMU CIIMHOB OCTaBJISIET
CYMMapHBIH CITUH ITOCTOSTHHBIM M PaBHBIM /5.

B) npeoOpa3oBaHHWE BUPTYaJIbHOTO 0030HA - TJI0OOHA HA BUPTYaJbHYIO IIBETHYIO Mapy KBapK-
AHTHUKBapK B TPUILIETHOM COCTOSTHHHM (CYMMapHBIH ciivH = 1):

'g(b,7) — '["d(b) + " d(F)]. (7.12)

3/1ech BO3HUKAET BONPOC: MOXKET JIM BUPTYAIbHBIA TIIFOOH IMPEBPATUTHCS B IBETHYIO Mapy
KBapKOB B TPHUIUICTHOM BHUPTYaJbHOM COCTOSHUU? B HOBOW Mojaenu Takas peakiusi HEBO3MOXKHA.
Ckopee, BUPTYaJIbHOM Mapoil KBAPKOB (ITMOHOM) MOXKET ObITh TOJIBKO OeCIBETHBIN (O€IIbIil) 0030H.

r) IpH MOCIIENOBATENbHOM TpoTekanuu peakumii (7.11) u (7.12) kBapk “d(b), H31ydHB TIIOOH
'g(b,7), cran kBapkoM “d(r). CleI0BaTEIBHO, B ITOM CIIy4ae CTano 2 OJMHAKOBBIX KBapka ~d(r)+
I/Zu(g)+ “d(r). TIOHSTHO, YTO MAKOU KEAPKOGWL COCMAS HYKIOHA Hego3modcen. 11odToMy N
npeoOpa3oBaHHe W3ITYYEHHOTO TJIOOHA HAa BHUPTYaJIbHYIO [BETHYIO TMapy KBapK-aHTUKBAapK B
TPUIUIETHOM COCTOSHHH Hego3moxcno>>. Onnako B CTaHIapTHON MOJEIH TOT BOIPOC OOXOMIST
BBEJICHHEM OTJACICHHS OJHOrO H3 JBYX TOXIECTBEHHBIX KBApPKOB ~d(r), KOTODBIA THpH 93TOM
oGMeHnBaeTcst ¢ KBapkoM ~‘d(b), BXOLIIIAM B COCTaB BHUPTYAJIBHOHN Mapbl, TO €CTh, OOBEAMHIETCS C
aHTHKBapKOM ~ d (77), 00pa3syst BUPTYaJbHbIA NMHOH 7' B CHHIJIETHOM COCTOSSHUH. OCBOOOKICHHbIN
kBapk "d(b) TpUCOETMHSETCS K APYTMM IBYM, 3aMBIKas TpOHKy kBapkoB ~d(b)+ “u(g)+ d(r) ¢
CYMMAapHBIM CITHHOM V2.

-

1) mon 7° (Cd(ry+ d (F)) nepenocures Ha npotor p = (“d(g)+t u(ry+ “u(b)). TlockoabKy

MEXKIY KBapkKaMu, BXOOJAINHMMH B COCTaB MPOTOHA, MPOUCXOIUT MMOCTOSIHHBIA OOMeH TJIFOOHaAMH, TO

33 B xBaHTOBOW MexaHHKE BEPOATHOCTH KBAHTOBOI'O IEPEXOAAa BBIPAKACTCA HHTCrpaioM, B KOTOPOM IMOABIHTETpAJIbHAsA
(byHKHI/ISI COIEPIKUT BOJIHOBBIC (byHKHI/II/I HA4YaJIbHOTO U KOHCYHOTO COCTOSIHI/II\/'I, a TAKXKE OICpaTop KBAHTOBOI'O IEpPEXoJa.
HOCKOHBKy KOHCYHOC COCTOSAHHUC HCBO3MOXXHO, TO HCBO3MOXXCH U KBaHTOBEI nepexona.
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CITMHBI KBAPKOB MOCTOSIHHO Memstotes. Janee muon n° (“d(r)+ “d (77)) B3aUMOJICUCTBYET C KBapKOM
/Zd(g)34. [Ipu »TOM B pe3ynpTaTe 0OMEHa KBapKaMH BBIIEISIETCS KBapK “d(r), KOTOpBIi CTAHOBHTCS
COCTAaBHOI 4aCTBIO MPOTOHA, 4 BHPTYalbHas Iapa KBapkoB (- d (F)Jr/zd(g)) OKa3bIBAETCs IBETHOW B

TPHIUIETHOM COCTOSIHWH, B PE3y/bTAaTe Hero MPEeBpallaercs B TIIOOH ' g(g,7 ), MpeBpaliaiommii
“d(r) ma “d(g). Takoil CIOXKHBIA MpPOIECC BBEACH IS TOTO, YTOOBI CHMMETPH30BAaTh IIPOLECCHI
npeoOpazoBaHMsI TIIFOOHOB HA Mapy KBapKOB H MPe0Opa30BaHUsl Mapbl KBAPKOB Ha TITFOOH.

Wtak, TI00H mpeBpaTuics B Mapy KBapKOB, a Mapa KBAapKOB HA TIIFOOH. A 4YTO € BBI3OBET
CHIIbHOE B3amMojelicTBrue? BeposiTHO, 3TO BpeMsi OT POXKIIEHUS TIIFOOHOB JIO TIOTJIOIIEHUS TIFOOHOB
mociie TepeHoca MHOHAa. B Takom ciydae il MOAJAEPKaHUS CHUIBHOTO B3aWMOJEHCTBUS Ha
MOCTOSTHHOM YPOBHE HEOOXOAMMO, YTOOBI Cpa3y mociiec 0OMeHa MUOHOM POIMJIICS HOBBIA IUKI 0OMeHa
MTHOHOM.

Ecnu ritooH B peakiiuu B) pacragaeTcs Ha mapy u - KBapKoOB

‘b, 7)) — '["uv) + "u(F)],
Torna obwseauaenne d(r) + LT(F ) JIacT MHOH T , @ BMECTO HEHTpOHA 00pa3yeTcsi MpOTOH
Pd(ry+ "u(gyr "ub) =p".

IIpy 3TOM ITHOH T MEPEHOCUTCS Ha IPOTOH P, IPEBPAIAsl Er0 Ha HEHTPOH 7.

[TpoBoasi aHAIOTMYHOE PACCMOTPEHHE Ha TPUMEpE MPOTOHA, JIETKO YCTAHOBHTH BO3MOKHOCTH
CO3JaHMS MHMOHA T ¥ MPeoOpa3soBaHHS NMPOTOHA Ha HelTpoH. IIpu >TOM NMHOH M HepeHOCHTCS Ha
HEHTPOH 7, MPEBpaNIas ero B IPOTOH p .

Takum oOpa3om, npuBeACHHas cxema oOBsicHieT B pamkax CTaHIapTHOW MOJENH CHJIBHOE
B3aMMOJICHCTBHE MEXIy KBapKaMH B HYKJIIOHE M MEXIy HYKJIOHaMHU (OECIBETHBIMH YacCTHIIAMH) B

Aapax. HenpuemneMmele MecTa B 3TOM CXEME COOTBETCTBYIOT PEAKILIHUSIM 06[)330B3.HI/I$I IMMOHOB M3

IJIIOOHa H HaO60DOT. O0e pe€aknun OOJKHBI OBITE MAJIOBECPOATHBIMH, HJIM OaXE€ HCBCPOATHBIMU.

OpHAaKO HKCIIEPUMEHTHI TIOKA3hIBAIOT, YTO HEUTPAIbHbIC U 3apsHKEHHBIC MTHOHBI JIETKO 00pa3yroTCs Kak
MIPH B3aMMOJCHCTBUN KOCMHUYECKUX JTy4dell ¢ aTMochepoid 3eMin, Tak U B JIA0OPATOPHBIX yCIOBHSIX.
Tenepb paccMOTPUM JOMOJIHUTENBbHBIE ACMEKThl KpUTUKUM CTaHIApTHOW MOJENH CHIBHOTO
B3amMozeiicTBus. [lepBoe, dYTO HampammMBaeTcs, 53TO HECOOTBETCTBHE OOMEHHOW MOJenu
B3aUMOJICUCTBYSI C MTOTEHIIMAIIAMH, KOTOPBIE OIUCHIBAIOT CUJIBHOE B3aUMOJIEHCTBHE MEXIY aIPOHAMH.

HaﬁHGHHLIG TCOPCTUKAMHU IMOTCHIMAIbl HUKAK HC BBITCKAIOT M3 0OMEHHBIX IIpouecCoB B aJpOHaX.

34 Yro BbI3bIBaET TAKOM 00MEH, HETIOHSITHO.
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Kpome Toro, co3gaercsi BieyaTiieHHe, YTO TIFOOHBI KAKUM-TO 00pa3oM 3HAIOT, B KAKOM HalpaBJICHUH
uM usnydaTbes. OTKyga Takoe 3HAHHME, €CJIM KpOME TJIIOOHOB HHUYEr0 MEXIYy aJpOHaMH HET?
OOMeHHOE B3aMMOJICMCTBHE B OMHCAHHOW MOJEIHM CKOpee TOJKHO OBITh XaOTHYHBIM, a HE CTPOTO
JIeTepMUHUPOBAHHBIM. UTO e HaIpaBIsieT BUPTyalIbHBIE TIIIOOHBI, 00eCTieunBast 1eTepPMIUHUPOBAHHOE
B3aUMOJICCTBHE MEXIy aapoHamu? HeBeposSTHBIM MPEACTaBISIETCS M THIOTETHYSCKHH MeXaHH3M

npeoOpa3oBaHMs BUPTYaJIbHOTO INIFO0OHA B TIApy KBapKOB.

7.2. CuabHoe B3auMojelcTBHe B MOAeJUM BcCeleHHOH ¢ MHUHMMAJALHONW HAYaJIbLHOM

JHTpPONHUENH

B npupone neiictByer 3akon moao6us. [losromy B3anMoaeicTBe MEX 1y KBapKaMH C TIOMOIIIBIO
0030HOB (TITIOOHOB) MOKHO PAaCCMOTPETh HA MPUMEPE B3aUMOICHCTBUS MEXKIY aTOMaMHU C ITOMOIIBIO
napbl 3JEKTPOHOB (TOKe 0O030HBI) B CHHIJIETHOM COCTOSHUU. [Ipu 3TOM HampaBistomen cuiio mis
JBWKEHUST ITUX O030HOB OyaeT aiekTpoMaraHutHoe moiie. ClenoBaTenbHO, W JBU)KCHUE TIIOOHOB
JIOJDKHO 00ecTIedrBaThCs COOTBETCTBYIOLIUM ITOJIEM.

JlaBaiiTe U3MEHUM CXEMY CHJIBHOI'O B3aUMOJICHCTBHSI TaK, YTOObI OHA COIJIACOBHIBATIACH C HOBOM
MOJIeINIbI0 poskieHus Beenennoi, kak coctaBHoi yactu Cynep-BceenenHnoi.

B Takom ciydae KBapkH M TJIFOOHBI HaXosaTCs B Mupe-3, a HyKJIOHBI U THOHBI B Mupe-4. Takoi
MOIX0/1 MBI UCTIOJIB30BAJIA TIPU PaCCMOTPEHHH ci1aboro B3aumopaeicTBus [9]. Teneppb ucnoib3yeM ero
JUIsL OTIMCAHUS JIeTalel CUIIBHOTO B3aUMOJICHCTBHS MEXAY KBapKaMU M MEXIy aJlpOHaMHU.

Kak kBapku, Tak ¥ HYKJIOHBI SBIISTFOTCS OTHOBpeMeHHO HocuTeasimu [loJis.

MOJKHO TIPHHSITH 33 OCHOBY LHKIMYECKHI EPEHOC TIIFOOHOB B TPOIKe KBapkoB [ d(g)+ “u(r)+
“u(b)] B cily4yae MpPOTOHA WM TPOMKE []/Zd(g)+ Pd(ry+ "u(b)] B cinydae HetpoHa. [Ipu 3TOM TIIOOH €
IpoeKkluel cruHa 1 mepeHoCcUuTesl Ha KBapK, CIIMH KOTOPOro paBeH (-)2), 1 HA000pOT, €Cau MPOeKLus
CTIHHA TJII00OHA TMPOTHBOIONOKHASI. KpoMe TOro, BETHOW COCTaB TIIFOOHOB JOJDKEH COOTBETCTBOBATH
[[BETaM KBapKOB, MEXAY KOTOPBIMH OH TEPEHOCUTCS. DTHM M HCYEPIBIBACTCS CUIBHOE I[BETHOE
B3aMMO/ICHCTBUE MEXKy KBApKaMHU.

CunbHOE OeclBETHOE B3aWMOJICHCTBUE MEKy HYKJIOHAMHU MPOUCXOAUT OJHOBPEMEHHO B Mupe-
3 u Mupe-4. IIpu sTom B Mupe-4 umeeM cranaaptayro cxemy FOkaBbl nepeHOCa BUPTYaJIbHOTO IMHOHA

MEXIy HYKIOHaMu. BupryanbHbie muoHbl B Mupe-3 poxaarTcs MyTeM BO30YKICHHS IHepruei
o 1/2 —-1/27 (= 1/2 —1/2—(— —

0JIs1 KBAapKOB TOJIIPH30BaHHBIX BakyyMHbIX yactull [ “d\a) “d(a )] v [ “ule) “ula)], toe o =
r, g b. CrnenoBarenpHo, dHeprusi [lonsi KBapKOB MOPOXKAAaeT M3 BAaKyyMHBIX YacTHI[ B YCIOBHSX
MOHWKEHHOM CUMMETPUHM TOJBKO HEHUTpPaJbHYIO Mapy KBapK-aHTHKBApK, KOTOpas COOTBETCTBYET
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HeHTpasibHOMY TIHOHY B Mupe-4. Eciiu 9Ta mapa pokJeHa B TpOilke KBapKOB, KOTOPBIE SIBIISIOTCS

COCTaBHBIMH HEHTPOHA, TO JOJKHA MUMETh KBAapKOBYIO CTPYKTYPY ﬂoz_l/zu(a)”zt_t(ﬁ ), a B IPOTOHE

=" 2a’(a)” 2d(&). [Ipu »TOM HeliTpanbHBIe MUOHBI B Mupe-4 poXaaroTcs W3 MOJIIPU30BAHHBIX

[Tonem HyKJIOHOB BaKyyMHBIX yacTull Mupa-4 3a cuet sHepruu Toro ke [loss.

Bo Bcex cimydasx U3 BakyyMHBIX YacTHII, TIPEKIE BCETO, 00pa3yroTcs: OeCIBETHBIC BUPTYAIbHBIE
napbl KBapkoB B Mupe-3 u HeWTpaibHbIe MHOHBI (CaMU B ce0e YaCTHIIbl M aHTUYACTHIIbI), KOTOPbIE
COCTOSIT M3 KBAapKa M aHTUKBAapKa B CHHIJIETHOM COCTOSHHH. IIpu 3TOM 3Heprusi cucreMbl KBapKoOB,
COCTABJSIIOIIMX HYKJIOH, YMEHbIIAeTCsi HAa BeJUYMHY BO30Y/KJAeHUS] BHPTYAJIbHOIO
HeMTPAJBLHOI0 NMHMOHA. DTa BUPTyajbHas Iapa UMEET BO3MOKHOCTh MPOB3aMMOJEHCTBOBATH C
TPOMKOM KBapKOB, KoTopas ee mopoawia (kak B Mupe-3 Tak U B Mupe-4), Wik BEpHYTHCS K
BAKYYMHOMY COCTOSIHHMIO. B mociennem ciydae BocctanaBiuBaeTcs Heprus [1ons HykioHa.

BupryanbHas mapa (mmoH n°) MMeeT BO3MOKHOCTH MEPEMECTHTHCA K JAPYroMY HYKIJIOHY,
oOycnmaBnuBasi CHJIIbHOE O€CIBETHOE B3aMMOJCHCTBHE MEXAy HykinoHamu. [lepemernienue
BHUPTYAJIBHOTO MTMOHA MEXKAY HYKIOHAMH BBI3BIBACT MEpEeMEIIeHIe B 00paTHOM HANpaBICHUH YHEPTUN
[Tons, BBI3BaBIIErO pPOXKICHUE BUPTYAIBHOU HapLI35. [Tocne mepemenieHrus BUPTYaJbHBIA ITHOH
BEpHETCS B BaKyyMHoOe coctostHue. [Ipu stom sneprus Ilons HykioHa BO3pacTeT 10 CTaHAAPTHOTO
cocrosiHud. IlepexpbsiBanue Cxansipubix Iloseii B3aumMoaelicTBYIOIIMX HYKJIOHOB M YMEHbIIEHUE
cymMmapHoii 3Heprun Ilosei 00yc10BUT KaK HanpaBJieHUe NepeMelleHus BUPTYaJbHOro 0030Ha,
Tak W B3auMojJelicTBHe Mexay HykJIoHamu (puc.7.1.). CnenoBarensHo, posb I[lons mpu
B3aMMOJICHCTBUN MEX]Ty HYKJIOHAMH C Y4acTHEM OO30HOB MOJA00HA IO POJIH SJIEKTPOMArHUTHOTO MOJIS

IIPU B3aUMOJECHCTBUU MEXIY aTOMAMHM C y4aCTHEM Iapbl AIEKTPOHOB B CUHIJIETHOM COCTOSIHUU.
9 0_-1/2 1/2—(—
[Tocne poxaeHHs B HEWTPOHE BUPTYAIBHOTO NHOHA 7T = u(a) u(a) BO3MOXEH 00OMEeH
KBapKaMu 0e3 U3MEHEHHUS UX LIBETOB
() + 2= () (@ ) 2ula) = 7+ uler). (7.13)
[Ipn 3TOM M3 HEUTPOHA BBUIETAET MMHOH T, & HEUTPOH NIPEBPAIIAETCS B IPOTOH.

AHaNOTMYHO TPOTEKAET PeakKiys B MPOTOHE. B TakoM ciryyae mpoucxoauT oOMeH KBapKaMH

_1/2u(0!)+7T0z_luu(a)—l-_l/zd(a)mc?(&):_l/2u(0!)1/2c7(§)+_1/2d(a): 7Z'++_1/2d(a) (714)

3% Tlepemenenre MHOHA HATIOMHHACT TEPEMeEIEHHE KOPAOI 110 y3KOMY PYCITy MEKIY ABYMs HEGONBIINME BOJOEMAMEL.
Kopabnp BEITECHSET 4acTh BOABI M3 BOAOEMAa, B KOTOPOM OH HaxoxuTcs. Ilepememienue Kopabist BO BTOpOH BomoeM
BBI3BIBAET NIEPETEKAHUE BOABI U3 BTOPOH BOJIOEMA B NEPBBHIiL.
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(b)

Puc.7.1. TlepekpniBanue ckamsipHbix lloneil B3anMoJIEMCTBYIOIIUX HYKJIOHOB B TPHUILIETHOM
COCTOSIHWUH (@) ¥ B CHHTJIETHOM COCTOSIHUU (b)

WTak, ¥3 NPOTOHA BBUIETAET T, a TPOTOH NpEBpAIIaeTcs B HEHTPOH. MOXKHO OXKHAATh, UTO
o0OMeH KBapKaMH C BHPTYaJbHBIM HEUTPAJIbHBIM MHOHOM OyJeT TpeOOBaTh JOMOTHUTEIHLHOW YHEPTUN
ot Ilossg kBapkoB.

[lepemenienne 3apsHKEHHOTO TIHMOHA K HYKJIOHY-TIApTHEpPY TpeOyeT oOpaTHOM peakuuu
npeoOpa3zoBaHus 3apsHKEHHOTO TMHOHA B HEUTPANIBHBINA MMMOH U PETaKCaIlH MOCIEIHETO0 B BAKYyMHOE
cocrosture. [Ipum sToM BO Bcex mporeccax MpeoOpa3oBaHUsl AHTHKBAPK, BXOMAILIMN B COCTaB
NEPBOHAYAIBHOW BUPTYAJIbHOM YaCTHIIBI, OCTAETCS B COCTABE BUPTYAJIbHOM YaCTHUIIBL.

[Ipouecc poxkaeHuss BUPTYaJbHOM YacTHIBI M €€ pelakcaluuss B BUPTYaJbHOE COCTOSHHE
HarlOMUHaeT KosebaTenbHblid nporecc. [1o3ToMy 3TOT mpolecc MOCTOSHHO NPOTEKaeT, obecrneunBas
MOCTOSIHCTBO BEJTMYHMHBI B3aMMOJICHCTBUS MEXKY KBapKaMU U MEXIY HYKIOHAMHU.

CymiecTByeT AONOJHMTEIbHAS BO3MOXKHOCTB Ul MPOSIBICHHS CHJIBHOIO B3aUMOJIEHCTBUS
MEXTy HykIoHaMH. B Mupe-4 1mioH ©T'° sBISETCS aHTHYACTHIEH K MHOHY 1T ClIe0BaTeIbHO, SHEPIUs
cymmapHOro Ilomst HEHTpOHa M TPOTOHa MOXET MOPOAWTH BHPTyalbHyI0o mapy (mm). B
3JIEKTPOCTATUYECKOM II0JIE€ MPOTOHA 3Ta BHUPTYyallbHAs Iapa MOJSIPU3YETCs, IOCJE 4Yero MHOH T
B3aMMOJICHICTBYET C IPOTOHOM, a IIHOH T C HEHTPOHOM:

p+n —>n+n’
n+n —p +n’. (7.15)

[Tocnennum mporieccom B peakuusax (7.15) sBisercs BO3BpallleHWE HEUTPAIbHBIX IHOHOB B

BAaKyyMHO€ COCTOSIHUE.

B Mupe-3 co3ganne BUPTYanbHOM Hapsl (T T ) 03HAYAET OJHOBPEMEHHOE POKIEHHE KBAPKOBBIX
BUPTYalIbHBIX Tap ' d (a)l/zd (5 ) u _l/zu(a)l/zﬁ(a ) B mone rpynmbl KBapKOB, COCTABJIIOIIMX
IPOTOH ¥ HEUTPOH, MPOUCXOUT MOJIIPU3ALIMS STUX Map U OOMEH KBapKaMH B UX CTPYKTYpax

V2o 2d(@) + () (@) — ule) (@) + d(a) E (@), (7.16)
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geMy B Mupe-4 COOTBETCTBYeT 0Opa30BaHME IMOHOB T U T .

IlepBass w3 o0Opa30BaHHBIX Map HMeEET 3apsA] «+», a BTOopas - «-». [pynma KBapKoB,
COCTaBJIAIOIIAS HEUTPOH, 0OBbETUHACTCS C TIEPBOM MAPOIA:

(o "u(@yr "do) (" ulr) 2d (7)) - Cuerr Pur Pawn () Pd (7). (7.17)

Kak cnencteue, oOpa3yroTcs JBe Tpymmbl KBapKOB, COCTABIISIIONIMX MPOTOH M HEUTpabHBIN
ITHOH.

AHaOru4yHo, rpyImna KBapKoB, COCTABISIOUINX IPOTOH, 00bETUHIETCS CO BTOPOM Mapoii:

CPu(r+ “u(gy+ "db)) +(d(a) "u(@)) = doy+ "y "db)) +H( " ula) Pu(@)). (7.18)

Teneps 00pa3oBanach rpymnma KBapKoB, COCTaBIIAIONIAs HEHTPOH U HEUTPAIbHBINA MTHOH.

BaxxHO OTMETHTH, 4YTO MpH pPACCMOTPEHUHM B3aMMOACWUCTBUS JBYX IPOTOHOB WM JBYX
HeliTpoHOB peakuust (7.16) HeBo3MmokHa. Cle0oBaTeNbHO, MEXAY OJMHAKOBBIMH HYKJIOHAMHU
BO3MOYKHO B3aUMOJICHCTBUE TOJILKO Ojarojaps OOMEHY HEWTpaldbHBIMU MHUOHAMH. A 3TO B CBOIO
ouepeIb MPUBOJNUT K HEBO3MOXKHOCTH 00pa30BaHUs CTAOMIILHOTO siipa Teusi-2, KOTOPOE COCTOSIIO ObI
TOJILKO U3 JIBYX NMPOTOHOB (OUIIPOTOHA).

CornacHo nUTEpaTypHBIM JAHHBIM DHEPTHUS B3aUMOJEHCTBHSI MEXIYy MPOTOHAMU B OUIPOTOHE
cocrasiiseT -0,5 MaB. ITockonbKy sHEPTHUs AJIEKTPOCTATUIECKOTO OTTAIKUBaHUS paBHa ~1 M»3B, To Ha
JIOJIF0 SHEPTHH CBSI3bIBAHUS 3a CUET NEpeHOoca HeUTpalibHOro nuoHa mpuxoautcs 0,5 M»aB [10,11].
Takas »xe HSHeprus CBS3bIBAHUA JOJDKHA CYIIECTBOBaTh M B OuHeTpoHe. OnHAKO OMHEUTPOH
HecTaOWJIeH 3a CUET NPOTEKaHHsI peakuy c1aboro B3auMoIeHCTBUS.

C npyroil CTOpOHBI, B JEUTPOHE DHEPrHs B3aMMOJEHCTBUA cocTaBiisieT 2,22457 MbB [12],
MIOCKOJIbKY OHa OOYCIJIOBJIEHA MEPEHOCOM Mapbl 3apsDKEHHBIX MUOHOB (PHEPTHUs CBSI3U 3HAYMTEIHHO
OoJbIIIe).

OtmeTuM eiie OJHY BaKHYIO JeTallb. B OCHOBHOM COCTOSSHMH JIEUTPOH W OMHEUTPOH MMEIOT
cnud 1. Ecnm BenmunHa cnuHa OyAeT paBHOM HYNIO, TO HHEPIHs CBA3M MEXIYy HYKIOHAMHU
YMEHBIIUTCS Ha MOpsAloK. [IpuumHy Takoro pe3yibTaTa JIETKO MOHSTh, paccMmarpuBas puc.7.l.
OnpeneneHHOMY HaIpaBJICHUIO CIIMHA COOTBETCTBYET IMOJIOKUTENbHAS AaMIUIMTyAa MOJsd, a
IIPOTUBOIIOJIOKHOMY HAIPaBJICHUIO - OTpulaTelbHas. B TakoM ciydyae B TPHUILIETHOM COCTOSIHUU
aMIUTATY/IBI CKIIAIBIBAIOTCS, CO3/IaBasi KaHal Juis iepeMerienus nmuona (puc.7.1, cinesa). B cunrnernom
COCTOSIHUM B TpyOOM TpHOMIKEHUHM KaHaln OTCyTCTBYeT (puc.7.l, cmpaBa). OgHako W3 KBaHTOBOM
XUMUHU MBI 3HAEM, YTO TOJIbKO B TPUIUIETHOM COCTOSIHUU CHUCTEMa MOXET HaXOAUTHCS B COCTOSIHUU C

YHCTO KOBAJICHTHOM CBA3bI0, B TO BPEMA KaK B CMHIJICTHOM COCTOSHHH 00s13aTEIBHO IIPUMCHINBACTCA
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noHHas cBs3b [13]. Paccyxknas aHamorn4yHo, MOXKHO TIOHSTh, YTO B CHUHIJIETHOM COCTOSTHUHU

OMHENUTpOHA JOJDKEH TPOSIBIATHCSA CIAOBIA KaHal CBS3U. LIpH 5TOM MOXKET CYIIECTBOBATH HECKOJIBKO

MCXAHN3MOB TaKOMU CBA3H, CPEAN KOTOPBIX CICAYET BBIACIHUTE NPCHCCCHIO CIIMHOB B MArHUTHOM ITI0JIC JTPYI'OT'O

CIIMHA, a TaKXeC KoJie0aTeapbHbIe OponeCChl  MNMEPEMEIICHUA KBAPKOB B IPEACIAX 6PIH€I>1TDOH3.. n

NEHUCTBUTENBHO, €CTh JAHHBIE, YTO SHEPIUsl TaKo# CBs3HM B OMHelTpoHe paBHa <70 k3B [11]. U, Tem He
MeHee, i co3nanus Beenennoit u atomoB [lose ucmosp3yeT OMHEUTPOHBI B CHHTIJIETHOM COCTOSTHUH.

Penakcanus BUpPTyanbHBIX HEHTpaJIbHBIX MHOHOB, OOPA30BAHHBIX INPH MPOTEKAHUM pEaKLUi
(7.17) n (7.18), B BaKyyMHO€ COCTOSIHUE CIIOCOOCTBYET POXKICHHUIO CIEAYIOUICH Mapbl BUPTYaIbHBIX
muoHoB. M Tak 10 GECKOHEYHOCTH BO BpeMeHH . Takas cxeMa JIerko OOBSCHSCT MOSIBICHHE
3apsHKEHHBIX THOHOB MPHU B3aUMOICHCTBIUH KOCMUYECKHX JIydel ¢ atMocdepoit 3emiin.

B3aumoneiicTBrue Mexay KBapKaMH, BXOIAIIUMMU B CTPYKTYPY 3apSKEHHBIX WIM HEUTPaJbHBIX
MUOHOB, TIPOUCXOAUT TOJIBKO TPH YYacCTHU TIIOOHOB gz U gg (T. e. 17,gg,bb ), KOTOpble HE MEHSIOT

LBET U apoMaT KBapKOB, OJHAKO MPOUCXOAMT OOMEH cnuHaMH. B 3THX mapax KBapKOB BO3MOXKHO
TaKKe POKACHUE HEUTPAJIbHOM Mapbl BUPTYAJIbHBIX KBAPKOB C TEMU K€ LIBETHBIMU 3apsilaMu.

[TockonbKy HEHTpalbHBIN MUOH caM B ce0e SIBISETCS aHTUYACTHIICH, BpeMsl €ro KU3HU O4YeHb
Maio (cM. Beime). Jlpyroe meno - 3apsoKeHHBINA MHOH, KOTOPBIM COCTOMT M3 KBapKa M aHTHKBapKa ¢
pa3HbBIMU apoMaTtaMM. Takas mapa KBapKOB HE MOXET aHHUTWIIMPOBAThb, U MIOITOMY BpEMsI €€ KU3HU
yBEIMYEHO 0OoJiee yeM Ha 8 MOPSAKOB. DTO OOYCIOBIECHO TEM, YTO 3apsKEHHBIN MHOH J0JDKEH CHavaa
OOMEHATHCSI KBapKaMHU C OKpYXKaloleld KBapKOBOM cpepod ¢ oOpa3oBaHMEM HEUTpaIbHOTO MHOHA,
KOTOPBIN MOCIIE 3TOr0 aHHUTWIIHPYET.

Takum 00pazom, pacCMOTPEHHE CHUIIBHOTO B3aUMOJICHCTBHSI B paMKax Mojenu BceneHHOi ¢
MUHUMAJIBHOW HAYalIbHON DHTPOMUEH BBITISAWT MPOCTO M yOeauTenbHO. W mpw 3TOM BHIHO, YTO
JIOJDKEH CYIIECTBOBATH IICJICHANPABICHHBIN IMEepeHOC O030Ha MEXAy KBapKaMH WM  MEXIY
HykinoHamu. W sto Hanpasnenue obecneunBaer CkamsipHoe [lone, KOTOpBIM HajeNIeHBl BCE MAaCCOBBIC
yacTulbl. [lepekpbiBanne mexnay pacnpeneneHueMm llons aByX cocegHMX KBapKOB WM HYKJIOHOB
obOecrieunBaeT oOpa3oBaHME MOCTHUKA JUIS TepeHoca OO030HOB, OTBETCTBEHHBIX 3a CHJIBHOE
B3aHMOJICHCTBHE.

BaxHo moHumaHue TOro, 4yTo BO30Y)KJEHHE U3 BaKyyMHBIX COCTOSTHHM BUPTyaJIbHBIX OO30HOB

o0ecrieunBaeTCsl UCKIIOYUTEILHO HannuueM [loms B OKPECTHOCTHU BCEX MACCOBBIX YaCTHII. HpI/I 9TOM

3% B kone6aTebHOM Mpoliecce BO30YKISHHOE COCTOSHUE BUPTYaNbHOM Maphl COOTBETCTBYET MOTEHIIMATLHOI SHEPIHH,
MPOLIECC PENAKCANH B BAKYYMHOE COCTOSTHAE — KHHETHYECKOH SHEPTHH.
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POKIEHHE BUPTyaJIbHOrO OO30HAa WJIM THapbl BUPTYaJbHBIX OO30HOB BO3MOXHO JIMIIL B TNpejaenax

BBaHMOHCﬁCTByIOLHHX KBapKOB nin HYKJ'IOHOB.
7.3. BoIBOaBI

Ucxona u3 paccMOTpeHHs] CHIIBHOTO B3aumojencTtBus B CTaHIAapTHOW MOJAENUM U B MOJIEIH
Bcenennoi ¢ MUHIMaJIBHOW HAYAJIBHOW SHTPONIUEN MTOKA3aHO CIEAYIOLIEE.

1) CymectByer MHOro TpeTeH3uil K (U3MKE CHIBHOTO B3aMMOJCHCTBUS, NPHUHATON B
CranmapTHON MOJENH: a) PEaKkIu MpeoOpa3oBaHus IIIOOHA B I[BETHYIO Mapy KBAPKOB B TPHUILIETHOM
COCTOSIHUM M HA0OOPOT JOJHKHBI OBITh MAJOBEPOATHBIMU, WIH AK€ HEBEPOSTHBIMU; 0) CYIIECTBYET
HECOOTBETCTBHE OOMEHHOIN MOJIENH B3aUMOJICHCTBUS C MOTCHIIMATAMHU, KOTOPBIC OMUCHIBAIOT CUIILHOE
B3aMMOJICHCTBHE MEX/1y aIpOHaMU; B) HEU3BECTHO, OTKY/IA TJIFOOHBI 3HAIOT, B KAKOM HalpaBJICHUU UM
MepPEMEIATHCS 7S OSABJICHHS CUJIBHOTO B3aMMOJICHCTBHS.

2) B HOBOM Mojaenu KaxAbld KBapK M KaKIbIH aJpOH SIBISIETCS OJHOBPEMEHHO HOCHTENEM
ckasnsipHoro [lomns. Oto Ilone nosHOCThIO ypaBisieT MPOLECCaAMU U3ITYUYEHHSI M MOTJIOIEHHS TJII0O0HOB,
POKJIEHUEM BUPTYaJIbHBIX I1ap YACTHUI] U3 BAKyyMa, Y4aCTHEM INIFOOHOB M BUPTYAJIbHBIX IIap YACTHIL B
IIpOLIECCax CHIIBHOTO B3aUMOICHCTBHS.

3) IlepeHoc IIIOOHOB MEXJy KBapKaMU IOJIHOCTBIO JIETEPMHUHHMPOBAH: OH MPOUCXOIUT MEX]Y
KBapKaMU C HW3MEHEHHUEM CIMHA Ha €IUHUIly; L[BETHAs XapaKTEpPHUCTHKA TJIFOOHOB COrJacoBaHa C
LBETaMHU KBapKOB, MEXAY KOTOPBIMH MNPOUCXOIUT NEPEHOC TIIFOOHOB. XapaKTEPUCTUKHU TIIIOOHOB U
HallpaBJICHHE IIepeHoca 3aaaeT ckaspHoe [lome.

4) I'mooH HE MOMKET NPEBPATUTHCA B BUPTYAIbHYIO Mapy IBETHBIX KBAPKOB M HE MOMKET
CIIOHTAHHO PACIIAaThCs HA TJIFOOHBI.

5) [Ipoueccol poxkaeHUS BUPTYaIbHBIX Map KBAPKOB B Mupe-3 MOJTHOCThIO CHHXPOHU3UPOBAHbI €
poxxaeHreM nuoHoB B Mupe-4. Kak BUpTyanbHbIe IIapbl KBapKOB, TaK U BUPTYaJIbHbIE MAaphl MMOHOB
POXKIAIOTCA ITyTeM BO30YKIEHHSI COOTBETCTBYIOIIMX BaKyyMHBIX dacTull sHepruen CxamspHoro [Toss,
JIOKAJIM30BAaHHOTO HA MAaCCOBBIX YacTUIAX (COOTBETCTBEHHO, Ha KBAapKax M HYKIJOHax). Poxaenue
napsl KBapK-aHTHKBapK B MUpe-3 COOTBETCTBYET POKACHUIO HEUTpalbHOro muoHa n° B Mupe-4.
I[Tepenoc muoHa m° MeXKIY HYKJIOHAMU BHOCUT BKJIaJ B CHJILHOE B3aUMOJEHCTBHE MEXIY HUMU. IIpu
POXKJIEHHH BHPTYaJIbHOIO MMHOHA T B OKPECTHOCTH HYKJIOHA YMEHbINAETCs >Heprus I11ois HyKIOHA.
[lepemenienre nmuoHa K APYroMy HYKIOHY CONpPOBOXAAeTcs mepemenieHuem sHepruu [lons B

oOpaTHOM HarpaBiieHUU. Bo3BpallieHHe NMuoHa B BaKyyMHOE COCTOSIHUE BOCCTAHABJIMBAET YHEPTHUIO
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[Tonst myknona. [Ipouecc poxaeHHs W peKOMOMHALUS BHUPTYAIBHBIX Map SBISIETCS KoJeOaTeIbHBIM
IIPOLIECCOM, KOTOPBI MOBTOPSETCS] OECKOHEYHO.
6) Cymmapnoe ckamsgpHoe [lome mpoToHa W HEWTpOHa HMEET CIOCOOHOCTh BO30YXKIaTh

-+
BUPTYaJIbHYIO TIapy (Tm ), uto B Mupe-3 o3Ha4yaeT OJHOBpEMEHHOE 00pa3oBaHHE JBYX KBapKOBBIX

pupryansusix nap ' ’d(e)?d(@) u "*u(a)*u(@), ux nonspuzaimio B KyJI0HOBCKOM MOJIE TIPOTOHA

¥ TIPEBpAILCHHE B JIBE 3apSKEHHBIC BUPTYalbHBIC Mapsl 2u(a)” 2d (5 ) u "’d (a)” *u (& ), repBas u3
KOTOPHIX COOTBETCTBYET T, a BTopas - 7. [lepBas BUpPTyasibHas mapa IPeBpaIaeT HeHTPOH B IPOTOH,
a BTOpas - NMPOTOH B HEUTpPOH. B pe3ynbrare mpoTekaHuss TaKUX IPOLIECCOB B OOOUX Cilydasx
o0pa3yeTcsi HeUTpaIbHBIN BUPTYaIbHBIN MHOH, KOTOPBIH MPEBpaIiaeTCs B BAKYYMHYIO YacTHIly. Takoi
MIPOLIECC JIaeT 3HAUUTENBHO OOJIbLIMM BKJIAJ B CHJIBHOE B3aHUMOJEHCTBHME, YEM B CIy4ae POXKACHUS
BUPTYaJIbHOI'O HEUTPAIIBHOTO TUOHA.

7) CunbHOE B3aMMOJECUCTBUE MEXAY JABYMs NMPOTOHAMHU WJIM JABYMS HEHTPOHAMHU pean3yeTcs
HCKIIIOUUTEIBHO B PE3YJbTAaTe€ MEpEeHOCa HEUTpalbHOTo NmuoHa. OJHAKO Takoe B3aUMOJCHCTBHE HE
MOXET MPEOJI0JIETh KYJIOHOBCKOE OTTaJIKMBAHUE MEXKAY MPOTOHAMH B THIIOTETUYECKOM SIJIpE Tenus-2,
B pE3yJbTATE YETO TaKOE PO HE CYLIECTBYET.

8) BzaumopaeiicTBue MeEXIy KBapKaMH, KOTOpbIE SBISIOTCS COCTABJISIIOIIMMHU IHOHOB,
MIPOMCXO/NT 32 CUET OOMEHA INIF0OHAMH, HE U3MEHSIOIIMMHU [IBET U apOMaT KBAapKOB.

9) [IloBbimeHHas CTAaOWIBHOCTD 3apSHKEHHBIX CBOOOJHBIX MHOHOB TIO CPaBHEHHUIO C

HEUTpalIbHBIMU NMHOHAMH OOBSACHSAETCS HEOOXOAMMOCTBIO NMPOTEKAHUS PEAKIMH OOMEHa KBapKaMu

2 (a k> 2d () . . .
u ¢ okpyxaromieit cpenoit. [Ipu 3TomM 00pa3yroTcsi HEMTpabHBIE MUOHBI, KOTOPHIE

OBICTPO AHHUTHIIUPYIOT.
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