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The XVI Young Scientists Conference “Fundamental and applied space research” dedicated
to the Cosmonautics Day, took place on 15-17 April 2019, at the Space Research Institute of the
Russian Academy of Sciences (Web site http://kmu.cosmos.ru). The conference was organized
by the Scientific and Outreach Centre of the Space Research Institute. Students, post-
graduates and young scientists (up to 35 year-old) participated in the conference and
presented more than one hundred talks. In “The Young Scientists Conference papers”
you may find the selected conference articles. The collection is included in the Russian
Science Citation Index.

XVI1 KoHhepeHUMa MONoabIX YHEHbIX
«PyHAaAMEeHTalbHbIe U NPUKNaAHble KOCMUYECKUe UccnesoBaHUa»

MKW PAH, Mocksa, 15—17 anpensa 2019 r.

C60pHVK TpyaoB
Moa pea. A M. CafoBcKoro

XVI KoHepeHUMs MOMoAbIX YYEHbIX «DyHAAMEHTaNbHble X NPUKNAAHbIE KOCMUYe-
CKMe uccnefoBaHus» (cailT KoHgepeHymmn http://kmu.cosmos.ru), nocesAwéHHas [H0 Koc-
MOHaBTUKK, 6blia opraHn3oBaHa Hay4yHo-06pa3oBaTe/lbHbIM LLEeHTPOM VHCTUTYTa KOoCMuye-
CKMX uccnefoBaHuii Poccuiickoii akagemun Hayk (MKW PAH) »x nposogunacs B8 MK PAH
1517 anpens 2019 r. B KOH(epeHLMM MPUHUMANN YUYacTUe CTYEeHTbI, aCMUPAHTbI XX MONoble
yuéHble (0o 35 neT), KoTopble NpefcTaBuny 6onee 100 foknagoB. HacToswmiA COOPHUK TpyaoB
KOH(EPEHL NN COAEePXUT N3bpaHHble CTaTbl, HanMcaHHble Aoknaginkamn. CO0PHUK BKIHOYEH
B Poccuiticknii nHagekc HayuHoro uutmupoBaHusa (PUHL,). MpoBeaeHne KoHdepeHLun 66110
noanep>xaHo PO d U (npoekT Ne 19-02-20003).

KomnbloTepHas BépcTka: Komaposa H.HO.

MHeHwVe pefakLmy He BCerfa coBnafaeT ¢ TOUKOV 3peHns aBTOPOB CTaTeld.
OTgenbHble CTaTbk AaHbl B @aBTOPCKOW peaakLmu.

KauecTBo unntoctpawmii CooTBeTCTBYET NPeoCcTaBIeHHOMY aBTopamy maTepuany.

DneKTpoHHas Bepcus cbopHMKa pasMelleHa Ha caiitax KW PAH http://wwwe.iki.rssi.ru/print.htm
1 Poccuiickoii Hay4Ho 3N1eKTpoHHOI 6ubnnoTtekm http://elibrary.ru/.

© ®depnepanbHOe rocyapcTeeHHOe GHOHKETHOE YUpexaeHNe HayKu
WIHCTUTYT KOCMUYECKMX UccnefoBaHunii Poccuiickon akagemun Hayk (MKW PAH), 2019
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MPEANCNOBUE

WccnepgoBaHus KocMoca — OfHO U3 (hyHAAMEHTa/bHLIX HarpaB/eHuii coBpe-
MEHHOW (PU3MKM W acTpoHOMMKM. Cpefay OCHOBHBLIX HanpasfieHMA — acTPOPU3mMKa,
reo(usnka, MeamKo-61M0N0rMYeckne WCCNeoBaHNs, COMHEUYHO-3eMHas (hn3nKa,
MOHUTOPUHI 3eM/IM 1 €€ NPUPOAHBIX pecypcoB U Ap. OrpoMHbIA Nporpecc B U3yude-
HUM KOCMOCa JOCTUFHYT C MOMOLLBI0 KOCMUYECKUX CPEeACTB UCCNefoBaHus, Aab-
Helilune MepPCneKTMBbI B 3TOM HanpaBfeHUW NpefacTaBnstoTcs ewé 6onee obewya-
oWMMK. BecbMa BaXXHbIMU A1 Hay4YHO-TEXHOIOMMYECKOro pasBuTus Poccuiickoit
Pefiepalym, B YACTHOCTK, 419 HALMOHA/ILHOTO NPoeKTa «Hayka», ABASITCA NpakTu-
UEeCKMe BOMPOChI, PELLUEHNE KOTOPbIX AAaCT BO3MOXHOCTb 60/1ee Fy6oKoro n3yyeHus
ncTopun, PU3MKM N reoiorMmn Halleid NnaHeTbl: OTMETWM, B YaCTHOCTW, pasBuTME
TEXHO/OMMIA ANCTAHLMOHHOIO 30HAMPOBaHMS 3eMN, KOCMUYECKOoe NpmbopocTpoe-
HWe, M3yYeHre OKOI03eMHOr0 MpocTpaHcTBa, ConHua — rn1aBHoro (hakTopa Haluei
KOCMMWYECKON 3KOCMCTEMbI, W Apyrux nnaHeT CosnHevyHoin CucTembl, 3K30MiaHeT
N acTpon3NYeCKNX 06bEKTOB.

CerofHs, Korga KOCMUYecKne nccnefoBaHns OypHO pa3BrBaloTCca U B Tpaguuu-
OHHbIX, 1 B HOBbIX HarnpaBieHUAX, 0COOEHHO BaXKHON CTAHOBUTCA NOATOTOBKA HOBbIX
MOKONEHUI CMeLnanncToB 415 peasn3alnm HoBbIX aMOMLMO3HLIX KOCMUYECKMX NPO-
€KTOB. 3Ta CUTyaLmMs OYeHb MOX0Xa Ha Ty, UTO CYLLECTBOBa/a B CepefiMHe NPOLLIoro
BeKa, B Hauasie KOCMUYEeCKOM 3pbl. Torja KOCMUYeCKoe Hanpas/ieHne BbIfo OKyTaHo
POMaHTUYECKUM OpPEeO0sIoM, MO3TOMY MHOTMe LM B 3Ty Cepy Hayku. PoMaHTuKa
MEepBOMPOXOALEB, K COXAIEHWIO, YXe JaBHO Hadana 6/edHeTb, K TOMY e ceivac
He YacTO MPUXOAUTCA C/bILATL 0 JOCTUXEHUAX OTEYECTBEHHbIX KOCMUYECKUX UCCAe-
[l0BaHWiA. M03TOMY TaK BaXXHO MPUB/EYL U YAepXKaTb TaNaHTMBYHO, MOTUBUPOBAH-
HYH MOJIOAEXb.

MmeHHO nmponaraHge MccnefoBaHUiA kocmoca, paspaboTkaM MOMOAbIX YUEHbIX,
MX WCCNEA0BaHUAM, TeMbl KOTOPbIX MEPEYMCNEHbl Bbille, MOCBSLLEHA €XerofHas
KoHepeHuus monofblix yuéHbix (KMY), npuypodeHHas KO [HIO KOCMOHaBTUKM,
KOTOpas nNpoxoauT Ha 6a3e NHCTUTYTa KOCMWYECKUX UCCNefoBaHWin PoccuiAckKom
akafilemuun Hayk. KoHepeHLms cobrpaeT CTYAeHTOB 1 acnMpaHTOB CcO Bcell Poccun,
a TaKkXKe 13 Apyrux cTpaH 1 NpeacTaBiseT co60i camyto KPYMHYH MOMOAEXHYH KOH-
thepeHUMO PoccuMM MO KOCMUYECKMM MCCefoBaHMAM. TemaTuka KOH(epeHLum
0YeHb LUNPOKA M JAET BOSMOXHOCTb HaNaXXMBaTb MEXAUCLMNINHAPHbLIE KOHTAKTBI.

TemaTunka CeKL M KOH(hepeHL UK cneaytowas.

1. AcTpou3uKa 1 pagmoacTpOHOMMS.

2. WccnepoBaHue niaHer.

3. du3MKa COMHEYHOW CUCTEMbI (COMHEYHO-3eMHas n3nKa 1 PusnkKa reamo-
cthepsl).

Teopus 1 MofennpoBaHune hU3nMYecKnx NpoLECccoB.
Kocmuyeckoe npubopoCcTpoeHUe 1 3KCNEPUMEHT.
TexHON0rnmn CNYTHUKOBOIO MOHUTOPUHTA.

oo~

OcCHOBHas Lefb KOH(epeHUUM — AaTb BO3MOXHOCTb CTyAeHTaM, acnupaHTam
M MONOAbIM YYEHbIM BO3MOXHOCTb OTTOUUTL HaBbIKM MYBAMYHOTO BbICTYM/EHNS
nepes, 60MbLLOA ayauTOpUEit, a TakKe NPUHATL yHacTue B 06CYXKAEHNN HayYHbIX pe-
3ynbTaToB (KakK Mosy4nTb KOMMEHTapMU K CBOE paboTe, Tak v 3afaTb BONPOChI ApY-
rMMm goknagyunkam). KoHgepeHuns TpaLuUMOHHO NPOXOAUT B TeueHWe TPEX AHENR,
Korja fige Cekuuu UayT napanfiefisHo B TeYeHWe AHS, YTO, B NPUHLMME, NO3BONSET
MO3HaKOMUTLCA C UCCMEA0BAHNUSMU B pasHbIX 06/1aCTAX. DTO pacluupsieT Kpyrosop
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1 NONOXKUTENBLHO B/WSET HAa OOLUMIA YPOBEHb MOATOTOBKM MOMOABIX YUEHbIX, & TaK-
e nofABoAuT 6asy Ans CO3A4aHMA HOBbIX CBA3el Kak MeXay OTAe/bHbIMU HayUYHbIMU
COTPYAHMKAMU, TaK 1 MeXay LiefibIMU HayUYHbIMU rpynnaMu. 3TU CBA3WN CNoCo6CTBY-
IOT MOCTaHOBKE HOBLIX Liefei 1 3afay, NprobpeTeHMIO ONbITa MEXANCLUNINHAPHO
paboTbl.

OdmupansHyo MHHOoPMaLLMIO 0 KOH(EPEHLM MOXHO HATK Ha eé caiiTe http://
kmu.cosmos.ru, Ha KOTOPOM NPOXOAUT perncTpaLus 1 nogadva foknagos. B KMY mo-
ryT y4aCTBOBaTb CTYAEHTbI, aCMPaHTbI U MOMofble yyeHble (80 35 feT).

B stom rogy Ha KoHdgepeHumn 6bino npegctaBneHo 6onee 100 AoknagoB
OT YYaCTHMKOB M3 pa3HbIX KOHU0B Poccum n CHI. Tockonbky B KMY yuactBytoT
CTY[EHTbI, aCMPaHTbl U MOMIOble YUéHble, TO PErnMcTPaLMOHHOIO B3HOCA He npesyc-
MaTpuUBaeTCs, a BCE PacXofbl OPraHM3aTopbl NOKPbLIBAKOT C MOMOLLLIO IPaHTOB (B 3TOM
rogy 6bin nosyyeH rpaHT PO ®I Ne 19-02-20003). MH(OpMALMOHHYIO NOAAEPXKKY
o6ecneunBas XypHan «/HXeHep 1 NPOMBbILLIEHHUK CErOaHS».

Mpurnalaem K y4acTUO B HALUMX MEPOMPUATMAX BCEX UHTEPECYHOLLUXCA KOC-
MUYECKUMU UCCNEA0BaHMAMU, a BCIO MHDOPMALMIO O MPOBOAUMBIX MepOonpUATMSAX
MOXHO HalTu Ha caiite MKW PAH www.cosmos.rn.

A.M. CapoBcKuii


http://www.cosmos.rn

YK 520.662 :523.4 DOI: 10.21046/KMU-2019-5-10

MEPCMEKTVBHBIA MPUBOP «KOCMWUYECKMIA TAMMA-CNEKTPOMETP
C MEYEHBIMW 3APAXEHHBIMI YACTULAMI» (KIC-M34)

ANA N3YHEHWA NYHbI, MAPCA W APYTUX HEBECHBIX TE/
CONHEYHOW CWMCTEMbI METOLAMW AAEPHOU ®U3NKIA

A A AHUKnH\ . T. MuTpohaHos', A. b. CaHun', C. 0. Hukudpopos', 1. B. TonosuH’,
M.B.[Abaukosa' [. . Nucos' M.J1. lutsak',M. . Mokpoycos', I H. TumoLLeHko?2,
B.H. lBewoB2

1 NHCTUTYT KocMuyecknx nccnegosanuii PAH (MKW PAH), MockBa, Poccus
2 O6beAnHEHHbI MHCTUTYT SiAepHbIX nccnegoanuii (OVAN), Ay6Ha, Poccus

MpeanoxeHa HoBasi KOHLENLMS1 KOCMUYECKOTO FraMMa-CMeKTPOMETpa A/ UCCNef0BaHUS afie-
MEHTHOTO COCTaBa NaHeTapHol NOYBbI, B KOTOPbIA BXOAMT AETEKTOP 3apsKEHHbIX YacTul, ra-
NaKTNYECKUX KOCMUYECKUX flydeid. MpefcTaB/ieHbl NepBble pe3ynbTaTbl 1aG0PaTOPHbLIX UCTbI-
TaHWii MakeTa MepcrneKTUBHOIO ramMMa-creKkTPoMeTpa Ha (hasoTpoHe JlabopaTopuu sAepHbIX
npo6nem O6GbeAMHEHHOTO UHCTUTYTA AAEPHbIX NCCEA0BaHMIA. DKCMEPUMEHTANILHO MOATBEPXK-
AEH (DaKT 3HAYNTENbHOTO MOBLILIEHNS YYBCTBUTE/ILHOCTY Mpubopa ANs PerucTpauuy raMmma-
NVHKUI OCHOBHbIX NMOPOA006PA3YHOLIMX 3/IEMEHTOB HeGEeCHbIX Ten B Clyyae 0T60pa CUrHa/IoB
CMEKTPOMETPa MO KPUTEPUIO COBMAZEHWs C MPOTOHaMM, KOTOPble BbI3bIBAOT BTOPUYHOE Fam-
Ma-u3yyeHne B MULLIEHW —aHa/ore MIaHeTHOTO BELLECTBa.

KntoueBble croBa: raMMa-ayuun, KOCMUYECKUE Nlyuu, siiepHble IMHUU, XUMUYECKMIA COCTaB
NJaHeTHOTO BELLeCTBa, NaHeThl, JlyHa, KOCMUYECKME UCCE[0BaHNS

UyBCTBUTENILHOCTL annapaTypbl 418 A4epHO-(U3NYECKMX UCCNef0BaHW BellecTBa
He6eCHbIX TeN 3aBUCUT OT OTHOLUEHMS cUrHan/oH. MprMeHeHMe faXe CamblX CO-
BPEMEHHbIX CPeACTB Y METOAUK SAEPHON (DM3UKKU ANS AOCTUDKEHWUS MaKCUMasibHO
BO3MOXHOW BENMUMHbI M3MEPSIEMOr0 CUrHana TpebyeT UCMOMb30BaHUA [AETEKTO-
pOB 60MbLUMX MacC U 06BEMOB. BO MHOIUX Cyyasix 3TO OKa3bIBAETCA HEBO3MOXHbIM
BC/IECTBME BECOBLIX OrpaHUYeHNA ans GOPTOBOI anmnapaTypbl MEXMIaHEeTHbIX UC-
CneaoBaTeNlbCKMX annapatoB. [103TOMY HaCyLiHOW MOTPEBHOCTBID MpU CO3L4aHUM
NepcneKkTUBHbLIX AAEPHO-(hM3NYECKUX NPUOOPOB 415 NIAHETHBLIX UCCNefoBaHWUIA AB-
NAETCA MaKCUMa/bHO BO3MOXHOE MOBbILLIEHWE OTHOLLEHWS CUTHAN/(OH.

B 13BECTHbIX 3KCMEPUMEHTaX MO KOCMUYECKOW raMma-crnekTpoMeTpun (oHo-
BOE M3/yYeHUe OT KOCMUYECKOro annapara U OT YAaEHHbIX Y4acTKOB MOBEPXHOCTM
CYLLECTBEHHO 3aTPYAHAN0 MOUCK Y OTOXAECTB/IEHWNE FraMMa-NIMHUIA OT UCCNeayemMoro
BELLECTBa, MOHWMXaN0o CTATUCTUYECKYIO 3HAYMMOCTb OLEHOK KOHLieHTpauuuM nopo-
foobpasyoumx anemeHToB (Mitrofanov et al., 2019). Mpu npoBegeHNN ramma-cnek-
TPOMETPUYECKOr0 aHamM3a CocTaBa NIaHeTHOrO BeLLecTBa ¢ 60pTa KOCMUYECKOro an-
napata Ha MOBEPXHOCTU HeOGECHOrO Tefla OKa3bIBAETCS MPAKTUYECKM HEBO3MOXHbIM

AHIKNH ApTéM AnekcaHApoBUY — 3N1EKTPOHMK, acnupaHT, a.aniMn@np.cosmos.ru
MuTpothaHoB Mropb FeoprueBuy —a3aB. 0TAENOM, 4-p (K3.-MaT. HayK
CaHnH AHTOH BoprncoBnY —Bef. Hayy. COTP., KaHA. (uU3.-MaT. HayK
Hukwuhopos Cepreii KOpbeBUY — M. Hayuy. COTP.

lronoByHAMUTpMIA BacunbeBny —Hayu. coTp.

[JbsukoBa Maiis BUKTOpOBHA —MJ1. Hay4. COTp.

Jlncos fleHnc ropesny —mi. Hayd. coTp.

JlnTBak Makcum JleoHna0BMY —3aB. N1ab., 4-p Pu3.-mMat. HayK

MokpoycoB Makcum Uropeeny —3aB. nab., KaH4. (n3.-MaT. HayK
TymoLLeHKO eHHaguii HuKonaeBuy —3am. ANPeKTopa, 4-p un3.-MaT. Hayk
LLiseLioB Banepuit HukonaeBmy —3am. ANPEKTOPa, KaHg. Gu3.-maT. Hayk


mailto:a.aniMn@np.cosmos.ru

A A Axvkut, U.T. MuTpodhanos, A b. CaHuH 11 ap.

M3yYeHWe KOHLEHTpaLUM Tex XUMMYECKUX 3/IEMEHTOB, KOTOpblE BXOAAT B COCTaB
KOHCTPYKLMK annapaTa. 3TO CBA3AHO C TeM, YTO annapar nof Bo3AeicTBMEM KOCMU-
YeCcKUX flyyeil TaKkxKe ABNSAETCA UCTOYHUKOM BTOPUYHOMO ramMMa-u3nyydeHus, n aaep-
Hble raMma-/IMHUN B CMEKTPEe 3TOr0 WM3NYy4YeHWs MepeKpbIBAOTCA C aHaIOrMUYHbIMM
NUHUAMMW OT NIAHETHOTO BELLECTBa.

[ns ymeHbLUEeHNA M3MepeHHOro (hoHa npegiaraeTc MPUHLMNUANBHO HOBBIIA
METO[, aHa/smM3a COoCcTaBa BellecTBa HeBecHbIX Tes, 3HepreTUYecKMX CnekTpoB co6-
CTBEHHOI0 raMma-u3sfyyeHuss UX MOBEPXHOCTU C MPaKTUYECKM MOSHbIM UCKNHOYe-
HVMEeM BKMafa OT KOCMWUYECKOro annaparta. MeTof «MeyeHbIX 3apsKEHHbIX YacTuL»
NO3BONSET NPAKTUYECKM MOMHOCTLIO UCKKOUUTL U3 U3MEPEHHBIX CMEKTPOB ramma-
Nydeli BKag N3y4eHUs OT BELLECTBa, PaCrMoIOKEHHOr0 3a MpefenamMn BblAeNeHHOro
o6béma (Mitrofanov et al., 2019).

OCHOBHas mfes 3KcrnepuMmeHTa ¢ npubopom «KocMuueckuii ramma-crnekTpo-
METP C MEYEHbIMU 3apPSHKEHHbIMK YacTuuammn» (KIFC-M34) coctouT B TOM, YTOObI
ANA KaKaoro POTOHa, pPerucTpupyemoro B geTektope ramma nydein (A1) n getek-
TOpe 3apsHKeHHbIX YacTuy, (A3Y), 3anucbiBaTb BPeMS C TOUHOCTLIO 0 HaHOCEKYH[,.
MonyunBLUMIA MAccWB AaHHbIX M3 (POTOHHLIX C/I0B MOABEPraeTcs MaTeMaTUYecKoii
06paboTKe, B pe3ynbTaTe KOTOPO NPOMCXOAWNT OTOXAeCTBNeHMe (oToHOoB oT A3Y4
¢ (poToHamm A J1, 4TO COOTBETCTBYET peakLum rpyHTa Ha ranakTmyeckoe UsnyydeHme
B onpefenéHHOM 00bEMe BeLlecTBa M3 (PUKCMPOBAHHOMO TeNecHOro yrna HebecHol
chepbl HenocpencTBeHHO nog A1 (puc. 1).

3apskeHHas
vacTuua He 3apskeHHas

Puc. 1 Cxema aKcneprmeHTa Ha 60pTy NOCaf04YHOI0 KOCMUYECKOTro annapara

O6bEM faenbTa-o6nacTu, KoTOpas COOTBETCTBYeT TeNIeCHOMY Yriy perucrpa-
LUMN KOCMWYECKWX Ny4yeidl, MOXXHO PerynMpoBaTh pasfMuyHbIMK crocobamu (puc. 2,
CM. C. 7): pasmepammn [34, BbicoToii A3Y Hag MOBEPXHOCTbIO, KOMMYECTBOM Ae-
TeKTOpoB. Tak, Npu UCMONb30BaHUM CNAapeHHbIX AETEKTOPOB (CM. puc. 2, cnpasa)
06pasyeTca CBOEOOPA3HbIA TEMECKON, KOTOPbIA MO3BOANT CYLLECTBEHHO YBEIMUATL
MUKCeNn3aumio nccreyemoi NoBepxXHOCTY.

B pamkax npoekta PH® 6bina paspaboTaHa cxemMa M3MepeHWidi Ha Make-
Te «KOCMMYeCcKoro ramma-CrneKTpOMETpa C MEUYEeHHbIMWU 3apsXKEHHbIMU YacTuLa-
MW» C WCNOMb30BaHWEM MPOTOHHOro nyuyka OUNAW (Ay6Ha) (puc. 3, cMm. C.7)
(cm. JononHuTenbHble MaTepuansl K OTYETY MepBOro roga npoekra PH® Ne 18-12-
00487. MepcneKTuBHbLIA Npubop «KOCMUYECKUIA ramma-CrneKTPOMETp C MeyeHbIMU
3apsKeHHbIMK YacTuuammy» (KFC-M34) ana mnsydeHus JlyHbl, Mapca v apyrux He-
6ecHbIX Ten COMHEYHON cucTeMbl MeTodamu sgepHoi msukn (“Cosmic gamma-
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MepcnekTuBHbIA npubop KFC-M3Y gnst usyuenns NlyHbl, Mapca 1 gpyrux HebecHbix Ten COMHEUHO CUCTEMBI...

ray spectrometer with tagged charged particles” (CGS-TCP) for studying the Moon,
Mars and other celestial bodies of the Solar system by the nuclear physics methods).
Pykosogutenb: MuTpoaHoB Mropb Meopruesuy, OKTOP (hU3MKO-MaTeMaTUYeCKUX
Hayk). Ha cxeMe yKa3aHbl YacTW YCTaHOBKW: OTBO[, YCKOPUTENA MPOTOHHOIO My4Ka,
6apabaHHbIin Habop KONAMMATOPOB 1 CTON AONOTHATENLHOIO KonanMaTopa ans dop-
MMPOBaHMs MyyYKa 3afaHHbIX NapamMmeTpoB, NOBOPOTHLIA CTO/, HA KOTOPOM YCTaHOB-
NeHbl JeTEKTOP NPOTOHOB, raMMa-AeTeKTOp U UCCNelyeMOe BELLLECTBO, PErUCTPUPYIO-
Las anekTpoHuka (MutpocaHos 1 ap., 2019).

Bonbwoii TenecHblit yron Manelit TenecHsblii yron
perucTtpayuun FK1 B A34 perncTtpauumn FKN B 434
3apsxeHHas yactuya
He 3aperucTpupoBaHa
B A34
3apsXeHHas yacTtuuya AeTekTop lletekTop
3aperncitpuposaHa ramma- ramma-
B A34 nyuein Arn nyuen ArN
feTekTop AeTekTop
3apsAXeHHbIX 3apsXeHHbIX
vyactuy 434 vactuy A34
C 04HUM Cc AByMSA
NNOCKUM nNoCKNUMun
eTeKTopom AeTekTopamu
Bonbwas 8-o6nactb Manas 6-o6nacTb reHepayum
redepatunmn ramma-hoTOHOB
raMmmMma-hoTOHOB c MeTKol 34

c meTKoi 34

Puc. 2. BapuaHTbl UCMONHEHUS AeTeKTopa 3apshKeHHbIX YacTuy, 434

Puc. 3. Cxema nabopaTopHOil yCTaHOBKM Ha MeAWLMHCKOM Ny4Ke NPOTOHOB (ha3oTpoHa JIAlN
(nabopatopun spepHbix npobnem) (Ay6Ha) Ans 0TPabOTKM METOAMKM U3MEPEHUIA B 3KCMepu-
MeHTe ¢ npuéopom KIrC-M34



A A Arvku, W.T. MuTpochanos, A 5. CatiH 1 ap.

B cBA3K ¢ 0COBEHHOCTAMMW PErUCTPUPYIOLLEN 3MEKTPOHUKM MONYYeHHble pe-
3yNbTaTbl HYXXAANCL B MaTtemMaTnyeckoil NocTobpaboTke, 4To 1 ObINO cAenaHo, no-
CNe Yero Ha OCHOBE 3KCMEPUMEHTASTbHOIO aHanM3a aHasIoroBoi CXeMbl Obli MOMyYeH
oXuaaemblii pesynbtat. Ha puc. 4 (cM. [JononHUTENbHbIE MaTepuanbl K OTHYETY nep-
Boro roga npoekta PH® Ne 18-12-00487. lMepcneKTUBHbIA npnbop «KocMuuecknii
ramma-crneKTpoMeTp C Me4yeHbIMU 3apsHKeHHbIMU YvacTuuammy» (KFC-M34) ana
n3ydeHns JlyHol, Mapca n apyrux HebecHbiX Ten CO/IHEYHOl CUCTeMbl MeTofa-
My sigepHoi dmamkn (“Cosmic gamma-ray spectrometer with tagged charged par-
ticles” (CGS-TCP) for studying the Moon, Mars and other celestial bodies of the
Solar system by the nuclear physics methods). Pykosogutens: MuTpothaHoB Mropb
"eoprmesuny, JOKTOP (M3NKO-MaTEMATUYECKUX HayK) NpefcTaB/eHbl AaHHble (crek-
TPbl) B BUAE TPEXMEPHOro pacrnpefeneHns OTHOCUTENbHO NPeALlecTBYIOLLEro NpoTo-
Ha o (cMm. puc. 4a) 1 nocne (cm. puc. 46) 06paboTKK.

Puvic. 4. TpéxmepHoe pacnpefeneHne OTCYETOB raMMa-(hO0TOHOB, N3MEPEHHbIX HA MULLEHU OT-
HOCWTE/IbHO HOMepa KaHafia 1 BpeMeHU 3aepXKKU 0 MOMEHTa PerucTpaLmm npeaLecTeyoLLe-
ro NpoToHa

Puc. 5. TpéxmepHoe pacnpegeneHne 0TCYETOB raMMa-(h0TOHOB, M3MEPEHHbIX Ha MULLEHU OT-

HOCUTENIbHO HOMepa KaHana v BPeMeHU 3afiepXXKU A0 MOMEHTa peructpauun npeaecTsyto-

LLLero NpPoTOHa ¢ 06aBNeHNEM NHTEHCUBHBIX raMMa-MCcTo4YHMKOB (60Co (1,1732 n 1,3325 M3B)
n 137Cs (661,7 k3B))



MepcnekTuBHbIi npubop KIC-M34 ans usyuenus NlyHol, Mapca u gpyrux Heb6ecHbix Ten COMHEUYHON CUCTEMBI...

Bepudukarms pesynbtaToB Oblna opraHu3oBaHa NpoBeAeHNeM JOMNONHUTENIbHO-
ro aKkcnepumeHTa ¢ Jo6aBfeHNEM MHTEHCUBHBLIX raMma-ucTouyHukos (60Co (1,1732
n 1,3325 M3B) n 131Cs (661,7 K3B)), MHTEHCUBHOCTb KOTOPbIX HE 3aBUCUT OT MpPO-
TOHHOrO nyyka. Ha rpaguke puc. 5 (cm. ¢. 8) BUAHA COXpaHMBLUAACA «ayra» Mno-
NE3HOr0 CUFHaMa, HO NOSIBUANCH XapaKTEPHbIe MUKW OT MOLI0XEHHbIX MCTOYHMKOB,
13 Yero BblN caenaH BbIBOL O NPaBUIbHOCTY 06paboTKM pe3ynbTaToB.

Nab6opatopHble ncnbiTaHWs MakeTa npubopa KMC-M3Y nokasanu ero npaktu-
YECKYI0 peann3yeMoCTb, a TaKKe NOATBEPAUIN BO3MOXHOCTb 3HAUUTE/IbHOIO MOBbI-
LUEeHUS YYBCTBUTEILHOCTU Npnbopa. OCHOBHOI 0COGEHHOCTHI0 METOAA «3aPSHXKEHHbIX
yacTuU» ABASETCA NOYTW MOJIHOE UCK/KOYEHWE BKIa4a raMma-n3nyyeHus, reHepupy-
€MOro OT KOCMUYECKOro annapara, YTo CyLLeCTBEHHO MOBbILLAET JOCTOBEPHOCTL MO-
NyYaeMbIX AaHHBIX 1 YIPOLLAEeT OLEHKY MHTEHCUBHOCTY raMmMa-IMHUIA 3/1EMEHTOB.
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MO/ZENVPOBAHWE W TENNOBOW AHANN3
KOHCTPYKLIW CMYTHWKA CUBEBEL

t0. B. Tonobypgaa, H. C KoHesa

Benopyccknii rocysapctBeHHbI yHuBepcuTeT (BIY), MuHck, Benapycb

B pamkax HacToswei paboTbl Obln MPOBeAEH TeMj0BOA aHanM3 M MOAENNpOBaHMe Temnso-
BbIX NOMEN KOHCTPYKUMM cnyTHWKa CubeBel-1 ¢ wcnonb3oBaHWemM NPOrpamMMHOr0 nakerta
COMSOL Multiphysics. AHanu3 npoBoguAcs A5 HU3KO OKO/T03eMHOI 0pbuTbl, KOTOpas co-
ctaBuna 500 kM. [laHHbI aHanM3 No3BONSET Ha OCHOBE TPEXMEPHOW W LBYXMEPHOWN Mogenei
KocMuyeckmx annapatoB (KA) cnporHo3vpoBaTb M3MEHEHMWE TennoBbIX XapaKTepucTuk npu
BbINOHEHUWN KOCMUYECKOr0 MonéTa, YTO O4eHb BaXKHO AnA obecrneyeHns cTabunbHON 1 [onro-
BeYHON paboTbl KA Ha 0KONo3eMHOI opbuTte. B pesynbTate 6Obliv NOMy4YeHbl pacrpegeneHuns
TEMMePaTypbl KOHCTPYKLUWU CNYTHUKA O/1F [ABYX XapaKTepHbIX TEMI0BbIX PEXMMOB, Tak Ha-
3bIBAEMbIX «FOPAYE» U «XOMOAHON» (hasbl. B cTaTbe nMpeacTaBneHbl UCCneAoBaHWA TENI0BOM
CpeAbl CMYTHUKA, OCHOBHbIe MeXaHW3Mbl Mepejayn Tensa, a TakKXe pe3ynbTaTbl BblYMCNEHUA
3/1eMEHTOB OPOWTAaNbHOW MEXaHUKM, @ UMEHHO BPEMEHW HaxOoXAeHUs CNYTHWKa B 3aTMeHUU
N CONMHEYHOM CBETE.

KntoueBble cnosa: CubeSat, HAaHOCNYTHMK, Masnblii KOCMWUYECKWIA annapar, TennoBo aHa-
Nnu3, TennoobMeH, TernnoBas Mogenb

BBEAEHWNE

B nocnegHee fecAtunetve 0603HAYWCA CYLLECTBEHHBLIA POCT 3arycka KoCcMuue-
ckux annapatoB (KA) gopmaTta CubeSat ans HayuHbIX U UCCNeLOBaTeNbCKMX Lie-
neii. CubeSat — 370 (hopmaTt HaHOCMYTHMKOB, WUCMOSIHEHHBIA B BUAe Kyb6a, A/vHa
pebpa KoToporo coctasnset 10cMm, 06bEM — 11, a Macca He npe.biaeT 1,33 Kr.
KocMmuuecknii annapaTt, BbIMO/HEHHbIA B TakoM (opmare, MPUHATO 0603HaYaTh
kak L. Ana KA tuna CubeSat cyulecTBytOT cneuuanbHble CTaHAapTbl, B KOTOPbIX
ornpegeneHsl pasmepsl L, 2U, 3U nT. 4.

Knaccudmkauma CubeSat no HasHaueHMIO cregytowast: aBTomatmyeckme KA
(HaBMrauMoHHble, CNYTHUKN CBA3W, BOEHHbIE, MEXMNNAHETHble, TEXHOMOMMYECKMe,
Hay4Hble), CMYTHUKU  AUCTAHLMOHHOIO
30HAMPOBaHMA 3eM/IM, MOHUTOPUHTA OKO- "y
NI03eMHOr0 NPOCTPAHCTBA, MPOMbILL/IEHHO-

XO0351MCTBEHHbIE, YHUBEPCUTETCKME.

CnyTHuk CubeBel-1, nnm BSUSat-1
(puc. 1), oTHocuTca K KA cTaHgapTa
2U CubeSat n pa3paboTaH KOMaHAOW CTy-

[EeHTOB N MOJoAbIX YUéHbIX Benopycckoro
rocyapCTBEHHOI0 YH1BEPCUTETA.

OcHoBHbIe Uenn npoekta BSUSat-1 —
pa3paboTka, NPOM3BOACTBO, 3arMycK Ha
HU3KYHO 0KOMlI03eMHyt0 opbuty (HOO)
nepsoro 6enopycckoro Hay4Ho-06pa3oBa-

TenbHOro cnyTtHuka CubeSat u nocnegy-

toLLlee CONPOBOXKAEHWE ero opbuTanbHOM

aKcnyaTaumn. Puc. 1 CubeBel-1 (BSUSat-1)
2U CubeSat

"onobypaa Konus BsayecnaBoBHa —CTYAeHTKa, yuliya.goloburda@gmail.com
KoHeBa Hatanuns CepreesHa —foL,., KaHf. TexH. Hayk, koneva@bsu.by
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t0.B. [ono6ypga, H. C. Koesa

Hay4Ho-uccnegosatenbckume Lenm mmuccmum CubeBel-1:

* MpoBepKa aKTUBHbIX &/ITOPUTMOB MarHUTHOrO KOHTPOJA OpUeHTaLuu;

* MOYYeHMEe HAYYHbIX AaHHbIX C PaguaLoHHOr0 CNEKTPOMETPa;

e onpefeneHne MeCTOMNONOXKeHMs ¢ nomoubio GPS-npuémumnka (Global
Positioning System);

* M0NyYeHMe U 06paboTKa CHUMKOB 3eM/N C HU3KOW OKOM03EMHOIA OpOUTSI;

* M0MlyYeHne HayUHbIX AaHHbIX Npy nomMoLum NK-ceHcopa (MHpaKkpacHoto).

CnyTHWK OCHaLLlEH CMCTEMaMWM 3HEProcHabXeHWs, ynpaB/eHus, opueHTauuu
N cTabunmsaumm, TeNeKOMMYHUKALUMOHHOW CUCTEMOMN, LieNibiM KOMMIEKCOM TeXHO-
NOTMYECKOA U Hay4HO-NOME3HOW Harpysku, KOTOPbIA BKKOYAeT B Ce6s LMGPOBYHO
Kamepy, pagunaLmnoHHbIA CNEKTPOMETP, MHMpakKpacHbli aeTekTop, GPS-NPpUEMHUK,
[lBe aHTEHHbI pagnocsa3n. VIMeeT CPOK aKTUBHOIO CyLlecTBoBaHUA 5 neT. Macca KA
COCTaB/IsieT 2 K.

TEMNOBAA CPEOA

TennoBoi pexum (puc. 2) 06bekTa, HaXOAALLErocs B KOCMWYECKOM MPOCTPaHCTBE,
thopMumpyeTcsa Nof AeliCTBMEM BHYTPEHHUX M BHELUHUX UCTOYHUKOB Tenna. BaxHble
0COBEHHOCTY Ten, KOTOpble NoAAEPXKMNBALOT 3afaHHbI TEMI0BOWN PEXNM, TPEBYHOT ce-
PLE3HOr0 NOAX0/a KaK K BONpocam OMnMcaHns ux BHYTPEHHErO COCTOSHMA, Tak 1 B3a-
MMOAEACTBUS C OKPY>KAKOLLMMU 37IEMEHTaMN.

M3nyyeHune B KocMoC

M3nyyeHune nnaHeTsbl

Anbbepa

[Mpsamoe coniHeyHoe

Op6uTta CubeSat
Puc. 2. Tennosas cpega CubeSat

B o6Luem cnyyae KA, KOTOpbIA HAXOAUTCA HA HU3KOM OKOJ/I03eMHOM opbuTe, He-
MPEepbIBHO NOMYYaeT TENO OT C/eLYHOLLMX UCTOYHMKOB:

* MPAMOE CONTHEYHOE U3/TYYEHNE;

* anbbeno, M OTPaXEHHOE OT M/1aHeThl COMHEYHOE U3/TYYEHNE;

* COOGCTBEHHOE U3NyYEHUE MMAHET;

* BHYTpeHHMe UcTouHMKa!: npnbopbl KA (nonesHas Harpyska);

* W3My4YeHNe OT KOCMMWYECKOrO annapaTa, yxogsulee B kocmoc (Masio3emos,

1980).
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MogenupoBaHue 1 TennoBoii aHan3 KOHCTPYKL MK cnyTHUka CubeBel

XapakTepHast 0COGEHHOCTb MCTOUHUKOB — KONMYECTBO MNepefaBaemMoro Mmu
CMYTHMKY Tenaa He MOCTOSHHO. Tak, Npu 3axofe CNyTHUKA B TEHb NIaHETbI 1cYe3a-
eT NpAMOe COMIHEYHOe M3/yyeHne 1 anbbeso; KOAMYecTBO Tenna, M3Nny4yaemoro no-
NE3HOI Harpy3KOW, 3aBUCUT OT PEXMMa padboTbl 1 T.4. B CBSA3U € 3TUM BbILENSIOT TaK
Ha3blBaeMble «FOPSUYHO» U «XONOAHYH» (hasbl. «opsivas (pasa» HAcTyMnaeT BO BPEMS
HaxoxgeHns KA Ha opbuTe nog NpsiMbIM COTHEYHbIM U3/TyHEHNEM, a «XO/OAHas» —
BO BPEMSI HAXOXAEHWS B TeHWU. CpefHYe TEMI0BbIE XapaKTEPUCTUKN UCTOUHMKOB N3-
NyYeHWst Ha OKO/103eMHOM opbuTe NpuBeaeHbI B Tabn. 1 (Space..., 1983, p. 20).

Tabnuua 1. TennoBble XapaKTePUCTUKN 0KO03eMHO opbuThl (500 KM)

VICTOUHVIK Vi3/yHeHns lopsiyas thasa, BT-m 2 XoriogHas thaza, Br-m 2
Mpsamoe conHeuYHoe usnydeHue 1367 0
Anbbefo (cpesHee 0,3) 410 0
Co6CTBEHHOE U3/yYeHWe NIaHeTbl 237 237

MEXAHW3MbI MEPEOAYN TEMNA

Tennonepefaya —3To NPOLECC OTAAYM TENMOBO 3HEPTMM OT Tena ¢ 60/1ee BbICOKOM
TeMnepaTypoii K Teny C MeHbLLUEen TeMnepaTypoii b0 Npu KOHTaKTe, IMBO yepes
pasgensiollyto Tela neperopofky. lMpouecc TennoobmMeHa HauYMHAET MPOUCXOAUTS,
Korga (m3nueckune Tefia HEKOTOPOI CMCTEMbI HAXOAATCA MPWU pasHoli TeMmepaTtype,
M NPOAO/MKAETCA O TeX MOp, MOKa He HacTynuT TepMOAMHAMUYECKOe PaBHOBECKE.
Camonpowv3Bo/ibHas Tenionepejaya NpoTekaeT BCerda ot 6onee ropayero Tena K 60-
nee xonogHomy (basapos, 1991).

3BeCTHO, YTO TeNJI0 pacnpocTpaHseTcs Tpems cnocobamu:

e KOHBEKLMWEN;

* Ten/0MpPOBOAHOCTLHY;

 TensoBbIM U3nyyeHvem (Fopbayes, 2015).

B Kocmoce KOHBEKLMENn MOXHO npeHebpeub. TemmepaTypa OKpyXatolleli cpe-
Abl cocTaBnseT 2,7 K, 4To oyeHb 6/1M3KO K abCONKOTHOMY Hy/M0. TO ecTb HET nepe-
Jaun Tenna Mexgy ropsyMm U XOnofHbIM BO34YXOM, Kak B aTmoctepe 3emim.
Kocmuyeckunii BakyyM Takke BISETCA MPUYNHON OTCYTCTBMS €CTECTBEHHOI KOHBEK-
LMK, TaK KakK NI0THOCTb ra3oB B HEM Ype3BblyaliHO Masna. TakuM 06pa3oM OCHOBHbI-
MW MexXaHuU3MaMmn nepejadu Tenna B KOCMOCeE ABMSETCS Ten0npoBOAHOCTL U TENSIO0-
BOE M3/TyYeHMe.

TennonpoBoAHOCTb

Korga B Tenie CyLlecTBYeT rpafueHT TeMnepaTypbl, OMbIT NOKa3blBaeT, YTO NMPOUCXO-
OWT Nepefaya 3HepruM OT BbICOKOTEMMePATYPHO 0611aCcTW K HU3KOTEMMepaTypHOIA.
[JaHHbIli npouecc Tennonepefayn onucbIBaeTcs 3aKoHOM dypbe:

q=-kVT, ((h)
rae g —TensioBoi NOTOK Yepe3 NOBEPXHOCTb; K —KO3IPMULUEHT TENAONPOBOLHOCTM
maTepuana; T —TemMneparypa.

BeipaxkeHue (1) sBnseTca onpefensiowmymM ypaBHeHWeM 415 TENA0NPOBOAHOCTH.
3HaK MMHYC 03Ha4aeT, YTO TEen/10BOM NOTOK HamnpaB/ieH NPOTMBOMO/IOXKHO Hanpas/e-
HUIO U3MEHEHWS TeMMepaTypbl.
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t0.B. [ono6ypaa, H. C. KoHesa

CkopocTb TennoobMeHa NOCPeLCTBOM Tennonepefayy 3aBUCUT OT rpagveHTa
TeMnepaTypbl, NIOLLAAMN NMONEPEYHOr0 Ce4eHUs, KOaPPULMeHTa TENIONPOBOLHOCTM.

KoahhmumeHT TenoNnpoBOAHOCTM XapaKTepu3yeT Ten0npoBoOAsALL e CBONCTBA
maTepuana. OH 3aBUCUT OT CTPYKTYpPbl, MJIOTHOCTK, AaBMEHWS, TeMMepaTypbl, BNax-
HocTw (MaHxa, 2007).

TennoBoe n3nyvyeHne

Bce 06beKTbI C TEMNEpPATypoOil Bbille abCOMOTHOrO HyNA WU3y4varoT M NOrIOoLWAaT 3M1eK-
TPOMarHMTHOE N3nyvyeHune. 3T0 ABMIEHNE N3BECTHO KakK TensjoBoe n3nyyeHue.

TennoBoe n3nyYeHne —npoLecc PacnpocTpaHeHUs TEMOTLI C MOMOLLBIO 3/1EK-
TPOMarHUTHbIX BOSTH, 0BYCMOBMEHHbIA TONLKO TEMMEPATYPO U ONTUYECKUMUN CBOWA-
CTBaMU M3/1yHatoLLero Tena; Npu 3TOM BHYTPEHHAA aHeprusa Tena (Cpesbl) nepexoaunT
B 3HEPruio M3fyyeHns. TenaoBoi NOTOK B AaHHOM C/yyae onpefensieTca 13 3akoHa
CretpaHa - bonbumaHa:

g=eoT4, 2

rge € —Ko3a(h(MLMeHT U3Ny4deHns; 0 —nocTosiHHas CTedhaHa—bosbLMaHa, paBHas
5,67-10“8BT mM-2 K-4.

TennoBoe n3fyyeHve ABNSAETCA OCHOBHLIM MeXaHW3MOM nepegaun Tenna ansa KA
B Kocmoce (KyTtatenagse, 1979).

TennoBoi 6anaHc

Kak 6b110 0TMe4YeHo, Temnepatypa KA 3aBuCHT 0T 6anaHca Mexay Ten0M, NoyYeH-
HbIM OT BHYTPEHHWX N BHELLUHNX UCTOYHUKOB, M TEr/10M, MU3/ly4aembIM B KOCMOC. 13
0606LLEHHOr0 ypaBHEHWNA TEMOBOrO 6anaHca A5 COXPaHEHWNS SHEPTUN;

"Bb[9 ©)
[ *19am:6 107 +1@symp - Oven =09 (4)

roe 6 cH —TennoBoi NoTok ot ConHua; (2<WE —TennoBoit NOTOK anbbeno; Q —
TEenIoBOI MOTOK OT 3eMK; 6BHYP —TEMNI0BON NOTOK BHYTPEHHUX UCTOUHUKOB KA;
Omn ~ TensoBoi NOTOK, U3nyvaemblii KA B Kocmoc.

OPBUTAJIEHAA MEXAHUKA
BblumncneHve BPpEMEHUN HaxXOo>XAEeHNA KA B 3aTMEHUNN N CO/THEYHOM CBETE

[ns ynpolleHns MOfenMpoBaHMs OpOUTaNIbHOM CKOPOCTU Harpesa BBOAMTCA
npegnonoxeHue, uto CubeSat ABMXETCS MO KPYyrosoi opbuTe. cnonb3ys cTaHaapT-

Hble 3HAYEHUS TPaBUTALMOHHOM MOCTOAHHOM 3eMM U pafuyc, MOXHO paccuuTaTb
60/bLUYHO MONYOCh OP6UTLI, OPOUTA/IbHYHO CKOPOCTb M MEPUOA CNeayHoLLMM 06pa3om:

P3e«nun=3>986"'105KM3.C 2, (5)
A3emnm=6378kM, (6)
AMuccun nN3emnu AMunccun 6878KM (7)
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Mogen1poBaHne 1 TenoBoii aHann3 KOHCTpyKL M cnyTHuka CubeBel

v= T 3vm =7,61 km/c, 8
mMuccumn
T=2 = 5677cC. )
Va'omn

KonmyectBo 060pOTOB, COBEPLUEHHBIX CMYTHUKOM 33 OAWH [eHb, N CPeAHee
ABWKEHVE N CNYTHMKA ECTb:

n= 86400 _ 15,2 06/aeHb. (10)

[anee, yrnosoii pagnyc Ha BbICOTe NONETa 3a/1aH Kak:

NMavivg K
MakcumasnibHoe BpemMsi B TeHU TF M mMakcumasnbHOe Mnpu Co/iHeYHOM cBeTe T,
onpesenatTcs Kak:

2p +_ _
T =2144,6 c= 35,7 MUH, 12
Te 360e (19

Ts =T - TE= 3532,6 c= 58,9 MUH. (13)

Bpems 3aTMeHMA 1 Bpemsa Mnpu COTHEYHOM CBETe NOMOIN ONPefennTb OXuaae-
Mble TenioBble ycnoBusa KA B TeueHMe 3TUX BPeMeHHbIX NHTEPBASIOB.

TEMAOBAA MOJE/Ib CUBEBEL-1 CUBESAT

MporpammHbIin naket COMSOL Multiphysics no3sonsieT npoaHanmM3vMpoBaTb paspa-
6aTbIBAEMYHO KOHCTPYKLMIO Ha aTane NpoekTnpoBaHus. [1ns aToro UCNonb3yeTcs mMe-
TOJ, KOHeYHbIX 3feMeHToB. COMSOL [aéT BO3MOXHOCTb OCYLLECTB/IATL Pas3/inyHble
BUbl KOHEYHO-3/IEMEHTHbIX pacyéToB. B ux uncne ectb Moaysnb Mo TensjoBOMY aHa-
nu3y. ITOT MOAY/b 06ecrneymBaeT BO3MOXHOCTb OLLEHKN TEMMEPATYPHOr0 NoBeLeHNs
KOHCTPYKLUY Nof AeCTBMEM UCTOYHMUKOB TENA U U3NYYEHUS.

Puc. 3. Cetka CubeBel-18 COMSOL Puc. 4. Kapkac CubeBel-1 8 COMSOL
Multiphysics Multiphysics
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t0.B. [onobypga, H.C. Koxesa

Takum 06pasom B COMSOL Multiphysics ¢ ucnonb3oBaHnem Mogyns Tensone-
pefaun Gblna co3faHa HecTauMoHapHas KOHEUYHO-3/IEMEHTHAas MOfeNb TemrnepaTyp-
Horo pacnpegeneHus cnytHuka CubeBel-1. [Ins nocTpoeHns mofenu Obinn BBeLeHbI
CnefytoLe [ONYLeHna: TenaoBoi NMOTOK OT 3/1eMEHTOB 3/M1IEKTPOHUKMU NpeAnona-
rasica paBHbIM HY/O, NMOCKO/IbKY ero 3HaueHue NpeHebpeXxKumMo Mano Mo CpaBHEHUIO
C TennoBbIM MOTOKOM OT ConHUa; TennoBoi NoTok oT ConHua npegnonaraics no-
CTOSIHHbIM W He MEHS/CA CO BPEMEHEM; B KAYECTBE reOMETPUM CMYTHUKA UCMOMb-
30BafICs TO/IbKO Kapkac, a He BCA CTpykTypa KA, KOTOpbIi Takke 6Obl1 yMpoOLLEH
Ana aheKTUBHOIO MOCTPoeHUs ceTku (puc. 3, cM. C.15). YnpowéHHaa mofenb
CubeBel-1 (puc. 4, cm. c. 15), 6bina nocTpoeHa B nakete Autodesk Fusion 360 u 3a-
Tem nmnopTnposaHa B COMSOL. OcHOBHbIM MaTepuanom kapkaca CubeBel-1 aB-
NSieTCS a/IlOMUHMEBBINA crinaB Al 6063-T83. B Tabn. 2 NpunBeAeHbI TEMJIOBbIE CBONCTBA
[aHHOro matepuana.

Tabnuua 2. TennoBble XapaKTePUCTUKKN MaTepuana

MaTtepuran MTOHXTH 3 TernioBMKOCTb, TeronpoBOgHOCT, r
P KM K Kr-1K-I™ BTPI\?I-'K"I
A16063-T83 2700 900 201 0,77

Mogynb Fleat Transfer in Solid 8 COMSOL Multiphysics ncnonb3osancs ans pe-
LUEHNSA NOCTaB/IEHHON TennouM3nYeckor 3atayun. Tennonepegada Mexxay TBEpabiMuy
Tenamu onpegensieTcs ypasHeHnem (14), kotopoe ncnonbsyetcs B COMSOL:

Pcp— +PcpuVT =V (kVT)+Q, (14)

rge p —nnoTHOCTbL MaTepuana; Qo —yfensHas TennoéMKocTb MaTepuana; Q —nepe-
[laBaemast aHeprus; 1 — KO3IPPULKUEHT Tenonepesadn Mexay AByms maTepuanamu.

TpaHW4HblE W HaYa/lbHbIE YC/TOBUA MOAENN BK/IKOYAKOT B cebs BCe napameTpsbl,
yKa3aHHble paHee B Tabn. 1

B pe3ynbTaTe 6bl10 MOMYYEHO pacrnpefeneHune TeMrepaTypHbIX NONen ans AByxX
KPUTUYECKMX CyYaeB: «ropsuei» N «XonoaHon» das. [Ana «ropsyein gasbl» (puc. 5)
MaKcuMasibHas Temnepatypa B MOMeHT BpemeHu /= 40000c coctaBuna 457 K,
a MUHUManbHaa —412 K.

Puc. 5. PacnpegeneHue Temnepatypbl Kapka- Puc. 6. PacnpegeneHue temnepartypbl Kapka-
ca CMyTHMKa B MOMeHT BpeMeHu t=40000c ca cnyTHMKa B MOMeHT Bpemenn | =25000c
(ropsiuas hasa) (xonogHas asa)
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MogenupoBaHue 1 TennoBoii aHan3 KOHCTPYKL MK cnyTHUka CubeBel

[nsa «xonopHoi ¢asbl» (puc. 6, cM. c. 16) B MOMeHT BpemeHNn t—25 000 ¢ mak-
cumasibHas Temneparypa coctasuna 348 K, a MuHuManbHas —335 K.

Mo nony4YeHHbIM AaHHbIM Obla MOCTPOEH rpaduK 3aBUCMMOCTM TemnepaTypsbl
OT BPEMEHM B YETbIPEX TOUKAX Ha NOBEPXHOCTU CNYTHUKa (pUc. 7).

Puc. 7. 3aBMUCMMOCTb TemnepaTypbl T OT BpeMeHU t
B YETbIPEX TOUKaX Ha MOBEPXHOCTY CMyTHUKA

Ha pucyHke BUAHO, YTO MakKCMMa/lbHOe 3Ha4YeHue TemnepaTypbl B yCTaHOBMB-
Lemcs pexume npuxogntces Ha 457 K, a MuHrmMansHoe —Ha 335 K.

Kak u crnegyet n3 Teopuu, MakcMMa/lbHOe 3HauveHue TemnepaTtypbl HabioLaeT-
cA, Korga cnyTHUK pacnonoxeH Mexay ConHuem n 3emnéi, T.e. B «ropsdeid hase»,
a MYHUMaTbHOe —Koraa KA B 3aTMeHMM.

3AK/THOYEHUE

MpoBeaéH TenmnoBoi aHanM3 HaHocnyTHMKa CubeBel-1, a Takxe nosiyyeHa Mo-
[lenb pacrnpefeneHus TenaoBbIX Noseli Kapkaca AaHHOro CNyTHUKa Ha HWU3KOW OKO-
noseMHoin opbute (500 KM) € MCNonb30BaHWEM MporpaMMHoro naketa COMSOL
Multiphysics. [aHHbIA aHan“3 MO3BOANA Ha OCHOBE TPEXMEPHo Mogenn KA
CubeBel-1 criporHo3vmpoBatb M3MeHeHWE TEM0BbIX XapaKTePUCTUK MpU BbIMOJIHE-
HUM KOCMWUYECKOro MonéTta, YTo OYeHb BaXKHO A/ o6ecneyeHus cTabunbHOM n fon-
roBeyHom paboTbl KA Ha 0K0/103eMHO opbuTe:

* MaKcumasbHas Temnepatypa coctasuna 457 K,

* MuHUMaNbHaa —335 K.

AHasM3 nokasan, YTO0 KOHCTPYKLUWS CMYTHMKA MOAJEpXMBaeT pabounii Temne-
paTypHbIiA fMana3oH B YCN0BUA COTHEYUHOIO U3/yYeHus, TakuMm o6pa3om Obiia nof-
TBEPXAeHa 3PgeKTUBHOCTL MCMOMb30BaHUS MaTepuana A16063, NOCKOMbKY MNony-
UeHHbIN B pe3ynbTaTe A1anasoH TeMrepaTypbl cornacyercs ¢ paboyum AuanasoHoM
Temnepatypbl a/tOM1UHEBOTO crinasa A16063-T83.

Pe3ynbTaTbl TEM0BOro aHasmM3a MOryT OblTb WUCMOMb30BaHbl 41 Hay4HbIX WC-
cnefjoBaHWi 1 pa3paboTkn HOBbLIX Mofeneli CubeBel. Takxe nccnesoBaHHbIE MOAENN
B Aa/lbHeNLLeM MOryT 6bITb MPUMEHEHBI A1 MPOEKTUPOBAHNUS CUCTEM TEPMOPEry/un-
pOBaHWA, OXNXKAEHUS U ONTUMM3ALMKN 3NEMEHTOB BHYTPEHHEN CTPYKTYpbl CubeSat.
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MODELING AND THERMAL ANALYSIS OF DESIGN FOR THE CUBEBEL CUBESAT
Y. V. Goloburda, N. S. Koneva

Belarusian State University (BSU), Minsk, Belarus

In this paper, a thermal analysis and modeling of the thermal fields of the CubeBel-1 satellite
design was conducted using the COMSOT Multiphysics software. The analysis was carried out
in the Tow Earth Orbit at 500 km altitude. This analysis makes it possible, on the basis of three-
dimensional and two-dimensional spacecraft models, to predict the change in thermal charac-
teristics during space flight, which is very important for ensuring stable and durable spacecraft
operation in Low Earth Orbit. As a result, the temperature distributions of the satellite structure
were obtained for two thermal regimes, the called “hot” and “cold” phases. The paper presents a
study of the thermal environment of the satellite, the main mechanisms of heat transfer, as well
as the results of the calculation of the elements of orbital mechanics, namely the time the satellite
was in eclipse and sunlight.

Keywords: CubeSat, nanosatellite, small spacecraft, thermal analysis, heat transfer, thermal
model
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MAPCUAHCKWIA TPYHT-AHANOT ANA OTPABOTKU
MOCALKW KOCMWYECKIX ANMAPATOB

E. A. TpuwaHmHa, B. t0. MakoBuyk, A. A. IMUT pOBCKIA,
E. M. CopokuH, A. B. YBaposa, E. H. CitoTa

VIHCTUTYT reOXMMuUmn 1 aHanntnyeckom xummm nm. B. V. BepHagckoro PAH (TEOXW PAH)
MockBa, Poccus

[nsi 0TpaboTKM 6POCKOBBLIX UCMbITAHUI MOCAA0UHBIX MOLY/Nell KOCMUYECKUX annapaToB co3aa-
Ha MOJENlb MapCMaHCKOr0 FpyHTa-aHanora, UMUTUPYIOLLEro (uU3MKo-MexaHUYecKne CBONCTBa
MapCMaHCKOro peronnTa B NOTeHLManbHOM MecTe NOCaAKM, Ha paBHKUHe Oxia Planum. Ha 3Toii
paBHUHE BblgensoTcsa 10 TUNOB MECTHOCTU, KaXAbli M3 KOTOPbLIX XapakTepusyeTcs reomop-
(hONOrMYECKNMI 0COBEHHOCTAMM, MEXaHNYECKUMU CBOMCTBAMMW NMPUMOBEPXHOCTHOTO TPYHTA,
W, KaK CNMeACTBUE, PasHbIMU WHXXEHEPHO-Te00rMYECKUMI YCAOBUAMM, KOTOPbIE BaKHO Yuu-
TbIBaTb MPY MOAENMPOBAHMM MOCAOYHOr0 YCTPOMCTBA. B COOTBETCTBUM C pacnpeneneHuem
KOMMOHEHT FPYHTa, OT/IMYAOLLMXCS MO FPpaHyOMETPUYECKOMY COCTaBY W MAOTHOCTHW, MO Mo-
BEPXHOCTM B NOTEHLMANbHOM MeCTe MOCaZKW Ha OCHOBE PAcYETHbLIX METOAOB 6binn paspabo-
TaHbl YeTbIpe BapuaHTa CMecu Ans MOAENNpPOBaHUsA MapCUaHCKOro rpyHTa-aHaaora v 0TobpaH
06pasel, 4ns NpoBefjeHUs GPOCKOBLIX UCTMbITAHUIA Ha CTEHE.

Kniouesble cnoBa: Mapc, Sk3oMapc, Mapcoxof, TpyHT-aHanor, (u3nKo-MexaHU4Yeckue
CBOIICTBA, UHXEHEPHO-Te0N0rMYecKas MOLEeb

OCHOBHOI4 Lie/blo 1ccnefoBaHns sBnsnack paspaboTka rpyHTa-aHasora noBepxXHoCTy
Mapca B obecneyeHne 0TpaboTKM NOCaAKM KOCMMUYECKMX annapatos. B xoae paboTsl
NPeACTOSN0 BbIMONHUTL CRefytoLIMe 3a4aun: NPOBECTW Fe010ro-MopgoIornyecKnii
aHanM3 MapCUaHCKo NOBEPXHOCTU 1 NPefCTaBUTb BO3MOXHbIE OLLEHKM (PU3NMKO-Me-
XaHWYEeCKMX CBOMCTB MOBEPXHOCTHOIO €10t Mapca B NOTEHLMa/lbHOM MEecTe NMocafKu
KOCMMYECKOWN pocCcUiicKOo-eBPONeNcKoi nporpamMmmbl «3k30Mapc-2020»; paspaboTaTb
MofeNb rpyHTa-aHanora ¢ ykasaHuem WHTEPBaIOB (IM3NKO-MeXaHUUYECKUX CBOMCTB,
rpaHy/ioOMeTPUYECKOro cocTaBa CMeCU FpPYHTa-aHanora U UCXOAHbIX MaTepuaos;
npoaHaNn3npoBaTb 06pasLibl NCXOAHbLIX KOMMOHEHTOB A8 U3rOTOB/IEHUS MapCuaH-
CKOro rpyHTa-aHasora, nNpoBecT MOAENMPOBaHME CMECU; U3TOTOBUTbL MapCUaHCKuiA
rPYHT-aHasIor.

[na nnaHmpyemoro MecTa nocafgky mMapcoxofa akcneanunmn «3k3zoMapc-2020»
XapaKTepHbl ABe TONorpagmMyecku pasfe/iMMbix 061acTU —MaTepPUKOBast BO3BbILLEH-
HOCTb M HU3MEHHOCTb. MaTtepukoBas YacTb B OCHOBHOM MpeLCTaB/ieHa N1aBOBbIMM
paBHMHaMK. C TOYKM 3PEHUS M3YYEHUS Te0sI0MMYECKOn UCTOPUN MIaHEeTbl AN UC-
CNefloBaHNs MapcoxofoM Haubosiee MHTEPECHbI OT/IOXKEHUA TEMHbIX U CBET/IbIX paB-
HWH HU3MEHHOCTE C BEPOATHLIM COAEPKAHMEM FNIMHUCTLIX MUHEepanoB. B pesynb-
TaTe NPoBeAEHHOro reonoro-mMopgonorMyeckoro aHanmsa 6elia noayyveHa nHMopma-
LMS O KONMYEeCTBEHHOM pacnpefefieHn TUMNOB MECTHOCTU B Mpefesiax HaMeyeHHOro
anauMnca nocagknm muccum «3k3oMapc-2020» B paiioHe Oxia Planum (Ivanov et al.,
20183, b).

MpywakmHa ExkaTtepuHa AnekcaHapoBHa —MI. Hayd. coTp., orskatya@mail.ru
MakoBuyK Bnagucnas FOpbeBuY —MJ1. Hayy. COTp.

JMnTPOBCKUIA AHApe AneKceeBUY —M/1. Hayd. CoTp.

CopokumH Erop MakcMmMoBUY — M1, Hay4. COTp.

YBapoBa AnekcaHapa BnagummposHa —Mi. Hayu. cOTp.

Cmota EBreHmnini Hukonaesmy —3aB. n1ab., KaH4. reonoro-M1uHepanor. Hayk
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Tabmmua 1. KoMNOHEHTHBbIW cocTaB NpeaioXKeHHbIX CMeceit
MapCUaHCKOro rpyHTa-aHanora, %

Obpazey, KBapLeBb I NECOK APOGEHBIA %}FT_.W 0,5... 1,2 Mvi KBapLieBbI NMecoK OKaTaHHb I pakuin 0,19...0,23 v 30/1a-yHoca. 3o/ouiax.
(monyckaetes1 0,5... 1,0 mw). P 51641-2000  (gonyckaetcs10,1...0,3 Mm). FTOCT P 51641-2000 OCT 25818-91 I'OCT 25592-91

[pyHT-aHanor 1 33 28 7 32
[pyHT-aHanor 2 25 15 30 30
[pyHT-aHanor 3 40 40 10 10
["pyHT-aHanor 4 - 50 20 30

Tabnmua 2a. MpaHy/I0MeTPUYECKMiA COCTaB KOMMOHEHTOB

KOMMOHEHTLI I"paHyIoMETPHECKII COCTaB, BEC.
Ta/eYHNKOBBY  MPaBAVHLI MecoK Mbib
(LebeHCTLIA)  (opecBAHLIA)
>10 10.5 5.2 2.1 1..05 05..025 0.25..04 0A4..0.05 0,05..001 0,01.-0,005 0,005..0,002 <0,002

KBapLeBblii necok 0 0 0 240 72,0 2,6 0,8 0,5 0,1 0 0 0
LpobneHblii 0
KBapLeBblii necok 0 1,0 36,0 62,3 0,6 (o]l
OKaTaHHbI
3ona-yHoca 0,0 0,6 5,9 42,7 48,0 1,7 11
3onownak 2,2 16 240 19 14 1,7 5,0 22,5 45,6 10,6 5,0 0,6

Tabnmua 26. FpaHyNOMETPUYECKMIA COCTaB rPYHTOB-aHaNoroB

Ob6pazel, IMpaHyroMETPHECKIV cocTaB (B 99 Mo Macce (ypaKLyi (B Mv)
rpaBuiiHbl it necok MblNb
10.5 5.2 2.1 1..05 05.025 025.01 019005 005.001 0,01.0005 0,005.0002 <002
IpyHT-aHanor 1 0 0,3 11,2 25,2 81 22,0 7.9 18,5 54 15 0
IpyHT-aHanor 2 0,2 7.4 21,2 4.6 16,9 12,5 351 1,0 1,0
IpyHT-aHanor 3 0,1 9,6 33,2 11,6 26,6 83 7,8 2,0 10

pyHT-aHanor 4 0,1 0,8 12 12,7 36,0 10,7 33,6 4,4 0,6

v s | w3



KOMIMOHEHTB I

KBapLeBblii NeCOK APO6IEHBIN
KBapLeBblii NeCOK OKaTaHHbI

3ona-yHoca
3onoLnak
Oopazel npobb! \?\foI’DA)

[pyHT-aHanor 1 0,5

["pyHT-aHanor 2 04

["pyHT-aHanor 3 0,2

[pyHT-aHanor 4 0,5

Obpazeyy, Mogynb 06LLgi
et TV

£drMMa

[pyHT- 12,7

aHanor 1

[pyHT- 5,6

aHanor 2

[pyHT- 18,7

aHanor 3

[pyHT- 10,6

aHanor 4

Tabmmua 3a. Pusmnyeckue cBoiicTBa KOMMOHEHTOB

BriaxHocTb W, % MNOTHOCTL YacTuL, s, rem 3

0 2,65
of 2,65
o4 2,48
14,3 2,24

B I'VIOTHOM C/1I0XKEHNW, p/Tax

1,44
1,58
1,47
1,24

Tabrmua 36. dur3nyeckne CBONCTBA FPYHTOB-aHaNOroB

Tabnmua 4. ®13MKo-MexaHW4ecKne CBOMCTBA FPYHTOB-aHaIoroB

[NOTHOCTL YacTuL, [noTHOCTL
rpyHTap . rem 3
COCTOSHAW, p, COCTOSIHWK, P, NN
2,54 1,69 1,44
2,48 1,55 1,30
2,61 1,85 1,59
2,50 157 1,32

Crarnyeckuin Mpepen LI,MHaNMLIecmVl JyHavmueckuin Mogyrb

HeCylLLgii

Moyrb Mofyrb
YMPYroctME ,  CrocobHOCTU ,qeq)opmaumm YpyroctmeEe

MMMa y rpyHraR, Mlla

- 0,385 11,8
57,3 0,332 52,5
— 0,384 68,6
67,5 0,451 57,2

Mofy/1b
MlMa w
115,2

248,9
117,6

148,5

cIBMra

MWa
1,7
15

12

13

[MnotHoCTL, TAM 3

B PbIX/I0M CTIOXKEHVN, p/hin

1,20
1,38
1,12
0,98

KoathdmLeHT noprcTocTw, 4. €.
B MBKCUMEVTEHO M/IOTHOM B MBKCVIM/TBHO PbIIOM B MAKCVMEVTEHO M/IOTHOM B MAKCVIMAST5HO PbIX/IOM

COCTOSHWW, € COCTOSIHUN, € .
0,50 0,76
0,60 0,91
0,41 0,64
0,59 0,89
Yron KoathpmupeHT
CLETVIEHVEC, sHyTpennero  TPEHUS tg(p,
Ml a TpeHusa ¢, n.e.
rpag
0,011 24 0,445
0,007 25 0,458
0,036 28 0,525
0,031 25 0,472

goLedeule XMXdahMINO0N MiTedou uiLogedLo U JoueHe-1HAd) yuxoHenodep



EJ. MpuwakvHa u ap.

NH>xeHepHO-reonornyeckas Mofenb rpyHTa-aHaslora ONpefensercs, rnaBHbIM
06pa3om, eé (JM3MKO-MeXaHNYECKMMN CBONCTBAMMN N CTPYKTYPHBLIMU XapaKTepucTu-
Kamy rpyHTa. ['paHynoOMeTPUYECKMin COCTaB BapbupyeTCs OT MblfeBaTbIX (pakuuii
[0 rpaBuiiHbIX. Koresus MapcraHCKoro rpyHTa npeMmyLLecTBEHHO OrpaHMyeHa nep-
BbIM [JECATKOM KW/0oMNacKanei, 3a UCKHYEHNEM KpynHbix KAMHEN ¢ KOTe3Wein Ha Tpu
nopsifKa BblLLe. YT0on BHYTPEHHErO TPEHNUS HaxoauTca B npegenax ot 15 go 40° (ans
KamHein —pa0 60°).

Wcxopasa n3 TpeboBaHWil K MHXeHePHO-reo1orMyeckoi mogenu 6u1im nofgobpaHsl
cliefytoLLme cocTaBbl FPYHTOB-aHaNI0roB ¢ NPUMEHEHUEM METO/Aa MpefesibHO KPUBbIX
AN5 BblIBopa rpaHy/IOMeTPUYECKOro COCTaBa M YYETOM AOCTYMHBIX MO CTOUMOCTU UC-
XOfHbIX MaTepuanos, HeOO6X0AMMBIX MO Macce B pasmepe HeCKOMbKUX TOHH (Tabn. 1)
(Kopones, 2016; Grishakina, 2018).

CutoBbIM MeTogom no MOCT 12536-2014 (FOCT..., 2015) 6bin onpeaenéH rpa-
HY/NIOMeTPUYECKMIA COCTaB KOMMOHEHTOB W rPyHTOB-aHanoroB (Tabn. 2a, 6), a Takke
thmanyeckume ceoiictea no MOCT 5180-2015 (FOCT..., 2016), BKtoYas BNaKHOCTb,
NAOTHOCTb (B PbIX/IOM U NJIOTHOM C/IOXEHWM) M MAOTHOCTb YacTu, (Tabn. 3a, 6).

Mo pesynbTatam N1abopaTOPHbIX WCMbITAHWIA, MPOBEAEHHLIX COr/IaCHO METO-
Anmkam, onucaHHbim B FOCT 25100-2011 (FOCT..., 2013) n [OCT 12248-2010
(TOCT..., 2011), 6bIN peKOMeHA0BaH Hanbosee NOAXOAALLMIA NO MHXXEHEPHO-Te0s0-
FMYECKNM XapaKTepucTUKaM rpyHT-aHanor 2 nosepxHoctn Mapca Ans npoBefeHus
LUIMPOKOMACLUTABHbLIX HATYPHbIX UCMbLITAHUA NOCaf0YHbIX YCTPOWCTB, B TOM 4uUC/e
AN Mapcoxoaa Muccun «9k30Mapc-2020» (Tabn. 4). JaHbl peKoMeHAaLmmn no yknag-
Ke MapCuaHCKOr0 TpyHTa-aHasora B CTeHf, KOTOpble 3aK/HYalTcs B MOCAOAHOM
CNOXEHWUU (MOLLHOCTb €105t 0Koo 10... 15 ¢M) 1 BbIpaBHMBAHUK KaXA0ro /108 no fo-
CTVDKEHUW OJHOPOAHOW MIOTHOCTY.
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MapCI/IaHCKMl‘;I rpyHT-aHanor gnd OTpaﬁoTKV] nocagkn KocMu4yeckux annapatos

MARTIAN SOIL IMITATOR FOR SPACECRAFT LANDING EXPERIMENTS
f. A Grishakina, V. Yu. Makovchuk, A. A. Dmitrovskii, E M. Sorokin, A. V. Uvarova, E N. Slyuta

Vernadsky Institute of geochemistry and analytical chemistry RAS (Vernadsky Institute)
Moscow, Russia

For drop testing of landing modules of spacecrafts we made a model of Martian soil imitator that
imitates physical and mechanical properties of Martian regolith on the potential landing site
Oxia Planum. Oxia Planum plain is characterized by ten types terrain, each of which have their
own geomorphological features and properties of top layers of soil, and thus, different geotechni-
cal conditions, that are important to take note of during modeling. Taking in account distribu-
tion of soil components, that have different particle size distribution and density on the potential
landing site, we made 4 different mixes for modeling of Martian soil imitator using calculational
methods and chose one for conducting of landing tests.

Keywords: Mars, ExoMars, rover, Martian soil imitator, physical and mechanical properties,
geotechnical model.
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COMOCTABNEHME JJAHHbBIX 3KCMEPUMEHTA [IAH O PACMPOCTPAHEHHOCTY
BOZIbl B TPYHTE KPATEPA TEUNT BAONb TPACCHI MAPCOXOZA CURIOSITY

C JAHHBIMIA 3KCNEPWUMEHTA CRISM HA BOPTY MAPCUAHCKOTO
CNYTHWKA MRO

M. B. ibsukoBa, C t0. Hukudpopos, 4. . lucos,
N.T.MuTpodaHos, M. /1. TuTsak, A. b. CaHuH

WHCTUTYT KocMuyeckmx uccnegosanmii PAH (MKW PAH), Mocksa, Poccusi

[JaHHaa paboTa nocBsALeHa CPaBHUTEIbHOMY aHann3y AaHHbIX W3MepeHnii pacnpoCcTpaHéHHO-
CTUN BOZOpOAa (NPEAMONOXUTENBHO, B hopMe BOAbl) B akcrnepumeHTe AAH («[uHamnyeckoe
anbbeso HelTpoHOB») Ha 6opTy Mapcoxoga NASA (National Aeronautics and Space
Administration) Curiosity («KblOp1MoCUTM») W JaHHbIX W3MEPEHUI MUHEpasbHOro cocTa-
Ba MoBepxHoCcTU B 3kcnepumeHte CRISM (Compact Reconnaissance Imaging Spectrometer
for Mars) Ha 6opTty MapcuaHckoro cnytHuka HACA MRO (Mars Reconnaissance Orbiter).
Hanuuune HenpepbIBHOTO Npoduia pacnpocTpaHEHHOCTH BOAbI B FPYHTE BAO/Mb TPacChl Mapco-
X0fa, MOCTPOEHHOr0 Ha OCHOBE JaHHbIX aKTUBHbIX U MacCUBHbIX M3MepeHnin npubopa OAH,
Mo3BONAET MPOBECTM MPAMOE CPaBHEHMe CpefHeli MacCoBOW A0MW BOAbl B MPUMNOBEPXHOCTHOM
CM0e rpyHTa TOMLWMHOW OKOMO 1M C pacnpoCTPaHEHHOCTLID Ha MOBEPXHOCTU FPyHTA pasnny-
HbIX TMAPaTUPOBAHHbLIX MUHEPAN0B, KOTOPbIE BXOAAT B €ro coctas. [0 pesynbraTtaMm NpoBefEH-
HOro aHanu3a 6biN0 06Hapy>KeHO MOBbILLEHNE CPeHE MacCOBOW LONM BOAbI ANA MOBEPXHO-
CTW, COfiepXalleil HeKOTOopble TWUMbl FMAPAaTUPOBAHHbIX MUHeEPanoB. [JaHHOe MOBbILIEHWE TeM
60/blUe, YeM BbIpaXKEHHee crneKkTpanbHas 0CO6eHHOCTb MUHEpana Ha NOBEPXHOCTU. Ha ocHoBe
3TOro fienaeTca NPeanonoXeHne 0 3HAYMTENbHOW TONLWMHE CNOA 0CaA0UHbIX NOPOA, chnarato-
LLMX NOBEPXHOCTb KpaTepa leiin n cogepxalymx B CBOEM COCTaBe rmApaTVpOBaHHbIE MUHepa-
Nbl, KOTOpas fOCTaTo4Ha ANs onpefeneHuns npubopom AAH B pamMkax MsmepeHuin B naccuB-
HOM pexwume.
Kntouesble cnosa: Mapc, kpatep Ieiin, LAH, Boga, ruapatupoBaHHble MUHEpPabI

BBEAEHWE

KpaTep Meiin npeanonoxutensHo 06pa3oBasics B NO3AHIOK HOMCKYH 3Moxy (OKO/0
3,7-3,8 Mnpa neT Hasagd) BCNeACcTBMeE yhapa KpynHoro meteoputa. Ero paguyc oko-
no 150 tom, a rny6uHa cpasy nocne ob6pasoBaHus COCTaBAsIa NPUBAN3UTENBHO 5 KM.
B uctopun 3Bontoumm Kpatepa [eiin oT MOMeHTa 06pa3oBaHMSt 0 COBPEMEHHON
3MOXN MOXXHO YCMOBHO BbIAENNTb [jBa OCHOBHbIX 3Tana [epBblil 3Tan NpPULLENCA Ha
KAMMaTUYeCKmnin nepuog, Koraa Mapc 6bin OKPYXXEH OTHOCMTE/IbHO MNOTHOW aTMO-
cthepoid, KoTopas NOCTOSHHO WX CropaAnMyeckn obecneymsana TENbIA U BNaXKHBLIN
KMMaT Ha niaHeTe, 0bpasytolmecs B pesy/ibTaTe BbIBETPUBAHUS KOPEHHbIX MOPOL
NPy KOHTaKTe CO LUeNOYHOW BOAHON cpefoi. B TeueHWe 3TOro nepuofa, KOTOpbIi
MPOAO/MKANICA OKOMO 2 MAPA NeT, KpaTep 3nNU30AMYECKW 3anofHANCS BOZOW M npe-
BpaLLasica B 03ep0, Ha IHe KOTOPOro HaKan/IMBauCh CoM 0cafoUHbIx nopogd. K KoH-
Lly nepBoro atana kpatep Ieiin 6b11 NPaKTUUYECKW MOMHOCTLIO 3aMO0/IHEH CIOUCTLIMU
0CaflOYHbIMK OT/IOXKEHUAMMW. DTOT 3Tan 3aKOH4YWU/CH, Korfga Ha Mapce ycTaHoBUACS
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KAMMaT, 6NM3KUIA K COBPEMEHHOMY, C CYXOM M XONOLHON MOBEPXHOCTHIO U TOHKOM
aTMoc(epoil. B TeueHMe BTOPOro atana OCHOBHbIM MpoLeccamy 3BOJIIOLMUM NOBepX-
HOCTW KpaTepa CTasm 30/10Bble npouecchbl (Schwenzer et al., 2012). Mo nepudepum
KpaTepa npou3oLLno O6HaXeHWe CNOEB 0CAflOYHbIX NOPoL NPakTUYecKu JO camo-
ro NMepBUYHONO [Ha, a B LEHTPa/IbHOM YacTW NOJ BO3AENCTBMEM 30/10BbIX MPOLECCOB
1 3p03KK CHOPMUPOBASIACH BO3BbILLIEHHOCTb, NOJTyUMBLIaA Ha3BaHUe 30Mc MoHe.

CoBpemMeHHass NoBepxHOCTbL KpaTtepa [eiln npefctasnseT CO60i ecTeCTBEHHYHO
netonuch 3sonouMn Mapca, B KOTOPOI M3yyeHWe coCTaBa M NOCNef0BaTelbHOCTY
3a/1eraHms Cr0MCTbIX 0CaA0UHbIX OT/I0XKEHWUIA OT AHMLLA KpaTepa K BepLUVHE ero LeH-
TPabHOrO NUKa NO3BO/SET NPOCNEAUTb U3MEHEHUA (DU3NUECKMX YCNOBUIA MpUpOa-
HOIi cpefibl HA MOMEHT X 06pa30BaHus.

[aHHaa cTaTbsl NOCBALLEHA CPABHUTENIBHOMY aHa/IM3y AaHHbIX U3MEpPEeHui pac-
npocTpaHéHHOCTM Bogopofa (NMPeanonoXuTensHo, B (hopMe BOfAbl) B 3KCNEPUMEH-
Te JAH («[MHaMnyeckoe anbbeno HeTPOHOB») Ha 6opTy mapcoxoga HACA {aHrn.
National Aeronautics and Space Administration, NASA) Curiosity («Kbtopnocutun»)
N JaHHbIX N3MEPEHNIA MUHEPaANbHOI0 COCTaBa MOBEPXHOCTU B aKcnepmumeHTe CRISM
(Compact Reconnaissance Imaging Spectrometer for Mars) Ha 60pTy MapCMaHCKOro
cnyTHMka HACA MRO (Mars Reconnaissance Orbiter).

OAHHBIE MSMEPEHUIA MPUBOPA JIAH

Mpubop OAH sBnseTcs aktueHbiM [JETEKTOPOM TEMIOBbIX U 3NUTEMN0BbIX HEATPO-
HOB. TEPMUH «akTMBHBbI» YKa3blBAET, YTO B COCTaB MpubOpa BXOAUT MMMY/bCHbI
reHepaTop HeMTPOHOB C 3Hepruelt 14,1 MaB, KoTopasi NPOCBEYMBAIOT BELLECTBO MO-
BepXHOCTHOro cfiofd Mapca Ha rny6uHy okosio 60 CM 1 BbIXOAWUT Ha NOBEPXHOCTb CO
3HauMTeNbHO MeHbLUeli aHepruein (Mitrofanov et al., 2012). [deTekTopbl perncTpu-
PYHOT BpPEMEHHbIE MPOGUAN MOCAEUMMY/LCHBIX MOTOKOB HEWTPOHOB C TEM/OBLIMM
N 3NUTENNOBLIMU SHEPrMaAMU. AHan3 X (DOPMbI MO3BONAET CAenarb OLEHKY CO-
JepXXaHus B rpyHTe BOAOPOLA M AAEP C BbICOKUM CEYEHWEM MOT/IOLLEHNS HEATPOHOB.
MocKoMbKy BOLOPOA, KOTOPbIA COAEPXMTCA B FPYHTE, B OCHOBHOM BXOAWT B COCTaB
rMAPOKCU/ILHOM TPYNMbl, BXOASLLEA B TOM YMCAe B MOJSEKY bl BOAbl, COLepXaHue
BOAOPOJA B IPYHTE U3MEPSETCA B BE/IMUMHAX 3KBMBAJIEHTHOrO COAEPXKaHUs BOAbl.
CopepxxaHve HeNTPOHHO-MOrNOWAOWMX AAep OLEHWBAETCA BENNYMHON 3KBUBa-
NEeHTHOrO0 CoflepXXaHuns xnopa.

VIMNynbCHOE HEeMTPOHHOE 30HAMPOBaHWE TPyHTa MO MpaBuIaM YrpaB/eHns
MapCOXOAO0M pa3peLlaeTcs MPOBOAMUTL TOMILKO Ha CTOSAHKAaX, MO3TOMY OLIEHKWM Mac-
COBbIX [J01el BOAbl U Xnopa B akcnepumeHTe AAH oT gatbl Hauana paboTbl 17 aBry-
crta 2012 r. 1 [0 HaCTOSLLEr0 MOMEHTa MO/yYeHbl TOMbKO ANS AUCKPETHOro Habopa
~700 y4acTKOB, pacnpefeNiéHHbIX BAOMb TPACChl ABUXKEHUA CYMMApPHON NPOTSKEH-
HOCTbto okono 20 kv (Lisov et al., 2018). Ha puc. 1 (cm. c. 26) npeacTaBneHo pac-
npefenieHne OLEeHKM MacCOBOM J0MM BOAb! ANS MOAABASAIOWEN J0M 3TUX YUAaCcTKOB
(okono 90 %), Ans KOTOPbIX AaHHbIE aKTUBHBLIX U3MEPEHUI YAanoch 06BbACHUTbL MO-
[enblo rpyHTa, 06bEMHAA NNOTHOCTL KOTOPOro paBHsaNack 1,8 reMm 3 maccoBble oY
NopoA006pasyoLLMX 3/1eMEHTOB COOTBETCTBOBA/IN TaK Ha3bIBAEMOMY «CTaHAAPTHOMY
cocTaBy» (Sanin et al., 2015), 1 3Ha4eHWs MAcCOBbIX JO/el BOAbl U X/10pa Onpeaens-
NINCb Ha OCHOBE HaW/yuLLero coriacus ¢ HabaeHUAMM.

B T0 Bpemsi KaK paboTa HEMTPOHHOIO reHepaTopa NPOMCXOAUT TOMbKO B CECCUAX
«AKTUBHbIX U3MEPEHNA» NPOJOMKUTENBHOCTLIO 15—30 MUH Ha CTOSIHKaX, 4eTeKTopbl
npuéopa AAH npofomkatoT paboTy NPaKTUYeCKy HENPepbIBHO Kak Ha CTOSHKaX, Tak
M BO BpeMs ABWXeHWs mMapcoxoga. B 3TOM Tak Ha3blBaeMOM «MacCUBHOM» PeXxXmMme
[ETEKTOPbI PETUCTPUPYHOT HEMTPOHBI TEXHOTEHHOTO MPOUCXOXKAEHMS, KOTOPbIE U3NY-
4aeT YCTaHOB/EHHbIA Ha 6OPTY NTYTOHWEBbI NCTOUYHUK 3HEPreTUYECKO YCTaHOBKY,
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1 TaKkXKe HeMTPOHbI COGCTBEHHOIO U3/TydeHUs Mapca, KOTOpble BO3HUKAIOT B BEPXHEM
C/I0e BELLeCcTBa NOBEPXHOCTM C TOMLMHON 0Kono 1.2 M Noj BO3AENCTBMEM FanaKTu-
YeCKUX KOCMUYECKMUX Nydeld. MOTOK MapCUaHCKMX HEMTPOHOB TakXXe CyLLeCTBEHHO
3aBUCUT OT Ha/NM4MA B TPYHTE BOZOPOAA U Afep € 60/bLUMM CeYEHNEM MOT/IOLLLEHUS,
MoO3TOMY [aHHble MacCUBHbIX U3MepeHUin npuoopa JAH Takke Aat0T BO3MOXHOCTb
N3MepUTb NPOCTPAHCTBEHHYHO MepeMeHHOCTb COCTaBa MapCUAaHCKOr0 rPyHTa.

CofepxaHue BoAbl B rpyHTe, %

Puc. 1. PacnpezeneHne oLeHOK MaccoBoii 401 BOAbI B MapCUaHCKOM
rpyHTe MO pe3ynbTaTaM aKTUBHbIX M3MepeHuii npnéopa JAH

[ns Toro 4To6b! fJaHHbIE NACCUBHBLIX M3MEPEHUI MOXHO ObIfI0 UCMO/b30BaTh 4N
OLEHKMN COAEPXXaHWs 3KBMBANEHTHOW BOAbI, y4acTHMKaMK aKcnepumeHTa JAH pas-
paboTaHa npouefypa 06paboTKM 3TUX AaHHbIX, OCHOBaHHasA Ha aMMMPUYECKN YCTa-
HOBJIEHHO CBA3W MEXAY AaHHbIMU aKTVBHbIX U MaCcCUBHbLIX U3MEPEHMWI Ha y4YacTKax
CTOSIHOK. JTO 3MMUPUYECKOE COOTHOLLEHME, a TaKXKe OLEHKM A4/19 MacCOBbIX A0Sel
3KBVBA/IEHTHON BOAbI M X/I0pa Ha OCHOBE aKTUBHbLIX M3MEPEHUIA Ha CTOSIHKax Oblin
MCNOMb30BaHbI 415 MONYYEHNUS OLEHKN MAcCOBbIX 40/Ei BOAb! C METPOBLIM pa3peLue-
H/YeM BO BCEX TOYKAX TPACChl ABWKEHMSA MapCcoX0fa Ha OCHOBE [aHHbIX MacCUBHbIX
n3MepeHunid. bnarogaps 06paboTke MacCUMBHbLIX AaHHBIX O HEATPOHHOM W3NYYeHUN
Mapca 6bl1 MOMYYeH HEMpPEepPbIBHLIA NPOUIb NPOCTPAHCTBEHHON MEPEMEHHOCTY
MaccoBOI [OMW BOAbI BAOMb TPacChl ABVDKEHWNS MapCcOX04a, KOTOPbIA B TOUKax ero
CTOSHOK [OCTaTOYHO XOPOLUO COnpsraacs co 3Ha4eHNAMU, KOTOPbIE Bblfv MONYYEHb!
Ha OCHOBE aKTMBHOIO HEMTPOHHOI0 30HAMPOBAHNS.

AAHHBIE TTPUBOPA CRISM

CnekTtpomMeTp CRISM, ycTaHOB/EHHbIN Ha 60pTy KocMuueckoro annapata HACA
MRO, BeféT CcbéMKy B BUAUMOM U 6AKHEM WK-gnanasoHe (4/iMHa BOMHbI
362...3920 HMm). Bxogswme B COCTaB MUHepasioB, (HOPMUPYIOLWUX MOBEPXHOCTb
Mapca, Xene3o, oKcuAbl, KapboHaTbl U T.4. UMEKT XapaKTepHble NPU3HaKu B BU-
anmom n MK-guanasoHe v nerko pacnosHatotcs cnektpometpom CRISM (Pcikey
etal., 2007).

B kauecTBe UCTOYHMKA JaHHbIX 1 HALLEro aHanusa Bblin pacCMOTPEHbI CNek-
Tpa/bHble N300paXKeHWs1, CNeLManbHO NOArOTOBEHHbIE KoMaHaoh CRISM ans kap-
TorpathMpoBaHusi MecTa nocafgku Mapcoxoga «KbtoprocuTu». o pesynbtatam Lene-
BOI rMMEepPCrneKTPanbHON CbEMKK Bblnn chopMUpPOBaHbI YeTbIPe MO3aMUHbIX Habopa
JaHHbIX (FM2, MAF, HYD, ALT), co3aHHble Ha OCHOBE CMeKTPasibHO CTPYKTYpbI
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MOBEPXHOCTU, MO3BONAIOLWENA UAEHTUPULMPOBATL pasfnyHble MUHepasbl. Ans cos-
[laHns 3TUX M306paKeHNiA Obl 0TO6PaHbl JaHHbIE C BLICOKUM MPOCTPAHCTBEHHbIM
paspeLleHnemM (0Kono 20 M), He cofiepXkalliye MoBbILLIEHHOMO YPOBHA LIYMa U aTMOC-
thepHoli Henpo3payHocTU. Bbicokoe 3HauyeHMe B RGB-mnockocTn n3o6paxkeHuit
yKa3blBaeT Ha OTHOCUTESIbHO CU/bHYHO CMEKTPasibHYH0 0CO6EHHOCTb MO CPaBHEHUIO
C AMana3oHOM, MpefCcTaBfieHHbIM MOBEPXHOCTHIO BOKPYr Kpatepa lein. U Hao6o-
pOT, HU3KOEe 3HAYeHMNe YKa3blBaeT Ha OTHOCUTE/LHO Cnabyro 0CO6EHHOCTL UK eé oT-
cyTCcTBME. BaXKHO NOMHWTBL, YTO CreKTpasibHas Bapuaums B Kpatepe Ieiin, Kak npa-
BWO, ropa3fo MeHee BbIpaKeHa, YeM B HEKOTOPbIX PerMoHax nnaHeTbl (Hanpumep,
B [lonnHe MaBpa, [onMHax MapuHepa), 1 permoHasnbHble «CUMbHbIE» CMEKTPabHble
0C06eHHOCTM B KpaTepe Meiin He MOryT ObITb NPUPaBHEHbI K CU/TbHBIM 0COGEHHOCTAM
3 TaKOro pervoHa.

Hamu 6bina BbIABMHYTA rMNOTE3a, YTO MUHEPASIOrMYECKUIA COCTaB NOBEPXHOCTHU,
npeacTaBfeHHbIN B cneumanbHbIX Habopax faHHbIX CRISM (a ocobeHHO B 1306pa-
XeHnax HYD n ALT, oTpaxarowmx 0CO6eHHOCTM pacnpocTpaHeHns MUHepasnos, 06-
pa3oBaHHbIX B3aMOAECTBMEM MOPOA MapCUaHCKOI KOPbI C XKWAKO BOAOIA) AO/MKEH
HaxoaWTb OTK/MK B laHHbIX N3MepeHunii npubopa AAH.

[ns coBMeCTHOro aHanumsa OblnM BbIOpaHbl AaHHbIE MACCUBHLIX W3MEPEHWiA
[OAH, Tak KaK lJaHHble aKTVBHbIX U3MepeHUi 06/1aAat0T ropasfo MeHbLUe cTaTucTu-
4eckol 06ecrnevyeHHOCTbI0, U CneKTpasibHble n306paxkeHus HYD un ALT, koTopble
cofiepXkat MH(opMaLMIo O NPOCTPAHCTBEHHOM pacnpefeneHny ruapaTupoBaHHbIX/
rMAPOKCUNNPOBAHHBIX MUHEPAI0B.

CnekTpanbHble n3obpaxeHns HYD n ALT cogepxaT gaHHble O pacrpocTpaHe-
HUW TakKUX MUHepasioB Kak (unnocunnkaTbl (B OCHOBHOM, Fe-CMeKTUTbI), a Takxe
MOHO- (KM3epuT) WU NONUruapaTMpoBaHHble (rekcarnaput) Mg-cynbgatbl. 3TN MU-
Hepasibl ABAAOTCA OCHOBHbIMU MHAMKATOPaMU BOLHbLIX MPOLLECCOB, NPOUCXOAMBLUINX
KaK NoKanbHO B KpaTtepe e, Tak u rnobasbHO Ha MaHeTe Ha pybexxke HOMCKOro
M recnepuiickoro NepvofoB reosiormyeckoli nuctopum Mapca. Ans gopmupoBaHus
KaK (UN0CUINKATOB, TaK 1 rMApaTUPOBaHHbIX CYNb(aToB, He0bXoAMMa BOAHAs cpe-
Ja. dunnocunukatbl MOryT 06pa30BbIBaThCs Kak Ha MOBEPXHOCTU B pe3y/ibTaTe BbiBe-
TPMBaHNA KOPEHHbIX MaUUeCcKMX nopog (HanpuMmep, onMBMHA) B CNab0CONEHOW MK
LLEeNIOYHOW cpefie, Tak M MoL NOBEPXHOCTLIO B pe3y/ibTaTe rMapoTepMasbHOM akTuB-
HOCTK, KOTOpas Mor/ia ABUTbCSA pe3ynbTaToM 06pa3oBaHus Kpatepa [ein BcieAcTeume
yfapa Meteoputa. O6pasoBaHue Cynb(aToB B Pe3ynbTaTe OCXKAEHUS B KACIOA BO-
[IHOA cpefie NPV AOMUHUPYIOLLIE PONW NCNapeHns —MNOBEPXHOCTHbIM NpoLecc.

CornacHo pa6oTe (Bibring et al., 2006) Ha py6e>ke HOWCKOrO W recrnepuickoro
NepvojoB MPOU3OLLUEN Pe3KuUiA Mnepexos OT YCNoBUiA, 6naronpusTHbIX 4ns 06pas3oBa-
HUA (DUNNOCUNNKATOB, K YC/IOBMAM, GNaronpuATHLIM Ans 06pa3oBaHus CynbhaTos,
NPeanonoXnTeNbHO B pesysbTaTe 06LUMPHOr0 BbICBOOOX/AEHMS CEPOCOLEPXKALLMNX ra-
30B BMECTE C BY/IKAHNYECKOIN aKTUBHOCTLIO Ha (JOHe Pe3Koro nafeHust aTMocepHo-
ro fiaBneHunsa 1 noTepu BoApl.

COMOCTABJEHWE MPO®UIA MACCOBOW 0N BOAbI
C PACIMPEAENEHVEM MUWHEPANOB MO JAHHBIM MNMPUBOPA CRISM

Hannuve HenpepbIBHOIO Npoduns pacnpocTpaHEHHOCTM BOAbI B FPYHTE BAO/b Tpac-
Cbl Mapcoxofa Ao cona 1900 BKNKOUUTENBHO, MOCTPOEHHOIO HA OCHOBE [aHHbIX W3-
mMepeHuin npubopa JAH, Nno3sonseT NpoBecTV NPSMOE CpaBHEHWE CpefHeli MacCOBOM
[0M1 BOAbI B MPUMNOBEPXHOCTHOM CNOe FPyHTa TO/LWMHON 0Koo 1 M ¢ pacnpocTpa-
HEHHOCTbIO Ha ero NOBepXHOCTU TpyHTa Pa3/IMYHbIX MUHEPASOB, KOTOpble BXOAAT
B ero cocTas. /cnonb3oBanuch Npopunmn Bofbl, NOCTPOEHHbIE C NPOCTPAHCTBEHHbLIM
paspeLueHnem 3 m.
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[na Kaxgoi rpynnsl MUHEPanoB ((PUANOCUANKATbI, MOHO- Y MOAUTUAPATUPO-
BaHHble Cy/baTtbl), OGblIM 0TOOPaHbl UHTEPBASbI NYTW Mapcoxoia, KOTopble NpoLu-
NN Yepes y4acTKW MOBbILLEHHOMO COAepXaHNs faHHON rpynnbl MUHepasoB. B Tabn. 1
LN KXXAO0W rpynnbl MUHEPANIOB NpefCcTaBNeHa OTHOCUTE IbHas AONS NyTK, NpoLues-
LLIero Yepes BCE YYaCTKM eé MOBbLILLIEHHOr0 COAepXKaHWs, a TakkKe CyMMapHasi OTHO-
cuUTeNbHas [0NS BCEX UHTEPBAIOB NYTU, B KOTOPbIX He Hab/04anoch NOBbLILLIEHHOE
COZepXKaHne HU A1 OfHON 13 HabAABLUMXCS TPYNN MUHEpPanoB. Ons nHTepBaioB
Tpacchbl, COOTBETCTBYHOLLMX KaXA0WN rpynne MMHepanos, 6biio MOCTPOEHO pacnpeje-
NeHWe 3HaYeHWI MaccoBO 1011 BOAbI N0 AaHHbLIM npn6opa JAH. Takxe no JaHHbIM
3TOro npuéopa ObINo0 NOCTPOEHO TakK HAa3bIBAEMOE «pEMepHOe pacrnpefeneHme» 3Ha-
YEHWIA BOABI, COOTBETCTBYHILLEE OLIEHKaM /151 BCEX MHTEPBA/IOB MyTH, HE COBMaJato-
WMX HW C OAHWUM M3 YYaCTKOB, B KOTOPbIX Hab/04an0Cch MOBbILEHHOE COAepXaHue
MWHepasoB.

TecT Ha Hannune KOpPPenaLMn Mexay noBbILUEHHbIM COLEPXXaHWEM Ha NOBepX-
HOCTW TPyHTa OTAENbHOIO MUHepana W MOBbILWEHHOW WKW MOHWKEHHOW MacCOBOM
[0nei BOfbl B BEPXHEM C/10€ FpyHTa MPOBOAW/ICSA HA OCHOBE MPSMOr0 CPaBHEHMS ABYX
pacnpefeneHnii Ans 3Ha4eHWn BOAbI: TECTUPYEMOrO pacnpesienieHns, COOTBETCTBYHO-
LLero MHTepBaiaM TPacchl /19 Y4aCTKOB MOBbILUEHHOr0 COAEPXKaHWs rpynnbl MUHe-
pasioB, U penepHoOro pacnpefeneHus. CpaBHeHWe pacnpefeneHnini NpoBOAMIOCL Ha
OCHOBe KpuTepus MupcoHa, NpW 3TOM penepHoe pacnpesesieHne HoOPMUPOBAIOCh Ha
MOSIHYHD CTAaTUCTUKY TECTUPYEMOro pacnpeseneHus. B T1abn. 1 npeAcTaBieHbl OLeH-
KU 3HaYeHWn napameTpa y-KBafgpaT, COOTBETCTBYIOLLMX TECTUPYEMbIM pacnpenene-
HUAM 4NS pasHbIX MWHepanoB. B Tabn. 1 Takke NpefcTaBieHbl 3HAUYEHWU CpepHel
BE/IMYMHbI U ANCMEPCUIN MacCOBbIX A0Mel BOAbI A BCEX pacnpefeneHuid, BKIoYas
perepHoe.

Pe3ynbTaTbl TeCTa MOKa3blBAOT, YTO AN (PUNIOCUIMKATOB YYaCTKM WX MNO-
BbILUEHHO pPacnpoCTPaHEHHOCTM He MPOSBAAIOT KaKWX-TMBO NPU3HAKOB 3Hauu-
Te/IbHOr0 CPefHEro MOBbLILLEHNS UM MOHMXEHWS MacCOBOW LONWM BOAbl B FPyHTE
(cm. Tabn. 1). HecmoTps Ha To, 4TO AMCNEPCUS MacCOBOW 40NM BOAbI B CyYae (innno-
CUIMKATOB OT/IMYAETCA OT aHaIOMMYHOI BENMUMHBI A5 PENEPHOro pacnpeseneHus,
3HayeHWe napameTpa y-KBafpaT, MojyvyeHHOe Mpu CpaBHEHUU TECTUPYEMOIO U pe-
MepHOro pacrpefeneHuil, ykasblBaeT Ha CyLLEeCTBOBaHME HeA0CTaTOYHO CU/IbHO Bbl-
paXKeHHOro 3thheKTa: BEPOATHOCTL COBMafeHWs pacnpeaeneHnii coctasnset 2 %.

CpepfHsasa BennUMHa MaccoBOW JONM BOAbI AN MOHOMMAPAaTUPOBaHHBIX Cybda-
TOB, 2,45 %, 3aMETHO HWXXE aHa/OrMYHON BENMUMHBI [N PEMepHOro pacnpeaene-
Hus, 2,60 %, a eé ancnepcus NPaKTMUECKM He OT/MYaTca OT AMCMEPCMM MaCcCOBOM
Zlonv BoAbl periepHoro pacnpegeneHus, 0,34 n 0,36 COOTBETCTBEHHO. TeCT napameTpa
y-KBajpaT He BbISBUM Pa3fiMunii MeXxay ABYMS pacrpefeneHusMun: BeposTHOCTb UX
coBnafeHmns coctasnset noytn 20 %

Hannume cTatMcTMYeckn 3HaUMMOro ahekTa KOppensaumum Mexay CoAepXaHu-
€M BOfbl B FPYHTE U MUHepana Ha NOBEPXHOCTU O0BGHAPYXEHO ANs MOAUruapaTUpo-
BaHHbIX Cy/nb(aToB. B 3TOM Clyyae pacnpegeneHue 3HaueHnid Bogbl Ans y4acTKOB UX
MOBbLILLIEHHOr0 COLEPXaHNS CYLLECTBEHHO OT/IMYAETCS OT PenepHOro pacnpefeneHms
(puc. 2, cM. c. 30). ITO pasnMuMe 3aMeTHO NPOSBAAETCA B OLEHKax CPefHUX 3Ha-
YyeHunin n gucnepcun (CM. Tabn. 1), U TaKKe BO3MOXHOCTb COBMafeHUs TECTUPYEMOrO
1 pernepHOro pacrpefeneHnin onpoBepraeTcs TECTOM Ha OCHOBE Y-KBafpaT: BeposiT-
HOCTb WX MPUHAANEXHOCTW OfHOW TFeHepaslbHOW COBOKYMHOCTW COCTaB/SET BCErO
1,59-10 8%.

TakuMm o6pa3om, B palioHax Ha AHe KpaTepa [eiin, Ha MOBEPXHOCTU KOTOPbIX
NPUCYTCTBYIOT NONUTUAPATUPOBaHHbIE CYNbaTbl, B NPUNOBEPXHOCTHOM COe IPpyHTa
TONWMHON 0KoNo 1M HabnoaaeTca yBeIMYEHNE MACCOBOI A0/ BOAbI 10 3HAUYEH WA
OKOJ10 CpeAHero 3HauyeHus 2,86 % npu TOM, YTO B APYrMX paiioHax cpefHee 3HauYeHne
cocTtasnisieT 2,60 %.
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Tabnmua 1. CpaBHeHWe NapaMeTpoB pacnpe/e/sieHWsl MaccoBOi 40U BOZAbI MO NACCUBHbIM JaHHbIM npu6opa JAH
AJ151 y4aCTKOB TPACChI C MOBbILLEHHBIM COiEPXKaHWEM MVHEPaoB U PenepHbIX YYacTKOB MO AaHHbIM crniekTpomeTpa CRISM

Joyma [Jona tpaccel, npuxogawgasica  CpenHsisi vaccoBast — [ycriepeyist MaccoBoi x2 Kpumnueckoe  fj-level
Ha rpyrny, % [Jons sogbl, % [0n1 Bogpl 3HaueHve / 2
PenepHoe pacnpegenexve 81 2,60 0,36 - - -
MoHorungpatupoBaHHble CynbdaThl 9 2,45 0,34 31,92 38,89 0,196
MonurngpatnposaHHble CybgaTbl 5 2,86 0,30 92,32 42,56 1.59E-08
dunnocunmkathl 5 2,66 0,28 41,48 37,65 0,020

Tabnmua 2. CpaBHeHMe NapamMeTpoB pacnpeesieHus MacCoBoii 401 BOAbI MO NaCCUBHbLIM AaHHbIM npu6opa JAH
A151 y4aCTKOB TPacChl C COAEPXKaHWeM NOMIMAPAaTUPOBAHHBIX CYNb(ATOB 1 penepHbIX y4acTKOB MO faHHbIM cnekTpoMeTpa CRISM

Mpyma Jonsa tpacekl, npuxo-  CpeaHaamacco-  [venepeyist Mac- x2 Kpymveckoe  a-level
[ALAasCcA Ha rpyriny, % Basi 0N Bodbl, %  COBOW [I0/IN soabi 3HaueHvie X
PenepHoe pacnpegeneHune 81 2,60 0,36 -
MonurnapaTpoBaHHble  BbICOKON «MHTEHCUBHOCTU 2,5 3,06 0,24 113,89 33,92 2,22E-14
Cynb(parel HW3KON «MHTEHCMBHOCT» 2,5 2,66 0,28 30,21 37,65 0,216

'una ] edatedy alHAdI g 19708 MLOOHHHedLD0dUdRd O HYY BLHAWMABLONE XIGHHRT aMHALERLI0L0D



M.B.[lbT0Ba 1 ap.

MaccoBas gonsa H2 no gaHHbIM NaccUBHbIX U3MepeHuii JAH
Ha yyacTKax Tpaccbl Mapcoxoga:
— C MOBbILWEHHbIM COflepXKaHneM

£ NOAUrNAPaTUPOBAHHBIX CYNb(haToB
— 6e3 NOBbMMEHHOT0 CoAepXKaHusl
rMAPaTUPOBaHHbLIX MUHEPANOB i m
2,0 BE3 VEA

CopepxaHue Bofbl B rpyHTe, !

Puc. 2. PacnpefeneHve 3Ha4eHW MaccoBO 40NM BOAbl MO JaHHbIM NacCUBHbIX U3MEPEHW

npuéopa JAH: KpacHbIM LIBETOM NMOKa3aHO pacnpegesneHune s pernepHbiX y4acTKOB TPacchl

OBVXEHMS1 MapCcoXo/a, CUHUM —[/15 Y4YaCTKOB TPACChl C MOBbILLEHHbBIM COAEPXaHWEM NOUTU-
APaTUPOBaHHbIX CY/b(aTOB; MYHKTUPOM OTMeUeHbl CpefHUE 3HAUYEHNS pacnpedeneHus

OBCY>XXOEHWE MONYYEHHOIO PE3YJIbTATA

OG6Hapy>XeHHbI 3 heKT NOBbILLEHWSI CPefHeld MaccoBO/ A0NM BOAbl MO MaccuB-
HbIM M3MepeHusam npubopa JAH Ha ydyacTkax MOBEPXHOCTW, CofepXKalmx noau-
rMapaTupoBaHHble cynbgaTbl N0 AaHHbIM criekTpoMeTpa CRISM, o3HayaeT 4yB-
CTBMTE/ILHOCTb Npubopa K 3TUM MuHepanam. JIOrMYHO OXWMAaTb, YTO YBeNMYeHue
BbIP&XXEHHOCTN CMEKTPasbHOW OCOBEHHOCTU MOMIMTMAPATUPOBAHHLIX CYNb(AaToB
[OMKHO NPUBOAWTL K YBEIMYEHWNIO MAcCOBOM AOMAWN BOAbI MO CPaBHEHUIO C MOBEPX-
HOCTbIO, IZe CreKTpasbHas 0CO6eHHOCTb AaHHbIX MUHEPANIOB MeHEe BblpaxkeHa. [1s
MPOBEPKM 3TOr0 NPEAMOSIOKEHNA WHTEPBaIbl NMYTU MapCcoXofa, MpOLUeALine ye-
pe3 YYacTKV MOBbILEHHOIO COAEPXaHus NONUrUapaTMpoBaHHbIX CynbdaTos, Gblu
pasfeneHbl Ha [Be paBHbIe MO KOMIMYECTBY YUYACTKOB rpynmbl. B nepsyto rpynny no-
nasiv y4acTKM TPacchbl C HU3KUM 3HaydeHneM B RGB-nnockocTv u3obpaxeHus, a Bo
BTOPYHO —C BbICOK/M.

[ns aTnX ABYX rpynn y4acTKOB aHafIorMYyHO pas/ivyHbIM Fpyrnnam no MuHepanam
6blIM NOCTPOEHBI pacrpeseneHns 1 NPOBeAEHO CPaBHEHNWE C penepHbIM pacnpesene-
HMeM. PesynbTaTbl NpeLCcTaBfeHbl B Tabn. 2.

Ha pwuc. 3 (cm. c. 31) npeacTaBneHo pacnpefeneHMe MacCcoBOW [0MM BOAbl Ha
yyacTKax noMrugpaTMpoBaHHbIX Cyb(aTOB BbICOKON «MHTEHCUBHOCTM». CMeLLeHmne
pacnpefeneHus 04eBUAHO (88 % 3HAYEHWI NEXUT Bblle CPeAHEro 3Ha4yeHus mac-
COBOW [0/ BOAbI PEMEPHOro pacrpefeneHns) U NOLTBEPKAAETCA KaK CMELLEHVEM
CpefHero 3Ha4eHUs MaccoBOM A0/ BOLbl OTHOCUTENBHO CPefHero 3HayeHus Takow
[onv penepHoro pacnpegenenus, 3,06 n 2,60 % COOTBETCTBEHHO, TakK U CMeLLEHNEM
aucnepcun atux pacnpegenenuii, 0,24 n 0,36 cooTBETCTBEHHO. Kpome TOro, TecT na-
pameTpa X-KBajpaT MoKasblBaeT, YTO BEPOATHOCTb MOAYMHEHWUA pacrpesefieHuns no-
NNrNAPaTUPOBaAHHbIX CYNbATOB BbICOKOW «MHTEHCUBHOCTM» U PENEpPHOro pacnpese-
JIEHVA O4HOMY TEOPETUYECKOMY 3aKOHY cocTaBnset 2,22-10 14%.

HecmoTpsa Ha pasnuyue gucnepcuin Ans pacnpegeneHus noanruapaTmpoBaHHbIX
Cynb(aToB HU3KOW «MHTeHcuBHOCTU» (0,28) n penepHoro pacnpegeneHuns (0,36),
a TaKkXKe Ha He3HaunTeslbHOe NoBbILLEHNE cpefHero (2,66 1 2,60 % COOTBETCTBEHHO),
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pacnpefeneHue NonMrMApPaTMPOBaHHbIX CY/b(aToB HU3KOW «MHTEHCMBHOCTU» CO-
rNacHO TeCTy X-KBaApaT MOBTOPSIET pernepHoe pacnpeaeneHve. BeposiTHOCTb KX CO-
BMazieHns CocTaBnsieT 6onee 21 %, a 3HaUYeHWe napameTpa X-KBafpaT MeHbLUIe KPUTH-
4eCKOro 3HaYeHws.

1,0 15 20 ESQ BE3 35 4,0 45
CopfepxxaHue Boabl B rpyHTe, %

Puc. 3. PacnpefeneHus 3HauyeHWii MaccoBoi A0nM BOAbl NO faHHbLIM MAcCUBHbLIX U3MEpPeHMii

npuoopa OAH: KpacHbIM LBETOM MOKa3aHO pacnpefeneHve AN penepHbIX Y4acTKOB Tpac-

Cbl ABMXKEHWS Mapcoxofa, CUHUM — [N Y4acTKOB TPacchl C COfepXaHuem MoaurnapaTupo-

BaHHbIX CY/Nb(ATOB BbICOKOW «MHTEHCUBHOCTW»; MYHKTUPOM OTMeuYeHbl CpefHue 3HaueHus
pacnpegeneHuii

Taknm 06pa3om, NpeanooXeHNe, YTO YBeNYEHe CNEKTPaIbHON NHTEHCUBHO-
CTV MUHepasia Ha MOBEPXHOCTN Mo AaHHbIM criekTpomeTpa CRISM BeféT 1 K nosblI-
LLIEHMIO MacCcOBOM 0N BOAbI MO NACCUMBHBLIM U3MepeHuam npubopa JAH, BepHO /15
NONUIMAPATUPOBAHHbLIX Cy/b(haToB. AHaAOrMYHas npoBepka Oblna NpoBefeHa [A/is
MOHOrMAPaTUPOBAHHbIX CY/b(aToB U (PUANOCUINKATOB, OHAKO CXOXero athekra
He OblI0 0OHapy>KeHO. MPUUMHOI 3TOr0 MOXET C/YXXUTb HeJOCTATOYHO BbIPaXKEH-
Has cnekTpasibHas 0COBEHHOCTb 3TUX MUHEPAOB B AaHHbIX cnekTpomeTpa CRISM:
BapmaLma apkocTM B RGB-NI0CKOCTU M306paXkeHNs 41 OUANOCUINKATOB U MOHO-
rMAPaTUPOBaHHbIX Cy/b(aToB HaxoamuTes B npegenax 1—80 u 1-59 coOTBETCTBEHHO,
B TO BPEMS KakK AN1s NOAMruapaTMpoBaHHbIX CyNbdaToB APKOCTb HAXOAMTCS B Npefe-
nax 1—149. Takxe 3T0 MOXeT ObITb CBA3aHO C BO3MOXXHOI TO/LLMHOI CNOEB 0cafoM-
HbIX MOPOJ, COLEPXALLMX UCKOMbIE MUHEPaIbI: C/IOW, cofepyKallme hnnnocuIMKaTbl
1 MOHOTUAPATUPOBAHHbIE CY/b(aTbl MOrYT ObITb 3HAUMTE/ILHO TOHbLLIE CNOS 0CaL0M-
HbIX NOPOJ, COfePXalUMX NOAUrnapaTUPOBaHHbIE CYNbMaThbl, U UX TOMLWMHA HEe A0-
CTaTouHa Ans BO3HUKHOBEHWUS OMUCLIBAEMOrO Bbille 3(heKTa B JaHHbIX NACCUBHbIX
n3mepeHunin npuéopa JAH.

SAK/TIOYEHUNE

Ha ocHoBaHMU NpoBeEHHOIO KPOCC-aHaM3a faHHbIX MACCUBHLIX M3MEPEHUIA nNpu-
6opa JAH no cofepxaHWo MaccoBOi 40NN BObl B TPYHTE BAOMb TPACcChl MapCoXo-
fa «KbtoprocuTu» B KpaTepe el 1 crneypaibHbIX HAO0POB aHHbIX CMEKTPOMETPA
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CRISM ¢ 6opta annapata MRO, oTpaxatolmx pacnpocTpaHeHue ruapaTnpoBaH-
HbIX/TAPOKCUNNPOBAHHBIX MUHEPA/IOB HA NOBEPXHOCTM 3TOFO kpaTepa, OblI0 0OHa-
PY>XEHO MOBbILLEHWNE CPEAHE MacCOBOI AONWN BOAbI A1 NMOBEPXHOCTU, COAepaLLelt
NONNTMAPATUPOBaHHbIE CyMb(aTbl, OTHOCUTENbHO MOBEPXHOCTM, HE CoAepKalleli
rMApaTUPOBaHHbLIX/TUAPOKCUINPOBAHHbLIX MUHEPanoB. [laHHOe MOBbILLEHWE TeEM
60/bLUE, YeM BbIpaXKEHHEE crekTpanbHas OCOBEHHOCTb MUHEpasia Ha MOBEPXHOCTW.
AHaNOrMYHOro CMeLLeHNs 419 MOHOTMAPAaTUPOBaHHBIX Cy/b(aToB U (hUNNOCUNNKA-
TOB 06HapY>XeHO He 6bIn0.

CnepoBaTefibHO, NOMUIMAPATUPOBAHHbIE CYNb(aThbl B COCTaBE 0Caf04HbIX MOPOL,
crnaratoLmMxX NoBepXHOCTb kpatepa [ein, UMEKT 3HAUYUTENbHYIO TONLWMHY, KOTOpas
[ocTaToyHa Ans onpefeneHms npuéopom JAH B pamkax U3MepPeHMIn B MacCUBHOM
peXxxumMe, 0CO6EHHO B CPAaBHEHWM C TONLMHOM CNOEB (PUINOCUMIMKATOB U MOHOTMApa-
TUPOBaHHbIX Cy/b(haToB.

3HaunTenbHas TO/LWMHA €0 0Caf0uHbLIX MOPOA, COLePXaLlero noaurngpaTu-
pOBaHHbIe Cy/b(aThl, NpeAnonaraeT AinTesbHble NPOLLECCHl UCMApeHUs BOAbl, B pe-
3ynbTaTe KOTOPOro OHW GbINK CHOPMMPOBaHbI Ha pybexxe Holickoid 1 ecnepuiickoit
3p, YTO MOATBEPXKAAET CyLLECTBOBaHME 038pHON (hasbl 3BOHOLMM KpaTepa [ein.
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COMPARISON OF THE DAN EXPERIMENT DATA ON THE SUBSURFACE WATER CONTENT
ALONG THE CURIOSITY ROVER TRAVERSE IN GALE CRATER WITH THE MRO CRISM
EXPERIMENT DATA

M. \/ Djachkova, 5. Yu Nikiforov, D. 1. Lisov, I. G Mitrofanov, M. L Litvak, A. B. Sanin

Space Research Institute RAS (IKI), Moscow, Russia

This paper is focused on a comparative analysis ofthe hydrogen (presumably in the form ofwater)
content data from the measurements in the DAN experiment onboard the NASA Curiosity rover
and the measurements of the surface mineral composition in the CRISM experiment onboard
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Mars Reconnaissance Orbiter. The continuous distribution of the subsurface water content along
the rover traverse, based on active and passive measurements of the DAN instrument, allows to
perform a direct comparison ofthe average mass fraction of water in the subsurface (downto 1 m)
layer of the soil with the distribution of various hydrated minerals contained in the uppermost
layer of the soil. According to the results of the analysis, an increase in the average mass fraction
of water for the surface containing some types of hydrated minerals was found. This increase is
greater, the more pronounced the spectral feature of the mineral is on the surface. Based on this,
an assumption is made about the considerable thickness of the layer of sedimentary rocks com-
posing the surface ofthe Gale crater and containing hydrated minerals in its composition, which
is sufficient for the DAN instrument in the passive mode to determine.
Keywords: Mars, Gale crater, DAN, water, hydrated minerals
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BAVAHWE KOCMWYECKOTO MPOCTPAHCTBA HA AKKOMOZALMIO
MOBEPXHOCTEW KOCMWYECKWX ATMMAPATOB

H. C. Knumosa, H. U. CugHses

MOCKOBCKWIA rocygapCTBEHHbI TeXHUYecknii yHnsepcuTteT um. H.9. baymaHa
(HaumoHanbHbIA nccnegoBaTensckuii yunsepeutet) (MITY nm. H.9. BaymaHa)
MockBa, Poccusi

B paboTe u3yuyaeTcs BAMSIHUE KOCMUYECKOTO MPOCTPAHCTBA HA MOBEPXHOCTb KOCMUYECKMX
annapaTtoB. [MoKasaHo, YTO OT A/IUTENbHOTO NPe6GbiBaHUS B KOCMWUYECKOM BaKyyMe MeHS0TCS
MeXaHUYEeCKMe, ONTUYECKUE U ApYTUe XapaKTepUCTUKU MaTepuanoB KOCMUYECKUX annapaTos.
Mpu npefenbHO HU3KUX [ABNEHWUSX B KOCMWUYECKOM BakKyyMe HapyXXHble U BHYTPEHHWE Mo-
BEPXHOCTW pasfena B MaTepuanax MOryT HapyLlaTbCsi, B pe3y/ibTaTe BO3HUKAKT IM60 MUKPO-
CKOMWYECKME NMOBEPXHOCTHbIE TPELLUHBI, NGO BHYTPEHHSS KOppo3us. MNokKasaHo, YTo 06bEM-
HO-MeXaHW4ecKne CBOMCTBA MaTepuanoB MpeTepneBaloT W3MEHeHWUs BCNEACTBME MOAWMUKE-
LMiA CBOICTB MOBEPXHOCTHbLIX CMOEB. MPUUYEM OLLYTUMOE BO3AECTBIME KOCMUYECKOTO BaKyyma
Ha MexaHU4ecKne CBOMCTBA MaTepUasioB KOCMUYECKUX annapaToB BO3HMKAKT B Pe3y/bTaTe
OTCYTCTBWSI OKMCHBIX U APYTUX MOBEPXHOCTHBIX 3aliMTHBLIX NNEHOK. BcreacTBre McyesHoBe-
HUS 3aLNTHBIX Fa30BbIX M OKUCHbIX MIEHOK, a TAaKXKe B pe3ynbTaTe Cy6iMMaLuy NoBepXHOCT-
HbIX C/I0EB Ha TOMLUMHY, 6/IM3KYIO K A/IMHAM BOJIH 3/1EKTPOMArHUTHOFO U3MyYeHns, MeHseTcs
LLIEPOX0BATOCTb MOBEPXHOCTEI M KaK CMEeACTBME UX ONTUYECKME XapakTepucTuku. Mpu opbu-
Ta/bHOM [IBUXKEHWM B OCTATOYHO MIOTHLIX CNOSIX BEpXHel aTMocdepbl 3eMaun, a Takxe Moj
AelicTBMEM 6OMOapAMPOBKN 3apsKEHHbIMU YacTULLAMU KOCMMUYECKOW paguaLum MoXeT npo-
UCXOAUTL CUbHOE NNa3MOXUMUYECKOE Pas3pbiXeHUe MaTepuana noBePXHOCTEN KOCMUYECKNX
anmnapaToB U €ro pacrnblfieHNe B OKPY>XatoLliee NpoCTPaHCTBO. ITOT NPOLLECC 0COGEHHO MposiB-
nsieTcs Ans nepefHUx (Mo Xofy ABUXEHWS) yacTeil KocMuyeckmx annapatoB. Oco6oe BHUMa-
HUWe Y[e/IeHO SIBNIEHNI0 aKKOMOZALMY HU3KOOP6BUTA/IbHBIX CYTHUKOBLIX CUCTEM, UCMO/b30Ba-
HUIO UH(OPMALLMK, NOMYYaeMOii CO CMYTHUKOB.

KntoueBble €NoBa: KOCMUYECKUIA annapat, akkoMogauus, cy6auMauus, TemnepaTypa, Aas-
NeHne, BaKyyM,3Heprus, CKOpoCTb

BBEAEHUNE

Pa3BMTVE KOCMUYECKOI TEXHWUKIN HEMPEPbIBHO BbIABUIaET Nepes eé pa3padboTyrkamm,
ncnbITaTeNAMK, IKCNIyaTauMoOHHMKaMIN BCE HOBble 3afaduu 1 npobnembl: TpebyeT-
ca obecrneymBatb HafEXHOCTb MHOTMX arperaTtoB 1 CUCTEM MPU AMTE/bHbIX CPOKax
aKTMBHOIO CYLLEeCTBOBaHMNsA KocMuuyecknx annapatoB (KA) (ABayeckuid, AHTOHOB,
1972; ABayeBckuii 1 ap., 1992; BopoHWH, MbuHT, 2010).

Martepuansl, y3nbl, annapatypa KA noaeepraioTcs BO3Ae/CTBUIO MHOMMX (hak-
TOpOB, NPUBOAALLMX K HEOOXOLMMOCTWU pa3pabarbiBaTb CreLuasibHble KOHCTPYK-
UMM MAN Mepbl 3alinTbl OT 3TUX Bo3aeicTBuiA (KysHeuos, 2004). Mpu 3TOM 4yacTo
BO3MOXHOCTU 3alUWThbl OKa3blBalOTCA OrpaHUYeHHbIMU UK3-3a XKECTKUX TpeboBa-
HWUA K 3HEPronoTpebieHnto, Macce U rabaputam 3alUTHbIX 060/104eK U YCTPOIACTB.
Mo3Tomy Ana onpeaeneHns ycnoBuiA HopManbHOro PyHKLUMOHUpoBaHMst KA B Teye-
HWe 4JITENIbHOr0 KOCMMYECKOro nonéra Heo6Xo4MMO TLLATEIbHO U3YYUTb XapaKTe-
PUCTUKM BCeX (haKTOpPOB, YacTO 3aBUCALLMX OT NapaMeTpoB OpouTbl ABMKeHNUS KA,
OLLeHWTb BO3MOXHbIe NOCNEACTBUA BO3AEMACTBMIA TOrO UM MHOTO (hakTopa, KOTopble
MOryT ObITb Kak 06paTUMbIMK, TaKk H HeobpaTUMbIMU, a TaKXe NpeAcTaBaATh ANs

Knvumosa Hatanus CepreeBHa —CTyeHTKa, natali.lesnyh@gmail.com
CuuHsieB Hukonait IBaHOBUY —f-p TeXH. Hayk, npod., Sidn_ni@mail.ru
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(DYHKUMOHMPOBaHNA cucTeM K annapatypbl KA 60/bLUYI0 WY MEHbLLUYIO ONacHOCTb
(AkunwwnH, HoBmkos, 1983; Meluepskos, 2000; HycuHos, 1982).

OCHOBHbIMW BO3[EACTBUSMM, KOTOPLIM MOABEPratoTcs annapatypa, arperarbl,
CUCTEMbI, X 3/1EMEHTbI B KOCMUYECKOM MPOCTPAHCTBE, ABNAIOTCA: Fy60KNiA BaKyyM;
TEN/IoBble BO3AEWCTBMUS; BO3AEACTBUS MOHWU3MPYIOLLMX U3NYYEHUA pagnaLOHHbIX
noscos 3emnun (4ns KA, opbuTbl KOTOPbIX HAXOAATCA B OKO/I03eMHOM KOCMWUYECKOM
MPOCTPAHCTBE), KOCMUYECKUX NTyYeli Y CONMHEYHbIX KOPMYCKYNSAPHLIX N3yYeHNi (s
KA, opbuTbl KOTOPbIX HaxoAaTcs B MeXMNAaHeTHOM npocTpaHcTee) (KanaluHWKOoB
n ap., 2012); MUKPOMETEOPHbIE YacTuLbl 1 ap. Bakyym ABnseTcs OAHUM M3 OCHOB-
HbIX (M3NYECKMX (haKTOPOB KOCMUYECKOr0o NPOCTPaHCTBa. MNOTHOCTL M AaBneHue
aTMoc(epbl Haf 3eMHO MOBEPXHOCTBIO C BbICOTON YMEHbLUAKTCS MO 3KCMOHEHLM-
anbHOMY 3akoHy (CuaHsies, 2017; Conopgos, 1977). Mpu 3TOM €Cn Ha YpOBHE MOpS
fJaBneHune coctaensetr 1,0013-104T1a, 10 yxe Ha BbicoTe 100 KM OHO yMeHbLUAeTCs
[0 4,005-10~2Ma. AaBneHne Hmxe 10-2 [Na NpUHATO paccmaTpuBaTb Kak rny6oKuid
KOCMUWYECKNIA BaKyyM.

MoTepmn BeLLeCTBa B BakyyMe 3a CHET cybnuMmaumu, T.e. Nnepexoja BellecTsa U3
TBEPAOW (hasbl HEMOCPEACTBEHHO B ra30006pasHyro, METa/IMYECKMX U HeMeTannu-
YECKMX KOHCTPYKLMOHHBLIX MaTepuanioB N TEXHUYECKUX YCTPOWCTB MPUBOAAT K Ha-
PYLUEHUIO MX MOBEPXHOCTHbIX CBOWCTB, U3MEHEHUIO TEMONPOBOLHOCTU U 3MEKTPO-
MPOBOAHOCTU, U3MEHEHMUIO OMTUYECKUX XapaKTEPUCTUK U Ap. B BakyyMe MponcxXoamT
TakXKe MCnapeHne KOHCUCTEHTHBIX W XXUAKWUX BelecTB. [pu 3TOM B KOCMUYECKOM
MPOCTPaHCTBE Hapsdy C BaKyyMOM AE/CTBYHOT 3/1eKTPOMAarHWTHOE U3yYeHue 1 no-
TOKW 3apskeHHbIX yacTul (BacunbeB u ap., 1975; MakpugeHko un gp., 2016a, 6;
HasapoBa, 1960; TuToB, ®afeeHko, 1972). 3T0 NpUBOAUT K BO3GYXKAEHUIO 3MEK-
TPOHHbIX 060/104EK MOSEKY/1, Y KOTOPbLIX 3HEPTUS XUMUYECKUX CBS3el 3HAUMTENTbHO
YMEHbLLAETCS U BAUSIHUE Cyb6nMmaLmmn (McnapeHuns) Bo3pacTaeT.

CYBIMMAUNA MATEPUAJTOB B KOCMWNYECKOM MPOCTPAHCTBE

HepaBHOBECHOE MCMapeHne YMCTOro BeLLECTBa C MOBEPXHOCTU B y60KOM Bakyy-
me (AHapeiuyk, Manaxos, 1982; CuaHsieB, 2018), T.e. Ha BbicoTax 60nee 200 KM Haf
3eMnéi, MOXeT OPUEHTUPOBOYHO ONPeLensTsCs Mo popmyse

.C.p
G=—="=, (]_)
N2NRTs

roe G—macca BeLecTsa, Cy6nMMmpYHOLLEro C eAUHUYHOA MOWaAM B eAMHULLY Bpe-
MeHU; ¢, —Ko3hmumeHT ncnapeHns (0 < c.< 1); R —oTHocUTeNbHbIA Ko3hhuum-
€HT YHMBepCa/ibHOW ra3oBoi NOCTOsAHHOW, R = RW/M; M — MoneKynsipHbIi BeC napa;
RO= 8,32-103k-kmonb_1-K 1 —yHuMBepca/ibHasA rasosast NocTosiHHas; Ts —Temne-
paTypa MOBEPXHOCTW MaTepuana; pS — PaBHOBECHOE aB/IeHMe HaCblLEeHHOro napa
BelllecTBa npu Temnepatype Ts.

HavMeHblue CTOMKOCTBIO K MCMapeHnto B F/Ty60KOM Bakyyme 06/1afaloT Kaj-
MW, UMHK 1 MapraHew,. B crnnasax, COCTOAWMX U3 KOMMOHEHTOB, CU/IbHO OT/IMYato-
LUMXCA 3HAYEHNUSMMW faBNeHWs Napoii, NPeMMyLLEeCTBEHHO UcMapseTcs 6osee NeTyunii
KOMMOHEeHT. VcnapeHune ¢ NOBePXHOCTU METASNIOB 3aBUCUT OT Ha/IMUMUA NIEHKN OK-
cngos (HycuHos, 1982). B rinybokKom Bakyyme OKCUAHas MNEHKA MOXET 06pa3oBaTb-
Sl BHOBb.

Ha puc. 1 (cm. c. 36) npuBeAeHbl pacyéTHbIE AaHHbIE MO CKOPOCTU cybnuma-
LN HeKOTOPbIX MaTepuasioB. IokasaHo, UTO Npu TeMnepaTypax He Bbiwe 370 K, He-
KOTOpble MaTepuasbl (KaAMWA, LIMHK, MarH1iA) 3aMeTHO Cy6nnMMUpYIOT, YTO NpU An-
TeNbHbIX NMONETAX MOXET MPUBECTW K U3MEHEHWSM CBONCTB MOKPbITUIA, UCMO/Nb3YIOLLIMX
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3TV MaTepuansl. Jpyrve matepuasnsbl, Takue, Kak, Hanpumep, allOMUHWUIA, Medb, rep-
MaHWM, KPEMHUIA, B 3TUX YCNOBUAX CyOMMMPYIOT HECYLLLECTBEHHO. [103TOMY paLumo-
Ha/IbHbIM SBNISIETCA UX UCMONb30BaHME B KOHCTPYKLMAX Y3/10B KA, Haxofawwmxcs BHe
repmMooTceKkoB. pu KOHCTPYMPOBaHWM U UCMbITaHMAX KA HEO6X0AMMO yuuTbIBaTb
1 TO 06CTOSATENLCTBO, YTO HEKOTOPbIE Y3/1bl MOTYT MMETb LOMO/IHUTENbLHBIA Pasorpes
3a CYET BHYTPEHHMX NCTOYHMKOB TEM/a U COOTBETCTBYIOLLEE YCUEHNE CYOnMMaLmm
(KanawHukoB u ap., 2012; Mewepskos, 2000; HycuHos, 1982; CuaHses, 2017).

Puc. 1. 3aBMCMMOCTb Cy6aMMauUy pPasnUYHbIX METa//loB B KOCMWYECKOM MPOCTPaHCTBE:

1 —kagmuii; 2 — UUHK; 3 — MarHuid; 4 — nuTuin; 5 — cBnHel; 6 — cepebpo; 7 — anomMu-

Huii; 8 —6epunnuii; 9 — meab; 10 — repmanunii; 11 —xxene3o; 12 —KpeMHUiA; 13 — KobanbT;
14 — monunbaeH

Mpy BecbMa A/IUTESNIbHLIX KOCMUYECKUX NONETax NPUrofHbl HEOpraHUYeckKue Ma-
Tepuanbl (KepamMunyecKune), COCTOSLLME U3 OKCUOB U Apyrux coeanHeHunin Al, Be, Cr,
Mg, Sl. Pa3finuHble BUAbI CTEKO/, NPEACTaBMAIOLWMX CMNOXHbIE HEOPraHWYecKune co-
eflMHeHns, 0CO6eHHO 60POCUNNKATHOE CTEKIIO, CYONMMMPYIOT HECYLLIECTBEHHO.

Cybnumauma MOXeT cKas3aTbCA Ha paboTe pafMO3MeKTPOHHLIX YCTPOWCTB npu
HaMuMK PasHOCTM TemrepaTypbl MEXAY pasfIMUYHbIMW KOHTaKTUPYHOWUMN MaTepura-
namn. Metann, cybnmmupytowmii ¢ 6on1ee HarpeTor NOBEPXHOCTH, MOXET KOHAEHCK-
poBaTbCs Ha MeHee HarpeToli (ABayeckuid, AHTOHOB, 1972; ABayeBcKuii n ap., 1992;
BopoHuH, MbuHT, 2010). Mpn 3TOM BO3MOXHO 06pa3oBaHmMe NNEHOK C COOTBETCTBY-
IOLLUM U3MEHEHWNEM XapaKTEPUCTUK 3NEKTPOHHbIX CXeM (puc. 2, cM. ¢. 37).

Mpy NpefensHO HA3KUX AaBMEHUAX B KOCMUYECKOM BaKyyMe Hapy)XXHble U BHY-
TPeHHWe NOBEPXHOCTU pasjena B MaTepuanax MOryT HapyLlaThbes, B pesy/bTare BO3-
HUKAKT NM60 MUKPOCKOMUYECKME MOBEPXHOCTHbIE TPELMHbI, NIN60 BHYTPEHHSS
(MHTepKpUCTaNIMTHas) KOppo3us.
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MonnumMKnMyeckme NonMMepHble MaTepuasbl B YCNOBUSAX F1yOGOKOro Bakyyma
npespaLaloTcs B 60siee NPOCTble, MCNAPAIOLLMECH BELLECTBa W, TakMuM 06pasoMm, Ao-
CTaTO4HO 3PPEKTUBHO TEPAIOT CBOK Maccy. Tak, npu Temnepatype meHee 370 K Te-
psietca go 10 % BellecTBa 3a rof, HeioHa, HUTPOLLEN0MO03bI, OKCMAA Lentnossl,
ypeTaHa, X/I0pBUHWMA, HEOMNPEeHa, MeTUIMEeTaKpunaTa.

Puc. 2. Cxema 3TanoB paspyLUeHUs 3alUTHON 060104KM

Mpu Temnepatypax HWKe 370 K ycTONYMBbLI afKUAHbIE, (DEHOMbHbLIE, 3MOKCUA-
Hble cmonbl. OfIHaKO Npy Temnepatype Bbille 420 K XMMMUYECKMIA cOCTaB CMOS 13Me-
HAETCA U MPOUCXOAUT UX UHTEHCUBHOE mucnapeHue. CunbHOe BAUAHKE HA CKOPOCTb
MoTepu BeLLecTBa NoIMMePOB B I/TyG0KOM BakKyyMe OKa3blBaeT Ha/Myue B HUX Mpu-
meceid. [axe HUUYTOXHOE KOMMYeCTBO MpUMeceidl YBeNMUMBaeT CKOPOCTb Pasfioxe-
HUS NONMMEPOB B Bakyyme (CM. puc. 2). OCOBeHHO 3TO OTHOCUTCS K KaTanmsaTopam,
NPUMEHSIOLLMMCA NPU MOAUMEPU3ALUN U BbI3blBAOLMM B BaKyyme pasfioXKeHue
NoIMMepOB.

B ycnoBusx rny6oKoro BakyymMa CMasouHble mMaTepuasibl U3 OpraHuyeckux Be-
LLEeCTB C KOPOTKMMUN LeNsaMu UCMapsoTCs CPaBHUTENbHO SPMEKTUBHO. [Mpu 3TOM
yem 6osbLIE MONEKYNAPHbIA BEC, TEM MeHblUe JaB/feHne napa W, CnefoBaTesbHo,
HUXe CKOpPOCTb UcnapeHus. BOMbLUMHCTBO MPUMEHSIEMbIX B HA3eMHbIX YCNOBUSX
CMa304HbIX MaTepUasoB B YCNOBUAX FNyOOKOro BakyyMa MCMO0Mb30BaTLCA HE MOryT,
TaK KakK CKOpPOCTb McnapeHns ux gocturaet 1rem -rog-1 v 6onee. CMa3ouHble Ma-
Tepuasbl Ha OCHOBe NapauHOBBLIX N APUPHLIX Maces, UMEIOLLNe HU3KOe faBNeHune
napa, 4OCTaTOYHO XOPOLLO MPOsABUIN Cebs B YCNOBUSAX rNy60KOro Bakyyma.

B ycnoBusax rnybokoro Bakyyma npuMeHsOTCAS U TBEpAble CMa304Hble mMaTepu-
anel. Hanpumep, gucynsusg MonnbreHa ¢ fobaBkamMy U3 KPEMHUSA, (eHONbHbIX
N 3MOKCUAHLIX CMON C TO/MLUMHON MOKPbLITUA CMA304HbIM MaTepuaiom 4...12MKM.
Takoe MOKpbITVE JOCTAaTOUHO 3PYPEKTUBHO B MEXAHU3MAX, UMEIOLLMX MaBHbIW Bbl-
X0[, Ha pabounii pexxum (OCKOMKN AUCYNb(raa YCeBaloT «ydansiTbCs» M3 MOALINUM-
HMKa B TeYeHWe pa3roHHOro Mepuoaa). Y 40BNeTBOPUTE/bHbIE Pe3y/bTaTbl MoKasam
1CNosb3yeMble B Ka4eCTBe TBEPAbLIX CMA30UHbLIX MaTepUasioB NoKpbITUSA U3 cepebpa,
30/10Ta, 6apusa (HycuHoB, 1982; Conopos, 1977). MOKPLITUS HAHOCATCSH TONBLKO MO-
cfie TOro, Kak conpukacaroLmecs noBepxHOCTU TLLATEIbHO OYMLLEHbI. ToWMWHa No-
KPbITWS SO/MKHA ObITb BCEr0 HECKO/bKO A0/El MUKPOMETPA.
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XopoLo 3apekoMeHoBanv cebs TBEpAble CMa30UHble MaTepuansl TMMa Moane-
JeHnta MoS,. MexaHn4eckue CBOIMCTBA TakMX TBEPAbIX MaTepuasioB MpakTUYecKu
He U3MeHSAIOTCA B YCNOBUAX rTy60Koro Bakyyma. Kpome MonmbaeHMTa Ucnosb3yoTces
(hTopoNacToBble MOKPbITUSA, OTINYAOLLMECS XMMUYECKOA WMHEPTHOCTbID. 3TO Mo-
3BOJIET UCNOMbL30BaTh PTOPONIACT AaXKe B CyYasX KOHTaKTa C KOMMOHeHTaMu pa-
KETHOro TOMn/inBa.

N3MEHEHWE YCNOBWUIA TEM/IOMEPEAAUN

B ycnoBusix rny6oKoro Bakyyma OTCYTCTBYHOT BHELUHUIA KOHBEKTUBHbIN TENTO0OMEH
1 TENMONPOBOAHOCTb Cpefbl. Yike npu fasneHnn K) 2MMa TennonpoBOAHOCTb Cpefbl
coctasnset scero 0,01 % TennonpoBOAHOCTU cpefbl NpY aTMOCKHEPHOM [aBNEHUN.
EAnHCTBEHHbIM NMyTEM 06MeHa Tensiom KA ¢ BHELLHER cpefjoit ABSeTCA NOroLLeH e
N U3yYeHNe 3NEKTPOMArHUTHOW 3HEPrMu NPerMyLLEeCTBEHHO B BUAMMOM WHGpa-
KpacHoM (MK) grnanasoHe cnektpa. Ha HU3KMX opbutax (B 0bnactu 100 km) KA nog-
BEprarTca CUIbHOMY a3pOAMHaMUUYECKOMY HarpeBy, KOTOPbIA 0ObIMHO MpeBbILaeT
HarpeB OT CO/MIHEYHOro m3nyyeHus. Ha op6utax 6onee 200 KM aspogmHamMnyecKunii
Harpes HesHauWTeNeH U UM, KakK npasuno, rnpeHebperatoT. OCHOBHLIM UCTOYHUKOM
NYYUCTOW 3HEPruM, BbI3bIBAKOLLMM HArpeB MOBEPXHOCTU KA, CTaHOBATCA 3/1EKTPO-
MarHuWTHoOe usnyydeHne ConHLa U UCTOUYHMKM Tenna camoro KA

Mpy HaNMuMK B COCTaBe repMETUYHbIX OTCEKOB KA XMAKUX UK ra3000pasHbIX
TENMIOHOCUTENEN B YCMOBUAX HEBECOMOCTU MPUXOAUTCA MPUMEHSATL NPUHYAWUTESb-
HYIO0 KOHBEKUMIO. MpuMeHsemMas 3KpaHHO-BaKyyMHas U30naLnua npu rinybokom Ba-
KyyMe MOXET U3MEHATb Tenao(m3nyeckme CBOWCTBA, NPEX[e BCEro CrMeKTpasbHble
KO3((MLMEHTbI NOrNOLLEHUA U U3YYEHUS, UTO MPUBOAMT K YXYALUEHWIO YCNOBUIA
3HEpreTMYECKOro 06MeHa ¢ OKpY>KatoLLeld cpefIoi.

N3MEHEHWE MOBEPXHOCTHbIX M OB bEMHbIX CBOMCTB MATEPUAJIOB

B ycnoBusix rny6oKoro Bakyyma MOryT U3MeHSATbCA MeXaHUUeckue 1 3N1eKTpuyeckme
CBOICTBa MaTepuaioB. McnapeHne OKCUAHbLIX W APYrMX MOBEPXHOCTHbIX 3aLUTHbIX
MNEHOK OKa3blBaeT B/INSHUE Ha MeXaHWYecKue CBOWCTBAa MaTepuasioB, YCUIMBaeT-
ca aaresus (Koresus), T.e. «NpUIUNaH1e» NOBEPXHOCTHbLIX CI0EB ABYX Pa3sHOPOLHbIX,
XULKNUX UK TBEPAbIX BeLLeCcTB (MaTepuasnoB) npyu UX CONPUKOCHOBeHWUU. Koresus
AB/IAETCA YaCTHbIM CNyyaeMm afiresvu, Korfa cornpukacarolimecs marepuaibl Belle-
CTBa OAHOPOAHbI. [Mpn 3TOM MOMYT BO3HMKATb MUKPOCKOMWYECKUE MOBEPXHOCT-
Hble TPELUHbI, MHTEPKPUCTANIMTHASA KOPPO3MS, BO3PACTaeT KOIPMULNEHT TPeHNUs,
B HEKOTOPbIX C/y4asix MOBEPXHOCTY MATEPUasioB MOTYT «CBAPUBATLCA» B XO0LHOM
COCTOSIHMW. BO3MOXHbI M3MEHEHUS OOBEMHbIX CBOWCTB MaTepuanoB. [MnacTuku
N 3N1acTOMepbl, COAepXKalme 3MeMEHTbI, 3HEKTUBHO MCNApAIOLLMECS B FyOOKOM
BaKyyMe, CTaHOBATCA XPYNKUMW MPY MOTEPE BELLECTBA BCEM0 B HECKOJ/ILKO MPOLEH-
TOB. LLIMpOKO mpumeHsawowmecs B y3nax KA pe3vHOBble YMIOTHATENIN UMEKOT Bbl-
COKME aAresnoHHble CBOMCTBa. HaHeceHne TOHKMX (DTOPONAACTOBLIX MOKPbITUI
na pesnHOoBblE YNIOTHUTENN MO3BONSET YCTPaHUTL 3(eKTbl MPUANNAHUA pPe3nHbl
K COMpUKacaloLLMMCa U3LENNAM U CHU3UTb KOIPMULMEHT TPEHUS B HECKOMIbKO pa3
(HycuHos, 1982).

B psAge cnyyaeB M3MEHSAIOTCA M MeXaHWYeCcKne XapakTepUCTUKM MaTepuasios 3a
CYET HEpPaBHOMEPHOW cyb6AnMaLmn, nNpyu 3TOM M3MEHSETCA XMMUYECKMIA COCTaB Ma-
Tepvanos. oTepu KUCNOpPOAa, a3oTa M Mofa B KepaMMUECKMX MaTepuanax npuesogaTt
K YBE/IMYEHWNIO UX 3M1EKTPUYECKOT0 CONPOTUBAEHUA. IHOr4a Ha ANaNeKTpuKax moryTt
BO3HUKHYTb NMOBEPXHOCTHbIE TOKM YTEUKN.
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Bcneactsue BblfeneHNs rasa, cyonMmaumMm MaTepuanos, Bblopoca TBEPAbIX YacTuy
npv paboTe ABurateneii OpMeHTaLMM N KOPPEKLMU, a TakkKe 3a CYET YTeuKu rasoB
M 4acTuUL, M3 BHYTPEHHUX 0TCeKoB KA (Hanpumep, npu LW0308aHMK) BOKpyr KA 06-
pasyeTcs 061aK0 rasa 1 TBEpAbIX YacTWuL, Ha3biBaeMOe COOCTBEHHON aTMocepoii KA.
MoaToMy B HENOCPeACTBEHHOM 6/1M30CTM OT NoBepXHOCTU KA fjaBfieHNe CyLLecTBeH-
HO OT/IMYaeTCs OT TOro, KOTOPOE Ha [aHHOI OpbuTe UMeeTCs B KOCMUYECKOM MpO-
cTpaHcTBe. OCO6EHHO NNOTHOCTL COGCTBEHHOI aTMOCHEPbI BbICOKA B NepBble Hefe-
1 nocne 3anycka KA 3a CYET MHTEHCMBHOIO BblfeNeHNA ra3a NoBEePXHOCTHLIX C/I0EB
KOHCTpyKUmMiA KA Tlocne 06e3raxmBaHus NIOTHOCTb COGCTBEHHON aTMOC(epbl CTa-
6mnn3npyeTcs yCTaHOBNEHMEM [JUHAMUYECKOrO paBHOBECUS MeXAY MOCTYMaeHUeM
4acTuL, B ra3oBoe 06/1aK0, BO3BPATOM WX Ha NoBepxHOCTb KA 1 paccesiHUeM B OKpy-
)aroLLlee NpoCcTPaHCTBO.

MpocTpaHCTBEHHOE pacnpedeneHne NAOTHOCTU COBCTBEHHON aTtmocepbl KA
MMEET C/TOXKHBIN XapaKTep, KOTOPbI/ B 3HAUMTENbHOW Mepe 3aBUCUT OT FreoMeTpuye-
ckux ¢opm KA, coctaBa maTepuanos 1 NOKpbITUA KA, pacrnonoXeHns UCTOYHUKOB
YTEUKM ras3a U3 BHYTPEHHUX OTCEKOB W Apuratesneil. OCOOGEHHO pe3Koe MOBbILLEHWE
NAOTHOCTM HabMoaaeTCa Npu paboTe ABUraTeneil U OCyLLEeCTBNEHUN CTbIKOBKM KA.
Hanpumep, HenpepbiBHble NoTepyu mMaccbl KA «AnonnoH» coctasnsnm 3-1CI5 Kr/c,
a Burartenn opmeHTaumm Yepes kaxaple 20 M1H BbibpacbkiBanv 0koo 200 I Hecropes-
wero Tonnmea (AkuwwuH, Hoeukos, 1983).

Hannune cobcTBEHHOIN aTmoctepbl NPUBOAUT K psgy HebnaronpuaTHbIX BO3-
[eicTBuUIA Ha maTepuanbl 1 annapatypy KA: ocaxieHue NpoayKToB COBCTBEHHOW
aTMoc(epbl NPUBOAUT K 3arpsisHEHWIO MOBEPXHOCTEN (BO3pacTaeT KO3ap(uUUUEHT
MOrNIOLLLEHNS TEPMOPErYNPYIOLLMX NOKPbLITWIA, YXYALWIAeTC NPOo3payHOCTb CTEKON);
paccesiHVe cBeTa M IOMMHECLEHLMU Ha YacTuLax COOCTBEHHOWM aTmMocdepsl MoryT
OTpULATENIbHO CKasblBaTbCA Ha paboTe OMTUYECKWMX YCTPOWCTB; MPU 3HAYUTESIbHOM
YXYALWEHUN Bakyyma BO3MOXHO BO3pacTaHVe TOKOB YTEYKU B OTKPbITbIX BbICOKO-
BO/IbTHbIX YCTPOMCTBAaxX M CHWKEHWE 3N1eKTpUYecKoin npoyHocTn (CugHses, 2018).
B cocTaBe yacTuL, COOCTBEHHOW aTMOC(epbl MMeeTcs 0O0/bLUee YNCNO0 NOHM3NPO-
BaHHbIX, 3aPSHKEHHBIX YaCTUL, KOTOPbIE MOJ BAUAHUEM 3M1EKTPUYECKOTO U MarHuT-
Horo noneii KA nonagatoT B pa3/iMyHble YaCTu KOHCTPYKUmin KA (KysHeuos, 2014).
Hanbonee onacHbIM Ans PyHKUMOHMPOBaHUS KA siBNsieTCA BO3HUKHOBEHWE A0MON-
HWUTENLHOrO CBETOBOMO (DOHA 3a CYET pacCesHWA CBeTa BHELUHWX WUCTOYHWUKOB CON-
HEYHOro n3nyyeHus. Fpn 3TOM APKOCTb PACCESAHHOIO CBEYEHUSA YacCTUL, AMAMETPOM
B HECKO/IbKO MUKPOMETPOB 6/113Ka K APKOCTY 3BE34, UCMO/b3YeMbIX B KQYeCTBE 0pU-
EHTUPOB A1 aCTPOHaBUIaLMOHHBIX AaTUMKOB, YTO MOXET NPUBOAUTL K COOSM Cu-
CTem opmeHTaLumn KA.

Mpun KoHCTpympoBaHuM KA 06bI4HO MPUHMMAIOTCS pas3finyHble Mepbl AN ocna-
6neHuns BO3aeincTBIA cobcTBeHHOM atmocdepbl (Conogos, 1977). C 3Toi Lenbio Npo-
BOAMTCS NpeaBapuTeNnsHOe 06e3raXrnBaHne MaTepuanos, MPUMEHSAIOTCA cnabo cy6u-
MUpYIOLLME MaTepuanbl, YIy4llaeTcs repMeTusaLmm oTcekos KA, yctaHasnvMBaroTcs
3KpaHbl, 3aWUTHbIE KO3bIPbKM, WTOPKN W p. [Ns «paccacbiBaHWs» 3arps3HAOLLIMX
MNEHOK MCMO/b3YETCS eCTECTBEHHBIN NpoLecc fecopbunm (OTPLIB MOMEKY/, MOKPbI-
BalOLLMX NMOBEPXHOCTL afcOPOEHTa, M Nepexof X B ras), KoTopas pesko yCcuinmBaeTcs
npy HarpeBaHWn nosepxHocTM KA BO3MOXHO MpUMEHeHWe MeTOAO0B Mna3mMeHHOM
OYMCTKM 3arpsA3HEHHbIX Y4aCTKOB NoBepxHocTn KA
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MEPEHOC KMHETUYECKOW 3HEPTW

[ns onpegeneHnss HOPMasbHOTO [aBneHus, AeiCTByrowero Ha KA, Heo6xogmmo
3HaTb OTHOLLEHME TemrnepaTypbl OTPaXKEHHbLIX MOJEKY/T K TEMMEepaType MOJEKY-
nbl 'y Y,. BbluMcneHre 3TOro OTHOLLIEHMS B CBOK OYepefb CBA3aHO C HaXOXAEHWEM
3HEpPruM NocTynarTenbHOro ABUMXEHWS MOJMEKYN, KOTopas MOABOAWUTCA K MOBEPXHO-
CTW NpY yAape MOMEeKyn U OTBOAMUTCA B pe3ynbTaTe UX oTpaxeHus (puc. 3). Kaxaas
13 MOMEKYN Npu yaape NepeHoCUT K NMOBEPXHOCTU 3HEPruio, 3aBUCALLYIO OT MacChbl
MONEKy/bl T U CKOPOCTN MONEKY/T OTHOCUTENBHO MAccoBOro ABWXXEHWA rasa c, npu
3TOM CKOPOCTb NpeAcTaBuma B BUAe KOMMOHEHT BeKTopa ckopoctu U,VwW.

0,5Tc2=05m(U2+V2+W2). )

Puc. 3. Cxema Te4yeHMst B OKPECTHOCTM KPUTUYECKOI TOUKM noBepxHocTu KA: 1 —Touka ycTa-

HOB/IEHNA NOCTOSHHOM TeMnepaTypbl; 2 —ToYKa nepernba N3MeHeHUs YCKOpeHus; 3 —Koop-

[UHaTa akTMBHON (asbl; 4 — ANCTaHLMA ANMHLI Npobera OTPaXXEHHbIX YacTul; 5 — noBepx-
HOCTb 3aLiMTHON 060104KM

3Heprus, NoABOAMMas MOJEKyNamMm, NafarowyMmn Ha eUHULY MOWAaamn B eau-
HULY BpemeHu, onpedenseTtcs BbipaxeHmem 0,5/w(c2vdMdvdw, rge n, —umcno na-
JALMX MOMEKY/T; W, V, W — COCTaB/IAKOLLME BEKTOPA CKOPOCTMW YacTulbl. B pesy/b-
TaTe MHTErpypoBaHUs 3TOMO BbIPKEHUS B Npesenax U3MeHeHNUs U M WoT — [0 +°°,
av—ot1 00 +°° ana nepegHen nnowasnkn (unv ot — ao 0404 3agHein NaowanKkm)
noslyymm o6LLee KonmM4ecTBO NEPEHOCMMON sHepruu E. npu yaape.

B KuHeTMuecKoi Teopun QyHKLMA pacnpeseneHns onpefensieTcs SKCNOHeHUN-
a/TbHOW 3aBMCMMOCTbHO:

/= exp 3

B KOTOpPOIA Hanbosiee BEPOATHAs CKOPOCTb MOJIEKYN CT (CKOPOCTb KOHKPETHO Mone-
Ky/ibl — C W\ CKOPOCTb OTPaXKEHHbIX MOMIEKY/T — CTT) CBSi3aHa CO CPeAHeld CKOPOCTbHO
Xa0TUYECKOr0 ABMKEHUNSI C COOTHOLLEHNeM (MakpuaeHko u ap., 20166):
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Mo AaHHbIM KMHETUYECKOI TEOPUM Ta3oB, CPEAHSS CKOPOCTb GECropsA0YHOro
OBVKEHUS MOMEKY

c= 27N, 5
o ()

PyHKUMA pacnpeeneHnsa/0THOCUTCS TOMbKO K HEYNOPSA0YEHHON YacTh ABU-
XXeHns monekyn. C y4étom 3HaueHus (2) gns/

@t @
El =0,5|-|-|—I \IJ'IC%. .J J .] ' 2®41 v dwdv dVV, (6)
rae Ana nepefHein niortragku t, =0, Ig= °°, agna sagHeii t, =— /g= 0.

MpuHMMas BO BHMMaHUe BblpaxxeHue (6) ans 0,54TC 1 3aBUCMMOCTb (4) 1 npo-
13BOAA UHTErPUPOBaHNE, HangEm

E. =0,5mN. V2 +RT. 41— —
®+1

rae YK — o6Liee Yncno MOMeKys, COyAapstoLMXCs C eAUHUYHON MOBEPXHOCTbIO
B OAHY CeKyHZy; KX —CKOpPOCTb HEBO3MYLLEHHOTO MOTOKa; (—(YHKLMS NafatoLLmx
Ha NOBEPXHOCTb MO/IEKY/1, 3aBUCSILLAs OT OTHOCUTE/NbHOI CKOPOCTM X.

P=e  +x-\inwlxerfx)l 8

OTpaxkéHHbIe YaCTMLbl YHOCAT C €AMNHMLIbI NOBEPXHOCTM 3/1EMEHTAPHYIO 3Hep-

rvto 0,5mnrc2UdUdVdW, rae nr—umncnio oTpaxEHHbIX MONekyn. VIHTerpupys B npe-
fenax nsmeHeHns Um W ot —eo 4o +o0)a V—oT — o 0, nonyy4nm nosHyro Benu-
YMHY YHOCUMOIA 3Heprum

E.=05Tn nc ”SI ! | o0 © vwavew. ©

BbluncneHne TPOMHOIO UHTerpana AaéT NOJHYH BENNYMHY YHOCUMOI SHEPTUK;
15
E=pr(RT\¥ (10)

3ameHsis B 3TOM BbIPOKEHUM MNNOTHOCTb OTPAXKEHHLIX MOMEKYN Ppr Ha T,
1 ONpeAenvB N , U3 COOTHOLLEHMS /1S OBLLETO KOMMYECTBA NaJarLLMX N OTPKEHHbIX

monekyn Nr=nr*RTr/(2n), nony4mm

Er=2mNrRTr. (11)

MpuHUMasa BO BHMMaHWe, 4To T=p{/n{, roe p( — NNOTHOCTb MOMEKY/IbI,
noyynm

Er=2mNiRTr= - Exjji-(\terfx\ 12
r=2mNi rV}1 v xjji-(\xerfx\, (12)

roe mR = 1,38-10-363pr/rpag (1,38-10-Bx/rpas) —nocTosHHas bonbLmaHa.
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CymMmapHas KWHETUYecKas 3Heprus MofieKy/nl paBHa pasHOCTU MNOABOAUMOL
N YHOCUMOW sHepruid: F=  —FEr. Mpy 601bLUKMX CKOPOCTAX (X >2) MOXHO NPUHSATb
PaBHbIMU (BYHKLUMW Ha MNepedHei n 3agHeit nnowagke uy~d®A-d- Torga ocesas
CWNa, BO3HMKAIOLLAA 32 CHET CUN AAB/IEHNSA U TPEHUS:

Ey=0,5xp{*2L, [r1+5KT,}. (13)

Mpoueccobl NepeHoca ObIIM PaCCMOTPEHbLI HA OCHOBE TUMOTE3bl AMPYY3HOro oT-
PAXEHUS, NPU KOTOPOM MOJEKY bl YCNEBAIOT MOMHOCTBIO «MNPUCNOCOBUTLCS» K YC-
NOBUAM Ha CTEHKE M BO3HWKAKOLLMIA MEXAY CTEHKOW 1 MOEKyIamMmn KOHTaKT JocTa-
TOYeH, YTOObI NepefaTh CTEHKE KOMMYECTBO ABVKEHMS BCeX MOsieKyn (MakpuaeHKo
n ap., 2016a).

AKKOMOJAUNA. OBMEH KOMMYECTBOM ABWV>XEHNA

JKCnepyMeHTa/IbHbIE UCCMEf0BaHNSA MOKAa3bIBalOT, YTO peasibHble NPOLECcChl B3au-
MOZJENCTBUA MOMIEKYNT C MOBEPXHOCTBIO OTAMYAKOTCA OT SIBEHW Andihpy3HOro oT-
paXXeHUs 1 XapaKTepusytoTca oTpaxeHnem 6onee obwero Tuna (MakpuaeHko v ap.,
2016a). ToNbKO YacTb NafaroLLMX MOJSeKyN nepefaéT CTeHKEe KacaTeNbHYK COCTaB-
NALWY0 UMNybeoB. CTeneHb KOHTaKTa CTA/IKMBAKOLLMXCSH MOJSEKY/l HeaocTaTou-
Ha [/19 TOro, 4tobbl OHWM NPUOGPENU CPEeLHIO 3HEPTUIO, COOTBETCTBYIOLLYIO TEM-
nepatype cTeHkn Tcr(puc. 4). B 0CHOBe pacCcMaTpyBaeMOi KOHLIEMUMN OTPaXKeHWs
NEXWT nies, 4TO HOPMasibHas W TaHreHUManbHas KOMMOHEHTbI CUbl, CO34aBaeMol
OTPaXEHHBLIM MOTOKOM, OMNPeLensatoTCA COOTBETCTBEHHO KO3(MMULMEHTOM aKKOMO-
Jaumm («npucnocobnseMocTi») HOPMaJibHO KOMMOHEHTbI UMMy bca/”, 3aBUCALLIUM
OT [jaBfleHNs Ha nepefHel NNOLWaAKe, Ha 3afHei naowaake N Ha cTeHke (pr prup
COOTBETCTBEHHO):

fn=(Pi-Pr)(Pi-Pj (14)

N KO3hMLUMEHTOM aKKOMOJALUMW TaHreHUMaNbHON KOMMOHEHTbI umnynbea f |, 3a-
BUCSLLMM OT TaHreHUMaNbHOW COCTaBASAIOLLEN UMMYNbCA HA NepefHeR 1 3aaHel nno-
wanke (/. 't cOOTBETCTBEHHO):

/ = (15)

Puc. 4. Cxema B3aUMOAENCTBUA C MOBEPXHOCTbO KA MuKpouacTuy npu akkomogaumu (a)
1 3aBUCUMMOCTb ITy6UHBI MPOHWKHOBEHNA L MUKpoYacTuLbl 0T ckopocTy (6)
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B coOTBeTCTBUM C 3TOW KOHLENLMEN TOMbKO YacTb NajatoLimx Monekyn” nepe-
[aéT cTeHKe KA HOpMaibHYH0 KOMNOHEHTY uMnysnbea. [ons Bcex Mosiekys, nepegaro-
LUMX KacaTeflbHYI0 COCTaBNSIOLLYI0 KOMMYeCTBa ABUMXEHUSA, OnpeaenseTcs Koaghu-
umeHtom f  OueBMAHO, ANA MOMHOCTLIO 3epKanbHOro oTpaxeHus fr=fT=0 npu
(-=p, T.=T), a Ans NONHOCTbIO ANDPY3HOrOo OTpaxeHus Mm=/T=1 npu
(p. =pcl 1. = 0). JaBneHne Ha NPMOOPHOIA CTEHKE PCTB BblpaxXeHnn (15) MOXHO pac-
CMaTpMBaTb KaK HOPMa/lbHYHO KOMMOHEHTY MMMY/bCa MOMEKY/T, KOTOPble OTPaXKatoT-
Ca C MaKCBEN/OBCKMM pacrpeaeneHnemM eific  ckopoctn (Makpuneiiko n gp.,
2016a, 6), COOTBETCTBYHOLLMM TEPMOANHAMMYECKOMY PaBHOBECUIO MpKU TemnepaType
noBepxHocTU TCT, HaxoasLleiica B cocTosHMmM nokos ( Kx = 0). [JaBneHne Ha CTeHKe
pasHopcr= (),5pciRTci nny NpUHUMasn BO BHUMaHWe, YTO PCr= /ANCT, rae ncr—CcymMa
ynaBLwmnx Monekys, noaydmm: poi= 0,5mn RT . YTtobbl nepeidiT K NAOTHOCTU Habe-
ratoLLero noToka, BOCMo/b3yemMcsi COOTHOLLEHMEM p(= NT., NPy NOMOLLM KOTOPOro no-

nyuim pa=0,5RpiTA(ncn, ). Ans onpegeneHms oTHowweHus «C/ n. BOCMosb3yemcs
cooTHoweHnem N(/N i, Na —uncno monekyn Ha CTeHKe, Onpeaenstolmnm paBeH-

CTBO YmMcna OTpakeéHHbIX JTcr n nagarowmx monekyn: /id™ RTd/(2n) = N. = [N./r()s(.
Bbluncnme oTHoLeHWe (ficT/ r> Hailgém ans gaBneHms hopmyny

2
Po _onfj— je *2exan(\eri (16)
oV 2x2 VT,
rfle 3HaK M/IC COOTBETCTBYET nepefHell MoLafKe NOBEPXHOCTM CYTHMUKA, @ MU-
HyC —3aHeil.

KoaghpmuneHTbIf n 1 /T HEOAMHAKOBBI, TaK KakK XapaKTepu3ytoT pas/inyHble npo-
Liecchbl nepegayn nMnynbca Npyu oTpaxeHn. OfHAKO NPy NPUBMKEHHbIX BblUMCe-
HMSAX MOXHO MCXOAWUTb M3 MaKCBE//IOBCKOM TMNOTe3bl, B COOTBETCTBUM C KOTOPOI
MPOLLECC OTPXKEHNS XapakTepusyeTcs OfHUM KO3((ULMEHTOM aKKOMOZauun UM-
nynsca ft=/17=/, ykasbiBalOWMM, 4TO AM(GY3HO OTpaxkaeTca 4ons/ Bcex Mose-
Ky/, a 3epKanbHo —yacTb (1 -J).

C y4&TOM CKa3aHHOro, faBfieHNe PrNpu OTPaXXeHWUN OMNpeaenseTca U3 Bblpaxe-
Hua (15) cnegytowmm obpasom: pr = f.(1- /) + fper. MMonHOe faBneHme:

P=Pr+Pi=(2-f)pi+fpCT. (17)

MopcTasnss B ypaBHeHUe (17) N3BECTHbIE 3HaUYeHUs [T, 1 fXT 13 BbipaxkeHus (16),
nony4nmM
+ 1
(2-1) (e: 1 @ee) +
p= L +Pr) = sin 28 2 (18)

puvog +ArJ-£r(e X+ xybx(ltetjx)
2x2\ T

CyMMmapHOe HanpskeHue TPeHWs OT AeCTBUA NajatoLLmX U OTPaXKEHHbLIX Mosie-
Kyn (T=T.- T, BHocs ctoga 3HadeHme T,= (1-./)T., MOAyYeHHOE M3 BblpaXke-
Hua (15), Haligém T=T, —r =T,/. COOTBETCTBYIOWWNIA KOIDMPULMNEHT TPEHMS UMe-
eT BUg;

2 inscos(3 + (Lxeific). (19)
PV& P V2

[ns oyeHb 6OMbLUMX CKOpOCTeA (X"2) W CWUMbHO OXNaXKAAEMOWA CTEHKU
(Ter< T) 3aBucuMOocTb (18) MOXKHO ynpocTuth (ABAyeBCKWii 1 ap., 1992; MakpuaeHKo

c/
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n ap., 20166). PaccmaTtpuBas NnepeAHIoro Naowaaky, Haingém Pj = 22 —)sin2|3 Ans
TakKuUX OOMbLUMX CKOPOCTEN KO3((UUNEHT TPeHWs Ha MepedHeil NoLaaKe
(cf )f =/sin2|3. Ha3agHeii nnowlaake ans ykasaHHbix ycnosuin pb=0, (cy/ = 0.
3 aTux hopMyn BUAHO BAUSHME aKKOMOZauuK Ha fasneHue v TpeHue. C yBe-
NnyeHviem/KoaguumeHT fasneHns pf cHuaeTcs, a koahduumeHT TpeHus (cy)f
BO3pacTaeT. PU3NYECKM TaKoM 3PGPEKT 0OBACHAETCH YMEHbLUEHWEM YMCNA MOMEKY/T,
KOTOpble OTPaXKatoTCs 3epKasibHO. ITO 06YCNOBNNBAET YMEHbLUEHWE LOMOTHUTENLHO-
ro uMmnynbca («PeaKkTUBHOM CW/bI»), YTO BbI3bIBAET CHWDKEHWE [aBNEHUS.
O[ZHOBPEMEHHO CTaHOBUTCA MEHbLLE YUCNO MOJEKY/, KOTOPbE He MepefatT Kaca-
TeNbHOWN COCTaBNAIOLLEA KONMYECTBA ABWKEHUS, YTO B/EYET 3a COBOM yBennyeHue
Ko3athhmumeHTa TpeHus. KoaduumeHT / B MprBEAEHHBIX BbIPKEHUAX 6AN30K
K eIVMHULe N MOXET NPUHUMATLCA B pacyétax pasHbim 0,95... 1 B npeaensHoM cryyae
MOIHOCTbIO 3epKa/IbHOr0 OTpaXkKeHUst KosduumeHT /= 0. B apyrom npegensHoOm
C/lyYae NoAHOCTbIO ANQdY3HOro OTpaxKeHUs KoahpuumneHT/= 1
JKCnepyMeHTa/IbHbIE UCCNef0BaHUA B3aUMOAENCTBUS BOAOPOA], renms n Kuc-
nopoja ¢ NosIMpoBaHHON MOBEPXHOCTLIO OKMUCK Cepedpa, a TakXke U3yyeHne KOHTaK-
Ta BO3Ayxa C NaTyHbt0 nokasanu, 4to/~ 0,99, 3T0 NoATBEPXKAAET HalMuMe MpPaKTu-
YeCKMW NOMHOTO AMGQY3HOro oTpaxXeHNs. BmecTe ¢ TeM aHanornyHble uccnesoBaHma
(ABayeBckuin, AHTOHOB, 1972; ABayeBcKuii 1 ap., 1992; AHapeiiuyk, Manaxos, 1982;
BopoHuy, MbuHT, 2010) N03BOAWAM YCTAHOBUTb, UTO A5 HEKOTOPbIX KOMOMHALMIA
rasa u noBepxXHOCTN KOSPHUUNEHT/MOXET 6bITb CYLLLECTBEHHO MEHbLLIE €ANHMLIbI.

OBMEH 3HEPTUVEN

OTCyTCTBME MOMHOW «NPUCNOCOBNAEMOCTI» (aKKOMOAALMKN) CBOWCTBEHHO He TOMb-
KO fIBMIEHUIO NepeHoca KOMMYecTBa ABVKEHWS, HO U B GONbLUEN CTENeHW, Kak no-
Ka3bIBalOT 3KCNeprMeHTaNbHbIE UCCNefoBaHMA, npoLueccy 0OMeHa 3Hepruein Mexay
nafatoLyiMn MONEKYaMK 1 CTEHKON (CM. puc. 4a). Mo 3Toli NpuunHe 4Nis 3Heprum
OTPaXEHHbIX MOMIEKYN MpejnonaraeTcs, YTo Ux Temnepatypa T OT/IMYAETCH OT TEM-
nepatypbl CTeHKN Tcl™ B 3TOM ciyyae KOHTAKT NajaroLimx MOMIEKY N BCNeACTBME Maslo-
ro BPEMEHW COMPUKOCHOBEHUS CO CTEHKOW HeAOCTaToueH, UTobbl NepesaTb UM Mpu
OTPaXXEHUW CPESHIOD 3HePruio, COOTBETCTBYIOLLYHO TeMnepaTtype TCTv paBHYHO

Ed=2mNiIRTa=" pMTC]jR7][e-X £x4>k-(\tedc). (20)

PaccmaTpuBaemblii Ciyydaii OTpaKeHUs ABSeTCA Hanbonee o6LMM 1 XapakTepu-
3YeTCs OTCYTCTBMEM MOJTHON aKKOMOZaLMM MexXay TBEPAOIA rpaHULIER 1 MONEKynaMu
npu o6bmeHe 3Heprueir. Takum 06pa3oM, B 3TOM O0OLIEM Clyyae OTHOLLIEHWe
Nn=(El-E r)/(Ej-E Cl), Ha3biBaeMoe TEPMUYECKUM KOIPPULNEHTOM aKKoMopda-
UMK, OTANYAETCA OT eAMHULLI. BO3HMKAIOLWLMIA pa3pbIB SHEPTUW SBMISETCA NMPUUNHON
cKauyka Temnepatyp, T.e. pasnuuua mexay Tru Tcm KoathuumeHT akkomogauum L,
MMeeT 60MbLUIOE 3HAYeHWe B pacuéTte Tennonepeaun (ABayeckuii, AHTOHOB, 1972;
MakpuaeHko n gp., 2016a). B HacTosiLLee Bpems OLEHUTb ero BEIMYMHY MOXHO TO/b-
KO 3KCrepuMeHTaNbHO. HabnofeHNs NoKasbIBaloT, YTO XapaKTep U3MEHEeHUs TepMu-
YecKoro KoajpuumeHTa akkoMoaLUmUm BeCbMa C/IOXEH. Y CTaHOB/IEHO, B YaCTHOCTH,
YTO C YBE/IMYEHWEM MOJIEKY/IAPHOTO BECa W TEMMEPATYpPbl MOBEPXHOCTU KOCMUYECKO-
ro annapara 3HayeHue L, BO3pacTaeT. 13 3TOro MOXHO CAeNaTb BbIBOA, YTO KO3 K-
LIMEeHT akKkomogauuu ByaeT 3aBmnceTb OT CKOPOCTU Monérta Tena, yrna nogxoga Mone-
KyN K NOBEPXHOCTK, CBOWCTB MaTepuana, COCTOSHNA MOBEPXHOCTU (CM. puc. 46). Kak
noKasanun uccnefoBaHus, 3Ha4eHs Ko guLmeHTa akkomogauuy ans Bosanyxa, B3a-

44



BnnsiHue KOCMUYECKOro NpOCTPAHCTBA Ha akkomMoZgaLnio I'IOBerHOCTeﬁ KOCMUYECKMX annapartos

MMOAENCTBYHOLLErO C a/IOMUHUEM U CTa/bto, MMEIOLUX pasfInyHyo dopMmy 06pabo-
TaHHOW NOBEPXHOCTU, 6/IM3KUN K eauHMLe 1 KonebntoTes ot 0,7 fo 0,97. Heo6xoammo
OTMETUTb, YTO /19 YUCTbIX NOBEPXHOCTEN U NETKUX MONEKYN, B YaCTHOCTU, TaKuUX ra-
30B, KaK BOJOPOA 1 Fennid, BENMUMHA L, MOXET A0CTMraTh NpuMepHO 10-2. CpaBHeHMWe
TEPMUYECKOIO L, U «CWUMoBOro» / Ko3ah(LUMEHTOB aKKOMOAALMM MOKa3blBaeT, YTo
[ »r|. MOXHO pacCMOTPeTb Npefe/bHbIiA Cyyaid, Npu KOTopoM 1| = 1 3T0 COOTBET-
CTBYeT MOMEHTY, Korfja Temnepatypa T OTpaEHHbIX MOJIEKY fOCTUIaeT TemnepaTty-
pbl CTeHKM [Cr. B 3TOM c/lydae MOAEKy/bl NOYTU MOMHOCTLIO MpUcnocabnmnBatoTCs
K YCNOBWSIM Ha CTEHKe.

3AK/TIOYEHUE

CyLLeCTBEHHOW 0COBEHHOCTLIO KOCMWUYECKOro NPOCTPaHCTBA ABMSETCS ero crocob-
HOCTb K «MOT/IOLLEHUID» HEOrpaHWYeHHOro KO/MYecTBa rasoB M NapoB, KOTOPbIe
MOTYT BbIfENATbCA C KOCMWUYECKOr0 annapara B OTKPbITbIA KocMoc. CrnefoBaTesbHo,
noTepy Macchl ABNSAIOTCA NePBeLLIMM 1 Hanbosiee XapakTepHbIM BUOM BO3AEACTBMA
KOCMUYECKOr0 BakyyMa Ha MaTepuasibl 1 371eMeHTbI YCTPONCTBA KOCMUYECKMX anmna-
patoB. OCOBGEHHOCTLIO MAcCOoMoTePb B KOCMOCe ABASETCA TO, UTO M3 06LLEro ymcna
rasoBbIX YacTuL, UCMAPSAOLLMXCA C NOBEPXHOCTEN KOCMMYECKOro arnnapara, BecbMa
Masio BO3BpaLLLaeTCs K 3TVM NMOBEPXHOCTAM.

B ycnoBumsix KOCMUYECKOro BakyyMa McnapeHre NoBepXHOCTHbLIX CI0EB MaTepu-
afoB KOCMWYECKOro annapara npoucxoaut BecbMa 3(h(heKTUBHO B MpoLecce cyou-
MaLum —npu nepexoje MoeKy/ 1 aTOMOB BELLLECTBA U3 TBEPAOr0 COCTOSHWSA B raso-
06pa3Hoe, MUHYS XUAKOe. VIMEHHO Takoi nepexof xapakTepeH Ans BaKyyMHbIX yC-
NOBUIA. ITOT NPOLLECC COMPOBOXAAETCA TAKUMU MOCNEACTBUAMU, KaK NOTEPS MAcChbl
maTepuaniamu, HapyLIeHue NX MOBEPXHOCTHbIX CBOWCTB U T.4.

CKOpoCTb CybnMMaLn 3aBUCUT OT COCTOSIHUSA MOBEPXHOCTW M MHOTMX JpYruX
(haKTOpOB, PacyéTbl €& OUEHb C/IOXHbI Y UMEKT TOYHOCTb [0 NOPSAAKA BENYNHLI SB-
NEHUS, NPONCXOAALLErO B AEACTBUTENLHOCTH B KOCMOCE.

B pe3synbTate cy6nuMaumMm B TOM YuC/le U3MEHSETCS LUEPOX0BATOCTbL MOBEPX-
HOCTW, B YaCTHOCTU TEPMOPEry/MPYIOLLMX MOKPbLITUIA KOCMUYECKOro annapara, YTo
NPUBOAUT K YXYALLEHNIO ONTUYECKNX XapaKTepUCTUK NOBEPXHOCTY.

B KOCMMYECKOM MPOCTPAHCTBE OJHOBPEMEHHO C BaKyyMOM Ha MaTepuasbl BO3-
[ENCTBYIOT 3N1EKTPOMArHNTHOE U KOPMYCKYSAPHOE M3yYeHne Kocmoca. [ocKosbKy
3HEpPrus CBA3M MaTepuanoB MOXET ObITb 60/1ee HU3KOM, YeM SHEPTUs KBAHTOB UK
4acTUL, COOTBETCTBYIOLLErO BMAA U3MTyYeHUs,, TO COBMECTHOE BO3LeWCTBME BaKyyma
N KOCMWYECKUX U3MYYEHWUI A MOXET YCUIMBaTb 3PGeKT cybammaymmn. 310 0CO6eHHO
CcnefyeT yunTbiBaTb 4/1 MaTepuanoB, KOTOPble BECbMA MHTEHCMBHO MOT/IOLLAOT W3-
Ny4yeHne (Hanpumep, TEPMOPErYMPYHOLLMX MOKPbITUIA 13 OKCUAO0B XKenes3a U LMHKa,
MHTEHCVMBHO MOM/MOLWAKWNX YNbTPauoneToBoe M3fyueHne). MarHuesble Crasbl,
XOTS 1 Bonee NErkme, YeM astoMUHUEBBIE, OAHAKO MEHee MpeanoyTUTE NbHbI, TaK Kak
06M1a7al0T MeHbLUel KOPPO3VUOHHOM CTOMKOCTbHD. 3TU M HEKOTOpPbIE Apyrue Hepo-
CTaTK/M MarHmeBbIX CNaBoB He UCK/YAOT NOHOCTLIO MX UCNO/b30BaHMe A1 KOC-
MUYECKUNX HYX[,

Cranb, X0T OHa 1 B TpW pa3a bonee TAKENAS, YeM allOMUHMWEBBIE CM/1aBbl, TEM
He MeHee MOXET ObITb CpPaBHMMaA C HUMU MO YAe/bHbIM MPOYHOCTHBIM XapakTepu-
cTMKaM. OBbIMHO MCNOMb3YIOTCA HEPXKaBetoLLMe CTaIn (XPOMOHUKENEBBIE), NPUYEM
npegnoyTeHne 0TAaETCA HEMArHUTHBLIM ayCTEHUTHBLIM (hopMam. Y rnepoancTas cTasb,
NaccuBMPOBAHHASA KAAMWEBbIM MOKPbLITUEM, MeHee MpPeAnoyYTUTE/IbHA, MOCKO/bKY
B KOCMWUYECKOM BaKyyMe HabnojaeTcst POCT «yCOB» U3 KaaMusi, PparMeHTbl KOTOPbIX,
nepemMeLLaloLLMecs B HEBECOMOCTU, MOTYT NOMAcTb Ha 3MEKTPUYECKME LENU 1 Bbi3bl-
BaTb WX 3aMblKaHMe.
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Bonee npefnouTMTENbHLI COTOBLIE MaHeNM B BUAE C3HABMYA, 0OPa30BaHHbLIM
[BYMS| TOHKMMM /INCTaMM1 altOMUHWEBOrO Cr/1aBa, MeXay KOTOPbIMU NOMELLEHbI FeK-
caroHasnbHble fYelikn (COTbl), M3rOTOB/IEHHbIE M3 (HONbIK, a TaKXe aJloMUHMEBOrO
cnnaea. CTeHKU Aueek nepdopupoBaHbl, YTO6bI JaTh BbIXOZ, ra3aM U3HYTPU NaHenu.
OfHaKo TaKol KOHCTPYKTUBHbIA 3/1EMEHT, HECMOTPS Ha ero NIErkocTb U CPaBHUTENb-
HYK MPOYHOCTb, ABASETCA UCTOYHMKOM GOMbLUErO Fa30BblAENeHNs, YeM OObIYHbII
MAOCKUIA METaNINYECKNIA NINCT.

Heo6xo4MmMo OTMETUTb, YTO aHAIMTUYECKME faHHble 06 06TekaHun KA, nony-
YeHHble NS YC/IOBWI Pa3peXXeHHON cpefbl, 3HAYMTENbHO PasHATCA, 0COBEHHO A/is
napameTpoB TPEHWS W Ternsonepeaadn, BoIYUCIEHHbIX MO ra3oanMHaAMUYeCcKUM COOT-
HOLLEHWAM AN CMOLIHON cpefbl. Takoe pasnuumne 06bACHAETCA CTPYKTYPOI 3TUX
COOTHOLLEHWiA, COOTBETCTBYIOLLEA rMNOTe3e CM/IOWHOCTM cpedbl. 15 pa3peXxeHHoiA
aTMoc(epbl 3Ta rnoTesa HeAencTBUTE/bHA, Y HEOOXOAMMO MO/b30BATLCSA KMHETUYE-
CKOI Teopueid, nccnegyroLeil AMHaMMKY rasa ¢ MOMOLLLHO MOIEKYIAPHOW MEXaHMWKW.
OCHOBHbIe BbIBOb! 3TOM TEOPMMU OCHOBLIBAIOTCS HAa MPUHATUU OUCKPETHON CXEMbI
CTPOEHMA, COrflaCHO KOTOPOW Cpefa COCTOMT U3 COyAapAtoLLIMXCA MONieKyn, npobe-
ratoLyx JOCTaTOYHO 60/bLUOI CBOBOAHBINA MyTb. He paccmatprBas Noagpo6HO KUHe-
TUYECKYIO TEOPUIO Fa30B, NMPUBELEHbI INLLbL T€ CBEAEHNS, KOTOPble HE0OXOANMbI /15
MOHUMaHNS (DU3NYECKMX ABMIEHNIA, a TaKXKe ANS OCYLLECTB/IEHNS Fa30ANHAMUYECKNX
PacYETOB, CBA3aHHbIX C Nonétamu KA B paspexXeHHol cpefe.
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INFLUENCE OF SPACE ON THE ACCOMMODATION OF THE SPACE OF SPACECRAFT
N. 5. Klimova, N. 1. Sidnyaev

Bauman Moscow State Technical University (BMSTU), Moscow, Russia

The article studies the influence of space on the surface of spacecraft. It is shown that mechani-
cal, optical and other characteristics of spacecraft materials also change markedly due to long-
term exposure to space vacuum. At extremely low pressures in space vacuum, the outer and inner
surfaces of the interface in the materials may be disturbed, resulting in either microscopic sur-
face cracks or internal corrosion. It is shown that the volume-mechanical properties of materials
undergo changes due to changes in the properties of the surface layers. Moreover, the tangible
impact of space vacuum on the mechanical properties of spacecraft materials is the result of the
absence of oxide and other surface protective films. Due to the disappearance of protective gas
and oxide films, as well as the sublimation of surface layers to a thickness close to the wavelengths
of electromagnetic radiation, the surface roughness changes and as a consequence of their op-
tical characteristics. During orbital motion in sufficiently dense layers of the upper atmosphere
of the Earth, as well as under the action of bombardment by charged particles of cosmic radia-
tion, a strong plasma-chemical loosening of the material of the spacecraft surfaces and its spray-
ing into the surrounding space can occur. This process is especially evident for the forward parts
of spacecraft. The effect of space vacuum on materials is shown. Special attention is paid to the
phenomenon of accommodation of low-orbit satellite systems, the use of information obtained
from satellites.

Keywords: spacecraft, accommodation, sublimation, temperature, pressure, vacuum, energy,
speed
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B/IVAHWE MOrPELIHOCTEN B CEMCMUYECKIX MOZENAX
HA PE3YNIbTAT COBMECTHOW WNHBEPCUW TEO®UINYECKIX
(CENCMWYECKIMX W TEOAE3NYECKIX) W TEOXUMWNYECKIX
(BANOBbI COCTAB) JAHHbBIX B MAHTWW NYHbI

E. B. KpoHpog\ K. MauyymoTo02 0. /1. Kyckos*, B. A. KpoHpoal

1 NIHCTUTYT reoXuMmnn 1 aHanMTUYecKoi xumum um. B. . BepHagckoro Poccuiickoii
akagemumn Hayk (TEOXU PAH), Mocksa, Poccust
2 HaumoHanbHas acTpoHOMUYecKas ob6cepBartopus ANoHUN, ANOHUA

O6cyxaaeTca npobaema cornacoBaHns CeMCMUUYECKMUX U FPaBUTaLMOHHBIX aHHbIX C TeOXUMU-
4ecKMMU MOAEeNSMU BaIOBOr0 COCTaBa CUANKATHON JTyHbl. CornacoBaHne MOLENbHbIX U 3KC-
nepMMeHTanbHO onpefeNéHHbIX AaHHbIX MPOBeAEeHO MeTOAOM MHBepcuu balieca B coyeTaHun
C MeTOAOM MWHMMM3aUUWM CBOGOAHON 3Heprum mb6ca No pacuéTy (ha3oBbiX PaBHOBECWIA
B pamkax cuctemMbl Na2d-Ti02Ca0-Fe0-Mg0-Al20 3Si02 (NaTiCFMAS). TMpoBogunacb
COBMECTHasl MHBEPCUA Teon3NYeCcKUX U FreOXUMUYECKUX faHHbIX. [eodusnyeckue faHHble
BK/IOYAIOT Bpems npobera CeCMWYECKUX BOJH, Paguyc, Maccy, MOMEHT WHepuuu, 4ucno
JlaBa BTOpOro mopsfgka v Ko3guLUneHTbl JO6POTHOCTU C NepuogoM Mecsl u rog. B kaue-
CTBE OCHOBHbIX FEOXMMMWYECKMX YCNOBUIA MCMOMb30BaHbl OrPaHWYeHUs Ha MOLEeNN BasioBOro
cocTasa J1yHbl C BbICOKMM COfepXaHuem Tyronaaskmx okcngos Al1,03~ 6 mae. % 1 3eMHbIMU
3HaveHnAMU A1,03~ 4 mae. %. OTAMUUTENbHAA 0COOGEHHOCTb HaCTOSLLEA MOCTAHOBKM COCTO-
UT BO BK/IIOYEHUW FEOXMMUYECKMX NapaMeTpoB CUAWMKATHON JIyHbl B KayecTBe «HabMOAEH-
HbIX» BENMYMH NpU pacuyéte (YHKLUKM nNpaBaonofobus. PacCMOTPEHbl BapUaHTbl BENNYUHBI
MOrpeLHOCT B 3HAYeHMAX BpeMeHu npobera celicMnMyeckux BONH. OMpedeneHo 3HayeHue,
Haunyywnm 06pa3oM YA0B/IETBOPAIOLLEE COBOKYMHOCTU TeoU3NYECKUX U FeOXMMUYECKNX
orpaHuyeHui.

Kntouesble cnosa: JlyHa, YMCNEHHOE MOLENVNPOBAHWNE, WHBEPCUS, BHYTPEHHEe CTPOeHNe,
ceiicMMKa, TepMOAMHaMMKa

BBEAEHWE

JlyHa fBNseTcs eAMHCTBEHHLIM KOCMWYECKUM TefoM (Kpome 3emnn), Ans KOTOPO-
ro cobpaHbl 06pasLibl IYHHOr0 rPYHTA U CYLLECTBYHOT [OCTaTOYHO HafEXHble AaH-
Hble MO CKOPOCTW PacnpoCTpPaHEHWs CENCMWMYECKUX BOJIH, a Takke onpefeneHus
rpPaBUTaLMOHHOTO M 3/1EKTPOMArHUTHOrO noseil. OfHaKo MPUMHUMNNATBHO BaXKHas
4N TeOXMMUU MpobiemMa cocTaBa CUAMKATHOW JIyHbl, CXOACTBA M/UAW pasnnyums
XMMUYeCcKoro coctaBa cunmnkatHoit 3emnm (Bulk Silicate Earth, BSE) u eé cnyTHu-
Ka (Bulk Silicate Moon, BSM) o cux nop ocTaéTcs NpeAMeTOM OCTPOI AMUCKYCCUM
(Fannmos, 2011; Dauphas et al., 2014). CoBpeMeHHble MOJENN BaJIOBOIO COCTaBa CU-
NUKaTHOW JlyHbl npoTuBopeumssl (puc. 1) (Kyckos u ap., 2019). O6pasLbl lYHHOro
BellecTBa, AOCTaBfieHHble akcnepuumamu Apollo n aBTOMATUYECKUMMU CTaHLUuA-
Mun JlyHa, He MO3BONAIOT OMPeAeNUTL Ba/lOBbIVi COCTaB CMYTHMKA, MOCKOMbKY He OT-
paXKatoT COCTaB MaHTMU. B oLeHKax BasioBOro coctasa JIyHbl UCMO/b3YHOTCA pasHble
noaxofbl U MeTofpl: KOHAeHCaunoHHble mogenn (Morgan et al., 1978), netponoru-
yeckue akcnepumeHTbl (Longhi, 2006; Ringwood, Essene, 1970), reodu3nyeckune
mogenn (KpoHpog, Kyckos, 2011; Khan et al., 2000, 2007; Kuskov, Kionrod, 1998),
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reOXUMUYECKNE OFPaHWYEHNss Ha 3MEMEHTHblE OTHOLIEHUSI N KOPPENALUID MEX-
Ly cogepxaHvem Th, U n Tyronnaskux okcugos (Fanmmos, 2004; Jones, Delano,
1989; O’Neill, 1991; Rasmussen, Warren, 1985; Taylor, 1982; Wankc, Dreibus, 1986).
eohu3nyeckme MoLenn OCHOBaHbl Ha COBMECTHOM OOpalleHuUM reopu3anyeckux
[aHHbIX 1 TEOXMMUYECKON MOfenM MaHTUK. B nuTepaTtype BCTpeyatoTCs pasfmyHble
MOJENN XMMUYECKOro COCTaBa: OT COCTaBa, MOA0OHOr0 YNbTPAOCHOBHOMY BELLECTBY
BEpXHel MaHTMM 3eM/u, [0 COCTaBa, pe3ko oborawgHHoro Ca n Al n nogo6HOro
BbICOKOTEMMNEPATYPHbIM BK/IHOUEHMSIM B yramcTtom xoHapute Allende; cogepxaHue
FeO BapbupyeT OT 6 40 18 mae. % (Hood, Jones, 1987; Kuskov et al., 2002; Ringwood,
1979; Wieczorek et al., 2006). CyLLecTBYIOT pafMKa/ibHble NPOTUBOPEUMS KaK MeXay
reon3nyeCKUMmM 1 reOXUMMYECKMMI KnaccamMmm Mogeneil coctaBa JIyHbl, Tak 1 BHY-
Tpn o06oux KnaccoB (Kuskov et al., 2019). OCHOBHble M3 HUX CBf3aHbl C OLIEHKOIA
KOHLUEeHTpaumii okcnaos CaO, A1 3n FeO/MgO (cm. puc. 1), UMEIOLMX KHOYEBYHO
PO/b B 3BOMIKOLMU JTyHbI U BANSIOLUX HA KOMMYECTBO U YCTOWUMBOCTL (ha3 (aHopTU-
Ta, O/IMBMHA, MUPOKCEHOB, rpaHaTa), NI0THOCTb U CECMUYECKYHO CKOPOCTb.

O ump

8 10 12 14
A120 3 + CaO, mac.%

Puc. 1. eoxummnueckme U reom3nyeckne mMoaenn BanoBoro cocrasa JIyHbl (Kopa+ MaHTUs)

no nuTepatypHbIM faHHbIM (FanumoBs, 2004; KpoHpog, Kyckos 2011; Jones, Delano, 1989;

Khan et al., 2007; Kuskov, Kronrod, 1998; Lognonne et al, 2003; Morgan et al., 1978; O’Neill,

1991; Ringwood, 1977; Taylor, 1982; Warren, 2005) B cpaBHEHMU C COCTAaBOM CMNKATHON 3eM-
nn (McDonough, Sun, 1995). MpamoyronsHukn —no pa6ote (Kuskov et al., 2018).

Mogenu XMMWYECKOro 1 MUHEPASIbHOrO COCTaBa MaHTUU CYLLECTBEHHO pas/iu-
4arTCA M 3aBMCAT OT METOANYECKOrO (FeOXMMUYECKOro MK reou3anyeckoro) nog-
xofa. CyLuecTBylOT NPOTUBOPEUNSt KaK MEXAy reo(u3MyecKMMU U reoXMMUUecKu-
MUK Knaccamu Mogeneit coctaBa JlyHbl, Tak U BHYTPM 060MX KNaccoB. OCHOBHbIE M3
HMX — OLeHKAa KOHLeHTpaLuu Tyronnaskux okcupos u FeO. OpHU uccneposate-
NN nonaratoT, yTo JlyHa oborauieHa kak FeO, Tak n CaO n A1 3 (Fanmmos, 2004;
Hood, Jones, 1987; 1 ognonne et al., 2003; Taylor et al., 2006); gpyrue cynTatoT, 4TO
JyHa o6oraueHa FeO no cpaBHEHMIO C 3eMHOI MaHTWel, B TO BpeMsl KakK COfepXa-
Hu1a CaO 1 Al 3nouTty 0AMHAKOBbLI B 060/104Kax 3eMan 1 eé cnyTHuKa (Ringwood,
1979; Wanke, Dreibus, 1986). P aBTopoB npegnonaraeT o6oralleHne CUINKaTHOM
JlyHbl (OTHOCMTE/ILHO 3eMHOM MaHTWUK) TYronaaskuMu (TPYyAHONETYUUMU) 311EMEH-
Tamm (refractory elements — TepMWH, NPUHATBIA B aHIN0A3bIYHOW NUTEPATYPE) NpU-
MepHO Ha 50 % (Taylor, 1982; Taylor et al., 2006), Torga Kak gpyrvie uccnegosarenu
OTMEYaloT, YTO COfEepKaHWe OCHOBHbIX TYFOMMaBKWX 3MEMEHTOB, pacCUMTaHHOe
No KOPPensiunMoHHbIM cooTHOWeHMAM Mg/Si, Al/Si, Mg/Al nan no cogepxaHmio U
n Th, B 3HauUMTENbHOI cTeneHn HeToyHo (Rasmussen, Warren, 1985; Ringwood, 1977;
Toksoz et al., 1978). Macc-6anaHcoBble pacyéTbl, aHann3 3eNEHbIX CTEKO/, NIYHHbIX
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METEOPUTOB N CUHTE3 INTePaTYPHbIX AaHHbIX OLEHMBAIOT cofepxaHue ~4 % (Longhi,
2006; Warren, 2005), T.e. NOYTU OAMHAKOBOE B CU/IMKATHbIX 060/104Kax 3eMnn U eé
CMYTHUKA.

HeonpeseneHHOCTb B OLEHKAX KOHLEHTpaLMn TYronnaBKMX 3/1eMeHTOB NO3BO-
NAET CTPOUTL MOZEeNM JIyHbl Kak 6/1M3Kne Mo Ba/IOBOMY COCTaBY K CUIMKATHON 3emne,
TaK 1 060orawéHHble Tyronnaskumm Al20 3, CaO. MocKoNbKY CKOPOCTb CEACMUYECKMX
BOJIH B MAGHTWM W NAIOTHOCTb 3aBUCAT OT MaHTUIAHOIO COCTaBa, T.e. B KOHEYHOM CUéETe
OT Ba/I0OBOr0 COCTaBa, MOXHO OXMAATb, UTO MOZENN JTyHbI C pa3fInyHbIM Ba/10BbIM CO-
JepXXaHueM TyronaaBkux 6yayT OTAnYaTbeA Mo pacrnpeaeneHusm naoTHOCTM U celic-
MWYECKOI CKOPOCTH.

B HacToswen paboTe uccneaytoTcs mogenn JlyHbl C BbICOKUM COAEPXKaHWEM
TyronnaBkux 3neMeHToB (AL 3~4mac. %, mogenn (M)) 1 3eMHbIMW 3HAYEHUAMU
(A1 3~ 6 mae. %, mogenun (E)) KOHLUEHTpaumsMu Tyronnaskmx. MpumeHseTcs me-
ToA4 uHBepcuu baiieca (anroputm MCMC (MeTog MoHTe-Kapno no cxeme mMapkoB-
ckux uenei)) (Khan et al., 2007, 2014). MNpn nocTaHOBKE MCCMeA0BaHWIA Mpeano-
naranocb, 4TO B pe3ynbTare pewleHns GyayT nony4veHbl MOAeNn JIyHbl, B HEKOTOPOM
CMbIC/e Hauny4yLwmm 06pa3oM Y0B/ETBOPAIOLLME KaK reoPU3NUYecKUM LaHHbIM, TaK
1 TEOXVIMUYECKMM OFPaHUYEHNAM, CIeYIOLLIMM U3 MOZeNei BaIOBOro cocTaBa J1yHbl.
OT/muuTensHas 0CO6EHHOCTL HACTOSLLEA MOCTAHOBKM COCTOWUT BO BK/IKOUYEHUW Ba-
NoBOro coctasa JIyHbl B KauecTBe HabNOLEHHOW Be/IMUMHbLI NPU pacyéTe PYHKLNUK
npaegonogo6ums.

METO4O0N0INA
Mogenb BHYTPEHHETO CTPOeHUs! JyHbl

PaccmaTpuBaeTca Bsiskoynpyras chepuyeckn cMMMeTpuuHas mogens JlyHbl (Max-
wellian viscoelastic models), cocTosLLEeR 13 AEBATM CNOEB: MEraperonmnT, Kopa, YeTbipe
CNost MaHTUW, CNOI NOHWKEHHO BA3KocTH (low viscosity zone, LVZ), BHeLLHee Xuj-
KOe A4p0 1 TBEPAOE BHYTPEHHEE. B Kaxol 30He (hM3NYECKMe CBOWCTBA U KOHLEH-
Tpaums OCHOBHbIX OKCUOB CUMTAOTCS MOCTOSAHHbLIMW. [py pelleHnn obpaTHoi 3a-
[aun HaknafblBatoTCs YCN0BUA HeYObIBaHWSA C FTyOWMHOI MA0THOCTY B MaHTUN.

Kopa. Kopa cocTtouT 13 cnos peronmTa TOJLWMHOA 1KM M COBCTBEHHO KOPbI
C 00Lell MOLHOCTbIO 34 KM U cpeaHein nnoTHOCTbi0 Pous= 2590 krm 3 (Wieczorek
et al., 2013). CocTaB Kopbl 3agaétcs no pabote (Taylor, 1982), mae. %): AL 3= 27,3;
Ca0 = 15,5; MgO = 6,8; FeO = 6,3; Si02= 44,1. 3HaueHna ynpyrux mogynein (Bulk
and shear modulus) 3agatoTcsi no uccneposaHunio (PaeBckuii n ap., 2015). B cnoe me-
raperonmTa cpefHue BENNUMHbI CEMCMMYECKNX CKOpocTeil \p 1 E 3apatoTcest Kak 1,0
n 0,5 km/c cooTBeTcTBEHHO (M0 Mogenu (Weber et al., 2011)).

MaHTus. PaHHss auddepeHumnaums JlyHbl ¢ BblAENEHNEM MaTEPUKOBON Mone-
BOLLMATOBOM KOPbl MOLLHOCTbIO 0kono 30...40 KM 1 BO3pacT MYHHbIX NOPO/, NpUBENi
K rMnoTe3e NyHHOro marmatuyeckoro okeara (lunar magma ocean, LMO), nog KoTo-
PbIM 06bIYHO NOHMMAETCA BHELUHAA 060/104Ka JTyHbI, NpoLleALLas Yepes CTagumio Ya-
cTnyHoro nnaenenus (Elkins-Tanton, Grove, 2011; Longhi, 2006; Shearer et al., 2006;
Snyder et al., 1992; Taylor, 1982). 'mnoTe3a marmatuyeckoro okeaHa (MO) MoXeT
ObITb MUCMO/b30BaHA B KayeCTBe J0MNOSIHUTENIbHOrO NETPONOrMYECKOro orpaHnYeHuns
Ha COCTaB MaHTUW B BUfe 6anaHCOBbIX COOTHOLUEHWIA AN1S1 KOHLEHTPaLMU OCHOBHbIX
okcuaoB. Bbino nokasaHo (Kyckos, KpoHpog, 2011), yto AuddpepeHumanms mar-
MaTMYecKoro okeaHa (C 06pa3oBaHNEM KOpPbl, BEPXHEN U CPeaHelt MaHTUK) OTHOCK-
TeNbHO HWKHEN (HeamddhepeHUMPOBaHHOR) MaHTWUK COrNacyeTcs C MOMEHTOM MHEp-
LUMKU 1 Maccoid JIyHbl U OTrpaHUYEHUSMIN Ha MPOQUIN CKOPOCTEA pacnpocTpaHeHNs
P-, S-Bo/H, npuBeaéHHbIMK B paboTax (Gagnepain-Beyneix et al., 2006; Nakamura,
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1983). MacwTtab nepBoHa4YanbHOro MnaBneHna JIyHbl OCTaETCA He BMOSIHE SICHbLIM.
3T0 OAMH U3 OCHOBHbIX HEPELLEHHbIX BOMPOCOB TEPMa/IbHOM U MarmMaTU4ecKoii 3Bo-
nrounn JyHsl. O6paboTka ceicMmyecknx akcnepmmeHToB Apollo gonyckaeT 30Hanb-
HOe CTPOEHUME MaHTWUU U CYLLECTBOBaHME HECKObKUX CECMUYECKUX FPaHUL, B He-
Apax JlyHbl, B TOM YMC/e Pe3KUIA CKauoK CKOpocTeld P-, S-BofH Ha rny6uHe 750 KM
(Gagnepain-Beyneix et al., 2006). M0)XHO nonaraTb, UTO 3Ta CeiicCMMUYecKas rpaHnLa
MapkupyeT nofowsy LMO, oTpaxatoLyto nepexof 0T KyMynaToB K HeanhhepeHLm-
pOBaHHOW NPUMUTMBHOW MaHTUK, WU CBA3aHAa C HUKHEW rpaHuLell MarMaTMyeckKoro
OKeaHa. B HacTosLLein paboTe npumMeHseTcs Mogens LMO MoLLHOCTbIO 750 KM.

MaHTVs pasfefieHa Ha C/loM B COOTBETCTBUM C CEACMUYECKOW MOAENbH
(Gagnepain-Beyneix et al., 2006): BepxHsa MaHTusi (Mantle 1 34...250 km), cpegHss
MaHTUa «1» (Mantle 2: 250...500 kM), cpegHsas maHTUsA «2» (Mantle 3: 500...750 Km),
HXHAS MaHTua (Mantle 4: 750 KM —30Ha nognnasneHus 1YZ, MOLLHOCTb KOTOPOI
onpegensieTcs B pesysbTare peLueHns obpaTHoii 3agaumn). Cnegys paboTte (Khan et al.,
2007) cunTaeM, YTO XUMUYECKMIA COCTaB MaHTUM B TPEX BEPXHMX 30HAX O4UHAKOB.
XUMUYECKNIA COCTaB N PU3MYECKME CBOMCTBA KaXXA0M 30HbI MaHTuK (= 1 4) mofge-
nunpytotca B pamkax cuctembl NaTiICFMAS. Ckaykn cocTaBa U (hM3NYeCKUX CBOICTB
[OMNYyCKaloTCA IULLb Ha rpaHMLax 30H. B kaxaoi 30He cocTaB, (hM3NYecKme CBOMNCTBa
1 Temrnepatypa CHUTAOTCS MOCTOAHHBIMU U PaBHLIMU 3HAYEHUAM B HEKOTOPbIX Cpes-
HMX TOYKaxX Mo paspes3y MaHTUW B COYETaHUW C eCTECTBEHHbLIM TPebOBaHWEM OTCYT-
CTBMSA MHBEPCUW NAOTHOCTK:

dp™ 0 , .

aq -0 PAHL>P 4 —C2—C,,

ci =MgO, FeO, A120 3,Ca0, Si02 (/= 1-4).

(1)

MogenvpoBaHue cocTaBa M (PU3NYECKUX CBOCTB JTyHbl MPOBOAWNOCH B MHTEP-
Basle KOHLIEHTPaLUN OKCUAOB B BEPXHEN, CpefHel 1 HXKHER MaHTUK (Mae. %)

25< MgO <45%, 40<Si02<55%,
5< FeO <15%, 0,1<CaO, Al203<7%,

npvyéMm KoHueHTpaumn AID 3 n CaO cBA3aHbl XOHAPWUTOBOW 3aBUCMMOCTLIO
CaO ~ 0,8A1203 (Ringwood, Essene, 1970). CTonb WMPOKWIA AMana3oH KOHLEHTpa-
UMM BblIGpaH TakMM 06pa3oM, UYTO6bI OXBATUTb BeCb Habop MOTEHLUANbHOrO fyH-
HOrO COCTaBa, MOMYYEHHOrO M3 aHasM3a reOXMMUYECKNX U Feon3NYecKUX JaHHbIX
(KpoHpog, Kyckos, 2011; Dauphas et al., 2014; Gagnepain-Beyneix et al., 2006;
Jones, Delano, 1989; Khan et al., 2007; Kuskov et al., 2014; Lognonne et al., 2003;
Longhi 2006; Ringwood, 1977; Snyder et al., 1992). KoHueHTpauusa apyrnx oKCuaoB
thukcmposaHa: 0,05 mae. % ans Na20 un 0,2 mae. % ana Ti02 (Dauphas et al, 2014;
Snyderet al, 1992).

Ycnosusl, xapakTepuaytoLye 6anaHc KOHLeHTpauum ans mogenu auddepeHym-
auum nepBoHaYanbHO OAHOPOAHON No cocTaBy JIyHbl Ha KOpY, BEPXHIOK U CpefHue
30Hbl MaHTUW OTHOCWUTENbHO MEPBUYHONA HeAM(p(EepPeHLMPOBaHHON MaHTUX, 3anu-
CbiBatOTCS criefytolmm obpasom (KpoHpoga, Kyckos, 2011):

nr_r JP VCcr+(pVC)u+(pvVC)ml+(pVC)n2
1 (pV)cr+(pV)u+(pV)ml+(pV)n2 max (3)
(C = MgO, FeO, A120 3,Ca0, Si02).

3gecb C, p, V— KOHUeHTpaums okcnaos (Mae. %), MNOTHOCTb, 06bEM. VIHAEKCHI CT.
u, ml, m2 COOTBETCTBYIOT KOpe, BepxHel W cpedHen W MaHTuM. BenuumHa

6C<0,5 % —HeBsA3Ka 6aaHCOBbIX YPaBHEHWIA ANt K&XXA0r0 OKCKaa.
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MogenuposaHue (ha30BOro coctasa Y PU3NYECKUX CBONCTB MaHTUM NPOBeAeHO
C MOMOLLbIO MeTOoZa MUHMMM3aLUKN CBOGOAHOM 3Heprum Mmb6eca B paMKax CUCTEMbI
Na2-Ti02-Ca0-Fe0-Mg0-Al20 3Si02 (NaTiCFMAS) 1 ypaBHeHWIA COCTOSIHMS
MUHepasioB B NpubamxeHun Mu—F proHaiiseHa—/fle6ass Ha OCHOBe MPOrpamMmMmHO-
ro komnnekca THERMOSEISM c¢ y4éToM (ha30BbIX NMPeBPaLLEHNIA U 3HFApMOHM3Ma
(Kuskov et al., 2014). Cuctema NaTiCFMAS BK/o4YaeT (pasbl NOCTOSAHHOIO W nepe-
MeHHoro cocTasa. lpeanonaraeTcs, YTO ABYXBa/IEHTHOE XKENe30 ABNSeTCH Npeobna-
Jatoueli hopmoit xene3a B MaHTUM JTyHbl U UTO XMMUYECKME peakLmn He 3aBUCAT
OT NneTyyecTn Kncnopoga. fobasneHne Al20 3 Na2d n THO2BaXKHO 415 CTabubHOCTU
rpaHarta, KMMHOMMPOKCceHa 1 Ti-cofepKallmx accoLmaLuid.

Heob6xoammas 415 pacyYETOB BeNMUMHA faBeHna onpegensnack B NpuoavxeHnn

MOCTOSAHHOW MO rNy6uHe nnoTtHocT: P =PO\I-\(R -H)/LLL |, roe Po  paBneHue

B LeHTpe JSlyHbl, Po~5 'Ma; R — paanyc; H — rny6uHa. MNpogunb TeMnepatypsbl
B MaHTWUM 3agaBasicsl AnHeHbIM: THT = 600 °C, Tmm = 1200 °C (KpoHpog, Kyc-
KoB, 2011).

3oHa (LVZ). B pspe pabot (PaeBckuil u ap., 2015; Harada et al., 2014; Khan
et al., 2007; Matsumoto et al, 2015; Weber et al, 2011) noka3biBaeTCs BO3MOXHOE
NPUCYTCTBUE B OKPECTHOCTM fiipa 061acTy NOHMXXEHHOM BA3KOCTW. Hannuwne cnos
C Ype3BblYaiHO HW3KOI BA3KOCTbIO HAaf rpaHuMLIEN AAPO-MaHTMS COrnacyeTcs ¢ YMc-
namu Nsea n gobpotHocThbio (Harada et al., 2014; Matsumoto et al., 2015). B Ha-
CTOsILLeN paboTe MOLWHOCTL LVZ 1 nokasaTtenb cTeneHn 3 B BbIPXKEHUN A5 BS3KO-
ctn 10pTlla-c HaxoaUTCA B pe3y/ibTaTe pacyéToB.

Aapo. JlyHHOe S4p0 MOLENMPYETCA COCTOSLLMM U3 BHELLHEr 0 XUAKOro sapa (C Mo-
oynem capura 1, = 0 MNa 1 BA3KOCTLIO, paBHoK 0 Ma-C) 1 TBEPLOro BHYTPEHHEro sapa
(Matsumoto et al., 2015). BaskocTb Bcex TBEpAbIX CMOEB (Kpome 30HbI LVZ) 3aaaBa-
nacb B 1021 TMa-c. MNOTHOCTb BHYTPEHHEro agpa npuHATa p = 7500 kr-m 3 (Kuskov,
Belashenko, 2016), Toraa Kak NA0THOCTb XXMAKOIO f4pa NOANEXUT ONpPeLeNieHuHo.

FEODPUN3NYECKME OAHHBIE
Ans npoueaypbl MHBEPCUM 33fAETCA LUECTb OCHOBHbIX TeO(M3NYECKMX [LaHHbIX
(Matsumoto et al., 2015): cpegHuii paguyc R, Mmacca M, HOpMasiM30BaHHbIA MOMEHT

nHepumm Is, uncno fssa sToporo nopsigka k2 (Williams et al., 2014), fo6poTHOCTE QM
1 Qac neproLom MecsiL, U rof v Bpems npobera CeMCMUYECKUX BOSH.

["eoge3nyeckmne gaHHble o CTPOEHUIO JTyHbI

CPEHUI PAANYC R ..ot 1737,151 Km

MACCA M .o (7,34630+0,00088)-1022 kr
Hopmanu3oBaHHbIA MOMEHT MHEPLUUN | 'S .cvevveienrenee, 0,393112+0,000012

UKNCNIO JTIABA K2 ettt ettt enrae e 0,02422+0,00022

dakTop 4O6POTHOCTY C NEPUOAOM MeCAL, QM......cc.e.... 38+4

DakTop 4O6POTHOCTU C MEPUOAOM TOA Qa....coveeeeieeiinnas 4149

Bpems npo6era (TT —travel times) ceicCMUYeCKMX BO/H 3aA4aBafoCh MO AaHHbIM
paboTbl (Lognonne et al., 2003): 318 gaHHbIX TT (183 ana P-BonH 1 125 ana S-BOJH)
0T 59 UCTOUHMKOB (24 rNy60KNX NYHOTPACEHMS, 8 MPUMNOBEPXOCTHLIX, 19 yaapoB Me-
TeopomaoB, 8 UCKYCCTBEHHBIX YAapoB). [laHHble 0 TpaHc(opMaLMm NonepeyHoin Bos-
Hbl (S) B NpogonbHyto (P) Ha rpaHuue Kopa/MaHTWs, MCMOMb30BaHHblE B paboTax
(Lognonne et al, 2003; Gagnepain-Beyneix et al., 2006), B Hall aHann3 He BK/IKOYEHbI.
OwmnbKa /7-ro TT onpegenseTcs:
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° 4

rfe anruone — owmn6KN B YTEeHUW 1 pernctpaymm a-ro TT.

eoxrmMunyeckne Mmogenu BasioBoro cocrtasa J1yHbl

Kak oTmeyanoch Bbille, CYLIECTBYIOLLME MOAenu JIyHbl N0 BajIOBOMY COAEPXaHuo
Al12) 3MOXKHO YCMOBHO pa3feninTb Ha ABa Tvna (cM. puc. 1): 1) mogenn, 6amn3kue K co-

aepxaHnto ATO3 (mae. %) B cunmkatHoii 3emne (CEmo ): 35" «VIA <77,
2) MOfIeNM, CYLLECTBEHHO o6oralyéHHble /120 3no cpaBHeHuto ¢ 3emnéii (CEMO ):
4,5 CEa]™ <7,7 (KpoHpoga, Kyckos, 2011; Khan et al., 2007; Warren, 2005 u ap.)
[ns o6omx TNoB mopenen copepxaHne FeO (CEMRQ) B JlyHe HaxoauTcst B npefe-

nax 107"CEXXpeO<14 (cm. puc. 1). Ana kaxgoro Tuna mogeneid 6biiv onpegeneHsi
CpefHVe 3HaYeH s BaU10BOM KOHLEHTpaLun:

MTRg2 = 4,051 0,36 mac.%,
CMM4T =5,91 +0,39mac.%, (5)
cw ¥mT = 12,25+ 1,33 ™mac.%.

Mbl nonaraeM, YTO NPUBEAEHHbIE OLEHKN OTPaXKarT COBPEMEHHBbIV YPOBEHb
3HaHWIA 0 Ba/IOBOM COCTaBe JIyHbl.

NHBepcus

O6paTHas 3afaya onpefeneHns NapameTpoB BHYTPEHHero CTPOeHWs JlyHbl pelua-
eTCs C NoMollblo MeTofa Baiteca; npumeHsaTca anroputm MoHTe-Kapnio no cxeme
mapkoBckmx uUenein (MCMC) (Khan et al., 2007; Matsumoto K. et al., 2015 n ap.).
PelueHne ons MCKOMbIX MapaMeTpOB OMpesenseTca 13 1Ux arnocTepuopHOro pacrpe-
JeneHuns. 3aTem paccuuTbiBaeTcs (PyHKUMA npasgonofobus LHF (b(T)), koTopast
MOKa3blBaeT Mepy OTK/IOHEHUS MOZE/bHbIX PACHETHBIX 3HAYEHWUIA OT HabNOAEHHbIX.
Mogenb onucbiBaeTcs 22 napameTpamy (MOLLHOCTb C€10s t, NAOTHOCTb P, MOLY/b
clBwWra L, MOLY/lb BCECTOPOHHEr0 CXaTus K (B MaHTUIAHbLIX C/OSX NapameTpamm siB-
NANNCb KOHLEHTPALMM OCHOBHBIX OKcMaoB (Al20,, FeO n MgQO) B BepxHeil MaHTUM
1 Temnepatypa T B K&KJ0M C/I0€, MO0 HUM PacCUMTbLIBASIUCL P, L, U K), a TakXkKe BA3-
KOCTb L} B K&XOM C/0e). HekoTopble M3 NapaMeTpoB 3afaBa/iCb: MOLLHOCTb MaH-
TUIAHBIX cnoéB (Kpome cnosi LYZ), MOLWHOCTb U NMOTHOCTb KOPbl, CeACMUYECKME
CBOICTBA KOpbI, NIOTHOCTb BHYTPEHHErO SiApa, BS3KOCTb TBEPALIX CNOEB (KOpa, MaH-
™A (Kpome LYZ) n TBEpAoe BHYTPeHHee siApo). Temnepatypa, (hM3MYeckue CBOWA-
CTBa 1 XMMWYECKUIA COCTaB B KabKOW 30He MaHTUK, pasmepbl U BA3KOCTb 30HbI 1YZ,
pa3Mepbl BHELLUHErO Y BHYTPEHHEro f4pa, NIOTHOCTb BHELLHEro saapa Onpefesiafmch
B pe3y/ibTaTe peLleHus.

eohuanyeckme gaHHble ans BennunH R, M, MOI, k2, Qmun Qaa TaKkxke ceiic-
MUYecKne faHHble BXoaaT B LHF. TockonbKy Lenbio paboThbl ABASETCA COrnacoBaHue
reo3anMYecKnx JaHHbIX U Mogenei cocTtasa JlyHbl, BasoBbIi cOCTaB JTyHbl Mbl CUM-
TaeM TakuM e HabMOAEHHBIM NapaMeTpoM, Kak 1 Apyrve BeIMYUHbI, BKIKOYEHHbIE
B LHF. BanoBoe cogepxxaHne AL20 3(I/W) n FeO (P&LLK) B JTyHe BKNHOYEHO B Kaye-
CTBE HabNtOAEHHBIX 3Ha4YeHNiA B LHF.

dyHKums LHF B gaHHOI NOCTaHOBKE 3anNuUCbIBaETCS CeAYOLLMM 06pa3oM:

53



£ B. Kpoupog v ap.

€7 -C0O») d“z\)ﬂb(sjl éﬁﬂno I(r'n\)
20 hss 28 par 20L
kb 3BK°L -<& («)!
L(m) = exp 2a,, - - VIE=1J (6)
Cr -dy ,k(m)2 A -d" g mk(m)
‘AT Fe

rae ¢ofo, da(m), a, Tn—HabNOAEHHbIE AaHHbIE, PAaCCUNTaHHbIE MO MOAENN /M AaHHbIE
M MOrPeLIHOCTb B HAOMOAEHHbBIX JaHHbIX U «-F0 BPEMeHWU npobera CercMmUYecKmx
BOJIH, COOTBETCTBEHHO (aHanornyHo Matsumoto et al., 2015; Kronrod et al., 2018)).

B pe3synbTaTte WMHBEpPCUMM MO/y4YaeM BEPOSTHYHO MOAeNb JIyHbl, B HEKOTOPOM
CMbIC/IE HanNy4ylWwMM 06pa3oM Y0BNETBOPSIOLLLYH BCeli COBOKYMHOCTU reotmsmnye-
CKUX 1 TEOXUMMWYECKMX OFPaHNYEHNIA.

PE3YJIbTATbI N OBCY>XXAEHWE
CornacoBaHue CeMCMMNYECKON U FreOXMMUNYECKMUX MoAenel

B HacTosLLeli YyncneHHo Mogenu JTyHbl B KXKA0W 30He MaHTUM KOHLeHTpauumn oc-
HOBHbIX OKCWJOB fBNAIOTCA MapaMeTpamu MOZENW, OnpefensemMbiMy B npoLiecce
npouesypbl MHBePCcUMU. MAIOTHOCTL, CKOPOCTH CECMUYECKMX BOSIH U Ba/IOBbLIA COCTaB
B CBOI Ouepeflb Haxo4ATcs Mo XMMWYECKOMY COCTaBy, [aB/IEHUIO W Temrepartype.
PaccunTaHHble BeINYMHbBI 3aTEM UCMOL3YHOTCA A1 BblumcneHusa LHF.

Pe3ynbTathl pacyéToB MOKa3anu, YTo B Hallel CUCTeMe OrpaHWYeHunin Ha Basio-
Bblin cocTaB mogeneii (E” O, 0 ) n 6anaHcoBble COOTHOLWeEHNA (3) He MoryT
ObITb NOMYYeHb! PeLLeHNs, YA0BETBOPAIOLLME BCEM HabMIOAEHHBIM BenMymHaMm travel
times n cootBeTcTBYIOWMM cr L no gaHHbIM (I .ognonne et al., 2003) (puc. 2, 3, Bapu-
aHT errl). BeposTHble pacyYETHbIE BEIMUMHBI BaIOBOA KOHLEHTPALMM AaNeKo BbIXO-
[AT 3a HabnoaéHHble EA” . CpefiHee pacyéTHOe 3HaYeHMe Ba/IOBOrO CO-

ctaBa E”™ 0, OTKNOHAeTCS OT HabnAEHHOMO Ha ~1 Mae. %, UTO (PaKTUYECKN 03Ha-
YyaeT nepexof B ApYroil knacc mofeneii coctasa. Kpome Toro, He Habniopaertcs
HOPManbLHOro pacnpefeneHns B ructorpaMmax KOHLEHTpaLUM OCHOBHbIX OKCW[OB,
MOCTPOEHHbIX A5 Pa3IMYHbIX 30H MaHTUW. AHanornyHo, ana mogenein MJ] () ( pac-

YéTHas BasioBas KoHLUeHTpauua AL, pafukaibHO OTAMYaeTCA OT HabMOAEHHbLIX
3HAYEeHWA.

MocKoNbKY B reou3nyecknX faHHbIX Hanbonbllas HeonpeaeneHHOCTL Codep-
XKWUTCA B CEMCMUYECKUX HAOMOAEHNSX, Mbl MPEAMONOXUAN, YTO YBEIMYEHNE AUCTIEp-
cum 0T B TT NO3BOAWT NOMYUUTL PeLLIEHWE, YAOBNETBOPSIOLLEE BCEM HAOMOAEHHBIM
napameTpam. [poBeféHHbIE YMNCIEHHbIE 3KCMEPUMEHTbI ¢ 0T = 30T L (cM. puc. 2,
BapuaHT err3), Nokasanu y0BneTBOPUTENIbHOE COr/TacoBaHMe reOXMMUYECKUX 1 ceic-
MUYECKMX OrpaHuyeHnin. [ns Bcex napameTpoB NPOSBASETCA HOPMasibHOE, N160
6113K0e K TaKOBOMY pacnpefeneHue. B cnyyae errl nuku Ha ructorpammax CKOpocTu
60nee OCTpble, HEXeNW ANs err3, UX BepLUMHbI PacrnofoXKeHbl Ha HECKONLKO boree
BbICOKMX 3HAYeHUAX ckopocTh (pasnuume anis Vo coctasnseT oT 0,1 KM/C B BEPXHEM
cnoe MaHTum Ao 0,4 KM/c B HuKenexalwiyux cnosx). Mpu yBefuyeHUn OWmnobKu 1o
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oT = 90TL (BapuaHT err9) He yaaéTcsa NONy4YnTb YAOBNETBOPUTE/bHbIE PELLEHNS ANs
KoHUeHTpaun MgO n celicMnyeckoii CKopocTu (cM. puc. 2, 3).

Ha ocHoBaHMM NpoBefEHHbLIX 3KCMEPUMEHTOB MOXHO CLenaTb BbIBOJ, YTO WH-
BEpCUU C YBENIMYEHHOW B TpU pa3a HabntoLEHHOW BENMYMHON OWINGKN B celicMmnye-
CKMX CKOPOCTSX (BapuaHT err3) no3BosioT NoAy4uTh COMlacoBaHHbIe C reogusnye-
CKMMM W FTEOXMMMNYECKMMMW OTPaHUYEHNAMMW MOAEN JTyHsl.

XumMmunueckni CoCTaB, celicMnueckune CKOpPOCTH, NNOTHOCTb
Ha puc. 2, 3 npefcTasneHbl pacyéTbl XMMUYECKOro COCTaBa, NJIOTHOCTM U CKOPOCTel

P-, S-BOMIH MUHEpasbHbIX accouuaunii, TepMOLUHAMUYECKN YCTONYMBLIX B KaXKAO0M
30He YeTbIPEXCNOWHOI MaHTWUM JTyHbI (ABYCNONHOM NO XMMNYECKOMY COCTaBy).

1 2 3 4 5 6 7 22 24 26 28 30 32 34

Mantle 1-3 Al20 3 [mac%] Mantle 1-3 MO [mac.%]
Mantle 4 AUO Mantle 4 MaQ [wvacP/o]
a' 6’ B’

Puc. 2 PacnipegeneHune KOHLEHTPaLMN OCHOBHbIX OKCUAOB B MaHTUW AN FEOXMMUYECKMNX MO-
[eneii ¢ pasnnyHoi owmn6koi B travel times. Pe3ynbTaTbl MHBEPCUU AN KOHLEHTPaL MM OCHOB-
HbIX okcupos: A1,03(a), FeO (6), MgO (B) npuBeaeHbI B BuAe ormbaroweid rucrorpamm. CUHMI

uBeT — owwubka B travel times c* no pa6ote (Lognonne et al., 2003) (errl), 3enéHbiin -

errl*3 (err3), kpacHblii —errl*9 (err9): a, 6, B — mogenu E (bulk A120 3= 4,05+0,35 mae. %);

a', & B'—mogenn M (in/+A120 3= 5,91+0,39 mae. %). Mantle 1-3 —'BepXxHsisi MaHTUW [0 Fy-

6uHbl 750 KM; Mantle 4 — HWXKHAS MaHTUA 00 rpaHuubl ¢ LVZ. KoHUeHTpauus OKcuaoB
B HVDKHE MaHTUK paBHa Ba/lOBOMY COCTaBy
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Puc. 3 PacnpegeneHue ceiicmmnyeckux ckopocteid \p (a, a'), \& (6, 6') u nnoTHocTw (B, B') B MaH-
TUN ANA TreoxXuMumyeckux mogeneid E: a, 6, B — Al120 3= 4,05+0,35 mae. %; mogeneii M:

a6', B —A1,03=5,91+0,39 mae. %. CnHuni1 uBeT — owmnbKa B travel times \o\ no pa6oTe

(Intgnonne et al., 2003) (errl), 3enéublii — errl*3 (err3), KpacHbiiA - errl*9 (err9).

Mantle 1-3 —BepxHaa MaHTUW A0 r1yOuHbl 750 KM; Mantle 4 —HUXHAA MaHTUA 40 TpaHuLbl

¢ LVZ. CnHunit ugeTr — ownbka B TT no pa6bote (Lognonne et al., 2003) (errl), 3enéHbini —

owmbka no pa6ote (Lognonne et al., 2003), yBenuueHHas B Tpu pasa (err3), KpacHblii — oLING-
Ka rno pa6ote (Lognonnd et al., 2003), yBenuyeHHas B 9 pa3 (err9)
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Mogenm E. KoHueHTpauuss Al20 3 B BepxHeil 1 CpefiHeli MaHTUM COCTaBNSAOT
~3 mae. %, 4To 6/IM3KO K BEPXHUM 3HAYEHMSIM FeOXMMMUYECKMX oLeHOK 1,3...3,1 mae. %
Al 3 (KpoHpog, Kyckos, 2011, Kuskov et al., 2019). HmXHsAs MaHTUA oboralleHa
Al 3(~4,2 mae. %) 1 nMeeT 60/1ee BLICOKYH KOHLEHTPaLMIO rpaHaTa no CpaBHEHWIO
C 0HOpPOAHO 30HON. Ans FeO pacuyéTHble BENMYMHbI B OHOPOAHOW 30HE N HUX-
Hell MaHTUM NOYTU OAMHaKOBbl — 12,8 1 -12,5 % cOOTBETCTBEHHO. Takxe cneayeTt
OTMETUTb, YTO CEMCMUYECKME CKOPOCTU, MOMYYEHHbIE NPU NHBEPCUM A5 BCEX BapU-
aHTOB, XOPOLLIO COrnacytTca co ckopocTamu no mogenn (Gagnepain-Beyneix et al.,
2006) B BepxHeil MaHTUW (r4e CKOPOCTM OMPeAenstoTcs C Haunyuyleld TOYHOCTHIO
BCNEeACTBME GOMbLUEr0 KOMMYECTBA CEMCMUYECKN COObITWIA), B OCTaNbHbIX TPEX pac-
CMaTPMBaeMbIX MaHTUIHbIX CNOSAX PacCYMTaHHbIE CKOPOCTU OKAa3aUCh HUKE, YeM
(Gagnepain-Beyneix et al., 2006), npnyém pasnuuve YyBEMYMBAETCS C [YOUHON
CNosi: 4N Camoro HWXKHEro, YeTBEPTOro, €108 MaHTUM MO HalLeid MOAenn pacyéT-
HOe 3Ha4eHne V —okono 7,9 Km/c, Toraa Kak no mogenun (Gagnepain-Beyneix et al.,
2006) \p = 8,15+0,23 km/c. CKopoCTK S-BOSH BedyT cebs KOHCepBaTUBHO, Hanbonee
BEpOATHbIE 3HaveHnss —4,42...4,45 Km/c.

Mogenn M. OCHOBHOE OTAINYME COCTOMT B BENMUMHAX KOHLEHTpauuiA J1k03B MaH-
TUK. B 0AHOPOAHOI 30HE MAHTUK COAePXXaHWe oKcuaa amtomMmuHmna (~4,5 mae. %) cy-
LLeCTBEHHO NPEBbLILLAIDT reoxumMuyeckre oueHkn (KpoHpog, Kyckos, 2011; Kuskov
et al., 2019) npn cogep>xaHun B HXKHen —~5,6 mae. %. CogepxxaHme FeO n ceitcmn-
yeckue P- 1 S-CKOPOCTW B MaHTUW O4eHb 6An3KM K mogenm E.

BbIBOAbI

MpoBeaeHa COBMECTHas WMHBEPCUS Me0(U3NYECKUX U FEOXMMUYECKMX AaHHbLIX 4N
[IBYX TUMNOB Mofeneli —mogenu, 6113Kue No CoLepXaHo OKCuaa aftoMUHNUS K MaH-
TUM 3eMIM U MOJLENN, B KOTOPbIX Ba/IOBOE COAEPXKaHWEe a/llOMUHIWS MPEBbLILLAET 3eM-
Hble 3HaYeHMS.

[ns yooBNeTBOPUTENBHOIO COrNacoBaHUS CEMCMUYECKUX AaHHbIX U OrpaHuye-
HWUIA NO Ba/10BOMY XUMWUYECKOMY COCTaBY CUAIMKATHON JIyHbl HabNnOLEHHbIE BeNu-
YMHa OWMOBOK BO BpeMeHM npobera CEMCMUYECKUX BOMH, MOMyYeHHast B pesynbTare
06paboTKN AaHHbIX «ANOMMOH», AO/MKHA BbITb YBENMYeHa BTPoe. pu aToM peLleHns
MOryT 6bITb NOMYYeHbI /15 060MX BapraHTOB MOfeneli cocTaga.
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EFFECT OF ERRORS IN SEISMIC MODELS ON THE RESULT
OF JOINT INVERSION OF GEOPHYSICAL (SEISMIC AND GEODESIC)
AND GEOCHEMICAL (BULK COMPOSITION) DATA IN THE MANTLE

£ V. Kronrod\ K Matsumoto2, 0. L Kuskov\ V.A Kronrorf

1 Vernadsky Institute of Geochemistry and Analytical Chemistry (GEOKHI RAS), Moscow, Russia
2 National Astronomical Observatory of Japan (NAQJ), Japan

The problem of matching of seismic and gravity data with geochemical models of the silicate
Moon is discussed. Joint inversion of geophysical and geochemical data was performed. The
Bayes method was used for the inversion and the Gibbs free energy minimization method was
used for calculation of phase equilibria in the the Na20-Ti02Ca0-Fe0-Mg0-Al1203-Si02sys-
tem (NaTiCFMAS). Geophysical data includes seismic travel times, radius, mass, moment of
inertia, second-order Love numbers and monthly and annual Q-factors. The main geochemical
constraint on the models was bulk composition of the Moon (we considered high content of re-
fractory oxides A120 3~6 wt. % and terrestrial A120 3values ~4 wt. %. A distinctive feature of this
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problem statement is the inclusion of the geochemical parameters of the silicate Moon as “ob-
served” values when calculating the likelihood function. Three variants of travel times errors were
considered and the variant which best fits both geophysical and geochemical constraints has been
estimated.

Keywords: Moon, numerical simulation, inversion, internal structure, seismic, thermody-
namics

Kronrod Ekaterina Viktorovna —junior researcher, e.kronrod@gmail.com
Matsumoto Koji —professor

Kuskov Oleg Lvovich —chiefresearcher

Kronrod Victor Aleksandrovich —lead researcher


mailto:e.kronrod@gmail.com

YOK 52-17 DOI: 10.21046/KMU-2019-61-72

BNAHWNE MUKPOJTMH3VPOBAHNA HA KPUBBIE BIECKA
TPABUTALOHHO TMH3NPOBAHHBIX CBEPXHOBbIX

A A Kpyrnos12, H. C. NlbickoBal3

1 NHCTUTYT KOCMUYeckux uccnegosaHnini PAH (MKW PAH), MockBa, Poccust

2 MOCKOBCKWN hN3NKO-TEXHUYECKUIA MHCTUTYT (HauNOHabHbIV UccnefoBaTenbekuii
yHuBepcutet) (MOTW), AonronpyaHsiii, Poccus

3 HauuoHanbHbIN nccnefoBaTelbCKnii YyHUBEPCUTET «BbICLLAA LWIKOMa SKOHOMUKN»
(HW1Y BLLU3), Mocksa, Poccus

B HacToslee BpeMsi 3HAYEHUsSI OCHOBHbIX KOCMOJIOTMYECKMX MapaMeTpPoB U3BECTHbI C OYEHb
BbICOKOM TOUHOCTbIO. OfjHAKO HejaBHO 6bl0 06HAPYXKEHO PACcXOXAeHWe Ha YPOBHE 3HAUMMO-
CTU NpUMepHO 30 BENWYMHBI NMOCTOSHHON Xab6na, onpedenstolleli Temn paclimpenus Bce-
NEHHOI B COBPEMEHHYH 3Moxy. [s MOHUMaHWS MPUYKMH 3TOTO PACXOXAEHUsS HeOGXOAMMO
NpuBeYeHNe HE3aBUCUMbIX MOAXOA0B, CMOCOBHBIX TAKXe C BbICOKOI TOUHOCTbIO OMpefensiTh
(hyHAaMeHTaNbHbIE KOCMONOTUYeckue napameTpbl. OfHON M3 TaKMX BO3MOXHOCTEN sABNSeTCS
UCMO/b30BaHNe HaBMIOAEHUI TPaBUTALUOHHO SIMH3MPOBAHHbLIX CUCTEM, B YaCTHOCTU, rpaBu-
TalMOHHO JIMH3NPOBAHHbIX CBEPXHOBBIX. TOYHOCTb OLIEHKU NOCTOSIHHOV Xa66na 13 Habnoae-
HWIA TakMX CUCTEM HaMpPsSMYH 3aBUCWT OT TOUHOCTU OMpPeAeNeHNs BPeMEHHBIX 3anasfblBaHuii
MEXAy M306paxeHUsMU UCTOYHMKA. CyLeCTBYIOLME B HACTOsLLEe BPeMs MeTofbl aHanu3a
KpMBbIX 6/1eCKa IMH3UPOBAHHbIX CBEPXHOBBLIX HE YUMUTBLIBAKOT BAUSHMUE 3 (heKTa rpaBMTaLM-
OHHOTO /IMH3MPOBAHMWSA Ha OTAE/bHbIX 3BE37aX (MUKPOSMH3MPOBAHUE), MOMABLUNX B «KOHYC»
3peHMsi, X0Ts 3BE&3abl B rasakTuke 06pasytoT 6OraTyl CeTb KayCTWK, UYTO MPUBOAUT K TOMY,
uTo HabnjaeMble KpuBble G/eCKa MPU PaCLUMPEHUN CBEPXHOBBIX UCTbITHIBAIOT 3aBUCALLUE
OT BPEMEHW ycuneHus/ocnabneHus, YHUKanbHble ANs KaXA0ro n3o6paxeHus. [aHHas pa6o-
Ta MOCBSILLEHA U3YUYEHUIO BAUSHNS MUKPOIMH3MPOBAHUS Ha KpWBble 6/iecka IMH3MPOBAHHBIX
cBepXxHOBbIX Ha npuMepe SN Refsdal — nepBoii 06HapYXEHHON TPaBUTALMOHHO TMH3UPOBAH-
HOIi CBEPXHOBOI C MHOXECTBEHHbIMU N306paXXeHUAMU. [ pasnuyHbIX NapaMeTpoB, Xapak-
TEPU3YHOLLMX TanaKTUKy-NMH3Y, nonyyeHa 6onbluas Bbl6GopKa KapT YCUNEHUIA, BOSHUKAKOLINX
BC/IEACTBUE TOMbKO 3(hheKTa MUKPOSIMH3NPOBAHUS, U NPOBEAEHO UX CTATUCTUYECKOE UCC/ef0-
BaHue. [MOCTPOEHbI pacnpefeneHuns BEPOSTHOCTM YCUNEHUS B 3BE3AHBIX BENMUUYMHAX, U3YUYEHO
BNUSHAE MUKPOSIMH3MPOBaHNS Ha KPKBble G/iecKa CBEPXHOBOI B paMKax Mofe/n pacluupsto-
LLierocs AMcKa ¢ NoCTOsIHHOW NOBEPXHOCTHOI APKOCTbIO.
KntoueBble CloBa: rpaBUTaLMOHHOE IMH3MPOBAaHUE, MUKPOIMH3MPOBaHUE, CBEPXHOBbLIE

BBEAEHWE
TeopeTnyeckoe onucaHue

I"paBUTaLMOHHOE NMNH3NPOBaHWE —SBJIEHWE OTK/I0HEHWS TPAEKTOPUX CBeTa OT nps-
MO/IMHENHOI B rpaBUTaLMOHHOM MOJie MacCUMBHbIX 0OBLEKTOB. ITO AOCTATOYHO XO-
pOLLO M3y4YeHHOEe U MOAPOGHO OMMCAHHOE B iUTepaType ABAeHUE (CM., Hanpumep,
(Wambsganss et al., 2006)) sBnsieTcs, B TOM YMCAE, OAHUM M3 HE3aBUCMMbIX CNOCO60B
M3MepeHns psaa KOCMOIOTMYECKUX KOHCTAHT, B YaCTHOCTM, MOCTOSHHOM Xab6na HQ

KpyrnoB Anekceii AHTOHOBUY — cTyfeHT M®TW, cT. nabopaHT MKW PAH, kruglov.aa@
phystech.edu

JlbickoBa Hatanbs CepreeBHa — Hayd. cotp. HUY BLU3, Bea. nHxeHep MKW PAH, KaHg.
(hn3.-MaT. HayK
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TUNWYHasA rpaBUTALMOHHO-IMH3MPOBaHHAs CHUCTeMa M306paxeHa Ha puc. 1
(cm. c. 62). MpegnonaraeTcs, YTO Macca, Bbi3blBatOLLAsh OTK/OHEHME CBETa, pacrnpe-
[€eNeHa B NI0CKOCTM IMH3bI*. M0NI0XKEHUS UCTOYHMKA CBETA U ero U306PaXKeHNs 3aja-
tOTCS YraMu, OTCUUTLIBAEMbIMU OT OMTUYECKO OCU — IMHWU, NPOBEAEHHON OT Ha-
6ntofaTens nepneHaNKyAPHO NAOCKOCTY IMH3bI.

Puc. 1 TunuyHasa rpaBuTaLluMoOHHO-NNH3MpoBaHHasA cuctema (Wambsganss et al., 2006). 3gecb

[31n 0 —yrnbl Mmexxgy onTuyeckoi ocbio (MYHKTUPHASA TMHUA) U UCTOYHMKOM 1 ero n3obpaxe-

HVWEeM COOTBETCTBEHHO; & —Yroi OTK/IOHEHWs CBETOBOIO Nyya; LU 1 » —pacCTOSHUA OT ONTu-

4eCcKOi 0CK 40 MCTOYHMKA U ero n3obpaxeHns cOOTBETCTBEHHO; Dd — paccTosHune Mexay Ha-

6nogateneM M NAOCKOCTbIO /MH3bl; Dds — Mexgy MNAOCKOCTAMM NUH3bl U UCTOYHUKA;
D —wmexay Habnogatenem N UCTOUHUKOM.

Ona fanbHeilero onucaHuWs rpaBMTALMOHHOIO JIMH3MPOBaHWUS HEe06X0AMMO
BBECTV BE/INUMHY, OMMUCHIBAIOLLYIO XapaKTepHOe NonepeyHoe pacCcTosiHME B paccMa-
TpMBaeMoli cucteme. TakMm paccTosiHueM (YrN0BbIM) ABASETCS paanyc MHLITeNHa

KOM D, .
*E=. Dst (i)

rge M — macca fIMH3bl; ¢ — CKOpOCTb cBeTa; G — rpaBMTaLMoHHas nocTtosHHas; Dd,
Ds v Dds— paccTosHMsA (paccTOsHWA YINIOBOTO AnameTpa**) oT Habnogarens go nno-

* MouTn BCerga aTo NpubnvXeHWe onpasBAaHo, Tak Kak XapakTepHble pasmepbl Camoro
60nbLLIOr0 06bEKTA, KOTOPbI MOXET BbITb INH30/, — CKOMNEHWS ranakTuk —nopsagka 1 Mnk,
B TO BPEMS KaK paccTofHue Mexay o6bekTamu cuctemsl nopsgka 100...1000 Mnik.

** Pa3nnyHble onpeaeneHns paccTosHNA, UCMOMb3yeMble B KOCMOOTMI, NPUBELEHbI, Ha-
npumep, B pabote (Hogg, 1999).
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CKOCTW NINH3bI, JO UCTOYHMKA N MEXAY MIO0CKOCTAMM JIMH3bI Y UCTOYHMKA COOTBET-
CTBEHHO (CM. puc. 1).

Mpw rpaBUTaLMOHHOM JIMH3UPOBAHUW U306PAXKEHNUS MOTYT YCUIMBATLCA U UC-
KaKaTtbcs. [1pn 3TOM CYLLECTBYET HEKOTOPOE MHOXECTBO TOYEK B MIOCKOCTU UCTOM-
HMKa, B KOTOPbIX ycuneHne hopManbHO 6eckoHeuHo. KpuBas, obpasyemas sTummu
TOYKaMM, HasblBaeTCa KayCTWKOW, a eé 06pa3 B MIOCKOCTU JIMH3bl — KPUTUYECKOI
KPWBOIA.

BaXHbIM CBOWCTBOM rPaBUTaLUOHHOIO SIMH3MPOBAHNSA ABMSETCA BO3MOXHOCTb
NOSB/IEHUA HECKO/bKMX N306paXKeHNIA OJHOMO 1 TOr0 XKe UCTOYHMKA. B npucyTcTBum
NNH3bI CYLLECTBYET A0NO/HUTENbHASA BPEMEHHAA 3aepXKKa MeXy BPeMeHEM M3/yYe-
HWS CBETa 1 MOMEHTOM €ro Npuxoga K HabnoaTesnto Mo CPaBHEHWIO C NPSMOIVHENR-
HbIM MPUXOAOM CBETA:

D dDs
) < (2)

cDds 2

3[ecb NepBoe cnaraeMoe 03HaYaeT reOMeTPUYECKYIO 3afePKKy (YAMHAETCA Tpa-
eKTOpUs pacnpocTpaHeHWs CBeTa), BTOPOE — rpaBUTALMOHHYIO (B COOTBETCTBUMU
C 00LLeli Teopreil OTHOCUTENbHOCTM SMHLLTENHA BPEMSI OKOMO FPaBUTUPYOLWMX Ten
NAET «MeffieHHee»); 9 U p — NONoXeHMs (B YrNOBbIX €AMHMLAX) COOTBETCTBEHHO
N300paXkeHMs U UCTOYHMKA (CM. puc. 1), YO9) — NMH3MPYIOLLMIA FpaBUTALMOHHbIA

noTeHumnan. Tak Kak oba cnaraeMblX NponopumoHaibHbl LU, 1 TO n3mepsisi BpeMeH-
HYI0 33[lePXKKY MEXAY N306paKeHUSMN O4HOMO U TOTO Xe UCTOUHMKA, MOXHO Nosy-
UMTb 3HAYEHMe NOCTOAAHHON Xab6na (cMm., Hanpumep, (Refsdal, 1964)).

[ns Takmx n3mepeHnin 611eCK UCTOUHMKA JO/MKEH GbiTb NEPEMEHHbIM. B Takom
CNy4ae, pasHble M306paXKeHNS, BO3HMKatOLLMe B pe3y/ibTaTe rpaBuTaLMOHHOrO INH-
31poBaHNA ByayT U3MEHATL CBOM B/1ECK TaKXKe, KaK U UCTOYHMK, HO C HEKOTOPOM 3a-
[EPXKKO Mo BpemMeHW. B KayecTBe BO3MOXHbIX UCTOUHWKOB A5 TaKMX U3MEpPEeHui
MCMONBL3YHTCSA KBas3apbl — OHW BECbMa APKME M NMOYTW ToueuHble. Ha Tekywuil mo-
MEHT 0ny6/IMKOBaHO 60/bLIOE KOMMYECTBO PaboT, NOCBALLEHHBLIX rpaBUTALUOHHO
NMH3MPOBaHHbLIM KBa3apam W U3MEpPEeHMI0 MpY MX MOMOLLM NOCTOSHHOR Xab6na (cwm,
Hanpumep, paboTy (Rusu et al., 2019), a TaK)Xe CCbINIKA B Held).

Jpyrum nogxogaiiym UCTOUHUKOM SBSKOTCA CBEPXHOBbIE — WX KPUBbIe 6/1ecka
MMEIOT YETKO BbIPXKEHHbIN MUK, a HabMAEHNS 3aHUMAlOT CPaBHUTENLHO HEBOoMb-
LLIOE BPEMEHS, UTO 3HAYMTE/IbHO YNPOLLaeT u3MepeHus. BnepBble naes UCnonb3oBaTb
NIMH3NPOBaHHbIE CBEPXHOBbIE ANS OLEHKW NOCTOSHHON Xabb6na Gblna npeaioxeHa
Cotopom Pethcpanom B 1964 r. (Refsdal, 1964). Ha TekyLuniA MOMEHT 13BECTHbI TO/b-
KO JiBe rpaBMTaLMOHHO IMH3UPOBaHHbLIE CBEPXHOBLIE C MHOXECTBEHHbLIMU 1306paxe-
Husmmn: SN Refsdal (Kelly et al., 2015), Ha3BaHHas B YecTb Cbtopa Pedcpana, n SN
iPTF16geu (Goobar et al., 2017). OaHako ¢ 3anyckoM B 6nvxalilliee BpeMsi 06¢cepBa-
Topumn LSST (Large Synoptic Survey Telescope) oxuaaeTcs 0TKpbITUE feCATKOB Takmx
cuctem (Pierel, Rodney, 2019), 4yTo genaeT 3adady pa3paboTKM anroputMa aHaimsa
rpaBuUTaLWMOHHO NMMH3MPOBAHHbIX CBEPXHOBLIX BAXKHOW 11 CBOEBPEMEHHOIA.

CsepxHoBas SN Refsdal

CsepxHoBas SN Refsdal HaxoauTcs B pykase cnupanbHOM ranakTmky Ha KpacHOM CMe-
weHun zs = 1,49, KoTopas IMH3UPYeTCA CKoMneHnem ranaktuk MACSJ1149.6+2223,
Haxogawmmes Ha zL = 0,54 TakuMm 06pa3om, YTO CYLLECTBYIOT cpasy Tpu M306paxe-
HWUSA POAMTENLCKOIM CnMpanbHOl ranakTukn (n3obpaxenms 1.1, 1.2 n 1.3 Ha npaBoii
naHenu puc. 2, cM. c. 64). MNpn sTom B m3o06pakeHnn 1.1 cBepxHOBas LOMOSHU-
TeNbHO /IMH3NPYETCA 3M/IMNTUYECKON raflakTUKOA CKOMSIeHWst TaknM 00pa3oM, YTo
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thopMupytoTCs YeTbipe eé n3obpaxeHns S1—S4 (cMm. puc. 2, npasas HWKHAA nNa-
Henb), PacnonoXeHHbIX B BUAE «KpecTa JMHLLUTEHa». V1306paxeHne CBEPXHOBON SX
(cm. puc. 2, cpeaHsas naHeNlb CnpaBa) MHTEPECHO TEM, YTO ero noseneHune B 2015 r.
OblN0 MpefckasaHo C BbiCOKOl ToyHocTblo (Kelly et al, 2015; Treu et al., 2016).
CornacHo TeopeTMYeckmMm oLeHkam, SY (CM. puc. 2, NpaBasi BEpXHAA NaHesb) —3To
1306paxkeHMe CBEPXHOBOI, KOTOpoe «BCMbiXHYM0» ~20 neT Hasag (Kelly et al., 2015)
W y>Ke yracno.

Puc. 2. CxematuyHoe nsobpaxeHune xoga ny4yeit ot SN Refsdal k Habntopatento {cnesa) (McTou-
HUK: Space Telescope Science Institute); nso6paxeHunsa SN Refsdal (cnpasa) (Treu et al., 2016)

MWKPONNH3NPOBAHWE

Mpwy feTanbHOM U3YyYEHWU BPEMEHHOM 3aePXXKN Hefb3sl NpeHe6peyb MH3MPOBaHU-
€M Ha OTAe/bHbIX 3BE3axX B rafiaktmke. JTOT aPdeKT Ha3biBaeTCd MUKPONUH3NPO-
BaHMeM. Ero macwutabbl (T. e. XapakTepHble Yr/bl OTK/IOHEHWNS CBETa) B MUSIMOH pa3
MeHbLLE MaCcLITAboB 06bIYHOIO IMH3NPOBaHUA. Ha TeKyLLMA MOMEHT pa3peLunTb Mu-
KpPOon306pakeHns (MHOXECTBEHHbIE N306PaXKeHNS, BO3HMKaIOLWME B pe3y/bTaTe Mu-
KPONMH3MPOBAaHNA) Ha TaKMX PaCCTOSHUAX He NPeSCTaBNAeTCs BO3MOXHbIM. OfHaKO
BMOJIHE BO3MOXHO «3aCeUb» MWKPOSIMH3UPOBaHMe 6narofaps KpaTKoBpPeMeHHOMY
YBENNYEHNIO SPKOCTUN OTAEMbHbLIX O6HEKTOB.

Mporpamma microlens

B gaHHoOI paboTe Ans U3yyeHWsi MUKPOIMH3MPOBAHUA UCNOJb3YeTCS BbIUMCNTESb-
Has nporpamma microlens (Wambsganss, 1999), koTopasi MogenupyeT MeTo4oM 06-
paTHOW TPacCUPOBKM nyyeit (inverse ray tracing) pacnpefeneHne KayCTUK B MIOCKO-
CTM WCTOYHWUKA, OCHOBbLIBASICb Ha pacrnpejeneHnn 3BE34 B MAOCKOCTU JIMH3bI.
BbIXOAHbIMU JaHHbIMK 3TOI NPOrpaMMmbl ABASIOTCS KapTbl MAKPOKAYCTUK, CofepxXa-
LMe 3HaYeHNst 06YCNOBIEHHOTO MUKPOIMH3UPOBaHNEM ycuieHus. OCHOBHbIMU Na-
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pameTpamu A1 KaXKAO0W KapTbl ABASIOTCA MOBEPXHOCTHbIE MI0THOCTM 3BE3[ <U U He-
npepbIBHO pacnpefenéHHon TEMHON MaTepuu O, B rafakTuKe, BHELHWIA CABUT Y,
YUNTHIBAKOWMIA BKNAA FPaBUTALMOHHOIO NOTEHLMaNa CKOMMEHNS FranakTuK, a Takke
(bYHKLUMSA Macc 3BE3f. 34ecb v fanee 419 NPOCTOTbI NPeAnonaraeTcs, 4To BCe 3BE3/bl
B ra/lakTMKe MMEKT OAMHAKOBYH) MaccCy, KoTopast paBHa Macce ConHua.

Ha pwuc. 3 npuBefeHbl MpMMepbl Pe3ybTaToB BbINOMHEHWS MPOrpaMMbl Micro-
lens — kapTbl yCUMEHWIA ANS ABYX PasiMUHbIX 3HAYEHUA KOMMYeCTBa 3BE3[, Bbl3bl-
BalOLLMX MUKPONMH3MPOBaHMe. CBeT/ble 06/1aCTV 03HAYAKT, YTO UCTOYHUK YCUIN-
BaeTCH, Haxof4sAcCb B HUX, TEMHble —U4TO 0CnabnseTcs. BuaHo, YTo @) CeTb KayCTUK
HaMHOro 6oraye npy 60/bLLEM KOMYECTBE 3BE3A-NMH3, 6) MO BCEI KapTe yCUNeHMe
MEHSIETCS 1 MOYTU HUT e He OCTaéTCA TakUM, KaKUM ero NpefckasbiBaeT MOLE/b TNH-
3bl, T. €. B OTCYTCTBME MUKPOMH3NPOBaHUS.

Puc. 3. KapTbl MmukpokaycTuk. Konmuectso 38E3a-nnH3 cnesa — 313, cnpaBa — 14526. LieTo-
Basi WKana (B e4nMHMLAX 3BE3AHbIX BEIMYMH*) NOKa3bIBAET, KaK YBENIMUMBAETCA UM OCNabnseT-
Sl APKOCTb UCTOYHUKA BCEACTBIE MUKPOMH3MPOBAHMUSA TONbKO

BrinaHve MUKPOMNH3NPOBaHUA Ha yCUeHNe
I/I306pa)KEHI/II7I TOYEYHOro CTOYHUKa

Bknag MUKPO/IMH3NPOBaHUSA B U3MEHEHWE 3BE3AHOW BENIMUMHBI TOYEYHOIO UCTOUHU-
Ka NpounNCTpUpoBaH, Hanpumep, B paboTe (Schechter, Wambsganss, 2002). YTo6b!
Harfns4Ho NokasaTb 3TOT BKMaf, 418 M300PaXKEHHbLIX Ha puc. 4 (CM. C. 66) KapT Mu-
KpOnnH3npoBaHua {cnesa) 66111 MOCTPOEHbI FTMCTOrpaMMbl {cnpasa), No CyTh ABNSIO-
LMecs NAOTHOCTLIO BEPOATHOCTU MUKPOSIMH3MPOBAHNSA 1 XapaKTepusytoLue ycuse-
Hue unu ocnabneHne BUAUMON 3BE3AHON BEIMUMHLI UCTOYHMKA. [ns BceX TPEX npo-
WNNIOCTPUPOBAHHLIX Cy4aeB MosiHas NOBEPXHOCTHAsA MIOTHOCTb raakTUKM-/IUH3bI
OCTaéTCs MOCTOSHHOW, MEHSIeTCA NNLLb BKNaj 38834 B MO/HYH Maccy CUCTEMbI.

Tak KakK MUKPO/IMH3MPOBaHME MPOUCXOAMT Ha OTAENbHbIX 3B&34aX, NPU YMEHb-
LUEHMU KX KOAMYeCTBa (MPU 3TOM BefMYMHa cu+CLl, T.e. MOSIHas MOBEPXHOCTHas
M0THOCTb COXPaHSETCS NOCTOAHHOM) AMCNepcus NAOTHOCTY BEPOSTHOCTU OXMAae-
MO YMeHbLUaeTcs. ELE ouH BbIBOA, KOTOPLIA OTCIOLA MOXHO CAeNaTh: MUKPOSTUH3K-
poBaHMe B cpeaHeM ocnabnsieT n3obpaxeHme (No KpanHeli mepe, And Toro Habopa na-
pameTpOB, KOTOPbIN MCMONb3YeTCa A5 NOCTPOEHHbIX KapT).*

* OTpuuaTenbHoe 3HayYeHue 3Bé3,D|HOI7I BE€/IMYNHbI O3Ha4YaeT yCUIEHNE CBETOBOIo NOTOKa
OT UCTOYHUKaA.
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<T, = 0475
ac= 0.000

a, = 0.075
<C= 0.400

<1, = 0.010
= 0.405

-20 -15 -10 -05 00 05 10 15 20
Ycuneune/ocna6nenne AT
(B eAnHMLAX 3BE3AHbBIX BENMUYUH)

Puc. 4. KapTbl MUKPOKayCTUK, KONMYECTBO 3BE3[ yMeHbLUaeTca cBepXy BHU3 {cnesa). Pa3mep

Kaxaoin kapTel 20x20 REn CooTBeTcTBYOWAas 3TUM KapTam MJOTHOCTb BEPOATHOCTM MUKPO-

YCWUNEHWNA (T.e. M3MEHeHWI 3BE3LHON BENMUYMHbI UCTOYHWMKA BCNEACTBME MWKPONMH3MPOBA-

HUA TONbKO) (cnpasa). CnnowHasa rony6as NMHMSA nokasbiBaeT AT = 0, T.e. Korja 3Bé3fHan

BE/IMYMHA UCTOYHMKA COrNlacyeTcs C TEOPETUYECKU OXMAAeMbIM 3HaYeHWEM MaKpOyCUeHWs

(BCNeACTBME NMH3NPOBAHNA TaNakKTUKOW Kak LenbiM), NYHKTUPHAsA KpacHas NMMHUA —cpegHee
Mo KapTe 3HaYeHUe YCUIeHnA

BninaHwve pasmepa UCTOYHMKA HA MUKPOSIMH3NPOBaHne

Kak 13BeCTHO, MUKPOAMH3UPOBAHME NPU 6O/bLUNX pa3mMepax UCTOYHUKA BHOCUT He-
CYLLLECTBEHHbIN BKag B 6eck uctouHunka (Schneider et al, 1992). Ans Toro 4to6sbl
OLEHUTb pasmMep UCTOYHMKA, HAYMHAsA C KOTOPOro BKMafoOM MUKPOMH3MPOBAHWSA
MOXHO npeHebpeyb, Mbl OLEHWUAN BENYMHY CTAHAAPTHOTO OTKOHEHUS MUKPOYCU-
NeHniA B 3BE3AHbIX BeNnUMHaxX 5T ablkak hyHKLMIO pasmMepa UCTOYHMKa.

[ns aToii uenu 66110 creHeprpoBaHo 10 pas3fIMuHbIX KapT MUKPOKAYCTUK, KaX-
flas co crnegyowymn napametpamu: ot =0,4, ac=y =0, pa3mep — 150x 150 paguy-
COB JliHLITeliHa, paspelueHne — 1000x1000 nukceneid. MICTOYHUK MOAeNnpoBancs
KPYroM C NMOCTOSIHHOW MOBEPXHOCTHO APKOCTbIO. [N15 pasIMyYHbIX 3HAYEHWIA pagny-
ca UCTOYHMKA NpoBoamMIack ornepaums cBEpTkM (convolution) ¢ KaXaoi 13 NoCTPOeH-
HbIX KapT, B pe3y/nbTaTe Yero Ha BbIXOAe NoJyyasiacb HOBas KapTta C y48TOM HeToueu-
HOCTU MCTOYHUKA. [anee Ans KOKAOro 3HaYeHMs paguyca UCTOYHMKA BbIYMCSANOCh
CTaHAapTHOE OTKIOHEHMe 6MdBNo crefytoLuein hopmyne:

rge N —KONMYeCTBO 3/1EMEHTOB B BbIOOPKE, NMOTyUYeHHO 00beUHEHMEM BCEX KapT;
X(—3Ha4eHusa yCUneHus; X —cpeaHee 3Ha4eHve YCUIeHNs no Bbl6opke.

MonyyeHHast 3aBUCUMOCTb MpuBefeHa Ha puc. 5. MyHKTUPHOA NUHKEN NoKasa-
Ha TeopeTuYecKast OLEeHKa CTaH4APTHOrO OTK/IOHEHUS MUKPOYCUIEHWI A1 60/bLUNX
NCTOYHMKOB (Yr/10BOW pasMep KOTOPbIX NpeBbIWaeT 5 pagnycoB JitHLWITelHA) 13 pa-
60TbI (Refsdal, Stabell, 1991):

6 Tiobs (3)
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rge 0 —nAoTHOCTL 3BE37; 05 —pa3mMep UCTOYHMKA B euHMLaX paguyca SrHLWTelHa
[las xapakTepHO Mmacchl 3Be3fpl. PopMyna npeanonaraeTcs CrpasesvBov npu
Y=0,0< 1

Puc. 5. 3aBMCMMOCTb CTaHAAPTHOIO OTKNOHEHUA bTAOT cpegHero 3HayeHus ycuneHua. MNyH-

KTUPHOIA NUHWEN nokasaHa TeopeTuyeckas oueHka 6m(Qs) gns nctouHukos ¢ 05> 5 (Refsdal,

Stabell, 1991). MnoTHocTb 38834: ot =0,4. MMNOTHOCTb TEMHON MaTePUX W BHELIHWIA CABWT:
ac=y=0

BuaHo, YTO NpU yBEMYEHUM pa3mepa UCTOYHMKA Ha NOPSLOK, 6T YMeHbLUaeTCs
MPUMEPHO TaK Xe Ha NOPSAOK, U3 Yero MOXHO CAENaTh BbIBOZ, UTO ANs 6OMbLUMX UC-
TOYHMKOB MUKPONH3MPOBaHMNE HECYLLLECTBEHHO.

CBepxHoBas SN Refsdal u MUKpONMH3npoBaHue

Kak o6cyganocb Bbille, MWKPOUH3MPOBAHWE MOXET BHOCWUTb CYLLECTBEHHbIIA
BKNaj B HabMHO4aeMyro KpUBYHO 6/1eCKa, eciiv pa3mMep MCTOYHMKA He NPeBbILaeT pa-
Anyc DMHLWITENHA ANs 3Be3[bl-MUKPOINH3bI. Ans KoHpurypauumn SN Refsdal ougHuUm
paguyc diiHLWITeAHa Ans 3Be3dbl ¢ Maccoi IMQ. PaccTosiHus (YrnoBoro gvameTpa)
B CUCTEMe OMnpeaenstoTca no cnegytowein dopmyne (cm., Hanpumep, (Hogg, 1999,
ypasHeHus (14), (15)):

Y dz

Da(zvz2) = 1+7 - %)

roe H]=70km-c_1,Mnk-1; £2 =0,3; £20= 0,7. PaccTosHMsA A0 ranakTUKun-anH3bl
(uneHa ckonneHna MACSJ114-9.6+2223, zL = 0,54), go uctouHmka (zs = 1,49), a Tak-
Ke MeXAY NMH30/ 1 UCTOYHMKOM PaBHbI

Dd = Da(0,2] ) = 1311,54 Mnik,
Bs=Da(0,2s )= 1744,81Mri,
A =A(3 1) = 932.47Mnk
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COOTBETCTBEHHO. B pe3ynbTate, pagmyc DiiHLITeliHa Ans 3Be3fbl ¢ Maccoit IMQ co-
CTaBNsET, cornacHo gopmyne (1)

0f = 2-1Créyrn.c.

[ns cBepxHoBbIX |l TUNa MakcUMasibHbIA pasMep (hoToctepbl COCTaBAsET
Rsn~ 105cm (Hamuy, 2002), nnu, B yrnosbix egnHmuax, 0,,r~ 3-10_7yrn.c. Takux!
06pa3oM, eé pasMep He MPeBbILLAET XapaKTepHOro paguyca JMHLITEAHA, YTo AenaeT
MUKPO/MH3NPOBAHUE O4HWUM W3 BO3MOXHbIX U eLlE HeyUTEHHbLIX MCTOYHUKOB OLUU-
60K Npy onpefeneHnn NOCTOSHHOW Xabbna.

BANAHVME MUKPONNH3NPOBAHNA HA KPUBbIE BJIECKA
N OMNPEAEJIEHME BPEMEHHbIX 3AOEPXXKEK

NTaK, MWKPOMMH3MPOBaHWEe BHOCUT HEOMpeaenéHHOCTb B YCUIEHUE WCTOYHM-
Ka, YTO MOXXET MPUBECTM K YXYALIEHUIO TOYHOCTM OMNpeAeneHnsi KOCMOIOMUYECKUX
napamMeTpoB.

Puc. 6. KapTa MUKPOKayCTUK Ansi u3obpakeHuss S1 cBepxHoBoii Refsdal, LpeToBas LLKana

MPe/CTaB/IeHa B §AVHNLAX 3BE3HBIX BE/MHMH (BBEPXY). YKE/NTbIA LIBET COOTBETCTBYET gcmne-

HIO, (MONETOBbLIM — 0ocnabneHto. Brrag AT (B eAvHULIAX 3BE3AHOI BE/MUHBI), 0BYC/IOB-

NEHHbI MAKPO/IMH3MPOBAaHMEM, B 3aBUCMOCTY OT BPEMEHW C MOMEHTA Havasa pacLLUMpeHNs
CBEPXHOBOIA, 7151 IBYX Pa3/INYHbIX MO/IOKEHNIA UCTOUHWKOB (BHI3Y)
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UTo6bl NPOUNAIOCTPUPOBATL BIMSIHNE MUKPO/IMH3UPOBaHUA Ha KpuBble Gnecka
SN Refsdal, mbl Bocnonb3oBannch nporpamMHbiM naketoM SNTD (Pierel, Rodney,
2019). ins obnacTu, B KOTOPOW HaxoamTcs n3obpaxeHne Sl (puc. 6) Gbina NOCTPOEHa
Kapta MMWKPOKAyCTUK CO cnefytowmmmn napametpamu: ot =0,207, oc~ 0,520.
y = 0,107. CBepxHOBas MOAENMPOBaaCb KPYrom ¢ NOCTOSHHOI MOBEPXHOCTHOI fAp-
KOCTbO, KOTOPbIA pacluMpsieTcsi co CKOpocTbio V= 15000 Km/c B TeueHne 200 aHeld
(3Ha4yeHMs CKOpOCTU pacluMpeHnss U nepuoga HabMoAeHUs BblGpaHbl HECKO/bKO
MPOU3BO/LHO C Lienbio NPOUIKOCTPUPOBATL 3(EKT). B 3aBUCUMOCTM OT NONOXKEHNS
MCTOYHMKA Ha KapTe MUKPOKAYCTMK MOXHO HabMtofaTb pas/inyHbIe «LUyMbl» OT MM-
KPOJIMH3UPOBaHuUs (CM. puc. 6).

[ns nonoxxeHns 1-ro MCTOYHMKA, KOTOPbIA HAXOAWUTCS B 061acT € paBHOMEp-
HbIM YCWU/IEHWEM 1 HE MepeceKaeT KayCTUKW, BKMa4 OT MUKPOVUH3MPOBaHUS CNnabblii
1 NPUMEPHO MOCTOSIHHbIV BO BPpeMeEHU. HamnpoTuB, B MONOXEHUN 2 UCTOYHUK MpU
paclMpeHnn 3axBaTblBaeT 0071aCTU CUIBHOTO YCWJIEHUS, YTO MOXET 3aMeTHO Mo-
B/USATbL HA (hOPMY UCTUHHOI KPMBOI Bnecka MCTOYHMKa (hnykTyaummn ~0,3 38E3aHOI
BEINYUHBI).

[ns kaxgoro n3obpakeHms BKIaA MUKPOIMH3MPOBAHUS YHUKAMEH, HE 3aBUCUT
OT ApYruX M300paXKeHWid, YTO BHOCUT HEKOTOPYH) HeOMpefeSieHHOCTL B Onpejesne-
HVe BPEMEHHbIX 3afiePXXeK Mexay n3obpaxeHusamun. B pabote (Dobler, Keeton, 2006)
BMEpPBbIe NOJyUeHb! KOMUYECTBEHHbIE OLEHIO! TOYHOCTY onpeaeneHms At Mexxay ABY-
Ms kpusbiMu 6/1eCKa C YH4ETOM MUKPOMH3UPOBAaHWSA. ABTOPbI 3TON paboTbl MOLENN-
poBa/v KpuBble G/1ecKa NMH3MPOBAHHBLIX CBEPXHOBLIX CeAyHoLWmnM 06pasom: KpuBast
6necka HEKOTOPOI peanbHO HabntoaasLUeiics (He NMH3MPOBAHHOI) CBEPXHOBON Ay-
6nmpoBanach 1 «CcABUranacb» Nno BpemeHn (1 3BE3AHOM BEIMYMHE) OTHOCUTENbHO Ha-
CTOSILLENA, UMUTUPYS, TaKUM 00pa3oM, [Ba pas/IMyHbIX N300PaKEHNS OfHOMO U TOro
YK€ UCTOYHMKA. TTocne aToro K Kaaol 13 kpuebix 611ecka Obiin Lo6aBNeHbl «LUyMbI»,
Bbl3BaHHbIE MUKPOIMH3NPOBAHWUEM. [ MONYYEHHBIX «3aLlyM/IEHHbIX» KPUBbLIX 6/1e-
CKa BpeMeHHas 3afiepXxka Mexay n3obpaxeHusamu At onpegensnace nyTém MUHUMU-
3auun cnesyroLLero yHKLMoHaa:

©)

roe D+ n D~ — 3HaueHNs KpuBbIX Gnecka, BbIPaKEHHbIE B 3BE3AHON BENYUHE;
0( —hoTOMeTpUYECKasA MNOrPeLLHOCTL (OHA NpeanonaraeTcs NOCTOSHHON BO BpeMe-
HU); K — HOPMWUPOBOYHAA NOCTOSHHAS, CBA3aHHAsA C Pas/IuHbIM MaKpOyCUIeHNEM
NCeBA0-N300PaKEHNIA.

CornacHo TakuM 3KCnepumeHTaMm, A8 C/yyaeB, Korfa Kpueas Gnecka cBepx-
HOBOI &) Habntoganack nocne xapakrepHoro nuka (SN2004EJ), 6) Bkntoyana B cebs
YETKO BblpaXkeHHbIn NnK (SN2004EX), cTaHAApPTHOE OTKNOHEHWE BeMYMHBI At CO-
CTaBWNO COOTBETCTBEHHO 1,5 1 3,6 AHei Ha (hOHe UCTUHHOrO 3HayeHus B 16,5 fHel
(T.e. BPEMEHHOr0 MPOMEXYTKA MeX[y «He3allyMAeHHbIMU» KPUBLIMU Bnecka).
Pe3ynbTaTbl 3TUX 3KCMEPUMEHTOB NPUBEAEHbI Ha puc. 7 (cm. c. 70).

V13 3TUX 3KCMEPUMEHTOB CEAYeT, YTO M3MEPEHNE BPEMEHHOM 3afepXKKN C TOY-
HOCTbHO /TyuLLEe HECKOJTbKUX [JHel BeCbMa 3aTPYAHUTENbHO. TakumM 06pa3oM, 4ns Tou-
HbIX 3MEPEHMNI BPEMEHHbIX 33ePXKEK Hefb3s HE YUMTbIBaTb 3PNEKT MUKPOIMH3N-
pOBaHWsl, a TaKXXe BXXHO UMETb BbIOOPKY M3 HECKO/bKMX JIMH3UPOBAHHbIX CBEPXHO-
BbIX /19 onpeseneHns NoCTOAHHOK Xab6na ¢ NPOLEHTHOW TOYHOCTBIO.

B ganbHeliwem Mbl niaHMpyeM MOMyYnTb OLEHKY Ha MOrPeLiHOCTb onpejene-
Hu1a At mexxay pasHbiMu n3o6paxkeHnsamn SN Refsdal, yunTbiBas peanncTnyHble 3Ha-
YEHUSA NOKaNbHOW NMOBEPXHOCTHOW MMOTHOCTM 3BE3 U TEMHOW MaTepun B 06/1acTsX
n306paxkeHnin S1—S4.

69



L L Kpyrnoe, H. C /bickosa

SN 2004EJ 6e3 y4éTa MUKPONIMH3NPOBAHUSA SN 2004EJ ¢ y4€TOM MUKPONMH3NPOBAHUSA

Bpems B AHAX Bpema B gHAX At (gHn)

SN 2004EX 6e3 y4éTa MUKPONUH3NPOBaHNA SN 2004EX c y4éTOM MUKPONVNH3NPOBAHMNSA

togqm —=& ¢

Bpemsa B gHAX Bpemsa B AHAX At (gHwn)

Puc. 7. nnocTpaumsa BAMAHUA MUKPO/IMH3WPOBAHWUA Ha WU3MEpeHUe BPEMEHHBIX 3afepXKeK
(Dobler, Keeton, 2006). KpuBble 6/1ecka ABYX pas/iMuHbIX CBEPXHOBbIX 6€3 yYéTa MUKPOUH-
31poBaHus (neBblil cTonGew). OfHa 13 peann3aumnini KpuBbIX 61ecka ¢ y4eTOM 00YCMOBNEHHBIX
MWKPONIMH3NPOBaHNEM (NyKTyauuid (cpegHnid cTonbel). MmcTorpaMma BPEMEHHbIX 3aAepXKeK
Ana 400 pasfMYHbIX peannsauuii «wyma» 0T MUKPOAMH3UPOBaHUS (Npasblii cTonbew). Beptu-
KanbHas nMuHua At = 16,6 AHeli NoKasbiBaeT UCTMHHOE 3HaYeHNe BPEMEHHO 3aepXKKM

3AKMHOYEHUE

Mpy aHaM3e rpaBUTaLMOHHO SIMH3NPOBAHHbLIX CBEPXHOBLIX C HAOMHOAAEMbIMW MHO-
YKECTBEHHBIMU N30O6PKEHNAMU OJHUM U3 BaXKHEWLLIMX CUCTEMATUUECKMX 3PPEKTOB
ABNSETCS MUKPOMIMH3MPOBaHWE 3BE3LAMU FaslakTUKU-IMH3bI, KOTOPOE MOXET CyLLie-
CTBEHHbIM 06pa3oM U3MeHATb HabngaeMble KpuBble Grecka. 3BE3fbl B ranakTuke
06pa3ytoT 60raTyto CeTb KayCTVK, YTO NPMBOAUT K TOMY, YTO Hab/MogaeMble KpuBble
6necka Npu pacLUMpeHMn CBEPXHOBbLIX UCMbITLIBAIOT 3aBUCALLME OT BPEMEHWN YCune-
Hua/ocnabneHuns, YHUKabHble 415 KaKA0r0 N300paxKeHs.

[ns nanocTpayum BAUSHUA MUKPOSIMH3MPOBAHMA Ha YCUNIEHUE U306padKeHNit
TOYEYHOTO UCTOYHMKA B HACTOSALLE paboTe NpuBeLEHbI KapTbl MUKPOKAYCTHK, NOKa-
3blBalOLLVE BENNUNHY YCUNEHUA UK OCNabNeHNs CTOYHMKA BCNEeCTBUE TONLKO 3()-
(heKTa MUKPONMH3UPOBAHNSA, & TakXKe NOCTPOEHbI MIOTHOCTU BEPOSATHOCTU MUKPO-
ycuneHunid. Kak 1 oXuganoch, Npu yMeHbLIEHUN KONMYeCTBa 3BE3A-MUKPOIMH3 MpU
COXpaHeHWM NOSHOW MOBEPXHOCTHOM MIOTHOCTM AUCMEPCUs NIOTHOCTU BEPOATHO-
CTU MUKPO/IMH3UPOBAHNSA YMEHbLUIAETCS.

[ns oueHKn pasmepa MCTOYHMKA, HauMHas C KOTOPOrO BKMaAoM MUKPOUH3N-
POBaHMsA MOXHO NpeHebpeyb, Oblna YNCIEHHO NOJyYeHa 3aBUCMMOCTb CTaHAAPTHOMO
OTK/IOHEHWS MUKPO-YCUEHWIA OT pasMepa MCTOYHMKA. Tpy 3TOM MCTOYHWMK MOfe-
NMPOBANCA KPYToM C MOCTOSAHHOW NOBEPXHOCTHOW APKOCTLIO. [MoslydeHHas 3aBUCK-
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BrusHne MUKPONUH3NPOBAHUSA Ha KPUBbIE 6necka rpaBUTalUOHHO NTNH3NPOBAHHBIX CBEPXHOBbLIX

MOCTb XOPOLLO COrfacyeTcsl ¢ TEOPETUYECKUM MnpefAcKasaHmem m3 paboTbl (Refsdal,
Stabell, 1991).

Bblno mokasaHo, 4To Ana ceepxHoBoit SN Refsdal MMKPONMH3MpPOBaHWE Yuu-
TbiBaTb HEO6XOAMMO, TaK Kak TUMWUYHbIA YrnoBoi pasmep (oTocgepbl CBEPXHOBOM
@&n~ 3-10 7yrn.c He NpeBblWAET pagnyca DHLWTEHA ANS 3BE34-MUKPONMH3 Mac-
COi1, paBHOW conHeyHol: O£ = 210 6yrn. c.

Kak nokasbIBaloT OLeHKM, NpuBeféHHbIe B paboTe (Dobler, Keeton, 2006), B pe-
3y/nbTaTe BAUSHUS MUKPOJIMH3MPOBaHWS TOUHOCTb M3MEPEHUS BPEMEHHBIX 3afePXKEK
MeXay M306paXKeHUAMU FpaBUTaLUOHHO JIMH3MPOBAHHOI CBEPXHOBOI OrpaHM4YMBa-
€TCS BE/IMUYMHON NOpsiaKa HECKObKUX [HENA.

B fanbHelilem Mbl NaaHMpyem NPOBECTVM MOAENUPOBaHWE BAUSHUS MUKPOINH-
31pOBaHKA, yunTblBas peanncTuyHoe pacnipegeneHve sapkoctn SN Refsdal, a Tak-
e MPOTHKEHHOCTb MCTOYHMKA W3MTYUYEHWS, U OLEHWUTb MOrPELUHOCTb, BHOCUMYHO
MWUKPO/IMH3MPOBaHUEM, B OMpefefieHne BPEMEHHOMO 3anasfblBaHUs MeXAy W30-
opaxkeHuamm SN Refsdal 1, kak cneacTeme, Ha TOYHOCTb OMpPeAeneHns NOCTOSHHOM
Xabbna.
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THE IMPACT OF MICROLENSING ON LIGHTCURVES
OF GRAVITATIONALLY LENSED SUPERNOVAE

A A Kruglov'2 N. S Lyskoval3
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2 Moscow Institute of Physics and Technology (MIPT), Dolgoprudny, Russia
3 Higher School of Economics — National Research University (HSE), Moscow, Russia

At present, the values of the basic cosmological parameters are known with very high precision.
However, a discrepancy in measures of the Hubble constant, which quantifies the rate of expan-
sion ofthe Universe in the modern era, has recently been found at a significance level of about 3o.
To understand the reasons for this discrepancy, it is necessary to use independent approaches to
determine the fundamental cosmological parameters with high precision. One of the possibilities
is to use observations of gravitationally lensed systems, in particular, gravitationally lensed super-
novae. The accuracy of estimating the Hubble constant from observations of such systems directly
depends on the accuracy of determining the time delays between source images. The currently
existing methods for analyzing the light curves of lensed supernovae do not take into account
the influence of the gravitational lensing effect on individual stars (microlensing) caught in the
“cone” of view. However, stars in the galaxy form a rich network of caustics, which causes the ob-
served light curves to experience time-dependent amplification/attenuation (due to expansion of
the supernova) unique to each image. This paper is devoted to studying the effect of microlensing
on the light curves of lensed supernovae using Refsdal supernova (SN) —the first gravitationally
lensed supernova with multiple images found —as an example. For various parameters charac-
terizing a lens-galaxy, a large sample of amplification maps arising solely from the microlensing
effect was obtained, and its statistical study was carried out. The probability distributions of am-
plifications in stellar magnitudes were obtained, and the effect of microlensing on the supernova
light curves was studied within the framework of an expanding disk model with a constant surface
brightness.
Keywords: gravitational lensing, microlensing, supemovae
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ONPEAENEHNE ASPOAVHAMWYECKINX XAPAKTEPUCTUK
KOCMWYECKIX AMMAPATOB TMPW OBTEKAHWW PA3PEXEHHbBIM TA3OM

A A.lornHosa, H. W CnaHses

MOCKOBCKMWIA TOCyAapCTBEHHbI TEXHUYECKNA yHUBepcuTeT M. H.3. BaymaHa (MI'TY)
MockBa, Poccus

CtaTbd nocssleHa npobneme onpefefneHns pacyéTa aspofUHAMUYECKMX XapaKTepuCTuK
KOCMMUYECKMX annapaToB Mpu 06TekaHWW pas3psikeHHbIM rasom. lMpegnonaraeTcs, 4To Teue-
HMe MOXET 6blTb 0XapakTepn3oBaHO ANUHON npobera mMonekynbl. PaccmatpmBaeTcs Maockoe
[B/KEHNEe OTHOCWUTENbHO LIEHTPa Macc HeynpasfiseMoro CNyTHMKA MPU CHUXEHUU C HU3KUX
KpYroBbIX op6uT nog AeicTBMEM FPaBUTaLMOHHOIO M BOCCTaHAB/MBAIOLLErO aspofuHaMmye-
CKOro MOMEeHTOB. WccnefyeTcs BAWAHWE NPOEKTHO-6annCTUYeCKNX NapaMeTpoB (HayasbHbIX
YCNOBWIA YINOBOr0 [BMXXEHWA, 3anaca CTaTUYeCKON YCTOMYMBOCTM, OTHOLUEHW/ MOMEHTOB
WHEpLMUN) Ha YroBOe ABMXXEHWEe CMyTHMKa (BpalwieHue, konebaHus). CTONKHOBEHWUS Mone-
Kyn onpegensioTcs AanbHUMU NONOTMMUW y4acTKamy MOTEHUManbHOW KPMBOWA pacnpeseneHns
MakcBenna. OTMeYeHO, 4TO NPW YBENNYEHUN OTHOCUTENbHON CKOPOCTM MONEKYN a(hdeKTuB-
HOe CeyeHUe MOXET M3MEHUTLCA BO MHOrO pa3. B3aumogelicTBMe MONEKYN C NOBEPXHOCTbIO
CNyTHUKA ABNAETCA abCONOTHO HEYNPYrMM (BCe MOIEKY bl MOMIHOCTLIO TEPAKOT CBOK IHEPTUIO
npu CTONKHOBEHMW CO CMYTHUKOM W He oTpaxaroTcs). [Jna aToro cnyvas aspognHammnyeckme
XapaKTepucTnKy onpeaensoTca Npoekuueid Naowaam cCnyTHUKA Ha NJ0CKOCTb, MepPneHAnKy-
NAPHYIO0 BEKTOPY CKOPOCTW HaberatoLiero notoka, ¥ MOryT 6biTb BbIYMCAEHbI MO W3BECTHbLIM
thopmynam.

KntoueBble CnoBa: CMYTHUK, ABUKEHNE OTHOCUTENBHO LIeHTPa Macc, rpaBnTaLnOHHbIV MO-
MEHT, a3poAMHaMUYECKNA MOMEHT, aspoAMHaMMUeCKne XapaKTepuUCTUKKU, NMPOeKTHO-6annu-
CTUYECKMe NapameTpbl

BBEAEHWE

BonbLLyHO YacTb CPOKa CNyX6bl KocMuyeckuii annapat (KA) HaxoanTes Ha 60MbLLION
BbICOTE MNPV CBOOOAHOMOJEKYNSPHBLIX YCMOBUAX. BaxkHO npo6neMoit aspokocMu-
UECKOW TEXHUKM IBNSETCS NpefcKasaHne aspojvHaMMYEcKNX XapaKTepucTuK neta-
Te/IbHbIX arnapaToB MNPy O4YeHb BbICOKMX CKOPOCTAX 1 Ha 60/bLUMX BbicOTax. BoobLue
roBops, 419 NPOEKTUPOBAHWUSA KOCMUYECKUX anmnapaTtoB Heo6XOoAMMO 3HaTb aspo-
TepMOAMHAMUYECKNE XapaKTepUCTUKM BLOMb BCE TPAeKTOpUN — OT OpOUTa/IbHOIO
nonéTa 40 NOCafo4HOro pexxuma. Mo3aToMy MeTOAbl BbIYUCANTENLHOW aspoguHaMu-
KW PaspeXKeHHOro rasa B HacTosillee BpeMs SBSIOTCSA MNPaKTUYECKN €ANHCTBEHHbIM
CpeacTBOM MONYYEHNS MH(OPMaL MK 06 a3poJMHaMUYEecKoil 06CTaHOBKe OKOJ/10 KOC-
MWYECKOro annapara Ha 60/bLINX BbicoTax. OCOBEHHOCTW UCCNeA0BaHNI BbICOTHON
a3pOAMHAMUKN CBSA3aHbI C TEM, YTO NPW NPOEKTUPOBAHUM W IKCMJTyaTalum KOCMM-
4ECKOro arnnapata HeoOXO4UMO PacCUUTLIBATL adpOAMHAMMYECKNE XapaKTepUCTUKN
B LUMPOKOM [uanasoHe M3MEHEHWs OMpejenstowmnx napamMeTpos (BbICOThI MONETa,
napaMeTpoB aTMocepsl, CKOPOCTY MOMETa, OPUEHTaLUM KOCMWYECKOro annapara,
reoMeTprMYecKMx napameTpoB mogen KA un .1m.).

PaccMOTpUM 0COGEHHOCTU TUMEP3BYKOBLIX TeueHWid. [ns mnonyveHus Kade-
CTBEHHbIX Pe3y/IbTaToB OrpaHUYMMCs PacCMOTPEHMEM B pamKax 3/eMeHTapHON Ku-
HeTuueckoli Teopuu. MycTb TeNo 06TeKaeTCs HEBO3MYLLEHHbLIM PAaBHOBECHBLIM TU-
Mep3BYKOBbIM MOTOKOM CO CKOPOCTbKO K MAOTHOCTLIO peo U Temmepatypon TX.

JlornHoBa AHacTacusi AnekceeBHa —CTyeHTKa, nastya.loginova@mail.ru
CugHsieB Hukonait ViBaHOBMY —3aB. Kathefpoid, A-p TexH. Hayk, npod., Sidnyaev@yandex.ru
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[ns Toro 4to6bl TeyeHne 6bII0 CBOOGOAHOMOMEKYAPHLIM NMPU YMEPEHHBIX YMCIax
Maxa, foCTaTO4YHO NOTPe6oBath, YT06bI Uncno KHyaceHa (Rn) 1,/ 1-» 1s Kak noka-
3bIBAOT 3KCMEPUMEHTbI, B HEKOTOPbIX Cy4Yasax CBOOOAHOMOMEKYNAPHBIA PeXumM Ao-
cturaetcs npu Rn ~ 2...3. nnHa npo6era MofeKyn B CUCTeME KOOPAMHAT, CBA3aHHOM
C rasom, paBHa

/ C

00 (D
9000 OOg

rae ¢ —CpeaHss TennoBas CKOPOCTb; § — CPefHsAs OTHOCUTE/bHAs CKOPOCTb; 0 X —

CeYeHue CTONKHOBEHMA MOMeKyn. Tak KakK Mpy MakCBEeNNOBCKOM pacnpeseneHum

CKOPOCTU C 1 g OAHOIO NOPsAKa, TO BbipaXKeHue (1) MOXHO nepenucathb B BUaE

Ecnn aBMXeHMe rasa paccMaTpuBaeTcs B HEMOABWXXHOM CUMCTEME KOOpAMHaT,
HanpuMep, B CUCTEME KOOPAMHAT, CBA3AHHOI C COMIOM UM 06GTEKAEMbIM TENIOM, TO
MyTb, NPOXOAMMbIA MONEKYaMI MEXAY CTONIKHOBEHUSMW BAO/b NOTOKA, OY4EBUAHO,
paBeH

u~ M [ N wmwM U 3

Ecnmn X —xapaKTepHblii pasmep TeYeHus,, TO

?pg(/— M«Kn-M. \(,Cl)

CnepoBaTe/bHO, B rMMep3ByKOBOM MOTOKE MOJIEKY/Ibl MPOXOAAT MEXAY CTONKHO-
BEHMAIMU BAO/b MOTOKA NyTb B M pa3 60MbLUKiA, YeM B NOMNEPEYHOM HarnpaB/ieHUMN.
Bnarogaps aToi aHM30TPONMUN Ha/MUMe CPABHUTENBHO HEBOMbBLLMX NPOAO/bHbIX Fpa-
OVIEHTOB [€NaeT HecnpaBed/IMBbIMA YPaBHEHWS CMIOLLHON Ccpefabl, B TO BPeMs Kak
MoC/nefiHNe OCTAOTCS CNPaBe/IMBLIMU NPY HAIMUKMN 6O/bLUMX NOMNEPEYHbIX FPafNeH-
TOB (Hanpumep, B rMNep3ByKOBOM MOrPaHNYHOM C/0e).

B onpeseneHne ANnHbI Npo6era BXOAUT CeUYeHUEe CTONKHOBEHWS Moniekyn. B 06-
Lem cnyyae 3PeKTUBHOE CEYEHMe CTONKHOBEHUS 3aBUCUT OT OTHOCWUTENbHOW CKO-
poCTW Monekyn. [ns OLEHKN U3MEHEHUS CeUYeHUs CTONKHOBEHWIA NCMOMb3YeM CBS3b
ANVHbI NPo6era ¢ BA3KOCTbHO:

W%mpchh A p< %pjrm " ®)

MpuHUMas 3aKoH CasepneHza U3MeHeHWs BA3KOCTY OT TeMMepaTypbl, Moy4nm

0=A (6)

rge S —noctosiHHas CesepneHfia; A — HekoTopas nocTosHHas. ocTosHHaa S s
TaKWUX raso., KaK a3oT, KIUCMopo, rennii 1 BOAOPOA, NeXWT B ananasoHe 80... 140.
Ecnmn 0N —ceyeHne CTONKHOBEHWS NpKW TeMnepaType X, U OTHOCUTENbHON CKO-

pocTM Cp  sbJTJ, TO NPM OTHOCUTE/IbLHOW CKOPOCTW V CeYyeHne CTO/IKHOBEHUS
6yaeT paBHO

T T+S

oo

T I T+ ")

74



OnpefieneHne aspoanHaMnUYeckux xapakTepucTk KOCMUYECKUX annaparos npu o6TekaHumn paspexeHHbIM rasom

roe TATV 2/a2l, «T M 2

Mpy HOpManbHbIX YCNOBUSAX B BO3AYXe OTHOCUTE/IbHAsA CKOPOCTb MOMEKYN MOo-
psgka 5-104 cm/c (Tak Kak 7'x ~ 300 K). Mpun yBenMyeHnn 0THOCUTENbHON CKOpO-
CTW MOJIEKYN CeYeHMe MaKCUMabHO MOXET U3MEHUTLCS Ha 0fHY TpeTb (npu T—>°°).
CpaBHUTENIbHO Cnaboe M3MEHeHWEe CeYeHUs CTONKHOBEHUS OOYC/OBMEHO TeM, 4YTO
yXKe MpU KOMHATHOW TemmepaType OTHOCWTE/IbHasi CKOPOCTb MOJIEKYN OKa3blBaeT-
CA [OCTATOMHO 6GO/bLUONA, Tak YTO B3aUMOZAEACTBME MOMEKYN OMpPefensieTcs KpyTbiM
Yy4aCcTKOM MOTEeHUMaNbLHOM KpuBOW. Ecnu e TemnepaTypa 7'X AOCTATOYHO HU3Ka,
TaK YTO CTONKHOBEHMA MOJIEKYN ONpPeaenstoTcs AabHUMM NOMOTMMM Y4acTKaMm Mno-
TeHUMaNbHON KPMBOIA, TO MPW YBEIMYEHNN OTHOCUTENBbHOW CKOPOCTW MOMEKyn ad-
(DEKTUBHOE CEYEHME MOXKET U3MEHUTLCA BO MHOrO pa3. C TakuM SIBIEHWEM MOXHO
BCTPETUTLCSH, HaNpuUMep, B rMNep3BYKOBbIX a3poanHaMUYECKUX Tpy6ax, paboTatoLLmx
Ha renuu. TemnepaTtypa NOTOKa B paboueit YacTu TPyObl MOXET paBHATLEA 5. 10 K B
TO BPeMSs KaK CKOPOCTb HaberatoLmx MojieKyn OTHOCUTEIbHO MOJIEKYS, OTPaXKEHHbIX
OT MOMELLEHHOTr0 B MOTOK Te/a, MOXeT COOTBETCTBOBAaTL Temnepatype T, > 300 K.

PaccmoTpyM BIMSIHWE N3MEHEHWS CEYEHUS CTO/IKHOBEHUS B 3aBUCUMOCTU OT OT-
HOCUTENbHOW CKOPOCTU B [IBYX BapuaHTax: «KECTKMX» MOJIEKYN C O = CONSt 1 «Msr-
KVX» MOJIEKYN C O, 06paTHO MPONOPLMOHA/IbHLIM OTHOCUTENIbHON CKOPOCTU MOMEKY/T.

OTpaxkeHve Monekyn 6yaem cumtatb AUGQY3HbIM C MaKCBENIOBCKUM pacrpefe-
NeHneM. CpefiHAs CKOPOCTb OTPaKEHHbIX Monekyn K, onpefenserca Temnepatypoii
CTeHKM TwK Koa(hMLUMeHTOM akkoMogauun ae. Mpu aHanmse 06TeKaHWsA Tena He-
06X0AMMO paccMaTpuBaTb HECKO/IbKO XapaKTePHbIX 3HAUYeHWIA AnMHbI Npobera: Habe-
ratoLLero noToKa B NnoJse 0TPaXEHHBIX OT Tena Monekyn /12 0TpaxXEHHbIX MONEKYN Ha
Haberatowmx monekynax 12V gnmHy npobera oTpaxKEHHbIX Ha OTPaXXEHHbIX /2, a Tak-
e BBefIEHHbIE BbllLIe 3HaYeHUs ANUHBI Npobera /v 1 110 3aMeTM, 4TO B 0OLLEM CAy-

ASPOANHAMWMYECKWME XAPAKTEPUCTUNKNA

CuuTasl, 4To HaberatoLmiAi Ha NOBEPXHOCTb CMYTHMKA MOTOK rasa cBO6OAHOMONEKY-
nspHbIA (CugHaes, 2018), rmnep3ByKOBOIA, XapaKTep B3aMMOeNCTBUA MOMEKYN C No-
BEPXHOCTbHO 3ePKa/IbHO-AN((PY3HbIA, MOMEKY/bI Fa3a UCMbIThIBAKOT OAHOKPATHbIE CO-
yfapeHus ¢ MOBEPXHOCTbIO CNyTHMKa (PKenesHskosa u ap., 2010; Opnos., 2015, 2016),
HopMmanbHOe P 1 KacaTeflbHOe PT Hanps»keHus, AeNCTBYIOLLME HA 3/1eMeHTapHYHo
nnoLasnKy nosepxHocTn dV, MOXXHO onpeaenuTs Nno hopmynam

©)

Pt = gaT2sinrr mosr|T, )

rae T — MECTHbI/ Yron HaknoHa /-ro 3nemMeHTa MOBEPXHOCTM K BEKTOPY CKOPOCTU

Eoo HaberaroLwlero notoka, B Clyyae MAOCKOr0 ABUXKEHUS 3aBUCUT TO/IbKO OT yrfia
aTaku a; arn, aT—Ko3PMULMEHTbI aKKOMOLALMA HOPM&a/IbHOTO Y KacaTeflbHoro um-
MYNbCOB; X — OTHOLUEHME YAeNbHbIX TEennoéMKocTein (nokasatenb afuabatbl);
l,.=TwWT() —TemnepaTypHblil thakTop; T{)—TemnepaTypa TOPMOXKEHUS.

3HayeHns KoahMLUMEHTOB an, aTB BblpaXeHusx (8)—9) 3aBMCAT oT (um3nye-
CKMX CBOWCTB rasa M MOBEPXHOCTW CNyTHWKA. BenuuuHy KosahduumeHTOB onpe-
[enstoT 3KcrnepuMeHTanbHO. MccnegosaHmsi, npoBeaéHHble B pabote (bapmHoBa,
Tumbain, 2010a), NOKa3bIBAKOT, YTO 3HAYEHUS KO3((MLUMEHTOB akkomogauuu ans
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BO3AyXa, B3aUMO/ENCTBYHOLLIEr0 C aIFOMUHUEM U CTasbto, cocTasnsatoT oT 0,87 go 0,97.

3HauyeHUsa TemnepaTypHOro aktopa twmoryT usmeHsTscs ot 0,001 go 1 (bapunHoBa,

Tumbald, 20106). A3pofnHamMUUecKme XapakTepucTukn (KO3hULUEeHT HOpMasib-

HO CcN U TaHreHUWanbHON CTaspoanHaMUYECKUX CU) ONPesensoTces UHTEerpupoBa-

Huem 3aBucumocTeit (10)—11) no o6TeKaemoii MOTOKOM ra3a MOBEPXHOCTW CMYTHM-

Ka. Viccnegyem BANAHWE BEIMYMH ar, aTy twHa aspoAvHaMUYECKUe XapaKTepUCTUKA

cnyTHuKoB. lMpu an= 0,87, at= 0,97, tw= 1 3aBUCMMOCTN KO3((NLMEHTOB CM U CT
OT yrna atakum (puc. 1, 2) npMHMMAIOT MakCUMasbHble 3HadeHus, a npu an= 0,97,

at= 0,87, tw=0,001 — MMHMManbHble. B3anmoaeiicTBe MOMEKYN C NOBEPXHOCTbIO

CMYTHUKa ABNISETCA He abCONOTHO HEYMPYTUM.

Puic. 1. 3aBUCMOCTb KO3MLIMEHTA CNOT YI/ia aTak /18 CrYTHUKOB:
a —CubeSat2U; 6 — CubeSat3U

Puic. 2. 3aBUCMOCTb KO3hhMLIMEHTA CTOT YI/ia aTaku A1 CIyTHKOB:
a- CubeSat2U; 6- CubeSat3U

B cnyuae, korga an= 1, a% 1, tw=0, B3aUMOAENCTBME MOSEKYN C MOBEPXHO-
CTbIO CMYTHWKA SBNISETCS ab6COMOTHO Heynpyrum (BCce MONEKY bl NOMHOCTLIO TepsoT
CBOI 3HEPrui0 NpU CTOSIKHOBEHUM CO CMYTHWMKOM M He OTpaxatoTcs). B aTom cnyudae
a3poJMHAMMNYECKME XapaKTepPUCTUKM ONpefeniatoTCca NPOeKLUeld Nnowanyu cnyTHUKa
Ha M/I0CKOCTb, MEPNEHAUKYNAPHYHO BEKTOPY CKOPOCTU HaberaroLLero noToka, U Mo-
ryT 6bITb BbIYMCEHBI MO (hopMynam:

cn=c@mn(a), G =c0'cos(a), (10)
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rae cn— KoaguLMeHT, COOTBETCTBYIOLLWIA 3HAYEHMIO C , NOYYeHHOMY NpK ycno-

BUM a = 0, 1 B cNyyae abCOMOTHO HEYNPYroro yaapa paBeH 2; S —nNpoekuus nno-
LWaan cnyTHUKA Ha M0CKOCTb, NePreHANKYNAPHYIO sekTopy CKOPOCTU HaberaroLlero
NMOTOKa, OTHECEHHas K xapakTepHoii Mnowaaun. 4na cnyTHuka ctaHgapTa CubeSat2U:

S = 2|sin(a)| + |cos(a)|, ansa CubeSat3U: S = 3|sin(a)| + |cos(a)|.
3HayeHns Koath(MLUMEHTOB C U CT B Ciy4vae abCoOMOTHO HEYNnpyroro yaapa, Bbi-
YMCNeHHble MHTErPUMPOBAHNEM MO MOBEPXHOCTU 3aBMCUMOCTel (8)—9), coBnagatoT
CO 3HaYeHUAMN KOIDDULMEHTOB C 1 C , BbIYUCIEHHBIMK MO thopmynam (10).
®opmynsl (10) MOTYT UCNOL30BATLCA AN1S BbIYUCIEHWNS a3pOLMHAMUYECKUX Xa-

PaKTEPUCTUK N B Cyyae He abCOMOTHO Heynpyroro yaapa. B aTom cnydae Koaddun-
LmeHT cOB BbipakeHMaxX (10) BbluMcnseTcsa No opmyne

(m

B cnyyae He abCcoONOTHO HEYNPYroro yaapa 3HaveHue KoagguumneHTa crnBapbu-
pyetcs oT 2 fo 3. Onpefenss aspoanHaMUYECKMe xapakTepucT uku B Clydae He abco-
NIOTHO Heynpyroro yaapa no ¢gopmynam (10)—11), Heo6Xo0AMMO Y4MTbIBaTbL NOrpeLU-
HocTb (puc. 1, 2). MakcumManbHas OTHOCUTENbHAsA MOTPELIHOCTb BbIYMUCIEHNS a3po-
AVNHAMUYeCKNX XapaKTepucTUK cnyTHWKoB CubeSat2U n CubeSat3U cocTasnset
2nie%pac wnuc ,apimc unc  —8u 9% CcooTBeTCTBEHHO. PaBHO-
[eiCTBYIOLLAs a3POANHAMUYECKIX CUNT MPUNOXKEHA B FTEOMETPUYECKOM LIEHTPE CriyT-
HWKOB. B 3ToM cnyyae KO3(h(ULMEHT BOCCTAHAB/MBAIOLIEr0 a3poAMHAMUYECKOro
MOMeHTa onpefenseTcs no opmyse:

(12)

roe zT — MonoXKeHue LEeHTpa Macc, OTCUMTbIBAEMOE OT FeOMETPMYECcKOro LeHTpa
CNyTHWKa, zr =zT/I.

3aBNCMMOCTb KO3pduumeHTa % (a) MOXXHO annpoKCUMUPOBAaTb CUHYCOMAab-
HOW 3aBMCMMOCTbIO a“sin(a). Hanpumep, 3HaueHUs KoaduumeHTa a“, COOTBET-
cteyowme ¢ (a) u ¢ (a), ana cnyTHuka CubeSat2U pasHbl: —0,43 n —0,62,

aans cnytHuka CubeSat3U: -0,61 1 -0,91.

BbIBEOP MPOEKTHO-BANTNTNCTUYECKUX MNMAPAMETPOB,
OBECTNEYMBAKOLW X SAOAHHOE YINMOBOE ABV>XEHWVE

[ns onpefeneHns NPOeKTHO-6aNNMCTUYECKMX MapamMeTpoB, obecrneymBaroLLmx 3a-
[aHHOEe Yr/0BOE ABWXEHWE AMHAMMWYECKM CUMMETPUYHLIM CNYTHUKaM CTaHgapTa
CubeSat, cTposaTCS HOMOrpammbl B 3aBUCUMOCTW OT Haya/bHbIX 3HaYeHWIA yrna aTta-
KW an, yrnoBoi CKOpoCcTW an u BbiCOTbl Nonéta H()= 320 n 245 km. [na cnyTHWKa
CubeSat2U, npofonbHbiii MOMEHT MHepummn C KoToporo paBeH 3,3-1CI3Kr-m2, 0THO-
weHne C/B=0,2 n 0,3, a Takxke Ana cnyTHuka CubeSat3U, npoAonbHbIA MOMEHT
nHepuun kotoporo paseH 5,0-10 3kr-m2, oTHoweHne C/B = 0,1 1 0,2 COOTBETCTBEH-
HO. Mpy Hava/lbHbIX 3HAYeHUAX anKn an, COOTBETCTBYHOLMX 3HAYEHUAMU 13 06na-
CTeiA, pacnosioXKeHHbIX Had KPUBO, MpoxoasLleli Yepes TOUKy a = 180°, CMYTHUK CO-
BepLUaeT BpaLLaTeNibHOe ABVXKEHWE, a Noj KPpUBbIMU —KoebaTeNbHble ABUKEHUS OT-
HOCUTE/IbHO TMOJIOXKeHWs paBHoBecusi no yriy arakm a = 0. Tpu HayalbHbIX
3HAYEHWSAX, COOTBETCTBYIOLUMX 3HAYEHMSIM 13 06M1aCTENR, PacCNONOXKEHHbIX MO Kpu-
BbIMU, MPOXOAAWMMUK Yepe3 ToUKy a = 0°, CNyTHMK CcOoBepLUaeT KonebaHus OTHOCK-

Te/IbHO MOMIOXEHMSI paBHOBECUA MO Yyrny atakm  =zxarccos(—9,5a/(b+c)). Ecnu
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HauvasibHble 3HaveHMst a0 n a0 COOTBETCTBYHOT 3HAUYEHUAM U3 BHYTPEHHeli Koneba-
TeNbHOM 06/1aCTU, TO NPU ABUXKEHUM € BbICOTbl H()= 320 KM NpoaobHas oCb CNYTHU-
Ka CubeSat2U ¢ oTHOCUTE/IbHbIM 3anacoM cTaTuuyeckoi yctoiumsoctn zT=0,10
N OTHOLUEHMEM MOMeHTOB uHepuuu C/B =0,2 OyfeT coBepllaTb KonebaTesbHble
[BVKEHNSA OTHOCUTENLHO MOJSIOXEHWSA paBHOBecUs a,, = 66°, a NpofosibHas 0cb CnyT-
Huka CubeSat3U c TeM ke 3arnacoM 1 OTHOLUEHWEM MOMEHTOB MHEPLUUN — OTHOCK-
TenbHO «X= 55°. [pofgonbHas 0Cb CMYTHMKOB MOXET MEPENTM B KoNebaHns 0THOCK-
TeNbHO MOMI0XKEHWUA PaBHOBECUA MO Yy aTaku a = 0°. BbicoTa nepexoja U3 Koneba-
TeNbHOI0 ABWXKEHWS OTHOCUTENbHO MOJIOXEHWNA paBHOBECUS (X B KonebaTenbHoe
[BWKEHME OTHOCUTENIbHO MOMOXKEHWS paBHOBECUS MO yriy ataku a ~ 0° onpegens-
t0TCS 13 peleHuns ypasHeHus (5). Ecnm HauasibHble 3HaYeHns a. 1 a0 COOTBETCTBY-
IOT BpaLLlaTenbHOMY [BVXXEHUIO, TO B MPOLLECCE CHMKEHWS CMYTHUKMA MOTYT MepeiiTy
B KonebartenbHOe [BWKEHWE OTHOCUTESILHO MOJSIOXKEHWA paBHOBECUA MO Yr/y ara-
kn a=0° B aTOM cnyyae BbiCOTa nMepexoda OMpefensieTca u3  peLleHuns
ypaBHeHus (4).

B pa6otax (bapnHoBa, Tumb6aii, 2010a, 6; beneukuin, 1965; Nyxosa, Tumbaii,
2010; AakuH, LBbIpkMHa, 2016; MonsaHuH, BAsbMuH, 2013; TUMOHMH, TAHHUKOBA,
2015; Belotserkovskii, Khlopkov, 2010) paccmaTpuBaroTCA NOMyaMnupuyeckue npu-
6NKEHHblE METO/bl, OCHOBAaHHbIE Ha YMCNEHHbIX Y 3KCNEPUMEHTASbHLIX AaHHbIX
ANA pacyéToB a3poAMHAMUYECKUX XapaKTEPUCTUK CIIOXHbIX Ten. KoathhuuneHTbl
fasneHns C v TpeHus CMAns NOBEPXHOCTUM 3/1EMEHTA C IOKa/IbHbIM YI0OM NajeHuns a
6blM NPeACcTaBeHbl B CeyHOLWMX BbIpaXXEHNSX:

Cp=P()+ N\sina+ P2sin2a, Cf =T0cosa+ T, cosa sina,

roe Pn, Pv P2, T8 Tj (KO3 MULMEHTLI peXKnma TeueHrs) 3aBUCAT OT NapameTpoB no-
no6us, Hanpumep, yucna PeitHonbaca (Re0 = p Ky X/u0, rae p0—BS3KOCTb B TOUKE
TOPMOXeHUS Y.);, uncno Maxa (MTE), OTHOLLEHUe TeNNOEMKOCTeR (y —cp/cv), Tem-
nepaTypHbIin haktop (tw=Tw/T() (BapuHoBa, Tumbaii, 2010a, 6; Beneukunii, 1965;
InyxoBa, Tum6aii, 2010; AAkuH, LUBbIpkuHa, 2016; MMonsHWH, BssbmuH, 2013;
TumoHUWH, TAHHMKOBa, 2015; Belotserkovskii, Khlopkov, 2010).YpaBHeHWs Koa(dun-
LIMEHTOB PEXMMa TEYEHUS MOXHO HanucaTh Tak:

rae MHAeKCbl /T 1 id — O0THOCATCA K CBOBOAHOMONEKYNAPHOMY Y KOHTUHYa/IbHOMY
PEXUMY COOTBETCTBEHHO. b0/1ee KOHKPETHO, CBOOOAHOMOJEKY IIPHOE YCNOBKE 3aBU-
CUT OT HOPM&/IbHbIX M TaHreHLMabHbIX KOMNOHEHT umnysbca (Inarones, Mopo3os,
2007; 3es, 2015; CuaHses, 2007; Myint, Khlopkov, 2010), 06MeHVBaeMbIX MEXAY ra-
30M 1 MOBEPXHOCTbI0. KOHTWMHYyaNIbHOe YCNOBUE 3aBUCUT OT KOSpuLMeHTa LaBne-
HUA B TOYKe TopmoxeHus (KasakosueB, KopsiHo, 2012; Ivanovich et al., 2013;
Khlopkov et al., 2014; Morsa et al., 2011). KoOHTUHYya/lbHOE YCNOBUE 3aBUCUT OT KO3(-
(hMLUMeHTa [aBNeHUs B TOUKE TOPMOXEHUS, B YAaCTHOCTW OT BMAOB PYHKUMA FT,
F, F , F uF ,nonydyaembix U3 Noayamnmpuyeckor npoueaypbl. 10 3aBUCUT
OT Pesy/bTaToB MOJyYEHHbIX YMCNEHHbIX PACUYETOB M 3KCMNEPUMEHTANbHBIX AaHHbIX
L1 Pa3NINYHBIX TeM M Ha PasHbIX YCTOBUSAX UCMbITAHWIA.

B pa6oTax (BapuHoBa, Tum6aii, 20106; Vashchenkov et al., 2011) npeacTtaBneH
MOCTOBO/ MeToA, pa3paboTaHHbIi MoTTepom u [NeTepcoHOM. 3HaueHus Koadhdu-
LMeHTOB TpeHusa Cyu faBneHUs o OCHOBaHbl Ha KOppenaumMm gns chepbl METOLOM
NpPsSIMOro CTaTUCTUYecKoro mMogenvpoaHus MoHTe-Kapno (MCM) B nepexogHom
PEXMME: MOXHO MOKa3aTb B 3TOI paboTe, UTO COOTHOLLEHME MeXAY KO3DDULMEHTOM
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TPEHMS B NEPEXOLHOM U B CBOBOAHOMONEKYNAPHOM pexxume (CIn) mMoryT 6biTb COOT-
HeceHbl C NapameTpom Z, Torga:

(1 w)2
Mo{ilhs 7. 7 (808153,

sin9

Z=Mm

roe y= K27(K31+180), K= Mod*Rewm, /(6) — hyHKUMS KOPpensumm AaHHbIX

MCM, ans cepbl /(9) = I +sin9, 9 —yron mexay MeCcTHO HOpMaslb K MOBEPXHO-
CTW 1 CKOPOCTb CBOBOAHOIO NoToKa. B paboTe Bbiuncnancs C/kogom NMCM n Gfmums-
BECTHbIM ypaBHeHnem Makceenna (Opnos, 2015; CugHses, 2018). OHu nonyunnu
[IBE KOPPenAUNOHHbIe ypaBHeHNa ona 9 < 75°

125
c/ 0.24 ecmzZ > 1
cT 0,24+ 72713
C(
-=0,1284Z, ecmZ <1l
Cfﬁn

B uHTepBane 75<9<90° Cf jCfim BbluMCNAETCA NMHENHOW WMHTEPMONALMEN

MeXay 3HaveHuem CHj Ha 9 = 75°. o BblleYyKa3aHHbIM YPaBHEHNAM U 3HaYe-
Hvem 9 = 90° NyTéM YMHOXEHWS NPaBOi 4acTW NepBOro ypaBHEHUS Ha Ko3hpuuu-
eHT 1+ 887,5/(7,46+ ZT14)2, ecnn Z> 1, UMM YMHOXEHMS MPaBOi 4acTy BTOPOro

ypaBHEHWUW Ha KoathdmumeHT 1+ 1272, ecnn Z < L 4N OUEeHKW 3HavyeHmnst p/P>K aB-
Topbl paboTbl (BapuHoBa, Tum6aii, 20106) KOPPENNPYHOT 3TO COOTHOLLEHWE B 3aBU-

cumoctn oT AVVIK c”™. bonee KOHKpPETHO

1/2

) ) M
-Bi— 1- 1Pl 1+(0,6+9/ ecm p(+ pfm,
Pfin Pfin Re
M 1/2 -
AN=14+ "*--1 1406 ecnn Pi> Pfm.
Pfin Pfin Re

roe pt v im— faBneHus, COOTBETCTBYHOLLME HEBA3KOMY MOTOKY U CBOGOLAHOMONEKY-
NAPHOMY, KOTOPble BbIYUCAAIOTCA MO WM3BECTHOMY ypaBHeHMIO Makcsenna (Opnos,
2015). NaBneHunepfBbluMCASETCA U3 OTHOLUEHMS:

= 1+1,8955"(1 + 0,1919- 214392+ 1,56493- 0,33494).

B paboTe npeanoxeHa rnobanbHas MOCToBas PYHKUMA 415 BbIYMCAEHUA KO-
(OMLNEHTOB a3pOANHAMUYECKUNX CUN

C = PoCM + (I-P b)Coorl,

roe 0m, Caat — cooTBeTCTBYOLWME KOIhDULUMEHTLI AaBneHnsa n TpeHus; fmufat —
3Ha4YeHNs Ko3a((MUMEHTOB B CBOOOAHOMOMEKYNIIPHOM U KOHTUHYa/IbHOM PeXume
COOTBETCTBEHHO. DPYHKUMA Pbonpefenserca B COOTBETCTBAU BapuaLmm Mexzay cBo-
60JHOMONEKYNAPHLIM U KOHTUHYa/IbHbIM PEXMUMamy € MOMOLLb umcna KHyfceHa,
Maxa, PeiiHonbAca:
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Po=sin2d, @= 3i(«1+fl2loglOKnT), O<cp<A”,

rae flj n i7i2- nocTosiHHbIE, 3aBUCALLME OT uncna KHyacaHa. C ncnonb3oBaHWeM Kpu-
TepuneB Krym nKnad gn1s cBo60AHOMOMEKY.IAP10i0 Y KOHTUHYaNbHOIO pexuma uc-
No/b3yeTcsa 3aBUCUMOCTb:

1 Kn
Pb 1+erf o
2 AKH 1*4,1
rae Knm—a-B nepexogHoM pexxmme onpegeneHo B P,= 0,5; AKn —norapudmmyeckas
LWwnpuHa B nepexogHom pexume. Mpu Kn w, = K ' 1 Kniu=10 nonyunm ax= 0,375
n a.—0,175. KoHCTaHTbl axu a2 — perynmpyemble napametpbl ([yxoBa, Tumbaii,
2010; Opnos, 2016).B paboTax (XKenesHskosa u gp., 2010; Opno., 2016; CuaHses,
2018) MCNONb3YHOTCH BLIPKEHUS AN 3/1eMEHTAPHLIX CWA AaBJEHUS U TPeHus

p = p(sin29 + p{sin0, T = TOsin0 mos0. 3gecb KoappuumneHTsl pO, p., TO (KO3Pu-
LMeHTbI pexkuma TeveHuns) (PKenesHskosa v gp., 2010; Opnos., 2016; CugHses, 2018)
3aBMcAT OT uncna PeitHonbaca Re(l. Ha puc. 3 npefctaBnieHbl KO3 hULNEHTbI JaBne-
Hua C Ha ciepe (Belotserkovskii, Khlopkov, 2010) v cunbl conpoTusneHus Cx(a) ans
BO3AYLLHO-KOCMMYECKOro annapata tuna «Knunep» (beneukwnin, 1965; [OAKMH,
LLIBbIpkmMHa, 2016; XKenesHakosa 1 gp., 2010; Opnos, 2016; CuaHses, 2018).

O 10 20 30 40 50 60 70 80 B

Puc. 3. KoadphuuneHTol gasneHns C Ha cepe: 1 — Reo=0; 2 — Re0= 1; 3 — Re0= 10;
4 —Re0= 100; 5—Re0= 1000; 6 —Re0= 10 000); n cunbl conpotusneHns Cx(a): 1 — Kotov;
2 —Potter; 3 —ModfodPotter; 4 —DS2v

3AK/THOYEHUE

B paGoTe uccnefoBaHbl Clydan NIOCKOro Yr/I0BOrO ABMKEHUS CYTHMKA Ha HU3KKX
KPYroBbIX Op6UTax Mog Ae/iCTBMEM BOCCTaHABNMBAKOLLErO a3POAMHAMUYECKOTO MO-
MEHTa, MIMEIOLLIEro CUHYCOMAANIbHYHO 3aBUCUMOCTb OT Yr/ia aTaku, Npu 3TOM M3MeHe-
HUEM NNOTHOCTK aTMoc(epbl B MPOLLECCE ABMXEHNS NpeHebperaeTcs. PacCMOTPEHbI
nepexoaHble PEXMMbI ABMXKEHWS| CMYTHUKA OTHOCMTENbHO LIEHTPA Macc Ha Hauyaslb-
HOM Y4yaCTKe TPaeKTOpUM Ccrycka B aTMoctepe Noj AeiCTBYEM BOCCTaHaB/MBatO-
LLero aspoAMHaMMUYECKOro MOMEHTA, KOTOPbIA MMEET BUf GUrapMOHMYECKOro psija
Mo yrny ataku, Npyu 3ToM Ae/CTBMEM TpPaBUTALMOHHOIO MOMEHTa MpeHeGperaeTcs.
[lONONHNTENbHO MCCNe0BaHbl CyYan MIOCKOTrO ABUXEHWSI OTHOCMTENbHO LIEHTpa
MacC CMyTHMKA NPU CHUXEHUM C HU3KIX KPYrOBbIX OPOUT MOZ AeACTBMEM a3pOAnHa-
MUYECKMNX CUN.
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DETERMINATION OF THE AERODYNAMIC CHARACTERISTICS
OF SPACECRAFT WRAPPED BY GAS SPARSE

A.A. Loginova, N. I. Sidnyaev

Bauman Moscow State Technical University, Moscow, Russia

The article is devoted to the problem of determining the calculation of the aerodynamic charac-
teristics of spacecraft when flowing around a discharged gas. It is assumed that the flow can be
characterized by the path length of the molecule. A plane motion relative to the center of mass of
an uncontrolled satellite with a decrease from low circular orbits under the action of gravitational
and restoring aerodynamic moments is considered. The influence of design-ballistic parameters
(initial conditions of angular motion, static stability margin, inertia moment ratio) on the satellite
angular motion (rotation, oscillations) is investigated. Collisions of molecules are determined by
the distant plots of the potential Maxwell distribution curve. It is noted that with an increase in
the relative velocity of the molecules, the effective cross section can change many times. The in-
teraction of molecules with the surface of the satellite is absolutely inelastic (all molecules com-
pletely lose their energy when they collide with the satellite and are not reflected). For this case,
the aerodynamic characteristics are determined by the projection ofthe satellite area on the plane
perpendicular to the free-stream velocity vector and can be calculated using known formulas.

Keywords: satellite, motion relative to the center of mass, gravitational moment, aerodynam-
ic moment, aerodynamic characteristics, design-ballistic parameters
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NCMONb30OBAHUE MYNBTUCNEKTPANIBHOW CMYTHUKOBOW CBEMKI{I
MNP AHANTN3E 3BOMNOLMW OBNTAYHOCTW MONAPHBIX ME3OBWXPEN

B.0./lonyxa

Poccuiickunii rocyfapCcTBEHHbIA TMAPOMETEOPONOTMYECKNA yHUBepcUTeT (PITMY)
CaHkT-IMeTepbypr, Poccus

Pa6oTa mocBALLeHa UCCNeA0BaHNI0 3BOJIIOLNM 06/1a4HbIX CUCTEM NOMAPHbLIX BUXPEN B CPOKM
mapT—anpenb 2017 r. n ceHTA6pb 2018 r. s AeTanbHOro aHann3a 0COGEHHOCTEN CTPYKTYpbI
061a4HOCTN ME30BUXPSA ObINM UCMOMb30BaHbI N306PaXKEHNA B OMTUYECKOM U MH(PaKpPacHOM
TENN0BOM KaHanax. B xofe BbINONHEHUS UCCNeA0BaHMA BblIN NPUMEHEHbI Pa3NINYHbIE CXEMbI
LIBETOBOr0 CMHTE3a CMYTHWKOBbIX M306paXKeHW, NO3BONAIOLLME NPOCNENUTb 3BOMIOLUIO 06-
NayHOM CMCTEMbI ME30BMXPA Ha MUKPOQU3NYECKOM YPOBHe. NpeaioXeHHble METOAbl TeMaTu-
yeckoli 06paboTKM MMeT NPaKTUYECKYH0 LeHHOCTb MpW aHanu3e OTAe/bHbIX (hOpM 061aKoB,
13 KOTOpPbIX (hopmupyeTca 061ayHas cMcTeMa Me30BUXPS Ha pasHblX CTaAMAX ero passuTus,
1 CKOPOCTW 3BO/IIOLMN 061a4HOIN CUCTEMbI B LIE/IOM.
Kntoyesble cnosa: nonsapHble Me30LMKIOHbI, CMYTHUKOBbIE AaHHble, Kapckoe Mope

BBEOEHWE

MonsipHble LMKNOHBI — Me30MacLUTabHble BUXpKU, 06pasytoLLmMecs K Nokcy oT oc-
HOBHOI 6apOKNMHHOM 30HLI. B CeBepHOM nonyluapum akeatopus Cesepo-EBponeit-
cKoro 6acceliHa XOpoLIO M3yyeHa Ha MpeamMeT MOosB/IEHNA B Hell Me30MacLUTabHbIX
LUMKNOHOB. BBUAY 3HAUMTENbHON pasHWLbl TEMMNEPaTypbl, YCUIEHHOW TEnbIM aT-
NaHTUYECKMM TEYEHWEM Ha CeBepe M MacCMBOM ApeioBbIX NbLOB, B MPUBOSHOM
CNoe oHa 6naronpusTHa Ans GOPMMPOBaHMS NONSPHbIX LMKMNOHOB. B gaHHOI 06na-
CTU TaKKe CYLLECTBYET MHTEHCMBHBIA TPONOCHEPHLIA MepeHoc, YTo co3faéT 6naro-
NPUATHbIE YCNOBUA 4N Pa3BUTUA GapOKIMHHON HeyCcTOMYMBOCTU B XO/0LHOE Bpe-
Ms rofa. TypOyneHTHble MOTOKM TeNa 1 Bfaru 0T MOPCKOW NMOBEPXHOCTU ABMAIOTCS
OCHOBHbIMU UCTOYHWKAMMW 3HEepPrum 06pasoBaHMs 1 PasBUTUSA NONAPHBIX LUKIOHOB.
Me3soMacLuTabHble BUXPW Haf MOPSIMM BOCTOYHOW YaCTW POCCUIACKOA APKTUKN U3y-
UeHbl MEHee YeM Haf 3anafHoi eé YacTbo. STO BbI3BAHO HE3HAUMTENbHOW MEXCE30H-
HON M3MEHYMBOCTLIO MOLaan NeasHoro nokposa. B akeatopum mopeli bodopTa,
YykoTckoro, BocTouHo-CnbMpCKoro Ao HefaBHEro BpeMeHu (PMKCMpPOBanMCh NNLLb
OTZe/bHbIE ClyYan C MOASAPHLIMU LMKNOHaMU. B HacTosLLee BpeMsi COKpaLleHume fne-
[SAHOTO MOKPOBa BbI3bIBAET aKTMBM3ALMI0 Me30MacluTabHOro LMKIOreHesa B 3TOM
obnactw.

ApKTWUUYECKMIA KNMMAT OKasblBaeT OO0/bLUOE BAUSHME Ha YaCTOTY MOSB/EHNS
M MHTEHCMBHOCTb MOAAPHBLIX LMKIOHOB. [TNo6asbHOE MOTenjeHue M COKpalleHue
nnowaan neasHoro nokposa B Mopsix CeBepHOro JlefoBMTOrO OKeaHa MPUBOAUT
K (hOPMUPOBAHMIO HOBbLIX 06/1acTell 3apOXKAEHUA U MHTEHCUBHOMO PasBUTMS Me30-
MacLUTabHbIX BUXpei. Takumu palioHamu sBnsoTcs BocTouHo-Cubupcekoe, UyKoT-
CKoe Mope 1 Mope JlanTeBbIX. VX akBaTOpuMW NETOM U OCEHbH) OCBOOOXAAKOTCA OTO
NbAa MOMHOCTbLIO, TOFAA KakK paHbliue MIOoLWafdb BbILENepeyncieHHbIX Mopeli 6bina
MOMHOCTLIO NMOKPbITA IbOM Ha MPOTSAXKEHWUM BCEro rofa.

Pa3mep MonsipHbIX LMKMIOHOB Bapbupyetca oT 100 go 1000 KM, T.e. ux pasmep
BECbMa HE3HAUYNTeNeH B CPaBHEHUW C BHETPOMUYECKUMMW LMKAOHAMW. 3TUM 06bsiC-
HAETCA (haKT, YTO Me3oMacLUTabHble LMKIOHbI TPYAHO 06HAPYXUTh B MOMe AaBNeHNs
(3abonotckux u ap., 2015; Forsythe et al., 2015; Rasmussen, Turner, 2003).

Jlonyxa Bnagumup OneroBuy —acnupaHT, volopukha@yandex.ru

83


mailto:volopukha@yandex.ru

B.0. Jlonyxa

[ns mesomacLuTabHbIX MOAAPHbIX LUMK/IOHOB XapaKTePeH KOPOTKMIA CPOK XXM3HK
OTHOCUTENIbHO KPYMHOMACLUTabHbIX aTMOCHEPHbIX BUXPENR. B cpefiHeM OH cocTaBs-
€T OT HECKO/bKMX YacoB A0 TPEX CYTOK, NPU YCNIOBUM MaIOMOABUKHOCTM U HaXoX[e-
HWUA Haf BOAHOWN NMOBEPXHOCTHLIO OHU MOTYT CYLLECTBOBATL B TeueHue 60s1ee NpoaLon-
XXWUTENbHOT 0 BPEMEHM.

Mpouecc MX 3apOXAEHUs U pa3BUTUS MPOXOAMT ObICTPO M XapaKTepusyeTcs
PE3KMM MafeHneM faBneHns. M3-3a Masoro KomyecTsa MeTeopoiormyeckux craH-
LMIA CNOXHO OMpefeNnTb [aBfeHne Ha YpOBHe MOpe B LieHTpe Me3oMacLiTabHoro
NOMSPHOrO LMKNOHA. BblgeneHne NonspHbIX LUKIOHOB B OTAEMbHbIA NOATUMN Bbl-
3BaHO TEM, YTO OHU OTHOCATCH K MOPCKMM CUCTEMaM CO CKOPOCTbK) MPM3EMHOr0
BeTpa, npesbiwakowlein 15m/c. CpefHMe 3Ha4YeHNs CKOPOCTY BETpa fiexar B npege-
nax 18,5..23,5 m/c, nHorga gocTuras yparaHHOR cunbl, NPU CUAbHOW KOHBEPreH-
LMK BETPA B HXKHMX CNOSX W OMBEPTEHLMM B BEPXHUX Cosix atmocteps! (EdrmoBa
n ap., 2018).

WHTepec K Me30UMK/IOHAM Bbi3BaH, B MEPBYO 04epedb, MHTEHCUBHbLIM OCBOE-
HMEM POCCUIACKOM APKTUKU N, KaK CNeLCcTBMe, HEOOX0AMMOCTbLI0 MPOrHO3MPOBaHMS
BO3HMKHOBEHWS OMACHbIX SBAEHWNIA MOrofbl, BANSAIOWMX Ha CYA0XOACTBO U 0OBLEKTLI
HapOAHOro XO035ACTBA. VIHTEHCMBHbIE Me30MacLUTabHble MOASAPHbLIE LUKIOHbI Bbl-
3bIBAOT 3KCTPEMASIbHO OMacHbIe MOrOAHbIE ABEHUS, @ UMEHHO: LUTOPMOBOIA BETEp,
06nefileHeHMe CY0B U COOPYXXEHUIA, CHEXHbIE 3apsfbl, BbI3blBAIOLLME 3HAUNTE/IbHOE
yxXyaLeHve Bugumoct. OHM pa3BMBaOTCA BHE3aNHO U B TeYeHWe KOPOTKOro npo-
MEXyTKa BPeMeHWU. TPYyAHOCTb MX MPOrHO3MPOBaHWs 00YCNOBAEHa OCOGEHHOCTLHO
CTPOEHMSA 1 3BOMOLMN NONAPHbLIX LMKIOHOB. CeTb CTaHAAPTHLIX MMAPOMETEOPOsIO-
rMYeCKUX HabMAEHNI Haf MOPSMU HEAOCTATOUHO Pa3BMTa B 3TOM PETMOHE U Me30-
MacLUTabHble LMK/IOHbI He Bcerfa PUKCUpYHTCS B NOJe faB/IEHNS Ha KapTax Npu3em-
HOrO aHaM3a, MO3TOMY TO/IbKO AaHHbIe My/bTUCMEKTPaSIbHON CMYTHNKOBOWM CbEMKM
ABAAIOTCA NYULWMM UHCTPYMEHTOM A1 MOHUTOPUHIa Me30MacLUTabHbIX MOAPHbLIX
LUMKIOHOB. [pMMeHeHWe MeTofa LiBETOBOTO CUMHTE3MPOBAHMA CMYTHWKOBbLIX M30-
OpaXkeHWiA, OCHOBAHHOIO Ha MCMOMb30BaHWMM AabHUX MHDpakpacHbIX (MK) KaHa-
NOB, MO3BOJISIET aHANN3MPOBATb 3BO/IOLMIO 06/1a4HON CUCTEMbI NMOMSPHBLIX LIMKIOHOB
B YC/MOBWSIX KaK [JJHEBHOW, TaK M HOYHON CLEMKM W MONSPHOW HOYM, UTO OCOBEHHO
aKTya/lbHO B pacCMaTpMBaeMOM PervoHe.

KNACCUNDPUKALINA, YCNTOBUNA OBPA3OBAHNA
N PA3BATNA NMONAPHBLIX LK/TOHOB

TpagULMOHHO NPUHATO BbIAENSATb JBa TUMA 06/1a4YHbIX CUCTEM MOMSAPHOIO Me3oMac-
LUITABHOro LMK/IOHA — CMUCTEMbI B BUAE CMMPaIM 1 B BUAE 3ansATOi, MOMUMO 3TOrO,
BCTpevartoTca 60n1ee CNoXHble TUMbl 06M1a4HbIX CTPYKTYP. B npouecce agonoumm 06-
NayYHOr0 ME30BMXPS MOXET MPOMCXOAUTL TpaHChopMaL s 061a4HOl CUCTEMBI, UMe-
toLLeld hopmy 3anAaToid, B cnvpanesuaHyto qopmy. B aTrx 061a4HbIX BUXPAX MOXHO
Habnoaatb «rnas» 6ypu, aHaNOrMYHO TPOMUYECKOMY LIMK/IOHY, O4HaKO TakuX 3KC-
TPeMaJlbHbIX 3HAUYEHWIA aBfIeHUs U CKOPOCTM BETPa He OTMEeYaeTcs.

Kpome mMopthoMeTpuyeckolt XapakTepucTMKL 06/1auHbIX BUXPel NOASPHbIX Me-
30MacLITabHbIX LMK/IOHOB MPOBOAUTCA Knaccugukauus v no psgy apyrux npusHa-
KOB. B OCHOBY CMHOMTMYECKOI KnaccuumKkaumMm MOA0KeH MPUHLNM OMNpeaeneHns
MeCTOMNOMOXEHNS Me30LMK/IOHA OTHOCUTE/IbHO KPYMHOMACLUTAOHbIX CUHONTUYECKMX
cuctem. Hambonee 4acTo UCNONb3YETCS KNacCUguKaLms, yHnTbIBatoLLas CMHONTNYe-
CKMe YCNOBUSA U MeXaHW3Mbl (HOPMUPOBAHNSA NONSAPHBIX MEe30MaCcLUTAOHbIX LIMK/IOHOB
(yueHko, 1999; Polar Lows..., 1986, 2003; Turner etal., 1993; Wilhelmsen, 1985).
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pynna Ha3ssaHue

CrcTeMbl peBEPCUBHOI KPUBHU3HBI

Bapuueckue NOXGUHbI

®pOHTHLI B NOTPaHCI0e aTMOCHepbl

Xono4Hble fienpeccum (BKAOYast BUXPEBbIE CUCTEMBbI)
OG6nauHble 3ansTble

BapOoKMHHbIE BOSHBI —CUCTEMbI MPSIMbIX CABUTOB
Oporpaguyeckue noaspHbIe LUKIOHbI

~No R WN

K OCHOBHbIM MexaHu3Mam 06pa30BaHUs Me30BUXPel Haj MOBEPXHOCTHI0 MOPS
OTHOCATCS:

BapoKnMHHas HeyCTONUYMBOCTb. XapaKTepu3yeTcs AMHAMWYECKO BOMHOBOWA Hey-
CTOMYMBOCTLIO aTMOCepHOro NoToKa B nose cunbl Kopronuca ¢ LWMPOTHbLIM rpaau-
€HTOM TeMNepaTypbl U BEPTUKa/IbHLIM FPagMeHTOM CKOPOCTM BETPA, NPU 3TOM UCTOU-
HUKOM 3Heprumn hopMmpyoLLUXCA BO3MYLLIEHWNIA SBNSETCA NOTEHLUMaIbHAA SHEPT LS.

Tepmuyeckas KOHBeKUMS. X0NnogHas Cyxas BO3AYLLUHasA Macca, NepemeLLasch ¢ no-
BEPXHOCTK Nibja Ha 6onee TENMYIO MOBEPXHOCTb MOPS, CTAHOBUTCA TEMMOA W BRaX-
HOW, MpW 3TOM Mpouecc 06pa3oBaHMA 061a4HOCTN COMPOBOXAAETCA BblAeNeHNEM
CKPbITOIO TEM/a WU NPUBOAUT K PasBUTUIO FTyOOKOA KOHBEKLMM M 06pa30BaHU0 Me-
30UMKNOHa. Pa3HuLa B TeMnepaType BO3ayXa U NOACTUNAOLLEl MOBEPXHOCTUN COCTaB-
nseT nopagka 20°.

BapoTpoHHas HeyCTONUMBOCTb. Takoi BUA HEYCTONUMBOCTU NOTOKA CBA3aH C ro-
PU30HTaMbHbLIM CLABUIOM BETPA M BO3HUKHOBEHNEM Me/TKOMACLUTabHbIX BUXpeli CABU-
ra, KOTOpble NPV HANYKUW ONPeLeNnEHHbIX YCI0BUIA CMOCOBHBLI TPaHCHOPMUPOBATLCS
B NMONAPHBIA Me30MacLUTabHbIA LMK/IOH.

YcnosHast HeyCTOWYMBOCTbL BTOPOro poga. Mpouecc B3anMOAeNCTBIS 1 B3aMHO-
ro yCUneH1s MeKoMacLlTabHOM BNaXKHON KOHBEKL MU C 06pa30BaHMeM Ky4yeBoit 06-
Na4YHOCTU M LMKIOHWUYECKON LMPKYAALMKM, KOTOpas MPUBOAMT KOHBEPreHLMo BO3-
JyXa K LEHTpY, MPUBOASA K B3aMHOMY YCUIEHWIO LUPKYNALUMA N KOHBeKUUK. MMpw
3TOM WCTOYHWKOM 3HEPruM CIY>XXUT BbICBOOOAMBLLEECS B MPOLECCe KOHAEHcauuu
Tenno. OfHAKO Takoil MexaHWU3M He IBASETCA OCHOBHbLIM MpW 06pa3oBaHUM MONsp-
HbIX ME30LIMK/OHOB.

LLMKNoreoCTpotM4HOCTL NONSPHBIX LMK/IOHOB OLEHWMBAETCA MO BKIagy LMK-
NO- 1 reocTPohNYECKNX KOMMOHEHT B YpaBHEHUW BUXEHNS. TTOCKONLKY B BbICOKMX
WwmpoTax cuna Kopronuca 6/mM3Ka MO 3HAYEHUIO LIEHTPOOEXHONW cufie, MONspHble
LMK/OHbI 3aHUMAIOT NMPOMEXYTOYHOE NOMOXKEHNE MEXAY reoCTpOpUUYeCKUMA 1 Lin-
KN0CTPOPUYECKMMN BUXPAMU.

[nsa o06pa3oBaHNa NONAPHBLIX ME3OLMKIOHOB HEOOX0AUMO Hanmume hopcupyto-
LLEero MexaHm3ma, Harnpumep, X0M0AHON NOXOWHbLI UK XOOAHOMO LIMKIOHNYECKOr0
Aa4pa Ha yposHe 500 rMa npu Temnepatype Huxe 40 °C.

Mpouecc TpaHChopMaLMM Me30MacLUTabHOro BWMXPS B MOMSPHbIA Me30oMac-
WTabHbIA LMKMNOH BCMEeACTBME [AMHAMUYECKOrO (hOpCMHra MNPOMCXOAUT BbICTPO.
CTagum pa3BuTUA NONAPHLIX LIMKIOHOB CTPOro He onpegenstoTcs. TpaguLUoHHO Bbl-
[enstoT TPW CTa4uK 3BOOLUN NONSPHONO LUKIOHA: (hOpMUPOBaHUE, MaKCUMabHOe
passuTure 1 3anonHeHne (Emanuel, Rotunno, 1989).

PE3YNbTATDI

WccnepoBaHue 3BOMIOLMM 061a4YHOCTU MOMAPHBLIX Me30BMXpeil 6a3MpoBasiocb Ha
KOMM/IEKCHOM MCNOMb30BaHUU  MYNbTUNAATHNOPMEHHBIX W MYNbTUCNEKTPASIbHbIX
CMYTHUKOBbIX faHHbIX — BUAUMBIX U MH(PPAKPaCHbIX U300PaXKEHNSAX, NOMYUEHHbIX
cnekrpopaguometpom MODIS, ycTaHOBNEHHOM Ha 60opTy cnyTHUKOB Aqua 1 Terra,
pagnomeTpom VIIRS co cnyTHMKa Suomi NPP.
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COBMECTHOE MCMNO/b30BaHWE TPEX CMYTHMKOBbLIX NIAT(OPM NO3BONAET MUHU-
MU3MPOBaTb MPOMYCKU NPU OLEHKM 06/1a4HON CTPYKTYPb! NONSPHBLIX Me30BUXPEN,
KOTOpbIE fOMYCKAOTCA NPU NCNO/Mb30BaHUM CUHOMTUYECKUX KapT NOrojbl U YUCNEH-
HbIX MOZeNen.

B xofe BbINoHeHWs paboTbl 6bM NOMYYeHbl LBETOCUHTE3NPOBAHHbIE CMYTHY-
KOBble U306paXKeHNs € MCNO/b30BaHWEM KaHanoB ontuyeckoro n WMK-auanasoHa.
MpeanoXeHHble METOAbI TeMaTUYeCKo 06paboTKM MO3BONAIOT ONpPefenTb CTpoe-
HWe 1 (ha3y BnarocofepxaHus obnayHol cuctemsl (Jlonyxa, depoceesa, 2018).

B pa6ote paccmaTpuBanvch MONAPHbIE ME30BUXPW 3a MEpUoS MapT - arnpesb
2017 r. n ceHTA6PL 2018 r. AN AeMOHCTpaLMK 3BONHOLMN 06/1Ta4HOR CUCTEMbI MPOU3-
BO/IbHO BblGpaH nepuog MapT—anpens 2017 T.

Mpu aHann3e CNyTHMKOBbIX M306pakeHuid 23 aBrycta 2017 r. 6bl1 06HapYXXeH
NoNsIPHBINA LMKIOH B pailoHe Kapckoro mops. Ha puc. 1nprBefeHbl LBETOCUHTE3N-
POBaHHbIE N3006paXKEHNS MOMIAPHOTO LMK/IOHA B CTaAuM MakCUMa/bHOMO pasBUTUS,
NoflyYeHHble Ha OCHOBAHWW [aHHbIX, NPUHATbLIX CEHCOpaMm CMyTHUKOB Terra n Aqua
B ONTWYeCcKOM, cpefHeM u TennoBoMm WK-amanasoHax cnektpa. OHM NO3BONAIOT
MpoaHann3npoBaTb MUKPOU3NYECKNIA COCTaB 061a4HOi cnupann. B cooTBeTCTBUM
C pa3paboTaHHOI LLIKANOoW LIBETOBLIX COOTBETCTBUIA (pUC. 2, CM. C. 87), BHYTPEHHSAA
4yacTb 061a4HOro 06pa3oBaHNA COCTOUT MPEUMYLLECTBEHHO M3 NefAHbIX KPUCTaNN0B
MaJlbIX pa3MepoB, 06pa3yHoLLmMX MAcCUB NEPUCTbIX 06/1aK0B, BHELLIHIOK YacTb 061au-
HOCTW Me30BUXPS COCTAaBNAIOT 60/bLUME NleAsHbIE KPUCTabl C BKpanieHWem Kpu-
CTasI/I0B Masioro pasmepa.

Puc. 1. MonspHbliA LMKNOH B paiioHe Kapckoro mops 24 asrycta 2017 r. 07:05 UTC.
MODIS (Terra): a —RGB-mogens A; 6 —RGB-Mogens B; 8 — RGB-mogens C

Ha puc. 3 (cm. c. 87) npeAcTaBfieH CHUMOK, BbIMOIHEHHBIA B YCNO0BUSIX HeAo-
CTATOYHOI OCBELEHHOCTM (HOYHOW CHEMKM) TOrO XXe MOMAPHOro LMK/OHA B CTaguu
3apoxaeHus 3a 23 asrycrta 21:40 UTC. bnarogapsi UCMosib30BaHWUIO MOAENN LBETO-
BOrO CMHTE3a, B KOTOPOW MPUMEHSAIOTCA KaHaslbl B fasibHell MIK-yacTu crnekTpa, BO3-
MOXHO AeLngprpoBaTb MUKPOU3NYECKIMIA COCTaB 061a4HOro 06pasoBaHus.

CornacHo pa3paboTaHHOM LUKase LBETOBbIX COOTBETCTBMWIA, MPEACTABNEHHON Ha
puc. 4 (cm. c. 87), MacCMB XOMOAHbIX U NAOTHbIX 06/1aKOB MPEUMYLLECTBEHHO CO-
CTOMT M3 KPYMHBbIX flefifiHbIX KPUCTAII0B, NPU 3TOM B €r0 BHYTPEHHEl YacTu Habso-
[AlTCA He3HAUUTENbHbIE BKpar/eHNs NepUcToin 061a4HOCTM, COCTOALLEN M3 MENKUX
NefSHbIX KPUCTaIOB.

Ha puc. 5 (cm. c. 88) npeactaBneHa nocnefoBaTefisHOCTb CMYTHUKOBLIX W30-
OGpadKeHWA pa3BUTUSA MOMSPHOrO Me30BMXps, Habnogaemoro 23-25 asrycta 2017 .
Haj, noBepxHOCTbi0 Kapckoro mMopsa. Ans aHanvM3a MUKPOMU3NYECKOro cocTaBa 06-
NayHOro maccmea 6bl NPUMEHEHbI afAUTUBHbIE LiBETOBbIE Mogenu B n 5.
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Mcnonb3oBanne MyﬂbI)KHeKTpaﬂbHOM CI'IyTHMKOBOﬁ CBHEMKM NpU aHanu3e 3BoNIOLUMN obnayHocTy...

Mogenbs A

BonbLuve negsHble
KpucTanibl

TNepsiHble KpUcTa/b
Ma/lbIX Pa3MepoB

BonbLuve kanm
BOZb!

Kannu sogp!
MasibIX pa3mepos

OkeaH

PactutenbHoCcTb

Mogens B

CHer

ManeHbKre Kannm
BOZb!

JNepsiHble obnaka
BEpPXHero spyca

3emns

OkeaH

PactutenbHoOCTb

Mogens C

TNepsHble KpUcTan b
Ma/ibiX pasmMepoB

BonbLumne nefaHble
Kpuctannel (Ci)

TeasHble KpucTanbl
MasibIx pa3mepos (Ci)

OkeaH

PactutenbHoCTb

Kannu Bosbl
Ma/ibIX pa3mepoB

Puc. 2. Tabnuubl UBETOBLIX COOTBETCTBUIA Pas3INYHbIX TUNOB I'IO,D,CTVI]'IalOLLlEVI NOBEPXHOCTN Ha
CNYTHUKOBbIX VI306pa)K6HVIFI, NONYyYEHHbIX B YC/10BUAX AHEBHOVI CbEMKM

Puc. 3. MonspHbIi LMKIOH B paiioHe Kapckoro mops 23 aerycta 2017 r. 21:40 UTC. MODIS
(Aqua): a — cnyTHMKOBOE M306paxKeHne B BUAMMOM [mana3oHe; 6 — CnyTHUKOBOE U306paxe-
Hue B janbHem VK-gnanasoHe; B —RGB-mogens

CornacHo pa3paboTaHHbIM LUKaMaM  LBETOBbIX
COOTBETCTBMI 06/71a4HOCTL ME30BUXPA B HauaibHOW
ctagnn (23.08.2017, 05:05—12:55) npenmyLLecTBEHHO
COCTOUT M3 NeAstHbIX 06/1aKOB BEPXHErO fpyca, B He-
3HAUUTENIBHOM KO/IMYECTBE MPUCYTCTBYHOT MasieHbKue
Kannu Bofbl, KOTOPbIE PacnonaratoTca Ha BHELLHEW Ya-

CTW 06/1a4HON CNpaIn.

Puvic. 4. Ta6nuua LBETOBbIX COOTBETCTBMIA Pa3fIMUHbIX TUMNOB
MOACTUNAIOLLEN MOBEPXHOCTM Ha CMYTHUKOBBLIX M306paXxe-

HNA, NONYYEHHbIX B YC/TOBUAX HOYHOWN CbEMKM

Moger 5

Kannun sonbl
(o6naka cpefHero spyca)

OkeaH

1
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B.0.Jlonyxo

23.08.2017, 16.10 UTC, Terra 23.08.2017,21.40 UTC, Aqua 24.08.2017, 00.55 UTC, Aqua 24.08.2017, 04.10 UTC, Aqua
24.08.2017, 05.50 UTC. Aqua 24.08.2017. 07.05 UTC, Terra 24.08.2017, 07.25 UTC, Aqua 24.08.2017. 08.45 UTC, Terra
24.08.2017, 15.15 UTC. Terra 24.08.2017, 20.45 UTC. Aqua 25.08.2017, 06.10 UTC, Terra 25.08.2017, 07.50 UTC, Terra

Puc. 5. MocnegoBaTenbHOCTb CMYTHUKOBbLIX M306paXKeHUI NONAPHOTO LUMKNOHa Hag Kapckum
MopeM 3a 23.08.2017-25.08.2017 (RGB-mogens B, mogens 5)
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Mcnonb3oBaHne MyanmcneKTpaanoﬁ CI'lyTHI/IKOBOM CHEMKW NpU aHann3e 3BoNLum obnayHocTy...

Mpu oueHKe (hasbl BNArocofepxaHus 061avHo CMCTEMbI ME30BUXPS B CTaaum
MaKCUMasbHOr o pa3snTus (23.08.2017, 16:10 - 24.08.2017, 08:45) 1 cTagmu 3anosHe-
Hus (24.08.2017, 15:15 - 25.08.2017, 07:50) 66111 UCNOML30BaHbl CHUMKM, MOyYeH-
Hble B TOM YMC/IE B YC/I0BMSIX HELOCTATOUYHOI OCBELLEHHOCTW. B cTagum makcumans-
HOro pas3BuTMs GoNbLUME NefsHbIE KPUCTaNSTbl U HE3HAUUTENLHOE KOMIMYECTBO Ness-
HbIX KPUC T&//I0B Ma/10ro pasmepa COCTaBNAT MAcCuB NepucTbiX 06/1akoB. Crnvpasib
06/1a4HOCTU B CTaAMM 3an0/IHEHWS COCTOMT B OCHOBHOM W3 XXUAKUX Kanesib BOAbl.
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USE THE MULTISENSORY SATELLITE DATA
FOR ANALYSIS EVOLUTION OF THE POLAR LOWS

/. 0. Lopukha

Russian State Hydrometeorology University (RSHU), Saint Petersburg, Russia

This paper denotes clouds microphysics analysis with thematic processing of multisensory images
of polar lows, which can produce serious threat to mariners and coastal interests due to rapid gen-
esis, small size and occurrence over marine surface. The dataset (MODIS Aqua/Terra, Suomi-
NPP VIIRS) was clipped between march-april 2017 and September 2018 years. The main advan-
tages of the methods proposed in this paper are a detect evolution ofthe polar lows and the capa-
bility of integration of daytime and nighttime images.

Keywords: polar mesocyclones, satellite data, Kara Sea
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NCCNEQOBAHWE MOMEXO3SMICCIAW 3BE3ﬂ,HbIX [NATYNKOB
K. M. /Tobuenko, H. A. CTpounos, H. ®. Abpamos, H. H. BpbicuH

WHCTUTYT KOCMUYECKMX nccnefoBaHuii Poccuiickoit akagemun Hayk (MK PAH), Mockaa,
Poccus

B paboTe onucaHo uccnefoBaHWe UHANKATPUCHI U3NYYEHWUA 3NeKTPOMArHUTHOIO Mons 3Bé3[-
Horo fatumka (3[) Tmna BOK3-M2 u onTtuueckoi ronoskum OF-32 m3 coctasa 3/, Tuna
MBOK3-2B. PesynbTaTbl NpoBeAEHHOI paboTbl NMOKa3biBAOT HalM4yue 3aBUCMMOCTM WHTEH-
CUBHOCTMN U3/TyYEHUS 3/1EKTPOMArHUTHbIX BOAH OT NOMOXEHUA N3MEepUTEIbHON aHTEHHbI OT-
HOCUTE/IbHO Kopryca uccnefyemoro npmubéopa.

KntoyeBble cnoBa: 3BE3AHbIA AaTYMK, 3M1EKTPOMArHMTHas COBMECTUMOCTb, MHAMKATpuca
n3nyyeHuns

BBEAEHWE

Kocmunyeckunin annapat (KA) npeacTtaBnseT Co60i CNOXHbIA KOMMIEKC U3 pa3iny-
HbIX CNY>KeBHbIX CUCTEM, TakMX Kak cucTema 00pabOTKW faHHbIX, ABUraTe/lbHbIX
YCTaHOBOK, OPWEHTAUMM W HaBWrauuu, 3HeproobecreyeHus, TepMocTabunmsaumm
n gpyrue. Kaxgas cuctema KA paspabaTtbiBaeTcs 415 BbINOMHEHWUS OnpeaenéHHoN
3a7a4n 1 BK/IKOYaeT B cebs Habop cneumann3nmpoBaHHbIX NPUBG0OPOB, HaxoAALMXCs
B OrpaHM4eHHOM 06bEMe NpocTpaHcTBa. UToObI BCe NPMO0PBI MOMN (PYHKLUOHUPO-
BaTb, He cO3/aBasd MoOMeX Apyr Apyry, BbiaBuUratoTcs TpeboBaHUA N0 3MeKTPOMarHuT-
Hoi1 coBmecTumocTn (AMC).

B pa6oTe npuBoAATCA pesy/bTaTbl UCCNEf0BAHUSA MO U3MEPEHMIO MOMEXO3MUC-
cumn 3BE3aHbIX AaTunKoB (3[), paspabaTtbiBaeMbix B UKW PAH. Kaxblii 3NeKTPOH-
HbliA 610K M3 cocTaBa 3[, Hanpumep, BTOPUYHBIA UCTOUYHUK MUTAHWUA UM Nnarta
npoueccopa, ABASETCA UCTOYHUKOM 3/1EKTPOMArHUTHbIX BOAH (OMB) ¢ 4acToTOW,
COOTBETCTBYHOLLEl TAKTOBOM YacTOTe OTAENbHbIX 31EKTPOHHBIX 3/1IEMEHTOB.

[ns aBTOpOB AaHHON paboTbl NpefCcTaBNseT MHTEPEC PasnnymMe B XapakTepax
M3nyyeHUiAi NpMOOPOB, MOCTPOEHHBLIX Ha [BYX MPUHLUMNNATLHO Pa3/INYHbIX CXEMO-
TEXHWYECKUX pelleHnsax. B yacTHOCTW, € MpUMEHeHWeM NPUEMHKKA M300paKeHUs
C aKTUBHbIM nukcenem u M3C (Npubop C 3apsAoBoON CBA3LID). Tak, NpUMeHeHMue
npuémHuka n3obpaxeHns tuna M3C npegnonaraeT HaaMume UCTOYHUKA MUTAHUA
C HECKONbKMMW HOMUHaNaMMN BbIXOAHOrO HanpshkKeHus, peasim3auuio cXem CABMra
3apsioB, aHas0roBo-LuMgpoBoro npeobpasosarens U T.n. Torga Kak B NPUEMHUKe
C aKTUBHBIM MUKCENEM Y)XXe MHTErpupoBaHbl HeobXxoauMble Ans paboTsl y3nbl. C apy-
roil CTOPOHbI, TaKTOBasi YacToTa MPMEMHUKA C aKTMBHBLIM MUKCENEM, KakK MpaBu-
N0, HAMHOrO BblILLe, YeM B cxeMax ¢ M3C, YTO He MOXET He 0TPa3nUTLCA Ha CreKkTpe
amuccun SMB.

Takke NpoBeAEHHOE McCneoBaHKe ObINo HanpaBAeHo Ha U3YYeHWe MHANKATPK-
Cbl n3nyyeHns SMB B guanasoHe yactoT oT 140 300 MI'y. B npouecce nsmepeHus
nccnegyemblii Nproop MOBOPAYMBA/ICS BOKPYT COGCTBEHHBIX OCEA OTHOCUTEIbHO U3-
MEpPUTENbHBIX aHTeHH ¢ warom 30°. TofyyYeHHble pesy/bTaTbl MOCAYXXUIN OCHOBO
AN aHann3a KOHCTPYKuun 3/, ¢ Touku 3peHns SMC.

Jto64eHKO KoHCcTaHTUH MaBnoBuy —uHXeHep, kostya2154@gmail.com
Crpowios Hukonaii AnekcaHapoBUY —Hay4Hblli COTPYAHNUK

AbpamoB Hukonaii ®pefepuKoBUY — MHXEHEP

BpbicvH Hrkonait HWkonaeBny —HayuHblii COTPYAHWK, KaHA. TEXH. HayK
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VccnepoBaHve NoMexo3muccun 3BE3HbIX faT4NKOB
NoAroToBKA K NMPOBEAEHNIO NCCNEAOBAHNA

M3mepeHnsam noaeeprannce o6pasuybl 3/, Asyx cepuit: BO3K-M2 n Or-32. Cepuu
nccnesyembix NpubopoB CUNLHO OTAIMYAKOTCA APYT OT Apyra KOHCTPYKTUBHO, NO CO-
CTaBY 3MEKTPUYECKMX KOMMOHEHTOB, MO BUAAM BHELLUHWX WHTEP(eicoB AaHHbIX
1 cNocoby PYHKLUOHMPOBaHNS.

3BE3aHbINA faTunk TMna BOK3-M2, npeacTaBneHHbIn Ha puc. 1, ABnseTcs non-
HOLEHHbIM 3/l CO CNOXHOW 3M1eKTPUYECKON CXEMO, COCTOSLLEA U3 ChedyroLmx
6/710KOB: BTOPMYHbLIA UCTOYHUK NUTaHWUA, NaaTa npoueccopa, MOAY/b BUAEOTPaKTa.
Kaxablil 13 aTux 6/10KOB BK/IKOYAET MHOXECTBO 3/1EMEHTOB, paboTatoLLmX ¢ pa3nuny-
HOI TaKTOBOW 4aCTOTOW M CO3AAtOLLMX 3MEKTPOMArHMTHOE None B AnanasoHe pabo-
ymx 4yactoT. C BHEWHUMU npubopaMn B3aMMOAENCTBYET Mo uHTepgeiicam MKO
FOCT P 52070-2003. ®oTonpuémHoe yctpoiicteo (PI1Y) B gaHHOM 3 /] peann3oBaHo
Ha M3C-martpuLe.

Puc. 1. 3B&3aHblil gaTumk Tna bOK3-M2

3BE3aHbIA gaTumk cepumn O-32 SBNSETCS ONTUYECKON roN0BKOW M3 cocTaBa 3[4
TMna MBOKS3-2B, npeactaBneHHOro Ha puc. 2 (cMm. ¢. 92), KOTOpbI UMeeT B CO-
CTaBe [jBe ONTUYECKMe roNoBKM N 610K 06paboTKM aaHHbIX (BOL). MNonoska Ol-32
npegHasHayeHa N8 NoMyyeHWUs U306paKeHWn yyacTka HebeCHOW cdepbl U UMeeT
B COCTaBe MOLY/NM NUTaHMA U BUaeoTpakTa. O6paboTKa M306padKeHMA, NOMyYaeMbIX
npu nomowm Ol-32, ocyuectensercsa B 6O/, u3 coctasa MBOK3-2B. B OI-32 oIy
NMOCTPOEHO Ha OCHOBE MPUEMHMKA N300PaXKEHUA C aKTUBHBIM MUKCENEM.
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K. MMio6uenko v ap.

Puc. 2. 3B&3aHbIN gaTunk Tna MBOK3-2B

MockonbKy 60/bLIAsA YacTb 3MEKTPUYECKMX 3MeMEHTOB B o6oux 3[ paboTaet
B AnanasoHe yactoT oT 140 300 MI'u, 66110 NPUHATO peLleHre NPOBOAUTL U3Mepe-
HWSA B 3TOM [Marna3oHe.

Mepes HayasoM MccnefoBaHUA NpoBefeHa paboTa no BbIGOPY BPeMeHU Hako-
nneHnsl, Hanbosee NOSHO OMUCHIBAIOLLETO PeaibHYH0 KapTUHY M3nydeHus. Ha puc. 3a
NpuBeAEH rpaguk Npu BpeMeHN HakonjeHus, paBHOM 20 MC, KOTOPOe SBNSeTCS pe-
KOMeHyeMbIM 15 BbIGPaHHOr0 Arana3oHa vyacToT B COOTBETCTBUM C PYKOBOACTBOM
Mo 3KcnayaTauyn Ha aHanm3aTop cnektpa. ['paduk, NonyYeHHbIA NPy BpeMeHN Ha-
KOMN/IEHNs, OXBaTbIBAOLLEM MOMHbIA LMK paboTbl NpnMbopa, paBHbIA 1c¢, NpuBeaéH
Ha puc. 36. Mpy NpoBefeHUN UCCNeA0BaHWS UCNO/b30Ba/IOCh BPEMS HAKOMIEHUS,
paBHOe 1c. B uensix cokpalleHus AAMTebHOCTU NPOBeAEHMS USMEPEHWIA BbIIo Npu-
HATO peLUeHue BbIGPaTb MaKCUMaSbHO BO3MOXHOE 3HAYeHMe NooCkl NPonycKaHus
thunbTpa, paBHoe 1 MITL, koTopomy yaosneTBopseT war 400 KIu.

a 6

Puc. 3. iamepeHne anektpuyeckoro nsnyyeHusa 3 npu nonoce nponyckaHns 1MrIy n pas-
NINYHOM BpemeHU HakonneHus: a—20 mc; 6 — 1c¢
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ViccnenoBaHne nomMexoamMuccum 38E34HbIX AaTynkos

Bo Bpems M3MepeHUs HanpsXKEHHOCTU 3/eKTpMYeckoro nona 34, u nsmepu-
TenbHas aHTeHHa (A.H. Systems SAS-550-2B nnn R&S HK116E) 6binv pasMeLleHbl
B 9KpaHMPOBaHHOW koMHate. datunk BOK3-M2 MOHTMpOBanca Ha TPEXOCHYHO Mo-
BOPOTHYt0 nnatchopmy (TTIM), KoTopas ycTaHaBIMBaNaCh Ha AM3NEKTPUYECKYHO NOA-
NOXKY, pa3MeLlEHHY0 Ha CToMe C 3a3eMAstoLleid nnockoctbio. Kopnyc 34, T,
N aHTeHHa Tuna A. H. Systems SAS-550-2B NnoTHO MOAKMOYANNCh K 06LLEH LiKHe
3a3eM/eHUs B LieNsX M36aBneHnst 0T HaBeAEHHbIX TOKOB U AOCTUKEHWS HanbobLUel
YMCTOTbI M3MepeHUii. 3amepnTebHas aHTEHHA yCTaHaB/IMBaNach Ha paccTosHUN 1m
oT 3/, 1 Np¥ NOMOLLM CreLnanbHOro 3KPaHMPOBaHHOIO KoakcUasibHOro Kabens noj-
KoYanacb K m3MeputensHoMmy npuémHnky R&S ESCS30, pacrnonoXeHHOMY B No-
MELLEHUN, CMEXXHOM C 3KpaHupoBaHHbIM. CpefcTsa ynpasnieHnsa TIT, KOHTpONb-
HO-McMbITaTeNbHas annapatypa 3/, ycTpoiicTBo nuTaHua 3[, Takxe pacrnonaranucb
B CMEXHbIX C 3KPaHWPOBaHHON KOMHATaX 1 He OKa3blBaIu BO3AENCTBUSA Ha pe3ynbTa-
Thl U3MEPEHNIA.

N3MEPEHVE MHONKATPUCCHI N3NTYYEHNA BOK3-M2

[na npoBeaeHnsa nccnenoBaHna MHAMKaTpuchl nanydenns 34 tuna BOK3-M2 6bina
cobpaHa cxema, NnpuBeLéHHas Ha puc. 4.

OKpaHMpoBaHHOe MoMmeLLeHmne CMexxHoe nomeLeHve 2

CpeacTBO ynpasneHus
Tnn
=220 8

CMexxHoe nomelleHve 1
com 10A

\
M3mepuTensHas
aHTeHHa

Puc. 4. Cxema n3mepeHua nHgnkarpucol nsnyvyeHnsa bOK3-M2

MutaHne BOK3-M2 ocyLlecTBnsanocb OT XMMWMYECKOro MCTOYHMKA 3Heprum,
npesCTaB/NeHHOr0 akKKyMynsaTopamm.

Mepesn nposegeHneM unsmepeHuit BOK3-M2 3anyckanca B pexuM fiokanusa-
LMK NpU MOMOLLM CrieumasibHOro nporpaMmHoro obecnedeHuns (CMO), a nnatgopma
npuHMMana Heobxoaumoe nosnoxeHve npu nomolwm CroO TrM. Takxe CTOMT OT-
MEeTWTb, 4YTO BO BpemMs NpoBeaeHUs nsmepeHus TN BbikNtoYanack, YTobbl He cO34a-
BaTb JOMNO/IHUTENbHbLIX MOMEX, & NOC/e NPOBEAEHUA U3MEPEHNS 3aHOBO BK/HOYAIach
N NpuHMMana Tpebyemoe nonoxeHue. Mpnoop BEOK3-M2, CMOHTMPOBaHHbIA Ha
TMM npeacTaBneH Ha puc. 5 (cm. c. 94).

Mpu npoBeAeHUN U3MEPEHUS UHANKATPUCHI U3/TYUYEHNS TOPU3OHTA/ILHO pacno-
noxexnHoro 3, BOK3-M2 gsuranca OT MOJMIOXEHWS NMEPBOTO U3MEPEHUS, YCIOBHO
NPUHATOroO Kak MMHyc 90° (puc. 6a, cMm. . 94) ¢ warom 30° yepe3 Touky 0° (puc. 66)
K TOYKE 3aK/HUNTeNbHOro n3mepeHus 90° (puc. 6s).
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Puc. 5. BOK3-M2, ropn3oHTanbHO pacnofioKeHHbIn Ha TN

N3meputenbHas M3meputensHan N3meputenbHas
aHTeHHa aHTeHHa aHTeHHa
a 6 B

Puc. 6. MonoxeHne n3mMepeHnsa HanpsHKEHHOCTU 3N1EKTPUYECKOro Nons,
ropu30HTaNbHO pacnonoxeHHoro BOK3-M2: a —muHyc 90°; 6 — 0°; B — 90°

Pe3ynbTaTOM MPOBEAEHHLIX WM3MEPEHUI CTanu rpaduku 3aBUCUMOCTU Hamps-
YKEHHOCTW MOMA OT YacTOTbl NMPU KaXLOM NonoXkeHun bOK3-M2 0THOCUTENLHO U3-
MepUTEeNbHOW aHTEHHBI, JaHHbIe MPeACTaB/EHbI Ha pyC. 7 (CM. C. 95).

Kak BUAHO Ha puC. 7, aneKTpoMarH1THas o6ctaHoBka (3MO) nMeeT [0BOSILHO
HU3KWIA YPOBEHb NO CPaBHEHMWIO C pe3y/ibTaTaMu U3MepPeHUiA N He OKa3blBaeT BNA-
HMA Ha pe3yNbTaTbl M3MePEHWIA, 3a UCKOYeHMeM yyacTka oT 30 4o 40 MI'y. CneayeT
OTMETUTb, YTO HabnofaeTcsd HeKoTopas HepaBHOMEPHOCTb B 3aBWCUMMOCTM OT MO-
noxkeHns bBOK3-M2, a MakCManbHbIil YPOBEHb M3yUYeHMs1 COCPeJOTOUYEH B AMana-
30He 0oT 16 go 19 MI'u. Han6onblinii ypoBeHb M3/y4YeHWs1 COCPeOTOUEH B AManaso-
He yacToT OoT 13 go 30 MI'u. VIHAMKATPUChl N3MEPEHUS U3/TyYEHUS TOPU3OHTASIbHO
pacnonoxeHHoro bOK3-M2, npeacTasnsioLiMe HanbonbLLUNA MHTepeC, NPUBELEHbI
Ha puc. 8 (cm. c. 95).
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1 5 9 13 17 21 25 29 37 47 57 67 77 87 97 114 134 154 174 194 214 234 254 274 294
YacTtoTta, Mly

Puc. 7. T'patmK MHANKATPUCHI N31YUYEHUS TOPU3OHTANBLHO pacnonoXxeHHoro 6OK3-M2

Puc. 8. HgukaTpucel nsnyyenms BOK3- M2, pacnofioXxeHHoro
rOpPV30HTaNbHO, NPU BIGOPKE YacToT
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Kak BMAHO Ha puc. 8, u3ny4yeHune B AnanasoHe 4acToT oT 16 o 19 MI'u asnset-
CS NPaKTUYEeCKN paBHOMEPHbIM, HO 60/bLLIAs ero 4acTb MAET CO CTOPOHbI MUHYC 90°.
MpefnonoXnTeNbHbIM UCTOYHUKOM AaHHOTO WM3MyYeHUs ABNSETCA MOLY/b npoLec-
copa. B gnanasoHe yactotr 0T138015M I U, HabNHOAAETCA CXOXUIA XapaKTep U3nyue-
HUA, TONbKO CMELLEHHbIV K NonoXeHnto 90°. HanpaBneHHOe n3nyyeHne HabnrgaeT-
¢ npu nonoxkeHuu 0° B AnanasoHe 4acToT OT 242 1o 254 MITy, 1 NpeAnoioXKUTeNbHO
NCXOAMT CO CTOPOHbI 06bEKTMBA.

Cnegytolwmm atanoM 6b110 NpoBefjeHWe UCNbITaHUA N0 U3MEPEHUD WHAMKA-
TpUcbl nsnyyeHuna 3/, pacrnonoXeHHOro nog yrnom 45° K ropusoHTy. PesynbTarhl
M3MEPEHNIA OblM aHANOrMYHbI MOMYYEHHbIM NPU U3MEPEHUWN WHAMKATPUCHI rO-
PU30HTabHO pacnonoeHHoro bBOK3-M2. MakcuMabHbIA YPOBEHb U3/TyHYeHUs
TakXKe Kak v npuv nepsoM U3MepeHUn cocpefoToYeH B AmanasoHe ot 16 go 19 MIu,.
HanbonbLunii ypoBeHb U3MTyUeHNs COCPEA0TOUEH B AnanasoHe YacToT oT 1340 30 My,

Mpu NpoBefeHUM N3MepPeEHNs MHANKATPUCHI U3TyYeHUS BEPTUKA/IbHO Pacnoso-
eHHoro 3, BOK3-M2 Bpatuancs Ha 360° BOKpYr COGCTBEHHOIA OCK OT MOMIOXKEHUS
NepBoOro M3MepeHus, YC0BHO NPUHATOro kak 0° (puc. 9a), NPOTMB YaCcOBO CTPENKK
¢ warom 30° Yepe3 NpomexyTouHble Touku 90,180,270° (puc. 96—).

Pe3ynbTaTOM MPOBEAEHHbIX M3MEPEHMIA CTanu rpatiMkKmy 3aBUCUMOCTM HaMpPSHXKEH-
HOCTW 3N1eKTPUYECKOrO MOoJA OT YacTOThl NPU Kaxkaom nonoxeHun bOK3-M2 oTHo-
CUTENbHO U3MEPUTENbHON aHTeHHbI. Toroeble fjaHHbIe NpescTaBneHsbl Ha puc. 10.

N3meputenbHasn N3meputenbHas N3mepuTenbHasn N3mepuTtensHas
aHTeHHa aHTeHHa aHTeHHa aHTeHHa

a 6 B r

Puvic. 9. MonoxeHue navepeHns HanpsXXKEHHOCTM MO BEPTUKANbHO
pacnonoxeHHoro 6OK3-M2: a —0°; 6 — 90°; B — 180°; r —270°
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Puc. 10. Fpaduk nHAMKATPUCHI M3NyYeHNs BEPTUKaNIbHO pacnosioXeHHoro 6OK3-M2
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ViccnefioBaHue NOMEXo3MUCCUN 3BE3AHbIX AaTYMKOB

il €

Puc. 11. IHAMKaTpUChI N31yYeHNa BepTUKA/IbLHO
pacnonoxeHHoro BOK3-M2 npu BbIGopke YacToT
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MonyyeHHble faHHble OT/IMYAKOTCH OT Pe3y/bTaToB MpeAblayLmMx U3MepeHUit
HanbonblUeid HepaBHOMEPHOCTLIO WMHAMKATPUCHI M3ydYeHus. MakcumasibHbIA ypo-
BeHb M3NIyYeHMS TaKXXe KakK U Mpu NpeblgyLwimnx U3mMepeHnsax CoCpefoToueH B Auna-
nasoHe oT 16 4o 19 MI'u. Han6onblinii ypoBEHb N3NYYEHNS HAXOAUTCS B AMana3oHe
oT 540 37 MI'y. SneKkTpomarH1THasi 06CTaHOBKAa BO BCEM pacCMaTpvBaeMoM guana-
30He YacTOT MMeeT A0CTaTOYHO HU3KMIA YPOBEHb U HE OKa3bIBaEeT BIMAHNS Ha Pe3y/ib-
TaTbl U3MepeHuid. [ns 6onee AeTaNbHOrO aHaiM3a MOyYeHHbIX AaHHbIX Oblan No-
CTPOEHbI MHANKATPUCHI HaMB0/ee MHTEPECHBIX YaCTOTHbLIX YYaCTKOB M3MEPEHUs 13-
Jly4yeHuns BepTUKaSIbHO pacnonioxxeHHoro bOK3-M2, koTopble npusegeHbl Ha puc. 11
(cm. c. 97).

Ha nHgukaTpucax, npeacTaBneHHbIX Ha puc. 11, HabnoaaeTca sBHas HepaBHO-
MEpPHOCTb B 3aBUCUMOCTW OT pacnosioxkeHnss BOK3-M2 0THOCUTENBHO U3MepUTENb-
HOI aHTeHHbI. 3nyyeHue B ananasoHe oT 8 oo 11 MIy nmMeeT HanbonbLUMe 3HaYe-
HMS B Anana3oHe ot 210 4o 330° 1, NpeanonoXUTeNbHO, CBSA3aHO ¢ pPaboToin Moayns
BugeoTpakra. MsnyyeHue B AuanasoHe yactoT ot 16 go 19 My, Kak 1 B AnanasoHe
0T 21 00 24 M, 60oNbLLUER YaCTbi NAET CO CTOPOHBI 6/10Ka 3N1IEKTPOHMKMN.

M3MEPEHUE MHANKATPUCCbHI N3NYYEHWA Or-32

[na npoBeaeHns nccnefoBaHnsa MHANKATPUCHI M3nyyveHns Ol-32 6bina cobpaHa cxe-
Ma, npuBeaéHHaa Ha puc. 12.

Puc. 12. Cxema n3mepeHus nHankaTpucel nsnyyeHus Or-32

Kak BugHo Ha puc. 13 (cm. c. 99), OF-32 ycTaHaBiMBanacb B MOMELLEHUN
3KPaHMPOBAHHOI Kamepbl Ha [AM3NEKTPUYECKYHD MOAJIOKKY U 3a3eMAsfacb, HO
He MOHTMpoBasiack Ha TIIM, Kak 3To 6b110 B cydae ¢ BOK3-M2. 310 06ycnosneHo
TEM, YTO Ha OCHOBAHWM Pe3y/bTaToB M3MEPEHUIA AuarpaMMbl HanpaB/eHHOCTU M3MTy-
yeHns BOK3-M2 Hanbonbluas eé HepaBHOMEPHOCTb Habnodanack Npu BpaweHun
nccnesyemoro npubopa, 0OTHOCUTENBHO U3MEPUTENBHOW aHTEHHbI, BOKPYT ero onTu-
yeckoii ocu. MuTaHne Ha BO/, Hanps>keHWem 27 B, nogaBanock 0T XMMUYECKOr0 UC-
TOYHWUKA SHEPTUK, MPeLCTaBNeHHOrO aKKyMyIaTopaMu.

Mockonbky B coctaB OIM-32 He BXOAWT Takoe GO0/bLLIOE KOIMYECTBO 3/1EKTPOH-
HbIX Y3/10B, KaKk B BOK3-M2, 6bIf10 NPUHATO pelleHne MaKCMMalbHO BO3MOXHbIM
06pa3oM UCKNIOUUTL BAMSIHUE Kabenein Ha pe3ynbTaT u3MepeHus. Ansa atoro B OM-32
6blna 3anucaHa LMKNorpaMma, no KOTOpoW nNpu nojaye NUTaHUs OHa HauMHana pa-
60TaTh B LUTATHOM PeXmMe.
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ViccnefioBaHue NOMEXo3MUCCUN 3BE3AHbIX AATYMKOB

Puc. 13. OnTuyeckas ronoska Ol-32 npu u3amepeHnn MHANKATPUCHI N3yYeHNs

Mpu npoBegeHNN faHHOro usMepeHns OI-32 Bpawanca Ha 360° BOKpYr CBO-
el ONTMYECKOI OCK OT MOMOXKEHUS NEPBOr0 N3MEPEHMS, YC/TOBHO MPUHATOrO Kak 0°
(pvic. 14a), npoTMB YacoBOW CTPenkKM ¢ warom 30° Yyepe3 NPOMEXYTOUHbIe TOUKKN 90,
180, 270° (puc. 145-r).

Puc. 14. Toukun n3mepeHns HanpsXXEHHOCTU 3NEKTPUYECKOr0 Mos BEPTUKaNbHO
pacnonoxeHHoi Ol-32, nonoxexue: a — 0°; 6 — 90°; B — 180°; r —270°

Pe3ynbTaTOM MPOBEAEHHBLIX M3MEPeHWii CTanu rpagki 3aBUCUMOCTU Hanps-
YKEHHOCTW NOAS OT YaCTOThI MPU KaXKAOM MofioXkeHnn OIM-32 0THOCUTENbHO N3MepU-
TeNbHOW aHTeHHbI. MITOroBble AaHHbIe NpeAcTaBneHsl Ha puc. 15 (puc. ¢. 100).

Kak BuaHo Ha puc. 15, 3MO nMeeT J0BO/IbHO HU3KWIA YPOBEHb MO CPaBHEHMIO
C n3nyyeHmem Ol-32 1 He OKa3bIBaET BANAHUS Ha pe3y/bTaTbl U3MEPEHUIA 38 UCKHO-
YyeHmeMm yyacTka oT 29 go 33 MI'u. CnegyeT oTMeTUTb, YTO HabngaeTca HeKoTopas
HepaBHOMEPHOCTb B MHTEHCMBHOCTU U3/ydeHUs OT nonoxeHus OI-32. OCHOBHble
MaKCUMyMbl 1 HaMBO/bLLIWIA YPOBEHb M3TyHYEHNUs! COCPESOTOYEH B fMana3oHe YacToT
ot 14 no 29 MI'y. CTOUT OTMETUTb, YTO MO CPABHEHMIO C MaKCUMaSIbHbIM YPOBHEM
n3nyyeHnss BOK3-M2, nonyyeHHbIM NPU aHaNOMMUYHOM U3MEPEHUN, MaKCUMaIbHbINA
ypoBeHb 13nydeHns Ol-32 aBnsetca 6onee y3KononocHbIM. AuarpaMMbl HanpasneH-
HOCTU M3MEPEHMNSI U3/TyYeHMs BEPTUKANbHO pacrnonoXeHHo OI-32, npeAcTaBnsto-

LMe HanboNblUWiA UHTepeC, NpuBefeHbl Ha puc. 16 (cM. c. 100—101) B BUAe Kpyro-
BbIX UarpaMm.
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Puc. 15. I'pathmK MHAMKATPUCHI N3yYeHWs BEPTUKaNbHO PacrnoioXeHHoi Orr-32

180 180
a 6

180 180
B r

Puc. 16a—F. HamKaTpuca UsfyyeHns BepTUKaIbHO
pacnonoxeHHoi OIM-32 npu BbI6OPKe YacToT
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F=27MTu F=50MTIuy

Puc. 16g—. NHpukaTpuca n3nyyeHns BEPTUKaILHO
pacnonoxeHHoi Ol-32 npu BbIGOPKe YacToT

Kak BMAHO Ha puc. 166—F, Hambosbllad 4acTb W3/y4YeHMs Ha 4vactotax 8,7;
15,6 n 20,3 MI'y, cocpenoToyeHa B HanpasneHmn 180°. Takum 06pa3oM, HamnpsHKEH-
HOCTb NONS, U31y4aemMoro B 3TOM HanpasfieHuW, Gosblie cpefHein HanpsXXEHHOCTK
nons, 6e3 yuéta OMO, npu ocTabHbIX NONOXEHNAX B 1,5 pa3a Ha YacToTe 8,7 MU,
B 2,4 pa3a Ha yactoTe 15,6 MI'y v B 8 pa3 Ha yacToTe 20,3 MI'U. MpeanonoxnTensHo,
MCTOYHMKOM WM3NTyUYEHUS HA JaHHbIX YacTOTaX MOXET ObITb Kabenb Unu CTbIK Kabens
C pa3bémom Ha Or-32.

CPABHEHVE NHOAWKATPNCCbHI N3TYYEHNA BOK3-M2 U OI-32

Mpy NpoBefeHUN BbILLEONMUCAHHLIX U3MEpPEeHUIA Bblna onpefeneHa HanpasneHHOCTb
n3nydyenma bOK3-M2 n Or-32. CnefytoLMm LLArom ctano CpaBHEHME UX UHAMKa-
TPUC M3NYYeHNs Mexay coboii. MepBbIM AenoM 6bIN0 peLleHo NPOU3BECTU CpaBHeEHe
B TOYKE C MakKCUMalbHbIM YPOBHEM HanpPAXEHHOCTU MONA Yy KaXKAoro u3 uccnepye-
MbIX MPUOOPOB, YTO MpeACTaBIeHO Ha puc. 17.

+b0OK3-M2 17,4 My — Or-32 15,6 My,

Puc. 17. CpaBHeHue nHgmkatpuc nsnyyedmnsd 6OK3-M2 n Orr-32.
101



K., Nlto64enko v gp.

MakcrManbHbIN ypoBeHb HanpsXXEHHOCTU Nons, m3nydvaemoro bOK3-M2, co-
CpefoToYeH Ha vactote 17,4 My n coctaBnset 15 118 MkB/m, ay OlM-32 — Ha va-
crote 15,6 My u coctaBnseT 1267 mkB/m. OTclofa cnegyet, 4To MakCUMasbHbIiA
YPOBEHb HaNpPsHKEHHOCTU nons, usnyvaemoro BOK3-M2, B 12 pa3 60/blue Mak-
CUMaNbHOro YpPOBHSA M3nyuyeHUss Ol-32. MWHMManbHbIA XXe YPOBEHb W3y4YeHMs
BOK3-M2 Ha uacToTe 17,4 MI'U B 4 pa3a 60/blle MaKCUMa/bHOIO YPOBHA W3y-
YyeHusa Ol-32. 310 cBA3aHO ¢ Tem, yTo BOK3-M2 fBnfeTCA NONHOLEHHbIM 3BE3A-
HbIM AaTYMKOM ¥ B OTANUMK OT OI-32 BbINONHSAET He TONbKO (DYHKLMIO CbEMKU, HO
1 MHOXECTBO ApyruX. B fanbHelieM niaHUpyeTcs NpoBefeHre U3MepeHnidi MHANKa-
Tpucbl n3nyyveHns MBOK3-2B B cbope, No pe3ynbTaTaM KOTOPbIX MOXHO 6yaeT npo-
M3BECTW MOJSIHOLLEHHOE CPaBHeHWe WHAMKATPUC U3ny4deHus 3[, vMelowmx pasnmy-
HYO0 KOH(DMTYpaumio 1 TN NPUEMHMKA N306paKEHUS.

BbIBO/AbI

Ha ocHoBaHWMY NPoBEAEHHOT0 UCCIELOBAHMA MOXHO CLENATb ClIELYHOLLYE BbIBOADI.

* uccnefoBaHHbIe NPUMOOPLI YA0BMETBOPAIOT TPEOGOBAHMSAM TEXHUYECKOTO 33jaHUS;

o [N nonyydeHus 6onee AeTaNbHbIX Pe3yNbTaToB HY)XHO NPOBECTW AOMNOJHU-
Te/IbHble UCCMeL0BaHNS;

* HECUMMMETPUYHOCTb M3NTyveHns npuoopa BOK3-M2 Bbl3BaHa €ro KOHCTPYK-
TUBHbLIMW 0COOEHHOCTSIMM, B YACTHOCTMW, KOMMOHOBKO 3/1eKTPOHHbIX Y3/10B;

* npumepHo 80 % n3nyveHns BOK3-M2 Haxogurcs B fmanasoHe oT 540 37 My,

e MaKCUMasbHbIA ypoBeHb M3nyyeHus BOK3-M2 cocpegoToueH B AmanasoHe
oT 1680 19 MI'U, NOoTeHLMa/IbHBIM MCTOYHVMKOM AB/IAETCA MOZY/Tb MPOLLECCOPa;

* un3nyyeHne bOK3-M2 B ArnanasoHe o1 242 fo 254 MI'U, NpeLnonoXnTesbHO,
MCXOAWT OT MOAYNSA BULEOTPaKTa Yepes 06bEKTUB;

e MaKCUMa/bHbI YpoBeHb M3yueHns OI-32 HabtoAaeTCs CO CTOPOHbI Pa3bEMOB,
NPeAnoNOXUTENbHLIM UCTOYHUKOM ABNAETCA Kabeslb UK CThIK C Pa3bEMOM,;

e MaKCMMaJlbHbI1 YpoBeHb U3nyyeHnst OM-32 B 12 pa3 MeHbLLe MaKCUMasibHOro
YPOBHS n3nyyeHns bOK3-M2.

THE STUDY OF EMERGENCY EMISSION OF STAR TRACKERS
K. P Lyubchenko, N.A. Stroilov, N. F Abramov, BrysinN. N.

Space Research Institute of the Russian Academy of Sciences (IKI), Moscow, Russia

The paper describes the study of the radiation indicatrix of the electromagnetic field of the
BOKZ-M2 type star tracker and OG-32 optical head from the MBOKZ-2B type star tracker.
The results of the study show the presence of the dependence of the electromagnetic radiation
intensity on the position ofthe measuring antenna relative to the star tracker’s body.
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OLIEHKA BKNIAZA TPOTOHOB COMHEYHBIX KOCMWYECKIX NYYEN

B CKOPOCTb WOHW3ALMW BELLECTBA ATMOC®EPbI 3EM/TN 1 CPABHEHWE
PACYETHBIX BbICOTHbIX NPOOUNEN C IKCMEPMMEHTA/IbHBIMY
JAHHBIMW 014 CNYYAEB BbICOKOW COTHEYHOW AKTUBHOCTW

E. A Maypues, A. B. FepmaHeHKo, E. A. Muxanko, 0. B. Bana6uH, b. b. F'B03/eBCKuii

MonsipHbIA reogusnyecknin MHcTUTyT (MFA), Anatutsl, Poccus

Bo Bpema Bcnbiwek ConHLUe cnocoBHO reHepupoBaTth MPOTOHbLI C SHEPTUAMM, LOCTUTAIOLLN-
MW JEeCATKOB I1rasneKTPOHBONBT U MAOTHOCTBIO MOTOKA, 60NbLIUM MO 3HAYEHUIO ANA ITUX XKe
YacTuL, B ranakTuyeckux Kocmmuueckmx nydax (KJ1) Ha HeckonbKo rnopsAkos. Ecnum 3atu con-
HeuyHble KJ1 HanpaB/fieHbl B CTOPOHY 3eM/IM 1 [OCTUTAIOT eé aTMOoCdepbl, TO Ha3eMHbIe fieTek-
TOpbl peructpupytoT cobeitne GLE (Ground level enhancement), KoTopoe BblpaxaeTcs B Cy-
LLLeCTBEHHOM BO3pacTaHUM YpoBHS paguaumn. CBA3aHo 3TO C YBENMYEHWUEM MEPesadmn aHeprum
KakK Ha HoBoobGpa3oBaHue B BepxHUX cnosix atmocdepbl 3emnu (o1 ~30 o 80 kM), TakK U Ha Ka-
CKafiHble NpoLecchl, BO3HMKatoLWw e B 06nacTv Hke 30 kM. B npeactaBneHHol paboTe paccma-
TPVBAETCA UCMOJIb30BaHME YNCTIEHHOTO MOZE/IMPOBAHNSA MPOXOXAEHNS NMePBUYHBIX NPOTOHOB
COoMHeYHbIX KJ1 yepes BellecTBO aTMOCHepbl 471 NPOBEAEHUA KOIMYECTBEHHOMN OLLeHKN CTene-
HW BO3pacTaHMsA CKOPOCTU MOHWU3aLUW B CPaBHEHUWN CO BPEMEHEM, KOrAa B NEPBMYHOM MOTO-
Ke NPUCYTCTBYIOT YaCcTULbl TOMBKO ranakTnyecknx KJl. B KayecTBe TEXHUYECKON 0COBEHHOCTH
MOXHO BbIfIe/INTb, YTO BXOAHble MapameTpbl B BUAE CMEKTPaIbHbIX XapaKTEPUCTUK MONYYEHbI
nyTéMm 06paboTKM faHHbIX CETU CTaHLMWIA HEMTPOHHbIX MOHUTOPOB MO YHUKANbHON MeTOAMKe,
pa3paboTaHHON rpynnoii y4éHbix MonspHOro reoM3nMyeckoro MHCTUTyTa. Bece npuBeféHHbIE
B paboTe pacyéTbl BbICOTHbIX MPOGUIENA BbINOAHEHbI NPX NOMOLLY NPOrPaMMHOr0 KOMM/IEKCca
RUSCOSMICS, ocHOBaHHOr0 Ha fi3blke nporpammupoBaHns GEANT4, kpynHeiiwem B mupe
Habope knaccoB f3bika C++, mpefHa3Ha4YeHHbIX 411 MOAENNPOBAHWUA B3auMOLencTBua ya-
cTuy,. [ns u3MepeHns MOTOKOB yacTuy BTOpUYHbIX KJ1 B aTMOC(hepe Ha BbICOTaxX OT YPOBHSA
3eM/IM 4O CTpaToCMepbl UCMOMb3YHOTCA Lapbl-30HAbI C YCTAHOBMEHHBIMU HA HUX CHETYMKAMU
leiirepa. Ha NpoTsXXEHUN HECKONbKMX LeCATKOB NleT TakoM 3KCNepUMeHT NpOBOAMUT rpynna
YUY€HbIX 13 PN3NYECKOro UHCTUTYTa AKafeMny HaykK, 6rarogapa 4emy Ha cerofHa uMmeercs ob-
WnpHas 6a3a BbICOTHbIX 3aBUCUMOCTEW CKOPOCTU CYéTa, B TOM 4uUC/e U ANs MepumoaoB, COOT-
BETCTBYHOLLMX COOLITUAM BO3pacTaHUA YpoBHsA pagnaumm GLE. Takue faHHble ABNAOTCA XO-
POLINM MHCTPYMEHTOM A1 NPOBefeHNs BEPUGMKaLUN BblYACIEHWNI MPOXOXAEHNA NPOTOHOB
KJ1 uepes aTtmocthepy 3emMnun v OLEHKU UX BANAHUA Ha CKOPOCTb MOHOOOpa3oBaHWsA MO BCEM
BbicoTam 0T 0 4o 80 kM. B npeacTaBneHHol paboTe NPMBOANTCA CPaBHEHME TakMX PAAOB JKC-
NneprMeHTaNbHbIX AaHHbIX, COOTBETCTBYIOLMX Pa3HbIM Cly4YasM BbICOKOW CONHEYHOW aKTuB-
HOCTW C MoNy4YeHHbIMK NyTéM MogennpoBaHua Ha RUSCOSMICS pesynbTatamu.

Kntouesble cnosa: noHu3aums, metod MoHTe-Kap/io, YncneHHoe MogennposaHmne, KOCMu-
Yyeckue nyumn, HU3NKa 4acTul, LEeTeKTOPbl KOPMYCKYNAPHOIo U3NyyYeHus, MUKPOKOHTPONep-
Has TexHuKa
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E.A. Maypuee u ap.
BBEOEHWE

B MonspHoM reodu3NyeckoM WHCTUTYTE MNPOBOAATCH MOLE/NbHbIE 3KCMEepPUMEH-
Tbl MO pacyéTy npoxoxgeHus vactuy, KJ1 yepes atmocgepy 3emnun. [ns 3Toro Ha
CTaHUMWU HeATPOHHOro MOHWUTOpa AnaTuTbl 6a3e Naketa A4ns pa3paboTku Nporpamm
GEANT4 (Agostinelli et al, 2003) 6bin co3gaH creuuanbHbIA NPOrpaMMHbIA KOM-
nnekc RUSCOSMICS, nossonsowmii nonyyars gaHHble 06 WHTEHCUBHOCTM MO-
TOKOB BTOPWYHbIX KOCcMUYecknx nydeit (KJ1) (ranaktnuyeckmx (FKJ1) U CONHEYHbIX
(CKJ)), a TaKke BbIYUCAATb CKOPOCTb MOHM3aUUKN (NOKabHO WK AN BCeX 3Haye-
HWI WKpoTbI). MpUMepbl TUNOBBIX FPathinKoB, MOMyYaeMbIX B X04€e paboThl, MpuBese-
Hbl Ha puc. 1m 2

Puc. 1. MpumMep TPeKWHra NepBMYHOrO NPOTOHA C 3Heprueid E= 100 3B (kpacHas nuHWA)

1 BTOPUYHbIX YacTuL, (3eNEHblli UBET —HeNTpasibHbIe YacTuLbl, 6enblii —HEWTPOHbI, CUHUIA —

0TpMLATENbHO 3apsKeHHbIe YacTuLbl) B cTonbe atMocdepbl 3eMaun BbICOTOW 80 KM, MonyyeH-
HOro npu nomoLLK nporpaMmHoro komnnekca RUSCOSMICS

90
80
70

17.5627 1

0 9.77589 |

2.63796 1
O 20 40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340 360

Jonrota, rpag

Puc. 2. Mpumep rpaduka A8 OLEHKU CKOPOCTU MOHM3aLuK BCeil aTMocdepbl 3eMAn Ha Bbl-

cote 12 KM, NOMYYEHHOrO MPU MOLENVPOBAHUN NPOXOXKAEHUA MPOTOHOB MepBUYHbIX TKJ1 BO

BPEMS MMHUMYMa CO/THEYHOW aKTUBHOCTW. [aHHble Ans BbicOT OT 140 80 KM C warom B 1KmM
MOXHO HaliTV Ha caiiTe npoekTa http://ruscosmics.ru
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HemanoBaHbIM 3TanoM B MpoLiecce NPOBEAEHUA PacyEToB ABNSETCA nocnesy-
loLWas BepuduKaLmsa NonyveHHbIX JaHHbIX. B npeacTaBneHHOM paboTe onucbIBaeTCs
Hanbosee NOAXOAALMIA METOL — CpaBHEHUe PacUETHBLIX Npodueli CyMMapHbIX No-
TOKOB YacTuL, BTOPMYHbIX KJ1 € aHaI0rMYHbIMU JaHHLIMW, NOYYEHHbIMU 3KCNEpU-
MEeHTa/IbHbIM METOAOM NPY MOMOLLM U3MEPEHUIA CHETUMKOM [eiirepa Ha pasHbIX Bbl-
cotax. B HacToslLee BpeMs 4Nns 3TOr0 aBTOPbl pacrnonaratoT ABYMS BO3MOXHOCTAMM
MoNyYeHNs Takmx HabopoBs AaHHbIX. [epBas —3TO WCMOJb30BaHMe Pe3y/bTaTos ce-
pvK 3anyCcKOB LLIAPOB-30HAO0B C YCTAHOB/IEHHLIM Ha HWUX 060pyA0BaHMEM, NPOBOAN-
MbIMW COTPYLAHUKaMN DPU3NYECKOTO MHCTUTYTA AKaZemumn Hayk um. M. H. NleGesesa
(PVAH) (Bazilevskaya et al., 2008). BTopas — npoBefieHVe NPSAMbIX WU3MEPEHUIA
CKOpOCTK cuyéTa Mpu NonéTax Ha aspobyce, Ans yero Obin pas3paboTaH CreynanbHbI
MasiorabapuTHbIl AETEKTOP 3apSXKEHHON KOMMOHEHTbl. OCHOBHbIMU 0COGEHHOCTS-
MW YCTPOICTBa SB/IAIOTCS €r0 NPOAO/KUTENbHAs aBTOHOMHasA paboTa, MCMo/b30Ba-
HVe MMKPOMPOLLECCOPHOIN TEXHWUKM B CUCTeMe cO0pa AaHHbIX, a Takke Hanmume GPS
(Global Positioning System) npvémHKKa, NO3BONAOLLETO C 60/bLUOA TOYHOCTLIO MO-
3L MOHNPOBATH AeTeKTop. A B nepBoM, 1 BO BTOPOM C/lyyae pe3ynbTaTbl B BUAE 3aBU-
CYMOCTW CKOPOCTU CYETA OT BbICOTbI OT/IMYHO MOAXOAAT A/1F OLEHKN KOPPEKTHOCTU
paboTbl YNCNEHHOW MOAENN ANS pacyéTa NPoxoXxaeHus vactu, KJ/1 yepes atmocde-
py 3emnu (Maurchev, Balabin, 2016; Maurchev et al., 2015). K HegocTaTKy nepBoro
MOXHO OTHECTW 06CTOATENLCTBO, YTO 3aMyCK LIapoB-30HA0B MNPOBOAMNTCS CUMBHO 10-
Kann30BaHo, 0fHaKO MMEET CUCTeMaTUYeCKMIl XapaKTep, YTO 06ecneynBaeT Hannune
[aHHbIX 4ns 60/bLLIOro NPOMeXyTKa BPpeMEHW, B TOM YMC/E TOro, KOrja npoucxXomat
cobbITus GLE (Ground level enhancement).

METO4 MOHTE-KAP/10 B SAAAYAX
MPOXOXAOEHWA YWACTUL, YEPE3 BELLLECTBO

B ocHOBe BCex pacyéToB, NMPOBOAMMBIX MpW MOMOLLM MPOrpaMMHOIO KOMMJ/eKca
RUSCOSMICS, nexxut uncneHHblii metog MoHTe-Kapno. Tak, Hanpumep, Ans 3aga-
4 MOLENMPOBaHNS NPOXOXKAEHUA NPOTOHOB 'KJT HEO6XOAMMO BbIYUCNATH CeYeHUs
B3aMMOJENCTBUIA, cpefHue ANUHBLI Npobera 4acTuL, B BELEeCTBE U BEPOSTHOCTb BO3-
HUKHOBEHWSA TON UKW UHOW peakLmn:

0(Z,£)= i(l)(Z,i?)(, @)
UE) = |/5:|K°(ZP’\] @
n = NZL”;, ©))
P(ZNE) ”ia(oz(jz"z), @)

rae Z —3apsiioBoe YMCno aToMHOro aapa; E —sHeprus, MaB; o(Z, E)j —ceueHne
/-ro B3anMoeicTBNs, 6apH; N. —4mnCNo AAep B eANHULIE 06bEMA BeLLeCTBa A/1S I-T0
anemeHTa; ).(E) — anvHa ceobogHoro npobera; N —umncno Asoragpo; p —nioTHOCTb
BELLEeCTBa, /CM3; 0. — KOMMYECTBO aTOMOB i-r0 3/1eMeHTa B OHOW MOfeKy/e Belle-
cTBa; A — MonspHasa Macca BellecTsa; P(Zi, E) — BepoATHOCTb KOHKPETHOrO B3au-
MOAENCTBUSA C /-M 3/1EMEHTOM.
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[na nydwero npeactaBneHWs peanusauuy METOAUKM HWXKe NPUBOAUTCA Ha-
rNAgHbIA  NpuMep pacyéTa TPAeKTOpUUM HENTPOHOB MpPU  HaYa/lbHbIX 3HEPrUsX
Ex=0,025 3B n E2= 13B B HekoTOpoM 06bEMe BOAOPOLOCOAEPKALLErO BelecTBa
(Boga).

Bravane no dopmynam (1) n (2), BbIUUCNAETCA CPeaHAa ANMHa npobera YacTu-
Ubl. Boga — CnoxxHoe BeLLeCTBO. 3HAYEHMS CeYEHUS B3aMMOZENCTBUS 3aBEAOMO M3-
BeCTHbI ans kucnopoga (O) n Bogopoga (H) (puc. 3), Habopbl MMNOPTUMPOBaHbI U3
fAaHHbiXx ENDF/B-VII (Chadwick etal., 2011). Vicnonb3ys gaHHble, NpeacTaBeHHbIE
Ha PUCYHKe, MOXHO BbINUCaTb:

LIED « (6,04+1023 X1000 x (2 *10~23 +0,006°10“23)[* « 12 *10“4 M,

LIE2) « (6,04 +1023 X1000x (4 *10-24 + 0,025 *10“24) ' « 24 «102 M.

Puc. 3. CeueHuns B3aMMOZEICTBIIA HEATPOHA € BOAOpoaoMm (a) 1 kucnopoaom (6), Ucronbaye-

Mble /151 MOLLE/IMPOBaHIIA IBIKEHS YacTuLbl B Bofe. Ha rpacimke 4ns BoAoposa NosHoe ceve-

HVie COBMaAET C CEYeHVEM PacCcesHIis, NOCKO/bKY MocnieaHee 4151 JaHHOrO AyarasoHa aHep-
TV SIBNSETCS NPEBa/MPYHOLLEI peaKLven

Yron paccesiHUA HelATPOHOB OMpeAeNfAeTcs U3 YCr0BMA PaBHON BEPOATHOCTU /1H0-
60ro HanpaefeHus, T.e. KOCUHYC L, = cos(Cp) paBHOMEPHO pacnpegenéH B MHTepBa-
ne [4;1]. Torga, ncnonb3ys hopMyny Ans pasbirpbiBaHKs, MOXHO MOMyyaTb C/yyaii-
HYI0 BENMUMHY [Xx=a +Yy(b —a), rae y —3HauyeHune BbIGOPKM, paBHOMEPHO pacrnpeje-
NéHHoi B uHTepBane [0;1]. Ecnm npuHATb a = —1n = 1, KaK MUHAMYM U MaKCUMYM
3HAYeHUA KOCUHYca Yrna, TO Yrofl, Ha KOTOpbI/i paccenMBatoTCA HEWTPOHbI, paBeH
=2y —1 Elapsgy ¢ 3TUM MOXHO BbINuUcaTb (opmyny A4S reHepauun 3HaueHWiA
ANVHbI cBOGOAHOrO npobera:

k= XIn(y). )

Ecnv aBvXeHne HenTpoHa Hamnpas/eHOo BAOMb OCK X, TO TOUKa CneaytoLLero B3a-
NMOENCTBUSA BbIYMCNAETCS NO opmyne:

xk+i=xk + hvk- (6)

B Tom cnyuae, Korga y o6béma ecTb HEKOTOpass rpaHuua, TO NpoBepsieTcs yc-
NOBME MePeceyeHne 3Toii rpaHuLbl 1 BbIXOAa YacTuLbl 3a npeaesbl 06béMa. B npu-
BEAEHHOM MpUMepe MHTEpPeC NPeACTaBAseT MMEHHO KOMMYeCTBEHHas OLEeHKa TOro,
HACKO/NbKO Bry6b maTepuana npoigeT HeiTPoH. Mo3ToMy eAMHCTBEHHbLIM YCIOBMEM
GyaeT NpoBepKa BEPOSTHOCTY MOTMOLLEHNS:
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» N °pacceHus n

% nonHoe

T€ O nuoe = Opaccesng + Onormowenns —MO/THOE CEUEHNE B3ANMOJENCTBIS.

Vicnons3ys npe/icTasneHHble (opmysbl ANA pacuéTa BCeX LLIAroB TPaeKTopui
[BWKEHUS HEMTPOHa B 00bEME BOLbl, ¥ 0TO6PA3MB NOMYYEHHbIN pe3ynsTaT Ha NPoeK-
LMKU XY, MOXHO MOAYYNTb HarnsgHOe NpefcTaBNeHNe O XapaKTepe B3aUMOAENCTBMA
yacTuML, TaKOro Tuna ¢ BOAOPOAOCOAepXKaLLein cpeaoit (puc. 4). B ocHoBe Bbibopa Ma-
TepyasnoB C BbICOKMM COAepXXaHWeM BOAOPOAA B KayecTBe 3amefiutenein nnbo otpa-

aTeneli nexart oCTaTouyHO 60/1bLUasi BEPOSTHOCTb YNPYroro paccesHus B AvanasoHe

£e[1(r9;1(re] MaB 1, Kak cneacTsue, MOTepss MPU KakAOM B3avMOAENCTBUM
[0 MOMOBWHbI OT HAYa/IbHOM SHEPTUM YaCTuLibI.

Puc. 4. Tpoekuun Ha MNNOCKOCTb Xy TPAeKTOPUW HENTPOHOB C HayanbHbIMU 3HEPTrUAMHU

E{=0,0253B (a) n E2= 13B (6), nony4yeHHble B pe3yfbTaTe UX MNPOXOXKAEHUA Yepe3 06bLEM

BObl. XOpOLUO BMAHA pa3HuLa B rny6uHe NPOHNKHOBEHNSA, YTO NMOHOCTbIO HAXOAWTCS B COOT-
BETCTBMW C JAHHbIMU CeYeHWI B3aMMOAENCTBIIA, NpeACcTaBeHHbIX Ha puc. 3

[ns pacuérta B3aMMOJENCTBUSA afipOHOB Ha BbICOKMX 3Hepruax (6onblie 1M3B)
MCNOMb3YKTCA MOAeNb BHYTPUALEPHBbIX KackafoB BbepTWHM U KBapK-r/t0OHHAs
cTpyHHas mogens (Folger, Wellisch, 2003; Heikkinen, 2005). Takxe BKNtOUYEHbI CTaH-
[AapTHbIe 31eKTPOMarHMTHbIE MPOLIECCHI, U3/I0KEHME KOTOPLIX SBASETCSA BECbMA rpo-
MO3LKUM 1 BbIXOAWT 3a paMK/ NPeACTaB/IeHHON paboThbl.

CMEKTPbI MPOTOHOB MEPBUNYHbLIX
FANAKTUYECKUX W CONMHEYHbIX JTYUEA

[nsi Toro YToGbl ONPeAeNMTb MOAEbHBIA MCTOYHMK NPOTOHOB, HEOBXOAMMO 334aThb
ero MosIoKeHWe B MPOCTPAHCTBE W MIOTHOCTb BEPOSTHOCTU FEHEPUPYEMbIX YacTuLl,
KOTOpas NoJly4aeTcs HOPMMUPOBKOI AndhdepeHLnanbHOT0 3HEPreTMYeCKOro CnekTpa.
AMNMPUYECKUM MyTEM Ha OCHOBE aHanM3a Pe3y/bTaToB MHOXECTBA MPOBEAEHHbBIX
BbIYMCIEHWIA BbINIO BbISBNEHO, YTO Hanbosiee ONTUMasbHOM SBNSETCA TaK HasblBae-
Masi TOYeYHas peasm3aLms UCTOYHKKa. OHa 3aK/F0YaeTcs B TOM, UTO Ha BepXHeli rpa-
HULe cToN6Ga aTMoctepbl B LEHTPa/IbHON YacTy OMnpeaensieTcsl ICTOYHMK NePBUYHBIX
yacTuL, Ge3 HasHauyeHMs emy MPOCTPAHCTBEHHOrO pacrnpefeneHus. Takoi Moaxof
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06ecneyrBaeT XOpOLUY CTATUCTUYECKYIO TOYHOCTb NP cbope MHopMaLUK O BENK-
YMHE MHTEHCUBHOCTU YacTuL, BTOpUYHBIX KJ1. ANns 3afaHns 3HepreTUYecKnx Xapak-
TepucTuk npoToHoB MKJ1 ncnonb3osanack hopmyna (FTOCT 25645.122-85 MpOTOHbI
ranakTU4eCKNX KOCMUYECKMX TyUeil. SHepreTMyeckme CneKTpbi):

F(E) PEa + Cexp E c-1 mM-2 cp-1 MsB_wi, (8)

(10- 2E + B)a 10

roe D. B, C, a — napameTpbl, 3aBucsAwme ot asbl 11-netHero umkna (B npeacTas-
NeHHoR paboTte /1=5,2, B=6,2, a= 1,4, C= 2, 3TM KO3QPULMNEHTbI COOTBETCTBY-
IOT MUHUMYMY CO/THEUYHOI aKTMBHOCTM). CnekTp npoToHoB CKJ1 onucbiBaeTcs mpu
nomMoLLM Mogenu, paspaboTaHHoi B MV Anatutbl (Vashenyuk et al., 2008, 2011;
Perez-Peraza J. et al., 2006, 2008), cornacHO KOTOPOI B CMEKTPe NPUCYTCTBYHOT fBE
KOMMOHeHTbl — 6bicTpas (PC) n meaneHHast (DC), nX 3HepreTUYeckune 3aBUCUMOCTHU
MOrYT ObITb BbIpaXKeHbl Yepes crefytoLmne hopmyrbi:

J —loexp £ c1lm2cp 1B )

(t0)

roe /0, E(), /., y — KoadhdmumeHTbl, COOTBETCTBYHOLLME COObITUAM GLE. B Kavectse
npumepa B TabmMLIE NPUBOASTCS NapaMeTPbl AN BO3PAcTaHWs ¢ HOMepaMu 65 1 67.

Mpumep napameTpoB AuthepeHLUanbHbIX IHEPTETUYECKUX CNEKTPOB
CONTHEYHbIX NPOTOHOB ANs cobbITiA GLEB5, GLE67

Homep cobbmms GLE [Jata [MapaveTpbI 3HEPreTUYECKUX CMEKTPOB
n BEo n Yy
65 28.10.2003 1,2104 0,60 1,5-104 44
67 02.11.2003 4,6'104 0,51 9,7-t03 6,3
I,em3c 1 /,em3c 1l
a 6

Puc. 5. BbICOTHbIE NPO(UAN CKOPOCTU MOHWU3ALMM, MOYUYEHHbIE B pe3y/ibTaTe MOLE/MPOBaHNSA

npoxoxaeHns npotoHoB nepeuyHbix MK/ n CKJ1 yepes atmocthepy 3emnn BO Bpems peru-

cTpauun cobbiTus GLEGS npu 3HaueHUsaxX XECTKOCTM reomMmarHUTHoro obpesanus 0,65 B (o)
n2IB(6)
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MOOEJTIMPOBAHWE MPOXOXAEHNA TANAKTUYECKNX
W COTHEYHbIX IYYEN YEPE3 ATMOC®EPY 3EM/IN

B pe3ynbTate MOAENUPOBAHUA MPOXOXKAeHUA npoToHoB MKJT n CKJ1 npu no-
MoLM nporpaMMHoro komnnekca RUSCOSMICS 6binn nonyyeHbl gaHHble 06 UX
BAMSHUN Ha CKOPOCTb MOHOO6pa3oBaHusA. MNpuuém ana MKJT nponsBeaeHa KapTuHa
B rnobanbHOM MacliTabe, TUMOBOW FpatiMK yxke NpMBOAWACA Ha puc. 2. Ons npo-
ToHOB CKJ1 Ha aHHbI MOMEHT paccynTaHbl BEIMYMHBI MPN 3HAYEHUAX XKECTKOCTU
reomarHuTHoro obpesaHuns R —0,65 B n R —2 I'B, Tunosble rpadukn ana GLE6S
npuBoaaTcs Ha puc. 5 (cm. ¢. 108).

MOBW/bHbIN AETEKTOP 3APAXXEHHOW KOMIMOHEHTbI

Kak y>xe 6b110 NpuBeAeHO BbiLle, 419 U3MEPEHNS BO BPeMs MOMETOB Ha aspobycax
rpynmnoi aBTopoB 6bl/1 pa3paboTaH NMOPTATUBHbINA AETEKTOP 3apsXKEHHON KOMMOHEH-
Tbl, UMEIOLLMIA He6O/bLLME pa3Mepbl U NO3BOJIAIOLWLMIA aBTOHOMHO COGMPaTh faHHble
06 MHTEHCMBHOCTM NOTOKOB 3apPSXKEHHON KOMOMHEHTbI BTOPUYHbLIX KJT ¢ npuBa3Koi
K reorpauueckomMy nosioXKeHuto npu nomowiy GPS-npnémHuka. Ero BHeLUHNUIA BUA
npeacTas/eH Ha puc. 6.

Puc. 6. MopTaTuBHbIA AeTekTop. MpeanonaraeTcs, YTO YCTPOWCTBO Haubonee YyBCTBUTENBLHO

K anekTpoHam ¢ E >2 M3B, npotoHam ¢ E >2 M3B 1 ramma-kaHTam ¢ E > 20 k3B (c agdek-

TUBHOCTbIO fileTeKTMpoBaHus 6 ~ 1 %). B kauecTBe ycTpoiicTBa permcrpauuym MMNyabLCoB UC-

nonb3yeTcs MUKPOKOHTponnep ATmega 2560 (B cocTase nnatgopmsl Arduino Mega 2560), go-

NOMHUTENbHO 060PYAOBaHHLIA MOAYNEM ANA MOAKYeHUA KapT namatn (SD wam microSD)

n mogynem GPS. MuTaHne obecneumBaetcs Li-lon 6atapeeii Ha 4000 MA-4, o6ecreynBaroLLei
[0 24 4 aBTOHOMHOI paboTbl yCTPOiCTBA

Ha cerogHs 6bu10 NpoBefeHO fABa psifa 3KCMEPUMEHTOB, NPU KOTOPbIX yAa-
Nnocb nNonyunTb npodunn ans MockBbl M AnaTuT. Pe3ynbTaT NpeAcTaBneH Ha puc. 7
(cm. c. 110).
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CpaBHeHUe JaHHbIX CpaBHeHUe JaHHbIX

Puc. 7. Bepugukayms BbIYMCIEHUIA NPOXOXAEHUS NPoTOHOB K/l Mpu nomoLy cpaBHEHUS
BbICOTHbIX MPOGUIEA CKOPOCTM CYETa, MOMYUYEHHbIX BO BPEMS NPOBEAEHUA U3MepPEeHUIA Ha ca-
MOnéTe, € pesynbTatamy MOLENMpPoBaHua 414 ABYX TOYeK: a —AnaTuTbl; 6 —MockBsa

PEFY/ISPHbIN BAIJTOHHBLIA SKCMNEPUMEHT KAK METO/, BEPU®UKALLAN

PerynsipHblii 6annoHHbIA MOHUTOPUHT (PEM) KOCMUYECKMX Ny4yeil B 3eMHOIA aTMO-
cthepe nposogutcs PUAH um. T. H. Nlebegesa ¢ 1957 r., B HacTOsILLEE BPEMS —TpK
pasa B Heflento B Anatutax, JonronpyaHom 1 o6cepeaTopmum MupHbI (AHTapKTUKa).
Mpubop PEM (aBa cuétumka lelirepa, 6apomeTpryeckuii aTumK, pagmonepeaarymk)
onucaH BO MHOrMX paboTax.

CpaBHeHUe JaHHbIX

MogenbHble faHHble (67° c.w., 33° B.4.)
YcpeAHEHHbIe AaHHble No nonétam

Monét Ne 1(04.01.2010)

Monét Ne 2 (11.01.2010) ]
Monét Ne 3(18.01.2010)

Monét Ne 4 (20.01.2010)

M3mepeHus Ha aspobyce 2018 r.

(67,95° c.ww., 32,8°8B.4.)

30 40 50 60 70 80
BbicoTa, KM

Puc. 8. CpaBHeHWe pe3ynbTaToB, MOMYYEHHbIX B X0fe MOLENVPOBAHUA MPOXOXKAEHNA MPOTOHOB

ranakTM4yecknx KOCMMYecKMX nyyeid BO BpeMS MUHUMYMa COMTHEYHO aKTUBHOCTMW Yepes aTMo-

cthepy 3emMnu, ¢ AaHHbIMU NoNéTa WapoB-30HAOB ANA Pa3HbIX MPOMEXYTKOB BPEMEHU U UX YC-

peAHEHHOro 3HayeHWs. Hebonblune HECOOTBETCTBUA B 06/1aCTM MakCUMYMOB SBNAIOTCA HOP-

Mol 4ns Tekywein sepcun mogenm RUSCOSMICS 1 MoryT Bo3HMKaTb BCNEACTBME MHOXECTBA
(hakTopoB
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CraHgapTHasa nHtopmauus PBM cocToUT M3 KONMYECTBa 3aperucTpupoBaHHbIX
Ha3eMHOI annapaTypoii MMMyNbLCOB, reHePUPOBAHHbIX NepPeaTUMKoOM MPU MPOX0OXK-
[LeHun Yepes JeTeKTopbl NOHU3UPYIOLLMX YacTuL, a TakXe AaBNeHUs 3a KKy My-
HYTY nonéta. Pe3ynbtaTel PEM LLMPOKO MCNO/MBL3YHOTCA NPU UCCNEL0BaHUAX rasak-
TUYECKUX N COTHEYHBIX KOCMUYECKMX Tyyeil. Kpome Toro, ony6/MkoBaHa o6LwnpHas
6a3a XapaKTePUCTMK BbICbIMAHMIA BbICOKOSHEPTUYHBLIX 3/1EKTPOHOB, 3aperncTpupo-
BaHHbIX B aKcrepumeHTe PBEM. CpaBHeHMe 3KCNnepMMeHTa/lbHbIX LaHHbIX C Mpo-
hrnsmun, nNony4veHHsIMU BO Bpems mogdenunposanms KT n CKJ1, npeacTtaBneHbl Ha
puc. 8,9 (cm. c.).

m BayioHHbL I aKereprvieHT, 28.10.2003 -
+ Mogenmposanve (DC) 1{()[ *
+ MogenmposaHue (PC)

L+

2 Kri 10° 101 102 W3 104
CYT, YacTULBVMVH

Puvic. 9. Ha prcyHKe npeAcTaBneHo cpaBHeHWe pe3y/ibTaToB, MOMYUYEHHbIX B X0Ofe MOAeNMPOBa-
HUS NPOXOX/EHWS MPOTOHOB COMIHEUYHBIX KOCMUYECKUX yyeii Bo BpeMsi cobbiTus GLE uepes
aTmMocgepy 3emnu, ¢ AaHHbIMU NONETA LWApOoB-30HA0B. BUAHO, UTO coBMafeHue HabnofaeT-
csl 4Ns CNeKTpa NepBUYHbLIX NPOTOHOB B MeA/IEHHOW KOMMOHEHTE KOCMUYeCKuX nyueit. Oco-
GEHHOCTbIO MOXHO BbIE/IMTb PACX0XAEHWe 3HAYeHWU nocne ~22 KM, 0GbSCHEHWE ero mpo-
UCXOX/EHWUS OCTaETCH OTKPbITHIM BOMPOCOM. TakkKe BMAHO, YTO OT BbICOT ~25 KM Npoduiun
DC- 1 PC-KOMMOHEHT MOYTU OAMHAKOBbI, YTO SBMSIETCS CEACTBMEM OCOBGEHHOCTU B3anWMO-
[eCTBNiA NPOTOHOB C BELLLECTBOM Ha 3TUX BbICOTaX MpW 3Heprusx Bbiwe 10 M5B

3AK/THOYEHUE

B xoge paboTbl 6binv NpoBefeHbl pacyéTbl U CpaBHEHUE Pe3ynbTaToB NyTéEM MpoBe-
[EeHVA peasibHOro aKcneprMMeHTa He TonbkKo and M'KJ1, Ho 1 CKJI. B uenom MoXXHO
cKasaTb, YTO AjaHHbIe, NOYYEeHHbIE B XOLe 3TOr0 PerynspHoro 6annoHHOro aKcnepu-
MEHTa, MO3BONAT OYeHb KAYECTBEHHO BEPU(NLIMPOBATL MOLESb, BbIABNATL €€ Heflo-
CTaTKN 1 YCTPaHATb UX. OAHAKO 3aryCcK LIapoB-30HA0B NMPOUCXOANT B OrPaHNYEHHbIX
06nacTsx (aBTOpbI pacnonaraloT faHHbIMU 415 AnaTUToB U MOCKBbI), YTO COOTBET-
CTBYET TO/bKO [ABYM 3HAYEHWSAM XXECTKOCTM FeOMarHUTHOro obpesaHuns. Moatomy nx
HEO6X0AMMO [OMONHATL BCEMU MMEOLWMUMMNCA MeTodamu (HerpepbiBHble Ha3eMHble
N3MEPEHUNs, U3MepeHns NOPTaTUBHLIMU CYETUMKAMM B XOfe MOoNéTa Ha aspobycax).
B nepcnektuse, YeM 60/blUas naowans OyaeT MoKpbiTa NPOBeLeHWEM Takoro posa
3KCMEepUMEHTOB, TeM 00nee peasMCTUYHON YAacTcs CAenaTb MMEHOLLYHCS MOAENb
npoxoxXzaeHus yactuy, KJ1 yepes atmocepy 3emnu.

VccnepoBaHue BbINONHEHO Npuw noagepxke PO DI (npoekt Ne 18-32-00626).
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ESTIMATION OF THE SOLAR SPACE RAYS PROTONS CONTRIBUTION TO THE EARTH
ATMOSPHERE IONIZATION SPEED AND COMPARISON OF ESTIMATED HIGH PROFILES
WITH EXPERIMENTAL DATA FOR HIGH-SOLAR SOLAR CASES

E A Maurchev, A. V. Germanenko,E.A.Mikhalko, Yu V. Balabin, B.B. Gvozdevsky
Polar Geophysical Institute (PGI), Apatity, Russia

During flares, the Sun is able to generate protons with energies reaching dozens of GeV and a
flux density greater in magnitude for these particles in galactic cosmic rays (GCR) by several or-
ders of magnitude. If these solar CRs are directed toward the Earth and reach its atmosphere,
then ground-based detectors will detect a ground level enhancement (GLE) event, which results
in a significant increase of radiation levels. This is due to the increase in energy transfer both to
ion formation in the upper layers of the Earth’s atmosphere (from ~30 to 80 km) and to cascade
processes occurring in the region below 30 km. The present paper considers the use of numeri-
cal simulation of the solar CRs primary protons passage through atmospheric matter to quantify
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the degree of increase in the ionization rate as compared with the time when only galactic CRs
are present in the primary flux. As a technical feature, it is possible to single out the fact that the
input parameters in the form of spectral characteristics were obtained by processing data from the
network of neutron monitors stations using a unique technique developed by a group ofthe Polar
Geophysical Institute scientists. All calculations of height profiles presented in the work were per-
formed using the RUSCOSMICS software package based on GEANT4, the world’s largest set
of C ++ language classes, designed to simulate the interaction of particles. To measure the sec-
ondary cosmic rays particles fluxes in the atmosphere at altitudes from ground level to the strato-
sphere, balloons with Geiger counters installed on them are used. For several decades, such an
experiment has been carried out by a group of scientists from Lebedev Physical Institute, due to
which today there is an extensive base of altitude dependencies of counting rate, including for pe-
riods corresponding to radiation level increase events (GLE). Such data are a good tool for verify-
ing calculations of the passage of CR protons through the Earth’s atmosphere and assessing their
effect on the ionization rate over all altitudes from 0to 80 km. This paper presents a comparison
of such experimental data series corresponding to different cases of high solar activity with those
obtained by simulating RUSCOSMICS results.

Keywords: ionization, Monte Carlo method, numerical simulation, cosmic rays, particle
physics, particle radiation detectors, microcontroller technology
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HEVTPOHHBII ETEKTOP ALPOH PM AN MUCCUM «3K3OMAPC-2020»

C. 0. Hukncpopos, U. T. MuTpothanos, M.J1.JIuTBak, A. A. AHukuH, [1. B. TonoBuH,
M. B. AbaukoBa, A. C Kosbipes, [1. V1. Jlucos, A. B. Manaxos, M. 1. Mokpoycos, A. b. CaHuH,
B. W. TpeTbsiKos

VIHCTMTYT KOCMUYecKux uccnefoBaHmnii Poccuiickoit akagemumn Hayk (VIKU PAH)
MockBa, Poccus

B cTaTbe onucaHbl hM3MYeckme NPUHLMNbI PaboTbl, KOHCTPYKLMS, BO3MOXHOCTA U3MEPEHWIA
1 UTOM 3annaHNPOBaHHbIX OMNepaLynii aBTOHOMHOIO AeTeKTopa pagnaLnm HeMTPOHOB Ha 6opTy
poBepa Ha noepxHocTn Mapca (AAPOH-PM, ADRON-RM). AQPOH-PM — 3T0 poccuii-
CKnin Npnbop, BbIOPaHHbIA AN COBMECTHOW NOCafo4yHO Muccum FocyaapCcTBEHHOW Kopnopa-
LMW N0 KOCMWUYECKOW AeATenbHOCTU «POCKOCMOC» 1 EBPOMECKOro KOCMUYECKOro areHTCTBa
(EKA) «3k30Mapc-2020». KoMnaKTHbIA NacCUBHbLIA HEATPOHHbLIA cnekTpomeTp AAPOEPPM
pa3paboTaH 419 M3YYEeHUS HaNWYWUA U PacrnpoCTPaHeHUs BOAbl M 3/1EMEHTOB, MOMMOLWALLMNX
HeNTpoHbl (Takux, kak Cl, Fe n apyrvue), B MapcMaHCKOM MOAMOBEPXHOCTHOM C/0e MO NyTu
[BUKEHNA Mapcoxofa «3k3oMapc».
KntoyeBble cnoga: uccnegoBaHme Mapca, Mapcoxog, HeliTPOHHAasA CNeKTPOCKONWS, BOAa.

BBEAEHWE

B nocnegHne aecaTuneTus agepHble MeToAbl MCMOMb30Ba/IMCh ANS MCCNeA0BaHWS
nnaHeT CONMHEYHOW CUCTEMbI, UX TYH U ManbiX Ten. amma-CrneKTPOMETPbl U Heil-
TPOHHbIE CMEKTPOMETPbI BbIIN NPeAI0oXKeHbI AN HECKONbKMX OPOUTaNbHbIX MONETOB
C Lenblo NoayveHns noapobHbIX ro6a/bHbIX KapT 3/IEMEHTHOro cocTasa 1 npoBep-
KW Ha Haanyme NoaseMHbIX BOA UM BOAAHOMO fibAa. MHOrouncieHHble nofo6HbIe
nccnefoBaHms 6bl NposefeHbl Ha JlyHe, Mapce, MepKypumn 1 HEKOTOPbIX MaslbIX
nnaHetax (cM., Hanpumep, (Boynton et al, 2002, 2004; Feldman et al., 1998, 2002;
Goldsten et al., 2007; Mitrofanov et al., 2002, 2008, 2010ab, 2012; Peplowski et al.,
2013; Prettyman et al., 2011, 2012)). HegaBHO 6bli1 pa3paboTaH MePBbI 3KCMEpPU-
MEHT C aKTMBHbIMW HEMTPOHaMM (AMHAMMYECKOe anbbeao HeTPOHOB, aHrn. Detector
of Albedo Neutron —DAN), 1 B HacToslLLee BPeEMS OH YycrewHo paboTaeT Ha 6opTy
MapCcuaHcKoi HayuHol nabopatopum HACA (HaumoHansHoe ynpas/ieHne no aspo-
HaBTMKe N UCCNefoBaHNIO KOCMUYeCKoro npoctpaHcTea) (MHJ1, aHrn. Mars Science
Laboratory —MSLNASA) (cm. (Jun et al., 2013; Litvaket al., 2008, 2014; Mitrofanov
etal., 2012, 2014; Tate et al., 2015, 2017, 2019)). Mocago4Hble MUCCUN NO3BONSAIOT U3-
y4yaTb COCTaB NMOYBbI B HEMOCPEACTBEHHOIM OMM30CTN OT MecTa Mocagku wnu BAOMb
NyTW CnefoBaHWS MapcoXOfa, a TakXKe CpaBHMBATb aKTyaslbHble Ha3eMHble WU3Me-
PEHUSA C rNoGanbHbIMKM OPOMTaNbHLIMU AaHHBLIMW. 3TO MPUBENO K pa3paboTKe ABYX
npnbopoB ans mmuccun «3k3oMapc» 2020 r. — NacCUBHOIO HEMTPOHHOrO CMEKrpo-

Huvikndhopos Cepreit FOpbeBuY —Hayu. coTp., nikiforov@np.cosmos.ru
MuTpothaHoB Mropb MeoprmeBuy  3aB. OTAENOM, 4-p (hM3.-MaT. HayK
JlutBak Makcum JleoHngoBmuY —3aB. nab., 4-p Pus.-mat. Hayk

AHNKVH ApTéMm AneKcaHpoBUY —31eKTPOHUK

lronoByHAMNTpMIA BacunbeBny —mi. Hayd. COTp.

[JbsiukoBa Maiisi BUKTOpOBHA — M. Hayu. COTp.

Ko3blpeB AnekcaHgap CepreeBuy —cT. Hayy. COTP., KaHf. Qu3.-MaT. HayK
JlncoB leHuc MiropeBuy —mi. Hayu. coTp.

ManaxoB Anekceii BnagumnpoBny —cT. Hay4. COTp., KaHg. (n3.-mMaT. HaykK
MokpoycoB Makcum Nropesuy —3aB. nab., kaHg. (un3.-maT. HayK
CaHvH AHTOH BopncoBMY —CT. Hayu. COTP., KaHf. Qu3.-MaT. HayK
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HeiiTpoHHblii getektop ALLPOH-PM ans muccum «3k3oMapc-2020»

veTpa ALAPOH-PM Ha 60pTy Mapcoxofa «3k30Mapc» 1 akKTUBHOIO raMma- U Hei-
TpOHHOro cnekTpoMeTpa AJPOH-OM Ha 6opTy CTauMOHapHOW MOCafo4YHOA nnat-
thopMbl «3K30Mapc» —OCHOBHOW LIE/bIO0 KOTOPbIX ByAeT n3mMepeHne pacnpegeneHns
BOZbl Ha MOBEPXHOCTY Mapca.

Muccua «9k3o0Mapce» nnaHupyeTcs K 3anycky B 2020 r. v 6yaeT BKNtoYaThb B ceb1
Mapcoxof M CTauuMoHapHyt MocafouHyto naatgopmy. Mapcoxon muccun 6Gyget
MMETb KOMMaKTHbI/ MacCMBHbIA CNEeKTPOMETp HeiTpoHoB APOH-PM. OcHoBHas
Hay4Has Leflb MUcCUM «3K3o0Mapc» NocssillieHa NOHMMaHWI0 3BOLUN 1 0buTae-
mocTn Mapca. 3Ta cTpaTerus BKIOYaeT B Ce6 MOMCK BO3MOXHbLIX MPOLLIbIX U Ha-
CTOALLUMX OMOCUTHATYpP MapCUMaHCKOM >KM3HW W OnpefesieHne XapakTepucTuk pac-
npefeneHuns Bofbl, a TakXKe re0XMMUUYECKMX CBOMCTB C MOMOLLbIO CIOXHOR CUCTEMBI
OypeHus, NpesHa3HauYeHHOW AN NCCNefoBaHUs NOLNOBEPXHOCTHOIO €108 FPyHTa Ha
rny6uHe 4o 2 m.

Mpu6op AAPOH-PM 6bin paspabotaH B HCTUTYTE KOCMUYECKMX UCCNEA0Ba-
HuA (MKW PAH, Mocksa, Poccrs) No KOHTPaKTy C rocyAapCTBEHHON Kopnopaum-
ein (FK) «Pockocmocy». Mpubop 6yaeT U3mepsTb NPOCTPAHCTBEHHYH U3MEHUYMBOCTb
MOTOKa HEWTPOHOB, MCMYCKaeMbIX C MapCUaHCKOW moBepxHocTw. lpouesypa 06-
paboTKM JaHHbIX NpeobpasyeT HeobpaboTaHHbIE AaHHbIE B OLEHKY 06LLEero pacrpe-
[eneHnst BOAbl M Ha/IMuMs 31EMEHTOB, MOT/OLALWNX HEATPOHbI, NMepPBOHAYa/IbHO
xnopa 1 >xenesa. [JaHHblli npubop Takxke GyneT o6ecneynBaTb HEMPEPbIBHbIA MOHU-
TOPVIHT HEMTPOHHOI COCTaBASIOLLEN PaanaLMOHHOI0 (hOHa M pacLUMPATb HalLK 3Ha-
HWSi 0 NOBEPXHOCTHOM M3ny4yeHMn Mapca, KoTopble GyayT NpefocTaBnsTb MHopMa-
LIMIO, KacaroLLyocs ByayLmx MUCCUiA YenoBeKa Ha 3Ty MaHeTy. B HacToswel paboTe
NpeACTaBfieHbl OCHOBHbIE Hay4HbIe LefIM 3TOr0 SKCMepumeHTa, onmcaHue npubopa
1 €ro N3MepuTe/bHbIE BOSMOXHOCTU.

HAYYHbIE LE/IN

WccnefoBaHus, BbINO/IHEHHbIE Pa3/IMUHbIMKA  KOCMWYECKUMW MWUCCUAMK 33 MO-
cnefiHee AeCATUNETUE, BbIABUAN CIOKHYIO MUHEPASIOTUYECKYIO Y BOLHYIO UCTOPUIO
Mapca, KoTopas MOXET 6bITb CBsi3aHa C 06uTaemoii cpepoii (Bell, 2008; Bibring et al,
2006; Grotzingeret al., 2013, 2015; Squyres et al., 2004,2012).

[naBHble 3ad4aun Hay4YHbIX WUCCMeJOBaHWUA ¢ nomolbio npnbopa AAPOH-PM

cnegytoLLme:

* UM3MepeHue pacnpeseneHns 06LEMHOMO cogepXaHus Bofoposa (B Buae CBO-
60HOW NNK CBA3AHHOW BOAbl) B MECTe PacrnofioKeHNs CTauMoHapHOW nnat-
(hopMbl M BLOMb NYTU ABUXEHUS MapCOX0a;

* OLEHKa 06BEMHOr0 COCTaBa OCHOBHbLIX 3/1EMEHTOB MOT/IOWEHMS HEMTPOHOB
B rpyHTe (Cl, Fe n T.4.) B MeCTe pacnosioXXeHns CTaLuoHapHON nnaTqopmbl
1 BLO/b MYTU ABUKEHNS MapCOX0[g;

* MOHWTOPVHI HENTPOHHON COCTaBMSIOLIEN €CTECTBEHHOr0 pagualUoHHOr0
(hoHa ¥ OLeHKa [03bl HENTPOHHOIO U3NYYeHNs Ha MapCUaHCKOW MOBepPXHO-
CTW NOJ BIUSHUEM FaNaKTUYECKUX KOCMUYECKUX Ny4Yeld U COMHEYHbIX Npo-
TOHHbIX COBbITUNA;

e BO3MOXHOCTb MOHMUTOPWHIa CE30HHbIX M3MEHEHWI HEATPOHHOW cpefbl 13-3a
M3MEHEHUNI aTMOC(HEPHbIX 1 MOAMOBEPXHOCTHBIX CBOWMCTB. Mpofo/mKnTeb-
HOCTb MUCCUM B HAaCTOSILLLEE BpeMS OrpaHMyeHa HemHorum 6osnee yem 200 co-
namy (MapCMaHCKMMU AHAMMK) Ha NMOBEPXHOCTM, YTO AaCT BO3MOXHOCTb Ha-
6nogaTh N0 KpaliHeli Mepe OAWMH Mepexof Mexay AByMs ce3oHamu. Eciu
Mapcoxody yfacTca npopaboTaTh 60/blle CBOEro Mpearnonaraemoro Cpoka
CNY>XObl Ha MOBEPXHOCTK, OH MOTEHLMAIbHO CMOXET 06ecneynTb NoAHOe no-
KPbITME MapCUaHCKUX CE30HOB.
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C10. Hukudhopos u ap.

Ha nepsom atane muccun APOH-PM 6ygeT ncnonb3oBatbesa Ans obecneve-
HWUA OQHOBPEMEHHBIX HAbNIOAEH W B COYETaHUN C NpUbopamm, YCTaHOB/IEHHLIMU Ha
cTayMoHapHyto nocafgoyHyto nnatgopmy. AAPOH-PM nnaHupyeTca MCMNob30BaTh
BMECTE C aKTUBHbLIM FraMMa- U HEMTPOHHbLIM cnekTpoMeTpom APOH-9M (Ha 6opTy
nocasfo4Hol nnaTopmMbl). MOHUTOPUHT U3MEHEHWIA B MHAYLIMPOBaHHOM UHAMUYe-
CKOM anbbefo HEMTPOHOB, NPOM3BEAEHHbI aKTUBHbLIM raMma- U HEMTPOHHbLIM CeK-
TPOMETPOM, MO3BOUT MOYUUTL 6osee NOAPOOHYIO MH(OPMALMIO O MOAMOBEPXHOCT-
HbIX CBOMCTBAaX B pailoHe MecTa NocafKu, Takux Kak npoQuan 3nemMeHTHOro cocTasa,
BOZbI 1 NIOTHOCTM BeLLECTBA.

Oxunpgaetcd, yto uccnegosaHus AAPOH-PM, B coyeTaHUu ¢ MCCnefoBaHUAMMN
npuéopa AAH Ha 6opTy MH/T HACA, npogomkat n3mepeHus pacnpegeneHuns ol
Ha NOBEePXHOCTM U yNydLlaT rnobanbHble KapTbl, KOTOPbIE JOMOHAT pe3y/bTaTbl Npo-
LWbIX U TEKYLLUMX OPOUTANIbHBIX U3MEPEHUIA. ITO 06ecneunT KOOPAUHALMIO C Heil-
TPOHHOW 1 ramMMa-CneKkTpoMeTpueld Ha 6opTy opbuTanbHoro annapata HACA «Mapc
Ogaucceit» (Boynton et al., 2002, 2006; Feldman et al., 2002, 2011; Maurice et al.,
2011; Mitrofanov et al., 2002), koTopas HaHeceHa Ha KapTy NoBepxHocTM Mapca
C paspeLueHmem 300x300 KM 1 6yaeT BKIOYATb HOBbIE M3MEPEHNS OpOUTaNTbHbIX KOJI-
NMMMPOBaHHbIX HEATPOHOB C opbuTanbHOro annapata EKA «Tpeiic Ma3 Opoutcp»
(npnéop ®PEH[, B HacTosllee BpeMsi HaxoAaLmiics Ha opbute Mapca) ¢ paspe-
weHnem 40x40km (Malakhov et al, 2014). MNocafo4Hble muccun Ha Mapc, BKtO-
yass MC/1 HACA, «3k3oMapc» 1, BO3MOXKHO, «Mapc-2020» HACA (aHrn. Mars 2020
Rover Mission NASA), 6yayT AONONHATL OpOUTabHOE KapTMpOBaHWe peasibHbIMK
N3MEPEHNAMN COLEPXXaHNSA BOLbl HA NOBEPXHOCTU B MHOMOUYMCNEHHbIX TOYKAX 9KBa-
TopuanbHoli 06nactn Mapca.

OMMCAHWE TNMPNBOPA

Mpnéop AAPOH-PM CKOHCTpyMpOBaH KaK eAuHblii 610K (pUcyHOK). MpuHUmnbI
paboTbl M KOHCTPYKUWSA YHacnefoBaHbl HEMOCPeACTBEHHO OT MHCTpymeHTa JAH
(Litvak et al., 2008; Mitrofanov et al., 2012; Nikiforov et al., 2014). CeHcop OAH
COCTOMT W3 [BYX OTAEeMbHbIX O6/I0KOB: WMMYNbCHOr0 HEWTPOHHOrO reHepaTopa
(BAH/VNHT) » 6noka feTeKTopoB U anekTpoHukn (OAH/A3). JAH MoxeT pabo-
TaTb KaK B aKTUBHOM, TaK U B MACCUBHOM PEXMMaxX U3MePEeHUIA. B akTUBHOM peXxume
OAH/VHT reHepypyeT MMMynbCbl ABYXMUKPOCEKYH/AHbLIX BbICOKO3IHEPrETUYECKUX
(14,1 M3B) HeitTpoHOB, ncnyckaemblx B 411 c¢p Bokpyr AAH/VIHI. B naccuBHOM pe-
xume JAH/AS n3mepseT HEMTPOHHOE alb6eflo OT NoBepxXHOCTM Mapca.

O6wwii Bug npubopa AAPOH-PM gna muccun JkzoMapc
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Takum o6pasom, AAPOH-PM sBnsieTca BocnpoussegeHem npuoopa OAH, Ho
TOMIbKO YacTUYHO; KOHCTpYKuua ALPOH-PM cogepXuT 3HaunTeNbHble MOAUDU-
Kauumn ¢ Lenbio yMeHbLIeHUs Maccbl npubopa o 1,3 kr. Kpome toro, AAPOH-PM
OyZeT M3MepsATb TONIbKO HeTPOHHOE anbbedo Ha MOBEPXHOCTM, Moyyvaemoe OT ra-
NaKTUYECKMX KocMmyeckmx nyyeid (MKJT), n3-3a Toro, 4to Mapcoxog «3k3oMapc» nc-
MO/b3YeT COSTHEYHbIE MaHeNN 415 BbIPabOTKU 3HEPruu, 3TO AeNaeT NacCMBHBbIA aHa-
Nn3 faHHbIX npuéopa AAPOH-PM nipoue, Yem B cnyyae npubopa JAH.

Tak e, Kak U B KOHCTpykuun AAH/O03, AAPOH-PM ucnonb3yet fABa npo-
NOpUMOHa/IbHBIX CUETUMKA 3He. CUETUMKM UMEIOT AnaMeTp 25 MM 1 06LLyt0 ANHY
55 MM. OHM 3anofiHeHbl razom 3He nof AaeneHvem 4atm. KoHgurypauus getek-
TOpa BblOpaHa Ans M3MEepPeHUs NOTOKa HeMTPOHOB, reHepupyemoro 'KJ1 B rpyHTe
B Pa3/IMYHbLIX IHEPreTUYEeCKMX Mosiocax, Tak YTo Npubop MOXeT paspeLlatb MoAmno-
BEPXHOCTHBII CMEKTP YTEUKN HEATPOHOB OT TEMOBbIX 3Hepruii (<0,4 3B) oo ~1 Kk3B.
3mepeHnsi crnekTpa YTeYKM HEMTPOHOB OyayT MCMOMb30BaThCA A/ OMpefesieHuUs
pacnpefeneHus BOL4bl U HAIMYNS 3/1EMEHTOB, NOTNOLLAIOLWNX HEUTPOHBI, & TaKKe A41s
MOHWTOPUHIA HEMTPOHHOI COCTaBASIOLLENA pagnalumMoHHOro goHa Mapca. Kaxablii
NPONOPLMOHA/bHbIA CYUETUMK OOHAPYXKMBAET HEMTPOHbI MO peakLuW 3axBaTa Heil-
TPOHOB: 3He + u=>3H +p.

MepBbIii HEATPOHHbLIA AETEKTOP MpPeACTaBnseT €060 MPOMNOPLMOHANbHBINA
CUETUMK, 3aK/IOYEHHbLIN B KOpnyc M3 kaamus. KagMuil MMeeT OYeHb BbICOKOE Ce-
YeHue MOrNOoLLEHNA HEMTPOHOB € 3Heprusamm <0,4 3B. 3T0 NO3BONAET PerncTpupo-
BaTb TO/IbKO HWU3KO3HEPreTMYeckmne anuUTen/IoBble HETPOHLI BbILLE MOpora Kagmus
B AvanasoHe aHepruii ot 0,4 0o 1k3B. Vi3meHeHMs NOTOKa 3MMTENN0BbIX HEMTPOHOB
(BLONb NYTW ABMXKEHUA MapCOX0fa) B OCHOBHOM 06YC/M0B/MEHbI U3MEHEHUAMW B NOA-
MOBEPXHOCTHOM pacnpefeneHun Bogopoda. BTopoil geTekTop HEMTPOHOB — eLd
OAVH NPOMOPLUOHANbHBIA CHETUMK, KOTOPbIA TO/IbKO YAaCTUYHO 3aK/OUYEH B KafMu-
€eBblil Kopnyc. OnbIT, NPUOGPeTEHHBIN 3a Bpemst paboTbl npnbopa AAH Ha nosepx-
HOCTW, MOKa3as, YTo 3Ha4YMTe/IbHasA YacTb TEM/I0BbIX HEMTPOHOB MOXET ObITb MPOU3-
BeAeHa He TONbKO B MOAMNOBEPXHOCTHOM C/10€ MOJ MapCOXOLOM, HO M B CamMOii KOH-
CTPYKLMM Mapcoxoda. UTo6bl yMEHbLUNTL 3TOT OH A5 HEATPOHHbIX CNEKTPOMETPOB
CNeAytoLLEero NOKoNeHUs, 6bl10 MPEA/IOKEHO CYXXEHUE MO 3PEHUS NMYTEM YacTUY-
HOrO MOKPbITUSA OTKPLITOrO MPOMOPLMOHASILHOrO CYETUMKA 3aMTON U3 Kagmus,
KoTopas ocTaBnsna bl OTKPLITOE OKHO MO MapcoXOLOM, OPUEHTUPOBaHHOE K MNo-
BEPXHOCTW. JTOT AETEKTOP YYBCTBUTENEH K TEM/I0BbIM U 3MMUTEMNI0BLIM HEATPOHAM,
HO MCNOJb30BaHMe YaCTUUHOM KaAMUEBOR 3alluThl NOAABASET 0OHapYXXeHve Tenio-
BbIX HEATPOHOB MPaKTUYECKN CO BCEX HaMpaB/eHnii (BK/IKOYas OCHOBHbIE KOHCTPYK-
LMK Mapcoxoga), 3a UCKKOYEHNEM TENECHOr0 YI/1a, HarnpaBeHHOro Ha NOBEPXHOCTb
nof, MapcoxoAoM. 3-3a aToro pasHuLa B CKOPOCTU CUETA MEXAY feTeKTopamu Byaet
€03.aBaTbCA NMOBEPXHOCTHLIM MOTOKOM TEM/I0BbIX HEMTPOHOB B AMana3oHe SHepruii
Huxe 0,4 3B. TennoBble HEATPOHbLI YYBCTBUTE/bHLI KaK K M3MEHEHWSM B pacnpege-
NEHUN BOAbI, TaK U K MPUCYTCTBUIO 3/1IEMEHTOB MOT/IOLLEHNS HEATPOHOB.

Tenemetpus npubopa ALPOH-PM wumeeT Tpu pasfMuYHbIX TWNa Kagpos.
MepBbI UCNOML3YETCSA B PEXUME OXMAAHWUSA U COLEPXKUT TOMBKO CNY>KeGHYIO U op-
raHM3aLMoHHY MHGOpMaLMI0. BTOpoli TMN TeNneMeTpUYeCKoro Kagpa 1cnonb3yeTcs
B MacCUBHOM PEXMMe paboTbl AN 3annUCu CNYXKeGHON 1 opraHn3aloHHOR HMOop-
MaLuy BMeCTe C HayUHbIMU CMEeKTPaSibHbIMU JaHHbIMU (M3MepPeHHbIMU B BUJE [BYX
32-KaHa/lbHbIX CMEKTPOB B KaXXAOM [eTeKTope HeWTpoHOB). OH 6yaeT MCNOnb30-
BaTbCH B KAYECTBE OCHOBHOIO pPeXuma HabnoeHns BO BPeMs ABVXEHUS MapCoXoaa.
Meprog HakonaeHns oNs KagpoB STUX JaHHbIX N0 YMON4YaHuio coctasnseT 20 ¢, HO
€ro MOXXHO M3MEHUTL C 3eMM B 3aBUCUMOCTY OT Hay4HbIX 3a4a4. TpeTuid Tun Kagpa
[06aBNseT BpeMeHHOe paspeLleHne K U3MEPEHUAM B NACCUBHOM PEXMUME, 3arunChbl-
Bas MH(opMaLuio (BpeMs Npuxoda U CNEKTPanbHbIA KaHan) 0 Ka4OM HelTpOHe,
3aperncTpmMpoBaHHOM B A€TeKTopax npubopa. 3TOT pexxum 6yaeT pabotatb B6M3M
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nocagoyYHoli NnaThopmMbl 415 COBMECTHOW paboThbl C aKTUBHbLIM ramMMa- U HeTpOH-
HbIM cnekTpomeTpoM AAPOH-3M And MOHUTOPUHIa HEWTPOHHOTO anbbeno OT U3-
nyyeHuns reHepatopa AAPOH-3M.

Cnuncok ocHOBHbIX napametpos AAPOH-PM npeacTtasrieH Hxe.

AV (oo 1,3 Kr
3HepronoTpebeHue................. fo 5Bt
Pa3mepbi:

Mpunbop AAPOH-PM pa3melyaeTcsi BHYTpU Kopryca Mapcoxoga «3k3oMape.
BbicoTa Haf, NOBEPXHOCTLIO cocTaBnseT nopsgka ~0,8 M. OObluHble MAacCUBHbIE U3-
MEpPEHMS CTaHyT (hOpMMPOBaTh NePBUYHbINA NniaH onepaunin APOH-PM Ha nosepx-
HOCTW, KOTOpLIA OyfeT peann3oBaH BO BPeMs ABUKEHWUS Mapcoxoda A4ns KOHTPOons
pacnpegeneHnst Bofbl, 0BHapYXXeHWs! 3/1EMEHTOB MOT/OLEHNS HEATPOHOB U MOHU-
TOpWHra (hoHa HEMTPOHHOTO M3yYeHNs. Bo Bpems CU/bHBIX BbIOPOCOB COTHEUHbIX
yactuy, AAPOH-PM no3BonnT OTCAeXMBaTb MX Bapuauuio (40 HECKObKUX LHEN)
W OLLeHMBaTb 03y HEATPOHHOIO M3/TyYeHus.

SAKMKOYEHNE

JkcnepymeHT APOH-PM — 370 cnegylowas peannsauma aaepHbIX METoL0B MC-
cnefoBaHus nnaHeT COMHEYHON CUCTEMbI U MX MOBEPXHOCTU. HEWTPOHHBIA cnek-
TPOMETP WHTErpMpoBaH Ha 6OPTY MapCUaHCKOro Mapcoxofa, paspaboTaHHOro
EKA B paMKax COBMECTHON muccum «3k3oMapc» mexay 'K «Pockocmoc» n EKA
«9K30Mapc», 3annaHnpoBaHHO Ha 3anyck B 2020 I. B paboTe 0606LLEHbI BO3MOX-
HocTu npubopa ALPOH-PM ans npoeefeHWst aHann3a BOAOPOAHON KOMMOHEHTHI
(NpescTaBNEHHON Kak cBsi3aHHas BOAa, BOAAHOW nég nnu monekynsl OH (H20) B ru-
[paTypoBaHHbLIX MUHEPanax) B BepXHEM C/loe noBepxHocTM Mapca. Mo oueHKe BoAo-
POAHOI KOMMOHEHTbI B Pa3HbIX TOUKaX ABVDKEHWS MapCcoXofa MOXHO GyAeT Nonyuunthb
MPOLEHTHOE 3HAaUYeHNe CpefHero cofepXaHue Bofbl. TN M3MepeHUs GyayT UCNoNb-
30BaHbl B LieNsX Bbibopa Hambonee oNTUMaIbHOrO MecTa s NPOBeAEHUA IKCNepu-
MeHTa Nno BypeHuto rpyHTa Muccum «3k3oMapce».
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This overview presents the physical principles, design, measurement capabilities, and summary
of planned operations of the Autonomous Detector of Radiation of Neutrons onboard Rover at
Mars (ADRON-RM) on the surface of Mars. ADRON-RM is a Russian project selected for the
joint Roscosmos - ESA ExoMars 2020 landing mission. A compact passive neutron spectrom-
eter, ADRON-RM, was designed to study the abundance and distribution of water and neutron
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MEXAHV3M AWHAMO B AKKPELIMOHHOM AWNCKE
B NIAHAPHOM MPUBIVIXEHUI

M. B. MaweHuesa\ E. A. Muxaiinos', [l. B. BoHeBa2

1 MOCKOBCKWIA rocyaapCcTBEHHbI YHMBepcuTeT nmeHn M. B. lomoHocoBa (MIY)
MockBa, Poccus

2 VIHCTUTYT KOCMUYECKNX UCCNef0BaHNIi N TEXHONOMMIA bonrapckoi akagemumm Hayk
(MKNT BAH), Cons, bonrapus

MarHuTHble Mons B aKKPELUOHHbIX AMCKax, 06pasyLMXCs OKOMO MAaCCUMBHbBIX OGLEKTOB,
MOTYT UrpaTh CYLLECTBEHHYO PO/ib MPU NMOHWMaHUW PasiMyHbIX NpoueccoB. CTOMT 0XMAAT,
UTO POCT MAarHUTHbIX MOMEl MOXHO 06BACHUTL C MOMOLLbI0 MEXaHU3Ma JUHAMO, Ka4eCTBEHHO
CXOXEro C TeM, KOTOpbIii paboTaeT B ralakTKax. BonbLUyo NONynspHOCTL NpY UCCELOBaHUM
rasakTM4YecKoro AMHaMo MOyYnIo NiaHapHoe NpUBANXKEHNe, KOTOPOE Mbl MOMbITAINCE NPU-
MEHUTb 1S UCC/efOBaHUS NpoLecca reHepauum MarHUTHOTO NOMS B aKKPELMOHHOM [AMCKe.
BbifI0 yUTEHO, YTO B aKKPELMOHHBIX JUCKAX CYLLECTBYHOT MHTEHCHBHbIE MOTOKM BELLECTBA, Ha-
npaBfieHHble B CTOPOHY LieHTpa. MOCTPOeHbI 3aBUCHMOCTU MarHUTHOTO MO/ OT BPEMEHU NpU
pasnNYHbIX 3HAYEHUAX AMHAMO-4Kcna. MoKa3aHo, YTO KPUTUYECKOE 3HaYeHUe AaHHOT0 Yncna
HWXKeE, YeM NS FanakTuK, YTO MOXHO 06BACHNTL KAYECTBEHHO UHOM CTPYKTYPOI TeUYeHMs.
KntoueBble €NoBa: AMHAMO, aKKPELVOHHbIE JUCKM, NaHapHOe NPUGIVKEHUE, FanakTUKK

BBEAEHWE

AKKpELMOHHbIE ANCKM BCTPeYaloTCAd B CaMbIX Pa3HbIX acTPOM3NYECKUX 3afjadax.
Tak, oHW 06pasyloTcs Npy NafeHUN BeLLecTBa B YEPHYIO AbIpY B LEEHTPe ranakTUKu.
Kpome Toro, oHn HabnoaalnTcs B ABOMHBIX 3BE3AHbIX CUCTEMAX, KOrAa NPOUCXOLUT
akKpeLus BellecTBa Ha 6oniee MacCuBHYHO 3Be3gy. OCO6ObIi MHTepec MpeAcTaBnsoT
aKKpELMOHHbIe AUCKWN OKOO0 6enbIX Kap/1KOB.

H.W. Wakypa n P.A. CioHseB (Shakura, Sunyaev, 1973) oTmeuaroT, 4TO 60/b-
LY PO/ib B 3BOMIOLMM AKKPELMOHHOIO [AMCKA UrpaloT MarHWTHble Nons, B YacT-
HOCTW, OHU MOrYT OOBACHATHL MEPEHOC MOMeHTa UMMynbca. Kak npasunio, B 60/b-
LUMHCTBE acTPO(U3NYECKNX OOBEKTOB reHepauns MarHUTHbLIX MOMel OnuCbIBaeTCs
C NOMOLLbK MeXaHn3Ma AMHaMO, OCHOBAHHOIO Ha COBMECTHOM [eicTBMN anbda-3ad-
thekTa 1 anddepeHUManbHOro BpalleHns. XoTa B HACTOsLL,ee BPeMS HaKOM/EH onpe-
[ENEHHBIV OMbIT MOAENIMPOBAHNS MarHUTOMUAPOANHAMUYECKNX MPOLLECCOB B aKKpe-
LMOHHBIX gnckax (PKunkuH, bucnkano 2010; Yankova, 2012), 6b1710 6bl 4OCTATOYHO
MHTEPECHO WCMO/b30BaTb OMbIT, HAKOM/IEHHBIA MPY U3YUYeHUN reHepauuum MarHuT-
HbIX NOMel ranakTuk, KOTOPbIE TAKXe MPEeACTaBAAT CO6GOI ANCKOBbIE CTPYKTYPbI.
MOXHO 0XMfaTb, YTO KAYECTBEHHO MPOLLECChI B aKKPELMOHHbIX AUckax OyayT npo-
NCXOAUTb NPUMEPHO Takke. MpW 3TOM B HACTOSLLee BpeMsl B TEOPUN FralakTUYeCKOro
OMHAMO eCTb paf, MOZLenei, KoTopble MNO3BOMAKT 3aMETHO YNPOCTUTL NPOLLECC peLue-
HWSt YPaBHEHWIA 1 CIKOHOMMUTb BbIYNC/IUTESTbHBIE PECYPCHI.

eHepaums KpynHomacluTabHOro MarHUTHOIO MOMS OMUCBLIBAETCSH C MOMOLLbHO
ypaBHeHus LU TeeHb6eka-Kpay3se-Pagnepa, XxapakTepusyroLLero 3sosoLuio cpefHe-
ro nons. B cnyyae ranaktuk 15 €ro peLleHns 4acTo NPYMEHSeTCa naaHapHoe npu-
6nKeHMe, Ucnonb3ytowee (akT, YTO ranaktuueckmii AUCK JOCTaTOYHO TOHKMA,
M MO3TOMY MOXHO CUMTaTb, YTO MarHWTHOE Mosie C 6GOMbLUOA TOUHOCTBH NEXUT
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B MI0CKOCTY AMCKA, a YaCTHble NPOM3BOAHbIE MOTYT ObITh 3aMEHEHbI Ha anrebpanye-
cKue BblpakeHus (Moss, 1995). [laHHbI1 NOAXO0/A XOPOLLIO 3apeKoMeHoBan cebs B ra-
NaKTUYEeCKOM AMHAMO U MOXET ObITb NPUMEHEH, B TOM UYUCIE, W A1 aKKPELMOHHbIX
AnckoB. K coXaneHuto, B HaCTOALLMIA MOMEHT CYLLECTBYET NMLLb He6GObLUOE KOMU-
yecTBO paboT (Moss et al., 2016), NOCBALLEHHBIX NPUMEHEHNIO 3TOr0 METOAA.

Mbl CTaBMM CBOEI LeNbl0 M3y4veHre MpoLecca reHepauMy MarHUTHOrO Mosns
B aKKPELMOHHOM AUCKE C UCMO/b30BaHWEM MaHapHOro npubamxeHus. HecMoTps
Ha NPUHLUNUNLHYIO CXOXECTb FaIaKTUYECKOro U aKKPeLMOHHOIo AMCKOB CTOUT OT-
METUTb PSA CYLLECTBEHHbIX OTIMYMIA. Tak, B C/lydae akKpeLVoHHOro Aucka Heobxo-
[IMMO 6paTb AOCTATOYHO 60/bLUOA BHYTPEHHWUIA pagnyc (AaHHYO MOAENb MOXHO MC-
MoNb30BaTb U NPW UCCNEA0BaHUM MarHUTHBIX MOJERA B CayYasx, KOrga npy akkpewumm
06pasytoTca CTPYKTypbl TopounaansbHoii dhopmbl) (Mikhailov, Khokhryakova, 2018).
Kpowme Toro, 3HaunmMyto ponb 6yayT urpatb paguasnbHble NOTOKK Cpefbl, CBA3aHHbIE
C NafileHVeMm BeLLecTBa Ha LieHTpanbHOe Teno.

OTMeTUM, Y4TO MEXaHW3M AMHAMO ABNSETCA NOPOroBbIM, WU reHepauus marHuT-
HOro Mnoss BO3MOXHA NWLb NPU ONpefeNnéHHbIX 3HaYeHuaX Ge3pasMepHoro AmnHa-
MO-YMCNa, XapaKTePM3YIOLLEro COBOKYMHYHO MHTEHCMBHOCTb paboTbl anba-agdek-
Ta U guddepeHLMansHOro BpalleHus. MNone MoXeT pacTu NMLLb B CyYae, eciv OHO
MpeBbILIAET ONpefenéHHOe kpuTuueckoe 3HaYeHMe (B NPOTUBHOM Cllyyae Habntoga-
eTCA 3aTyxaHue 3a CYET AmccmnatuBHbIX 3PPexToB). OAHOM M3 HaWKX 3aga4 6bl1o
onpegeneHune AaHHOro 3HAYEHUN [N akkpeLOoHHbIX AUCKOB. BaXHO ObIN0 MOHATB,
GYLET M OHO OTNNYATLCS OT TEX BE/TMYUH, KOTOPbIE XapaKTePHbI ANS ranakTuK.

OCHOBHbIE YPABHEHNA

JBOMOLMA MAarHUTHOTO MNOJISA XapakTepusyeTcs ypaBHeHWeM LLITeeH6eka—Kpay3e—
Papnepa:

— =rot(ai?) + rot[ V, B] + VAB,

roe a —napameTp anba-adhgekTa; V — CKOPOCTb KPYMHOMACLUTAOHbIX ABVMKEHNIA
(cBsA3aHHasA ¢ BpallleHNeM AM1CKa, a TakKe, BO3MOXHO, C NOTOKaMM BeLLEeCTBa B pagu-
a/lbHOM HarpaBneHun).

MnaHapHOe MPUBMKEHME, KOTOPOE 4acTO WCMOMb3yeTcs MpYU WUCCNEA0BaHUM
OMCKOBOrO AMHAMO, MpearnofiaraeT, YTO MarHUTHOE MOJe 3aBUCUT OT KOOPAWHATbI Z
MO KOCUHYCOMZAbHOMY 3aKOHY:

e
2h\

rae I—nonyTonwyHa ranaktnyeckoro aucka. CTOUT OTMETUTb, YTO OCHOBHYHO PO/b
UrpatoT KOMMOHEHTbI MarHUTHOFO MoAst Bru 22h, nexallue B NI0CKOCTM ranakTuye-
CKOrO AMcKa, B TO BPeMsi Kak KOMMOHeHTa B, 40CTaToOuHO Mana, a eé Npou3BOAHas
BOCCTaHaB/IMBAETCS U3 YC/IOBUS Ge3AMBEPrEHTHOCTH.

Y[06HO M3MepsTb PAcCTOsSIHWE B eAMHMLAX BHELLHEro paanyca akKpeLMoHHOTo

fucka, a Bpems — B efuHMLax h2r\. B TakoMm cfyyae ypaBHeHWst 419 MarHUTHOro
nosns MoryT 6bITb NpescTasneHsl B Buge (Moss, Sokoloff, 2013):

B(r,z,t) = B(r,0,t)- cos

r_ » NB A _f_ Ab;
At 32 o 'qr f W 'qr
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>¥B,
g\ R By,
at 2r¥? r& *>\

roe X—6e3pasmepHoe YMC/0, OMUCbIBAKOLLEE AUCCUMALIMIO MarHUTHOTO MoAs B M10-
cKoCcTU aMcka; RanapameTp anba-aghekta; Rm—anddepeHumansHoe BpaLleHue.

POCT MarHUTHOrO Mo/is 3a CHET MeXaHU3Ma JMHaMO 0ObACHAETCA NePEXOLOM KU-
HETUYECKOW 3HEPrUmn TYpPOYNEHTHbIX ABUKEHWUIA CPefbl B 3HEPrui0 MarHUTHOrO Nons.
CrefyeT oXuaTb, YTO KOTfa BENMUYMHBLI 3TUX 3HEPTUiA CTaHYT CPaBHWMbIMMK, POCT
nons CHadYana 3amefnnTCs, a MOTOM BOBCE NMPEKPATMTCS, T.6. MPOU30MAET «HaChILLe-
Hue». B camom rpy6om npubnmxeHmMmn 3Ty npobieMy MOXHO PeLunTb, BBEAA Henu-
HelHy0 MOAN(MKaLMIO KOS (UL MEeHTa, OTBEYAIOLLErO 3a anbtha-3dteKT:

R K
1-A\s28l
3T0 NpMBEAET HaC K CneaytoLLei cucTeMe ypaBHeHmnin (Moss, Sokoloff, 2013):
4 B2 X1B. aB.
— B, 1
dt r(b * B2 ar
A . Ho B a
dt 2T 4 ar

MOJTYYEHHbIE PE3YJIbTATHI

Mpy mMogenupoBaHUK BblNK MONYYEHbI 3aBUCUMOCTM MAarHUTHOrO Mo OT BPEMEHW.
B 3aBMCMMOCTM OT 3Ha4YeHWl NapameTpoB, BO3MOXEH /IMOO POCT NONSA C pasHbIMU
cKopocTsMU, NM60 ero 3atyxaHuve. MOXHO OTMETWUTb, YTO MOBefeHUe MarHUTHOro
Nnona xapakTepusyetcs guHamo ymuciom D = RaRm 3sontouuns nons gas pasivyHbiX
3HAYEHWIA 3TOr0 YMC/a NPeACTaB/eHa Ha PUCYHKE.

3aBMCMMOCTb MArHUTHOIO MOASA OT BPEMEHM /1A Pa3HbIX 3HayeHui ANHaMOo-4ucen
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MarH1THOe rnosie MOXKET pacTu MpU NPEBbILLEHUN AUHAMO-UYNCIIOM ONpeLenéH-
HOro KpUTMYECKOro 3HaveHus Da, onpefensemMoro cBoicTsaMu mogenu. Takum 06-
pasom, OHO yBennuueaetca npy D> Da u 3atyxaeT npu D <Da. B aHanornyHbIx Mo-
[ensix Ana ranaktuk 6110 noay4veHo, yto D ~7 (Arshakian et al., 2009). B Hawem
C/lyyae YMNCEHHbI pacyéT NnoKasbiBaeT, YTo ber~ Q12

OTMETUM, 4TO NPU LOCTUDKEHUW MArHWTHbIM MOMEM 3HAYeHus, 6/IM3KOro
K YPOBHIO paBHOpacnpegeneHns, poct MarHUTHOrO Mo/s NPeKpaLwaeTcs 1 OHO BbIXO-
VT Ha onpefeniéHHoe CTalMoHapHOoe 3HaYeHue.

BbIBOAbI

Hamu 6binn nccnefoBaHbl MarHMTHbIE MO B aKKPELMOHHbIX AUCKax. s n3yyeHus
1CM0Mb30BaNIOCh NAaHapHoe NpUbAMXKeHME, KOTOPOe LUMPOKO NPUMEHSETCS B ClyYae
ranakTuK. Y paBHEHWUS NIaHAPHOTO NPUBAKEHUSA PeLLasuCb YNCIEHHO, KPOME TOrO,
6bln NPOBEAEH KAYeCTBEHHbIN aHanM3 reHepauuyM MarHUTHOrO nons. B pesynbraTe
PacyYéTOB HalaeHO, YTO MarHWTHOE MOfe YBEIMUMBAETCS MO 3KCMOHEHLMANbHOMY
3aKOHY, Nn60 3aTyxaeT. KpuTnyeckoe 3HauyeHuMe JUHAMO-Uncna 41 akKpPeLnoHHbIX
[IMNCKOB, NPW KOTOPOM 3aTyxaHne MarHUTHOrO MO/ MEHSETCA Ha ero pocT, COCTaBNA-
eT Da~ 0,112, 4To 3aMETHO OT/IMYAETCA OT 3HAUYEHWIA ANA ranakTuk.

B fanbHeiwem MOXHO 6bl10 6bl MCMOMb30BaTh CXOAHbIE MPEeACTaBNEHUS ANs
nccnefoBaHMs MarHUTHbBIX MOMEn B Clydvae 0O6bLEKTOB, MMeOLWMX hopmy, 6/M3KyHO
K TOPOUAANbHOIA.
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DYNAMO MECHANISM IN ACCRETION DISKS IN NO-Z APPROXIMATION
M.V. Pashentseva\E.A. Mikhailov\ D. V.Boneva2

1 Lomonosov Moscow State University (MSU), Moscow, Russia
2 Space Research and Technology Institute Bulgarian Academy of Sciences, Sofia, Bulgaria

Magnetic fields in accretion disks, which are situated near massive objects, can play an impor-
tant role while describing different processes. It is possible that the magnetic fields generation is
described by dynamo mechanism which is qualitatively similar with the one which takes place
in galaxies. As for research of the galaxy magnetic field the no-r approximation is very popular.
We used it for modelling magnetic field in the accretion disks. It was taken into account that there
are radial flows of medium in the accretion disks, which are directed towards the center. We have
described the time dependence of the magnetic field for different dynamo numbers. It was shown
that the critical value of this number is lower than for the galaxies, which can be connected with
another structure ofthe motions.
Keywords: dynamo, accretion disks, no-z approximation, galaxies
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PALNONOKALVOHHOE 30HAVPOBAHWE NYHBI:
NOKANU3ALING OBNACTU OTPAXEHNA

P.A. PypameHko12 B. B. tOwkos"20. B. Owkosal

1 dpasnHckuii punuan NHCTMTyTa PaguoTeXHNKN U 3NEKTPOHNKN
um. B.A. KoTenbHukoBa Poccuiickoli akagemun Hayk (PP3J PAH), ®psasunHo, Poccus
2 MOCKOBCKUI rocyfapCTBEHHbI yHUBepCcUTET MMeHn M. B. JlomoHocoBa (MIY)
MockBa, Poccus

B npoekTe «JlyHa-Pecypc» mpeanonaraeTcs npoBefeHWe nccnefoBaHuii rpyHTa JlyHbl paguo-
NOKALMOHHBIMW MeTofaMn B GUCTaTUYECKOM pexume. [ind atoro 6yfet UCnonb30BaTbCa Up-
KYTCKWIA pagap HeKOrepeHTHOro paccesHWs, HaXoAAWMNAcS B BefeHWM VIHCTUTYTa COMTHeYHO-
3eMHOW hunsukn Cnbmnpckoro otaeneHmsa PAH. B nape ¢ HaseMHbIM pagapom 6ygeT paboTtaTb
pagunonokaumoHHblii komnnekc PJ/IK-J1, ycTaHaBnMBaemblii Ha OpOMTabHbIA KOCMUYECKWIA
annapaTt «JlyHa-26». B paboTe paccmaTpuBaeTca MeTOAMKa OnpegeneHus obnacT NOBepXHO-
cTv JlyHbl, hopMUpYIOLLE OTPaXEHHBIA CUTHAN.
Kntouesble cnosa: paguoniokauns, JlyHa, oTpaxeHue, pagap

W3yueHwve JTyHbl 66110 1 elwg aonrue rogbl 6yOeT akTyarbHbIM HarnpaBneHWem Koc-
MWUYECKUX MUCCNef0BaHNIA. B 0KOM0NYHHOM MPOCTPaHCTBE Y)XKe B 3TOM BeKe MobbiBa-
NN KOCMUYeCKMe Kopabnu MHOrMX cTpaH. Poccus ToXe aHOHCMPOBasa CTapT NpoeKkTa
«JlyHa-Pecypc», B pamKax KOTOPOrO M/aHMPYeTCs 3amyCcK ABYX KOCMUYECKMX anna-
paToB: MoOcajovyHOro u opbutanbHoro. Liens nporpaMmbl COCTOMT B UCCNeA0BaHUN
BEPXHEro €108 rpyHTa JIyHbl. Buctatnyeckas paguonokalms sBNsSeTcs O4HUM U3 He-
MHOMMX METOZ0B, MO3BONAIOLIMX AUCTAHLMOHHO M3yyaTb CTPOEHWE U MUHEPANoru-
YeCKM COCTaB BepPXHEro Nokposa JlyHbl. 15 npoBeAeHns BUCTaTUYECKO nokKaluu
HY>KHbI pa3HecéHHble MPUEMHUK 1 NepefaTyumk. MNpoBoAnTb GUCTaTUYECKMe UCCefo-
BaHWA rpyHTa MOXKHO No cxeme down link, Korga curHan nsnyvaetcs paguonepegar-
YMKOM, YCTaHOB/IEHHbIM Ha KOocMMYeckoM annapate (KA), a npném —Ha 3emne. Mpn
reHepawmmn curHana Ha 60pTy KOCMWUYECKOro anmnapara MOLLHOCTL NnepefaTymka Hese-
NMKa, 4YTO 0BYCNOBMIEHO TPEOOBAHUSAMU 3EKTPOMArHUTHOW COBMECTUMOCTM C ApYToii
Hay4YHOR 1 cny>kebHOI annapatypoid. Tak Kak rnybuHa NpOHUKHOBEHWS Paguocur-
Ha10B B PYHT 3aBMUCUT 1 OT MOLLHOCTM 30HAMPYEMOrO CUrHaNa, ANs peanvsaunu 6u-
CTaTUYeCKMX U3mMepeHmnin 6blia npeasioxeHa cxema up link: Ha op6uTe JTyHbl JO/MKEH
Hax0AWTbCA PafMONPUEMHIK, COTTACOBAHHbIA C MOLLHBIM Ha3eMHbIM MEPeaTUNKOM.

B pamkax poccuiickoin muccun «JlyHa-Pecypc» niaHupyeTcs NpoBecTy buctatu-
YecKyto paamonokaumto JlyHbl Kak no cxeme down link, Tak 1 no cxeme up link. Ans
3TOro Ha 6opT opbuTaNnbHOro annapata «J/lyHa-26» GyaeT YCTaHOBNEH PaMooKaL -
OHHbIV Komnnekc PJTIK-/1 (Smirnov et al., 2013). Komnnekc cocTomT M3 ABYX pafa-
poB: «Pagapa-20» 1 «Pagapa-200». «Pagap-20» 6yaet pabortarb B 4aCTOTHOM Auana-
30He oT 17,5 go 22,5 MI'y, «Pagap-200» — B 4aCTOTHOM AuanasoHe 140... 180 MI'y,
(puc. 1, cm. c. 127). PaboTa «Pagapa-200» B 6UCTAaTUYECKOM PEXMME MpeaycMoTpeHa
COBMECTHO C MPKYTCKUM pajapom HekorepeHTHoro paccesHus (MPHP) (Yushkova
et al., 2018) (puc. 2, cm. ¢. 127). CpaBHMBas XapaKTepuCTUKK NPSMOro 1 OTPaKEH-
HOFO CUIHasI0B, MOXHO OLIEHWUTL CBOWCTBA €105 FPyHTa, (DOPMUPYIOLLEr0 OTPaXKEH-
HblA curHan (KOwkoBa, AAkoBnes, 2017). OgHa M3 OCHOBHbIX Mpobiem 6GucTatuye-
CKOI pagnonokaummn JIyHbl 3aK/l0ueHa B CIOXKHOCTM OMpefeneHns paiioHa noBepx-
HOCTW, B KOTOPOM (JOPMMPYETCS OTPXXEHHBIA paguocurHan. Bonpockl, CBi3aHHbIe
C 3TOi NPo6/1EMOIA, ByayT pacCMOTPEHbI B anee.

PynameHko PomaH AnekcaHapoBuy —TexHUK ®PUPI, cTyaeHT MITY, crasher22@yandex.rn
FOLWwKoB Bsvecnas BnagucnaBoBuy —TexHUK ® P, cTypeHT MY
FOwkoBa Onbra BsuecnaBoBHa —Bef. Hayy. COTP., KaHA. U3.-MaT. Hayk
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Puc. 1. «Pagap-200»

Puc. 2. pkyTcKkunin pagap HekorepeHTHoro paccesiHus (MPHP)

bucTtaTnyeckre nsmMepeHna NPoBOAATCA NPY HaxoXxaeHUN JTyHbl 1 KA B cekTope
CKaHMpoBaHWA pafapa HaseMHOro 6asvposaHus. MonoxeHwe SlyHbl, KA n MPHP
0AHO3HAYHO MOXXHO ONpesenuTh B MPAMOYTO/IbHOM CUCTEME CeNeHOrpaPuyecKmx Ko-
opauHat MOON ME (Mean Earth). B aToii cucteme JlyHa annpokcuMupyeTcs cae-
poii pagnycom R(, paBHbIM 1737,4KM: X2+ y2+Z2=Rf. C TpéxmepHoin npsimMo-
Yro/IbHOM CUCTEMOI KOOPAMHAT CBA3aHa cpepryeckas cucTema, B KOTOPOW Nonoxe-
Hue KA peructpupyetcs TpeMsi KOOpPAMHaTaMu: BbICOTOM Haf MOBEPXHOCTLIO
cthepbl  gonrotoit ¢, n wupoToin Ov KoopanHatbl KA npsiMoyronbHoii u cepunye-
CKOIA cMCTEM CBSsi3aHbl hOpMYyoiA:

(R, +Hs)cosQs cosdr®
~ = (R,+Hs)cos0s argp”
(R, +//s)sin05

y
n

B nyyeBoM npubnmxeHny 3agada GUCTaTUYECKON paamnonokauumM paccMaTpusa-
€TCS B NJI0CKOCTU, NPOXoAsLLei yepes LeHTp SlyHbl (koopauHatsl 0(0; 0; 0)), Hasem-

127



P.A. PyaBMeHKO 1 fp.

HbIli pagap ¢ koopanHaTamun (L —Rt\0; 0), roe L —pacctosHue oT 3emnn go KA, pa-
nee KA 6ygem 0603HavaTb TOUKOI € KoopanHaTamm K(xs,ys, z). O603Haunm eé nno-
ckocTbio 0. 13 3/1eKTPOANHAMUYECKOTO NPUHLMNA B3aMMHOCTY CMeAyeT, UTo palioH
OTPaXEHNs Ha NOBEPXHOCTU JIyHbl Npu 30HAUPOBaHUKM No cxemam up link n down
link ognMH 1 TOT Xe. LieHTp 3TOro paiioHa HaxoAWTCsA M3 YCNOBUS PaBEHCTBA YI/I0B
MeXay HOPMasiblo K MOBEPXHOCTY JTyHbI 1 HaMpaB/ieHeM Ha 3eM/I0 1 MEXAY TOM e
HOpMasibio 1 HanpaBneHrem Ha KA. [anee LEHTp 3TOro paiioHa bygem 0603HavaTh
OykBoil D, ABe KOOpAMHATbl 3TOW TOUKM onpeaenstoTcs gopmynamun: xD=RIlcosa,
R,sina-cosB sing>
yn=, , TPETbA KOOPAMHATA onpeaenseTcs Méo us hopMy bl
ysin26s+ cos265s<sin20ps

z,,=+xJr? —xD—yD, nn6o n3 unudposoii 3-D-Mogenv noBepxHocTy SlyHbl. B npu-

BEIEHHbIX BbilLe (hOPMynax yron a —aTo yron nafeHus 3NeKTPoMarHUTHO BOJHBI,
OH paBeH YINy OTPaXeHWs. 3HaueHWe a HaxXoAWTCA YWUC/IEHHO M3 YpaBHEHWS

T|= 2a —arcsin(.ftsina/(/?+ #)). 3gecb U = arccos(cosOycoscpy. Touka D Bcerga ne-
XUT MeXOy CNYTHUKOM M TOUKOWN MepeceyeHUs HyneBoro mepuimaHa v aKeaTopa.
OHa MOXeT BbITb YaaneHa 0T NOLACNYTHUKOBOW TOUKMN Ha paccTosiHMe A0 700 K.

Mpwn onucaHMN paccesHWUs PaguoBOIH HEOAHOPOAHON NOBEPXHOCTHIO 0ObIYMHO
YUNTHIBAKOTCSA ABE KOMMOHEHThI: Anddy3HOe paccesiHue U KBasn3epKabHOe 0Tpaxe-
Hue. KBasn3epKasibHas KOMMOHEHTa B SIy4eBOM MPUGIVDKEHUN PafUopU3NKA Moge-
NMPYeTCs Ny4eBoin TPYOKON, TOUHee LUMINMHAPOM, AnaMeTp KOTOPOiA CBA3bLIBAKOT C 30-
Hoil ®peHens dF (PeitH6epr, 1961). KoopamHaTbl rpaHULbl y4acTKa MOBEPXHOCTH,
Hanbonee CyLLeCTBEHHOW AN15 OTPAXEHUS, MOXHO ONpPeseMTb Kak nepeceyeHme Ln-
nuHgpa n cepbl. O603HaUMM rpaHuuy nepecedeHuns F(x,y, z). Ocb uuAnHApa npo-
XoauT Yepes3 Toukn D(xB,yD,zD n K(xs,y ,z) Ans Toro 4tobbl onpeaenvts KOOpAn-
HaTbl d)yHKUMOHana F(x,y,z), NpoBeAéM CEpUI0 OPTOrOHa/bHbIX NPeo6pasoBaHuiA
cuctemsl koopagnHatT MOON ME, 0603HaumB eé XYZ. lMocTpoum cuctemy XjYX X
MOBEPHYB CMCTEMY x Y z BOKpYT oc OXHa yron 90° —  no 4acoBoii cTpenke. B aToi

N X
cucteme A1 M0G0  TOYKM  BbIMOMHEHbI  COOTHOWeHMA: T =MXy  rge
1 0 0 - 7
M1= 0 cos{* — maTpuua nepexoga. B cuny Toro, 4to mMatpuua M, —

0 -cosib  sin
opToroHanbHas, A)1 =MX. Nocne aToro npeo6pasoBaHNs ocb OZXNEXMT B NJI0-
CKOCTW p, a ocb OXxcoBragaeT ¢ ocbto OX. CnefytoLas cuctema KoopaunHat X2Y2Z2

MOCTPOeHa NoBopoTOM oc OZx B MAOCKOCTM p BOKPYr ocu OYX Ha yron, paBHbIi
90° —a M0 YacoBOWA CTPesKe TaK, YTo6bl ocb OZ2 coBnana ¢ npamoi 01). Ans cucte-

* N sina 0 cosa
Mbl X2Y2Z2 BepHbl COOTHOLUEHUS: =% Ti, rae M2= 0 1 0
” 2 —osa 0 sina

Matpuua M2 —ToXe OpTOroHasbHas, U noatomy M2 1= M2. Tenepb napannesib-
HbIM MEPEHOCOM cucTeMbl X2YZ2 nocTpouM cuctemy X, KZ, Tak, 4yTobbl €€ LeHTp
6bln1 pacnonoXeH B Touke D. B 3ToM cnyyae nto6as Touka NpoCcTpaHcTBa UMeET op-

3
X *2 X B

My/nly nepexofa: = - MNocnegHoto cuctemy X4T474 nonyymm 13 cucte

Y3 y2 Y8

zD

*3
Mbl X, KZ, NoBOpoTOM Ha yron a BoKpyr ocu OYX MO 4YacoBOW CTpesfike Tak, YTOObl
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ocb OZA cosnana c¢ npsmoi MK, npu 3TOoM OYAeT BbINOMHATLCA PaBEHCTBO:
X4 X3 cosa 0 sina
T4 =M3)G , e M3= 0 1 0 . O6partHaa ein maTpuLa paBHa TpaHCMO-
il - -sina 0 cosa
HMpOBaHHOW. B cucteme X47424 nyyeBas TpyOKa annpoKCUMMPYETCS UWANHAPOM

x4 + Yl = dE. 370 Xe ypaBHeHMEe B NapaMeTPUUECKOM BM€e MOXHO 3anucaTb cooT-

x4 dFcosy
HoleHuAMU: yy = dFsiny . rge yron y mexsetca ot 0 go 360°, Ve (—o00;+00).
74 \%

B cucteme X3YZ3 KoopauHaTbl OKPY>XHOCTWU NepeceyeHns 6yayT npeobpas3oBaHbl
K BUay:

x3 cosa 0 —sina dpcosy

= 0 1 0 dFsiny

73 sina 0 cosa \Y

B aToi1 cucTeme npu nepeceyeHnr ¢ NAOCKOCThI0 A\ Y.Z., LUIMHAP UMEET B Ceye-

Hum anamnc (X, cosa)2+ y2= dE, BbITAHYTbIA BAOMb ocu OX3 UTO COrnacyercs C Te-
OPETUYECKMMUN  3aK/OYeHMsMKU  paboTbl  (PeitHGepr,  1961).  Onepaums
ya — a3 + yn OOECMeuYrBaeT Nepexof B CUCTEMY KOOPAMHAT X2Y2Z2, UMEHHO
z2 3 ZD .

B 9TOM CUCTeMe MpoOLLe BCEro Hamtu (opMmysbl, 3ajalolime KOOpAMHATbl Kpu-

Boi F(X, y, z), NONy4YeHHOI B pe3y/bTaTe NMepeceyeHmst KoHyca 1 cepbl. [ns 3Toro
peLUnM CesyHoLLYIO0 CUCTEMY YPaBHEHWIA:

x2 =dFcosa mosy —Ksina + Xp,
my2 = dFsiny +yD,
22 =dFsina.'COsy + Vcosa +zD.

B aToli cucTeMe ypaBHEHWUIA KOOPAUHATBI X2, Y2, 22 04HO3HAYHO OnNpesenstoTes
napaMeTpoM Y, ecin U3BECTHO 3HaueHWe V. Haiigém 3To 3HayeHue, CBeAsd CUCTEMY
K KBaJpaTHOMY OTHOCUTESNIbHO VYpaBHEHWIO:

(dFcosa cosy-Fsina+ Xp)2-b”siny +yD)2+

-K~sinacosy-l-Ecosa-1-Zj)2= A2.

YpaBHeHWe MMeeT ABa KOpHA. MeHbLIMil KopeHb V_ NpUMEHUM [N CEeBEpPHO-
ro nonywapwus, 6onbwnin — V+—ans toxxHoro. O6a KOpHS ABNSKOTCH DYHKLMUAMM

OT H's, 1 051 napameTpa y. Takum 06pa3omM, KOOpAUHaTbl KPUBOWA F (x,y, Z) B CUCTe-
mMe MOON ME 3afaroTcs napameTpuyecKUMmn ypaBHeHUAMUA

X dFcosa mosy - V_sina + xD
y=M dFsmy +yD
z dFsina mosy + V cosa +zD

rge matpyga M =M*M2.
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3AKMHOYEHUE

B paboTe paccMOTpeH BOMpPOC onpedeneHms 06/1acTy, CyLLECTBEHHOW Ans OTpaxe-
HUS PaguoCUrHaIOB Npy GMCTATUYECKO NoKauum JlyHbl, C MOMOLLbLH) ABYX paja-
POB, OAMH M3 KOTOPLIX HAXOAWUTCS Ha 3emne, APYroi — Ha lyHHOM OpbuTasilbHOM
KocMmyeckom annapaTte. Mcxoas u3 npubnvxeHus ®dpeHens, 061acTb HanbonbLUe-
ro OTPaXXeHUs ONpefenseTcs Kak y4acTOK NOBEPXHOCTH, LIeHTP KOTOPOro HaXo4mTcs
13 YCOBMA PaBEHCTBA YI/I0B MeXJy HOPMasiblo K MOBEPXHOCTU W HamnpasieHUsaMM
OT OCHOBaHWS HOpPMasM K NPUEMHUKY W nepefaTumky. Paguyc 061acTi 0TpaKeHus
CBA3bIBAOT C 30HaMU PpeHens, NPUYEM CUUTAETCA, UTO OTPaXKEHMe OT NEepPBOI 30HbI
BHOCUT HanbO0MbLUWIA BKNaL B OTPKEHHBIV CUTHA, OfHAKO W NPaKTUKa, U YNCIIEHHOE
MOJEeNMPOBaHNE MOKa3bIBaKIT, YTO B (HOPMMPOBAHNMN OTPKEHHOTO CUTHa/IA YUaCTBYET
MOBEPXHOCTb, 3HAUMTE/LHO MpeBbilatoLlas 3 4 30HblI ®peHens (Smirnov et al.,2014).

Pab6oTa Obina BbINOMHEHA MPW YacTMYHOI noaaepxke Mporpammbl Ne 12 dyHaa-
MeHTa/IbHbIX 1ccneaoBaHnii MNpesnanyma Poccuiickoi akagemun Hayk «Kocmoc: mnc-
cnegoBaHune PyHAAMEHTaNIbHbIX MPOLLECCOB U MX B3aVIMOCBA3EMN».
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WHCTPYMEHTANIbHAR CPEJA NNAHVPOBAHNA CEAHCOB CBA3N
C KOCMWYECKMW AMNMAPATAMN

B.B. Ca30HoB, C. B. Ca3oHoBa, . A. CaMblnoBCKwid

MOCKOBCKNIA rocyaapCTBEHHbI YHUBEPCUTET MMeHU M. B. JTomoHocoBa (MIY)
MockBa, Poccus

B xo[ie BbINOMHEHUS NpeACTaBeHHOl paGoThbl CO34aH KOMM/IEKC NMPOrpaMMHbIX MOAY/Nel, npe-
[OCTaB/IAIOWMIA NONb30BaTENO (PYHKLMOHANLHOCTL MO PacuyéTy Yr/ioB HaBeJeHWs Ha3eMHOIA
aHTEHHbl Ha KOCMMWYECKMWii annapat Ans GopMuUpoBaHus (alinoB LeneykasaHuil, Ncnonb3y-
eMbIX B flaNbHelilleM Ans OCYLLeCTB/EHUs ceaHca CBA3U. Mogynu no3BONSHT B 3aBUCMMOCTU
0T Tpebyemoii 3afaun opMMpPoBaTb NPOrpaMMHbIE KOHBEEepb A pyYHOro U aBTOMaTM3Npo-
BaHHOTO YNpaBfieHUs Ha3eMHOK aHTEeHHOM, Npuéma 3asBOK Ha NPOBEAEHNE CEAHCOB, a TaKXe
A0Sl BU3ya/lbHOTO MOJENMPOBaHUs 6annMCTUKO-HABUTaLMOHHOW 06CTaHOBKM. Pa3paboTaHHbIe
peLleHnst MOryT 6bITb UCMO/b30BaHbI NPY Pa3paboTKe NPOrpaMMHOro 06ecneyeHns Ha3eMHOro
CEerMeHTa NepcrekTUBHbIX OPBUTAIbHBIX FPYNMUPOBOK 1 OTAENbHBIX KOCMUYECKMX annapaTos.

KnioyeBble C/0Ba: JUCTAHLMOHHOE 30HANPOBaHMWE 3eM/IW, aHTEHHaAs CUCTEMA, PacuéT ceaH-
COB CBfi31, aBTOMAaTU3POBaHHOE yNpaB/ieHne

BBEOEHWE

B HacTosLLee Bpems B Poccrun 1 Mupe 60/1bLLI0E BHUMaHWe YaenseTcs TeOPeTUYeCKoi
npopaboTke M NPaKTUYECKOW peannsalmm MPOeKTOB MHOFOCMYTHUKOBLIX TPYMMu-
POBOK [N peLleHna 3afay AUCTaHLMOHHOIO 30HAMPOBAaHWS, CBSA3WM U HaBuUrauuu.
MpefcTaBnseTcs, YTO MCMOMb30BaHWE HapaboTOK B 06/1aCTV FPYMMOBOro yrpase-
HWS1 MO3BO/NT C MOMOLLBI0 TaKUX FPYMMUPOBOK pPeLlaTh BeCbMa C/IOXKHbIE 3ajauu,
CBA3aHHbIe ¢ 06pabOTKON HepaBHOMEPHO MOCTYMAtOLLEro MOTOKa 3afBOK Ha BbIMOS-
HeHWe TEeXHOMOrMMYEeCKUX Onepaumini B YCNOBUAX WM3MEHAIOLLEACA BHELLUHEN cpefpl
1 BO3LENCTBUSA (PAKTOPOB KOCMMUYECKOrO MPOCTPAHCTBA. YdKe ceildac MOHATHO, YTo
[NS YCNeLHoN opraHnsaumMmn paboTt Mo TakMM HamnpaB/ieHWsIM TpebyeTcs pa3paboTka
MHCTPYMEHTa/IbHbIX CPEeACTB, MO3BOAIOLIMX Ha 3Tane MPOEKTUPOBAHWS OLEHWBATh
Te WM UHble BapyWaHTbl OpraHW3aLMmy Ha3eMHOr0 M KOCMUYECKOrO CErMEHTOB Fpyr-
MWPOBKM C TOYKW 3PEHMUS PasNNUHbIX KPUTEPUEB KauecTBa. B yacTHOCTW, aKTyasb-
HbIM SIB/ISIETCA BOMPOC O TOM, KaK JO/KHbI COOTHOCUTLCA pacnpesenieHns CryTHUKOB
no op6utam (KONM4YecTBO 1 NapameTpbl OPOUTaNbHbIX MIOCKOCTEN, KONNYECTBO CNyT-
HMKOB B NI0CKOCTKN) U Ha3eMHbIX CTaHLMiA Mo reorparyeckmm KoopamHatam (napa-
METpb! KnacTepusaLmMm aHTEHH B Pas/IMUHbIX I0KALUAX, KONNYECTBO OKaLUA U T. 4.).

OBLLUAA XAPAKTEPUCTUKA MPEONATAEMOIO PELLUEHNA

Pa3paboTaHHOe NPOrpamMMHOE peLLIeHNe NPeAcTaBAAeT coboi KpoccnnaThopMeHHYHO
MHCTPYMEHTA/IbHYHO Cpeay, MO3BONSIOLLYH0 NPOBOANTL KOHPUIYPUPOBaHME Ha3eMHO-
ro 1 OpbUTa/ILHOTO CErMEHTOB KOCMUYECKOM CUCTEMBI, a TaKKe MOAEIMPOBaTh CeaH-
Cbl CBSI3U CMYTHWKOB C HAa3eMHbIMU aHTeHHaMU. [1pu HaiMuMKM NOAKITIKOYEHUS K cep-
BEPY aHTEeHHbI NporpaMmMa rno3BoNseT 3arpy3uTb PACCHUTAHHbIE CEaHCbI (TPAeKTOpUU.

CazoHoB Bacununii BUKTOPOBUY —KaHf,. (n3.-MaT. HayK, JOLeHT

CasoHoBa Cothbst BUKTOPOBHA —aCCUCTEHT

CambUioBCKUIA VIBaH AneKkcaHapoBWY — KaHf,. (hM3.-MaT. HayK, AOLeHT, ivan.samylovskiy@cos-
mos.msu.ru
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npegcTasnsiowme coboli NocnefoBaTe/isHOCTU M3 BPEMEHW U COOTBETCTBYHOLLUMX
YINOBbIX KOOPAMHAT) Ha @HTEHHbI NPUEMHbIA KOMMNJIEKC A1 OTPabOTKM.

Takum 06pa3oM, NpefocTaBnsfeTcs (YHKLMOHANbHOCTL MO peanu3auuy NosHoM
TEXHOMOMMYECKOI LIeNoYKM 0T NAaHMPOBaHNS ceaHca 40 PeTPOCNEKTUBHOIO aHam3a
NoBeAeHNs aHTEHHOW CUCTEMbI B XOfe ero 0TpaboTKu.

NHCTPYMEHTAPUA BANTIMCTUKA — CPEAA MNAHNPOBAHUA
N MOAOENNPOBAHNA CEAHCOB CBA3N

Ha puc. 1 nokasaHa paboyas 06/1aCcTb MHCTPYMEHTabHOW Ccpefbl, NpefHa3HauyeHHOoM
NS NNaHMPOBAaHUSA CeaHCOB CBSA3WM C KOCMUYeCcKMMM annapaTamu. OCHOBHble 3fne-
MEHTbI MO/b30BaTEIbCKOr0 UHTepdeica — 3neMeHT 6afINCTUKO-HAaBUTaLMOHHOTO
0TOOPaXEHMS 1 MOLEMPOBAHUSA, 3/IEMEHT YMpaB/eHNs BPEMEHEM, pefakTop opbu-
TaNlbHOWN rpynnupoBKY U PefakTop CeaHCOB CBA3W, NMOHMMAEMbIX, C OLHON CTOPOHBI,
KaK 3/1eMeHTbI NiaHa paguoBUMAMMOCTY TOrO UM MHOTO CNYTHUKA, &, BO-BTOPbIX, Kak
TPAEKTOPUU ABUXXEHUA aHTEHHOTO MPUEMHOr0 KOMMIEKCa, XapaKTepu3ytoLmecs Ta-
KUMW XapaKTepPUCTUKaMW, KaK 3KCTPeMasibHble 3HAUEHMS TEX UM UHbIX NapameTpoB
(B YaCTHOCTK, MaKCMMasbHBIA Yron MecTa annapata), pacnpeaeneHns $as3oBbIX KO-
OpAvHaT (MMHUMa/bHbIE Y MaKCUMaJTbHbIE CKOPOCTU MO Pa3fIMYHbIM OCAM U T. 4.).

« MATGMISME (L o X
Fir MndMde Stris

K a
roA11rAnrariri2ri

Conmrunication Sessios

Trade Satellite Sart Qim Maxflev Fnish

©®0QQ®

Puc. 1. Pa6ounii 3kpaH cpefbl NNaHUPOBAHUS CEAHCOB CBSA3W: CMYTHWKMU rpynnupoBku [133
MPOMapKMpoBaHbl B COOTBETCTBMU C AaTOli OBHOBMEHWNSA OPOMTaNbHBIX 3/1EMEHTOB, BbiBejeHa
MHopMaL s 06 oTpaboTaHHOM CeaHce CBA3N

Brarogaps npegoctasnsemoii PyHKLMOHaIbHOCTY MO/b30BaTE b MOXET:

* CKOH(hUrypupoBaTb napaMeTpbl Habopa CNyTHUKOB, KOTOPbIA ByAeT UCMofib-
30BaH A1 pacuyéta ceaHCOB: COCTaB, NapaMeTpbl PaAuoIMHUK, OpOUTabHbIE
3NeMeHTbI U T.4.;

* paccunTaTh CeaHCbl CBA3W Ha BbIOPaHHbIA MHTEPBaN, OTCNEAUTL NepeKpbIBa-
IOLLMECH CeaHChl N T.4.;

* MPOW3BECTU MOAENMNPOBAHNE CEaHCOB, OTCNEANTb N3MEHEHUS MO3ULMOHHBIX
YII0B @aHTEHHbI, Ja/IbHOCTU 0 KOCMUYECKOro annapaTa v T.4.
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Tak, Ha puc. 2 1eMOHCTPUPYETCS CLeHapWii paboTbl, NPX KOTOPOM MO/b30BaTENb
co3fan rpynnupoBKY CMYTHUKOB, ABMXXYLLMXCS NO COMTHEYHO-CUHXPOHHbIM OpbuTam
(cnyTHukmM A33) 1 NpoBEN pacyéT ceaHCOB CBS3W C BblOpaHHbIM aHTEHHbIM NPUEM-
HbIM KOMMNAEKCOM. prMMeHsst pa3nnyHble (UIbTPbI, NOb30BaTElb MOXET OLEHUTb
pacrnpefeneHvie ceaHCOB CBA3M MO BPeMeHU, AMHAMUKY MaKCMMa/IbHOro yria Mecra,
nocneaoBaTeNlbHOCTb MPOXOXKAEHWS CMYTHUKOB Haf NOKaLMEl aHTEHHbI U T.4.

» AnwmaQonird Sgem» ZSJ (220U019) -0 X
file Manual Mode Settings

Puc. 2. Pabouuii akpaH cpefibl NNaHUMPOBaHWUS CEaHCOB CBA3U. lMpumMep clLeHapus paboThbl:

Mno/ib30BaTe/Nb BbiGpan HaGop CMYTHUKOB, PACCUMTas CECCUM CBSI3W Ha CYTKM U YMOPAA0UMA UX

B COOTBETCTBMM CO BpEMeHeM Hadana. BbiBoguTcs MHGOPMaLMs 0 MaKCUMabHOM Yr/ie MecTa,

KOTOpas NMo3BONSIET AenaThb BbIBOAbI O Liefeco06pa3HOCTV NPOBEAEHMS CeaHca C MCMO/b30BaHu-
€M NMOJK/THOYEHHON aHTEHHbI

AcrunContrd Sytemy 253(2806.209) - o
File Manual Mode Settings

Antenna  Plamning  Storage
Satellites

B WM )
Name: fOuR Sat. Name irb. File Typ lin freq. (Ml Band. (Mhz) AT thres. (dB)
Lon: 66.1737° 10 | TERRA TLE 8225 60 15
Alt: 711.90 km. 2[ mm
Azim: 67.68'
Elev: 12.90°
Dist: 1976.28 ki
, Name: AQUA

Name: FIGS-main Azim: 67.68° Communication Sessions

Lat: 55.1860°  Elev: 12.90°

Lon: 37.6897°  Dist: 1976.2

Alt: 0.00m. Track Satelite Start culm Max Elev Finish ~ —

Application Messages Area

8.06.2019 22:55:08 UTC + 3 oe Q e

Puc. 3. Pexnm mopennpoBaHue ceaHca. Onepatop MMeET BO3MOXHOCTb Mepek/yvaTb MO-
[enmpyemMmoe BpeMs U HabnogaTb M3MeHeHWe 6aNAUCTUKO-HaBUraLMOHHOW M CBETOTEHEBOM
06CTaHOBKMU
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PucyHok 3 (cm. c. 133) mnntocTpupyeT MOZenMpoBaHUE KOHKPETHOro ceaHca
cBA3W. B 3TOM pexkume nonb3oBaTe/lb UMEET BO3MOXHOCTb OLEHUTb AUHAMUKY (ha3o-
BbIX KOOPAWHAT aHTeHHbI (Yrf0Bble KOOPAMHATLI CMYTHUKA B NOK&/IbHOW MOASAPHOMN
CUCTEME KOOPAMHAT), AMHAMUKY AUCTaHL MK [0 CMYTHUKA B XO4€ CeaHca U T. .

NHCTPYMEHTAPUIA OMEPATOPA AHTEHHbI — CPEZIA YTPAB/EHIA
AHTEHHBIM MPMEMHbBIM KOMI/IEKCOM

Mpy HaIMUMK NOAK/OYEHUS K CepBepy aHTEHHbI MHCTPYMEHTalbHas cpefa nnaHu-
POBaHWNA MO3BONSAET CPOPMMPOBATbL HABOP CeaHCOB ANs OTPabOTKM M OTNPaBUTb WX
Ha BXOA Cpefpbl YrNpaB/feHWs aHTEHHOMW. 3Ta COCTaBHas 4acTb MPOrpammMHOr0 KOM-
nfekca npegocTaBnseT (PYHKLMOHaIbHOCTb MO MOAFOTOBKE MOBOPOTHOM aHTEH-
Hbl K ceaHcy (HOCTMPOBKa, NPOBEPKa COCTOAHUSA YI/I0BbIX NPUBOAOB U T.4.), & Takxke
Mo opraHm3auum oTpaboTKM nakeTa ceaHCcoB. pumMep >XpaHa pyvHOro ynpas/eHus
B PEXMMe MOLrOTOBKY K CeaHCy NpuBeLEH Ha puc. 4.

B xoge nobbIXx MaHUMYNALMA C MOAYNEM YNpaBAeHUs OMepaTop MMeeT A0CTyn
K OTOBPAXXEHWIO COCTOAHWSA NOACUCTEM aHTEHHbI. COOTBETCTBYIOLUME 3/1EMEHTbI UH-
Tepgeiica OCYLLECTBAAKOT MapKMPOBKY 3aAeiCTBOBaHHbIX MOAcUCTeM (Hampumep,
npy NepemeLLLeHUN aHTEHHbI MAPKMPYHOTCS paboTatoLL e NPUBOLAbI), a TAKXKe Mpu He-
06X0AMMOCTU MapKMPOBKY MOLCUCTEM, B paboTe KOTOPbIX ECTb HEMCMPaBHOCTA (Ha-
npumMep, NP OTCYTCTBUW NUTAHUSA U60 NPU OTCYTCTBUM ANArHOCTUYECKOW MHGOp-
mauuu). COOTBETCTBYHOLLMIA 3KpaH NpuBeaEH Ha puc. 5 (cm. ¢. 135).

Hapsgy ¢ py4HbIM ynpaBneHvWem, NpPOrpaMMHbIA KOMMEKC JOMycKaeT aB-
TOMaTUYecKyto O0TpaboTKy MakeToB CeaHCoB. B aTom cnydvae Heob6XOAMMO JiULUb
cpopMmpoBaTh NAKET U3 PacCUUTAHHbLIX CEAHCOB M OTMNPaBWUTbL Ha CepBeEP aHTEHHbI.
MporpaMMHBbIA KOMMEKC BblbepeT BmKaliLLy0 N0 BPEMEHW CECCUIO U OCYLLECTBUT
HaBefeHVe aHTEHHbI Ha €€ HayvanbHYI TOUKy (puc. 6, cMm. ¢. 135). Mpwu aToM onepa-
TOP UMEET BO3MOXHOCTb PelakTUPOBaHUS CNICKA CEaHCOB.

Puc. 4. PeX1M pyyHOro ynpaBneHus aHTeHHO. OnepaTop MMeeT BO3MOXHOCTb OTPaBNATL Ha
CepBep KOMaHfpl, HabnoAaTb U3MEHEHUE OPUEHTALMU aHTEeHHbl, OTC/IEXMBATb MapameTpbl
ABWXKeHWs. KpoMe TOro, onepaTopy npuxoAsT OMOBELLeHUs 0 HEMCNPABHOCTSX
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Puc. 5. OTo6paxeHue COCTOSHWSI MOACWUCTEM aHTeHHbl. BusyanbHble MapKepbl COOGLatoT

nosib30BaTesio 06 M3MEHEHUM COCTOSIHUS NOACUCTEM NGO O 33e/iCTBOBaHUM NOACUCTEM B Te-

KYLLMX TEXHONOTMYECKUX MpoLieccax. MapKepbl CrpynnupoBaHbl B COOTBETCTBUM C UCMO/b3Ye-
MbIMW 0CIMU (B JaHHOM ClyYae —asuMyT, Yroa MecTa, Yron Hak/loHa)

Puic. 6. ABToMaTuyeckasi 0TpaboTka MakeTa ceccuil. AHTEHHa nepemelaeTcs K Hadany 6/u-

Xalileii ceccun s 3axeata 06bekTa. OTOBPAXKAETCS CMUCOK 3anaaHNpPOBaHHbIX CEAHCOB, [0-

CTYMHBbI AN5 pefakTupoBaHus. OnepaTop MMeeT BO3MOXHOCTb NPOCMOTPA K/HOUEBbIX Napame-
TPOB BbIfle/IEHHOIO CceaHca

PucyHok 7 (cM. c. 136) mnntoCTpUpyeT 3KpaH cpefbl YNpaBneHWst aHTEHHON
B X0fe 0TpaboTku ceaHca. OnepaTtop HabNIOAET COCTOSAHME NPUEMa CUTHaNA, BU3Y-
anbHoe 0TOBpaXKeHNe HaBefeHNs aHTeHHbI HA CECCUI0, BO3MOXHOE PacXoXieHue ak-
Tya/lbHOr0 W PacyYETHOr 0 ABMXKEHMS aHTEHHBbI (puc. 8, cm. ¢. 136).
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Puic. 7. ABToMaTnueckas 0TpaboTKa ceccru. AHTEHHA [JBUXETCS, CONPOBOXAas 06bEKT, onepa-
TOp MMEET BO3MOXHOCTb Hab/i04aTh OTK/IOHEHWE PEaslbHOTO ABUXEHUS OT PACUETHOTO

Mocne 0TpaboTKM NPOrpaMMHbIii KOMMIEKC B aBTOMAT3MPOBAHHOM PEXUME Te-
HEpPUPYET OTUYET O ceaHce W NPOW3BOAUT MepeHaLeNIMBaHNe aHTEHHbI Ha Haya/lbHYHo
TOUKY C/eflytOLLIEro Mo BPEMEHM ceaHca, Kak MoKasaHo Ha puc. 8.

CeHShm=25100U01

Puc. 8. ABTomaTuyeckass 0TpaboTKa MakeTa ceaHCOB. AHTEHHa 3aBepLuMfia COMPOBOXAE-
HMe 06beKTa M FOTOBUTCA K HAaBELEHMIO Ha Creaytolinii 06bekT. CeaHC NPOMapKUpOBaH Kak
0TpaboTaHHbIN
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VIHCTpyMeHTanbHasa cpefia nnaHupoBaHusa CEaHCoB CBA3M C KOCMWYECKMMI annaparamu
SBAKNO YEHWME MW NEPCNEKTUBbLI MOAEPHUN3ALUWN

B Xofe BbINOMHEHUA NpeAcTaBNeHHOW paboThl CO3A4aH KOMMIEKC NMPOrpaMmMHbIX MO-
Jyneli, NpefoCTaBNAIOLWMIA NOML30BATENO (PYHKLMOHILHOCTb MO pacyéTy YrioB Ha-
BeJeHUs Ha3eMHOW aHTeHHbl HA KOCMUYECKMIA annapart Ans (hopmMmupoBaHusa hainos
LieneyKasaHuiA, UCNosb3yemblX B faslbHEALLEM A1 OCYLLECTB/IEHMA CeaHca CBA3W.

MporpaMMHbIA  KOMMNIEKC CrocobeH (PYHKLUMOHMPOBATL Kak B aBTOMAaTU3N-
POBaHHOM pexuMe, OCYLLECTBAAA PacyéT LieneykasaHuii 1 nepefady MX Ha aHTEHHY
Nno mepe NOCTYMNNeHMs 33fja4 Ha BbINO/IHEHNE CEAHCOB CBA3W, TaK U B PYYHOM Pexu-
Me, B X0fie KOTOPOro nosib30BaTeslb C MOMOLLbIO CTAHAAPTHLIX 3/IEMEHTOB rpaguye-
CKOro nHTEepgelica MOXeT OCYLLECTBAATL N3MEHEHME YIIOB HaBEAEHNS, YTII0BbIX CKO-
pOCTeli aHTEHHbI, & TAKXKe HaBefeHWe aHTeHHbl Ha 06beKTbI € 33aHHbIMU NONAPHBbI-
MW KOOpAMHATamMu («NapKOBKa» aHTEHHbI B 3eHWT, HaBefeHWe aHTeHHbl Ha CofHLe
KaK eCTECTBEHHbI UCTOYHUK Pagnon3IyYeHns n T. 4.).

B xoge fopaboToK, Npou3BefEHHbIX ¢ MOMeHTa nybnukaumm (CasoHOB 1 gp.,
2018) onpegenunica OKOHYaTeNbHbIA 06K NPOAYyKTa — WHCTPYMeHTaNbHas cpefa
AN obecneyeHns NOSHOrO LMK HaYMHaa OT NJaHUPOBaHUS ceaHca CBA3U U 3aKaH-
4MBas aHaM30M MOBEAEHUS aHTEHHbI B XOfe CeaHca.

CrefyeT OTMeTUTb, YTO apXMUTEKTYpa KOMMeKca fonyckaeT fo6aB/ieHne HOBbIX
aHTEeHHbIX cuUcTeM, HOBbIX KA 1 T.4., BNIOTb A0 OMEPaTVMBHON afanTauuu Mogyns
YMpaB/ieHNs aHTEHHOI K HOBbIM NMPOTOKO/1aM MH(POPMALMOHHOIO B3aMMOENCTBS.

PaspaboTaHHble peLleHns MoryT ObITb MCNONb30BaHbI B X04e NaHNMpoBaHWs 06-
NNKa NepCneKTUBHbIX 0pOUTANbHBLIX PYNMNMPOBOK B YacTW BbIGOpa napaMeTpoB op-
OUT CNYTHUKOB W pacnpeeneHns NyHKTOB npuéma no reorpauyeckum KoopauHa-
Tam (CasoHos 1 gp., 2019).

Pa6oTa BbinonHeHa npu nogaepxke PO ® I (npoekt Ne 18-31-00091-mon a).
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DEVELOPMENT ENVIRONMENT TO PLAN SATELLITES COMMUNICATION SESSIONS

7 7Sazonov, S 7 Sazonova, I. A. Samylovskiy

Lomonosov Moscow State University (MSU), Moscow, Russia

During this work, a set of specialized software modules to support functionality of computation
and proceeding of antenna communication sessions was created. These modules allow user the

opportunity to calculate the positioning angles of spacecraft or communication target with respect
to antenna position, send them to antenna server, analyze session reports and model and visualize
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ballistic environment. Modules might be used to form program conveyors with respect to com-
plex targets and hardware resources. During future works, the presented program solutions can
be used to develop software components for the ground segment of perspective orbital groups and
individual spacecraft.

Keywords: earth remote sensing, antenna system, communication sessions computation, au-
tomatic control
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MACLITABMPYEMBIA I'IPOI'PAMM"HI::IVI KOMMEKC NNAHUPOBAHNA
MAPLIPYTOB KOCMWYECKINX CBEMOK

B.B. Ca30H0B, C. B. Ca3oHoBa, . A. CaMbInoBCKuid

MOCKOBCKWNIA rocyaapCTBEHHbI YHUBEPCUMTET MMeHU M. B. JTomoHocoBa (MIY), MockBa,
Poccus

B xo4e paboT co3gaH NporpaMMHbIi KOMMIEKC, COAepXalinii Habop 6UBINOTEK, MPUNOXKEHWIA
1 Be6-CepBUCOB AN Leneid ANCTaHLMOHHOTO 30HAMPOBaHMA 3eMIN U YNPaBEHUS XUHEH-
HbIM LMK/IOM 3aKa30B Ha KOCMUYECKYHO CbEMKY. KOMMN/eKC NO3BONSAET onepaTopam u yaanéx-
HbIM KNMeHTaM (OYHKLMOHaNbHOCTb M0 CO3A4aHMI0 3aKa30B Ha MoJlyYeHne N306paxeHnin 3emm
B Pa3/IMYHbIX PEXMMaxX C Y4ETOM 6aNIMCTUUECKMX AaHHbIX Lie/IeBOro KOCMUYECKOro annapara
N TEXHONIOTMYECKMX OTpaHnyeHnii Ha npoLecc CbEMKM. B pamkax Kommiekca co3gaHbl 6u6am-
OTEKM 411 (POPMMPOBAHUS ONTUMaNbHBLIX B MPEANMCAHHOM CMbIC/IE NMPOrpaMM CbEMKM, BK/IO-
4as reHepauuio NETHbIX 3afaHnil. ApXUTEKTYpa NPOrpaMMHOro obecrneyeHns NO3BONSET NO/b-
30BaTensM J06aBNATb HOBbIE 3afja4yM, HOBbIE PEXMMbI CbEMKM, HOBbIE CMYTHUKM U 3/1EMEHTHI
Ha3eMHOro KOHTYypa ynpaBfeHns ana nepcrnekTUBHbIX 0p6UTanbHbIX TPYNMNUPOBOK ANCTAHLM-
OHHOTO 30HAMPOBaHMUS 3eMN.

KntoueBble cnoBa: AWMCTaHLMOHHOE 30HAMPOBaHWE 3eMJIM, KOCMUYeckas CbeMKa, OMTu-
MasibHbI MapLUpyT B rpade, KOMNbOTEPHAsA FrEOMETPUS, aBTOMaTM3MPOBAHHOE YNpaBieHus

BBEAEHWE

K coBpeMeHHble CUCTEMAaM COMPOBOX/EHUS AUCTAHLMOHHOIO 30HANPOBAHNA 3eMu
npeabaBstoTCA TpeboBaHNA Mo 06paboTKe OFPOMHOI0 KOMYeCcTBa CHUMKOB pas/ny-
HbIX TUMNOB, HEOOXOAUMOrO A4S YA0BNETBOPEHNS MacLLTabUpyeMoro B LUMPOKUX Mpe-
Jenax 06bEMa 3aKa3oB. ITO eCTECTBEHHbLIM 06PAa30M BbI3bIBAET MOTPEGHOCTL B paspa-
60TKe creynannm3mpoBaHHOro NPOrpaMMHOro obecrneyeHms, CrocO6HOro0 NOKPbLIBATL
BECb XKM3HEHHBIA LMK CHUMKA HauMHas OT CO3A4aHNs N KOH(UIYPUPOBaHUA 3asBKU
1 3aKaH4MBas nepefjaveli CHUMKa 3a9BUTENO U apXMBUPOBAHUSA MOMTYYEHHbIX 1 06pa-
60TaHHbIX CHUMKOB. KpoMe TOro, MaclutabmpyemMocTb COBPEMEHHbIX CUCTEM AUCTaH-
LIMOHHOr0 30HAMPOBaHUSA, KaK MUHUMYM OTHOCWUTENLHO MOJb30BaTeNell 1 3aKasos,
a B MEePCneKTUBE U OTHOCUTE/IbHO KOMMYEeCTBa CNYTHWKOB W CTaHUMIA npuéma (cm.,
Hanpumep, NPOrpamMmmHbIe JOKYMEHTbI N0 KPYNHOMAaCLUTabHbIM CMYTHUKOBLIM Fpyn-
nupoBkaM Tuna «Cdepbl»), NPUBOAUT K HEOOXOAMMOCTM YaCTUYHOW WAWM MOJSTHOM
aBTOMaTM3aLuM 3TUX CUCTEM. B pamKax NpefcTaBisemMoii paboTbl CO3faH MacluTa-
6MpyeMbIii NPOrpaMMHbIA KOMIMIEKC 415 NOALEPXKKM XXN3HEHHOTO LMK/IA 3aKa30B Ha
npoBefeHNe KOCMUYECKON CbEMKU. Ero CTPyKTypHas cxema npeacTaB/eHa Ha puc. 1
(cMm. c. 140). B paMKax HacCTOSLLEA CTaTbl Mbl COCPEAOTOUMMCS Ha ONUCaHWM aBTo-
MaTn3nMpoBaHHOro patodero mecta (APM) nnaHmpoBaHus (Planning AWS), obecne-
UMBAKOLLEr0 (hYHKLMOHANBHOCTL MO CO34aHMI0 Habopa MaccyBa NOMETHBIX 3afaHni,
06€ecneynBatoLLEero ONTUMa/IbHYIO B MPeAnUcaHHOM CMbIC/e MOC/Nef0BaTeIbHOCTb
CbEM K1 3eMHOW NOBEPXHOCTN.

CasoHoB Bacunmnii BUKTOPOBUY —KaHf,. (n3.-MaT. HayK, [OLEeHT

CazoHoBa Cothbsi BUKTOPOBHA —acCUCTEHT

CambUioBCKUA IBaH ANeKcaHApPOBUY — KaHA. (u3.-MaT. Hayk, AOLEHT, ivan.samylovskiy@
€0Smos.msu.ru
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Welcome! 15:16
Training mode Working mode
Last BN update: 21.05.2018 12:00:00
Customer AWS Order Reception AWS
Management AWS Planning AWS
Dispatching AWS Operation Control AWS
Administrator AWS Georequest Processing AWS
MCC Imitation AWS FIGS Imitation AWS

Puc. 1. MnaBHbIl 3KpaH BeG-CTpaHULbI NPOrPaMMHONO Kommnnekca. VMIKOHKW NpefocTaB/sioT
Mo/b30BaTeNO AOCTYN K PAa3/IMUHbIM BUPTYa/bHbIM pabouum mecTam. [pu Haimuum foctyna
K cepBepy MpOrpaMMHOro KOMMIEKCa MMEeTCsl BO3MOXHOCTb Pa3BEpHYTb «TOHKUE K/MEHTbI»
paboumnx MecT B /IOKa/bHOW KOMMNbIOTEPHOI ceTh. Ha Kaxjom paboyem MecTe BefETCS CBOS

05.06.2018 Admin

Order Processing AWS

SMS Shift Manager AWS

Market Product AWS

Meteorequest Processing AWS

6asa jaHHbIX No/b3oBaTeNeil U nor paGoT.

Mofaep>kmBaeMble TUMbI ChEMKMU:
e Kafp (OAVHOYHbIA CHUMOK);

* cTepeonapa (fBa CHUMKa, CAeNaHHbIX NOJ, COOTBETCTBYHOLLVIMM YTiaMu);

* CTepeoTpUNEeT (TPU CHUMKA, CAENAHHbIX MOZ COOTBETCTBYIOLMMI Yr1amm);

* 10/10cOBas CbEMKa (MapanfieNlbHo Tpacce NonéTa);

* nnowagHas cbéMKa (YeTbIPe NMOMOCHI, CHATbIE C COOTBETCTBYHOLLMMM YT IaMu);
 Kopugop (nonoca, coHanpaBneHHasl reofe3nyecKoin MMHUK, BbIXOASLLEN 13
CTapTOBOW TOUKM CbEMKU U XapaKTepuaytolas A/IMHON W HanpaBnsloLWwmm

a3uMyTOM).

Puc. 2. CTpykTypa nporpaMmMbl HabnwogeHuid. Mporpamma coctout u3 Habopa MM3 (FTA ar-
ray) u pacnvcaHus ceaHCOB CBfI3W C Ha3eMHbIMU CTaHUMAMYK (communication sessions sched-
ule). MapuwpyTbl, 3agaBaeMble M3 (FTA routes) genstca Ha CbEMKY (shooting), yaaneHve uH-

hopmauum (Removing) u cépoc nHopmarum (downloading).
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NNAHWPOBAHUWE CBEMKMN

MapLUupyTbl CbEMKWN MpeAcTaBfieHbl B BMAe HAOOPOB MaCCUBOB MONETHbIX 3afaHWiA
(MN3, aHrn. FTA), 3arpy>kaembix B NaMsiTb 6OPTOBOIA 3/1EKTPOHHO-BLIYUCAUTENBHON
MawunHbl (3BM) Kocmmuyeckoro annapaTa (KA) u cogepkaliune napameTpsbl, onpege-
naloLwme, Kakmne eincTBua U B Kakne CPoKu TpebyeTca NpeanpuHATL 415 peanu3aunu
TeX WM UHbIX MapLUPYyTOB CbEMKU (puUC. 2, CM. C. 140).

MaccuBbl NONETHbLIX 33faHniA POPMUPYIOT NPorpaMmy HabloAeHWIA (CM. puc. 2),
06HOBNAIOLLYHOCA B 3aBUCUMOCTY OT [06aB/eHNA HOBbLIX 3aKa30B, U3MEHEHUSA MeTe-
0faHHbIX, Koppekuuy opbutel KA 1 1.4. CooTBeTCTBYHOWAA PYHKLUNOHANbHAA CXe-
Ma npeAcTaBneHa Ha puc. 3, NpUMepP UCMo/b30BaHUA B Xofe paboTbl MPOrpaMmmMHOro
KOMMJIeKca NpeLCcTaBfieH Ha puc. 4 (3KpaH pefakTUpoBaHWUs NporpamMbl Habnwoge-
Hui Ha APM ynpaBneHus).

Puc. 3: lMporpamma HabnoAeHU A 1 ncnonb3yemble ANns eé GopMMPOBaHMS CTPYKTYPbl AaH-
HbIX: NOATBEPXAEHHbIe 3aKa3bl Ha CbEMKY (confirmed orders), meTeonHdopmauus (Meteoinfo),
nnaH COBMeCTHbIX MeponpuaTuii (joint work plan), saHHble 0 nepemeleHmn ConHua (Sun po-
sition), pacnucaHne MaHEBPOB KOCMUYECKOro annapata (spacecraft maneuvers schedule), 6an-
JINCTUYECKME laHHble KOCMUYECKOro annapara —TpaekTopus LeHTpa macc (ballistics)

< oby fi

eate Observation Program Operator mode

servation Programm #2222 w pTw w Startdate 11.09.2018 Finishdate 11.09.2018

gram Name

ting dale: 0908.2017 06:00:00 Pael 23 + 5 > T

110082017 120000 Order ID 1223344 11223345 11203346 11223847

11.08.2017 10:00:00 Priority . . .

Readiness 6% 6% 1006 %
Showon mep . . 5 5

servation Programm #2222 mptn

gram Name Turns on map

ling date: 09 08.2017 DEOOOC

610.08.2017 120000 Ll Tum 13445567 Begin 1008 1714000072

11.08.2017 10:00:00 Q  m26666654Begin 10.08 17 14000022
| 1Tum37777770 Begin 10 08.171400.0022
L rum 13445567 Begin 10.08.1714:00:00:22
servation Programm #3333 mrpTww um Begn
gram Name Q  Tumn 26666654 Begin 10.08.17 14000022
ting dale: 09082017 05:0000 | 1 Tum 37777770 Begin 10.08.17 14:0000:22
€10082017 120000
11082017 100000 | Tum 13445567 Begin 10.08.1714:00:00:22
| Tum 26666654 Begin 10081714:00:00:22
| | Tom37777770 Begin 10.081714 00:00:22

servation Programm #4444 N tii
gram Name
ling date: 0908 2017 060000

110082017  12:00.00
11082017  10:00:00

Puc. 4. 3KpaH pefakTMpOBaHUA NPOrpaMMbl HabNOLEHWIA
Ha APM ynpasneHus (Management AWS)
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Lar 1— noarotoBKa BXOAHbIX AaHHbIX A8 NM/1aHNPOBaHUS

BxogHble flaHHble:
* MaccuB 3asBOK. [N Leneil nnaHMpoBaHMS CbEMKU HEMOCPEACTBEHHOE 3Ha-
YeHUe UMEeET OrpaHNYMBatOLLMIA MOSIUIOH 3aABKY;
* TPaeKkTopusa KOCMUYECKOro annapaTta.

ANropuTMm:

* pa3bvBaeM Monocy 0630pa KOCMMYECKOro anmapara Ha MoJsiochl 3axBata uc-
X0 13 BbICOTbI OpOUTHLI 1 YrnoB thoToannapaTypsbl (puc. 5);

* onpefensieM rnepecevyeHWs Nosoc 3a XeaTa M MOUIOHOB 3asBOK. Kaxaoe Ta-
KOe MepeceyvyeHne Mopoxaaet KoHpurypaumto cbémkm (shooting configura-
tion), xapakTepu3yoLLyoCs yrnaMmy NoBOpoTa KOCMUYECKOro annapara 0THO-
CUTENbHO 0Ce OPOUTA/IbHOI CUCTEMbI KOOPAWHAT;

* ypansem KOHuMrypauum, He NoAXOAALME NOA NapaMeTpbl 3akasa (yr/bl no-
BOpPOTa BbIXOAAT 3a rpaHuubl, yron CofHua He MOAXOAUT MO OrpaHUYeHus

nT.g.)

Puc. 5. Monoca 0630pa, pa36VITaF| Ha NoJioCbl 3axXBaTa, U orpaHnYmMBaloL e NONNTOHbI 3aKa3oB

BbIX0OfHbIE AaHHbIE:
* CNMCOK Nonoc (KOHQUrypauuii CbLEMKM), KOTOPble MNOTEHLMaTbHO MOryT
ObITb CHSATbI B TEYEHWE 3a4aHHOI0 MHTepPBana BpemMeHu (puc. 6).

Puc. 6. PesynbTupytoLine nonocol

Kaxkaasi nosioca XxapakTepuayeTcst napaMeTpamu:

* BpeMs Hayasia ¥ KOHLa CbEMKU;

* nnowags;

* Haya/lbHbIe YI/bl: PbICKaHWUE, KPEH, TaHrax;

* HemnpepbIBHOCTb (M0/10Ca HEMPEPbIBHA, €C/IM MOXKHO MEPEKNHOUNTLCS Ha Mo-
nocy ¢ 60nee BbICOKAM MPUOPUTETOM 6€3 3aBEpLLEHUS TEKYLLEW CbEMKM No-
nocsl). MapaMeTp UCMONb3YETCS NPU NAAHUPOBAHNUUN CTEPEOCHEMKU;
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* MepeyeHb 3aKa3oB C OFPaHWYMBAOLLMMMW MOIMFOHAMU, MEepPeceKaroLLMMUCS
Cc nonocoit. Kaxablii 3aKa3 xapakTepusyeTcs napameTpamu:
- MpYOpWTET 3aKa3a;
— KO3(h(hUUMEHT MOKPbITUSA: OTHOLLEHME NNOLWAAN NepeceyeHnst NoanroHa
1 NOJOCHI K MOSTHOM nnowaan.

LLlar 2 — hopmmpoBaHme rpada KOHPUrypaunii CbEMKM

MoapobHee 3TOT wWar NoscHéH B paboTe (Sazonov et al., 2018). Mbl hopmmpyem 13
MO/YYeHHbIX MOMOC rpad), B KOTOPOM KaXXAas BepLUMHa COOTBETCTBYET nosoce (KOH-
hurypaumm cCbEmMKK), KaKaoi BepLLMHe NPUN1CaH BECOBOI KOAPMULIMEHT, YYMTbIBA-
IoWMiA Takue nNapameTpbl, Kak NpUOPUTET TOFO UM MHOTO 3aKasa, NaoLaas nosockl
nT.4. ECciv aBe BepLlUuHbI rpadha coeAnHeHbl HanpasieHHbIM pebpoM, 3TO O3HaYaeT,
4TO CNYTHWK CMOCOGEH NEepPecTpouTLCS M3 OLHON KOHGMrypauun B Apyryto 3a Bpe-
M, COOTBETCTBYHOLLee BeCy 3TOro pebpa. OCHOBHOE COfepXKaHMe Liara 3aK/i4aeTcs
B NpeBpaLLeHNN «4epHOBOrO» BapuaHTa rpada B OpUEHTMPOBaHHbIW rpad, He copep-
XKaluiA LMKNOB.

LLlar 3 — nouck oNnTMMa/IbHOrO MapLUpyTa B rpage

Nwem nyTb MakcManbHO A/MHbI:

* POBOAUM TOMOJIOrMYECKYHO COPTMPOBKY rpada ¢ MOMOLLbH0 06X04a B rny6u-
Hy. IycTb A —nepBas BepLUMHa NOCNe COPTUPOBKK, B —nocnegHAs;

o [N K&XAOM BEPLUMHbI Y B TOMONOrMYECKOW COPTUPOBKE BblUUCNSEM [JINHY
camoro A/IMHHOro NyTW, 3aKaH4MBAtOLLErocs B BeplUVHE V, npocmarpusas
BXOAALLME B 3TY BepLUMHY pebpa ¢ HauyasioM B COCEAHMX BepLUMHAX 1 f06aB-
nAs Bec péoep K MakCMMaslbHOM AfIMHe, MPUMNMCaHHOR coceam. Ecnm B Bep-
LUMHY V He BXOAAT pébpa rpada, To A/IMHa MaKCUMa/ibHOro NyTu, 3aKkaH4nBa-
toLLerocs B v, NPUHUMAETCS PaBHON HY/HO;

* CcaMblil ANUHHBIA NYTb K BepLUMHe B nopoxaaeT UCKOMYIO NocnefoBaTeslb-
HOCTb CLEMOK.

SAKMHOYEHUE N NMEPCMNEKTVBbI MOAEPHU3ALNIA

B xome paboT co3gaH NporpammHbIi KOMMEKC, COAepXKallmii Habop 6MBIMOTEK,
NPUNOXEHUA 1 Beb-CEPBMCOB AN Leneid ANCTaHLMOHHOIO 30HAMPOBaHUA 3eMun
N YNpaBieHus XXU3HEHHbIM LIMKIIOM 3aKa30B Ha KOCMUYECKYH CbEMKY. Komnnekc
MO3BOJISIET OMepaTopaM U yAanéHHbIM KWeHTaM (hYHKUMOHANbHOCTb MO CO34aHuH
3aKa3oB Ha NosyyeHue N3006paKeHUA 3eMIN B Pa3/IMUHBIX PEXUMAX C YY4ETOM Gas-
NNCTUYECKUX JaHHbIX LieNeBOr0 KOCMMUYECKOro annapara U TEXHO/I0TMYECKUX Orpa-
HUYeHWIA Ha NpoLecc CbEMKK. B pamkax KOMMeKca co3fgaHbl 6ubnnotekmn ans dop-
MUPOBAHNA OMTUMa/IbHLIX B MNPEAMUCaHHOM CMbIC/e MPOrpaMm ChEMKM, BK/IHOUas
reHepauuio NETHbIX 3af4aHWin. ApXUTEKTYpa NPorpaMMHOro obecneyveHnUs no3BosnseT
nonb3oBaTeNsM J06aBNATL HOBbIE 3aja4y, HOBblE PEXWUMbI ChbEMKM, HOBbIE CMYTHU-
KW U 3/1EMEHTbI HA3eMHOT0 KOHTYpa ynpaB/ieHWs 41 NepcneKTUBHbIX OpOMTanbHbIX
rPynnyMpoBOK AWCTaHLMOHHOIO 30HAMPOBaHWA 3eman (cM., Hanpumep, (Ca3oHOB
nap., 2019)).

Pa6oTa BbinonHeHa npu nogaepxke PO ® I (npoekT Ne 18-31-00091-mon a).
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O BNIMAHNW TWUMEP3BYKOBOTO MOTOKA HA CKOPOCTb OMJIABMEHNA
TENNO3ALWWNTHOW NOBEPXHOCTW B YCNOBUAX PA3PYLLEHNA

H. 1. CugHses, 3. B. benkuHa

MOCKOBCKNIA rocyaapCTBEHHbI TEXHUYECKNI yHUBepcuTeT uM. H.3. BaymaHa (MI'TY)
MockBa, Poccus

MpeacTaBneHbl pesynbTaTbl WUCCEfOBaHWA, CBSI3aHHBIX C M3Y4YeHUEM (ha3oBbIX MEPEX0A0B
B MPUCTEHOYHOM MOTPaHUYHOM C/I0e, MPOUCXOAALLUX MPU OBTEKaHUW FUMEepP3BYKOBbLIM MO-
TOKOM ab6/mpytolLeil NOBEPXHOCTU. PaccMaTpuBaeTcs BUSHUE KAaTaUTUUYECKOW CTEHKU Ha
TennoBoii notok. OCHOBHOE BHUMaHWe YAENseTcs aHanu3y yHoCa C MOBEPXHOCTU BbICOKO-
CKOPOCTHbIX /IeTaTe/lbHbIX annapaToB, OCHOBAHHOMY Ha [eTajlbHOM Y4éTe MexaHuW3ma npoTe-
KaHWUs TeTepOreHHbIX KaTaIMTUYECKUX pPeakLWil B YCNOBUSX MOBEPXHOCTHOrO Maccoo6MeHa.
MpuBOAMTCA pacnpefeneHne TemnepaTypHbIX (DaKTOPOB MO TOJIMHE MOrPaHUYHOrO C/os
B KPUTWYECKOW TOUKe 3aTYM/EHHOro Tena AAs KOHKPETHOro y4yacTka TPaeKTopuu MonéTa.
OnpefensieTcs YHOC C NOBEPXHOCTY KPUCTaIMYECKUX TE.

CTaTbsl NpegHa3HaveHa Ans CreLuanicToB Hay4yHO-UCCe[0BaTeIbCKUX UHCTUTYTOB, Mpe-
nojasaTeneil, acMMpaHTOB W CTY[EHTOB, CMELUanu3MpyoLMxcs B 0671acTaX aapoTepMoanHa-
MUKW, TEM006MEHA 1 PAKETHO-KOCMUYECKOI TEXHUKE.

KnioueBble crioBa: rnnepsByk, ONIaB/eHUe, YHOC Macc, TeNNONPOBOAHOCTb, XUAKOCTb, a3

BBEAEHWE

3afaya 0 nepeHoce Tenna B Nofy6ecKOHEUHOM Tefie, NOBEPXHOCTb KOTOPOro paspy-
LLaeTcA Mpy TeMnepaTypHOM rpagueHTe, MPUYEM KaXKAbIA KWorpaMm YHeCEHHOM
Maccbl MOrfoLaeT HEKOTOPOe 3aflaHHOE KOMMYEeCTBO Tenna, JOCTATOYHO aKTyasib-
Ha. 3Ta MOoJe/b, HECMOTPSA Na ueann3aLnio NOCTaHOBKMW, HECET B cebe BCe OCHOB-
Hble YepTbl HECTALMOHAPHOr0 PaspyLUeHUs peasibHbIX TeMI03aWnTHbIX MOKPbITHN,
OHa 0C06eHHO y06Ha Npu pa3paboTke METOAMKM CTEHAOBbLIX 3KCMEPUMEHTOB U 06-
paboTKe MX pe3ynbTaToB. [OCTOMHCTBO MeTofa 006YC/IOBMEHO NpeXie BCEro Masibim
YMCNIOM ONpeSensoLmMX NapaMeTpoB, NO3BOSIOWMX 0BOATUCH HEBOMBLLMM YUCIOM
pe3ynbTUPYIOLLMX 3a8BUCUMOCTEN, NOCTPOEHHbIX HA OCHOBAHUW YNCNEHHbIX PacYETOB.
CnefyeT NofyepKHYTb NPW 3TOM B&XXHOCTb MPaBU/IbHOrO BbIGOPa CUCTEMbI OMpeaens-
IOLLMX MapameTpoB AJ19 YNPOLLEHUA BCeX MOCNeAYOLLIMX PACUYETOB.

®un3nYeCKMM NPOTOTUMOM [AaHHON PacuyéTHON Mogenu sBASETCH MpoLecc
ONMIaBMEHNS KPUCTTMYECKUX MATEPUASIOB MPU UHTEHCMBHOM HAarpeBe BbICOKOCKO-
POCTHbIM NOTOKOM (BacunbeBckuid u ap., 1991; Kosanes, 2002; KonecHukos, 1993;
CupHses, 2004, 2017). B camoM xapaKTepe HarpeBa YETKO pasnmuyatoTcs Asa nepuo-
[a. B nepBoM Temnepatypa NoBepxXHOCTU MOHOTOHHO BO3PAacTaeT, NokKa He JOCTUrHET
TeMnepaTypbl paspyLleHus. Ha aTom OTpe3ke 3afjaya HUYEM He OTNMYaeTCs OT pac-
CMOTPEHHBIX B paboTax (Iopckwmii, 3anpueoga, 2014; MpuwuvH 1 gp., 1993; Jlykatue-
BUY, AdaHacbe, 2009; duHuYeHKo, LLImaToB, 2005). B 4acTHOCTU, C MX MOMOLLbIO
NIerko paccumMtaTb BpPeMs LOCTUDKEHUS Hayana paspyLUeHWs NMOBEPXHOCTU, a TaKxke
npotunb TemMnepatypsl B Tese, KOTOPbIA CPOPMUPYETCA K 3TOMY MOMEHTY.

JocTurHys TemnepaTypbl paspylleHus, KpUCTaiMyeckue BellecTBa Mna-
BATCA WM MPaKTUYECKU MFHOBEHHO CHOCATCA B BWAE TOHYAMLUEN XXUAKOA MNEHKM

CugHsieB Hukonali MiBaHOBMY —3aB. KaheApoid, A-p TexH. HayK, Npod., Sidnyaev@yandex.ru
BenkuHa neoHopa BagnmoBHa —CTyAeHTKa, eleanorbelkin@gmail.com
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H. 1. Cupnsies, 1 B. benkuxe

HaberatoLM MOTOKOM rasa. Heb6osnbluas TonWwmMHa NAEHKW pacriaBa Ha KpucTan-
NNYEeCKNX Tenax 0byc/ioBeHa HU3KOW BA3KOCTLIO pacrniaBa. Temneparypa BHELLHel
MOBEPXHOCTU NMEHKM MPaKTUYECKU He OTAMYaeTcs OT TeMMepaTypbl paspyLueHust
MOBEPXHOCTW, COOTBETCTBYIOLLEN BHYTPEHHEW rpaHuue NnéHku pacnnasa. Kak Tem-
nepatypa paspyLUeHusi, TaK U COMPOBOXAAOLLMIA ero TensoBoli agheKkT ocTatoTcs
MOCTOSIHHLIMW BO BCEM WHTEPECYHOLLEM NPakTUKY AuanasoHe TemnsioBbiX MOTOKOB.
B pa6otax (nasyHoB un ap., 2011; Camapckuii, 1971; Feldhuhn, 1976) yctaHoBne-
HO, YTO MPW YHOCE Macchbl C 06pa30BaHNEM XMAKONA asbl A1 LOCTUXKEHUS BbICO-
KON 3(h(heKTUBHOCTN OXNMAKAEHMSI BA3KOCTb XXMAKOCTM A0/MKHA O6biTb 6GOMbLLUONA.
MpuymHa 3TOro COCTOUT B TOM, YTO NPW GONLLUOIA BA3KOCTH NOTepU MaTepmana B pe-
3ynbTaTe pacTeKaHus Mnof AeiCTBMEM KacaTefbHbIX Fa30AMHaMUYECKUX CU Masbl.
MMapoaMHaMMYECKOe MOBEAEHME TaKMX BbICOKOBA3KMX XUAKOCTEA 4acTo ABMSETCA
HEHbKOTOHOBCKUM, YTO 03HAYaEeT, YTO KOI((PULIMEHT BA3KOCTU 3aBUCMT OT KacaTelb-
HOrO HanpsbkeHWsl. HbTOHOBCKas YXUAKOCTb—BA3KasA XUAKOCTb, MOAYMHAHLLAACS
B CBOEM TEYEHMW 3aKOHY BA3KOro TpeHus HbHOTOHA, T.e. KacaTe/lbHOe HarpshKeHue
N TPafVeHT CKOPOCTU B TaKOW XWUAKOCTU IMHENHO 3aBuCUMbl. KoagumumneHT npo-
MOPLMOHATbHOCTM MEeXAY 3TUMU BeIMYMHAMMW M3BECTEH KakK BA3KOCTb. MOXHO 3a-
METWTb, YTO HbIOTOHOBCKAA XMAKOCTb —3TO BOAA, Mac/o U 60NbLUIAs YacTb TEKYUMX
BELLECTB, T.6. TaKMX, KOTOPbIE COXPAHSKOT CBOE arperaTHoe COCTOsIHME. TeueHue He-
HbIOTOHOBCKMX XXMAKOCTEN He NOAUMNHSAETCS 3aKOHY HbHOTOHA 1 MX BA3KOCTb 3aBUCUT
OT rpagueHTa ckopocTu. OBbIYHO TaKMe XWUAKOCTU CUbHO HEOLHOPOAHbLI U COCTOST
N3 KPYMHbIX MOMIEKYN, 06pasytoLLMX CNOXKHbIE MPOCTPAHCTBEHHbIE CTPYKTYpbl. Uem
ObICTpee NPOUCXOANT BHELLIHEE BO3AENCTBME HA B3BELUEHHbIE B XXMAKOCTA MaKpOMO-
NEKy/bl CBA3YIOLLErO BELLECTBa, TEM Bhille e BA3KOCTb. M noka rasoguHaMuyeckme
KacaTe/ibHble HaNpPSHKEHNS He OYeHb BEJIMKM, MOXHO OXMAATh ML HeGO/MbLUIME OT-
K/IOHEeHUS OT 06bIYHOIO HBEIOTOHOBCKOIO TeUYeHMs; OAHAKO MpY CBEPX3BYKOBbLIX CKO-
pOCTSX NONETa B OTHOCWUTENLHO M/IOTHOM aTMOC(epe HeHbIOTOHOBCKOE MOBefeHMe
MOTOKa XXMAKOW (hasbl paspyLUatoLlerocs Marepuana MOXeT MPUBECTU K OTKIOHEHU-
fIM B pacnpefenieHuy rpagmeHTa TeMnepatypbl BHYTPY C105 XXUAKOCTU U MOBAUSTH Ha
BECb npouecc oxnaxgeHus (puc. 1). N3-3a Hanmuma 60nbLIOro rpaaneHTa Temnepary-
Pbl BHYTPU CNOSA XUAKOCTU, 06Pa3yHoLLErocsi Ha MOBEPXHOCTY pa3pyLuatoLlerocs Ma-
Tepvana, pelleHune AaHHOM 3afaun B N30TEPMUYECKOA NMOCTAHOBKE MOXET MPUBECTU
K 60/blWwmM HeTouHocTAM (MFodmaH, MpuwuH, 1984); nosToMy Heo6X04UMO OfHO-
BPEMEHHO VHTErpUpOBaTh BCHO CUCTEMY YPaBHEHWI XXUAKOro €05, COCTOALLYH M3
YPaBHEHWI Hepa3pbIBHOCTU, ABVKEHWS U 3HEPTUW, C YYETOM 3aBUCUMOCTU KO3(hdu-
LMeHTa BA3KOCTM OT TeMMepaTypbl U KacaTe/lbHOro HarnpsXKeHus.

B 60/bLUMHCTBE CNy4aeB HEHbIOTOHOBCKOE MOBefeHME CNabo yuuTbIBaeT BO3-
[eCTBNS KacaTeNlbHOro HanpsKeHus, 3TO 03HAYaeT, YTO KaXYLUMIACA KOIDDULMEHT
BA3KOCTM YMEHbLUIATCA C YBENMUYEHNEM KacaTe/lbHOro HamnpshkeHus. I3MeHeHNIO Ka-
caTe/bHbIX XapaKTepPUCTK MOXET B 3HAUMUTENbHON CTeMeHM cnocobCcTBOBaTL NPUCYT-
CTBUE B pacCnaBNEeHHOM XXMAKOCTU rasoBbIX My3blpbKOB. 104 AeACTBMEM MPUTOXKEH-
HO KacaTe/lbHOM CWMbl NMepBOHaYabHO chepuyeckme My3blpbku ByayT aeopmu-
pOBaTbCA U MPUHUMATL (DOPMY 3NIUMNCOMA0B, GONbLUIAS OCb KOTOPbLIX pacrnonaraeTcs
B Hanpas/ieHUy NOTOKa. YeM AMHHee CTaHOBATCA 3/IMNCONAANbHbIE a30Bble My-
3bIpbKK M0J, BO3AEACTBMEM KacaTe/lbHOM CU/ibl, TEM 60/bLUIE YMEHbLLIAETCA KO3 du-

LMeHT BA3KOCTW. CyLLeCTBYHOLLME B Ha-
CTOsILLiee BpPeMsi TEOPUM YHOCA MacChl
npeHebperatoT HEHbIOTOHOBCKNMM

Puc. 1. PacnpegeneHune TemMnepaTypHbIX Ha-
rpy30K MO MOBEPXHOCTU T[UMNepP3BYKOBOroO
netaTenbHOro annapara
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appekTamm (Beikep, 1977; KonecHukos, 1993; Gubta et al., 1990); noatomy Lenb
HacTOALLEro UccnefoBaHnUs COCTOUT B TOM, YTOObI U3YUNUTb YCNOBUSA, NPU KOTOPbIX
ynpoLwéHHas Teopusi OCTaéTcsA CrpaBef/IMBOW, a TakXe WCCef0BaTb OTK/IOHEeHUA
OT 00ObIYHbIX XapaKTepPUCTUK MpoLiecca yHOCa Macchl B TeX Cy4asx, Korja HeHbTo-
HOBCKMe 3ththeKTbl CTaHOBATCA 3HaumTenbHbIMKU (Abhilasha et al., 2012). Pagu npo-
CTOTbI, pacyéTbl MPOLECCa YHOCA MacChl NMPOBOAATCS B OKPECTHOCTM KPUTWMUECKON
TOYKW, rAe HEHbIOTOHOBCKOE NOBEeAEHWNE XMAKOCTM 00YCMOBNEHO Kak MOBEPXHOCT-
HbIM TPEHUEM, TaK 1 rpagueHToM aasneHus (FogpmaH, MpuwnH, 1984).

CBSI3b MEXXY KACATE/IbHbIM HAMPSXXEHVEM U TEMTEPATYPOW
019 ONNABNEHHOW XXAKOCTW

MoBeaeHWe ONaBAEHHON XMAKOCTU CBA3AHO CO CTPYKTYPHLIMU U3MEHEHUAMM, NPO-
NCXOLALMMM NpK eé ABWKeHWUM. Tak, Hanpumep, B cnydae nonumepa npu 60bLmx
KacaTe/lbHbIX HaMnpsXXeHWAX MPOUCXOAUT BPEMEHHas NpefnodTUTe/IbHas OpueHTa-
UMS L/IMHHBIX MONEKYN B HaNpaBfeHny, napaniesbHOM HanpasieHnio HaberaroLero
notoka. lMog BO3Le/CTBMEM MPUOXKEHHBIX KacaTeflbHbIX HaMpsXKeHUA MOryT paso-
pBaTLCA MaKpOMOSEKY bl B CTEK/IOKEPAMUKeE, TaKmne Kak KoMnsekcbl Si04B KpeMHe-
3eMUCTbIX KEpaMUYeCKMX MaTepuanax.

TeopeTuyeckas 06paboTka 3aBUCUMOCTM BA3KOCTU MaKPOMOJEKYNAPHBIX XUA-
KOCTeli 0T KacaTe/lbHOr0 HanpshXeHUs NpefcTaB/eHa B paboTtax (Bacunbesckuid u ap.,
1991; Kosanes, 2002; KonecHukos, 1993). Manble OTKNOHEHUSI OT HbKOTOHOBCKOIO
TeyeHWs NPONOPLMOHabHbI KBafpaTy KacaTe/lbHOro HanpseHus. MoXHO ucnosb-
30BaTb COOTHOLLEHME MEXAY KO3(P(HMLMEHTOM BA3KOCTM T[T U KacaTeNbHbIM Hanps-
YXEHUEM, UMEIOLLUIA BUE;

(xM)2 (X4
n 3 51 )

rae 1, — Ko3th(MLUMEHT BA3KOCTW NPYU Ma/bIX KacaTeflbHbIX HAMpPsHKeHNsX; X — Mo-
CTOsIHHasA; T — KacaTe/lbHoe HanpsbkeHve. B ycnoBMaxX Mabix KacaTe/bHbIX Hamnpsi-
YKEeHWN, KOTopble NpeobnafaloT B razofuHaMmnke npu yHoce mMacchl, BUA CTEMNEHHOrO
psga MOXHO OrpaHMYNTL KBaAPaTUYHLIMK YiieHaMu. MOMMMO 3aBUCUMOCTW OT Ka-
CaTeNlbHOro HanpsXXeHNs, KO3MMULMEHT BA3KOCTU CYLLECTBEHHO 3aBUCUT OT TeMIe-
patypbl. O6bIYHO NPUHUMAETCS CNeaytoLlee COOTHOLLEHNE MeXAY KO3PPULNEHTOM
BA3KOCTW U TEMMepPaTypoii:

raie Am B nocTosiHHble, He 3aBUCALLME OT TemnepaTypsbl. Mpeablaywas gopmyna
OTHOCUTCA K TEMMepPaTypHOI 3aBUCUMOCTY HE3aBUCALLEr0 OT KacaTe/lbHOro Hanps-
YXeHus KoadguureHTa U B ypasHeHUM (1). CooTHoLweHMe (2) MOXHO NPUBAMKEHHO
NpeAcTaBUTb B aHA/IMTUYECKOM BUJE:

—H

n=Lo 3
n- K

rae MHAEKC i OTHOCUTCS K Y06HOMY XapaKTepHOMY cocTosHuMo; n'  A/T. Bblpaxe-
Hue (3) yaobHo nepenucathb B CiefytoLeM Bue:
n T-TA

g T,-TO (32)
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rge T,—TemnepaTypa Ha rpaHuLLe pa3gena ra3—KuaKocTb; T —TemnepaTypa BHyTpu
Tena Ha 40CTaTOYHOM YAaneHUn OT NOBEPXHOCTM, NPUYEM NOKas3aTeNb CTeMeHU N He-
CKONbKO MeHbLUe, yeM 5'. TloactaBnss BblpaxeHue (3a) B ypaBHeHUe (1) 1 0603Ha-

yasi 1N KpaTKoCcTM X2/3! yepes K, MOMyyaeM COOTHOLLEHME, KOTOPOE BbipaXKaeT 3a-
BUCMMOCTb KOI(P(ULMEHTA BA3KOCTM KakK OT TemrnepaTypbl, TaK U OT KacaTe/lbHoro
HanPSYKEHWS:

1.1 :I{'Tl? L+ kT2). @
A o

310 hopmyna GyAeT NPUMEHSTLCA MPU U3YYEHUU BAWSIHUS HEHbIOTOHOBCKOIO
MOBeAEHMS XUAKOCTMN Ha Npouecc yHoca Macchl. ®opmyny (4) MOXHO MPUMEHSTH
TaKKe A5 KMUAKOCTEN, CoaepXalLyX ra3oBble My3blpbku. OfHAKO B 3TOM C/yyae K siB-
nseTcs (yHKLUMeNR UX KOHLEHTpaLymn 1 pa3mepa. Ecnv Takasi 3aBUCHMOCTb M3BECTHA,
TO MOXHO MCMO/b30BaTh A1 COXPAHEHMS BbIPaXKEHWS BENMYMHY K. Mpn 3TOM napa-
METPbl XXMAKOT0 CNost — KO3PMULMEHT TENNONPOBOAHOCTU, TEMIOEMKOCTb U T.4.
HY)XHO OMpeAensTb Kak napaMeTpbl CMeCU rasa u XMAKOCTU. [OCTOSHHbIA KOo3g-
(ULMEHT TeMNepPaTyponpOBOAHOCTM a AN1s TaKoro C/ydast OyAeT 3aBUCETb HE TOSb-
KO OT COOTHOLLEHWS rasa W XXWAKOCTY B CMECH, HO TakXXe, BO3MOXHO, OT BE/IMUMHBI
1 CTENEeHW 3NIMNTUYHOCTU MY3bIPbKOB.

YPABHEHNA ONA KBA3VDXNAKOIO C/104A

Korga rasofyHaMMyecKunii HarpeB JOCTaTOMHO UHTEHCKBHbIN, MOBEPXHOCTL 0OTEKae-
MOrO Te/la Ha4MHAET NNaBUTbCs. YacTb XUAKOCTU YHOCUTCA Npy 06TEKaHWUW, a YacTb
ncnapserca. OBTeKaHUe TakuUX CTEKN006pasHbIX UM NOMMMEPHbLIX MaTepuanos fB-
NSeTCH NaMMHAPHbLIM M CPaBHUMO CO CKOPOCTbO Haberatollero rasa. B pesynbra-
Te HEenpepbIBHOro yHOCa BHYTPW Tefla CO3LaéTcs rpajueHT Temnepatypbl (CuaHSeB,
2004). Jlerko nokasaTb, YTO YBeNMYeHue TenaonpoBOAHOCTA (TenA0NOrnoLWwaroLLas
CMOCO6HOCTb) TENMOU30ASALUMOHHOIO MaTepuana MOXeT ObiTb 3(HEKTUBHO YBENU-
YyeHa 3a CUET npoLiecca yHoca maccbl. W3-3a rpagueHTa TeMnepaTypbl, YTo 06ycnas-
NMBAET XOpOLUME M30MALMOHHbIE CBOMCTBA MaTepuana, NpPOUCXOAWT CYLLECTBEHHOE
N3MeHEHWe BA3KOCTW XMAKOIO C/0s, Tak YTO Hefb3s OCHOBbIBATL PAacYUéThbl Ha npej-
MOSIOXKEHUN O MOCTOAHCTBE KO3P(ULMEHTA BAKOCTU. BA3KOCTb HEHbHOTOHOBCKMX
XWAKOCTeW AOBOSIbHO BE/MKA, MO3TOMY MOXHO MpeHebpeyb UHEPLMOHHBIMY Y/leHa-
MU B YpaBHeHUW ABMXKEHWSA. Torga ypaBHeHUs HEPas3pbIBHOCTU, ABUKEHWUA U 3HEp-
r1MM1 MOXHO 3anucathb B BUge:

8 8

2y =0, S
ax ny Q)
ap__a_, T-T10 v 5
BBy T,-TA 1+l Ay ®
ME_—)I lv AT a AZT (7)

ax Ay  AX2
rOe U n v —kacaTeflbHasi U HOpMa/lbHast K MOBEPXHOCTU Tefla COCTaB/SIOLLE CKOPO-
CTW Tena; r — paguyc obTekaemoro Tena, M3MepsieMblii N0 HOpMan K ocu. [asne-
HVe p He 3aBUCUT OT KOOPAUHATHLI Yy U ABASETCA (PYHKUUEN YCNOBUA BO BHELLHEM
noTtoke. B ypaBHeHun (7) npegnonaraetcs, YTo KO3hUUMEHT TeEMMNEPaTypPonpoBoOj-
HOCTW a MOCTOsIHEH. OCb y CMCTEMbl KOOPAMHAT BblbpaHa TakMM 06pa3oM, YTO OHa
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nepneHavKynspHa K NoOBEPXHOCTYM TeNa, a eé Hayaso HaXOAMUTCS Ha NMOBEPXHOCTM pas-
Jena XuakocTb —rFa3. Ocb X napasineNibHa NOBEPXHOCTY TeNa, a eé Hayano HaxoamTCs
B KPUT MYECKOI TOuKe. KacaTenbHas cuna T onpesenseTcs COOTHOLLIEHUEM:

T= (8)

rae NT—HEHbITOHOBCKUIA, N CTPYKTYPHbIA, KO3(MLNEHT BA3KOCTH, onpegense-
MbliA BblpaXeHneM (4). MepBoe MHTerpupoBaHune ypaBHeHus (6) ¢ Y4ETOM COOTHOLLE-
HUA (4) paéT

Ap
T=a”™ +71- ©)

rge T, — KacaTe/lbHOe HanpshkeHe Ha MOBepXHOCTW pasfena pacriaBieHHas Xug-
KoCTb ra3. [opacTaBnsas paBeHCTBO (8) B BbipakeHWe (9) U UHTerpupys BTOPOIA pas,
nosly4aeM pacnpejesieHve CKOpoCTW BHY TP XXMAKOrO Clos

—————— bt. [ —. (10)

Ecnn 3aBMCMMOCTb [T OT y M3BECTHA, TO MHTErpasbl MOXHO BbIUMCIUTL. Ho Ha
[laHHOW CTafuMn aHanu3a M3BEeCTHa NULUbL 3aBUCUMOCTb T) OT pacnpefeneHuns Temne-
patypbl N0 XWAKOMY Cot0. M03TOMy CeflytoLMiA War COCTOUT B peLleHnmn ypas-
HeHus (7). B OKPeCTHOCTM KPUTMYECKOI TOYKM NepBbIi YneH ypaBHeHus (7) paBeH
HY/IO 1 NEPBOE MHTErPUPOBaHIE JaéT 3HaUYeHWe rpajueHTa TeMnepaTypsl B BULE:

AT AT exp% "
A oyl a

roe (aT/pay). — rpagmeHT TemnepaTypbl Ha MOBEPXHOCTU pasgena ra3—KuUaKoCTb.
Moka3aTenb N B COOTHOLLEHUAX (3) 1 (4) [OCTATOUHO BeNuK (B 60MbLUMHCTBE Cy4aeB
6onblie 10), NO3TOMY TO/ILLMHA TEM/IOBOrO €10 HAMHOIO 60/IbLUE TOMLLMHbI XXUAKO-
ro 104, NPUYEM 3TN 3HAUYEHUS TOSLLMHBI ONPeLeNsAtoTCA COOTBETCTBEHHO Be/IMUMHA-
Mn bTu 6. Ha riny6uHe, npeBbIlatoLLed TOAWMHY XWAKOTO CNoS, 3HaYeHWe V B ypaB-
HeHMM (11) MOXHO 3aMeHWTb BEIMYMHOWA VW, NPeAcTaBNstoLeli COBO CKOPOCTb,
C KOTOPOIA NOBEPXHOCTb pa3Aena pacniaBieHHas XnLKOCTb—IBEPLOE TeNo ABUKETCS
MO HampaBfieHMI0 BHYTPb Tena. B pesynbTaTe BTOPOrO WHTErpuvpoBaHus ypaBHe-
Hust (11) Nnpy COOTBETCTBYIOLLMX IPaHNYHbIX YCTOBUAX MOTyHaeM

T-TO=f- 2:,- yla (12)

BobipaxxeHue ans (G T/4y) MOXHO NOAYyYMTb U3 MPOCTOrO YPaBHEHWUSA TEMI0BOro
6anaHca

aT] _ (T,-TOWw'
ay ! a

C y4&TOM 3TOro BblpaXXeHWs, NPUHUMas, 4To 6 T=a/vw, ypaBHeHune (12) MOXHO
rnepenuncatb B BUgE

T-TO=(T,-TOy /6T, (13)

roe 6r —TonwMHa TennoBoro cos. Tenepb T BbIPaXXaeTcsl B 3aBUCUMOCTU OT Y, U
ypaBHeHVe (10) MOXHO MPOMHTErpuMpoBaTb, TakK KakK pacnpefeneHne KoaduumneHTa
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BA3KOCTU MO TO/LUUHE XUAKOrO CNOs MOAYYaeTcs M3 COBMECTHOrO PacCMOTPEHUS
BblpaxxeHui (4) u (13):
1+* Ap 2 eWh

MoacTasnss BblpaxeHne (14) B ypaBHeHue (10) u ucnonb3ys onpegeneHve
6T~na, nonyyaem pacnpefesnieHne KacaTeslbHOW COCTaBNAOLE CKOPOCTU NO TO/-
LLLMHE XKMAKOro cnos

ap b ap
1+k +T Y d 1+* dy
=aprl ) o B Y+T< (15)
ax J .
BBoas 4n9 KpaTKOCTW 0603HAYeHUS:
N=\+kr2 M=2k—T, L=k ™ (16)
ax ax
nonyyaem 13 ypasHeHus (15) nocne MHTerpupoBaHus
ws -6 2N +2b3M - 664L + (62/T- 263V + 6b4aL _ +
_Ap € 6
n= +
ax +(63V - 3b4L)"~ + baL 4 - 17
Tey/8
+ Nb - b2M +263 +(b2M - 2b3)y/b +bA "~

B

Tenepb BEPTVKaANbHYH) COCTAB/ISIOLLYIO CKOPOCTY V MOXHO MOAYYUTb, UHTErpU-
pys ypaBHeHue (5)

1
=— J[ ﬂ%“ (ru)dy +v, (18)

~00

roe VIPL —ckopocTb ucnapeHus ¢ eiuHULbI NOBEpXHOCTU. BoipaxkeHue (17) ans co-
CTaBNSAIOLLEA CKOPOCTU W CredyeT NOACTaBUTbL B ypaBHeHue (18), Toraa nonyymm Bbl-
paXxeHue 419 CKOPOCTM yHOCa Macchl. VI3MeHss NopsaLoK MHTErpupoBaHnsa u anddge-
PEHLMPOBaHWA, HAXOAA UHTErpasbl U Monaras X = r, Noay4aem

. 13

n-(v,- v W): —1r- X— (2Nb3-6M b4 +24Lb5) +

! X H;( ax
(19)

XTA-N b2+2Mb3m-62Z84)

+7TX

B OKPECTHOCTM KpPWUTWYECKOI TOUKM AP/AX U T. MOXHO paccMaTpuBaTh Kak /1-
HeWHble (YHKLMM PacCTOSHMS; OHAKO MPU COXPaHEHUM YNIEHOB, KOTOPbIE 3aBUCAT
OT K, MOSIBNIAOTCS UNeHbl NopsaKa X2 MoaToMy YTo6bl OLEHWUTb BUSHNE HEHbIOTO-
HOBCKMX OTKNOHEHWUI B NOoTOKe, HeO6XO,C||I/IMO YUYUTbIBATb YNEHbI 60nee BbICOKOr0 Mo-
pAAKa OTHOCUTENBbHO AaBNeHUA U NOBEPXHOCTHOIO TPEHNA BAO/b MOBEPXHOCTU TeNna.

pafueHT aaBneHns Ap/AX W NOBEPXHOCTHOE TPEHWE T. ABNAIOTCS HEYETHBIMM (DYHK-
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LMAMUN NO OTHOLLEHWNIO K PacCTOSHUIO 0 KpUTUYeCKOW Toukn (CugHsies, 2004). Ans
Lenei HacTosiLlel paboTbl LOCTATOYHO NpeHebpeyb YsieHamMy NATOro U 6onee BbICO-
KX MOPASKOB, TaK YTO MOXHO 3anmcaTb

(= ax +ax? PP g+, (20)

rae aj v b. He 3aBUCAT OT X My U NPeACTaBNsAIOT cOB0l NMWb PYHKLMW YCOBUIA BO
BHeLLHeM noToke. MoACTaBnss 3TW Be/IMUMHbI B ypaBHeHue (19), BbinonHas gudde-
peHUMpOBaHUe 1 NpeHebperas YaeHaMmn YeTBEPTOro 1 6osiee BLICOKMX MOPSAKOB OT-
HOCUTENLHO X, Noyyaem

Q(\- vw)=4b83- 23,62+

+X262 86 -4a2+k\-4ar+ 2461126 - 12b{avb2+ 96b33 @h

Ecnmn MOXXHO npeHebpeyb YieHaMy BTOPOro Nopsiaka OTHOCMTENBHO X, YTO MOX-
HO cAenatb B C/lyyae KBasKUAKOCTW B HEMOCPELCTBEHHON 6/M30CTM OT KpUTUYe-
CKOW TOUKM, TO BblpaXeHne (21) CTaHOBMTCS WAEHTUYHBLIM BbIPDKEHWNIO AN CyYas
yHOCa Macchl CTek1006pasHbiX MaTepuanos (Kosanes, 2002). MocnefHee BbIpaXeHme
MOKas3bIBaeT, YTO B HEMOCPELCTBEHHON 6M30CTU K KPUTUYECKON TOUKE BANUSHUE He-
HbIOTOHOBCKOr0 NOBEAEHNS XXUAKOCTH AOCTATOYHO Masio. Ha 60/bLUMX PacCTOSAHMSAX
OT KPWUTWUYECKOM TOUKM HEHLIOTOHOBCKME 3(DMEKTbI LO/MKHbI CTaTb CPaBHUMbLIMM
C Y/ileHaMK BTOPOTO NOPsALKa, XapaKTepu3yoLWmMmN U3MEeHEHMe TeMMepaTypbl U 4p/axX.
OLEeHKY yCNOBWiA, MPU KOTOPLIX MOBEAEHME KBA3MXKMAKOCTY OKa3blBaeT BUSAHME Ha
XapaKTepUCTUKM MOTOKA, MOXHO CAeaTh C MOMOLL LK NPOCTOr0 COOTHOLLEHNS:

8626 —4a2 < k\-4a3+24bla3B-72b 3182 + 96bB3 (22)

[ns cthepuyeckoit HOCOBOW YacTh «. U b( onpeaenstoTcs cnegyrowymM 06pasom
(BacunbeBckuid n gp., 1991):

¥ 3 no 2 4 p
,_3 Noo 3UMIPS 00 p b7 = --"~ (23)

2 R R 2R3 R 1 R2 2 3 R4

roe R —pagnyc HocoBoit yacTu Tena; U —CKOpOCTb BHELLUHEro NOTOKa; p —Aaene-
H/Ee TOPMOXEHWS;  — MJIOTHOCTb Fa3a B KPUTMYECKON TOUKe; I) — KO3(WMLUEHT
BA3KOCTW ras3a B KPUTUYECKON TOUKe. BBOAS 9TW YneHbl, MOXHO 3anucatb y? . 6e3-
pasvepHom Buge Kak X2 R2. Wcnonb3ys BblpaxeHus (23) u nonaraa ps=U"p0,
nosly4yaeM BMECTO HepaBeHCTBa (22):

3/2
3Uy\sPs | 32404811 1

172 — U2 Tsoh L
332 ﬂ,|§005+ 2 SU;\PS < 2 R ” R1 (24)
+432Pp 1 3Ur]sps 62+ ™ Ppl 83
R- R R3

[nsi TOro YTo6bl CAENaTh OLEHKM C MOMOLLbIO 3TOr0 HEepaBEHCTBA, HEOBXOAVMMO
3HaTb T|5¥ ps B 3aBUCKMOCTMW OT YCNOBMIA BO BHELUHEM MOTOKE. STW COOTHOLLUEHWS
VIMEtoT BUL;

3/2

Ts 410 e P
o 7;+l0° R*Ts
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H. 1 Cupnses, 3.B. benTa

roe R*—ra3oBas NoCcTOsiHHaA; T —TemnepaTypa TOPMOXKeHUS. Mpu o4veHb 60bLLINX
CKOpOCTAX HaberatoLLero noToka psHeobXxoAMmMo paccyUnThIBaTL € YYETOM AnUCCoLMa-
LMK MONeKyn Bo3ayxa. Tenepb MOXHO NMpeAcTaBUTh Q —OTHOLLEHVE NIEBOI U MPaBOM
yacTei HepaBeHCTBa (24) — KaK HEKOTOpYH iYHKLUMIO K, 6, R 1 £/X. YKa3aHHOe OT-
HoLeHMe Q MPMHMMAET CreayoWwuin Bug;

32&3?: 000 1_2_____@_
Q= (25)

OBCY>XXOEHWE PE3YJ/IbTATOB

Ecnun oTHoLeHWe Q 3HAUNTENLHO MEeHbLUEee eAUHMULbI, TO YleHaMU, YYnTbIBaIOLLMMU
HEHLIOTOHOBC KMC OTK/IOHEHUS B MNOTOKE, NpeHebperaTts HeNb3s; Npy 3TOM OHWU [0XK-
Hbl ObITb CPABHUMbLIMU C Y/leHAMW BTOPOro NOPALKA, XapaKTepUsyOWMMU U3MeHe-
HVe T; U Ap/AX B OKPECTHOCTW KPUTMUECKON TOYKM. CnemyeT 0XugaTtb, YTO B 3TOM
CNyyae NpoLecc YHoca MacCbl HEHbIOTOHOBCKOM XXMAKOCTY OT/IMYAEeTCS OT COOTBET-
CTBYHOLLIETO MpoLecca 415 HbFOTOHOBCKOM W, CliefoBaTe/lbHO, MapaMeTpbl Ten1006Me-
Ha TaKxe OyayT pasfMYHbIMU.

WHTepec npeACTaBAsAOT YC/IOBUS, NMPU KOTOPbIX OTK/OHEHUS OT HOPM&a/bHOI0
MoBefeHNs CBA3aHbI CO CTENeHbI0 HEHbIOTOHOBCKOMO NOBEAEHNS XXMAKOCTU, KOTOpast
BblpaXkaeTcs KoaguuneHToM K. Ha puc. 2—4 (cm. c. 153) MOCTPOEHO CEMEICTBO
KPUBbIX, XapaKTepu3yoLLMX 3aBUCUMOCTb NpoussefeHns QK OT TOMLWMHbBI XKUAKOIO
cnost 6 ¢ uncnom Maxa B KauecTBe napameTpa. B cnyvae, npefcTaBieHHOM Ha puc. 2,
paguyc cepuyeckoli o6TekaeMoil HocoBoi vactu coctasnset 0,05; 0,1 n 0,3 m. Bee
TPU KPUBbIE OTHOCATCA K BaN/IMCTUYECKOA TPaeKTOPMU A4St BbICOTbI 20 KM 1 M = 25,
MoxHO cfienatsb cnefytoLye o6LLme BbIBOABI:

1) Npy MOCTOSIHHOWM TO/MLMHE XXMAKOrO CM0S HEHbHOTOHOBCKME OTKIOHEHUS

B NOTOKE BO3PACTAlOT C YBE/IMUEHNEM CKOPOCTM MONETE;

2) 33 WUCK/IIOYEHNEM HEKOTOPbIX OCOObIX C/ly4aeB, BAUSHUE HEHbHOTOHOBCKOMO
NOBeLEeHUS XNAKOCTU CTAHOBUTCA 60/1e CU/bHBIM C YBEIMYEHWEM TOSLLMHBI
YXWJKOrOo cnos;

3) OTK/IOHEHUS OT HOPMasbHOIO MOBEAEHMA A1l HEHbHOTOHOBCKOWM XUAKOCTMK,
XapaKTepu3ytoLLeincs onpefenéHHbIM 3HaYeHeM MapameTpa K, BO3pacTatoT
C YMEHbLUEHWEM pajuyca HOCOBOW YacTu;

4) KpuBble Ha puc. 2—4 VMET MUHUMYMbl, KOTOpPble CABWUraloTCs B CTOPOHY
60/MbLUMX 3HAYEHWI TONLWMUHBI NPY YBENMYEHUN PajMyca HOCOBOW YacTu.

Y XKUAKOCTei ¢ TakKuM Ma/ibIM 3HaYeHMeM MapamMeTpa K, kak K)  OTK/I0HeHus
OT HOpPMa/bHOTO MOBEAEHNS HbHOTOHOBCKOM >XKUAKOCTM HabMHOAATCA Ha BbICOTE
20 kM. [1ns1 6OMbLUMHCTBA CTEK/I006Pa3HbIX MaTePUAsiOB 3HAYEHUS K UMEKT MMEHHO
TakoM NOpsfOoK, & MHOTMe M3 HUX XapaKTepusytoTcs ropasfo 60sbLUeit CTeneHbHo
YMEHbLUEHNS XMUAKOr0 Cost Noj, AeliCTBMEM KacaTe/lbHOro HanpskeHus. B cooTBeT-
CTBUW C BblpaXXeHneM (21) HeHbHOTOHOBCKOE MOBefeHMe He MPOSIBASETCS B HENocpes-
CTBEHHO B/M30CTU OT KPUTMYECKOR TOUKU. OfHaKO Ha TaKOM PaccTOfHMUMW, Ha KOTO-
POM Y/ieHbl TPETLErO NOPSAKA OTHOCUTENBHO T U AP/4X YIKe He ABASOTCS npeHebpe-
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XXUMO Ma/ibIMU, NPOCTENLWas Teopus yHOca MacChbl CTEKI000pa3HbIX MaTepuasioB
CTaHOBUTCH 10 HEKOTOPOW CTeNeHN HETOYHOM. B cOOTBETCTBUM C YNPOLLEHHON aHa-
norunein PeliHonbfca KacaTenbHas cuna nponopumuoHanbHa Ternjo0BoMy NOTOKY, M03-
TOMY He TO/IbKO XapaKTep TeYeHMs XXMAKOA NIEHKN, HO TaKKe MPOLLEecC YHOCa Macchl
B LiesIoM OyayT NOABEPXKEHbI M3MeHeHMAM. UT06bI OnpefennTb XapaKTepucTUKM Npo-
Liecca yHoca Macchl AN HeHbHOTOHOBCKMX XXMAKOCTEN, HE0OX0AUMO PELUNTb YpaBHe-
Hue (21) COBMECTHO C YCM0BUAMM, HAlaraeMbIMK Ha NPoLLecc Ten1006MeHa.

Puc. 2. MpousseaeHne Qk B 3aBNCMMOCTU Puc. 3. MpoussegeHne Qk B 3aBUCMMOCTU
OT TOJILUHbI XMAKOTO cnos 1 yncna Maxa OT TOJILUHbI XMAKOro cnos u yncna Maxa
M =25 npu 3Ha4yeHMsX paguyca HOCOBOWA npu 3Ha4YeHWsX pajMyca HOCOBOW YacTu:
yactutena: 1—0,06m;2—0,1m; 3—0,3 ™ 1—0,05M; 2—0,1 M 1 BbicOTbI 50 KM

1 BbICOTbI 20 KM

10-5 K4 Kr3 1026,m

Puc. 4. MpownssegeHne QK B 3aBUCUMOCTU OT TOJLLUHbI XWUAKOr0O €nos U ynucna Maxa npu 3Ha-
YyeHusx paguyca HocoBoil Yactu 30 cMm U BbicOoThbl 50 kM. Yncno Maxa:2 —8; 2 — 10; 3 — 12;
4 - 15;5-20; 6-25
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H. 1 Cuprses, 3. B. benkvHa

Ha puc. 3 nocTpoeHbl 3aBrcMmocTy npousseseHns Qk oT 6, HO TOMLKO A4 Bbl-
coTbl 50 KM. g TOro yYtobbl Ha 3TOW BbICOTe HAGMOAANCA KaKOW-HUOYAb 3ddeKT,
3HauYeHVe NapameTpa K JOMHKHO ObITb MPUOAN3NTENBHO Ha ABa MOPSAKA BbILE, YEM
NPV aHa0MMYHbIX YCOBUAX Ha BbicoTe 20 KM. MUHUMYMbl NPUBEAEHHBIX KPUBbLIX
TaKkXKe CMELLAKTCA B CTOPOHY BO/bLUMX 3HAYEHWIA TOMLLMHGI, MPUYEM MpU pagny-
ce HocoBoit yacTh 0,30 M MUHMMYM CBMraeTcs Tak Jafeko BNpaBo, YTO BbIXOANT 3a
npefenbl fuanasoHa, NPeACTaB/IAOLLEr0 MHTEPEC ANs NPaKTUYECKMUX MPUTOXKEHWIA.

CnefyeT noAyvepkHYTb, YTO MpeACTaBfieHHble 3feCb pe3ynbTaTbl, CTPOr0 roBO-
PSi, 3aKOHHbI NIULLIb A5 HEUCNApPSIOLLMXCS XUAKOCTER, NOCKOMbKY Npu BAyBe MapoB
B MOrPaHUYHBbIA CNOW T yMeHbLUaeTc. OfHAKO B OKPECTHOCTU KPUTWUUYECKOW TOYUKM
rpafueHT JaBfeHns BENMK MO CPaBHEHMIO C T, TaK YTO A1 YHOCA MacChbl HEHbHOTO-
HOBCKMX YXWAKOCTeEld, KOTOPble YaCTWYHO MCMapaloTes, Npegblaylive pesynbTathl
ABNSAKOTCA MO KpaliHein Mepe XOpoLLIUM NpubmkeHnem. CneayeT Takke YNOMAHYTb,
YTO Korga napbl NonajatoT B MOrPaHUYHbIA CNOM, OHW, NMOMUMO OTMEYEHHOrO BbiLle
3hheKTa, OKasblBAKOT BAMUAHME Ha NIOTHOCTb U BA3KOCTb (CuaHses, 2004); oaHa-
KO B OOMbLUMHCTBE MPaKTUYECKUX C/lyYaeB MOAABNAIOLWMM MO CBOEA BEIMUUHE Y/e-
HOM B 3HaMeHaTesfe BblpakeHus (25) ABASETCA NOCNEAHWIA YNieH, B KOTOPbIA He BXO-
aAatesn 1S

[anee npenctaBnseT MHTEPEC HAHECTU Ha BeEHHbIE BbiLLe (OUTYpPbl TAKXKE HEKO-
TOpble OMy6/IMKOBaHHbIE B UTepaType pesy/bTaTbl 415 HbIOTOHOBCKMX XUAKOCTEMN,
C TeM YTOObI BbISICHNTb, NPU KaKUX YCNOBUSX CNefyeT BUAOM3MEHSATb 3TW pesy/ib-
TaTbl, CM NOBEJEHNE YHaCTBYIOLLEHA B MPOLIECCE YHOCA MACChl XXUAKOCTW ABASETCS
B KaKOIi-TO CTENEHU HEHbIOTOHOBCKMM. TOJLLMHY XMAKOFO €108 6 MOXHO paccyu-
TaTb MO C/ieayHoLLER hopmyrne:

KffPia

6- Ly (25)
%

roe hdj — aththekTMBHAA 3HTaNbNWA paspyLLAKOLLErocs MaTepuana, KOTOPYH MOXHO
NOY4YNTb U3 YNOMAHYTOM BbILLEe PaboTbl B BIAE (PYHKLMU CKOPOCTU U BLICOTbI MOSE-
Ta; g() — Ten/0BOM NOTOK NPU OTCYTCTBUM YHOCA MacChl; pL — NIOTHOCTb XXUAKOCTH.
B pe3ynbTarte TOMLWMHY XUAKOTO CNosi 6 MOXHO HaHECTU Ha rpaduk B BUAe yHKL UK
yncna Maxa.

Puc 5. BnsiHWe pa3nnyHOi CTENEHN HEHbIOTOHOBCKOMO MOBEAEHWS MaTepuana Mogenu ¢ gu-

31YECKMMU CBOWCTBAMU CTEK/IA MMPEKC Ha XapaKTEPUCTMKM NpoLecca yHoca MacChl NMpu BbICO-

Te 20 kM, pagunyce HocoBoli yactu Tena 0,30 m.: Qk: 1 — 10-11; 2 — KO-10; 3 — 10-9; 5 — 10~12,
4 —6*
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Ha puc. 5 (cm. c. 154) npeacTtaBneHbl pesy/bTaThl, MOMYYEHHble ANA CTeKa
MUPeKC NPUMEHNTENbHO K BbicoTe 20 KM 1 paamycy HOocoBow YacTu 30 cMm. Ha aTtoii
thurype KpuBasi, 0603HauYeHHas yepe3 6*, Oblna NoyyYeHa C NMOMOLLbIO COOTHOLUe-
HKA (25) 13 YNOMSIHYTOM Bbille paboThl. [pn OTHOCMTENBbHO HEeBGO/bLLMX CKOPOCTSX
nonéta npu uncnax Maxa nopsgka 10 He 6GygdeT HabnOAATLCA HUKAKMX 3DMEKTOB,
€C/N 3HaYeHKe K AN nmpekca 6yget meHblue 10 \ OaHako npy 60NbLUNX CKOPOCTAX,
KOTOPbIM COOTBETCTBYHOT Uncnia Maxa okono 30, HEHbHOTOHOBCKME OTK/IOHEHUS B NO-
TOKe ByayT MMeTb MECTO MPU 3HaYeHMAX K A8 CTeKN000pas3HbIX MaTepuasoB Nopsaa-
ka 10 . BecbMa BEpOATHO, YTO Takas Masas CTereHb NposB/eHns a(hhekTa xapak-
TepHa ans 60nbwnHCTBa CTEKON (PUHYEHKO, LLIMaToB, 2005).

Ha puc. 6 npuBefeHbl aHaNOrNYHble pesynbTathbl 418 BbiCOTbl 50 KM. MOXHO BU-
[leTb, UTO B 3TOM Cfly4ae 419 TOro YTobbl UMENU MeCTO 3HaUUTESIbHblE OTKOHEHNUS
Heo6X0AMMO, YTOObI 3HAYEHNS K MO CBOEN BenuynHe 6bi NpubM3nTeIbHO Ha ABa
nopsiaKa BblLLe.

Puc. 6. BAmsiHue pa3nnyHoOl CTeNeHN HEHbIOTOHOBCKOMO MOBEAEHMWS MaTepuana Mogenu ¢ du-
3MYECKMMW CBOCTBAMU CTeK/Ma MUPEKC Ha XapaKTePUCTMKM npouecca yHoca Macchl (BbicoTa
50 KM, paguyc HocoBoli YyacTu Tena 0,3 m): 1 —6%; Qk: 2 —1(I'9; 3 — KI'g 4 — 101

3AK/TIOYEHUE

B npouecce uccnefoBaHWs BbISBAEHO, YTO MPU ABVKEHUW C FUMNEP3BYKOBLIMU CKO-
poCTAMM B aTMOC(epax NaaHeT MOBEPXHOCTV Ten MOABEPrakTCcs MHTEHCUBHOMY Ha-
rpeey. B pesynbTaTe 3TOr0 MPOMCXOAUT OMaBfeHUe TENA03aUTHOINO MOKPbITUS,
COMpPOBOXJatoLLLeecsl YHOCOM MacChl Tefa C MOBEPXHOCTW NieTaTeNbHOro annaparta.
W3yyeHwne 3TOro npouecca NpeacTaBaseT 60/bLLUIOA NHTEPEC C TOUKM 3peHNs onpeje-
NEHUS TOUHBIX BaIMCTUYECKMX MapaMeTpoB. OgHUM 13 3PGPEKTUBHBLIX MyTER CHU-
YKEHUS TEM0BbIX MOTOKOB K Tefy W, Cief0oBaTe/IbHO, YMEHbLUEHNS YHOCA MacChl Mo-
KpbITWS ABNSETCA COOTBETCTBYHOLLMIA BbIOOP TEMN03aWUTHOIO MaTepuana, KOoTopblii
[ODKEH YAOBNETBOPSTL LENIOMY Py aspoAMHAMUYECKMX W KOHCTPYKTUBHBIX Tpe-
60BaHMiA. BbISBEHO, YTO YHOC MacChl TEM/I03aWMTHOrO MOKPLITUSA NPUBOAUT K 13-
MEHEHWIO NepBOHAYaNIbHOM ()opMbl Tena. Mo3TOMy BaXXHO COBMECTHO peLlaTh 3ajaum
06TeKaHUs 1 HarpeBsa Tefa ¢ YY4ETOM abnauum NoBepxXHOCTM W ABUMXKEHWS Tefla Mo Tpa-
ekTopun. B Hanbonee o6LLeli NocTaHOBKe NpobieMa NoucKa Hauyullein Ha4anbHow
thopMbl Tena npeacTaBnseT cobol COXKHYI 3afady ONTMMAaIbHOrO YNpaBieHns Cu-
CTEMO HecCTalMOHapHbIX YpaBHEHWUMW ra30BOiN AMHaMUKW. B pgaHHOW pa6oTe npeg-
CTaB/EHO YpaBHeHWe abnsuum, Korja YHOC MacChbl MPOUCXOAWUT NOf BO3AEACTBMEM
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H. 1 Cupses, 1 B. benTa

KOHBEKTUBHOIO Harpea. CTaTbsl MOCBsiLLeHa O6LLel MOCTAHOBKE 3afa4n Haxoxie-
HUS TONLWMHbI YHOCA abNMPYHOLLEro MOKPLITUASA Tena, ABMXKYLLErocs no 6annmctuye-
CKOI TpaekTopun 1 061aJatoLwero MUHMMabHbIM CyMMapHbIM PagnaLMOHHbIM Ha-
rPeBOM NMOBEPXHOCTU. VIHTErpupoBaHWe YpaBHEHUIA ABKEHNS C YYETOM HaliieHHbIX
KO3(PPULNEHTOB CONPOTUBNEHNA W TENIO0OMEHa MO3BONAET MOCTaBUTL M aPGeK-
TUBHO PELUWNTb COOTBETCTBYIOLLME BapMaLMOHHbIE 33a4yn OnpedeneHns onTUMasib-
HbIX Ha4a/lbHbIX (DOPM abAMPYIOLLUX MOBEPXHOCTENA.
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AN IMPACT OF THE HYPERSONIC STREAM ON THE VELOCITY
OF FUSION OF AN ISOLATING SURFACE AT THE DESTRUCTION POINT

N I. Sidnyaev, E V. Belkina

Bauman Moscow State Technical University, Moscow, Russia

The results of investigations connected with the study of phase transitions that occur during the
exposure of the ablating surface to a hypersonic flow at the near-wall boundary layer are present-
ed. The effect ofthe catalytic wall on the heat flow is considered. The emphasis is on the analysis
of the surface ablation of supersonic vehicles that is based on the detailed consideration of the
mechanism of heterogeneous catalytic reactions in the surface mass flux conditions. The distribu-
tions of heat transfer factors throughout the thickness of the boundary layer at a stagnation point
ofa blunt body are provided for a specific flight path segment. The surface ablation of crystalline
solids is evaluated.
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OMPEAENEHUE CKOPOCTYA BPALLEHUSA YEPHOW [AbIPbI
MO0 KAYAHWIO W BPALLEHWIO IXKETA B TANTAKTUKE M87

[.H.CobbAHMH

dunsunyecknini MHCTUTYT nM. M. H. JlebepeBa Poccuiickoii akagemun Hayk (PUAH)
MockBa, Poccus

HoBble fnuTeNnbHble pafMoacTpoHOMUYecKne HabnogeHNs OAHOro u3 Hambonee M3BECTHbIX
KOCMMWYECKNX CTPYWHbIX BbIOBPOCOB — [p)KeTa B ranaktuke M87 — Ha vactoTe 43 Ty cBuge-
TeNbCTBYIOT O TOM, YTO [KET UCMbITbIBAET NMONEPEYHOE KBA3UNEPUOLNYECKOE CMELLEHMNE C Ne-
puogom ot 8 go 10 net. Takoe NokaynBaHMe [)KeTa MOXET roOBOPUTb O PeNATUBUCTCKON mpe-
Leccumn JleHse —TVpPPUHTa HAKNOHEHHOrO aKKpeLuMOHHOro fucka. [lepuof nokavymBaHuA
BMeCTe C COBPEMEHHBIMU KMHEMATUYECKUMU AaHHbIMM MO BPALLEHWUIO [XKeTa OTKpbIBaeT BO3-
MOXHOCTb OLEHKW Yr/I0BOr0O MOMEHTA LieHTPasbHON CBEPXMACCMBHON YEPHO fAbipbl. B cnyuae
npeLieccun NpPo6HbIX YacTuL, NPUBEAEHHbIR YI10BO MOMeHT paBeH J/Mc = (2,7+1,5)TOH cm
1 NoApasyMeBaeT Ha/mume yMepeHHbIX 3HaYeHnil 6e3pasmepHOro napameTpa BpalieHns Yép-
HoI abipbl a = 0,5+0,3 1 0,31+0,17 Ans NPOTMBOPEUMBBIX ra30fMHaMUYECKNX 1 3BE3AHOANHA-
MUYECKMX 3HaYeHnn eé maccbl. OfHaKo B Cryyae TBEPLOTE/bHOW NpeLeccun napameTp BpaLLe-
HWS 3HaUNTEeNbHO MeHbLUe Ana 060Mx 3HadeHnin maccbl: 0,15+0,05. cknoyeHne nocnegHero
3HaYeHMA Ha OCHOBaHWMW [PYrUX He3aBWCUMbIX OLeHOK TpebyeT cyliecTBoBaHWUs B M87 mar-
HWTHOAPeCTOBaHHOIO 1CKa.
KntoueBble crosa: A)KeTbl, rafnakTuku, YépHole abipbl, M87

BBEAEHWE

OfuH 13 Hambonee M3BECTHbIX WM XOPOLUO M3YUEHHbIX BHEranakTUyeckux CTpyW-
HbIX BbIBPOCOB — KET B MMIaHTCKON 3NNUNTUYECKON ranaktuke Meccoe 87 (M87,
NGC 4486, 3C 274, Virgo A) —3aHUMaeT 0C060e MECTO Cpean PensaTUBUCTCKNX [XKe-
TOB B aKTUBHbIX ilpax ranakTuk. OTKpbITbIA 6onee cTa neT Hasag (Curtis, 1918), aToT
[DKET [0 CUX MOp OCTaéTCA OfHVMM M3 OCHOBHbLIX 0OBEKTOB COBPEMEHHBIX TEOPETU-
YECKMX W HabnofaTenbHbIX NCCNeA0BaHWA. [KET ABNSETCA OAHWMM U3 GAnXKanLwmx,
N paccTosiHWE [0 Hero cocTaBnseT okono 16..17 Muk. Posb LeHTpasbHOW MalluHbI
UrpaeT CBepXMacCuBHas YEpHas fblpa C MAccoi oT 3 40 6 MApL CONMHEYHbIX Macc,
yTO nofpasymeBaeT 60MbLIYIO BennunHy paguyca LUsapuwwnnbga (1...2)-105cm.
Bnarogaps Bcem 3TMM (haKTOpaMm [AKeT B ranaktuke M87 sBnseTca ogHoN 13 Hanbo-
Nee MepcrneKTUBHbLIX KOCMUYECKUX labopaTopuid 41 uccnefoBaHns NpPoLLEeccoB, Npo-
NCXOASALLMX B HEMOCPEACTBEHHOW 6/M30CTU OT LEHTPasbHOW MallMHbI U O0TBeYato-
LLMX 33 3aPOXKAEHNE KETOB B aKTUBHbIX ApaxX ranakTuk.

[bkeT nposiBNseT n3nyyeHue pas/IM4yHON NPMPOAbl BO BCEM CMEKTpe OT pajuo-
YacTOT [0 T3BHbIX 3HEPruiA, N pagMoaManasoH 0COBEHHO BaXKEH, TaK KaK paguouH-
TepthepoMeTpus Co CBEPXA/IMHHbIMK 6a3aMn Gnarofaps CBOEMY OYeHb BbICOKOMY
YINI0BOMY pa3peLleHunto, 0COB6EHHO B MUIIMMETPOBOM fManasoHe A/UH BOJH, M03BO-
NsieT 0TOO6PaXKaTb TOHKYHO CTPYKTYPY [IKeTa Ha Maclitabax BrnoTh o 6—10 paauycos
LLIBapuumnibaa YEPHOR AbIpbl Y U3yYaTb KUHEMATUKY PENSTUBUCTCKUX TeueHui. Mpu
OAHOBPEMEHHOM MPOBefeHNN HabMOAEHNIA B HECKONbKUX AMana3oHax 1cnonb3oBa-
HVe paguofaHHbIX NO3BONSET 60/1ee TOUHO NOKANN30BaTh (IU3NYECKME ABNEHNS, Ha-
6nt0faemble B Apyrux ananasoHax, Hanpumep, BCMbILLIKK.

C NoMOLLbIO pafMoONHTEP(EPOMETPUM YAANOCH ONPeAennTb KioueBble CBO-
CTBa [KeTa B rafaktmke M87, Takme Kak Haimume KakyLiMxXcs CBEPXCBETOBbIX ABU-
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YKEHWI BELLECTBA, YApYeHVe K Kpato, LMPOKMUIA Yron packpbIT US Y OCHOBaHUS, BO3-
MOXHble MPU3HaKWU PeKonMMaumm, napabonmyeckas CTPyKTypa Ha OTHOCUTENIbHO
Ma/TbIX PacCTOAHUAX OT fApa U eé nepexop B KOHUYECKYHO Ha H60/bLUMX PACCTOSHUSIX,
a TaKKe Ha/mumne KOHTpMKeTa. V3yueHune KMHeMaT MKW [KeTa Ha paccTosHusAxX ot 100
£0 1000 pagnycos LLiBapuunabaa no3soanao 06HapyXuUTb BpalleHue JKeTa v oue-
HWUTb ero ckopoctb (Mertens et al., 2016). [Janee B paguoHabt0AeHNAX Ha YacToTax
1,6; 51 15Ty 6bina paspeLwleHa Tpéxropbas CTPYKTypa NonepeyHoro Nnpoguns axe-
Ta (Asada et al., 2016; Hada, 2017). 311 Habnt0AeHNS NO3BOANIN 3aK/THOUNTD, YTO Ta-
Kas CTPyKTypa Npoduas OTpakKaeT BHYTPEHHIO CTPYKTYpY [KETa, T.e. [DKET B Aei-
CTBMTE/ILHOCTM NpeACcTaBseT cobol mKeT B mkeTe (Sob’ynnin, 2017).

HefaBHO Oblny NpefcTaBieHbl HOBbIE Pe3y/bTaTbl PagUM0oacTPOHOMUYECKMX Ha-
6ntoaeHNIA MxeTa B ranaktuke M87 Ha yactoTe 43 'y, (7 mm) (Walker et al., 2018).
Bblf0 06HapYyXXEHO 3HaYMTeNbHOE MOMEepeyHoe CMeLLeHue [keTa, Hambonee ApKo
MPOSIBNSAIOLLEECS HA PacCTOSHUAX OT 2 A0 8yr. Mc OT fapa (pUCyHOK). CMmelleHne
HOCUT KBa3WNepuoAMYecKUin xapakTep, a Mepuof CMeLLeHWUs NeXUT B uana3oHe
8—10eT. B paHHO cTaTbe npef/iaraeTcs HOBbIA CMOCOO OMpeAeneHms CKOpoCTU
BpaLLEHNS LIEHTPaNIbHON CBEPXMACCUBHON YEPHO [Ablpbl MCX0AS U3 U3BECTHbLIX Bpa-
LaTe/bHbIX XapaKTePUCTUK [KeTa U YNOMSHYTOr0 HOBOTO SIBIEHWS KBa3UMepuoam-
4ECKOro NoKaumMBaHus KeTa.

o 5 10 15 20

M3o6paxeHue mxeTa B ranaktuke MB7 Ha vacToTe 43 T, AeMOHCTpUpYtoLLee
ero nonepeyHoe cmeulenmne (13 ctatbk (Walker et al., 2018)).

HABNOOEHNA

Mporpamma HabnogeHUA mxeTa Ha YacToTe 43 'L, NpoBoAUMas Ha aHTEHHON pe-
LUETKE CO CBEPXAMHHbIMKM 6asammn HaunoHanbHOM paanoacTpoHOMMYECKO obcep-
Batopumn CLUA (aHrn. National Radio Astronomy Observatory, NRAO), n3HayanbHo
noceslanacb 6bICTPOMY OTOOPaXKEHWMIO MPOLECCOB BOAM3N Adpa ranaktukun M87
C Le/bio OMpeaeneHns KaxyLUXCs CBEPXCBETOBbIX ABVKEHWI BeLLeCTBa AkeTa. Tem
BpeMeHeM, MOMbITKY 06HapYyXeHUs pafnoKOMNaHbOHOB T3BHbIX BCMbILLIEK, HAYaTble
B 2009 r., BMecTe ¢ 60/1ee paHHUMU apXUBHLIMU faHHLIMU NO3BONWAN CHOPMUPOBATH
MaccuB NPUMEPHO eXerofHbIX Pagnon3obpaKeHnin [HkeTa, OXBaTbIBalOWMA 17-1eT-
HWUIA nepuof HaumHasa ¢ 1999r. 3TO MO3BOAWMO MPOCNEAUTb AMHAMUKY [KeTa Ha
60NbLUMX BPEMEHHbIX NPOMEXYTKAX U B KayeCTBe 3HAUMMOro No60oYHOro pesynbrara
nporpaMmmbl 0BHapYXUTb, YTO [XET COBEPLUAET NONepevyHoe ABUXEHME C XapaKTep-
HbIM BPEMeHHbIM MacLLUTaboM 0KoNo Heckonbkux net (Walker et al., 2018).

Bonee KOHKPETHO, OblI0 OOHAPYXXEHO 3HauYWUTeNbHOEe MOMepeyHoe CMeLle-
HWe [KeTa, 0CO6EHHO 3aMeTHOE Ha Yr/I0BbIX PACCTOAHMAX OT 2 0 8Yr. MC OT sapa.
O6Las AMHaMMKa CMELLLEHWS COrnacyeTcs ¢ MOCTEMEHHbIM IMHENHLIM U3MEHEHUEM
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MO3VLUMOHHOIO Yrna [KeTa U AOMNOIHUTENIbHON KBa3WCUHYCOMAANbHON BapuaLuei.
MogenunpoBaHve HabnoAaTe/bHbIX JaHHbLIX C MOMOLLGI0 3MMUPUYECKOr0 ypaBHe-
HWSA, HE OCHOBAHHOr0 Ha KaKON-M60 KOHKPETHOM (PU3NYEcKOin mogenwu, faéTt ne-
pvog sapuaumn 10,3+0,3 neT. B T0 Xe Bpems, faHHble, B3ATble UCKIHUYNTENBHO Ha 2
1 8yrn. Mc OT afpa, NpeanonaratoT Apyroi nepuog 7,6+0,3 neT. 3T NocnegHue AaH-
Hble MMEeLOT 0C060e 3HaUEHUE, TaK KaK OHW BKIOYAtOT B Ce6a AOMNOSIHUTENbHbIE 7 NIET
HabnoaeHniA o 2006 r., B TO BpeMs KaK OCTa/lbHble AaHHbIe MOKPbLIBAOT NEpUoj Ha-
6nroaeHNIA ToNbKo ¢ 2006 no 2016 T.

TakuM 06pa3om, MOXHO FOBOPUTL O KBA3UMEPUOLNYECKOM MOMEPEYHOM CMeLLle-
HUK BpkeTa ¢ nepuogom 8—101eT. CuTyaums ¢ TOUHbIM MEPUOLOM MOXET NPOACHUTb-
CA TOMIbKO MOC/e HECKONbKUX AOMOMHUTENbHbLIX NET BbICOKOKAYECTBEHHbIX Ha6/H0-
JEHWIA [DKeTa, MOKPbIBAIOLLMX, CKaXXEM, eLé OAUH MOJHbIA Nepuog Takoro KavaHus.
BBugy cyllecTBytOLLel HeoNpeaen&HHOCTM NoKa NPUXOAUTCA UMETb Aeno ¢ rpy6oi
oLeHKo nepuoga 9+1 ner.

MOKAYMBAHWME OXKETA KAK OTPAXKEHWE EFO MPELIECCUI

MoKaumBaHme MOXET ObITb ECTECTBEHHLIM C/IeCTBUEM NPOLLECCOB YCKOPEHUS U KO-
NUMaLMn [KeTa U OTpaXaTb pasBuTUe HeycTohumBocTU KenbBuHa—F enbMronbLa,
€CNN NIOTHOCTb BELLECTBA B [KETe He MNPeBbIAaeT MAOTHOCTb BHELLHER cpefpbl.
OfHako Jpyroil NPUYMHOA KauaHWs [MHKeTa MOXET OblTb NpeLeccmsi HakNOHEHHO-
ro aKKpeLuOHHOro AMcKa BOKPYT YépHOW Ablpbl. CaM AWCK COBepLUaeT NpeLeccuto
6narogaps 06LLepensaTMBMCTCKOMY S(DMEKTY YBNEUEHNs cucTemM oTcuéTa (mpeueccus
NeH3e-TuppuHra). ket npy 3TOM HanpasfeH NeprneHAuKyNsapHO MI0CKOCTW aK-
KPEeLVOHHOro Auncka.

B cnyyae npeueccumn npobBHbIX YacTUL, Y4acToTa MpeLeccun 3aBUCUT OT Yr/10BO-
ro MOMeHTa YEpHOW AbIpbl U paguyca OCHOBaHWA AkeTa. Paguyc 0CHOBaHWs, B CBOKO
ouepesb, BbIPOKAETCA Yepe3 MacCy YEpPHOI Ablpbl M YaCTOTY BpaLLeHWs BELLecTBa BO-
Kpyr Heé. 3Ta yacToTa paBHSETCS TaK Has3blBaemoii yacToTe usopoTaumn Peppapo,
ABNAKOLLECA onpeaenéHHON KOMOMHALMEN KOMMNOHEHT CKOPOCTU, MAarHUTHOrO Mo
1 paguyca. YactoTa u3opoTauum CoxpaHseTcs npy ABWXEHUN BAOb MarHUTHBIX CU-
NOBbIX TPYOOK, YTO OTPAKAET BbINONHEHME 3aKOHA COXPaHEHWUS MarHUTHOroO MOTOKa
1 YCNoBUs BECKOHEYHOM MPOBOAMMOCTM Na3Mbl. BO3MOXHOCTb OLEHMBAHWS YacTo-
Tbl M30poTauuy Peppapo OCHOBaHa Ha COXPaHEHWU MAarHUTOrnApoAMHAMUYECKNX
WHTErpasnoB ABWKEHUS, OTPaXatOLLMX BbINO/IHEHWE 3aKOHOB COXPaHeHUs BeLLecTBa,
3Hepruu 1 umnynsca. B cnydae Xono4HOro MOTOKa 3Ta YacTOTa BbIPAXKAETCA Yepes
nopeLu -(hakTop naasmbl, YaCTOTY eé BpallleHUs 1 paamuyc IKeTa 1 COCTaBNsSEeT BEM-
ynHy nopsigka 10“6¢-1 (Mertens et al., 2016).

WNTaK, 3Has Mepuof MoKauMBaHWS [MKeTa, JAOLLMIA YacTOTy MpeLeccun, U ero
BpaLLlaTe/IbHbIe XapaKTePUCTUKU, T.€. YaCTOTY M30POTaLMMN, MOXKHO OLEHWUTb YTr10BOM
MOMEHT YEPHOI AbIpbl, eCNM U3BECTHA eé Macca. OTCblnas 3aMHTEPECOBAHHOMO Yu-
Tatens K pabote (Sob‘yanin, 2018), 34ecb OTMETUM /WL, YTO MOXHO PacCMOTPETb
He TO/IbKO Cyyald npeLeccmMmn nNpobHbIX YacTuL, HO U ciy4aid TBEpPAOTENLHON npeLec-
CUW aKKPELMOHHOI 0 ANCKa, KOTopas MOXeT MPOUCXOAWTb, KOrja Bpems nepeceveHns
JMCKa 3BYKOBOI BONHOW MeHbLUE MPeLecCMOHHOro BpeMeHW. B cryuyae npeueccum
NPOOHbIX YacTWL, MPUBEAEHHbIA YINIOBO MOMeHT paBeH J/Mc = (2,7+1,5)-1014cm
1 NoApa3yMeBaeT Hannume YMePEHHbIX 3Ha4YeHNA Ge3pa3mepHOro napaMeTpa Bpatle-
H1a a=0,5+0,3 n 0,31+0,17 ana 3Ha4YeHWA MacCbl YEPHOM AbIpbl, MOMYYEHHbIX U3
nccnefoBaHUA COOTBETCTBEHHO AMHAMMKMW rasa u 3B&34. OfHaKO B Clydvae TBEPLO-
TeNbHOIM NpeLeccyn NapamMeTp BpaLLleHUs 3HAUMTEIbHO MeHbLLE A8 060MX 3HAYEH WA
maccbl: 0,15+0,05. Janee Mbl 06CyANM, KaK 3TV OLEHKM CBSI3aHbl CO CTPYKTYPOIA AxKe-
Ta 1 aKKPELMOHHOTO0 MCKa BOKPYT YEPHO AbIpbl.
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MonyyeHHbIe OLEHKM NapameTpa BpalleHus ans ciyyvas TBEPAOTENbHON npeueccun
JMCKa NOCTOAAHHON MOBEPXHOCTHOM MAOTHOCTM MOTYT FOBOPUTL O TOM, YTO Ha OCHO-
BaHUW [KeTa BHYTPW €ro paguMyca HeT JOCTaTOYHOrO KO/IMYECTBa BeLecTBa 4/ 06e-
creyeHnst HeO6XOAMMOW MOBEPXHOCTHOM MAOTHOCTW W YacTOTbl JIeH3e —TuppuHra.
MHTepecHO, YTO yKasaHMSi Ha 3TO y)Ke COAEepXaTcs B paHee pa3BMTOW Mogenw
«KET B mxeTe» (Sob’yanin, 2017). [KeT Kak Lefioe COCTOUT U3 [BYX COOCHbIX BO-
YKEHHbIX MKETOB, T.€. BHELLUHWIA MKeT NpeAcTaBnseT coboii MOAbIA KpyroBoi nnas-
MEHHbIA UMAVMHAP, coAepXXawnii B cebe Y3KWIA BHYTPEHHWIA MKeT. Bpauatolimecs
PEeNsSTUBUCTCKME BHELUHWIA N BHYTPEHHWIA MKETbl MOCTEMEHHO PacLLUMpsIOTCa C pac-
CTOSIHMEM W pa3feneHbl NPOCNONKOM Mna3Mbl HW3KOM MAOTHOCTWU, COAEpPXKallleid
3M1EKTPOMArHUTHble Nons. Huskas NAoTHOCTb B MPOC/IOMKE MOXET OTPaXKaTb HU3KYHO
MI0THOCTb Ha OCHOBaHUM BHYTPU pagunyca 3anycka mHKeTa.

PensTuBmcTCKass MarHUTOrMAPOAUHAMMYECKAs MOJEeNb MO3BOAWMA HailTu pas-
NNYHbIE (U3NYECKME XapaKTEPUCTUKM [XKETa, TakKue Kak 3/eKTPOMarHUTHble Mosns,
3apsifbl, TOKW, AaB/eHne, NAOTHOCTb, MHOXECTBEHHOCTb, MOTOKM Macc U Temnepa-
Typa. B 4acTHOCTM, 06LMIA NOTOK Macchl CPaBHUM C TEMMOM akKpeuun boHgu, uTo
6naronpuATCTBYET CLIEHApWIO, NPU KOTOPOM MOYTU BECb aKKPELMOHHbI/ MOTOK BAa-
NV OT [pKeTa NepexofuT BO BHELLHWIA [KeT. Takas cCUTyaums COOTBETCTBYET TaK Hasbl-
BaeMOMY MarHMTHOApPEeCTOBaHHOMY UCKY, KOTAa NOTOK OCTaHaB/IMBAETCS Ha pajuyce
3amnycka MxeTa MarHWTHbIM MOJIEM U fJasiee NepeHOCUTCA B AXKET U KOHTPAXKET, B TO
BPEMS KaK akkpeuua Ha YEPHYH Ablpy nojasnsieTcd. banaHc MarHWTHOrO M guHa-
MWYECKOrO AaB/IEHNsT Ha OCHOBAHWMW JKeTa KakK pa3 W OnpefensieT MoTOK Macchbl BO
BHELLHEM [DKETE.

OTHOCMTENbHO Masias BeIMYMHA NapaMeTpa BpalleHns YEPHON Abipbl Ansa cny-
yas TBEPAOTENbHON MPELLeCCM ANCKA MOXET ABAATHCA AOMOHUTENbHBIM CBUAETEb-
CTBOM CYLLECTBOBaHUA MarHMTHOApPeCTOBaHHOMO AMCKa B rafiaktuke M87. 3HaueHue
napameTpa BpaLleHus A1 ciyyas MPeLeccMn NpPobHbIX YaCTUL, Y)Ke BbILLE U COOTBET-
CTBYET CUTyaLMW, KOrAa BELLECTBO, HaXOAsLLEeCs MEXAy paguyCcoM OCHOBaHUS [Ke-
Ta 1 pagnycoM MocnefHel ycTounBON opbuThbl, MEPEMELLEHO Ha paanyc OCHOBaHMWS
[pKeTa 1 hopMuUpyeT NIOTHOE KOMbL. B AeAcTBUTENLHOCTM, BO3MOXHO, Habno4aeT-
€Al CNyyaii TBEpA0TENbHON MpeLeccun AMcKa, BHYTPEHHWUIA paauyc KOTOPOro —He pa-
ANyC nocnefHeli yCTOUMBOI OpbUTBLI, a pafnMyc OCHOBAHMS [DKETA, a BHELLHWUIA pa-
OMyC — He paguyc OCHOBaHWSA, a HEKOTOPbI/ xapakTepHbiii Paguyc, OTpaaroLuii
MacLUTab HaKOMMEHWs BELLeCTBa BHE [KETa, MPOWCXOAALLEro u3-3a OCTaHaB/MBa-
IOLLIEro AeNCTBUA MarHMTHOrO nons. Ecnv napameTp BpalleHUs YEpHON Ablpbl 6/1u-
30K K MakCUMa/lbHOMY, faHHbI paguyc HakomnaeHWs NpumepHo paseH 10 paguycam
Lsapuwimnbaa.

Mexay npoumMm, ecn NOCMOTPEThb Ha 3afjady ¢ APYroi CTOPOHLI U MPeanono-
XXWTb CYLLECTBOBaHNE MarHUTHOApPeCTOBAHHOIO AMCKA NCKIOUNTENBHO M3 Habntoge-
HWS [KeTa B [KETE M 13 BOMbLIOTO NOTOKA MAcChl, TO 3HAYEHUS NapameTpa Bpalle-
HWSA, MOMYYeHHbIE ANS CMyYast MPeLeccun NPOOHbLIX YacTuUL, JAOT HUXKHIOK OLEHKY
[Ns NapaMeTpa BpaLlleHMs YEPHO Ablpbl B ranakTuke M87. 3T0 MOXET SBNATLCA He-
3aBUCMMbIM MPU3HAKOM TOFO, YTO FeHepauus MOLLHbIX UCTEYEHUI A OT MarHUTHOape-
CTOBaHHOIO AMCKa TpebyeT YMepPeHHON MM BbICOKO CKOPOCTM BpaLeHUs YEPHO
Ablpbl. JaHHbIA BbIBOA COTacyeTcs C pesy/bTaTamMi COBPEMEHHOIO YMCIEHHOTO MO-
fenvipoaHus (Tchekhovskoy et al., 2011).

B 3akntoyeHne OTMETWM, YTO HabNoAaeMoe KayaHue [MKeTa, eci OHO Mpoumc-
X0AMT M3-3a npeueccun JleH3e—TUPPUHIa, MOXET, Hapsgy C 06Leil CTpYKTypoii
«[DKET B [DKETE» U OLEHKaMMU pajnyca OCHOBaHMS, pacCMaTpMBaTbCA Kak [oKasa-
TeNbCTBO paboTbl MexaHusma bneHfgopna—IleliHa npy 3anycke BHELLIHEro [Keta
B ranaktuke M87.
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DETERMINATION OF THE BLACK HOLE SPIN
FROM WOBBLING AND ROTATION OF THE M87 JET

D. N. Sob'yanin

Lebedev Physical Institute of the Russian Academy of Sciences (LPI RAS), Moscow, Russia

New long-term radio astronomy observations of one of the most well-known cosmic jets —the
jet in the M87 galaxy — at 43 GHz show that the jet experiences a quasi-periodic sideways shift
with a period of 810 yr. Such jet wobbling can be indicative ofa relativistic Lense - Thirring pre-
cession of a tilted accretion disc. The wobbling period together with up-to-date kinematic data
on jet rotation opens up the possibility for estimating angular momentum of the central super-
massive black hole. In the case of a test-particle precession, the specific angular momentum is
JIMc = (2.7+1.5)T0M4cm and implies moderate dimensionless spin parameters « = 0.5+0.3
and 0.31+0.17 for controversial gas-dynamic and stellar-dynamic black hole masses. However,
in the case of a solid-body-like precession, the spin parameter is much smaller for both masses,
0.15+0.05. Rejecting this value on the basis of other independent spin estimations requires the
existence ofa magnetically arrested disc in M87.
Keywords: jets, galaxies, black holes, M87
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NETEKTUPOBAHWE WOHOCOEPHBIX BOSMYLEHWA HALL CE|7ICMI/vIl-IECKI/I
AKTWBHbIM PETMOHOM MO AAHHBIM GPS B YCN0BWAX CMOKOWHOIO
FTEOMATHWTHOrO MonA

M.A. TuTosau , B. 1. 3axapos3 C A. MynuHeu\M. SpHaHaec-Maxapec4

1 NHCTUTYT KOCMUYECKNX NccriefoBaHunii Poccuiickoii akagemun Hayk (VKA PAH),
MockBa, Poccus

2 NHCTUTYT 3eMHOro MarHeTu3ma, MoHocepbl U pacnpocTpaHeHUs pPaguoBOIH
um. H.B. MywkoBa Poccuiickoi akagemumn Hayk (MI3MUPAH), Tpouuk, Poccus

3 MOCKOBCKMIA FOCyAapCTBEHHbI YHUBEpPCUTET MMeHU M. B. lomoHocoBa (MIY),
MockBa, Poccus

4 MonuTexHnueckmnii yHueepcuteT KatanoHuu, bapcenoHa, VicnaHms

PaccMOTpeHbl MPOSABAEHUA MOHOCKHEPHbIX BO3MYLLEHMA NpU aHanu3e faHHbIXx GPS-Habnio-
[eHWi, JeTeKTMpyemble B Nepuofbl KPYNHOrO 3eMMETPACEHWUA Haf pernoHom o. Mautu
12.01.2010 r. MpoBeféH KOMMEKCHbI PernoHanbHblii aHann3 [aHHbIX CTaHLMIA Ha3eMHO-
ro 6asmpoBaHus, 06beANHEHHBLIX B rnobancHble (IGS n1 UNAVCO) cetn. Beero gna aHanusa
HaMun 1CNonb30BaNNCh JaHHble OT 67 Ha3eMHbIX CTaHLUWiA, Bbl10 06paboTaHO CBbiLe 7,5 ThiCAY:
4acoB MHAMBMAYa/bHbIX HabnogeHnid, 4,3 MaH 0TCcUéTOB (hasbl. OcCylLecTBeHa NoKanm3auus
BbISIB/IEHHbLIX HEOLHOPOAHbLIX BO/IHOBbLIX CTPYKTYP MOHOCHEPHI C KOHKPETHBIMU UCTOYHMKA-
MU CeACMUYECKNX COBLITMIA. AHann3 napameTpa cnajgaHus BONHOBOIO CNeKTpa MOHOCHePHbIX
HeO4HOPOAHOCTEN MOKa3blBaeT Ha/Mume 3KCTPEMYMOB, CBA3aHHbLIX MO BPEMEHW C NepuosoM
CeiiCMNYEeCKO aKTUBHOCTU B PErviOHe MOHUTOPUHTa.

Kntouesble cosa: MoHocdepa, reoMarHUTHbIA MHAEKC, HaBUraLMOHHas cucTema, tasa, non-
HOe 3neKTPoHHOe cofiepxxaHne (MIAC), 3emneTpsaceHne, NapaMeTp crnagaHns BOMHOBOrO CNeKTpa

BBEAEHWE

WoHocdepa 3emnu TeCHO B3anMMOCBSA3aHa ¢ Apyrumu reocgpepamun. CocTosiHUE MOHO-
cthepbl XapakTepu3yeTcs BbICOKOW CTeneHbi) W3MEHUYMBOCTU W HaIMYMEM HEOLHO-
POAHbIX CTPYKTYP, UTO CBA3aHO HE TO/IbKO C reSIMOMarHUTHOM akTUBHOCTLIO, HO U CO
MHOTMW Te0(M3NYECKMMM NPOLECCaMM W SBNEHUAMM (CelicMMYecKast akTUBHOCTb,
yparaHbl, LIMKOHbI, NecyaHble 6ypun 1 ap.) (Adpaiimosny, Mepesanosa, 2006). Aunar-
HOCTMKa COCTOSIHUS MOHOCHEepPb! AaéT cBefeHus 06 YCNoBUSAX pacnpocTpaHeHus pa-
[IMOBONH B OKO/I03eMHOM NPOCTPAHCTBe, NO3BOJISET CNEeAWTL 3a COCTOSHUEM U NPO-
Lieccamuy NepecTporikn BHELIHMX 061acTeli 3eMHOI aTMOCdepbl, a TakXke 3a MHOMMM
npoLeccaMn B HUXKHUX COSIX, B CUCTEME «UTOChepa—aTMOCHepar.

B cBA3M ¢ 3TUM HacToAWas paboTa COCpefiloTOHEHA Ha UCCe0BaHUN MeXaHU3-
MOB Mnepegayn nMTocqepHo-aTMOCHePHbIX BO3AEACTBMIA Ha MOHOCHEPHbIE BbICOTHI
BO BpPeMs 3eMJIETPSACEHUS, KOTOPOE ABAAETCA UCTOUHNKOM aHHbIX BO3MYLLEHWNIA.

MacluTtabHoe 3eMETPSICEHNE MarHuTyaoii M7,0 npousoLLno Ha ocTpose antu
12 aHBapsa 2010 . B 21:53:10 UTC, KoopauHatbl anuueHTpa 18,443° c.w., 72,571° 3.4.,
rnybuHa 3saneraHns ouvara coctaBuna 13km no gaHHbiM USGS (United States
Geological Survey). MOLLHOCTb 3eMNETPSACEHNS NPUBNEKAET K HEMY NPUCTa/IbHOE BHU-
MaHue cO CTOpPOHbI reomsnkos (Hamranaase u gp., 2013; MynuHed, Libibyns, 2010;
Akhoondzadeh, Saradjian, 2011), Tak KaK 3T0 N03BONsET 6onee AeTanlbHO PacCCMOTPETb
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B3aMMO[ECTBME pasnnyHbIX reocgep. CeiicMmyeckas akTMBHOCTb OKasasacb Haw-
6onee SpKO BbipaxKeHa B nepuof 12—15 sHeapsa 2010 r. B yKa3aHHbI nepuof 3ape-
rMcTpupoBaHbl 6onee 50 3eMAETPACEHUIA C MarHUTyao M> 4, n 14 3eMneTpsceHnii
¢ MarHuTygoii M> 5. B nepuog ¢ 1 no 10 siHBapsi TakKoi SipKOi aKTUBHOCTU He OT-
MeueHo. eomarHnTHas 06CTaHOBKA B YKa3aHHbIA Mepuog Oblna B LiE/IOM HEBO3MY-
WEHHOW no aaHHbIM WDC, Knoto, AnoHua (World Data Center for Geomagnetism,
Kyoto, Japan, http://wdc.kugi.kuoto-u.ac.jp/dstae), go 20 HTA. [o3ToMy M3MeHe-
HWUA B CTPYKTYpe MOHOCHEpbl, 3aperucTpupoBaHHbIe B pacCMaTpuBaeMblii nepuos,
He MOryT 0OBACHATLCA TOMLKO BapuauuaMyM MarHUTHOrO nonst 3emManM U CONHEYHOM
aKTUBHOCTbHO.

B pa6ote (MynuHew, Lpioyns, 2010) 6611 NpoBeAEH aHaM3 LMPOTHO-BPEMEHHbIX
Bapvauuii napameTpa MOHOC(EPHON MnasMbl BOIN3UN 3MMLEHTPA 3eMNETPACEHNS, Ha
OCHOBE MOJYYEHHbIX PE3Y/IbTATOB YCTAHOB/EHbI C/IELYHOLLME OCOGEHHOCTU: UCKAXKEHUE
LUIMPOTHOrO NPOMASA 3KBAaTOPUA/IbHON aHOMaIUK; 06LLEE YMEHbLUIEHUE 3/IEKTPOHHO-
ro CoflepXXaHus B 3KBATOPMa/IbHON aHOMaIUK B iHW, NPeALLecTBYIOLLME 3eMeTpsAce-
HUIO; NOKabHOE YBEeIMYeHMe 3M1EKTPOHHOM KOHLEeHTpauumn B 061acT MOHOCHepSI
Ha LUMPOTE 3NUUEHTPA; YCUIEHWe AOMOTHUTE/IbHOTO MakCMMyMa Ha wupoTe 30° C. L.
1 POPMUPOBaHME JONOMHUTENBHOI0 MaKCUMyMa B MarHUTOCOMPSXXEHHOW TOUKe.

[na paHHoro 3emneTpsiceHns B pabote (Akhoondzadeh, Saradjian, 2011) pac-
CMaTpUB/INCL BPEMEHHbIE Bapualun MOMHOrO 3M1eKTPOHHOro cofepxaHus (M3C,
aHrn, total electron content —TEC) ¢ MCMonb30BaHNEM METOLOB MHTEPKBAPTUILHOMO
aHanu3a, BeliBieT-aHaM3a U KaMaHOBCKOW (mnbTpauun. B nepuop 3a aBe Hefenm
[0 3eMNeTPACEHNA BCe TPU MEeToAa 0BHapyXunu aHoMasnbHble Bapuauum M3C, Tpak-
TyeMble Kak NpeABeCcTHUKW. [pu 3TOM MpeaBecTHUKU NPerMyLLECTBEHHO Habnoaa-
ek 3a 1—4 iHA [0 3eMNIeTPSACEHUS.

B pa6ote (Akhoondzadeh, Saradjian, 2011) Takxe nccnegoBanucb Mopgono-
rmyeckme ocobeHHocT Bapuaumin M3C nepef 3emneTpsceHnem 12 aHeapa 2010 T.
PaccmaTpmBanvch NPOCTPaHCTBEHHbIE KapTbl M3C, pacCcumTbIBA/IMCL OTHOCUTESbHbIE
OTK/IOHEHNs 3HaveHuiA MI3C oT hoHOBbIX. Vcrnonb3oBanach MOLeb BEPXHel aTMo-
cepbl 3emnum (aHrn. Upper Atmosphere Model, UAM) ans UncneHHOro sKcnepumeH-
Ta, 4TOObI BOCMPOU3BECTN 0CO6EHHOCTM NoBefeHUs MAC B TeHeHNe MOLE/bHbIX CYyTOK
npy NOCTOSAHHOM peXXMMe MapaMeTpoB: MacllTaba MIoWaakn 1 BepTUKANIbHOMO TOKa,
TEKYLLEro MeXAy HMKHEN aTMOCHePOil U MOHOCHEPOIi. Y CTaHOBNEHO U B MOAE/bHOM
CNyyae, 1 No pe3ynbTaTam HaboAeHNI YCTORUMBOE MOBbILLEHWE 3HaYeHW M3C, Ko-
TOpble /TOKaM30BaHbl B OKOMO3MULEHTPANIbHOM M MarHUTOCOMNPSXKEHHON 06/1acTsX.
Habntopanuch Takxke cnabble 0611acTh NOHWKEHHBIX 3HaYeHnin M3C, pacnonoXeHHble
3anajHee 1 3KBaTOpMasbHEE MOMOXKNUTENbHBIX BO3MYLLEHWA. [Mpuxo4 TepMuHaTopa
1 OCBELLEHHOM XOPOLLO NPOBOAALLEA MOHOCHEPbI MPUBOAUT K CMELLEHMIO 1 NOJSTHOM
[ecTpYKLUMM aHOMaNNIA Kak B 3aNULEHTPE, TakK U B MarHUTOCONPSXXEHHOMN TOUKE.

Llenb gaHHOI paboTbl: AeTEKTMpOBaHUE aTMOCHEPHO-MOHOCHEPHBIX NPOsBIe-
HWIA, HaNpPAMYIO He CBA3aHHbIA C reio- U reOMarHUTHONM aKTUBHOCTbIO, B Nepuof
115 anBaps 2010 r. 3eMNETPSACEHUS Ha 0. [anTu ¢ UCMONb30BaHMEM BO3MOXHOCTEN
CMYTHMKOBOW paamMoHaBMraunoHHoin cuctembl GPS (Global Positioning System —
cucTeMa rno6asbHOro No3MLUOHNPOBaHNS).

MNCCNEAOBAHUE MOHOC®EPHI C NMOMOLLLIO NMOBAJIbHbLIX
HABUTALMOHHBIX CITYTHUNKOBbLIX CUCTEM

[ns nccnegoBaHMs M3MEHUYMBOCTI MOHOCKHEPbI UCMOMb3YHOTCS TN06a/bHbIE HaBWra-
LIMOHHbIE CNYTHUKOBbIE cucTeMbl (THCC), KoTopble NO3BONSAIOT ONPeAenuTb 3NeK-
TPOHHYH KOHLEHTPALMIO BbllLE [/TaBHOrO MOHOCHEPHOr0 MaKCUMyMma. PasnnuHble
HEOAHOPOAHOCTM MOHOCHEPbI BbI3LIBAKOT FPYMNMOBYH0 3afePXKKy W (Das0BbliA CABUT
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[leTekTMpoBaHWe MOHOCHEPHBIX BO3MYLLEHMIH Haf CECMUYECKN akTUBHLIM PETMOHOM MO AaHHbIM GPS...

pafVMoHaBUraLMOHHbIX CUFHAMIOB. JTU NapaMeTpbl UCMONL3YIOTCA B METOLe M3Mepe-
HWA MOJSTHOTO 3/IEKTPOHHOI 0 COAEPXKaHWsA BAO/b MYTW PACNPOCTPAHEHUS OT CIYTHUKA
[10 NPMEMHMKA Ha ABYX KOFepeHTHbIX paboumx YactoTax (Adpaiimosud, MepeBanosa,
2006; Hofmann-Wellenhof et al, 1998; Pi et al, 1997). Ans cnyTHMkoB GPS 3Tn ya-
CTOTbl paBHbl: /j = 157542 MI'y, /2= 1227,60 MI'y. MepBUYHLIMW AaHHLIMKW, COOT-
BETCTBYIOLLMMU 3TUM 4YacToTaMm, ABSKOTCA psAdbl 3HaueHuin Lv L,, KoTopble mpea-
CTaBNAT c060I (ha3oBble MyTU PAAMOCUTHANOB, U3MEPSieMble B ANMHAX 30HAUPYHO-
LUMX BOJH. TaKXe NepBUYHbLIMU AaHHbLIMU ABAAKOTCA 3HaYeHUs NceBaojanbHOCTEN P]
n P2 (rpynnoBble MyTW CUrHaN0B), M3MEPEHHbIE Ha TeX Xe vacTtoTax. Hhopmayms
06 M3MepeHMAX 3anucbiBaeTca B cTaHgapTHom opmate RINEX (Receiver
INdependence Exchange form) n HaxoguTcs B Ny6An4HOM AOCTYre.

IMocKoNbKY AaHHbIE MO nceBAofanibHOCTU P. 1 P2 4OBOILHO CU/IbHO 3aLlyMiie-
Hbl, NOrpeLHOCTL onpeaeneHuns abcontoTHoro M3C moxeT coctasnaTb fo 30...50 %
(KyHuubIH 1 ap., 2007), N03TOMY UCNOMb30BaHME (Pa3oBbIX AaHHbIX LV I, CTaHOBUT-
A NpeanoYTUTENIbHbIM. Pa30Bble AaHHbIe NO3BONAIOT BbIYNCAATL 3HAUYEHWNSA HAKIIOH-
Horo M3C BAoONbL NYTU pacrnpocTpaHeHWs OT nepefaTyumka [0 NPUEMHUKa, U3Mepse-
moro B egnHuyax M3C [aHrn. TEC units, 1 TECU = 10163neKTpoH-M 2):

TEC = h —L2K2) T K T nXj, (D

40308 ft-ft (N

rae/j nf2— cooretcTBytowme paboune yactotel GPS; L{kv LX2 —pgononHuTens-
Hble MyTW PajuoCUrHanoB, 06yCcNnoB/eHHbIE (ha30BbIM 3ana3fbiBaHNEM B MOHOCHEpE,
M; L, n L2—uncno nonHbIX 060poToB (hasbl Ha COOTBETCTBYIOLMX paboymx 4acTo-
Tax GPS; Al X2—[nuHbl BOMH, M; K — KOHCTaHTa HEOAHO3HAYHOCTY ONpeaenieHuns
(hasbl U PACCUHXPOHU3ALUM YAaCTOTHLIX KaHanoB; Nb — NOrpeLHoCT! onpefeneHus
ha3oBoro nyTu.

MorpelHocTb B onpefeneHny Bapuauumii M3C oT (ha3oBbIX U3MEPEHUI NO op-
myne (1) coctasnsieT meHee 0,1 % OTHOCUTE/NILHO (DOHOBOW KOHUeHTpauuun (KyHu-
LbIH, 2007); abcontoTHoe 3HadeHne MI3C, ofHaKO, HEM3BECTHO B 3TOM C/ly4ae.

Psabl 3Ha4YeHWn HakNoHHOrO M3C NpUBOAATCA K 3KBUBANEHTHLIM BEPTUKA/b-
HbIM 3HAYEHUAM C LeNlbi0 HOPMUPOBKM aMI/ITYAbl BO3MYLLEHUS U ONpefeNieHns
KOOpAMHAT MOAMOHOCHEPHbIX TOUEK C MCMO/b30BaHUEM U3BeCTHON MeToamku (Klo-
buchar, 1986):

Rc
YTEC = TEC cos arcsin ----------—- COs0? (2)
RE+ K & "J

roe Re —paguyc 3emnu; /irax —BbICOTa MakcuMyma /'2-cnost noHocdepsl; 0s—yron
MeCTa /lyya Ha HaBUraLMOHHbIN UCKYCCTBEHHbIR cnyTHUK 3emnn (HNC3), oTcumnThl-
BaeMblil OT NOBEPXHOCTU 3eM/IN.

MeTof KOMOMHaUMKM (ha30BbIX U3MEpPeHWA ans onpegdeneHns M3C B cooTeeT-
CTBMM C hopmynoit (1) nmpu MCNONb30BaHWMM [aHHbIX F106a/IbHON creuuann3npo-
BaHHOW ceTu cTaHumini IGS (International Geohpysical Survey), pacnofnoXeHHbIX
no BCeMy MUpY, MO3BOMISET MOAYyYaTb LOCTATOYHOE paspeLleHue Mo NPOCTPaHCTBY.
BpemeHHOe pa3speLleHune AaHHbIX, NpeAcTaBeHHbIX B CBOOOAHOM JOCTYrE B jopmarte
RINEX, cocTasnsieT 30 C.

METO/[ GPS-MIHTEP®EPOMETPUW O1A NCCNEAOBAHNA MOHOCOEPLI

MeTog OCHOBbLIBAETCA Ha BblAENEHNN KOPPENALMOHHbIM CNOCO60M OTK/IMKA B HaBW-
rayMoOHHOM CUrHane Ha AUHAMUKY M3MEHEHUS MO BPEMEHW HEOAHOPOAHbIX CTPYK-
Typ B cpefax (HanpaB/fieHWe 1 BEKTOP CKOPOCTM). TeXHOMOrUs MHOTOCMYTHUKOBOI
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pafMONHTEP(EPOMETPUM OCHOBAHA Ha M3MepeHUM Bapuaumin M3C B TpEx npocTpaH-
CTBEHHO pa3HeC&HHbIX MYHKTaX —Takas KoHpurypauua GPS-npnéMHUKOB Nony4m-
na HaseaHue «GPS-uHTepthepomeTp» (AdpaiiMosuy, MepeBanosa, 2006).

B paboTe mMcnonb3oBanach Maes Metoga KOMOMHaLMM perucTpupyemsix a3 Ha
paboumx yactoTax K U X2, ¢ nocnegyroLeii puabTpaLmmn BbICOKOUACTOTHOO LyMa
(c nepnognkammn meHee 3-5 MUH) U OLIEHKA CKOPOCTM M3MeHeHMs napameTpa MN3C
no BpeMeHw, T.e. npoun3ssogHoit dTEC/c\t, a He camu 3HaveHus M3C ana Ucknoue-
HUS B BblpaXeHnn (1) HeonmpeAeneHHOCTW HayaslbHON (hasbl PErncTpUpPyeMbIX CUT-
HanoB (AdpaiimoBuy, MepeBanosa, 2006; 3axapos u Ap., 2012; Hofmann-Wellenhof
et al., 1998), uTo NO3BONAET NOMYUYNTL OTK/IOHEHNA AaHHOMO MapameTpa OT CPeaHUX
PaBHOBECHbIX 3HAaYeHWiA. BblgeneHHble BaprMauMnm Ha KaX[oW CTaHUuuM B paccma-
TPUBaEMOM PErMOHe UCNO/Mb3YIOTCA /19 KOPPENsALMOHHON 06paboTKu npu LeTek-
TUPOBaHUN WMOHOCHEPHBLIX HEOAHOPOAHOCTER. MeToL VMMEeeT paKypCHYH 3aBuCU-
MOCTb amn/nTyfbl UCCNeAYeMOro CUrHasa OT HanpasieHus BU3npoBaHus Ha HAC3
(AdpaiimoBuny, MepeBanosa, 2006; Mercier, 1986). Makcumym amnanTyasl Habnoga-
eTCs ANA NepeMeLLatoLLMXcs NOHOCHEPHbIX BO3MYLLLEHWIA, BOSIHOBOW BEKTOP « KOTO-
PbIX NEPNEHANKYNAPEH HAMpPaBIeHUIO lydar MeX/Y NepeaaTymkoM v NPUEMHUKOM.

MNCMOJIbBOBAHUME KNACTEPHOIO AHAJIM3A
B OBPABOTKE AAHHbBLIX GPS

B cOBpeMeHHbIX reou3nMYecKUX WCCNeLoBaHUAX aKTUBHO MPUMEHAIOTCA METOLb
MPOCTPaHCTBEHHO-BPEMEHHON Knaccumkaumm HabnogaeMblx CTPYKTyp. Hanpumep,
KNacTepHbI aHanU3 UCMOMb3YeTCs KakK TEXHOMO0MMS CTPYKTYpU3aLnum o6LeKToB, no-
NYYEHHbIX B NEPBUYHOM aHa/I13e, B FPYMbl, XapaKTepu3yoLwmecs CXOXUMN napamMe-
Tpamu (3axapos, byaHnkos, 2012; Gvishiani, Dubois, 2002). B gaHHo#1 pa6oTe npu
MOMOLLM KNaCTEPHOIO aHaIM3a OCYLLECTB/AETCA KnacCupuKaLms u BblgeneHue ToX-
[eCTBEHHbIX HEOAHOPOAHOCTEN 3NEKTPOHHON NNOTHOCTU AETEKTUPYEMbIX Pa3/INYHbI-
Mu aueiikamn GPS-npnéMHukKoB noacetu (3axapos, 3ueHko, 2007, 2008). AHaniu3
MpoBOAUNCA AN BbIOPaHHbIX MapamMeTpoB: KOOPAMHATbl MOAMOHOCHEPHON TOUKM,
Hanpas/ieHUe [ABUXEHUS HEOLAHOPOAHOW CTPYKTYpbl, BPeMsi HabMOAeHUS CTPYKTY-
pbl AYeiikamn nofacetn (3axapos, byaHukos, 2012). B nporpammHom nakete CRASS
GPS, co3gaHHOM Ha Kategpe (hm3nKu aTmocdepbl ranyeckoro akynbteta My
um. M. B. JToMmoHOCOBa, peasnin3oBaH KOMMAEKCHbI anropuT™ 41 06paboTKM Maccu-
BOB [JaHHbIX, OCHOBaHHbI/i HA MOLM(ULUPOBAHHOM METOAEe "-CPefHUX. YKa3aHHbIl
NnoAxof No3BOMSET OCYLLECTBATL MHOrOMEPHYHO (DUNLTPALMIO AaHHbIX U, KaK cnef-
CTBMe, NONy4aTb YCTOWUMBbIE OLEHKM MapameTpOB KOHKPETHOW BblAeNsemMoi CTpyK-
Typbl (3axapos, byaHukos, 2012).

CMEKTPAJIbHbIA AHAMN3 BbIAEMEHHbBIX HEOAHOPOAHbLIX CTPYKTYP

OnpepfensiTb cTeneHn Typoynm3aummn cpefbl MPUHATO C UCNO/b30BAHWEM CTEMEHHbIX
OLEHOK BO/IHOBOrO criekTpa S(k) ~ K°, K ~ 2a[l, X—XapaKTepHbliAi pa3mMep BO/THOBO-
ro BosmyLeHus (AdpaiimoBuy, MepeBanosa, 2006; TaTapckuid, 1967). Ana Typ6y-
NEHTHOCTW BEPXHER aTMoctepbl xapakTepHbl CMEKTPbI C MaKCMMyMaMun B AyanasoHe
yacTtoT bpeHTa—Bsiicana 0,2...2mIy. TMOCKOMbKY CNEKTPbl 06M1afatoT CTENeHHbIM
XapaKTepoM CMafja, TO a —HaKJ/I0H cnekTpa B aH/IM3MPYeMOM AMana3oHe 4acToT, AB-
nsetca Hanbonee NHHOPMATMBHBLIM NapameTpom (Adpaiimosund, Mepesanosa, 2006).
3HaueHMs HaK/IOHA cnekTpa BapbUPYHOTCA MPWU M3MEHEHUW YCNOBWIA cpedbl, U ero
OTK/IOHEHWS OT CPEeSHEro 3HaYeHWs MOTYT CAYXUTb WHAMKATOPOM BO3MYLLEHHOCTM
[IAaHHOWA cpeapl.
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MpoBeAEHHbIN aHaNN3 CNEKTPOB BblAEIEHHBIX BOMHOBLIX CTPYKTYP, Crpynnupo-
BaHHbIX B KNaCTePbl, MMEIOLLMX CKOPOCTH, COOTBETCTBYIOLLME aKyCTUKO-TpaBuTaLm-
OHHbIM BofHam (AIB, ot 300 fo 1200 m/c), NOKa3bIBAET, UTO MMEHHO B MEPUOA nocne
3HAYUTE/IbHbIX CEMCMUYECKNX COOBLITUI M3MEHSETCSA NapaMeTp cnafjaHus a BO/IHOBO-
ro CrnekTpa.

OCHOBHbIE PE3Y/IbTATbI

3a nepuog 1-15 ansaps 2010T. 4nd NpoBefeHMs aHaIM3a HaMu WCMOJSb30Ba/INCH
JaHHble OT 67 Ha3eMHbIX CTaHUWI, GblM CHOPMUPOBaHbI 27 U3MEPUTENbHBIX fue-
ek. O6paboTaHO CBbIWeE 7,5 ThiCAY YacOB WHAMBWUAYaNbHbIX Ha6MOAEHWUIA, OKOMOo
4,3 MNH OTCYETOB (asbl. COBMECTHOE pacrnofioeHWe HabntofateNlbHbIX CTaHLUuiA
ceT IGS (KPY>XKW CUMHEro U KpacHOM LBeTa) U CeMcMOCoObITUIA B pernoHe (KBa-
[paTbl) npvBefeHbl Ha puc. 1 BbibpaHHble a1 paboTbl CTaHUMU BblAeNeHbl Kpac-
HbIM LiBETOM. BMAHO, 4TO COBCTBEHHO B PErMOHE MOHUTOPWHIA NIOTHOCTL CTaHLMWIA
[lOCTaTOYHO Mania, B OCHOBHOM OHW PacrofioXeHbl Ha rnobepexbe MeKCUKaHCKOro
3a/mBa.

Ha puc. 2 (cm. c. 168) npescTaB/eHbl HEOLHOPOLHbIE CTPYKTYPLI, BblAeNEHHbIE
9aHBaps 2010 1. B pe3ynbTaTe KnacTepusalm, CBA3aHHbIE C 0HaroM 3eMeTPSCEHNSA.
MpoBeA&HHbIN aHaNW3 KNacTeEPHbIX CTPYKTYP NOKa3bIBaeT, 4To 9 aHBaps 2010 r. MOX-
HO BbIZENNTb 061aCTW, KOTOPLIE ABAAKTCA NCTOUHMKAMU BO3MYLLEHUIA.

Ha puc. 3 (cm. c. 168) mokasaHbl pe3ynbTaTbl HEMOCPELCTBEHHO B [ieHb 3eM-
netpaceHuns 12 aueaps 2010 r., HaMM Mosy4yeHo, 4To B nepuog ¢ 04:00—08:00 UTC
060cabnmnBaloTCs ABe K/acTepHble CTPYKTYpPbI, MAyLIMEe NPaKTUYecKU OfHOHanpas-
NIEHHO Ha toro-3anag ¢ ogMHakoBbIMK ckopocTammn 430+70 m/c, B nepuog ¢ 12:00—
16:00 UTC BbleneHa ogHa CTPYKTYpa, pacnpoCTPaHAOLWAACs B TOM Xe Hanpas/ieHun
co ckopocTbto 350+60m/c, 1 HakoHel, B nepuog 20:00—24:00 UTC, T.e. B nepnog
OCHOBHOrO0 3eM/IETPACEHMS, YAAN0Ch BbILENUTL CTPYKTYPY, PACnpoCTPaHSIOLLYIOCS Ha
CeBepO-BOCTOK CO CKOPOCTbLIO nopsigka 1200+460 m/c.

40" N
35“N
30“N
25" N
20" N
15" N
10“ N
105"W 100" W95"W 90"W 85"W 80"W 75"W 70"W 65"W 60"W 55"W 50"W 45" W

(141) M: ®mi<M<7 m>7
2010/1/10 Total 147 by zVI

Puc. 1. CoBmecTHOe pacnonoxeHue HabntogatenbHbiX CTaHLmWi cetn 1GS
(KPY>XKV CMHEro 1 KpacHOro LBeTa) 1 CeCMOCOObITUIA B PermoHe (kBagparbl)
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MoamnoHochepHble TOUKM BCeX CTPYKTYP YKnagblBaloTcs B Kpyr paguyca 1,5°
BOKPYT MCTOYHMKA COObITUIA (3eMNETPSICEHUSA) W NOMYYeHbl B pe3y/bTaTe 06paTHON
TPacCUMpPOBKM Nyya, 3a4aHHOM0 BO/IHOBLIM BEKTOPOM BbIfJe/IEHHOW CTPYKTYpPbI B Npea-
MOMOXKEHWM, YTO BblCOTa MakcuMyma cnos F2 coctasnset 350 KM, Nyd 3a4aéT Hanpas-
NeHne ABVKEHUS CaMOl CTPYKTYpbl. H3Kas MA0THOCTb MPUEMHBIX CTaHLUNiA B peru-
OHe 3aTPYAHSET YBE/IMYEHNE TOYHOCTW NPOCTPAHCTBEHHON NOKaIN3aL MmN CTPYKTYpbI.
OTMeTUM, YTO MeTOAMYEeCKas TOYHOCTb NOKaIM3aLmMm NOoAUOHOCHEPHBLIX TOYEK CO-
ctaBnset nopsigka 50... 100 km (Adpaiimouy, Mepesanosa, 2006).

95" W 90" W 85" W 80" W 75" W 70" W 65" W 60" W

170-6 h 176-12 h 17 12-18 h 17 18-24 h
[ ] aMm L M LW

# 2010/1/9 M «4<M<6 m >6

Puc. 2. HeogHOpoaHble CTPYKTYpbI, BbigeneHHble 9 AHBaps 2010 T.

100" W 95" W 90" W 85" W 80"W 75" W 70"W 65" W 60" W
0-4h  4-8 8-12 12-16 16-20 20-24

# 2010/01/12 M m4<M<6 m >6

Puc. 3. KnacTepHble CTPYKTYpbl, BblfeneHHble 12 sHBapa 2010 r.
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Puc. 4. KnacTtepHble CTPYKTYpbl, BblAeneHHble 13 aHBapsa 2010 r.

Puc. 5. FeoTekTOHNYeCcKne 0cob6eHHOCTU Kapnbckoid nanTbl

Ha puc. 4 noka3aHa 06CTaHOBKa Ha CreflyroLWwmii AeHb HabnoaeHnin — 13 aHBa-
psa 2010r., KnacTepHbIin aHanW3 B Npedenax ykasaHHOW TOYHOCTU MO3BONSET BblAe-
NNTb OfHY CTPYKTYPY, CBSI3aHHYIO C COObITMSAMK Ha 0. MamTu. Ha puc. 4 B obnactu,
OTMEUEHHO 3N/IMMCOM, NOMYYMIOCh BbIAENTL 3HAUNTENLHO GO/bLLE CTPYKTYP, YEM
Ans 3Toi o6nactu 3a 12 AHBaps 2010 r. Ha puc. 3. Meothnsnyecknini aHanmn3 pesyb-
TaToB MO3BO/ISIET MPOU3BECTU NPUBA3KY MONMYUYEHHBIX AaHHbIX O NOKaIn3aLmMm NOHO-
CepHbIX HEOAHOPOAHbIX CTPYKTYP HENOCPEeACTBEHHO K reorpauyeckomy MecTo-
MONOXEHWIO, KOTOPOe COBMajaeT (B Mpefenax yKaszaHHOW TOYHOCTM) C rpaHuLamm
TEKTOHWYECKUX M/NT, Pa3noMoB 1 06/1acTeil Ux ABUKEHWIA, NMOKa3aHHbIX Ha puc. 5
(cm. c. 169). CpaBHMBass OTMeYeHHble 3MAUMCOM 061acTu Ha puc. 4. 1 5, XOpoLlo
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MpPOCMaTPUBAOTCS B KauyeCTBe MCTOUYHMKOB BO3MYLUEHWI A 061acTb HaBeTpeHHbIX
AHTUNLCKUX 0CTPOBOB Kapubekoro bacceiiHa v psg 30H B MeKCMKaHCKOM 3auBe,
YTO CBSI3aHO, BO-MEPBbIX, C HAFOHHLIMMW SBAEHUAMU U BOMHAMU HAa MEIKOBObE, Ha
KOTOPbIX Npu 06TeKaHUU BO3AYLUHbIMW MacCaMu FeHepUpYOTCA BOJTHOBbIE BO3MY-
LLeHMs, BO-BTOPbIX — C 06pa3oBaHMEM TypOYNEHTHLIX BUXPEA MpW M3MEHEHNN NOA-
CTUNaloLLeli NOBEPXHOCTH, Kak, Hanmpumep, MPU BbIXOAE BETPOBLIX MACC Ha Cylly
(3axapoB, KyHuubIH, 2012)[13].

Puc. 6. MapameTp BOHOBOW aKTUBHOCTK Ha 0. ManTu B nepnog 09—13.01.2010

PucyHok 6 gemoHcTpupyet 3a nepuog 9—13 anusapa 2010 r. aHann3 xapakre-
PUCTUK CMEKTPOB WMOHOCHEPHBIX CTPYKTYp, CrPYNMNUPOBAHHBLIX B KnacTepbl; BUA-
HO Hanuume TPEX 3KCTPEMYMOB 40O OCHOBHOMO COObLITUS U JIOKASILHOrO 3KCTPEMYyMa
13 aHBaps B nepuog, 05:00—06:00UTC, 4TO COOTBETCTBYET OTK/IMKY MOHOCHEpb! He-
MOCPeSCTBEHHO Ha 3eMJIETPACEHUE B uUccnedyeMom pervoHe. Ha puc. 6 TOHKue ro-
PU30HTaNbHbIE NPSAMbIE 384al0T MOMIOXKEHNE BENMUMHBLI BbIGOPOYHOWA Ancrnepcun 3a
yKasaHHbI/A nepnog HabnaeHWi, paBHoli —0,17, 0THOCUTENbHO CPeAHEro 3HaUYeHUs
—0,98, OTMEYEHHOTr0 XXMPHOI rOPU3OHTaNbHOM NPSMOIA Ha rpaduke; MUHUMYM CO-
cTaBnsieT —1,47. JIoKaNbHbIA MUHUMYM 0603HaYeH JOCTaTOUYHO YBEPEHHO W MPeBoC-
XOOWT CpefHee 3HaYeHMe Ha BE/IMUMHY NOouTK TPEX gucnepcuii. BugHo, uto camoe
KpYrMHoe coObITUE, KOHEYHO, NPOBOLMPYET 3HAUMMbIV OTK/IMK Ha MOHOCHEPHbIX Bbl-
cotax. OfHaKo NpoLecc B3aMMOLECTBMS reocep He CBOAWUTCS K MPOCTON NPUYMH-
HO-CNeACTBEHHOW peakuun Ha hakT cobbITns. OTKNNK MOHOCHEPDI NPeACTaBSET CO-
60ii CynepnosnLuio pasnnyHbIX MPOLECCOB, MPUYEM B CEACMUYECKN aKTUBHBIX 06/1a-
CTAX BO3MOXHa A0MOMHUTENbHAa Typbynmsaumsa noHochepb! cepmsammn 6onee cnabbix
TONYKOB 3eMNETPSICEHMWIA.

BbIBO/AbI

Hag celicMWYecK aKTMBHbIMW paioHaMn NPOUCXOAAT WMHTEHCUBHbIE W3MEHEHUs
napameTpoB MOHOCHEPbI OTHOCUMTE/NLHO MOKa3aTeNiei ux perynspHor N3MeH4MBOCTM
He TONbKO BO BPEMS OCHOBHOIO COObITUSA, HO TaKXKe B MePUOL, NOAroTOBKM 3eMeTps-
CEHWIA 1 NOC/e ero akTUBHOM (asbl. MpUUEM UCTOUYHNKOM HEOLHOPOAHbLIX CTPYKTYP
ABNAETCA He TOMbKO OyAyLIMiA AMWLEHTP, HO, BO3MOXHO, BCS 06/1aCTb MOArOTOBKM
3eM/IETPSACEHUS —HaMpUMep, aKTVUBHBbIV Pas/ioM.

OcHoBHOEe 3emneTpsceHue 12 aHBaps 2010 r. 4aéT 3HAUYMMBIA OTK/IMK Ha UOHO-
ChepHbIX BbICOTax, KOTOPbI BEPOSTHO HENMHEEH W NPeLCTaBNAeT co60lM cynepnosu-
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LMIO pa3nnyHbIX NpoLeccoB. MpoBeféHHbIA aHaIM3 XapakTePUCTUK CMEKTPOB NOHO-
CepHbIX CTPYKTYP, CrpynnupoBaHHbIX B knactepbl, 9—13 aHBapa 2010 r. nokasbiBaeTt
Ha/sMumne NoKanbLHOro aKcTpemyma B nepuog 05:00-06:00 UTC 13aHBapsa 2010 r., uTo
COOTBETCTBYET OTKIMNKY MOHOCHEPLI HEMOCPEACTBEHHO Ha 3eMneTpsaceHue. Mpuyém
B CEMCMMYECKM aKTUBHbIX 06/71aCTAX BO3MOXHA [ONOSHUTENbHas Typoynusaums
NNa3Mbl MOHOCHEPLI LIMKNOM 60nee cnabbix 3eMNeTPACEHWIA, UTO NPUBOANT K 13Me-
HEHVIO MapameTpa CTEMEHHOro CrnafaHnsl CnekTpa MOHOCHEPHbIX HEOAHOPOAHOCTEN
[N CEKTPOB BblfeNeHHbIX BOMHOBbLIX CTPYKTYP, UMEHOLUX CKOPOCTU, COOTBETCTBY-
towme ArB (ot 300 go 1200 m/c).

B paboTe npoBeaéH aHanu3 reorpauyueckoi NpUBA3KM BblAeNEHHbIX KnacTep-
HbIM aHa/IM30M HEOAHOPOAHbLIX MOHOCHEPHbBIX CTPYKTYP, WUHLIMK ClI0BaMU PaccMo-
TPEH BOMPOC O TOM, rAe B MPOEKLUMA Ha MOBEPXHOCTb 3eM/IN PaCMOfOXKeEH PerncTpu-
PYeMbIX Ha NOHOCHEPHbIX BBICOTAX UCTOYHUK BO3MYLLEHWIA MAOTHOCTY 3/1EKTPOHHO
KOHLEHTpaLUun. YCTaHOBMEHO, YTO HEOAHOPOAHbIE CTPYKTYPbl MOHOCHEPLI, 06HApPY-
XKeHHble MeTogoM GPS-nHTepdepoMeTpun Ha Bbl6paHHON HabMOAATENbHON CETK,
reorpaMyecku cBsizaHbl C MeCTaMu OpOrparyecknX BO3MYLLEHWIA, YTO OCNOXHSET
NUTOCEPHYIO MHTEPNPEeTaLMIO HabMHOAaeMbIX SBNEHNIA.

PaboTa BbINO/IHEHA NPY YaCTUYHOM nofaepyke rpaHTa PH® (No 18-12-00441).
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DETECTED OF IONOSPHERIC DISTURBANCES OVER SEISMIC ACTIVE REGION
ACCORDING TO THE GPS UNDER CONDITIONS OF QUIET GEOMAGNETIC FIELD

M.A. Titovall, \/l. Zakharov, S A Pulinets\M. Hemandez-Pajares4

1 Space Research Institute of Russian Academy of Sciences (IKI), Moscow, Russia

2 Pushkov Institute ofTerrestrial Magnetism, lonosphere and Radio Wave Propagation
of the Russian Academy of Sciences (IZMIRAN), Troitsk, Russia

3 Lomonosov Moscow State University (MSU), Moscow, Russia

4 Polytechnic University of Catalonia, Barcelona, Spain

The ionospheric disturbances detected during large earthquake over the region of Haiti 12.01.2010
on the base the analysis of data GPS-observations are considered in this work. The complex re-
gional analysis of the ground-based stations data integrated into global (IGS and UNAVCO)
networks was carried out. Overall we used data of 67 receiving stations, processed more than
7.5 thousand hours of observations, that is, over 4.3 million phase measurements. The detec-
ted ionospheric irregularities were localized and related with certain sources of seismic events.
Analysis of the wave spectra decay index shows the availability of temporal extremes correlated
with the periods of seismic activity in the monitoring region.
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CBA3b MATHWUTHOTO NOTOKA CONMHEYHDIX SPYNLINIA
C BENNYMHOW MPOTOHHbLIX BO3PACTAHIN

N.A. Tpedmnosad A. A. AbyHuH22 M. A. AbyHuHa*, A. B. benos*, C M. Maiigaww\
N. N MpamywkuHa\ V. M. YepTok1l

1 NHCTUTYT 3eMHOr0 MarHeTn3ma, MoHocdepbl U pacnpocTpaHeHnsa pPagnoBosH
um. H.B. MywkoBa Poccuiickoi akagemuun Hayk (M3MUPAH), Tpouuk, Poccus,

2 KanMmbILKNiA rocyaapcTBeHHbI yHUBEpPCUTET MMeHu B. B. Topogosukosa (Kanmry)
anucta, Poccusa

B nocnefHve rofbl 6bl10 NOKa3aHO, YTO MarHWTHbIA MOTOK COMHEYHbIX 3pPYNuuii, paccuu-
TaHHbI N0 HABMAEHNAM QUMMUHIOB U MOCT3PYNTMBHbIX apKag, TeCHO CBA3aH C BEMYMHONM
(hopOYLL-MOHVKEHNIA U CUNOI FreOMarHUTHbLIX BYpb, ABNAIOLLMXCA CNEACTBUEM TUX IPYNLMWIA.
MOCKOMbKY B MOLLHbIX CMOPagnyecknx cobbiTuaxX HabnoaeTcqs KOMNAeKe B3aMMOCBA3aHHbIX
ABNEHWI, BKNIOYAOWNIA BMeCTe C BbIGpocamMM COMHEYHOrO BellecTBa ahdeKTUBHOE yCKope-
HVe, ecTeCTBEHHO OXMAaTb CBA3b MArHUTHOrO MOTOKA 3pYNUUA U C BEIMYMHON MPOTOHHBIX
BO3pacTaHWii. B npeacTaBnsemoit paboTe NpoBepseTcs 310 Npeanonoxerune. MonHbIA MarHnWT-
HbI/i NOTOK 3PYNLUMiA, & TakXKe ero cocTaBHble YacTW, CBA3aHHbIE C AUMMUHIaMMN 1 apkagamu,
COMOCTAB/ATCSA C MPOTOHHLIMU COOLITUAMU ANA 3Hepruii NpotoHoB >10 u >100 M3B, Ha-
6nofaslummmncs Ha cnytHukax GOES, M Ha3eMHbIMU BO3pacTaHMAMMU CONMHEYHbIX KOCMUYe-
CKUNX JTyYeid.

KntoyeBble €noBa: MPOTOHHbIE COObITMA, MarHUTHbIA MOTOK COMHEYHbIX 3pynuuii, AUM-
MWHIW, apKafbl

BBEAEHWE

CylLecTBYeT MHOXECTBO COJIHEYHbIX MapaMeTpoB, NPAMO WM KOCBEHHO CBSA3aHHbIX
C NPOTOHHbIMK Bo3pacTaHusAMK (JopmaH, MupowHnYeHKo, 1968). MpoTOHHbIE CO-
ObITMA Yallle BCEro CBA3bIBAKOT C Bblbpocamy conHevHoro Bewlectsa (Coronal Mass
Ejections — CMES). BennunHa NpOTOHHbLIX BO3pacTaHWil XOPOLLIO KOPPEMpYeT co
ckopoctbio CME. Ckopoctb CME, BepOATHO, HEMOCPeLCTBEHHO CBfi3aHa C MpoLec-
COM YCKOpEHMS, OAHAKO y 3TOro napameTpa ecTb CYLLECTBEHHbIA HeJOCTaTOK — OH
onpeaensieTcss CpPaBHWUTENbHO MO34HO, MO3Xe BpemMeHM Hambonee 3(HeKTUBHOMO
YCKOpeHus. 3TO orpaHuymBaeT mucnonb3osaHne CME B NporHo3vpoBaHWM NpoTOH-
HbIX COBbITWIA. B NpakTMYeCKOM MPOrHO3MPOBAHMM Yallle UCMOMb3YHTCA XapakTepu-
CTMKM He CME, a BCrbIWeK, MOCKOJIbKY pa3sHOo0Opa3Hble BCMbILLEYHbIE NapameTpsbl
[OCTYIHbI B YAC/MIOBOM BUAE B peasibHOM BPeMeHM.

MOXHO BCMOMHUTbL, YTO 3pynLuK, T.e. NpoLecc BO3HUKHOBeHUs CME, Habnto-
JalTca 0HOBPeMeHHO co Benbilwkamun. V.M. YepTok n B. B. EpeuHeB npegnoxxunu
KO/IMYECTBEHHbIE XapaKTEPUCTUKMN 3PYMLMWIA, a UIMEHHO MarHUTHbIE 3pYNTUBHbIE MO-
TOKW, a B pabotax (Chertok et al., 2013) n3yueHa CBA3b 3pPYNTMBHbIX XapaKTepUCTUK
C BENMUMHOI (hopbyLI-3(HEKTOB M MOLLHOCTbO FeOMarHUTHbIX Bypb, a TAKXKE NMoKa-
3aHa NPOrHOCTMYeCKas LeHHOCTb 3TUX XapaKTePUCTUK.

Tpedunosa Nliogmuna AnekcaHapoBHa —Bef. UHxeHep, trefilova@izmiran.ru

ABYHVH ApTEM AHATONbEBUY —CT. Hay4. COTP., KaHA. (u3.-maT. Hayk, abunin@izmiran.ru
AbyHnHa Mapus AnekcaHApoBHa —CT. Hay4. COTP., KaHf. (u3.-MaT. HayK, abunina@izmiran.ru
BenoB AHaTonuii BnagummnpoBuy —Bef. Hay4. COTp., KaHA. (u3.-maT. HaykK, abelov@izmiran.ru
laiipaw Cepreii MeTpoBMY —CT. Hayy. COTP., KaHf. (M3.-mMaT. Hayk, gaidash@izmiran.ru
MpamyLwkuHa MipnHa MiBaHOBHA —MJ1. Hayd. coTp., abunin@izmiran.ru

YepTok Nnbsi MownceeBUY —Bef. Hayy. COTP., KaHf. (hM3.-MaT. HayK, ichertok@izmiran.ru
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N A. Tpedhunosa u ap.

B npeactasnsemoii paboTe MpoBepsieTCs MPeAnosiokKeHUe, YTO UMEETCA CBA3b
XapaKTepuUCTMK 3pynuuii U ¢ NPOTOHHLIMW BO3pPacTaHUAMWU. [MOMHbIA MarHUTHbLINA
MOTOK 3pYNLUMIA, a Tak)Ke ero CoCTaBHble YacTu, CBA3aHHbIE C AMMMUHIaAMMN 1 apKa-
flamMmy, COMOCTaBAAKOTCH C NPOTOHHBLIMU COGLITUAMU ONS 3HEpPrum MpoToHoB >10
n >100 M3B, HabntogaBwMmMca Ha cnyTHUKax GOES (aHrn. Geostationary Operatio-
nal Environmental Satellite — reoctaunoHapHbIli 3KCNAyaTaUWOHHbIA CNYTHUK Ha-
61104eHMA 33 OKPY>KAIOLLIER Cpefoit), 1 Ha3eMHbIMU BO3PACTaHMAMM CO/THEYHbIX KOC-
MUYECKMX TyYeid.

Mbl HaZieemcsi, UTO M3yYeHMe CBA3EN COIHEYHbIX MapameTpoB C NPOTOHHLIMU
COObITMAMW JO/MKHO MPUBECTM, B KOHEUHOM UTOre, K pa3paboTke METOAMK MPOrHo-
3MPOBaHMA MPOTOHHbLIX BO3pAaCTaHUiAi M CBS3b C 3PYMTUBHLIMU XapaKTepuCTMKaMu
CTaHET YacTbIO 3TON METOAMKMN.

AAHHbIE

[ns BbIBNEHUA CBA3el MeXay NapameTpaMu MPOTOHHbIX BO3pacTaHUiA 1 XapaKTepu-
CTMKaMW COOTBETCTBYIOLLUMX COMHEYHbIX 3PYNLMN UCMOMb30BANCS psAf 6a3 faHHbIX,
KOTOpble OblM CO3faHbl U MOAAEPXMUBAIOTCA B WHCTUTYTE 3eMHOr0 MarHeTusma,
MoOHOCHepbl 1 pacnpocTpaHeHus pagrnoBosH um. H. B. Mywkosa PAH (M3MUPAH).
WHopMaumsa 0 XxapakTepucTMKax NPOTOHHbIX BO3pacTaHMWii 6blia B3ATa U3 6a3bl aH-
HbIX PEHTTEHOBCKMX BCMbILIEK U NPOTOHHbIX BO3pacTaHuil (benos, 2017), oOCHOBaH-
Has Ha HabMAeHUAX C KOCMMYecKMx annapatos cepun GOES (GOES-5—15, 1975
r. —Hact, Bp.) (Garcia, 1994). 3Ta 6a3a gaHHbIX eXKeJHEBHO 0OHOB/AETCA M Ha TEKY-
LM MOMEHT cofepXUT UHopMaumto no 6onee 75 000 peHTreHOBCKMM BCbILLIKaM
1 6onee 1400 NPOTOHHLIM COOLITUAM. B JaHHOM aHanu3e paccmMaTpuBaincb NPOTOH-
Hble BO3pacTaHWs B [BYX MHTerpasibHbIx KaHanax —P10u PT (MakcMmasnbHble no-
TOKW YacTuy, ¢ sHepruamm >10 n >100 M3aB cooTBeTCTBEHHO). N5 aHanm3a oTéupa-
NINCb TOJIbKO T€ MPOTOHHbIE BO3PacTaHWUs, KOTOpble 6blIN HALEXHO OTOXAECTB/IEHbI
CO CBOMM COJIHEYHbIM MCTOYHMKOM. Takum 06pa3om, BCero n3 6asbl gaHHbIX OblI0
BblefieHo 793 cobbITKS.

WHopMaLma 0 MarHUTHbIX NMOTOKAax COSTHEYHbIX 3pynuuiA nonydeHa U3 6asbl
JaHHbIX (opOYLL-3PMEKTOB M MEXNNaHETHbIX BO3MyLleHuin FEID (database of
Forbush-Effects and Interplanetary Disturbances) (A6yHuH 1 gp., 2018; Belov et al.,
2017). Ha caitte LleHTpa nporHo3oB Kocmuyeckoir norogbl UISMUPAH (http://
spaceweather.izmiran.ru/rus/dbs.html) BblnoXeHa OTKpbITas Bepcus Katasnora 1 6asbl
JaHHbIX FEID. 3Ta 6a3a faHHbIX 0XBaTbIBaeT nepuog B 60 net (1957—2017) u cogep-
XUT nH(opmauunio no 6onee 7500 mMeXnaaHeTHbIM BO3MYLLEHWAM. B 3aBMcMMOCTM
OT psja PakTopoB KaX4oe BO3MYLLEHWE ONUCLIBAETCA HECKONbKUMW AecATKaMu na-
pameTpoB (40 COTHN).

OLH/MU 13 TaKMUX NapameTpoB ABNAIOTCA MarHWTHbIe NOTOKW JUMMUHIOB U NO-
CT3PYMNTUBHLIX apKaf CO/IHEYHbIX 3PYMNLUMIA, KOTOpbIe BbIIN paccumTaHbl (K coxare-
HUI0, TONBKO AN5 HEBO/LLUOK YacTu COObITUIA).

OuMMUHIM npeacTaBnsioT coboil KpynHomacluTabHble 061acTy MOHUXEHHOM
SPKOCTUN KpaiHero ynbTpatnoneToBoro U Markoro peHTreHoBCKOrO U3/lyyeHus, BO3-
HMKaloLLMe B KOPOHe B pe3ynbTaTe KopoHasbHOro Bolibpoca (CME) un nmMetoLime Bpe-
MS XKU3HWM HECKOJIbKO YacoB. JpyrvMu cnosamul, AUMMUHIN — 3TO TPaH3UEHTHbIE
KOPOHa/IbHbIE AbIPbl, KOTOPbIE PacronaraloTea PsAoM C LLEHTPOM COTHEYHOI 3pynumn
(Chertok et al., 2013; Harra et al., 2011; Hudson et al., 2001; Thompson et al., 1998).

UTto KacaeTcs noctapynTuBHbIX (M3J) apkas, TO OHW 06pasytoTcs B BUAE APKUX
neTe/lb Ha MECTe pacronarasLUerocs 40 3pynumMu MarHUTHOrO XryTa, BblGPOLLEHHO-
ro B BMAe KOpoHa/ibHOro Belbpoca mMacchl (Chertok et al., 2013; Hudson et al., 2001;
Kahler, 1977; Sterling et al, 2000; Tripathi et al., 2004). M3-apkagbl hopmupytoTcs
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Ha CTaguu, Korfa MarHWTHOe nose B OBOLUMPHOW 061acTW KOPOHbI, CUALHO BO3MY-
WeHHOoe apynumeit CME, penakcupyeT K HOBOMY KBa3MpaBHOBECHOMY COCTOSIHMIO
nocpeAcTBOM MarHUTHOIO NepecoeauHeHus.

B pabotax YepToka u gp. (Chertok et al, 2013, 2017) npeactaBneHa MeToamKa
pacyéta 3HauYeHW MarHWTHbIX MOTOKOB AUMMUHIOB U [M3-apKaj COMHEYHbIX 3pyn-
UMiA. VIMEHHO TakvM MeTOAOM 6blfa MoayyeHa MHPOPMaLMs 0 MarHUTHbIX NOTOKaX,
KOTOopas BnocneacTanm Obina noMelleHa B 6a3y faHHbIX FEID.

BaXXHO OTMETUTb, YTO MarHUTHbIE MOTOKW PacCUUTLIBAINCL TOMLKO ANs Tex
3pynuuiA, KOTOpPble pacnonarannch B LIEHTPaNbHOW 30HE BUAMMOI COMHEYHOI Mony-
cthepbl B npegenax +45° oT LeHTpaibHOro MepuanaHa. 3To No3BOAUIO0 CBECTU K MU-
HAMYMY BCE MPOEKLMOHHbIE 3hdeKTbl. C APYroil CTOPOHbI, 3PMEKTUBHOW renno-
[ONrOTON AN8 NPOTOHHOrO BO3pacTaHuA ABnsieTca 6onee 3anagHas gonrota (benos,
2017). MoaTomy fBe BbIGOPKM (3pynLuiA U MPOTOHHLIX BO3PACTaHWi1) UMEKT CoBep-
LUEHHO pa3HOe refIMOf0NroTHOE pacrnpefefieHne U NepekpbIBaloTCA TOLKO YacTuy-
HO. Tem He MeHee, HaLLI0OCh 42 HafEXHO OTOXAECTBNEHHBLIX CO CBOMMMW COJTHEYHBIMU
NCTOYHMKaMM NPOTOHHBIX BO3pacTaHua (Tabnuua), Ans KOTopbIX OblIN paccumTaHbl
M 3pynTVBHbIE NapameTpbl. 15 3TUX COBLITUA Mbl NCKA3N CBA3b MEXAY 3pynTuB-
HbIMWU MarHUTHBIMW MOTOKaMM W BEMYMHON MPOTOHHLIX BO3PAcTaHWA. 3TU CBA3M
B Jla/ibHEMLLIEM aHaIM3NPYIOTCS.

B Tabnuue npuBefeHbl NapameTpbl aHan3MpyeMbiX NPOTOHHbLIX BO3pacTaHuWi
N OTOXAECTBNEHHBIX C HAUMW COMHEYHbIX 3pynuuid, 3aecb FAR n FBIM— marHuTHbIe
MOTOKM NOCT3PYNTUBHOW apkafbl U AUMMUHIOB COOTBETCTBEHHO; FSUM— nosHbIi
MarHWTHbIA MOTOK conHeyHoli apynuun (FIU, = FAR+ FBIM: Pw u Pl — makcu-
MaJibHble MOTOKM YacTul, ¢ aHepruamm >10 1 >100 M3aB cOOTBETCTBEHHO.

MapameTpbl aHa/IM3MPYEMbIX MPOTOHHBIX BO3pacTaHUiA

[Jarta (rog-mecsu-aeHb), PM Fom Fsum Bann Iy Moo
Bpems BCrbiky UTC BCMbILLIKM

1997-04-07, 13:50:00 35,2 39,6 73,5 C6.8 0,8

1997-05-12, 04:42:00 19,7 75,2 94,9 C13 09 0,02
1997-11-04,05:52:00 52,4 1238 161 xX2.1 72 2,57
1998-04-29,16:06:00 122,3 42,8 165,2 M6.8 2,3

1998-05-02, 13:31:00 127,8 92,2 220 XI1.1 150 9,23
1998-11-05, 19:00:00 170,5 105,6 276,1 M8.4 8 0,2
1999-06-24, 12:04:00 32 30 61,9 C4.1 11

2000-02-12, 03:51:00 37,7 19,8 57,5 MI1.7 2

2000-06-06, 14:58:00 122,5 422 482,3 X2.3 44 0,299
2000-06-10, 16:40:00 57,5 79,6 136,8 M5.2 40 1,54
2000-07-14, 10:03:00 348,6 121 469,6 X5.7 8400 623,0
2000-09-12, 11:31:00 64,7 161,4 208,9 M1.0 300 0,552
2000-09-16, 04:06:00 188,7 45,9 234,1 M5.9 2
2000-10-09,23:19:00 33,4 88,3 1216 C6.7 0,3
2000-11-24,04:55:00 52,3 95,5 139,8 X2.0 8 0,599
2000-11-25,09:06:00 107,9 40,5 148,5 M3.5 5 0,02
2001-03-29, 09:57:00 324,2 88,2 4112 X1.7 35 0,271
2001-04-09, 15:20:00 183,2 72,5 255,7 M7.9 6 05
2001-04-10, 05:06:00 2214 72,8 294,2 X2.3 355 0,468
2001-04-26, 11:26:00 1359 52,7 185,7 M7.8 57 -
2001-08-14, 11:30:00 17,4 50,4 67,7 Cc2.3 0,7 -



N.A. Tpedmnosa v p.

[ata (rog-Mecsu-feHb), MR F[] M FUM Bann Mo 0o
Bpems BCrbilky UTC BCbILLKN

2001-10-09, 10:46:00 52,9 65,2 1181 M1.4 35
2001-10-19,16:13:00 140,1 79,9 220 X1.6 8 0,3
2001-10-22, 14:27:00 93,4 49,8 135,8 M6.7 3 0,2
2001-10-22, 17:44:00 1427 449 147,2 X1.2 22 0,5
2001-10-25, 14:42:00 207,3 97,2 293 X1.3 U

2001-11-22, 22:32:00 166,4 70,7 237,1 M9.9 4500 4,0
2002-03-15, 22:09:00 1225 212 3345 M2.2 4

2002-04-17, 07:46:00 218,2 68 286,2 M2.6 20 0,05
2002-08-16,11:32:00 90,7 26 116,7 M5.2 4

2003-10-28, 09:51:00 651 219,6 870,6 X17.2 4500 186,0
2003-10-29, 20:37:00 351,3 169,2 520,5 X10.0 1500 100,0
2004-07-25,14:19:00 266,9 96,5 362,6 M1.1 54 0,1
2004-10-30, 06:08:00 449 - 449 M4.2 09 0,04
2004-11-07,15:42:00 153 1371 290,2 X2.0 49 05
2004-12-02, 23:44:00 68,4 89,7 157,5 M 1.5 3

2005-01-15, 22:25:00 356 154 371,4 X2.6 362 0,7
2005-01-17, 06:59:00 359,8 17,8 377,7 X3.8 4900 28,0
2005-05-13, 16:13:00 159,9 105,7 265,7 M8.0 146 0,15
2005-07-09, 21:47:00 731 36,4 109,5 M2.8 25
2006-07-06, 08:13:00 33,9 56,6 90,5 M2.5 2 01
2006-12-13, 02:14:00 155,7 66,5 222,3 X34 695 89,0

OBCY>XXOEHWE PE3YJ/IbTATOB

MOCKOMbKY BeIMYMHA NPOTOHHbLIX BO3PaCTaHUA MOXET 3aBUCETb OT LOMrOThI, CBA3b
3TOl BENMUMHBI C NtOGLIM APYTrMM MapaMeTpoM ByaeT TeM fiydlle NPOsBAATLCS, YEM
YXKe JONrOTHbI MHTepBasl. OAHAKO MpY 3TOM YMEHbLUAETCS KO/IMYECTBO COBLITHUIA,
KOTOpLIX ¥ HAac 1 6e3 TOro HeMHOro. Uto6bl BeIGpaTh ONTUMa/bHbIA JONTOTHBIA UH-
TepBal Mbl MEHS/IN HVDKHIOK FpaHuLly renMogonrothl (CBepxy Halla Bbl6opka 3apa-
Hee orpaHuyeHa fonrotoii W45). Hannyuluas Koppensaums noayyeHa ans uHTepeana
E10-W4b5.

Ha pwuc. 1 (cm. c. 177) npefcTaBneHbl forapumuyeckme 3aBUCUMOCTU Mak-
CYMasIbHOM BEIMYMHBI NMPOTOHHLIX BO3pPacTaHWUiA 418 YacTuL C 3HeprusmMu 6Gonee
10 M3B (PIf) ot marHMTHOro notoka guMmMMHIroB FDIM(a), NOCT3pyNTUBHLIX apKag
Far (6) 1 cymMapHOro MarHATHOIO NOTOKa AUMMUWHIOB U MOCTIPYNTUBHBIX apKaz Co-
OTBETCTBYHOLLUMX CONMHEUHbIX 3pynuuii FSUM(B).

Kak BugHo Ha puc. la, mexay PY]u FDI,, cBa3b noutn otcytcTeyet. Koagduuum-
EHT KOppenauun B JaHHOM crnyyae Bcero 0,24. B To e Bpems mMexay Pt n FAR
a Takke Mexgy P10 u FSUM HabnogatoTcs A0CTaTOMHO XOpoLuve 3aBMCHMMOCTU
(puc. 16 n 3a). B atnx cnyyasax Koah@uumneHTbl kKoppensiuun pasHbl 0,7 n 0,72 cooT-
BETCTBEHHO. B aHa/IMTUYECKOM BU/E NpesCcTaB/eHHbIe 3aBUCUMOCTU BbITIAAAT Cliesy-
oYM 06pasom:

1n(P10 = -0,99 + 0,961n(Exxm),
1n(P10 = -7,66 + 2,271n(FAR),
1n(P1) = -12,84 + 3,02\n(FSUM).
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a 6

Puc. 1. 3aBUCMMOCTb MaKCMManbHOW BeNUYMHbI MPOTOHHOTO BO3pacTaHMA ANA YacTul, ¢ 3Hep-
rusmu 6onee 10 MaB (P10 oT BEMYMHBI MarHWTHOrO NOTOKa AuMMUMHIoB FDIM (a) n nocTs-
pynTuBHbIX apkag Far (b)

Moxoxan cutyauus HabnofaeTcs, ecn CpaBHMBATL MarHWTHbIE MOTOKM COJ-
HEUHbIX 3PYNLUA C MAKCUMa/bHLIMU 3HAYEHUSMU NPOTOHHbLIM BO3pacTaHUiA YacTuy,
C 3Hepruamu 6onee 100 MaB (P10) (puc. 2a, 6, 36).

Puc. 2. 3aBUCMMOCTb MaKCMManbHOW BENMUYMHBI NPOTOHHOIO BO3pacTaHWs A1 4acTuUL, C 3Hep-
rveii 6onee 100 M3B (P100) oT MarHWTHOro MoToka AUMMWUHIOB FDm (a) M NOCT3pyNTUBHBIX
apkag I'AR(6)

B gaHHOM cnyyae aHanM3MpoBanoch 28 coObITMIA. Ha puc. 2a BUAHO, YTO CBS3b
mexay P n/ |)|m Takke cnabas (KoaguumeHT koppensummn —8,16). KoadduuuneH-
Tbl KOppensauun mexay P;00 n FAR a Takxe mexay P10 un FSUMpasHbl 0,53 1 0,56
COOTBETCTBEHHO (puc. 36). B aHaIMTUYECKOM BUfE 3TW 3aBUCUMOCTb BbIFNAAWT Che-
AyoLwpymM 06pa3om:

1n(PI0) = -2,84 + 0,651n("/m)
1n(P10) = -8,86 + 1,781n(F")
In(P10) = -13,63 + 2,481n(F5iM)
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Puc. 3. 3aBMCMMOCTb BENMYMHbI CYMMapHOrO MarHMTHOFO MOTOKa AUMMWHIOB W MOCT3apyn-
TUBHbIX apKaj COOTBETCTBYIOLLMX COMHEYHbIX 3pynumii FSUMoT yacTuy ¢ aHepruamu 6onee
10 MaB (P10 (a) n 6onee 100 MaB (P 100) (6)

B nepBoMm, 1 BO BTOPOM C/ly4ae NMoKa3aHo, YTO CBA3b MPOTOHHbIX BO3PACTaHWi
C MarHWTHbIM MOTOKOM MOCT3PYMNTUBHbIX apKaf, ropasgo CubHee, YeM C MarHUTHbIM
MOTOKOM LUMMUWHIOB OT COOTBETCTBYIOLLMX COHEYHbIX 3pYNUUiA. 3TO MOXHO 00b-
ACHUTL CriegytoLmM 06pa3oM. XapaKTepUCTUKM MPOTOHHBLIX BO3pacTaHWiA 3aBUCAT,
npexge BCEro, OT BE/IMYMHbI MArHUTHbLIX MOJENR, BOBNEYEHHBIX B NPOLECC 3PYNUUIA.
UeM cunbHee none, Tem 60/1bLLUAA LONS SHEPTrU NpY ero AnccunaLmm MoXxeT nepesa-
BaTbCS BbICOKO3HEPTMYHbLIM YacTULLaM. Kpome TOro, 1 BepXHAS S3HEPrus YCKOPEHHbIX
yacTuy, ByaeT onpesenaTbCs HaNPSHKEHHOCTbIO MarHUTHOIO nons. Mpw 3TOM HeBaX-
HO, Tfe NPOUCXOANT YCKOPeHMe YacTu, (BO BCMbILIEYHOM NMPOLLECCE UM Ha YAapHON
BOJIHE OT KOPOHaNbLHOro Bbl6poca). B 60/bLLUMHCTBE ClyYaeB BO BPEMS BCMbILLIEUHbIX
3pYNUMIA 3HAYEHMS MarHUTHOTO MoToka M3 apkaz ropasgo 60sbLie 3HaYEHWIA Mar-
HWTHOrO MOTOKA AMMMUHIOB B 3TOM e CoObITUW. M3 apkafbl pacnoniaratoTcs Hemno-
CPEACTBEHHO B CUJ/IbHBIX MOMAX HAZ aKTUBHOM 06/1aCTbO, B TO BPeMs Kak AUMMUHIY,
XOTb M MUMEIOT 6O/bLLYIO MO, PAacnonaralTca Ha nepudepun, Tam, rae MarHuT-
Hbl€ M0NsA 3HaUNTENLHO cnabee v rae TpyaHO obecneunTb SPPEeKTUBHOE YCKOPEHNE.

3AKNHOYEHUE

B xoge aHanuM3a MpoBeAeHO COMOCTaB/IEHME MApaMeTPOB MPOTOHHbLIX BO3PacTaHMiA
ans aHepruit >10 n >100 M3B ¢ MarHUTHbIMW NOTOKaMW AUMMUHIOB W MOCT3pyn-
TUBHbIX apKaf, COOTBETCTBYHOLLMX COMTHEYHbIX 3PYMLIWIA.

MoKa3aHo, YTO MarHWTHbIE MOTOKW MOCTSPYNTMBHBIX apKaj 3pynuum XOpOLUO
KOPPEeMpYIOT C BE/IMYMHON MPOTOHHbLIX BO3pacTaHuiA. Koppensuus apynTUBHBIX
MOTOKOB AMMMWHIOB C MPOTOHHLIMK BO3pPAacTaHUAMU MPAKTUYECKU OTCYTCTBYET.
MonyyeHHble pe3ynbTaTbl MOTYT CTaTb OCHOBOW MO/THOLLEHHOI MPOrHOCTUYECKO MO-
nenn. CosfaHue Takoi Mofienu OyaeT 3afayuei cnefyroLLein paboTbl.

Pa6oTa yacTuuHo nogaepxkaHa PO ®U (npoekt Ne 17-02-00508) n PH® (npoekT
Ne 15-12-20001).
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RELATION BETWEEN MAGNETIC FLUX OF SOLAR
ERUPTIONS AND PROTON ENHANCEMENTS

LA. Trefilova\A.A.Abunin12,M.A. Abunina',A.V. Belov', 5. P Gaidash',1.l. Pryamushkina’, |.M. Chertok’

* Pushkov Institute of Terrestrial Magnetism, lonosphere and Radio Wave Propagation of the
Russian Academy of Sciences (IZMIRAN), Troitsk, Russia,
2 Kalmyk State University (KalmSU), Elista, Russia

In recent years, it has been shown that the magnetic flux of solar eruptions, calculated from ob-
servations of dimming and post-eruptive arcades, is closely related to the magnitude of Forbush
decreases and the strength of geomagnetic storms that are a consequence of these eruptions. Since
in powerful sporadic events there is a complex of interrelated phenomena, including, together
with the emissions of solar matter, an effective acceleration, it is natural to expect a connection
between the magnetic flux of eruptions and the magnitude of proton increases. This assumption
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is verified in the presented paper. The total magnetic flux of eruptions, as well as its constituent

parts associated with dimming and arcades, are compared with proton events for proton energies

>10 and >100 MeV observed on GOES satellites and ground-based increases in solar cosmic rays.
iKeywords: proton enhancements, magnetic flux of solar eruptions, dimming, arcades
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I'IPFIMOY[OﬂbeIIZ PAAVIOUMIYNBC C XAOTWUYECKOU
HECYLLEWN HA MEXNNAHETHOW TPACCE

t0. C Xyzabiwes, M. CTpenkos

®pANHCKN unnan NHCTUTyTa pagnoTeXHUKN U 3/IEKTPOHUKN M. B.A. KoTenbHMKOBa
Poccuiickoin akagemun Hayk (PUIP3 PAH), ®pssnHo, Poccus

BbinonHeH aHanu3 xapakTepa ¥ 0CO6EHHOCTE AUCMEPCUOHHBIX UCKAXEHMWI NPSIMOYTONIbHOTO
pagvMouMMyfbca C XaoTMYeCKOW Hecylleid, pacnpocTpaHstollerocs B 6eCCTONKHOBUTENbHOM
NNa3MeHHOI cpefie Ha Tpaccax, UHTerpasbHble 3/IEKTPOHHbIE COAEPXKaHMUs KOTOPbIX XapaKTep-
Hbl /151 MEXMNIaHETHBIX PACCTOSIHMIA. XaoTuueckas Hecyllas MOJe/IMpyeTcsl Ha OCHOBe 0TO6pa-
XeHuns Yebbiwesa 1-ro poga 3-ro nopsgka. Y cTaHOB/IEHO, UTO NPSMOYro/ibHas 0rubaroLlas us-
Nly4aemMoro MMMy/bca MoCTeneHHo TpaHCchopMupyeTcs K BUAY LUYMONOA06HOrO CUrHana npu
€ro 0jHOBPEMEHHOM 3HAUMTE/IbHOM YLUIMPEHUW BO BpeMeHU. pu 3TOM Teno HeonpeeneHHo-
CTU pacnpoCTPaHSIOLLErOCs UMMY/IbCa COXPAHSIET CBOKD MEPBOHAYANbHYH Uro/bYaTyt (hopmy
C ManbiM YpOBHEM GOKOBbLIX /IeMecTKoB. MpuBeAeHbl NpUMepbl TMCTOFPaMM pacrpefeneHus
BbICOTbl OrnbaroLieli 4ethopMUpPOBaHHOIO PafMoOMMMY/IbCca U PacCMOTPEHA BO3MOXHOCTb UX
annpoKCUMaLMn Ha OCHOBE OTPXEHHOTO HOPMa/IbHOTO pacnpeAeneHus.

KntoueBble €noBa: MPsIMOYTO/bHbIA PagnouMy/bC, XaoTUUYeckas Hecyllas, ANCMepCcroH-
Hble UCKaXXEHUS, MeXMNIaHeTHas nnasma

BBEAEHVE

3afaun MOBLILLEHMSI MOMEXOYCTOWYMBOCTH, YCTPAHEHWUS MOCTOPOHHUX abOHEHTOB
1 NPOTUBOLENCTBUA 06HAPYXXEHUIO PaboThbl CUCTEM CBS3M CaMOro Pas/fIMYHOro Ha3Ha-
YEHWA B HACTOSLLIEE BPEMS PeLLatoTCs, B TOM YMChe, Yepe3 NPUMeHEHUE Xa0TUYeCKNX
(wymonopo6HbIX) pagnocurHanos (cm., Hanpumep, (Cynses n gp., 2003; KanuHuH,
Uanypckuid, 2015; KanbsaHos, 2009; KywHup u ap., 2014)). MNapaMeTpbl TaKUX CUTHa-
noB (aMnAnTyga, hasa, 4acToTa) M3MEHSAOTCA B NMPOLECCE U3/YyYeHUS COBMECTHO WK
No OTAENMbHOCTW B COOTBETCTBMU C KOHKPETHLIMWU MaTeMaTUUYECKUMU a/IropuTMamm
(Npumepbl cM., Hanpumep, B paboTtax (Bactota u gp., 2012; Seventline et al., 2010)),
a UX CNeKTpbl Takxke LIYMOMOA06Hb! U UMEIOT XapaKTepHYHO LWMPUHY, MHOMOKPATHO
MPEeBbILLIAIOLLYI0 COOTBETCTBYIOLLME BEMUMHBI NS AeTEPMUHUPOBaHHBLIX CUrHAMOB
PaBHOI ANUTENBHOCTK.

AHann3 nuTepaTypHbIX UCTOYHWKOB MOKA3bIBAET, YTO NPU MNOJTlyYEeHUN U COMo-
CTaB/IEHNN OLEHOK 3PYEKTUBHOCTU MPUMEHEHNSA TOMO WU MHOTO anropuTMa op-
MUPOBaHNA Xa0TUUYECKOro CUrHana o HaCTOALLEro BpeMeHU He HaXOAAT OTPaKeHUS
BOMPOCbI BO3MOXHOIO B/IMSIHNA Ha WX XapaKTEPUCTUKU Cpedbl pacnpocTpaHeHus,
B 4aCTHOCTU, NNa3MeHHOI cpedbl. Mexay TeM cneflyeT nojaratb, YTO Ha 4OCTaTOUHO
NPOTKEHHBIX TPaccax YacTOTHas Aucnepcus 3aBefomo GyaeT NPUBOAUTL K U3MEHe-
HUIO anddepeHUnaIbHbIX Y1 KOPPeNALMOHHbIX XapaKTepUCTUK PacnpoCTPaHAoLLnX-
CAl CUrHa/10B, YTO 06YCNOBUT U NOCNELYHOLLME BapyaLuy COOTBETCTBYHOLLUMX OLIEHOK.

B cTtatbe (Xygpiwes, 2017) npuBeféH aHaN3 AUCNEPCUOHHBIX UCKAXKEHUA UM-
ny/bca, NPeACTaBMsOLLEr0 CO60M CMECh CUMTBHOTO XaoTMYEeCKOro 1 cnaboro aetep-
MWHWPOBAHHOIO MOALIMMY/ILCOB PaBHOW AIUTENbHOCTY B XONOAHONM N1a3MEHHOM cpe-
[le MPW MHTerpanbHO 3NEKTPOHHOM KOHLEHTPALMM TPacChl, XapaKTepHOWA Ans MeX-
NNaHeTHbIX paccTosHWiA. Mone NnepBoro u3 HMX (M1, hakTUYeCcKn, Cnocob paclunpeHmns

Xyabies FOpuii CepreeBnd —mi. Hayuu, coTp., XAntaresX@yandex.rn
CrpenkoB NepmaH Muxaiinosuy —a-p gus.-mat. HayK, npodg.
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CMEKTPa XaoTUYeCKOro noAsIMnybca) 3afaéTcs Kak peLleHne MoauuLMpoBaHHOTO
ypaBHeHus BaH fep Monsa (BaguBacosa u fp., 2006). M3 nonyyeHHbIX pe3ynbTa-
TOB CfiedyeT, YTO B 3aBUCMMOCTU OT KOHKPETHbIX 3HAYeHW NapameTpoB MMMYsbCa
N MPOTHKEHHOCTW Tpaccbl €ro Nocnefytolee pacnpoCcTpaHeHWe B MEXMIaHeTHOM
cpeae MOXET COMPOBOXAATLCA MPUHLMMNNANbHBIMU Ae(opMaLMaMM UCXOAHOR (op-
Mbl. Llenb HacTosiweli paboTbl — Ha OCHOBE TEOPETUYECKMX COOTHOLLEHWA, MPUHS-
ThIX B CTaTbe (Xygblwes, 2017), pacCMOTPETb BO3MOXHbI XapakKTep M 0CO6EHHOCTU
JINCMEPCUOHHBIX UCKAXXEHWIA paguouMnynbca C HayasbHOW MPAMOYro/nbHOW op-
MO, HecyLlas yacToTa KOTOPOro B NPOLECCe U3/yYeHWs! OMUCLIBAETCA XaoTUYEeCKOM
3aBVCMOCTBHO.

XAPAKTEPUCTUKN U3NYYAEMOIO MMMYJIbCA

MpumMeM, YTo: a) TeKyLLas BEIMYMHA Xa0TUYECKOl HeCyLUei B npeaenax AnTeNnbHo-
CTW M3My4yaemMoro umnysnbca Y npetepneBaeT N CKaYKOB B MOMEHTbI BpPEMEHM

tk =ktn/N (c—1,2,..., N), ocTaBasicb HEM3MeHHOW B Npefenax BpeMeHHbIX NpomMe-

YKYTKOB MEXAy CKauykamu, paBHbIxX /w/ A'; 6) B npeaenax BPeMeHHOro MHTepBasia C HO-
Mepom K BennumnHa fx(t) onpegensieTcs Kak

vt)=f +(Ar/2)Xk, )

roe /' —LUeHTpanbHoe 3HaueHve BeNNUMHbI v; [/ ' —WHTepBan eé Bapuaumii («ae-
BUaLMS»); XK onpegensieTcs yepes otobpaxeHme YebbileBa NepBOro poja TPETLEro
nopsiaKa:

Xk=4X11-3Xk v @)

KOHKpeTHbIA BUA 3HaKonepeMeHHOW NocneoBaTeNlbHOCTU BefIMUMH XK onpese-
nseTcs HadasibHbIM ycnosuem X(), npuyém |XO0|<1l. Ha puc. 1a npusenéH npumep
CTyneH4aTon yHKUuMm /* (/) 3HauyeHUs napaMeTPOB YKa3aHbl B MOANUCHK.

204 IX0,1), TTy /'=21Ty Af =50Mry 24 X(0,0,Ty /'=2TTy &f =500 My

=, Hmbr oo N
2,00 [U , m
1,98 1r Lr 18- W J | [ | / Lr

1,96 16
0,2 0,4 0,6 0,8 t/t 0 0,2 0,4 0,6 0,8 t/t

0.3
0,2

01

Puc. 1 Hecywas yacTtoTa (a, 6) 1 aMnAuTyAHbIA cnekTp (B, I) MPAMOYrofbHOro umnynsca (1)
npm A/'=50Mrly (a,B) M 500 My, (6, r); N= 1, f' =2ITy nt = 1mkc
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KomnnekcHaa ormnbatoLas n3ny4yaemMoro npsiMoyrofibHOro MMMynbca ¢ XaoTuye-
CKOW HecyLeit (1) onncbiBaeTCs BblpPaXKEHNEM

4, [®x(7)), (KIF<:
Koo EPUOXD) (KT<i1 ,
Q T>1

rae AO—«BbIcoTa» MMNynbca, t = tjth 1

PX(0 = /%)Y X i +*Af K XK{t — 4)

— Xa0Tuueckas COCTaB/sAOLas MIHOBEHHOWM HavanbHON (hasbl B Mpefenax K-ro Bpe-
MeHHOro uHtepsana tk 1 <1 .

Ha puc. 1lawn 6 jaHbl npuMepbl BPEMEHHOTO X042 MTHOBEHHOW YacTOThl 418 ABYX
3HaveHui gesmaumm_ [ /'= 50 1 500 MI'y, 1 npoynx pasHbIX ycnosusix. MpuBeaeH-
Hble KpuBble /X(0;O pa3nMyaloTCAd TOMbKO COOTBETCTBYIOLMMK UM Maclutabamu
Mo ocK opAvHaT. AMMANTYAHbIE CEKTPbI HaualbHOM ornbatoLeli umnynbca (3) Mu-
KPOCEKYHAHOW [JINTENIbHOCTW C HECYLUei 4acToToi /' = 2Ty, COOTBETCTBYHOLLME
npueeaéHHbIM KpuBbIM /X(0;0 ¥ BblYMCNEHHbIE B YAaCTOTHOM WHTepBane oT 15
[0 2,5 TTu, n3obpaxkeHbl Ha puc. \B M I. DHeprus crnekTpoB coctasnset ~0,999
(puc. 1B, 1) OT 3HEpPrum KU3y4yaeMoro UMMysnbca, a UX cpefHeKBagpaTuyeckas LWupu-
Ha —~20 1 -187 MTI 1, COOTBETCTBEHHO. TakMm 06pa3om, Npu NPUHATbIX 3HAYEHNAX
napaMeTpoB BBEJEHME Xa0TUYECKON HECYLLE NPUBOAMT K 3HAUMTENbHOMY pacLunpe-
HUIO CNekTpa MMNynbea, a yBenumueHre A/ ' Npu coXpaHeHWUM 3Heprumn CrekTpa co-
NPOBOX/AETCS, B TOM YMC/e, U 3aMETHbLIM YCNIOXKHEHUEM €ro CTPYKTYpbI (YCUNEHUEM
XaoTusauuein).

AHAJTMTUNYUECKUE V1 PACYETHbLIE COOTHOLUEHWSA

MocnefytoLias 3BoOMOLMA KOMMIEKCHON orubatoweit umnynsca (3) B MiaasmMeHHoM
cpefe onucbiBaeTca BbipaxeHusamn (Ctpenkos, 2008):

I(TEC;t)=n:t)-f J (2ni6e)exp(-(v3+ /w')e|A(; "'-B) do (5)
0

npn ()</'<Mn

i(TEC;C)=- 1/ *J\ (2n/66)exp(—v3+ /[@)C)A(0; —0)dO. (6)
npu t’>tn.

B paseHcTBax (5) u (6) BBEAeHbl 0603HauveHus: co'=2n/'; /' — Hecywas;
tl=t—z/c; z — AnMHa Tpaccbl; ¢ — CKOpPOCTb cBeTa; 6=6 0 = /toz) dz /2c;

(08= 31,81—108Ne —KBafpaT M1a3MeHHOM 4acToTbl; N — 31eKTPOHHas KOHLl,eATpa—

ums (cM-3); v3 — ahheKTMBHAA YyacToTa CoyfapeHuii. HeTpyaHo BMAETb, YTO napa-
MeTp 6 NpsMO NPOMOPLUOHANIEH UHTErpaibHOMY 3/1EKTPOHHOMY COJEpXaHuto Tpac-

CbITEC=JX(z)dzM 2.

r
Bce npuBoAMMble HUXe pe3ynbTaThl MO Aeopmalun paguoumnyibcoB noyye-
Hbl C npumMeHeHnem qopmyn (5) n (6) B NpeLnonoXkeHWn 6ecCTONKHOBUTEbHOM
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nnasmbl (v = 0). MocneaHee paBHOCU/BLHO, B YaCTHOCTW, OTCYTCTBUIO MOT/IOLLEHUS
B cpese, TaKk  uTO 3Heprus PacnpoCTPaHsAIoLLErocs “Mnynbca

i?HTEC) = J'p(TEC;?")| dt' =EHO) ocTaéTca HeusMeHHON. ITO o0bGecneunBaeT

0 o
BO3MOXXHOCTb [JOMOSHUTENLHOIO KOHTPO/A Pe3ynbTaToB BbIYMCIEHUA WHTErpasoB
B COOTHOLLEHMsX (5) u (6).

OMMBAKOLLAA N KOPPENTALMOHHBIE ®YHKUNU
PACMPOCTPAHSAOLLIEFOCH VMMY/IbCA C XAOTUUECKOW HECYLLIE

Ha puc. 2 1 3 npeAcTaB/ieHbl ABe COBOKYMHOCTU KPUBbIX, B Npeaenax TeKyLlei anu-

TENbHOCTU MMMYy/bCa M306paXKatoLLMX BpeMeHHOW xof BenuuuHbl |[T(TEC;C)| PU
N3MEHEHUN AeBNaLMKN HecyLleld YacToTel A/ ' (CM. puC. 2) AW UHTErpanbHOro 3M1eK-
TPOHHOrO cogepxaHna TEC (cM. puc. 3) M HEM3MEHHbIX 3HAUYEHUAX LPYruX napame-
TPOB 3agaun (yKasaHbl B MOAPUCYHOUHbIX MOAMUCAX).

r a e
Puc. 3. Tekywas ormbaroliast uMnynsca (3) B MeXM/iaHeTHOA niasve npu AO=1, N= 1
t =1wmkc, /' =2ITy, Af' =200Mry, TEC pasHoii: a — 1017w-2; 6 — 1018 B — 1019, r -
K g 50100 e—102M-2
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Mo aHanorun sennunHy A panee 6yaem HasblBaTb TEKYLUEN OrmbatoLlel pac-
MPOCTPaHAIOLLErocs UMNybca. SHEPrus UMMNYMbCOB C TEKYLUMU OrnbalommMmn Ha
puc. 2 1 3 BO BCEX CNyYasx OT/IMYALOTCSA OT CBOEr0 HayabHOro 3HaveHmst JIW0) meHee
yeM Ha 0,1 %.

MonoXeHne LEHTPa TAXKECTU t  KPMBLIX HA pUC. 2 OCTAETCA NPAKTUYECKM He-
N3MEHHBIM, BO BCEX C/lyyasx OTK/IOHAACH OT 3HayeHusd 34t MeHee yYem Ha 1%.
CpefHekBagpaTuyeckas LWUMpKUHA [/ KPUBLIX Ha pUC. 2 BO3PACTaeT C yBe/NYeHUEM
TEC. Hapuc. 2a oHa paBHa 0,755/1, a Ha puc. 2e —6,366/". Bo3pacTaHue moTpaxa-
€T YBE/IMYEHNE BbICOTHI U NPOTSHXKEHHOCTU 0B0MX KPbINbeB AehOpMUPYHOLLElica oru-
Gatoleid. B Lenom, ofHMM 13 BO3MOXHbIX CLEHApMEB MpoLecca pacnpocTpaHeHus
nMnynbca (3) Ha MeXXNNaHeTHOW Tpacce AB/SeTCS ero nocTeneHHas TpaHchopmalms
K BUAY Xa0TUYeCcKoro (LUymMonogo6Horo) curHana uan, uHave, CnyvaiHoro npowecca.

KpvBbIM Ha puc. 3 COOTBETCTBYHOT pasnuyaroymecs 3HadeHns TEC 1 nocTosH-
HOe 3HayeHue gesmaunn Hecyulein Af' =200 MI'y. YeenuueHne TEC Tpacchbl Takxe
COMPOBOX/AeTCca HapaCTaHMeM XaoTu3auuy TeKyLlein ornbatoweid 1 3anasfbliBaHus
nmnynsca. OfHaKo BapuaLMmn ero XxapakTepuCcTUK 0Ka3blBalOTCA TEMNepb 3HAUNTENLHO
60onee BblpaXXeHHbIMU. TaK, BpeMeHHast KOOpAMHaTa LieHTpa TSKeCTM t - orubaroLLeli
yBenuumBaetcsa ¢ 0,503/v Ha puc. 3a fo 33.92/, Ha puc. 3e, a UX cpefHeKBagpaTuye-
ckaa wupuHa O/m—c 0.289/, Hapuc. 3afo 2,507 Ha puc. .

Pe3ynbTaTbl BbluMCAEHWS M0 MO opMynam (5) u (6) No3BONAIOT fanee Haxo-
AnTb Nto6ble auddepeHLnanbHble U MHTErpasibHbIE XapaKTePUCTUKM PacnpoCcTpaHs-
toweroca uvnynsca. K nocnefHUM 0THOCATCS 1 ero KOPPensLuMoHHble (yHKUMK (fa-
nee — K®), 13 KOTOpbIX AN NPaKTUYECKNX MPUMOXEHNIA Hanbonee ynoTpebuTesb-
HbIMW SBAAKOTCA, NO-BUANMOMY, aBTOKOPPENsLuMoHHasa pyHKuna (ganee —AK®)

NTEC;u) E_MET_E_C;M*(TEC; t'- W(TEC; C)dC )

N 4acTOTHasA KOppensumMoHHas yHKuna (ganee —UK®)
4HS(TEC; F) - Jﬂ*(TEC;/'M(TEC;C)exp(Zn/CC)tD'. (8)

O603Ha4veHus B hopmynax (7) u (8): U —BpemeHHoW capur; F =/ —' —pas-
HOCTHaa 4acToTa, * — 3HaK KOMMEeKCHOro conpsxxeHus. Bug K® onpegensert Bos-
MOXHOCTW PafuocucTeM MO TOYHOCTU W3MEPEHWIA JanbHOCTU M CKOPOCTU Leneid.
B npsmoyronbHoi cucteme koopgauHar (u; F\ @) kpusble PNTEC; 1) n . (TEC; F)
NpeacTaBnAlOT  COBOM  CeyeHWs  MOBEPXHOCTUM  HEOoMpeAenéHHOCTM  MMNy/bca
®(TEC; u; /) nnockoctammn F—0 1 1, —O cooTBeTCTBEHHO. Ha Haya/ibHOM 3Tane mx
N3y4eHUs NpPeSCcTaBNsaeT MHTEpPeC, MO-BUAMMOMY, YCTAHOBUTL BO3MOXHBbIN XapakTep
nfedopmaumm Ko, obycnosnneaemblii usmeHeHusamu TEC.

Ha puc. 4 n 5 (cm. c. 186) npuBeaeHbl AK® mmnynbca ¢ XaoTUYeCKOA HecyLIei,
OTBeYaroLLMe ornbaroLLIMM Ha puc. 2 U 3 COOTBETCTBEHHO. pecTaBNeHHble COBOKYM-
HocTM AK® [eMOHCTPUPYIOT 3aMeTHO pas3inyatolmniics xapaktep nosedeHuss AK®

npu Bo3pacTaHuun Tonbko Af' (cm. puc. 4) nam Tonbko TEC (cm. puc. 5) 1 npoymnx
paBHbIX YCNOBUAX. YBeNNYeHUe feBuaLMmn HecyLLeid NPpUBOANT K POPMUPOBaHMIO BCE
6onee y3KOro LeHTpabHOro Makcumyma AK® Ha thoHe CHWXKaloLMXCS NO BbICOTe
60KOBbIX MaKCMYMOB. C YBeIMUEHWNEM XX UHTErPasibHON 3N1EKTPOHHOW KOHLEHTpa-
LMW NpW 3aMeTHbIX Bapuaumax Buaa Tekywmx ormbatowmx (cm. puc. 3) sug AK®
Mo LOCTMXKEHUW HEKOTOPOro 3HaveHns TEC ctabunusnpyeTcs BMECTe C YypOBHeM 60-
KOBbIX MakCMMyMOB. Bce KpuBble Ha puc. 5 Takke WMEKT Y3KWA U BbICOKWIA
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Mo CpaBHEHUIO C NbefecTasloM MaKCUMYM U MOTYT pacCMaTpUBAaTLCA KaK J0CTaTO4HO
6nm3kne K ngeanbHoeiM AK®. B 0TCYTCTBUM BbIPaXKEHHbLIX GOKOBbLIX MaKCUMYMOB OC-
HOBHOI XapakTepucTukoin AK® ssnsetca sennunta Au, YTEC), paBHas WnNpuHe eé
LieHTpasibHOro nuka no yposHto 0,5. ByacTHocTu, Ha puc. 48 1 58 winpnHa AK® pas-
Ha -0,00455? .

ar =50Mry 47 =100MTy 'w° Ap =200MTy

jililtAAiIUk
-1,0 -0,5 0 0,5 1,0 u/*H -1,0 -0,5 0 05 1,0 u//n -1,0 -0,5 0 0,5 10 p.Am

a 6 B

10- AT =300MTy 10 yA AT =400MFy  10- .5 0T =500MIy
08 08 08
06 06 06
04 04 04
02 02 02

-1,0 -0,5 0,5 10uA4, -1,0 -0,5 0 0,5 10 mAa, -1,0 -0,5 0

Puc. 4. ABTOKOppENsUMOHHasA yHKUMS nMnyrbea (3) B MEXTIAHETHOM nnasme npu A0=1;
N=I\t =1wmkc; /' =2ITy TEC=1021m"2 [f pasHoi: g —50 MIy; 6 — 100; B —200;
r- 300, 4- 400;e- 500 MIy

Tec =10 17mM-2 10 TEC =1018w-2 10 TEC = 1Q13bl 2
08 08
0,6 0,6
0,4 0,4
02 02
I'm
-1,0 -0,5 0 0,5 1,0 W//mn -1,0 -0,5 0 0,5 10 HA, -1,0 -0,5 0 0,5 1,0 MA,
a 6 B
TEC= 1020m 2 10 TEC =0,5-t020nT2 1,0 K TEC = 1021m-2
0,8 08
06 06
0,4 04
. . 02 02
M WM
-1,0 -0,5 o 0,5 1,0u4, -1,0 -0,5 0 0,5 10 uf4, -1,0 -0,5 0 05 10 uAa,
r i} e

Puc. 5. ABTOKOppensLUmOHHas (yHKUMS MMNysea (3) B MEXMIaHETHOM nnasmve npu A0=1;
N=i;t = 1wmkc; /'=2ITy AC=200MIy;, TEC paBHoii: a — 10I7m~2 6 — 1018 B —1019
r- K ga- 5HOBe- 102Am“2

CoBoKynHocTb UK® mmnybca ¢ XaoTUYeCKOl HECYLLEN, COOTBETCTBYHOLLMX KPU-

BbiM \A Ha puc. 2 1 KpubIM AK®P Ha puc. 4, npefcTasneHa Ha puc. 6 (cMm. ¢. 187).
Kpueble YK® Takxke WMEKT €AWHCTBEHHbIA MaKCMMyM, MbedecTan KOTOpOro
Mo CPaBHEHUIO C MbeAECTA/IOM KPUBbIX Ha pUC. 4 eLlé MeHee BblpaXkeH. AHa/IOTMYHO,

UK®, cooTBeTCTBYIOLME KpMBbIM LL| Ha puc. 31 kpusbim AKD Ha puc. 5, npusese-
Hbl Ha puc. 7 (cMm. c. 187). BnusHue BenmumHel TEC npossnseTcs 34eck NULLbL Yepes
BapuaLmun hopMbl Nbefectana. Takum 06pa3oM, B paCCMOTPEHHBIX C/lyUasxX KpuBble
UK® MMEOT eANHCTBEHHBIN LIEHTPa/bHbIA MakCMMyM, BbICOTa KOTOPOrO MHOFOKpaT-
HO NPEBbILLIAET BbICOTY HOKOBbIX MakCUMYMOB. [103TOMY VX e4UHCTBEHHOI XapaKrepu-
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CTUKOW ABNseTCs Tenepb BennunHa AF() ( MEC), onpeaensiemas no aHanorum ¢ Benu-
ymHoli Au0 (TEC). BuacTHOCTK, Ha puc. 68 1 Te wimnpuHa YK® pasHa ~0,12 MIu.

0 4 Ar=50MTIy 10 AT =100MTy 1.0 A =200MTy
08 08 08
06 0,6 0,6
04 0,4 04
02 s 0,2
IWMFAIVMwN UlUuduAaL....
50 -25 25 F,MrLU  -50 -25 0 25 F,MTL -50 -25 25 F,MTL
a 6 B
10 W AT =300MTy 10 W, Ar'=400M Ty 1,0 Af =500MTy
08 08 08
06 06 06
04 04 04
0,2 0,2 0.2
-50 -25 0 25 F,MTLY -50 -25 0 25 F,MTLl -50 25 o % F,mry
r )i} €

Puc. 6. YacToTHas KoppensiyMoHHas (yHKLUs umnynbca (3) B MEXMNIaHEeTHOI niasMe mpw
A0=1, N=1; M= 1mkc; /'=2lTy; TEC=10%--2- Af paBHOi: a 50MIwu; 6 - 100;
B- 200; r-300: g - 400:e -500MrIy

0 y, TEC=1017w-2 10 4y TEC=1018T2 10 TEC = 1018m-2
08 08 08
06 06 06
0,4 04 04
02 02 0,2
100 -50 s0 ILMTL -100 -50 50 F,MTL - 100 -50 0 50 F,Mry
a 6 8
10 3 TEC=100m 2 10 TEC- OSI0BmM 2 10 4y TEC=1021m"2
08 08 08
06 06 06
04 04 04
0,2 0,2 02
HI> igw il
- 100 -50 50 AMTL - 100 -50 0 50 F,MTL - 100 -50 50 ~,MTL
r i e

Puc. 7. YacToTHas KoppensuuoHHas (QyHKUMS umnynbca (3) B MEeXNNaHeTHOW nnasme npu
A0=1 N= 1;t =1wmkc; /' =2ITy, Af'=200MTly TEC paBHoii: a — 1017 m~2; 6 — 1018;
B- 1019r- OX, 4- 5,(H02e- 102m~2

B uenom coBokynHOCTb K®, n306paXEHHbIX Ha puc. 4—7, No3BONseT Aony-
CTUTb, YTO BANAHME CPefbl PacrpoCcTpaHeHUs He OyAeT NPUBOAUTL K paspyLLUEHUIO
M3HAYa/TbHO «MFO/IbYaTON» CTPYKTYPbI TeNa HeONpeaeneHHOCTU My ibcea (3).

MockonbKy 3Heprus umnynsca (3) B NpoLecce pacnpocTpaHeHUs He U3MeHSeTCs
(cM. BbILLE), B MPUNOXEHUAX MOXET NPeACTaBNATL MHTEPEC B3aMMHas KOPpPesLNoH-
Hast PYHKLMA N3yYEHHOIO M PacnpoCTPaHSIOLLErocs MMMY/bLCOB (fanee —BK®)

WM(TEC;p) = —————- [ (0; T - p)N(TEC; t')dt". ©)

=N TECI/I,_l
Ha puc. 8 npueeaeHbl npumepsl geopmaumm BK®, 06ycnosnnsaeMble Bo3pac-

TaHneM TEC. TMpuHsTble 34ech Ans KpmBbIX 1-4 3HaveHus Af' n TEC Te ke, utomny
TeKyLLMX OrnbatoLmx Ha puc. 3aur e COOTBETCTBEHHO.
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Puvic. 8. B3aMMoKoppenaunoHHble (MYHKLMN U3NYUYEHHOTO 1 Ae(OPMUPOBAHHOIO HA MeXmna-
HeTHol Tpacce umnynbca wpa AO=1 N= 1, M=1wmkc; /,=2lTu; A/,=200Mly; TEC
paBHoit: 1- 1017m~2;2- 1020;3- 5,0TO2;4 - 102Am*“2

FMCTOMPAMMbI PACMPEAENEHVA MOAYNA OTBALIOLLIEA

Ha pwvc. 9 npuBefeHbl rMCTOrpamMMbl pacnpegeneHus ornéarowleii A  npsiMoyrofb-
HOTO UMMY/bCa C Xa0TUYECKO HecyLleil. OHU COOTBETCTBYHOT OrMbatoLLMMm, 13o6pa-

YKEHHbIM Ha puc. 2. VIHTepBan auckpetusauun AJ1| Ana BCeEX ructorpaMm OAvHaKoB
1 paseH 0,05. BbicoTa cTON6LA FMCTOrpaMmbl P €CTb OTHOLLEHME YMCa nonafaHui
BeMUYMHBLI \A = 3aHMMaEMbI UM UHTepBan (BK/IKOYas €ro NpaByHo rpaHuLy) K non-
HOMY 4MC/y OTCYETOB BEMMYMHBLI MOAYNS OrMGatoLLEeil Ha BpeMeHHOM OTpeske 7
(Ha puc. 9 7e[325;355] (a); Me[3237 (6); I6[30;39] (B); I €[28;41] (r);
7 e [27;44] (p); 7 e [25;46] (e)). LLlar oTcuéta no BpemeHn A7 = 0,001.

Pvc. 9. 3Bonouns ructorpammbl pacnpefeneHus BbiCOTbl orubatoulein |/ wumnynbca (3)
B MexknnaHeTHoii nnasme npn AO=1; N= 1;t = 1mkc; /' = 2Ty, TEC = 1021m-2; Af' pas-
Hoi: a- 50MTIu; 6- 100; 8- 200; r- 300; g- 400;e- 500 My,

MprMepbl KPUBbLIX MAIOTHOCTU BEPOATHOCTU P AN U300PaXKEHHBIX Ha puc. 9 ru-
CTOrpamM, NOCTPOEHHbIX C NMPUMEHEHWEM OTPaXXEHHOrO HOPMAaSibHOro pacnpesene-
Hua (BagavHckuid, 2001), npmBefeHbl Ha puc. 10. Mo BepTUKanK 34eCb OTNOXEHbI Be-

nmunbbl P/all| ap (P KonM4yecTBO OTCYETOB NOAS B NpeAenax 0TAeNbHOro MHTep-
Basia JUCKpeTU3aunm).
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Puc. 10. MnoTHOCTL BeposTHOCTK Moayns oruGatouleir VA umnynbca (3) B MeXMNNaHETHO

nnasme (Kkpusble 1) 1 eé annpokcuMaums ¢ NPUMEHEHNEM OTPaXKEHHOT0 HOPMaILHOTO pacnpe-

nenenmns (kpuble 2) npn AO=1; N= 1; U= 1mkc; f = 2Ty, TEC = 102lm~2; A" paBHoiA:
a- 50Mrluy; 6- 100;8- 200; r- 300; 4- 400;e- 500 My

3AK/MHOYEHUE

3noxeHb! npeABapuTe/ibHbIE pe3ynbTaTbl TEOPETUYECKOr0 aHanmn3a npouecca pac-
NPOCTPaHeHUs MO MEXMNIaHETHOW Tpacce pagvouMnyibca C HadalbHbIMU NPAMO-
YrofibHOM (HhOPMOI M XaOTMUYECKON Hecylleil. MexnnaHeTHas cpefa MoLenvpyeTcs
KaK BGecCTONKHOBWTeNbHAsA Mnasma. XaoTuyeckas Hecyllas SBNSETCA BO3MOXHbIM
CMoco6oM 06ecneynTb OAHOBPEMEHHO PacLUMpPEHMe U LYMOMOA06HbIV BUA ClekTpa
M31y4aeMoro MMy bca.

Mpy pacCMOTPEHHBIX XapaKTepUCTUKaxX U3/1ly4aeMoro UMNysbca ¢ yBenyeHneM
feBMauun Hecylleil WM/MNW WHTErpasbHOr0 3MeKTPOHHOIO COAEPXaHWUs TPacchbl
B MpoLecce pacnpocTpaHeHs MPOUCXOAUT MOCTEMNeHHas XaoTu3auus ero TekyLuel
orvbatoLleil, nHade, TpaHcopmauus MepBOHaYalbHO MPSMOYTO/ILHOrO MMMY/bCa
K lWymonogo6Homy Bugy. Mpu paccMOTPeHHbIX 3HaYeHUSAX NapaMeTpoB U3yvaemMmoro
MMNynbCca BNA0Tb 40 BennunH TEC ~ 102l M 2NMKOBbIe 3HAUYeHWSA MO B Xa0TU3NPO-
BaHHOM VMMY/bCe OCTAKTCH COMOCTaBUMbIMU C UX 3HAYEHUSMU B U3N1Y4aeMOM UM-
nynbce. Beneactaue BANAHWSA Cpefbl Y aBTO- U YaCTOTHOW KOPPENsLUOHHbIX (PYHK-
UM feopMUPOBaHHOIO MMMy bCca BCerda (hOpMUPYIOTCA U COXPaHATCA Npu BO3-
pactaHun TEC y3Kue LeHTpanbHble MUKW, BbICOTA KOTOPbIX MHOMOKPaTHO
MpeBbILLIAET BbICOTY BTOPUYHbLIX MUKOB NbeAecTana U XapakTepHas LIMpuUHa onpege-
NAETCA KOHKPETHbIMY 3HAYeHUAMU TEC 1 A/, YMeHbLUIAACh NPU UX BO3PACTaHUM.

C uenbio NPOBEPKM TMNOTe3bl 0 BO3MOXKHOCTM NPEACTaBNeHUs Kak CydaliHoro
npoLecca TeKyLLel BbICOTbI 0rMbaroLLeil Nons NPsAMOoyrosibHOro pagnouMnybea ¢ Xa-
OTWUYECKOW HecyLlei, MpeTepneBLLIEro ANCMEPCUOHHBIE UCKAXEHWNS HA MEXMIaHeT-
HOIi Tpacce, MOCTPOEHbI FMCTOrpamMMbl pacnpeseneHuns BbiCOTbl OrnbatoLLein B npese-
Nax ero TeKYLUEeN AIMTeNbHOCTU.
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A RECTANGULAR RADIO WAVE PULSE WITH A CHAQTIC
CARRIER ON THE INTERPLANETARY PATH

Yu. 5. Khudyshev, GM. Strelkov

Fryazino Branch of the Kotel'nikov Institute of Radioengineering
and Electronics of Russian Academy of Sciences (FIRE), Fryazino, Russia

The analysis of the nature and characteristics of the dispersion distortion of a rectangular ra-
dio pulse with a chaotic carrier, propagating in collisionless plasma media on the tracks, the in-
tegral electronic contents of which are characteristic of interplanetary distance paths, has been
analyzed. The chaotic carrier is modeled based on a Chebyshev mapping of the 1st kind of the
3rd order. It has been established that the rectangular envelope of the emitted pulse is gradual-
ly transformed to the form of a noiselike signal with its simultaneous significant broadening in
time. At the same time, the body ofuncertainty ofthe propagating pulse retains its original needle
shape with a low level of side lobes. Examples of histograms of the height distribution of a de-
formed radio pulse are given and the possibility oftheir approximation based on the reflected nor-
mal distribution is considered.

Keywords: rectangular radio wave pulse, chaotic carrier, dispersion distortions, interplane-
tary plasma
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W3YUYEHWE 3APAKN MBINEBOA YACTULIEI HA ME3OCOEPHbIX BHICOTAX
C HEMAKCBE//TOBCKAM PACMPELENEHWEM 3NEKTPOHOB

I.H. Wnunkynosa, K. E. Hypranuesa

Kasaxckuii HauMOHabHbI YHUBEPCUTET UMEHN anb-®apabu (KasHY)
Anmarbl, KazaxctaH

B faHHOI paboTe nccnefoBaHa 3apAafKa NblaeBol YacTWLbl B HEPAaBHOBECHOW MOHOCHepe, rae
B KayecTse ()YHKLMMW pacnpefeneHns aneKTPOHOB UCMOMb30Banach M-pacnpegeneHune. Pacyétol
NpoBOANNUCL AN MOHOCHEPHON nniasmbl Ha BbicoTe 85 KM C TemnepaTypoir 150 K n KoH-
LeHTpaumnein 3N1eKTPOHOB 1 MOHOB 0Koslo KO10m~3. YacToTa MOHOB cocTaBnsieT okono 105¢ 3
MpegnonaraeTca, YTo BCe Mbl/IEBbIE YACTULLbI OLHOIO pasmepa W cocTasnfet okono 10 HM. Ans
MOJeNnnpoBaHna 3apafKy MblneBbiX YacTul, 6bina ucnons3osaHa Teopus OML. MonyyeHo, yYto
L1151 MaKCBe/I/IOBCKOr0 U HEMAKCBEe/NI0OBCKOr0 pacnpefieNieHns naasMeHHbIX 4acTu, no CKopo-
CTV MPU K = 9 ecTb 3aMeTHOe OTK/IOHEHMWE pacrpefefieHns XBocTa U3 MaKCBE/ITOBKOro paBHO-
BECUA, MOTEHLMaN YacTULbl YMEHbLUAETCA C YBE/IMYEHNEM OTHOLLEHUA TeMnepaTypbl 3/1eKTPO-
HOB 1 MOHOB W YBENIMYMBAETCHA C BO3pacTaHWEM MOPSAAKOBOro HOMepa 3/1eMeHTa, MoTeHuman
YacTuLbl C YBENMYEHNEM OTHOLLEHWUA TeMmepaTypbl 3/1eKTPOHOB U MOHOB NPY HEPaBHOBECHOM
pacnpefeneHny 3NeKTPOHOB YMEHbLUAETCA TO/bKO AN BOAOPOAA MO CPaBHEHWUIO C paBHOBEC-
HOM pacnpefiefleHneM 31eKTPOHOB, a A/19 OCTa/lbHbIX COCTaBAALWMNX KOMIMOHEHT Me30cdepsl
yBeNn4YnBaeTCs.

Kntouesble cnosa: Mesoctepa, MoHocdepa, nbinesas nnasma, MakcBen0BCKOE pacnpefe-
NeHve, HeMaKCBe/IJIOBCKOE pacnpefefieHne, Kanna pacnpejeneHve

BBEAEHWE

B aTmoctepy 3emnu exxejHEBHO MPOHWKaeT O0K0M0 40T MblAY METEOPHOro Mpouc-
XOXAeHMS. YacTuubl METEOPHOro NPOMCXOXAEHWS NonajaloT B aTMOCchepy 3emnu,
TOPMO3ATCS U CropatoT Ha BbicoTe 70... 120 KM, B pe3ynbTaTe napbl MeTEOPHbIX Be-
LLeCTB KOHAEHCUPYIOTCA M 06pas3ytoT MeNKoAMCNepcHble HaHoYacTuLbl. HaHovacTu-
Libl TAKOKe MOTMYT MonagaTb M3 HUKHER aTMOC(epbl B pesy/bTaTe NoXapos U U3Bep-
>KeHUN BynkaHoB. Ha BbicoTe 80...95 KM noKann3yeTcs Hambonbluas KOHLUEeHTpauns
CYOMMKPOHHbIX U HAHOYaCcTWL, U CO3AAETCA eCTECTBEHHbI MbleBoit cnoit (Monenb,
2012, c. 110112; ®dopToB ¥ Ap., 2004). MonspHble Me30ChepHble ABEHUSA, KOTOpPbIE
MOXXHO Habno4aTh C KOHL,A Masi N0 KOHel, aBrycrta, —aTo cepebpuctble o61aka v no-
NApHble Me30ctepHble pagmnooTpaxeHus. CepebpucTble obnaka HabnogarTca Ha
BbicoTe 80...85 KM, UX YBMAETb Ha 3aKaTe, TOrfa Kak nosspHble Me3ocqepHble pagno-
OTPaXEeHUS NPOABNAKOTCA KaK CU/IbHbIE PaSMO0TPAXKEHNSA Ha pafapax, paboTaroLmx
Ha vactoTe nopsgka 50... 1000 My Ha BbicoTe 85...95 km (Monenb, 2012, ¢. 110-112;
dopToB U ap., 2004). Bo Bpemsi NeTHER NONSAPHON Me3ochepbl TeMMepaTypa Bo3ayxa
onyckaetcs go 150 K, 1 napbl BOAbl Ha 3TUX BbICOTax CTAHOBSATCA NEPECHILLEHHbIMMU.
BbipocLune o onpefenéHHOro pasmepa nblieBble YacTUL bl XapaKTeEPU3YHOT NOHU3a-
LIMOHHbIE CBOICTBA B MecTe CBOe nokanmsauun (Monens, 2012, ¢. 110—112; dopToB
nap., 2004).

BriepBble Ha CylLecTBOBaHWE MOHW30BAHHOMO Criefja OT METEeOpOB Obl10 yKa3aHo
B paboTax (Skellett, 1931, 1935). OfHaKO aKTUBHbIE UCCMef0BaHMS B 061acTu o6pa-
30BaHUA W fanbHellen AUHaAMUKN Me30C(epHON MblfeBOM Nnasmbl ObM HayaTbl
NNWb B KOHLE NPOLUNOro CTONETUS C UCMO/Mb30BAHWEM HA3eMHbIX, CMYTHWUKOBbIX

LLvHnkynoea M'ynbHyp HypbekoBHa — cTapluunii npenogasatens, gulnur.shynykulova@gmail.
com
Hypranvesa Kypanait EpkeHOBHa —KaHf,. (hu3.-maT. HaykK, foueHT, kdungen@gmail.com
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N pakeTHbIX n3mepeHnii (Belova et al., 2003; Cliilson et al., 2000; Cho et al., 1992;
Eklund, Balsley, 1981; Gavrilov et al., 2004; Havnes, 2014; Kelley, Ulwick, 1988;
Rottger et al., 1991; Sobyanin et al., 2002). Heo6x0AMMO OTMETUTb, YTO UCCNE0Ba-
HWsl, CBA3aHHbIE C N3YYEHWNEM CBOICTB Mbl/IEBOI ME30CHEPHON Mna3Mbl, UMeEeT 60/b-
LUO HayYHbI N NPaKTUYeCKWiA MHTepec. TakK, OAHMM U3 OCHOBHbIX HanpaBfeHWI
NCCnesoBaHUsA MbIJIEBOTO CMOSi HA BbICOTE Me30cepbl ABSETCS BO3MOXHaAs CBfi3b
MEXJy BbILLEMEPEUNCTIEHHBIMUA SBAEHUSAMWU WU [N06abHbIM M3MEHEHVEM KMMaTa
BCNeACTBME YBeNMUeHNs c/iof Me3octepHoro obnaka 3a nocnefHue 100 neT U3-3a aH-
TponoreHHoro (aktopa (DelLand et al., 2006; Roble, Dickinson, 1989; Taylor et al.,
2002; Thomas et al, 2003). 3apsKeHHbIe MblEBbIE YaCTULbl OKa3bIBAOT CYLLECTBEH-
HOE W YaCTO OnpefenstoLlee BAMSAHME Ha (PU3UKO-XMMUYECKME MPOLECChl, NpoTe-
Katolme B noHocdepHoi nnasme (Havnes et al., 2001; Klumov et al., 2000). B cBs-
31 ¢ atum KomnaHua AIM (Asteroid Impact Mission) sanycTtuna B anpene 2007 T.
NEPBYIO KOCMUYECKYH) MMUCCUIO, HamnpaBfeHHYH Ha W3y4YeHWe MOoNsApHOro Me3oc-
thepHoro obnaka. BmecTte ¢ TeM, B paboTe (Zabotin, Wright, 2001) npegnonaraetcs,
4TO METEOPHbIE Mbl/IeBblE YACTULLbI YYaCTBYIOT B (DOPMUPOBAHMN CNPainToB. Tak Xe
HEo6Xx0AMMO OTMETUTb, YTO BAUSHMWE MbIAN Ha YAaCTOTY CTONKHOBEHWIA, U Kak cneg-
CTBUE, Ha NMPOBOAMMOCTb, MOXET 3HAUMTE/IbHO MOBMATL Ha TOKOBbIE C/IOW Ha Bbl-
coTtax 100... 120 KM 1, B KOHEYHOM CYéTe, Ha AMHaMMKy moHocdepbl (Muralikrishna,
Kulkami, 2008).

OCHOBHAfA YACTb L PE3YJIbTATbI

KnHeTuka 3apafKuy MblfesbIX YaCTUL, B HEMaKCBE/INIOBCKOM NJia3Me Ha CeroAHSsLLIHWIA
[eHb NpeAcTaBnseT orpoMHblii MHTepec (Mishra et al., 2013; Scales, Mahmoudian,
2016; Nurgaliyeva et al., 2018). B pa6oTe B KayecTBe (hyHKUWW pacnpeaeneHns snek-
TPOHOB B MbIAEBOIA MOHOCHEPE, HArPETON MOLLHBIMU PagMOBOIHAMU MCMOMb3YeTcs
/N-pacnpegeneHue.

PacuéTbl NPOBOAMAMCH AN MOHOChEPHOI Na3mbl Ha BbicOTax 85 KM € TeMnepa-
Typoii 150 K 1 KOHUeHTpaumein aneKTpoHOB M MOHOB oKono KOOM  YacTtoTa mo-
HOB cocTasnseT okono 105c¢-1. MNpegnonaraetcs, YTo BCe MblEBbLIE YaCTULbl OAHOIO
pasmepa ¥ coctaBnseT okono 10 HM. [ns MofennpoBaHMa 3apsaku NblieBbIX YacTuL,
6blna NCNONb30BaHa TEOPUSt OrPaHNYEHHOro OpbUTaNIbHOro ABMKeHNUA (orbit motion
limited —OML).

[ns KONMYeCTBEHHOr0 OMMCaHMA 3apsAAKM MbINEBbIX YacTUL, B ra3opaspsgHoit
nnasve, Kak NpasBuio, WCNOMb3YKTCA TEOpeTUYecKue MOZENN, 3aMMCTBOBAHHbIE
N3 TEOPUM 3NEKTPUYECKMUX 30HA0B B nna3me. OfHa M3 Haubosee YacTo MCMOoNb3ye-
MbIX MOAENein — NpuOAMKEHNE OrpaHMYEHHOro0 OpoUTaNnbHOrO ABMKeHNs (OML)
(LibiToBNY, 1997).

O6bIYHO YCNOBUSA NMPUMEHUMOCTU AAHHOIO NPUOAXKEHUS (POPMYNINPYIOTCA Kak
a<xn;) «c/;(&) rae a —pasmep NblNEBON YaCTULbI, CYUATAETCS, UTO BCE YacTULbl Of1-
HOro pasmepa u cepunyeckune; XD—pagnyc ebas; 1{ —anuHa ceobogHoro npobe-
ra. 3TOT MOAXOL NO3BOMSET TONLKO COBCTBEHHO M3 3aKOHOB COXPAHEHWS 3HEpPruu
1 MOMEHTA UMMY/bCa ONPeLeNnTb CEYEHWNSA MOTIOLLLEHUA 3EKTPOHOB U UOHOB Mbl/e-
BO YacTULLEIA:

Tr |+ 2P
0efy) mev2) mev2 (i
) 1
0
m,v2
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—nao . 20(PS
oe{y)=na2y rﬁ.(vz’ 2

rae o,.,.,(V) — ceyeHune NOrnoweHns 3M1eKTPOHOB M MOHOB; Te{, — Macca 3N1eKTpo-
HOB (MOHOB); V—CKOPOCTb 3/IEKTPOHOB M MOHOB, NOTEHLMAN NMOBEPXHOCTY MbIIEBON
yacTuubl g)..

MOTOKMN 3M1EKTPOHOB MU MOHOB Ha MOBEPXHOCTb YaCTULbl OMPesensaTcs UHTe-
rpMpoBaHNeM COOTBETCTBYIOLLErO CeUeHUs C PYHKLUAMMW pacnpeseneHns no ckopo-
cramfe(v) nfek(v):

le = e fVOe(V)fe(V)d3v’ (3)
e Zrefvoe(v) e > 4)
rae 1 —KOHLIEHTPALMS 3/EKTPOHOB.

[Ns MaKCcBeNNOBCKOro U HeMaKCBEe//I0BCKOro pacnpefeneHuns naasmMmeHHbIX ya-
CTWL, MO CKOPOCTAM:

0
np*)=- - ©)
n
m
_ Iy re+3, 1
J100= \k—B)Tr () (©)
v oom 2

roe I —ramma (yHKUmMS; /[c— Kanna-pacnpegeneHue.

Pe3ynbTaT MaKCBE/NOBCKOTO M HEMaKCBEN/IOBCKOrO pacrpefeneHunst naa3MeH-
HbIX YaCTWL, MO CKOPOCTSIM MOKa3aHo Ha puc. 1 Mogo6paHo 3HayeHWe Kanna, KoTo-
pOe OT/IMYAETCS OT MaKCBE/INIOBCKOrO NMPU XBOCTE, paBHOe 9.

Puvic. 1. MaKcBeNOBCKOE U HEMAKCBE/TOBCKOE pacnpesenieHune niasMeHHbIX YacTul, No CKopo-
CTM (3eNéHblii LBET — MaKCBe/I/IOBCKOE, CUHWI — HEMAKCBE/IZIOBCKOE NPU K = 2, XENTbIA —
HeMaKCBe//I0BCKoe Npu K = 9)

MoTeHUMan nNblEBOM YacTuLbl B 3aBUCMMOCTM OT OTHOLLIEHUS TeMmnepaTypsbl
3/1EKTPOHOB M MOHOB NOKa3aHo Ha puc. 2 (cm. ¢. 194).
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Puc. 2. MoTeHUMan NbieBoi YacTWLb! B 38BUCMOCTU OT OTHOLLIEHUS! TEMMEPaTypbl 31EKTPO-
HOB 1 VIOHOB B C/Ty4ae: a —MaKCBe/II0BCKOro pacnpesenieHuns; 6 —HeMaKCBe/IOBCKOro pac-
npeseneHns npk =9

Kak BMAgHO Ha puc. 1, npy K —9 HeMaKCBENI0BCKOro pacrnpefeneHns ectb 3a-
METHOEe OTK/IOHEHME pacnpejeneHre XBOCTa OT MaKCBENNOBCKOrO pacrpeneneHus.
Ha puc. 2 BugHO, 4YTO NPU MaKCBE/INIOBCKOM W HEMAKCBE/NTIOBCKOM pacnpeaeneHnm
noTeHUMan YacTuLbl YMEHbLIAETCA C yBEIMYEHNEM OTHOLLEHUS TEMMEPATYpbI 1 yBe-
JIMuMBaeTCA C BO3pacTaHMem MopsaKoBoro Homepa ans rasos N, O, 02+, 03 OH,
NO+, a Takke NoTeHUMan 419 HEMaKCBe/I/IOBCKOrO pacrpefenieHns yBeMynBaeTcs
Mo CpaBHEHMIO C MaKCBENINIOBCKUM pacnpefeneHneM. Ha puc. 3 BUAHO YTO TOJbKO
ANa BOAOPOAA NOTeHLMan YacTuLbl C YBENMYEHWEM OTHOLLIEHWS TeMMepaTypbl aneK-
TPOHOB 1 MOHOB NPX HEPABHOBECHOM pacrpefeNeHNN 3/1EKT POHOB YMEHbLUIAETCS.

Puic. 3. MoTeHLyan MbUIeBoi YacTyLbI B 3aBACMMOCTM OT OTHOLLIEHNS
TEMMEPATYPbI 3MIEKTPOHOB 1 VIOHOB /151 BOLOPOZA

3AKNHOYEHUE

Taknum 06pa3oM, B pesy/nbTaTe pacyETOB ObI/I0 NOMTYYEHO:
* [NA MaKCBE/NIOBCKOr0 M HEMaKCBE/INIOBCKOrO pacnpefeneHnst niasMeHHbIX
4acTuL, N0 CKOPOCTAM MpW K =9 eCTb 3aMeTHOe OTK/IOHEHMWe pacnpeseneHus
XBOCTA N3 MaKCBe/N/I0BKOr0 PaBHOBECHS;
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* MOTEHLMa/ YaCTHLbl YMEHbLLAETCS C YBE/IMYEHNEM OTHOLLEHWS TEMMEPaTypbi
3N1EKTPOHOB 1 MOHOB 1 YBENMUMBAETCA C BO3pacTaHVeM NOPSLKOBOro HoMepa
3M1EMEHTA;

 TMOTEHUMa YacTULbl C YBENMYEHWEM OTHOLLEHWUS TeMMepaTypbl 3M1eKTPO-
HOB W MOHOB MPU HEPaBHOBECHOM PacrpeaeNieHn 3MeKTPOHOB YMeHbLUa-
eTCs TONbKO ANs BOAOPOAA MO CPABHEHWIO C PaBHOBECHBLIM pacnpefeneHu-
eM 3/1EKTPOHOB, a [/11 OCTa/IbHbIX COCTAB/SHOLMX KOMMOHEHT Me30chepbl
YBE/NIMUMBAETCS.
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STUDYING THE CHARGING DUST PARTICLES ON MESOSPHERIC HEIGHTS
WITH NON-MAXWELL DISTRUBUTION OF ELECTRONS

Shinikulova G N., Nurgaliyeva K. E
Al-Farabi Kazakh National University (KAZNU), Almaty, Kazakhstan

In this paper, we investigated the charging of a dust particle in a nonequilibrium ionosphere,
where the k-distribution was used as the electron distribution function. The calculations were car-
ried out for ionospheric plasma at altitudes of 85 km with a temperature of 150 K and an electron
and ion concentration of about KOIOnT 3 The frequency of ions is about 105s_1. It is assumed that
all dust particles of the same size and is about 10 nm. To simulate the charging of dust particles,
the OML theory was used. It was found that for Maxwell and non-Maxwell distributions of plas-
ma particles over velocities, with k = 9 there is a noticeable deviation of the tail distribution from
Maxwellian equilibrium, the particle potential decreases with increasing electron-ion temperature
ratio and increases with increasing element number, electrons and ions with a nonequilibrium
distribution of electrons decreases only for hydrogen compared to the equilibrium distribution of
electrons, and for the total components ofthe mesosphere increases.

Keywords: mesosphere, ionosphere, dusty plasma, Maxwell distribution, non-Maxwell dis-
tribution, kappa distribution
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HOPMANWN30BAHHBIE PASHOCTHBIE BETETALIMOHHBIE MHAEKCHI
HA MEPCMEKTUBHbBIX YUYACTKAX FEOMIOMMYECKOTO XPAHEHMSA
NIVOKCIIA YTNEPOAIA B IOHBACCE

B. B. tOpueHko, A. B. Hecosa, ®.B. Hegonekun, H. C. LecTasuH

[oHeukunii HaunoHanbHbIA yHUBepcuTeT (JoHHY), JoHeuk, YKkpanHa

Tepputopus [loH6acca obnafaeT cambiM 3HAYMUTENbHBLIM NOTEHUMANOM B EBpone ans reosno-
rMYecKoro xpaHeHus gvokcmaa yrnepoga (CO,) ¢ Lenbio CMArYeHnsa NocneLCTBUIA U3MeHEHNA
Knumara. Ha nepcnekTuBHbIX yyacTKax xpaHeHusa C02 npoaHannm3mpoBaHbl BO3MOXHbIE CLe-
Hapuu yTeyek C02 n meTofamMu AUCTAHLMOHHOIO 30HAMPOBaHUA 3eMAN OnpefeneHbl 3Have-
HUS HOPMa/IM30BaHHbIX PA3HOCTHBIX BereTauMoHHbIX MHAEKCOB, KOTOPble XapaKTepusytoT cTe-
neHb nornoweHna C02pacTUTeNIbHOCTLIO 3TUX YHACTKOB.

Kntouesble cnosa: xpaHeHne C 02, yteuka C02 nornoweHne C02 auCTaHUNOHHOE 30HAN-
poBaHWe 3eM/n, HOPMaIM30BaHHbIVi Pa3HOCTHbIV BereTaLMOHHbIN MHAEKC

Coal Atlas (pycckoe magaHue: «YTonbHbIA aTnac: Vickonaemoe TOMAMBO B LMpax
N (pakTax, 2016»; n3gaH coBMecTHO POHAOM MMeHU [eHpuxa bénnsa, bepnuH, ep-
MaHus, 1 «pysbamu 3emnux» (FOEI), JToHgoH, Benuko6putaHus) (Coal Atlas, 2017),
cocTaB/eHHbIi ®oHAoM eHpuxa Benas (MepmaHus), ykasbiBaeT Ha [loH6acc Kak
Ha KpynHeiiwwuii 6acceiiH B EBpone, rae MOXHO XpaHuUTb aunokcug yrnepoga (C02)
B Fe0/I0rMYeCKMX CTPYKTYpax Ans CMAryeHms nocieacTBuid rno6aibHOro M3MeHeHus
KnumaTa. Bo3MOoXkHbIli noTeHUMan reofnormyeckoro xpaHeHmst C 02 ougHnBaeTCs Be-
AnunHOW oT 45,7 go 428,3 Mnpa T (puc. 1, cm. ¢. 198), 4TO 3HAUMTE/IbHO NPEBbILLIAET
06BEMbI BblbpocoB C 02 npegnpuatuii JoH6acca 1 06ycnaBnvMBaeT MHTEPEC K BO3-
MOXHOCTW €ro UCMob30BaHus 4na noTpebHocTel BCel EBPONbI, a AOC/NOBHbIA nepe-
BOJ, Ha3BaHMS 3TOM0 PUCYHKAa — «)KefaTe/bHble CBASIKU A HEXEeNaTeNbHOro rasa»
HaMeKaeT Ha 60/bLLME PUCKIM Fe0NI0rMYecKoro xpaHeHus CO,.

PaHee Oblna cosgaHa reorpadmyeckas WHGopmaunoHHas cuctema (ENC)
(HenonekuH, LlectasuH, 2016), rae onpefeneHbl 8 NepcrnekTUBHLIX YYacTKOB reo-
norunyeckoro xpaHeHuss C02 Ha Tepputopun LoHb6acca (Mapkepbl 12-19 Ha puc. 2)
C YYETOM Treofiornyeckoro CTPOEHWUS Hefp, MPOMBILLJIEHHON W ra3oTpaHcnopT-
HOWM MHPaCTPYKTYpbl, AeMOrpagnyeckoil u reorpaduyeckoii cutyaumii. 3ta ENC
(cm. puc. 2) copepXuT ol NCTOUHMKOB ammnccum C02, KOTOpble PacnonoXeHbl Ha
Tepputopun [JHENponeTpoBCKOW, [LOHELKON, 3anopoXCKolA, JTyraHCKoi 1 XapbKoB-
CKOl obnacTeld M npefcTasfieHbl 12 yrofibHbIMU TEMIOBLIMU 31EKTPOCTaHLMUAMM
(mapkep 1 Ha puc. 2), 13 meTannypruyeckumy 3asogamun (2), 14 KOKCOXUMUYECKU-
My 3aBogamu (3), 1 ra3oBoii TeN031eKTPOLEHTPaNbIO (4), 3 XMMMUYECKMMM 3aBOfa-
mu (5), 8 ueMeHTHbIMM 3aBogamu (6) 1 39 AeCTBYHOWUMM YTroNbHLIMU WaxTamu (7),
a TaKXkKe C/Oi C 3/1eMEHTaMUM CYLLECTBYHOLLEA Ha TeppuTOpUKN 3TUX 06/1acTeil raso-
TPaHCMOPTHOW CUCTEMbI, KOTOPbIE MOTYT 6bITh MCMO/b30BaHbI 4151 TPAHCMOPTUPOBKY
C02n copepxaT MarucTpasbHble ra3onpoBogpl (8), pacnpeaenntesibHble ra3onpoBo-
Abl (9), komnpeccopHble cTaHuuK (10) 1 nog3emMHble rasoBble XpaHunuwa (11).

tOpueHko BukTopus BnagnumupoBHa —uHxeHep, vika.yurchenko.donnu@mail.ru

HecoBa ApuHa BnagumupoBHa —acnupaHT, arina.nesova@gmail.com

HeponekuH ®efop BUkTopoBuy —npod., A-p TexH. HayK, npod., f.nedopekin@gmail.com
LLlectaBnH Hukonaih CTenaHOBMY —3aB. OTAEN0OM, KaHA. TeXH. HaykK, n.shestavin@mail.ru
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B.B. tOpueKo v mp.

DESIRABLE DUMPS FOR UNWANTED GAS

Potential storage areas in Europe MoTeHunan
for CO2emissions generated by the extraction HakonieHnst C02
and consumyption of fossil fuels = B [loH6acce
ot 45,7 no 428,3
= MAp4, TOHH
1l

Potential storage areas
in million tonnes

0-100 i
100-500 J1
= 500-1,000
= 1,000-10,000

Puc. 1. MoTeHunanbHble o6nactn HakonneHus CO, B Pepone (Coal Atlas, 2017)

Puc. 2. TIC NCTOYHMKOB 1 MyTe Tpa itonopTUPOBKY
1 yyacTKoB xpaHeHus C02(Heponeku! i, LLlecTasuH, 2016)
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Hopmanu3oBaHHble pasHOCTHbLIE BEreTaluoHHbIe UHAEKCHI HA NepCrnekTUBHbLIX yyacTkax...

Mpn 3aKauke M reonornyeckom xpaHeHunm C02 peanunsyroTcd TpW T/1aBHbIX
CLeHapusi yTeuek cBepxKpuTnueckoro C02 u3 MecT [O/ITOBPEMEHHOIO XpaHEeHWs
(WectaBuH u gp., 2015):
* 13-32 HeAOCTaTOYHON repMETUYHOCTU MOPOAbLI-MOKPLILKN — 3TO Mef/1eH-
HbIlA NpOLLECC, KOTOPbIA 06bIYHO BYAET 3aKaHUMBATLCA MUHepanu3aumeid C02
Mo NYTU YTEUKY;

* 0 CTapbIM 1 HOBbIM CKBXXWHaM, CTBO/IaM U LUTPEKaM —3TW MPOLLeCcChl fer-
KO OTC/IEXMBAKOTCS U NpeoTBpaLLatoTCs;

* yepe3s CYLIECTBYHOLLME Pa3/iOMbl U TPELMHBI B FOPHbIX NaacTax — npyu 3Tom
BbIXOZAT Ha NOBEPXHOCTb 3HaUMTE/IbHble 06bEMBI C 021 ApYyrvX rasos, B TOM
yncne MeTaHa 1 pagoHa.

Peanusauusa nepsoro cueHapus yteukn C02u13-3a HeOCTaTOUHOW repMeTUYHO-
CTU NOPOAbI-MOKPBILLKMA NPOUCXOAUT NYTEM PacrpoCTpaHEHNUs CBEPXKPUTUYECKOrO
C02(BHauane Xngkoro, a 3aTeMm AByxa3Horo) 4yepes NopuUCTble ropHble NOPOAbI-Mo-
KpbILWKK. OueHKN 06bEMOB yTedek C02 N0 3TOMY CLEHapuio OCYLLECTBAAIOTCA Me-
TOAOM YMCNEHHOTO MOAENNPOBAHUS TEPMOMUAPOSUHAMUYECKMUX U MEXAHUKO-XUMU-
yeckmx npoueccoB (Xiaochun Li, 2017) ¢ y4éTOM peasbHbIX MapaMeTpoB M COCTaBa
FOPHbIX MOPOJ, PACMOIOXKEHHbIX HAZ 30HOW XpaHeHust C 02

3TW NpoLecchbl NPOTEKAKOT 0YeHb Mef/1IeHHO (MOXET NPONTK CTO UNU ThicAYa NeT
MoKa XMMUYECKMNE NPOLYKTbI 3TUX NPOLECCOB AOCTUIHYT FPYHTOBbLIX BOZ U/ NOBEPX-
HOCTK), HO KpaliHe OMacHbI 1119 YEN0BEKA 1 OKPYXKatOLLEN cpefibl (CBEPXKPUTUYECKNIA
C02, KaK XnAKWiA, Tak 1 AByX(hasHbli, ABNSETCA O4eHb 3PMEKTUBHBLIM PacTBOpUTE-
NeM TOPHbIX MOPOS, U MPOAYKTHI TAKUX XMMWUYECKMX PeaKLMii MOTYT BbITb TOKCUYHbI-
Mu). A nonagas B rpyHTOBbIE BOAbI TaK/e TOKCUYHbIE NMPOAYKTbI MOMYT CYLLECTBEHHO
YXyALWaTb MX Ka4ecTBO. 3aTeM 3TU XMMMYECKME MPOAYKTbI U razoobpasHblii C02ao-
CTUTratoT MNOBEPXHOCTU U MOTYT HEraTUBHO B/IUATH HA YEN0BEKA 1 OKPYXKAOLLYIO Npu-
POAHYIO cpesy.

BTtopoii cueHapuii yTeukn C 02 MOXET peann3oBaThCs B paiioHe BbipabOTaHHbIX
N OeNCTBYIOLMX MECTOPOXAEHMIA He(hT 1 rasa. Ha [loH6acce Takux MecTopoXx[e-
HUIA PacnofioXXeHO MHOXECTBO, YaCTb M3 KOTOPbIX MPOAO/HKAET IKCNIyaTUpOBaThCs
(3aropogHos, 2016), a YacTb 3aKOHCEPBMPOBaHa 1M 3abpoLLeHa, XOTS TaM eLLg ocTa-
NUCb Yrnesofopop!. Jna nosbilleHns HethTe- U ra3o0TAaun NaacToB MOXKHO UCNONb-
30BaTb UHBLEKLMUN CBEPXKPUTUYECKOTO COXX.

Puck yteukn CO02 13 reonornyeckmx XpaHunuLy, rno 3ToMy CLeHapuro MOXKHO
OLLeHWTb KaK OTHOLUEHWE N/IoLWaan MeCTOPOXAEHNS, I4e eCTb MHOXECTBO 3a6pOLLEH-
HbIX U [eACTBYHOLUMX CKBaXKMH, K OOLLENR naowanm nepcnekT1BHbIX Y4acTKOB reoso-
rmyeckoro xpaHeHuss C02—1,6 %, npu atom B npouecce nogbéma C 02K NoBepxHo-
CTU OH MOXET PacTBOPSATLCS B FPYHTOBbIX BOAAX, YTO OYyAeT OKasblBaTb BO3AEWCTBME
Ha 1X Ka4yecTBoO.

[15 OLEHKN BEPOATHOCTY peann3aLmm TPeTbero cueHapusa ytedek C 0213 nepcnek-
TUBHbIX Y4YaCTKOB reosiornyeckoro xpaHeHus C02 Ha [oH6acce MOXHO MCNob30BaTb
COOTHOLLEHWE MOLWaAN, Ha KOTOPbIX PacronoXeHb! FNyOUHHbIE U PErMOHasbHbIE pas-
nombl (3aropoaHoB, 2016) (YCNOBHO CUMTAEM LUMPUHY Pa3/lOMOB PaBHOM 1KM) 1 06LLei
noLwaam NepcnekTUBHbIX y4acTKOB reo/iormyeckoro xpaHeHus C 02, paBHoit 4,7 %.

Mpu yTeuke CO, 13 reoIorMYecKnx XpaHMnLL 4acTb rasa byaeT HenocpeacTBeH-
HO yX0fuTb B aTMOCepy ¥ co3AaBaTb NPOBeMbl A1 HACENEHUA PACMONOXEHHbIX Ha
3TUX YYaCTKax HaceN&HHbIX MYHKTOB, MO MyTW YTeYeK YacTUYHO hnong 1 ras oyayt
BCTYNaTb B XMMMWYECKUE peakLmmn ¢ ApYrMU rasaMy U ropHbIMK Nopogamu, 4To Oy-
[eT NpuBoAaUTL K MuHepanunsaymm C 021 CKNHOYEHNS ero U3 NnoToka yTeuku, a HeKko-
TOpas YacCTb BbllLeALLIero Ha noBepxHocTb C 0206yaeT NOrnowaTsea pacTuTeNbHOCTbIO
Ha 3Toin TeppuTopum. Mpun aToM cTeneHb noraoweHns CO, GyaeT 3aBMCETb OT M0T-
HOCTV 6MOMacChl Ha JaHHO Nnowaan.
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r

Puc. 3. Jlokannsaumsa nepcneKkTUBHbIX Y4acTKOB XpaHeHus CO2B [loHbacce u pacnpefeneHme
3HaYeHU HOpMaIM30BaHHbIX BEreTaLMOHHbIX MHAEKCOB Ha yyacTkax Ne 12—15
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Puc. 4. NTokanusauuns nepcnekTUBHbLIX y4acTKoB XpaHeHns CO2B [oHbacce v pacnpegeneHue
3HaYeHUn HOpMaM30BaHHbIX BEreTaLMOHHbIX MHAEKCOB Ha yyacTkax No 16—19
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Konunuectso 61Momacchl Ha NepcneKkTUBHbIX Y4aCTKax reo/iorMyeckoro XpaHeHus
CO02onpegenanacb METOAaMM AUCTAHLUMOHHOIO 30HAMPOBaHWA 3eMn NO 3HAYEHU-
M HOPMa/IM30BaHHbIX Pa3HOCTHbIX BeretTauuMoHHbIX uMHAekcoB NDVI (Normalized
Difference Vegetation Index) (HegonekuH un gp., 2018), KOTOpble XapaKTepuU3yHoT CTe-
neHb nornouwieHns C02 pactutensHocTblo (CaoHoB, KonecHukos, 2011) Ha aTux
yuyactkax (puc. 3, 4, cm. ¢. 200, 201). Yuactok Ne 12 (puc. 3a) nMeeT cpegHee 3Ha-
yeHue nHgekca NDVI = 0,20; Ne 13 (puc. 36) —0,25; Ne 14 (puc. 38) —0,15; Ne 15
(puc. 3r) —0,05; Ne 16 (puc. 4a) —0,25; Ne 17 (puc. 46) —0,03; Ne 18 (puc. 48) —
0,30; Ne 19 (puc. 4r) —0,04. Uem 60nbLue cpefHee 3HavyeHUe NDVI, TeM BblLle No-
rnoLaoLlas crnocobHOCTb AaHHOr0 y4acTka, T.e. y4acTok Ne 18 Haubonee nepcnek-
TUBHBI AN reonornyeckoro xpaHeHns C 028 [oHbacce.

OueHKa 3HayeHunit nHaekcoB NDVI Ha nepcneKTMBHBIX y4acTKax reonormyecko-
ro xpaHeHusi C 02 BbinosHeHa NyTéM LMGPOBO/ 06paboTKM CMYTHUKOBBLIX CHUMKOB
C KOoCMMYeckoro annapata Landsat-7 kpacHOro v MHMPaKpPacHOro crekTpaibHbIX
KaHanoB CO crefyroLmmm 3HadyeHnammu ceHcopos — NIR: 0,75...0,90 mkm n RED:
0,63...069 MKM, — MOMYyYEHHLIMX C MOMOLLUBID WMHTepHeT-cepBuca Landsat Look
Viewer, a Bbl4MCNEHNA NpoBefeHbl B cpefde Matlab no anroputmy, rae Mcnonb3o.a-
NINCb MACKWM KOHTYPOB MOTEHLMANbHbIX Y4aCTKOB re0/0rMyeckoro xpaHeHus CO02,
noflyYeHHble B MHTepHeT-cepBuce Google Earth Pro.

MokasaHHOe Ha puc. 3,4 pacripefeneHune 3Ha4eHUA HOPMaIN30BaHHbIX Pa3HOCT-
HbIX BEreTaLMOHHbIX MHAEKCOB Ha NepCNeKTUBHbIX yHaCTKax reosiorMyeckoro XxpaHe-
Hus CO20TpaxaeT peaslbHOe COCTOSIHME BMOMACCHI Ha 3TUX yYacTKax C APKUM Bblge-
NeHVEeM PacTUTENIbHOCTU Ha TePPUTOPUM NPOTEKAHUS NOBEPXHOCTHLIX B4, A B nep-
CMEeKTUBe M3yyasd Takue pacrnpefeneHus aTuxX UHAEKCOB MOXHO OYJeT OTCNeXMBaTh
3HaunTeNbHble BbIGpockl C02Mo Bcem TPEM cLieHapusam yTevek C02.
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NORMALIZED DIFFERENCE VEGETATION INDEXES ON PROSPECTIVE PLOTS
OF GEOLOGICAL STORAGE OF CARBON DIOXIDE IN DONBASS
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The territory of Donbass has the greatest potential in Europe for the geological storage of car-
bon dioxide (C02) to mitigate the effects of climate change. On prospective C02 storage areas,
possible scenarios of C02leaks were analyzed and the values of normalized difference vegetation
indices were determined by remote sensing of the Earth, which characterize the degree of C02
absorption by the vegetation of these areas.
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