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10. decembra 2003 o 13:00 hod

na Fakulte matematiky, fyziky a informatiky Univerzity Komenského, Mlynská dolina, 842
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1 Úvod 4

2 Produkcia kozmogénnych nuklidov v reakciách neutrónového
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1 Úvod

V klasickej epoche štúdia stôp zanechaných kozmickým žiareńım (KŽ) v látke, poč́ınajúc

rokom 1950 a končiac prvými štúdiami mesačných vzoriek, boli uskutočnené dve veci.

Boli vyvinuté metódy na detekciu širokého spektra žiareńım indukovaných zmien a d’alej

boli pomocou dát nameraných týmito metódami vyvinuté modely, ktoré demonštrovali, že

tieto efekty prebiehali aj v dávnej minulosti a že stredné intenzity galaktického a slnečného

kozmického žiarenia boli podl’a stôp v materiáloch približne konštantné.

V súčasnosti sú vyv́ıjané nové modely, ktoré sa pokúšajú presneǰsie simulovat’ procesy

prebiehajúce pri interakciách KŽ s látkou, predovšetkým s objektami Slnečnej sústavy.

Presné modely umožňujú po použit́ı experimentálnych dát rekonštrukciu histórie jednotli-

vých objektov Slnečnej sústavy ako aj Slnečnej sústavy ako celku. Ďalej umožňujú ozrej-

menie vzt’ahov medzi jej jednotlivými objektami, konkrétne napŕıklad vzt’ahov dvojice

Slnko – Zem.

Na popis interakcíı boli použité dva typy modelov. Prvým je experimentálne ožaro-

vanie hrubých terčov v laboratórnych podmienkach [napr. 1, 2] a simulovanie skutočných

podmienok vo vesmı́re s presnost’ou umožňujúcou poč́ıtanie produkčných rýchlost́ı. Výho-

dou tohoto pŕıstupu je priamy vzt’ah medzi experimentom a skutočným javom. Druhým

typom je teoretický výpočet spektier a tokov jadrových čast́ıc v danej h́lbke pod povrchom

ožarovaného objektu a ich následné použitie, spolu s excitačnými funkciami, na výpočet

produkčných rýchlost́ı študovaných kozmogénnych nuklidov v tejto h́lbke. Tento pŕıstup

je úzko spätý s fyzikálnymi prinćıpmi a modelmi a je preto l’ahšie možné ho zdokonalit’,

ked’ budú k dispoźıcii nové dáta, pŕıpadne nové fyzikálne teórie.

Teoretické modely sa odlǐsujú v spôsobe, akým poč́ıtajú h́lbkovo závislé spektrá a toky

čast́ıc. Staršie modely sa väčšinou pokúšali o popis týchto závislost́ı pomocou rôznych

analytických funkcíı, ktoré boli konštruované berúc do úvahy fyzikálne teórie a experi-

mentálne dáta [napr. 3–5]. S pŕıchodom poč́ıtačovej éry sa začali na simuláciu kaskády

čast́ıc v látke využ́ıvat’ stochastické Monte Carlo modely [napr. 6–8].

Väčšina týchto modelov využ́ıva na výpočet produkcie kozmogénnych nuklidov účinné

prierezy. Dostupnost’ presných excitačných funkcíı pre jednotlivé jadrové reakcie je roz-

hodujúcim faktorom pre aplikovatel’nost’ modelov v kozmochemických, geochemických,

geochronologických a mnohých d’aľśıch typoch aplikácíı. Existuje však vel’ké množstvo

reakcíı, pre ktoré sú excitačné funkcie nekompletné, alebo chýbajú úplne. Pre protón-

mi indukované reakcie dôležité vo fyzike kozmického žiarenia tomu tak väčšinou nie je,

pretože bolo ich meraniu v posledných dvoch desat’ročiach ich meraniu venované vel’ké

úsilie.

Pre neutróny je situácia omnoho komplikovaneǰsia, ked’že ich nulový elektrický náboj

nedovol’uje uskutočnit’ jednoduché monoenergetické merania účinných prierezov pri ener-
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giách nad 14 MeV. Na zaplnenie dier v neutrónových excitačných funkciách sú preto

použ́ıvané rôzne nepriame metódy. V mnohých pŕıpadoch však výsledky źıskané pomo-

cou jednotlivých metód navzájom nesúhlasia a je potrebné vybrat’ vhodnú sadu účinných

prierezov pre konkrétnu aplikáciu.

Práca sa zaoberá troma hlavnými témami. Ako prvý je prezentovaný model na vý-

počet produkcie kozmogénnych nuklidov v reakciách neutrónového záchytu v mimozem-

ských objektoch. Motiváciou na výber tejto témy bola neexistencia systematiky (n, γ)

reakcíı v meteoritoch a povrchoch planét, ktorá by bola založená na Monte Carlo simu-

lácii transportu čast́ıc. Pre spalačné reakcie takéto systematiky existujú [6, 8]. Model

podobný prezentovanému bol už čiastočne niekol’kokrát použitý, avšak bez toho, aby boli

detailne preskúmané všetky jeho aspekty. Ciel’om tejto časti práce bolo rozš́ırit’ oblast’

aplikovatel’nosti Monte Carlo modelov pre spalačnú produkciu kozmogénnych nuklidov až

k termálnym energiám neutrónov a tým umožnit’ ich aplikáciu aj na komplexné problémy

pri štúdiu meteoritov a planét.

V súčasnosti sú pri simuláciách spalogénnej produkcie kozmogénnych nuklidov v mimo-

zemských objektoch použ́ıvané dve sady účinných prierezov. Excitačné funkcie zahrnuté

v týchto sadách sa pre niektoré reakcie odlǐsujú na širokých energetických intervaloch

o viac ako 100%. Ďaľsou témou študovanou v práci je aplikácia týchto dvoch sád pri si-

muláciách spalogénnej produkcie kozmogénnych nuklidov v zemskej atmosfére a v skalách

na zemskom povrchu ako aj štúdium vplyvu výberu účinných prierezov na produkciu.

Okrem aplikácíı pri výskume kozmu majú účinné prierezy pre produkciu zvyškových

jadier vel’ký význam aj v mnohých d’aľśıch oblastiach základného ako aj aplikovaného

výskumu siahajúceho od enviromentálnych vied, medićıny, kozmických a leteckých tech-

nológíı, až po urýchl’ovačovú transmutáciu jadrového odpadu a urýchl’ovačové znásobova-

nie energie. Konkrétnym problémom urýchl’ovačových techológíı je potreba extrémneho

množstva údajov, či už sa to týka pokrytia terčových prvkov alebo typov dát pre jednotlivé

jadrové reakcie. Ked’že je prakticky nemožné zmerat’ všetky potrebné dáta, je nutné spo-

liehat’ sa do značnej miery na teoretické odhady. Vychádzajúc z faktu, že predikt́ıvna sila

súčasných modelov a kódov nesṕlňa požadované kritériá, skupina európskych laboratóríı

vyvinula iniciat́ıvu smerujúcu k zlepšeniu tejto situácie. Táto iniciat́ıva bola zrealizovaná

v rámci projektu HINDAS (High- and Intermediate-Energy Data for Accelerator-Driven

Systems [9]) z piateho rámcového programu Europskej únie.

Autor práce je členom skupiny, ktorá pracuje na tretej časti projektu HINDAS, kto-

rou je produkcia zvyškových nuklidov v protónmi a neutrónmi indukovaných jadrových

reakciách. Posledná čast’ práce sa zaoberá Monte Carlo simuláciami transportu neut-

rónov pre neutrónové aktivačné experimenty, ktoré sú použité na určenie neutrónových

excitačných funkcíı.
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2 Produkcia kozmogénnych nuklidov v reakciách
neutrónového záchytu v chondritoch

Toky čast́ıc v meteoroidoch rôznych vel’kost́ı a chemického zloženia boli simulované pomo-

cou programového baĺıka LCS [10], ktorý zahŕňa kód MCNP [11] na simuláciu transportu

neutrónov až do termálnych energíı. Na výpočet produkčných rýchlost́ı kozmogénnych

rádionuklidov 36Cl, 41Ca, 60Co, 59Ni a 129I ako funkcíı vel’kosti meteoroidu a h́lbky pod

jeho povrchom boli použité excitačné funkcie z evaluovaných súborov ENDF/B-VI [12] a

JEF-2.2 [13].

Produkčné rýchlosti uvedených izotopov silne závisia od vel’kosti ožarovaného mete-

oroidu ako aj od h́lbky pod jeho povrchom. Hĺbkové profily produkčnej rýchlosti 36Cl

v meteoroide s elementálnym zložeńım l-chondritov sú zobrazené na Obr. 1. Meteoro-

idy s polomerom menš́ım ako ≈ 35 cm sú pŕılǐs malé na to, aby sa v nich neutróny

spomalili na termálne energie, takže je v nich zvyčajne (n, γ) produkcia omnoho nižšia

ako spalogénna. Pre väčšie meteoroidy produkcia raṕıdne stúpa až po polomer 85 cm.

Pre väčšie meteoroidy nastáva v h́lbke 50−80 cm maximum produkcie a za ńım dochádza

k monotónnemu poklesu produkčnej rýchlosti smerom k centru meteoroidu.
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Obrázok 1: Hĺbkové profily produkčnej rýchlosti 36Cl v meteoroidoch s polomerom 10−500 cm
a chemickým zložeńım zodpovedajúcim L-chondritom. Hodnoty sú normované na celkový tok

primárnych protónov J0(E > 10 MeV) = 1 cm−2 s−1.

V závislosti od tvaru excitačnej funkcie pre konkrétnu (n, γ) reakciu sa h́lbkové profily

pre ostatné skúmané kozmogénne nuklidy jemne odlǐsujú od profilov pre 36Cl. Význam-

neǰśı rozdiel nastáva len v pŕıpade 129I, pre ktorý je produkčná rýchlost’ dost’ vel’ká už

v meteoroide s polomerom 20 cm, pričom maximálna produkčná rýchlost’ je dosiahnutá

v centre meteoroidu s polomerom 65 cm.

6



Na rozdiel od spalogénnej produkcie sme pre produkciu nuklidov neutrónovým zá-

chytom zistili rozdiely v produkčnej rýchlosti medzi jednotlivými triedami chondritov,

medzi ktorými sú len malé rozdiely v chemickom zložeńı. V závislosti od tvaru excitač-

nej funkcie sa rozdiely prejavujú zmenou hodnoty produkčnej rýchlosti ako aj zmenou

tvaru jej h́lbkového profilu. Pre obyčajné chondrity sme dostali rozdielne hodnoty po-

meru produkčných rýchlost́ı medzi L-, LL- a H-chondritmi pre každý skúmaný izotop.

Hĺbková závislost’ tohto pomeru medzi LL- a L-chondritmi pre izotop 36Cl je znázornená

na Obr. 2. V meteoroidoch s R > 50 cm je tento pomer konštantný pre všetky h́lbky
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Obrázok 2: Produkčné rýchlosti 36Cl v LL-chondritoch ako funkcia h́lbky relat́ıvne vzhl’adom
na produkčné rýchlosti v L-chondritoch pre meteoroidy s polomerom 10− 500 cm.

a vel’kosti. V menš́ıch meteoroidoch je tento pomer závislý od vel’kosti a eventuálne aj

od h́lbky. Stredné pomery pre jednotlivé skúmane kozmogénne nuklidy sú zaznamenané

v Tab. 1. Tieto rozdiely sú spôsobené odlǐsnými koncentráciami prvkov kysĺıka a železa

Tabul’ka 1: Stredné pomery produkčných rýchlost́ı kozmogénnych nuklidov 36Cl, 41Ca, 60Co,
59Ni a 129I v L-, LL- a H-chondritoch.

Pomer 36Cl 41Ca 60Co 59Ni 129I

LL-chondrit/L-chondrit 1.1 1.08 1.01 1.09 0.95
H-chondrit/L-chondrit 0.82 0.85 0.93 0.84 1.2

v chemickom zložeńı jednotlivých tried obyčajných chondritov. Kysĺık je ako najl’ahš́ı

prvok v uvažovanom chemickom zložeńı zároveň aj najlepš́ım moderátorom neutrónov a

preto jeho vačšie množstvo má za následok zvýšenie tokov tepelných neutrónov a tým
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aj (n, γ) produkcie kozmogénnych nuklidov. Na druhej strane relat́ıvne vysoký účinný

prierez železa pre absorpciu tepelných neutrónov spôsobuje ich úbytok a prejavuje sa

na zńıžeńı produkcie.

Podstatne vačšie rozdiely sú evidentné pri CI-chondritoch, kde pŕıtomnost’ vod́ıka spô-

sobuje prudký nárast tokov tepelných neutrónov a tým aj tokov už pri malých polomeroch

meteoroidov (R > 15 cm). Hĺbkové profily 36Cl v CI-chondritoch sú znázornené na Obr. 3.
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Obrázok 3: Hĺbkové profily produkčnej rýchlosti 36Cl v CI-chondritoch pre meteoroidy
s polomerom 10 − 500 cm. Hodnoty sú normované na celkový tok primárnych protónov

J0(E > 10 MeV) = 1 cm−2 s−1.

Efekty spôsobené malými zmenami v chemickom zložeńı implikujú nevyhnutnost’ vy-

konat’ nové simulácie vždy, ked’ sa objav́ı meteorit s nezvyčajným zložeńım. To je obzvlášt’

dôležité pre meteority obsahujúce vod́ık.

Prezentované výpočty sú založené na čisto fyzikálnom modeli spoč́ıvajúcom v Monte

Carlo simulácii transportu čast́ıc a excitačných funkciách za použitia len jedného vol’né-

ho parametra, ktorým je stredný tok čast́ıc galaktického kozmického žiarenia na orbitách

meteoroidov za posledných niekol’ko miliónov rokov. Ked’že neexistujú vhodné experimen-

tálne h́lbkové profily kozmogénnych nuklidov v meteoritoch, tento parameter bol určený

najlepš́ım fitom napoč́ıtaného h́lbkového profilu 41Ca v mesačnom povrchu na 41Ca profil

nameraný vo vzorkách z vrtu z Apolla 15 [14], pričom bolo potrebné zobrat’ do úvahy

heliocentrický gradient toku čast́ıc galaktického kozmického žiarenia [15, 16]. Výsledná

źıskaná hodnota je

J0(E > 10 MeV) = 2.99 cm−2 s−1 .
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Táto hodnota je výrazne nižšia ako sú hodnoty źıskané podobným spôsobom modelmi

pre spalogénnu produkciu kozmogénnych nuklidov pri porovnańı s nameranými h́lbkovými

profilmi v L-chondrite Knyahinya [17, 18]. Pŕıčina tohoto rozdielu je neznáma a poukazuje

na potrebu d’aľsieho štúdia v tejto oblasti.

Porovnanie nameraných produkčných rýchlost́ı s nameranými koncentráciami kozmo-

génnych nuklidov ukazuje dobrú zhodu. Je preto možné dôjst’ k záveru, že tento model

môže byt’ s dostatočnou spol’ahlivost’ou použitý na široké spektrum aplikácíı. Vylepšenia

je možné urobit’ predovšetkým čo sa týka výberu vhodných excitačných funkcíı pre (n, γ)

reakcie. Model môže byt’ l’ahko rozš́ırený o d’aľsie neutrónovým záchytom produkované

kozmogénne nuklidy, čo z neho rob́ı univerzálny nástroj na štúdium meteoritov ako aj

iných kozmickým žiareńım ožarovaných objektov.
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3 Neutrónové účinné prierezy a produkcia
kozmogénnych nuklidov na Zemi

Dôležitost’ výberu sady neutrónových účinných prierezov na simuláciu produkcie kozmo-

génnych nuklidov bola ukázaná pre mimozemské objekty. Dve sady účinných prierezov

vyv́ıjané skupinami Rolfa Michela a Roberta C. Reedyho, obe často použ́ıvané v kozmo-

chemických aplikáciách [napr. 17, 19], ukazujú značné rozdiely hlavne pre jadrové reakcie

indukované neutrónmi.

V práci boli na výpočty produkčných rýchlost́ı v atmosfére a na zemskom povrchu

použité diferenciálne spektrá protónov a neutrónov napoč́ıtané Masarikom a Beerom [7]

pomocou programových baĺıkov LCS [10] a GEANT [20], pričom boli uvažované rozdielne

hodnoty stredného toku čast́ıc galaktického kozmického žiarenia zodpovedajúce jednotli-

vým sadám účinných prierezov (J0(E > 10 MeV) = 4.56 cm−2 s−1 pri použit́ı Reedyho

účinných prierezov, resp. 3.9 cm−2 s−1 pri použit́ı Michelovych účinných prierezov).

Produkčné rýchlosti 10Be a 7Be v atmosfére napoč́ıtané pomocou Michelovych účin-

ných prierezov sú podstatne vyššie ako napoč́ıtané pomocou Reedyho účinných prierezov.

Je teda možné povedat’, že dve kombinácie parametrov
”
účinné prierezy – J0“, ktoré

dávali podobné výsledky pre meteority, nie sú ekvivalentné pre zemskú atmosféru. Porov-

nanie s experimentálnymi dátami z atmosféry je však problematické, pretože nie je jasné,

či hodnoty namerané v arch́ıvoch na Zemi reprezentujú globálne ustrednené produkčné

rýchlosti, alebo či zohrávajú dôležitú úlohu aj lokálne efekty.

Pre zemský povrch je zhoda lepšia. Je to spôsobené tým, že geometria ožarovania aj

uvažované reakcie sú tie isté ako v pŕıpade mimozemských objektov, na ktorých boli obidve

sady účinných prierezov vyv́ıjané. Pri in-situ produkovaných kozmogénnych nuklidoch

odpadá aj väčšina problémov s depoźıciou a mixovańım materiálu a je preto možné aj

priame porovnanie výpočtov s experimentom.

Vo všeobecnosti sa dá povedat’, že použitie Michelovych účinných prierezov vedie

k vyšš́ım hodnotám produkčných rýchlost́ı. Ked’že boli výsledky źıskané s Reedyho účin-

nými prierezmi v porovnańı s experimentálnymi hodnotami nižšie [19], použitie Michelo-

vych účinných prierezov vedie k lepšej zhode. Neistoty výpočtov sú však omnoho vačšie

ako sú rozdiely vznikajúce použit́ım rôznych sád účinných prierezov ako aj z porovnania

s experimentálnymi hodnotami.

Prezentované porovnanie poukázalo na dôležitost’ účinných prierezov a to hlavne

pre neutrónmi indukované jadrové reakcie, pre správny popis produkcie kozmogénnych

nuklidov ako v mimozemských objektoch tak aj na Zemi. Je preto nevyhnutné vynaložit’

d’aľsie úsilie na vývoj experimentálnych a teoretických metód na vylepšenie excitačných

funkcíı pre všetky relevantné jadrové reakcie.
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4 Simulácia transportu neutrónov pre aktivačné
experimenty

V rámci práce bol simulovaný transport neutrónov pre 6 ožarovańı kvázimonoenergetic-

kým zväzkom neutrónov na urýchl’ovači v UCL/Louvaine-la-Neuve v Belgicku a 16 ožaro-

vańı na urýchl’ovači v TSL/Uppsala vo Švédsku. Metóda použitá na odvodenie účinných

prierezov vyžaduje detailný popis neutrónového pol’a vo vnútri každého ožarovaného ter-

ča.

Ked’že experimentálne určené spektrá neutrónov vo zväzku neboli k dispoźıcii pre všet-

ky ožarovania, na výpočet kvázimonoenergetických spektier z reakcie 7Li(p, n) vo všetkých

takýchto pŕıpadoch bol použitý semiempirický model [21]. Okrem toho bol na výpočet

týchto spektier tiež aplikovaný programový baĺık LCS [10]. Ukázalo sa však, že nedokáže

spol’ahlivo reprodukovat’ reálne spektrá. Na Obr. 4 sú znázornené spektrá napoč́ıtané

obidvoma spôsobmi spolu s nameranými spektrami.
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Obrázok 4: Porovnanie kvázimonoenergetických neutrónových spektier napoč́ıtaných pomo-
cou LCS a pomocou semiempirického modelu s nameraným spektrom pre jedno z ožarovańı

na UCL/Louvaine-la-Neuve (vl’avo) a pre spektrum z práce [22] (vpravo).

Transport neutrónov v terčoch bol simulovaný pomocou LCS. Simulácia pokrývala

toky neutrónov od termálnych energíı až do energie 180 MeV a jej výsledkom bolo úplné

neutrónové spektrum pre každú fóliu v terči pri danom ožarovańı. Na Obr. 5 sú znázornené

nasimulované spektrá vo všetkých fóliách jedného z ožarovańı na TSL/Uppsala s energiou

primárnych protónov 136.7 ± 1.0 MeV. Vývoj spektra pozd́lž terča záviśı od materiá-

lov jednotlivých fólíı ako aj na porad́ı fólíı v danom terči a vykazuje podobné vlastnosti

pre všetky ožarovania. Moderácia neutrónov v terči ako aj produkcia ńızkoenergetických

sekundárnych neutrónov prispievajú k zvýšeniu toku neutrónov s energiou pod ≈ 50 MeV

na začiatku terča. Zároveň však dochádza k absorpcii neutrónov. Pri ńızkoenergetických
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Obrázok 5: Nasimulované diferenciálne spektrá neutrónov vo všetkých fóliách terča pre jedno
z ožarovańı na TSL/Uppsala s energiou primárnych protónov 136.7± 1.0 MeV normované na 1

primárny neutrón.

neutrónoch nastáva v prvej polovici terča rovnováha medzi produkciou a absorpciou, ktorá

sa prejavuje ako maximum toku neutrónov. Ďalej v terči presahuje absorpcia neutrónov

ich produkciu pre všetky energie a dochádza k poklesu toku neutrónov. Pre vysokoener-

getické neutróny je pozorovaný len pokles toku pozd́lž celého terča.

Dobrá zhoda nasimulovaných a nameraných spektier neutrónov po prechode terčom

poukazuje na správnost’ použitej metódy a dáva predpoklady na źıskanie čo možno naj-

presneǰśıch excitačných funkcíı. Aj ked’ nie sú namerané účinné prierezy pre neutrónmi

indukované spalačné jadrové reakcie väčšinou k dispoźıcii, prvé źıskané excitačné funkcie

sú s existujúcimi dátami v dobrej zhode. V súčasnosti prebieha vyhodnocovanie dát

z experimentov a výsledky budú zahŕňat’ excitačné funkcie pre približne 120 reakcíı.
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5 Prehl’ad najvýznamneǰśıch dosiahnutých výsledkov

V nasledujúcich bodoch sú stručne a prehl’adne zosumarizované najdôležiteǰsie výsledky

dosiahnuté v rámci predkladanej dizertačnej práce.

� Bol vyvinutý a analyzovaný model na výpočet produkčných rýchlost́ı kozmogénnych

nuklidov v reakciách neutrónového záchytu v mimozemských objektoch založený

na Monte Carlo simulácii transportu čast́ıc. Bolo ukázané, že pri (n, γ) reakciách

zohrávajú významnú úlohu aj malé odchýlky v chemickom zložeńı ožarovaného ma-

teriálu a je preto potrebné vykonat’ nové simulácie vždy, ked’ sa objav́ı nový meteorit

s nezvyčajným chemickým zložeńım.

� Bola určená hodnota stredného toku čast́ıc galaktického kozmického žiarenia na zem-

skej orbite a na orbite meteoroidov vyplývajúca z produkčných rýchlost́ı záchytových

produktov. Táto hodnota sa výrazne odlǐsuje od hodnôt vyplývajúcich z výpočtov

modelujúcich spalogénnu produkciu kozmogénnych nuklidov, pričom sú pŕıčiny toh-

to rozdielu zatial’ neznáme. V práci bolo po prvýkrát poukázané na tento problém.

� Bolo ukázané, že účinné prierezy pre spalačné jadrové reakcie sú kritickým para-

metrom pre modelovanie produkcie kozmogénnych nuklidov v zemskej atmosfére

ako aj na zemskom povrchu. Ked’že je dostupnost’ dobrých účinných prierezov

hlavne pre neutrónmi indukované jadrové reakcie zd’aleka nedostačujúca, nové me-

rania a vývoj kódov sú nevyhnutnou podmienkou na spol’ahlivé použitie modelov

v geochemických, kozmochemických a mnohých d’aľśıch aplikáciách.

� Bol otestovaný semiempirický a Monte Carlo model na výpočet kvázimonoenerge-

tického spektra neutrónov pochádzajúceho z reakcie 7Li(p, n). Výsledky ukázali, že

Monte Carlo programový baĺık LCS v súčasnosti nepopisuje uspokojivo jednotlivé

kanály tejto reakcie a preto nemôže byt’ na výpočet kvázimonoenergetického spektra

neutrónov použitý.

� Boli vykonané simulácie transportu neutrónov pre spolu 22 neutrónových ožarovańı

mnohomateriálových terčov. Výsledné napoč́ıtané spektrá budú v rámci projektu

HINDAS z piateho rámcového programu Európskej únie použité pri vývoji exci-

tačných funkcíı až do energíı 180 MeV pre približne 120 neutrónmi indukovaných

jadrových reakcíı.
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6 Summary

Simulations of the interactions of cosmic ray particles with the Solar system matter and

particularly of the production of cosmogenic nuclides are necessary for the interpretation

of measured data for a wide range of applications. This work concerns three main topics

that belong to this field.

First, a model for the production of cosmogenic nuclides in neutron capture reactions

in extraterrestrial matter is presented. A motivation for this part of work was the no-

nexistence of systematics for (n, γ) reactions in meteoroids and planetary surfaces based

on Monte Carlo simulation of particle transport. As such systematics exist for spallation

production [17, 19] the aim was to extend it to n-capture reactions. The fluxes of particles

in meteoroids of various sizes and bulk chemical compositions were simulated using the

LCS [10], that includes the code MCNP [11] for the simulation of neutron transport down

to thermal energies. For the calculation of the production rate of cosmogenic nuclides
36Cl, 41Ca, 60Co, 59Ni and 129I as a function of the size of the meteoroid and depth below

its surface the excitation functions from evaluated nuclear data files ENDF/B-VI [12] and

JEF-2.2 [13] were used.

Production rates of investigated isotopes showed strong dependence on the size of the

meteoroid as well as on the depth of the sample below the surface. Unlike spallation

production, for neutron capture we found differences when considering different bulk che-

mical compositions of individual chondrite classes. For ordinary chondrites we obtained

different values of the production rate ratio between L-, LL- and H-chondrites for each

isotope. In meteorites with R > 50 cm the ratios were constant for all depths and sizes.

The differences are mainly due to the different concentrations of light elements (like oxy-

gen), that have better moderation abilities, as well as due to the different concentrations

of iron, that has relatively high cross section for the absorption of thermal neutrons. The

differences in production rates are for individual nuclides in range 2–30% depending on

the shape of the excitation function for its production. For CI-chondrites, that contain

hydrogen, the production rate depth profiles differ significantly from those in ordinary

chondrites. The effects of bulk composition imply the necessity of new calculations for

each meteorite class and for new falls or finds of meteorites with unusual composition.

This is particulary important for meteorites containing hydrogen.

The only free parameter of the model, the mean galactic cosmic ray particle flux, can

be determined by comparing calculated depth profiles to those measured in meteorites. As

the suitable experimental depth profiles from meteorites are not available, we determined

this parameter by adjusting calculated production rates to 41Ca depth profiles measured

in Apollo 15 drill core [14] and considering the heliocentric gradient of the GCR flux

[15, 16]. The obtained value of J0(E > 10 MeV) = 2.99 cm−2 s−1 significantly differs
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from both J0 values obtained by adjusting the calculated spallation production rates of

cosmogenic nuclides to the depth profiles from the L-chondrite Knyahinya in [18] and

[17]. The reasons for this difference remain unknown and imply the necessity of further

investigations in this field.

The comparison of the calculated production rates to the measured cosmogenic nuclide

concentrations showed a good agreement which makes it possible to conclude that this

model can be used with reasonable confidence for a wide range of applications. The model

can easily be extended to other neutron capture produced nuclides which turns it into a

general tool for the investigation of meteorites as well as other cosmic ray irradiated bodies

in general.

Another covered topic is the investigation of the influence that the selection of the

set of spallation cross sections has on the calculation of production rates of cosmogenic

nuclides in the Earth’s atmosphere and terrestrial surface rocks. The importance of this

selection was shown before for extraterrestrial objects [6, 17]. Two sets of cross sections

from the group of Rolf Michel and the group of Robert C. Reedy, both widely used in

cosmochemical applications, show significant differences especially for neutron induced

reactions. Whereas both these sets were used successfully to describe the spallogenic pro-

duction of cosmogenic nuclides in meteoroids, for the Earth’s atmosphere and terrestrial

surface rocks these result in different production rate predictions. The differences arise

mainly from differences in neutron excitation functions.

The atmospheric production of 10Be and 7Be calculated using Michel’s cross sections

is significantly higher than that calculated using Reedy’s cross sections, so the two com-

binations “cross sections – J0” (Reedy – J0 = 4.8 cm−2 s−1, Michel – J0 = 4.06 cm−2 s−1)

that give very similar production rate results for meteorites are not equivalent for the

atmosphere. For the surface rocks the irradiation geometry and studied reactions are the

same as for extraterrestrial matter and therefore also the agreement for the two cross

section sets is much better than for the atmosphere.

Generally, the use of newer cross sections from the group of Michel usually leads to hig-

her production rates even with lower J0 value used. As the calculation using the Reedy’s

cross sections underestimated the in-situ production for most nuclides when compared to

the experimental data [19], the calculation using Michel’s cross sections results in better

agreement. However, the uncertainties of the calculations are much higher than the dif-

ferences arising from different cross sections used and also from the comparison to the

measured data.

Presented investigation implies the necessity of further development of experimental

and calculational methods for the improvement of the excitation functions for all relevant

nuclear reactions.
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The last part of the work concerns the Monte Carlo simulation of neutron transport

for neutron activation experiments. The experiments were performed within the HINDAS

project [9] in order to determine excitation functions for the production of residual ra-

dionuclides from a variety of target elements up to 175 MeV. Within this work, 6 irra-

diations performed at UCL/Louvain-la-Neuve, Belgium and 16 irradiations performed at

TSL/Uppsala, Sweden using the quasi-monoenergetic neutron beam produced in reaction
7Li(p, n)7Be were simulated.

The unfolding procedure used to obtain the excitation functions requires the detailed

description of the neutron field inside each irradiated target. As the measured neutron

spectrum in a beam was not always available, semi-empirical model [21] was used to

calculate the quasi-monoenergetic neutron spectrum for such irradiations. The LCS [10]

was also used for the Monte Carlo calculation of the primary neutron spectra but it proved

not to be feasible to satisfactory reproduce the measured neutron spectra.

The transport of neutrons inside the target was simulated using the LCS. The si-

mulation covered neutron fluxes from thermal energies to energies up to 180 MeV and

resulted in full neutron spectrum for all individual foils in target stack. The development

of the neutron field along the stack depends on the individual foil materials used and

their order in the stack for particular irradiation. Generally, it shows the same principal

characteristics for all irradiations. Moderation of neutrons in the stack but mainly the

production of low-energy secondary neutrons cause an increase of neutron fluxes with

energies below ≈ 50 MeV at the beginning of the stack. At the same time neutrons of

all energies can be absorbed while passing through the stack material. For low-energy

neutrons an equilibrium between production and absorption occurs in the first half of the

stack where the maximum in total neutron fluxes can be seen. Further in the stack the

absorption outbalances the secondary neutron production for all energies and there is an

overall decrease in neutron fluxes. For higher energies only the decrease can be seen.

A good agreement of the simulated and measured neutron spectra after passing the

target stack verified the justification of the used method and make good conditions for

obtaining the most accurate excitation functions possible. Even though the measured

cross sections for neutron induced spallation reactions are usually not available, first

evaluated excitation functions show good agreement with the few existing experimental

data. Presently, the evaluations of the data from the irradiation experiments are in

progress and the results comprise excitation functions for about 120 reactions.
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[17] I. Leya, H.-J. Lange, M. Lüpke, U. Neupert, R. Daunke, O. Fanenbruck, R. Michel,
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