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Abstrakt

Excita¢né funkcie jadrovych reakcii maji nezastupitelny vyznam Vv mnohych vedecko-
priemyselnych aplikacidch. Hraji zédsadni tlohu pri planovani pripravy radionuklidov
z dovodu optimalizacie parametrov ozarovania kvoli vytazkom pripravovaného radionuklidu
a radionuklidovym neéistotam. Dal§im vyuzitim excitaénych funkcii je monitorovanie
cyklotronového zvizku nabitych castic, kde sa na doslednost’ a presnost pri merani
excitatnych funkcii kladt obzvlast vysoké naroky. Excitacné funkcie sa vyuzivaju aj pri tzv.
TLA (Thin Layer Analysis). Je to analytickd metdda zaloZzena na aktivacii tenkych vrstiev
tazkymi nabitymi Casticami, ktord dovol'uje stanovit’ ubytok materidlu napr. mechanickym
oterom ¢i kordznym opotrebovanim. Meranie excitacnych funkcii sluzi aj ako spitna vizba
pre tvorcov teoretickych predpovedi ucinnych prierezov jadrovych reakcii ¢i ako podnet pre
opitovné meranie jadrovych dat (intenzity gama liniek, polcasy premeny) v pripade odhalenia
systematickych chyb vo vypoctoch aktivit.

Této praca pontka popis experimentalneho stanovenia excitaénych funkeii proténov na ™Mo,
197 Ay, "Tj a "Cuy pri energidch do 36 MeV a deuterénov na °’Au a ™Cu pri energiach do 20
MeV. Podrobne analyzuje moznosti pripravy radionuklidov s potencidlnym vyuzitim
v nuklearnej medicine (hlavne **™Tc, %Mo, 1"™9Hg) vratane ich teoretickych vytazkov a tiez
sa venuje excitanym funkciam vyuzitelnym pre monitoring zvidzku nabitych cCastic na
cyklotrone. Styri excitaéné funkcie boli v ramci tejto prace zmerané vobec po prvykrat.
Experimenty dali podnet na prepocitanie intenzit rozpadovej schémy a intenzit gama liniek
radionuklidu **'™Hg, z ktorého vzisla jedna z publikécii, ktoré tito pracu tvoria.



Abstract

Excitation functions of nuclear reactions play an irreplaceable role in a lot of scientific or
industrial applications. They are of major importance in production of radionuclides as
inevitable for optimizing incident beam energy and its loss in a target in order to maximize
the yield of desired radionuclide and to minimize content of radionuclidic impurities. Another
application of excitation functions represents the field of charged particles beam monitoring.
In this case, high precision measurement of such excitation functions is desirable. Another
application is so-called Thin Layer Analysis (TLA), a method based on the activation of thin
layers with heavy charged particles. This method permits to quantify the decrease in material
caused by wear or corrosion, e.g. during engines operation. Experimentally determined
excitation functions are an inevitable feedback for improvement of theoretical nuclear
reaction model codes. As the measurements are usually closely related to precise activity
quantification, it may sometimes uncover inconsistency in the published decay data and
initiate their revision.

This work describes measurement of excitation functions of protons on ™Mo, *’Au, "'Ti and
"Cu in the energy interval up to 36 MeV and deuterons on **’Au and "*Cu with energies up
to 20 MeV. In-detail analysis of production routes resulting in production of medically
relevant radionuclides (**"Tc, Mo, ¥'™9Hg) is provided. Attention is paid to excitation
functions of beam monitoring reactions of protons and deuterons. Four excitation functions
were measured for the first time in our work. The experiments focused on production of
197m9Hg revealed inconsistencies in the decay scheme of *"™Hg that was subsequently
thoroughly revised. It allowed us to correct our cross-sections accordingly, as well as
significant part of the previously published data.
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1 Teoreticky uvod a prehlad sucasného stavu Studovanej problematiky

V tejto kapitole st zavedené zakladné pojmy a definicie potrebné k stadiu jadrovych reakcit,
ich energetiky, mechanizmov a vytazkov. Tento prehl'ad sa opiera o prace [1,2], kde je tato
problematika rozoberana detailne. Kapitola taktiez podava struény prehl'ad vyvoja
a sucasného stavu merania excitatnych funkcii jadrovych reakcii.

1.1 Energetika jadrovych reakcii

Majme vSeobecnt jadrovu reakciu X + x — Y +y resp. v skratenom zapise X(x,y)Y, kde X je
tercové jadro, X je projektil, Y je vysledné jadro ay emitovand castica. AK treba v rovnici
reakcie vyznacit’ energetické pomery, reakcia sa zapisuje v tvare X + x — Y +y + Q, kde Q
je energia danej reakcie. Pri jadrovych reakcidch plati opaény tizus ako pri chemickych
reakciach, tj. ak je Q > 0, je reakcia exoergicka a energia sa V reakcii uvolnuje, ak je Q <0,
ide 0 endoergicku reakciu a energia sa Vv reakcii spotrebtiva. Hodnotu Q je mozné vypocitat’
ako energeticky ekvivalent rozdielu su¢tu pokojovych hmotnosti Castic pred reakciou a stctu
pokojovych hmotnosti ¢astic po reakcii:

Q = [mx + mx — (my + my)]c? 1)

Cast’ energie projektilu sa premeni na kinetickt energiu produktov reakcie (predpokladame,
ze je terové jadro v pokoji), ktora je rovna kinetickej energii taZiska ststavy. Zo zakona
zachovania hybnosti potom vyplyva, Ze energia projektilu, ktory vyvoldva endoergicki
reakciu, musi byt minimalne rovna suctu Q a kinetickej energie unasanej taziskom. Ide o tzv.
prahovii energiu Ewr a plati pre fiu vzt'ah:

m, + my

Etny = _Qm—x (2).

Endoergické jadrové reakcie tazkych nabitych castic neprebiehaju bezprahovo, aj napriek
tomu, ze Q < 0. Dovodom je odpudzovanie kladne nabitého projektilu a kladne nabitého
ter¢ového jadra, ide o tzv. Coulombovski bariéru, ktort musi projektil prekonat’, aby vyvolal
danu reakciu. Vysku tejto bariéry je mozné odhadnut’ zo vztahu:

Be = — X yey 3
c — A1/3 1/3 [ e ] ( );
X + AX

kde Z je protonové cislo projektilu, resp. ter¢ového jadra a A je jeho nuklednové Cislo.

Ani Coulombovska bariéra vsak nie je jedinou prekazkou pri prieniku projektilu do ter¢ového
jadra. Pri zrazkach, ktoré nie su centralne, sa uplatiluje eSte tzv. odstrediva potencidlova
bariéra, ktoru je mozné interpretovat’ ako rotanu energiu, ktort udeli projektil ter¢ovému
jadru v pripade necentralnej zrazky. Plati pre fiu priblizny vztah:

A+ A
Bg = 20 x X [MeV] (4),

2
AAx (A + A%




kde symboly maju vysSie uvedeny vyznam. Ddsledné odvodenia presnych vzt'ahov na
vypocet Coulombovskej a odstredivej potencidlovej bariéry su uvedené napr. v [1].

1.2 Mechanizmy jadrovych reakceii

Mechanizmy jadrovych reakcii tazkych nabitych Castic sa popisuju dvomi krajnymi pripadmi
alebo ich kombinaciou (pre ucely tejto prace nebude spominany popis pruzného a nepruzného
rozptylu). Ide o reakcie, ktoré prebiehaju priamo alebo nepriamo.

V pripade priamych reakcii projektil po vstupe do jadra interaguje s jednotlivymi nukleénmi,
ktorym odovzdava Cast’ svojej energie. Nukledn s novonadobudnutou kinetickou energiou
moze opustit’ terCové jadro alebo svoju energiu opat’ stratit’ v d’alSich nukledn-nukleénovych
zrazkach, rovnako ako projektil. Priame reakcie prebiehaju v Case porovnateInom s Casom,
ktory projektil potrebuje na preletenie priemeru jadra (102°-10% s). Emisia vyslednych Gastic
z jadra v tomto pripade nie je izotropna. Ku priamym reakciam patria aj tzv. prenosové
reakcie, pri ktorych jadro z projektilu alebo projektil zjadra ,,vytrhne* jeden alebo viac
nukledénov. Prvy pripad je ozvacovany za tzv. stripping reakciu (napr. (d,p) reakcia), druhy za
tzv. pick-up reakciu (napr. (p,d) reakcia).

Nepriame reakcie prebichaju za vzniku zloZeného jadra. Ide o Gtvar, ktory vznikne po vstupe
projektilu do ter¢ového jadra. Energia prinesena projektilom sa v jadre rozptyli a projektil po
uréitom case nie je odliSiteI'ny od ostatnych nukleénov. V dosledku Statistickych fluktuacii sa
na jednom ¢i viacerych nukleénoch sustredi taka cast’ prinesenej energie, ktora danym
nukleénom dovoli opustit’ zlozené jadro. Cast’ energie takto excitovaného jadra sa moze
vyziarit' aj ako y kvantum. Tieto procesy sa opakuju, aZz kym jadro nezostane vo svojom
zédkladnom energetickom stave. Doba Zivota zloZeného jadra je radovo vyssia (10141079 s)
ako Cas, za ktory preleti projektil priemerom jadra. V tomto pripade si vysledné cCastice
emitované izotropne. MoZe sa stat, Ze zloZené jadro emituje nukleon, resp. nukleony skor,
ako sa projektil stihne energeticky integrovat medzi ostatné nukledny. V tomto pripade ide
0 tzv. precompound decay.

So zvySujliicou sa energiou projektilu sa zvicSuje spektrum emitovanych nukleénov ¢i ich
zhlukov. MozZe dochadzat’ k trieStivym reakciam a pri energiach radovo GeV a vyssich sa
mozné reakcie ako fragmenticia, multiparticia a Stepenie jadier. V pripade emisie zhluku
nuklednov sa prahova energia reakcie znizuje o vidzbova energiu zhluku Castic (d = np +
2,225 MeV, t = p2n + 8,482 MeV, *He = 2pn + 7,718 MeV, a.=2p2n + 28,296 MeV atd’.).

1.3 U¢inné prierezy a excitacné funkcie jadrovych reakcii

Ucinny prierez jadrovej reakcie je miera pravdepodobnosti jej priebehu za danych
podmienok. Oznacuje sa ¢ anazorne sa interpretuje ako zdanliva plocha jadra resp. jeho
priemet, ktorou ked projektil prejde, vyvola danu jadrovu reakciu. Z tejto predstavy
vychadzaju aj jednotky pre G¢inny prierez — ide 0 jednotky plochy. NajcastejSie sa pouziva
jednotka barn (1 b = 1072* cm?) a z nej odvodena jednotka milibarn (mb). Najvyssie u¢inné
prierezy maji vSeobecne zachytné reakcie tepelnych neutréonov, jeden z najvyssich doposial
znamych Géinnych prierezov mé reakcia 3Xe(n,y), kde o dosahuje az 2,6.10° b. Naopak
najmensie U¢inné prierezy maju interakcie neutrin s hmotou, pri ktorych sa ich hodnoty
pohybuji radovo len okolo 1071° b [1].



Hodnota t¢inného prierezu zavisi od vlastnosti jadra a Castice, ktora reakciu vyvolava. Ide
hlavne o energiu projektilu ateréového jadra, ich velkost' resp. naboj, spin ¢i hybnost
a d’alsie vlastnosti. Uginny prierez zavisi aj od charakteru vysledného jadra a emitovanej
Castice. Zavislost’ uc¢inného prierezu danej reakcie od energie projektilu sa nazyva excitacna
funkcia reakcie. Excita¢né funkcie moézu nadobudat’ rozmanité tvary, napr. maju rozny
priebeh pre reakcie nabitych a nenabitych Castic, uz len z toho dévodu, ze exoergické reakcie
neutréonov vd’aka absencii naboja projektilu prebiehaji bezprahovo.

Excita¢né funkcie jadrovych reakcii sa meraji prakticky od vynalezu cyklotronu (dvadsiate
a tridsiate roky dvadsiateho storo¢ia). Za tych takmer sto rokov bolo zmerané ohromné
mnozstvo excitacnych funkcii, tie najdolezitejSie dokonca niekol’ko desiatokkrat. Je jasné, ze
S postupnym upresiiovanim rozpadovych dat a s rozvojom techniky detektorovych systémov
sa kvalita merania obvykle zvysuje. S tym je Vv niektorych pripadoch spojeny velky rozptyl
nameranych dat — ¢i uz samotnych energii projektilu alebo k nim prisluchajucich G¢innych
prierezov. Relativne vysoké neistoty pozorujeme aj Vv pripadoch, kedy sa jedna o excitacné
funkcie pre radionuklidy vyznamné v praxi. To je dovod, preCo je meranie excitaénych
funkcii vysoko aktualne aj dnes a zostane aktualne aj v najblizsej buducnosti.

Snad’ najvyznamnej$im dovodom pre meranie excitacnych funkcii je ich vyuZitie pri priprave
radionuklidov — daju sa na ich zaklade vypoditat’ vytazky pre vysledny produkt rovnako ako
aj vytazky potencidlnych radionuklidovych necistot, ktoré pri spracovani terca a separacii
produktu mozu prekazat. Vypoctom vytazkov radionuklidov z excitacnych funkcii sa venuje
kapitola 4.5. Excitaéné funkcie teda umoznuji optimalizaciu pripravy radionuklidov tym,
Ze prezradzaju, akd je optimalna vstupna energia zvizku ¢i jeho energeticka strata v teréovom
materiali (tj. optimalna hrubka terca), aby bol vytazok pripravovaného radionuklidu ¢o
najvyssi a podiel necistot este prijatelny, hlavne s ohl'adom na izotopické necistoty. Presne
zmerané excitaéné funkcie pre vznik pripravovaného radionuklidu a jeho potencialnych
necCistot st vel'mi dolezitou, avsak urcite nie jedinou podmienkou tispesnej optimalizacie jeho
pripravy. V praxi do hry vstupuje hlavne vhodne zvoleny ter¢ (terCovy material — obohateny
izotop, Cisty prvok prirodného zlozenia alebo ich zlu¢eniny, konstrukcia terca ¢i jeho tepelno-
vodivostné vlastnosti) a nasledne po ozarovani vhodne zvoleny separacny postup vzniknutého
radionuklidu a d’alSia praca snim (radionuklidovéd aradiochemicka Ccistota vysledného
preparatu).

K meraniu excitacnych funkcii aktivaénou metédou patri neodmyslitelne meranie aktivity
radionuklidov vzniknutych v ter¢i. Pri tychto meraniach sa mézu objavit' nekonzistentné
intenzity réznych v liniek daného radionuklidu, ktoré si podnetom na reviziu rozpadovych
schém radionuklidov a na upresnenie vypoctu ich aktivit. Meranie excitacnych funkcii je
VvV tomto pripade akdsi spdtna vizba, rovnako ako v pripade porovnavania experimentalnych
dat s teoretickou predpoved’ou ucinnych prierezov rdznych vypoctovych kédov zalozenych na
fyzikalnych modeloch. Na zaklade zmeranych ucinnych prierezov a miery ich zhody
s teoretickou predpoved’ou je mozné optimalizovat’ vstupné parametre modelov pre vypocty
excitacnych funkcii.

Dal§im vyuzitim excitaénych funkcii je uz spominany monitoring energie a pradu zvizku
aktivujucich Castic. V podstate ide 0 to, Ze nastavenim vstupnych parametrov (energia a prad)
pri vypocte téinnych prierezov sa maximalizuje zhoda nameranych a odporuc¢anych u¢innych
prierezov. Vyuzivaju sa reakcie na kovovych ter¢och, ktoré maju vhodné vlastnosti (stalost’,
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dostupnost’, atd’.), a ktorych aktivacia vedie na produkt, ktorého aktivita sa da vel'mi presne
stanovit. Ak st excitacné funkcie zmerané s vysokou presnostou, mézu tieto reakcie sluzit’ na
monitorovanie zvizku. VyuZzivaju sa napr. reakcie "Ti(p,x)*V, "*Cu(d,x)52%3%°Zn a mnoho
d’alsich. Tejto téme sa venuje kapitola 4.2.

Namerané u¢inné prierezy zhromazd’uje IAEA v databaze EXFOR [3], a pre monitorovacie
reakcie a pre tvorbu vyznamnych radionuklidov s uplatnenim napr. v nukledrnej medicine
vytvara databazu tzv. odporucanych ucinnych prierezov [4]. IAEA zadava aj projekty
pracoviskam, ktoré sa dlhodobo zaoberaju problematikou merania excitaénych funkcii. Cast’
dat predkladanej prace je stéastou jedného znich: ,Nuclear Data for Charged-Particle
Monitor Reactions and Medical Isotope Production*s vystupom v podobe publikacie [5].
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2 Ciele prace

Cielom predkladanej prace je meranie excitatnych funkcii jadrovych reakcii tazkych
nabitych astic na roznych teréovych materidloch na cyklotrone U-120M Ustavu jaderné
fyziky Akademie véd Ceské republiky, v. v. i. Ciel’ prace je mozné kvoli lepsej prehladnosti
rozdelit’ na Ciasto¢né, dobre definované celky:

A)

B)

C)

D)

E)

F)

Meranie excitaénych funkcii reakcii "*Mo(p,X) s dorazom na reakcie "Mo(p,x)*°"Tc,
"atMo(p,x)*®*Mo a "'Mo(p,x)®™9Tc. Dokladne zmerané excitaéné funkcie reakcii
"atMo(p,x)*°MTc a ™Mo(p,x)**Mo st kligové pre pripravu cyklotrénového technécia-
99m, ktoré je mozné vyuzit' V nukledrnej medicine ako alternativu generdtorového
technécia-99m. Reakcia "*Mo(p,x)*®™9Tc je monitorovacou reakciou proténového
zvézku pri ozarovani na urychl'ovacoch castic.

Meranie excitaénych funkcii reakcii prirodzene monoizotopického zlata **’Au(p,x) s
dorazom na reakcie %’Au(p,x)!*"™Hg a %’Au(p,x)!*"%Hg. Tieto excitaéné funkcie st
dolezité pre pripravu uvedenych nuklidov aich vyuzitie v nukledrnej medicine ako
potencialneho nového teranostického izomérneho paru.

Meranie excitaénych funkcii reakcii %’Au(d,x) s dorazom na reakcie ' Au(d,x)**"™Hg
a Y Au(d,x)'*"9Hg. Tieto excitaéné funkcie su dolezitou alternativou ku priprave
19"mIHg aktivaciou zlata protonmi.

Meranie excitaénych funkcii reakcii "'Cu(d,x).

Meranie excitaénych funkcii reakcii "Ti(p,X) s dérazom na reakciu "*Ti(p,x)*®V ako
jednu z najdolezitejsich monitorovacich reakcii protonového zvazku pri oZarovani na
urychl'ovacoch castic.

Meranie excitaénych funkcii reakcii "™'Cu(p,X) s dorazom na reakcie "'Cu(p,x)%2Zn,

"Cu(p,x)%Zn a "Cu(p,x)%Zn, ktoré slizia ako monitorovacie reakcie protonového
zvazku pri ozarovani na urychl'ovacoch Castic.
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4 Komentar k suboru publikovanych prac

Tato kapitola podava vyklad k experimentdlnemu stanoveniu uU€innych prierezov, resp.
excitatnych funkcii jadrovych reakcii tazkych nabitych castic. Pozornost’ je venovana
metodike experimentov, rovnako ako aj prehladu veli¢in a vztahov potrebnych na
spracovanie a vyhodnotenie dat.

Text v nasledujtcich kapitolach zjednocuje publikacie, z ktorych praca vychadza, uvadza ich
do suvislosti s cielom prace a venuje sa praktickému dopadu vysledkov.

4.1 Terce a teréova technika

Pri experimentalnom stanoveni excitaénych funkcii sa s vyhodou pouziva, ak to povaha
experimentu dovol'uje, tzv. stacked foil, resp. gas chamber technique (metdéda sendvicového
terca), ktora je schematicky znazornend na OBR. 1. Tenké kovové folie sa poskladaji na seba,
medzi ne sa vlozia folie na monitorovanie energie a pradu aktivujuceho zvazku a folie, ktoré
sltzia iba na znizenie energie zvizku (tzv. degradéry). Hrubka tercovej folie sa voli tak, aby
energetickd strata zvdzku vo folii bola maximalne 1 MeV (idedlne vSak do niekol’ko desatin
MeV). V takomto pripade sa potom s vyhovujiucou presnostou da priradit’ vypocitany uéinny
prierez energii projektilu v strede hrabky folie.

Pre meranie excitatnych funkcii na plynovych terovych materidloch sa miesto folii
pouzivaju za sebou poskladané komdérky plnené natlakovanym plynom a plati vSetko ostatné,
¢o bolo spomenuté pri merani excitanych funkcii na kovovych féliach. Tlak plynu
v komorkach musi byt' nastaveny tak, aby radionuklidy vznikali v dostatocnom mnoZstve
(spodny limit pre tlak), a na druhej strane tak, aby stopa zvdzku v plyne lokalne neznizila jeho
plosni hustotu, ktora by skreslila G¢inné prierezy v danej komorke. V tom hra tlohu aj
rozmer zvizku — fokusovanejsi zvdzok predstavuje vacsie riziko zriedenia plynu.

B I =

. >Qinn - 5SS

OBRAZOK 1 Schématické zndzornenie metddy sendvi¢ového terca
pre A) kovové folie a B) plynové komorky [7]

|

==

Pri pouziti tejto metody je mozné zmerat’ viac bodov excitanej funkcie v ramci jedného
ozarovania, ¢o je vyhodné z ¢asového aj ekonomického hl'adiska. Pred ozarovanim sa pripravi
model ter¢a v zavislosti od vstupnej energie zviazku nabitych Castic. Straty energie zviazku sa
vypocitat zo zavislosti linearnej brzdnej schopnosti materialu, ktorym zvdzok danych castic
prechadza, od energie tejto Castice (data prebraté z kodu SRIM [6]). Pozicia folii a ich hrabka
(predovsetkym degradérov energie) sa voli tak, aby boli body excitaénych funkcii priblizne
rovnomerne rozdelené, aaby ich bolo dostato¢ne vela. Obvykle sa pouzivaju rozostupy
bodov cca 1,0-2,0 MeV.
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Okrem zmienenych vyhod prinasa tato metoda aj urc¢ité nevyhody. Jednou z nich je zvySujica
sa neistota hodnoty energie zvizku so zvySujucou sa vzdialenost'ou folii od vstupu zvizku
do ter¢a. Toto je dané neistotami pri merani hrubky folii, neistotou energie zviazku na vstupe
do terCa arozmytim energie zvazku pri priechode sendviom (tzv. straggling). Znizit' tato
neistotu je teda nielen v zaujme presnosti urcenia energie zviazku v danej folii, ale aj presnosti
vypoctu ucinnych prierezov. K znizeniu neistoty hodnoty energie vo foliach jednoznacne
prispieva aj zniZenie neistoty energie zvdzku na vstupe do terca.

Druhou nevyhodou pouzitia tejto metdody je problém s meranim aktivit radionuklidov
s kratkym pol¢asom premeny vo viac¢som pocte folii bezprostredne po ukonceni ozarovania.
Toto sa da vyrieSit' zniZzenim poctu folii v teréi a meranim ich aktivit na viacerych
detektoroch. V tejto praci bolo pristipené k obidvom opatreniam — pri ozarovani protonmi sa
vzdy ozarovali dva sendviové terée (vySSie anizSie energie) a nasledné merania aktivity
prebichali na dvoch az troch HPGe detektoroch.

4.2 Stanovenie energie a pradu zvizku

Energiu zvézku vstupujiuceho do terca je mozné pomerne presne zmerat' réznymi metdodami.
Na cyklotrone U-120M, na ktorom boli namerané vsetky experimentalne data, z ktorych tato
praca vychadza, je energia zvidzku stanovovana z presného merania polomeru orbity zvézku
V mieste jeho vyvodu. Stredna energia zvizku je nasledne stanovena z matematického modelu
urychlovacich rezimov pre cyklotron U-120M [8].

Prad zvdzku sa stanovuje absolitne meranim deponovaného naboja Vv elektricky izolovanom
ter¢i. Pri priamom merani celkového néaboja zviazku treba obmedzit’ javy, ktoré mézu jeho
hodnotu skresl'ovat’. Ide napr. o emisiu sekundarnych elektronov alebo zvody chladiacim
médiom, obvykle deionizovanou vodou. V pripade, Ze treba skorigovat’ kolisanie pradu od
priemernej hodnoty, moze sa zaznam pradu numericky zintegrovat’ kvoli presnej korekcii na
rozpad pocCas ozarovania. TOt0 ma prakticky vyznam len pre radionuklidy s kratkym
poléasom premeny aV pripadoch, kedy st vykyvy pridu vyrazné. V pripade vsetkych
radionuklidov meranych v predkladanej praci bola na vypocet u¢innych prierezov pouzita,
s ohl'adom na minimalne kolisanie prudu pocas ozarovania, priemerna hodnota pradu, ktora
bola prakticky identicka s vypoctom na zaklade presnej korekcie na rozpad urcenej zo
zaznamu prudu. Pri vSetkych experimentoch, z ktorych tato praca vychadza, bolo od obsluhy
cyklotronu pozadované, aby mal prud castic pri ozarovani konStantnii hodnotu a bol
zaznamenavany kazda sekundu.

Pri stanoveni excitatnych funkcii by mal byt prad dostato¢ne nizky na to, aby pocas
ozarovania nedochadzalo k tepelnému poskodeniu terc¢a Vv ddsledku brzdenia zvizku.
Natavenie folie totiz vacSinou znehodnoti cely experiment. Zaroven ale musi byt prud
dostato¢ne vysoky na to, aby bolo moZzné bez vicSich problémov zmerat aktivitu
vzniknutych, hlavne dlhodobejsich, radionuklidov. Tieto poziadavky vicsinou spiiaju prady
v intervale 0,1-1,0 pA. Pouzitie zvizku v tomto rozsahu prudov je vyhodné aj z toho dévodu,
7e je dostatoCne stabilny a jeho stanovenie na cyklotrone je zatazené relativne malou
neistotou.

Overit’ alebo spresnit’ energiu a prud zviazku je mozné aj S vyuzitim tzv. monitorovacich
reakcii. Ide o reakcie na dobre dostupnych prirodnych kovoch, z ktorych sa daja l'ahko
vyrobit’ vel'mi tenké folie s homogénnou hriibkou. PouZziteI'né su len tie reakcie, ktoré vedu
na precizne meratelné radionuklidy, ktorych excitaéné funkcie st zname s vysokou
presnostou. Na tieto excita¢né funkcie sa po vyhodnoteni experimentalnych dat ,,nafituje
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dana zmerana excita¢na funkcia drobnymi Gpravami hodnot vstupnej energie a pradu zvazku
V ramci ich neistot.

Monitoring zvizku nema nijako komplikovat’ priebeh experimentu. Monitorovacie folie st
z materialov s vel'mi dobrymi fyzikalnymi a chemickymi vlastnostami (tepelna vodivost,
stalost’ na vzduchu atd’.). Monitorovacie excita¢né funkcie by mali mat’ relativne vysoké
ucinné prierezy kvoli rychlemu aspolahlivému stanoveniu aktivity vznikajiceho
radionuklidu aj pri relativne kratkych ozarovaniach anemali by byt ovplyvnené
problematickymi interferenciami. Radionuklid vznikajuci v takejto reakcii by mal mat
dostato¢ne dlhy pol¢as premeny, aby mohlo byt meranie monitorovacich folii realizované
s odstupom anenaruSovalo meranie aktivit terovych folii s radionuklidmi s kratkym
pol¢asom premeny. Okrem poziadavky na pol€as premeny je dolezité, aby mal monitorovaci
radionuklid dostato¢ne vysoké intenzity y liniek, ktoré stt zndme s vysokou presnostou. IAEA
vo svojej databaze [4] zverejiiuje vhodné reakcie pre monitoring protonového, deuteronového,
3He a zvizku o Castic a z vybranych nameranych publikovanych dat odvodzuje odporadané
ucinné prierezy pre tieto reakcie, ktoré sluzia ako referen¢né hodnoty pre d’al§ich uzivatel'ov.
V TABUEKE 1 si uvedené reakcie zo spominanej databazy.

TABULKA 1 Reakcie vhodné pre monitoring energie a pradu tazkych nabitych Castic [4]

protony deuterény 3He ¢astice a Castice
2IAI(p,X)%Na  2’Al(d,x)*?Na 2’Al(®He,x)?Na  ?’Al(a,x)*’Na
2Al(p,x) #Na  27Al(d,x) “Na  27AlCHe,x)%Na  2'Al(a,x) %Na
T XV MTid XV TiCHeX)®V  MTi(a,x)5iCr
"Ti(p,x)*®Sc " Ti(d,x)*Sc  "'Cu(®He,x)%®Ga "'Cu(a,x)**Ga
"Ni(p,x)>’Ni  "Fe(d,x)*®*Co "'Cu(®He,x)®*Zn "*Cu(a,x)*'Ga
"Cu(p,x)®Zn  "™Ni(d,x)%'Cu  "*Cu(®He,x)®Zn  "'Cu(a,x)%Zn
"Cu(p,x)®zZn  "™Ni(d,x)**Co
"Cu(p,x)®zn  "Ni(d,x)*®Co
"Cu(p,x)*®Co  "'Cu(d,x)%?Zn
"tCu(p,x)*®Co  "™'Cu(d,x)%Zn
"tMo(p,x)%™9Tc  "Cu(d,x)®°Zn

Pri vybere vhodnej monitorovacej reakcie pre experiment je dolezité zistit, pre aky
energeticky rozsah sa dana reakcia da pouzit. Hlavnua tlohu tu hra prah najmenej energeticky
naroénej reakcie, ktora v danom terci pri ozarovani prebieha. Tak napr. reakcia "Cu(p,x)**Co
sa da pouzit’ pre energie vyssie ako 45 MeV, reakcia "*Cu(p,x)®2Zn od cca 14 MeV a reakcie
"Cu(p,x)%Zn a " Ti(p,x)*®V sa dajii pouzit uz pre energie od asi 5 MeV. Pre stanovenie
hodnoty pradu je vhodna nevyrazna zavislost’ G¢inného prierezu od energie, pri stanoveni
energie je to naopak. Niektoré neistoty sa pri stanoveni energie a prudu daji eliminovat’, ak
pri aktivacii folie vznikaji dva nezavislé, dobre meratel'né radionuklidy suc¢asne. Pomer ich
aktivit R je totiz dany iba ucinnymi prierezmi reakcii, v ktorych vznikaji (o1, 02) aich
rozpadovymi konstantami 11 a A2. Pomer R je teda dany vzt'ahom 5 [9]:

B AEOB B o, (1 — etitr)

R = —
AEOB g, (1 — et2tp)

(5),
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kde AFCB je aktivita ku koncu oZarovania [Bq] a tp je doba oZarovania [h, resp. konzistentné
jednotky s 1]. Tento pristup sa da napriklad vyuzit, ak sa pri oZarovani protonmi pouZziji
medené folie ako monitory. Pri ozarovani "*Cu protonmi totiz vznikaji aZ tri dobre meratel'né
izotopy zinku %2%385Zn a pri vyssich energiach aj dva izotopy kobaltu °5°8Co.

4.3 Meranie aktivity a korekcie interferencii

Po ukonéeni ozarovania bol sendvicovy ter¢ rozobraty na jednotlivé folie, ktoré boli nasledne
merané na dvoch az troch HPGe detektoroch (GMX45-Plus, Ortec; GC2019, Canberra a
GEMA40P4-83-SMP, Ortec). VSetky detektory pouzité v tejto praci boli skalibrované na
energiu a na ucinnost’ detekcie # v zavislosti od energie y kvanta. Kalibra¢né zavislosti boli
merané pomocou komeréne dostupnych etalénov typu EG 3 (**Am, *Ba, %°Co, ¥'Cs
a 152Eu), ktoré vyrobil Cesky metrologicky institut (CMI), Inspektorat pro ionizujici zaten.
Pouzité radionuklidy poskytuju dostatocny pocet y liniek pokryvajticich energeticka oblast
26-1408 keV. Na OBR. 2 je priklad kalibracnej krivky detekcnej Gi¢innosti pre HPGe detektor
Ortec GMX45Plus pre vzdialenost’ etalon-detektor 1000 mm. Prelozenie nameranych bodov v
skale In(n)/In(E,) polynomom piateho stupnia vo vsetkych kalibrovanych vzdialenostiach
etalon-detektor mé Stvorec korelacného koeficientu vyssi ako 0,999. Pre energie Ziarenia y
vyssie ako 240 keV je vyhovujtci linearny fit tejto zavislosti (In(240) = 5,5).

Polc¢asy radionuklidov a intenzity ich y liniek boli prebraté bud’ z kniznice NuDat2 [10] alebo
ENSDF [11], hodnoty Q a prahy reakcii boli vypocitané pomocou Q-value calculator [12].
Zmerané y spektra boli vyhodnotené programom DEIMOS32 [13].

In E, (keV)

3,0 3,5 4,0 4,5 5,0 5,5 6,0 6,5 7,0 7,5
'8,2 I I I I I I I I 1

-10,0 -
’ y =-0,00434573x° + 0,11673858x* - 1,17495241x3 + 5,27569648x? - 9,83819926x - 3,69341818
R?=0,99981861

-10,2 -

OBRAZOK. 2 Zavislost’ i€¢innosti detekcie # Ziarenia y na jeho energii E,
pre HPGe detektor Ortec GMX45Plus, vzdialenost’ etalon-detektor 27000 mm
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Kazda folia bola merana nickolkokrat v roznych geometriach vzorka-detektor, aby bolo
mozné vyhodnotit’ aktivitu radionuklidov s réznymi polCasmi rozpadu, pripadne roéznymi
intenzitami gama liniek. Z nameranych y spektier sa vypocitala aktivita ku koncu ozarovania
AFCB (End Of Bombardment) podl'a vztahu:

B, At
Lnty,1—e 2

EOB _

et (6),

kde P, je zmerana Cista plocha fotopiku danej linky ziarenia v, |, je intenzita danej y linky, # je
ucinnost’ jej detekcie, tm expozicia (,,live time*), 4 rozpadova konsStanta daného radionuklidu,
tr celkovd doba merania (,,real time*) atc doba, ktora uplynula od konca ozarovania po
zaCiatok merania (,,cooling time*).

Pri ozarovani tenkych folii zvizkom tazkych nabitych castic pozorujeme zvycajne jav
vyrazenia malého (ale merateI'ného) podielu vzniknutych radionuklidov na nasledujicu foliu
v sendvicovom ter¢i. Pomer vyrazenej a celkovej aktivity vzniknutého radionuklidu zavisi od
roznych podmienok (atdbmova hmotnost’ teréového materidlu, hrubka folie, energia zvézku,
energetické pomery pri reakcii samotnej atd’.). Jav je vyrazny predovsetkym pri
pouziti lahkych materialov (hlinik, titan). Tieto vyrazené aktivity sa daju presne zmerat
v pripadoch, kedy signal aktivity vyrazenej Casti nezanika v spektre folie, na ktoru odrazeny
radionuklid dopadne. V praxi sa jedna o dva pripady, kedy je mozné vyrazené aktivity
jednoducho zmerat’:

e Polcas stanovovaného radionuklidu je dostatocne dlhy na to, aby bolo mozné pockat
s meranim jeho vyrazenej aktivity, kym klesne ,,pozadie* folie na prijatel'na aroven.

e Aktivity v danej folii st tak nizke, ze umoznuju pristapit’ k meraniu vyrazenych aktivit
daného radionuklidu bezprostredne po oZarovani.

Ako priklad je na OBR. 3 zndzornena zavislost percenta vyrazenej aktivity “V vzniknutej
v reakcii ™'Ti(p,x) od energie proténov v strede hrubky tejto Ti folie. Podiel vyrazenej
aktivity sa pohybuje v rozmedzi od 0,8 do 2,6 %.

Pri vyhodnocovani aktivity radionuklidov treba brat do uvahy tiez zoslabenie y liniek
s nizkou energiou pre folie, ktoré maju nezanedbatel'nt hriibku oproti polvrstve danej energie
v linky v danom materidli. V tychto pripadoch treba zmerani plochu piku korigovat' na
stredné zoslabenie y linky v materili folie podl'a nasledujuceho vzt'ahu:

4 1 — e HpPd
fe‘”pxdx = Ppp———— (7),
0

Q|

kde Py je korigovana Cista plocha piku, d je hribka materialu, x4 je hmotnostny zoslabovaci
koeficient danej energie y linky v danom materiali a p hustota materialu, vSetko dosadené
Vv konzistentnych jednotkach. V pripade dostatocnych vzdialenosti vzorky od detektoru treba
pouzit’ hmotnostny zoslabovaci koeficient, ktory nezahfna koherentne rozptylene fotony [14].
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OBRAZOK 3 Zavislost' percenta vyrazenej aktivity *®V pri reakciach "Ti(p,X)
od energie zvizku protonov

Dalsie korekcie, ktoré treba v mnohych pripadoch pri spracovani dat urobit, su korekcie
interferencii v ramci stanovenia aktivit, resp. u¢innych prierezov. Daju sa rozdelit’ do dvoch
kategorii:

1.

Interferencia pikov rovnakych alebo blizkych energii, ktoré nie je mozné na danom
detektore rozlisit. K tomuto mdze dochadzat zroéznych dovodov, napr. nahodna
blizkost’ pikov podobnych energii, pozadové piky zasahujlice do piku skiimaného
radionuklidu alebo piky s rovnakou energiou Vv pripadoch, kedy sa dve izobarické
jadra rozpadaju na rovnaké stabilné jadro, ktoré pri deexcitacii vyZaruje y kvanta tych
istych energii. Interferencie tohto typu je mozné vyriesit, resp. obist’ dvomi sposobmi:
A) Pouzit’ na vyhodnotenie aktivity jedného z radionuklidov inu, neinterferujiicu y
linku, ak existuje. Aktivitu druhého radionuklidu potom vypocitat” z plochy
piku vypoctom korigovanej na prispevok kontaminujiiceho radionuklidu.
B) V pripade dostato¢ne velkého rozdielu v polcasoch rozpadu radionuklidov je
mozné pockat’ na prakticky uplny rozpad kratSie zijuceho radionuklidu
a aktivitu dlhSie zijiceho radionuklidu potom wvypocitat zo spektra bez
prispevku kontaminujuceho piku.
Prispevok k aktivite priamo vznikajiceho radionuklidu rozpadom iného radionuklidu
pritomného v terci. Tieto pripady sa koriguju vypoétom v dvoch krokoch:
A) do uvahy sa berie prispevok aktivity dcérskeho radionuklidu vzniknutého
Z materského radionuklidu pocas ozarovania.
B) do uvahy sa berie prispevok aktivity dcérskeho radionuklidu vzniknutého
z materského radionuklidu po ozarovani.
Za urCitych podmienok sa daju pripady 2.A a2.B riesit aj jednoduchsie, ich
podrobnejsi popis je v kapitole 4.4, rovnica 13.
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Pripady 2.A a 2.B sa popisujui rovnicami:

deAUI AZ Al
AEOB _ (1 _ Aty "1 —lsz) 8),
2 = ey B o B ®
A2 EOB(,—At -2t EOB ,-2,t
A, =f AEOB(eMt — g=hat) 4 pEOB =42 (9),

AZ _Al

kde index 1 oznacuje veliiny patriace materskému radionuklidu a index 2 veliCiny patriace
dcérskemu radionuklidu, f je pravdepodobnost’, s ktorou sa matersky radionuklid premiena na
dcérsky, d je hrabka folie, o je ucinny prierez pre vznik daného radionuklidu pri energii
v strede hrabky folie, | je intenzita pradu zvizku, A je molova hmotnost’ materialu tercovej
folie, zje naboj projektilu, e je elementarny naboj, t, je ¢as ozarovania (,time of
bombardment®) at je ¢as uplynuty od okamihu ukoncenia ozarovania do okamihu zahajenia
merania (,,cooling time*).

Pri korekciach prispevku aktivity z rozpadu materského radionuklidu k aktivite dcérskeho,
treba brat’ do uvahy aj ich rozpad, resp. prirastok pocas merania. Z tohto dovodu boli
vypocitané stredné aktivity materského a dcérskeho radionuklidu pocas merania (vztah 10
a11) a z nich odvodené poéty impulzov prispevku aktivity materského radionuklidu k aktivite
dcérskeho.

_ 1— e Mitm
Al = AfOBe_)'ltc - 4 . (10)I
1tm
_ A fAY (1 —eMim 1 — e tatm A9
A, = + + 1— e M2tm 11),
27 A=Aty A A, At ( ¢ ) (11)

kde A; je strednd aktivita materského, resp. dcérskeho radionuklidu a A? je aktivita
materského radionuklidu, resp dcérskeho radionuklidu vzniknutého z materského
radionuklidu. Aktivita A9 sa vypocita zo vztahu 9.

4.4 Vypocet uc¢innych prierezov a excitaéné funkcie

Zo zmeranej aktivity radionuklidu korigovanej k EOB sa vypocita ucinny prierez reakcii
veducich k jeho vzniku podl'a vztahu:

_ B At, it Aze . EOB Aze (12)

_ : = A
T T Intml—e 2t °  dpN,I(1— e Atv) dpN,I(1 — e~Ab)

kde symboly maju vyssie uvedeny vyznam.
V predchadzajucej kapitole boli popisané korekcie pre mozné pripady interferencii pikov v vy
spektrach. Pripad 2.A a 2.B pre geneticky zviazané radionuklidy, kde s splnené podmienky:

o M>> N\

e Dbola zmerana aktivita A; materského radionuklidu z neinterferujuceho piku

e bola zmerana aktivita A>*™ dcérskeho radionuklidu po tplnom rozpade materského
radionuklidu,
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sa da vyrieSit’ priamo pre ucinny prierez, bez nutnosti vypoctom korigovat’ aktivitu ku koncu
ozarovania. Vyssie uvedené podmienky totiz dovoluju zjednodusit’ vztahy 8 a 9, z ktorych po
upravach pre u¢inny prierez plati:

A
Ocum = f/12_2/11 0, + 0y (13),

kde ocm je tzv. kumulativny ucinny prierez (tj. U¢inny prierez vypocitany z kumulativnej
aktivity dcérskeho radionuklidu po tplnom rozpade materského radionuklidu extrapolovanej
k ¢asu ukonéenia ozarovania), ostatné symboly maja vysSie uvedeny vyznam.

K nameranym ucinnym prierezom boli zo zdkona o Sireni chyb vypocitané neistoty, ktoré
pozostavali z neistot hodndt jednotlivych veli¢in z rovnice 8. Jednalo sa o:

deteként ucinnost v linky pre vypocet aktivity (< 3 %)
intenzitu y linky (vacsinou <5 %)

Cistt plochu piku pre vy linku (< 10 %, vacsinou vSak < 2%)
prad (cca 6 %)

hrabka folie (<2 %)

Neistota pol¢asu premeny radionuklidu nebola do vypocétu zahrnutd, pretoze sa polCas VO
vztahu 12 vyskytuje v exponencidlnych c¢lenoch. Celkova relativna neistota uGcinnych
prierezov sa pohybovala od 6,9 % pre pripady, kedy sa neistota pri vyhodnocovani plochy
piku vy linky blizila nule (ddlezité, precizne zmerané radionuklidy) az po desiatky percent,
kedy pri malych plochéach pikov bola neistota ich vyhodnotenia vyrazne vécsia (nizke aktivity
radionuklidov, eventualne piky na vysokom ¢i komplikovanom pozadi, komplikované
korekcie aktivit).

Vypocitané ucinné prierezy boli aj sich neistotami porovnané so vsetkymi dostupnymi
publikovanymi experimentdlnymi déatami a S teoretickou predpovedou vypoctového kodu
TALYS [15]. Tymto krokom sa podrobnejSie venuju nasledujiuce podkapitoly.

4.4.1 Porovnanie excitaénych funkcii s ostatnymi experimentalnymi datami

Tazisko reSer$nej &asti prace zameranej na meranie excitaénych funkcii tkvie prakticky vzdy
Vv ziskavani nameranych opublikovanych uU¢innych prierezov Studovanych reakcii a ich
nasledné porovnanie medzi sebou a S novonameranymi datami. Experimentdlne data boli
vacsinou prebraté z databazy EXFOR [3], ktora obsahuje velké mnozstvo publikovanych
ucinnych prierezov a s nimi stavisiacich dat. V niektorych pripadoch vsak bolo treba vyhl'adat’
data v povodnej publikacii (ked’ze ich databaza EXFOR neobsahovala) alebo kontaktovat
autora osobne.

Ako bolo spominané v uvode tejto prace, excitaéné funkcie sa meraju uz takmer sto rokov. Za
ten Cas sa vstupné rozpadové data pre vypocet ucinnych prierezov menili (velakrat dost
vyrazne). To je jeden z dovodov, preco sa experimentalne data merané v réznych obdobiach
moézu az dramaticky liSit. Ako vyplyva zrovnice 12, je korekcia zmeny niektorych
parametrov trivialna (intenzita y liniek, prud), no korekcia inych parametrov prakticky
nemozna bez pristupu k vtupnym datam vypoctov (polcas premeny). Databaza EXFOR okrem
nameranych u¢innych prierezov ponuka vo vicSine pripadov aj data, na zéklade ktorych boli
dané ucinné prierezy pocitané. Tieto data je taktiez mozné dohladat’ Vv povodnych
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publikaciach. Predtym, ako sa teda pristupilo k porovnavaniu datovych radov medzi sebou,
boli vSetky experimentalne stanovené ucinné prierezy, pokial’ to bolo mozné, korigované na
aktudlne rozpadové data.

V pripade experimentu ozarovania molybdénu proténmi boli z elementarnych ucinnych
prierezov odvodené izotopové u¢inné prierezy niektorych reakcii (:*°Mo(p,x)**™Tc, **Mo) a
publikované data boli skorigované na aktudlne zname izotopické zlozenie prirodného
molybdénu, ktoré sa nedavno menilo.

4.4.2 Porovnanie excitaénych funkcii s ich teoretickymi predpoved’ami

Vicsina vypoctovych kodov teoretickych predpovedi U¢innych prierezov funguje na
kombinécii viacerych modelov binuklearnych jadrovych reakcii (hlavne kombinacia simulécii
mechanizmov zlozeného jadra a priamej reakcie). Tieto kody dokazu predikovat Castokrat
vel'mi spol'ahlivo G¢inné prierezy reakcii protonov na stredne tazkych jadrach, predovsetkym
Vv pripade emisie jedného ¢i viacerych neutronov. V pripade reakcii l'ahkych jadier je
teoreticka predpoved’ limitovana. Toto je sposobené silnou individualitou v ,jadrovom
charaktere” I'ahkych prvkov. Dalsie rozdiely oproti experimentu mozu nastat’ v pripadoch,
kedy reakcia prebieha aj mechanizmom, s ktorym vypoctovy koéd nepracuje alebo ho nevie
dobre popisat. Ide napr. o (d,p) reakcie, ktoré prebichaju ako tzv. stripping reakcie a
prebichajt aj hlboko pod troviiou coulombickej bariéry resp. prahu reakcie, vid’ kapitola 1.2.
Toto je dobre vidiet napr. v Publikacii ITI pri reakciach **7Au(d,p)***™9Au.

V tejto praci boli experimentalne data porovndvané s predpovedou kédu TALYS, prevzatej
z online databazy TENDL [15]. TALYS je kod, ktory poskytuje data pre reakcie neutronov,
protonov, deuteronov, tritobnov, 3He, o &astic a v kvant s energiou do 200 MeV na jadrach so
strednou dobou Zivota dlhsou ako 1 sekunda od Z = 1 (*H), do Z = 115 (**'Mc).

Treba vSak zdoraznit', Ze teoretické predpovede nemdzu nahradit’ experimentalne data (aspon
zatial) tiez preto, ze vSetky kody, ktoré pocitaju ucinné prierezy, potrebuji data
z experimentov na doladenie vstupnych parametrov.

4.5 Vypocet vyt'azkov radionuklidov v hrubych tercoch

Pri merani excitaénych funkcii jadrovych reakcii je cielom zmerat’ G€inny prierez pre danu,
¢o najpresnejSie definovanil energiu projektilu. To je docielené, ako uz bolo spominané
Vv kapitole 4.1, pouzitim tenkych ter¢ovych folii, ktoré zarucia nizku stratu energie projektilu
pri jeho priechode foliou. Pri priprave radionuklidov je vSak na ter¢ kladend opacna
poziadavka — ter¢ méa byt dostato€ne hruby na to, aby zabrzdil projektil o poZadovany
energeticky rozsah (az jednotky mm Vv zavislosti od ter¢ového materialu a projektilu). Energia
projektilu sa v takomto hrubom ter¢i vyrazne meni v zavislosti od jeho polohy v ter¢i. Tejto
zmene energie zodpoveda aj zmena U€inného prierezu pre dant reakciu, a tym aj mnozstvo
vzniknutého radionuklidu. Pri vypocte vytazkov v hrubych ter¢och sa teda s vyhodou pouziva
aproximacia nameranych excitaénych funkcii ich fitovanim jednym alebo viacerymi
polynomami (rovnica 14) a zavislost’ linearnej brzdnej schopnosti projektilu od energie sa
vV danom ter¢ovom materiali aproximuje mocninou funkciou (rovnica 15).
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U(E) = ZaiEi (14),

E
——— = pE1 (15),

kde ai, p a q su koeficienty danej funkcie.

Veli¢ina, ktora sa pouziva pre kvantifikaciu aktivity radionuklidu v okamihu ukonc¢enia
ozarovania, je tzv. saturacny vytazok radionuklidu v hrubom terci. Je to aktivita radionuklidu
vzniknutého V ter¢i hrubky d pri nekone¢ne dlhom ozarovani (v praxi tir >> T,) zvizkom
Castic s pradom 1 pA. Saturaény vytazok Ysat je definovany nasledujucim vztahom:

d

pf Ny
i R (e
0
Eout Ein
pfNs [ —9wdE _ pfla o)

v - _ dE 17).
resp. Igqe Aze106 (—dE/dx) Azel10° (—dE/dx) (a7

in out

Po dosadeni rovnice 14 a 15 do rovnice 17 bude pre saturaény vytazok platit’ vztah 18, ktory
sa d& jednoducho zintegrovat’ analyticky, preto sa s vyhodou pouziva pre vypocet vytazku
radionuklidu v hrubom ter¢i z fitovanych u¢innych prierezov.

fN 1 Eout n fN 1 Ein n

pfN, Z . PfN, f z -
Your = - - E'"9 |dE = - E'"9 |dE 18).
Sat ™ Aze106 p J ( % ) Azel06p ( 4 ) (18)

Ein =0 Eout =0

Zo vztahu (18) vyplyva aj to, ze pre saturacny vytazok radionuklidu v hrubom ter¢i, v ktorom
projektil stratil energiu (Ein — Eout), Kde Eout > Etnr, plati:

Ein
Y =Yt — Y;]flotut (19).

Pomocou vysSie uvedenych vztahov boli vypocitané saturatné vytazky pre vSetky
radionuklidy identifikované a kvantifikované v oZiarenych tercoch.
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5 Suhrn

Cielom prace bolo meranie excitacnych funkcii jadrovych reakcii tazkych nabitych castic na
roznych teréovych materialoch na cyklotrone U-120M Ustavu jaderné fyziky Akademie véd
Ceské republiky, v. v. i. Boli zmerané excitaéné funkcie "*Mo(p,x), **’Au(p,x), ™Ti(p,x) a
"tCu(p,x) v intervale energii do 36 MeV a *’Au(d,x) a "*Cu(d,x) pre energie deuterénov do
20 MeV. Zmerané a opublikované vysledky su zhrnuté v nasledujucich bodoch:

Excitaéné funkcie reakcii ™Mo(p,x)%9Tc, #MTc, %¥m9Tc, %49T¢, %MTc, %9Tc, ST,
96m+gTC1 97mTC, gngC, QOMO, 93mM0, QQMO, ngNb, 88mNb, ngNb, 89mNb, 90m+ng,
90m+ngcum, leNb’ gszb, 95ng’ 95mNb, 95m+ng’ %Nb, 97m+ng, 88m+ngcum a 89m+gzrcum
boli zmerané V intervale energii 6,9-35,8 MeV. Hlavnd pozornost' bola venovana
tvorbe %MTc a ®Mo, ktoré majii vyznam pri priprave ®™Tc a ®™9Tc pre monitoring
protonového zvizku. Vobec po prvykrat boli zmerané excitacné funkcie reakcii pre
vznik °'MTc, 89INb, 8MNb a 8™Nb. V pripade *™Tc ide 0 velmi hodnotné data, ked’ze
tento radionuklid je vyznamnym dlhodobym izotopickym kontaminantom **™Tc pri
jeho cyklotrénovej priprave reakciou °°Mo(p,2n) na vysoko obohatenom ©Mo.
Excita¢né funkcie boli porovnané s dostupnymi publikovanymi datami a S teoretickou
predpoved’ou kédu TALYS. Ku vSetkym spominanym radionuklidom boli napocitané
vytazky v hrubych teréoch. V Publikacii | k tymto datam boli navrhnuté odporucané
iinné prierezy pre reakcie **®Mo(p,2n)*®™Tc, *Mo(p,x)**Mo a "Mo(p,x)**™9Tc na
zaklade vybranych experimentdlnych dat. V publikacii je taktiez podany detailny
rozbor moznosti pripravy cyklotronového technécia-99m a napocitané jeho teoretické
vytazky za roznych ozarovacich podmienok aj s prispevkom aktivity zrozpadu
molybdénu-99.

Excitaéné funkcie reakcii 1% Au(p,x)1*"™Hg, ¥79Hg, 1%°™Hg, 1%9Hg, 1%m2Ay, 196MmtoAy,
194m*9Ay boli zmerané V intervale energii 6,4-35,3 MeV. Excitatné funkcie boli
porovnané s dostupnymi publikovanymi datami a s teoretickou predpoved’ou kodu
TALYS. Ku vSetkym spominanym radionuklidom boli napocitané vytazky v hrubych
tercoch. Ku vSetkym izomérnym parom boli napocitané izomérne pomery ich
ucinnych prierezov vratanie ich neist6t. V Publikacii I k tymto datam je dopodrobna
rozobrand optimalizcia pripravy teranostického izomerného paru *'™9Hg nielen
s ohl'adom na vytazky, ale aj na pomer obidvoch izomérov v produkte.

Excitaéné funkcie reakcii °Au(d,x)!®'™Hg, °79Hg, %8MAu, 1989Ay, 196mitdpy g
198m2Ay boli zmerané V intervale energii 8,3-19,7 MeV. Excita¢né funkcie boli
porovnané s dostupnymi publikovanymi datami a S teoretickou predpovedou kodu
TALYS. Ku vsetkym spominanym radionuklidom boli napocitané vytazky v hrubych
tercoch. Ku vSetkym izomérnym parom boli napocitané izomérne pomery ich
ucinnych prierezov vratanie ich neistét. V Publikacii III ktymto datam je
dopodrobna rozobrand moznost pripravy teranostického izomérneho paru 1°"™9Hg
a porovnanie metoéd jeho pripravy a vytazkov pri priprave reakciami **’Au(p,x) a
17Au(d,x). Relativne vynimocne aktivacia deuteronmi vedie nielen na vyhodnejsi
izomérny pomer, ale aj na vyssi vytazok 1°M9Hg.

Pri vyhodnocovani poslednych dvoch spominanych experimentov bola odhalend
nekonzistencia vo vypocte aktivity radionuklidu *'™Hg z réznych y liniek. Toto dalo
podnet na dokladné zmeranie y spektier a rozpadovych kriviek radionuklidov **"™9Hg.
Pre tieto experimenty bol pripraveny bodovy zdroj ®'™9Hg oZarovanim hrubého
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zlatého terca deuteronmi S naslednou separaciou vzniknutej ortuti extrakénou
chromatografiou pomocou LN-resin. Na zaklade tychto dat bola prehodnotena
rozpadova schéma, hlavne pravdepodobnost’ vetvenia IT vs. EC izoméru *’Hg so
spinom J* = 13/2*. Nové data su zhrnuté v Publikacii V, na zaklade ktorej boli znovu
vyhodnotené data zexperimentov ’Au(p,x) a ®’Au(d,x). Ich zhrnutim vznikla
Publikacia V.

V ramci experimentov %’Au(d,x) boli vyhodnotené aktivity produktov aktivacie
medenych degradérov a opublikované excitaéné funkcie reakcii "'Cu(d,x)®3Zn, resp.
v danom rozsahu energii reakcie 3Cu(d,2n)%Zn a st sti¢astou Publikacie III.

Excitaéné funkcie reakcii "*Ti(p,x)*®V, #3Sc, #49Sc, 4mSc, 46m+9Sc, 47Sc a *8Sc boli
zmerané V intervale energii 6,4-36,0 MeV. V tychto experimentoch bol kladeny
obzvlast’ vel’ky doraz na spravnost’ a presnost’ stanovenia u¢innych prierezov, a preto,
kde to bolo mozné, bola zmerana aj aktivita odrazenych atomov na nasledujuce;j
terCovej folii a tato aktivita bola zapocitana do celkovej aktivity daného radionuklidu
v terCovej folii. Po porovnani vypocitanych dat suz publikovanymi datami
a teoretickou predpoved’ou kdédu TALYS bol urobeny ich vyber, zktorého boli
navrhnuté G&inné prierezy pre reakciu "Ti(p,x)*®V. Nasledne bola diskutovana
diskrepancia medzi nami navrhovanymi G¢innymi prierezmi a G¢innymi prierezmi
odporucanymi IAEA v databaze [4] v oblasti maxima tejto excitaénej funkcie. Ku
vSetkym zmeranym radionuklidom boli napocitané vytazky v hrubych teroch.

Excitaéné funkcie reakcii "™'Cu(p,x)%?zZn, %zn, %zn, ®1Cu a ®™9Co boli zmerané
Vv intervale energii 7,3-35,9 MeV. Excitatné funkcie boli porovnané s dostupnymi
publikovanymi datami a s teoretickou predpoved’ou kodu TALYS. Ku vSetkym
spominanym radionuklidom boli napoéitané vytazky v hrubych teréoch. Po kritickom
zhodnoteni experimentalnych dat bol urobeny ich vyber, na zaklade ktorého boli
navrhnuté odporacané wcinné prierezy reakcii "Cu(p,x)%2Zn, %Zn a %zn. Tieto
excitatné funkcie boli porovnané s excitatnymi funkciami odporianymi IAEA
v databaze [4] apripadné rozdiely boli v publikacii k tymto datam diskutované.
Vysledky experimentov "Ti(p,x) a "Cu(p,X) st zhrnuté v Publikacii VI.
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In the framework of the Co-ordinated Research Project of the IAEA, we measured in detail cross-sections
of the nuclear reactions "*Mo(p,x)**Tc, 9*™Tc, ™ eTc, *eTc, #™MTc, 28T, P Tc, 25™*ET¢, 7™ Tc, #™T¢,
wMO, 93mM0' wMO, SSng‘ SsmNb‘ SQng' S‘JmNb' ‘)Um*ng' ‘)Om‘ngcum' ‘)ImNb’ 92"‘Nb, ‘JSng' S)SmNb'
9SMEND, 96N, TMEND, SSmrEZpCum gpd S9MIEZCUM in the energy range of 6.9-35.8 MeV. The data for

formation of "™Tc, *¥&Nb, *™Nb and **™Nb are reported for the first time. The obtained results were
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compared to the prediction of the nuclear reaction model code TALYS adopted from the TENDL-2015
library and to the previously published cross-sections. The thick target yields for all the radionuclides
were calculated from the measured data. We suggest recommended cross-sections and thick target yields
for the '“°Mo(p,2n)**™Tc, '*°Mo(px)*Mo and "*Mo(p,x)°*™*¢Tc nuclear reactions deduced from the
selected experimental data.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The current data base contains many experimental data on the
proton-induced reactions on natural molybdenum [1-22]. Cross-
sections for the '®Mo(p,2n)**™Tc and '®Mo(px)*’Mo reactions
attracted attention of the wider scientific community due to the
recent severe crisis in the supply of 9°Mo/°*™Tc generators
[23,24], because direct cyclotron production of “™Tc represents a
promising alternative to reactor-produced 9°Mo/°°™Tc generators
[24-28]. Besides that, elemental cross-sections for the reaction
natMo( p,x)?6™2Tc are relevant for proton beam monitoring [7,22],
the reaction "*Mo(p,x)**™Tc provides tracer of *#Tc [29] and data
for formation of 938Tc, #™Tc, Pm*sTc, 948Tc, 94™T¢, 98Tc, 97™Tc,
S)()MOI 93n1M0I 88ng' 88ran‘ BQng. ngNb, 90rn+ng. leNb' ‘:)ZranI
95ng' 95mNb. 95m1ng. 96Nb, 97m+ng‘ 88m+gzrcum and 89m+gzrcum
are of interest for testing the nuclear reaction model codes, esti-
mating activation of parts exposed to proton beams and for the
thin layer activation (TLA) [30].

In spite of a large number of experiments focused on proton
activation of natural molybdenum, the available data are often
scattered and inconsistent. It is true particularly for formation of
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99mTc, but also in the cases, where no problems like interferences
or substantial nuclear decay data unreliability occur, e.g. **Mo
[22]. Cross-section data for several relevant radionuclides like
97MT¢ are missing at all.

In the framework of the Coordinated Research Project of Inter-
national Atomic Energy Agency (IAEA) “Nuclear Data for Charged-
Particle Monitor Reactions and Medical Isotope Production”, we were
charged with providing new experimental data for formation of
99mTc and Mo on '®Mo, as well as for the "*Mo(p,x)**™"#Tc mon-
itoring reaction. We have, therefore, measured thoroughly elemen-
tal activation cross-sections for the ™*Mo(px)**¢Tc, #™Tc, 23™Tc,
948Tc, 24MTc, 98T, P5™Tc, 26™ETc, 27™Tc, P9™Tc, ““Mo, *™Mo, P’Mo,
SSng‘ SSmNb. SBng‘ ngNb, 90m+ng' 90m+ngcum‘91mNb. gszb.
95ngI QSmNb‘ 95m+ng' %Nb. 97m+ng' 88m+gzrcurn and 89m+gzl_cum
reactions and compared them with the previously published data.

Since new abundances of stable Mo isotopes (*?Mo 14.53%,
%Mo 9.15%, %Mo 15.84%, Mo 16.67%, °’Mo 9.60%, **Mo 24.39%
and Mo 9.82%) have been recently released [31], we used them
for conversion of elemental to isotopic cross-sections for reactions
on '"®Mo. The converted cross-sections adopted from the publica-
tions that used the former abundances (Mo 14.84%, %*Mo 9.25%,
%Mo 15.92%, %Mo 16.68%, “’Mo 9.55%, ®Mo 24.13% and 'Mo
9.63% [32]) were also corrected for the new abundance of '®Mo
before comparing them with our results.
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2. Experimental
2.1. Target and irradiation

Two stacks of foils, each consisting of ten "*Mo foils (99.9%,
19.3 um thick, Goodfellow, Great Britain) interleaved with ten
"Cu foils (99.9%, 10.6 um thick, Goodfellow, Great Britain), eleven
"ITj foils (99.6%, 11.0 um thick, Alfa Aesar, USA) and a few Cu
degraders (55.9 and/or 10.6 pm thick) were irradiated on the
external proton beam of the cyclotron U-120 M in the Nuclear Phy-
sics Institute of the CAS. Both stacks were located in a Faraday-cup
like target holder and irradiated for one hour. The entrance beam
energy was set by positioning of an extracting carbon foil and its
value was deduced from the precisely measured beam orbit posi-
tion [33]. The average beam energy in the center of each foil was
calculated using the code SRIM [34]. The current of the collimated
beam was kept constant during the irradiation, recorded each sec-
ond and integrated over the bombardment time ¢.

2.2. Activity measurement

After the end of bombardment (EOB), the stacks were immedi-
ately dismounted and the activity of radionuclides in each foil was
measured using an energy and efficiency calibrated HPGe detector
(GMX45-Plus, Ortec) coupled with the DSPEC jr 2.0 integrated
gamma spectrometer (Ortec). The energy and efficiency calibration
of the spectrometer was performed using a set of standards (**'Am,
152gy, 137Cs, 1¥3Ba and ®°Co) provided by the Czech Institute of
Metrology with combined standard uncertainties ranged from
0.4% to 1.0%. Detection efficiency was determined for the sample-
detector distances 150, 200, 400, 600, 1000 and 1600 mm. The
whole energy range was fitted by a polynomial of the 5th degree:

5
Iny=>"a,InE", (1)
n=0

where 7 is detection efficiency, a, is polynomial coefficient and E is
energy of the photopeak. For the gamma ray energies exceeding
240 keV, a linear fit was used providing practically the same effi-
ciencies as the polynomial fit.

Decay data (half-lives, gamma ray energies and intensities) of
the radionuclides were adopted from the data base NuDat2 [35]
and for ™ Tc and *Mo from Ref. [36]. Nuclear reaction energies
and thresholds were calculated using Q-calc [37]. The data relevant
to the formation and quantification of the activation products are
summarized in Table 1.

Each Mo foil was measured five to eight times in order to opti-
mize conditions for quantification of radionuclides with various
half-lives and activities, and to see consistency of the applied inter-
ference corrections (see Section 2.3). The gamma ray spectra were
evaluated in the program DEIMOS32 [38].

2.3. Interference corrections

Table 1 indicates several interferences that affect activity mea-
surement of several radionuclides born in the irradiated target
foils. The most complex situation is represented by the set of cor-
rections for determining the **™Tc activity born directly in the
1%0Mo(p,2n) reaction. As thoroughly discussed earlier [15,22,28],
the 140.51 keV net peak area is to be corrected for:

o Contribution of ™Tc bom from Mo during and after
irradiation.

o Contribution of the 140.51 keV gamma line emitted directly in
%Mo decay.
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 Contribution of 141.18 keV gamma line from the decay of “°Nb
produced directly and due to the decay of %Mo (for
E,> 22 MeV).

The corrections were performed as described in Ref. [15]. We
also paid attention to other interferences that occurred in the mea-
surements either due to accidental proximity of the two gamma
lines or due to emission of the same energy gamma lines from
the nuclei decaying to the same product (*Nb and *Tc, %Nb
and %%Tc or *™Tc and %*¢Tc). Activity of the interference-
affected radionuclide was then calculated with use of other non-
interfering gamma line (if available) or of significant difference in
the half-lives or in the gamma line intensities of the interfering
radionuclides.

If both cumulative cross-section ¢ ., of the longer-lived daugh-
ter radionuclide and shorter-lived parent cross-section ¢, could be
measured, we deduced the cross-section for the direct formation of
the daughter radionuclide o> from the following formula:

3
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for + a2, 2)

Geum = s ry
Ll — 12
where /; and /, are decay constants of the parent and daughter
radionuclides and f is transition probability of the parent to the
daughter radionuclide. The same formula was used to derive predic-
tion of the cumulative cross-sections from the cross-sections for the
parent and the daughter radionuclide formation in various con-
tributing nuclear reaction channels provided in TENDL-2015.

24. Calculation of the cross-sections, their uncertainties, thick target
yields and prediction of excitation functions

Elemental and cumulative elemental cross-sections were calcu-
lated from the activation formula:

P Aty

P, A - Aze
TInt, 1—et

Ale
& dpNI(1—e )’

3)

where ¢ is cross-section for formation of a radionuclide at the beam
energy in the foil's center (cm?), P, is net peak area of the gamma
line selected for the quantification, I, is its intensity per decay
and # its detection efficiency, tn is real time of the measurement
(h), t, is live time of the measurement (h), t. is time elapsed between
the EOB and start of the measurement (h), A is atomic weight of the
foil's material (g/mol), z is proton charge (z=1), e is elementary
charge (1.602177 x 1072 C), d is thickness of the foil (cm), p is den-
sity of the foil's material (g/cm®), Na is Avogadro’s number
(6.022137 x 10?* mol "), I is beam current (A), / is decay constant
of the radionuclide (h~') and t, is irradiation time (h).

The total uncertainty of the measured cross-section is obtained
by summing up the following uncertainties in quadrature:

e Detection efficiency for a gamma line selected for the activity
calculation (ca 3%).

o Emission probability of a gamma line selected for activity calcu-
lation (usually < 5%).

o Net peak area of a gamma line selected for activity calculation
(< 25%, mostly < 2%).

e Beam current (< 6%).

o Foil's thickness (< 2%).

As #™Tc and %Mo are produced solely in the reactions on '"’Mo
[6], the measured elemental cross-sections were converted to
isotopic cross-sections on 'Mo.

Thick target yields for all the radionuclides were deduced
from the obtained experimental data by integrating the fitted
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Table 1

Data for the investigated radionuclides. Q-values for isomeric nuclei have to be lowered by the energy level of the isomer. Q-values for reactions where composed particles are
emitted have to be increased by binding energy of the particle (d = np + 2225 MeV, t =p2n + 8.482 MeV, *He = 2pn +7.718 MeV, 2 = 2p2n + 28.296 MeV). Energies of gamma lines
used for quantification of each particular radionuclide are in bold. Uncertainties of the half-lives, gamma line energies and their intensities in the last valid digits are given in
italics.

RN Half-life E, (keV) I, (%) Contributing reactions Q-value (MeV) Eipr (MeV)
9%Tc 275h5 1362.94 7 66.2 P2Mo(p,y) 4.087 0
1477.14 8 875 9Mo(p,2n) -13.661 13.808
152028 9 244 9Mo(p,3n) -21.030 21254
Bmre 43,5 min 10 391.83 8 583 9%Mo( p,4n) -30.185 30.502
9%TC 293 min 1 702.67 7 996 18
849.74 7 95.7 18 9Mo(p,n) -5.038 5.092
871.05 7 99.9 9Mo(p,2n) ~12.407 12,539
Mmpe 52.0 min 10 871.05 7 942 9%Mo(p,3n) -21.562 21.788
993.19 9 2213 9"Mo(p,4n) -28.383 28.678
1522.12 453 %Mo(p,5n) —37.025 37.406
1868.68 8 573
9%Tc 200h 1 765.789 9 938 3 HMo(p,y) 4.896 0
9PMo(p,n) —-2.473 2.499
9mTe 61d2 204.117 2 6328 9%Mo(p,2n) -11.627 11.749
582.082 3 3004 “"Mo(p,3n) —18.448 18.64
835.149 5 2664 9Mo(p,4n) —-27.091 27.37
%eTc 428d7 568.88 7 0926 PMo(p,7) 5399 0
778.22 4 99.76 PMo(p,n) —-3.756 3.795
812.54 4 823 “’Mo(p,2n) -10.577 10.687
849.86 4 98 4 %Mo(p,3n) -19.219 19.417
1126.85 6 15212 190\lo(p,5n) -33.437 33.774
9mpe 91.0d6 9651 0.320 %Mo p,y) 5714 0
9"Mo(p,n) -1.107 1.119
%Mo(p,2n) -9.750 9.85
199\Mo(p,4n) —-23.967 24209
WM e 6.0067 h 10 140.511 1 885 2 PBMo(p,y) 6.501 0
199Mo(p,2n) -7.716 7.794
Mo 567h7 122.370 22 643 92Mo( p,p2n) -22.778 23.027
257.34 4 784 9Mo(p,p4n) —40.525 40.96
BmMo 685h7 263.049 13 57411 9Mo(p,pn) -9.678 9.782
95Mo(p,p2n) —-17.047 17.228
9Mo( p,p3n) —-26.201 26.477
684.693 21 999 8 9"Mo(p,p4n) —-33.023 33.366
1477.138 3 99.1 11 9SMo(p,p5n) —41.665 42,094
Mo 65.949h 14 140.5106 10 472 19%\Mo(p,pn) -8.292 8375
140.5106 10 902 17
181.0938 11 6.0111
739.500 17 1212 14
88%Nb 14.55 min 11 399.4 1 31817
502.9 1 605
1057.11 100 6
10826 1 1036 92Mo( p,2p3n) —-42.135 42,597
88mNb 7.78 min 1 399.4 1 46,0 23 9Mo(p,2p5n) -59.882 60.525
450.6 1 268 13
638.0 1 26412
1057.1 1 905
10826 1 543
8%Nb 203h7 1627.2 2 35 92Mo(p,2p2n) —-29.614 29.939
8ImN 66 min 2 588.0 2 9557 94Mo(p,2p4n) -47.362 47.87
9XENb 1460h 5 141.178 15 66.8 7 92Mo(p,2pn) -19.506 19.72
94Mo(p,2p3n) —37.254 37.653
1129.224 15 9275 9Mo( p,2p4n) -44.623 45,096
9Mo( p,2p5n) -53.777 54.342
9"Mo( p,2p6n) —60.598 61.228
9mNp 60.86 d 22 104.62 5 0574 92Mo(p,2p) —7.458 7.54
9Mo(p,2p2n) —25.206 25476
95Mof p,2p3n) -32.575 32.921
1204.67 8 203 Mo( p,2p4n) —-41.729 42.168
9"Mo(p,2p5n) —48.551 49.055
92mNp 10.15d 2 934.44 10 99.15 9Mo(p,2pn) -17.319 17.505
9Mo(p,2p2n) —24.688 24951
Mo(p,2p3n) —33.843 34.198
9"Mo( p,2p4n) —40.664 41,087
9Mo(p,2p5n) —49.307 49.814
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Table 1 (continued)
RN Half-life E, (keV) I, (%) Contributing reactions Q-value (MeV) Ewnr (MeV)
95ENb 34.991d6 765.803 6 99.808 7 9Mo(p,2p) —9.298 9.395
9"Mo(p,2pn) -16.119 16.286
3.61d3 235.690 20 2488 %Mo(p,2p2n) 24761 25.016
9SMNp 190\o( p,2p4n) -39.979 39.372
%Nb 23.35h5 460.040 12 26.62 19
568.871 12 58.03 9Mo(p,2p) —-9.226 9.322
778224 15 96.45 22 %Mo(p,2pn) —~17.868 18.052
849.929 13 20.45 19 19Mo(p,2p3n) —-32.086 32.409
1091.349 12 48.50 15
97ENb 72.1min 7 657.94 9 98.23 %Mo(p,2p) —-9.796 9.897
10244 3 1.097 190Mof( p,2p2n) 24,013 24.255
88gz7p 83.4d3 39287 9 97.29 22Mo(p,3p2n) —33.900 34.272
%Mo(p,3p4n) —51.648 52.202
89g7¢ 78.41 h 12 909.15 15 99.04 92Mo(p,3pn) —24.581 24.85
%Mo(p,3p4n) -42.328 42,783

* This is intensity of the 140.51 keV gamma line emitted in the “*Mo decay itself. The following value (90.2%) is valid for ®Mo in transient equilibrium with *™Tc.

cross-sections over the measured energy range using the linear
energy transfer.

Besides comparison with previously published data, the
measured cross-sections were confronted also with excitation
functions obtained via the TALYS nuclear reaction model code
adopted from the TENDL-2015 library [39]. The excitation
functions were calculated as a weighted sum of the predicted
cross-sections for those reaction channels on stable molybdenum
isotopes that result in a particular radionuclide.

3. Results and discussion
3.1. Beam energy and current

The beam energy deduced from the precisely measured beam
orbit position [33] was 36.00 + 0.30 MeV for the 1st stack of foils
and 21.35 £+ 0.30 MeV for the 2nd stack of foils. The beam current
obtained from continuous monitoring of the beam was 1.230 and
0.5078 pA for the 1st and 2nd stack of foils, respectively. These
beam current values were used without any further correction
and their estimated uncertainty was 6%. The cross-sections calcu-
lated from the activation of the two separately irradiated stacks
of foils provided smooth curves without apparent break between
the both data sets, as obvious from Figs. 1-27. The data obtained
from the ™'Ti and "*Cu monitors will be published separately in
order to compare them with the recommended cross-sections for
the monitoring reactions [40] in detail.

3.2. Activity calculations and the cross-sections

All the measured cross-sections are summarized in Tables 2 and
3. Particular excitation functions are discussed in the following
paragraphs and displayed in Figs. 1-27. In the case of %™$Tc in
the first stack of foil, we quantified its recoil fraction ejected on
the following foil in the stack. We found that it decreased from
0.324% at 35.75 MeV to 0.227% at 23.5 MeV. It, therefore, seems
that for the molybdenum foils of 20 um thickness and the proton
beam energies used in the experiment, one may neglect this phe-
nomenon in the activity evaluation.

3.2.1. Cross-sections for the "**Mo(p,x)*>™Tc, "Mo(p,x)**™*¢Tc and
"at\o(p,x)*#Tc reactions

Activity of >*™Tc was calculated via its 391.83 keV gamma line
and that of *#Tc (and %*™'#Tc) via its 1362.94 keV gamma line.
We observed a very good agreement between our data for the for-
mation of isomer **™Tc and the data provided by Uddin et al.
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(2008) [14], Lebeda and Pruszynski (2010) [15] and Tarkanyi
et al. (2012) [20]. The prediction of TENDL-2015 describes well
the course of the excitation function, but it suggests
somewhat lower values than indicated by the experimental data
for E,=17-32MeV, cf. Fig. la. Cumulative cross-sections
for *™2Tc were published in Refs. [13-1520]. Our measurement
is consistent with them except few points in Refs. [13,14] which
are lower (see Fig. 2a). Prediction of the cumulative cross-
sections deduced from the data for the formation of the isomer
and the ground state in TENDL-2015 according to the formula (2)
corresponds very well with the measured cross-sections in the
whole energy range (cf. Fig. 2a).

The experimental data for direct formation of the ground state
93eTc were calculated from the works [14,15,20], which provide
formation cross-sections of both the isomer *™Tc and the cumula-
tive ground state **™8Tc (cf. Figs. 1a and 2a), using the formula (2).
The resulting cross-sections are displayed on Fig. 3a. Although the
work [20] supplies data for the direct production of 9*8Tc, they are
surprisingly higher than the cross-sections calculated as described
above. The authors of Ref. [20] deduced obviously cross-sections
for the direct formation of °3¥Tc from the simplified formula
Geum = f01 + 2. 1t is, however, applicable only if %, is negligible
compared to /;, cf. formula (2). Besides that, they used slightly
lower value of the factor f(0.766) instead of f= 0.774 we adopted
from Ref. [35]. We found exceptionally good agreement among
the previously published data, our measurement and the TENDL-
2015 prediction, as obvious from Fig. 3a.

Formation of ®*™Tc and ?3®Tc in measurable amounts was
observed below 13 MeV [13,15,20], although the threshold of the
9Mo(p,2n) reaction is 13.8 MeV. For E,< 13 MeV, both isomers
are formed solely in the 92Mo(p,y) reaction. It is a nice example
of relatively high cross-section of the (p,y) reaction that reaches
maximum of ca 7mb at ca 83 MeV (corrected for the
abundance of %Mo in "*Mo). The measured data for
Mo p,x)=™Tc, ™ ETc, P8Tc reactions up to 14 MeV are displayed
separately on Figs. 1b, 2b and 3b in order to expose their comparison
with each other and with the predicted values of TENDL-2015. At
maximum, the model predicts two to three times lower cross-
sections than observed in the experiment. It is to be noted that at
13.46 MeV, we have not detected any *>™Tc what is in a good agree-
ment with the very low forecast of TENDL-2015 (cf. Fig. 1b).

32.2. Cross-sections for the "“*Mo(p,x )***Tc and "*Mo(p,x)**™Tc
reactions

Activity of 2*8Tc was determined using the 702.67 keV gamma
line, while that of 2*™Tc was measured using its weaker, but also
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Fig. 1a. Cross-sections for the "*Mo(p x)**™Tc reactions compared with previously

published data [14,15,20] and prediction of the TALYS code adopted from the
TENDL-2015 library [39).
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Fig. 1b. Cross-sections for the "™Mo(px)*™Tc reactions compared with previously
published data [15,20] and prediction of the TALYS code adopted from the TENDL-
2015 library [39] for the low energy region, where it is formed solely in the **Mo(p,
7v) reaction until ca 13.8 MeV.
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Fig. 2a. Cumulative cross-sections for the "*Mo(p,x)”*™*Tc reactions compared
with previously published data [13-1520| and prediction of the TALYS code
adopted from the TENDL-2015 library |39].

interference-free 1 868.68 keV gamma line. Since **™Tc does not
decay at all via isomeric transition, activities of both metastable
and ground states are entirely independent.

The cross-sections for the "'Mo(p,x)**#Tc reactions were mea-
sured by Kormali et al. (1976) [1], Bonardi et al. (2002) [8], Khan-
daker et al. (2007) [13], Lebeda and Pruszynski (2010) [ 15], Alharbi
et al. (2011) [16,17] and Tarkéanyi et al. (2012) [20]. Our new data
correspond well with the cross-sections in Refs. [ 15,20], while the
data in Ref. [1] are significantly lower for E, > 15 MeV. The data of
Refs. [8,16,17] are slightly higher and a few points in Ref. [13] are
significantly lower, although the rest is consistent with our
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Fig. 2b. Cumulative cross-sections for the "*Mo(px)**™"*Tc reactions compared
with previously published data [13,15,20] and prediction of the TALYS code adopted
from the TENDL-2015 library |39] for the low energy region, where it is formed
solely in the ®?Mo(p,y) reaction until ca 13.8 MeV.
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Fig. 3a. Cross-sections for the "*Mo(p,x)***Tc reactions compared with previously

published data [14,1520] and prediction of the TALYS code adopted from the
TENDL-2015 library [39].
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Fig. 3b. Cross-sections for the "*Mo(p,x)**Tc reactions compared with previously
published data | 15,20| and prediction of the TALYS code adopted from the TENDL-
2015 library [39] for the low energy region, where it is formed solely in the “*Mo(p,
) reaction until ca 13.8 MeV.

measurement (see Fig. 4). The TENDL-2015 prediction agrees with
the measured course of the excitation function, but remarkably
overestimates the experimental data.

Our data for the formation of **™Tc are consistent with the pre-
viously published values of Uddin et al. (2008) [14], Lebeda and
Pruszynski (2010) [15] and Tarkanyi et al. (2012) [20]. A few points
in Ref. [20] for E, > 28 MeV are somewhat higher, but they are also
burdened with higher uncertainty. The prediction adopted from
the TENDL-2015 library suggests significantly lower
cross-sections than the experimental evidence and also much less
pronounced maximum around 16 MeV (Fig. 5) [39].
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Fig. 4. Cross-sections for the "*Mo(p,x)**Tc reactions compared with previously
published data [14,15,20] and prediction of the TALYS code adopted from the
TENDL-2015 library [39].
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Fig. 5. Cross-sections for the "™*Mo(p,x)**™Tc reactions compared with previously
published data [14,15,20] and prediction of the TALYS code adopted from the
TENDL-2015 library |39].

3.2.3. Cross-sections for the "'Mo(p,x)**¢ and "*Mo(p,x)*™Tc

reactions

Activity of ®>®Tc was calculated via its 765.79 keV gamma line.
Results are displayed on Fig. 6. Our data show the best agreement
with those published by Khandaker et al. (2007) [13] and our pre-
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Fig. 6. Cross-sections for the "*Mo(p,x)***Tc reactions compared with previously
published data [8,10,11,13,15-17,20] and prediction of the TALYS code adopted

from the TENDL-2015 library [39].
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Fig. 7. Cross-sections for the "*Mo(p,x)**™Tc reactions compared with previously
published data [8,10,11,13,15,20,22| and prediction of the TALYS code adopted from

the TENDL-2015 library [39].

vious measurement [ 15], however, all the published cross-sections
are relatively consistent. Data of Bonardi et al. (2002) [8] and some
data of Khandaker et al. (2006) [11] are slightly higher than the
data of the present work. On the other hand, data of Uddin et al.
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Fig. 8. Cross-sections for the "'Mo(p,x)*®™*STc reactions compared with previously published data [2-4,7,8,10-17,20,22] and prediction of the TALYS code adopted from the
TENDL-2015 library |39]. Polynomial fit of all the experimental data up to 40 MeV except of Refs. [3,8] is displayed as well.
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(2004) [10], Alharbi et al. (2011) [17] and Tarkanyi et al. (2012)
[20] are in general more scattered and lower than our data. This
time, we observed cross-sections that were also somewhat higher
in the energy region above 30 MeV in contrast to the data in Refs.
[13,15]. This fact may be related to the monitoring reaction data
used in Refs. [13,15] that seem to be less reliable in this energy
region. Theoretical model agrees well with the experiment except
slightly higher predicted values in the energy region of 15-24 MeV
and 30-40 MeV.

Activity of ®*™Tc was calculated using its 204.12 keV gamma
line. Obtained cross-sections for production of 2°>™Tc (Fig. 7) fit well
with our previous measurement [15] and Tarkanyi et al. (2012)
[20]. Cross-sections published by Khandaker et al. (2006, 2007)
[11,13] agree with our data for E, < 23 MeV, and then start to be
significantly higher. Recent data of Takacs et al. (2015) [22] corre-
spond with our data as well, but for the E,>22 MeV they are
slightly higher. Values of Bonardi et al. (2002) [8] are systemati-
cally higher than our cross-sections and the three data points of
Uddin et al. (2004) [10] in the measured energy region are rather
scattered similarly to the data for 9*®Tc. TENDL-2015 shows the
same trend as the experiments, but its prediction is significantly
lower for E,>10MeV and indicates pronounced minimum at
12 MeV (Fig. 7) than is not observed in the experimental data.

3.2.4. Cross-sections for the "*Mo(px)°°™*¢Tc reactions

Cross-sections for the reactions leading to “°™"#Tc were calcu-
lated using its 778.22 keV gamma line after the total decay of
%mTc and interfering °°Nb. A minor interference due to the
777.92 keV gamma line of Mo (intensity 4.28% per decay) was
corrected. All the results are displayed on Fig. 8. There is a good
agreement between the excitation function provided by TENDL-
2015 and the measurements. However, the experimental data cov-
ering the second peak of the excitation function are slightly shifted
to higher energies in contrast to the prediction of TENDL-2015.

Measurements of Skakun et al. (1987) [2], Takacs et al. (2002)
[7], Khandaker et al. (2007) [13], Lebeda and Pruszyinski (2010)
[15] and Takdcs et al. (2015) [22] (except the values around the
first maximum) are in a good agreement with our data. Cross-
sections of Levkovski (1991) [3] and Bonardi et al. (2002) [8] are
obviously systematically higher than the rest of the published
material. Data of Zhao et al. (1998) [4] and of Challan et al.
(2007) [12] are higher for E; > 14 MeV as well as data of Alharbi
et al. (2011) [16,17] for E, < 10 MeV, in contrast, data of Tarkanyi
et al. (2012) [20] are on average lower for E,>10 MeV. Data of
Uddin et al. (2004) [10] and Khandaker et al. (2006) [11] seem to
be shifted to higher energies in comparison to our measurement.
On Fig. 8 we show also the polynomial fit of all the measured
cross-sections except Levkovski (1991) [3] and Bonardi et al.
(2002) [8]. The Levkovski data agree relatively well with the major-
ity of the measurements if decreased for ca 20%. It confirms the
conclusions of Ref. [7]. We would like to note that the part of the
data in Ref. [20] that were adopted from the experiment in Ref.
[7] were excluded in order to avoid their duplication. Our prelim-
inary proposal of the recommended cross-sections for this nuclear
reaction as a proton beam monitor as well as the derived thick tar-
get yields are displayed in Table 4.

3.2.5. Cross-sections for the "*Mo(px)*"™Tc reactions

After the decay of all the measurable activation products except
95mTc, we detected in the spectra well distinguished peak with
energy of 96.50 keV, belonging to the only emitted, weak gamma
line of “/™Tc. Its net peak area was corrected for the mean attenu-
ation in the foils, but this accounted for the activity increase of only
1.1%.

The measured cross-sections together with the prediction
adopted from TENDL-2015 are displayed on Fig. 9. Theoretical

Table 4
Recommended cross-sections and thick target yields for the "*Mo(px)**™%Tc, '%*Mo
(p,2n)*?™Tc and '%°Mo(p,x)**Mo reactions.

Ep thq p'x)Qvach '°°Mo(p,2n)99“’rc IODMO( p)()QSJMO
Mey) G Y (MBq/uAh) o Y (MBq/pAh) o Y (MBq/uAh)
(mb) (mb) (mb)

5.0 113 0.0189

5.5 187 0.0728

6.0 257 0.156

6.5 346 0276

7.0 458 0444

75 585 0674

8.0 713 0974 14.7 0.00

85 831 1347 36.3 2.04

9.0 932 1791 63.8 630

95 1014 2299 944 1332
100 1082 2867 1253 2348
105 1147 3490 1543 36.89
11.0 1224 4175 179.5 5345 215 0.012
115 1327 4935 2001 7292 283 0.033
120 1463 6204 2156 9490 4.81 0.069
125 1503  6.746 2264 1190 7.68 0.130
130 1444 7708 2330 1447 115 0.226
135 138.1 8.656 2363 171.7 16.2 0.370
140 131.7 9.586 2375 1997 217 0.573
145 1256 10.50 2374 2285 28.1 0.848
15.0 1199 1139 2369 2580 35.1 1.205
155 1150 1226 2364 288.1 428 1.656
160 1110 1312 2362 3189 50.8 2.212
16.5 1079 1397 2360 3504 593 2.881
17.0 1056 14.82 2355 3825 679 3.670
175 1039 1567 2339 4151 76.5 4.587
18.0 1028 16.53 2304 448.1 85.1 5.635
18.5 1019 1740 2243 4810 936 6.818
19.0 101.0 1827 2151 5135 101.7 8.135
19.5 1000 19.16 2024 5450 1094 9.588
20.0 989 2005 186.5 574.8 116.7 11.17
20.5 982 2095 1679 602.5 1234 12.89
210 985 21.86 1478 6276 129.5 14.73
215 1009 2281 130.7 650.1 1350 16.68
220 1073 24.14 1144 6703 1399 18.75
225 1140 24.87 996 6882 1441 2093
230 1262 26.07 86.6 704.0 147.7 23.20
235 1365 27.40 756 7180 150.7 25.56
240 1453 2885 66.5 730.5 1532 28.00
245 153.1 3041 589 7417 155.1 30.51
250 1599 3208 528 7518 156.5 33.08
25.5 166.0 33.83 478 761.0 157.6 35.72
260 1715 3568 438 769.6 1584 38.41
26.5 1762 37.60 404 7776 1589 41.15
270 180.2 39.61 37.7 785.1 159.2 43.94
27.5 1834 4168 355 7922 159.5 46.77
280 1858 4381 339 7990 159.6 49.64
28.5 187.3 46.00 327 805.7 159.8 52.55
290 187.7 4822 317 8122 160.0 55.50
295 1872 5047 309 8186 160.2 58.49
300 1855 5274 303 8250 160.6 61.53
30.5 1828 55.01 300 8313 161.0 64.61
310 179.0 5727 29.7 8377 161.6 67.74
315 1742 59.50 295 8441 162.1 7091
320 1685 6168 294 8505 162.7 74.14
325 162.1 63.82 29.1 857.0 1633 7741
33.0 155.1 65.89 287 8634 163.8 80.74
335 1476 67.89 282 8699 164.1 84.10
340 1399 6981 273 8762 1643 87.51
345 1321 7165 262 8824 1643 90.96
350 1246 7340 248 8884 164.0 94.45
355 1174 75.07 231 8940 163.5 97.96
36.0 1109 76.66 212 8993 1628 101.5
36.5 105.1 7818 193 9042 1621 105.0
370 100.1 79.64 176 908.7 1615 108.6
375 96.1 81.05 165 9128 1612 1122
38.0 930 8242 163 9169 161.7 1159

model follows well the shape of the experimental excitation
function including the slight increase for E, > 30 MeV due to the
contribution of the 'OoMo(pAn) reaction. However, starting from
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Fig. 9. Cross-sections for "Mo(p x)"’™Tc reactions and prediction of the TALYS
code adopted from the TENDL-2015 library [39].

ca 13 MeV, TENDL-2015 underestimates slightly the measured
data. As far as we know, it is the first reported measurement of this
excitation function.

3.2.6. Cross-sections for the "*Mo(p,x)**™Tc, i.e. for the
100N fo(p,2n)**™Tc reaction

Activity of **™Tc born in the irradiated foils was calculated via
its 140.51 keV gamma line. Contribution of Mo and *°Nb was
corrected as described in the Section 2.3. All the data were
converted to isotopic cross-sections on '®’Mo (cf. Introduction)
and are displayed together with previous measurements and the
TENDL-2015 prediction on Fig. 10a.

Apparently, present measurement shows the best agreement
with Takdcs et al. from 2003 [9] (we use re-evaluated data adopted
from Takacs et al.,, 2015 [22]), Lebeda and Pruszynski (2010) [15],
Tarkdnyi et al. (2012) [20] and Takécs et al. (2015) [22]. Cross-
sections of Lagunas-Solar et al. (1999) [5] and Challan et al.
(2007) [12] are significantly higher and those of Levkovski (1991)
[3], Gagnon et al. (2011) [18] and Manenti et al. (2014) [21] are
somewhat higher than our data. On the other hand, rather lower
values are provided by Scholten et al. (1999) [6], Khandaker et al.
(2007) [13] and Alharbi et al. (2011) [16]. The large scattering of
the measurements around the maximum is difficult to explain. It
could cause an improper correction of interferences, particularly
if the spectra were recorded later after the EOB. In contrast,
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Fig. 10b. Polynomial fit of the selected cross-sections for '°®Mo(p,2n)**™Tc reaction
19,15,20,22 this work| compared with recommended data of Qaim et al. [28] and
spline fit [9,22].
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Fig. 11. Cross-sections for "*Mo(px)°®Mo reactions compared with previously
published data [14,1520] and prediction of the TALYS code adopted from the
TENDL-2015 library [39].

scattering of the data above 30 MeV may be explained by an
increasing uncertainty of the measured “*™Tc activity due to the
corrections for the growing number and relative contribution of
the interferences with proton beam energy (cf. Section 2.3).
Theoretical model starts to underestimate all the experimental
data for E, > 14 MeV.

On Fig. 10b we show polynomial fit of the selected
cross-sections [9,15,20,22 and this work]| together with the first
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Fig. 10a. Cross-sections for "®*Mo(p,2n)®™Tc reaction compared with previously published data [3,5,6,9,12,13,15,16,18,20-22| and prediction of the TALYS code adopted

from the TENDL-2015 library [39].
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Fig. 12. Cross-sections for "*Mo(p,x)**™Mo reactions compared with previously
published data [10,13,15,20] and prediction of the TALYS code adopted from the
TENDL-2015 library [39).

200 -
100Mo(p,x)**Mo

m—TENDL-2015
Levkovski 1991
Zhao 1998
Lagunas-Solar 1999
Scholten 1999
Takacs 2003 re-eval
Uddin 2004
Khandaker 2007
Lebeda 2010
Alharbi 2011 [16]
Gagnon 2011
Chodash 2011
Tarkanyi 2012
Manenti 2014
Takacs 2015

This work

160 -

120 A

80 -

cross-section (mb)

40 -

eOPEXO1O0O®xxpPHE,, +0

I Cervendk, 0. Lebeda /Nuclear Instruments and Methods in Physics Research B 380 (2016) 32-49

recommended data provided by Qaim et al. (2014) [28] and spline
fit of the data in Refs. [9,22] as given in Ref. [22]. The selected data
were processed with the great care regarding both activity mea-
surements and interference corrections. Moreover, they are well
consistent and comprise enough points for a good fit (altogether
131 cross-section values covering the energy interval of 5.7-
38.0 MeV). Although any selection has also subjective aspects, we
propose the cross-sections and derived thick target yields summa-
rized in Table 4 as recommended data for the cyclotron production
of ¥™Tc. They are very close to the fit in Ref. [22], but for E, < 20
MeV they are naturally lower than the recommended data
proposed by Qaim et al. [28] due to the different data selection.

3.2.7. Cross-sections for the "Mo(p,x)°°Mo reactions
Activity of ®®Mo was calculated via its 257.34 keV gamma line.
The derived cross-sections are displayed on Fig. 11 together with
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Fig. 13a. Cross-sections for "®’Mo(p,x)**Mo reactions compared with previously published data [3-6,9,10,13,15,16,18-22] and prediction of the TALYS code adopted from the

TENDL-2015 library [39].
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Fig. 13b. Polynomial fit of the selected cross-sections for '®®Mo(p,x)**Mo reactions [3,9,10,15,18-22] compared with the recommended data of Qaim et al. [28] and prediction

of the TENDL-2015 library [39].
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Fig. 14. Cross-sections for "*Mo(p,x)**3Nb reactions compared with the prediction
of the TALYS code adopted from the TENDL-2015 library [39].
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Fig. 15. Cross-sections for "*Mo(px)***Nb reactions compared with previously
published data | 14] and prediction of the TALYS code adopted from the TENDL-2015
library [39].

the previously published data of Uddin et al. (2008) [14], our pre-
vious measurement in 2010 [15] and Tarkanyi et al. (2012) [20],
and prediction provided by the TENDL-2015 library. The latter is
in very good agreement with the data we present now, slightly
overestimating them for E,=26-35MeV. Both points of Uddin
et al. (2008) [14] as well as roughly a half of the Tarkanyi's data
[20] are in excellent agreement with the current measurement,
while our previous measurement [15] and the rest of the Tarkin
yi's data [20] are lower. Precise quantification of °°Mo is relevant
for appropriate correction of the *™Tc activity for the contribution
of °Mo/?°Nb generator to the 141 keV net peak area.

The radionuclide may originate also from the decay of very
short-lived *°™Tc (T, = 8.7 s) and °°¢Tc (T, =49.2 s) born in the
92Mo(p,3n) reaction (threshold 33.37 MeV). Regarding this fact,
the measured cross-sections are cumulative for E,>33.37 MeV.
The contribution of this indirect production seems to be negligible
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Fig. 16. Cross-sections for "*Mo(px)*™Nb reactions compared with the prediction
of the TALYS code adopted from the TENDL-2015 library [39].

39

43

even for the highest measured energy point (TENDL-2015 predicts
total cross-section of only 0.243 mb at 35 MeV for this reaction).

3.2.8. Cross-sections for the ""Mo(p,x)*"*™Mo reactions

The short-lived isomer 2*™Mo was quantified via its 684.69 keV
gamma line. The ground state °**Mo is not measurable due to its
long half-life (4000 a). The isomer is formed solely in the nuclear
reactions indicated in the Table 1, because neither >™Tc, nor
938T¢ decays to it. The measured cross-sections are displayed on
Fig. 12 together with the prediction taken from TENDL-2015.

Data of Khandaker et al. (2007) [13] are higher than our data
until ca 22 MeV, while for E, > 30 MeV they are lower being similar
to those of Uddin et al. (2004) [10]. Our previous measurement
[15] and data of Tarkanyi et al. (2012) [20] are in a good agreement
with the present measurement, being on average slightly lower.
The TENDL-2015 prediction overshoots more than twice all the
available experimental data.

3.2.9. Cross-sections for the "*Mo(p,x)**Mo, i.e. for the °°Mo(p,x)*’Mo
reactions

Activity of %Mo was calculated via its interference-free
739.50 keV gamma line. It is cumulative regarding the decay of
IMND (Ty, = 2.6 min) and *°8Nb (T, = 15 s) from 14 MeV, but this
contribution seems to be minor. The derived cross-sections are dis-
played on Fig. 13a. Almost all of the published experimental data
indicate similar shape of the excitation function, but they remark-
ably differ from each other in absolute values. Cross-sections pro-
vided by Lagunas-Solar et al. (1999) [5] and by Uddin et al. (2004)
[10] are significantly lower than the other experimental data, and
data of Scholten et al. (1999) [6] are on average not only somewhat
lower, but also much more scattered than observed in other exper-
iments. Data of Levkovski (1991) [3] and Zhao et al. (1998) [4] are
higher than our data in the whole measured region, data of Takacs
et al. (2003) [9], Manenti (2014) [21] and Gagnon et al. (2011) [18]
are very close to our data, the latter two being slightly higher, but
the cross-sections of Takacs et al. (2003) [9] are apparently higher
than our measurement for E, > 20 MeV. The recent measurement
of Takacs et al. (2015) [22] resembles re-evaluated data of Takacs
et al. (2003) [9,22], but it suggests lower data for E, < 16 MeV.
We observed very good agreement with our previous measure-
ment [15], Chodash et al. (2011) [19] and some data in Tarkanyi
et al. (2012) [20] (it contains several data sets from various exper-
iments). Cross-sections in Khandaker et al. (2007) [13] and Alharbi
et al. (2011) [16] are somewhat lower, but the first two points of
the former work are surprisingly higher than all the data in this
region.

Prediction adopted from the TENDL-2015 library agrees rela-
tively well with the measured data, but it is shifted for ca 4 MeV
to higher energy.
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Fig. 17. Cross-sections for "Mo(p,x)*®™ENb™™ reactions cumulative regarding
%Mo decay compared with previously published data [10,13,15,20] and prediction
of the TALYS code adopted from the TENDL-2015 library [39].
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Fig. 18. Cross-sections for "*Mo(p,x)*®™2Nb reactions compared with previously
published data [ 15,20] and prediction of the TALYS code adopted from the TENDL-
2015 library [39].

We have, therefore, selected experimental cross-sections
[3,9,10,15,18-22] for the construction of the recommended data.
For these purposes, we decreased Levkovski's data [3] by 18%, used
re-evaluated data of Takdcs et al. [9] given in Ref. [22] and selected
only some data sets from Tarkanyi et al. [20] similarly to Takacs
et al. [22]. Altogether 194 data points in the energy range of 8.4-
38.0 MeV were used for the polynomial fit. The data selection, their
fit and recommendation provided by Qaim et al. in 2014 [28] are
displayed on Fig. 13b. The recommended cross-sections derived
from the fit as well as the calculated thick target yields for the
190\ 1o( p,x)**Mo reactions are summarized in Table 4.

3.2.10. Cross-sections for the ™Mo(p,x)**Nb and "**Mo(p,x)**™Nb
reactions

The short-lived ground state 58Nb and isomeric state 5¥™Nb
were detected only in a few foils irradiated with the highest beam
energy, the latter only in a single foil corresponding to 35.75 MeV
energy point. The isomer decays directly to #8Zr via §* and EC. They
are born practically only in the ®’Mo(p,an) reaction. No indirect
formation is possible in the studied energy range.

Activity of the ®3%¥Nb was quantified using its dominant
1057.1 keV gamma line that was corrected in one case for the
interfering 38™Nb, while the activity of 3™Nb was deduced from
its interference-free 450.6 keV gamma line (cf. Table 1). The
obtained cross-sections for the ground state are displayed on
Fig. 14 and compared with the prediction of TENDL-2015. The
model suggests significantly lower cross-sections than observed
in the experiment. No measured data were published previously.

The only measured cross-section for #™Nb at 35.75 MeV was
equal to 2.61 + 0.45 mb, being roughly twice the predicted value
from TENDL-2015. Since the single point does not show any trend,
it is neither included in Table 3, nor displayed on a separate figure.
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Fig. 19. Cross-sections for ™*Mo(px)”'™Nb reactions compared with previously
published data [20] and prediction of the TALYS code adopted from the TENDL-2015
library [39].
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Fig. 20. Cross-sections for "Mo(p,x)**™Nb reactions compared with previously
published data [10,15,20] and prediction of the TALYS code adopted from the
TENDL-2015 library [39].

3.2.11. Cross-sections for the "*Mo(p,x)**Nb and "™'Mo(p,x )**"Nb
reactions

Activity of ®®Nb was calculated using its dominant,
interference-free 1627.2 keV gamma line that has relatively low
intensity. Due to this fact and the short half-life, the peak could
be measured only in the spectra taken shortly after the EOB in lar-
ger distances sample-detector and its area was burdened with lar-
ger uncertainties. The radionuclide is born solely in the nuclear
reactions (indicated in the Table 1), because the isomeric state
89mNb decays by B* and EC directly to 89Zr.

The obtained cross-sections are displayed on Fig. 15. They fol-
low trend of the predicted excitation function adopted from
TENDL-2015 except of the prominent maximum observed only in
the experiment around 13.5 MeV, but the prediction is significantly
lower. The only available previous measurement of Uddin et al.
(2008) [14] for this excitation function provides three points in
the measured proton energy range that are all several times lower
than our data.

Isomer %°™Nb was quantified via its dominant, well measurable
588.0 keV gamma line. The measured cross-sections are displayed
on Fig. 16. They follow the trend as suggested in TENDL-2015, but
the predicted values are several times lower than data observed in
the experiment. No previous measurement was found in the liter-
ature in the studied proton energy range.

3.2.12. Cross-sections for the "Mo(p,x)°°™*ENb“™ and
"9t Mo(p,x)°°™*€Nb reactions

Activity of “™ENb was determined via its interference-free
1129.22 keV gamma line. It is cumulative regarding *°Mo for
proton energy exceeding ca 25 MeV, and this contribution becomes
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Fig. 21. Cross-sections for "Mo{px)°°™Nb reactions compared with previously
published data [20] and prediction of the TALYS code adopted from the TENDL-2015
library [39].
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Fig. 22. Cross-sections for "'Mo(p,x)*™ eNb reactions compared with previously
published data [10,15,20] and prediction of the TALYS code adopted from the
TENDL-2015 library [39].
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Fig. 23. Cross-sections for "™*Mo(p,x)***Nb reactions compared with previously
published data [20] and prediction of the TALYS code adopted from the TENDL-2015
library [39].

significant with increasing energy. Cumulative activity of
OMIENHUM was measured after the total decay of °Mo. The
respective cross-sections are displayed on Fig. 17 together with
previously published data [10,13,15,20] and prediction of the
TALYS code [39]. All the experimental data except few points of
Tarkanyi et al. (2012) [20] are lower than our new data, particu-
larly those of Uddin et al. (2004) [10], Khandaker et al. (2007)
[13] and some from rather scattered data in Ref. [20]. The predic-
tion of the TENDL-2015 follows well the course of our data, but
exceeds them slightly for E, > 28 MeV.

The cross-sections for the direct formation of ®“™"&Nb in the
nuclear reactions on ™Mo were derived from the data for *°Mo
(cf. Section 3.2.7) and the formula (2). Thus obtained cross-
sections are anyhow cumulative regarding very short-lived **™Nb

"tMo(p,x)**Nb

——TENDL-2015 x
44 DO Tekssn@

K Uddin 2004

& Khandaker 2007
34 0 Lebeds10

A Tarkingi2012 o %

& This work

cross-section (mb)

proton energy (MeV)

Fig. 24. Cross-sections for ™'Mo{p,x)**Nb reactions compared with previously
published data [7,10,13,15,20| and prediction of the TALYS code adopted from the
TENDL-2015 library [39].
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(T,=18.85s) and “™2Nb (T, =6.19 ms). The data corrected for
the “Mo decay are displayed together with the prediction of
TENDL-2015 and two data sets of Lebeda and Pruszynski (2010)
[15] and Tarkényi et al. (2012) [20] on Fig. 18. The works [15,20]
provide only cumulative cross-sections for %°M'8Nb“™ and for
%Mo. Thus the data for direct formation of *™&Nb were derived
from them using the formula (2). Cross-sections in Ref. [15] as well
as some data sets in Ref. [20] agree well with our measurement,
being on average slightly lower, but some data sets in Ref. [20] sig-
nificantly differ, showing rather large scattering. Our data follow
well the prediction taken from the TENDL-2015 library, being only
somewhat lower in the energy range of 28-36 MeV.

3.2.13. Cross-sections for the "*Mo(p,x)°'™Nb reactions

The long-lived isomer 9'™Nb was detected in spectra of many
foils after the decay of the radionuclides with half-life shorter than
5 days. Its activity was calculated via its 1204.67 keV gamma line
that is interference-free, but has also very low intensity of 2%. It
resulted together with its half-life in higher uncertainties of the
measured cross-sections. Formation of ®'®Nb was not observed
due to its long half-life (680 a), as well as formation of ?'™Nb
(Ty, =3.76 ps). Isomer °’™Nb may be born also indirectly in the
decay of °'™2Nb, °'Mo (T, = 15.49 min), ®'™Mo (T, = 64.6 s) that
are additionally decay products of *'Tc (Ty, = 3.14 min) and '™Tc
(Ty, = 3.3 min). The cross-sections are, therefore, in principle cumu-
lative, although the contribution of the indirect formation seems to
be minor taking into account decay schemes of these radionu-
clides, cf. Ref. [35].

Our data as well as the only existing previous measurement of
Térkanyi et al. (2012) [20] and results of TALYS model [39] are
shown on Fig. 19. In general, our data follow the trend of TENDL-
2015 library and are slightly lower for E, <21 MeV and slightly
higher for E,> 21 MeV. The Tarkanyi's data are again rather scat-
tered and except few points in general lower than both our results
and TENDL-2015.

3.2.14. Cross-sections for the "*Mo(p,x)**™Nb reactions

The >Nb nucleus has long-lived (T = 3.47 x 107 a) unmeasur-
able ground state. Its isomer, “2™Nb, is however, well visible in
all the foils of both stacks. Activity of “2™Nb was quantified via
its dominant 934.44 keV gamma line after the decay of shorter-
lived activities in the foils.

The obtained cross-sections are displayed on Fig. 20. They are in
a very good agreement with previously reported measurements of
Uddin et al. (2004) [10], Lebeda and Pruszynski (2010) [15] and
Tarkanyi et al. (2012) [20] except some scattered points in
Ref. [20] in the energy range 25-36 MeV. Prediction of the
TENDL-2015 reflects the shape of the experimental data only
partially - it seems to be slightly shifted to lower energies and sug-
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Fig. 25. Cross-sections for "*Mo(p,x)*”™2Nb reactions compared with previously
published data [14,20] and prediction of the TALYS code adopted from the TENDL-
2015 library [39].
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Fig. 26. Cumulative cross-sections for "*'Mo(px)*™2Zr™ reactions compared
with previously published data [10,20] and prediction of the TALYS code adopted
from the TENDL-2015 library |39].
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Fig. 27. Cross-sections for "*Mo(p,x)*™"8Zr"™ reactions compared with previ-
ously published data [10,13,15,20] and prediction of the TALYS code adopted from
the TENDL-2015 library [39].

gests small maximum at 19 MeV that is missing in all the
published data.

3.2.15. Cross-sections for the ™Mo(p,x)*™Nb, "*Mo(px)**™*¢Nb and
"at\fo(p,x)**2Nb reactions

Activity of ®™Nb was calculated using its 235.69 keV gamma
line and cumulative activity of >™&Nb via 765.80 keV gamma line
after the total decay of *™Nb. The net peak area of the 765.80 keV
gamma line of 9°Nb was corrected for the interfering %*¢Tc in tran-
sient equilibrium with its parent ®*™Tc (isomeric transition proba-
bility is only 3.88 + 0.32%, cf. Ref. [35]). It somewhat increases the
data uncertainty. Cross-sections for the direct formation of the
ground state ?°®Nb were deduced from the formula (2) using

1200 -
—Te-93g
100 1 _ —1e93m
.. 1000 + — -93mMe g
i 900 | == Tc-94g
E 800 o mweserns Te-95¢
2 700 { =====Nb-88g
3 600 o
s
E 500 -
2400 4
S 300 4
200 4
100 4
0
6 12

proton energy (MeV)

Fig. 28. Physical thick target yields for 2*2Tc, *™Tc, 2™ 2T¢, 9*5Tc, ©2Tc and **:Nb
born in "Mo(p,x) reactions.
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N0mENHUM and ™ END born in "*'Mo(p,x) reactions.
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Fig. 30. Physical thick target yields for “*™Tc and **™Tc born in "'Mo(p,x) reactions.
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Fig. 31. Physical thick target yields for **Nb and ®°™*2Zr born in ™'Mo(px)
reactions.

the value of 9°™Nb isomeric transition probability f=94.4 +0.6%
adopted from Ref. [35].

Data for the formation of isomer >>™Nb are displayed on Fig. 21.
They are generally in a good agreement with the values provided
by Tarkanyi et al. (2012) [20], the latter are, however, again more
scattered. The TENDL-2015 library provides similar course of the
excitation function, but suggests significantly lower cross-
sections than observed in the experiments.

Cumulative cross-sections for “™Nb are in a very good agree-
ment with our previous measurement [15], being somewhat
higher from E, =30 MeV. In contrast, data of Uddin et al. (2004)
[10] and Tarkanyi et al. (2012) [20] are significantly higher in the
energy range of 5-27 MeV. The forecast adopted from the
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Fig. 33. Physical thick target yield for %™Tc born in "®Mo(p,2n)?*™Tc reaction.
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Fig. 34. Physical thick target yield for **Mo born in '®Mo(p,x)*Mo reactions.

TENDL-2015 library describes well the course of our data, but again
assumes more prominent maximum around 18 MeV, cf. Fig. 22.

The cross-sections for formation of “**Nb are shown on Fig. 23
together with the data of Tarkanyi et al. (2012) [20] deduced from
the published cross sections for >Nb and 9°™8Nb using the for-
mula (2). The results of Ref. [20] are on average systematically
higher than our data. Prediction of TALYS model adopted from
the TENDL-2015 library [39] describes well the course of cross-
sections measured in this work except more prominent maximum
at 18 MeV.

3.2.16. Cross-sections for the "*Mo(p,x)°°Nb reactions
This radionuclide decays to the same stable product as ***Tc,
and shares with it almost all the emitted gamma lines that
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however differ in intensity. For measuring “Nb activity we chose
the 568.87 keV gamma line that was corrected for the contribution
of ®8Tc emitting the same gamma line with much lower intensity,
cf. Table 1 (the final effect is larger due to the difference in activi-
ties of 2°Tc and %Nb, increasing thus also the overall uncertainty).

Measured cross-sections are displayed on Fig. 24. Our data are
in relatively good agreement with Takdcs et al. (2002) [7], Lebeda
and Pruszynski (2010) [15] and Tarkanyi et al. (2012) [20]. Data
of Uddin et al. (2004) [10], Khandaker et al. (2007) [13] as well
as prediction of the TALYS model code [39] are significantly higher
compared to our measurement.

3.2.17. Cross-sections for the "*Mo(p,x)’"™*Nb reactions

Relatively short-lived activity of °”®Nb was measured using its
657.94 keV gamma line. The activity is cumulative regarding the
short-lived isomer °’™Nb (T, = 58.7 s) that decays entirely via iso-
meric transition to the ground state. Both nuclei are born mainly in
the '®Mo(p,a) reaction until ca 30 MeV, when #®Mo(p,2p) reaction
starts to contribute to their formation more significantly.

The results are shown on Fig. 25. Our data show general agree-
ment with those of Uddin et al. (2008) [14] and some data of
Tarkanyi et al. (2012) [20], but one half of the data in Ref. [20] is
significantly lower than our cross-sections. The TENDL-2015 pre-
diction [39] suggests more pronounced maximum of the '®Mo(p,
o) reaction at 17 MeV and also steeper increase of the *®Mo(p,2p)
reaction cross-sections between 30 and 40 MeV than the experi-
mental data.

3.2.18. Cross-sections for the "*Mo(p,x)**™*EZr ™ reactions

Formation of the long-lived #8Zr comprises contribution of the
recently discovered short-lived isomer ®8™Zr (T, =1.32pus, IT
100%) and is also cumulative with respect to the short-lived pre-
cursors *Nb (Ti = 14.55 min) and *¥™Nb (T, = 7.78 min). Activity
of 888Zr was determined via its 392.87 keV gamma line after the
decay of the shorter-lived radionuclides.

The obtained cross-sections are displayed on Fig. 26 together
with the prediction of TENDL-2015 and two published data sets
of Uddin et al. (2004) [10] and Tarkanyi et al. (2012) [20]. There
is very good agreement between our data and Ref. [20]. From the
two points in Ref. [ 10], the one at 29.7 MeV is significantly lower.
The TENDL-2015 library complies with the trend of the experimen-
tal data, but it underestimates them from ca 25 MeV.

3.2.19. Cross-sections for the "*Mo(p,x)**™*8Zr"™ reactions

The cumulative activity of #™8Zr comprises contribution from
the decay of ®%Nb and ®9™Nb. It was calculated using the
909.15 keV gamma line of 8Zr after the total decay of its precur-
sors. The measured and previously published data as well as the
prediction of TENDL-2015 are shown on Fig. 27.

The measured cross-sections agree quite well with the data of
Lebeda and Pruszynski (2010) [15] and Tarkdnyi et al. (2012)
[20]. Data of Khandaker et al. (2007) [13] and TENDL-2015 [39]
are obviously lower. The three points of Uddin et al. (2004) [10]
do not show any specific trend, but they might be shifted to higher
energies due to the larger energy uncertainty, because they are
deduced from the last foils of the stack irradiated with 67 MeV pro-
tons (similar is true for all data in Ref. [10] in this energy range).

3.3. Thick target yields

Thick target yields were calculated for all the radionuclides
found in the irradiated foils using the fitted experimental data
and stopping power of protons in molybdenum in the measured
energy range. It means that almost all the thick target yields
(except, e.g. 38Nb) could be calculated for the proton beam energy
leaving the target at the practical threshold of the nuclear reactions
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resulting in a particular radionuclide. We, however, show only
cumulative yields - independent yield is usually of no practical
use. The calculated yields are summarized in Figs. 28-32. In the
following two paragraphs, we discuss thoroughly the yields for
9mTc and 2°Mo on '®Mo that are displayed separately on Figs. 33
and 34.

3.3.1. Thick target yield for formation of **™Tc

The thick target yield of the '®Mo(p,2n)’?™Tc reaction was
deduced from the fit of cross-sections measured in this work and
the fit of the selected experimental data shown on Fig. 10b. Calcu-
lated yields based on both fits are displayed on Fig. 33 and numer-
ical values of the latter fit are also summarized in Table 4. As
apparent from Fig. 33, the difference of both fits is negligible. The
yield is significantly dependent on the beam energy in the range
available in the most widespread compact cyclotrons for medical
radionuclides production. Assuming the proton beam energy
leaving the target to be equal to 10 MeV, beam current 500 pA
and irradiation time 6 h, we get the following EOB activities:
710GBq (Ei=16.5MeV), 923 GBq (E;,=18.0MeV), 1.07 TBq
(Ein =19.0 MeV) and 1.55 TBq (E;, = 24.0 MeV). In the calculation,
we took into account also the contribution of Mo decay to the
EOB activity of ®*™Tc due to its decay during the irradiation. These
values are only somewhat lower than previous estimates based on
more “optimistic” cross-sections (and also isotopic abundance of
100\Mo) in Refs. [15] or [28], and negligibly higher than the last
work focused on **™Tc production data [22].

3.3.2. Thick target yield for formation of “*Mo

The thick target yield of the '®Mo(p,x)°*Mo reactions was also
deduced from the fit of both cross-sections measured in this work
and of the selected experimental data shown on Fig. 13b. Results of
the calculation are displayed on Fig. 34 and the yields based on rec-
ommended cross-sections are given in Table 4. The difference of
both fits is small, cf. Fig. 34. The yield is rather low for routine pro-
duction of Mo on commercially available compact cyclotrons
(81.4 GBq for E;, = 24.0 MeV, beam current 500 pA and irradiation
time 6 h). The recent measurement of Chodash et al. (2011) [19]
suggests that the cross-sections for the '®Mo(p,x)**Mo reactions
are almost constant in the energy interval 25-50 MeV, i.e. large-
scale production may be possible on highly enriched '®Mo using
e.g. dedicated linear accelerators. Anyhow, in this case one must
take into account that the product will have low specific activity.
It means that production of **Mo/**™Tc generators should have
“central” character followed by distribution of ?*™Tc itself and
would require efficient recovery of '®Mo from the generators.
Moreover, the production suggested in [19] assumes beam current
as high as 5 mA at 50 MeV protons to be degraded to 10-20 MeV. It
corresponds to the heat input of 150-200 kW in the target - it is
obviously great technological challenge regarding the efficient
cooling.

Taking all the above mentioned into account, we consider
direct, decentralized production of **™Tc on an existing network
of compact medical cyclotrons closer to reality rather than central-
ized production of *Mo via '’Mo(p,x) reactions on dedicated,
high-current accelerators.

4. Conclusion

Cross-sections of ™'Mo(px) reactions resulting in formation of
9331-': 93mrc 93m+g-l-c 94ch 94m]-c QSch 95m]-c 96m+g-rc 97mTC
9mTc, PMo, S™Mo, PMo, *Nb, 55™Nb, 59%Nb, #9™Nb, ™'=Nb,
90m+ngcum 9|mNb 92mNb 95ng 95mNb 95m¢ng 96Nb 97m+ng
88migzpcum apnd 89m*EZpcum \ere measured in the proton energy
range of 6.9-35.8 MeV. All the data were compared with

previously published values and prediction of the TALYS nuclear
reaction model code adopted from the TENDL-2015 library. As far
as we know, the cross-sections for the ™'Mo(p.x)*"™Tc, %¢Nb,
88mNb and %*™Nb have never been measured previously in this
energy region. The thick target yields were deduced from the
experimental cross-sections for all the radionuclides.

In the case of ™™Mo(px)*®™®Tc, '®Mo(p.2n)*™Tc and
1%0Mo(p,x)??Mo reactions, we selected published experimental
data in order to propose recommended cross-sections and thick
target yields. We believe that our data, together with several
recently published measurements, will allow for reliable
modeling accelerator-based production of *™Tc and Mo, for
final establishing "*Mo as a proton beam monitor using the
"atMo(p,x)?®™' Tc reaction and also provide sound cross-sections
relevant for e.g. thin layer activation and as a feedback for the
nuclear reaction model codes.

Acknowledgement

The authors are grateful to the crew of the U-120 M cyclotron
for the irradiations and to Dr. Petr Han¢ and Anton Cvicela for
the help with the gamma spectra measurements. The work was
supported by the IAEA Coordinated Research Project “Nuclear Data
for Charged-Particle Monitor Reactions and Medical Isotope Produc-
tion” under the contract no. 17461 and by the Czech Academy of
Sciences under the NPI research plan AV0Z10480505. The irradia-
tions were carried out at the CANAM infrastructure of the NPI
CAS Rez supported through MEYS project no. LM2011019.

References

[1] SM. Kormali, D.L. Swindle, EA. Schweikert, Charged particle activation of
medium Z. Il. Proton excitation functions, |. Radioanal. Nucl. Chem. 31 (2)
(1976) 437-450.

[2] E.A. Skakun, V.S. Batij, Y.N. Rakivnenko, O.A. Rastrepin, Excitation functions
and isomeric ratios for the interaction of protons of less than 9-MeV with Zr
and Mo isotopes, Sov. ]. Nucl. Phys. 46 (1987) 17-24.

[3] V.N. Levkovski, Middle Mass Nuclides (A = 40-100) Activation Cross-sections
by Medium Energy (E = 10-50 MeV) Protons and Alpha Particles (Experiment
and Systematics), Inter-vesi, Moscow, 1991.

[4] W. Zhao, W. Yu, X. Han, H. Lu, Excitation functions of reactions fromd + Ti,
d + Mo, p + Ti and p + Mo, in: Communication of Nuclear Data Progress No. 19,
INDC(CPR}-044/L, China Nuclear Data Center. Atomic Energy Press, Beijing,
1998, pp. 17-20.

[5] M.C. Lagunas-Solar, Accelerator production of **™Tc with proton beams and
enriched '®Mo targets, in: IAEA-TECDOC-1065, IAEA, Vienna, 1999, pp. 87-
112,

[6] B.Scholten, RM. Lambrecht, M. Cogneau, Ruiz H. Vera, Excitation functions for
the cyclotron production of “*™Tc and “*Mo, Appl. Radiat. Isot. 51 (1) (1999)
69-80.

[7) S. Takdcs, F. Tarkanyi, M. Sonck, A. Hermanne, Investigation of the
"'Mo(px)*™Tc nuclear reaction to monitor proton beams: New
measurements and consequences on the earlier reported data, Nucl. Instrum.
Methods Phys. Res. B 198 (3-4) (2002) 183-196.

[8] M. Bonardi, C. Biratari, F. Groppi, E. Sabbioni, Thin-target excitation
functions, cross-sections and optimised thick-target yield for
"tNo(p, xn)?4E9SMISEIEM LT nyclear reactions induced by protons from

threshold up to 44 MeV. No carrier added radiochemical separation and
quality control, Appl. Radiat. Isot. 57 (5) (2002) 617-635.

[9] S. Takécs, Z. Szics, F. Tarkanyi, A. Hermanne, M. Sonck, Evaluation of proton
induced reactions on '“’Mo: new cross sections for production of **™Tc and
”gMo.JA Radioanal. Nucl. Chem. 257 (1) (2003) 195-201.

[10] M.S. Uddin, M. Hagiwara, F. Tarkanyi, F. Ditréi, M. Baba, Experimental studies
on the proton-induced activation reactions of molybdenum in the energy
range 22-67 MeV, Appl. Radiat. Isot. 60 (6) (2004) 911-920.

[11] M.U. Khandaker, AKM.M.H. MeazeKim, K. Kim, D. Son, G. Kim, Y.S. Lee,
Measurements of the proton-induced reaction cross-sections of "*Mo by using
the MC50 cyclotron at the Korea institute of radiological and medical sciences,
J. Kor. Phys. Soc. 48 (4) (2006) 821-826.

[12] M.B. Challan, M.N.H. Comsan, M.A. Abou-Zeid, Thin target yields and EMPIRE-1I
predictions on the accelerator production of technetium-99m, J. Nucl. Radiat.
Phys. 2 (2007) 1-12.

[13] M.U. Khandaker, M.S. Uddin, KS. Kim, YS. Lee, G.N. Kim, Measurement of
cross-sections for the (p,xn) reactions in natural molybdenum, Nucl. Instrum.
Methods Phys. Res. B 262 (2) (2007) 171-181.

44



J. Cervendk, O. Lebeda/ Nuclear Instruments and Methods in Physics Research B 380 (2016) 32-49

[14] M.S. Uddin, M. Baba, Proton-induced activation cross-sections of the short-
lived radionuclides formation on molybdenum, Appl. Radiat. Isot. 66 (2) (2008)
208-214.

[15] O. Lebeda, M. Pruszynski, New measurement of excitation functions for (p,x)
reactions on "*Mo with special regard to the formation of “™Tc, %™ 8¢, 9™¢
and Mo, Appl. Radiat. Isot. 68 (12) (2010) 2355-2365.

[16] AA. Alharbi, A. Azzam, M. McCleskey, B> Roeder, A. Spiridon, E. Simmons, V.Z.
Goldberg, A. Banu, L. Trache, R.E. Tribble, Medical radioisotopes production: a
comprehensive cross-section study for the production of Mo and Tc
radioisotopes via proton induced nuclear reactions on "*Mo. In: Prof. Nirmal
Singh (Ed.), Radioisotopes — Applications in Bio-Medical Science, ISBN: 978-
953-307-748-2, 2011.

[17] AA. Alharbi, J. Alzahrani, J. Azzam, Activation cross-section measurements of
some proton induced reactions on Ni, Co and Mo for proton analysis (PAA)
purposes, Radiochim. Acta 99 (12) (2011) 763-770.

[18] K. Gagnon, F. Bénard, M. Kovacs, TJ. Ruth, P. Schaffer, ].S. Wilson, SA.
McQuarrie, Cyclotron production of #™Tc: Experimental measurement of the
1%\ o(p,x)*®Mo, “*™Tc and “**Tc excitation functions from 8 to 18 MeV, Nucdl.
Med. Biol. 38 (8) (2011) 907-916.

[19] P. Chodash, CT. Angell, |. Benitez, E.B. Norman, M. Pedretti, H. Shugart, E.
Swanberg, R. Yee, Measurement of excitation functions for the "*Mo{d, x)*Mo
and "*Mo(p,x)**Mo reactions, Appl. Radiat. Isot. 69 (10) (2011) 1447-1452.

[20] F. Tarkanyi, F. Ditr6i, A. Hermanne, S. Takics, A.V. Ignatyuk, Investigation of
activation cross-sections of proton induced nuclear reactions on "Mo up to
40 MeV: new data and evaluation, Nucl. Instrum. Methods Phys. Res. B 280(1)
(2012) 45-73.

[21] S. Manenti, U. Holzwarth, M. Loriggiola, L Gini, |. Esposito, F. Groppi, F.
Simonelli, The excitation functions of '“Mo(px)**Mo and "*™Mo(p,2n)**™Tc,
Appl. Radiat. Isot. 94 (2014) 344-348.

[22] S. Takacs, A. Hermanne, F. Ditr6i, F. Tarkanyi, M. Aikawa, Reexamination of
cross sections of the '®Mo(p,2n)**™Tc¢ reaction, Nucl. Instrum, Methods Phys,
Res. B 347 (1) (2015) 26-38.

[23] The supply of medical radioisotopes. An Economic Study of the Molybdenum-
99 Supply Chain. OECD-NEA report no. 6967, 2010, ISBN 978-92-64-99149-1.

[24] R. van Noorden, The medical testing crisis, Nature 504 (12) (2013) 202-204.

[25] K. Gagnon, Cyclotron production of technetium-99m PhD thesis, University of
Alberta, 2012,

[26] J. Esposito, G. Vecchi, G. Pupillo, A. Taibi, L. Uccelli, A. Boschi, M. Gambaccini,
Evaluation of “*Mo and **Tc productions based on a high-performance
cyclotron, Sci. Technol. Nucl. Installations (2013) 14. Article ID 972381.

45

49

[27] F. Bénard, KR. Buckley, TJ. Ruth, S.K. Zeisler, |. Klug, V. Hanemaayer, M.
Vuckovic, X. Hou, A. Celler, J.-P. Appiah, ]. Valliant, M.S. Kovacs, P. Schaffer,
Implementation of multi-curie production of “*™Tc by conventional medical
cyclotrons, J. Nucl. Med. 55 (6) (2014) 1-6.

[28] S.M. Qaim, S. Sudar, B. Scholten, AJ. Koning, H.H. Coenen, Evaluation of
excitation functions of '®Mo(p,d+pn)**Mo and '"®Mo(p,2n)**™Tc reactions:
estimation of long-lived Tc-impurity and its implication on the specific activity
of cyclotron-produced **™Tc, Appl. Radiat. Isot. 85 (2) (2014) 101-113,

[29] M. Fikrle, J. Kutera, F. Sebesta, Preparation of “™Tc radiotracer, |. Radioanal.
Nucl. Chem. 286 (3) (2010) 661-663.

[30] F. Ditrdi, F. Tarkanyi, F. Takics, Wear measurement using radioactive tracer
technique based on proton, deuteron and alpha-particle induced nuclear
reactions on molybdenum, Nucl. Instrum. Methods Phys. Res. B 290 (1)(2012)
30-38.

[31] M. Berglund, M.E. Wieser, Isotopic compositions of the elements 2009 (IUPAC
technical report), Pure Appl. Chem. 83 (2)(2011) 397-410.

[32] S.Y.F. Chu, LP. Ekstrém, R.B. Firestone, The Lund/LBNL nuclear data search,
1999. Available at the web page <http://ie.lbl.gov/toi/>.

[33] M. Cihdk, O. Lebeda, J. Stursa, Beam dynamic simulation in the isochronous
cyclotron U-120M, in: Proceedings of the Eighteenth International Conference on
Cyclotrons and their Applications, CYCLOTRONS 2007, Giardini Naxos, Italy, 2007.

[34] J.F.Ziegler, M.D. Ziegler, J.P. Biersack, SRIM2010 Code, Available at URL <http://
www.srim.org/>,

[35] NuDat 2.6, National Nuclear Data Center, Brookhaven National Laboratory,
2012. Available at URL <www.nndcbnlgov/nudat2/>.,

[36] V.P. Chechev, M.-M. Bé Radioactive equilibrium: “Mo/**™Tc decay
characteristics, Appl. Radiat. Isot. 87 (2014) 132-136.

[37] B. Pritychenko, A. Sonzogni, Q-value calculator, NNDC, Brookhaven National
Laboratory. Available from URL <http://www.nndc.bnl.gov/qcalc>.

[38] J. Frana, Program DEIMOS32 for gamma-ray spectra evaluation, J. Radioanal.
Nucl. Chem. 257 (3) (2003) 583-587.

[39] A.J. Koning, D. Rochman, S.C. van der Marck, . Kopecky, |.Ch. Sublet, S. Pomp,
H. Sjostrand, R. Forrest, E. Bauge, H. Henriksson, O. Cabellos, S. Goriely, |.
Leppanen, H. Leeb, A. Plompen, R. Mills, TALYS-based evaluated nuclear data
library. Available from URL <http://www.talys.eu/tendl-2015>,

[40] K. Gul, A. Hermanne, M.G. Mustafa, F.M. Nortier, P. ObloZinsky, S.M. Qaim, B.
Scholten, Yu. Shubin, S. Takacs, F. Tarkdnyi, Z. Zhuang, Charged particle cross-
section database for medical radionuclide production: diagnostic
radionuclides and monitor reactions, in: IAEA-TECDOC-1211, IAEA, Vienna,
2001. Update available from URL: <www.nds.iaea.org/medical/>.



Publikacia I

Cervenak J., Lebeda O.

Measurement of cross-sections of proton-induced
nuclear reactions on **’Au focused on the production
of the theranostic pair **"™%Hg

Nucl. Instrum. Methods Phys. Res. B 458 (2019) 118-125
https://doi.org/10.1016/j.nimb.2019.08.006

46



Nuclear Inst. and Methods in Physics Research B 458 (2019) 118-125

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research B

journal homepage: www.elsevier.com/locate/nimb U T

Measurement of cross-sections of proton-induced nuclear reactions on **’Au
focused on the production of the theranostic pair '°”™8Hg

Jaroslav Cervenak, Ondiej Lebeda”

Nuclear Physics Institute of the CAS, Husinec-ReZ 130, 250 68 Re, Czech Republic

ARTICLE INFO ABSTRACT

Keywords:

I97mH

197eHg
Theranostic pair
Cross-sections
Proton activation
Gold target

We measured cross-sections of the nuclear reactions '¥Au(p,x)'*’™Hg, '“"#Hg, '**"Hg, '***Hg,
196m1tsay, 194 *SAy in the energy range of 6.4-35.3 MeV having used stacked-foil technique with high purity
gold foils. The results were compared with previously published data and with prediction of the TALYS nuclear
reaction model code adopted from the TENDL-2017 library. Thick target yields were deduced from the measured
data. Production of the theranostic isomeric pair '*”™#Hg is thoroughly discussed.

196m2Au
s

1. Introduction

The isomers of '°’Hg, **"™Hg (23.8 h) and '*’#Hg (64.14 h), form an
interesting theranostic radionuclide pair for imaging and therapy [1].
While the shorter-lived '®’™Hg emits a dominant 134 keV y-line sui-
table for imaging via Single Photon Emission Computed Tomography
(SPECT) as well as high energy conversion electrons (150, 119 and
82keV) and Auger electrons (7.6 keV) promising for therapy of small
tumours and metastases, the longer-lived ground state provides
77.35keV gamma line, 77.58keV X-Kgs, 77.98keV X-Kg; rays and
68.81 keV X-K,; rays appropriate for the SPECT imaging and also
therapeutic conversion electrons (63 keV) together with Auger elec-
trons (7.4 keV) [1,2]. Moreover, it is easy to shield even larger activities
of the pair due to the absence of high energy y-rays. Finally, chemistry
of mercury, as a metal element, enables labelling reactions using ap-
propriate chelators [3].

In contrast to the reactor-produced mercury radioisotopes that
suffer from low specific activity, production of '*”™#Hg by protons or
deuterons on naturally monoisotopic '*’Au allows to obtain almost
carrier-free product. Rapid and efficient separation of mercury radio-
isotopes from the gold target results in high radionuclidic purity and
high-specific activity of '*”™#Hg suitable for labelling. It eliminates risk
related to chemical toxicity of the mercury itself that stopped interest in
the reactor-produced Hg radioisotopes.

For reliable and well-controlled production of °7™#Hg, precise
knowledge of the excitation functions for their formation is necessary.
Moreover, the EOB isomeric ratio of '*”™Hg/'*’®Hg depends not only
on the particle energy, irradiation and cooling times, but also on the

“Corresponding author.
E-mail address: lebeda@ujf.cas.cz (O. Lebeda).

https://doi.org/10.1016/j.nimb. 2019.08.006

projectile inducing the nuclear reaction leading to their formation. In
general, deuteron-induced reactions provide higher isomeric cross-
section ratio m/g compared to proton-induced reactions. This ratio for a
given particle and a particular production target is a function of the
incident beam energy and its loss in the target, i.e. of its thickness (see
Section 3.4 Thick target yields).

Due to the few available experimental data sets that are not always
consistent, we decided to re-measure excitation functions of proton-
induced nuclear reactions on gold up to 35.3MeV proton energy
available on the cyclotron U-120 M at the Nuclear Physics Institute,
Re7. For the same reason, the deuteron-induced excitation functions
were re-measured up to 20 MeV and the results will be reported in a
separate article.

2. Experimental
2.1. Target and irradiation

Two stacks consisting of '*”Au foils (99.9%, 7 um thick, Goodfellow,
Great Britain) interleaved with "™Ti foils (99.6% 11.0um thick,
AlfaAesar, USA) and Cu degraders (55.9 and 10.6 um thick, Goodfellow,
Great Britain) were irradiated on the external proton beam line of the
cyclotron U-120M at the Nuclear Physics Institute of the Czech
Academy of Sciences (CAS). The stacks were placed in a Faraday-cup-
like holder. Precise thickness of each foil was determined by weighing.
The beam energy loss and straggling was calculated with use of the
program SRIM2008 [4].

The first stack of foils contained 13 Au targets and 14 Ti monitors
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interleaved with thicker Cu degraders, and the incident proton energy
was set to 35.2 = 0.2 MeV. The second stack of foils contained 12 Au
targets and 12 Ti monitors interleaved with thinner Cu degraders, and
the incident proton energy was set to 17.3 + 0.2MeV [5]. Each stack
was irradiated for 1 h.

Beam current was recorded each second of the irradiation and in-
tegrated over the bombardment time t,. The recorded value of beam
current was slightly corrected by reconstruction of the monitoring ex-
citation function "Ti(p,x)**V [6].

2.2. Activity measurement

Three energy and efficiency calibrated HPGe detectors (GMX45-
Plus, Ortec; GC2019, Canberra and GEM40P4-83-SMP, Ortec) were
used for measurement of gamma-ray spectra of the irradiated foils.
Their calibration was performed with a set of standards (**'Am, '5?Eu,
l?'7Cs, 13383 and ®°Co) for various distances sample-detector. The whole
energy range for a given distance sample-detector was covered with a
polynomial of the fifth degree (In # = f(In E), where 5 is the detection
efficiency and E is the energy of a gamma line). Linear fit was used for
photo-peak energies higher than 240 keV.

All the irradiated Au foils were measured several times in order to
optimize quantification of radionuclides with various half-lives and
intensities of the gamma-lines. All the Ti monitors were measured after
ca 16 days in order to avoid the interference from the decay of **Sc to
the activity of “*V. The *®V activity fraction ejected from the monitor to
the following Au foil was measured and added to the activity measured
in the monitor itself (0.5-3.5% of **V born in the foil was ejected,
depending on the beam energy in the foil). All the acquired spectra
were evaluated in the program DEIMOS [7].

The decay data used for the activity calculation were adopted from
the NuDat2 database [8] and, if missing, from the Firestone’s Table of
Isotopes [2]. Q-values and thresholds of the reactions were calculated
via Q-calc program online [9]. The decay and nuclear reaction data
relevant for the experiment are summarized in Table 1.

2.3. Calculation of cross-sections, their uncertainties, thick target yields and
prediction of excitation functions

Cross-sections were calculated using the activation formula (equa-
tion (1)):

o= [; Itr Ly Aze
Lyt 1 —e2 " dpN,I (1 — e7*b)

(€3]

where o is cross-section for formation of a radionuclide at the energy in
the middle of the foil (cm?), P, is net peak area of the y-line used for the
radionuclide’s quantification, I, is intensity of this y-line, 5 is detection
efficiency for this y-line, t,, is life time of the measurement (h), ¢, is real
time of measurement (including the dead time) (h), A is decay constant
of a radionuclide (h™%), t. is time between the EOB and the start of the
measurement (h), A is atomic weight of the foil’s metal (g/mol), z is
proton charge (z = 1), e is elementary charge (1.602177 x 10~ '°C), d
is foil’s thickness (cm), p is density of the foil’s metal (g/cm3), N, is
Avogadro’s number (6.022137 x 10** mol ™), I is beam current (A)
and t, is irradiation time (h).

Total cross-section uncertainty was deduced from partial un-
certainties of the parameters in the activation formula summarized
below:

® detection efficiency for a gamma line selected for the activity cal-
culation (ca 3 %)

® emission probability of a gamma line selected for the activity cal-
culation (usually < 5 %)

® net peak area of a gamma line selected for the activity calculation
(< 10 %)
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® beam current (ca 6 %)
e foil’s thickness (< 2 %)

The obtained cross-sections were compared with previously pub-
lished data and with theoretical predictions of the TALYS nuclear re-
action model code adopted from the TENDL-2017 library [10].

2.4. Interference corrections

The only interference to be corrected was the contribution of parent
nuclei decay to daughter nuclei activity in the generator systems
formed in the target foils. Activity of a daughter radionuclide born from
a parent radionuclide during the irradiation (Eq. (2)) and after EOB (Eq.
(3)) was taken into account [11,12].

AEOB _ fdPNA“I ( 1 4 eHib 4 4 c—ulzrb)
- Aze \ A =4 A =4, (2)
A poB byt _ it EOB kot
A =f—L2_4 — Rty 4 Al
=S )+ AT )

3. Results and discussion
3.1. Beam energy and current

The integrated beam current measured in the first stack indicated an
average value of 0.574 pA, in the second stack it was 0.622 pA. The
reconstructed excitation function of the monitoring reaction "*'Ti
(p,x)‘sv with the recommended cross-sections [6] are displayed in
Fig. 1. The slight corrections resulted in the incident beam energies
equal to 35.40 MeV and 17.50 MeV, respectively, and in the beam
currents equal to 0.567 pA and 0.590 pA, respectively. It is a good
agreement that demonstrates the setting of the beam parameters is
within the expected uncertainties.

3.2. Measured cross-sections and prediction of excitation functions

The measured cross-sections together with the previously published
data and the excitation functions predicted by the TALYS code (TENDL-
2017 library) [10] are displayed on Figs. 2-8. The cross-sections ob-
tained in our experiment including their uncertainties are summarized
in Table 2.

3.2.1. Cross-sections for the '*”Au(p,n)'*”"Hg

The activity of '*’™Hg was calculated from the net peak area of its
133.98keV y-line (33.5% per decay). All the previously published data
were corrected with the use of the currently adopted emission prob-
abilities of the radiation used by the authors for quantification of the
cross-sections, if possible. The data we measured are in a very good
agreement with data of Vandenbosch and Huizenga (1960) [13], Sze-
lecsényi et al. (1997, 2007) [14,15] and Elmaghraby et al. (2010) [16].
The best agreement was observed with recent results of Ditréi et al.
(2016) [17]. Hansen’s et al. (1962) [18] and Gritsyna’s et al. (1963)
[19] data show the same course of the excitation function as the rest of
the experimental data, they are, however, slightly higher and lower
respectively when compared to our data. Moreover, Gritsyna’s data
seem to be shifted towards lower energies. The largest difference was
observed between our data and the cross-sections provided by Satheesh
et al. (2012) [20]. Their data seem to overestimate significantly the
remaining experimentalists; moreover, they are rather scattered. The-
oretical model is in an excellent agreement with our data up to ca
11 MeV. All the authors, including us, observed then a sharp maximum
around 11.8 MeV; in contrast, the TALYS predicts much slower gradual
decrease of the excitation function with another maximum.
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Data for the investigated radionuclides. Q-values and thresholds for the isomeric nuclei need to be lowered by the energy level of the isomer. Q-values for reactions
where composed particles are emitted need to be increased by the particle binding energy (d = np + 2.225 MeV, t = p2n + 8.482MeV, *He = 2pn + 7.718 MeV,
a = 2p2n + 28.296 MeV). Energies and intensities of gamma lines used for quantification are in bold. Uncertainties in the last digits are given in italics.

Radionuclide Half-life Reaction Q (MeV) Threshold (MeV) E, (keV) L, (%)
Spin
195my g 416h8 17 Au(p,3n) —~17.051 17.139 261.75 4 313
13/2+ 387.87 5 218 18
560.27 4 7.1
1958Hg 10.53h 3 180.11 4 1.95 24
1/2- 207.10 4 1.6 3
585.13 5 2.04 25
599.66 4 1.83 22
779.80 5 7.0
1111.04 10 1.48 22
197myg 238h 1 197 Au(p,n) -1.382 1.389 133.98 5 33.5
13/2+ 164.97 7 0.262
279.01 5 6
1975 64.14h 5 191.437 10 0.632 21
1/2-
268.78 5 0.0393 19
1948y 38.02h 10 177 Au(p,p3n) —-23.142 23.260 293.548 7 10.58 15
1- 328.464 6 60.48
645.152 9 2343
948.310 9 2.28 3
1104.044 10 2143
1175.353 11 2113
1468.882 15 6.61 11
1886.89 6 2.23 18
1924.225 22 2199
196m2py 9.6h1 197 Au(p,pn) -8.072 8.114 137.69 3 134
12— 147.81 2 43.5
168.37 2 785
188.27 3 30.0 15
285.49 7 445
316.19 5 3.03
19688y 6.1669 d 6 333.03 5 22.99
2- 355.73 5 87
426.10 8 6.6
12079 2 2.90 21
400 4 —— authors used for the '°7®Hg quantification the 77.35 keV gamma line
i(p.x X 3 %
250 | P that interferes with two X-rays (77.58 keV and 77.98 keV) of different
intensities. It is, therefore, very difficult to apply any correction. Only
300 the data of Elmaghraby et al. (2010) [16] were corrected as they used
g 565 3 This vk the 191.44keV y-line for evaluation. Our data are again in the best
= —Redaynfented aossesotions agreement with Ditréi et al. (2016) [17], although these cross-sections
=] . . . . §7 iy
‘5 200 A are slightly higher in the energy region of 13-17 MeV (Ditréi et al. used
b the same y-line and intensity for evaluation as we did). The data of
§ L Hansen et al. (1962) [18] and Gritsyna et al. (1963) [19] follow almost
S 400 | perfectly the theoretical prediction, being systematically lower than our
measurement, while those of Vandenbosch and Huizenga (1960) [13]
50 - are shifted towards higher energies. Even though the remaining data
0 . ' . i ' . ' . sets [18,20-22] have similar shape, their cross-sections are higher or
4 8 12 16 20 24 28 32 36 even significantly higher and in the case of Thomas and Bartolini

proton energy (MeV)

Fig. 1. Reconstruction of the recommended excitation function of the ™*Ti
(p,x)*®V reactions [6] from the **V activity measured in the Ti monitors in both
stacks of foils.

3.2.2. Cross-sections for the *°’Au(p,n)**’¢Hg

The activity of the ground state '’$Hg was calculated from its
strongest y-line 191.44 keV that has rather low intensity of 0.632% per
decay. The activity was corrected for the contribution of '*’™Hg decay
as described in the Section 2.4. The experimental data for the excitation
function of the '%7Au(p,n)'*’#Hg reaction are the most scattered from
all the studied reactions. This can be due to the fact that majority of the

120

(1967) [21] and Chodil et al. (1967) [22], their points are quite scat-
tered as well. Schery’s et al. (1974) [23] point is a little lower than our
excitation function. Theoretical model fits perfectly with our data up to
9MeV and in the energy region over 20 MeV. Between 9 and 20 MeV,
the prediction follows the shape of the experimental data, but shows
lower values.

3.2.3. Cross-sections for the **”Au(p,3n)"*™Hg

The activity of '>™Hg was calculated using its 560.27 keV y-line
with the intensity of 7.1% per decay. Experimental cross-sections for
the **7Au(p,3n)'?*™Hg reaction are quite consistent, all of them follow
the same trend. The best agreement with our data can be found with the
results of Michel et al. (1997) [24]. The remaining data sets
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Fig. 2. Cross-sections for the '*’Au(p,n)'*’™Hg reaction.

[15,17,25,26] show lower cross-section values, and there is a good
agreement among them. Ditréi’s et al. (2016) [17] data are slightly
scattered in the energy region up to 24 MeV, nevertheless they are the
second closest cross-sections to our measurement (the scattering seems
to be due to combing data from the two experiments at different cy-
clotrons). Theoretical prediction has a steeper increase than the ex-
perimental data and the maximum of the excitation function is ap-
proximately 10% higher compared to our results; for projectile energies
exceeding 29 MeV, the prediction is in an excellent agreement with our
results, and with the data of Michel et al. [24] and Ditr6i et al. [17].

3.2.4. Cross-sections for the **’Au(p,3n)'***Hg
Cross-sections of '“*®Hg were calculated using its 779.80keV y-line

with the emission probability of 7.0% per decay. The activity was
corrected for the contribution of '**™Hg decay (see Section 2.4.). Our
results are in very good agreement with the data of Ditréi et al. (2016)
[17] even though they show the same scattering in the energy region up
to 24 MeV as in the case of their cross-sections for formation of '**™Hg.
Nagame’s et al. (1990) [26] cross-sections seem to be systematically
lower. The single cross-section point around maximum provided by
Bonardi and Birattari (1984) [25] agrees well with our measurement,
while another single value published by Gusakow et al. (1960) [27]
overestimates significantly the data measured in this energy region.
Theoretical prediction should be shifted to higher energies (ca 3 MeV)
and its values multiplied by ca 1.35 in order to agree well with the
experimental data.

200 -
_ 197Au(p,n)979Hg —TENDL-2014
180 - ® This work
4 Vandenbosch 1960
160 - O Hansen 1962
= & X Gritsyna 1963
€ 140 1 H A m Chodil 1967
= Tl A Thomas 1967
8 120 A A 5 + Schery 1974
§ l- ¢ Elmaghraby 2010
g 100 - = a = Satheesh 2012
1] e
g 80 .A Y X Ditroi 2016
60
40
20
0 T |
5 10 15 20 25 30 35 40
proton energy (MeV)

Fig. 3. Cross-sections for the '*’Au(p,n)'*7$Hg reaction.
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Fig. 4. Cross-sections for the '*Au(p,3n)' *™Hg reaction.
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Fig. 5. Cross-sections for the '’ Au(p,3n)'***Hg reaction.
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Fig. 6. Cross-sections of proton-induced reactions on gold leading to '**™Au.

3.2.5. Cross-sections for the **7Au(p,x)***™Au

The activity of '**™?Au was calculated using its 147.81 keV y-line
with 43.5% intensity. The only available experimental cross-section
data for formation of '“®™Au were those of Ditroi et al. (2016) [17].
They agree with our results very well up to 25MeV, while for higher
energies, Ditroi’s cross-sections start to be systematically lower. The
TALYS prediction overestimates by far all the experimental data, al-
though its shape corresponds with them.
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Fig. 7. Cross-sections of proton-induced reactions on gold leading to
196ml+gp,
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Fig. 8. Cross-sections of proton-induced reactions on gold leading to '**™ *#Au.

3.2.6. Cross-sections for the 1%7Au(p,x)'?°™! *¢Au

The cross-sections of '?™! *£Ag are based on its intense 355.73 keV
y-line (emission probability of 87% per decay). The activity was cor-
rected for the contribution of '**™2Au decay (cf. 2.4), but it is cumu-
lative regarding the short-lived isomer '“*™Au (T,, = 8.15s). In the
10-30 MeV energy interval, all the four available experimental data sets
[14,15,17,28] are in a good agreement with each other and with our
measurement. For the energies exceeding 30 MeV, the experimental
data start to be less consistent and more scattered. TENDL-2017 un-
derestimates significantly the measured excitation functions in the
whole energy region.

3.2.7. Cross-sections for the %7 Au(p,x)%*" *$Au

The activity of '**¥Ag was calculated from its 328.464 keV y-line
with intensity of 60.4%. It is cumulative regarding its isomeric state
194mAy; that decays solely to its ground state via isomeric transition with
half-life of 600 ms. All the experimental data sets [15,17,28] show the
same trend as our cross-sections, however, data of Szelecsényi et al.
[15] seem to be systematically higher. The TALYS prediction slightly
underestimates the measured data almost in the whole energy range.

3.3. Isomeric cross-section ratios

Isomeric cross-section ratios for the three isomeric pairs found in the
target were calculated from the measured cross-sections and compared
with experimental isomeric ratios calculated from the cross-sections
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Table 2
Measured cross-sections data for formation of Hg and Au radioisotopes in the **”Au(p,x) reactions.
E, (MeV) o (mb)
197mpyo 197shg 195mpyo 1958y 196m2 196ml +gp0, 194m+gp
35.20 + 0.20 8.10 + 0.56 243 + 17 90.6 + 6.3 9.18 + 0.63 158 = 11 10.84 + 0.76
34.07 + 0.20 8.33 + 0.58 321 + 22 109.7 + 7.6 9.02 + 0.62 159 + 11 7.48 + 053
32.81 + 0.20 872 + 0.61 428 + 29 174 + 12 8.52 + 0.59 158 + 11 527 + 038
31.51 + 021 8.85 + 0.62 554 + 38 233 * 16 7.99 + 0.55 154 = 11 381 + 028
30.17 + 021 9.20 + 0.64 693 + 48 315 + 22 7.32 + 0.51 152 + 10 2,68 + 0.20
28.77 + 0.22 9.57 * 0.67 760 + 52 390 + 27 6.32 + 0.44 145 + 10 178 + 0.14
27.35 + 0.22 11.45 + 0.79 121 + 2.1 779 + 54 449 + 31 5.40 + 0.37 1381 + 95 123 + 0.10
25.86 + 0.23 11.42 + 0.79 107 + 3.4 703 + 48 427 * 29 4.25 + 0.29 125.2 + 87 112 + 0.10
24.30 + 0.23 12.16 + 0.84 12.0 + 3.3 603 + 42 402 + 28 2.97 + 0.21 106.5 *+ 7.5 0.480 + 0.056
22.65 + 0.24 11.31 + 0.78 12,5 + 3.0 458 + 32 344 + 24 172 + 0.12 864 + 6.1 0.226 + 0.041
20.90 + 0.25 9.77 + 0.67 135 + 2.2 250 + 17 216 + 15 0.781 * 0.060 645 + 5.0
19.03 + 027 12.70 + 0.87 157 + 1.7 516 + 2.4 54.5 + 1.1 0.254 + 0.021 34.0 + 2.9
17.32 + 020 14.2 + 1.0 174 = 1.2 0.0188 *+ 0.022 189 + 2.2
17.04 + 0.28 14.3 = 1.0 16.0 + 1.7 0.56 + 0.19 112 + 0.44 0.134 + 0.010 179 + 1.3
16.08 + 0.20 15.3 + 1.1 19.4 + 1.4 9.56 + 0.66
14.79 + 021 18.1 + 1.2 225 + 1.6 3.28 + 0.23
13.41 + 022 24.9 * 1.7 356 + 2.5 0.607 + 0.043
12.66 + 0.23 302 + 2.1 42.8 + 3.0 0.186 + 0.015
11.87 + 023 37.6 + 2.6 57.4 + 4.0
11.05 + 0.24 35.6 + 2.4 62,5 + 4.4
10.19 + 025 303 + 21 65.7 + 4.6
9.27 + 0.26 19.2 + 1.3 57.3 + 4.0
8.28 + 0.27 8.27 + 0.57 302 + 2.1
7.19 + 0.30 2.07 + 0.14 8.34 + 0.63
6.35 + 0.32 0.504 + 0.037 2.02 + 0.21
277 197, 197, 197, 197, 0.08 4
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Fig. 9. Isomeric cross-section ratio for the formation of ' ™Hg/'*"*Hg.
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Fig. 10. Isomeric cross-section ratio for the formation of '**™Hg/'***Hg.
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Fig. 11. Isomeric cross-section ratio for the formation of *#*™Au/*%*™ " #Aq,

provided by the other authors. The comparison is displayed on the
Figs. 9-11 and discussed below.

3.3.1. Isomeric cross-section ratio for formation of *“™Hg/'*7¢Hg

All the data follow approximately the same trend. Gritsyna’s et al.
(1963) [19] data overestimate the rest of other experimental data in the
whole measured energy range. All the remaining data are in an ac-
ceptable agreement with ours up to 20 MeV, where Ditréi’s et al. (2016)
[17] and Elmaghraby’s et al. (2010) [16] data start to be remarkably
higher. In general, the cross-section ratio m/g increases with energy,
exceeding 0.8 around 15 MeV and at ca 25 MeV reaching its maximum
value of 1.06.

3.3.2. Isomeric cross-section ratio for formation of 1*™Hg/'**¢Hg
Ditr6i’s et al. (2016) [17] data are in a very good agreement with
ours. Nagame’s et al. (1990) [26] values follow roughly the same trend,
but they are too scattered. The only point of Bonardi and Birattari
(1984) [25] seems to underestimate the other three data sets. The ratio
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Fig. 12. Physical thick target yields for "*”"Hg, '“’®Hg and '**™ " #Au.

s Thick target yields
% 1360 ~
2 | sessss Hg-195m
g == Hg-195g
5 1020 A — . AU-196m
£ —Au-194g
£
2 680
=
-
340 A
0+ 1
18 20 22 24 26 28 30 32 34 36
proton energy (MeV)

Fig. 13. Physical thick target yields for '°™Hg, '%*Hg, 19°™2Ay and '™ " $A.

m/g increases quite rapidly with the proton energy from 0.5 at 17 MeV
to almost 3 around 35 MeV.

3.3.3. Isomeric cross-section ratio for formation of 1%6™2Au /%M1 +8Ay

The isomeric cross-section ratio that can be calculated in this case is
the ratio of measurable cross-section for m2 state and sum of cross-
sections for the formation of ml state (T, = 8.1s, J, = 5+) and the
ground state. Ditréi’s et al. (2016) [17] data show large scattering, al-
though in general follow the same trend as our m2/(ml + g) cross-
section ratio. The ratio m2/(ml + g) increases rapidly with energy,
however, formation of the ground state is remarkably enhanced com-
pared to both isomeric pairs of the mercury radioisotopes discussed
above.

3.4. Thick target yields

Thick target yields were calculated for all the radionuclides quan-
tified in the experiment. The experimental cross-section data were fitted
with one or two polynomial fits and integrated using the stopping
power of protons in gold [4] in order to obtain thick target yields. The
deduced yields are displayed on the Figs. 12 and 13.

3.4.1. Thick target yields for formation of '*”™Hg and '*7¢Hg

With beam energies below 17MeV (threshold for formation of
195myg 1958 Hg  cf. Table 1 and Figs. 4 and 5), it is possible to obtain
197myg /1978Hg without any measurable radionuclidic impurities just by
chemical separation of mercury from Au target, and the product is
practically carrier-free except traces of stable '*°Hg produced in the
197Au(p,2n) reaction (Egr = 8.21 MeV).

Nuclear Inst. and Methods in Physics Research B 458 (2019) 118-125

The '97™Hg/'978Hg activity ratio at the EOB for e.g. 10 h long ir-
radiation may vary between ca 1.1 to ca 1.8 using various beam energy
losses (incident 12-24 MeV, leaving energy 8-20 MeV). Shortening the
bombardment time to 5 h increases this ratio to 2.0. Further shortening
brings only minor effect, while the available activity drops significantly.
Avoiding formation of '*>™Hg/'°°¢Hg, one may vary the '*"™Hg/'%7$Hg
activity ratio at the EOB actually between 1.1 and 1.8, producing sev-
eral GBq of both isomers in 10 h with 100 uA proton beam. In all the
cases, the contribution of '®”™Hg decay to the EOB activity of '*7$Hg
during the irradiation was taken into account.

The evolution of the *’™Hg/'%7¢Hg activity ratio in time post-EOB
must be considered before administration of this theranostic pair. For
therapeutic application, enhanced formation of '*”™Hg is desirable, for
diagnostic a vice versa, cf. [1].

4. Conclusion

In this work, we presented new experimental cross-sections for the
proton-induced reactions on '°’Au resulting in '°”™Hg, '97#Hg, 9" Hg,
195gpyg  196m2py 196ml+gay and '9*™*8Ay in the energy range of
6.4-35.3MeV. Some of the previously published data (**”™Hg, '*7¢Hg)
were corrected to the currently adopted y-line intensities before com-
paring them to our results. All the experimental data were compared
with the theoretical prediction of cross-sections of the TALYS nuclear
reaction model adopted from the TENDL-2017 online library. The iso-
meric ratios for the three isomeric pairs found in the target were cal-
culated, as well as thick target yields for all the radionuclides quantified
in the experiment. Possible ways for modifying the EOB activity ratio
for the theranostic pair '*’™Hg/'*#Hg were shortly discussed.
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Theranostic '*’™#Hg of high specific activity may be produced by proton or deuteron activation of gold. The
particle choice affects the isomeric ratio. In order to compare both projectiles, we re-measured cross-sections of
the nuclear reactions ' Au(d,x)'*™Hg, '7*Hg, '**™Au, "**Au, "*™?Aq, '“°™ *#Au in the energy range of
8.3-19.7 MeV having employed usual stacked-foil method. The obtained values were compared with previously
measured data and with prediction of the TALYS nuclear reaction model code adopted from the TENDL-2017
library. Experimental data were used for calculation of the thick target yields. The yields for the isomeric pair
197m.sHg were confronted with those for recently re-measured proton-induced reactions. We also provide a new

data set for the reaction "*'Cu(d,x)**Zn.

1. Introduction

The isomers of '*’Hg, '7™Hg (23.8h) and '°7®Hg (64.14 h), re-
present an interesting theranostic radionuclide [1]. Each of them emits
both imaging and therapeutic radiation, the former dominates in the
decay of the ground state, while the latter in the decay of the metastable
state [1,2]. Easy shielding allows for safe handling and transport of
large activities, and well-known mercury chemistry offers several ap-
proaches, how to attach it to organic molecules [3]. High-specific ac-
tivity '9/™#Hg may be produced in the '*’Au(p,n) or '*’Au(d,2n) nu-
clear reactions, avoiding thus the issues related to the chemical toxicity
of the element present in the reactor-produced mercury radioisotopes.

We have recently re-measured the excitation functions of the **’Au
(p,x) nuclear reactions and showed that the isomeric activity ratio m/g
at the EOB may vary between 1.1 and 1.8, while keeping the yield of
both at acceptable levels [4]. In the present work, we focused on the
precise re-measurement of the deuteron-induced nuclear reactions on
197Au up to 19.7 MeV deuteron energy available on the cyclotron U-
120M at the Nuclear Physics Institute, Rez. As a “by-product” of the
study, we employed the activation of the thin Cu degraders to measure
new data for the "Cu(d,x)**Zn nuclear reaction that is potentially in-
teresting for the beam monitoring.

“Corresponding author.
E-mail address: lebeda@ujf.cas.cz (O. Lebeda).

https://doi.org/10.1016/j.nimb.2019.09.034

2. Experimental
2.1. Target and irradiation

One stack composed of thirteen gold foils (99.9%, 7 um thick,
Goodfellow) interleaved with fourteen "*'Ti foils (99.8%, 11.0 um thick,
AlfaAesar) and sixteen "*'Cu degraders (10.6 pm thick, Goodfellow) was
bombarded with deuterons on the external beam line of the cyclotron
U-120M at the Nuclear Physics Institute of the Czech Academy of
Sciences (CAS) in a Faraday-cup-like holder for one hour.

The areal density of the target nuclei in each foil was measured by
weighing and the deuteron energy loss and straggling was determined
with use of the program SRIM2008 [5]. The incident deuteron energy
was set to 19.8 + 0.2MeV [6]. Beam current was recorded each
second and integrated over the bombardment time ¢, The incident
beam energy and recorded value of the beam current was slightly
corrected by reconstruction of the monitoring excitation function "**Ti
0%V [7].

2.2. Activity measurement

Three energy and efficiency calibrated y-ray spectrometers

Received 16 August 2019; Received in revised form 19 September 2019; Accepted 19 September 2019

0168-583X/ © 2019 Elsevier B.V. All rights reserved.
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Table 1
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Data for the quantified radionuclides. Q-values for isomeric nuclei need to be lowered by the energy level of the isomer. Q-values for reactions where composed
particles are emitted need to be increased by binding energy of the particle (d =np + 2225MeV, t =p2n + 8.482MeV, °He = 2pn + 7.718 MeV,
a = 2p2n + 28.296 MeV). Energies and intensities of gamma lines used for quantification of a radionuclide’s activity are in bold. Uncertainties in the last digits are

displayed in italics.

Radionuclide Spin Half-life Reaction Q (MeV) Threshold (MeV) E, (keV) L, (%)
197mHe 13/24 23.8h 1 197Au(d,2n) ~3.606 3.643 133.98 5 33.5
164.97 7 0.262
279.01 5 6
1978Hg 1/2— 64.14h 5 191.437 10 0.632 21
268.78 5 0.0393 19
196m2a4 12— 9.6h 1 197 Au(d,p2n) —-10.291 10.402 137.69 3 1.34
147.81 2 43.5
168.37 2 7.85
188.27 3 30.0 15
285.49 7 445
316.19 5 3.03
1968y 2 6.1669 d 6 333.035 22,99
355.73 5 87
426.10 8 6.6
129.79 2 2.90 21
198mAy 12 - 2.272d 16 197Au(d,p) 4.288 0 97.21 5 69 5
180.31 5 495
204.10 6 395
214.89 5 77.3
333.82 15 18 4
1988ay 2 26941 d 2 411.80205 17 95.62
675.8836 7 0.805 5
By 15.9735 d 25 *7Ti(d,n) 4.605 0 944.130 4 7.870 7
*5Ti(d,2n) ~7.022 7.317 983.525 4 99.98 4
*°Ti(d,3n) ~15.164 15.788 1312.106 8 98.2 3
*se 83.79d4 *5Ti(d,a) 3.979 0 889.277 3 99.984 1
**Ti(d,cm) ~4.163 4.334 1120.545 4 99.987 1
*°Ti(d,a2n) -15.102 15.711
%3Zn 38.47 min 5 #3Cu(d,2n) -6.373 6.577 669.62 5 8.20 32
962.06 4 6.50 40

equipped with HPGe detectors (GMX45-Plus, Ortec; GC2019, Canberra
and GEM40P4-83, Ortec) were used for identification and quantifica-
tion of the radionuclides in the activated foils. The calibration was
performed with a set of standards (**'Am, '52Eu, '*7Cs, '**Ba and ®°Co)
for various distances sample-detector (150, 200, 400, 600, 1000 and
1600 mm). The whole energy range for a given distance sample-de-
tector was covered with a polynomial of the fifth degree (In = f(In E),
where 5 is detection efficiency and E is the energy of a gamma line).
Linear fit was used for the y-ray energies higher than 240 keV. The true
coincidence correction was negligible for all the used sample-detector
distances.

The activated gold foils were measured four or five times at various
distances sample-detector in order to optimize quantification of radio-
nuclides with various half-lives and intensities of the y-lines. The Ti
monitors were measured a month post EOB in order to avoid the in-
terference from the emissions of **Sc to the activity of **V. The **v and
46Sc activity fractions ejected from the monitor to the following Au foil
were measured and added to the activity measured in the monitor itself
(1.4-3.2% of **V and 2.5-3.9% of *“Sc born in the foils was ejected,
depending on the beam energy in the foil). The acquired y-ray spectra
were evaluated in the program DEIMOS [8].

The decay data used for the activity calculations and the nuclear
reaction data relevant for the experiment are summarized in Table 1.
The decay data were adopted from the NuDat2 database [9] and from
the Firestone’s Table of Isotopes [2]. Q-values and thresholds of the
reactions were calculated via Q-calc program online [10].

106

2.3. Calculation of cross-sections, their uncertainties, thick target yields and
prediction of excitation functions
Cross-sections were deduced from the activation formula (Eq. (1)):

g T S Aze
T Lptal—e ¥ dpN I (1 — )’

@

where ois cross-section for formation of a radionuclide at the energy in
the middle of the foil (cm?), P, is net peak area of the y-line used for the
radionuclide’s quantification, I, is intensity of this y-line, » is detection
efficiency for this y-line, ¢, is life time of the measurement (h), ¢, is real
time of the measurement (including the dead time) (h), A is decay
constant of a radionuclide (h™?), t. is cooling time between the EOB and
the start of the measurement (h), A is atomic weight of the foil’s metal
(g/mol), z is deuteron charge (z=1), e is elementary charge
(1.602177 x lO_wC), d is foil’s thickness (ecm), p is density of the foil’s
metal (g/cma), Nj is Avogadro’s number (6.022137 x 10% mol_l), Iis
beam current (A) and ¢, is irradiation time (h).

Total relative cross-section uncertainty was calculated as the square
root of the sum of the squares of partial relative uncertainties of the
parameters in the activation formula summarized below:

e detection efficiency for a gamma line selected for the activity cal-
culation (ca 3%)
® emission probability of a gamma line used in the activity calculation
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(usually < 5%)

® net peak area of a gamma line selected for the activity calculation
(< 10%)

e beam current (ca 6%)

o foil’s thickness (< 2%)

The measured cross-sections obtained in this work were compared
with previously published data and with theoretical prediction of the
TALYS nuclear reaction model code adopted from the TENDL-2017 li-
brary [11].

2.4. Interference corrections

In the measured y-ray spectra, no interferences in the sense of
overlapping peaks energy occurred, and the only interference to be
taken into account was the contribution of the isomeric parent nuclei
decay to daughter nuclei ground state activity in the generator systems
formed in the target foils. The measured activity of the daughter ground
state was decreased by the activity due to decay of a parent radio-
nuclide during the irradiation (Eq. (2)) and after the EOB (Eq. (3)) in
order to obtain the ground state activity formed directly in the nuclear
reaction [12,13].

o N, )
: Aze \ A4 A4 )
A, = fLAFOB (eAr — ht) 4 AfOBe—Rt
i A =4 - (3)

3. Results and discussion
3.1. Beam energy and current

The reconstruction of the monitoring reaction natTi(d,x)*®V excita-
tion function using the recommended cross-sections [7] is displayed in
Fig. 1. We also reconstructed the excitation function for the formation
of **Sc born in the Ti foils in parallel with *®V (see Fig. 2) and compared
the cross-sections with the recent fit of the available experimental data
[14]. Reconstruction of the ™Ti(d,x)**V monitoring reaction resulted
in a slight correction of the incident beam energy (19.8 — 20.0 MeV)
and of the recorded beam current (0.553 — 0.568 pA). These minor
corrections show that the beam parameters are close to the primary
settings, being within the estimated uncertainties.

307 narri(d xpev

300 1

250 7

200 1

150 1

cross-section (mb)

100
— IAEA recommended

50 A X this work

0 T T T T T T T T 1
10 12 14 16 18 20 22
deuteron energy (MeV)

Fig. 1. Reconstructed excitation function of the monitoring reaction "'Ti

(d,x)*v.
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40 7 .
natTi(d,x)*6m*eSc
35 1
301
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< 75 4
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§ 20 1
ﬁ 15
S X this work
10 —— Hermanne et al. (2014)
5 4
0 T T T T T T T T 1
4 6 8 10 12 14 16 18 20 22
deuteron energy (MeV)
Fig. 2. Excitation function of the proposed monitoring reaction "*Ti

(d,x)*™* 5S¢ — our data in comparison with the fit of Hermanne et al. (2014)
[14].

3.2. Measured cross-sections and prediction of excitation functions

The measured cross-sections together with the previously published
data and the excitation functions predicted by TALYS code (TENDL-
2017 library) [11] are displayed in Figs. 3-12. Previously measured
cross-sections were corrected for the difference between the emission
probabilities of the radiation used by the authors for the evaluation, and
the currently adopted values. Detailed description of the applied cor-
rections is provided for '”™Hg and particularly for '°7Hg, where the
available experimental data are too discrepant if taken as published.
Other corrections were straightforward. The cross-sections obtained in
our experiment including the uncertainties are summarized in Tables 2
and 3.

3.2.1. Cross-sections for the "oy (d,x)®°Zn reactions

The presence of thin copper degraders (10.6um) in the stack
naturally suggested to exploit their activation and investigate their
monitoring potential. After disassembling the irradiated target, the
copper foils were immediately measured on a separate y-ray spectro-
meter in order to quantify the activity of the short-lived ®*Zn. The de-
duced cross-sections calculated with use of both prominent y-lines ac-
companying the decay of ®*Zn are summarized in Table 2 and displayed
in Fig. 3. They can be assigned solely to the ®*Cu(d,2n)®*Zn nuclear
reaction, because the (d,4n) reaction on the second stable Cu isotope,
%5Cu, has threshold of 24.95MeV [10]. The data in Table 3 are,
therefore, independent elemental cross-sections that can be easily
converted to independent isotopic cross-sections dividing them by the
63Cu abundance in "*'Cu (0.6915). Agreement between the activities of
37n calculated via both emitted y-rays is very good, well within the
expected uncertainties, although the quantification via the 662.62 keV
y-line seems to provide systematically slightly higher values than that
via the 962.06 keV y-line.

Previously measured data up to 20MeV [15-17] are scarce and
inconsistent. The single point of Bartell et al. (1950) is probably shifted
to higher energy (the last foil in the stack irradiated with 194 MeV
deuterons), data of Fulmer and Williams (1970) are systematically
larger, and the recently provided cross-sections of Takdcs et al. (2006)
show the best agreement with our results, but almost all are shifted to
higher values. In contrast, prediction of the excitation function adopted
from the TENDL-2017 library up to 14 MeV agrees almost perfectly
with our measurement, but then decreases faster to lower amplitudes.
The reaction has potential as a deuteron monitoring reaction, but more
independent experiments are necessary to propose recommended cross-
section for it.
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Fig. 3. Cross-sections of the possible monitoring reaction "*Cu(d,x)**Zn - our
values in comparison with the previously published data [15-17] and the
TALYS prediction taken from the TENDL-2017 library in the measured energy
range.

3.2.2. Cross-sections for the '°’Au(d,2n)*""Hg

Isomer '”™Hg was quantified via its dominant 133.98 keV y-line
(33.5% per decay) and the cross-sections are displayed in Fig. 4. Our
results agree well with practically all the previously reported mea-
surements of Vandenbosch and Huizenga (1960) [18], Chevarier et al.
(1970) [19], Khrisanfov et al. (1973) [20], Long et al. (1985) [21],
Wenrong and Hanlin (1989) [22], Tarkdnyi et al. (2011) [23] and
Térkanyi et al. (2015) [24]. The published data in Fig. 4 were corrected
for the minor differences in the emission probability of the 133.98 keV
y-line used by their authors for the quantification of '*’™Hg activity —
0.338 [18], 0.313 [19] and 0.341 [21,22]. The cross-sections of [20]
were used as published, because the authors don’t provide the emission
probabilities they used. The data of [24] seem to be shifted towards
higher energies, probably the effect of the increased uncertainty in the
last foils of a long stack irradiated with 50 MeV deuterons. The data of
[18,19] are slightly higher for the energies following the maximum of
the excitation function. The TALYS prediction overestimates all the
experimental data almost twice at the maximum position and suggests
slower, more regular decrease of the excitation function around
20 MeV, overestimating the experimental data by a factor of three.

3.2.3. Cross-sections for the '°’Au(d,2n)"*7Hg
The ground state '*$Hg was quantified via its y-line 191.44keV
(low intensity of 0.632% per decay) and its activity was corrected for

550 1
197Au(d,2n)19"mHg
500 TENDL-2017
450 A @ This work
) C Vandenbosch and Huizenga (1960)
E 400 1 A Chevarier etal. (1971)
g 350 - + Khrisanfovet al. (1973)
'§ = Longetal (1985)
@ 300 7 A Wenrong and Hanlin (1989)
@ | O Tarkanyiet al. (2011)
g 2% M Tarkanyiet al. (2015)
200
150 1
100 1
= & A
50 B [m] & ﬁ " ® mpgm
[ T T T T T T d

20 25
deuteron energy (MeV)

30 35 40

Fig. 4. Cross-sections of the '¥” Au(d,2n)'*’™Hg reaction — the measured values
in comparison with the previously published data [18-24] and the TALYS
prediction adopted from the TENDL-2017 library.
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Fig. 5. Cross-sections of the ' Au(d,2n)'?”#Hg reaction - the measured values
in comparison with the previously published data [18-24] and the TALYS
prediction adopted from the TENDL-2017 library.

the contribution of '®™Hg decay as described in the Section 2.4.
Results are displayed in Fig. 5. The originally most scattered data sets
were brought into better agreement with use of detailed corrections.
The measurements of Vandenbosch and Huizenga [18], Chevarier et al.
[19] and Long et al. [21] were slightly corrected for the difference in
the 77 keV peak emission probability used by the authors (0.283, 0.313,
0.306) and the sum of the emission probabilities of the contributing y-
line 77.35 keV of '“7$Hg and interfering Au X-rays (Kga, Kp1 and Kps)
adopted from [2] that is equal to 0.316. The data of Wenrong and
Hanlin [22] were corrected for the lower emission probability of the
190.44 keV line they used (0.49%). Moreover, the authors of the last
two publications [23,24] confirmed in personal communication that the
tabulated cross-sections for the formation of '*’$Hg were actually cal-
culated as g, + fo,,, where fis the transition probability of the '*’™Hg to
the ground state (0.914). The same seems to be true for the works
[21,22]. After deducing the g, itself, we found much better agreement
with the data of [21-23] except the last point of [21]. In contrast, the
cross-sections of [19,24] exceed remarkably our data from the max-
imum forward and seem to be slightly shifted towards higher energies.
In the case of [24], it may be again partly due to the effect of the long
stack and high incident beam energy. Prediction of TALYS under-
estimates practically all the reported data by roughly one third at the

800 -
|97Au(d,2n)|97m0ﬂ“g
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Fig. 6. Cross-sections of the '*’Au(d,2n)'*’™ *#Hg reaction - the sum of the
measured cross-sections for the formation of the metastable state and the
ground state in comparison with the TALYS prediction adopted from the
TENDL-2017 and recently released TENDL-2019 library.
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Fig. 7. Cross-sections of the '°7Au(d,p2n)! “™?Au reaction — the measured va-
lues in comparison with the previously published data [19,23,24] and the
TALYS prediction adopted from the TENDL-2017 library.

maximum, although the shape of the excitation function is similar to
the experimental data.

A recent paper of Sudar and Qaim [25] has demonstrated that the
isomeric cross-section ratio is strongly affected by the ©,.4/0,, para-
meter of the spin cut-off factor and it is mass number dependent. As it is
not reflected in the TALYS code, we also compared the simple sum of
the measured cross-sections and predicted cross-sections for the for-
mation of the metastable and the ground states, see Fig. 6. The result
shows significantly better agreement between TALYS and the experi-
mental data, particularly if compared with recently released TENDL-
2019. However, it is true only for the ]97Au(d,2n) reaction - neither
summing of m and g states cross-sections, nor using TENDL-2019 data
results in better agreement between experiment and theory in the case
of the '*7Au(d,p2n) and '7Au(d,p) reactions treated below.

3.2.4. Cross-sections for the **’Au(d,p2n)**°™*Au

The longer-lived isomer of **®Au - '?*™Au - was measured via its
147.81 keV y-line with high intensity of 43.5%. The deduced cross-
sections are shown in Fig. 7 - all the experimental data [19,23,24] seem
to agree very well, and the TENDL-2017 perfectly follows their shape,
but the predicted amplitude is five times higher (note the extra axis).
However, detail of the data below 25 MeV displayed in Fig. 8 illustrates
large disagreement between our experiment and data of Tarkanyi et al.
[24]. It doesn’t seem to be explained by a simple energy shift, and ra-
ther suggests energy straggling and/or possible contamination of the
last foils with highly activated foils during disassembly of the stack.
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Fig. 8. Cross-sections of the **7Au(d,p2n)***™Au reaction - detail illustrating
rather large scattering of the available experimental data for the projectile’s
energy below 20 MeV.
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Fig. 9. Cross-sections of the '”’Au(d,p2n)'°*™ *#Au reaction — the measured
values in comparison with the previously published data [19,23-26] and the
TALYS prediction adopted from the TENDL-2017 library.
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Fig. 10. Cross-sections of the '°7Au(d,p2n)'**™ * $Au reaction — detail illus-
trating rather large scattering of the available experimental data for the pro-
jectile’s energy below 20 MeV.

3.2.5. Cross-sections for the 297 Au(d,pZn)I%"” *2Au

The cross-sections for the formation of '**¢Au were deduced from
the measurement of its dominant 355.73 keV y-line (emission prob-
ability of 87% per decay). Although the activity of the ground state was
corrected for the small contribution of '°°™2Au decay (cf. 2.4), the
cross-sections are definitely cumulative regarding the short-lived
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Fig. 11. Cross-sections of the ¥’ Au(d,p)'**™Au reaction — the measured values
in comparison with the previously published data [23,24] and the TALYS
prediction adopted from the TENDL-2017 library.
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Fig. 12. Cross-sections of the *?7Au(d,p)"***Au reaction — the measured values
in comparison with the previously published data [19-28] and the TALYS
prediction adopted from the TENDL-2017 library.

Table 2
Cross-sections for the "'Cu(d,x)®*Zn reactions measured in this work.

E,; (MeV) o (mb) for ™'Cu(d,x)**Zn
via 669.62 keV via 962.06 keV

19.22 + 0.22 232 + 18 229 + 17
18.26 + 0.25 244 + 19 236 + 17
17.26 + 0.28 249 + 20 243 + 18
16.25 + 0.31 251 + 20 242 + 18
15.43 + 0.34 244 + 19 241 + 18
14.63 + 0.37 234 + 19 222 + 16
13.81 + 0.40 222 + 18 217 + 16
12.95 + 0.44 208 + 17 199 + 15
12.06 + 0.48 185 + 15 182 + 13
11.11 + 0.53 155 + 12 150 + 11
10.08 * 0.59 1183 + 9.4 116.8 + 8.6
9.01 + 0.66 73.7 + 59 740 * 5.4

isomer '%°™Au (T,, = 8.15), i.e. the data are related to '°°™ *8Au,
Results are displayed in Fig. 9. In general, the prediction of TENDL-
2017 follows the course of all the available experimental data
[19,23,24,26,27], however, in the region below 20MeV significantly
underestimates them, as obvious from the detail of the excitation
function (see Fig. 10). Our results agree very well with the work of
Tarkanyi et al. [23] obtained with similar incident energy, while the
data of their later work [24] from the single bombardment of a long
stack with 50 MeV incident deuteron energy differ again from our cross-
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Fig. 13. Isomeric cross-section ratios for the formation of **’™Hg and '*7$Hg in
the %7 Au(d,2n) reaction.

sections, being remarkably larger except two points.

3.2.6. Cross-sections for the 7 Au(d,p)***"Au

The activity of the isomer '**™Au was determined via its prominent
214.89keV y-line (emission probability of 77.3% per decay). The de-
duced cross-sections are displayed in Fig. 11. From the only two other
published data sets [23,24], our data agree very well with the earlier
work [23], while the recent [24] provides several times higher cross-
section values. The cause of this discrepancy was suggested in the above
Sections 3.2.4 and 3.2.5. The TENDL-2017 prediction is by an order of
magnitude higher than measured values, and it doesn’t correspond to
the experimental data neither in the maximum position, nor in the
shape.

3.2.7. Cross-sections for the **7Au(d,p)***Au

The activity of the ground state '**®Au was determined via its
prominent 411.80keV y-line (emission probability of 95.62% per
decay). Contribution of the isomeric state '?*™Au to the activity of the
ground state is negligible. The measured cross-sections are displayed in
Fig. 12. There are plenty of reported data available [19-24,26-29].
Although the activity of '**¥Au is easy to quantify precisely and its
decay data are well established for decades, the experimental material
is surprisingly scattered. Our cross-sections are systematically higher
than all the other data sets except few points of Sandoval and Paez
(1964) [28] and Tarkdnyi et al. (2015) [24]. The published data agree
more or less in the shape, just Nassif et al. (1963) [29] and Sandoval

Table 3

Cross-sections for formation of Hg and Au radionuclides in the **”Au(d,x) reactions measured in this work.
E4 (MeV) o (mb)

1';7mHg IW‘Hg 196m2p 196ml +gp 0 198m p 19880
19.73 + 0.21 105.6 * 7.9 1034 * 9.7 0.285 * 0.031 42.3 + 3.2 0.720 * 0.063 198 + 14
18.80 + 0.23 129.4 + 9.7 1 I 0.188 + 0.025 40.3 = 3.0 0.699 * 0.063 218 * 15
17.83 + 0.26 159 * 12 141 + 14 0.120 + 0.019 37.8 + 2.8 0.655 + 0.059 234 + 16
16.83 * 0.29 205 * 15 174 + 18 0.085 + 0.028 36.8 + 2.8 0.656 + 0.061 259 + 18
15.76 + 0.33 244 + 18 224 + 22 0.093 + 0.028 34.0 + 2.6 0.547 + 0.052 274 + 19
14.94 + 0.36 267 + 20 252 + 25 31.6 + 2.4 0.496 + 0.048 288 + 20
14.13 + 0.39 277 * 21 301 + 29 0.088 + 0.027 29.3 + 2.2 0.443 + 0.045 310 + 21
13.29 + 0.42 258 + 19 331 + 31 25.2 + 1.9 0.382 + 0.042 324 + 22
12.41 + 0.46 215 + 16 325 + 29 19.5 + 1.5 0.290 + 0.037 331 + 23
11.48 + 0.51 151 + 11 271 + 24 12.07 + 091 0.198 + 0.033 315 + 22
10.49 + 0.56 92.0 + 6.9 187 + 16 571 + 0.43 0.121 * 0.025 279 + 19
9.43 + 0.63 42,0 + 3.2 94.7 = 7.9 1.93 + 0.15 0.046 * 0.010 203 + 14
8.30 + 0.71 11.89 + 0.89 30.2 * 27 0.819 * 0.063 1075 + 7.5
110
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Fig. 15. Isomeric cross-section ratios for the formation of '“*™Au and
196m145Ay in the '*7 Au(d,p2n) reactions.

and Paez (1964) [28] show the maximum at the slightly higher energy
(1.5-2.5 MeV). There is definitely not a single cause of the described
discrepancies, and their explanation would probably result in mere
conjectures. TENDL-2017 underestimates almost all the published data,
predicts maximum at the energy lower for 1.5 MeV compared to ma-
jority of the experimental data and shows less steep decrease of the
excitation function.

3.3. Isomeric cross-section ratios

The isomeric cross-section ratios 0;,/0, as a function of energy were
calculated for all the three isomeric pairs quantified in the target, in-
cluding the uncertainties. They are compared with the ratios of the
cross-sections provided by the other authors in the Figs. 13-15. The
previously published cross-sections were corrected as described above
before calculating their ratio. The three ratio values published by
Zheltonozhsky et al. (2004) [30] were included among the 0,,,/0, ratios
for the isomeric pair '7"Hg/'*7¢Hg.

3.3.1. Isomeric cross-section ratio for formation of '*”"Hg/"*’*Hg

All the data follow very roughly similar shape, they are, however,
rather scattered, viz. Fig. 13. From the available ratios [18-24,30], the
best agreement was found with Vandenbosch and Huizenga [18],
Wenrong and Hanlin [22] and Téarkdnyi et al. (2011) [23] up to ca
15MeV, where the data of [18] and [23] become to be remarkably

111
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Fig. 16. Thick target yield (production rate) for '“™Hg, '**Hg and '**™ " #Au.

larger. Fair agreement was found also with the data of Chevarier et al.
[19] and the first two points of [29]. Our data suggest gradual growing
of the 0;,/0, ratio with the maximum of ca 1.18 at 17 MeV.

3.3.2. Isomeric cross-section ratio for formation of ®™Au/"%¢Au

As obvious from Fig. 14, the only reported data for this isomeric pair
are those of Tarkdnyi et al. (2011) [23]. They agree very well in both
the shape and the magnitude with our data, showing steady increase in
the measured energy range. Formation of the metastable state is ob-
viously suppressed.

3.3.3. Isomeric cross-section ratio for formation of '®™2Au/"?™ *8Ay

In the case of the isotope '?®Au, we may measure only the o2/
Omi+g isomeric ratio due to the short half-life of '*™ Au. Like in the
case of the '9*mAu/'%®2Ay, we found just a single reported data set
covering both isomers in the work of Tarkanyi et al. (2015) [24]. The
data displayed in Fig. 15 clearly reveal remarkable scattering of their
data [24]. Our measurement suggests existence of an inconspicuous
minimum around 17 MeV. Similarly to '°®Au, the formation of the
ground state seems to be highly enhanced.

3.4. Thick target yields

We deduced the thick target yields from the measured cross-section
for IWmHg’ 19781{8, 198mAu’ 198gAu, l%mZAu’ 196m1 +8Au by their ﬁttiﬂg
with one or two polynomial fits and integrating the fit with use of the
stopping power of deuterons in gold [5]. The calculated yields are
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Fig. 17. Thick target yield (production rate) for ***™Au and '™ *$Au.
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shown in Figs. 16 and 17.

3.4.1. Thick target yields for formation of **” "Hg and 1978 g

With deuterons, one always produces '*’™¢Hg with traces of stable
198Hg and '°°Hg. However, the mass of these mercury isotopes origi-
nating in the (d,n) and (d,3n) nuclear reactions is comparable to that of
197m8Hg, and thus negligible regarding chemical toxicity (10 GBq of
197MHg corresponds to 0.40 pg, and 10 GBq of '*7®Hg to 1.1pg of the
metal). Daily average intake of inorganic Hg in the absence of the oc-
cupational exposure is in order of several micrograms, usually not ex-
ceeding 10pg/day [31]. WHO estimated a tolerable intake of total
mercury to be 2 pg/kg of body weight per day, while the strictest U.S.
Environmental Protection Agency (EPA) recommends consuming
maximum of 0.1 pg/kg of body weight per day - it is anyhow 5 pg Hg
intake for 50 kg person. Like in the case of the proton activation of gold,
one may prepare high specific activity '”™Hg/'*’¢Hg free of any
radionuclidic impurities just by chemical separation of mercury from an
Au target [4].

The '97™Hg/!97#Hg activity ratio at the EOB for e.g. 10 h long ir-
radiation may vary between ca 1.1 to ca 2.5 using various beam energy
losses (incident 12-19.5MeV, leaving energy 8-18 MeV). Shorter
bombardment time of 5h enhances this ratio to 2.75. Further short-
ening brings only small effect, while reducing the EOB activities. One
may easily reach the '97™Hg/"*7¢Hg activity ratio of 2.3 at the EOB,
producing more than 10 GBq of the ground state in 10h with 100 pA
deuteron beam of 19.5MeV energy. The contribution of the '*’™Hg
decay to the EOB activity of '7®Hg during the irradiation was taken
into account in the calculations.

In general, deuterons provide higher '*”™Hg/'7¢Hg EOB activity
ratio than protons under the comparable bombardment conditions. It is
desirable for potential therapeutic applications [1]. Moreover, the thick
target yields of both isomers are much larger in the case of the '“’Au
(d,2n) reaction compared to the *°”Au(p,n) reaction - the production
rate of '97™Hg/'%7¢Hg for the 19.5 — 8.0 MeV deuterons is 48.0 and
20.3MBq/pAh, respectively, for the 27 — 6.5 MeV protons it is only
13.7 and 7.5 MBq/pAh, respectively [4].

4. Conclusion

In this work, we provide new experimental data for the deuteron-
induced nuclear reactions on '*’Au resulting in '*"™Hg, '*’#Hg, '**™Au,
1988 Ay, 19™2Ay and '?*™ *8Au in the energy range of 8.3-19.7 MeV.
Attention was paid to the correction of the previously published data, in
particular for the formation of '*”™Hg and '°7#Hg, for the differences in
the y-line emission probabilities used by the authors, and to the char-
acter of the published cross-sections (independent versus cumulative).
The experimental material was juxtaposed to the theoretical predictions
of the TALYS nuclear reaction model code adopted from the TENDL-
2017 online library. The isomeric ratios for the three isomeric pairs
found in the target were calculated from the measured cross-sections,
and the thick target yields for all the radionuclides quantified in the
experiment were deduced. The obtained results demonstrate superiority
of deuterons over protons in the production of '*”™Hg/'*7¢Hg in terms
of the yield and the practically achievable m/g activity ratio.
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We have recently re-measured excitation functions of proton- and deuteron-induced nuclear reactions on '“Au
focused particularly on theranostic '*”™#Hg. The y-ray spectra evaluation revealed inconsistency in the y-line
emission probabilities of **Hg. Detailed measurements of the separated '’ ™5Hg samples resulted in a thor-
ough revision of the '*’™Hg decay scheme. In this short summary, we provide cross-sections, isomeric ratios and
the yields of ' ™Hg and '*’#Hg corrected for the new decay data.

1. Introduction

Both isomers of '°”Hg have theranostic potential [1]. It motivated us to
careful re-measurement of proton- and deuteron-induced reaction cross-
sections on '’Au that provide '°”™#Hg with high yield and high specific
activity. The results were recently published [2,3]. In the course of the y-
ray spectra evaluation, we noticed large discrepancy in the 134 and
279 keV y-lines emission probabilities available in the data bases [4,5].
The former peak is associated with the dominant IT transition of '¥™Hg,
while the latter with its EC decay. We have, therefore, separated '¥’™8Hg
from thick deuteron-irradiated gold target and subjected its point-like
sources to multiple y-ray spectrometry measurements. Analysis of the ac-
quired spectra allowed for a thorough revision of the ' *”™Hg decay scheme
[6]. Here, we report cross-sections of the **’Au(p,n) and '¥Au(d,2n) nu-
clear reactions corrected for the new decay data, as well as the isomeric
ratios and thick target yields. The correction was also applied to the pre-
viously published data, wherever possible.

2. Method

The new decay data are summarized in Table 1. The change in-
volves not only y-line emission probabilities in the decay of '*”™Hg, but
also the IT/EC branching ratio and slightly '°7®Hg half-life. All these
data are relevant for the '°’™Hg activity calculation and for the cor-
rection of the '*”™Hg decay contribution to the '°7$Hg activity. The raw
data obtained in the works [2,3] were, therefore, re-evaluated together
with the previously published results according to [6]. In a few cases,
we still improve interpretation of several earlier data sets and obtained
better agreement among them.

*Corresponding author.
E-mail address: 1ebeda@ujf.cas.cz (O. Lebeda).

https://doi.org/10.1016/j.nimb.2020.05.014

3. Results and discussion
3.1. Cross-sections for the **” Au(p,n)"*”"Hg reaction

The revised independent isotopic cross-sections for the '97Au
(p,n)'°7™Hg reaction are displayed in Table 2. Fig. 1 shows them in the
context of the previously published data [7-13] and prediction of the
TALYS code (TENDL-2019 library) [14]. All the previous measurements
were also corrected for the difference between the emission prob-
abilities of the radiation used by the authors for the evaluation, and the
data in Table 1. In contrast to [2], we were able to rectify the cross-
sections of Gritsyna et al. [9] having ascertained that the authors de-
rived the 134-keV emission probability from the IT transition prob-
ability 0.97 and conversion coefficient 2.1, i.e. 0.313 per decay. All the
experimental data show quite consistent picture, only a few values of
Hansen et al. [8] and Gritsyna et al. [9] around maximum seem to be
slightly shifted towards higher values. The only work of Satheesh et al.
[15] that significantly exceeds other measurements was excluded from
the Fig. 1 (cf. Fig. 2 in [2]). The TALYS prediction complies with the
experimental data very well up to the maximum, from where it starts to
remarkably deviate from them showing very slow decrease.

3.2. Cross-sections for the **”Au(p,n)"*’*Hg reaction

The revised independent isotopic cross-sections for the '97Au
(p,n)'*7®Hg reaction are displayed in Table 2 and Fig. 2. They are
compared with previous works [7-9,12,13,16] and prediction of the
TALYS code (TENDL-2019 library) [14]. In the case of the ground state,
there is no chance to correct properly the other measurements for the

Received 3 April 2020; Received in revised form 10 May 2020; Accepted 11 May 2020
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Table 1

The previous decay data for the '“™Hg and '°®Hg in Nuclear Data Sheets in
black [5] compared with the recently measured values in red [6]. The un-
certainties in the last digits are displayed in italics. Gamma lines used for the
cross-section evaluation are in bold.

Radionuclide Decay mode
Spin Half-life Branching ratio E, (keV) L (%)
o4, 18985 3353
238h1  BC86%7 164977 02825
ey g 2 279015 615
S mmne musns GRS oomieos
- 278655 3794
Wiy GAW4E3 oo BLBTI0 063221

12— 64.81 h 24 268785  0.0393 19

new decay scheme due to the missing primary data, we have therefore,
used them as published. It is naturally reflected in remarkable scat-
tering of the available cross-sections that often don’t agree within in-
dicated uncertainties, see Fig. 2. Besides the work of Satheesh et al.
[15], we excluded from the comparison also the data of Thomas et al.
[17] and Chodil et al. [18] whose experiment measured total cross-
section of all the (p,n) and (p,pn) reactions on '*’Au via counting
emitted neutrons (cf. Fig. 3 in [2]).

3.3. Isomeric cross-section ratios and thick target yields for the ' Au
(p,n)**7™8Hg reactions

The isomeric cross-section ratios 0,,/0, as a function of energy were
calculated including the uncertainties and compared with the cross-
section ratios deduced from the previously published data in Figs. 1 and
2 and contained in the work of Sudér and Qaim [19]. As the previously
published cross-sections could be corrected properly only for the
197"“Hg (see above), thus deduced o0,,/0, ratios must be taken with
caution and are rather scattered, see Fig. 3. The best agreement we
observed with the data of ElImaghraby et al. [12], Ditréi et al [13] (only
below 20 MeV) and Sudar and Qaim [19]. Moreover, the ratio o,,/0, for
the proton energies beyond 20 MeV is burdened with high uncertainties
due to the decreasing counting statistics in the peak of '*’*Hg.

Thick target yields for both '*”™Hg and '*’#Hg were deduced from
our experimental cross-sections by fitting them with one or two poly-
nomial fits and integrating the excitation function using the stopping
power of protons in gold [20]. The yields are displayed on Fig. 4.

3.4. Cross-sections for the L Au(d,Zn)meg reaction

The corrected cross-sections for the '°”Au(d,2n)'*’™Hg reaction are
summarized in Table 3. Their comparison with the published data sets
[7,21-26] and with the TALYS prediction adopted from the TENDL-
2019 library are displayed on Fig. 5. After the revision of the previous
measurements for the new decay scheme, we observe relatively good
agreement among the authors, only the data of Chevarier et al. [21] are
slightly shifted towards higher values, a few cross-sections of Tarkanyi
et al. [25] for energies exceeding 17 MeV are lower than expected from
the trend of the other data and all the data of Tarkanyi et al. [26] seem

Nuclear Inst. and Methods in Physics Research B 478 (2020) 85-91

Table 2
Cross-sections for the reactions '¥’Au(p,n)'*”™Hg and '*’Au(p,n)'*’*Hg cor-
rected for the new decay data displayed in Table 1 [6]

E, (MeV) o (mb)

lmeg IWgHg
3529 * 0.20 7.80 + 0.54
34.07 + 020 8.03 * 0.56
32.81 + 0.20 8.39 + 0.59
3151 *+ 0.21 8.53 + 0.60
30.17 + 0.21 8.86 + 0.62
2877 + 022 9.20 * 0.65
27.35 + 022 9.53 + 0.66 13.7 + 3.7
25.86 + 023 10.98 + 0.77 10.9 + 52
2430 + 023 10.10 + 0.70 13.1 * 5.2
22.65 + 024 10.89 + 0.76 127 + 4.6
20.90 *+ 0.25 11.68 + 0.81 13.7 + 3.3
19.03 + 027 12.23 + 0.85 153 + 1.9
17.32 + 020 13.66 + 0.95 17.6 = 1.4
17.04 + 028 13.79 + 0.96 162 + 1.8
16.08 + 0.20 14.74 * 1.0 19.6 + 1.7
1479 + 021 17.4 + 1.2 227 * 2.3
13.41 * 022 24.0 + 1.7 359 + 33
12.66 + 0.23 29.0 + 2.0 43.2 + 3.0
11.87 + 023 36.2 £ 2.5 58.1 * 3.9
11.05 + 024 343 + 2.4 63.2 * 45
10.19 * 025 29.1 *+ 2.0 66.4 * 5.3
9.27 * 0.26 184 + 1.3 57.9 * 4.5
8.28 + 0.27 7.95 + 0.55 305 + 2.4
7.19 + 0.30 1.99 + 0.14 10.22 + 0.88
6.35 + 0.32 0.475 + 0.035 202 + 0.26

to be slightly shifted towards higher energies. Prediction of the TALYS
code follows well the shape of the experimental data, but absolute
values are almost twice larger than average experimental points (note
the extra axis for the TALYS predicted cross-sections).

3.5. Cross-sections for the '°7Au(d,2n)'*”¢Hg reaction

The cross-sections for the **’Au(d,2n)'*’#Hg reaction are provided
in Table 3 and shown in the context of the previous measurements
[7,21-26] and compared to the TALYS prediction adopted from the
TENDL-2019 library are displayed on Fig. 6. Again, no actual correction
could be applied to the previously measured cross-section due to the
missing primary data. The experimental material is more scattered than
in the case of the '*™Hg as expected, but except the measurements of
Chevarier et al. [21], Tarkéanyi et al. [26] and last point of Long et al.
[23] that seem to be systematically shifted to higher values, fair
agreement among the other works was observed. Prediction of TALYS
obviously underestimates almost all the experimental values by ca 1/3
at the maximum, but the shape of the excitation function corresponds
well to the measurements.

3.6. Isomeric cross-section ratios and thick target yields for the **”Au
(d,2n)"*”™2Hg reactions

The isomeric cross-section ratios o,,,/0, and their uncertainty were
calculated from the revised cross-sections and are shown in comparison
with the cross-section ratios derived from previously published material
and with the isomeric ratios provided directly by Zheltonozhsky et al.
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Fig. 1. Cross-sections of the **”Au(p,n)'’™Hg reaction — our values in [2] corrected for the new decay data of **’™Hg summarized in Table 1 [6]. The previously
published data [7-13] were corrected for the new emission probability of the 134 keV y-line [6]. TENDL-2019 prediction [14] is displayed, too.

100 -
97Au(px)'¥"eHg —TENDL-2018
20 | @ This work
A Vandenboach 1860
40 - o
" o Hensen 1952
— 70 X Giitsyna 1983
3 A { ¢ o + Schery 1974
T 60 - }x © Elmaghraby 2010
2 ~ X Dirsi 2016
? 50 4 X foX
40 - t o
; I
30 X
o\ X
20 - QK X x
8 .M 114
10 A X X 1 _l
X
0 ] . , . , ;
5 10 15 20 25 30

proton anargy (MaV)

Fig. 2. Cross-sections of the '*7Au(p,n)'®”*Hg reaction — our values corrected for the new decay data of '*’™Hg (y-ray emission probability, halflife, IT branching
ratio) and '¥’*Hg (half-life) summarized in Table 1 [6]. The previous data [7-9,12,13,16] are displayed as published together with the TENDL-2019 prediction [14].

[27] on Fig. 7. As the consequent correction of the 197’;Hg cross-sections absolute values of various authors differ significantly from each other

in previous works is impossible, the calculated ratios 0,,/0, are - like in and some are rather scattered.

the case of protons — burdened with additional uncertainty. Although Thick target yields for both '°”™Hg and '*’®Hg were deduced from

the trends are very similar showing a maximum around 17 MeV, our experimental cross-sections by fitting them with one or two
87
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Fig. 3. Isomeric cross-section ratios for the formation of '*’™Hg and '7#Hg in the '°’Au(p,n) reaction calculated from the corrected cross-sections displayed in
Table 2 together with other experimental data (correction of the '*7$Hg cross-sections cannot be performed due to missing primary data).
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Fig. 4. Thick target yield (production rate) for '*”™Hg and '*’#Hg in proton activation of gold deduced from the corrected cross-sections displayed in Table 2.

Table 3

polynomial fits and integrating the excitation function using the stop-
ping power of deuterons in gold [20]. The yields are displayed on Fig. 8.

Cross-sections for the reactions '%Au(d,2n)'*’™Hg and '®’Au(d,2n)'*’#Hg

corrected for the new decay data displayed in Table 1.

3.7. Comparison of proton and deuteron production routes of *”™¢Hg

E; (MeV) o (mb)
197myg 19789

The discussion of the production of '*”™#Hg in proton- and deu-
19.73 + 0.21 99.8 + 6.9 1049 + 95 . . . . .
18.80 + 0.23 1923 + 85 o 11 teron-induced reactions on gold in [3] remains true. Deuteron activa-
17.83 + 0.26 151 + 10 144 + 14 tion results in higher '*”™Hg/'°”*Hg EOB activity ratio than proton
16.83 + 0.29 193 + 13 177 + 17 activation for optimal production conditions. In this case, deuteron
15.76 + 0.33 230 + 16 227 + 21 activation is more favourable regarding the yields of both isomers, too -
9L 0% S0 293 =24 the production rate of '*”™Hg and '*’®Hg for the 19.5 — 8.0 MeV
14.13 + 0.39 262 + 18 305 + 28 ; :
13.20 + 0.42 244 + 17 334 + 30 deuteron beam energy loss is 45.3 and 20.7‘NFBq/uAh, respectively, for
12.41 + 0.46 203 + 14 328 + 28 the 27 — 6.5 MeV proton beam energy loss it is only 13.3 and 7.5 MBq/
11.48 + 0.51 144 + 10 274 + 23 pAh, respectively. Also radionuclidic purity of the deuteron-produced
10.49 + 0.56 87.8 + 6.1 188 + 16 197mgHg is superior to proton-produced, because no '°*™#Hg is formed
9.43 *+ 0.63 39.8 + 2.8 95.3 + 7.8 in the target
830 *+ 0.71 11.52 + 0.80 304 = 27 gek:
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Fig. 5. Cross-sections of the '*7Au(d,2n)'*’™Hg reaction — our values [3] corrected for the new decay data of '°”™Hg summarized in Table 1 [6]. The previously
published data [7,21-26] were corrected for the new emission probability of the 134 keV y-line [6]. TENDL-2019 prediction [14] is displayed, too.
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4. Conclusion 197™mHg formation, where the correction is straightforward. Comparison

of the experiment with the theoretical predictions of the TALYS nuclear
We provide cross-sections, isomeric ratios and thick target yields for reaction model code adopted from the TENDL-2019 online library is

the '*7Au(p,n)!*’™Hg, '°7#Hg and '°’Au(d,2n)'*"™Hg,'*’#Hg reactions presented, too. The results confirmed superiority of deuterons over
revised for the new decay scheme of '*’™Hg. In some cases, we obtained protons in the production of '*’™Hg/"*’$Hg in terms of the yield and
better agreement with the previous experimental data, in particular for achievable m/g activity ratio.
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Fig. 7. Isomeric cross-section ratios for the formation of '*7"Hg and '*#Hg in the '* Au(d,2n) reaction calculated from the corrected cross-sections displayed in
Table 3 together with other experimental data (correction of the '#Hg cross-sections cannot be performed due to missing primary data).
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Fig. 8. Thick target yield (production rate) for *’™Hg and '°7$Hg in deuteron activation of gold deduced from the corrected cross-sections displayed in Table 3.
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Keywords: Gamma rays following the decay of the '"21Tg and ""TTg radionuclides were measured using chemically-
‘:ﬁdi“a" Hvity purified sources and a planar 11PGe detector. In the case of '“7"1lg, precise values of 94.68 (9)% and 5.32
w::};x (9)% were determined for the IT and EC branches, respeetively, the larter found to differ significantly from

y ray emission probabilities
Branching ratio
Half-life

(4) h.

previously published data. The half-lives of ¥7¢T1g and "*™ITg were also measured as 64.81 (24) h and 23.82

1. Introduction

The structure of low-lying levels in 1°7Ilg is well known from
various spectrascopy studies (see Ref. [1] and references therein). The
ground state, '“"sHg (J* = 1/2 ), decays via an electron capture (FC)
to low-spin J* = 1/2' and 3/2' levels in the daughter **” Au nucleus. A
long-lived isomeric state, '*""1Ig (J* = 13/27, £ = 298 keV), is known
Lo exhibit both internal transition (IT) and EC decays, the latter directly
populating the J* = 11/27, E = 409-keV isomer (I, =773 ©) s [1])
in 197 Au, as shown in Fig. 1.

There is a continuing interest in the decay properties of '7¢Hg and
imHe since both radionuclides have potential for theranostic medical
applications [2]. ITowever, significant differences were observed in the
activity of ¥"[lg depending whether y rays associated with the IT de-
cay branch (134-keV y ray) or the EC one (279-keVy ray) were used for
its quantification in recent excitation function measurements of proton-
and deuteron-induced reactions | 3,41, thus implying inconsistencies in
the presently adopted nuclear data for this radionuclide.

The determination of the IT and EC branching ratio of /™Iy is
not straight forward and it requires a detailed knowledge of the decay
scheme and a range of complementary nuclear structure information,
such as y-ray emission probabilities, multipolarities, M1+F2 mixing
ratios and total electron conversion coefficients. Earlier, branching
ralios were recommended in both ENSDEF [1,5,6] and the Table of
Isotopes [7,8], but the values varied over Lhe years, since they were
based on the nuclear data known at the time of publication.

In this paper, we report on new measurements of the emission
probabilities for y rays that follow the decay of /"Hg. Precise values
for the IT and EC branching intensities were determined and the latter

* Corresponding author.
E mail address: kondev@anl.gov (F.G. Kondev).

htrps://doi.org/10.1016/j.nima.2020.163481

was found to differ significantly from the previously published data.
The half-lives of 'Y7#1Ig and '""""IIg were also measured with a high
precision.

2. Experimental methods
2.1. Radionuclide production and source preparation

The radionuclides were produced by deuteron activation of a water-
cooled, high-purity (99.99%, Safina, Czech Republic) 17 Au target that
had a diameter of 10 mm and a thickness of 60 pm. The target was
irradiated for 1.5 h with a 19 MeV, 6.5 pA deuteron beam provided
by the U-120M cyclotron of the Nuclear Physics Institute of the Czech
Academy of Science.

A chemical separation of mercury radionuclides from gold ones,
including ‘*®Au, that was produced in the !%Au(d, p) reaction, was
performed after the irradiation was completed. The target was dissolved
in aqua regia prepared from 525 pl of 30% HCI and 175 pl of 65% HNO4
(purity TraceSelect, Sigma-Aldrich). A 300 ul of 6M LICl was added to
the final solution, which was then loaded into a column filled with
LN resin (TRISKEM, France). The column was prepared by soaking 3.6
g of LN resin for 15 min in 6M HCL It was then transferred to a 10
ml Eppendorf pipette tp plugged with glass wool and rinsed slowly
with 30 ml of 6M HCL. Altogether 15 fractions of 1 ml volume each
were collected and their relative activities were measured using an
ionizing chamber (BqMetr4, Empos, Czech Republic). It was found that
the "'¢Hg and 'Y""Hg activities were eluted almost entirely (>95%)
in the fractions 8 and 9. All fractions were also sumpled and measured
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Fig. 1. Decay schemes of '""Hg and '""™Hg. The level and r ray energies, as well as
the halllives and %IT and %EC branching ratios are from the present work. The Q,
value is from Ref. [9], while the J* values, the half-life and % I of */™Au arc from
Ref. [1].

Table 1

Gamma ray energies and emission probabilities determined in the present work,
together with the transition multipolaritics, mixing ratios and total conversion clectron
coefficients used to determine the LC and Il branching ratios of V" Hg.

E,(4E, ¥ 1,(4L)" L) " Mult. [1]  5(48)° ar(day) [10]
(keV) (rel. units) (%)

In[ g 04T = 94.68 (9)%

133.79 (5) 1000 (&) 34.8 (3) 12 1.705 (24)
164.84 (5) 8.09 (5) 0.2816 (26) M4 337 (5)
Mg %EC = 5.32 (9)%

7731 (5) 0410 (16) 1 0.0143 (6) MI+L2  =0.352 (11)  4.14 (10)
130.00 (5)  4.92 (1) 0.1713 (21) E3 29.9 (1)
201.39 (5) 155 (5) 0.0540 (18) E2 0.366 (5)
278.65 (5)  10B.8 (6) 3.79 (4) M1+ =040 (4)  0.368 (9)
4087 (1) 0164 (16)  0.0057 (6) WA 3.87 (%)
19/sHg; %EC = 100%

7731 (5) 1000 (10)

191.20 (5) 284 (3)

268.41 (5) 197 (5)

“Determined in the present work, unless otherwise stated.

PDetermined in the present work nsing the new %l and %l branches.

“See Table 2 for details.

dDetermined in the present work [rom I4(77.31 keV y ray) = I(201.39 keV ¢ ray).

with a y-ray spectrometer equipped with a HPGe detector (GMX45P1us,
Ortec, U.S.A.) at the distance of 600 mm. No traceable activity of 16 Au
was observed in any of the fractions, indicating a good separation of
Hg from the Au radionuclides. Two sources with a diameter of 5 mm
cach were prepared by evaporating 25 pl from the strongest fraction
on a thin filtration paper, which were sealed between two 150 pm
thick polyethylene foils. These sources were used in y-ray spectroscopy
measurements aimed at determining the half-lives of '#"1Ig and the
relative y-ray emission probabilities following their decays.
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Fig. 2. Gamma-ray speetrum of "*Hg and '"/"Hg mcasured with the planar HI'Ge
detector (Canberra, GLOS15R) at a distance of 200 mm.

2.2. Measurements

One of the two sources was measured with a y-ray spectrometer
comprising of a planar ITPGe detector (Canberra, GLOS15R) at a dis-
tance of 200 mm from the detector, which had an energy resolution
(full width at half maximum (FWIIM)) of 0.5 keV al L, = 81 keV.
The results from these measurements were used to determine the
emission probabilities of y-rays following the decays of '“*1lg and
97mHg. The other source was used in a set of singles measurements
using a planar HPGe detector (Canberra, GI.O515R) located at a fixed
distance of 120 mm from the source. The activities were followed for
approximately 232 h and the results were used to determine the half-
lives of '“*Hg and '"“"Hg. The HPGe spectrometers were carefully
calibrated for energy and efficiency with a set of 2*LAm (489.3 kBq,
combined standard uncertainty 0.4%), !23Ba (75.77 kBq, combined
standard uncertainty 0.5%) and ®2Cu (477.2 kBq, combined standard
uncertainty 0.6%) standards that were provided by the Czech Metrol-
ogy Institute, Prague. The nuclear data for the standard radionuclides
were taken from Ref. [11].

The analysis of the y-ray spectra was carried out with the gf3
program of the RADWARL spectroscopy package [12]. The basic pa-
rameters, such as peak shape and FWHM as a function of the y-ray
energy, were determined from the calibration sources spectra, and
were fixed during the fitting procedure. A parallel analysis using the
GENIE2000 software |12] was also carried out and the results were
found to he consistent with those obtained using the g /3 program.

3. Results and discussion

The y-ray spectrum that was used to determine the relative y-ray
emission probabilities in the decays of '"sHg and '“"7Hg is shown
in Fig. 2. Measured y-ray energies and emission probabilities are pre-
sented in Table 1, together with values for the transition multipolari-
ties, M1 1 E2 mixing rafios (5) and total electron canversion coefficients
(«r). Given the assigned y-ray transition multipolarities, the a values
were determined using the BrICC code [10] and for y rays of a mixed
M1 1 E2 multipolarity they were calculated as:
a, (M 1)+ 8%a, (E2)

1 +8°
where ar(M1) and ap(E2) are the total conversion coefficient for pure
M1 and L2 multipolarities, respectively. The ¢ values for the 77.31-keV
and 278.65-keV y rays were obtained from a least-squares fit ta the
available experimental data, presented in ‘I'able 2, using the briccmixing
program [29].

The quoted uncertainties in the y-ray emission probabilities repre-
sent one standard deviation and these were obtained from the quadratic

wr(M1 + E2) = (1)
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Experimental data, including K, I. and total electron conversion coefficient, suh-shell electron ratios and
mixing ratios from yy(¢) measurements, usced to determine the M1+ E2 mixing ratios for the 278.65-kev and

77.21-keV y rays.

278.65-keV 7 ray Reference 77.31keV y ray Reference
ay =029 (3) 4] a, =437 (1) ns]
6=-041 (1) 116} ayp =246 (26) 117]
6=-033 (9) [18] M1/M2/M3 = 100/44 (4)/0.41 (4) [19]
&= =040 (4) 120] 11/12/13 = 100/44 (3)/35 (2) 119]
6=-039 (2) [21] L1/L2/13 = 100/51 (1)/37 (1) [22]
ay =032 (4 [23] L1/L2/L3 = 100/44 (4)/32 (2) [24]
K/l = 48 (5) [25] 11/12/13 = 100742 (7)/35 (8) [26]
111243 = 100/17.9 (27)/1.8 (7) 1271 4 =-0352 (5) 128]
T T T T Table 3
2 Comparison between the measured in the present work 1C and I'I" branching ratios znd
10°F — the absolute y ray emission probabilities for the 133.79 keV and 278.65 keV y rays with
previously published values.
1 EC T 1.(133.79 keV y ray) [ (278.65keV y ray) Reference
w s N Ll ) % L0
B 10 134 keV 3 (%) (%) (%) (%)
s ] 5.32 (9) 94.68 (9) 348 (3) 3.79 (4) Present wark
= -
Q - 86 (7) 91.1(7) 335 (3) 6.1 (5) NDS2005 11,30]
o 100k 4 8.6 (7) 9L4(7) 335(3) 6.1 (5) NDS1995 [5,30]
g 3 7.0 (7) 93.0 (7) 34 (4) 5.0 (7) NDS1991 [6,27]
~o ]
“‘*\’\191 keV' 3 7.0(7) 93.0 (7) 34 (4) 5.0 (7) TOM999 |8,27]
7 Cimes 6.5 (10) 93.5 (10) 31.3 (5) 54 (1) TOI1978 [7,31]
wie L . . oowegkeV 3 86 (7) 914 (7) 335 NUDAT [32]
0 50 100 150 200 250 86 (7) 91.4(7) 339 (3) 6.1 (5) FNDF/BVITLO 133]
" 86 (7) 91.1(7) 335(3) 6.1 (5) JEFF3.3 [31]
time (h)

lig. 3. Activities for the 133.79-keV and 278.65-keV 7 rays (" Hg), and 191.20-keV
y ray ("""Hg) as a function of time after irradiation.

sum of individual uncertainties that arise from the staristics of the
full-energy peaks, relative detector efficiency (~0.5%), dead-time cor-
rections (~0.2%), and peak/background modeling (~0.2%). Using the
established decay scheme of '"7Hg, shown in Fig. 1, and the data
presented in Table 1, the %EC and %IT branching intensities of '*/"Hg,
can be determined from:

l;,“"( 130.00p) + l‘y"“" (408.7y)

%EC/%IT = )

S(7(133.79y) + 112164 847))
%EC +%IT = 100 )

where I';,”’ =1, x(1+a7) is the total y-ray emission probability and L, is
the relative y-ray emission probability (column 2 of Table 1). Compar-
ison between the presently determined EC and IT branching ratio for
197mHg with results from previous evaluations is presented in Table 3. Tt
should be pointed out that the deduced in the present work EC = 5.32
(9)% differs significantly from that of 8.6 (7)%, recommended in the
most-recent ENSDF evaluation [1] that is based on the value reported
in Ref. [30]. Similarly, the absolute y-ray emission probability for the
278.65-keV y rays is approximately a factor of two smaller compared
to thar recommended in Ref. |1]. Somewhat different branching in-
tensiies were reported in the earlier ENSDE evalualion [6], adopted
also in the latest edition of the Table of Isotopes [8], which are based
only on the y-ray emission probabilities measured in Ref. [27] and the
known at that time values for 5 and a,. The values published in the
carlier version of Table of Isotopes [7]1 were based on the y-ray emission
probabilities reported in Ref. [31].

The general purpose databases, such as ENDF [33] and JEFF [34],
use the most-recent data recommended in ENSDT [1], although there
is a small discrepancy in the absolute y-ray emission probability for
the 133.79-keV y ray that is quated in Ref. |33] as 33.9 (3)%. Con-
troversially, while the data for the EC decay of '""Hg are included
in the ENSDF database [1], they are missing in NUDAT [32], which
is frequently used by the applications community and considered as a

“friendly face”of ENSDE. In addition, the value for the absolute emis-
sion probabhility of the 133.79-keV y ray is given without an uncertainty
in NUDAT [32], which is misleading.

The half-lives of "/#1Ig and '""/"[Ig were determined by measuring
the net-peak areas as a function of time for the strongest ¥ rays that
follow their decay. The correspanding time spectra are shown in Fig. 3.
The statistical uncertainties of the nel-peak areas ranged between 0.11
and 2.5%, while the systematic uncertaintics were estimated to be
~1% and included contributions from geometrical efficiency correc-
tions (~0.6%), the peak/background modeling (~0.2%) and dead-time
corrections (~0.29%). The half-life of '*/"Hg was determined as 23.82
(4) h and 23.81 (6) h by fitting the net-peak areas of the 133.79-
keV and 278.65-keV y rays, respectively, as a function of ime with
a single exponential decay curve. The presently determined value is
consistent with that of 23.8 (1) h recommended in the most-recent
ENSDF evaluation [1], but it is more precise. The half-life of '*sHg
was determined from a two exponential fit to the net-peak area of
the 191.20-keV y ray as a function of time and by fixing the half-life
of ""Hg to 23.82 (4) h. The obtained value of 64.81 (24) h in the
present work is somewhat larger compared to that of 64.14 (5) h that is
recommended in the most-recent ENSDF evaluation |1, which is based
on the yet unpublished data reported in Ref. |35].

In summary, the decays of '"¢Hg and "/"Hg were studied by
means of y-ray spectroscopy counting of chemically-purified radioac-
tive sources with a planar HPGe detector. Accurate emission proba-
hilities were measured for y rays that followed the decays of these
radionuclides. The IT and EC branching intensities of '“""IIg were
determined and the latter were found to differ significantly from pre-
viously published values. The half-lives of !97¢Hg and '“7#Hg were also
measured with a high precision.
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Abstract

Excitation functions of the reactions "Ti(p,x)*V, 43Sc, #49Sc, #44mSc, 46m*9Sc, 47Sc, 48Sc and
"tCu(p,x)®Zn, zn, ®°zn, %1Cu, M™9Co were measured in the energy interval of 6.4-36.0
MeV (titanium) and 7.3-35.9 MeV (copper) with use of stacked-foil technique and off-line y-
ray spectrometry. The results were compared with previously published experimental data and
with prediction of the nuclear reaction model code TALYS adopted from the TENDL-2019
online library. Thick target yields were calculated from the obtained cross-sections. Finally,
we fit the selected experimental data sets for the "*Ti(p,x)*®V and "Cu(p,x)®25285Zn reactions
and compare the results with the IAEA recommended cross-sections.

1. Introduction

Nuclear reactions of heavy charged particles on metals easily available as thin foils of even
thickness and forming well measurable radionuclides are suitable for cyclotron beam
monitoring. Among them, proton-induced reactions on aluminium, titanium and copper
resulting in sodium, vanadium, scandium, zinc and cobalt isotopes are the most widespread.
For such a purpose, precise knowledge of their excitation functions is inevitable. Reasonable
amount of sound experimental data is required for construction of recommended cross-
sections for the beam monitoring [1], and more independent measurements contribute to their
reliability and gradual improvement.

We have, therefore, carefully re-measured excitation functions of proton-induced
reactions on titanium and copper. Part of these unpublished data was already provided in a
private communication for deducing recommended cross-sections [1]. In this work, we
present complete experimental material.

2. Experimental

2.1 Target and irradiation

The cross-sections were measured using well-established stacked foil method followed by
off-line y-ray spectrometry. Two stacks of metal foils were irradiated on the external proton
beam of cyclotron U-120M in the Nuclear Physics Institute of the CAS. Both stacks contained
ten "*Mo foils (99.9 %, 19.3 um thick, Goodfellow, GB), ten "*Cu foils (99.9 %, 10.6 um
thick, Goodfellow, GB), eleven "Ti foils (99.6 %, 11.0 um thick, Alfa Aesar, USA) and
some "Cu foils (55.9 um thick) acting as energy degraders where needed.

Both stacks were placed in a Faraday-cup-like target holder and irradiated for one hour.
The incident proton beam energy was deduced from the precise beam orbit position
measurement [2]. Proton energy in the centre of each foil in the stack was calculated using
stopping power of protons in the foil material using the code SRIM [3]. Beam current was
kept constant during irradiation, recorded each second and integrated over the bombardment
time tp.
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2.2 Activity measurement

The stacks were disassembled soon after the end of bombardment (EOB), and single foils
were measured on energy and efficiency calibrated HPGe detectors (GMX45-Plus, Ortec and
GC2019, Canberra). The calibration was performed using a set of standards (**!Am, ?Eu,
137Cs, 133Ba and °Co) provided by the Czech Institute of Metrology with combined standard
uncertainties varying from 0.4 % to 1.0 %. Detection efficiency curves were obtained for
various distances sample to detector ranging from 150 mm to 1 600 mm. A polynomial of the
5™ degree was used to fit the logarithm of efficiency versus the logarithm of energy. For the y-
ray energies exceeding 240 keV, a linear fit was used.

Each foil was measured three to six times in order to optimize quantification of
radionuclides with various half-lives. The acquired y-ray spectra were evaluated using the
program DEIMOS32 [4]. The decay data (half-lives, y-ray energies and their emission
probabilities) were taken from the online database NuDat2 [5]. Nuclear reaction energies and
thresholds were calculated using an online calculator Q-calc [6]. All these data for all the
radionuclides identified in the irradiated target are summarized in Table 1.

2.3 Calculation of cross-sections, their uncertainties, thick target yields and prediction of
excitation functions
Cross-sections were calculated using the activation formula (equation 1):

B, At, i Aze
o= i, € ¢ T (D
Lty 1 —e dpNyI(1 — e=*tp)

where ¢ is cross-section for formation of a radionuclide at the energy in the middle of the foil
(cm?), P, is net peak area of a y-line used for the radionuclide’s quantification, I, is emission
probability of this y-line per decay, # is detection efficiency for this y-line, tm is life time of
the measurement (h), tr is real time of measurement (including the dead time) (h), tc is time
between the EOB and the start of the measurement (h), A is atomic weight of the foil’s metal
(g/mol), z is proton charge (z = 1), e is elementary charge (1.602177x107° C), d is foil’s
thickness (cm), p is density of the foil’s metal (g/cm®), Na is Avogadro’s number
(6.022137x10% mol™), I is beam current (A), 4 is decay constant of the radionuclide (h™*) and
tp is bombardment time (h).

Total cross-section uncertainty was calculated as a square root of a sum of squares of the
relative uncertainties of the particular quantities appearing in the activation formula:

e detection efficiency for a y-line selected for activity calculation (max. 3 %)

e emission probability of a y-line selected for activity calculation (usually < 5 %)
e net peak area of a y-line selected for activity calculation (0.1-10 %)

e Dbeam current (ca 6 %)

e foil’s thickness (< 2 %)

The measured cross-sections were compared with previously published values and with
prediction of the TALY'S nuclear reaction model code adopted from TENDL-2019 library [7].
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2.4 Interference treatment
The radionuclides *8V and “®Sc decay to the same product (*®Ti) and their most intense y-lines
have the same energy. The activity of “8Sc was, therefore, calculated using its 1037.52-keV
line absent in the 8V decay scheme, while the activity of “®V was measured after practically
complete decay of “éSc (ca 15-20 days post EOB, see Table 1).

In the generator system #™Sc/449Sc, the activity of the daughter radionuclide born from the
parent radionuclide during the irradiation (equation 2) and after EOB (equation 3) was
calculated.

dpN,yol Ay A
AEOB — (1 _ e Aty b _Aztb) 2
2 f Aze 12_11 € /12 _/11 ¢ ( )
A
AZ — f 2 AfOB(e—Altc _ e_AZtC) +AgoBe—).2tc’ (3)

A=A

where f is transition probability of the parent to the daughter radionuclide, A1 represent the
decay constant of the parent radionuclide (h™) and 2 represent the decay constant of the
daughter radionuclide (h™?1), other symbols have the above-mentioned meaning.

The contribution of “™Sc decay was subtracted from the measured activity of #49Sc in
order to obtain its amount born directly in proton-induced reactions. For a more detailed
description, cf. [8,9].

3. Results and discussion

3.1 Beam energy and current

Proton beam energy deduced from the precisely measured beam orbit position was 36.00 +
0.30 MeV and 21.35 + 0.30 MeV respectively for the 1% and 2" stack of foils. The beam
current obtained from continuous recording of the proton beam was 1.230 pA for the 1% stack
and 0.5078 pA for the 2" stack of foils. These values were used for calculation of cross-
sections without any further correction and their estimated uncertainty was 6 %. The data
obtained from both irradiations are well consistent providing smooth curves without any
visible “break” between the stacks (cf. Figs. 2-18).

3.2 Measured activities, cross-sections and predicted excitation functions

All measured cross-sections are summarised in Tables 2 and 3. The excitation functions and
cross-sections are discussed in the following paragraphs and shown in Figs. 2-18 together
with previously published experimental data and theoretical predictions of the TALYS
nuclear reaction model code adopted from the TENDL-2019 online library.

3.2.1 Recoiled atoms

We measured activity of radioisotopes recoiled from titanium foils onto the following copper
foils and added it to the activity measured in the original titanium foil. Activity of the recoiled
atoms for scandium isotopes varied in the interval of 1.5-4.5 %. Percentage of the recoiled
48\ activity is shown in Fig. 1. It increases almost linearly from 0.8 to 2.2 % for energies up
to 20 MeV, then the increase becomes significantly less pronounced and the values vary
between 2.1 and 2.6 % for energies up to 36 MeV.
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3.2.2 Cross-sections for "Ti(p,x)*8V reactions

The activity of *8V was evaluated as the mean activity calculated via its most intense 983.525
keV and 1312.106 keV y-lines after the complete decay of “®Sc, as described in the Section
2.4. The experimental data [10-27] are shown in Fig. 2 and are rather consistent except a few
data sets. Data of Walton et al. 1976 [13] are scattered in the energy region of 2540 MeV
and data of Jung et al. 1991 [18] and Khandaker et al. 2009 [24] seem to be shifted towards
higher energies by 1-2 MeV. Theoretical prediction of cross-sections [7] overestimates their
values in the energy interval of 5-15 MeV (the peak region), but the shape of the excitation
function is practically identical with the experimental observations.

The selected data [10,16,17,19,20,22,23,25 and this work] are shown in Fig. 3 and
comparison of their polynomial fit with the theoretical model and IAEA recommended data
[1] is shown in Fig. 4 and in Table 4. It agrees very well with the IAEA recommended cross-
sections, the only remarkable difference regards the shape and position of the maximum of
the function — the IAEA fit suggests smooth, more symmetric shape of the peak, its maximum
occurs at ca 1.5 MeV lower. In this aspect, our fit corresponds more with the TENDL-2019
prediction values.

3.2.3 Cross-sections for "Ti(p,x)**Sc reactions

Calculation of #*Sc activity was performed using its 372.9 keV y-line with intensity of 22.5 %.
All previously published data [14,19,23,24,27] shown in Fig. 5 are consistent except a few
points of Khandaker et al. 2009 [24] that seem to be shifted systematically to higher values.
Prediction of the TENDL-2019 library [7] for the energy region below 30 MeV shows two
maxima that are observed also in the experimental material, although the first maximum
underestimates the experiments, while the second one overestimates them. For energies
exceeding 30 MeV, theoretical model forecasts more rapid and steeper increase of the
excitation function.

3.2.4 Cross-sections for "Ti(p,x)*9Sc reactions

Cross-sections of “9Sc were calculated using its prominent 1157.020 keV y-line with
intensity of 99.9 %. Contribution of **™Sc decay to 49Sc activity was corrected as described
in the Section 2.4. The experimental data [14,19,23,24] are shown in Fig. 6 and are consistent
up to approximately 27 MeV, where our values starts to be slightly lower than the cross-
sections of Michel et al. 1978 [14] and Khandaker et al. 2009 [24]. The TENDL-2019 values
[7] are in a good agreement with our data up to 30 MeV, where the model predicts a quicker
decrease of cross-sections.

3.2.5 Cross-sections for "Ti(p,x)*™Sc reactions

Activity of #MSc was evaluated using its 271.241 keV y-line with intensity of 86.7 %.
Experimental cross-sections [11,14,15,17,19,20,23,24,27] for reactions leading to *™Sc
displayed in Fig. 7 are in a fairly good agreement with each other within their uncertainties.
Theoretical prediction of the TALYS code [7] underestimates the experimental values in the
region of the second, more pronounced peak (Ep > 22 MeV).
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3.2.6 Cross-sections for "Ti(p,x)*M*9Sc reactions

Evaluation of #™9Sc activity was performed using its 889.277 keV v-line with intensity of
99.9840 %. Calculated cross-sections are in fact cumulative and include the contribution of
the short-lived isomer “™Sc with half-life of 18.75 s that decays solely via isomeric transition
to the ground state.

Experimental data [11,17,24,27,28] shown in Fig. 8 are all in a good agreement, although
Khandaker’s et al. 2009 data [24] seem to be systematically higher (2—4 mb) in the energy
region of 4-27 MeV. IAEA’s recommended cross sections [1] are practically identical to
Hermanne’s et al. 2014 [28] fit of their experimental cross-section points. Even though our
values agree well with IAEA’s and Hermanne’s fit in the energies up to 30 MeV, in the higher
energy region, our cross-sections are slightly higher, and they indicate a steeper increase.
Theoretical prediction underestimates the measurements in the energy region of 15-30 MeV
but matches them very well for E, > 31 MeV.

3.2.7 Cross-sections for "™Ti(p,x)*’Sc reactions

Cross-sections of 4/Sc were calculated using its 159.381 keV vy-line with intensity of 68.3 %.
All the experimental data [11,14,15,17,19,20,23,24,27] shown in Fig. 9 provide quite
consistent picture overlapping each other within indicated uncertainties, except the cross-
sections of Brodzinski et al. 1971 [11]. Theoretical model [7] predicts a steeper increase of
the excitation function, a maximum that is slightly shifted to higher energies and ca 1.6 times
higher than the experimental data.

3.2.8 Cross-sections for "Ti(p,x)*8Sc reactions

Activity of “Sc is based on its non-interfering 1037.522 keV y-line with intensity of 97.6 %.
Experimental cross-sections [11,14,17,20,24,27] displayed in Fig. 10 follow all the same
trend without significant discrepancies except one outlying point of Brodzinsky et al. 1971
[11]. Theoretical prediction of the TENDL-2019 library [7] agrees with the measured data
quite well but overestimates the experimental values in the energy region of 27-40 MeV
almost 1.5 times.

3.2.9 Cross-sections for "Cu(p,x)®?Zn reactions
Cross-sections of ®2Zn were evaluated using its 596.56 keV y-line with intensity of 26.0 %.
This y-line was chosen because of the best statistics of the counts in the photopeak in the y-ray
spectra. Activity of 2Zn calculated from this y-line was systematically lower by 2.36 + 0.78
% in comparison to the one calculated from the 548.35 keV vy-line (intensity of 15.3 %).

The available experimental material [20-22,29-42] is recapitulated in Fig. 11. Our data are
in a very good agreement with data of Mills et al. 1992 [34], Szelecsényi et al. 2001 [21],
Takacs et al. 2002 [22] and Jost et al. 2013 [41]. The only measurements that exceed
significantly (sometimes even more than twice) the other published cross-sections are those of
Williams et al. 1967 [30] and Aleksandrov et al. 1987 [32] (excluded from Fig. 11).
Theoretical prediction of TALYS model code [7] describes well the shape of the experimental
data but the maximum of the excitation function is slightly shifted towards lower energies (by
ca 1 MeV) and shows 1.6 times lower values.

Data selection [20,21,24,29,34,36,37,40-42 and this work] together with their polynomial
fit are reported in Fig. 12. The cross-sections resulting from the fit are summarized in Table 4.
The fit is in a very good agreement with the IAEA recommended cross-sections [1].
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3.2.10 Cross-sections for "Cu(p,x)®3Zn reactions
Activity of ®3Zn was deduced from the net peak area of its 669.62 keV vy-line with intensity of
8.2 % because its photopeak had the lowest uncertainty of the net-peak-area in the acquired y-
ray spectra. The activities calculated using this y-line were systematically higher by 2.7 £ 1.7
% higher compared to the ones deduced from the 962.06 keV line with intensity of 6.5 %.

The published cross-sections [12,21,22,31-34,38,40,43-48] displayed in Fig. 13 represent
a consistent body with a few exceptions (data sets of Barrandon et al. 1975 [12] and
Alexandrov et al. 1987 [32] that clearly overestimate other measured values). Selected data
[21,22,38,31,34,40,43-47] and this work are displayed in Fig. 14 and the cross-sections of
their polynomial fit are summarized in Table 4. The fit doesn’t practically differ from the
IAEA recommended cross-sections [1], only the maximum of our selection is shifted by ca 1
MeV to higher energies.

Theoretical prediction [7] corresponds with the experimental data in its shape but seems to
be shifted to lower energies by ca 1-2 MeV and shows approximately 1.4 times lower cross-
section values in the peak region.

3.2.11 Cross-sections for "Cu(p,x)®°Zn reactions

Evaluation of ®Zn activity was based on its 1115.539 keV y-line with intensity of 50.04 %.
Experimental data [12,21,22,27,36,38,40,42,44-47,49-51] together with IAEA recommended
cross-sections [1] and the theoretical prediction of cross-sections [7] are shown in Fig. 15.
Obviously, all the data follow the same trend with a minimal scattering. The minor exception
represents the work of Garrido et al. 2016 [27], whose data seem to be slightly shifted towards
higher energies. This is the reason why the values of his work were skipped from the data
selection for the fit/recommended cross-sections (Fig. 16, Table 4). Our fit of the selected
data copies perfectly the IAEA recommended values in the whole energy range. Theoretical
prediction of TALYS reaction model code follows the same shape as the experimental data,
however it seems to be shifted to lower energies by ca 1 MeV and its maximum shows higher
values by ca 20 mb.

3.2.12 Cross-sections for "*Cu(p,x)®*Cu reactions
Cross-sections of ®1Cu were calculated from the net peak area of 282.956 keV y-line with
intensity of 12.9 % and 656.008 keV vy-line with intensity of 9.8 %. The data obtained using
the above given intensities provided consistent cross-section values that differ on average by
2.25 %. When using the intensities from the online library NuDat 2.6 [5] (282.956 keV, 12.2
%; 656.008 keV, 10.8 %), the cross-sections differ systematically by 14.04 + 0.14 % (higher
values for 282.956 keV y-line). This demonstrates a significant inconsistency in the published
emission probabilities that moved us to the decay data revision that will be published later.
The cross-sections based on the 282.956 keV y-line (12.9 %) are displayed in Fig. 17.
Experimental data [20,27,30-32,34,38,42,52,53] show similar shape of the excitation function
and their scattering may be partly due to the decay data discrepancies. Only cross-sections of
Williams et al. 1967 [30] are clearly too low for proton energies exceeding 30 MeV. Data of
Aleksandrov et al. 1987 [32] and Yashima et al. 2003 [53] follow the same trend as the
remaining experimental data but they seem to be shifted to lower energies by ca 4 MeV.
Theoretical model [7] is in a fair agreement with experimental data up to ca 33 MeV, and then
it starts to decrease more rapidly compared to them.
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3.2.13 Cross-sections for "Cu(p,x)*®™*9Co reactions

Activity of *®9Co was calculated from the net peak area of its prominent 810.7593 keV y-line
with intensity of 99.450 %. The measured cross-sections are cumulative with regard to the
low-energy-level metastable state *®™Co with a half-life of 9.10 h. This isomer emits only
single y-line with energy of 24.889 keV and intensity of 0.0379 % and is thus practically
invisible for the detectors used in this experiment. The activity of the ground state was
calculated from the spectra acquired after the complete decay of the isomer.

The results, in the context of the previously published data [27,31,42,50,52,53,54], are
shown in Fig. 18. The experimental material is consistent except the works of Greenwood et
al. 1984 [54] and Yashima et al. 2003 [53] that significantly overestimate the other data sets.
The IAEA recommended cross sections [1] agree with the selected experimental data within
uncertainties. In contrast, the prediction of the TENDL-2019 [7] underestimates the measured
data approximately twice in the energy interval 30-40 MeV.

3.3 Thick target yields

Thick target yields were calculated for all the quantified radionuclides. The experimental
cross-section data were fitted with one or two polynomials and integrated using the stopping
power of protons in titanium or copper. The deduced thick target yields are displayed in Figs.
19-24.

4. Conclusion

In this paper, we present new measurement of excitation functions for the "™Ti(p,x)*V, S,
4405c, 4mgc 46mtage 47Sc, 48Sc reactions in the energy range 6.4-36.0 MeV, and for the
"Cu(p,x)%2Zn, 3zn, %zn, #1Cu, *M™ICo reactions in the energy range of 7.3-35.9 MeV. Our
cross-sections were compared with previously published experimental data and with
prediction of the nuclear reaction model code TALY'S adopted from the TENDL-2019 online
library. We calculated thick target yields for all the radionuclides listed above.

In case of "Ti(p,x)*®V and "*Cu(p,x)%?Zn, ®zZn, %Zn reactions, we selected the most
reliable published experimental data, fitted them with simple polynomials and compared the
results with the recently up-dated IAEA recommended cross-sections. The differences are
marginal for the "'Cu(p,x)®2Zn, 83Zn, ®Zn reactions. In the excitation function of "Ti(p,x)*®V
reaction, we, however, noticed an interesting disagreement around the excitation function
maximum: while our fit is “beveled” from the side of lower energies, the IAEA fit suggests
quite symmetric shape of the peak.

We noticed significant inconsistency in the published intensities of the ®*Cu y-lines that
initiated decay scheme revision that is to be published in a separate work.
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Table 1 Data for the investigated radionuclides. Q-values for isomeric nuclei have to be lowered by
the energy level of the isomer. Q-values and threshold energies for reactions where composed particles
are emitted have to be increased by binding energy of the particle (d = np + 2.225 MeV, t = p2n +
8.482 MeV, *He = 2pn + 7.718 MeV, a = 2p2n + 28.296 MeV). Energies of gamma lines used for
quantification of each particular radionuclide are in bold. Uncertainties of the half-lives, gamma line
energies and their intensities in the last valid digits are given in italics.

. . . contributing Q-value Etr
radionuclide half-life E, (keV) I, (%) reactions (MeV) (MeV)
9441304 7.8707 Ti(p.y) 6.829 0
9835254  99.98 4 “Ti(p,n) 4797 4.898
48 '
v 15.9735d25 3151068 9823 STi(p2n)  -12.940  13.206
22403966 233313 ®Ti(p,3n)  -23.879  24.361
%Ti(p2p2n)  -31.370  32.058
“Ti(p,2p3n)  -40.251  41.115
43 ’
Sc 3.891h 12 372,93 225 “Titozoan) 51878 52968
©Ti(p,2p5n) ~ -60.020  61.256
®Ti(p2pn)  -21.671  22.146
44mge 58.61 h 10 271.241 10 86.7 3 47Ti(p,2p2n) -30.552 31.208
®Ti(p,2p3n)  -42.179  43.065
49T
4195 397h4  1157.02015  99.9 4 Ti(p,2pdn) ~ -50.321  51.357
0Ti(p,2p5n)  -61.260  62.496
“Ti(p,2p)  -10.465  10.689
: ©Ti(p2p2n)  -30.234  30.856
11205454 99987010 sorjnon3n 41173 42.004
®Ti(p2p)  -11.445  11.686
475¢ 33492d6 15938115 6834  “Ti(p2pn)  -19587  19.991
©Ti(p2p2n)  -30.527  31.142
1753615 74810
g ja67hg 98352612 10016 _ “Ti(pop) 11348 11582
: 103752212 9767  STi(p2pn)  -22.288 22737
1312.12012 10017
5483511 15314  ®Cu(p2n)  -13.265 13478
62 ’
Zn 9186N 13 —5oe o613 26.0 sCu(pdn)  -31.092 31575
. 669.62 5 8.2 &Cu(pn) 4149 4215
63 ]

Zn 3847mMINS 555 06 4 6.5 4 sCu(p3n)  -21.975  22.316
%7n 24393d9 11155392 500410  ®Cu(p.n) 2134 2167
ey sa33ns 28295610 12926  “Cu(ppn)  -19.738 20054

' 65600810  9.820  ®Cu(pp4n)  -37.565  38.148
%Co 7086d6 810759320 99450  ®Cu(p,3p3n)  -44524 45238
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Table 4 The cross-sections for "Ti(p,x)*V and "'Cu(p,x)®2Zn, Zn, ®Zn resulting from the
polynomial fit of the selected experimental data

natTi(p‘X)IlBV natcu(p’X)GZZn natcu(pyx)&zn natCu(p‘X)GSZn

E, (MeV) o (@h)

30 354

35 14.82
40 0.39 31.59
45 21.82 51.31
5.0 1.60 57.98 72.61
55 70.55 95.64 94.03
6.0 136.34 130.31 114.09
6.5 189.03 160.77 131.79
7.0 231.34 186.95 146.93
75 266.04 209.25 160.13
8.0 294.79 228.33 172.42
85 318.17 245.05 184.76
9.0 336.22 260.35 197.41
95 349.12 275.05 209.70
10.0 357.63 289.64 219.94
105 363.18 304.00 225.87
11.0 367.58 317.43 225.31
115 372.24 328.61 216.99
12.0 377.33 33591 201.28
125 381.05 337.72 180.45
13.0 379.55 332.73 158.24
135 367.99 1.70 320.27 138.39
14.0 343.61 417 300.31 122.23
145 314.39 7.89 273.43 105.19
15.0 281.42 12.36 240.78 84.31
155 246.11 17.23 204.34 74.09
16.0 212.45 22.25 168.35 64.32
165 182.70 27.26 142.89 55.39
17.0 157.80 32.16 122.78 4751
175 137.80 36.89 104.73 40.77
18.0 122.12 41.43 88.61 35.14
185 109.89 4576 74.85 3054
19.0 100.15 49.86 63.55 26.85
195 91.99 53.72 54.59 2391
20.0 84.74 57.30 47.67 21.59
205 77.99 60.58 42.43 19.76
21.0 71.61 63.52 38.46 18.28
215 65.75 66.05 35.35 17.06
22.0 60.71 68.13 32.80 16.02
225 56.84 69.71 30.56 15.11
23.0 54.34 70.73 28.52 14.30
235 52.77 71.17 26.71 13.56
24.0 50.30 71.00 25.29 12.88
245 48.05 70.22 24.58 12.27
25.0 46.02 68.83 25.00 11.72
255 44.20 66.88 25.47 11.25
26.0 42.58 64.41 25.71 10.85
265 41.15 61.49 2757 10.51
27.0 39.90 58.21 30.38 10.25
275 38.81 54.66 33.60 10.03
28.0 37.87 50.96 36.88 9.85

285 37.06 47.19 39.96 9.69

29.0 36.36 43.46 42.70 953

295 35.76 39.86 45.03 9.37

30.0 35.23 36.48 46.94 9.19

305 34.75 33.36 48.44 8.96

31.0 34.30 3054 4959 8.73

315 33.87 28.05 50.45 8.48

320 33.43 25.87 51.08 8.23

325 32.97 23.99 51.54 8.01

33.0 32.46 22.35 51.85 7.82

335 31.91 20.92 52.06 7.70

34.0 31.30 19.63 52.16 7.64

345 30.63 18.44 52.15 7.63

35.0 29.90 17.33 51.99 7.67

355 29.13 16.27 51.66 7.72

36.0 28.32 15.29 51.13 7.72
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Fig. 1 Activity of “8V recoiled atoms found on the following foil
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Fig. 2 Cross-sections of reactions "Ti(p,x)*®V — our values in comparison with the previously
published data [10-27] and the TALY'S prediction taken from the TENDL-2019 library
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Fig. 3 Selected experimental cross-sections of reactions "™Ti(p,x)*V [10,16,17,19,20,22,23,25]
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Fig. 4 Comparison of selected cross-section data fit, IAEA recommended cross-sections and TALY'S
prediction taken from the TENDL-2019 library in the measured energy range of reactions "Ti(p,x)*®V
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Fig. 5 Cross-sections of reactions "™Ti(p,x)**Sc — our values in comparison with the previously
published data [14,19,23,24,27] and the TALYS prediction taken from the TENDL-2019 library
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Fig. 6 Cross-sections of reactions "Ti(p,x)*9Sc — our values in comparison with the previously
published data [14,19,23,24] and the TALYS prediction taken from the TENDL-2019 library
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Fig. 7 Cross-sections of reactions "Ti(p,x)*™Sc — our values in comparison with the previously
published data [11,14,15,17,19,20,23,24,27] and the TALYS prediction taken from the TENDL-
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Fig. 8 Cross-sections of reactions "Ti(p,x)*™9Sc — our values in comparison with the previously
published data [11,17,24,27,28] and the TALYS prediction taken from the TENDL-2019 library
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113

30

36



Thick target yields

0,8 - -— -+ 7n-65 -

0,7 - Co-58m+g -
06 - 7/

0,5 +

physical yield (kBq/pAh)
\

0,0 / \ \ \ \ \
6 12 18 24 30 36

proton energy (MeV)

Fig. 21 Thick target yield (production rate) for #Zn and *™*9Co
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7.2 Prehlasenie spoluautorov

Vyjadrenie prof. Ing. Ondieje Lebedu, Ph.D. k méjmu podiclu na priprave a realizacii
experimentov, na vyhodnocovani ziskanych dat a na pisani publikacii, z ktorych tato praca

vychédza.
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