The cosmos is all that is, or ever was, or ever will be. - Carl Sagan (1934-1996)

Kocmocvm e scuuko moea, Koemo e, UAu e buro, uru HaKoza we bvoe.

Kapa Ceiievn (1934-1996) —
SES 2018

Fourteenth International Scientific Conference

SPACE, ECOLOGY, SAFETY

7 - 9 November 2018, Sofia, Bulgaria

Bulgarian pllot-cosmonaut
Aleksandar Aleksandrov

s ‘*}_’-

CEEDlNGS

SES 2018

mm SPACE RESEARCH AND TRONAUTIC A
bAA 1 BAS
\-_.]). TECHNOLOGY INSTITUTE ASnggﬁwCAL

BULGARIAN ACADEMY OF SCIENCES

© Space Research and Technology Institute - Bulgarian Academy of Sciences
p-ISSN 2603 — 3313 e-ISSN 2603 — 3321
2018



BULGARIAN ACADEMY OF SCIENCES
Space Research and Technology Institute

BULGARIAN ASTRONAUTICAL SOCIETY

REPRESENTATIVE OFFICE OF ROSSOTRUDNICHESTVO
IN BULGARIA

FOURTEENTH INTERNATIONAL
SCIENTIFIC CONFERENCE

DEDICATED TO

THE 30-TH ANNIVERSARY OF THE SHIPKA SCIENTIFIC PROGRAMME
AND THE MISSION OF THE BULGARIAN ASTRONAUT
ALEXANDER ALEXANDROV

SPACE
ECOLOGY
SAFETY

SES 2018
PROCEEDINGS

The Conference is supported by Bulgarian National Science Fund
Contract Ne ANMMH® 01/20 — 23.08.2018

2018



Organizational Committee
Honoured Chairman: Acad. Julian Revalski

Chairman Members:

Corr. Member Petar Getsov, DSc Prof. Tsvetan Dachev, DSc
Assoc. Prof. Dr. Maria Dimitrova
Dr. Konstantin Peev

Dr. Krassimir Stoyanov

Valeri Vassev, MS

Mariyana Toncheva, MS

Adelina Kuzeva, MS

Vice-Chairman
Prof. Garo Mardirossian, DSc

Secretary
Assoc. Prof. Dr. Lachezar Filchev

Scientific-Programming Council

General Dr. Georgi lvanov
General Dr. Alexander Alexandrov
Acad. Chavdar Roumenin, DSc
Corr. Member Petar Getsov, DSc
Corr. Member Peter Velinov, DSc
Corr. Member Filip Filipov, DSc
Prof. Garo Mardirossian, DSc
Prof. Nikola Vichev, DSc

Acad. Lev Zelenyi — Russia

Acad. Valeriy Bondur — Russia

Prof. Alen Hauchecorne — France

Prof. Gerasimos Papadopoulos — Greece
Prof. Zdenek Nemetchek — Czech Republic
Prof. Stefano Tinti — Italy

Prof. Richard Haigh — United Kingdom

Prof. Stefan Manegold — Netherlands
Assoc. Prof. Bogdan Zagajewski — Poland
Dr. Stoyan Velkoski — Macedonia

Prof. Dr. Roumen Nedkov
Prof. Dr. Boyko Ranguelov
Assoc. Prof. Dr. Georgi Jelev

Tsveta Srebrova, MS

PROCEEDINGS

Editors:
Petar Getsov and Garo Mardirossian

Technical Editor
Tsveta Srebrova

Cover Design
Georgi Jelev

This Collection contains reports presented orally, or in the form of posters during the Fourteenth International
Scientific Conference ,Space, Ecology, Safety - SES 2018”, which was held on 7— 9 November 2018 in Sofia.

The Collection includes reports which were sent within the due term and were drafted in accordance with the
preliminarily announced instructions.

The reports and the accompanying abstracts are published in one of the three working languages of the
Conference after the authors’ choice.

© Space Research and Technology Institute — Bulgarian Academy of Sciences

p-ISSN 2603 — 3313 e-ISSN 2603 - 3321

Bulgaria, Sofia 1113, Acad. G. Bonchev St., bl. 1, P.O.Box 799
Phone/fax: (+359 2) 988 35 03
e-mail: office@space.bas.bg; http://www.space.bas.bg


mailto:office@space.bas.bg
http://www.space.bas.bg/

Bulgarian pilot-cosmonaut

Aleksandar Aleksandrov

Associate Professor, Doctor of Science
First class military pilot, honored pilot, major-general
Hero of Bulgaria and Soviet Union
Space mission on MIR space station
from 7 to 17 June 1988






CONTENTS

Session 1
Space Physics

Hukonaii EpoxuH, PymeH Llikeeoe, Bnadumup JlosHukoe, Hadexda 3onbHukKkoea,
Jlrodmuna Muxatinoeckas
[MepemMeHHOCTb NOTOKa 3NEKTPOHOB M NO3MTPOHOB B KOCMUYeckmx nyyax (Invited paper). .. ........ 13

Pymen Llikeeoe, Hukonaii EpoxuH, Bnadumup Jlo3Hukoe, Hadexda 3onbHuKoea,

Jlroomuna Muxatinosckasi

AHanuns Ha gMHamMmuKaTa Ha CbpdaTpOHHO YCKOpeHue Ha cnabopenaTnBMCTKU €NeKTPOHM

OT BbJTHOBU MAKET B KOCMUYECKA MITABMA. . . . . o e it it ittt et et e e e et et e e e e et e e e e 23

Tsvetan Dachev, Kalin Lilovski, Nikolay Bankov, Borislav Tomov, Yurii Matviichuk,

Plamen Dimitrov, Jordanka Semkova, Rositza Koleva, Vyacheslav Shurshakov,

Victor Benghin, Donat-Peter Hader, Gerda Horneck, Giinter Reitz

Description of the Database with Liulin Type Instruments’ Cosmic Radiation Data. . .............. 30

Tsvetan Dachev, Nikolay Bankov, Borislav Tomov, Yurii Matviichuk, Plamen Dimitrov
High Energy Depositing Events Observed Inside and Outside of the Earths Magnetosphere. . ... ... 37

Lev Dorman, Peter Velinov, Dimitrinka Tomova, Alexander Mishev, Lachezar Mateev
Anomalous Enhancement of Cosmic Rays during G3 Geomagnetic Storm on 26.08.2018
in Special Position of Sun-Earth-Moon System. . . ... ... .. 43

OzHsiH OzHsiHoe, Sleop Llonoe, NMembp Neyoes, lNeHka Mbanoea, Anekceli Cmoee
Cb3gaBaHe Ha Mpexa 3a KocMuyeckuTe HabnmogeHns u npocnegsasaHe (SST)

B Bbrrapus — MbPBU PEBYMTATU. « . . vttt et e e e e e e e e e e e e e e 49
Boian Kirov
Solar Activity, Earth Rotation and Atmospheric Circulation. . ........... ... . ... .. . . ... 61

Simeon Asenovski
Variation of the Solar Wind Speed in Solar Cycle 24. .. .. ... ... . . e 66

Simeon Asenovski
High Speed Solar Wind Contribution to the Solar-Terrestrial System. . .......... ... . ... ...... 70

Anekcel Cmoes, lNleHka Cmoeea, Cepzel Ky3uH
CnekTpanHute HabnoaeHns Ha CNbHUETO KaTo TeMa 3a nabopaTopHa paboTa B LKonuTe
MO KOCMUYECKA OU3NKA M @CTPOHOMMUSL. . . . v oot et ettt e e e e ettt e e e ettt e 74

Muna Cnacoea, Anekceti Cmoes, lleHka Cmoeea
WHTepaucumnnMHapeH noaxon npu CbCTaBsHE Ha CUCTEMA OT YNpPaKHEHUSI B YHUBEPCUTETCKM
KYPC MO @PXEOACTPOHOMME. . .« v v v vttt e et e e e e e e e e e e e e e e e e e e e 80

Kpacumupa SlHkoea
DOYHOAMEHTANHA AABEKLIMS. .« .« v vt ettt ettt et et e e et e e e e e e e e 85

Kpacumupa SlHkoea
BnusiHue Ha rpaHuuarta B cuctemata Disk-Corona Bbpxy pasBUTMETO Ha KOPOHATA. . . . . ..o v .. . 90

Natalya Kilifarska, Rumiana Bojilova, Tsvetelina Velichkova
Spatial Heterogenity of Cosmic Radiation Measured at Earth’s Surface. . ...................... 95

Rolf Werner, Dimitar Valev, Veneta Guineva, Andey Kirillov, Boyan Petkov
Determination of the UV-Index Using Measurements Performed by the GUV 2511
INStrument at Stara Zagora. . . .. .. oottt 101



Rositsa Miteva, Susan Samwel
Catalogs of Solar Energetic Electrons and their Radio Emissions in Solar Cycles 23 and 24. ... ... 106

Daniela Boneva
Signatures of Small-Scale Brightness Variability of the Binary Star System NQ Gem............. 111

Peter Tonev
Possible Explanation of Reversal of lonosphere-Earth Electric Current Observed
in High-Latitude Stratosphere during Solar Proton Event on 20.01.2005. . ..................... 117

KocmaduH Llletipemcku, lMnameH PymeH Llikeeos, Hukonati EpoxuH
Bbpxy eauH meTop 3a nscnefBaHe Ha NapamMeTPUUEH PE3OHAHC. . . . v v v v v v i i i i et e e e e 121

AHzen1 MaHee, TaHbo TaHee, [JuHko N'ocnoduHoe, BecenuH Tawee
Kocmuyecku penepu B XxpoHorpaduara Ha TeodhaH NBMOBEAHUK. . . . ..o oo oo i i 125

Bnadumup apb6auesuy, Nzopsb Lllubaes
MposiBneHne xapakTepucTuk JlyHbl Npy perucTpauuM Moaynst MarHUTHOMo Nonst 3emMnu. .. ... ... 130

Session 2
Aerospace Technologies and Biotechnologies

Petar Getsov, Dimitar Jordanov, Wang Bo, Stefan Getsov
Modeling a Pilot Error from Uncoordinated Commands while Performinga Turn. ................. 137

Petar Getsov, Ruslan Yanev, Wang Bo, Georgi Sotirov, Pavlin Gramatikov
Hybrid Motogenerator System for Electrical Propulsion of Unmanned Aerial Vehicles. . .......... 143

Dimo Zafirov
Vertical Take-Off and Landing Unmanned Airplane. . ............. ... .. . ... 150

Dimo Zafirov
Vertical Take-Off and Landing PropulSions. . . .. .. ... e 154

leopau Comupoes, Ceemsiozap AceHos, Hukonaii 3azopcku
AHanu3 Ha Teopusi Ha NorieTa Ha genTannaHep 3a onpegensHe Ha U3NCKBaHUS U MeToaun
33 OLIEHKA HA NMEeTaTeITHATA TOAHOCT. . . . . v e it e e et et e et e e et e e et e et e e e e 158

leopau Comupoe, Ceemsiozap AceHoe, AHzenuHa Yoxzoea, Muxaun Bnadoe
CurcTtemMm 3a MOHUTOPUWHT Ha TEXHUYECKOTO ChCTOSHME HA BEPTONETUTE. . o v o v e e e e eeee e e v 167

Malina Jordanova, Frank Lievens, Anton Vladzymyrskyy
Creating Digital Ehealth Repository (The New Digital Library). ............. ... .. ... .. .. ..... 171

Rositsa Miteva, Mariana Zaharinova, Tatiana Belichenova, Garo Mardirossian
Web-Site of the Bulgarian Space Instrumentation Initiative. . .. ............ ... .. ............ 176

MuneHn 3am¢bupoe

MoBuwaBaHe ehekTUBHOCTTA Ha CUNMMLUMEBU (hOTOENEMEHTM Ype3 0bbyBaHe

C NasepHo NbYeHne KaTo Bb3MOXHOCT 3a EHEPrMNHO Bb3CTaHOBABAHE Ha U3KYCTBEHU

CITBTHULIM HA BEMSATA. . o o oo vt it e e e e e e e e e e e e e e e e e e e e e e e e e e 181

lnameH TpeHdachunoe
YCTOMYMBOCT Ha PaMOB3PUBATENNTE CPELLY CMYLLEHUS. « o\ e ot e et et e e e e ee e e e 186

IMnameH TpeHdaghunoe
OTHOCHO paboTaTa Ha YeCTOTHO MOAYITMPAHNTE TPAH3UCTOPHM @BTOOUHWN. . . oo oo v v e e e s 192

Konstantin Metodiev
Driving a CAD Model by Hardware inthe Loop. ... ... .ottt e 196



3os1 Xyb6eHoea
CuTyaumnoHeH aHanua Ha epraTudHM CUCTEMU 3a ynpaBrieHne Ha MOOWIHM ODEKTU. ... .. ... ... .. 202

Xpucmogpop CkaHOanuees, Kanux Kpymoe, Henu Cueeea, Oneez lNaHaliomoe,

Cuneusi BeHkosa

WN3cnegBaHe Ha KOMMO3UTHM CbCTaBW 3a COMNSIOBM BIIOK HA EKOSNOMMYHO YMCTU

PAKETHU OBUTATEIIN. .« o o v vt it e e et e e e et e e e e et e e e e e e e e e e e e 208

MaenuH Npamamukoe
BTopunyHa enekTpo3axpaHBalla cuctema 3a 6e3nunoTeH neTateneH anapar. .. .. ...cov v e e e ... 212

Maenun Npamamukoe
BTopuyHa enekTposaxpaHBallia cMcTemMa 3a MHOTOKaHarHa CnekTpoMeTpuyHa
CUCTEMA ,CMEKTBP-256 . . . o o e e 217

Enucaeema AnekcaHopoea

MaHunynaumm 3a cMeTka Ha TEXHONOMMYHUS Nporpec: npumepun B obnacrra
Ha CMBbTHUKOBUTE KOMYHUKALIMM. . o o o o vt et e e e et et e e e et et e e e e e e e e e 221

Session 3
Remote Sensing and Geoinformation Systems

Paduk MapmupocsiH, Anb6epm I'ynsH, Famnem lNMupymsiH, Map2ap AQubeksiH

WccnepnoBaHne xapaktepuctuk pagmnoteneckona PT-13 UMAPAH. . ... ... ... . ... ... 229
leopau Xenee
BUAOBE APOHOBE. . . .. ittt it e et et e e e 236

Mapus Qumumpoea, fesiH N'oyes, lNnameH TpeH4Yyes
M360p Ha CMbTHUKOBW LaHHW 3@ perucTpmpaHe 1 nacregsaHe Ha nAcbyYHu Oypu
oT Adbpuka, HacoUYeHU KbM BankaHCKMUA MOMYOCTPOB. . . .. v vt v et it et e e e e e e 253

Hesin No4yee, Mapusi [lumumpoesa, lNnameH TpeH4yee
CpaBHsiBaHe Ha mogenu 3a Bpb3kute mexay AAI(AOD) n PMas, PM1o. ... .. ...t 258

BecesnuH Tawee, Pongh BepHep, AHzen MaHes, Qumumbp Bbiies,

Mapuana NopaHoea, AHa LLluwkoea

PasButre n yctaHoBsiBaHE Ha TeHAEHLUMMN B TemrnepaTypHUTe NPOMEHN Ha aTtMocdeparta

B pafoHa Ha MPad CTapa SaropPa. . . . .. vt e e e e e e 262

BecenuH Tawee, Pong BepHep, AHzen Maree, [Jumumbp Bbries,

MapuaHa N'opaHosa

MpadmyHO M3obparkeHne Ha KONMYECTBOTO CITbHYEBA eHepPrusi nagawa Ha 3emaTa

38 Pa3NUYHU BPEMEBU MEPUOOM. . . . . o ettt et e e e et et e e e e e e e e e e 269

Valentina Hristova, Denitsa Borisova
Experimental Study on Merging Methods in Road Recognition. ... ................... ... ...... 277

Valentin Atanassov, Denitsa Borisova, Ventzeslav Dimitrov, Doyno Petkov,
Hristo Nikolov, Georgi Georgiev, Hristina Vasileva
Multisensor Earth Observation SyStem. . ... ... .. 282

Hernuua bopucoea, Mapzapuma NopaHoea
TemaTnyHM CcnekTpanHu JaHHW OT CUCTEMU 3a AUCTAHLMOHHN U3CNEABAHUS. . . ..o oo e e e 289

AHeesn MaHes
O0630p Ha TeMMNepaTypHUTE aHOMaIuMKM Ha NOBBbPXHOCTTA Ha YepHO Mope
B nepnofa 1988—19990 TOOMHMU. . . . . ..ot 293



Dessislava Ganeva
Semiautomatic Retrieval of Biomass Based on Vegetation Index Optimization and Machine
Learning Methods for Winter Rapeseed Crops. . . ... vt i e 299

Temenuzhka Spasova, lva Ilvanova, Deyan Gotchev, Nataliya Stankova

Monitoring of Short-Lived Snow Coverage Based on Aerospace Data on Svalbard
N NOTWAY. .« . . et e e e 306

Session 4
Ecology and Risk Management

Boyko Ranguelov, Fathimath Shadiya

The C AB AR E T ERASMUS+ Project WP7 - Progress and Achivements. ...................... 319
Orlin Dimitrov, Boyko Ranguelov

Natural Hazards and Natural Resources of the Bulgarian Black Sea Coastal Area. .. .............. 323
Mapzap AdubeksiH

AHanus HabnogeHuin MoHocepPHbIX BPEMEHHBIX PAA0B A1 OOHapYXeHus

NPEABECTHUKOB 3EMIETPSICEHUM. . . o o v v vttt et et e e e e e e e e e e e e e e 328

Mapzap AdubeksiH, ApmuHe bazdacapsiH
AHanns HabnoaeHU MOHOCKEPHBIX, FEOMArHUTHbBIX 1 3NEKTPOMAarHUTHbIX BPEMEHHbIX
PSAOB AN 0GHapPYXXeHUS MPEABECTHUKOB 3EMIETPSACEHUM. . . . .ot ettt it e 331

leHHaduli Maknakos, Hadexda Neopzaueesa, EezeHu Manee
WNacneasaHe Ha NepcrnekTUBHN peKkpeaLoHHN 30HM B Bbnrapus 3a pexabunutauus
1 NPodUNaKkTMKa Ypes XpoHouanoTepanus Ha paboTeLly B aepOKOCMUYECKNS OTpachI. .. ....... . 335

leHHadul Maknakoe, Hadex0da Neopaueea, MeaH NeaHoe
OcobeHocTu Ha ekonorusaTa Ha Mobutute kambHK (BapHEeHCKM pervoH)
U BANSHUETO M BBPXY HOBEKA. . .« o oo i ettt et et e e e e e e e e e e et 341

Venelin Jivkov, Simeon Panev, Venkatanathan Natarajan, Philip Philipoff,
Petar Mandiev, Blagovest Simeonov, Silvia Mitkova, Yordan Tankovsky
Modern Ecology Friendly Pneumatic Structures. .. .. .. ... .ot e 346

Venelin Jivkov, Simeon Panev, Venkatanathan Natarajan, Philip Philipoff,
Petar Mandiev, Blagovest Simeonov, Silvia Mitkova, Yordan Tankovsky
Three Modern Strategies for Protection of Building Structures against Earthquakes................352

Bunma lNemkoea, NeaHka lMackaneea, BeHyecnae CmosiHoe, Bnaducnae Kocmoes,

BunsiHa Kocmoea, Panuuya Bepbepoea, Teodocuc lMananuaHaac

BeposaTHOCTEH aHanu3 Ha cenamnyHusa puck (PSHA-aHanus) no nuHusTa

BrnaroeBrpag — BaHCKO — ToLE [IeNUEB. . . . . . . o 358

ExamepuHa Cepagpumosa, Bunma lMemkoea
EdekTnBHO ynpaBneHune n metoam 3a obesBpexagaHe 1 Onon3oTBopsABaHe

Ha yTamkm OT TTICOB. . . . . o e e e 364
ExkamepuHa Cepagumosa, Bunma lNlemkoea

Bb3MOXHOCTM 32 ONON30TBOPsIBAHE Ha LUPeAMpaH YANC OT aBTOMOOUMHU TYMU. . ... ..o oot 369
Panuua bepb6eposa

0O0630p Ha Bb3HMKHANM KPU3UCHU CbOUTUSI OT NpupodHu 6eacTeusa B Bbnrapus

32 Neprofa 2004—2010 I . . ..ottt e 375

Mapko Y3yHoe, EszeHusi Cagoea-BudeHoea
lMporHo3npaHe KOHUEHTpaLmaTa Ha BbIMEepoaHNs OKCUA NO NPOrHO3HU OAaHHM
Ha METEOPOSTOTUYHUTE MOKABATEIIM. . . . v v v v ettt e e e e ettt e e e e e e et ettt 379



Marko Uzunov
Multiple Linear Regression Models Based on Meteorological Parameters for Forecasting
of Nitrogen Oxides Concentrations Levels. . . ... .. i e e 385

Muna nueea-O6pemeHoea

BupTyaneH ekcnepMMeHT C noyBaTa KaTo OPaKTaneH OBEKT. .. . ...t it 391
Ceemuna Jumumpoea
BnusaHne Ha npomeHUTe B CnNbHYEBaTa U reoMarHMTHaTa akTMBHOCT BbpXy buocdepara...........397

Gennady Belyaev, Boris Hotinov, Vladimir Kostin, Olga Ovcharenko, Elena Trushkina
On the Possibility of Powerful Underground Explosions Impact to Release of the Earth's
Crust Stresses and on the Development of Hurricanes. . ............. ... ... 403

NMembp Bodypoe, Bacun NeH4yee
HoBW BUCOKOTEXHOMOMMYHU peLleHns Ha eKONOMMYHN npobnemn B CTPOMTENCTBOTO. .. . ............410

HNea Hukonoea, lNan4o Hukosnoe
Ekonorocbo6pasHOTO CTPOUTENCTBO KaTO MApPKETUHIOB MHCTPYMEHT Ha CbBpPEMEHHATa
CTPOUTEITHA KOMITAHUSL. . . . . .ot ettt e et e e e e et e e e e e et it it e e e 415

UeaH BbnyuHoe, fJuaHa BbnyuHoea, Napo MapdupocsiH, Ceemocnae 3abyHoe
BeanunoTHa aBraunoHHa cucTeMa 3a paguaLMoHHO pa3y3HaBaHe, aeporama ckaHupaHe
M KAPTUPAHE. .« . v vt e e et et et e e e e e e e 420

Stojan Velkoski, Jane Velkoski, Mihail Velkoski
The Meaning of the Ancient Messages through the Stone Artin Macedonia. . .................. 423

Hadst MapuHoea
MKOHOMMKA M MIPUIPOOA. « - o o v v ettt et e e et e e e e e e e e e e et e e e e e e 429

Kh. Davarashvili, T. Zhvitiashvili, A. Aleksandrov, T. Adeishvili
Evolution of Biosphere and its Physical and Ecological Model.. ... ........ .. ... ... ... ... .. ... 435

T. Adeishvili, A. Aleksandrov, Kh. Davarashvili, T. Zhvitiashvili
On the Model of Physical Evolution of Biosystem. . ........... ... .. . . i 440

Session 5
Space Material Science and Nanotechnology

Boris Barbov, Anna Petrova
Oxidation of Aluminum Alloys in the Processing Condition. . ............... ... ... ... ... 447

Boris Barbov, Anna Petrova
Microstructure and Mechanical Properties of Nano-Microcrystalline Aluminum Alloys............... 451






Session 1

Space Physics

Chairmen: Prof. Tsvetan Dachev
Corr. Member Peter Velinov
Secretaries: Assoc. Prof. Maria Dimitrova
Assoc. Prof. Daniela Boneva






S E S 2 018
Fourteenth International Scientific Conference
SPACE, ECOLOGY, SAFETY
7 — 9 November 2018, Sofia, Bulgaria

Invited paper

NEPEMEHHOCTb NOTOKA 3JIEKTPOHOB U MNO3UTPOHOB
B KOCMUYECKUX JTYHAX

Hukonan EpoxuH!, PymeHn LLUkeBoB?, Bnagumup Jlosumnkos?, Hagexpa 3onbHukosal,
Mogmuna Muxannoeckas*

YMHemumym kocmuyeckux uccnedosaHuli, Pocculickasi akademusi Hayk, Mockea, Poccusi
2MHcmumym 3a KocMudecku uscnedsaHusi U mexHomnoauu, berzapcka akademusi Ha Haykume, Cogpusi, Brrizapusi
e-mail: nerokhin@mx.iki.rssi.ru, shkevov@space.bas.

Knrodeenie crnoga: CepghompoHHbIli MEXaHU3M YCKOPEHUS, nna3MeHHbIe 8071Hbl, KOCMUYecKue y4yu,
eenuocgepa, nokanbHas Mexsge30Has cpeda.

AHHOmMayus: Ha ocHose 4qucrieHHbIX pacyemos U aHanu3a OaHHbIX CryMmHUKO8bIX 3KCIepUMeHMOos
Fermi-LAT, AMS-02, DAMPE uccnedogaHa nepemMeHHOCMb CyMMapHO20 MomoKa 3/1eKmMPOHO8 U MO3UMpOoHO8
(e* + e7) 8 kocmuyeckux nyqax (KJ1) ¢ yuemom modenell cepghompOHHO20 YCKOPEHUS 3aPSIKEHHbBIX Yacmuy, 3/1eK-
mpomazHUMHbLIMU 807THaMU 8 KocMudeckoll nnasme. NokasaHo, 4mo nepemeHHocms criekmpa KJ/10ns (et +e?) e
3Hepezemudeckom Ouarna3oHe [3B-TaB docmoeepHa. Habnwodaemcsi koppensayus mexoy 00Cmo8epHOCMbIO
nepemeHHocmu Onsi criekmpos (e* + e€7) u eenuqyuHou pasHocmu, ycpedHeHHbIX 3a UHmepsasn HabrrodeHus,
CcpeOGHeMeCSIYHbIX YUCes1 COoIHeYHOU akmueHocmu. [pu noebileHUU COTHEYHOU aKkmu8HOCMU HU3KO3Hep2emu-
yeckasi yacmb cnekmpa KJ/1 eospacmaem cywecmeeHHo. Takum obpa3om mMooesib cephOmpPOHHOZ0 yYCKOPEHUST
KocMmuYeckux nydel 8 bnuxadlwel OKpecmHoCcmu COMIHeYHOU cucmembl (Ha nepughbepuu eenuocgepbl U 8
bnuxaliwux mex38e30HbiX obrnakax) ernosiHe Moxem o6bSCHUMb cyujecmeaosaHue Habnwodaemol nepemMeHHoOU
KoMroHeHmbI nomoka (e* + e~) 8 K/T Ha epemeHHoU wkane om ~ 1 mecsaya do ~ 1 eo0a.

ELECTRON AND POSITRON FLUX VARIABILITY IN COSMIC RAYS

Nikolay Erokhin!, Rumen Shkevov?, Vladimir Loznikov?!, Nadezhda Zolnikova?,
Ludmila Mikhailovskaya?

1Space Research Institute, Russian Academy of Sciences, Moscow, Russia
2Space and Research and Technology Institute, Bulgarian Academy of Sciences, Sofia, Bulgaria
e-mail: nerokhin@mx.iki.rssi.ru, shkevov@space.bas.bg

Key words: Surfatron acceleration mechanism, electrons and positrons, plasma waves, cosmic rays,
heliosphere, local interstellar medium, flux variability of electrons and positrons.

Abstract: Based on numerical calculations and data analysis of satellite experiments Fermi-LAT, AMS-
02, DAMPE, the total flux variability of electrons and positrons (e* + e~) in cosmic rays (CR) was studied taking
into account the models of surfatron acceleration of charged particles by electromagnetic waves in space plasma.
It was shown that variability of the CR spectrum for (e* + e) in the energy range GeV-TeV is veracious. A
correlation is observed between the veracity of the variability, for a pair of spectra (e* + e7) and the magnitude of
the difference, averaged over the observation interval of the average monthly numbers of solar activity. With the
increase of the solar activity, the low-energy part of the CR spectrum grows significantly. The model of cosmic ray
surfatron acceleration, within the immediate vicinity of the solar system (on the periphery of the heliosphere and in
the nearest interstellar clouds), can give plausible explanation for the existence of the observed variable flux
component (e* + e7) in CR on the time scale from ~ 1 month to ~ 1 year.

BBepeHune

MocnegHee nokoneHue OETEKTOPOB KOCMUYECKUX nyqe|7| (,El,eTeKTOpr, 3anyckaemble Ha
aspocTarax, CnyTHuKax, un donbliMe HaseMHble yCTaHOBKM) 3HAYNTENIbHO Yyny4ylwnno 4yBCTBUTESb-
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HOCTb W 3HepreTMyeckoe paspelleHne U3MepeHuin, YTO NO3BOSUITIO 3aperucTpupoBaThb NepemMeHHble
ocobeHHocTn B cnektpax KJl. [lepBoe OTKpbITUE LWMPOKOro KBasu-nuka B cnektpe (et + e”) K1 B
OKPecTHOCTU 3Heprun ~ 700 3B Owbino cpoenaHo B ©GannoHHom akcnepumeHTe ATIC [1] wm
noaTBepxxaeHo B 6annoHHom akcriepumeHTe PPB-BETS [2]. 3aTtem, B CMYTHUKOBbLIX 3KCMEPUMEHTax
PAMELA [3, 4, 5], Fermi-LAT [6, 7], AMS-02 [8, 9] 6binu 3aperncTpmpoBaHbl 3HAYUTEmNbHbIE
uameHeHuns B cnektpax KJ1 ona anekTpoHoB e~ 1 NO3nTPoHOB e*. B nocnegHue rodbl NOSABMIIUCH
HOBblE CTaTbW C AaHHbIMK akcnepumeHToB Fermi-LAT [10], DAMPE [11], CALET [12] B anana3oHe
9Hepri Jo Heckomnbkmx TaB. lMonyyeHHble cnekTpbl MOToka (e* + €7) NoATBepXAalT Hanuuue
LLIMPOKOTO KBa3u-MMKa B OKPECTHOCTM aHeprun ~ 1 TaB. [lna 6onblimx aHeprui Habnogaetca peskoe
YMeHbLUEeHWe NoToKa, OOHAKO BUAHA TEHAEHUMS K npodorkeHuio cnektpa ganee 10 TaB.

OObIYHO MpeanonaraeTcsi, YTO UCTOYHUKM noToka (et + e-) B KI1 (c sHepruen > 10 [3B)
accouMupoBaHbl C OCTaTKaMn CBEPXHOBBLIX U NynbcapamMu. JK30TUYECKME MOAENN HA OCHOBE TEMHOWM
MaTepun B OaHHoM paboTe He obcyxaarTtcsa. Cambin 6nuskmi nynbcap Geminga HaxoguTcs Ha
pacctosaHun ~250 nk (napcek). OTMETUM OAHAKO, YTO ecnu UCTOYHUK (et + e7) ana KJT HaxoguTcsa Ha
pacctosiHum >1000 nk, TO €* 1 e~ nNpuM pacnpocTpaHeHun K 3emrne TepsioT SHepru B npoleccax
CUHXPOTPOHHOIO U3NYy4YeHUss B MEX3BE3QHOM MarHUTHOM Mofe W KOMMTOHOBCKOrO paccesiHnsa Ha
MUKPOBOMHOBOM (hOHE.

K HacToswemy BpeMeHu cnektpbl notoka (e* + e”) B KJl m3mepeHbl 0O MaKCUMarbHOMW
3Heprnn nopsiaka Heckomnbkux TaB. [ns aHeprum 3neKkTpoHOB C aHeprven ~1 TaB UMKNOTPOHHLIN
paguyc ~100 a.e. (unn ~1072 nk). Jaxe AN SHEpPrM 4acTuL nopsaka aHeprum “koneHa” (~10°8 MaB)
LUUKIMOTPOHHbIA pagnyc Bcero nuwb ~1 nk. CnegoBaTtenbHO, HE3aBUCMMO OT MOAENU reHepauuu
notoka (e* + e-) KJ1 B uctouyHmkax Ha pacctostHum >100 nk, Bce OCODEHHOCTW crnekTpa AOSMKHbI
crnaxuBaTbest Npy AN dy3NMOHHOM pacnpocTpaHeHun (e* + €7) OT UCTOYHMKa OO0 3emnu u noaTtomy
nepemMeHHOCTb CnekTpa He AOorbkHa HabnwgaTtbes ansa aHeprui e, e~ 6onee 20 3B, nockonbky
BMNMSIHMEM COSHEYHOrO BeTpa Ha pacnpoctpaHeHune KJI1 moxHo npeHebpeyb.

B ctaTbe [13] aaH aHanu3 HabnoaeHnn HasemHon obcepBatopuen HAWC yrnosoro npodpuns
y-m3nydenna B pguanasoHe (1-50) TaB ot OGnwxkanwmx nynscapoB Geminga u Monogem. B
NPeanoIoXKEHUN, YTO ITO M3NyYeHUE ABMSIETCA pe3ynbTaToM 06paTHOrO0 KOMMTOHOBCKOIO paccesiHus
YacTuy e*, e~ Ha MMKPOBOMHOBOM (poHe YacTuy onpegeneHbl Anddy3noHHbIe KOaULNEHTBI ANd
pacnpocTpaHeHuss e*, e~ OT MynbCapoB K COMHeYHoW cucteme. [lonyyeHHble BenuMYMHbl 3TUX
KO3(bhMLIMEHTOB OKasanucb Ha MNOpsOoK MeHblle, OOblMHO npeanonaraeMblX BEMWYMH, KOTOpble
HaxoasTcsa u3 HabnoaeHu agpoHHbix KJ1. [NokasaHo, 4To Anst OAHOPOAHON U U30TPOMHON Anddy3nn
bnwkanwue nynscapbl Geminga, Monogem He moryT obecneuntb Habnwogaembln Ha 3emne NOTOoK
(e* + e7). BapuaHTbl nHoro obbacHeHus pesynbtata [13] 6yayT B pasgene “ObcyxaeHune”.

PaHee B TeopeTumyeckux paboTax MO WU3YyYEHWUIO PE3OHaHCHOrO YCKOPEHWUs 3apsKeHHbIX
YacTuL, MNEeKTPOMarHUTHbIMW BONHaMM B KOCMuYeckon nnasme [14, 15] 6una BblAgBMHYTaA rynoTesa o
TOM 4YTO CepOTPOHHOE YCKOPEHUE SBNAETCA OAHMM U3 BO3MOXHbIX MEXaHW3MOB reHepauuu
PENATUBUCTCKUX W CBEPXPENSATUBUCTCKUX YacTUL, B €CTECTBEHHbIX YCIOBUSX KOCMUYECKOro
npocTpaHcTBa. [lo3xe Ha OCHOBE YMCMEHHbIX pacyeToB, [oKa3aHa BbicoKasd 3(MPEPEKTUBHOCTb
CcepdOTPOHHOIO YCKOPEHWst 3neKkTpoHoB [16, 17] (npupocT 3SHepruu 4actuubl Ooree yem Ha 4
nopsiika) nakeTom aMeKTPOMarHUTHbIX BOJH.

B pabotax [18-22] nosBneHne nepemMeHHbIX 0cobeHHOCTeN B aHepreTnyeckmx cnekrpax (OC)
3MNeKTpoHoB, Mno3uTpoHoB U saep KI1 oBocHoBbIBaeTcs Hannynem CepdOTPOHHOro MexaHu3ma
YCKOPEeHMs1 B Brivkanilen OKpeCTHOCTUN COMNMHEYHON cuctemsl (£ 1 Mk).

B HacTosiwen pabote paccmoTpeHbl OC NOTOKOB CYyMMbl 3NIEKTPOHOB M no3utpoHoB KI1 no
AaHHbIM CMYTHWUKOBBIX akcnepumeHToB PAMELA [3-5], Fermi-LAT [7], AMS-02 [9], Fermi-LAT [10],
DAMPE [11], CALET [12]. K coxaneHuno, TabnuyHble paHHble PAMELA [4, 5] onyGnvkoBaHbl
oTaenbHO Ansa cnektpoB e~ [4] u e* [5] ¢ pas3nUuHbIMU 3HEPreTUYECKUMN KaHanamMm U Ha pasHbiX
BPEMEHHbIX MHTEpPBarnax, HO HET JaHHbIX ANns notoka (e* + e7). MNMostomy gaHHble PAMELA [4, 5] He
NCNoMb30Banuch Ansi YACMNEHHbIX OLIEHOK nepeMeHHocTn. CrekTp (et + e-) ans akcnepumeHTta CALET
[12] onybnukoBaH Tonbko B Buae rpaduka (6e3 TabnuyHbix AaHHbIX) U 30eCb OH HE MCMONb30BaH Ans
YNCMNEHHBIX OLEHOK MepeMeHHOCTU. [Mo3TOMy, YWCMEHHbIE OLLEHKM NEPEMEHHOCTU Obinu caenaHbl
TOMbBKO AN nonapHoro cpaBHeHus cnektpos Fermi-LAT [7], AMS-02 [9], Fermi-LAT [10], DAMPE [11],
U3MepeHHbIX B pa3Hoe BpeMmsl.

AHanus JKCNnepuMeHTanbHbIX OaHHbIX

MockonbKy B Hawen mogenun cepdOTpPOHHOE yckopeHue noToka (e* + e-) B KI1 go sHeprun
~1 TaB npoucxogut Ha nepudepum rennocdepbl B 0b6nactm OLHOPOAHOINO MarHUTHOro nons, a
KBa3MnNpodonbHble MMasMeHHble BOMHblI FEHEePUPYIOTCS COMHEYHbIMWU BCMbIWKaMK, TO YMECTHO
npmuBecTu rpadmk ConHeyHon akTuBHocTU (Puc. 1, BepxHsis naHens) [23] ons BpemMeHn npoBeaeHus
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aHanu3npyeMmblx aKCnepMmeHToB. Ha HWxHen naHenu Puc.1 ropnsoHTanbHbIMU OTPe3KkaMmn NokasaHbl
BPEMEHHble  MHTepBalbl  WCCNEAOBaHHbIX  3KCMEPUMEHTANbHbIX  [AaHHbIX C  Ha3BaHUAMU
9KCMEPVMMEHTOB; 4uCra Hag TOpPU3OHTANbHLIMW OTpe3kamMn COOTBETCTBYIOT YCpPeOHEHHbIM 3a
WHTepBan BpeMeHn HabrnogeHns cpegHeMecsiHHbIM YMcnamM conHeuHbIx nateH (AMSN).

24
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Puvc.1. Ha BepxHeli naHenu nokasaHa 3aBMCUMOCTb COSNTHEYHOM aKTUBHOCTM OT BpeMeHU (CpefHeMecsYHble
AaHHble) [19]. Ha HukHel naHenu npyueeAeHbl Ha3BaHUS! UHCTPYMEHTOB (B ckobKax rog nyonukauum ctatbm);
rOPM3OHTaNbHLIMU OTPE3KAaMU MOKa3aHbl BPEMEHHbIE UHTEPBarbl SKCMepPUMEHTANbHbIX AAHHbIX,
MCMONb30BaHHbIX A5 NOCTPOEHUSA CMEKTPOB; YMCIa Ha rOPVU30OHTANbHLIMU OTPE3KaMN COOTBETCTBYHOT
yCpeaHEeHHbIM 3a MHTepBar BpemMeHn HabnioaeHns cpeqHEMECAYHbIM YMCIaM CONMHEYHbIX MATEH.

B 2010 r. onybnukoBaHa cTaTbd, rae npedcTtaeneH cnekTp notoka (et + e”) B Kl gng
ananasoHa 7 3B — 1 TaB, nony4eHHbINn Ha kocMmuyeckomn obcepeaTopum Fermi-LAT [7] 3a 12 mecsiueB
HauynHas c utoHsa 2008 r. B 2014 r. onybnvkoBaHbl CTaTby C pe3yrnbTataMm U3MEPEHUn CNekTpoB (et n
e7) B KJ1 (B ananasoHe 0.5 3B — 1 TaB), nony4yeHHbix Ha “Anbca MarHutHom CnektpomeTpe” (AMS-
02) [9] 3a 30 mecsaues ¢ masa 2011 r. B 2017 r. nosiBunack ctatbsi C HOBbIMU AaHHbIMK Fermi-LAT [10]
no usmepeHuio cnektpos (e* n e-) KI1 B gnanasoHe (7 B — 2 TaB) 3a nepuopg BpemeHun (aBryct 2008
r. — moHb 2013 r.), KOTOPbLIN BKItoYaeT AaHHble 3a 10 mecqaueB 13 12 mecsaueB, NpeacTaBreHHbIX B [7].
B 2017 r. nosBunacb crtatbs ¢ gaHHbiMn DAMPE [11] no namepenuto cnektpos et , e~ B KIl ans
aHepru (24 MB — 4.6 TaB) 3a nepuoa BpemeHu (27 gekabps 2015 r. — 8 noHa 2017 r.). Kak BugHo
Ha Pwuc. 2, cnektpbl cymmapHoro notoka (e* + e”) B KIl B 3TUX 3KCNepuMMeEHTax 3Ha4uTerbHO
oTnuyatoTca apyr ot gpyra. OgHako, B [7—11] He ynoMuMHaeTcs O NepemMeHHOCTU noTtoka (et + e) B
KI1. 3T0 MOXHO OBBACHUTL TEM, YTO, B paMKax TpaguUMOHHOro MexaHuama reHepaumm KJl, Henb3s
06bscHUTE ocobeHHocTH B cnekTpax KIT n nx Habnogaemyo nepeMeHHOCTb.

Bce annpokcumaumm cnektpoB (Ha Puc. 2 chnnowHble NMHWWM) MNPOBOAMIIUCH HA OCHOBE
[BYXKOMMOHEHTHOW Mogenu cnektpa F = Fe+Fs , rae Fs = B'E® — notok “doHa” ¢ nHaekcom B,
Fs= S-E*exp(- E / Ecut) — NOTOK “UCTOMHMKA” C UHAEKCOM o, < 3 1 0bpe3aHneM Ha BbICOKOWN SHeprum
Ecu. Kak BMaMM, B TeYeHMEe BpPEMEHUN MOBBLILEHHOW COMHEeYHoW akTuBHocTh (Puc.1), B MHTepBanax
BpeMeH HabnwogeHun AMS-02 [9] u B npaBom 4actu uHTepBana Fermi-LAT (2017) [10],
HM3KOYaCTOTHasA YacTb CMeKTpa 3Ha4YMTenbHO nogHanack (Puc. 2) oTHocutenbHO cnektpa Fermi-LAT
(2010) [7] n3amepeHHOro AN MUHUMAanNbHOM CONHEeYHon akTuBHOCTU (Puc. 2). K coxaneHuto, nHTepBan
BPEMEHWN Ansi aHanu3a AaHHbix B pabote Fermi-LAT (2017) [10] noyYTu MOMHOCTLIO BKIOYaeT
WHTEpBan BPEMEHUN AN aHanu3a faHHblx B pabote Fermi-LAT (2010) [7] nockonbKy 6onee KOppeKTHO
CpaBHMBATb CMNEKTPbl, NONYYEHHbIE B nocnefoBaTernbHble MHTEpBarnsl BpeMmeHn. YTobbl n3baBuTbes
OT CYOBLEKTUBHOW, KaYeCTBEHHOMW OLEHKW pasnuyns CnekTpoB, CAenaemM KOMUYECTBEHHYIO OLEHKY
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nepemMeHHOCTU. [Insi YNCITIEHHOWN OLIEHKN NepeMeHHOCTM criekTpoB (et + e7) B KJ1 ncnonb3yem TombKo
CMNEeKTpbl, AN KOTOPbIX MMEKTCHA TabnuuyHble OaHHble, T.e. cnekTpbl Fermi-LAT [7], AMS-02 [9],
Fermi-LAT [10] n DAMPE [11]. YTOObl KOPPEKTHO CpaBHUBATbL CMEKTPbI, HEOOXOAUMO UMETbL AaHHbIE O
MOTOKax M MOMHbIX CTaHOAPTHbIX OTKIMOHEHMSAX B OOMHAKOBbLIX 3HEPreTMyeckuMx KaHanax. [ockonbky
3HepreTM4eckne KaHamnbl BO BCEX 3KCMEPUMEHTaxX pasHble, TO AN KaXkAoW Mnapbl 3KCMEPUMEHTOB
“A” n “B” bygemMm uUCnonb3oBaTb CBOK KOMOMHMPOBAHHYK 3SHepreTudeckyro Lkany. [pu Bbibope
KOMOUHMPOBAHHOW 3HepreTMdeckon LWkanbl G6ygem mcnonb3oBatbh rpaduk 3aBUCMMOCTU LUMPUHBI
KaHana ot aHeprum (Puc. 3).

o0

Flux *E32 , (GeV22 m?2 15171y

Energy . GeV

Puc. 2. OHepreTnueckue cnekTpbl (Flux x E32) NOTOKOB CyMMbl 3MEKTPOHOB 1 No3nuTpoHoB Flux (et + ) ang
akcnepumeHToB: Fermi-LAT (2010) [7] (nycTble KpacHble kpyxku), Fermi-LAT (2017) [10] (3anonHeHHbIe u NycTble
duoneToBble Kpyxkn), AMS-02 [9] (cnHue TpeyronbHukn ¢ BepLumHon BBepx), DAMPE [11] (3enéHble
TPEYronibHUKM C BEPLUMHON BHK3). [INA BCEX 3KCNEPMMEHTOB NOKa3aHbl NOSHblE CTaHAAPTHLIE OTKITOHEHWS,
BKIlOYaloLLMe CTaTUCTUYECKME N cucTeMaTuyeckne norpelHocTi. ChnoLHbIe KpMBble — HallW anmnpoKcuMaLm.

v ¥ AMS-02

F v
8]

= B Fermi-LAT (2010)

AETE

[ &

E.GeV

Puc. 3. 3aBMCMMOCTb OTHOLLEHUS LUMPUHBI 3HEPreTUYeCcKoro kaHana K aHeprum (AE/E) ot aHeprum E:
kBagpaTtukn — Fermi-LAT (2010) [7]; kpyxodkn — Fermi-LAT (HE & LE) (2017) [10]; TpeyronbHUKK
C BepLUMHON BHN3 — AMS-02 [9]; TpeyronbHUkK ¢ BepLunHon BBepx — DAMPE [11].

16



B kauecTtBe oueHKku pasnuumsa napbl cnektpos “A” u “B” 6ygeMm mcnonb3oBaTb CTaTUCTUKY
(xD7est = Yi=tn ((3)a — (3)s)?> / ((Di)a + (Dig), rae (J)a = (E)3x (Fi)a — noTok B i-OM KaHane
KOMOVHMPOBAHHOWN 3HEPreTUYecKon LKanbl akcnepumeHTa “A” yMHOXeHHbIN Ha (Ei)3 ; (Ji)s = (Ei)3x(Fi)s
— YMHOXeHHbIn Ha (Ei)® notok B i-OM KaHane KOMOWHWPOBAHHOW 3HEPreTUYEcKoW LuKarbl
akcnepumenTa “B”; (Di)a = ((Ei)®x(0i)a )? — aMcnepcus B i-oM KaHane KoMOMHMPOBAHHOW 3HepreTuyec-
KOW Wkanbl akcnepumeHTa “A” ymHoxeHHas Ha (Ei)S; (Di)s = ((Ei)®x(0i)s)? — aMcnepcus B i-oM kaHane
KOMOVHMPOBAHHOWN 3HEPreTUYECKON LKanbl 3kcnepumeHTa “B” ymHoxeHHasn Ha (Ei)é ; (E)) — cpeaHss
3Heprust i-ro kaHana. [MonHas pgucnepcuss B i-oM kaHane (Di)ag BbIYMCIISIETCS Kak CymMMma
cTaTucTuyeckon u cuctematudeckon amcnepcuin (Di)tot =(Di)stat + (Di)syst -

AMS-02
> Fermi-LAT (2017) -
<
>;§ Fermi-LAT (2010) DAMPE
o}
10 B n.)o | | 1oloo | | 10000

E, GeV

Puc. 4. 3aBrcumocTb (0ot E3) OT aHepruu, rae oot NONHOE cTaHAapTHOE OTKMOHeHWe, E aHeprusi. KBagpaTuku —
Fermi-LAT (2010) [7]; kpyxo4dku — Fermi-LAT (HE & LE) (2017) [10]; TpeyronbHUKM C BEPLUMHOW BHU3 — AMS-02
[9]; TpeyronbHukM ¢ BepLlumHon BBepX — DAMPE [11]. CnnowwHbie NUHUM — annpoKcuMmaum nofimHoOMamMmu
6-om cTeneHn.

KombrHmpoBaHHas aHepreTuyeckas Lukana cTpouTcs cneylowmm obpasom. Ecnv ans aHeprum
(Ei) wvpwuHa kaHana (AEi)a akcnepumMeHnTa “A” 6onblue WwupuHbl kaHana (AEi)s akcnepumeHTa “B”, 10
3TOT KaHamn akcrnepumeHTa “A” npucBaMBaeTCsl HOBOW KOMOWHWPOBAHHOW LUKANe U UCMOfb3ylTCs
TabnuyHble BENUYMHbLI MOTOKOB M CTAHAAPTHbLIX OTKMOHEHWI aKkcnepumeHTa “A”. B aTom cniyyae ans
aKcnepuMmeHTa “B” BenuuMHbl MOTOKOB WM MOMHbLIX CTAHAAPTHBIX OTKIOHEHWA OepyTca u3 Hawwux
annpokcumaumn (Puc. 2 n Puc. 4). KoppekTHO y4yecTb Uu3MeHeHWe (YMeHblUeHUEe) BenuYUHbI
CTaHOAPTHOrO OTKMOHEHUS MPU YBENNYEHUN LUMPWHBI KaHaNoB MOryT TOMbKO CaMu 3KCMepvMeHTaTo-
pbl. MoaToMy, uCnonb3oBaHWe HaMu anmnpoKCMMauuW MOMHbIX CTaHAAPTHbIX OTKMOHeHUW (T.e.
3aBeJOMO 6OMbLUNX BEMUYMH) TONbKO YMEHbLUAET CTaTUCTUKY ()?) Test U, COOTBETCTBEHHO, YMEHbLUAET
[AOCTOBEPHOCTb pasnuunsa AByx cnekTpoB. CnegoBaTerbHO, Halla YMCIeHHas OLUeHKa NepemMeHHOCTU
MeHbLUE UCTUHHOW OLLEHKM.

Pacnuwem nogpoOHO TEeXHWKY YMCMEHHOW OUEHKM Ha npuMepe napbl  CNeKTpoB
akcnepumMeHToB “A” = “Fermi-LAT (2010)” [7] u “B” = “AMS-02” [9] (Puc. 5(a)) B AnanasoHe sHeprui
(24 — 1000) M3B, a Takke n B AnanasoHe aHeprui (33—1000) M3B.

Mcnone3ys Puc. 3, nocTpoum HOBYHO KOMMO3UTHYIO 3HepreTuyeckyro wkany m3 N = 24
aHepreTMyeckux kaHanos: 18 Hu3Ko3HepreTudeckmx kaHanos (AE)a akcnepumeHta “A” [7] B
AvanasoHe cpegHux dHeprui (24-194 T[9B), (ona koTopbix kKaHanbl (AE)a > (AE)s), n 6
BbICOKO3HepreTndeckux kaHanos (AEi)s akcnepumeHTa “B” [9] B gnanasoHe (216 — 832 ) 3B, ansa
KoTopblx kaHanbl (AE))s > (AEi)a. Micnonb3dys annpokcumauuy noTtokoB (Puc. 2) n annpokcumauuu
CcTaHOapTHbIX OTKNOHeHUN (Puc. 4) BbluMcnsgem HoBble BennyuHbl NoTokoB (Ji)s U gucnepcun (Di)s B 18
KOMMO3UTHBbIX HU3KOJHEpP-reTuYeckux kaHanax (AEi)a akcnepumeHTa “B” ansa cpegHux aHeprumn (Ei)a.
AHanornyHo, ncnonb3ys annpokcumauuy (Puc. 2 n Puc. 3), BblMMCNSEM HOBblE BENUYMHbBI NMOTOKOB
(Ji)a u gncnepcuii (Di)a B 6 KOMMNO3UTHBIX BbICOKO3HEpreTudeckmx kaHanax (AEis akcnepumeHnTa “A”
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ans cpegHux sHeprun (Eis . Tenepb MoxHO ANns Ndot = (N - 2) cTeneHei cBoboabl BbIYUCIINTL OLLEHKY
CTaTUCTUKK () Test .

g

Flux “E*2 (Gav® 2 m2 ¢'ar?)

d

0o 1000 1E00e s 1000
Enaegy . GaV

10600
Energy , Gel

Puc. 5(a). Fermi-LAT (2010) [7] & AMS-02 [9]. Puc. 5(b). Fermi-LAT (2010) [7] & Fermi-LAT
(2017) [10].

g

Flux *E32  (GeV32 m2 5 gr )

g

na 1000 10000

Enargy . GaV Enargy , GaV

Puc. 5(c) AMS-02 [9] & DAMPE [11] Puc. 5(d) Fermi-LAT (2010) [7] & DAMPE [11]
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£

Puc.5(e). Fermi-LAT (2017) [10] &AMS-02 [9] Puc.5(f) Fermi-LAT (2017) [10]&DAMPE [11].

Puc. 5. Te xe caMble 3HepreTuyeckme CrnekTpbl NOTOKOB (e* + ), YTo 1 Ha Puc. 2.

B pesynbTate BbluMCRIEHWUI NonyYaem, YTo Npu KONMYecTBe KOMMO3UTHbIX KaHanoB N = 24 ons
paHHbix Fermi-LAT (2010) n AMS-02 B aHepreTudeckoM puanasoHe ( > 24 [3B), 6ygeTt oueHka
cTatUcTUKN ()Test / Naof = 145.5/ (N-2) = 6.3.

YT1obObl OUEHWUTb [OOCTOBEPHOCTb Pa3NUuUsA OBYX CMEKTPOB HYXKHO BbIYUCIUTL BEMWYMHY
dyHKUMM  pacnpefeneHus  (KyMynsTMBHOE pacnpefenieHne) cryydyanHoW  BenuuuHbl (% ?)Test,
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T.6. CDF(a, ymax) = | 0Y-"y2{y, a}-dy = y(a/2, ymax/2) / [(a/2), rae y(a, y) — HenonHas ramma-cpyHKLMS,
MNa/2) - ramma-cpyHkumsa.  [Ona gaHHeix  AMS-2 - Fermi-LAT  (2010) nonydvaem
CDF(a, ymax) = | 01455 42y, k=22}-dy = y(k/2, y/2)IT(k/2)ly=1455 = v(11, y) / [(11)|y=727 > 1-1016 .
CnepoBartenbHO, BEPOATHOCTb CnydarHOro cosnageHunst gaHHbix AMS-02 [9] n Fermi-LAT (2010) [7]
(8 onanasoHe aHepruin 24—1000 M3B) okasbiBaeTcs paBHoi (1-CDF) < 1016 1.e. OOCTOBEPHOCTb
OTNNYNA ABYX CNEKTPOB > 80.

B asHepretudeckom guanasoHe (E > 33 aB), T.e. npyn kKonmnyecTBe KOMMO3UTHLIX KaHaIoB
N = 21 ans gaHHbIX Fermi-LAT (2010) n AMS-02 6yaeT oueHka cTatucTukn (x?)test / Ndof = 81.7/ (N-2)
= 4.3. YT0Obl OUEHMUTb OOCTOBEPHOCTb COrfacus OBYX CMEKTPOB HYXHO BbIYMCMUTL BEINUYMHY
dyHKUMM pacnpefeneHvs (KymMynsTMBHOE pacrpeferneHve) crnyyvyaiHoW BenuuuHbl (y2)test , T.€.
CDF(a, ymax) = [ 0827 x2{y, k=19}-dy = y(k/2, y/2)[T(k/2)ly=s1.7 = ¥(9.5, y) / [(9.5)]y=408 > 1-10.
CnepoBartenbHO, BEPOATHOCTb CllydaHOro coBnageHusi gaHHbix AMS-02 [9] n Fermi-LAT (2010) [7]
paBHa (1-CDF) < 10°. WHauye roBopsi, AOCTOBEPHOCTb OTNMYMSA OBYX CMEKTPOB (MNM 3HAYMMOCTb)
> 60. AHaNoOrM4yHO OUEHMBaeM [OCTOBEPHOCTb Pa3nuuusa OBYX CMEKTPOB WM ANs OCTanbHbIX nap
akcnepumeHnToB (Puc. 5. b—f). PesynbTatbl Boluvcnenmin gaHsl B Tabn. 1. Nogsoas utor pesynbTaTtos
YMCMNEHHON OLEHKM MEPEMEHHOCTM, NpeacTaBneHHbin B Tabn. 1, npuxoamm K 3akfoYeHuto, YTo Ans
BCEX PacCMOTPEHHbIX Map 3KCNepuMeHToB, kpome napbl Fermi-LAT(2017) n DAMPE, nepemMeHHOCTb
AocToBepHa 1 npesbiwaeT 50. Kak BugHo u3 Puc. 1 n Tabn. 1, pasHuua Aavsn MeXAy YCpeAHEHHbIMM
3a VHTepBanbl BpeMeHW HabniogeHus CpeaHeMEecSYHbIMUW YUCMaMU  COSHEYHbIX NATEeH Ans
akcnepumenToB Fermi-LAT(2017) [10] u DAMPE [11] HaumeHbwas u coctaBnsger 12.5.
COOTBETCTBEHHO, M AOCTOBEPHOCTb NEPEMEHHOCTM HaumeHbliad. bonmbwum BenunynHam Aamsn B
Ta6n. 1 COOTBETCTBYIOT M BonblUME 3HAYUMOCTU > 50.

Tabnuua 1
MapameTpsbl — 2/
pameTp Em('”Ge\E)maX N 12 X 1-CDF | Validity | Aawsy
[aHHble (N-2)
~ — -16
AMS 24-1000 24 1455 6.3 <10 > 80 .
Fermi-LAT(2010) ~33-1000 21 8177 | 43 <10° > 60
~ _ . -5 ~
Fermi-LAT(2017) 42-1000 19 50.1 2.95 <4-10 40 s
Fermi-LAT(2010) ~32-1000 22 97.1 48 4101 > 60
_~ _ -16
AMS 34-1000 22 177.4 0.8 <10 > 80 .
DAMPE ~42-1000 20 1744 | 109 <1016 > 80
Fermi-LAT(2017) i N
S AMPE 42-1800 27 25.5 1.0 <0.43 1o 12.5
~ _ -16
Fermi-LAT(2010) 32-1000 22 160.1 8.0 <10 > 80 o
DAMPE ~42-1000 20 119.3 6.6 <1016 > 80
AMS 7
Fermi-LAT(2017) 42-1000 17 66.1 4.4 <10 > 50 428

Tabnuua 1. B nepeBom cTtonbue gaHbl HA3BaHWS Map 3KCMEPMMEHTOB; BO BTOPOM cTonbue — sHepreTuyeckue
AvanasoHbl KOMOVMHWPOBaAHHOW 3JHEPreTMYecKon LWkKanbl; B TpeTbeMm CcTonbue — KONMYEeCcTBO KaHanoB
KOMOWHVMPOBAHHOW 3HEpPreTM4eckon LWKamnbl; B YETBEPTOM U MATOM CTOnOUax npuBedeHbl BbIYMCIIEHHbIE
3HayeHuss x2 U KBagpaTt Ha cTeneHb cBoGogabl ¥? / (N-2), COOTBETCTBEHHO; B LWecToM cTonbue npvBeaeHa
BEPOATHOCTb Cny4varHoro coenageHusa cnektpoB (1 — CDF); B cegbmom cTtonbue — OOCTOBEPHOCTb (M
3Ha4YMMOCTb) B CUrmMax; B rnocrnegHem ctonbue Ans Kaxaow napbl 3KCNEPUMMEHTOB [aHa Benu4YuHa pasHOCTU
(AamsN) cpefHeMecaYHbIX Yncern conHeYvHblx nateH (AMSN).

O6cyxaeHue pe3ynbTaToB

CpenaHa yucneHHas oueHKa nepemMeHHOCTM MOTOKa CYMMbl 3fIEKTPOHOB M MO3UTPOHOB (e* +
€7) KOCMUYECKUX Jyder Mo AaHHbIM CMYTHUKOBbIX 3kcrnepumeHToB Fermi-LAT [7, 10], AMS-02 [9],
DAMPE [11]. Noka3aHo, 4TO nepeMeHHOoCTb cnekTpa KJT B KoMNoHeHTe (e* + €7) ons 3HepreTu4eckoro
AnanasoHa > 30 3B poctoBepHa anga Bcex nap akcnepumMmeHToB (kpome napbl Fermi-LAT (2017) [10]
n DAMPE [11]) u npeBblwaeT 50. Habnogaetca koppenaunsa mexay AOCTOBEPHOCTbIO NepEMEHHOCTHU
ANA  napbl  CNEKTPOB W BEMWYMHOW Pa3HOCTM, YCPEedHEHHbIX 3a WHTepBan HabnwogeHus

19



cpegHeMecCsYHbIX Yncen COSIHEYHOW akTUMBHOCTU. [dencTBUTENbHO, HEAOCTOBEPHON NEepeMeHHOCTU
ans napel (Fermi-LAT(2017) [10] 1 DAMPE [11]) cooTBeTCTBYeT HauMeHbLlas pasHuiua Aamsn=12.5
MeXOy YCPeOHEHHbIMWM 3a WHTepBanbl BpemMeHW HabnaeHnss CcpeaHeMECSYHbIMU  YMcramMm
COMHeYHbIX nATeH. [ns Bcex ocTanbHbiX nap aKkcnepumeHToB Aavsn>32. [MoCTpouTb TO4HYHO
3aBMCUMOCTb MeXAy 3HaYMMOCTbIO MEPEMEHHOCTU U BENUYMHOM Aavsn NMOKa HEBO3MOXHO WK3-3a
UmetoLencs HeogHOPOOHOCTU SKCMEPUMEHTANbHbIX AaHHbIX.

HesaBucumo ot moaenuv reHepauum notoka (e* + e7) B KI1 uctoyHnkamm Ha pacctosiHim > 100
MK, BCE OCOBEHHOCTU CneKkTpa AOMKHbI CrnaxmnsaTtbcs Npu Anddy3MOHHOM pacnpoCTpaHeHUN NoToka
(e* + e7) oT uctoyHKka 4o 3emnu, a NepeMeHHOCTb CMeKTpa He JoImkHa HabnogaTecs (ans aHeprum >
20 NsB), nockonbKy BAMSHUEM CONHEYHOro BeTpa Ha pacnpoctpaHeHue KI1 MoxHO npeHebpeyb.

Mopenb cepdOTPOHHOrO yckopeHusi kocMmudeckux nyden (KJ1) B 6nvkanwienn oKpecTHOCTU
COMHeYHon cuctemsbl [14—-22] (Ha nepudpepum renmocdepsbl 1 B BGnmxannx Mexs3Be3gHblx obnakax)
MOXET 00BACHUTE CyLLLEeCTBOBaHWe Habnogaemon nepemMeHHON KOMNOHEHThI noToka (e* + e7) B KJ1 Ha
BpeMeHHOoM Lwkane ot ~1 mecsaua go ~1 roga.

Ha nepudepun ConHevyHoM cucTembl, 3a ygapHom BonHon ConHeyHoro BeTpa (TS),
cywectByeT obnactb C OQHOPOAHLIM MarHUTHBIM MOMEM, B KOTOPOW COrfacHO pacyeTam BO3MOXHO
cepdoTpoHHoe yckopeHune KI1 oo sHeprum ~1 TaB. 'eHepaTopoMm KBa3U-MPOAOSIbHLIX NIIa3MEHHbIX
BOMH A51a aTon obnacTtu sinsaTca ConHeyHble BCnbIWwkN. Pa3mepbl obnactn yckoperus (~100 a.e.)
W, COOTBETCTBEHHO, MONOXEHWe “kKBa3n-nuka” B CnekTpe, onpeaenstoTcs “KOCMUYECKON norogom”.
HekoTopbie aBTOpbl OTMEYaloT Hannyne “nvka’ B OAHOM kaHane ¢ aHepruen ~1.4 3B akcnepumeHTa
DAMPE [11], B cBSi3u C 4Yem MOSABWUMOCb HECKONbKO paboT, “ObbAcCHsOWMX” ero nossneHve
achbpektamn TemHom martepumn. OpHako 3TOT “NMMK’ — MOXeT ObiTb YUCTO CTATUCTMYECKUM.
[encTBMUTENbHO, NONMOXWUTENBHOE OTKNOHEHME B kaHane E = 1411.4 3B oT Hawen annpokCUmMupyto-
wen kpmBon coctaenseT ~3.1 0, a B cocegHeM, npeablaylem KaHane, ¢ aHeprnen E = 1229.3 2B
UMeeTcst oTpuuaTenbHoe OTKIMoHeHMe Ha ~2.0 o. Ecnu ycpegHuTb 9TU ABe BENWYMHbI, TO OTKIIOHE-
HWe OT Halleln annpoKCMMMUPYIOLLEN KPUBOW COCTaBMT BCEro nuuwb ~1.5 0, T.e. HUKAKOro pearnbHOro
“nnka” HeT. BoobLe roBops, 1 “NUK” Ha ypoBHE 3HAYMMOCTUN ~3.1 O HENb3sl CYUTaTb AOCTOBEPHbLIM.

3akntoyeHue

B 3aknioyeHne KpuTMYECKU pacCMOTPUM HEKOTOpble MOMbITKM OBObACHEHUS pe3ynbTaToB
akcnepumenta HAWC [13], B KOTOPOM, MO M3MEPEHHbIM MPOMUIIAM Y-U3MNYy4YEHNss B OKPECTHOCTU
bnwkanwunx nynbcapoB Geminga n Monogem, ObinvM onpegeneHbl BennuuHbl AUGOEDY3NOHHbBIX
KoacbhmumeHToB And pacnpoctpaHeHus (e*) u (e”) B KIl oT 3Tux nynbcapoB, KOTOPbIE OKa3anucb Ha
ABa nopsaka MeHblue, Yem oObl4HO npeanonaraemMble Benu4yuHbl; U GbIfo NokasaHo, YTO Mynbcapbl
Geminga n Monogem He MOryT reHepupoBaTtb gocTtatoyHoe konuyecTtBo (e*) u (e”) B KIl, 4ToGbl
06bsCHUTEL Habnogaembin Ha 3emne noTok (e*) n (e7) B KJI.

Cratba [24], Kak cnegyeT w©3 e€ HasBaHusA, MOCBSILLEHA W3MEPEHUO NOKarbHOro
Andy3noHHOro KoadbduLmeHTa No 4aHHbLIM YepeHKOBCKoM obcepBaTopum HESS. B Hel goctaTouHo
MHOrO BHUMaHWS yaensieTcs obcyxaeHunio pesynbTata akcnepumerta HAWC [13], ogHako, B utore, B
Hel oTBepraetcs nsmepeHHas B [13] BenuumHa guddy3nm Ha OCHOBaHMU CreayloLEero apryMeHTa:
MOCKONbKY Ha paccTosHun meHee ~(10-20) nk oT 3emnu HeT NpaBaonogo6HbIX MCTOYHMKOB BbICOKO
aHeprmyHbix KJ1, To Mex3Be3aHasi cpea B OKpeCTHOCTM nynbcapoB Geminga n Monogem obnagaet
YHUKanbHbIMWU CBONCTBaMM, KOTOPbIE HE MOryT ObiTb 0OWuMK Ansa Bcen Nanaktuku. 3atem, B MOAenu
C 9KCMOHeHUmanbHbIM pacnpegeneHmem nynbcapoB B [anaktuke v B AByX 6nm3kux nynbcapax
Geminga 1 Monogem, ucnonb3ys ycTapeBline AaHHble mogenu GALPROP (koTopas He obObsicHaeT
n3MepeHHble 3a nocrnegHue roabl cnektpbl (e*) u (e7) B KIl) n 6onblyo BenuunHy koadduumeHTa
Anddy3nm (BblBEOEHHYI0 M3 afpOHHbIX AaHHbIX) NoaGupaloT napameTpbl MoAenu A OnvMcaHus
cnektpa HESS. ABTopam [24] yaaeTca onucatb AaHHble O4HOro akcnepumMmeHTa HESS, Ho, ouyeBuaHo,
He yaacTcs OOHOBPEMEHHO onucatb W ApYyrne 3KCNEPUMEHTLI, KOTopble, KakK Bbllle MoKa3aHo,
OOCTOBEPHO OTnMyalrTca Apyr ot gpyra. B pabote [24] He ObINO NPOM3BEOEHO HUKAKMX pearnbHbIX
n3MepeHunin nokanbHoro Any3noHHOro KoadduumeHTa, 3asaBreHHbIX B Ha3BaHun ctatbn. Kpome
TOro, B ONPOBEPXXEHNE MaBHOrO apryMmeHTa aBTopoB [24] 06 oTCyTCTBMM NpaBaonoA06HbIX Bn3kux K
3emne uctoyHunkoB KI1 MOXHO HanoMHWTb, YTO, Kak Moka3aHo B cTaTbsax [18-22], B Gnwkanwen
oKpecTHoCcT (1 nkK) oT 3emnun CywecTByOT OnmM3kue cepdOTPOHHbIE UCTOYHUKKU. K coxaneHuto,
aBTopbl [24] 3abbinn 0 NpuopuTeTe IKCNepumeHTa nepepn nobon Teopmer n NPOCTO UrHOPMPOBaNM
pesynbTaTthl akcnepumeHTa HAWC [13] He npeacTaBuB pearbHbIX 3aMedaHuii U BO3paXKeHWin NpoTuB
MEeTOAMKN N pe3ynbTaToB akcnepumeHta HAWC [13].

B ctatbe [25] ons obbscHeHus pesynbTaTta akcnepumeHTa HAWC [13] npeanoxeHa runotesa
OBYX-30HHON Anddy3un. ABTOpbl [25] NpM3HAKOT CyLLIECTBOBAHWE OYeHb MeaneHHon Auddy3un B
nokanbHon obnactu (~10 nk) B6GnmM3n nynbcapa [13], HO npegnonarawT, YTO BHE 3TOW 30HbI
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anddysma cTtaHOBUTCS ObICTPON “Kak OObIMHO”, OCHOBLIBAsiCb Ha [AaHHbLIX MO OTHoweHuto B/C)
(noTokoB sipep 6opa KIl n sgep yrnepoaa KI1). Mbl nonaraem, Bo-nepBbiX, YTO rMnoTesa ABYX-30HHOW
anddysum [25] He gocTaTovHO 06OCHOBaHa, T.€. He AoKa3aHo, YTO BAaNM OT MCTOYHUKOB NapaMeTpbl
MEX3BE3HOM cpebl MOTyT M3MEHATBLCS B AECATKN pas, YTO MaroBeposTHO; BO-BTOPbIX, KaK U aBTOPbI
[13], cunTtaem, 4YTO HenpaBUNbHO MPUMEHSTb K pacnpocTpaHeHuto notoka (e* + e7) B KIl BenuuuHbl
AN Py3nMoHHbIX KoahmuneHToB, nonydeHHole ana saep KIl; B-TpeTbux, ecnu gaxe npu psage
npeanonoXxeHnn ygaetcsa onucaTb cnektp AMS-02 [9], TO ogHOBpPEMEHHO onucaTb M OCTarbHbIe
CMekTpbl (PacCMOTPEHHbIE BbIllE) HEBO3MOXHO, MOCKOSbKY OHW (COrMacHO W3MOXEHHOMY BblLUE)
AOCTOBEpPHO oTnn4atotes ot [9].
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Knro4oeu dyMu: cbpghampoHHO yCcKopeHue, nomeHyuasHa siMa, KocMu4ecka raasma, rnakem om
e/1eKmpoMacHUMHU 8bJIHU, (hasa Ha ebJiHama, MmPaeKkmopus Ha Yacmuyama, 3axeawjaHe Ha yacmuyama.

Pe3rome: [IpedcmaseHo e uscrnedsaHe Ha CbpampoHHOMO YCKOPEeHUE Ha eflIeKmMpPOHU CbC
crnabopenamueucmka HadasiHa eHepausi om nakem om eleKmpoMasHUMHU 8bJIHU 8 KOCMUYecKa rnna3ma Ha
bazama Ha 4ucneHu ekcriepumeHmu. HenuHelHOmMO HecmayuoHapHO OugepeHyuasnHo ypasHeHue om emopa
cmerneH 3a ¢hasama Ha 8b/IHama Ha mpaekmopusima Ha Yacmuuyama 6e pewasaHo moyHo, npunazalku Habop
om HayvanHu napaMempu U pasfiudHU HavanHu ¢ha3u Ha enrHosusi nakem. [lpoeedeH e aHanu3 Ha
rnocnedoeameniHUMe HayaaHU emarnu Ha yCKopsieaHemo Ha eflekKmpoHume u OuHamukama Ha mexHume
mpaekmopuu. lpocnedeH e ecmecmeeHuUsim X00 Ha emarnume Ha yCKopsisaHe Ha efleKmpoHa - He3axeaHama
yacmuua, nepuodbm HerocpedcmeeHo npedu ynagsHemo, MOMEeHMbM Ha yrnasesHe, OUHamukama Ha
Yacmuuyume 8 rnomeHyuanHama sima. PasznedaHa e epemesama OuHamuka Ha ce80b00Ha 4Yacmuua 6 criabo
8bHWHO MasHUMHO riose, nepuoda npeodu ynassHemo u 8pemMemo Ha yragsiHe om 8bJIHO8US [1aKem 8 PEXUM Ha
cbphupaHe 3a pasfuyHu asu Ha ewbsiHosusi rnakem. [lokasaHu ca pe3ynmamume Oom YucrieHume
npecMsimaHusi, Koumo ca npedcmaseHuU 8 epachuyHa hopma 3a pasfuydHume emanu om CbpghampoHHOMO
yckopsisaHe Ha enekmpoHa. O6CcbOeHU ca HayanHume emanu fpu  ycKopsieaHe Ha Yacmuuyu om
MpocmpaHcmMeeHo floKanu3upaH 8bjIHO8U rakem. HanpaseHu ca 3akmodeHUs 3a OuHamukama Ha Yacmuyume
MpU CUSTHO CbPhampPOHHO YCKOPEeHUE 8 KOCMUYECKa iasma.

DYNAMICS ANALYSIS OF THE LOW RELATIVISTIC ELECTRONS SURFATRON
ACCELERATION BY A WAVE PACKET IN SPACE PLASMA

Rumen Shkevov?, Nikolay Erokhin?, Vladimir Loznikov?, Nadezhda Zolnikova?,
Ludmila Mikhailovskaya?

1Space and Research and Technology Institute, Bulgarian Academy of Sciences, Sofia, Bulgaria
2Space Research Institute, Russian Academy of Sciences, Moscow, Russia
e-mail: shkevov@space.bas.bg, nerokhin@mx.iki.rssi.ru

Key words: surfatron acceleration, potential well, particles trajectory, space plasmas, electromagnetic
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Abstract: A study of the surfatron acceleration of low relativistic electrons by a packet of
electromagnetic waves in space plasma, based on numerical experiments, is presented. The research is
conducted thru the exact solution of second order nonlinear nonstationary differential equation for the wave
packet phase on the particle’s trajectory for several initial sets of parameters. An analysis of a sequence of stages
for the electrons acceleration and their trajectory dynamics is carried out. The natural course of all electron
acceleration stages is alternately tracked out - untrapped particle, pre capturing period, trapping moment, particle
dynamics in the potential well and finally, electron’s fly out zone. The temporal dynamics of an untrapped patrticle
in a weak external magnetic field, pre capturing period and trapping time by the wave packet in surfing mode for a
set of initial particle parameters and different wave packet phases is studied. Special attention is paid on the
particle dynamics and their trajectories. Numerical calculations results and figures for different stages of the
electron’s surfatron acceleration are shown. The initial stages of particles surfatron acceleration by a spatially
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localized wave packet in space plasma are discussed. Conclusions about particle dynamics in the course of
strong surfatron acceleration in space plasma were done.

BbBeneHue

Ha 6asata Ha undpoBM eKcnepMMeHTU € MNPOBEAEHO €4HO TEOPETMYHO M3creaBaHe Ha
pe3oHaHCHM B3aMMOAEWCTBMA OT TuWMa BbIHA-vyacTMua MNpoTMYalLlM B €CTEeCTBEHWUTE YCMOoBMS Ha
KocMmmnyeckata nnasma. OcobGeHO BHMMaHue € OTAEeNneHO Ha AMHaMuKaTa Ha YCKOpsiBAHETO Ha
€reKTpoHN CbC crnabopenaTMBUCTKa HayarnHa eHeprus OT MPOCTPAHCTBEHO foKanuavpaH nakeT oT
€reKTpoMarHMTHM BBbIHM B KOCMUYECKa Mna3ma, Npu Hanu4yme Ha criabo HanpeyHo Ha pa3npocTpaHe-
HMETO Ha nakeTa, MOCTOSHHO MarHUTHO none. VMiayyaBaHO € CMMHOTO YCKOpSIBAHE Ha €NeKTPOHW OT
€IeKTPOMarHMTHM BbMHM M B YaCTHOCT Cbp(aTPOHHOTO YCKOPEHME Ha 3apedeHn YacTuum,
pasrnexgaHo npeau B pabotute [1-5]. B pabotute [6—14] ca pasrnegaHn pasnuyHM acnekTn Ha ToBa
PU3NYHO fABMeHue, KaTo B3anmoaencTsusa Ha 3abaBeHa BbMHa B HeegHopodHa nnasma [6, 7, 13],
OnHamuka [8] u B3ammopgencTBust ¢ aBe BbnHM [9], a B pabotute [11, 12] e wu3cneaBaHa
e(eKTMBHOCTTa Ha YyckopsBaHeTo Ha uvactuuute. [lybGnukauyuute [6, 7, 10, 13-15] pasrnexgat
CbpdaTpOHHOTO YCKOPEHUE Ha 3apefeHn YacTuLM € eAnH OT Bb3MOXHUTE MEXAHU3MU 3a reHepupaHe
Ha NOTOLUM OT ynTpapenaTuBMCTKM YacTvum B npupoaarta. PasrnexgaHusTt npouec npyHaanexm Kbm
KaTeropusitTa Ha Pe3oHaHCHUTE MPOLIECUM Ha B3aMMOAENCTBME MEXOY ENEeKTPOMarHUTHUTE BBIHU U
3apefeHuTe 4actuum, B KOUTO MMa OTHOCUTESTHO FoNSIMO YBENIMYEHWE Ha eHeprusita Ha 4actmuuTte -
HapacTBaHETO Ha eHeprusiTa Ha Yactuuata e HaaxsBbpnsa 4 nopsaabka [11, 12]. EQHO OT OCHOBHUTE
N3MCKBaHMS 3a OCbLLECTBABAHETO HA TO3M Krac B3anMOAENCTBME € HeOOXOAMMOCTTa a Ce N3MbIHU
YCrOBMETO 3a pe3oHaHc Ha YepeHkos [6, 7, 11, 12].

To3u goknaa Ha 6asaTta Ha YICNeHM NPeCcMSATaHNs ce aHanManpa AMHamukaTa v NpoTUYaHeTo
Ha OTAENHWTE €Tann CUITHO CbPgATPOHHO YCKOPEHWE Ha EeneKkTPOHW B KOCMMYecka Mnasma B
NPUCHLCTBMETO Ha crabo MOCTOSHHO MarHWTHO none Hp, a MmeHHo - cBobogHa 4Yactuua, nepuoga
HenocpeacTBEHO Mpeam 3axBallaHeTo, CamMOoTO 3axBallaHe, rnpoueca Ha YCKOpsiBaHETo, nepuoga
HenocpeacTBEHO MNpean HEroBuUs Kpam WM M3NUTAHETO Ha eniekTpoHa OT NOoTeHuuanHaTta siMa.
MpegBaputenHo nogbpaHWTe HavanHu napaMeTpu Ha 3apejeHata YacTuua CbOTBETCTBAT Ha
HeriHaTa cnabopenaTtMBucTka HavanHa eHeprus. Pesyntatute OT npecMmsiTaHuaTa nopagu
orpaHu4eHus obem cTpaHuumn B T03M popMaT ca NpeacTaBeHU caMo 3a HavarHuTe oT M3bpoeHuTe
no-rope etanu n ca NpeacTaBeHu B rpacpmyeH BuA.

TeopeTMqHa 060CHOBKa U OCHOBHM yYpaBHeHusA

Heka pa pasrnegame ycKOpeHWeTO Ha cnabo CEenekTUBHUTE eNEKTPOHHU ENeKTPOHU OT p-
nonsipyanpaHa enekTpomarHutHa BbflHA C [fagka nopeHuoBa o6BMBaWla Ha amnnuTyaara,
pa3npocTpaHsiBalla ce Mo ocTa X B MarHUTOAKTMBHA NnasMa HanpeyHo Ha crnaboTo BBLHLUHO
MarHWTHO none Ho, KOeTO e HacodeHo no ocTa z [6—14]. Pasrnexxgame crnyyas, B KOUTO YecToTaTa Ha
BbMHaTa e 6rnu3ka [0 YecToTaTa Ha ropHUst XMbpuaeH pe3oHaHc, HO Ce pasnunyaBa OT Hero, KoraTo e
M3MBIIHEHO CMEAHOTO YCMoBME: wHe / ® = U < 1, KbAETO wHe € LMKMOTPOHHaTa YecToTa Ha
HepenaTuUBUCTKM ENEKTPOHM Ha nnasma.

Mpu npecmsATaHusITa Npeanonarame, Ye gasoBata CKOPOCT Ha BbrHaTa Vph = / k € no-Hucka
OT CKOpOCTTa Ha CBeTNMHaTa BbB BakKyyM W MMaMe peanuaupaH pe3oHaHC YepeHKoB Mexay
YCKOPEHWUTE YacTWLUM U enekTpoMarHUTHUA nakeT. Cnopen NpoBeAeHUTE NO-paHHU u3ducreHus [8]
3afavata 3a M3yyaBaHETO Ha CUIMHOTO YCKOPEHWE Ha ENeKTPOHU B KOCMMYecKka Mnnasma Moxe Aa
Obae onpocTeH Ypes npeHebpersaHe Ha BUXPOBW KOMMOHEHTU Ha BbHOBUTE noneta Ey n Hz, 3awoTto
BMUSIHUETO MM BbPXY pesynTtarta OT U3UUCIIEHUsITA € He3HAYMTENHO. B To3n cnyyai enekTpuyeckoTo
none Ha BbfHaTa MOXe [a Ce cyuTa 3a enekTpoctatuyHo, T.e. Ex (X, ) = A cos YV, kbaeTo
Y = wo t — ko X, KbOETO @0 € HoceLlaTa YecToTa Ha naketa, ko = k( wo ) BbNHOBUS BEKTOP, a A (X, t) e
yHKUMATa onpegensiwa rnagkaTa nopeHuoBa ob6BMBalLa Ha amnnMTyaaTa Ha nakeTa.

Heka pasrnefame penaTMBUCTKUTE ypaBHEHWS 3@ UMMyrca p 3a ABWKEHUETO Ha yckopsieMus
€neKkTpoH [6-14]:

dpx/dt=-eEx—evy(Ho+H;)/c,
1) dpy/dt=-eEy+evx(Ho+H;)/c
dp,/dt=0, p, = const.
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3a ynobcTBO Ha 3anvcuTe BbBexgame H6e3pa3mepHUTe MPOMEHNMBU 1 NapameTpu B = v/c -
CKOPOCT Ha ernekTpoHa, ¢ = € Eo/m ¢ wo - amnnmTyga Ha BbNHata, T = wo f, § = ox/c = ko X —
GespasmepHa koopauHaTa, y = 1/(1 — B2)Y2 — penaTMBUCTKMN haKTOp Ha YacTuLaTta, U = oHe / o0 , OHe =
e Ho / mc HepenatuBMcCTka UMKINOTPOHHA 4ecToTa Ha enekTpoHute, Eo - amnnutyga Ha
€rneKkTPUYeCcKoTO Morie B LieHTbpa Ha BbIHOBMS NakeT. 3axBallaHeTo Ha 3apefeHn 4acTuum B pexnm
Ha CbpaTPOHHO YCKOpPEHME € Bb3MOXHO, KOraTo aMnnutygarta Ha eneKkTpuyeckoTo none — egHa ot
KOMMOHEHTUTE Ha eflekTpoOMarHuTHaTa BbilHa, € Haj onpeferieHa KpUTu4Ha CTOMHOCT, T.e. 3a ¢ = €
Eo/m c o > uyp=u/(1l - Bpd)¥2. Heobxogmumo e aa o6bpHEM BHUMaHUE, Ye Be3pasmepHaTa CKOPOCT
Ha 3apefeHaTa 4YacTuua moxe ga 6vae m3paseHa ¢ Bx = Bp [1 — (dW/d1)], Bp = wo/cko, MMNynca Ha
€rieKTpoHa € paBeH Ha p = m ¢ y B, a NnokasaTtens Ha npeyynsaHe Ha nna3mata N = c k / o e cBbp3aH
C (hazoBaTa CKOPOCT Ha BbJiHaTa ¢ u3pasa f, = 1/N.

M3nonseavkn ropHmMTe n3pasu, Heka Aa 3anuwiem penatMBUCTKUTE ypaBHEHUS 3a OBWDKEHWE
3a uMnyrnca Ha yckopsieMusi eniekTpoHa B 6e3pasmepeH Bug [8, 11, 12] :

d(yBx)/dt=-Acos¥-uBy
) vy Bz=const=h

d(yBy)/dv=upx
dy/dt=-ABxcos Y,

kboeto A =c/{ 1+ [ (t— ¥ )/p ]?} e nopeHLoBaTa obBMBaLLa HAa aMmnNNUTyaaTa Ha BbIHOBUS
nakeT, NnapameTbpa 3a WupMHaTa Ha BLIIHOBUS MakeT p ce CMSATa AOCTaTb4YyHO ronsM 3a peanusauns
Ha ynTpapenaTMBUCTKOTO YCKOPEHME HA 3axBaHATW YacTuLmM Npu p = wo L/c ~ (10* + 108), kbaeTo 2L e
XapakTepHaTta WnprHa Ha BbITHOBMSA nakeT. V3non3sanku (2) MoXeMm ga HamepuMm uHTerpanuTe 3a
ABVXEHVe Ha yckopsiemus enekTpoH. [NogpobHo m3BexgaHe Ha ypaBHeHueTo (3) moxe ga O6bae
HamepeHo B paboTtuTe [8, 11, 12]. OTunTankn BCUYKM NonaraHns MOXeM Aa 3anviiemM KpamHus BUA Ha
HENMMHENHOTO HeCTauWOHApHO ypaBHEeHVWe OT BTOPWM MNOPSAbK 3a (hasata Ha BbfHata Ha
TpaekTopusaTa Ha YacTuuaTa:

(8 dWd?-[c(1-B)/yBelcos¥ - (uBy/ypp)=0.

Ha ocHoBaTa Ha YMCNEeHOTO pellaBaHe Ha HEeNMHEWHOTO, HecTaunoHapHO ypaBHeHus (3) 3a
asaTta Ha BbnHoBuA naket ¥(t) = ¥ [X (1), T] Ha HOcelaTa YecToTa e M3crneaBaHo 3axBallaHeTo Ha
cnabopenatmMBUCTKN €MNEKTPOHM B PEXMM Ha CUITHO CbpgaTpoOHHO YCKOPEHWE OT nakeT
€neKTpOMarHUTHU BbNHK [8, 11, 12].

Mpu pewasaHeTo Ha (3) HavanHuTe gaHHM B3emMame BbB Buga WY(0) = Yo , WY«(0) = a.
CvotBeTHO nmame Bx (0) = Bp (1 — a). Heka aa BbBeaeM KOMMOHEHTUTE 3a Ge3pa3mMepHUs MMNYNc Ha
yactmuaTta gx = vy Bx , Oy = v By . 3a 4OCTaTb4yHO rofieMy BpeMeHa Ha YCKOpPSiBaHe Ha erneKkTpoHa
YNCNEHOTO peLleHne TpsabBa [a u3nu3a Ha crneavTe acUMNTOTUYHWU 3HAYEHWUs] 3@ KOMMOHEHTUTE Ha

CKOpOCTTa U penaTuBUCTK1S daktop Ha vactuuata y(t) = U Bpyp T, PBx=Pp, By = 1/Yp.
Mo TakbB HauMH TeMnbT (CKOPOCTTa) Ha YCKOPEHWEeTO € MOCTOSIHEH W He 3aBucu oT

amnnuTygaTta Ha BbfHaTa g, onpegensiia acCMMNTOTUYHOTO 3HavYeHne Ha pyHKUmMATa © < fBx cos ¥ >.

Pe3yJ1TaTVI OT YNCNeHnTe npecMATaHuUA

B HacTodwma pasgen ca npeactaBeHu B rpadouvyeH BUA edHa Marka 4acT OT MonyyeHuTe
pesyntaTi Mnpu MNpoBeXAaHeTo Ha UMPOBM eKCnepuMeEHTW 3a MoBeAeHMeTO Ha 4acTuuara.
OcHoBHaTa HaCoOYeHOCT B Crny4vasi € uscnefBaHe Ha AMHaMuMKaTa Ha TpPaekTopusaTa N KOMMOHEHTUTe
Ha CKOpPOCTTa Ha vacTvuarta B pasnuyHUTe eTanM Ha B3auMOLENCTBUSA C BBITHOBUS MAKET Mpu
cbphaTpoHEH MexaHN3bM Ha yckopsiBaHe. Heka gedmHnpame etanvute Ha B3anMOAENCTBUATA BbIHA
— vyacTuua, KaTo B AafeHusi cnyyanm nof BbiHa pasdvpame nakeT OT efleKTPOMArHUTHU BbITHU
OTroBapsiLL, Ha yCrnoBusaTa onucaHu B pasgena , TeopetndHa 060CHOBKA U OCHOBHU ypaBHEHUS®, a Noa
3apefgeHa vacTuua — enekTpoH. Llenuns npouec Ha cbpdaTpoHHO YyckopsiBaHE MoXe Ada 6bae
pasgeneH Ha cefeM OCHOBHW MPOCTPAHCTBEHO-BPEMEBU CbCTOSIHUA Ha cMcCTeMarta BbilHa-4acTuua,
KaTo npoTuyalmTe B3aMMOLEWNCTBMS MoraT fga ObaaT pasgenieHun Ha CregHUTE OCHOBHU CedeM
eTana:
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» Etan 1 - (E1) — gpBkeHne Ha BbITHOBUA NakeT M vactuuata 6e3 HannymMe Ha KakBoTO M ga

ca B3auMoOencTBUs mexay Tax. YacTuuarta vM3BbplUBa LMKIIOTPOHHO BbpTEHE B cnaboTto
NOCTOSAHHO MarHUTHO none Ho.
Etan - (E2) — BBbNHOBUS MakeT U yacTvuaTta ce ABwXKaT B OOLO NpOCTPaHCTBO M uma
HaYeHKN Ha B3aMMOAEWNCTBUS Mexay TAX, KOUTO He BoAAT A0 3axBawaHeTo U. ToBa e
nepvoda paned npeau 3axBallaHeTo Ha 4vacTtuuaTta, Xapakrepusupal, ce C U3MEHEHO
LUUKNOTPOHHO BbPTEHE HAa TpaekTopusdTa Ha YacTuuaTa, NoBMAUSIHO OT curaTa, nocokaTa u
TMNa Ha NpoTeKkNuTe B3anMOaeNCTBUSA.
Etan 3 - (E3) — nepuoga HenocpeacTBeHO Npeau ynaBAHETO Ha YacTuuaTa B noTeHuman-
HaTa siMa. CUNHO u3MeHeHa TpaekTopusi, Nog4YMHEHa Ha yNaBAHETO Ha YacTuuara.
Etan 4 - (E4) — uHTepBana Ha caMoTO 3axBallaHe Ha vactuuarta. LInKnoTpoHHOTO BbpTEHE
npeMunHaBa B NMHEHO ABUXEHNE Ha YyacTuuaTa.
Etan 5 - (E5) — 30Ha Ha CbLWMHCKOTO CbpdATPOHHO YCKOpsSIBAaHE Ha 4acTtuuarta, npu
M3MNbIIHEHU YCMNOBMA 3a pe3oHaHca Ha YepeHkoB. JIMHENHO ABWXEHWe U yCKopeHue Ha
yacTuuaTa, Hammpalla ce BbTpe B [BWXellaTa Cce CbC CKOPOCTTa Ha BbBMHOBUSA NakeT
noTeHumanHa sama.
Etan 6 - (E6) — nepuoga HenocpeaCTBEHO Mpeau M3NUTaHeTO Ha 4actuuaTta oT
noteHumanHaTa ama. Kpan Ha 3o0HaTa 3a yckopsiBaHe Ha yacTtuuaTta.
Etan 7 - (E7) — yactMuaTa e wusnetana w3BbH MNoTeHuuanHata sima u e csBobogHa.
[BmKeHneTo npemMnHaBa OT FIMHEWHO-YCKOPUTENHO 0oBpaTHO B LMKIOTPOHHO BbpTeHe 6e3
nocrnegsally B3anmMogencTBuA Mexay BbIHOBMS NakeT U YacTuuara.

lMpoBeneHua aHanmM3 e HanpaBeH C MOMOLLTa Ha crneaHust Habop OT HayanHu napameTpu,

KaTo 3a pasnMyHUTE BENNYMHKN ca NpueTn cnegHute 3HadveHus: u = 0.20; B = 0.35; h = 0.30; g = 0.4;
p = 70000, Yo=¥(0)=0,a=0; 0 =uyp=1.65 oc . lNonoxeHo e ¥(0) = 0, koeTO CLOTBETCTBA Ha
HayanHaTa no3vMuMs Ha 4YacTuuata B LUeHTbpa Ha BbNHOBMA nakeT. OueHkata Ha HadanHus
penaTuBMCTKU hakTop Ha enekTpoHa aasa BennuuHata y(0) = 1.194, koeTo CbOTBETCTBA Ha Ha4anHa
eHeprusa Ha enekTpoHa Ein = 0.61 MeV. 3a npecmaTaHusATa n nonyyYyeHuTe uUrypm ca usnonaBaHu
cnegHuTe BapuaHTy 3a HadanHa ¢asa Ha BbiHOBUS nakeT Yo = —-2.4, Yo =-2.3 n Yo =-1.9.

Heka 3anoyHem aHanusa Ha AMHaMuKaTa Ha OBWXKEHMETO Ha enekTpoHa oT etan (E1).
YucneHnte ekcnepMMeHTW nokaseBaT, Y€ € OTHOCUTENHO pPSOKo SBMEHWE Ja HAMa HUKAKBU
B3aMMOJENCTBMA MeXAY BBIHOBUSA MAKeT M vacTvuarta, Taka 4Ye ga ce HabnwgaBa HECMyTEHO
LMKNOTPOHHO BBbPTEHE HA ENEeKTPOHAa, KakBOTO € noka3aHo Ha dur. 1. B cnyyas rpadwmkarta e
nonydeHa 4dpes dyHkumsita d(t) = d¥P/dt= d¥ oTpassBallia U3MeHeHNEeTO Ha ¢ha3aTa Ha BBLITHOBUA

naket ¥ B 3aBucuMoCT OT 6eapasMepHOTO Bpeme T. [loyTM wmaeanHaTa KpuBa OTroBaps Ha
LMKNOTPOHHO BbPTEHE Ha EMNeKTPOoHa B MOMETO Ha NMOCTOAHHOTO BbHLLIHO MarHUTHO fone.

| |
\ | | |I \ |I \ Iul I', 1I 1 ] \,l

\
\J J / / \ J \ J \
. \J W \/

{ I

] 1 ]
¥(t) - W(0)
J LW,

@ur. 1. Etan 1 - oTcbCTBME Ha B3auMOAENCTBMSA MexXy BbMHOBUA NakeT U Yactuuata. YactuuaTa nssbplLisa
LUMKINOTPOHHO BbpTeHE B craboTo NOCTOSIHHO BbHLUHO MarHUTHO rosie MarHuTHoO none Ho. Moytn ngeanHata
KpuBa e MHOro 6nunska 4o TpaekTopusiTa Ha enekTpoHa Npu LMKIOTPOHHOTO BbPTEHE.

Kato npasuno, BuHarm ce Ha6J'IIO,D,aBaT HAKaKBM B3aMMOAENCTBUSA, KOUTO noopu U MHOro
cnaowm, BOOAT OO M3MEHEHUNA B eHeprnaTa Ha 4Yactuuata npoMeHALn HenHaTa TpaeKkTopud, KOeTo B

Kpa|7|Ha CMeTka BOoAM OO0 WM3MEeHeHO [ABuMXeHue, a OT TaM U OO0 HeCUMeTpU4yHa TpaeKTopua Ha
€neKTpoHa, KOSITO e nokasaHa Ha dur. 2.

26



Ll

dW¥(T) f

/N

b

=]

¥ty

e

2.410° 33510

ag

2.5410° 2.75%10° 3410° 3.25%10° 3.5<10°

@ur. 2. ETan 2 - nsmeHeHa TpaeKkTopus Ha enekTpoH ¢ HavarnHa eHeprus Ein = 0.61 MeV, B pesyntar
Ha Bb3HMKHaNM B3aMMOAENCTBUSA C BbITHOBUS NakeT

Heka pasrnegame HsikoM napameTpu, XapaKTepHu 3a AuHamMuKaTa Ha OBWKEHNETO 1 TpaekTo-
pusita Ha cnabopenaTvBUCTKN €NeKTPOHU ¢ HavanHa eHeprus 0.61 MeV B 3oHute E1 — E5 . B cniyyas
Ca nokasaTernHu NpeMecTBaHeTO Ha YacTuuaTa no nocoka Ha pasnpocTpaHeHWe Ha BbITHOBUSA NakeT,
nepneHavKynapHO Ha BeKTopa Ha MarHUTHOTO none Ho — (1) = o X / C M NpemecTBaHeTO Mo Hanpas-
fieHne Ha BbITHOBMS (PPOHT 1(T) = ® X / C, KAKTO U KOMMOHEHTUTE Ha CKOPOCTUTE Ha YacTuuara, fx, fy u
Bz.. Ha ®ur. 3 ca npeactasenn kpusute Ha &(t) u n(t). Ha dwurypata acHo ce oyepTaBaT U 30HUTE
E1 — E5. MNMonyyeHnTe KpuBM ca Npu NPOBEAEH YMCIIEH EKCMEPUMEHT 3a PE30HAHCHO YCKopsiBaHe Ha
€reKTPOH Mpu CbpdaTPOHHO YCKOPEeHMEe C MakeT OT eneKTpoMarHWTHW BbNHWM ¢ En = 0.61 MeV,
Yo = —2.3 MOMEHT Ha 3axBallaHe Tc = 1791 n MOMEHT 3a kpan Ha 30HaTa 3a ykopsiBaHe T4 = 57970.
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dur. 3. TpaekTopusi Ha eNeKTPOH B HanpasneHusaTa &(1) n n(1). Ha durypata sicHo
ce ovepTtasart etanute E1-EbL.

Ha ®ur. 4 ca npeacraBeHn KOMMOHEHTUTE Ha CKOPOCTTa Ha yactuuaTta By, Py Mpu ycrosusaTa
Ha ropeonucaHusi YMcneH ekcnepumeHTt. Ha durypata ca pasnnuumm otaenHute 3oHn E1-E5. B
cnyyass ce HabniogaBa 04akBaHOTO MOBEAEHME, @ UMEHHO — [OOCTUraHe Ha acMMNTOTUYHUTE
CTOMHOCTM Ha KOMMOHEHTUTE CKOPOCTTa Ha YacTuuaTa cnef 3axBallaHeToO Ha enekTpoHa - Bx = Pp ~
0.35u By ~ 1/yp = 0.937.
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®ur. 4. InHamuka Ha KOMMOHEHTUTE Ha CkopocTTa Bx 1 By Ha 3apedeHa Yacuua cbe cnabopenaTu-BUCTKa
HavyanHa eHeprusa En = 0.61 MeV npu cbpdaTpoHHO yckopeHue. [Npn gocturaHe Ha etan E5 komnoHeHTuTE Ce
CTPEMST KbM aCMMMNTOTUYHUTE CM 3HaYeHUs Px ~ Bp~ 0.35n By = 1/ yp = 0.937.

KomnoHeHTaTa Ha CKOpOCTTa Ha YacTuuaTa HacoyeHa BepTuKanHo P creg npemMuHaBaHe
npes etanute E1-E4 pgoctura etan E5. B cboTBETCTBUE C TeopuaTa U3NOXeHa No-rope, BepTukanHa-
Ta KOMMOHEHTa Ha CKOpoCTTa TpsibBa Oa 3anovHe Ja Hamansaea cref 3axBallaHeTo Ha YactuuaTta,
KaTo ce CTPEMM KbM acCUMMNTOTUYHOTO CU 3HAYEHWE Hyna, KOETO NPOM3TUYaA OT 3aKOHA 3a CbXpaHeHue
Ha umnynca. Ha dur. 5 e npeacraBeHa rpadukaTa 3a BepTMKanHata KOMMNOHEHTa Ha CKOpocTTa Ha
YacTtuuara .
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®ur. 5. BepTrkanHaTa KOMMNOHEHTa Ha CKOPOCTTA Ha erneKkTpoHa Bz KIMOHW KbM Hyrna crief 3axsalla-HeTo
Ha YacTuuaTa B CbOTBETCTBME CbC 3aKOHA 3a CbXpaHeHUe Ha umnynca - Bz(Td) = 7.193.10°5.

3a Bz moxem ga 3anvwem y Bz = h [3,4], [8]. MNMpn cbpdaTpoHHO yCckOpeHue HanpeyHaTa
KOMMoHeHTa Ha ckopocTTa Br = (Bx2 + By?)Y2 HapacTBa HenpekbcHato. OT Tyk crnefsa, 4Ye npu
HapacTBaHe Ha Brcrensa Bz Aa KNoHW kbM Hyna. Cnopef npoeeaeHnTe pasdetu 2(4000) = 1.95.103 n
Bz(td) = 7.193.105, k0€TO HANbBHO OTFrOBaps Ha TeopeTMyHaTa NOCTaHOBKa.

AHanunsnTte Ha npoBeaeHu No-paHo n3cneaBaHus [6-9], [11, 12] 3a pe3oHaHCHO cbpdaTPOHHO
YCKOPEHME Ha YacTuLmM CbC criabo penaTMBUCTKa HAYalHW eHEPrusi OT MNaKeT eNEKTPOMarHUTHU BbITHU
B KOCMMYecKa nrasma rnokasaxa BucokaTa edeKTUBHOCT (MoBeye OT Tpu Mopsigbka) Ha To3u Tvn
B3anmMogencTeusa. basvpankm ce Ha ropemsnoXXeHoTO cMsATame, Yye CbpaTPOHHOTO YCKOpPEHME Ha
3apeneHn 4actuum € egyH OT Bb3MOXHUTE MEXaHM3MM 3a reHepupaHe Ha KOCMUYHN nbun [15-17].
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3aknro4veHune

B HacTosiwiata paboTa e npeacTaBeHO edHO TEOPEeTWYHO W3CrefBaHe NPOBedEHO Ypes
TOYHOTO pellaBaHe Ha HEeNMHEHOTO HecTauMoHapHO audepeHUMantHo ypaBHEHUE OT BTOPU NOpsabK
3a (pa3aTa Ha BbfiHaTa Ha TpaekTopusiTa Ha YacTuuara.

MpepnoxeHa e cxema OT 7 eTana, onvcBalla nocrneAoBaTenHOCTTa Ha NpoLecnTe Npes KoUTo
npemMvHaBa Mpy yCKopsiBaHe efHa 3apedeHa YacTvua npu cbpdaTpoHHO YCKOPEHWE.

MpoBedeH e aHanu3 Ha TpaeKkTopuATa U AMHaMuKaTa Ha KOMMOHEHTUTE Ha CKOpoCcTTa Ha
HayanHuTe eTanu OT YCKOPSBAHETO HAa 3apefeHa 4YacTula B KOCMUYecKa nnasma oT NakeT enekTpo-
MarHWTHW BbfHW, pa3npocTpaHsBaLL ce NeprneHanKynsapHoO Ha cnabo NOCTOSAHHO MarHUTHO Mone.

MpoBeOeHUTe YMCINEHN EKCNEPUMEHTMU U pesynTaTuTe MonyyYeHn OT TAX ca NpeacTaBeHu BbB
BMO Ha rpaduviku, HarnegHo npeacTaBsalWM HadanHuTe eTanuM Mnpu TakbB BUO  PE30OHAHCHU
B3aMMOEeNCTBUS.

Taka npeactaBeHnTe dourypy nossonsiBaT No-recHo Aa 6bae pa3bpaH eavH OT MexaHu3MuTe
3a ycKkopsiBaHe Ha 3ape[eHu YacTiuy B eCTECTBEHWUTE YCMOBUS HA KOCMMYeckaTa nnasma.

[leTalinHOTO No3HaBaHe W HarneaHo NpeAcTaBsHe Ha OTAENHWTE eTanu NpU ycKopsiBaHe Ha
YacTMUM OT eNeKTPOMarHUTHU BbJIHU Lie MO3BOMM, YacTh OT ToBa 3HaHWe Aa Obae M3Mon3eaHo B
6baelle, Npu n3cneaBaHe Ha ApYrM MexaHM3MK1 3a YCKopsiBaHe Ha 3apefieHn YacTuLM B eCTECTBEHa U
CMHTETUYHA Mnasma.
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Abstract: A total of fourteen different space instruments were developed, qualified and used in
numerous space missions between 1988 and 2018 by the scientist from the Solar-Terrestrial Physics Section,
Space Research and Technology Institute, Bulgarian Academy of Sciences (SRTI-BAS). The first was used on
MIR space station between 1988 and 1994. Six of them were flown on the International Space Station (ISS) in
missions of more than one year duration. Another five were flown on satellites in short-term low-earth orbits. One
experiment was for one year in a 100/200 km lunar orbit. The Liulin-MO instrument was launched toward Mars in
2016 and now is operating in a 400 km Mars orbit. During the implementation of the Contract No.
4000117692/16/NL/NDe (http://esa-pro.space.bas.bg/) with ESA a unified web based database with Liulin-type
instruments’ cosmic radiation data” was developed between 2016 and 2018. Two separate options were foreseen
in the database. First option downloads to the user computer original, zipped “DATA SOURCES” (http://esa-
pro.space.bas.bg/datasources) in comma separated values (CSV) format, which is directly opened in an EXCEL
program. The data sources contain the measured flux and absorbed dose rate with a resolution between 10 sec
and 1 hour and the time and the geographical and geomagnetic coordinates of the vehicle for each data point.
The “DATABASE” allows (http://esa-pro.space.bas.bg/database) following functions: source selection; data export
in CSV and TXT format; and several charts: visualization, synchronized zoom, tooltip and hairline; export to
vector, JPEG and PDF format.
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Keywords: [Josumempusi Ha kocmudyeckama paduayus, [KS1, PaduayuoHHu nosicu
Pe3rome: YemupuHadecem pasnuydHu rnpubopu 3a usMepsaHe Ha KocMuyeckama paduayus ca
paspabomeHu, keanuguyupaHu U u3ron3saHu 8 MHO206pOUHU Kocmuyecku mucuu mexdy 1988 u 2018 e. om

y4yeHume om cekyus "CribH4Yeg0-3eMHa ¢husuka“ om MiHcmumyma 3a KocMu4Yecku u3credgaHusi U mexHoroauu
kbM bbnzapckama akademusi Ha Haykume (BAH). Nbpeusm npubop e usnonssaH Ha cmaHyusma ,MUP* mexdy
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1988 u 1994 2. lllecm Opyau ca pabomunu Ha MexdyHapodHama kocmuyecka cmaHuyusi (MKC) e mucuu ¢
npodb/mkumenHocm nogeye om edHa 2oduHa. [pyau nem ca femesiu Ha CbMHUYU 8 KPamKOCPOYHU MUCUU Ha
okonodemHu opbumu. Mpubopvm ,JlronuH-MO* nonems kbm Mapc npe3 2016 2. u ceza pabomu Ha opbuma om
400 km okono Mapc. Mo epeme Ha u3nbiHeHuemo Ha doeosop Ne 4000117692/16 / NL / NDe (http://esa-
pro.space.bas.bg/ ) ¢ ESA (2016-2018 2) 6ewe pa3pabomeHa eduHHa yeb basupaHa 6asa OaHHU ¢ OaHHU 3a
KocMuYeckama paduauyusi, usmepeHa ¢ rnpubopu om muna "[Monur". B 6a3zama daHHU ca pa3pabomeHu dse
omodenHu onuyuu: lMbpeama onyusi, HapevyeHa "DATA SOURCES" (http://esa-pro.space.bas.bg/datasources)
usmeerisi 8 Komnombpa Ha nompebumens gatnose ¢ daHHU 88 CSV ¢hopmam. Bmopama onyusi, HapedyeHa
"DATABASE" (http://esa-pro.space.bas.bg/database) mno3eonsea u3bop u eusyanusayus Ha OaHHU 6b8
sekmopeH, JPEG u PDF ¢gpopmam, kakmo u nonydyagaHe Ha ¢patin 8 CSV unu TXT ¢popmam.

Introduction

lonizing radiation is recognized to be one of the main health concerns for humans in space
missions. Liulin type spectrometer-dosimeters were developed in the late 1980s and have been in use
since then. Two major measurement systems have been developed by our team. The first one is
based on one silicon detector and is known as a Liulin-type Deposited Energy Spectrometer (DES)
(Dachev et al., 2002 and 2003), while the second one is a dosimetric telescope (DT) with two or three
silicon detectors. The Liulin-type instruments were calibrated using a number of radioactive sources
and particle accelerators.

1. Liulin instruments

A total of fourteen successful space instruments were developed, qualified and used in
numerous space missions between 1988 and 2018 (Dachev et al., 2015a and 2017ab; Semkova et
al., 2018) by the scientist from the Solar-Terrestrial Physics Section of SRTI-BAS. Data from ten
experiments (eight DES and two DT experiments) are collected in the database.

2. System architecture of the Unified web-based database with Liulin-type instruments’
cosmic radiation data

Software architecture serves as a blueprint for both the system and the project, clarifying the
work scope and assignments that must be carried out.

Source Selector

Database

Views

L |

Highcharts Library

¥

Charts Module

Exports Server
{JANA)

IPEG

SWG
{vector]

Data Source Export madule

Linzar 1

Zipped CSY

Fig. 1. The software architecture

Each dataset is extracted from the respective database using data views. Liulin-E094 and
R3DR2 have separate view for each combination of their data sources. Data view provides data for
the data export and plotting features. Paging is used whenever the data visualized takes more than 5
pages. Data export covers the most common data formats: Comma separated values (CSV) and
ASCII text (TXT). Plotting features are based on data views, but forwards data to an external plotting
library called Highcharts.
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Highcharts is a SVG-based, multi-platform charting library that has been actively developed
since 2009. It makes it easy to add interactive, mobile-optimized charts to your web and mobile
projects. It features robust documentation, advanced responsiveness and industry-leading
accessibility support.

The design of Liulin database user interface is very similar to the design of NASA, GSFC,
Space physics data facility, Coordinated Data Analysis Web, (CDAWeb)
https://cdaweb.sci.gsfc.nasa.gov/index.html/) interface. It follows the same logic. The idea of our team
is that this will facilitate users, familiar with the high usage statistics (https://cdaweb.sci.gsfc.nasa.gov/
CDAWeb_ Statistics.html) CDAWeb, to use, more easily, the Liulin database.

3. Database operation
3.1. DATA SOURCES menu

Following the link: http://esa-pro.space.bas.bg/ the home page of the project: “DOSIMETRY:
Dosimetry science payloads for ExoMars TGO & surface platform; unified webbased database with
Liulin-type instruments’ cosmic radiation data” will appear (Fig. 2). As seen in the Fig. 2 there are two
choices to obtain Liulin instruments data: by menu-DATA SOURCES and by menu-DATABASE.

PLANNING LIULIN DATA & LITERATURE GALLERY PEOPLE DATA SOURCES DATABASE

[ View | 7
Project: “DOSIMETRY: Dosimetry science payloads for ExoMars TGO & surface platform; W“T
~—

unified webbased database with Liulin-type instruments’ cosmic radiation data”

Fig. 2. The “Home page” of the site

Choosing the menu DATA SOURCES (http://esa-pro.space.bas.bg/datasources) following
page will appear page as seen in Fig. 3.

PLANNING LIULIN DATA & LITERATURE GALLERY PEOPLE DATA SOURCES DATABASE

B Luuin vir i
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B r3p B2 H_‘/;
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™
Fig. 3. The “DATA SOURCES” menu

The DATA SOURCES menu presents all ten data sets from the ten Liulin experiments. Each
data set is subdivided in files, which are in “CSV” format and compressed by “ZIP”. The main idea for
the creation of this menu was fast direct access of the user to the data sources of the ten Liulin

32


https://cdaweb.sci.gsfc.nasa.gov/
http://esa-pro.space.bas.bg/
http://esa-pro.space.bas.bg/datasources

instruments. Usually the data sources files are with 50-80 MB size. After compression it is about 10%
of the original size, which a few MB, which can be downloaded to the computer of the user in seconds.
Further the user can continue in deep analysis using EXCEL or other programs directly in the own
computer. (The exact content of the columns of the ten data sources tables is presented in Table 3. in
the User manual http://esa-pro.space.bas.bg/sites/default/files/Liulin_database user_manual_August
_2018.pdf.)

3.2. DATABASE menu

Choosing menu DATABASE (http://esa-pro.space.bas.bg/datasbase) and selecting the
R3DR2 source a page as in Fig. 4 will be produced.

PLANNING LIULIN DATA & LITERATURE GALLERY PEOPLE DATA SOURCES DATABASE

Source selection @& BaM
LIULIN, Inside MIR 55 | 01/01/1991-31/12/1991 i ] K"I,I

Liulin-E094, Part of ESA “DOSMAP, Inside American segment of 155
R3D-B2, Inside ESA Biopan-5, Outside Foton M2 satellite | 01
R3D-B3, Inside ESA Biopan-6, Outside Foton M3 satellite | 14
R3DE, Inside ESA EXPOSE-E, Dutside “Columbus” module of 155 |
R3DR, Inside ESA EXPOSE-R, Outside "Zverda” module of 155 | 1
Liulin-5, Part of “Matroshka-R", Inside Russian segment of 155
RD3-B3, Inside "BION-M" Na1 satellite | 19/04/2013.12.05.2013 @

® R3DRZ Inside ESA EXPOSE-R2, Outside “"Zvezda” module of IS5 | 23/10/201410/071/201¢
Liulin-MO Cruise to Mars, inside ESA-ROSCOSMOS ExoMars TGO satellite | -
Liulin-MO in Mars Elliptic, inside ESA-ROSCOSMOS ExaMars TGO satellite | 071/

1710572007 ©

150

Submit
Fig. 4. The “DATABASE” submenu with selected R3DR2 source

Pressing “Submit” button a page as in Fig. 5 will appear.

PLANNING LIULIN DATA & LITERATURE GALLERY PEOPLE DATA SOURCES DATABASE

R3DR2, Inside ESA EXPOSE-R2, Outside “Zvezda" module of ISS

Dynamic Fields Begin time End time

2014/10/30 00-00:00 2014/40/30 12-00-00 Submit

Fig. 5. The R3DR2 submenu

Choose the time interval* (in the example: 2014/10/30 00:00:00-2014/10/30 12:00:00) and
variables (in the example: Date/Time/; L value (L); Flux; Absorbed dose; Dose to flux ratio) (if the time
interval is larger than 6 hours than the software divide the output pictures at 6 hours).
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OPTION 1: Receiving graphics - pressing “Submit” button a figure as in Fig. 6 will be
produced.

.
¥
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=
'
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¥
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<

Fig. 6. R3DR2 data (First) page 30/10/2014 in the time interval 00:00:00-08:00:00

Movement of the cursor on the figures automatically generates labels, which contains the
different variable values at the point of interest, as shown in Fig. 7.
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Fig. 7. R3DR2 data (First) page with value labels on the figure

The “Zoom” of any part of the figure can be obtained by pressing and holding down of the left
button of the mouse as shown in Fig. 8.
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Fig. 8. Zoom of part of R3DR2 data (First) page

Pressing of the “Reset zoom” button return the picture to the original size.
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Fig. 9. JPEC image of R3DR2 data (First) page

Pressing of the = button generate submenu where the user may choose the format of the
figure output. The options are: “JPEC image”, “PDF document and “SVG image”. Choosing “JPEC
image” the software send to the user’s computer an output picture is shown in Fig. 9.

OPTION 2: Obtaining numeric data

In the main menu choose the necessary parameters, as example — time initial, Altitude,
Geographic longitude and Flux

Pressing one of the red buttons ol in the R3DR2 menu generate CSV or TXT
format file. A file is ready for downloading. The user can save it in a chosen location under a chosen
name. In the example a text file is selected. The file has a content, which reflects the chosen
parameters in the R3DR2 menu (date/time, L value, flux, absorbed dose rate, D/F ratio). The view of
the first 15 rows of the file in “CSV” format are shown in Fig. 10.
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Fig. 10. R3DR2 data in the downloaded “CSV” format file
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Abstract: Three Liulin type spectrometers performed measurements of the energetic particles flux
outside the International Space Station (ISS) in 3 long-term periods between 2008 and 2016. Very similar
instrument was flown in the interplanetary space between the Earth and Moon and around the Moon on the Indian
Chandrayaan 1 satellite in 2008-2009. All instruments are Bulgarian-built Liulin-type miniature spectrometer-
dosimeters and acquired more than ten million energy deposited spectra from which the flux and absorbed dose
rate were calculated with 10 s resolution behind less than 0.3 g cm shielding. This paper analyses the high
energy depositing events, which was observed in the 256" channel when the deposited in the detector energy is
higher than the upper limit of the 256 channels spectrometer of 20.8 MeV. These events can be explained with
registration of high charge and energy (HZE) ions (He*, C*, O*, Ne*, Mg* Si* and Fe™) in the Galactic cosmic ray
(GCR) source and with long path proton crossings of the detector in the region of the South Atlantic anomaly
(SAA) and during solar energetic particles events (SEP). The paper analyses the global distribution of the high
energy depositing events observed inside the Earths magnetosphere. The high energy deposition fluxes in the
256 channel of the spectrometer in GCR, observed by RADOM instrument, outside the Earth magnetosphere and
atmosphere outside Chandrayaan-1 satellite, are 6.8 times more frequent than the average by R3D/E/R/R2
instruments outside ISS. The higher flux and the presence of high charge and energy (HZE) ions outside of the
Earth magnetosphere and atmosphere poses higher health risks for the humans being on missions on the Moon
or Mars surfaces or in the Solar system interplanetary space.
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Pe3rome: Tpu criekmpomempu om muna "/TronuH" npogedoxa usMepeaHusi Ha romoka om eHepauliHu
yacmuuyu u3ebH MexdyHapodHama Kocmuvecka cmaryusi (ISS) e 3 dbneocpoyHu nepuoda mexdy 2008 u 2016
2. MHozo nodobeH npubop pabomu 8 mexdyrnnaHemHomo rpocmpaHcmeo mexdy 3emsima u JlyHama u OKorno
JlyHama Ha uHOulickusi cmbmHuk Chandrayaan 1 npe3 2008-2009 eoduHa. Te3u npubopu ca criekmpomempu-
dosumempu om muna "MonuH" u ca paspabomeHu 8 cekyussma no ,CibHYe80-3eMHa ¢usuka“ Ha MKUT-BAH.
lMonydyeHume noseye om decem MUSUOHa Criekmpu Ha Oero3upaHama eHepeausi ca u3rosndeaHu 0a ce usqucsm
rnomoka u MowjHocmma Ha abcopbupaHama dosa ¢ pasdenumersiHa criocobHocm om 10 s 3ad ekpaHUposKa om
0.3 g cm? Tasu cmamus aHanusupa Momoka Ha Ccbbumusi ¢ eucoka Oero3upaHa eHepausi, Koumo ce
Habmmodasam 8 256-musi kaHa;n Ha criekKmpoMembpa, Ko2amo Oero3upaHama 8 Oemekmopa eHepausi e Mo-
8uUCOKa 0m eopHama 2paHuya Ha 256-musi kaHan Ha cnekmpomembpa om 20,8 MeV. Tesu cbbumusi Mo2zam Oa
6n0am 006siCHEHU C peaucmpupaHe Ha 8ucokoeHepaulHu toHu (He*, C*, O*, Ne*, Mg* Si* and Fe*) ¢ sucoka
eHepeusi u eonsam amomeH Homep (HZE) e eanakmuyeckume kocmudecku nvyu (GCR) u ¢ npemuHasaHe Ha
pPomMoHu HadnwbXXHO npe3 demeKkmopa 8 peauoHa Ha HOxHa-AmnaHmuyeckama aHoMmanus (SAA) u rno epeme Ha
ClTbHYesU MpomoHHU cbbumusi (SPE). B cmamusma ce aHanusupa enobasiHomo pasnpocmpaHeHue Ha
cbbumusima ¢ 8UCOKO eHepauliHo omdasaHe, HabrirodasaHu 8 U U38bH 3eMHama MasHumocagepa. llomokbm om
cvbumusi 8 GCR ¢ eucoka Oeno3upaHa eHepausi 8 256 kaHan Ha criekmpomembpa, HabrnwodagaHu om
uHcmpymeHma RADOM, u3ebH 3eMHama MasHumocghepa u ammocghepama u38bH cribmHuka Chandrayaan-1,
ca 6.8 nbmu no-zosisim om cpedHume & npubopume R3D/E/R/R2 u3ebH ISS. 1o eonemusim nomok u Haau4uemo
Ha 8UCOKoeHepauliHu UOHU cb30aea Mo-8UCOKU pucKoge 3a 30pasemo Ha xopama, Koumo ca Ha Mucuu Ha
noewpxHocmma Ha JlyHama unu Mapc unu 8 mexdynnaHemHomo npocmpaHcmeo Ha CribHYegama cucmema.
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Introduction

There are three principal sources of primary ionizing radiation in low earth orbits (LEO): (1)
galactic cosmic rays (GCR); (2) solar energetic particles (SEP), high fluxes of charged particles
emitted during sporadic but intense solar flares and coronal mass ejections; (3) energetic electrons
trapped in the outer radiation belt (ORB) and energetic protons trapped in the inner radiation belts
(IRB). In LEO, a fourth source, albedo neutrons and protons, is also encountered [1]. Flux and dose
characteristics in the near Earth space radiation environment depend on factors such as orbit
parameters, solar cycle phase and current helio and geomagnetic conditions.

1. R3D and RADOM instruments

A total of fourteen successful space instruments were developed, qualified and used in
numerous space missions between 1988 and 2018 [2, 3] by the scientist from the Solar-Terrestrial
Physics Section of SRTI-BAS.

This paper analyze the high energy deposition events observed at three Liulin type
spectrometers, which performed measurements of the energetic particles flux outside the International
Space Station (ISS) in 3 long-term periods between 2008 and 2016. Very similar instrument was flown
in the interplanetary space between the Earth and Moon and around the Moon on the Indian
Chandrayaan 1 satellite in 2008—2009 [4].

The left part of Fig. 1 shows an external view of the R3D instruments (named R3D/E/R/R2)
mounted on the 3 EXPOSE/E/R/R2 facilities outside ISS. The R3D instrument is a small-dimension
(76x76x36 mm), low-mass (0.17 kg) automatic devices that measures solar electromagnetic radiation
in four channels and ionizing radiation in 256 channels of a Liulin-type deposited energy spectrometer
(DES) [2]. In left part of Fig. 1 small circles on the surface in the central portion of the R3D instrument
show the four solar visible-and UV-radiation photodiodes, whose data are not addressed in this paper.
The ionizing radiation detector (silicon PIN diode of Hamamatsu S2744-08 type) is located behind the
aluminum wall of the instruments and are therefore not visible.

On the right part of Fig. 1 the external view of RADOM instrument is shown. The dimensions
of the instrument are size of 120x40x20 mm and mass of 0.098 kg. It contains the same ionizing
radiation detector as R3D instruments but don’t have solar electromagnetic radiation spectrometer.

Fig. 1. External view of the R3D and RADOM instruments

The R3D and RADOM instruments [2, 4] contain: one semiconductor detector (Hamamatsu
(S2744-08) PIN diode 2 cm? area, 0.3 mm thick), one charge-sensitive preamplifier, 12 bit analogue to
digital converter (ADC), 256 channels multichannel analyzer and serial interface of RS422 toward the
EXPOSE facility. Pulse analysis technique is used to obtain the deposited energy spectrum, which
further is used for the calculation of the absorbed dose and the flux in the silicon detector. The two
microcontrollers, through specially developed firmware, manage the measurements and
communications of the instrument.

The main measurement unit in the R3D and RADOM instrument is the amplitude of the pulse
after the preamplifier, generated by particles or quanta, hitting the detector [2]. The amplitude of the
pulse is proportional by a factor of 240 mV MeV-! to the energy loss in the detector and respectively to
the dose. By 12 bit analogue to digital converter (ADC) these amplitudes are digitized and organized
in a 256-channel deposited energy spectrum. The dose in the silicon detector Ds; [Gy] by definition in
System international (Sl) is one Joule deposited in 1 kg of matter. The absorbed dose is calculated by
dividing the summarized in 256 channels energy depositions in the spectrum in Joules to the mass of
the detector in kilograms.

The semiconductor detector of the R3D instruments was mounted approximately 7 mm below
the 0.8 mm thick aluminum cover plate. Furthermore, there was shielding from 0.07 mm copper and
0.2 mm plastic, which provided 0.3 g cm-? of total shielding from the front side. The calculated required
kinetic energy of particles arriving perpendicular to the detector was 0.835 MeV for electrons and
19.5 MeV for protons. This means that only electrons and protons with energies exceeding the values
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listed above can cross the R3DR2 shielding materials and reach the detector surface. The detector
shielding, being larger from the sides and from behind (Fig. 1), stops all ORB relativistic electrons,
attenuates the lower energy IRB protons, but practically does not change the flux of the primary GCR
particles.

2. Observations

The current paper analyses the high energy deposition events obtained with 3 R3D
instruments on ISS and with RADOM instrument on the Indian Chandrayaan-1 lunar satellite:

- R3DE instrument was installed in Expose-E facility outside ESA Columbus module of the
ISS. The R3DE data covered the time interval between February 22, 2008 and September 1, 2009 [5];

- Expose-R facility mounted outside of the Russian “Zvezda” module hosted the R3DR
instrument [6] in the period from March 11, 2009 to August 20, 2010 outside of the Russian “Zvezda”
module;

- R3DR2 was installed in the same place as R3DR instrument from October 24, 2014 to
January 10, 2016 [7, 8];

- RADOM instrument was mounted outside of the Indian Chandrayaan-1 satellite launched to
the Moon on 22 October 2008 and injected into a 255 x 22,860 km orbit. After separation from the
launcher, the spacecraft rose to moon rendezvous orbit by five consecutive in-plane perigee
maneuvers to achieve the required 386,000 km apogee that placed it in a lunar transfer trajectory.
Here we use the data obtained between 29 October and 9 November 1988 when the satellite was in
the interplanetary GCR source at altitudes between 90,000 and 360,000 km, far away from the bodies
of Earth and Moon.

The different radiation sources, nhamed GCR, SAA, SEP and outer radiation belt (ORB), are
separated using the selection procedure described recently by Dachev et al. in [7] and some additional
requirements. Finally, the SAA source is selected by the following requirements: Dose rate>15 uGy h-
1, D/F ratio>1.12 nGy cm? particle’, L-value<3; B<0.23 Gauss. The GCR source: Dose rate<15 uGy h-
1, B>0.23. The ORB source: Dose rate>15 uGy h-, D/F ratio<1.12 nGy cm? particlel, B>0.23.; (2)
Larger amount of them 677 counts are in the SAA source. The SEP source: Dose rate>15 uGy h+,
D/F ratio>1.12 nGy cm? particle?, B>0.23. Only in the data of the R3DR2 instrument were found and
selected SEP particles.
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Fig. 2. Deposited energy spectra from different
radiation sources

Fig. 3. Global distribution of the locations of the high energy

deposition events as observed R3DE/R/R2 instruments
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Fig. 2 illustrates how the high energy deposition events in the IRB source are seen in the
energy deposition spectra. The presented GCR, ORB and SEP spectra are obtained by the R3DR2
instrument from 21 to 30 June 2015. The deposited dose rate is the area between the abscissa and
the curve of the deposited energy spectrum that is why the GCR spectrum (black line) is in the bottom
of Fig. 2. The ORB spectrum (green line) shows large maximum in the range up to 2 MeV because the
high energy electrons, which built it, are relatively low energy deposition particles. The magenta line
presents the SEP spectrum from the solar proton event on 22 June 2015. The event was built by
relatively low energy protons, which produces the maximum in the range between 1 and 10 MeV.

The red line IRB spectrum presents the result from averaging of all (254,320) R3DR2 IRB
spectra. The existence of high energy deposition events in the 256 channel (the last point in the
spectra) is not seen because of relatively low number of spectra, which contains 1 there. The blue line
IRB spectrum presents the result of averaging only the spectra, which have 1 in the last channel (1822
spectra). In the 256" channel of this spectrum is seen large vertical blue line, which presets this large
value. The blue spectrum is higher than the red one because the probability for observation of high
energy depositing events are higher in higher flux, respectively higher dose rate.

Fig. 4 presents the global distribution of the locations where the high energy depositing events
in the 256th channel were observed in the spectrometers of the R3DE/R/R2 instruments. This means
that in the 10 sec interval of each measurements in the 256 channel of the spectrometer is observed
value greater than zero. Usually this value is 1 and in very rare occasions, only in the SAA source 2.
The dashed lines in Fig. 4 represent the isolines of flux observed with R3RE instrument equal to 2.5
and 120 cm2 s, giving to the reader an idea where the SAA in flux is situated and where the high
latitude regions in the both hemispheres are extended.

We consider to investigate more precisely only the fluxes of particles observed in the GCR
and ORB sources because the fluxes in SAA and SEP sources have known origin from long path
proton crossings of the detector in the region of the SAA and during SEP events.
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Fig. 4. Interplanetary GCR flux variations as observed with RADOM instrument

Figure 5 presents the RADOM GCR data obtained in the interplanetary space between Earth
and Moon in the time interval 29/10/2008 09:46:12-08/11/2008 00:00:00 UT. On the left hand axis are
plotted the measured flux (red points) in cm-2 s and the values of the 256" channel (green points)
being in the most of the time equal to 0 and in 39 cases equal to 1. On the right hand axis is plotted
the altitude (blue points) of the Chandrayaan-1 satellite above the Earth surface.

It is seen that the flux values are stable in the range 1.4-4.8 cm s1. The linear average of the
flux, presented with heavy black line, have very small trend of increase between 3.0 and 3.15 cm? s%,
which is connected with a real increase of the GCR flux in the Earth vicinity, as observed by the Oulu
neutron monitor [4].

As GCR pass through a target, a multitude of electromagnetic and nuclear interactions cause
the incident particles to deposit some of their kinetic energy into the target material. The energy is
deposited primarily in the form of ionization of atoms in the target. The rate at which the incident
particle deposits its energy in the target is termed linear energy transfer (LET=-dE/dx), energy
deposited per unit path length) [8]. The LET spectrum and its evolution through the human body are
essential ingredients in understanding and mitigating the potential radiation risk posed by energetic
particles [9].
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Fig. 5 compare [10]:

- 2012-2013 silicon LET spectrum (large black points) from RAD instrument on Curiosity
rower at the surface of Mars behind ~21 g cm-2 CO: shielding;

- 2009-2011 silicon LET spectra from CRaTER instrument [11] on board the Lunar
Reconnaissance Orbiter (LRO), which orbited the Moon in a 50 km (average) polar orbit with a period
of about 100 min [9]. The data was obtained behind 0.2 g cm-2 (CRaTER D1/D2, small black points), 6
g cm2 (CRaTER D3/D4, small red points), and 9 g cm2 (CRaTER D5/D6, small blue points);

- 2008 silicon LET GCR spectrum (magenta points) from RADOM instrument, obtained behind
0.3 g cm? shielding in the interplanetary space between Earth and Moon between 29/10/2008
09:46:12 and 08/11/2008 00:00:00 UT. 52,687 10 sec spectra were averaged;

- 2014-2016 silicon LET GCR spectrum (dark green points) from R3DR2 instrument, obtained
behind 0.3 g cm-? shielding. The spectrum was obtained by averaging of 3,393,592 10 s GCR spectra
in the period 23/10/2014 10:31:43-10/01/2016 23:59:56 UT.
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Fig. 5. Comparison of LET spectra, obtained by different instruments at different carriers

Figure 5 shows relatively good agreement between the shapes of the different spectra. The
RADOM and R3DR2 spectra are shorter than the RAD and CRaTER spectra because they were
obtained with single silicon detector, which covers only the LET range between 0.233 and
29.8 keV um-. The RADOM and R3DR2 spectra include the energy depositions of Neon (Ne) ions as
obtained by Dr. Y. Uchihori [11] (see Fig. 11 there) but in Fig. 4 this is not seen, probably because not
very clear position of Neon maximum in the CRaTER spectra. The RADOM spectrum is below the
RAD and CRaTER spectra because smaller shielding. The R3DR2 spectrum is obtained inside of the
Earth magnetosphere and atmosphere that is why the amount of CGR particles building the spectrum
is smallest and this spectrum is in the bottom of Fig. 4.

3. Data analysis

The analysis of the data in the figures and Table 1 reveal the following:

Table 1. Statistics of the observations with the R3DE/R/R2 and RADOM instruments.

Experime | Time interval of the Flux of Flux of Flux of Flux Flux of SAA | Flux of SEP
nt measurements GCR ORB GCR+ORB | GCR+ORB | particles in particles
Number of days of |patrticles in|particles in| particles in | [part./day 256 ch. [cm2sr?]
GCR measurements | 256 ch. 256 ch. 256 ch. cm?sr] [em?srl]
[cm2sr!] | [em?sr?Y] | [cm?srl]
R3DE |31/05/2008-23/06/2009 Not
287.1 68.47 0.80 69.27 0.24 107.8 observed
R3DR |11/03/2009-19/08/2010 Not
261.2 30.73 3.03 33.76 0.13 159.1 observed
R3DR2 |23/10/2014-10/01/2016
418.7 54.94 7.80 62.74 0.15 286.9 16.2
RADOM | 29/10/2008 09:46:12-
08/11/2008 00:00:00 6.21 1.02
6.1
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1) The events in 256 channel of the spectrometer are distributed in the 3 different sources.
The IRB fluxes, as expected, are concentrated in the region inside the dashed line, which gives the
boundary of the120 cm2 s'1. The frequency of observation of IRB events raise toward the center of the
SAA, which confirm the hypothesis that this events are generated by long path proton crossings of the
detector. The maximal IRB flux is seen during the EXPOSE-R2 mission because of the maximal
altitude of ISS and that is why maximal IRB fluxes. The ORB events, as expected, are seen in the
region outside the dashed line, which gives the boundary of the 5 cm? s1. The SEP particles (Seen in
Fig. 2 with blue crests) was observed only on EXPOSE-R2 facility during the solar proton events in
2015. The largest fluxes was observed on 22 June 2015 [14];

2) The GCR flux in 256 channel from R3DE instrument is the largest because the flux of
secondaries, generated in the heavier surrounding shielding of this instrument [13];

3) The ORB flux in 256 channel from R3DE instrument is the smallest because of the very low
solar and geomagnetic activity during the measurements in 2008—2009. The largest ORB flux is
observed during the EXPOSE-R2 mission in 2014-2016 [7];

4) The IRB flux in 256 channel from R3DE instrument is the smallest because of the relatively
smaller altitude of ISS and smaller IRB fluxes during this measurements in 2008—2009 [7].

Conclusions

The observed maximal frequency of the IRB events in the 256 channel close to the center of
the SAA confirm the hypothesis that this events are generated by long path proton crossings of the
detector. Relatively small energy of the IRB protons and the lack of heavy ions define the smaller
health risk from this particles.

The high energy deposition fluxes in the 256 channel of the spectrometer in GCR source,
observed by RADOM instrument, outside the Earth magnetosphere and atmosphere outside
Chandrayaan-1 satellite, are 6.8 times higher than the average by R3DR2 instrument outside ISS.
Also the presence of high charge and energy (HZE) ions poses higher health risks for the humans
being on missions on the Moon or Mars surfaces or in the Solar system interplanetary space.
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Abstract: The strongest geomagnetic storm in 2018 was studied. It is accompanied by anomalous
enhancement of cosmic rays, recorded by a large number of neutron monitors (NMs) on the global world network
stations (http://www01.nmdb.eu/). The storm on 26.08.2018 has a maximum 3-hour planetary index Kp = 7+ and
the magnitude of the planetary 24-hour Ap index, Ap = 67. This storm was not predicted by either our Space
Weather Forecasting Center at the Institute for Space Research and Technology — BAS, or the other national and
international centers and services. This work analyzes the causes of this phenomenon. The investigated storm
coincides exactly with the full moon on August 26, 2018, when the Sun — Earth — Moon system is located on a
straight line.

AHOMAJIHO HAPACTBAHE HA KOCMUYECKUTE NTb4X NO BPEME HA
F’EOMArHUTHATA BYPSA G3 HA 26.08.2018 NMPU CINEUWUAIIHO NOJIOXXEHUE
HA CUCTEMATA CITbHUE-3EMA-JTYHA

INes OopmaHn?, NMeTtep BenuHoBs?, JIbuesap MaTtees?, AumutpnHka Tomosa®,
AnekcaHabp Muwes*

NBMUPAH, Pycka akademusi Ha Haykume / U3paencku Kocmudyecku yueHmbp, KaspuH
2WMHCcmumym 3a KocMudyecku uscnedsaHusi U mexHonoauu — bbrzapcka akademusi Ha Haykume
3Cogputicku YHusepcumem "Ce. KnumeHm Oxpudcku", ®-m no mamemamuka u UuHgopmamuka

4Uscnedosamersicku omodern 3a KOCMUYECKU Kriumam, YHugepcumem & Oyny, ®@uHnaHOuUsi
e-mail: pvelinov@bas.bg

Kno4oeu dymu: Kocmuyvecku nvyu, MexdynnaHemHa ghu3uka, YCKopeHue Ha Yyacmuuyume;
Kocmuuecko speme, NzcunsaHe Ha 4acmuyume; CunHa eeomaeHuUmHa bypsi — knac G3

Pe3rome: U3cnedsaHa e Hau-eonsimama 2eomazHumHa 6ypsi npes 2018 2. Ta e cwnpogodeHa om
aHomasiHo HapacmeaHe Ha KOCMU4YecKume JTbYu, pesucmpupaHO Om 3HayumersiHa 4acm Om HeympoOHHUMe
MOHUMOpPU Ha ceemosHama arnobanHa Mpexa cmaHuyuu (http://www01l.nmdb.eu/). bypsma om 26.08.2018 uma
MakcumareH 3-4yacoe nnaHemapeH uHoekc Kp = 7+ u 3HavyeHue Ha nnaHemapHusi 24-4yacos Ap uHdekc, Ap = 67.
Tasu 6ypsi He bewe npedckazaHa HUMO om Hawusi LleHmbp 3a nposHo3a Ha KOCMUYECKOmMO epeme rpu
WHecmumyma 3a KocmudYecku uscriedsaHusi u mexHonoauu — BAH, Humo om Odpyeume HayuoHanHu u
MexOyHapoOHU ueHmpose u crnyxbu. B pabomama ce aHanusupam npuduHume 3a mo3u (beHOMEH.
PasanexdaHama 6yps cbernada MoYHO ¢ MbriHOAyHUemo Ha 26.08.2018, koecamo cucmemama CribHue — 3emsi —
JlyHa e pasnonoxHa Ha edHa rpasa /IuHUs.

Introduction

We are presently at the minimum of the 24" solar cycle. Increased solar activity periods during
the minimum are rare occurrences. Typically, such phenomena are 1-2 during a solar cycle [1, 2, 3].
This particularly concerned the period with CR anomalous effects in the end of August 2018.
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Surprise G3 — Strong geomagnetic storm on August 26, 2018

On 26 August 2018 unexpectedly began the strongest geomagnetic storm for this year with a
maximal 3-hour planetary index Kp = 7+ and the magnitude of the planetary 24-hour Ap index,
Ap = 67 (Fig. 1a). This storm was not foreseeable for most of the world space weather prediction
centers.

Mostly the space weather forecasts (of NOAA SWPC and other European and world centers)
come true with a high probability. Relatively rare are some exceptions - one such case is the forecast
for August 26, 2018.

~We were wrong! The coronal mass ejection we talked about back on 22 August did arrive at
Earth and sparked strong G3 geomagnetic storming conditions today. A big surprise for everyone
which goes to show how unpredictable space weather is.“ (NOAA SWPC)
(https://www.spaceweatherlive.com/en/news/view/352/20180826-strong-g3-geomagnetic-storm)

On Fig. 1b is shown the forecast of geomagnetic storms from 26 to 28 August 2018 from
Laboratory for Roentgen Astronomy of the Sun, Lebedev Physical Institute of the Russian Academy of
Science (http://tesis.lebedev.ru/).

|| geomagnetic calm G1-minor storm (level G1)
5 . 62 - moderate storm (level 62)
B geomagnetic disturbances 63- strong storm (level 63)

e G4 - severe storm (level G&)
geomagnetlt_ storm G5 - extreme storm (level 65)

O NWALEUUANXD WO

00:00 12:00 18:00 12:00 18:00 06:00 12:00 18:00 00:00

26.08.2018 27.08.2018 28.08.2018

s Y O ——

[ime (UT)

18:00 00:00 06:00 00 18:00 00:00 06:00 12:00 18:00 00:00

26.08.2018 27.08.2018 28.08.2018

[1me (UT)

Fig. 1: a) The 3 hour Planetary K-index in the disturbed period August 26—28, 2018 with level G3 — Strong
geomagnetic storm (August 26) and level G2 — Moderate geomagnetic storm (August 27), according to NOAA
Space Weather Prediction Center (SWPC) — Boulder, Colorado. At the top of the Figure the 5 levels (G1-G5) of
geomagnetic storms (all in red) are presented.

Fig. 1: b) The forecast of magnetic storms from 26 to 28 August 2018, prepared from Laboratory for Roentgen
Astronomy of the Sun, Lebedev Physical Institute of the Russian Academy of Science (http://tesis.lebedev.ru/).
According to them the probability of a magnetic storm is 20 % and the probability of a strong magnetic storm is
5 % for 26 and 27 August. For 28 August these probabilities are 10 % and 1 %, respectively.
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Fig. 2. Magnitude of the Interplanetary Magnetic Field (IMF), with a continuous southward orientation (Bz).
Negative (southward) Bz values have been observed since around 15 UTC on 25.08.2018 and these values
gradually increased to a minimum of —17 nT.
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Fig. 3. Behaviour of Dst - index [nT] in the period August 20 — September 18, 2018, according to data from World
Data Center for Geomagnetism, Kyoto, Japan. It is seen and another smaller storm on September 11, 2018.

This unexpectedly strong geomagnetic storm is caused by an enhanced magnitude of the
Interplanetary Magnetic Field (IMF), with a continuous southward orientation (Bz) (Fig. 2), which is a
common occurrence when the core of a Coronal Mass Ejection (CME) passes our planet. Negative
(southward) Bz values have been observed since around 15 UTC on 25.08.2018 and these values
gradually increased to a minimum of —17 nT (Fig. 2). The persistent southward orientation of IMF
constantly fueled the auroral events above our planet resulting in surprisingly strong geomagnetic
storm conditions (https://www.spaceweatherlive.com/images/news/2018/352-bz.jpg).

Magnetic storming gradually increased in strength until 05:59 UTC on 26.08.2018, when the
NOAA SWPC reported that the G3 — Strong geomagnetic storm threshold was reached. Even the
Disturbance Storm Time (Dst) index dropped deep to a lowest value of Dst = -186 nT (Fig. 3).

Forecasters did not see this coming. The stage was set for the storm when a minor CME
arrived about 24 hours ago. First contact with the CME barely registered in solar wind data, and
Earth’s magnetic field was unperturbed. The action began only after Earth entered the CME’s wake,
where strong south-pointing IMFs opened a crack in planet's magnetosphere. A surprise geomagnetic
storm began.

The plasma cloud was slow and the solar wind velocity had a constant speed of around
400-450 km/s during the past 36 hours. There was no classic shock impact which we often see with
faster coronal mass ejections so what gave away that this indeed was a coronal mass ejection?
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The investigated storm coincides exactly with the full moon on August 26, 2018, when the Sun
— Earth — Moon system is located on a straight line. Close and similar cases are considered and
analyzed in the works [4, 5, 6]. There is also the relevant interpretation.

Cosmic ray enhancement and Forbush decrease on August 25-26, 2018

The behavior of cosmic rays in the period around August 26, 2018 was extraordinary and
inexplicable. Obviously refers to new unknown effect in the near space associated with the additional
acceleration of the particles in interplanetary space and Earth environment to relativistic energies.

Some examples of event from August 25-26, 2018 are shown in Fig. 4. A distinguishable
signal was recorded by high latitude neutron monitor (NM) Apatity (APTY), Russian Federation (Fig.
4a) and by middle latitude Jungfraujoch (JUNG) NM, Switzerland (Fig. 4b). This suggest that it is a
ground-level enhancement (GLE) event [7—14]. Similar is the situation with other stations located in
Europe, North and Central Asia and Africa - for example neutron monitors: Dourbes (DRBS), Belgium;
Lomnicky Stit (LMKS), Slovakia; Rome (ROME), ltaly; Athens (ATHN), Greece; Moscow (MOSC),
Baksan (BKSN), Novosibirsk (NVBK), Irkutsk (IRKT), Yakutsk (YKTK), Tixie Bay (TXBY) (all six NMs -
Russian Federation); Oulu (OULU), Finland; Almaty (AATB), Kazakhstan; Castilla-La Mancha (CALM),
Spain; Tsumeb (TSMB), Namibia; Hermanus (HRMS) and Potchefstroom (PTFM) (South Africa
Republic) and others (www.nmdb.eu).

However, a number of stations in the American and Pacific sectors did not respond. For
example, no GLE was recorded in US neutron monitors: Thule (THUL), Newark (NEWK) and Fort
Smith (FSMT); also in Daejeon (DJON) NM, South Korea; Kerguelen (KERG) NM, District of the
French Southern and Antarctic Lands, and many others (www.nmdb.eu).

A number of the above mentioned stations register pronounced Forbush decrease [7, 15-18],
f.e. for NM APTY the magnitude is —3.3 %, Fig. 4a.

For the analysis of the presence of GLE, the results from neutron monitors in Antarctica will be
decisive. At present there is a network of Antarctic neutron monitors: SOPO and SOPB (US); DOMC
and DOMB (Finland) [19]; Mirny (MRNY), Russian Federation; Terre Adelie (TERA), French Antarctica
— near the South Magnetic Pole; Jang Bogo (JBGO), S. Korea; Mawson (MWSN), Australia, and
others.

The first two groups are high altitude NMs: SOPO/SOPB - located at the geographical South
Pole, 90°00' S (2835 masl), and DOMC/DOMB - located in the Polar Cusp - Central Antarctica at
75°06' S, 123°20' E (3233 masl). The remainder NMs: MRNY, TERA, JBGO, MWSN are situated near
sea level [19].

The high altitude NM DOMC (Fig. 4c), as well as other polar NMs did not register any
significant response to GLE. They measured only the pronounced Forbush decrease, f.e. DOMC
(2.5 %), Fig. 4c, DOMB (-2.8 %) and other.

Cosmic ray enhancement is not a GLE, but an anomalous effect

Almost a simultaneous enhancement of the count rates of several ground-based cosmic-ray
neutron monitors (NMs), that is caused by solar energetic particles (SEPSs) is known as a ground-level
enhancement (GLE) event. Observations of GLEs provide key information about the high energy part
(above several hundred MeV.nucl-1) of strong SEP events, which cannot be continuously monitored
by space-borne instruments.

The definition of GLE events requires implementation of the following conditions [20]:

A GLE event is registered when there are near-time coincident and statistically significant
enhancements of the count rates of at least two differently located neutron monitors including at least
one neutron monitor near sea level and a corresponding enhancement in the proton flux measured by
a space-borne instrument(s).”

Some places are exceptionally well suitable for ground-based detection of SEP — high-
elevation polar regions with negligible geomagnetic and reduced atmospheric energy/rigidity cutoffs.
At present, there are two neutron-monitor stations in such locations on the Antarctic plateau:
SOPO/SOPB (at Amundsen—Scott station, 2835 m elevation), and DOMC/DOMB (at Concordia
station, 3233 m elevation) [20].

From what has been said in the previous section, and also from the results shown in Fig. 4c, it
can be seen that on August 26, 2018, there is no penetration of SEPs.

This is confirmed by the absence of SEPs that are registered on satellites and space stations.
The data from GOES-14 to GOES —-17 (The Geostationary Operational Environmental Satellite) and
ACE (Advanced Composition Explorer) show that the instruments for measurements of high energy
solar energetic particles did not record an increase in their integral fluxes on August 26, 2018. This
applies to GOES Proton Flux 210 MeV, 250 MeV, and 2100 MeV; and to the ACE instrument CRIS
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(Cosmic Ray Isotope Spectrometer). CRIS has an energy interval, from 50 to 500 MeV/nucleon, with
isotopic resolution for elements from Z = 2 to 30. The nuclei detected in this energy interval are
predominantly high energy particles and cosmic rays. (https://www.goes.noaa.gov/ and http://www.srl.
caltech.edu/ACE/)
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Fig. 4. The time course (during the period August 17-31, 2018) of cosmic rays measured by neutron monitors at:
a) high latitudes — Apatity (APTY), Russia with Effective vertical cutoff rigidity Rc = 0.65 GV, Altitude 181 masl,
b) middle latitudes — Jungfraujoch (JUNG), Switzerland with Rc = 4.49 GV, Altitude 3570 masl,
c) high elevation — DOMC research station (located in the Polar Cusp - Central Antarctica at 75°06' S, 123°20' E),
with Effective vertical cutoff rigidity Rc < 0.01 GV, 3233 masl.
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Conclusion

The enhancement of cosmic rays during G3 — Severe geomagnetic storm on August 26, 2018
represents an anomalous phenomenon, an anomalous effect, which is characterized by:

1) Strong anisotropy of the CR anomalous enhancement;

2) A great asymmetry of planetary impact, accompanied by CR enhancement in Europe, Asia
and Africa, and absence of effect in America, the Pacific region and Antarctica;

3) Absence of CR effect even in high altitude (about 3000 m elevation) NMs: SOPO/SOPB
and DOMC/DOMB - located at geomagnetic cutoffs almost zero GV ! Usually, the weakest GLEs, the
so-called sub-GLEs [20], are registered here due to the relatively low atmospheric cutoffs.

4) The appearance of a new extraordinarily strong acceleration mechanism for the charged
particles (to relativistic energies !) from interplanetary and extraterrestrial forces, fields and structures.
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Abstract: In the period 1958—-2002, observations of Earth artificial satellites in Bulgaria have been well-
developed scientific and practical theme, mainly in the optical range, and since 1988 - laser observations. Today
this worldwide promising field of space research, developed for years in the US, Russia and Europe, is not
developed by Bulgarian researchers. Contemporary European Sights for Space Surveillance and Tracking (SST)
development, however, show the topicality of establishing working network for artificial satellites and space
debris(SD) observations in EU countries. This also affects today's generation of scientists working in different
structural units of the Bulgarian Academy of Sciences, Sofia University "KI. Ohridski "and others. By definition,
each observation station located within the EU requires radar, optical and laser tracking systems for SST and SD.
The report discusses the problem of building and developing of observation networks in Bulgaria and the
attachment of Bulgarian observers to relevant European partners in this activity. Different stages of network
construction, data acquisition and storage, cataloging of objects, details and debris of space satellites are shown
in the paper.

In conclusion, the initial results and experience gained by observers at the various stages of image
observation and processing, as well as the obtaining of updated orbital elements of the artificial satellites as
catalogue data, have been demonstrated.

BbBeneHue

Bbbp3o pactawms 6pon Manku- U MUKPO- CaTenuUTU M MEPCNEKTUBM 3a pa3BUTME Ha ronemmu
(*)J'IOTVIJ'II/II/I OT CNbTHUUM OONBITIHUTENHO YyBenun4yaeart HeOGXO,D,I/IMOCTTa OT HagexagHa n HaBpeMeHHa
MHdopmaums 3a KocMmuyeckute obekTu. BeblyHocT, B EBpona ocHOBHaTa Len Ha cuctemara 3a
HabrnogeHve Ha cuTyauusita B KOCMoca € Aa NOoAKPenu eBpOMnencKoTO HE3aBMCMMO U3MOon3BaHe U
JOCTbMN [0 HayyYHWUTe MW3CredBaHWsi 4pe3 OcurypsiBaHe Ha HaBPEMEHHW W KayeCTBEHM [aHHW,
WHdopMaums, yCcrnyru M 3HaHuMs 3a OKofHaTa cpepa (atMocdepa M OKOMO3EMHO MPOCTPaHCTBO),
3annaxvTe U yctonumBata ekcnroartaums Ha CMbTHUKOBUTE CUCTEMU B KOCMUYECKOTO NMPOCTPaHCTBO.
Taka or 2009 r. Hacam EBponeickata kocmmuyecka areHuusa (ESA) npoBexaa nporpama 3a
HabnogeHMe Ha cuTyauusTa B kocMmoca (Space Situational Awareness - SSA) ¢ Tpu cermeHTa —
KocMmuyecko Bpeme (Space Weather - SWE), koHTpon Bbpxy obektute Ha 3emsita (NEO) un
HabnogeHMeTo M NpocrefsBaHEeTO Ha KOCMMYECKOTO MNPOCTPaHCTBO - SSA. Tpetata 4vacT Ha
nporpamara e ogobpeH ot EKA npes3 nekemepu 2016 r. 3a TpuroguLLieH nepuog cumtaHo ot 2017 1.
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W Tbih KaTo HEBETO M NETALINTE B OKONTIO3EMHUSA KOCMOC 06EKTM CTaHaxa BceoOLy, npobnem 3a
YoBe4eCcTBOTO Cb3fdaBally HOBa MapaguvrMa 3a MO-HaTaTbLHOTO pasBUTME Ha KOCMUYECKUTE
TEXHONMOrnM, TOBa M3UCKBA Ha TO3W eTan MOHe OMWT 3a AETalnHO MO3HaBaHe W3KYCTBEHWUTE Tena,
netawm B 6nmskmsa Kocmoc. ToBa e cBbp3aHo 0cobeHo ¢ 6bp30 HapacTBaLLOTO KONMYEeCTBO 4acTu OT
KOCMMYECKM anapaTtv N catennTi, KOUTO HaHacAT OrPOMHM MOPaXeHUsS N MKOHOMUYECKM 3arybu npu
cOnbCbK C AencTBawm catenuTn. 3aToBa TAXHOTO HabnwoaeHwe, onpegensiHeTo Ha opouTuTe UM U
KaTtanorM3mpaHeTo UM e 3ajadya CbC CUMHO HapacTBallo 3HayeHue. Bcmyko ToBa Hanara cb3gaBaHe
Ha Mpexa 3a Kocmudeckute HabrnrogeHus n npocneassaHe (SST) n B Bunrapums.

KakBo € SST? Kakto Bedye Oe KkasaHO KocMum4yecko HabniogeHue u npocnegssaHe, SST
BKMOYBA TEXHOMOrMM 3a OTKpPUBaHe, KaTanormsypaHe W MpeackasBaHe Ha KuHeMaTtukata wu
AWHamMuKkaTa Ha obekTuTe, obukanswm okono 3emaAta. ESA akTtvBHO paspaborBa, AeMOHCTpupa u
yTBbpXaAaBa OeNHOCTU, cBbp3aHu cbC SST TexHonoruuTe. [JonbnHaeMocTTa € Apyrn napanenHu
€BpONeriCcKM NoaxoauM M Hay4yHomscregoBaTernickata AeWHOCTU, KaKTO M TEXHOMOMMYHOTO pas3BuTUE B
nogkpena Ha HalMOHanHUTE MHULMATUBM CE OCUrypsBa Ype3 MU3MbIHEHWETO Ha MpueTarta nporpama
(1). MNpes HacToAWMS eTan e Cb3hafAeH XMOPUOHNAT ekcrnepTeH koopanHaumoHeH LeHTbp (ExpCen). B
pamknTe Ha ExpCen ca npusHaTti Tpu pa3nuyHn Buaa ceHsopu 3a SST HabniogeHus, cnopeg HUBOTO
Ha kBanudukauus Ha paboTewwute B Hero Habnopgarenu:

- Kangmpat Habnogaten - Habnogarten, KOWTO He e C Aoka3aHa cnocobHOCT aa Habnoaasa
KOCMMYECKOTO npocTpaHcTBoTo 3a UMC3 m oTnomku, HO npaBu ycunua 3a obyvyeHue Ha
HabnogaTrenuTe Cu 1 YCbBBbPLUEHCTBaHE Ha HabnogaTenHarta TEXHUKA,;

- BanuanpaH Habntogarten, KOWTO e B npouec Ha ogobpeHneto Ha ExpCen n gemoHcTpupa
MnoeTanHo ekcrnepTusata Ha HabwogatenuTe Ccu, KakTo W KayecTBO Ha HabniopatenHaTa
anaparypa;

- KeanudwmumpaH Habniogaten, BanuaupaH Habnwopaten, KOWTO € MnpemMuHan ycnewwHo
KBanudukaumMoHHaTa npouenypa Ha ExpCen.

Mpoueayparta 3a BanugupaHe Ha ExpCen e cbcTaBeHa OT:

- MeToau, KouTo obxBaLlaT NraHMpaHeTo Ha HabMNAEHNETO M 3a Aa TecTBaT u3cneaBaHuTe
CEH30PHU MHTepdencn 1 oueHsBa MUHUMANHWTE Bb3MOXHOCTU 3a HabnwogeHue. lpouegypata 3a
kBanudpukauma Ha ExpCen e paswmpeHa Bepcusi Ha npouedypata 3a BanvavpaHe, KbAeTo ca U
OaHHUTE Ka4yeCcTBOTO ce uacnensa. [la nsnbnHm Tasm npouenypa Tpabea ga obaat usnbiiHEHU CTPOrK
KpUTEPUU MO OTHOLLEHME Ha CeH3opa (NaTEeHTHOCT Ha AaHHUTe, BpeMe 3a peakuusi U Ap.) U Herosute
OaHHM B Ka4eCTBO acnekT (Hanpumep acTPOMETpUst U TOYHOCT Ha U3MepBaHMAT Auanas3oH). OceeH
TOBa pasno3HaBaMe U crnegHuTe HabnwogaTenu Kbm Bpb3kaTta MM ¢ ExpCen:

- BobTpewnn Habniogatenn - KBanudwvumpaHun HabniogaTtenu, KOWTO C€a  HambIHO
KOHTPONUpaHu 1 ekcnnoaTupaHu oT cuctemaTa Ha SSA 3agaHug;

- BbHWHKM Habniogatenu - KeanudwuumpaHu Habnwopgatenu, KOUTo He ca no aedutuuums
BbTpewWwHn Habnogatenn. Te ce ynpaenseaT oT SSA cucTema 3a NogApbXKka yYpes crnopa3ymMeHus C
pasnu4yHM HMBa Ha obcnyxBaHe B 3aBMCMMOCT OT BCEKM cneunduydeH Habnogartern;

- ILRS/SLR Habntogatenu - Keanuduumpann SLR Habnogatenu, kouto ca BktodeHn B ILRS
Mpexa;

- Opyrv Habnogatenu - OnTuyHM nacuBHu unu SLR Habntogatenu, KOUTo He ca BbTPELLHMU,
HUTO BBHLUHW M He MpuHagnexawu kbm ILRS/SLR mpexarta. B T103n Gpowvi npuHagnexar BCUYKK
HabntogarTenu, KOUTO ca KaHguaaTcTBanm 1 Banuampanu. Cbllo Taka kBanuduumpaHm Habnwogatenm
MoraT fda npuHagnexar KbM Tasu rpyna, ako HaMaT crnopasymeHne mexay Tsx M SSA 3a obpaTHo
npegasaHe Ha KpanHW JaHHMW.

3agaun 1 pyHKUMK. YCTaHOBEHO €, Ye MO BPEME Ha aHanu3a Ha M3MCKBaHWSITa, KOUTO
ONTUYHUTE WU NasepHUTE eKCMePTHM LeHTpoBe TpsiOBa Aa moraT Aa OEMOHCTpUpaTt ce M3McKBa OT
ceHsopuTe:

- [a ynpaenseaT NoflydaBaHETO Ha AaHHU OT HabnwgeHws M NpocrnensBaHeTo, 3a Ada ce
OCUrypu NOAXOASALL M TOMEH NMPUHOC KbM Bepurata 3a obpaboTka Ha JaHHM NpenBua orpaHuveHusiTa
3a curypHocT. OcBeH TOBa, CUINHO Ce MOAKPENST onepaLmn KaTo Hay4yHomuscrnegoBaTtesnicka U pasBoriHa
AeNHoCT, Kouto TpsbBa Aa ObaaTr ocurypeHu cbllo OT UeHTbpa (2). Morat ga ce naeHTudumuympar
crnegHVTE 3agayum 3a pasBuMTUE Ha OTAENHUTE CEH30pH:

- ja U3BbpPLUBA KOOPANHALNS MEXAY BbHLUHW U OPYTrXA CEH30pY;

- [a u3BbpLUBaA OLEHKa M kanvbpupaHe Ha nonyvyeHuTe gaHHu oT SST u ga npegocTaBaT
oLeHeHn aaHHM Ha SSA/SST mpexara;

- MOHWTOPVHI Ha M3nbiiHeHWe Ha nognucavuTe B EC cnopasymeHns Ha SLA, kakto v gpyru
cnoroaowm;

- la U3BbpLUBaH COBCTBEHU HayYHU U3CNEABaHUSA, KaKTO U pa3BUTME Ha HayYHO-TEXHUYECKMUS
CbCTaB Ha CeH3opa.
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®ur. 1. KoHuenums 3a nepapxuyHa CTpyKTypa
3a ONTMYEH M NnasepeH LeHTbp 3a SST HabnogeHus

WcTopus v OHewHO cbCTOsAHME Ha MaTepuanHata 6a3a 3a Kocmuyeckn HabniogeHus m
npocneasBaHe B Bbunrapus

dur. 2. (a, 6) Potorpadcka kamepa APY-75 (a) n nasepeH ganekomep YINNC
(6), moHTMpaHn B HabnogartenHata ctaHumsa Ha C3 Ha Ctaposaropckute MuHepanHu 6aHu

Mo uwHMumaTmBa Ha Gbnrapckvs acTpoHom akagemuk Hwukona BoHeB — pbkoBoguTen Ha
kategpa ActpoHomusa npu CY, KOWTO ToraBa e W npefcegarten Ha Bbnrapckoto acTpoHaBTUYECKO
apyxectBo npes3 nepuoga 1958 - 1959 r. ce cb3gasar Tpu HabnwgatenHu ctaHumm — B Codhms,
Crtapa 3aropa 1 BapHa. TexHUTe CbOTBETHM HOMEpPa Mo perncTbpa Ha nporpamara ,MIHTepkocMmoc® ca
cbotBeTHO 1101 — Codwma, 1102 — Crapa 3aropa, 1103 — BapHa. [lMo-kbCHO, Te3au cTaHuuun
npeMyvHaBaT MeToau4HO kbM LleHTpanHata nabopatopus no Bucwa reogesus (LWIBIN) npn BAH,
unaTo HabnogaTenHa 6as3a e pasnonoxeHa B MNnana nnanuHa (1101), HapogHata acTpoHomMu4yecka
ob6cepBaTopusa LHO. MarapmH” (HAO), Crtapa 3aropa ¢ HabniwopgaTenHa cTaHuus pasnorioXeHa B
Craposaropckute MuHepanHu 6ann, Obnact Crapa 3aropa (1102) 1 HapopgHaTta acTpoHOMMYecka
obcepBaTopusa n nnaHetapuym ,H. KonepHuk” (HAOTIT), BapHa ¢ HabniogatenHa 6asa B c. ABpeH,
O6nact BapHa (1103). NbpBOHa4YanHo HabnogeHusTa ce NpoBexaaT Mo MeToda Ha Bu3yarHuTe
Oapaxu Ha MIC3 ¢ nomowTa Ha HabntogaTtenHn Tpbou AT-1 n T3K, kKaTo TOYHOTO BpeMe € OTYNTaHO C
MOpPCKM XpOHOMETpU. Bnocneacreume, ca 3akyneHu knHodgoToteogonutn Ha dupmara ,,AckaHusa” n
crneunanuanpaHmn cnyxobm 3a ,To4yHO Bpeme” C TOYHOCT Ha onpefensiHe Ha BpemeTo 0,1 s, kKoeTo e
noseorsiano ga 6baat NnpoBeAeHN BUCOKOTOYHM HabntogeHus Ha IC3 ¢ npocneasBaHe u Ha camute
cnbTHUUN. Edbemepuante 3a HabnogaesaHWTe CNbTHULM ce nomnyyaBaT oT AcTpocbBeTa npu AH Ha
CCCP, a pesyntatute OT HabniogeHusaTa ce wusnpawaTl cbwo Tam U B AcTpoHOMMUYeckaTa
obcepBaTopusi B 3BeHuropoad, Pycus. lpe3 nepmoga 1979-1980 r. ot CCCP B Bbnrapusa ca
JOCTaBeHM [Be aBToMatuavpaHu otorpadckm kamepy A®PY — 75 (ABTOMaTuyeckas
dotorpadmyeckasa Kamepa; D = 210 mm, F = 736 mm) — egHaTa 3a LWJIBIT, BAH a gpyraTta — 3a HAO,
Crtapa 3aropa. HabniogatenHata ctaHuusa Ha MC3 B HAOI, BapHa nocteneHHO oTnaga oT Cnucbka
Ha HayyHuTe HabniogeHus, nopaguM HEBB3MOXHOCT da ce obopydBa cbwaTta CbC Criegsallo
NMOKONeHMe acTPOHOMUYECKM ypeaun 3a HabnogeHusa Ha UNCS.

B nepcnektuBa, 3a HyxauTe 3a KOCMUYeckoTo npubopocTpoeHe npe3 1982 r. e cb3gageHo
HayyHo npousBoacteeHo npeanpuatne  (HIM) “Kocmoc” kbMm LleHTpanHata naGopatopus 3a
kocmuyeckn nscnegsanus (LK) — BAH. MNpes 1984 — 1986 roa. 8 HIIM ,Kocmoc”, BAH cbBMecTHO ¢
JINTMO - Nenunrpag (aH. Caxkt MeTtepbypr, Pycus) e paspaboTeH nasepeH ganexkomep YJNC-630
3a HabnwogeHe Ha M3KyCTBEHM CMbTHUUM Ha 3emsaTa. M3paboteHun ca Tpu anapara, UHCTanupaHu B
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LleHTpanHata JlaBopatopuss no Bwucwa reogesus, BAH, ActpoHomumyeckata obcepBatopusi Ha
ObpxaBHUA yHuBepcuteT Ha JlatBus m AcTpoHoMuyeckata obcepBaTopusi B 3BeHuropog Kpaw
Mocksa.

3a cobxanenuve, gHec B bwbnrapua nuncea kakBato M ga e opraHusauus, MOOepHU
WHCTPYMEHTU n HabntogaTtenu Ha NC3.

MpoekT “Preparatory activities to join SSA program of ESA” (PASSA)

KpaaTt Ha uctopuaTa Ha HabnogeHuaTa Ha MC3 B Bwnrapus, onucaHa B ropHus absauy u
WCTOPUYECKMST ONWUT MO3BOMM Ha rpyna creuuanucty, pabotewm rmasHo B MKUT — BAH n CY“Kn.
Oxpuackn“ ga kaHoupatcTBaT U crnedensaT MPOEKT OT KOHKypcuTe Ha EBponenckata kocmwuyecka
areHums. lNpoekta e no pgoroBop Ha Codumnckn yHmBepcuteT ¢ ESA. B npoekta ydacteaT U
cneumanuctn ot UKUT — BAH, ®unnan Ctapa 3aropa.

lMpoekTa Ha npakTuka gage cTapT Ha AerMHOCTUTEe No cb3gaBaHeTo LleHTbp no Kocmuyecko
Habniogenne un lMNpocnegasaHe (UKHIM) B Bwnrapusa. Noeata Ha npoekta Gelwe ga ce u3sbpluar
CbOTBETHUTE MNPOYYBAHUA W 3anoXaT HaW-BaXXHUTE MOArOTBMTENHW OEVHOCTM BbB (hasata npeau
CTapTMpaHETO Ha Mo - rofsiM HaUMOHAMNEH NPOEKT B HAKOM OT cneaBawmnte cecumn Ha ESA. Toea belle
OT CbLUECTBEHO 3HAYEHME, KaTO Ce MMa NpeaBug, Ye onuTa Ha HaLMOHAITHO HMBO HE € MHOMO U He €
aKTyarneH, 3awoTo ce 6a3npa Ha 4eNHOCTU U3BbPLUBAHM NPean HAKOMKO AeceTunetms. Anapartypara u
crneunanucTmuTe pabotenu B Hes OTAaBHA Ca B aCTOPUYECKUTE apXMBU Y XPOHUKM HA MOCTUXEHMATA OT
nepuoga 1958-2000 r.

OCHOBHM 3agaym Ha npoeKTa

1. Npoy