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1. BBEJEHUE

Kak u3BecTHO, acTpoHOMUYECKHe HAOJIOMEHUS JTAI0T OY€Hb BECOMBIE arPyMEHTHI
B TIOJIB3Y CyIIecTBOBaHus TéMHON Marepuu [1|. OgHOl W3 TumoTes, AArOMUX BO3-
MOXKHOCTBH OObACHUTD IPUPOLY TEMHOW MATEPUH, SIBJIACTCA THIOTE3a O CYIIECTBO-
BaHMHU 3epKaJbHOro Mupa. IlepBoil Teoperudeckoit paboToil, paccMaTpHBaIONIe
Hapymierue P-uérnoctu, 6buta pabora Jlu u fural2|, onybankosannast B 1956 ro-
ny. Kpome Toro, B Heii BliepBbIe OBbLIa PACCMOTPEHA BO3MOYKHOCTD CYIIECTBOBAHUSA
3ePKAJIbLHBIX HAPTHEPOB OOBIUHBIX dacTuil. OCHOBOI s 3TOM WAEH HOCJLY ZKIIO
npeno/iokenne o Hapymeann P-aéraoctu. CymecTBoBaHNe 3epPKATHLHON MAaTEPHH
MO3BOJISLTIO KOMIEHCHPOBATh HapylieHne P-déTHOCTH OOBIYHOIO MEpa. JKCIEPH-
MeHTaJIbHO HapyireHue P-uérrocTn ObL10 0OHapy:KeHO Ha omnbiTe By B 1957 romy
[3].

OHaKo HaJMYHe OOIIEro JeKTPOMATHUTHOTO HJIM CHJABHOIO B3aHMOIEHCTBHIA
MEXKJIY YaCTUIAMHU OOBIYHON W 3epKAJbHOH MaTepUH IPUBOIUT K PE3KUM IIPO-
THBOPEUYUSIM MEK/Iy TeopHeil u dKCIepuMeHToM, 4To ObLIo moka3ano 11.FO. Koob-
sapesbiM, JI.B. Oxkynem, I1.91. Tlomepanuykom B 1966 romy [4]. ExuncreeHHbIM
HPOSIBJIEHUEM CJ1A00T0 B3aUMOIEHCTBUS MEXKLY YaCTUIAMEI OOBIYHOTO U 3ePKaTh-
HOTO MHpa MOXKeT OBITh PAaCCMOTPEHHOE BBIIIE cMelnBanue HedTpuHo. ITosTomy
HanbO/1ee TPOCTHIM CIOCOOOM YCTPAHUTH JAHHOE MPOTUBOPEYHE SIBJISETCS OTKA3
ot KaanbpoBounoit rpymnnbl Crangapraoit Mogean, HanpuMmep, B TOJIB3Y T'PYIIIIHI
U(1)@SU(2)@SU(3)| @ [U(1)® SU(2) ® SU(3)|p mubo momobuoii eii. I'nasmoi
0CODEHHOCTBIO SBJISIETCS OTCYTCTBHE OOBIYHOIO 3JIEKTPOMATHUTHOIO, CHJILHOTO U
cJ1a00T0 B3aUMOJEHCTBHUI a 3epKaJIbHOM MUpe. B TakoMm ciiydyae BOSHUKAIOT TaKzKe
U 3epKaJbHbIE KaIuOPOBOUHBIE O030HBI. Ecan 3epKaJibHble YACTHUIBI CYIIEeCTBYIOT,
TO OHHU B JIIOOOM CJIydae B3aUMOACHCTBYIOT ¢ OOBIYHAMH YACTUIAMH I'DABUTAIIN-
OoHHO. Ipyrue BO3MOKHOCTH HOCTPOUTD IIEPEHOPMHUPYEMbIE B3AMMOICHCTBHS IBYX
CeKTOPOB CHJIbHO OIDaHHYeHbl. DTO CMentnBaHne HefiTpuno |5, B3amMozeiicTBIe
6ozomon Xurrca: Li,, = n(HTH™)(H*H' ™) [6] u cmemmuBanue KaiubpOBOYHBIX
6030H0B: L;,; = eF"F ;W [7]. OaHako KOHCTAHTHI BCEX 9THX BO3MOYKHBIX B3aMMO-
JieicTBH# TOJIZKHBI OBITH MaJIbl. 1 HabJrrogaresss U3 0OBIYHONO MHPa CKOILICHUA
3epKaJIbHON MaTepuu BBIIVISIEId Obl KaK IIYCTOTH B IPOCTPAHCTBE, HO, T€M He
MeHee, OH MOT OBbI OIIYIIATh I'PABHTAIIMOHHOE TI0JIe, KOTOPOe CO3IAET 3epKaabHast
MaTepHus.

Tax>ke HaJI0 3aMETUTH, YTO €CJIM CIIEHAPUN 3€PKAJIbLHOIO MHUPa JIeHCTBUTE/b-
HO PeaJIM3yeTcs, TO PSJIOM C HAMU ILUIOTHOCTh 3€PKAJbHBIX YACTHI] KpaiiHe MaJia.
Hannune XoTh CKOMBKO-HUOYAH 3HAYUTEIBHONO KOJUYIECTBA 3€PKAJIHHBIX TaCTHIL
B Hamreil Co/HeYHON crncTeMe MPaKTHYeCKW He OCTAaJIoCh Obl He3aMedeHHbIM (01
HAKO He MCKJ/II0YeHA BO3MOXKHOCTDH CYIIECTBOBAHUS 3€PKAJIbHO ILTaHETHl BHYTPHU
Comnna [8]) . 3naunT, eciu 3epKajJbHble YACTHIB U PHCYTCTBYIOT BO BeeeHHO,
TO OHU HAXOAATCs 3a mpegenavu Conreunoit cucrembl (ubo BayTpu CosHIIA, KAK
ye 6bL10 3aMeueno). Kpome Toro, u3 3epKaabHOU MaTepuu JOJKHBI (hOPMHUPO-
BaThCs MaKpooObeKThl. CBOICTBA TaKUX OOBEKTOB OMPEILTISIIOTCI TapaMeTpaMu
MOJIE/IN 3ePKAJILHOTO MUPA.

[Tenbio manHOro pedpepara siBIsieTCS PAaCCMOTPEHNEe 3ePKaJIbHOIO MUPa, B KOTO-
POM MacChl TPOTOHA W HEHTPOHA PaBHBI. Takzke OyIeT CAeJaH BBIBOI O HEKOTOPBIX
CBOMCTBAX MaKpPOOObEKTOB M3 3€PKAIBHBIX TACTHIL.



2. OIINCAHUMUE MOJEJIN

IIpakTHYIecKH BCe TeMEHTADHBIE YaCTHIBI B 3ePKAJBHOM MHpe, TaK K€ KaK U B
OOBITHOM, SIBJISAIOTCS MAaCCHBHBIME. B 9acTHOCTH, MACCHBHBIME SBJISIOTCS IPOTOH
U HeHTpOH (OAHAKO Macca aJpPOHOB ONPEJIENSIeTCs TaKyKe MaciITaboM KoHbaiiH-
MeHTa). VI3MepeHusi uX Mace, MPOBEeJEHHBIC HA CErOHSIIHUIT JIeHb, JTAI0T JIJIs HUX
caeayiomue 3uadenns [9).

m, = 938.272046(21) Y

m, = 939,565378(21)2cV

C

Tot dpakT, 4T0 Macchl MPOTOHA U HERTPOHA HE PABHBI JPYT-JIPYTY UMeEeT JAJTEKO
uynme pusnydecKre mocjae/cTBusA. B MpoTUBHOM cjiydae KapTuHa Mupa ObLIa Obl
coBepIleHHO WHOU. B nmamHOll paboTe Kak pa3 u OyJeT paccMaTpUBAaTbCI MOJEJb
3ePKaJIbHOI'O MUPa, B KOTOPOM 1M, = My,.

[TockoabKy MOJETH 3¢ PKATBHOTO MEPA TTPEJIIIOIAraeT CyIecTBOBaHUE TapTHEPA
JUTS KaXKJIOM 9acTHUIBI OOBIYHOTO MHUpPa, TO B HaIllell MOjeJu OYIyT CJeayolniue
3€PKaJIbHbIE YACTHUIIbL:

o  JTenToHOB (3 MOKOTEHHS O 2 YACTHUIILL ¢ 3apsiiaMi —e H () COOTBETCTBEHHO)
1 6 aHTHJICITOHOB

e 6 KBapKOB (3 HOKOJIEHUsI 110 2 GACTHIIBI € 3aPsIaMu —%e u +§e COOTBETCTBEH-
HO) U 6 AHTHKBApPKOB

e 12 kamuOpoBOUHBIX 6030HOB (8 TIIOOHOB, 3 6030HA CJIAGOr0 B3aMMOIEIiCTBIS
u 1 doron)

e 1 0030 Xurrca

OynaamMeHTa IbHble (PEPMHOHBI BTOPOrO U TPETHEIro IIOKOJeHHsS HeCTaOMIbHBI H
pacnaaaiorcs Ha GpyHIaMeHTaJIbHbIe (PePMUOHBI IIEPBOI'0 HJIU BTOPOIO IMOKOJIEHUIA.
Marepust COCTOUT U3 YACTHIL IIEPBOrO MOKOJIEHHS, a YACTHI[EI BTOPOTO U TPETHEro
MOKOJICHU POXKIAI0TCA TOJIBKO IIPHU OOJIBIINX IIOTHOCTSIX SHeprun. Macca Heiipu-
HO JII00OTO cOpTa Ha MHOT'O HOPSJIKOB MEHbIIIE MAaCChl JIIOOOI0 U3 JIEIITOHOB WJIM
KBApKOB. 3a HAJHYHE MaCC y BCEX JIEMEHTAPHBIX YaCTHI[ OTBEYAET MEXaHU3M
Xwurrca. B Maccy aJijpoHOB TakzKe BHOCUT CBOIl BKJIa)I 1 MEXaHU3M KOH(DaftHMeHTa.
YacTunpl 3epKajbHOIO MUPa MOTYT B3aUMOJIEHCTBOBATH C JAaCTHUIAMH OOBITHOIO
MHPAa C IOMOIIBIO I'PABATAIMOHHOIO B3auMogeiicTBus. Takzke BO3MOXKHO KHHETH-
4ecKOe CMEITMBaHNe KATUOPOBOIHBIX OO30HOB (L = €M F ;W), B3auMOJeicTBUE
6030m08 Xurrca (L = n(HYH™)(H+tH ")) u cvemusanue meiirpuro. Tax kak
Pa3HOCTh MAacC MPOTOHA W HEHTPOHA B Hallleil MOJEIN paBHA HYJIIO, TO 00e 3TH
qaCTHUIBI OYyT CTAOUIBHBIMU B CBOOGOJHOM COCTOSHUN (6eTa-pacna] 3amperién
3aKOHOM COXPaHeHus dHeprun ). Haxogch BHYTPH si/iep, HEHTPOH U IPOTOH TaKKe
OyAyT CTaOUJIBHBIMUA U HE CMOTYT IEePEXOJUTD JPYT B JIpyra.



3. PUBSNYECKAA KAPTUHA 9BOJIIOIINN
SEPKAJIbHOI'O MUPA

B nannoit pabore paccMoTpenune 3BOONUN BceleHHoit HaumHAeTCs ¢ JIeTOHHOM
sunoxu. Ilpupona undagnun u 6apuoreHesnca MoxKeT ObITH OIKCAHA MeXaHH3Ma-
MU, BBIXOJSNINMHI 33 PAMKH JaHHOH paboTsl. B TO ke BpeMms, B PaMKaX MOJEH
3epPKATbHOTO MUPa MOXKHO CJesaTh MPeANooKeHrne 0 HaOIIaeMoit GapuoHHON
acuMMeTpuu BeesleHHOI: ecau cpeu MaTepuyu OOBIYHOTO MUpa MpeodIagaloT Ja-
CTHIIbL C TIOJIOXKUTE/IbHBIM OApPUOHHBIM 3apsiIOM, TO CPEJU 3€PKaJIbHOW Marepuu
MOT'YT 1pe00JiaJlaTh YaCTUIBl C OTPUIATEIbHLIM OapHOHHOM 3apsdjoM. bapuon-
Had aCUMMETPDHA ABJIdeTCd CJAeJCTBUEM BBLIIIOJTHEHU A yCﬂOBI/IIU/I CaxapOBa B paHHeﬁ
Bceenennoii. Tak kak 10715 HabogaeMoil MaTepun cocTaBasgeT nopsaka 5% maccol
Bceestennoii, To goas Témuoit Mmarepun cocrasiasger nopsaaka 22% macent Beenennoi.
JlanHoe paszymune MOKeT ObITh 0OYCJIOBJIEHO HECKOIbKUMU MPUITHAMU.

Ecnan HavanapHbIe yeJI0BUS U1 OOBITHON W 3€PKAJBbHON MATEPUH ABITIOTCS CHM-
METPUYHBIMH, TO BIOJHE €CTeCTBEHHBIM BBITJIAINAT TIPEANOTIOKEHHEe O PA3THINH
MacC HYKJOHOB OOBIYHOI M 3epKadbHON MaTepuu. B 3epKaqbHOM MWpPe HYKJIOHBI
JIOJIZKHBL ObITH TszKeiee B ~ 4 < 5 pa3 3a cuér Jpyroro maciiraba KoHdalinMmen-
Tta. PaBeHCTBO Macc MpOTOHA W HEHTPOHA MOKET O0bSICHITHCS PABEHCTBOM MACC
TOKOBBIX KBapPKOB. JTO JOCTHTAETCS B TOM CJIydae, €CJAu SJeKTPOMATrHUTHOE B3a-
uMoieficTBre He OyJeT HapylaTh U30CITHOBYIO CMUMMETPHIO.

Ecan ke Ha9aIbHBIE YCTOBUS /715 OOBITHOM U 3€PKAJbHON MaTepun ObLIN HECHM-
MEeTPUYHBIMHA, TO IPUYHHA PA3IMINs MeXK/ly UX BKJIaJaMu B Maccy Beenernoit cta-
HOBUTCS O4eBUIHONW. HecuMMeTpUYHOCTh HAYATBHBIX YCJIAOBHM, KOHEYHO, BIIOJTHE
MOTJIa UMeTh MeCTO, OJIHAKO TAaKOi BApPHAHT He MPUBHOCUT HUKAKWX WHTEPECHBIX
duznueckux caeacTBUil U He 00JTAET ICTETUUECKON MTPUBIECKATEILHOCTDHIO.

B maunnoit pabore paccmMarpuBaeTcs ClieHapuil, B KOTOPOM Ha4daJIbHbIE YCJOBUS
ABJIAIOTCA CUMMETPHUYIHBIMU, & MAaCChl 3€PDKaJIbHBIX IIPDOTOHOB U HefITpOHOB PaBHBI

4.1 I'B.

JIETITOHHA Y 3IMMOXA (1075-0.3 cek)

Korga Temneparypa Beenennoii ynana xuzxe 170 MsB (temmeparypsl anponn-
SaJ]_[I/II/I)7 IIBETHBIC KBapKMW W IVIOOHBI HE MOIJIA 60.)'[le€ HaXOIUTCA B CBO60,ZLHOM
cocrosgunu. Hagama npoucxoauTs aJipoHu3aIus - oObeJJuHeHne MBETHBIX YaCTHIL
B GecripeTHble KOMOUHAIMA (apoHbI). KpoMe ToTo, moc/ie aJ[pOHu3ali HAYnHAET
HPOUCXOJIUTh AHHUTHIAIUS OaproH-aHTUOAPHOHHBIX Hap. Ha sTom »Tame dapu-
OHHasl cuMMeTpus Bcenenmnoit yxke Hapyinena 3a cuér 6ojiee paHHeil reHepaiun
U30BITKA ODAPUOHOB.

Ha mannom wmHTEpBaJie BpEMEHH HPOUCXOJAMT OTIeiieHue neidrpuno. /o mo-
MCEHTa OTHEIIJICHHA HeﬁTpI/IHO HaXOJUJIUCh B TEPMOJUHAMUICCKOM PaBHOBECHUH C
OCTATLHBIM BEIECTBOM, a ITOCJIe HErO — CBODOHO pacupocTpaHsitorcs Bo Beeen-
HOM.

Jlng naabHeRIIuX ONEeHOK HaM IOTpebyeTcs BBECTH HEKOTOPBIE BCIIOMOTATE Ib-
HbI€ BEJTUIHHBI.

DddekTrBHOE YUCTO VABTPAPEJIATUBUCTCKAX CTeleHeil cBOOOIBI ONpeIe/IsaeTcs

dopmy.toit

ge= >0 +% 3y

bosons fermions
with mKT with mKT

(3.1)



Cymmuposanue B hopmyiie (3.1) Iporn3BoasaTes O 3epKaTbHbIM 6030HaM U hep-
MHOHAM, KOTOpPbIe IIPU JAHHOW TeMIeparype SBJIAI0TCS YIbTPape sTHBACTCKIMHI
JACTUIIAMHU, TO €CTh /IS HUX CIpaBeInBo ycaopue m < T

Jajiee BBeJEM napamerp, KOTOPBIf 1mpejcrapisier codoit MoAnUIMPOBAHHY IO
maccy [Lnanka

M
* _ pl
Mpl(g€) = 1665 1€

ge TIpEJICTaBAIeT cOOOM YHUC/IO YALTPAPEIITUBUCTCKUX CTeleHeil cBOOOIbI.

W3 cpaBHEHHS CKOPOCTH HEATPUHHBIX MPOIECCOB ¢ TEMIIOM pacimupeHnus Bce-
JIEHHON MOYKHO IOJIyYUTb (POPMYJLY JIJIsi OLEHKH TeMIepaTypbl OTIeIIeHus Heil-
TPHUHO

1
T —
~ | —
v 2
GpM ;l(ge)
Cpa3y mocjie OTHeneHns HeHTPUHO B YHTPOIHIO 3JTEKTPOH-(DOTOHHO 11J1a3MBbI
OyayT JaBaTh BKJIAJ (POTOHBI, MO3UTPOHBI U 3JEKTPOHBI. HUCJI0 YIbTpapesaTh-

BHCTCKUX CTeleHeil cBOOOIbI B JIAHHOM Cjiydae OyIeT paBHO g, = 2+ %(24— 2) = %
IIpu N, = 3 noayunm

1
L)' ~2+3M
T,~ 7] ~2-+ °B
14 2 .
(GFM;l (9:) )

Orcrona MOXKHO OIIEHUTH BO3pacT BeeeHHO# Ha MOMEHT OTIEIIEHNsT HEHTPHHO.

Omyckast BCIIOMOTaTe/IbHbIe BBITUCICHUST, HATTHIITEM (hOPMYJTY JIJIsT BpeMEHH K13~
HU BceeseHHOW K MOMEHTY OTTeIJIeHUsT HeUTPHUHO.

_ Mj(g)
~ 2H(T,) 212

IToactrapnaa T, = 2.5 Ms3B u N, = 3 nmoayuum

Mpi(ge)

by ~ =512

= (.13 cek
Taxum oOpazom orieneHne HelTPUHO MTPOUCKXOIUT UMEHHO B JIEHITOHHYIO STOXY.

SIIOXA HYKJIEOCUHTES3A (0.3 cex - 3 MuH)

Camas panHsis 3moxa ropsideit BeesieHHOM, 0 KOTOPOit Cero/inst UMEIOTCs HaTEK-
Hble JKCIIEPUMEHTAJbHbIE JaHHbBIE - 3110Xa NEPBUYHOIO HYKJIEOCHHTE3a, KOTOpas
JUTHJIACH OKOJIO TPEX MUHYT. 3a 3TO BpeMms Temieparypa Bceemennoit ymeHnbimmiach
¢ 1.4 MsB 1o 1 x3B.

[IepBbIM 3TAIlOM HYKJIEOCHHTE3a ABJSETCS 3aKajaka HefTpoHoB. OHA IPOUCXO-
JMja Ipu Temieparype nopsiaka 1 MsB, korjga obpasoBanue JErKux sjaep emé He
HavaJI0Ch. /{0 MOMeHTa OTIen/IeHns HEUTPUHO TOJBKO PeaKIus N + UV, <> D + €
obecreuuBaia TeEPMOIUHAMUYIECKOE PABHOBeCHE MexKIy HyKJIoHAMu. IIpubamxkeén-
HO€ BblpaKeHue Jijisl TeMIIEpaTyPbl 3aKaJK1 HEHTPOHOB UMeeT BU/I.

T, =~ ¢ 957?
F
JIaHHYO0 3aBUCUMOCTD MOYKHO TMOJIYYHTh U3 aHAJIM3a PEAKIHU N + Ve <> P+ € .
B MoMmeHT 3aKajKum HEHTPOHOB g, = 2 + %(4 +2N,) = %. Iepsoe craraemoe
00yCJIOBJIEHO BKJIAJIOM (DOTOHOB, BTOPOE - 3JIEKTPOHOB U IO3UTPOHOB, TpeTee -
HEATPUHO.

(3.2)

(3.3)

(3.4)

(3.5)



Torna m1g TeMmepaTypsl 3aKaJKd HENTPOHOB MMeeM

T, = {/%¢ = 1.25 MsB

MowmeHT BpeMeHH, B KOTOPBIil MPOU3OIILIa 3aKaJIKa HEHTPOHOB, OMPEIe/ISTeTCs
COOTHOIIIEHUEM

_ Mj(ge)
— 2H(T,) 217

(3.6)
IToactranaa T', = 1.25 MsB u N, = 3 noayuum

t, = floe) _ 0.5 cex

217
Taxum oOpasoM, HepBUYHbBIN HYKJIEOCUHTE3 HauuHaeT 1porekarsb depes 0.4 ce-
KyH/Ibl 110csie bosibinoro B3pbisa.
HeiiTpon-nmpoToHHOE OTHOINIEHNE HA MOMEHT 3aKAaJIKH OIPeIeIdeTCsd U3 ypaBHe-
aus Caxa u umeer CJIeayIONuil BU

Am

b — e Tn (3.7)

p

Pazuuna maccAm = m,, —m, = 0 B paccmarpusaemoii namu mozesu. ITosromy
B JJAHHOM CJIydae MoJIydaeM

[TockoabKy MPOTOH U HEUTPOH B CBOOOJHOM COCTOSTHUW PACIaJdaThCcd HE MOTYT,
TO COOTHOIIIEHUE MEeXKJIY YUCJIOM IPOTOHOB M HEHTPOHOB B JlajibHeIIeM U3MeHAThb-
csl He OYIeT.

TepmosinepHbie peakIuu 3epKAIbHOTO BENIECTBA HAYUHAIOTCS C 0OPA30BAHUS
Jdefitepud B peaknuu

p+n—D+vy

Ob6paszoBanue jeiiTeprusi HAUUHAECTCS TOTIA, KOIJIa CKOPOCTh ero (boTopaciien-
JIEHUsI CTAHOBHUTCS MEHBIIe TeMIa paciiupeHus BeeaeHHoi.

Kpowme 1010, MocKoJbKY KOCMOJIOIHYECKOe pacimupernne BeeaeHHoi npoucxoam-
JIO HEIIPEPLIBHO, TO HE BCE HYKJIOHBI YCIIeJH O0'beTUHUTHLCS B IeHTepuil, HEKOTOPOe
KOJUYeCTBO IIPOTOHOB U HeﬁTpOHOB TaK U OCTaJIOCh B CBO6OZLHOM COCTOAHUMN.

Bocnonbsyemcst ypapaennem Caxa J/Tst aHAII3a IPOIECCa HYKJIEOCUHTE3a, boJtee
TSZKETBIX 3JIEMEHTOB. [lJist 9Toro anagmsa Oy1eM HCIOIb30BaTh ypaBHenne Caxa B
caenytoreM suse [10]

eT (3.8)

mpT

S Az AtoeA . A5 (2w \2ATD a4
"

B ypapuenuu (3.8) X4 = % - Ge3pa3sMepHOe OTHOILIEHHE YHCJIA HYKJIOHOB,

HAXOSmUXCs B siapax (A, Z) K MOJHOMY 9UCJy HYKJIOHOB, N - IIOTHOCTH YHCJIA
0apUOHOB, ¢4 - 9UC/IO CIUHOBLIX cocTodAnuil ssapa, AA = Zm,+(A—Z)m,—ms =
Am, — m4 - 3Heprus CBA3M A1pa.

ITnorHOCTH YKCaa GAPUOHOB NAETCS BHIPAKEHUEM

np = nph, = anT?’ = 0.24npT3, rie (3.9)

T2



7 p- TPeIIKCIOHEHITNATBHBIN (haKTOp.
B utore momyunm

3(A-1
X4 = XpZX;:l—an—12—AgAA% (%) 5 ( ) e%

13 dopmysast (3.9) BuIHO, 9TO paBHOBECHAsT KOHIEHTPAIUS siED MepecTaér
ObITH MaJTOft Jinib npu yeaosun 1 << AA.

Hyxkieocunre3 HaumHaeT IIPOMCXOJUTH TOJA, KOrJa oOpasoBaHHe JeiiTepus
CTAHOBUTCS SHEPreTUYECKH BBIFOIHBIM. DTO JOCTUIACTCS IIPH BBIIOJHEHUH YCJIO-
Bust X p(Tns) ~ 1. [Tosromy, npereGperasi hakTopaMu mopsijka e uHuis B (3.10),
HOIYYUM JJIs Jeifirepust

3
§ ap
Xp(Tns) ~ np (—2'5TNS) e ~ 1

mp

[ToCKOJIBKY HPEJIIoNaraeTcs, 4T0 MacChl 3ePKaJbHbIX HYKJIOHOB B 4.4 pa3a 60.1b-
HIe MacC COOTBETCTBYIOIUX OOBIYHBIX HYKJIOHOB, MOJIOKHM SHEDPIHIO CBA3U 3€P-
KasgbpHOTO geiirepus AD,, = 4.4AD, ~ 10.7 M3B. Tloacrapisasa Takzke 3HaUEHTE
np = 6.1-1071° u peman ypasuenue (3.11) yucaenno, noyuum

T'ns = 314 k3B

O,ZLHaKO B ﬂeﬁCTBI/ITeJIbHOCTH HaI/I6OJI€e dHEPIreTU4eCKH BbII'OJHBbIM ABJIACTCA
obpasosanue ‘He. [Ipomece cuaresa * He MpONCXOmNT MyTEM Pa3InTIHBIX
SIIEPHBIX PEAKITUil, KOTOpPBIe OYAYT PACCMOTPEHHBI HUKE.

Onpenenum Bozpact Beenennoit B smoxy mykiaeocunresa. [lo amamoruu ¢ dbop-
mytamu (3.4) u (3.6) nosyanm

t . 1 _ A{;l(ge)
NS = 2H(Tns) — 2T%g

ITpu Temmepatrype T'ns = 314 k3B B Unc/I0 yABTPAPEJTATHBUCTCKAX CTeleHen
cBODOIBI BHOCAT BKJIAJ TOJBKO (hOTOHBI U HeliTpuno. Ho HeliTpuHo y2Ke He B3au-
MOJIEHCTBYIOT € IIA3MOM, OITOMY MX BKJIaJ OyJer nojasiet. Boipaxenue (3.12)

4
BKJIIOYAET B cebd g. = 2 + 2N,,§ (%) 3 N, = 3. U Bo3pact Bcenennoit na momenT
HYKJIEOCHHTE3a, COCTABJISET

M* (ge
tNS = %) = 5.2 cek
NS

Maccosyio nomo* He cpean 6apmoHOB MOYKHO OIEHNTH NCIOIB3YH CJIEIYIONYI0
bopmy.ry

~ _ Mag g (Ths) 2 _
X4H6 ~ mp(np(TNS)‘an(TNS)) —_— % 1 — 100%
nn{i{i NS

B 1o xe Bpemsi J10/18 BOIOPOIA olipejiesisiercs (popmyJioit

_ np(TNS)

nn (T
XH z—(NS) :O%

2 1 np(TNs)
nn(Tng)

TakuM 06pa30M, HepBUYHLIH re/nil B 3epKaJbHOM MEpe OYIeT COCTABIATH MPaK-
tudecku 100% oT Bcero BeriecTsa.

(3.10)

(3.11)

(3.12)



KMHETUNKA HYKJIEOCUHTE3A

Tenepb paccMOTpHM TOAPOOHEE TUIBI TPOIECCOB, KOTOPbIE TPUBOJAT K CHHTE3Y
renng-4 m3 IepBUYHBIX TPOTOHOB U HEUTPOHOB.

OcHOBHBIE DEAKIMH [EPBUYHOIO HYKJIEOCHHTE3a MOXKHO PACIPEIETUTH 110 CJie-
JYIOTITAM 3Taram

e p+n — D+ 7 - HaYaI0 HYKJIEOCUHTe3a, 0Opa3oBaHue JaedTepus.

ep+D —=3He+~,D+D —3He+n, D+ D — T+ p - IpOMesKyTOUHbIE
peaxiun, obecTeunBaoNie B AabHeiimem cuares *He.

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

PacemoTrpuM mporiece pauannoHHOro 3axsara HedTpoHos (p +n — D + 7). Kak
OBLJIO YCTAHOBJIEHO BBITIE, JIEHTEPUI0 SHEPIUTUUECKH BHITOIHO 00DPA3OBBIBATHCS
npu Temieparype T nys = 314 k3B. BaxKHO BBISICHUTH HACKOJIHKO OBICTPO 3aXBa-
TBHIBAIOTCA HEHTPOHDI, BeJb BeesleHnas Ha 9TOM dTale pacllupseTcs W He Bce Heli-
TPOHBI MOT'YT OBITH 3aXBaY€HbI TPOTOHAMH.
st 3Toro rpy6bo oleHuM cedeHrne oOpa3oBaHue JedTepus
3
< OV >p(ny)D™ mifr ~ %m =2-10 19%
Taxzke, MOCKOJIBKY PO JiefTepus sABIdeTCs CJIa00CBI3aHHBIM, HMEETCs JIOT0.I-
HUTEJIbHBIH (HaKTOP MMOIABICHHUSI.
OKoHYATEILHO, TOJYIUM

_ 3
p~6-10 21%

< OU Zp(ny)

CKOpOCTb TOpeHnsT HEHTPOHOB OIPEIE/ISIeTCs KAaK 4acTOTa CTOJKHOBEHUM MPO-
TOHOB C HEHTpOHAMHU, B pe3yJbrare KOTOPHIX oOpasoBaJicd jeitepuii. Torna jurs
cxopoctn peakmun npu T = Tyg = 314 k3B u np = 6.1 - 1070 moayuamm

2¢(

FP(”»’Y)D =Ny <oV >p(n,’y)D: nBT?))T:s <ov >p(n,7)D2 3.5 ¢!

T[ToslyyeHHOE 3HAUEHIE CKOPOCTH FOPEHNs] HeHTPOHOB 3HAUUTEIHHO HPEBOCXOIHT
Temn pacmmpenust BeeneHHOl Ly, p > H(Tvg) =4 - 107%¢™!, nosromy npouecc
ropeHns HefiTPOHOB IPOTeKaeT OUeHb AKTHBHO U BCe HEHTPOHBI CTPeMATCA HepeiiTn
B JeUTepuil.



KoHueHTpaIus IpOTOHOB Ha MOMEHT HYKJIEOCHHTE3a ONPEIeJIsSeTCsl BBl PAsKeH -
eM (3.9) u cocrapisier

np =1ng 2((3)T]£3[S — 0-2477BT1%5 —6-1020 3

2

KonmenTpamnus ke ¢BOGOIHBIX IPOTOHOB MOKET OBITH HaliIeHA U3 CJIELYIONEr0
nudepeHInaTbHOr0 ypaBHeHn .

dn
d_tp = —NpTn <ov >p(n,'y)D (313)
ny(0) =6-102cm?
Pemast ypasuenwe (3.13) mosyunm Jyisi KOHIEHTPAIMH IPOTOHOB BhIPAYKEHUE
ny(t) = n,(0)e~ " <7 Zrnapt (3.14)

Orciona 3akaaéHHAs KOHIEHTPALNA

Takum oOpa3om j10Jist TPOTOHOB, OCTABIIMXCS B CBODOIHOM COCTOSIHUM, COCTaB-
JIsIeT

np(tns—tn) _ .10-10
prNE = 1.7 10

Tenepsb paccmorpum nporecc ropenust geiirepust (D+D — 3He+nu D+D —
T+ p). Cevyenus JaHHBIX peakiyii TOXKE MOXKHO OIEHUThH KaK T€OMETPHYECKHE, OJI-
HAKO TPU 3TOM HEOOXOIMMO Y4YecTh KYJOHOBCKHIT Dapbhep, TaK Kak 00a CTaJIKHUBa-
IOIUXCS SIPa UMEIOT TTOJIOXKUTETBHBIN 3JIEKTPUUECKuii 3apsii. ToObl TPOU30IILIO
obpa3oBaHUEe HOBOTO /Ipa, CTATKUBAIOIINECS sI/Ipa JOJZKHBI MIPe0I0IeTh KYJIOHOB-
ckuit Gappep. locTturaercsa 310 B pe3yiabTaTe TYHHEJBHOrO mepexoja. lIposerns
HEKOTOPBIe BBIUUCIEHUS, TTOJYYHM JIJIsl CeUeHUs] TOpeHus JefiTepus CJIeTyonTyio

dbopmymry

2maZyZy
. 27T()(Z122 . G—T

ov = 0y = :

[JIe 0g - TEOMETPUIECKOE CEeUCHHE PEAKIIHH.
Tenepb HEOOXOAMMO B3STh CPETHEE OT STOr0 CEeYeHHsI, KOTOPOE YUUThIBAET Pas3-
OpOC O CKOPOCTSIM B mepBUYIHON 1m1a3Me. OKOHYATEIHHO, MOy IAM

ol
=
Wl

< ov >=9.30) - (Z1Z2) Ty

_ _T N _ M
FﬂeTg—WHA—m—p

Torpa sy ckopocTu ropenus Jiefirepus MOZKHO HAIMCATh

9

2 _
z§T9_%e—4.26(ZlZg)%A

I'pp = nD(TNs) < OV >pp (TNS) =14-103¢""!

Jlannoe 3HaY€HUE CKOPOCTU PEAKIIMU I'OBOPUT TaKzKe O TOM, 4TO JiedTepuil Mo-
2KeT TOPETh He TOJIbKO COIJIACHO PeaKIuH, PAaCCMOTPEHHOI BbIIIE, HO U 110 JIPYTUM
KaHaJaM, KOTOPbIe B CyMMe MePeBOJIAT JeiiTeprii 110 TelmodKe peakiuii B reanii-4.

Topenne renns-4 B 3BE37aX MPOUCXOIUT TI0 CJaeaytoniei cxeme [11].

Korna temmnepatypa B eHTpaJIbHON TaCTU 3BE3/IbI, CO/IepzKaIeil Tenil, T0CTH-
raetr 108 K, BKIIO9aeTcd HOBas sdjepHas peakIus - TOpeHne refns. B 3To BpeMs

10



IIIOTHOCTH MEHTPAJIBHOTO 7Ipa COCTABJISAET (104 — 105)$. OcobeHHOCTH peak-
nuil TOPeHns TeJdud 3aKI09aeTcs B TOM, 9TO OCHOBHag peakmmsa ‘He + *He —
8Be + y. mpuBoaUT K 00pa30BaHUI0 HEYCTOHUYMBOrO dapa > Be, BpeMs KU3HH KO-
toporo 1071%c. JIpyrue e peakmun ¢ yuacrueMm JABYX sep rens IPOUCXOISAT C
norsomenueM sneprun. OIHAKO U3 - 3a BBICOKOI maoTHOCTH aaep *He okasbiBaeT-
Cs, 9TO TIpeskie deM aapo’ Be CHOBa pacHajeTcs Ha IBe o-JaCTHIBI, OHO YCIIeBAET
IPOB3aMMOIEIiCTBOBATE € emle ofHnM saapom* He (Tak HazBIBaEMBbIH “TpOiTHON” o

-nporiecc) ¢ obpazopanueM uzorona 2C B BO30Y:KICHHOM COCTOAHHU B IIPOIECCe
‘He+*He+*He -5 8Be+*He — 12C

Ha ckopocts peakiun SBe + *He cymmecTBeHHOe BJINAHHE OKA3BIBAET TO, UTO
sueprua Q peaxuuu SBe(*He,~)'2C, papnaa 7.37 M»sB, pacmnosaraercs BOIM3H
BTOPOTO BO30YKICHHOTO cocToguusa aapa 2C ¢ sueprueii 7.65 MsB (Jp = 07). To
eCTb peaklus MMeeT PEe30HAHCHLIH XapakTep, 4TO CYLIECTBEHHO YBEJIHYMBACT €€
CKOPOCTb.

B zaksroyenne paccMOTprUM OIpOOHEe MO3UTPOHHBIHN pacmaj f1ep B 3epKajlb-

HoMm mupe. g 3roro ucnoab3yem npubianmkeénnyo dpopmyy Baiipzekkepa- Y niLibamca

AJId QHEPIruun CBA3M HYKJIOHAa Ha aTOME

A 2
_ o pd z2 (52
EBN—Of BA% 7,4% E— 12 + 9, tae
7 .. .
+xAT1 | a1 96THO-YETHBIX siIep
0=<¢0 , JJIs1 9ETHO-HEYETHBIX SJIep

7 . ..
—XA_Z , JJIsI HEUETHO-HEYETHBIX s1JIep

Koadbdpunuentor o, [, 7, €, X TOAYIAOT MPH CTATHCTHIECKOH 0O0paboOTKe pe-
3yJIbTaTOB HKCIIEPUMEHTOB. Vcnosbp3ys JaHHY0 (GOPMYIY MOXKHO MOJIYIUTH IIPHU-
OIMKEHHOE BRIPAYKEHHE JJIsi PABHOBECHOI'O KOJIMIECTBA IIPOTOHOB B sIAPeE, OIpeIe-
JISIeMOe MAaKCHMYMOM HEPIUU CBSI3H.

2e A
—32
A3 +4e

ZpaBH -

Anapo GyeT 9yBCTBUTETHHO K TO3UTPOHHOMY PACHaJLy U JIEKTPOHHOMY 3aXBaTy
pu

Z > Zpann

1 MO3UTPOHHOTO paciajga pa3HUIA Macc KOHETHOTO U HAYAJIbHOTO S1epP T0T7K-
Ha OBITH BBIIIE JIBYX MacCC 3JEKTPoHa, 9To cocTaBiser 1022 k3B.

U3 yeaosus (3.16) MOXKHO BHJIETH, YTO JOMHHHUPYIOIIEH B 3¢pKAJIbHOM MHDE
4He asngerca B -cTabmapubiM. 11030TPOHHDIIN pacta OyIeT HAOTIOAATLCH Y Aaep

C JOCTATOYHO GOJIBIINM 110 cpaBHeHuio ¢ * He 4ucjioM HyKJIOHOB B sIpe, HalpUMep
e 2Na, Al u .1
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4. SAKJIIOYEHUE

B nannoit pabore ObL1a pacCMOTPEHA, IBOIIONKS 3ePKAJHHOIO MHPA, B KOTOPOM
m, = my, = 4.1 I'sB. B xoxe paccmMoTpenns n1anHoro crueHapus OBIIO yCTaHOBJIe-
HO caepyiomiee. Mudagimuonnoe pacimupenne BeesleHHONR Ha paHHHX STAlax BO-
JIIOIAKA MOXKeT OBITh O0ObSCHEHO PA3JHYHBIMHU CIIOCODAMH, HAIpUMEp, C IOMOIILIO
OCHMJLTUPYIOMIEr0 CKAJISAPHOro mojis. B jpanHo#t padbore KOHKpeTHas pean3alus
MeXaHH3Ma HHMIAINKT Ha paccMaTpuBaJach. bapnonHas acuMMeTpusi BO3HUKAET
BCJIeICTBHE BbiloJiHeHus1 yesaopuii Caxaposa B panHeit Beesennoit. Opaako peasin-
3alnd 3TON niaenu Takzke JOIIYCKaeT MHO2KECTBO BapHaHTOB. HaqaﬂbeIe yCaoBud
Jijig OOBIYHON U 3epKaJIbHON MaTepUH IMPeIoaraloTcsa CUMMETPUYHBIMHA.

I'maBHBIME CBOWCTBAME PACCMOTPEHHON MOIEN SABASIOTCS CAeLYIONIe:

Bo Bcesennoii 6yger pomunuposars *He.

[TockoJIbKY MepBUYHBIH BOAOPOJ, IPAKTHYIECKU OTCYTCTBYET, Oy/IyT OTCYyTCTBO-
BaTh W 3BE3JbI, B KOTOPHIX MPOUCXOJUT MPOIECC ropeHust Bojopoga. Fjrun-
CTBEHHBIMU SIJIEPHBIMU DEAKIUAME B 3ePKAJTbHBIX 3BE37aX OYIAYT peakIlnu
ropenust *He ¢ obpazopanuen 2C 1 HEKOTOPBIX APYIHUX 3JE€MEHTOB.

N3-3a cuenudukn 3863/ [HBIX ITPOIECCOB B 3€PKAJIbHOM MHPE XUMHYECKUH CO-
cTaB Mupa Oyjer Jaaék oT Hamnero. TaKE/IbIX 3JIEMEHTOB B 3¢ PKAJIbHOM MHUPE
OyJeT HAMHOTO MEHbIIe, YeM B OOBIYHOM W CHHTE3UPOBATHCHA OHU OYIyT IO
JIDYTUM KaHAaJIaM.

[Iponece ropenus 3Bé3/1 OyaeT TPOXOAUTH 0o0Jiee HHTEHCUBHO B CBSI3H C TEM,
qTO TIporecchl Topennd * He HOCAT pe30HAHCHBIH XapakTep.

Ha posb TéMHOI MaTepuu HIpeTeHayioT gomuuupytomuii *He n Manas mpu-
MeCh HYKJIOHOB.

[losuTpoHHBIH pacuar saep OyAeT IPOUCXOIUTh 60/ee aKTUBHO, TaK KaK BO3-
MOXKHA 3aMeHa IPOTOHOB HEATPOHAMM B A/IpaX, 9TO YBEIUYUT SHEPIHUIO CBI3H
13-33 OTCYTCTBHSA JIONOJTHATEIHLHOIO KYJIOHOBCKOTO Hapbepa. CTaHeT BO3MOXK-
HBIM 00Opa30BaHUe HOBBIX TUIIOB OAPHOHOB.

OTcyTcrBre ITOMOJTHUTENBLHOIO KYJIOHOBCKOTO Oaphepa, CBA3AHHOTO C 3aMe-
HOW MTPOTOHOB HEHTPOHAMM OTKPBIBAET HOBBLIC KAHAJIBI PEAKIMA W CIABHATAET
3HEPrUTHYECKNE OI'PAHNYEHUS HA B3aUMHbIe IIPEBPAIEHUS sdaep.
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