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[amma-Beniiecku npeacTaBssiioT co60i siBJIeHUs] GICTPOr0 IHEPTOBbIIeIeHHsT OTPOMHOK MOLIHOCTH, CBSI-
3aHHble C KOJIIANICOM WJIM CJiMsiHHeM 3Be3Jl. B pesysibTate BHYTPEHHUX MPOLECCOB B HUX (POPMHPYIOTCS
MONyJISIMA HETENJIOBbIX YCKOPEHHBIX UYacTHll, M3JydalolldX B LIMPOKOM Juamna3oHe 3sHepruil. Psn na-
6J1I0/IeHUH TI0KAa3aJ, YTO OT HEKOTOPbIX TaMMa-BCIJIECKOB PErHCTPUPYIOTCS (DOTOHBI C SHEPTUSIMH BILJIOThH
Jo necsitkoB TsB. OnHako n3-3a GOJIbLIMX HEPreTHUECKUX MOTEPhb HM3JydalolUX 4acTHIl 0ObsiCHEHHE
TAKOTO BBICOKOSHEPIMUHOTO M3JyueHHsl B paMKaX CTaHJIAPTHHIX MeXaHM3MOB H3JIyueHHs! CTaJKUBAeTCs C
60JIbLIMMU TPYAHOCTSIMU. B naHHOil paGoTe HAa OCHOBe MOJENH anuabaTHUeCKOro pacliupeHus Ajs (asbl
nocJiecBeyeHust BCIJiecKa UCCJIelyeTcsl BJHsIHUE HEOIHOPOIHOCTEN MAarHUTHOTO T10JIsl HAa CIIEKTPhl B PAMKax
CUHXPOTPOHHOTO MeXaHU3Ma W3JIyueHHUsl 3JIEKTPOHOB W MPOTOHOB, ¢ yueToM 3(h(HeKTOB KOMITOHOBCKOIO
paccesiHusi CHHXPOTPOHHBIX oToHOB. [TokazaHo, uTo 3deKT HEOHOPOJHOCTH MArHUTHOTO TOJIST MOYKET
YBEJIMUUTb MaKCUMaJlbHble SHEPTHU CUHXPOTPOHHOTO M3J1yUeHHUsl JIEKTPOHOB H POTOHOB B HECKOJILKO Pas,
He BJIMsIST HA MaKCHUMaJibHble SHEPTHH KOMMTOHOBCKHX (DOTOHOB, (OpMHUPYIOIIUXCS B pexxkume Kiefina—
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1. BBEAEHUE

[amma-Benieckn OblM BriepBble OOHAPYKEHbI B
JIlaHHBIX HaOJoieHui cnyTHUKOB Vela (KneGecanen u
ap., 1973) u noutu cpasy nmoaTBep:KIeHbl B pe3yJib-
TaTe aHaJM3a JaHHbIX npudopa KoHyc Ha cryTHHKe
Kocmoc-461 (Mazew u ap., 1974). Ilocaenyiouwme
HaOJ/II0/IeHUsT TT0Ka3a/dl M30TPOITHOE pacrpesiesieHne
raMMa-BCIJIeCKOB Ha HeGecHOH cdepe, CBUIETE/b-
CTByIOlllee 06 MX BHEraJakTHUeCKOM MPOUCXOXKIe-
Huu (Muran u gp., 1992; Antekapp u ap., 2019).
PenTreHoBckoe nocsiecBeueHne raMma—BCriecka Obl-
JIo BriepBble o6HapyKeHo crnyTHuKoM BeppoSAX (Ko-
cra v ip., 1997). I1ozxe Oblan 3aperucTpupoBaHbl ac-
COLUMUPOBaHHbIE CO BermjieckaMmu ontuueckue (Ilapa-
jquc v ap., 1997) u paguo (@psiin u ap., 1997) rpansu-
€HTbI, OT HEKOTOPBIX U3 KOTOPBIX, UJIH OT UX POJUTE/b-
CKHUX TaJaKTHK, ObJIO HATMPSIMyI0 H3MEpPEHO KpacHoe
cmentenne Z (Meurep u ap., 1997; Kynkapuu u np.,
1998), okazaBuieecst Godiblile uiu ~1. [1pu cBoed s1p-
KOCTH W KOCMOJIOTHUECKOH MPHUPOJIe TaMMa-BCIIeCKH
SIBJISIOTCS ApUArIINMU 00bEKTaMH, 32 KOPOTKOE Bpe-
Msl BbICBEUHBAIOIMMH 3Hepruto ~10°1—10%* spr, B
MPEoN0KEHHH H30TPOTTHOTO U3JyueHnsi. Cuntaercs,

* o .
DJ1eKTpOHHBIH afipec: uv@astro.ioffe.ru

YTO B raMMma-BCIlIeCKax (hOpMUPYETCs PesiTUBHCT-
ckuit ket ¢ I' 2 100, HanpaBJieHHbI# Ha HaGJIo1aTe -
JIsl, 4TO TMO3BOJISIET CYUIECTBEHHO YCHJIMTh MOIIHOCTh
U3JIyUeHHUs] B HallpaBJICHUH JPKETa 3a CUeT IeOMeTpH-
yecKoro (hakropa u J0MJ1epOBCKOr0 ysipueHHsl.

B mocnenHee Bpemss OT HECKOJBKHX Tramma-
BCIJIECKOB HAa3eMHbIMH UEPEHKOBCKMMHU TeJleCKONaMH
ObJIO  3apPerdCTPUPOBAHO H3JyueHHe C 3Hepruei
¢oroHoB B auanazoHe ot 0.1 1o Heckosbkux TsB
(Hona, ITapconc, 2022; Araponsin u np., 2023). B
CTaH/IAPTHOH MOJIE/IM YCKOPEHHUs YacTHIL Ha YlapHOH
BOJIHE TIOTEPH Ha CHHXPOTpoHHOe u3nyuenne (CH)
OrpaHUUYMBAIOT MaKCHMaJibHble 3SHEPrHM YacTHL, H
MakKcHMaJslbHble 3SHEPrHU CUHXPOTPOHHBIX (DOTOHOB.
OrpaHuueHre Ha 4YacToTy (OTOHOB B MOJEJNH C
OZIHOPOJHBIM TIO AMILIUTY/Ie MAarHUTHBIM TIOJIEM B
0o6/acTH H3JyueHWs] He 3aBUCUT OT MOJs U s
CH 3571€KTPOHOB COCTABJMACT Ve max ~ 30 M3B 6e3
yueTa JIoNepOBCKOro ysipueHus (olLeHKa npuBe/ieHa B
pasnene 2.1). O6bsicHenne Habsonaemoro TaBaoro
M3JIyueHHs] TPU 3TOM OKa3blBaeTcsl HEBO3MOXKHBIM
M JUIS €r0 HHTEepTpeTalyd MPUMEHSIIOTCS MPOLECCHI
KOMITOHOBCKOIO ~ paccesiHisl Ha  CHHXPOTPOHHBIX
toronax, CH npotoHoB u HeKoTOpble JIpyrue 3K30-
THUECKHE CIIEHAPHH.
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Mexannambl M3/ydyeHHsI KaK OCHOBHOH (pasbl
ramMMma-BCIiecka, TaK M [0CJeCBEeUeHHs], JI0JIroe
BpeMst sIBJISIIOTCS IpeIMeToM o0cyzkaeHus1. B nocen-
Hee BpeMsl JleTajlbHbll aHaJU3 CHEKTPOB H3JyueHHs
OCHOBHOTO BCIJIECKA yKasaJ, B psijie CJyuyaeB, Ha
HaJMuMe H3JoMa B CIEKTpPe Ha 3HEprusix HHxkKe
MakCUMyMa TOTOKa 3SHepruu uasyuenus: (OranecsiH
u jp., 2017). DTo mnpeanoJiaraetT HajJUuMe TPeX
CTEMeHHBbIX YUaCTKOB OCHOBHOTO CMEKTpa, B OTJHUHE
oT ctannaptHoil Monenu banna. [1pu stom B obsacTu
HHU3KUX 3HEpPruil (DOTOHHBIH HHJEKC OUeHb >KECTKHH
M GJM30K K 3HAueHuio 2/3, W B CHHXPOTPOHHOIA
MOJIeJI BO3HUKAET Mpo6J/ieMa HEMOJTHOTO OXJIaXKIeHHS]
M3J1yUarollX JIENTOHOB, UTO NpHUBeJo [M3enuuu u ap.
(2020) k ob6cyxueHuto Bo3MoxKHOCTH BKJaaga CU
MPOTOHOB B MEXaHHW3M M3JIyueHHs OCHOBHOH (hasbl
Beriecka. Ot GRB 090510 6blna 3apeructpupona-
Ha BBICOKOHEpPTHUHAS KOMITOHEHTa H3JydeHus (710
10 I5B), orcratomiasi va 0.1 ¢ ot komnoHenTsl banna
(Axepmat u jip., 2010). st o6bsicHeHUs1 HAGJIOIeHHI
yepeHKOBCKUM Tesieckoniom MAGIC nocsiecBeuenust
GRB 190114C B muanazone suepruii 0.2—1 T3B
mojesib npotonHoro CH npensniokena Mcpasenb u
ap. (2023), npuuem peHTreHOBCKOE H3JyueHHe B Hel
obycnosneno CH sentonos. Haxkonen, Kaur u np.
(2023) o6cyxnam CH npoToHOB KaK peasMCTHUHYIO
MoJlesb u3aydeHust spkoro Beriecka GRB 220910A.
Ji1st nposicHeHUst Bonpoca o MexaHu3Max opMHUpoBa-
HUSI U3JTyueHHs] BCTJIECKOB HEOOXOIMMO JasibHelliiee
ncesenoBanne. Hirke Mbl paccMaTpiBaeM B TOM UdCie
1 BO3MOXKHbIH BkJax CH npoToHOB B ciydailHbIX
noJisixX B HabJlto/laeMble CHEeKTPbI.

B nacrosiieit pa6ore paccMaTpuBaeTcsi TMIpO-
JMHAMHUecKasi MOJIe/Ib TI0C/IeCBeUeH sl Berliecka Ha
OCHOBE CaMOMOJA06HOr0 pellleHus 3a/lauk O pacrpo-
CTPAHEHHH PENTUBUCTCKON 000JIOUKH B OKpY»XkKato-
utyto cpeny (bnanndopn, MaxkKu, 1976), nns koro-
poit paccuutbiBaetcss CH 3/1eKTPOHOB M MPOTOHOB,
C yueToM TypOyJIeHTHOCTH MarHuTHoro moJist. Takxke
paccuuTbiBaeTcst 06paTHOE KOMITOHOBCKOE H3Jyue-
nue. [lokaszano, uto TypGyJ/eHTHOe MarHUTHOE MoJe
MO2KeT CHJIbHO TMOBJUATH Ha cnektp CH, npoaaus ero
B 00J1aCTh BbICOKHX SHEPTHIl 3a MpeJiesibl OrpaHuueHUH
MOJIEJTH OJIHOPOJTHOTO MO aAMIJTUTY/IE MOJIS.

2. MOJIE/IMPOBAHHWE TAMMA-BCITJIECKA
HA CTAIWU ITOCJIECBEUEHMS

[Ipy B3pBIBHOM 3HEProBbIIENEHUH B HMCTOUHHKE
raMMma-Bcrsiecka  (hOPMHPYIOTCS  PEJIITUBUCTCKUE
JUKETbI (/KET), pacrpocTpaHsioliecs B OKpYy:Kaio-
LLlyl0 XOJIOIHYIO cpely. B pesysbrate obpasyorces
peJISITHBUCTCKHE yaapHble BosiHbl (¥ B), pacnpocrpa-
HSIIOLLMECST B OKPY2KAIOULyl0 Cpely W BryyOb JRKeTa.
Ha6ntonatesb, Haxoas1MiACs Ha Jyue juKeTa, HabJio-
JIaeT yCUJleHHe SIPKOCTH M3JydeHHs], 10 CPaBHEHUIO C
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M30TPOINHBIM CJlyuaeM, KaK 3a CueT TOro, YTO OCHOB-
Hasl yacTb SHEPrUM B3PbIBA YXOJUT B HampabJ/ieHHH
JDKETOB, TaK M 3a CUeT peJsiTUBHCTCKOrO 3ddekra
Honnepa. Mexanusm hopmMHpoBaHHUs JUKETOB, KaK U
MexaHu3M (pOpMHUPOBAHUS U3TYUEHHs] OCHOBHOH (ha3bl
raMMma-BCIlJIecKa, JI0 KOHLA MOKa He YCTAaHOBJIEH.
[Ipoueccel, nporcxopsiike Npu paciiipeHnH ropsiunx
JUKETOB B ME2K3BE3KHYIO Cpejly, M3yUeHbl CyLLeCTBEeH-
HO Jyduie. CynuTaercs, 4To B Cjyuyae MocJecBeueHust
U3Jlyuarolye yacTHllbl yckopsitotcst Ha ¥YB. Monenb
TUJIPOIMHAMMYECKOH 3IBOJIIOLIMM [TOTOKA BeIeCTBA B
JUKeTe pacCMaTpUBAETCsl HUKE B 9TOM pasjielie BMecTe
C MPOLLECCAMH U3JTyUeHHUS.

2.1. Monesnb a1Ha6aTHYECKOrO PACHIHPEHHS
ramma-BCIL1eCKa

B pa6ore ucnosbayercst Mojie/ib aBTOMOJIEJIbHOTO
annabaTHuecKoro pesiTUBUCTCKOTO PACIIMPEHHS To-
psiueil cepruyeckd CUMMETPUUYHOH 060JI0YKH B XO-
JoiHy1o Mexk3Besanyto cpeny (baanndopn, Mak-Ku,
1976; Capu, 1997; Ipanot u ap., 1999a; Capu, Ecum,
2001). DBogiouusi mapaMeTpoB TMJa3Mbl B pamKax
MOJIEJIM OMpeJiesisieTcsl aBTOMOJIe/IbHBIM [1apamMeTpoM
X =1+167; B=r rne R — pamnyc YB, r — pac-
CTOSIHHE OT LIeHTpa raMMa-BCIlIecKa J0 paccMaT-
pHBAEMOro 3JIeMeHTa MJ1a3Mbl, Yy — ramma-chaxkrop
ma3Mbl cpagdy 3a ¥YB B cucreme mokosi BHellHeH
Cpenbl, vy = I'/v/2, rie I' — ramma-cdaxrtop camofi
YB. ABtomosiesibHOe pellieHne HMeeT BUJL

n/ — 4’anox_5/4, e/ — 4’7]2””0777/])02)(_17/127 (l)

v = ’yfx_l/z, I'2R3 = const.

31ech WTPUXOM 0003HAUEHbI TApaMeTPbl paccMaTpH-
BAEMOro 3JeMeHTa MJa3Mbl B €ro COOCTBEHHOH CH-
CcTeMe oTcueTa — KOHUEHTPalUHs W TJIOTHOCTh SHep-
TMH, 7 — ramma-(akTop 3JeMeHTa IMJasMbl, ng —
KOHUEHTpALMsl B OKpy:Kaioulem rnpoctpanctse. s
BOJIOPOAHON MJ/1a3Mbl KOHLIEHTPAUMH 3JIEKTPOHOB H

MPOTOHOB PaBHbI N, = n;, =n'.

Bpewmsi npuxona coroHa k Habuoparemo 7', or-
CUMTaHHOE OT HayaJsa Bcriecka (st HabJonaTes ),
MO2KHO BbIPA3UTb uepe3 BpeMst U3JTyueHHs] U KOOP/IH-
HaTbl H3Jlydalollero s/j1eMeHTa Kak

T T
T,=——=t——. 2
1+ z & (2)
31ech Z — KOCMOJIOTHUECKOE KPacHOe CMelleHHe,

t— Bpems BCIJIECKaA B €ro CUCTEME OTCUHETA, [TPUIEM 0
COOTBETCTBYET HauaJly BCIJIeCKa, 7 — pacCCTOsIHHUE OT
npapoauTedisi BCIJIeCKa, (b = coS 9, yroJi @ oTCUUTHIBA -
€TCs OT HallpaBJIEHHs1 HA HabOJI0AATEe NS, YuuTHIBas UYTO

I' oc R3/2 13 (2) MOKHO MOJTyUHTb FPaHHLLy 00JaCTH,
13 KOTOPOH HM3JyueHHe MPUXOMUT K HaOJI0IaTeNIo B
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Puc. 1. Ha pucynke uepHbIM LBeTOM H300pakeHa IpaHHLa 00JIACTH, U3 KOTOPOH H3JyueHHe NMPUXOAUT K HabJIoJaTesio B
MOMeHT BpeMeHH T, =1 neHb. Macwra6 Bnojb ock Oy ysejuueH. Beruleck npousolles B Hauajle KoopauHaT, ocb Ox
HanpasJ/ieHa Ha HaOJojartesns. KpacHbIM 110KasaHa rpaHulia 06J1acTH HEMPUMEHHMOCTH aBTOMOJEJ/IBLHOrO pelleHHs. HepHbIM
KPY?KKOM [10Ka3aH 3J1eMeHT IJIa3Mbl C KOOpAMHATAMH 7, @, U3jlyueHHe KOTOPOro B MOMEHT BpeMeHHU ¢ HaOJlofaTesb BUAUT B
MOMeHT BpeMeHH T'. Masyuenue, ucnyuieHHOe B MOMEHT BPeMeHH t OT BCeX TOoueK (LUTPUXMYHKTHDPHAS JIMHHS), IPUXOIUT K
HabJoare1o oqHoBpeMeHHo. CHHell KpUBOH cxeMaTHUeCKH [10Ka3aHo 1noJioxkeHue ¥YB ¢ panuycom R & ct B MOMEHT BpeMeHH .

2 R—r

Asromonenbublit napamerp x = 14 1675 =%

. [lITpuxoBoii npsiMoil TOKa3aH Jiyd 3peHust, nepeceKalolilii 06/1acTb H3J1yueH s B

TOUKaX C KOOP/IMHATAMH X1, T2 — MpeesaMi HHTerpupoBatus B hopmyiie (). Takke oTMeueH MaKCHMaJbHbIH BUAMMbBIH pajnyc

00/1aCTH H3MTYUeHUsT R | max.

mMomeHT BpeMeHd T' (I' 3aBucHT 0T R, CM., HaTmipuMep,
[panot v ap., 1999a):

cT,
1—,u+8%'

(3)

B pa6ore moaenupyercss raMmMa-BCIJIECK C IHEP-
robiiesiendeM 10°2 spr, HaxoasMiics Ha paccTos-
Hud Dy, = 1 Mk, U pacluupsoluics: B 0JHOPOAHYIO
XOJIOJHYIO CPefly ¢ ng = 3 cM ™ >. Bo3MoKHbIe afb-
TepHATUBHbIE MOJIeJIM BHELUHEH cpesibl He paccmar-
puBatoTcsl B Hactosie#i pabore. Ha puc. 1 u306-
paxkeHa rpaHudua o6JacTH, W3 KOTOPOH H3JydeHHe
NPUXOAUT K HabJofaTesNt0 B MOMEHT BpeMeHu T’ =
=1 nenb. [lockosbKy cornacHo ypaBHenuio (1) ~
najaer ¢ pocTOM ), Ha HEKOTOPOM pACCTOSIHUM 3a
yJIapHOH BOJIHOH Oy/eT HapyllaThCsl MPeooKeHe
0 PeJISITHBUCTCKOM JIBU2KEHHU BelllecTBa. DTa 006J1acTh
Ha pUCYHKe MOKasaHa WITPUXoBKOH. PopmupoBanue
HETENJIOBbIX CIIEKTPOB UACTHUI] U TeHepallusi MarHUT-
HOTO M0JI5 MOJIEJIHPYIOTCS OCPEACTBOM COOTHOILIEHHUH
e, =€, e, =eye’, €y = B /81 = epe/, cpsizbina-
IOIIMX B CHCTEME IMOKOSI MJa3Mbl MJIOTHOCTb SHEPTHH
B TMOMYJIALHMAX HETETOBBIX 3JEKTPOHOB, MPOTOHOB U
B MarHUTHOM I10J1€, C MMOJIHOH MJOTHOCTbIO SHEPTHH, a
TaKxKe KOHUEHTPALMIO HETEMJOBbIX YACTHIL C MOJHON
KOHIIEHTPALMEH N, = €N, n;, = enpn’ (Capu, 1997,
[panot u nip., 1999a,b; Capu, Ecun, 2001). Moaenn-
Hble KOA(PhHUIMEHTBI CBSI3U € CUMTAIOTCS KOHCTaHTa-
mu. [l MojesMpyeMoro B CTaThe raMma-BCILIECKa
MX 3HAYEHHsI MoJIarajIuCh: € = € = 0.3, €pe = €y =
= 0.125, eg = 0.014. MaruuTHoe 1noJie B JaHHOM cTa-
The TPEINOJNaraeTcsl CAyYalHbIM U H30TPOMHbLIM, HO

[MMCbMA B ACTPOHOMUUECKUN JKYPHAJI

MOJIEJIMPOBAHNE MOXKeT ObITb MPOBENEHO MJisl JII0OON
3ajiaHHol KoHpurypauuu nods (Ipanor u ap., 1999b).
@OyHKIMK pacrpejiesieHHs] HETEMNOBBIX 3JEKTPOHOB U
NPOTOHOB, YCKOPEHHBIX B PEJIATUBUCTCKUX TEUEHHSIX
raMma-BCIJIeCKOB, 06CyK1anuch B paboTe (bbikoB u
ap., 2012b). 3nech, uMest Le/bIO BbISICHEHHE BJIHSIHUS
CJTyualiHbIX MATHUTHBIX TIOJIEH HA M3JTyueHHe, Mbl pac-
CMOTpeJIH MOJIeJibHble, W3OTPOIHbIE MO MUTU-YIJIaM
M CTereHHble MO SHepruu pacnpeneneus fe(vye)

Ve 'y [p(7p) = Kpyp ¥, pacueThl BBINOJNHSIHCH
JJIS1 3HAYeHHs ToKasatess p = 2.5. MuHuMaJbHble
snauennst Jlopeni-haktopa M BeJMuMHbl K onpe-
JeSIOTCS M3 YCJOBHE HOPMHPOBOK JUISl MJIOTHOCTH
YACTHLL U SHEPTUH:

p—2 e
- - 4
Jmin p—1e,n/'mc?’ (4)
K=(p-1) enn"yfﬂ_nl.

B dopmysy (4) HyKHO MOACTaBUTb COOTBETCTBYIO-
1iMe 3HauyeHHus KOI(P(HUIMEHTOB €, €, U MAcCChl /s
3JIEKTPOHOB M TMPOTOHOB. MakcumaJsibHoe 3HaueHHe

Ye B 2JIeMEHTe TMJIa3Mbl, TOJILKO UTO TMepeceKInM
YB, orpaHuuMBaeTcsi CHHXPOTPOHHBIMH TOTEPsI-
_ 3me .
MU Ye,max = # (lunb6epr u ap., 1983;
Muxkenn, Hapa, 2022), e — 3apsin 3JekTpoHa,
2
2
or = %’T (mecg) — TOMCOHOBCKOe ceuenue. J1jst
e
MIPOTOHOB =" [To wmepe ynanenust
p Vp,max = 7, Ve,max- pe Yy,

ot ¥YB HaubGosiee >sHepruuHble 3JEKTPOHbI OYIyT
TOPMO3UTHCS 332 CUET CHMHXPOTPOHHBIX MOTEPb Ve =

tom49 Nel0 2023



O BJIUAHUKW MATHUTHOU TYPBYJIEHTHOCTHU

Z—%,iff (Tuns6ypr, ColpoBatckuii, 1965) wu

MaKCHMaJlbHast HEPTrusi CTEINEHHOTO pacClpeaeseHUs

CTAHET Ve cool = %. JI1st TIPOTOHOB Y cool =
o 67rmgc

= ormZ- [ BRdr"
GM3KUX K MAKCHMAJbLHBIM, CHHXPOTPOHHEIE MOTEpH
JIOMHHHPYIOT HaJl aiMabaTHYeCKHMH W TOTepsiMH Ha
o6paTHOoe KOMNTOHOBCKOe H3ayuenue. [locsenuue
0Ka3bIBAIOTCs CUJILHO M0/1aBJeHbl B pejese Kaefina—

Hummnel.

B UCCJEyEMOM JHala3oHe SHGPFI/Ifl,

2.2. MonesnmnpoBanne H3J1yueH s raMmMa-BCIIeCKa

CrieKTp H3JIyueHHsl BbIUMCJISIETCS HHTErPUPOBA-
HUeM Ko3(dHIIMeHTa HM3JAydeHHs j, 10 U3Jydaio-
el 06JlacTH B JIOKAJbHOH KOCMOJIOTMUECKOH CH-
CTeMe BCIJIECKA C YUeTOM TOTO, 4TO OJHOBPEMEHHO
npuxoJsiiiine K HabJoaTesto POTOHbBI U3JyUaloTCsl B
pa3HbIX TOUKAX Ha Jiyue 3PEeHHS] B pa3Hbie MOMEHThI
BpeMeHH. CBsI3b 4aCTOTh U KO3 (DUIIMEHTA H3JTYUEHHST
B COOCTBEHHOH CHUCTeMe PEeJIITUBUCTCKHU ABWXKYLIEH-
cd MJa3Mbl M B CHCTeMe YHaJieHHoro HabJjiojaTe-
JISI OCYIIECTBJISIETCS] C MOMOIIbLI0 addekta ome-
pa, ompejessiollero npeodpasoBanue dyacTtor v =
= vy (1 — Buy), U JOPEHI-UHBAPUAHTHON BEJIHUHHBI
ju/v? = inv. 3neck v, B = v/c — ramma-cdakTop H
o6e3pa3MepeHHasi CKOPOCTh 3JIEMEHTA MJIa3Mbl, fi, —
KOCHHYC yIJjla MeKJIy CKOPOCTbIO MJIa3Mbl U HalpaB-
JeHHeM Ha HabJrojaressi B €ro CHCTeMe OTcyerTa.
Bripaxkenue /151 TOTOKA U3JIyueHUs, TPUXOSAIIEro Ha
JIETEKTOP, UMEEeT BU/JL

RJ_,max
2n(1+ 2
P, = %lj) rodry X (5)
2 r
% /,71// (TJ_alQV/ = VZ’Y(l - B,Uv)yTz =1— TH) di
72 (1 - /BNU)2

1

Bennunubl v,, T, oTHOCATCS K KOCMOJIOTHYECKOI
CHCTeMe BCTJIecKa, BeJHUnHbl v = v,/ (1 + Z), T =
= (1 + Z) T, — K KOCMOJIOTHUECKO# cHcTeMe HabJIo-
natessi. Ilpenesbl HHTErpupoBanust R max, £1 U T2
BBIYUCJISIIOTCS UMCJEHHO Ha OCHOBe ypaBHeHHUH (1), (3)
¥ N0Ka3aHbl Ha puc. 1.

2.2.1. CuHXpPOTpPOHHOE H3JyYyeHUE 3JEeKTPO-
HOB. @opmyJibl st onucanuss CH 3/1eKTpoHOB Obl-
Ju nosiyuensl B paborax [unabypra, CblpoBaTcKoOro

(1965):

jé,syn,l/ = (6)
V3E [V fle) e [
— s | o [ Kann

v v

[MMCbMA B ACTPOHOMMUYECKUN Y)KYPHAJI

689

r_ 3eB| o _ o m
3nech v, = o2, [ fe(ve)dve = n,. B, — nep-
NEeHUKYJIAPHAsT Jydy 3PeHUsi KOMIIOHEHTa MATHHTHOTO
nosist. JlJisi Xa0THUYECKOTO H30TPOIHO OPHEHTHPOBAH-

HOTO ToJIsl B cpeaHeM B2 = %B’z. Makcumym usity-
YeHUsT IPOUCXOKUT Ha yacToTe ' & 0.291/..
OueHka Ha MaKCUMaJIbHbBIH JIOpeHLL-(haKTop J1eK-

3me
or B’

1983; Mukenu, Haga, 2022) u MmakcuMaJibHYIO UacTo-
Ty CH 3J1eKTPOHOB B CHCTeMe MOKOSI MJ1a3Mbl MOYKHO

2
OLCHHTD KaK Vg, ~ 0.6 < ~ 30 M3B.
’ €

TpOHa HMEET BHUI 7Ye max =

(Tunn6ept u ap.,

2.2.2. KomnTtoHoBcKOe u3Jy4eHUe Ha c00-
CTBEHHBIX CHHXPOTPOHHBIX (hoToHax. Baanumoneii-
CTBHE YCKOPEHHbIX YacThll ¢ (oToHaAMH B o0OlleM
cJIyuae sIBJISIETCS CJIOKHBIM SIBJIEHHEM, BKJIOUAIOLIUM
B cebsl OJHOKpaTHOE M MHOrOKpaTHOe paccesiHhe
(hOTOHOB Ha 3JIEKTPOHAX, 00paTHOE KOMITOHOBCKOE
paccesinue, o0Opa3oBaHHe BTOPUUHBIX —3JIEKTPOH-
MO3UTPOHHBIX Tap. B Takoil mocraHoBke 3anaua
paccmaTpuBajach B paMKax OJHO30HHOH MOJeNH
B pabote [lepuuiera (2020). B pamkax mHoro-
30HHOH MOJIe/IM TaKoe pPacCMOTpPEHHEe OKa3blBAeTCsl
Upe3MepHO YCJ0XKHEHHBIM, MOITOMY HCIMOJb3yeTCsl
MOJIeJ/Ib OJIHOKPATHbIX KOMITOHOBCKHX paccesiHuil Ha
cuHXpoTpoHHbIX hoToHax (Capu, Ecun, 2001). B pa-
6ote bBatomenran, Toan (1970) npuBenensl hopmyJibl
JUIsl KOMIITOHOBCKOTO M3J1y4eHHsl MPHU OJHOKPATHOM
paccesiHMH, TIpUMEHHMble B TOM UHCJe B Tpejese
Kaneitna—Hwuiunbr:

Jsscu = (7)
€max
cfe (’Ye) 3o Elln;h (E/) de’
= [ dve X
47 42 e
€min
<[2am@ + a2 -+
1 (FEQ)2
—— (1 - .
M (1-aq)

3nech ', &) — 3Heprun GoHOBOrO U paccesHHOro (o-
TOHOB B CHUCTEMe M0KOsl MJ1a3Mbl, n;h(a’) — pacrpe-

JieieHne GOHOBBIX (DOTOHOB B CHCTEME MOKOS M1J1a3Mbl,
Do = 4e've/mec?, ¢ = 1/Tc(yemec? /e — 1), npene-
JIbl HHTETPHPOBAHHS Emin = MeC? /4(Yemec? /e — 1),
Emax = YeMeC? | (Yemec? /] — 1). Ananaruuno paco-
te Capu, Ecun (2001) mbl TpancopmupoBaiu npu-
menui kK Habgonareaio cnektp CH B o6aacTtbh u3-
JIydeHHsl, BBIUMCJIUIIM JIOKAJIbHblE 3HAUEHHS] j/ssc,u’ "
NpoUHTErpupoBasu ux corjacHo (H). Takum obpa-
30M, B paboTe moJiyueHa yCpeaHeHHasi OlleHKa T0-
TOKA KOMIITOHOBCKOTO H3J/lyueHHsl Ha COOCTBEHHbIX
CHHXPOTPOHHBIX (poTOHAaX. MakcHMaJsibHble SHEpPrHH
(hOTOHOB KOMITOHOBCKOTO M3JIydeHHs] B CHCTEME T10-
KOSl TJIa3Mbl OTpaHMYEHbl MaKCHMAaJbHOH 3Hepruei
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YCKOPEHHbBIX 3J1eKTPOHOB, a (hoToHoB CH ssekTpoHOB
€10 oMpeNensioTes (1 He MPEeBOCXOIST).

2.2.3. CHUHXpOTPOHHOE H3JyueHHEe TMPOTOHOB.
®opmysa wist CHU npoToHOB MOKeT ObITh MOJyueHa U3
BbIpazkKeHHs (6) 3aMeHOH M, Ha My, Ve HA Yp U fe HA
fp- TIocKo/IbKYy OlLleHKa Ha MakcHMaJbHbi JIopeHll-

mp [ 3me -
me \/ orB7 MakK

CUMaAJIbHYIO 4aCTOTYy CHU HpOTOHOB B CUCTEME II0-

(haxTop NpoTOHA UMEET BUIL Vp max =

KOS IL71a3Mbl MOYKHO OLeHHTb KaK V), 10y = ﬂyg max ™~
~ mp E
0.65:F s ~ 60 I3B.

2.2.4. CuHXpOTpOHHOE€ H3Jy4YeHHe B TypOy-
JIEHTHOM MarHUTHOM mnodJe. MakcuMasbHble Hep-
rur CH npoTOHOB U 3JIEKTPOHOB OTpaHUUEHbI 10CTa-
TOUHO YKECTKUMH YCJIOBUSIMH, UTO SIBJISIETCSI CJIE/ICTBH-
€M CHHXPOTPOHHBIX MOTepb. B TypOyJeHTHOH cpene
MArHUTHOE TOJIe SIBJSIETCSl CJAYYalHOU IepeMeHHOH.
Ecau nnvHa Koppesisiiiid MAarHUTHOTO TOJISi MEHbIIIe
rUpopajnyca, To MaKCUMaJibHble SHEPTHH YCKOPEHHBIX
YACTHUI OTPAHUUEHBI CPETHEKBAPATHUHON BEJMUMHON
MarHuTHOro mnoJisgs. MakcuMasibHble SHEPTUU U3Jyue-
HHSI TIPH 3TOM OYJIyT ONpeiesiTbCsl JOKaJbHbIM 3HaA-
yeHHeM 110Jis U OYJ1yT MPeBbILIATh NOJyYeHHble paHee
orpannuenust B B,y /+/(B?) pas, rae () o603Hauaior
ycpeniHetue no ancamo6Jio. CriekTp uaJyueHusi B 00-
JIACTH BBICOKHX 3HEPTHH Oy/leT 3aBHUCETb OT pacrpe-
JIeJIeHUs] BEPOSATHOCTEH aMIJIUTY bl MATHUTHOTO TIOJISA
P (B') u Mmoxert GbITh paccurTaH 1o gopmyie

oo
jéyn,z/’ :/P(B/
0

31ech j;yn B — JoKanbHbli Kosdduunent CHU

coryiacHo ypaBHenuto (6). [Tono6Hoe onncanune panee
MPUMEHSIIOCH JUIsl UCCJIe/I0BAHUS BJUSHUS MAarHUTHOH
TypOYJIEHTHOCTH Ha CIEKTPbl U3JydeHHsl OT MyJbcap-
HoM TymMaHHocTH (BbikoB 1 np., 2012a).
MonenupoBanne MpOBOAMIOCH JISI CJIELYIONIHMX
pacnpenenenuit P (B) (HWXKe B 3TOM pasjese y JI0-
KaJIbHBIX TIEPEMEHHBIX CPeJlbl OMYCKAETCsT IITPUX):

47 B? exp (—%) Bz
Pgauss(B) - (o' \/%)3 5
B

_ a®B%exp (—aB)

-/ /
) jsyn,B’,l/’dB .

Fep(B) = 2 0T <B2>’
B? B2 C
Ppow(B) = N K’ BO < 0
CoB} (1 + (&) >
/ 1+ a:2 / 1+ x2
0 0
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YBAPOB, bbIKOB

[lepBoe pacrnpenesnenne noJsyyaeTcsi AJst aMILId-
TYJbl 10JISl, €CJIM BCE €ro MpOeKLMH pacrpeseseHbl
M0 OJMHAKOBOMY HOpPMaJIbHOMY 3akoHy. Bropoe u
TpeThbe pacripeeseHus sIBJSIIOTCs ero 00001eHHIMU
Ha 3KCMOHEHUHANbHOE U CTeNeHHOe pacrpesieseHue.
BrinosiHsI0TCS COOTHOLIIEHH ST HOPMUPOBKH:

/P(B) dB =1, /sz (B)dB = (B?),
0 0
K > 2.5.

Caienryet OTMETHTb, UTO VISl CTENEHHOro pacrnpe-
JleJieHust MarHuTHoro nodisi cniektp CH, Ha wacrorax
Bblllle MAKCUMAJbHOH JIJIsT MOHOAMIJIMUTYIHOTO 1051,
OyneT cTeneHHbIM U (opmasbHO OyleT MPOaoJ-
KaTbCsl JI0 MaKCHMaJslbHOH SHEpPrHd H3Jydatolinx
yactull. PaxTHuecku ke OH OyneT OrpaHHUMBaTb-
csl 3HAUEHHEM MaKCHMaJslbHOTO — peasiM3yloLLerocst
B TypOyJIeHTHOH cpeje MoJisi Ha 4acToTaX Vmax =

= Umax.B=const Bmax// (B?). Tlokazatesnb crenenu
MOKET ObITh JIETKO OMNpe/iesieH B -MPUOJIHKEHHH, B
KOTOPOM HHTEHCHBHOCTb M3JIyUeHHsI TPEANoaaraercst
~6 (V= 0.29v)), u paBen 2k —4 > 1. Yucnenuble
pacyeThbl MOATBEPKAAIOT ITY OLIEHKY.

3. PESVYJIbTATbI MOAEJIMPOBAHMS

Ha puc. 2 npuBesienbl pesyJibTaTbl MOJEJUPOBAHUS
CHEeKTPOB /I TOCJIeCBeUeHUs] MOJEJbHOT0 ramma-
BCIJIeCKa C ONUCAHHbIMM B pasjiesie 2 rnapameTpamu.
CHHXPOTpPOHHBIE CHEKTPbl 3JIEKTPOHOB TMOJBEPKEHbI
CHJIbHOMY BJIMSTHHIO CHHXPOTPOHHBIX NIOTE€Pb, YaCTHLLbI
YCIeBAIOT OXJAIUThCSl B 00J1ACTH H3JYyUeHHsi, Mo-
9TOMY 3((EKTUBHBIH CTEKTP HUX pacrnpesiesieHds 1o
9HEePIuM, yCPeAHEeHHbIH Mo Jiyuy 3peHHsi, 0Ka3blBACTCS
paBeH p + 1, U COOTBETCTBEHHO CIEKTP 3JIEeKTPOHHO-
ro CHHXpPOTpOHa k), MMeeT CTeNeHHyI0 acCUMITOTHKY
p/2. B TO e BpeMs MPOTOHbI MeHee TOJBEPIKEHbI
CUHXPOTPOHHBIM MOTEPSIM H HE YCMEeBaKT OXJaIUTh-
Csl CyLIECTBEHHO B 0OJIACTH H3JIYUeHHsl, TaK UTO MX
CMEKTP MMeeT CTaHAapTHYI acHMOTOTHKY (p — 1) /2.

[pu k < 3 acumnrotuka 1/v2%~4 apaserca nocratou-
HO MeJIeHHO Majalolled U MOoTeHLHAJbHO T03BOJIsIeT
O0ObSICHUTh PETHCTPALIMIO POTOHOB C SHEPTUSIMH Bhillle
MaKCHMaJIbHOH JIJ151 2JIEKTPOHHOTO CHHXPOTPOHA, €CJIH
B IJ1a3Me peasiu3yloTesi 10CTaTOUHO CHJTbHbBIE TIPEBbI-
HIeHUsT TOJIs HaJl cpeaHuM. MakcumaJsibHble SHEPrUuu
KOMITTOHOBCKOTO H3JIyueHHs1 OrpaH1YeHbl MAaKCUMaJTb -
HOU 2Hepruel 3JIeKTPOHOB, a MAKCUMaJIbHbIe SHEPTHU

CH 351eKTPOHOB €10 OMpeeNsIIoTCS.

4. IMCKYCCUA U SAKJIIOYEHUE

B [nocJjeHrne roabl IOCTUTHYT 3HAUUTEJbHBIH ycrex
B JIOKaJIM3allMM raMMa-BCIIJIECKOB, 4YTO AJIs1 HEKOTO-
PbIX BCIIJIECKOB IMMO3BOJIMJIO MMPOBECTH UX HabJI0JeH1e
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Puc. 2. Pesy/ibraTbl MOJe/IMPOBAHHUS CHIEKTPa raMMa-BeIiecka uepes | JieHb 1ocJie BenbliikH. CIJIOWHBIMH, TYHKTUPHBIMU U
LUTPUXIYHKTHPHBIME KPUBBIMH Noka3anbl criekTpbl CH ssiekrponos, CH npoToHOB 1 06paTHOr0 KOMITOHOBCKOTO H3JlyUeHH s]
COOTBETCTBEHHO. YepHbIM, KPACHbIM H CHHMM LIBETOM [0Ka3aHbl CIIEKTPbl, PACCUHTaHHble /sl CJyyaeB OJHOPOIHOrO MO
AMILJINTY/1€ MArHUTHOTO 110151 © MArHUTHOTO 110J151, PACIIPe/leJIeHHOTO [0 TayCCOBOMY U 9KCIOHEHLMAIbHOMY 3aKOHAM. 3eJIeHbIM,
OpaHKeBbIM M (hHOJICTOBbIM [0Ka3aHbl CHEKTPbI, MOJyUeHHble 1JIsl CJyuyasi CTENEeHHOro paclpeieseHus MoJs, 1Js 3HaueHHi
Kk =4,3,2.6. Bce cniekTpbl 06paTHOr0 KOMITOHOBCKOIO H3JIy4€HHs1, KpOME CJ/1yuast CTEIIEHHOT0 pacrpeiesieH sl aMIJIMTY/Lbl 110151
¢ k = 2.6 (uosietoBast KpuBast ), C pa3pellieHHeM PUCYHKA CJAMBAIOTCS B OJIHY KPUBYIO, TOKa3aHHYIO UEPHbBIM LIBETOM.

pasMuHBIMU TIPUOGOPAaMHM B PasHbIX CHEKTPasbHbIX
Juanasonax. HaGJtoneHusi nokasaju, 4to OT 4acTH
raMMa-BCIJIECKOB Ha 3Tare rocJecBeueHns: HabJIo-
Jaetcs uajyueHde Ha sHeprusix Bbiliie 100 3B, uro
JIEKUT JIaJIeKo 3a TIpefesaMd CTaHAApPTHOH MOJeIn
CH snekrponos. [IpoBenenHoe Hamu ucc/enoBaHue
BJNSIHUS TypOYJE€HTHOTO MarHUTHOTO TIOJISl HA CHEKTP
CH nokasaso, 4To OHO MOKeT ObITb 3HAUUTEJbHBIM.
Tak, crenenHoe pacnpesiesieHie BEPOSITHOCTH aMIlJIU-
TyJibl MArHHTHOTO TI0JIs ¢ aCHMNITOTHKOl ~B2~2% o
MaKCHMaJsIbHOTO MO0Js1 Bpax MPUBOIUT K TOMY, UTO
cnektp CH B JokanbHOH cucTeMe OTcueTa HMMeeT
CTEMEeHHYI0 aCUMITOTHKY B 0OJIACTH YAaCTOT Vmax <
< v < min (Emax, VmaxBmax/Bav), Tle Bgy — cpeli-
HeKBaJpaTHuHoe NoJe, Fyax — MaKcUMaJibHash sHep-
THSl U3JTyUaIOUINX YCKOPEHHBIX YACTHLL, Vppax — MAKCH-
MaJlbHast 4yacToTa CUHXPOTPOHHBIX (POTOHOB B MOJIEJH
OZIHOPOJTHOTO TI0 AMIJTUTY/IE TT0JI5. DTO MPOUJITIOCTPH-
pOBaHO Ha pUC. 2, IPH ITOM MaKCHUMaJbHOEe MArHUT-
HO€ TI0JIe CUUTAJIOCh HeorpaHUueHHbIM. JlJ1si 3HaueHus
ep = 0.014, ec/in NpearnoNoKUTb OTCYTCTBHE (JIyK-
Tyaluil MJIOTHOCTH SHEPrUH € B JUKETE, MOXKHO Olle-
HUTb OTHOLIEHHE By /Bay S 1/4/€5 ~ 10. B ciyuae
urykTyalmii €', Win npu MeHbIIHX 3HAUEHHSIX BeJHUH-
Hbl €5, OrpaHUueHe Ha Bmax/Bgy ocnabebaer. s
paccuuTaHHON MOJIeIM TaMMa-BCIIeCKa U3JyueHHe B
jquanazone 100 [B—100 TsB nomunupyercs obpart-
HbIM KOMITOHOBCKHM paccesiHieM Ha COOCTBEHHOM
CH. Ornourenune noroka CH 3/1eKTpoHOB 1 IPOTOHOB
Ha MaKCHMaJlbHbIX SHEPrUsiX VIS PACCMOTPEHHOH MO-
JieJI oKaabiBaeTcsl BeJMKO. OHAKO MPU HEKOTOPBIX
yCJI0BUSIX OTHOCHTeJ bHast posib CH npoToHoB B 00-
11leM CrekTpe MoxKeT ObITh MoBbillieHa. Hanpumep, B
pa6orte JKaunra u ap. (2023) paccmarpuBasiich pas-
JIMUHbIE CTEMEHH CIEKTPOB YCKOPEHHBIX 3JE€KTPOHOB

[MMCbMA B ACTPOHOMMUYECKUN Y)KYPHAJI

(2.6) u npotonoB (2.0), uTo cylIeCTBEHHO MOBLILIAET
Bkaaa CU npotoHoB B 061mit ciektp. Takxke B pa6oTe
Bery u np. (2022) o6cy:xnanoch BausiHue shdek-
ta bere—laliTiepa poxkJieHUs] BTOPUUHBIX 3JIEKTPOH-
MO3UTPOHHBIX Tap, YHEPIUM KOTOPBLIX He OrpaHHue-
Hbl 3JIEKTPOHHBIMH CHHXPOTPOHHBLIMH TOTEPSIMH, UTO
MO3BOJISIET MPH HEKOTOPBIX YCJOBHUSX CYIIECTBEHHO
yBeJMuuTh HHTeHcuBHOCTH CH B (hase Berecka.

ABropbl 6/1aroJlapHbl pelleH3eHTy 3a MoJie3Hble 3a-
MeuaHusl. Paborta no Mope/MpoBaHHIO M pacueram
cniektpoB 10.A. ¥YBapoa nojnep:katna rpantom PH®
21-12-00250. Pabora A.M. DBbikoBa 1o aHajusy
MeXaHH3MOB M3J1y4eHUsl TIOJIIepKeHa TeMOH roc3ana-
st @TH um. A.d. Modde 0040-2019-0025. YacTb
pacyeToB Obljla BbIMOJHEHA Ha CYNepKOMIIbIOTEpax
MCILIL PAH u cucreme TopHano cynepKoMnbiOTEPHOTO
uentpa Cankr-IlerepOyprckoro I[losurexHuueckoro
YuuBepcurera.
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