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1. BBEJEHUE

B 50-60-x romax XX Beka ajiponHas (pusuka m (husnka 3JeMEHTAPHBIX YaCTHI]
HAXOJUJINCH B COCTOSTHUH KpaitHe OypHOTO pas3suTus. C KayKIbIM I'OJI0M KCITEPUMEHTATOPHI
OTKPBIBAJIM BCE HOBBIE W HOBBIE HYACTHUIBI, & TEOPETUKU BBIJIBUTAIN BCE Oosiee
cMesTble TpenoJIoKeHns 00 ycrpoiicTBe MHKpoMmupa. OIHOR U3 BBLIAIONTAXCS
TeopeTUIecKNX paboT, KOTOpas BIIOCIeICTBIE MOMOTIa aBTopaM moayauTh HobemeBekyio
npemuto, Obiia pabora Jlu u durall|, onybiukoannas B 1956 romy. B Heil
paccMaTpuBaInch (PyHIAMEHTAIbHBIE IPUYUHBI CYIIECTBOBAHNS, TAK HA3BIBAEMbIX,
“3epKaJIbHBIX MapTHEPOB 0OBIYHBIX YacTuil. K 310l njee pU3MKu MpUILIn u3yvas
Hapytienns P u CP-uérHocTH B pa3numaabix nporeccax. [lockomabky B mpuposge P
9ETHOCTh HE COXPAHSIETCS, BOBHUKAET ACHMMETPUS MEZKJIy JIEBBIMH W TPABBIMH
cucteMaMu KoopuHAT. VIMeHHO J71d cOXpaHeHWd JaHHOU cuMmeTpuu JIm m AHT
BBIJIBUHYJIN TPEJNOJIOKEHNEe O CYIEeCTBOBAHUY 3ePKAJIbHBIX MAapTHEPOB 7 BCEX
U3BeCTHHIX YacTuIl. OTHAKO CYIEeCTBOBAHNE CHMMETPHH JJarpaHKUaHa OTHOCUTETHHO
rpymnsl U(1l) ® SU(2) ® SU(3) coBMECTHO /ISl 3ePKATBHBIX U OOBIYHBIX YACTHIL
OPUBOJUT K PE3KUM OTITHIUSM TEOPETUUECKUX MPEJCKAZAHUN OT SKCIIEPUMEHTATHHOM
kaprunbl Mmupa. [loaromy naubosiee npocTbIM CIIOCOOOM yCTPAHUTD JIAHHOE IPOTHBOPEYNE
SIBJISIETCS OTKa3 OT KaanbpoBouHoit rpymnnbl CrangapTaoit Mogesin B 03y rpy sl
U(1)@SU((2)2SU3)|e[U(1)SU(2)@SU(3)]r. B Takom ciyuae KaanbpoBodHbIi
CEKTOP TaKZKe TOJIyYaeT CBOUX 3€PKAJIHHBIX MAPTHEPORB, & 3HAYUT OOBIYHBIE YACTHUITHI
UMEIOT CO CBOMMU 3ePKaJTbHBIMU MapTHEPAMH JIUITb OHO 00Iee B3auMoielicTBIE
- TpaBUTaNuoOHHOE. [y cTOpoHHero HabJrOJaTes s, KUBYIETO B HAIleM MUpe,
CKOTIJIEHWSI 3ePKAJIbHOW MaTepHH BBITJIAAEN Obl KaK MYyCTOTHI B MPOCTPAHCTBE,
HO, TeM He MeHee, OH MOT OBl OIIYIIATh T'PABUTAIMOHHOE T0JIE, KOTOPOe CO3TaéT
3epKaJibHas Marepusi. B cBere J0CTUKEHU COBPEMEHHOI KOCMOJIOIMU U KOCMOMUKPOMDU3UKM
CTAHOBUTCH IMOHSITHO, YTO MOJIEJIb 3¢6PKAJILHOIO MUPA MOYKHO MOIBITATHCHA UCIOTb30BATD
JIJTsT OO0 BSICHEHUS TPUPO/IBI TEMHON MATEPHH - O/THOTO U3 CAMBIX AKTYATbHBIX BOIPOCOB
B KOCMOJIOTHHU Ha CETOJHMINIHUN JeHb. TaKzKe HaJI0 3aMeTUTh, 9YTO €CJIU CIeHAPUi
3ePKAJLHOTO MHPa JIEHCTBUTEILHO PeAJTU3YeTCs, TO PSJAOM C HAMH ILIOTHOCTH
3epKaJIbHBIX YaCTHIL KpaitHe Maa. Hammdame XoTh CKOTBKO-HUOY/Ib 3HATUTETBHOTO
KOJIMYECTBA 3ePKAJTbHBIX YacTul B Hameil ColHedHOU cucTeMe He OCTAJIOCh OBI
He3aMeYeHHBIM. 3HAYUT, eCIU 3epKaJIbHble YACTUIIB U TPUCYTCTBYIOT BO BeenenHoi,
OHU HAXOJATCS B ApYyrux dactgax Beemennoit. Bo3aMoxkHO riae-To ecTh gake 1esble
MaKpPOOO'bEeKThI U3 3ePKaJIbHbIX YacTull. Hajimaue uim orcyTcrBue Takux 00beKToB
orpejiesigeTcs mapaMeTpaMu MOJIEIN 3ePKaJILHOTO MUDA.

[Mesbio ganuoro pedepara ABIAETCH PACCMOTPEHUE 3€PKAJTHLHOIO MUPa, B KOTOPOM
MacChl IPOTOHA U HefiTpoHa paBHbI. Tak:ke OyaeT ¢JejaH BLIBOJ O TOM, MOTYT JIN
IpU TaKHX IMapaMeTpax 00pa30BBIBATHCA MAaKPOOOBEKTHI M3 3€PKAJbHBIX UACTHII,
B coBpemenHOil KOCMOJIOrUE MHOT'O IPOOJIeM, TaKHX KakK IIPobJieMbl MHMJISINNT,
baproHHO acuMMeTpun BeeeHHOM U CKpBITO# Macchl. PaccMoTpeHnne 3epKaJibHOTO
MUpPa MO3BOJIUT BBISICHUTH, CIIOCOOHA JIM TMOM00OHAT MOJEIb NTaTh OTBETHI HA ITH
BOTIPOCHI.



2. OIINCAHUVE MO/IEJIN

B Hamem Mupe ecTb 60JIbII0e KOJINIeCTBO PU3HICCKAX KOHCTAHT, HalPUMeD, TAKIX
KaK MacChl IPOTOHA U HeliTpoHa. I3MepeHus 3TUX Mace, IPOBeJEHHbIe Ha CerOIHANIHAI
JIeHb, JTAI0T JIJIs HUX CJIeIyIonne 3Hadenus [2].

m, = 938.272046(21) 25"

m, = 939,565378(21) 4V

C

Tor dakT, 4T0 MAacChl IPOTOHA U HEHTPOHA HE PABHBI JPYI-JAPYlY UMEET JAJIEKO
uaynme hu3ndecKue mocaeICTBUL. B MPOTUBHOM ciiydae KapTuHa MUpa Oblia Obl
coBepIiieHHo uHoit. B jganHoil pabore Kak pa3 u OyJleT pacCMaTpUBATHCA MOJIEIH
3epKaIbHOTO MUPA, B KOTOPOM 1, = My,

[TockoabKy MOJIETh 3¢ PKATBHOTO MHPA IIPEJIII0araeT CyIecTBOBaHUe TapTHEPA
JUTA KazKJI0f 9acTHUIBl OOBIYHOTO MHPa, TO B HaIlell MOjaeau OYAyT cJemayroliue
3epKaJabHbIE YACTHUIIBL:

e 6 J1enTOHOB (3 TOKOIEHNUST MO 2 JACTHIIB ¢ 3apaaaMu —e u 0 COOTBETCTBEHHO)
u 6 aHTUJIEIITOHOB

o 6 KBAPKOB (3 MOKOJIEHHUSI 110 2 GACTHIIBI C 3aPsIIAMHE —%e u —|—§e COOTBETCTBEHHO)
7 6 AHTUKBAPKOB

e 12 KanuObpPOBOIHBIX 6O30HOB (8 TIIOOHOB, 3 31eKTpOCAAObIX 6030Ha U 1 HOTOH)

e 1 Do30H Xurrca

3apsizKeHHbIe JIETITOHBl BTOPOTO U TPETHEr0 MOKOJIeHN S HECTAOMTBHBI U PACIIATAI0TCS
HA aJIPOHBI WJIM JIEITOHBI MJIAJINErO IMOKOJeHHUs TI0C Helrpuno. Kpowme Toro,
YACTHUIIBI BTOPOTO U TPETHETO TTOKOJEHU I HAYNHAIOT POXKIATHCS TOJIHKO TPU BHICOKUX
HEPTHAX, & MaTephus COCTOUT W3 YACTHI] IIepBOro MmokojeHuws. Macca HellprHO
0000 cOpTa Ha MHOTO MOPSITKOB MEHbIITe MACCHI JTIOOOT0 U3 JTIENTOHOB UJIU KBAPKOB.
3a HaJIM4YHe MAacC y YacTUIl OTBeUaeT MeXaHW3M XWTITca. JacTHIBI 3€PKAJBHOTO
MUPa MOTYT B3aUMOJICHCTBOBATD C YACTUIAMEI OOBIYHOTO MUPA JUIIH C MTOMOIIHIO
I'PABUTAIMOHHOIO B3auMOJIeicTBUA. Tak Kak pa3HOCTb MAaCC IIPOTOHA U HEHTPOHA
B HaIIllell MOJIe/IN paBHA HYJIIO, TO 00€ 3TH YaCTUIIBI OYIyT CTAOUIBHBIMU B CBOOOIHOM
cocrosiaun (GeTa-pacnaj 3anpeniéH 3aKOHOM COXpaHeHHsi sHeprum). Haxomsch
BHYTPU s1jIepP, HEHTPOH U IPOTOH TaKzKe Oy/IyT CTaOUIbHBIMYU U HE CMOT'YT HEPEXOIUTH

ApPYT' B ApyTa.



3. PUSNYECKAAd KAPTUHA 9BOJIIOIINN
SEPKAJIbHOI'O MUPA

B MmomenTa Hadasia CBOEro CyIIECTBOBAHHS BCEJEHHAs IIPOXO/MJIA Yepe3 MHOTO
Pa3/JIMYHBIX ITANOB IBOIIONUU. PAcCMOTPUM 1O TOPSAIKY ITH ITAIIBI, ITPUIEPKUBAICDH
B 3TOM Teopuu bosbinoro B3pbisa.

CUHI'YJIAPHOCTD (0 cek)

Cocrosaue Beeennoit B Hauaibubli MoMeHT Bosbioro B3peiBa, XapakTepHu3syoineecs
DeCKOPEeUHOI IJIOTHOCTHIO H TeMIIepaTypoit BemecTBa. JlaHHOe cocTOsSHIE HE MOTIHHIETCS
HU OJIHOMY U3 COBPEMEHHBIX 3aKOHOB (DU3UKH.

TIJIAHKOBCKAS STIOXA (0—-10~* cek)

B sty snoxy, npumeprno 13,8 mupg Jjer Hasal, BeniecTBO Bceenennoit mmesio
saepruio ~ 10" I'sB, mwiornocts ~ 109755 pasmep ~ 107% M u Haxommmoch
upu temueparype ~ 1032 K. Cumraercsd, uyTo 6Jarogaps HCKIIOYHTENLHO MaJbIM
pasMepaM BCeJeHHOM, KBAaHTOBIe 3(MD@MEKThl I'PABUTAINN WMeJTH TePBOCTENeHHOe
3HAYEHUE U BCE CUJIBI MOTJIH OBITh OObeJWHEeHBb. B HacTOAIIUil MOMEHT JAHHBIX
O ILIAHKOBCKOM 3110Xe HEMHOI'O, COBPEMEHHbIE IKCIEPUMEHTbI TOJbKO HAYMHAIOT

noI0UPATHCH K 3TOMY BPEMEHHOMY MHTEPBAJLY.

SIIOXA BEJINKOI'O OBbEAMHEHUS (10~4—-1073 cek)

C sToro MoMenTa KBaHTOBBIE 3(PDEKTH I'PABUTAINHT CJIA0CIOT U B CUJIY BCTYIIAIOT
3akonbl O6mieit Teopunm OtHocuresnbHocTH. Ha rpanmme smnox - llinankoBckoi
u Besmkoro obobeIuHEHHS - TPOU3OILIO OTJ/EJeHHEe T'PABHTAIIMH OT OCTAJIbHBIX
dbyHIAMEHTAJIBHBIX B3aMMOIeHCTBHIA.

[Tocsie oTaesierust rpaBUTALMU, TPU U3 YeThIPEX B3auMO/IeficTBUI BCe elle 0CTaBaInCh
o0'beIMHEHHBIME KaK 3JIeKTPosiIepHoe B3anMoaeiicTeue. B Teuenne Dnoxu Besmkoro
O0beaunenns, Takue (PU3NIECKNE XAPAKTEPUCTUKH KaK HAMPHUMED MAacCa, BeC,
apoMaT W IBeT ObLIN OECCMBICTEHHBI.

IIpundaro cautars 9To B0 3aKomumIach TpubIn3uTeabHo depes 10734 cexymnn
¢ MoMeHnTa Bosbmoro B3pbiBa, Korja mI0THOCTh MaTEpHH COCTABJISIA 10_74$,
a temuepatypa - 10?7 K, 4To coorercTByer sneprum 10 I'sB — B 5TOT MOMeHT
BpEMEHH OT IEPBUYHOTO B3AUMOIEHCTBUS OTIE/IIeTCS CUIBHOE SIAepHOe B3auMOIeiicTBHe,
KOTOpOe HAaUMHAET UIPATh NPUHIUIHAAIBHYIO POJIb B CO3IABIINXCA YCJIOBHUSIX.

VMHOJIAIIMMOHHA A STTOXA (10731-1073! cek)

Nudasunonnas Mmoaenb Beesernnoit mpeanosiaraeT B JaHHOM UHTEPBaJIe BpeMeH!
HePHUOJI YCKOPEHHOrO 10 cpaBHeHuio co CTaH1apTHOR MOJEIbIO Topsddeil BceleHHOi
pacmupenus. B 3To Bpems 06pa3oBbIBaeTCs KpyIIHOMACIITaOHAS CTPYKTYPa BCEJIEHHO
¥ TIPOMCXOJIUT 0ObeINHEHNEe KBAPKOB 1 TIIOOHOB B aJIpoHbI (Gapuorenesuc). ITocKOJIbKY
UHMIIAITIOHHAS MOIEIb U MEXaHI3M OapHOreHe31ca 10 CUX Iop 00.1a1a10T HEKOTOPBIMI
1poOIeMaMK U HESICTHOCTSIMU, X PACCMOTPEHUE BBIXO/IUT 3a PAMKH JIAHHON padOTHI.

QJIEKTPOCJ/IABA S SITOXA (1073110712 cek)

Temmeparypa Beenennoit Bcé emé ouenb BbicoKa. 1103TOMY 3/1€KTPOMArHuTHHIE
B3aUMOJIEICTBUA U cJjabble B3aUMOJEHCTBHUs IIOKa IPEACTABIAIOT coDO#l emxmHOoe
3JEKTPo-caaboe B3auMojeiicTBue. 3a CYET OvYeHb BBICOKHX YHEpruil odpasyercs
PSII 9K30THUYECKUX YACTHI], TaKUX KaK W-0030H, Z-0030H 1 0030H XHUITCA.

KBAPKOBAZ 3IMOXA (107'2-107° cek)

Ha namnom mHTEpBasie BpeMeHH HAPYIIAeTCs dJIeKTpocgadas cuMMeTpus, Bce 4
dyHIaAMEHTATLHBIX B3aNMO/IEHCTBHUS Telleph OTAe/JeHbl APYT OT Apyra. BceseHHas
3all0JIHeHA KBapK-TJIIOOHHOM IL1a3Moii, JientonaMu u poronamu. Temmeparypa
emIé CJAUIIKOM BBICOKA JIIs 00pa30BaHus aJIPOHOB.



Pusndeckue MPOIECCHl, MPOXOIAIIAe BO BpeMeHa BBIIIEOMUCAHHBIX SI0X, He
paccMaTpUBaIOTCA B JaHHOH# paboTe BBUIY TOr0, YUTO IOJOOHOE PACCMOTPEHUe
OOJILIMHCTBA U3 HUX U ceiivac MpeIcTaBIsIeT CephEé3HYI0 TPYIHOCTD /s COBPEMEHHOIH
kocMoJiorun. Kpome Toro, MexaHusM, ¢ HOMOIIBIO KOTOPOI'O HPOTOH U HEHTPOH
UMEIOT OJIMHAKOBBIE MACChI, He OIpeIe/IeH oHo3HadH0. [[oaToMy moapobuoe paccMoTpenue
9BOJIIOINA 3€PKAJHLHOTO MUPa HAYMHAETCS CO CJIEAYIONEeH SMOXH.

AJTPOHHAS SIIOXA (107°—1 cek)

Kora Temneparypa Beenennoii ynaia nuzke 170 MaB (Temneparypa aapoHusaium),
TO I[BETHBIE KBAPKH U TJIFOOHBI HE MOTVIN OOJIbIIE HAXOAUTCA B CBOOOIHOM COCTOSIHUH.
Hauana npoucxoaurs ajgponunsaiius - 00beIMHEHNE BETHLIX 9aCTUI] B OECIIBETHDIE
kombunaun (a1ponsl). Kpome Toro, nocse aapoHu3anui HAa9MHAET IIPOUCXOAUTH
AHHUTUISTUsT OapUOH-aHTHOAPNOHHBIX ap. baaromapsa CP-wapymennto Bo Beenennoit
qrcsI0 GAPHOHOB HEMHOT'O TIPEBBITIALT YUCJI0 AHTHOAPHOHOB (6APHOHHAS ACHMMETPHA).

Ha nannom muTepBaje BpeMeHU MPOUCXOJNT 3aKajka Heidrpuno. o momenTta
3aKaJK{d HeUTPUHO HAXOIUJIMCH B TEPMOJIMHAMHYECKOM PABHOBECHH C OCTAJILHBIM
BEIIECTBOM, & II0CJIe Hero — CBOOOIHO pacIpocTpaHsaioTcs Bo BeeleHHOil.

st maJIbHERIIIX OIeHOK HaM OTpebyeTcss BBECTH HEKOTOPBIE BCIIOMOTaTe IbHbIE
BEJIMIUHEI.

DddekTUBHOE YUCIO YABTPAPEJIATUBUCTCKAX CTEIeHedl CBOOOIBI OIPEIesIsSIeTCsT

dopmyJioit
ge = > Ui —1—% > i (3.1)

bosons fermions
with m<T with m&T

CymmupoBanue B dopmyie (3.1) mpoussoastes mo 6030HaM u (hepMUOHAM,
KOTOPBIE TIPU JIAHHON TeMIepaType aBASI0TCs YIbTPAPEJAITUBUCTCKUMI YACTHIIAMU,
TO eCTh JIJISI HUX CIpaBeTuBO yciaoBue m < 7.

Jlayiee BBeEM MmapamMerp, KOTOPBI NpejicTaBasgeT coboit MoauduIupoOBaHHyIO
Maccy llranka

M* = My (3 2)
pl 1.66,/g. )

Tenepb, HCHONB3YST 3TH BEJIWIUHBI, MOKHO HAIUCATH (POPMYIY I OINEHKH

TeMIlepaTypbl 3aKaJKu HEHTPUHO

1
1 3
7, ~ (i) (33)
Cpa3sy nocJjie 3aKaJIKiH HEUTPUHO B SHTPOIIHIO 3JIEKTPOH-(DOTOHHOM ILJ1a3Mbl Oy1yT
JaBaTh BKJIAJ (DOTOHBI, IO3UTPOHBI U 9JIEKTPOHBI. UHCI0 yIBTpapeasITUBACTCKUX
crereneil ¢cBOGOALI B JAHHOM Ciaydae OyaeT paBHO ¢, = 2 + %(2 +2) = %
[Ipu N, = 3 nojtyuum

1

1 \? .

TV ~ Gz ~2+3 MsB
F*pl

Orcioga MOXKHO OIeHUTH Bo3pacT Bcenennoit Ha MOMEHT 3aKaJIKM HEHTPUHO.

Onyckas BcrioMOoraTeJIbHbIe BEIUUCIEHNUS, HATUIIIeM (hOPMYJTY JIJI BpEMEHU KU3HH
Bceenennoit K MOMEHTY 3aKaJKd HEUTPUHO.

o1 My
v = 2H(T,) ~ 212

IMoacrapasias T, = 2.5 Ma3B u N, = 3 noayaum

]\//*
t, =z = 0.15 cek

(3.4)

Takum 06pa3oM 3aKajka HEHTPHHO IPOMCXOJAUT UMEHHO B AJPOHHYIO SIOXY.



SIIOXA HYKJIEOCUHTEBA (1 cek - 3 MuH)

Camag panHss s10xa ropsdeit BeesleHHO#, 0 KOTOPOit cerogHs UMeroTcs HaIE>KHbIe
KCIMEePUMEHTATbHBIE JAHHBIE - M0Xa IMePBUYHOrO HYKJIeocwHTe3a. Temmneparypa
B HauaJjie 9Toft 3moxu cocrasiser nopsiaka 1 MsB, a B konne nopsiaka 1k3B.

[TepBBIM TATIOM HYKJIEOCUHTE3A, SIBJISETCS 3aKaIKa HeHTPOHOB. OHA MPOUCXOMITA
npu TeMieparype nopsjaka 1 M3B, korjga odOpazoBanue JErKux sijiep eié He Ha4aJa0Ch.
JTo MOMeHTa 3aKaJIKH HEHTPUHO TOJHKO PEAKIUSA N + U, <+ P + e obecrednBaa
TepMOIMHAMUYECKOe pABHOBECHE MeK/Ty HyKJIOHAMU. 3aKaaKa HeHTPOHOB IPOMCXOIUT
IpU TeMIepaType

-G
T, = ¢/ & (3.5)

[N}
Sk

—~

B momenT 3akaJiKu HEHTPOHOB ¢g. = 2 + % 4+2N,) = %. IlepBoe caaraemoe
00yCJIOBJIEHO (pOTOHAMHU, BTOPOE JEKTPOHAMHU U IO3UTPOHAMHU, TPeTee - HeHTPHHO.
C momontpio dhopmysbl (3.5) HOIyUnM JJist TEMIEPATYPBI 3aKAJIKH HEHTPOHOB

T, = ¢/ 4 = 0.7 MaB

MowmeHT BpeMeHH, B KOTOPBIil MTPOM3OIIIa 3aKaJIKa HEHTPOHOB, OMPEIe/IsSTeTCs
COOTHOIIEHUEM

. 1 . M,
tn = artry = 51 39
IMoacrapasis T, = 0.7 MaB u N, = 3 noay4aum
Z\/ *
tn = 57z = 1.5 cex

Takum 06pazoM, MePBUYHBIH HYKJIEOCUHTE3 HAUMHAET MPOTEKATDH YePe3 TOJITOPBI
cekyH/ipl 1ocjie bosibioro B3pbisa.

HeilirpoH-ipoTOHHOE OTHOIIIEHIE HA MOMEHT 3aKAJIKH OIIPEIE/ISIeTCS U3 Y PABHEHUST
Caxa U mueeT Caeayonmii B

n _Am
I — ™ T (3.7)
Tp
Pazmuna maccAm = m,, —m, = 0 B paccMaTpusaemoii Hamu Mofeu. Ilosromy
B JIAHHOM CJIy4ae I0JIydaeM

[TockobKY HEM TPOTOH HUA HEHTPOH camu 10 cebe pacrnajaTbCd He MOTYT, TO
COOTHOIIIEHUE MEXK/Iy YUCJIOM MPOTOHOB U HEHATPOHOB B JIATbHEHIIIEM H3MEHITHCS
He OyJerT.

TepmosiiepHble peaKIuU B 3ePKAJTHHOM MUPE HAYNHAIOTCS ¢ 00pa30BaHus JeiTepust
B PeakIuu

p+n—D+vy

ObpazoBanue neiiTepus Oy1eT TPOXOTUTH TOJIBKO ITPH TOCTATOYHO HU3KWX TeMIIePATyPax,
TakK KaK eCJIU TeMIeparypa Oyaer BbIIe OMpeIeJJEHHOTO Mpeea, TO 00pa3oBaHme
JiefiTepus CTaHeT YHEPruTHIecKn HeBbIroAubiM. OOpa3zoBanue JefiTepust HAUMHACTCS
TOrJIa, KOIJ1a PABHOBECHAA KOHIICHTpaLud AefiTeprud CpaBHUBACTCA C KOHLECHTPALUAMUA
HPOTOHOB U HEATPOHOB.



Kpowme Toro, mockKoabKy KOCMOJIOTHYIECKOe pacIITpeHre BCeJIeHHON TPONCXOTNIIO
JIOBOJILHO OBICTPO, TO HE BCe HYKJIOHBI YCIIEIH 00 b IUHUTLCA B AefiTeprii, HEKOTOpoe
KOJITYECTBO MPOTOHOB U HEUTPOHOB TaK U OCTATIOCH B CBOOOTHOM COCTOSHHH.

Bocnosbsyemces ypapaenuem Caxa /sl aHAII3a IPONECCA HYKJIEOCHHTE3a, 00J1ee
TSKETBIX 371eMeHTOB. s 9Toro anaam3a Oyjgem ucnob30BaTh ypasHenue Caxa
B CJIETYIONEM BUJIE

5(A-1)
_ YZyA-Z,A-19-A 5 2r \? e
XA = Xp Xn nNp 2 gAA2 (W) er (38)
B ypaBrennu (3.8) X4 = % - 6e3pa3zMepHOe OTHOIIEHUE YUCJIa HYKJIOHOB,

HAXOAMIUXCsl B siipax (A, Z) K MOJHOMY YHCJIY HYKJIOHOB, Np - IIOTHOCTH YHCJIA
GapUOHOB, ¢4 - YUCJIO CIMHOBBIX cocTostHuil siapa, AA = Zmy+(A—Z)m,—ma =
Am, — my - 9HePrud CBA3U sJIpa.

[TnorHoCTD YKCaa GAPUOHOB JAETCS BbIPAKEHUEM

_ _ o XB) 3 3
np = npny = np=51° = 0.24nT", (3.9)
1€ 7)p- NPeIIKCIOHEHIINAIBHBINH (hakTop.
B utore momyunm

5 %(A_l)
Xy = XZXH P taAg,At (B0)7 e (3.10)

13 dopmyast (3.9) BUIHO, 94TO PABHOBECHAsI KOHIEHTPAIUS sIIEP MEPECTaéT
OBITH MaJIoi Jinmib npu yeaosun 1 < AA.

Hyxkneocunres HaumHaeT TPOHCXOAMTL TOTHAA, KOTIa OOpa3oBaHue IeHTeHUst
CTAHOBUTCH SHEPIUTUYECKU BBIFOAHBIM. [Ipu 3TOM paBHOBECHbBIE KOHIEHTDAIUU
JiefiTepusi 1 HYKJIOHOB CTAHOBATCS OfuHaKoBbIMEU. [losTomy, mpenebperast pakTopaMu
nopsi/IKa e uHUNb B (3.9), nosyanm Juist gefirepus

3
5 AD
2.5Tns \ 2
Xp(Tvs) ~np (225) s ~ 1 (3.11)

DHEPruio CBsA3M JiefiTepusd MOKHO OIECHHTb M3 CJISAYIONNX coobpaxkenuil. B
cpe/lHeM, Ha KarKJIbli HYKJOH B aToMe HMPUXOJIUTCH SHepTHus cBA3W mopsiaka 0.8
M»B. ITosromy B gannom ciyuae, Korga m, — my, = 0, noayunm AD ~ 2.4 MsB.
[Toncrasiss Takxke snadenne ng = 6.1-10710 u pemasg ypasnenue (3.11) uucaento,
HOJIY UM

TNS ~ 70 k3B

OHAKO B IeHCTBUTEIBHOCTH HANOOJIEe SHEPIUTHIECKN BBITOTHBIM ABJISIETCH
obpasosanue ‘He. [Tporece curTesa * He TponcxoanT myTéM pasImIHBIX
SJIEPHBIX PEAKITUI, KOTOpPbIe OYIYT PACCMOTPEHHBI HUKE.

Onpenenmm Bo3pact Beeernoii B 511oxy HyKJjeocnnTesa. 11o anagsornn ¢ popMyaamu
(3.4) u (3.6) nosxyuum

_ 1M
INS = 3T = 2T]%ZS (3.12)

[Ipu remneparype T'ys = 70 k3B B 4rc/I0 yIbTPapeTIBUCTCKUX CTEIIEHEH CBOOOIbI
BHOCSIT BKJIaJ[ TOJTLKO (POTOHBI U HelTpuHO. Ho HeHTpHUHO yiKe He B3auMOIeHCTBYIOT
C IJIa3MOii, MOITOMY UX BKJaJ Oyjer mojanieH. Boipaxkenue (3.12) BKIOUaeT B

4
cebd g. = 2+2N,,% (14—1) 3 N, = 3. U Bo3pact Beenennoit na MOMEHT HYKJICOCUHTE3a
COCTABJISAET
]\/ *
tns = 55— = 105 cex
NS = T




MaccoBag mong®He cpenn 6apnoHoB onpeederca GpopMyoit

— mag g (Tns) _ 2 L
Xage = mp(ny(Tns)+nn(Tns)) %H = 100%
(T g

B To ke BpeMs 1071 BOJOpOIa ompeesercs hopMyioit

_np(TNs)

nn (T
Xy, = (Ins) 0%

2 14 2INs)

Takum 06pa30M NEePBUYHLIA resinii B 3epKaabHoM Mupe Oyaer cocrapagarh 100%
OT BCET0 BellecTBa.

KMHETUNKA HYKJIEOCUHTE3A

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

OcHOBHBIE PEAKITUH IIEPBUYHOIO HYKJICOCHHTE3a MOKHO PACIIPEAEIUTD 110 CJIELY FOIUM
sTaram

e p+n — D+ v - HadaJ 0 HYKJIEOCHHTe3a, obpa3oBanue aefiTepus.

ep+D —=3He+~,D+D —3He+n, D+ D — T+ p - 0pOMesKyTOUHbIC
peaxiuu, obecreunBaoNie B AabHeiimem cuares *He.

e T+D—n+*He, n+3He = v+*He, D+3He — p+ *He - obpazopanue
‘He.

Pacemorpum mpornece ropenust HeiTporos (p+n — D++). Kak 6b1710 ycTanoBIeHO
BBITIE, IEHTEPUIO SHEPTUTHIECKH BHITOIHO 00PA30BLIBATHCS pu TeMmepaType 1 yg =
70 k3B. BaxKHO BBISICHUTH HACKOJIHLKO OBICTPO TOPAT HEHTPOHBI, BeJih Beemennas
Ha 9TOM dTalle OUeHb OBICTPO pacmupseTcd U HeUTPOHBI MOTYT He YCIEThb CTOPETh
HOJTHOCTBIO.

st 3Toro rpy6bo oleHuM cedenre oOpa3oBaHue JedTepus

o~ L1 9 1018
<OV >pny)D™ iz = 3rmooene = 2 1077

Tak:xe, MOCKOJIBKY si/IPO AeHTepus siBIsieTCs C1ab0CBI3aHHBIM, TMeeTCs JIOTOTHUTEIThHBI i
dakTOp 1OITOBIECHHS.
OKkoHYATEILHO, TOJYIUM

<OV >p(na)pR 5 - 10706

CKOpOoCTh ropeHus HeHTPOHOB ONpPeIesIeTCsd KaK YaCTOTa CTOJKHOBEHU ITPOTOHOB
¢ HefiTpoHaMu, B pe3yJbrare KOTOPbIX oOpazosaJics jeiirepuii. Tora s ckopocTu
peaxmun upu T = Tyg = 70 k3B u g = 6.1 - 1071 noxyunm

Lpinyp = np < 0V >p400)D= nB%@T?’ < 0V >pmy)p= 0.39 cex

n,y)

T[ToslyyeHHOE 3HAUEHIE CKOPOCTH FOPEHNs] HeHTPOHOB 3HAUUTEIBHO HPEBOCXOIHT
Temn pacmmpennst BeeneHHOl [y, p > H(Tg) =4 - 107%¢™!, nosromy npouecc
ropeand HEUTPOHOB MPOTEKaAECT OYEHb aKTUBHO U BC€ HEUTPOHBI CTPEMATCA IMEePpEnuTn
B JeUTepuil.



Tenepb paccMoTpuM nporece ropeans neiirepus (D+D — 3He+nu D+D —
T + p). Ceuenns JaHHBIX PEAKIUH TOXKE MOKHO OINEHUTH KAK T€OMETPUIECKUE,
OJIHAKO TIPU 3TOM HEOOXOIUMO YIECTh KYJIOHOBCKUI 6apbep, TaK KaK 00a CTATKHBAIOIITIXCS
siJipa UMEIOT 110JI0KUTEeIbHbIN SJIeKTPUIeCKuii 3apsia. I Tobbl HIPOU30IILI0 00pa30BaHue
HOBOTO $JIpa, CTAJTKHUBAIONINECH S/Ipa JOJZKHBI TPEOJI0JIETh KYJIOHOBCKU Dapbep.
JlocTuraercst 3To B pe3y/abTaTe TYHHEJIBHOIO Iepexoaa. [IpoBens HeKOTOphie BRIUHCIEHHSI,
HOJIYYUM JIJIsi CEYeHUs TOpeHus JefiTepus Cjeayonyio hopMmyty
 2maZiZs G_M

v

ov = 0y = :

rjie 0y - TeOMeTPUYeCKOe CedeHne PeaKIluu.
Tenepb He06X0IUMO B3SITH CpeJiHee OT ITOr0 CeYeHus , KOTOPOe YUYUTHIBaeT Pasdpoc
0 CKOPOCTSIM B IepBUYHON IL1a3Me. OKOHYATEILHO, MOy IUM

_2 2 21
< ov >= 9.30y - (21Z2)%A3T9 30 420(2122)3 AT, ,

- T S A_ M
rie Ty = 5o I/IA—mp

Torma 119 CKOpOCTH TOpeHUs JAeidTepus MOKHO HalHCATh

Wl

I'pp = nD(TNs) < 0OV >pp (TNS) =38-103¢!

Jlannoe 3Ha4YeHHe CKOPOCTH PEAKIMHU IOBOPUT TaKzKe O TOM, YTO JiedTepuit
MOXKET I'OPeTh He TOJIBKO COTJIACHO PEAKIINH, PACCMOTPEHHOM BBIIIE, HO U 110 JIPYTUM
KaHaJaM, KOTOPbIe B CYMMe MePeBOAT JIefiTepuit o menovke peakiuil B rejimii-4.

l'openne renusa-4 B 3B€37aX MPOUCXOTUT IO CJAEIVIONIEH cXeMme.

Korma TemmepaTtypa B IeHTpaIbHOM 9acTH 3BE3/IbI, COAEPIKAIeil reIuil, TOCTHTaeT
108 K, BkJjiouaercd HOBas sijiepHas peakiysg - I'OpeHue rejud. B 3T1o Bpems
IJIOTHOCTD TEHTPaJILHOTO s/pa cocTasser (10 — 105)(;#' Ocobennocrb peaxnuii
TOpeHNs TeJINs 3aKII09aeTca B TOM, 9TO OCHOBHad peaxnus “He + *He — 8Be +
Y. TPUBOAWUT K 0Opa30BaHWIO HEYCTONYIMBOTO s/Ipa 8 Be, BpeMs JKU3HN KOTOPOTO
10~ %6¢. JIpyrue :Ke peaKIun ¢ y9acTHeM IBYX f1ep TeJHd IPOUCXOIAT ¢ HOTJIOMEHHeM
saeprun. OIHAKO U3 - 33 BHICOKOH IIOTHOCTH sep * H e OKa3bIBaeTCs, ITO MPerKIe
qeM g/1po° Be cHoBa paciiajieTcd Ha JiBe 4-4acTHIB, OHO YCIeBaeT IPOB3auMo/IeiicTBOBAT
¢ eme oganM aapoM? He (Tak HaspIBaeMBbIil “TpoiiHoil” o -npomece) ¢ 06pazoBaHueM
usorona 2C' B BO30YZKJIEHHOM COCTOSHUMU:

‘He+*He+*He — 8Be +*He — 2He

Ha cxopocts peaktmu SBe + “He cymecTBeHHOe BANSHEE OKa3bIBaeT TO, UTO
sueprus  peakuun SBe(*He,v)'2C, pasnas 7.37 MsB, pacunosaraercss BOu3u
BTOPOTO BO30Y 7K IeHHOTO cocTostHus aapa 2C ¢ sneprueit 7.65 MaB (Jp = 07). To
eCTh peakIldd UMeeT PEe30HAHCHBIH XapaKTep, YTO CYNIECTBEHHO YBEJIUIUBAET €€

CKOPOCTb.
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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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