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Protons accelerated during solar flares interact with the photosphere and the upper
layers of the convective zone producce neutrons. Neutrons are effectively slowed down in
elastic interactions with the nuclei of the surrounding atoms (mainly with protons). Neutrons
can leave the Sun after several scatterings. Part of the neutrons decay. Other thermalized
neutrons are captured by protons or other heavier and rarer nuclei. As the density of the me-
dium increases, the probability of neutron capture increases and the probability of decay de-
creases. The thickness of the photosphere is several orders of magnitude smaller than the nu-
clear interaction range and the ionization range of protons, so the formation of the gamma-
ray spectrum occurs in the upper layers of the convective zone. A neutron in an environment
with an increased temperature can receive an increase in energy. This leads to a decrease in
the probability of capture, since the cross-section is approximately inversely proportional to
the speed. A gamma-ray quantum with energy of 2.223 MeV can enter interplanetary space
without interaction from depths of about 20 g/cm® The temperature at such depths is several
times higher than the temperature of the photosphere. This article presents the results of
modeling the interaction of protons with the matter of the Sun using GEANT4. A change in
temperature has a greater effect on the spectra than a change in density.
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Beenenue

YacTb yCKOPEHHBIX BO BpeMsl COJIHEYHBIX BCHBIIIEK MPOTOHOB BO3BpaIlla-
erca B HampaiieHHe (oTocdepbl U 00pazyeT BO BpeMs SJIEPHBIX B3aUMOJCH-
CTBHI BO30YXJICHHBIC S7pa U BTOPUYHBIC YaCTHIBI. Eciu sHeprus BTOPUYHBIX
YacTHUI] IOCTaTOYHO BEJIMKA, TO OHU MOTYT 00pa3oBaTh MOCJeIyIoIue MOKoJIe-
HUs yactul. Tomma gorocdepbl Ha HECKOIBKO MOPSIIKOB MEHBIIE JJIMHBI IPO-
Oera siIepHOTO B3aUMOJICHCTBHS, [TO3TOMY €€ IUIOTHOCTh U TeMIIepaTypa Majo
BJIMSIIOT Ha ()OPMUPOBAHUE CIIEKTPOB TaMMa-KBAaHTOB, KOTOpPHIE JIETKO €€ Tpe-
onosieBaroT. KonmuecTBo 00pa3yromuxcsi Ipyu CHATUU BO30YXACHUS siiep TaM-
Ma-KBaHTOB HE 3aBUCHUT OT TeMIIepaTypbl U MIOTHOCTH. OT mapaMeTpoB Cpeabl
3aBHCHUT BEPOSTHOCTH 3aXBaTa MPOTOHOM TEIUIOBOTO HEHTpOHa ¢ 00pa3oBaHUs
’H. OHa 3aBHCHT OT COOTHOIICHHS CEYCHNH 3aXBaTa M YIPYTOro PacCesHus, KO-
TOpOE MPUMEPHO OOPATHO MPOMOPLMOHAIBHO CKOPOCTH HEHTPOHA, MpUOOpeTa-
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eMoi mpu ero tepmanuzanu. [Ipy ynpyrux B3aMMOJEHCTBUSAX 3aMEIJIEHHOIO
HEWUTPOHA €r0 PHEPTHS MOKET KaK YMEHbIIATh, TaK U yBeIn4uuBaThcsa. C pocToM
TEMIIEPATYPBI CPENbl PACTET BEPOSITHOCTh BO3PACTAHUS DHEPTUH. Y BEIMUYCHUE
YHUCJa pacCcesiHui U YMEHBIIEHUE TJIOTHOCTH MPUBOJUT K YBEJIMYECHHUIO BEPOSIT-
HOCTH BBIXOJIa HEHTPOHOB B MEXKIUIAHETHOE MPOCTPAHCTBO, MPOHUKHOBEHHUSI B
Oomnee TIyOOKHE CJIOM U pacraja. ITo IPUBOJUT K YMEHBIIICHUIO YUCIa o0pa-
3YIOIIUXCS B p-N peaklMsX raMMa-KBaHTOB ¢ 3Heprusamu 2.223 M»rB, koTopeie
MOTYT BBIMTH B MEXIUIAHETHOE MPOCTPAHCTBO O€3 B3aMMOACHCTBUIN WIIH MOCIE
HECKOJIPKUX KOMIITOHOBCKHX pacCesHHM ¢ moTepei sHepruu. B 3Toil padore
MIPE/ICTABIICHBI PE3yJIbTaThl PACYETOB BEPOSTHOCTH OOpa3oBaHUs JUHUH 2.223
M5B B 3aBUCHUMOCTH OT TEMIEPATYPHI U TUIOTHOCTH.

Metona

C nmomomrpio makera GEANT4 [1] BbIogHEHO MOICIMPOBAHHE B3aUMO-
JNEUCTBUS MPOTOHOB C (oTOCHEepoit U BEpXHUMHU CIOSIMU KOHBEKTUBHOM 30HBI.
3a OCHOBY NpPHU U3YYEHUH BIMSHUS BapHallMd MIIOTHOCTH U TEMIIEpaTyphl B 3a-
BHCHUMOCTH OT paccTosiHusl OT 1neHtpa ConHua npuHsATa mMojaenb [2]. PacueTsi
BBITIOJTHEHBI /I 3HAYEHUN TeMIEepaTyphbl U MIIOTHOCTH M3 UCXOJHON MOJICIH U
st yMHOkeHHBIX Ha 0.6 u 1.4. Tlornomenue HEUTPOHOB O0JIee TSKETBIMH SIJT-
pamu (Hanpumep, C, N, O) y4uThIBaIOCh, HO €ro OTJAEIbHBIN BKJIaJ] HE pac-
cMatpuBaics. [Ipu o6pasoBanuu “H dukcupoBamach TyOHHA B TAKEM 00pa3oM
omnpeesuiach TeMrepaTrypa U IIOTHOCTh. [IpuMeHeHHass MeToanKa paHee Hc-
MOJIb30BAJIACH MIPU PACUETE CIEKTPOB U YIIJIOBBIX PACIPECICHUN BBIXOSIIUX B
MEKIUIAaHETHOE MPOCTPAHCTBO HEUTPOHOB M TaMMa-KBAaHTOB, HO TOJIBKO JJIS
temmnepaTypbl 6000 K 6e3 Bapuaruu miotTHocTH [3].

PesyabTaTnl

PacueTsl BBINOJIHEHBI I CTENEHHOTO CIIEKTPAa IPOTOHOB C MOKA3aTesieM 3
B DHepretuueckoM mHrepBasie 8 MaB—-10 3B npu uzorponHom nmanenuun. Ha
puc. 1 u puc. 2 npeacTaBiIeHbl paclpee/ieHUs] BEPOSTHOCTH 00pa30BaHUs raM-
Ma-KBaHTOB C 3Heprueil 2.223 M»sB B 3aBUCUMOCTH OT TEMIEPATYPHI U TITYyOUHBI
ux oOpa3oBaHus 11l 0a30BOi Mojenu. bonbinas 4yacTh HEUTPOHOB 3aXBaThIBA-
eTcsi pu Temmeparypax ~4000-16000 K u Ha riny6unax ~0—120 r/cm”. bes B3a-
MMOJICVICTBUI B MEXKIUIAHETHOE IPOCTPAHCTBO BBIXOAUT MEHbLIAS YAaCTh FaMMa-
KBAHTOB, OCOOEHHO M3 CJIOEB C OOJIBIIMMH TEMIEpaTypaMyd U IUIOTHOCTSMHU.
[Tpu OGosee XECTKUX CIEKTpax MPOTOHOB YBEIMUYMBAETCS YHMCIO BTOPUYHBIX
HENTpoHOB [3] U OHM 00Opa3yroTCs Ha OONBIIMX TIyOMHAX, TaK KaK IMEePBUUYHbBIC
IPOTOHBI MMEIOT OOJBIIMK MPOOEr B 3IEKTPOMATHUTHBIX B3aUMOJCHCTBUSAX.
[Tpu oboraiieHny B HEKOTOPBIX BCIBIIIKAX YCKOPEHHBIX Aliep 00Jiee TAKETbIMU
AJIEMEHTAMH YHCJIO HEMTPOHOB TAKKE YBEJIMYMBAECTCS, HO OHO HE 3aBUCUT OT
IJIOTHOCTU U TEMIEPATYPHI.
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Ha puc. 3 nokasana BepOSITHOCTh BBIXOJ]a B MEKIUIAHETHOE MPOCTPAHCTBO
ramMmMma-KBaHTa ¢ dHepruei 2.223 M»aB B 3aBUCHMOCTH OT TIIyOMHBI €ro 00pa3o-
BaHHUs (HE 3aBUCUT OT TEMIIEPATYPhI U INIOTHOCTH).
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MOoHO crenaTh BBIBOJI, YTO YacCTh CIEKTpa TaMMa-KBaHTOB, 0OYCIIOBIICH-
Has peakmueil p-n GopMHUpPYeTCs Ha IIyOHHAX 0 HECKOTBKHX JIECSTKOB I/CM° U
temriepatypax a0 16000 K.

B TaGnuue mpuBeneHa yMHOXKEHHAs Ha 10° BEpOSTHOCTH BBIXOA B MEXK-
MJIAHETHOE MPOCTPAHCTBO TaMMa-KBaHTa ¢ sHeprueit 2.223 M»sB npu maciira-
OMpOBaHUY TIJIOTHOCTH M TEMIIepaTypbl Mojenu [1].

Ta6umua. df u tf MmacmTadbHbIe KO3)PUIHEHTHI
TUTOTHOCTH U TEMIIEPaTyphl.

df 0.6 | 1.4
tf
0.6 | 1.440.02 | 1.43%0.02
1 | 1.36+0.02 | 1.35+0.02
1.4 | 1.25+0.02 | 1.24+0.02

N3meHeHue TEMIICPATYPhbI OoJbIIIe BIUSICT HA BEPOATHOCTD, YEM U3MCHEC-
HUEC IMIIOTHOCTMU.
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