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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
3ePKAJbHBIX MAPTHEPOB OOBIYHBIX YacTull. OCHOBON Jjist TON UJEU MOC/IY2KIIO
npeno/iokenne o Hapymeann P-aéraoctu. CymecTBoBaHNe 3epPKATHLHON MAaTEPHH
MO3BOJISII0O KOMIIEHCHDPOBATH HApyIeHne P-déTHOCTH OOBITHOrO Mupa. DKCIEpPH-
MeHTaJIbHO HapyireHue P-uérrocTn ObL10 0OHapy:KeHO Ha omnbiTe By B 1957 romy
[3].

OHaKo HaJMYHe OOIIEro JeKTPOMATHUTHOTO HJIM CHJABHOIO B3aHMOIEHCTBHIA
MEXKJIY YacTHIIAMHU OOBIYHON M 3epKaJbHON MaTepwu HPUBOIUT K PE3KHM HPOTH-
BOPEUHIM MEXKJIY Teopueil M dKCIepuMeHToM, uTo ObLI0 moka3ano M.FHO. Ko63a-
peseiM, JI.B. Okyuem, 1.91. Tlomepanaykom B 1966 romy [4]. O6muiee craboe B3a-
UMOJIEHCTBIE MKy 3€PKAJbHBIME U OOBIYHBIMU YACTUIAMHU OBLIO HCKJIIOYEHO
nocjie OTKpbITHd Z-0030HAa U M3MepeHus MUPUHBLL ero pacnaja. [losromy manbo-
Jiee TPOCTHIM CITOCOOOM YCTPAHUTH JAHHOE TMPOTHBOPEUYNE SIBJISIETCS OTKa3 OT 00-
meit kaubposouHoit rpymnmel Crangapraoit Momenn, Hampumep, B MOJIb3y TPYIIIHI
U(1)®@SU(2)®SU(3)| @ [U(1)®SU(2) ® SU(3)|m, mbo nogoduoit eit. [naBmoii
0CODEHHOCTBIO SBJISETCS OTCYTCTBHE OOBIYHOIO 3JIEKTPOMATHUTHOIO, CHJIBHOTO U
cJ1a00T0 B3aUMOJEHCTBHUI a 3epKaJIbHOM MUpe. B TakoMm ciiydyae BOSHUKAIOT TaKzKe
U 3epKaJbHbIE KaIuOPOBOUYHBIE O030HBI. Ecan 3epKaJbHble YACTHUIBI CYIIEeCTBYIOT,
TO OHHU B JIIOOOM CJIydae B3aUMOACHCTBYIOT ¢ OOBIYHAMH YACTUIAMH I'DABUTAIIN-
ouHO. /Ipyrue BO3MOKHOCTH MOCTPOUTH TEPEHOPMUPYEMbIE B3aUMOIEHCTBUS JBYX
CeKTOPOB CHJIbHO OIDaHHYeHbl. DTO CMentnBaHne HefiTpuno |5, B3amMozeiicTBIe
6ozoron Xurrca: Li,, = n(HTH™)(H*H' ™) [6] u cmemmuBanue KaiubpOBOYHBIX
6030H0B: L;,; = eF"F ;W [7]. OaHako KOHCTAHTHI BCEX ITHX BO3MOYKHBIX B3aMMO-
JieicTBH# TOJIZKHBI OBITH MaJIbl. 1 HabJrrogaresss U3 0OBIYHONO MHPA CKOILICHUA
3epKaJIbHON MaTepuu BBIIVISAEAd Obl KaK IYCTOTHI B IPOCTPAHCTBE, HO, T€M He
MeHee, OH MOT OBbI OIIYIIATh I'PABHTAIIMOHHOE TI0JIe, KOTOPOEe CO3IAET 3epKaabHast
MaTepHus.

Kpowme T0oro HykKHO 3aMeTHTh, 9TO €CJIH CHEHAPHIl 3ePKATHLHOTO MUPA JAeiiCTBH-
TeJBLHO peann3yercsd, To B Hammeil COTHEYHON cucTeMe MaccoBast M0JIA 3epPKaabHOM
MaTEpPUN HAMHOTO MEHbIIIe, 9eM MAaCCoBasi [0 00baHON MaTepuu. Hamname XoTh
CKOJTbKO-HUOY/Ih 3HAYUTEIBHOTO KOJUIECTBA 3epPKAMbHBIX dacTull B Hamreit CoJ-
HEYHOI CHCTeMe MPAKTUYECKH He OCTAIOCH Obl He3aMEUYeHHBIM (OJIHAKO HEe MCKIIIO-
deHa BO3MOYKHOCTDL CYIIECTBOBAHUS 3epKaabHOil mianeTs BuyTpu Cosmna [8]) .
SHAYUT, €CJIU 3epKaJbHbIE YaCTUIIBI U IIPUCYTCTBYIOT BO BeesleHHON, TO OHU HAXO-
ngres 3a npegeaamu Connednoil cucrembl (60 BayTpu CosHIA, KAK YiKe OBLIO
3amedeno). KpoMe Toro, u3 3epKaabHON MATEPUU JOJTKHBI (POPMUPOBATHCSI MaK-
poobbekThl. CBOMCTBA TAKIX 00BEKTOB OMPEIE/IAIOTCS TapaMeTPaMu MOJIEIN 3ep-
KaJbHOTO MUPA.

[Tenbio manrOro pedepara siBIsIeTCS PACCMOTPEHNEe 3ePKaJIbHOIO MUPa, B KOTO-
POM MAaCChl TPOTOHA W HEWTPOHA PaBHBI. Takke OYIET CIeaH BBIBOJ O HEKOTOPBIX
CBOCTBAaX MaKpOOObEKTOB U3 3€PKAJIbHBIX YACTHIL.



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

OyHmaMeHTaTbHBIEe (DEPMUOHBI BTOPOTO U TPEThEro TMOKOJEeHUs HeCTAOWJIbHBI H
pacnajfaoTed Ha GYHIaAMeHTATbHbIE (DEPMUOHBI MEPBOT'O HJIH BTOPOT'O MOKOJIEHU.
Marepusi COCTOUT M3 YACTHIL MEPBOTO TMOKOJIEHUS, & YaCTUIBI BTOPOTO W TPEThEro
MOKOJIEHUH POXKIAIOTCS TOJTBKO TPH OOJIBIIMX TIOTHOCTSAX SHeprun. Macca neifipu-
HO JiIOOOI'0 COpTa HAa MHOI'O MOPS/JKOB MEHbIIE MacChl JIIOOOI'O U3 JICITOHOB /U
KBAapPKOB. 3a HAJMYIMEe MACC y BCEX JJIEMEHTAPHBIX YACTUI[ OTBEYALT MEXAHU3M
Xwurrca. B Maccy aJijpoHOB TakzKe BHOCUT CBOIl BKJIa)I 1 MEXaHU3M KOH(DaftHMeHTa.
YacTuipl 3¢pKaJIbHOIO MHPa MOTYT B3aUMOJEHCTBOBATH ¢ YACTUIAMU OOBIYHOTO
MHUpa ¢ HOMOIIBIO IPABUTAIIMOHHOTO B3anMojielicTBusd. Tak:ke BO3SMOXKHO KIHETH-
4ecKOe CMEITMBaHNe KATUOPOBOIHBIX OO30HOB (L = €M F ;W), B3auMOJeicTBUE

6030m08 Xurrca (L = n(HYH™)(H+tH ")) u cvemusanue meiirpuro. Tax kak
Pa3HOCTH MacC MPOTOHA W HEHTPOHA B HaIell MOJEIN paBHA HY/II0, TO 00e 3Tn
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.

[Ipupona nndasnun u 6apuoreHe3nca MOXKeT OBITh OIUCAHA MEeXaHU3MaMHU, BbI-
XOJAIIUMHI 38 PAMKH JaHHO# paboThl. B To ke BpeMs, B paMKaxX MOJEIN 3epKasb-
HOT'O MUPa MOYKHO CJIeJIATDh ITPEINOIoKeHe 0 Hab101aeMoit GapuOHHON acuMMeT-
puu Beestennoii: ecjiu cpejin MaTepuu OObITHOINO MUPa 1peobJIaatoT YaCTUIIbL C T10-
JIOZKUTEJIbHBIM DapPUOHHBIM 3apI0M, TO CPeN 3ePKAJILHO MATEPUHI MOTYT IIPE00-
JIAJIATh YaCTHUIILI C OTPUIATETbHBIM OAPUOHHOM 3aps0M. bapuoHHas aCUMMeTPUs
SIBJIIETCSI CJIEJICTBUEM BBITIOJIHeHUsT yeaopuit CaxapoBa B panHeit Beenennoii.



B 3€pKaJIbHOM MHUpP€ C CHMMETPHUYHbIMHA Ha4daJIbHBIMHU YCJIOBUAMU HYKJIOHBI JOJI2K-

HbI OBITH B ~ 4 +— 5 pa3 Tsxkesaee 3a CYET JApyroro Maciraba koHpaitHMeHTa.
Paccemotpum sToT Bompoc 60s1ee moapodbHo. Kak m3BecTHO, KOHCTAHTHI (DyHIaMeH-
TaJIbHBIX B3aHMO,ZLefICTBHfI HUMEIOT Pa3HO€ 3HAYCHUE HA PA3HbIX IHEPIreTUYEeCKUX
Macirabax. Tak, HanmpuMep, KOHCTAHTA JIeKTPOMArHUTHOT'O B3aUMO/I€HCTBHS TIPH
Hu3KuX sHeprugax (F < 1 MsB) npumepHo paBHA (e R 1:1))—7, B TO BpeMs KakK MpHU
sHeprugx nopsaaka 200 MsB ona ctaHOBUTCA paBHOH (e, R 517 [IprunHa KaHHOIO
a(pekTa 3aka09aeTcs B caeayioneM. KoncranTsl ¢hyHIaMEHTAJIbHBIX B3AMMOIei-
CTBHUIl ONpeIe/AI0T 3HAYCHUsT BEPIIUH, XapaKTePHbIX IS KayKJIOr0 KOHKPETHOTO
tutta, B3auMmoseitcteuit. Hanpumep B K9/ Bepmmmnoil, nponopnuoHaIbHONl KOH-
CTaHTe CBA3U 3JIEKTPOMATIHUTHOI'O BSaI/IMO,ZLteICTBI/IH, ABJIAE€TCAd BEpHINHa € — €+’}/
Ha HU3KOOHEPTUTHUICCKOM MaCHlTa6e AdaHHad BEPHINHa UMeeT BUI, IIOKAa3aHHBII HA
Puc.la. OgHako ¢ yBesimdeHreM SHEPTUTHIECKOTO MaciTaba BKIAJL B JAHHYIO BEp-
NIMHY HaYWUHAIOT BHOCUTH JONOJIHUTEJBbHBIC TIONMPAaBKU, CBA3aHHBIE C POXKJIACHHNEM
M YHUYTOKeHHeM BUPTYasbHBIX dactul (Puc.16). CiremoBaresibHO, U KOHCTAHTA
CBA3HU JIJIA 9TON BEPIIMHBI OYIET UMETDb JIpYroe 3HadeHue.

e- €

a) 6)
Puc.1 Bepmnna e — e + v #a HuskoM (E < 1 MaB) u Beicokom (E 2 1 MaB) sueprutudeckom macirabe.

MareMaTrIecKUM anmapaToM, MO3BOJISIONIAM IPOBOINTEH CHCTEMATHIECKOE HC-
cJaeJIOBaHue U3MeHeHUi (DU3MYEeCKUX CHUCTEM IPU PACCMOTPEHUHU ITUX CUCTEM Ha
Pa3HBIX MPOCTPAHCTBEHHBIX MACIITA0AX, ABIIETCS PEHOPMIPYIIOBOil anam3. CyTh
€0 3aK/II0YAETCs B TOM, 9TO MEPEHOPMEUPYEMbIe TeOpuu s JIIo0oro Macirradba
MOTYT OBITH MOJIYYeHbI aHAJOTUIHO U3 TEOPHil Ha JI0O0M JIPYTOM, TTPOU3BOJIHHOM
MacirTabe, IIpu MOMOIIM IPYIIIOBOro lpeobpazoBanud. Bosee mogapodHO JaHHBII
METOJI OLHMCAH, HApuMep, B crarbax [10] u [11].

B paMkax peHOpMIPYNIIOBOTO aHAJIM3A MAPAMETD CBI3U TeOpUH ¢ (i) OMUCHIBA-
eTCcs CIAeAYIOIMHUM YpPaBHEHHEM.

g9(m) = G ($7)G(g(M))), rne

G - HekoTopas ckeitiunroas dyukius, M - onopublil MacmTad, i - 3bdek-
TUBHBIH MaciiTad, d - HeKoTopas KoHCTaHTa. JddekTuBHbiil MacTad (i MOXKeT
OBITH BHIOpAH MMPOU3BOJIHLHO, M MOXKET BAPbUPOBATHLCH /I OIIPEJEIeHUs TEOPUN Ha
JiIoboM jipyrom maciirade. KoncranTsl cBa3u Teopuit u 3pHeKTUBHBIE MACCH B3a-
UMOTEHCTBYIONMINX YACTHIL OMMMCHIBAIOTCS ¢ MOMOMIBI0 8 1 ¥ - byHkIiuit. B ciay4aae
KX/I ypaBuenus Jijid 3TUX (PpYHKIUNA UMEIOT CJIeIYIONUH BUI.

o0 .
Plas) = —piGe = Bies™!
=1

oS .
Yay) = =59 = Yovial, tae
=1

(3.1)

(3.2)

(3.3)



(g - KOHCTAHTA CHJIBHOTO B3aMMOJIEHCTBHS, M - 3P HeKTHBHAS MacCa KBaPKOB.
Kosdpdbunuentor [5; u 7; Ha 2006 rox ObLIM BBIYECJEHBI BILIOTH J0 YeTBEPTOTO
nopsaka [10]. Kosddburmenrsr B, B2, y1 1 vo 8 KXJI umeror suj [12]

By = L (102—3—§Nf),

(4m)*
M= i : 47
T2 = (471r)2 (%% — T Ny), tae

N - KOII9eCcTBO apoOMaTOB KBAPKOB, POKIAMOIINXCS HA JAHHOM SHEPIHTHe-
CKOM MacIITabe.

B 3aBHCHMOCTH OT SHEPIHTHICCKOrO MACIITaba HeOOXOIMMO YINTHIBATH PA3HOE
KOJMYIECTBO 4IeHOB B pasnoxkenusx (3.2) u (3.3). Oxmako B KX/, B ommmauun ot
K9JI, curyanust quaMeTpaibHO TPOTHBOMOJOKHAS: [ - DYHKIWsE (KaK U ) sIBJIsI-
ercsi OTPULATEIHHON M JIJI HAXOXK/EHHsSI (Vs HA HU3KOIHEPIUTHIECKOM MacIITabe
HY?KHO YYHTHIBATH OOJIbIIEe THCJIO ClaraeMblX B Bhipakenusax (3.2) u (3.3). Dro
00CTOATENILCTBO MMEET HEIOCPEJACTBEHHbIH (DU3MIECKUii CMBICT: HU3KOIHEPIHTHU-
YeCcKMe KBAPKM BHYTDH aJIDOHOB MHTEHCHMBHO B3AMMOJEHCTBYIOT JIDYT C JPYrOM
IIOCPEJICTBOM IUIIOOHOB, & UCIYCKAHHE [JI0OHOB BBICOKOIHEPIUTHYCCKIME KBapKa-
MH MOZKET C OOJIBIIOIi TOTHOCTBIO OMUCHIBATHCS TOYCTHON BEPIIMHOR ¢ — ¢ + g.
Hampumep, 9T06bl BBIYUCIUTH 3HAYCHHE KOHCTAHTHI CHIBHOTO B3aUMOJCHCTBHS B
onHoneriesoM npubamkerun (1 2 300 I'5B) |, HEOOXOIUMO PACCMOTPETH ypaBHe-
Hue

dos 2
—Md—,j = fiag,
pelteHre KOTOPOro mMeeT BUJ

1

as(p) = —v s TIe
fuin(4z)

A - xoHcTanTa, XapakTepusyomas MacmTad KondaiinMmenta. /lannas KoHCTaH-

Ta MOXKeT ObITh Haiijiena u3 cieayoiieii 3aja4un Ko

—Mddis = fr1a? + Baa? re
a,(M,) = 0.119 A
HadaabHoe yeaoBue ag(M,) = 0.119 momydeHo SKCIepuMeHTAIBHO. DHEPrUTH-
yeckuit macmrab pu ~ M, tpebyer UCIOJIb30BaAHUS JIBYXIET/IEBOIO TPUOJINZKEHU S
B 3aja4e (3.7).
Teneps paccmorpum mogpobree ypasaenue (3.3). OHO MoxKeT GbITH HEOCpe/I-
CTBEHHO TIPOMHTETPUPOBAHO TIYTEM Pa3/Ie/IeHusl TePEMEHHDBIX.

m(uz) B2 as(p2)
dm _ mp2) \ _ _ [oles)dp y(as)
f m = n <m(u1)> - f wo f ﬁ(as)das
m(p2) G s (p1)
OKOHYATETBHO MOy IUM
as(p2) (as)
m(MQ) = m(ﬂ1>exp g(aZ)dOés

(3.4)

(3.5)

(3.6)

(3.8)

(3.9)



Ypasuenue (3.9) cogepxut macuTab KoHdaiiHMeHTa A ¥ KOJHYECTBO apOMATOB
KBApPKOB, POKJIAIONINXCS MPH JAHHOM YHEprUTHYecKOM MaciiTabe. /lanHoe ypas-
HEHIEe MOYKHO HCIIOJIB30BATD JIIsI TpeacKa3aHus MacCe IPYTUX 3epPKAJIbHBIX YaCTHII,
€CJIM M3BECTHBl MaCChl KBAPDKOB B KaKOM-HHMOY/Ib OJHOM aJPOHHOM COCTOsinuu. B
JaHHoii pabore m3BecTHA Macca IIPOTOHA W HEHTpOHA, KOTOpas cocrapiser 4.1
['5B. Taxkum obpazom m(py) = % ['3B. Macmrab koudaitHMeHTa He MOKET ObIThH
orpeiesIEH B paMKaX PEHOPMIPYIIIOBOTO aHAJIN3A, JIJIs ITONO TPEOYIOTCS JOMOJTHU-
TeJbHBIE YKCIIEpUMEHTAIbHbIe HCCaeoBanusg. TakuM oOpa3oM ecThb JIBa BO3MOXK-
HBIX BapuaHTa IOJYYeHUsd MPOTOHOB M HeWTpoHOB ¢ MaccoB 4.1 ['sB B pamkax

JMaHHo# Mozesn (MCIoab3yeMble 0603HAYeHHs: M - mirror, o - ordinary).

1. A,, # A,. llpuaunsr 3roro Oosiee (pyHIAMEHTAJBHBI M BBIXOJAT 33 PAMKH
peHOpMIPyIoBoro anaau3a. OJHAKO B 9TOM CJIy4ae B pACCMATPUBAECMON MO-
JTeJIA JOJIZKHO BBIIOJHATBCS yeaoue A, > A,.

2. A,, = A,. B 3TOoM ciiyuae KOHCTaHTa CHIBHOIO B3aHMOIEHCTBUS MOXKET Me-
HATBCA 3a C4€T N f, 94TO, B CBOIO 04epeib, MOZKeT ObITb BbI3BaHO 100 cMere-
HUEM MaCCOBOI IIKaJIbl TOKOBBIX KBAapPKOB JIMOO HMPHUCYTCTBHEM HOBBIX KBap-
KOBBIX ITIOKOJEHHIA.

HexkoTopyio mndopMalinio, CBI3aHHYIO ¢ MacIITabOM KOH(aHHMEHTa B 3€pKaJIb-
HOM MHUPE, MOXKHO MOJIy4duTh u3 cpapuenus co Crangapraoit Mojesibio, ucnob-
3ysl OJIHOIIETIEBOE PEHOPMIPYIIIOBOe Tpub/inkerne. Ha sHepruTuaecKOM MaCIITa-
oe 1, ~ 1I™B u u,, ~ 4.11'3B koncrauTsl cBg3u, oupeje/isgeMble YpaBHEHHEM
(3.6), cTaHOBSTCS TTOPSAIKA €AMHUIBL. Toraa, HCnoab3ys (3.4), MOXKHO 3amucaTh

2 ‘o
asm(,u’m) o (11—§No)ln(ﬁ\7) %1

Wso (o) (11=2Nn)in(42)

Orcroa mosrydaem, 9ro mpu Maciradbe KoudaitHMenTa 3epKaJabHOro Mupa A, ~
1.3513B 4gucao apoMaToB KBApPKOB, POZKJIAIONIUXCA HA SHEPTUTUYECKOM MACIITA-
oe ,, = 4.113B, noskno 66ITH paBHO JABYM. TakuM 0O6pa30M MaccoBas IMIKAJIA
TOKOBBIX KBAapKOB B 3ePKaJbHOM MHpe OyJIeT OTJHYaThCsd OT MAaCCOBOM IIKAJIbI
OOBIYHOTO MHPA.

Tenepsn ke 0OcyaIuM MpodIeMy HAYAJIbHBIX YCIOBUIA.

Eciin HavaibHbIe yCI0BUS /11 OOBITHON M 3€PKAJIbHON MATEPUH ABJISIOTCS CHM-
METPUYIHBIME, TO BIIOJIHE €CTeCTBEHHBIM BBHITVISINAT IIPEINOJI0KEHHE O Pa3IHIHH
MacC HYKJOHOB OOBIUYHON M 3epKaJbHOM MaTepH#, TaK KakK J0Js HabJIrogaeMoit
MATEPHH COCTaBJIgeT Hopsaka 5% Maccnl BeesreHnoii, a 1018 TEMHON MATEpUH CO-
crapisier nopsaka 22%.

Ecnu »xe HagaIbHbBIE YCI0BUS 711 OOBITHON U 3€PKAJIbHON MaTepun ObLIH HECHM-
METPHUYHBIME, TO TPHYNHA Pa3Idddsg MeKJIy WX BKJIaJaMi B Maccy BcemeHHOit
CTAHOBUTCS OYeBHIHON. BOIBIIMHCTBO MOzeell 3epKaJIbHOTO MEPa, KOTOPHIE TTPH-
3BaHBbI OObICHUTH IIPUPOY TEMHON MaTepUM, PACCMATPUBAIOT HMEHHO HECHMMET-
pUYHBIE HaYaIbHBIE YCJIOBHSI.

B nmannoit pabore paccMaTpUBaeTCs CIeHAPHUil, B KOTOPOM HAYaJbHBIE YCJIOBHS
SIBJIAIOTCA CAMMETPHYHBIMH, 8 MAacChl 3€pPKAJIbHBIX IPOTOHOB W HEATPOHOB pPaB-
Hbl 4.1 ['3B. N36b1TOK 3epKaJIbHBIX OAPHOHOB IPUHAT PABHBIM H30BITKY OOBIYTHBIX
OapUOHOB.

Haubosee 3za9mMbIM KOCMOJIOTHYECKUM CJIEICTBHEM JAHHONW MO SIBJISETCS
00bsiICHEHUE TIPUPO/IBGI TEMHON MaTepuu, HA POJIb KOTOPOI MPETEeH/IyeT 3ePKATbHOe
BEITECTBO.



3. PUBSNYECKAA KAPTUHA 9BOJIIOIINN
SEPKAJIbHOI'O MUPA

B srannoit pabore paccmorpenue 3BoJoun BeesieHHO HAaYMHAETCs C JISIITOHHON
SIOXMU.

JIETITOHHA 4 SITOXA (1075-0.3 cek)

Korpa rtemuneparypa Bcejlennoit ynajia HuzkKe TeMieparypbl aJIpOHU3AIUN
(Thaar ~ A\), BeTHBIE KBADKH U IJIIOOHBI HE MOTJIH OOJIBITIE HAXOAUTCS B CBOOOTHOM
cocrosgann. Havasra mponcxoauTh aapoHn3anns - 00beInHEeHNe [IBETHBIX YACTHUIL B
GecrBeTHble KoMOWHaIMN (aapoHbr). Kpome Toro, mocsie aIpoHU3aIM HAYNHAET
HPOUCXO/IUTh AHHUTHIAINUS OaproH-aHTUOApHOHHBIX map. Ha sTom sTame bapu-
OHHas cuMMeTpusa Bcenennoit yxke mapyiiena 3a cuér 6ojiee paHHeil reHepaiun
u30BITKA DAPHOHOB.

Ha mamnom wmHTepBaJie BpeMeHH IPOUCXOIMT OTIelieHue Heidrpuno. o mo-
MEHTa, OTHEIJIEHUS HEHTPUHO HAXOJWIMCH B TEPMOIUHAMUYECKOM PABHOBECUHU €
OCTAJIBHBIM BEIIECTBOM, & IOCIe HEr0 — CBODOIHO PACIpOCTPaHSOTCa BO Beesen-
HOM.

Jlnst maabHERIHX OIEHOK HaM IOTPeOyeTcss BBECTH HEKOTOPBIE BCIIOMOTATE b~
HbIE BEJINIMHBI.

DddekTuBHOE YUCTO YABTPAPETATUBUCTCKAX CTeleHeil cBOOOIBI OIpe e/ IaeTcs

dopmy.toit

ge= 20 1>

oy Jemions
Cymmuposanue B hopmyiie (3.1) mpou3BosaTest 10 3epKabHbIM 6030HaM 1 (ep-
MHUOHAM, KOTOPbIE€ IIPU JAHHON TeMIeparype SB/AGI0TCH YIbTPAPEeaITUBUCTCKIMI
YACTUIIAMHU, TO €CThb JIJIT HUX CHpaBeInBO ycaoBue m < T
Jaee BBeJgEM mapamerp, KOTOPHIH mpeacTapisier codoi MoAnMUIMPOBAHHY O
Maccy llranka

M
My(92) = To6o7 TAC

ge’
ge TpeJiCTaBgeT cOOO YHUC/IO YALTPAPEIITUBUCTCKUX CTereHeil CBOOOIbI.
N3 cpaBuenusi CKOPOCTU HEHTPUHHBIX MPOIECCOB ¢ TEMIIOM paciiupenus Bce-
JIEHHON MOYKHO TOJIYYUTH (POPMYJIY JIJIsi ONEHKH TeMIepaTypbl OTIEIIeHus Heli-
TPUHO

1
1 3
TV ~ (G%‘M;l(ge))

Cpa3y mocJie oTTenIeHnss HeUTPUHO B SHTPONIHIO 3JI€KTPOH-(DOTOHHOMN MJIa3MBI
OyIyT maBaTh BKJIaJ (POTOHBI, MO3UTPOHBI W IJTEKTPOHBI. UHMCIO YIBTpapeIaTu-
BHUCTCKHX CTelleHeil cBOOOIBI B JTAHHOM cJIydae OyIeT paBHO g = 2+ %(2—#2) = %

IIpu N, = 3 nmomy4uum

LYV g
TVN(W) ~ 2+3 MsB

pl

OTcroma MOXKHO OIIEHUTH BO3pacT BeesleHHO# HA MOMEHT OTIEILIeHsI HeHTPUHO.

(3.1)

(3.2)

(3.3)



Onyckas BCIoMOraTe/IbHbIe BEIUUCIEHNS, HATTHIIEeM (pOpPMYJITY JIJIst BpeMeHH KU 3-
HU BceesleHHOW K MOMEHTY OTTeIJIeHUsT HeHTPHUHO.

po— 1 _ M (g:)
v = 3H(T,) 202
IMoacrapass T, = 2.5 MaB u N, = 3 noayaum
M*(ge
t ~ 22— 0,13 cex

Takum 06pazom orienieHue HeHTPUHO ITPOUCXOJIUT UMEHHO B JIEITOHHYIO J1I0XY.

SII0XA HYKJIEOCUHTE3A (0.3 cek - 3 mun)

Camag panHss 310xa ropg4eii Beesiennoit, 0 KOTOpoii cero/iHs UMeIoTcsd HaIExK-
Hble IKCIIePUMEeHTAJbHbIE JaHHBIE - 3110Xa HMEPBUYHOIO HYKJIEOCHHTE3a, KOTOpas
JIJTAIACH OKOJIO TPEX MUHYT.

[lepBbIM TamOM HYKJIEOCHHTE3a FABISETCS 3aKaaka HefiTpoHoB. OHA IPOUCXO-
JiIa Ipu TeMmmeparype nopsiaka 1 MsB, xorma obpa3oBanue JETKUX daep eIné He
HavaJs0Cch. /Io MOMeHTa OTIEIIeHIsT HEHTPUHO TOJBKO PEaKIust N + U, <> P + €
obecrieunBa/ia TEPMOIUHAMUYECKOE PABHOBECHE MeXKIy HyKJoHAaMu. [Ipubimxkeén-
HOE BbIPazkKeHUe JJid TeMIePaTypbl 3aKaJKU HEHTPOHOB UMeEeT BUJ.

~ 6 gEG
I = \/ 2G%

JlaHHYI0 3aBUCUMOCTD MOXKHO HOJYYHUTDH U3 aHAJIN33 PEAKIHH N + Ve <> D+ € .

B mMomeHnT 3akaiku HEHTPOHOB ¢. = 2 + %(4 +2N,) = 4743. IlepBoe ciaraemoe
00yCJIOB/IEHO BKJIaJOM (DOTOHOB, BTOPOE - JIEKTPOHOB M HO3UTPOHOB, TpeTee -
HEHTPUHO.

Torpa myig TemnepaTypbl 3aKaaKn HEHTPOHOB UMeeM

T, ~ {/$ar = 1.25 MsB

MomeHT BpeMeHH, B KOTOPBIil MPOU30IILIa 3aKaJIKa HEHTPOHOB, OMpeIe/IseTcs
COOTHOIIIEHUEM

R U 1105
n = 3H(T,) 212
[Toactangaa T, = 1.25 MsB u N, = 3 noayuum
M*(g.
t, = ;I—T(é” = 0.5 cex

Taxum obpa3zoM, MepBUYHBIN HYKJIEOCUHTE3 HaYMHAET MpoTekarh depe3 0.4 ce-
KyH/IbI TIocsie bosrbimoro B3poisa.

HeiiTpoH-TpOTOHHOE OTHOIIIEHWE HA MOMEHT 3aKAJKH OIPeIeIseTcd U3 ypaBHe-
Hug Caxa u umeer CJIeIYIONINI BU

Am
n—n _— 6_ Tn
np
Pazuuna maccAm = m,, —m, = 0 B paccMarpusaemoii namu Mozenu. llosromy
B JIAHHOM CJIydYae IOJIydaeM
i — ]
Ty
[TockoJsibKy MPOTOH U HEHTPOH B CBOOOHOM COCTOSIHUU PACIIaIaThCA HE MOTYT,
TO COOTHOIICHUE MEK/Iy YUCJIOM IPOTOHOB U HEHTPOHOB B JIAJIbHEIIIEM U3MEHATH-
cs He OYIeT.

(3.4)

(3.5)

(3.6)

(3.7)



TepMosiepHble peakIuu 3epKaJbLHOIO BeIeCTBa HAYUHAIOTCA ¢ 00pa3oBaHUs
JefiTepud B peaknu

p+n— D+

Ob6paszoBanue jiefiTeprusi HAUUHAECTCS TOLA, KOIVIA CKOPOCTh ero (boTopaciien-
JIEHUsI CTAHOBHUTCS MEHbIIle TeMIIa paciiupeHus BceeaeHHOI.

Kpome Toro, mockoIbKy KOCMOJIOIHYECKOe paciinpenne BeeleHHOM mponcxonm-
JIO HELIPEPBIBHO, TO HE BCE HYKJIOHBI yCIIeJIM O0'beJIMHUTBCS B JIeWTepuil, HEKOTOPOe
KOJINIeCTBO IIPOTOHOB U HeﬁTpOHOB TaK U OCTaJIOCh B CBO6OZLHOM COCTOAHUU.

Bocnonb3yemcs ypapaennem Caxa J/ist aHAII3a IPOIECCA HYKJIEOCUHTE3a DoJtee
TSZKEIBIX 3JIeMeHTOB. i 9T0or0 aHaan3a OymeM nCrmoab30BaTh ypapaenne Caxa B
caenytoreM Buje [13]

3(A-1)
_ YZvyvA-Z,A-19-A 5 2r \2 24
XA—Xp XTL np 2 gAA2 <m) er
_ An
B ypasrernuu (3.8) X4 = n—BA - 6e3pa3MepHOe OTHONIECHHE YHCJIa HYKJIOHOB,

HAXOJAMUXCS B siipax (A, Z) K MOJHOMY YHCJIY HYKJIOHOB, Ng - IIOTHOCTH YHCJIA
GapUOHOB, ¢4 - YUCIO CIUHOBBIX cocTosHNi siapa, AA = Zm,+(A—Z)m,—ma =
Am, — m4 - 3HEPrus CBA3M AIpa.

ITnorHoCTD YHCaa 6APUOHOB NAETCS BbIPAKEHHEM

np = Npn,y = mgL(?’)T‘3 = 0.24ngT?3, rae

2

7)B- TPEJIBKCIOHEHITUAIbHBINH (haKTOP.
B urore mogyuaum

3(A-1)
Xy = XZXH P taAg, At (B0)7 e

13 dopmysast (3.9) BuIHO, 9TO paBHOBECHAs KOHIEHTDAIUS siIED MepecTaér
ObITH MaJTOf Jinmib npu yeaosun 1 << AA.

HyxkiieocnaTes HauwHaeT MPOMCXOJNTH TOrJA, KOTJAa obpasoBaHue jeirepus
CTAHOBUTCS SHEPIeTUYECKH BBIFOIHBIM. DTO JIOCTUIACTCS IIPH BBIIOJHEHUU YCJIO-
Bust X p(Tns) ~ 1. [Tosromy, nperebperasi hakTopaMu mopsijka e uHuis B (3.10),
HOJIYYUM I Jefirepust

3 A
Xp(Tns) ~np (%)2 eTns ~ 1

[TockoJIbKY IIpeIoaraeTcs, YTo MacChl 3epKaabHbIX HYK/JIOHOB B 4.4 pa3a 60.1b-
e MacC COOTBETCTBYIOIMMX OOBIYHBIX HYKJIOHOB, HMOJIOZKMM YHEPIUIO CBI3U 3€p-
KaabHoro jeiirepua AD,, = 4.4AD, ~ 10.7 MsB. Iloncrasindas TakzxKe 3HaYeHue
ng = 6.1-1071° u pemraa ypasuenune (3.11) 9UCIEHHO, TOSLYIHM

TNS ~ 314 k3B

O,ZLHaKO B ,ZLeIU/ICTBI/ITeJIbHOCTI/I HaI/I6OJIee JHEPIreTU4YeCKH BBII'OJHBIM ABJIACTCHA
obpasosanue ‘He. [Iponece cunresa 4 He npoucxoguT myTéM pas/imdaHbIX
SIZIEPHBIX PEAKIUil, KOTOpbie OyIyT PaCCMOTPEHHBI HUZKE.

10

(3.8)

(3.9)

(3.10)

(3.11)



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

" 1 _ M;(g)
NS = 2H(Tns) 272 ¢

ITpu Temmepatrype T'ns = 314 k3B B Unc/I0 yAbTpapeJSATHBUCTCKAX CTeleHel
cBODOJIBI BHOCAT BKJIAJ TOJILKO (GOTOHBI M HeliTpuno. Ho meliTpuno yxKe He B3au-
MOJIEHCTBYIOT € TLIA3MOM, TTOITOMY WX BKJIaJ OyJer mojasieH. Boipaxkenue (3.12)

4
BKJIIOYAET B cebs g. = 2 + 2N,,§ (%) 8 N, = 3. 1 Bo3pact Becenennoit na momenT
HYKJIEOCUHTE3a, COCTaBJIsIeT

M (9
tNS = % = 5.2 cex
NS

MaccoByio ,ILOJHO4H e cpeu 0APHMOHOB MOXKHO OIIEHUTH HCIIOJIB3YS CJIeIY IOy IO
dbopmymry

~ m4Hen4He(TNS) J— 2 _
X4H€ ~ mp(np(TNS)+nn(TNS)) o %Jrl - 100%
nn(TNg

B 10 ke Bpemsi jo0J1s1 BOmopoa ompeessiercss hopMysioit

_np(TNg)

~ nm(Tng) __
XH2 ~ i mwIng) T 0%

TakuM 06pa30oM, IepBUYHLIN re/Inil B 3epKaJbHOM MEpe OYIeT COCTABILTH MPaK-
tudecku 100% oT Bcero BerecTsa.

KNMHETUNKA HYKJIEOCUMHTE3A

Teneps paccMoTpuM oIpOOHEE TUIBI TPOIECCOB, KOTOPBIE TTPUBO/IAT K CHHTE3Y
rejins-4 U3 NEePBUYHBIX IIPOTOHOB U HEUTPOHOB.

OcHOBHBIE DEAKINH [EPBUYHOTO HYKJIEOCHHTE3a MOYKHO PACIPEIETUTH 110 CJie-
JMYIOTITAM 3Taram

e p+n — D + 7 - Hava 0 HYKJIEOCUHTe3a, 0Opa3oBaHue JaefTepus.

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

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

PaccMoTpuM miporiece pauannoHHOro 3axsarta HedTpoHos (p +n — D + 7). Kak
6bUIO yCTaHOBJIEHO BBIIIE, ,ZLGI./JITepI/HO IHEPTUTUYECKU BBITOIJHO O6pa3OBbIBaTbCH
npu Temieparype 1T'nys = 314 xk3B. BaxKHO BBISCHUTH HACKOJIHKO OBICTPO 3aXBa-
TBHIBAIOTCA HEHTPOHDI, BeJb BeesleHnas Ha 9TOM dTale pacllupseTcs W He Bce Heli-
TPOHBI MOT'YT OBITH 3aXBaY€Hbl TPOTOHAMH.

JLnst 3Toro TPybO OleHUM cedeHne oOpa3oBaHue JedTepust

12

_ —19cM®
—2.10 19

o o~ L 1
< OV Zp(ny)D™ 12 = 137 (600 MoB)2

Taxzke, MOCKOJIBKY PO JieTepus sBIIeTCs CJ1a00CBA3aHHBIM, HMEETCs JIOTO.I-
HUTEJIbHBIH (HaKTOP MOIABICHHUSI.

11

(3.12)



OKOH‘IaTeﬂbHO, II0JIy9YuM

. 3
pR G- 10721er

< OU Zp(ny)

CKOpPOCTH TOPEHUS HEHTPOHOB ONPEIE/ISIETCS KAK 9aCcTOTa CTOJKHOBEHUH 1PO-
TOHOB C HEHTpOHAME, B pe3yJbTrare KOTOPBIX obpasoBajcs aeiitepuii. Toraa s
cxopoctn peakmm mpu 1T = Tyg = 314 k3B u ng = 6.1 - 1070 nogyamm

2¢(3) 3 -1
Lptnmp = np < 0V >pinqy)p= N7 17 < 0V >p(ny)p= 3.5 €
[TorydenHOE 3HATEHHE CKOPOCTH TOPEHHS HEATPOHOB 3HAUUTEIHHO IPEBOCXOTHT
o _ -3 -1
TEeMII paciupenns seeaennon L'y, yp > H(Tnvg) = 4 -107°c™", nosromy mporecce
rOpeHust HeRTPOHOB MPOTEKAET OUYEHb AKTUBHO U BCE HEATPOHBI CTPEMSATCS MePEeRTH
B Jeirepuil.

KOHHGHTpaHI/IH IIPpOTOHOB Ha MOMEHT HYKJ/JICOCHHTE3a OIIpee/IdeTCd BblPDazKeH-

eM (3.9) u cocrapisier

np =2 AT = 0.24npT5% g = 6- 107 cn

Konnenrparus ke ¢BOOOJHBIX IIPOTOHOB MOXKET ObITh HaflljleHa U3 CJieIyiomei
3aaun Ko

d
% = —NpNp < TV >p(ny)D
np(0) =6-10% em?

Pemast ypasaenue (3.13) mostyuum Jjisi KOHIEHTPAIUE IPOTOHOB BhIPAYKEHUE
np(t) = my(0)e <0

Orciona 3akaaéHHas KOHIEHTPAINA
np(tns — tn) = 10" en3

Taxum 06pa3oM J10J1 IIPOTOHOB, OCTABIIUXCSA B CBODOIHOM COCTOSTHUHU, COCTAB-
JIIeT

np(tns—tn) . —10
nallscta) 1710

Tenepsb paccmorpum nporecc ropenust geiirepus (D+D — 3He+nu D+D —
T+ p). CedeHnst JTaHHBIX PEAKIUI TOKE MOYKHO OIEHUTH KaK MeOMEeTPHYECKHe, O
HAKO IIPU 3TOM HEOOXOIMMO Y4ecTb KYJOHOBCKHI Dapbep, TaK Kak 00a CTaJKHBa-
IONIUXCA SAPa UMEIOT MOJTOXKHUTEIBHBIN 3JIEKTPUIeCKHi 3apsi. YToObl IPOU30IILIO
obpa3oBaHue HOBOI'O S/Ipa, CTAJKUBAIOIIHECS S/IPa, JOJZKHBI IPEOI0IeTh KYJIOHOB-
ckuit 6apbep. locTturaercs 1o B pesysabrare TYHHEIBHOro Inepexoja. IIposess
HEKOTOpBI€ BBIUUCIEHUS, TTOJYUUM IS CeUYeHHs TOPEeHHs JedTepus CJedyIomryio

dbopmyiry

. 271’052122
v

_ QTF(,YZlZQ
v

ov = 0y - € ,

T7e 0g - TEOMETPUUIeCKOe cedeHre peaKIu.
Tenepb HEOOXOIMMO B34Thb CpeJjIHEEe OT ITOr0 CeYeHHUs, KOTOPOe YUUThIBAET Pas3-
OpoC 10 CKOPOCTSIM B NMEPBUYHON IL1a3Me.

12

(3.13)

(3.14)



B utore momyunm

-2 2 23
< ov >=9.30¢ - (leg)%Ang 3674‘26(2122)3ABT9 ,

T T M
F;LenglogKI/IA:m—p

Torma 119 CKOpOCTH TOpeHus JAeidTepus MOKHO HaIlHCATh

=

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

Jlannoe 3HaYeHUE CKOPOCTU PEAKIIMU T'OBOPUT TaK:zKe O TOM, 4TO JieUTepuil Mo-
JKeT TOpeTh He TOJILKO COIVIACHO PEeaKIMH, PACCMOTPEHHON BBIIIE, HO U IO JPYTUM
KaHaJaM, KOTOpbIe B CYMMe MePeBOIAT JIefiTepuit o menovke peakiuil B rejimii-4.

Topenne renusi-4 B 3BE371aX ONPOUCKXOIUT TI0 CJEAYIONIEH cxeme [13].

Korma temnepatypa B IeHTPAJIBHON TaCTH 3BE3/IBI, COIeprKAIIel Teanii, TOCTH-
raer 108 K, BrJitouaercs HOBas s/ilepHas peaxkiug - ropenue rejimd. B 3ro Bpems
IIOTHOCTE LEHTPabHOro sapa cocrasiser (107 — 10°) L5, Ocobennocts peax-
nuil TOPEeHNs Teaud 3aKI09aeTcs B TOM, 9TO OCHOBHag peaxmusa *He + *He —
8Be + y. mpuBOANT K 00PA30BAHUIO HEYCTOHYMBOTO dAapa > Be, BpeMs JKU3HU KO-
toporo 1071%c. JIpyrue ke peakiuu ¢ yuacTueM JBYX fep Iens IPOHCXOIAT C
norsommenueM saepru. OIHAKO U3 - 3a BBICOKOH II0THOCTH a1ep * He okasbiBaeT-
csl, 4TO IpezKJie deM a1po° Be cHoBa paclajieTcs Ha JIBe o-YacTHIbI, OHO ycIleBaeT
IPOB3aUMO/IeiicTBOBATDL ¢ emmle ofHuM AapoM®He (Tak HasbiBaeMmblil “TpoiiHoil” o

-npomecc) ¢ obpazosanueM n3orona 2C' B BO30YKICHHOM COCTOSHAU B TPOIECCE
‘He +*He+*He —8Be+*He — 2C

Ha cxopocts peaxtmu SBe + *He cylecTBenHOe BJINSHHAE OKA3BIBAET TO, UTO
sueprus Q peaxuun SBe(*He,)'2C, pasnaa 7.37 M3B, pacnosaraercs BOu3u
BTOPOTO BO30Y K leHHoro coctosguus syipa 2C' ¢ sueprueii 7.65 MsB (Jp = 07). To
eCTh PeakIud HMeeT Pe30HAHCHBIH XapaKTep, UTO CYIeCTBEHHO yBeJINUHBAET €&
CKOpOCTb.

B zakodenue paccMOTpHM OApoOHEe MO3UTPOHHBIA PACIaJL g/Iep B 3€PKaJIb-

HoM mupe. st 9Toro uemnoib3yeM npubanzkénnyio ¢popmyry Baiizekkepa- Y uibsamMca

JJId SHEPTHHU CBA3U HYKJIOHA Ha aTOMeE

2 (5-2)
Epy =a— B4 —yZ — 27> +§, rae
By ﬁA% ’YA% a2 y T
7 , ,
+XxAT4 | 115 96THO-YETHBIX s1/1ep
0=<¢0 , JUIsT 9€THO-HEYETHBIX sIIepD

7 . ..
—xA~T1 | 19 HeYETHO-HEUETHBIX /1ep

KosddunuenTtor «, £, v, €, Y TOIYyIal0T IPH CTATHCTHIECKON 0OpabOTKe pe-
3yJIbTATOB dKCIepUMeHTOB. VcnoJib3ys Jannyo (popmMyy MOXKHO HOJYYUTh LIPH-
OJIMKEHHOE BbIparKeHHe 11 PABHOBECHOTO KOJUYIECTBA IPOTOHOB B sipe, Olpeie-
JIAeMO€ MaKCUMYMOM 9HEPI'UH CBA3U.

2cA

Z s = —25A—
paBH A% 4

Anpo 6yaeT 4yBCTBUTENHHO K MO3UTPOHHOMY PACIAY U JIEKTPOHHOMY 3aXBaTy
npu

Z > Zpapn

13
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(3.16)



11 TO3UTPOHHOTO paciajga pa3HUIA MacC KOHETHOTO ¥ HAYAJIbHOTO SAep T0T7K-
Ha OBITH BBIIIE JIBYX MACC 3JEKTpoHa, 9To cocTaBiaser 1022 k3B.

13 yeaosust (3.16) MOXKHO BHJIETH, YTO JOMHHHUDYIOIIEH B 3¢PKAJILHOM MUDE
4He spasierca BH-crabuabuniM. IlosnTponnblil pacnua 6yeT HabIIOAATHCS Y daep
C JIOCTATOYHO GOJILITAM MO cpaBHeHNIO ¢ * H e 9ncaoM HyKJIOHOB B ipe, HAIPAMED
e 2Na, Al u .1

4. SAKJIIOYEHUE

B nannoit pabore ObL1a pacCMOTPEHA, IBOIIONNS 3ePKAJIHHOIO MHPA, B KOTOPOM
m, = my, = 4.1 ['sB. B xoxe paccMoTpenns JanHoro creHapus ObLIO yCTaHOBJIE-
HO caeayiomiee. Mudagimuonnoe pacmupenne BeesleHHONR Ha paHHHX STAlax BO-
JIIOIAKA MOXKeT OBITh OObSCHEHO PA3JHYHBIMHU CIIOCODAMH, HAIpHUMEp, C IOMOIILIO
OCHMJLTUPYIONIEr0 CKAJISIPHOro mojs. B manHo#t padbore KOHKpETHas pean3alus
MeXaHH3Ma HHMIAINT Ha paccMaTpuBaJach. bapnonHas acuMMeTpusi BOSHUKAET
BCJIeICTBHE BbiloJHeHus1 yesaopuii Caxaposa B panHeil Beenennoit. Opaako peasin-
3alnd 3TON naen Takzke JOIIYCKaeT MHOXKECTBO BapHaHTOB. HaqaﬂbeIe yYCaoBud
Jijigt OOBIYHON U 3epKaJIbHON MaTepUH IMPeIoIaraloTcsd CUMMETPUYHBIMHA.

I'maBHBIME CBOWCTBAME PACCMOTPEHHON MOIE/H SABASIOTCS CAeLyIOINe:

e Bo Bcesennoii 6yer pomunuposars *He.

[TockoJIbKY MEepBUYHBIH BOAOPOJ, IPAKTUIECKU OTCYTCTBYET, Oy/IyT OTCYyTCTBO-
BaTb U 3BE3JIbI, B KOTOPBIX MPOUCXOJUT IPOIECC ropeHus Bojopoja. Ejrun-
CTBEHHBIMH SIJIEPHBIMH PEAKIUAMHU B 3€PKAJIbHBIX 3BE3JaX OYAYT peaKkiuu
ropenuda ‘He ¢ obpazosanueM 2C 7 HEKOTOPBHIX JPYITX 7I€MEHTOB.

e I13-3a crenucuky 3BE3/HBIX POIECCOB B 3¢PKAJIbHOM MHUPE XUMHYECKUil co-
cTaB Mupa Oyjer Jaaék oT Hamnero. TaxKE/IbIX 3JIEMEHTOB B 3¢PKAJILHOM MHUPE
OyJeT HAMHOTO MEHbIIe, YeM B OOBIYHOM W CHHTE3UPOBATHCHA OHU OYIyT IO
JIDYTUM KaHAaJIaM.

e [Ipomecc ropenust 38é31 OyIeT IPOXOAUTH O0Jiee HHTEHCHBHO B CBSI3H C TEM,
4TO Ipolecchl roperns *He HOCAT pe3oHaHCHBIH XapaKTep.

e Ha poan Témmoit maTepun mpeTeHayioT momuaupyiomuii ‘He u Manag mpu-
MeCh HYKJIOHOB.

e [losuTponubIl pacuan gaep OyAeT IPOUCXOIUTH 60jlee aKTUBHO, TaK KaK BO3-
MOXKHA 3aMeHa IPOTOHOB HEATPOHAMM B SA/IPaX, UTO YBEIUYUT SHEPIHUIO CBI3H
13-33 OTCYTCTBHSA JONOJTHATETHLHOTIO KYJIOHOBCKOTO Hapbepa. CTaHeT BO3MOK-
HBIM 00pa30BaHUe HOBBIX TUIIOB OAPHOHOB.

e OTCyTCTBHE HOMOJHATEIBHOIO KYJIOHOBCKOrO Gapbhbepa, CBA3aHHOTO C 3aMe-
HOW MTPOTOHOB HEHTPOHAMM OTKPBIBAET HOBBLIC KAHAJIBI PEAKIMA W CIABHATAET
SHEPTATUYCCKHAE OTPAHUYCHAA HA B3aMMHBIE IIPEBPAIICHUAL S1ep.
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