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předpis̊u.

Ostrov 15. března 2019
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Abstrakt
Práce informuje o inovativńım pozorováńı a studiu nižš́ı zemské ionosféry
založeném na dlouhodobém zaznamenáváńı spekter v radiové oblasti i mo-
derńıch výpočetńıch modelech. Stávaj́ıćı rutinńı ionosférická měřeńı se zaměřuj́ı
pouze na oblasti E a F lokalizované ve větš́ıch výškách, přestože nejnižš́ı io-
nosférická vrstva D hraje prokazatelně významnou roli ve fyzikálńıch a che-
mických transformaćıch atmosféry v rámci takzvaného kosmického počaśı.

Experimenty využ́ıvaly metodu SID (z anglického Sudden Ionospheric
Disturbances Monitoring). V porovnáńı s předchoźım stavem metody byla
provedena zásadńı technická inovace měřićıch zař́ızeńı, č́ımž bylo dosaženo
výrazně lepš́ıho časového i frekvenčńıho rozlǐseńı měřených radiových spekter.
Výsledky měřeńı jsou doplněny semiklasickými simulacemi, poč́ınaje dvou-
rozměrným poč́ıtačovým FDTD experimentem a konče sestaveńım synte-
tických spekter, která se v rámci př́ıpustné chyby shoduj́ı s experimentálńımi
výsledky i kvalitativńımi fyzikálńımi hypotézami, jimiž jsme fenomenologicky
popsali zkoumané systémy neporušené ionosféry nebo ionosférické poruchy
vyvolané vstupem tělesa meziplanetárńı hmoty. Statistické zpracováńı dlou-
hodobě sb́ıraných dat je rovněž diskutováno.

Kĺıčová slova: astrofyzika - plazma - ionosféra - SID monitory - meteory



Abstract
Based on both state-of-the art radio experiments and computer models, an
account is taken of an innovative observation of the lower Earth’s ionosphere.
Current routine measurements focus mostly only on the E - and F -layers, the
regions of higher altitude, whilst the lowest layer D provably plays a signi-
ficant role in the physical and chemical transformations of the atmosphere
within the so-called space weather.

The experiments were performed via the SID (i. e. Sudden Ionosphe-
ric Disturbances Monitoring) method. Compared to the previous state of
the method, the measuring devices have been significantly enhanced and,
consequently, far better time and frequency resolution of the radio spectra
has been obtained. The measurements are appended semiclassical computer
simulations, beginning with a 2-D FDTD experiment on radio waves inter-
action with the ionosphere and ending up with the depiction of synthetic
spectra which are in a reasonable agreement with both experimental results
and the expected physical phenomena taking place in either unperturbed io-
nosphere or during the meteoroid descent. The statistical acquisition of our
data gained within sustainably long time be also shown.

Key words: astrophysics - plasma - ionosphere - SID monitors - meteors
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1 Úvod

1.1 Ionosféra

Ionosféra je rozsáhlá oblast svrchńı atmosféry [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11]
lokalizovaná v přibližných výškách od 60 to 1000 kilometr̊u, kde přecháźı do
plazmasféry [12, 13]. Jej́ı charakteristickou a velmi významnou vlastnost́ı je
př́ıtomnost ř́ıdce ionizovaného plazmatu nacházej́ıćıho se v hlavńıch vrstvách
D, E, F1 a F2. Zejména v letńıch měśıćıch se vytvář́ı i takzvaná sporadická
vrstva ES. Ionizačńı stupeň plazmatu se obecně zvyšuje s rostoućı výškou od
vrstvy D do vrstvy F2, která je nejv́ıce exponována ionizuj́ıćımu slunečńımu
zářeńı. Naznačená závislost je však silně nelineárńı a popsané oblasti jsou
sṕı̌se diskrétńı a typicky je odděluj́ı takzvaná údoĺı (z anglického výrazu
valleys) neionizované atmosféry [14, 15, 16].

Rovnovážný stav ionosféry se měńı s denńı dobou, a tedy s intenzitou
slunečńıho osvitu. Zat́ımco přes den se v ńı vyskytuj́ı všechny vrstvy jako
separované oblasti, v noci docháźı k částečné rekombinaci vrstev D a částečně
E, přechod mezi nimiž je méně ostrý. K jejich udržováńı přisṕıvaj́ı kosmické
zářeńı nebo vstupy těĺısek meziplanetárńı hmoty. Při výzkumu ionosféry se
s výhodou využ́ıvá takzvaných ionogramů, což jsou diagramy znázorňuj́ıćı
závislost elektronové hustoty či elektronové plazmové frekvence na prostorové
souřadnici ztotožňované s výškou nad zemským povrchem. Popsaný ilustračńı
př́ıklad ionogramu, na němž lze vysledovat popsané trendy, je ukázán na
obrázku 1 .

V závislosti na elektronové hustotě je ionosférické plazma reflexivńı pro
radiové vlny v rozsahu od deśıtek kilohertz̊u po deśıtky megahertz̊u. Tato
vlastnost ovlivňuje pozemńı radiovou komunikaci [17] a může mı́t negativńı
vliv např́ıklad na š́ı̌reńı GPS signál̊u [18]. Radiové signály d́ıky tomu nicméně
současně představuj́ı jednoduchý nástroj, j́ımž lze studovat strukturu io-
nosféry a stanovit některé fyzikálńı vlastnosti plazmatu, jako jsou elektronová
hustota nebo index lomu [19, 20, 21]. Stejně tak je možné těmito poměrně
snadnými měřeńımi [22, 23, 24] pozorovat jev takzvané ionosférické odezvy,
tedy procesy provázej́ıćı lokálńı fyzikálně nebo chemicky vyvolanou excitaci
atmosférického plazmatu a jeho následnou relaxaci [25, 26].

V rámci aproximaćı zahrnutých v newtonovské mechanice považuj́ıćıch
těžké ionty za prakticky nehybné vzhledem k volným elektron̊um lze for-
mulovat následuj́ıćı závislost mezi elektronovou hustotou Ne a takzvanou
elektronovou plazmovou frekvenćı ωp.e. [27]:
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Obrázek 1: Ilustračńı př́ıklad ionogramu (převzato ze Space Weather Servi-
ces).

ωp.e. =

√
Nee2

εme

(1)

Pro danou permitivitu prostřed́ı představuje výraz e2

εme
(pro klidovou

hmotnost elektronu me
∼= 9.109 × 10−31 kg) pouze pod́ıl fyzikálńıch kon-

stant, a lze tak nahlédnout, že rovnice popisuje soustavu harmonických os-
cilátor̊u složených z elektron̊u kmitaj́ıćıch kolem jejich těžkých iont̊u s frek-
venćı závisej́ıćı pouze na částicové hustotě nositel̊u náboje. Tato situace je
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ilustračně ukázána na obrázku 2. Takto popsaná vrstva plazmatu je odrazivá
pro radiovou vlnu o frekvenci ν při platnosti jednoduché podmı́nky

ω ≥ 2πν. (2)

Obrázek 2: Newtonovský pohled na mechaniku ionosféry. Šedá barva
znázorňuje neutrálńı částice, zde v nadbytku oproti elektron̊um (zeleně),
které s frekvenćı závislou na své částicové hustotě osciluj́ı kolem těžkých
iont̊u (červeně).

Zářeńı je právě odraženo, pokud plat́ı, že ν ≡ ω
2π
. Frekvence odpov́ıdaj́ıćı

limitńım elektronovým plazmovým frekvenćım daných vrstev se nazývaj́ı kri-
tickými frekvencemi [28].

V rámci studia plazmatu v prostřed́ı bĺızkém zemskému povrchu byl vy-
mezen pojem kosmické počaśı, kterým je chápáno chováńı atmosférického
plazmatu za r̊uzných podmı́nek. Jeho výzkum a sledováńı nám umožňuje
zlepšováńı radiového naváděńı nejen pozemńıch objekt̊u, ale i družic, sate-
lit̊u a tak podobně, a bude tedy bezesporu hrát významnou roli v budoućım
očekávaném rozvoji vesmı́rných miśı nebo např́ıklad teleskop̊u umı́stěných
na oběžné dráze.
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V základńım výzkumu představuje ionosféra ideálńı modelový systém,
v němž lze pozorovat chováńı studeného a ř́ıdce ionizovaného plazmatu vysta-
veného mnoha r̊uzným ionizačńım zdroj̊um. Pečlivý popis takovýchto úkaz̊u
společně s dostatečným množstv́ım experimentálńıch dat tak mohou být
základem nových cest výzkumu v oblasti radiačńı fyziky.

Přes nemalý rozsah nast́ıněných využit́ı v základńım i aplikovaném výzkumu
se jen velmi málo stávaj́ıćıch experimentálńıch studíı [29, 30], přestože bezpo-
chyby uveřejňovaných špičkovými výzkumnými týmy, zabývá nejnižš́ı, a tedy
Zemi nejbližš́ı ionosférickou vrstvou D. Svrchńı vrstvy E a F, z nichž obě
vykazuj́ı elektronové plazmové frekvence v řádech MHz, jsou rutinně po-
zorovány pomoćı ionosond. Vrstva D je ale řádově méně ionizována, a jej́ı
kritické frekvence jsou tedy bohužel pod detekčńım limitem těchto sofistiko-
vaných zař́ızeńı [31].

SID monitory, které jsou ústředńım bodem experimentálńı části této práce,
jsou naproti tomu jednoduchá měřićı zař́ızeńı založená na indukčńıch ćıvkách,
umožňuj́ı však měřeńı v oblasti 20 ∼ 85 kHz, což je přesně rozsah frekvenćı,
pro něž je odrazivá vrstva D [32, 33, 34, 35]. Možnost jednoduše zavést do
praxe observace plazmatu i v této oblasti je zvláště významná zejména vzhle-
dem k relativně vysoké částicové hustotě neutrálńıch částic [36, 37, 30], což
usnadňuje i př́ıpadné laboratorńı studium tohoto systému.

Fyzikálńı jevy provázej́ıćı odraz radiových vln v ionosféře byly poprvé po-
zorovány na začátku 30. let minulého stolet́ı v souvislosti s vynálezy provázej́ıćımi
vznik a rychlý rozvoj radiového a televizńıho vyśıláńı. Termı́n ionosférické
odezvy byl vymezen Johnem H. Dellingerem [38], který jej rovněž popsal pro
r̊uzné ionizačńı zdroje, zejména slunečńı erupce a výrony koronálńı hmoty.
Dnes se jako synonyma běžně použ́ıvaj́ı i pojmy Dellinger̊uv jev nebo náhlá
ionosférická porucha.

Výše popsané fenomény mohou být definovány [39, 40, 41, 42, 43, 44]
jako interakce ionosférického plazmatu s krátce žij́ıćım prostorově limito-
vaným zdrojem ionizace, kam se typicky řad́ı právě slunečńı erupce či CMEs
[45], ale také vstup tělesa meziplanetárńı hmoty [46, 47, 48, 49] nebo tvrdého
ionizuj́ıćıho extrasolárńıho zářeńı elektromagnetické nebo částicové povahy.
Předkládaná práce uvažuje jako modelový př́ıklad ionosférické poruchy právě
impakt meteoroidu. Abychom porozuměli tomuto modelovému systému a jeho
významu pro výzkum v oblasti fyziky atmosféry či meziplanetárńı hmoty,
uvád́ı následuj́ıćı podkapitola některé jeho základńı charakteristiky.
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1.2 Interakce těles meziplanetárńı hmoty s atmosférou

Do zemské atmosféry vstupuj́ı nepřetržitě r̊uzně velká těĺıska meziplanetárńı
hmoty, tedy pevná tělesa nacházej́ıćı se ve slunečńı soustavě a vykazuj́ıćı
menš́ı rozměry než planetka. Pro takovéto impakty jsou charakteristické
velké rychlosti, typicky v řádu jednotek až deśıtek km s−1. Pokud je ob-
jekt dostatečně hmotný (obvykle vykazuje hmotnost v řádu gramů a vyšš́ı,
teoreticky však postačuje těleso o velikosti zrnka prachu), docháźı ke kolizi
povrchu s excitovanými molekulami atmosféry (O2, N2) a v nižš́ıch výškách
i ke klasickému třeńı, č́ımž se těleso zahř́ıvá a jeho povrch postupně tepelně
ablatuje.

Plazma, které t́ımto procesem vzniká, má vysokou elektronovou hustotu,
typicky v řádu 1013 cm−3 a vyšš́ı, a teplotu v řádu 103 K. Jako takové de-
excituje emiśı zářeńı v širokém rozsahu vlnových délek, od ultrafialového
zářeńı až po radiové vlny. Zářeńı ve viditelné oblasti je př́ıčinou typického
atmosférického úkazu nazývaného meteor či padaj́ıćı hvězda.

Vlivem mechanické a tepelné práce se meteoroid, který do atmosféry
vstoupil, rozpadá a ve většině př́ıpad̊u před dopadem na zemský povrch úplně
shoř́ı. Dokladem o jeho chemickém složeńı je potom záznam emisńıho spek-
tra plazmatu a o jeho fyzikálńıch vlastnostech a projevech mohou vypov́ıdat
r̊uzná př́ımá či nepř́ımá pozorováńı.

Přesný popis sestupu tělesa meziplanetárńı hmoty atmosférou a jev̊u
provázej́ıćıch tuto interakci je velmi komplexńı problematika, j́ıž se zabývá
řada rozsáhlých astronomických studíı. Pro potřeby předkládané práce je
však možné uvést zjednodušený popis se zd̊urazněńım hlavńıch aspekt̊u.

Po vstupu tělesa do zemské atmosféry docháźı již v poměrně vysokých
výškách (až ∼ 120 km) k rychlým kolizńım interakćım s molekulami at-
mosféry, anglicky nazývaným termı́nem sputtering. Pro ně je typická vy-
soká rychlost penetruj́ıćıho tělesa pohybuj́ıćı se většinou mezi 11 km s−1

a 72 km s −1. V nižš́ıch výškách (obvykle ≤ 80 km v závislosti na rozměrech
tělesa) pak zač́ıná docházet k velmi intenzivńımu třeńı. Jeho vlivem se kon-
tinuálně zvyšuje teplota tělesa, což prováźı jeho fragmentace a termálńı abla-
tace povrchu. V této fázi docháźı také ke tvorbě zář́ıćı stopy plazmatu, na
ńıž se pod́ılej́ı částice atmosféry a odpařené fragmenty tělesa.

Nejnižš́ı bod viditelné trajektorie indikuj́ıćı konec ablačńıho procesu obecně
záviśı na počátečńı geocentrické rychlosti a hmotnosti tělesa a na zenitálńım
úhlu jeho vstupu do atmosféry. U těles s ńızkou geocentrickou rychlost́ı
(10 ∼ 30 km s−1) a hmotnost́ı v řádech kilogramů může viditelná trajektorie
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letu končit až ve výškách kolem 30 až 50 km nad zemským povrchem, kde
malé rychlosti bráńı daľśı emisi zářeńı, ale i odpařeńı zbytku hmoty. Frag-
menty takovýchto těles pak dopadaj́ı na povrch Země jako meteority. Pro
nepř́ımá pozorováńı meteor̊u na základě jejich projev̊u v zemské ionosféře,
jimž se věnuje tato práce, je zásadńı oblast dráhy ve výškách mezi 60 a 100
kilometry, kde se rovnovážně nacháźı zkoumaná ionosférická vrstva D.

Smyslem této studie neńı pouze hromaděńı experimentálńıch dat, ale
zejména jejich správná interpretace a nástin využit́ı v oblasti fyziky plazmatu.
Pro vysvětleńı nově pozorovaných úkaz̊u stejně jako pro ověřeńı kvalita-
tivńı i kvantitativńı výpovědńı hodnoty experimentálně źıskaných poznatk̊u
bylo proto nutné vytvořit podp̊urný teoretický model. Ionosférická odezva na
jevy souvisej́ıćı se slunečńı aktivitou se teoreticky popisuje poměrně obt́ıžně,
protože ji provázej́ı výrazné prostorové změny v systému, např́ıklad sestup
některých plazmatických vrstev až o deśıtky kilometr̊u [38]. Měřeńı poruchy
vyvolané vstupem meteoroidu je naproti tomu možné popsat jako interakci
elektromagnetického zářeńı s ionosférou penetrovanou hustým plazmatickým
objektem, který je však za našich podmı́nek řádově menš́ı než inspekčńı
vlna (viz. kapitola 2). Na základě tohoto předpokladu byla formulována
a provedena série poč́ıtačových experiment̊u, jejichž bližš́ı popis je uveden
v následuj́ıćıch kapitolách.
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2 SID monitory
SID monitory jsou detekčńı zař́ızeńı, která byla v 60. letech vynalezena
amatérskými radioastronomy. Od 80. let 20. stolet́ı začaly být využ́ıvány
některými výzkumnými skupinami zejména pro zisk podp̊urných informaćı
o časovém pr̊uběhu krátkovlnných rentgenových záblesk̊u slunečńıho nebo
galaktického p̊uvodu, př́ıpadně některých silných záblesk̊u gamma. Repre-
zentativńım př́ıkladem této aplikace je zejména studie prof. J. Fishmana
uveřejněná v časopise Nature [50]. Některé z těchto a podobných experi-
ment̊u jsou stále v provozu, autorovi práce však neńı známa žádná pub-
likovaná studie zabývaj́ıćı se využit́ım SID monitoringu jako nástroje pro
fyzikálńı charakterizaci meteorického plazmatu nebo alespoň pro pozorováńı
meteor̊u jako takové. Nedávno dosažené technické zlepšeńı měřićıch zař́ızeńı
nám naproti tomu otev́ırá cestu k překročeńı některých technických limit̊u,
které mohly v dř́ıvěǰśı době provedeńı či vyhodnoceńı podobných pilotńıch
experiment̊u znemožňovat.

Z technického hlediska jsou SID monitory založeny na indukčńı ćıvce
sestávaj́ıćı z ∼ 100 m smaltovaného drátu navinutého na kruhové anténě
o metrovém pr̊uměru. Tato část aparatury je stěžejńı komponent umožňuj́ıćı
samotné měřeńı radiových signál̊u. Jak popisuje obrázek 3, panel A, pro
detekci je nutné, aby signály pocházely od výkonného vyśılače umı́stěného
za horizontem, a před zaznamenáńı monitorem byly tedy odraženy od io-
nosféry. Přesná časová synchronizace je zajǐstěna GPS anténou a záznam
měřeńı s následnou automatickou Fourierovou transformaćı pro vykresleńı
spektrogramu provád́ı výkonný mikroprocesor vystavěný na ARM archi-
tektuře. Vývojový diagram aparatury je ukázán na obrázku 3, panel B.

Je d̊uležité zmı́nit, že na rozd́ıl od ionosond stávaj́ıćı stanice SID ne-
disponuj́ı synchronizovaným aktivńım vyśıláńım, ale namı́sto toho využ́ıvaj́ı
facility, které primárně neslouž́ı k vědeckým účel̊um. V našich zeměpisných
š́ı̌rkách jsou tak z naprosté většiny zaznamenávány amplitudově modulované
signály slouž́ıćı k naváděńı ponorek. Seznam použitelných vyśılač̊u spolu s je-
jich frekvencemi a popisem je uveden v př́ılohách. Přij́ımače jsou naladěny
na zmı́něný interval frekvenćı od 20 do 85 kHz, který nálež́ı do oblasti tak-
zvaných VLF (z anglického Very Low Frequencies, 30 Hz - 30 kHz) a částečně
do oblasti LF (Low Frequencies, 30 - 300 kHz). Vzhledem k dosavadńım
výsledk̊um dosaženým v oblasti SID monitoringu [51, 52, 53, 54, 55, 56, 57,
58] i k typickému rozpět́ı frekvenćı sledovaných výkonných vyśılač̊u se ale
měřeńı v́ıce zaměřuj́ı na frekvence lež́ıćı ve VLF oblasti.
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Obrázek 3: Schéma SID monitoru a jeho měřeńı. Panel A popisuje p̊uvod
a detekci radiových signál̊u a na panelu B je ukázáno technické schéma SID
měřićı stanice. Universal Scientific Technologies.
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3 Metodika

3.1 Zpracováńı dat

Prvńım krokem akvizice dat je zmı́něné automatické předzpracováńı pomoćı
Fourierovy transformace. Tento krok převád́ı měřené indukované napět́ı na
intenzitu odezvy detektoru jako funkci času a frekvence, která může být
znázorněna pomoćı takzvaného spektrogramu. Časový integračńı krok je na-
staven na 170.67 ms a frekvenčńı rozlǐseńı čińı 2.93 Hz. Takovéto parametry
měřeńı jsou v́ıce než postačuj́ıćı pro dostatečné rozlǐseńı peak̊u odpov́ıdaj́ıćıch
měřitelným výkonným vyśılač̊um. Ilustračńı situace je uvedena na obrázku
4 a v př́ılohách.

Obrázek 4: Vizualizace ukázkového měřeńı pomoćı spektrogramu s vidi-
telnými peaky odpov́ıdaj́ıćımi středovým frekvenćım intenzivńıch signál̊u
výkonných VLF vyśılač̊u. Podrobný seznam použitelných frekvenćı je uveden
v př́ılohách.

Bylo zjǐstěno, že zat́ımco v noci v souladu s popsanou změnou rovnovážného
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stavu ionosféry ve spektru převládaj́ı r̊uzné obt́ıžně předpověditelné profily
signálu a peak̊u, chováńı D-ionosférické vrstvy během dne, a tedy pozoro-
vatelné tvary spekter, se s měńıćı se intenzitou slunečńıho zářeńı měńı sṕı̌se
periodicky [59]. Tyto změny zvýrazněné na ilustračńım záznamu SID moni-
toru jsou ukázány na obrázćıch 5 (př́ıklad měřeńı) a 6 (simulace s využit́ım
fyzikálńıch konstant dostupných v citované literatuře).

Slunečńı aktivita, respektive jej́ı anomálie, současně tvoř́ı pravděpodobně
nejvýznamněǰśı zdroj ionosférických poruch. V kontextu kosmického počaśı
jsou často zmiňovány zásahy zemské atmosféry slunečńımi erupcemi nebo
výrony koronálńı hmoty. Naš́ım vědeckým ćılem bylo nicméně vysledovat
spektrálńı profil, který odpov́ıdá prostorově sṕı̌se malému zdroji plazmatu
o vysoké elektronové hustotě a hustotě energie - meteorickému impaktu.

Obrázek 5: Př́ıklad SID měřeńı.

Poté, co byla měřeńı SID pravidelně prováděna dostatečně dlouhou dobu,
bylo možné je porovnat s dostupnými kamerovými daty [60] a na základě
shody v čase záznamu ověřit, zda byla podle našich předpoklad̊u skutečně
pozorována ionosférická porucha vyvolaná meteorem.
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Obrázek 6: FDTD simulace periodických variaćı ionosféry pozorovatelných
v radiových spektrech. Pro podrobněǰśı popis simulace viz následuj́ıćı kapi-
toly.

V prvńı iteraci byla data zpracována ručně. Spektra byla vykreslena
v adekvátńım časovém rozpět́ı kolem zkoumané časové známky poskytnuté
kamerovými měřeńımi a byl uložen jakýkoliv peak či jiná nepravidelnost
v záznamu přesahuj́ıćı hladinu šumu. T́ımto postupem bylo zjǐstěno, že io-
nosférická odezva na meteorický impakt se projevuje sńıžeńım absolutńı in-
tenzity; podobné profily nalezené ve spektrech vykazovaly délky ∼ 3 s, ∼ 5 s
a ∼ 10 s. Takto dosažené výsledky však bylo nutné doplnit fyzikálńım mode-
lem, který by vysvětloval p̊uvod a tvar extrapolovaných profilových funkćı.
Daľśım krokem pak bylo plně automatizované zpracováńı všech dostupných
dat.

Pro klasické a semiklasické modelováńı elektromagnetického zářeńı a jeho
interakce s makroskopickými objekty o definovaných fyzikálńıch vlastnostech
se s výhodou využ́ıvá algoritmů pro poč́ıtačové řešeńı Maxwellových rov-
nic aplikovaných na daný systém. S nedávným rozvojem výpočetńı techniky
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a rostoućımi požadavky na fyzikálńı a matematické modely dal tento postup
dokonce vzniknout novému vědeckému odvětv́ı známému jako výpočetńı elek-
trodynamika.

Následuj́ıćı podkapitola proto pro pochopeńı jej́ıho významu v této práci
zjednodušeně popisuje Maxwellovy rovnice a jejich možné řešeńı pro naše
modelové systémy.
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3.2 Výpočetńı elektrodynamika

Výpočetńı elektrodynamika či synonymně elektromagnetické modelováńı je,
jak už bylo naznačeno, moderńı fyzikálńı odvětv́ı, které se zabývá výpočetńım
modelováńım interakćı elektromagnetického zářeńı s hmotnými objekty a okolńım
prostřed́ım. Typicky, ne však zcela výhradně, využ́ıvá klasický př́ıstup k elek-
tromagnetismu, a vycháźı tak z Maxwellových rovnic nebo jejich upravených
tvar̊u.

Motivaćı k zavedeńı tohoto oboru byla skutečnost, že celá řada fyzikálńıch
problémů zahrnuj́ıćı radiačńı a kolizně-radiačńı procesy nebo rozptyl elek-
tromagnetického zářeńı mimo volný prostor neńı dosud analyticky řešitelná.
V př́ıpadě, že neńı nutné explicitně pracovat s poznatky vycházej́ıćımi z kvan-
tové mechaniky, jako je tomu např́ıklad při modelech atomárńıch a mole-
kulárńıch spekter, je pak v takovýchto př́ıpadech pohodlněǰśı a výhodněǰśı
pracovat právě s klasickým elektromagnetismem, protože jeho modely jsou
konzistentńı a jejich numerická řešeńı elegantńı a dostatečně přesná.

Klasické pojet́ı elektromagnetismu vycháźı ze čtveřice parciálńıch dife-
renciálńıch rovnic publikovaných mezi lety 1861 a 1862 skotským matema-
tickým fyzikem Jamesem Clerkem Maxwellem. Dnes je známe jako

Gauss̊uv zákon, který popisuje vztah mezi stacionárńım elektrickým
polem a elektrickým nábojem, v jehož okoĺı je pole vytvářeno, a je vysloven
jako

∇ · ~E =
ρ

ε
(3)

pro intenzitu elektrického pole ~E a nábojovou hustotu ρ v prostřed́ı o permi-
tivitě ε. Tok intenzity elektrického pole libovolnou uzavřenou (tzv. Gausso-
vou) plochou je tedy př́ımo úměrný velikosti náboje v dané ploše (v rovnici
reprezentované nábojovou hustotou).

Magnetickému poli vznikaj́ıćımu typicky v souvislosti s polem elektrickým
se věnuje Gauss̊uv zákon magnetismu:

∇ · ~B = 0. (4)

Podle něj v uzavřené ploše na rozd́ıl od elektrických náboj̊u nemohou vzni-
kat magnetické

”
náboje“, tedy monopóly; tok magnetické indukce uzavřenou

plochou je nulový. Namı́sto toho zákon předpov́ıdá, že magnetické pole je
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generováno dipólovým uspořádáńım, které si lze představit jako známou vi-
zualizaci magnetických indukčńıch čar kolem severńıho a jižńıho pólu. Jejich
tečnami jsou právě vektory magnetické indukce.

Nestacionárńım silovým poĺım a jejich vzájemné provázanosti se pak
věnuj́ı Maxwell̊uv-Faradaẙuv zákon a Ampér̊uv zákon spojitosti indukčńıho
toku.

Maxwell̊uv-Faradaẙuv zákon vysvětluje jev, kdy časově proměnné
magnetické pole vždy doprováźı prostorově nehomogenńı pole elektrické a na-
opak, při čemž indukovaná změna má snahu silově p̊usobit proti svému zdroji.
V matematické podobě je zapisován rovnićı

∇× ~E = −∂
~B

∂t
. (5)

Ampér̊uv zákon spojitosti indukčńıho toku popsanou závislost bĺıže
kvantifikuje. Jeho odvozeńı bylo provedeno pro př́ıpad magnetického pole
tvoř́ıćıho se v okoĺı uzavřeného závitu, j́ımž procháźı proud. Proto pro př́ıslušnou
proudovou hustotu ~J v prostřed́ı o permeabilitě µ plat́ı

∇× ~B = µ

(
~J + ε

∂ ~E

∂t

)
. (6)

Rovnice byly uvedeny v diferenciálńı podobě pro jednotkovou konvenci
soustavy SI a za předpokladu p̊usobeńı operátor̊u na vektory v kartézských
souřadnićıch. Pro r̊uzné konkrétńı potřeby mohou být Maxwellovy rovnice
uváděny i v integrálńım tvaru nebo např́ıklad v konvenci gaussovských souřadnic,
jejich podstata a fyzikálńı význam se však pochopitelně neměńı.

Při interpretaci Maxwellových rovnic lze intuitivně nahlédnout, že v ci-
tované podobě se zaměřuj́ı sṕı̌se na makroskopické d̊usledky elektromagne-
tismu, s č́ımž úzce souviśı jejich odvozeńı nebo modelová demonstrace na
elektrických vodič́ıch. Jejich kombinaćı však lze źıskat takzvané elektromag-
netické vlnové rovnice, jež bez odvozeńı vyslov́ıme jako(

c2∇2 − ∂2

∂t2

)
~E = 0 (7)

(
c2∇2 − ∂2

∂t2

)
~B = 0
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Ty popisuj́ı elektromagnetické zářeńı jako vlnu složenou z vektor̊u charak-
terizuj́ıćıch elektrickou a magnetickou složku, typicky intenzitou elektrického
pole a magnetickou indukćı nebo intenzitou magnetického pole, pohybuj́ıćı
se prostorem vymezeným vlnovým vektorem nebo sadou vektor̊u ~ki. Obě
operátorové rovnice jsou provázány konstantou c, již lze v souladu s Ma-
xwellovým chápáńım rychlosti světla v daném prostřed́ı odvodit z rovnic 3 -
6 jako rovnou výrazu

c =
1√
µε
. (8)

V současnosti běžněǰśı definice rychlosti světla využ́ıvá konstantńı rych-
losti světla ve vakuu a známého indexu lomu pracovńıho prostřed́ı, v tom
př́ıpadě plat́ı, že

c =
cvac
N
⇔ cvac ∼=

1√
µ0ε0

. (9)

Z vlastnost́ı zavedených operátor̊u pak lze nahlédnout, že elektrická a mag-
netická složka kmitaj́ı kolmo na sebe navzájem tak, že vždy obsahuj́ı vlnový
vektor, při čemž magnetická složka je numericky právě c-krát menš́ı než složka
elektrická. Tuto situaci lze modelově ilustrovat na obrázku 7.

Pro doplněńı klasické definice elektromagnetismu se nav́ıc použ́ıvá rov-
nice pro Lorentzovu śılu popisuj́ıćı silové účinky elektromagnetického pole na
částici o náboji q a rychlosti ~v:

~F = q
(
~E + ~v × ~B

)
. (10)

Tato jednoduchá rovnice je velmi d̊uležitá zejména proto, že spojuje de-
finice silových poĺı s účinky na nabité objekty, tedy při zobecněńı např́ıklad
i na komponenty plazmatu.

Výpočetńı elektrodynamika se pak předevš́ım zabývá zp̊usoby nalezeńı
numericky stabilńıho aproximativńıho řešeńı výše uvedených vztah̊u. Základem
většiny př́ıstup̊u je převedeńı kodifikované formy Maxwellových rovnic na
matice takzvaných hyperbolických parciálně diferenciálńıch rovnic (HPDEs,
z anglickéhoHyperbolic System of Partial Differential Equations) s nezávislými
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Obrázek 7: Vizualizace řešeńı elektromagnetických vlnových rovnic pro nej-
jednodušš́ı př́ıpad zářeńı lineárně polarizovaného ve směru osy x. Převzato
z Physics Stack Exchange.

proměnnými obecně prostoročasových souřadnic. Poté je možné systém apro-
ximativně řešit iteracemi pro kartézské souřadnice nebo čas s využit́ım zna-
lost́ı maticových operaćı.

Z odvozeněǰśıch algoritmů založených na tomto principu lze uvést např́ıklad
metodu aproximace diskrétńıch dipól̊u využ́ıvaj́ıćı maticového systému pro
symbolickou nebo numerickou formulaci propojených rovnic v integrovaném
tvaru nebo metodu rychlých multipól̊u založené na operaci multipolárńı ex-
panze. Pro aplikaci teorie elektromagnetismu na zmı́něné soustavy s elek-
trickými obvody nebo podobné problémy se dále s výhodou využ́ıvá metody
parciálńıch obvod̊u ekvivalentńıch element̊u.

Pro řešeńı většiny obecně formulovaných vědeckých problémů, jaký představuje
i výpočetńı část této práce, se však často využ́ıvá takzvaná metoda FDTD
(z anglického Finite Difference Time Domain). Jak jej́ı název napov́ıdá,
jedná se o metodu diskretizačńı. Na počátku řešeńı jsou Maxwellovy rov-
nice v parciálně diferenciálńı formě převedeny na rovnice diferenčńı, a libo-
volný zadaný prostor je tak převeden na sadu malých, ale konečně velkých
eukleidovských podprostor̊u. Sada propojených diferenčńıch rovnic je pak
řešena pro nezávislou proměnnou časové souřadnice iterované opět o malé,
ale konečné inkrementy.
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V daném diskrétńım čase tk jsou (s využit́ım magnetické složky cha-
rakterizované v předchoźı k − 1 iteraci) rovnice řešeny pro intenzitu elek-
trického pole, jej́ıž hodnota je zafixována a v následné k + 1 iteraci použita
pro stanoveńı charakteristiky magnetické složky ( ~B nebo ~H). Celý proces
se následně opakuje, dokud neńı dosaženo počátečně nastavené hodnoty si-
mulačńıho času. Tento postup neńı v porovnáńı s alternativńımi metodami
př́ılǐs zatěžuj́ıćı pro kapacitu poč́ıtačové paměti a procesoru, zároveň však
nejsou při dostatečně efektivńı diskretizaci souřadnic do výpočtu oproti ana-
lytickému tvaru Maxwellových rovnic vnášeny nikterak silné aproximace.
Nav́ıc je možné elegantně definovat počátečńı podmı́nky systému a srov-
nat výsledky s odhadem řešeńı odvozeným typicky z experimentálńıch pozo-
rováńı.
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3.3 Poč́ıtačové simulace

Podp̊urné teoretické simulace byly designovány jako sada dvourozměrných
FDTD experiment̊u. V rámci tohoto přibĺıžeńı je zásadńı správná definice
geometrie systému, v němž jsou rovnice řešeny [61]. Vyśılač byl aproximován
bodovým zdrojem monochromatického elektromagnetického zářeńı. Pro daľśı
experimenty byl zvolen vyśılač DHO 38 o frekvenci 23.4 kHz, který se ukázal
být jedńım z nejmarkantněǰśıch v reálných spektrech.

Vyśılač byl umı́stěn do fixńıho bodu v kartézské soustavě souřadnic. Vzdálenost
mezi vyśılačem a bodovým přij́ımačem byla nastavena na 700.0 kilometr̊u,
což je v přibližném souladu se skutečnou polohou SID monitor̊u, z nichž
jsou v naš́ı śıti źıskávána data. Vzdálenost byla měřena na kruhové výseči
o poloměru R� = 6378.0 km odpov́ıdaj́ımu kodifikovanému poloměru Země.
Geometrie modelu je v kostce shrnuta na obrázku 8, panel A.

Obrázek 8: Design poč́ıtačových experiment̊u. Panel A znázorňuje geometrii
modelu, na panelu B je vykreslena ilustračńı prostorová závislost ~z-složky
intenzity elektrického pole po 3600 sekundách simulačńıho času.
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Vzhledem k diskretizačńı metodě řešeńı Maxwellových rovnic nevyžaduje
FDTD experiment ve 2D přibĺıžeńı žádné daľśı vstupńı parametry mimo po-
psanou geometrii a permitivitu, respektive jej́ı profil jako funkci prostoru.
Formulace permitivity plazmatu je však obecně netriviálńı problém, protože
jde o vlastnost úzce spjatou s informacemi o kolektivńım chováńı daného
plazmatického systému vzhledem k silovým poĺım. Pouze v př́ıpadě isotro-
pického systému lze jako výslednou permitivitu očekávat reálné č́ıslo nebo
reálnou funkci reálné proměnné, v systémech anisotropických je obecným
řešeńım komplexńı tenzor. Problematice interakce nabitých (ionizovaných)
oblast́ı zemské atmosféry byla však věnována značná pozornost a v nedávné
studii zabývaj́ıćı se takzvaným globálńım elektrickým obvodem a zaměřené
i na coupling s neutrálńımi složkami atmosféry publikovali Morozov et al.
[7] profil permitivity ionizovaných atmosférických oblast́ı, který může být
se zahrnut́ım daľśıch informaćı [9, 10, 3, 8, 11, 12, 26, 30, 1, 21] využit
pro formulaci vstupńıch dat relevantńıch pro naše poč́ıtačové experimenty
pomoćı numerické extrapolace nebo formulace jednoduchých pseudoanaly-
tických funkćı.

Bylo zjǐstěno, že v souladu s uvedenými předpoklady se permitivita,
a tedy i stupeň ionizace v nižš́ıch vrstvách ionosféry, silně měńı s denńı dobou.
Výsledky numerických extrapolaćı rovněž naznačuj́ı, že v noci je zkoumaná
vrstva D převážně rekombinována a přetrvává d́ıky kosmickému zářeńı nebo
konvekci s fragmenty vrstvy E [62].

V rozsahu výšek, v jakém jsme se pohybovali, tedy 60∼ 100 kilometr̊u, byl
však očekáván a v dostupných zdroj́ıch [7, 9, 10, 3, 8, 11, 12, 26, 30, 1, 21]
potvrzen trend permitivity zvyšuj́ıćı se s rostoućı výškou, jak je ukázáno
na obrázku 9. Profilové funkce byly pro potřeby poč́ıtačových experiment̊u
diskretizovány na množinu reálných č́ısel popisuj́ıćı permitivitu plazmatu v
dané části prostoru. S takovouto sadou vstupńıch parametr̊u bylo možné
provádět potřebné simulace v dostupném výpočetńım čase, aniž by musely
být do výpočt̊u vnášeny daľśı silné aproximace.

Nejnižš́ı hodnota ionosférické permitivity použitá v simulaci přesahovala
permitivitu čistého vzduchu (ε = 1.0006ε0) o 20 procent. Tato hodnota od-
pov́ıdala nejnižš́ı v simulaci uvažované vrstvě ionosféry. Následně byly do
množiny vstupńıch parametr̊u iterativně zahrnovány souřadnice, na kterých
vždy došlo ke zvýšeńı permitivity o daľśıch 20 procent.

Na obrázku 10 jsou pro ilustraci znázorněny umělé vrstvy ionosféry vzniklé
diskretizaćı profilové funkce pro oblast vrstvy D v čase 12.00 UTC.

Simulace byly prováděny v poč́ıtačovém prostřed́ı python-meep [63].
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Obrázek 9: Profil výškové závislosti středńıch hodnot permitivity zemské
ionosféry. Na panelu A je vykreslena závislost pro celou ionosféru, panel
B zobrazuje detail pro vrstvy D a E.

Souřadnice byly voleny jako kartézské vzhledem k osám x a y s počátkem
ve středu Země o poloměru R� = 6378.0 km; nezávislou proměnnou byl čas.
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Obrázek 10: Vizualizace výškového profilu permitivit v D-vrstvě zemské io-
nosféry v čase 12.00 UTC.

V každém výpočetńım kroku byla na souřadnićıch detektoru zaznamenána
hodnota z-složky vektoru intenzity elektrického pole ~E. Časová závislost
~Ez(t) byla źıskána interpolaćı těchto dat. Poč́ıtačové experimenty simulovaly
š́ı̌reńı radiových vln po dobu postupně 600 a 3600 s. Velikost a tvar detekčńıho
zař́ızeńı byly nastaveny v souladu se skutečnými technickými parametry po-
psanými výše. Relativńı intenzita detekovaného zářeńı byla vypoč́ıtána po-
moćı vztahu

Idet ∝
∣∣∣ ~Ez∣∣∣2

det
, (11)

kde
”
det“ znač́ı souřadnice detektoru.

Bylo zjǐstěno, že po 3600 s simulačńıho času dosahuj́ı modelové systémy
ustáleného stavu.
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S využit́ım dat publikovaných ve výše odkazovaných studíıch byly vstupńı
profilové funkce permitivity źıskány právě s rozlǐseńım jedné hodiny. Za
použit́ı výrazu 11 byl źıskán profil signálu SID v pr̊uběhu celého dne. Źıskaná
funkce ořezaná na interval 4.00 UTC - 20.00 UTC, tedy na dobu, kdy lze
očekávat periodické změny v ionosféře vlivem intenzity slunečńıho osvitu, se
kvalitativně shoduje s typickými hodnotami źıskanými reálným SID měřeńım,
viz obrázky 5 a 6. V noci je z d̊uvod̊u uvedených výše obt́ıžněǰśı se skutečným
měřeńım přibĺıžit, a v provedeném rozsahu simulaćı proto bohužel nebyly po-
zorovány relevantńı periodické korelace.

Poté, co bylo ověřeno, že zvolená výpočetńı metoda umožňuje v přiměřeném
rozsahu simulovat odezvu neporušené ionosféry, byla v následných kroćıch
provedena sada poč́ıtačových experiment̊u zaměřených na ionosféru penetro-
vanou meteorem. Meteorickému plazmatu byla opsána cylindrická geometrie
a j́ı odpov́ıdaj́ıćı distribuce elektronové hustoty, a tedy i permitivity v pro-
storu [64]. Z volitelných parametr̊u simulaćı byly dále zahrnuty počátečńı
souřadnice meteoru, jeho rozměry, amplituda elektronové hustoty a prosto-
rové vlastnosti. Ukázka typického simulačńıho okna je uvedena na obrázku
11.

Simulačńı čas byl pro možnost porovnáńı s předchoźımi výsledky opět na-
staven postupně na 600 a 3600 s. Vzhledem k tomu, že sledovaný objekt byl
řádově menš́ı než inspekčńı vlna (λ ∼= 12.820 km), bylo naš́ım předpokladem,
že dominuj́ıćım fyzikálńım jevem na rozhrańı mezi ionosférickým a meteo-
rickým plazmatem bude rozptyl dlouhovlnného zářeńı.

Simulace rozptylu VLF zářeńı na meteorickém plazmatu byla provedena
v odlǐsném geometrickém uspořádáńı než simulace čisté ionosféry. K této
modifikaci výpočtu bylo přistoupeno předevš́ım z nutnosti zachytit inter-
akci dlouhovlnného zářeńı s poměrně malým plazmatickým objektem, což
vyžadovalo zvýšeńı prostorového rozlǐseńı simulace. V d̊usledku toho značně
vzrostla i náročnost na výpočetńı čas a vyt́ıženost operačńı paměti. Zmenšeńım
simulačńıho prostoru se vliv těchto technických omezeńı podařilo dastatečně
sńıžit. Použitá geometrie simulace je ukázána na obrázku 12. Aby byl v si-
mulaci zohledněn vliv r̊uzné vzájemné polohy vyśılače, meteoru a přij́ımače,
bylo v okoĺı meteoru definováno několik detektor̊u (viz obrázek 12).

Relativńı permitivita penetruj́ıćıho plazmatu byla stanovena pomoćı jeho
elektronové plazmové frekvence ωp.e. vypočetné z elektronové hustoty tvoř́ıćı
jeden ze vstup̊u do simulace pomoćı rovnice 1 a frekvence ω odpov́ıdaj́ıćı
frekvenci inspekčńı vlny 23.4 kHz pomoćı vztahu
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Obrázek 11: Typický design FDTD simulace meteoru. Panel A ukazuje pro-
storovou závislost permitivit s jasně viditelnou oblast́ı hustého meteorického
plazmatu, panel B prostorovou závislost ~z-složky intenzity elektrického pole
simulovaných radiových vln. Na obrázku je viditelný rozptyl radiových vln
v mı́stě meteoru a zpětná interference.

ε

ε0
= 1−

(ωp.e.
ω

)2
. (12)

Vzhledem k velké disproporci mezi jednotlivými veličinami byla výsledná
relativńı permitivita tohoto plazmatického systému záporná, řádově−5× 1013 ε0,
a pro provedeńı fyzikálně relevantńıch výpočt̊u byla tedy nutná definice
dispersńıho prostřed́ı, jež v rámci př́ıpustných fyzikálńıch aproximaćı určuje
absorptanci elektromagnetického zářeńı plazmatem v závislosti na jeho vodi-
vosti σ. Tu lze za předpokladu isotropicity ionosférického prostřed́ı stanovit
jako

σ̄ =
ĒNee

2

meωp.e.
. (13)

Středńı hodnota intenzity elektrického pole Ē byla vzata z výsledk̊u nu-
merických simulaćı neporušené ionosféry. Absorptance je pak př́ıstrojově de-
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Obrázek 12: Geometrie použitá při simulaci meteoru v dispersńım prostřed́ı.
Detektory byly umı́stěny do vzdálenost́ı postupně 20 km, 30 km, 40 km
a 50 km od středu meteoru.

finována pomoćı Lorentzovy distribuce aproximuj́ıćı řešeńı Kramersových-
Kronigových rovnic [63, 65] pro popis interakce elektromagnetického zářeńı
s hustým plazmatem.

I přestože byla velikost simulovaného prostoru značně zmenšena, mu-
sely být rozměry meteoru zvětšeny přibližně 100× oproti pr̊uměrným hod-
notám, aby bylo použité rozlǐseńı postačuj́ıćı. Źıskané výsledky tak slouž́ı
pouze jako mezńı hranice skutečně pozorovatelných hodnot. Samotný meteor
byl vytvořen z několika souosých válc̊u, jejichž permitivita klesala směrem
k vněǰśımu okraji tělesa. Rychlost tohoto poklesu byla nastavena podle normálńıho
statistického rozděleńı se středem v ose otáčeńı. T́ımto postupem bylo si-
mulováno rozṕınáńı plazmatu v prostoru vlivem difuse, jeho rozměry však
byly během simulace stále konstantńı. Ćılem výpočtu bylo stanovit, jak se
měńı signál na přij́ımač́ıch v závislosti na postupné rekombinaci meteorického
plazmatu. Rychlost snižováńı elektronové hustoty v čase byla aproximována
exponenciálńı funkćı, a tedy kinetikou pseudoprvńıho řádu [66]. Počátečńı
hodnota elektronové hustoty (v čase t0 = 0) byla nastavena na 1 × 1013 cm−3.

29



Složka elektrického pole ( ~Ez) źıskaná popsanou simulaćı je ukázána na obrázku
13.

Obrázek 13: Elektrická složka ~Ez elektromagnetického zářeńı interaguj́ıćıho
s plazmatem meteoru v dispersńım prostřed́ı.
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4 Výsledky a diskuse
Hlavńımi výsledky předkládané kombinované experimentálńı a teoretické stu-
die jsou numerické simulace odezvy SID monitoru na změny ionizace D-
vrstvy ionosféry v pr̊uběhu dne a vznik plazmatické poruchy vyvolané pr̊uletem
meteoru. Simulovaná data umožňuj́ı modelovat odraz VLF zářeńı od io-
nosféry odpov́ıdaj́ıćı jej́ımu ustálenému stavu v danou denńı dobu. Výsledek
takovéto simulace je ukázán na obrázku 6. Podle simulaćı s vyšš́ım časovým
rozlǐseńım může ionosférické odezvě na pr̊ulet meteoru odpov́ıdat v́ıce časových
profil̊u signálu, a to v závislosti na prostorovém uspořádáńı vyśılače a přij́ımače
(viz tabulka 1).

Vyhodnoceńım experimentálńıch dat byl nalezen typický tvar signálu
jehož vznik mohl být zp̊usoben pr̊uletem meteoru. Tento signál byl pozorován
převážně jako puls, během něhož docháźı ke sńıžeńı úhrnné intenzity odezvy
detektoru přibližně symetrickému podle osy procházej́ıćı lokálńım minimem.
Délka jeho trváńı byla typicky ∼ 10 s, pro účely automatického vyhodnoceńı
dat však byly použity i 3 s a 5 s trvaj́ıćı časové profily stejného pr̊uběhu.
Grafy takto źıskaných profilových funkćı jsou ukázány na obrázku 14.

S využit́ım źıskaných profilových funkćı bylo následně možné provést sta-
tistickou analýzu źıskaných experimentálńıch dat. Funkce byly iterativně pro-
pagovány daty separovaných časových závislost́ı signálu měřeného na středových
frekvenćı r̊uzných vyśılač̊u (viz obr. 4 a př́ılohy) a v každém čase byla pomoćı
vztahu pro Pearson̊uv korelačńı koeficient

R(f, s(t)) =
cov(f, s(t))

σfσs(t)
(14)

vypočtena hodnota pseudolineárńı korelace vstupńı profilové funkce f
a s(t) jako časově závislé hodnoty měřeného signálu. Časové známky, v nichž
byla hodnota stanovena na R ≥ 0.98, byly vykresleny na časové osy v podobě
histogramů. Bylo zjǐstěno, že nejlepš́ı výsledky je z měřeńı možné odeč́ıst při
práci s 10s profilovou funkćı. Data vztahuj́ıćı se ke kratš́ım puls̊um byla zahl-
cena šumem, a nebylo tedy možné vypozorovat žádné statisticky relevantńı
trendy.

Část histogramu źıskaného na základě dat z SID detekčńı stanice umı́stěné
v Karlových Varech (Hvězdárna a radioklub lázeňského města Karlovy Vary,
o. p. s., 50.2151425 N, 12.9053644 E) je ukázána na obrázku 15, svrchńı pa-
nel. Systémový staničńı čas středu peaku jasně ukazuje na maximum mete-
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Obrázek 14: Profilové funkce popisuj́ıćı pokles signálu během meteorického
impaktu v ionosféře. Znázorněny jsou pulsy o délce postupně 3 s, 5 s a 10 s.

orického roje Perseid, které v roce 2017 nastalo v časných ranńıch hodinách
13. srpna. Prokazatelně shodná závislost byla pozorována ve srovnávaćıch
datech poskytovaných radarovým detektorem bolid̊u (obrázek 16), j́ımž uve-
dená měřićı stanice disponuje.

Detekce radarem je založena na principu dopředného rozptylu radiových
vln generovaných francouzským armádńım vyśılačem Graves, jehož frekvence
je sńımána na 143.050 MHz, viz schéma na obrázku 17. Jak lze odvodit
z poznatk̊u shrnutých v úvodu, pro tuto frekvenci je transparentńı celá oblast
zemské ionosféry, nikoliv však husté meteorické plazma [64]. Dı́ky tomu je
u tohoto konkrétńıho jevu, na rozd́ıl od metody SID, možná př́ımá detekce
a data mohou být rovnou převedena na histogram četnosti detekćı, jelikož lze
zaznamenat př́ımo střed meteorického peaku (pro ilustraci viz obrázek 18).

Pro srovnáńı se zcela nezávislým zdrojem detekce bylo rovněž prove-
deno zjednodušené statistické zpracováńı dat dostupných pro rok 2017 v da-
tabázi śıtě CEMENT (Central European Meteor Network, středoevropská me-
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Obrázek 15: Histogram detekćı meteor̊u metodou SID. Střed peaku jasně
ukazuje na maximum Perseid v roce 2017.

teorářská společnost, viz [67]). Tato organizace sdružuje amatérské pozoro-
vatele meteor̊u i provozovatele pokročilých spektrografických kamer v oblasti
středńı Evropy, a jej́ı akčńı radius tak dostatečně pokrývá oblast celé České
republiky. Automatizovaný detekčńı systém označuje pozorované úkazy je-
dinečným indexem a spolu s ńım zapisuje nebo vypoč́ıtává řadu parametr̊u,
jako je přesný čas detekce, magnituda nebo daľśı diagnostiky. Pro potřeby
zpracováńı dat formou histogramu je tak možné pracovat pouze s detekčńım
časem zaznamenaným staničńım software. Obrázek 19 ukazuje takovýto his-
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Obrázek 16: Histogram detekćı meteor̊u srovnávaćım radarovým měřeńım.
Střed peaku jasně ukazuje na maximum Perseid v roce 2017.

togram sestavený pro celý rok 2017, obrázek 20 detail tohoto grafu ve stejném
časovém intervalu, jaký je vykreslen na obrázćıch 15 a 16. Podobnost všech
tř́ı graf̊u je zřejmá.

Před záznamy odpov́ıdaj́ıćı detekci některých bolid̊u o vysoké magnitudě
(viz obrázek 21) byly v SID spektrech rovněž pozorovány peaky nárazově
navýšeného signálu. Jejich p̊uvodu nebo potenciálńımu fyzikálńımu významu
se tato práce dále nevěnuje, nicméně na základě studie, již nedávno pub-
likovali Lashkari et al. [68], a frekvenčńımi rozsahu našich detektor̊u se lze
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Obrázek 17: Schéma radarové detekce meteor̊u. Převzato z Universal Scien-
tific Technologies.

Obrázek 18: Př́ıklad radarové detekce meteoru.

domńıvat, že by se mohlo jednat o záznamy radiofrekvenčńı emise samotného
meteorického plazmatu. Vzpomı́naná studie vyvozuje, že emise meteorických
těles v oblasti ELF (z anglického Exteremely Low Frequencies, 3 - 30 Hz) je
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Obrázek 19: Histogram detekce meteor̊u kamerami a spektrografy śıtě CE-
MENT v roce 2017.

sṕı̌se malá, př́ıstrojové rozlǐseńı a citlivost měřeńı použ́ıvané aparatury jsou
však řádově vyšš́ı než u běžných amatérských př́ıstroj̊u. Vzhledem k tomu
nelze zdaleka vyloučit ani možnost detekce ńızkofrekvenčńı emise meteo-
rického plazmatu.

Po shromážděńı dat z poč́ıtačových experiment̊u simuluj́ıćıch odraz a roz-
ptyl radiových vln meteorickým plazmatem (viz kapitola 3.3) bylo provedeno
statistické vyhodnoceńı těchto výsledk̊u. Jedńım z ćıl̊u této analýzy bylo
dhadnout teoretickou relativńı intenzitu signálu vyvolaného pr̊uletem me-
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Obrázek 20: Detail histogramu detekce meteor̊u kamerami a spektrografy śıtě
CEMENT ve stejném časovém intervalu, jaký je použit v grafech 15 a 16.

teoru. Pro tento účel bylo provedeno osm simulaćı s vyšš́ım prostorovým
rozlǐseńım. Intenzity signálu śıskané ze simulace jsou uvedeny v tabulce 1.

Relativńı intenzita signálu srel, který by zaznamenal SID monitor při
pr̊uletu meteoru ve vzdálenosti 50 km od přij́ımače, byla vypočtena pomoćı
vztahu
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srel =
|sm − s0|

sm
, (15)

kde sm je intenzita signálu źıskaného simulaćı obsahuj́ıćı meteor a s0 je
hodnota źıskaná obdobným postupem ze simulace, která meteor neobsaho-
vala. Po dosazeńı těchto hodnot do výrazu 15 byla źıskána data uvedená
v posledńım sloupci tabulky 1. Ta lze př́ımo porovnat s pod́ılem experi-
mentálńıho šumu a zaznamenané intenzity signálu vyśılače; v př́ıpadě našich
měřeńı činil tento poměr 0.0729.

Obrázek 21: Ukázka statistického zpracováńı dat. Barevné grafy odpov́ıdaj́ı
časovým závislostem signálu na r̊uzných středových frekvenćıch, svislé
červené linie časovým známkám detekce. V levé části grafu jsou jasně vi-
ditelné pulsy odpov́ıdaj́ıćı detekci jasných bolid̊u.

Z uvedených výsledk̊u lze nahlédnout, že ionosférické poruše vyvolané
meteorem může v závislosti na prostorovém uspořádáńı detektoru a zdroje
poruchy odpov́ıdat v́ıce spektrálńıch profil̊u. Většina z nich se však kvali-
tativně projevuje poklesem signálu, což je v souladu s našimi empirickými
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Obrázek 22: Ukázka statistického zpracováńı dat. Barevné grafy odpov́ıdaj́ı
časovým závislostem signálu na r̊uzných středových frekvenćıch, svislé
červené linie časovým známkám detekce.

pozorováńımi. Ve zvoleném uspořádáńı by meteor o amplitudě elektronové
hustoty 1 × 1013 cm−3 zaznamenaly všechny přij́ımače s výjimkou detek-
toru umı́stěného ve vzdálenosti 40 kilometr̊u pod úhlem π

8
. Je však zapotřeb́ı

zmı́nit, že reálné detekce mohou prob́ıhat i na řádově větš́ı vzdálenosti, což
s sebou může nést sńıžeńı efektivity měřeńı.

Zat́ımco data ukázaná na obrázku 21, která se týkaj́ı jasných bolid̊u,
umožňuj́ı zřetelné rozlǐseńı hledaného pulsu, řada méně výrazných detekćı
zasahovala téměř do šumu a klasifikace byla možná až na základě podrobněǰśı
analýzy. Pro ilustraci viz obrázek 22.
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θ (rad) d (km) sm (a. u.) s0 (a. u.) Pozorováńı srel (a. u.)
0 20 0.074623 0.136530 pokles signálu 0.8296
0 30 0.098770 0.155232 pokles signálu 0.5717
0 40 0.128720 0.183042 pokles signálu 0.4220
0 50 0.149845 0.201402 pokles signálu 0.3441
π
8

20 0.334544 0.421418 pokles signálu 0.2599
π
8

30 0.400011 0.430136 pokles signálu 0.0753
π
8

40 0.329490 0.320180 nár̊ust signálu 0.0283
π
8

50 0.241686 0.216412 nár̊ust signálu 0.1046

Tabulka 1: Simulované intenzity signálu na přij́ımač́ıch.
θ - rozptylový úhel, d - vzdálenost meteoru a přij́ımače
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5 Závěr
Předkládaná práce popisuje metodiku SID monitoringu, metody doposud
použ́ıvané převážně pro komparativńı detekci slunečńı aktivity nebo im-
pakt̊u gamma, RTG či korpuskulárńıho zářeńı slunečńıho nebo galaktického
či mimogalaktického p̊uvodu. Hlavńım př́ınosem studie je však demonstrace
použitelnosti této metody pro relevantńı nepř́ımou detekci zdroj̊u malých
(prostorově omezených) ionosférických poruch relevantńıch pro studium plazmatu
v prostřed́ı bĺızkému zemskému povrchu. Jako modelový př́ıklad takovýchto
poruch byly zvoleny meteory, jimiž se použitá experimentálńı metoda dle au-
torovi dostupných zdroj̊u doposud nikdy systematicky nezabývala. Možnost
soustavného využ́ıváńı SID monitor̊u jako detekčńıho systému doplňkového
ke stávaj́ıćım zař́ızeńım [69] byla však diskutována na International Meteor
Conference v roce 2011 [70].

Dlouhodobá měřeńı byla doplněna teoretickými modely, jež využ́ıvaly me-
todu FDTD ve dvourozměrném přibĺıžeńı jako nástroj pro série poč́ıtačových
experiment̊u simuluj́ıćıch jak neporušenou ionosféru, tak jej́ı poruchy za r̊uzných
podmı́nek. Histogram detekćı meteor̊u provedených popsanou metodikou jasně
koreluje s maximem intenzivńıho meteorického roje Perseid.

V rámci této znovuobjevené a rozš́ı̌rené astrofyzikálńı metody se otev́ırá
celá řada možných aplikaćı. Znalost permitivity a indexu lomu plazmatu
o vysoké hustotě energie charakteristického pro ionosférické poruchy totiž
mimo jiné umožňuje vypoč́ıtat rovněž elektronovou hustotu či elektronovou
plazmovou frekvenci (př́ıpadně odhadnout jejich distribuci v prostoru). Obě
tyto charakteristiky přitom mohou být studovány v rámci popsaných FDTD
experiment̊u po d̊ukladném srovnáńı s experimentálńımi daty.

V modelovém př́ıkladě meteorického plazmatu tvoř́ı jeho elektronová hus-
tota jeden z parametr̊u, který byl využ́ıván pro sestaveńı vstupńıch dat pro
poč́ıtačové experimenty. Tato skutečnost umožňuje př́ımé propojeńı simu-
laćı a observaćı źıskaných dat. Využit́ı obou, numerických i experimentálńıch
př́ıstup̊u by tak mohlo vést ke stanoveńı nebo alespoň odhadu zmı́něných
plazmatických parametr̊u.

V současné době se pro výzkum meteorického plazmatu často využ́ıvaj́ı
odvozené spektrografy; pro správnou interpretaci spektrálńıch dat je však
užitečné znát také elektronovou hustotu. Ta však v současné době neńı měřitelná
ani pokročilými spektroskopickými kamerami, předevš́ım z d̊uvodu zanedba-
telného kolizńıho Starkova rozš́ı̌reńı spektrálńıch liníı oproti jejich př́ıstrojové
funkci, a je třeba ji źıskat z nezávislé experimentálńı metody. Studie tak
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představuje vhodný základ pro daľśı práci, která doplńı reálnými srovnávaćımi
daty sofistikované laboratorńı i teoretické simulace meziplanetárńı hmoty
a jej́ıch projev̊u. Těm se v současné době věnuje Laboratoř infračervené
a laserové spektroskopie při Odděleńı spektroskopie Ústavu fyzikálńı chemie
J. Heyrovského AV ČR, v. v. i., kde předkládaná práce vznikla.

V neposledńı řadě nelze opomenout ani možnost výpočt̊u, př́ıpadně i sys-
tematických měřeńı elektronové hustoty či teploty volných elektron̊u ionosférického
plazmatu ve vrstvě D, což bude př́ınosné pro daľśı studium v oblasti obecné
fyziky atmosféry, kosmického počaśı a couplingu neutrálńıch a ionizovaných
složek atmosféry.

Pro daľśı pokračováńı této práce se nab́ıźı sestaveńı zjednodušených di-
fusńıch, př́ıpadně částicově dynamických model̊u, jejichž využit́ı by umožnilo
efektivněji popsat zmı́něné fyzikálńı vlastnosti plazmatu na základě měřeńı
a simulace jeho interakce s elektromagnetickým zářeńım, viz např́ıklad [71,
72, 20, 73, 74, 75]. Mimo to lze jako téma navazuj́ıćıch studíı uvažovat i emisi
meteor̊u nebo jiných hustých plazmatických objekt̊u v oblasti ńızkofrekvenčńıch
radiových vln.

Nové SID stanice založené na popsané architektuře jsou v současné době
provozovány pouze v České republice, konkrétně v prostorách Hvězdárny
a radioklubu lázeňského města Karlovy Vary, o. p. s. (50.2151425 N, 12.9053644 E),
Hvězdárny Valašské Mezǐŕıč́ı, př́ıspěvkové organizace Zĺınského kraje (49.4637564 N,
17.9736578 E), a Hvězdárny Svákov (49.2606436 N, 14.6915422 E). Rozš́ı̌reńı
měřićı infrastruktury, poč́ınaje jej́ım přidružeńım k śıti poloprofesionálńıch
evropských pozorovatel̊u meteor̊u CEMENT a pokračuje daľśımi mı́sty, je
však již v současné době plánováno. V př́ıpadě úspěchu má metoda SID mo-
nitoringu potenciál stát se mocným vědeckým nástrojem v oblasti fyziky
atmosféry a pozemńı infrastruktury pro astrofyziku vysokých energíı.
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6 Seznam symbol̊u a zkratek

SID Sudden Ionospheric Disturbance, náhlá ionosférická porucha
CEMENT Central European Meteor Network,

středoevropská meteorářská společnost
FDTD Finite Difference Time Domain
ELF Extremely Low Frequencies, 3Hz až 30Hz oblast radiových
VLF Very Low Frequencies, 30Hz až 30kHz oblast radiových vln

vln
LF Low Frequencies, 30kHz až 300kHz oblast radiových vln
UTC Coordinated Universal Time, univerzálńı čas
HPDE Hyperbolic Partial Differential Equation, parciálně diferenciálńı rovnice

v hyperbolickém tvaru
ARM Adjustable Rate Mortgage, mikroprocesorová architektura
RTG rentgenové zářeńı
∇ · ~x divergent vektorové veličiny ~x
∇× ~x gradient vektorové veličiny ~x
∇2~x kartézský laplacián vektorové veličiny ~x
∂
∂t parciálńı derivace dle času
me klidová hmotnost elektronu, me

∼= 9.109× 10−31 kg
e elementárńı náboj, e ∼= 1.602× 10−19 C
π Ludolfovo č́ıslo, π ∼= 3.14159
R� poloměr Země, R� ∼= 6378.0 km
ε permitivita (F m−1)
ε0 permitivita vakua, ε0 ∼= 8.85419× 10−12 F m−1)
µ permeabilita (H m−1)
µ0 permeabilita vakua, µ0

∼= 4π × 10−7 H m−1

c rychlost světla
cvac rychlost světla ve vakuu, cvac ∼= 299792458 m s−1

ω úhlová frekvence (rad s−1)
ωp.e. elektronová plazmová frekvence (rad s−1)
Ne elektronová hustota (m−3)
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ν frekvence (Hz, s−1)
λ vlnová délka (m)
~E intenzita elektrického pole (V m−1)
~B magnetická indukce (T)
~H intenzita magnetického pole (A m−1)
ρ nábojová hustota (C m−2)
q náboj (C)
~J proudová hustota (A m−2)
~v translačńı rychlost (m s−1)
~Vg geocentrická rychlost meteoru (km s−1)
~F śıla (N)
I intenzita elektromagnetického zářeńı (W m−2)
N index lomu
s signál, odezva detektoru (a. u.)
τ časový interval (s)
R Pearson̊uv korelačńı koeficient
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7 Seznam obrázk̊u a tabulek
obr. 1 Ilustračńı př́ıklad ionogramu (převzato ze Space Weather Services).

obr. 2: Newtonovský pohled na mechaniku ionosféry. Šedá barva znázorňuje
neutrálńı částice, zde v nadbytku oproti elektron̊um (zeleně), které
s frekvenćı závislou na své částicové hustotě osciluj́ı kolem těžkých iont̊u
(červeně).

obr. 3: Schéma SID monitoru a jeho měřeńı. Panel A popisuje p̊uvod a de-
tekci radiových signál̊u a na panelu B je ukázáno technické schéma SID
měřićı stanice. Universal Scientific Technologies.

obr. 4: Vizualizace ukázkového měřeńı pomoćı spektrogramu s viditelnými
peaky odpov́ıdaj́ıćımi středovým frekvenćım intenzivńıch signál̊u výkonných
VLF vyśılač̊u.

obr. 5: Př́ıklad SID měřeńı.

obr. 6: FDTD simulace periodických variaćı ionosféry pozorovatelných v ra-
diových spektrech.

obr. 7: Vizualizace řešeńı elektromagnetických vlnových rovnic pro nejjed-
nodušš́ı př́ıpad zářeńı lineárně polarizovaného ve směru osy x. Převzato
z Physics Stack Exchange.

obr. 8: Design poč́ıtačových experiment̊u. Panel A znázorňuje geometrii mo-
delu, na panelu B je vykreslena ilustračńı prostorová závislost z-složky
intenzity elektrického pole po 3600 sekundách simulačńıho času.

obr. 9: Profil výškové závislosti středńıch hodnot permitivity zemské io-
nosféry. Na panelu A je vykreslena závislost pro celou ionosféru, panel
B zobrazuje detail pro vrstvy D a E.

obr. 10: Vizualizace výškového profilu permitivit v D-vrstvě zemské io-
nosféry v čase 12.00 UTC.

obr. 11: Typický design FDTD simulace meteoru. Panel A ukazuje prostoro-
vou závislost permitivit s jasně viditelnou oblast́ı hustého meteorického
plazmatu, panel B prostorovou závislost ~z-složky intenzity elektrického
pole simulovaných radiových vln. Na obrázku je viditelný rozptyl ra-
diových vln v mı́stě meteoru a zpětná interference.

45



obr. 12: Geometrie použitá při simulaci meteoru v dispersńım prostřed́ı.
Detektory byly umı́stěny do vzdálenost́ı postupně 20 km, 30 km, 40
km a 50 km od středu meteoru.

obr. 13: Elektrická složka ~Ez elektromagnetického zářeńı interaguj́ıćıho s plazma-
tem meteoru v dispersńım prostřed́ı.

obr. 14: Profilové funkce popisuj́ıćı pokles signálu během meteorického im-
paktu v ionosféře. Znázorněny jsou pulsy o délce postupně 3 s, 5 s
a 10 s.

obr. 15: Histogram detekćı meteor̊u metodou SID. Střed peaku jasně ukazuje
na maximum Perseid v roce 2017.

obr. 16: Histogram detekćı meteor̊u srovnávaćım radarovým měřeńım. Střed
peaku jasně ukazuje na maximum Perseid v roce 2017.

obr. 17: Schéma radarové detekce meteor̊u. Převzato z Universal Scientific
Technologies.

obr. 18: Př́ıklad radarové detekce meteoru.

obr. 19: Histogram detekce meteor̊u kamerami a spektrografy śıtě CEMENT
v roce 2017.

obr. 20: Detail histogramu detekce meteor̊u kamerami a spektrografy śıtě
CEMENT ve stejném časovém intervalu, jaký je použit v grafech 15
a 16.

obr. 21: Ukázka statistického zpracováńı dat. Barevné grafy odpov́ıdaj́ı časovým
závislostem signálu na r̊uzných středových frekvenćıch, svislé červené
linie časovým známkám detekce. V levé části grafu jsou jasně viditelné
pulsy odpov́ıdaj́ıćı detekci jasných bolid̊u.

obr. 22: Ukázka statistického zpracováńı dat. Barevné grafy odpov́ıdaj́ı časovým
závislostem signálu na r̊uzných středových frekvenćıch, svislé červené
linie časovým známkám detekce.

tab. 1: Simulované intenzity signálu na přij́ımač́ıch.
θ - rozptylový úhel, d - vzdálenost meteoru a přij́ımače
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8 Př́ılohy

Označeńı Umı́stěńı Frekvence
NOV Alpha Bolotnoye, Rusko 11.9 kHz
KRA Alpha Poltavskaya, Rusko 12.6 kHz
KOM Alpha Khabarovsk, Rusko 12.6 kHz
MUR Alpha Revda, Rusko 12.6 kHz
ASH Alpha Seyda, Turkmenistán 12.6 kHz
Trinidad - Omega Station B Chaguaramas, Trinidad 12.0 kHz
Paynesville - Omega Station B Paynesville, Liberie 12.0 kHz
Kaneohe - Omega Station C Haiku Valley, Havaj, USA 11.8 kHz
Bratland - Omega Station A Bratland, Norsko 12.1 kHz
LaMoure - Omega Station D LaMoure, North Dakota, USA 12.1 kHz
Plaine Chabrier - Omega Station E Plaine Chabrier, Reunion Island 12.3 kHz
Golfo Nuevo - Omega Station F TGolfo Nuevo, Chubut, Argentina 12.9 kHz
Woodside - Omega Station G Woodside, Victoria, Austrálie 13.0 kHz
GBZ Criggion Criggion, Wales 15.2 kHz
Kahuku Marconi Transmitter Kahuku, Oahu, Hawaii, USA 16.1 kHz
Monte Grande Radio Station Monte Grande, Argentina 17.3 kHz
Waunfawr Marconi Transmitter Waunfawr, Wales 21.2 kHz
Table Head Marconi Transmitter Glace Bay, Nova Scotia, Kanada 37.5 kHz
Marconi Towers Transmitter Marconi Towers, Nova Scotia, Kanada 37.5 kHz
Marion Marconi Transmitter Marion. Massachusetts, USA 25.8 kHz
New Brunswick Marconi Transmitter New Brunswick, New Jersey, USA 21.8 kHz
Bolinas Marconi Transmitter Bolinas, California, USA 19.2 kHz
RCA Radio Central Rocky Point, New York, USA 18.3 kHz
NSS Annapolis Annapolis, Maryland, USA 21.4 kHz
Tuckerton Transmitter Tuckerton, New Jersey, USA 22.1 kHz
HWU Rosnay, Francie 18.3 kHz
GBR Rugby, UK 15.8 kHz
JXN Gildesk̊al, Norsko 16.4 kHz
SAQ Grimeton, Švédsko 17.2 kHz
NBA Summit, Canal Zone, Panama 18.6 kHz
GQD Anthorn, Cumbria, UK 19.6 kHz
NWC Exmouth, západńı Austrálie 19.8 kHz
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Označeńı Umı́stěńı Frekvence
ICV Tavolara, Sardinie, Itálie 20.3 kHz
RJH69 Vileyka, Bělorusko 20.5 kHz
RJH77 Archangelsk, Rusko 20.5 kHz
RJH99 Nizhny Novgorod, Rusko 20.5 kHz
RJH66 Bishkek, Kyrgyzstán 20.5 kHz
RAB99 Khabarovsk, Rusko 20.5 kHz
NPM Lualualei, Havaj, USA 21.4 kHz
GBZ Skelton, UK 22.1 kHz
DHO38 Rhauderfehn, Německo 23.4 kHz
NLK Seattle, Washington, USA 24.8 kHz
NML LaMoure, North Dakota, USA 25.2 kHz
NPM Pearl Harbor, Havaj, USA 26.1 kHz
TBB Bafa, Turecko 26.7 kHz
NPL San Diego, Kalifornie, USA 30.6 kHz
TFK Grindavik, Island 37.6 kHz
NAA Arlington, Virginia, USA 50.0 kHz
Clifden Marconi Transmitter Derrigimlagh, Clifden, Irsko 54.5 kHz
WWVB Fort Collins, Colorado, USA 60.0 kHz
MSF Anthorn, Cumbria, UK 60.0 kHz
HBG Prangins, Švýcarsko 75.0 kHz
DCF77 Mainhausen, Německo 77.5 kHz

Tabulka 2: Seznam VLF vyśılač̊u dostupných pro SID monitoring doplněný
o vyśılaćı frekvence a přibližné umı́stěńı.
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ABSTRACT

Aims. We aim to analyse real-time Perseid and Leonid meteor spectra using a novel calibration-free (CF) method, which is usually
applied in the laboratory for laser-induced breakdown spectroscopic (LIBS) chemical analysis.
Methods. Reference laser ablation spectra of specimens of chondritic meteorites were measured in situ simultaneously with a high-
resolution laboratory echelle spectrograph and a spectral camera for meteor observation. Laboratory data were subsequently evaluated
via the CF method and compared with real meteor emission spectra. Additionally, spectral features related to airglow plasma were
compared with the spectra of laser-induced breakdown and electric discharge in the air.
Results. We show that this method can be applied in the evaluation of meteor spectral data observed in real time. Specifically, CF
analysis can be used to determine the chemical composition of meteor plasma, which, in the case of the Perseid and Leonid meteors
analysed in this study, corresponds to that of the C-group of chondrites.

Key words. astrochemistry – techniques: spectroscopic – meteorites, meteors, meteoroids – plasmas

1. Introduction

In-depth analysis of meteor spectra can be used for basic qualita-
tive and quantitative elemental analyses and characterizations of
meteoroids and their parent bodies. Instead of detailed descrip-
tions of real quantitative chemical compositions, most of the
early and current studies have been focused on the identifica-
tion and comparison of intensities of the dominant emission
lines, such as Fe, Cr, Ca, Mg, and Na, or other elements such
as H, Li, Al, Si, Ca, Ti, Cr, Mn, Co, Ni, or Sr (Abe et al.
2005; Madiedo et al. 2014a; Vojacek et al. 2015). Exact elemental
quantitative analyses are only occasionally published Borovička
et al. (1999); Jenniskens (2007); Madiedo et al. (2013). Sev-
eral observations Berezhnoy & Borovicka (2010) of very bright
bolides using highly sensitive instruments also provided not only
the emission spectra of atoms but also of radicals, molecules,
and molecular ions (e.g. N+

2 , CN, C2, OH, SiO, etc.) and, more
recently, such binary compounds as FeO, CaO, AlO, and MgO
(Borovička & Berezhnoy 2016). Usually, quantitative analysis of

elemental abundances in a meteor plasma is achieved via com-
parison of computed spectra with observed spectra (Borovička &
Betlem 1997). This procedure is very complicated and requires
large databases of spectral features of all the elements and a deep
understanding of the optical behaviour of the meteor plasma.
However, public spectral databases such as NIST (Kramida et al.
2015) or The Atomic Linelist (2016) are presently incomplete.
Particularly, in accordance with our experiences, data regard-
ing Einstein emission coefficients are presently lacking for many
important spectral lines of various elements. As shown below,
this problem is not the only important issue connected with
the spectroscopic investigations of the elemental composition of
plasmas.

In the current study, we introduce a different procedure for
determining the elemental abundances in a meteor plasma. First,
in our laboratory, we employed comparative analysis using the
laser ablation of real samples of meteorites (LIBS) to simu-
late a meteor fireball under laboratory conditions. Additionally,
the airglow emission is simulated using electric discharges and

Article published by EDP Sciences A73, page 1 of 12



ICTON 2017  Tu.B4.2 
 

978-1-5386-0859-3/17/$31.00 ©2017 IEEE 1 

Recording and Evaluation of High Resolution Optical Meteor 
Spectra and Comparative Laboratory Measurements Using 

Laser Ablation of Solid Meteorite Specimens 
Martin Ferus1, Jakub Koukal2, Libor Lenža1,2, Jiří Srba2, Petr Kubelík1,3, Vojtěch Laitl1,  

Ekaterina M. Zanozina,1 Pavel Váňa1, Tereza Kaiserová1, Antonín Knížek1, and Svatopluk Civiš1 
1J. Heyrovský Institute of Physical Chemistry, Czech Academy of Sciences, Prague, Czech Republic 

2Valašské Meziříčí Observatory, Valašské Meziříčí, Czech Republic 
3Institute of Physics, Czech Academy of Sciences, Praha, Czech Republic 

Tel: (420) 26605 3685, e-mail: martin.ferus@jh-inst.cas.cz, svatopluk.civis@jh-inst.cas.cz 

ABSTRACT 
Important features in meteor spectra are usually interpreted by synthetic convolution of lines extracted from 
databases. For such an assignment, in our study, we employed experimental technique of meteorite specimen 
laser ablation spectroscopy. The spectra are recorded by high resolution laboratory Echelle spectrograph and 
simultaneously using novel high resolution Meteor Spectral Camera for meteor observation. The data are 
subsequently evaluated via calibration-free method alongside with analysis of real meteor emission spectra. 
Additionally, spectral features related to airglow plasma are compared with the spectra of the Laser Induced 
Breakdown in the air. In this manner, we show that instead of theoretical spectra simulation, laboratory 
experiments can be applied in evaluation of the observational data. 
Keywords: atomic spectra, meteor spectra, laser induced breakdown spectroscopy LIBS. 

1. INTRODUCTION 
In-depth analysis of meteor spectra can be used for basic qualitative and quantitative elemental analyses and 
characterizations of meteoroids and their parent bodies – asteroids and comets. Asteroids are remnants from the 
materials that first formed the planetesimals and planets; meteorites are pieces of meteoroids found on the Earth 
that allow us to measure many of the properties of their parent bodies in detail. Descent of a meteoroid through 
the atmosphere leads to rapid heating, surface ablation and parent body disintegration. Beginning of meteoroid 
ablation depends on the initial speed of the body and a density of the atmosphere. Only about 0.1% – 1% of the 
initial kinetic energy of the body is transformed into visible light of meteor and its atmospheric trail. During the 
ablation, common ionization of Earth’s high atmosphere elements and the elements released from meteoroid 
body itself occurs so that these emission lines can be registered and analyzed in meteor spectra[1].  In case when 
a piece of meteorite is found, fundamental problem still exists in linking specific meteorites to their parent 
bodies (primary matter, asteroids, and comet nuclei). Contrary, as mentioned above, most bodies are evaporated 
and disintegrated completely during their descent and their emission spectra measured using spectrographs are 
the only record of their chemical composition. In this case, however, if the trajectory is recorded together with 
the emission spectrum and if chemical composition is correctly interpreted, detail chemical information about 
source in interplanetary space is provided. It is obvious that chemical analysis of meteor plasma and its behavior 
in atmosphere itself is challenging scientific problem worth of study. However, instead of detailed descriptions 
of real quantitative chemical compositions, most of the early and current studies have been focused on the 
identification and comparison only of intensities of the dominant emission lines, such as Fe, Cr, Ca, Mg, and Na, 
or other elements such as H, Li, Al, Si, Ca, Ti, Cr, Mn, Fe, Co, Ni or Sr [2, 3]. Several observations[4] of very 
bright bolides using very sensitive instruments also provided not only the emission spectra of atoms but also 
radicals, molecules, molecular ions such as N2

+, CN, C2, OH, SiO, and CO,[5] and, very recently, binary 
compounds such as FeO, CaO, AlO and MgO[6]. Exact elemental quantitative analyses are rarely published 
[7-9]. If we want to study the chemical composition of interplanetary matter, such complicated and sporadic 
analyses (anyway they are provided by excellent scientific teams) are in absolute contradiction with 
requirements of statistically frequent, simple and exact analysis for mapping of chemical composition of the 
objects in interstellar space. Even though the following text sounds like a sci-fi, very recently, scientific 
community has opened a topic of mining ores on asteroids. Instead of expensive sampling in situ by probes, 
statistical analysis of meteors can provide useful information for these applications.   

Usually, quantitative analysis of elemental abundances in meteor plasma is achieved via comparison of 
computed spectra with observed spectra [10]. This procedure is very complicated and requires large databases of 
spectral features of all the elements and a deep understanding of the optical behaviour of meteor plasma. 
However, public spectral databases such as NIST [11] or The Atomic Line List [12] are still incomplete. 
Particularly, data regarding Einstein emission coefficients are still lacking for many important spectral lines of 
various elements. As shown below, this problem is not the only important issue connected with the spectroscopic 
investigation of plasma elemental composition. In our work, however, we achieved some unique results within 
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Abstract

Emission spectra of a bright bolide ascribed to the α Camelo-
pardalis meteor shower were recorded in the visible spectral
range with the spectral resolution of 4.1 Å/px. These spec-
tra were compared with a model spectra of atomic and ionic
species. Relative abundances of several atoms and ions as well
as the excitation temperature (5033 K) were estimated by fit-
ting the model spectra to the measured data. The meteor phe-
nomenon was simultaneously detected by Sudden Ionospheric
Disturbances Monitor which is able to record a local distur-
bance of ionosphere caused by the meteor plasma.

Introduction

Spectroscopic analysis plays an irreplaceable role in the research
of meteor phenomena. Besides some plasma parameters of in-
terest (e.g. the excitation temperatures) it provides the only
way how to obtain information about the chemical composition
of the meteor plasma.
This study is focused on the quantitative spectroscopic analysis
of emission spectra of a bright bolide ascribed to the α Camelo-
pardalis meteor shower.

Experiment

Our spectrographs use a highly sensitive CMOS video cam-
era PointGrey Grasshoper3 GS3-U3-32S4M-C. This camera is
equipped with 1/1.8 CMOS chip Sony Pregius IMX252 with an
effective resolution of 2048 × 1536 px. The CMOS chip used
in the camera GS3-U3-32S4M-C has a high quantum efficiency
(76 % at 525 nm) and high dynamic range (71.34 dB). Field of
view is 60◦ × 45◦, system uses VS technology megapixel lens
(f/1.4, 9 Mpx) with a fixed focal length (6 mm). FOV and
resolution of the CMOS chip enables the use of holographic
diffraction grating with density of 1000 lines/mm.
The bolide phenomenon was simultaneously detected by SID
(Sudden Ionospheric Disturbance) monitor. This simple VLF
(Very Low Frequency) receiver is able to record radio commu-
nication signals reflected by the ionosphere and register sudden
changes of the signal caused by various perturbations of the
ionosphere (by the meteor plasma for example).

Analysis

Detection of meteors is covered by the UFOCaptureHD2 soft-
ware (SonotaCo, 2014), and for astrometric and photomet-
ric processing, UFOAnalyzerV2 software (SonotaCo, 2007 and
2009) was used. Spectra were extracted from the captured im-
ages after additional geometrical transformations and numerical
filtering.
The elemental quantitative analysis si performed by fitting of
the parameters (relative concentrations of the elements, exci-
tation temperature and electron density) used for generation of
the synthetic spectra.
The emission line intensities of the synthetic spectra are calcu-
lated as follows:

Is(λ0) =
1

4π

hc

λ0
AijgiCs

exp −Ei
kBT

Qs(T )
(1)

where Is(λ0) is the line intensity, λ0 is the line wavelength, h
is the Planck’s constant, c is the velocity of light in vacuum,
Aij is the Einstein A-coefficient, gi is the upper level degener-
ation, Cs is the specie’s relative concentration and Ei , kB, T
and Qs(T ) are the upper level energy, Boltzman’s constant, ex-
citation temperature and the partition function of the specie s
respectively.

Analysis

The spectroscopic data used for the spectra simulation were obtained from available databases (A. Kramida,
Yu. Ralchenko and J. Reader, NIST Atomic Spectra Database (ver. 5.3) 2017, National Institute of
Standards and Technology, Gaithersburg, MD.). The relative concentrations of various charged species
were calculated by the Saha’s equation.

Results

The bolide was detected during the 2016 α Camelopardalis meteor shower, on 2nd August 2016 at 01:34:15
UT. The projection of the beginning of the atmospheric path was located at coordinates N50.162◦ E16.074◦

near the town of Týnǐstě nad Orlićı (Czech Republic), the height of the bolide at this time was 110.1
kilometers above the Earth’s surface. The end of the projection of the atmospheric path was located at
coordinates N50.050◦ E15.978◦ near the town of Holice (Czech Republic), the height of the bolide in that
time was 80.2 kilometers above the Earth’s surface. The bolide reached absolute brightness -6.7m.

Composition analysis
Element Relative concentration
Mg 1.0
Na 3.0 × 10−5

Ca 4.2 × 10−4

Si 4.71
Fe 0.011

Estimated meteor plasma parameters
Excitation temperature 5033 K
Electron density 8.9 × 1018 m−3
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ABSTRACT

Time-resolved Fourier transform infrared emission spectroscopy, Fourier transform absorption infrared spectroscopy, and high-
resolution UV–ViS emission spectroscopy have been used to characterize the chemistry of isocyanic acid (HNCO) under glow dis-
charge conditions in planetary atmospheres. HNCO mixtures (i.e., composed of di-hydrogen or ammonia) have been investigated in
order to unveil the possible reaction pathways leading to the synthesis of the key prebiotic molecule formamide (HCONH2), upon
planetary atmospheres containing isocyanic acid in presence of di-hydrogen and, separately, of ammonia. In addition, ab initio molec-
ular dynamics simulations coupled with a modern metadynamics technique have been performed in order to identify the most likely
chemical pathways connecting HNCO to formamide. It turned out that the direct hydrogenation of HNCO is thermodynamically
favored. Incidentally, the experimental results – supplied by a simplified kinetic model – also proved the favorability of the reaction
HNCO + H2 → HCONH2 which, moreover, spontaneously takes place in unbiased ab initio molecular dynamics simulations carried
out under the effect of intense electric fields.

Key words. astrochemistry – astrobiology – planets and satellites: atmospheres – ISM: molecules

1. Introduction

Formamide-based chemistry is a broadly discussed scenario re-
lating to the origin of biomolecules (Saladino et al. 2004, 2012b;
Ferus et al. 2011b, 2012, 2014, 2017b; Saitta & Saija 2014; Pino
et al. 2015; Šponer et al. 2016a,b; Adam et al. 2018; Becker
et al. 2018; Benner et al. 2012). Besides the traditional HCN-
and reducing-atmospheres based biomolecules synthesis (Ferris
et al. 1974; Yuasa et al. 1984; Levy et al. 1999; Sutherland 2016;
Civiš et al. 2017), the current evidence shows that the formamide
molecule did not necessary play role of merely starting parent
prebiotic precursor, but also it could serve as an intermediate
compound in prebiotic synthesis (Ferus et al. 2017b). In fact, it
has been demonstrated that it acted either as substrate or as inter-
mediate in a series of complex reactions starting from very reac-
tive small radicals and leading to a broad palette of biomolecules,
for example, all the canonical nucleobases of the genetic code,
ribose and other sugars, amino acids or even fatty acids (Saladino
et al. 2011, 2015; Ferus et al. 2015b).

Since the discovery of its millimeter rotational line spec-
trum in the Galactic interstellar medium (Rubin et al. 1971),
formamide has been searched for – and detected – in various
astrophysical environments exposed to a wide range of physical

? Data associated to Figs. 2 and 3 are only available at the CDS
via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or
via http://cdsarc.u-strasbg.fr/viz-bin/qcat?J/A+A/616/
A150

conditions, both in the Milky Way and in other galaxies
(Muller et al. 2013). Recent studies have reported the presence
of formamide in star forming regions (Bisschop et al. 2007;
Kahane et al. 2013). A systematic study of sun-like protostars
(Taquet et al. 2015) showed that formamide was present only
toward the sources, with a rich content in Complex Organic
Molecules (COMs) in the central inner regions around the pro-
tostar. This result was confirmed by high-angular observations
of these objects (Taquet et al. 2015). Importantly, formamide
was not detected down in the cold prestellar gas down to abun-
dances below 10−12 with respect to H2. An intriguing result
was the detection of formamide in protostellar shock regions
(Mendoza et al. 2014; Codella et al. 2017) with an abun-
dance on the order of 10−8 relatively to H2, ranging among
the highest ever reported for that species. In our solar sys-
tem, formamide was detected toward a few comets such as
Hale–Bopp (Bockelee-Morvan et al. 2000) or, more recently,
67P/Churyumov-Gerasimenko (Goesmann et al. 2015).

During the last decade, various chemical processes depend-
ing on the physical and chemical conditions encountered in
several astrophysical environments have been discussed as pos-
sible sources of the formamide species, such as, for example,
HCN hydrolysis (Saladino et al. 2012b; Bada et al. 2016; Šponer
et al. 2016b), ammonium-formate dehydration (Šponer et al.
2016a) or direct synthesis from CO and NH3 atmosphere (Ferus
et al. 2017b). In many cases, however, the proposed forma-
tion pathways are poorly constrained both experimentally and
theoretically (Taquet et al. 2015). Recently, the rate coefficient

Article published by EDP Sciences A150, page 1 of 11
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Spectroscopic investigations of high-energy-density
plasma transformations in a simulated early
reducing atmosphere containing methane,
nitrogen and water

Martin Civiš,a Martin Ferus,a Antonı́n Knı́žek,a Petr Kubelı́k,ab Michal Kamas,a

Patrik Španěl,a Ksenia Dryahina,a Violetta Shestivska,a Libor Juha,bc Petr Skřehot,d

Vojtěch Laitlae and Svatopluk Civiš*a

Large-scale plasma was created in gas mixtures containing methane using high-power laser-induced

dielectric breakdown (LIDB). The composition of the mixtures corresponded to a cometary and/or meteoritic

impact into the early atmosphere of either Titan or Earth. A multiple-centimeter-sized fireball was created by

focusing a single 100 J, 450 ps near-infrared laser pulse into the center of a 15 L gas cell. The excited

reaction intermediates formed during the various stages of the LIDB plasma chemical evolution were

investigated using optical emission spectroscopy (OES) with temporal resolution. The chemical consequences

of laser-produced plasma generation in a CH4–N2–H2O mixture were investigated using high resolution

Fourier-transform infrared absorption spectroscopy (FTIR) and gas selected ion flow tube spectrometry (SIFT).

Several simple inorganic and organic compounds were identified in the reaction mixture exposed to ten laser

sparks. Deuterated water (D2O) in a gas mixture was used to separate several of the produced isotopomers

of acetylene, which were then quantified using the FTIR technique.

1. Introduction

A key first step in the chemical evolution leading to the origin of life
is the formation of bioorganic compounds from small inorganic
molecules for instance in the primitive planetary atmosphere. High
energy processes leading to the formation of organic compounds
from small inorganic molecules have been explored using energetic
rays as UV, RTG or radioactive radiation, heavy particles, laser
plasma, discharges etc. In these experiments, the gaseous mixture
represents the prebiotic planetary atmosphere, and high energy
particles represent the source of large amounts of energy for pre-
biotic synthesis. The main purpose of these experiments is to
identify the most plausible formation processes that lead to the
synthesis of basic building materials of living structures such as
amino acids, saccharides, lipids and the bases of nucleic acids.1

The first experiment simulating bioorganic compound forma-
tion from small inorganic molecules was the Miller experiment.2

Further research showed that the amounts and composition of
the reaction products depended mainly on the composition of the
reaction mixture.

Evolution in the geochemical models of the primitive atmo-
spheres leads to changes in the composition of the studied
mixtures. At present, mainly three types of mixtures simulating
different environments are being studied: the prebiotic Earth
atmosphere (CO–CO2–N2–H2O), Titan’s atmosphere (CH4–N2) and
the cometary gases (CO–NH3–H2O).3 These mixtures are subjected
to various energetic processes in the atmosphere during the
simulations. For example, electric discharges are used to simulate
lightning,4 heat is used to simulate volcanic activity,5 irradiation is
used to simulate cosmic radiation, UV radiation is used to simulate
the effects of solar radiation on prebiotic Earth,6 and laser sparks
are used to simulate the impacts of extraterrestrial bodies.7–11

The atmosphere models containing methane as the main
reduction component are studied not only because methane is
present on Titan or in seasonally variable concentrations on
Mars but also as a model for a short-lived intermediate period
occurring very early in the development of the Earth prebiotic
atmosphere, which is rich in CO2.12–17

Although the conventional plasma chemistry properties of
methane-containing mixtures have been extensively investigated
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In order to understand better the chemistry and spectroscopy of meteor plasma, we implemented Calibration Free data processing in emission data evaluation. Moreover, the 
spectra are compared with references acquired in laboratory experiments involving Laser Induced Breakdown Spectroscopy of Meteorite samples, Laser Induced Sparks in 
atmospheric gases and electric discharges and in situ simultaneous measurement by meteor spectrograph. The most remarkable advantage of comparative measurements using 
LIBS lies in applicability of this method for real time in situ analysis of any sample of real meteorite without any preceding treatment, preparation or isolation. The meteorite 
plasma is generated in the laboratory under strictly defined conditions and the elements are evaporated together with the whole matrix as well as during the meteoroid 
descend. The CF-LIBS method is based on direct analysis of emission lines of an analyte together with matrix instead of looking the matrix as an independent problem. In the 
current study, we analyzed by this method a wide range of chondrite meteorites, we developed all the subsequent steps of data processing using Calibration Free method 
suitable for meteor analysis and we used this method to our knowledge for the first time for interpretation of real meteor spectra.  
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Meteorite Ablation: Pulse length 20 ns at 193 nm, energy of 200 mJ,  
focused to area less than 1 mm2 delivers radiation density more than  
1 x 1013 W/cm2 

The principle remained unchanged for more than 100 years: 

 

Still it is a camera (now HD CCD) 

Still there is a dispersion element (now usually holographic 

grating instead of a prism) 

Still, the spectrum image is imprinted in the original 

photography of a descending meteoroid.  
 

Our high resolution camera: 

CMOS QHY5LII-M (1280x960 px) 

Objectiv Tamron (f/1,00; F/3-8 mm), FOV ~ 80o (SW) a  ~ 89o (NW)  

SW UFO Capture (recording, data), SW VSpec (spectra analysis) 

Dispersion element (holographic foil) - 1000 lines/mm 

Resolution of 9.7 Å/px (SW) a 10.8 Å/px (NW) ! 

LIDB in the Air:  
Pulse length 6 ns at 532 nm or 1064 nm,  energy of 
200 mJ or 400 mJ. Power more than 1 x 1014 W/cm2 
 

Leonide (assignment 20151119_034504 #013 LEO)  
November 19, 2015 at 03:45:04 UT 
The atmospheric path was located between Brylów 
and Goszczowice (Poland). Entered the atmosphere 
in 126.6 km, burned in 74.6 km and lasted 0.88 sec. 
Geocentric velocity 69.9 km/sec.; a = 6.34 AU. 
 
Perseid (assignment 20150812_232102 #007 PER) 
August 12, 2015 at 23:21:02 UT 
The atmospheric path was located between Beldno 
and Mszana Górna (Poland). Entered the 
atmosphere in 103.3 km, burned in 73.8 km and 
lasted 1.4 sec. 
Geocentric velocity 56.2 km/sec.; a =  3.85 AU 

Halley type short periodic (130 yrs)  comet 109P/Swift-Tuttle.  Halley type short periodic (33 yrs) comet 55/Tempel-Tuttle. 

Electron density in the range from108 (min)  
to 1012 - 1014 (max) cm-3. 
Typical temperature ranges from 4200 – 4450 (PER)   
4300 – 4400 (LEO). 
Altitude 103 – 95 Km (PER) and 110 – 103 (LEO). 

Saha – Boltzmann Plane Stark Broadening 

Electron density  1.5 – 4.5 1014 cm-3. 
Size of the fireball: 3.5 x 10.5 m. 
 
Ion distribution in the fireball. 
 

20150812_232102 #007 PER 

Temperature: 
2000 K (tail) 
5000 K (neutral) 
7000 K (ionized)  
 

T = 4178 K 

T = 4620 K 

d 

Calibration Free Data Processing 

Line shape is given mainly by the Stark Broadening 
(electron collisions):  
 
 
Electron density in the ablation plasma satisfies the 
Mc. Whirter criterion for conditions of Local 
Thermodynamical Equilibrium: 

František Krejčí Observatory 

K letišti 144 

CZ36001 Carlsbad 

Czech Republic. 

Meteor Master 
Program 
In MMP and 
Python 
Fitting in Fytik. 
Data from the 
NIST library. 

Calibration Free Data Analysis based on fit of the 
meteor spectra (left). 
Logarithmic intensitites weighted by 
temperature and emission coefficients are 
plotted in the Boltzmann plane. Laboratory 
spectra are shown below for the qualitative 
comparison. Solid curve represents low 
resolution spectra measured by meteor 
spectrograph (A,B for meteor; D in laboratory for 
ablation). Red stick diagram represents 
computed artificial spectrum fitted to envelope. 

SID Monitoring:  
SID is based on an induction antenna 
recieveing a signal reflected by the 
ionosphere. The signal is emitted by a 
ground based transmitter. During a 
meteoroid descent, frequency and 
intensity of the signal are changed. 
Based on a model of a signal scattering, 
variation in electron density or 
temperature can be calculated.   

• LEO and PER material is 
very heterogeneous BUT 

• Composition is close to 
chondrites.  

• Direct results on Na and 
Ca abundances (in italics) 
must be corrected to 
ionization degree in 
meteor plasma  

        (99.5 – 99.8 % of Na, 98.5 – 99.3 % 
         Ca is ionized in meteor plasma). 

• Excitation temperatures of 
4 178 K for LEO and  

      4620 K for PER have been 
      estimated.  
• Electron density in the 

range of 1.5-4.5 x1014 cm-3 
have been estimated. 

• Nitrogen band can be 
fitted using vibration 
temperature of 4000 K. 

 
 
 

 

Spectrum Note Fe Na Mg Si Ca Cr Mn Ni

Perseid main component 0.5 0.05 1 0.03 0.005 0.01

spec A second component 1.0 1 2.5

Perseid main component 0.5 0.05 1 0.03 0.01 0.01

spec B second component 0.9 1 1.8

Leonide 2003 Rodriguez 2003 1.0 0.1 1.0 0.03 0.005 0.01

C1 chondrites Anders 1989 0.8 0.05 1 0.9 0.1 0.01 0.01

CM chondrites Mason 1979 0.8 0.03 1 1.0 0.07 0.01 0.04

L chondrites Mason 1979 0.6 0.05 1 1.1 0.05 0.01 0.04

Sahara 98222 L6 Dell Aglio 2010 (CF) 0.9 1 1.2 0.1 0.02 0.02

Micrometeorites Schramm 1989 0.9 0.06 1 1.2 0.03 0.02 0.04

Košice H5 Chond. Ozdin 2015 (CF) 2.1 0.1 1 1.3 0.1 0.03 0.02 0.04

Halley dust Jessberger 1988 0.5 0.1 1 1.8 0.1 0.01 0.01

Wild 2 Stardust (terminal particle) 1 0.005 0.006 0.01 0.028

Dhofar 1764 CV3 - Ablation spectrum 1.2 0.003 1 0.8 0.1 0.02 0.06

Dhofar 1709 LL4 - Ablation spectrum 1.8 0.02 1 1.2 0.2 0.05 0.09

Porangaba L4 - Ablation spectrum 1.5 0.03 1 1.6 0.2 0.05 0.1
0.0019 0.0005

0.38 0.033
0.0012 0.0004

0.24 0.08

1 3.1 0.002 0.02

1 1.5 0.002 0.005

Perseid 2015 main component

main componentLeonide 2015 1.0

0.8

λ 

1.3     1.6   2.14 
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