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1. BBEJEHUE

B 50-60-x rogax XX Beka TeOpeTHKHU BeJiM OCOOEHHO aKTUBHYIO paboTy B 00JacTn
duznkn rementapubix dactui. OHOW W3 TAKWX TEOpETHYECKUX paboT ObLIa
pabota Jlu u furall|, onybiukoBanuas B 1956 roay. B Heii BiepBbie GbL1a paccMOTpeHa,
BO3MOXKHOCTD CYIIECTBOBAHUS 3ePKAIbHBIX TAPTHEPOB OOBIYHBIX YacTuIll. (OCHOBOM
JIJIST 9TOM WIEH ITOCTYKIJI0 HapyIeHue P-4éTHOCTH, SKCIIepUMEHTAIBHO 00HAPY KEHHOEe
Ha onbiTe By B 1957 rosy [25]. Hanudue 3epKaibHO MaTepUH MO3BOJISLIO KOMIIEHCHPOBATD
Hapyienue P-yérnoctu 06bI9HOTO MHpA.

Oanako cumMerpus Jlarpan:knana 0OBITHOTO U 36 PKAJTHHOTO MUPOB OTHOCHTETHHO
rpymmsl U(1)®@SU(2)®SU(3) mpuBoAKT K pe3KUM IPOTHBOPEUHIM MEK Iy Teopueii
n dKcrepuMerToM, uto 610 mokazano V.FO. Kob6zapessim, JI.B. Oxynem, 1.41.
[Tomepangaykom B 1966 roxy [17]. [TosTomy HamGosee HPOCTHIM CIIOCOGOM YCTPAHUTD
JIAHHOE ITPOTUBOpEUHE fABJAETCI OTKA3 OT KaauOpoBodHOU rpynnbl CTaH apTHOM
Mogesin, HanpuMmep, B nosib3y rpymmnsl [U(1) @ SU(2) @ SU(3)|® [U(1) @ SU(2) ®
SU(3)]y 160 1010610 eif. [1aBHO# 0COGEHHOCTBIO SIBJSETCS OTCYTCTBUE OOBITHOTO
9JEKTPOMATHUTHOTO, CUABHOIO U €1a00T0 B3auMOAECTBUil a 3epKaJbHOM MHUpE.

B makom ciydae BO3HHKAIOT TakxKe M 3epKaJibHble KaJMOPOBOYHBIE OO30HBI, a

3HAYUT OOBIYHBIE YACTHUIBI UMEIOT CO CBOWME 3ePKAJbHBIMU MAPTHEPAME JIUIITH

oJ/iHO 0D1Ilee B3aumMoeiicTBre - TpaBuTaIinonHoe. Jlj1s1 HabroaaTes st u3 OObITHOTO

MUPa CKOILJIEHHUST 3ePKATbHON MaTepUN BHITJISAIEIN Obl KAK MYCTOTHI B TPOCTPAHCTBE,

HO, TeM He MeHee, OH MOI' Obl ONIYIIATh I'PABHTAIMOHHOE IO0JEe, KOTOPOe CO3IaéT
3epKaJibHasg MaTepus. B cBeTe 10CTUXKEHUi COBpEMEHHO KOCMOJIOTUH B KOCMOMHUKPOMDU3UKH
CTAHOBHUTCS IMOHSITHO, YTO MOJIEJIb 3¢PKAJILHOIO MAPA MOKHO IOIBITATHCA UCIOTb30BATD

JI71sT 00'bSICHEHUST IIPUPO/IBI TEMHOM MAaTEePUH - OJTHOIO U3 CAMBIX aKTYaJIbHBIX BOIPOCOB

B KOCMOJIOTMU HA, CETOIHSINTHU JI€Hb.

Taxzke HAI0 3aMETUTH, YTO €CJIM CIEHAPHIl 3€PKAJBHOIO MUPA JTeHCTBUTE/IHHO
peau3yercsi, TO PIOM C HAMU TLJIOTHOCTH 3€PKAJbHBIX JACTHI[ KpaiiHe MaJia.
Hanmaune xoTh cKOIBKO-HUOYIH 3HATUTETHHOTO KOJIMIECTBA 3€PKAJBHBIX TaCTUIL B
namreil CoHeYHOI crcTeMe TPAKTHIeCKN He OCTAJI0Ch Obl He3aMeueHHBIM (OIHAKO
He HCKJTI0YeHA BO3MOXKHOCTD CYIIeCTBOBaHU 3epKaJIbHON I1aHeThl BHyTpH CoHIIA
[26]) . Bmauwut, eciu 3epKajibHBIE YACTHUIB W MPUCYTCTBYIOT BO BeeseHHOM, oHE
HAXOJATCS B JAPYrux dacTsax Beenennoii (uGo B mentpe CosHia, Kak yxke GbLIO
3aMedeHo). B cayduae CAMMETPUIHOTO HAYATBHOTO COCTOsIHUS BeeeHHol n3 3epKaIbHOI
MaTepuu JIOJIZKHBI (DOPMUPOBATHCH MaKpOOObeKThl. Hasimuue uiam orcyrcrBue
TaKX OOBEKTOB OIIPEJIE/ISETCS MapaMeTpaMiu MOJIE/IN 3ePKAJTLHOTO MUPA.

Henbro manroro pedpepara siBjIsseTCsi PACCMOTPEHUE 3€PKAJTHHOTO MUPA, B KOTOPOM

MACCHI IPOTOHA U HEHTPOHA paBHBI. Takyke OyJIeT C/Ie/aH BBIBOJ O TOM, MOTYT JIH
IpU TAKUX IapaMeTpax oOPa30BBIBATHCSI MaKpPOOOBEKTHI U3 3ePKAJIbHBIX YaCTHII,
B coBpemenHOil KOCMOJIOrUE MHOT'O IPOOJIeM, TaKHX KakK IIPobJieMbl MHMJISINNT,
baproHHO acuMMeTpun BeeeHHOM U CKpBITO# Macchl. PaccMoTpeHnne 3epKaJibHOTO
MHUPa HO3BOJHT BBISICHUTH, CIIOCOOHA JIM TOA0OHAsT MOJE/NIb JATh OTBETHl HA 3TH
BOIIPOCHI.



2. OIINCAHUVE MO/IEJIN

YpaBHeHHs, ¢ TOMOIIHIO KOTOPHIX OMHMCHIBAETCSA HAIl MHP, COIEPKAT MHOMKECTBO
dyHIaAMEeHTAJIBHBIX (DUBUIECKUX MMOCTOSHHBIX. B yacTHOCTH, cpeiu JaHHBIX TOCTOSHHBIX
GpUTypHPYIOT MacChl IPOTOHA U HeiiTpuona. V3MepeHus 3TUX Mace, TPOBEIEHHDBIE

Ha CErOJHSIMHUN JeHb, JAI0T JUIs HUX CJIeAyIoNue 3Hadenus |2|.

m, = 938.272046(21) MV

m, = 939,565378(21)2cV

C

Tor dakT, 4T0 MacChl IPOTOHA U HEHTPOHA HE PABHBI JPYT-JAPYTY HMEET JAJIEKO
uynme hpu3ndecKue mocae/ICTBUL. B MPOTUBHOM ciiydae KapTuHa MUpa Oblia Obl
coBepIiieHHO WHOM. B jganHoii pabore Kak pa3 u OyJeT paccMaTpPUBATHCA MOJIETH
3epKaJIbHOI'O MHPA, B KOTOPOM 1, = My,.

[TockoabKy MOJIETh 3¢ PKATBHOTO MHPA TTPEJIIIOIaraeT CylecTBOBaHUE TapTHEPA
JUIA KazKJI0M 9acTHUIBl OOBIYHOTO MWPa, TO B HaIlell MOjaeau OYIAyT cJaemayroliue
3epKaIbHbIEe YACTHUIIHL:

e 6 JTenTOHOB (3 MOKOIECHHS O 2 YACTHUIILL ¢ 3apsaaMi —e H () COOTBETCTBEHHO)
1 6 aHTHJICITOHOB

1

1€ M +2€ COOTBETCTBEHIO)

e 6 KBAPKOB (3 MMOKOJIEHUS 110 2 YACTHUIIBL ¢ 3aPSITaMU —
1 6 aHTUKBAPKOB

e 12 kamubpoBOUHBIX 6030HOB (8 TIIOOHOB, 3 HO30HA CJIaGOr0 B3AMMOEIICTBIA
u 1 doron)

e 1 Do30H Xurrca

BapsizKeHHbIe JIETITOHBl BTOPOTO W TPETHETO MOKOJIEHNST HECTAOMIHHBI U PACTIAIAI0TCST
Ha a/IPOHBI UJIU JIENITOHBI MJIAJIIIETO MOKOJIEHNS ITI0C HeUTprHO. MaTepus cocTonuT
U3 YaCTHII IEPBOTO TTOKOJEHUs, 8 YaCTUIIBI BTOPOT'O ¥ TPEThero MOKOJIEeHU ! POXKAAI0TCS
TOJTBKO TpU OOJBITNX TUIOTHOCTSX Hepruu. Macca HeiipuHO J1000r0 copTa Ha
MHOTO TIOPSITKOB MEHBIIEe MacChl JIIOOOTO U3 JENTOHOB MM KBAPKOB. 3a HAJTUIHUE
MacCC y 9JIEMEHTAPHBIX YACTUIL OTBEYAeT MeXaHu3M Xurrca. JacTuiibl 3¢ pKaJibHOTO
MHPa MOT'YT B3aUMOJIEHCTBOBATEH C YAaCTUIAMU OOLIYHOTO MUPA, JUIIH C TOMOIIHIO
I'PABUTAIMOHHOIO B3aMMOJIeHCTBUA. TaK KakK pa3HOCTb MacC MPOTOHA W HEHTPOHA

B HAIIlell MOJIe/ TN paBHA HYJIIO, TO 00€ 3TH YaCTUIIBI OYIYT CTAOUIBHBIMU B CBOOOIHOM
cocrosaun (6eTa-pacnaji 3amperén 3aKOHOM COXpaHeHWsi sHepruu). Haxomsch
BHYTDH s7ep, HEUTPOH U TPOTOH TaKzKe OYIYT CTAOUIBHBIMI U HE CMOT'YT MEPEXOIUTh

ApPYT B ApyTa.



3. PUSNYECKAAd KAPTUHA 9BOJIIOIINN
SEPKAJIbHOI'O MUPA

C MOMeHTa Havaa CBOETO CYIecTBOBaHNS BeeieHHas HepephIBHO 9BOTIOIMOHUPYET.
B nannoit pabore paccMorpenue 3BoJONUNA BeeleHHO HaUMHAETCS € JIEITOHHOM
snoxu. llpupona nadadnuu u 6apuoreHe3nca MoxKeT ObITh ONMCAHA MEXaHU3MAaMH,
BBIXOJANIMME 33 PaMKH JaHHOH paboThl. B TO Ke BpeMms, B paMKaX MOJIEId
3epPKAJIHLHOTO MUPa MOXKHO CJIe/IaTh Hpeanoso:xkenne o HabaomaeMoit 6apuoHHOMK
acummMeTpuun BeesieHHOM: ec/in cpejii 4acTull 0ObIMHOIO MUPAa IPeodJialaeT MaTepus,
TO CPeIH YaCTHIl 3¢ PKAJTBLHOTO MUPA MOXKET IIpeodaaaarh antTuMarepus. COOTHOIEHNe
MEZKJIy MarTepueil u anTuMarepueil B 0ObIMHOM U 3€PKAJILHOM MHPAX JOJKHO ObITH
OpAAKa 107, Hauanbmbie YCJOBUS YKe JJIsi OOBIYHOTO W 3ePKaJbHOr0 MUpPA
Mo OTACJABHOCTH ABJIAIOTCA HECUMMETPHUYHBIMHA. CI/IMMeTpI/IH BOCCTAaHABJIINBAECTCA
TOJIBKO Ha 100 IbHOM MaciTabe.

JIEIITOHHAS SII0XA (1075-0.3 cexk)

Korga Temueparypa Beenennoii ynaia auzke 170 MsB (Temneparypa aaponusaium),
TO I[BETHBIE KBAPKH U TJIFOOHBI HE MOTJIN OOJIbIIE HAXOIUTCA B CBOOOIHOM COCTOSIHUH.
Havasia npoucxonuTh aJpoHu3aIus - 00beIMHeHIE IIBETHLIX YaCTHUIL B OecIiBeTHLIE
koMOuHaIwu (aapoHsl). Kpome TOro, mocie aJpoHU3aIuil HAYHHAET TIPOUCXOIUTH
AHHUTU/IsIUs] DapuoH-anTuOapuonubX nap. biaromgaps CP-napymenuto Bo Beesnennoit
9rCsI0 GAPMOHOB HEMHOT'O IIPEBBIIIALT YUCJI0 AHTHOAPHOHOB (6APHOHHAS ACHMMETDHSA ).

Ha mamroM mHTEpBaje BpeMeHr TPOUCXOAUT OTIenienne Heiirpuao. /o momenTa
OTIIEILIEHN ST HEHTPUHO HAXOJIINCH B TEPMOIMHAMUYIECKOM PABHOBECUH C OCTATBHBIM
BEIIECTBOM, a TIOCJIe Hero — CBOOOIHO PAaCIpOCTpaHSIoTCcs BO BeeenHoil.

st maJIbHERIIIX OIeHOK HaM OTpebyeTcs BBECTH HEKOTOPBIE BCIIOMOTraTe IbHbIe
BEJIMYUHDI.

DddekTrBHOE YUCTO VABTPAPEIATUBUCTCKAX CTeleHeil cBOOOIBI ONpeIe/IsaeTcs

dopmy.toii
ge= Y.0i +§ 29 (3.1)

bosons fermions
with m&T with mKT

CymmupoBanue B dopmyse (3.1) mpou3BOmsATCs O 3epKaJbHBIM 0GO30HAM |
dpepMuonaM, KOTOPHIE IPH JAHHOH TeMIIEPATyPe ABASIOTCH YABTPAPETIITUBUCTCKUMHI
JaCTHUIAMU, TO e€CTh JIJIT HUX CIpaBeaIuBo ycaoBue m <K 1.

asee BBeIéM mapaMeTp, KOTOPBIH HMpecTaBiIsgeT co00it MOAUMUIIIPOBAHHYIO
Maccy llmanka

« M,
My, = i (3.2)

Tenepb, MCTONB3YST ITH BEJUYUHDBI, MOXKHO HANUCATH (POPMYJIY JIJIS OIEHKHU
TEeMIICPATYPHL OTIICIICHUA HEUTPHUHO

1
3
T, ~ (_G%lM;l) (3.3)

Cpasy mocJjie OTIIEIIeHH HERTPUHO B SHTPOIHIO 3JIEKTPOH-(DOTOHHON MJ1a3MbI
OyayT gaBaTh BKIaJ (DOTOHLI, HOZHUTPOHBIL U 3JIEKTPOHBI. IHCIIO yIbTPapeIaTUBACTCKUX
crereneil ¢cBOGOALI B JAHHOM CiIydae OyaeT paBHO ¢. = 2 + %(2 +2) = %



IIpu N, = 3 nony4uum

Wl

TVN( ! ) ~ 2= 3 M>sB

2 *
CTVF pl

OTcrona MOXKHO OIeHUTH Bo3pacT BeesleHHOI HA MOMEHT OTIHICILIeHUS HeUTPHHO.

OHYCKaH BCIIOMOT'aTeJIbHbIC BBIYUCJICHU A, HAIITUIIIeM (bOpMYIIy JJ1d BpeMeH! 2 KU3HHU

Bcenennoit K MOMEHTY OTIIEIJIEHHS HERTPHHO.

A S M
v = 2H(T,) 212

IToactrangaa T, = 2.5 Ms3B u N, = 3 nmoaydum

t, = 5 = 0.13 cex

Taxum 0Opa3om oTierieHue HeUTPUHO MPOUCXOTUT UMEHHO B JIEIITOHHY IO SMOXY.

SIIOXA HYKJIEOCUHTES3A (0.3 cex - 3 MuH)

Camas panHss 310Xa Topsdeii BeemeHHOI, 0 KOTOPOI CeroiHsT MMEIOTCST HAJIEKHBIE
9KCIIEPUMEHTAIbHbIE JaHHbIE - 3110Xa IMEePBUYHOIO HYKJICOCHHTE3a. TeMieparypa
B HadaJie 3TOH 31oXH cocTabjaseT nopsaka 1 M»sB, a B konne nmopggka 1x3B.
[lepBbIM 3TAIIOM HYKJICOCHHTE3a sABJIdeTCs 3aKaaka HeiiTponoB. OHa IPOUCXOIUIA
Ipu TeMIleparype nopsaka 1 MaB, koria obpasoBanue JErKuxX siep eié He HadaJIoCh.
Jlo MOMeHTa 3aKaJIKH HeHTPHUHO TOJHKO PEAKIUsS N + U, <> p + e obecrnednBaa

(3.4)

TepMOJNHaAMUIYECKOE PaBHOBECHE MEXK /1Y HY KJIOHAMU. SakaJika HeIU/ITpOHOB IIPOUCXOAUT

pH TeMIepaType

1
3
T ~ (—1 )
n G%jvpl

Jannast bopMmysia cupaBeJinBa HpU BbIIOJHeHUn yeaousa T, 2 Am, me.

[Tockoabky B Hameit mogean Am = 0, To noaydaem ycaosue T, 2 511 k3B.
B MomeHT 3akajKu HEHTPOHOB ¢, = 2 + %(4 +2N,) = %. IlepBoe crmaraemoe

obycioByieHo POTOHAMMU, BTOPOE SJEKTPOHAMHU U MO3UTPOHAMU, TPETee - HEHTPHUHO.
Torma mra TeMmepaTypsl 3aKaJKd HEUTPOHOB HMeeM

1
Tn:~< ! )3:1.41\/1913

GEM,

W uznaganbroe npenonoxenne T, 2 511 k3B BBIMOIHSIETCS ¢ XOPOTITeH TOTHOCTHIO.
CirenoBaTeIbHO, MOXKHO IOJTb30BATHCS JAHHBIM 3HAYCHUEM TeMIIePATYPbI /I ONCHKH

Bo3pacTa BceelenHoil Ha MOMEHT 3aKaJKH HEATPOHOB.
MomeHT BpeMeHH, B KOTOPBIl MPOU30IIIa 3aKaJIKa HEHTPOHOB, OMpee/IseTcs
COOTHOITEHUEM

ty = gy = 3
n = 3H(T,) — 212

[Toacrapisiss T, = 0.7 MaB u N, = 3 nosy4dum

]\/*
=2 =04 cex

th =377 =

(3.6)



Taxum oOpa3oM, IePBUUHBIN HYKJICOCUHTE3 HAUMHAET MPOoTeKaTh depe3 0.4 CeKyH bl
nocJie boJbiroro BapriBa.

HeiiTpon-rpoTOHHOE OTHOIIIEHE HA MOMEHT 3aKAJIKU OIPEIe/IAeTCSI U3 YPaBHEHHS
Caxa u uueer CJaeyonui BI

Am

M — 7 T (3.7)
np
Pazuuna maccAm = m, —m, = 0 B paccMaTpubaemoit Hamu Mofesau. llosromy
B JIAHHOM CJIydYae MOJTyIaeM
nn 1
Tp
ITockoabKy TPOTOH W HEHTPOH B CBOOOHOM COCTOSIHMH PACIalaThCsl HE MOTYT,
TO COOTHOTIIEHNE MEXK/Iy YHCJI0M ITPOTOHOB M HEHTPOHOB B JaJIbHEHTITEM H3MEHAThCS
He OyJieT.
TepmosiiepHble peakiuyd 3epKAJIbHOIO BEIecTBa HAYMHAIOTCS ¢ 00pa30BaHUA
JefiTepud B peaknu

p+n—D+vy

ObpazoBanue neiiTepus Oy1eT TPOXOIUTH TOIBKO ITPH IOCTATOYHO HU3KUX TeMIIePATypax,
TaK KakK ecJIu TeMIeparypa Oy/er BbIIe OMpPeIeJJEHHOTO Mpeiesa, TO 00pa3oBaHue
JlefiTepus cCTaHET YHePreTHIeCKN HeBBITOMHBIM. O0Opa3oBaHue AelfiTepus HaUnHAeTCA
TOTJIa, KOIJIa paBHOBECHAA KOHIICHT Al el Tepud CpaBHUBaCTCA C KOHIICHT PAIludgAMU
HIPOTOHOB U HEATPOHOB.

Kpowme Toro, mocko/ibKy HenpepbIBHO POUCXOIMIO KOCMOJIOTTIECKOE PACIITHPEHNE
Bcestennoii, T0 He BCe HYKJOHBI ycliegn OOLEIUHUTHCI B JedTepuii, HEKOTOPOe
KOJIMYECTBO MPOTOHOB M HEHTPOHOB TaK U OCTAJIOCH B CBOOOJHOM COCTOSTHWH.

Bocnonp3yemes ypasrennem Caxa 71 aHAJII3a IPOIecca HYKJIEOCHHTe3a 0oJree
TAKETBIX 37eMeHTOB. g sToro anaiamsa OygeM MCIOIb30BaTh ypaBHeHHe (Caxa
B caeytomiem suje [5]

5(A-1)
_ YZyA-Z,A-19-A 5( or \? 24
Xa=X,X " "ng 277gaA> (mpT> eT (3.8)
_ A
B ypapuennu (3.8) X4 = %BA - Oe3pa3MepHOe OTHOIIEHHE YHCJA HYKJIOHOB,

HAXOAMMXCs B siipax (A, Z) K MOJHOMY YHCJIY HYKJIOHOB, N - IJIOTHOCTH YHCJIA
0apUOHOB, ¢4 - YUCA0 CIHHOBLIX cocTosuuil sapa, AA = Zmy+(A—Z)m,—ma =
Am, — m4 - 3Heprus CBA3M A1pa.

[TnorHOCTH YKCaa GAPUOHOB TAETCA BHIPAKEHUEM

20(3
np = nph, = nB%T?’ = 0.24npT3, (3.9)
1€ 7)g- MPEIIKCIOHEHITNAIBHBIH (DAaKTOP.

B nrore momyunm

3(A=1) aa

X = XEXAIngioAg Al (B2)7 e F (3.10)



13 dopmyast (3.9) BUIHO, 9TO PABHOBECHAsI KOHIEHTPAIUS sIEP MEPecTaér
OBITH MaJIoi Jinmib npu yeaopun 1 < AA.

Hyxkneocunres HaumHaeT TPOUCXOAMTL TOTHAA, KOT/Ia OOpa3oBaHue IeHTeHUst
CTAHOBUTCH IHEPreTHYECKH BBIIOJAHBLIM. [Ipum 3TOM paBHOBECHBIE KOHIEHTDAIUN
JiefiTepust 1 HYKJIOHOB CTAHOBATCS OfuHaKoBbIMEU. [losTomy, mpenebperast pakTopaMu
nopsiIKa e uHUNb B (3.9), nostydnm Juist gefirepus

3
Xp(Twns) ~ np (M> Fefis ~ 1 (3.11)

My

DHEPruio CBs3M JiefiTepuss MOKHO OIEHHTb M3 CJIeAYIONINX coobpaxkenuii. B
cpelHeM, Ha KaryKJIbli HYKJOH B aToMe MPUXOJIUTCS SHepTus cBA3W mopsiaka 0.8
M>sB. ITosromy B gannoMm ciyuae, Korga m, — my, = 0, noxyunm AD ~ 2.4 MsB.
[Moncrasisas Takxke saadenne g = 6.1-10710 u pemasg ypasnenme (3.11) uucnento,
MOy YAM

Tyng = 70 k3B

O HaKO B JIeHCTBUTEILHOCTH HAUOOJIEEe SHEPIreTHIECKH BBITOJHBIM ABJISETCS
obpasosanne ‘He. IIporece cuaTesa * He TPonCXOANT MyTéM PasIHIHBIX
SJIEPHBIX PEAKITUil, KOTOpPBIE OYAYT PACCMOTPEHHBI HUKE.

Onpenesmm Bozpact Beesrernoii B s11oxy HyKJjeocunresa. 11o anasoruu ¢ popmyiamu
(3.4) u (3.6) nosxyuum

*

1 p
INS = SHTng) = 2T]%ls (3.12)

ITpu Temmneparype T ns = 70 k3B B 4nc/io yJIbTpapeasaTHBUCTCKUX CTeNeHEi
cBODOJIBI BHOCSAT BKJIa/T TOJBKO (POTOHBI U HefirpuHo. Ho HeHTpHUHO yzKe He B3auMoeCTBYIOT
C IJIa3MOii, MOITOMY UX BKJaJ OyjeT mojanieH. Boipaxkenue (3.12) BKIoOYaeT B

4
cebd g. = 2+2N,,% (14—1) 8 N, = 3. I Bo3pact Beesiennoit na MOMEHT HYKJICOCUHTE3a
COCTABJISET

*

tng = ﬁ = 105 cex

Maccosas gona*He cpenn 6apuonos onpeseaserca popMymaoi

J— m4Hen4He(TNS) J— 2 P
X4H€ — mp(np(Tns)+nn(Tns)) %—&—1 = 100%
(TN g

B To xe Bpems 107151 BOJIOpOIa onpejiessiercs (popmyioit

_np(Tng)

Xy, = 2 = 0%

2 np(TNg)
1+”n(TNS)

Takum 06pa30M NEepPBUYHBIA retuii B 3epKaabHOM Mupe Gyaer coctapasatb 100%
OT BCEro BeIecTBA.



KMHETUNKA HYKJIEOCUHTE3A

Tenepb paccMOTpHM TOAPOOHEE TUIBI HPOIECCOB, KOTOPbIE TPUBOIAT K CHHTE3Y
renng-4 u3 IepBUYHBIX TPOTOHOB U HEUTPOHOB.

OcHOBHBIE PEAKITUH IEPBUYHOIO HYKJICOCHHTE3a MOKHO PACIIPEAETIUTD 110 CJILY FOIIM
sTanam

e p+n — D+ 7 - HavaI0 HYKJIEOCUHTe3a, 0Opa3oBaHue JaedTepus.

ep+D —=3He+~,D+D —=3He+n, D+ D — T+ p - 0poMesKyTOUHbIE
peaxiun, obecreunBaoNie B faabHeiimem cuares *He.

e T+D—n+*He, n+3He —~y+*He, D+3He — p+ *He - obpasopanue
‘He.

Pacemorpum pornece ropenust HeiTporos (p+n — D++). Kak 6b1710 ycTaHOBIEHO
BBITIE, JIEHTEPUIO SHEPTUTHIECKH BHITOIHO 00PA30BhIBATHCSI Tpu TeMmepaType 1 yg =
70 k3B. BaxKHO BBISICHUTH HACKOJIBKO OBICTPO IOPAT HEWTPOHBI, Be/ib Beemennas
HA 9TOM 3Talle 04eHb OBICTPO PACIIUPACTCA U HEHTPOHBI MOI'YT HE YCIETh CTOPETh
HOJTHOCTBIO.
JLnst 3Toro rpy6bo oleHuM cedenne oOpa3oBaHue JedTepus
o 1 1 —18cm?
~ -~ — - — . =
<OV >pmy)D™ 7z = T3rmooene = 2 1077
Taxzke, MOCKOJIBKY /IpO JIeHTepUs ABJIATCA CJIa00CBI3aHHBIM, IMEETCS JTONOTHATETbHBI

dakTOp 1OITOBIECHHS.
OKoHYATEILHO, TOJYIUM

~ —20cM®
<OV >pmqyp= 5 - 10775

CKOpOCTb rOpeHust HEHTPOHOB OLPEJEISeTCs KAK 9aCTOTa CTOJKHOBEHUI ITPOTOHOB
¢ HefiTpoHaMu, B pe3yJbTrare KOTOPbIX oOpazoBaJics jeiirepuii. Torga jais ckopocTu
peaxrun upu T = Tyg = 70 k3B u np = 6.1 - 1071 moxyanm

2¢(3)

Lptmmp = np < 0V >y D= HBTT?’ < oV >pnp= 0.39 ¢l

T[Toay4enHOe 3HAYCHNE CKOPOCTH TOPeHHs HeHTPOHOB 3HAUNTEILHO MPEBOCXOINT
Temn pacmmpennst BeeneHHOl Ly, p > H(Tg) =4 - 107%¢™!, nosromy nponecc
ropeHns HefiTPOHOB IPOTeKaeT OUeHb AKTHBHO H BCe HeHTPOHBI CTPeMATCA HepeiiTn
B JeUTepuil.

KonmenTpanus IpoToHOB Ha MOMEHT HYK/JICOCHHTE33, OIIPeIe/IAeTCs BHIPAsKeHIEM
(3.9) u cocrapsier

np = np2T8 . = 0.24n5T3 ¢ = 6.5- 108 cm™?

™

Konnenrpamnus ke ¢BOGOIHBIX TPOTOHOB MOXKET ObIThH HAlIEHA U3 CJIEILYIONEr0
nuhdepeHnuaabHOro ypaBHeHus.

dn
d_tp = T Nphn <ov >P("’“/)D (313)
np(0) = 6.5- 10" cm 3
Pemrast ypasuenne (3.13) mosyqum jJji KOHIEHTPAIME TPOTOHOB BHIPAZKCHUE
np(t) = ny(0)e " <7VZpnmD?t (3.14)



Orcrona 3akaaéHHas KOHIEHTPAIAs
ny(tys — tn) = 75em 3

Taxum 06pa3oM 10/ TPOTOHOB, OCTABIINXCA B CBOOOTHOM COCTOSIHUM, COCTABJISIET

np(tns—tn) _ 1018
alasste) — 11510

Tenepb paccMoTpuM nporece ropeans neidrepus (D+D — 3He+nu D+D —
T + p). CeueHns TaHHBIX PEAKIUN TOKE MOKHO OINEHUTH KAK T€OMETPHIECKUE,
O/IHAKO IIPU 3TOM HEOOXOIMMO yUeCTb KYJIOHOBCKUI 6apbep, Tak Kak 00a CTaJIKUBAIOIIUXCS
siJipa UMeIOT MOJIOKUTEIbHBIN JIeKTPUIeCKuil 3apsaa. ITobbl TPON30IILI0 00pa3oBaHue
HOBOTO $JIpa, CTAJTKHUBAIONINECH SIpa JOJZKHBI TPEOI0JETh KYJIOHOBCKU Daphep.
Tocturaercs 3T0 B pe3y/ibTaTe TYHHEJILHOTO Tiepexojia. [IpoBejis HeKOTOpbIe BHIYUCICHHS,
HOJIYYUM JIJIsd CeUeHHUs TOPeHus JefiTepus cjepayomnyio hopMyTy

L 2naZ 2y G—LQ?ZQ

ov = 0y = :

rJe 0y - TeOMeTPUYeCKOe cedeHrne PeaKIluu.
Tenepb He06X0IUMO B3SITH CpeJiHee OT ITOr0 CeUeHusi, KOTOPOe YUYUTHIBAeT Pasdpoc
0 CKOPOCTSIM B IepBUYHON 1L1a3Me. OKOHYATEIBHO, Oy UM

Ty

(NI
W=
ol

2 _2 2—
< ov >= 9.30y - (leg) A3T9 3o 4.26(2122)3 A

_ _T A - M
F,ZLGTQ—IOTKI/IA—m—p

Torma 1g CKOPOCTH TOPEHHAd JeHTepus MOXKHO HAIIUCATD
I'pp = nD(TNs) < 0V >pp (TNS) =3.8-103¢!

JlanHOE 3HAYEHME CKOPOCTH PEeAKIMU IOBOPUT TAKKe O TOM, 4YTO Jedrepuii
MOZKET TOPETH He TOJBKO COIJIACHO PEAKIMH, PACCMOTPEHHOMN BBIIIE, HO U 110 APYTUM
KaHaJIaM, KOTOPbIe B CYMMe MePeBOAAT IefiTepuil o menovyke peakiuii B reimii-4.

Topenue resing-4 B 3B83/1aX UPOUCXOAUT 110 Cjejytomeit cxeme [24].

Koryia remueparypa B eHTPaJbHOl 4acTy 3Be3/1bl, CojepsKalneil rejuii, gocruraer
108 K, BkjodaeTcd HOBas sjiepHas peakiusg - TOpeHHe rejud. B 3To Bpems
ILJIOTHOCTD TEHTPaJILHOTO si/ipa cocTasster (10% — 105)$. OcobeHHOCTh peakInii
TOpPEHNs TeJINs 3aKJII09aeTCa B TOM, 9TO OCHOBHad peaknus *He + *He — 8Be +
Y. OPHUBOAUT K 0OPa3oBaHUIO HEYCTONUMBOro aipa ®Be, BpeMs KH3HH KOTOPOTO
107¢c. [Ipyrue e peakiuu ¢ ydacTHeM JIBYX sjiep TeJIis IPOUCXO/AT ¢ MOJIOIeHHeM
saeprun. OIHAKO U3 - 33 BHICOKOH IIOTHOCTH sep 4 H e OKa3bIBaeTCs, ITO MPerKIe
qeM g1po° Be cHoBa pacliajieTcd Ha JBe o-TacTHIB, OHO YCIeBaeT IPoB3anMo/IeiicTBOBAT
¢ eme opaum sijipom® He (Tak HasbiBaemblii “rpoitnoii” o -npouecc) ¢ obpasoBanuem
msorona 2C' B BO3OYKIEHHOM COCTOSHUH:

‘He +*He+*He —8Be +*He — 2C

Ha cxopocts peakimu SBe + “He cymecTBeHHOe BANSHIAE OKa3bIBAeT TO, UTO
suepruga Q peaxunun SBe(*He,v)'2C, papnaa 7.37 M»sB, pacnosaraercs BOIM3H
BTOPOT0 BO30YZKIeHHOro cocTosgnud aapa 2C ¢ sueprueit 7.65 MaB (Jp = 07). To
eCTh PeaKIds MMEeeT PEe30HAHCHBIH XapakTep, YTO CYIIECTBEHHO YBEJIHUYHUBAET €€

CKOPOCTb.
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B zaksiouenun paccMOTpUM MOAPOOHEe MO3UTPOHHBIN paciial saep B 3¢PKAJTLHOM
mupe. /s sToro pacemorpuM npubanzkénnyio ¢popmyry Baiizekkepa- Y uibsamMca
JIJIST SHEPTUH CBSI3W HYKJIOBA HA aTOMeE

2 (5-2)°
En =a—BL —~Z 22720 1§ 1he
Bn BA% WA% A2 , I
7 . ..
+XxAT4 | s 96THO-YETHBIX s1/1ep
0=<¢0 , JUIsT 9€THO-HEYETHBIX sIIepD

7 . ..
—xAT1 | 1719 HeYETHO-HEUETHBIX dA/1ep

Kosdbdunuentor o, 3, v, €, x HOJIYUAIOT TPU CTATUCTUUECKON 06pAbOTKe PE3yIbTATOB
sKCIepuMeHnToB. Vcnob3ys Januyo popMy/Ly MOZXKHO HOJYyYUTh HNPUO/IMKEHHOE
BbIpaKeHUE JIjIs PABHOBECHOT'O KOJIMYECTBA IIPOTOHOB B 4/Ipe, OIPEIeAIeMOe MAKCUMYMOM
SHEPTUH CBSI3U.

Z poe = —52— (3.15)

2
YA3 4+4e

Anpo 6yaeT 4yBCTBATENHHO K MO3UTPOHHOMY PACIay U JIEKTPOHHOMY 3aXBaTy
pu

7> Zousn (3.16)

1 MO3UTPOHHOTO pacnaja pa3HUIAa Mace KOHETHOTO U HAYaJIbHOTO S1ep J0IKHA
OBITH BBIIIE JIBYX MacC JIEKTPOHA, UTO cocTapiseT 1022 k3B.

3 yenosus (3.16) MOXKHO BUIETh, 9TO JOMUHUPYIOMEH B 3epKaabHoM Mupe 4 He
apisiercd [T-crabuibubiM. [Tosurponnblii pacuay, Oyaer HabJIOAATLCA Y daep ¢

JOCTATOYHO GOIBIIMM HO CpaBHeHHIo ¢ *He 4ucaoM HYKJIOHOB B SiApe, HAIPUMED
e 2Na, Al u .1
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4. SAKJIIOYEHUE

B nannoit pabore Obl1a paccCMOTPEHA, BOIIONKS 3€PKAJIHHOTO MHPA, B KOTOPOM
m, = My,. B Xoae paccMOTpeHNs TaHHOTO CIleHAPUs OBLJIO YCTAHOBIEHO CIeIyIOIIee.

Bo Bcesennoii 6yner momunnposars *He.

[TockoIbKY MEPBUYHBIN BOJOPO/I IPAKTHIECKH OTCYTCTBYET, OYIYT OTCYTCTBOBATH
1 3BE371bI, B KOTOPBIX IPOUCXOIAT IIPONIECC TOPEHUS BOAOPOIa. KINHCTBeHHBIME
AMepHBIMA PEaKIINAME B 3ePKAJbHBIX 3B371axX OyIyT peakunn ropenud *He

¢ obpazopanueM 2C U HEKOTOPBIX JIPYTHX 3JIeMEHTOB.

N3-3a cuenudukn 38E3/1HBIX IPOLECCOB B 3¢PKAJIbHOM MUPE XMMUYECKUI COCTAB
Mupa OyIeT JaJIEK OT Haliero. [azKEabIX 3/IeMeHTOB OyJeT HaMHOI'O MEHbIIIe
YeM y HaC U CHHTE3UPOBATHCA OHU OYJIYT 1O JPYIUM KaHAJIaM.

[Iponecc ropenus 3Bé3/1 OyaeT TPOXOIUTH 00Jiee HHTEHCUBHO B CBSI3H C TEM,
qTO TIporecchl Topennd * He HOCAT pe30HAHCHBIH XapakTep.

Ha poab TéMHOI MaTepun IpeTeHayoT oMunupyomuit * He 1 HyKIOHbBL.

[TozuTponnslii pactua, gaep Oy/1eT NPpOUCXOIUTh 00/1e€ AKTUBHO, TAK KAK BO3MOYKHA
3aMeHa MPOTOHOB HEUTPOHAMU B A/PaX, YTO YBEJIUYIUT SHEPIUIO CBA3H U3-32
OTCYTCTBUS JOMOJHUTETBHOTO KYJIOHOBCKOTO Gapbepa. (CTaHET BO3MOXKHBIM
obpa30BaHNe HOBBIX THIIOB ODAPHOHOB.

OrcyrcTBre J0MOTHUTETBHOIO KYJIOHOBCKOTO Oapbepa, CBSI3aHHOTO € 3aMeHOi
ITPOTOHOB HERTPOHAMHU OTKPHIBAET HOBBIE KAHAJIBI PEAKITAH U C/IBUTAET SHEPTUTUYIECKIE
OTpaHWYEHNY HA B3aUMHBIE IMPEBPATIEHU JIED.
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