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Prìlogoc

H paroÔsa diatrib  ekpon jhke sto Ergast rio Iatrik c Fusik c tou Tm matoc Iatrik c thc

Sqol c Episthm¸n UgeÐac tou EjnikoÔ kai KapodistriakoÔ PanepisthmÐou Ajhn¸n, se su-

nergasÐa me thn Om�da Kosmik c AktinobolÐac tou Tm matoc Fusik c thc Sqol c Jetik¸n

Episthm¸n tou EjnikoÔ kai KapodistriakoÔ PanepisthmÐou Ajhn¸n.

H diatrib  pragmateÔetai thn ektÐmhsh dìsewn aktinobolÐac pou dèqontai ta plhr¸mata

aeroskaf¸n kai epandrwmènwn diasthmik¸n apostol¸n lìgw fainomènwn kosmik c aktinobo-

lÐac mèsa sthn atmìsfaira thc Ghc, kaj¸c kai �llwn planht¸n, me th qr sh tou logismikoÔ

DYASTIMA / DYASTIMA-R. To logismikì DYASTIMA / DYASTIMA-R apoteleÐ pisto-

poihmèno ergaleÐo kai epÐshmo proðìn thc Eurwpaðk c Diasthmik c UphresÐac.

To èrgo sugqrhmatodoteÐtai apì thn Ell�da kai thn Eurwpaðk  'Enwsh (Eurwpaðkì Koi-

nwnikì TameÐo) mèsw tou EpiqeirhsiakoÔ Progr�mmatoc �An�ptuxh Anjr¸pinou DunamikoÔ,

EkpaÐdeush kai Di� BÐou M�jhsh�, sto plaÐsio thc Pr�xhc �EnÐsqush tou anjr¸pinou ereu-

nhtikoÔ dunamikoÔ mèsw thc ulopoÐhshc didaktorik c èreunac - 2oc KÔkloc� (MIS-5000432),

pou ulopoieÐ to 'Idruma Kratik¸n Upotrofi¸n (IKU).

Apì th jèsh aut , ja  jela na euqarist sw ìlouc ekeÐnouc pou sunèballan sthn olo-

kl rwsh thc diatrib c aut c.

Egk�rdiec euqaristÐec ja  jela na ekfr�sw proc thn Trimel  Sumbouleutik  Epitrop 

thc diatrib c,  toi ton Pantel  Karaòsko, Kajhght  kai Dieujunt  tou ErgasthrÐou Iatrik c

Fusik c thc Iatrik c Sqol c EKPA, ton Panagi¸th Papagi�nnh, Anaplhrwt  Kajhght  thc

Iatrik c Sqol c EKPA, kai thn Elènh QristopoÔlou-Mauromiqal�kh, Omìtimh Kajhg tria

tou Tm matoc Fusik c EKPA kai Episthmonik  UpeÔjunh tou StajmoÔ Kosmik c Aktinobo-

lÐac EKPA, pou anèlaban thn epÐbleyh thc paroÔsac didaktorik c diatrib c.

Ja  jela, epÐshc, na euqarist sw jerm� kai ta mèlh thc EptameloÔc Epitrop c,  toi

ton Iw�nnh Dagkl , Kajhght  tou Tm matoc Fusik c EKPA kai Prìedro tou EllhnikoÔ

Kèntrou Diast matoc (ELKED), thn 'Elena Flìka, Kajhg tria tou Tm matoc Fusik c EK-

PA, ton Ark�dio Manous�kh-Katsik�kh, EpÐkouro Kajhght  tou Tm matoc Fusik c EKPA,

kaj¸c kai ton Emmanou l GewrgoÔlh, Ereunht  A' kai Dieujunt  Ereun¸n tou Kèntro Ereu-

n¸n AstronomÐac kai Efarmosmènwn Majhmatik¸n (KEAEM) thc AkadhmÐac Ajhn¸n, gia th
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sumbol  touc kai tic eÔstoqec parathr seic touc.

IdiaÐtera ja  jela na euqarist sw thn Omìtimh Kajhg tria Elènh Mauromiqal�kh, h o-

poÐa me èqei sthrÐxei èmprakta apì ta pr¸ta mou b mata wc proptuqiak  foit tria sto Tm ma

Fusik c, kat� th di�rkeia twn metaptuqiak¸n spoud¸n mou, èwc kai s mera pou ft�nw plèon

sthn olokl rwsh thc didaktorik c mou diatrib c. Thn euqarist¸ epÐshc gia th dunatìthta

pou mou èdwse na doulèyw ereunhtik� wc mèloc thc Om�dac Kosmik c AktinobolÐac tou Pane-

pisthmÐou thc Aj nac, thc opoÐac eÐnai Episthmonik  UpeÔjunh, na summet�sqw se Eurwpaðk�

Ereunhtik� Progr�mmata, na parakolouj sw energ� diejn  sunèdria kai sunant seic erga-

sÐac pou organ¸jhkan sthn Ell�da kai sto exwterikì kai na sunergast¸ me axiìloga mèlh

thc ellhnik c kai diejnoÔc episthmonik c koinìthtac. H eugnwmosÔnh mou eÐnai aperiìristh

gia ìlo to qrìno pou mou afièrwse, gia to eilikrinèc thc endiafèron kai gia thn amèristh

sumpar�stas  thc wc deÔterh mhtèra se ìlh mou thn poreÐa mèqri s mera.

Pollèc euqaristÐec ja  jela na ekfr�sw sunolik� sta mèlh thc Om�dac Kosmik c Akti-

nobolÐac EKPA all� kai se k�je ènan xeqwrist�. Sugkekrimèna, ja  jela na ekfr�sw tic

euqaristÐec mou ston sunerg�th mou Dr. PaÔlo Pasq�lh gia thn �risth sunergasÐa, gia

thn ulopoÐhsh kai di�jesh tou logismikoÔ DYASTIMA, gia th sumbol  tou sth diadikasÐa

axiolìghshc tou DYASTIMA / DYASTIMA-R, kaj¸c kai gia thn polÔtimh bo jei� tou sthn

katanìhsh kai pragmatopoÐhsh twn aparaÐthtwn gia thn ergasÐa aut  prosomoi¸sewn. QwrÐc

th bo jei� tou den ja  tan dunat  h pragmatopoÐhsh thc melèthc aut c.

Euqarist¸, epÐshc, jerm� th Dr. MarÐa GerontÐdou, EDIP tou Tm matoc Fusik c EKPA,

gia tic polÔtimec sumboulèc kai thn hjik  upost rixh kajìlh th di�rkeia thc diatrib c kai

ìqi mìno. IdiaÐterec euqaristÐec ja  jela na ekfr�sw kai sthn upoy fia did�ktora D mhtra

LÐggrh, gia th filÐa thc, thn katanìhs  thc kai tic upèroqec kai sun�ma duskìlec stigmèc

pou per�same kajhmerin� sto grafeÐo all� kai sta sunèdria pou diorgan¸same kai parako-

louj same mazÐ. Tèloc, euqarist¸ to Dr. Eu�ggelo PaoÔrh, th Dr. MarÐa Libad� kai ton

upoy fio did�ktora Louk� Xaplantèrh gia tic epoikodomhtikèc suzht seic mac.

Ja  jela epÐshc na euqarist sw jerm� ton sun�delfo kai fÐlo Dr. Anast�sio Kanel-

lakìpoulo gia tic qr simec upodeÐxeic tou sthn epÐlush problhm�twn upologistik c fÔshc,

all� kai gia thn prìsbash pou mou pareÐqe sthn uphresÐa Cloud Infrastructure tou CERN

Data Center, gia thn ulopoÐhsh meg�lou mèrouc twn prosomoi¸sewn. Sto Ðdio plaÐsio, euqa-
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rist¸ epÐshc jerm� ton sun�delfo Dr. ArgÔrh Stasin�kh gia tic gn¸seic pou mou prosèfere,

thn anoq  tou kai th shmantik  bo jei� tou stic dÔskolec ¸rec twn upologism¸n. Euqarist¸

epÐshc ton sun�delfo Dhm trh AlexandrÐdh gia thn ìmorfh sunergasÐa mac kai gia th bo jei�

tou sthn axiolìghsh twn aeroporik¸n pt sewn pou qrhsimopoi jhkan.

Epiplèon, ja  jela na ekfr�sw tic euqaristÐec mou sth Dr. Norma Crosby kai ston Dr.

Mark Dierckxsens, diaprepeÐc epist monec tou Royal Belgian Institute for Space Aeronomy

(BIRA-IASB) tou BelgÐou gia thn eukairÐa pou mou èdwsan na sunergast¸ mazÐ touc ìla

aut� ta qrìnia, gia thn kajod ghs  touc kai tic polÔtimec parathr seic touc.

KleÐnontac aut  thn enìthta, ja  jela na euqarist sw jerm� touc goneÐc mou, Alex�ndra

kai Baggèlh, gia thn ag�ph, th bo jeia kai th st rix  touc ìla aut� ta qrìnia, apì thn pr¸th

kiìlac stigm  pou touc ekmusthreÔthka thn ag�ph mou gia tic epist mec. Ja  tan par�leiyh

na mhn euqarist sw touc agaphmènouc mou fÐlouc LÐa, NÐko, Miq�lh kai Qristìforo pou

 tan mazÐ mou se ìlec tic euq�ristec stigmèc, all� kai pou me anèqthkan stic duskolÐec.

Pollèc euqaristÐec jèlw na d¸sw epÐshc kai se ìlouc touc majhtèc mou ìla aut� ta qrìnia

gia to gèlio kai thn hjik  touc upost rixh.

Tèloc, ja  jela na euqarist sw ton agaphmèno mou Dr. Dhm trh Katsin , pou pÐsteye

se mèna apì thn arq . QwrÐc th bo jeia, th st rixh, thn ag�ph tou kai th mìnimh parousÐa

tou se ìlec tic kalèc kai kakèc mac stigmèc, Ðswc na mhn  moun t¸ra se aut  th jèsh.
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SuntomografÐec & Akr¸numa

EKPA Ejnikì Kapodistriakì Panepist mio Ajhn¸n
IKU 'Idruma Kratik¸n Upotrofi¸n
ANEMOS Athens Neutron Monitor Station
ESA European Space Agency
SSA Space Situational Awareness
SWE Space Weather Service Network
R-ESC Radiation Expert Service Centre
NMDB Neutron Monitor DataBase
ICRP International Radiation Protection Commission
ICRU International Commission on Radiation Units and Measurements
DYASTIMA DYnamic Atmospheric Shower Tracking Interactive Model Application
FL Flying Level
NOAA National Oceanic and Atmospheric Administration
IGRF International Geomagntic Reference Field
GLE Ground Level Enhancement
SPE Solar Proton Event
CME Coronal Mass Ejection
EMU Ejnik  Metewrologik  UphresÐa
LET Linear Energy Transfer
ISA International Standard Atmosphere
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Qr simec IstoselÐdec

https://mpl.med.uoa.gr/

http://cosray.phys.uoa.gr/

https://www.esa.int/

https://swe.ssa.esa.int/space-radiation

https://swe.ssa.esa.int/anemos-federated

https://swe.ssa.esa.int/dyastima-federated

https://www.nasa.gov/

https://www.ngdc.noaa.gov/geomag/

https://www.spenvis.oma.be/

https://www.trad.fr/en/space/omere-software/

https://creme.isde.vanderbilt.edu/

http://spaceweather.gr/

http://radiopaedia.org/

https://eeae.gr/

https://www.iaea.org/

https://www.ifalpa.org/

http://spaceweather.phys.uoa.gr/

https://www.icrp.org/

https://www.icru.org/

http://www.faa.gov/

http://hnms.gr/emy/el/spaceWeather/spaceWeather

https://swe.ssa.esa.int/avidos-federated

http://www.gsf.de/epcard2/index en.phtml

http://www.sievert-system.org/

http://www.pcaire.com/

https://phits.jaea.go.jp/
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Eisagwg 

AntikeÐmeno thc paroÔsac diatrib c eÐnai h melèth kai o upologismìc twn dìsewn aktinobolÐac

pou dèqontai ta plhr¸mata aeroskaf¸n kai diasthmik¸n skaf¸n lìgw èkjeshc sthn kosmik 

aktinobolÐa sto gewdiasthmikì q¸ro.

H fusik  aktinobolÐa pou up�rqei sto diasthmikì perib�llon apoteleÐtai apì tic gala-

xiakèc kosmikèc aktÐnec kai ta hliak� swmatÐdia. O 'Hlioc eÐnai h kinht ria dÔnamh gia thn

pleionìthta twn atmosfairik¸n diadikasi¸n. 'Etsi opoiad pote metabol  aut¸n mporeÐ na a-

podojeÐ se metabolèc thc hliak c aktinobolÐac kai thc hliak c diamìrfwshc twn galaxiak¸n

kosmik¸n aktÐnwn, kaj¸c kai sthn troqiak  kÐnhsh thc Ghc.

Me ton ìro Diasthmikì Kairì orÐzontai oi sunj kec pou epikratoÔn sthn magnhtìsfaira

thc Ghc, thn ionìsfaira kai th jermìsfaira lìgw tou hliakoÔ anèmou. Oi metabolèc aut¸n,

pou ofeÐlontai kurÐwc se èntona hliak� fainìmena all� kai stic galaxiakèc kosmikèc aktÐnec

pou metab�lloun tic sunj kec tou perib�llontoc kont� sth Gh, mporoÔn na ephre�soun to

klÐma, th leitourgÐa diafìrwn diasthmik¸n kai epÐgeiwn teqnologik¸n susthm�twn kai uphre-

si¸n   na jèsoun se kÐnduno thn anjr¸pinh zw  kai ugeÐa. Gia touc lìgouc autoÔc, h episth-

monik  koinìthta odhg jhke sthn an�ptuxh eidik¸n kèntrwn prìbleyhc kai parakoloÔjhshc

DiasthmikoÔ KairoÔ. O Metrht c NetronÐwn tou EjnikoÔ kai KapodistriakoÔ PanepisthmÐou

thc Aj nac (Athens Neutron Monitor Station – ANeMoS), wc idrutikìc mèloc thc uyhl c

an�lushc Eurwpaðk c b�shc dedomènwn metrht¸n netronÐwn (High resolution Neutron Mo-

nitor Database – NMDB), kai h Om�da Kosmik c AktinobolÐac tou Tm matoc Fusik c pou

summetèqei wc expert group sthn Eurwpaðk  UphresÐa Diast matoc (ESA), parèqontac kai

exelÐssontac ergaleÐa kai uphresÐec, aparaÐthta gia thn èreuna kai tic epipt¸seic tou Dia-

sthmikoÔ KairoÔ.

Kaj¸c h prwtogen c kosmik  aktinobolÐa ft�nei sta ìria thc g inhc atmìsfairac, su-

gkroÔetai me ta mìria twn an¸terwn strwm�twn kai mèsw miac seir�c purhnik¸n antidr�sewn

par�gontai deuterogen  swmatÐdia, oi legìmenoi kataigismoÐ, ta opoÐa katagr�fontai apì e-

pÐgeiouc metrhtèc, ìpwc gia par�deigma oi metrhtèc netronÐwn kai oi metrhtèc mionÐwn. H

èntash thc kosmik c aktinobolÐac sthn atmìsfaira thc Ghc ephre�zetai apì th f�sh tou

hliakoÔ kÔklou, th jwr�kish thc atmìsfairac kai thc magnhtìsfairac thc Ghc, kaj¸c kai

apì to uyìmetro. H melèth twn atmosfairik¸n kataigism¸n apoteleÐ shmantikì komm�ti thc

diatrib c aut c, me axiìloga kai prwtìtupa apotelèsmata.
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Oi katast�seic èkjeshc ston enaèrio kai diasthmikì q¸ro eÐnai diaforetikèc apì ekeÐnec

tou g inou perib�llontoc kai apoteloÔn èna idiaÐtera shmantikì jèma sth melèth tou Diasth-

mikoÔ KairoÔ. H aktinobolÐa sto gewdiasthmikì q¸ro mporeÐ na eÐnai ionÐzousa   mh ionÐzousa.

H ionÐzousa aktinobolÐa (hliakèc kai galaxiakèc kosmikèc aktÐnec) eÐnai idiaÐtera epikÐndunh gia

ta biologik� sust mata, exaitÐac tou metallaxogìnou kai karkinogìnou qarakt ra thc. Pio

sugkekrimèna, oi makroprìjesmec epipt¸seic sundèontai me makrìqronh èkjesh sth galaxiak 

kosmik  aktinobolÐa, en¸ oi �mesec epipt¸seic kurÐwc me hliak� gegonìta meg�lhc èntashc.

Gia to lìgo autì, èqoun anaptuqjeÐ kat�llhla ergaleÐa, logismik� kai prwtìkolla aktino-

prostasÐac gia thn axiolìghsh thc epaggelmatik c èkjeshc twn plhrwm�twn aeroskaf¸n se

kosmik  aktinobolÐa. Merikèc apì tic pio gnwstèc efarmogèc pou eÐnai diajèsimec s mera

gia thn pragmatopoÐhsh dosimetrik¸n upologism¸n sth g inh atmìsfaira eÐnai ta AVIDOS,

CARI, NAIRAS, PLANETOCOSMICS, EPCARD,PCAIRE, JISCARD kai SIEVERT. 'Ena

tètoio ergaleÐo qrhsimopoieÐtai sta plaÐsia thc diatrib c aut c, me to ìnoma DYnamic Atmo-

spheric Shower Tracking Interactive Model Application (DYASTIMA).

Pio sugkekrimèna, to DYASTIMA èqei anaptuqjeÐ apì thn Om�da Kosmik c Aktinobo-

lÐac tou EjnikoÔ kai KapodistriakoÔ PanepisthmÐou Ajhn¸n kai apoteleÐ mia autìnomh kai

idiaÐtera eÔqrhsth efarmog  gia th GEANT4 Monte Carlo prosomoÐwsh kataigism¸n twn

deuterogen¸n swmatidÐwn paragomènwn mèsa sthn atmìsfaira enìc plan th lìgw kosmik c

aktinobolÐac. To f�sma thc prwtogenoÔc kosmik c aktinobolÐac sto ìrio thc atmìsfairac, h

dom  thc atmìsfairac, to gewmagnhtikì pedÐo, oi fusikèc allhlepidr�seic metaxÔ twn kosmi-

k¸n swmatidÐwn kai twn morÐwn thc atmìsfairac, oi sunj kec tou DiasthmikoÔ KairoÔ kaj¸c

kai to qwroqronikì plaÐsio pragmatopoÐhshc thc prosomoÐwshc, apoteloÔn tic paramètrouc

eisìdou, oi opoÐec eis�gontai apì to qr sth mèsw enìc grafikoÔ perib�llontoc. H èxodoc

tou progr�mmatoc parèqei ìlec tic aparaÐthtec plhroforÐec sqetik� me ton kataigismì, ìpwc

thn enèrgeia, ton arijmì kai thn enapìjesh enèrgeiac sta di�fora atmosfairik� str¸mata.

To DYASTIMA-R apoteleÐ mÐa epèktash tou anwtèrou ergaleÐou, to opoÐo èqei th duna-

tìthta pragmatopoÐhshc dosimetrik¸n upologism¸n gia poikÐla sen�ria pt sewn, qrhsimopoi-

¸ntac tic plhroforÐec pou parèqontai apì to DYASTIMA. Oi upologismoÐ pragmatopoioÔntai

gia di�forouc tÔpouc kai enèrgeiec swmatidÐwn, diaforetik� atmosfairik� Ôyh, diaforetikèc

gewgrafikèc suntetagmènec kai kat¸flia magnhtik c duskamyÐac, all� kai di�forec f�seic

thc hliak c drasthriìthtac. To DYASTIMA kai DYASTIMA-R apoteleÐ plèon federated

product sthn Eurwpaðk  Diasthmik  UphresÐa (ESA), kai pio sugkekrimèna sto Space Si-

tuational Awareness (SSA) Space Weather Service Network (SWE) Space Radiation Expert
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Service Centre (R-ESC), ìpou h Om�da Kosmik c AktinobolÐac EKPA summetèqei wc expert

group. EpÐshc, èqei pistopoihjeÐ sÔmfwna me ta krit ria pou proteÐnontai apì th Diejn 

Epitrop  AktinoprostasÐac (ICRP) kai th Diejn  Epitrop  Mon�dwn kai Metr sewn Akti-

nobolÐac (ICRU) kai apoteleÐ èna axiìpisto ergaleÐo upologismoÔ dìsewn aktinobolÐac ston

atmosfairikì q¸ro.

To logismikì DYASTIMA / DYASTIMA-R, dÐnei th dunatìthta sto qr sth na mele-

t sei sunolik� ìlec tic idiìthtec tou atmosfairikoÔ kataigismoÔ kai na upologÐsei dìseic

aktinobolÐac, gia opoiesd pote sunj kec, q�rh sth meg�lh eleujerÐa parametropoÐhshc pou

prosfèrei to grafikì perib�llon ergasÐac. Autì dÐnei th dunatìthta melèthc ìqi mìno thc

g inhc atmìsfairac, all� kai thc atmìsfairac �llwn planht¸n. Gia to lìgo autì, to DYA-

STIMA / DYASTIMA-R apoteleÐ ìqi mìno ena axiìpisto ereunhtikì ergaleÐo, all� kai èna

ekpaideutikì logismikì, to opoÐo mporeÐ na eÐnai qr simo sthn ereunhtik  koinìthta, sta plh-

r¸mata aeroskaf¸n, stouc epib�tec, stic aeroporikèc etaireÐec kai stouc nomojètec.

H dom  thc paroÔsac didaktorik c diatrib c apoteleÐtai apì èxi kef�laia, èna par�rthma

kai ekten  bibliografÐa, kai èqei thn ex c morf :

Sto Pr¸to Kef�laio, pragmatopoieÐtai mÐa ekten c anafor� ìlwn twn basik¸n ennoi-

¸n kai megej¸n pou sqetÐzontai me thn kosmik  aktinobolÐa kai mÐa analutik  perigraf  twn

atmosfairik¸n kataigism¸n. Sth sunèqeia, perigr�fetai h diamìrfwsh thc kosmik c aktino-

bolÐac kai oi mèjodoi katagraf c twn diafìrwn fainomènwn. Tèloc, parousi�zetai sunoptik�

to nèo episthmonikì pedÐo tou DiasthmikoÔ KairoÔ, kai oi epipt¸seic pou epifèrei sta teqno-

logik� kai biologik� sust mata.

Sto DeÔtero Kef�laio, parousi�zontai ta eÐdh kai oi phgèc thc aktinobolÐac, kaj¸c

kai oi trìpoi allhlepÐdrashc aut c me thn Ôlh. GÐnetai orismìc twn megej¸n dosimetrÐac,

pou eÐnai aparaÐthta gia thn axiolìghsh thc èkjeshc se kosmik  aktinobolÐa. Sth sunèqeia,

gÐnetai ekten c perigraf  twn epipt¸sewn thc kosmik c aktinobolÐac sthn ugeÐa twn plhrw-

m�twn aeroskaf¸n, epibat¸n kai astronaut¸n, kai parousi�zontai antÐstoiqa oi arqèc kai

ta prwtìkolla aktinoprostasÐac. TonÐzetai h qrhsimìthta Ôparxhc upologistik¸n montèlwn

kai efarmog¸n gia thn pragmatopoÐhsh dosimetrik¸n upologism¸n gia plhr¸mata aeroska-

f¸n kai diasthmik¸n skaf¸n. 'Ena tètoio ergaleÐo pou proteÐnetai sta plaÐsia thc diatrib c

aut c eÐnai to DYASTIMA / DYASTIMA-R.

Sto TrÐto Kef�laio, parousi�zetai analutik� to ergaleÐo DYASTIMA pou qrhsimo-

poieÐtai gia th melèth twn atmosfairik¸n kataigism¸n. H nèa beltiwmènh èkdosh tou perièqei
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thn epèktash DYASTIMA-R, h opoÐa dÐnei th dunatìthta pragmatopoÐhshc dosimetrik¸n u-

pologism¸n mèsa sthn atmìsfaira enìc plan th. To ergaleÐo autì qrhsimopoi jhke sta

plaÐsia thc diatrib c aut c gia thn axiolìghsh thc èkjeshc twn plhrwm�twn aeroskaf¸n

sthn kosmik  aktinobolÐa. GÐnetai ekten c anafor� sthn parametropoÐhsh tou DYASTIMA

/ DYASTIMA-R kai dÐnontai ta pr¸ta apotelèsmata apì thn efarmog  tou.

Sto Tètarto Kef�laio, perigr�fetai analutik� h diadikasÐa axiolìghshc (validation)

tou DYASTIMA / DYASTIMA-R sÔmfwna me ta dedomèna anafor�c pou proteÐnontai a-

pì thn ICRP kai thn ICRU. H diadikasÐa aut  apoteleÐ aparaÐthto b ma kai diasfalÐzei

ìti ta apotelèsmata pou dÐnei to DYASTIMA / DYASTIMA-R eÐnai orj�, kai mporoÔn na

qrhsimopoihjoÔn gia thn axiolìghsh thc èkjeshc twn plhrwm�twn aeroskaf¸n se ksomi-

k  aktinobolÐa. PragmatopoieÐtai epÐshc sÔgkrish twn apotelesm�twn thc axiolìghshc tou

DYASTIMA / DYASTIMA-R me aut� apì �lla diejn¸c anagnwrismèna montèla.

Sto Pèmpto Kef�laio, parousi�zontai ta apotelèsmata twn prosomoi¸sewn me to

DYASTIMA / DYASTIMA-R pou pragmatopoi jhkan sta plaÐsia thc diatrib c aut c. Ar-

qik�, dÐnontai ta apotelèsmata kat� th di�rkeia twn dÔo teleutaÐwn hliak¸n kÔklwn 23 kai

24 gia di�fora Ôyh mèsa sthn atmìsfaira kai di�forec timèc katakìrufhc magnhtik c du-

skamyÐac. Sth sunèqeia, paratÐjentai ta apotelèsmata kat� th di�rkeia èntonwn fainomènwn

tou DiasthmikoÔ KairoÔ, ta opoÐa apoteloÔn en dun�mei kÐnduno tìso gia ta teqnologik�

sust mata ston epÐgeio, enaèrio kai diasthmikì q¸ro, ìso kai gia thn ugeÐa twn plhrwm�twn

aeroskaf¸n kai diasthmik¸n skaf¸n. Akìma, me b�sh ta parap�nw apotelèsmata, pragmato-

poieÐtai ektÐmhsh dìsewn aktinobolÐec gia di�forec aeroporikèc pt seic me shmeÐo anaq¸rhshc

to aerodrìmio thc Aj nac. Tèloc, parousi�zetai mÐa pr¸th prosp�jeia upologismoÔ dìsewn

aktinobolÐac stic atmìsfairec �llwn planht¸n tou hliakoÔ mac sust matoc, kai pio sugke-

krimèna thc AfrodÐthc kai tou 'Arh.

Sto 'Ekto Kef�laio, parousi�zontai ta kuriìtera sumper�smata thc paroÔsac melèthc

kaj¸c kai oi prooptikèc sunèqishc aut c thc èreunac me to nèo ergaleÐo DYASTIMA /

DYASTIMA-R.

Sto Par�rthma, paratÐjentai se pÐnakec ta kuriìtera apotelèsmata apì tic prosomoi¸seic

pou pragmatopoi jhkan me to DYASTIMA / DYASTIMA-R.

Tèloc, paratÐjetai ekten c bibliografÐa apì ègkura episthmonik� periodik� kai biblÐa

sqetik� me to antikeÐmeno thc diatrib c, kaj¸c kai oi dhmosieÔseic kai oi parousi�seic se

sunèdria pou proèkuyan kat� th di�rkeia ekpìnhshc aut c thc didaktorik c diatrib c.
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Summary

This dissertation has taken place at the Medical Physics Laboratory of the Faculty of Medi-

cine of the National and Kapodistrian University of Athens, in collaboration with the Athens

Cosmic Ray Group of the Faculty of Physics of the National and Kapodistrian University of

Athens.

This research is co-financed by Greece and the European Union (European Social Fund -

ESF) through the Operational Programme “Human Resources Development, Education and

Lifelong Learning” in the context of the project “Strengthening Human Resources Research

Potential via Doctorate Research - 2nd Cycle” (MIS-5000432), implemented by the State

Scholarships Foundation (IKY).

The object of this research is the study and calculation of radiation dose received by

aircrews and spacecraft crews due to exposure to cosmic radiation in geospace.

Radiation exposure in space is entirely different from the radiation that is experienced

on Earth’s surface and it is an important topic in the field of space weather. However, as

radiation propagates through the interplanetary medium and finally reaches the atmosphere

and the Earth’s surface may have multiple effects not only on our climate, but also on

technological and biological systems. Therefore, the continuous monitoring and analysis of

the several solar and cosmic ray phenomena may help us to a better understanding of the

solar – terrestrial relations and determine correlations between Space Weather and various

atmospheric processes that may lead to climate changes.

Space radiation consists mainly of three components: trapped particles in Earth’s ma-

gnetosphere, solar particles that are injected into space during solar flares and coronal mass

ejections and galactic cosmic rays, which are particles originated from sources outside of our

solar system. Space radiation can be ionizing (particles of the components mentioned above)

as well as non-ionizing (ultra-violet radiation). Ionizing radiation is of great importance, as

it is far more dangerous for the radiation exposure of biological systems. The Sun is the dri-

ving force for the majority of the terrestrial atmospheric processes. Therefore, any variation

in these processes may be attributed to the solar radiation changes and its modulation by

the galactic cosmic rays as well as the Earth’s orbital motion.

Space Weather characterizes the conditions of the Earth’s magnetosphere, ionosphere and

thermosphere due to the solar wind. These variations, that are mainly due to strong solar
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phenomena but also to galactic cosmic rays that alter the conditions of the environment near

the Earth, may affect the climate, the operation of various space and terrestrial technological

systems and services or endanger human life and health. For these reasons, the scientific

community was led to develop space weather forecasting and monitor centres. The Athens

Neutron Monitor Station (A.Ne.Mo.S.), located at the University of Athens, as a founding

member of the High Resolution Neutron Monitor Database (NMDB) and as an expert group

at the European Space Agency (ESA), provides many federated products and tools, which

are of great importance for the research concerning Space Weather effects.

As primary cosmic rays reach the top of the atmosphere, collisions with the atmospheric

molecules (mainly nitrogen and oxygen) take place and lighter fragments are produced, th-

rough a series of nuclear reactions. As a result, cascades of secondary particles are produced,

consisting of protons, neutrons, mesons such as pions, gamma-rays, electrons and muons,

with their antiparticles respectively. These particles are recorded by ground-based monitors,

such as neutron monitors and muon monitors[3]. Secondary cosmic radiation consists of

the nucleonic, mesonic and leptonic components. Cosmic ray intensity on the top of the

atmosphere is modulated by the solar activity, the Earth’s atmosphere and magnetosphere,

and the atmospheric altitude.

Radiation exposure in space is totally different than the one experienced on Earth’s surfa-

ce. Space radiation is ionizing (solar and galactic cosmic rays) and non-ionizing (ultra-violet

radiation). Ionizing radiation can be extremely dangerous to biological systems, causing

mutations and carcinogenesis. Specifically, the chronic effects are due to the long term ex-

posure to galactic cosmic rays, while the acute effects are mostly related to high intensity

solar phenomena. Several types of cancers, melanoma, vision impairment/cataract, as well

as diseases of the cardiovascular system are some typical examples. For these reasons, several

models, software applications and radiation protection protocols for monitoring cosmic ray

intensity and radiation dose received by aircrews and space crews are developed. Some of the

most popular applications available today for performing radiation dosimetry calculations

in the Earth’s atmosphere are AVIDOS, CARI, NAIRAS, PLANETOCOSMICS, EPCARD,

PCAIRE, JISCARD and SIEVERT. In the scope of this work, a new tool, called DYnamic

Atmospheric Shower Tracking Interactive Model Application (DYASTIMA) has been used.

More specifically, DYASTIMA is developed by the Athens Cosmic Ray Group of the Na-

tional and Kapodistrian University of Athens. It is a stand-alone and user-friendly software
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for the Monte Carlo simulation of the cascades in the atmosphere of a planet, developed

in GEANT4. DYASTIMA is based on a graphical user interface application, which can be

easily operated even by non–experienced users, and it supports extensive parametrization

of several input parameters, allowing the simulation of any planet and any input spectra.

The output of DYASTIMA provides all the information concerning the atmospheric showers,

such as the number, the direction, the arrival time, the energy and the energy deposit of the

secondary cosmic ray particles at different atmospheric altitudes.

DYASTIMA-R is an extension of DYASTIMA and performs radiation dosimetry calcula-

tions for various flight scenarios, by using the output provided by DYASTIMA. The calcula-

tions are performed for different particle types and energies, different atmospheric altitudes,

geographic coordinates, cut-off rigidity thresholds and phases of solar activity. DYASTIMA

and DYASTIMA-R consist a federated product of the European Space Agency (ESA), in

the Space Situational Awareness (SSA) Space Weather Service Network (SWE) Space Ra-

diation Expert Service Centre (R-ESC), where the Athens Cosmic Ray Group participates

as an expert group.

DYASTIMA / DYASTIMA-R has been validated according to the specifications of the

ICRU Report 84, which provides reference data for the validation of doses from cosmic ra-

diation exposure of aircraft crews. Simulations have been performed for three different flying

altitudes (FL310, FL350, FL390) corresponding to the usual flying range of large passenger-

jet aircraft flights, eighteen vertical geomagnetic cut-off rigidity values Rc (0 GV to 17 GV,

with an increment of 1 GV) corresponding to the full range of geographic latitudes, and

three different time periods (January 1998, January 2000, January 2002) covering different

periods of solar activity and solar magnetic field polarity.

The software DYASTIMA / DYASTIMA-R, enables the user to fully study all the proper-

ties of the atmospheric showers and to calculate radiation doses, for any conditions, thanks

to the provision of parametrization and configuration offered by the graphical user interface.

This allows the study of the Earth’s atmosphere, but the atmospheres of other planets as

well. Therefore, DYASTIMA / DYASTIMA-R is not only a reliable research tool, but also

an educational software, which can be useful to the scientific community, aircraft crews,

passengers, airlines and legislators.
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This dissertation consists of six chapters, an appendix and an extensive bibliography,

according to the following structure:

In Chapter 1, all the basic concepts and quantities associated with cosmic radiation

are extensively presented. A detailed description of the secondary particle cascades inside

the atmosphere (atmospheric showers) is given, as they are an integral part of this PhD

research. Next, the modulation of cosmic radiation, as well as the instrumentation for

recording the cosmic radiation variations, are thoroughly described. Finally, geospace is

defined and the new field of Space Weather is briefly presented. The effects of several Space

Weather phenomena on technological and biological systems are highlighted.

In Chapter 2, the radiation types and sources are presented, alongside with the radiation

interactions with matter. All dosimetry quantities, which are necessary for the evaluation of

radiation exposure, and more specifically the exposure due to cosmic radiation, are defined.

Next, a comprehensive description of the effects of cosmic radiation on the health of aviation

crews, frequent flying passengers and astronauts is performed. The principles and protocols

of radiation protection related to cosmic radiation are presented in detail. Finally, the

usefulness of software models and applications for performing dosimetry calculations for

aircraft and spacecraft crews is emphasized. Some of the most widely known tools used for

radiation assessment are presented. One such tool, named DYASTIMA-R, is proposed in

the context of this work.

In Chapter 3, the software tool DYASTIMA, developed by the Athens Cosmic Ray

Group for the study of atmospheric showers, is presented. DYASTIMA is based on a gra-

phical user interface application, supporting extensive parametrization of several input pa-

rameters. More specifically, the input parameters, such as the primary cosmic ray spectrum

at the top of the atmosphere, the structure of the atmosphere, the geomagnetic field, the

physical interactions that take place between the cosmic ray particles and the molecules of

the atmosphere, the space weather conditions, and the time and location of the simulation

are presented in detail. The output of DYASTIMA provides all the information concerning

the atmospheric showers, such as the number, the direction, the arrival time, the energy and

the energy deposit of the secondary cosmic ray particles at different atmospheric altitudes.

The new version contains the extension DYASTIMA-R, which enables radiation dosimetry

calculations to be performed in the atmosphere of a planet. This tool was used in this work

to evaluate the exposure to cosmic radiation of aircraft crews. Extensive reference is made

to the configuration of DYASTIMA and DYASTIMA-R, while some preliminary results are

also provided.
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In Chapter 4, the validation of DYASTIMA / DYASTIMA-R is performed according to

the reference data provided by the International Radiation Protection Commission (ICRP)

and the International Commission on Radiation Units and Measurements (ICRU). This

process is a necessary step for all software applications that provide radiation dosimetry

calculations for aviation and ensures that the results of these models are accurate, and can

be used to assess the cosmic radiation exposure of aircraft crews. The values calculated by

DYASTIMA-R are in good accordance with the reference data, and therefore, DYASTIMA

/ DYASTIMA-R consist a reliable tool for the radiation assessment of aircrews. The results

of the validation of DYASTIMA / DYASTIMA-R are also compared with those of other

widely known models.

In Chapter 5, the results of the DYASTIMA / DYASTIMA-R simulations performed

in the framework of this work are presented. Initially, dosimetry calculations are performed

during the last two solar cycles 23 and 24 for different atmospheric altitudes and different

values of vertical cut-off rigidity. Additionally, simulations have also been performed during

extreme Space Weather events, which may pose a potential hazard to both ground, air and

space technology systems, as well as to the health of aircraft and spacecraft crews. Then,

based on the above results, the radiation doses during various air flights is calculated. Finally,

a first attempt to radiation dosimetry calculations in the atmospheres of other planets in

our solar system, and more specifically in Venus and Mars, is made.

In Chapter 6, the overall results and conclusions of this thesis are presented, and the

prospects and future plans of the research with the tool DYASTIMA / DYASTIMA-R are

discussed.

At the end, an extensive literature on the subject of the dissertation is provided, as well

as a list of the author’s publications.
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Jewrhtikì Mèroc





1 Kosmik  AktinobolÐa

Sto kef�laio autì pragmatopoieÐtai mÐa ekten c anafor� ìlwn twn basik¸n ennoi¸n kai mege-

j¸n pou sqetÐzontai me thn kosmik  aktinobolÐa. GÐnetai analutik  perigraf  twn atmosfai-

rik¸n kataigism¸n, oi opoÐoi eÐnai anapìspasto komm�ti thc èreunac sta plaÐsia thc diatrib c

aut c. Sth sunèqeia, perigr�fetai h diamìrfwsh thc kosmik c aktinobolÐac kai oi mèjodoi

katagraf c twn diafor¸n fainomènwn. Tèloc, orÐzetai to gewdi�sthma kai parousi�zetai

sunoptik� to kainoÔrio pedÐo tou DiasthmikoÔ KairoÔ, kai oi epipt¸seic pou epifèroun ta

fainìmena tou DiasthmikoÔ KairoÔ sta teqnologik� kai biologik� sust mata.

1.1 Orismìc

Wc kosmik  aktinobolÐa orÐzetai to sÔnolo swmatidÐwn polÔ uyhl¸n energei¸n (106−1021eV)

me hliak , galaxiak    exwgalaxiak  proèleush pou ft�noun sthn atmìsfaira thc Ghc me ruj-

mì 1000 swmatÐwn an� tetragwnikì mètro an� deuterìlepto (Berezinsky, 1990; Dorman, 2004;

Ginzburg and Syrovatsky, 1965; Schlickeiser and Lerche, 2001). Prìkeitai gia ionismènouc

pur nec, perÐpou 90% prwtìnia, 9% swm�tia-a kai 1% barÔterouc pur nec (Mavromichalaki,

2005).

Ta perissìtera kosmik� swmatÐdia eÐnai sqedìn sqetikistik�, èqontac kinhtik  enèrgeia

Ðdiac t�xhc me thn enèrgeia hremÐac touc. 'Ena mikrì posostì twn swmatidÐwn aut¸n, m�lista,

eÐnai uper-sqetikistikì, me thn enèrgei� touc na xepern� ta 1020 eV (perÐpou 20 joules), dhlad 

11 t�xeic megèjouc megalÔterh apì thn isodÔnamh enèrgeia hremÐac enìc prwtonÐou (Gaisser

et al., 2016). Ta teleutaÐa eÐnai idiaÐtera sp�nia me rujmì katagraf c mikrìtero apì 1 swm�tio

an� tetragwnikì qiliìmetro an� ai¸na.

Oi kosmikèc aktÐnec anakalÔfjhkan ìtan kat� thn perÐodo 1911 − 1912, o Victor Hess,

fusikìc Austriak c katagwg c, ektèlese èna pl joc peiram�twn me aerìstato gia th mètrhsh

thc aktinobolÐac mèsa sthn atmìsfaira (Sq ma 1.1). To 1911 to mpalìni tou èftase se

uyìmetro perÐpou 1100 mètrwn, qwrÐc ìmwc na parathr sei k�poia ousiastik  allag  sthn

posìthta thc aktinobolÐac se sÔgkrish me to epÐpedo tou ed�fouc. 'Omwc, stic 7 AugoÔstou

1912, met� apì arketèc pt seic akìma, kat�fere na ft�sei se Ôyoc 5300 mètrwn, ìpou kai

anak�luye ìti o rujmìc ionismoÔ  tan treic forèc uyhlìteroc apì to epÐpedo thc j�lassac.

'Etsi, katèlhxe sto sumpèrasma ìti h dieisdutik  aktinobolÐa eiserqìtan sthn atmìsfaira apì

yhl�. O Hess sthn pragmatikìthta anak�luye mia fusik  phg  swmatidÐwn uyhl c enèrgeiac:

tic kosmikèc aktÐnec. Gia to lìgo autì, tim jhke me to BrabeÐo Nobel to 1936.

Oi metr seic-kleidÐ tou Hess èpontai �llwn metr sewn pou pragmatopoi jhkan sthn ko-
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Sq ma 1.1: O Victor Hess sto aerìstatì tou to 1912
(https://home.cern/news/news/physics/cosmic-rays-discovered-100-years-ago)

ruf  tou PÔrgou tou Eiffel apì ton Theodor Wulf, se mpalìni apì ton Albert Gockel, all�

kai upobrÔqia apì ton Domenico Pacini. 'Ola ta dedomèna sumf¸nhsan me to sumpèrasma ìti

èna mh amelhtèo tm ma thc dieisdutik c aut c aktinobolÐac  tan anex�rthto apì thn �mesh

dr�sh twn di�forwn radienerg¸n ousi¸n pou brÐskontai sta an¸tera str¸mata tou g inou

floioÔ. H anak�luyh aut  od ghse sth gènnhsh tou kl�dou thc Swmatidiak c Fusik c, o

opoÐoc anaptÔqjhke gia poll� qrìnia melet¸ntac tic ksomikèc aktÐnec sthn atmìsfaira thc

Ghc. Pozitrìnia, miìnia, piìnia kai par�xena swmatÐdia anakalÔfjhkan apì thn �mesh anÐqneu-

sh twn kosmik¸n aktÐnwn   proðìntwn twn allhlepidr�sewn touc, en¸ qrei�sthkan p�nw apì

4 dekaetÐec prosp�jeiac gia thn anaparagwg  èstw kai merik¸n energei¸n twn kosmik¸n

aktÐnwn.

An kai h kosmik  aktinobolÐa èqei anakalufjeÐ p�nw apì 100 qrìnia, h proèleus  thc den

eÐnai akìma pl rwc gnwst . Ta swmatÐdia me enèrgeiec mikrìterec apì 1010 eV eÐnai hliak c

proèleushc, kai gia autì onom�zontai hliakèc kosmikèc aktÐnec. Sundèontai qronik� me bÐaia

gegonìta ston  lio, ìpwc ekl�myeic kai stemmatikèc ekpompèc m�zac, kai qarakthrÐzontai apì

èntonec metabolèc (Dorman, 2004; Gaisser et al., 2016). H ro  touc mporeÐ na auxhjeÐ èwc

kai 100% mèsa se lÐgec ¸rec, kat� th di�rkeia èntonwn hliak¸n gegonìtwn. Ta swmatÐdia me

enèrgeiec 1010− 1014 eV proèrqontai kurÐwc apì phgèc mèsa sto galaxÐa mac, ìpwc eÐnai oi e-

kr xeic kainofan¸n (Novae)   uperkainofan¸n astèrwn (Supernovae), oi astèrec ekl�myewn,

oi pallìmenoi astèrec (pulsars) kai h diastrik  Ôlh. Prìkeitai gia tic legìmenec galaxiakèc
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kosmikèc aktÐnec, h èntash twn opoÐwn parousi�zei antisusqètish me thn hliak  drasthriìth-

ta, en¸ apoteloÔn kai thn plhj¸ra kosmik c aktinobolÐac pou ft�nei sthn atmìsfaira thc

Ghc. Tèloc, ta swmatÐdia me enèrgeiec megalÔterec apì 1014 eV èqoun exwgalaxiak  pro-

èleush, en¸ aut� me enèrgeiec �nw twn 1019 eV eÐnai akìma kai s mera �gnwsthc proèleushc,

lìgw èlleiyhc statistik¸n stoiqeÐwn (Mursula et al., 2003). Pijan¸c, na proèrqontai apì

phgèc èxw apì to galaxÐa mac kai na epitaqÔnontai se radiogalaxÐec   energoÔc galaxiakoÔc

pur nec.

1.2 SÔstash Kosmik c AktinobolÐac

Apì ta parap�nw gÐnetai eÔkola antilhptì ìti h prwtogen c kosmik  aktinobolÐa, aut  dh-

lad  pou ft�nei sto ìrio thc G inhc atmìsfairac, apoteleÐtai apì treic kÔriec sunist¸sec

(Mavromichalaki, 2005). Autèc eÐnai oi ex c:

� Hliak  kosmik  aktinobolÐa

� Galaxiak  kosmik  aktinobolÐa

� An¸malec kosmikèc aktÐnec

SÔmfwna me pl joc metr sewn kai peiramatik¸n dedomènwn apì dorufìrouc kai pura-

Ôlouc, h sÔstash thc prwtogenoÔc kosmik c aktinobolÐac sto sÔnolì thc eÐnai kurÐwc prw-

tìnia (85%), swm�tia a (5%), lÐjio (Li), bhrÔllio (Be) kai bìrio (B) se posostì 0.1%,

�njrakac (C), �zwto (N) , oxugìno (O) kai fjìrio (F) se posostì 0.42%, sÐdhroc (Fe) kai

�lla uperbarèa uperour�nia stoiqeÐa se posostì 0.04%, all� kai hlektrìnia, aktÐnec g kai

netrìnia se posostì 1-2%.

Pio sugkekrimèna, h hliak  kosmik  aktinobolÐa eÐnai energhtik� swmatÐdia, me enèrgeiec

thc t�xhc twn merik¸n ekatont�dwn MeV / noukleìnio, pou proèrqontai kurÐwc apì hliakèc

ekl�myeic kai stemmatikèc ekpompèc m�zac. Ta swmatÐdia aut� eÐnai kurÐwc prwtìnia, swm�tia-

a se posostì perÐpou 10% kaj¸c kai barÔteroi pur nec (ligìtero apì 1%).

H galaxiak  kosmik  aktinobolÐa apoteleÐtai apì pio energhtik� swmatÐdia pou proèrqo-

ntai kurÐwc apì phgèc entìc tou galaxÐa mac. Aut� eÐnai kat� b�sh prwtìnia, swm�tia-a (7%

- 10%) kai barÔteroi pur nec (perÐpou 1%). Pèra apì touc parap�nw pur nec, perièqontai

epÐshc hlektrìnia, pozitrìnia, aktÐnec g (1%) kai mia polÔ mikr  ro  netrÐnwn pou proèrqo-

ntai apì allhlepidr�seic me th galaxiak  Ôlh (Dorman, 2004). Ta swmatÐdia me enèrgeiec

mikrìterec apì 1 GeV ufÐstantai èntonh hliak  diamìrfwsh, me apotèlesma na parousi�zoun

meiwmènh ro  se periìdouc   gegonìta èntonhc hliak c drasthriìthtac (Longair, 2011).
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Tèloc, oi an¸malec kosmikèc aktÐnec proèrqontai apì to mesoastrikì q¸ro pèra apì thn

hliìpaush kai parousi�zoun teleÐwc diaforetik  sÔstash apì thn hliak  kai th galaxiak 

sunist¸sa. Ed¸ epikratoÔn ta swm�tia-a se sqèsh me ta prwtìnia, all� kai to oxugìno se

sqèsh me ton �njraka. Par� to gegonìc ìti kosmikèc aktÐnec me enèrgeiec megalÔterec apì

1012 eV eÐnai pijanìn na diathr soun plhroforÐec sqetik� me thn kateÔjunsh �fix c touc sto

hliakì sÔsthma, lìgw twn metabol¸n tou galaxiakoÔ magnhtikoÔ pedÐou, den eÐnai se jèsh na

diathr soun plhroforÐec gia thn arqik  kateÔjunsh di�dos c touc kai wc ek toÔtou sqetik�

me thn phg  proèleus c touc. Genikìtera, h katanom  twn dieujÔnsewn �fixhc kosmik¸n

aktÐnwn uyhl c enèrgeiac eÐnai exairetik� omoiìmorfh, me anisotropÐa na aniqneÔetai mìno se

epÐpedo mikrìtero tou 0.1%.

Sq ma 1.2: Sqetikèc afjonÐec twn stoiqeÐwn thc kosmik c aktinobolÐac sto ìrio thc g inhc
atmìsfairac se sqèsh me tic afjonÐec tou hliakoÔ sust matoc C (Longair, 2011).

H sÔgkrish twn qhmik¸n afjoni¸n twn kosmik¸n aktÐnwn me tic afjonÐec sto hliakì mac

sÔsthma parèqei shmantikèc plhroforÐec tìso gia thc phgèc ìso kai gia touc mhqanismoÔc

di�doshc twn kosmik¸n aktÐnwn proc th Gh. Sto sq ma 1.2, parousi�zontai me mple qr¸ma oi

sqetikèc afjonÐec twn kosmik¸n aktÐnwn ìpwc ft�noun sth g inh atmìsfaira, kai oi sqetikèc

afjonÐec tou hliakoÔ sust matoc, me kìkkino qr¸ma. H katanom  twn stoiqeiwd¸n afjoni¸n

sthn kosmik  aktinobolÐa den eÐnai tìso diaforetik  apì ekeÐnh twn tupik¸n afjoni¸n tou

hliakoÔ sust matoc. AxÐzei na shmeiwjeÐ pwc oi korufèc sta stoiqeÐa C, N, O, Fe parou-

si�zontai stic afjonÐec tìso twn kosmik¸n aktÐnwn ìso kai tou hliakoÔ sust matoc. Ta

elafri� stoiqeÐa (Li, Be, B) parousi�zontai se uperafjonÐa sthn kosmik  aktinobolÐa. To
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Timèc g Energeiak  perioq 

1.6 109 − 1015eV
2.2 1015 − 1018eV (gìnato)
1.6 > 1018eV (astr�galoc)

PÐnakac 1.1: Jewrhtikèc timèc tou fasmatikoÔ ekjèth γ wc sun�rthsh thc energeiak c perioq c
twn kosmik¸n aktÐnwn.

Ðdio sumbaÐnei kai gia ta stoiqeÐa me atomikì arijmì kai m�za elafr¸c mikrìtera apì aut�

tou Fe kai megalÔtera apì tou Ca (Sc, Ti, V, Cr Mn) (Longair, 2011). AntÐjeta, emfa-

nÐzetai mÐa èlleiyh H2 kai He se sqèsh me ta pio bari� stoiqeÐa. Autì ofeÐletai kurÐwc

sth di�dosh thc kosmik c aktinobolÐac sto mesoastrikì q¸ro, ìpou oi prwtogeneÐc kosmi-

kèc aktÐnec sugkroÔontai me ta �toma kai mìria tou mesoastrikoÔ q¸rou me apotèlesma na

par�gontai elafrìtera stoiqeÐa (fainìmeno jrummatismoÔ). Oi afjonÐec twn barÔterwn apì

to Fe stoiqeÐwn stic kosmikèc aktÐnec eÐnai ìmoiec me autèc tou hliakoÔ sust matoc, gego-

nìc pou upodeiknÔei ìti ta kosmik� swmatÐdia èqoun epitaqunjeÐ apì ulikì parìmoiac qhmik c

sÔstashc me autì tou hliakoÔ sust matoc (Mavromichalaki, 2005).

1.3 Energeiakì F�sma Kosmik c AktinobolÐac

To energeiakì f�sma twn kosmik¸n aktÐnwn ekteÐnetai apì ta 106 eV èwc ta 1022 eV. To

f�sma autì dÐnei thn èntash thc kosmik c aktinobolÐac wc sun�rthsh thc enèrgeiac. H ro  thc

kosmik c aktinobolÐac me enèrgeia megalÔterh apì 1 GeV elatt¸netai èntona me thn aÔxhsh

thc enèrgeiac. H sqèsh pou sundèei thn èntash me thn enèrgeia dÐnetai apì ton ekjetikì nìmo

J(> E) = kE−γ (1.1)

ìpou J(E) h metabol  thc èntashc twn kosmik¸n aktÐnwn twn opoÐwn oi enèrgeiec uperbaÐnoun

èna orismèno kat¸tero energeiakì ìrio E, kai k kai γ stajerèc. Pio sugkekrimèna, h stajer�

γ onom�zetai fasmatikìc ekjèthc. Oi jewrhtikèc timèc pou mporeÐ na p�rei o fasmatikìc

ekjèthc dÐnontai ston PÐnaka 1.1, en¸ oi timèc pou èqoun krijeÐ kat�llhlec peiramatik� gia

tic di�forec energeiakèc perioqèc kai ta di�fora eÐdh swmatidÐwn dÐnontai ston PÐnaka 1.2.

ParathreÐtai ìti h tim  tou ekjèth de metab�lletai aisjht� se olìklhro to pedÐo tim¸n

thc enèrgeiac thc kosmik c aktinobolÐac, me exaÐresh mÐa mikr  metabol  sthn perioq  twn

1015 − 1018 eV. H metabol  aut  ofeÐletai pijanìn sth diaforetik  sÔstash kai phg  twn

kosmik¸n aktÐnwn aut¸n twn energei¸n.
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Timèc g Energeiak  perioq  an� pur na

∼ 2 (0.5− 1) · 109eV
1.9− 2.2 (0.35− 20) · 109eV (gìnato)
∼ 2.5 1010 − 1012eV (gìnato)

2.7− 3 1013 − 1018eV (gìnato)
2.5 > 2 · 109eV (astr�galoc)

PÐnakac 1.2: Timèc pou apodÐdontai peiramatik� sto fasmatikì ekjèth g wc sun�rthsh thc
energeiak c perioq c an� pur na (Ginzburg, 1974)

O log�rijmoc thc parap�nw sqèshc dÐnei to oloklhrwmèno f�sma thc kosmik c aktinobo-

lÐac (1.2). MÐa anapar�stash tou oloklhrwmènou energeiakoÔ f�smatoc dÐnetai sto Sq ma

1.3. H klÐsh thc eujeÐac eÐnai Ðsh me g. Gia th melèth tou energeiakoÔ f�smatoc apaitoÔntai

di�fora eÐdh aniqneut¸n, ta opoÐa ja anaferjoÔn analutik� sto Kef�laio 1.8.

log J(E) = f(logE) (1.2)

Sq ma 1.3: Oloklhrwmèno f�sma thc kosmik c aktinobolÐac. DiakrÐnontai to �gìnato� kai o
�astr�galoc�, ìpou èqoume metabol  tou fasmatikoÔ ekjèth (Garzon et al., 2016).
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To f�sma, ìpwc faÐnetai sto Sq ma 1.3, diaqwrÐzetai stic ex c perioqèc, an�loga me thn

tim  tou (Mursula et al., 2003):

� H pr¸th perioq  perilamb�nei swmatÐdia me enèrgeiec 106 − 1010 eV (hliak  kosmik 

aktinobolÐa). Oi kosmikèc aktÐnec ed¸ upìkeintai èntona se diamìrfwsh apì thn hliak 

drasthriìthta, me apotèlesma to f�sma na mhn akoloujeÐ ton ekjetikì nìmo. H hliak 

diamìrfwsh akoloujeÐ th sqèsh:

dJ(E) = −kE(γ+1)dE (1.3)

kai eÐnai orat  sto diaforikì f�sma thc kosmik c aktinobolÐac (Sq ma 1.4).

Sq ma 1.4: Diaforikì f�sma thc kosmik c aktinobolÐac. DiakrÐnetai h hliak  diamìrfwsh stic
qamhlèc enèrgeiec (Simpson, 1983).

� H deÔterh perioq  perilamb�nei kosmik� swmatÐdia me enèrgeiec 1010−1015 eV (galaxiak 

kosmik  aktinobolÐa), me to fasmatikì ekjèth na paÐrnei perÐpou thn tim  2.7. Ed¸

brÐsketai kai o kÔrioc ìgkoc twn kosmik¸n aktÐnwn.

� H trÐth perioq  xekin� perÐpou sta 1015 eV , ìpou all�zei apìtoma h klÐsh me to fasma-

tikì ekjèth na ft�nei thn tim  tou 3.1. H tim  aut  diathreÐtai perÐpou mèqri ta 1020 eV .
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H perioq  aut  ìpou parathreÐtai h metabol  tou fasmatikoÔ ekjèth onom�zetai gìnato

(knee).

� H teleutaÐa perioq  afor� enèrgeiec megalÔterec twn 1020 eV , ìpou ta kosmik� swma-

tÐdia apoktoÔn exwgalaxiak  proèleush plèon. Sto shmeÐo autì parathreÐtai p�li mÐa

metabol  tou fasmatikoÔ ekjèth, to opoÐo onom�zetai astr�galoc (ankle). Dustuq¸c,

ta dedomèna sthn energeiak  aut  perioq  eÐnai arket� periorismèna.

IdiaÐtero endiafèron parousi�zei to ìrio Greisen - Zatsepin - Kuzmin (GZK), to opoÐo

kajorÐzetai apì thn epibr�dunsh twn allhlepidr�sewn twn prwtonÐwn me thn mikrokumatik 

aktinobolÐa upob�jrou se meg�lec apost�seic (∼ 160 ekatommÔria èth fwtìc). Prìkeitai

gia èna jewrhtikì an¸tato ìrio gia thn enèrgeia twn kosmik¸n prwtonÐwn ft�noun ston

galaxÐa mac mèsw tou diagalaxiakoÔ mèsou apì �llouc galaxÐec (Greisen, 1966; Zatsepin

and Kuzmin, 1966). To ìrio antistoiqeÐ se 5 · 1019 eV   perÐpou 8 joules   alli¸c thn

enèrgeia enìc prwtonÐou pou taxideÔei me 99.9% thn taqÔthta tou fwtìc kai èqei thn Ðdia t�xh

megèjouc me to an¸tero ìrio gia thn enèrgeia peiramatik c anÐqneushc twn kosmik¸n aktÐnwn.

To ìrio GZK prokÔptei me thn upìjesh ìti oi kosmikèc aktÐnec exairetik� uyhl c enèrgeiac

eÐnai sto megalÔtero mèroc touc prwtìnia. 'Omwc metr seic apì to Parathrht rio Pierre

Auger sthn Argentin , upodhl¸noun ìti oi perissìterec kosmikèc aktÐnec exairetik� uyhl c

enèrgeiac eÐnai barÔtera stoiqeÐa (Aab et al., 2017). 'Etsi, se aut n thn perÐptwsh, to

epiqeÐrhma pÐsw apì to ìrio GZK den isqÔei sthn arqik� apl  morf  tou kai den up�rqei

jemeli¸dhc antÐfash sthn parat rhsh kosmik¸n aktÐnwn me enèrgeiec pou to parabi�zoun

(Watson, 2014). 'Allec jewrÐec proteÐnoun ìti oi kosmikèc aktÐnec exairetik� uyhl c enèrgeiac

par�gontai kont� ston galaxÐa mac   ìti h jewrÐa thc Eidik c Sqetikìthtac tropopoieÐtai kat�

tètoio trìpo ¸ste ta prwtìnia na mhn q�noun enèrgeia sto drìmo touc proc ton galaxÐa mac.

H energeiak  puknìthta twn kosmik¸n aktÐnwn eÐnai thc t�xhc tou 0.3 eV/cm3 , lamb�no-

ntac wc mèsh enèrgeia E = 3 · 109 eV kai puknìthta swmatidÐwn Np = 10−10 cm−3. Peiramati-

k� h energeiak  puknìthta anèrqetai sto 1 eV/cm3. H malak  kosmik  aktinobolÐa (qamhlèc

enèrgeiec thc t�xhc 109 eV / pur na) parèqei plhroforÐec gia thn hliak c proèleushc aktino-

bolÐa, en¸ antÐstoiqa h sklhr  kosmik  aktinobolÐa (uyhlèc enèrgeiec 109−1021 eV / pur na)

gia to galaxiakì kai exwgalaxiakì q¸ro (Mavromichalaki, 2005).

H melèth tou energeiakoÔ f�smatoc thc kosmik c aktinobolÐac apoteleÐ antikeÐmeno èreu-

nac akìma kai s mera. Poll� peir�mata lamb�noun q¸ra gia th mètrhsh thc ro  se di�forec

energeiakèc perioqèc. Ta apotelèsmata aut� qrhsimopoioÔntai gia thn kataskeu  di�forwn

arijmhtik¸n proseggÐsewn kai th montelopoÐhsh tou f�smatoc. H gn¸sh tou prwotegenoÔc
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f�smatoc sthn koruf  thc atmìsfairac eÐnai aparaÐthth gia thn ulopoÐhsh twn prosomoi¸se-

wn kai thn pragmatopoÐhsh dosimetrik¸n upologism¸n mèsa sthn atmìsfaira me to ergaleÐo

DYASTIMA sta plaÐsia thc diatrib c aut c. Ekten c perigraf  twn diajèsimwn upologi-

stik¸n montèlwn kai twn ergaleÐwn pou qrsimopoi jhkan gia thn exagwg  tou prwtogenoÔc

f�smatoc gÐnetai sto Peiramatikì Mèroc.

1.4 AtmosfairikoÐ KataigismoÐ

'Otan ta swmatÐdia thc prwtogenoÔc kosmik c aktinobolÐac ft�noun sto an¸tero ìrio thc

g inhc atmìsfairac, sugkroÔontai me ta mìria thc an¸terhc atmìsfairac, me apotèlesma na

dhmiourgoÔntai nèa swmatÐdia. Aut� me th seir� touc, ìpwc faÐnetai kai sto Sq ma 1.5, mèsa

apì mÐa seir� fusik¸n kai qhmik¸n allhlepidr�sewn dhmiourgoÔn kataigismoÔc deuterogen¸n

swmatidÐwn mèsa sthn atmìsfaira (air-showers). Oi diergasÐec autèc analÔontai se epìmeno

kef�laio kai mporeÐ na eÐnai to fwtohlektrikì fainìmeno, to fainìmeno Compton, h dÐdumh

gènesh, h exaölwsh, oi elastikèc kai anelastikèc sked�seic, oi diasp�seic, o ionismìc, h

ekpomp  aktinobolÐac pèdhc kai h aktinobolÐa Cherenkov (Paschalis et al., 2014).

H deuterogen c kosmik  aktinobolÐa apoteleÐtai apì treic sunist¸sec, ìpwc diakrÐnontai

kai sto Sq ma 1.6:

� thn adronik  sunist¸sa (apoteleÐtai apì adrìnia, kat� kÔrio lìgo prwtìnia, ne-

trìnia, piìnia kai kaìnia kai eÐnai h pio stajer  sunist¸sa),

� th mionik    sklhr  sunist¸sa (apoteleÐtai apì miìnia kai netrÐna kai eÐnai p�ra

polÔ dieisdutik ),

� thn hlektromagnhtik    malak  sunist¸sa (apoteleÐtai apì hlektrìnia, po-

zitrìnia kai fwtìnia).

An�loga me to mègejoc thc enèrgeiac tou prwtogenoÔc swmatidÐou, ja uperisqÔei ènac apì

autoÔc touc treic mhqanismoÔc gia th metatrop  thc prwtogenoÔc kosmik c aktinobolÐac se

deuterogen . Oi antÐstoiqoi epÐgeioi aniqneutèc pou qrhsimopoioÔntai gia thn katagraf  k�je

sunist¸sac eÐnai oi metrhtèc netronÐwn, ta mionik� thleskìpia kai oi ektetammènec sustoiqÐec

aniqneut¸n, ìpwc analÔontai se epìmeno kef�laio.

Kaj¸c, loipìn, ta prwtogen  swmatÐdia eisèrqontai sthn atmìsfaira, sugkroÔontai me ta

mìria thc an¸terhc atmìsfairac. Oi arqikoÐ autoÐ pur nec, mèsw anelastik¸n sked�sewn,

jrummatÐzontai kai par�gontai jraÔsmata (mikrìteroi pur nec) kai �lla swmatÐdia, ìpwc prw-

tìnia, netrìnia, piìnia (oudètera   fortismèna) kai kaìnia. Oi deuterogeneÐc plèon pur nec
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Sq ma 1.5: AtmosfairikoÐ kataigismoÐ (Phg : www.physics.purdue.edu).

kaj¸c kai ta fortismèna piìnia suneqÐzoun kai pollaplasi�zontai mèsw diadoqik¸n sugkro-

Ôsewn eÐte metaxÔ touc eÐte me ta mìria thc atmìsfairac èwc ìtou h enèrgeia an� swmatÐdio

na eÐnai qamhlìterh apì thn apaitoÔmenh gia thn paragwg  pionÐou.

Ta prwtìnia q�noun enèrgeia mèsw ionismoÔ me ta perissìtera na akinhtopoioÔntai ìtan

apokt soun enèrgeia mikrìterh apì 1GeV . Ta oudètera piìnia metatrèpontai �mesa se fw-

tìnia, lìgw tou mikroÔ qrìnouc hmizw c mèsw thc antÐdrashc:

π0 → 2γ (1.4)
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Sq ma 1.6: Anapar�stash twn allhlepidr�sewn twn prwtogen¸n kosmik¸n aktÐnwn me thn
atmìsfaira, dÐnontac ètsi touc deuterogeneÐc kataigismoÔc. DiakrÐnontai oi treic sunist¸sec thc

deuterogenoÔc kosmik c aktinobolÐac (Federico et al., 2010).

AntÐstoiqa, ta fortismèna piìnia metatrèpontai se miìnia mèsw twn antidr�sewn:

π+ → µ+ + νµ (1.5)

π− → µ− + ν̄µ (1.6)

Ta kaìnia antÐstoiqa diasp¸ntai se miìnia kai piìnia me b�sh tic antidr�seic:

K → µ+ + νµ (1.7)

K → π+ + π0 (1.8)

K → π+ + π+ + π− (1.9)

K → π0 + e+ + νe (1.10)

Ta miìnia pou par�gontai ousiastik� den prokaloÔn purhnikèc antidr�seic kai q�noun thn

enèrgei� touc kurÐwc mèsw ionismoÔ. Ta qamhloenergeiak� miìnia metatrèpontai se hlektrìnia,
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pozitrìnia, kai mionik� netrÐna mèsw twn antidr�sewn:

µ+ → e+ + νe + ν̄µ (1.11)

µ− → e− + ν̄e + νµ (1.12)

AxÐzei na shmeiwjeÐ pwc k�poia miìnia uyhl¸n energei¸n par�gontai sta uyhlìtera str¸mata

thc atmìsfairac prin arqÐsoun akìmh oi purhnikèc antidr�seic twn pionÐwn. 'Etsi, ta miìnia

aut�, kaj¸c den summetèqoun se purhnikèc antidr�seic, eÐnai idiaÐtera dieisdtik� kai parousi-

�zoun mikrèc energeiakèc ap¸leiec lìgw ionismoÔ, ft�nontac ètsi akìma kai se k�poia b�jh

k�tw apì thn epif�neia thc Ghc sqedìn anephrèasta.

Ta fwtìnia pou par�gontai apì tic purhnikèc antidr�seic twn oudèterwn pionÐwn, xekinoÔn

me th seir� touc hlektrofwtonikoÔc kataigismoÔc, mèsw tou fainomènou thc dÐdumhc gèneshc,

ìpwc faÐnetai sthn parak�tw antÐdrash:

γ → e+ + e− (1.13)

Oi aktÐnec g, pèra apì th dÐdumh gènesh, mporeÐ na d¸soun eÐte hlektrìnia mèsw tou fwtoh-

lektrikoÔ fainomènou eÐte aktÐnec g me qamhlìterh enèrgeia mèsw tou fainomènou Compton.

AntÐstoiqa, ta paragìmena hlektrìnia kai pozitrìnia suneqÐzoun ton hlektrofwtonikì ka-

taigismì, par�gontac ki �lla fwtìnia mèsw aktinobolÐac Bremsstrahlung kai aktinobolÐac

Cherenkov, ta opoÐa xanadÐnoun th dÐdumh gènesh. 'Otan h enèrgeia twn hlektronÐwn, twn

pozitronÐwn kai twn fwtonÐwn pèsei k�tw apì to kat¸fli pou apateÐtai gia th dÐdumh gènesh,

o hlektrofwtonikìc kataigismìc stamat�.

Kaj¸c h adronik  sunist¸sa ft�nei sthn qamhlìterh atmìsfaira, h ro  thc mei¸netai

gr gora sunart sei tou atmosfairikoÔ b�jouc. Ta miìnia, antÐstoiqa, exaitÐac tou sqetik�

meg�lou qrìnou hmizw c, ft�noun suqn� sthn epif�neia thc Ghc, apotel¸ntac m�lista to pio

�fjono eÐdoc deuterogen¸n swmatidÐwn sthn epif�neia thc j�lassac (Pomerantz, 1971). Su-

noptik�, sthn epif�neia thc j�lassac, h deuterogen c kosmik  aktinobolÐa apoteleÐtai apì

prwtìnia kai netrìnia (1-2%), miìnia (80%) kai hlektrìnia (18%) (Mavromichalaki, 2005).

Sto Sq ma 1.7 anaparist¸ntai oi k�jetec roèc twn kÔriwn sustatik¸n thc kosmik c aktino-

bolÐac mèsa sthn atmìsfaira, sthn energeiak  perioq  ìpou ta swmatÐdia eÐnai pio polu�rijma

(ektìc apì ta hlektrìnia, ta opoÐa eÐnai ta perissìtera kont� sthn perioq  thc krÐsimhc e-

nèrgei� touc sta 81MeV ston atmosfairikì aèra). Ektìc apì ta prwtìnia kai ta hlektrìnia

kont� sthn koruf  thc atmìsfairac, ìla ta swmatÐdia par�gontai se allhlepidr�seic twn

prwtogen¸n kosmik¸n aktÐnwn ston aèra. Ta miìnia kai ta netrÐna eÐnai proðìnta thc apo-
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sÔnjeshc twn fortismènwn mesonÐwn, en¸ ta hlektrìnia kai ta fwtìnia proèrqontai apì thn

aposÔnjesh oudèterwn mesonÐwn. Oi perissìterec apì autèc tic metr seic èqoun pragmato-

poihjeÐ sto epÐpedo tou ed�fouc   kont� sthn koruf  thc atmìsfairac, all� up�rqoun epÐshc

metr seic mionÐwn kai hlektronÐwn apì aeropl�na kai mpalìnia (Biermann et al., 1995; Gaisser

and Stanev, 1995).

Sq ma 1.7: K�jetec roèc kosmik¸n aktÐnwn sthn atmìsfaira me E > 1GeV (Biermann et al.,
1995; Gaisser and Stanev, 1995).

H melèth twn deuterogen¸n kataigism¸n eÐnai mporeÐ na prosfèrei shmantik� ofèlh gia

thn katanìhsh twn diafìrwn diergasi¸n mèsa sthn atmìsfaira pou ofeÐlontai se gegonìta

kosmik c aktinobolÐac kai DiasthmikoÔ KairoÔ, en¸ apoteleÐ kai to sundetikì krÐko an�mesa

sthn prwtogeneÐc kosmikèc diergasÐec sto ìrio thc atmìsfairac kai tic epÐgeiec parathr seic

apì tic di�forec aniqneutikèc diat�xeic, mèsw twn sunart sewn sÔzeuxhc metaxÔ prwtoge-

noÔc kai deuterogenoÔc kosmik c aktinobolÐac. Par�llhla, sta plaÐsia thc efarmosmènhc

èreunac, h melèth twn kataigism¸n mporeÐ na faneÐ idiaÐtera qr simh gia thn axiolìghsh thc

25



èkjeshc se aktinobolÐa mèsa sthn atmìsfaira, prosfèrontac shmantik� apotelèsmata gia thn

aktinoprostasÐa twn plhrwm�twn aeroskaf¸n kai diasthmik¸n skaf¸n. Sth diatrib  aut ,

ja qrhsimopoihjeÐ to logismikì prosomoÐwshc twn atmosfairik¸n kataigism¸n DYASTIMA

(Paschalis et al., 2014) gia ton upologismì dìsewn aktinobolÐac se di�fora Ôyh mèsa sthn

atmìsfaira.

1.5 Magnhtìsfaira thc Ghc

Sto hliakì mac sÔsthma, h stefaniaÐa atmìsfaira (solar corona) tou 'Hliou eÐnai idiaÐtera

dunamik  kai zest , me th jermokrasÐa thc na kumaÐnetai stouc 106K. Autì èqei wc apo-

tèlesma na dieurÔnetai diark¸c sto diasthmikì q¸ro me th morf  ionismènhc Ôlhc (pl�sma),

pou onom�zetai hliakìc �nemoc (solar wind), kai apoteleÐtai kurÐwc apì 95% iìnta udrogìnou

kai 5% iìnta hlÐou kai Ðso arijmì hlektronÐwn. Kaj¸c h ionismènh Ôlh apoteleÐ kalì hle-

ktrikì agwgì, o hliakìc �nemoc metafèrei mazÐ tou ta hliak� magnhtik� pedÐa sto di�sthma.

'Etsi, oi plan tecallhlepidroÔn hlektromagnhtik� me ton hliakì �nemo me reÔmata meg�lhc

klÐmakac pou odhgoÔn ston sqhmatismì magnhtik¸n koilot twn gÔrw apì touc plan tec pou

onom�zontai magnhtìsfairec (Parks, 2015). Me exaÐresh ton 'Arh kai thn AfrodÐth, pou den

èqoun eggen  magnhtik� pedÐa, ìloi oi plan tec sto hliakì mac sÔsthma perib�llontai apì

magnhtìsfairec.

To magnhtikì pedÐo thc Ghc apoteleÐtai apì dÔo sunist¸sec: th magnhtosfairik  (ma-

gnhtìsfaira) kai th gewmagnhtik . To gewmagnhtikì pedÐo apoteleÐ kat� prosèggish pedÐo

dipìlou kai prokÔptei kajar� apì ta hlektrik� reÔmata pou emfanÐzontai ston pur na thc

Ghc kai to floiì. EkteÐnetai se apìstash 4 g inwn aktÐnwn kai den parousi�zei idiaÐtera

meg�lh diakÔmansh. AntÐjeta, to magnhtosfairikì pedÐo prokÔptei apì thn allhlepÐdrash

tou eswterikoÔ pedÐou thc Ghc me ton hliakì �nemo. H morf  thc magnhtìsfairac thc Ghc

parousi�zetai sto Sq ma 1.8. To kat¸tero ìrio thc magnhtìsfairac xekin� me thn ionìsfai-

ra (ionosphere) Ôyoc perÐpou 100 km, ìpou ta ionismèna sustatik� paÐzoun shmantikì rìlo

sth dunamik  thc an¸terhc atmìsfairac. To exwterikì ìrio thc magnhtìsfairac onom�zetai

magnhtìpaush (magnetopause) kai diaqwrÐzei tic perioqèc tou gewmagnhtikoÔ pedÐou apì th

ro  tou hliakoÔ anèmou. H jèsh tou orÐou autoÔ kajorÐzetai apì thn isorropÐa pÐeshc metaxÔ

tou hliakoÔ anèmou kai tou magnhtikoÔ pedÐou thc Ghc. kai mporeÐ na kumaÐnetai apì 10 èwc 20

aktÐnec Ghc (h mèsh aktÐna thc Ghc eÐnai RE = 366367 km). Proc thn antÐjeth kateÔjunsh,

h magnhtìsfaira parousi�zei th magnhtik  our�, h opoÐa ekteÐnetai pèra apì 100RE. Ka-

j¸c o hliakìc �nemoc diadÐdetai sto di�sthma, h taqÔtht� tou aux�netai kai kont� sth Gh

eÐnai ' 400 km/sec. H tim  aut  eÐnai megalÔterh apì thn taqÔthta twn kum�twn Alfven, ta

26



opoÐa eÐnai egk�rsia magnhtoôdrodunamik� kÔmata pou taxideÔoun proc thn kateÔjunsh tou

perib�llontoc magnhtikoÔ pedÐou. Autì èqei wc apotèlesma to sqhmatismì enìc kroustikoÔ

kÔmatoc (shock wave) apì th g inh magnhtìsfaira, to opoÐo aposundèetai kai diaqwrÐzetai

apì th magnhtìpaush me se 1RE (Parks, 2015). Tèloc, h perioq  pou ekteÐnetai pÐsw apì to

kroustikì kÔma kai mèqri th magnhtìpaush onom�zetai magnhtikìc mandÔac (magnetosheath).

Prìketai gia mia turb¸dh perioq  ìpou mei¸netai shmantik� h taqÔthta tou hliakoÔ anèmou

(' 50 km/sec).

Sq ma 1.8: Sqhmatik  anapar�stash thc g inhc magnhtìsfairac (Phg : nasa.gov).

Mèsa sth magnhtìsfaira, brÐskontai epÐshc kai oi dÔo z¸nec aktinobolÐac Van Allen, oi

opoÐec perièqoun pagideumèna energhtik� swmatÐdia. H eswterik  z¸nh Van Allen brÐsketai

se Ôyoc perÐpou 1000 − 6000 km en¸ h exwterik  z¸nh se Ôyoc 13000 − 60000 km (Cottin

et al., 2017). H eswterik  z¸nh perièqei energhtik� prwtìnia me enèrgeiec èwc kai 600MeV

kai hlektrìnia èwc arket� MeV pou ofeÐlontai sta kosmik� netrìnia pou bombardÐzoun th

Gh, en¸ h exwterik  apoteleÐtai kurÐwc apì hlektrìnia, me thn Ôparx  thc na sundèetai �mesa

me ton hliakì �nemo kai to sèlac, me apotèlesma na parousi�zei uyhl  metablhtìthta kai na

ephre�zetai �mesa apì gegonìta DiasthmikoÔ KairoÔ (Miroshnichenko, 2003).
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H atmìsfaira thc Ghc afaireÐ swmatÐdia apì tic z¸nec aktinobolÐac kai oi qamhlèc troqièc

gÔrw apì th Gh mporoÔn na eÐnai se meg�lo bajmì apallagmènec apì pagideumèna swmatÐdia.

Wstìso, lìgw thc metatìpishc tou dipolikoÔ ìrou sto gewmagnhtikì pedÐo makri� apì to

kèntro thc Ghc, up�rqei mia perioq  sto Nìtio Atlantikì ìpou h pagideumènh aktinobolÐa

brÐsketai se qamhlìtera gewgrafik� pl�th. To fainìmeno autì onom�zetai AnwmalÐa tou

NotÐou AtlantikoÔ (South Atlantic Anomaly - SSA) kai kuriarqeÐ sthn aktinobolÐa pou

lamb�netai apì pt seic se qamhlèc troqièc gÔrw apì th Gh (Sq ma 1.9). Epiplèon, oi troqièc

diasthmik¸n skaf¸n me qamhl  klÐsh tèmnoun thn exwterik  z¸nh sta legìmena �kèrata�, to

opoÐo aux�nei se meg�lo bajmì thn èkjesh twn plhrwm�twn aeroskaf¸n (Federico et al.,

2010; Miroshnichenko, 2003).

Sq ma 1.9: Magnhtikì pedÐo thc Ghc se Ôyoc 10 km, ìpwc el fjh apì to SPENVIS, ìpou eÐnai
eudi�krith h anwmalÐa sthn perioq  tou Nìtiou AtlantikoÔ (Federico et al., 2010).

1.6 Magnhtik  DuskamyÐa

Oi qamhlìterhc enèrgeiac kosmikèc aktÐnec exasjenoÔn apotelesmatik� apì to gewmagnhti-

kì pedÐo, kaj¸c ta fortismèna aut� swmatÐdia diadÐdontai mèsa sth magnhtìsfaira kai thn

oudèterh hlektrik� atmìsfaira. Autì sumbaÐnei giatÐ to gewmagnhtikì pedÐo, to opoÐo peri-

lamb�nei to eswterikì pedÐo kai suneisforèc apì th magnhtìsfaira, prosfèrei mÐa jwr�kish,

ektrèpontac ètsi ta fortismèna swmatÐdia pÐsw sto di�sthma mèsw thc dÔnamhc Lorentz. To
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fasmatikì autì filtr�risma pragmatopoieÐtai mèsw miac kanonik c metablht c, thc magnhtik c

duskamyÐac.

Ac analogistoÔme thn kÐnhsh enìc fortismènou swmatidÐou mèsa se magnhtikì pedÐo. H

kÐnhsh aut  prosdiorÐzetai mèsw thc epÐlushc thc exÐswshc kÐnhshc tou NeÔtwna gia èna

fortismèno swmatÐdio pou upìkeitai sth dÔnamh Lorentz. Gia èna jetik� fortismèno swmatÐdio,

h exÐswsh thc kÐnhshc eÐnai:

d~p

dt
=
Ze

c
~v × ~B (cgs) (1.14)

ìpou ~p kai ~v h orm  kai h taqÔthta tou fortismènou swmatidÐou, ~B h èntash tou magnhtikoÔ

pedÐou, e h apìluth tim  tou fortÐou tou hlektronÐou kai Z o arijmìc twn hlektronÐwn. H

sqèsh aut  mporeÐ na grafeÐ isodÔnama:

R

B

dv̂

dt
= v̂ × B̂ (1.15)

ìpou v̂, B̂ ta monadiaÐa anÔsmata thc taqÔthtac kai thc èntashc tou magnhtikoÔ pedÐou kai R

h magnhtik  duskamyÐa. H magnhtik  duskamyÐa dÐnetai apì th sqèsh:

R =
pc

Ze
=

(
A

Z

)(mγ v c

e

)
(GV) (1.16)

ìpou p h sqetikistik  orm , Ze to fortÐo tou swmatidÐou, m h m�za tou swmatidÐou, γ o

par�gontac Lorentz, u h taqÔthta tou swmatidÐou, c h taqÔthta tou fwtìc sto kenì, kai A

kai Z o mazikìc kai atomikìc arijmìc tou stoiqeÐou antÐstoiqa.

EÐnai loipìn fanerì pwc h magnhtik  duskamyÐa R apoteleÐ èna qarakthristikì mègejoc

pou kajorÐzei thn troqi� pou diagr�fei èna fortismèno swmatÐdio kat� th dièleus  tou mèsa

apì to diaplanhtikì kai g ino magnhtikì pedÐo mèqri telik� na katagrafeÐ sthn epif�neia

thc Ghc. SwmatÐdia pou èqoun diaforetikì fortÐo kai m�za all� èqoun thn Ðdia duskamyÐa,

ja parousi�zoun akrib¸c thn Ðdia sumperifor� se opoiad pote diamìrfwsh tou magnhtikoÔ

pedÐou, gia dedomènh èntash magnhtikoÔ pedÐou. Se perÐptwsh pou dÔo swmatÐdia èqoun thn

Ðdia kinhtik  enèrgeia, tìte h magnhtik  duskamyÐa ja exart�tai apokleistik� apì to lìgo

A/Z. O lìgoc autìc eÐnai stajerìc kai perÐpou Ðsoc me 2 gia stoiqeÐa mèqri ton Fe, opìte ta

stoiqeÐa aut� ja parousi�zoun thn Ðdia sumperifor� entìc tou magnhtikoÔ pedÐou kai sunep¸c

parìmoio energeiakì f�sma. Gia enèrgeiec pou xepernoÔn thn enèrgeia hremÐac twn swmati-

dÐwn, h kinhtik  enèrgeia twn swmatidÐwn ja tautÐzetai arijmhtik� me th magnhtik  duskamyÐa

(Mavromichalaki, 2005).

Oi kin seic fortismènwn swmatidÐwn se èna kajarì magnhtikì pedÐo dipìlou melet jhkan
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endeleq¸c apì ton Stormer (Störmer, 1956). Lìgw thc azimoujik c summetrÐac se èna tètoio

pedÐo, h azimoujik  gwniak  orm  apoteleÐ diathrhtèa posìthta. KÔrio qarakthristikì thc

jewrÐac aut c apoteleÐ o kajorismìc oriojethmènwn perioq¸n aperiìristhc   mh kÐnhshc twn

swmatidÐwn, mèsa apì analutikoÔc upologismoÔc tou oloklhr¸matoc kÐnhshc mèsw diat rhshc

thc azimoujiak c gwniak c orm c (Störmer, 1956; VanAllen, 1968). Prokeimènou h prwto-

gen c kosmik  aktinobolÐa na diadojeÐ mèsa sto g ino magnhtikì pedÐo kai na ft�sei sthn

koruf  thc atmìsfairac se èna sugkekrimèno shmeÐo, ofeÐlei na èqei mÐa magnhtik  duskamyÐa

Ðsh   megalÔterh apì mÐa sugkekrimènh tim  pou exart�tai apì th jèsh tou shmeÐou autoÔ

mèsa sto gewmagnhtikì pedÐo. 'Etsi, orÐzetai to kat¸fli katakìrufhc magnhtik c duskamyÐac

Rc, to opoÐo ekfr�zei thn el�qisth enèrgeia pou prèpei na èqei èna prwtogenèc katakìrufo

swmatÐdio ¸ste na mporeÐ na katagrafeÐ apì epÐgeiouc metrhtèc. Pio sugkekrimèna, to Rc

dÐnetai apì th sqèsh:

Rc =
M

(REarth + z)2
cos4 λm ≈ 15 cos4 λm (GV) (1.17)

ìpou M h magnhtik  dipolik  rop  thc Ghc, REarth h mèsh aktÐna thc Ghc, z to uyìmetro

kai λm to magnhtikì pl�toc. Epomènwc, ta katakìrufa fortismèna swmatÐdia me enèrgeiec E

mikrìterec apì thn enèrgeia apokop c Ec ja ektrèpontai apì th dÔnamh Lorentz kai den ja

ft�soun sto uyìmetro z. H enèrgeia apokop c gia k�je fortismèno swmatÐdio me atomikì kai

mazikì arijmì A kai Z antÐstoiqa, kajorÐzetai apì to Rc mèsw thc sqetikistik c exÐswshc

enèrgeiac, ètsi ¸ste:

Ec =

√R2
c

(
Z

A
amu c2

)2

+ 1− 1

 amu c2 (1.18)

ìpou E h kinhtik  enèrgeia an� noukleìnio (MeV/n), Rc to kat¸fli katakìrufhc magnhti-

k c duskamyÐac se MV kai amu = 931.5MeV/c2. GÐnetai faner  loipìn h leitourgÐa tou

gewmagnhtikoÔ pedÐou wc èna fÐltro apokop c swmatidÐwn.

H metabol  tou Rc sthn epif�neia thc Ghc se sun�rthsh me to gewgrafikì pl�toc dÐnetai

apì th jewrÐa Stormer kai apeikonÐzetai sto Sq ma 1.10. Shmei¸netai pwc h melèth aut 

gÐnetai proseggÐzontac to magnhtikì pedÐo thc Ghc wc èna magnhtikì pedÐo dipìlou. To

kat¸fli Rc ja eÐnai diaforetikì gia k�je tìpo p�nw sth Gh kai parousi�zei èntonh ex�rthsh

apì to gewgrafikì pl�toc. Lìgw thc epÐdrashc tou exwterikoÔ ginomènou sth dÔnamh Lorentz

sth sqèsh 1.3, oi kin seic twn fortismènwn swmatidÐwn pou eÐnai k�jetec proc tic grammèc

magnhtikoÔ pedÐou ja bi¸soun th mègisth ektrop , en¸ ta swmatÐdia pou kinoÔntai par�llhla
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me to magnhtikì pedÐo den ja apotrapoÔn. KumaÐnetai apì 0GV stouc magnhtikoÔc pìlouc

thc Ghc èwc 15GV ston Ishmerinì, me th mègisth tim  na aggÐzei perÐpou ta 17GV sth

notioanatolik  AsÐa. Stic polikèc perioqèc, ta katakìrufa fortismèna swmatÐdia kinoÔntai

par�llhla me tic tou grammèc magnhtikoÔ pedÐou, epomènwc to Rc eÐnai mhdèn. 'Etsi, swmatÐdia

ìlwn twn energei¸n (akìma kai me mikrèc enèrgeiec, dhlad  hliakèc kosmikèc aktÐnec) mporoÔn

na ft�soun sthn epif�neia thc Ghc se aut n thn perÐptwsh kai na katagrafeÐ uyhlìterh

èntash thc kosmik c aktinobolÐac. AntÐjeta, stic Ishmerinèc perioqèc, ìpou emfanÐzontai oi

megalÔterec timèc katwflÐou, ta katakìrufa fortismèna swmatÐdia kinoÔntai k�jeta proc

tic grammèc tou magnhtikoÔ pedÐou, me apotèlesma èna prwtìnio pou ft�nei k�jeta ston

Ishmerinì prèpei na èqei kinhtik  enèrgeia 15GeV gia na katagrafeÐ sthn epif�neia thc Ghc.

Sta mikrìtera dhlad  gewgrafik� pl�th, kaj¸c ta kosmik� swmatÐdia dièrqontai mèsa apì

to gewmagnhtikì pedÐo, apokìptontai ekeÐna me duskamyÐa mikrìterh tou katwflÐou.

Sq ma 1.10: Metabol  tou katwflÐou magnhtik c duskamyÐac Rc wc sun�rthsh tou gewgrafikoÔ
pl�touc. H pr�sinh gramm  antistoiqeÐ sthn analutik  lÔsh ìpwc problèpetai apì th jewrÐa
Stormer, en¸ h kìkkinh gramm  antistoiqeÐ stic arijmhtikèc lÔseic apì touc Shea kai Smart

(Mertens et al., 2012).

Parìl' aut�, to gewmagnhtikì pedÐo den eÐnai èna kajarì pedÐo dipìlou, me to eswterikì

pedÐo na èqei dipolikèc kai mh dipolikèc suneisforèc. H dipolik  rop  eÐnai ektìc kèntrou kai

sqhmatÐzei gwnÐa me ton �xona peristrof c (tilt), en¸ par�llhla parousi�zontai kai para-

morf¸seic se meg�lec apost�seic (megalÔterec apì 4REarth), lìgw allhlepÐdrashc me ton
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hliakì �nemo. To eswterikì gewmagnhtikì pedÐo kajorÐzetai apì to Diejnèc Gewmagnhtikì

PedÐo Anafor�c,   alli¸c International Geomagnetic Reference Field (IGRF). Oi timèc tou

katwflÐou Rc, se èna realistikì gewmagnhtikì pedÐo, kajorÐzontai apì arijmhtikèc lÔseic twn

troqi¸n fortismènwn swmatidÐwn sto magnhtikì pedÐo qrhsimopoi¸ntac teqnikèc twn Smart

kai Shea (Smart and Shea, 1994, 2005). Sto sq ma 1.11 faÐnontai oi timèc tou Rc sta 20 km

sto eswterikì IGRF pedÐo. Oi diam keic metabolèc sto Rc ofeÐlontai se ènan sunduasmì

gewkentrik c metatìpishc kai sqetik c klÐshc tou magnhtikoÔ dipìlou, se sqèsh me ton peri-

strefìmeno �xona kai tic mh dipolikèc suneisforèc sto eswterikì gewmagnhtikì pedÐo. Me th

sÔgkrish twn dÔo mejìdwn sto Sq ma 1.10, blèpoume ìti h jewrÐa Stormer antiproswpeÔei

arket� kal� thn ex�rthsh thc magnhtik c duskamyÐac apì to gewgrafikì pl�toc. H meta-

tìpish thc timèc tou Rc apì ton Stormer se sqèsh me tic arijmhtikèc lÔseic pou prokÔptoun

apì to IGRF ofeÐletai sto gegonìc ìti h pragmatik  suneisfor� tou dipìlou sto eswterikì

gewmagnhtikì pedÐo eÐnai èkkentrh kai emfanÐzei klÐsh se sqèsh me ton �xona peristrof c.

Sq ma 1.11: Timèc tou katwflÐou Rc san sun�rthsh twn gewgrafik¸n suntetagmènwn gia to 2020
(Gerontidou et al., 2021).

1.7 Diamìrfwsh Kosmik c AktinobolÐac

Se galaxiak  klÐmaka, h kosmik  aktinobolÐa emfanÐzei meg�lh isotropÐa kai stajerìthta.

'Etsi, par� to gegonìc ìti h galaxiak  kosmik  aktinobolÐa apoteleÐ thn pio meg�lh kai

stajer  sunist¸sa thc, aut  ephre�zetai èntona apì thn hliak  drasthriìthta mèqri na ft�sei
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sth Gh, me apotèlesma na parathroÔntai anisotropÐec kai metabolèc sto energeiakì f�sma

kai thn èntash twn kosmik¸n aktÐnwn me periodikì   mh qarakt ra (Axford, 1965; Potgieter,

2013). To fainìmeno autì onom�zetai hliak  diamìrfwsh thc kosmik c aktinobolÐac kai h

epÐdras  tou mporeÐ na ft�sei akìma kai se hliokentrikèc apost�seic twn 10AU .

Pio sugkekrimèna, oi metabolèc thc hliak c drasthriìthtac prokaloÔn metabol  twn qa-

rakthristik¸n tou hliakoÔ anèmou, o opoÐoc apotrèpei ta kosmik� swmatÐdia na ft�soun sth

gh mèsw tou magnhtikoÔ pedÐou pou metafèrei. 'Oso pio èntona ta qarakthristik� tou hliakoÔ

anèmou, tìso megalÔterh eÐnai kai h jwr�kish thc Ghc apì thn kosmik  aktinobolÐac, kaj¸c

ta galaxiak� swmatÐdia proskroÔoun sto metaferìmeno magnhtikì pedÐo kai anakl¸ntai pÐsw

sto di�sthma, me mhqanismì parìmoio me autì thc magnhtik c fi�lhc. Autì èqei wc apo-

tèlesma thn emf�nish anti-susqètishc metaxÔ thc hliak c drasthriìthtac kai thc èntashc

thc galaxiak c kosmik c aktinobolÐac (Forbush, 1958; Parker, 1965), ìpwc faÐnetai kai sto

Sq ma 1.12. Epiprosjètwc, kat� th di�rkeia èntonwn hliak¸n fainomènwn, parathreÐtai kai

auxhmènh ro  hliak¸n swmatidÐwn, pou prokaloÔn me th seir� touc auxhmènouc kataigismoÔc

deuterogen¸n swmatidÐwn mèsa sthn atmìsfaira.

H metabol  thc èntashc thc kosmik c aktinobolÐac me th magnhtik  duskamyÐa dÐnetai apì

th sqèsh:
∆J(R)

J(R)
= k R−γ (1.19)

H sqèsh aut  dÐnei to f�sma twn metabol¸n (variational spectrum). An γ = 0, tìte pragma-

topoieÐtai Ðsh aporrìfhsh thc èntashc gia ta swmatÐdia ìlwn twn duskamyi¸n. Oi metabolèc

thc kosmik c aktinobolÐac mporoÔn na diakrijoÔn se isìtropec kai anisìtropec. Oi isìtropec

metabolèc perilamb�noun:

� ton endekaet  kÔklo (Solar Cycle)

� ton 22et  hliakì kÔklo (Hale Cycle)

� tic mei¸seic Forbush

� thn 27 merh diamìrfwsh

en¸, antÐstoiqa, oi anisìtropec metabolèc perilamb�noun:

� thn hmer sia metabol 

� thn hmihmer sia metabol 

� �llec metabolèc mikr c klÐmakac, ìpwc epÐgeiec epaux seic thc kosmik c aktinobolÐac.
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Sq ma 1.12: Arijmìc hliak¸n khlÐdwn kai o rujmìc katagraf c thc kosmik c aktinobolÐac wc
sun�rthsh tou qrìnou. EÐnai eudi�krith h arnhtik  susqètish an�mesa sthn hliak  drasthriìthta
kai thn èntash thc kosmik c aktinobolÐac pou katagr�fetai apì epÐgeiouc metrhtèc netronÐwn gia ta

èth 1960-2005 (Mertens et al., 2008).

1.7.1 11-et c Hliakìc KÔkloc

H hliak  drasthriìthta parousi�zei mÐa periodikìthta 11 et¸n, me mÐa mègisth kai mÐa el�qi-

sth tim , kai qarakthrÐzetai apì ton arijmì twn hliak¸n ekl�myewn kai twn stemmatik¸n

ekpomp¸n m�zac (Hathaway, 2010). Mètro thc drasthriìthtac aut c jewreÐtai o arijmìc

twn hliak¸n khlÐdwn, me thn periodikìthta twn hliak¸n khlÐdwn na apoteleÐ ousiastik� ton

endekaet  Hliakì KÔklo. H arÐjmhsh twn hliak¸n kÔklwn xekÐnhse mazÐ me thn katamètrhsh

twn hliak¸n khlÐdwn to 1775.

O arijmìc twn hliak¸n khlÐdwn aux�netai sto mègisto thc hliak c drasthriìthtac, o-

pìte to magnhtikì pedÐo pou metafèretai me ton hliakì �nemo eÐnai auxhmèno me apotèlesma

perissìtera kosmik� swmatÐdia na ektrèpontai kai na mhn katagr�fontai sthn epif�neia thc

Ghc. 'Etsi, parathreÐtai mÐa arnhtik  susqètish an�mesa sthn hliak  drasthriìthta kai thn
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kosmik  aktinobolÐa, me thn èntash thc kosmik c aktinobolÐac na lamb�nei thn el�qisth tim 

thc se periìdouc hliakoÔ megÐstou, kai antÐstoiqa th mègisth tim  thc se sunj kec hliakoÔ

elaqÐstou, ìpwc faÐnetai kai sto Sq ma 1.12. To fainìmeno autì parathreÐtai me mÐa qronik 

ustèrhsh k�poiwn mhn¸n. Lìgw tou endekaetoÔc kÔklou, h noukleonik  susnist¸sa thc

kosmik c aktinobolÐac parousi�zei metabol  thc t�xhc tou 20% gia mahnhtikèc duskamyÐec

mikrìterec apì 1GV , en¸ h mesonik  sunist¸sa parousi�zei mikrìterec metabolèc thc t�xhc

tou 5%, me th megalÔterh diamìrfwsh na lamb�nei q¸ra stic qamhlèc enèrgeiec akìma kai

kat� th di�rkeia hliakoÔ elaqÐstou. Basikìc mhqanismìc thc endekaetoÔc diamìrfwshc eÐnai

o mhqanismìc metafor�c kai di�qushc twn kosmik¸n aktÐnwn.

Sq ma 1.13: Sta arister� dÐnetai o arijmìc hliak¸n khlÐdwn gia touc hliakoÔc kÔklouc 23 kai 24
(Tomova et al., 2017), en¸ sta dexi� parousi�zetai h antisusqètish thc hliak c drasthriìthtac me

thn èntash thc kosmik c aktinobolÐac gia to Ðdio qronikì di�sthma (Lingri et al., 2016a).

Sto Sq ma 1.13 parousi�zontai oi hliakoÐ kÔkloi 23 kai 24. Ta dedomèna pou anafèrontai

parak�tw basÐzontai ston upologismì tou exomalunmènou mhniaÐou mèsou arijmoÔ hliak¸n

khlÐdwn (www.swpc.noaa.gov/products/solar-cycle-progression). O hliakìc kÔkloc 23 xe-

kÐnhse ton AÔgousto tou 1996 kai teleÐwse ton Dekèmbrio tou 2008, me qronik  di�rkeia

12.3 qrìnwn. To mègisto parathr jhke to Noèmbrio tou 2001 me 180.3 hliakèc khlÐdec.

Kat� th di�rkeia thc kajodik c f�shc tou kÔklou (2001-2006) parathr jhke pl joc ènto-

nwn fainomènwn, ìpwc epÐgeiec epaux seic thc kosmik c aktinobolÐac, mei¸seic Forbush kai

magnhtosfairik� gegonìta (Eroshenko et al., 2004; Mavromichalaki et al., 2005b).

Kat� th di�rkeia tou hliakoÔ elaqÐstou an�mesa stouc hliakoÔc kÔklouc 23 kai 24, up r-

xan sunolik� 817 hmèrec qwrÐc hliakèc khlÐdec, parathr jhke dhlad  èna idiaÐtera ektetamèno

el�qisto ta èth 2006-2009, me to 2008 kai to 2009 na parousi�zetai asun jista qamhl  h-

liak  drasthriìthta. Lìgw thc arnhtik c susqètishc thc èntashc thc kosmik c aktinobolÐac

me thn hliak  drasthriìthta, katagr�fhkan idiaÐtera uyhlèc timèc èntashc thc galaxiak c

kosmik c aktinobolÐac kat� to di�sthma autì (Paouris et al., 2012).
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O hliakìc kÔkloc 24 xekÐnhse ton Dekèmbrio tou 2008 kai teleÐwse ton Dekèmbrio tou

2019, me thn hliak  drasthriìthta na eÐnai el�qisth mèqri kai tic arqèc tou 2010. To pr¸to

mègisto parathr jhke to M�rtio tou 2012 me 98.3 hliakèc khlÐdec en¸ to deÔtero kai kÔrio

mègisto tou kÔklou parathr jhke ton AprÐlio tou 2014 me 116.4 hliakèc khlÐdec. H mègisth

aut  tim  eÐnai shmantik� qamhlìterh se sqèsh me touc prìsfatouc hliakoÔc kÔklouc, se

epÐpedo pou den eÐqe parathrhjeÐ apì touc kÔklouc 12 èwc 15 (1878-1923), k�nontac ton 24o

Hliakì KÔklo ènan apì touc pio  remouc kai qamhl c drasthriìthtac kÔklouc (Svalgaard

et al., 2005).

1.7.2 22-et c Hliakìc KÔkloc

Parathr¸ntac kalÔtera to Sq ma 1.12, mporeÐ kaneÐc na diakrÐnei pwc h hliak  drasthri-

ìthta parousi�zei ousiastik� mÐa periodikìthta 22 et¸n, h opoÐa sqetÐzetai me thn allag 

polikìthtac tou hliakoÔ magnhtikoÔ pedÐou (Gnevyshev and Ohl, 1948).

Autì gÐnetai eÔkola antilhptì apì th diaforetik  morfologÐa twn �rtiwn kai peritt¸n

hliak¸n kÔklwn (Mavromichalaki et al., 1997). Pio sugkekrimèna, oi �rtioi kÔkloi parousi-

�zoun dÔo mègista, h ro  gÐnetai meg�lh amèswc met� to mègisto tou kÔklou kai paramènei

gia meg�lo qronikì di�sthma, parousi�zoun apìtomh epanafor� (2-3 qrìnia) kai èqoun mikr 

qronik  ustèrhsh. AntÐjeta, oi perittoÐ kÔkloi parousi�zoun èna mègisto, h ro  èqei apìto-

mh �nodoc kai mègisto kont� sto el�qisto tou kÔklou, parousi�zoun epanafor� meg�lhc

di�rkeiac (6-8 qrìnia) kai èqoun meg�lh qronik  ustèrhsh arket¸n mhn¸n.

1.7.3 MeÐwsh Forbush

Oi mei¸seic Forbush apoteloÔn braquqrìnec mei¸seic thc èntashc twn galaxiak¸n kosmik¸n

aktÐnwn, di�rkeiac apì arketèc ¸rec èwc arketèc hmèrec (Lingri et al., 2019, 2016b). H

apìtomh el�ttwsh lamb�nei q¸ra sun jwc entìc mÐac èwc dÔo hmer¸n kai akoloujeÐtai apì

mia arg  kai stadiak  ep�nodo, pou diarkeÐ sun jwc arketèc hmèrec. H anak�luy  touc ègine

apì ton Forbush (Forbush, 1937) kai sto sq ma 1.14 dÐnetai èna tupikì par�deigma.

Gia poll� qrìnia, oi hliakèc ekl�myeic apoteloÔsan touc kÔriouc fusikoÔc mhqanismoÔc

gia th dhmiourgÐa mÐac meÐwshc Forbush. 'Omwc, sth dekaetÐa tou 1970, h pr¸th parat rhsh

twn stemmatik¸n ekpomp¸n m�zac (Coronal Mass Ejections - CMEs) kai twn diaplanhtik¸n

omolìgwn touc (Interplanetary Coronal Mass Ejections - ICMEs) �llaxe to topÐo, me tic

CMEs kai tic taqeÐc roèc hliakoÔ anèmou na jewroÔntai plèon wc h epikratèsterh aitÐa

dhmiourgÐac twn mei¸sewn Forbush (Cane, 2000). Oi mei¸seic Forbush mporeÐ na eÐnai mikrèc,

me èwc 5% meÐwsh thc èntashc thc kosmik c aktinobolÐac, all� kai aisjht� megalÔterec,

36



aggÐzontac mei¸seic thc t�xhc tou 25%. Oi teleutaÐec sundèontai me CMEs pou sunodeÔontai

apì kroustik� kÔmata (Mavromichalaki et al., 2005a). Prìkeitai gia fainìmena exwg inhc

proèleushc kai ofeÐlontai se mhqanismì an�logo thc endekaetoÔc metabol c.

Sq ma 1.14: MÐa tupik  meÐwsh Forbush stic 18/11/2011, ìpwc katagr�fhke apì epÐgeiouc
metrhtèc netronÐwn (Lingri et al., 2016b).

Oi mei¸seic Forbush katagr�fontai apì epÐgeiouc metrhtèc netronÐwn. To pl�toc thc

meÐwshc metab�lletai an�loga me to kat¸fli magnhtik c duskamyÐac all� kai an�loga me

tic asumptwtikèc dieujÔnseic k�je stajmoÔ. ParathroÔntai pio èntona stouc gewmagnhtikoÔc

pìlouc, en¸ autèc pou lamb�noun q¸ra kat� th di�rkeia qamhl c hliak c drasthriìthtac

eÐnai sun jwc mikrìterec apì autèc pou parathroÔntai kat� to mègisto tou hliakoÔ kÔklou

(Paouris et al., 2012). AxÐzei epÐshc na shmeiwjeÐ ìti pollèc mei¸seic Forbush lamb�noun q¸ra

tautìqrona me gewmagnhtikèc kataigÐdec. Qarakthristik� paradeÐgmata apoteloÔn h meÐwsh

Forbush thc t�xhc tou 28% pou sunèbh kat� thn èntona diataragmènh perÐodo ton Okt¸brio

tou 2003 (Blèpe Halloween Solar Storms), kai apoteleÐ th megalÔterh meÐwsh Forbush tou

23ou hliakoÔ kÔklou (Belov, 2008; D’Andrea et al., 2009), kaj¸c kai oi dÔo mei¸seic Forbush,

ton IoÔnio tou 2015, me pl�toc 8.4% kai 4% antÐstoiqa, pou shmei¸jhkan kat� th di�rkeia

mÐac isqur c gewmagnhtik c kataigÐdac (Samara et al., 2018).

1.7.4 EpÐgeia EpaÔxhsh Kosmik c AktinobolÐac

Me ton ìro epÐgeia epaÔxhsh thc kosmik c aktinobolÐac (Ground Level Enhancement – GLE)

orÐzetai mÐa apìtomh aÔxhsh mikr c di�rkeiac sto rujmì katamètrhshc twn swmatidÐwn pou

katagr�fontai apì epÐgeiouc aniqneutèc (Belov et al., 2005b; Plainaki et al., 2010). Prìkeitai

gia hliak� energhtik� swmatÐdia (Solar Energetic Particles - SEPs) me enèrgeiec �nw twn

433MeV (  alli¸c magnhtik  duskamyÐa perÐpou 1GV ), me mìlic perÐpou to 15% twn hliak¸n

37



prwtonik¸n gegonìtwn na mporeÐ na par�gei deuterogen  swmatÐdia pou katagr�fontai sthn

epif�neia thc Ghc. ApoteloÔn èktakta gegonìta di�rkeiac lÐgwn wr¸n, ta opoÐa eÐnai idiaÐtera

sp�nia, me kat� mèso ìro 10 - 15 gegonìta an� hliakì kÔklo. Lamb�noun q¸ra kurÐwc kat�

to mègisto   thn kajodik  f�sh tou hliakoÔ kÔklou, en¸ ta perissìtera katagr�fontai se

meg�la gewgrafik� pl�th, ìpou oi dunamikèc grammèc tou gewmagnhtikoÔ pedÐou eÐnai pio

anoiqtèc (Plainaki, 2007).

H susthmatik  katagraf  twn gegonìtwn aut¸ xekÐnhse apì to 1940 kai èktote èqoun

katagrafeÐ sunolik� 71 gegonìta. Kat� th di�rkeia tou 23ou HliakoÔ KÔklou, o opoÐoc qa-

rakthrÐzetai apì èntonh hliak  drasthriìthta katagr�fhkan sunolik� dekaèxi GLEs (GLE55

- GLE70)(Andriopoulou et al., 2011; Gopalswamy et al., 2010), me to GLE69 stic 20 Ianoua-

rÐou tou 2005 (Sq ma 1.15) na eÐnai èna apì ta isqurìtera gegonìta pou èqoun katagrafeÐ

(Plainaki et al., 2007), me sqetik  aÔxhsh thc èntashc thc kosmik c aktinobolÐac pou �ggixe

to 270%. AntÐjeta, kat� th di�rkeia tou arket�  remou 24ou HliakoÔ KÔklou, katagr�fhkan

mìlic dÔo GLEs, to GLE71 stic 17 Maòou 2012 (Papaioannou et al., 2013) kai to GLE72

stic 10 SeptembrÐou 2017 (Mavromichalaki et al., 2018), me posostì metabol  thc èntashc

pou den xepèrase to 16%. Par� th qamhl  suqnìthta emf�nis c touc, h ègkairh kai akrib c

prìbleyh tètoiwn gegonìtwn eÐnai idiaÐtera shmantik  kaj¸c eÐnai idiaÐtera epikÐnduna tìso

gia ta teqnologik� ìso kai gia ta biologik� sust mata.

Sq ma 1.15: Sqetik  metabol  thc èntashc thc kosmik c aktinobolÐac kat� th di�rkeia tou
GLE69, ìpwc katagr�fhke apì touc metrhtèc netronÐwn OULU kai APTY.

1.7.5 27- merh Metabol 

H qronik  di�rkeia miac peristrof c tou 'Hliou gÔrw apì ton �xon� tou (  alli¸c Bartel

rotation) eÐnai 27 hmèrec, me apotèlesma na emfanÐzetai kai mÐa an�logh 27- merh diamìrfwsh

sthn kosmik  aktinobolÐa (Mavromichalaki et al., 2016). O �xonac tou hliakoÔ magnhtikoÔ
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pedÐou den tautÐzetai me ton �xona peristrof c tou 'Hliou, me ton hliosfairikì mandÔa kat�

m koc tou hliakoÔ magnhtikoÔ ishmerinoÔ, na diaqwrÐzei tic magnhtikèc grammèc me antÐjeth

polikìthta. O mandÔac peristrèfetai mazÐ me ton 'Hlio me perÐodo 27 hmer¸n kat� mèso ìro,

kat� th di�rkeia twn opoÐwn, h Gh brÐsketai �llote p�nw kai �llote k�tw apì ton hliosfairikì

mandÔa.

'Etsi, èna parathrht c pou brÐsketai stajer� sto Ðdio hmisfaÐrio thc Ghc gia qronikì

di�sthma 27 hmer¸n dÔnatai na parathr sei th speiroeid  kat� tomeÐc dom  tou magnhtiko-

Ô pedÐou, dhlad  thn enallag  polikìthtac tou diaplanhtikoÔ magnhtikoÔ pedÐou pou peri-

strèfetai me ton 'Hlio 4 forèc (Sq ma 1.16).

Sq ma 1.16: Sta arister� paorusi�zetai h sÔgkrish metaxÔ thc mèshc hmer siac polikìthtac tou
diaplanhtikoÔ magnhtikoÔ pedÐou k�je hmèrac kat� th di�rkeia twn 27 hmer¸n gia tic peristrofèc
mp�rwn Bartel rotations No. 2249-2258 apì th qronik  perÐodo 14 AprilÐou 1998 èwc 8 IanouarÐou
1999, ìpou eÐnai eudi�kritoi oi 4 tomeÐc diaforetik c polikìthtac (Mavromichalaki et al., 2016), en¸
sta dexi� dÐnetai mÐa napar�stash twn anusm�twn thc hmer siac anisotropÐac se topikì qrìno gia

11 metrhtèc netronÐwn gia th qronik  perÐodo 2001-2014 (Tezari et al., 2016).

1.7.6 Hmer sia AnisotropÐa

H hmer sia anisotropÐa thc kosmik c aktinobolÐac apoteleÐ mÐa anisotropik  braqÔqronh

metabol  topikoÔ qrìnou. To fainìmeno autì, periodikìthtac 24 wr¸n, ofeÐletai sthn peri-

strof  thc ghc gÔrw apì ton �xona thc kai sunep¸c thn peristrof  tou asumptwtikoÔ k¸nou

upodoq c swmatÐwn k�je stajmoÔ katamètrhshc kosmik c aktinobolÐac p�nw sthn epif�neia

thc ghc, en¸ o mhqanismìc dhmiourgÐac thc eÐnai apìrroia thc jewrÐac metafor�c kai di�qushc

(Tezari and Mavromichalaki, 2016; Tezari et al., 2016).

Ta kuriìtera qarakthristik� thc hmer siac anisotropÐac eÐnai to pl�toc kai h f�sh, dh-

lad  h mègisth posostiaÐa metabol  thc èntashc thc kosmik c aktinobolÐac entìc enìc eiko-

sitetra¸rou kai h ¸ra pou parathr jhke autì. H anapar�stash thc hmer siac anisotropÐac

39



gÐnetai sun jwc me th qr sh polik¸n diagramm�twn prìsjeshc anusm�twn, ìpou to m koc

k�je anÔsmatoc antistoiqeÐ sto pl�toc tou fainomènou kai h gwnÐa sth f�sh (Sq ma 1.16).

Lìgw thc mikr c qronik c klÐmakac, to fainìmeno autì den ephre�zei thn makrìqronh diamìr-

fwsh oÔte kai ta gegonìta DiasthmikoÔ KairoÔ.

1.8 Katagraf  Kosmik c AktinobolÐac

H katagraf  kai katamètrhsh twn kosmik¸n aktÐnwn apoteleÐ èna apì ta megalÔtera sÔgqro-

na episthmonik� probl mata, lìgw thc fÔshc touc all� kai tou idiaÐtera eurèwc energeiakoÔ

touc f�smatoc. Gia to lìgo autì, h melèth thc kosmik c aktinobolÐac proseggÐzetai eÐte

�mesa, me suskeuèc topojethmènec se stratosfairik� mpalìnia kai dorufìrouc, eÐte èmmesa,

me ìrgana pou brÐskontai sto èdafoc, ìpwc faÐnetai sto Sq ma 1.17).

Pio sugkekrimèna, h kosmik  aktinobolÐa qamhl c enèrgeiac parousi�zei uyhl  ro  (pe-

rÐpou 1/m2sec) all� aporrof�tai sta uyhlìtera str¸mata thc atmìsfairac. Gia to lìgo

autì, h katagraf  touc gÐnetai �mesa sthn koruf  thc atmìsfairac   sto diasthmikì q¸ro

me mpalìnia, puraÔlouc kai dorufìrouc. AntÐjeta, oi kosmikèc aktÐnec uyhl¸n energei¸n eÐnai

pio sp�niec (1/km2year), all� dieisdÔoun mèqri to èdafoc mèsw atmosfairik¸n kataigism¸n.

'Etsi, h parat rhsh kai katagraf  touc gÐnetai me èmmeso trìpo mèsw epÐgeiwn aniqneutik¸n

diat�xewn kai thleskopÐwn (Boezio et al., 2020). Oi epÐgeiec autèc aniqneutikèc diat�xeic t¸ra

diakrÐnontai se di�forec kathgorÐec an�loga me th sunist¸sa thc kosmik c aktinobolÐac pou

katametroÔn. 'Etsi, gia thn katagraf  thc noukleonik c sunist¸sac qrhsimopoioÔntai eurèwc

oi metrhtèc netronÐwn, gia th mesonik  sunist¸sa qrhsimopoioÔntai epÐgeioi   upìgeioi ani-

qneutèc mionÐwn, kai tèloc gia th malak  sunist¸sa qrhsimopoioÔntai aniqneutèc Cherenkov.

H katanom  twn diat�xewn aut¸n sthn epif�neia thc Ghc faÐnontai sto Sq ma 1.18.

1.8.1 Mpalìnia kai Dorufìroi

H melèth thc kosmik c aktinobolÐac pragmatopoioÔntan sthn arq  mìno mèsw epandrwmènwn

mpaloni¸n (1912-1932). Oi metr seic gÐnontan kurÐwc me hlektroskìpia   jal�mouc ionismoÔ,

sqetik� aploðk� dhlad  ìrgana. 'Ena b ma emprìc pragmatopoi jhke thn perÐodo 1932-1947

me ta mpalìnia na ft�noun plèon sth stratìsfaira, me epandrwmènec pt seic se kampÐnec

upì pÐesh mèqri ta 23 km kai suskeuèc radiofwnik c met�doshc mèqri ta 30 km. 'Arqisan

na qrhsimopoioÔntai ìlo kai pio sÔnjetec suskeuèc, ìpwc metrhtèc Geiger–Müller, sun jwc

me k�poion aporrofht  molÔbdou, gia anÐqneush ionismoÔ kai fwtografik� galakt¸mata gia

iqnhl�thsh. MÐa nèa epoq  xekÐnhse to 1947, ìpou h qr sh plastikoÔ èkane dunat  thn
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Sq ma 1.17: 'Amesh kai èmmesh katagraf  twn kosmik¸n aktÐnwn (Ghia, 2020a).

kataskeu  polÔ meg�lwn all� tautìqrona elafri¸n mpaloni¸n, ikan¸n na antèxoun bari�

wfèlima fortÐa, ìpwc jal�mouc aerÐou.

Sth neìterh geni� peiram�twn, ta dedomèna katagr�fontai hlektronik� kat� thn pt sh

kai metadÐdontai sto èdafoc, en¸ perilamb�nontai spinjhristèc, aniqneutèc puritÐou kai jer-

midìmetra (Ghia, 2020a,b). 'Ena tètoio mpalìni faÐnetai kai sto Sq ma 1.19. Merik� apì ta

kuriìtera egqeir mata ìpou qrhsimopoÐhjhkan mpalìnia gia thn anÐqneush kosmik¸n aktÐnwn

eÐnai ta akìlouja:

� ANITA (Antarctic Impulse Transient Array)

� BESS (Balloon-borne Experiment with a superconducting Solenoid Spectrometer)

� BETS (Balloon borne Electron Telescope with Scintillating fibers)

� CAPRICE (Cosmic AntiParticle Ring Imaging Cherenkov Experiment)

� CREAM (Cosmic Ray Energetics and Mass Balloon Experiment)

� HEAT (High Energy Antimatter Telescope)

� JACEE (Japanese-American Collaborative Emulsion Experiment)

� RUNJOB (RUssian-Nippon JOint Balloon Experiment)
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Sq ma 1.18: Pagkìsmio dÐktuo gia th suneq  katagraf  galaxiak¸n kai hliak¸n kosmik¸n
aktÐnwn, pou perilamb�nei metrhtèc netronÐwn, metrhtèc mionÐwn, jal�mouc ionismoÔ kai

radiobol seic. Oi kampÔlec antistoiqoÔn stic di�forec timèc magnhtik c duskamyÐac (se GV ) gia ta
prwtogen  kosmik� swmatÐdia (Phg : http://cr0.izmiran.ru/).

� SMILI (Superconducting Magnet Instrument for Light Isotopes)

� TRACER (Transition Radiation Array for Cosmic Energetic Radiation)

Sq ma 1.19: Par�deigma stratosfairikoÔ mpalonioÔ apì to peÐrama TRACER (Phg :
http://stratocat.com.ar/).

Apì to tèloc thc dekaetÐac tou '50, h an�ptuxh thc diasthmik c teqnologÐac èdwse th

dunatìthta ektìxeushc barèwn dorufìrwn me episthmonikì exoplismì b�rouc arket¸n tìnwn.

To pr¸to peÐrama kosmik c aktinobolÐac me qr sh dorufìrwn organ¸jhke apì th Sobieti-

k  'Enwsh to 1957, en¸ thn Ðdia qroni� ektoxeÔthke kai o pr¸toc Amerikanikìc dorufìroc

Explore I, me ton opoÐo ègine h anak�luyh twn zwn¸n aktinobolÐac thc Ghc. Ta ìrgana pou
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qrhsimopoi jhkan thn pr¸th for�  tan oi aploÐ metrhtèc Geiger–Müller. H melèth suneqÐsth-

ke me th seir� mikr¸n dorufìrwn Proton (1965-1968), me kuriìtero ìrgano èna jermidìmetro

ionismoÔ (Ghia, 2020a,b). Ta sust mata aut� exelÐssontai kajhmerin�, me merikoÔc apì touc

shmantikìterouc sÔgqronouc dorufìrouc na parousi�zontai parak�tw:

� ACE (Advanced Composition Explorer), apostol  kurÐwc gia hliak� swmatÐdia

� AMS (Alpha Magnetic Spectrometer), to opoÐo èqei sqediasteÐ gia na leitourgeÐ wc

exwterik  mon�da ston Diejn  Diasthmikì Stajmì. StoqeÔei kurÐwc sthn anaz thsh

antiÔlhc, all� ja pragmatopoieÐ kai metr seic akribeÐac thc sÔnjeshc kai thc ro c twn

kosmik¸n aktÐnwn (Sq ma 1.20).

� ASCA (Advanced Satellite for Cosmology and Astrophysics)

� Fermi Gamma-ray Space Telescope

� GOES (Geostationary Operational Environmental Satellite), pou qrhsimopoieÐtai gia

thn anÐqneush hliak¸n ekl�myewn kai gewmagnhtik¸n kataigÐdwn.

� NINA (New Instrument for Nuclear Analysis), gia anÐqneush kosmik¸n aktÐnwn qamhl c

enèrgeiac.

� PAMELA (Payload for Antimatter Matter Exploration and Light-nuclei Astrophysi-

cs), to opoÐo brÐsketai ston dorufìro Resurs-DK1. Sqedi�sthke gia na metrhjoÔn

me akrÐbeia ta f�smata twn fortismènwn swmatidÐwn (sumperilambanomènwn twn ela-

fr¸n pur nwn) twn kosmik¸n aktÐnwn, gia enèrgeiec pou kumaÐnontai apì dek�dec MeV

se arketèc ekatont�dec GeV, en¸ èqei beltistopoihjeÐ gia thn anagn¸rish tou mikroÔ

sustatikoÔ twn antiswm�twn thc kosmik c aktinobolÐac (Sq ma 1.20).

� SOHO (Solar and Heliospheric Observatory), gia th melèth tou 'Hliou kai thn kata-

graf  swmatidÐwn pou ofeÐlontai se hliak� ekrhktik� gegonìta.

1.8.2 EpÐgeiec Diat�xeic

H èmmesh katagraf  thc kosmik c aktinobolÐac apaiteÐ th qr sh diafìrwn eid¸n aniqneuti-

k¸n diat�xewn, ìpwc optikoÔc aniqneutèc (gia th mètrhsh aktinobolÐac Cherenkov kai fwtìc

fjorismoÔ), radioaniqneutèc (gia thn anÐqneush radio-ekpomp¸n)kai aniqneutèc swmatÐwn. Oi

teleutaÐoi mporeÐ na eÐnai j�lamoi ionismoÔ (Resistive Plate Chambers-RPCs), spinjhristèc
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Sq ma 1.20: Sqhmatik  anapar�stash twn epimèrouc stoiqeÐwn twn dorufìrwn AMS (arister�)
kai PAMELA (dexi�) (Ghia, 2020a,b).

me fwtopollaplasiastèc kai aniqneutèc Cherenkov gia anÐqneush hlektronÐwn, fwtonÐwn kai

mionÐwn, all� kai jermidìmetra gia anÐqneush mionÐwn kai adronÐwn. Oi aniqneutèc autoÐ mpo-

reÐ na brÐskontai sthn epif�neia thc Ghc, upìgeia   upojall�sia, kai kajènac qrhsimopoieÐtai

mìnoc   se sunduasmì gia sugkekrimènec perioqèc tou energeiakoÔ f�smatoc twn kosmik¸n

aktÐnwn.

Merikèc apì tic shmantikìterec autèc diat�xeic eÐnai oi ex c:

� EAS-TOP p�nw apì to ergast rio Gran Sasso sthn ItalÐa (1990-2000) gia thn anÐqneu-

sh kosmik¸n aktÐnwn me enèrgeiec 1014 − 1016eV.

� HiRes (High Resolution Fly’s Eye Cosmic Ray Detector) gia thn anÐqneush kosmik¸n

aktÐnwn me enèrgeiec megalÔterec apì 1018 eV.

� ICECUBE, peÐrama tou CERN sthn Antarktik  gia thn anÐqneush kosmik¸n netrÐnwn

(Sq ma 1.21)..

� ICETOP, pou eÐnai topojethmèno p�nw apì to ICECUBE gia thn anÐqneush kosmik¸n

aktÐnwn me enèrgeiec 1014 − 1017eV.

� KASCADE (KArlsruhe Shower Core and Array DEtector) kai KASCADE-GRANDE,

gia thn anÐqneush kosmik¸n aktÐnwn me enèrgeiec 1014 − 1018eV.

� MILAGRO (Multiple Institution Los Alamos Gamma Ray Observatory), to opoÐo apo-

teleÐ ud�tino peÐrama me aniqneutèc Cherenkov gia fwtìnia kai kosmikèc aktÐnec uyhl¸n

energei¸n.
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� Parathrht rio Pierre Auger sthn Argentin , gia thn anÐqneush kosmik¸n aktÐnwn me

enèrgeiec megalÔterec apì 1018 eV (Sq ma 1.21).

� Telescope Array, to opoÐo apoteleÐ peÐrama pagkìsmiac sunergasÐac sthn èrhmo thc

Utah (HPA), eidik� sqediasmèno gia thn parat rhsh twn atmosfairik¸n kataigism¸n

apì kosmik  aktinobolÐa exairetik� uyhl c enèrgeiac.

� Tibet AS-gamma experiment, gia thn anÐqneush kosmik¸n aktÐnwn me enèrgeiec 1013 −
1015eV.

Sq ma 1.21: Parathrht rio NetrÐnwn ICECUBE (arister�) kai to Parathrht rio Pierre Auger
(dexi�) (Phg : https://icecube.wisc.edu/ kai https://www.auger.org/).

1.8.3 Metrhtèc NetronÐwn

Oi metrhtèc netronÐwn apoteloÔn thn pio diadedomènh epÐgeia aniqneutik  di�taxh gia thn kata-

graf  thc noukleonik c sunist¸sac thc deuterogenoÔc kosmik c aktinobolÐac kai apoteloÔn

Ðswc ton pio apotelesmatikì trìpo katagraf c thc kosmik c aktinobolÐac se ìlh thn perioq 

magnhtik¸n duskamyi¸n tou prwtogenoÔc kosmikoÔ f�smatoc. O pr¸toc metrht c netronÐwn

tÔpou IGY kataskeu�sthke to 1958 apì ton J. A. Simpson (Simpson, 1958, 2000). H exèlixh

autoÔ  rje lÐga qrìnia met�, ìtan to 1964 o H. Charmichael kataskeÔase ton kajierwmèno

plèon SuperMonitor NM-64 (Carmichael, 1964). O rujmìc katamètrhshc tou NM-64 eÐnai

kat� 3.3 forèc megalÔteroc apì autìn tou IGY sthn Ðdia orizìntia epif�neia (Hatton and

Carmichael, 1964).

H arqitektonik  aut¸n twn dÔo metrht¸n eÐnai parìmoia. 'Etsi, ènac metrht c netronÐwn

apoteleÐtai apì ènan analogikì j�lamo aerÐou (gas-filled proportional counter), o opoÐoc me

th seir� tou perib�lletai apì ton epibradunt  (moderator), ton paragwgì (producer) ton

anaklast ra (reflector), ìpwc faÐnetai kai sto Sq ma 1.22. O j�lamoc aerÐou perièqei aèrio
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BF3 emploutismèno me 10B se posostì 96%, se pÐesh 0.25 atm. Ta deuterogen  netrìnia thc

noukleonik c sunist¸sac aporrof¸ntai apì to metrht  kai mèsw miac nèac seir�c kataigi-

sm¸n mèsa ston aniqneut  (fainìmeno �qionostib�dac�) dhmiourgoÔntai deuterogen  netrìnia,

o arijmìc twn opoÐwn brÐskontai se pl rh analogÐa me ta eiserqìmena gegonìta. Autì èqei

san apotèlesma thn enÐsqush tou palmoÔ pou parathreÐtai. Ta uyhl c enèrgeiac netrìnia,

Ôstera apì merikèc sugkroÔseic, elatt¸noun thn taqÔtht� touc, metatrèpontai se jermik�

me enèrgeiec perÐpou 0.025 eV , kai telik� katagr�fontai apì to metrht . To fainìmeno autì

basÐzetai stic ex c antidr�seic (Hatton, 1971):

10B + n→7 Li∗ +4 He→7 Li+4 He+ 0.48MeV (94%) (1.20)

10B + n→7 Li+4 He+ 2.78MeV (6%) (1.21)

Pio sugkekrimèna, to fusikì B eÐnai emploutismèno kat� 80% se 11B kai mìlic 20% se
10B. Parìl' aut�, to 10B èqei polÔ megalÔterh energì diatom . 'Etsi, o emploutismìc tou

aniqneut  me 10B sunteleÐ shmantik� sthn aÔxhsh thc apìdos c tou. 'Opwc faÐnetai kai apì

tic antidr�seic (1.20), (1.21), kaj¸c to netrìnio antidr� me to 10B par�gontai energhtik� i-

ìnta 7Li kai 4He. To Li par�getai sto megalÔtero posostì se diegermènh kat�stash kai sth

sunèqeia apodiegeÐretai eklÔontac enèrgeia 0.48MeV sto perib�llon. Ta iìnta aut� aporro-

foÔn hlektrìnia apì ta oudètera �toma tou metrht . To fortÐo pou par�getai katagr�fetai

apì ènan enisqut  ki ènan dieukirinht , ki ètsi pragmatopoieÐtai mÐa mètrhsh. To pl joc twn

analogik¸n aparijmht¸n pou qrhsimopoioÔntai den eÐnai kajorismèno.

O epibradunt c perib�llei ton analogikì aparijmht  kai mèsw tou fainomènou tou jer-

malismoÔ (thermalisation), mei¸nei thn taqÔthta twn netronÐwn kai ta metatrèpei se jermik�,

qwrÐc na apaiteÐtai meg�loc arijmìc sugkroÔsewn. EÐnai kataskeuasmènoc apì ulikì qamhloÔ

moriakoÔ b�rouc kai qamhloÔ atomikoÔ arijmoÔ. Sthn perÐptwsh tou Super NM-64 qrhsimo-

poieÐtai poluaijulènio me p�qoc 2cm en¸ ston aniqneut  tÔpou IGY qrhsimopoeÐtai parafÐnh

me p�qoc 3.7cm. Gia na èqoume auxhmèno pl joc netronÐwn pou ft�nei ston epibradunt , kai

sunep¸c kai ston aparijmht , eÐnai aparaÐthtoc ènac paragwgìc swmatidÐwn. O paragwgìc

ekmetalleÔetai to fainìmeno tou jrummatismoÔ (spallation), ìpou up�rqei paragwg  poll¸n

deuterogen¸n swmatidÐwn, kurÐwc netronÐwn, ìtan upoatomik� swmatÐdia sugkroÔontai me ta

�toma tou ulikoÔ (Plainaki, 2007). Kai stouc dÔo tÔpouc aniqneut¸n qrhsimopoieÐtai wc ulikì

mìlubdoc uyhl c kajarìthtac 99%, to opoÐo èqei uyhlì moriakì b�roc kai uyhlì atomikì

arijmì, kai sunep¸c meg�louc pur nec - stìqouc pou dieukolÔnoun to bombardismì. Tèloc,
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ìlo to sÔsthma topojeteÐtai mèsa se èna orjog¸nio koutÐ, kataskeuasmèno apì to Ðdio ulikì

me ton epibradunt , ton anaklast ra. O anaklast rac aporrof� kai anakl� ta netrìnia

qamhl c enèrgeiac apì to perib�llon, afoÔ lìgw tou qamhloÔ atomikoÔ arijmoÔ tou ulikoÔ,

pragmatopoioÔntai elastikèc sked�seic pou mei¸noun �mesa thn enèrgeia twn anepijÔmhtwn

swmatidÐwn. Oi pio kainoÔrioi metrhtèc netronÐwn qrhsimopoioÔn plèon aèrio 3He, ènanti tou

BF3, qwrÐc na metab�lletai h arq  leitourgÐac touc (Stoker et al., 2000).

Sq ma 1.22: Sqhmatik  anapar�stash enìc metrht  netronÐwn tÔpou 6NM-64
(Bütikofer, 2018).

Ta pleonekt mata twn metrht¸n netronÐwn eÐnai ta akìlouja:

� 'Eqoun meg�lh aniqneutik  epif�neia, h opoÐa epitrèpei thn katagraf  kosmik¸n swma-

tidÐwn uyhl¸n energei¸n, all� kai praktik� thn katagraf  tou megalÔterou tm matoc

tou f�smatoc thc prwtogenoÔc kosmik c aktinobolÐac, kaj¸c katagr�foun th ro  twn

kosmik¸n aktÐnwn pou ft�noun sthn epif�neia thc Ghc. H energeiak  aut  perioq  den

katagr�fetai apì dorufìrouc, oi opoÐoi xekinoÔn na katagr�foun perÐpou apì thn tim 

twn 500MeV /noukleìnio.

� 'Eqoun meg�lo qrìno zw c kai brÐskontai topojethmènoi sto èdafoc. Autì touc kajist�

eÔkola prosb�simouc, dÐnontac th dunatìthta oikonomik c sunt rhshc   anab�jmishc.

Endeiktik� to aèrio se èna metrht  netronÐwn eparkeÐ gia suneqìmenh leitourgÐa �nw

twn 100 et¸n.

� EÐnai idiaÐtera stajeroÐ stic metr seic touc, leitourg¸ntac gia meg�la qronik� dia-

st mata parèqontac suneqìmenec qronoseirèc dedomènwn, qwrÐc idiaÐterec diakopèc. A-

xÐzei na shmeiwjeÐ pwc h b�sh dedomènwn touc s mera kalÔptei mÐa qronik  perÐodo �nw

twn 60 qrìnwn.
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� 'Eqoun uyhlì rujmì katagraf c kosmik¸n swmatidÐwn, me apotèlesma na eÐnai kat�llh-

loi gia th makrìqronh melèth twn galaxiak¸n kosmik¸n aktÐnwn (p.q. 11et c kÔkloc)

all� kai gia th melèth èktaktwn hliak¸n fainomènwn (p.q. GLEs).

� ApoteloÔn èna pagkìsmio ektetamèno dÐktuo. Oi metrhtèc netronÐwn eÐnai topojeth-

mènoi se di�forec gewgrafikèc suntetagmènec kai kalÔptoun èna meg�lo eÔroc tim¸n

katwflÐou magnhtik c duskamyÐac kai asumptwtik¸n dieujÔnsewn �fixhc twn prwto-

gen¸n kosmik¸n swmatidÐwn, leitourg¸ntac ètsi wc èna pagkìsmio dÐktuo katagraf c

twn fainomènwn thc kosmik c aktinobolÐac.

K�je stajmìc mètrhshc kosmik c aktinobolÐac qarakthrÐzetai apì èna sugkekrimèno ka-

t¸fli katakìrufhc magnhtik c duskamyÐac Rc, me apotèlesma na mporeÐ na katagr�fei swma-

tÐdia pou proèrqontai apì èna periorismèno tm ma thc our�niac sfaÐrac, dhlad  enìc tm matoc

tou prwtogenoÔc energeiakoÔ f�smatoc sto ìrio thc atmìsfairac (Mavromichalaki, 2005).

Gia to lìgo autì dhmiourg jhke h an�gkh gia èna pagkìsmio dÐktuo metrht¸n netronÐwn.

S mera to dÐktuo autì arijmeÐ p�nw apì 120 metrhtèc netronÐwn, me diaforetikèc gewgra-

fikèc suntetagmènec kai kat¸flia magnhtik c duskamyÐac, apì 0 GV stic polikèc perio-

qèc (SkandinabÐa, SibhrÐa, Bìreia Amerik , Antarktik ) èwc 17 GV ston Ishmerinì (No-

tioanatolik  AsÐa). To pl rec sÔnolo dedomènwn ìlwn twn dedomènwn metrht¸n netronÐwn

sullègetai sto World Data Center on Cosmic Rays (WDC-CR) (http://cidas.isee.nagoya-

u.ac.jp/WDCCR/). 'Ena tètoio pagkìsmio dÐktuo mporeÐ na qrhsimopoihjeÐ gia ton prosdio-

rismì tou energeiakoÔ f�smatoc twn kosmik¸n aktÐnwn, ton prosdiorismì thc ro c hliak¸n

netronÐwn, th melèth tìso twn isotropik¸n ìso kai twn anisotropik¸n metabol¸n thc ko-

smik c aktinobolÐac, kaj¸c kai gia th melèth kai prìbleyh fainomènwn DiasthmikoÔ KairoÔ.

Pio sugkekrimèna, oi stajmoÐ pou brÐskontai se uyhl� gewgrafik� pl�th (qamhlì kat¸fli

magnhtik c duskamyÐac) eÐnai idanikoÐ gia th melèth epÐgeiwn epaux sewn thc èntashc thc

kosmik c aktinobolÐac (GLEs), en¸ oi stajmoÐ pou brÐskontai se mesaÐa gewgrafik� pl�th,

ìpwc gia par�deigma o Stajmìc thc Aj nac, gia th melèth magnhtosfairik¸n gegonìtwn.

Mèqri to 1997, ta dedomèna apì touc metrhtèc netronÐwn den  tan �mesa diajèsima, e-

n¸ pollèc forèc h epexergasÐa touc mporoÔse na xeper�sei ton èna qrìno. Wc apotèlesma,

den  tan dunat  h �mesh melèth kai prìbleyh twn di�forwn fainomènwn kai qarakthristik¸n

thc èntashc thc kosmik c aktinobolÐac. H lÔsh sto prìblhma autì  rje me thn egkat�sta-

sh sÔgqronwn metrht¸n netronÐwn me exeligmèna upologistik� sust mata, ta opoÐa èdwsan

th dunatìthta leitourgÐac se �pragmatikì qrìno� (“real-time”). Autì èdwse th dunatìthta

�meshc epexergasÐac, diìrjwshc kai di�jeshc twn dedomènwn sthn episthmonik  koinìthta.

H leitourgÐa �pragmatikoÔ qrìnou� den èqei efarmosteÐ akìma, par� mìno se èna mèroc tou
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Sq ma 1.23: Trèqousa kat�stash tou Pagkìsmiou DiktÔou Metrht¸n NetronÐwn (Mishev et al.,
2017). Me ton kÔklo apeikonÐzontai oi metrhtèc netronÐwn, en¸ me astèri oi dÔo polikoÐ stajmoÐ me

meg�lo uyìmetro (DOME C / SOPO).

sunìlou twn metrht¸n netronÐwn pagkosmÐwc (perÐpou 35 s mera). H an�gkh gia �mesh di-

�jesh twn dedomènwn enìc metrht  kai apeujeÐac sÔgkrish me dedomèna apì touc upìloipouc

metrhtèc, od ghse sth dhmiourgÐa mÐa uyhl c an�lushc b�shc dedomènwn metrht¸n netro-

nÐwn “Neutron Monitor Database – NMDB” (http://www01.nmdb.eu/), ìpou sullègontai

dedomèna apì èna meg�lo mèroc twn metrht¸n netronÐwn (perÐpou 50) (Mavromichalaki et al.,

1993).

1.8.4 Stajmìc Kosmik c AktinobolÐac EKPA

O Stajmìc Kosmik c AktinobolÐac tou EjnikoÔ kai KapodistriakoÔ PanepisthmÐou Ajhn¸n

(Athens Neutron Monitor Station - A.Ne.Mo.S.) xekÐnhse th leitourgÐa tou apì to 1970

me ènan metrht  tÔpou 3NM-64, upì thn epÐbleyh tou kajhght  A. Apostol�kh. Apì to

2001, upì thn epÐbleyh thc kajhg triac E. Mauromiqal�kh, pragmatopoi jhke anab�jmish

kai eksugqronismìc tou sust matoc se 6NM-64 (6 analogikoÐ aparijmhtèc tÔpou BP28 Chalk

River Neutron Counter) se leitourgÐa �pragmatikoÔ qrìnou�, ìpwc faÐnetai kai sto sq ma
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1.24.

H egkat�stash tou metrht  pragmatopoi jhke se q¸ro eidik� diamorfwmèno kai enisqu-

mèno ¸ste na antèxei to ter�stio b�roc tou sust matoc, pou ft�nei perÐpou touc 10 tìnouc,

sthn tar�tsa tou ktirÐou tou Tm matoc Fusik c EKPA sthn PanepisthmioÔpolh Zwgr�fou.

Oi gewgrafikèc suntetagmènec tou stajmoÔ eÐnai 37◦58′ N � 23◦47′ E kai uyìmetro mìlic

260 mètra apì thn epif�neia thc j�lassac. Kaj¸c brÐsketai se mesaÐo gewgrafikì pl�toc

kajorÐzetai apì èna sqetik� uyhlì kat¸fli magnhtik c duskamyÐac Rc = 8.53 GV, to opoÐo

ton kajist� idanikì gia th melèth magnhtosfairik¸n gegonìtwn (ìpwc gia par�deigma to No-

èmbrio tou 2003), thn ektÐmhsh tou energeiakoÔ orÐou twn swmatidÐwn se meg�la prwtonik�

gegonìta, kaj¸c kai th diìrjwsh twn dedomènwn �llwn stajm¸n lìgw periballontik¸n pa-

ragìntwn (p.q. qiìni). EÐnai o monadikìc stajmìc pagkosmÐwc pou parèqei idiaÐtera uyhl c

an�lushc dedomèna me resolution èwc kai 1 sec.

Sq ma 1.24: O Stajmìc Kosmik c AktinobolÐac tou PanepisthmÐou Ajhn¸n, ìpou diakrÐnontai oi 6
analogikoÐ aparijmhtèc.

Prìkeitai mèqri s mera gia to monadikì stajmì sthn perioq  twn BalkanÐwn kai thn ana-

tolik  Mesìgeio. ApoteleÐ èna apì ta idrutik� mèlh tou NMDB kai ènan apì touc pr¸touc

stajmoÔc pagkosmÐwc (mìlic tètartoc) pou mp kan se leitourgÐa �pragmatikoÔ qrìnou� (Dor-

man et al., 2004; Mariatos et al., 2005; Mavromichalaki et al., 2005b). H Om�da Kosmi-

k c AktinobolÐac èqei anaptÔxei pl joc algorÐjmwn, ergaleÐwn kai uphresi¸n gia th me-

lèth thc kosmik c aktinobolÐac kai thn ègkairh kai ègkurh prìbleyh fainomènwn thc ènta-

shc thc kosmik c aktinobolÐac, ta opoÐa eÐnai diajèsima mèsw thc istoselÐdac tou stajmoÔ

(http://cosray.phys.uoa.gr/).

EpÐshc, summetèqei wc expert group sto European Space Agency (ESA) Space Situational
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Awareness Space Weather Service Centre Network, ìpou parèqei se kajhmerin  b�sh uphre-

sÐec kai efarmogèc, ìpwc to GLE-Alert (Mavromichalaki et al., 2007; Souvatzoglou et al.,

2014), to Multi-Station kai to DYASTIMA (Paschalis et al., 2014). Par�llhla, ekdÐdei

kajhmerin� DeltÐo Prìgnwshc DiasthmikoÔ KairoÔ, en¸ prìsfata, upegr�fh prwtìkollo

sunergasÐac me thn Ejnik  Metewrologik  UphresÐa (EMU).

1.9 Diasthmikìc Kairìc kai Gewdi�sthma

Wc gewdi�sthma mporeÐ na oristeÐ h perioq  tou ex¸terou q¸rou kont� sth Gh. Pio su-

gkekrimèna, autì perilamb�nei thn an¸terh atmìsfaira, th mesìsfaira, th jermìsfaira, thn

ionìsfaira èwc kai th magnhtsìfaira thc Ghc kai ekteÐnetai èwc thn kor¸na, thn fwtìsfaira

kai thn hliak  qrwmìsfaira. Hlektrik� fortismèna swmatÐdia qamhl c puknìthtac, magnh-

tik� pedÐa kai to perib�llon aktinobolÐac apì ton 'Hlio èwc thn atmìsfaira thc Ghc eÐnai

ta stoiqeÐa pou sunjètoun to gewdi�sthma. Prìkeitai ousiastik� gia ton q¸ro ekeÐno pou

anaptÔssetai to sÔnolo twn sqèsewn kai dunamik¸n allhlepidr�sewn metaxÔ HlÐou kai Ghc

(solar-terrestrial interactions). To gewdi�sthma ephre�zetai �mesa apì tic metabolèc tou

DiasthmikoÔ KairoÔ.

O ìroc Diasthmikìc Kairìc anafèretai stic sunj kec pou epikratoÔn ston  lio, kaj¸c

kai sth magnhtìsfaira, thn ionìsfaira kai th jermìsfaira thc Ghc, lìgw fainomènwn hliak c

kai galaxiak c proèleushc (Baker, 1998, 2002; Bothmer and Daglis, 2007; Echer et al.,

2006). Ta fainìmena aut� eÐnai se jèsh na metab�lloun tic sunj kec pou epikratoÔn sto

gewdi�sthma kai sunep¸c na ephre�soun thn apìdosh kai thn axiopistÐa twn diasthmik¸n

kai epÐgeiwn teqnologik¸n susthm�twn all� kai na jèsoun se kÐnduno thn anjr¸pinh zw 

  ugeÐa, ìpwc apeikonÐzetai kai sto Sq ma 1.25. 'Ola aut� dhmiourgoÔn thn an�gkh gia

kalÔterh katanìhsh twn fainomènwn aut¸n all� kai gia ègkairh kai ègkurh prìbleyh twn

metabol¸n tou DiasthmikoÔ KairoÔ, me th melèth tou DiasthmikoÔ KairoÔ na eÐnai Ðswc to

pio diepisthmonikì pedÐo thc epoq c aut c (Bothmer and Daglis, 2007).

Oi kuriìterec metabolèc kai epidr�seic tou DiasthmikoÔ KairoÔ ofeÐlontai ston 'Hlio,

me mÐa mikrìterh epirro  apì tic galaxiakèc kosmikèc aktÐnec ektìc tou hliakoÔ sust matoc

(Hanslmeier, 2010; Schwenn, 2002). Ta fusik� fainìmena pou sqetÐzontai me tic metabolèc

tou DiasthmikoÔ KairoÔ eÐnai oi hliakèc ekl�myeic (solar flares) kai oi stemmatikèc ektin�xeic

m�zac (Coronal Mass Ejections - CMEs). Apìrroia twn fainomènwn aut¸n eÐnai oi:

� Diakopèc twn Radioepikoinwni¸n (Radio Blackouts), pou ofeÐlontai stic hlia-

kèc ekl�myeic,
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Sq ma 1.25: H epÐdrash tou DiasthmikoÔ KairoÔ sto gewdi�sthma (https://swe.ssa.esa.int/).

� Hliakèc KataigÐdec (Solar Storms), pou ofeÐlontai sta hliak� energhtik� swma-

tÐdia pou epitaqÔnontai apì tic hliakèc ekl�myeic,

� Gewmagnhtikèc KataigÐdec (Geomagnetic Storms), pou ofeÐlontai sthn allhle-

pÐdrash twn tlCMEc me th magnhtìsfaira thc Ghc.

SÔmfwna me to National Oceanic and Atmospheric Administration (NOAA) twn HPA

k�je eÐdoc apì tic parap�nw epidr�sei mporoÔn na kathgoriopoihjoÔn se 5 epimèrouc kathgo-

rÐec, me b�sh thn èntash kai th sfodrìthta twn epipt¸sewn. H kathgoriopoÐhsh aut  dÐnetai

parak�tw sta Sq mata 1.26, 1.27 kai1.28.

'Alla fainìmena perilamb�noun thn energopoÐhsh twn zwn¸n aktinobolÐac Van Allen, tic

ionosfairikèc diataraqèc, tic ex�rseic radioshm�twn metaxÔ dorufìrou kai ed�fouc, to sèlac

kai ta epagìmena gewmagnhtik� reÔmata sthn epif�neia thc Ghc.

O ìroc Diasthmikìc Kairìc qrhsimopoi jhke gia pr¸th for� kat� tic arqèc thc deka-

etÐac tou 1990, ìtan ègine plèon emfanèc ìti o antÐktupoc tou diasthmikoÔ perib�llontoc

sta teqnologik� kai biologik� sust mata apaitoÔse èna pio suntonismèno plaÐsio èreunac kai
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Sq ma 1.26: KathgoriopoÐhsh twn diakop¸n twn radioepikoinwni¸n kai epipt¸seic touc sta
teqnologik� sust mata (Phg : http://www.swpc.noaa.gov/noaa-scales-explanation).

efarmog c, me pr¸th ulopoÐhsh apì to National Space Weather Program twn HPA to 2000.

Apì tìte poll� kèntra kai organismoÐ asqoloÔntai me th melèth tou DiasthmikoÔ KairoÔ

(Mavromichalaki et al., 2006). Endeiktik� mporoÔme na anaferjoÔme se k�poiec uphresÐec,

ìpwc eÐnai to GLE Alert kai to FLARECAST. To GLE Alert, ìpwc èqei  dh anaferjeÐ pa-

rap�nw, apoteleÐ èna sÔsthma eidopoÐhshc gia GLEs kai basÐzetai se dedomèna apì metrhtèc

netronÐwn (Souvatzoglou et al., 2014). To FLARECAST antÐstoiqa apoteleÐ èna sÔsthma

prìbleyhc hliak¸n ekl�myewn pou basÐzetai se dedomèna tou hliakoÔ kÔklou 24 apì to He-

lioseismic and Magnetic Imager (HMI) sthn apostol  Solar Dynamics Observatory (SDO)

(Florios et al., 2018). H prìbleyh twn hliak¸n ekl�myewn eÐnai idiaÐtera shmantik  kaj¸c,

oi isqurìterec apì autèc (kathgorÐec M kai Q) sqetÐzontai sqedìn �mesa me tic CMEs, pou

apoteloÔn kÔriouc par�gontec gia th diamìrfwsh tou DiasthmikoÔ KairoÔ (Georgoulis and

Rust, 2007). IdiaÐterh mneÐa mporeÐ na gÐnei kai sto Kèntro Prìgnwshc DiasthmikoÔ KairoÔ

thc Om�dac Kosmik c AktinobolÐac EKPA (spaceweather.phys.uoa.gr), to opoÐo ekdÐdei ka-

jhmerÐna DeltÐo Prìgnwshc DiasthmikoÔ KairoÔ, to opoÐo parèqei plhroforÐec sqetik� me

thn hliak  drasthriìthta,th gewmagnhtik  drasthriìthta tou hliakoÔ anèmou, ta SEPs kai

tic stemmatikèc opèc, kai k�nei ektÐmhsh tou gewmagnhtikoÔ deÐkth Ap (Paouris et al., 2021).

H an�gkh aut  dhmiourg jhke kaj¸c plèon poll� apì ta teqnologik� sust mata kai efar-

mogèc me zwtik  shmasÐa gia thn eÔrujmh leitourgÐa twn anjrwpÐnwn koinwni¸n ephre�zontai

apì to Diasthmikì Kairì (Daglis, 2005). Di�fora stratiwtik� kai emporik� sust mata, do-

rufìroi epikoinwni¸n, doruforik� sust mata thlepiskìpishc, grammèc metafor�c hlektrikoÔ

reÔmatoc, kaj¸c kai oi enaèriec metaforèc eÐnai merikoÐ mìno apì touc tomeÐc pou exart¸ntai

�mesa apì thn kalÔterh katanìhsh kai prìbleyh tou DiasthmikoÔ KairoÔ.
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Sq ma 1.27: KathgoriopoÐhsh twn hliak¸n kataigÐdwn kai epipt¸seic touc sthn teqnologÐa kai
ston �njrwpo (Phg : http://www.swpc.noaa.gov/noaa-scales-explanation).

1.10 Epidr�seic DiasthmikoÔ KairoÔ

Kat� thn teleutaÐa dekaetÐa, oi upeÔjunoi q�raxhc politik c se ìlo ton kìsmo èqoun anagnw-

rÐsei ìti o Diasthmikìc Kairìc eÐnai ènac fusikìc kÐndunoc pou apoteleÐ shmantikì kÐnduno

gia tic sÔgqronec koinwnÐec. O Diasthmikìc kairìc den ephre�zei apl¸c antikeÐmena   an-

jr¸pouc mìno sto di�sthma, kaj¸c oi epipt¸seic tou mporoÔn na gÐnoun aisjhtèc akìmh kai

sthn epif�neia thc Ghc (Daglis, 2005; Pulkkinen, 2007).

Qarakthristik�, mporoÔn na anaferjoÔn merik� spoudaÐac shmasÐac gegonìta DiasthmikoÔ

KairoÔ pou èqoun ephre�sei tic anjr¸pinec drasthriìthtec.

� Gegonìc Carrington tou 1859

To prwinì thc 1hc SeptembrÐou 1859 o erasitèqnhc astronìmoc Richard Carrington

parat rhse dÔo idiaÐtera fwtein� shmeÐa sthn epif�neia tou 'Hliou, pou antistoiqo-

Ôsan sthn ènarxh thc megalÔterhc diasthmik c kataigÐdac pou èqei katagrafeÐ potè.

Mèsa se mìlic lÐga lept�, to èntono autì fwc exafanÐsthke, ìmwc ta apotelèsmata

thc ekd lwshc aut c èginan aisjht� se ìlh th Gh mìlic met� apì lÐgec ¸rec. O Car-

rington ousiastik� eÐqe parathr sei mia ter�stia hliak  èklamyh kai mÐa exÐsou meg�lh

stemmatik  ekpomp  m�zac, pou eÐqe wc apotèlesma mia gewmagnhtik  kataigÐda pou

dhmioÔrghse epagwgik� reÔmata se kal¸dia thlegrafÐac se olìklhro ton kìsmo. H

isqÔc thc kataigÐdac den katagr�fhke, all� pijanìtata apoteleÐ thn isqurìterh twn
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Sq ma 1.28: KathgoriopoÐhsh twn gewmagnhtik¸n kataigÐdwn kai epipt¸seic touc sthn teqnologÐa
kai ston �njrwpo (Phg : http://www.swpc.noaa.gov/noaa-scales-explanation).

teleutaÐwn 150 et¸n (Cliver, 2006). Gia to lìgo autì, qrhsimopoieÐtai wc èna logikì

par�deigma qeirìterhc perÐptwshc (“worst case scenario”) gia th melèth twn epipt¸se-

wn tou DiasthmikoÔ KairoÔ. Anamènetai ìti an mia tètoia kataigÐda sunèbaine s mera

ja eÐqe shmantikì antÐktupo sthn aeroporÐa, en¸ up�rqoun isqurèc endeÐxeic ìti èqoun

up�rxei kataigÐdec èwc kai dèka forèc isqurìterec.

� Gewmagnhtik  katagÐda tou 1921

H gewmagnhtik  kataigÐda aut  ektim�tai ìti eÐnai sugkrÐsimh se mègejoc me to gegonìc

Carrington. Sèlac parathr jhke kont� ston ishmerinì, pio sugkekrimèna sth Samìa

(Silverman and Cliver, 2001), en¸ ta gewmagnhtik� epagìmena reÔmata prok�lesan

purkagièc se di�forouc thlegrafikoÔc stajmoÔc sth SouhdÐa (Boteler et al., 1998).

� Seir� Hliak¸n KataigÐdwn tou 1972

Ton AÔgousto tou 1972, èlabe q¸ra mÐa seir� idiaÐtera isqur¸n hliak¸n kataigÐdwn, oi

opoÐec prok�lesan ektetamènec diataraqèc sta dÐktua hlektrismoÔ kai epikoinwnÐac se

meg�la tm mata thc Bìreiac Amerik c, kaj¸c kai diakopèc se dorufìrouc. Epiplèon,

h kataigÐda aut , prok�lese thn tuqaÐa èkrhxh poll¸n nautik¸n nark¸n twn HPA

kont� sto Haiphong sto Bìreio Bietn�m, stic 4 AugoÔstou 1972. H kataigÐda ìmwc

aut  èqei idiaÐterh shmasÐa kai gia ènan akìma lìgo, kaj¸c èlabe q¸ra an�mesa se

dÔo diasthmikèc apostolèc Apollo. Pio sugkekrimèna, èna isqurì gegonìc hliak¸n
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energhtik¸n swmatidÐwn èlabe q¸ra endi�mesa thc asfaloÔc epistrof c sth gh tou

plhr¸matoc Apollo 16 kai thc ektìxeushc tou tlApollo 17. An to gegonìc autì èplhtte

èna pl rwma kaj ìdìn proc th Sel nh   en¸ ergazìtan sthn selhniak  epif�neia, eÐnai

polÔ pijanì ìti oi astronaÔtec ja dèqontan mÐa dìsh aktinobolÐac pou ja mporoÔse na

eÐnai jan�simh mèsa se lÐgec mìno ¸rec.

� Gewmagnhtik  KataigÐda tou 1989

Ton M�rtio tou 1989, h trÐth isqurìterh gewmagnhtik  kataigÐda pou èqei katagrafeÐ

èplhxe th Gh. Se ligìtero apì èna leptì, to epagwgikì reÔma stic grammèc met�do-

shc prok�lese uperfìrtwsh twn susthm�twn asfaleÐac me apotèlesma na kleÐsoun

olìklhra tm mata tou diktÔou trofodosÐac tou Kempèk. 'Ena fainìmeno kataigismoÔ

prok�lese telik� thn olik  kat�rreush tou diktÔou kai bÔjise thn perioq  sto sko-

t�di, me thn hlektrik  enèrgeia na mhn eÐnai diajèsimh gia ennèa ¸rec. H apokat�stash

tou probl matoc  tan epÐshc dusqer c kaj¸c akìma kai o efedrikìc exoplismìc eÐqe

ephreasteÐ apì thn kataigÐda (Erinmez et al., 2002). Par�llhla, prokl jhke zhmi� se

dÔo metasqhmatistèc sto Hnwmèno BasÐleio.

� Hliakèc KataigÐdec Halloween tou 2003

Met� to mègisto thc hliak c drasthriìthtac to ètoc 2001, parathr jhke èxarsh thc

hliak c drasthriìthtac kat� th di�rkeia thc kajodik c f�shc tou hliakoÔ kÔklou, kat�

to ètoc 2003 (Gopalswamy et al., 2005). MÐa meg�lh kai polÔplokh om�da hliak¸n kh-

lÐdwn prok�lese mÐa seir� ekl�myewn kai stemmatik¸n ekmpomp¸n m�zac, me apotèlesma

na dhmiourghjeÐ pl joc gewmagnhtik¸n kataigÐdwn (Doherty et al., 2004). Autèc pro-

k�lesan diakopèc sta sust mata epikoinwnÐac uyhl¸n suqnot twn (HF), diakum�nseic

sta sust mata paroq c enèrgeiec kai mikrèc èwc sobarèc epipt¸seic sta doruforik�

sust mata. Qarakthristikì par�deigma eÐnai dÔo dorufìroi Inmarsat pou qrhsimopoio-

Ôntai sthn aeroporik  biomhqanÐa, ìpou ston ènan qrei�sthke qeirokÐnhth parèmbash

gia th diìrjwsh thc troqi�c tou en¸ o �lloc bg ke ektìc sÔndeshc lìgw bl�bhc sthn

kentrik  mon�da tou epexergast  (CPU). AutoÐ eÐnai mìlic dÔo apì touc sar�nta ept�

dorufìrouc pou kl jhkan na diakìyoun thn uphresÐa touc apì merikèc ¸rec èwc hmèrec.

PolloÐ qr stec tou Global Positioning Satellite (GPS) parat rhsan sf�lmata, ek twn

opoÐwn orismènoi akÔrwsan tic leitourgÐec touc. Akìma, stic 29 OktwbrÐou 2003 gia

èna qronikì di�sthma 11 wr¸n, up rqan idiaÐtera èntonec diataraqèc sthn ionìsfaira me

apotèlesma to US Wide Area Augmentation System (WAAS) na ephreasteÐ kai na mhn

eÐnai dunat  h qr sh tou proseggÐseic akribeÐac. Akìma, mÐa diakop  reÔmatoc di�rkeiac
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90 lept¸n ephrèase p�nw apì 50.000 �toma sth SouhdÐa.

� Magnhtosfairikì Gegonìc Aj nac tou 2003

Stic 20 NoembrÐou 2003 katagr�fhke apì to pagkìsmio dÐktuo metrht¸n netronÐwn mÐa

isqur  gewmagnhtik  kataigÐda. H aÔxhsh thc èntashc thc kosmik c aktinobolÐac se

k�poia gewgrafik� pl�th �ggixe to 6% me 8%, pou faÐnetai na eÐnai kai h megalÔterh

aÔxhsh pou èqei parathrhjeÐ potè se gewmagnhtikì gegonìc. Pio sugkekrimèna, autì

od ghse se meg�lec metabolèc se kat¸flia magnhtik c duskamyÐac 7 GV me 8 GV, pou

antistoiqeÐ se asun jista qamhl� gewgrafik� pl�th. Autì eÐqe wc apotèlesma thn

emf�nish sèlaoc ston ouranì thc Aj nac (Belov et al., 2005a).

� Radioèxarsh tou 2006

To 2006, se mia perÐodo qamhl c hliak c drasthriìthtac, h Gh ektèjhke sth mega-

lÔterh èkrhxh radiokum�twn pou èqei katagrafeÐ potè. Autì apotèlese kai to pr¸to

katagegrammèno sumb�n èkrhxhc radiokum�twn pou ephrèase shmantik� th leitourgÐa

twn GPS. Se orismènec peript¸seic m�lista, h plo ghsh GPS den  tan diajèsimh gia

perÐpou 30 lept�, me apotèlesma orismèna aerosk�fh na anafèroun probl mata sthn

plo ghsh kai ton akrib  kajorismì thc jèshc touc (loss of lock).

� Gewmagnhtik  KataigÐda St. Patrick’s day tou 2015

H gewmagnhtik  kataigÐda stic 17 MartÐou 2015 eÐnai h pr¸th uper-kataigÐda tou 24ou

hliakoÔ kÔklou. Prok�lese èna idiaÐtera entupwsiakì sèlac, to opoÐo  tan oratì ìqi

mìno kont� ston Arktikì KÔklo, all� kai se notiìtera shmeÐa thc Eur¸phc kai thc

Amerik c, ìpwc thn OualÐa, thn OllandÐa, th GermanÐa kai to Kolor�nto (Wu et al.,

2016).

1.10.1 EpÐdrash se teqnologik� sust mata

Ta fainìmena DiasthmikoÔ KairoÔ epidroÔn me poikÐlouc trìpouc sthn teqnologÐa. Ta hliak�

energhtik� swmatÐdia allhlepidroÔn me to magnhtikì pedÐo thc ghc prokal¸ntac magnhtikèc

diataraqèc kai auxhmèno ionismì sthn ionìsfaira, apì 100 èwc 1000 km p�nw apì thn epif�neia

thc Ghc (Daglis, 2005; Lanzerotti, 2001).

Ta sust mata twn dorufìrwn, kai pio sugkekrimèna ta euaÐsjhta mikrohlektronik� touc,

ufÐstantai tic perissìterec epirroèc apì energhtik� swmatÐdia. Ta energhtik� hlektrìnia

pou eÐnai pagideÔmèna sthn exwterik  z¸nh aktinobolÐac prokaloÔn hlektrostatik  fìrtish

kai ekfìrtish, h opoÐa mporeÐ na epifèrei bl�bh ston euaÐsjhto hlektronikì exoplismì kai

touc hliakoÔc sullèktec. Ta SEPs me th seir� touc mporeÐ na prokalèsoun meÐwsh thc
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apìdoshc twn suskeu¸n   akìma kai katastrof  touc mèsw ionismoÔ ionization, metatopÐsewn

displacement kai memonwmènwn epidr�sewn Single Event Effects - SEEs kai lìgw metafor�c

enèrgeiac kai orm c apì ta energhtik� swmatÐdia sta �toma-ulik� tou stìqou. 'Ola aut�

mporeÐ na odhg soun se esfalmènh leitourgÐa   bl�bec ston exoplismì, jètontac ètsi ton

dorufìro ektìc leitourgÐac.

H apìdosh twn diktÔwn kinht c thlefwnÐac mporeÐ na ephreasteÐ apì diakopèc sta radio-

kÔmata uyhl c suqnìthtac (HF) lìgw hliak¸n ekl�myewn eÐte lìgw gewmagnhtik¸n katai-

gÐdwn, oi opoÐec ephre�zoun èntona thn ionìsfaira. Ta HF qrhsimopoioÔntai epÐshc apì thn

aeroporÐa kai th nautilÐa, kaj¸c kai apì ton strato. Ta sÔgqrona sust mata HF èqoun sqe-

diasteÐ gia na eÐnai anjektik�, all� ta pali� sust mata endèqetai na parousi�zoun diakopèc

leitourgÐac. To fainìmeno autì eÐnai entonìtero se meg�la gewgrafik� pl�th, me apotèlesma

na ephre�zontai kurÐwc oi epikoinwnÐec stic polikèc pt seic. O Diasthmikìc Kairìc mporeÐ na

ephre�sei epÐshc kai th leitourgÐa twn susthm�twn GPS kai GNSS, lìgw diataraq¸n sthn

ionìsfaira apì ton auxhmèno ionismì me diakop  twn susthm�twn epikoinwnÐac   plo ghshc.

Ta gewmagnhtik� epagìmena reÔmata (Geomagnetically Induced Currents - GICs), pou

sqetÐzontai me gewmagnhtikèc kataigÐdec, endèqetai na prokalèsoun bl�bec stic fusikèc upo-

domèc ìpwc metasqhmatistèc kai hlektrofìra kal¸dia, na prokalèsoun metabolèc t�shc pou

mporoÔn na odhg soun se diakopèc reÔmatoc kai na diabr¸soun touc agwgoÔc enèrgeiac, en¸

idiaÐtera euaÐsjhta eÐnai kai ta sidhrodromik� dÐktua.

H epÐdrash twn fainomènwn DiasthmikoÔ KairoÔ stic pagkìsmiec alusÐdec efodiasmoÔ kai

sthn pagkìsmia oikonomÐa apoteleÐ antikeÐmeno melèthc. SÔmfwna me ektim seic, an èna gego-

nìc parìmoio me autì sto Kempèk to 1989, l�mbane q¸ra s mera, oi pagkìsmiec oikonomikèc

epipt¸seic ja kumaÐnontan apì 2.4− 3.4 disekatommÔria doll�ria (Eastwood et al., 2017).

1.10.2 EpÐdrash se biologik� sust mata

Oi sunj kec tou DiasthmikoÔ KairoÔ mporeÐ na apoteloÔn kÐnduno gia ton �njrwpo sto

di�sthma. Oi astronaÔtec prostateÔontai sun jwc me th meg�lh jwr�kish pou up�rqei stouc

diasthmikoÔc stajmoÔc. Wstìso, kat� th di�rkeia apostol¸n ektìc tou stajmoÔ ektÐjentai

stouc Ðdiouc kindÔnouc me ènan dorufìro. MÐa auxhmènh ro  hliak¸n energhtik¸n swmatidÐwn

kat� th di�rkeia miac hliak c kataigÐdac, mporeÐ na epifèrei j�nasimec dìseic aktinobolÐac sta

plhr¸mata twn diasthmik¸n skaf¸n kai gi'autì to lìgo oi astronaÔtec prèpei na parameÐnoun

prostateumènoi entìc tou diasthmikoÔ stajmoÔ gia na apofÔgoun thn èkjesh.

Epiprosjètwc, oi epipt¸seic sthn ugeÐa tou anjr¸pou den stamatoÔn sto di�sthma, all�

epekteÐnontai kai sta sun jh uyìmetra pou pragmatopoioÔntai oi aeroportikèc pt seic, Oi
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hliakèc kataigÐdec enisqÔoun to perib�llon aktinobolÐac pou dhmiourgeÐtai apì tic kosmikèc

aktÐnec sta uyìmetro pt shc twn emporik¸n aeropl�nwn, an kai eÐnai sqetik� apÐjano, na gÐnei

upèrbash twn epitrepìmenwn orÐwn dìshc. Parìl' aut� se perÐptwsh k�poiou polÔ isquroÔ

gegonìtoc, mporeÐ na apaiteÐtai meÐwsh tou qrìnou pt shc se meg�lo uyìmetro   allag  thc

poreÐac thc pt shc proc qamhlìtera gewgrafik� pl�th, ta opoÐa ja eÐqan meg�lh emporik 

kai epiqeirhsiak  epÐptwsh, me kajuster seic kai auxhmènh qr sh kausÐmwn. O Diejn c Or-

ganismìc Politik c AeroporÐac (International Civil Aviation Organization - ICAO) sunist�

stouc upeÔjunouc foreÐc thn an�ptuxh epiqeirhsiak¸n diadikasi¸n gia th diaqeÐrhsh pt se-

wn se perioqèc ìpou ephre�zontai apì gegonìta DiasthmikoÔ KairoÔ, ìpwc eÐnai oi polikèc

perioqèc, me kat�llhlo programmatismì pt sewn twn ek twn protèrwn b�sei twn problèye-

wn. Gia to lìgo autì krÐnetai aparaÐthth h ègkairh kai ègkurh prìgnwsh twn fainomènwn

DiasthmikoÔ KairoÔ, eidikìtera twn GLEs (Mavromichalaki et al., 2006; Souvatzoglou et al.,

2014).

Gia autìn ton lìgo, se antistoiqÐa me tic klÐmakec pou qrhsimopoioÔntai gia tic hliakèc

kataigÐdec, proteÐnetai h eisagwg  enìc nèou deÐkth DiasthmikoÔ KairoÔD gia proeidopoi seic

gia auxhmèna epÐpeda aktinobolÐac, ìpwc faÐnetai sto Sq ma 1.29. Autìc o deÐkthc basÐzetai

stouc rujmoÔc dìshc pou par�gontai apì hliak� prwtìnia sta aeroporik� uyìmetra kat� th

di�rkeia hliak¸n kataigÐdwn kai apoteleÐ sqetik  par�metro gia thn ektÐmhsh thc sumbol c

touc sthn antÐstoiqh èkjesh se aktinobolÐa. 'Ena shmantikì qarakthristikì tou deÐkth D

eÐnai ìti basÐzetai sto rujmì dìshc se èna sugkekrimèno shmeÐo sthn atmìsfaira thc Ghc,

dhlad  exart�tai apì th gewgrafik  jèsh kai to uyìmetro pt shc. Autì epitrèpei th qr sh

tou gia topikèc proeidopoi seic (Meier et al., 2020; Meier and Daniel Matthia, 2014). To

epÐpedo D3 qarakthrÐzei èna sumb�n mètriac diasthmik c aktinobolÐac kai mporeÐ na jewrhjeÐ

wc to pr¸to epÐpedo gia thn efarmog  teqnik¸n metriasmoÔ, idÐwc gia endeqìmena Fainìmena

DiasthmikoÔ KairoÔ meg�lhc di�rkeiac kai gia pt seic meg�lwn apost�sewn. Sto epÐpedo

autì, den èqei gÐnei upèrbash tou mhniaÐou orÐou gia tic egkÔouc, k�ti pou mporeÐ na sumbeÐ

met� apì èkjesh sto epÐpedo D5 gia perissìterec apì treic ¸rec (Meier et al., 2020).

'Allec epipt¸seic tou DiasthmikoÔ KairoÔ sthn anjr¸pinh ugeÐa aforoÔn isqaimik� epei-

dìdia kai kardioaggeiakèc paj seic. Pio sugkekrimèna, oi mei¸seic Forbush eÐnai oi pio eua-

Ðsjhtoi deÐktec gia th sqèshc metaxÔ twn gewmagnhtik¸n diataraq¸n kai diafìrwn paramètrwn

ugeÐac, ìpwc eÐnai o arijmìc twn peristatik¸n isqaimik¸n kai egkefalik¸n egkefalik¸n epei-

sodÐwn, twn emfragm�twn muokardÐou kai twn troqaÐwn atuqhm�twn (Mavromichalaki et al.,

2012; Papailiou et al., 2002). Epiplèon, èqei diapistwjeÐ pwc ta emfr�gmata tou muokardÐou

kai oi kardiakèc arrujmÐec èqoun sqèsh me ton 11et  hliakì kÔklo, en¸ parathreÐtai aÔxhsh
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Sq ma 1.29: KlÐmaka DiasthmikoÔ KairoÔ D gia qr sh sthn aeroporÐa (Meier et al., 2020).

kai kat� th f�sh an�kamyhc orismènwn èntonwn gewmagnhtik¸n kataigÐdwn (Galata et al.,

2017). Akìma bèbaia qrei�zetai perissìterh èreuna gia pio emperistatwmèna apotelèsmata.

Parìla aut� h èkjesh sthn ionÐzousa diasthmik  aktinobolÐa diadramatÐzei to spoudai-

ìtero rìlo ìson afor� tic epipt¸seic tou DiasthmikoÔ KairoÔ sthn anjr¸pinh ugeÐa. Sto

epìmeno kef�laio thc diatrib c aut c gÐnetai analutik  episkìphsh tou trìpou epÐdrashc thc

diasthmik c aktinobolÐac kai tou sunìlou twn epipt¸sewn thc ionÐzousac aktinobolÐac se

plhr¸mata aeroskaf¸n kai diasthmik¸n skaf¸n. KÔrioc stìqoc thc ergasÐac aut c eÐnai h

pragmatopoÐhsh dosimetrik¸n upologism¸n sta di�fora atmosfairik� uyìmetra.
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2 AktinobolÐec

Sto kef�laio autì, parousi�zontai ta eÐdh kai oi phgèc thc aktinobolÐac, kaj¸c kai oi trìpoi

allhlepÐdrashc aut c me thn Ôlh. GÐnetai orismìc ìlwn twn megej¸n dosimetrÐac, pou eÐnai

aparaÐthta gia thn axiolìghsh thc èkjeshc se aktinobolÐa, kai pio sugkekrimèna se kosmik 

aktinobolÐa. Sth sunèqeia, gÐnetai ekten c perigraf  twn epipt¸sewn thc kosmik c aktino-

bolÐac sthn ugeÐa twn plhrwm�twn aeroskaf¸n, epibat¸n kai astronaut¸n. Parousi�zontai

analutik� oi arqèc kai ta prwtìkolla aktinoprostasÐac sqetik� me thn kosmik  aktinobolÐa.

Tèloc, tonÐzetai h qrhsimìthta Ôparxhc upologistik¸n montèlwn kai efarmog¸n gia thn prag-

matopoÐhsh dosimetrik¸n upologism¸n gia plhr¸mata aeroskaf¸n kai diasthmik¸n skaf¸n,

parousi�zontac ta pio basik� ex aut¸n pou qrhsimopoioÔntai s mera. 'Ena tètoio ergaleÐo,

me to ìnoma DYASTIMA-R, proteÐnetai sta plaÐsia thc diatrib c aut c.

2.1 Istorik  anadrom 

H sÔgqronh katanìhsh thc aktinobolÐac xekÐnhse me ton Wilhelm Röntgen to 1895. Kat�

th diadikasÐa diexagwg c diafìrwn peiram�twn efarmog c reum�twn se swl nec kenoÔ, ana-

k�luye ìti, par� thn k�luyh touc me pl�kec gia na mplok�rei to fwc, f�nhke na dieisdÔoun

aktÐnec pou antidroÔsan me èna di�luma barÐou se mia pl�ka pou eÐqe topojet sei kont�. 'U-

stera apì arket� peir�mata me tic nèec aktÐnec, sumperilambanomènhc thc l yhc thc pr¸thc

�fwtografÐac� tou qerioÔ thc gunaÐkac tou, tic onìmase aktÐnec Q, gia na prosd¸sei to �gnw-

sto thc fÔshc touc, mÐa onomasÐa pou èqei parameÐnei mèqri s mera (Röntgen, 1896). Gia thn

anak�luyh aut  tim jhke me to pr¸to sthn istorÐa brabeÐo Nobel Fusik c to 1901. 'Etsi, oi

dieisdutikèc idiìthtec twn aktÐnwn Q �rqisan na axiopoioÔntai gia iatrikoÔc skopoÔc, qwrÐc

na up�rqei upoyÐa ìti tètoiac morf c aktinobolÐa endèqetai na èqei epiblab  apotelèsmata.

Thn anak�luyh aut , akoloÔjhse h parat rhsh tou Henri Becquerel to 1896 ìti ta o-

rukt� ouranÐou ekpèmoun suneq¸c kai me fusikì trìpo aktinobolÐa, parìmoia me tic aktÐnec

Q (Becquerel, 1896). An kai arqik� pÐsteue ìti oi aktÐnec autèc eklÔjhkan apì ta orukt�

fwsforÐzontoc ouranÐou met� apì paratetamènh èkjes  touc ston  lio, telik� egkatèleiye

aut n thn upìjesh. To fainìmeno ekpomp c aktinobolÐac qwrÐc exwterikì aÐtio sugklìnisec

tic epikratoÔsec antil yeic ston kìsmo thc fusik c, kaj¸c erqìtan fainomenik� se r xh me

thn arq  diat rhshc enèrgeiac, gegonìc pou fusik� apodeÐqjhke pwc den isqÔei.

Parìlo pou o Henri Becquerel anak�luye to fainìmeno,  tan h didaktorik  tou foit tria

Marie Sk lodowska Curie pou tou èdwse to ìnoma �radienèrgeia�. Ja suneqÐsei na k�nei prw-

toporiakì èrgo me radienerg� ulik�, sumperilambanomènhc thc anak�luyhc twn radienerg¸n
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stoiqeÐwn jìrio, pol¸nio kai r�dio. Thc aponem jhke to brabeÐo Nobel dÔo forèc, mazÐ me thn

Becquerel kai ton sÔzugì thc Pierre Curie sth Fusik  to 1903 gia to èrgo touc sth radie-

nèrgeia, kai p�li lÐga qrìnia argìtera, to 1911, sth QhmeÐa gia thn anak�luyh tou radÐou kai

tou polwnÐou, apotel¸ntac ètsi th monadik  gunaÐka pou tim jhke dÔo forèc me th di�krish

aut  sthn episthmonik  koinìthta (Curie and Sklodowska Curie, 1898; Sklodowska Curie,

1911). Dietèlese epÐshc prwtoporiakì èrgo sto pedÐo thc radiologÐac kai thc aktinologÐac,

anaptÔssontac kinhtèc mon�dec aktÐnwn Q gia ta pedÐa m�qhc tou A' PagkosmÐou Polèmou.

Pèjane ton IoulÐou tou 1934 apì leuqaimÐa, pou pisteÔetai ìti prokl jhke apì thn ektetamènh

èkjes  thc sta uyhl� epÐpeda aktinobolÐac pou emplèkontai sthn èreun� thc.

Sq ma 2.1: Marie Sk lodowska Curie (Phg : www.atomicarchive.com/).

Oi Thomas Edison, William J. Morton kai Nikola Tesla  tan apì touc pr¸touc pou a-

nèferan pijanèc anepijÔmhtec enèrgeiec ìtan anak�luyan erejismoÔc twn mati¸n met� apì

peiramatismì me aktinografÐec kai fjorÐzousec ousÐec. M�lista, o bohjìc tou Edison a-

pì ìgko, wc apotèlesma uperbolik c èkjeshc stic aktÐnec Q. Kat� tic epìmenec dekaetÐec,

polloÐ ereunhtèc kai iatroÐ pou èkanan qr sh luqnÐwn aktÐnwn Q emf�nisan egkaÔmata akti-

nobolÐac   karkÐno, me polloÔc apì autoÔc na pejaÐnoun telik� wc apotèlesma thc èkjes c

touc se aktinobolÐa (Reed, 2001). Autèc oi atuqeÐc pr¸tec empeirÐec od ghsan telik� sthn

epÐgnwsh twn kindÔnwn apì thn aktinobolÐa gia touc ergazìmenouc ston tomèa aktinoboli¸n
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kai od ghsan thn an�ptuxh thc radiobiologÐac, enìc nèou kl�dou thc epist mhc me skopì thn

aktinoprostasÐa (Inkret et al., 1995).

To 1933 o Ernest O. Lawrence kai oi sunerg�tec tou olokl rwsan to pr¸to kÔklotro.

Parat rhsan ìti ta netrìnia pou par�gontan  tan perÐpou 2.5 forèc pio apotelesmatik� sth

jan�twsh arouraÐwn se sqèsh me tic aktÐnec Q. To 1938, anakalÔfjhke to fainìmeno thc

purhnik c sq�shc apì touc fusikoÔc L. Meitner, kai O. R. Frisch kai touc qhmikoÔc O. Hahn

kai F. Strassmann tautìqrona (Hahn and Strassmann, 1939; Meitner and Frisch, 1939),

en¸ lÐga qrìnia argìtera, to 1942, o brabeumenoc meNobel Enrico Fermi kai h om�da tou

petuqaÐnoun thn pr¸th elegqìmenh alusidwt  purhnik  antÐdrash (Fermi, 1940) ston pr¸to

purhnikì antidrast ra pou kataskeu�sthke (Chicago Pile-1).

Autì apotèlese kai thn arq  tou Manhattan Project, ìpou, kat� th di�rkeia tou B' Pa-

gkosmÐou Polèmou, anaptÔqjhke h atomik  bìmba, to pr¸to purhnikì ìplo. Sta ergast ria

tou Los Alamos, upì thn epÐbleyh tou purhnikoÔ fusikoÔ Robert Oppenheimer, pl joc dia-

kekrimènwn episthmìnwn (an�mes� touc oi E. Fermi, H. Bethe, R. Feynman, E. Lawrence, K.

Fuchs, L. Szilard), basizìmenoi sto fainìmeno thc purhnik c sq�shc, dhmioÔrghsan gia tic

�Summaqikèc Dun�meic� thn pr¸th atomik  bìmba (Gosling, 1999). Stic 6 kai stic 9 Augo-

Ôstou tou 1945, dÔo apì autèc tic bìmbec skorpoÔn ton trìmo sth Hiroshima kai to Nagasaki

thc IapwnÐac, shmaÐnontac praktik� kai th l xh tou polèmou. Oi bombardismoÐ skìtwsan pe-

rissìtera apì 200.000 �toma, en¸ �fhsan perissìterouc apì 600.000 epiz¸ntec me sobar�

probl mata apì thn èkjesh sta ter�stia pos� aktinobolÐac. PolloÐ apì touc epiz santec

up rxan antikeÐmena melèthc twn makroprìjesmwn epipt¸sewn thc aktinobolÐac.

Tautìqrona, h oloèna auxanìmenh an�ptuxh kai qr sh twn purhnik¸n antidrast rwn gia

thn paragwg  enèrgeiac, kaj¸c kai h qr sh aktinoboli¸n ston q¸ro thc ugeÐac èdwse ènau-

sma gia thn an�ptuxh tou kl�dou thc Ugeiofusik c. Autì enisqÔjhke kai apì thn anak�luyh

ki �llwn phg¸n aktinobolÐac mèsw thc diasthmik c èreunac, ìpwc oi z¸nec aktinobolÐac Van

Allen kai ta hliak� energhtik� swmatÐdia. H anjr¸pinh èkjesh se aktinobolÐa èqei all�xei

genikìtera se meg�lo bajmì me thn an�ptuxh thc teqnologÐac ton teleutaÐo ai¸na. Akìma,

ìmwc, kai oi aeroporikèc pt seic èqoun epipt¸seic sthn anjr¸pinh èkjesh, opoÐa aux�netai

me thn ìlo kai pio prohgmènh teqnologÐa twn aeroskaf¸n pou epitrèpoun pt seic se ìlo

kai uyhlìtera uyìmetra, ìpou mei¸netai h jwr�kish apì thn atmìsfaira thc Ghc. Ligìte-

ro profan c eÐnai o metaballìmenoc qarakt rac twn aktinoboli¸n se megalÔtera uyìmetra,

b�zontac ètsi èna ìrio, èstw kai proswrinì, stic anjr¸pinec drasthriìthtec sto di�sthma

(Wilson, 2000).

S mera, met� apì dÔo  dh atuq mata se purhnikoÔc antidrast rec (Chernobyl, 1896 kai
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Fukushima, 2011), thn prìodo thc iatrik c apeikìnishc kai thc aktinojerapeÐac, thn auxa-

nìmenh qr sh twn aerometafor¸n kai tic diasthmikèc apostolèc me stìqo ton 'Arh, h melèth

twn epipt¸sewn thc aktinobolÐac kai h t rhsh twn prwtokìllwn aktinoprostasÐac eÐnai Ðswc

pio epÐkairh kai aparaÐthth apì potè. Gia to lìgo autì, stìqoc thc paroÔsac diatrib c eÐnai h

axiolìghsh tou kindÔnou twn plhrwm�twn aeroskaf¸n kai twn epibat¸n exaitÐac thc èkjeshc

se kosmik  aktinobolÐa.

2.2 EÐdh Aktinoboli¸n

H aktinobolÐa mporeÐ na diakrijeÐ se dÔo meg�lec kathgorÐec an�loga me thn enèrgeia twn

swmatidÐwn apì ta opoÐa apartÐzetai: se ionÐzousa kai se mh ionÐzousa aktinobolÐa, ìpwc

faÐnetai kai sto Sq ma 2.2.

Sq ma 2.2: F�sma ionÐzousac kai mh ionÐzousac aktinobolÐac (Yong et al., 2015a).

IonÐzousa eÐnai h aktinobolÐa pou metafèrei meg�lh enèrgeia (> 10 eV ), ¸ste dieisdÔontac

mèsa sthn Ôlh, na prokaleÐ ionismì kai na diasp�ei touc qhmikoÔc desmoÔc metaxÔ twn atìmwn.

Autì èqei wc apotèlesma plhj¸ra epipt¸sewn sto perib�llon kai thn anjr¸pinh ugeÐa. Oi

ionÐzousec aktinobolÐec mporoÔn na na ionÐsoun thn Ôlh eÐte �mesa, e�n prìkeitai gia hlektrik�

fortismèna swmatÐdia ìpwc hlektrìnia, prwtìnia kai swm�tia a, eÐte èmmesa, an h diadikasÐa

afor� swmatÐdia qwrÐc fortÐo, ìpwc netrìnia kai fwtìnia (g   Q). Kuriìterec ionÐzousec

aktinobolÐec eÐnai h aktinobolÐa-a, h aktinobolÐa-b, oi aktÐnec-Q kai oi aktÐnec-g (EEAE). H

kosmik  aktinobolÐa apoteleÐ epÐshc ionÐzousa aktinobolÐa.
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AntÐjeta, h mh ionÐzousa aktinobolÐa (alli¸c hlektromagnhtik  aktinobolÐa) metafèrei èna

sqetik� mikrì posì enèrgeiac, me apotèlesma na mhn prokaleÐ ionismì thc Ôlhc. Parìl' aut�

mporeÐ na prokalèsei qhmikèc, hlektrikèc kai jermikèc epidr�seic ston anjr¸pino organismì

(EEAE). ProkÔptei apì talant¸seic hlektromagnhtik¸n pedÐwn pou diadÐdontai sto q¸ro upì

th morf  kÔmatoc. Oi mh ionÐzousec aktinobolÐec perilamb�noun tic upèrujrec, to oratì fwc,

thn uperi¸dh aktinobolÐa, ta radiokÔmata, ta mikrokÔmata, ta hlektrik� kai magnhtik� pedÐa

qamhl c kai exairetik� qamhl c suqnìthtac (ELF, VLF), kaj¸c kai sta statik� hlektrik�

kai magnhtik� pedÐa (ìpwc gia par�deigma to magnhtikì pedÐo thc ghc).

'Ena tm ma tou f�smatoc thc uperi¸douc aktinobolÐac (UVA, UVB, UVC) èqei arket 

enèrgeia ¸ste na prokalèsei ionismì, en¸ to upìloipo f�sma èqei qamhlìterh enèrgeia, opìte

den ionÐzei thn Ôlh all� mporeÐ na prokalèsei fwtoqhmikèc antidr�seic. 'Etsi, h uperi¸dhc

aktinobolÐa brÐsketai sto ìrio metaxÔ ionÐzousac kai mh ionÐzousac aktinobolÐac.

2.3 Phgèc Aktinoboli¸n

H èkjesh se aktinobolÐa (ionÐzousa kai mh ionÐzousa) eÐnai kajhmerin . Oi phgèc aktinobo-

lÐac mporeÐ na eÐnai eÐte fusikèc eÐte anjrwpogeneÐc. Kaj¸c h ergasÐa aut  epikentr¸netai

sthn ionÐzousa aktinobolÐa, ja pragmatopoihjeÐ arqik� mÐa sunoptik  anafor� stic phgèc mh

ionÐzousac aktinobolÐac, kai mÐa pio analutik  perigraf  twn phg¸n ionÐzousac aktinobolÐac.

GÔrw mac up�rqoun pollèc phgèc mh ionÐzousac aktinobolÐac. Autèc perilamb�noun fo-

Ôrnouc mikrokum�twn, sust mata entopismoÔ jèshc, kinht� kai asÔrmata thlèfwna, thleo-

ptikoÔc kai radiofwnikoÔc stajmoÔc, stajmoÔc kai grammèc met�doshc enèrgeiac, oikiakèc

kalwdi¸seic kai hlektrikèc suskeuèc. KÔria phg  fusik c mh ionÐzousac aktinobolÐac eÐnai

o 'Hlioc, o opoÐoc ekpèmpei se ìlo to hlektromagnhtikì f�sma, me thn uperi¸dh aktinobolÐa

na apoteleÐ karkinogìno par�gonta gia ton �njrwpo (Tsitomeneas, 2011).

Sqetik� me tic phgèc ionÐzousac aktinobolÐac, oi kuriìterec phgèc fusik c aktinobìlhshc

eÐnai h kosmik  aktinobolÐa, h aktinobolÐa tou ed�fouc thc Ghc (kurÐwc petr¸mata ìpwc o

granÐthc), to radìnio kai ta radionouklÐdia mèsa stic trofèc (p.q. 40Ca). H pleioyhfÐa thc

aktinobolÐac upob�jrou proèrqetai apì radìnio, èna aèrio pou emfanÐzetai fusik� wc èmmeso

proðìn aposÔnjeshc twn metalleum�twn ouranÐou sthn epif�neia thc Ghc (Angelopoulos and

Sakelliou, 1994). Oi fusikèc epÐgeiec phgèc ekjètoun ton kajèna mac se mia sunolik  mèsh

dìsh aktinobolÐac upob�jrou thc t�xhc twn 2.4mSv an� ètoc, an kai up�rqei shmantik  dia-

kÔmansh an�loga me ton tìpo katoikÐac kai tic idiaÐterec sunj kec gia k�je �tomo xeqwrist�,

me th mèsh et sia dìsh na ft�nei mèqri ta 3.01mSv (Di Trolio et al., 2015).

Oi teqnhtèc phgèc aktinobolÐac sundèontai me thn ergasiak  èkjesh (p.q. ergasÐa se
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nosokomeÐa, biomhqanÐec, exorÔxeic, purhnikoÔc antidrast rec), me plhj¸ra iatrik¸n prakti-

k¸n di�gnwshc kai jerapeÐac (p.q. aktinografÐa, axonik  tomografÐa, aktinojerapeÐa), me

th diaqeÐrhsh radienerg¸n apobl twn pou proèrqontai apì qr sh ionÐzousac aktinobolÐac

(p.q. nosokomeÐa, biomhqanÐec, purhnikoÐ antidrast rec) all� kai apì th radienerg  mìlunsh

exaitÐac k�poiou atuq matoc (p.q. Chernobyl) (IAEA, 2004; Tsitomeneas, 2011).

Sq ma 2.3: Olistik  ektÐmhsh thc mèshc et siac dìshc aktinobolÐac pou dèqetai o k�toikoc thc
Ell�dac apì fusikèc kai teqnhtèc phgèc aktinobolÐac (EEAE, 2015).

2.4 AllhlepÐdrash AktinobolÐac kai 'Ulhc

Sth fusik , wc aktinobolÐa orÐzetai h ekpomp    met�dosh enèrgeiac me th morf  swmati-

dÐwn   kum�twn mèsa se èna ulikì mèso   sto di�sthma. H aktinobolÐa aut  mporeÐ na eÐnai

swmatidiak  (aktinobolÐec a, b, g kaj¸c kai aktinobolÐa prwtonÐwn kai netronÐwn), hlektro-

magnhtik  (radiokÔmata, upèrujrec, oratì f¸c, uperi¸dhc aktinobolÐa, aktÐnec Q, aktÐnec g),

akoustik  (hpèrhqoi, seismik� kÔmata) kai barutik  (barutik� kÔmata).

H katanìhsh twn mhqanism¸n allhlepÐdrashc aktinobolÐac kai Ôlhc eÐnai idiaÐtera shma-

ntik  tìso gia th melèth twn diafìrwn diergasi¸n pou lamb�noun q¸ra sthn atmìsfaira enìc

plan th lìgw kosmik c aktinobolÐac, ìso kai gia melètec sta plaÐsia thc radiobiologÐac, th

jwr�kishc apì thn aktinobolÐa, thn anÐqneush aktinobolÐac kai sqedìn k�je praktik c efar-

mog c aktinoprostasÐac. Parak�tw perigr�fontai sunoptik� oi kuriìteroi mhqanismoÐ me touc

opoÐouc h akitnobolÐa allhlepidr� me thn Ôlh.

To fwtohlektrikì fainìmeno (photoelectric effect), apoteleÐ mÐa diadikasÐa kat� thn opoÐa

hlektrik� fortismèna swmatÐdia ekpèmpontai apì   mèsa se èna ulikì, ìtan autì aporrof�

hlektromagnhtik  aktinobolÐa (Serway and Jewett, 2014). Suqn� orÐzetai wc ekpomp  hle-

ktronÐwn apì mia metallik  pl�ka ìtan prospÐptei p�nw thc fwc. Genik�, h aktinoboloÔmenh
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enèrgeia mporeÐ na eÐnai upèrujrh, orat    uperi¸dhc aktinobolÐa, aktÐnec Q   aktÐnec g, to

ulikì mporeÐ na eÐnai stereì, ugrì   aèrio, en¸ ta swmatÐdia pou ekpèmpontai mporeÐ na eÐnai

iìnta   hlektrìnia.

Sto fainìmeno Compton (Compton scattering), memonwmèna fwtìnia sugkroÔontai me

memonwmèna hlektrìnia pou eÐnai eleÔjera   asjen¸c sundedemèna sta �toma tou ulikoÔ

(Choppin et al., 2002). Ta fwtìnia aut� metafèroun mèroc thc enèrgeiac kai thc orm c

touc sta anakrouìmena hlektrìnia. Th stigm  thc sÔgkroushc, par�gontai nèa fwtìnia

qamhlìterhc enèrgeiac kai orm c, all� megalÔterou m kouc kÔmatoc, pou sked�zontai se

di�forec gwnÐec, an�loga me to posì enèrgeiac pou q�netai proc ta hlektrìnia.

To fainìmeno thc dÐdumhc gèneshc (pair production) lamb�nei q¸ra h paragwg  enìc ze-

Ôgouc hlektronÐou-pozitronÐou mèsw enìc palmoÔ hlektromagnhtik c enèrgeiac pou taxideÔei

mèsa sthn Ôlh, sun jwc kont� se ènan atomikì pur na (Choppin et al., 2002). ApoteleÐ mia

�mesh metatrop  thc aktinobolÐac se Ôlh kai eÐnai ènac apì touc kÔriouc trìpouc me touc

opoÐouc oi aktÐnec g uyhl c enèrgeiac aporrof¸ntai sthn Ôlh. Gia na eÐnai dunat  h paragw-

g  zeÔgouc, h enèrgeia tou fwtonÐou prèpei na eÐnai toul�qiston isodÔnamh me th m�za dÔo

hlektronÐwn (1.02MeV ). H enèrgeia twn fwtonÐwn pou uperbaÐnei to posì autì,metatrèpetai

se kinhtik  enèrgeia tou zeÔgouc hlektronÐou-pozitronÐou.

H exaölwsh (annihilation) apoteleÐ praktik� thn antÐstrofh diadikasÐa thc dÐdumhc gène-

shc. Prìkeitai gia mÐa antÐdrash kat� thn opoÐa èna swmatÐdio kai to antiswm�tiì tou su-

gkroÔontai kai exafanÐzontai apeleujer¸nontac enèrgeia (Choppin et al., 2002). H pio sunh-

jismènh tètoia antÐdrash sth Gh sumbaÐnei metaxÔ enìc hlektronÐou kai enìc pozitronÐou. 'Ena

pozitrìnio, to opoÐo mporeÐ na proèrqetai apì radienerg  di�spash apì tic allhlepidr�seic

twn kosmik¸n aktÐnwn me thn Ôlh, en¸netai me èna hlektrìnio kai sqhmatÐzei èna astajèc

�tomo, to pozitronium. To �tomo autì met� apì lÐgh ¸ra exafanÐzetai kai ekpèmpontai dÔo

fwtìnia.

To fainìmeno thc elastik c skèdashc (elastic scattering) afor� sugkroÔseic swmatidÐwn

ìpou ta swmatÐdia   h eswterik  kat�stash twn sugkrouìmenwn swmatidÐwn paramènoun

amet�blhta (Cottingham and Greenwood, 2004). Se aut n th diadikasÐa, h kinhtik  enèrgeia

enìc swmatidÐou diathreÐtai sto sÔsthma tou kèntrou m�zac, all� metab�lletai h dieÔjunsh

di�dos c tou, mèsw allhlepÐdrashc me �lla swmatÐdia   / kai dunamik�. 'Otan to prospÐpton

swmatÐdio diaqèetai sto dunamikì Coulomb enìc atìmou   morÐou (p.q. èna swm�tio a   èna

hlektrìnio), tìte h elastik  aut  skèdash lègetai skèdash Rutherford. An to prospÐpton

swmatÐdio eÐnai fwtìnio pou dieisdÔei se èna mèso me swmatÐdia megèjouc mikrìterou apì to

m koc kÔmatoc tou prospÐptontoc fwtonÐou, k�noume lìgo gia skèdash Rayleigh, en¸ an to
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fwtìnio allhlepidr� me elèjera fortismèna swmatÐdia (p.q. hlektrìnia), èqoume th skèdash

Thomson.

Se analogÐa, h anelastik  skèdash (inelastic scattering) lamb�nei q¸ra ìtan up�rqei

allhlepÐdrash kat� thn opoÐa den diathreÐtai h kinhtik  enèrgeia tou prospÐptontoc prwto-

genoÔc swmatidÐou. 'Etsi, h kinhtik  enèrgeia tou swmatidÐou autoÔ mporeÐ na auxhjeÐ   na

meiwjeÐ (Cottingham and Greenwood, 2004). To fainìmeno Compton apoteleÐ mÐa klas-

sik  perÐptwsh anelastik c skèdashc. Ta netrìnia ufÐstantai polloÔc tÔpouc skèdashc,

sumperilambanomènhc tìso thc elastik c ìso kai thc anelastik c skèdashc, me to eÐdoc thc

skèdashc na exart�tai apì thn taqÔthta tou netronÐou (gr gora   jermik� netrìnia). 'Otan

to prospÐpton swmatÐdio eÐnai hlektrìnio, tìte h pijanìthta elastik c skèdashc, an�loga

me thn enèrgeia tou prospÐptontoc hlektronÐou, eÐnai sun jwc megalÔterh apì ekeÐnh thc

anelastik c skèdashc.

H di�spash (decay) apoteleÐ mÐa tuqaÐa diadikasÐa kat� thn opoÐa ènac pur nac q�nei enèr-

geia ekpèmpontac aktinobolÐa, sun jwc me th morf  swmatÐwn-a (di�spash a), hlektronÐwn

  pozitronÐwn (di�spash b)   aktÐnwn g (apodiègersh). H enèrgeia tou pur na mei¸netai, me

apotèlesma na gÐnetai pio stajerìc (Marion, 1981).

Wc ionismìc (ionization) noeÐtai opoiad pote diadikasÐa kat� thn opoÐa hlektrik� oudètera

�toma   mìria metatrèpontai se iìnta. MporeÐ na prokÔyei apì thn ap¸leia enìc hlektronÐou

met� apì sugkroÔseic me upoatomik� swmatÐdia   sugkroÔseic me �lla �toma, mìria kai iìnta,

all� kai mèsw thc allhlepÐdrashc me hlektromagnhtik  aktinobolÐa. O ionismìc apoteleÐ

ènan apì touc kÔriouc trìpouc me touc opoÐouc h aktinobolÐa metafèrei thn enèrgei� thc sthn

Ôlh (p.q. fortismèna swmatÐdia kai aktÐnec Q). H galaxiak  kosmik  aktinobolÐa apoteleÐ thn

kÔria phg  ionismoÔ sthn tropìsfaira thc Ghc (Usoskin et al., 2008). Ta hliak� energhtik�

swmatÐdia prokaloÔn ionismì sthn atmìsfaira, eidik� stic polikèc perioqèc.

H aktinobolÐa pèdhc (Bremsstrahlung) eÐnai hlektromagnhtik  aktinobolÐa h opoÐa pa-

r�getai apì mia xafnik  epibr�dunsh   apìklish fortismènwn swmatidÐwn pou dièrqontai apì

thn Ôlh kont� se isqur� hlektrik� pedÐa atomik¸n pur nwn (Choppin et al., 2002). To fai-

nìmeno autì eÐnai polÔ pio èntono gia ta hlektrìnia, kaj¸c eÐnai polÔ pio elafri�, opìte

upìkeintai se megalÔterec epitaqÔnseic. H aktinobolÐa pèdhc eÐnai mia apì tic diadikasÐec me

tic opoÐec oi kosmikèc aktÐnec q�noun mèroc thc enèrgei�c touc mèsa sthn atmìsfaira thc

Ghc. AntÐstoiqa, oi hliakèc aktÐnec Q apodÐdontai sthn aktinobolÐa pèdhc pou par�getai apì

gr gora hlektrìnia pou dièrqontai apì thn Ôlh sth qrwmìsfaira tou 'Hliou.

H aktinobolÐa Cherenkov (Cherenkov radiation) apoteleÐ hlektromagnhtik  aktinobolÐa

pou par�getai apì fortismèna swmatÐdia ìtan aut� dièrqontai apì èna optik� diafanèc mèso
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me taqÔthta megalÔterh apì thn taqÔthta tou fwtìc se autì to mèso (Choppin et al., 2002).

2.5 Megèjh DosimetrÐac kai AktinoprostasÐac

Gia thn perigraf  kai posotikopoÐhsh thc ionÐzousac aktinobolÐac eÐnai aparaÐthtoc o ori-

smìc sugkekrimènwn megej¸n. UpeÔjunec gia autì eÐnai h Diejn c Epitrop  Mon�dwn kai

Metr sewn AktinobolÐac (International Commission on Radiation Units and Measurements,

ICRU), kaj¸c kai h Diejn c Epitrop  AktinoprostasÐac (International Commission on Ra-

diological Protection, ICRP), en¸ idiaÐtera shmantik  gia thn axiolìghsh thc èkjeshc eÐnai

kai to Ejnikì SumboÔlio AktinoprostasÐac kai Metr sewn AktinobolÐac (National Council

on Radiation Protection and Measurements, NCRP).

Sq ma 2.4: SÔnoyh twn megej¸n pou qrhsimopoioÔntai sth dosimetrÐa.

2.5.1 Radiometrik� Megèjh

Ta radiometrik� megèjh apoteloÔn fusikèc metr simec posìthtec pou qrhsimopoioÔntai gia

thn perigraf  kai posotikopoÐhsh tou pedÐou ionÐzousac aktinobolÐac. Ta pio shmantik� eÐnai

h energìthta kai h ro , ta opoÐa perigr�fontai sunoptik� parak�tw.

� Energìthta A

Wc energìthta (Activity) A mÐac posìthtac radionouklidÐou to opoÐo brÐsketai se dedo-

mènh energeiak  st�jmh orÐzetai to phlÐko thc mèshc tim c tou arijmoÔ twn aujìrmhtwn

radienerg¸n diasp�sewn dN , mèsa se èna qronikì di�sthma dt:
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A =
dN

dt
(2.1)

Mon�da mètrhshc eÐnai to Becquerel (1Bq = sec−1)   to Curie, to opoÐo antistoiqeÐ

sthn energìthta enìc grammarÐou 226Ra (1Ci = 37GBq).

� Ro  swmatidÐwn Φ

Wc ro  (Fluence) Φ orÐzetai to phlÐko tou arijmoÔ swmatÐwn pou prospÐptoun se mÐa

stoiqei¸dh epif�neia sfaÐrac da proc thn epif�neia aut :

Φ =
dN

da
(2.2)

Mon�da mètrhshc eÐnai to 1m−2.

2.5.2 Dosimetrik� Megèjh

Ta dosimetrik� megèjh aforoÔn metr simec fusikèc posìthtec, oi opoÐec qrhsimopoioÔntai

gia thn posotikopoÐhsh thc enèrgeiac pou aporrof�tai se èna shmeÐo lìgw ionÐzousac aktino-

bolÐac, qwrÐc na lamb�noun upìyh tic biologikèc epidr�seic thc aktinobolÐac. Ta kuriìtera

eÐnai h aporrofoÔmenh dìsh kai to KERMA, ta opoÐa perigr�fontai parak�tw.

� AporrofoÔmenh Dìsh D

H aporrofoÔmenh dìsh (Absorbed Dose) D eÐnai to phlÐko thc mèshc enèrgeiac dE pou

aporrof�tai topik� se ènan stoiqei¸dh ìgko lìgw ionÐzousac aktinobolÐac proc th m�za

dm perièqetai ston ìgko autì:

D =
dE

dm
(2.3)

Mon�dec mètrhshc eÐnai to Gray (1Gy = 1 J/kg) kai to rad (1 rad = 0.01Gy). H

aporrofoÔmenh dìsh mporeÐ na oristeÐ gia ìla ta eÐdh aktinobolÐac, anex�rthta apì to

an h aktinobolÐa eÐnai �mesa   èmmesa ionÐzousa, kai gia opoiad pote gewmetrÐa aktino-

bìlhshc. ApoteleÐ mia kajar� fusik  posìthta pou den lamb�nei upìyh tic biologikèc

epipt¸seic thc aktinobolÐac, oÔte th mikroskopik  katanom  enèrgeiac kat� m koc thc

diadrom c thc aktinobìlhshc.

H mèsh aporrofoÔmenh dìsh DT,R se èna ìrgano   istì lìgw aktinobolÐac tÔpou R

dÐnetai apì th sqèsh:
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DT,R =
ET,R
mT

(2.4)

ìpou ET,R h olik  enèrgeia pou aporrof�tai apì to ìrgano   istì kai mT h m�za tou

org�nou   istoÔ antÐstoiqa.

� KERMA K

Me ton ìro KERMA (Kinetic Energy Release in Mass) K anaferìmaste stic èmmesa io-

nÐzousec aktinobolÐec, kurÐwc fwtìnia kai netrìnia. OrÐzetai wc to phlÐko thc kinhtik c

enèrgeiac dEK pou metafèretai se deuterogen  fortismèna swm�tia apì mh fortismèna

swm�tia se ènan sugkekrimèno ìgko proc th stoiqei¸dh m�za dm tou ìgkou autoÔ:

K =
dEK
dm

(2.5)

Mon�da mètrhshc eÐnai to Gray, en¸ paliìtera ginìtan qr sh tou rad. San mègejoc

sqetÐzetai �mesa me thn enèrgeia pou enapotÐjetai sth m�za dm, opìte gia to lìgo autì

qrhsimopoieÐtai h Ðdia mon�da me thn aporrofoÔmenh dìsh D.

2.5.3 Prostateutik� Megèjh

Ta prostateutik� megèjh den apoteloÔn metr simec posìthtec, par� mìno mporoÔme na tic

upologÐsoume. QrhsimopoioÔntai gia na sugkrÐnoume mia epÐdrash sthn ugeÐa pou parathreÐtai

met� apì èkjesh se aktinobolÐa, all� kai gia thn kajièrwsh nomik¸n orÐwn èkjeshc. Aut�

perilamb�noun th grammik� metaferìmenh enèrgeia, touc par�gontec barÔthtac aktinobolÐac

kai istoÔ, thn isodÔnamh dìsh kai thn energì dìsh, ta opoÐa analÔontai parak�tw.

� Grammik� Metaferìmenh Enèrgeia LET

H grammik� metaferìmenh enèrgeia (Linear Energy Transfer) LET ekfr�zei thn ena-

pìjesh enèrgeiac dEL apì fortismèna swm�tia se èna ulikì mèsw sugkroÔsewn me ta

hlektrìnia tou ulikoÔ, an� mon�da m kouc dl m koc thc diadrom c tou:

LET =
dEL
dl

(2.6)

Mon�da mètrhshc eÐnai to keV/µm. H LET parousi�zei aÔxhsh me aÔxhsh thc m�zac  

tou fortÐou, kai meÐwsh me thn aÔxhsh thc enèrgeiac.

Wc mègejoc sqetÐzetai �mesa me ta biologik� apotelèsmata thc aktinobolÐac. Pio su-

gkekrimèna, swm�tia qamhl c LET (< 10 keV/µm), dhlad  fwtìnia, hlektrìnia kai
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uyhloenergeiak� prwtìnia, prokaloÔn ligìterh bl�bh se sqèsh me swm�tia uyhl c

LET (> 10 keV/µm), ìpwc ta qamhloenergeiak� prwtìnia, ta netrìnia, ta swm�tia a

kaj¸c kai barÔtera swm�tia (ta swmatÐdia uyhl c LET , pou apant¸ntai sto diasth-

mikì perib�llon aktinobolÐac, lìgw uyhloÔ fortÐou kai enèrgeiac, suqn� anafèrontai

wc swm�tia HZE). Autì sumbaÐnei giatÐ kat� m koc thc troqi�c enìc swmatÐou uyhl c

LET , oi sugkroÔseic me ta hlektrìnia tou mèsou apèqoun mikrèc apost�seic metaxÔ

touc me apotèlesma na enapotÐjetai shmantikìterh posìthta enèrgeiac, aux�nontac ètsi

thn pijanìthta prìklhshc dipl c jraÔshc sto DNA. AntÐjeta, swm�tia qamhl c LET

enapojètoun thn enèrgei� touc pio omoiìmorfa (Sq ma 2.5).

Sq ma 2.5: Enapìjesh enèrgeiac apì swm�tia me qamhl  LET (arister�) kai uyhl  LET (dexi�)
(Cortese et al., 2018).

� Par�gontac barÔthtac aktinobolÐac wR

O par�gontac barÔthtac aktinobolÐac (Radiation Weighting Factor) wR eÐnai mia adi-

�stath stajer�, antiproswpeutik c thc sqetik c biologik c drastikìthtac (Relative

Biological Effectiveness - RBE) diafìrwn tÔpwn ionÐzousac aktinobolÐac. H RBE

qrhsimopoieÐtai gia th sÔgkrish twn biologik¸n epipt¸sewn pou prokÔptoun apì akti-

nobolÐec diaforetik c LET . 'Etsi, o wR exart�tai me th seir� tou apì thn tim  thc

LET , me ton wR na aux�netai me aÔxhsh thc LET .

Oi timèc tou wR gia di�fora eÐdh aktinobolÐac parousi�zontai ston PÐnaka 2.1. Para-

throÔme ìti h biologik  bl�bh lìgw prwtonÐwn kai fortismènwn pionÐwn eÐnai 2 forèc

megalÔterh apì aut  pou prokaleÐtai apì fwtìnia kai hlektrìnia, kai èwc 20 forèc

megalÔterh an prìketai gia swm�tia a kai barÔtera iìnta, ìpwc swm�tia HZE. H sunei-

sfor� twn netronÐwn parousi�zetai mèsw miac suneqoÔc sun�rthshc thc enèrgeiac twn

netronÐwn, ìpwc faÐnetai sto Sq ma 2.6.
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Sq ma 2.6: O suntelest c wR gia ta netrìnia wc sun�rthsh thc enèrgeiac twn netronÐwn (ICRP,
2013).

EÐdoc aktinobolÐac wR

Fwtìnia (g kai Q) ìlwn twn energei¸n 1
Hlektrìnia (b) kai miìnia ìlwn twn energei¸n 1
Prwtìnia kai fortismèna miìnia 2
Swm�tia a, jraÔsmata sq�shc, barèa iìnta 20

Netrìnia, me En < 1MeV 2.5 + 18.2e−[ln(En)]2/6

Netrìnia, me 1MeV ≤ En ≤ 50MeV 5.0 + 17.0e−[ln(2En)]2/6

Netrìnia, En > 50MeV 2.5 + 3.25e−[ln(0.04En)]2/6

PÐnakac 2.1: Oi timèc tou par�gonta barÔthta istoÔ wR, an�loga me to eÐdoc thc aktinobolÐac,
sÔmfwna me thn ICRP (ICRP, 2007).

� IsodÔnamh Dìsh HT

Prokeimènou na lhfjoÔn upìyh oi biologikèc epipt¸seic thc ionÐzousac aktinobolÐac

eis�getai h ènnoia thc isodÔnamhc dìshc (Equivalent Dose) HT . H HT,R orÐzetai wc to

ginìmeno tou par�gonta barÔthtac aktinobolÐac wR epÐ th mèsh aporrofoÔmenh dìsh se

èna ìrgano   istì lìgw aktinobolÐac tÔpou R:

HT,R = wRDT,R (2.7)

Gia miktì pedÐo aktinobolÐac (di�foroi tÔpoi kai enèrgeiec aktinoboli¸n) h sqèsh gÐnetai:
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'Organo / Istìc wT (%)

PneÔmonec, stom�qi, kìlon, mastoÐ, muelìc twn ost¸n, epinefrÐdia,
qolhdìqoc kÔsth, kardi�, nefr�, mÔec, p�gkreac, spl na, jÔmoc 0.12 0.72
adènac, lemfadènec, leptì èntero, stomatikìc blennogìnoc,
prost�thc, m tra kai tr�qhloc.

Gon�dec (ìrqeic, woj kec). 0.08 0.08

Ourodìqoc kÔsth,  par, oisof�goc, jureoeid c adènac. 0.04 0.16

Egkèfaloc, epif�neia ost¸n, dèrma, sielogìnoi adènec. 0.01 0.04

PÐnakac 2.2: Oi timèc tou par�gonta barÔthtac istoÔ wT , an�loga me to eÐdoc tou istoÔ, sÔmfwna
me thn ICRP (ICRP, 2007). Sthn trÐth st lh parousi�zetai h sunolik  suneisfor�.

HT =
∑
R

wRDT,R (2.8)

Mon�da mètrhshc eÐnai to Sievert (1Sv = 1 J/kg), en¸ merikèc forèc qrhsimopoieÐtai

kai h mon�da rem(1 rem = 0.01Sv).

H isodÔnamh dìsh qrhsimopoieÐtai kurÐwc gia to kajorismì twn mh stoqastik¸n apo-

telesm�twn thc aktinobolÐac se ènan istì   ìrgano. 'Omwc oi timèc thc RBE eÐnai

sun jwc qamhlìterec gia mh stoqastik� apotelèsmata se sqèsh me ta stoqastik�.

Autì k�nei telik� th qr sh thc HT mÐa sunthrhtik  prosèggish.

� Par�gontac barÔthtac istoÔ wT

O par�gontac barÔthtac istoÔ (Weighting Tissue Factor) wT apoteleÐ èna sqetikì mètro

tou kindÔnou stoqastik¸n epipt¸sewn pou mporeÐ na prokÔyoun apì thn aktinobìlhsh

enìc sugkekrimènou eÐdouc istoÔ. Me b�sh tic timèc tou wT oi istoÐ omadopoioÔntai

akoloÔjwc ston PÐnaka 2.2, an�loga me to epÐpedo epikindunìthtac. ParathroÔme ìti

o egkèfaloc, h epif�neia twn ost¸n, to dèrma kai oi sielogìnoi adènec parousi�zoun

megalÔterh anjektikìthta sthn aktinobolÐa se sqèsh me ta ìrgana fÔlou, to stom�qi

kai touc pneÔmonec. Oi timèc tou wT èqoun prokÔyei apo epidhmiologikèc melètec kai

prokÔptoun wc mèsoc ìroc gia ta dÔo fÔla kai gia ìlec tic hlikÐec.

� Energìc Dìsh E

Gia th sÔgkrish eterogen¸n katast�sewn aktinobolÐac pou odhgoÔn se diaforetikèc
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katanomèc isodÔnamhc dìshc se ìlo to s¸ma, qrhsimopoieÐtai h energìc dìsh Effective

Dose ET , h opoÐa orÐzetai gia èna sugkekrimèno ìrgano   istì wc to ginìmeno tou

par�gonta barÔthtac tou istoÔ autoÔ wT epÐ thn isodÔnamh dìsh HT,R:

ET = wT HT,R (2.9)

H E apoteleÐ ousiastik� th dipl� stajmismènh mèsh aporrofoÔmenh dìsh gia ìla ta

ìrgana kai touc istoÔc pou èqoun uposteÐ aktinobìlhsh:

E =
∑
T

wT HT =
∑
T

wT
∑
R

wRDT,R (2.10)

Mon�dec mètrhshc eÐnai to Sievert (Sv) kai to rem. QrhsimopoieÐtai gia thn posotiko-

poÐhsh twn stoqastik¸n apotelesm�twn thc ionÐzousac aktinobolÐac se olìklhro to

s¸ma.

2.5.4 Leitourgik� Megèjh

Gia touc skopoÔc thc aktinoprostasÐac, eÐnai shmantikì na prosdioristeÐ me th qr sh miac

metr simhc posìthtac, o kÐndunoc pou antiproswpeÔei gia ton �njrwpo èna pedÐo aktinobolÐac.

Kaj¸c opoiad pote realistik  kat�stash mètrhshc ja eÐnai idiaÐtera polÔplokh, gÐnontai

oi aparaÐthtec aplopoi seic. Gia to lìgo autì, ènac �njrwpoc antiproswpeÔetai apì mia

sfaÐra ICRU kai h isodÔnamh dìsh kajorÐzetai se b�joc 0.07mm gia to dèrma kai 10mm

gia eswterik� ìrgana.

Pio sugkekrimèna, h sfaÐra ICRU apoteleÐ èna omoÐwma anafor�c (reference phantom)

me di�metro 30 cm kai puknìthta 1 g/cm3 kai sÔstash pou prosomoi¸nei anjr¸pino malakì

istì (76.2%O2, 11.1%C, 10.1%H2, 2.6%N2) (ICRU, 1980). Oi diast�seic autèc pou qrhsi-

mopoioÔntai eÐnai perÐpou isodÔnamec me autèc tou anjr¸pinou s¸matoc.

Ta kuriìtera leitourgik� megèjh eÐnai h isodÔnamh dìsh perib�llontoc kai h proswpik 

isodÔnamh dìsh, ta opoÐa analÔontai parak�tw.

� IsodÔnamh Dìsh Perib�llontoc H∗(d)

H isodÔnamh dìsh perib�llontoc (Ambient Dose Equivalent) H∗(d) se èna shmeÐo P se

èna dedomèno pedÐo aktinobolÐac orÐzetai wc h isodÔnamh dìsh pou ja lamb�netai apì

to antÐstoiqo dieurumèno kai eujugrammismèno pedÐo sth sfaÐra ICRU se b�joc dmm

sto di�nusma aktÐnac pou antitÐjetai sthn kateÔjunsh tou eujugrammismènou pedÐou.

Mon�da mètrhshc thc H∗(d) eÐnai to Sievert (Sv).
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Gia èntona dieisdutik  aktinobolÐa to b�joc twn 10mm jewreÐtai idanikì. 'Etsi, h

H∗(10) jewreÐtai mia arket� kal  prosèggish thc isodÔnamhc dìshc pou lamb�netai

apì èna bajÔ ìrgano. To mègejoc H∗(10), kaj¸c kai o rujmìc isodÔnamhc dìshc

perib�llontoc dH∗(10)/dt, qrhsimopoioÔntai sta plaÐsia thc ergasÐac aut c.

� Proswpik  IsodÔnamh dìsh Hp(d)

H proswpik  dosimetrÐa perilamb�nei th qr sh dosimètrou gia th mètrhsh thc isodÔna-

mhc dìshc sto st joc. 'Etsi, h proswpik  isodÔnamh dìsh (Personal Dose Equivalent)

Hp(d) wc h isodÔnamh dìsh se malakì istì se b�joc dmm sthn perioq  tou st jouc.

Oi Hp(10) and Hp(0.07) eÐnai oi dÔo timèc pou qrhsimopoioÔntai gia thn proswpik  do-

simetrÐa.

2.6 AktinoprostasÐa

Stìqoc thc aktinoprostasÐac eÐnai h prostasÐa tou anjr¸pou kai tou perib�llontìc tou

apì tic epipt¸seic thc ionÐzousac aktinobolÐac. Pio sugkekrimèna, stoqeÔei sthn apotrop 

opoioud pote mh stoqastikoÔ apotelèsmatoc lìgw èkjeshc se aktinobolÐac, kaj¸c kai ston

periorismì se apodektì epÐpedo ìla twn stoqastik¸n apotelesm�twn (IAEA, 2018).

2.6.1 KathgorÐec kai Katast�seic �Ekjeshc

SÔmfwna me thn ICRP (ICRP, 2007), up�rqoun trÐa eÐdh katast�sewn èkjeshc:

� Problepìmenh kat�stash èkjeshc: mia kanonik� programmatismènh kat�stash

pou eis�gei kai qrhsimopoieÐ k�poia radienergì phg .

� Proôp�rqousa kat�stash èkjeshc: mia kat�stash pou up�rqei  dh ìtan apo-

fasÐzetai mÐa kat�stash katamètrhshc, ìpwc gia par�deigma h fusik  èkjesh, Ôparxh

kataloÐwn apì prohgoÔmenh drasthriìthta,   radìnio.

� Kat�stash èkjeshc èktakthc an�gkhc: mia aprosdìkhth kat�stash èkjeshc

pou emfanÐzetai kat� th di�rkeia mÐac programmatismènhc   eskemmènhc kat�stashc ìpou

apaiteÐtai epeÐgousa dr�sh. &

Epiplèon, anafèrontai treic kathgorÐec èkjeshc:

� Epaggelmatik  èkjesh (Occupational exposure): afor� thn èkjesh se aktinobo-

lÐa pou lamb�netai apì ènan ergazìmeno, ofeÐletai sthn ergasÐa tou ergazomènou kai
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Epaggelmatik 
'Ekjesh

'Ekjesh
KoinoÔ

Iatrik 
'Ekjesh

Problepìmenh p.q. ergasÐa se nosokomeÐo p.q. epÐskeyh se nosokomeÐo p.q. aktinografÐa,
Kat�stash   biomhqanÐa exorÔxewn diamon  kont� se axonik 
'Ekjeshc pur. antidrast ra aktinojerapeÐa

Proôp�rqousa p.q. plhr¸mata aeroskaf¸n p.q. radìnio sto spÐti -/-
Kat�stash kai diasthmoploÐwn gia
'Ekjeshc èkjesh se kosmik  aktinobolÐa

Kat�stash 'Ekje- p.q. �mesh apìkrish p.q. atÔqhma -/-
shc 'Ektakthc se atÔqhma

An�gkhc

PÐnakac 2.3: Oi kathgorÐec kai oi katast�seic èkjeshc (Phg : icrpaedia.org).

lamb�netai kat� th di�rkeia miac periìdou ergasÐac. Tètoia èkjesh mporeÐ na sumbeÐ se

biomhqanÐec, stic exorÔxeic, se iatrik� idrÔmata, se ekpaideutik� kai ereunhtik� idrÔma-

ta, se egkatast�seic purhnik¸n kausÐmwn, all� kai stic aerometaforèc (plhr¸mata

aeroskaf¸n) kai tic epandrwmènec diasthmikèc apostolèc.

� Dhmìsia èkjesh (Public exposure): afor� thn èkjesh se aktinobolÐa tou koinoÔ,

exair¸ntac thn epaggelamtik    iatrik  èkjesh, qwrÐc na perilamb�nei th fusik  topik 

radienèrgeia upob�jrou.

� Iatrik  èkjesh (Medical exposure): perilamb�nei thn èkjesh tou asjenoÔc, thn

èkjesh thc oikogèneia   thc koinìthta tou asjenoÔc pou mporeÐ na energeÐ wc frontistèc

kaj¸c kai opoiad pote èkjesh sto plaÐsio thc bioðatrik c èreunac.

Oi kathgorÐec kai oi katast�seic èkjeshc exet�zontai mazÐ gia na bohj soun sthn kalÔterh

prosèggish thc aktinoprostasÐac se mia sugkekrimènh perÐstash, ìpwc sta paradeÐgmata pou

faÐnontai ston PÐnaka 2.3.

2.6.2 Arqèc AktinoprostasÐac

Up�rqoun dÔo proseggÐseic pou qrhsimopoioÔntai genik� gia ton kajorismì twn epipèdwn

prostasÐac. H pr¸th prosèggish eÐnai prosanatolismènh sthn phg , me thn atomik  dìsh na

kajorÐzetai se sqèsh me thn phg  kai den prèpei na xeperasteÐ. H posìthta aut  onom�zetai

�epÐpedo anafor�c (reference level)� kai den apoteleÐ k�poio nomikì ìrio. To ìrio autì parèqei

thn prìsjeth euelixÐa pou apaiteÐtai se katast�seic èktakthc an�gkhc kai se up�rqousec
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katast�seic èkjeshc gia na diasfalisteÐ h bèltisth prostasÐa. Wstìso, e�n xeperasteÐ autì

to ìrio, h kat�stash prèpei na lhfjeÐ upìyh. H deÔterh prosèggish eÐnai atomik , kai isqÔei

mìno gia programmatismènec katast�seic èkjeshc. Sthn prosèggish aut , kajorÐzetai mia

dìsh, Ðsh to �jroisma twn dìsewn pou lamb�nontai apì ìlec tic rujmizìmenec phgèc, h opoÐa

den prèpei na xeperasteÐ. Aut  h posìthta onom�zetai �ìrio atomik c dìshc� (individual dose

limit).

DÔo apì tic basikèc arqèc thc aktinoprostasÐac sundèontai me thn prosèggish pou eÐnai

prosanatolismènh sthn phg  kai isqÔoun gia ìlec tic katast�seic èkjeshc (TekmhrÐwsh kai

BeltistopoÐhsh). AntÐstoiqa, mÐa arq  sundèetai me thn atomik  prosèggish kai isqÔei gia

programmatismènec katast�seic èkjeshc, ektìc apì thn iatrik  èkjesh (Kajorismìc orÐwn

dìsewn). Oi basikèc autèc arqèc thc aktinoprostasÐac sunoyÐzontai wc ex c:

� TekmhrÐwsh (Justification)

SÔmfwna me thn arq  thc tekmhrÐwshc, k�je drasthriìthta pou sunep�getai radiologikì

kÐnduno prèpei na eÐnai aitiologhmènh, kai opoiesd pote enallaktikèc diadikasÐec prèpei

na exet�zontai kai na qrhsimopoioÔntai ìtan eÐnai aparaÐthto. H wfèleia dhlad  lìgw

aktinobolÐac prèpei na eÐnai megalÔterh apì tic pijanèc dusmeneÐc epipt¸seic.

� BeltistopoÐhsh (As Low As Reasonably Achievable - ALARA)

H anÐqneush twn stoqastik¸n apotelesm�twn lìgw aktinobolÐac kai h upìjesh thc

èlleiyhc katwflÐou gia aut�, odhgeÐ sthn an�gkh thc beltistopoÐhshc. SÔmfwna me

thn arq  thc beltistopoÐhshc, h dìsh prèpei na diathreÐtai sta qamhlìtera dunat�

epÐpeda, lamb�nontac upìyh koinwnikoÔc kai oikonomikoÔc par�gontec, prokeimènou na

epiteuqjeÐ o skopìc thc aktinobìlhshc. Sta plaÐsia thc beltistopoÐhshc exet�zontai

h pijanìthta èkjeshc, o arijmìc twn atìmwn pou ektÐjentai kai h atomik  dìsh twn

atìmwn pou ektèjhkan.

� Kajorismìc orÐwn dìsewn (Individual Dose Limits)

H efarmog  twn arq¸n thc tekmhrÐwshc kai thc beltistopoÐhshc mporeÐ na odhg soun

se èna mikrì arijmì atìmwn pou ja lamb�noun uyhlèc dìseic. Gia to lìgo autì, prèpei

na gÐnei kajorismìc kai twn atomik¸n orÐwn dìshc. Ta ìria dìsewn apì mìna touc den

eÐnai arket� gia na diasfalisteÐ epark c prostasÐa (Angelopoulos and Sakelliou, 1994).

LeitourgoÔn se sunduasmì me tic jemeli¸deic arqèc thc aitiolìghshc kai thc beltisto-

poÐhshc. IsqÔoun mìno gia dìseic pou lamb�nontai pèra apì th fusiologik  topik 
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aktinobolÐa upob�jrou, en¸ den isqÔoun gia iatrik  èkjesh, kaj¸c h apotelesmati-

kìthta thc di�gnwshc   thc jerapeÐac mporeÐ na meiwjeÐ, k�nontac perissìtero kakì

par� kalì gia ton asjen . H èmfash dÐnetai sthn aitiolìghsh twn iatrik¸n diadikasi¸n

kai sth beltistopoÐhsh thc prostasÐac.

Ta ìria gia thn energì dìsh, se sunduasmì me th beltistopoÐhsh, èqoun sqediasteÐ

gia thn apofug  kindÔnwn lìgw stoqastik¸n epidr�sewn pou ja jewroÔntai mh anekt 

se mia problepìmenh kat�stash èkjeshc. Ta ìria isodÔnamhc dìshc gia èna ìrgano,

se sunduasmì me th beltistopoÐhsh, èqoun sqediasteÐ gia na apotrèpoun thn emf�nish

mh stoqastik¸n apotelesm�twn. Sta plaÐsia aut�, diakrÐnontai diaforetik� ìria gia

epaggelmatik  èkjesh se ionÐzousa aktinobolÐa se sqèsh me to genikì plhjusmì, ìpwc

faÐnetai ston PÐnaka 2.6. Ta ìria aut� eÐnai sÔmfwna me tic odhgÐec apì thn ICRP

103 (ICRP, 2007). ExaÐresh apoteleoÔn ta ìria gia thn isodÔnamh dìsh sta m�tia, ta

opoÐa eÐnai sÔmfwna me thn ICRP 118 (ICRP, 2012). H upèrbash twn orÐwn dìshc eÐnai

antÐjeth me touc kanonismoÔc stic perissìterec q¸rec.

SÔmfwna me th filosofÐa thc ICRP, to ìrio dìshc orÐzetai wc h tim  dìshc p�nw apì

thn opoÐa o kÐndunoc lìgw aktinobolÐac gÐnetai mh apodektìc (unacceptable). K�tw apì

to ìrio autì, o kÐndunoc jewreÐtai anektìc (tolerable). H efarmog  thc aitiolìghshc

kai thc beltistopoÐhshc odhgeÐ se apodektì kÐnduno (acceptable). H arq  thc beltisto-

poÐhshc efarmìzetai sthn perÐptwsh drasthriot twn pou den prosfèroun energì dìsh

megalÔterh apì 100µSv an� ètoc gia �toma me epaggelmatik  èkjesh se aktinobolÐa.

K�tw apì thn tim  aut , o kÐndunoc mporeÐ na jewrhjeÐ amelhtèoc (negligible).

2.7 Biologikèc Epipt¸seic Aktinoboli¸n

H ionÐzousa aktinobolÐa eÐnai idiaÐtera epikÐndunh gia touc zwntanoÔc organismoÔc kaj¸c

mporeÐ na prokalèsei swmatikèc metall�xeic (prìklhsh karkÐnou kai �llwn sumptwm�twn)

kai genetikèc metall�xeic pou ephre�zoun kai tic epìmenec genièc (asjèneiec, aÔxhsh jnh-

simìthtac). Par�llhla, epidr� sto èmbruo kat� th di�rkeia thc egkumosÔnhc (termatismìc

egkumosÔnhc, teratogènesh), en¸ mporeÐ na prokalèsei akìma kai �meso j�nato (Margari-

tis, 1987). H ikanìthta thc ionÐzousac aktinobolÐac na prokaleÐ genetikèc metall�xeic eÐnai

gnwst  polÔ prin apì thn anak�luyh thc dom c thc dipl c èlikac tou DNA apì th Rosalind

Franklin kai sth sunèqeia apì touc Watson kai Crick to 1953,   kai akìma pio prin apì to

peÐrama Hershey-Chase, ìpou apodeÐqjhke ìti to DNA pr�gmati apoteleÐ to genetikì ulikì.

H pio shmantik  epÐdrash thc aktinobolÐac sto zwntanì kÔttaro eÐnai h bl�bh sta qrwmo-
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s¸mata kai pio sugkekrimèna sto DNA. Aut  h bl�bh mporeÐ na odhg sei se kuttarikì j�nato

all� kai na prokalèsei metall�xeic all�zontac thn phg  twn genetik¸n plhrofori¸n. Oi epi-

dr�seic thc ionÐzousac aktinobolÐac sto DNA teÐnoun na eÐnai pio sobarèc se sqèsh me �lla

biologik� makromìria, me pollèc susthmatikèc epipt¸seic sthn ugeÐa na eÐnai to apotèlesma

bl�bhc tou DNA kai qrwmoswmik c bl�bhc (Cortese et al., 2018).

H pleionìthta twn blab¸n sto kuttarikì DNA pou prokaloÔntai apì ionÐzousa akti-

nobolÐa diafèrei shmantik� se fusikèc kai qhmikèc idiìthtec apì ekeÐnec pou prokaloÔntai

apì endogeneÐc phgèc, me to pio shmantikì qarakthristikì twn blab¸n aut¸n na eÐnai h po-

luplokìtht� touc (Becker and Sevilla, 1993). Genikìtera, ìso pio polÔplokoc eÐnai ènac

organismìc, tìso aux�netai h euaisjhsÐa tou sthn aktinobolÐa. Kat� thn epÐdrash thc io-

nÐzousac aktinobolÐac sta kÔttara, diakrÐnontai ta ex c diadoqik� st�dia (Angelopoulos and

Sakelliou, 1994; Margaritis, 1987):

� Fusikì st�dio (10−18 − 10−13 sec): ed¸ lamb�nei q¸ra h pr¸th epaf  thc aktinobolÐac

me ta mìria   �toma tou kutt�rou mèsw ionism¸n kai diegèrsewn.

� Fusikoqhmikì st�dio (10−13 − 10−3 sec): ed¸ sqhmatÐzontai oi polÔ drastikèc kai bra-

qÔbiec eleÔjerec rÐzec.

� Bioqhmikì st�dio (10−3 − 103 sec): ed¸ oi eleÔjerec rÐzec antidroÔn tìso metaxÔ touc

ìso kai me �lla mìria prokal¸ntac mìnimec allagèc se sustatik� shmantik� gia to

metabolismì twn kutt�rwn kai sqhmatismì alloiwmènwn morÐwn.

� Biologikì st�dio (103−1010 sec): ed¸ ekdhl¸nontai mh fusiologik� fainìmena se moria-

kì epÐpedo (anastol  prwteðnosÔnjeshc), se kuttarikì epÐpedo (anastol  kuttarik c

diaÐreshc) kai se epÐpedo organismoÔ (ekd lwsh sumptwm�twn, diakop  zw c).

H bl�bh apì thn aktinobolÐa sto DNA proèrqetai, loipìn, kurÐwc apì to sqhmatismì

eleujèrwn riz¸n kai mporeÐ na taxinomhjeÐ eÐte wc domik  bl�bh (Sq ma 2.7) pou odhgeÐ se

jraÔsh fwsfodiesterik¸n desm¸n kai epakìloujo aplì sp�simo thc èlikac tou DNA (Single

Strand Break - SSB)   diplì sp�simo (Double Strand Break - DSB), eÐte wc allag  stic ge-

netikèc plhroforÐec pou prokaloÔntai me qhmik  tropopoÐhsh twn memonwmènwn b�sewn DNA

lìgw aktinobolÐac, ìpwc diagraf  (katastrof ) miac b�shc   dhmiourgÐa qhmikoÔ desmoÔ me-

taxÔ dÔo perioq¸n tou DNA (Sq ma 2.8). H èkjesh se aktÐnec Q 1mGy prokaleÐ èna SSB

an� kÔttaro kat� mèso ìro, en¸ DSB sumbaÐnoun ligìtero suqn�, se 0,04 jèseic an� kÔttaro

(MOE, 2016). Kai oi dÔo tÔpoi bl�bhc mporeÐ na eÐnai janathfìroi kai na odhg soun se

metall�xeic. Pio sugkekrimèna, ta SSB mporeÐ na l�boun q¸ra sto fwsfodiesterikì desmì
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  sto desmì an�mesa se mÐa b�sh kai to s�kqaro, en¸ ta DSB perilamb�noun sp�simo kai

stic dÔo èlikec. Oi b�seic mporeÐ na upostoÔn bl�bh   na katastrafoÔn   na metablhjoÔn

qhmik�, me th shmantikìthta aut c thc bl�bhc na eÐnai ligìterh apì to SSB.

Sq ma 2.7: Sqhmatik  anapar�stash twn tÔpwn bl�bhc tou DNA pou dhmiourgoÔntai apì th
dièleush aktinobolÐac kat� m koc miac diadrom c. Ta qrwmatist� astèria antiproswpeÔoun

alloi¸seic b�shc   pentìzhc (Lomax et al., 2013).

Sq ma 2.8: H �mesh bl�bh prokaleÐtai apì thn enapìjesh enèrgeiac se apeujeÐac qtup mata apì
hlektrìnia pou apeleujer¸nontai se diergasÐec ionismoÔ. Oi eleÔjerec rÐzec udroxulÐou (OH), pou
sqhmatÐzontai me ionismì sthn udrìlush tou neroÔ, mporoÔn na prokalèsoun èmmesh bl�bh sto

DNA se qhmikèc antidr�seic (Richter, 2012).

To DSB teÐnei na eÐnai h pio krÐsimh apì tic bl�bec lìgw ionÐzousac aktinobolÐac gia thn

tÔqh twn kutt�rwn kai mporeÐ epomènwc na jewrhjeÐ wc o basikìc par�gontac purodìthshc

thc kuttarik c apìkrishc kai thc prosarmog c sthn èkjesh se aktinobolÐa, lìgw thc kut-

tarotoxikìtht�c tou. Prìketai gia èna sp�simo ston fwsfodiesterikì desmì kai twn dÔo
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kl¸nwn tou DNA pou diaqwrÐzetai apì perÐpou 10 zeÔgh b�sewn, me to sÔnjeto DSB na èqei

toul�qiston èna akìma epiplèon sp�simo metaxÔ twn spasim�twn aut¸n. JewreÐtai wc h kÔria

radiotoxik  bl�bh, me el�qista DSB na prokaloÔntai endogen¸c. Tìso ta apl� ìso kai ta

sÔnjeta DSB prokaloÔntai apì ionÐzousa aktinobolÐa mè 3' �kra mplokarÐsmatoc, p.q. 3'-

fwsforik¸n   3'-fwsfoglukolik¸n tmhm�twn, kai èqoun monìklwnec proexoqèc metablhtoÔ

m kouc, me ta sÔnjeta DSB na emfanÐzoun uyhl  suqnìthta tropopoÐhshc oxeÐdwshc b�sewn

kai abasik¸n topojesi¸n pou geitni�zoun �mesa me ta �kra twn DSB. 'Etsi, ta DSB emfa-

nÐzoun mia idiaÐtera sÔnjeth domik  kai qhmik  poluplokìthta, me apotèlesma na emfanÐozun

meiwmènh dunatìthta apokat�stashc se sÔgkrish me ekeÐnh twn memonwmènwn blab¸n.

Tìso ta eÐdh aktinobolÐac me qamhlì LET ìso kai autèc me uyhlì LET prokaloÔn bl�bec

sto DNA, me thn poluplokìthta thc zhmi�c na poikÐllei an�loga me to LET. Kat� thn èkjesh

se aktinobolÐa qamhloÔ LET, perÐpou to 70% thc enapotijèmenhc enèrgeiac prokaleÐ apomo-

nwmènec bl�bec, oi opoÐec aux�noun to oxeidwtikì fortÐo tou kutt�rou, en¸ to upìloipo 30%

prokaleÐ omadopoihmènec jèseic blab¸n diaforetik c domik c kai qhmik c poluplokìthtac.

Gia èkjesh se akinobolÐa uyhloÔ LET, perÐpou to 90% thc enapotijèmenhc enèrgeiac odhgeÐ

se omadopoihmènec perioqèc blab¸n, sumperilambanomènwn twn DSB. Pio sugkekrimèna, to

80% twn DSB prokaleÐtai kurÐwc apì aktinobolÐa uyhloÔ LET, me apotèlesma th aktino-

bolÐa uyhloÔ LET na èqei entonìterh karkinogìno dr�sh, kaj¸c ta DSB odhgoÔn se pio

anepanìrjwtec bl�bec sto DNA.

H bl�bh thc aktinobolÐac sto DNA lamb�nei q¸ra me di�forouc trìpouc, oi opoÐoi, mèqri

t¸ra, èqoun taxinomhjeÐ se �mesouc   èmmesouc. To �meso apotèlesma antistoiqeÐ se �meso

ionismì tou DNA me apotèlesma ton sqhmatismì drastik¸n katiìntwn kai aniìntwn sto Ðdio to

DNA. To èmmeso apotèlesma antistoiqeÐ sthn enapìjesh enèrgeiac sth gÔrw perioq  (kurÐwc

nerì) akoloujoÔmenh apì epÐjesh apì drastikèc rÐzec (HO-, e-, H-) apì thn perioq  aut .

Wstìso, se polÔploka sust mata ìpwc to kÔttaro, h bl�bh mporeÐ epÐshc na proklhjeÐ apì

aktinobìlhsh morÐwn pou sundèontai me to DNA (sumperilambanomènou tou neroÔ dialutopo-

Ðhshc, twn prwteðn¸n istìnhc kai �llwn desmeumènwn prwteðn¸n) pou metafèroun jetikèc opèc

kai /   hlektrìnia stouc kl¸nouc tou DNA   pou argìtera antidroÔn me diasÔndesh   me afa-

Ðresh udrogìnou. 'Etsi, h kathgoriopoÐhsh se �mesec kai èmmesec èqei gÐnei ligìtero qr simh

kai k�pwc sugkequmènh. AntÐjeta, h taxinìmhsh twn mhqanism¸n bl�bhc se trÐa xeqwrist�

apotelèsmata, �mesa (direct effects), sqedìn �mesa (quasi-direct effect) kai èmmesa (indirect

effects), antikatoptrÐzei me megalÔterh akrÐbeia to pl rec f�sma twn diadikasi¸n pou sum-

baÐnoun. O ìroc �meso apotèlesma diathreÐ th sun jh shmasÐa tou. To èmmeso apotèlesma

perigr�fei th diadikasÐa kat� thn opoÐa oi drastikèc rÐzec tou neroÔ kai oi deuterogeneÐc rÐzec
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prwteònhc diaqèontai kai antidroÔn me to DNA. Autì mporeÐ na prokalèsei drastik� katiìnta

b�shc DNA apì thn rÐza udroxulÐou, pijan¸c mèsw antÐdrashc prosj khc-afud�twshc dÔo

stadÐwn kai drastik¸n aniìntwn b�shc apì th sÔndesh e-.O nèoc ìroc �sqedìn �mesh epÐdra-

sh� anafèretai se mia trÐth diadikasÐa: oi ionismoÐ lìgw aktinobolÐac odhgoÔn se opèc kai

hlektrìnia se biomoriak� eÐdh kai to nerì pou brÐskontai polÔ kont� sto DNA, ta opoÐa sth

sunèqeia ufÐstantai gr gorh metafor� sto DNA gia na sqhmatÐsoun rÐzec iìntwn sto Ðdio to

DNA. EÐnai safèc ìti oi �mesec, sqedìn �mesec kai èmmesec epipt¸seic mporoÔn na èqoun wc

apotèlesma ta Ðdia drastik� eÐdh (Becker and Sevilla, 1993).

Epiplèon, h kosmik  aktinobolÐa, wc ionÐzousa aktinobolÐa, eÐnai se jèsh na apomakrÔnei,

toul�qiston, èna hlektrìnio apì èna �tomo   mìrio dhmiourg¸ntac eleÔjerec rÐzec (Reactive

Oxygen Species - ROS). Autèc qwrÐzontai se drastikèc (uperoxeÐdio, udroxÔlio, uperoxÔlio,

alkoxÔlio kai udroôperoxÔlio) kai mh drastikèc (uperoxeÐdio udrogìnou, ìzon, aplì oxugìno,

uperoxunitr¸dec kai upoqlwri¸dec oxÔ). Se uyhlèc sugkentr¸seic, prokaloÔn probl mata

stic fusiologikèc kuttarikèc leitourgÐec, gia par�deigma, oxeid¸nontac lipÐdia, mei¸nontac ta

s�kqara kai ta aminoxèa   prokal¸ntac meg�lo arijmì tropopoi sewn stic pourÐnec kai tic

purimidÐnec. Oi antidr�seic me prwteònec mporoÔn na odhg soun se di�spash thc prwteònhc,

diasÔndesh   ap¸leia domik¸n kai /   katalutik¸n leitourgi¸n. Ta sust mata apoikodìmhshc

twn kuttarik¸n prwteðn¸n mporeÐ,   ìqi, na anagnwrÐzoun autèc tic an¸malec prwteònec. 'Otan

den anagnwrÐzontai, oi an¸malec prwteònec ja susswreÔontai kai, me thn p�rodo tou qrìnou,

ja prokaloÔn epiblabeÐc epidr�seic se kÔttara   organismoÔc (Silva et al., 2013).

'Oloi oi eukaruwtikoÐ organismoÐ èqoun exeliqjeÐ sta plaÐsia miac suneqoÔc èkjeshc se

endogen  kai exwgen  metallaxiogìna, kai wc ek toÔtou èqoun anaptÔxei isquroÔc kuttari-

koÔc mhqanismoÔc gia thn episkeu  tou DNA kai thn prostasÐa apì bl�bec sto DNA. Oi

mhqanismoÐ kuttarik c prostasÐac ènanti bl�bhc kai met�llaxhc tou DNA kai thc episkeu-

 c tou DNA mporoÔn na qarakthristoÔn wc mhqanismoÐ �meshc kai prosarmostik c �munac.

AutoÐ perilamb�noun thn paragwg  antioxeidwtik¸n pou exoudeter¸noun tic eleÔjerec rÐzec

pou par�gontai apì to metabolismì tou oxugìnou, thn ionÐzousa kai thn uperi¸dh aktinobo-

lÐa, di�forouc mhqanismoÔc episkeu c tou DNA (ìpwc episkeu  �meshc anastrof c   ektom c

b�shc, thn epidiìrjwsh noukleotidÐwn, thn episkeu  anantistoiqÐac gia monìklwnec tropopoi-

 seic, th mh omìlogh telik  ènwsh, ton omìlogo anasunduasmì gia DSB kai thn epidiìrjwsh

diastauroÔmenhc zeÔxhc gia tropopoi seic pou ephre�zoun kai touc dÔo kl¸nouc), thn ex�lei-

yh twn katestrammènwn kutt�rwn mèsw apìptwshc, kai thn anaparagwgik  g ransh (Willers

et al., 2004). Oi kuttarikoÐ mhqanismoÐ epidiìrjwshc epidiorj¸noun apotelesmatik� to mega-

lÔtero mèroc thc bl�bhc tou DNA, sumperilambanomènwn twn SSB kai thc bl�bhc se b�seic,
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all� mìno èna kl�sma twn DSB.

Kaj¸c ta eukaruwtik� kÔttara epidiorj¸noun tic bl�bec sto DNA (kurÐwc ta DSB)

mèsw thc mejìdou thc mh omìloghc telik c sÔndeshc   tou allhlikoÔ anasunduasmoÔ, parou-

si�zetai mia t�sh ap¸leiac genetik¸n plhrofori¸n eÐte mèsw ap¸leiac eterozugwtikìthtac

kai diagraf¸n eÐte mèsw genetik¸n anadiat�xewn. Autì èqei wc apotèlesma oi bl�bec sto

DNA na epanorj¸ntai lanjasmèna kai na epibi¸noun. To gegonìc autì eÐnai upeÔjuno gia ta

ap¸tera apotelèsmata thc èkjeshc se aktinobolÐa kai mporeÐ na odhg sei se sobarèc kutta-

rogenetikèc alloi¸seic kai kuttarikì j�nato,   metasqhmatismì kai ogkogonikìthta mèsw thc

apenergopoÐhshc gonidÐwn katastol c ìgkwn èwc kai energopoÐhsh orismènwn ogkogonidÐwn.

Ta pijan� biologik� apotelèsmata twn aktinoboli¸n diakrÐnontai se dÔo meg�lec kath-

gorÐec, an�loga me thn Ôparxh   ìqi katwflÐou sthn kampÔlh dìshc - antapìkrishc (Sq ma

2.9). Aut� eÐnai ta ex c:

� Mh stoqastik� apotelèsmata (Deterministic effects): prìkeitai gia apote-

lèsmata pou emfanÐzontai ìtan h dìsh xepern� mÐa dìsh katwflÐou. H emf�nis  touc

se qamhlìterec dìshc eÐnai adÔnath, en¸ gia timèc dìshc megalÔterec tou katwflÐou,

h sfodrìthta thc bl�bhc aux�netai me thn aÔxhsh thc dìshc. Ta apotelèsmata aut�

eÐnai sun jwc �mesa kai ekdhl¸nontai se mikrì qronikì di�sthma apì thn aktinobìlhsh.

Perilamb�noun thn katastrof  twn aimofìrwn aggeÐwn, thn el�ttwsh thc gonimìthtac

kai thn emf�nish katarr�kth sta m�tia (Angelopoulos and Sakelliou, 1994).

� Stoqastik� apotelèsmata (Stochastic effects): prìkeitai gia apotelèsmata

pou emfanÐzontai tuqaÐa se merik� �toma Ôstera apì aktinobìlhsh enìc plhjusmoÔ.

Den up�rqei tim  katwflÐou en¸ h sfodrìthta thc bl�bhc den kajorÐzetai apì thn

tim  thc dìshc. AntÐjeta, h h tim  thc dìshc kajorÐzei thn pijanìthta emf�nishc thc

bl�bhc. Ta apotelèsmata aut� eÐnai sun jwc ap¸tera kai ekdhl¸nontai se meg�lo

qronikì di�sthma apì thn aktinobìlhsh (qrìnia èwc kai dekaetÐec). Perilamb�noun thn

karkinogènesh kai th genetik  epib�runsh, ta opoÐa mporeÐ na ekdhlwjoÔn akìma kai se

mhdenik  dìsh (Angelopoulos and Sakelliou, 1994).

Genik�, an oi qrwmoswmikèc alloi¸seic sumboÔn se èna swmatikì kÔttaro, h pijan  biolo-

gik  epÐdrash sqetÐzetai me thn an�ptuxh kai th zw  tou organismoÔ. An, ìmwc, oi alloi¸seic

sumboÔn se èna genetikì kÔttaro, tìte oi alloi¸seic autèc ja metabibastoÔn se ìla ta kÔt-

tara twn epìmenwn gene¸n. Gia to lìgo autì den up�rqei kat¸fli gia tic genetikèc epidr�seic

twn aktinoboli¸n (Angelopoulos and Sakelliou, 1994).
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Sq ma 2.9: KampÔlh dìshc - antapìkrishc. H Ôparxh   mh katwflÐou qarakthrÐzei antÐstoiqa ta
mh stoqastik� apotelèsmata (arister�) kai ta stoqastik� apotelèsmata (dexi�) (MOE, 2016).

Gia thn axiolìghsh tou kindÔnou emf�nishc karkÐnou lìgw èkjeshc se qamhlèc dìseic,

qrhsimopoioÔntai kurÐwc ta apotelèsmata twn epidhmiologik¸n ereun¸n twn epiz¸ntwn apì

tic atomikèc bìmbec sth Hiroshima kai to Nagasaki. O kÐndunoc emf�nishc karkÐnou aux�netai

sqedìn grammik� kaj¸c h dìsh èkjeshc aux�netai p�nw apì perÐpou ta 150mSv. Wstìso,

den eÐnai safèc e�n oi kÐndunoi aux�nontai epÐshc grammik� sthn perÐptwsh èkjeshc se akti-

nobolÐa se dìseic 150mSv, lìgw èlleiyhc epark¸n epidhmiologik¸n dedomènwn gia èkjesh

se tìso qamhlèc sìseic. Epiplèon, peir�mata me th qr sh z¸wn   kuttarokalliergei¸n apo-

k�luyan ìti h sÔgkrish thc èkjeshc se uyhlèc dìseic se sÔntomo qronikì di�sthma me thn

empeirÐa twn epiz¸ntwn atomik c bìmbac kai twn ekjèsewn qamhl c dìshc gia meg�lo qroni-

kì di�sthma, to teleutaÐo enèqei qamhlìterouc kindÔnouc ìtan oi sunolikèc dìseic èkjeshc

eÐnai oi Ðdiec. H ICRP kajorÐzei ta prìtupa aktinoprostasÐac gia ekjèseic qamhl c dìshc,

upojètontac ìti oi epidr�seic ja emfanÐzontai an�loga me ta epÐpeda thc dìshc (grammik  a-

pìkrish dìshc), en¸ aut  th stigm  proteÐnontai kai di�fora �lla montèla (Sq ma 2.10). Apì

aut�, to montèlo upereuaisjhsÐac Hypersensitivity model) upodhl¸nei megalÔtero kÐnduno se

qamhlìterec dìseic, to montèlo LNT eÐnai h eujeÐa pou parekteÐnetai sto mhdèn, pr�gma pou

shmaÐnei ìti o kÐndunoc karkÐnou ja auxhjeÐ me thn aÔxhsh thc dìshc, to montèlo katwflÐou

(Threshold model) uponoeÐ ìti k�tw apì mia sugkekrimènh dìsh, den up�rqei kÐndunoc, en¸

to montèlo Hormesis upodhl¸nei ìti oi qamhlèc dìseic aktinobolÐac mporeÐ na eÐnai akìmh

prostateutikèc kai euergetikèc.

2.8 'Ekjesh se kosmik  aktinobolÐa

Sto epÐpedo ed�fouc, h kosmik  aktinobolÐa antiproswpeÔei mìno perÐpou to 10% thc a-

ktinobolÐac upob�jrou (Di Trolio et al., 2015), en¸ h pagkìsmia mèsh èkjesh se kosmik 
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Sq ma 2.10: Montèla gia touc kindÔnouc sthn ugeÐa apì thn èkjesh se qamhl� epÐpeda ionÐzousac
aktinobolÐac (CNSC, 2013).

aktinobolÐa sumb�llei perÐpou sto 13% thc sunolik c et siac energoÔ dìshc pou lamb�ne-

tai apì ton plhjusmì (UNSCEAR, 2008). Gia thn Eur¸ph, h et sia dìsh lìgw kosmik c

aktinobolÐac eÐnai genik� k�tw apì 360µSv kai gia ligìtero apì 1% p�nw apì 1000µSv. Oi

uyhlìterec timèc aforoÔn ta uyhlìtera mèrh thc Eur¸phc, ìpwc oi 'Alpeic, ta PurhnaÐa kai

h anatolik  TourkÐa (boun� me uyìmtero p�nw apì 3000m) kai aggÐzoun th mègisth tim 

twn 3955µSv. Oi mesaÐec timèc, pou kumaÐnontai metaxÔ 400 − 900µSv, sqetÐzontai epÐshc

me fusikì uyìmetro, gia par�deigma, sthn IspanÐa me mèso Ôyoc 600m   sthn eurwpaðk 

pedi�da, h opoÐa ekteÐnetai se apìstash 2 km, apì tic gallikèc aktèc tou AtlantikoÔ èwc ta

Our�lia 'Orh (Sq ma 2.11). AntÐjeta, h el�qisth tim  twn 301µSv sto epÐpedo thc j�lassac

sumpÐptei kurÐwc me tic par�ktiec topojesÐec, me exaÐresh ta par�ktia boun� thc NorbhgÐac

(Cinelli et al., 2017; Wissmann et al., 2005).

AntÐstoiqa, stic HPA, h mèsh et sia energìc dìsh pou lamb�netai gia to genikì plhjusmì

apì ìlec tic phgèc eÐnai 3mSv, me thn pleioyhfÐa thc èkjeshc aut c na proèrqetai apì fusikèc

phgèc aktinobolÐa, ìpwc radìnio kai �lla radionouklÐdia. Sto epÐpedo thc j�lassac, mìno

perÐpou to 0.27mSv thc et siac dìshc apodÐdetai se kosmik  aktinobolÐa, me rujmì dìshc

0.05µSv an� ¸ra. AntÐstoiqa, �toma pou mènoun se uyhlì uyìmetro, ìpwc gia par�deigma sto

Ntènber tou Kolor�nto (1600m), lamb�noun dipl�sia dìsh se sqèsh me autoÔc pou diamènoun

sto epÐpedo thc j�lassac (Sq ma 2.12), en¸ sta uyìmetra pt shc emporik¸n aeroskaf¸n

(10 km) o rujmìc dìshc mporeÐ na eÐnai thc t�xhc twn 4µSv an� ¸ra.

H kosmik  aktinobolÐa sto diasthmikì kai atmosfairikì q¸ro, apoteleÐtai apì:

� th galaxiak  kosmik  aktinobolÐa, h opoÐa apoteleÐ èna mìnimo upìbajro èkje-

shc,
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Sq ma 2.11: Et sia sullogik  energìc dìsh kai mèsh stajmismènh wc proc ton plhjusmì et sia
energìc dìsh an� �tomo lìgw kosmik c aktinobolÐac gia tic q¸rec thc Eurwpaðk c 'Enwshc (Cinelli

et al., 2017).

� ta swmatÐdia pou brÐskontai pagideumèna sth magnhtìsfaira,

� ta hliak� energhtik� swmatÐdia, pou apoteloÔn èktakta kai arket� epikÐnduna

gegonìta, kai

� thn uperi¸dh aktinobolÐa, pou apoteleÐtai apì ligìtero energhtik� swmatÐdia.

Apì ta parap�nw, oi galaxiakèc kai hliakèc kosmikèc aktÐnec, kaj¸c kai ta swmatÐdia mèsa

sth magnhtìsfaira apoteloÔn ionÐzousa aktinobolÐa, me apotèlesma na apoteloÔn kÐnduno

tìso gia ta plhr¸mata aeroskaf¸n kai diasthmik¸n apostol¸n ìso kai touc taxidi¸tec pou

qrhsimopoioÔn suqn� tic enaèriec metaforèc. H èkjesh tou anjr¸pou metab�lletai an�loga

me to atmosfairikì uyìmetro apì thn epif�neia thc j�lassac, to gewgrafikì pl�toc (dhlad 

to kat¸fli katakìrufhc magnhtik c duskamyÐac) kaj¸c kai th f�sh tou hliakoÔ kÔklou.

Sto Sq ma 2.13 dÐnetai mÐa sqhmatik  anapar�stash thc aÔxhshc thc dìshc me thn aÔxhsh

tou Ôyouc.

H hliak  kosmik  aktinobolÐa sundèetai me �mesec epidr�seic sthn ugeÐa, lìgw èktaktwn

fainomènwn meg�lhc èntashc. Ta sumpt¸mata aut� emfanÐzontai �mesa, sun jwc mèsa se
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Sq ma 2.12: H et sia energìc dìsh (mSv) lìgw kosmik c aktinobolÐac gia ton Kanad� kai tic
HPA (Grasty and LaMarre, 2004).

merikèc ¸rec   hmèrec, kai ofeÐlontai se kuttarikì j�nato   kuttarikì ekfulismì. Aut� mporeÐ

na eÐnai to SÔndromo OxeÐac Aktinobìlhshc Acute Radiation Syndrome - ARS, kìpwsh, oxeÐa

dermatik� probl mata, ìpwc egkaÔmata, kai nìsouc tou kentrikoÔ neurikoÔ sust matoc. To

SÔndromo OxeÐac Aktinobìlhshc mporeÐ na perilamb�nei nautÐa kai èmeto mèsa se lÐgec ¸rec

apì thn èkjesh, di�rroia pou mporeÐ na suneqisteÐ merikèc hmèrec èwc merikèc ebdom�dec met�

thn èkjesh, meÐwsh twn erujrokutt�rwn, aimorragÐa, ex�ntlhsh twn aimopoihtik¸n org�nwn,

ap¸leia tou triqwtoÔ thc kefal c, kai parodik  andrik  steirìthta (McPhee and Charles,

2009). AntÐstoiqa, oi makroqrìniec epidr�seic sthn ugeÐa sundèontai me th makrìqronh èkjesh

sth mìnima paroÔsa galaxiak  kosmik  aktinobolÐa. Ta sumpt¸mata mporeÐ na emfanistoÔn

met� apì arketoÔc m nec èwc qrìnia, en¸ mporoÔn akìma na per�soun stic epìmenec genièc.

K�poia apì aut� mporeÐ na ofeÐlontai se kuttarikì j�nato   kuttarikì ekfulismì, ìpwc

bl�bec sthn ìrash, katarr�kthc tou ofjalmoÔ, mh fusiologik  an�ptuxh kai dusplasÐa tou

embrÔou, en¸ �lla ofeÐlontai kurÐwc se metall�xeic, ìpwc o karkÐnoc, di�foroi sumpageÐc

ìgkoi, h leuqaimÐa, h ekfulistik  kardiak  nìsoc kai oi klhronomikèc diataraqèc.

2.8.1 Plhr¸mata aeroskaf¸n

Genik�, ta plhr¸mata twn aeroskaf¸n (kai aut� twn diasthmik¸n aeroskaf¸n ìpwc ja doÔme

parak�tw) exaitÐac thc fÔshc tou epaggèlmatìc touc an koun stouc genikìtera ugieÐc erga-

zìmenouc se sqèsh me to genikì plhjusmì (healthy worker effect). Autì sumbaÐnei tìso lìgw

thc diadikasÐac epilog c prokeimènou k�poioc na gÐnei pilìtoc   aerosunodìc ìso kai lìgw
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Sq ma 2.13: Ta epÐpeda èkjeshc se kosmik  aktinobolÐa sta di�fora atmosfairik� uyìmetra,
kaj¸c kai oi kÐndunoi pou egkumonoÔn gia thn ugeÐa tou anjr¸pou (Phg : esa.int).

thc suneqoÔc kai austhr c parakoloÔjhsh thc ugeÐac tou plhr¸matoc (Kuipers et al., 2014;

Zeeb et al., 2012), par�llhla me ton teleÐwc diaforetikì trìpo zw c kai thn uyhl  koinwni-

kooikonomik  kat�stash thc om�dac aut c. Autì èqei wc apotèlesma h sunolik  jnhsimìthta

tou plhr¸matoc na eÐnai qamhlìterh apì aut  tou genikoÔ plhjusmoÔ, en¸ oi perissìteroi

iatrikoÐ paj seic kai oi par�gontec lìgw trìpou zw c, ìpwc to k�pnisma kai h qr sh alkoìl,

eÐnai ligìtero diadedomènoi sta plhr¸mata aeroporik¸n etairei¸n.

Parìl' aut� plhr¸mata aeroskaf¸n ektÐjentai epaggelmatik� se par�gontec pou endèqe-

tai na èqoun arnhtikì antÐktupo sthn ugeÐa touc. Qarakthristikì par�deigma apoteloÔn oi

di�foroi karkinogìnoi kai metallaxogìnoi par�gontec ìpwc eÐnai h ionÐzousa kosmik  aktino-

bolÐa, h uperi¸dhc aktinobolÐa, ta magnhtik� pedÐa apì ta ìrgana tou pilothrÐou, to ìzon, oi

di�forec pthtikèc ousÐec, ìpwc ta aerolÔmmata, oi rÔpoi tou aèra kampÐnac, oi exatmÐseic apì

ta kaÔsima tou aeropl�nou   apì ta ulik� tou aeropl�nou, oi akanìnistec ¸rec ergasÐac, h

suneq c diataraq  tou kirkadikoÔ rujmoÔ (Rafnsson et al., 2001a). Autì èqei wc apotèle-

sma orismènec asjèneiec na emfanÐzontai suqnìtera se sqèsh me to genikì plhjusmì, ìpwc

eÐnai di�foroi kako jeic kai mh ìgkoi lìgw èkjeshc se aktinobolÐa, en¸ auxhmèna eÐnai kai ta
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posost� suqnìthtac emf�nishc HIV, dermatÐtidac kai traumatism¸n (Kuipers et al., 2014).

Ta plhr¸mata aeroskaf¸n ektÐjentai diark¸c se galaxiak  kosmik  aktinobolÐa. Se èkta-

ktec peript¸seic, mporeÐ na ektejoÔn se SPEs, ta opoÐa ekdhl¸nontai perissìtero sta uyhl�

gewgrafik� pl�th antÐstoiqa. AntÐstoiqa, pijan  eÐnai kai h Ôparxh energhtik¸n netronik¸n

gegonìtwn (Solar Neutron Events - SNEs)   gegonìtwn hliak¸n aktÐnw g (Solar Gamma

Ray Event - SGEs) ta opoÐa parathroÔntai kurÐwc se qamhl� gewgrafik� pl�th. Tèloc,

pèra apì tic exwg inec phgèc, di�fora fainìmena pou sumbaÐnoun mèsa sthn atmìsfaira lìgw

kataigÐdwn kai keraun¸n (Bramlitt and Shonka, 2015), ìpwc oi epÐgeiec ekl�myeic aktÐnwn g

(Terrestrial Gamma Ray flashes - TGFs) endèqetai na suneisfèroun shmantik� sthn aÔxhsh

thc dìshc mèsa se èna deuterìlepto (Bramlitt and Shonka, 2015). An kai oi upokeÐmenec

fusikèc diergasÐec sqetik� me to fainìmeno autì den èqoun akìmh katanohjeÐ pl rwc, fa-

Ðnetai na sqetÐzetai me hlektrìnia uyhl c enèrgeiac pou epitaqÔnontai sta hlektrik� pedÐa

twn kataigÐdwn. H aktinobolÐa g uyhl c enèrgeiac prokÔptei apì allhlepidr�seic aut¸n twn

hlektronÐwn me �toma sthn atmìsfaira kai sth sunèqeia mporeÐ akìmh kai na dhmiourg sei

radienerg� isìtopa sthn atmìsfaira lìgw fwtopurhnik¸n allhlepidr�sewn (Meier et al.,

2020).

H èkjesh twn pilìtwn kai tou plhr¸matoc kampÐnac se kosmik  aktinobolÐa exart�tai apì

to uyìmetro sto opoÐo pragmatopoieÐtai h pt sh, th diadrom  thc pt shc, th di�rkeia thc

pt shc kai thn hliak  drasthriìthta (Linnersjö et al., 2003). Genikìtera, ìso aux�netai to

uyìmetro   h qronik  di�rkeia thc pt shc, tìso ja aux�netai kai h dìsh. Pio sugkekri-

mèna, o mègistoc rujmìc dìshc mèsa sthn atmìsfaira eÐnai perÐpou sta 20 km kai mei¸netai

stadiak� mèqri thn epif�neia tou ed�fouc. Se eurwpaðkèc pt seic, èqei metrhjeÐ aÔxhsh sto

rujmì dìshc kat� ènan par�gonta 4.6 me metabol  tou uyomètrou apì ta 8 km sta 12 km. To

uyìmetro pt shc kajorÐzetai kai apì to eÐdoc tou aeropl�nou pou qrhsimopoieÐtai (Sq ma

2.14). AntÐstoiqa, parathreÐtai kai auxhmènh dìsh ìtan h pt sh dièrqetai apì meg�la   polik�

gewgrafik� pl�th, kaj¸c up�rqei mikrìterh jwr�kish apì to gewmagnhtikì pedÐo. Tèloc,

exaitÐac thc antisusqètishc thc èntashc thc kosmik c aktinobolÐac kai thc hliak c drasthri-

ìthtac, uyhlìterec dìseic parathroÔntai kat� to hliakì el�qisto. Eidik  perÐptwsh apoteleÐ

h parousÐa k�poiou SPE, to opoÐo endèqetai na aux sei th dìsh kat� pollèc t�xeic megèjouc

(Shea and Smart, 2000). Ston PÐnaka 2.4 dÐnetai kat� prosèggish to èuroc metabol c gia

kajèna apì touc parap�nw par�gontec.

Oi pijanèc epipt¸seic thc kosmik c aktinobolÐac sthn ugeÐa èqoun gÐnei antikeÐmeno anhsu-

qÐac kai èreunac prìsfata, kai gia to lìgo autì, ta plhr¸mata aeroskaf¸n èqoun taxinomhjeÐ

wc epaggelmatik� ektejeimèna se ionÐzousec aktinobolÐec apì to 1996 (EURATOM, 1996).
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Sq ma 2.14: Rujmìc energoÔ dìshc gia di�fora eÐdh aeropl�nou kai uyomètrwn pt shc (Federico
et al., 2010).

Par�gontac EÔroc Metabol c Entìc Magnhtìsfairac

Uyìmetro Par�gontac 1000 Apì to epÐpedo thc j�lassac èwc ta 80000 ft

Gewgrafikì Pl�toc Par�gontac 2 Uyhlìtero sta polik� gewgrafik� pl�th

Hliakìc KÔkloc Par�gontac 2 Uyhlìtero sta meg�la gewgrafik� pl�th

SPEs Metablhtì Uyhlìtera sta polik� gewgrafik� pl�th,
èktakta gegonìta

PÐnakac 2.4: Metabol  thc èkjeshc se kosmik  aktinobolÐa (Miroshnichenko, 2003; Shea
and Smart, 2000).

Ta tupik� epÐpeda et siac èkjeshc sthn perioq  2− 6mSv, en¸ sp�nia uperbaÐnei ta 8mSv,

pairn¸ntac perÐpou 1000 ¸rec an� ètoc pet¸ntac. Autì isodunameÐ me perÐpou th dipl�sia

et sia dìsh aktinobolÐac upob�jrou stic perissìterec q¸rec kai eÐnai megalÔterh apì th

dìsh aktinobolÐac pou lamb�noun oi ergazìmenoi sthn purhnik  enèrgeia. Jewrhtik�, mÐa

dìsh twn 150mSv kat� th di�rkeia thc sunolik c karièrac enìc pilìtou ja mporoÔse na eÐnai

dunat , parìl' aut� èreunec den èqoun deÐxei ajroistikèc dìseic pou na xepernoÔn ta 100mSv.

(Blettner et al., 2003).

Gia thn axiolìghsh thc èkjeshc tou proswpikoÔ miac aeroporik c etaireÐac se kosmik 

aktinobolÐa, up�rqei mia poikilÐa mejìdwn, ìpwc sugkekrimènec metr seic kat� th di�rkeia thc

pt shc kai upologismoÐ eÐte me b�sh dedomèna hmerologÐou eÐte me b�sh di�forec proseggÐseic

kai upologismoÔc kat� thn perÐodo apasqìlhshc. Oi melètec autèc basÐzontai genik� se mia

kal  sunergasÐa metaxÔ twn aeroporik¸n etairei¸n kai twn ergazomènwn   twn organism¸n

touc, kaj¸c pollèc apì tic aparaÐthtec plhroforÐec proèrqontai apì arqeÐa proswpikoÔ
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(Zeeb et al., 2012), en¸ h parakoloÔjhsh routÐnac gia ta plhr¸mata, ìpwc gÐnetai stouc

ergazomènouc sthn purhnik  biomhqanÐa, ja  tan mh praktik  kai dÔskolo na efarmosteÐ (Fe-

derico et al., 2010). Oi perissìterec epidhmiologikèc melètec mèqri stigm c den mpìresan na

enswmat¸soun tìso leptomereÐc plhroforÐec kai basÐzontan sun jwc se m�llon akatèrga-

stec metr seic (Hammer et al., 2000).

Parìl' aut�, pl joc epidhmiologik¸n ereun¸n kai ereun¸n axiolìghshc thc èkjeshc se

kosmik  aktinobolÐa èqoun l�bei q¸ra se pollèc q¸rec, ìpwc eÐnai h Ell�da (Paridou et al.,

2003), h GermanÐa (Dreger et al., 2020; Hammer et al., 2012), h ItalÐa (De Angelis et al.,

2001)h GallÐa (Desmaris, 2016), h FinlandÐa (Pukkala et al., 1995), h NorbhgÐa (Pukkala

et al., 2002), h SouhdÐa (Linnersjö et al., 2003), h IspanÐa (Saez Vergara et al., 2005), h

PortogalÐa (Silva et al., 2013), h IslandÐa (Rafnsson et al., 2001a), h PolwnÐa (Bilski et al.,

2004), h AÐguptoc (Sayed et al., 2010), h IapwnÐa (Yasuda et al., 2011), h Korèa (Cho, 2020),o

Kanad�c (Lewis et al., 1999), h AustralÐa (Olsen et al., 2019) kai oi HPA (Grajewski et al.,

2011, 2018; Yong et al., 2014). AntÐstoiqa èqoun gÐnei kai pollèc sugkentrwtikèc melètec

ìpwc sthn Eur¸ph (Blettner et al., 2003; Langner et al., 2004; Zeeb et al., 2003). Me

b�sh upologismoÔc, se 1000 �toma plhr¸matoc kampÐnac, h jnhsimìthta twn 220 anamènetai

apì karkÐno apì karkÐno pou den sqetÐzetai me thn ergasÐa, en¸ 3 anamènetai na pej�noun

lìgw ergasiak c èkjeshc se ionÐzousa aktinobolÐa (Friedberg et al., 1989). Ta diajèsima,

ìmwc, epidhmiologik� dedomèna den deÐqnoun saf  susqètish twn epipt¸sewn sthn ugeÐa me

thn èkjesh sthn kosmik  aktinobolÐa (Di Trolio et al., 2015; Zeeb et al., 2012). Epiplèon,

h energìc dìsh, pou sun jwc qrhsimopoieÐtai stic melètec autèc, jewreÐtai kat� kÔrio lìgo

akat�llhlh gia epidhmiologikoÔc skopoÔc, dedomènwn twn paragìntwn barÔthtac aktinobolÐac

kai istoÔ pou qrhsimopoioÔntai gia ton upologismì thc. Autì isqÔei eidik� gia kosmik 

aktinobolÐa uyhl c LET, gia thn opoÐa up�rqei meg�lh suz thsh se sqèsh me touc par�gontec

barÔthtac pou qrhsimopoioÔntai. To gegonìc autì endèqetai na odhg sei se qamhlìterh

ektÐmhsh thc èkjeshc kai oi melètec telik� na èqoun mikrìterh isqÔ (Schubauer Berigan,

2020).

'Opwc eÐpame kai parap�nw, kaj¸c h prwtogen c kosmik  aktinobolÐa allhlepidr� me thn

amtìsfaira, par�gontai deuterogen  swmatidÐa, ta opoÐa sta sunhjismèna uyìmetra pt shc,

apoteloÔntai se èna polÔ meg�lo posostì (sqedìn 50%) apì netrìnia, ta opoÐa katat�sso-

ntai wc Group 1 karkinogìno apì ton Diejn  Organismì 'Ereunac gia ton KarkÐno (IARC),

kaj¸c kai fortismèna swmatÐdia me uyhl  RBE (Grajewski et al., 2011). Ta netrìnia aut�

antiproswpeÔoun èna shmantikì mèroc thc energoÔ dìshc tou plhr¸matoc, gegonìc pou th

diakrÐnei apì �llec epaggelmatikèc om�dec pou ektÐjentai se ionÐzousa aktinobolÐa (Rafnsson
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et al., 2001a). AxÐzei na shmeiwjeÐ ìti se tupik� uyìmetra pt shc kai mesaÐa gewgrafik�

pl�th, ta netrìnia mporeÐ na apoteloÔn to 55% thc isodÔnamhc dìshc perib�llontoc, ta h-

lektrìnia kai ta pozitrìnia to 20%, ta prwtìnia perÐpou 15%, kai ta miìnia kai ta fwtìnia

to upìloipo. H sqetik  aut  suneisfor� poikÐllei an�loga me th f�sh tou hliakoÔ kÔklo

kai to uyìmetro. Se k�je perÐptwsh, autì kajist� ta plhr¸mata pt shc ènan apì touc

lÐgouc plhjusmoÔc pou eÐnai gnwstì ìti ektÐjentai se netrìnia. To energeiakì eÔroc twn

swmatidÐwn aut¸n eÐnai arket� meg�lo sta uyìmetra pt shc kai kumaÐnetai apì 0.023 eV èwc

perissìtera apì 400MeV gia ta netrìnia, apì dek�dec KeV èwc ekatont�dec MeV gia thn

hlektromfwtonik  sunist¸sa kai tèloc apì 10MeV èwc ekatont�dec GeV gia ta prwtìnia

(Federico et al., 2010).

IdiaÐtera shmantikì gia thn èkjesh kat� th di�rkeia aeroporik¸n pt sewn apoteleÐ kai

to mègisto Regener-Pfotzer (Regener and Pfotzer, 1935). Prìkeitai gia to shmeÐo ìpou ta

prwtogen  piìnia kai adrìnia mei¸nontai, en¸ aux�nontai ta deuterogen  swmatÐdia, kai ku-

rÐwc ta miìnia. EmfanÐzetai sto str¸ma thc tropìpaushc kai k�tw apì th stratìsfaira, se

uyìmetro 14 − 25 km, lamb�nontac th mègisth tim  tou perÐpou se Ôyoc 18 km. To mègisto

Regener-Pfotzer apoteleÐ mia shmantik  phg  ionismoÔ sthn atmìsfaira thc Ghc kai sunep¸c

ionismoÔ thc Ôlhc, kai gia to lìgo autì, den epitrèpetai sta aerosk�fh na paramènoun se

autì to Ôyoc. K�tw apì to shmeÐo autì, h èntash thc deuterogenoÔc kosmik c aktinobolÐac

mei¸netai stadiak� mèqri to èdafoc.

'Etsi, en¸ oi makroprìjesmec epipt¸seic thc aktinobolÐac stouc aeropìrouc eÐnai akìmh

ellipeÐc, pollèc melètec deÐqnoun ènan shmantikìtero kÐnduno emf�nishc karkÐnou sta plh-

r¸mata aeroskaf¸n (Krain, 2019; NASA, 2016). Mh shmantik� auxhmènh pijanìthta parath-

reÐtai kai gia �llec morfèc karkÐnou, ìpwc karkÐnoc sto p�gkreac, sto stom�qi, sto kentrikì

neurikì sÔsthma (Hammer et al., 2012), ston prost�th (Hammer et al., 2009), sto jureoeid 

adèna (Liu et al., 2018) kaj¸c kai emf�nishc oxeÐac muelogen c leuqaimÐac (Gundestrup and

Storm, 1999).

O kÐndunoc emf�nishc kako jouc melan¸matoc kai �llwn karkÐnwn tou dèrmatoc eÐnai pe-

rÐpou dipl�sioc stouc pilìtouc aeroporik¸n etairei¸n kai to pl rwma kampÐnac se sÔgkrish

me to genikì plhjusmì, lìgw thc auxhmènhc epaggelmatik c èkjeshc se uperi¸dh aktinobolÐa

kai kosmik  aktinobolÐa, pou sqetÐzetai me to uyìmetro pt shc (Miura et al., 2018; Nicholas

et al., 2009; Sanlorenzo et al., 2015). Sta sun jh uyìmetra pt shc twn emporik¸n aeroska-

f¸n (perÐpou 9 km), to epÐpedo uperi¸douc aktinobolÐac eÐnai perÐpou dipl�sio apì autì sto

èdafoc, kai mporeÐ na eÐnai akìmh uyhlìtero ìtan petoÔn p�nw apì paqi� str¸mata nef¸n

  qiìnia, pou antanakloÔn èwc kai to 85% thc uperi¸douc aktinobolÐac. To ulikì pou qrh-
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Sq ma 2.15: To katakìrufo profÐl twn deuterogen¸n kosmik¸n aktÐnwn, me dedomèna apì dÔo
diaforetikèc apostolèc kat� th di�rkeia diaforetik¸n f�sewn hliak c drasthriìthtac, ìpou

diakrÐnetai to mègisto Regener-Pfotzer (Sarkara et al., 2017)

simopoieÐtai sto pilot rio kai ta par�jura kampÐnac twn aeropl�nwn eÐnai ikanì na kìyei to

megalÔtero tm ma thc UVB aktinobolÐac, faÐnetai ìmwc na empodÐzoun el�qista thn aktino-

bolÐa UVA na eisqwr sei, me apotèlesma tìso to pl rwma ìso kai oi epib�tec na ektÐjentai

sthn aktinobolÐa aut  (Sanlorenzo et al., 2015).

Up�rqei ìmwc perÐptwsh to mel�nwma na mhn sqetÐzetai apokleistik� me thn èkjesh se

uperi¸dh aktinobolÐa, all� kai me thn èkjesh se ionÐzousa kosmik  aktinobolÐa, par� to

gegonìc ìti h et sia èkjesh faÐnetai na eÐnai k�tw apì ta epÐpeda pou jewroÔntai epÐ tou pa-

rìntoc epikÐnduna, sumperilambanomènou tou dèrmatoc. An kai to mel�nwma eÐnai ènac karkÐnoc

me polÔ qamhl  euaisjhsÐa sthn epagwg  me ionÐismì kai kat� sunèpeia den perilamb�netai

stouc karkÐnouc pou apodÐdontai susthmatik� se ionÐzousa aktinobolÐa, oi �asfaleÐc dìseic�

sqetik� me thn pijanìthta emf�nishc melan¸matoc den èqoun kajoristeÐ epakrib¸c kai ètsi

ta trèqonta ìria epaggelmatik c èkjeshc den ja mporoÔsan na qrhsimopoihjoÔn gia na ela-

qistopoihjeÐ autìc o kÐndunoc. Up�rqei mia grammik  sqèsh metaxÔ emf�nsihc melan¸matoc

(all� ìqi jnhsimìthtac lìgw melan¸matoc kai di�rkeiac apasqìlhshc, èkjeshc se aktino-

bolÐa di�rkeiac pt sewn (Miura et al., 2018). To basikokuttarikì karkÐnwma tou dèrmatoc

apoteleÐ ènan karkÐno pou sqetÐzetai me thn aktinobolÐa, opìte mporeÐ na apodojeÐ se kosmik 

aktinobolÐa (Gudmundsdottir et al., 2017). H emf�nish tou karkin¸matoc autoÔ èqei parath-

rhjeÐ kai se stratiwtikoÔc pilìtouc, polÔ nwrÐtera apì to anamenìmeno gia ènan antÐstoiqa
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arket� ugi  plhjusmì (Wilkison and Wong, 2017). Genikìtera, o tÔpoc tou aerosk�fouc

paÐzei rìlo sthn èkjesh se kosmik  aktinobolÐa. Gia par�deigma, ta aerosk�fh pou kinoÔntai

me èlika epifèroun èwc 0.2µSv/blockhour, ta Boeing 727 kai 737 èwc 2µSv/blockhour kai

ta Douglas DC8 kai DC10 kai ta Boeing 757 èwc 3µSv/blockhour (Rafnsson et al., 2001a).

Eidikìtera, oi epidhmiologikèc melètec pou aforoÔn plhr¸mata jhlukoÔ gènouc (gunaÐkec

pilìtoi kai aerosunodoÐ) deÐqnoun mÐa sqetik� auxhmènh pijanìthta emf�nishc karkÐnou tou

mastoÔ (Barr et al., 2007; Pukkala et al., 1995; Rafnsson et al., 2001b; Tokumaru et al.,

2006; Zeeb et al., 2003). An kai o karkÐnoc tou mastoÔ sundèetai �mesa me thn èkjesh

se ionÐzousa aktinobolÐa, �lloi par�gontec, ìpwc oi metabolèc ston kirkadianì rujmì kai

h paragwg  melatonÐnhc, mporoÔn epÐshc na eujÔnontai gia thn emf�nish karkÐnou mastoÔ

(Rafnsson et al., 2001b). Mh shmantik� auxhmènoc kÐndunoc parousi�zetai kai gia �llec en-

deqìmenec epipt¸seic ìpwc h emf�nish ostikoÔ karkÐnou, karkÐnou tou traq lou thc m trac

kai twn wojhk¸n, karkÐnou tou jureoeidoÔc adèna, nìso tou Hodgkin, lèmfwma non-Hodgkin

kai leuqaimÐa (Pinkerton et al., 2018; Rafnsson et al., 2001b). IdiaÐterh prosoq  prèpei na

dojeÐ sthn perÐptwsh egkumosÔnhc, kaj¸c aerosunodoÐ pou petoÔn kat� th di�rkeia egumo-

sÔnhc, endèqetai na xeper�soun to ìrio tou 1mSv sto èmbruo kat� th sunìlikh di�rkeia thc

egkumosÔnhc, ìpwc proteÐnetai apì thn ICRP (Grajewski et al., 2002).

H epagwg  katarr�kth lìgw epaggelmatik c èkjeshc twn plhrwm�twn aeroskaf¸n apo-

teleÐ epÐshc èna shmantikì jèma endiafèrontoc gia thn aerodiasthmik  iatrik  ta teleutaÐa

qrìnia (IAEA, 2004). Lìgw poll¸n metablht¸n, eÐnai dÔskolo na prosdioristeÐ e�n up�rqei

auxhmènoc kÐndunoc katarr�kth pou prokaleÐtai �mesa apì thn allhlepÐdrash me to peri-

b�llon pt shc, eÐte eidik� me thn prostijèmenh èkjesh se aktinobolÐa kat� th di�rkeia thc

pt shc. H enapìjesh enèrgeiac apì kosmikèc aktÐnec g kai netrìnia dÔnatai na prokalèsei io-

nismì twn sustatik¸n tou ofjalmikoÔ fakoÔ (kurÐwc tou neroÔ) kai na paraqjoÔn eleÔjerec

rÐzec (kurÐwc rÐzec udroxulÐou), oi opoÐec mporoÔn eÔkola na antidr�soun kai na all�xoun

th leitourgÐa tou DNA kai twn kuttarik¸n membran¸n me uyhlìtero mitwtikì rujmì, ìpwc

autèc twn fak¸n (Jones et al., 2006).

Tèloc, h diark c èkjesh tou plhr¸matoc se ionÐzousa aktinobolÐa qamhl¸n dìsewn sun-

dèetai me aÔxhsh di�forwn qrwmoswmik¸n anwmali¸n kai alloi¸sewn, me morf  ken¸n, spa-

sim�twn   metatopÐsewn, pou odhgoÔn se kuttarogenetikèc allagèc (Grajewski et al., 2018;

Heimers, 1999; Romano et al., 1997; Yong et al., 2015b; Zeeb et al., 2012).
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2.8.2 Epib�tec

Oi aeroporikèc pt seic apoteloÔn plèon èna koinì trìpo metafor�c se olìklhro ton kìsmo,

idÐwc lìgw thc èleushc aeroskaf¸n meg�lhc embèleiac kai twn sqetik� oikonomik¸n aeropo-

rik¸n eisitirÐwn. Pio sugkekrimèna, sÔmfwna me th Diejn  'Enwsh Aeroporik¸n Metafor¸n

(International Air Transport Association - IATA), to 2010 upologÐsthkan perÐpou 1.8 dise-

katommÔria epib�tec pt sewn, me to 40% aut¸n na qrhsimopoioÔn diejneÐc pt seic tl(Zeeb

et al., 2012). 'Etsi, to ipt�meno koinì ektÐjetai se uyhlìterh apì th mèsh dìsh aktinobolÐac,

gegonìc pou prokaleÐ anhsuqÐa gia th dhmìsia ugeÐa, kaj¸c ta prohgoÔmena qrìnia  tan

dÔskolo na gÐnei posotikopoÐhsh thc èkjeshc aut c (Baily, 2000). Parìl' aut�, den prèpei

na up�rqei anhsuqÐa gia ton �aplì taxidi¸th�, kaj¸c h kosmik  aktinobolÐa enèqei gia autìn

lÐgo   kajìlou kÐnduno.

Edik  perÐptwsh apoteloÔn oi epib�tec pou qrhsimopoioÔn suqn� tic aerometaforèc lìgw

epaggelmatik¸n upoqre¸sewn. An oi pt seic èqoun kai meg�lh di�rkeia kai pragmatopoioÔntai

se uyhlì uyìmetro, ektÐjentai se kosmik  aktinobolÐa me ton Ðdio akrib¸c trìpo ìpwc ta

mèlh tou plhr¸matoc twn aeroskaf¸n me ta opoÐa taxideÔoun, en¸ polÔ suqn� an prìkeitai

gia diejneÐc h dihpeirwtikèc pt seic mporeÐ na uperboÔn ta mègista epitrepìmena ìria pou

kajorÐzontai apì touc kubernhtikoÔc rujmistikoÔc organismoÔc, an h èkjesh prokl jhke gia

par�deigma apì mÐa sumbatik  iatrik    biomhqanik  egkat�stash to èdafoc. 'Etsi eÐnai logikì

na sumper�noume ìti oi epib�tec me suqnèc pt seic antimetwpÐzoun touc Ðdiouc kindÔnouc gia

thn ugeÐa apì thn èkjesh se aktinobolÐa me touc pilìtouc kai touc aerosunodoÔc kai ja

mporoÔsan na qarakthristoÔn wc epaggelmatik� ekteijèmenoi (Barish and Dilchert, 2010).

An kai oi kÐndunoi gia thn ugeÐa apì thn èkjesh se aut� ta epÐpeda den eÐnai meg�loi, h l yh

apof�sewn sqetik� me thn apodoq  aut¸n twn kindÔnwn an kei stouc Ðdiouc touc taxidi¸tec.

Autì isqÔei idiaÐtera sthn perÐptwsh egkÔwn upall lwn ìpou kinduneÔei epÐshc to èmbruo.

2.8.3 Plhr¸mata diasthmik¸n apostol¸n

Ta plhr¸mata twn diasthmik¸n ektÐjentai se akraÐec sunj kec kosmik c aktinobolÐac, èllei-

yhc barÔthtac (mikrobarÔthta) kai èntonou yuqologikoÔ strec, lìgw tou egkleismoÔ kai thc

apomìnwshc. Kajènac apì autoÔc touc par�gontec epidr� tìso sthn apìdosh ìso kai sthn

ugeÐa tou plhr¸matoc, me thn èkjesh se kosmik  aktinobolÐa na apoteleÐ aut  th stigm  to

shmantikìtero apì autoÔc touc kindÔnouc.

AntÐjeta me ta plhr¸mata aeroskaf¸n, oi astronaÔtec ektÐjentai se galaxiak  kosmi-

k  aktinobolÐa, energhtik� hlektrìnia kai prwtìnia pou brÐskontai pagideumèna stic z¸nec

aktinobolÐac thc Ghc kai se hliak� energhtik� swmatÐdia. Gia tic troqièc pou brÐskontai ko-
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nt� sth gh (Low Earth Orbit - LEO), up�rqei epÐshc mia tètarth phg , ta netrìnia kai ta

prwtìnia albedo. Prìkeitai gia deuterogen  swmatÐdia pou dhmiourgoÔntai apì tic allhle-

pidr�seic metaxÔ galaxiak¸n kosmik¸n aktÐnwn kai ghÐnhc atmìsfairac, me tic troqièc touc

na ta anakloÔn sto di�sthma. H sunist¸sa aut  eÐnai sqetik� mikr  kai qamhl c enèrgeiac,

opìte sun jwc den jewreÐtai mÐa shmantik  phg  aktinobolÐac twn astronaut¸n (Benton and

Benton, 2001).

Oi par�gontec pou kajorÐzoun thn posìthta thc aktinobolÐac pou lamb�noun oi astrona-

Ôtec eÐnai to uyìmetro p�nw apì th Gh (ìpou to gewmagnhtikì pedÐo na eÐnai asjenèstero kai

to diasthmikì sk�foc pern� mèsa apì tic z¸nec aktinobolÐac), th f�sh tou hliakoÔ kÔklou,

kaj¸c kai thn euaisjhsÐa tou k�je atìmou sthn aktinobolÐa (Miroshnichenko, 2003). Autì

èqei wc apotèlesma, h kosmik  aktinobolÐa na apoteleÐ ton kuriìtero kÐnduno gia makroqrìniec

diasthmikèc apostolèc, eidik� gia autèc pou pragmatopoioÔntai ektìc thc LEO (Chancellor

and Sutton, 2014). H ugeÐa kai h apìdosh tou plhr¸matoc diasthmik¸n apostol¸n mporeÐ

na ephreastoÔn apì èna èntono hliakì gegonìc (solar particle event - SPE), pollapl� SPEs

  apì th swreutik  epÐdrash twn galaxiak¸n kosmik¸n aktÐnwn.

H dìsh ston ISS se LEO eÐnai perÐpou 200−600µSv/day, en¸ se 6 m nec mporeÐ na ft�sei

ta 50 − 100mSv. Oi astronaÔtec pou pernoÔn mìlic èna m na ston ISS upìkeintai perÐpou

sth mègisth sunist¸menh dìsh aktinobolÐac gia èna ètoc. Pio sugkekrimèna, ta plhr¸mata

ston ISS lamb�noun kat� mèso ìro 80mSv gia ex�mhnh paramon  se hliakì mègisto kai

160mSv sto hliakì el�qisto, dìsh pou antistoiqeÐ perÐpou se 80 kai 160 aktinografÐec

j¸raka, antÐstoiqa. Oi gunaÐkec astronaÔtec endèqetai na uperboÔn ta ìria aktinobolÐac pou

kajorÐzontai apì th NASA Ôstera apì 18 m nec paramon c sth LEO kai oi �ndrec astronaÔtec

met� apì 24 m nec. K�poia metablhtìthta se autoÔc touc qrìnouc anamènetai lìgw thc f�shc

tou hliakoÔ kÔklou, �llwn epaggelmatik¸n ekjèsewn se aktinobolÐec kai thc pijanìthtac

emf�nishc SPEs (Cucinotta, 2014).

H èkjesh twn astronaut¸n se kosmik  aktinobolÐa eÐnai dÔskolo na ektimhjeÐ exaitÐac thc

meg�lhc poluplokìthtac tou diasthmikoÔ perib�llontoc, thc eterogèneiac thc aktinobolÐac

kai tou trìpou èkjeshc. Autì sumbaÐnei giatÐ h kosmik  aktinobolÐa sthn opoÐa ektÐjetai to

pl rwma eÐnai èna polÔploko mÐgma prwtonÐwn, netroni¸n, aktÐnwn g kai barÔterwn iìntwn

uyhl c LET, pou mporeÐ na prokalèsoun polÔ diaforetikèc biologikèc apokrÐseic an� mon�da

aporrofoÔmenhc dìshc, lìgw tou diaforetikoÔ par�gontac barÔthtac aktinobolÐac. Epipro-

sjètwc, oi epandrwmènec apostolèc gÐnontai ìlo kai megalÔterec tìso se uyìmetro ìso kai se

di�rkeia, me apotèlesma h dìsh twn astronaut¸n na aux�netai shmantik�, ìpwc parousi�zetai

ston PÐnaka 2.5 kai to Sq ma 2.17.
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Endeiktik�, o kosmonaÔthc Valery Polyakov to 1994 katèqei aut  th stigm  to rekìr me-

galÔterhc diasthmik c apostol c, èqontac parameÐnei sto sobietikì Diasthmikì Stajmì Mir

gia 437 hmèrec, o astronaÔthc Scott Kelly to 2016 epèstreye apì taxÐdi 340 hmer¸n ston ISS,

shmei¸nontac amerikanikì rekìr, en¸ h astronaÔthc Christina Koch to 2020, pern¸ntac 328

hmèrec ston ISS, sp�ei to rekìr thc makrÔterhc diasthmik c apostol c pou oloklhr¸jhke

potè apì mia gunaÐka astronaÔth. 'Etsi, ousiastik�, oi ekjèseic pou bi¸noun oi astronaÔtec

proseggÐzoun thn èkjesh lìgw qrìniac aktinobìlhshc, me sqetik� mikrèc dìseic gia meg�la

qronik� diast mata. H aktinobìlhsh aut  eÐnai omoiogen c epeid  ektÐjetai olìklhro to

s¸ma, all� eterogen c ìson afor� thn katanom  twn aktinoboloÔnwn kutt�rwn kai th biolo-

gik  epÐptwsh sta ìrgana, exaitÐac thc diaforetik c euaisjhsÐac twn ist¸n sthn aktinobolÐa

(Testard and Sabatier, 1999), ìpwc faÐnetai kai sto Sq ma 2.16.

Sq ma 2.16: Ta ìria èkjeshc gia 30 hmèrec se LEO (NASA, 2018)

To sunolikì posì aktinobolÐac pou lamb�noun oi astronaÔtec exart�tai se meg�lo bajmì

apì thn hliak  drasthriìthta, th jèsh touc se sqèsh me ta planhtik� magnhtik� pedÐa kai to

eÐdoc thc jwr�kishc pou qrhsimopoieÐtai stic stolèc touc, sta diasthmìploia kai stic pijanèc

apoikÐec pou mporeÐ na kataskeuastoÔn se �llouc plan tec. H prostasÐa tou plhr¸matoc

apì thn aktinobolÐa prèpei na parèqetai me th morf  jwr�kishc kai leitourgik c dosime-

trÐac kai parakoloÔjhshc, kaj¸c kai biologik¸n antimètrwn (Berger et al., 2013; Dettmann

et al., 2007; Reitz and Berger, 2006). Qarakthristik� paradeÐgmata apoteloÔn h enÐsqush

thc stol c twn astronaut¸n (Baioccoa et al., 2018) kai h dhmiourgÐa eidik¸n perioq¸n me

auxhmènh jwr�kish, ìpwc to Columbus ston ISS. 'Alla antÐmetra gia thn elaqistopoÐhsh

twn epipt¸sewn sthn ugeÐa mporeÐ na eÐnai eÐte qr sh kat�llhlwn radioprostautik¸n qhmi-

k¸n paraskeuasm�twn eÐte h diadikasÐa epilog c atìmwn pou eÐnai anjektik� genetik� sthn
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aktinobolÐa (Hellweg and Baumstark-Khan, 2007).

Pèra apì th LEO, h prostasÐa apì th magnhtìsfaira thc Ghc den eÐnai plèon diajèsimh,

me apotèlesma na qrei�zontai auxhmènh jwr�kish kai di�foroi prostateutikoÐ mhqanismoÐ gia

thn prìlhyh tou ARS kai twn �llwn pijan¸n epipt¸sewn lìgw èkjeshc se aktinobolÐa, pou

mporeÐ na diakinduneÔsoun to sÔnolo thc apostol c. En¸ h parakoloÔjhsh kai h jwr�ki-

sh tou DiejnoÔc DiasthmikoÔ StajmoÔ (International Space Station - ISS) anamènetai na

elaqistopoi sei thn èkjesh se aktinobolÐa, up�rqoun sen�ria ektìc twn tmhm�twn tou ISS

(extravehicular activity - EVA) ektìc LEO ìpou up�rqei o kÐndunoc èkjeshc se aktinobolÐa

lìgw SPEs. Autì mporeÐ na odhg sei se emf�nish sumptwm�twn ARS èwc kai �meso j�nato

(McPhee and Charles, 2009).

Pèra apì to ARS, h aktinobolÐa mporeÐ na prokalèsei poll� probl mata sto kentrikì neu-

rikì sÔsthma, kurÐwc ston ippìkampo kai ton prometwpiaÐo floiì, ìpwc neurwnikì ekfulismì,

oxeidwtikì strec, apìptwsh, flegmon  kai allagèc sth leitourgÐa thc ntopamÐnhc. Epipro-

sjètwc, h aktinobolÐa aut  eÐnai upeÔjunh kai gia plhj¸ra kardiaggeiak¸n nìswn, ìpwc

perikardÐtida, stefaniaÐa nìso kai isqamik� epeisìdia (Cortese et al., 2018; Patel, 2018). H

èkjesh sth diasthmik  aktinobolÐa aux�nei th noshrìthta kai ton kÐduno jnhsimìthtac lìgw

karkÐnou tou karkÐnou stouc astronaÔtec, se sunduasmì me �llouc par�gontec thc diasthmi-

k c pt shc, ìpwc h èlleiyh barÔthtac, oi rÔpoi tou perib�llontoc q¸rou, di�fora diatrofik�

jèmata kai to strec (McPhee and Charles, 2016). Eidikìtera, gia tic gunaikec astrona-

Ôtec, up�rqei epÐshc auxhmènoc kÐndunoc emf�nishc karkÐnou, h opoÐa mporeÐ na ekdhlwjeÐ

kat� kÔrio lìgo me thn emf�nish aimatologik¸n kakohjei¸n kai karkÐnwn stere¸n org�nwn,

ìpwc eÐnai o mastìc, oi woj kec kai o jureoeid c adènac. Apì aut�, o mastìc anamènetai

na diatrèqei ton uyhlìtero kÐnduno lìgw thc sqetik� megalÔterhc m�zac, thc ormonik c a-

pìkrishc kai tou bajmoÔ radioeuaisjhsÐac tou istoÔ (Barr et al., 2007; Steller et al., 2020).

Tèloc, idiaÐtera shmantik  eÐnai bl�bh stouc istoÔc twn ofjalm¸n kai h meg�lh pijanìthta

emf�nishc katarr�kth (Cucinotta et al., 2001). Kat� th di�rkeia mÐac diasthmik c aposto-

l c, oi astronaÔtec mporeÐ na emfanÐsoun kai �lla probl mata ugeÐac. Aut� mporeÐ na eÐnai

muoskeletik�, kardiaggeiak�, kinhtik� kai anosologik� lìgw mikrobarÔthtac, toxikologik c

kai mikrobiologik c fÔshc lìgw tou kleistoÔ perib�llontoc, kaj¸c kai probl mata sÐtishc,

Ôpnou, sumperifor�c kai apìdoshc exaitÐac thc apomìnwshc, tou egkleismoÔ kai thc metabol c

tou kirkadianoÔ kÔklou (Patel, 2018).

IdiaÐtero endiafèron parousi�zoun oi nèec apostolèc sth Sel nh pou etoim�zontai gia to

2024 sta plaÐsia thc apostol c ARTEMIS thc NASA, me stìqo thn epistrof  sth Sel nh

50 qrìnia met� thn apostol  Apollo 11. H apostol  aut  ja apotelèsei ousiastik� mÐa prìba
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Apostol  Dìsh aktinobolÐac

Space Shuttle Mission 41-C (8 hmèrec se troqi� gÔrw apì th Gh sta 460 km) 5.59mSv
Apollo 14 (9 hmèrec sth Sel nh) 11.4mSv

Skylab 4 (87 hmèrec se troqi� gÔrw apì th Gh sta 473 km) 178mSv
Apostol  ston ISS (èwc 6 m nec se troqi� gÔrw apì th Gh sta 353 km) 160mSv

Ektim¸menh apostol  ston 'Arh (3 èth) 1200mSv

PÐnakac 2.5: Mèsh dìsh aktinobolÐac pou lamb�netai kat� th di�rkeia di�forwn tÔpwn
diasthmik¸n apostol¸n (Rask et al., 2008).

gia mÐa mellontik  aposol  ston 'Arh (Cucinotta et al., 2010). Gia èna taxÐdi èxi mhn¸n ston

'Arh, ènac astronaÔthc ja ektejeÐ se perÐpou 300mSv,   sunolik� 600mSv gia to taxÐdi

metèpistrof c. E�n upojèsoume ìti to pl rwma ja per�sei 18 m nec sthn epif�neia, prokei-

mènou na èrjoun oi plan tec se kat�llhlh jèsh gia na eÐnai dunatì to taxÐdi thc epistrof c,

ja ektejoÔn se epiplèon 400mSv, k�ntontac ètsi lìgo gia mia sunolik  sunolik  èkjesh

perÐpou 1000mSv. Se tètoiec apostolèc h èkjesh kai to perib�llon aktinobolÐac ja eÐnai

teleÐwc diaforetikì apì tic pt seic se LEO, me thn èkjesh se galaxiak  kosmik  aktinobolÐa

na aux�netai èwc kai treic forèc se sqèsh me th LEO (Cucinotta et al., 2013). To gegonìc

autì odhgeÐ se auxhmènh pijanìthta emf�nishc qrwmoswmik¸n anwmali¸n, ìpwc aÔxhsh thc

suqnìthtac qrwmoswmik¸n ektrop¸n sta lemfokÔttara twn mel¸n tou plhr¸matoc, oi opoÐec

sundèontai �rrhkta me rÐsko emf�nishc karkÐnou (Obe, 1999). Gia to lìgo autì, h kosmik 

aktinobolÐa jewreÐtai wc troqopèdh exaitÐac thc uyhl c abebaiìthtac sqetik� me ton kÐnduno

noshrìthtac kai thc èlleiyhc apl¸n antimètrwn gia th meÐwsh thc èkjeshc (Cucinotta, 2015;

Durante, 2014).

2.9 Prwtìkolla aktinoprostasÐac gia kosmik  aktinobolÐa

Oi dìseic aktinobolÐac pou lamb�nontai apì pilìtouc kai aerosunodoÔc eÐnai suqn� mega-

lÔterec apì tic antÐstoiqec pou lamb�nontai apì touc ergazìmenouc se epÐgeiec biomhqanÐec

ìpou qrhsimopoioÔntai radienergèc phgèc   mhqanèc paragwg c aktinobolÐac. Sthn pragmati-

kìthta, ta epÐpeda èkjeshc twn plhrwm�twn sta emporik� aerosk�fh eÐnai ta uyhlìtera apì

opoiad pote �llh om�da ergazomènwn, sumperilambanomènwn twn biomhqanik¸n, iatrik¸n, ku-

bernhtik¸n kai ergazomènwn purhnik c enèrgeiac (NCRP, 2009), ìpwc faÐnetai kai sto Sq ma

2.18. Parìla aut� mèqri prìsfata, lÐgh prosoq  eÐqe katablhjeÐ sto epaggelmatik� ektejei-

mèno pl rwma aèra. T¸ra, o exeligmènoc exoplismìc epitrèpei th melèth thc èkjeshc aut c,

en¸ se poll� kr�th up�rqei kat�llhlh nomojesÐa gia thn parakoloÔjhsh thc èkjeshc stic

aerometaforèc (Baily, 2000; McAulay, 2000). H arq  ègine me thn ICRP, h opoÐa sunèsthse
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Sq ma 2.17: SÔgkrish thc dìshc sthn epif�neia thc Ghc me di�forec diasthmikèc apostolèc
(Phg : nasa.gov).

thn antimet¸pish thc èkjeshc twn plhrwm�twn aeroskaf¸n lìgw kosmik c aktinobolÐac wc

epaggelmatik  èkjesh se aktinobolÐac  dh apì to 1990 (ICRP, 1991).

H sÔstash aut  uiojet jhke apì thn Eurwpaðk  'Enwsh to 1996 (EC, 1996) me efarmog 

thc sthn Koinotik  OdhgÐa 96/29/EURATOM kai apotèlese nomik  rÔjmish sta kr�th mèlh

thc Eurwpaðk c 'Enwshc to 2000 (EURATOM, 1996). H sÔstash aut , h opoÐa dÐnei ta basi-

k� prìtupa asf�leiac gia thn prostasÐa thc ugeÐac tou koinoÔ kai twn ergazomènwn apì touc

kindÔnouc thc ionÐzousac aktinobolÐac,  rje na antikatast sei thn odhgÐa 80/836/EURA-

TOM (Courades, 1999). Ta nomik� problepìmena mètra aktinoprostasÐac aforoÔsan kurÐwc

thn atomik  axiolìghsh thc èkjeshc twn mel¸n tou plhr¸matoc se aktinobolÐa, lamb�nontac

upìyh sth sunèqeia thn axiologhjeÐsa aut  èkjesh kat� thn org�nwsh twn programm�twn

ergasÐac me skopì th meÐwsh thc dìshc tou uyhl� ektijèmenou proswpikoÔ, ton periorismì

thc dìseic twn egkÔwn mel¸n tou plhr¸matoc met� thn anafor� thc egkumosÔnhc se 1mSv

gia to upìloipo thc egkumosÔnhc, kaj¸c kai thn enhmèrwsh twn ergazomènwn sqetik� me touc

kindÔnouc gia thn ugeÐa pou sunep�getai h ergasÐa touc (Courades, 1999).

H eurwpaðk  nomojesÐa tropopoi jhke me thn odhgÐa 2013/59/EURATOM to 2013 (EU-

RATOM, 2013), h opoÐa beltÐwse peraitèrw ta prìtupa aktinoprostasÐac tou plhr¸matoc

me b�sh ta pio prìsfatec sust�seic thc ICRP to 2007 (ICRP, 2007). Pio sugkekrimèna, h

mègisth èkjesh gia ta plhr¸mata aeroskaf¸n den prèpei na xepernoÔn ta 20mSv to qrìno

mèsa se pènte qrìnia, qwrÐc na xepern� ta 50mSv an� ètoc, en¸ se perÐptwsh egkumosÔnhc,
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Sq ma 2.18: H mèsh et sia energìc dìsh gia ergazomènouc se di�forouc tomeÐc. Oi dìseic gia tic
aerometaforèc upologÐzontai me b�sh ta dromolìgia kai to uyìmetro pt shc. (NCRP, 2009).

h dìsh thc mhtèrac, kai sunep¸c tou embrÔou, den prèpei na uperbaÐnei to 1mSv gia to u-

pìloipo thc egkumosÔnhc, apì th stigm  thc anakoÐnws c thc. AxÐzei na shmeiwjeÐ pwc to

ìrio èkjeshc gia to genikì plhjusmì eÐnai 1mSv an� ètoc. Ta ìria èkjeshc parousi�zontai

analutik� ston PÐnaka 2.6. H odhgÐa auth thc Eurwpaðk c 'Enwshc enswmat¸netai se nìmouc

kai kanonismoÔc sta kr�th mèlh thc kai perilamb�netai stic diadikasÐec protÔpwn asf�leiac

twn aerometafor¸n twn Koin¸n Aeroporik¸n Arq¸n (Joint Aviation Authorities-JAA), enìc

organismoÔ pou apoteleÐtai apì 35 eurwpaðk� kr�th (Bartlett et al., 2001).

H efarmog  thc odhgÐac aut c apaiteÐ thn axiolìghsh kai thn ektÐmhsh twn dìsewn tou

plhr¸matoc pou mporeÐ na uperbaÐnoun ta 1mSv an� ètoc. H axiolìghsh aut  mporeÐ kat

�rq n na gÐnei eÐte me �mesh mètrhsh eÐte me ektÐmhsh qrhsimopoi¸ntac k�poia prokajorismènh

diadikasÐa, ìpwc èna epikurwmèno logismikì (McAulay, 2000).An genikìtera, oi pt seic pe-

riorÐzontai se uyìmetra pt shc k�tw twn 8 km, tìte eÐnai sqedìna apÐjano na xeperasteÐ

to ìrio autì (Courades, 1999). H ektÐmhsh thc èkjeshc se kosmik  aktinobolÐa gia ta ae-

rosk�fh politik c aeroporÐac brÐsketai analutik� sth seir� protÔpwn ISO:20785, ta opoÐa

perilamb�noun thn ennoiologik  b�sh gia metr seic (ISO, 2020a), to qarakthrismì apìkrishc

twn org�nwn (ISO, 2020b), tic metr seic se uyìmetra pt shc (ISO, 2015) kai thn axiolìghsh

twn di�forwn logismik¸n (ISO, 2019). Epiprosjètwc, tìso h ICRP ìso kai h ICRU èqoun

ekd¸sei sust�seic gia thn axiolìghsh thc èkjeshc twn plhrwm�twn aeroskaf¸n, b�sei de-

domènwn anafor�c apì pragmatikèc metr seic (ICRP, 2016; ICRU, 2010)
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Mègejoc
'Oria dìsewn

gia epaggelmatik  èkjesh
'Oria dìsewn

gia èkjesh koinoÔ

Energìc dìsh

20mSv an� qrìno,
katanemhmèno se diakritèc periìdouc twn 5 et¸n,

qwrÐc kamÐa qroni� na uperbaÐnei ta 50mSv.
(Se perÐptwsh d lwshc egkumosÔnhc, h dìsh sto èmbruo

den prèpei na uperbaÐnei to 1mSv gia to upìloipo thc egkumosÔnhc.)

1mSv se èna qrìno
(Se eidikèc peript¸seic, epitrèpetai mÐa uyhlìterh tim 
gia mÐa memonwnmènh qroni�, me thn proôpìjesh ìti h

mèsh tim  se 5 qrìnia den uperbaÐnei to 1mSv an� qrìno.)

IsodÔnamh dìsh
(ofjalmoÐ)

20mSv an� qrìno,
katanemhmèno se diakritèc periìdouc twn 5 et¸n,

qwrÐc kamÐa qroni� na uperbaÐnei ta 50mSv
15mSv se èna qrìno

IsodÔnamh dìsh
(dèrma)

500mSv se èna qrìno 50mSv se èna qrìno

IsodÔnamh dìsh
(qèria / pìdia)

500mSv se èna qrìno -

PÐnakac 2.6: Ta ìria èkjeshc sÔmfwna me thn ICRP (Phg : icrpaedia.org).

'Oson afor� tic HPA, oi sust�seic thc ICRP den èqoun akìmh efarmosteÐ sth desmeutik 

nomojesÐa touc. Autì èqei wc apotèlesma h èkjesh twn plhrwm�twn pt shc se kosmik 

aktinobolÐa na mh rujmÐzetai   na mhn parakoloujeÐtai suneq¸c (Waters et al., 2000), en¸ den

èqoun jespisteÐ kai epÐshma ìria dìshc gia thn èkjesh twn plhrwm�twn aut¸n (Grajewski

et al., 2011; Meier et al., 2020). H Omospondiak  DioÐkhsh AeroporÐac twn HPA (Federal

Aviation Administration - FAA), h opoÐa èqei dikaiodosÐa gia thn ugeÐa kai thn asf�leia

tou amerikanikoÔ ipt�menou plhr¸matoc, anagn¸rise epÐshma me th Sumbouleutik  EgkÔklio

tou 1994 ìti ta plhr¸mata aeroskaf¸n ektÐjentai epaggelmatik� se ionÐzousa aktinobolÐa,

sunèsthse na enhmer¸nontai gia thn èkjesh sthn aktinobolÐa kai touc sqetikoÔc kindÔnouc

gia thn ugeÐa kai bo jhse sth l yh tekmhriwmènwn apof�sewn sqetik� me to ergasiakì touc

perib�llon (FAA, 1994; Friedberg et al., 2000). 'Eqei uiojet sei, dhlad , wc epÐ to pleÐston

sumbouleutikì rìlo gia touc pilìtouc kai aerometaforeÐc me dhmosÐeush Sumbouleutik¸n

EgkuklÐwn, ekpaideutik¸n eggr�fwn kai teqnik¸n anafor¸n (Friedberg and Copeland, 2003;

Schennetten et al., 2018).

H FAA sunist� th sunduastik  uiojèthsh sust�sewn tìso apì thn ICRP ìso kai apì to

kai Ejnikì SumboÔlio AktnioprostasÐac kai Metr sewn (National Council of Radiation Pro-

tection and Measurements - NCRP). Aut� perilamb�noun mÐa pentaet  mèsh energì dìsh twn

20mSv an� ètoc, qwrÐc na xepern� ta ta 50mSv se èna sugkekrimèno ètoc kai èna epiprìsje-

to ìrio thc t�xhc tou ta 0.5mSv an� m na gia mÐa ègkuo mèloc plhr¸matoc, kai sunolik�

ta 1mSv kat� to upìloipo thc egkumosÔnhc, xekin¸ntac apì th stigm  pou h egkumosÔnh

anafèretai sth diaqeÐrish. Prokeimènou oi ègkuec na elaqistopoi soun thn epaggelmatik 

èkjesh, ja prèpei na petoÔn se pt seic sÔntomhc di�rkeiac, qamhloÔ Ôyouc kai mikroÔ gew-

grafikoÔ pl�touc. Qarakthristik� paradeÐgmata apoteloÔn oi pt seic Aj na - Nèa Uìrkh
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kai QioÔston - 'Ostin. Sthn pr¸th perÐptwsh èqoume mÐa pt sh meg�lhc di�rkeiac ka Ôyouc

me p�nw apì 80 ¸rec ston aèra mhniaÐwc, me th mhniaÐa energì dìsh na eÐnai perÐpou 0.57mSv,

xepern¸ntac to mhniaÐo sunist¸meno ìrio, all� kai to ìrio gia th sunolik  egkumosÔnh se

mìlic 2 m nec. AntÐjeta, gia tic Ðdiec sunolikèc ¸rec pt seic, all� aut  th for� metaxÔ

QioÔston - 'Ostin, ja l�mbane mìlic 0.027mSv mhniaÐwc, tim  pou eÐnai polÔ qamhlìterh apì

ta sunist¸mena ìria (Nicholas et al., 2000).

Up�rqoun mìno merikoÐ kanonismoÐ pou sqetÐzontai me thn ionÐzousa aktinobolÐa gia plh-

r¸mata aerometafor¸n. Tètoio par�deigma apoteloÔn oi pt seic pou pragmatopoioÔntai se

polikèc perioqèc (ektìc apì autèc pou pragmatopoioÔntai apokleistik� entìc thc Al�skac),

oi opoÐec apaitoÔn eidikì sqèdio dr�shc gia ton metriasmì thc èkjeshc se ionÐzousa aktino-

bolÐa se perÐptwsh k�poiac hliak c kataigÐdac meg�lhc èntashc (FAA, 2007). Genikìtera, ta

ìria pou proteÐnontai apì thn ICRP, thn NCRP kai thn FAA stoqeÔoun sthn apofug  twn

nteterministik¸n apotelesm�twn kai thn elaqistopoÐhsh twn stoqastik¸n epipt¸sewn lìgw

èkjeshc se kosmik  aktinobolÐa, ìpwc eÐnai h karkinogènesh (Friedberg et al., 2000; Waters

et al., 2000).

Plèon, h egkÔklioc tou 1994 èqei akurwjeÐ kai antikatastajeÐ apì mia nèa sumbouleutik 

egkÔklio tou 2006 (FAA, 2006), sthn opoÐa anafèretai ìti upì thn proôpìjesh ìti ta plh-

r¸mata aeroskaf¸n antapokrÐnontai stic proeidopoi seic sqetik� me thn hliak  aktinobolÐa,

aut  de ja suneisfèrei se bajmì pou ja xeperastoÔn ta sunist¸mena ìria èkjeshc, en¸ h

pijanìthta an�ptuxhc karkÐnou lìgw epaggelmatik c èkjeshc se galaxiak  kosmik  aktino-

bolÐa eÐnai mia mikr  prosj kh stouc kindÔnouc pou antimetwpÐzei kai o genikìc plhjusmìc

(Grajewski et al., 2011).

Se antÐjesh me thn èkjesh lìgw ionÐzousac aktinobolÐac apì kosmikèc phgèc, den u-

p�rqoun kanonismoÐ sqetik� me thn èkjesh sthn uperi¸dh aktinobolÐa (UV) sta pilot ria

aeroskaf¸n mèqri stigm c. Wstìso, h Diejn c Epitrop  gia thn ProstasÐa apì Mh IonÐzou-

sa AktinobolÐa (International Commission on Non-Ionizing Radiation Protection - ICNIRP)

parèqei mÐa sumbouleutik  sÔstash gia th mègisth epaggelmatik  èkjesh se uperi¸dh aktino-

bolÐa. SÔmfwna me tic sust�seic thc epitrop c, h èkjesh sta m�tia se mh stajmismènh UV-A

den prèpei na uperbaÐnoun ta 10 kJ/m2, en¸ h sunduastik  èkjesh tìso tou dèrmatoc ìso kai

twn mati¸nbse stajmismènh uperi¸dh aktinobolÐa den prèpei na uperbaÐnei ta 30 J/m2 entìc

8 wr¸n antÐstoiqa (ICNIRP, 2007). Autèc oi timèc èqoun qrhsimopoihjeÐ suqn� wc kateuju-

nt ria gramm  gia thn axiolìghsh thc èkjeshc lìgw uperi¸douc aktinobolÐac sto pilot rio,

parìl�ut� upì orismènec peript¸seic mporeÐ na xeperastoÔn ta ìria aut� (Schennetten et al.,

2018). AntÐstoiqa, den up�rqei k�poio ìrio   sÔstash sqetik� me thn èkjesh lìgw TGF
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(Meier et al., 2020).

H Diejn c OmospondÐa Pilìtwn Aeroporik c Gramm c (International Federation of Air

Line Pilots Associations - IFALPA), h opoÐa antiproswpeÔei perÐpou 100000 pilìtouc apì

pilotikèc en¸seic se perÐpou 90 diaforetikèc q¸rec, sumperilambanomènwn twn HPA, pro-

spajeÐ na gnwstopoi sei tic anhsuqÐec thc sqetik� me tic ekjèseic aktinobolÐac. Par�llhla

èqei uiojet sei mÐa prìtash parìmoia, me aut  thc Eurwpaðk c 'Enwshc apì to 1999, ìpou,

metaxÔ �llwn, orÐzei ìti ta aeropl�na meg�lhc embèleiac pou petoÔn p�nw apì 8000m prèpei

na metafèroun exoplismì gia th suneq  mètrhsh tou rujmìc dìshc lìgw kosmik c aktinobo-

lÐac pou lamb�netai, thn ajroistik  dìsh se k�je pt sh, all� kai kat� thn parousÐa hliak¸n

ekr xewn, en¸ ìla ta mèlh tou plhr¸matoc ja epitrèpetai na prosarmìsoun ta dromolìgia

pt shc touc ètsi ¸ste na mhn uperbaÐnoun èna et sio ìrio 6mSv (Baily, 2000).

Oi allagèc sta aerosk�fh, ta auxhmèna polik� dromolìgia, oi prosp�jeiec meÐwshc thc

katan�lwshc kausÐmwn kai tou kìstoucm kaj¸c kai oi allagèc stic sumb�seic tou plhr¸ma-

toc endèqetai na diadramtÐzoun shmantikì rìlo sthn aÔxhsh thc èkjeshc kat� th di�rkeia

thc pt shc. SÔmfwna me thn arq  aktinoprostasÐac ALARA, ja prèpei h apìstash metaxÔ

phg c kai aktinobolÐac na eÐnai auxhmènh, na up�rqei kat�llhlh jwr�kish kai o qrìnoc èk-

jeshc na eÐnai o el�qistoc dunatìc. Dustuq¸c oi arqèc autèc den mporoÔn na efarmostoÔn

kat�llhla gia thn prostasÐa tou plhr¸matoc apì thn kosmik  aktinobolÐa. Oi pt seic se

qamhlìtera uyìmetra ja isodunamoÔse men me aÔxhsh thc apìstashc metaxÔ phg c ki atìmou,

all� ja odhgoÔse se aÔxhsh kukloforÐac me kÐnduno atuqhm�twn, se megalÔterh katan�lw-

sh kausÐmwn kai se aÔxhsh thc atmosfairik c rÔpanshc. H apotelesmatik  jwr�kish eÐnai

epÐshc anèfikth, kaj¸c h teqnologÐa kataskeu c aeroskaf¸n den eÐnai sumbat  me ta bari�

ulik� jwr�kishc. Epiplèon, oi pt seic se mikrìtera gewgrafik� pl�th, ìpou ja mporoÔsame

na epwfelhjoÔme apì thn pio apotelesmatik  jwr�kish tou gewmagnhtikoÔ pedÐou, den eÐnai

bi¸simec kaj¸c apaitoÔn pt seic megalÔterhc di�rkeiac, pou sunep�gontai aÔxhsh tou qrìnou

èkjeshc. Tèloc, h meÐwsh tou qrìnou èkjeshc odhgeÐ se meiwmèno wr�rio an� pilìto   an�

mèloc tou plhr¸matoc kampÐnac, to opoÐo aux�nei dramatik� to kìstoc gia tic aeroporikèc

etaireÐec lìgw an�gkhc megalÔterou arijmoÔ proswpikoÔ (Baily, 2000; Silva et al., 2013). H

akrib c axiolìghsh thc èkjeshc tou plhr¸matoc aeroskaf¸n se aktinobolÐa eÐnai idiaÐtera

shmantik  gia th dhmìsia ugeÐa. H tautopoÐhsh twn pilìtwn uyhl c èkjeshc ja apotelo-

Ôse polÔtimh prosj kh se èna prìgramma epaggelmatik c ugeÐac, e�n h paroq  sumboul¸n  

parèmbashc sthrizìtan se mia katanìhsh aut c thc epaggelmatik c om�dac, sumperilambano-

mènwn zhthm�twn programmatismoÔ kai arqaiìthtac (Grajewski et al., 2011).

Ta SPEs eÐnai sun jwc den suneisfèroun sta epÐpeda aktinobolÐac sta tupik� uyìme-
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tra pt shc twn emporik¸n aerometafor¸n. EnÐote, kat� th di�rkeia tou hliakoÔ megÐstou,

o arijmoc kai oi enèrgeiec aut¸n twn hliak¸n swmatidÐwn mporeÐ na auxhjoÔn arket�, su-

neisfèrontac ètsi sth dìsh. Ta SPEs ja mporoÔsan na èqoun megalÔterh epÐdrash sta

mellontik� aeriwjoÔmena aerosk�fh. 'Ena upojetikì uperhqhtikì aeropl�no ja mporoÔse na

eÐnai exoplismèno me eidik� ergaleÐa parakoloÔjhshc twn epipèdwn aktinobolÐac, ìpwc ta Co-

ncorde s mera, to opoÐo ja mporoÔse na proeidopoi sei touc pilìtouc gia thn emf�nish enìc

SPE, sthn perÐptwsh pou den eÐnai se jèsh na to k�noun oi elegktèc enaèriac kukloforÐac. H

FAA anagnwrÐzei thn epikindunìthta twn SPEs, all� apokleÐei th suneisfor� touc sth dìsh,

kaj¸c eÐnai sp�nia, ephre�zoun lÐgec pt seic kai endèqetai na apofeuqjoÔn, kaj¸c perÐpou to

84% twn SPEs den prokaleÐ GLE. 'Etsi, idiaÐterh perÐptwsh gia thn aktinoprostasÐa mporeÐ

na apoteleÐ sugkekrimèna h emf�nish GLEs, ìpou Ôstera apì ègkairh eidopoÐhsh ja mporeÐ

na tropopoieÐtai elfar¸c h diadrom , eÐte mei¸nontac to uyìmetro pt shc eÐte apofeÔgontac

ta meg�la gewgrafik� pl�th. Ja prèpei, ìmwc, na shmeiwjeÐ pwc ta SPEs mporoÔn na pro-

kalèsoun shmantikèc blabec   dusleitourgÐec sta euaÐsjhta hlektronik� tou aeropl�nou,

jètontac ètsi me autì ton trìpo se kÐnduno ta plhr¸mata kai touc epib�tec.

'Oson afor� thn èkjesh twn astronaut¸n, ta pr�gmata eÐnai lÐgo diaforetik�. Kaj¸c oi

mellontikèc apostolèc ja eÐnai plèon ektìc thc LEO, kai sunep¸c èxw apì thn prostasÐa

thc gewmagnhtik c jwr�kishc, h èkjesh twn astronaut¸n ja perilamb�nei uyhlìterec dìseic

apì opoiad pote �llh apostol  sthn istorÐa twn diasthmik¸n pt sewn. Par� thn poluet 

èreuna, h katanìhsh tou diasthmikoÔ perib�llontoc aktinobolÐac kai o kÐndunoc pou enèqei gia

touc astronaÔtec se apostolèc meg�lhc di�rkeiac paramènei periorismènh. Genikìtera, para-

threÐtai mia diafor� metaxÔ twn apotelesm�twn thc èreunac kai twn empeirik¸n epidr�sewn

pou parathroÔntai sta plhr¸mata diasthmik¸n skaf¸n, pijan¸c lìgw twn polu�rijmwn pa-

ragìntwn pou periorÐzoun thn epÐgeia prosomoÐwsh tou sÔnjetou diasthmikoÔ perib�llontoc

kai thn parèktash twn anjr¸pinwn klinik¸n sunepei¸n apì poikÐla montèla se peiramatìzwa

(Chancellor et al., 2018).

To 1988, to NCRP dhmosÐeuse mÐa èkjesh sÔmfwna me thn opoÐa sunist�tai h èkjesh twn

astronaut¸n se kosmik  aktinobolÐa na periorÐzetai kaj'ìlh th di�rkeia thc stadiodromÐac

touc se epÐpeda pou den ja prokaloÔn plèon apì to 3% tou kindÔnou jan�tou pou prokaleÐtai

apì thn èkjesh (Risk of Exposure Induced Death - REID) (NCRP, 1989). Autì upogram-

mÐsthke ek nèou prìsfata (NASA, 2015; NCRP, 2014), ìpou tonÐsthke ìti h NASA prèpei

na suneqÐsei na threÐ to ìrio stadiodromÐac 3% REID gia mellontikèc apostolèc ektìc thc

LEO. IdiaÐterh anafor� gÐnetai epÐshc kai gia thn perÐptwsh SPEs (NCRP, 2006). Prìsfatoi

upologismoÐ deÐqnoun ìti up�rqei sobar  pijanìthta na gÐnei upèrbash tou posostoÔ autoÔ
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HlikÐa (èth) 25 35 45 55

'Antrac 1.50Sv 2.50Sv 3.25Sv 4.00Sv
GunaÐka 1.00Sv 1.75Sv 2.50Sv 3.00Sv

PÐnakac 2.7: 'Oria èkjeshc gia touc astronaÔtec an� hlikÐa kai fÔlo gia to sÔnolo thc
stadiodromÐac touc, ìpwc kajorÐzontai apì th NASA (Rask et al., 2008).

Di�rkeia
'Ekjeshc

Aimopoihtik� 'Organa
(b�joc 0.01 cm)

OfjalmoÐ
(b�joc 0.01 cm)

Dèrma
(b�joc 0.01 cm)

30 hmèrec 0.25Sv 1.0Sv 1.5Sv
AstronaÔtec EthsÐwc 0.50Sv 2.0Sv 3.0Sv

StadiodromÐa 1− 4Sv 4.0Sv 6.0Sv

Koinì EthsÐwc 0.001Sv 0.015Sv 0.05Sv

PÐnakac 2.8: 'Oria dieÐsdushc kai èkjeshc aktinobolÐac gia astronaÔtec kai to eurÔ koinì (Rask
et al., 2008).

kat� th di�rkeia miac apostol c ston 'Arh. Ta ìria èkjeshc gia touc astronaÔtec, an�loga

me to fÔlo kai thn hlikÐa touc, ìpwc orÐzontai apì th NASA, dÐnontai ston PÐnaka 2.7, en¸

h sÔkrish me tic timèc gia to genikì plhjusmì dÐnontai ston PÐnaka 2.8.

SÔmfwna me thn ICRP 103 (ICRP, 2007), h èkjesh twn astronaut¸n sto di�sthma apote-

leÐ mia eidik  perÐptwsh èkjeshc apì fusikèc phgèc aktinobolÐac pou up�rqoun sto diasthmikì

perib�llon, diaforetikèc apì autèc sth Gh. 'Etsi, an kai oi astronaÔtec ektÐjentai se io-

nÐzousa aktinobolÐa kat� th di�rkeia twn epaggelmatik¸n touc drasthriot twn, h èkjesh

aut  sun jwc den taxinomeÐtai wc epaggelmatik  upì thn ènnoia tou sust matoc ICRP gia

thn aktinoprostasÐa tìso twn ergazomènwn sth gh ìso kai twn plhrwm�twn aeroskaf¸n.

Akìma kai stic neìterec odhgÐec thc ICRP se sqèsh me thn èkjesh sto diasthmikì q¸ro

(ICRP, 2013), epÐkentro eÐnai h axiolìghsh thc èkjeshc kai ìqi h aktinoprostasÐa.

2.10 Montèla

ExaitÐac thc polÔplokhc fÔshc thc kosmik c aktinobolÐac, h mètrhsh thc dìshc den eÐnai

apl . H galaxiak  kosmik  aktinobolÐa mporeÐ na metrhjeÐ eÐte energhtik� eÐte pajhtik�. Oi

energhtikoÐ aniqneutèc parèqoun �mesec metr seic, en¸ oi pajhtikoÐ aniqneutèc prèpei na e-

ktimhjoÔn sto ergast rio met� thn pt sh. H energhtik  dosimetrÐa perilamb�nei aparijmhtèc

Geiger-Muller (aktinobolÐa g), jal�mouc ionismoÔ (aktinobolÐa g) aparijmhtèc trifjorioÔqou

borÐou (netrìnia), spinjhristèc (aktinobolÐa g   netrìnia) kai analogikoÐ metrhtèc isodÔnamou
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istoÔ (tissue equivalent proportional counters - TEPCs) (mikt� pedÐa aktinobolÐac), en¸ ta

dosÐmetra gia aktinobolÐa g kai netrìnia den mporoÔn na qrhsimopoihjoÔn, exaitÐac tou sÔnje-

tou f�smatoc to opoÐo perilamb�nei energhtik� fortismèna swmatÐdia. H pajhtik  dosimetrÐa

perilamb�nei kurÐwc dosÐmetra jermofwtaÔgeiac (thermoluminescence dosimeters - TLDs),

ta opoÐa dÐnoun mÐa kal  ektÐmhsh gia aktinobolÐa Q, g kai fortismèna swmatÐdia, dosÐmetro

anjrakik c polualludiglukìlhc (polyallyldiglycol carbonate - PADC   alli¸c CR39) gia th

mètrhsh thc netronik c sunist¸sac kai aniqneutèc hmiagwg¸n puritÐou Liulin (Bagshaw et al.,

1996). Eidikìtera, oi TEPCs kai oi Liulin mporoÔn na qrhsimopoihjoÔn gia ton upologismì

thc H∗(10) (Meier et al., 2016).

Dustuq¸c, oi perissìteroi aniqneutèc eÐnai euaÐsjhtoi sun jwc se èna mìno eÐdoc akti-

nobolÐac kai gia èna periorismèno energeiakì eÔroc, en¸ gia na piteuqjeÐ mÐa swst  mètrhsh,

eÐnai aparaÐthto na qrhsimopoihjeÐ mia seir� aniqneut¸n   orismènwn metrht¸n pou eÐnai se

jèsh na l�boun upìyhn ìla ta stoiqeÐa thc kosmik c aktinobolÐac. Wstìso, oi suskeuèc

tètoiou eÐdouc krÐnontai akat�llhlec gia thn pragmatopoÐhsh metr sewn routÐnac kat� th

di�rkeia emporik¸n pt sewn.

H èkjesh tou plhr¸matoc aèra sthn ionÐzousa aktinobolÐa èqei melethjeÐ leptomer¸c ta

teleutaÐa 30 me 40 qrìnia kai èqei epiteuqjeÐ ènac kalìc qarakthrismìc tou perib�llontoc

aktinobolÐac. Gia praktikoÔc skopoÔc, ìpwc h parakoloÔjhsh twn ekjèsewn tou plhr¸ma-

toc pt shc, anaptÔqjhkan di�fora upologistik� progr�mmata, montèla kai efarmogèc gia

ton upologismì twn atomik¸n ekjèsewn tou proswpikoÔ   gia thn paroq  sunoptik¸n axio-

log sewn. Ta montèla aut� basÐzontai tìso se sullog  pragmatik¸n dedomènwn ìso kai se

prosomoi¸seic tou gewdiasthmikoÔ perib�llontoc kai arijmhtikèc analÔseic. Ta kuriìtera

pakèta prosomoi¸sewn pou qrhsimopoioÔntai gia thn an�ptuxh twn montèlwn aut¸n eÐnai ta:

FLUKA (FLUktuierende KAskade), GEANT4 (GEometry ANd Tracking version 4), MCNP

(Monte Carlo N-Particle Transport), HZETRN (High Charge and Energy Transport) kai

PHITS (Particle and Heavy Ion Transport code System).

Parak�tw analÔetai h arq  leitourgÐac twn pio shmantik¸n efarmog¸n pou eÐnai dia-

jèsimec s mera gia thn pragmatopoÐhsh dosimetrik¸n upologism¸n sth g inh atmìsfaira.

SÔgkrish twn pareqìmenwn apotelesm�twn apì ta montèla aut� eÐnai diajèsima se di�forec

melètec (Bottollier-Depois et al., 2012; EC, 2004, 2009, 2017), ìpou den parathreÐtai apìklish

metaxÔ touc megalÔterh apì ±20%, en¸ eÐnai polÔ kont� kai se pragmatikèc metr seic.
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2.10.1 AVIDOS

H AVIDOS (Aviation Dosimetry) eÐnai mÐa enhmerwtik  kai ekpaideutik  diadiktuak  uphresÐa

gia ton upologismì twn dìsewn aktinobolÐac pou dèqontai ta plhr¸mata kai oi epib�tec aero-

skaf¸n lìgw kosmik¸n aktÐnwn (Latocha and Beck, 2016; Latocha et al., 2009). DiatÐjetai

apì ta Seibersdorf Laboratories thc AustrÐac kai h ulopoÐhs  tou uposthrÐqjhke apì to

Austriakì Omospondiakì UpourgeÐo Metafor¸n kai KainotomÐac, kaj¸c kai thn Austria-

k  UphresÐa AeroporÐac kai Diast matoc (ALR). H axiolìghsh thc dìshc me th qr sh thc

AVIDOS eÐnai diapisteumènh apì to Austriakì grafeÐo diapÐsteushc sÔmfwna me touc eurw-

paðkoÔc kanonismoÔc kai isqÔei se olìklhrh thn Eur¸ph. Ta Seibersdorf Laboratories eÐnai

èna apì ta expert group tou Space Radiation Expert Service Centre (R-ESC) thc ESA, ìpou

h uphresÐa AVIDOS parèqetai wc federated product kai eÐnai diajèsimo Ôstera apì eggraf 

(https://swe.ssa.esa.int/avidos-federated) (Sq ma 2.19). H axiolìghsh tou lsogismikoÔ èqei

gÐnei sÔmfwna me ta prìtupa thc ICRP.

Sq ma 2.19: H platfìrma thc AVIDOS se aircrew mode gia eÔkolh qr sh apì to koinì
(https://avidos.seibersdorf-laboratories.at/public). Parèqontac thn hmeromhnÐa pt shc kai ta
aerodrìmia anaq¸rhshc kai proorismoÔ, gÐnetai mÐa apl  mètrhsh thc energoÔ dìshc kat� th

di�rkeia mÐac pt shc, kaj¸c kai o qrìnoc pou isodunameÐ me mÐa tètoia èkjesh sthn epif�neia thc
Ghc (arister�). H platfìrma thc AVIDOS se science mode sthn istoselÐda thc ESA (dexi�), ìpou

mporeÐ na pragmatopoihjeÐ upologismìc thc energoÔ dìshc kaj¸c kai thc isodÔnamhc dìshc
perib�llontoc kat� th di�rkeia mÐac pt shc, me akrib  kajorismì thc diadrom c

(https://swe.ssa.esa.int/avidos-federated).

H AVIDOS qrhsimopoieÐ èna montèlo pollapl¸n paramètrwn pou basÐzetai se Monte Carlo

prosomoi¸seic èkjeshc se kosmik  aktinobolÐa gia poll� diaforetik� uyìmetra, gewgrafi-

kèc jèseic kai katast�seic hliak c drasthriìthtac me th qr sh tou pakètou prosomoi¸sewn

FLUKA. H gewmetrÐa prosomoÐwshc perilamb�nei mia trisdi�stath sfairik  anapar�stash

thc atmìsfairac thc Ghc. To atmosfairikì tupikì profÐl Ôyouc-puknìthtac me èna kat�llhlo
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meÐgma az¸tou, oxugìnou kai argoÔ organ¸jhke se 100 omìkentra kelÔfh pou ekteÐnontai se

uyìmetro 70 km. Gia thn perigraf  tou perib�llontoc aktinobolÐac lìgw galaxiak¸n kosmi-

k¸n aktÐnwn qrhsimopoi jhke èna prwtogenèc f�sma prwtonÐwn tropopoihmèno apì prìsfata

peiramatik� dedomèna dorufìrwn kai mpaloni¸n (Gaisser et al., 2001). H hliak  diamìrfwsh

lamb�netai upìyh mèsw upologism¸n pou qrhsimopoioÔn dedomèna apì metrhtèc netronÐwn

(sugkekrimèna apì to metrht  netronÐwn thc Oulu sth FinlandÐa), en¸ par�llhla qrhsimo-

poi jhke kai èna montèlo gia ta kat¸flia katakìrufhc magnhtik c duskamyÐac (Smart and

Shea, 1997). 'Egine di�dosh tou f�smatoc autoÔ sta di�fora atmosfairik� uyìmetra kai dia-

foretikèc periìdouc hliak c drasthriìthtac, lamb�nontac upìyh tic diaforetikèc energoÔc

diatomèc gia tic di�forec purhnikèc antidr�seic pou lamb�noun q¸ra. Oi roèc swmatidÐwn

pou proèkuyan, metatr�phkan se rujmoÔc ro c isodÔnamhc dìshc perib�llontoc kai energoÔ

dìshc me th qr sh twn paragìntwn barÔthtac aktinobolÐac pou proteÐnontai apì thn ICRP.

Prosomoi¸seic pragmatopoi jhkan gia polloÔc diaforetikoÔc sunduasmoÔc hliakoÔ dunami-

koÔ epibr�dunshc kai katakìrufhc magnhtik c duskamyÐac gia di�fora uyìmetra (Latocha,

2017; Latocha et al., 2009). 'Etsi, h AVIDOS pragmatopoieÐ dosimetrikoÔc upologismoÔc

se uyìmetra èwc kai 15 km gia opoiad pote gewgrafik  jèsh kai gia olìklhro ton kÔklo

hliak c drasthriìthtac (Sq ma 2.20).

Sq ma 2.20: O rujmìc isodÔnamhc dìshc perib�llontoc wc sun�rthsh tou barometrikoÔ
uyomètrou, tou hliakoÔ dunamikoÔ epibr�dunshc kai thc magnhtik c duskamyÐac, antÐstoiqa, ìpwc

upologÐsthke me thn AVIDOS (Latocha et al., 2009).

H neìterh èkdosh mporeÐ na parèqei kai upologismoÔc dìshc aktinobolÐac lìgw èktaktwn

gegonìtwn hliak c proèleushc, ìpwc epÐgeiec epaux seic thc kosmik c aktinobolÐac, ìpou

parathreÐtai meg�lh aÔxhsh thc dìshc (Latocha, 2017; Latocha and Beck, 2017). Pio su-

gkekrimèna, èqoun melethjeÐ dÔo istorik� gegonìta, to GLE42 stic 29 SeptembrÐou 1989 (to

isqurìtero GLE kat� th di�rkeia tou 22ou hliakoÔ kÔklou) kai to GLE72 stic 10 SeptembrÐou

2017 (to deÔtero kai teleutaÐo GLE tou 24ou hliakoÔ kÔklou), ìpou h dìsh pou lamb�netai

kat� th di�rkeia tou GLE42 diafèrei shmantik� apì th dìsh pou lamb�netai se sunj kec  piac
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hliak c drasthriìthtac, all� kai apì th dìsh kat� th di�rkeia tou GLE72, kaj¸c prìkeitai

gia èna fainìmeno polÔ mikr c èntashc. H AVIDOS k�nei qr sh thc uphresÐac GLE Alert,

pou parèqetai apì thn Om�da Kosmik c AktinobolÐac thc Aj nac wc federated product sthn

ESA, gia thn anÐqneush GLE se pragmatikì qrìno.

2.10.2 CARI

To upologistikì prìgramma CARI upologÐzei thn energì dìsh lìgw galaxiak c kosmik c

aktinobolÐac pou lamb�nei èna �tomo se èna aerosk�foc (me b�sh èna anjrwpìmorfo omoÐwma)

kat� m koc mÐac diadrom c pou kajorÐzetai apì to qr sth. AnaptÔqjhke apì to Iatrikì

InstitoÔto Politik c Aerodiasthmik c thc Omospondiak c DioÐkhshc Aerometafor¸n (FAA)

twn Hnwmènwn Politei¸n. H pr¸th èkdosh me thn arqik  onomasÐa Carrier (sth sunèqeia

qrhsimopoi jhke h suntomografÐa CARI) dhmiourg jhke to 1991, en¸ mèqri s mera èqoun

pragmatopoihjeÐ pollèc basikèc allagèc. Sto CARI-2 èwc to CARI-6 qrhsimopoi jhkan

b�seic dedomènwn upologismoÔ tou rujmoÔ dìshc apì ton k¸dika LUIN, me k�je shmantik 

anaje¸rhsh na akoloujeÐ mia shmantik  anaje¸rhsh tou LUIN. Oi kÔriec ekdìseic tou CARI

�llaxan suqn� prokeimènou na tairi�zoun stic an�gkec sugkekrimènwn qrhst¸n (ìpwc gia

par�deigma thc Polemik c AeroporÐac kai to Ejnikì InstitoÔto Asf�leiac kai UgeÐac sthn

ErgasÐa twn HPA). 'Etsi, up rqan dÔo ekdìseic CARI-2 (2, 2N), tèsseric ekdìseic CARI-3

(3, 3C, 3N, 3Q), treic ekdìseic tou CARI-4 (4/4EZ, 4Q, 4R), tèsseric ekdìseic CARI-5 (5,

5E, 5AF, 5G) kai ept� ekdìseic CARI-6 (6, 6HF, 6M, 6P, 6PM, -6W, -WEB). To 2014, h

neìterh èkdosh CARI-7 (CARI-7, CARI-7A) èrqetai na antikatast sei to CARI-6, me pollèc

basikèc allagèc (Copeland, 2017).

Pio sugkekrimèna, to CARI-7 anaptÔssetai me ton k¸dika MCNPX 2.7.0, se antÐjesh

me ta prohgoÔmena pou qrhsimopoioÔsan di�forec ekdìseic tou LUIN. To prìgramma mpo-

reÐ na ektelesteÐ qrhsimopoi¸ntac to eswterikì diajèsimo menoÔ   me th qr sh senarÐwn,

an�loga me tic epilogèc tou qr sth sta arqeÐa proetoimasÐac. 'Opwc kai stic prohgoÔmenec

ekdìseic, to prìgramma qrhsimopoieÐ mia diepaf  gramm c entol¸n kai mporeÐ na ektelesteÐ

stouc perissìterouc proswpikoÔc upologistèc. Ta arqeÐa qrhsimopoioÔn perÐpou 80MB

q¸rou sto dÐsko kai èwc 42MB mn mhc RAM, en¸ ta arqeÐa exìdou eÐnai sun jwc mikr�

(kb) Epiprìsjeta, se antÐjesh me tic prohgoÔmenec ekdìseic CARI, to CARI-7 den apaiteÐ

exomoiwt  (emulator) tou leitourgikoÔ sust matoc DOS se sÔgqrona sust mata, all� ja

trèqei se FORTRAN kai .NET format.

Me to CARI mporeÐ na pragmatopoihjeÐ upologismìc thc dìshc se èna sugkekrimèno shme-

Ðo (sugkekrimènec gewgrafikèc suntetagmènec, sugkekrimèno uyìmetro kai hmeromhnÐa) all�
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kai kat� th di�rkeia miac pt shc. Gia na gÐnei autì, qrhsimopoieÐtai h suntomìterh diadro-

m  (gewdaitik ) metaxÔ twn aerodromÐwn anaq¸rhshc kai proorismoÔ, en¸ sunupologÐzontai

kai oi qrìnoi apogeÐwshc kai prosgèiwshc mazÐ me thn paramon  sta di�fora atmosfairik�

uyìmetra. To prìgramma lamb�nei upìyh to uyìmetro kai th gewgrafik  jèsh kat� th di-

�rkeia miac pt shc, me b�sh tic plhroforÐec pou parèqei o qr sthc. Gia to CARI-7 to ìrio

uyomètrou epekt�jhke apì ta 27 km sta 100 km. B�seic dedomènwn qrhsimopoioÔntai gia tic

metabolèc sthn hliak  drashriìthta kai to gewmagnhtikì pedÐo. O qr sthc èqei th dunatìth-

ta epilog c montèlou galaxiak c kosmik c aktinobolÐac apì mÐa lÐsta (ìpwc gia par�deigma

ISO, Bahdwar O’Neill, kai �lla). To prìgramma dÐnei th dunatìthta upologismoÔ thc ro c

swmatidÐwn, thc energoÔ dìshc kaj¸c kai thc isodÔnamhc dìshc perib�llontoc (Sq ma 2.21).

Sthn nèa èkdosh dÐnetai h dunatìthta ektèleshc twn parap�nw upologism¸n kat� th di�rkeia

mÐac meÐwshc Forbush   mÐac gewmagnhtik c kataigÐdac, to opoÐo  tan adÔnaton mèqri prìtinoc

me th qr sh tou k¸dika LUIN.

Sq ma 2.21: To grafikì perib�llon tou CARI-7.

IdiaÐtero endiafèron parousi�zei h qr sh tou CARI-7 se sunduasmì me to SÔsthma ei-

dopoÐhshc hliak c aktinobolÐac (Solar Radiation Alert system - SRAS) gia th dhmiourgÐa

qart¸n ionÐzousac aktinobolÐac sthn atmìsfaira (Maps of Ionizing Radiation in the Atmo-

sphere - MIRA), enìc kainoÔriou ergaleÐou to opoÐo èqei anaptuqjeÐ apì thn FAA gia thn

paroq  plhrofori¸n sqetik� me ton rujmì dìshc se uyìmetra �nw twn 70 ft lìgw hliak¸n

swmatidÐwn kat� th di�rkeia èntonwn hliak¸n gegonìtwn (Copeland, 2018). To f�sma thc

hliak c kosmik c aktinobolÐac upologÐzeta apì touc dorufìrouc GOES mèsw tou MIRA, en¸

to galaxiakì f�sma dÐnetai apì to montèlo ISO 15390:2004. Sth sunèqeia pragmatopoioÔntai

dosimetrikoÐ upologismoÐ kai gia tic dÔo sunist¸sec kosmik c aktinobolÐac me to CARI-7.
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2.10.3 NAIRAS

To NAIRAS (Nowcast of Atmospheric Ionizing Radiation for Aviation Safety) eÐnai èna mo-

ntèlo gia ton upologismì tou rujmoÔ isodÔnamhc dìshc se uyìmetra emporik¸n aeroporik¸n

pt sewn (Mertens et al., 2013, 2009, 2007). 'Eqei anaptuqjeÐ apì th NASA se sunergasÐa me

thn Space Environment Technologies. Stìqoc tou eÐnai na parèqei mÐa suneq  axiolìghsh tou

atmosfairikoÔ pedÐou ionÐzousac aktinobolÐac, pou eÐnai aparaÐthto gia tic emporikèc aeropo-

rikèc etaireÐec gia thn parakoloÔjhsh kai katagraf  twn epipèdwn èkjeshc tou plhr¸matoc,

¸ste oi aeroporikèc etaireÐec kai h Omospondiak  DioÐkhsh Aerometafor¸n (FAA) na mpo-

roÔn na anaptÔxoun politikèc kai mètra gia to metriasmì twn epipèdw èkjeshc. AntÐstoiqa,

kat� thn ekd lwsh èntonwn hliak¸n gegonìc, stìqoc eÐnai h paroq  ègkairwn kai ègkurwn

plhrofori¸n sth dioÐkhsh twn aeroporik¸n etairei¸n ¸ste na lamb�nontai krÐsimec apof�seic

pou exisorropoÔn to kìstoc se allagèc diadrom c pt shc ènanti tou kindÔnou gia thn ugeÐa

twn epibat¸n kai tou plhr¸matoc.

QrhsimopoioÔntai epÐgeiec parathr seic apì metrhtèc netronÐwn, atmosfairikèc metr seic

apì mpalìnia (NCEP Reanalysis kai NCEP Global Forecasting System) kai dedomèna apì

to di�sthma apì touc dorufìrouc ACE kai GOES. To atmosfairikì profÐl dÐnetai apì to

montèlo NRLMSIS, en¸ oi rujmoÐ dìshc upologÐzontai me b�sh to parametrikì montèlo A-

tmospheric Ionizing Radiation (AIR) kai ton k¸dika HZETRN. 'Etsi, to montèlo parèqei

rujmoÔc energoÔ dìshc kai isodÔnamhc dìshc perib�llontoc gia di�forec gewgrafikèc sunte-

tagmènec, di�fora Ôyh kai di�forec periìdou hliak c drasthriìthtac.

Sta plaÐsia axiolìghshc tou montèlou, oi ektim¸menoi rujmoÐ dìshc me to NAIRAS su-

gkrÐjhkan me ta dedomèna anafor�c pou parèqontai apì thn ICRU kai thn ICRP. Oi metr seic

me to NAIRAS  tan genik� entìc tou ±50% se sqèsh me ta dedomèna anafor�c kai entìc tou

±25% gia kat¸flia katakìrufhc magnhtik c duskamyÐac mikrìtera apì 4GV (Mertens et al.,

2013). SÔmfwna me thn ICRU kai thn ICRP, h apìklish aut  den prèpei na uperbaÐnei to

±30%. H sÔgkrish aut  dÐnetai sto Sq ma 2.22.

2.10.4 PLANETOCOSMICS - MAGNETOCOSMICS

Ta logismik� pakèta PLANETOCOSMICS - MAGNETOCOSMICS èqoun anaptuqjeÐ apì

thn om�da kosmik c aktinobolÐac tou PanepisthmÐou thc Bèrnhc sthn ElbetÐa. Prìketai gia

Monte Carlo prosomoi¸seic thc di�doshc fortismènwn swmatidÐwn sto planhtikì magnhtikì

pedÐo kai twn adronik¸n kai hlektromagnhtik¸n allhlepidr�sewn thc kosmik c aktinobolÐac

me to atmosfairikì perib�llon di�forwn planht¸n, ìpwc h Gh, o 'Arhc kai o Erm c, me qr sh

tou pakètou GEANT4 (Desorgher, 2005; Desorgher et al., 2006).
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Sq ma 2.22: SÔgkrish thc H∗(10) apì to NAIRAS me ta dedomèna anafor�c ICRU sunart sei thc
magnhtik c duskamyÐac (Mertens et al., 2013).

To PLANETOCOSMICS mporeÐ parèqei to rujmì ro c twn swmatidÐwn se di�fora atmo-

sfairik� uyìmetra, thn enèrgeia pou enapotÐjetai se aut� ta str¸mata lìgw twn kataigism¸n,

o rujmìc ionismoÔ kaj¸c kai ektÐmhsh dìsewn aktinobolÐac gia aeroprikèc pt seic. Gia na

gÐnei autì, h katakìrufh magnhtik  duskamyÐa upologÐzetai se shmeÐa plègmatoc gewgrafi-

k¸n suntetagmènwn 5o x 5o, qrhsimopoi¸ntac dedomèna apì to pagkìsmio dÐktuo twn metrht¸n

netronÐwn. Sth sunèqeia gÐnetai upologismìc tou f�smatoc thc kosmik c aktinobolÐac èxw

apì th magnhtìsfaira thc Ghc, b�sei twn hliokentrik¸n dunamik¸n, to opoÐo odhgeÐ telik�

ston upologismì thc ro c twn deuterogen¸n swmatidÐwn. Tèloc, h ro  aut  metatrèpetai

se dìsh me th qr sh kat�llhlwn suntelest¸n metatrop c ro c-dìshc, pou basÐzontai se

upologismoÔc me to ergaleÐo FLUKA.

To montèlo thc Bèrnhc eÐnai mh emporikì kai mporeÐ na qrhsimopoihjeÐ mìno gia episth-

monikoÔc skopoÔc, en¸ apaiteÐtai kai eidik  �deia gia th qr sh tou. Me to montèlo autì

mporoÔn na pragmatopoihjoÔn kai upologismoÐ dìsewn aktinobolÐac kat� th di�rkeia GLEs

kai mei¸sewn Forbush (Sq ma 2.23), kaj¸c parèqei pl joc wriaÐwn tim¸n. Parìl� aut� lìgw

periorismènou arijmoÔ dedomènwn kai mh ananèwshc thc b�shc, den eÐnai dunat  h prosomoÐwsh

k�poiou gegonìtoc met� to 2012.

2.10.5 EPCARD

To logismikì EPCARD (European Program Package for the Calculation of Aviation Route

Doses) epitrèpei ton upologismì thc energoÔ dìshc kai thc isodÔnamhc dìshc perib�llontoc
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Sq ma 2.23: O rujmìc isodÔnamhc dìshc prin kai kat� th di�rkeia mÐac meÐwshc Forbush stic
18/2/2011, ìpou parathreÐtai meÐwsh thc dìshc (Phg : http://kspc22.unibe.ch/).

lìgw kosmik c aktinobolÐac se opoiod pote sen�rio pt shc (Mares and Leuthold, 2007; Ma-

res et al., 2009, 2004; Roesler et al., 2002; Schraube et al., 2002). Dhmiourg jhke apì to

Germanikì InstitoÔto Helmholtz Zentrum München - GmbH) me thn upost rixh tou Pa-

nepisthmÐou Siegen thc GermanÐac kai thc Eurwpaðk c Epitrop c. To prìgramma plhreÐ tic

apait seic thc Eurwpaðk c OdhgÐac 96/29/EURATOM kai twn metagenèsterwn eurwpaðk¸n

ejnik¸n kanonism¸n, en¸ h neìterh èkdosh èqei p�rei epÐshmh ègkrish gia ton kajorismì

dìsewn twn plhrwm�twn aeroporÐac apì th Germanik  Arq  AeroporÐac kai to Ejnikì Mete-

wrologikì InstitoÔto thc GermanÐac to 2010. MetaxÔ twn qrhst¸n tou logismikoÔ EPCARD

perilamb�nontai meg�lec germanikèc aeroporikèc etaireÐec, ìpwc h Lufthansa, h Condor Flu-

gdienst, h LTU International kaj¸c ki o diejn c p�roqoc uphresi¸n aeroporik¸n etairei¸n

ASISTIM GmbH.

To logismikì basÐzetai sto pakèto prosomoi¸sewn FLUKA kai qrhsimopoieÐ wc f�sma

prwtogenoÔc aktinobolÐac autì pou parèqetai apì to montèlo thc NASA. Epitrèpei ton u-

pologismì dìsewn se opoiad pote aeroporik  diadrom  kai gia opoiod pote profÐl pt shc

se di�fora uyìmetra sthn atmìsfaira thc Ghc mèqri to epÐpedo thc j�lassac, gia ìlec

tic pijanèc fusikèc paramètrouc thc hliak c drasthriìthtac kai thc gewmagnhtik c jwr�ki-

shc (5 − 25 km). EÐnai diajèsimo sto koinì mèsw thc istoselÐdac https://www.helmholtz-

muenchen.de/en/epcard-neu/index.html, ìpou dÐnetai h dunatìthta sto qr sth na rujmÐsei

di�forec paramètrouc pt shc, ìpwc thn hmeromhnÐa kai th qronik  di�rkeia thc pt shc, touc

qrìnouc apogeÐwshc kai prosgeÐwshc, to uyìmetro pt shc kaj¸c kai th met�bash se èwc kai

12 diaforetik� uyometrik� epÐpeda kat� th di�rkeia thc pt shc.

2.10.6 PCAIRE

O k¸dikac PCAIRE (Predictive Code for Radiation Exposure) èqei anaptuqjeÐ ston Kanad�

kai apoteleÐ èna empeirikì montèlo gia ton upologismì tou rujmoÔ dìshc aktinobolÐac mèsa
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Sq ma 2.24: Sqhmatik  anapar�stash tou kajorismoÔ twn uyometrik¸n epipèdwn me to prìgramma
EPCARD (arister�) kai èna par�deigma upologismoÔ dìshc kat� th di�rkeia miac aeroporik c

pt shc me thn èkdosh pou eÐnai diajèsimh sto koinì
(https://www1.helmholtz-muenchen.de/epcard/online/).

Sq ma 2.25: SÔgkrish tou qrìnou pt shc (dexi�) kai thc energoÔ dìshc (arister�) gia pt seic apì
GermanÐa proc epilegmènouc proorismoÔc sth suntomìterh diadrom , taxinomhmènh an�loga me th

di�rkeia thc pt shc. Oi timèc dìshc upologÐsthkan me EPCARDv3.2 gia uyìmetro 11 km
(https://www.helmholtz-muenchen.de/en/epcard-neu/dose-calculation/index.html.)

sthn atmìsfaira (Lewis et al., 2005; McCall et al., 2009). EÐnai diajèsimo sthn istoselÐda

http://new.pcaire.com/ Ôstera apì eggraf .

Pio sugkekrimèna, qrhsimopoi jhkan oi metr seic apì ènan analogikì aparijmht  pou

prosomoi�zei anjr¸pino istì TEPC (Tissue Equivalent Proportional Counter), lìgw thc

dunatìtht�c tou na metr� th sunolik� isodÔnamh dìsh perib�llontoc sta polÔploka pedÐa

aktinobolÐac pou up�rqoun se meg�la uyìmetra. Oi metrhtèc qrhsimopoi jhkan se 64 pt seic

me meg�lo eÔroc gewgrafik¸n suntetagmènwn kai katwflÐwn magnhtik c duskamyÐac. Apì tic

metr seic autèc proèkuye èna empeirikì montèlo to opoÐo parèqei mÐa ektÐmhsh thc sunolik c

isodÔnamhc dìshc perib�llontoc lìgw galaxiak c kosmik c aktinobolÐac se opoiad pote ae-

roporik  diadrom  pagkosmÐwc se Ôyoc mèqri ta 20 km, se opoiad pote perÐodo tou hliakoÔ

kÔklou. Gia thn perigraf  thc hliak c diamìrfwshc, oi upologismoÐ autoÐ basÐzontai sto
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Sq ma 2.26: Di�gramma tou rujmoÔ isodÔnamhc dìshc perib�llontoc wc sun�rthsh thc magnhtik c
duskamyÐac (arister�) kai twn metr sewn me TEPC ènanti twn ektim¸menwn tim¸n me ton k¸dika

PCAIRE (McCall et al., 2009).

montèlo tou dunamikoÔ epibr�dunshc (decelaration potential model), pou èqei anaptuqjeÐ apì

th NASA kai se epÐgeiec metr seic apì ton metrht  netronÐwn Climax sto Colorado.

H axiolìghsh (validation) tou PCAIRE èqei gÐnei sÔmfwna me tic metr seic twn metrht¸n

TEPC, ìpou up�rqei mÐa apìklish thc t�xhc tou ± 25%, kai ìqi sÔmfwna me tic odhgÐec thc

ICRP (McCall et al., 2009).

2.10.7 JISCARD EX

To prìgramma JISCARD EX (Japanese Internet System for the Calculation of Aviation

Route Doses) èqei anaptuqjeÐ apì to Ejnikì InstitoÔto Radiologik¸n Episthm¸n (NIRS) thc

IapwnÐac (Yasuda, 2008a,b). H Iapwnik  kubèrnhsh z thse apì tic egq¸riec aeroporikèc etai-

reÐec na akolouj soun tic odhgÐec tou IapwnikoÔ SumboulÐou AktinobolÐac to 2006, sÔmfwna

me tic opoÐec oi et siec dìseic tou plhr¸matoc aeroskaf¸n prèpei na diathroÔntai k�tw apì

5mSv ethsÐwc. To InstitoÔto NIRS bo jhse tic aeroporikèc etaireÐec na akolouj soun au-

t n thn odhgÐa, idÐwc gia ton upologismì twn dìsewn thc aeroporik c diadrom c. Wc upoproðìn

aut c thc ergasÐac, anaptÔqjhke to JISCARD EX Personal Edition, to opoÐo eÐnai diajèsimo

sto koinì Ôstera apì eggraf  (www.nirs.go.jp/research/jiscard/ex/index ex e.html).

To prìgramma èqei anaptuqjeÐ me Excel VBA (Visual Basic for Applications) kai ektele-

Ðtai sthn platfìrma tou Microsoft Excel 2003/2007. To prwtogenèc f�sma twn galaxiak¸n

kosmik¸n aktÐnwn dÐnontai apì ta topik� diastrik� (LIS) f�smata, en¸ h hliak  diamìrfwsh

diamor¸netai apì to montèlo twn Nymmik et al. se sunduasmì me tropopoihmènec empeirikèc

paramètrouc pou basÐzontai ston formalismì pedÐou dÔnamhc. Oi timèc tou katwflÐou magnhti-
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k c duskamyÐac Rc sta shmeÐa dièleushc upologÐzontai me ton k¸dika MAGNETOCOSMICS

apì thn om�da Kosmik c AktÐnobolÐac tou PanepisthmÐou thc Bèrnhc. O rujmìc dìshc se èna

shmeÐo sthn atmìsfaira upologÐzetai me b�sh touc proteinìmenouc apì thn ICRP par�gontec

barÔthtac aktinobolÐac wR me to analutikì montèlo PARMA (PHITS-based Analytical Ra-

diation Model in the Atmosphere) (Sato et al., 2008) anaptÔqjhke sthn IapwnÐa kai basÐzetai

ston k¸dika prosomoi¸sewn PHITS (Sato et al., 2018).

H epèktash tou montèlou aktinobolÐac PARMA/EXPACS (Excel-based Program for Ca-

lculating Atmospheric Cosmic ray Spectrum) epitrèpei ton upologismì dìsewn lìgw kosmik c

aktinobolÐac stigmiaÐa kai me akrÐbeia, kajorÐzontac to qrìno, to uyìmetro kai to gewgrafikì

pl�toc kai m koc (https://phits.jaea.go.jp/expacs/) (Sato, 2015). H qr sh tou sunduastik�

me to dunamikì hliak c diamìrfwshc pou ektim�tai apì ton arijmì hliak¸n khlÐdwn, parèqei

autìmata se kajhmerin  b�sh ton pagkìsmio q�rth to rujmì dìshc se èna tupikì uyìmetro

pt shc (perÐpou 11 thinspacekm). To montèlo èqei enswmatwjeÐ sto prìgramma JISCARD

EX.

O qr sthc kajorÐzei th diadrom  pt shc, dÐnontac thn ¸ra anaq¸rhshc, to uyìmetro, tic

gewgrafikèc suntetagmènec kai tic topojesÐec twn aerodromÐwn apogeÐwshc kai prosgeÐwshc.

H dunatìthta aut  dÐnetai plèon apì èna grafikì perib�llon ergasÐac pou eÐnai diajèsimo

sto qr sth (Martin Andersson et al., 2011). To prìgramma pragmatopoieÐ upologismì thc

sunolik c energoÔ dìshc kai thc sunolik c isodÔnamhc dìshc perib�llontoc gia thn pt sh,

en¸ dÐnei sto qr sth sugkentrwtik� tic sunj kec pt shc, to sq ma thc diadrom c pt shc, to

hliakì magnhtikì dunamikì kaj¸c kai ta graf mata rujmoÔ dìshc, dunamikì uyomètrou kai

magnhtik c duskamyÐac san sun�rthsh tou qrìnou (Sq ma 2.27).

SugkrÐnontac thn energì dìsh ìpwc upologÐzetai apì to JISCARD EX kai to CARI-6

gia epilegmènec diejneÐc pt seic, parathreÐtai ìti oi ektim¸menec timèc tou JISCARD EX eÐnai

20% - 50% (30% kat� mèso ìro) qamhlìterec apì ekeÐnec tou CARI-6 (Yasuda, 2008a). A-

ntÐstoiqa, eÐnai qamhlìterec kai se sqèsh me ta progr�mmata EPCARD kai SIEVERT (Mares

and Yasuda, 2010; Yasuda, 2008a). K�poia paradeÐgmata dÐnontai sto Sq ma 2.27).

2.10.8 SIEVERT

To SIEVERT (Système d’Information et d’Évaluation par Vol de l’Exposition au Rayon-

nement Cosmique dans les Transports Aériens) apoteleÐ èna hlektronikì sÔsthma gia thn

axiolìghsh thc dìshc lìgw kosmik c aktinobolÐac kat� th di�rkeia miac aeroporik c pt shc

(Bottollier-Depois et al., 2003, 2002). AnaptÔqjhke apì th Genik  DieÔjunsh Politik c A-

eroporÐac thc GallÐac (DGAC) me sunerg�tec to InstitoÔto ProstasÐac AktinobolÐac kai
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Sq ma 2.27: Ta apotelèsmata upologismoÔ dìsewn aktinobolÐac apì to prìgramma JISCARD EX
(Yasuda, 2008a) (arister�) SÔgkrish twn tim¸n energoÔ dìshc ìpwc upologÐsthkan me to

JISCARD EX se sqèsh me to CARI-6 (p�nw) (Yasuda, 2008a) kai to EPCARD (k�tw) (Mares
and Yasuda, 2010).

Purhnik c Asf�leiac (IRSN), to Parathrht rio tou ParisioÔ kai to Gallikì InstitoÔto Po-

lik c 'Ereunac Paul-Emile Victor (IPEV). H epaggelmatik  èkdosh eÐnai diajèsimh se ènan

diakomist  DiadiktÔou prosb�simo mìno se etaireÐec pou èqoun upob�llei aÐthsh, en¸ pa-

r�llhla mÐa diajèsimh sto koinì èkdosh epitrèpei stouc epib�tec na axiologoÔn th dìsh pou

lamb�noun kat� th di�rkeia miac pt shc (https://www.sievert-system.org/). Sth GallÐa, to

sÔsthma SIEVERT qrhsimopoeÐtai apì aeroporikèc etaireÐec, ìpwc gia par�deigma h Air Fra-

nce, sta plaÐsia efarmog c tou �rjrou 42 thc Eurwpaðk c Koinotik c OdhgÐac EURATOM

96/29.

O enaèrioc q¸roc qwrÐzetai se kuyelÐdec, me thn k�je mÐa na èqei 1000 pìdia Ôyoc kai

gewgrafikì m koc kai pl�toc 10° kai 2° antÐstoiqa. Aut� sqhmatÐzoun sunolik� ènan q�rthc

265.000 kuyelÐdwn, me èna rujmì energoÔ dìshc na antistoiqÐzetai se kajemÐa apì autèc. Oi

upologismoÐ gÐnontai me b�sh to qrìno paramon c tou aerosk�fouc se k�je kuyelÐda kai thn

antÐstoiqh dìsh. Sth sunèqeia, oi dìseic autèc ajroÐzontai kai prokÔptei h sunolik  dìsh

pou lamb�netai sthn pt sh aut . Oi dìseic axiologoÔntai, sÔmfwna me ta qarakthristik�
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thc pt shc, apì dosimetrik� dedomèna epikurwmèna apì to (IRSN) gia plhj¸ra pt sewn. O

upologismìc thc dìshc basÐzetai se �lla montèla pou antistoiqoÔn stouc rujmoÔc dìshc thc

kosmik c aktinobolÐac, ìpwc to EPCARD kai to CARI (paliìtera). Peiramatik� dedomèna

apì dosÐmetra topojethmèno sto èdafoc kai sta aerosk�fh qrhsimopoioÔntai epibebaÐwsh  

/ kai diìrjwsh thc ektim¸menhc dìshc (Bottollier-Depois et al., 2007; Clairand et al., 2009).

Lamb�nontac upìyh ton 11et  hliakì kÔklo, mporoÔn na katartistoÔn q�rtec prìgnwshc,

me to SIEVERT na eÐnai se jèsh na parèqei problèyeic gia èwc kai 18 m nec. Se perÐptw-

sh hliak  èklamyhc, qrhsimopoieÐtai to hmiempeirikì montèlo SiGLE apì to Parathrht rio

tou ParisioÔ gia thn ektÐmhsh thc isodÔnamhc dìshc (Lantos and Fuller, 2004). To SiGLE

basÐzetai se metr seic apì pt seic thc Air France kai thc British Airways kai dedomèna apì

epÐgeiouc metrhtèc netronÐwn kat� th di�rkeia tou GLE42 gia di�forec timèc tou katwflÐou

magnhtik c dukamyÐac (Sq ma 2.28)

Sq ma 2.28: Rabdìgramma twn isodÔnamwn dìsewn pou el fjhsan sth qeirìterh perÐptwsh kat�
th di�rkeia GLE (mìno suneisfor� mìno tou GLE), gia dÔo pt seic, ìpwc upologÐsthkan me to

montèlo SiGLE (Clairand et al., 2009; Lantos and Fuller, 2004).

Sta plaÐsia thc didaktorik c diatrib c aut c, qrhsimopoieÐtai èna nèo ergaleÐo gia thn

pragmatopoÐhsh dosimetrik¸n upologism¸n, to opoÐo onom�zetai DYASTIMA (Paschalis et al.,

2014), to opoÐo èqei anaptuqjeÐ apì thn Om�da Kosmik c AktinobolÐac tou EjnikoÔ kai Ka-

podistriakoÔ PanepisthmÐou Ajhn¸n. To ergaleÐo autì, kaj¸c kai ta apotelèsmata apì th

qr sh tou se di�forec gewgrafikèc suntetagmènec kai f�seic thc hliak c drasthriìthtac,

ja analujoÔn endeleq¸c sta kef�laia tou PeiramatikoÔ Mèrouc.
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Peiramatikì Mèroc





3 Logismikì DYASTIMA

Sto kef�laio autì, parousi�zetai to ergaleÐo DYASTIMA to opoÐo èqei anaptuqjeÐ apì thn

Om�da Kosmik c AktinolÐac tou PanepisthmÐou thc Aj nac kai qrhsimopoieÐtai gia th melèth

twn atmosfairik¸n kataigism¸n. H nèa tou èkdosh perièqei thn epèktash DYASTIMA-R, h

opoÐa dÐnei th dunatìthta pragmatopoÐhshc dosimetrik¸n upologism¸n mèsa sthn atmìsfaira

enìc plan th. To ergaleÐo autì qrhsimopoi jhke sta plaÐsia thc diatrib c aut c gia thn

axiolìghsh thc èkjeshc se kosmik  aktinobolÐa twn plhrwm�twn aeroskaf¸n. GÐnetai ekten c

anafor� sthn parametropoÐhsh tou DYASTIMA kai DYASTIMA-R kai dÐnontai k�poia pr¸ta

apotelèsmata apì thn efarmog  tou. To DYASTIMA kai DYASTIMA-R apoteleÐ plèon

federated product sthn Eurwpaðk  Diasthmik  UphresÐa (ESA), kai pio sugkekrimèna sto

Space Situational Awareness (SSA) Space Weather Service Network (SWE) Space Radiation

Expert Service Centre (R-ESC), ìpou h Om�da Kosmik c AktinobolÐac EKPA summetèqei wc

expert group.

3.1 DYASTIMA

To DYnamic Atmospheric Shower Tracking Interactive Model Application (DYASTIMA)

apoteleÐ mÐa efarmog  Monte Carlo prosomoÐwshc twn kataigism¸n deuterogen¸n swmatidÐwn

mèsa sthn atmìsfaira enìc plan th. AnaptÔqjhke apì thn Om�da Kosmik c AktinobolÐac

EKPA, kai sugkekrimèna apì ton Dr. PaÔlo Pasq�lh, sta plaÐsia thc didaktorik c diatrib c

tou (Paschalis, 2014). H an�ptuxh thc efarmog c, kaj¸c kai ta pr¸ta apotelèsmata gia

thn atmìsfaira thc Ghc èqoun  dh dhmosieujeÐ (Paschalis et al., 2014). H kentrik  idèa

pÐsw apì to logismikì autì  tan h dhmiourgÐa miac eÔqrhsthc efarmog c pou ja epitrèpei

ìso to dunatì megalÔterh eleujerÐa parametropoÐhshc sto qr sthc kai ja parèqei pl joc

plhrofori¸n gia ton atmosfairikì kataigismì. Autì dÐnei th dunatìthta qr shc ìqi mìno apì

epist monec all� kai apì �llouc foreÐc   to eurÔ koinì, kajist¸ntac to ètsi ìqi apl� èna

�rtia episthmonikì ergaleÐo, all� kai èna ekpaideutikì mèso gia th melèth thc deuterogenoÔc

kosmik c aktinobolÐac.

H ulopoÐhsh tou logismikoÔ gÐnetai se C++. To DYASTIMA apoteleÐ autìnomh e-

farmog  tou gnwstoÔ pakètou prosomoi¸sewn GEANT4 (Agostinelli et al., 2003; Allison

et al., 2006, 2016). To GEANT4 krÐnetai wc to apìluta kat�llhlo pakèto gia thn an�ptuxh

thc efarmog c, kaj¸c h qr sh tou èqei kajierwjeÐ se di�forouc tomeÐc, ìpwc sth Fusik c

Uyhl¸n Energei¸n, sthn purhnik  fusik , sth fusik  epitaqunt¸n, sthn iatrik  kai sth

diasthmik  epist mh. MporeÐ na montelopoi sei allhlepidr�seic gia èna eurÔ f�sma ener-

123



gei¸n me idiaÐterh akrÐbeia. Parèqei upost rixh kai enhmer¸seic, en¸ aut  th stigm  èqei

sunolik� p�nw apì 16000 anaforèc. To logismikì eÐnai diajèsimo mèsw thc istoselÐdac

https://geant4.web.cern.ch/.

H pr¸th èkdosh tou DYASTIMA apaitoÔse thn parametropoÐhsh mèsw arqeÐwn keimènou

(.txt), en¸ upost rize atmìsfaira me stajer  sÔnjesh, me apotèlesma na eÐnai dunat  h

efarmog  tou mìno sthn atmìsfaira thc Ghc. H èxodoc tou logismikoÔ  tan me arqeÐa .csv,

en¸ den up rqe h dunatìthta resume, me apotèlesma an gia opoiod pote lìgo h prosomoÐwsh

stamatoÔse, èprepe ìlh h diadikasÐa na xekin sei apì thn arq .

H deÔterh èkdosh enisqÔjhke me èna grafikì perib�llon ergasÐac (Graphical User Inter-

face - GUI), to opoÐo dÐnei th dunatìthta eÔkolhc parametropoÐhshc akìma kai se mh-èmpeiro

qr sth. Ta apotelèsmata apojhkeÔontan se mÐa b�sh dedomènwn, epitrèpontac ètsi th lei-

tourgÐa resume. Par�llhla, upost rize atmìsfaira me metablht  sÔnjesh. An kai stic

perissìterec peript¸seic, h atmìsfaira tou ek�stote plan th èqei stajer  sÔnjesh, to qa-

rakthristikì autì mporeÐ na faneÐ qr simo kaj¸c epitrèpei thn Ôparxh nef¸n   ugrasÐac

sta qamhlìtera atmosfairik� str¸mata. H èkdosh aut  èqei qrhsimopoihjeÐ  dh me epituqÐa

gia th melèth twn deuterogen¸n kataigism¸n sthn atmìsfaira thc Ghc gia di�forec periìdouc

hliak c drasthriìthtac (Dorman et al., 2015; Paschalis et al., 2014), kaj¸c kai gia ton upolo-

gismì tou ionismoÔ thc atmìsfairac thc AfrodÐthc (Plainaki et al., 2016). K�poia endeiktik�

apotelèsmata apì tic douleièc autèc parousi�zontai sta akìlouja sq mata (Sq mata3.1, 3.2

kai 3.3).

Sq ma 3.1: UpologismoÐ me to DYASTIMA gia th g inh atmìsfaira (Paschalis et al., 2014).
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Sq ma 3.2: O ionismìc thc atmìsfairac ìpwc upologÐsthke apì to DYASTIMA gia to GLE71
(Dorman et al., 2015).

Sq ma 3.3: O ionismìc thc atmìsfairac thc AfrodÐthc ìpwc upologÐsthke apì to DYASTIMA
(Plainaki et al., 2016).

H trèqousa èkdosh tou DYASTIMA perilamb�nei th leitourgikìthta thc prohgoÔmenhc

èkdoshc me kalÔterh optikopoÐhsh kai pollèc belti¸seic, pou aforoÔn ìqi mìno th grafi-

k  diepaf  tou qr sth all� kai ton Ðdio ton k¸dika, kaj¸c kai thn enswm�twsh mÐac b�shc

dedomènwn SQLite. UposthrÐzei ektetamènh parametropoÐhsh, kaj¸c o qr sthc èqei th du-

natìthta na d¸sei tic kÔriec paramètrouc tou plan th, to atmosfairikì profÐl kai to prwto-

genèc f�sma kosmik¸n swmatidÐwn mèsa apì mÐa seir� diajèsimwn montèlwn, ìpwc ja doÔme

kai parak�tw. Autì dÐnei ètsi th dunatìthta prosomoÐwshc thc atmìsfairac opoioud pote
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plan th kai opoioud pote f�smatoc eisìdou. Pèra apì aut�, pragmatik  kainotomÐa thc èkdo-

shc aut c apoteleÐ h enswm�twsh tou nèou stoiqeÐou DYASTIMA-R, to opoÐo epitrèpei thn

pragmatopoÐhsh dosimetrik¸n upologism¸n mèsa sthn atmìsfaira (blèpe epìmenh enìthta).

H grafik  diepaf  qr sth tou DYASTIMA parousi�zetai sto Sq ma 3.4.

Sq ma 3.4: Grafikì perib�llon qr sth (GUI) tou DYASTIMA (Paschalis and Tezari, 2019).

H an�ptuxh tou DYASTIMA èqei gÐnei me Microsoft Visual Studio, opìte gia th qr sh

tou apaiteÐtai èna leitourgikì sÔsthma Microsoft Windows kai h biblioj kh .NET. EpÐshc,

apaitoÔntai h biblioj kh GEANT4 (GEANT4 library) kai ta sÔnola dedomènwn GEANT4

(GEANT4 datasets). To DYASTIMA kateb�zei autìmata ìla ta apaitoÔmena arqeÐa tou

GEANT4 kai orÐzei tic aparaÐthtec periballontikèc metablhtèc. H trèqousa èkdosh tou

DYASTIMA qrhsimopoieÐ thn èkdosh GEANT4 10.4 kai ta antÐstoiqa datasets. Gia thn

qr sh tou logismikoÔ DYASTIMA, eÐnai aparaÐthth h qr sh enìc mèsou upologist . Su-

n jwc, ta apotelèsmata miac prosomoÐwshc apaitoÔn perÐpou 100MB q¸rou sto dÐsko, autì

ìmwc exart�tai èntona apì thn epijumht  èxodo pou epilègetai. Me ton trìpo autì, o apaito-

Ômenoc q¸roc sto dÐsko mporeÐ na auxhjeÐ se perÐptwsh poll¸n strwm�twn katagraf c  /kai

sthn perÐptwsh katagraf c thc orizìntiac jèshc twn swmatidÐwn, kaj¸c kai sthn perÐptwsh

upologism¸n dìsewn aktinobolÐac.
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Apì to Dekèmbrio tou 2019, met� apì mÐa ektetamènh diadikasÐa axiolìghshc (validation)

pou ja analujeÐ ekten¸c sto epìmeno kef�laio, to ergaleÐo DYASTIMA apoteleÐ federated

product sthn Eurwpaðk  Diasthmik  UphresÐa (ESA), kai pio sugkekrimèna sto Space Si-

tuational Awareness (SSA) Space Weather Service Network (SWE) Space Radiation Expert

Service Centre (R-ESC), ìpou h Om�da Kosmik c AktinobolÐac EKPA summetèqei wc expert

group. Stìqoc tou Kèntrou Diasthmik c AktinobolÐac (R-ESC) eÐnai na parèqei kai na a-

naptÔssei tic leitourgÐec, tic dunatìthtec kai thn teqnognwsÐa ston tomèa thc Diasthmik c

AktinobolÐac pou apaitoÔntai sto dÐktuo ESA SSA SWE ¸ste na epiteuqjeÐ h epÐdeixh kai

h axiolìghsh twn epirro¸n tou DiasthmikoÔ KairoÔ, kaj¸c kai h enhmèrwsh kai upost rixh

twn telik¸n qrhst¸n mèsw thc paroq c akrib¸n, axiìpistwn kai ègkairwn proðìntwn kai uph-

resi¸n, prosarmosmènwn stic apait seic touc. To R-ESC diasfalÐzei ìti h parakoloÔjhsh,

h montelopoÐhsh kai h prìbleyh thc diasthmik c aktinobolÐac (perib�llon pl�sma, hliak� e-

nerghtik� swmatÐdia, z¸nec aktinobolÐac, galaxiakèc kosmikèc aktÐnec), twn mikroswmatidÐwn

(apì metewroeid  kai diasthmik� skoupÐdia), kaj¸c kai ìlwn twn fainomènwn me epipt¸seic

sthn teqnologÐa kai ta biologik� sust mata, kalÔptontai pl rwc ìson afor� to diasthmikì

perib�llon kont� sth Gh. H Om�da Kosmik c AktinobolÐac tou PanepisthmÐou Ajhn¸n sum-

metèqei energ� sto kèntro autì apì to 2014, parèqontac plèon treic egkekrimènec uphresÐec

(GLE Alert ++ service, Multi-station neutron monitor data kai DYASTIMA). H istoselÐda

tou DYASTIMA sto portal thc ESA parousi�zetai sto Sq ma 3.5.

Prokeimènou na apokt sei kaneÐc prìsbash sto logismikì DYASTIMA, eÐnai aparaÐthto e-

Ðte na eggrafeÐ wc qr sthc sto ESA SWE ESC Space Radiation (http://swe.ssa.esa.int/space-

radiation), akolouj¸ntac th diadikasÐa Single Sign-On (SSO). Se aut  thn eidik� diamorfw-

mènh istoselÐda, eÐnai diajèsimec oi basikèc plhroforÐec gia to DYASTIMA, odhgÐec gia th

qr sh tou kaj¸c kai mÐa b�sh dedomènwn me apotèlesmata apì prosomoi¸seic pou èqoun

pragmatopoihjeÐ  dh. O qr sthc èqei epÐshc th dunatìthta na zht sei thn ektèlesh k�poiou

sugkekrimènou senarÐou, parèqontac k�poiec basikèc paramètrouc eisìdou. Enallaktik�, o

qr sthc den jèlei prìsbash par� mìno sto logismikì, mporeÐ na episkefjeÐ thn istoselÐda

tou A.Ne.Mo.S. (http://cosray.phys.uoa.gr/index.php/dyastima). EkeÐ brÐskontai diajèsima

dwre�n tìso to logismikì ìso kai to EgqeirÐdio qr sth (Paschalis and Tezari, 2019), ìpwc

faÐnetai kai sto Sq ma 3.6.

3.2 DYASTIMA-R

'Opwc eÐpame  dh, to DYASTIMA apoteleÐ èna ergaleÐo melèthc twn kataigism¸n mèsa sthn

atmìsfaira enìc plan th, parèqontac ìso to dunatìn perissìterec plhroforÐec sto qr sth
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Sq ma 3.5: H selÐda tou DYASTIMA sthn istoselÐda thc ESA, ìpou eÐnai diajèsimo wc federated
product (https://swe.ssa.esa.int/dyastima-federated).

gia to kataigismì autì. H melèth thc di�dosh thc deuterogenoÔc kosmik c aktinobolÐac

eÐnai idiaÐtera shmantik  tìso gia jewrhtikoÔc skopoÔc ìso kai gia praktikèc efarmogèc.

H kuriìterh apì tic efarmogèc autèc apoteleÐ h pragmatopoÐhsh dosimetrik¸n upologism¸n

gia thn axiolìghsh thc èkjeshc se kosmik  aktinobolÐa twn plhrwm�twn aeroskaf¸n  /kai

diasthmik¸n skaf¸n. Gia to lìgo autì, to DYASTIMA enisqÔjhke me èna nèo stoiqeÐo, to

DYASTIMA-R, to opoÐo epitrèpei ton upologismì diafìrwn radiobiologik¸n posot twn mèsa

sthn atmìsfaira. H leitourgÐa tou DYASTIMA / DYASTIMA-R parousi�zetai sto Sq ma

3.7.

To DYASTIMA-R qrhsimopoieÐ thn èxodo pou parèqetai apì to DYASTIMA, kai ekteleÐ

mÐac deÔterh Monte Carlo prosomoÐwsh twn allhlepidr�sewn swmatidÐwn gia th di�dosh thc

prwtogenoÔc kai deuterogenoÔc aktinobolÐac mèsw thc Ôlhc. 'Etsi, upologÐzetai h enèrgeia

pou enapotÐjetai sto anjr¸pino s¸ma me qr sh enìc kulindrikoÔ omoi¸matoc (phantom)  

se èna omoÐwma anafor�c (reference phantom). To omoÐwma autì mporeÐ na topojethjeÐ sta

atmosfairik� uyìmetra pou endiafèroun to qr sth, ìpou kai upologÐzetai o rujmìc aporro-

foÔmenhc dìshc dD/dt kai o rujmìc isodÔnamhc dìshc dH/dt. Pio sugkekrimèna, to dD/dt

upologÐzetai qrhsimopoi¸ntac th mèsh enèrgeia dE pou apotÐjetai se ènan ìgko m�zac dm se

k�je b ma kat� m koc miac troqi�c swmatidÐwn en¸ to dH/dt upologÐzetai qrhsimopoi¸ntac
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Sq ma 3.6: H selÐda tou DYASTIMA sthn epÐshmh istoselÐda tou A.Ne.Mo.S., ìpou eÐnai
diajèsimo to logismikì kai to egqeirÐdio qr shc tou
(http://cosray.phys.uoa.gr/index.php/dyastima).

to dD/dt exiswmèno p�nw sto omoÐwma kai pollaplasi�zontac me ton par�gonta poiìthtac

thc aktinobolÐac wR pou sqetÐzetai me th biologik  apotelesmatikìthta thc aktinobolÐac. Oi

timèc pou qrhsimopoioÔntai gia ton wR eÐnai sÔmfwna me thn ICRP (ICRP, 2007). Dedomènou

ìti to pedÐo èkjeshc se aktinobolÐa apoteleÐtai apì diaforetik� swmatÐdia kai enèrgeiec, h su-

nolikèc timèc thc aporrofoÔmenhc kai thc isodÔnamhc dìshc upologÐzontai wc to �jroisma twn

memonwmènwn aporrofoÔmenwn dìsewn kai isodÔnamwn dìsewn antÐstoiqa. To DYASTIMA-R

dÐnei th dunatìthta upologismoÔ twn dD/dt kai dH/dt tìso ajroistik� ìso kai xeqwrist� gia

k�je eÐdoc swmatidÐou. Sta mellontik� sqèdia perilamb�netai h enswm�twsh thc gwmetrÐac

kai twn ulik¸n jwr�kishc twn aeroskaf¸n.

'Etsi, kaj¸c to DYASTIMA-R upologÐzei th dìsh kai thn isodÔnamh dìsh di�forwn

tÔpwn swmatidÐwn se di�forec gewgrafikèc suntetagmènec, diaforetik� atmosfairik� epÐpe-

da kai lamb�nei upìyh tic f�seic thc hliak c drasthriìthtac, epitrèpei th melèth poikÐlwn

senarÐwn aeroporik¸n pt sewn. To gegonìc autì, se sunduasmì me thn idiaÐtera eÔqrhsth

diepaf  qr sth, mporeÐ na apotelèsei èna qr simo ereunhtikì kai ekpaideutikì ergaleÐo gia

ta plhr¸mata aeroskaf¸n (pilìtoi, aerosunodoÔc), touc epib�tec (suqnèc taxidi¸tec, ègkuec
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Sq ma 3.7: Logikì di�gramma thc leitourgÐac tou logismikoÔ DYASTIMA kai DYASTIMA-R
(Paschalis and Tezari, 2019).

gunaÐkec, paidi�), tic aeroporikèc etaireÐec kai touc taxidiwtikoÔc pr�ktorec, touc kataskeua-

stèc aeroskaf¸n, kaj¸c kai touc nomojètec kai thn Politik  AeroporÐa.
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3.3 Par�metroi Eisìdou

'Opwc anafèrjhke kai parap�nw, to DYASTIMA basÐzetai se èna grafikì perib�llon qr sth,

h opoÐa mporeÐ na qrhsimopoihjeÐ eÔkola akìma kai apì mh èmpeirouc qr stec. H prosomoÐwsh

me to ergaleÐo DYASTIMA apaiteÐ parametropoÐhsh mèsw tou perib�llontoc autoÔ apì to

qr sth (Paschalis and Tezari, 2019). Oi kuriìterec par�metroi eisìdou (input) eÐnai oi ex c:

� ta genik� qarakthristik� tou plan th,

� h dom  thc atmìsfairac,

� to f�sma thc prwtogenoÔc kosmik c aktinobolÐac,

� oi rujmÐseic sqetik� me to GEANT4 kai th gewmetrÐa thc prosomoÐwshc,

� o kajorismìc twn uyomètrwn anÐqneushc twn swmatidÐwn,

� ta proairetik� kat¸flia enèrgeiac gia thn paragwg , prosomoÐwsh kai anÐqneush twn

swmatidÐwn, kai

� oi rujmÐseic pou aforoÔn thn pragmatopoÐhsh dosimetrik¸n upologism¸n.

Parak�tw gÐnetai an�lush twn paramètrwn eisìdou, twn kuriìterwn montèlwn pou mporeÐ

na qrhsimopoihjoÔn gia ton kajorismì twn paramètrwn aut¸n, en¸ dÐnontai kai oi timèc pou

qrhsimopoi jhkan sta plaÐsia thc diatrib c.

3.3.1 Genik� Qarakthristik� thc Ghc

Gia thn pragmatopoÐhsh thc dosimetrÐac eÐnai aparaÐthtoc o kajorismìc twn genik¸n qara-

kthristik¸n tou upì melèth plan th. Aut� aforoÔn thn aktÐna tou plan th, thn epifaneiak 

pÐesh, thn epit�qunsh thc barÔthtac, tic sunist¸sec tou magnhtikoÔ pedÐou (BX , BY , BZ),

kaj¸c kai to eÐdoc thc epif�neiac tou plan th.

Endeiktik�, gia th Gh qrhsimopoi jhkan oi parak�tw timèc:

� mèsh aktÐna thc Ghc: RE = 6371 km,

� mèsh epifaneik  pÐesh: P = 1013.25mbar, kai

� epit�qunsh thc barÔthtac: g = 9.80665m/sec2
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Perisssìterec plhroforÐec gia ta genik� qarakthristik� thc Ghc mporoÔn na brejoÔn kai

sthn akìloujh istoselÐda https://nssdc.gsfc.nasa.gov/planetary/factsheet/earthfact.html.

MÐa apì tic paramètrouc pou suneisfèroun idiaÐtera thn akrÐbeia twn prosomoi¸sewn

eÐnai to magnhtikì pedÐo, kaj¸c se autì ofeÐletai h apìklish thc troqi�c twn fortismènwn

swmatidÐwn (Sq ma 3.8). 'Etsi, ìson afor� to magnhtikì pedÐo mporoÔme na jewr soume ìti

èqei th morf  dipìlou kai perigr�fetai gia èna dedomèno Ôyoc h apì th sqèsh:∣∣∣ ~Bh

∣∣∣ =
∣∣∣ ~B0

∣∣∣ R3
E

(RE + h)3
(3.1)

ìpou ~B0 h èntash tou magnhtikoÔ pedÐou sthn epif�neia thc Ghc kai ~Bh h èntash se Ôyoc h. H

exasjènhsh tou gewmagnhtikoÔ pedÐou me to Ôyoc eÐnai sqetik� mikr , me th diafor� an�mesa

sthn epif�neia thc Ghc kai to ìrio thc atmìsfairac na eÐnai perÐpou 5%. Sthn prosomeÐwsh

qrhsimopoioÔme tic BX , BY , kai BZ sunist¸sec tou gewmagnhtikoÔ pedÐou.

Sq ma 3.8: Anapar�stash enìc prwtonÐou enèrgeiac 1GeV (mple gramm ), to opoÐo eisèrqetai
k�jeta sth g inh atmìsfaira. ParathreÐtai h apìklish tou Ðqnouc tou eiserqìmenou prwtonÐou,

lìgw tou magnhtikoÔ pedÐou (Paschalis, 2014).

To BX (North Magnetic Field component) afor� th sunist¸sa Borr�-Nìtou (jetikèc

timèc proc to Borr�), to BY (East Magnetic Field component) afor� th anatolik -dutik 

sunist¸sa (jetikèc timèc proc thn Anatol ) kai to BZ (Vertical Magnetic Field component)

eÐnai h katakìrufh sunist¸sa tou magnhtikoÔ pedÐou (jetikèc timèc proc ta k�tw). Oi ti-

mèc gia ta BX , BY , kai BZ sthn epif�neia thc Ghc, eÐnai gnwstèc gia opoiad pote qronik 

stigm  (apì to 1590 èwc to 2024) kai opoiad pote topojesÐa p�nw sth Gh, me th qr sh tou

montèlou IGRF, apì thn istoselÐda tou NOAA, me th qr sh twn Magnetic Field Calculators

(https://www.ngdc.noaa.gov/geomag/calculators/magcalc.shtml).

Tèloc, mÐa ligìtero shmantik  par�metroc thc prosomoÐwsh, eÐnai h prosomeÐwsh twn sw-
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matidÐwn pou anakl¸ntai apì thn epif�neia tou plan th. To DYASTIMA dÐnei treic epilogèc

sqetik� me to eÐdoc thc epif�neiac tou plan th k�tw apì thn atmìsfaira: kamÐa (NONE)  

b�zei proairetik� èna str¸ma k�tw apì thn atmìsfaira, to opoÐo antiproswpeÔei to èdafoc

(GROUND) kai th j�lassa (SEA). Sta plaÐsia thc diatrib c aut c, èqei qrhsimopoihjeÐ h

epilog  (NONE).

3.3.2 G inh Atmìsfaira

H Gh perib�lletai apì atmìsfaira, h opoÐa qwrÐzetai se pènte kÔria str¸mata, ìpwc faÐnetai

kai sto Sq ma 3.9. Xekin¸ntac apì thn epif�neia thc Ghc aut� eÐnai:

� h Tropìsfaira: Prìkeitai gia to qamhlìtero str¸ma thc atmìsfairac mac, to opoÐo

ekteÐnetai se Ôyoc perÐpou 10 km apì th st�jmh thc j�lassac. Se autì to str¸ma

emfanÐzetai h plhj¸ra twn kairik¸n fainomènwn, en¸ ed¸ brÐskontai kai ta perissìtera

sÔnnefa, kurÐwc epeid  to 99% twn udratm¸n sthn atmìsfaira brÐsketai sthn tro-

pìsfaira. H pÐesh tou aèra kai h jermokrasÐa mei¸nontai me thn aÔxhsh tou Ôyouc.

Sqedìn to 80% thc m�zac thc atmìsfairac brÐsketai ed¸. To Ôyoc thc Tropìpaushc

eÐnai qamhlìtero stouc pìlouc se sqèsh me ton Ishmerinì.

� h Stratìsfaira: ApoteleÐ to epìmeno atmosfairikì str¸ma kai ekteÐnetai apì thn

Tropìpaush mèqri to uyìmetro twn 50 km. To ìzon kuriarqeÐ me th stib�da tou ìzontoc

na brÐksetai ed¸ sta 20 km. To ìzon aporrof� thn uyhl c enèrgeiac UV aktinobolÐa

apì ton  lio kai th metatrèpei se jermìthta. Autì èqei wc apotèlesma, h jermokrasÐa

na aux�netai me to Ôyoc, parousi�zontac mÐa jermik  anastrof  se sqèsh me th Tro-

pìsfaira. H �uxhsh thc jermokrasÐac se sunduasmì me ton polÔ xhrì aèra, o opoÐoc

eÐnai perÐpou qÐliec forèc pio leptìc ap' ì,ti sto epÐpedo thc j�lassac, k�nei th stra-

tìsfaira el�qista turb¸dh. Gia to lìgo autì, ta emporik� epibatik� aerosk�fh petoÔn

sthn kat¸terh Stratìsfaira.

� h Mesìsfaira: EkteÐnetai pèra apì th Stratìpaush kai mèqri ta 85 km p�nw apì

thn epif�neia thc Ghc. AntÐjeta me th Stratìsfaira, h jermokrasÐa mei¸netai me to

uyìmetro, opìte parathreÐtai mÐa deÔterh jermokrasiak  anastrof . O aèrac eÐnai polÔ

leptìc, me thn pÐesh sto kat¸tero str¸ma thc Mesìsfairac na eÐnai lÐgoterh apì to

1% thc pÐeshc sto epÐpedo thc j�lassac. Sto str¸ma autì, �kaÐgontai� oi metewrÐtec.

� h Jermìsfaira: EkteÐnetai metaxÔ twn 85 km kai twn 500 km   1000 km. 'Opwc lèei

kai to ìnoma thc, eÐnai idiaÐtera jerm  me th jermokrasÐa na aux�netai èwc kai 1500 oC.
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An kai apoteleÐ mèroc thc atmìsfairac thc Ghc, h puknìtht� thc eÐnai idiaÐtera qamhl  me

apotèlesma na jewreÐtai èna me to di�sthma. Sto str¸ma autì emfanÐzetai to fainìmeno

tou Sèlaoc (Aurora Borealis kai Aurora Australis), en¸ ed¸ brÐsketai kai o Diejn c

Diasthmikìc Stajmìc.

� h Ex¸sfaira: Prìkeitai gia to uyhlìtero str¸ma, ìpou praktik� h atmìsfaira sug-

qwneÔetai me to diasthmikì q¸ro. ApoteleÐtai apì polÔ diaskorpismèna swmatÐdia u-

drogìnou kai hlÐou. Den up�rqei safèc an¸tero ìrio, me thn koruf  thc ex¸sfairac na

topojeteÐtai metaxÔ twn 100000 km èwc ta 190000 km p�nw apì thn epif�neia thc Ghc.

Sq ma 3.9: Sqhmatik  anapar�stash thc katakìrufhc dom  thc atmìsfairac (Phg :
www.sciencelearn.org.nz).

IdiaÐterh perÐptwsh apoteleÐ h Ionìsfaira, h opoÐa den apoteleÐ eudi�krito atmosfairikì

str¸ma. EkteÐnetai mèsa sth Mesìsfaira kai th Jermìsfaira, ìpou h uyhl c enèrgeia hliak 

aktinobolÐa èqei ionÐsei ta ta atmosfairik� mìria kai �toma, me apotèlesma th dhmiourgÐa

iìntwn.
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EÐdoc AfjonÐa (%) Uyìmetro (m) JermokrasÐa (oC)

0 15
'Azwto (N2) 78 11019 −56.5
Oxugìno (O2) 21 20063 −56.5
Argì (Ar) 0.93 32162 −44.5

47350 −2.5
DioxeÐdio tou �njraka (CO2) 0.04 51413 −2.5

IqnostoiqeÐa, udratmoÐ 0.03 71802 −58.5
86000 −86.28

PÐnakac 3.1: Qhmik  sÔstash (arister�) kai atmosfairikì profÐl (dexi�) thc g inhc atmìsfairac.

Se k�je èna apì ta str¸mata aut�, kaj¸c aux�netai to uyìmetro, h atmìsfaira gÐnetai

ìlo kai pio arai , mèqri telik� na gÐnetai èna me to diasthmikì q¸ro. Den up�rqei k�poio

saf¸c diaqwrismèno ìrio metaxÔ atmìsfairac kai diast matoc, par� mÐa noht  gramm  se Ôyoc

100 km apì thn epif�neia thc j�lassac, h opoÐa onom�zetai gramm  Kármán, kai brÐsketai

sthn kat¸terh Jermìsfaira (Sanz Fernández de Córdoba, 2004). Parìla aut�, ta trÐa pr¸ta

atmosfarik� str¸mata (Tropìsfaira, Stratìsfaira, Jermìsfaira) ekteÐnontai perÐpou mèqri

ta 85 km, kai perièqoun praktik� ìlh th m�za thc atmìsfairac (∼ 99.9%). Gia to lìgo autì,

sta plaÐsia thc melèthc aut c, jewroÔme ta 85 km ¸c thn koruf  thc atmìsfairac.

H sÔstash thc atmìsfairac dÐnetai sto aristerì tm ma tou PÐnaka 3.1. Kaj¸c h su-

gkèntrwsh tou CO2, twn di�forwn iqnostoiqeÐwn (He, Ne, Kr, H2, CH4) kai twn udratm¸n

eÐnai ajroistik� mikrìterh tou 1%, mporeÐ na jewrhjeÐ praktik� amelhtèa. 'Etsi, sta pla-

Ðsia twn prosomoi¸sewn pou ekteloÔntai sthn ergasÐa aut , èqei qrhsimopoihjeÐ h akìloujh

sÔstash: N2 (78%), O2 (21%) kai Ar (1%).

H dom  thc atmìsfairac dÐnetai apì to atmosfairikì profÐl, to opoÐo dÐnei th jermokrasÐa

wc sun�rthsh tou Ôyouc. An jewr soume ìti o atmosfairikìc aèrac brÐsketai se udrostatik 

isorropÐa kai èqei th sumperifor� enìc idanikoÔ aerÐou se k�je shmeÐo tou, tìte mporoÔme

na qrhsimopoi soume thn katastatik  exÐswsh twn aerÐwn, prokeimènou na upologÐsoume thn

puknìthta tou, ρ. 'Etsi èqoume:

p V = N k T ⇒ ρ =
p

k T
(3.2)

ìpou p h atmosfairik  pÐesh, T h jermokrasÐa kai k h stajer� Boltzmann. Sth sunèqeia,

mèsw thc udrostatik c exÐswshc, blèpoume pwc h metabol  thc atmosfairik c pÐeshc dp
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an�logh me th metabol  tou Ôyouc dh apì thn epif�neia thc Ghc:

dp = −ρ g dh (3.3)

ìpou g h epit�qusnh thc barÔthtac. Antikajist¸ntac th sqèsh 3.2 sth sqèsh 3.3 prokÔptei:

dp

p
= − g

k T
h (3.4)

Oloklhr¸noume thn parap�nw sqèsh, jètwntac thn pÐesh sthn epif�neia thc Ghc p0 wc oriak 

sunj kh: ∫ p

p0

dp′

p′
= −

∫ h

0

g

k T
dh′ ⇒ ln

p

p0
= − g h

k T
(3.5)

Katal goume ètsi se mÐa katanom  Boltzmann, h opoÐa dÐnei th sqèsh an�mesa sthn atmo-

sfairik  pÐesh kai to Ôyoc:

p = p0 e
−g h/k T (3.6)

Prokeimènou na eÐnai efikt  h parap�nw olokl rwsh, eÐnai aparaÐthto na gnwrÐzoume pwc sun-

dèetai h jermokrasÐa me to Ôyoc. To profÐl jermokrasÐac mporeÐ na upologisteÐ peiramatik�

mèsw radiobol sewn sthn atmìsfaira gia sugkekrimènh topojesÐa kai qronik  stigm . Pa-

rìla aut�, èqoun diamorfwjeÐ poll� montèla thc atmosfairik c dom c, exaitÐac thc ter�stiac

shmasÐac thc atmìsfairac gia plhj¸ra efarmog¸n se di�forouc tomeÐc. Ta pio shmantik�

apì aut� eÐnai ta ex c:

� NRLMSISE-00: prìkeitai gia èna empeirikì, pagkìsmio montèlo anafor�c thc a-

tmìsfairac thc Ghc apì to èdafoc èwc to di�sthma pou anaptÔqjhke apì to Naval Re-

search Lab thc Amerik c (Picone et al., 2002). BasÐzetai se in-situ dedomèna apì pl joc

dorufìrwn kai puraÔlwn, kai apoteleÐtai apì parametrikèc analutikèc proseggÐseic thc

katakìrufhc dom c thc atmìsfairac wc sun�rthsh thc jèshc, tou qrìnou, thc hliak c

drasthriìthtac kai thc gewmagnhtik c drasthriìthtac. Parèqei ektÐmhsh thc jermokra-

sÐac se sun�rthsh me to Ôyoc, tic puknìthtec twn kÔriwn sustatik¸n thc atmìsfairac

(N2, O, O2, Ar, He, H) se jermik  isorropÐa, kaj¸c kai thn puknìthta tou �an¸malou

oxugìnou� pou kuriarqeÐ se meg�la uyìmtera kai den brÐsketai se jermik  isorropÐa. Gia

thn an¸terh atmìsfaira gÐnetai qr sh twn profÐl jermokrasÐac Bates-Walker wc su-

n�rthsh tou gewdunamikoÔ Ôyouc kai enìc antÐstrofou poluwnÔmou se sun�rthsh me to

gewdunamikì Ôyoc gia thn k�tw jermìsfaira (spenvis.oma.be). To logismikì eÐnai dia-

jèsimo sthn istoselÐda https://ccmc.gsfc.nasa.gov/modelweb/models/nrlmsise00.php.
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� US Standard Atmosphere: apoteleÐ èna sÔnolo memonwmènwn profÐl pou antipro-

swpeÔoun thn idanik  atmìsfaira stajer c kat�stashc gia mètria hliak  drasthriìthta

(Office, 1976). Oi par�metroi perilamb�noun th jermokrasÐa, thn pÐesh, thn puknìthta,

to gewdunamikì Ôyoc, thn puknìthta, th mèsh taqÔthta swmatidÐwn, th mèsh suqnìth-

ta sÔgkroushc, th mèsh eleÔjerh diadrom , to mèso moriakì b�roc, thn taqÔthta tou

 qou, to dunamikì ix¸dec, to kinhmatikì ix¸dec kai th jermik  agwgimìthta. H an�lush

uyomètrou kumaÐnetai apì 0.05 km se qamhl� uyìmetra èwc 5 km se meg�la uyìmetra,

gia pènte bìreia gewgrafik� pl�th (15, 30o, 45o, 60o, 75o).

� ICAO Standard Atmosphere: Prìkeitai gia to prìtupo atmìsfairac pou èqei dh-

mosieujeÐ apì ton Pagkìsmio Organismì Politik c AeroporÐac (ICAO, 1993). 'Olec

oi timèc èqoun upologisteÐ upojètontac ìti o aèrac eÐnai èna tèleio aèrio apallagmèno

apì ugrasÐa kai skình kai basÐzetai se sumbatikèc arqikèc timèc jermokrasÐac, pÐeshc

kai puknìthtac tou aèra sth mèsh st�jmh thc j�lassac .

� International Standard Atmosphere (ISA): To Diejnèc Prìtupo Atmìsfairac

apoteleÐ èna statikì atmosfairikì montèlo gia th metabol  thc pÐeshc, thc jermo-

krasÐac, thc puknìthtac kai tou ix¸douc thc g inhc atmìsfairac thc Ghc se èna eurÔ

f�sma uyomètrwn. BasÐzetai praktik� sta montèla US Standard Atmosphere kai I-

CAO Standard Atmosphere kai parèqei mia koin  anafor� gia th jermokrasÐa kai thn

pÐesh, en¸ èqei dhmosieujeÐ apì to Diejn  Organismì TupopoÐhshc (ISO) wc diejnèc

prìtupo, ISO 2533:1975 (ISO, 1975). Parèqei mÐa kal  prosèggish tou mèsou profÐl

jermokrasÐac thc atmìsfairac se mesaÐa gewgrafik� pl�th, qwrÐc ìmwc na parèqei èna

austhrì metewrologikì montèlo pragmatik¸n atmosfairik¸n sunjhk¸n, ìpwc gia pa-

r�deigma metabolèc thc barometrik c pÐeshc lìgw tou anèmou, en¸ de lamb�nei upìyh tic

epipt¸seic thc ugrasÐac (apousÐa udratm¸n), jewr¸ntac ton aèra xhrì kai me stajer 

sÔnjesh.

AxÐzei na shmeiwjeÐ p¸c ta trÐa teleutaÐa montèla sumptÐptoun metaxÔ touc all� kai me to

prìtupo atmìsfairac pou proteÐnetai apì ton Pagkìsmio Metewrologikì Organismì (WMO)

wc proc th dom  thc atmìsfairac se uyìmetro èwc 32 km apì thn epif�neia thc Ghc.

Sthn paroÔsa didakorik  diatrib  gÐnetai qr sh thc International Standard Atmosphere

gia ton kajorismì tou atmosfairikoÔ profÐl thc Ghc, kaj¸c se aut  basÐzontai ta aeroporik�

prìtupa kai oi kanìnec pt shc. SÔmfwna me thn ISA, h atmìsfaira qwrÐzetai se str¸mata

me mia upotijèmenh grammik  katanom  thc apìluthc jermokrasÐac T ènanti tou gewdunamikoÔ
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uyomètrou h (lamb�netai upìyh h diakÔmansh thc barÔthtac me to uyìmetro). Oi upolo-

gismoÐ twn megej¸n basÐzetai stic sqèseic 3.2 kai 3.3. Prokeimènou to montèlo na l�bei

upìyh ta qamhlìtera shmeÐa thc Ghc, to gewdunamikì uyìmetro xekin� sta 610m k�tw apì

thn epif�neia thc Ghc, me thn tupik  jermokrasÐa na eÐnai 19 oC. Me to rujmì meÐwshc thc

jermokrasÐac na eÐnai perÐpou 6.5 oC km, h tim  thc jermokrasÐac an�getai stouc 15 oC sth

st�jmh thc j�lassac, me thn pÐesh na antistoiqeÐ se 101.325Pa (1 atm) kai thn puknìth-

ta se 1.225 kg/m3. Oi timèc thc jermokrasÐac sunart sei tou gewmetrikoÔ atmosfairikoÔ

uyomètrou pou qrhsimopoioÔntai gia tic prosomoi¸seic twn kataigism¸n me to DYASTIMA

dÐnontai sto dexÐ mèroc tou PÐnaka 3.1. Sthn Eikìna 3.10 parousi�zetai to shmeÐo tou GUI

DYASTIMA sto opoÐo sumplhr¸nontai oi plhroforÐec gia ta genik� qarakthristik� thc Ghc,

kaj¸c kai gia thn atmosfairik  sÔstash kai jermokrasÐa.

Sq ma 3.10: To GUI tou DYASTIMA ìpou, dÐnontai oi plhroforÐec gia ta genik� qarakthristik�
thc Ghc, thn atmosfairik  sÔstash kai to atmosfairikì profÐl jermokrasÐac (Paschalis and

Tezari, 2019).

3.3.3 Prwtogenèc F�sma Kosmik c AktinobolÐac

MÐa apì tic pio shmantikèc paramètrouc thc prosomoÐwshc eÐnai to prwtogenèc f�sma thc

eiserqìmenhc kosmik c aktinobolÐac sto ìrio thc atmìsfairac, to opoÐo eÐnai �rrhkta sunde-

demèno me thn hliak  diamìrfwsh. Aut  th stigm  up�rqoun di�fora upologistik� montèla

pou dÐnoun me arket� kal  prosèggish to f�sma twn prwtogen¸n kosmik¸n aktÐnwn. Ta

kuriìtera apì aut� eÐnai ta ex c:

� CREME 86: To montèlo autì qrhsimopoieÐ touc deÐktec DiasthmikoÔ KairoÔ (M =

1, 2, 3, 4). O deÐkthc M = 1 dÐnei thn kalÔterh prosèggish thc galaxiak c ro c gia
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sugkekrimènh hmeromhnÐa, en¸ perilamb�netai kai sta montèla me M = 2 kai M =

4. O deÐkthc M = 2 afor� thn an¸malh sunist¸sa twn ksomik¸n aktÐnwn (h opoÐa

jewreÐtai pl rwc ionismènh) kai thn prosjètei sth galaxiak  ro . O deÐkthc M = 3

dÐnei th qeirìterh dunat  perÐptwsh ro c galaxiak¸n kosmik¸n aktÐnwn pou epitrèpoun

abebaiìthtec sta dedomèna ro c kai sthn hliak  drasthriìthta. Autèc oi roèc eÐnai tìso

sobarèc pou up�rqei mìno 10% pijanìthta na xeperastoÔn apì tic pragmatikèc roèc an�

p�sa stigm . Tèloc, o deÐkthcM = 4 anafèretai se mÐa monadik  an¸malh sunist¸sa, h

opoÐa ja èqei ephre�zetai diaforetik� apì to kat¸fli magnhtik c duskamyÐac se sqèsh

me ta pl rwc ionismèna swmatÐdia. H hliak  diamìrfwsh perigr�fetai aploðk� apì èna

nìmo hmitìnou (Adams, 1986).

� CREME 96: To montèlo autì afor� sunj kec hliakoÔ elaqÐstou, dhlad  sunj kec

mègisthc èntashc thc galaxiak c kosmik c aktinobolÐac, ìpwc autèc parathr jhkan

kat� ta èth 1986-1987. Perilamb�nei kai roèc an¸malwn kosmik¸n aktÐnwn gia He, N ,

O kai Ne me enèrgeiec thc t�xhc twn 10MeV an� noukleìnio (Mendenhall and Weller,

2012; Nymmik et al., 1992; Tylka et al., 1997, 2010).

� ISO 15390: Prìkeitai gia èna montèlo ektÐmhshc thc epÐdrashc thc aktinobolÐac lìgw

galaxiak¸n kosmik¸n aktÐnwn sta teqnologik� kai biologik� sust mata ìtan brÐsko-

ntai sto di�sthma (ISO, 2004). BasÐzetai sta hmi-empeirik� montèla galaxiak c kosmi-

k c aktinobolÐac tou KratikoÔ PanepisthmÐou thc Mìsqac. Gia na lhfjoÔn upìyh oi

metabolèc thc èntashc twn galaxiak¸n kosmik¸n aktÐnwn lìgw tou endekaetoÔc hlia-

koÔ kÔklou, qrhsimopoioÔntai et sioi mèsoi ìroi tou arijmoÔ Wolf, pou sundèetai me tic

hliakèc khlÐdec. Oi metabolèc meg�lhc klÐmakac tou hliosfairikoÔ magnhtikoÔ pedÐou

jewroÔntai an�logec me tic metabolèc tou hliakoÔ polikoÔ magnhtikoÔ pedÐou, tou opo-

Ðou h èntash kai h polikìthta exart¸ntai tìso apì thn hliak  drasthriìthta ìso kai

apì to e�n o hliakìc kÔkloc eÐnai �rtioc   perittìc. H qronik  ustèrhsh twn metabol¸n

thc galaxiak c ro c se sqèsh me tic metabolèc thc hliak c drasthriìthtac jewreÐtai

ìti exart�tai apì th magnhtik  duskamyÐa twn prwtogen¸n kosmik¸n swmatidÐwn kai

apì th f�sh tou hliakoÔ kÔklou. KajorÐzontai ìlec oi par�metroi tou montèlou kai ta

qarakthristik� twn di�forwn metabol¸n gia kosmik� swmatÐdia energei¸n apì 101MeV

èwc 105MeV (hlektronÐa, prwtìnia kai pur nec apì Z = 2 èwc Z = 92) sto perib�l-

lon kont� sth Gh kai pèra apì th magnhtìsfaira. To montèlo autì den perilamb�nei

an¸malec kosmikèc aktÐnec.

� Montèlo Nymmik: To montèlo autì eÐnai praktik� to Ðdio me to ISO 15390, me
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th monadik  diafor� ìti se enèrgeiec qamhlìterec apì 10MeV an� noukleìnio, h ro 

aux�netai me elattoÔmenh thn enèrgeia (Nymmik et al., 1996).

Sto Sq ma 3.11 parousi�zetai h ro  tou atìmou tou H kont� sth Gh, ìpwc aut  pro-

blèpetai apì ta parap�nw montèla. ParathroÔme pwc ta montèla CREME 96 kai Nymmik

moi�zoun polÔ me to ISO 15390 gia enèrgeiec megalÔterec twn 10MeV an� noukleìnio. Sta

plaÐsia thc diatrib c aut c, gia tic prosomoi¸seic pou pragmatopoioÔntai sthn atmìsfaira

thc Ghc, èqei qrhsimopoihjeÐ to montèlo ISO 15390, kaj¸c krÐnetai katallhlìtero gia to

pedÐo thc melèthc mac. Ta montèla CREME 96 kai Nymmik den epitrèpoun ton kajorismì

troqi�c pou na antistoiqeÐ se mÐa mìno tim  katakìrufhc magnhtik c duskamyÐac, se antÐjesh

me to ISO 15390. Epiplèon, ta montèla aut� qrhsimopoioÔn eidik� Geomagnetic Transmis-

sion Routine arqeÐa (GTRN), ta opoÐa den eÐnai diajèsima gia ìlec tic epijumhtèc qronikèc

periìdouc.

Sq ma 3.11: H ro  thc galaxiak c kosmik c aktinobolÐac (�tomo H) kont� sth Gh, ìpwc
problèpetai apì ta diaforetik� montèla ro c swmatidÐwn sto hliakì el�qisto (Phg :

www.spenvis.oma.be/).

Prokeimènou na lhfjeÐ upìyh h epÐdrash tou gewmagnhtikoÔ pedÐou, qrhsimopoi jhkan

oi timèc katakìrufhc magnhtik c duskamyÐac gia di�fora gewgrafik� gewgrafik� m kh kai

pl�th. Oi timèc autèc èqoun upologisteÐ qrhsimopoi¸ntac to International Geomagnetic Re-

ference Field (IGRF) gia di�forec qronikèc periìdouc (Epoch 1990.0, Epoch 1995.0, Epoch

2000.0, Epoch 2005.0, Epoch 2010.0, Epoch 2015.0) kai deÐqnoun th suneq  exèlixh tou gew-

magnhtikoÔ pedÐou. EÐnai diajèsimec se q�rtec kai pÐnakec stouc opoÐouc antistoiqÐzetai mÐa
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tim  katwflÐou katakìrufhc magnhtik c duskamyÐac se sugkekrimènec gewgrafikèc sunte-

tagmènec (Smart and Shea, 1997, 2008a,b, 2019). Sth sunèqeia, gia thn kat�llhlh epilog 

tou f�smatoc, oi timèc autèc thc magnhtik c duskamyÐac metatrèpontai se timèc enèrgeiac. A-

pì th jewrÐa thc sqetikìthtac, h sqèsh pou sundèei th sunolik  enèrgeia E enìc swmatidÐou

me th sqetikistik  orm  p kai thn enèrgeia hremÐac E0 eÐnai h ex c:

E2 = (p c)2 + E2
0 (3.7)

ìpou E0 = mc2 kai m h m�za hremÐac tou swmatidÐou. AntÐstoiqa, h magnhtik  duskamyÐa,

ìpwc eÐpame kai parap�nw, dÐnetai apì th sqèsh:

R =
pc

Ze
(3.8)

Sundu�zoume tic 3.7 kai 3.8

R =
√
E2 + 2E E0 (3.9)

H sqèsh pou prokÔptei sundèei thn enèrgeia enìc swmtidÐou me th magnhtik  duskamyÐa (Mi-

roshnichenko, 2003).

Stic pr¸tec ekdìseic tou DYASTIMA, to diaforikì f�sma thc kosmik c aktinobolÐac gia

k�je tÔpo eiserqìmenou swmatidÐou dinìtan apì th sqèsh:

J(E) = A (E + B)a Eb (
particles

m2 sr secMeV/nuc
) (3.10)

ìpou E h enèrgeia an� noukleìnio tou eiserqìmenou swmatidÐou kai A, B, a, b arijmhtikèc

par�metroi pou exart¸ntai apì thn hliak  drasthriìthta. O par�gontac (E + B)a emperièqei

thn hliak  diamìrfwsh stic qamhlèc enèrgeiec, en¸ antÐstoiqa o ìroc Eb kuriarqeÐ se meg�lec

enèrgeiec, dÐnontac sto f�sma th qarakthristik  ekjetik  morf  pou eÐdame kai sto Kef�laio

1. Sth nèa èkdosh tou DYASTIMA de gÐnetai qr sh thc parametropoÐshc aut c, kaj¸c jètei

shmantikoÔc periorismoÔc sto f�sma pou mporeÐ na qrhsimopoihjeÐ, kaj¸c anafèretai mìno se

sugkekrimènec hliakèc sunj kec. Sth nèa èkdosh, ta f�smata twn swmatidÐwn perigr�fontai

me kajorismì twn shmeÐwn tou diaforikoÔ f�smatìc touc, ta opoÐa antistoiqoÔn se zeÔgh

enèrgeiac-ro c. Autì èqei san apotèlesma th dunat  anapar�stash opoiwnd pote sunjhk¸n,

eÐte  suqwn eÐte diataragmènwn.

Sthn efarmog  DYASTIMA, h shmeiak  phg  twn prwtogen¸n swmatidÐwn pou eisèrqontai

sthn atmìsfaira topojeteÐtai sthn koruf  thc atmìsfairac, dhlad  se uyìmetro 85 km.

Autì apoteleÐ kai to shmeÐo ekpomp c twn swmatidÐwn mèsa sthn atmìsfaira. Ta swmatÐdia
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ekpèmpontai mìno proc ta k�tw, en¸ antÐstoiqa den up�rqoun swmatÐdia pou na kinoÔntai proc

ta p�nw, lìgw tou ìgkou thc Ghc, ìpwc faÐnetai kai sto aristerì mèroc tou Sq matoc 3.12.

H dèsmh aut  mporeÐ na apoteleÐtai apì swmatÐdia diafìrwn eid¸n. Prokeimènou na lhfjeÐ

upìyh h isìtroph ro  twn eiserqìmenwn prwtogen¸n swmatidÐwn qrhsimopoieÐtai o nìmoc

sunhmitìnwn tou Lambert. Oi gwnÐec stic opoÐec gÐnetai h ekpomp  twn swmatidÐwn orÐzontai

apì ta ìria thc gwnÐac zenÐj j kai thc gwnÐac azimoujÐou f pou ja orÐsei o qr sthc.

Sq ma 3.12: O trìpoc pou prosomoi¸nontai ta swmatÐdia mèsa sthn atmìsfaira me to
DYASTIMA (arister�), o trìpoc pou parèqetai to prwtogenèc f�sma apì ta di�fora montèla

(kèntro) kai h epÐdrash thc ski�c thc Ghc (dexi�).

Ed¸ prèpei na shmeiwjeÐ, pwc ta di�fora montèla kosmik c aktinobolÐac parèqoun to

prwtogenèc f�sma se èna sugkekrimèno shmeÐo oloklhrwmèno se 4π. Gia to DYASTIMA,

qreiazìmaste to f�sma an� mon�da stere�c gwnÐac (mèso f�sma se sqèsh me thn kateÔjun-

sh). Lìgw tou ìgkou thc Ghc, orismèna swmatÐdia den ft�noun sto shmeÐo endiafèrontoc

(Earth Shadow effect). Autì èqei wc apotèlesma h oloklhrwmènh ro  �nw twn 4π mei¸netai.

Autì, ìmwc, den isqÔei gia to DYASTIMA, kaj¸c ta swmatÐdia pou �mplok�rontai� lìgw tou

fainomènou thc ski�c thc Ghc den prosomoi¸nontai ètsi ki alli¸c. 'Etsi, eÐnai aparaÐthto na

qrhsimopoihjeÐ èna f�sma sto opoÐo na mhn èqei pragmatopoihjeÐ diìrjwsh gia th ski� thc

Ghc (Tezari et al., 2019).

'Ena idiaÐtera eÔqrhsto ergaleÐo gia thn exagwg  tou prwtogenoÔc f�smatoc thc ksomi-

k c aktinobolÐac eÐnai to OMERE, to opoÐo apoteleÐ èna dwre�n logismikì gia th melèth tou

diasthmikoÔ perib�llontoc kai twn epidr�sewn thc aktinobolÐac sta teqnologik� sust mata.

'Eqei anaptuqjeÐ apì thn TRAD me thn upost rixh twn CNES, THALES ALENIA SPA-

CE, AIRBUS DEFENSE & SPACE, ONERA, CEA, ESA kai OHB. EÐnai diajèsimo sthn

istoselÐda www.trad.fr/en/space/omere-software/.
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To OMERE dÐnei th dunatìthta upologismoÔ tou diaforikoÔ f�smatoc thc kosmik c a-

ktinobolÐac gia stoiqeÐa apì to H èwc to U me ta montèla CREME 86, CREME 96 kai ISO

15390. Diajètei akìma kai k�poiec epilogèc gia hliak� energhtik� swmatÐdia. To OMERE

epitrèpei ton orismì enìc shmeÐou se mia sugkekrimènh topojesÐa mèsa sth magnhtìsfaira gia

epilegmèna qronikèc periìdouc, kajorÐzontac tic parametrouc thc troqi�c kaj¸c kai tic gew-

grafikèc suntetagmènec (Sq ma 3.13). Par� to gegonìc ìti ta parap�nw montèla parèqontai

epÐshc kai mèsw tou istìtopou tou SPENVIS (www.spenvis.oma.be/), to SPENVIS den epi-

trèpei oÔte ton orismì enìc mìno shmeÐou mèsa sth magnhtìsfaira thc Ghc, oÔte ton orismì

twn paramètrwn thc troqi�c (apìgeio / perÐgeio se uyìmetro mikrìtero twn 100 km) (Tezari

et al., 2019). DÐnei, epÐshc, th dunatìthta epilog c  remwn   diataragmènwn magnhtosfairi-

k¸n sunjhk¸n. Tèloc, kaj¸c ìpwc  dh anafèrjhke parap�nw, to DYASTIMA enswmat¸nei

ex arq c to fainìmeno thc ski�c thc Ghc, eÐnai aparaÐthto na qrhsimopoihjeÐ èna f�sma qwrÐc

na èqei prohghjeÐ aut  h gewmetrik  diìrjwsh. To OMERE parèqei aut n thn epilog  se

antÐjesh me �lla ergaleÐa.

Sq ma 3.13: Diepaf  tou logismikì OMERE (Phg : www.trad.fr/en/space/omere-software/).

'Etsi, se k�je perÐptwsh, mèsw tou GUI (Sq ma 3.14), o qr sthc kaleÐtai na orÐsei:

� thn onomatologÐa tou prwtogenoÔc swmatidÐou, sÔmfwna me thn kwdikopoÐhsh pou qrh-

simopoieÐ to GEANT4

� thn el�qisth kai mègisth zenijiak  gwnÐa twn eiserqìmenwn swmatidÐwn

� thn el�qisth kai mègisth azimoujiak  gwnÐa twn eiserqìmenwn swmatidÐwn
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� to diaforikì f�sma se zeÔgh enèrgeiac an� noukleìnio kai ro c, se mon�dec MeV/nuc

kai # particles/(m2 sr secMeV/nuc) antÐstoiqa.

AxÐzei na shmeiwjeÐ, pwc to diaforikì f�sma oloklhr¸netai arijmhtik� prokeimènou na

upologisteÐ h sunolik  ro , h opoÐa qrhsimopoieÐtai sthn kanonikopoÐhsh twn apotelesm�twn.

H arijmhtik  olokl rwsh pragmatopoieÐtai me th mèjodo tou trapezÐou. Gia to lìgo autì, ta

shmeÐa tou f�smatoc prèpei na eÐnai arket� pukn� kajorismèna, prokeimènou na èqoume ìso

to dunatìn pio akrib  apotelèsmata. To f�sma mporeÐ na upologisteÐ me opoiod pote apì ta

montèla pou anafèrjhkan parap�nw.

Sq ma 3.14: To GUI tou DYASTIMA ìpou, dÐnontai oi plhroforÐec gia to f�sma thc
prwtogenoÔc aktinobolÐac (Paschalis and Tezari, 2019).

Sta plaÐsia thc diatrib c aut c, qrhsimopoi jhke to prwtogenèc f�sma twn stoiqeÐwn H

(Z = 1, A = 1), He (Z = 2, A = 4), C (Z = 6, A = 12), O (Z = 8, A = 16), Si (Z = 14,

A = 28) kai Fe (Z = 26, A = 56), me enèrgeiec èwc GeV an� noukleìnio. Ousiastik�, ta

èxi aut� antistoiqeÐa antiproswpeÔoun p�nw apì to 97% thc enèrgeiac tou f�smatoc twn ko-

smik¸n aktÐnwn gia ta di�fora kat¸flia magnhtik c duskamyÐac. 'Ena qarakthristikì f�sma

prwtogenoÔc kosmik c aktinobolÐac pou qrhsimopoi jhke sthn ergasÐa aut  parousi�zetai

sto Sq ma 3.15. Oi timèc autèc èqoun exaqjeÐ me to ergaleÐo OMERE qrhsimopoi¸ntac to

montèlo ISO. To eÔroc thc zenijiak c gwnÐac orÐsthke apì 0o èwc 90o, en¸ antÐstoiqa to

eÔroc thc azimoujiak c gwnÐac apì 0o èwc 360o.

3.3.4 GewmetrÐa thc prosomoÐwshc

'Opwc eÐdame  dh, h atmìsfaira tou plan th kajorÐzetai apì th sÔnjes  tou, to profÐl

jermokrasÐac kai thn epifaneiak  pÐesh. Xekin¸ntac apì to kat¸tero shmeÐo thc atmìsfairac,
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Sq ma 3.15: Tupikì par�deigma prwtogenoÔc f�smatoc kosmik¸n aktÐnwn me to montèlo ISO gia
kat¸fli magnhtik c duskamyÐac 0GV gia to ètoc 2019.

me th qr sh thc udrostatik c exÐswshc, to DYASTIMA diaireÐ thn atmìsfaira se fètec

(slices), k�je mÐa apì tic opoÐec diakrÐnetai apì stajer  sÔstash kai puknìthta. O diamerismìc

thc atmìsfairac pragmatopoieÐtai me tètoio trìpo ¸ste h allag  puknìthtac twn diadoqik¸n

fet¸n na eÐnai mikrìterh apì to posostì pou orÐzetai apì ton qr sth. To apotèlesma thc

diaÐreshc aut c qrhsimopoieÐtai ston kajorismì thc perioq c prosomoÐwshc sto GEANT4.

An diairèsoume th g inh atmìsfaira me thn efarmog  enìc katwflÐou allag c puknìthtac

thc t�xhc tou 20%, 10% kai 5%, tìte ja p�roume antÐstoiqa 55, 115 kai 236 fètec. 'Oso

mei¸netai to kat¸fli allag c puknìthtac, tìso pio akrib c gÐnetai kai h prosomoÐwsh. Sta

plaÐsia thc diatrib c aut c, h metabol  puknìthtac metaxÔ twn fet¸n, sthn opoÐa diaire-

Ðtai h atmìsfaira, gia tic prosomoi¸seic pou akoloujoÔn, orÐzetai sto 5% (Sq ma 3.16).

Se qamhlìterec timèc qamhlìterec apì aut , oi fètec gÐnontai polÔ stenèc kai ta b mata

prosomoÐwshc sto GEANT4 periorÐzontai apì ta ìria twn fet¸n kai ìqi apì ta m kh allh-

lepÐdrashc, odhg¸ntac se aÔxhsh tou qrìnou prosomoÐwshc qwrÐc antÐstoiqh aÔxhsh sthn

akrÐbeia twn apotelesm�twn.

'Enac akìma kajoristikìc par�gontac gia th gewmetrÐa thc prosomoÐwshc eÐnai to sq ma

pou ja èqoun oi fètec autèc. To DYASTIMA dÐnei th dunatìthta epilog c an�mesa se

orjog¸nia kouti�   se sfairik� kelÔfh. An kai ta orjog¸nia kouti� mei¸noun shmantik�

to qrìno prosomoÐwshc, epilèqjhke h epilog  tou sfairikoÔ kelÔfouc kaj¸c belti¸nei thn
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Sq ma 3.16: To GUI tou DYASTIMA ìpou pragmatopoioÔntai oi rujmÐseic se sqèsh me th
gewmetrÐa thc prosomoÐwshc (Paschalis and Tezari, 2019).

akrÐbeia lamb�nontac upìyh thn kampulìthta tou plan th.

IdiaÐtera shmantikì eÐnai kai to kat¸fli embèleiac (range cut), sÔmfwna me thn opoÐa den

par�gontai kajìlou swmatÐdia me ektim¸meno eÔroc mikrìtero apì to kat¸fli embèleiac. Ge-

nik�, to GEANT4 èqei wc proepilegmèno kat¸fli eÔrouc to 1mm gia ìla ta swmatÐdia, to

opoÐo eÐnai arket� qamhlì gia th melèth twn atmosfairik¸n kataigism¸n. 'Etsi, to DYASTI-

MA epitrèpei thn allag  thc tim c aut c. To kat¸fli embèleiac metafr�zetai ousiastik�

se energeiakì kat¸fli, an�loga me to eÐdoc tou k�je swmatidÐou kai tou ulikoÔ mèsa sto

opoÐo diadÐdetai, to opoÐo einai idiaÐtera qr simo sthn perÐptws  mac, kaj¸c h puknìthta

thc atmìsfairac metab�lletai an�loga me to uyìmetro. Wc bèltisth tim  jewreÐtai to 1m

(Paschalis, 2014).

H epilog  tou par�gonta uyomètrou f�smatoc (spectrum altitude) upodhl¸nei to uyìme-

tro sto opoÐo brÐsketai h phg  twn swmatidÐwn. Me b�sh to montèlo atmìsfairac pou qrh-

simopoi jhke, to Ôyoc autì orÐzetai sta 85 km. Par�llhla, ofeÐlei na prosdioristeÐ kai to

pl�toc thc epif�neiac prosomoÐwshc (simulation area width), h opoÐa orÐzetai wc h orizìntia

di�stash thc perioq c thc prosomoÐwshc. H antiproswpeutik  tim  eÐnai ta 500 km−800 km.

Prokeimènou na perigrafoÔn orj¸c oi fusikèc allhlepidr�seic twn swmatidÐwn tou kata-

gismoÔ, eis�gontai oi physics listS tou GEANT4. Kaj¸c ta eiserqìmena prwtogen  swmatÐdia

èqoun uyhl  enèrgeia, eÐnai aparaÐthth h qr sh mÐac physics list pou eÐnai kat�llhlh gia fusi-

k  uyhl¸n energei¸n. Wc katallhlìterec krÐnontai oi FTFP BERT HP, QGSP BERT HP

kai QGSP BIC HP. Sta plaÐsia twn prosomoi¸sewn pou ektelèsthkan, qrhsimopoi jhke

h FTFP BERT HP, kaj¸c qrhsimopoieÐ kataigismì tÔpou Bertini (< 10GeV ), uyhl c a-

krÐbeiac montèlo netronÐwn (< 20MeV ) kai montèlo Fritiof gia uyhlèc enèrgeiec (> 4GeV ),
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en¸ perilamb�nei kai ìlec tic tupikèc hlektromagnhtikèc diergasÐec (Plainaki et al., 2016).

Tèloc, idiaÐtera shmantikìc eÐnai o kajorismìc twn epipèdwn anÐqneushc, twn shmeÐwn dh-

lad  ìpou pragmatopoieÐtai h anÐqneush kai katagraf  twn swmatidÐwn tou kataigismoÔ. Sta

epÐpeda aut�, ja pragmatopoihjoÔn kai ìloi oi upologismoÐ pou mac endiafèroun. O qr sthc

èqei th dunatìthta na eis�gei ta epÐpeda anÐqneushc eÐte me th qr sh uyomètrou (m) eÐte me th

qr sh atmosfairikoÔ b�jouc (g/cm2). Gia pio katanoht  optikopoÐhsh twn apotelesm�twn,

èqei qrhsimopoihjeÐ h epilog  tou uyomètrou. H aÔxhsh twn epipèdwn anÐqneushc endèqetai

na aux sei kai to qrìno thc prosomoÐwshc.

3.3.5 Kat¸flia Enèrgeiac

To DYASTIMA dÐnei th dunatìthta qr shc tri¸n energeiak¸n katwflÐwn, ìpwc faÐnetai

kai sto Sq ma 3.17. To pr¸to energeiakì kat¸fli (production cut) afor� apokleistik�

thn paragwg  twn deuterogen¸n swmatidÐwn (kai ìqi thn peraitèrw prosomoÐws  touc). H

enèrgeia enìc swmatidÐou, ìtan prìkeitai na paraqjeÐ, elègqetai apì to Ðdio to GEANT4 kai

an eÐnai k�tw apì èna kajorismèno eÔroc, tìte h paragwg  tou aporrÐptetai.

O deÔteroc kai o trÐtoc tÔpoc energeiak¸n katwflÐwn aforoÔn tic timèc enèrgeiac k�tw

apì tic opoÐec ta swmatÐdia exairoÔntai apì thn prosomoÐwsh (simulation cut) kai thn a-

nÐqneush (tracking cut) antÐstoiqa. H exaÐresh swmatidÐwn eÐte apì thn prosomoÐwsh eÐte

apì thn anÐqneush pragmatopoieÐtai me èlegqo thc enèrgei�c touc se k�je apìstash metaxÔ

dÔo diadoqik¸n allhlepidr�sewn. Sta dÔo aut� kat¸flia, dÐnetai h dunatìthta kajorismoÔ

tim¸n gia k�je eÐdoc swmatidÐou. Stic prosomoi¸seic pou qrhsimopoi jhkan sth diatrib 

aut , den èqei qrhsimopoihjeÐ k�poio kat¸fli enèrgeiac.

Sq ma 3.17: To GUI tou DYASTIMA gia ta energeiak� kat¸flia paragwg c, prosomoÐwshc kai
anÐqneushc (Paschalis and Tezari, 2019).
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3.3.6 RujmÐseic Dosimetrik¸n Upologism¸n

'Opwc eÐpame kai parap�nw, prokeimènou na pragmatopoihjeÐ upologismìc dìsewn aktinobo-

lÐac, pragmatopoieÐtai mÐa deÔterh prosomoÐwsh me thn epèktash DYASTIMA-R, h opoÐa ba-

sÐzetai sthn èxodo thc prosomoÐwshc tou kataigismoÔ me to DYASTIMA. To DYASTIMA-R

dÐnei th dunatìthta upologismoÔ tou rujmoÔ dìshc (se Gy/sec) kai tou rujmoÔ isodÔnamhc

dìshc (se Sv/sec) se k�je atmosfairikì str¸ma. Oi timèc pou qrhsimopoioÔntai gia touc

par�gontec poiìthtac aktinobolÐac eÐnai me b�sh ta prwtìkolla thc ICRP (ICRP, 2007). Gia

ton upologismì twn megej¸n aut¸n, èna omoÐwma topojeteÐtai sta epÐpeda anÐqneushc pou

èqei orÐsei o qr sthc.

Oi rujmÐseic thc prosomoÐwshc aut c (Sq ma 3.18) aforoÔn:

� ton arijmìc epanal yewn (iterations), o opoÐoc antistoiqeÐ ston arijmì allhlepidr�sewn

twn sulleqjèntwn swmatidÐwn me to omoÐwma k�je epÐpedo anÐqneushc.

� th reference physics list tou GEANT4 pou qrhsimopoieÐtai gia thn prosomoÐwsh, me

tic bèltistec physics lists na eÐnai, ìpwc kai parap�nw, oi FTFP BERT HP, QG-

SP BERT HP kai QGSP BIC HP.

� to omoÐwma pou qrhsimopoieÐtai sthn prosomoÐwsh. O qr sthc eÐnai se jèsh na kajo-

rÐsei tic diast�seic (Ôyoc kai pl�toc) enìc kulindrikoÔ omoi¸matoc, kaj¸c to ulikì tou.

DiatÐjetai, epÐshc, kai h epilog  enìc omoi¸matoc anafor�c (ICRU sphere).

Sq ma 3.18: H epèktash DYASTIMA-R ìpou pragmatopoioÔntai oi rujmÐseic gia thn
pragmatopoÐhsh twn dosimetrik¸n upologism¸n (Paschalis and Tezari, 2019).

3.4 Par�metroi exìdou

H èxodoc tou DYASTIMA kai tou DYASTIMA-R parèqei ìlec tic aparaÐthtec plhroforÐec

gia thn akrib  melèth tou atmosfairikoÔ kataigismoÔ. Aut� eÐnai ta akìlouja:
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� Enèrgeia nèwn swmatidÐwn sthn paragwg 

� Enèrgeia, qrìnoc, kateÔjunsh, jèsh kai energeiak  enapìjesh twn deuterogen¸n sw-

matidÐwn sta epÐpeda anÐqneushc (Sq ma 3.19)

� Rujmìc dìshc kai isodÔnamhc dìshc gia k�je eÐdoc swmatidÐou tou kataigismoÔ sta

epÐpeda anÐqneushc (Sq ma 3.19).

Sq ma 3.19: To output tou DYASTIMA / DYASTIMA-R (Paschalis and Tezari, 2019).

Prokeimènou na eÐnai dunat  h exagwg  twn apotelesm�twn, prèpei na kajoristoÔn oi ex c

par�metroi (Sq ma 3.20):

� to energeiakì eÔroc twn swmatidÐwn se k�je epÐpedo anÐqneushc. H epilog  Log Energy

Bin parèqei thn eukairÐa kathgoriopoÐhshc twn swmatidÐwn se logarijmik  klÐmaka.

� to eÔroc thc gwnÐac zenÐj kai thc azimoujiak c gwnÐac gia k�je swmatÐdio sta epÐpeda

anÐqneushc.

� to eÔroc tou qrìnou �fixhc twn swmatidÐwn sta epÐpeda anÐqneushc. H epilog  Log Ti-

me Bin parèqei thn eukairÐa kathgoriopoÐhshc twn swmatidÐwn se logarijmik  klÐmaka.

� to energeiakì eÔroc twn swmatidÐwn kat� to qrìno paragwg c touc kai to uyìmetro.

Kai ed¸, up�rqei h dunatìthta kathgoriopoÐhshc twn swmatidÐwn se logarijmik  klÐma-

ka.
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� h qwrik  katanom , h opoÐa antistoiqeÐ sthn anÐqneush thc orizìntiac jèshc twn sw-

matidÐwn. H epilog  aut  eÐnai idiaÐtera qr simh gia kateujuntikèc aktÐnec, ìpou mporeÐ

na melethejÐ h orizìntia di�stash tou kataigismoÔ. H epilog  aut  aux�ei shmantik�

ton apaitoÔmeno q¸ro ston dÐsko, kai gia to lìgo autì, den èqei qrhsimopoihjeÐ sta

plaÐsia thc diatrib c.

� to eÔroc thc apìstashc gewgrafikoÔ pl�touc kai m kouc sta epÐpeda anÐqneushc

� thn apoj keush twn dedomènwn gia th qr sh touc se deÔterh prosomoÐwsh me thn

epèktash DYASTIMA-R.

Sq ma 3.20: To GUI tou DYASTIMA ìpou rujmÐzontai di�forec par�metroi sqetik� me thn èxodo
twn apotelesm�twn (Paschalis and Tezari, 2019).

H diadikasÐa prosomoÐwshc me to DYASTIMA kai to DYASTIMA-R ekteleÐtai mèsw miac

efarmog c konsìlac (Sq ma 3.21). O qr sthc rujmÐzei ton arijmì prwtogen¸n kosmik¸n sw-

matidÐwn (events) pou jèlei na �trèxei�. Gia k�je �event�, h konsìla upodeiknÔei to swmatÐdio

pou eisèrqetai sthn atmìsfaira, thn enèrgeia, ton qrìno pou apaiteÐtai gia thn epexerga-

sÐa tou sumb�ntoc kai ton ektim¸meno qrìno pou apomènei. Profan¸c, h aÔxhsh twn events

aux�nei thn akrÐbeia thc prosomoÐwshc, all� kai th qronik  di�rkei� thc. 'Etsi, gia k�je pro-

somoÐwsh dhmiourgoÔntai trÐa arqeÐa: to arqeÐo thc b�shc (SQlite database file), èna arqeÐo

.txt me tic paramètrouc eisìdou tou senarÐou kai èna arqeÐo .txt me thn èxodo tou DYASTI-

MA. H prosomoÐwsh me to DYASTIMA-R ja prosjèsei me th seir� thc �lla dÔo arqeÐa:

èna arqeÐo b�shc gia touc dosimetrikoÔc upologismoÔc kai èna arqeÐo .txt me thn èxodo tou

DYASTIMA-R.

Tèloc, ta apotelèsmata thc ek�stote prosomoÐwshc sugkentr¸nontai sto antÐstoiqo ar-

qeÐo thc b�shc dedomènwn SQlite. 'Enac èmpeiroc qr sthc mporeÐ na qrhsimopoi sei opoiod po-
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Sq ma 3.21: Ektèlesh thc prosomoÐwshc tou DYASTIMA / DYASTIMA-R mèsw efarmog c
konsìlac (Paschalis and Tezari, 2019).

te prìgramma peri ghshc SQlite gia na apokt sei prìsbash sta apotelèsmata aut�. Wstìso,

to DYASTIMA dÐnei th dunatìthta exagwg c twn apotelesm�twn se arqeÐa .csv mèsa apì to

eÔqrhsto GUI (Sq ma 3.22). 'Etsi, o qr sthc mporeÐ na sullèxei ta apotelèsmata pou epi-

jumeÐ epilègontac thn tautìthta thc prosomoÐwshc (ìnoma senarÐou pou èqei kajoristeÐ apì

ton Ðdio), thn kathgorÐa twn apotelesm�twn, to uyìmetro kaj¸c kai to eÐdoc tou swmatidÐou.

Parìmoia diadikasÐa pragmatopoieÐtai kai gia thn exagwg  twn apotelesm�twn dosimetrÐac

apì to DYASTIMA-R.

Sq ma 3.22: To GUI tou DYASTIMA ìpou gÐnetai h èxodoc twn apotelesm�twn (Paschalis and
Tezari, 2019).

3.5 Pr¸ta apotelèsmata me to DYASTIMA-R

'Opwc eÐdame kai parap�nw, to DYASTIMA èqei  dh efarmosteÐ me epituqÐa gia th melèth twn

deuterogen¸n kataigism¸n tìso gia thn atmìsfaira thc Ghc (Dorman et al., 2015; Paschalis

et al., 2014) ìso kai gia thn atmìsfaira thc AfrodÐthc (Plainaki et al., 2016). K�poia apì ta

pr¸ta apotelèsmata me thn efarmog  DYASTIMA-R na brÐsketai sth f�sh thc an�ptuxhc
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parousi�zontai parak�tw (Paschalis et al., 2016a, 2017a,b,c,d, 2016b; Tezari et al., 2018a,b,c).

Qarakthristik� paradeÐgmata apoteloÔn o upologismìc tou rujmoÔ dìshc kai isodÔnamhc

dìshc gia sunj kec hliakoÔ elaqÐstou kai hliakoÔ megÐstou gia uyìmetro èwc 22 km apì

thn epif�neia thc Ghc, me b ma 1 km (Sq ma 3.23) kaj¸c kai o upologismìc thc suneisfor�c

k�je eÐdouc swmatidÐou tou atmosfairikoÔ kataigismoÔ sta uyìmetra aut�, tìso sto sunolikì

rujmì dìshc (Sq ma 3.24) ìso kai sto rujmì isodÔnamhc dìshc (Sq ma 3.25).

Sq ma 3.23: Rujmìc dìshc (arister�) kai rujmìc isodÔnamhc dìshc (dexi�) gia di�fora
atmosfairik� uyìmetra kat� th di�rkeia el�qisthc kai mègisthc hliak c drasthriìthtac (Paschalis

et al., 2016b).

Sq ma 3.24: Sumbol  diaforetik¸n tÔpwn aktinobolÐac sto sunolikì rujmì dìshc kat� th
di�rkeia tou hliakoÔ (arister�) kai tou hliakoÔ megÐstou (dexi�), ìpwc upologÐsthkan me to

DYASTIMA-R (Paschalis et al., 2016b).

Gia thn pragmatopoÐhsh twn aparaÐthtwn prosomoi¸sewn, qrhsimopoi jhke to prwtoge-

nèc f�sma galaxiak c kosmik c aktinobolÐac pou ex qjh apì to CREME2009 gia sunj kec

hliak c elaqÐstou kai hliakoÔ megÐstou, oi opoÐec antiproswpeÔoun  remec periballontikèc

sunj kec me apousÐa SEPs (Mendenhall and Weller, 2012; Tylka et al., 1997, 2010). Oi
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Sq ma 3.25: Sumbol  diaforetik¸n tÔpwn aktinobolÐac sto sunolikì rujmì isodÔnamhc dìshc
kat� th di�rkeia tou hliakoÔ (arister�) kai tou hliakoÔ megÐstou (dexi�), ìpwc upologÐsthkan me to

DYASTIMA-R (Paschalis et al., 2016b).

upologismoÐ autoÐ èqoun pragmatopoihjeÐ gia kat¸fli katakìrufhc magnhtik c duskamyÐac

0GV (90oN, 0oE), to opoÐo antistoiqeÐ se polikèc perioqèc, en¸ den èqei lhfjeÐ upìyh to

gewmagnhtikì pedÐo (BX = 0, BY = 0, BZ = 0). Gia thn perigraf  thc atmìsfairac qrhsimo-

poi jhke to montèlo thc International Standard Atmosphere (ISO, 1975). Gia ton upologismì

thc dìshc kai isodÔnamhc dìshc qrhsimopoi jhke èna kulindrikì omoÐwma me Ôyoc 1.75m kai

0.25m pou apoteleÐtai apì nerì.

ParathroÔme pwc h dìsh kai h isodÔnamh dìsh sqetÐzontai �mesa me thn èntash thc ga-

laxiak c kosmik c aktinobolÐac, h opoÐa me th seir� thc sundèetai �rrhkta me ton 11-et 

hliakì kÔklo kai ton 22-et  magnhtikì hliakì kÔklo. Kaj¸c, loipìn, h èntash twn gala-

xiak¸n kosmik¸n aktÐnwn brÐsketai se antisusqètish me thn hliak  drasthriìthta, h èkjesh

lìgw aut c eÐnai megalÔterh se sunj kec qamhl c hliak c drasthriìthtac kai antÐstoiqa,

qamhlìterh kat� to hliakì mègisto (Sq ma 3.23).

Sta epìmena sq mata, gÐnetai fanerì pwc ta kuriìtera swmatÐdia tou atmosfairikoÔ ka-

taigismoÔ sta di�fora uyìmetra eÐnai ta prwtìnia, ta netrìnia, ta fwtìnia-g kai sth sunèqeia

akoloujoÔn ta hlektrìnia, ta pozitrìnia, ta miìnia kai ta piìnia. H kÔria sumbol  sto suno-

likì rujmì dìshc ofeÐletai kat� kÔrio lìgo sta prwtìnia (Sq ma 3.24), lamb�nontac ìmwc

upìyh th biologik  drastikìthta k�je eÐdouc aktinobolÐac, ta netrìnia kuriarqoÔn ston u-

pologismì tou rujmoÔ isodÔnamhc dìshc, me thn kÔria sumbol  sth sunolik  isodÔnamh dìsh

na ofeÐletai se aut� (Sq ma 3.25).

Sth sunèqeia, oi prosomoi¸seic pragmatopoi jhkan kai gia perissìtera kat¸flia magnhti-

k c duskamyÐac gia sunj kec mègisthc kai el�qisthc hliak c drasthriìthtac, ìpwc blèpoume

sta Sq mata 3.26 kai 3.27. ParathroÔme ìti oi rujmoÐ dìshc kai isodÔnamhc dìshc eÐnai u-
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yhlìteroi stic polikèc perioqèc (0GV ), se antÐjesh me tic perioqèc gÔrw apì ton Ishmerinì

(Tezari et al., 2018b). To gegonìc autì ofeÐletai sthn elattwmènh jwr�kish pou prosfèrei

to gewmagnhtikì pedÐo kai h atmìsfaira sta meg�la gewgrafik� pl�th.

Sq ma 3.26: Rujmìc dìshc gia to hliakì mègisto (arister�) kai to hliakì el�qisto (dexi�) gia
di�fora atmosfairik� uyìmetra gia di�forec timèc katwflÐou magnhtik c duskamyÐac (Tezari et al.,

2018b).

Sq ma 3.27: Rujmìc isodÔnamhc dìshc gia to hliakì mègisto (arister�) kai to hliakì el�qisto
(dexi�) gia di�fora atmosfairik� uyìmetra gia di�forec timèc katwflÐou magnhtik c duskamyÐac

(Tezari et al., 2018b).

H exèlixh kai h beltistopoÐhsh thc efarmog c DYASTIMA-R suneqÐsthke kat� th di�r-

keia thc axiolìghshc, opìte kai èlabe thn telik  morf  thc. Sto epìmeno kef�laio, peri-

gr�fetai analutik� h diadikasÐa aut , h opoÐa od ghse kai sthn apodoq  tou DYASTIMA wc

federated product thc ESA.
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4 Axiolìghsh DYASTIMA-R

Sto kef�laio autì, perigr�fetai analutik� h diadikasÐa axiolìghshc (validation) tou DYA-

STIMA / DYASTIMA-R sÔmfwna me ta dedomèna anafor�c pou proteÐnontai apì th Diejn 

Epitrop  AktinoprostasÐac (ICRP) kai th Diejn  Epitrop  Mon�dwn kai Metr sewn Akti-

nobolÐac (ICRU). H diadikasÐa aut  apoteleÐ aparaÐthto b ma kai diasfalÐzei thn orjìth-

ta kai thn axiopistÐa twn apotelesm�twn tou DYASTIMA / DYASTIMA-R, kai th qr sh

touc gia thn axiolìghsh thc èkjeshc se kosmik  aktinobolÐa twn plhrwm�twn aeroskaf¸n.

PragmatopoieÐtai epÐshc sÔgkrish twn apotelesm�twn thc axiolìghshc tou DYASTIMA /

DYASTIMA-R me aut� pou prokÔptoun apì �lla diejn¸c anagnwrismèna montèla.

4.1 Prwtìkolla Axiolìghshc

H Diejn c Epitrop  AktinoprostasÐac (ICRP) anèfere gia pr¸th for� sth DhmosÐeush 9

(ICRP, 1966), thn èkjesh pou prokÔptei apì pt sh se meg�lo uyìmetro, en¸ sth DhmosÐeu-

sh 26 (Par�grafoc 88) (ICRP, 1977) anafèrei ìti h pt sh se meg�lo uyìmetro mporeÐ na

aux sei thn èkjesh se fusik  aktinobolÐa. AntÐstoiqa, sth DhmosÐeush 39 (Par�grafoc 10)

(ICRP, 1984), h pt sh me ton parìnta trìpo parousi�sthke wc par�deigma mÐac up�rqousac

kat�stashc èkjeshc. Oi pr¸tec sust�seic thc Epitrop c sqetik� me thn prostasÐa apì thn

kosmik  aktinobolÐa  rjan me th DhmosÐeush 60 (ICRP, 1991), mìlic to 1991, ìpou sunèsthse

to pl rwma aeroskaf¸n na jewreÐtai stic epaggelmatik� ektijèmenec se aktinobolÐa om�dec.

H qr sh dosÐmetrwn gia atomik  parakoloÔjhsh den krÐjhke aparaÐthth, kaj¸c oi dìseic den

eÐnai pijanì na uperboÔn mÐa kajorismènh tim . Sth DhmosÐeush 75 (ICRP, 1997), kajorÐsth-

ke pwc mìno to pl rwma aeroskaf¸n ektÐjetai epaggelmatik� se auxhmèna epÐpeda kosmik c

aktinobolÐac, kai ìqi �lloi epaggelmatÐec taxidi¸tec, kaj¸c h et sia energìc dìsh touc exa-

koloujeÐ na eÐnai sto eÔroc tou 1µSv. AntÐstoiqa, o èlegqoc thc èkjeshc twn plhrwm�twn

diasfalÐzetai kurÐwc apì periorismoÔc sth di�rkeia pt shc kai th diadrom .

Prìsfata, to 2013, h Epitrop  dhmosÐeuse kai sust�seic sqetik� me ton èlegqo thc

èkjeshc se kosmik  aktinobolÐa sto di�sthma sth DhmosÐeush 123 (ICRP, 2013). Tèloc, to

2016, me th DhmosÐeush 132 (ICRP, 2016), h Epitrop  enhmer¸nei kai aposafhnÐzei ìlec tic

prohgoÔmenec sust�seic thc sqetik� me thn èkjesh se kosmik  aktinobolÐac sthn aeroporÐa.

Lamb�nei upìyh tic genikèc sust�seic, ìpwc autèc paratÐjentai sth DhmosÐeush 103 (ICRP,

2007), k�nei anafor� plèon kai stouc suqnoÔc epib�tec pèra apì ta mèlh tou plhr¸matoc,

en¸ jètei kai ìria gia thn èkjesh twn egkÔwn mel¸n tou plhr¸matoc.

To 2010, h ICRP mazÐ me th Diejn  Epitrop  Mon�dwn kai Metr sewn AktinobolÐac
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Reference Data January 1998

dH∗(10)/dt (µSv/h)
RC (GV ) FL310 FL350 FL390

0 4.3 5.9 7.6
1 4.2 5.8 7.4
2 4.0 5.5 7.0
3 3.8 5.2 6.6
4 3.5 4.8 6.0
5 3.2 4.4 5.5
6 2.9 4.0 5.0
7 2.7 3.6 4.5
8 2.5 3.3 4.1
9 2.2 3.0 3.7
10 2.1 2.7 3.3
11 1.9 2.5 3.0
12 1.8 2.3 2.8
13 1.7 2.1 2.6
14 1.6 2.0 2.5
15 1.5 1.9 2.3
16 1.5 1.9 2.2
17 1.5 1.8 2.2

PÐnakac 4.1: Ta dedomèna anafor�c tou rujmoÔ isodÔnamhc dìshc perib�llontoc gia timèc
magnhtik c duskamyÐac 0− 17GV gia trÐa epÐpeda pt shc FL310, FL350 kai FL390, gia ton

Ianou�rio tou 1998 (ICRU, 2010).

(ICRU) apì koinoÔ thn 'Ekjesh 84 (ICRU, 2010), sthn opoÐa perigr�fetai to pedÐo thc ko-

smik c aktinobolÐac se uyìmetro aeroskaf¸n kai parèqontai dedomèna anafor�c (reference

data) gia thn epikÔrwsh / axiolìghsh (validation twn dìsewn lìgw èkjeshc se kosmik 

aktinobolÐa tou plhr¸matoc aeroskaf¸n gia th dieukìlunsh thc diejnoÔc enarmìnishc twn

ektim sewn dìshc tou plhr¸matoc apì aeroporikèc etaireÐec kai touc antÐstoiqouc rujmistèc

touc. To basikì shmeÐo thc èkjeshc aut c eÐnai o kajorismìc enìc sunìlou tim¸n anafor�c

thc èkjeshc tou plhr¸matoc aeroskaf¸n lìgw kosmik c aktinobolÐac, ènanti twn opoÐwn

mporoÔn na sugkrijoÔn oi antÐstoiqec timèc pou parèqontai apì touc di�forouc k¸dikec kai

logismik� axiolìghshc thc èkjeshc se kosmik  aktinobolÐa gia lìgouc epikÔrwshc / axio-

lìghshc. Oi timèc anafor�c dÐnontai se ìrouc isodÔnamhc dìsewn perib�llontoc, pou eÐnai

leitourgikì mègejoc (operational quantity), kaj¸c basÐzontai se pragmatikèc metr seic, kai

dÐnontai stouc PÐnakec 4.1, 4.2 kai 4.3.

Pio sugkekrimèna, ta dedomèna anafor�c èqoun prokÔyei Ôstera apì endeleq  an�lush e-

156



Reference Data January 2000

dH∗(10)/dt (µSv/h)
RC (GV ) FL310 FL350 FL390

0 4.0 5.2 6.4
1 3.9 5.1 6.3
2 3.7 4.8 6.0
3 3.5 4.6 5.6
4 3.3 4.2 5.2
5 3.0 3.9 4.8
6 2.8 3.6 4.4
7 2.5 3.3 4.0
8 2.3 3.0 3.6
9 2.2 2.7 3.3
10 2.0 2.5 3.0
11 1.9 2.3 2.8
12 1.7 2.2 2.6
13 1.7 2.1 2.5
14 1.6 2.0 2.4
15 1.5 1.9 2.3
16 1.5 1.9 2.2
17 1.5 1.8 2.1

PÐnakac 4.2: Ta dedomèna anafor�c tou rujmoÔ isodÔnamhc dìshc perib�llontoc gia timèc
magnhtik c duskamyÐac 0− 17GV gia trÐa epÐpeda pt shc FL310, FL350 kai FL390, gia ton

Ianou�rio tou 2000 (ICRU, 2010).

nìc meg�lou kai periektikoÔ sunìlou dedomènwn pou perilamb�nei perÐpou 20000 metr seic pou

pragmatopoi jhkan apì di�forec om�dec me di�foretikoÔc tÔpouc aniqneut¸n kai upì diafo-

retikèc sunj kec se aeroporikèc pt seic kat� thn perÐodo 1996 èwc 2006, h opoÐa antistoiqeÐ

praktik� se olìklhro ton hliakì kÔklo 23. Gia thn prosarmog  twn dedomènwn, o rujmìc iso-

dÔnamhc dìshc perib�llontoc diamorf¸netai me thn efarmog  mÐac Bayesian prosèggishc gia

ton prosdiorismì thc bèltisthc epilog c paramètrwn. Kaj¸c to sÔnolo dedomènwn perilam-

b�nei metr seic pou pragmatopoioÔntai se diaforetik� barometrik� uyìmetra kai diaforetik�

kat¸flia magnhtik c duskamyÐac, exet�zontai arqik� autèc oi par�metroi.

Prokeimènou na lhfjeÐ upìyh h f�sh tou hliakoÔ kÔklou, qrhsimopoi jhke mia sun�rthsh

h opoÐa exart�tai apì to rujmì ro c twn deuterogen¸n netronÐwn sto epÐpedo tou ed�fouc,

ìpwc metr�tai touc epÐgeiouc metrhtèc netronÐwn, kai pio sugkekrimèna apì to stajmì thc

Oulu sth FinlandÐa. H parametropoÐhsh eÐnai praktik� anex�rthth apì thn epilog  enìc

sugkekrimènou metrht  netronÐwn, kaj¸c h sqetik  epÐdrash thc eÐnai mikrìterh tou 5%.
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Reference Data January 2002

dH∗(10)/dt (µSv/h)
RC (GV ) FL310 FL350 FL390

0 3.7 4.7 5.7
1 3.6 4.6 5.6
2 3.4 4.4 5.3
3 3.3 4.1 5.0
4 3.0 3.9 4.7
5 2.8 3.6 4.3
6 2.6 3.3 4.0
7 2.4 3.0 3.7
8 2.2 2.8 3.4
9 2.1 2.6 3.1
10 1.9 2.4 2.9
11 1.8 2.2 2.7
12 1.7 2.1 2.5
13 1.6 2.0 2.4
14 1.6 1.9 2.3
15 1.5 1.9 2.2
16 1.5 1.8 2.2
17 1.4 1.8 2.1

PÐnakac 4.3: Ta dedomèna anafor�c tou rujmoÔ isodÔnamhc dìshc perib�llontoc gia timèc
magnhtik c duskamyÐac 0− 17GV gia trÐa epÐpeda pt shc FL310, FL350 kai FL390, gia ton

Ianou�rio tou 2002 (ICRU, 2010).

MÐa apl  sun�rthsh mporeÐ na prosarmosteÐ se dedomèna pou èqoun diorjwjeÐ wc proc

èna koinì uyìmetro. H sun�rthsh pou qrhsimopoieÐtai ed¸ èqei èna grammikì ìro gia thn

isodÔnamh dìsh perib�llontoc kai èna ekjetikì ìro gia thn katakìrufh magnhtik  duskam-

yÐa. O rujmìc thc isodÔnamhc dìshc perib�llontoc ekfr�zetai me anaptÔgmata Taylor, ìpou

diathroÔntai mìno oi ìroi qamhlìterhc t�xhc. 'Oloi oi upologismoÐ èqoun pragmatopoihjeÐ

qrhsimopoi¸ntac to pakèto logismikoÔ Monte Carlo prosomoi¸sewn WinBUGS, k�nontac

qr sh tou jewr matoc Bayes.

To sÔnolo twn dedomènwn analÔjhke, loipìn, pollèc forèc qrhsimopoi¸ntac k�je for�

mÐa diaforetik  upìjesh, me stìqo na brejeÐ se poio bajmì oi rujmoÐ isodÔnamhc dìshc pe-

rib�llontoc eÐnai euaÐsjhtoi stic di�forec upojèseic. SumperaÐnetai ìti ta apotelèsmata thc

an�lushc eÐnai isqur�, me sqetik  sumfwnÐa perÐpou sto 5% gia tic di�forec paradoqèc pou

pragmatopoi jhkan.
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'Etsi, ta dedomèna anafor�c pou qrhsimopoi jhkan aforoÔn:

� TrÐa uyìmetra, ta opoÐa kalÔptoun to megalÔtero eÔroc twn uyomètrwn pt shc twn

emporik¸n epibatik¸n aeroskaf¸n. Aut� eÐnai ta FL310 (31000 ft   9.45 km), FL350

(35000 ft   10.67 km) FL390 (39000 ft   11.89 km).

� Dekaokt¸ timèc katakìrufhc magnhtik c duskamyÐac, apì 0GV èwc 17GV (me b ma

1GV ), kalÔptontac to pl rec eÔroc twn tim¸n gewgrafikoÔ pl�touc.

� Treic diaforetikèc qronikèc periìdouc, oi opoÐec antistoiqoÔn se diaforetikèc periìdouc

tou hliakoÔ kÔklou 23, sumperilamb�nontac ètsi meg�lo posostì tim¸n hliak c diamìr-

fwshc, me diaforetikèc periìdouc polikìthtac tou hliomagnhtikoÔ pedÐou. Autèc eÐnai

o Ianou�rioc tou 1998, o Ianou�rioc tou 2000 kai o Ianou�rioc tou 2002.

SÔmfwna me thn èkjesh aut , oi timèc pou prkÔptoun apì opoiosd pote logismikì   k¸dika

pou pragmatopoieÐ dosimetrikoÔc upologismoÔc gia thn axiolìghsh thc èkjeshc tou plhr¸ma-

toc aeroskaf¸n, sunÐstatai h apodekt  apìklis  touc apì ta dedomèna anafro�c na mhn

uperbaÐnoun mÐa mègisth tim  thc t�xhc tou ±30% (ICRU, 2010).

4.2 Axiolìghsh tou DYASTIMA-R

Kaj¸c to DYASTIMA-R apoteleÐ èna kainoÔrio ergaleÐo upologismoÔ dìsewn aktinobolÐac

mèsa sthn atmìsfaira, me ap¸tero stìqo thn ektÐmhsh dìsewn lìgw kosmik c aktinobolÐac

twn plhrwm�twn aeroskaf¸n,  tan aparaÐthth h pistopoÐhs  tou.

Apokleistik� gia touc skopoÔc kai th diadikasÐa thc epikÔrwshc, dhmiourg jhke mia ei-

dik  èkdosh tou DYASTIMA-R, h opoÐa den eÐnai diajèsimh gia eureÐa qr sh, h opoÐa dÐnei

th dunatìthta upologismoÔ tou rujmoÔ isodÔnamhc dìshc perib�llontoc dH∗(10)/dt, ìpwc

faÐnetai kai sto Sq ma 4.1. Aut  h èkdosh èqei qrhsimopoihjeÐ gia ìlouc touc upologismoÔc

pou èqoun pragmatopoihjeÐ sta plaÐsia thc diatrib c aut c.

Sq ma 4.1: To GUI tou DYASTIMA-R gia ton upologismì tou rujmoÔ isodÔnamhc dìshc
perib�llontoc (Paschalis and Tezari, 2019).
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Pio sugkekrimèna, to anjr¸pino omoÐwma antikatast�jhke apì mÐa sfaÐra ICRU, h opoÐa

apoteleÐ èna omoÐwma anafor�c me di�metro 30 cm kai puknìthtac 1 g/cm3, ftiagmèno apì

ulikì pou prosomoi¸nei anjr¸pino istì (ICRU, 1980). H sfaÐra aut  aktinobol jhke me

ta swmatÐdia pou sullèqjhkan se k�je atmosfairikì uyìmetro, apì thn prosomoÐwsh me to

DYASTIMA. To pedÐo aktinobolÐac par�getai apì to antÐstoiqo dieurumèno kai eujugrammi-

smèno pedÐo aktinobolÐac. 'Enac kulindrikìc ìgkoc me aktÐna 1 cm kai pl�toc 2mm) orÐsthke

se b�joc 10mm apì thn epif�neia thc sfaÐrac kai topojet jhke epÐ thc dianusmatik c aktÐnac

pou antitÐjetai sthn kateÔjunsh tou eujugrammismènou pedÐou, prokeimènou na pragmatopoi-

hjeÐ o upologismìc thc isodÔnamhc dìshc perib�llontoc. H di�taxh thc dosimetrÐac èqei  dh

qrhsimopoihjeÐ epituq¸c se �llec melètec (Pelliccioni, 2000). Mia sqhmatistik  apeikìnish

thc di�taxhc aut c dÐnetai sto Sq ma 4.2.

Sq ma 4.2: Mia sqhmatik  anapar�stash thc di�taxhc dosimetrÐac pou qrhsimopoi jhke gia thn
epikÔrwsh tou DYASTIMA-R (Tezari et al., 2020).

To prwtogenèc f�sma kosmik c aktinobolÐac pou qrhsimopoi jhke basÐzetai sto montèlo

ISO 15390 (ISO, 2004) gia ta stoiqeÐa H, He, C, O, Si kai Fe. Prokeimènou na lhfjeÐ upìyh

h epÐdrash tou gewmagnhtikoÔ pedÐou, qrhsimopoi jhkan oi timèc katakìrufhc magnhtik c

duskamyÐac gia di�forec gewgrafikèc suntetagmènec, ìpwc autèc èqoun prokÔyei apì to

IGRF Epoch 2000.0 (Smart and Shea, 2008b), en¸ gia tic sunist¸sec tou magnhtikoÔ pedÐou

qrhsimopoi jhke h tim  0 (BX = 0, BY = 0, BZ = 0). H atmìsfaira perigr�fhke apì to

montèlo thc International Standard Atmosphere (ISO, 1975).

Oi prosomoi¸seic me to DYASTIMA-R pragmatopoi jhkan gia ìla ta sen�ria pou pro-

teÐnontai sthn 'Ekjesh 84. 'Etsi, pragmatopoi jhke èna sÔnolo 48 prosomoi¸sewn gia trÐa

diaforetik� uyìmetra (FL310, FL350, FL390), 18 timèc katwflÐou magnhtik c duskamyÐac

(0 − 17GV ) kai treic diaforetikèc qronikèc periìdouc (Ianou�rioc 1998, Ianou�rioc 2000,
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DYASTIMA-R January 1998

FL310 FL350 FL390

RC (GV )
dH∗(10)/dt
(µSv/h)

Diff (%)
dH∗(10)/dt
(µSv/h)

Diff (%)
dH∗(10)/dt
(µSv/h)

Diff (%)

0 4.0 −6.5 5.3 −10.2 6.8 −10.8
1 3.9 −8.8 5.1 −11.4 6.9 −6.7
2 3.9 −2.8 4.8 −11.9 6.3 −10.5
3 3.2 −15.4 4.3 −16.7 5.4 −17.9
4 2.9 −17.7 3.8 −20.2 4.7 −21.7
5 2.5 −22.3 3.3 −25.0 4.0 −28.1
6 2.2 −22.6 2.9 −28.4 3.6 −29.0
7 2.0 −26.5 2.5 −31.5 3.1 −32.2
8 1.7 −31.7 2.2 −32.0 2.6 −35.7
9 1.6 −29.5 1.9 −35.3 2.4 −36.4
10 1.5 −29.3 1.9 −31.0 2.2 −34.5
11 1.3 −33.7 1.7 −33.5 2.0 −34.2
12 1.2 −32.7 1.6 −30.4 1.9 −33.2
13 1.1 −35.8 1.4 −31.6 1.7 −35.2
14 1.1 −33.0 1.3 −37.0 1.5 −38.8
15 1.0 −35.3 1.2 −36.3 1.4 −40.7
16 1.9 −39.1 1.2 −36.9 1.3 −39.9
17 1.9 −41.2 1.1 −37.5 1.3 −41.4

PÐnakac 4.4: O rujmìc isodÔnamhc dìshc perib�llontoc, ìpwc upologÐsthke me to DYASTIMA-R,
gia timèc magnhtik c duskamyÐac 0− 17GV gia trÐa epÐpeda pt shc FL310, FL350 kai FL390, gia
ton Ianou�rio tou 1998 (Tezari et al., 2020). To Diff (%) dhl¸nei thn posostiaÐa diafor� an�mesa

stic timèc tou DYASTIMA-R kai ta dedomèna anafor�c.

Ianou�rioc 2002), ìpou upologÐsthke o rujmìc isodÔnamhc dìshc perib�llontoc dH∗(10)/dt

(µSv/h). Ta apotelèsmata twn prosomoi¸sewn aut¸n parousi�zontai ston PÐnaka 4.4 (Ia-

nou�rioc 1998), ston PÐnaka 4.5 (Ianou�rioc 2000), kai ston PÐnaka 4.6 (Ianou�rioc 2002).

AntÐstoiqa, parousi�zontai sta Sq mata 4.3, 4.4 kai 4.5. Me pr�sino qr¸ma parousi�zo-

ntai ta dedomèna anafor�c, en¸ me mple qr¸ma oi timèc tou dH∗(10)/dt pou èqoun prokÔyei

apì to DYASTIMA-R. Sto Ðdio di�gramma apeikonÐzetai kai h posostiaÐa diafor� an�mesa

stic timèc autèc me th morf  rabdodiagr�mmatoc, h opoÐa èqei prokÔyei apì th sqèsh:

Diff(%) =
HModel −HRef.

HRef.

100% (4.1)

H kìkkinh diakekommènh gramm  antistoiqeÐ sto an¸tero epitreptì ìrio apìklishc (±30%).
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DYASTIMA-R January 2000

FL310 FL350 FL390

RC (GV )
dH∗(10)/dt
(µSv/h)

Diff (%)
dH∗(10)/dt
(µSv/h)

Diff (%)
dH∗(10)/dt
(µSv/h)

Diff (%)

0 3.3 −17.4 4.4 −15.6 5.7 −10.9
1 3.3 −15.7 4.5 −12.5 5.5 −12.6
2 3.1 −16.6 4.3 −11.0 5.2 −13.4
3 2.9 −16.6 3.7 −18.5 5.6 −18.4
4 2.5 −22.8 3.5 −16.7 4.1 −22.1
5 2.4 −20.7 3.1 −21.1 3.7 −22.9
6 2.1 −25.7 2.7 −26.1 3.2 −27.1
7 1.8 −27.8 2.3 −30.1 2.8 −30.1
8 1.6 −29.1 2.1 −29.2 2.6 −27.3
9 1.5 −30.6 2.0 −27.4 2.3 −31.7
10 1.4 −31.7 1.7 −31.0 2.1 −29.9
11 1.2 −35.7 1.6 −29.8 1.9 −32.4
12 1.1 −33.5 1.5 −34.1 1.7 −34.4
13 1.0 −38.5 1.3 −37.6 1.6 −36.4
14 1.0 −40.4 1.2 −38.2 1.5 −37.8
15 0.9 −40.3 1.1 −39.6 1.4 −40.5
16 0.9 −42.6 1.0 −41.8 1.3 −42.1
17 0.8 −43.8 1.0 −42.0 1.2 −43.2

PÐnakac 4.5: O rujmìc isodÔnamhc dìshc perib�llontoc, ìpwc upologÐsthke me to DYASTIMA-R,
gia timèc magnhtik c duskamyÐac 0− 17GV gia trÐa epÐpeda pt shc FL310, FL350 kai FL390, gia
ton Ianou�rio tou 2000 (Tezari et al., 2020). To Diff (%) dhl¸nei thn posostiaÐa diafor� an�mesa

stic timèc tou DYASTIMA-R kai ta dedomèna anafor�c.

Pio sugkekrimèna, gia to ètoc 1998 (Sq ma 4.3) to opoÐo antistoiqeÐ sthn anodik  f�sh

tou hliakoÔ kÔklou 23, parathreÐtai pwc oi timèc pou dÐnei to DYASTIMA-R eÐnai sqedìn

Ðdiec me ta dedomèna anafor�c èwc kai ta 2GV (uyhl� gewgrafik� pl�th me apìklish pou den

uperbaÐnei to 12%. H posostiaÐa diafor� aux�netai me thn aÔxhsh tou katwflÐou magnhtik c

duskamyÐac kai kumaÐnetai metaxÔ 30% kai 40% sto eÔroc 10GV èwc 2GV . H apìklish aut 

eÐnai megalÔterh sthn perÐptwsh tou uyhlìterou exetazìmenou uyomètrou pt shc FL390.

Sth sunèqeia, gia to ètoc 2000 (Sq ma 4.4), to opoÐo antistoiqeÐ sunj kec hyhl c hliak c

drasthriìthtac (me b�sh tic mèsec timèc hliak¸n khlÐdwn wc mègistou tou hliakoÔ kÔklou 23

jewreÐtai to 2001), h apìklish metaxÔ twn tim¸n pou upologÐsthkan me to DYASTIMA-R kai

ta dedomèna anafor�c eÐnai sqedìn stajer  se ìlo to eÔroc tim¸n magnhtik c duskamyÐac.

Tèloc, gia to ètoc 2002 (Sq ma 4.5), to opoÐo eÐnai amèswc met� to hliakì mègisto, para-

threÐtai mÐa arket� kal  prosèggish metaxÔ twn tim¸n tou DYASTIMA-R kai twn dedomènwn
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DYASTIMA-R January 2002

FL310 FL350 FL390

RC (GV )
dH∗(10)/dt
(µSv/h)

Diff (%)
dH∗(10)/dt
(µSv/h)

Diff (%)
dH∗(10)/dt
(µSv/h)

Diff (%)

0 3.3 −10.2 4.5 −4.1 5.2 −8.5
1 3.2 −11.5 4.3 −6.9 5.3 −5.5
2 3.0 −11.1 3.9 −10.2 5.1 −3.8
3 2.8 −14.6 3.9 −5.5 4.7 −6.6
4 2.4 −20.5 3.3 −15.1 3.9 −16.1
5 2.3 −28.6 2.9 −19.5 3.7 −14.7
6 2.0 −25.0 2.6 −19.8 3.1 −22.0
7 1.8 −25.1 2.3 −24.7 2.7 −27.6
8 1.6 −25.6 2.1 −23.8 2.5 −26.4
9 1.5 −30.8 1.9 −26.4 2.2 −29.5
10 1.3 −31.9 1.7 −28.1 2.0 −30.4
11 1.2 −32.7 1.6 −27.1 1.9 −30.4
12 1.2 −29.9 1.5 −30.5 1.7 −33.0
13 1.1 −36.7 1.4 −31.8 1.6 −34.1
14 1.1 −37.0 1.2 −37.4 1.5 −32.9
15 0.9 −38.7 1.2 −37.7 1.4 −38.2
16 0.9 −42.1 1.1 −37.7 1.3 −42.2
17 0.8 −42.5 1.0 −43.2 1.2 −43.5

PÐnakac 4.6: O rujmìc isodÔnamhc dìshc perib�llontoc, ìpwc upologÐsthke me to DYASTIMA-R,
gia timèc magnhtik c duskamyÐac 0− 17GV gia trÐa epÐpeda pt shc FL310, FL350 kai FL390, gia
ton Ianou�rio tou 1998 (Tezari et al., 2020). To Diff (%) dhl¸nei thn posostiaÐa diafor� an�mesa

stic timèc tou DYASTIMA-R kai ta dedomèna anafor�c.

anafor�c, idiaÐtera stic polikèc perioqèc me duskamyÐec 0GV èwc 3GV . Epiplèon, h apìkli-

sh eÐnai shmantik� qamhlìterh me aut  pou parathreÐtai ta èth 1998 kai 2000, me tic timèc tou

DYASTIMA-R na brÐskontai se kal  sumfwnÐa me ta dedomèna anafor�c èwc kai ta 12GV .

Apì ta Sq mata 4.3, 4.4 kai 4.5, parathroÔme eÔkola pwc se timèc katwflÐou magnhtik c

duskamyÐac 0 − 10GV , dhlad  se polik�, meg�la kai mesaÐa gewgrafik� pl�th, oi upologi-

smènec me to DYASTIMA-R brÐskontai se arket� kal  sumfwnÐa me ta dedomèna anafor�c,

qwrÐc na gÐnetai upèrbash thc apodekt c abebaiìthtac tou 30%, ìpwc proteÐnetai kai apì thn

'Ekjesh 84. AxÐzei na shmeiwjeÐ pwc oi perioqèc autèc antistoiqoÔn perÐpou sto 75% thc

sunolik c epif�neiac thc Ghc.

P�nw apì ta 10GV , dhlad  stic ishmerinèc perioqèc, parathreÐtai megalÔterh apìklish, me

mègisth abebaiìthta perÐpou to 42%, pijan¸c lìgw tou pio perÐplokou gewmagnhtikoÔ pedÐou

kont� stic perioqèc tou IshmerinoÔ. Oi perioqèc autèc den parousi�zoun èntono endiafèron apì
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Sq ma 4.3: SÔgkrish twn tim¸n dH∗(10)/dt apì to DYASTIMA-R (mple) kai ta dedomèna
anafor�c (pr�sino) gia ton Ianou�rio 1998. To rabdìgramma dÐnei thn posostiaÐa diafor�, en¸ h
kìkkinh diakekommènh gramm  antistoiqeÐ sth mègisth apodekt  apìklish (Tezari et al., 2019).

biologik  skopi�, kaj¸c kuriarqeÐ h jwr�kish apì to gewmagnhtikì pedÐo, me apotèlesma oi

dìseic aktinobolÐac na eÐnai ètsi ki alli¸c polÔ qamhlìterec se sqèsh me tic polikèc perioqèc.

H apìklish pou parathreÐtai se ìla ta sen�ria pt shc pou exet�zontai ed¸ mporeÐ epÐshc

na apodojeÐ stic paramètrouc eisìdou thc ek�stote prosomoÐwshc, kaj¸c tìso to atmosfairi-

kì profÐl ìso kai to prwtogenèc f�sma thc kosmik c aktinobolÐac basÐzontai se diaforetik�
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Sq ma 4.4: SÔgkrish twn tim¸n dH∗(10)/dt apì to DYASTIMA-R (mple) kai ta dedomèna
anafor�c (pr�sino) gia ton Ianou�rio 2000. To rabdìgramma dÐnei thn posostiaÐa diafor�, en¸ h
kìkkinh diakekommènh gramm  antistoiqeÐ sth mègisth apodekt  apìklish (Tezari et al., 2019).

montèla. Gia par�deigma, h ISA den eÐnai kat�llhlh gia qr sh stic polikèc kai ishmerinèc

perioqèc, kaj¸c basÐzetai se mèsec kairikèc sunj kec gia th mesaÐa gewgrafik� pl�th. A-

ntÐstoiqa, �lla montèla atmìsfairac, pou mporoÔn na qrhsimopoihjoÔn gia na perigr�youn

th sqèsh jermokrasÐac-uyomètrou gia th g inh atmìsfaira, eÐnai hmi-empeirik�. Epiplèon, de-

domènou ìti to f�sma twn prwtogen¸n kosmik¸n aktÐnwn mporeÐ na prokÔyei mèsw diafìrwn

montèlwn kai ergaleÐwn logismikoÔ, shmantikèc diaforèc mporeÐ na up�rqoun ìqi mìno stic
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Sq ma 4.5: SÔgkrish twn tim¸n dH∗(10)/dt apì to DYASTIMA-R (mple) kai ta dedomèna
anafor�c (pr�sino) gia ton Ianou�rio 2002. To rabdìgramma dÐnei thn posostiaÐa diafor�, en¸ h
kìkkinh diakekommènh gramm  antistoiqeÐ sth mègisth apodekt  apìklish (Tezari et al., 2019).

qamhlìterec enèrgeiec all� kai se upologistikèc ptuqèc, ìpwc gia par�deigma ston orismì

miac troqi�c pou na antistoiqeÐ se monadikì Rc. Gia autoÔc touc lìgouc, to DYASTIMA /

DYASTIMA-R belti¸netai diark¸c en¸ par�llhla epidi¸ketai h eÔresh twn pio kat�llhlwn

paramètrwn eisìdou gia thn paroq  akrib¸n apotelesm�twn.
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Apì thn an�lush aut , sumperaÐnoume ìti to ergaleÐo DYASTIMA / DYASTIMA-R plh-

roÐ ikanopoihtik� ta krit ria pou proteÐnontai apì tic ICRU / ICRP kai wc ek toÔtou mporeÐ na

qrhsimopoihjeÐ gia ton axiìpisto prosdiorismì thc èkjeshc tou plhr¸matoc kai twn epibat¸n

aeroskaf¸n se ionÐzousa kosmik  aktinobolÐa.

4.3 SÔgkrish me �lla montèla

SÔgkrish twn apotelesm�twn thc axiolìghshc tou DYASTIMA-R me b�sh ta dedomèna ana-

for�c pragmatopoi jhke kai me ta apotelèsmata thc Ðdiac diadikasÐac gia �lla montèla pou

eÐnai eurèwc gnwst� kai qrhsimopoioÔntai gia thn axiolìghsh thc èkjeshc se kosmik  akti-

nobolÐa twn plhrwm�twn aeroskaf¸n. Ta montèla pou qrhsimopoi jhkan eÐnai to NAIRAS

(Mertens et al., 2013, 2009, 2007), to CARI-7 (Copeland, 2017) kai to AVIDOS (Latocha

and Beck, 2016; Latocha et al., 2009).

H sÔgkrish pragmatopoieÐtai gia tic treic qronikèc periìdouc (Ianou�rioc 1998, Ianou�rioc

2000 kai Ianou�rioc 2002), gia ta trÐa sun jh atmosfairik� uyìmetra (FL310, FL350, FL390)

kai gia ta dekaoqt¸ kat¸flia magnhtik c duskamyÐac (0GV èwc 17GV ), sÔmfwna me thn

'Ekjesh 84 (ICRU, 2010).

Sta Sq mata 4.6, 4.7 kai 4.8, parousi�zontai me pr�sino qr¸ma ta dedomèna anafor�c, me

mple qr¸ma oi timèc pou èqoun upologisteÐ apì to logismikì DYASTIMA / DYASTIMA-R,

me kìkkino qr¸ma oi timèc apì to NAIRAS, me kÐtrino qr¸ma oi timèc apì to CARI-7, kai

tèloc me mwb qr¸ma oi timèc apì to AVIDOS. Ta dedomèna anafor�c eÐnai diajèsima stouc

PÐnakec 4.1 - 4.3 en¸ oi timèc pou èqoun prokÔyei apì to DYASTIMA / DYASTIMA-R stouc

PÐnakec 4.4 - 4.6 tou kefalaÐou autoÔ.

Akìma sta Sq mata 4.9, 4.10 kai 4.11, parousi�zontai se rabdogr�mmata oi apoklÐseic

twn montèlwn aut¸n apì ta dedomèna anafor�c gia ta di�fora atmosfairik� uyìmetra kai

kat¸flia magnhtik c duskamyÐac gia tic treic sugkekrimènec qronikèc periìdouc.

ParathroÔme pwc to DYASTIMA-R dÐnei stajer� mikrìterec timèc tou rujmoÔ isodÔnamhc

dìshc perib�llontoc dH∗(10)/dt kai sta trÐa Ôyh kai stic treic qronikèc periìdouc. H apìkli-

sh se sqèsh me ta dedomèna anafor�c eÐnai mikr  gia mikrèc timèc magnhtik c duskamyÐac, en¸

gÐnetai megalÔterh gia meg�lec timèc magnhtik c duskamyÐac. 'Etsi, to DYASTIMA-R eÐnai

pio euaÐsjhto stic polikèc perioqèc ìpou katagr�fontai swmatÐdia akìma kai qamhlìterwn

energei¸n, par� stic ishmerinèc perioqèc, ìpou to magnhtikì pedÐo èqei megalÔterh epÐdrash.

Sta Sq mata 4.6, 4.7 kai 4.8, parathroÔme pwc ìla ta montèla akoloujoÔn kat� b�sh

ta dedomèna anafor�c, eÐte me mikrìterec eÐte me megalÔterec apoklÐseic. Pio sugkekrimèna,

eÐnai fanerì pwc sta qamhl� Ôyh (FL310) oi apoklÐseic metaxÔ twn montèlwn eÐnai mikrèc, se

167



Sq ma 4.6: SÔgkrish twn tim¸n dH∗(10)/dt apì to DYASTIMA-R, to NAIRAS, to CARI-7 kai
to AVIDOS gia ton Ianou�rio 1998. DÐnontai epÐshc ta dedomèna anafor�c.
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Sq ma 4.7: SÔgkrish twn tim¸n dH∗(10)/dt apì to DYASTIMA-R, to NAIRAS, to CARI-7 kai
to AVIDOS gia ton Ianou�rio 2000. DÐnontai epÐshc ta dedomèna anafor�c.
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Sq ma 4.8: SÔgkrish twn tim¸n dH∗(10)/dt apì to DYASTIMA-R, to NAIRAS, to CARI-7 kai
to AVIDOS gia ton Ianou�rio 2002. DÐnontai epÐshc ta dedomèna anafor�c.
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Sq ma 4.9: PosostiaÐa diafor� an�mesa stic timèc twn di�forwn montèlwn kai twn dedomènwn
anafor�c gia ton Ianou�rio 1998.

antÐjesh me ta megalÔtera Ôyh (FL390), ìpou oi timèc apì ta di�fora montèla parousi�zoun

megalÔterec apoklÐseic. Genik�, ta montèla CARI-7 kai AVIDOS parousi�zoun tic mikrìterec

apoklÐseic, me to CARI-7 na mhn uperbaÐnei to 19.8%, kai to AVIDOS to 23.2% antÐstoiqa.

AntÐjeta, to montèlo NAIRAS parousi�zei tic megalÔterec apoklÐseic, aggÐzontac thn tim 

tou 64.3%.
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Sq ma 4.10: PosostiaÐa diafor� an�mesa stic timèc twn di�forwn montèlwn kai twn dedomènwn
anafor�c gia ton Ianou�rio 2000.

Sta Sq mata 4.9, 4.10 kai 4.11, parathroÔme pwc h pleioyhfÐa twn montèlwn parèqoun mÐa

stajer  upoektÐmhsh tou rujmoÔ isodÔnamhc dìshc perib�llontoc se sqèsh me ta dedomèna

anafor�c. ExaÐresh, parousi�zetai kurÐwc se mikrèc timèc magnhtik c duskamyÐac (0GV èwc

3GV ìpou ta montèla NAIRAS, CARI-7 kai AVIDOS parèqoun mÐa uperektÐmhsh tou rujmoÔ

dìshc. To NAIRAS parousi�zei genik� tic megalÔterec apoklÐseic se ìla ta Ôyh gia ìlec tic

timèc magnhtik c duskamyÐac kai gia tic treic qronikèc periìdouc, en¸ antÐjeta to CARI-7 tic
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mikrìterec. To DYASTIMA-R, antÐstoiqa, parousi�zei mikrìterec apoklÐseic apì to NAI-

RAS, kai parèqei mÐa kal  ektÐmhsh tou rujmoÔ dìshc se mikrèc duskamyÐec, ìpou �llwste

entopÐzetai kai to megalÔtero endiafèron apì th skopi� thc aktinoprostasÐac. Oi apoklÐseic

tou DYASTIMA-R stic perioqèc autèc eÐnai �mesa sugkrÐsimec me autèc twn �llwn montèlwn,

kai se pollèc peript¸seic eÐnai mikrìterec.

Sq ma 4.11: PosostiaÐa diafor� an�mesa stic timèc twn di�forwn montèlwn kai twn dedomènwn
anafor�c gia ton Ianou�rio 2002.
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To DYASTIMA-R dÐnei genik� kal� apotelèsmata se sÔgkrish me  dh proôp�rqontai kai

axiologhmèna montèla, ìpwc to NAIRAS, to CARI-7 kai to AVIDOS, kai dÐnei ikanopoihtik�

apotelèsmata gia thn ektÐmhsh tou rujmoÔ isodÔnamhc dìshc perib�llontoc gia ìlo to eÔroc

tim¸n magnhtik c duskamyÐac gia ta sun jh atmosfairik� uyìmetra pt shc.
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5 Efarmogèc kai Apotelèsmata

Sto kef�laio autì parousi�zontai ta apotelèsmata twn prosomoi¸sewn me to DYASTIMA

/ DYASTIMA-R pou pragmatopoi jhkan sta plaÐsia thc diatrib c aut c. Arqik�, dÐnontai

ta apotelèsmata kat� th di�rkeia twn dÔo teleutaÐwn hliak¸n kÔklwn 23 kai 24 gia di�fora

Ôyh mèsa sthn atmìsfaira kai di�forec timèc katakìrufhc magnhtik c duskamyÐac. Sth su-

nèqeia, paratÐjentai ta apotelèsmata kat� th di�rkeia èntonwn fainomènwn tou DiasthmikoÔ

KairoÔ, ta opoÐa apoteloÔn en dun�mei kÐnduno tìso gia ta teqnologik� sust mata ston e-

pÐgeio, enaèrio kai diasthmikì q¸ro, ìso kai gia thn ugeÐa twn plhrwm�twn aeroskaf¸n kai

diasthmik¸n skaf¸n. Akìma, me b�sh ta parap�nw apotelèsmata, pragmatopoieÐtai ektÐmhsh

dìsewn aktinobolÐec gia di�forec aeroporikèc pt seic. Tèloc, parousi�zetai mÐa pr¸th pro-

sp�jeia upologismoÔ dìsewn aktinobolÐac stic atmìsfairec �llwn planht¸n tou hliakoÔ mac

sust matoc, kai pio sugkekrimèna sthn AfrodÐth kai ton 'Arh.

5.1 HliakoÐ KÔkloi 23 & 24

Sthn enìthta aut , parousi�zontai oi prosomoi¸seic pou pragmatopoi jhkan sthn atmìsfaira

thc Ghc kat� th di�rkeia twn prìsfatwn hliak¸n kÔklwn 23 kai 24, kalÔptontac ètsi mÐa

qronik  perÐodo 24 et¸n (1996 èwc 2019).

'Opwc èqei anaferjeÐ  dh sto Kef�laio 1, o hliakìc kÔkloc 23 eÐqe di�rkeia 12.3 qrìnia,

apì ton AÔgousto tou 1996 èwc ton Dekèmbrio tou 2008, en¸ o hliakìc kÔkloc 24 di rkhse

apì ton Dekèmbrio tou 2008 mèqri ton Dekèmbrio tou 2019. Ta hliak� mègista parathr jhkan

to Noèmbrio tou 2001 kai ton AprÐlio tou 2014, antÐstoiqa. O kÔkloc 23 apoteleÐ ènan

idiaÐtera energhtikì kÔklo me pl joc fainomènwn, en¸ antÐstoiqa o kÔkloc 24 apoteleÐ ènan

apì touc pio  remouc kÔklouc me qamhl  hliak  drasthriìthta. Epiprosjètwc, an�mesa stouc

dÔo autoÔc kÔklouc parathr jhke èna idiaÐtera ektetamèno el�qisto, me asun jista qamhl 

hliak  drashriìthta kat� ta èth 2007 èwc 2009.

To f�sma pou qrhsimopoi jhke gia th diexagwg  prosomoi¸sewn sta plaÐsia thc erga-

sÐac aut c basÐzetai sto montèlo ISO, to opoÐo èqei parousiasteÐ analutik� sto Kef�laio 3

(ISO, 2004). Qrhsimopoi jhkan ta stoiqeÐa H, He, C, O, Si kai Fe, pou parathroÔntai stic

afjonÐec thc kosmik c aktinobolÐac. Prokeimènou na lhfjeÐ upìyh h epÐdrash tou gewma-

gnhtikoÔ pedÐou, qrhsimopoi jhkan oi timèc katakìrufhc magnhtik c duskamyÐac gia di�forec

gewgrafikèc suntetagmènec apì to IGRF (Smart and Shea, 2008b), en¸ gia tic sunist¸sec

tou magnhtikoÔ pedÐou qrhsimopoi jhkan oi antÐstoiqec timèc apì thn istoselÐda tou NOAA.

H atmìsfaira perigr�fhke apì to montèlo ISA (ISO, 1975).
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5.1.1 F�smata Kosmik c AktinobolÐac

H diaforik  ro  thc prwtogenoÔc kosmik c aktinobolÐac wc sun�rthsh thc enèrgeiac twn

prwtogen¸n kosmik¸n swmatidÐwn pou ft�noun sto ìrio thc atmìsfairac stic polikèc perioqèc

(0GV ) gia sunj kec el�qisthc kai mègisthc hliak c drasthriìthtac gia touc dÔo prìsfatouc

hliakoÔc kÔklouc 23 kai 24 dÐnetai sto Sq ma 5.1. Pio sugkekrimèna, sta p�nw diagr�mmata,

parousi�zontai ta f�smata twn et¸n 1996 kai 2001, pou antistoiqoÔn sto el�qisto kai sto

mègisto tou hliakoÔ kÔklou 23, en¸ sta k�tw diagr�mmata, dÐnontai ta f�smata twn et¸n

2009 kai 2014, antÐstoiqa gia ton hliakì kÔklo 24.

Sq ma 5.1: F�sma prwtogen¸n kosmik¸n aktÐnwn me to montèlo ISO gia sunj kec el�qisthc kai
mègisthc hliak c drasthriìthtac gia ton hliakì kÔklo 23 (ep�nw) kai ton hliakì kÔklo 24 (k�tw)

gia kat¸fli magnhtik c duskamyÐac 0GV .

Se sunj kec mègisthc hliak c drasthriìthtac (èth 2001 kai 2014), parathroÔme mÐa me-
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tatìpish tou megÐstou thc diaforik c ro c twn prwtogen¸n swmatidÐwn proc megalÔterec

enèrgeiec apì to el�qisto proc to mègisto thc hliak c drasthriìthtac. Autì sumbaÐnei ka-

j¸c kat� th di�rkeia tou hliakoÔ megÐstou, lamb�noun q¸ra èntona hliak� fainìmena, ìpwc

hliakèc ekl�myeic kai stemmatikèc ekpompèc m�zac, me apotèlesma na ekpèmpontai swmatÐdia

uyhlìterwn energei¸n. AntÐjeta, h diaforik  ro  paÐrnei tic mègistec timèc thc kat� th di-

�rkeia tou hliakoÔ elaqÐstou, gegonìc pou ofeÐletai sthn arnhtik  susqètish thc hliak c

drasthriìthtac me thn èntash twn kosmik¸n aktÐnwn (Forbush, 1958). Eidikìtera, kat� to

ètoc 2014 parathreÐtai elafr¸c uyhlìterh diaforik  ro  se sqèsh me to ètoc 2001. Au-

tì sumbaÐnei, giatÐ o teleutaÐoc hliakìc kÔkloc 24 eÐnai kÔkloc qamhl c drasthriìthtac kai

èntashc, se antÐjesh me ton idiaÐtera energì hliakì kÔklo 23 (Mavromichalaki et al., 2005b;

Paouris et al., 2012; Tomova et al., 2017).

Sq ma 5.2: Metabol  tou f�smatoc prwtogen¸n aktÐnwn wc sun�rthsh thc magnhtik c duskamyÐac
gia sunj kec mègisthc hliak c drasthriìthtac (ètoc 2001).
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Sta Sq mata 5.2 kai 5.3, dÐnetai h metabol  tou f�smatoc twn prwtogen¸n kosmik¸n

swmatidÐwn pou ft�noun sto ìrio thc atmìsfairac sunart sei thc magnhtik c duskamyÐac gia

to 2001 (hliakì mègisto) kai to 2009 (hliakì el�qisto), antÐstoiqa.

Sq ma 5.3: Metabol  tou f�smatoc prwtogen¸n aktÐnwn wc sun�rthsh thc magnhtik c duskamyÐac
gia sunj kec el�qisthc hliak c drasthriìthtac (ètoc 2009).

ParathroÔme pwc me thn aÔxhsh thc magnhtik c duskamyÐac, mìno swmatÐdia me meg�lec

enèrgeiec eisèrqontai sthn atmìsfaira thc Ghc. Stic polikèc perioqèc (0−2GV ), oi dunamikèc

grammèc tou gewmagnhtikoÔ pedÐou eÐnai �anoiqtèc�, me apotèlesma na katagr�fontai swmatÐdia

akìma kai me mikrèc enèrgeiec. AntÐjeta, proc ton Ishmerinì, ta swmatÐdia mikr¸n energei¸n

�apokìptontai� apì to gewmagnhtikì pedÐo. To fainìmeno autì eÐnai emfanèc tìso se sunj kec

mègisthc ìso kai el�qisthc hliak c drasthriìthtac (Mertens et al., 2012).

Endeiktik�, sto Sq ma 5.4 dÐnetai to f�sma gia to ètoc 2017, to opoÐo an kei sthn kajodik 
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f�sh tou hliakoÔ kÔklou 24. Kaj¸c h hliak  drasthriìthta elatt¸netai, h èntash thc

kosmik c aktinobolÐac aux�netai, me apotèlesma na parathreÐtai, ìpwc eÐnai anamenìmeno, mÐa

uyhlìterh ro  se sqèsh me to mègisto tou ètouc 2014.

Sq ma 5.4: F�sma prwtogen¸n aktÐnwn me to montèlo ISO gia to ètoc 2017 gia kat¸fli
magnhtik c duskamyÐac 0GV .

Shmei¸neitai ìti se ìla Sq mata (5.1, 5.2, 5.3 kai 5.4) parathroÔme pwc to H kai to

He emfanÐzoun uyhlìterec enèrgeiec kai roèc, kaj¸c brÐskontai se megalÔterh afjonÐa stic

kosmikèc aktÐnec se sqèsh me ta �lla swmatÐdia (Longair, 2011).

5.1.2 Energeiak  Enapìjesh

Mèsw twn prosomoi¸sewn pou pragmatopoi jhkan me to ergaleÐo DYASTIMA, mporoÔme

na upologÐsoume thn enèrgeia pou enapotÐjetai mèsa sthn atmìsfaira apì ta deuterogen 

kosmik� swmatÐdia gia di�forec sunj kec hliak c drasthriìthtac.

H energeiak  enapìjesh sta di�fora atmosfairik� uyìmetra gia sunj kec mègisthc hlia-

k c drasthriìthtac parousi�zetai sto 5.5 (arister�), kaj¸c to ètoc 2001 antistoiqeÐ sto

mègisto tou hliakoÔ kÔklou 23. ParathroÔme ìti h mègisth energeiak  enapìjesh sumbaÐnei

sta meg�la gewgrafik� pl�th (mikrèc timèc magnhtik c duskamyÐac), en¸ h enapìjesh mei-

¸netai phgaÐnontac se mesaÐa gewgrafik� pl�th kai ishmerinèc perioqèc. Pio sugkekrimèna,

h enapotijèmenh enèrgeia sta 0GV kai sta 2GV eÐnai sqedìn tautìshmec, en¸ antÐstoiqa

h enèrgeia pou enapotÐjetai sta di�fora atmosfairik� uyìmetra lìgw tou kataigismoÔ mei-

¸netai me thn aÔxhsh thc magnhtik c duskamyÐac, exaitÐac thc apokop c swmatidÐwn apì to
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Sq ma 5.5: Energeiak  enapìjesh wc sun�rthsh tou atmosfairikoÔ uyomètrou, gia di�forec timèc
magnhtik c duskamyÐac gia ta èth 2001 (hliakì mègisto) kai 2009 (hliakì el�qisto).

gewmagnhtikì pedÐo.

Parìmoia sumperifor� parathreÐtai kai gia sto ètoc 2009, to opoÐo antistoiqeÐ stic sun-

j kec el�qisthc hliak c drasthriìthtac an�mesa stouc hliakoÔc kÔklouc 23 kai 24 (Sq ma

5.5, dexi�). H enapìjesh sta 2GV eÐnai elafr¸c mikrìterh se sqèsh me ta 0GV , en¸ a-

ntÐstoiqa h enèrgeia gia megalÔterec timèc magnhtik c duskamyÐac parousi�zetai meiwmènh.

To posostì meÐwshc gia di�fora kat¸flia magnhtik c duskamyÐac se sqèsh me ta 0GV gia

ta èth 2001 kai 2009 dÐnetai ston PÐnaka 5.1. Tautìqrona parousi�zetai h posostiaÐa diafor�

twn tim¸n metaxÔ twn et¸n 2001 kai 2009 gia tic di�forec timèc magnhtik c duskamyÐac. Kat�

th di�rkeia tou hliakoÔ elaqÐstou parathreÐtai megalÔtero posostì meÐwshc gia tic di�forec

timèc magnhtik c duskamyÐac se sqèsh me tic sunj kec mègisthc hliak c drasthriìthtac to
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2001 2009 2001 - 2009

Rc (GV)
% MeÐwsh

se sqèsh me ta 0GV
% MeÐwsh

se sqèsh me ta 0GV
% Diafor�

0 - - 17.0
2 4.6 13.5 8.5
5 24.6 36.1 2.1
8 42.3 49.5 5.1
10 51.6 58.0 4.5
15 64.0 68.7 4.5

PÐnakac 5.1: PosostiaÐa meÐwsh thc enapìjeshc enèrgeiac lìgw tou atmosfairikoÔ kataigismoÔ
gia di�fora kat¸flia magnhtik c duskamyÐac se sqèsh me ta 0GV gia ta èth 2001 kai 2009, kaj¸c

kai h posostiaÐa diafor� thc energeiak c apìjeshc gia ta antÐstoiqa èth.

2001. AntÐstoiqa, parathreÐtai pwc h enapotijèmenh enèrgeia eÐnai megalÔterh praktik� gia

ìlec tic timèc magnhtik c duskamyÐac to 2009 se sqèsh me to 2001. Pio sugkekrimèna, h

megalÔterh posostiaÐa apìklish parathreÐtai sta 0GV se posostì 17%, en¸ h mikrìterh

apìklish parathreÐtai se mikr� gewgrafik� pl�th (10GV �15GV ) se posostì 4.5%.

H enapìjesh enèrgeiac gia ta 0GV gia ta èth 2001 kai 2009 parousi�zetai sto Sq ma 5.6.

SugkrÐnontac tic timèc, parathroÔme pwc to 2009, dhlad  se sunj kec hliakoÔ elaqÐstou, h

enapotijèmenh enèrgeia mèsa sthn atmìsfaira eÐnai uyhlìterh se sqèsh me to 2001. Autì

ofeÐletai sthn antisusqètish pou parousi�zetai metaxÔ thc èntashc thc kosmik c aktinobolÐac

kai thc hliak c drasthriìthtac, me apotèlesma to 2009 na up�rqei uyhlìterh ro  galaxiak¸n

kosmik¸n aktÐnwn. ParathroÔme, epÐshc, pwc h koruf  thc kampÔlhc eÐnai pio peplatusmènh

sto hliakì mègisto, pijanìn exaitÐac thc idiomorfÐac pou parousi�zei o hliakìc kÔkloc 23.

Sto Sq ma 5.7, anaparÐstatai grafik� h mègisth enapìjesh enèrgeiac lìgw twn deutero-

gen¸n swmatidÐwn wc sun�rthsh thc magnhtik c duskamyÐac. ParathroÔme pwc sto hliakì

mègisto 2001, h enapìjesh enèrgeiac eÐnai sqedìn stajer  apì 0GV èwc 2GV , to opoÐo eÐnai

anamenìmeno lìgw thc sqedìn stajer c aporrìfhshc swmatidÐwn stic polikèc perioqèc, en¸

mei¸netai stic megalÔterec duskamyÐec. Me thn aÔxhsh thc magnhtik c duskamyÐac, dhla-

d  phgaÐnontac proc tic ishmerinèc perioqèc, to gewmagnhtikì pedÐo sumperifèretai wc aspÐda

en�ntia sta fortismèna swmatÐdia, leitourg¸ntac wc fasmatogr�foc m�zac kai enèrgeiac. Ka-

j¸c èna prwtogenèc kosmikì swmatÐdio plhsi�zei proc th Gh, h troqi� tou k�mptetai lìgw thc

epÐdrashc tou magnhtikoÔ pedÐou. An to swmatÐdio sugkrousteÐ me èna mìrio thc atmìsfairac,

odhg¸ntac ètsi se ènan atmosfairikì kataigismì, kajèna apì ta deuterogen  swmatÐdia ja

upostoÔn epÐshc paramìrfwsh thc troqi�c touc. H k�myh aut  aux�nei thn pijanìthta ta

swmatÐdia na anaklastoÔn sto gewmagnhtikì pedÐo, aux�nontac tautìqrona th mèsh diadrom 
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Sq ma 5.6: SÔgkrish thc energeiak c enapìjeshc sta di�fora atmosfairik� uyìmetra gia
magnhtik  duskamyÐa 0GV gia diaforetikèc sunj kec hliak c drasthriìthtac.

tou kataigismoÔ, me apotèlesma na mei¸netai h pijanìthta ta swmatÐdia na ft�soun se qamhl�

atmosfairik� uyìmetra (Ziegler, 1998). Sto hliakì el�qisto 2009 parathreÐtai akìma ki apì

tic polikèc perioqèc mÐa sqedìn ekjetik  meÐwsh thc enapotijèmenhc enèrgeiac.

Sq ma 5.7: SÔgkrish thc energeiak c enapìjeshc sta di�fora atmosfairik� uyìmetra gia
magnhtik  duskamyÐa 0GV gia sunj kec mègisthc kai el�qisthc hliak c drasthriìthtac.

Shmei¸netai kai stic dÔo peript¸seic, pwc h enapìjesh enèrgeiac xekin� perÐpou se Ôyoc

45 km, en¸ paÐrnei th mègisth tim  thc perÐpou sta 12 km èwc 15 km apì thn epif�neia thc Ghc.

Apì ekeÐ kai k�tw, h enapìjesh enèrgeiac lìgw tou kataigismoÔ mei¸netai sqedìn ekjetik�,

mèqri thn epif�neia tou ed�fouc. Genik�, ligìtero apì to 1% twn prwtogen¸n galaxiak¸n sw-
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matidÐwn mporoÔn na dhmiourg soun kataigismì pou na ft�nei sth st�jmh thc j�lassac, en¸

oi kataigismoÐ den suneqÐzoun na aux�nontai se mègejoc kaj¸c dieisdÔoun sthn atmìsfaira,

exaitÐac poll¸n mhqanism¸n aporrìfhshc. Ta perissìtera apì ta swmatÐdia eÐte aposuntÐje-

ntai aujìrmhta (gia par�deigma ta piìnia èqoun mèso qrìno zw c merik� nanodeuterìlepta,

ta miìnia perÐpou enìc mikrodeuterolèptou) eÐte q�noun enèrgeia kai ft�noun se jermikèc

enèrgeiec prin ft�soun sthn epif�neia, me apotèlesma na q�nontai apì ton kataigismì.

Me thn aÔxhsh tou atmosfairikoÔ b�jouc, o kataigismìc twn deuterogen¸n swmatidÐwn

exelÐssetai èwc ìtou epiteuqjeÐ to legìmeno mègisto Pfotzer (Regener and Pfotzer, 1935).

Sto shmeÐo autì emfanÐzetai kai h mègisth puknìthta tou kataigismoÔ, perÐpou sta 15 km,

akrib¸c p�nw apì ta sun jh uyìmetra pt shc twn aeropl�nwn (Ziegler, 1998). Met� to

mègisto Pfotzer, h mèsh enèrgeia twn deuterogen¸n swmatidÐwn den eparkeÐ gia na odhg sei

se peraitèrw paragwg  nèwn deuterogen¸n swmatidÐwn. Kat� sunèpeia, o kataigismìc arqÐzei

na mei¸netai met� thn epÐteuxh autoÔ tou shmeÐou. To mègisto Pfotzer kai to mègisto tou

atmosfairikoÔ ionismoÔ pou prokaleÐtai apì thn kosmik  aktinobolÐa sumpÐptoun. Sth Gh,

autì to mègisto emfanÐzetai se uyìmetra metaxÔ 16 km kai 25 km, an�loga me thn isqÔ tou

gewmagnhtikoÔ pedÐou kai thn hliak  drasthriìthta (Herbst et al., 2020). 'Etsi, k�tw apì

autì, up�rqei mia kajar  ap¸leia twn adronÐwn apì ton kataigismì. Ta 15 km apoteloÔn

epÐshc to tupikì Ôyoc sto opoÐo par�gontai ta deuterogen  miìnia, ta opoÐa apoteloÔn ta

poluplhjèstera fortismèna swmatÐdia sth st�jmh thc j�lassac (perÐpou to 80% thc deute-

rogenoÔc kosmik c aktinobolÐac). Ta miìnia q�noun enèrgeia mèsa sthn atmìsfaira èwc kai

2GeV lìgw ionismoÔ. Gia to lìgo autì, apagoreÔontai oi aeroporikèc pt seic sta uyìmetra

aut� (Biermann et al., 1995; Gaisser and Stanev, 1995).

H suneisfor� twn basik¸n sunistws¸n tou kataigismoÔ sta di�fora atmosfairik� str¸ma-

ta gia di�fora kat¸flia magnhtik c duskamyÐac gia sunj kec mègisthc kai el�qisthc hliak c

drasthriìthtac (2001 kai 2009 antÐstoiqa) parousi�zetai sta 5.8 kai 5.9. Oi kuriìterec suni-

st¸sec eÐnai h adronik  (prwtìnia p, netrìnia n), ta leptìnia hlektrìnio (e−) kai pozitrìnio

(e+), ta miìnia kai ta antiswm�tia touc (µ+, µ−) kai ta piìnia (π+, π−) (Gaisser and Stanev,

1995). O kataigismìc perièqei kai �lla swmatÐdia, ìpwc fwtìnia (γ), swm�tia a, kaìnia kai

merik� barÔtera iìnta, pou ìmwc lìgw tou mikroÔ plhjusmoÔ touc, den suneisfèroun sh-

mantik� sthn enapìjesh enèrgeiac sta di�fora atmosfairik� str¸mata. ParathroÔme pwc

ta hlektrìnia kai ta adrìnia eÐnai aut� pou suneisfèroun wc epÐ to pleÐston sthn enapìjesh

enèrgeiac mèsa sthn atmìsfaira, en¸ ta miìnia kai ta piìnia èqoun polÔ mikrìterh suneisfor�.
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Sq ma 5.8: Energeiak  enapìjesh wc sun�rthsh tou atmosfairikoÔ uyomètrou, gia di�forec timèc
magnhtik c duskamyÐac gia tic kuriìterec sunist¸sec tou kataigismoÔ gia to ètoc 2001, pou

antistoiqeÐ se sunj kec hliakoÔ megÐstou.

Rc (GV) p, n (%) e−, e+ (%) µ−, µ+ (%) π−, π+ (%) 'Alla (%)

0 29.3 51.1 6.3 0.1 13.2
2 31.4 56.0 6.0 0.1 6.5
5 27.8 59.2 6.7 0.1 6.1
8 22.1 64.0 7.9 0.1 5.9
10 20.5 67.3 8.7 0.1 3.4
15 17.4 69.2 9.7 0.1 3.6

PÐnakac 5.2: PosostiaÐa suneisfor� twn kÔriwn sunistws¸n tou kataigismoÔ sth sunolik 
mègisth enapìjesh enèrgeiac gia di�fora kat¸flia magnhtik c duskamyÐac gia to 2001.
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Sq ma 5.9: Energeiak  enapìjesh wc sun�rthsh tou atmosfairikoÔ uyomètrou, gia di�forec timèc
magnhtik c duskamyÐac gia tic kuriìterec sunist¸sec tou kataigismoÔ gia to ètoc 2009, pou

antistoiqeÐ se sunj kec hliakoÔ elaqÐstou.

Rc (GV) p, n (%) e−, e+ (%) µ−, µ+ (%) π−, π+ (%) 'Alla (%)

0 38.0 50.2 5.2 0.1 6.5
2 33.0 55.2 6.5 0.1 5.2
5 27.2 62.7 7.3 0.1 2.7
8 22.5 65.6 7.5 0.1 4.3
10 21.0 67.8 8.2 0.1 2.9
15 17.2 69.4 9.1 0.1 4.1

PÐnakac 5.3: PosostiaÐa suneisfor� twn kÔriwn sunistws¸n tou kataigismoÔ sth sunolik 
mègisth enapìjesh enèrgeiac gia di�fora kat¸flia magnhtik c duskamyÐac gia to 2009.
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H posostiaÐa suneisfor� k�je sunist¸sac gia ta èth 2001 kai 2009 parousi�zontai a-

ntÐstoiqa stouc PÐnakec 5.2 kai 5.3. Me thn aÔxhsh thc magnhtik c duskamyÐac mei¸netai

h suneisfor� twn prwtonÐwn kai netronÐwn, en¸ antÐstoiqa aux�netai h suneisfor� twn h-

lektronÐwn kai twn mionÐwn. Ta piìnia paramènoun praktik� stajer� me posostì 0.1%. To

fainìmeno autì eÐnai emfanèc tìso se sunj kec hliakoÔ megÐstou (2001) ìso kai hliakoÔ e-

laqÐstou (2009). Shmei¸netai, epÐshc, h megalÔterh suneisfor� twn adronÐwn sta 0GV kat�

to 2009.

5.1.3 DosimetrikoÐ UpologismoÐ

Sth sunèqeia ektelèsthkan prosomoi¸seic me to ergaleÐo DYASTIMA-R, qrhsimopoi¸ntac to

Ðdio setup pou qrhsimopoi jhke gia th diadikasÐa thc axiolìghshc, prokeimènou na upologisteÐ

o rujmìc isodÔnamhc dìshc perib�llontoc dH∗(10)/dt. Pio sugkekrimèna, sto epijumhtì k�je

for� atmosfairikì str¸ma, topojeteÐtai mÐa sfaÐra ICRU, h opoÐa apoteleÐ èna omoÐwma

anafor�c me ulikì pou prosomoi¸nei anjr¸pino istì (ICRU, 1980). H sfaÐra aktinoboleÐtai

me ta swmatÐdia pou sullèqjhkan sto ek�stote atmosfairikì uyìmetro, apì tic prosomoi¸seic

me to ergaleÐo DYASTIMA, en¸ to pedÐo aktinobolÐac par�getai apì to antÐstoiqo dieurumèno

kai eujugrammismèno pedÐo aktinobolÐac (Pelliccioni, 2000; Tezari et al., 2020). Gia k�je

sen�rio pragmatopoi jhkan 20 iterations. Oi parak�tw prosomoi¸seic èqoun pragmatopoihjeÐ

me b�sh to galaxiakì f�sma prwtogen¸n swmatidÐwn pou perigr�fetai parap�nw, to opoÐo

afor�  remec sunj kec, me apousÐa èntonwn hliak¸n gegonìtwn.

� DosimetrikoÐ upologismoÐ sthn atmìsfaira

Arqik�, upologÐsthke o dH∗(10)/dt gia ìlo to Ôyoc thc atmìsfairac thc Ghc (0 km èwc

85 km) gia ta èth 2001 kai 2009, dhlad  gia sunj kec mègisthc kai el�qisthc hliak c drasth-

riìthtac antÐstoiqa. Ta apotelèsmata parousi�zontai sto Sq ma 5.10, ìpou apeikonÐzetai o

dH∗(10)/dt gia polikèc perioqèc (0GV ) kai gia perioqèc meg�lou pl�touc (5GV ).

ParathroÔme ìti sthn perioq  twn 0GV , se sunj kec el�qisthc hliak c drasthriìthtac,

èqoume uyhlìterh dìsh, ìpwc eÐnai anamenìmeno, se sqèsh me to mègisto tou hliakoÔ kÔklou,

anadeiknÔontac ètsi thn arnhtik  susqètish metaxÔ thc èntashc thc kosmik c aktinobolÐac

kai thc hliak c drasthriìthtac (Beck et al., 2006; Meier et al., 2009; Singh et al., 2011).

O rujmìc dìshc aux�netai apìtoma se uyìmetro 0 km èwc 10 km, pio omal� sta 10 km èwc

40 km (pou antistoiqeÐ perÐpou sto Ôyoc pou xekin�ei o deuterogen c kataigismìc), en¸ pa-

ramènei sqetik� stajerìc sta megalÔtera uyìmetra (40 km kai �nw). Stì Ôyoc twn 18 km

me 20 km parathreÐtai èna topikì mègisto, to opoÐo antistoiqeÐ sthn perioq  dhmiourgÐac twn
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mionÐwn. AxÐzei na shmeiwjeÐ pwc kat� th di�rkeia tou 2009 parathroÔntai megalÔterec diaku-

m�nseic tou rujmoÔ dìshc yhl� sthn atmìsfaira, pijan¸c exaitÐac tou megalÔterou arijmoÔ

swmatidÐwn diafìrwn energei¸n pou kataft�nei sto ìrio thc atmìsfairac.

Sta 5GV , o rujmìc dìshc eÐnai emfan¸c meiwmènoc se sqèsh me ta 0GV , upodeiknÔontac

ètsi thn èntonh ex�rthsh thc dìshc apì to gewgrafikì pl�toc, kaj¸c o dH∗(10)/dt mei¸netai

me thn aÔxhsh tou katwflÐou magnhtik c duskamyÐac (Tezari et al., 2020). O rujmìc dìshc

aux�netai apì to èdafoc mèqri ta 18 km, dhlad  to Ôyoc paragwg c twn mionÐwn, kai met�

paramènei stajerìc qwrÐc diakum�nseic mèqri ta 85 km (Hands et al., 2016). H sumperifor�

aut  eÐnai Ðdia tìso gia sunj kec mègisthc ìso kai el�qisthc hliak c drasthriìthtac, me to

rujmì dìshc na eÐnai praktik� o Ðdioc kai stic dÔo peript¸seic. AxÐzei na shmeiwjeÐ pwc o

mègistoc dH∗(10)/dt sta 0GV sto hliakì el�qisto eÐnai èwc kai ept� forèc megalÔteroc se

sqèsh me ta 5GV , kai sto hliakì mègisto èwc treic forèc megalÔteroc, antÐstoiqa.

Sq ma 5.10: Rujmìc dìshc sthn atmìsfaira thc Ghc gia Ôyh 0 km èwc 85 km gia kat¸flia
magnhtik c duskamyÐac 0GV kai 5GV .

Sto Sq ma 5.11 esti�zoume sthn kat¸terh g inh atmìsfaira kai pio sugkekrimèna sta

0 km èwc 20 km, gia to 2001 kai to 2009, lamb�nontac upìyh mac perissìtera kat¸flia

magnhtik c duskamyÐac (0GV , 2GV , 5GV , 8GV , 10GV kai 15GV ). Gia akìma mÐa for�,

eÐnai emfan c h ex�rthsh tou rujmoÔ dìshc apì to gewgrafikì pl�toc kai th magnhtik 

duskamyÐa (Meier et al., 2020).
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ParathroÔme pwc sto hliakì el�qisto o rujmìc dìshc mei¸netai pio apìtoma me thn aÔxhsh

thc magnhtik c duskamyÐac, idiaÐtera sthn perioq  0GV èwc 2GV . To fainìmeno autì den

parathreÐtai se sunj kec mègisthc hliak c drasthriìthtac, ìpou o dH∗(10)/dt gia ta 0GV

kai ta 2GV eÐnai sqedìn tautìshmoc. To gegonìc autì enisqÔetai kai apì tic parathr seic

tou Sq matoc 5.7, ìpou h enapìjesh enèrgeiac  tan sqedìn stajer  sto hliakì mègisto

(2001), gia thn perioq  0GV èwc 2GV , en¸ sto hliakì el�qisto (2009), h sqedìn ekjetik 

meÐwsh thc enapotijèmenhc enèrgeiac xekinoÔse  dh apì tic polikèc perioqèc (0GV ). 'Etsi,

genikìtera, sto hliakì mègisto up�rqei mÐa kalÔterh katanom  sto rujmì dìshc.

Sq ma 5.11: Rujmìc dìshc sthn atmìsfaira thc Ghc gia Ôyh 0 km èwc 20 km gia di�fora
kat¸flia magnhtik c duskamyÐac gia sunj kec hliakoÔ megÐstou (ètoc 2001) kai hliakoÔ elaqÐstou

(ètoc 2009).

Genik�, h aÔxhsh thc magnhtik c duskamyÐac sunep�getai kai meÐwsh tou rujmoÔ dìshc, me

thn èkjesh na eÐnai polÔ megalÔterh stouc pìlouc kai ta meg�la gewgrafik� pl�th, se sqèsh
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me tic ishmerinèc perioqèc. IdiaÐtero endiafèron parousi�zei to gegonìc ìti, stic sunj kec h-

liakoÔ elaqÐstou, parathreÐtai mÐa antistrof  autoÔ tou kanìna sta qamhl� atmosfairik�

uyìmetra (4 km èwc 10 km), me to rujmì dìshc sta 5GV na eÐnai megalÔteroc apì ton a-

ntÐstoiqo twn 2GV sthn perioq  aut . To fainìmeno autì pijan¸c ofeÐletai sth megalÔterh

diaperatìthta thc hliìsfairac kat� to hliakì el�qisto, me apotèlesma na up�rqoun megalÔte-

rec roèc swmatidÐwn tìso uyhl c ìso kai qamhl c èntashc, kaj¸c kai megalÔteroc arijmìc

swmatidÐwn.

Tèloc, axÐzei na shmeiwjeÐ, pwc sthn perioq  twn 10GV me 15GV , dhlad  stic Ishmerinèc

perioqèc, o rujmìc dìshc eÐnai praktik� o Ðdioc tìso sto hliakì el�qisto ìso kai sto mègisto,

eÐnai anex�rthtoc dhlad  thc f�shc thc hliak c drasthriìthtac (Singh et al., 2011).

� Et sioi DosimetrikoÐ upologismoÐ

To pio shmantikì komm�ti thc diatrib c aut c eÐnai o upologismìc tou mèsou rujmoÔ dìshc

perib�llontoc dH∗(10)/dt gia k�je ètoc xeqwrist� apì to 1996 èwc to 2019, kalÔptontac

pl rwc touc dÔo prìsfatouc hliakoÔc kÔklouc 23 kai 24, gia ìlo to eÔroc tim¸n katwflÐou

magnhtik c duskamyÐac 0GV èwc 17GV (me b ma 1GV ) gia ta trÐa sun jh atmosfairik�

uyìmetra pt shc aeropl�nwn (FL310 = 31000 ft = 9.45 km, FL350 = 35000 ft = 10.67 km

kai FL390 = 39000 ft = 11.89 km). Autì antistoiqeÐ sthn pragmatopoÐhsh �nw twn 400

prosomoi¸sewn me to ergaleÐo DYASTIMA gia th melèth twn deuterogen¸n kataigism¸n

mèsa sthn atmìsfaira. Me b�sh thn èxodo tou DYASTIMA, pragmatopoi jhkan is�rijmec

prosomoi¸seic me thn epèktash DYASTIMA-R, prokeimènou na gÐnei ektÐmhsh tou rujmoÔ

isodÔnamhc dìshc perib�llontoc me to ergaleÐo DYASTIMA-R.

Gia thn epÐteuxh ikanopoihtik c statistik c, k�je prosomoÐwsh èqei pragmatopoihjeÐ gia

50000 events kai 20 iterations gia th dosimetrÐa. K�poia apì ta apotelèsmata aut� èqoun  dh

dhmosieujeÐ epituq¸c (Paschalis et al., 2021; Tezari et al., 2020).

Sta Sq mata 5.12 èwc 5.17, parousi�zetai o rujmìc isodÔnamhc dìshc perib�llontoc

gia k�je ètoc xeqwrist� gia ìlec tic timèc magnhtik c duskamyÐac (0GV - 17GV ) gia trÐa

uyìmetra (FL310, FL350, FL390). Se k�je mÐa apì tic kampÔlec autèc èqei gÐnei prosarmog 

ekjetik c sun�rthshc:

dH∗(10)

dt
= a e−bRc (5.1)

ìpou Rc to kat¸fli katakìrufhc magnhtik c duskamyÐac kai a, b stajerèc, pou prokÔptoun

apì thn ek�stote prosarmog . Oi exis¸seic dÐnontai se k�je di�gramma. Par�llhla, èqei
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Sq ma 5.12: Rujmìc isodÔnamhc dìshc perib�llontoc gia ta èth 1996 èwc 1999 apì 0GV èwc
17GV gia ta uyìmetra FL310, FL350, FL390.

pragmatopoihjeÐ upologismìc tou tetrag¸nou tou suntelest  susqètishc (correlation coef-

ficient) R2, gia k�je perÐptwsh xeqwrist�. AxÐzei na shmeiwjeÐ pwc o suntelest c R2 èqei

èna eÔroc tim¸n apì 0.9578 èwc 0.9908, apì to opoÐo sumperaÐnoume ìti èqoume mÐa polÔ kal 

prosarmog . Oi timèc tou rujmoÔ dìshc, ìpwc upologÐsthkan me to DYASTIMA-R, gia ìlec

tic anwtèrw peript¸seic eÐnai diajèsimec stouc PÐnakec 6.1 èwc 6.6 tou Parart matoc A' thc

paroÔsac diatrib c.
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Sq ma 5.13: Rujmìc isodÔnamhc dìshc perib�llontoc gia ta èth 2000 èwc 2003 apì 0GV èwc
17GV gia ta uyìmetra FL310, FL350, FL390.

Se ìla ta diagr�mmata diakrÐnetai xek�jara h meÐwsh tou rujmoÔ dìshc me thn aÔxhsh thc

magnhtik c duskamyÐac kai gia ta trÐa uyìmetra pt shc. 'Opwc epÐshc eÐnai anamenìmeno, o

rujmìc dìshc aux�netai me to uyìmetro apì thn epif�neia thc Ghc, me apotèlesma sto Ôyoc

FL390 na parathreÐtai k�je for� megalÔteroc dH∗(10)/dt. H ex�rthsh thc dìshc apì to

Ôyoc èqei diatupwjeÐ kai se pollèc melètec akìma (Miroshnichenko, 2003; Shea and Smart,

2000). Me thn aÔxhsh tou uyomètrou, h jwr�kish thc atmìsfairac mei¸netai, me sqedìn th
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Sq ma 5.14: Rujmìc isodÔnamhc dìshc perib�llontoc gia ta èth 2004 èwc 2007 apì 0GV èwc
17GV gia ta uyìmetra FL310, FL350, FL390.

mis  m�za thc atmìsfairac na brÐsketai k�tw apì ta 5 km. Sunep¸c, ta uyhlìtera uyìmetra

dèqontai uyhlìterec dìseic aktinobolÐac (IFALPA, 2019). Ta sq mata aut� parousi�zoun

pollèc omoiìthtec me sq mata pou up�rqoun se antÐstoiqec melètec sth bibliografÐa (Meier

et al., 2020).

ParathroÔme, epÐshc, pwc se sunj kec hliakoÔ megÐstou èqoume mÐa kalÔterh katanom 

tou rujmoÔ dìshc, me mikrìtero eÔroc stic qamhlèc timèc magnhtik c duskamyÐac (0GV èwc

192



Sq ma 5.15: Rujmìc isodÔnamhc dìshc perib�llontoc gia ta èth 2008 èwc 2011 apì 0GV èwc
17GV gia ta uyìmetra FL310, FL350, FL390.

2GV ), gegonìc pou epibebai¸netai kai apì ta apotelèsmata gia ta 0 km èwc 20 km (Sq ma

5.11).

ParathreÐtai epÐshc h ìti o rujmìc dìshc sta FL390 mei¸netai perÐpou kat� ènan par�go-

nta tèssera an�mesa sthn uyhlìterh èkjesh stic polikèc perioqèc (0GV ) kai ton Ishmerinì

ìpou up�rqei auxhmènh jwr�kish apì to gewmagnhtikì pedÐo (15 − 17GV ). Sta qamhlìte-

ra uyometra, ìpwc sta FL310, o par�gontac autìc mei¸netai, kaj¸c ta qamhl c enèrgeiac
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Sq ma 5.16: Rujmìc isodÔnamhc dìshc perib�llontoc gia ta èth 2012 èwc 2015 apì 0GV èwc
17GV gia ta uyìmetra FL310, FL350, FL390.

prwtogen  galaxiak� swmatÐdia pou jwrakÐzontai pio apotelesmatik� sta mikr� gewgrafik�

pl�th (meg�lec duskamyÐec) èqoun meiwmèno antÐktupo sto rujmì dìshc (Meier et al., 2020).

Tèloc, ìpwc anafèrame kai parap�nw, o rujmìc dìshc exart�tai �mesa me thn èntash thc

kosmik c aktinobolÐac, opìte emfanÐzei arnhtik  susqètish me th drasthriìthta tou  liou

(Beck et al., 2006; Meier et al., 2009; Singh et al., 2011). Se sunj kec hliakoÔ elaqÐstou,

èqoume uyhlìtero rujmì dìshc, se sqèsh me to hliakì mègistou. Endeiktik�, to ètoc 2009
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Sq ma 5.17: Rujmìc isodÔnamhc dìshc perib�llontoc gia ta èth 2016 èwc 2019 apì 0GV èwc
17GV gia ta uyìmetra FL310, FL350, FL390.

èqoume uyhlìterh dìsh se sqèsh me to 2001 kai to 2014, pou apoteloÔn ta mègista twn

hliak¸n kÔklwn 23 kai 24 antÐstoiqa. AxÐzei na shmeiwjeÐ, pwc o kÔkloc 24 eÐnai �rtioc, kai

sunep¸c emfanÐzei dÔo mègista, to 2012 kai to 2014. O rujmìc dìshc to 2012 eÐnai megalÔteroc

apì to 2014, epibebai¸nontac to gegonìc ìti to 2014 apoteleÐ prwtogenèc mègisto tou kÔklou,

me thn uyhlìterh hliak  drasthriìthta.
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� DosimetrikoÐ upologismoÐ sunart sei thc magnhtik c duskamyÐac

IdiaÐtero endiafèron parousi�zei kai o upologismìc tou rujmoÔ dìshc wc sun�rthsh tou

katwflÐou magnhtik c duskamyÐac gia th di�rkeia dÔo pl rwn hliak¸n kÔklwn. Me b�sh tic

anwtèrw prosomoi¸seic, sta Sq mata 5.18 èwc 5.20, parousi�zetai o rujmìc isodÔnamhc dìshc

perib�llontoc gia k�je tim  magnhtik c duskamyÐac gia ta trÐa uyìmetra (FL310, FL350,

FL390) gia ta èth 1996 èwc 2019 (hliakoÐ kÔkloi 23 kai 24). Me ton trìpo autì, eÐmaste

se jèsh na melet soume thn ex�rthsh thc dìshc apì th f�sh thc hliak c drasthriìthtac,

kai na entopÐsoume pwc sqetÐzontai tìso me to 11-et  ìso kai me ton 22-et  hliakì kÔklo

(Mavromichalaki et al., 1997), kaj¸c èqoume sth di�jes  mac dedomèna gia dÔo olìklhrouc

kÔklouc.

Sq ma 5.18: Rujmìc isodÔnamhc dìshc perib�llontoc gia timèc magnhtik c duskamyÐac apì 0GV
èwc 5GV gia ta uyìmetra FL310, FL350, FL390 kat� th di�rkeia twn hliak¸n kÔklwn 23 kai 24.

Se k�je kampÔlh èqei gÐnei prosarmog  mÐac poluwnumik c sun�rthshc tet�rtou bajmoÔ

thc morf c:

dH∗(10)

dt
= a1 x

4 + a2 x
3 + a3 x

2 + a4 + a5 (5.2)

ìpou a1, a2, a3, a4 kai a5 stajerèc, oi opoÐec èqoun prokÔyei apì thn ek�stote prosarmog .
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Stic Sqèseic 6.1 èwc 6.18 tou Parart matoc B' thc paroÔsac diatrib c dÐnontai oi timèc

twn suntelest¸n aut¸n an� tim  katwflÐou magnhtik c duskamyÐac kai an� uyìmetro. Sta

Sq mata 5.18 èwc 5.20, dÐnetai o rujmìc isodÔnamhc dìshc perib�llontoc dH∗(10)/dt gia ìlo

to eÔroc tim¸n magnhtik c duskamyÐac (0GV èwc 17GV ) gia ta trÐa sun jh uyìmetra pt shc

(FL310, FL350, FL390).

Sq ma 5.19: Rujmìc isodÔnamhc dìshc perib�llontoc gia timèc magnhtik c duskamyÐac apì 6GV
èwc 11GV gia ta uyìmetra FL310, FL350, FL390 kat� th di�rkeia twn hliak¸n kÔklwn 23 kai 24.

Se genikèc grammèc, to magnhtikì pedÐo thc Ghc eÐnai pio asjenèc kai diaperatì stic

polikèc perioqèc, antÐjeta me ta qamhl� gewgrafik� pl�th ìpou oi dunamikèc grammèc tou

gewmagnhtikoÔ pedÐou eÐnai sqedìn par�llhlec me thn epif�neia thc Ghc, parèqontac ètsi

pio apotelesmatik  jwr�kish. Autì èqei wc apotèlesma, ta epÐpeda kosmik c aktinobolÐac

(kai sunep¸c h dìsh) na eÐnai uyhlìtera stic polikèc perioqèc kai na mei¸nontai proc ton

Ishmerinì (Meier et al., 2020, 2009). 'Etsi, se � remec� sunj kec hliak c drasthriìthtac, o

rujmìc dìshc stouc pìlouc mporeÐ na eÐnai apì dÔo èwc kai pènte forèc megalÔteroc apì ìti

sta ishmerin� gewgrafik� pl�th, ìpwc faÐnetai kai sta parak�tw sq mata (IFALPA, 2019;

Spurny, 2001).

H dìsh aktinobolÐac pou dèqontai ta plhr¸mata aeroskaf¸n brÐsketai se �mesh ex�rthsh

me thn èntash thc kosmik c aktinobolÐac. Sunep¸c, eÐnai anamenomèno na brÐsketai se arnhtik 
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susqètish me thn hliak  drasthriìthta (Beck et al., 2006; Meier et al., 2009; Singh et al.,

2011). Aut  h sumperifor� eÐnai orat  sto Sq ma 5.18, ìpou parousi�zontai oi polikèc

perioqèc kai oi perioqèc meg�lou gewgrafikoÔ pl�touc (0GV èwc 2GV ). O mikrìteroc

rujmìc dìshc parathreÐtai kat� thn perÐodo 2000 me 2002, pou antistoiqeÐ sthn perÐodo polÔ

èntonhc hliak c drasthriìthtac tou hliakoÔ kÔklou 23, kai to 2014, pou antistoiqeÐ sto

�prwtogenèc� mègisto tou �rtiou hliakoÔ kÔklou 24. AntÐjeta, o megalÔteroc rujmìc dìshc

parathreÐtai kat� thn perÐodo 2007 me 2009, h opoÐa antistoiqeÐ sto idiaÐtera ektetamèno

hliakì el�qisto an�mesa stouc kÔklouc 23 kai 24, kai eidikìtera kat� to 2008 kai 2009,

kat� ta opoÐa up rqe asun jista qamhl  hliak  drasthriìthta (Paouris et al., 2012). H

dìsh gia to di�sthma autì eÐnai h uyhlìterh kat� th di�rkeia kai twn dÔo aut¸n kÔklwn.

Autì èqei diapistwjeÐ kai apì �llouc ereunhtèc (Meier et al., 2009; Mrigakshi et al., 2013).

To fainìmeno autì gÐnetai pio èntono me thn aÔxhsh tou atmosfairikoÔ Ôyouc (p.q. FL390)

(IFALPA, 2019; Miroshnichenko, 2003; Shea and Smart, 2000).

Sq ma 5.20: Rujmìc isodÔnamhc dìshc perib�llontoc gia timèc magnhtik c duskamyÐac apì 12GV
èwc 17GV gia ta uyìmetra FL310, FL350, FL390 kat� th di�rkeia twn hliak¸n kÔklwn 23 kai 24.

ParathroÔme ìti gia timèc magnhtik c duskamyÐac �nw twn 3GV , h metabol  tou rujmoÔ

dìshc gÐnetai sqedìn anex�rthth apì th f�sh tou hliakoÔ kÔklou, en¸ se meg�lec magnhtikèc

duskamyÐec (14GV èwc 17GV ) den parousi�zetai praktik� kamÐa ex�rthsh apì thn hliak 
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drasthriìthta. To gegonìc autì enisqÔetai kai apì thn poluwnumik  prosarmog , kaj¸c o

suntlest c a1 eÐnai kat� mÐa t�xh megèjouc mikrìteroc se sqèsh me ta 0GV , gia thn perioq 

tim¸n katwflÐou 4GV èwc 13GV , kai dÔo t�xeic mikrìteroc stic ishmerinèc perioqèc (14GV

èwc 17GV ). Basikì sumpèrasma apoteleÐ, loipìn to gegonìc, ìti o rujmìc dìshc exart�tai

�mesa apì th f�sh tou hliakoÔ kÔklou, me to fainìmeno autì na gÐnetai pio èntono me thn

�uxhsh tou uyomètrou, gia ta polik� gewgrafik� pl�th, en¸ den emfanÐzei idiaÐterec metabolèc

sthn perioq  tou IshmerinoÔ (Singh et al., 2011).

Poll� apì ta sen�ria aut� pou èqoun pragmatopoihjeÐ me th qr sh tou DYASTIMA kai

DYASTIMA-R brÐskontai se mÐa kat�llhla diamorfwmènh b�sh dedomènwn, h opoÐa eÐnai dia-

jèsimh Ôstera apì eggraf  sthn istoselÐda https://swe.ssa.esa.int/dyastima-federated. Ta

sen�ria aut� apoteloÔn federated product thc Eurwpaðk c Diasthmik c UphresÐac (ESA),

kai pio sugkekrimèna tou Space Situational Awareness (SSA) Space Weather Service Ne-

twork (SWE) Space Radiation Expert Service Centre (R-ESC), ìpou h Om�da Kosmik c

AktinobolÐac EKPA summetèqei wc expert group.

� Suneisfor� swmatidÐwn sto rujmì dìshc

To perib�llon aktinobolÐac sto opoÐo ektÐjentai ta plhr¸mata kai oi epib�tec aeroskaf¸n

eÐnai diaforetikì apì autì pou bi¸noume kajhmerin� sthn epif�neia thc Ghc. Oi kuriìterec

sunist¸sec tou kataigismoÔ sta sun jh atmosfairik� uyìmetra eÐnai ta fwtìnia, ta netrìnia,

ta prwtìnia, ta miìnia, ta piìnia, ta hlektrìnia kai ta pozitrìnia (Sihver et al., 2015). H

suneisfor� twn di�forwn sunistws¸n tou kataigismoÔ sth dìsh eÐnai mÐa sun�rthsh tou Ôyouc

kai thc f�shc thc hliak c drasthriìthtac (O’Brien et al., 1996; Poje et al., 2008). Ta miìnia

kuriarqoÔn k�tw apì ta 10000 ft (3048m), en¸ metaxÔ twn 10000 ft kai 50000 ft (15240m)

kuriarqoÔn ta netrìnia. Sto Ôyoc autì, ta prwtìnia kai ta swmatÐdia tou hlektromagnhtikoÔ

kataigismoÔ diadramatÐzoun epÐshc shmantikì rìlo (O’Brien et al., 1996). 'Etsi, se uyìmetro

pt shc 12 km, èna �tomo lamb�nei kat� mèso ìro dìsh 5µSv/h, sthn opoÐa ta netrìnia

suneisfèroun perÐpou kat� 37% ston Ishmerinì kai 64% stouc pìlouc, ta hlektrìnia kai ta

pozitrìnia kat� 38% kai 14%, ta prwtìnia 12% kai 14%, ta fwtìnia 8% kai 5%, kai ta miìnia

5% kai 3% antÐstoiqa (Guembou Shouop et al., 2020). Sth st�jmh thc j�lassac kuri�rqh

sunist¸sa eÐnai ta miìnia (Poje et al., 2008).

H suneisfor�, ìmwc, sto rujmì dìshc exart�tai �mesa kai apì th Grammik� Metaferìmenh

Enèrgeia (LET ) kai ton Par�gonta barÔthtac aktinobolÐac wR, gia k�je eÐdoc swmatidÐou,

kai apì �poyh aktinoprostasÐac, autì eÐnai pou mac endiafèrei parap�nw, kaj¸c ta megèjh

aut� sqetÐzontai �mesa me ta biologik� apotelèsmata thc aktinobolÐac. Ta swm�tia me qamhl 
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LET , ìpwc ta fwtìnia, ta hlektrìnia kai ta uyhloenergeiak� prwtìnia prokaloÔn ligìte-

rec bl�bec ston anjr¸pino organismì, en¸ ta swm�tia uyhl c LET , ìpwc ta netrìnia, ta

qamhloenergeiak� prwtìnia kai �lla barÔtera stoiqeÐa, eÐnai pio epikÐnduna gia thn ugeÐa.

Sq ma 5.21: PosostiaÐa suneisfor� sto rujmì dìshc twn kuriìterwn swmatidÐwn tou kataigismoÔ
gia dÔo timèc magnhtik c duskamyÐac gia sunj kec mègisthc kai el�qisthc hliak c drasthriìthtac

(2001 kai 2009) sta sun jh uyìmetra pt shc (FL310, FL350, FL390).

Sto Sq ma 5.21, dÐnetai h posostiaÐa suneisfor� twn sunistws¸n tou kataigismoÔ sta

sun jh uyìmetra pt shc (FL310, FL350, FL390), ìpwc upologÐsthkan me to DYASTIMA-R.

ParathroÔme ìti kuri�rqh suneisfor� sto rujmì dìshc èqoun ta netrìnia me posostì apì

40% èwc 60%, an�loga me th f�sh thc hliak c drasthriìthtac kai to kat¸fli magnhtik c

duskamyÐac, kai akouloujoÔn ta prwtìnia me suneisfor� 10% èwc 20%. Blèpoume, dhlad ,

ìti ta netrìnia kai ta prwtìnia suneisfèroun sunduastik� kat� èna posostì 60% èwc 820%.

H upìloiph dìsh ofeÐletai kurÐwc se hlektrìnia, pozitrìnia, fwtìnia kai miìnia, en¸ h sunei-

sfor� twn pionÐwn eÐnai amelhtèa (Meier et al., 2020; Paschalis et al., 2016b). H suneisfor�

twn prwtonÐwn kai twn netronÐwn gÐnetai mikrìterh me thn aÔxhsh thc magnhtik c duskamyÐac,

me apotèlesma na gÐnetai pio shmantik  h suneisfor� kurÐwc twn hlektronÐwn kai twn pozi-

tronÐwn. 'Etsi, stic polikèc perioqèc (0GV ), h èkjesh mporeÐ na eÐnai pio epikÐndunh exaitÐac

thc auxhmènhc suneisfor�c twn netronÐwn, se antÐjesh me ta mikr� gewgrafik� pl�th.
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5.2 Sen�ria Worst Case

Genik�, h auxhmènh èkjesh sthn aktinobolÐa sta sun jh aeroporik� uyìmetra prokaleÐtai

apokleistik� apì th mìnima paroÔsa galaxiak  kosmik  aktinobolÐa kai touc atmosfairikoÔc

kataigismoÔc, me to rujmì dìshc na eÐnai thc t�xhc tou 1− 8µSv/h sta meg�la gewgragik�

pl�th (Matthia et al., 2009b). Parìla aut�, kat� th di�rkeia èktaktwn fainomènwn Diasth-

mikoÔ KairoÔ parathreÐtai auxhmènh èntash thc kosmik c aktinbolÐac, kai ètsi aut� mporoÔn

en dun�mei na èqoun plhj¸ra epipt¸sewn tìso sta teqnologik� ìso kai sta biologik� su-

st mata.

Ta hliak� energhtik� swmatÐdia (SEPs) apoteloÔn genik� to pio epikÐnduno perib�llon

sto opoÐo prèpei na leitourgoÔn ta diasthmik� sust mata. Meg�la gegonìta SEPs prokaloÔn

auxhmènec roèc swmatidÐwn sto gewdiasthmikì q¸ro, oi opoÐec mporeÐ na epimeÐnoun gia arketèc

hmèrec. Aut�, ìpwc èqoume  dh anafèrei se prohgoÔmena kef�laia, ofeÐlontai eÐte se hliakèc

ekl�myeic eÐte se stemmatikèc ekpompèc m�zac. Se sp�niec peript¸seic, kat� mèso ìro perÐpou

mÐa for� an� qrìno, h aÔxhsh thc èntashc aut¸n twn uyhloenergeiak¸n swmatidÐwn mporeÐ

na eÐnai tètoia ¸ste na katagrafeÐ apì epÐgeiouc metrhtèc netronÐwn, dhmiourg¸ntac autì pou

onom�zoume epÐgeiec epaux seic thc èntashc thc kosmik c aktinobolÐac (GLEs). ExaitÐac thc

apìtomhc klÐshc sthn energeiak  katanom  twn hliak¸n energhtik¸n swmatidÐwn, o rujmìc

dìshc mèsa sthn atmìsfaira parousi�zei polÔ isqurìterh ex�rthsh apì to uyìmetro kai to

gewgrafikì pl�toc se sqèsh me th galaxiak  sunist¸sa.

Ta SEPs mporeÐ na epifèroun kai shmantikèc epipt¸seic sto perib�llon aktinobolÐac sta

sun jh uyìmetra pt shc twn aeroskf¸n. Oi dìseic pou prokÔptoun diafèroun ìqi mìno

metaxÔ twn memonwmènwn gegonìtwn, all� exart¸ntai epÐshc se meg�lo bajmì apì tic gew-

grafikèc suntetagmènec kai to uyìmetro thc èkjeshc, kai apì to qrìno kai th di�rkeia thc

ekd lwshc tou gegonìtoc (Matthia et al., 2009a). Autì ofeÐletai sto gegonìc ìti ta SEPs

diafèroun metaxÔ touc wc proc to energeiakì f�sma, thn èntash tou gegonìtoc kai th jèsh

tou ston 'Hlio, th gwniak  katanom  kai thn kateÔjunsh di�doshc, kajist¸ntac dÔskolh

thn perigraf  tou sumb�ntoc tìso qwrik� ìso kai qronik�. 'Etsi, se antÐjesh me thn èk-

jesh lìgw galaxiak¸n kosmik¸n aktÐnwn, h katanom  twn SEPs parousi�zei uyhl  qronik 

kai qwrik  metablhtìthta. H èntash twn prwtogen¸n hliak¸n prwtonÐwn kat� th di�rkeia

tètoiwn gegonìtwn mporeÐ na auxhjeÐ kat� arketèc t�xeic megèjouc mèsa se mìno lÐga lept�,

epifèrontac ètsi sqetikèc allagèc sto perib�llon aktinobolÐac sto èdafoc kai sta uyìmetra

twn aeroskaf¸n (Matthia et al., 2009b).

Sta sun jh uyìmetra pt shc (9 km-12 km), o rujmìc dìshc exart�tai apì to Ôyoc, to

gewmagnhtikì pl�toc kai thn hliak  drasthriìthta kai kumaÐnetai, ìpwc anafèrame kai para-
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p�nw, metaxÔ 1 − 8µSv/h. Ektìc apì to uyìmetro kai to gewmagnhtikì pl�toc, h èkjesh

kat� th di�rkeia GLEs exart�tai apì to pl�toc, to sq ma tou f�smatoc kai thn anisotropÐa

thc ro c thc hliak c kosmik c aktinobolÐac, kaj¸c kai apì thn kateÔjunsh tou diaplanhtikoÔ

magnhtikoÔ pedÐou kont� sth Gh. 'Opwc eÐnai anamenìmeno, h aÔxhsh sth dìsh exart�tai ènto-

na apì thn topojesÐa, me ta meg�la kai polik� gewgrafik� pl�th na dèqontai th megalÔterh

dìsh (Butikofer et al., 2008).

'Etsi, en¸ h epÐdrash twn galaxiak¸n kosmik¸n aktÐnwn mporeÐ na ektimhjeÐ sqetik� e-

Ôkola me b�sh ta up�rqonta montèla, h ektÐmhsh tou rujmoÔ dìshc kat� th di�rkeia isqur¸n

SEPs kai GLEs eÐnai arket� perÐplokh kai qronobìra (Mishev et al., 2018). H ektÐmhsh tou

rujmoÔ dìshc kat� th di�rkeia tètoiwn fainomènwn gÐnetai sun jwc anadromik� kai basÐze-

tai kurÐwc sth qr sh anakataskeuasmènwn fasm�twn apì epÐgeiouc metrhtèc netronÐwn kai

doruforik� dedomèna, xeqwrist� gia k�je ekd lwsh (Matthia et al., 2009b). Epomènwc, h

an�ptuxh nèwn montèlwn kaj¸c kai h beltÐwsh kai epikÔrwsh twn uparqìntwn montèlwn gia

thn ektÐmhsh thc dìshc, eidik� kat� th di�rkeia twn GLEs èqei idiaÐterh shmasÐa (Beck et al.,

2008; Mishev and Usoskin, 2015).

Ta teleutaÐa èth, polloÐ ereunhtèc èqoun prospaj sei na ektim soun th dìsh pou dèqontai

ta plhr¸mata aeroskaf¸n kat� th di�rkeia GLEs (Beck et al., 2008; Copeland and Atwell,

2019; Kataoka et al., 2018; Mishev, 2014; Mishev et al., 2015; Mishev and Usoskin, 2018). H

èkjesh sta uyìmetra pt shc kat� th di�rkeia èntonwn gegonìtwn mporeÐ na aux sei shmantik�

ta epÐpeda èkjeshc se sÔgkrish me  remec periìdouc, kai ètsi ta plhr¸mata aeroskaf¸n kai

oi epib�tec na l�boun dìseic polÔ parap�nw apì to upìbajro twn galaxiak¸n kosmik¸n

aktÐnwn. Autì afor� kurÐwc polikèc pt seic, kai ìqi pt seic pou lamb�noun q¸ra se mikr�

kai ishmerin� gewgrafik� pl�th. H dìsh aut  exart�tai kat� polÔ kai apì to pl�toc tou

gegonìtoc. 'Etsi, gia par�deigma, GLEs qamhl c èntashc, ìpwc gia par�deigma to GLE72

stic 10 SeptembrÐou tou 2017, den apoteloÔn sobarì kÐnduno (Kataoka et al., 2018; Mishev

and Usoskin, 2018). AntÐjeta, GLEs uyhl c èntashc ìpwc to GLE69 stic 20 IanouarÐou tou

2005, mporeÐ na odhg sei se dìseic megalÔterec kat� pollèc t�xeic megèjouc, pou na ft�noun

èwc kai ta 3mSv/h (Butikofer et al., 2008; Mishev, 2014; Mishev et al., 2015).

5.2.1 Worst Case GCR

Sthn paroÔsa diatrib , pragmatopoieÐtai mÐa pr¸th apìpeira ektÐmhshc thc dìshc kat� th

di�rkeia enìc akraÐou gegonìtoc DiasthmikoÔ KairoÔ. Pio sugkekrimèna, gÐnetai upologismìc

twn dìsewn aktinobolÐac pou mporeÐ na ofeÐlontai sth qeirìterh dunat  perÐptwsh ro c gala-

xiak c kosmik c aktinobolÐac. Gia th melèth aut , qrhsimopoi jhke to montèlo CREME86 me
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deÐkthM = 3 (Adams, 1986). O deÐkthc autìc dÐnei th qeirìterh perÐptwsh ro¸n galaxiak¸n

kosmik¸n aktÐnwn pou epitrèpoun abebaiìthtec sta dedomèna ro c kai sthn hliak  drasthri-

ìthta (Worst Case GCR). Autèc oi roèc eÐnai tìso uyhlèc pou èqoun mìno 10% pijanìthta na

xeperastoÔn apì tic pragmatikèc roèc an� p�sa stigm . To prwtogenèc f�sma gia di�forec

timèc magnhtik c duskamyÐac parousi�zetai sto Sq ma 5.22. H exagwg  tou f�smatoc èqei

gÐnei me to ergaleÐo OMERE thc TRAD, gia sunj kec diataragmènhc magnhtìsfairac.

Sq ma 5.22: Metabol  tou f�smatoc prwtogen¸n aktÐnwn wc sun�rthsh thc magnhtik c
duskamyÐac gia to sen�rio �Worst case GCR� gia ton Okt¸brio tou 1989).

ParathroÔme ìti oi roèc twn swmatidÐwn (eidikìtera twn prwtonÐwn) eÐnai polÔ uyhlìterec

se sqèsh me to f�sma pou qrhsimopoi jhke gia sunj kec mègisthc kai el�qisthc hliak c

drasthriìthtac gia tim  duskamyÐac 0GV (Sq mata 5.2 kai 5.3). Me eÐsodo to f�sma autì,

pragmatopoi jhkan prosomoi¸seic me to ergaleÐo DYASTIMA gia 50000 events, en¸ sth
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sunèqeia pragmatopoi jhkan prosomoi¸seic me to ergaleÐo DYASTIMA-R gia 20 iterations,

gia ton upologismì tou rujmoÔ isodÔnamhc dìshc perib�llontoc dH∗(10)/dt. Oi upologismoÐ

autoÐ pragmatopoi jhkan gia di�forec timèc magnhtik c duskamyÐac (0GV, 2GV, 5GV , 10GV

kai 15GV ), tìso gia ta uyìmetra 0 − 20 km sto Sq ma 5.23, ìso kai gia ta trÐa sun jh

uyìmetra aeroporik¸n pt sewn (FL310, FL350, FL390) sto Sq ma 5.24.

Sq ma 5.23: SÔgkrish tou rujmoÔ dìshc sthn atmìsfaira thc Ghc gia Ôyh 0 km èwc 20 km gia
di�fora kat¸flia magnhtik c duskamyÐac gia sunj kec Worst Case GCR kai hliakoÔ elaqÐstou

(ètoc 2009).

'Opwc eÐnai anamenìmeno, h megalÔterh aÔxhsh parathreÐtai stic polikèc perioqèc (mikrì

Rc), en¸ se megalÔtera Rc den parathroÔntai meg�lec metabolèc. AxÐzei na shmeiwjeÐ, bèbaia,

ìti o rujmìc dìshc sta 0GV me b�sh to sen�rio Worst Case GCR uperbaÐnei antÐstoiqa kai

ta 0GV kai ta 2GV gia to hliakì el�qisto. Autì sumbaÐnei exaitÐac twn �anoiqt¸n� du-

namik¸n gramm¸n tou magnhtikoÔ pedÐou stic polikèc perioqèc, pou epitrèpoun thn eleÔjerh

eÐsodo perissìterwn swmatidÐwn me megalÔtero eÔroc energei¸n. Kaj¸c phgaÐnoume se qa-

mhlìtera gewgrafik� pl�th (5GV ), o rujmìc dìshc gia to Worst Case GCR exakoloujeÐ

kai eÐnai megalÔteroc apì ton antÐstoiqo tou hliakoÔ elaqÐstou, all� parousi�zontac polÔ

mikrìterh diafor�. AntÐjeta, sta mikr� gewgrafik� pl�th kai stic ishmerinèc perioqèc (10GV

kai 15GV ), to fainìmeno autì antistrèfetai, upodeiknÔontac ètsi thn uyhl  jwr�kish tou

gewmagnhtikoÔ pedÐou stic perioqèc autèc.

Ston PÐnaka 5.4 parousi�zetai h posostiaÐa diafor� an�mesa sto rujmì dìshc gia to

sen�rio Worst Case GCR kai to hliakì el�qisto, gia di�forec timèc magnhtik c duskamyÐac
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gia ta sun jh uyìmetra pt shc (FL310, FL350, FL390). ParathroÔme ìti sta 0GV , o rujmìc

dìshc mporeÐ na eÐnai èwc kai 49% megalÔteroc se sqèsh me tic sunj kec hlaikoÔ elaqÐstou,

me thn posostiaÐa diafor� na mei¸netai me thn aÔxhsh thc magnhtik c duskamyÐac.

% Diafor�
Rc (GV ) FL310 FL350 FL390

0 36.1 49.0 34.5
2 34.1 31.7 29.6
5 14.8 19.9 18.8
10 -10.9 -9.5 -7.4
15 -33.6 -30.4 -26.9

PÐnakac 5.4: PosostiaÐa diafor� tou rujmoÔ dìshc gia to sen�rio Worst Case GCR kai to
hliakì el�qisto

.

Sto Sq ma 5.24, èqei gÐnei efarmog  mÐac ekjetik c sun�rthshc me b�sh th sqèsh 5.1,

pou qrhsimopoi jhke kai sthn prohgoÔmenh upoenìthta. ParathroÔme kai ed¸ ìti èqoume mÐa

polÔ kal  prosarmog  me b�sh tic timèc tou suntelest  R2.

Sq ma 5.24: Rujmìc dìshc sthn atmìsfaira thc Ghc gia to sen�rio Worst Case GCR apì 0GV
èwc 17GV gia ta uyìmetra FL310, FL350, FL390.
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5.2.2 Worst Week

Sth sunèqeia, pragmatopoieÐtai mÐa ektÐmhsh tou rujmoÔ dìshc kat� th di�rkeia enìc èntonou

hliakoÔ gegonìtoc. Gia to lìgo autì, qrhsimopoi jhke to sen�rio worst week, to opoÐo

antistoiqeÐ se mÐa seir� èntonwn gegonìtwn SEP ton Okt¸brio tou 1989. Pio sugkekrimèna

apì tic 19 OktwbrÐou èwc tic 25 OktwbrÐou 1989, èlaban q¸ra dÔo polÔ isqurèc hliakèc

ekl�myeic, kaj¸c kai to isqurìtero SEP tou hliakoÔ kÔklou 22, me apotèlesma to sen�rio

autì na mporeÐ na qarakthristeÐ wc �99% qeirìterh perÐptwsh�. Gia thn prosomoÐwsh tou

senarÐou autoÔ qrhsimopoi jhke to f�sma Worst Week Scenario apì to montèlo CREME2009

(Sq ma 5.25). AxÐzei na shmeiwjeÐ pwc to f�sma autì den perilamb�nei to upìbajro thc

galaxiak c kosmik c aktinobolÐac (Mendenhall and Weller, 2012; Nymmik et al., 1992; Tylka

et al., 1997, 2010).

Sq ma 5.25: F�sma prwtogenoÔc kosmik c aktinobolÐac apì to montèlo CREME2009 gia thn
atmìsfaira thc Ghc gia th �worst week�.

Oi timèc energeiak c enapìjeshc kai tou rujmoÔ dìshc gia ìlo to Ôyoc thc atmìsfairac

thc Ghc (0 km èwc 85 km) gia to gegonìc autì parousi�zontai sto Sq ma 5.26. ParathroÔme

pwc h enapotijèmenh enèrgeia eÐnai èwc kai treic t�xeic megèjouc uyhlìterh se sqèsh me to

hliakì el�qisto kai mègisto. Par�llhla mei¸netai stadiak� proc thn epif�neia tou ed�fouc

qwrÐc na parousi�zei k�poio mègisto, ìpwc stic � suqec� periìdouc hliak c drasthriìthtac,

en¸ k�tw apì ta 15 km praktik� mhdenÐzetai.

O rujmìc isodÔnamhc dìshc perib�llontoc diathreÐtai stajerìc sthn an¸terh atmìsfaira,

mei¸netai apìtoma mèqri perÐpou ta 50 km en¸ sth sunèqeia mei¸netai pio omal� mèqri perÐpou
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Sq ma 5.26: Enapotijèmenh enèrgeia (p�nw) kai rujmìc dìshc (k�tw) sthn atmìsfaira thc Ghc
(0 km èwc 85 km) gia to Worst Week Scenario.

ta 20 km. ParathroÔme pwc kat� th di�rkeia autoÔ tou èntonou hliakoÔ gegonìtoc o rujmìc

dìshc eÐnai polÔ uyhlìteroc se sqèsh me tic � suqec� periìdouc hliak c drasthriìthtac, pou

melet jhkan anwtèrw, aggÐzontac ta merik� dek�dec mSv/h. To gegonìc autì mporeÐ na apo-

telèsei en dun�mei kÐnduno gia ta biologik� sust mata. Parìla aut�, parathroÔme pwc lìgw

thc uyhl c jwr�kishc pou prosfèrei h atmìsfaira thc Ghc, ta sun jh atmosfairik� uyìme-

tra pt shc twn epibatik¸n aeroskaf¸n (FL310, FL350, FL390) den ephre�zontai idiaÐtera

kat� th di�rkeia enìc tètoiou gegonìtoc.

Mellontik� sqèdia perilamb�noun thn anaz thsh kat�llhlou f�smatoc prwtogen¸n sw-

matidÐwn gia thn ektèlesh prosomoi¸sewn kai melèth perissìterwn èntonwn gegonìtwn, ìpwc

GLEs, all� kai mei¸sewn Forbush.
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5.3 Aeroporikèc pt seic

H gn¸sh tou rujmoÔ isodÔnamhc dìshc perib�llontoc tìso wc sun�rthsh thc magnhtik c

duskamyÐac ìso kai wc sun�rthsh thc hliak c drasthriìthtac, eÐnai idiaÐtera qr simh gia

skopoÔc aktinoprostasÐac, kaj¸c epitrèpei thn ektÐmhsh thc dìshc aktinobolÐac pou dèqontai

ta plhr¸mata aeroskaf¸n kai oi epib�tec kat� th di�rkeia diafìrwn aeroporik¸n pt sewn.

PolloÐ ereunhtèc mèqri s mera èqoun prospaj sei na upologÐsoun dìseic aktinobolÐac gia

di�forec aeroporikèc pt seic se diaforetikèc f�seic thc hliak c drasthriìthtac (Beck, 2007;

Beck et al., 2006, 2008; Bottollier-Depois et al., 2012; Butikofer et al., 2008; Clairand et al.,

2009; EC, 2004, 2009, 2017; Hubert and Aubry, 2017, 2018; Lantos and Fuller, 2004; Mares

and Yasuda, 2010; Shea and Smart, 2000).

Sta plaÐsia thc diatrib c aut c pragmatopoieÐtai mÐa ektÐmhsh thc dìshc gia di�forec

pt seic me shmeÐo anaq¸rhshc to diejnèc aerodrìmio thc Aj nac Eleujèrioc Benizèloc, me

b�sh tic prosomoi¸seic pou pragmatopoi jhkan me to DYASTIMA-R. Ston PÐnaka 5.5 pa-

rousi�zontai oi plhroforÐec gia ta aerodrìmia pou qrhsimopoi jhkan sthn paroÔsa diatrib .

Pìlh Aerodrìmio ICAO Gewgr. Suntagmènec

Aj na Eleftherios Venizelos Airport LGAV 37.9oN, 23.9oE
L�rnaka Larnaca International Airport LCLK 34.9oN, 33.6oE
R¸mh Leonardo da Vinci–Fiumicino Airport LIRF 41.8oN, 12.2oE

MadrÐth Adolfo Suárez Madrid–Barajas Airport LEMD 40.5oN, 3.6oW
ParÐsi Charles de Gaulle Airport LFPG 49.0oN, 2.5oE
BerolÐno Berlin Tegel Airport EDDT 52.6oN, 13.3oE

'Amsterntam Amsterdam Airport Schiphol EHAM 52.3oN, 4.8oE
Bruxèllec Melsbroek Air Base EBMB 50.5oN, 4.3oE
LondÐno Heathrow Airport EGLL 51.5ON, 0.5oW
Mìsqa Sheremetyevo International Airport UUEE 56.0oN, 37.4oE

Stokqìlmh Stockholm Arlanda Airport ESSA 59.6oN, 17.9oE
Rèikiabik Reykjav́ık Airport BIRK 64.1oN, 21.9oW
Ntoump�i Dubai International Airport OMDB 25.3oN, 55.4oE
Nèa Uìrkh John F. Kennedy International Airport KJFK 40.6oN, 73.8oW
Tìkuo Narita International Airport RJAA 35.8oN, 140.4oE

PÐnakac 5.5: Aerodrìmia pou qrhsimopoi jhkan sthn paroÔsa èreuna
.

H ektÐmhsh thc dìshc me to DYASTIMA-R pragmatopoi jhke gia sunolik� dekatèsse-

ric pt seic proc diejneÐc proorismoÔc apì thn Aj na. Pio sugkekrimèna, qrhsimopoi jhkan

ènteka dhmofileÐc proorismoÐ sthn Eur¸ph (L�rnaka, R¸mh, BerolÐno, Bruxèllec, ParÐsi,

'Amsterntam, Mìsqa, MadrÐth, LondÐno, Stokqìlmh, Rèikiabik), dÔo proorismoÐ sthn AsÐa

(Ntoump�i, Tìkuo) kai ènac proorismìc sth Bìreia Amerik  (Nèa Uìrkh). Ston PÐnaka 5.6
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Pt sh Di�rkeia Pt shc Pt sh Di�rkeia Pt shc

Aj na-L�rnaka 1h 38min Aj na-MadrÐth 3h 27min
Aj na-R¸mh 1h 49min Aj na-LondÐno 3h 29min

Aj na-BerolÐno 2h 44min Aj na-Stokqìlmh 3h 30min
Aj na-Bruxèllec 3h 6min Aj na-Ntoump�i 4h 35min
Aj na-ParÐsi 3h 7min Aj na-Rèkiabik 5h 41min

Aj na-Amsterntam 3h 11min Aj na-N. Uìrkh 10h 22min
Aj na-Mìsqa 3h 16min Aj na-Tìkuo 12h 21min

PÐnakac 5.6: Di�rkeia twn pt sewn pou qrhsimopoi jhkan sthn paroÔsa èreuna
www.travelmath.com.

.

paratÐjetai h di�rkeia k�je pt shc, h opoÐa èqei upologisteÐ sÔmfwna me thn istoselÐda w-

ww.travelmath.com. O upologismìc tou qrìnou pt shc proôpojètei mèsh taqÔthta pt shc

gia èna emporikì aerosk�foc 500mph, to opoÐo isodunameÐ me 805 km/h (434 kìmboi) kai pe-

rilamb�nei epiplèon 30min gia thn apogeÐwsh kai thn prosgeÐwsh. O akrib c qrìnoc mporeÐ

na diafèrei an�loga me thn taqÔthta twn anèmwn.

Sq ma 5.27: Pt seic apì to Aerodrìmio thc Aj nac pou qrhsimopoi jhkan sth diatrib 
(www.greatcirclemap.com).
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Sto Sq ma 5.27 gÐnetai apeikìnish thc jewrhtik� bèltisthc diadrom c pou akoloujeÐtai se

k�je pt sh. AxÐzei na shmeiwjeÐ pwc h diadrom  k�je pt shc, ìpwc kai o kajorismìc di�rkei-

�c thc, basÐzetai sth jewrÐa twn mègistwn kÔklwn, kai ìqi se eujeÐec. Kaj¸c kinoÔmaste se

mÐa sfairik  epif�neia, ìpwc eÐnai h Gh, tìte h suntomìterh diadrom  (gewdaisiak ) an�mesa

se dÔo shmeÐa antistoiqeÐ sÔmfwna me th gewmetrÐa Riemann se èna mègisto kÔklo, kai ìqi

se mÐa eujeÐa sÔmfwna me thn EukleÐdia gewmetrÐa. O kajorismìc thc troqi�c k�je pt shc

ègine se python me thn efarmog  twn gewdaisiak¸n routin¸n sto GeographicLib, ìpwc peri-

gr�fetai sthn istoselÐda https://geographiclib.sourceforge.io/html/python/index.html. Me

ton trìpo autì, h apìstash an�mesa sto arqikì shmeÐo kai ton telikì proorismì qwrÐzetai

se shmeÐa twn opoÐwn h apìstash eÐnai perÐpou 1o. Mèsa apì to prìgramma, brÐskoume tic

gewgrafikèc suntetagmènec twn shmeÐwn aut¸n, ta opoÐa antistoiqÐzontai se timèc katwflÐou

magnhtik c duskamyÐac me b�sh q�rtec magnhtik c duskamyÐac pou up�rqoun diajèsimoi sth

bibliografÐa (Gerontidou et al., 2021; Smart and Shea, 1997, 2008a,b, 2019). Oi q�rtec

autoÐ dÐnoun thn tim  magnhtik c duskamyÐac gia k�je 5o gewgrafikoÔ pl�touc kai 15o gew-

grafikoÔ m kouc se Ôyoc 20 km, me qr sh tou montèlou IGRF gia to magnhtikì pedÐo gia ta

antÐstoiqa qronik� diast mata. Tèloc, ègine antistoÐqish twn tim¸n magnhtik c duskamyÐac

me timèc tou rujmoÔ isodÔnamhc dìshc perib�llontoc dH∗(10)/dt, ìpwc èqoun upologisteÐ me

tic prosomoi¸seic me to ergaleÐo DYASTIMA-R.

Prokeimènou na upologÐsoume th sunolik  isodÔnamh dìsh perib�llontoc H∗(10)total, h

di�rkeia k�je pt shc qwrÐsthke se qronik� diast mata twn 10min. Gia k�je tètoio qronikì

di�sthma, upologÐsthke h dìsh, kai sth sunèqeia pragmatopoi jhke �jroish ìlwn twn epi-

mèrouc tim¸n. Oi upologismoÐ autoÐ pragmatopoi jhkan gia èna mèso Ôyoc pt shc FL350, en¸

den èqoume l�bei upìyh mac tic uyometrikèc metabolèc lìgw apogeÐwshc kai prosgeÐwshc.

'Etsi, mÐa pr¸th ektÐmhsh gia th sunolik  dìsh gia tic parap�nw pt seic gia ta èth

2001 kai 2009, pou antistoiqoÔn se sunj kec mègisthc kai el�qisthc hliak c drasthriìthtac

antÐstoiqa, dÐnetai sto Sq ma 5.28. Oi timèc autèc eÐnai diajèsimec ston PÐnaka 5.7. Se

k�je perÐptwsh, oi dìseic autèc den uperbaÐnoun ta epitrepìmena kajorismèna ìria. Parìla

aut� prèpei na dwjeÐ idiaÐterh shmasÐa sthn epaggelmatik  èkjesh twn plhrwm�twn twn

aeroskaf¸n, kaj¸c oi dìseic eÐnai ajroistikèc kat� th di�rkeia tou ètouc. Oi pt seic eÐnai

topojethmènec me aÔxousa seir� di�rkeiac pt shc. Oi dìseic pou lamb�noun ta plhr¸mata

aeroskaf¸n exart¸ntai apì to Ôyoc, th di�rkeia kai th diadrom  thc pt shc, kaj¸c kai apì

thn hliak  drasthriìthta. ParathroÔme, ìpwc eÐnai anamenìmeno, ìti se sunj kec hliakoÔ

elaqÐstou (2009) èqoume megalÔterh dìsh.

Blèpoume, epÐshc, pwc oi pt seic me th mikrìterh di�rkeia (Aj na - L�rnaka kai Aj na
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Sq ma 5.28: Sunolik  isodÔnamh dìsh perib�llontoc kat� th di�rkeia di�forwn aeroporik¸n
pt sewn apì thn Aj na gia sunj kec mègisthc kai el�qisthc hliak c drasthriìthtac (2001 kai

2009), ìpwc upologÐsthke me to DYASTIMA-R.

- R¸mh) parousi�zoun th mikrìterh dìsh, en¸ oi pt seic me th megalÔterh di�rkeia (Aj na

- Nèa Uìrkh kai Aj na - Tìkuo) èqoun th megalÔterh dìsh. Parìl' aut�, den mporoÔme na

bg�loume safèc sumpèrasma gia thn èkjesh mìno me b�sh th qronik  di�rkeia thc pt shc. Ki

autì giatÐ, en¸ h pt sh Aj na - MadrÐth èqei thn Ðdia di�rkeia me thn pt sh Aj na - LondÐno,

h pr¸th parousi�zei mikrìterh sunolik  dìsh. AntÐstoiqa, h pt sh Aj na - Ntoump�i diarkeÐ

mÐa ¸ra parap�nw apì thn pt sh Aj na - Stokqìlmh, kai parìla aut� èqei mikrìterh dìsh. To

gegonìc autì deÐqnei th shmantik  epÐdrash thc diadrom c tou aerosk�fouc gia k�je pt sh,

idiaÐtera to gewgrafikì pl�toc, to opoÐo odhgeÐ kai se metabolèc thc magnhtik c duskamyÐac

(Hubert and Aubry, 2017, 2018)

Gia to lìgo autì, pèra apì th sunolik  dìsh, krÐnetai aparaÐthth kai h ektÐmhsh tou

rujmoÔ dìshc kat� th di�rkeia miac pt shc. Gia na upologÐsoume to rujmì isodÔnamhc dìshc

perib�llontoc, diairoÔme th sunolik  dìsh me to qrìno di�rkeiac k�je pt shc. Ta apote-

lèsmata parousi�zontai sto Sq ma 5.29, gia ta èth 1996 - 2019, dhlad  gia touc hliakoÔc

kÔklouc 23 kai 24. O qamhlìteroc rujmìc dìshc parathreÐtai sthn pt sh Aj na - Ntou-

mp�i en¸ o uyhlìteroc rujmìc dìshc sthn pt sh Aj na - Rèikiabik. Autì sumbaÐnei giatÐ

to Rèikiabik wc proorismìc brÐsketai sto megalÔtero gewgrafikì pl�toc, me apotèlesma

to aerosk�foc na dièrqetai apì shmeÐa uyhlìterhc magnhtik c duskamyÐac kat� th di�r-
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keia pt shc, ta opoÐa antistoiqoÔn se uyhlìterouc rujmoÔc dìshc. AntÐjeta, to Ntoump�i

brÐsketai se mikrì gewgrafikì pl�toc, kai �ra parousi�zei qamhlìtero rujmì dìshc lìgw

thc megalÔterhc magnhtik c duskamyÐac sthn perioq  ekeÐnh. Oi pt seic pou aforoÔn thn

kentrik  Eur¸ph ('Amsterntam, BerolÐno, Bruxèllec, ParÐsi) èqoun sqedìn ton Ðdio rujmì

dìshc, en¸ oi pt seic proc boreiìterec perioqèc (LondÐno, Stokqìlmh, Mìsqa) parousi�zoun

auxhmèno rujmì dìshc. AntÐstoiqa, oi perioqèc thc eurÔterhc MesogeÐou (MadrÐth, R¸mh,

L�rnaka), parousi�zoun polÔ pio qamhloÔc rujmoÔc dìshc.

AxÐzei na shmeiwjeÐ pwc o rujmìc dìshc kat� th di�rkeia twn pt sewn akoloujeÐ thn

endekaet  kai thn 22et  metabol  se megalÔtero   mikrìtero bajmì (Mavromichalaki et al.,

1997). Oi uyhlìteroi rujmoÐ dìshc parousi�zontai thn perÐodo 2007 - 2009, pou antistoiqeÐ

sthn perÐodo tou ektetamènou hliakoÔ elaqÐstou an�mesa stouc hliakoÔc kÔklouc 23 kai 24,

en¸ oi qamhlìteroi rujmoÐ dìshc antistoiqoÔn sta hliak� mègista twn dÔo kÔklwn (2001 kai

2014). H ex�rthsh apì thn hliak  drasthriìthta eÐnai emfan c stic pt seic me proorismoÔc

me uyhlì gewgrafikì pl�toc (Rèikiabik, Stokqìlmh, Nèa Uìrkh, Kentrik  Eur¸ph, Tìkuo)

en¸ o rujmìc dìshc se pt seic me proorismoÔc se qamhl� gewgrafik� pl�th, eÐnai sqedìn

anex�rthtoc apì th f�sh tou hliakoÔ kÔklou (perioq  thc MesogeÐou, Ntoump�i).

Sq ma 5.29: Rujmìc isodÔnamhc dìshc perib�llontoc kat� th di�rkeia di�forwn aeroporik¸n
pt sewn apì thn Aj na, ìpwc upologÐsthke me to DYASTIMA-R.
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H∗(10)total (µSv)

DYASTIMA-R CARI-7

Pt seic 2001 2009 2001 2009

Aj na-L�rnaka 3.06 3.37 4.71 4.95
Aj na-R¸mh 3.98 4.45 6.52 6.93

Aj na-BerolÐno 7.74 8.56 10.80 11.90
Aj na-Bruxèllec 8.56 9.44 12.00 13.10
Aj na-ParÐsi 8.26 9.08 11.70 12.70

Aj na-Amsterntam 9.10 10.07 12.60 13.80
Aj na-Mìsqa 9.79 11.03 13.50 15.10
Aj na-MadrÐth 7.43 8.16 10.90 11.50
Aj na-LondÐno 9.86 10.89 13.70 15.00

Aj na-Stokqìlmh 11.00 12.61 15.10 17.10
Aj na-Ntoump�i 7.44 8.03 10.50 10.90
Aj na-Rèikiabik 19.45 22.72 25.80 30.20
Aj na-N. Uìrkh 35.47 41.93 47.00 54.40
Aj na-Tìkuo 36.97 41.55 49.20 55.50

PÐnakac 5.7: Sunolik  isodÔnamh dìsh perib�llontoc gia di�forec aeroporikèc pt seic gia
ta èth 2001 kai 2009, ìpwc upologÐsthkan me ta logismik� DYASTIMA-R kai CARI-7.

.

Sq ma 5.30: SÔgkrish thc sunolik c isodÔnamhc dìshc perib�llontoc kat� th di�rkeia di�forwn
aeroporik¸n pt sewn apì thn Aj na gia sunj kec mègisthc kai el�qisthc hliak c drasthriìthtac

(2001 kai 2009) me to DYASTIMA-R kai to CARI-7.
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Tèloc, pragmatopoi jhke mÐa sÔgkrish twn tim¸n thc sunolik c isodÔnamhc dìshc peri-

b�llontoc H∗(10)total pou proèkuyan me to DYASTIMA-R me tic antÐstoiqec apì to diejnèc

anagnwrismèno logismikì CARI-7 thc FAA (Copeland, 2017). H sÔgkrish pragmatopoi jhke

gia ta èth 2001 kai 2009, jewr¸ntac wc uyìmetro pt shc to FL350 (PÐnakac 5.7). Para-

throÔme pwc oi timèc pou èqoun prokÔyei me to DYASTIMA-R eÐnai parapl siec me autèc

tou CARI-7. Mikrèc apoklÐseic parathroÔntai stic pt seic mikr c kai mesaÐac di�rkeiac, en¸

oi megalÔterec apoklÐseic parousi�zontai stic dÔo meg�lhc di�rkeiac pt seic (Aj na - Nèa

Uìrkh, Aj na - Tìkuo), tìso sto 2001 ìso kai sto 2009. To CARI-7 k�nei susthmatik�

uperektÐmhsh thc dìshc se sqèsh me to DYASTIMA-R. H apìklish ofeÐletai sta susthma-

tik� sf�lmata twn paramètrwn eisìdou tou DYASTIMA, kaj¸c h pleioyhfÐa touc basÐzetai

se montèla, kai sto aplousteumèno profÐl pt shc (Sihver et al., 2015).

AxÐzei na shmeiwjeÐ, pwc aut  th stigm  sto DYASTIMA / DYASTIMA-R de lamb�netai

upìyh h gewmetrÐa kai h jwr�kish pou prosfèretai apì to aerosk�foc. 'Etsi, h pragmatik 

dìsh entìc tou aeropl�nou endeqomènwc na eÐnai qamhlìterh apì touc upologismoÔc mac pou

èqoun pragmatopoihjeÐ sthn eleÔjerh atmìsfaira, an�loga me to eÐdoc tou aerosk�fouc, th

jèsh tou atìmou mèsa se autì, ton arijmì twn epibat¸n kai thn posìthta tou kausÐmou. Gia

to lìgo autì krÐnetai aparaÐthth h topojèthsh aniqneut¸n entìc thc kampÐnac tou aeropl�nou

prokeimènou na sumperilhfjeÐ h epÐdrash twn parap�nw (Sihver et al., 2015). Sta mellontik�

sqèdia tou DYASTIMA perilamb�netai h proairetik  qr sh gewmetrÐac tou aerosk�fouc,

apì di�fora ulik�, ¸ste na mporeÐ na melethjeÐ h jwr�kish k�je ulikoÔ.

'Opwc blèpoume, o upologismìc thc dìshc (H∗(10)total kai dH∗(10)/dt) kat� th di�rkeia

mÐac pt shc den apoteleÐ eÔkolh upìjesh, kaj¸c prèpei na gÐnei epexergasÐa dedomènwn apì

polÔ meg�lo arijmì prosomoi¸sewn gia diaforetikèc gwgrafikèc suntetagmènec, di�forec ti-

mèc magnhtik c duskamyÐac, diaforetik� uyìmetra pt shc kai diaforetikèc f�seic thc hliak c

drasthriìthtac. Sta plaÐsia thc diatrib c aut c, pragmatopoi jhke mia pr¸th prosp�jeia e-

ktÐmhshc thc dìshc kat� th di�rkeia pt sewn apì thn Aj na proc diadedomènouc proorismoÔc

me th qr sh tou logismikoÔ DYASTIMA - DYASTIMA-R. Mellontik� sqèdia perilamb�noun

th qr sh miac pio realistik c diadrom c pt shc (perissìtera epÐpeda pt shc, upologismìc

qrìnou apogeÐwshc kai prosgeÐwshc, pio akrib c troqi�), thn ektÐmhsh dìsewn gia peris-

sìterec pt seic se ìlo ton kìsmo, all� kai h ektÐmhsh thc dìshc kat� th di�rkeia èntonwn

gegonìtwn DiasthmikoÔ KairoÔ, ìpwc SEPs kai GLEs.
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5.4 Atmìsfairec �llwn planht¸n

Sthn enìthta aut , parousi�zontai oi prosomoi¸seic pou pragmatopoi jhkan stic atmìsfai-

rec thc AfrodÐthc kai tou 'Arh. Perigr�fontai oi kuriìterec par�metroi eisìdou gia to DYA-

STIMA / DYASTIMA-R kai gÐnetai an�lush twn pr¸twn apotelesm�twn.

H exereÔnhsh tou diast matoc apoteleÐ mÐa peripèteia gia thn anjrwpìthta, h opoÐa pa-

rèqei th dunatìthta anakalÔyewn pou xepernoÔn th fantasÐa mac kai apofèroun par�llhla

meg�lo ìfeloc gia thn koinwnÐa. O kosmonaÔthc Yuri Gagarin ektèlese thn pr¸th epan-

drwmènh apostol  sthn anjr¸pinh istorÐa ìtan mp ke se troqi� gÔrw apì th Gh to 1961.

LÐga qrìnia argìtera, to 1969, o Neil Armstrong kai o Buzz Aldrin eÐnai oi pr¸toi �njrwpoi

pou perpatoÔn se èna �llo our�nio s¸ma tou hliakoÔ mac sust matoc, pèra apì th Gh, th

Sel nh. Apì thn epoq  ekeÐnh, ìmwc, ta anjr¸pina diasthmik� progr�mmata den èqoun ana-

ptuqjeÐ polÔ, me thn prosed�fish sth Sel nh na apoteleÐ akìma kai s mera to megalÔtero

mac epÐteugma. Par� th stasimìthta aut , to prìgramma ARTEMIS, me stìqo na fèrei ton

epìmeno �ndra kai thn pr¸th gunaÐka sth Sel nh to 2024, anazopur¸nei tic anjr¸pinec pro-

sp�jeiec gia thn exereÔnhsh kai kat�kthsh tou diast matoc, me ton sqediasmì mellontik¸n

epandrwmènwn apostol¸n se geitonikoÔc plan tec, ìpwc h AfrodÐth, o 'Arhc, klp.

H melèth twn epidr�sewn tou DiasthmikoÔ KairoÔ gÐnetai oloèna kai pio shmantik , kaj¸c

h anjr¸pinh èreuna kai exereÔnhsh epekteÐnontai apì thn troqi� kont� sth Gh (LEO) sto

Hliakì sÔsthma. Ta ofèlh apì thn exereÔnhsh aut  prèpei na exisorropoÔntai me to kìstoc,

thn asf�leia kai tic arqèc thc biohjik c gia thn apìfash twn apodekt¸n orÐwn kindÔnou gia

touc astronaÔtec. 'Etsi, o kajorismìc tou perib�llontoc aktinobolÐac tìso sth LEO ìso

kai ston eurÔtero diasthmikì q¸ro kai stic epif�neiec twn planht¸n krÐnetai aparaÐthtoc, me

thn èkjesh sth galaxiak  kosmik  aktinobolÐa kai sta hliak� prwtonik� gegonìta (SPEs)

na apoteloÔn thn kÔria anhsuqÐa gia thn ugeÐa twn astronaut¸n. H èkjesh tìso kat� th

di�rkeia thc metafor�c ìso kai thc paramon c sthn epif�neia enìc �llou plan th, mporeÐ na

odhg sei se karkinogènesh kai se �llec ekfulistikèc asjèneiec, exaitÐac twn uyhl¸n dìsewn

stic opoÐec ja ektejoÔn ta plhr¸mata twn diasthmik¸n apostol¸n (Cucinotta and Durante,

2006).

'Ena polÔ meg�lo pleonèkthma tou DYASTIMA / DYASTIMA-R, eÐnai ìti q�rh sthn

eleÔjerh parametropoÐhsh pou parèqei sto qr sth, mporeÐ na qrhsimopoihjeÐ pèra apì thn

atmìsfaira thc Ghc kai se atmìsfairec �llwn planht¸n. Sta plaÐsia thc diatrib c aut c, to

DYASTIMA / DYASTIMA-R qrhsimopoieÐtai gia pr¸th for� gia thn ektÐmhsh thc èkjeshc

stouc dÔo kontinoÔc mac plan tec, thn AfrodÐth kai ton 'Arh.
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5.4.1 Plan thc AfrodÐth

Oi atmìsfairec twn planht¸n sto hliakì mac sÔsthma ektÐjentai se èna polÔploko peri-

b�llon aktinobolÐac pou apoteleÐtai apì ton hliakì �nemo, thn uperi¸dh aktinobolÐa kai tic

aktÐnec Q, kaj¸c kai apì kosmikèc aktÐnec galaxiak c   hliak c proèleushc (Herbst et al.,

2020). 'Ustera apì touc upologismoÔc pou pragmatopoi jhkan sthn atmìsfaira thc Ghc

gia th melèth twn deuterogen¸n kataigism¸n kai thn axiolìghsh thc èkjeshc twn plhrw-

m�twn aeroskaf¸n, èqei seir� h ektÐmhsh thc èkjeshc enìc astronaÔth sthn atmìsfaira

thc AfrodÐthc. H AfrodÐth apoteleÐ mÐa kal  pr¸th epilog , kaj¸c �lloi plan tec sto

hliakì mac sÔsthma den èqoun axiìlogh atmìsfaira (ìpwc o Erm c kai o 'Arhc), eÐte èqoun

atmìsfairec pou apoteloÔntai kurÐwc apì udrogìno (ìpwc o DÐac) eÐte brÐskontai se polÔ

meg�lh apìstash apì ton 'Hlio ìpou ta epÐpeda aktinobolÐac den eÐnai pl rwc gnwst� (ìpwc

o Tit�nac) (Youngquist et al., 2014).

H AfrodÐth eÐnai o deÔteroc se seir� plan thc tou hliakoÔ mac sust matoc kai apèqei apì

ton 'Hlio 0.72AU , dhlad  107.89 · 106 km (h Gh apèqei 1AU = 150.84 · 106 km). Prìkeitai

gia ton kontinìtero geÐtona thc Ghc kai, apì orismènec apìyeic, oi dÔo plan tec emfanÐzoun

pollèc omoiìthtec. H AfrodÐth eÐnai parìmoia me th Gh tìso se di�metro (95%) ìso kai se

m�za (82%), en¸ kai oi dÔo eÐnai mikroÐ braq¸deic plan tec sto eswterikì hliakì sÔsthma pou

pijan¸c sqhmatÐsthkan me parìmoiec sunjèseic kai s mera katèqoun kai oi dÔo axioshmeÐwth

atmìsfaira. Parìl� aut�, an kai h AfrodÐth kai h Gh, mporeÐ na moi�zoun wc dÐduma sto

sqhmatismì kai sthn pr¸imh zw  touc, èqoun akolouj sei diaforetikèc exeliktikèc poreÐec,

eidik� se ìti afor� thn katoikhsimìthta (habitability) kai thn pijanìthta zw c (Dartnell

et al., 2015).

H qamhlìterh atmìsfaira thc AfrodÐthc eÐnai perÐpou 90 forèc puknìterh sthn epif�neia

se sqèsh me th Gh. 'Eqei m�lista sunolikì b�joc jwr�kishc thc t�xhc tou ∼ 105g/cm2 se

antÐjesh me to ∼ 103g/cm2 thc Ghc. Autì èqei wc apotèlesma, oi kataigismoÐ twn deuteroge-

n¸n swmatidÐwn na anaptÔssontai ekten¸c mèsa sthn atmìsfaira thc AfrodÐthc. ApoteleÐtai

apì CO2 (96.5%) kai N2 (3.5%). H jermokrasÐa wc sun�rthsh tou Ôyouc perigr�fetai apì

to Venus International Reference Atmosphere, qrhsimopoi¸ntac sugkekrimènec paramètrouc

gia th mèsh kai kat¸terh atmìsfaira (0 − 100 km) se qamhl� gewgrafik� pl�th (φ < 30o)

kai gia thn an¸terh atmìsfaira kat� th di�rkeia thc hmèrac (100 − 150 km) se qamhlì ge-

wgrafikì pl�toc (φ = 16o) (Keating et al., 1985; Kliore et al., 1985; Seiff et al., 1985). To

atmosfarikì profÐl thc AfrodÐthc parousi�zontai ston PÐnaka 5.8.

Di�forec melètec upodeiknÔoun ìti gia toul�qiston ta pr¸ta 750 ekatommÔria qrìnia, h

atmìsfaira thc AfrodÐthc pareÐqe katoik simec sunj kec kai ìti to ugrì nerì (se morf 
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Uyìmetro (m) JermokrasÐa (oC) Uyìmetro (m) JermokrasÐa (oC)

0 462.15 80000 −76.05
5000 423.65 90000 −103.75
10000 385.05 100000 −97.75
15000 347.65 105000 −98.15
20000 307.55 110000 −95.15
25000 266.05 115000 −91.15
30000 223.75 120000 −84.15
35000 182.35 125000 −75.15
40000 144.45 130000 −67.15
45000 112.25 135000 −58.15
50000 77.35 140000 −48.15
55000 29.15 145000 −37.15
60000 −10.35 150000 −26.65
70000 −43.35

PÐnakac 5.8: Atmosfairikì profÐl thc atmìsfairac thc AfrodÐthc (Keating et al., 1985; Kliore
et al., 1985; Seiff et al., 1985).

ugroÔ) up rqe sthn epif�nei� thc gia sqedìn dÔo disekatommÔria qrìnia. Autì to qronikì

di�sthma ja mporoÔse na eÐnai arketì ¸ste na exeliqjeÐ zw , toul�qiston ìpwc th gnwrÐzoume

sth Gh. H stadiak  aÔxhsh ìmwc thc atmosfairik c jermokrasÐac od ghse sthn ex�tmish tou

epifaneiakoÔ neroÔ, gegonìc pou mporeÐ na an�gkase tuqìn up�rqontec mikroorganismoÔc na

metanasteÔsoun sto akìma �katoik simo str¸ma� nèfouc thc AfrodÐthc kai na prosarmostoÔn

sto perib�llon periorismènou neroÔ kai qamhloÔ pH twn nef¸n thc AfrodÐthc (Herbst et al.,

2020).

Se mia pr¸th prosèggish, h pijan  katoik simh z¸nh miac enaèriac biìsfairac sthn A-

frodÐth ja  tan h katakìrufh èktash pou antistoiqeÐ sto eÔroc jermokrasÐac an�ptuxhc

gnwst¸n qersaÐwn mikroorganism¸n se akraÐec sunj kec, dhlad  metaxÔ perÐpou 120oC kai

−20oC. Ta ìria aut� topojetoÔn thn katoik simh perioq  metaxÔ 43 km (120oC) kai 62 km

(−20oC) p�nw apì thn epif�neia, epikalÔptontac ta str¸mata sÔnnefwn, ìpwc faÐnetai kai

sto Sq ma 5.31 (Dartnell et al., 2015). 'Etsi, h AfrodÐth pollèc forèc anafèretai wc �adel-

fìc� plan thc thc Ghc, sqèsh pou afor� tic dÔo atmìsfairec, upojètontac ìti h sÔgkrish me

th Gh gÐnetai 50 km � 55 km p�nw apì thn epif�neia thc AfrodÐthc. H epif�neia thc Afro-

dÐthc aggÐzei jermokrasÐec p�nw apì 700K kai na eÐnai idiaÐtera eqjrik  lìgw thc toxikìtht�c

thc, all� se Ôyoc perÐpou 50 − 55 km, h atmìsfaira thc AfrodÐthc èqei parìmoia pÐesh kai

jermokrasÐa me thn atmìsfaira thc Ghc sto epÐpedo tou ed�fouc. Aut  h eunoðk  sunj kh

èqei odhg sei polloÔc ereunhtèc na proteÐnoun ton apokismì thc AfrodÐthc, anaferìmenh se

aut  wc to pio �g ino� perib�llon sto hliakì sÔsthma (Youngquist et al., 2014).
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Sq ma 5.31: Atmosfairikì profÐl thc atmìsfairac thc AfrodÐthc ìpou diakrÐnetai h katoik simh
z¸nh (Dartnell et al., 2015).

'Opwc sth Gh, ètsi kai sthn AfrodÐth, to mègisto Pfotzer kai to mègisto tou atmosfairi-

koÔ ionismoÔ lìgw kosmik c aktinobolÐac sumpÐptoun. 'Etsi, en¸ sth Gh to Ôyoc autì eÐnai

metaxÔ twn 16 km kai 25 km (Herbst et al., 2020; Ziegler, 1998), sthn AfrodÐth, brÐsketai

perÐpou sta 64 km, to opoÐo brÐsketai entìc tou epipèdou nef¸n (Herbst et al., 2020; Nor-

dheim et al., 2015; Plainaki et al., 2016). H asumfwnÐa aut  ofeÐletai sthn diaforetik 

puknìthta thc atmìsfairac k�je plan th, me thn epifaneiak  pÐesh thc AfrodÐthc na eÐnai

perÐpou 90 forèc uyhlìterh apì aut  thc Ghc, èqontac wc apotèlesma mia atmìsfaira polÔ

pio pukn  (Herbst et al., 2020). Pio sugkekrimèna, h jwr�kish thc atmìsfairac thc AfrodÐthc

eÐnai perÐpou 105 g/cm2 dhlad  dÔo t�xeic megèjouc megalÔterh apì thn epÐgeia jwr�kish twn

1033 g/cm2. 'Etsi akìmh kai oi pio energhtikèc prwtogeneÐc kosmikèc aktÐnec par�goun ame-

lhtèa aktinobolÐa sthn epif�neia thc. 'Omwc, h pijan  katoikÐsimh perioq  eÐnai polÔ ligìtero

prostateumènh afoÔ h aiqm  tou ionismoÔ lìgw kosmik¸n oriak� lamb�nei q¸ra entìc autoÔ

tou str¸matoc. EÐnai epomènwc pijanì autì to mègisto perib�llon aktinobolÐac na apoteleÐ

apeil  gia thn epibÐwsh zw c, mazÐ me touc �llouc periballontikoÔc kindÔnouc ìpwc h oxÔthta,

h jermokrasÐa kai h hliak  uperi¸dhc aktinobolÐa (Dartnell et al., 2015). Par�llhla, exai-

tÐac aut c thc pukn c atmìsfairac, oi kataigismoÐ deuterogen¸n swmatidÐwn ja anaptuqjoÔn
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ektenèstera se sqèsh me th Gh, ìmwc mìno èna mikrì kl�sma twn deuterogen¸n swmatidÐwn

ja ft�sei sthn epif�neia thc AfrodÐthc.

Endeiktik�, gia tic prosomoi¸seic me to ergaleÐo DYASTIMA sthn atmìsfaira thc Afro-

dÐthc qrhsimopoi jhkan oi parak�tw timèc:

� mèsh aktÐna: RV = 6052 km,

� mèsh epifaneik  pÐesh: P = 92100mbar, kai

� epit�qunsh thc barÔthtac: g = 8.869m/sec2

Perisssìterec plhroforÐec sqetik� me ta genik� qarakthristik� thc AfrodÐthc mporoÔn

na brejoÔn sthn istoselÐda https://nssdc.gsfc.nasa.gov/planetary/factsheet/venusfact.html.

Gia ton kajorismì tou atmosfairikoÔ profÐl qrhsimopoi jhke to Venus International Refe-

rence Atmosphere (PÐnakac 5.8). H physics list pou qrhsimopoi jhke eÐnai, ìpwc kai sthn

perÐptwsh thc Ghc, h FTFP BERT HP , h opoÐa sunist�tai gia efarmogèc aktinoprostasÐac

kai jwr�kishc (Herbst et al., 2020; Plainaki et al., 2016). Oi prosomoi¸seic pragmatopoi jh-

kan gia 50000 events.

H AfrodÐth, se antÐjesh me th Gh, den èqei shmantikì eggenèc magnhtikì pedÐo, to opoÐo

na mporeÐ na dr�sei wc aspÐda kai na ektrèyei fortismèna swmatÐdia eÐte me uyhl  eÐte me

qamhl  enèrgeia. Wstìso, epeid  h hliak  uperi¸dhc aktinobolÐa ionÐzei oudètera thn �nw

atmìsfaira thc AfrodÐthc, dhmiourgeÐtai mia ionìsfaira, h opoÐa mèsw thc allhlepÐdrashc

me ton hliakì �nemo, dhmiourgeÐ èna epagìmeno magnhtikì pedÐo, to opoÐo eÐnai arket� isqurì

gia na elaqistopoi sei th di�brwsh thc �nw atmìsfairac. 'Omwc, ta prwtogen  kosmik� sw-

matÐdia eÐnai polÔ energhtik� ¸ste na ektrapoÔn apì autì to asjenèc epagìmeno magnhtikì

pedÐo. 'Etsi, ìpwc kai stic polikèc perioqèc thc Ghc, ta perissìtera kosmik� swmatÐdia èqoun

sqedìn aperiìristh prìsbash sthn atmìsfaira thc AfrodÐthc. Wc ek toÔtou, to kat¸fli ka-

takìrufhc magnhtik c duskamyÐac gia ta eiserqìmena fortismèna energeiak� swmatÐdia mporeÐ

na jewrhjeÐ amelhtèa se ìla ta pl�th (Dartnell et al., 2015; Herbst et al., 2020; Nordheim

et al., 2015; Plainaki et al., 2016). Autì èqei wc apotèlesma, h prwtogen c galaxiak  ko-

smik  aktinobolÐa (akìma kai qamhl c enèrgeiac) kai ta SEPs na allhlepidroÔn apeujeÐac me

thn an¸terh atmìsfaira tou plan th kai, an�loga me thn enèrgei� touc, na dieisdÔoun se

bajÔtera str¸mata. Gia to lìgo autì, sta plaÐsia twn prosomoi¸sewn pou pragmatopoi jh-

kan gia th diatrib  aut , gia tic sunist¸sec tou magnhtikoÔ pedÐou qrhsimopoi jhke h tim  0

(BX = 0, BY = 0, BZ = 0).

� F�sma sthn AfrodÐth
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To f�sma twn prwtogen¸n swmatidÐwn kosmik c aktinobolÐac pou qrhsimopoi jhke sthn

perÐptwsh thc AfrodÐthc pro lje apì to montèlo CREME2009 (Mendenhall and Weller,

2012; Nymmik et al., 1992; Tylka et al., 1997, 2010), to opoÐo eÐnai diajèsimo sthn istoselÐda

https://creme.isde.vanderbilt.edu/, pou parèqei roèc iìntwn me Z = 1 − 28 (prwtìnia èwc

nikèlio) me enèrgeiec apì 1MeV an� noukleìnio èwc 100GeV an� noukleìnio sto diaplanhtikì

q¸ro se apìstash 1AU (apìstash Ghc - HlÐou). H galaxiak  sunist¸sa tou CREME2009

basÐzetai sto montèlo ISO15390 (ISO, 2004), me epiplèon epekt�seic, sumperilambanomènwn

twn an¸malwn kosmik¸n aktÐnwn se qamhlèc enèrgeiec.

Sq ma 5.32: F�sma prwtogenoÔc kosmik c aktinobolÐac apì to montèlo CREME2009 gia thn
atmìsfaira thc AfrodÐthc gia sunj kec hliakoÔ megÐstou (p�nw), hliakoÔ elaqÐstou (mèsh) kai gia

th �worst week� (k�tw).

Pio sugkekrimèna, to prwtogenèc f�sma twn galaxiak¸n kosmik¸n swmatidÐwn ex qjh

apì CREME2009 gia  remec sunj kec kat� th di�rkeia mègisthc kai el�qisthc hliak c dra-
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sthriìthtac, dhlad  sunj kec perib�llontoc ìpou apousi�zoun èntona gegonìta apì hliak�

energhtik� swmatÐdia. Sthn our� tou f�smatoc autoÔ pragmatopoi jhke mÐa poluwnumik 

prosarmog  gia k�je eÐdoc stoiqeÐou pou qrhsimopoi jhke, to opoÐo èqei wc apotèlesma thn

epèktash tou f�smatoc se enèrgeiec èwc 1TeV an� noukleìnio. Qrhsimopoi jhkan ta prw-

togen  stoiqeÐa H, He, C, O, Si kai Fe, kaj¸c aut� ta èxi eÐdh antiproswpeÔoun to 97%

thc enèrgeiac sto f�sma twn kosmik¸n aktÐnwn. To f�sma parousi�zetai sto Sq ma 5.32.

Par� to gegonìc ìti h AfrodÐth brÐsketai perÐpou 30% pio kont� ston  lio se sqèsh me

th Gh, h anabajmonìmhsh thc ro c pou parèqetai apì to CREME2009 den krÐnetai aparaÐthth

gia th ro  thc AfrodÐthc gia  remec sunj kec, kaj¸c h metabol  thc ro c kat� m koc thc

aktinik c dieÔjunshc gia ta swmatÐdia thc galaxiak c kosmik c aktinobolÐac sto es¸tero

hliakì sÔsthma eÐnai amelhtèec. To f�sma autì èqei qrhsimopoihjeÐ  dh me epituqÐa se �llec

melètec (Nordheim et al., 2015; Plainaki et al., 2016). Parìla aut�, up�rqoun ereunhtèc

uposthrÐzoun pwc h uyhl c enèrgeiac our� tou prwtogenoÔc f�smatoc, idÐwc ekeÐnh pou ft�nei

ta 10TeV an� noukleìnio, endèqetai na èqei megalÔterh epÐdrash sthn atmosfairik  dìsh

aktinobolÐac (Herbst et al., 2020). MÐa tètoia diereÔnhsh afor� èna mellontikì sqèdio gia

tic prosomoi¸seic me to DYASTIMA.

Kaj¸c h AfrodÐth brÐsketai pio kont� ston 'Hlio, pèra apì thn isotropik  galaxiak 

kosmik  aktinobolÐa, dèqetai kai uyhlìterec roèc swmatidÐwn apì sporadik� SEPs kat� th

di�rkeia ekl�myewn   CMEs. Lìgw thc epit�qunshc twn swmatidÐwn aut¸n sta mprostin�

sok twn ekl�myewn kai twn CMEs, ta SEPs èqoun enèrgeiec èwc kai perÐpou 100MeV , en¸

ft�noun stouc plan tec tou hliakoÔ sust matoc anisotropik�. Autì èqei wc apotèlesma,

h ro  na exart�tai se meg�lo bajmì apì thn troqiak  apìstash. Kaj¸c loipìn to CRE-

ME2009 parèqei to f�sma sto 1AU , pragmatopoi jhke diìrjwsh tou f�smatoc me thn qr sh

tou gewmetrikoÔ par�gonta 1/R2, ìpou R h mèsh apìstash AfrodÐthc � 'Hliou (0, 72AU)

(Dartnell et al., 2015; Herbst et al., 2020; Nordheim et al., 2015; Plainaki et al., 2016).

Pio sugkekrimèna, gia thn prosomoÐwsh enìc èntonou prwtonikoÔ gegonìtoc SEP, qrh-

simopoi jhke to f�sma gia sunj kec èklamyhc �worst week� (Sq ma 5.32, k�tw), to opoÐo

antistoiqeÐ se mia seir� èntonwn gegonìtwn SEP pou sunèbhsan kat� th di�rkeia tou Oktw-

brÐou 1989 (19/10/1989 èwc 25/10/1989). Kat� th di�rkeia thc ebdom�dac aut c parousi-

�sthkan dÔo polÔ isqurèc hliakèc ekl�myeic. Ta montèla SEPs sto CREME2009 basÐzontai

se doruforikèc metr seic swmatidÐwn se ìlo to eÔroc twn energei¸n kai twn stoiqeÐwn. To

montèlo thc qeirìterhc ebdom�dac basÐzetai se roèc SEPs kat� mèso ìro gia 180 ¸rec (7.5

hmèrec), xekin¸ntac stic 1300UT thc 19 OktwbrÐou 1989. Kat� th di�rkeia thc ebdom�dac

aut c, èlabe q¸ra to isqurìtero perib�llon SEP pou parathr jhke kat� th di�rkeia tou
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hliakoÔ kÔklou 22. Wc ek toÔtou, mporeÐ na qrhsimopoihjeÐ wc perib�llon �99% qeirìte-

rhc perÐptwshc�. To montèlo CREME96 Worst Week Scenario den perilamb�nei th sumbol 

twn galaxiak¸n kosmik¸n aktÐnwn, pou kuriarqoÔn sto f�sma se uyhlèc enèrgeiec (perÐpou

500−1000MeV/nuc, an�loga me to eÐdoc tou stoiqeÐou). AxÐzei na shmeiwjeÐ pwc se uyìme-

tro 63− 64 km, h parousÐa enìc tètoiou gegonìtoc mporeÐ na prokalèsei aÔxhsh tou rujmoÔ

ionismoÔ èwc kai 319%, se sqèsh me to upìbajro allhlepidr�sewn metaxÔ thc galaxiak c

kosmik c aktinobolÐac kai thc atmìsfairac (Plainaki et al., 2016).

� Enapìjesh enèrgeiac sthn atmìsfaira thc AfrodÐthc

H energeiak  enapìjesh twn deuterogen¸n swmatidÐwn sta di�fora atmosfairik� uyìme-

tra thc AfrodÐthc gia sunj kec el�qisthc kai mègisthc hliak c drasthriìthtac (p�nw), all�

kai kat� th di�rkeia tou gegonìtoc �worst week� (k�tw), ìpwc upologÐsthke me to ergaleÐo

DYASTIMA parousi�zetai sto Sq ma 5.33.

Sq ma 5.33: Enapìjesh enèrgeiac sthn atmìsfaira thc AfrodÐthc gia sunj kec hliakoÔ elaqÐstou
kai megÐstou (p�nw) kai gia th �worst week� (k�tw).
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ParathroÔme ìti tìso kat� th di�rkeia tou hliakoÔ elaqÐstou ìso kai tou hliakoÔ me-

gÐstou h mègisth enapìjesh enèrgeiac lamb�nei q¸ra se Ôyoc 62 km, to opoÐo praktik�

sumpÐptei me thn koruf  tou pijanoÔ katoikÐsimou str¸matoc thc AfrodÐthc. To apotèlesma

autì eÐnai sÔmfwno kai me �llec melètec (Dartnell et al., 2015). MporeÐ epÐshc na jewr sei

kaneÐc ìti h enapìjesh enèrgeiac exaitÐac tou kataigismoÔ xekin�ei perÐou se uyìmetro 90 km,

aux�nei sqedìn ekjetik� mèqri thn koruf  twn 62 km, kai sth sunèqeia elatt¸netai mèqri

perÐpou ta 45 km apì thn epif�neia thc AfrodÐthc. Autì èqei wc apotèlesma mon�qa èna

polÔ mikrì kl�sma swmatidÐwn na ft�nei telik� sthn epif�neia thc AfrodÐthc.

'Opwc eÐnai anamenìmeno, h energeiak  enapìjesh eÐnai megalÔterh se sunj kec el�qisthc

drasthriìthtac, me to mègisto thc enapìjeshc sto hliakì mègisto na eÐnai kat� 42.2% mi-

krìtero se sqèsh me to hliakì el�qisto. Sth sunèqeia, pragmatopoioÔme mÐa sÔgkrish me thn

enapìjesh enèrgeiac mèsa sth g inh atmìsfaira, kai pio sugkekrimèna gia sunj kec hliakoÔ

elaqÐstou (2009) kai kat¸fli magnhtik c duskamyÐac 0GV . ParathroÔme pwc h enapìjesh

enèrgeiac sth Gh eÐnai kat� 40% mikrìterh se sqèsh me to hliakì el�qisto sthn AfrodÐth

kai 3.7% megalÔterh se sqèsh me to hliakì mègisto.

Kat� th di�rkeia tou èntonou prwtonikoÔ gegonìtoc �worst week�, parathroÔme pwc h

enapìjesh enèrgeiac sta di�fora str¸mata thc atmìsfairac thc AfrodÐthc eÐnai megalÔterh

kat� treic t�xeic megèjouc megalÔterh se sqèsh me  remec sunj kec. Parìl' aut�, to mègisto

parathreÐtai sta 94 km, dhlad  sqedìn 30 km pio p�nw se sqèsh me to hliakì el�qisto /

mègisto, me apotèlesma aut� ta polÔ energhtik� swmatÐdia, na mh ft�noun praktik� sthn

katoik simh z¸nh (Dartnell et al., 2015).

� DosimetrikoÐ upologismoÐ sthn atmìsfaira thc AfrodÐthc

Sth sunèqeia pragmatopoi jhkan dosimetrikoÐ upologismoÐ me to ergaleÐo DYASTIMA-R

gia 20 iterations. Pio sugkekrimèna, sto Sq ma 5.34 dÐnetai o rujmìc isodÔnamhc dìshc peri-

b�llontoc dH∗(10)/dt gia sunj kec el�qisthc kai mègisthc hliak c drasthriìthtac (p�nw),

all� kai kat� th di�rkeia tou gegonìtoc �worst week� (k�tw). Gia thn exom�lunsh twn dedo-

mènwn, gia k�je shmeÐo èqei qrhsimopoihjeÐ o mèsoc ìroc ± 10 shmeÐwn.

ParathroÔme pwc o rujmìc dìshc eÐnai praktik� o Ðdioc tìso sto hliakì el�qisto ìso kai

sto hliakì mègisto, ìtan anaferìmaste sthn pijan  katoik simh z¸nh (43 km - 62 km). Apì

ekeÐ kai p�nw o rujmìc aÔxhshc thc dìshc diathreÐtai sqetik� stajerìc kai apì ta 100 km,

h kampÔlh tou rujmoÔ dìshc gÐnetai epÐpedh, kaj¸c ta pio energhtik� swmatÐdia dieisdÔoun

me el�qistec ap¸leiec enèrgeiac (kurÐwc lìgw ionismoÔ) protoÔ oi purhnikèc allhlepidr�seic

kai o kataigismìc twn prwtogen¸n swmatidÐwn epikrat soun (Dartnell et al., 2015). EpÐshc,
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Sq ma 5.34: Rujmìc dìshc aktinobolÐac sthn atmìsfaira thc AfrodÐthc gia sunj kec hliakoÔ
elaqÐstou kai megÐstou (p�nw) kai gia th �worst week� (k�tw).

ìpwc eÐnai anamenìmeno, o rujmìc dìshc eÐnai uyhlìteroc se sunj kec el�qisthc hliak c

drasthriìthtac, lìgw thc antisusqètishc me thn èntash thc kosmik c aktinobolÐac (Herbst

et al., 2020; Youngquist et al., 2014).

AntÐstoiqa, kat� th di�rkeia tou èntonou gegonìtoc, blèpoume pwc oi korufèc sto rujmì

dìshc emfanÐzontai yhl� sthn atmìsfaira thc AfrodÐthc, ektìc thc pijan c katoik simhc

zw c, ìpou ètsi ki alli¸c oi sunj kec den eÐnai idanikèc gia th diat rhsh zw c. 'Etsi, par�

to gegonìc ìti o mègistoc rujmìc dìshc mporeÐ na eÐnai treic t�xeic megèjouc megalÔteroc se

sqèsh me tic sunj kec el�qisthc hliak c drasthriìthtac, h dìsh eÐnai polÔ mikr  sta 43 km

- 62 km (Dartnell et al., 2015).

Sto Sq ma 5.35, gÐnetai mÐa sÔgkrish thc kat¸terhc atmìsfairac thc Ghc (0 km - 20 km)

gia kat¸fli magnhtik c duskamyÐac 0GV kai thc pijan c katoikÐsimhc z¸nhc thc AfrodÐthc

(43 km - 63 km) gia sunj kec el�qisthc kai mègisthc hliak c drasthriìthtac. ParathroÔme

pwc o rujmìc isodÔnamhc dìshc perib�llontoc sthn katoikÐsimh z¸nh thc AfrodÐthc eÐnai �me-

sa sugkrÐsimoc me tic sunj kec hliakoÔ megÐstou sthn kat¸terh atmìsfaira thc Ghc, me thn

atmìsfaira thc AfrodÐthc na prosfèrei ousiastik� epark  prostasÐa ènanti twn kosmik¸n

aktÐnwn sthn perioq  aut . To gegonìc autì èqei odhg sei polloÔc epist monec na prote-

Ðnoun th dhmiourgÐa mÐac plwt c epnadrwmènhc platfìrmac sthn AfordÐth pou ja kumaÐnetai

metaxÔ 50 km - 57 km, ìpou gia qrìnia den ja gÐnetai upèrbash twn proteinìmenwn orÐwn
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Sq ma 5.35: SÔgkrish tou rujmoÔ dìshc sth Gh kai thn AfrodÐth.

aktinoprostasÐac gia ta plhr¸mata twn diasthmik¸n apostol¸n (Youngquist et al., 2014).

5.4.2 Plan thc 'Arhc

IdiaÐtero endiafèron gia melètec aktinoprostasÐac èqei anamfÐbola o 'Arhc, kaj¸c apoteleÐ

xek�jaro stìqo thc diasthmik c exereÔnhshc. Mèqri s mera, pl joc thlekateujunìmenwn

rovers èqoun staleÐ sthn epif�neia tou kìkkinou plan th, ìpwc to Sojourner, to Spirit, to

Opportunity, to Curiosity, me teleutaÐo to Perseverance, to opoÐo prosgei¸jhke mìlic to

Febrou�rio tou 2021. Stìqoc ìlwn twn apostol¸n aut¸n eÐnai h exereÔnhsh thc epif�neiac

tou plan th, o kajorismìc twn stoiqeÐwn sta petr¸mat� tou, kaj¸c kai h exèlixh tou pe-

rib�llontoc me to pèrasma twn et¸n. Par�llhla, èqoun pragmatopoihjeÐ pollèc apostolèc

kai gia th melèth thc atmìsfair�c tou, en¸ sto sqetik� �meso mèllon problèpetai h pragma-

topoÐhsh kai epandrwmènwn apostol¸n. Gia to lìgo autì krÐnetai aparaÐthth h melèth tou

perib�llontoc aktinobolÐac kai twn epipèdwn dìshc lìgw kosmik c aktinobolÐac sta opoÐa

endèqetai na ektejoÔn ta plhr¸mata twn diasthmik¸n skaf¸n.

O 'Arhc èqei mìlic th mis  aktÐna se sqèsh me th Gh, kai perÐpou to 15% thc m�zac thc.

EÐnai o epìmenoc se seir� apì th Gh plan thc tou hliakoÔ mac sust matoc kai apèqei apì

ton 'Hlio 1.5AU , dhlad  247.12 · 106 km. H epif�nei� tou eÐnai xhr  me meg�lec posìthtec

skìnhc, kai kalÔptetai apì q¸ma ploÔsio oxeÐdio tou sid rou, to opoÐo odhgeÐ sthn kokkinwp 

emf�nis  tou. Wstìso, up�rqoun meg�lec sugkentr¸seic neroÔ se morf  p�gou stic polikèc
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perioqèc Planum Boreum kai Planum Australe. Epiplèon, ènac paqÔc mandÔac pou paramènei

pagwmènoc kaj 'ìlh th di�rkeia tou ètouc pou apl¸netai apì ton pìlo mèqri gewgrafik�

pl�th perÐpou 60o (permafrost), upodeiknÔei thn Ôparxh pagwmènou neroÔ k�tw apì meg�lo

mèroc thc epif�neiac tou 'Arh. Sthn epif�nei� tou up�rqoun epÐshc poll� diakrit� kan�lia, ta

opoÐa èqoun odhg sei polloÔc epist monec na pisteÔoun ìti aut� sqhmatÐsthkan -toul�qiston

en mèrei- apì th di�brwsh tou neroÔ.

H klÐsh tou �xona tou 'Arh eÐnai sqedìn h Ðdia me aut  thc Ghc, gegonìc pou upodeiknÔei

ìti o 'Arhc parousi�zei epoqèc kai metabolèc jermokrasÐac parìmoiec me th Gh. H atmìsfaira

tou 'Arh eÐnai polÔ lept  se sÔgkrish me aut  thc Ghc, me pÐesh pou kumaÐnetai apì 0.4 −
0.87 kPa, isodÔnamh me perÐpou to 1% thc pÐeshc sth gh sto epÐpedo thc j�lassac. To

b�joc jwr�kishc pou prosfèrei eÐnai mìlic ∼ 20g/cm2, ènanti tou ∼ 103g/cm2 thc Ghc

(Matthiä and Berger, 2017). Ta kuriìtera sustatik� thc atmìsfairac tou 'Arh eÐnai to CO2

(95%), N2 (3%) kai Ar (2%). Autì, se sunduasmì me th megalÔterh apìstash se sqèsh me

ton 'Hlio, odhgeÐ se shmantik  diafor� metaxÔ thc mèshc epifaneiak c jermokrasÐac Gh kai

ton 'Arh, me ton 'Arh na eÐnai polÔ pio krÔoc me mèsh jermokrasÐa −46oC. H atmìsfair�

tou perièqei epÐshc arket  skình me swmatÐdia diamètrou mikrìterh apì 1.5µm, to opoÐo dÐnei

ston ouranì tou 'Arh èna kastanìqrwmo qr¸ma ìtan faÐnetai apì thn epif�neia. O plan thc

antimetwpÐzei epÐshc kataigÐdec skìnhc (dust storms), oi opoÐec mporoÔn na metatrapoÔn se

mikroÔc anemostrìbilouc.

Blèpoume loipìn ìti h atmìsfaira tou 'Arh eÐnai èna pl rec kai perÐploko sÔsthma, pou

dièpetai apì sugkekrimènec fusikèc, dunamikèc kai qhmikèc diadikasÐec. Oi hmer sioi kai e-

poqiakoÐ kÔkloi, se sunduasmì me thn akraÐa kai diaforopoihmènh topografÐa, kajistoÔn to

klÐma tou kìkkinou plan th arket� metablhtì wc proc to di�sthma kai to qrìno, kai up�rqei

an�gkh montelopoÐhshc kai prìbleyhc twn metabol¸n aut¸n. Gia to lìgo autì dhmiourg jhke

h Martian Climate Database, h opoÐa èqei stìqo th realistik  kai axiìpisth montelopoÐhsh

tou AreianoÔ klimatologikoÔ sust matoc (Forget et al., 1999; Millour et al., 2018). Ana-

ptÔqjhke apì to Laboratoire de Météorologie Dynamique du CNRS (ParÐsi) se sunergasÐa

me ta Open University kai Oxford University (Hnwmèno BasÐleio), kai to Instituto de A-

strofisica de Andalucia (IspanÐa) me thn upost rixh thc Eurwpaðk c UphresÐac Diast matoc

kai tou Centre National d’Etudes Spatiales (CNES) kai dianèmetai eleÔjera mèsw thc isto-

selÐdac www − mars.lmd.jussieu.fr/mars/info web/index.html. Prìkeitai gia mÐa b�sh

dedomènwn metewrologik¸n pedÐou pou proèrqontai apì arijmhtikèc prosomoi¸seic tou Gene-

ral Circulation Model sthn atmìsfaira tou 'Arh, pou epikur¸nontai me th qr sh diajèsimwn

pragmatik¸n dedomènwn parat rhshc.
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Oi kuriìterec epidr�seic sto atmosfairikì profÐl tou 'Arh ofeÐlontai stic hliakèc sun-

j kec kai sta epÐpeda skìnhc. Oi hliakèc sunj lec perigr�foun th metabol  thc eiserqìmenhc

akraÐac uperi¸douc aktinobolÐac (Extreme UV, EUV), h opoÐa parousi�zei mÐa endekaet  me-

tabol  kai jermaÐnei thn atmìsfairac p�nw apì to Ôyoc twn 120 km. Ta di�fora �sen�ria

skìnhc� prospajoÔn na upologÐsoun thn metabol  thc posìthtac kai thc katanom c thc aiw-

roÔmenhc skìnhc. Pio sugkekrimèna, sta plaÐsia thc diatrib c qrhsimopoi jhke to sen�rio

Climatology, to opoÐo apoteleÐ mÐa antiproswpeutik  kat�stash qwrÐc skình, gia sunj kec

mègisthc kai el�qisthc hliak c drasthriìthtac. Oi timèc autèc èqoun prokÔyei apì thn ana-

kataskeu  parathr sewn gia ta Areian� èth 24 èwc 31. Par�llhla, prokeimènou na melethjeÐ

h epÐdrash thc skìnhc, qrhsimopoi jhke kai to sen�rio Dust storm se sunj kec hliakoÔ e-

laqÐstou, to opoÐo antiproswpeÔei ton 'Arh kat� th di�rkeia mÐac kataigÐdac skìnhc. To

atmosfairikì profÐl gia ta sen�ria aut� parist�netai grafik� sto Sq ma 5.36.

Sq ma 5.36: To atmosfairikì profÐl tou 'Arh gia di�forec sunj kec, ìpwc èqei prokÔyei apì th
Martian Climate Database (Forget et al., 1999; Millour et al., 2018).

Endeiktik�, gia tic prosomoi¸seic me to ergaleÐo DYASTIMA sthn atmìsfaira tou 'Arh

qrhsimopoi jhkan oi parak�tw timèc:

� mèsh aktÐna: RM = 3386.2 km,

� mèsh epifaneik  pÐesh: P = 6.36mbar, kai

� epit�qunsh thc barÔthtac: g = 3.7m/sec2
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Perisssìterec plhroforÐec gia ta genik� qarakthristik� tou 'Arh mporoÔn na brejoÔn kai

sthn akìloujh istoselÐda https://nssdc.gsfc.nasa.gov/planetary/factsheet/marsfact.html. Gia

ton kajorismì tou atmosfairikoÔ profÐl qrhsimopoi jhke to Martian Climate Database. H

physics list pou qrhsimopoi jhke, ìpwc kai sthn perÐptwsh thc Ghc kai thc AfrodÐthc, e-

Ðnai h FTFP BERT HP (Herbst et al., 2020; Plainaki et al., 2016). Oi prosomoi¸seic

pragmatopoi jhkan gia 30000 events.

O 'Arhc, ìpwc kai h AfrodÐth, den parousi�zei shmantikì eggenèc magnhtikì pedÐo, ikanì

na ektrèyei fortismèna swmatÐdia kai na parèqei mÐa prostasÐa en�ntia sthn ionÐzousa kosmik 

aktinobolÐa (Matthiä and Berger, 2017). Parìla aut� emfanÐzei adÔnama magnhtik� pedÐa se

di�forec perioqèc, ta opoÐa faÐnetai na eÐnai to kat�loipo mÐac magnhtìsfairac. Aut� èqoun

mègisth isqÔ 1500nT , eÐnai dhlad  perÐpou 20 èwc 40 forèc mikrìtera apì to magnhtikì pedÐo

thc Ghc. 'Etsi, oi sunist¸sec tou magnhtikoÔ pedÐou èqoun l�bei thn tim  0 (BX = 0, BY =

0, BZ = 0) gia tic prosomoi¸seic pou pragmatopoi jhkan sth diatrib  aut . Lìgw apousÐac

planhtikoÔ magnhtikoÔ pedÐou, ta swmatÐdia galaxiak c kai hliak c kosmik c aktinobolÐac

apoteloÔn praktik� mÐa isìtroph phg  aktinobolÐac ston 'Arh.

'Etsi, h mình jwr�kish en�ntia sta energhtik� swmatÐdia thc kosmik c aktinobolÐac ofe-

Ðletai apokleistik� sthn atmìsfaira tou 'Arh, to p�qoc thc opoÐa poikÐllei an�loga me to

uyìmetro, me ta uyhlìtera uyìmetra na eÐnai ligìtero jwrakismèna. Epomènwc, h epif�neia

tou 'Arh ektÐjetai suneq¸c se polÔ uyhlìtera epÐpeda aktinobolÐac se sqèsh me th Gh, to

opoÐo apoteleÐ shmantikì kÐnduno gia mellontikèc epandrwmènec apostolèc, me ta epÐpeda

dìshc na aggÐzoun ta 200 − 300mSv an� ètoc (Zeitlin et al., 2004). H makroqrìnia aut 

èkjesh se uyhl� epÐpeda aktinobolÐac apoteleÐ epÐshc mÐa shmantik  ptuq  thc èreunac gia

to an o 'Arhc èqei filoxen sei zw  sto pareljìn (Matthiä and Berger, 2017).

Ta prwtogen  swmatÐdia pou dièrqontai apì thn Areian  atmìsfaira mporeÐ na upostoÔn

anelastikèc sked�seic me ta swmatÐdia thc arai c atmìsfairac kai na q�soun thn enèrgei�

touc, all� kai na dhmiourg soun deutereÔonta swmatÐdia mèsw atmosfairik¸n kataigism¸n.

Aut� ta deutereÔonta swmatÐdia allhlepidroÔn peraitèrw tìso me thn atmìsfaira tou 'Arh

kaj¸c diadÐdontai proc ta k�tw ìso kai me ta epifaneiak� petr¸mata. Autì èqei wc apotèle-

sma th dhmiourgÐa polÔ sÔnjetwn fasm�twn sthn epif�neia tou 'Arh, ta opoÐa perilamb�noun

tìso prwtogen  swmatÐdia (apì ta peristasiak� hliak� energhtik� swmatÐdia all� kai apì th

mìnima paroÔsa galaxiak  kosmik  aktinobolÐa) ìso kai apì deuterogen  swmatÐdia, kaj¸c

kai swmatÐdia albedo pou par�gontai sta petr¸mata (Jingnan Guo et al., 2019; Matthiä et al.,

2017). To pedÐo aktinobolÐac autì apoteleÐ pijanì kÐnduno gia thn ugeÐa twn astronaut¸n

stic pijanèc mellontikèc epandrwmènec apostolèc ston 'Arh. Oi mhqanismoÐ allhlepÐdrashc
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mporoÔn na gÐnoun katanohtoÐ me èna sunduasmì metr sewn kai upologistik¸n montèlwn. A-

xÐzei na shmeiwjeÐ pwc h �anodik  dìsh� pou par�getai kurÐwc sta petr¸mata tou 'Arh, eÐnai

polÔ qamhlìterh apì thn �kajodik � dìsh, to opoÐo upodhl¸nei thn apotelesmatik  prosta-

sÐa pou mporeÐ na parèqei to èdafoc tou 'Arh apì thn epikÐndunh ionÐzousa aktinobolÐa, gia

th dhmiourgÐa enìc pijanoÔ anjr¸pinou biìtopou ekeÐ (Jingnan Guo et al., 2019).

To prwtogenèc f�sma twn galaxiak¸n kosmik¸n swmatidÐwn gia sunj kec mègisthc kai

el�qisthc hliak c drasthriìthtac ex qjh apì to montèlo CREME2009 (Mendenhall and W-

eller, 2012; Nymmik et al., 1992; Tylka et al., 1997, 2010). To f�sma autì eÐnai to Ðdio me

ekeÐno pou qrhsimopoi jhke kai sthn perÐptwsh thc AfrodÐthc (Sq ma 5.32. Autì sumbaÐnei,

giatÐ par� to gegonìc ìti o 'Arhc brÐsketai kat� 50% makrÔtera apì ton 'Hlio se sqèsh me

th Gh, h ro  thc galaxiak c kosmik c aktinobolÐac eÐnai isìqwrh kai isìtroph, me apotèle-

sma h metabol  thc ro c kat� m koc thc aktinik c dieÔjunshc na jewreÐtai amelhtèa. Gia

thn prosomoÐwsh tou senarÐou “worst week”, to f�sma diorj¸jhke me b�sh to gewmetrikì

par�gonta 1/R2, ìpou R h mèsh apìstash 'Arh � 'Hliou (1.5AU) (Sq ma 5.37).

Sq ma 5.37: F�sma prwtogenoÔc kosmik c aktinobolÐac apì to montèlo CREME2009 gia thn
atmìsfaira tou 'Arh gia th �worst week�.

� Enapìjesh enèrgeiac sthn atmìsfaira tou 'Arh

H ro  thc galaxiak c kosmik c aktinobolÐac ston 'Arh, metab�lletai an�loga me thn

hliak  drasthriìthta, me parìmoio trìpo me th Gh (Zeitlin et al., 2004). Sto hliakì mègi-

sto, enisqumènoc arijmìc swmatidÐwn kai sÔnjeta diaplanhtik� magnhtik� pedÐa sto kontinì
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perib�llon tou 'Arh, allhlepidroÔn me ta eiserqìmena galaxiak� swmatÐdia, di¸qnontac ta

swmatÐdia qamhlìterhc enèrgeiac apì thn prospÐptousa aktinobolÐa. Autì èqei wc apotèle-

sma, h sunist¸sa thc galaxiak c kosmik c aktinobolÐac sto eswterikì perib�llon tou 'Arh

na èqei uyhlìterh mèsa enèrgeia all� qamhlìterh ro  sto hliakì mègisto, se sqèsh me to

hliakì el�qisto (McKenna-Lawlor et al., 2012).

Sq ma 5.38: Enapìjesh enèrgeiac sthn atmìsfaira tou 'Arh gia sunj kec hliakoÔ elaqÐstou kai
megÐstou (p�nw), gia mèsec sunj kec kai sunj kec �skìnhc� (mèsh) kai gia th “worst week” (k�tw).

Sto Sq ma 5.38 parousi�zetai h energeiak  enapìjesh twn deuterogen¸n swmatidÐwn sta

di�fora atmosfairik� uyìmetra tou 'Arh (0 km èwc 200 km, ìpwc upologÐsthke me to ergaleÐo

DYASTIMA. Sto p�nw mèroc, pragmatopoieÐtai sÔgkrish thc energeiak c enapìjeshc gia
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sunj kec hliakoÔ megÐstou kai hliakoÔ elaqÐstou, antÐstoiqa. Opwc eÐnai anamenìmeno, se

sunj kec hliakoÔ megÐstou, lìgw qamhlìterhc ro c, parathreÐtai kai qamhlìterh enapìjesh

enèrgeiac se sqèsh me to hliakì el�qisto, h opoÐa eÐnai perÐpou treic forèc mikrìterh wc proc

thn perÐodo tou elaqÐstou.

ParathroÔme, epÐshc, pwc h prwtogen c kosmik  aktinobolÐa dianÔei praktik� anenìqlhth

thn atmìsfaira tou 'Arh, me touc kataigismoÔc na xekinoÔn se Ôyoc perÐpou 40 km, parìmoio

me autì thc Ghc. Parìla aut�, h enapìjesh enèrgeiac aux�netai diark¸c me thn el�ttwsh

tou Ôyouc, exaitÐac thc polÔ arai c atmìsfairac tou 'Arh, kai paÐrnei th mègisth tim  thc

praktik� sthn epif�neia tou ed�fouc.

Sth mèsh tou Sq matoc 5.38 apeikonÐzetai h enapìjesh enèrgeiac se sunj kec hliako-

Ô elaqÐstou gia mèsec sunj kec thc atmìsfairac tou 'Arh, k�nontac qr sh tou senarÐou

Climatology, all� kai gia sunj kec skìnhc me to sen�rio Dust storm. Apì th sÔgkrish

aut , sumperaÐnoume ìti h parousÐa skìnhc praktik� den ephre�zei th diadikasÐa enapìje-

shc enèrgeiac apì ton kataigismì, kaj¸c den parathreÐtai k�poia ousiastik  diafor� sthn

enapotijèmenh enèrgeia gia tic dÔo autèc peript¸seic.

Tèloc, sto k�tw mèroc tou Sq matoc 5.38 Kat� th di�rkeia enìc èntonou hliakoÔ ge-

gonìtoc, h enapìjesh enèrgeiac eÐnai èwc kai treic t�xeic megèjouc uyhlìterh se sqèsh me

� remec� sunj kec hliak c drasthriìthtac. AntÐjeta me to hliakì el�qisto kai to hliakì

mègisto, sth “worst week� parathreÐtai èna mègisto sthn enapìjesh enèrgeiac perÐpou sta

40 km, h opoÐa mei¸netai plhsi�zontac proc thn epif�neia tou 'Arh.

� DosimetrikoÐ upologismoÐ sthn atmìsfaira tou 'Arh

Sth sunèqeia pragmatopoi jhkan dosimetrikoÐ upologismoÐ sthn atmìsfaira tou 'Arh, me

to ergaleÐo DYASTIMA-R gia 20 iterations, gia ta parap�nw sen�ria. Pio sugkekrimèna,

sto Sq ma 5.39 dÐnetai o rujmìc isodÔnamhc dìshc perib�llontoc dH∗(10)/dt gia sunj kec

el�qisthc kai mègisthc hliak c drasthriìthtac (p�nw), all� kai gia diaforetikèc sunj kec

skìnhc (mèsec sunj kec kai sunj kec kataigÐdac skìnhc) gia to hliakì el�qisto (k�tw).

Gia thn exom�lunsh twn dedomènwn, gia k�je shmeÐo èqei qrhsimopoihjeÐ o mèsoc ìroc ± 10

shmeÐwn.

ParathroÔme ìti o rujmìc dìshc aux�netai sqedìn grammik� apì thn epif�neia tou ed�fouc

mèqri to uyìmetro twn 40 km, ìpou kai paÐrnei th mègisth tim  tou. Apì ta 40 km kai �nw, h

dìsh gÐnetai anex�rthth tou atmosfairikoÔ uyomètrou, kaj¸c h kampÔlh tou rujmoÔ dìshc

gÐnetai praktik� epÐpedh. EpÐshc, ìpwc eÐnai anamenìmeno, o rujmìc dìshc eÐnai uyhlìteroc se

sunj kec hliakoÔ, exaitÐac thc arnhtik c susqètishc pou parousi�zei h hliak  drasthriìthta
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Sq ma 5.39: Rujmìc isodÔnamhc dìshc perib�llontoc sthn atmìsfaira tou 'Arh gia sunj kec
hliakoÔ elaqÐstou kai megÐstou (p�nw), gia mèsec sunj kec kai sunj kec �skìnhc� (mèsh) kai gia th

“worst week” (k�tw).

me thn èntash thc kosmik c aktinobolÐac (McKenna-Lawlor et al., 2012; Zeitlin et al., 2004).

Se k�je uyìmetro, o rujmìc dìshc sto hliakì el�qisto eÐnai dipl�sioc apì autìc sto hliakì

mègisto.

'Opwc sthn enapìjesh enèrgeiac, ètsi kai sto rujmì dìshc, blèpoume ìti h parousÐa

skìnhc, den epifèrei ter�stiec diaforèc. H kampÔlh dìshc akoloujeÐ thn Ðdia morf  tìso gia

to sen�rio Climatology, ìso kai gia to sen�rio Dust storm, me parousÐa mikr¸n antistrof¸n,

pou ìmwc den all�zoun thn t�sh.

AntÐstoiqa, parathroÔme pwc kat� th di�rkeia thc “worst week” o rujmìc dìshc aggÐzei

ta merik� mSv/h, dhlad  èwc kai treic t�xeic megèjouc uyhlìteroc se sqèsh me � remec� sun-

j kec hliak c drasthriìthtac, apotel¸ntac ètsi ènan pragmatikì kÐnduno gia tic mellontikèc

epandrwmènec apostolèc ston 'Arh.

Tèloc, sto Sq ma 5.40 pragmatopoieÐtai mÐa sÔgkrish thc kat¸terhc atmìsfairac thc Ghc

(0 km - 20 km) gia kat¸fli magnhtik c duskamyÐac 0GV kai tou 'Arh gia sunj kec el�qi-

sthc kai mègisthc hliak c drasthriìthtac. ParathroÔme pwc sthn epif�neia thc Ghc, dhlad 

se Ôyoc 0 km - 4 km, o rujmìc dìshc eÐnai sqedìn mhdaminìc kai anex�rthtoc thc hliak c

drasthriìthtac, kaj¸c shmantikèc apoklÐseic arqÐzoun na parathroÔntai apì ta 10 km kai
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Sq ma 5.40: SÔgkrish tou rujmoÔ dìshc sth Gh kai ton 'Arh.

�nw. Den isqÔei ìmwc kai gia ton 'Arh, exaitÐac thc polÔ qamhl c jwr�kishc pou prosfèrei h

atmìsfair� tou en�ntia sthn epikÐndunh ionÐzousa kosmik  aktinobolÐa. Se sunj kec hliakoÔ

megÐstou, o rujmìc dìshc sthn epif�neia tou 'Arh eÐnai 10 forèc megalÔteroc apì autìn sth

Gh, en¸ se sunj kec hliakoÔ elaqÐstou, sqedìn 20 forèc megalÔteroc. 'Etsi, mellontik�

plhr¸mata apostol¸n ston 'Arh, pèra apì thn uyhl  èkjesh se aktinobolÐa sto bajÔ di-

�sthma (deep space) kat� th di�rkeia thc metafor�c touc ston 'Arh, ja sunant soun kai

idiaÐtera uyhl� epÐpeda aktinobolÐac sthn epif�neia tou 'Arh, h opoÐa ja eÐnai mìno elafr¸c

elattwmènh se sqèsh me aut  sto di�sthma, lìgw thc apousÐac magnhtikoÔ pedÐou kai thc

arai c atmìsfairac tou 'Arh (Youngquist et al., 2014; Zeitlin et al., 2004). H anaz thsh

kat�llhlwn mètrwn aktinoprostasÐac gia mÐa tètoia apostol  krÐnetai aparaÐthth.
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6 Sumper�smata kai Prooptikèc

Sto kef�laio autì, parousi�zontai ta basik� sumper�smata pou prokÔptoun apì thn paroÔsa

diatrib , kaj¸c kai oi prooptikèc kai ta mellontik� sqèdia thc èreunac aut c.

6.1 UpologismoÐ dìsewn stouc hliakoÔc kÔklouc 23 & 24

Sth diatrib  aut  pragmatopoi jhkan upologismoÐ tou rujmoÔ isodÔnamhc dìshc aktinobolÐac

perib�llontoc me qr sh tou logismikoÔ DYASTIMA-R kat� th di�rkeia twn dÔo teleutaÐwn

hliak¸n kÔklwn 23 kai 24, oi opoÐoi kalÔptoun ta qronik� diast mata 1996-2008 kai 2009-

2019. AxÐzei na shmeiwjeÐ ìti en¸ melètec upologismoÔ dìsewn èqoun pragmatopoihjeÐ kai

apì �llouc ereunhtèc gia ton hliakì kÔklo 23 me di�fora montèla, sthn paroÔsa diatri-

b  pragmatopoieÐtai gia pr¸th for� oloklhrwmènh antÐstoiqh melèth gia ton hliakì kÔklo

24. Gia to skopì autì pragmatopoi jhke ènac meg�loc arijmìc Monte Carlo prosomoi¸sewn

(�nw twn 400) pou perilamb�noun metabolèc tou rujmoÔ dìshc sunart sei a) tou katwflÐou

magnhtik c duskamyÐac, b) thc f�shc thc hliak c drasthriìthtac, g) tou Ôyouc mèsa sthn

atmìsfaira kai d) tou eÐdouc twn deuterogen¸n swmatidÐwn.

a) 'Oson afor� thn epÐdrash tou katwflÐou magnhtik c duskamyÐac stouc upologismoÔc

apì 0GV èwc 17GV , parathr jhke ìti:

� Oi polikèc perioqèc (Rc = 0GV ) qarakthrÐzontai apì ton uyhlìtero rujmì dìshc kai e-

nergeiak c enapìjeshc, en¸ oi mesaÐou pl�touc kai oi ishmerinèc perioqèc (Rc = 17GV )

apì qamhlìterec timèc. To gegonìc autì ofeÐletai sth dom  thc magnhtìsfairac, ìpou

èqoume anoiqtèc dunamikèc grammèc stouc pìlouc kai sunep¸c auxhmènh ro  eiserqìme-

nwn kosmik¸n swmatidÐwn, kai meg�lh jwr�kish lìgw tou gewmagnhtikoÔ pedÐou ston

Ishmerinì.

� H katanom  tou rujmoÔ dìshc, eÐnai me arket� kal  prosèggish, eÐnai ekjetik  se ìlo

to eÔroc tim¸n thc magnhtik c duskamyÐac (Sq mata 5.12 - 5.17). H sumperifor� aut 

emfanÐzetai se ìlec tic f�seic tou hliakoÔ kÔklou.

'Ena par�deigma metabol c thc magnhtik c duskamyÐac kai tou rujmoÔ thc dìshc se su-

n�rthsh me tic gewgrafikèc suntetagmènec gia to ètoc 2009 dÐnetai sto Sq ma 6.1, ìpou

parathreÐtai saf¸c h anwtèrw perigrafìmenh sumperifor�.
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Sq ma 6.1: Metabol  tou katwflÐou magnhtik c duskamyÐac (p�nw) kai tou rujmoÔ isodÔnamhc
dìshc perib�llontoc (k�tw) sunart sei twn gewgrafik¸n suntetagmènwn gia to 2009.

b) 'Oson afor� tic f�seic twn hliak¸n kÔklwn dedomènou ìti h èntash thc kosmik c

aktinobolÐac parousi�zei antisusqètish me ton kÔklo thc hliak c drasthriìthtac, apì touc

upologismoÔc pou pragmatopoi jhkan, parathroÔntai ta ex c:

� O rujmìc dìshc aktinobolÐac mèsa sthn atmìsfaira parousi�zei epÐshc arnhtik  su-
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sqètish me thn hliak  drasthriìthta. Pio sugkekrimèna, o rujmìc dìshc elaqisto-

poieÐtai kat� ta èth 2001 kai 2014, dhlad  sta mègista twn hliak¸n kÔklwn 23 kai

24, antÐstoiqa. AntÐjeth sumperifor� parathreÐtai kat� ta èth 2007 èwc 2009 pou

antistoiqoÔn sto ektetamèno el�qisto metaxÔ twn dÔo kÔklwn.

� H ex�rthsh tou rujmoÔ dìshc apì thn hliak  drasthriìthta eÐnai idiaÐtera emfan c stic

polikèc perioqèc, gia kat¸flia magnhtik c duskamyÐac 0GV èwc 2GV . H ex�rthsh

aut  mei¸netai me thn aÔxhsh tou katwflÐou magnhtik c duskamyÐac. Stic ishmerinèc

perioqèc (apì 15GV èwc 17GV ) o rujmìc dìshc gÐnetai anex�rthtoc thc f�shc tou

hliakoÔ kÔklou (Sq ma 5.18 - 5.20).

Aut  h ex�rthsh eÐnai emfan c sta Sq mata 6.2 kai 6.3, ìpou diakrÐnontai oi isodosikèc

kampÔlec sta sun jh uyìmetra pt shc (FL310, FL350, FL390) gia to hliakì mègisto 2001

kai gia to hliakì el�qisto 2009, antÐstoiqa.

g) 'Oson afor� thn epÐdrash tou uyomètrou mèsa sth g inh atmìsfaira sthn energeiak 

enapìjesh kai sto rujmì dìshc, parathr jhke ìti:

� H èkjesh sthn epif�neia thc Ghc lìgw kosmik c aktinobolÐac (0 km - 4 km) eÐnai sqedìn

mhdenik  kai anex�rthth thc hliak c drasthriìthtac (Sq ma 5.11).

� Tìso h energeiak  enapìjesh sta di�fora atmosfairik� str¸mata ìso kai o rujmìc

dìshc aux�nontai sqedìn grammik� mèqri to legìmeno mègisto Pfotzer (16 km - 20 km).

Apì ekeÐ kai met�, h enapìjesh enèrgeiac mei¸netai p�li, en¸ o rujmìc dìshc paramènei

sqedìn stajerìc (Sq ma 5.10).

� H ex�rthsh tou rujmoÔ dìshc apì thn hliak  drasthriìthta stic polikèc perioqèc eÐnai

pio èntonh sta megalÔtera uyìmetra, en¸ eÐnai mikrìterh stic mesaÐou kai mikroÔ gew-

grafikoÔ pl�touc perioqèc.

d) 'Oson afor� th suneisfor� twn diafìrwn sunistws¸n tou deuterogenoÔc kataigismoÔ

tìso sthn enapìjesh enèrgeiac sta di�fora atmosfairik� str¸mata, ìso kai sto rujmì dìshc,

parathr jhkan ta ex c:

� Ta netrìnia èqoun th megalÔterh suneisfor� sto rujmì dìshc me posostì pou kumaÐne-

tai apì 40% èwc 60%, an�loga me th f�sh thc hliak c drasthriìthtac kai to kat¸fli

magnhtik c duskamyÐac. AkouloujoÔn ta prwtìnia me suneisfor� 10% èwc 20%, en¸

mikrìterh suneisfor� parousi�zoun ta hlektrìnia, ta pozitrìnia, ta fwtìnia kai ta

miìnia (Sq ma 5.21).
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Sq ma 6.2: Isodosikèc kampÔlec gia ta uyìmetra FL310, FL350, FL390 gia to 2001.

� H suneisfor� twn prwtonÐwn kai twn netronÐwn elatt¸netai me thn aÔxhsh thc magnh-

tik c duskamyÐac, kai aux�netai h suneisfor� kurÐwc twn hlektronÐwn kai twn pozitro-

nÐwn. 'Etsi, stic polikèc perioqèc (0GV ), èqoume auxhmènh suneisfor� twn netronÐwn,

se antÐjesh me ta mikr� gewgrafik� pl�th.

� To 60% me 80% thc dìshc sta sun jh atmosfairik� uyìmetra pt shc apartÐzetai apì

swmatÐdia uyhl c grammik� metaferìmenhc enèrgeiac (LET ), ta opoÐa eÐnai pio epiblab 

gia touc zwntanoÔc organismoÔc. Autì eÐnai pou diaforopoieÐ kai thn epaggelmatik 
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Sq ma 6.3: Isodosikèc kampÔlec gia ta uyìmetra FL310, FL350, FL390 gia to 2009.

èkjesh twn plhrwm�twn aeroskaf¸n se sqèsh me �llouc ergazìmenouc se aktinobolÐec.

6.2 UpologismoÐ dìsewn se èntona gegonìta

Sth diatrib  aut  pragmatopoi jhkan upologismoÐ tou rujmoÔ isodÔnamhc dìshc aktinobolÐac

perib�llontoc me qr sh tou logismikoÔ DYASTIMA-R gia dÔo sen�ria �qeirìterhc perÐptwsh-

c�: to Worst Case GCR pou antistoiqeÐ sth qeirìterh perÐptwsh ro¸n galaxiak¸n kosmik¸n
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aktÐnwn, dhlad  se roèc pou eÐnai tìso uyhlèc kai èqoun mìno 10% pijanìthta na xeperastoÔn

apì pragmatikèc roèc an� p�sa stigm , kai gia to worst week, pou antistoiqeÐ sto èntono

hliakì gegonìc pou èlabe q¸ra ton Okt¸brio tou 1989, Ta kuriìtera sumper�smata eÐnai ta

ex c:

� O rujmìc dìshc parousi�zetai èwc kai 40% auxhmènoc se sqèsh me to hliakì el�qisto

sta 0 GV sthn perÐptwsh tou senarÐou Worst �se GCR. O rujmìc dìshc den parousi�zetai

auxhmènoc se sqèsh me to hliakì el�qisto gia meg�lec timèc duskamyÐac gia to sen�rio

autì (Sq ma 5.23).

� O rujmìc dìshc eÐnai èwc kai treic t�xeic megèjouc megalÔteroc kat� th di�rkeia enìc

èntonou hliakoÔ gegonìtoc “worst week” (Sq ma 5.26). Parìla aut�, to fainìmeno

autì parathreÐtai se meg�la atmosfairik� uyìmetra kai de faÐnetai na ephre�zei ta

sun jh atmosfairik� uyìmetra pt shc (FL310, FL350, FL390).

6.3 UpologismoÐ dìsewn kat� th di�rkeia pt sewn

Oi parap�nw prosomoi¸seic èdwsan gia pr¸th for� th dunatìthta ektÐmhshc thc èkjeshc

se kosmik  aktinobolÐa me to ergaleÐo DYASTIMA-R gia di�forec pt seic proc diejneÐc

proorismoÔc me shmeÐo anaq¸rhshc to aerodrìmio thc Aj nac El. Benizèloc (L�rnaka, R¸mh,

BerolÐno, Bruxèllec, ParÐsi, 'Amsterntam, Mìsqa, MadrÐth, LondÐno, Stokqìlmh, Rèikiabik,

Ntoump�i, Tìkuo, Nèa Uìrkh). Autì apoteleÐ mÐa shmantik  melèth topikoÔ qarakt ra,

qr simh gia tic aeroporikèc etaireÐec pou drasthriopoioÔntai ston elladikì q¸ro.

H èkjesh twn plhrwm�twn kaj¸c kai twn epibat¸n twn aeroskaf¸n kat� th di�rkeia mÐac

pt shc exart�tai apì:

� to Ôyoc pt shc: h aÔxhsh tou uyomètrou odhgeÐ se aÔxhsh thc dìshc, lìgw qamhl c

jwr�kishc thc atmìsfairac.

� th di�rkeia pt shc: oi pt seic me th mikrìterh di�rkeia, ìpwc Aj na - L�rnaka

kai Aj na - R¸mh, parousi�zoun th mikrìterh sunolik  isodÔnamh dìsh perib�llontoc,

en¸ oi pt seic me th megalÔterh di�rkeia, ìpwc Aj na - Nèa Uìrkh kai Aj na - Tìkuo,

lamb�noun th megalÔterh dìsh (Sq ma 5.28). Kat� th di�rkeia thc pt shc ìmwc den

sumbaÐnei ìmwc to Ðdio kai gia to rujmì dìshc.

� to gewgrafikì pl�toc, to opoÐo metafr�zetai se magnhtik  duskamyÐa: o rujmìc

dìshc paÐrnei mikrìterec timèc se pt seic pou pragmatopoioÔntai proc proorismoÔc pou
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qarakthrÐzontai apì meg�la kat¸flia magnhtik c duskamyÐac (MadrÐth, R¸mh, L�rna-

ka), me th qamhlìterh na antistoiqeÐ sthn pt sh proc Ntoump�i. AntÐjeta, pt seic proc

mikrìtera kat¸flia magnhtik c duskamyÐac (LondÐno, Stokqìlmh, Mìsqa) odhgoÔn se

auxhmènouc rujmoÔc dìshc, me thn pt sh proc Rèikiabik na antistoiqeÐ ston uyhlìtero

rujmì dìshc. Oi pt seic pou aforoÔn thn kentrik  Eur¸ph ('Amsterntam, BerolÐno,

Bruxèllec, ParÐsi) èqoun sqedìn ton Ðdio rujmì dìshc (Sq ma 5.29).

� th f�sh thc hliak c drasthriìthtac: oi uyhlìterec timèc sunolik c isodÔna-

mhc dìshc perib�llontoc parathroÔntai sto hliakì el�qisto, ìpwc eÐnai anamenìmeno.

AntÐstoiqa, o rujmìc dìshc akoloujeÐ ton endekaet  kai ton 22et  hliakì kÔklo, me tic

mikrìterec timèc na antistoiqoÔn sta hliak� mègista 2001 kai 2014, kai tic megalÔterec

timèc sto ektetamèno el�qisto an�mesa stouc hliakoÔc kÔklouc 23 kai 24 (2007-2009).

H ex�rthsh apì thn hliak  drasthriìthta eÐnai pio èntonh se pt seic pou lamb�noun

q¸ra se pio meg�la gewgrafik� pl�th.

Oi timèc sunolik c dìshc pou proèkuyan me to DYASTIMA-R sugkrÐjhkan me tic antÐstoi-

qec apì to logismikì CARI-7 (Copeland, 2017). ParathroÔntai mikrèc apoklÐseic tìso sto

ètoc 2001 ìso kai sto ètoc 2009, me to DYASTIMA-R na parèqei mikrìterec timèc se sqèsh

me to CARI-7 (Sq ma 5.30). Oi apoklÐseic autèc ofeÐlontai sta susthmatik� sf�lmata twn

montèlwn pou qrhsimopoioÔntai gia tic paramètrouc eisìdou, kaj¸c kai sto aplousteumèno

profÐl pt shc pou qrhsimopoi jhke stouc upologismoÔc sthn èreuna aut . H qr sh enìc pio

realistikoÔ profÐl pt shc eÐnai sta �mesa sqèdia.

6.4 UpologismoÐ dìsewn se �llouc plan tec

Q�rh sthn eleÔjerh parametropoÐhsh pou parèqei to DYASTIMA / DYASTIMA-R sto

qr sth, to logismikì autì dÐnei th dunatìthta efarmog c tou pèra apì thn atmìsfaira thc

Ghc kai se atmìsfairec �llwn planht¸n. Gia ton skopì autì, ègine me to DYASTIMA-R gia

pr¸th for� ektÐmhsh thc èkjeshc se kosmik  aktinobolÐa stouc dÔo kontinoÔc mac plan tec,

thn AfrodÐth kai ton 'Arh.

Ta sumper�smata pou proèkuyan gia thn atmìsfaira thc AfrodÐthc eÐnai ta a-

kìlouja:

� O deuterogen c kataigismìc xekin�ei perÐpou se uyìmetro 90 km kai aux�nei ekjetik�

mèqri thn koruf  thc �katoik simhc z¸nhc� sta 62 km, ìpou megistopoieÐtai h enapoti-

jèmenh enèrgeia (Sq ma 5.33).
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� Oi timèc thc enapìjeshc enèrgeiac kaj¸c kai tou rujmoÔ dìshc, eÐnai megalÔterec sto

hliakì el�qisto se sqèsh me to hliakì mègisto, kaj¸c tìte h diaforik  ro  paÐrnei

th mègisth tim  thc, lìgw thc arnhtik c susqètishc thc hliak c drasthriìthtac me thn

èntash twn kosmik¸n aktÐnwn (Forbush, 1958).

� O rujmìc isodÔnamhc dìshc perib�llontoc dH∗(10)/dt aux�netai stadiak� mèsa sthn

�katoik simh z¸nh� kai stajeropoieÐtai se uyìmetra �nw twn 100 km gia sunj kec mègi-

sthc kai el�qisthc hliak c drasthriìthtac (Sq ma 5.34).

� O rujmìc dìshc entìc thc �katoikÐsimhc z¸nhc� sto hliakì el�qisto eÐnai �mesa su-

gkrÐsimoc me tic sunj kec tou hliakoÔ megÐstou stic polikèc perioqèc thc Ghc.

� Kat� th di�rkeia tou èntonou hliakoÔ gegonìtoc �worst week� pou èlabe q¸ra ton O-

kt¸brio tou 1989, oi timèc thc enapotijèmenhc enèrgeiac kai tou rujmoÔ dìshc brèjhkan

na eÐnai èwc kai treic t�xeic megèjouc megalÔterec se sqèsh me to hliakì el�qisto, me

to mègistì touc na emfanÐzetai sta 94 km, ektìc twn orÐwn thc katoikÐsimhc z¸nhc.

AntÐstoiqa, apì tic prosomoi¸seic pou ektelèsthkan me to DYASTIMA /DYASTIMA-R

sthn atmìsfaira tou 'Arh, parathroÔme ta akìlouja:

� H prwtogen c kosmik  aktinobolÐa, exaitÐac thc qamhl c atmosfairik c jwr�kishc, dia-

nÔei anenìqlhth thn atmìsfaira tou 'Arh, mèqri perÐpou ta 40 km, ìpou kai xekinoÔn

oi deuterogeneÐc kataigismoÐ. H enapìjesh enèrgeiac sth sunèqeia aux�netai mèqri thn

epif�neia tou ed�fouc, ìpou megistopoieÐtai (Sq ma 5.38).

� O rujmìc isodÔnamhc dìshc perib�llontoc parousi�zei grammik  aÔxhsh apì thn epi-

f�neia tou 'Arh mèqri ta 40 km, kai paramènei sqedìn stajerìc phgaÐnontac proc ta

uyhlìtera atmosfairik� str¸mata.

� Oi mègistec timèc enapìjeshc enèrgeiac kai rujmoÔ dìshc lamb�noun q¸ra sto hliakì

el�qisto, ìpwc èqei parathrhjeÐ gia th Gh kai thn AfrodÐth (Sq ma 5.39). O rujmìc

dìshc eÐnai dipl�sioc sto hliakì el�qisto se sqèsh me to hliakì mègisto.

� O rujmìc dìshc eÐnai praktik� anex�rthtoc apì to uyìmetro, exaitÐac thc polÔ qamhl c

jwr�kishc thc atmìsfair�c tou.

� O rujmìc dìshc sthn epif�neia tou 'Arh eÐnai sto hliakì el�qisto èwc kai 20 forèc

megalÔteroc se sqèsh me th Gh, kai sto hliakì mègisto èwc 10 forèc megalÔteroc.
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� Kat� th di�rkeia tou èntonou hliakoÔ gegonìtoc “worst week” pou èlabe q¸ra ton O-

kt¸brio tou 1989, oi timèc thc enapotijèmenhc enèrgeiac kai tou rujmoÔ dìshc brèjhkan

na eÐnai èwc kai treic t�xeic megèjouc megalÔterec se sqèsh me to hliakì el�qisto.

Ta apotelèsmata gia thn AfrodÐth kai ton 'Arh eÐnai sÔmfwna me �llec melètec pou èqoun

pragmatopoihjeÐ (Dartnell et al., 2015; Herbst et al., 2020; Youngquist et al., 2014; Zeitlin

et al., 2004). Aut� parousi�zontai sunoptik� sto Sq ma 6.4 pragmatopoieÐtai mÐa sunolik 

sÔgkrish tou rujmoÔ isodÔnamhc dìshc perib�llontoc gia tic polikèc perioqèc thc Ghc, thc

AfrodÐthc kai tou 'Arh gia sunj kec hliakoÔ elaqÐstou kai hliakoÔ megÐstou. Pio sugke-

krimèna, gia th Gh kai ton 'Arh apeikonÐzetai h kat¸terh atmìsfaira (0 km - 20 km), en¸ gia

thn AfrodÐth h �katoik simh z¸nh� (43 km - 63 km).

Sq ma 6.4: SÔgkrish tou rujmoÔ dìshc sthn atmìsfaira thc Ghc, thc AfrodÐthc kai tou 'Arh,
ìpwc upologÐsthke me to DYASTIMA-R.

Sta mellontik� sqèdia aut c thc èreunac perilamb�netai beltÐwsh thc statistik c, kaj¸c

kai melèth kajìlh th di�rkeia enìc hliakoÔ kÔklou.
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6.5 Axiolìghsh tou DYASTIMA-R

AparaÐthth proupìjesh gia na exaqjoÔn axiìpista suumper�smata all� kai na gÐnei apodektì

to ergaleÐo DYASTIMA-R apì thn Eurwpaðk  Diasthmik  UphresÐa wc federated product,

 tan h axiolìghs  tou sÔmfwna me ta diejn  krit ria, ìpwc dÐnontai sth DhmosÐeush 132

thc ICRP (ICRP, 2016) kai sthn 'Ekjesh 84 thc ICRU (ICRU, 2010). Pio sugkekrimèna, h

ICRP kai h ICRU sunètaxan apì koinoÔ aut  thn èkjesh, h opoÐa parèqei dedomèna anafor�c

(Reference Data) gia th sÔgkrish kai thn axiolìghsh twn diafìrwn logismik¸n kai montèlwn

upologismoÔ thc èkjeshc sthn kosmik  aktinobolÐa. Aut� perilamb�noun dedomèna anafor�c

gia:

� TrÐa uyìmetra, pou kalÔptoun to megalÔtero eÔroc twn uyomètrwn pt shc twn

emporik¸n epibatik¸n aeroskaf¸n. Aut� eÐnai ta FL310 (9.45 km), FL350 (10.67 km),

FL390 (11.89 km).

� Dekaokt¸ timèc katakìrufhc magnhtik c duskamyÐac, apì 0GV èwc

17GV (me b ma 1GV ), pou kalÔptoun to pl rec eÔroc tim¸n tou gewgrafikoÔ pl�touc.

� Treic qronikèc periìdouc, pou antistoiqoÔn se diaforetikèc periìdouc hliak c

drasthriìthtac, ìpwc eÐnai Ianou�rioc 1998, Ianou�rioc 2000 kai Ianou�rioc 2002 (ana-

fèrontai sto Kef�laio 4.).

Sto plaÐsio thc axiolìghshc tou DYASTIMA-R pragmatopoi jhke ènac meg�loc arijmìc

Monte Carlo prosomoi¸sewn (48), ìpou upologÐsthke o rujmìc isodÔnamhc dìshc perib�l-

lontoc dH∗(10)/dt (µSv/h) gia ìlec tic parap�nw peript¸seic (Sq mata 4.3, 4.4, 4.5). Ta

apotelèsmata aut� èqoun  dh parousiasteÐ kai dhmosieujeÐ (Tezari et al., 2019, 2020), kai

sunoptik� eÐnai ta akìlouja:

� Se polikèc kai meg�lou pl�touc perioqèc (0GV èwc 2GV ) parousi�zontai polÔ mikrèc

apoklÐseic se sqèsh me ta dedomèna anafor�c, oi opoÐec den uperbaÐnoun to 15% kai gia

tic treic qronikèc periìdouc kai gia ta trÐa atmosfairik� uyìmetra pou melet jhkan.

� H apìklish aut  apì ta dedomèna anafor�c aux�netai me thn aÔxhsh tou katwflÐou

magnhtik c duskamyÐac.

� Sto par�juro katwflÐou magnhtik c duskamyÐac apì 0GV èwc 10GV parathreÐtai ìti

h posostiaÐa diafor� paramènei k�tw tou 30%, pou antistoiqeÐ sth mègisth apodekt 

apìklish, sÔmfwna me thn ICRU. Shmei¸noume ìti oi parap�nw perioqèc antistoiqoÔn

perÐpou sta trÐa tètarta thc sunolik c epif�neiac thc Ghc.
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� H apìklish gia kat¸flia magnhtik c duskamyÐac apì 10GV èwc 17GV (ishmerinèc pe-

rioqèc) kumaÐnetai metaxÔ 30% kai 40%, dhlad  uperbaÐnei elafr¸c th mègisth apodekt 

apìklish. AxÐzei na shmeiwjeÐ ìti oi perioqèc autèc den parousi�zoun èntono endiafèron

apì pleur�c aktinoprostasÐac, kaj¸c h meg�lh jwr�kish apì to gewmagnhtikì pedÐo

odhgeÐ se qamhlìterh èkjesh.

� Genik�, to DYASTIMA-R, parèqei stajer� mÐa apodekt  upoektÐmhsh tou rujmoÔ dìshc

sta trÐa parap�nw Ôyh kai stic treic qronikèc periìdouc pou exet�same se sqèsh me ta

dedomèna anafor�c, ìpwc �llwste kai ta perissìtera montèla.

Telikì sumpèrasma thc parap�nw axiolìghshc eÐnai ìti to ergaleÐo

DYASTIMA-R plhroÐ ikanopoihtik� ta krit ria pou proteÐnontai apì tic

ICRU / ICRP kai wc ek toÔtou mporeÐ na qrhsimopoihjeÐ gia ton axiìpisto

prosdiorismì thc èkjeshc twn plhrwm�twn kai twn epibat¸n aeroskaf¸n

se ionÐzousa kosmik  aktinobolÐa (Tezari et al., 2019, 2020).

Oi apoklÐseic pou anafèrontai anwtèrw ofeÐlontai se susthmatik� sf�lmata pou upeisèr-

qontai stic metr seic, ta opoÐa ofeÐlontai kurÐwc se peiramatikèc abebaiìthtec twn montèlwn

pou qrhsimopoioÔntai gia ton kajorismì twn basik¸n paramètrwn eisìdou tou DYASTIMA.

Endeiktik� mporoÔme na anafèroume ta ex c:

� To atmosfairikì profÐl thc Ghc pou qrhsimopoi jhke to International Standard A-

tmosphere (ISO, 1975), an kai apoteleÐ èna eurèwc qrhsimopoioÔmeno profÐl, den anta-

pokrÐnetai pl rwc stic polikèc kai ishmerinèc perioqèc. ProsdiorÐzei kurÐwc tic mèsec

kairikèc sunj kec sta mesaÐa gewgrafik� pl�th. Parìla aut� uperèqei �llwn montèlwn

thc atmìsfairac, ta opoÐa sun jwc perigr�foun th sqèsh jermokrasÐac-uyomètrou sth

g inh atmìsfaira hmi-empeirik�.

� To f�sma twn prwtogen¸n kosmik¸n aktÐnwn pro lje apì to montèlo ISO 15390 (ISO,

2004) gia ta stoiqeÐaH, He, C, O, Si kai Fe, to opoÐo eÐnai èna koin� apodektì montèlo.

H epilog  tou f�smatoc epidr� ìqi mìno stic qamhlìterec enèrgeiec, all� kai se �llec

upologistikèc ptuqèc, ìpwc gia par�deigma ston orismì miac troqi�c pou antistoiqeÐ se

monadikì Rc,   ston kajorismì tou k¸nou upodoq c swmatidÐwn se mikr� gewgrafik�

pl�th.

� H perigraf  tou gewmagnhtikoÔ pedÐou basÐsthke sto montèlo IGRF Epoch 2000.0, pou

antapokrÐnetai sth qronik  perÐodo pou exet�sthke. H epilog  tou montèlou ephre�zei
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me th seir� tou touc upologismoÔc tou rujmoÔ dìshc.

Par�llhla pragmatopoi jhke sÔgkrish twn apotelesm�twn thc axiolìghshc tou ergale-

Ðou DYASTIMA-R me aut� pou parèqontai apì �lla eurèwc qrhsimopoioÔmena montèla, ìpwc

to NAIRAS (Mertens et al., 2013, 2009, 2007), to CARI-7 (Copeland, 2017) kai to AVIDOS

(Latocha and Beck, 2016; Latocha et al., 2009). Sunoptik� sumperaÐnoume:

� Ta anwtèrw montèla akoloujoÔn kat� b�sh ta dedomèna anafor�c, eÐte me mikrìterec

eÐte me megalÔterec apoklÐseic, kai brÐskontai se kal  sumfwnÐa metaxÔ touc (Sq mata

4.6, 4.7, 4.8).

� Oi apoklÐseic twn montèlwn eÐnai mikrèc sta qamhl� uyìmetra (FL310), se antÐjesh me

ta megalÔtera uyìmetra (FL390).

� Ta montèla CARI-7 kai AVIDOS parousi�zoun tic mikrìterec apoklÐseic apì ta dedo-

mèna anafor�c (èwc 19.8% kai 23.2% antÐstoiqa), en¸ to montèlo NAIRAS parousi�zei

megalÔterec apoklÐseic (èwc 64.3%).

� H pleioyhfÐa twn montèlwn upoektimoÔn stajer� to rujmì dìshc se sqèsh me ta dedo-

mèna anafor�c, me mikrèc exairèseic stic qamhlèc timèc magnhtik c duskamyÐac apì ta

NAIRAS, CARI-7 kai AVIDOS (Sq mata 4.9, 4.10, 4.11).

� To NAIRAS parousi�zei genik� tic megalÔterec apoklÐseic se ìla ta Ôyh gia ìlec

tic timèc magnhtik c duskamyÐac kai gia tic treic qronikèc periìdouc pou exet�sthkan,

en¸ to CARI-7 parousi�zei tic mikrìterec. To DYASTIMA-R, antÐstoiqa, parousi�zei

mikrìterec apoklÐseic apì to NAIRAS, kai parèqei mÐa kal  ektÐmhsh tou rujmoÔ dìshc

se qamhlèc duskamyÐec, dhlad  meg�la gewgrafik� pl�th.

Genik�, to ergaleÐo DYASTIMA-R brÐsketai se kal  sumfwnÐa me ta

 dh proôp�rqonta kai axiologhmèna montèla, kai dÐnei ikanopoihtik� apo-

telèsmata gia thn ektÐmhsh tou rujmoÔ isodÔnamhc dìshc perib�llontoc

gia ìlo to eÔroc tim¸n thc magnhtik c duskamyÐac gia ta sun jh atmo-

sfairik� uyìmetra pt shc. Shmei¸noume ìti to DYASTIMA / DYASTIMA-

R anane¸netai diark¸c sto plaÐsio thc sunergasÐac me thn Eurwpaðk 

Diasthmik  UphresÐa, epidi¸kontac thn eÔresh kat�llhlwn paramètrwn

eisìdou gia apotelèsmata ìso to dunatìn megalÔterhc akrÐbeiac.
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6.6 Qrhsimìthta kai Prooptikèc

H kosmik  aktinobolÐa bombardÐzei diark¸c th g inh atmìsfaira, me apotèlesma na apoteleÐ

shmantikì posostì tou fusikoÔ upob�jrou aktinobolÐac sthn epif�neia tou ed�fouc , sto

opoÐo eÐmaste ìloi ektejeimènoi,. Oi katast�seic ìmwc èkjeshc ston enaèrio kai diasthmikì

q¸ro eÐnai diaforetikèc apì ekeÐnec tou g inou perib�llontoc kai qrei�zontai idiaÐterh proso-

q  kai diaforetik  prosèggish, lìgw thc meg�lhc diafor�c tou pedÐou aktinobolÐac pou èqei

wc apotèlesma th shmantik  aÔxhsh thc dìshc pou dèqontai ta plhr¸mata twn aeroskaf¸n

kai twn diasthmik¸n apostol¸n. Ta sumpt¸mata sthn anjr¸pinh ugeÐa mporeÐ na eÐnai �mesa

  èmmesa. Oi �mesec epipt¸seic sundèontai kurÐwc me hliak� gegonìta uyhl c èntashc, en¸

oi makroprìjesmec epipt¸seic me th makrìqronh èkjesh sth galaxiak  kosmik  aktinobolÐa.

Wc ek toÔtou, ta apotelèsmata ta opoÐa proèkuyan kai ja prokÔyoun apì thn efarmog  tou

axiologhmènou ergaleÐou DYASTIMA-R parousi�zoun ter�stio endiafèron gia tic anjr¸pinec

drasthriìthtec pou exelÐssontai ston atmosfairikì kai diasthmikì q¸ro. Pio sugkekrimèna

ja wfelhjoÔn:

� plhr¸mata aeroskaf¸n (pilìtoi, aerosunodoÐ)

� epib�tec (pou taxideÔoun suqn�, ègkuec gunaÐkec, paidi�)

� aeroporikèc etairÐec, organwtèc topik¸n kai uperatlantik¸n taxidÐwn

� kataskeuastèc diafìrwn tÔpwn aeroskaf¸n kai diasthmoploÐwn

� nomojètec DiasthmikoÔ DikaÐou

� politik  kai stratiwtik  aeroporÐa

� plhr¸mata mellontik¸n epandrwmènwn apostol¸n klp.

EÐnai axioshmeÐwto ìti to ergaleÐo autì eÐnai axiologhmèno me b�sh ta diejn¸c apodekt�

prìtupa kai diatÐjetai gia eureÐa qr sh apì thn istoselÐda tou StajmoÔ Kosmik c Aktinobo-

lÐac (http://cosray.phys.uoa.gr/index.php/dyastima) kai apì thn istoselÐda thc Eurwpaðk c

Diasthmik c UphresÐac (https://swe.ssa.esa.int/dyastima-federated). Pio sugkekrimèna, a-

poteleÐ to federated product R.137 thc Om�dac Kosmik c AktinobolÐac tou Tm matoc Fusik c

EKPA sto exeidikeumèno kèntro Diasthmik c AktinobolÐac (ESA SSA SWE R-ESC), sto

opoÐo summetèqei h om�da wc expert group.
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Sq ma 6.5: H b�sh tou logismikoÔ DYASTIMA sthn istoselÐda thc ESA ìpou parèqontai
di�fora sen�ria ektÐmhshc thc èkjeshc se kosmik  aktinobolÐa.

Di�fora sen�ria pou èqoun prokÔyei kat� th di�rkeia aut c thc èreunac, ta opoÐa suneq¸c

emploutÐzontai eÐnai diajèsima sth b�sh tou DYASTIMA sto ESA SSA SWE R-ESC, ìpwc

faÐnetai sto Sq ma 6.5.

Parousi�seic se diejn  sunèdria kai episthmonik� periodik� èqoun pragmatopoihjeÐ sto

plaÐsio thc diatrib c aut c (Paschalis et al., 2016b; Tezari et al., 2018b, 2019, 2020). Ta

apotelèsmata pou ex qjhsan kat� thn ekpìnhsh aut c thc didaktorik c diatrib c brÐskontai

se polÔ kal  sumfwnÐa me ta apotelèsmata �llwn ereunht¸n kai �llwn logismik¸n.

H anab�jmish tou ergaleÐou DYASTIMA-R kai o emploutismìc thc b�shc tou ja sune-

qistoÔn sto �meso mèllon, me stìqo to logismikì autì na apotelèsei to pio axiìpisto kai

eÔqrhsto ergaleÐo axiolìghshc èkjeshc sthn kosmik  aktinobolÐa tìso sto gewdi�sthma ìso

kai stic atmìsfairec twn �llwn planht¸n, gia th diejn  episthmonik  koinìthta.
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Hahn, O. and Strassmann, F. (1939). Über den nachweis und das verhalten der bei der

bestrahlung des urans mittels neutronen entstehenden erdalkalimetalle. Die Naturwissen-

schaften, 26(46):755–756.

Hammer, G. P., Blettner, M., Langner, I., and Zeeb, H. (2012). Cosmic radiation and mor-

tality from cancer among male german airline pilots: extended cohort follow-up. European

Journal of Epidemiology, 27:419–429. DOI: 10.1007/s10654-012-9698-2.

Hammer, G. P., Blettner, M., and Zeeb, H. (2009). Epidemiological studies of cancer in

aircrew. Radiation Protection Dosimetry, 136(4):232–239. DOI: 10.1093/rpd/ncp125.

Hammer, G. P., Zeeb, H., Tveten, U., and Blettner, M. (2000). Comparing different methods

of estimating cosmic radiation exposure of airline personnel. Radiation and Environmental

Biophysics, 39(4):227–231. DOI: 10.1007/s004110000071.

Hands, A. D. P., Ryden, K. A., and Mertens, C. J. (2016). The disappearance of the pfotzer-

regener maximum in dose equivalent measurements in the stratosphere. Space Weather,

14(10):776–785. DOI: 10.1002/2016SW001402.

261



Hanslmeier, A. (2010). The sun and space weather. Heliophysical Processes, pages 233–249.

DOI: 10.1007/978-3-642-11341-3-14.

Hathaway, D. (2010). The solar cycle. Living Reviews in Solar Physics, 7(1). DOI:

10.12942/lrsp-2010-1.

Hatton, C. J. (1971). The neutron monitor. Progress in Elementary Particle and Cosmic-ray

Physics, 10. in J.,G. Wilson and S. A. Wouthuysen (eds.), North Holland Publishing Co.,

Amsterdam.

Hatton, C. J. and Carmichael, H. (1964). The title of the work. Canadian Journal of Physics,

42:2443–2472.

Heimers, A. (1999). Cytogenetic analysis in human lymphocytes after exposure to simulated

cosmic radiation which reflects the inflight radiation environment. International Journal

of Radiation Biology, 75(6):691± 698. ISSN: 0955-3002.

Hellweg, C. and Baumstark-Khan, C. (2007). Getting ready for the manned mission to

mars: the astronauts’ risk from space radiation. Naturwissenschaften, 94:517–526. DOI:

10.1007/s00114-006-0204-0.

Herbst, K., Banjac, S., Atri, D., and Nordheim, T. A. (2020). Revisiting the cosmic-ray in-

duced venusian radiation dose in the context of habitability. Astronomy and Astrophysics,

633:1–12. DOI: 10.1051/0004-6361/201936968.

Hubert, G. and Aubry, S. (2017). Analysis of solar and galactic cosmic rays induced atmo-

spheric ionizing radiation: Impacts for typical transatlantic flights and antarctica environ-

ment. JSM Environmental Science and Ecology, 5(3):9–44.

Hubert, G. and Aubry, S. (2018). Analysis of exposure to solar and galactic cosmic radiations

of flights representative of the european international air traffic. Radiation Research,

190(3):271–281. DOI: 10.1667/RR15095.1.

IAEA (2004). Radiation, people and the environment. International Atomic Energy Agency.

IAEA (2018). Radiation protection of the public and the environment. International Atomic

Energy Agency Safety Standards: General Safety Guide No. GSG8.

ICAO (1993). Manual of the icao standardatmosphere (extended to 80 kilometres (262 500

feet)). International Civil Aviation Organization. Doc 7488/3.

262



ICNIRP (2007). International commission on non-ionizing radiation protection guidelines

on limits of exposure to ultraviolet radiation of wavelengths between 180 nm and 400 nm

(incoherent optical radiation). Health Physics, 87(2):171–186. DOI: 10.1097/00004032-

200408000-00006.

ICRP (1966). Recommendations of the icrp. icrp publication 9. Annals of the ICRP.

ICRP (1977). Recommendations of the icrp. icrp publication 26. Annals of the ICRP, 1(3).

ICRP (1984). Principles for limiting exposure of the public to natural sources of radiation.

icrp publication 39. Annals of the ICRP, 14(1).

ICRP (1991). 1990 recommendations of the international commission on radiological prote-

ction. icrp publication 60. Annals of the ICRP, 21(1-3):1–201. PMID: 2053748.

ICRP (1997). General principles for the radiation protection of workers. icrp publication 75.

Annals of the ICRP, 27(1).

ICRP (2007). The 2007 recommendations of the international commission on radiological

protection. Annals of the ICRP, 37(2-4):1–332. DOI: 10.1016/j.icrp.2007.10.003.

ICRP (2012). Icrp statement on tissue reactions and early and late effects of radia-

tion in normal tissues and organs–threshold doses for tissue reactions in a radiation

protection context. icrp publication 118. Annals of the ICRP, 41(1-2):1–322. DOI:

10.1016/j.icrp.2012.02.001.

ICRP (2013). Assessment of radiation exposure of astronauts in space. icrp publication 123.

Annals of the ICRP, 42(4):1–339. DOI: 10.1016/j.icrp.2013.05.004.

ICRP (2016). Radiological protection from cosmic radiation in aviation. icrp publication

132. Annals of the ICRP, 45(1):1–48. DOI: 10.1177/0146645316645449.

ICRU (1980). Radiation quantities and units. report 33. Journal of the International Com-

mission on Radiation Units and Measurements. Bethesda, MD.

ICRU (2010). Reference data for the validation of doses from cosmic-radiation exposure of

aircraft crew. report 84. Journal of the International Commission on Radiation Units and

Measurements, 10(2). DOI: 10.1093/jicru/10.2.Report84.

263



IFALPA (2019). Aircrews and ionizing radiation. IFALPA Human Performance Briefing

Leaflet. 19HUPBL01.

Inkret, W. C., Meinhold, C. B., and Taschner, J. C. (1995). Radiation and risk: A hard look

at the data. Los Alamos Science, 23:116–123.

ISO (1975). Iso 2533:1975 standard atmosphere. International Organization for Standardi-

zation: Geneva, Switzerland.

ISO (2004). Iso 15390:2004 space environment (natural and artificial) — galactic cosmic ray

model. International Organization for Standardization: Geneva, Switzerland.

ISO (2015). Iso 20785-3:2015 dosimetry for exposures to cosmic radiation in civilian aircraft

part 3: Measurements at aviation altitude. International Organization for Standardization:

Geneva, Switzerland.

ISO (2019). Iso 20785-4:2019 dosimetry for exposures to cosmic radiation in civilian aircraft

part 4: Validation of codes. International Organization for Standardization: Geneva,

Switzerland.

ISO (2020a). Iso 20785-1:2020 dosimetry for exposures to cosmic radiation in civilian aircraft

part 1: Conceptual basis for measurements. International Organization for Standardiza-

tion: Geneva, Switzerland.

ISO (2020b). Iso 20785-2:2020 dosimetry for exposures to cosmic radiation in civilian ai-

rcraft part 2: Characterization of instrument response. International Organization for

Standardization: Geneva, Switzerland.

Jingnan Guo, J., Wimmer-Schweingruber, R. F., Grande, M., Lee-Payne, Z. H., and Matthia,

D. (2019). Ready functions for calculating the martian radiation environment. Journal of

Space Weather and Space Climate, 59. DOI: 10.1051/swsc/2019004.

Jones, J., McCarten, M., Manuel, K., Djojonegoro, B. Murray, J., Cucinotta, F. Feiversen,

A., and Wear, M. (2006). Understanding cataract risk in aerospace flight crew and review of

mechanisms of cataract formation. NASA Technical Reports. Document ID: 20060051793.

Kataoka, R., Sato, T., Miyake, S., Shiota, D., and Kubo, Y. (2018). Radiation dose nowcast

for the ground level enhancement on 10–11 september 2017. Space Weather, 6:917–923.

DOI: 10.1029/2018SW001873.

264



Keating, G. M., Bertaux, J. L., Bougher, S. W., Dickinson, R. E., Cravens, T. E., Hedin,

A. E., Krasnopolsky, V. A., Nicholson, J. Y., Paxton, L. X., and von Zahn, U. (1985).

Models of venus neutral upper atmosphere: Structure and composition. Advances in Space

Research, 5:117–171. DOI: 10.1016/0273-1177(85)90200-5.

Kliore, A. J., Moroz, V. I., and Keating, G. M. (1985). The venus international reference

atmosphere. Advances in Space Research, 5:1–305.

Krain, L. S. (2019). Aviation, high altitude, cumulative radiation exposure and their associa-

tions with cancer. Medical Hypotheses, 34(1):33–40. DOI: 10.1016/0306-9877(91)90062-4.

Kuipers, S., Venemans Jellema, A., Cannegieter, S. C., van Haften, M., Middeldorp, S.,

Büller, H. R., and Rosendaal, F. R. (2014). The incidence of venous thromboembolism

in commercial airline pilots: a cohort study of 2630 pilots. Journal of Thrombosis and

Haemostasis, 12(8):1260–1265. DOI: 10.1111/jth.12627.

Langner, I., Blettner, M., Gundestrup, M., Storm, H., Aspholm, R., Auvinen, A., Pukkala,

E., Hammer, G. P., Zeeb, H., Hrafnkelsson, J., Rafnsson, V., Tulinius, H., De Angelis,

G., Verdecchia, A., Haldorsen, T., Tveten, U., Eliasch, H., Hammar, N., and Linnersjö,
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Par�rthma





A' Prosomoi¸seic me to DYASTIMA-R

Sto shmeÐo autì parousi�zontai oi timèc tou rujmoÔ isodÔnamhc dìshc perib�llontoc, ìpwc

upologÐsthkan me to logismikì DYASTIMA-R, gia ìlo to eÔroc katwflÐwn magnhtik c du-

skamyÐac (0GV èwc 17GV ), gia trÐa sun jh uyìmetra atmosfairik¸n pt sewn (FL310,

FL350, FL390), gia touc hliakoÔc kÔklouc 23 kai 24 (1996 - 2019).

DYASTIMA-R dH∗(10)/dt (µSv/h)

Rc = 0GV Rc = 1GV Rc = 2GV

Year FL310 FL350 FL390 FL310 FL350 FL390 FL310 FL350 FL390

1996 4.35 5.27 7.06 3.34 5.08 6.45 3.35 4.62 5.69
1997 3.82 5.29 6.65 3.81 5.28 6.57 3.52 4.85 5.76
1998 3.67 5.44 6.30 4.07 5.08 6.77 3.20 4.84 5.69
1999 3.50 4.60 6.45 3.69 4.69 6.26 3.06 4.35 5.25
2000 3.40 4.36 5.63 3.27 4.27 5.62 3.04 4.04 5.23
2001 2.82 3.84 5.50 2.97 4.17 4.84 2.87 3.83 4.74
2002 3.09 4.36 5.10 2.70 4.14 5.45 2.90 4.00 4.82
2003 3.31 4.47 5.77 2.99 4.27 5.17 3.25 4.24 5.35
2004 3.74 4.75 6.33 3.28 4.77 6.01 3.26 4.29 5.35
2005 3.46 5.06 6.61 3.44 4.94 6.45 3.28 4.44 6.02
2006 3.48 5.06 6.79 3.98 5.06 6.28 3.64 4.47 5.88
2007 3.97 5.08 6.79 3.68 5.12 6.74 3.70 4.79 5.87
2008 3.39 5.27 6.63 3.73 5.36 6.76 3.28 4.97 5.62
2009 3.91 4.97 6.83 3.66 4.87 6.50 3.41 4.78 6.17
2010 3.84 5.22 6.56 3.78 4.85 6.34 3.71 4.48 6.11
2011 3.74 4.93 6.16 4.00 4.96 6.03 3.60 4.62 5.70
2012 3.45 5.16 6.29 3.74 4.99 6.13 3.41 4.46 5.51
2013 3.59 4.46 5.66 3.29 4.43 5.55 3.02 4.06 5.02
2014 2.88 4.11 5.49 3.23 3.96 5.04 2.78 4.05 4.75
2015 3.65 4.31 5.21 3.07 3.90 5.05 2.72 3.80 4.75
2016 3.12 4.50 5.55 2.89 4.06 5.19 2.89 3.89 4.66
2017 3.72 5.17 5.64 3.29 4.74 6.04 3.34 4.33 5.32
2018 3.39 4.86 6.05 3.52 5.25 6.02 3.35 4.53 5.34
2019 4.01 5.23 6.98 3.71 5.43 6.51 3.39 4.50 5.72

PÐnakac 6.1: O rujmìc isodÔnamhc dìshc perib�llontoc, ìpwc upologÐsthke me to DYASTIMA-R,
gia touc hliakoÔc kÔklouc 23 kai 24 (1996-2019), gia ta trÐa sun jh atmosfairik� uyìmetra pt shc

(FL310, FL350, FL390) gia kat¸flia magnhtik c dukamyÐac 0GV , 1GV kai 2GV .
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DYASTIMA-R dH∗(10)/dt (µSv/h)

Rc = 3GV Rc = 4GV Rc = 5GV

Year FL310 FL350 FL390 FL310 FL350 FL390 FL310 FL350 FL390

1996 3.05 4.02 5.29 2.55 3.38 4.17 2.36 3.05 3.56
1997 3.28 4.00 5.12 2.60 3.28 4.19 2.36 3.01 3.88
1998 2.96 4.07 5.03 2.51 3.48 4.11 2.33 3.13 3.78
1999 2.87 3.76 4.71 2.49 3.32 3.83 2.35 2.73 3.46
2000 2.94 3.48 4.47 2.44 2.97 3.88 2.20 2.74 3.47
2001 2.79 3.63 4.45 2.38 3.10 3.88 2.18 2.90 3.39
2002 2.30 3.50 4.59 2.44 3.27 4.01 2.12 2.83 3.43
2003 2.73 3.73 4.44 2.52 3.41 4.23 2.22 2.87 3.60
2004 2.88 4.13 4.93 2.65 3.31 4.33 2.43 3.15 3.80
2005 2.82 4.15 4.81 2.61 3.27 4.19 2.32 2.98 3.65
2006 3.38 4.08 5.22 2.67 3.38 4.28 2.23 3.01 3.62
2007 3.05 4.11 4.95 2.61 3.40 4.19 2.34 3.16 3.91
2008 3.21 4.11 5.52 2.48 3.45 4.15 2.33 3.16 3.74
2009 3.22 4.08 5.38 2.59 3.42 4.32 2.37 3.04 3.79
2010 3.20 4.11 5.18 2.69 3.81 4.61 2.26 2.98 3.64
2011 3.24 4.25 4.82 2.60 3.59 4.32 2.30 2.98 3.67
2012 3.30 4.38 5.13 2.42 3.33 4.03 2.31 2.76 3.57
2013 2.73 3.74 4.32 2.52 3.38 4.06 2.12 2.71 3.51
2014 2.45 3.40 4.08 2.32 3.04 3.76 2.00 2.62 3.18
2015 2.68 3.51 4.60 2.34 2.94 3.61 2.08 2.72 3.31
2016 2.65 3.47 4.56 2.31 3.16 3.97 2.02 2.78 3.41
2017 2.86 3.74 4.81 2.51 3.34 4.02 2.17 2.89 3.53
2018 2.93 3.87 4.89 2.51 3.16 4.06 2.20 2.80 3.51
2019 3.00 4.07 4.98 2.59 3.49 4.17 2.28 2.94 3.69

PÐnakac 6.2: O rujmìc isodÔnamhc dìshc perib�llontoc, ìpwc upologÐsthke me to DYASTIMA-R,
gia touc hliakoÔc kÔklouc 23 kai 24 (1996-2019), gia ta trÐa sun jh atmosfairik� uyìmetra pt shc

(FL310, FL350, FL390) gia kat¸flia magnhtik c dukamyÐac 3GV , 4GV kai 5GV .
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DYASTIMA-R dH∗(10)/dt (µSv/h)

Rc = 6GV Rc = 7GV Rc = 8GV

Year FL310 FL350 FL390 FL310 FL350 FL390 FL310 FL350 FL390

1996 2.01 2.64 3.15 1.88 2.42 2.90 1.66 2.14 2.59
1997 2.13 2.77 3.19 1.82 2.46 2.94 1.73 2.16 2.64
1998 2.16 2.68 3.31 1.90 2.42 2.91 1.79 2.15 2.63
1999 1.93 2.53 2.99 1.88 2.35 2.71 1.69 2.11 2.58
2000 1.95 2.47 3.05 1.72 2.36 2.70 1.55 1.95 2.39
2001 1.87 2.44 2.97 1.61 2.21 2.51 1.53 1.97 2.43
2002 1.91 2.42 3.15 1.73 2.26 2.66 1.49 2.03 2.35
2003 1.95 2.61 3.28 1.73 2.24 2.78 1.61 2.04 2.49
2004 2.15 2.85 3.35 1.72 2.17 2.63 1.58 2.15 2.55
2005 2.06 2.66 3.44 1.82 2.45 2.91 1.70 2.07 2.61
2006 2.12 2.75 3.30 1.94 2.41 2.91 1.71 2.23 2.70
2007 2.18 2.77 3.38 1.79 2.50 2.96 1.71 2.18 2.55
2008 2.10 2.78 3.33 1.83 2.56 2.97 1.69 2.28 2.48
2009 2.22 2.85 3.50 1.90 2.37 3.03 1.77 2.25 2.75
2010 2.02 2.70 3.24 1.86 2.39 2.85 1.69 2.08 2.46
2011 2.04 2.59 3.30 1.85 2.36 2.94 1.66 2.14 2.59
2012 1.96 2.53 3.18 1.75 2.30 2.69 1.64 2.02 2.53
2013 1.95 2.37 2.96 1.75 2.17 2.64 1.63 2.03 2.41
2014 1.85 2.44 2.84 1.70 2.16 2.56 1.53 1.94 2.34
2015 1.90 2.54 2.92 1.61 2.16 2.56 1.43 1.90 2.31
2016 1.81 2.29 2.84 1.66 2.18 2.64 1.49 1.92 2.32
2017 1.96 2.64 3.13 1.72 2.22 2.67 1.59 2.03 2.54
2018 2.15 2.75 3.25 1.82 2.16 2.81 1.58 2.05 2.43
2019 2.07 2.67 3.30 1.81 2.26 2.92 1.61 2.13 2.53

PÐnakac 6.3: O rujmìc isodÔnamhc dìshc perib�llontoc, ìpwc upologÐsthke me to DYASTIMA-R,
gia touc hliakoÔc kÔklouc 23 kai 24 (1996-2019), gia ta trÐa sun jh atmosfairik� uyìmetra pt shc

(FL310, FL350, FL390) gia kat¸flia magnhtik c dukamyÐac 6GV , 7GV kai 8GV .
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DYASTIMA-R dH∗(10)/dt (µSv/h)

Rc = 9GV Rc = 10GV Rc = 11GV

Year FL310 FL350 FL390 FL310 FL350 FL390 FL310 FL350 FL390

1996 1.50 1.93 2.37 1.33 1.75 2.14 1.25 1.64 1.90
1997 1.50 1.94 2.37 1.37 1.71 2.12 1.27 1.60 1.91
1998 1.49 1.92 2.32 1.30 1.66 2.08 1.25 1.60 1.93
1999 1.52 1.85 2.22 1.28 1.75 1.94 1.19 1.56 1.82
2000 1.38 1.82 2.19 1.29 1.70 2.07 1.20 1.51 1.85
2001 1.38 1.82 2.10 1.33 1.68 2.03 1.21 1.51 1.81
2002 1.44 1.79 2.15 1.32 1.63 1.97 1.21 1.48 1.79
2003 1.43 1.83 2.16 1.30 1.68 2.06 1.21 1.56 1.82
2004 1.45 1.93 2.28 1.34 1.71 2.05 1.22 1.61 1.86
2005 1.52 1.90 2.28 1.37 1.82 2.16 1.28 1.66 1.91
2006 1.51 1.92 2.33 1.45 1.80 2.06 1.26 1.57 1.95
2007 1.58 1.92 2.34 1.42 1.85 2.19 1.30 1.61 1.95
2008 1.45 2.00 2.38 1.45 1.81 2.18 1.25 1.59 1.93
2009 1.51 1.95 2.34 1.39 1.76 2.19 1.20 1.66 1.99
2010 1.33 1.76 2.17 1.34 1.58 1.93 1.20 1.52 1.78
2011 1.45 1.77 2.23 1.26 1.60 1.96 1.18 1.51 1.81
2012 1.30 1.75 2.13 1.30 1.62 1.95 1.19 1.47 1.77
2013 1.33 1.73 2.06 1.20 1.53 1.90 1.16 1.44 1.77
2014 1.24 1.66 1.99 1.21 1.56 1.80 1.17 1.43 1.74
2015 1.27 1.68 1.99 1.23 1.51 1.82 1.11 1.40 1.69
2016 1.32 1.61 2.05 1.18 1.52 1.81 1.18 1.40 1.72
2017 1.34 1.69 2.06 1.22 1.58 1.91 1.16 1.45 1.73
2018 1.43 1.75 2.05 1.25 1.62 1.93 1.19 1.46 1.85
2019 1.37 1.78 2.13 1.25 1.57 1.88 1.18 1.53 1.76

PÐnakac 6.4: O rujmìc isodÔnamhc dìshc perib�llontoc, ìpwc upologÐsthke me to DYASTIMA-R,
gia touc hliakoÔc kÔklouc 23 kai 24 (1996-2019), gia ta trÐa sun jh atmosfairik� uyìmetra pt shc

(FL310, FL350, FL390) gia kat¸flia magnhtik c dukamyÐac 9GV , 10GV kai 11GV .
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DYASTIMA-R dH∗(10)/dt (µSv/h)

Rc = 12GV Rc = 13GV Rc = 14GV

Year FL310 FL350 FL390 FL310 FL350 FL390 FL310 FL350 FL390

1996 1.17 1.51 1.75 1.08 1.32 1.58 0.97 1.22 1.49
1997 1.17 1.54 1.75 1.08 1.33 1.59 1.02 1.32 1.56
1998 1.18 1.49 1.70 1.07 1.36 1.61 1.00 1.27 1.54
1999 1.15 1.44 1.76 1.03 1.36 1.62 0.97 1.23 1.45
2000 1.13 1.38 1.68 1.05 1.33 1.59 0.98 1.23 1.44
2001 1.12 1.44 1.67 1.04 1.30 1.57 0.97 1.19 1.45
2002 1.13 1.38 1.68 1.04 1.28 1.57 0.98 1.23 1.43
2003 1.13 1.44 1.71 1.04 1.31 1.56 0.95 1.23 1.48
2004 1.17 1.45 1.73 1.06 1.33 1.57 0.99 1.24 1.49
2005 1.22 1.43 1.76 1.12 1.28 1.61 1.01 1.25 1.46
2006 1.07 1.47 1.76 1.02 1.34 1.66 0.99 1.31 1.54
2007 1.18 1.52 1.82 1.09 1.36 1.64 1.01 1.24 1.47
2008 1.19 1.51 1.70 1.12 1.37 1.65 0.98 1.29 1.48
2009 1.21 1.56 1.77 1.09 1.46 1.64 1.04 1.22 1.52
2010 1.10 1.47 1.64 1.04 1.29 1.51 0.96 1.21 1.44
2011 1.09 1.41 1.70 1.03 1.33 1.63 0.97 1.27 1.51
2012 1.06 1.37 1.64 1.00 1.24 1.52 0.95 1.22 1.39
2013 1.01 1.32 1.57 1.05 1.34 1.49 0.94 1.25 1.39
2014 1.07 1.31 1.64 0.99 1.21 1.55 0.90 1.16 1.40
2015 1.08 1.31 1.59 0.99 1.24 1.45 0.99 1.15 1.34
2016 1.05 1.33 1.55 1.02 1.32 1.51 0.99 1.15 1.44
2017 1.09 1.36 1.68 1.01 1.32 1.55 0.90 1.14 1.39
2018 1.07 1.34 1.67 1.00 1.37 1.59 0.92 1.20 1.40
2019 1.09 1.41 1.64 1.04 1.32 1.60 0.98 1.24 1.45

PÐnakac 6.5: O rujmìc isodÔnamhc dìshc perib�llontoc, ìpwc upologÐsthke me to DYASTIMA-R,
gia touc hliakoÔc kÔklouc 23 kai 24 (1996-2019), gia ta trÐa sun jh atmosfairik� uyìmetra pt shc

(FL310, FL350, FL390) gia kat¸flia magnhtik c dukamyÐac 12GV , 13GV kai 14GV .
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DYASTIMA-R dH∗(10)/dt (µSv/h)

Rc = 15GV Rc = 16GV Rc = 17GV

Year FL310 FL350 FL390 FL310 FL350 FL390 FL310 FL350 FL390

1996 0.92 1.19 1.41 0.91 1.14 1.33 0.84 1.04 1.22
1997 0.96 1.16 1.40 0.89 1.13 1.31 0.83 1.06 1.27
1998 0.91 1.21 1.40 0.89 1.08 1.29 0.87 1.06 1.23
1999 0.92 1.13 1.32 0.86 1.10 1.28 0.83 1.03 1.22
2000 0.92 1.15 1.35 0.85 1.08 1.24 0.82 1.01 1.21
2001 0.90 1.10 1.36 0.83 1.06 1.25 0.81 1.02 1.18
2002 0.78 1.02 1.18 0.82 1.07 1.24 0.80 1.00 1.22
2003 0.90 1.13 1.31 0.87 1.12 1.27 0.81 1.02 1.23
2004 0.91 1.18 1.37 0.87 1.11 1.28 0.83 1.04 1.23
2005 0.89 1.15 1.38 0.88 1.08 1.29 0.84 1.05 1.24
2006 0.87 1.11 1.28 0.84 1.07 1.26 0.82 1.03 1.25
2007 0.97 1.21 1.39 0.89 1.05 1.31 0.83 1.09 1.26
2008 0.91 1.24 1.34 0.92 1.10 1.30 0.84 1.03 1.24
2009 0.95 1.16 1.36 0.90 1.13 1.30 0.82 1.07 1.24
2010 0.94 1.15 1.41 0.88 1.12 1.34 0.84 1.08 1.23
2011 0.97 1.19 1.46 0.87 1.11 1.34 0.87 1.11 1.24
2012 0.90 1.17 1.34 0.86 1.15 1.26 0.79 1.02 1.23
2013 0.94 1.17 1.36 0.87 1.04 1.29 0.78 1.01 1.19
2014 0.88 1.17 1.31 0.85 1.08 1.21 0.83 1.01 1.18
2015 0.88 1.13 1.33 0.91 1.03 1.31 0.79 0.96 1.16
2016 0.91 1.12 1.32 0.89 1.09 1.24 0.85 1.00 1.23
2017 0.92 1.19 1.37 0.88 1.12 1.31 0.83 1.01 1.22
2018 0.95 1.15 1.37 0.85 1.12 1.37 0.79 1.08 1.23
2019 0.92 1.16 1.41 0.88 1.14 1.30 0.84 1.04 1.26

PÐnakac 6.6: O rujmìc isodÔnamhc dìshc perib�llontoc, ìpwc upologÐsthke me to DYASTIMA-R,
gia touc hliakoÔc kÔklouc 23 kai 24 (1996-2019), gia ta trÐa sun jh atmosfairik� uyìmetra pt shc

(FL310, FL350, FL390) gia kat¸flia magnhtik c dukamyÐac 15GV , 16GV kai 17GV .

294



B' Poluwnumik  Prosarmog 

Sto shmeÐo autì, orÐzontai an� tim  katwflÐou magnhtik c duskamyÐac kai an� Ôyoc oi timèc

twn suntelest¸n thc poluwnumik c prosarmog c tet�rtou bajmoÔ pou èqei pragmatopohjeÐ

sto Kef�laio 5.1.3, gia th melèth tou rujmoÔ isodÔnamhc dìshc perib�llontoc sunart sei

thc hliak c drasthriìthtac.

Rc =0GV (6.1)

FL310 : a1 = 1.512 · 10−4, a2 = −1.215, a3 = 3659, a4 = −4.898 · 106, a5 = 2.459 · 109

FL350 : a1 = 1.881 · 10−4, a2 = −1.215, a3 = 4550, a4 = −6.091 · 106, a5 = 3.057 · 109

FL390 : a1 = 3.161 · 10−4, a2 = −2.538, a3 = 7645, a4 = −1.023 · 107, a5 = 5.135 · 109

Rc =1GV (6.2)

FL310 : a1 = 1.128 · 10−4, a2 = −0.9062, a3 = 2730, a4 = −3.654 · 106, a5 = 1.835 · 109

FL350 : a1 = 2.316 · 10−4, a2 = −1.859, a3 = 5599, a4 = −7.493 · 106, a5 = 3.761 · 109

FL390 : a1 = 2.671 · 10−4, a2 = −2.145, a3 = 6460, a4 = −87.647 · 107, a5 = 4.34 · 109

Rc =2GV (6.3)

FL310 : a1 = 1.335 · 10−4, a2 = −1.072, a3 = 3229, a4 = −4.321 · 106, a5 = 2.16459 · 109

FL350 : a1 = 1.504 · 10−4, a2 = −1.208, a3 = 3639, a4 = −4.87 · 106, a51 = 2.445 · 109

FL390 : a1 = 2.227 · 10−4, a2 = −1.789, a3 = 5387, a4 = −7.209 · 107, a51 = 3.618 · 109

Rc =3GV (6.4)

FL310 : a1 = 1.016 · 10−4, a2 = −0.8165, a3 = 2459, a4 = −3.292 · 106, a5 = 1.653 · 109

FL350 : a1 = 1.278 · 10−4, a2 = −1.026, a3 = 3090, a4 = −4.136 · 106, a5 = 3.057 · 109

FL390 : a1 = 3.161 · 10−4, a2 = −2.538, a3 = 7645, a4 = −1.023 · 107, a51 = 2.076 · 109
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Rc =4GV (6.5)

FL310 : a1 = 4.871 · 10−5, a2 = −0.3911, a3 = 1178, a4 = −1.576 · 106, a1 = 7.907 · 108

FL350 : a1 = 7.137 · 10−5, a2 = −0.5732, a3 = 1726, a4 = −2.31 · 106, a5 = 1.16 · 109

FL390 : a1 = 9.399 · 10−5, a2 = −0.7548, a3 = 2273, a4 = −3.042 · 107, a5 = 1.527 · 109

Rc =5GV (6.6)

FL310 : a1 = 4.378 · 10−5, a2 = −0.3516, a3 = 1059, a4 = −1.417 · 106, a5 = 7.109 · 108

FL350 : a1 = 6.888 · 10−5, a2 = −0.553, a3 = 1665, a4 = −2.228 · 106, a5 = 1.118 · 109

FL390 : a1 = 7.358 · 10−5, a2 = −0.5908, a3 = 1779, a4 = −2.38 · 106, a5 = 1.195 · 109

Rc =6GV (6.7)

FL310 : a1 = 4.858 · 10−5, a2 = −0.39, a3 = 1174, a4 = −1.572 · 106, a5 = 7.886 · 108

FL350 : a5 = 6.785 · 10−5, a2 = −0.5448, a3 = 1640, a4 = −2.195 · 106, a1 = 1.101 · 109

FL390 : a1 = 8.412 · 10−5, a2 = −0.6753, a3 = 2033, a4 = −2.72 · 107, a5 = 1.365 · 109

Rc =7GV (6.8)

FL310 : a1 = 3.533 · 10−5, a2 = −0.2837, a3 = 854.5, a4 = −1.144 · 106, a5 = 5.741 · 108

FL350 : a1 = 4.103 · 10−5, a2 = −0.3296, a3 = 992.7, a4 = −1.329 · 106, a5 = 6.67 · 108

FL390 : a1 = 7.638 · 10−5, a2 = −0.6134, a3 = 1847, a4 = −2.472 · 107, a5 = 1.241 · 109

Rc =8GV (6.9)

FL310 : a1 = 3.098 · 10−5, a2 = −0.2489, a3 = 749.6, a4 = −1.003 · 106, a5 = 5.037 · 108

FL350 : a1 = 4.905 · 10−5, a2 = −0.3939, a3 = 1186, a4 = −1.587 · 106, a5 = 7.966 · 108

FL390 : a1 = 4.318 · 10−5, a2 = −0.3468, a3 = 1044, a4 = −1.398 · 106, a5 = 7.015 · 108
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Rc =9GV (6.10)

FL310 : a1 = 2.822 · 10−5, a2 = −0.2265, a3 = 681.9, a4 = −9.123 · 105, a5 = 4.577 · 108

FL350 : a1 = 3.801 · 10−5, a2 = −0.3052, a3 = 918.9, a4 = −1.23 · 106, a5 = 6.17 · 108

FL390 : a1 = 4.87 · 10−5, a2 = −0.3911, a3 = 1178, a4 = −1.576 · 106, a5 = 7.913 · 108

Rc =10GV (6.11)

FL310 : a1 = 2.766 · 10−5, a2 = −0.221, a3 = 668.6, a4 = −894.6 · 105, a5 = 4.489 · 108

FL350 : a1 = 2.974 · 10−5, a2 = −0.2387, a3 = 718.7, a4 = −9.615 · 105, a5 = 4.824 · 108

FL390 : a1 = 4.057 · 10−5, a2 = −0.3258, a3 = 980.9, a4 = −1.313 · 106, a5 = 6.587 · 108

Rc =11GV (6.12)

FL310 : a1 = 1.41 · 10−5, a2 = −0.1132, a3 = 340.8, a4 = −4.561 · 105, a1 = 2.288 · 108

FL350 : a1 = 3.185 · 10−5, a2 = −0.2557, a3 = 770, a4 = −1.03 · 106, a1 = 5.17 · 108

FL390 : a1 = 2.889 · 10−5, a2 = −0.232, a3 = 698.6, a4 = −9.348 · 105, a1 = 4.691 · 108

Rc =12GV (6.13)

FL310 : a1 = 1.383 · 10−5, a2 = −0.111, a3 = 334.2, a4 = −4.471 · 105, a5 = 2.243 · 108

FL350 : a1 = 2.897 · 10−5, a2 = −0.2327, a3 = 700.6, a4 = −9.377 · 105, a5 = 4.706 · 108

FL390 : a1 = 2.094 · 10−5, a2 = −0.1681, a3 = 506.1, a4 = −6.772 · 105, a5 = 3.398 · 108

Rc =13GV (6.14)

FL310 : a1 = 1.255 · 10−5, a2 = −0.1007, a3 = 303.3, a4 = −4.059 · 105, a1 = 2.037 · 108

FL350 : a1 = 1.135 · 10−5, a2 = −0.0911, a3 = 274.3, a4 = −3.669 · 105, a1 = 1.841 · 108

FL390 : a1 = 1.7 · 10−5, a2 = −0.1365, a3 = 410.7, a4 = −5.494 · 105, a1 = 2.756 · 108
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Rc =14GV (6.15)

FL310 : a1 = 6.86 · 10−6, a2 = −0.05508, a3 = 165.8, a4 = −2.219 · 105, a5 = 1.113 · 108

FL350 : a1 = 1.435 · 10−5, a2 = −0.1152, a3 = 346.9, a4 = −4.643 · 105, a5 = 2.33 · 108

FL390 : a1 = 1.659 · 10−5, a2 = −0.1332, a3 = 401.2, a4 = −5.369 · 105, a5 = 2.695 · 108

Rc =15GV (6.16)

FL310 : a1 = 6.904 · 10−6, a2 = −0.05548, a3 = 167.2, a4 = −2.239 · 105, a5 = 1.125 · 108

FL350 : a1 = 1.081 · 10−5, a2 = −0.08686, a3 = 261.7, a4 = −3.506 · 105, a5 = 1.761 · 108

FL390 : a1 = 1.401 · 10−5, a2 = −0.1125, a3 = 339, a4 = −4.54 · 105, a5 = 2.28 · 108

Rc =16GV (6.17)

FL310 : a1 = 6.181 · 10−6, a2 = −0.04968, a3 = 149.7, a4 = −2.005 · 105, a5 = 1.007 · 108

FL350 : a1 = 9.436 · 10−6, a2 = −0.07578, a3 = 228.2, a4 = −3.055 · 105, a5 = 1.533 · 108

FL390 : a1 = 1.234 · 10−5, a2 = −0.09908, a3 = 298.4, a4 = −3.995 · 105, a5 = 2.005 · 108

Rc =17GV (6.18)

FL310 : a1 = 4.281 · 10−6, a2 = −0.0349, a3 = 103.6, a4 = −1.387 · 105, a5 = 6.962 · 107

FL350 : a1 = 1.126 · 10−5, a2 = −0.09042, a3 = 272.3, a4 = −3.644 · 105, a5 = 1.829 · 108

FL390 : a1 = 1.094 · 10−5, a2 = −0.0878, a3 = 264.3, a4 = −3.536 · 105, a5 = 1.774 · 108
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The study of the particle showers created inside the Earth’s atmosphere due to interactions of cosmic rays of solar and galactic
origin is of great importance for the determination of the radiation impact on technological and biological systems. DYASTIMA
is a Geant4-based software application that simulates the evolution of secondary particle cascades inside the atmosphere of Earth.
DYASTIMA-R is a new feature especially created for assessing the exposure of flight-personnel and frequent flyers to cosmic
radiation by performing calculations of radiobiological quantities, such as dose and equivalent dose rates for several air-flight
scenarios. In this work, the validation of DYASTIMA/DYASTIMA-R, according to internationally accepted ICRP and ICRU
standards, is discussed. Initial results for radiobiological quantities for several air-flight scenarios are also included. The results
for specific scenarios calculated by DYASTIMA/DYASTIMA-R are provided as a federated product through the European
Space Agency Space Situational Awareness Space Weather Service Centre Network.

INTRODUCTION

As primary cosmic rays propagate through the
interplanetary medium, at some point they reach
the Earth’s magnetic field. Some of these particles
penetrate the geomagnetic field and finally arrive
at the top of our atmosphere, where they interact
with the atmospheric molecules, nuclei and ions(1,2).
Several physical interactions take place, such as
decay, elastic and inelastic scattering, ionisation,
photoelectric effect, compton scattering, annihila-
tion, pair production and bremsstrahlung radiation,
resulting in the creation of secondary particles. These
secondary particles, which are basically protons,
neutrons, charged pions and kaons but also electrons,
positrons, muons, neutrinos and photons, continue
to interact either with each other or with the
atmospheric molecules, creating the evolution of the
so-called atmospheric showers(2–4).

The study of these cascades is essential for a bet-
ter understanding of space weather phenomena and
effects and can provide useful insights for the assess-
ment of radiation effects on both technological and
biological systems(5,6). Typical examples can be radia-
tion protection aviation of crews and passengers(7–10),
as well as prevention of damage on avionics(11,12).
Air showers can also provide significant informa-
tion about the primary cosmic ray particles and the
cosmogenic nuclides production(13,14).

Atmospheric showers can be detected by balloons
flying at different altitudes inside Earth’s atmosphere
or by a variety of ground-based detectors located at
various geographic coordinates at several altitudes
(ranging from sea level to mountain tops)(15), such as
the global network of neutron monitors(16) or muon
counters(17). Nevertheless, the simulation of the atmo-
spheric cascade is a critical tool, as most of the parti-
cle detectors, such as neutron and muon monitors, are
ground-based and are usually sensitive to a specific
type of particle. Furthermore, there are not enough
adequate experimental data for all space weather con-
ditions and phenomena(18,19). As a result, the infor-
mation collected from the detectors and the balloons
at different atmospheric altitudes is not sufficient for
the study of particle propagation through the atmo-
sphere and its effects. Another great advantage of
the simulations is to facilitate a realistic connection
between the particle flux in the atmosphere with the
actual particles that enter the atmosphere, providing
all the necessary information in order to study all the
physical processes of the cascade. Therefore, simu-
lations allow the study of the shower evolution, the
ionisation of the atmosphere, the interaction of the
shower with a matter of the atmosphere as well as
the calculation of several radiobiological quantities.
Various programmes have been developed for this
reason, with most of them making use of the well-
known GEometry ANd Tracking (Geant4(20–22), or
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FLUktuierende KAskade (FLUKA)(23,24) simulation
toolkits.

A typical example is PLANETOCOSMICS, a
Monte Carlo simulation in Geant4 of the evolution
of the air showers inside the atmosphere(25,26). Other
models include the Cosmic Ray Ionisation Model for
Ionosphere and Atmosphere (CORIMIA) and the
Cosmic Ray Simulations for Kascade (CORSIKA),
both developed in FLUKA. CORIMIA takes into
account the ionization losses in the atmosphere and
can be used for the study of cosmic-ray ionisation
at atmospheric altitudes above 30 km for a specific
time and location(27), while CORSIKA studies the
low–energy cascade development below 30 km(28,29).

Moreover, various software applications and
models have been developed for radiation dosimetry
calculations, in order to assess the radiation effects
induced by galactic and solar cosmic rays to space
crews and aircrews(30). Some typical examples are
the Aviation Dosimetry (AVIDOS), the Nowcast of
Atmospheric Ionizing Radiation System (NAIRAS),
SIEVERT, CARI, the Space Environment Infor-
mation System (SPENVIS) and the CALculated
and Verified Aviation (CALVADOS). AVIDOS is a
software application for the estimation of radiation
exposure during a flight and is accessible through
ESA’s Space Weather portal(31). SPENVIS is a
useful web interface collecting various models of the
space environment, developed by the Royal Belgian
Institute for Space Aeronomy (BIRA-IASB), and
is also available through ESA’s portal(32). NAIRAS
is also a model for the prediction of radiation due
to galactic cosmic rays and solar energetic particles,
developed by the NASA Langley Research Centre(33).
CARI(34,35) and SIEVERT(36,37) are also easily oper-
ated computer programmes that perform calculations
of the effective dose due to galactic cosmic radiation
on an aircraft, developed at the Federal Aviation
Administration Civil Aerospace Medical Institute
and the Institute of Radioprotection and Nuclear
Safety (IRSN), respectively. CALVADOS is a system
for the determination of aircrew dose exposure
by the German Aerospace Centre (DLR) already
applied to the flight crew of the flying company
LUFTHANSA(38).

Dynamic Atmospheric Shower Tracking Inter-
active Model Application (DYASTIMA) is also a
software application for the study of secondary
particle cascades inside the atmosphere, based on
Geant4(4). It is implemented by the Athens Cosmic
Ray Group and is provided by the Athens Neutron
Monitor Station (A.Ne.Mo.S.) portal (http://cos
ray.phys.uoa.gr/index.php/dyastima). The latest
version includes DYASTIMA-R, a feature especially
created for radiation dosimetry calculations inside
the atmosphere of a planet(39–42). The results for
specific scenarios calculated by DYASTIMA and
DYASTIMA-R are provided as a federated product

through the European Space Agency Space Situ-
ational Awareness Space Weather Service Centre
Network (http://swe.ssa.esa.int/web/guest/dyastima-
federated).

In this work, the new version of DYASTIMA
with the addition of DYASTIMA-R is used. Its val-
idation process according to globally accepted stan-
dards is described. The initial results obtained by
DYASTIMA and DYASTIMA-R are presented and
discussed. Conclusions of the paper are summarised
and potential next steps are given.

DYASTIMA SOFTWARE

As mentioned above, DYASTIMA is a standalone
application in Geant4 providing Monte Carlo
simulations of the secondary cosmic ray particle
cascades and the propagation of these particles
through the atmosphere of Earth or generally
through the atmospheric layers of a planet having
its own atmosphere(4). DYASTIMA, so far, has been
successfully used for the study of the cascades in
the atmosphere of Earth(4), the estimation of the
ionisation of the Earth’s atmosphere due to cosmic
radiation during the ground level enhancement
(GLE) on 17 May 2012 (GLE71)(43) as well as
the calculation of the ion production rate in the
atmosphere of Venus(44).

DYASTIMA input and output parameters

DYASTIMA software is based on a user-friendly
graphical user interface (GUI), which allows easy
parameterization for a more accurate study of the
cascade developing not only in Earth’s atmosphere
but also in the atmosphere of other planets(4,45). The
model requires several input parameters, all defined
by the user. These parameters concern the general
characteristics of the planet and its surrounding
atmosphere, where the air showers are developed,
such as its radius, its surface type and pressure, the
components of the magnetic field (north, east and
vertical) and the gravitational acceleration as well as
the atmospheric structure and temperature profile.
The primary cosmic ray spectra, i.e. the particle’s
type, the flux etc., is one of the most important
input parameters of the simulation. The spectrum
can be extracted by various models and tools such
as the ISO model(46), CREME96(47–49) and Nymmik
et al. model(50). The Geant4 settings alongside with
the simulation geometry settings should also be
taken into consideration. These may include the
geometry model of the simulation, the division of
the atmosphere, the appropriate Geant4 physics list
that best describes the physical interactions taking
place between the primary and secondary cosmic
ray particles and the atmospheric matter, as well as

2

D
ow

nloaded from
 https://academ

ic.oup.com
/rpd/advance-article/doi/10.1093/rpd/ncaa112/5903361 by guest on 10 Septem

ber 2020

A.Ne.Mo
http://cosray.phys.uoa.gr/index.php/dyastima
http://swe.ssa.esa.int/web/guest/dyastima-federated
http://swe.ssa.esa.int/web/guest/dyastima-federated


ASSESSING RADIATION EXPOSURE

Figure 1: A typical example of the primary cosmic ray
spectra for 6 elements (1H, 4He, 12C, 16O, 28Si and 56Fe)
used as an input parameter in DYASTIMA. This one is
extracted by using the software tools OMERE and CRÈME

for 2009 for a cut-off rigidity of 0 GV

the definition of the atmospheric altitudes where the
tracking of particles will take place(4,39–42).

This large amount of information is processed
during each simulation scenario, providing, as
output, accurate values for various aspects of the
developing cascade. These may be the number of the
secondary particles present at different atmospheric
altitudes, their energy and the energy deposition,
as well as their direction and arrival time. All this
information is separately collected for each particle
type at each defined tracking layer.

In this work, the primary cosmic ray spectra for six
chemical elements (1H, 4He, 12C, 16O, 28Si and 56Fe)
is based on the ISO15390(46) model for lower energies
(below 10 MeV/nuc), and on Nymmik et al. model(50)

for higher energies, as these models are quite similar
for energies above 10 MeV/nuc. A typical spectrum
used as input in DYASTIMA is shown in Figure 1.
It should be noted that the primary spectra have
been derived by using the OMERE software offered
by TRAD(51). The atmospheric profile, i.e. the tem-
perature as a function of the atmospheric altitude,
is based on the International Standard Atmosphere
(ISA) model(52,53). The mean annual values for the
North, East and Vertical components of the mag-
netic field used in the simulation are provided by the
National Oceanic and Atmospheric Administration,
based on the IGRF model (https://www.ngdc.noaa.
gov/geomag/) at mean sea level.

DYASTIMA-R radiation dosimetry calculations

The radiation environment of the Earth’s atmosphere,
directly affected by space radiation, plays a key role

in the safety of aircrews and passengers during com-
mercial flights. The calculation of several radiomet-
ric quantities, such as the absorbed dose and the
equivalent dose, is essential for the determination of
human exposure to ionizing solar and galactic cosmic
radiation during a flight.

For this reason, the DYASTIMA software is
enhanced with DYASTIMA-R, a new feature
performing radiation dosimetry calculations inside
the atmosphere of Earth(39–42). More specifically,
DYASTIMA-R is a Monte Carlo simulation per-
formed on a human phantom for the calculation
of the dose and equivalent dose rates at different
atmospheric altitudes during various flight scenarios
covering various geographic coordinates and phases
of solar activity. It should be noted that DYASTIMA-
R is not an autonomous software, as it requires the
output provided by DYASTIMA. The user can define
the characteristics of the cylindrical phantom that
simulates the human body, such as the dimension
and the material, the number of iterations, i.e.
the interactions of the collected particles with the
phantom matter at each atmospheric altitude, and the
reference Geant4 physics list. The radiation weighting
factors used for the calculation of the equivalent
dose rate are according to well-accepted international
standards, as found in the International Commission
on Radiological Protection (ICRP) Reports 103, 123
and 132(54,55).

Validation of DYASTIMA-R

The quantities most widely used for the determi-
nation of the exposure limits to radiation are (1)
the mean absorbed dose D (measured in Gray),
corresponding to the mean energy deposited on
a mass due to an ionizing radiation type, (2) the
equivalent dose H (in Sievert), that takes into account
each radiation type’s radiobiological effectiveness, as
well as (3) the effective dose E (also in Sievert), which
considers additionally the type of tissue or organ
being irradiated(54–56). However, these quantities
are not suitable for the radiation risk assessment
during an air flight or a manned space mission,
since they are not measurable quantities. For this
reason, the ICRP and the International Commission
on Radiation Units and Measurements (ICRU)
recommend the use of other operational quantities,
such as the ambient dose equivalent H∗(10), also
expressed in Sievert(54–57). This is the equivalent dose
at a point in a radiation field that would be produced
by the corresponding expanded and aligned field in
the ICRU sphere (a reference phantom of tissue-
equivalent material(58)), at a depth of 10 mm on the
radius vector opposing the direction of the aligned
field.

Both ICRP 123 and ICRU Report 84 documents
provide ambient dose equivalent reference data for
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Figure 2: A schematic description of the dosimetry setup
used for the validation of DYASTIMA-R

cosmic radiation exposure, which are actual measure-
ments realised onboard flights from 1992 to 2006,
and may be used for the assessment and validation of
models and tools providing a calculation of radiation
quantities for air flights(55,57). The acceptable dis-
crepancy limit recommended between the reference
data and the model-calculated values are of the order
of 30%. The flight scenarios based on these measure-
ments and proposed by ICRP and ICRU cover three
different time periods corresponding to different
solar activity conditions (January 1998, January 2000,
January 2002), 18 values of vertical geomagnetic
cut-off rigidity with an increment of 1 GV (0–17
GV), and three flying altitudes, 9448.8 m/31 000 ft
(FL310), 10 668.0 m/135 000 ft (FL350) and
11 887.2 m/39 000 ft (FL390), corresponding to the
most frequent range of commercial aircraft flights.
Many accredited tools and software applications,
such as AVIDOS(31) and NAIRAS(33), have followed
the above validation process. The validation of
DYASTIMA and DYASTIMA-R, as required by
ESA, has been presented successfully(59–61).

DYASTIMA-R configuration

For the validation of DYASTIMA and DYASTIMA-
R(59–61), a special version of DYASTIMA-R was
implemented in order to calculate the operational
quantity ambient dose equivalent H∗(10). The
dosimetry setup is according to the one already
successfully used by Pelliccioni(62). The ICRU
sphere is used, instead of a human phantom, and a
cylindrical volume of 10 mm radius and 2 mm width is
placed at a depth of 10 mm from the sphere surface.
The sphere is then illuminated, with the secondary
particles collected at each atmospheric layer. A visual
representation of this setup is given in Figure 2.

The atmospheric profile of Earth as well as the
spectrum of the primary cosmic ray particles at
the top of the Earth’s atmosphere (86 km altitude)
are two basic factors not only for the validation
of DYASTIMA/DYASTIMA-R but also for their

operation in general. More specifically, the ISA(52,53)

and the ISO Galactic Cosmic Ray model(46) have
been used for the description of Earth’s atmosphere
and the primary cosmic ray spectra, respectively.

The effect of the geomagnetic field for various
geographic coordinates is introduced by the usage of
the vertical cut-off rigidity values in the primary spec-
tra calculations. These values represent the geomag-
netic field’s continuous evolution and are calculated
with the International Geomagnetic Reference Field
(IGRF) for Epoch 2000.0(63).

Comparison with the reference data

DYASTIMA and DYASTIMA-R runs have been
performed for all the flight scenarios proposed by
ICRU (three time periods, 18 vertical cut-off rigidity
values, three flying altitudes)(59–61). The ambient dose
equivalent values H∗(10) obtained by simulations
with DYASTIMA-R, as well as the ICRU reference
data, as a function of the vertical geomagnetic cut-off
rigidity threshold Rc and the discrepancy for each
time period (January 1998, January 2000, January
2002) are given in Tables 1–3. It is reminded that the
acceptable percentage difference is 30%.

It is interesting to note that DYASTIMA-R values
for cut-off rigidity thresholds ranging between 0
and 10 GV are in good agreement with the ICRU
reference data, with a discrepancy generally not more
than 30%. This range of cut-off rigidities corresponds
to polar and middle geographic latitudes, covering
almost 75% of the globe’s surface. In equatorial
regions, i.e. above 10 GV, a greater discrepancy
of the order of up to 40% is observed, which is
probably due to the more complicated geomagnetic
field at this region. In these regions, DYASTIMA-
R underestimates the H∗(10) in agreement with
other models(33,34). A similar behaviour can also be
observed in other models, with the H∗(10) and the
reference data being compatible up to 10 GV(33,34).

More specifically, during January 1998, corre-
sponding to solar minimum conditions, the
DYASTIMA-R obtained values and the reference
data are almost identical for higher geographic
latitudes (0–3 GV). The discrepancy increases for
higher Rc values (10–17 GV), varying from 30 to
40% and is greater in the case of the highest-flying
altitude FL390. Moreover, in January 2000, which
corresponds to the ascending phase of Solar Cycle
23, the discrepancy follows the same pattern as
mentioned above. Finally, during January 2002,
near solar maximum conditions, the DYASTIMA-R
values are in very good accordance with the reference
data up to 12 GV, with the discrepancy between the
values being significantly lower compared to 1998
and 2000(56).

The observed differences may be attributed to
the input parameters used in the DYASTIMA
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Table 1. DYASTIMA-R ambient dose equivalent H∗(10) (microSv) as a function of geomagnetic vertical cut-off rigidity (Rc)
for January 1998 (solar minimum) for three flight levels (FLs). The Diff (%) corresponds to the percentage difference between

the values obtained from DYASTIMA-R and the reference data provided by ICRU Rep. 84.

FL310 FL350 FL390

Rc (GV) H∗(10)
(microSv)

Diff (%) H∗(10)
(microSv)

Diff (%) H∗(10)
(microSv)

Diff (%)

0 4 −6.5 5.3 −10.2 6.8 −10.8
1 3.9 −8.8 5.1 −11.4 6.9 −6.7
2 3.9 −2.8 4.8 −11.9 6.3 −10.5
3 3.2 −15.4 4.3 −16.7 5.4 −17.9
4 2.9 −17.7 3.8 −20.2 4.7 −21.7
5 2.5 −22.3 3.3 −25 4 −28.1
6 2.2 −22.6 2.9 −28.4 3.6 −29
7 2 −26.5 2.5 −31.5 3.1 −32.2
8 1.7 −31.7 2.2 −32 2.6 −35.7
9 1.6 −29.5 1.9 −35.3 2.4 −36.4
10 1.5 −29.3 1.9 −31 2.2 −34.5
11 1.3 −33.7 1.7 −33.5 2 −34.2
12 1.2 −32.7 1.6 −30.4 1.9 −33.2
13 1.1 −35.8 1.4 −31.6 1.7 −35.2
14 1.1 −33 1.3 −37 1.5 −38.8
15 1 −35.3 1.2 −36.3 1.4 −40.7
16 0.9 −39.1 1.2 −36.9 1.3 −39.9
17 0.9 −41.2 1.1 −37.5 1.3 −41.4

Table 2. DYASTIMA-R ambient dose equivalent H∗(10) (microSv) as a function of geomagnetic vertical cut-off rigidity (Rc)
for January 2000 (solar transition) for three FLs. The Diff (%) corresponds to the percentage difference between the values

obtained from DYASTIMA-R and the reference data provided by ICRU Rep. 84.

FL310 FL350 FL390

Rc (GV) H∗(10)
(microSv)

Diff (%) H∗(10)
(microSv)

Diff (%) H∗(10)
(microSv)

Diff (%)

0 3.3 −17.4 4.4 −15.6 5.7 −10.9
1 3.3 −15.7 4.5 −12.5 5.5 −12.6
2 3.1 −16.6 4.3 −11 5.2 −13.4
3 2.9 −16.6 3.7 −18.5 4.6 −18.4
4 2.5 −22.8 3.5 −16.7 4.1 −22.1
5 2.4 −20.7 3.1 −21.1 3.7 −22.9
6 2.1 −25.7 2.7 −26.1 3.2 −27.1
7 1.8 −27.8 2.3 −30.1 2.8 −30.1
8 1.6 −29.1 2.1 −29.2 2.6 −27.3
9 1.5 −30.6 2 −27.4 2.3 −31.7
10 1.4 −31.7 1.7 −31 2.1 −29.9
11 1.2 −35.7 1.6 −29.8 1.9 −32.4
12 1.1 −33.5 1.5 −34.1 1.7 −34.4
13 1 −38.5 1.3 −37.6 1.6 −36.4
14 1 −40.4 1.2 −38.2 1.5 −37.8
15 0.9 −40.3 1.1 −39.6 1.4 −40.5
16 0.9 −42.6 1 −41.8 1.3 −42.1
17 0.8 −43.8 1 −42 1.2 −43.2

simulation. For example, the ISA is not suitable
for use in the polar and equatorial regions, since
it is based on average conditions for middle geo-
graphic latitudes(52,53). Other models describing the

characteristics of the atmosphere are also semi-
empirical. Additionally, since the primary cosmic
ray spectra can be derived through various models
and software tools, substantial differences may
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Table 3. DYASTIMA-R ambient dose equivalent H∗(10) (microSv) as a function of geomagnetic vertical cut-off rigidity (Rc)
for January 2002 (solar maximum) for three FLs. The Diff (%) corresponds to the percentage difference between the values

obtained from DYASTIMA-R and the reference data provided by ICRU Rep. 84.

FL310 FL350 FL390

Rc (GV) H∗(10)
(microSv)

Diff (%) H∗(10)
(microSv)

Diff (%) H∗(10)
(microSv)

Diff (%)

0 3.3 −10.2 4.5 −4.1 5.2 −8.5
1 3.2 −11.5 4.3 −6.9 5.3 −5.5
2 3 −11.1 3.9 −10.2 5.1 −3.8
3 2.8 −14.6 3.9 −5.5 4.7 −6.6
4 2.4 −20.5 3.3 −15.1 3.9 −16.1
5 2.3 −18.6 2.9 −19.5 3.7 −14.7
6 2 −25 2.6 −19.8 3.1 −22
7 1.8 −25.1 2.3 −24.7 2.7 −27.6
8 1.6 −25.6 2.1 −23.8 2.5 −26.4
9 1.5 −30.8 1.9 −26.4 2.2 −29.5
10 1.3 −31.9 1.7 −28.1 2 −30.4
11 1.2 −32.7 1.6 −27.1 1.9 −30.4
12 1.2 −29.9 1.5 −30.5 1.7 −33
13 1 −36.7 1.4 −31.8 1.6 −34.1
14 1 −37 1.2 −37.4 1.5 −32.9
15 0.9 −38.7 1.2 −37.7 1.4 −38.2
16 0.9 −42.1 1.1 −37.7 1.3 −42.2
17 0.8 −42.5 1 −43.2 1.2 −43.5

present not only in the lower energies but also in
computational aspects, such as the definition of
a single Rc orbit. For these reasons, DYASTIMA
is under constant improvement and in the pursuit
of more appropriate input parameters in order to
provide more precise results.

INITIAL RESULTS

The ionizing energy deposition on the different
atmospheric layers due to the evolving cascade of
secondary particles is calculated for solar minimum
conditions (2008) as well as during solar maximum
conditions (2014), and the results are presented in
Figure 3. It is observed that the evolution of the cas-
cade starts at ∼40 km altitude inside the atmosphere
and reaches its peak at 13 and 12 km altitude for 2008
and 2014, respectively, where the maximum energy
deposition takes place. The average altitude corre-
sponding to the majority of commercial air-flights is
at 10–12 km, and therefore it is necessary to perform
radiation dosimetry calculations at these altitudes.

The average ambient equivalent dose rate per
year as a function of altitude is given in Figure 4,
for 2 years (2008 and 2014) that correspond to
different phases of solar activity. It is observed that
H∗(10) increases up to 40 km altitude (roughly
the altitude where the cascade begins) and then
it remains averagely constant. Furthermore, the
dose rate is significantly higher during 2008 that

Figure 3: The ionizing energy deposition in the atmospheric
matter for 2008 (solar minimum conditions) and 2014
(solar maximum conditions) as calculated by DYASTIMA

software

corresponds to solar minimum conditions, due to the
anticorrelation of the solar activity and the galactic
cosmic ray intensity.

The average ambient dose equivalent H∗(10)
rate (in microSv per hour) on an annual basis, as
calculated by DYASTIMA-R during Solar Cycle 24
for a rigidity threshold of 0 GV for the three most
frequent flying altitudes (FL310, FL350, FL390),
is presented in Figure 5. The higher dose rate is
observed during 2009(64), the solar minimum between
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Figure 4: The ambient dose equivalent H∗(10) rate as a func-
tion of altitude, covering the whole atmosphere of Earth, for

2008 and 2014, as calculated by DYASTIMA-R

Figure 5: The ambient dose equivalent H∗(10) rate during
Solar Cycle 24 as calculated by DYASTIMA-R for a cut-off
rigidity of 0 GV, for three different flying altitudes (FL310,

FL350, FL390)

Solar Cycles 23 and 24, while the lower dose and
ambient equivalent dose rate take place during the
solar maximum of Solar Cycle 24 (2014), indicating
once more the anticorrelation between cosmic ray
intensity and solar activity. Generally, the dose rate
presents very little variation in the equatorial regions
during the solar cycle, but a higher variation at higher
latitudes(34). Hereby, it can be observed that this
effect is more evident for higher altitudes (FL390)
at polar regions (0 GV). The average ambient dose
equivalent H∗(10) rate as a function of the cut-
off rigidity threshold Rc for 2002, for three flying
altitudes, is presented in Figure 6. The dose rate
dependence of the geographic latitude is evident, as
H∗(10) decreases with the increasing of the rigidity
threshold(65).

Figure 6: The ambient dose equivalent H∗(10) rate as
a function of the cut-off rigidity threshold Rc for 2002
as calculated by DYASTIMA-R, for three different flying

altitudes (FL310, FL350, FL390)

CONCLUSIONS AND NEXT STEPS

Currently, there is constant growth in the number of
air flights since more and more passengers choose
flying as a mean of transportation, increasing even-
tually air traffic. For this reason, many aircrafts are
obliged to fly at higher atmospheric altitudes or even
altering their routes, resulting in a higher radiation
accumulation due to cosmic rays for both the aircraft
crew and the passengers(65). Additionally, there is also
an increase in trans-polar flights, where the radiation
exposure is significantly higher. Therefore, the calcu-
lation of quantities useful for radiation assessment
is very important, especially for higher geographic
latitudes, as more particles can penetrate through
the atmosphere due to the lower cut-off rigidity
threshold.

DYASTIMA-R is validated according to the
standards provided by ICRP 123 and ICRU Report
84 documents. Dosimetry calculations were per-
formed for three flying altitudes, 18 vertical cut-off
rigidities and three-time stamps, which correspond to
different periods of solar activity (solar maximum,
ascending phase and solar maximum of Solar Cycle
23). From the above analysis, it is concluded that
DYASTIMA/DYASTIMA-R meet on a satisfactory
level the criteria proposed by ICRP and ICRU as
the discrepancy observed between the reference data
and the calculated values does not exceed in general
the acceptable limit of 30%. Therefore, DYASTIMA-
R can be used for reliable dosimetry calculations of
the exposure of aviators and passengers to ionizing
cosmic radiation during air flights.

The preliminary results are also very promising
for better understanding the evolution of the sec-
ondary particle cascade inside the atmosphere and the
determination of the radiation exposure at different
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atmospheric layers. DYASTIMA and DYASTIMA-R
may be useful software tools for radiation dosimetry
calculations inside the atmospheres of other planets
as well. The GUI of DYASTIMA makes the software
accessible and user-friendly allowing easy parameter-
ization, so it can be used by entities concerned with
the radiation effects on aircrews, frequent travellers,
legislators, etc., either for scientific or educational
purposes.

So far, DYASTIMA-R radiation dosimetry
calculations are performed for specific points inside
the atmosphere defined by atmospheric altitude, geo-
graphic coordinates and magnetic rigidity threshold
dosimetry calculations. The following phase will
include dosimetry calculations during a whole flight,
by taking into account the flight route as well as the
duration of the flight. The structure of the airplane
as a parameter is also under further consideration.
Therefore, DYASTIMA-R will soon be enhanced
by more flight scenarios by performing a long-term
analysis, covering a wider range of different solar
activity periods, as well as different rigidity thresh-
olds, covering most of the geographic coordinates.
DYASTIMA/DYASTIMA-R will be also applied
for radiation dosimetry calculations during different
Space Weather events of high temporal variability,
such as GLEs. During such events, the exposure at
aircraft altitudes is significantly increased, since the
cosmic ray intensity may increase several orders of
magnitude in minutes(66–70).

DYASTIMA is based on a friendly GUI, offering
free parameterization to the user. The user can
define the characteristics of the planet and the
simulation, the primary cosmic ray spectra and the
atmospheric profile. The spectrum may be derived by
various models and tools such as the ISO model(46),
CREME96(47–49) and Nymmik et al. model(50). The
characteristics of the atmosphere can also be pro-
vided, by several models, such as the ISA, the Mass-
Spectrometer-Incoherent-Scatter (NRLMSISE-00),
Marshall Engineering Thermosphere (MET-V 2.0)
or the Drag Temperature Model (DTMB78). Most
of these models are semi-empirical. Therefore,
differences may occur, depending on the model
chosen by the user.

In summary, DYASTIMA provides all the impor-
tant parameters for the description of the cascade,
such as the type and the number of the secondary
particles, their direction and arrival time, as well as
the energy and the energy deposit at different atmo-
spheric altitudes. Based on all these parameters, radi-
ation dosimetry calculations can be performed. All
this information can be either derived as a whole,
or for each particle type of the cascade individually.
This allows to study the atmospheric showers at other
planets too. Next steps will also include the simulation
of the atmospheric cascades in other planets, such
as the atmosphere of Mars, as it may provide the

necessary information needed to evaluate the radi-
ation exposure of spacecraft crews due to cosmic
radiation in future manned missions.
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