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ABSTRAKT

Urychlovacem fizené podkritické jaderné reaktory jsou pokrocilé reaktorové systémy, které jsou
provozovany v podkritickém ustadleném stavu s externim zdrojem neutront ve formé urychlovace ¢astic
s vhodnym teréem. Jedna se o systémy, které jsou ve stddiu vyzkumu a vyvoje a které mohou
v budoucnu pomoci sfeSenim problematiky vyhotelého jaderného paliva ¢i dlouhodobé udrzitelné
jaderné energetiky obecné — svyuzitim thoria ¢i ochuzeného uranu jako paliva. Ve vyzkumu ADS
(Accelerator Driven Systems — urychlovacem fizenych systému) hraji zasadni roli jaderna data — ucinné
prarezy, vytézky jadernych reakci, vytézky reakci produkujicich neutrony, energetickd spektra
emitovanych Castic. Pfedkladana prace obsahuje jak vysledky vypoctl, tak zejména experimentalni data
ziskand autorem a jeho kolegy diky unikatnim zatizenim provozovanym ve Spojeném Ustavu jadernych
vyzkum( v Dubné. Habilitacni prace ma formu komentovaného souboru 12 ¢lanka, které postupné
prochdzeji odbornou kariérou autora prdce; hlavni ¢asti prace je monografie spoleéné publikovand
autorem a profesorem Vinodem Verma Kumarem, hostujicim profesorem na Rajiv Gandhi
University, Itanagar, Arunacalpradés, Indie.
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ABSTRACT

Accelerator driven subcritical nuclear reactors are advanced nuclear systems being operated in
subcritical steady-state with external neutron source in the form of particle accelerator with proper
target. These systems are under research and development now, they might help with spent nuclear
fuel question in the future or they may make nuclear power sustainable using thorium or depleted
uranium as a fuel. Investigation of ADS (Accelerator Driven Systems) is particularly focused on nuclear
data — cross sections, nuclear reaction yields, neutron yields, energy spectra of emitted particles. Thesis
presented consists of calculation results, as well as of experimental data obtained by the author and his
colleagues on unique facilities being operated in Joint Institute for Nuclear Research at Dubna.
Associated professorship thesis contains 12 articles and papers, which are systematically describing
professional career of the author; the main part is a monography jointly published by the author and
Dr. Vinod Verma Kumar, visiting professor at Rajiv Gandhi University, Itanagar, Arunachal Pradesh, India.
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Vénovdno mému otci.



Chtél bych na tomto misté podékovat svym odbornym mentor(im, panu Dr. Jindfichu Adamovi, panu
profesoru Vinodu Verma Kumarovi, docentu Ivanu Haysakovi a pani profesorce Anahit Balabekyan.
Bez jejich ideji, nadseni, konzultaci a podpory bych nikdy nedokazal praci dokoncit. Zasadni
podékovani ale nepatii jen mym mentorim, ale i mym studentlim. Jsou to jejich ¢lanky, konference,
granty a konzultace, které mé v poslednich 10 letech udrZovaly v odborné formé a pomahaly mi ddle
rist. Vim, Ze zde neni moZné jmenovat vSechny ty vice nez dvé desitky student(, se kterymi jsem se
problematikou ADS zabyval, ale neodoldm zminit Milana Stefanika, Ondieje Stastného a Lukdase
Zavorku z FJFI €VUT v Praze a Jana VarmuZu, Miroslava Zemana, Josefa Svobodu a Du$ana Krale
z FEKT VUT v Brné. V nich jsem nasel nejen pilné studenty a kolegy, ale i pratele na cely Zivot.



Predmluva

Jako svoji habilitacni praci predkladam knihu Spent Nuclear Fuel and Accelerator-Driven Subcritical
Systems [1], kterou jsme napsali spolecné s prof. Vinodem Kumarem a kterd vysla v nakladatelstvi
Springer Nature Singapure v lednu 2019. Knihu doplfuji nékolika ¢lanky, které postupné prochazeji
celou moji akademickou kariérou spojenou s tématem habilitacni prace — urychlovacem fizenymi
podkritickymi systémy. Prvni z nich [2] vychazi jeSté z mé diplomové prace [3] a byla prezentovana
spoluzakem, Dr. Krfepelem na konferenci AccApp’01 v Renu. Nasledné se jednd o publikace, které
jsme pfipravili s mym Skolitelem [4,5,6] a jez vyvrcholily ¢lankem publikovanym v impaktovaném
Casopise European Physical Journal [7] tfi roky po obhajobé mé disertacni prace [8]. lkdyz jsem
v letech 2008 az 2012 stravil v SUJV Dubna pouhy tyden, nadéle jsem zustal v kontaktu se svym
byvalym Skolitelem a zacala se prohlubovat moje spoluprace se skupinou prof. Balabekyan a prof.
Kumara. Z tohoto obdobi pochazeji publikace [9,10,11]. Po roce 2012 se pocet mym publikaci dale
zvysuje, nicméné je to tim, Ze jsem se zacal intenzivnéji vénovat praci s doktorandy, motivoval jsem je
k psani ¢lankli a k zodpovédnosti za jejich vydani. AC mnozstvi ¢lankd v tomto obdobi nar(st3,
nemdam z této doby prakticky Zzadné ¢lanky jako hlavni autor — vzdy jsem radéji volil cestu toho, aby
hlavnim zodpovédnym autorem byl nékdo z mych doktorand(. Z pocatku se jednalo hlavné o prace
mych prvnich dvou doktorandii — Milana Stefanika [12] a Lukase Zavorky, ktefi nakonec své disertace
obhdjili vroce 2015 Nasledné pfibyly prace mych doktorand( z FEKT: Jana Varmuzi, Miroslava
Zemana [13] a Josefa Svobody. V posledni dobé, poté, co se podafilo sestavit na UEEN FEKT VUT tzv.

‘

,Jadernou skupinu” a podafilo se navazat spoluprdci s nékolika prestiznimi univerzitami ¢innymi
v oblasti ADS, se dafi rozvijet spole¢né zahrani¢ni projekty, experimenty v zahranici, organizovat
stdZe i psat spolecné publikace. Zatim nejvice téZime ze spoluprace s indickymi univerzitami?, a
s Arménii a Ukrajinou; pro potreby habilitacéni prace jsem vybral nads spoleény ¢lanek se skupinou
profesora Nand Lal Singha z MSU Baroda, sepsany jeho doktorandem Rajnikant Makwanou® [14] a
nas spolecny c¢lanek se skupinou docenta Ivana lvanovi¢e Haysaka z univerzity v Uzhorodu, sepsany

doktorandem Robertem Holombem?* [15].

1 Dr. Stefanik je nyni zodpovédnou osobou za neutronové generatory v UIF AV CR a pravé dokonéuje svoji
habilitaéni praci, kterou chce podat na FJFI CVUT. Dr. Zavorka ziskal misto postdoka v PTB Braunsweig a
nasledné druhé postdoktorské misto v Los Alamos National Laboratory, kde plsobi dodnes.

2 MoU s The Maharaja Sayajirao University of Baroda in Vadodara, Gujarat; Guru Gobind Singh Indraprastha
University of New Delhi; University of Rajasthan in Jaipur; Banaras Hindu University Varanasi, Uttarpradesh;
Rajiv Gandhi University, Itanagar, Arunachal Pradesh

3 Rajikant Makwana odevzdal svoji disertaéni praci a uchazi se o misto postdoka v nasi skupiné

4 Robert Holomb po obhéjeni své diplomové prace na Uzhhorod National University nastoupil jako doktorand
do nasi skupiny a je spolecné veden mnou a docentem lvanem |. Haysakem z UzhNU.
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Uvod

Jaderna energetika — prlmysl pfinasejici novou dimenzi do vyroby energie, vyuZivajici mnohem
intenzivnéjsich a efektivnéjsich energetickych pfemén a bezprecedentni hustoty energie nez klasicka
energetika; priimysl umoznujici osvobodit se od lokalnich fosilnich zdroji ¢i importu a ziskat vétsi
energetickou nezavislost; odvétvi spojené se svobodou zdpadu® i sou¢asnym rozmachem vychodu;
stigmatizované a spojované s jadernymi zbranémi, mnohymi odepsand cast energetického mixu,
zavrhnutd, zastarald a nyni znovu nalezend, moderni a nepostradatelna v boji proti zméndm klimatu!

Ve chvilich, kdy piSu tyto radky, zacina v New Yorském sidle OSN klimaticky summit svolany
generdlnim tajemnikem OSN Antonio Guterresem. Stdtnici ze vSech zemi svéta diskutuji nad
zménami klimatu a predhanéji se v zdvazcich tykajicich se snizeni emisi sklenikovych plynd. Svétové
spolecenstvi narodd by mélo snizit emise sklenikovych plynli do roku 2030 o 45% a do roku 2050 by
mélo pry byt uhlikové neutralni. Na druhém konci svéta ale ve stejnou chvili hofi tropické pralesy
takovym zplsobem, Ze lidé v brazilskych, indonéskych nebo malajskych méstech uz mésic nevidéli
nejen hvézdy na no¢nim nebi, ale ani na druhou stranu silnice. Pralesy vsak nehofi kvili suchu nebo
po uderu blesku, hofi, protozZe je zapalili mistni lidé (s podporou svych politickych predstavitel(!), aby
zvysili svoji Zivotni Uroven (a pfipadné dodali dostatek palmového oleje pro nase margariny nebo
biopaliva). Mimo emotivni Grety Thunbergové je mozné slyset i odbornéjsi ale stejné naléhavé hlasy,
Ze je treba jiz konecné zacit konat — zakazat biopaliva, prestat s palenim uhli a ropy, zménit
kompletné dopravu a zacit se chovat zodpovédné. O tom, Ze soucasti této zodpovédnosti musi
v soucasnosti byt i jaderna energetika nelze pochybovat. Nékteré ekologické iniciativy (vCetné
Greenpeace) jiz zafadili jadernou energetiku do portfolia bezemisnich zdrojl (jadro dokaze byt méné
emisni neZ mnohé obnovitelné zdroje, diky technologii P2G — Power to Gas mUZe produkovat i
,zaporné” emise CO; a umoznit tak ,bezemisni” provoz nékterym primyslovym odvétvim, které
zatim bez produkce CO; nejsou uskutecnitelné) a pocitaji s ,prechodnych” vyuzZitim jaderné
energetiky do doby, nez lidstvo zvladne ve velkém provozovat fuzni reaktory nebo dokaze provozovat
elektroenergetickou soustavu pouze s obnovitelnymi zdroji. Jaderna energetika, mimo své bezemisni
uhlikové stopy, nabizi stabilni a dlouhodobé bezpecny zdroj elektrické energie a tepla, zajisténi
pramyslu s vysokou pfidanou hodnotou a vyucéeni vysoce vzdélanych lidi v zemich, které se pro
jadernou energetiku rozhodly. Mezi tyto zemé patfi i Ceskd republika a je tedy nasi povinnosti do
detaill toto odvétvi studovat a zabyvat se veskerymi jeho zakonitostmi.

Jadernd energetika ma dvé Achillovy paty — moZznost Uniku radionuklidd do Zivotniho
prostifedi béhem celého Zivotniho cyklu (tézba, vyroba paliva, provoz, likvidace) a radioaktivni
odpady, které béhem provozu jaderného zdroje nebo po jeho skonceni vznikaji. Mezi vysoce aktivni
odpady bude v néjaké podobé patfit i jaderné palivo — jiz spotfebované a nadale neschopné udrzet
$tépnou Fetézovou reakci v daném typu reaktoru. At je jiz prohlasime za odpad celé nebo pouze jeho
Cast, budeme se v kazdém pripadé muset vyporadat s vysoce toxickym odpadem, ktery z(stava
nebezpecny po nepredstavitelné dlouhou dobu. Pomoci se zodpovédnym nakladanim s vyhorelym
jadernym palivem mohou pokrocilé jaderné reaktory, zdad se, Ze nejefektivnéji by mohly pomoci

5 Stat ,Jadernd energetika a svoboda zdpadu“ je svétoznamy ¢€ldnek vznikly z korespondence Eeského fyzika
Franti$ka Janoucha s Andrejem Sacharoven v letech 1976-1977. Clanek vyjadiuje podporu pana Sacharova
nazoru profesore Janoucha, Ze cituji: ,,jadernd energie je conditio sine qua non pro politickou svobodu a
nezavislost Zdpadu a pro vytvdreni priznivéjsiho mezindrodniho politického klimatu“
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reaktory fizené urychlovaéem. S jejich pomoci by bylo mozné zkratit dobu potifebnou pro bezpecné
ukladani radioaktivnich odpad(i z vyhorelého jaderného paliva z desitek tisic let na pouhé stovky let.

Podkritickym jadernym reaktorlm uréenym pro transmutaci vyhorelého jaderného paliva se
vénuje predklddand habilitacni prace. Problematika lezi na pomezi jaderné energetiky a jaderné
fyziky, umoznuje tedy byt velmi atraktivni pro studenty, doktorandy i postdoky — vZdy je dostatek
nové zajimavé prace, zakladniho vyzkumu, sn(, vizi a ideji; nicméné stale je nadosah primyslova
aplikace a pomoc spolecnosti v efektivnim a nizkoodpadovém boji se zménami klimatu.

Obecny tvod do problematiky urychlovacem rizenych systémi

Transmutace vyhorelého jaderného paliva, thoriova energetika, vyuziti
ochuzeného uranu

Jaderné reaktory provozované od padesatych let 20. stoleti az do soucasnosti jsou zalozené na
$tépeni pomoci tzv. tepelnych neutronl®. Jedna se o neutrony, které jsou zpomalené v moderatoru
aZ na energii odpovidajici tepelné rovnovaze s prostfedim moderatoru. Nespornou vyhodou téchto
reaktorl je mira pravdépodobnosti pro sStépeni jader uranu ¢i plutonia; nevyhodou ale zlstava
napjata neutronova bilance a velké mnozZstvi vznikajicich minoritnich aktinoidd (Np, Am, Cm, Cf).
Vyména paliva v téchto reaktorech je bud kontinudlni (téZzkovodni, grafitové) nebo kamparovita
(vidy po jednom a? dvou letech). Cést paliva, kterou je nutno vyménit za palivo &erstvé, se nazyva
pouzité jaderné palivo, Casto se setkdvdme se zauZivanym terminem vyhotelé jaderné palivo. Tento
termin, a¢ $iroce pouzivany’, je technicky nespravny, protoze palivo obsahuje jesté velké mnozstvi
uranu, plutonia, minoritnich aktinoid( a pouze cca 3% Stépnych produktl, které jiz nelze vyuzit
k produkci tepla stépenim.

Technicky a fyzikalné Ize vSak onéch 97% vyhorelého jaderného paliva znovu pouzit, ¢ast je
pouZitelnd i v tepelnych reaktorech po pfepracovéni na palivo typu RepU® nebo MOX?®; vétsi ¢ast viak
vyZaduje Stépeni rychlymi neutrony a/nebo transmutaci na $tépny materidl. K tomu lze vyuZit pouze
reaktorové systémy, které maji velmi dobrou neutronovou bilanci:

e téZkovodnijaderné reaktory s obohacenym palivem,

e reaktory s palivem ve formé tekutych soli a s kontinualni separaci neutronovych jedd,
e rychlé mnozivé reaktory,

e reaktory s vnéjsim zdrojem neutron(.

Pfesné pro tyto typy lze vyuzit jako potencialni palivo také thorium, jehoZ ptirodni zasoby
jsou pravdépodobné vétsi nez zasoby uranu, nebo ochuzeny uran, ktery je na svété skladovan
v obrovskych mnozstvich jako pozlstatek po obohacovani — at jiz pro mirové Ci vojenské Ucely. Kazdy
z uvedenych systémud ma vsak i své nevyhody, at je to technologicka slozitost, finanéni narocnost i
jisté nedostatky vinherentni jaderné bezpecnosti. Fyzikdlné velmi nadéjnym se jevi reaktorovy

6 Reaktor( zaloZenych na rychlych neutronech bylo a je v provozu pouze nékolik jednotek
7| autor této prace je zvykly jej pouZivat

8 Reprocessed Uranium

% Mixed Oxide Fuel (UO2+Pu0z2)



systém, ktery je provozovan v podkritickém stavu a ktery je udrzovdn na ustdleném vykonu vnéjSim
neutronovym zdrojem. Inherentni bezpecnost tohoto reaktoru je bezprecedentni, rozvoj
nekontrolovatelné Stépné fetézové reakce neni mozny. Problémem je vSak potfebnd vysoka
vydatnost neutronového zdroje — pozadovanou hodnotou dosud nedisponuje Zadny neutronovy
zdroj soucasnosti. Nejintenzivnéjsimi zdroji neutron( jsou jaderné reaktory samy; vyssich hodnot
vydatnosti mohou dosdhnout pouze neutronové zdroje zaloZené na urychlovacich ¢astic.

Jak jsem jiz uvedl, vyhotelé palivo, které je vyvezeno z aktivni zény reaktoru do externich
skladovacich prostor (bazénu skladovani, meziskladu) se sklada ze stépnych produktl, které se
vétsinou rozpadaji beta rozpadem, a jejichz polocasy rozpadu jsou od jednotek dn(i po stovky tisic let,
pficem? nejpravdépodobnéj$i hodnoty poloasu pfemény jsou v nizdich desitkach let'®. Pokud
predpokladame, Ze bude nutné uchovavat tyto odpady pfiblizné 10 polocasl rozpadu, dochazime
k ¢islim okolo 300 let — to je doba potfebnd k tomu, abychom odpad sloZzeny pouze ze stépnych
produktl skladovali tak, aby mérna radiotoxicita tohoto odpadu byla obdobnd jako u vytéZené
uranové rudy. Vyhorelé jaderné palivo vSak obsahuje i transurany — izotopy plutonia a tzv. minoritni
aktinoidy, které kdyz zahrneme do vysSe uvedené Uvahy, dostaneme dobu potfebnou k uchovavani
vyhorelého paliva jakozto odpadu v desitkach az stovkach tisic let, nez dosdhne mérné radiotoxicity
jako puvodni uranova ruda. VSechny aktinoidy vsak lze Stépit za pomoci neutrond — nékteré za
pomoci tepelnych neutrond, vSechny za pomoci rychlych neutroni. Mame-li k dispozici dostate¢né
silny zdroj rychlych neutronl, mulzZeme v hypotetickém jaderném reaktoru ,spalit” vsechny
transurany (véetné uranu samotného) na §tépné produkty za zisku tepelné energie. Cast této energie
by byla vyuzita pro provoz externiho neutronového zdroje.

Toto je myslenka transmutoru, reaktoru, ktery by vyuZival vyhorelé palivo z tepelnych
jadernych reaktor(. Jaderny palivovy cyklus by se tak podafilo Uspésné uzavfit. Podafi-li se uvést
v budoucnu transmutacni jaderné reaktory do provozu, vyrazné se tak omezi potreba ukladat
vyhorelé jaderné palivo v hlubinnych ulozZistich. Ukladani budou poZadovat pouze $tépné produkty, u
nichz je doba nutna ke skladovani fadové nizsi, v pouhych stovkach let.

PodKritické reaktory rizené vnéjsim neutronovym zdrojem

Jaderny reaktor se maze fyzikalné nachazet ve tfech rliznych stavech — nadkritickém, podkritickém a
kritickém. Kriticky stav znaci ¢asové vyrovnanou neutronovou bilanci a ustdleny stav, nadkriticky stav
vede kexponencidlnimu rastu vykonu, podkriticky stav k exponencidlnimu poklesu vykonu az
k zastaveni Stépné retézové reakce. Mimo téchto tfi stavll vSsak mizZzeme jesté rozliSovat dva stavy —
jaderny reaktor s vnéjsim zdrojem neutron(l nebo bez vnéjsiho zdroje. Chovani kritického jaderného
reaktoru ovlivni vnéjsi zdroj neutronl tak, Ze zpUsobi linedrni nardst vykonu; u nadkritického
reaktoru dojde k superpozici narlstd vykonu; nicméné u podkritického reaktoru dojde k ustaleni
vykonu jaderného reaktoru na hodnoté, ktera je Umérna koeficientu ndsobeni soustavy a vydatnosti
vnéjsiho zdroje!l. Pokud by byl vnéj$im neutronovym zdrojem urychlovad &astic s pFislusnym teréem
produkujicim neutrony, ktery by mohl na zdkladé poZadavku operdtora ménit vydatnost zdroje a
kdykoliv pouhym stisknutim tlac¢itka vypnout produkci neutronl, dostali bychom inherentné
bezpecny jaderny reaktor svelmi dobrou neutronovou bilanci. U takového systému by nas

10137Cs a %Sy maji polo&asy rozpadu pfiblizné 30 let a jejich kumulativni vytéZek ze $tépeni je v jednotkach %
11 Obecné také zavisi na spektru neutrond z vnéj$iho zdroje

-9-



neomezovaly poZadavky na poufZiti materiall s nizkym Ucinnym prirezem pro absorpci neutron,
neutronové jedy, strusky a podobné.

Fyzikalni chovani takového reaktoru je ponékud specifické a odliSuje se od chovani
kritického systému, klade poZadavky zejména na presné kontinualni méreni reaktivity a zpétnou
vazbu tohoto méreni na vydatnost zdroje [16]. U urychlovaéem fizenych systému je také velmi
odlisné spektrum neutron(l ze zdroje, obsahuijici i neutrony s vysokou energii [1 kap.4]. Tyto neutrony
mohou zplsobovat mnoZeni neutronl nejen Stépenim, ale i skrze interakce (n,xn); vypocet
koeficientu nasobeni vyZzaduje tedy zahrnuti i téchto efektd. Mluvime poté nejen o koeficientu
nasobeni soustavy ke, ale i o tzv. vyznamnosti zdroje a upraveném koeficientu nasobeni se zahrnutim
vyznamnosti zdroje, tzv. Ks [16,1 kap. 3.2].

Odbornych studii zamérenych na podkritické reaktorové systémy fizené vnéjsim zdrojem je
k dispozici vice [1,17,18,19,20]. Obecné nemusi byt intenzivnim zdrojem neutronl pouze urychlovac
s teréem, ale napf. i fuzni reaktor [1 kap. 2.1] nebo laserem fizeny zdroj [21,22] neutron(??. Aktivni
z6ny mohou byt také rozdéleny na nékolik témér nezavislych ¢asti (tzv. dvojreaktorové systémy [23]),
kde jedna z nich muize byt rychld a druha tepelna nebo jedna kritickd a druhd podkriticka fizena
vnéjsim zdrojem (tvofenym kritickym reaktorem nebo kombinaci sdalSim zdrojem, treba
urychlovaéem fizenym). Mluvime obecné o hybridnich reaktorovych systémech [24].

Jaderna data a neutronova spektra

U¢inné priiezy a rychlosti interakci

Hlavni naplni védecko-vyzkumné prace autora textu'®> je problematika jadernych dat pro
urychlovadem ftizené systémy. Jde zejména o miry pravdépodobnosti jednotlivych interakci (tzv.
uéinné prirezy), o vytézky jadernych reakci’, o reakéni rychlosti &i nasycené aktivity generovanych
nuklidd.

Ke studiu jadernych dat vyuZivdme experimentdlni aktivaéni metodu, kterou lze také
pouzivat ke zjistovani vlastnosti neutronového pole. Metoda ma pro systémy ADS mnoho vyhod.
Urychlovace pracuji v pulsnim reZimu, i neutronové pole ma tedy charakter ¢asové proménného
pole. Perioda zmén je vSak vétSinou velmi kratkd a mudZe zpuUsobovat problémy nékterym
elektronickym detektorim neutron(l. Aktivacni detektory vsak sbiraji informaci integralné, bez
ohledu na frekvenci zmén pole neutron(, ve kterém jsou umistény. Druhym problémem je casto
stinéni. Urychlovacem fizené experimentalni soustavy generuji ve svém okoli béhem provozu znacné
pole ionizujiciho zateni, zafeni X, gama a neutron(, pficemz ve spektru jsou neutrony i gama kvanta
s velmi vysokymi energiemi v desitkach ¢i stovkach MeV. Takové zafeni je velmi obtizné stinit, proto
je tfreba veskeré manipulace omezit na minimum. Aktivacni detektory jsou dostate¢né malé a mohou

12 Laserem tizené zdroje neutrontl jsou v soucasnosti ve stavu zédkladniho vyzkumu; projektu zamé¥feného na
takovy zdroj se ve spolupraci s ELI Beamlines Ucastni i nase skupina

13 A tymd, ve kterych v dané problematice pGsobil (RKhL LiaP SUJV Dubna, KIR FIFI CVUT) a pGsobi (UEEN FEKT
VUT)

1 spalace, multifragmentace, $tépeni
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byt umistény na mnoho mist v soustavé, umoznuji tedy komplexni proméreni bez nutnosti pohybovat
detektory.

Aktivacni metoda pro detekci rychlych neutronl Uspésné vyuziva faktu, Ze mnoho reakci
probiha az od urcité energie interagujici ¢astice. Mluvime o tzv. prahovych detektorech [25]. Pokud
spektrum, mizZeme s prijatelnou nejistotou urcit i energetické rozloZzeni neutronli v daném misté
soustavy.

Energetické rozloZeni - spektrum neutronti

Urceni spektra neutron(l je naprosto zasadni pro provoz jaderného zatizeni fizeného urychlovacem
Castic. Urychlovacem fizena reakce produkujici neutrony (nejcastéji spalacni) vede ke vzniku jisté
slozky spektra s neutrony velmi vysokych energii [1, kap.3, kap.4]. Tyto neutrony maji velkou
pravdépodobnost, 7e zplsobi vznik dalsich neutron za pomoci reakci®® (n,xn). Vliv téchto reakci na
neutronovou bilanci ale i provoz jaderného zatizeni fizeného urychlovacem se ¢asto velmi podcenuje.
Vyzkumy v Indii, Cing, ale i v Dubné ukazuji, & men3i absolutni mnoZstvi neutrondl s vysokymi
energiemi (nad 100 — 200 MeV) muze mit vdasledku stejny nebo vy3si vliv na rychlosti
transmutacnich reakci v systému a samozifejmé i na Unik neutronu ze soustavy [26,27].

Experimentalni zarizeni

V dané problematice zatim neprobéhlo mnoho experiment(. Popisuje-li se historie urychlovacem
fizenych systémi, zacind se Casto v padesatych letech, kdy vsak motivaci fyzikl bylo mnoZeni
$tépného materidlu pro vojenské vyuZiti. Skupina fyzikl okolo Ernesta O.Lawrence vsak tehdy
uvaZovala o jakémsi hybridnim jaderném reaktoru, ktery by dokazal mnoZit 22°Pu ¢i 233U a néasledné je
spalovat za vzniku tepla. Tento reaktor si dokonce nechali patentovat jako Electronuclear reactor
[28]. O naklddani s vyhofelym jadernym palivem méli odbornici té doby vsak jiné predstavy®®. Dalsi
vina zajmu sméfuje do 70. let, kdy Vasilkov a Goldanskij [29,30,31] provadéli svoje experimenty
s velkou trojuhelnikovou uranovou sestavou. Motivace jejich prace vsak také nemifila k priimyslové
transmutaci radionuklidd, ale za odhalenim fyziky mezijaderné kaskady!’” a obecné vzniku neutron(
v téZkych tercich ozafovanych lehkymi ionty. AZ v devadesatych letech 20. stoleti, dvojice zndmych
fyzikd — Charles Bowman [32,33] z Los Alamos National Laboratory a laureat Nobelovy ceny Carlo
Rubbia [34] z CERN navrhli vyuZiti ADS v jaderné energetice!®. Oba méli UpIné jinou pfedstavu a
ubirali se riznym smérem?'®, nicméné oba vzedmuli vinu zajmu o ADS?, ktera gradovala na pfelomu
20. a 21. tisicileti a vydrZela i v prvnich letech nového tisicileti. Prilis mnoho experimentalni prace se

15 ale i reakci multifragmentace nebo vysoko-energetického $tépeni

16 RedlIné se uvaZovalo (i provadélo) o shazovéni do hlubin mofe nebo vyneseni do vesmiru

17 Jedn4 se o jednu z fazi spala&ni reakce, kterd nasleduje po vnitrojaderné kaskadé a vypafovani jader

18 Velice podobny koncept jako projekt Los Alamos navrhl jiz v roce 1982 Dr. Furukawa [35]

19 Carlo Rubbia vidét v ADS moZnost orientace na thoriovou energetiku a zajisténi energie pro lidstvo na stovky
a tisice let, navrhl tzv. Energy Amplifier, reaktor s pevnym thoriovym palivem; Charles Bowman pomoci svého
z vyhorelého jaderného paliva z klasickych reaktor(i soucasnosti. Navrhl ADS s tekutym palivem ve formé
fluoridovych soli a s online separaci.

20y devadesatych letech oznalované ADTT — Accelerator Driven Transmutation Technologies
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nepodafilo uskutecnit — zdjem o ADS pomalu vyprchal, jisté pomohla i velka finanéni naro€nost
vyzkumu. V tomto ohledu jsou unikatni experimentalni prace vykonané v SUJV Dubna, které byly
zapocaty v 90. letech minulého stoleti a bez velkych prestavek jsou provadény dodnes. Je vsak
s podivem, Ze jejich publicita je pomérné mald; zejména ve srovndni s nékterymi vyznamem
srovnatelnymi experimenty, kterym se podafilo v ramci komunity ziskat znacnou publicitu (napf.
MUSE [36], YALINA [37], GUINEVERE [38]). Vyzkumné experimentalni prdce by bylo mozné rozdélit
do dvou zakladnich skupin [1 kap.6]: 1) zaméfené na Casové chovani podkritické soustavy s pulsnim
neutronovym zdrojem ve formé urychlovace castic a pfislusného terce a 2) zamérené na prostoroveé-
energetické rozdéleni neutrond v soustavé s urychlovaéem fizenym zdrojem neutront. Vétsina praci
zamérenych na 1. problém vyuZila jako urychlovaem ftizeny zdroj neutron( ,obycejny” d-T
neutronovy generator, nékteré soustavy vyuzili neutronovy generdtor na bazi p+Li ¢i p+Be reakce
s energiemi dopadajicich protoni v nizsich desitkdch MeV [39]. Objevily se i experimenty
s elektronovym urychlovacem a ter¢em produkujicim neutrony pres konverzni ter¢ a brzdné zareni
[40]. Vyzkum( s opravdu vysokymi energiemi dopadajicich castic, které by v pfipadé urychlenych
hadront mohly zpUsobit spalaéni reakce, probéhlo jen velmi malo?’.

Vypocetni nastroje pro studium urychlovacem rizenych systémiu

JelikoZ aktualné neni mozné v oblasti ADS provadét velké mnozZstvi experimentd, je nutna znalost
nastrojq, které dokazi predikovat chovani ADS systému. Jako kaZdy jaderny reaktor, tak i ADS lze
popsat Boltzmanovou integro-diferencialni transportni rovnici. Problematice se pomérné dukladné
vénovali italsti fyzikové [41,42,43], obecnym postupem od transportni rovnice k redlnému systému
Ize dosahnout velmi zajimavych, matematicky krasnych (a velmi komplikovanych) vysledki
[44,45,46]. Vétsina fyzikl se tedy vydava cestou modelovani ADS pomoci metody Monte Carlo,
nejcastéji programem MCNP [47] nebo MCNPX [48], coZ je program, ktery se pfed 20 lety vyclenil
zvyvoje kédu MCNP a ktery predstavoval spojeni transportu a reakci Castic pfi nizSich a vysSich
energiich??. Vyvoj programu byl pfed dvéma lety ukonéen a kéd byl zakomponovén nazpét do
nejnovéjsi verze MCNP-6.2.0. Stéle vice pouZivanym ndstrojem je program [49] FLUKA?. V soudasné
dobé Ize pouZit i program [50] GEANT4%*, ktery byl doplnén o transport neutrond v oblasti nizkych
energii nebo kéd [51] MARS?®. Pro rlGzné specidlni aplikace vznikd v posledni dobé mnoho
vypocetnich programd, které je moZné vyuzit i v problematice ADS (programy pro simulaci protonové
terapie, pro vypocty radia¢niho poskozeni, pro vypocty v astrofyzice ¢i fyzice vrchnich vrstev
atmosféry, apod.).

21 pouze v CERNU, v SUJV Dubna a v Japonsku [1 kap.6] na zafizeni FFAG-KUCA (dopadajici protony 100 MeV
v8ak nedokdzZi plné rozvinout vnitrojadernou kaskadu; jednd se tedy pouze o jakysi limitni pfipad spalaéni
reakce)

22 pryni verze MCNPX byla spojenim MCNP-4B a vypoéetniho programu LCS (LAHET Code System), vytvoFend

v roce 1994 a oteviena pro odbornou verejnost v roce 1999. S tehdejSim kolegou Ing. Janem Ratajem z KJR FJFI
CVUT v Praze se ndm podafilo byt ¢leny , beta tester komunity” tohoto programu prakticky od zahajeni jeho
pouzivani.

23 Vyvijeny komunitou jadernych fyzik okolo Alberta Fasso ze Stanford Linear Accelerator Center, Kalifornie,
USA (vétsinou fyzikou z CERN — Counseil Europeen pour la Recherche Nucleaire, Zeneva a Instituto Nazionale di
Fissica Nucleare, Milan)

24 Vyvijeny komunitou napojenou na Evropskou organizaci pro jaderny vyzkum — CERN

25 Vyvijeny v laboratofi FermiLab — FNAL — Fermi National Accelerator Laboratory, Batavia, Chicago
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Vybrané vysledky

Experimenty a vyzkum v oblasti ADS

Problematice urychlovaéem Fizenych systému se vénuji?® od doby své redersni prace?’. Zacéastnil jsem
se mnoha rGznych experimentd v SUJV Dubna, nasledné po roce 2008 se jich zacali Ucastnit i moji
studenti, zejména doktorandi. BEhem let se s pomoci prahovych a aktivacnich detektor( podafilo
promérfit prostorova i energetickd rozloZeni neutronového pole v rlznych ADS sestavach Ci
spalaénich?® zdrojich neutron(. Velky diraz se také kladl na méfeni transmutacénich vytézka
jadernych reakci v ADS s rliznymi izotopy separovanymi z vyhotelého jaderného paliva®® 2**Am, 2*’Np,
239py, 238py, 129 Velkou vyzvou byly paradoxné jednoduché dlohy — nap¥. méFeni Uniku neutrond a
celkovy pocet stépeni v soustavé. Nejasnosti ve shodé experimentalnich méreni se simulacemi si
vynutily provedeni dalSich experiment(i — méreni Gcinnych prirezl na zafizenich poskytujicich kvazi-
monoenergeticka spektra neutronl s energiemi nad 20 MeV. Méreni z posledni doby (rok 2018)
ukazuji také na velmi zajimavy potencidl smésnych teréli — smési lehkych a tézkych jader. Této
problematice se zacind nasSe skupina vénovat na zakladé nové oteviené spoluprdce s Institutem
moderni fyziky Cinské akademie véd vlan-ou ve Vnitfnim Mongolsku. Jejich koncepce
granulovaného terée®® v kombinaci s nasim ndvrhem smésného lehko-tézkého3! terée bude jednou
z dalSich vyzev pro experimenty v SUJV Dubna. Jelikoz se jedna o prvni experimenty tohoto druhu, Ize
ocekdvat velky publikaéni potencial.

Knihovny jadernych dat

Jaderna data (Ucinné prarezy, vytézky reakci, data o rezonancich, Uhlova a energeticka rozdéleni
vytézkd reakci apod.) se pro ucely vypocetnich analyz uchovavaji v tzv. knihovnach zhodnocenych
jadernych dat®. Proces ,.zhodnoceni — evaluace” jadernych dat je zaloZen na pouZiti nékterého
vypocetniho programu obsahujicich modely chovani ¢astic a atomovych jader. Zhodnocena data jsou
konfrontovana s experimentdalnimi daty3. Pokud jsou rozdily v definovanych mezich, evaluovand data
jsou publikovana v knihovné a pouzivana. Pokud jsou nalezeny rozdily, které prekracuji definované
meze, méla by byt iniciovana zména modelu, pfipadné dopliujici experiment. Mnohdy vsak ani
jedno, ani druhé neni mozné a v knihovnach evaluovanych jadernych dat jsou hodnoty zdaleka
neodpovidajici skutecnosti. Pokud se jedna o chybu u ¢asto pouzivanych nuklidd, jako napftiklad uran
nebo Zelezo, komunita pouzivajici knihovnu (reaktorova fyzika, stinéni) dokaze vyvinout dostatecny
tlak na evaluatory knihoven a ti provedou revizi knihovny, kam zafradi re-evaluovana data. Pokud se
vSak jedna o nuklidy exotické — nékteré minoritni aktinoidy nebo $tépné produkty, je velmi obtizné
prosadit novy vypocet, o provedeni experimentu nelze ¢asto vibec hovofit. Prvni z ¢lank( zarazenych

%6 s rGznou intenzitou — napf. mezi lety 2008 a 2012 byla intenzita vyzkumu ovlivnéna moji postdoktorskou
praxi v primyslu (na Elektrarné Dukovany)

27 ekvivalent bakalafské prace, akademicky rok 1997/1998

28 ¢j jinych — generovanych reakci protont s lehkymi jadry nebo reakcemi elektront

2% MéFeni vytézkd na plutoniu bylo pfedmé&tem moji disertaéni prace

30 Jedn4 se o jakysi kompromis mezi pevnym a tekutym teréem — ter¢ se skldda z malych (jednotky mm
v priméru) kulicek, které jsou v pohybu (,,tecou”) s pomoci elektromagnetickych cerpadel

31 studujeme kombinaci klasickych téZkych materidld — spalaénich teréa (W, Ta, Pb, Bi, Th, U) a lehkych
materiald produkujicich neutrony vysokych energii break-up reakcemi (Li, Be, B, C)

32 Evaluated nuclear data files/libraries — ENDF

33 Experimentalni data jsou uchovavéana v knihovné EXFOR
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do habilitacni prace [2] se zabyval pravé citlivostni analyzou podkritického jaderného reaktoru pro
ADS** v programu MCNP-4C. Byla studovédna citlivost koeficientu ndsobeni soustavy na zménu
knihovny jadernych dat ve vstupnim souboru. Aktivni zéna obsahovala rtzné stépné produkty a
minoritni aktinoidy. Studie ukazala, Ze pouiZiti rlznych knihoven muiZe vést kvelmi odliSnym
vysledk{im, problémy byly zejména u exotického aktinoidu, kalifornia; nicméné i zména knihovny u
21Am dokdzala zménit reaktivitu aktivni zony o sedm desetin beta efektivniho. Studovany reaktorovy
systém byl tepelnym (mirné epitermalnim) jadernym reaktorem, pfi zvySovani energii neutron(
dochazi mezi jednotlivymi knihovnami k vétsim rozdilm nebo data chybi Uplné. Pfi spojeni reaktoru
a spalac¢niho neutronového zdroje je nutné mit k dispozici jadernd data pro energie az do nékolika
stovek MeV.

Po roce 2000, zejména v souvislosti s evropskym projektem HINDAS®*, vznikem programu
TALYS [52] a rozSifeni kédu MCNX v ADS komunité dochdzi k znacnému zvyseni aktivit tykajicich se
méreni a evaluace U¢innych prifezl a jinych jadernych dat v oblasti energii neutrond nad 20 MeV a
také v oblasti reakci jinych &astic neZz neutrond. Diky unikdtnim moZnostem3® byl v SUJV Dubna
zahdjen program urcovani ucinnych prirezl a vytézk( spalacnich reakci srlznymi materidly
spojenymi s ADS (uran pfirodni 228U, plutonium %8Pu a 2*°Pu, americium #*!Am, neptunium #’Np,
radiojod ¥°I; pozd&ji i thorium 22Th). Experimenty byly provadény na pfimém svazku urychlovace
Fazotron v DZelepovové Laboratofi jadernych problémda, nejprve na vyvedeném svazku o energii 660
MeV, pozdéji i na vnitinim svazku (energie 100 — 600 MeV). Spoleéné se Skolitelem?” jsme se vénovali
uréovani vytézk( spalaéni reakce proton( o energii 660 MeV a tenkého terée z pfirodniho uranu®,
Experiment probéhl vroce 2001 a nasledna méreni na HPGe detektorech trvala vice nez 2 roky.
V namérenych gama spektrech se podafilo identifikovat vice nez 400 rlznych izotopu, vysledky byly
prezentovany na mezinarodnich férech [4,5] a Uspésné konfrontovany s vypocty. Srovnani vypoctu
s experimenty vSak ukazuje na velké rozdily mezi jednotlivymi modely [5, graf.2]. Jiz tehdy dosahoval
nejlepsi shody model INCL-ABLA3®, ktery je uréitym standardem kvality vypoétl v oblasti 200 — 800
MeV doposud.

Integralni experimenty

Srovnani vypocetnich modell a experimentalnich vypoctl se s prfichodem programu MCNPX ukazalo
jako naprosto stéZejni otdzka v dal$im vyvoji ADS*. V SUJV Dubna byly v té dobé dvé zafizeni, které
mohly poskytovat integralni data pro validaci modell ve vypocetnich programech, zejména v MCNPX.
Jednalo se o olovény terc s parafinovym moderdtorem zvany ,,GAMMA-2“ a uranovou sestavu
,Energie plus Transmutace”. Spolu se skolitelem jsme se vté dobé ucastnili méfeni na téchto
sestavach, nasim Ukolem bylo uréovani vytézka transmutacnich reakci na 238Pu, 2*°Pu, 2*’Np, 2**Am,
129) 127 3 méFeni a zpracovani dat z prahovych aktivaénich detektor(i. Experimenty neprobihaly na
urychlovadi Fazotron, ale na urychlovaci se supravodivymi magnety s nazvem Nuklotron. Tento

34 Model vychazi z tehdy velmi populdrniho ATW/ADTT dr. Bowmana (grafitova zéna s tekutym palivem)

35 High- and Intermediate-energy Nuclear Data for Accelerator-driven Systems

36 ptistup k urychlovalovému €asu (beam time) a pfistup k jadernym materialim

37V rdmci tymu, ktery s SUJV Dubna Dr. Adam ved| a ve spolupréci s prof. Michelem z Univerzity v Hannoveru
(metodika méreni ucinnych prarezll spalacnich reakci) a skupinou vypoctard z Los Alamos National Laboratory
38V roce 2004 jsme na pfimém svazku ozafovali také 233Pu a °Pu

3 Liege IntraNuclear-Cascade model (INCL) coupled with the ABLA evaporation/fission model

40 po roce 2000
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urychlova¢ ma na rozdil od Fazotronu moznost urychlovat rizné ionty, teoreticky az do iontli uranu a
ma moznost vyvadét svazky castic rznych energii. Jeho nevyhodou je vsak nizky stfedni proud Castic,
ktery se pohybuje v desitkdch pA oproti jednotkdm pA v pfipadé Fazotronu®'. Komplexné zpracované
experimenty byly spolu s vysledky z ozatovani na pfimém svazku soucasti moji disertacni prace [7].
Vysledky [6] ukazaly, Ze v nékterych prFipadech dochdzi kobtizné wvysvétlitelnym odchylkdm
vypoltenych hodnot od hodnot naméfenych. Prace se také dikladné vénuje problematice korekci*2.
S jejich zavedenim se podafilo v nékterych pfipadech snizit nejistotu experimentalnich dat nebo
dokonce opravit chybu, vnesenou do vysledk(l nepouzitim prislusnych korekci. Prace se souhrnné
vénuje 4 protonovym experimentlim s energiemi 700 MeV, 1 GeV, 1,5 GeV a 2 GeV. Detailné je
studovana problematika celkového poctu Stépeni a vlivu jednotlivych ¢asti energetického spektra.
Vysledky poukazaly na velky vliv tepelnych neutronl na produkéni rychlosti reakci (n,y). Simulace
nasledné potvrdily domnénku, Ze tepelné neutrony vsoustavé se nachdazejici vznikly
v polyethylenovém stinéni, ze kterého dokazaly ,natéci” zpatky do soustavy ,Energie plus
Transmutace”. Pro dalsi krok v rozvoji experimentalnich ADS vyzkumU bylo proto zafizeni QUINTA®
opatfeno pouze olovénym stinénim.

Jesté pred modernizaci zafizeni ,Energie plus Transmutace” na zafizeni QUINTA doslo
ke tfem ozafovacim experimentlm s deuterony o celkovych energiich 1,6 GeV [8], 2,52 GeV a 4 GeV.
Bylo také sestaveno grafitové zafizeni s olovénym tercem GAMMA-3, které bylo taktéZ ozafovano
deuterony na urychlovaci Nuklotron [10]. Na obou publikacich se autor habilitacni prace podilel jiz
jako externista (vi¢&i SUJV Dubna)*; €lanky jsou pomé&rné rozsihlé a byly oba pfijaty do prestizniho
European Journal of Physics. Obé prace se zaméruji na srovndni experimentalnich a nasimulovanych
dat, je zde kladen dlraz na vypocet celkového poctu Stépeni v thoriovych a uranovych detektorech.
Prvni clanek vyviji metodiku pro srovndani vysledk(l s pracemi skupiny okolo Carla Rubii z CERN;
nékteré vysledky v obou c¢lancich je tedy mozno srovnat s vysledky experimentu TARC [1 kap.6.1].
Ukazuje se, Ze podil reakeni rychlosti pro reakci (n,2n) a Stépeni na thoriu muZe prekracovat i desitky
procent a Ze vyznamnost reakce (n,xn) v ADS systémech na thoriu je mnohem vys$si neZ na uranu.
Z obou ¢lankd vyplyva nutnost zaméfit se jak na vypocty v oblasti neutronovych poli s energiemi nad
2 a vice MeV a jejich verifikaci & validaci, tak na jaderna data pro tyto oblasti, zejména na data pro
oblast nad* 20 MeV.

Implementace vysledkii do modeli jadernych reakci
Vysledky nasi experimentalni prace se ukazaly byt pfimo prinosnymi pro Upravu modell jadernych
interakci, konkrétné $tépeni [9,11]. Spoluprace se skupinou kolem pani profesorky A. Balabekyan? je

41 7a stokrat del$i ozafovaci ¢as dostdvame stokrat nizsi celkovy pocdet &stic dopadnuvsich na teré

42 korekce na nebodovost vzorku oproti bodovému kalibraénimu zafi¢i, korekce na samopohlceni, korekce na
proménnost protonového toku pfi ozafovani, korekce na koincidencni sumace atd.

43 Ndsledovnik experimentdlni sestavy ,Energie plus Transmutace”

4 Na prvni publikaci [8] jsem pracoval jesté jako rovnocenny hlavni autor v(i&i korespondenénimu autorovi
¢lanku, Dr. Adamovi, na druhém [10] jsem pomahal hlavni autorce Chitfe Bhatia, ktera plsobila jako doktorand
spole¢né pod vedenim Dr. Adama a prof. Kumara. Ten jiZ v té dobé pUsobil jako dékan na Faculty of Basic and
Applied Science, Guru Gobind Singh Indraprastha University, New Delhi

45V oblasti pod 20 MeV je nutné vénovat pozornost energiim odlishym od 14 MeV a 2,5 MeV; ikdy? ani zde
nejsou vzdy data dostatecné kvalitné promérena

46 A jeji byvalé doktorandky G. Karapetyan, ktera nyni pdsobi na Univerzité v Sao Paulu
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a byla zaloZena na tom, Ze jsme spolecné s Dr. Adamem pracovali na experimentalnich datech, na
jejichz zakladé byl jeji skupinou upraven model vysokoenergetického Stépeni. Prace [11] byla
publikovana ve Physical Review v roce 2013. Brazilsti vyzkumnici spolu se svymi arménskymi kolegy
navrhli na zdkladé nasich experimentalnich dat superasymetricky model $tépeni uranu protony* o
energii 660 MeV, ktery velmi dobre popisuje vznik produktl reakce 660 MeV proton( a uranu a ktery
v oblasti nukleonovych ¢isel 180 < A < 200 plsobi jakoZto konkurencni kanal k reakci hluboké spalace
(hlubokého tristéni). Svij predpoklad zavadéji do vypocetniho programu CRISP [53] s pouZitim
metodiky MM-NMR. Po zobecnéni modelu Stépeni a vyparovani ze tfi mdédd na Ctyfi — na jeden
symetricky, dva asymetrické a jeden superasymetricky, dostavaji vybornou shodu vypoctu
s experimentem.

Urcovani neutronovych spekter a uc¢innych priiezi

Zavérecné 4 ¢lanky [12,13,14,15], které jsem vybral pro svoji habilitaéni praci, se tykaji problematiky,
kterou si dal3i vyzkum ADS vynutil — pokud jsme chtéli*® zodpovédné ve vyzkumu ADS pokralovat a
nechtéli pofad pouze jen produkovat vypocetni simulace s nejistou mirou neurditosti*®, museli jsme
se zaméfit na tyto dvé véci:

e na urcovani neutronového spektra v urychlovacem fizenych systémech
e ana urcovani chybéjicich ucinnych prirez(.

Spektrum neutronti

Prvni dva ¢lanky [12,13] jsou zaméfeny na urcovdni neutronového spektra v systémech ftizenych
urychlovacem a s vysokym podilem neutronl s energiemi nad 10 MeV. V poslednich dvou, tfech
letech se zadinaji objevovat spektrometrické metody, zaloZzené na novych detektorech neutron(,
napt. ve formé SiC, diamantovych krystall ¢i novych scintilacnich koktejlech (nebo i specialnich
systémech jako MicroMegas [55], pixelovych detektorl [56] ¢i detektor PTB Braunschweig ve formé
upravenych Bonnerovych sfér [57])°°. V praci [12] se vyuZivd pro stanoveni neutronového spektra
fezského neutronového generdtoru NG-2 umisténého na cyklotronu U-120M sada aktivacnich
prahovych félii a iteraéni postup s pomoci metody nejmensich &tverch upravenym®! programem
SAND-II. [58]. Clanek, a¢ je kratky, byl pFijat do Nuclear Data Sheets a je jistym standardem pro dalsi
méreni. V disertacni praci [59], do které vyzkum v ¢ldnku publikovany patfi, jsou ur¢ovdna spektra i
pro dalsi dva neutronové zdroje na U-120M, s tézkovodnim teréem a s lithiovym teréem. Spektra se

47 Stépeni a dalsi jaderné reakce se pfi energiich vy$sich neZ 200 MeV zaéinaji chovat podobné (nikoliv GpIné
stejné) jak pro reakce iniciované protony, tak neutrony

8 7de myslim zejména ,Jadernou skupinu“ na VUT v Brné, ale i praci mych doktorandil Ing. Milana Stefanika a
Ing. Lukdse Zavorky, které jsem ved| jako externi $kolitel jesté 3 roky po odchodu z CVUT a prichodu na VUT

4 Dle ¢eského pfislovi, Ze ,, papir snese véechno”

50 pro viechny tyto typy zUstava velkym problémem moZnost vzniku vice neZ 2 reakénich produktd pfi reakcich
nad 17 — 20 MeV

51 Program je jiz dlouhd desetileti uréen pro reaktorové aplikace, musel byt tedy upraven pro poéitani

s neutrony nad 20 MeV a musela byt vytvorenda nova knihovna ucinnych prirez(
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podafilo vyznamné zpresnit i diky tomu, Ze bylo pouZito téméf 30 rldznych reakci pro naslednou
rekonstrukci spektra®2,

Druhy ¢lanek [13] je zaméren na uréovani neutronovych spekter na spalaénich zdrojich
neutronl nebo na zdrojich na bazi urychlovace elektronl a konverzniho terce. Metoda navriend
Dr. Adamem je také zaloZend na vyuZiti prahovych aktivacnich detektorl. Nedochazi ale k fitovani
spektra, ale k jeho absolutnimu uréeni — postupuje se od nejvyssiho energetického prahu, kde je
mozZna pouze jedna reakce a na zakladé ni se urci hustota toku neutronll v daném energetickém
intervalu (od nejvyssiho prahu do energie dopadajici Castice). Nasledné se postupuje k nizSim
prahim, kdy se vidy postupné urcuje hodnota hustoty toku neutron( v intervalu od posledniho
vy$sSiho prahu k prahu nizs$imu. Metoda (stejné jako dfive zminénd metoda) potifebuje jako vstup
ucinny prarez a simulaci MCNP. Metoda vZdy poskytne vysledek véetné nejistoty, nicméné pii malém
mnoizstvi prahovych reakci v nékteré casti spektra vede casto k pomérné nevzhlednym spektrim ve
formé Sirokych ,,schodi”; na rozdil od dfive zminéné metody, které je schopna dat spektrum ve velmi
jemné strukture, nicméné s velmi malou hodnovérnosti dat v jednotlivych skupinach. Obé metody
tedy vyZzaduji praci pomérné zkuseného fyzika, ktery musi vysledek vzdy zpétné validovat.

U¢inné prirezy

Zavislost hodnot hustoty toku neutron( ve vysokoenergetickych grupach na ucinném prirezu vede
Casto k nutnosti pouZit modelované ucinné prlrezy — vétsinou se poufZiji programy TALYS [52] ¢i
EMPIRE [54]. Ackoliv jsou to programy hojné pouzivané a dostatecné validované, stale v mnoha
pfipadech dokazi simulované ucinné prirezy byt i fadové odlisné od experimentdlnich dat. U mnoha
izotopU a konkrétnich energetickych intervalll experimentalni data chybi Uplné. Méfit Gcinné prirezy
interagujicich neutront v oblasti®® nad 20 MeV je velmi obtiZzné. Nase skupina se rozhodla zapojit do
téchto aktivit s pomoci mezinarodni spoluprace. Principialné nase skupina vyuziva dvé rlizné metody
(a chysta se osvojit treti):

a) vyutziti kvazi-monoenergetického spektra neutrond (lithiovy terc¢ ozarovany protony),
b) vyuZiti podobnosti neutronu a protonu pfi vysokych energiich,
c) integralni experiment s vyuZitim presné charakterizovaného neutronového spektra.

V pfipadé a) je energie protonl od cca 7 MeV do cca 200 MeV; v pripadé b) musi byt energie protond
ve stovkdch MeV, od minimalné 100 MeV do cca® 800 MeV; v pfipadé c) se miZe jednat o
urychlovaéem generované spektrum, spektrum radionuklidového zdroje nebo téZz reaktorové
spektrum. Pracovist s lithiovym ter¢em jsou v celosvétovém méfitku pouze jednotky, pfFistup na
urychlovac protonl s energiemi ve stovkach MeV je jednodussi, nicméné také velmi obtizny. Nase
skupina se v souc¢asné dobé zaméfila na méreni reakci na lithiovém terci:

e v oblasti energii mensich nez 20 MeV spolecné s indickymi kolegy [14]
e v oblasti mezi 20 a 40 MeV spole¢né se skupinou Dr. Stefanika v UJF ReZ, v.v.i.

52 Procedura se nazyva ,,neutron spectra unfolding”, matematicky se jedné o dekonvoluci integralu reakéni
rychlosti, ktery se rovna konvoluci funkce neutronového spektra (energeticky zavisla hustota toku neutron()
s funkci G¢inného prarezu

53 Casto je nutno méfit chybéjici data uz od jednotek MeV

54 Horni hranice nenf fyzikdln& omezena, uvedenych 800 MeV je spojeno s aktudlni potfebou jadernych dat
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e v oblasti nad 40 (a do 200 MeV) ve spolupraci s iThembalabs, kde se nasi skupiné podatilo
vysoutézit urychlovacovy ¢as na mistnim cyklotronu a lithiovém generdtoru. Ozafovani by
meélo probéhnout na zacatku roku 2020.

e voblasti nad 200 MeV (a do 400 MeV) existuje jediné zafizeni na svété RCNP Osaka®>.

Na druhé strané se pokou$ime o maximalni vyuZiti moZnosti danych ndm Géasti Ceské republiky
v SUJV Dubna, zejména pristupem nasi skupiny k urychlovaci Fazotron. Na tomto urychlovadi
probéhla také ozatovani thoriovych félii na pfimém svazku proton(. Prvni vysledky ucéinnych prirezi
byly publikovany ve spolupréci s Uzhorodskou narodni univerzitou nasim spoleénym doktorandem
Robertem Holombem [15]. Bylo naméreno velké mnozstvi dat, se kterymi si musime detailné poradit
a pripravit komplexni publikaci, kterd bude obsahovat opravdu cennd, systematicka a komplexni
data. V pfipadé integralnich experimentld za¢iname spolupracovat se skupinou Dr. M. Kostala
z Centra vyzkumu Rez? [60].

V soucasné dobé se ,Jaderné skupiné” na UEEN FEKT VUT v Brné dafi provadét experimenty
na rlznych mistech svéta véetné Ceské republiky, mdme kvalitni vypocetni programy a dalsi
analytické nastroje naprogramované k analyze a zpracovani namérenych ¢i vypoctenych dat. Jsme
schopni provadét validace vypocetnich model(, predikce experiment( i verifikace rlznych programa
vali sobé. Spolupracujeme svyzkumnymi pracovisti v Cechach, na zapadé, vychodé i dalném
vychodé; pfipravujeme se znovu rozvinout spolupraci s jiho- a vychodo-evropskymi partnery®®. Nasi
snahou je uZsi spoluprace s projektem MYRRHA> a s kolegy® z Belgie, ale i s kolegy z Francie*® a
Velké Britanie®. Chceme vyuZit $ance, kterou ndm déavéd kontakt s naSimi byvalymi studenty nebo
kolegy, at jiZ v Los Alamos National Laboratory®® ¢ ve Fermi National Accelerator Laboratory®.

Pred systémy ADS, stejné jako pfed nasi brnénskou ,Jadernou skupinou” stoji jesté velké
vyzvy, ponechdvajici potencial pro pokracujici védecké badani na UEEN FEKT VUT v Brné. Je potfeba
pokracovat v doplfiovani databazi jadernych dat, provadét experimenty na jinych nez jen spalacnich
neutronovych zdrojich, vénovat se teorii a dale zdokonalovat detekéni metody a simula¢ni modely.

55 Kde nae skupina v roce 2018 nelspésné 7adala o urychlovacovy ¢as. Po skon&eni méfeni v iThemba se opét
pokusime soutézZe zucastnit a tentokrat uspét.

%6 Bulharsko, Rumunsko, Srbsko, Recko, Ukrajina, Bélorusko, Moldavie, ¢aste¢né i Polsko, Slovensko i Madarsko
57 Evropsky projekt MYRRHA ¢&eli velkému zdrZeni, se spusténim reaktoru se po¢ita v roce 2033

58 Plisobi zde byvaly kolega, Dr. Antonin Krasa, se kterym mame nékteré spole¢né publikace

59 Zapotaty kontakty s IMT Atlantique a LPSC IN2P3 Grenoble

60 Se skupinou prof. Rogera Barlowa z University of Huddersfield

51 Na pozici postdoka zde pUsobi muj byvaly doktorand Dr. Luka$ Zavorka

52 Na pozici vyzkumného pracovnika zde plsobi byvaly kolega z SUJV Dubna, Dr. Vitalij Pronskikh, se kterym
mame mnoho spolec¢nych publikaci

-18-



Zavér

Vyzkum urychlovacem fizenych podkritickych jadernych reaktorl v Evropé i Spojenych statech
Americkych, po roce 2007 ponékud stagnuje, v Ruské federaci stagnace nastdva o nékolik let pozdéji.
ADS se viak nadale rozviji v Indii a zejména v Ciné. Ta se chystd postavit zafizeni CIADS do roku 2024
— vyzkumny 10 MW, reaktor spojeny s2,5MW spalaénim neutronovym zdrojem, linearnim
urychlovaéem protonl o energii 500 MeV a proudu 5 mA. Projekt koordinuje Institute of Modern
Physics, Chinese Academy of Sciences, Lanzhou, se kterym navdzala v roce 2018 spoluprdci také nase
skupina. Neni to vSak pouze tento projekt, ktery drzi ADS komunitu nad vodou; v ukrajinském
Charkové byla letos dokoncena podkriticka aktivni zéna fizena elektronovym urychlovacem. Zafizeni
bude slouzit jako zdroj neutronl pro vyzkum a aplikace, bude na ném vsak moziné také studovat
fyziku ADS, testovat méfici a detekéni zafizeni a validovat vypocetni modely. Stale pokracuje projekt
MYRRHA, ktery prfes mnoho potizi s financovanim, belgickym verejnym minénim po FukusSimé,
posunutim termind dokonceni, i tak stdle kolem sebe shromazduje védeckou komunitu diky
workshopim, seminaflim a konferencim, které se dafi v rdmci projektu v Belgii organizovat. V rdmci
projektu MYRRHA byl také provozovan nulovy rychly reaktor VENUS-F, diky kterému se podafrilo
namérit cenna data pro validace vypocetnich modell a pro studium kinetiky ADS. Objevila se nova
iniciativa kolem Carlo Rubbii — iThEC. Plany na milionové investice do urychlovace v Ruském Troicku
nevypadaji pfilis realné, nicméné aktivity vedouci k podani evropskych projektd H2020 byly Uspésné.
V Texasu pabérkuje projekt ADAM, pred pfriblizné 10 lety s velkym nadsSenim navrieny skupinou
okolo vyznamného urychlovacového védce (udajné jednoho z mozinych texaskych adeptl na
Nobelovu cenu za fyziku) profesora Petera Mclntyre. V neposledni radé je, diky dubnénské skupiné
Dr. Adama (¢lena také nasi, brnénské skupiny), k ozarovani pripraven spalacni ter¢ BURAN (Bolshoi
Uran) v SUJV Dubna.

V oblasti jadernych dat, potfebnych pro studium ADS, je stale velmi mnoho bilych mist,
velmi mnoho otaznik(l a nejasnosti. DllezZité je fesSit multiplicitu neutrond s pomoci (n,xn) reakci,
vytézky vysokoenergetického Stépeni a vyparovani jader, otdzku zpoZdénych neutrond;
v energetickém spektru otdzku neutrond vysSich energii, kvazistatického pionového piku ¢i piku
kvazielastické vymény naboje v jadrech tézkych prvkl v prabéhu kaskadni Casti spalacni reakce.
Zasadni otazkou je validace nové knihovny TENDL, zaloZzené na evaluaci jadernych dat s pomoci kédu
TALYS. Tyto otazky si zadaji nejen nové simulace, ale zejména nové experimenty s nizkou mirou
nejistoty. Ackoliv se to zdd nerealné, nase skupina muiZe svoji iniciativou uspét pfi sestaveni Sirokého
tymu zabyvajiciho se rozvojem ADS ve stfedni, jizni a vychodni Evropé; ktery z nasi iniciativy vznikd na
bazi drivéjsi dubnénské spoluprace; koordinovat tuto spolupraci s vybranymi indickymi univerzitami,
¢inskym projektem CiADS; byt mostem mezi Dubnou, MYRRHA, CERN, Huddersfield, Los Alamos,
Fermilab a Texas A&M Univerzity.

Vyzkum ADS ma na VUT v Brné velky potencial, aktualné se problematikou zabyva 6
doktorand(, kazdy znich ma kdispozici unikatni experimentalni data a moderni vypocetni
prostiedky; kazdy rok mame zajemce z fad bakalaf i diplomant(. Problematiku v Ceské republice
diive koordinoval Ustav jaderné fyziky AV CR, v.v.i. spole¢né s Katedrou jadernych reaktor( FJFI CVUT
v Praze®®. V soudasnosti se na UJF a FJFI problematikou aktudlné zabyvd jeden doktorand, ktery navic

8 Dtive byla zapojena i MFF UK (do a z po¢atku vyzkumu (v letech 1998-2006) také SKODA JS, a.s. a FSI VUT
v Brné (diky tomu, Ze ADS bylo v CR uvaZovano v podobé reaktoru s tekutymi solemi; SKODA JS, a.s. vyvijela
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plsobi spole¢né s nasimi doktorandy v SUJV Dubna. Nesmi se stat, aby se diky tomu problematika
ADS v Ceské republice prestala Fesit; je tieba, aby se VUT chopilo pfileZitosti a aby byl vyzkum v CR
v oblasti ADS z VUT v Brné koordinovan a ddle rozvijen.

Nicméné na VUT je nutné rozvijet jaderné vzdéldvani a vyzkum obecné, nejen pouze
v problematice ADS. Nase fakulta je vzduSnou carou vzdalena pouhych 50 km od brany jaderné
elektrarny Dukovany. V této lokalité budou soucdasné jaderné bloky v provozu dalSich minimalné 15
let a nové bloky se budou stavét. Je pfirozené, aby se provozu i vystavby Ucastnili zejména absolventi
nejblizsi technické vysoké Skoly — Vysokého uceni technického v Brné. Jaderné vzdélavani je nutné
rozvijet komplexné, na zakladé mezifakultni spoluprace a s podporou vedeni univerzity a na zakladé
dohody sjadernymi firmami v regionu. Vybudovani takového systému jaderného vzdélavani je
hlavnim cilem nasi jaderné skupiny, k jehoz naplnéni bych rad i nadale pfispival vyukou, Skolenim
doktorand(, vedenim diplomovych a bakalarskych praci, reSenim projektl a kontaktem s ¢eskymi i
zahrani¢nimi védeckymi i primyslovymi institucemi.

materidl pro MSR, tzv. MONICR a FSI VUT v Brné provozovala solnou smycku, studovala tésnéni, méreni
pratoku apod.).
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Preface

Spent nuclear fuel (SNF) is a fallout ef\nuelear energy programs of the
present-day society. In fact, disposal ofithe radioactive waste (RAW) is a
challenge and every human is thra%-e by it.

It reminds us that thousands s back the human race was frightened
of volcanoes and electric t %but they provided the concept of the
source of fire and hot material. The human race took it as a challenge and
spent thousands of year&?&&veloping different ways of producing fire and
finding thousands ({;‘g\plic tions too. On the social front, the development of
fire even gave birt cultural and racial problem in different parts of the

globe. But, after it provided the means of positive developments and
showed adefinite path of advancement to the entire human race of the time. It
may be_assu that in the modern time, the human race is attempting to

handle the new, compact, and wonderful source of heat and energy in the
form of'mticlear energy.
ery energy issue has raised eyebrows of the strong believers of

Ql'l" anity because for the infinite time the sun has been the source of energy

and life with which the human race has its strongest relationship. The sun
being at far long distance does not raise any intimate threat to the mankind.
On the other hand, SNF has a relatively intimate relationship. Its heaped
amount on earth and having a feature of its reutilization cannot allow it to be
avoided from the developmental process. The book is written for all these
concerns so that it can help our education system and future developments.

The nuclear science community is well aware of both threats and appli-
cations of the nuclear energy and it is highly concerned with finding solu-
tions. RAW contains a fatal radio-toxic radiation and at the same time a
bigger proportion of RAW can be reutilized as a fuel also. It is the result of
serious concerns only that despite of the fact that hundreds of nuclear energy
reactors are operational world over and there have been only a few accidents.
Small accidents can be avoided by generating awareness through education
and developing stronger control systems regarding proliferation and sources
of threats. This is also deeply related to education that nuclear energy has
been grown for peaceful utilization.

While producing the text of the first chapter of the book, we thought several
times that how the issue of SNF is a state-of-the-art issue. Ultimately, we kept
the subtitle on having a keen look at the national ways of handling the
international issues, treaties and standards in their own references, national
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interests and sometimes agreeing on an issue and other times disagreeing.

These details are presented at the end of the chapter. Still, it can be empha- ¢ /é /

sized that proper education can solve these petty issues in future. 3 \t
The writing of the book started with the fact that over the last twenty years Q*

or more the authors have participated in several experiments and develop- O

ducing the manpower for both research and education, and a book is
considered to be the best carrier of compilation of such knowledge. Several
books have been written on the issues of proliferation and nuclear was%

mental works, organization of several meetings and conferences and pro- \2\
k

only a few articles or the periodicals are able to inspire the young minds t
begin with a ‘start up’ and career in research. The book will arouse nd
of keenness for both. The book will support the graduate sﬁ%l s and
innovators to grow new ideas of research and entrepreneurshib\{ls , in the
field of new setup of energy utilization and to save from nergy losses.

Efforts have been made that the book comprises exi nowledge till
last few years for education purpose. The readers %ide help to the
authors in pointing out more details that may be added in the future version
of the book. It may, however, be pointed out tha apter related to data is
kept short as one of the authors had presented many recent data in his earlier
book entitled Role of (n, xn) reactions in ADSS published in the year 2011.

The authors have a deep sense of grati to their co-workers who had
participated in different experimen th/them because they had helped in
developing the concept without e@own to us about writing of the book.
The authors are grateful to tt%ﬁmational community who is involved in
various related research and lopment activities and they helped us in
providing some of the r@ of their hard work in response to our personal
contacts. The autho, rewgrateful to JINR, Dubna where they used its
facilities and enti Q;?Ch framework for their career.

Our sincere thagks are due to Dr. N. S. Raghaw for his help in providing
the data of %gon damage, handling various data files and data sites and
running -JPU code even at a call at an odd hour. His enormous help at
the time, of fiflal compilation of the manuscript was commendable.

h@thors are thankful to Springer for having the patience for the

T
ction of the manuscript and their prompt responses all throughout its
répdration for over a year.

Jaipur/New Delhi, India Dr. Vinod Kumar Verma
(Superannuated Professor)
Brno, Czech Republic Prof. Karel Katovsky

February 2018
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Methods of Transmutation

The chapter deals with the status of the spent
nuclear fuel and accumulation of unspent nuclear

product components are also discussed alon

fuel world over. Its fertile, fissile and ﬁssm:?\

with their applications and various method of

reprocessing the SNF. International si n
related to reprocessing, security aspe s\wng
from the SNF, and the fissile compo@yalong
with its handling at individual nafional Tevel are
N

1.1 Spent andé?&pe%\t Nuclear

Fuel and ; clear Waste
Spent nucle. fuel NF) is the nuclear fuel that

also summarized.

1. 1EQ\§(e -of-the-Art: Spent Nuclear

uel Issue

Definition of the Problem

By deﬁmtlon UNEF is the fuel that is left after
reprocessing of the radiotoxic nuclear material
which is discharged from a reactor and that can
qualify for re-application in another reactor.
Reprocessing is a combined physical and chem-
ical process that acts on the basis of the kind of
radioactive material discharged from a reactor,
for example, actinides and fission products.
Actinides may further be classified as isotopes of
uranium or plutonium, fertile or fissile, etc.
A nuclear power reactor that produces 1 gigawatt
electric power (1 GWe) burns annually ~ 1 ton

ower reactor. A few percent of of fissile fuel which is equivalent to 2 million ton

is irradiat
this is {%A in power generation, and a very
larg ft behind as a radiotoxic material at
of discharge of a reactor. In the SNF
actmldes, U and Pu are 95-96 and 1%,
espectively. Minor actinides (Np, Am, and Cm)
are 0.1%, short-lived fission products (FP) are 3—
4%, and long-lived FPs are 0.1%. Different
composition elements pose different challenges
for disposition of SNF. In fact, unspent nuclear
fuel (UNF) is of high concern because its com-
ponents can be utilized for nuclear energy or
other atomic devices with least efforts.

© Springer Nature Singapore Pte Ltd. 2019

of oil equivalent (toe). According to an inventory
[1], a reactor loaded with 26,328 kg of 281 and
954 kg of *°U gives out 280 kg of **°U, 111 kg

of 2%U, 266 kg of Plutonium (total), 946 kg of
total fission products (FP), and 25,655 kg of 238y
at the time of discharge of the reactor. As a
matter of fact, a nuclear reactor produces enor-
mous amount of energy which is a clean energy
compared to that from any fossil fuels like oil
and coal used in energy production and they have
threatened the environment seriously in last
50 years. Production of radiotoxic materials in

V. K. Verma and K. Katovsky, Spent Nuclear Fuel and Accelerator-Driven
Subcritical Systems, Green Energy and Technology, https://doi.org/10.1007/978-981-10-7503-2_1
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the form of FP and minor and higher actinides in
a nuclear power reactor are otherwise manage-
able, and because of strong security acts, it takes
several years to convert it to the unspent nuclear
fuel. It is dumped in a repository most of the time.

1.1.1.2 Amounts in Different Reactor
Types
Unspent nuclear fuel inventory at time of dis-
charge depends on the loaded fuel inventory,
design of a reactor from the point of neutron
spectrum, burning of the fuel, production of
actinides, hence the fuel cycle and the conditions
of shut down or discharge of the reactor. From the
point of design, a normal power reactor is dif-
ferent to a breeder reactor. Also, there can be
differences from the point of a light water or a
heavy water cooled reactor. In most of the reacs
tors, UO, fuel cycle is a popularly used fuel cycle.
But, there are possibilities of enrichment of U@,
or even mixing of Plutonium or anothe}\ fissile
fuel such as PuO,-UQO, fuel and that has 4mpact
on discharge inventory [2]. Therefcan be several
possible inventories of loading Of #Teactor and
one of the PFBR [3] with mixed«iranium—pluto-
nium MOX fuel, a mixtire of PuO, and UO, in
the form of several ipo’t/op‘es that are organized in
the two-core rez}cto}\/\i\s shown by the data in
Table 1.1. They ‘ag€ generally categorized as the
fast reactors./lp fact, fuel mixture and design of
loading fof a feaCtor is state-of-the-art technique.
From\\ the’ highly radioactive discharged
material of a reactor which has more than 95%
ufispent original fuel, newly formed fissile fuel
/ /and 4 large number of elements that find appli-
{cations in medical science, industry and other
applications, extraction of useful material is done
several times, albeit, a highly costly affair. So
long as extraction is done or the discharged
material is planned to be dumped as such it is
treated as a nuclear waste.

y,

/
Issue of Radioactive Waste ./
V4 N

Management LN /\

Nuclear waste comprises of liquids -and Chethi-
cals of a processing plant, scrapes from milling
and leftover nuclides after mediedlNapplications
including the files and containers\or,the canisters
used in transportation as Weg/as the sand and
concrete of the ground\of ‘processing units.
Nuclear waste is classifiedas (i) low-level waste
(LLW), (i) intermediate level waste (ILW),
(iii) high- level Waste (HLW) and (iv) trans-
uranic-level rfuglear waste (TRUW) according to
the radio- t0x101t§1 which is discussed in next
Sect. 1 IQ and is subjected to dump, reposition,
gther ~eans of dissemination. In some quar-
ters bithe technology, unprocessed disposal of a
sreactor is also named as the ‘used nuclear fuel’

1.1.1.3

/because of existence of a possibility of applica-

tion of a part of this as a fuel after extraction.
According to one report [4] in US alone nearly
60,000 MT (metric ton) of UNF existed up to the
year 2009, and it will be discussed in detail in
later part of the chapter.

1.1.2 Radio-Toxicity

Radio-toxicity is always measured by the quan-
tity of radioactive material or the radioactivity
alone and in case of biological hazard it has
nothing to do with chemical toxicity of the haz-
ard [4]. Ingested or inhaled radio-toxicity is
commonly expressed in ‘Sieverts (Sv)*’. The
radio-toxicity of a given radioactive isotope is
equal to the product of multiplication of its
activity (Bq) and effective dose coefficient e(7)
for ingestion or similarly, for inhalation for a
period t expressed in years. The effective dose
coefficient e(t) (units Sv/Bq) is defined as the
committed effective dose per unit acute intake for
a period, 7. Equation (1.1) shows the relationship

Table 1.1 Minor actinide (%) in core 1 and core 2 subassembly of a PFBR reactor

Minor actinide (%)
13.78/18.48

Core

Core 1/core 2 13.94/18.64

14.4/19.6 15/20.3 15.6/21 16/22. 2
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between radio-toxicity (Sv/kg) and the effective
dose coefficient e(7) [4].
Radio — toxicity (Sv) = Activity (Bq)
e(t) (Sv/Bq)
(1.1)

Radio-toxicity is also expressed as volume of
water or air in units of m® required to dilute the
radioactive material potential below the threshold
limit for the general public. In case of ingestion,
it is the volume of ‘water in m>” and in case of
inhalation, it is the volume of ‘air in m*>’. The
threshold limit for general public is 50 mrem/
year or equivalently 0.5 mSv/year based on
average intake of 2 L/day of water or 22 m>/day
of air. Radio-toxicity, expressed in Sv/kg of
some of the elements of UNF, is given in
Table 1.2 for calculation of total radio-toxigity
for a given amount of radionuclide in _kg."Fer
details of effective dose coefﬁcier;t/ \e(r)/ of
radionuclides refer to updated ICRP 1/ 197[5] in
place of ICRP 72. )

Different radiations like. gamma electron,

muon, neutron, proton, and heav1er charged par-
ticle give different doses to dlfferent tissues and
organs. A body has severﬁl fissues and organs. If
Hris defined as the equlvalent dose in a tissue or
an organ 7, then\l(e sum of weighted equivalent
doses in allﬂs;ues or organs of the body can be
written as/E/=/S/um (WrH7). Here, Wy is the
weight \fa(itgr/ for a tissue. For the radiation
dependeHCe of equivalent dose, Hr g = Wg Dz,
Here Dr g expressed in (J/kg) is the average
”/absoﬂ)ed dose for a radiation R in a tissue
«I. Thus, Hy = Sum Hrg. Weighting factor Wx
signifies quality of a radiation being smallest for
gamma and higher for different energy neutrons.
For proton and heavier charged particles, Wy is
even higher. Values of Wy as per ICRP 119 for
different radiation are given in Table 1.3. It can
be understood from the data that alpha-emitting
radionuclides have higher values of e(7) than f-
emitters. Different energy neutrons have different
values of Wr** due to different possibilities of
activations. All alpha and heavier mass charged
particles are kept in one category.

1.1.3 Extraction or Reprocessmg A

V4

X
\
Extraction of actinides or ﬁssmr/y pi‘@duct
(FP) from the discharged spent fulls “being
processed since 1940 using precipitation process.
Adopting a route for reprocessingis based on the
kind of a reactor. Followigg{ﬁree technologies
are developed by varioyus\;g\)umries,

a. Hydrometallurgy/

b. Pyrometallurgy g

c. Fluoride y6 latlhty
\

Hydg‘bmet)allurgy process is rather one of the
oldest anii a matured technology used for sepa-
ration gf major actinides like plutonium and

\u\raﬁi‘Um as well as for the conditioning of the

/ultimate waste for long-term storage. As the

name suggests, it is aqueous and in this category
following methods are popular.

(i) Standard PUREX (Plutonium Uranium
Redox Extraction) and extended PUREX
UREX
COEX
NUEX

(i1)
(iii)
(iv)

First PUREX plant using the PUREX process
was opened up at Savannah River in 1954.
Several reprocessing plants started operation in
Belgium, France, Germany, India, Japan, Russia,
and UK during 1960-1970. Methods UREX,
COEX, and NUEX are the derivations of basic
PUREX method [6] and differ in producing not
the pure Plutonium.

According to the PUREX process, after nearly
5 years of cooling period of a discharge, in order
to dissolve the spent fuel it is exposed to nitric
acid solution to give nitrates of plutonium, ura-
nium, minor actinides (Np, Am, and Cm), and
the fission products. Volatile elements like
iodine, krypton and xenon are removed for the
off-gas treatment. More noble fission products
are not dissolved and they are treated with care
along with the fuel assemblies. The solution with
dissolved species is forwarded to the extraction
process that depends on affinities with the
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Table 1.2 Data of radio-toxicity [1] of some of the long-lived actinides and fission products

e(1) (Radio- to@

Element Half-life (year) Decay mode Radioactivity (Bg/kg)

23N pos 1.54 x 10° £ (87.3),  (12.5), « (0.16)%  — = Q_
237"Npos 2.14 x 10° o 2.6 x 10 110 (0.3 x
238pyg, 87.7 o 6.3 x 10 230 < 10%)
23%Pug, 241 x 10* o 23 x 10" 6 x 10%
240pyg, 6.564 x 10° o =

24 Amgs 433 x 10? o 1.3 x 10 00 0.3 x 108
2MAmes 141 o (0.46%) =

MAmes 737 x 10° % - ?.

24 Cmgg 18.1 o - &

M5Cmeg 8.5 x 10° % o\

Se 3.27 x 10° B —\\/ =

SZr 1.53 x 10° By Q) =

e 421 x 10° ¢ ?"— -

%Tc 420 x 10° B \2\ = =

PTc 211 x 10° B “'k 6.3 x 10" 4.9 x 10%
107pg 6.5 x 10° B = =

1266 1.0 x 10° B @/ _ _

20 1.57 x 107 B *’O 6.5 x 10° 0.7 x 10%
ISSCS _ _

23 x 10° B
*Named after Rolf Maximillan Sie erty 1 Sv =100 rem = 1 J/kg for absorbed dose. Also, expressed in m?s~2 in
MKS. Sievert is used in con of a biological component and Gray (J/kg) for any non-biological physical object.
**Tissue weighting factor i : as radiation weighting factor, Wy to represent relative biological effectiveness
according to ICRP 119 s de pends on the kind of a radiation. See Table 1.3 for Wy for different radiation. For an

individual organs Q
Table 1.3 %-
weighting#factor, Wy as per

Radiation weighting factor

ICRP 11 cation [6] S. No. Type of radiation and energy range Wxr
1 Photons of all energies 1
O 2 Electrons and muons all energies 1
Q 3 Neutrons, energy 5
(1) <10 keV 10
(i) 10-100 keV 20
(iii) >100 keV-2 MeV 10

(iv) >2 MeV-20 MeV 5

(v) >20 MeV

4 Protons, other than recoil, energy >2 MeV 5
5 Alpha particles, fission fragments, heavy nuclei 20

aqueous or organic phases. As a result of this, FP
and minor actinides are cooperatively on one side
and uranium and plutonium on other side. On a
more specific electron state manipulation, pluto-
nium remains with the organic phase and

uranium is separated on making aqueous phase
which is less acidic. After separation, they are
solidified through the de-nitration in case of
uranium and oxalate precipitation and calcina-
tions in case of plutonium for the purpose of
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storage. The solidified uranium and plutonium
are stored in separate tanks, and the leftover
solvent still has fission products and the actinides
which may further be extracted. In PUREX
extraction, nearly 99.87% of uranium and 99.36—
99.51% of plutonium are extracted. Plutonium is
obtained as an oxide in the form of a powder.
The PUREX is subject to several risks of pro-
liferation and transportation. Uranium and plu-
tonium so extracted can be converted to MOX
fuel by mixing them.

UREX is a solvent extraction process for
extracting uranium and technetium (Tc) from the
SNF leaving the plutonium and FP behind in the
solution. In UREX method because plutonium is
not extracted, it is treated as proliferation resistant.

and rejecting of 99% of trans-uranic isotopes.

In COEX, nuclear fuel is extracted in tgee
streams (i) uranium—plutonium, (ii) uranium,
(iii) fission products and minor acti iabg/but

In the process, 99% U and 95% Tc are recoverecig

never plutonium alone for avoidin lifer-
ation risk. From the first streang, extracted U-Pu is
converted into MOX (mixed, ox1 uel for the

anium extrac-
several subsidiary

light water reactors (LWR). Th
ted in second stream is s

processes such as/ putification, conversion,
enrichment, and g as a fuel for a reactor.
The fission prod and minor actinides are sent

for vitrificatién into the glass logs. Vitrification is
a process/of uling small amount of radioac-

tive @n small glass bids for reposition.

Conceptual design

F@
Qf X processing [7]

Nitric

Nuclear
Fuel

Am/Cm separation
deleted for this
estimate. Am/Cm goes
to vitrification

Solvent

Solvent

NUEX is a fourth-generation aqueous-b,
reprocessing system. The process works_ds fir:
shearing and then dissolution of S in “nitric
acid. Uranium, plutonium, and neptufiium are
then extracted into a solvent tr—m phosphate

made by dissolving in odo rosene. In
primary separation, urani ﬂ\%ﬁm and mixed
uranium—plutonium and ptunium streams
are produced. Later, %ﬂmium is separated
from technetium. Mixed stream is purified from
ruthenium. The que is well established and
promoted inﬂmﬁuThe conceptual layout of
NUEX can\bis own as follows Fig. 1.1.

Commissiening of a reprocessing plant is a
tas ving high risk because of a large

%f issues. Some of them can be briefly
tioned as follows,

(1) high cost

(i) long design, construction commissioning
period

international reprocessing services become
even more difficult by way of rules related
to safe transport of nuclear fuel, return of
all products and the waste with proper
packing and certification holding the
radiological safety protocols.

(iif)

Russia, France, and UK have offered repro-
cessing services internationally and the contracts
are offered with full international safe guards. In
last two decades, interest has been shown in

New U fuel
fabrication

New MOX
fuel
fabrication

Pure
Uranium

> Targets

Repository
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more innovative technologies of spent fuel
treatment having chance to emerge as ‘alternative
method’ to the conventional PUREX processes.
These technologies may deserve attention for
developing advanced systems by dry technolo-
gies, among others,

integral fast reactor concept for metallic fuel
recycle

vibropac method for oxide fuel recycle
DUPIC concept for recycle of spent fuel of
LWR and HWR.

Metallic fuel of a fast reactor is processed by
electrolytic processes. LiCI-KCl with added
CdCl, is used as the electrolyte which is filled in
the steel basket and uranium from the cut pieces
of fuel pins is transported to the cathode at a rate
of 3 g per ampere-hour in the electrolysis pro-
cess. The CdCl, helps in converting sor[le’of the
fuel elements into their chlorides. TmQ§anic
metals are separated using a setup, of different
electrodes.  ‘Pyro-processing,’ . Uses } electrical
current to sift out the useful, fuck elements and
does not separate pure plutomum. Uranium is
transported to the solid c\éth\o\de containing small
amount of electrolyte” sa}ts./In fact, at the cad-
mium cathode vgbieh/\i\s“suspended in the elec-
trolyte salt, mixtuxe¢’ of Pu, Am, Np, Cm, U, and
the rare earth/IfPs are collected [6, 8]. Other FPs
are left tyehin(/i f6r another processing.

Franee produces more than 75% of its elec-
tricitys reqmrement from nuclear energy, and it also
reproéesses the spent fuel for itself as well as for
4 forelgn countries in its three reprocessing plants
/UPl UP2 (based on PUREX route), and UP3.

According to reports [9—12], it has processed
18,000 tHM (tHM = ton of heavy metal) of gra-
phite gas-cooled reactor (GCR) and 22,700 tHM
of LWR for itself and other countries. Their
capacity of reprocessing is ~ 1,700 t/year includ-
ing processing of heavy metals. As a matter of
safety, at one of the reprocessing plant at La Hague
average occupational exposure has been reported
tobe 0.073 mSv/year/employee, below the natural
background despite of the fact that La Hague plant
fabricates the MOX fuel assemblies. This is far less

y
/

\

\\

than many other plants working in Europe. Al §o\at /

La Hague the surrounding population has added ;1
dose of 0.01 mSv/yr/person only over axlong
period of 20 years. As the overall avefages are
very small, it may be assumedgthat chance of
accumulation of high dose«om_a group of
employees is far away to reachy 10 the critical limit.

Presently, 16 power readqr% are operating in
India with total power capamty 3.9 GW. Out of
them, 2 are BWRs and remammg 14 are PHWR.
India has an 1ntegr91 fHitee- stage energy program
[13] of reprﬂe&smg and recycling of the fuel
components\ior an appropriate reactor. In its
second\s ey /fast breeder reactors (FBRs) are to

backéd by the reprocessing plants and
pluto ium-based fuel fabrication plants. India

shad its first PUREX reprocessing plant at
/Trombay for its research reactor and later in

1975, another plant was raised at Tarapur for
reprocessing spent fuel of its PHWRs. Its third
reprocessing plant was commissioned at
Kalpakkam in the year 1998 for meeting the
requirements of its nuclear energy program after
including the fast breeder reactors. The extracted
fissile fuel will be utilized to meet its energy need
from second phase onward. For utilization of
thorium, Advanced Heavy Water Reactors
(AHWR) will employee both (Th-Pu)O, and
(Th-23 3U)02 fuels as one cluster in third stage of
its nuclear energy program. This will introduce a
challenging task of reprocessing of three com-
ponents U, Pu, and Th. Most of the experience in
THOREX domain has come from the recovery of
low amounts of ***U bred in irradiated ThO, in
CIRUS research reactor. An engineering scale
facility is in operation at Trombay for the pro-
cessing and recovery of >**U from CIRUS and
Dhruva irradiated thorium fuel rods. Studies are
being carried out to extract from the ThO, fuel
bundles of PHWRs.

For some specific details, one can refer to [14,
15] for reprocessing in India.

Tokai processing plant was commissioned in
1981. This can process even MOX spent fuel.
Japan through its PUREX reprocessing method
has a capacity of processing 800 t U/year and
has developed a SNF storage capacity of 3,000 t.

N\
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Table 1.4 Status of SNF, reprocessing capacity, direct disposal, and leftover spent fuel in the nuclear energy cou t@

NN
Y&

Country SNF in year 2005 including Reprocessing capacity SNF in year 2007 (tHM) ¢ t/
MOX (projected with year) and projected for year ) S
2020 or in future Q‘
USA 194 tHM (civil). More than Reprocessed so far 194t 61,000 250-
70,000 t is in storage [16]  [11]. 2000 t/yr subject to O 500 t
future permissions ¢ \2\
France 40,700 tHM ~1700 t/yr [11]; 18,000 13,500 \
GCR + 18,000 tHM of
LWR is reprocessed [11] &
Canada Direct disposal 3@
Finland Direct disposal /&DO
Germany Direct disposal no ,850
Sweden Direct disposal \/ 5,400
UK 2400 t/yr, 3 }ﬁs [11] 5,850
Belgium 105 tHM No Da
Russia 67,000 tHM (Ref. Fig. 1 400 thyear [11]; 13,000
[12]) (2 ar, in year
2020811])
South Korea “’k‘orage or disposal 10,900
Japan 1018 tHM of max. 890 t/yr [11] 19,000
3000 tHM capsnit)@
India No data C) 260 t/yr (being upgraded No data Civil,
N to 560 t/yr) [11] 29t
China No data (825 t/yr) [11] 60-80 tHM/yr projected
(o)
SNF as data y M 6669 t/year capacity ~1,74,500 tHM + China

Gross SNF available 0 tHM (2004) [10].
in either form fronQ3,4 ,000 tHM (2010) [10].
4,55,000 tHM (2020) [8]

Total reprocessed
90,000 tHM [10]

different projections
A blank ?,u@eans no data is available. In the last row, projected figures are given which corresponds to
and

commercidl an
of SNF Ne% repositories

@(ussia, rate of accumulation of SNF from
ts own VVER-1000 and RBMK-1000 reactors
and from the imported fuel was 600 tHM/year in
the year 2006, and it will rise to 1,000 tHM/year
in the year 2020. Although Russia has big dry
storage capacity, yet believes in reprocessing.
Reprocessing capacity of one of its RT-1 plant
which works on ‘modified PUREX’ route is
400 t/year. So far, it has reprocessed ~4,000 t
uranium at its Mayak plant. Looking at the
accumulation of thermal SNF and plutonium
load requirement of new fast reactors, Russia is
constructing a new reprocessing plant of capac-
ity ~1,000 t/year [10].

ilitary sources of SNF. In case of countries like Russia and USA, it may be assumed that big amount

For detailed discussion of chemistry related to
PUREX method, readers are advised to refer
to [11].

1.1.4 Status of the Unspent Fuel

Unspent fuel can be defined as the fuel compo-
nent of reprocessed spent fuel. Naturally, this
depends on the reprocessing capacity. In esti-
mation of amount of UNF, new fuel accumulated
from the mining is not included for the time
being. In Table 1.4, an account of the spent
nuclear fuel, processing capacity, and amount of
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the unspent nuclear fuel is given from the
resources, some of them are already explained in
the previous section.

Reprocessing has been an alternative for
managing the spent fuel of a reactor or reactors
and other nuclear installations. According to an
TAEA report [11], by utilizing the PUREX route
about one-third of the SNF has been reprocessed
and remaining is stored as inventory either in
conventional pools or in the more recently
developed dry storage systems. After the year
2005, the gap between amount of spent fuel and
reprocessed fuel has increased. In the year 2015,
the amount of unspent nuclear fuel was ~25%
only, i.e., out of 400,000 metric ton of spent fuel
only ~ 100,000 tons is processed. In Fig. 1.1 of

y
/

\

\\

to produce electricity is a welcome step. Aceordé /

ing to one report of IPFM prepared in the year
2013 [17], total 495 £ 10 tons separ;rted pluto-
nium is in existence globally up to the yéar 2012.

We know that from a LWR, neatly 2% fissile
fuel is retrieved. Nearly half ef\it is the pluto-
nium. Assuming total sperfty el which is left
unprocessed as 175 OO&t,\fhere should be
3,500 t of fissile iny the year 2007. Of this, there
should be 1,705 t of plutomum

It may also_be* pornted out that according to
IAEA report/ 1}, several of the reprocessing
facilities hav{é capacity >1 t/yr have been
decommlsslo)aed up to the year 2000 in the
couﬁ/@es hke France (1993) and India (1977) and
work‘on' several others was continued. In India,

Ref. [11], detailed statistics of the two data of <\rhe/Trombay facility is made re-operational in the

spent and reprocessed fuels from the year 1990 to
future projection up to the year 2020 is given. This
shows a regular enhancement of gap &between
amount of SNF and the reprocessed/ pn/e\.\l\ry/the
year 2005, alone in commercial rgactors of USA,
nearly 2,000 t/year spent fuel is processed and
about 50,000 t out of total 70,000 Was in surface
storage. As a matter of policy,» since 1977 they
prohibited reprocessing and preferred to bury it.
This is still contmged desprte of the fact that
France, UK and J. aparrdecrded to reprocess and to
use the un%pent Ihq(ed oxide fuel for the reactors.
It is also trug” tl)at none of the reactors have so far
used the 56 obBtaified mixed oxide fuel. It is a hard
fact that\the  whspent nuclear fuel from reprocess-
1ng is muph costly and chances of proliferations
afe alSo not nil. This may also be worth to note that
“publit opinion is that ‘why a valuable chunk of
Cwealth is dumped?’ and as soon as reprocessing in
USA is accepted then the nuclear industry will
have large number of employment and energy
crises will no more be there. Almost similar situ-
ation is in Russia where reprocessing is not pro-
moted probably because there is no crises of fresh
nuclear fuel. According to second view of union
concerned scientists (UCS) that reprocessing will
further enhance already stored piles of plutonium
in USA from 250 to 500 t. One reprocessing
facility under construction in USA has the objec-
tive of converting the surplus plutonium of mili-
tary stockpiles into mixed oxide fuel for utilization

/'year 1983.

1.1.5 Economy of Reprocessing

In USA, one of the important issues regarding
cost comparison of direct dump and reprocessing
is dependent on the kind of reactor producing the
SNF. Also, there is a concern whether the
reprocessing is done first time for second reactor
and then to put the disposal of second reactor in a
repository. Thermal reactor uses enriched ura-
nium and fast reactors use plutonium enrichment
as source of energy. As a result, fast reactors
produce more Pu from ***U. Obviously, repro-
cessing becomes different. The issue becomes
more complex from the point of reposition of
minor actinides and the FP. According to Con-
gressional Budget Office (USA) [18] cost esti-
mate would incorporate the following,

(i) Cost of handling spent fuel after its dis-
charge from a reactor: Service cost of
recovering uranium and plutonium from
SNF and to fabricate this into usable fuel
assemblies, transport, long-term disposal of
the waste are not small and need serious
considerations. This needs to be compared
with the cost of equivalent new fuel to be
purchased for the reactor in absence of
reprocessed one.

N\
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(i) In case of direct disposal, cost of interim
storage, cooling for 3-5 years, transporta-
tion, and cost of long-term reposition is
normally counted. In case that the SNF is to
be retrieved back and processed after few
years, then extra cost of transport and hiked
rates will add to the cost of disposal.

Dump of a wealth without its use at least one
time will always remain a big question.

According to an estimate by Boston Con-
sulting Group, cost of reprocessing is 585 USD
per kg and cost of direct disposal is 555 USD per
kg. The Kennedy studies [19] include the issues
related to cost of trees equivalent to the volume
of the disposal and submit the cost of repro-
cessing to be 700 USD more than the direct

disposal. None of the two included the cost difs,

ference for the situation if dumped SNF is to be
reprocessed after several years of the dump' After
several other considerations explam;d m Ref.
[18], BCO on taking cost data deveioped by
DOE calculated that the rep0s1t0ry cost is 1036
USD per kg and it is much higher’ than the cost
estimates submitted by BCG /and Kennedy
School of Government. {

It may be pomteg/out “thdt in these estimates,
PUREX has been unc(@r consideration; however,
pyro-processing isfnore costly than PUREX and
details can bé /Eeferred in Ref. [6].

4 y.
A /
/
V4 V
y.

1.2° Niétfwds of Reduction
/" of the Radioactive Material

\ y

"N

A1.2.1 Disposals, Reposition

and Transmutation

Reposition means a long-term disposal. Discus-
sion about ways of reposition is of general
interest, although a brief discussion related to
economy of direct disposal has already been
made in previous section. Very-long half-life and
highly radiotoxic elements in the spent fuel are
listed in Table 1.2 and among the fission prod-
ucts *Tc and "I are dominant in radio-toxicity
and they exist even after thousands of years.
Actinides **’Np and **’Pu need special attention

to isolate them from interacting with the, b}oé / \

sphere and proliferation. The issue has rebelvepl
high attention at both levels, i.e., aca;zlemis\ and
government administrations of several¢Oufitries.
Several ways of discrimination of*LLNW have
been proposed and those in use are presented in
the following,

(i) Ocean dispos/ali [t"is"continued from the
year 1954 to 1993 by several countries
like US/SR;-/UK,/SWitzerland, USA, Bel-
gium, /France, Netherlands, Japan, Swe-
den, R ussia, Germany, Italy, and South
Kb(ea Presently, it is banned internation-
/alfy\ Regardmg ocean disposal, a serious
Sconcern is reported about intensions of
“sinking of ships that carried radioactive

N waste [20].

(i) Direct injection: It is continued by Russia
and the USA and after the Blue Ribbon
Commission, USA [21], only deep geo-
logical repositories are likely to be per-
mitted. The basic requirement is to locate a
geological stable formation and to exca-
vate tunnels or a borehole mechanically
500-1,000 m below the bed where a vault
or a strong room can be developed to
isolate from human environment. Cases of
illegal reposition are also recorded during
1980-1990 in African countries.

Transmutation: Large amount of pluto-
nium produced from the uranium-fed
reactors and the military projects is a
matter of serious concern. In order to
reduce its amount heavily, it can be used
as a part of a reactor fuel in specially
designed reactors or it can be incinerated
or degraded to short half-life. As the cost
of uranium is much smaller than any other
alternative say Pu, makes Pu difficult to be
used as a fuel. Another important concern
is heavy accumulation of SNF, and inad-
equate number of available reprocessing
plants makes the rate of reprocessing
smaller than the requirement. It may be
economical if SNF can be utilized in a
reactor for energy production and to
reduce the average half-life of SNF. The

(iii)

4

-

\
N
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technology that can produce energy from
the SNF, incinerate plutonium, or utilize it
as a fuel needs to be developed, and it has
been shown in several calculations as well
as innovations that reutilization of SNF
can be possible by the new technology of
energy amplifiers in next few decades [22—
27]. Energy amplifiers or accelerator-
driven subcritical systems will be dis-
cussed in detail in later chapters.

Space disposal: Disposing off SNF into
space may save planet earth although it is
a costly affair. Lagrangian points have
been discussed as safer place of disposal.
In this process, many flights will be
required for the disposal of entire SNF. In
the space disposal, most serious problem
may arise on failure of even a single flight
and then secondary follow-up probléms
will further complicate it dlie “to
non-availability of single 1nterhthnal
regulation in the event of sp111 of/the waste
in several countries.

(iv)

N\
-

- _

1.2.2 Other Applicamons

V 4 \/
Radionuclides, f*)qfh actinides and FP, have
found sever;ai/appﬁcations in medical science,
radiology//‘indusfry, and education. Some of the
applicatignl areas have reached to a status of a
peressio/ﬁal subject. Being within the scope of
the book, some of the applications are summa-
4 /ﬂied/as follows.

1.2.2.1 Nuclear Medicines

and Diagnostic

Applications

It is a branch of medical imaging where a small
amount of radionuclides are used to diagnose and
or to treat several diseases. Many of the
radioisotopes received from reprocessing of a
SNF and some produced by the accelerator
beams directly are used in several medical
treatments, curing, relief in pain and diagnosing a
disease like cancer or to get status in curing a

disease. All such applications are identified gnder /

the title of nuclear medicines. Nearly 86% of
such isotopes are extracted from the SNK dunng
separation of FP, and 19% are prod/uc/éd‘ using
beams from cyclotrons and linedt*accelerators.
Remaining 1% is produced by ‘activation reac-
tions. **™Tc is highly used /in“diagnosis and
obtained from fission producg 99Mo [28]. One is
advised to refer (29, 30] For more details of
extraction of 99mTc In Table 1.5, some of the
details of a feW puclear medicines are given
along with the&source of production.

1.2.2.2\\I\n/;lustr|al Applications
Ne 9n-\,\ " gamma-, X-ray-, beta-, and
alphasemitting radioisotopes are frequently used

\inzfndustries for sterilization, germination, mon-
/itoring  defects,

voids and moisture content,
explorations of ores and minerals and calibration,
etc. Portable neutron sources such as Am + Be,
Po + Be, and Pu + Be are produced where the
o + Be nuclear reactions become the cause of
neutron generation and the thermalized neutron
sources are generated on scattering with
hydrogenous compounds. Such sources are used
in investigations related to geological survey of
minerals, oil and petroleum for petrochemical
industry. Radioactive materials are being used
also in security searches of precious metals and
toxic nitrogenous materials on ports and other
places of high security. Also, processes of
transmission of gamma rays are used to deter-
mine the elemental content of ash of coal by
measuring absorption coefficient, x on line of
coal carried on a conveyor belt. It may be men-
tioned that the ash has higher concentration of
elements of higher atomic number than the nat-
ural coal. Mineral concentration is also deter-
mined by gamma scattering. Similarly, for
measurement of plastic film  thickness,
beta-emitting isotopes are used.

In modern scientific industrial researches,
polymerization has made a very important place.
Polymer industry has even replaced successfully
metal applications in a large number of products
like guns. Hard and lightweight polymer sheets
are developed from catalytic action of radiation,

[Z\
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Table 1.5 Some of the commonly used nuclear medicine isotopes, their special usage, and production resource, @

S. Isotope Usage Resource S. Isotope Usage R our 2
No. No. "
1 e, P.E.T; localizing epileptic ~ Accelerator 11 3T Treating thyroid cancer, :;eactor
B N, focus, dementia, diagnosis of abnorrnal
150, psychiatry, and function, renal blood
8p neuropharmacology
2 18g Detection, monitoring Accelerator 12 %'l Diagnosis of éa% uscle Cyclotron
(FDG) progress of cancers during death and
treatment lymphé
3 3co Marker to estimate organ Cyclotron 13 165Dy Synov treatment of Reactor
size and in vitro diagnostic
kits
4 %4Cu Wilson’s and Menke’s Cyclotron 14 '®gr \Eeheving arthritis pain in ~ Reactor
diseases, PET imaging, \/synovial joints
and therapy of tumors \
5 Tcy Therapy Cyclotron 15 @ o  Treatment of liver tumors  —
6 Ga Tumor imaging, Cyclotron 1 ’Ir Wire form for use as Reactor
localization of internal radio-therapy
inflammatory lesions source for cancer treatment
(infections). s
7 %8Ga PET and PET-CT imaging oduce 137¢s Sterilization of blood Reactor
fro
8 Ty Brain studies, colon %{lotron 18 Slcr To label red blood cells Reactor
and quantify
Q gastrointestinal protein
9 1231 Diagnosis of Cyclotron 19 '88Re  p-irradiation of coronary Reactor
function arteries from an
angioplasty balloon
10 1 %Ftherapy Reactor 20 %™Ic¢  Used for imaging of the “Mo
(p d brain) skeleton and heart muscles from
in particular Reactor
\qr{ and neutron. Thus, modifying 1.2.2.3 Laboratory Sources

ga
Wto obtain required resistivity or con-
ty, tensile, porosity, hardness, and even to
Qﬂagnenc behavior radioisotopes are in use.
Long life of a power supply or a battery has
importance for a satellite and several other
technologies. Tritium and nickel-63 can be used
for beta-voltaic cells which will have low power
but long life. Russia is implementing a project for
the development of ONi power sources [32, 33].
238py has high decay heat ~0.56 W/gm, and it
is being used as the radioisotope thermoelectric
generators (RTGs) for the last several decades in
USA. The heat is produced by stopping of
intense alpha and the gamma rays in small
thickness layer [32].

for Education

For laboratory education and other research
problems related to nuclear science and tech-
nology, several radioactive sources retrieved
from the nuclear waste of a reactor are used
world over. From reactors following gamma,
beta, and alpha sources are synthesized [33, 34].
In gamma, beta, and alpha spectrometry which
are part of the nuclear industry following sources
are used. They have small activity ~ uCi.

(i) Gamma radionuclides: °°Co, '*’Ba,
152,154,155, 1370g 134 106Ry
(i) Beta emitters: °H, C, ®Ni, *Fe, *°Cl,

410y, 905r O9T¢, 1297 1355, %Nb
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(iii) Alpha emitters (trans-uranic): >>*>*'Py, nuclear weapons to many other states has b ZpQ/
241p . 23424400 237Np prevented by the extension of assurances
9 9

1.3 Issues Related to Nuclear Waste

1.3.1 Proliferation and Security

The objective of TAEA is to ‘accelerate and
enlarge the contribution of atomic energy to
peace, health and prosperity throughout the
world’ and for this purpose, it may regularly
check inventories, take samples and analyze
materials related to civil nuclear facilities. IAEA
provides safeguard regulations to deter diversion

cess is complemented by controlling the expo

mutual defense treaties to these states by nu
powers, but other factors, such as nation: *Elg 3
or specific historical experiences, also pl ,a part
in hastening or stopping nucleap”p oliferation.
Total 189 countries have already gned Non
Proliferation Treaty (NPT) in luding the five
nuclear weapon countries [

Besides, the fqur %s India, Pakistan,
North Korea, and I rael;have either acquired or
presumed to havc; red nuclear weapons and
as on today tja{gd ve not signed the NPT. North
Korea had“signed NPT but withdrew in 2003

[35] \{
NPT, some of the nations who have
acq ited’ nuclear capabilities have put forward

of nuclear material by early detection. The prc:;\g[zifﬁhe following views,

of sensitive technologies from the countries like
UK and USA by way of voluntary organiz"éfﬁfms
such as ‘Nuclear Supplier Grou W).’
The NSG has 46 countries with it /pr tly. The
main focus concern of IAEA 18\119 o allow
enrichment of uranium beyond\l\ hecessity of
commercial civil plants. Similarly, it controls

production of plutoniuw@neams of either the
nuclear weapons og/theweivil nuclear energy
programs. China, cé?“ UK, Russia, and USA
are the five co es declared having nuclear

weapons. Eer ,the "issue of proliferation and
security joll ing is frequently notified by the

TAEA, \ V/

CEQJ&% foundation of the United Nations in
19

, the International Atomic Energy Agency

A) has promoted two, sometimes contradic-
tory, missions; on the one hand, the agency seeks
to promote and spread the use of civilian nuclear
energy internationally; on the other hand, it seeks
to prevent, or at least detect, the diversion of
civilian nuclear energy to nuclear weapons,
nuclear explosive devices or purposes unknown.
The TAEA as operates a safeguard system as
specified under Article III of the Nuclear
Non-Proliferation Treaty (NPT) of 1968, which
aims to ensure that civil stocks of uranium, plu-
tonium, as well as facilities and technologies
associated with these nuclear materials, are used
only for peaceful purposes and do not contribute in
any way for proliferation or nuclear weapon pro-
grams. It is often argued [35] that proliferation of

1. Gandhi Plan of 1988 regards NPT as inher-
ently discriminatory in favor of the nuclear
weapon states. It speaks about a timetable for
complete nuclear weapons disarmament. It
endorsed early proposals of a Comprehensive
Test Ban Treaty and for an international
convention to ban the production of highly
enriched uranium and plutonium for the pur-
pose of weapons. This is also known as the
‘cut-off” convention.

2. For some years, especially under the Clinton

administration of USA pursued a variety of
initiatives to persuade India and Pakistan to
abandon their nuclear weapon programs and
to accept comprehensive international safe-
guards for all their nuclear activities. In this
regard, the Clinton administration had pro-
posed a conference of the five nuclear
weapon states and Japan, Germany, India,
and Pakistan.
India refused this including similar previous
proposals. Also, India countered it with a
demand that other potential weapon states
such as Iran and North Korea should be
invited to the conference and that regional
limitations would only be acceptable if they
were accepted equally by China.

3. Another approach of ‘capping’ the production
of fissile material for weapon purposes. This



1.3 Issues Related to Nuclear Waste

will hopefully be followed by ‘roll back.’
India and the USA jointly sponsored a UN
General Assembly resolution of 1993 which
calls for the negotiations for a ‘cut-off” con-
vention. In case India and Pakistan join such a
convention, then they would have to agree to
halt the production of fissile materials for
weapons and to accept international verifica-
tion on their relevant nuclear facilities (en-
richment and reprocessing plants). India
became prepared to join negotiations regard-
ing such a cut-off treaty under the UN Con-
ference on Disarmament.

4. Looking at the limited scope of confidence
building between India and Pakistan in the
year 1990, each side ratified a treaty of not
attacking another’s nuclear installations and

in 1991, they exchanged the list of location$,/

of nuclear plants although the lists were not
regarded fully accurate. N\
5. Looking at the security reasons, lndfa drop-
ped its support to CTBT in the year/ 1995 and
in the year 1996, India attempted tg block the
Treaty itself. After its nucledr test in 1998,
India proposed that its ratifi€ation may be
conditional as the ﬁvé weéapon states have to
agree for reducti;m’/in their nuclear arsenals.
The UN Conferen&e on Disarmament has also
called upon bqth India and Pakistan imme-
diately to ﬁcceﬁe to the Non-Proliferation
Treaty{ ;présm/nably as non-weapon states.
6. Il"arf\\Wh()/IS a signatory of NPT in regards
_With ¢ civilian use of nuclear energy was not
{ aﬂowed to perform uranium enrichment in
“se€Ccret manner which is a violation of the
safeguard obligations of United Nations
Security Council.

V.

India has also been discussed in the context of
nuclear apartheid. India’s stand is that nuclear
issues were directly related to national security
and nuclear weapons should be a necessary right
for all nations so long as certain states are in
possession of nuclear weapons.

As an honest approach following views needs
to be considered for all future deliberations,

®

order to keep up sovereignty. ¢, /

All nations have right to safeg)aara\gecu-

rity of its people and boundagics” with

safety of earth being moresitportant.

Civilian use of nuclearscapability is per-

missible and there "c\ztn{ée all checks and

tests of enrichmgnt"pfogfams of all nations

equally. Ky

SNF is a wealth pertammg to the earth and

all efforts he;d t6 be made to reprocess for

the enef y programs only.

‘Saving the earth from nuclear fear’ pro-

gfau\l oneed to be initiated with

Qde\-ac\tivation of nuclear weapons.

<\\Seéurity issues

/An'independent group of experts on arms-control
and non-proliferation was founded in January
2006 in the name of International Panel on Fis-
sile Materials (IPFM) [36]. This comprises
experts from 18 countries including both nuclear
weapon and non-nuclear weapon states. Follow-
ing panel members of the IPFM attended the
meeting in the year 2013:

Harold Feiveson, Alexander Glaser, Zia
Mian, Frank von Hippel (Princeton University,
US), Pavel Podvig, Anatoli Diakov (Russia), M.
V. Ramana, R. Rajaraman (India), Jean du Preez
(South Africa), Jos¢ Goldemberg (Brazil), Pervez
Hoodbhoy, A. H. Nayyar (Pakistan), Rebecca
Johnson, Patricia Lewis, Gordon McKerron
(UK), Martin Kalinowski, Annette Schaper
(Germany), Jungmin Kang (South Korea), Li Bin
(China), Miguel Marin Bosch (Mexico),
Arend J. Meerburg (Netherland), Paul Meyer
(Canada), Seyed Hossein Mousavian (Iran), Ole
Reistad (Norway), Henrik Salander, Johan
Swahn (Sweden), Mycle Schneider (France),
Masafumi Takubo, Fumihiko Yoshida (Japan)
and produced the following findings,

(i)

(iif)

(iv)

)

1. In 2013, the global stockpile of nuclear
weapons was estimated to be over 17,000
weapons. The USA and Russia together
holding over 16,000 of these weapons, and

No nation has right to threaten oth9r\m /
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the other seven nuclear weapon states holding

a combined total of about 1,000 weapons.

The global stockpile of highly enriched ura-

nium (HEU) at the end of year 2012 is esti-

mated to be about 1,380 & 125 tons. This is
sufficient for more than 55,000 simple,
first-generation implosion fission weapons.

. The global HEU stockpile has been reducing.

Over the past two decades, about 630 tons of

HEU has been blended down, mostly by

Russia. The USA, which has eliminated about

141 tons of mostly non-weapon-grade HEU,

has chosen to set aside 152 tons of excess

weapons HEU for a naval fuel reserve.

The USA, UK, Russia, France, and China

have all stopped producing HEU for weapons

as well as any other purpose, in some cases
decades ago. The first four of these state$
have made official declarations to this effect,

China has done so informally. In 2012’ Rus-

sia announced that it was resum;ng/ hmited

production of HEU for naval and faStfeactor
fuel. India is also producing HEU for naval
fuel. Pakistan is producing HEU for weapons.

It is possible that North Korea also may be

producing HEU for V\}eapons

The global civilian /stockplle now exceeds the

military stockplle There are civilian plutonium

separation (repgocessmg) programs in the UK,

Russia, Jz(f)gm, In\dia, France, and China. In July

2012/fhe/UK announced plans to close its

THQ\RP _réprocessing plant, at Sellafield by

2013. Thls would end reprocessing in the UK.

{ The future of Japan’s reprocessing program is

“uficlear in the wake of the March 2011 disaster
at the Fukushima nuclear plant.

. Under the terms of the 2010 of the ‘Action
Plan on Nuclear Disarmament,” the NPT
nuclear weapon states have agreed to cooper-
ate on steps to increase transparency and
develop verification capabilities related to
nuclear disarmament and in particular to report
information that can further the openness and
verification. According to the action plan, the
nuclear weapon states were expected to report
to the NPT Preparatory Committee in 2014 on
progress toward meeting these obligations.

<

N
).
V.

y
/

\

\\

The IPFM recommended that the nu;zlear /

weapon states could make baseline dec‘larauor;s
of the total number of nuclear warheadsy 1ﬁ\thelr
possession as of a specific recent da€ With a
commitment to subsequent annual*updates well
in advance to the next NPT Review.Conference.
Also, as part of their baselinﬁdéclarations by the
end of 2015, NPT nuclea( we?apon states could
make the following;as publlc

e Total national boldmgs of plutonium and of
HEU as of\spemﬁc recent date.

° Amounm\of HEU and plutonium in other
countnes ;lnd any foreign-owned material in a

U nﬁ'y
. \_g'l'?x/ponions of their HEU and plutonium
‘¢stockpiles available for IAEA safeguards.
\

Earlier in the 2010 final document of NPT
Review Conference emphasizes for the nuclear
weapon states ‘to declare, as appropriate, to the
International Atomic Energy Agency (IAEA) all
fissile material designated by each of them as not
required for military purposes and to place such
material as soon as practicable under IAEA or
other relevant international verification and
arrangements for the disposition of such material
for peaceful purposes.’

Finally, the NPT weapon states need to
declare and place under IAEA safeguards the
following,

All plutonium and HEU in civilian use

All plutonium and HEU recovered from
excess weapons or its nuclear weapons’
complex and declared excess for weapon
purposes and

All plutonium and HEU going to waste dis-
posal sites.

1.3.2 Reutilization

Is there a possibility to utilize SNF as such in a
conventional reactor or any other system and the
radio-toxicity of the long life isotopes is reduced to

N\
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very short life and the process stands economical?
Certainly, the question indicates toward the high
amount of the leftover fuel elements to be burnt
and LLA and LLFP to be incinerated drastically.
Obviously, the problem focuses on the issue of
LLFP to be incinerated as well as to reduce or
incinerate amount of the reproduced LLFP from
the burning of fuel component of SNF. In princi-
ple, this will certainly need a system to have very
high excess of neutrons beyond the energy econ-
omy of the system. In this regard, Jansen [25]
reaches to a conclusion that in doing both, energy
output can be maintained corresponding up to
certain value of neutron multiplication factor,
k and excess neutrons for transmutation can be
possible in near to k ~ 1 system only.

It is known that the LWR produces nearly
95% of the uranium fuel, 1% actinides, and
remaining 4% FP. According to Lerner [37],
alternatively, using the pyro-processing rolute\of
reprocessing all the trans-uranic elerr;ent\s\of/the
spent fuel can be separated from FP doy’ reuti-
lization in a fast reactor without loadlng of FP of
the SNF in the fast reactor., To\expedlte reuti-
lization, a pyro-processing plant«€an be installed
in between a LWR and tfle fast reactor. This can
be promoted becgus/e ‘\ pfro—processing—based
technology [38] pasﬁi]\lowmg advantages,

{/
1) Sevel;af/timeE more utilization of nuclear
fuel! thanjlst 5%.
(ii) El\{ani}n‘n supply to continue to the second
_S\down the line reactor.
(iii)\ Minimization of risk of proliferation
“because of the integrity of uranium and
higher actinide fuel elements.
(iv) This saves time and cost of transport and
reposition. Also, risk period is reduced from
thousands of years to hundreds of years.

Another approach being worked out for the
last 15-16 years is IV generation reactors [39]
with a feature that fuel will be recycled without
separation of *°Pu. Similarly, there are proposals
of molten salt reactors (MSR) for utilization of
thorium.

1.3.3 Radiation Damage and Gas / \/\/
Production " Px
¢ N v
// 3 N\ v
Reposition or even storage of SNEF /ﬁ/(')t"only
spreads radioactivity but produce$™gases as the
decay products along with that, are produced by
activation or other nuclear\reg(c/tions For exam-
ple fission products may\emerge as the gases
directly. Neutrons s may. alto activate certain
constituent like Ni and Al to produce alpha
particles, which ©Ony emergence may accept elec-
trons from th%rroundmg to act as helium gas.
Thus, Ni of' Yh\e eel canisters is reduced to iron
and cotrjosi\o/n is promoted. Through the follow-
ing eo/rro‘sidn reactions on one hand, depletion of

nickel of steel takes place and this reduces the

\st\reng‘th of the steel and on the other hand, iron
/géts oxidized. This leads to corrosion and pro-

duction of hydrogen and helium gases.

38Ni + jn — 3Ni

3aNi + jn — $He + 3°Fe
3Ni+ jn — 3He +3Fe (E > 0.1 MeV)
3eNi +4n — TH+37Co (E<0.1MeV)

}(E<0.1MeV)

Production of helium leads to grain boundary
embrittlement and enhancement of swelling rate
due to bubble formation. Thus, the high nickel
steels become brittle for low doses too. In fact,
trapping of rare gas atoms on the vacancy defects
retards the annealing [40] and radiation defects
become stable. This may induce brittleness. Issue
of radiation damage and radiation resistant
materials will be discussed in a dedicated Chap. 7
later in the book.

1.3.4 Protection of Society
and Environment

The nuclear fuel before loading and after dis-
charge from a reactor influences the environ-
ment. Also, small amount of radioactivity goes
out of the reactor along with the rejected water
and the steam that leak out of the reactor and

g Y
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ultimately it is absorbed by the soil or the crop in
vicinity. Right from the mining of yellow cake
by in-situ leaching process and the uranium ore
grinding processes which is followed by the
leaching the leftover tailings either to go to the
soil or in water. In the whole process of leaching,
thousands of m’® of water is used and after
extraction, water carries small trace of radioac-
tivity which ultimately goes to far distant places
during rains and in the dwellings. Effect of
accidental release of excess radiation beyond
dose limit in case of accident has shown
enhanced cases of cancer patients in the sur-
rounding of the plants.
According to IAEA safety standards [41],

Regulating safety is a national responsibility.
However, radiation risks may transcend national

United States of America <

Nuclear Regulatory Commission (NRC), [42] {}
USA has ensured safeguards and s/gcurfty
regulating licensees by way of
7™\
(a) accounting systems for special nuclear and
source materials, and< \/ N
(b) security programs an&\ ingency plans.
\
Their responmbﬂ;fles/zmclude the following,
e Domestics fexuards
o InformahQ security

° RaWe material security.

6‘@96 of Nuclear Material Safety and Safe-
\gua%ds (NMSS) develops and implements NRC

borders, and international cooperation serves to / policy for the regulation and safe management

promote and enhance safety globally by exchangs
ing experience and by improving capabilitiess to

control hazards, to prevent accidents, to res nd to
emergencies and to mitigate any harmf)ﬁ
quences. States have an obligation of d111g

duty of care, and are expected 0 fulﬁl thelr

national and international un%i@takrﬁgs and

obligations. \
& N

The TAEA declared ghe“following 4 Safety
Standard Committees”(SSEY for the preparation
and review of safi t)%ndards,

4
i. for nucﬂéar safety (NUSSC)
ii. radi }tlor{s}fety (RASSC)
1ii. the\saf /;y of radioactive waste (WASSC),

iv. Yhe safe transport of radioactive material
, \uATRANSSC).

\/

D 4

’ 4
7

The Commission on Safety Standards
(CSS) oversees the programs of IAEA safety
standards. For safety and protection from radia-
tion, ten principles are envisaged. Under its 7th
principle highlighted as ‘Protection of present
and future generations’ means that people and
the environment, present and future, must be
protected against radiation risks. In the following
various important safety majors that are adopted
in different nations having nuclear energy have
been summarized.

“and disposal of spent fuel and HLW. In the USA,

Uranium Mill Tailings Radiation Control Act
(UMTRCA) is also invoked in the year 1978 as
the US Environmental Law. This authorizes
the Environmental Protection Agency authority
to establish health and environmental standards
for the stabilization, restoration and disposal
of uranium mill waste.

India
Atomic Energy Act, 1962, controls all nuclear
activities in the country. In 1983, Atomic Energy
Regulatory Board (AERB) came in existence to
carryout regulatory and safety activities under the
act. The regulatory authority of AERB is derived
from the rules and notifications promulgated
under the Atomic Energy Act, 1962. Environ-
mental (Protection) Act, 1986, is added later on.
Also, Government of India invoked ‘Atomic
Energy (Radiation Protection) Rules, 2004’
replacing the Radiation Protection Rules 1971.
For more details of safety disposal of nuclear
waste (SDNW), weapons of mass destruction
(WMD), radiological dispersal devices (RDD),
Foreign Trade Development and Regulation Act,
1992 (FDRA) and Nuclear Controls & Planning
Wing (NC&PW) are existing. For several other
outfits, reader is advised to refer to Nuclear
Security in India [43].
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France

In France, Transparency and Security in the
Nuclear Field Act No. 2006-686 was invoked in
June 2006 [44] under the Nuclear Safety Authority
which is an independent administrative authority.
In signing the act Ministry of Ecology is involved.
The authority participates in the surveillance of
nuclear safety and radiation protection and for
informing the public in these fields. Also, sepa-
rately, in 2006 Program Act on the Sustainable
Management of Radioactive Materials and Wastes
was passed to focus largely on environment in
connection with the waste management [45].

United Kingdom
In UK, Office for Nuclear Regulation (ONR) is in
charge of regulating nuclear sites but the legal
responsibility of ensuing nuclear safety lies on the
licensee. Government of UK is responsible {for
nuclear policy through its legislative reglilatory
framework. ONR sets the regulatory/stamiatds
According to statement of ONR Chlef E)gecutlve
Officer [46], ‘ONR is not resp0n51ble for deliv-
ering a safe and secure nucleat 1nﬁustry, this is the
responsibility of the nuclear industry itself.’
Also, Environment Ageﬁcy [47] is an execu-
tive non-department pubhc body which is spon-
sored collectlvely {zy the departments of
environment, foo\d< rural affairs, and it works to
create bettep/i)}aces\ for people and wildlife and
support S}(stal/nab/le development of nuclear sites.
Similarlf(, t};efe is Scottish Environment Protec-
tion ‘Age;\lcy.
77\

7china

/In China, National Nuclear Safety Administra-
tion (NNSA) is a central government agency
responsible for regulating nuclear safety, super-
vision on all civilian nuclear infrastructures in
China and has authority of inspecting nuclear
safety activities and to regulate the approval
mechanism. It was established in the year 1984
under the State Science and Technology Com-
mission, and since then, it has seen several
controls. In the year 1998, it was transferred to
State Environmental Protection Administration

7

\

(SEPA). In the year 2008, SEPA was upgr/ildﬁd /

to the full-fledged Ministry of Env1ronmental
Protection and the NNSA has beens wérklng
under the ministry. The Ministry is the/nation’s
environmental protection depaptfitent charged
with the task of protecting China’s.air, water, and
land from pollution and "C\Onga/mination [48]. It
also serves as China’s ’nlic@a(\safety agency.
Russia {

Nuclear Safety ¢ Il)stltute (IBRAE) under the
Russian Aca(fegy of Sciences [49] was estab-
lished in the\year 1988 with the aim of advancing
basic {esearph to address the problems of
incr mg safety of nuclear power plants. It is
res[ﬁmsible for the (i) safety of nuclear power and
sindustry, (ii) emergency response and radiation

/menitoring, (iii) strategic planning of back end of

nuclear and radiation hazardous objects, (iv) to
provide technological platform for industry and
energy integrity, safety and security. Federal
Environmental, Industrial and Nuclear Supervi-
sion Service (Russian Federation) is also started.

Japan

In Japan under its Atomic Energy, Basic Law
Atomic Energy Commission was established in
the year 1956. After the Fukushima Nuclear
Disaster in 2012, Nuclear Regulatory Authority
(NRA) was established [50] replacing ‘Nuclear
and Industrial Safety Agency,” to provide
Nuclear Regulation for People and the Environ-
ment. The NRA is an external organization of the
Ministry of the Environment with a high degree
of independence. After its constitution, NRA has
been enhancing nuclear regulations in the fol-
lowing areas,

(i) Development of counter measures against
severe accidents.

Introduction of back-fit systems that all
nuclear reactor facilities shall meet all new
regulatory requirements.

Introduction of a 40-year operational time
limit for nuclear reactor facilities from the
time of start of a facility.

(ii)

(iif)

N

N\

Qe
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Pakistan

Pakistan has established Pakistan’s Nuclear
Security Regime, and it covers nuclear materials
including radioactive materials, several associ-
ated activities, and facilities for their life cycle
through following three pillars (i) legislative and
regulatory framework (ii) institutions and orga-
nizations and (iii) nuclear regulatory systems and
measures [51]. Pakistan’s Atomic Energy Com-
mission and its Nuclear Regulatory Authority are
under its Legislative and regularity framework.
Strategic Plan’s Division (SPD) works as secre-
tariat of National Command Authority (NCA)
and develops technical solutions, Personnel
Reliability Programme (PRP), and elaborate
intelligence and security setups to deal with
issues related to nuclear security, non-
proliferation and Weapons of Mass Destructio

(WMD) terrorism. 4

2N\_/
N
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Special Hybrid Systems
and Molten-Salt Reactors

Complete utilization of heat and escape out neu-
tron flux generated new concept of hybridization

@%

\}{e in a fission reactor, there is no

tion as there is an input of neutron
and there is a single fuel system

h b
of two or more nuclear energy systems which is e%gy .
highly perspective in case of gen. IV reactors. Kgﬂv ridization may be said to take place when

has high utility in fusion reactors where stopping
of high-energy neutrons is almost impoSsible.
Concept is being worked out at the in Wal
collaborations. Hybridization oj and
non-nuclear systems of producmé@ city and
utilization of heat resources ﬁ discussed.
Such concepts need lot of inn ve procedures

S,

Concep@ hybrldlzatlon

of N Energy

, %\ds of nuclear energy systems are
; is for atomic fission energy, and
is for nuclear fusion energy. An atomic
reactor, having "**U fuel a single fuel, and
is ignited by a small energy system, a neutron
source. This energy input is negligible compared
to fission energy. These reactors are also called
as neutron poor and energy-rich systems. On the
other hand, fusion reactors are neutron rich but
energy poor systems. Energy released in one
fission reaction is more than 10 times of one
fusion reaction. Extra neutrons of a fusion reactor
can better be utilized in another system based on
fission process by providing blanket of a fis-
sionable fuel outside the fusion reactor
dimensions.

for integration.

2.1

So far

© Springer Nature Singapore Pte Ltd. 2019

there is a combination of fuels, e.g., uranium and
plutonium mix or thorium and uranium mix
fuels, or there is a mechanism of generating a big
neutron source such as spallation neutron source
for running a fission reactor for both energy and
transmutation purposes. In the latter case, a
high-energy spallation neutron generates a large
number of neutrons which produce fission reac-
tions as well as transmute the specially organized
HLW also.

Another possibility is to combine fusion and
fission reactors for utilization of excess neutrons
of fusion reactor to enhance energy production
by providing a fission material blanket around
the fusion reactor [1]. The blanket can have
uranium or thorium as a fuel. There can be sev-
eral other ways of enhancing overall efficiency of
the energy system or making a cluster of uti-
lization of any extra availability of resource
economically.

2.1.1 Hybrid Nuclear Energy Systems

Fusion reactors are operated on two basic
mechanisms. One related to magnetic confine-
ment and other on laser. In case of magnetic
confinement of plasma, say, deuterium and tri-
tium plasma, the process of fusion is accelerated

21
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energy, E;, ~ 100 keV. The deuterium ion energy if Q' > 1. This is possible when Q >t
is much above ~10 keV temperature of the can be achieved by thermalizing thg
desired plasma. To get the accelerated ions, one Kkinetic energies of the nuclei produ in the

by introduction of accelerated deuterium ion of A fusion energy system will be called ey@
4
ﬁx{ le

needs small energy accelerators to produce deu- fusion reaction (see Eq. 2.4). A the existing
terium ion. Efficiency, v,, of the accelerators, i.e., fusion energy sources working e magnetic
ratio of KE of accelerated ion, Ej, to the electric  confinement are called as ak [2]. One

energy supplied to the accelerator is ~ 60-70%. Tokamak is shown to ha \\9.121 ma performance
A figure of merit of the fusion energy system with Q = 1. 3 é

can be defined as the ratio of fusion energy, Er,, Deuterium and

to the given heat energy, Ej, ents of most of

itiufn are the main ingredi-
usion reactors because of

availability 0‘% two reactants. Deuterium is a
Q = Erpu/Ep (2.1)  stable isotobe\o hydrogen found in water. Tri-

] ) _ tium i bst}ced in a reactor. Also, it can be
Here, E,, is required to heat the plasma. Ini- pro by reaction of a neutron with Li°.
tially, Ep, is in the form of KE of produced alpha

. PRe Isoto i® is abundantly available in mineral
and neutron in a (d, f) plasma system, and it is

X ’ oreS. At the same time, (d, f) fusion reaction is
required to be converted to the heat energy. hkzév .

X 5 ored from the point of lower temperature
case of toroidal Tokamak, large value of @ is “yequirement as can be deduced from the data
expected to be available. —~—\

shown in Fig. 2.1. As a matter of mechanism,
More of the Ep, energy is conve Whe when the two nuclei deuterium and tritium are
heat; factor Q will be higher. T’hu@ 182 prought close enough to fuse it gives rise to
need of a mechanism to be‘devii? for the production of an alpha and a high-energy neutron
utilization of kinetic energy gﬁ ed particle ¢ shown in Eq. (2.4). Barrier penetration energy
introduced in the plasma to initiate fusion reac- for the (d, f) reaction is ~280 keV [3], and
similarly penetration energy is ~210 keV for (d,
number of neutrons o er hand which will d) and ~580 keV for (d, *He) fusion reactions.
be multiplied fm% Way of a fission reaction  he (4, 4) fusion reaction is as follows:

tion. In turn, it produce t on one hand and

in a fusion—fissi ybrid system.

Initially, for an* elementary process, Q is
expected Qf{l so long as reaction energy in
the for inetic energy of product nuclei is
not utilized"in internal collisions.

D-T

@heat of the system at a time = E}, + Epy
1E-24
= (1+ Q)En
(22) ¢
<
. . o 1E-25
The fusion energy, Eg,, ultimately has to be
converted into the electric energy. If the con-
version efficiency is v,, then the electric energy 1E-26 .
output can be written as, . .
10 100 1000
( +0)vg X v, Ion Energy (keV)
1 23) , ,
— (1 + Q) Fig. 2.1 Ion energy versus cross-sectional plot of differ-
4 ent fusion reactions [2]
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\D? + 1 H? — ,He*(3.52 MeV) + n9(14.06 MeV)
(2.4)

According to Eq. (2.4), available total fusion
energy, Ery = 17.58 MeV, of which neutron
energy share is ~ 80% and 20% is shared by alpha
charged particle. The fusion energy Egy needs to
be converted into heat energy. The energy com-
ponent of charged particle alpha is converted dif-
ferently to the neutral neutron.

The reactions that may lead to the production
of tritium are as follows:

= ,He*(2.05 MeV)
+1H?(2.73 MeV)
(2.5)

3Li® + on' (thermal)

3Li7 —+ ()nl (fast) = 2He4 —+ ]H3 —+ ()1’11
—2.47 MeV (26)
\
There are several advantages of fus10n Leac-
tors over the fission reactors, and they are/taught
in elementary classes, but, a fu510n reactlon is
hard to be achieved in the ﬁrst place because a
small perturbation in reactor “eendition would
probably terminate the feadtion [4]. Thus, the
basic challenges of/a ‘fuslon reactor can be
summarized as fo)low§
\\ V 4
1) Heatiprg/of a réacting mixture to a very high
temperaturé is hard because energy goes in
QVGI‘COIl’llng the repulsive force of posi-
' tlvély charged nuclei. This is equivalent to a
7\ barrier penetration process. For example, as
S’ mentioned earlier also, this can be achieved
( by introducing deuterium ion of Kkinetic
energy ~ 300 keV in case of (d, f) reaction.
Introduction of high amount of such ions
into the fusion system also enhances den-
sity of the plasma.
On compression of the mixture to a high-
density, probability of collision, hence a
reaction is enhanced.
To keep the reacting mixture together for
long enough time for the fusion reaction
and to produce energy at a rate that is
greater than the rate of input energy pro-
vides both heat and compression.

(ii)

(iii)

Obviously, attaining a ‘breakeven’ is a }eéh‘
nological challenge for sustaining the plasma
condition of high temperature and .density, for
longer time. The condition of sustainmefit ¢an be
derived from the ‘Lawson critefion’ that the
product of number density of anedium and con-
finement time n X t needs\to be greater than
10" In the year 1991, Eugopean scientists have
successfully sustained (N) plasma bursts for 2 s
producing energy equlvalent of 2 MW. Experi-
mental Fusion réag;or at Princeton sets a record
of 1s of 106 MW bursts in the year 1994.
Following such uccesses, USA, Japan, Russia,
and thQ Eurg)pean Union started designing and
con, rucﬁon of the International Thermonuclear
Experimental Reactor (ITER) facility of

+500 MW to sustain for 400 s with Q > 10 or
./ ststaining for 3000 s with Q > 5. Later on,

China, India, and South Korea have also joined
the program. Besides, working on hot plasma,
several research groups are also working on ‘cold
fusion’ of hydrogen at room temperature [4].

Nuclei produced as a result of several kinds of
fusion reactions can be thermalized in dense
medium, and as a result, very high temperatures
are produced. Plasma in the given medium can
be confined technologically by way of magnetic
confinement or inertial confinement by lasers.
Inertial confinement fusion (ICF) is a process to
initiate nuclear fusion reactions by heating and
compression of a fuel target which is typically
kept in the form of a pellet containing a mixture
of deuterium and tritium. In Fig. 2.2, a compar-
ison of achievements of fusion energy over three
decades by using either of the magnetic con-
finement or the ICF technology is shown in
relation with progress of attaining computer
power in the same time span.

In case of the ICF technique, impact of laser
light starts compression by shock wave propa-
gation which heats the outer layer of (d, f) fuel.
Subsequently, compression of the inner target
material [5, 6] starts the desired fusion reaction.

After the fusion energy is thermalized in a
fusion system and plasma exceeds the loses, the
condition, @ > 1 is achieved. Fusion reaction
will sustain if fuel is continuously supplied. The
plasma is confined by keeping the ions and the

4
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Fig. 2.2 A comparative study of development of mag-
netic and inertial confinement fusion [2]

difficult.

2.1.2 Fusion-Fission HybtdeQ/

A highly common design of fusi ion hybrid
system is shown in Fig. 2. ere a fusion
plasma core is surround the fission blanket
of Uor Th [7, 8]. In t m, a design proposal
of ITER is projecteLQrSOO MW fusion power
and neutron ﬁue@~ 8 x 10 1/ s.

As mentigned earlier, a fusion—fission hybrid
system n ily has a fission fuel blanket
outside, ‘th sion system. A neutron being

Fi A most commonly

scussed fusion—fission
ybrid system under the

magnetic confinement [2, 7]

3.0m

¢
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neutral has high chance to escape out fro
fusion system, and it can be captured, in 't
blanket material of high density of.fissi el
and that leads to conversion of its Tgy into
fission. In case of a 14.06 MeV tron escap-
ing to the fission blanket may @e a fission
and releases energy ~190\%¥ fission. This
energy is 13.5 times of e f the neutron. In
a (d, t) plasma syst: , Egy, is shared with
a fraction, f, ~ 80% by neutron and remaining

fraction, (1 — © by a charged particle
(cp), alpha in/the final state of (d, t) reaction, for

example. Thus,
\\VEn = f;l X EFu and (2 7)
@ Epp = (1—f) X Ery '

electrons inside the system which is technicall%\ao realize the mechanism of total fusion
n

ergy utilization, it is necessary to understand
the following schematic diagram as shown in
Fig. 2.4 [9]. In the (d, ) fusion chamber, the
alpha on colliding with the first wall of the fusion
chamber, may be the vanadium metal, will
transfer its KE to atoms of the wall causing both
heat generation and radiation damage. Thus, the
converted KE into the heat and the fission-heat of
the blanket will be converted into steam; hence,
the electricity or heat may directly be converted
to the electricity by another mechanism. A part of
the so produced electric energy, E,.., may be fed
back to the ion accelerator. Efficiency of the
accelerator, #;,, for converting electric energy,

Torocidal Field
Magnets

Vacuum Vessel
Blanket & Shield
Plasma First Wall
Plasma

Reactor Core

Central Solenoid
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Fig. 2.4 A schematic diagram of fusion e@onversion into electric energy and its internal utilization [9]

E.., into KE of an ion, Eh,®9 written as
follows: D
Q_Z_ (2.8)
TecC

Smularly, raction of fusion energy, (1 — f,,),
ged particle like alpha will be
eat by a factor, y; thus,

Ecpic = 7Eep (29)
Qrther the E.,q4, heat energy, can be con-
erted directly to electricity by say thermoelectric
generator, or it can be converted first to steam
and then to electricity by using a turbine as
mentioned earlier. The two routes of conversion
into electricity are shown as outgoing channels of
E,y through ‘direct converter’ and the ‘thermal
conversion.’ In future works, advance systems of
such conversions may be investigated to have
better efficiency.
Neutron energy, E,, is further multiplied by
way of the fission energy of fuel through ***U.
A part of E, is also utilized in neutron

conve

multiplication. If BEMREF is the ‘blanket energy
multiplication factor,” i.e., ratio of energy multi-
plied in blanket to the source neutron energy [9],
then the energy in the blanket system may be
written as follows:

E, = BEMRF x E,

(2.10)
= BEMREF x f,, x Ep,
Besides, as mentioned earlier, there is a
chance that neutrons are multiplied in the blanket
by way of non-fission reactions or energy
deposited in the blanket by other non-fission
reactions. In turn, they produce extra energy on
interaction with the fission fuel material. This
leads to

no. Th(n,f) x 184.2
Source n — energy (MeV)

(2.11)

BEMRF = BEMR +

For a detailed discussion of contributions of
different conversion systems and parameters of
the hybrid system, reader is advised to refer to
Ragheb and Singh [9].
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2.2 Reactor with Liquid Fuel

232Th isotope is commonly known as ‘thor,” and
it is found as a 100% isotopic composition in the
form of thorite (ThSiO,) and thorianite
(ThO,+UOQO,). It is 3 times more abundant than
uranium in nature. Thorium is also found in ash
of coal. Thorium fuel-based fusion—fission
hybrid reactor is expected to be a sustainable
source of energy for future. The use of the
molten-salt reactor (MSR) was pioneered at Oak
Ridge National Laboratory first time. At ORNL,
two prototypes of molten-salt reactors, namely
Aircraft Reactor Experiment (ARE) and
Molten-Salt Reactor Experiment (MSRE), were
successfully designed, constructed, and operated
from the year 1965-69. Later on,

the two
experimental reactors were suspended frong\

operation for a long period of time in USA.
Two possibilities of using molten salts, one
comprising Na-Th-F-Be (as NaF. MFM
with the (d, d) neutron source ands %A—Th—
F-Be (as LiF.BeF,.ThF,, salt‘ wi 1 (dj t) source,
have been studied. In such h@ystem having
thorium as the target blanket and“graphite as the
neutron reflector, the reaction provides
0.74Th (n, y) bree B3y compared to
0.76Th (n, y) by , d) neutron source [10,
11]. As shown with' the help of Eq. (2.6), tritium
is also prod in neutron interaction with °Li
of a molte It. Subsequently, this affects
breedi y%/”U in a (d, t)—fusion reactor
becatise of further generation of a part of neutron
he heat advantages in the two cases of
lasmas are comparable and enormous. Such
Qeactors can also be named as Molten-Salt
Breeder Reactor (MSBR) [12]. Shortly, a MSR
has advantages mainly of safety, economy, and
efficiency and disadvantages of design difficulties

which need separate discussions with details.

2.2.1 Single-Fluid Reactor

Single-fluid prototype reactor was designed at
ORNL [13] wherein fluoride salt containing tho-
rium and uranium was filled in a large reactor vessel
with graphite rods for the purpose of moderation as

HI

N\

Fi .@A schematic diagram of single-fluid reactor as
O%ﬂ e liquid fluoride thorium reactors (LFTRs) [13]

shown in Fig. 2.5. In the ORNL MSBR reactor,
graphite is reduced near the outer wall of the vessel
hence allowing better chance of capture of thermal
neutrons by the thorium fuel in the area. This also
allowed lesser neutron leakage. Being a liquid fuel,
one such reactor has also provisions of removal of
fission products and that reduces cost of repro-
cessing. This will, however, require periodic filling
of uranium fuel.

2.2.2 Double-Fluid Reactor

A double-fluid reactor employs two separate lig-
uid fuels. One is the core fuel, and another fuel is
in the blanket of the core. The core contains high
neutron density to burn *>*U. The thorium fuel
salt in the blanket absorbs even fast neutrons to
convert into ***Pa which slowly decays to **>U.
There is lesser chance of *°U to capture
slow neutrons to convert into 2>*U because of the
lower amount of slow neutron flux. ***U is
recovered by way of fluorination process then
allowed for the vacuum distillation, and in this
process, fission products are left in the bottom of
the blanket as the waste. The 2>°U fuel so
recovered can be filled in the core for burning as a
fissile fuel. Recently, Holcomb [14] has discussed
various MSR variants with different fuels, coolant
possibilities, challenges and advantages.



2.2 Reactor with Liquid Fuel

The design has advantage in the simplified
fuel processing because of low fissile inventory
being located in a small core. Also, it provides
more efficient breeding opportunity as the
Th-blanket captures neutrons leaked out from the
core. This results in more breeding from a small
reactor. The design, however, has weakness in
the form of barrier wall between the two fluids as
it needs frequent replacement because of its fast
radiation damage.

Further, Shimazu [15] has discussed three
core concept of FUJI-U3 design having fuel salt
LiF-BeF,-ThF,—***UF, where the fuel to gra-
phite ratio is kept as 0.39, 0.27, and 0.45 in core
1, core 2 and core 3 respectively, for a 200 MWe
reactor. The reactor is to be driven by 1 GeV and
200-300 mA proton accelerator. The reactor
system will have possibility of multi-beam funs
nelling to achieve the designed beam currént.
Life of the FUJI-U3 system with graphite’ mod-
erator is estimated to be 20-30 years,/ N V4

/

P 4
/
4

2.3 Other Hybrid Energy:Systems

Concept of hybridizatior;/{:vhen extended to other
energy systems then }I ’(/),péne(i up several different
possible options/of hﬁggration of energy inputs
like nuclear and ether renewable systems or the
energy outpu’t%}lke electrlcuy, gasoline, water and
heat etc / usmg proper complimentary energy
conversmg processes [16]. For example, different
input energy systems like nuclear and solar energy
syste?ns may feed to a master grid system after

/ havmg required input parameter of frequency. By

/enabling more than one energy conversion units,

Nuclear Hybrid Energy Systems (NHES) may
provide additional opportunities of flexible energy
management, delivering various types of ancillary
services such as operating reserves, regulating,
ramping, load following and supplemental
reserves and for enabling operational flexibility for
value, technical, and/or economic optimization.
Chen et al. [17] have considered the issues of
variability in depth in accordance with the two
models that are summarized in the following.

2.3.1

Y 4 A

\
: /
West Texas model assumes inputs 111;6: nl)clear
wind, natural gas, and water resource$ and to
have outputs as electricity and gaSeline, etc. In
practice, it combines a small nuclear8ystem with
wind turbine park to produ%:e/electricity and to
convert carbon resources\t tO\ the gasoline using
excess thermal capacr[y @ steam. This has
a flexible generation résource and a flexible
thermal load. Fro;n fhe West Texas model,
shown in Flg .05, it can be understood that not
only the C}QC ricity from the small modular
nuclear\ r&ac;or (SMR, 180 MW) plant and the

/neﬁ‘gy turbine (45 MW) electricity can be
scnkt fo_the electric grid after proper matching of

sparameters but extra steam of the nuclear plant
/(Conversion capacity ~45 MW) can be utilized

to generate LPG through a gasoline production
plant (GPP). SMR and wind power have maxi-
mum capacities as 180 and 45 MW, respectively,
and the heat deducted in the form of steam for
utilization for the LPG production is also variable
with maximum demand of 45 MW. Ultimately,
supply ~ 180 MW can be sent to the grid with a
little management of wind power and GPP.

2.3.2 Northeastern Arizona Model
of NHES

Northeastern Arizona model assumes inputs like
nuclear and solar photovoltaic (PV) systems to
supply electricity to the grid, and at the same
time, it produces fresh drinkable water from the
saline water. The Arizona NHES has a flexible
electrical load and can be operated as a flexible
generation resource and flexible load resource. In
Fig. 2.7, schematic diagram of the Ari-
zona NHES model is shown. In the figure, power
sharing is shown, and it may be seen that ulti-
mately a lesser power ~ 135-165 MW electricity
is fed to the grid compared to the West Texas
Model of NHES. The loss of electricity to the
grid has been evaluated considering total eco-
nomics with respect to the region.

West Texas Model of NHES </ /
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2.3 Other Hybrid Energy Systems

Rectifier ~ DC/DC

Converter

4

PV Panel

DC/DC

Converter

Battery =
Bank —

Wind Mill

Fig. 2.8 A wind mill and photovoltaic hybrid energy system @
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Economic functions and operation optlmlza@e erences

tion conditions are worked out and discus in
detail by Chen et al. [17].

2.3.3 Wind and PV HybrldG‘j%

System

Valenciaga and Pulest 8] have explored
possibility of hybrid of wind and photo-
voltaic (PV) syste stand-alone supervi-
sion control sysQA ‘wind energy conversion
systems (WECS)’ ¢omprises a windmill, multi-
polar syn generator (PMSG), a rectifier,
and a dc/de cenverter for interfacing. PMSG and
isydiscussed in details by Melicio et al.
solar module comprises of several solar
connected to the dc bus as shown in
Qig. 2.8. The battery bank and its cost play a
undamental role in the overall system cost [20].
Apparently with the growth of hybrid energy
systems and efficient utilization of resources,
energy parks will be appearing on the world
map. This may also initiate the process of clus-
tering of industries related to energy resources.
This may, however, present a different scenario
where nuclear energy and other energy resources
as well as resource utilization will stand erect in
the same area. This may raise several issues
related to security, proliferation, and activating
new regulations.
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Spallation Neutron Source,
Multiplication and Possibility

of Incineration

Spallation neutron source is new and has fastly
attracted the attention of both nuclear and reactor
scientists from the point of its application in
incineration of the radioactive waste and nucle

energy production from the fertile fuels. Thisds a
basic lesson of accelerator-driven subctitieal
system and future copious source of neut ra
variety of applications useful fgr @a‘[erial
science. Being higher energy thar@ffgs reactor,
secondary neutron built up in’\ib r provides
extra neutron flux required for‘double utilization
in energy and nuclearsmutation. Simple
kinetics of multiplication“is«discussed at large in
the chapter. Follo; it"CASCADE code ver.
04 calculation ogutron flux inside the IAEA
benchmark désign are performed for their appli-
cation fcy%ggi}tineration of LLNW. The cal-

v,

culatio been compared with calculations

of the M code for the heat distribution.

.1 Neutron Sources

and Applications

Several kinds of neutron sources have been in
existence, and they have a large number of
applications including the sector of atomic
energy. Production of a newer spallation neutron
source is an application of accelerator technol-
ogy. In case of nuclear energy, high-energy
accelerator beam of charged particle with energy
>30 MeV can produce a much harder neutron
spectrum which can initiate fission in a fertile

© Springer Nature Singapore Pte Ltd. 2019
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fuel %s hardly been burnt in a critical

powet,_gseactor having neutron energy up to
MeV. It may be mentioned that details of
spallation neutron spectrum are the central theme

of technology of energy amplifier for both energy
and incineration of LLNW.

3.1.1 Neutron Sources

In 1930, Bothe and Becker [1] discovered a new
radiation in bombardment of alpha radiation of
polonium (Po) onto the beryllium target. They
called new radiation to be y radiation. In 1932,
Chadwick identified it as neutron [2]. The fol-
lowing nuclear reaction (3.1) was found to be the
cause of neutron production. Kinetic energy of
alpha particle will contribute toward total kinetic
energy of neutron which will escape out of the
beryllium target.

JHe* + 4Be’ =¢ C2 +on' + 0(5.704 MeV)
(3.1)

Thus, it cannot be a unique value, and each
neutron source will have its characteristic neu-
tron energy spectrum. In Table 3.1, details of
several neutron sources are given with data of
neutron yield in each case. For example, if the
strength of **'Am/Be source is assigned to be
5Ci, this means, its rate of alpha emission is
5 x 3.7 x 10's and the corresponding neutron
emission rate is 70 x 5 x 3.7 x 10"
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Table 3.1 Details of the (o, n) sources. Alpha source, half-life, kinetic energy of alpha, neutron yield per 1
particles, and percentage of neutrons with energy E, < 1.5 MeV

0 4@*‘

Source Half-life E, MeV) Neutron yield per 10° Percent yield with.!
primary alpha particles E, < 1.5 MeV %
Calculated Experimental Calculated erimental
23%Pu/Be 24,000 years 5.14 65 57 11 \ 3
21%p0/Be 138 days 5.30 73 69 13 ‘\\2\ 12
238py/Be 87.4 years 5.48 79 - - N
MAm/Be 433 years 548 82 70 J@) -
244Cm/Be 18 years 5.79 100 = \ 15-23
29Cm/Be 162 days 6.10 118 106 &? 22 29
23%Ra/Be 1,602 years Multiple 502 = \ 26 26
227 . N\
Ac/Be 21.6 years Multiple 502 - 28 33-38
\\/
g?i,‘n) reactions:
10° - —— AmBe Source Spectrum KZ\
H? + | H=,He* +n+17.588 MeV ~ (3.2)
. H? +3Li7 =, Be® +n+15.028 MeV  (3.3)
10°
g Again, these reactions can be performed in
= W minimum laboratory conditions, and no acceler-
ation of particles is required.
0 (p, n) reactions:
10° +— T T N T 1
02 w6 8 10 12 H' + H? =, He® +n—0.764 MeV ~ (3.4)
Energy, MeV
(H' +3Li" =4 Be’ +n—1.646 MeV  (3.5)

Fig. 3.1 Neu@ergy spectrum of Am/Be source by

Lorch [2]
108 Q& 107 neutrons/s. In Fig. 3.1, neu-
tr y spectrum of Am/Be source by Lorch
shown. This is one of the neutron source
sed for conduction of laboratory experiments.
Iso, the neutron sources given in Table 3.1 are
frequently used in several deep underground
geological searches of minerals, oil, and petro-
leum products as they are small in size and have
long half-life in years. Similarly, ''Be (x, n)"*N
nuclear reaction occur with another isotope of
Beryllium and in that case Q = 0.158 MeV.
Some of the nuclear reactions of neutron
production useful in various research and devel-
opments can be briefly summarized as follows:

These reactions can be performed with the
help of accelerated proton beams of kinetic
energy greater than or equal to Q value.

(y, n) reactions:
=) H' +n-2.225 MeV

7+4Be’ =, Be® + n—1.666 MeV  (3.7)

Reactions (3.6) and (3.7) are also called as
‘nuclear photo-electric effect,” and they can be
performed with the help of radioactive sources
emitting gammas with energy, E, > 1.666 MeV.
Also, neutrons can be produced in (), f) reactions
with fissionable nuclei. Similarly, at high ener-
gies, (y, 2n) reactions are also possible.



3.1 Neutron Sources and Applications

In a fission reaction with any fuel element on
an average, v > 1 neutrons are produced, and in a
chain reaction in an infinitely large nuclear fuel,
neutrons are multiplied. This results in large flux,
~8.9 x 10" n/em?/s in a thermal reactor and
~1.69 x 10'® n/cm?/s in a fast reactor.

3.1.2 Spallation Neutron Sources

Spallation as such is no word in English lan-
guage, and it is derived from the verb spill of
liquid from a container when some material is
dropped in the liquid. This was the first time used
in cosmic ray studies. After the early introduction
of word spallation, nuclear reactions were
reported at Berkeley in 1947 and the mechanism

Serber [3] in the same year. In collision! of
energetic particle like proton and deuteron hay-
ing energy greater than several tens of\MeV/n
with a heavy nucleus, several neutrons z(respllled
out in early cascade along with plons and a part
of other constituent nuclear matterofthe nucleus.
Subsequently, compound nucleuS also decays
emitting several nucleong and fragments. Fission
process in case of ac)zlnldés €nhances the neutron
production. The wholq lot of neutrons produced
in a high-energy ®IIISIOH are commonly identi-
fied as spallatl/on neutrons, and they have high
technologfcal/apﬁlications being energetic much
beyond\\\the/énergy of reactor neutrons other
neutfen /\ sources as described in earlier
Séot‘.\3.\ I.1. One of the applications of spallation
#heutrdns has emerged in the form of ‘energy
/ampliﬁers’ [4, 5] for utilization of fertile uranium
and thorium like fuels for nuclear energy and
transmutation of the LLNW. The other applica-
tion of spallation neutron source can be identified
in the form of ‘beam of cooled down neutrons’
and separated in different energy ranges, hence
different wavelengths as per their utilization in
different applications. SINQ in Switzerland [6],
ISIS in UK [7], SNS in USA [8], and JSNS in
Japan [9] projects are already completed.
The SNS project was one of the initiatives taken
after the concept of EA [4] was proposed and its
initial objective was to develop 1 GeV, 1 pus

pulsed proton beam with 1 MW powery ils /
design details are discussed by Henderson et aJ
[10]. Similarly, JSNS with proton /po\v@r of
1 MW, energy 3 GeV, current 333 ma proton
pulse time width 1 ps, frequentyy, 25 Hz is
planned and their details will, be_discussed in
Sect. 7.5. It is expected 'to*produce ~10" n/s
and a reactor of 15 MW powor For more details
of the project, reader i i&advised to refer to [11].
Accelerated protons or heavier particles with

energy >100 MeV/n on colliding with
neutron- nchh y‘ targets like Hg, W, Pb, Bi, U,
and Th produc rge number of neutrons by dif-

ferent physm;tl processes. Multiplicity of neutrons
incr ases “with kinetic energy of the projectile and
length,of the bulk of the target compared to the

swidth of the target. An early review can be found

of spallation reactions was also discussed by/ifvthe article by Kumar et al. [12] wherein both

experimental data of multiplicity has been com-
pared with the model calculations. In Fig. 3.2(a),
neutron multiplicity per incident proton (n/p) has
been plotted to vary with length (cm) of the
cylindrical lead target and compared with the
calculated multiplicity from the CASCADE code
version 2004 summarized in Ref. [12] itself. The
two data show the following logarithmic growth
of n/p with the length of the target.
Experimental data follows,

n/p=—-876+844 InL (3.8)
CASCADE code data follows,
n/p=-945+849 InL (3.9)

In Fig. 3.2(b), the growth of neutron multi-
plicity with the diameter of the Pb target is
plotted for proton projectile at 1.22 MeV where
there are only two data points from the experi-
ments [13]. Calculated data of the CASCADE
code differs ~9% with the experiment data.
From d = 8-30 cm, n/p growth is only 37% and
it can be represented by the following exponen-
tial growth,

(25.64 + 3.43)—(13.53 = 1.85) exp(—d/20.31)
(3.10)

n/p =


http://dx.doi.org/10.1007/978-981-10-7503-2_7
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Fig. 3.2 P&a f #i/p from the BNB experiment [13]
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pro; ompared with results of calculations from the
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Q Also, at BNL, neutron multiplicity is mea-
sured in reactions of proton colliding with W and
Pb targets at energies ranging from 0.8 to
1.4 GeV [14], and the data is compared with
calculated values obtained from the Monte
Carlo CASCADE 04 code where better satis-
factory results are found in case of Pb target [12].

In a Monte Carlo simulation study using the
MCNPX code, Polanski and Stowinski [15] have
compared the neutron multiplicity and neutron
spectra in proton and electron colliding with Pb
target. In Fig. 3.3, neutron yield is plotted in case

of electron beam energy colliding with ? Q/
4

target of size d x L = 3.4 x 3.4 cm?. ¢ tro
spectra of electron and proton beam idihg
with Pb target of size d x L = 60 x Chii” are
also plotted in Fig. 3.3. It may bep0inted out that
neutron spectra up to 1 MeV i @rly rising in
both the cases but neutron Y{?th:licity is about
50-100 times more in casenof proton than the
electron beam. At shigher than 1 MeV neutron
energy, it grows ~ 2 to i~4 orders of magnitude
higher in case 0 ns than electron beam. On
an average a(% /e” = 0.32 and n/p = 34. On
the contrary,\&cti ity induced by electron beam is
found tosbe 25 times higher than proton for
the rget.

., Ig%iother attempt, MC Simulation using

-4C2 code shows that5 MeV electron beam

colliding with Be and BeD, targets [ 16] one can get
moderated neutrons up to a flux of 1.23 x 10®
n/cm?/s/mA in the presence of graphite moderator.
In case of electron, it is easier and economical to
enhance beam current compared to proton accel-
eration. In Table 3.2, summary data of already
existing spallation neutron sources is given.

Besides the aforesaid neutron sources [6-9],
dedicated spallation neutron sources with several
experimental facilities such as GAMMA [26,
27], energy and transmutation (E + T) [28-30],
QUINTA [31], Subcritical Assembly at Dubna
(SAD) [32], TARC [33], n-TOF [34] have used
spallation neutron sources in basic experiments
related to the ADS technology. Most of them are
described in Chap. 6.

Using a Monte Carlo simulation code, such as
CASCADE [35] and MCNP [36], neutron spec-
trum for a combination of the projectile, beam
energy and target size can be calculated.

Spallation is the only process, known so far,
of production of high flux of highly energetic
neutrons from a small size target system. On the
other hand, we know that from a thermal power
reactor one can produce a neutron flux which is
nearly two orders of magnitude smaller and
energy is also limited to ~10.5 MeV compared
to a spallation source that produces neutrons up
to the projectile energy. The spallation targets are
conveniently manageable for other applications;
e.g., measurements of reaction cross sections


http://dx.doi.org/10.1007/978-981-10-7503-2_6
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Fig. 3.3 (Left) Neutron yield plotted with electron
energy from 30 to 1,000 MeV. (Right) neutron spectra
in case of 1 GeV electron (lower histogram) and proton
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process in neutron multiplication compared to total
multiplicity plotted as a function of neutron energy E,

[37-39] can be done at a fast rate using pulsed
neutron source and production of beams of cold
and ultra-cold neutrons [40] for a new area of

[50] for light mass materials, Cr and Fe, heavy elements,
W and Pb, and fissionable fuel elements Th, U, and Pu.
Data in the table corresponds to E, = 200 MeV

neutron spectroscopy. Using high-energy neu-
trons for the measurement of cross section, n-
ToF is the state-of-the-art technique because of
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Table 3.2 Operation summary of high-energy spallation neutron sources

Name of the facility and Proton Beam Repetition  Target Moderator ~ Year of facilify
location energy power rate (Hz) material operati;

MeV)/ (kW) planne:

Current

(nA) < )
LANSCE, Los Alamos 800/70 56 20 Tungsten L-H,/
National Laboratory H,O '
(USA) [17] \
SNS, Oak Ridge National 1,000/1,400 1,400 60 Mercury By 2006
Laboratory (USA) [18, 19] >0
ISIS, Rutherford Appleton  800/200 160 50 Tantal \ H,/ 1985
Laboratory /< H,O
(U.K) [20, 21] \
IPNS, Argonne 450/15 7 30 \%?ted S—CH,/ 1981 (closed 2008)
National Laboratory \\l ium L-CH4
(USA) [22] @
SINQ, Paul Scherrer 590/1,500 1,000 Con Zircaloy L-D,/ 1996
Institute, Switzerland [22, D,O
23] ¢
JSNS, Japan Atomic Energy 3,000/333 1,000 s 25 Mercury  L-H, 2008
Agency, Japan [[24, 25] \/

\\

its high resolution. On a big scale, the n-ToF measurements of reaction rates measured in an

facilities are working at CERNj [34, 37-39],

GEANIE facility and LANCE [41]. Other facil-

ities using neutrons wi rly reactor energy

for cross-section r@g@ments are cyclotron

CYCLONE at Q in-la-Neuve [42, 43],
n

Pohang facility g (y, n) source [44], and

GELINA at. 1 [45]. Intense resonance neutron
source (IKI;Z 46] has also started working at
JINR, Dubna’

\\gésigning of an ADSS as energy and
t utation system, basic data of neutron
Q:jcroscopic cross sections at energies higher

an 20 MeV is rarely available and this will take
several years to get such data for a large number
of elements and several reactions. Using the
low-intensity spallation sources [26-31] at JINR
Dubna, several attempts have been made to
measure spectrum average cross sections (sp. av.
cs.) of both fissionable materials and other
structural materials of ADS [27, 28, 30, 31, 47,
48]. The sp. av. cs. are derived from the

experiment.

3.2 Neutron Multiplicative
Processes

In case of high-energy neutron interaction with a
nucleus, there can be scattering, catastrophic
inelastic reaction or a complete absorption and
formation of a compound nucleus. Different to
complete absorption, a slow neutron on absorp-
tion by a fissionable nucleus, there is good
chance that net neutron balance is positive. In
case of an ADSS, there is copious supply of
high-energy spallation neutrons, and multiplica-
tion of neutrons will not only be from the fuel
elements but also from other reactor materials.
This makes ADSS a quite different reactor. Also,
in presence of enormous yield of neutrons, there
will be much higher radiation damage of the
ADSS reactor material compared to normal

R

N\
\x



3.2 Neutron Multiplicative Processes

critical power reactor. Whether it is a fissionable
material or other structure material, the following
neutron multiplicative processes are identified for
considerations:

(i) Single-neutron type—(n, n'), (n, np), (n,
nd), (n, nt), (n, na), (n, nHe’) and (n, n2p),

etc.
(i) Multiple-neutron type—(n, xn) where
x=2,3, ..., (n, ), (n, 2nHe?), (n, 2nd),

(n, 2n1), (n, 2npd), (n, 2n2p), (n, 3np), (n,
3nd), (n, 3nHe3), (n, 3nt) and (n, 3na), etc.
Neutron removal type—(n, y), (n, f), (n,

p), (n, d), (n, t) and (n, ), etc.

(iii)

As mentioned earlier, neutron multiplication
by (a) structure material used in the reactor, i.e.,

or fuel cartridges and the shielding material and
(b) fuel elements are different processes and they
need separate analysis. In fact, it adds a (leen—
sion to the neutronics of a reactor / /

¢ \\* -
N\

3.2.1 Role of (n, xn) and Similar

Reactions
N
In case of any of the/pb Bi, Pb-Bi eutectic, or
any other matenal\of hlgh atomic number, the (n,
xn) and (n,/m/a/yp) -type reactions are important
due to muftipﬁcafion of neutrons by the produced
high- energy peutrons. Secondly, even in case of
fuel elements like U, Th, or Pu, neutrons are
added by way of (n, xn), higher than x = 2 order
4 aﬁd (n, xnyp)-type reactions to the fission neu-
¢trons. This makes ADSS different than critical
reactors [12] because its fuel cycles are extended
enormously. Thirdly, due to higher energy radi-
ation, heavy radiation damage takes place, and
this stresses upon need of development of radi-
ation resistant materials and to extract highly
radiotoxic materials frequently during the oper-
ation. In this way, having availability of addi-
tional neutrons beyond the energy requirement,
incineration of long-lived isotopes like iodine (I),
technetium (Tc), and plutonium (Pu) can be
possible. Lastly, contribution of (n, y) reactions

in the process of transmutation will rathe; he /
reduced because of smaller cross sectlon of thp
reaction compared to a critical reactor/wheke the
neutron energy spectrum is relatively/ stifaller.
For details, reader may refer [4945'N.

As the list of materials usedsinicomstruction of
a hybrid ADSS reactor is expected to be large
and different to the exI&tmg critical reactors,
therefore, there is need ofadditional new exper-
imental data with hlgher accuracy. Presently, for
the development of,a, de31gn of a prototype after
developing u‘n%;standlng of (n, xn)-type reac-
tions, new data libraries are being prepared using
the snnuMed data. Using codes like TALYS-1.0
toc lcula\lte cross sections up to 250 MeV energy
[52] and CASCADE.04 code in the range from

sl 1¢to 1,000 MeV energy [53], for a large number

spallation target, moderator, fuel carrying tubes,/of materials data tables are prepared and pre-

sented in reference [49]. In case of several
reactions, experimental data [54-56] have been
compared with the calculated data from the
codes. In case of some of the ADSS materials,
percentage contributions of (n, xn) and (n, f) re-
actions are assessed based on the calculated data
and presented in Table 3.3.

The detailed calculated data of neutron mul-
tiplicity ratio, {n (n, xn)){n), is plotted in
Fig. 3.4 as a function of spallation neutron
energy, E, (MeV), [49] up to 1,000 MeV.
The following inferences can be drawn from the
data,

(1) Light structure materials of different mas-
ses, e.g., Cr’? and Fe56, follow a trend dif-
ferent to heavy structure materials like '**W
and 2°®Pb. Heavy materials show a unique
rise of the ratio, {n(n, xn)){n) up to
100 MeV and at higher energies it declines.
The ratio, {n(n, xn)){n), when plotted in
case of 232Th, 238U, and 2**U shows no
unique feature like heavy structure materials
discussed above. Rather the ratio follows,
232Th > 238U > 23U. It can be inferred that
the contribution of (n, xn) process in neu-
tron multiplication is more in case of more
fertile nuclei and least in case of fissile
nucleus.

(i)
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Table 3.3 Total sum of cross sections of (n, xn) reactions, Xa(n, xn) for all x values at the 200 MeV neutron “?{:@
el

for several ADSS materials, fission cross section Xa(n, f) for 238y, 233y, 23U, and 2*?Th in barns (b)a h

percentage contribution w.r.t. total non-elastic cross sections calculated using TALYS-1.0 3 i

Element  XZa(n, xn) (mb)  Za(n, f) (mb)  Zonon-elastic (b) > a(nn) % > olnf) % xn)

Gron—clastic PC——— a(nf)

=8y 273.32 811.02 2.11 12.96 38.46 O 0.34
#1,846.54 #262.46 #2.98 #62.04 i&?%z\ #7.03

By 249.28 587.57 1.93 12.90 0\% 0.42
#1,886.83 %677.97 #3.20 #59.01 * #2778

*u 272.85 538.80 1.92 14.22 "(J%m 051
#581.20 #1,989.7 #3.21 #18.12 #62.02 #0.29

22T 357.53 320.55 2.08 17.1 ?‘ 15.38 1.12
#1,880.13 #86.71 #2.93 *\6& #2.96 #21.66

209B; 535.81 = 1.78 3(\)7\& = =

208py, 495.71 — 1.77 04 = =

184y 406.72 = 1.64 ®\\24.88 = =

181 410.08 = 1.60 ?\ 25.65 = =

Mo 90.06 — 0.97\2\ 9.25 = =

“Nb 71.77 = %4 7.66 = =

N7r 65.53 = 0.92 7.10 = =

cu 93.80 - @zﬁn 13.08 - -

Oy 37.80 - 4 0.70 5.37 - -

Co 23.77 4 C) 0.62 3.82 = =

PNi 4.66 Q 0.62 0.75 - -

oFe 17.83 O 0.59 3.04 = =

>Mn 27.29 = 0.58 4.68 = =

>Cr 22.95 Q" - 0.57 4.06 - -

sty 28.77Q = 0.54 5.37 = =

48T % = 0.53 4.23 = =

3p /\1{ = 0.38 0.38 = =

2si Q 44 = 0.36 0.40 = =

= 3.27 — 0.33 0.99 - =

@ast column ratio, Xa(n, xn)/Zo(n, f) is given. All the data corresponds to E, = 200 MeV. Data with (¥)

QZ)Hesponds to 10 MeV energy for comparing with data of 200 MeV

Among the considered elements and energy,
E, =200 MeV, the ratio 32" % is highest

Ononelas
30.18% for **Bi nuclide followed by 2°*Pb,
'81Ta, and '**W, where the ratio is 28.04, 25.55,
and 24.84, respectively. Likewise, the ratio for
fuel elements 238U, 235U, 233U, and 2*’Th is
12.96, 12.90, 14.21, and 17.17, respectively.

From the neutron multiplication point of view,
o (n,xn)

Yo (n.f)

209Bi is very good. The ratio % is an

indication of a competition between (n, xn) and
(n, f) reactions, and its calculated values for 238U,
*¥U, U, and **Th at 200 MeV are 0.337,
0.424, 0.506, and 1.12, respectively. This clearly
indicates that although the (n, xn) reactions are
not so important compared to (n, f) reactions in
case of uranium, they play a vital role in the case
of 2**Th fuel. For lower values of energy, e.g., at

10 MeV, the values of ratio 22(;(("”);';) % for 23U,

235y, 233U, and ***Th are 7.03, 2.78, 0.29, and

¢

Q
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21.66%, respectively. Thus, at 10 MeV energy,
the (n, 2n) reactions are dominant in case of
*32Th compared to ***U and **°U also. The ratio
can be implemented to define fissional character
of a fuel. Thus, the fissional order of four ele-
ments can be written as
2331y §, 235(] 5, 238 5, 2327},

3.2.2 Multiplication Coefficient
and Source Importance

Let us assume that a cylindrical spallation neu-
tron source of size d x L =20 x 50 cm® is
enclosed inside another cylindrical of x cm
thickness and filled with a fuel. In Fig. 3.5, two
analogous cylindrical structures (a) and (b) are
shown. In the inner cylinder of Fig. 3.5(a),

static neutron source is assumed, and in C%Si‘:f
Fig. 3.5(b), a spallation source irradiated by
1 GeV proton beam of 1 A current is IW

Spallation neutron energy spegt reduced
in 1,000 MeV proton collision with massive lead
(Pb) target of size d x L = 2 cm? is cal-

culated from the CASCADE 0
has been plotted in Fig The spectrum lies
between 20 eV t0 eV compared to a

thermal and a fas r spectrum which shows
maximum neutrQenergy to be ~10.5 MeV

S
L |

de [51], and it

A
Y

Fig. 3.5 A double cylindrical structure is used in calcu-
lations: (a) Inner cylinder is assumed as the source of
neutrons, and the outer cylinder is filling with fuel
element, (b) inner cylinder of lead is a spallation target

p-beam

39 \:
[57]. Spectrum average cross section (sp. av
defined [58] over the range of a neutron § é%?
can be calculated from the flat or KQ SS
sections from the raw cross section at’indi-
vidual energy. In Table 3.4, calc d values of
sp. av. cs. of various reacti @cumng in
2321y, 233y, 239y, and 238y ements by the
three neutron spectra of fast reactors and
the spallation spectsu iven.

According to a@zp e derivation for the
neutron mu1t1p11 y Cullen [59], when I,
intensity of m{* neutrons is allowed to fall on
a material i g1 en direction, then the intensity

eutrons after passing through dis-

of surv \?m% n
tan@nay be given by,

where X, is the total macroscopic cross section of
a neutron in the given material. The formulation
is applicable as the neutron is non-ionizing, and
it changes direction on interaction only. Intensity
of the neutron that interacts in a traversal of
distance x may be written as follows:

I, = Iyexp(—x%;) (3.11)

(I — I,) = I = Io(1 — exp(—x%,))  (3.12)

The probability of interaction, Py = I;,/Iy and

the interaction can be of any of the elastic, cap-
ture, or fission, etc. Thus, probability of a type of

(b)

—>

irradiated with 1 GeV proton. Thickness of outer cylinder
is assumed to vary as per requirement of neutron
multiplication
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Fig. 3.6 Spallation neutron 10’ Pb-Target: 2R x L = 20 x 50 cm?
spectrum of 1 GeV proton <n ggc >/proton = 24.3
colliding with massive Pb 10°
target calculated from the
CASCADE 04 code [51]. 10"
There are 0.3% neutrons with
E, > 250 MeV g 2
2 10
o
S
- 10°
c
10"
10°
10°

10°,%10%2" 10"  10° 10’ 102 10°

Q\ . (MeV)
Table 3.4 Spectrum (o (reactions)) 232ThQ\ 33y By B8y

average Cross sections, ¢

10° 10° 10*

(mb) for different reaction lation Spallation Spallation Spallation
channels of the fertile **Th \ Fast Fast Fast Fast
and 238U and fissile 233U , N rmal Thermal Thermal Thermal
and **U fuel elements for (g (n, ) 146.1 418 106.4 116.8
the spallation, fast, and < , 391 74.2 270 317
thermal neutron fluxes. ‘\) 5,350 431 1,730 5,490
Here, symbols correspond ,
o Standyar d reaction P (o (n, 2,022.7 1,102.4 1,684.7 2,632.2
channels of TALYS-1.0 856 470 835 1510
code [52] 707 405 642 995
Q“'*(a (n, 2n)) 74.8 27.7 89.2 70.8
7.85 3.17 15.3 13.7
8.97 3.97 21.6 17.4
Q/ T G 35.1 2,209.7 1,184.2 72.4
7.29 2,250 2,080 11.4
8.46 12,600 12,900 14.6
(o (n, 3n)) 41.38 12.97 32.19 41.20
O (o (n, 4n)) 8.98 6.58 3.53 6.86
Q (o (n, 5n)) 12.11 11.51 6.89 7.74
(o (n, 6n)) 6.98 3.42 4.35 8.13
(o (n, Tn)) 6.97 1.43 1.35 1.71
(o (n, 8n)) 0.86 0.83 1.46 0.81
(o (n, 9n)) 0.56 0.67 0.89 0.82
(o (n, On)) 0.54 0.47 0.62 0.81
(o (n, 11n)) 0.63 0.20 0.09 0.79
(o (n, 12n)) 0.06 0.03 0.20 0.07
(o (n, 13n)) 0.11 0.12 0.13 0.07
(o (n, 14n)) 0.06 0.0523 0.0667 0.0209
(o (n, 15n)) 0.034 0.026 0.0332 0.0107

(continued)
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Table 3.4 (continued) < & (reactions)) 232 23315 2351y
. . . L N 4

1S::l):tllatlon 1S::::ltllatlon f:g;llanon ls‘jallw /
Thermal Thermal Thermal Th

(o (n, p)) 0.371 0.51 0.42 Qas

(o (n, d)) 0.19 0.27 0.23 .18

(o (n, 1)) 0.05 0.11 0.09 \iz\ 0.06

(¢ (n, He?)) 117 x 10 1.25 x 107* 4 9, 5 830 x

{o (n, ) 0.05 0.24 @ 0.05

{o (n, np)) 1.15 1.51 133 1.07

{o (n, nd)) 0.17 0.18 &?‘0.16 0.16

(o (n, nD)) 0.06 0.09 N\ 0.08 0.05

(o (n, no)) 0.04 (»Q\\/ 0.03 0.04

{o (n, nHe>)) 2.88 x 1073 x 107 0.00487 3.35 x

(o (n, pd)) 1.26 x 10 54 x 10 199 x 1074 1.84 x

(o (n, npd)) 1.68 %{ 723 x107*  6.68 x 10* 274 x

{o (n, 2p)) 493 x 107*  3.09 x10* 333 x10* 473 x

(o (n, 2nHe?)) ?ix 103 849x10° 525x10° 392 x

(o (n, 200))  NO8 0.25 0.23 0.14
(o (n, it 0.11 0.14 0.12 0.10
(o (&, 146 x 102 386 x 10> 172 x 103  6.91 x
(o (n, 2npd)) 840 x 107* 157 x 10> 256 x 10> 7.64 x
n, n2p)) 431 x 103 5.62.10° 348 x 103 331 x
n, 2np)) 0.44 0.39 0.39 0.40
o (n, 2n2p)) 415 x 107  0.0115 927 x 107 4.86 x
Q (o (n, 3np)) 1.39 1.56 1.56 0.99
Q/ (¢ (n, 3nd)) 0.34 0.40 0.34 0.25
Vs (o (n, 3nHe®)) 311 x 107>  6.60 x 10> 485 x 10> 2.14 x
0 V o @@ 50 0.35 0.38 0.16 0.18
{o (n, 3nax)) 0.15 0.43 0.30 0.11

O

Qnteraction can be written as P, = X/X, where X
is the macroscopic cross section of a type of
interaction. Thus, for I, = 1, neutron intensity,
fraction probability of a particular type of inter-
action may be written as:

Pi-Py = (1 —exp(—xZ))(Z/Z)  (3.13)

Thus, the production of neutrons in the
material filled in x thickness of the outer cylinder
of Fig. 3.5 can be written as:

10°°

1073
10
1074
10°°
1073

107*
10
1073

1073

P = (1 —exp(—xX%))) - [2Z(n, 2n) + 3%(n, 3n)

+ (M Z(n,f) +2Z(n, 2np) - - -
+3%(n,3n0) + -] /%,

Here, (v) is the average number of fission

(3.14)

neutrons, and this depends on the fuel element.
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Fig. 3.7 jation of neutron multiplication coefficient and (d) >>U fuel elements when irradiated by the thermal,

ickness X (cm) for the thermal, fast, and the

k with
sn neutron spectra for (a) 232Th, (b) 2*U, (¢) 28U,

Q Similarly, removal term, R, for the process of
removal, absorption, or utilization of neutrons in
the reaction taking place in x thickness can be
written as,

R = (1 = exp(—xZ))) - [(2(n,7) + Z(n, p)
+X(n,d)+ --- +X(n,np)
+2(n,2n)--- +Z(n,9) + - +2Z(n,f)
+X(n,2np) - - +2(n,3na). . .]/Z,
(3.15)

fast, or spallation neutron spectra [60]

In this analysis, only those reactions are
accounted that are initiated by neutrons. Other
reactions that can contribute substantially are (7,
n) and (), f)-type reactions are avoided. Thus, the
neutron multiplication coefficient k& can be writ-
ten as:

k=P/(R+L) (3.16)

Here, L is the neutron loss in leakage. For
incident neutron intensity to be unity, i.e., R +
L =1, the multiplication coefficient k£ can be
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Table 3.5 Spectrum

) Neutron Spectrum average cross section / @

average Cross sections for poison . < g
the neutron poisons in the Thermal spectrum Fast spectrum Spallation jpecﬁl /
given thermal, fast, and (®) (mb) (mb) y b
spallation neutron fluxes 8Kr (n, 7) 48.46 205 29.29

Mo (n,7)  5.80 247 47.0

PTc (n, 7) 15.25 514 o

191Ru (n, 9) 3.12 567 \ 26

193Rh (n, 7) 51.35 479 p é72.68

195pq (n, ) 6.33 719 Q 104.62

197pq (n, ) 2.93 762 ?\ 119.11

133Cs (n, 9) 19.15 38& 56.34

135%e (n, 7) 8.19 x 10° 52. 10.09

9Nd (n, p) 76.32 \ 45.55

“Pm (n,y)  103.12 @ 936 153.69

1498m (n, y) 25,070.44 1,600 199.86

calculated [60] from the value of P. For the three
isotopes of uranium and >**Th on filling Ti"the
outer cylinder of design of Fig. 3.5(b) e\W()ne
in different thicknesses, x results ar %ﬂted in
Fig. 3.7(a)~(d) for ***Th, **°U, Z@and B3y,
respectively. From this, the following inferences
can be drawn,

Both the fertil é@zTh and 2**U reach
a critical limait, =] 1, in case of spallation
neutrons, the required fuel thickness
comey’ qut to be ~100cm. In a fast
re. (%’LTh fuel attains a maximum
lue, & = 0.5, while ***U attains & = 0.8.
(ii)SJn @ase of fissile fuels >**U and >*°U, both
fast and spallation neutron spectra work
similarly for attaining a value k=1 at
~6 cm. Thermal flux is better for early
attainment of k> 1 value than fast and
spallation spectra.
In case of **°U, multiplication coefficient
k attains a value differently to ***U in the
three neutron spectra. At a given thick-
ness, X value of k follows:

kTherm > kFast > kSpall.

(1)

%

(iii)

In critical reactors, nuclides *3Cs, '°'Ru,
183Rh, PTc, 19°Pd, '97Pd, and **Sm are treated
as the neutron poisons in the lead-bismuth cooled
fast breeder reactor [61] and 83Kr, 95Mo, 143Nd,

o N\

?\

147Pm, 135Xe, and *Sm in the thermal flux
environment [62]. For the spectrum of spallation
neutrons given in Fig. 3.6, the sp. av. cs. are
calculated [60] neutron poisons and presented in
the last column of Table 3.5 along with the
thermal and fast spectra. From the data, it may be
inferred that the given neutron poisons of thermal
and fast reactors are least effective in case of
spallation neutrons and their neutron absorption
cross sections can be put in the following order:

Jsp,av,cs,(thermal) > O.Sp,av,csA(fast) > O.Sp.av.cs.(spallation)

3.3 Utilization of Spallation
Neutrons by a Fuel

Utilization of spallation neutrons is better visu-
alized [60] by imparting neutron on a big block
of 232Th, say, with X = 81.7 cm and similarly on
a block of fissile 3 3U, say, with X =4.5 cm.
Calculated results of contributions of various
reactions to the P and R terms using Egs. (3.14)
and (3.15) are presented in Table 3.6.

Neutron multiplication by way of (n, f) reac-
tion in ***Th corresponding to X = 81.7 cm
thickness of the outer fuel cylinder of Fig. 3.6 is
0.150/0.982 = 15.27% per incident spallation
neutron. This also means that spallation neutrons
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Table 3.6 Details of ) Channel Removal, R Production, P Removal, R  Productio %
removal (R) and production oz D ‘
(P) per incident neutron for Th (X = 81.7 cm) U (X = 4.5 cm) m
**Th and **U fuel (n, 7) 0.251 - 7.14 x 107 -"Q.
le‘;gfelgf tﬂifngsie‘;v%f (n, 2n) 0.128 0.257 473 x 1073 946 % 1073
cylinder independent to (n, 3n) 7.10 x 1072 0.2129 221 x 1 4 x 107°
each other (@, 4n) 154 x 102 616 x 102 1.1%x 449 x 1073
(n, 5n) 2.08 x 1072 0.104 1.9 \) 3982 x107°
(n, 6n) 120 x 1072 7.18 x 10725 584 X 10°* 350 x 1072
(n, 7n) 120 x 1072 837 x 1072 (52)4 x 107 171 x 1073
(n, 8n) 147 x 107 117 x 0?-1‘42 x 107 1.13 x 1073
(n, 9n) 950 x 107* 8.60.% 10" 1.14 x 10* 1.02 x 1073
(n, 10n) 9.02 x 10°* 902 xM0> 799 x 10° 7.99 x 107*
(n, 11n) 1.05 x 1073 \ $ 1072 343 x107° 377 x 107
(n, 12n) 1.07 x 10@28 x 1072 456 x 10 547 x 107
(n, 13n) 1.84 238 x 10° 192 x 107° 249 x 10°*
(n, 14n) 985/ 107° 138 x 10° 893 x 10°® 1.25 x 107*
(n, 15n) ._%74 x 107 860 x 10°*  435x10° 6.53 x 10°°
(n, p) M0 x 1074 — 870 x 107° -
(n, d) @\/ 326 x 100* - 458 x 10° -
(n, 1) “’ 847 x 10° - 172 x 10°° -
(n, He 195 x 1077 - 213 x 1078 -
(, Z}b 8.14 x 107° - 401 x 107° -
@ 6.01 x 107> 0.150 0.377 0.940
s np) 259 x 107 260 x 10° 258 x 10°*  2.60.10™*
Q_.(n, nd) 295 x 107* 295 x 107*  3.01 x 10° 3.01 x 107°
Q (n, nt) 101 x 10°* 101 x 10* 158 x 10° 1.58 x 107°
A’ (n, nHe?) 495 x 107° 494 x 10° 963 x 1077 9.63 x 107/
/\'/\ (n, na) 7.60 x 107 7.60 x 107° 234 x 10° 233 x 107°
\O (n, 2p) 823 x 1077 - 527 x 108 -
O\ (n, pd) 2.10 x 1077 — 433 x 1078 —
(n, n2p) 739 x 10°° 739 x 10°° 959 x 107 9.59 x 107/
4 (n, 2np) 248 x 10° 497 x 102 227 x 10* 453 x 107*
(n, 2na) 8.08 x 10° 1.62 x 10°* 208 x 10° 4.16 x 107
(n, 2nd) 3.09 x 107* 618 x 107* 426 x 107 853 x 107°
(n, 2nt) 178 x 107* 355 x 10 241 x 10° 481 x 107°
(n, 2no) 855 x 10 171 x 107° 145 x 10°° 290 x 10°°
(n, 2npd) 144 x 10 288 x 10 269 x 107 537 x 1077
(n, 2n2p) 712 x 10 142 x 10° 197 x 10°® 3.94 x 10°°
(n, 3np) 238 x 107 713 x 107° 266 x 107* 7.98 x 107*
(n, 3nd) 581 x 10* 174 x 107> 6.85 x 10> 2.06 x 107*
(n, 3nt) 605 x 10* 182 x10° 639 x10° 192 x 107*

(continued)



3.3 Utilization of Spallation Neutrons by a Fuel

Table 3.6 (continued)

/ N\
l »
Removal, R Productiyq /

Channel Removal, R  Production, P

2327} (X = 81.7 cm) U (X = 4.5 cm), \V
(n, 3nHe?) 533 x 10°° 1.60 x 107°  1.13 x 10°° @.w
(n, 3na) 257 x 10°* 771 x 107* 732 x 10~ /»Q\w} 107
Sum 0.684 0.981
ket 0.982

No. of atoms (mass)

generate nearly 84.73% more neutrons by the
reactions other than fission processes, and these
processes are not so important in case of fissile
materials. In case of 2**U for thickness,
X =4.5 cm, contribution of (n, f) process is
95.82% per incident spallation neutron and other
nuclear processes contribute only 4.18% toward

\// ketf
1 H = H() ( )
neutron multiplication. In the following, a simple / N\ 1 — kegr

way of calculation of fission energy by the
spallation neutrons is presented.

Energy Production in 81.7 cm Thjﬂ(\nyﬂ‘h

According to CASCADE code vets2004in case
of 1,000 MeV proton colhdmg L{h Pb target of
size d x L =20 x 50 cm?, en an average 24.3
spallation neutrons/p are,. expected to be pro-
duced. Thus, in passing! through 81.7 cm thick-

ness of 232Th there<

(i) Applied
neutr n/s/p 0 982 x 24.3 = 23.86 n/p
(ii) Nzﬁtrohs/ used for fission = 23.86 x
08515358 n/p
(1u) \Neutrons not involved in fission = 23.86—
\ 13.58 = 20.28/p
/ (1v) Fission energy production, Hy 53, = 3.58 X
\ 186.7 = 669.3 MeV/p

Energy Production in 4.5 cm thick *3U
(i) Neutrons used for fission = 23.86 x

0.94 =22.43 n/p

Neutrons, not involved in fission = 1.43/p

Fission energy produced, Hy >33 = 22.43 %
197.9 = 4,438.6 MeV/p

(ii)
(iii)

This is ~4.4 times higher than input energy
1,000 MeV/p incident energy.

426 x 10%® (16.39 ton)

(0.32 ton)

0.397 o 0981
0.981 \z\
8.33 \w
N\
Let us assume, that all of the P-neutrons
involved in %l{ is multiplied in each subse-
quent cascade precess over an infinite volume of

the subs‘wi fuel as does in a reactor; then,
g ..

ener, /y}tq ction may be expressed as,

Ya

oV

(3.17)

N

Thus, the 232Th  alone produces heat
~669.3 x 54.555 = 36,514 MeV/p, and in case
of ?¥U, heat is ~242,150 MeV/ p for the
assumption that k. = k = 0.982. The weighted
average of energy due to the mass-mixture of
Z2Th and *°U corresponding to the given
thickness is expected to yield 40,444 MeV/p
which is equivalent to energy gain, G ~ 40.44.

3.3.1 IAEA Benchmark Design

In order to access the basic requirements of an
ADSS system, i.e., beam, target system, neutron
fluence, and strategy of energy and transmutation
of the SNF, TAEA floated [63, 64] a hypothetical
design of 1,500 MWy, ADS reactor (see Fig. 3.8)
based on the Th-U fuel cycle. This is termed as
IAEA benchmark. The IAEA-ADS benchmark
provides an opportunity of mathematical model-
ing of a future ADS that may help in conducting
various experiments and to settle down various
questions which normally arise for the design
and modeling of the device. The questions can be
what will be the (i) neutron flux distribution in
different parts/regions of the benchmark assem-
bly (ii) neutron multiplication factor, (iii) trans-
mutation  potential  (iv)  criticality  and
(v) produced energy distribution. In this direc-
tion, a large number of simulation calculations
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Fig. 3.8 XZ-cross-sectional
view of the ADS benchmark

R=010325825

W75 320

¢

design. The whole structure is

in cylindrical shape of
dimensions
2R x L = 640 x 640 cm?

[63, 64]

have been performed in differengli;%ﬁes all

over the world.
rification of

At first stage of the bench@
reactivity, burn-up swing as as some reac-
tivity effects for a fast n@i spectrum from an
external spallation-t neutron source at differ-
ent subcriticality 1 %e kege = 0.94, 0.96, and
0.98 are propose@ﬂ for the development of a
1,500 MW, S. In this direction, an important
work for det hation of concentration of ***U

with respe 233U + 2%2Th fuel mixture is done
by ati and Kady [63]. They estimated

ptage of concentration of ***U in

W4 2 Th mixture using JENDL-3.2 and
EFF-2.2 nuclear data libraries for the criticality
ke = 0.982, 0.962, and 0.941. Similarly, an
important simulation using MCNP code [36] for
neutron multiplication and flux distributions is
done by Tueck et al. [64]. They also estimated the
concentration of ***U in the core region as func-
tion of ker using MCNP code. It is pointed out
when the proportion of **°U increases with
respect to 232Th, then ke improves and it moves
toward the criticality level. They have also plotted
ratio of spectrum averaged fission cross sections
(af (232Th)/af (**3U)) as function of radial posi-
tion and established that for lower k., the ratio is

high at origin of the core and the ratio decreases
toward outer region. Also, for simulation of
transmutation and burn-up, an advance code
Monte Carlo continuous energy burn-up code
(MCB) developed by Cetnar [65] is used. The
code is a combination of MCNP-4B code [36] for
burn-up calculation and transmutation trajectory
analysis (TTA) code [66] for the transmutation
calculations. They have studied transmutation of
9Tc and compared with the results of simulation
from the MCNP-origin [36] computation system,
and it is shown that the results are in good
agreement. In another MC simulation approach
using the Dubna CASCADE code [29, 35] alone,
spallation n-distribution and power density as a
function of radial distance and criticality [51] are
calculated and results are found to be in good
qualitative agreement with results presented by
Tueck et al. [64] using the MCNP code. Some of
the features of characteristic ADS benchmark
reactor and results of calculations by Kumar [51]
using the CASCADE code ver. 2004 are dis-
cussed in the following.

A cross-sectional view of hypothetical design
of ADS benchmark reactor is shown in Fig. 3.8
with fuel and shielding features. At its center, a
spallation lead target of dimensions d x L = 20
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Table 3.7 Nuclei

o N\
Y&

densities (BOL at 20 °C) of z;lclei Region 1 Region 2 Region 3 Region 4 Reg%
elements in the five regions Th - - 7.45E-3 - \V
of the benchmark U +22Th  635E-3  745E-3 - -
(0} 1.27E-2 1.49E-2 1.49E—2 - Q.
Fe 8.10E-3 8.87E-3 8.87E-3 - O 6.63E-3
Cr 1.12E-3 1.06E-3 1.06E-3 \2\ 8.00E—4
Mn 4.60E—5 5.10E-5 5.10E-5 \ 3.80E—5
W 4.60E—-5 5.10E=5 5.10Ex; Q 3.80E—5
Pb 1.77E-2 1.56E—2 1.56E52 3.05E-2 241E-2

50 cm® is placed in vacuum spread over
32.5 cm radial distance. A beam pipe is shown
just above the target. Regions marked as ‘1’ and
2’ are filled with different mixtures of ***Th and
23U fuels. Region ‘3’ is filled with >**Th alone “bu
as a fuel. The compositional details of the ﬁve\gk
regions are given in Table 3.7. -l

In Table 3.7, elements other than th nuclear
fuel **Th and **U correspond tg \KCC
structure, plenum and other struetura erials.
Using the spallation neutron sp. t&{{n/bf Fig. 3.6
and the Dubna CASCADE cede yer. 2004 MC
simulation of the transport.of n-spectrum through
the regions ‘1’ to ‘3’ have performed [51] for
different proportlons%i, and ***U in regions

‘1 and 2’ and % ne filled in region ‘3’ to
obtain a desned \Q; of k.. In Table 3.8, data of
fuel composi orresponding to the three values
of kegris gi(fen m which it is evident that with the
fissile e}x{c ent, k. increases.

o

VET:

®

(ii)

Neutron Flux in Different
Regions

In order to investigate the possibility of an
appropriate region for the transmutation of a kind

<X~

of a LLN\»xwhat kind of neutron fluence is

MC simulation by the CASCADE

requlred\
ode, a narrow detector is assumed at

the.

faces of regions ‘1°, 2, and ‘3’ while

ding the input file of the code. An example of
building such file is described in appendix of
reference [47].

Target region: In the target region, accel-
erated proton beam of energy 1 GeV col-
lides with the lead target to produce
spallation neutrons. Energy spectrum of
neutrons is presented in Fig. 3.6. Axial
distribution of produced neutrons is not
uniform all along the Z-axis but skewed
showing maxima at axial distance Z = 15—
20 cm [47].

Neutron distribution at interfaces of 1, 2,
3, and 4 regions: Neutron distributions at
the boundaries between the two regions are
calculated assuming presence of a neutron
detector of 1 cm width placed in between
the two adjoining regions. In Fig. 3.9,
neutron flux (n/cmzlp) has been plotted for
the ‘12°, ‘23°, and ‘34’ boundaries for the
three k. values by changing the fuel com-
position as given in Table 3.8. In the insets

Table 3.8 Different enrichment of 2**Th by 233U and effective neutron multiplication, keg

Kett Region 1
2335 232 Z3U/PBU + 22Th] (%)
0.923 0.0113 0.1266 8.19
0.964 0.0121 0.1257 8.78
0.979 0.0125 0.1253 9.07

Region 2

2335 232y, 23U/P3U + 22Th] (%)
0.0127 0.1426 8.18

0.0137 0.1416 8.82

0.0141 0.1412 9.08
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— interface'l2'
— interface'23'
—— interface'34'

(@) keff= 0.923

n/cm?/p

o0
E, (MeV)

1E-5 1E-3

E, (MeV)

0.1 10 1000

(c) k,, = 0.979

2

n/cm’/p

1E-5 1E-3

E, (MeV)

Fig. 3.9 Neutron flu
calculated from th

of t %/(a), (b) and (c), plots elaborated

ns of high-energy neutrons from
to highest energy are given.

oundaries, ‘12°, ‘23°, and ‘34’, the flux is cat-
egorized in the following three ranges and listed
in Table 3.9. The flux corresponds to multipli-
cation of spallation neutrons of 1 GeV p + Pb
collision after transport through the fuel and
structure materials assumed in the IAEA bench-
mark design as given above.

%Q summarizing the neutron growth at

(i) Range I. E,=025eV<E,<leV
(thermal + epithermal range)
Range II: 1eV <E, <0.1 MeV (reso-

nance range) and

(i)

—interfa N\/
interface '23'
:’h@rfac '39'

\V

(b) k4= 0.964

1000
E,(MeV)

Zf interface "12'

—— interface '23'
— interface '34'

N

0.1 10

C 2/p) at the three interfaces of the IAEA benchmark with k. = 0.923, 0.964, and 0.979
CADE ver. 2004 are displayed [47]

(i) Range III:

energy

0.1 MeV < E, < maximum

From the flux data displayed in Table 3.9, the
following observations can be made:

(a) For the three kot values, flux of ther-
mal + epithermal neutrons of range I
increases from inner region to the outer
region, while neutron fluxes at other two
higher energies decrease.

Total neutron flux reaching boundary 34’
from the boundary ‘12’ increases as 6.3, 8.5,
and 9.4% for the three cases of k. = 0.923,
0.964, and 0.979, respectively. Naturally,
always more than 6% neutrons are reaching
to the shielding wall, i.e., region 4 of the
proposed benchmark design.

(b)
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Table 3.9 Number of neutrons per unit area per incident proton (n/cm?®/p) and absolute flux (n/cm?/s) at in%a \
‘12°, 23, and ‘34’ for ke = 0.923, 0.964, and 0.979 in the three neutron energy ranges p ;
kegr, beam n/ecm?/p in neutron energy range Total B \%
CLv It 0025 <E,<1eV 1eV<E <01MeV 0.<E,<326Mev @em7p) @ﬂ")
0.923, ‘12> 3.20E-06 1.51E-01 0.97E-01 0.248 O.3152E+16
2T 23’ 2.21E-05 1.99E-02 9.92E-03 0.02! 5.1852E+15

34> 2.22E-04 1.33E-02 2.27E-03 t BZ;\ 2.7492E+15
0.964, ‘12> 2.55E-06 2.89E—01 1.95E-01 &4 3.3057E+16
1023 mA (o3| 43705 5.07E-02 26.0E-03 ")Q 0.0767  5.2386E+15

34> 5.70E-04 3.42E-02 6.15E—03 0.0409 2.7934E+15
0.979, ‘12> 9.26E-07 4.51E-01 3.08E7‘\?\ 0.759 2.8386E+16
>SHmA 930§ 41E-05 8.75E-02 4590503 0134 5.0116E+15

34> 1.07E-03 5.85E-02 N{T\—}} 0.071 2.6554E+15

(c) In case of ke = 0.979 criticality, among thig\

total neutron spectrum reaching at gtthe
boundary ‘34’, there are ~15.5% nen'tr&gs
with high energy 0.1 <E, < V.
They can be highly useful for t tation
of elements of the nuclear wé@ eady, in
the structure, thorium is ﬁ%ﬁ gion ‘3’ to
be burnt by the hard spec . At the same

time, it helps in stomthe outgoing flux.
(d) At ke =0.979, t ux escaping to the

shielding thr “the boundary ‘34’ is
unique and %y atly distributed from the
thermal t@ the fast reactor energies. Also, it is
~30 'f@ﬂore than the flux of a thermal
rea orgf fact, this enhances possibility that
3%1 thermal reactor can be allowed to

@e ate on the basis of this neutron strength.

%

3.3.3 Accelerator Current and Radial
Heat Distribution

One ampere current 1is equivalent to
6.25 x 10'® p/s and for the assumed heat pro-
duction of 54,000 MeV/p, there will be heat rate
3.375 x 10* MeV/s which is equivalent to
5.4 x 10* MW. For a hypothetical reactor of
1,500 MWy, one needs 27.8 mA current and this
corresponds to k = 0.923. It will be much less
current ~10.93 mA for £ = 0.964 and 5.98 mA

ase of k=0.979 respectively for the same
power of the reactor. Corresponding to the three
current values, the proton beam intensities are
1.74 x 10" (p/s),  6.83 x 10'® (p/s),  and
3.74 x 10" (p/s), respectively. Neutron flux
calculated for the 27.8, 10.93, and 5.98 mA
currents for the three criticalities k.¢ of the
reactor are also given in the last column of
Table 3.9 separately for the three boundaries
between four regions of the reactor shown in
Fig. 3.8. Radial heat distribution is also calcu-
lated using the CASCADE code ver. 2004 code
[51] and given in Fig. 3.10 showing a peak in the

—s— K _=0.979 27.8mA
500 - off
—e— K, =0.964 10.93mA
400 - K =0.923 5.98mA
- 3001 . " °\.
£ NN
3} \=\
=< 200 - Neep
L ] '\\
100 \s\'\
04 =0 \\
-50 0 50 100 150
R (cm)

Fig. 3.10 Heat density (W/cm?®) as a function of radial
distance R of the IAEA benchmark design for the three
criticalities kg [51]
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target region and another peak at R ~ 50 cm in
the fuel region as the fuel ranges from R = 32 to
150 cm. Heat distribution corresponding to
keir ~ 0.979 is flatter than at smaller k.; and
varies from 0 to 350 W/cm®.

In the end, it may be concluded that the cal-
culated neutron flux in different positions of a
reactor can be exploited for the investigations of
transmutation of the LLNW and utilization of
fertile fuels like ***Th and ***U.
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In this chapter, we discuss requirement of nuclear
data from the point of accuracy and sectorial
demand of different kinds of data for the devel-
opment of the ADSS technology. While writin

the chapter, we realized that compilation ofi all
kinds of data including evaluated dat d
parameterization of data is a matter fW]er
book. Therefore, advancement ogne%ﬂ built

up and related developments haveg‘e‘z scussed
lated dis-

in the chapter. A few data’ 05
placement cross sections of radiation damage and
gas production in the target Section of the ADSS

are presented in Sect 2.0f the chapter. These
data need their e@ ental validation.
V 4

41 R S@ment of Nuclear Data
eyond the Existing Power
Reactors

Q initial step, electronuclear systems had
Q;en extensively discussed first at Lawrence
Livermore Laboratory in the year 1976 [1] under
the material test accelerator (MTA) project for
producing fissile fuels like *°Pu and ***U from
the corresponding fertile fuels by making use of
spallation neutrons from the deuteron beams of
energy 500-600 MeV. Similarly, Canadian,
intense neutron generator (ING) [2] project
aimed at breeding of fissile fuel from the fertile
fuel using the accelerated particle beam was

initiated. Depending on the initial calculations
and a few experiments conducted on

© Springer Nature Singapore Pte Ltd. 2019

NS
acce ;}Ns, a long list of research and devel-
0 n@rograms has been made at the national
a ternational levels. A technologist can

ize the amount and the kind of data require-
ment seeing at the schematic diagram of
accelerator-driven accelerator system shown in
Fig. 4.1 [3].

These programs have been discussed in dif-
ferent chapters of the book. The programs direct
more or less on the feasibility studies of mea-
surement of neutron flux and have shown con-
cern of the spent fuel world over. The new
technology of ADSS is many times more com-
plicated than designing of a power reactor in the
last century. Ikeda [4] has identified that the
nuclear data related to hundreds of elements
pertaining to target material, fuel elements, fis-
sion products, fuel cells, structural materials, and
shielding, etc., need to be made available at
much higher neutron energies and with much
better precision of cross section measurements
for many physics aspects of the design. Chemical
and metallurgical aspects have other dimensions
of the technology.

According to Plompen [5], ‘while discussing
about the need of nuclear data again raises sev-
eral issues of quantitative precision of the data
and clever high-quality calculation/simulation.’
Among the nuclear challenges, the following are
counted:

(i) fissile nuclide capture cross section needs
to be measured with <5% accuracy
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Fig. 4.1 A schematic diagram of ADSS with spea'akomponents [3]

(i)

scattering Cross sections tQ

i b@s{red
with 2-5% and fission £ross ¥sections

with ~2% accuracy g of minor

actinides (MA)
number of fission ons to be measured

with accuracy

overall neut
and estim

Effect curacy of the data can be under-
stood effectively after an elaborate discussion of
new o reagtion channels opened up by the
high*ertefgy neutrons because accuracy of energy

@ncy, AG of the ADSS depends strongly on

e accuracy of cross section measurements as
‘Can be seen from the following discussion.
Energy efficiency of the ADSS is related to the
energy gain, G, and this is a function of neutron
multiplication factor, k.

G = G0<1fk) with Gy = (%)
(4.1)

(iif)

ctrum to be measured

(iv)

where (E;) = fission energy, E, = proton beam
energy, ns = number of spallatlon neutrons,
v = fission neutrons. Neutron multiplication

factor k; is defined by Egq. (3.16) is equal to
production term, P. In case, there is a leak-free
system where all neutrons are utilized, then
R+ L=1 and k= P. Thus, the accuracy of
production term, P, defined as Eq. (3.14) is
responsible for the accuracy of gain, G. Equa-
tion (3.16) can be rewritten as follows:

=n-af

where

A= [22n72n + 32n73n +
+ 3Zn.3na + - }
B=Y, and C=e ™

Symbol X corresponds to the macroscopic
cross section of a reaction shown as the suffix of
the symbol, and {v) is the average number of
fission neutrons.

This leads to

¢

N\
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Fig. 4.2 He* and He® gas production cross sections in
n + Pb and n + Bi collision plotted as function of neutron
energy [34-36]

A

AC = +3e > Ax ( },)

L |
IAN
Thus, the accuracy of determinatlg of pro-

duction term, P, shows the follo@ behavior:

rease of the total
ul in increasing

(1) Increase of term B©
cross section, X, i \heJ
accuracy of the @P

(ii) Increase of the term B corresponds to
decrease ue to exponential part of
the teuva be helpful automatically.

se

(iii) Decr f the terms A, AA, AB, and

W e helpful in increasing accuracy.
\\

N
@ accuracy means, AP is smaller; hence,

tl%:ﬁergy gain, AG, can be estimated precisely.
\2“1& s automatically emphasizes need of better

experiments by using fast techniques of mea-
surements, new analytical methods along with
need of regular check of data for individual need
and to transfer to the IAEA, IAEA-NDS and
similar other Web sites.

4.2 Nuclear Data

Fast reactors and ADSS are different in many
ways, and the major difference arises due to
neutron energy and the target system which is
a source of neutrons. Some technical part of
the target system is discussed elsewhere in the
book. Both fast neutrons and spallation neutron
spectra have peaks around 24 MeV, but the
spallation neutron spectrum is extended up to
the projectile beam energy compared to fast
reactor neutron energy Wwhich exists at
~10.5 MeV. Also, according to the CAS-
CADE code calculations, projected in Fig. 3.6
of the last chapter, spallation neutrons pro-
duced by 1 GeV proton colliding with the lead
target are ~8.68% having energy >10.5
MeV. They multiply in the fuel ahead to them
by way of (n, xn) kind of reactions besides the
fission process. In Table 4.1, an attempt is
made to identify and summarize large
amount of the data required for the ADSS
technology.
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Table 4.1 Requirement of data of different kinds of target, container, n-poisons, fuel cycles, shielding %
radiation-resistant materials with required precision level as discussed in the text. CS stands for cross secno e
requirement of measurements is shown in boldface

\/
System sector ~ Material elements Elements (at. mass) Specific data requirerQﬂnd

references \

Target system O

Solid Pb, Bi, W, Ta, Hg, "U,  Pb (202, 204, 206, 207, 208); Bi CS {(p,are n'), (n, xn), (n,
Th (209); W (182, 183, 184, 186);  xp), (p, N, (n, H} with

Ta (181), Th, "™U requi acy [6]

Eutectic Pb + Bi (ppm level of Ag, "Heat uction, neutron poison,
Fe, Ni, Sn, Cd, Al, Cu, s dyof corrosion and erosion
and Zn)

Container Al, Sn, Fe, Cr, Ni, Mo, Zr, Al (27); Sn (112,114-120 2 1 More CS data on (n, o) and

V, Ta, W, Cl, Na etc. 124); Fe (54, 56, 57, 58); (n, p) and other gas production
91, 92, 94, 96); ClI ( 7); by HE n’s and protons and

(23) 2. Threshold displacement
energy, Eq
n-poison and Po and other n-poisons Po (207-209) in(p, xn) Po 1. CS {(p, xn), (n, 7), (p, xp)} [6]
toxic gases like (210) in Bi 2. Po is not a poison for HE

Hg and He*, neutrons of ADSS
He® and H' 3. Search of new n-poisons for
HE spallation neutron spectrum

4. Release of gases, He4, He3, and

\/ H' in target system and
oS C) 5. Presence of Po and Hg in cover

gas
Structural material Q
Fuel cells Al, Mg, Si, Fe Cﬁ, 1, Zn, 1. Gas production data at fast
Cr, Zr, Sié:, (0] to spallation neutron energies
\ 2. Radiation damage cross
Q" sections. and
3. Threshold displacement
energy, E 4
Shielding %]a Be, Si, P, Cr, Fe, V, 1. Corrosion, erosion, swelling,
n, Ni, Zr, Mo, Nb, Sn, brittleness, gas production
Zn, Cu, C, O, Ti, Ca, Ar, data, heat conduction
Q Mg, Na, O, Pb 2. Damage cross sections by
both gamma and fast neutron
O spectra. Radiation resistance
character of material /
\ elements and

3. Threshold displacement
energy, E4 of several elements

Gases H, He, O Gas production, swelling,
reduction and oxidation rates are
required

Beam window  T91/F91, HT9, EP82, For example, T91/F91 steel has Window materials have been

9Cr-1Mo steels composition: Ni, Cr, Mn, Mo, discussed in Sect. 4.1.3.4
Si, Ti, V, C, P, S, Nb, N, Al, Cu, including graphene as recent one
As, Sn and Fe

(continued)
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Table 4.1 (continued)

System sector ~ Material elements

Fuel and produced material

Elements (at. mass)

—
N/
Specific data requiremenf V

nd
references " 2\

Fuels U-Pu, Th-U, N, O, F, C1 U (234-237, 238), Pu (238-42), 1. (n, f), (n, xny@ v) for HE
Am (241); N, O, Cl and F spallation n ectrum in
case of acQXComplete fuel
cycle a; cussed in Chap. 5
AN
2 of He, H and other gas
@non in (n, &) and (n, p)
ons by HE neutrons
including the container
& aterial
Produced Np, Am, Cm, Pu, U 227 238N 2417243Am, &2 4\85m Production cross sections with
actinides 238 40F'u and B3y required accuracy of spallation
Q} neutron spectrum are required
Long-lived Se, Zr, Tc, Pd, Sn, I, Cs~ "’Se, *°Zr, ° ? 1269, 1. Fission yield
fission 1297 135¢ 2. Production CS of fission
products \2\ products
\ 3. CS {(n, v) and (n, xnyp)} of
sk LLFP

N/

In the time of design of fast power/r ctors,
emphasis on the measurement {of mferactlon
cross sections or reaction rates\Qf hlgh energy
neutrons was stressed and the“isste of multipli-
cation of neutrons beyoﬁd the (n, 2n) reactions
was not emphasizede Alse, issues related to
shielding were not\ dlfferent to the thermal
reactors. In cas ﬂf ADSS extension of fuel
cycles, des;gﬁ of " shielding, design of beam
Wlndow, /0 a}Y radio-toxicity and radiation
damag a };‘h’mensmnally different let alone the
1ssu<,\0 s1gn of the target system.

/In\thls direction, there is spurt in development
e \Monte Carlo codes for computation of cross
“sections of high-energy neutrons using theoreti-

cal models, multiplication of neutrons, energy
applications, and questions related to the damage
of materials. In Chap. 6, development of exper-
imental facilities world over has been discussed
in this book where kind of data production has
been main issue along with validation of the data
by the experiments.

Requirement of data is divided in different
sections in Table 4.1 as per material require-
ment of ADSS. Accuracy of data can be

stressed upon in case of the utilization of
existing old data and for the purpose of per-
forming new experiments.

Several kinds of fast reactors have been
designed, and they are running successfully.
Development of generation IV reactors is also on
the way, and both categories are utilizing fast
reactor spectra. Both energy amplifier and a
device of incineration of long-lived highly toxic
reactor products, there is need of high energy
neutron source. Understandably, in this envi-
ronment, the fuel cycles of the subcritical reac-
tors are going to be very much different to a
normal critical reactor. At the same time, there
will be need of much high shielding of the left-
over or escaping out neutron flux. Enhancing
energy efficiency of the subcritical system means
increasing P or complete utilization of a neutron
available in a system. This can be done when
a neutron loses very small amount of energy by
way of radiation damage and development of
radiation-resistant materials will become a
necessity. Requirement of data for all the major
sectors of an ADSS design is discussed as
follows.
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4.2.1 Data Requirement of a Target

System

The target system comprises of a solid or liquid
target metal of high Z and high N which can
generate high flux of neutrons and transmit them
to the fuel blanket. Coupling of the beam through
the beam window is also a part of the target
system. In case a target is in liquid form like a
eutectic, then it may be preferred that it can work
as a coolant also. The entire target system is
discussed from the data point of view with little
focus on the other technical details such as
kinetics of eutectic, architecture of the eutectic
container, and similar other issues.

4.2.1.1 Target Cum Coolant
The target system is preferably a high Z, high N,/
heavy metal like Pb, Bi, Hg, and even a feitile
fuel in the metal phase. The target itéelf \is
enclosed in a metallic container. If the tar/get is an
eutectic flowing within a specific; steel C()ntamer
and the whole target unit is 1rrad1ated by a high
current (10-30 mA) of h1gh energy particle
beam such as proton or deuteten’ or even elec-
tron. Its initial face towafd the beam pipe will be
irradiated heavily by/ the charged particle beam
and exposed to heat” produced neutrons and
other heavier patgcles The nuclear processes
responsible /fo; neutron production in parti-
cle+ A péllis/ion/are pre-equilibrium, compound
evaporaiion,/direct as well as cascade emissions
followed By the de-excitation of target nucleus.
Irrad\atlon by little proportion of nuclear frag-
4 /ments as well as fission fragments compared to
fearlier two cannot be denied. Many models and
even big codes of particle production involving
various cascade processes have been developed,
and they have been extensively discussed in
Refs. [7-9]. One of the commonly used MC
codes, LAHET [10] has been used in several
codes of particle transport and production of
particles. According to the code, in case of
1 GeV proton colliding with Pb block of
dimension say, d x L =8 x 50 cm?, total 22.3
neutrons are produced. Out of them, there are 16
neutrons due to evaporation and fission pro-
cesses, and on an average, 6.3 neutrons are due to

cascade process. Neutrons so produced frotp the /

target will multiply in the medium, and Vanogs
nuclear processes are mentioned in Spct. bV 4 ‘Tt
may be mentioned that all these nuelear” pro-
cesses need updated data of cros§™section mea-
surements for an accurate desig:n; of the ADSS
system. { \ /

According to Glasbrenne( et al. [11], LBE
(44.8 wt% Pb + 552, Wt% Bl)contams impurities
of few ppm of elements llke Ag,Fe, Ni, Sn, Cd, Al,
Cu, and Zn. Along will'a big list of data of various
reactions with'the elements of the eutectic, there is
requlrement\of ata of these impurity elements
also. In, 1mad;at10n of Pb-Bi by HE protons, pro-
duction 08"of many isotopes like '"’Lu, '**Re,
18%&1}505 188, 188pg 1891, 191pg 195y, 195py
JORRN 198 Ay, 1994y, 201y, 2027, 203Hg  203pp,

/ 205B1 206 206pg, 207B1 are required [12].
Besides hydrogen and helium, other gases like
xenon and krypton and volatile elements like
mercury, cesium, iodine, bromine, and rubidium
find their way to the cover gas system (CGS) of the
reactor. The radio-toxicity increase several thou-
sand times in LBE target system compared to a
normal power reactor [13]. Toxic elements like Po
and Hg have to be safely removed from the surface
of LBE coolant before exhaling gases in atmo-
sphere. This exerts need of production cross sec-
tion data of the products along with their rate of
absorption on surface before exhaling out. Sele-
nium and tellurium produced along with polonium
carry special attention to be handled very carefully
for removal of polonium [14].

4.2.1.2 Polonium Problem

Production of polonium (Po) is the major prob-
lem in case of either Pb or Pb—Bi eutectic [11] to
be used as the spallation target. Isotope g4Po'" is
produced from beta decay of gBi*'® in the
one-step process of g3Bi*” (n,7) 3Bi*'* reac-
tion. Also, g4P0?® is produced in beta decay of
the product of 3Bi?” (n, 2n) ¢;Bi*® nuclear
reaction. Isotope 5,P0”* is produced in two-step
beta decay of the product of gPb*® (n,7)
2Pb209. In fact, 84P0210 is an alpha emitter and
causes high radio-toxicity for a long time (T,
being 138.38 days) particularly when LBE is
used as the target + coolant system in an ADSS

[Z\
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design. LBE as a coolant also induces
radio-toxicity in large parts of ADSS. Gromov
et al. [15] have calculated accumulation of
radio-toxicity of three isotopes of polonium, i.e.,
208710pg after operation of LBE irradiated by
20 MW beam, and found that radio-toxicity is
1.11 PBq by *'°Po, 1.85 TBq by **’Po and 0.13
TBq by 2**Po for a coolant mass of ~ 10 tons.
Polonium rapidly combines with lead and
forms a stable PbPo, and it becomes basis of
removal by the following five processes [15, 16],

(i) Polonium hydride stripping using the fol-
lowing reaction after flowing hydrogen
over the irradiated LBE,

PbPo + H,

— H,Po + Pb (4.5)

4.2.1.3 Beam Window 4 \/\/ /

/ \/

A

Beam window is another part of the tar%et $ysr
tem, and it works in between vacuum-girore, side
and high-density and high-temperature/ ‘material
on the other side. According to Stigawara et al.
[17], material of the beam windew,should pos-
sess the following charactel‘lst{cs of tolerance to
severe conditions like (1}qus§ure of the LBE,
(ii) heat generation, "By "the proton beam,
(iii) creep deformatlon at high temperature,
@iv) corrosmn in" }he LBE and (v) radiation
damage by IXei{rﬁanS from target and protons of
the beam. \Us the computational fluid
dynamLcs,\ SIAR CD code, temperature differ-
enc /etWeen inside and outside the window has
been ‘ealculated to vary in between 25 and 60 °C

\and it'is a function of the beam shapes, Gaussian,

./ parabolic, or flat. It is inferred that in case of T91

H,Po being a volatile helps in fast remaval
and Pb being constituent of LBE rema'ms
behind. AN

/

(ii) Direct distillation of PbPo /at high
temperature.
@iii) In alkaline extraction, 1rrad1ated LBE is

reacted with NaOH to form Na,Po which
is separated, ’

” ./
2\
PbPo -+ 4NaOH\=*Na:Po + Na,PbO; + 2 H,0
V 4 \\
V. (4.6)

/
@iv) ByAhe/ /e}éctrolysis PbPo is deposited to
&eparape it from LBE.
(v) Separatlon of polonium by the formation
N of solid polonide.

X

N N
/
4

In fact, removal of Po from the irradiated
‘target cum coolant’ is a matter of mass scale
extraction of Po, and all the aforesaid methods
are under research and development. It is
important to note that LBE has been used as
coolant by Russian submarines however with no
publication on its usage industrially.

LBE-cooled ADS systems have been pro-
posed at Los Alamos National Laboratory for
burning actinides and LLFP of spent fuel from
light water reactor and another similar system
[16].

ferritic/martensitic steel (Mod. 9Cr-1Mo, with
Nb, V, Ni, Mn, P, Ti, Al, Cu, S, Si, Co and N and
C), parabolic beam profile is more suitable for
the given ADSS design conditions [17]. Nuclear
data of most of the aforesaid elements/material
for incident proton or neutron up to 200 MeV
energy is available in standard data libraries and
beyond 200 MeV data can be available from the
theoretical models or in some cases from the
cosmic ray experiments.

Wang et al. [18] have studied graphene-
beam-window design considering graphene
(carbon dominant) which has high thermal con-
ductivity, high strength, and high transparency to
ions. According to a simulation study for a
10 MW proton beam, power spatial distribution
of temperature of the window varies from 33 to
55 °C in case of Gaussian and 36.2-78.6 °C in
case of square beam profile. The DPA distribu-
tion for the 251 pA/cm? peak current varies from
8 at the center to 3 on periphery in case of 2D
Gaussian beam.

In this way, for the beam window, the fol-
lowing data is required,

(i) For the p+ C, p+ Fe, p + Cr, p + Mo,
p+ Nb, p+ V and p + N and other sim-
ilar reactions as given above, interaction
data (elastic and inelastic cross sections,
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(i)

(iii)

(iv)

product yield, kinetic energy, and emis-
sion angle of the products, etc.) at beam
energies varying from 1 to 1.5 GeV with
the required accuracy is required. In the
present situation of databases such as
ENDF VII.O [19], JENDL 4.0 [20], JEFF
3.1 [21], ROSFOND 2010 [22],
TENDL-2009 [23], MENDL-2 [24], etc.,
data of all required proton energies is not
available. One can make use of either the
model calculations using TALYS [25],
ALICE [26] or utilize the older database
developed by Barashenkov et al. [27]. All
the data of the database of Ref. [27] cannot
be displayed here, and reader is advised to
go through a part of the data displayed in
Chap. 2 of Ref. [28].

Data related to creep rate and strength of./

the steel or any other perspective material
of the beam window, as a funf:tion “of
(i) temperature and (ii) LBE ﬂg)/w/s\pged in
between 300 and 600 °Csfor ‘e /ADSS
reactor is required. Creep resmtance at
high temperatures of steels” has been
studied extensively. Forwexample, creep
resistance can bé inereased by adding
evenly dlstl‘lb)dted naﬁoparticles as traces
in the volume Qr oxide layer [29, 30] on
the surfacé\Creep rate as function of time
at ~9’2§ °K\1n case of boron disbursed in
th§/9%/0r/ ferritic steel has been studied
[31]‘ According to Jianu et al. [32], T91

‘ steel has been found to have better strain

rate lesser rupture rate, and rapid transi-

# tion into the third creep stage at high stress

(above 180 MPa) in the LBE environment
than air. In Ref. [29], detailed study of the
LBE technology is presented.

Several groups are engaged in calculating
cooling of the beam window with the help
of circulating LBE as spallation target and
the coolant [33].

Radiation damage cross sections and other
basic data such as threshold displacement
energy, Eq4 of the window materials for
Fe, Cr, Mo, V, C, N, O is required. Some
of the already available data of alpha and
*He gas production by Pb and Bi targets,

y
/

\

\\

available in standard data files is shown\m /

Fig. 4.2.

/
4.2.1.4 Lead, Bismuth, and LBE\/ ™
as Spallation Target™,
High-energy proton beam after ‘emeérging from
the beam window collides With/ bulk of a high Z
and high N material whlch sah be a solid, e.g.,
Pb, Bi, W, Ta, Hg, *U50F “Th, or a liquid in the
form of an eutectic. } Lead-bismuth eutectic
(LBE) is Wldely acgepted as a neutron source and
coolant. LBEVg\:tmg popularity over other solid
targets partlcul y in case of application of hard
neutron, energy spectrum in systems like ADSS
for ansr\nutatlon of actinides. LBE has melting
point'398 + 1 °K with melting heat (latent heat

scapacity) 38.6 & 0.3 kl/kg and boiling point

/1927 + 16 °K. This shows that LBE has high
possibility of heat capacity and can be used as
coolant for a system. High boiling temperature
shows its high safety feature of elimination of
high pressurization and other boiling concerns
related to the core of the system. They have been
the issues in case of coolants like Na, H,O, D,0,
and He which have very low boiling points. This
also prevents high reactivity effects from boiling.
Additionally, both Pb and LBE are inert com-
pared to Na as a coolant. In Table 4.2, physical
parameters of Pb, Bi, and LBE recommended
[29] for developing spallation target technology
are presented.

In place of a solid, an eutectic is being con-
sidered because of its multiutility (i) possibility
to utilize LBE as a coolant of the reactor as
discussed earlier along with being used as a
spallation target, (ii) having high thermal con-
ductivity, (iii) lesser problems of changing the
target shape, size, and physical behavior after
long irradiation by HE beam, and (iv) high
thermal capacity for carrying target heat and heat
of the reactor. Its main snag is production of
polonium (Po) on irradiation which is a neutron
poison of thermal and fast reactors and a pro-
ducer of high radio-toxicity. Other inherent
impurities of Pb or LBE like Ag, Cd, Cr, Cu, and
Fe, etc. affect thermal and hydraulic characteris-
tics of the reactor. According to a data source
[29], recommended data is largely satisfactory

N\
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with respect to the experiments. Further, studies
related to effects of impurities and dissolved
additives on surface tension, sound velocity,
viscosity, electrical resistivity, and thermal con-
ductivity in case of Pb, Bi, and LBE need to be
done to use as coolants.

Spallation process, neutron spectrum, and
other characteristics of the neutron multiplication
have been discussed in Chap. 3 extensively. As
mentioned above, He* and He® gas production
cross sections in spallation neutron colliding with
Pb and Bi spallation targets have been shown in
Fig. 4.2 [34-36]. In Refs. [34-36], data of other
gas production is also given. Radiation damage
cross sections of certain materials are given in
next section.

4.2.1.5 Data Requirement

for the Structure Material
Structure material like steel which is cgrriposed
of several elements is used for conta}jniy\g\LBE,
circulation of coolant, and severaljothewshielding
structures. Similarly, for encapsulatmg and
cladding of fuels as tube, covering of pallet or
for a fuel-cell materials like aluminum, various
carbides like ZrC, and SlC are used. They are
expected to be 1rrad;ated By ‘the beam protons or
any such chargeds pa(tlcle produced neutrons,
gamma, and hea‘«y fission products in different
positions in/fflg reactor. They are strongly affec-
ted by tl)éhe/avﬁuctuations and other hydraulic
conditi&hs ‘ n case of irradiation by the
high® energy neutrons of an ADSS, structure
mateﬁals become source of gas production; i.e.,
“sases’ like 4He? and ,H' affect the structure by
tway of swelling and embrittlement. Neutrons as
well as other particles enhance the radiation
damage of the structure materials. Radiation
damage has been discussed in details in Chap. 7.
Both fusion reactors and ADSS reactor are
expected to experience a common conditions of
high neutron fluence and temperature conditions.
Additionally, the ADSS will experience effects
of fluctuations of hydrodynamic flow along with
jerks arising due to various conditions of solid
fuels. The thermal and hydraulic stresses escalate
corrosion and erosion of materials. All together,
there is demand of data in this direction and in

case of specific materials for the characterlzz;,ut)rr /

performance and efficiency calculationst f may
be pointed out that even a middle energy. réactor
neutron (~1 MeV) produces helitny gdas on
colliding with the Al-cladding orsthe,Al-tubes of
the fuel rods. Helium being inext gas/escapes out
and produces bubbles to "a\Ifsgt/ the dynamics of
the coolants. Fusion rgaCtQ\fS\having inner wall
of vanadium alloy, are damaged by hard neutron
spectrum as well { as thelium gas. Produced
Helium if escapéd }oward the fusion core then it
helps in enhahgin 1g the density in fusion cham-
ber but on eS(:apl g in the alloy bulk of the inner
wall it gr\ows ‘swelling like effects. In Fig. 4.3,
dis acelhent cross sections [37-40] of light
mater als Al, V, Cr, and Ti are plotted while in
«Figi 44 and He' and He’—production cross

./ séctions of V and Zr [34-36] are plotted. These

data are simulated data and need validation from
experiments for which scientific community
needs to evolve methods of measurement of
displacement cross sections.

In Table 4.3, basic data of threshold damage
energy, Eq4 of various target and structure mate-
rials [41] is given for a large number of Monte
Carlo simulation works and experimental
researches related to radiation damage. It may be
recalled [42-44] that the thermal effects can
influence the displacement energy because
change of momentum reduces the recombination
of correlated Frenkel pairs and lattice softening.
Crystallographic direction plays a significant role
[44, 45] in displacement energy and the calcu-
lation of the damage.

The requirement of data presented in this
chapter needs a large amount of experiments and
evaluation of the experimental data obtained from
different sources for establishing compatibility
and accuracy measures. The issue is discussed in
Chaps. 2 and 4 by Chitra and Kumar [28] and in a
large number of EXFORE workshops being held
world over at the initiative of IAEA and the
countries producing nuclear data. While dis-
cussing generic issues of a critical analysis of
different data libraries, Ganesan has pointed out
[46, 47] that in place of expected difference of
~1% in ENDFB6GX and JENDL3GX of neu-
tron absorption cross sections of ***Th shows

[Z\
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Fig. 4.4 He* and He? gas production cross sections in

Fig. 4.3 Neutron displacement cross sections Al*7, V3!
Cr?**, and Ti** targets plotted as function of neutron
energy [34-36]

n+ V™ and n + Z®" collision of the specific structure
materials plotted as function of neutron energy [37—-40]
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Table 4.3 Displacement threshold energy, E4 (eV) of target and structure materials [41]

Element Al Cu Ni Ag Au Pb
Lattice =~ FCC ~ FCC  ECC FCC FCC  ECC
E; (V) 25,27 29,30 33,40 39 40,43 19-25
Element Cr Mn o-Fe Nb Mo Ta
Lattice BCC BCC BCC BCC BCC  BCC
(Eg) (eV) 40 40 40-44 60,78 60,65 8590

C 1(diamond C), C 2(graphite C); lattice Ge, Si, C1 = diamond cubic

difference ranging from 0 to 600% at 293 °K.

Similarly, comparison of fission cross sections of

*3U derived from JENDL-3.2 and ENDF/B-VI
(Rev.5) files shows different magnitudes of dif-
ference at different temperatures. At 0 and 296 °
K, discrepancies between the two data are shown
to vary between —89.60 to 1,495% and —88.44 t;

case of grouping of the data also. The differences

597.9% respectively. Differences are observei in

have effect on calculations of ke a

ritical

masses. ¢
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To get rid of the danger of radio-toxicity of the
radioactive nuclear waste, there can be several
methods including reposition underground or in
the space. For sending to the space, even the
concept of Lagrangian points is under %
consideration. But all such reposition possibili-
ties are not energy effective solutions Becausé the
waste contains a big amount*’ onable
material also along with the fe 'ﬁp&terial that
can be used for energy produétion, As a solution
and from the point of reutilization of a blgger
part of the unspent n‘r fuel (UNF),
reprocessing and @mﬂtaﬂon are the most
attractive solun wever, there will always
a solution where reprocess-
essary. As already discussed in
rid fusion—fission systems may
ing big lot of fertile fuels but the
f long-lived nuclear waste (LLNW)
ow even by the hybrid systems. Thus, the
onrld is looking forward for a better solution of
e highly involved problem from the point of
both reutilization and reduction of the LLNW by
way of development of the accelerator-driven
subcritical systems (ADSS).
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SS for Transmutation
of LLNW

Natural transmutations by way of (i) radioactive
decay and (ii) on collision of cosmic rays up to a
deep inside the earth are well known. These
observations have provided a way of transmutation
by the artificial methods. In a power reactor, both
transmutations by natural radioactive decay and
by way of produced radiation like neutrons,
gamma, and fission products take place. The two
kinds of natural methods of transmutation are not
sufficient because reactors produce much larger
amount of UNF and HLW than they are reduced by
natural methods. Transmutation by particles with
sufficiently high energy fall under the category of
artificially or the machine-induced transmutation.
Historically, Alchemy has been used to convert
lighter metals into a heavier metal hence a trans-
mutation, but it has hardly reached to a respectable
acceptance. After the advent of particle accelera-
tors, artificial transmutation attained a scientific
way of externally controlled method of activation.

In the spent nuclear fuel, there are actinides and
fission products. Both have useful contents
for applications as well as they pose danger of
high radio-toxicity and risks of proliferation. Thus,
the long-lived elements of the nuclear waste (ter-
med as LLNW) are of serious concern from the
point of their long survival time in reposition and
otherwise they pose threats to the society during
the reprocessing and transportation. A technology
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for reduction of the LLNW can be appreciated
when both energy is produced and it is degraded
with respect to radio-toxicity and lifetime. This
can be plausible in a system of very high neutron
flux which can support both the energy production
and the incineration.

5.1.1 Long-Lived Actinides
(LLA) and the Fission

Products (FP)

In a power reactor using uranium as fuel, isotopes
of plutonium (Pu), neptunium (Np), and ameri-
cium (Am) are among the main long lived ac-
tinides (LLA) produced in a reactor besides
several isotopes of uranium. Radio-toxicity of
several LLAs and FPs has been discussed in
Chap. 1, and it has been observed that radioactive
elements like Np, Pu, Am, and Cm as the U
and Technician (99Tc) and Iodine (1291) are

among the FPs having long half- hfe are
highly radiotoxic also. In Table 5 fe and

decay mode of long-lived TRU are given.
According to Wallenius [1], a%emltters MAs
and TRUs are most radiot and several of them
are long-lived too. Sever are long-lived and
their dose coefficien ally high but they are
relatively less ra ic as evident from the data
given in Tabl lﬁ Chap. 1. For the complete
incineration@he long-lived nuclear waste
(LLNW ategic planning is required to

oal of degradation on one hand and

achie @
ergy on the other hand.

Q;gz'm Transuranium actinides (TRU) and fission products of a reactor having long life [1]
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In Fig. 5.1, relative radio-toxicity (RRT) is
plotted as a function of time after the discharge.
From the figure, it can be inferred that
radio-toxicity of FPs dominate other actinides up
to 100 years and later on radio-toxicity of acti-
nides dominates.

5.1.2 Reduction of Half-Life

Long-lived isotopes are a burden for several next
generations, and this has been a matter of con-
cern of the society and the nuclear science
community in particular. Reposition is an alter-
native solution till an adequate system of

lement Half-life (year) Decay mode Element Half-life (year) Decay mode
23%Npos 1.54 x 10° £(87.3), p(12.5), u(0.2)% Se 327 x 10° B
27Npos 2.14 x 10° o S7r 1.53 x 10° By
238PUg, 87.7 o *Te 421 x 10° 3
23%Pug, 241 x 10* o %Tc 420 x 10° B
24Py, 6.564 x 10° o PTc 2.11 x 10° B
24 Amngs 433 x 10% o 107pq 6.5 x 10° B
242MA g5 141 0(0.46%) 1265n 1.0 x 10° B
243 Amgs 7.37 x 10° o 1291 1.57 x 107 B
24 Cmgg 18.1 o 135 23 x 10° B
245Cmygg 8.5 x 10° o 7Se 3.27 x 10° B

*Pu (Minor Actinide), Am (major or higher Actinide), and Cm (major or higher Actinide) are introduced in the fuel of

the light water reactor (LWR)
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Table 5.2 Typical nuclear reactions, half-life, 7', (year) and spectrum average cross section (sp. av. cs.) of a pr (@
for the spallation neutron spectrum of 1 GeV p + Pb collision with preference of an incineration reaction shown'in the

last column

Reaction

Plutonium 2**Pu (T, =241 x 10* year)

239py, o, 7) 240py,
239py o, )

2%Pu (n, 2n) >**Pu
2Py (n, 3n) »"Pu
%Py (n, 4n) *°Pu
2%Pu (n, 5n) >*Pu
2%py (n, 6n) >*Pu
2%Pu (n, 7n) **Pu
2%Pu (n, 8n) >**Pu
2%Py (n, 9n) *'Pu

2°Pu (n, 10n)*°Pu

Neptunium >'Np (Ty, = 2.14 x 10° year)

27Np (n, ) 2Np
27Np (n, /)

2INp (n, 21) 2Np
2INp (n, 2n) 29"Np
27Np (n, 3n) 2Np

27Np (n, 4n) 2*Np O
2INp (n, ) 2>Np
27Np (n, 61) 232NQ

2INp (n, Tn) 2'Np
ZNp (n, 8 @
27Np ék D
27Np (n,0%) 2Np
. )
\\

129I (n’ 2n) 1281
1291 (l’l, 3,1) 127I
1291 (n, 4n) 126I
1291 (n’ 5n) 1251

1297 (. 6m) 1241

I (Ty = 1.57 x 107 year)
1301

Half-life of product (7,,) Spectrum average

cross section (mb)

4 \
Preferre(Q}mn
for iffnera n

6.56 x 10° y 40.78 $ \Z\
1840 \

8775y ~130 mb ¢ é (n, xn)

45.66 d C)

286y ?-

25.3 min &

8.8 h \

20.9 min \\/

33.1 min @

8.6 min ?“

1.7 min Q\

189.35
1372
~ 120 mb

(n, )

2.117 d
N/

6.1 d
44d
36.2 min
14.7 min
48.8 min
4.6 min
4.0 min
61.4s

12.36 h
24.99 min
stable
13.11d
59.41d
4.18 d

61.0

125.49 Both (n, y) and

(n, xn)

Technetium *°Te (Ty, = 2.11 x 10° year)

997 (n, ) 100
PTc (n, 2n) *®Tc
Te (n, 3n) “™Tc
“Tc (n, 4n) %Tc
Tc (n, 4n) **™Tc

Tc (n, 5n) *Te

158 s
42 x 10%y
90.6 d
428d

51.5 min
20.0 h

(n, )
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incineration is developed. In case of incineration
of actinides, possibility of energy gain by way of
fission is a big point of attraction. Only a few of
the minor products are long-lived which can be
managed if less radiotoxic but difficulty arises in
case of long-lived with high toxicity.

In an ADSS, maximum energy of the spec-
trum of spallation neutrons is very high and
different compared to the neutron spectrum of a
critical power reactor. Normally, it is called as a
hard spectrum. In transport through the fuel,
the spectrum is partly degraded in various
nuclear elastic, inelastic, absorption reactions and
fission. In Sect. 3.3.2, it has been shown that
neutron spectra at different positions of an [AEA
benchmark design are different when a neutron
moves away from the spallation target toward the
region 4 of the design. After emergence from
region 3, spectrum is nearly a mixture of a
thermal and a fast reactor. This provide§ oppor-
tunity to investigate possibility of de/gra(/iétign of
long-lived nuclides by way of different kinds of
nuclear reactions in the w1de neutrOn energy
range [3]. In Table 5.2, spectrum average cross
sections of some of the nucléarproducts of a
reactor are summarized \ivlth their half-life com-
pared with the half- lrfe oftHe parent nucleus (to
be incinerated) in, the\enwronmem of spallation
neutrons. In turn \tﬁls suggests possible choices
of degradatioh as n\lentioned above.

Besides th&fisSion which is required for energy,
>py When _ASubjected to the spallation neutron
spectrum capture reaction cannot be a preferred
react})n for incineration because its sp. av. cs. is
4 /tnuch smaller than (n, xn) reactions and product of
3°pu n, y) 240py reaction also has half-life much

longer than half-life of any product of (n, xn)
reactions. In case of **’Np, capture reaction is of
choice due to high sp. av. cs. as well as much
smaller half-life of its product than the products of
(n, xn) reactions. On the other hand, 1291 can be
degraded by both (n, y) and (n, xn) reactions. In
case of FP “°Tc, capture reaction can be preferred
due to lowest half-life of product '*Tc.
In summary, from the point of reduction of
half-life, one may have a choice of fuel like ***U
r >*Th for the energy in an ADSS being
designed having options of accelerating current,

y
/

spallation target, and installing LLW in a spemé
fied area of fuel blanket for incineration lookmg at’
the availability of extra neutrons and th)zlr ehcrgy

T
5.1.3 Reduction by the Thermal, Fast,
and Spallation\l\h\aﬁtron
Spectra \\\\

%Py, 2'Np, and 129I Bor exploring possibilities
of transmutation ‘Of; 2"QPu ZNp, and '*I by the
thermal and fas\ff:omponents and spallation neu-
tron spectra rtsel of an ADSS reactor, calculated
Sp. av. Qé\arc;compared in case of e.g., >>’Pu and
237Np [3}\bata of sp. av. cs. for the fission and
neu ncapture reactions is given in Table 5.3 for

«the’ three neutron spectra. In case of 2%y,
/'spectrum-averaged fission cross section oy is

~257.0 b for thermal, 1.793 b for fast and 1.84 b
for spallation neutron spectrum of ADSS. Appar-
ently, a part of >*°Pu can be reduced to the FPs in a
thermal reactor for the energy production. How the
remaining amount of >*’Pu can be degraded by
other nuclear reactions and it will depend on
availability of extra neutrons. In case of a thermal
reactor, the sp. av. cs. of 9Py (n,y) 240py reaction
is ~128.495 b and the product, **°Pu itself has
long half-life 6.56 x 10° year. Its neutron cap-
ture cross section ~ 193.0 b is treated in the cate-
gory of neutron poison of a thermal reactor.
Another disadvantage of a thermal reactor is the
high production rate of minor actinides by neutron
activation, and most of the MAs are poorly fis-
sionable. For example, the trans-plutonic nuclei
such as **'Am (T, = 432.0 years) and 23 Am
(T, = 7370.0 years) are produced in the reactor
on neutron capture and decay processes and they
have relatively poor fission cross section ~ 1.583
and 0.3436 b, respectively, in comparison of neu-
tron capture cross sections, 220.47 and 43.96 b,
respectively. Thus, they produce more amount of
LLW like >**™Am (T, = 142.0 years) and reduce
the amount of neutron flux. Therefore, a thermal
reactor can be said to be a neutron poorer and no
extra neutrons will be available for further trans-
mutation of other LLNW or FP such as **Tc and
2% beyond the requirement of neutrons for energy
production.

\

/

\\
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Table 5.3 Neutron economy factor (NEF) calculated for 23%py, 237Np, and '?°I and the reaction rates, R in ca.se\ (yf/ /

thermal, fast, and ADS reactors

Ny
t /

¢ ¥

Reactor and flux Fuel/element sp.av.cs.,  sp.av.cs., NEF, Fission rate, Ry ~ Captil \)‘{
o (b) ae (b) (0 + oefor (s )
Thermal, 239y 257.6 128.5 15 229 x 1078 >< 1078
89 x 107 niem’s 237, 0.447 59.54 134.2 3.98 x 107! x 1078
2] - 7.53 - b57 x 107°
Fast, %y 1.793 0.396 1.21 3.03 @S\ 0.67 x 1078
1.69 x 10" nfem’fs 237y, 0521 1.344 3.57 ofgx 10° 227 x 107
=) - 0.14 ‘&\./ 024 x 1078
ADSS, 3%y 1.84 0.041 1.02 21 x 1078 0.12 x 1078
283 x 10' wiem?s 237, 1372 0.19 1.14 \/f\a 88 x 10°° 054 x 107
1291 = 0.591[5] 1.67 x 1078

In a fast reactor, sp. av. cs. of capture reactions

_\\/ _

Vo M,
/

) 5;1}2/ Reaction Rate

Z9Pu (n, 7) **°Pu and **°Pu (n, y) **'Pu are 0.396 ’ />>Afeacti0n rate R = o® is directly proportional to

and 0.445 b, respectively, and they are much
smaller compared to a thermal reactor as discussgd
above. In case of spallation neutron quctrum
capture cross sections of the two reactiéns’ a;e even
smaller, 40.87 and 76.08 mb, respectwely.

§ N

5.1.3.1 Neutron Economy.Factor (NEF)
Comprehensively, neutfony, economy factor
(NEF) of a reactor cap bewdefined by considering
utilization of a neutr&p /by fission alone or by the
fission + capture(reﬁctlbn It can be estimated by
the ratio (o # ¢ /0y as fission and capture reac-
tions are /dlﬂérent in cases of three neutron
spectra,, 'The ;atlo is (257 + 128.5)/257 = 1.5 for
29py_iny & thermal reactor, (1.793 + 0.396)/
1793= 1.21, for a fast reactor and

~(18847+ 0.041)/1.84 = 1.02 for an ADS spalla-
Aion neutron spectrum. Thus, ADSS requires
least number of capture neutrons and can be
considered as best for incineration of **’Pu.
Similarly, NEF in case of 2'Np for the three
neutron spectra are given in Table 5.3 and
compared with >*°Pu. It can be inferred that
neutron economy is better in case of ADSS
compared to both fast and thermal reactors for
both **Pu and **’Np individually. In case of
Z'Np, NEF of a thermal reactor is about 120
times worse than ADSS and 40 times worse
compared to a fast reactor due to capture cross
sections being high.

the elementary interaction cross section for a
given flux irradiating the fuel in a given volume.
Reaction rate R(A,, Z,) can also be defined in
terms of production rate, Q(A,, Z,) of a reaction
product (A,, Z,) per target nucleus per incident
projectile as R(A,, Z)) = Q(A,, Z){N, Ninc}.
Neutron flux of thermal and fast reactors are
~8917 x 10" n/em*s and ~1.69 x 10'
n/cm2/s, respectively, and in case of an ADSS,
spallation neutron flux depends on the spallation
target material, beam current and the beam par-
ticle. As discussed in Sect. 3.2.2, in case of
1 GeV p + Pb target system CASCADE code
calculations show that on an average 24.3 spal-
lation neutrons per beam proton are produced [4].
Thus, for 10 mA beam current or equivalently
6.25 x 10'® protons/s there are 1.51 x 10'®
spallation neutrons/sec. Considering surface area
of spallation target of dimensions R x L = 10
60 cm® (total surface area = 22,608 cmz), the
spallation neutron flux ~0.67 x 10" n/cm?/s. If
we assume an ADSS reactor as shown in Fig. 3.6
corresponding to the situation that outer fuel
cylinder of width 4 cm is filled with *°Pu and
(og) of spallation neutrons is ~ 1840 mb, then
the mean free path (m. f. p.) would be 10.86 cm.
Thus, in the passage of 4 cm thickness of the fuel
(Ref. Fig. 3.6), a spallation neutron makes ~0.3
fissions. If in a fission, v ~ 1.9 neutrons are
produced then for every spallation neutron there
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are 0.57 neutrons produced in fission. Source
neutron multiplication factor {kJ/(1 —k,)} =
0.57/(1-0.57) ~1.3 inside the so assumed
Pu-reactor. Thus, the multiplied source neutron
flux would be 0.67 x 1.3 x 10'* ~ 10"
n/cm?/s. It is pertinent to point out that multi-
plication of spallation neutrons by the (n, xn) like
channels and multiplication by the fission neu-
trons in an infinite volume of the fuel will further
add to the neutron flux and total flux will be
~10'® n/cm?/s. Neutron multiplication in case of
a fertile fuel by the non-fission reactions is sev-
eral times stronger than a fissile fuel particularly
in case of high-energy spallation neutrons, and it
has been discussed in detail in Sect. 3.2.2. In
Sect. 3.3.1, neutron flux is estimated for an
TAEA hypothetical reactor using the CASCADE
code. For the calculations of neutron flux of af
ADSS, we have considered IAEA benchmark
design as a model and calculated neutron fluxhat
different interfaces of fuel regions of the ‘bench-
mark. This data has been projected, i in Table 3.9.
Corresponding to criticality, k ={0.979 neutron
flux at interface ‘12 is 2.83, x 1016 n/cm2/s in
case of Th-U fuel and it has be€n used for all
ADSS calculations glven/m\Table 5.3. However,
in case of pure 2391’)& fuel feutron flux will be
somewhat dlfferent Kls important to point out
that fission rates \Rf of 2°Pu for the thermal, fast,
and ADSS rea9t0r§ are different only within one
order  ofl “mdgnitude, ie., 1.14 x 1075,
0.67 X<JO*8/and 0.12 x 10™% respectively. In
case of >37Np filled in a hypothetical thermal
reactor it is three orders of magnitude weaker
”/c:ompared to a fast reactor. Contrary to this,
Cneutron capture rate R, differs within one order of
magnitude for both **Pu and **’Np. Capture rate
of **’Np is within an order of magnitude in the
thermal, fast reactor, and the ADSS reactors.
However, it holds valid that the fission dominates
in a fast reactor [5] over the thermal reactor. In
case of *'Np, the capture reaction *>'Np (n, 7)
Z38Np followed by f~ decay and then the (1, 7)
reaction converts 2*’Np into a neutron poison,
24%py [6]. Thus, the chances of production of
neutron poison in case of >*’Np fuel are more in

y
/

a fast reactor than the two reactors. Capture rate
of 2°Pu for the production of **°Pu is IOWest m
case of ADSS; hence, it reduces risk’of pf&duc-
tion of **°Pu as a neutron poison/ ifi "ADSS
compared to fast and thermal redCtors. On the
other hand, fission rates of both 239P7(1 and % 7Np
are very high in ADSS than thfl fast and thermal
reactors. ’ \:\\

In a thermal and g,fast reactor, the capture and
fission reactions play a dommant role over other
reactions. HoweVe;, THis understanding changes
drastically infcase of ADSS because of the
presence of Vemlgh -energy neutrons. It may be
pomted out ;zmphatlcally that the actinides like
29py when irradiated directly to the spallation
neu%&g/spectra then the NEF needs to be rede-

«finéd by adding contributions of (n, xn) like
/'réactions. Thus, the NEF can be redefined as,

(07 + 0. + 0,x) 0 If we consider contributions
of only (n, 2n) and (n, 3n) reactions in case of
*¥Pu, then 6,2, + 6,3, = 0.04 + 0.06 ~ 0.10
b and NEF would be 1.07 in place of 1.02. In
fact, contribution of all the (n, xn) type reactions
further worsens calculation of NEF. Also, when a
spallation neutron passes through the thick
reactor fuel pile [7], it is slowed down and
enhancement of capture cross section g, takes
place which worsens the NEF value at moderated
energies.

5.1.3.3 Transmutation Power

of a Reactor, P(A,, Z,)
Transmutation by capture, fission, and other
nuclear reactions has been discussed in detail in
the preceding chapters. Choice of one such
reaction depends on the nuclide that need to be
transmuted. The transmutation power, P(A,, Z,) is
defined as the quantity of produced masses, m(A,,
Z,) per unit mass of the target, m(A,, Z,) [8, 9]. In
Ref. [3], P(A,, Z,) is identified as the transmuta-
tion power and expressed in terms of the nor-
malized activity, a(A,, Z,) without accounting for
the decay of a product, (A,, Z;) during irradiation.

A - a(Ar Z)
;L(Arazr) (At7zt) avo

P(Ar,Z) = (5.1)

\

\\

/
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Alternatively,
A
P(A,,Z) = R(A,Z)) -NINCA—.ti,T (5.2)
t
where
Nine intensity of beam s™hH
A, mass of residual product nucleus
Z, atomic number of residual product
nucleus
A mass of target nucleus
birr irradiation time (s)
R(A;, Z)  reaction rate of product (4,, Z,

Normalizing over 10° beam particles, trans-
mutation power can be written as,

10°P(A;, Z;)

Pnorm(AhZT) = NINC

(5.3)

\
N

» N

For comparison of any two reacto/r/s/ o\ﬁé/can
select one or a few product residiial ;miclei for
detection experimentally. Baé*tzd on various
experiments, using different proton and deuteron
beams reaction rates of gffmsmutation of **’Np
and **Pu are estimated Jand displayed in
Table 5.4. From tﬁe/ Energy + Transmutation
setup which is d1Scyssed in detail in Chap. 6, it is
clear that the neutron spectrum irradiating the
fuel elem/en/t&ié/{he spallation neutrons only in

the beginning and it is moderated and multlpli@d )

after passing through the bulk of the fuel or thp

spallation target. Vo NV

Integral number of beam protons, inrf)arted on
the spallation target is 0.88 x 10/%72.93 x 10"°,
1.10 x 10" and 1.18 x 10" for'the0.7, 1.0, 1.5
and 2.0 GeV beams, resp’ectix/ély [9]. Transmu-
tation power of the foul\ﬁsglbn products *’Zr,
132Te, 1337, and 1*°1 are &tifmated and presented in
Fig. 5.2a—d for the! 237Np and **’Pu fuel sam-
ples as a functloh gf {he proton beam energy, E,

From the péSult§ .givenin Fig. 5.2, itis clear that
at all protonener ies P(A,, Z,) is always higher in
case of foP\u ;ﬁan 23'Np and in case of *'Np alone
trai /utéti(i/n power is highest at 1 GeV proton
engigi/ln case of individual FP, transmutation

spower of **’Pu stays constant at proton energy >
“/ INGeV but higher than **’Np. This shows that

technologically transmutation power of pluto-
nium is nearly independent of the proton beam
energy > 1 GeV.

Considering results of **’Np irradiated by
neutron fluence from the two deuteron beams of
the same setup given in Table 5.4, it can be
inferred that they are similar to the results of
proton beams at E > 1 GeV. This can be con-
sidered as an important result for designing an
ADSS with p or d beam.

In another setup, GAMMA-3 [10] which is
irradiated by the 2.33 GeV deuteron beam colliding
with the Pb spallation target, transmutation power

Tablas /Compan'son of measured sp. av. reaction rates, {R(A,, Z)) in case of four proton beams of energies,

Es%

bracket@ () along with the data of reaction rates

07, 1.0, 1.5, and 2.0 GeV and two 1.6 and 2.52 GeV deuteron beams imparted on "*U of E + T setup in case of
Np. Reaction rates of FP from 239py fuel are given in brackets [...] [9]. Measurement uncertainties are shown in

Product  Reaction rates x 10~2"/s
0.7 GeV p 1 GeV p 1.5 GeV p 2 GeV p 1.6 GeV d 2.52 GeV d

Z8Np 56.1(24) 151(5) 140(3) 133(3) 182(06) 162(06)

77r 0.80(24) 2.10(09) 2.12(07) [8.82 1.59(08) 1.98(12) 1.88(29)
[5.52(51)] [3.24(30)] (80)] [11.35(10)]

132Te 0.56(12) 1.79(18) 1.77(28) [4.59 1.47(11) 1.61(12) 2.17(32)
[4.18(17)] [3.45(14)] (19)] [13.81(40)]

1331 0.83(40) 2.14(21) 2.01(24) 1.82(28) 2.00(22) 2.65(75)
[6.23(21)] [6.08(21)] [11.04(38)] [16.94(15)]

1351 1.52(22) 1.35(26) 2.36(28) [8.78 1.96(18) [12.2 2.21(22) -
[3.90(10)] [4.86(12)] (22)] ®]


http://dx.doi.org/10.1007/978-981-10-7503-2_6
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Fig. 5.2 Transmut@ power, P(A,, Z,) measured in the E + T setup [9] for the four FPs, 977r, 132Te, 1331, and '*I of
fu

the *'Np and@
Tableb%ansmutation
power, 0£.2°Th and "*U
d at hole ‘a’ of the
amma-3 setup [10] when
the setup is irradiated with
.33 GeV deuteron beam
with integral intensity
Nint = 1.7(1) x 10

Produced
Isotope

232Th;
233Th

85m Kr

99M o

13II

133)(e

135)(e

(RA., Z)))

3.20(8)E
-25
3.15(4)E
-29
1.99(19)E
-28
1.69(59)E
-28
3.00(20)E
—28

1.06(14)E
—28

P, Z,)

5.50E
-12

1.97E
—-16
1.45E
=15
1.63E
—-15
2.94E
—-15

1.05E
—15

1 samples plotted as a function of proton beam energy, Ej,

Product

natU
239Np

85m Kr
Mo
13 lI
133Xe

135)(e

(RA., Z)))

3.11(10)E
-25
1.58(6)E
—07
6.76(18)E
—27
3.02(6)E
-27
1.25(18)E
-26
4.1(12)E
27

P, Z,)

5.34E
-12

9.65E
—-15
4.81E
—14
2.84E
—14
1.19E
—-13

3.98E
-14
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in case of >**Th and ""U samples are estimated
using both the capture and fission products. Results
of the analysis are presented in Table 5.5. From the
data, it may be inferred that the GAMMA-3 setup
can transmute ***Th and "U by the capture reac-
tions almost equally. Transmutation power of fis-
sion process is about one order of magnitude higher
in case of U than ***Th. This is because of the fact
that "™ U has a component of fissile *>°U. Adam
et al. [10] on comparing transmutation powers of
*2Th and *®U by way of capture reaction in the
E+ T, GAMMA-3, and TARC setup [I11]
observed that transmutation power of GAMMA-3
setup is about an order of magnitude higher than the
remaining two while the transmutation power of
both E + T and TARC are at par equal. This is
discussed in greater detail in Chap. 6.

5.2 Conversion of Fertile into Fissile
and the Breeding Proce;s \/
7. //

One of the earliest setups for conversmn of fertile
into fissile fuels like *°Pu and by way of
the spallation neutron spectrum\pfoduced by the
deuteron beam was 1nvest1gated in the year 1976
under the MTA progrdin [42] of USA. We know
that a power reactor rks for the sustenance of a
chain reaction, a<<1t requires a specific amount
of neutron ﬂ /x By neutron capture and beta
becay, a/deﬁmlaé/ amount of fissile fuel can be
produc fr/gfn a fertile fuel element. Natural
fer’ul&ele}nents like 2°Th, 2*U, and 2*®U can be
conv\ﬂed to 2°U, 2°U, and **’Pu, respectively,
< Py néutron capture reaction (n, 7). On a neutron

“capture, artificially produced fertile elements of a
reactor such as **°U and ***Pu can also produce
241py and **°Pu fissile elements. Similarly, cap-
ture of more than one neutrons in succession can
convert a fertile element into fissile element. In
this kind of conversion processes, transuranium
fissile elements such as **’Cm from 242Pu, 23%py
from 236U, and >**Cm from >*'Am are produced.
The conversion of fertile into fissile fuel is a
strong function of kind of neutron spectrum, e.g.,
thermal, fast, or spallation neutrons and the
structure of the reactor from the point of avail-
ability of excess neutrons.

Absorbance of a neutron by a fissional e/ /
nucleus can give rise to (n, f), (n, ), and (z; xny/)

types of inelastic reactions, thus < NV

Oq = O-f(naf) + Gc(nv ))) + an(ﬂix(lyp) (54)

Spectrum average cross \s/ecuons calculated
using TALYS code for b&f\he fast and spalla-
tion spectra are given ift'Refs [14]. For a breeder
reactor, ‘neutron préduction factor’ 7 is defined
as, N/

/\17 = (a7/0a)v

/' Winber of fission neutrons. In case of
the 1 and fast reactors, roughly speaking,
ma)nly ﬁssmn and marginally (n, 2n) reactions

(5.5)

/&@ responsible for the production of extra sec-
“\,ondary neutrons and v = 2.50, 2.49 and 2.97 for

the 235U, 23U and P°Pu fissile elements,
respectively. Thus, in case of thermal and fast
reactors only first two terms of the relation (5.4)
are meaningful. In case of spallation neutron
spectrum, there is a significant contribution of the
third term, g,,, particularly in case of fertile fuel
targets. Thus, factor v needs an up-gradation
accordingly. In Table 5.6, reproduction factor, #
has been calculated for the fast and spallation
neutron spectra for the three fissile elements,
25y, 23U, and **’Pu assuming v corresponding
to only fission process of neutron multiplication.
In fact, calculation of # is meaningful in case of a
fast breeder reactor which produces more amount
of fissile material on burning lesser amount of
fissile material. In such breeders, conversion ratio
(CR), breeding potential (BR,,.x =# — 1), and
breeding gain (BG) are defined and they depend
on the reproduction factor, #.

In case of spallation neutron spectrum,
reproduction of neutrons depends on fission and
other n,,(n, xnyp) type reactions and 7 can be
redefined as

n" = (o7 +om)/oar (v + (mp))  (56)

In case of spallation, neutron spectrum contri-
bution of (n,,) is meaningful in case of fertile
elements and insignificant in case of fissile


http://dx.doi.org/10.1007/978-981-10-7503-2_6
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Table 5.6 Reproduction factor, # for the fissile fuels, 235 U, 233U, and 2*°Pu fertile fuels, 232Th and #*%U for ?
and spallation neutron spectra. All sp. av. cs. are in (mb) units ¢ ;

Fuel Fast n-spectrum Spallation n-spectrum JQ\V

ot Oc + Gpnon v [13, 14] n of Oc + 0y €te. (n,,p) n*
=5y 2080 270 + 153 2.50 2.20 1184 106.4 + 141 -Q 231
B3y 2250 742 + 3.17 2.49 2.41 2209.7 41.8 + 66.01 245
%y 1793 396 + 2.54 2.97 2.43 1840 40.78 + 129. *g\ ~2.9
232Th 7.29 391 + 7.85 2.60 0.05 35.1 146.1 + 1@ 13.82 9.26
28y 11.4 317 + 25.1 2.07 0.07 72.4 116.8:(.5,?8\ ~13 ~9.71
L
elements because in case of thermal and fast In case of a 233y breeder, where 33U will

reactors sp. av. cs. and average neutron multipli- be highl p})duced due to high number of re-
cation g, and (n,,), respectively, are not signif- producﬁé}\péutrons or the factor, 5~ is high for
icant. In Chap. 3, production term P has been thedertile*”**Th. The fissile ***U will be con-
computed by all kinds of reactions including fis-  sw y way of the fission reaction and the
sion reactions and projected in Table 3.6. In case “geproduction factor in the fast spectrum reduces
of fertile, >**Th total P = 0.981, Py = 0.15 and on\%}n = 2.41 only. Resultantly, fissile ***U will be
taking v =2.60 and proportionate _yalue produced at a faster rate than 234U from the °U.
(nn,,> = 13.82. For the given data in Table 5‘%, One can easily calculate the breeding gain,
or=35.1 mb, 0. = 146.1 mb, and G\Q}AOI BG = BR — 1 from the value of BR.
mb then the reproduction factor,#* ‘wéuld be
9.26. This means that ***Th wi Walways be
triggered to fission or neutromcapture but a large 5.3 Extension of the Fuel Cycles

proportion produces (n, )@reactions hence the

reproduction factor is ve h. When spallation  So far nuclear fuel cycle is meant for the com-
neutrons pass throu ic fuel, then the repro- plete cycle applications of a fuel for energy
duced neutrons 1 have lesser energy and production, reprocessing, disposal, and refueling
chances of (n, xn@) type reactions will be re- of a reactor after enrichment by fissile fuels.
duced and r@ capture will rise drastically to Normally, a part of the fertile and fissile fuels can
391 mb l’gen e neutron spectrum will be close  be extracted from the unspent fuel as discussed in
to the f%{ﬂ spectrum and to 5350 mb when it fur- Chap. 1 in case of existing power reactors. In
therretards to the thermal spectrum. Obviously, —thermal and fast reactors there hold a **Th->**U
t the end of the 2*’Th-fuel, chances of fuel cycle, for example, as shown in Fig. 5.3,
Qvetron capture, g, are enhanced. Although this where it can be seen that the fuel cycle is limited
ill reduce the value of # toward the end of the in between (n, 2n) and a few (n, y) reactions
fuel but the rate of conversion of **Th into 2*U  besides a few f- and o-decays. In case of spal-
will be enhanced through the following route, lation neutron flux, a large number of nuclear
reactions take place as shown in Table 3.4 of
Th232(n,y)Th233 —7>Pa233 —3U233 (5.7) Chap. 3. Several other nuclear reactions of a
Uy Uy produced nuclide from ***Th and ***U irradiation
in the ADSS reactor will take place and they are
not shown in Table 3.4. Bhatia and Kumar [15]
have attempted to bring out a *>*Th fuel cycle of
the ADSS neutron spectrum as Fig. 5.4. From
this following is worth discussion

In case of fissile *>*U in the spallation neutron
spectrum, P = 0.981, P,=0.94, v =249, and
(nyp) = 0.11 only. For the given data oy=
2209.7 mb, . = 41.8 mb, g,,, = 66.01 mb, then
reproduction factor is calculated to be 7" = 2.45.


http://dx.doi.org/10.1007/978-981-10-7503-2_3
http://dx.doi.org/10.1007/978-981-10-7503-2_3
http://dx.doi.org/10.1007/978-981-10-7503-2_1
http://dx.doi.org/10.1007/978-981-10-7503-2_3
http://dx.doi.org/10.1007/978-981-10-7503-2_3
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Fig. 5.3 The thorium chain, a

Th-U fuel cycle explored for ;
thermal and fast reactors [16] 2.54510° v .
e »p 15000 . A < ?.,,
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1. The fuel cycle in Fig. 5.4 is highly extended
compared to the fuel cycle of a thermal and
fast power reactor.

2. Neutron poisons of the thermal and fast
reactors are no longer neutron poisons of an
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242m
-3 b ]
2.34x10" v
A o
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1 X i

: . B 17 Np

i 6.75d P 2.144x10%

1 n2n

ADSS where spallation neutron environment
is dominant compared to neutron spectra of
critical reactors. This is also discussed in
Chap. 3 of this book with data displayed in
its Table 3.5.


http://dx.doi.org/10.1007/978-981-10-7503-2_3
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Major Experimental Facilities
for Development
of Accelerator-Driven Subcritical

System

Although the nuclear waste available in USA is
in comparable amount that in Europe, yet, the
EUROpean research  program  for the
TRANSmutation of high-level nuclear waste i
accelerator-driven systems (EUROTRANS) is
initiated and funded heavily by the Eum;lqn
Commission within its 6th Framewor P;Qgpam
and it involves more than 40 yav%which
include research agencies, universities and
nuclear industries. Initially,® gram was
planned for (i) advance desig a transmuter
including its componen luding conceptual
industrial design (ii oping coupling of
accelerator with t ctor (iii) studies related to
advance fuels f@:ansmuters (iv) studies and
investigation/of structure materials and heavy
liquid m echnology and (v) collection of
nuclearndata with required precision.

In@ lowing chapter, short description of
jor experiments conducted world over in
irection, predated or postdated to EURO-

Q‘RANS, is presented. To start with most of the
experimental facilities and the setups have uti-
lized existing experimental and calculated data
from the models and codes and reached to an
initial stage of realization. It is inferred that there
is need of new data for several materials with
better precisions and this is discussed in Chap. 4.
There is a need of development of new materials

for high energy radiation and for several strate-
gically suitable situations as well.

© Springer Nature Singapore Pte Ltd. 2019

I Mowing, several facilities emerged

er for pursuing experiments to fulfill

or
Q\'\%mem of the EUROTRANS are described.

6.1 FEAT and TARC Experiment

FEAT is short form of ‘First experiment for testing
energy gain in Energy Amplifier (EA) and
Transmutation’ as proposed by Nobel Laureate,
Carlo Rubia in the year 1994 [1]. Later in this
chapter, it will be seen that several experiments are
conducted mainly for the reduction of average life
of LLNW and hardly anyone for the study of
energy production from the fertile component of
the nuclear waste. Among several fission products
which have long life and high radio-toxicity, **Tc
and '?I can be transmuted to reduce to either very
low half-life or to become stable by way of neutron
capture or other reactions. Looking at the proper-
ties of spallation neutrons on passing through lead
(Pb), Rubia [2] proposed a new concept that neu-
trons in Adiabatic Resonance Crossing can be
utilized for absorption in a long-lived fission pro-
duct (LLFP) like **Tc (t,, = 2.11 x 10° yr) for
their Transmutation. It is abbreviated as TARC.
Spallation neutrons after multiplication in a large
lead block will have almost isotropic elastic scat-
terings and a 1 MeV neutron will suffer nearly
1,800 elastic collisions in its traversal length of
about 60 minside lead, and it attains kinetic energy
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< 1 keV which lies in the resonance energy region.
At5.6 eV energy, it can be allowed to be absorbed
in **Tc with a cross section ~4000 b compared to
the cross section being 20 b in case of thermal and
epithermal energy <1 eV. In fact, integral
absorption cross section in the resonance region is
~310 b, again a very high cross section compared
to the thermal, epithermal, and the high-energy
regions. According to the concept of ‘transmuta-
tion by adiabatic resonance crossing’ (TARC), a
neutron is contained in the large assembly for about
3 ms and finally it has high chance of absorption in
9Tc to transmute it to become '°°Tc (tip = 15.8 5)
which finally decays to '°’Ru (stable).

The TARC setup is an assembly of rectan-
gular lead (99.99% pure) blocks assembled
finally in cylindrical manner with size d X [ =

33 x 3 mz, and its axis is aligned to the bea
axis. Its weight is ~334 tones. Nearly
spallation neutrons produced by the proton be
on striking lead material inside a beam/o he

center of the assembly remain insi e dssem-
bly and in an area of radius 1 i, a region is

produced which is least aﬂ‘%:sﬁ y the back
ground neutrons reflected fro e atmosphere.

This is done by keepin

concrete shielding

A
N
%

from the reflected neutrons from the gro

by introducing 44-cm-thick steel in e

setup and the ground and introducinngrmayer
of B4C-rich cement in between,@minimizing

thermal neutrons. In Fig. 6.1y C setup is
shown with mention of its ‘dimensions [3]. For

the FEAT experiment, g§ Xie /c proton beam

far away from the setup. The setup is prot @
aﬁ?
e

extracted from theystandard” PS of CERN was
used. It was a bunched beam having intensity
3% 10-2 x 1 icles per shot.

] is used to simulate the spal-

FLUKA 0&
lation neutrBW\s;,) ctrum and transport of neutrons

up to 19: , and histories are recorded in a
file, igher than 19.6 MeV energies, transport
i %ﬂed using the EA Monte Carlo simula-
tion code specially written by the TARC group at

N [5]. In fact, TARC experiment was con-

“ducted for the validation of the EA code like that

CASCADE code was developed and validated by
conducting experiments with GAMMA and
E + T setups at JINR, Dubna. They will be
described later in this chapter.

Neutron database compilation [6] which car-
ries several data files like ENDF VI-4,
JENDL-3.2, JEF-2.2, EAF 4.2, CENDL-2.1, and

TARC LEAD ASSEMBLY I
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XL TT [ [T Lo
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1z X . ﬁ | 11+ .«Layew?
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|J =Layer 5
E | 56 / |Layer 4
: | | KW
: : S [ [T L[ Lo
i s | [ ] /‘/ < Layer 2
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§ i
y 3% :
|3 33m _J 50m .
Sidelview View along thelbeam direction

Fig. 6.1 TARC setup with mention of dimensions [3]



6.1 FEAT and TARC Experiment

BROND-2 for different energy ranges and for
specific materials has been utilized to prepare flat
cross sections. It is a state-of-the-art procedure of
utilization of data files after checking inconsis-
tencies and after processing the raw data by the
PREPRO code.

The TARC experiment takes care of the
inaccuracies of the nuclear data and the material
impurities whatsoever small, in the lead bulk.
The setup has 12 holes for instrumentation and
one big hole (d x [ =7.72 x 120 sz) for the
beam-related procedures. In Fig. 6.2, neutron
fluence measured using the *He neutron detector
in one of the hole positions is plotted with the
simulated data of the dedicated EA code for the
2.5 GeV/c proton beam colliding the setup.

the gamma from de-excitation of '%Tc to'“’R

6.2 n_ToF Experiments @
for Measurement of Crossz

/‘t
ANV

Section
Abbreviation n_ToF is com used for
‘neutron time of flight.” The ti flight con-

cept is applicable for detetmination of kinetic
energy, E of an object o S8, m. Thus, for a
neutron of mass, ny ng with non-relativistic
speed, v, its kinetic efmergy, E, (eV) can be
measured in ter 1me ¢ (us) taken in flight
length, L (W& the following relation after
rationalizatiblko units,

\\/

@\ :%mv (723/;)2 6.1)

—

T f 2T i
ransmutation rate o ¢ is deduced from “\Z\ his leads to energy resolution, (AE/E),

In Fig. 6.3, decay schemes of the three nucleitare
given. By way of detection of '""Ru by
gamma spectroscopy, rate of decay "Q’J}c is
deduced and it can be verified fro ilt up
rate from neutron activation of %Tc by the given
neutron spectrum in the activ@ position.
Similarly, experiments of ture rates of
long-lived fission produc and "I are studied
in the TARC setup. ‘ duction rates of >*°U
from >**Th and >2RuiMrom >**U are estimated in
the setup. Some offits results of actinides will be
discussed a%wit the results of GAMMA-3

and £ +[§X/ ments later in the chapter.

10-2 10-1 1 10 107

(AE/E) ~2 x At/t (6.2)
In case there can be uncertainty in measure-

ment of length, L also then Eq. (6.2) is written as,

AEJE = 2 %/ (At/t)2+(AL/L)2} (6.3)

In this case, position of start is defined by
L=0 and r=0, and they are assumed to be
measured precisely. If there is any difference in
time of measurement and time of start of the
projectile then corresponding correction will be
required. As we know spallation neutron sources

10° 104 10° 108 107

107

<2O

E «dF/dE tneutrt::ru’u:m2 for 10? protons)

Fig. 6.2 Neutron fluence measured at z = +7.5, hole
number ‘10” using the *He scintillator, ionization cham-
ber, and °Li/**U detectors (different for different

*He Scintillation
B *He lonization

© 5L Detectors
Monte Carlo

102 10-1 1 10 102
Neutron energy (eV)

10° 104 10° 108 107

n-energy ranges) described in Ref. [3] and the calculated
neutron fluence by using the MC code
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Fig. 6.3 Decay schemes of
9T¢, 199T¢ and '°°Ru
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are d{gl/whe accelerated particle beam, may

besele n, proton, or deuteron, etc., therefore,
' width will contribute toward At. For
Qj{ple, if there is a pulsed source of 100 ns
idth and a neutron time of flight is 11 m, then
attainable energy resolution is ~11.2%. Obvi-
ously, smaller pulse width and longer flight
length, L, are most helpful for attaining better
energy resolution which is required in resolving
the highly narrow resonance peaks of cross sec-
tions in resonance region.

100Ry

When a neutron is scattered by a nucleus on its
way or it may have a nuclear reaction, then the
scattered intensity / and incident intensity I, are
related with the macroscopic cross section of
scattering, ¥ = ¢ X n, by the following relation,

(6.4)

where n = number density and x = thickness in
direction of the incident particle.
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Thus, the total cross section ¢ can be written
as

¢ =1/(nx) x In ('7°> (6.5)

Here, I/l is the inverse of the transmission
coefficient, 1/T of the scattering material, and its
measurement provides total cross section ¢ of the
material. For having significant results of mea-
surement of resonance cross section, it is essen-
tial that number of scatterings in the pure sample
must be very large. This is possible with highly
intense neutron beam and/or large thickness of
the scattering material. Before starting an
experiment, thickness of a sample needs to be

incident particle do not take place in the give
sample.

For a material composed of several ismé§§,
denoted by j, denominator of Eq. (6 )\@be
substituted by X;N; in place of X;nj then
the total cross section in the itp e@g oup can

be written as,
1
o(E;) @@<T>
[

Wang et al. ve described the method of
measurement/of transmission coefficient using
ugron facility (PNF) with details.
1lity of cross-section measurement,

(6.6)

ing 20 GeV/c pulsed proton beam (each
carries 3-7 x 10'> protons) with pulse

idth of 7 ns is allowed to fall on massive Pb
target to produce spallation neutrons. On an
average, 300 n/p are produced for the given beam
power [8]. Other charged particles produced in a
collision are removed from the beam line by the
1.5 T sweeping magnet. According to Guerrero
et al. [9], neutrons produced from the spallation
target are moderated by borated water tank to give
a desired neutron spectrum ranging from
0.025 eV to 1 GeV energy. Energy resolution is
AE/E = 107*. The neutrons are collimated two

times in an vacuum evacuated length of ~ 1}%@
and to converge into a beam spot ofﬁi;iiiz
diameter; then they are allowed to ‘the
experimental hall of about 7.9 m length. In sev-

eral experiments, liquid C¢Dg sci tion detec-
tors are employed in two @ of prompt
gamma detection and theﬂn&%} detections. Its
setup is shown in Fig. 6,4% One can refer to
Tobias et al. [9] foryt! ﬁe;%ls of the detector. In
several expeﬁment@ RN n_ToF, capture
reaction yield ermined using Eq. (6.7).

Here, Y(E,) i nction of measured total (o)
and capture\@y cross sections that are deter-

mined eak fitting to the transmitted intensity
dat% eriment.

re reaction yield is given by the fol-

optimized so that several secondary scatterings Oig{ ing relation,

Y(E,) = u(E,) (1 — emnor(E) ") (6.7)

oT

Here, p corresponds to multiple scattering
correction, ¢, and ot are the capture and total
cross sections, and they are functions of E,-en-
ergy and determined by R-matrix formalism.

Neutron beam

Fig. 6.4 Two C¢Ds scintillation detectors (d x [ = 12.7

x 7.62 ecm?) placed across the neutron beam and above a
sample changer. The samples are put on kapton (canning)
foils spread on carbon sheet to avoid n-back scattering.
Each detector carries about 1 L of liquid scintillator (see
Tobias et al. [9])



¢

86 6 Major Experimental Facilities for Development of Accelerator ... :\

12000 here, J is the spin of the resonance state ? i
spin of the target nucleus, ¢ is potential ;

L, 9000} ing phase shift, and I' = I", 4-T',, is«theys of
'ﬁ gamma and neutron widths expresse eV. In
Lz shidk practice, values of E;, g, J and e accessed
2 from the theoretical data gi ughabghab
;3 I [12] for a large number o N%e\ and their iso-
3000 if Background | topes. Full width at ha a ima, I" can be
: determined from the a e peak and the peak

0 ztlm 4c'm 7 height, o, related by he relation, oy = ‘}(? gll:
Channel Number [0.5 ps/ch] which allow deterfnination of value of gl In

Table 6.1, da f measurements at CERN

Fig. 6.5 Neutron counts versus the channel number in  ,; ToF and F are reported with references of
case sample in or open. Background spectrum is also N .
several shown in the table.

jected [7]
projecte @\?‘% et al. [20] have presented results of
t S

ion experiments conducted from the

In South Korea Pohang Neutron Facility, PNF ¥€ar 1972-1990 using ToF facility at Oak Ridge
[7] normally uses a large diameter °Li—ZnS( g)\zES‘ectron Linear Accelerator (ORELA) including
scintillator (BC702) for the neutron detectioniby ~Some more recent measurements. Most of the
way of oLi (n, o) 3H reaction where both o and €Xperiments have shown uncertainty more
*H charge particles contribute towar %ﬁ{ion than >5% up to even 10%. In these measure-
of signal on falling on the ZnS Seifitillatdr. The ments, Doppler and resolution-broadened capture
signals are converted to electri ﬁdt by a PM  Cross sections were also calculated from the
tube. In the facility, two data-ac@sition systems ~fesonance parameters including self-shielding
are used, e.g., NIM fi -y separation and @and multiple scattering effects. The n_ToF
CAMAC for the sam e@\ger device and for facility at CERN is world’s highly placed facility
the digitization of th€ ‘stast’ and ‘stop’ signals. In  Of modern time and has longest path length
Fig. 6.5, transm@n pectrum of Mo sample ~185m, and it has high capability of
taken at the F 1s,shown along with the back- cross-section measurements with better accuracy.
ground ¢ A%zversed peaks correspond to the 0 particular, the facility has possibility of using
existenc} re¥onances. very thin samples and precision is ~6% in case

For { d%ermination of resonance parame- of averaged cross sections and <3.5% in case of

te smission spectrum is converted to resonance cross sections. Using the facility at
@ection versus neutron energy plot. CERN, Gonzdlez et al. have reported [22] pre-

Qarameters are deduced from the SAMMY code liminary results of a large number of resonance
10] wherein multilevel R-matrix was used with ~ CTOss sections 1i5nl the form 2‘;2 (& Vg;“? E, plots
Reich—-Moore approximation [11] using the fol- 11 case of Sm;03, Th, Bi (n, ),

lowing relation, 204:206:207.208py, and the fission cross sections of
235y, 238U, and 2“Bi nuclei.
2n r,r
oT :ﬁg{l —cos2¢<1 ~ 54 )
C(E —E (6.8)
—sin2¢ "(;_)} 6.3 IREN—Facility at Dubna

A new Time of Flight (n_ToF) facility, Intense
Resonance Neutron Source (IREN) is developed
5 to conduct experiments using gammas and neu-
g§= 2(2211++11) and width, d = [(E/l —E) + %) }, trons in the resonance energy region. It is located

E is the neutron energy and E; is
the resonance energy, g is the statistical factor,




Table 6.1 Resonances reported in various experiments. Sample details, energy range of measurement, rep

$
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number of resonances, finalized cross sections or the yield, and uncertainty are indicated ¢
Target, mass, size E,-range Number of resonances and Cross-section or kernel.! W
energy value %
38Ni, 2.069 g, 0.027- 51 resonances identified 11 peak CS measuredy, [13]
dx1=1991 x 072 mm*> 400 keV at energies 5-1 O (CERN)
with ~6‘72 erTorsh,
S3Ni (impurity of *°Ni) 0.025- 12 new + 1 *Ni Absorpti \e\ s [14]
200 keV me.asug&c 15\ (CERN)
151§m, 206.4 mg in SmyO; 1 eV-— 01 + several resonances at M} wel average, [15]
1 MeV E, = 490-550 eV identified 31 60 mb (CERN)
1805, 1.9999 g 1 eV- Several resonance peaks in ew barns to 100 [16]
1 MeV 100-200 eV range &b Tns (CERN)
209B;, 0.8— 21 resonances identifie 05\\ Resonance parameters [17]
dx 1=20 x 6.1 mm? 23.15 keV cross-section values g XM with <3% uncertainty ~ (CERN)
8, 20, 25 keV an h%u, and cross sections with
d@ ~ 6% uncertainty
232Th, 2.8037 g, 2 disks 3.994— 48, average %}w and high  0.958, 1.281, 1.097,  [18]
dia. = 1.5 cm 991.452 keV  energy r. rresponding  1.004, 0.912, 0.919, (CERN)
peaks 0.848, 0.817, 0.800,
0.787, 0.761, 0.729,
0.685, 0.613, 0.641,
N/ 0.566, 0.545, 0.513,
3 @ 0.497, 0.468, 0.456,
0.413, 0.365, 0.346,
] 0.318, 0.275, 0.248,
0 0.229, 0.220, 0.204,
0.192, 0.172, 0.179,
0.165, 0.158, 0.159,
0.156, 0.147, 0.144,
0.141, 0.140, 0.158,
0.154, 0.164, 0.178,
Q 0.179, 0.156 and 0.135
(all in barns), <3.5%
@ uncertainty
280, 6 1%, 22 eV- Several resonances Only yield [19]
53.90 x 30.30 mm?> 25 keV measurements with 2— (CERN)
3% accuracy are
Q reported
p (m, 0.2— Fission cross-sectional curve CS curve from ~ 0.1 [21]
1000 MeV to 2.4 b, CS are ~6% (CERN)
above the evaluated
data. Few resonance
peaks reported from 37
to 42 eV energy
B4 (n, 500-590 eV Several resonance peaks Resonance peaks [21]
reported from 500 to (CERN)
590 eV
24 Am (32 mg) 0.025 eV— Several resonances CS not reported [9]
1 MeV (CERN)
%Mo in 94.025(1) g of 0.01-200 eV 107.2 £ 0.8 eV CS not reported [7] (PNF)

natMO

(continued)
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Table 6.1 (continued)

Target, mass, size E,-range Number of resonances and Cross-section or kernel R er{rky
energy value o

%Mo in 94.025(1) g of 0.01-200 eV 44.75 & 0.01, 110.6 = 1.0, CS not reported Q] (PNF)

Mo 1185 + 1.0, 159.4 + 0.3 eV

%Mo in 94.025(1) g of 0.01-200 eV 114.7 £+ 0.4, 131.4 £ 0.1 eV CS not reporte [7] (PNF)

natMO 4

*"Mo in 94.025(1)g of 0.01-200 eV 71.2 & 0.1, 78.98 =+ 0.59, CS not re] }gg [7] (PNF)

Mo 109.09 + 0.84,1269 £ L.1eV

%Mo in 94.025(1) g of 0.01-200 eV 122 + 0.1 eV CSnot feported [7] (PNF)

natMO N

1900Mo in 94.025(1) g of 0.01-200 eV 97.2 £ 0.7 eV & not reported [7] (PNF)

natMO \

at the Frank Laboratory for Neutron Physics at

JINR from the year 1994 [23]. The facility is to

provide pulsed gamma and neutrons with pulse\gQ

duration of 400 ns and repetition rate to, be
150 Hz [24]. The gamma and neutron s es
can be used for the studies related astro-
physics, nuclear data, nuclear structufe,/symme-
tries and modifications of material$*Ac ding to
Meshov et al. [25], IREN is¢a ically devel-
oped facility at JINR Dubna ‘planned for variety
of experiments related ADSS including
cross-section measur r@ The facility is
planned to get an in%ueutron source from an
electron beam w@fa s on Tantalum like target
and converted i gamma which hits the
plutonium- d uranium core for conversion
and mulﬁic on of neutrons. In a way, neutron
source ﬁ\ai&gbcritical reactor without collection
0 Kt»-li{om nuclear energy. Its parameters are
@in Table 6.2. Its first phase is already
Q:mpleted in the year 2010 attaining neutron
tensity ~10'"' s™'. However, on attaining
higher neutron intensity ~ 10" s7', it will
become world’s number one facility. Its several
characteristic parameters such as mean neutron
rate and multiplication factor will be at least ten
times of the GELINA facility. With the existing
60 m ToF, cross-section measurements have
been made with high accuracy. Experiments such

as radiation resistivity of GaAs and Si detectors,
analysis of Boron content in Boron-containing
ceramics, and analysis of rare elements Pd, Os,
Ir, Pt, etc., content of gold-containing ore were

NV

co among its first experiments. In
Figy6.6, schematic view of neutron generation is
wn without n-ToF.

The facility has planned following measure-
ments of elements according to its priority list for
the neutron cross-section measurements and
covariance [27],

19 isotopes of actinides (cross-sectional
covariance, nubar covariance) in priority

235,238 239p .. 237 240,241

order: U, Pu; Np, Pu,
3 3 3

241242m243 p . 2327y, 233.234.2367) 238,242

242,243,244,245 Cm

34 structural, moderator and coolant materials
(cross-sectional covariance) in priority order:
160, 2Na, S2Cr, *Ni; 'H, '’C, 2%si,
9091.92.947,  206,207.208pp,  209p:  4ppe 67§

9 10 15 19 27
Be, B, N, F, Al,
155.156.157.158.160G5 - 166.167.168.170p,.

56,57
> 'Fe,

6.4 TRIGA

TRIGA stands for Training, Research, Isotopes,
General Atomics. Historically, General Atomics
(GA) has been pioneer manufacture of fuel rods
containing hydrogen in the 1950s. The GA
metallurgists perfected making fuel rods of ura-
nium-zirconium hydride (UZrH) as tough as
stainless steel and corrosion-resistant fuels. Thus,
its use was extended in the 1980s by designing
and developing proliferation-resistant fuels

N\
Y&
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Table 6.2 Planned Parameters Design Stage 1 (year 2010) q/@

parameters of the IREN P

facility [25] Electron energy (MeV) 200 30 P \
Peak current (A) 1.5 3.0
Beam pulse duration (ns) 200 100
Repetition frequency (Hz) 150 25 =50 O
Average beam power (kW) 9.0 0228, i 0450
Multiplication target Pt ultiplication)
Average neutron flux (s™") 1.16 x 10" ,)C) x 10"

N
: . , O~

Fig. 6.6 IREN facility to S A A\‘ ) -

have several neutron channels R 4 “

for experiments [26] y N 2nd floor

Electron gun 4 \/

Accelerating section N&)\
N
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- Magnetic

3 @ i
1 \ ] a 4 spectrograph
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having low uranium content. In a way, TRIGA low-power reactors ranging in between 0.1 and
provides inherent safety than engineered safety 16 MW. Some of them are pulsed reactors of
by way of external design factors. high power also. TRIGA International is a joint

General Atomics has installed 66 reactors in venture company with CERCA of France which
universities, institutions, industries, and medical manufactures and sells TRIGA fuel [28] to
facilities in 24 countries. They have produced research reactors. GA has pioneered its scope of
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research in material production, defense, material. In this experiment, UCN density is
unmanned spacecrafts, and fusion education observed decreasing with time due to de /yi/
outreach, etc. In Fig. 6.7, fuel rods, special cus- )Q\
tomized structures made with SiC materials with S
required geometries, and neutron reflectors like 6.5 KEK Setup
graphite and Zr3Si, for better fast reactor effi-

ciency are shown. GA has worked for several Japan’s special attention or\gesearch with spal-
computational tools such as TRIGLAV [29] for lation neutrons started ta h hape in the year

burn-up calculations. 1999 [32-34] wbecj Atomic Energy
e

TRIGA performed several innovative experi- Research Institute {JAERI) and High Energy
ments for the development of reactor fuels and Accelerator arch Organization
validate the developed software packages. (KEK) plan spallation source of 1 MW
A 250 kW light water pool-type reactor TRIGA  proton bea\ijn ection with 3 GeV of proton
Mark II of Ljubljanawas has been developed by energyw LA of current with pulse dura-
GA [30] using the TRIGLAV calculation tio z in which two 100 ns bunches are
package. i ':% with 400 ns interval. Beam power

Pulsed TRIGA reactor at Mainz has been kW is already achieved in February 2017.
utilized to develop ultra-cold neutro!%\e spallation target is assumed to be Mercury
(UCN) source. The thermal neutrons are coged (Hg). Monte Carlo simulation studies [35] are
down to 6 °K. By putting the converter clos planned with combined NMTC/JAERI and
the reactor at d ~ 39.5 cm, UCN s r%q/ate MCNP. The design is unique from the point of
~ 178,000 UCN per reactor pulse i ieved in  crossing target and moderator system. In fact, it
the experiment. Maximum de(nsit achieved was is termed as Target-Moderator—Reflector
550,000 UCN per pulse [31]. As already known, (TMR) system. Liquid hydrogen is used as the
a cold neutron may provide its'bétter decay rate moderator flowing in reverse phase to the flow-

which is demanded in seyeral cosmological ing Hg target and heavy water (D,0O) as the
studies and even in icle” physics. The UCN  reflector [34]. Stainless steel SS316 is used as the
itself is likely to ide a source for the new container, and its related issues of radiation

neutron spectrosé@py in place of scalar optics, damage have been studied in case of other such
and it has high importance over the scalar optics facilities. The facility named as ‘J-PARC 1 MW
as a nelyo\n/ ighly penetrating in bulk of a pulsed spallation neutron source JSNS’ is

Fig. 6.7 Advance materials as fuel rods (left), structured geometries of special materials like SiC (middle), and neutron
reflecting materials such as Zr;Si, (right) [28]

€

Q
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Fig. 6.8 (Left) TO neutron chopper (right) ToF spectn{ghsfintensity of the pulse by shortening the path length
an

for operation frequencies f=25, 50, 100, and :off’
modes. Use of a chopper has an advantage of inc;ea&'ng

successfully launched in May 20
Besides, the center caters severa
activities such as neutron detec
devices, *He neutron spin filters,/and choppers
with high performanc material science
research. With a n mopper, finer neu-
tron bunches/burs e obtained with the
change of the e frequency as shown in
Fig. 6.8.

At the C, cold neutron facility is also
developéd byygradually thermalizing neutrons in
having temperature gradient from
less than 80 °K followed by cooling in
environment up to 1073 °K [37]. At low
emperatures, neutron momentum is transferred
y way of phonons. At this stage, UCN are
extracted in vacuum up to the cryogenic window
placed in a superconducting magnet for the
purpose of polarization. Various experiments are
conducted with the UCN beam so attained.

In place of a reactor to be a neutron source,
attempts are made for a spallation neutron source
to be utilized for producing the UCN as shown in
Fig. 6.9.

For the neutron scattering experiments,

wherever focused neutron beams are required,
achromatic focusing optics is important, hence,

d cutting down transport losses [36]

the ‘focusing mirrors.” The purpose of the
focusing mirror is to provide narrow area focus
of a beam of wide energy range. This is achieved
by depositing NiC/Ti on quartz glass. A wide-
band neutron beam with wave length /1 = 3.64 A
is focused within 0.25 mm in an attempt made in
this direction.

6.6 BFS Setups

According to Russian language, BFS stands for
‘Bol’shoy Fizicheskiy Stand’ means ‘Big Phys-
ical Facility’ in English language. In the year
2009, Russian federation started a plan of
development of Generation IV reactors. Thus,
under the ROSTAM 2009, Russia Government
decided the following plan to develop next gen-
eration nuclear energy technology on the basis of
fast neutron reactors with a closed nuclear cycle
[38]. Three critical assemblies, BFS-73-1,
BFS-75-1, and BFS-76-1A, were created in
BFS-1 and BFS-2 facilities along with
BFS-109-2A created at IPPE, Obninsk recently
in the year 2012.

The BFS-1 had become critical in the year
1961, and it was upgraded recently in the year
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Fig. 6.9 Production of UCN
by gradual moderation of the

spallation neutrons [36, 37] experlmental
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2016. It is likely to continue foré ne
ade. The facility was designed t

mock-ups of research and wer reactors
(Etherm to 1,000 MW) different types of
fuels including the f 1 and coolant (Na,
Pb, Pb-Bi, water, @!\U air) and various core
and blanket layQ for conducting research for
neutronic characteristics of critical assemblies. It

is a Vertl m with size being d x [ =
g an experimental opening of
ter 5 mm. Its critical parameters are
able 6.3.

0W1ng experiments have been conducted
Qt the facility,

1. Mock-up of IBR-2, BOR-60, and BN-350,
MBIR, SVBR fast Russian reactors as well as
foreign reactor mock-ups have been studied.

2. Studies to justify reactor safety of sodium- or
lead-cooled fast reactors and VVER-type
reactors are conducted.

3. Performed experiments for verification of
techniques and specifications of neutron data
as well as computer codes for the neutronic
characteristics of fast and VVER-type
reactors.
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4. Experiments on safety justification of the fuel
cycle and geological disposal are performed.

BFS-2 is a larger version of BFS-1 critical
facility having size d x [ =5 x 3.3 m?, about
10,000 fuel tubes carrying fuel in the form of
disks. Its power is 1 kW compared to 0.2 kW of
BFS-1 facility. Its maximum neutron flux density
is an order smaller than BFS-1 and reflector and
coolant same as that of BFS-1. Fuel enrichment
proportions are similar as that of BFS-1. Power
of the reactor facilities has been 3,000 MW than
1,000 MW of the BFS-1.

The setup of BFS complex has been used for
several experimental studies under commission-
ing agreements with the USA, China, Korea,
France, Japan, India, and other countries.

6.7 MUSE and YALINA Setups

A comprehensive MUSE program (Multiplication
with an External Source) was started at the
MASURCA facility in Cadarache, France [39],
where a neutron generator consisting of a deuteron
accelerator and a tritium target was coupled to a
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Table 6.3 Key technical parameters of the BFS-1 facility

Characteristic

Power

Moderator for simulated light water reactors
Simulated coolant

Reflector

Fast neutron flux density, max.

Core cooling

subcritical core. Major part of the program was
devoted to the investigation of methods for reac-
tivity determination, pulsed neutron source meth-
ods, neutron noise methods, and the source jerk
method. Some neutron statistics experiments such
as fission rate distributions and spectral distribu-

Parameter

0.2 kW @V
Distillate, boric acid solution, polyethylen h

Na, Pb, Pb-Bi, water, gas
U, UO,, Pb, Pb-Bi, steel, etc. N\

10" cm 2 7!

Natural convection or forgsc}’g@ng

e, frap

i

\/

The facility/is €onstructed to validate and test
a possible onl\in\ eactivity monitoring technique,
and its b%)s}e;ﬁ’ is a subcritical fast and thermal
core/,/fcz)hp d to a neutron generator. As in
M j, the generator in YALINA is an
aecélerated deuteron ion colliding with Ti target

tions have also been performed. In the beginning /\mgproduce 14 MeV neutrons. The deuteron ion
in year 1996, Cf neutron source was used for “can be in pulsed or continuous mode; hence, the

triggering. Later in the year 1998, genereit{)r
GENEI 26 (Generateeur de Neutrons Intehse) was
used. Its repeatability rate and wide plﬁ;hxid):mt
allow precise measurements. Thus,¥in
MUSE-4, GENEPI-1 (GEnéfaeut~dé Neutrons
Pulsé Intense), deuteron sharpibqlse\ (1 ps, 50 mA
peak current) was used tg"preduce 14 MeV neu-
tron pulses with high, ‘wepéatability rate. The
facility was used fo@mducting several experi-
ments during 2 2;;04\and finally dismantled in
the year 2007¢ \

4

Simil I }f,\@\{}he 6th EU framework, European
researc%fp;gydm for transmutation of high-level
nucle@g ;asfe by way of an Accelerator-Driven
SySteniy*IP-EUROTRANS was started. Under

/(hish,/activity, a zero-power subcritical facility,

\{Y ALINA was installed. It is located at the

Joint Institute of Power and Nuclear Research
in Sosny outside Minsk, Belarus. Although
YALINA does not fulfill the conceptual design of
a future ADSS, yet, the neutronics of the subcrit-
ical core is an interesting feature as it can be
applicable in both fast and thermal systems inde-
pendent of the type of neutron source. The success
of construction of the facility can be assumed as a
necessary step toward a full-scale ADSS from the
point of understanding the behavior of subcritical
cores and the coupling between the main com-

ponents, the accelerator, the target, and the core.

neutron yield to be pulsed or continuous. As an
example, in continuous mode, 1.5 mA current of
the deuteron projectile can produce ~ 10"
neutrons/s.

Both lead zone and the thermal polyethylene
zones are shown in Fig. 6.10 with the Ti target in
its center. The lead zone is termed as the booster
of the primary neutrons produced by Ti target. In
the innermost part of the lead booster, UO, with
36% enrichment or metallic uranium with 90%
enrichment is acceptable as the alternative. Fur-
ther, the inner fuel configuration is surrounded
by 36% enriched UO,. This is also known as the
outer booster. Outside the rectangular configu-
ration as shown in the sectional view, the thermal
zone is loaded with UO, with 10% enrichment
and the polyethylene (C,H,) assumingly a better
moderator than heavy water. The two zones are
separated by a thermal neutron filter or a valve
zone of 108 pins of natural uranium and 116 pins
of borated carbide, B4C located in two outside
rows of the fast zone. The thermal neutrons
migrated from the thermal zone will be absorbed
by the boron or "*U. Thus, the coupling of fast
neutrons between the zones is maintained. The
B4C rods inserted in the thermal zone allow
change of the reactivity of the system. Positions
of extra control rods are also shown in Fig. 6.10.
All the zones are enclosed inside the graphite
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Fig. @ schematic view of YALINA booster reactor core with possibility of fast-thermal neutron flux zones [40]

Qﬂector. The experimental channels are marked
ith EC or MC. For details, a reader is advised to
follow Berglof et al. [40].

In Table 6.4, data of criticality, k. estimated
using MCNP code is shown for different loading
configurations of the fast and thermal zones. It is
understandable that high criticality and small
criticality conditions can be achieved by changing
configurations of the two zones. Effect of insertion
of control rods is also studied. It may be pointed
out that except the enrichment details of subcrit-
ical core, SC6 all other zones were studied by
inserting controlled rods or without control rods.

We understand that changes in a reactor are
quantified by the reactivity. A critical reactor has
zero reactivity, a subcritical reactor has negative
reactivity, and a supercritical has positive reac-
tivity. Reactivity is measured in units as pro cent
mille (pcm) and defined as, p

(6.9)

Assessment of k. may be done from MCNP
code using its KCODE option. Reactivity mon-
itoring techniques have been described in Refs.
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Table 6.4 Enrichment

Expecte(yt/ /

= Zone Inner Outer booster ~ Thermal zone
conditions of the booster booster %
zones of subcriticality and - \
number of fuel pins, and Enrichment level 90% 36% 36% 10% ~
expected criticality, k. [40]  SCO 132 _ 563 1141 0.9 -

SC3a - 132 563
SC3b - - 563

1077

&

1090 \2\ 950

SC6 - 132 563 726 0.850
AN

[40-42] and a according to the references, a
neutron or a pulse of neutrons is introduced in
the system which will give rise to prompt neu-
trons, say A, and later delay neutrons are emitted
and they may be called say A4q. An integral view
of A, and Ay measured with the help of detectors
installed in the booster system can be used to
measure the reactivity.

6.8 GUINEVERE and VENUS-F Setup
/ \\ 4

GUINEVERE stands for ‘Generqtor%%&ﬁter—
rupted Intense Neutron at the leécf Venlfs Reac-
tor.” It was launched in the yg%a&b()()/ to operate
with VENUS-F reactor at SCKACEN site in Mol
(Belgium). In this setup [#3])a reactor is coupled
vertically with GENEPI-3Cfeutron generator to
operate in both /u% and continuous modes.
The GENEPI-3 \mac\ ine is 250 kV deuteron
accelerator with a opper target with titanium-—
tritium  ( 'T)\/\f)}/ titanium—deuterium (TiD) de-

4

posits p;yde 14 MeV or 2.5 MeV neutrons
follovging; (d, n) “He or D (d, n) *He reactions,

re$peetively. The machine is different to MUSE
~fromsthe point of pulse size as well as being in
“(Continuous mode. In its DC mode, the beam can
also be used in beam-trip mode. The beam spot
size is 20-40 mm diameter, and intensity of
produced neutrons would be ~35 x 10" n/s.
The VENUS-F core consists of fuel assembly
(FA) arranged in a cylindrical geometry
(~80 cm in diameter, 60 cm in height) has fuel
~30% 2*U-enriched metallic uranium. In the
setup, the core neutrons will be moderated and
reflected with solid lead (zero-power experiment)
and all experimental details have been discussed
by Baylac [44]. In a way, it is a prototype of
MYRRHA innovative ADSS. Particularly,

4 /\\‘ >
GUINEVERE has ‘éijf/{/em'\c\al coupling with a fast
reactor cooled by-leads’

Thus, as B&\I\:z{f out above, the GUINEVERE
setup is design\ to provide a unique experi-
mental W\With continuous beam coupled to
fast gubcriti€al assembly for providing results for

the fi 1§iwing research themes,

Pa

\Y
a /\\(i) validation of the methodology of measur-
\\\

ing the subcriticality level,

(i1) investigation and validation of the opera-
tional procedures for a future ADSS,

(iii) validation of neutronic codes, and

(iv) safety and licensing issues related to a fast
spectrum of an ADSS.

PURNIMA and KAMINI
Experimental Reactors

6.9

PURNIMA is abbreviated for Plutonium Reac-
tor for Neutronic Investigations in Multiplying
Assemblies. PURNIMA-1 was built in 1970s
[45] by BARC, Trombay, India, as India’s
zero-power reactor fueled with plutonium oxide
as its first experimental setup. Design of its fuel
pin is shown in Fig. 6.11. The fuel pin carries
PuO, pellets of 1 cm diameter tightly sand-
wiched between 8-cm-long molybdenum reflec-
tors on both sides. Total length of fuel pin is
41 cm.

Isotopic composition of fuel by weight per-
centage is 2 Pu:**°Pu:?*'Pu::95.75:4:0.25%.
A detailed report of the setup is given by Basu
et al. [46]. The setup was made critical at criti-
cality = 1 at temperature 25 °C. With the given
source intensity ~1 X 107 n/s, fission rate is
estimated to be 3.3 x 10'%  producing
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8.2 x 10" n/s. Due to the fact that source neu-
trons are at the periphery of the setup and fission
neutrons are in the core, then the criticality will
be somewhat reduced for the reactor power of
1 W. At 25 °C, criticality is deduced to be
1.00039 =+ 0.00441.

PURNIMA-2, a thermal reactor, had reached
criticality in May 1984. The reactor was fueled
with uranyl nitrate solution (98.1862 weight
percent of 23U in *¥U0,(NO3),) and beryllium
oxide (BeO) as reflector. About 400 g of fissile
233U produced in India was burnt in the reactor.
This is purely an Indian reactor for the experi-
mental activities like measurement of critical
mass as a function of concentration of the solu-
tion, reactivity for various safety devices, and
measurements of void and temperature coeffi-

configuration, other experimental details and
evaluations can be seen in Refs. &[4(7—49\].
Cross-sectional view through the ce;xte/f\()ﬁ/the
reactor is shown in Fig. 6.12 [49] wfth/all its
components and channels. )

The uranium concentration uséd for the given
configuration was 116.6 g/L foracritical mass of
457 g. The reactor was/ triggered by **Cf of
strength ~ 10° n/s. Sut}sehue/ntly, the reactor was
made critical wuh t((amum concentrations of
103.8, 90.9, 81. 5\/70 7, and 60.5 g/L also. It is
also planned’[o/be tnggered by d-t neutron source
[50]. Thds,th€ PURNIMA-2 reactor was
decomniissiqried to produce PURNIMA-3 which
became cntlcal in November 1990, and subse-
quenﬁy, it paved way of design of KAMINI
“tedetor.

KAMINI stands for KAlpakkam MINI, a
zero-thermal-power reactor based on >>*U fuel
(uranium—aluminum alloy) and moderated by
light water and BeO being its neutron reflector. It
is situated at IGCAR, Kalpakkam, an atomic
power research center of Department of Atomic
Energy, India. KAMINI became critical in
October 1996. Figure 6.13 shows a schematic
diagram of the reactor. The size of fuel assembly
is] x b x d=275 x 66 x 66 mm> having fuel
plates each of size 260 x 62 x 2 mm® and
wrapped in aluminum frame.

%611

cients of the reactivity. Details of the designy/

6.10 BRAHMA Subcritical FaC|I|ty/ % /\

\/

at BARC 1)
¢ 4 \\ V4
// 3 N\ v
Sinha et al. [52] have reported progrésé/ of con-
struction of a subcritical assembly*developed at
BARC, Trombay, with the objéetiye of testing
criticality of different fuel‘%\aﬁd dynamic and
static features of neutrcmms of ADSS. The
facility is driven by &1/dd neutron source;
hence, coupling of fan accelerator may be vali-
dated. So far prejlmmary results of flux and
reactivity meh urements using pulsed neutron
source techmq have been obtained and they

are presemed/m the article by Sinha et al. [52].
\

K ‘ )
p
/

GAMMA Series of Experiments
at JINR, Dubna

N

At JINR, Dubna, a large number of experiments
are conducted by producing neutron spectra in
collision of accelerated particle with a spallation
target. Such neutron spectra are allowed to fall on
a sample to produce a nuclear reaction. Several
energy neutrons of the spectrum can produce a
desired reaction, and the reaction rate is mea-
sured using the gamma spectroscopy. Cross
section, ¢ of a reaction can be derived from the
reaction rate, R = o x ®, where ® is the incident
particle flux expressed in units as n/cm?/s and ¢
in cm?. In case of particle flux corresponds to a
given energy spectrum in place of unique energy,
cross section is known as an spectrum average
cross section (sp. av. cs.) [53] and given by

Ospav = 20iP;/Z; (6.10)
and the flat cross section o; of the ith energy bin
in between E and E + dE is given by,

oi = [o(E

For the calculation of oy, ,, from Eq. (6.10),
data of cross section, ¢; corresponding to neutron
energy can be taken from the ENDF files if it is
available at the given energy. For discretely
available data, first flat cross sections are

)dE/ [dE (6.11)
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zig. 6.12 A vertical cross-sectional view of the reactor through its center [49]. All dimensions are in mm

calculated by dividing the entire energy range
into a number of groups as shown by Eq. (6.11).

As an example flat cross sections obtained
from the evaluated data of ENDF/B V.8 data file
of Th (n, y) reaction are plotted as function of
neutron energy in Fig. 6.14. Thus, for a given
neutron energy, ‘spectrum average cross section,’

Osp.av are calculated [55] from the flat cross sec-
tions obtained from standard PREPRO software.
A series of GAMMA experiments have been
performed using different neutron energy spectra
by varying proton energy or by changing medium
in between the spallation target and the sample
which moderates the spallation neutron spectrum.
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Qig. 6.13 KAMINI fuel and reflector assembly shown with three beam channels [51]

6.11.1 GAMMA-2

lead target of dimension, 2R X L =8 x 20 cm?.
The lead target is covered with 6-cm-thick layer
of paraffin (CH,), moderator. As calculated,
1 GeV proton will not lose its entire energy

It is a setup where spallation neutron spectrum is
produced from the impact of 1 GeV proton with
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Positions of samples are shown in the
following,

I—>  **Thsample (size 32 x 2.5
0.00015 cm?) placed at the interface of paraffin
and Pb at z = 25,

O—» '"“Au-sample placed at z ~ 20 cm on

the outer surface of the paraffin,

@—> **’Bi-sample placed at z ~ 20 cm on the

outer surface of the paraffin,

GAMMA-2 setup showing lead spallation target inside the paraffin layer with proton beam impact on the left
ctivation sample of Th placed on lead and others on the paraffin surface is shown [55]

0 —» '"’In-sample placed at z ~ 20 cm on
the outer surface of the paraffin,
O— *°Co-sample placed at z ~ 20 cm on the
outer surface of the paraffin,

H— '®'Tasample (1.6 x 1.65 x 0.0431
cm®) placed on the outer paraffin circular face of

upper paraffin dee at r =4 cm, z = 32 cm and
0 = 20°.
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Qe

by way of ionization loss in passing through
20 cm length of lead including layer of paraffin
in the situation that no nuclear collision takes
place. In Fig. 6.15, lead + paraffin setup of the
target is shown with proton beam striking at the
left-side end of the lead target. In the lower part
of the figure, a realistic experimental setup with
the positions of different activation samples is
shown.

The experiments are conducted to estimate
neutron fluxes in different positions of the setup.

Incident proton beam distribution on the left
end of the lead target at different radial distances
is estimated from the Al-monitor detectors using
the 2’ Al (p, 3pn) **Na reaction. The Al monitor is
placed at —60 cm distance from the left end of
the Pb target. Using y-spectrometry of the acti-

vated Al foils, activity of the **Na yield is estis/

mated to conclude intensity of beam which
comes out to be 1.09E + 09 proton%/% for the
irradiation time of 5.4836 h [53]. @ smg/the
CASCADE code ver.04 [54], neutroﬁ flux in
(a) longitudinal position of 222Th (b) ] moderated
neutrons in positions of four, act}vanon samples
on cylindrical surface, and (c) mederated neutron
on the forward face at the) position of '8!Ta
sample are smulat;;d/for the incident 1 GeV
proton beam and glvsn in Fig. 6.16a—.

Using the croég%ectlon data of (n, y), (n, 2n),
and (n, 4n)/1‘egct10ns from the ENDF VL8 data
files, neutfon fwX is deduced from the measured
reactiony ratgs/ Details of the experiment and
reaction rates are given in Ref. [55], and some of
the results are summarized in Table 6.5. It may
4/ /be inferred that

(i) Incident neutron flux on a sample in its
given position is closely similar when esti-
mated using the two reactions, e.g., (1, y)
and (n, 2n) in case of 2327,

Neutron flux is found to be in decreasing
order when compared at axial position of
four activation samples and at the forward
face of the paraffin cylinder.

(ii)

At the end face of the setup where '®!'Ta
sample is placed, several remnant beam protons

y
/

also produce reaction '*'Ta (p, pn) "*°Ta. Cbré / \

rection in the neutron flux correspondin <fo thp
(n, pn) reaction for producing '**Ta is esti ated
[53]. Based on the neutron spectrum éstifnated as
above, Adam et al. [55] have deduCed ‘spectrum
average cross sections’ for aslarge/ number of
reactions including high- ordcr/(n xn) reactions
with x = 3-9 and severa}\other reactions. They
are given in Table 6. 6.

6.11.2 GAﬂ@nﬂi\é‘s

The exgéun;ental setup GAMMA-3 provides a
neuron, flux produced by collision of 2.33 GeV
deuix\on beam with the lead target (size d X [ =

 Six 60 cm?®) which is subsequently moderated

4 by the big block of graphite [56, 57]. The
experiment was conducted at JINR Nuclotron for
comparing with the results of TARC experiment
[58] where n-flux was moderated by a large block
of lead. The setup is different to the GAMMA-2
from the point of beam and the moderator.

GAMMA-3 experimental setup is shown in
Fig. 6.17 where the graphite moderator of size
1.1 x 1.1 x 0.6 m® is made of 25 blocks of
different sizes and the setup carries several
experimental holes like ‘a’, ‘b,” and ‘¢’ partic-
ularly marked on the setup. In the middle,
spallation target is placed and marked with let-
ter, T. Sizes of holes ‘a’, ‘b,” and ‘¢’ are d X
1=14.6 x 29.6 cm’, 8.8 x 363 cm>, and
15.4 x 34.1 cm?, respectively. In Fig. 6.17,
cylindrical structure carrying experimental
pockets for placing samples are shown and the
similar cylinders are placed inside the holes ‘a’
‘b, and ‘c’. Hole ‘@’ is closest to the target,
T. Geometrical details of the setup can be seen
in Ref. [56, 57]. Samples of "*U were placed in
two holes ‘@’ and ‘b’ only. Uranium and tho-
rium samples were irradiated in the form of
sandwiches of three very nearly identical foils
as Th-Th-Th and U-U-U, and this arrangement
has an advantage of accounting for the recoiled
residual nuclei produced in the middle foil.
Diameter of each foil is 15 mm, and mass of
middle U and Th foils are 0.1723 and 0.0931 g,

N
N

N\
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respectively. The total masses of the sideward
"ty and **Th foils are 0.334 and 0.1763 g,
respectively.

In the year 2007, spallation Pb target of the
setup was irradiated with 2.33 GeV deuteron
beam for 25h 17 m and intensity of the
beam was monitored by the reaction 2’Al
(d, 3p2n) **Na with the Al foils of thickness
6.95 mg/cm”® and diameter 20 cm which was
installed at a distance of 3.1 m from the center of

(¢) moderated neutrons on the outgoing forward face at
the position of '*!'Ta sample [54]

the lead spallation target in between the beam
pipe and the spallation target. From the gamma
spectrometry of Al foil, integral number of deu-
terons reaching the Pb target is estimated to be
N = (1.704 + 0.103) x 10",

Monte Carlo code MCNPX v 2.6.C was used
[59] for simulation of (i) production of neutrons
in collision of 2.33 GeV deuteron on the lead
target and (ii) transport of neutrons through the
graphite setup. As mentioned earlier that the
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Table 6.5 Neutron flux deduced from the measured reaction rates [55] and average cross sections from the EN
compared with the values obtained from the CASCADE code [54]

S. Surface, sample Nuclear
No. reaction
1 Interface position, 232 232 (n, y)
233
227 (n
2n) #'Th
1974 (n,
2n) 5Au
1974 (n,
4n) *Au
1817y (s, 7)
182,
181y (i,
2n) '#0Ta

2 Outer cylindrical surface of
paraffin, 197 Ay

3 End circular face, '®'Ta

Table 6.6 Spectrum cross
sections {o ) of different
reactions deduced from the
measurement of reaction
rates, R [55]

Reaction
197 A4 (, 7) 198 7 A
197 Ay (n, @) " r\/
197 Au (nf ) lPt
197 Au ’@2 Au
197A@n) 1914,
YAu (n, 8n) P°Au
; (n, o) >°Mn
“9Co (n, 2n) 3Co
3Co (n, 4n) 3°Co
Co (n, 5n) 3Co
29Bi (n, 6n) 2**Bi
209Bi (n, 7n) 2*’Bi
209Bj (n, 8n) 2*Bi
299Bj (n, 9n) 2°'Bi
181 (n, pn) 180myye
181, (n, 4n) 178ml,

18172 (n, 5n) "'Ta

/\/@Q
S
O
<

232Th samples were irradiated in all the three
holes, namely ‘a’, ‘b,” and ‘¢’ while the samples
of "™U were irradiated in holes ‘a’ and ‘b.” All
the details of their positions as shown in
Fig. 6.17 are included in the simulations. The
results of simulated neutron flux falling on the
two samples are given in Fig. 6.18. It can be seen

<o> ® = R/c (n/em’/s) ~ CASCADE NV
(n/em?/s) [
648 mb 150 £ 0.09 x 107 146 @
0253b 1444033 x 107 \2\
N
0.12b  0.746 % 0.023 x éfm x 107
0.055b 0.577 + 0%&7
113 b 1.2@9 x 10°  1.43 x 10°
N
A
0.612 b N 06) x 10°

v

E, (keV) Egq (MeV) (o)

411.80 0.0 26.9 +£0 67 b
328.40 ~0.0 7.72 £ 0.05 mb
538.86 4331 241 + 3.7 mb
316.50 38.92 33.67 £ 1.1 mb
586.45 45.99 29.63 = 2.0 mb
295.80 55.04 08.83 = 0.14 mb
846.77 0.0 3.46 + 0.16 mb
810.81 10.63 98.0 + 2.69 mb
846.77 30.92 1.70 £ 0.12 mb
931.50 41.18 0.33 + 0.06 mb
899.17 38.13 19.72 & 0.36 mb
820.33 4536 17.05 & 0.31 mb
960.66 54.29 11.82 + 0.21 mb
629.14 61.71 10.27 & 0.21 mb
332.28 5.98 0.53 + 0.004 b
426.38 2227 0.304 £ 0.013 b
112.95 29.17 0.130 = 0.006 b

that there are humps of neutron fluxes at both
low and high energies. Spectrum at low energy is
pronounced because of the fact that a large
number of neutrons are moderated in the graphite
and fall in the thermal region. It may also be
noted that at all energies, neutron fluence
decreases from hole ‘a’ to hole ‘c’ because the

¢

%‘5\
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Fig. 6.17 (Up left) Graphite
moderator block with
spallation target at the middle
and carrying several
experimental holes (up right)
packing cylinder having
sample pockets and (below)
positions of the samples on a
cylinder fitted in a hole. "™'U
is placed at —9° and ***Th at
+9° from the center of the
front face of the cylinder in
the back of the circles [56]

distance of holeQ: &m the center of the Pb
t

target is smaller that of the hole ‘c.’

In Tabl , results of reaction rate, R, both
experimental and calculated [56], are given for
the threésexperimental holes a, b, and c.

After.a complete analysis of "‘U sample irra-
d in holes ‘@’ and ‘b,” 11 fission products,
Qamely 8BSy 93y Mo 103Ry. 105Rp 131
32Te, 1331, 140Ba, 141Ce, and '“3Ce were observed.
Also, 239Np is observed as a product of 238y (n,y)
reaction and >*’U as a product of 28U (n, 2n) re-
action occurred in the "U sample. Similarly, in
case of ***Th sample irradiated in the hole ‘a,” six
fission products, namely 85 "Kr, 99M0, 13 II, 13 3Xe,
13 5Xe, and '*!Ce are observed. Also, 233py product
corresponding to ***Th (n, y) reaction and **'Th
product corresponding to >**Th (1, 2n) reaction are
observed. In case of ***Th in the hole ‘b° only four
fission products 85““Kr, 99M0, 1311, and '""'Ce are
observed along with **Pa and **'Th. Lastly, in

case of the hole ‘c,” only %Mo is observed as a
fission product and ***Pa as a product of ***Th (n,
y) reaction. This shows that as we go farther from
the spallation source more and more, moderated
neutrons have lesser probability of fission reaction
to happen with >**Th, partly due to lesser neutron
energy and lesser available amount of neutron
fluence. Similar inference was also drawn with
the help of data of reaction rate, R given in
Table 6.7.

Using the data of reaction rate, R (A,, Z,) of
(A,, Z,) product, transmutation power of a system
as derived in Ref. [4] can be written as follows

A,
P(Ar,Zr) = R(AraZr) 'NdA_tiIT

t

(6.12)

Here, Ng4.tix = Np (an integral number of
deuterons). On normalizing to 10° beam parti-
cles, one can write
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Fig. 6.18 (Up) Simulated 10"
neutron flux (n/cm?/deuteron)
at the positions of ***Th
sample (on left) and "*U 10
sample (below) in holes ‘a’,
‘b, and ‘¢’ [56] 3
9 10
=
=
£ 10"
]
=
-5}
= 10°
10°
107
10-11
10-1 \b
nat —a— hole 'c'
-‘k U —— hole 'b'
107 —w— hole 'a’

10°
Q/ 107
10" 10° 10° 10 10’ 10
<>Q E (MeV)
Q o P(A,,Z,) 1. Transmutation power in case of (n, y) reaction
Prom(Ar, Z,) = 10 TNy (6.13) for 2*Th and ""U is estimated independently
for the two holes ‘a’ and ‘b,” and it is found
where Ny is the deuteron beam intensity, #, is the compargble. When we compare with the val-
irradiation time and A, is the target mass number. ues obtained in case of different £ + T setups
In Table 6.8, normalized transmutation power [60.—62] and TARC assgnbly [58], then it may
Prorm in GAMMA-3 experiment is compared for be inferred that P,,., is about an order of
the two other experimental setups, viz. Trans- magnitude higher in graphite assembly than
mutation by Adiabatic Resonance Crossing other £ + T and TARC assemblies.

(TARC) [58] and E + T [60]. 2. On comparing Pyom (1, 21) for ***Th in case
Following observations can be made from the of the graphite setup and the E + T assembly,

data of Table 6.8 it may be pointed out that transmutation
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" samples irradiated in the three positions a, b, and c inside the graphite moderator for the neutron fluengi

Table 6.7 Calculated and experimental values of reaction rates of (n, y), (n, f), and (n, 2n) reactions for both 2327 @
in the
d

three positions [56]. Values shown in the brackets correspond to the errors, e.g., 3.31(15) = 3.31 £ .15

(1) =049 £ 0.01
Hole Reaction ***Th
position 227 (n, 7)
233Pa
@ Rexpt, ‘@ 331(15)E
=25
Rea. ‘@ 7.83E-25
Repe/  0.423(19)
Rcal.
b Rexpe. b 1.96(5)E—25
Rcal. ‘b’ 4.04E-25
Ree/  0.49(1)
RcalA
€ Rexpt, ‘¢’ 338(16)E
—26
Rea. ‘¢’ 3.39E-26
Rexp/ 0.997(5)
Rcal.

(. f)

1.06Q21)E
-26

5.09E-27
2.08(41)

2.55(69)E
-27

1.78E-27
1.43(39)

3.16(38)E
—28

2.13E-

232Th (n,
2n) 'Th

8.9(11)E-27

3.27E-27
2.72(34)

1.06(22)E—27 2{(%*:—25

7.58E-28

NS

6.84E—29

\ 1E-25
1.39(29) @

natU

238U (I’l, ,y)
239Np

3.38(11)E
-25

1.63E—24%

0.207(

0.38(1)

3.73E-26

natU ( n

1.5724)E
—25

1.56E-25
1.01(15)

1.79E-26

h\
<&
U (n,

w) B7U

2.83(19)E
77

2.73E-27
1.04(7)

7.47(83)E
—28

7.63E-28
0.98(10)

6.61E-29

Jl%*v_

£ N
Table 6.8 Comparison of nonna%ansmutation power, P, of three assemblies, namely graphite-lead target of

GAMMA-3, E + T [60], and TARCNS

given as ‘d’ Q
Assembly Graphi
Ho Hole b
Distance ‘d’ d 4dcm d ~ 34 cm
(Th)
22Th (n, 2(15E  197(5)E
233py -16 -16
B2Thy(n, 8.9(1)E 1.06(22)E
-18 -18
ce ‘d’ d~19cm d~ 31cm
()]
BU (n. y) 339(11)E  2.328)E
ZNp -16 -16
28U (n, 2.82(19)E  7.44(83)E
2n) 2’0 -18 -19

Hole ¢
d ~ 61 cm

3.39(16)E
—17

d ~ 58 cm

E + T [60]

d ~ 13 cm

3.09(13)E
-17

1.59(16)E
-18

d ~ 13 cm

2.87(9)E
-17

TARC [58]

Z=22.5cm,
X =122 cm

3.8(3)E-17

d =94 cm,
Z=-22.5cm

7.7(2)E~17(hole
7)

. Distances of the samples from the center of their respective assemblies are

Z="7.5cm,
X =150 cm

1.0Q)E-17

d =107 cm,
Z=-22.5cm

1.13)E-17(hole 6)
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power is about seven times higher in the
graphite setup than the E + T assembly.

3. The above study is highly innovative, and it
may have impact on the design of an ADSS
for transmutation of LLNW.

6.12 Energy + Transmutation
Experimental Setup

In the year 1999, JINR started ‘Energy + Trans-
mutation’ program of research with the objective
of ‘investigations of physical aspect of elec-
tronuclear energy generation and transmutation of
radioactive waste of the reactors using the high
energy beams of the Nuclotron, JINR (Dubna)’

the experiment, integral number of beam /
the spallation lead target Np ~ 1.93(25)¢; ”

In simulations using the code MQNPX\ {{
real coordinates of beam-hits, that Were/obtamed
from the track detectors, on the target were used.
It is also important to mention that.beam not only
loses slight alignment with th%?:ém axis but also
may be asymmetric in tlm\Re g asymmetric, it
has definite effect on prbductlon and detection of
nuclear products an\d Beam correction become
essential in caluil tions of reaction rates. In

Fig. 6.22, bz/ proﬁle of 1.6 GeV deuteron
beam h1tt1ng e target of the experiment
obtaln O}p ‘the accelerator scientists is given

for cx ple.

gg the CASCADE code ver. 04, neutron

[62-64]. Several experiments have been con- \ﬂu% in the position of the RA samples put on the
ducted using the proton beams of energies rang= / t0p of the second section of E + T assembly has

ing from 0.7 to 3.7 GeV under the program. The
experiments were focused on general aspéétSX)f
energy generation, neutron multipligatio Afeu-
tron spectra, neutron induced transm t;;tfion of
long-lived minor actinides (spec1:§ly Np and
2 Am), fission product (1291) nd plutonium
isotopes (***Pu, **’Pu). A reV1ev&/ of the experi-
ments has been pubhshed b Adam et al. [65]
along with several oth€fidétails of experiments. In
the year 2005, th /E%ZT experimental setup was
irradiated with /52 GeV deuteron beam to
compare 1ts// }}dts w1th earlier experiments with
proton b;ému%on after it, in December 2006
the set W;;f irradiated with the 1.6 GeV deu-
teron\be@m [60]. In Fig. 6.19, basic structure of
the EWT setup is shown.

/ N “PHe  whole assembly was covered with
\shleldlng of size having outer dimensions AX x
AY x AZ =100 x 106 x 111 cm® as shown in
Fig. 6.20.

Al foils are used as deuteron beam monitors
and the beam is focused on the center of the lead
target. Also, special efforts are made to detect
centroid of the beam using the track detectors. In
Fig. 6.21 (left), results of experimental beam
distribution using Al foils and in Fig. 6.21 (right)
results of track detectors are presented [60]. In

“been simulated [64] in the situation of total
shielding as shown in Fig. 6.20. The input files
of simulation by the CASCADE code and other
details of the E + T setup can be seen in Ref.
[53]. In Fig. 6.23, simulated neutron flux of the
setup irradiating the RA samples calculated from
the CASCADE code and MCNPX are shown.

Looking at the details of the data in Fig. 6.23
in the neutron energy region 0.02-1000 MeV
range, the two codes give comparable total flux
and in the energy range smaller than 0.01 MeV,
flux from the MCNX is nearly an order of
magnitude higher than CASCADE. According to
MCNPX, total n-flux is 2.17 x 10’ n/em’/s in
good agreement with 2.31 x 107 n/cm?/s
obtained from the CASCADE code. It may be
pointed out that the difference in distribution has
been reduced in later version of the CASCADE
code published as MONC [66].

In the E+ T setup, neutron irradiation of
highly pure samples of '?°I, '*I, and **’Np was
done also using the 2.52 GeV deuteron beam,
putting samples on the top of the second section.
Some of its results are shown in Table 6.9 in case
of #*'Np [53].

A comparison of transmutation power for the
(n, f) reactions of 237Np and >*°Puis compiled [67]

<\
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Fig. 6.19 Energy + transmutation setup i%Mith
e

Projec! "ENERGY
plus TRANSMUTATION

the middle of any two sections neutron flux monitor

detectors are placed. Two radioactive samples like

129I

and 2*’'Np are put on the top of the second uranium

section [62, 64]

2N

9

Pb target

)\

Q Perspex cling films
with detectors

U blanket

N

Radioacti
samples
<</

Q..

beam

Beam

monitor Iron

Wood Textolite  Cadmium
Polyethylene Shielding 0.7 g/cm3

1525

1110

260

460

150

255

Fig. 6.20 (Left) Side view of energy + transmutation
assembly with radiation shielding by polyethylene cover

of  dimensions

AX x AY x AZ =100 x 106 x 111

cm?, 0.1-cm-thick cadmium layer, textolite layer having
thickness 3-cm, 9-cm-thick wood support, steel plate of

1 c¢m thickness, 0.1-cm-thick steel blanket cover, hexag-
onal uranium blanket around the central lead target. Thin
beam monitor is shown in front of the lead target (right)
front view of the setup with dimensions used in the
simulations by the CASCADE code [62, 64]
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Beam Flux Data (Al- monitors)
2.5x107 A

2.0x107 A
1.5x107
1.0x107

5.0x10°

Deuterons (cm~2Sec™)

0.0

8 6 -4 -2 0 2 4 6 8
Radius (cm)

Fig. 6.21 (Left) Beam profile estimated (n/cm*/s) using
the Al foil monitors and (right) real beam profile detected
using the track detectors [60]. Coordinates of centroid are

Fig. 6.22 1.6 GeV deuteron
beam profile used in the
experiment [60]

e e
(]
T

Q ) 1,54
o

Q/ "
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/\/ 2 05+

£ .

0 0,0 JJJ

10

x. = —0.6 and y. = 0.39(8) cm with respect to the

. 4
R

JINR LHE, Dubna, Russia
NUCLOTRON accelerator
Deuteron beam 0,8 GeV/nucleon
Setup "Energy plus transmutation"
Irradiation 18 December 2006
Pb-target (D=8,4cm, L=48cm)
"™U.blanket (weight 206,4kg)

30 min technical
break for nuclotron
equipment inspection

for the E + T setup using data of reaction rates
given by Adam et al. [65] for the proton beams of
energy ranging from 0.7 to 2 GeV. A detailed
discussion of transmutation of RA samples using
proton or deuteron beams of different energies has
already been presented in Fig. 5.2 where it is
inferred that transmutation in an experimental
setup of ADSS by energy more than 1 GeV/n does
not show much improvement compared to 1 GeV.

T
01:15:31

T
03:29:59

; :
05:44:35 T
Time (hour, min., sec.)

FINISH

6.13 QUINTA—AnN Experimental
Setup

During the Baldin seminars [68], Furman et al.
[69] proposed to extend the E + T-type setup by
adding another uranium assembly and to create
an entrance beam window. The new target
assembly (TA) along with a mass of 500 kg of
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natural uranium metal (d x [ =30 x 65 cm?®)
was identified as QUINTA which was irradiated
by deuteron beams with energies ranging from 1
to 8 GeV. In the experiments, number of deu-
terons on the target ranged from 3 to 5 x 10"
for each energy. In Fig. 6.24, a schematic view
of the setup as been projected. The setup is
highly equipped with detector systems for the
measurement of beam intensity and the activation
samples placed at different positions inside the
setup as well as on the top of the uranium
assembly. In Fig. 6.25, uranium assembly shown

100000 M
1000 1
” 10 n-flux at the postions of RA sample
o 04
£
i’ 1E-3
c
1E-5
1E-7
1E-9
1E-9
—m— neut
NE 10_] —e— ph ««;m\‘ .
g
E terons E "‘\
z I NS
S /’
50" 0 2 4 6 8 10 12 14 16 18 20
~— Energy of photons (MeV)
=
S s
= '\.\.\.\.
4 /VvVv’vV\\ L B .
g \W .\.\l
= \
[} Y-v
=
m 10-9 T T T T T T
0 200 400 600 800 1000

Energy of particles (MeV)

Fig. 6.23 (Up) Neutron flux, as simulated from the
CASCADE code, passing through the 1297 and 237Np
radioactive (RA) samples placed on the top of the second
section of U/Pb assembly. Nearly same n-distribution is
obtained from the code for the U and Th samples [53].
(Below) Simulation of various produced particles hitting
the target, carried out using MCNPX by using the real
coordinates of beam [60]. Units of flux and energy scale
in case of MCNPX simulations are different to that given
in left-side figure

at the center of earlier Fig. 6.24 is shown
rately along with entrance beam window, f
before each uranium assembly.

Asquith et al. [70] have measur%ﬁctlon
rates of (n, ) and (n, xn) reactmro uced in

activation samples **’Bi and '% aced inside
the setup irradiated by the de%bn beams of 1
and 4 GeV energy in two ents separately.
Mean values of total, beam” particles of 1 and
4 GeV energy are estimated to be (1.50 £ 0.16)
10" and (1.94 10" respectively. The

activation saa% were prepared to be sand-
wiched in between two 100-um-thick muscovite

the SSNTDs for the detection of

mica she
ﬁss% ments escaping the activation sam-

S. erimental results of *’Bi (n, xn) reac-
s with x = 4-7 and ’Au (n, y) as well as

t
\2’“7 Au (x, yn) reactions with y = 2—7 reactions are

found to be in good agreement with the calcu-
lated results following the MCNPX 2.7 manual
[71]. Adam et al. [72] have also presented results
of neutron flux measurements in an experiment
with QUINTA setup using 4 and 8§ GeV deuteron
beams and threshold detector reactions, >’Al (n,
y1) ?*Na, 2’Al (n, y,) **Na, and *’Al (n, y3) 'Be
having effective threshold energies as 5, 27 and
119 MeV. Experimental results are found in
good agreement with the calculated results at
lower neutron energies, i.e., 5-27 and 27-
119 MeV in case of 4 GeV deuteron beam.

6.14 MYRRHA and EFIT—A Road
Map of ADSS

MYRRHA is abbreviated for Multi-purpose
hYbrid Research Reactor for High-tech Applica-
tions. In fact, SCK.CEN (Mol, Belgium) had ini-
tiated the MYRRHA project in 1998 to pave aroad
toward construction of an eXperimental facility for
demonstration of the technical feasibility of
Transmutation in Accelerator-Driven System as
the XT-ADS concept [73]. Thus, XT-ADS will be
an advance version of MYRRHA. It has assumed
inherent security feature by way of subcriticality of
the system and to provide extra neutron flux by way
of spallation process. The spallation neutrons not
only initiate production of prompt and delayed

N
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Table 6.9 Experimental
spectrum average reaction
rates measured in case of
E + T setup using 1.6 GeV
deuteron beam for the
27Np, 28U, and 22Th
samples. In the parenthesis
{}, values of reaction rates
for 2.52 GeV deuteron
beam are shown for
comparison [53]

Platfor \
(turned by 2°relatively eam axis)

2

Reaction and product
(n, 7) Z*Np

(n, 2n) 2317
(n, f) ¥3Ce
o, f) 1*Te

(.1

(n, )31
(o, /) 15Xe

n, 14°Ba
(n. ) *Mo
(o, ) 7" Zr

t "QQ/

27Np 238(; 2320y, @
1.82(6)E-25 2922D)E-26  2.91(14) ﬁ/
(1.62(8)E-25) ~

- - 1.98(189E-27
- 2.8(6)E-28

1.61(12)E-27 5.20(26)E-28
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Fig. 6.24 Total schematic view of the QUINTA setup [69]
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Bedplate(700x400x16)
._\.
® - Displacement of SSTD X
and threshold activation \

detectors on surface of
“Quinta” setup

Platform

&ctlvation detector plates

Pad with a Pb foil monitor and SSTD ¢ 2
§

Beam window

- Rails

e

Fig. 6.25 A view of "™U assembly of ﬁvm@ with beam window before each section [69]

neutrons but multiply neutroris from the
material of the reactor. Indust sign of exten-

sion of the demonstrationsdesign MYRRHA/XT-
ADS is called as EFIT, ing to Mueller [74],
the main objective iq’wrk towards a European
Transmutation 'o@ onstration in a step-wise
manner, i.e., to provide (i) an advanced design of
all the co %s of an XT-ADS system (ii) a
generic 4{3{ al design of a modular ‘European
Facility dustrial Transmutation,” EFIT for the
1 objective of the program. Once the
stration of EFIT starts working, it will need

q; be characterized with respect to (a) its transmu-
ation efficiency, (b) easy in operation, and (c) its
availability level. Comparative design parameters
of MYRRHA, XT-ADS, and EFIT are shown in
Table 6.10. The entire project is planned to be
operational by the year 2020 with the help of sev-
eral experimental test facilities like liquid heavy
metal, Pb—Bi eutectic as target-cum-coolant and
GUINEVERE described earlier. In Fig. 6.26,

MYRRHA setup is shown with a table of its
component assemblies.

6.15 Subcritical Assembly at Dubna
(SAD)

Planning of SAD was started with a view of
utility of 660 MeV Phasotron accelerator and
IBR-30 plutonium reactor at JINR, Dubna. Later,
Polanski [75] suggested that MOX fuel
(PuO, + UO,) is a better fuel than metallic plu-
tonium. In a series of simulations, various fuel
combinations were tried [76, 77] for an elec-
tronuclear system and their results gave birth to
the SAD proposal. Some of the basic parameters
of the proposed facility are given in Table 6.11
[78]. In Fig. 6.27, proposed design of the reactor
core is shown [79]. But the facility has not been
realized up to level of its desired applications.

6.16 BURAN Setup

After a series of experiments such as
GAMMA-2 and GAMMA-3, energy plus
transmutation (E + 7), and QUINTA as
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Table 6.10 Comparison of design parameters of MYRRHA, XT-ADS, and EFIT setup

Parameters MYRRHA (2005)  XT-ADS (2009)

Goal Concept Prototype
demonstration transmuter

Accelerator, Ep, LINAC, LINAC, 600 MeV,

1 350 MeV, 5 mA 2.5 mA or as of

MYRRHA

Beamentry into  Top side, Top side,

the reactor, windowless windowless

interface

Target and Pb-Bi Pb-Bi

coolant

Core power ~50 MWth ~57 MWth

Fuel MOX (except for MOX (except for a i
a few MA fuel few MA fuel
samples) assemblies)

Fuel power ~ 1000 W/cm? 700 W/cm?

density

Criticality, ket~ ~0.95

Fig. 6.26 MYRRHA design
with a table of components
assemblies of the setup [73]

discussed earlier in the chapter, another series of
possible experiments with a quasi-infinitely
large depleted uranium assembly is being read-
ied for neutron benchmark studies in the name

EFIT s
Maximize the transmutation effici
easiness of operation and maintenance, high
level of availability
LINAC, 800 MeV, 20 mib
) \\

As of XT-ADS

s o S é

Pb

S \ermo MWth power
ctinide fuel

e

~0.97

. inner vessel

. guard vessel

. cooling tubes

. cover

. diaphragm

. spallation loop

. sub-critical core

. primary pumps

. primary heat exchangers

10. emergency heat exchangers
I'1. in-vessel fuel transfer machine
12. in-vessel fuel storage

13. coolant conditioning system

O o0 1O bh Bl b —

of BURAN at JINR, Dubna. BURAN stands for
big uranium assembly. The schematic design of
the BURAN setup is shown in Fig. 6.28 com-
prising of depleted 0.3% **°U + 99.7% **®U
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Table 6.11 Proposed design parameters of SAD assembly [78]

Basic
component

Beam

Spallation
target

Fuel blanket

Basic parameters

Proton energy

Beam power

Concentric cylinders of W or Pb (center), solid Pb around

followed by beryllium

nip

Heat generation

Neutron intensity on blanket

MOX
Shape and size

No. of fuel units

Power

Tentative value

‘ /‘6(/
P \
660 MeV :

1-2 kW depen target
assemblies A

Be will 1 e neutron flux on
the blai

£
0

i.‘ﬁﬁ x 10" n/s
u0, (0.297) + UO, (0.703)

A
S

Pallets, 5.95 mm diameter
132-141

30-114 kW depending on beam
and target assembly

Lead
Tungsten
Lead or
beryllium
MOX
Experimental
channel
Ta rget Pb W+Pb+Be | W+Pb
Fuel Elements 133-141 133 132
ks 0.952-0.972 | 0.974 0.974
E-gain 30-50 51 57
Beam power 1kW 2kW 2kW
System power | 30-50 kW 102 kW 114 kW

Fig. 6.27 Design of reactor core of SAD [79]
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¢ N
assembly of size d x @0 x 100 cm?

enclosed in 10-0m-thicl@l covering. In the
center of the cross segti the uranium block,
there is a beam o @'of 20 cm diameter and
its depth is kepl@veable at 0, 10, and 20 cm
as per necesgity.

Neutro ctra are simulated using MCNPX
2701 {i}?ﬂnt positions of the setup for proton
and deuteron beams and shown in Fig. 6.29 (left)
a t), respectively. Calculations show a

ally more peak value of neutron flux in case

f deuteron than proton beam of same kinetic
energy. Detailed results of MCNPX calculations for
proton and deuteron are summarized in Table 6.12
[81], and they are helpful in design of experiments
of benchmark related to fissions (n, f) and trans-
mutations by (n, 7) reactions. In the last row of
Table 6.12, calculated values of ‘beam power gain,

BPG’ have been shown to be nearly same at all
energies in case of the two projectiles [81].

URAN experimental setup at JINR, Dubna [80]

6.17 GEM * STAR Setup

Green Energy Multiplier * Subcritical Technol-
ogy for Alternative Reactor is a consortium
aimed for (i) addressing world’s energy issues,
(ii) burn nuclear waste, natural uranium, depleted
uranium, thorium and excess weapon-grade plu-
tonium, (iii) to use a superconducting accelerator
and Molten Salt fuel to achieve greatly improved
safety issues and to address the issues of nuclear
waste which are both economically and politi-
cally feasible, and (iv) GEM * STAR will even
be cheaper than natural gas [82]. As a special
feature of having Molten Salt fuel makes
GEM * STAR very special as it reduces
mechanical fatigues of solid reactor rods which
normally occur because of frequent accelerator
trips. Molten Salt may be a combination of
variety of fuels, and its biggest advantage lies in
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Fig. 6.29 (Left) Neutron flux per incident particle (cm™?)
plotted as function of axial distance for 1 GeV proton
beam and (right) deuteron beam calculated using the

Table 6.12 Average results of calculation of MCNPX for d?&am energies [81]

0.12

D.10 '

= 4 S
® 008 | &cm
E —gr=22 CN
& o006 ——26cm
E —=—30cm
8900 1 } —e—34cm
z

38cm

44 em

7 - = .= == :. - -l 52cm
0 d~ N

Longlh@\ce [cm]
MCNPX [81]. Biffegént curves correspond to the radial
distances sh0{ legends along with the figures

Protons % Deuterons
Epq) (GeV) 1 6 12 1 6 12
Total neutron multiplicity 126 ﬂ* 1450 125 794 1455
Number N(n,y) 70 \w 826 70 452 837
Number N(n,f) 00 183 15 100 183
35 3.82 3.85 3.55
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KgpG = Evot/Epa) Q&C) 3.75

safety against the corrossues. It also con-
tains the fission pro ich can be separated
in a cycle. Dyna@a , it is highly stable.

s
6.18 Wore ADS Programs
f

\\3 sian Countries

(@has an ADS program named as C-ADS
Qa ed from the year 2011 and to be completed in
e year 2030. As per its first phase planning,
ADS will run with accelerator of 15 MW power
LINAC of 1.5 GeV beam with 10 mA current in
continuous wave (CW) form. Accelerator will
have superconducting cavities for avoiding beam
noises which play important role in design of
ADSS. The cavities are being developed at
Institute of High Energy Physics, Beijing [83].
The project is advancing in convincing way as its
couplers are already manufactured.

Japan has proposed its ADS plan for the
reduction of burden of disposal of high-level
waste by using ADS technology. An ADSS with
the thermal power of 800 MW has been pro-
posed, where 250 kg of minor actinide (MA) can
be transmuted annually. A superconducting
accelerator is being developed for coupling to
Pb-Bi eutectic (LBE) spallation target. The cor-
rosive activity of LBE is overcome by control-
ling oxygen concentration in LBE which forms
an oxide layer on its surface. The J-PARC
experimental facility and feasibility assessment
are already discussed in Sect. 6.5. As the MAs
act as fertile fuel, therefore, plutonium is added
for the swing. The Japan ADSS is assumed to
work at k. = 0.97. Its basic design character-
istics are given in Table 6.13 [84].

South Korea is using atomic power, and it has
ambitious plan to have 40% energy consumption
to be met by atomic power. More than 23
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/
Table 6.13 Core physical parameters of 800 MW Japanese ADS [84] 4 /\,\/
s
Parameter Value Parameter Value ‘\/\V
Thermal power 800 MW Initial MA inventory 2,500 kg "'}( Z
Active core diameter 236.6 cm Effective (kef) Initial = 0.97, max. = 0.97, \
mini. = 0.94
Active core height 100.0 cm Average power 191 W/em® N
density
Initial Pu (inner/outer) 30.0%/ Proton beam energy 1.5 GeV \
48.5% 4
Total heavy metal 4,115 kg Proton beam current Max. =\17.9 mA, mini. = 8.1 mA

inventory

reactors are working on its land and it want to
add 11 more up to the end of 2024. South Korea
is expected to produce 100,000 tons of nuclear
waste by the end of the century and for that

///
< \ \
after. It ‘has 2 long-term objective primarily for

utlhzatlonof its major resource of thorium which
is \lzﬁ‘gg/ly explored on its west and east sea shores.

«Basically, it has three-stage strategy of atomic

purpose it will need a safe disposal vault of /€nérgy sustenance. It has developed fast neutron

20 km* in rock caverns and about 50Q m
underground. According to South Korea’s
Atomic Energy Research Instltutey KAERI
another point of view, pyro- processmg technol—
ogy could reduce waste by 95% compared to 20—
50% from the existing reproceskmg technology.
Country’s atomic energy plans/are based on
uranium fuel, and the couhtry, has hardly decided
to start an ADSS plan “However, Korea’s
POSTECH instituge has facility for cross-section
measurements and/KAERI at Seoul had started
developing MHigh- clirrent pulsed proton beam
acceleraton of 00 MeV more than a decade
back. Accordmg to Karel Samek, iThEC, pre-
sently, S \Korea s ADSS plans are getting to start
at” the * un1vers1ty level and SKKU which is

planning to produce a high-energy, high-current
/5 MW cyclotron for the thorium-based ADSS
reactor. The cyclotron will be developed for
1 GeV proton beam for a large number of studies
related to ADS activity, and the ADSS may start
in the year 2040.

At the same time, S. Korea has shown will-
ingness to work with the USA for the
pyro-processing, and according to a report [85]
US has agreed to work on the technique jointly.

In Asia, India has been pioneer in initiating its
atomic energy programs of peaceful applications
of atomic energy in the year 1954. First experi-
mental reactor Apsara, | MWt, was started soon

spectrum experimental reactors for developing
fast reactors and radiography of materials. It has
upgraded its 14 MeV neutron source for higher
current ion source also. Its Department of Atomic
Energy is engaged in developing Advanced
Heavy Water Reactor (AHWR) which aims at
developing expertise for thorium utilization and
demonstrating advanced safety concepts. Mixed
thoria—urania and thoria—plutonia are the candi-
date fuels for the AHWR. A high-current
(30 mA) proton beam LINAC is under develop-
ment at BARC. Kapoor [86] has given road map
of Indian ADS. During Jaipur workshop on
Physics of ADSS [87], a spurt in ADS activity in
India was noticed from the point of accelerator
development and papers presented on developing
a dynamics of Pb-Bi eutectic flow loop, devel-
oping CASCADE code for simulations and vari-
ous other collaborative experiments in direction
of planning of ADSS. In its stage III of atomic
energy, India plans for enhancing breeding of
233U from thorium for utilization in fast reactors.
PURNIMA reactor is redesigned to be run by (d,
1) neutron source in subcritical mode, and the
efforts will grow to develop understanding of
coupling of an accelerator to a reactor and neutron
utilization [88]. During this period, a road map of
India’s ‘fast-thermal ADS’ is also prepared for
initiating the related activities at different places
where expertise is being readied.
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Explicitly, there is no dedicated ADSS plan
presently working in India, but various programs

are

focused to gather working knowledge from

its various academic and engineering projects in
phase with several other nuclear countries have
been doing for future. It may be inferred that
ADS is an ambitious project from the point of
availability of financial resources.
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Radiation Damage and Development '
of a MC Software Tool

The chapter comprises innovative efforts taken in
case of defining radiation damage. Older models
and codes used for the estimation of radiation
damage are considered as a matter of discussio

elsewhere. In fact, simulation codes and model of
calculation of data required for designin AU
energy systems, have more concern
ison with the new experimentalé da
being collected world over as deé@ n earlier

d

chapters. For computation of rédlii amage up
to several MeV energy, ato ollision cross

section play much vital ran consideration of
passage of the prod of+inelastic collision at
these energies. In “Of radiation damage by
passage of gam@diation estimation of single
i interstitials is highly desired in

ng of several electronic devices.
This requires attention to the subject of radiation
damagg} . Nevertheless, role of dynamical
n@ ncluding kinetic Monte Carlo have more

le to play in future activities of applications
Qf radiation in the field of medical science.

ar-
ich is

7.1 Radiation Damage—An

Important Issue

In case of a power reactor issue of radiation
damage is pertinently related to the structure
material, core structure and shielding; whether
the material remains intact or not without losing
its functionality. Integrity of the fuel rods or fuel
cells, coolant pipes, material used to contain the

© Springer Nature Singapore Pte Ltd. 2019

&

/\‘?‘O

inne Wuter cores is important under the

ve adiation by neutrons, gamma, charged
%&es harsh temperature conditions, and the

rate of the coolant, etc. This becomes a
more important issue in case of fusion reactors
and the ADSS where the inner wall of a fusion
reactor and other structure materials in case of
both face many times more intense neutron flu-
ence. Neutrons not only activate the material but
also multiply by way of (n, xnyp) kind of
reactions.

Radiation damage so far is measured in terms
of displacements per atom (DPA) and according
to one estimate [1] in case of thermal reactors the
core sees a damage up to 20 DPA and it will rise
up to ~120 in a fast reactor and even more in
case of ADSS. In case of future generation IV
reactors, it will be an order of magnitude higher
particularly on the inner wall of a fusion reactor.
Physical effects arising due to irradiation shown
in Fig. 7.1 indicate that vacancies, dislocations,
vacancy  loops, voids, clustering, and
microstructures, etc., become the cause of
weakening of the materials. A material may
become amorphous and swell crossing the
designed boundaries. Embrittlement and corro-
sion of the metals are the physically visible
effects. Formations of radicals in liquids causing
many chemical reactions occur also due to soft
radiation passage.

In Fig. 7.2, radiation damage of core structure
materials of different nuclear reactors has been
summarily shown.
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Fig. 7.1 Physical effects of
radiation damage in the bulk
of matter [1]
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Issues related to development of the subject of
radiation damage and modern requirements of
radiation resistant materials have been deliber-
ated primarily in Ref. [2]. In fact, the subject of
development of radiation resistant materials
needs utmost attention of the initiatives of the
new definitions and fundamental theoretical
developments. In the chapter, such initiatives
have been discussed which need further intensive
research works.

Radiation dose (dpa)

7.1.1 Radiation Effects in Materials

Radiation damage has been an important issue of a
power reactor and both its material and the struc-
tures are strongly built looking at the effects of
radiation. Accelerator beam pipe and the materials
in immediate surrounding are the second irradi-
ated materials, and they are usually handled very
carefully. Effects like ‘Channeling and sputtering’
became the subjects of high attraction in the area of
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material studies in early 70s and 80s of last cen-
tury. In the last two decades, material modifica-
tion, synthesis, upgradation of materials have
attracted attention heavily and at the same time
they have made strong impact on economy also
because of relatively easy access of variety of
radiation sources, leave aside the matter of appli-
cations of radiation in medical treatments.
International Atomic Energy Agency (JAEA)
has been regularly updating its maintenance
activity of nuclear energy installations and those
using radiation in different forms world over. In
its several meetings such as SMoRE-2008 [3]
held at Kharkov (Ukraine) emphasis was laid on
‘Accelerator  Simulations and  Theoretical
Modeling of Radiation Effects’ with cross sec-

past decades have shown this is not satisfacto %
No simple correlation exists between DPA 42&;/
\‘;

In light of the recommendations \t’ﬁ“é two
theme meetings of a prime org ion, proper
modeling of radiation damage 'mhasized SO
that the quantities like DP similar other
quantities can be replabe% provide better
standard for the sa;k €asy normalization of
irradiated materials {to b) erent intense radiation
sources including*i eams. The issue has rel-
evance with strong neutron/radiation sources
like that used in"a fusion reactor and spallation
neutrorx?swe of an accelerator-driven subcriti-
cal % of energy and transmutation.

+.Onypassage of radiation through matter in the

microstructural radiation damage.

of solid, liquid, or gas following basic

tions, energy spectra, and other inputs on PKA 6\2{.\ id, li
codes being the key issues. Similarly, anothen/ changes take place,

meeting, TM-36842 [4] on the theme ‘Physic§ of
materials under neutron and charged particle

irradiations’ was called with the @deng
N

objectives,
1. Expert review on radiatior a’cm%a)e in stain-
less steels

2. Creation of database@m the existing and
planned TAEA Ql ieS involving neutron

and ion irradi
3. Initiation o CRP on examination of

advance aterials subject to high-dose
neutr fation

4. A f us%d’workshop or activity on dpa and a
re general workshop or activity on pro-
@‘cts and limitations of ion irradiation to
Q ulate neutron damage
The main recommendation of this theme
meeting, TM-36842, was made as under,
There is now a pressing need to upgrade/modify
standards for materials irradiation and radiation
damage produced by energetic particles and neu-
trons. The generally accepted reference method by
which to compare irradiated test materials in dif-
ferent settings is DPA. In a simplistic model, dpa
should be a means of normalizing experimental
results independently of the irradiation source used
be it either a research or power reactor, spallation

source, or ion beam accelerator. Many experi-
mental findings and numerical simulations over the

(i) In solids, displacement of atoms is
important. This generates Frenkel pairs,
defects, clusters, voids, loops, and
microstructures. Ionization is also an area
of interest particularly in calculation of
dose

(i) Displacements and clustering, ionization,
radical formation, dipole excitation, and
boiling effects are important in case of
liquids. Liberation of gaseous molecules
such as hydrogen and helium from heavy
atoms has strong effects on liquid
dynamics through bubbling, etc.

Atomic excitation, ionization, and even

plasma formation play more important

role in gases than liquid and solids

Neutron although a neutral particle, yet,

displace atoms and additionally generate

atomic cascades. A gamma ray interacts
with orbital electrons and the ejected
electron in turn displaces atoms. In a way,
this is a novel method of displacing single
atoms in depth with a little fraction of
atomic cascades. In case of both neutron
and gamma radiation, binary collision
approach (BCA) is highly useful com-
pared to irradiation by heavy ions where
atom—atom potential is relatively more

(iii)

(iv)
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important. Also, consideration of crystal-
lographic structure of material is important
for analyzing microstructures.

Crystallographic considerations have specific
effects which can be summarized in the follow-
ing. For this purpose, direction of irradiation of a
specific material is worth consideration.

1. Body-Centered Cubic (BCC): Among the
structure materials tungsten, iron, vanadium,
and ferritic steels are BCC structures. Point
defects in ferritic steels make it less plastic.

2. Face-Centered Cubic (FCC): Copper, aus-
tenitic steels, and nickel alloys are FCC
structures. Swelling is more common in aus-
tenitic steel and nickel alloys because
vacancies tend to create volume clusters. In
Fig. 7.3, swelling of the stainless steel urder
strong neutron fluence has been shown.™ ™%,

/ N\ \ /
Swelling arising in fuel pll’lS of/ BN 660
reactor is found to be due to small Vanatlons in

silicon content. , \

N

3. Hexagonal Close Pa¢ked (HCP): Zirconium
and its alloys are “HEP metals. SiC is
poly-type hexagOnal structure, e.g., 3C and
6H types. Rama’tlon induced growth is more
prone 1n/21rconium graphite, and uranium
and tpat can/ead to dimensional changes in
dlffe;rent directions. Although in the case of
SiC for radlatlon resistance will be discussed
/Tater™in the chapter in detail, and in Fig. 7.4
# Sswelling and other features arising due to

¢ radiation damage are shown.

&

Some of the important issues of radiation
damage are, for example, ‘irradiation creep’
which is a permanent deformation, and it
depends mainly on the direction of the stress. On
removal of the stress, the material does not come
to the original shape and size. On irradia-
tion, ‘phase transition’ can also be stimulated and
that can also lead to negative radiation resistance.
Influence of gamma and neutron radiation as the
embrittlement of steel of a reactor pressure vessel

(RPV) in the ‘High Flux Isotope Re@ctbr
(HFIR)’ [8-10] and corrosion of steel [11fhavp
been observed. Helium embnttlemept (hic to
alpha emission in (n, «) reaction i¢ lso a
well-known radiation effect. Similatly, hydrogen
emission in (n, p) type reactionsleads to bubble
formation. Based on the phys/ical behavior of
gases, swelling rate of FCQ au§ten1tlc steel is 1%
per DPA while in case of femtlc steel [12] it is
0.2% per DPA. On! one; hand, Ni helps in stabi-
lizing FCC base b}lt 6h the other hand high Ni
content of stef such as PE16, becomes brittle.
Obv10usly, r&d ction of Ni content of steel helps
in COI’I’QSIQH of the steel. Conversion of Ni on
imp, Ct.. Of Teutron can be studied following
Eqgs. 74) —(7.5). Alternatively, vanadium-based

sallgys are considered to be strong candidates for
/the’ first wall/blanket of a post-Next European

Torus/International Thermonuclear Experimental
Reactor, i.e., a fusion reactor, ITER [13].

58N\ 1 59N\

Ni 4+ n — ¢Ni

28 0 28 E<0.1 MeV
§§N1+(1)n—>‘2‘He+§gFe}( ev)

7.1

3SNi+4n — 3He +33Fe (E > 0.1 MeV) (7.2

59Ny: 4 1
2Ni—+on —

5¥Ni+ n — (H+35Co (E > 0.1 MeV)

(7.1)
(7.2)
IH+37Co (E<0.1 MeV) (7.3)
(7.4)
3Fe +4H,0 — Fe304 +4H, + 1.7k (7.5)

7.1.2 Early Approaches
of Assessment
of Radiation Damage

All the old approaches of assessment of radiation
damage are based on estimation of displacements
per atom. It means that if DPA of an irradiated
material is said to be equal to 1; then, all atoms of
the irradiated material are on an average dis-
placed one time. Here, displacement distance is
an important issue as some of the displaced
atoms very close to their vacated positions may
recombine back to the original position because
of change in some physical conditions, like
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Fig. 7.3 (Up) Swelling of
steel under strong irradiation
[5], (Below) variation of pin
length due to swelling in
EI-847 fuel pins irradiated in
BN-600 [6]
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Fig. 7.4 (Up) A fuel cell for
an advanced energy system
before irradiation with SiC
coating and (down) fuel cell
after application in a reactor

(7]

(a)

(b)
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temperature. The calculation of DPA has been (i) Energy transfer during an elastic or an
popular in case of structure and shielding mate- inelastic scattering of a neutron,

rials of a reactor when exposed to neutron, (i) Recoil of a nucleus on emission of an
gamma and fission products. The fission products energetic particle, usually subsequent to a
lose energy very fast by the way of ionization. In capture reaction of a neutron or (n, a), (n,
case of fast reactors, fusion and ADSS kind of p), (n, d), (n, y) and other reactions,

reactors displacements may also occur due to the  (iii) Energy transfer by another knocked off or

following processes,

recoil atom, or
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(iv) Energy transfer from a secondary (emit-
ted) particle.

In fact, the produced particles generate
another series of interactions and recoils. The
produced particles may also stay inside at the
position of its stopping in a vacant position or
close to the atom of the material. All such pro-
cesses contribute toward damage of material.
Rate of radiation damage by a neutron of energy,
E per unit time and per unit volume is given by,

D(E) = No,E@(E) (7.6)

Where N is the atom density, ¢ is the neutron
flux (no./cmz/s), and o, is the microscopic
damage cross section (sz)_ As mentioned

corresponding to transferred energy, ET)
projectile to a PKA by calculating E;” fto
kinetics of a collision. For isolations %qu;l
from the bonding of other neighboringafoms of a
lattice minimum threshold ener. is needed
to be transferred to the atom a varies from
material to material. In Table/.3, values of E;
for a large number of ele \n(s ave been given.
According to one of nitial models, Kinchen
and Peas [15],

L e
@&“o 0<Er <E, (7.9)
ET) 1 E;<Er<2E; (710)

% XET/(ZEd) 2E;<Er<Ern (7.11)

@

s shows that when the transferred energy,

aboye, th.GI”G can be a number O.f ways Of Prf\zk} rises beyond 2Eg, then v(E7) rises linearly
ducing displaced atoms by elastic scattenngl O \with E; up to E7; and beyond this it is saturated,

recoils produced in primary collisions like (m)q),

(n, p), (n, d), (n, y), or even &Q]Zary
knocked-on atom (SKA) due @1 ary
knocked-on atom (PKA). Totﬁﬁs}o cement
cross section can be written as ation over
all such processes,
cu(E) =

dn(E) (77)

o

Displacement Qoss section due to any pri-
mary type r€action can be calculated from

Ermax

I <’\

Gn(E)Pn(E, ET)V(ET)dET

(7.8)

Here, P, is the probability of n” type inter-
action with transferred energy E7 to a PKA out of
the incident, E energy. The v(E7) is the effective
number of displaced atoms due to transfer of Er
energy. Specifically, at low energy of neutrons
elastic scattering is the dominant interaction.

7.1.2.1 Estimation of v(E;)
Dienes and Vineyard [14] have systematically
described how different models estimate v(E7)

V(ET) =En /ZEd Er > Epy (712)

As a matter of mechanism, hardcore scattering
is assumed up to Ep; and all atoms receiving
energy <E; return back to the original position.
Later, Nelson model [16] corrects the formulation
for the realistic scattering in place of hardcore
approximation and the defect recombination.
Torrens and Robinson [17] proposed a modified
Kinchen-Peas model by applying electron exci-
tation and redefined E7 by Er — Q where Q is the
energy lost in cascades. Also, they identified
displacement efficiency factor to be k ~ 0.8. In
the high E;—region,

E, =Er—Q>2E;/k '
Later, the modified Kinchen-Peas model has
beenincorporatedinNRT [18] model where energy
invested in displacements is calculated according
to the Lindhard et al. [19] approach for the whole
range of energy. The NRT formula is widely
adopted in calculations of radiation damage,

v(Er) = kEy |2E, (7.14)

¢
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with

E; = Er/[1+kg(e)],
g(g) = 3.4008¢/° +0.402448%/* 4 ¢,
ky =0.13372)/%(z, /A1),
&= [AzET/(Al + Az)] [a/lezez],

—12
a=(0m2/128)'Pao| 2 + 2|

and

Here, a is the Bohr’s radius and suffix 1 and 2
are used for the projectile and target mass number
(Z) and atomic mass (A) respectively and ¢ is a
dimensionless energy. In a detailed discussion,
Gopalakrishnan [20] has pointed out that (i) in the
model E; is taken to be 40 eV for all elements of
the steel (ii) as the model depends mainly on the
energy of PKA and in different interactions it will
be different and for complicated inelastic_inter-
actions recoil energies will also involve, anguTar
anisotropy and (iii) the model assul;r(es/ fhat all
small displacements or the defeets produced on
irradiation will recombine backs therefore their
estimation is not considered in the model.

7.1.3 Monte Carlo Slmulatlon
Approach\if JA-IPU Code

In the moderh trme with the availability of high
computaj;ron poWer it is imperative to develop a
detaileds code ‘based on Monte Carlo simulations
of the en}]re process of transport of radiation or
partlc\le like neutron, proton and heavy ion or
”/even ‘a photon through a complex material of
(several elements with the help of binary collision
approximation involving all kinds of physical
effects like ionization loss, excitations, displace-
ment distances of recoils hence separation of
displaced Frenkel pair (interstitial and vacancy)
or the defects. This category of codes of radiation
damage can accommodate the situations like
escape out of an ejected ion or atom from the
irradiated sample. In the following part of the
chapter, details of the JA-IPU code with its two
versions one for neutron [21] and other for
gamma radiation [22] will be discussed. In the

y
/

\

\\

code, chemical effects of irradiation like ra;;heal /

formation and combination are not consfdered
Several other codes involving dynamyzalh dv-
ior of colliding partners, time evolutigh “0f the
event, velocity and temperature/dépendence of
potentials, etc., have also been :developed [23—
25]. They are highly p’erSpeétive as well as
attractive from the pornt\of\exhaustrng observ-
able physical and chemrcal dspects such as evo-
lution of event on accommodatmg large number
of variables and p@rameters Such complications
normally slo down the calculations. To discuss
the dynamlghnodehng (DM) of radiation
damage< a\blg volume of the text will be required
hen t\vﬂl be skipped. In the following dis-
cusslt 50,0 JA-IPU code based on binary collision
\apliroach is presented in detail, and this also in-

/cludes comparison of some of the results of the

dynamical models.

7.1.3.1 Binary Collision Approach (BCA)

Binary collision of two particles is treated like
collision of two billiard balls without involving
any complicated field in between the two parti-
cles. Particularly, a neutron collision at low
energy may safely be identified as a binary col-
lision because elastic collision cross section is
much higher than inelastic cross section includ-
ing the absorption cross section. At high ener-
gies, neutron wavelength is shorter up to several
tens of MeV energy, intra-particle approach will
dominate and it may no longer be treated as a
pure binary collision because of active involve-
ment of many individuals for the sake of out-
come of a collision. A collective behavior plays
certain amount of role. Thus, at low energies
most of the older models [17, 26] have adopted
binary collision approach (BCA), for example,
TRIM [27, 28] adopts BCA and it makes use of
Monte Carlo techniques to describe the trajectory
of the incident particle and the damage created in
amorphous solids. Similarly, MARLOWE code
[29, 30] also uses BCA and the code simulates
the atomic collisions in crystalline targets. Inci-
dent projectiles can be an external beam or an
internal source site from where a radiation is
introduced in rest of the medium. The code

N\
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Fig. 7.5 Transport of a neutron in material and displace@;kz:toms. Both loss of KE and escape out are shown

along with excited atom marked as spike

records tracks of a binary collision agé\@-
placed atoms from their lattice I§ite til " they
either leave the medium or fall be @ selected
Kinetic energy, i.e., displace nergy E,.
Calculations of damage of thtﬁum have also
been included in the CO(@J
Development of tl code is described
at length in refer 1, 22]. Accordingly,
success of a cod@pe ds on procedure of ran-
dom numberygeneration and the number of gen-
erated hi @of an event. Transport of a
particl gg@amed to be a straight line trajectory
of lengthj1"and on scattering from a target atom
it is diverted at polar angle, 6, and

e a
@thal angle, ¢. Probability of path that a
Qeutron for example, interacts in between the
istance [ and [ + ol is given by [31],

P(l)dl = Zrdle " (7.15)

Here, 21 is the total macroscopic cross section
which can be expressed as,

2r =25+ 2A =2+ 2N+ 2A (7.16)

Here, X is scattering, X 5 is absorption, X is
elastic, and Xy is inelastic macroscopic cross
sections related to the interaction. For the reason

that an interaction will be independent of the
previous one, hence random, thus one can derive
a relationship between random variable, R and
interaction distance, 1 as the following,

1
l=——In(R 7.17
S In(k) (1.17)
and the probability of interaction,
P(ly=1—e* (7.18)

After the interaction, when both the particle
and recoil atom move then their new directions
are decided by assigning new set of (0, ¢)
coordinates with the help of another sets of two
random numbers [31] independent to each other.

Using these simple geometrical aspects, one
can assign directions to the recoils and the
angular relationship between the incoming pro-
jectile and the recoiled atoms using kinetics of
elastic collision.

Independent two cascading of primary pro-
jectile and the recoiled secondary atom are
depicted in Fig. 7.5. The knocked-on atom by the
projectile is designated as a PKA which later on
generates its own cascade as shown in Fig. 7.6.
The ongoing scattered projectile or the PKA may
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Fig. 7.6 Atom-atom
collision cascade generated by
a primary knocked-on atom
(PKA)

have another chance to produce next set of the
atomic cascades. Thus, two kinds of casca re
generated, one due to projectile particle an{o/th r

due to a PKA. %/
When a particle moves thréough matter

having either of the three, ela l'.ﬁuglastic and
absorption kind of interactions then they can be

sorted out by applying f@ing conditions,

IfO<R< g—;‘, teraction is elastic.
If %T‘ <R< 1nteraction is inelastic.
If ?—T < @ particle is absorbed.

In s ch\s}mulation obviously, the material is

sampling of random number, R, if 0 <R < ZZLTS‘ for
interaction to take place with Si atom and it will
be interacting with C atom i ZZLTC <R<1. Here,
21 =21s + 21tc. In this text, Monte Carlo

simulation of neutron irradiation of three materi-
als, e.g., Ni, Nb, and SiC are considered.

Monte Carlo Simulation of Neutron
Irradiation

For the simulations of neutron cascade n + A,
cross section data are taken from evaluated

| n'" generation recoil atom |

ENDF/B-VILO library and plots for (a) n + Ni
(b)yn + Nb (¢c) n + Si and (d) n + C collisions are
given in Fig. 7.7. It can be noted that at energies
above the thermal energy up to a few MeV
elastic collision cross sections in case of the four
targets are much higher than inelastic cross sec-
tions barring a few energies around 10 eV in
case of Ni and Nb. At such low energies, a target
nucleus can only be excited and its recoil or
explosion or evaporation will not take place
being below E, of the material. On the contrary,
in case of fissile elements there will be a high
possibility of nuclear fission.

Atom + Atom Collision Cross Section

When a neutron interacts with an atom, it trans-
fers energy, T to the atom which may result in the
displacement of atom from its original lattice site
or it goes in excitation state. The recoiled atom is
referred as PKA (Primary Knocked-on Atom). In
fact, nucleus of the atom is assumed to be dis-
placed along with its electron cloud. If the energy
transferred to the atom is much more than the
threshold energy E, (T > 2E,), the recoiled atom
may further interact with another atom(s).

Mean free path, L of the displacement of atom
is inversely proportional to the interaction cross
section, o(E), i.e., higher the cross section, lesser
is the m. f. p. length, where E is the PKA energy,
for example.

¢
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Fig. 7.7 Elaiﬁ@s tic, and total evaluated neutron cross sections of a Ni, b Nb, ¢ Si, and d C targets from the
i

For tl teraction cross section, oy, at pro-

rgy, E to transfer energy, T to the target,

je
é@e uses the algorithm of IOTA code [32],

N .
oint(E) = Zi:l W0 (E)
N Tho (7.19)
- Zi:l w; / ,- do;(E, T)
d
Here,
w; Atomic fraction of the ith component of

the target material
E} Effective threshold displacement energy
of the ith component

Ti . Maximal energy transferred from the
incident ion to PKA

Differential cross section da(E, T) is calcu-
lated as follows,

do/(E, T) = na2f<,1/2> dr

) (7.20)

where the function f('/2) is calculated from the
following equation,

£(172) =2 at o)) 21y
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/ N\,

ENDF/B-VILO library [35]. In the code, i  /

N\

In the JA-IPU code, values of 4, m and g pa-

rameters for IDSDT = 0 are taken from Table 1
of the IOTA manual Ref. [33]. Here, A = 1.309,
m=1/3, g = 2/3 and

eT

t=—— 7.23
o2 ( )

E aAzE
p=— =2 7.24
g0 Z1Zre* (A1 +Az) (7:24)

4A,A
e (7.25)

(A1 +A2)

where Z;, A, and Z,, A, are the atomic number
and mass number of the projectile and the target
material respectively. Threshold displacement
energies are taken as [33]. Interaction cross sec-

sections have been parameterized in di et{eg}
gamma energy regions before making/usem: e
code for a faster computation. On intera€tion, the
ejected electron loses energy bysWway of ioniza-
tion, Brehmsstrahlung, and finally_on colliding
with an atom. Elastic coHi\si(?D\(}f electron with
atom is considered as a bﬂg\\ar\ all collision and
collision cross sections ‘ar¢ taken from a compi-
lation by Mayol et a1<[3/§]? For details, reader can
refer to [22]. /Aftﬁfjan atom is displaced the
atomic cascﬁ&éis handled as in the case of
neutron usﬁ}& the TOTA code. In Fig. 7.9, fre-
quency,o d\i/sﬁplacement distance of an atom from
its %%osition shown as the simulated path
lengthsAs plotted in case of a 50 keV vanadium

Y

« (W recoil colliding with vanadium in the med-

- 63N 4 63N 93 93 2 L 126 NG

tllzons 22 N;g"' NI‘Z» Nb + ngb’ 28C + 7G,_/itim. This generates cascades through the mate-
. . . . (" .

C+7Si, 7Si+ °C, and “Si+ “'Si have “pja] and it can be seen that the total number of

been calculated using the IOTA code and shewn
in Fig. 7.8af, respectively. p \ /
On irradiation when an atom iskdisﬁ%e from
its position (in a crystal it is a Lféftice pasition)
then a Frenkel pair is formed ibyxth\e\ vacancy and
the displaced atom. If displacémcﬂt is small, i.e.,
ra < 0.75 A [34], then it/s assumed that there is
a definite chance thatsthésatom recombines back
at the original pos/i,tié/<\>\ihenever getting suitable
amount of kinef%:nergy. Primarily, because
energy is inyég/ted the small displacement so
we coun/t/ g\ \gy and call it as ‘defect’. Thus,
‘displa emen > and ‘defects’ are produced on
irradiqtio\, along with the hot spikes which are
thé “excifed atoms. A frequent cascading of a
s pastiele may produce clusters and loops as well
\(gs a cluster of excited atoms called ‘spikes’.

Irradiation by Gamma

Damage of a medium by gamma rays takes place
through electrons produced in Compton, photo-
electric and pair production processes. Its Monte
Carlo simulation is more cumbersome than by a
neutron because of the additional orbital structure
of atom and interaction of gamma with electron.
For that purpose, in JA-IPU code, lattice struc-
ture of a material is generated. Point cross sec-
tions of the three processes are taken from the

path lengths < 0.75 A which represent produc-
tion of defects is comparable with the path
lengths > 0.75 A.

N, Versus T4.m Regularity

Damage energy is defined as the energy that is
invested in changing the pristine structure of the
material. When an atom displaced from its orig-
inal position getting energy more than E, then it
moves in the medium and loses its kinetic energy
by ionization as well as displacing another atom
of the medium. This can be a ‘displacement’ or a
‘defect’. It is also possible that the particle
escapes out of the medium with certain nonzero
energy, Ees.. Thus, Tyam = KE — Ejoni = Eese- In
case atom gets much larger energy than E; then
it may further produce next generations of cas-
cades. In Fig. 7.10, results of MC simulation of
N; and Ty,, are plotted for the Ni and Nb
materials for the spallation neutron spectra pro-
duced by a 660 MeV proton colliding with a
thick Pb target [37]. The two quantities N, and
Tqam (€V) are calculated for each neutron per
incident proton, (n/p). Similar plots have been
worked out in the case of SiC irradiated by
neutron spectra of AmBe and spallation neutrons
[38] separately. In all cases of different materials,
e.g., Nb, Ni, and SiC there is a linear behavior.
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Fig. 7.9 Number of defects Vanadium (Epg 4 =50 keV) A@
and displacements in transport 10 5 . -
of 50 keV vanadium ion - : \‘/(
through the vanadium
medium *
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Similar linear behavior between N, 4m 1S A phenomenological approach is developed

seen in case of incident beam of’ on the by Kumar et al. [39] to correlate the displaced
Fe sample shown in Fig. 7.1k [ @ atoms of the irradiated material with the physical
observables followed from the said regularity
between N, and Tgopm,

714 A Phenomenical Approach
of Radiation.Damage dNy o< dTgum (7.26)

dNg = kdTgam

materials ed for irradiation by different  ith k being the proportionality constant and it is
neutron (%} and gamma, a common linear gpectrum dependent. Defining damage volume,
ween Ny and Tgum is noticed as v = (Ny/ng) and ng = AV, Taam),
e i Figs. 7.10 and 7.11. In Table 7.1, It leads to [39] the following relation between
s of slope k (eV_l) are calculated from the
Qasic plots given in the two figures between N,

nd Ty, measured in units of eV/n in case of ing due to d7gam,

AmBe n-source and eV/n/p in case of spallation

neutrons. dN, = (E) AT 4o — 14 (d_V> (7.27)

In case of pure iron irradiated by gamma 14 4
spectrum of Co® source [39] value of slope, ) )
k =0.0234 £ 0.0004 eV for the absorbed  Following Brinkman [40],
p=p _dV (7.28)

Monte Carlo irr@tions of a large number of
c %

change in N,; and change in volume, (d—VV) aris-

doses varying between 0.003 and 0.319 Gy. In

irradiation of iron by the Co® gamma spectrum, —_— =
production of single displacements [39] has been Pp=pPo YV
observed which may not be possible in irradia-

3 ) po and pp correspond to the resistivity of
tion by neutron and heavy ion beams.

pristine and highly disordered state of a sample,
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Fig. 7.10 MC simulation (a) 70-
results of N, (n/p) versus Tyum
(eV/nlp) plotted for spallation i .
neutron spectrum in case of 60 = Ni
(a) Ni and (b) N, samples [37] l —— Linear fit
50
\Q' 40 - -04 \1\\1 1 "IGraph1" (2456022)]
= Li Regression for Data1_B:
Z i P
~
e =} 30 Gra eter Value  Error
z s
_ § ?-wA 0.17453 0.04033
B 0.16814 4.69598E-4
20
\ R SD N P
10 \\/ 0.999810.23586 51  <0.0001
0 — = :‘. B e e B B e e
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(b) 120 - \/
Nj(h
= Nb
@ ") —— Linear Fit
2O =
E“ 1 [11-Apr-12 20:12 "/Graph1” (2456028)]
= 60 Linear Regression for Data1_B:
= Y=A+B*X
% ; Parameter  Value Error
/\/ 40 A 0.15525 0.1413
Q B 0.05762  2.50469E-4
R SD N P
® .
0.99949  0.80265 52 <0.0001
0 T T T T T T 1
0 500 1000 1500 2000
Tgam/ (n/p)

respectively. In the situation of non-availability
of data of resistivity, pp, we assume that
pp = xpy. Here, parameter x > O corresponds to
a disordered state of irradiated material compared
to pristine and it is also spectrum dependent

because different particle spectra may reach to a
different disorder. For example, dV = 0 for no
change in volume and this leads to p = p,. Also,
dV = V corresponds to p = pp, in case of relation
(7.28). In that sense, much higher value of x than



138 7 Radiation Damage and Development of a MC Software Tool
Fig. 7.11 N, (ph) versus 5 |
T4am (MeV/ph) plot for pure 1.0x10 P /
iron sample irradiated with 1
different doses of Co® beam P < \
(39] 9.6x10 -
8.8x10° - «\
-
yT— < §
= 8.0110 YEA-BY
] F =
!"‘ p @z Value Emor
7.2x10 " A A IET  LNIET
. u \} B 2H138TF MM
r \
6.4x10° - ] @ R D N »
E ?« 1 490ES 7 <0000l
4
5.6:10°_ \2\ A
-10 -10 -10 -10 10
2511 3.0x10 3.5x10 4.0x10 4.5x10
Tjym/ Ph (MeV)

¥ @
RS,
Din@s of the samples

Table 7.1 Sizes of SiC,
Nb, and Ni samples and
slope, ‘k’ (eVﬁl) deduced

from the N, and Ty, pl
from the data of MC Q‘

. . Nb
simulations

Ni

Zero ma/lﬁ to more interesting results. Thus,

which leads to

re .28) can be written as,
d dv

4w %Y (7.29)
(xpo — Po) 4

dp = po(x — 1) (N%> dT4am (7.30)

where both ‘k” and ‘x’ are spectrum dependent. It
may be mentioned that small deformations lead
to reduction of free volume between the atoms.

Q 1 x 1 x 0.0314 cm®

2.4 x 0.8 x 0.024 cm®
2.5 x 1.5 x 0.002 cm®

Slope ‘k’ of Tgam versus Ny plot
AmBe n-spectrum
0.00062 + 0.00003
0.00138 + 0. 00001
0.875

Spallation n-spectrum
0.05992 + 0.00066
0.05762 + 0.00026
0.16814 + 0.00045

dn,
deam

Taking k =

ten as,

, relation (7.30) can be writ-

(p—pg) = po(x—1)InN, (7.31)

The relation (7.31) is applicable for irradia-
tions where single displacements take place, for
example, in case of incident gamma spectra, and
it has been established using the positron anni-
hilation spectroscopy [41]. Also, it shows rise of
resistivity on increase of displaced atoms. The
parameter x has prospects in designing of devices
by ion beam irradiation.
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7.1.5 Dynamic Model Approach
and JA-IPU

As mentioned earlier, dynamic modeling of
radiation damage is a much-involved process
than simpler BCA approach. This has however
capability of handling the natural processes, for
example, dynamics of proteins and DNA on a
timescale ranging from 107 to 107 s. To make
statistically valid conclusions from the simula-
tions, simulated time period should match the
kinetics of the natural process. This is done
through fine-tuning of speed of calculation and
natural timings of a process. In real sense, it is ‘a
state-of-the-art’ technique because of involve-
ment of large number of variables and by
bringing computation close to the speed of hap-
pening of an event. The technique is useful

level of small atomic energies. Using a dynami-
cal model, (DM) events at the atomic scale say

up to 107" s can be successfully simala ut
not at lower timescales like tosecond
(107" ). Transmutation of the i all of the

fusion reactor leads to fast @ ation of the

wall material at the timescale/of dynamical

modeling. Kinetic Monto (KMC) is a more
h

effective techniqueQ/ simulates events
————y

Fig. 7.12 Darna, 1:2

randomly with probabilities according to
corresponding event rates [42]. It provi e{%y

3
self-estimate of the time step as thesimulation

proceeds and is the most powerfuls@pproach
available for making a dynamic ediction of
mesoscale events. In case of radi damage of

a static medium, the two oaches are inef-
fective because of no ¢ \31(1 ration of move-
ments of orbital ele S“and vibrational and
collective modes o@lation of an atom.
Alonso et al. ave calculated the results
by couplin mith Kinetic Monte Carlo
(KMC) sim\thi ns of damage production effi-

code in case of 20 keV vanadium

ciency,xf
as % traversing the vanadium medium.

%\ production efficiency is defined as,

Using the JA-IPU code damage production
efficiency, 7 is calculated [44] for different
energy of PKAs as shown in Fig. 7.12 consid-
ering electronic energy loss (EEL) and without
considering EEL. It can be noted that DM
approach gives 7 ~ 26% comparable with
~28% from the JA-IPU code.

(7.32)
(7.33)

1N = Na/N\gr
with NNRT = OSEpKA/(2Ed)

production %y plotted }
for different energy PKAs for

= JA-IPU (without EEL)

vanadium :.. _I o JA-IPU (with EEL)

o 1.0 y Alonso et al.
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Fig. 7.13 DPA/year plotted
with respect to Epga for the

(Spallation neutron source)

V 4

irradiation by the spallation 10* . \W
neutron spectra [37] “< Ni
10° WVt 4 -
() O
10° o’
.' 'y %
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(p — po) and (o Tum) Sic 2.45E-4 2.98E-4 0.53E-4 3.33E+10
b keV values for SiC and AmBe) 4.40E—6 1.491E—4 1.447E—4 6.33E+12
Nb samples [45] ) "B (spall) 4.40E—6 2.664E—4  2.62E—4 2.44E+15
b (sp

As noticed,  the ‘phenomenological approach
ve opens ways for searching of

develope

suitabl )%?Mes for answering the questions
ralsth e DPA and similar other quantities
' monitor the radiation damage. On calcu-
PA using number of displaced atoms
%cludmg defects, N; from the JA-IPU code, and
the Epka of an irradiation by the spallation neu-
tron spectra in Fig. 7.13, DPA/year is plotted with
Epka and it can be seen that the three materials,
Ni, Nb, and SiC follow different variations. In
case of the three materials average, DPA/year is
8.62E+1 for Ni, 2.828E—2 for Nb, and 6.75E—6
in case of SiC, respectively. In case of a softer
AmBe neutron spectrum, DPA/year is 1.521E—=7
and 1.03E—7 for Ni and Nb, respectively, show-

ing spectrum dependence of DPA/year.
In Table 7.2, data of change of resistivity
(p — po) and ‘average damage energy cross

section’ (6T gam) is given for the SiC and Nb for
the spallation neutron spectra additionally for Nb
for the AmBe neutron spectra also. In Fig. 7.14
(@), (p — po) versus (6Tgam) plot is shown and it
is qualitatively compared with (p — pgy) versus
(x = DIn N, plot of Fig. 7.14b. Data of resis-
tivity p is experimentally measured and given in
the two plots and presented in Table 7.2. Values
of N, as well as (6T gam) are taken from the MC
simulations using the JA-IPU code.

From the plots of Fig. 7.14, it may be inferred
that the quantity like (067g)m) may be treated
unique from the point of both target and different
neutron spectra and it can probably replace ear-
lier used quantity like DPA. More experiments
may be planned with high energy gamma, ion
beams to produce data of (67T g,y,) and measur-
able physical quantity like change in resistivity to
validate the aforesaid observation.
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7.1 Radiation Damage—An Important Issue

Fig. 7.14 (Up) (p —po)
versus (6T gam) plot and

(below) (p —po) versus (x —1) 0.00030 -
InN, plot for the two
spallation and AmBe neutron
spectra as already discussed 0.00025
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In a study of radiation damage of HFIR, high
rate of embrittlement of steel of high-pressure
reactor by high energy flux of both gamma and
neutrons was noticed [8, 46] and it was stressed
that there is need of MC study of damage by
gamma radiation because it can be understood
that the neutron flux will be highly moderated at
30 cm passage than the gamma in the reactor.
Using the JA-IPU code, radiation damage by
gamma was estimated [47] and found it to be
comparable with the observed results.

7.1.6 Radiation Resistant Materials

Emphasis is being laid on research and develop-
ment of the radiation resistant materials (RR) both
for the fuel cells, structure materials, shielding
materials of gen. IV reactors including ADSS and
fusion reactors. Heating and diffusion of radioac-
tive material in cassettes and canisters used in
reposition of the HLW is another serious concern
and it demands development of RR materials with
attention on the said problems. In case of
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reposition, Ewing et al. [48, 49] have suggested
that planning of development of the radiation
resistant material needs to incorporate under-
standing of ion-matter interactions from the point
of immobilization of high-level radioactive mate-
rials. Ceramics materials such as pyrochlore
A,B,0, zirconolite CaZrTi,O, zircon ZrSiOy,
monazite (La, Ce, Nd) PO, and other complex
oxides having high waste loading capacity, better
thermal, mechanical, natural analogous and
desired chemical properties are proposed as
potential materials for the immobilization of
high-level nuclear waste and waste form of ADSS.
Among these ceramic materials, pyrochlore
structure shows properties of inert fuel matrix for
the radionuclides. In addition, some of the pyro-

neutron poisons in a nuclear reactor. In particulafy

group Fd-3 m) under ion bombardment hay
shown to be governed by the ratio of 4 iQni
radii of A and B cations (r4/rg). T M
like La,Zr, O; may further be explo d for uti-
lization as structure materials fa reposition
and as a layer inside fuel cells:

Other materials that are osed are SiC and
ZrC and PyC in the form ers in a fuel cell.
Radiation resistant b@i{r‘ SiCin the spallation
neutron spectrum has béen found superior when
compared with metals like Ni and Nb. In
Sect. 6.4, apﬂ(gg: ns of several other RR mate-
rials like Zr3Si, and SiC under the TRIGA setup by
the GeWomics has already been discussed.

)

™Y

chlores also have potential to be used as bumablre\zltxré‘l'ences

isometric pyrochlores with the A,B,O5 stoi—
chiometry display capability to incorporate acti-
nides (e.g., U, Np, Th, Pu, Am, and Mhe

A-site, particularly Pu [50]. Cc with
strong ionic characteristics, ‘suc?@ zirconate
(A,Zr,05), are generally considered”to be more
radiation resistant than ¢ ent stannate
(A>Sn,05). The in-situ TEM studies during ion
irradiation showed t iCal dose required for
the amorphizatio e*@dzTi207 is about 0.143
DPA [51]. The same group had also reported

amorphizati; f the zirconate pyrochlore to be
~5.5 DI/’AS a °K, which is normally consid-

ered as di@iﬁn resistant. On annealing, recovery
rate @diation-induced defects in fully amor-
p d structure (La,Ti,O5) is found to be higher
an“amorphous structure (Gd,Ti,O-] due to crit-
Q:al role played by the topology of the amorphous
materials [52]. This puts La-based composite in
better condition than Gd composites. Also, it may
be added that the ratio, g.)/0;,e for neutrons with
energy E > 1 MeV is several hundred times higher
in case of La than Gd. This is because of lesser
absorption cross section of neutrons in La than Gd.
Kulriya et al. [53] have investigated
temperature-dependent structural stability of the
bulk pyrochlore under swift heavy ion irradiation
and observed improvement in the radiation
resistant behavior on high temperatures. Also,
stability of the bulk pyrochlore structure (space
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Abstract

Calculation and computer modelling is very important for the search and evaluation of physical characteristics of every
new reactor concept, such as accelerator driven system. Some neutronic calculation of ADS model blanket based on flobride salts
actinides and fission products was performed (neutron flux parameters, multiplication factor dependencies etc.). Therlial-hydrau
analyses of the ADS reactor core with fluid fuel, and kinetic calculation of subcritical reactor with external neutromsoflu@e a
fuel (which is one of the issues coupled with accelerator driven systems important for safety studies) was also procesded. Nucl
data and various cross-section libraries influence to multiplication factor of ADS model blanket was separately studied.

Neutronic calculation was computed by general monte carlo transport code MCNP. To study nuclear data influence is
necessary to convert libraries from ENDF format to ACE format for MCNP, code NJOY was used to do that. Main world-widely
used cross-section libraries were tested, such us ENDF/B, JEF, JENDL, BROND, CENDL and also available high energy libraries.
Effects of various code versions (MCNP and NJOY) were studied too.

For kinetics study of an ADS blanket with external neutron source and with fluid fuel based on fluorine salts were used
point-kinetics equations modified by leakage of delay neutron precursor. For numerical solution of this equations waedeeated c
Bokin 2000 which was next applied to several selected transients of subcritical reactor system. From preliminary calaolagons ¢
seen that using molten fluoride salts acting as fuel and coolant simultaneously can cause a new type of transient effet during
fuel pump failure. The slowdown of the fuel flow decreases the leakage of delayed neutrons ghih¢hemsses. However, the
response of the system is mostly determined by the value of thermal feedback coefficient.

Preliminary calculations of a radial power density distribution in different modifications of blanket have been done up
today. To calculate a solution to the Navier-Stokes equations for liquids, with volume changes as functions of the teamoerature
movable heat sources, modern computer techniques and fitting simulation codes, which are based on suitable numédaalemet
needed. They are called the CFD computer programmes and two of them were used: PHOENICS 3.2.0 based on the finite volume
method, and a module FlowPlus for the programme package COSMOS 2.5, which is based on the finite element method.

Introduction:

Department of Nuclear Reactors FNSPE CTU
Prague deals with experimental works on training
reactor VR-1 Sparrow which relate to ADS
research, teaching students, testing materials and
characteristics of these various systems etc. ([12],
[13]). In order to have sgess with this
experiments and well interpret theirs results, it is
very important make amount of theoretical and

computation work. This poster shows an example
of this research work made on DNR. Except
neutron-physic, thermal-hydraulic, kinetic
calculation there are also provided many other kind
of computation and theoretical analysis. Modern
computation codes are kept at one's disposal and
some others are produced.

[. Nuclear data libraries influence on neutronic calculation of ADS blanket

During any new calculation of new reactor concept
there are many factors, which can influence the
results. One of them is various nuclear data,
especially cross section libraries. Problems with
nuclear data are excessive in new systems with
specifics requirements such as Accelerator Driven
Systems. That is because of special phenomena like
high energy incident neutrons or protons, special
materials of the core (fission products, higher
actinides, fluorides, special construction materials
etc.) and other exceptions such as molten fuel or
high neutron fluxes. These are problems also
studied In Dept. of Nuclear Reactors. In the field of
neutronic calculations are used codes MCNP

(versions 4A, 4B, 4C), WIMS, DIFER (czech
diffusion code [14]), OMEGA or ANISN, for data
preparation is used code NJOY (version 97 or 99).
For testing various libraries was used sensitivity
analysis method of multiplication factor of ADS
blanket described below. Multiplication factorfk
was computed by code MCNP-4B or 4C (various
results of versions was compared). As default value
of ket was chosen value obtained as result of
computation by MCNP-4B and with default data
supplied together with this code using ZAID ending
.60c. Tested data were from widely used libraries
ENDF/B-6.5, JEF-2.2, JENDL-3.2 and rarely used
CENDL-2.1 and BROND-2. Older libraries



ENDF/B-5 and 4 were also tested cause they are
used in old version of often used codes (e.g.
MCNP-4A). Data was prepared by code NJOY

version 97.115 and difference between versions
99.24 (new and old data format switch in acer

module) was also tested. With new data format for
MCNP version 4C was also tested new high energy
tapes from available libraries such as ENDF/B-6.6
processed by NJOY version 99.24. Effect of NJOY

parameters was also tested.

Hypothetic ADS blanket was created for this
purpose. It is graphite blanket with channels
containing fluoride salt of Li-Na, fission products
(FP) and higher actinides (HA), uranium and
plutonium. The idea was to have there main
dangerous isotopes from spent fuel which will have
to be used in accelerator driven technologies
(seeTab.]).

The blanket was obtained from work [7] with some| Fluorides % Fuel %
minor changes in geometry and of course fuel anfiBase LiNaF (LiF:NaF=80:20) ot [ °°Tc 1
salt changes. Blanket isotopes composition iSEyel (FP, HA, U, Pu fluorides) | 3| | ™ 1
hypothetical and was made only for testing Bcg 1
purposes. There is for example uranium which will t55 1:Material composition of 35 2
probably not be used in transmutation technologies, o nket used for computation 738 90
it's only for data testing here. In every calculations 73N 1
data for only one of isotopes changed while the 95, 1
others have gz 1
retained default data. Variance of result reflects the em 1
data influence. In the tables there is also result of Zher 1
percentage negative  reactivity p(= Koy ‘1) st. dev. 0.00144 (reactivity -2.55%). MCNP-4C set
o value 0.97560 st. dev. 0.0012p=R.50%). Main

which better show the differences. Computation
was performed for temperature 293.15 K (graphite
in MCNP grph.01t at 300K). Defaultkis 0.97513

results of computations are Tab. 2 many other
results can be found in [11].

ENDF/B-6.5 ENDF/B-5
Kot st. dev. p Kot st. dev. p

%Tc 0.97455 0.00133 -2.61 0.97642 0.00117 -2.41
129 0.97607 0.00133 -2.45 0.97607 0.00133 -2.45
Bics 0.96716 0.00130 -3.40 0.96716 0.00134 -3.40
=y 0.97231 0.00132 -2.85 0.97437 0.00116 -2.63
=5y 0.97903 0.00117 -2.14 0.97847 0.00126 -2.20
BN 0.97456 0.00128 -2.61 0.97459 0.00118 -2.61
%Py 0.97208 0.00131 -2.87 0.97601 0.00133 -2.46
2HAm 0.97476 0.00120 -2.59 0.97635 0.00131 -2.42
2Cm 0.97731 0.00122 -2.32 0.97338 0.00137 -2.73

2%t 1.47278 0.00131 32.10 - - -

JENDL-3.2 JEF-2.2
Kot st. dev. p Kot st. dev. p

®Tc 0.97611 0.00126 -2.45 0.97424 0.00139 -2.64
129 0.96697 0.00128 -3.42 0.96657 0.00142 -3.46
Bics 0.97309 0.00121 -2.77 0.97811 0.00124 -2.24
=y 0.97714 0.00129 -2.34 0.97240 0.00124 -2.84
=y 0.97998 0.00121 -2.04 0.97750 0.00140 -2.30
BN 0.97755 0.00125 -2.30 0.97403 0.00132 -2.67
%Py 0.97384 0.00125 -2.69 0.97491 0.00121 -2.57
2HAm 0.97918 0.00129 -2.13 0.97052 0.00119 -3.04
2Cm 0.97263 0.00116 -2.81 0.97541 0.00120 -2.52
2%t 0.97849 0.00126 -2.20 0.96685 0.00117, -3.43

Tab. 2:Main results of multiplication factor reflected data influence of main HA and FP in hypothetic ADS core

This computation shows that there are almost no
problems with thermal data range in cross-sections

in most of used elements. It can be also seen when
we have cross-section in graph. Minor problems are



with exceptional FP and HA. There are also some
differences caused by error in data evaluation or
processing in NJOY. This field requires further
research and evalution. Main problems are in high
energy region where available data are scarse and

Il. Thermal-hydraulic analysis

The most important calculations, except the
neutronic ones, are the thermal-hydraulic analysis
of the reactor core. This fact is the same in the case
of operating reactors and new designs of
Accelerator-Driven Systems (ADS) blankets. Heat
removal is a limiting factor of reactor power. It has
one of the most significant impacts on reactor
safety. It determines reactor design and in the case
of ADS with molten fuel-coolant has a critical
influence on reactor dynamics.

At the Department of Nuclear Reactors there are
two computer codes for calculation of complex
tasks in the field of fluid mechanics and heat
transfer: PHOENICS 3.2.0 and program package
COSMOS/M 2.6 with a module FlowPlus 4.1.

The first calculations were made after acquiring the
thermophysical properties of the fuel-coolant and
their implementation into both available programs.
Fluoride molten salts are anticipated, but the exact
mixture proportion is not available yet, because of
its dependence on other requirements. Two groups
of molten salts are noticed most frequently in
primary circuit of ADS: mixtures of LiF-NaF-KF
and LiF-Bek with small amount of nuclear fuel

often in resonance area where cross sections vary a
lot. Diferences between versions of computation or
procession codes are mostly only in the range of st.
deviation [11].

(Pu, U or Th) and transmutable isotopes. Because
of lack of sources acquiring physical properties of
these salts was a difficult task. Moreover, the most
cited data in references were acquired from the only
one source [1]This fact can constantly cause errors
in the calculations. The data of various sources vary
significantly. There are few data available for
individual properties of salts, namely dependence
on temperature and dependence on molar ratios of
single components of mixtures. Collection and
analysis of data for various salts will continue.
Verification calculations of both used programs
were made first. For this purpose the benchmark
example of flow in a simple pipe was used -
diameter 2m, height 2m, thermal power 300MW,
inlet velocity 0.6366 m/s and temperature 888K,
salt: 44.7%LiF - 11%NaF - 40.3%KF - 4%F
Obtained results of velocity, temperature, and
density calculations were compared. Basic shapes
of all fields from both programs are similar. Some
little differences could be interpreted as computing
errors.Fig. 1 shows an example of the temperature
on the outlet cross-section.

TIK]
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1.30E+03 \ / \
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1.15E+03 o | = PHOENICS | the outlet
/ \\\ \ / \ — MeanValue | temperature
1.10E+03 (The second
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1.00E+03 15, results to the
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Computations were made for 8 salfBalf. 3 in

PHOENICS 3.2.0 for these geometry and boundary

conditions

» 2D geometry, Y - axis symmetry, diameter 2m,
height 2m

300 MW, power, density distribution given in
100 (10x10) nodes; the power density
distribution was computed from diffusion
equation for subcritical systems

e inlet conditions velocity 0.6366 m/s,
temperature 888K, zero velocity on the outer
wall

» gravitation force in Y direction up stream

» K-epsilon turbulence model

e 17 240 cells (126 in radial direction, 140 in Z
direction), 1100 sweeps

No.| LiF |BeF2] NaF | KF JUF4
11465 11,6 42 0
21445 10,91 435 ] 1.1
3 ]453 11,21 41 2,5
4 1447 11 40,31 4
5 50 50 0
6 69 31 0
7 67 30,5 2,5
8 71 16 13

Tab. 3: Salts used for computations

The maximal values of both computed physical
variables are in the core axis. This supposed result
defines the critical place of the blanket. Salts
comparison shows the great dependence of results
on the used salts. The molten salts with higher fuel
ratio give one of the most adverse values (high

Fig. 2: An example of computation results with the
salt  mixture  44.7%LiF-11%NaF-40.5%KF-
4%UF,;: The temperature field (The density and
dynamic viscosity fields have a similar shape as the
above temperature field)

temperature and high acceleration compared to zero
velocity on the outer wall in the core axis). The
velocity fields show that radial velocity, just as
radial flow, is very small. It is the typical
characteristic of all molten salts.

w [m/s]

-1
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[1l. Kinetics of subcritical reactor with external neutron source and with fluid fuel

Kinetics of the subcritical reactor with external

neutron source and fluid fuel is one of the issues
related to the research of accelerator-driven
systems. The study of kinetics on the Department of

Leakage of Delayed Neutrons

The fuel in the form molten salt flows through the

primary circuit. The fissionable elements are

homogeneously distributed in this fluoride salt,

however the fission reaction runs only in the reactor
core. In the pipeline and heat exchanger the fuel
distribution is subcritical. The precursors of delayed
neutrons originated from fission reaction are drifted

by the fuel flow out of the core. Most of the decays

of precursors produce delayed neutrons, which
support the fission reaction.

However, there is a small part of precursors of
delayed neutrons, which decay in other parts of the
primary circuit. Neutrons thus produced are lost for
the fission reaction. The resultant quantity of lost

neutrons depends mainly on the ratio between fuel

%Ci (z1) +V%Ci (z1) :$ N(zt)-AC (zt)

0

where vis the velocity of the fuelk effective
reproduction factor] prompt neutron lifetimef
delayed neutron fraction for ath group of
precursors, and; decay constant. To solve these
equations the Laplace transformation and condition
C.(2,0)0=0 were used. After the backward

Laplace transformation the resulting functions

kBN "

Q(Z,l) :I(a_'_)\j)(l_e-(a#\l)Tz)

kB Ne
l(a +A)(L-e@VT)

C(zt)=

where 7, =L, /v expresses the duration of fuel

flow through core, andl;, =L, /v expresses the

duration of fuel flow through the whole primary
circuit. Finally, the leakage of neutrons can be
evaluated by the relative quantity of neutron

0
aci(z,t)+vac,(z,t):—}\iCi(z,t) for [.<z<L,,

{1_e-<a+4><z/v> +e @A) _1} for 0<z<Z, and

{e'(‘”"i Tz —:I} for L. <z<L,,

Nuclear Reactors is divided into two parts —
experimental and theoretical. In next part some
aspects of theoretical study are described.

volume in the core and in the whole primary circuit,
fuel velocity being of great importance. The overall
effect of this phenomenon is that the delayed
neutron fractiorB is smaller.

The leakage of the neutrons was evaluated in a
stable state, when the velocity of the fuel flow is
constant. Next it was supposed that the fuel flows
through the core in each channel axially and is
irradiated with homogenous neutron flux. The
length of the channel in core ls, and the total
length of primary circuit isLy. Under this
assumption and for each part of the primary circuit,
the equations for concentration of precursor of each
delayed neutron group have the following form:

for 0<z</. and

1)

(2)

expanded to power series. Then, supposing that the
neutron flux was independent of axial co-ordinate

zand that for most cased/(r) = N,e ™, where

a =1T andT is a reactor period, the first terms of

the power series expansion of the functions are
expressed as:

@)

(4)

precursors in the core in proportion to all precursors
in the primary circuit and for each group of delayed

neutrons. This ratio is designed,(a) and
given by:



LJZCI. (z,t)dz

1
L
fla) =l ©) e
J’Cl. (z,t)dz
7 - x=0,8
The fraction above can be reduced by the time t0) x=0,7 /
dependent forme™ and hence: '
x=0,6
0.6
1— e @A)y — g @A) -Te) i
f (@)=1.4 L-e )
To(@+A)A-e @) - .
04 x=04 / x=T:
When the power of the reactor is stahie=@), it 03
results from equation (6) that the ratio is: ’
»=0,2
0z
1- el 1_e_)\| (r-Te) x=01 _../
fi(0)=1- ( ) o ) (1) 001 01 1 0 00 100
TCAi (1_e I T) Aile

Fig.4.: Function f, (0) depending on
In case/, <<7.., almost all delayed neutrons
will be released outside the core; on the other
hand, when7, >>T7., the leakage from the
core will be negligible. For each value of

A1, for each x between 0.1 and0.

T
fraction x =—< between 0.1 and 0.9, the
T

ratio f, (O) depends only om\, 7, .

Point Kinetic Equations

For all calculations described in this paper were usedHowever, in the reactor with flowing fuel:
point kinetic equations with a correction to neutron

leakage. This approach was sufficient for the purpose Bf = ZBlfl 0). (8)
of a preliminary study. The correction was applieg,to i

which in the solid fuel reactor is given K= ZBI :

The point kinetic equations used for this case are:

N _P=B;
dt N

dc; (1) _ B./.(0) _
(l)+ZAiCi +8(7) and TN N@O-AC,, 9)

whereA\ is the average time of neutron origin, gnid of subcritical reactor kinetics, was based on this
reactivity. Next, the numerical Peano-Baker method method.

was used to solve these equations. The program Bokin

2000, which was then applied to several selected issues



Fuel Pump Failure

The flowing fuel in the subcritical reactor enables not fuel increases. The influence of the thermal effect on
only continuous reprocessing and purifying the ADS the reactor behavior depends mostly on the temperature
fuel, but there is also a possibility to create a new typecoefficientAc. Generally, there are two effects, and the
of transient effect in case of fuel pump failure. In suchresulting impact on the reactivity for eveAc can
case the fuel stops flowing through the reactor, and thaliffer.

heat is not carried out of the core. The changes of fuellhe first significant event is due to the influence of
velocity also influence delayed neutron leakage;flowing fuel velocity on the reactivity. This influence
thereforef is increasing. On the other hand, the heat iscan be expressed by usif(g) in this form:

not carried out of the core and the temperature of the

6 6 A ATeW) — A (G W)HT(V)
) &0 @-e ) - g AT
00,= 3 1A —Z%

Te (WA L-e*"") |
where To =T, /v, and T; =L;4/v. T, and

(10)

overheating. The final influence on the reactivity
from both effects will be:

Dp(t) = 0p,(1)+Dp, (1)

TT,O express the duration of fuel flow through the

core and through whole primary circuit before fuel (12)

pump failure. Next, it was supposed that the

influence of the increasing temperature on
reactivity is linear and is given by:
Ap; = AAT (12)

where Ac is the temperature coefficient add is

the temperature difference caused by fuel

This result was also used in development of programyf the other variables weré. . =5s. 7. =20s
Bokin 2000. An example of the system’s behavior ©0 Lo '
during the fuel pump failure was calculated for a and v, =I/m/s; the fuel stopped flowing after 30
plutonium reactor system with subcriticalityB. The  second from the fuel pump failure. The response of the
neutron source was not stopped during the transiensystem was mostly dependent on the value of the
effect, and the calculation was made for four values oftemperature coefficienfAc. Next figure shows the
the temperature coefficientAc (0, -0.00001, progress of reactor power after the failure for each
-0.00005, and -0.0001). It was supposed that the values

Summary of the time-dependent behaviour

The biggest difference between a reactor with solid
fuel and a reactor with fluid fuel is that in the fluid
fuel system a small part of delayed neutron
precursors is drifted out of the core. The resultant
guantity of neutron loss depends mainly on the fuel
velocity and on the ratio between

fuel volume in the core and in the whole primary
circuit. However, using fluid fuel brings great
advantage in the possibility of continuous
reprocessing and purifying its composition.

The subcriticality of the system is also an advantage
from the safety point of view. The response of the
system to the sine change of reactivity or neutron

source frequency is also sinusoidal, and the power
quickly follows the changes. Hence, the system can
be controlled by neutron source intensity. The
safety requirements may however demand
regulation rods.

Using molten fluoride salts acting as fuel and
coolant simultaneously can cause a new type of
transient effect during fuel pump failure. The fuel
flow slowdown decreases the leakage of delayed
neutrons and thusB increases. However, the
response of the system mostly depends on the value
of temperature coefficierc.



Time (s)

Fig. 5. Progress of the plutonium thermal reactor power after the fuel pump failure for each temperature coefficient
Ac. The subcriticality was £ fuel flow stopped 30 seconds after failure.
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Investigation of Cross-Sections for the Formation of Residual
Nuclei in Reactions Induced by 660 MeV Protons Interacting
with Natural Uranium Targets

J. Adam*’l’z, K. Katovsk}'/**’3 ’2, R. Michel4, A. Balabekyan2’5 , V.M. Tsoupko-Sitnikovz,
V.G. Kalinnikovz, V.S. Pronskikhz, AA. Solnyshkinz, V.L Stegailov2

! Czech Academy of Science, Nuclear Physics Institute, Rez near Prague, Czech Republic
? Joint Institute for Nuclear Research, Dubna near Moscow, Russian Federation
? Czech Technical University, Department of Nuclear Reactors, Prague, Czech Republic
* Center for Radiation Protection and Radioecology, University Hanover, Germany
5 Yerevan State University, Armenia

Thin natural uranium targets were irradiated by a 660 MeV proton beam from the Phasotron
accelerator in the Joint Institute for Nuclear Research in Dubna, Russia. Cross sections for the
formation of residual nuclei ™ U(p,xpyn)éRes are determined by methods of gamma-spectroscopy.

Until now 81 long-lived (T, > 100 days), 121 intermediate-lived (1 day <T,, < 100 days) and 224
short-lived (T, <1 day) isotopes (44 of them are in a meta-stable state) were observed, and a lot of
unanalyzed lines yet remain left. Final results of 42 long-lived isotopes and upper cross-section limits
for 25 isotopes are presented in this paper. Some background neutron yields are also presented. The
numerical results for ¢ of intermediate- and shorter-lived isotopes are revealed now. These new data
will be compared with theoretical simulations using intra-nuclear cascade and high-energy codes
including those developed within the HINDAS project and calculations provided by LANL. All these
final experimental and theoretical results will be presented at the Nuclear Data for Science and
Technology (ND2004) conference.

1. INTRODUCTION

The Laboratory of Nuclear Problems of the Joint Institute for Nuclear Research in co-operation with
academical institutions like the Czech Technical University in Prague, the University of Yerevan, the
University of Hanover, and the Academy of Science of the Czech Republic is interested in high-energy
proton and neutron reactions related with investigations for the transmutation of nuclear waste. Natural
uranium targets, used in this experiment, were included in the research program of the HINDAS project
[1], in which the University of Hanover has participated. All these institutions have been active in a
research dedicated to the Accelerator-Driven Transmutation of nuclear waste as well as in the area of
high-energy nuclear-data research. Results obtained during these studies, which are still in progress, can
be used for a comparison with other data gained from the HINDAS project [2] and alternative research
[3], and they are, of course, useful for benchmarking intra-nuclear cascade codes [4,5]. The results have
been obtained by y-spectroscopy method. This method, in comparison with the Inverse-Kinematics
Method [6] has benefits in the possibility of measuring yields of the meta-stable states of residual nuclei
and in the potentiality of using radioactive samples (targets) (like '*’I, **'Am, Z"Np [8], **’Pu etc.),
which is also possible at the nTOF facility [7]. The precision of the cross-section measurement is also
better. Disadvantages of this method are lower sensitivity of registration, and impossibility of measuring
the yields of very long-lived and stable residual nuclei as well as very short-lived nuclei (T, < 1 min).
Capital costs and use of already existing accelerator facilities are conveniences for this method, but on
the other side long time consumption for the yield measurements and data processing handicaps it.

Corresponding Authors: “Tel.: +7-09621-62175, Fax: +7-09621-66666, E-mail: jadam@nusun jinr.ru
“Tel.: +420-284-681-075, Fax: +420-284-680-764, E-mail: k.katovsky@sh.cvut.cz
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Figure 1: Set-up of the experiment
1. EXPERIMENTAL METHODS — IRRADIATION, GAMMA MEASUREMENT, AND DATA HANDLING

The experiment was carried out in the external beam of the JINR LNP Phasotron accelerator with a total
beam current of 2.20 HA (2.02 LA respectively); the beam current on the targets was 0.8 HA. Proton
irradiation was made in two steps — 5 min short irradiation with a total proton flux of 1.5-10'° for the
detection of short-lived isotopes and 27 min long irradiation with a total proton flux of 8.09-10" for the
measurement of intermediate- and long-lived isotopes. There was also a third uranium-target sample
(No.7 in Figure 1), which was placed 30 cm perpendicular to the beam on the plane of the targets No. 1-
6 and which was irradiated by background neutrons produced in these targets. Targets made from natural
uranium (consisting of three isotopes: 234U - abundance 0.0054 % and T 17=12.455 (6) 10° Y, 3y
0.7204 %; 7.038 (5) -10°y and **U - 99.2742 %; 4.468 (3) -10°y [9]) metal foils were exposed to the
proton beam with an energy of 660 MeV. The diameter of the irradiated target samples was 15 mm; the
thickness was 0.0477 mm and their weights ca. 165 mg (Table 3). The experimental set-up is shown in
Figure 1. The sample sets number one "*U;,(No. 1-3) and number two "Uj,) (No. 4-6) were irradiated
by the proton beam. A two-coordinate proportional chamber controlled the profile and the position of the
beam during irradiation of the targets. The size of the beam in horizontal (x) and vertical (y) direction
could be described by Gaussians with the FWHM(x) = 19.2 mm and FWHM(y) = 16.2 mm. Aluminum
foils were used in order to monitor the beam. For monitoring purposes, the reaction %’ Al(p,3pn)**Na was
used. Good agreement gives also the reaction >’Al(p,10p11n)'Be, while *’Al(p,3p3n)**Na gives ca. 30%
smaller values for the proton current (Table 1). For the current calculations, the following reaction cross-
sections were used: 6(**Na) = 10.8 (7) mb, 6(**Na) = 15.0 mb, 6('Be) = 5.0 mb [10]. The third uranium-
target sample "*U3, was placed 30 cm perpendicular to the beam on the plane formed by the targets
"Ugy and ™Up, and was irradiated by background neutrons produced by ™ Uu(p,xpyn)sRes
reactions. Final results for 11 neutron-induced reaction yields are shown in Table 6. In Table 5a, the
final results for the 42 proton-induced reaction yields of long-lived residual nuclei are shown, while
Table 5b displays upper limits for the yields of isotopes observed in the spectra but without final results
determined. The final yields of intermediate- and short-lived isotopes produced in the proton-induced
reactions will be presented at the ND2004 conference. Neutron results are presented as B-factor —

number of residual nuclei 4 Res per one incident proton and per one gram of the target.



Table 1: Results of the monitor reactions

“Na “*Na 'Be
Q [ LluA] Q [ L[uA] Q | L[uA]
First irradiation - Al monitor (No.2), "™U (No.1)
2.069(10)10" | 0803 [ 2.707)+10" [ 0.755 | 9.82(9)<10° | 0.823
Second irradiation - Al monitor (No.6),"™U (No.2)
2.004(9)+10" |  0.804 | 2.466(16)10" | 0.712 | 9.13(8)+10° | 0.807
Table 2: Characteristics of the targets Table 3: Weights of the samples
natU(])-NO.z nalU(z)-NO.S natU(z)-NO.7 natU Al monitor
Weight [mg] 160.8 164.0 164.2 Foil Weight Foil Weight
Thickness [mm] 0.0478 0.0487 0.0488 No. [mg] No. [mg]
Activity [kBq] 1.442 1.472 1.473 1 161.0 1 29.9
Beam intensity 0.8 pA 0.8 pA neutrons 2 160.8 2 30.3
Irradiation 3 152.4 3 30.4
time [min] 3 27 32 4 171.9 4 29.6
Total proton flux 1.5¢10" 8.09+10" neutrons 5 164.0 5 29.9
6 166.3 6 29.3
7 164.2 7 30.3
8 30.5
9 30.3

Measurement of y-rays

The basic properties of the HPGe detectors, which were used in our experiment, are given in Table 4.
The measurement of the first "U(;, sample was started 12 minutes after the irradiation, and the
measurement of the second target "'Uy,) was started after a cooling time of about 12 hours. The first
sample was measured ca. 11 hours, and the last measurement of the second sample was made after a

cooling time of 700 days.

Table 4: Characteristics of the y-ray measurements

HPGe detector CANBERRA ORTEC (old) ORTEC (new) ORTEC
GR-1819 GMX-23200 GMX-20190 GeLP-36360/13

Relative efficiency | 18.9 % 27.7 % 28.3 % not indicated

Resolution [keV] At 5.9keV, 335eV

(Ey=1332 keV) 178 1.86 1.84 At 122keV, 580eV

Amplifier ORTEC 973 CANBERRA 2024 CANBERA 2026 CANBERA 2020
ORTEC 921 ORTEC 919 ORTEC 919 ORTEC 921

ADC SPECTRUM SPECTRUM SPECTRUM SPECTRUM
MASTER MASTER MASTER MASTER

Filter IlmmPb+2Cd+2Cu | 2mm Cd+2Cu No No

Sample Uy, "Up) "'Ug) Al "Up)

Distance [cm] 116 -17,26 -1 1 2.3,5.0,16.0 4.5,2,5

Measurement time | L2 ~ 72 80m — 5d 160m — 467m 5d, 10d, 13d
85m—18d

oy 12m — 10h 20m,
Cooling time 11h16m - 500d 1h20m - 11d 50m - 11d13h 403d, 545d, 700d
Number of meas. 36, 58 33 45 3

We have chosen such a distance between detector and radioactive samples ("*U 1), "U(2)) that the dead
time was approximately 20%, and we measured in this geometry until the dead time decreased to app.
10%. We measured the efficiency of the HPGe detector in every position. The last 10 measurements of
the second sample (meas. time about 14 days) were done without filter. Three long-time measurements
were also made on the planar X-Ray detector for better detection of long-lived isotopes.




Table 5a,b : Final results and upper limits of residual nuclei production cross-sections in proton reactions with "'U

. Type of Cross- . Type of .
R§s1dlugl croyslz-sec. Half life section RISSldlu?l croyslz-sec. Half life ?ro.ss—seg tion

e and decay [mbarn] uee and decay imit [mbarn]
*Na (G) C(e,p) 2.6019(4) y 0.020(5) | >Fe (G) C(e) 2.733) y < 1.7 mb
Ar (G) C(B) 32.9(11)y 0.47(10) | *Ge (G) C(e) 270.8(3) d <0.34 mb
*Mn (G) | I(e) 3123(4)d | 0257(15) | ®Kr(G) C(p) 10.756(18) y < 4.8 mb
Co (G) C(e) 271.79(9)d |0.0580(20) | *°Sr (G) C(B) 28.79(6) y <51b
“Co (G) “I”(B) 52714(5)y | 0.81440) || “"Nb M) | “I(T) 16.13(14) y <240 mb
%7n (G) C(e,p) 244.26(26)d | 0.267(15) | 'Cd(G) | C(e) 462.6(4) d <0.50 mb
*Se (G) C(e) 119.779(4) d 0.723) | '“cdM) | “I’(BIT) 14.1(5) y <0.68 mb
Y (G) C(e,p) 106.65(4) d 5.74(30) | "“'sn(M) | AT, p) 55(5)y <21 mb
"Ru(G) | C(B) 373.59(15) d 39.2(12) || "'Te(M) | €aT,p) 109(2) d <4.0 mb
"IRh (G) | C(¢) 33(3)y | 0.44022) | ""Pm(G) | C(e, o) 17.7(4) y <2.5mb
"Rh(M) | 1(B,ep) 3.742(10) y 2.22(10) | "'Pm(G) | C(B) 2.6234(2) y <540 mb
TAg (M) | 1(B ) 249.79(20) d 9.4127) | "'Sm(G) | C(@B) 90(8) y <2.8b
"Cd (G) | C(e) 462.6(4) d 3.6024) | "'Tb(G) | C(e) 71(7)y <21 mb
"Sn (G) | C(e) 115.09(4) d 1.30(7) | "’Dy(G) | C(e) 144.4(2) d <0.76 mb
Sn (M) | C(B) 293.1(7)d 14.016) | "Tm(G) | I(B,e) 128.6(3) d <7.0 mb
BSn (G) | CB) 129.2(4) d 13.609) | "'"Tm(G) | C(P) 1.92(1) y <14 mb
8b (G) | C(B) 2.7582(11) y 18.1(6) | ""LuM) | I(T,e) 1422) d <3.1mb
PTe (M) | I(IT,e) 154(7) d 513) | "Ta(G) | c@) 114.43(3) d <0.15 mb
BTe (M) | I(IT) 119.7(1) d 8.1(5) | "™'W(G) C(e) 121.2(2)d <0.36 mb
BiCs(G) | “I"(B.e) | 2.0648(10)y 557(15) | "™Re (M) | I(IT,e¢) 169(8) d <0.10 mb
BCs (G) | C(B) 30.07(3) y 15.6(8) | "Au(G) | C(e) 186.09(4) d <1.2mb
Ba (G) | C(e) 10.51(5) y 723) | Po(G) | C(a,etp’)| 2.898(2)y <440 mb
e (G) | C(e) 137.640(23) d 6.04) | Po(G) | C(w) 138.376(2) <3b
e (G) | Cp) 284.893(8) d 9.0(4) | *Ra(G) | CB) 5.753) y <390 mb
"pm (G) | C(e) 265(7) d 1.21(5) | *Np(G) | C(e, o) 396.1(12) d <100b
"pm (G) | 1(e) 363(14) d 1.02(5)
"pm (G) | 1(B.e) 5.53(5)y 1.02(6)
"Sm (G) | C(e) 340(3) d 1.74(12)
BBy (G) | 1(B.ep) 36.909) y 0.67(5)
PEu(G) | “T"(B.ep)| 13.537(6)y 0.61(4)
BB (G) | “T"(B.e) 8.593(4) y 0.35(5)
Eu(G) | CB) 4.7611(13) y 0.9(3)
B1Gd (G) | C(e) 124(1) d 0.96(16)
Gd (G) | C(e) 240.4(10) d 1.50(6)
Lu(G) | Ce) 1.37(1)y | 0.260(17)
"Lu(G) | “T"(e,fh) 331(5)y 0.63(5)
177 I(IT,

Lu (M) BIT.B) 160.4(3) d 0.028(3)

"PHf (G) | C(e,B) 1.873) y 0.223(8)
P05 (G) | C(B) 6.02)y 3.03(30)
Bi (G) | C(ep) 31.55(5) y 7.8(9)
TAc(G) | C(B) 21.773(3) y 1.37(14)
BTh(G) | C(a) 1.9116(16) y 4.9(3)

C cumulative

I independent

“I”

almost independent (left and right saturated from very long-lived isotopes)
Half-lives and reaction properties were taken from [11].




Table 6: Reaction yields produced by background neutrons

. B-coefficient .
Res1dugl Type of Half life [nuclei per proton and Data handling
Nuclei decay
per gram of target]

*Co e+p" 70.86(7) d (2.6940.076) - 10°® The analysis of the experimental results
%Co B 5.2714(5)y (4.68+0.7) - 107 started with the calculation of the proton-
"Se g 119.779(4) d (1.0640.046) - 107 | beam intensity, by which the "U targets
Zsz 3 86.2(1) d (6.6240.204) - 10:: were irradiated. The preliminary values
88Sr e 64.84(2) d (3.24340.07) - 10_7 of the number Q of nuclei formed per
X e 106.65(4) d (4.025404) - 10| second in the Al monitors and the current
126;’1 E+B li;gzgg (l( 1021%82‘3‘; igg I, of protons, which irradiated the targets
g 5 3'20'4(13) i a él+6 (;97)' 0 were determined from Al mqmtors (foils
3Ty B 8.02070(11) d (2.12£0.15) - 10° Eo'z’ No.6 N Table 1). We did not make
Ny 5 235654 d (5.96£131) 107 ¢ coincidence summing corrections

which are negligible for d = 15 cm, small
for d=5 cm, but we performed them for d =2 cm, where they are significant. Processing of the
measured data was made by the Deimos code in interactive mode [12]; energy calibration, background
subtraction, subtraction of single/double emission peaks, efficiency calibration, determination of
experimental half-lives, corrections for coincidence summing etc. were made by a special code system
developed [13,14] in the past and during this data processing. A total number of 97 spectra were
analyzed, which corresponds to approximately 30000 gamma lines. The results for long-lived isotopes
are almost final, for shorter-lived isotopes with a half-life less than100 days preliminary results have
already been obtained. Corrections for overlapping peaks, coincidence summing, and corrections for
intensity suppression are in progress.
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Abstract. Thin natural uranium targets were irradiated by a 660 MeV proton beam from the Phasotron
accelerator at the Joint Institute for Nuclear Research in Dubna, Russia. Cross-sections of the formation of

residual nuclei ™ U(p, xpyn)/;Res are determined by methods of gamma spectroscopy. Until now, 43 long-

lived (T, > 100 days) isotopes were observed and their cross-sections determined. More than 350
intermediate-lived (1 day < T, < 100 days) and short-lived (T, <1 day) isotopes have been identified in
the y-spectra and many unanalyzed lines yet remain. Final results for 43 long-lived isotopes and upper cross-
section limits for 27 long-lived isotopes are presented in this paper and compared with results by five

different models.

INTRODUCTION

Results obtained during this study, which is still in
progress, can be used for a comparison with other data
measured in the framework of the HINDAS project
[1,2] and they are useful for benchmarking intra-
nuclear cascade codes [3,4]. The results have been
obtained by the y-spectroscopy method. This method,
in comparison with the inverse-kinematics method [5],
has the advantage of measuring yields of residual
nuclei in meta-stable (M) states and the possibility of
using radioactive samples as targets (like '*I, **'Am,
Z"Np [6], *’Pu etc.). The precision of the cross-
section measurement is usually better. Disadvantages
of this method are a lower sensitivity of registration
and impossibility of measuring very long-lived and
stable residual nuclei yields. Capital costs and use of
already existing accelerator facilities are the
conveniences of this method, but, on the other hand,
long time consumption for the yield measurements and
data processing handicaps it.

EXPERIMENT

Two experiments were carried out in the external beam
of the Phasotron accelerator with 660 MeV protons
and atotal beam current of 2.20 pA (2.02 pA
respectively); the beam current on the targets was
0.8 pA in both irradiations (determined by activation
beam monitors). Proton irradiation was done in two
experiments — 5 min for short irradiation with a total
proton flux of 1.5-10" for the detection of short-lived
isotopes and 27 min for long irradiation with a total
proton flux of 8.09-10" for the measurement of
intermediate- and long-lived isotopes. Two targets
made from natural uranium metal foils were exposed
to the proton beam with energy of 660 MeV. The
diameter of the irradiated target samples was 15 mm;
the thickness was 0.0477 mm, and their weight
ca. 165 mg. Aluminum foils were used in order to
monitor the intensity of the beam. For calibration, the
following reaction cross section was used: o(**Na) =
10.8(7) mb [7]. The gamma spectra of activated
uranium targets were measured with coaxial and
planar HPGe detectors.



RESULTS

Processing and analyzing of the measured data were
made using the DEIMOS code [8] by a special code
system [9,10]. Cross-sections of formation of product
nuclei from the present work are given in Table 2. Part
of our data are compared (Fig.1) with cross-sections of
800-MeV protons measured by Y. E. Titarenko et al.
[12] and with the 1-GeV data by J. Taieb et al. [5] and
M. Bernas et al. [13]. The last data have been
measured using the inverse-kinematics method, where
1 A GeV 2*U projectiles irradiated a hydrogen target.
These data present only independent cross-sections,
while the preset work and [12] contain also cumulative
cross-sections. For our comparison, we calculated
cumulative cross-sections from [5,13]. Although, the
energies of projectiles differ substantially, the values
of cross-sections do not change so much. For Z<28
and 64<Z<74, there are no data in [5,13] and we can
not compare our results. Note that in some cases our
results are more precise than the data from [5,12,13]
and we have also obtained more complete results than
Y. E. Titarenko et al. [12].
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FIGURE 1. Various experimental results of residual nuclei
yields from the reaction p + **®*U: the present data are at
660 MeV, the data by Y. E. Titarenko et al. [12], at 800
MeV, and by J. Taieb et al. [S] and M. Bernas et al. [13], at
1 GeV.

We analyzed all the data measured in the present
work using five models incorporated in the following
codes: the Liege IntraNuclear-Cascade model (INCL)
[14,15] coupled with the ABLA evaporation/fission
model [16]; the improved Cascade—Exciton Model
(CEM) code CEM2k [17] coupled with the
Generalized Evaporation/fission Model code GEM?2
[18]; the Los Alamos version of the Quark-Gluon
String Model LAQGSM [19] coupled with GEM2 [18]
(see details in [21]); and CEM2k and LAQGSM both
coupled with the sequential-binary-decay model

GEMINI [20]. Our qualitative comparison is presented
in Figure 2.

For a quantitative comparison of experimental data
with the calculations, we use the average deviation
factor <F> with its standard deviation S(<F>).

(F)= 10\/<[l°g[<7°"“ /5o 2>

[ et

s((F))=10

For such a comparison, only 33 from the total 43
measured cross sections were selected. For instance, if
only an isomer or only a ground state of a nuclide was
measured, such nuclides were excluded from the
quantitative comparison. The Tab. 1 shows values of
<F> and S(<F>) for all compared products, where N is
the total number of comparisons, Nsp, is the number
of comparisons in which the calculated and measured
values differ by not more than 30 %, while N, , shows
the number of comparisons where the difference was
not more than a factor of two.
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FIGURE 2. Ratios of calculated to experimental cross
sections for the reaction 660-MeV protons on ™U.

TABLE 1. Quantitative comparison of experimental and
calculated results for the 33 selected isotopes.

Model All 33 selected isotopes
N/N3ow/Noo | <F> | S(<F>)
CEM2k+GEM2 31/4/17 2.90 | 2.08
CEM2k+GEMINI 31/7/16 422 | 3.18
LAQGSM+GEM2 31/7/17 3.70 | 2.75
LAQGSM+GEMINI | 33/5/10 542 | 2.78
INCL+ABLA 32/9/24 2.07 | 1.68




TABLE 2. Final results and upper limits of residual nuclei production cross-sections in reaction: p+

23 S(nal)U

Comparison is made with the results by Y. E. Titarenko et al. [12], J. Taieb et al. [5], and M. Bernas et al. [13].

Residual | Type of cross- Half life Cross-section | Cross-section | I-Cross-section | C-Cross-section
Nuclei | sec. and decay atirie [mb] [12],[mb] [5,13],[mb] [5,13],[mb]

Na (G) C(e,ph) 2.6019(4) y 0.020(5)

“Ar (G) C(B) 32.9(11)y 0.47(10)

Mn (G) | I(e) 312.3(4)d 0.257(15)

Fe(G) C(g) 2.73(3)y <17

Co (G) C(e) 271.79(9) d 0.058(20)

9Co (G) “I”(B) 5.2714(5) y 0.814(40)

5zZn(G) | C(ep) 244.26(26) d 0.267(15) 0.46(7) 0.46(7)

%Ge(G) C(e) 270.8(3)d <0.34

"Se (G) C(e) 119.779(4) d 0.72(3) 1.38(17) 1.30(21) 1.49(32)
SKi(G) C(B) 10.756(18) y <4.8 10.5(9) 19.6(20)

PS1(G) CcB) 28.79(6) y <51 000 11.9(7) 26.0(12)
Y (G) C(ep) 106.65(4) d 5.74(30) 6.74(52) 6.51(52) 7.66(69)

%Nb(M) “I(IT) 16.13(14)y <240 7.56(38)
"Ru(G) | C(B) 373.59(15) d 39.2(12) 44.0(61) 16.6(13) 32.7(26)
"Rh (G) | C(e) 3303)y 0.440(22) 3.00(15) 3.54(18)
"2Rh (M) | I(B,ep) 3.742(10) y 2.22(10) 5.28(37)
Ag (M) | I(Be) 249.79(20) d 9.41(27) 13.3(8) 12.6(5)
Cd(G) | C(e) 462.6(4) d 3.60(24) 4.41(44) 5.18(52)
BcdM) | “I’(B,IT) 14.1(5)y <0.68 12.5(5)
BSn (G) | C(e) 115.09(4) d 1.30(7) 2.02(18) 2.39(24) 2.75(33)
snM) [ CB) 293.1(7) d 14.0(16) 11.0(4)
Zisn(M) | C(T,p) 55(5) y <21 11.6(5)
Bsn (G) | CB) 129.2(4) d 13.6(9) 9.28(37) 14.29(64)
Sh (G) | C(B) 2.7582(11) y 18.1(6) 243(21) 9.3(5) 15.68(82)
2Te M) | I(IT,) 154(7) d 5.1(3) 6.28(44) 6.61(53)
BTe (M) | 1(T) 119.7()d 8.1(5) 8.02(48)

TTeM) | C3T,) 109(2)d <40 8.18(33)

BiCs (G) | “T'(Be) 2.0648(10) y 5.57(15) 6.43(52) 5.19(15)

BCs (G) | CB) 30.073) y 15.6(8) 3.89(27) 10.58(72)

Ba(G) | C(e) 10.51(5) y 7.2(3) 3.86(34) 7.76(68)
PCe (G) | C(e) 137.640(23) d 6.0(4) 8.20(54) 2.28(11) 5.36(34)

e (G) | cp) 284.893(8) d 9.0(4) 11.6(10) 1.52(9) 6.89(52)

"Pm (G) | C(e) 265(7) d 1.21(5) 1.01(12) 1.58(12)

"“Pm (G) | Ie) 363(14) d 1.02(5) 1.50(14) 1.02(15)

"Pm(G) | Cle,n) 17.7(4)y <25 0.88(5) 1.98(17)
"pm (G) | I(Be) 5.53(5) y 1.02(6) 0.84(4)

"Pm(G) | C(B) 2.6234(2)y <540 0.75(5) 5.20(50)

Sm (G) | C(e) 340(3) d 1.74(12) 0.70(7) 1.10(12)

BISm(G) | C(B) 90(8) y <2800 0.436(22) 2.02(39)

S0Ru (G) | I(B,ep) 36.909) y 0.67(5) 0.558(33)

“Eu (G) | “I"(B,eBH) 13.537(6) y 0.61(4) 0.491(24)

SEu(G) | “T'(Be) 8.593(4) y 0.35(5) 0.315(16)

Eu(G) | C(B) 4.7611(13) y 0.9(3) 0.221(15 0.51(5)

"IGd (G) | C(e) 124(1) d 0.96(16) 0.47(12)

Gd (G) | C(e) 240.4(10) d 1.50(6) 0.45(5)

“Tb (G) | C(e) 71(7) y < 21

Dy (G) | C(e) 144.42) d < 0.76

Tm(G) | 1I(B.e) 128.6(3) d <70

"Tm (G) | C(B) 1.92(1) y <14

BLu(G) | C(e) 1.37(1) y 0.260(17)

TLu(G) | “I"(ep) 3.31(5) y 0.63(5)

TLuM) | I(T, &) 142(2) d <31

"Ly M) | I(IT,B) 160.4(3) d 0.028(3)

PHE(G) | C(e,Bp) 1.87(3) y 0.223(8)




HF (M) | 1(IT) 31() y 0.28(10)

"Ta(G) | C(B) 114.433)d < 0.5

Blw (G) | C(e) 1212(2)d < 3.6 0.0120(18) 1.97(25)
"Re (M) | I(IT, ¢) 169(8) d < 0.10 0.0110(11)

05 (G) | C(B) 6.0Q2) y 3.03(30)

" r(M) 1(B) 171(11) d <0.045

5Au(G) | C(e) 186.09(4) d <12

21pp(G) C(0) 22.3(3)y <42 0.068(7)

Y7Bi(G) | C(ep) 31.55(5) y 7.8(9) 0.045(5) | 8.4(21)+0.5]
po (G) | C(o, e+B) 2.898(2) y < 440 0.270(32)

%06 (G) | C(a) 138.376(2) <3000 [0.088]

Ra(G) | C(B) 5.75(3) y < 390

2TAc(G) | C() 21.773(3) y 1.37(14) 1.31(20) 1.31(20)
BTh(G) | C(w) 1.9116(16) y 4.9(3) 2.74(41) 4.48(68)
Z2(G) C(a) 68.9(4) y <140 1.01(15) 7.14(107)
Np (G) | Cle, o) 396.1(12) d <1900

C - cumulative; I - independent; “I”” - almost independent (left or/and right saturated from very long-lived isotopes);
Half-lives and reaction properties were taken from [11]. The values given in brackets [] in work [5], see the last two
columns, are apparent production cross-sections, influenced by the radioactive decay inside the fragment separator.

CONCLUSION

Values (and upper limit) of cross sections for 43 (and
27) residual nuclei with 100d<T;, <100y were
measured for the reaction of 660 MeV protons on "*U.
We compare our results with similar experimental data
at 800 MeV [12] and with inverse-kinematics
measurements at 1 GeV on **U [5,13]. Our data are
compared also with the calculations by five different
models. The best agreement (but not perfect enough)
was achieved with the INCL+ABLA and
CEM2k+GEM2 results. None of the models tested
here reproduce all the experimental data well enough
and all of them should be improved further.

This work was supported in part by the US DOE,
the CRDF Project MP2-3025, and by the NASA
ATPO1 Grant NRA-01-01-ATP-066.
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Abstract. The Target-blanket facility “Energy+Transmutation” was irradiated
by a proton beam extracted from the “Nuclotron” Accelerator in the Laboratory
of High Energies of Joint Institute for Nuclear Research in Dubna, Russia. Neu-
trons generated by the spallation reactions of 0.7, 1.0, 1.5, and 2 GeV protons
on the lead target and interact with the sub-critical uranium blanket. In the neu-
tron field outside the blanket, radioactive neptunium, plutonium, and americium
samples were irradiated and transmutation reaction yields (residual nuclei pro-
duction yields) were determined using methods of «-spectrometry. The results
of transmutation studies of 237Np, 238py, 239py, and ?4' Am are presented.

1 Introduction

Accelerator Driven Systems are recent projects which give new ideas to the end
of fuel cycle; such systems can be used to incinerate long-lived fission prod-
ucts and minor actinides produced by conventional fission reactors. They could
also prove to be useful to burn out a large amount of plutonium from nuclear
weapons. Inside the system within thick heavy metal target, spallation reactions
generate high neutron fluxes and transmutation of selected isotopes takes place
in the sub-critical blanket.
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2 Experimental Setup Specification

“Energy plus Transmutation” (“E+T”) is a lead-uranium target blanket system
(Figure 1, [1]). The total length of the lead target inside four sections is 480 mm;
the total Pb-thickness is 456 mm. The diameter of lead is 84 mm and the total
mass is 28.7 kg. The blanket contains four sections (Figure 2). Each section is
fuelled by 30 uranium rods in aluminum shell with a diameter of 36 mm, a length
of 104 mm and a mass of 1.720 kg. The total mass of each section is 51.6 kg
of natural uranium, so the whole blanket mass is 206.4 kg. The slits, which ex-
perimental instruments and detectors are inserted into, were based between each
two sections. The entering side of the beam is covered with the aluminum beam
monitor and other activation or solid-state nuclear track detectors (SSNTD). The
other detectors are lying on the top of the blanket.

On the top of the second section a set of radioactive samples (>38Pu, 2°Pu,
237Np, and 24! Am) were placed (Figure 3). Sample properties are listed in Ta-
ble 1 and their placement are indicated in Table 2. The place numeration follows
from up to down regarding the Figure 3. The other isotopes purity are practically

Figure 1. Photography of the “Energy+Transmutation” Pb/™'U assembly outside the
shielding before fixing of the detectors
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Figure 2. Simplified design of the “Energy+Transmutation” assembly inside its shielding
as used in the experiment (sideways view)

Table 1. Radioactive samples properties

Nuclei 0.7 GeV 1 GeV 1.5 GeV 2 GeV
m A m A m A m A
[mg] [mCi] [mg] [mCi] [mg] [mCi] [mg] [mCi]

BTNp 1015 0.78 987  0.690 1011  0.745 1011  0.745

238py 51.7 879 51.7 879 - - 51.6 877
239py 511 31.68 511 31.68 466 27.6 446 27.65
241 Am - - - - - - 186 638

Table 2. Radioactive samples placing

Nuclei 0.7 GeV 1 GeV 1.5 GeV 2 GeV
Cell No Cell No Cell No Cell No
TNp 4 4 142 3
238py 2 2 - 2
239py 3 3 2+3 2+3
241 Am _ _ _ 1
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Figure 3. Top view of “E+T” setup with radioactive samples (RA-samples) on it. Beam
goes from the left.

100% for 23"Np, 23°Pu, and 2** Am. The 2**PuO, targets contain 72.92(16)% of
238py, 16.75(14)% of 23°Pu and rest small mixture of 240-241.242py (2.87(6)%,
0.35(4)%, 0.11(1)%). The target samples were hermetically packed in dura-
lumin capsules (Figure 4) with the weight 17.51 g (in 0.7, 1.0, and 2.0 GeV
experiments) or 78.8 g (in 1.5 GeV experiment).

Measurements of ~y-rays were performed on the High-Purity Germanium de-
tectors (properties are given in Table 3). Specific feature of experiments with
radioactive targets is that the self-radiation of the targets produces high back-
ground that makes it difficult to measure the yield of the product nuclei, com-

Table 3. Characteristics of HPGe detectors used for y-rays measurements

HPGe detector CANBERRA ORTEC ORTEC
GR1819 GMX-23200 GMX-20190-P
Relative 18.9% 27.7% 28.3%
efficiency
Resolution 1.78 keV 1.86 keV 1.80 keV
(Ey = 1332 keV)
Amplifier ORTEC CANBERRA CANBERRA
973 2024 2026
ADC ORTEC ORTEC ORTEC
MASTER 921 MASTER 919 MASTER 919
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Figure 4. Radioactive sample description

parison of ~y-spectra of 238Pu, 239Pu which were measured before irradiation and
background ~y-spectrum see on Figure 5. Spectra were measured for 10 000 s and
the spectrum of 23°Pu was normalized to the same number of atoms as 23*Pu.

The intensity of the y-radiation I, of ?*! Am is distributed in energy E., this way

>, I, (B, <103keV) : 3. 1,(103 keV < E., < 400 keV) :
: 3 I,(Ey > 400 keV) = 0.392: 0.831 x 1074 : 0.912 x 1075,

1.0E+08 1
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:
N * 238Pu M
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Figure 5. Comparison of y-spectra for two isotopes of Plutonium and background mea-
sured with CANBERRA HPGe detector
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The intensities I, are given for the decay probability and the remaining 60%
occur though the electron conversion channel. When we used 10 mm Pb +
2 mm Cd + 2 mm Cu filter, then we are able to increase for measurement of
241 Am the solid angle by a factor of ~ 700.

For 23"Np the I, is distributed in E., this way

>, (B, <103keV) : . I,(103 keV < E., < 400 keV) :
: > L (Ey > 400 keV) = 0.167 : 0.548 : 0.0168.

But we used the same filter for the 23"Np target to optimize the counting rate
and measurement geometry. We increased the counting rate of HpGe detec-
tor approximately 4 times using a fast spectroscopy amplifier and a high-rate
multichannel buffer MASTER 921 instead of 4-input multichannel buffer MAS-
TER 919. Then 23"Np and 2! Am were measured on distance 134 mm and
250 mm from CANBERRA GR1819 detector, correspondingly. When measure-
ments of 23¥Pu and 23?Pu were performed with the same electronic devices and
with 1 mm Pb + 2 mm Cd + 2 mm Cu filter the distance of these RA samples
from detector was 12 mm. The first measurement of the sample started 2-6
hours after the end of irradiation. The measurement times varied from 0.5 to 48
hours; all measurements were usually performed within 12 days. The identifi-
cation possibility of residual nuclei is within the range of half an hour to one
month in their half-lives.

Processing of the measured data was performed by an interactive mode of the
Deimos code [2]; energy calibration, background ~-ray lines subtracting, single
and double escape peaks subtracting, efficiency calibration, experimental half-
lives determination, efc., were made by a system of codes [3,4]. Hundreds of
~-ray lines were analyzed. Identification was made according to energy, half-
life, and agreement of intensity of the peaks and a special attention to multiplex
peaks was emphasized.

From every i-spectrum we analyzed all the observed v-rays peak with energy
E,(j) and with area S(i, j) measured with absolute efficiency £2(j). The in-
tensity per decay of y-ray is I, (j). If Q(A,, Z,,14,j) is a rate of residual ra-
dioactive nuclei with mass number A, and atomic number Z, and the decay

constant \, we could determine this value by means of the relation (1).

S, 8)0a(Ar, Ze, ) mp(N) me () mp-A-eXe 0. )
() 1, () (1 — ) (1 — el

Q(AT,ZT,j,i): (D

where t1, t2(7), treal(), and tye (¢) are irradiation, cooling, real measuring time,
and live measuring time (after deduction of dead time). The self-absorption
correction 14 (A¢, Z;, E(j)) for the y-radiation with energy E.,(j) in the target
with mass number A; and atomic number Z; was calculated with the density and
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dimensions of the targets by the formula (2)

. M(Ath) -d
na(Ae, 2o, EG)) = T —ia zoa 2)

where 11 (A, Zy) is the total attenuation coefficient for a given ~y-ray with energy
E., (j) in the source material and d is the thickness of the target. This correction
for the ~-rays of energy higher than 300 keV turned out to be less than 1.5% in
the target 4! Am and less than 5% in the 23"Np target. A correction for non-
constant beam intensity 75 (\) was also made, see formula (3).

1— e—Xh
Lirr - va {tpl(i) W (i) - e Ate(d) . (1 _ e*)vtp(i))}

where t;, is irradiation time, ¢.(7) is the end of irradiation time, starting from
pulse (7) minus pulse time ¢,(7). W (%) is number of protons in a single pulse
divided by total number of protons, IV is total number of recorded pulses. This
correction was done for all the residual nuclei. n¢ (j) is a coincidence sum-
ming correction and 7p is a correction for non-point geometry of the measured
sample. The average value Q(A,., Z,, ) from one spectrum was calculated as
the weighted mean value of the single-line values Q(A,., Z,,1,j), and the final
Q(A,, Z,) value was received in the same way from all -measured spectra. As
results the number of incident protons N, the “B-value” and the reaction rate
R were calculated (Eq. (1)-(6)).

ne(A) =

3)

Q(A’l"v ZT)
Ny=————F—"— 4
P O'(A7-, Z7) . NS ( )
Where N, is number of incident protons per second [s711, o(A,, Z,) is cross-
section of reaction [cm?] and Ng is number of atoms on the surface of target
[atom/cm?] given by formula

NA-m

Ns=—"g

®)

Where N4 is Avogadro constant (6.0221415-10%3 [mol~1]), m mass of target
[g], A amount mass of target in 1 mol [g], and S square of target [cm?]. The
reaction rate R per number of incident protons and per number of atoms in the
target (N;=S- Ng) becomes:

R(A,, Z,) = Number of produced nuclei with(A,., Z,) B Q(A,, Z,)
7T (1target isotope atom) - (1incident proton) N - N,

(6)
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On the other hand the reaction rate R [proton*1 -atom '] is related to the neutron
fluency as follows

o0

R(A,, Z,) = / oa,.z (En) ©(E,)dE, @)
Elhr(Ar»Zr)

Here, ®(F,,) is neutron fluency [neutron/(cm?-MeV -proton] passing through the
sample, Ey, is the threshold neutron energy for the given reaction in the partic-
ular nuclei of the sample.

Facility the “E+T” was irradiated by the Nuclotron accelerator’s proton beam
with different energies. The total number of protons captured by the target is
obtained from aluminum monitors and processed by standard methods of -
spectrometry. The Al-monitor contains a stack of three thin aluminium foils
where center foils were used. The stack of Al-foils was mounted approxi-
mately 60 cm before the Pb target in order to avoid activation from backscat-
tered particles [5]. For such monitoring purposes the reaction 27 Al(p,3pn)?*Na
was used. The values of cross-sections for 24Na production [6] 11.08(20) mb,
10.51(17) mb, 9.93(17) mb, and 9.58(17) mb were used for calculation of the
integral number of protons with energies 0.7, 1.0, 1.5, and 2.0 GeV, respectively.
The Al-foil was cut into 3 concentric rings with external diameters of 80, 120,
and 160 mm and a central circle with diameter of 21 mm. We measured these
rings and circle in order to determine their activities and respective beam pro-
files see Tables 4—7 and Figure 6. The parameters of the beams should be added
to experimentally determined beam profiles and displacement obtained by other
monitors and track detectors, see Table 8 and [7]. We can see that for protons
with energy 0.7 and 2.0 GeV the beams were broad and a part of protons missed
the lead target.

Table 4. Proton beam properties, part a — 0.7 GeV

I-number of foils D(i)-D(-1)[cm] A®1)[Bq] 1\;"(5? [protons/ch]

1 2.1-0.0 28(1) 308(14)E+09
2 8.0-2.1 199(5) 164(4)E+09
3 12.0-8.0 83(3) 51(2)E+09
4 16.0-12.0 21(1) 9.1(4)E+09

B+ g 31(6)

sum
Time of irradiation [min] 530.60
Integral number of protons on Pb target 0.88(4)E+13
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Figure 6. Beam profile measurement results

Table 5. Proton beam properties, part b — 1.0 GeV

I-number of foils D(i)-D(i-1)[cm] A(1)[Bq] ]\;”(E;) [protons/ch]
1 2.1-0.0 145(2) 1639(16)E+09
2 8.0-2.1 603(7) 504(6)E+09
3 12.0-8.0 46(1) 29(1)E+09
4 16.0-12.0 7.6(4) 3.4(2)E+09
sum
Time of irradiation [min] 423.40
Integral number of protons on Pb target 2.93(13)E+13
Table 6. Proton beam properties, part ¢ — 1.5 GeV
I-number of foils D(i)-D(i-1)[cm] A(i)[Bq] ]\;p(()) [protons/cm?]
1 2.1-0.0 53.6(33) 912(57)E+09
2 8.0-2.1 149(9) 172(11)E+09
3 12.0-8.0 5.6(5) 4.79(40)E+09
4 16.0-12.0 3.3(4) 2.06(21)E+09
(3+4) (%] 4.2(5)
sum
Time of irradiation [min] 722.92
Integral number of protons on Pb target 1.10(5)E+13
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Table 7. Proton beam properties, part d — 2.0 GeV

I-number of foils D(i)-D(i-1)[cm] A(@)[Bq] ]\g”(x) [protons/crnQ]

1 2.1-0.0 275(7) 1104(28)E+09
2 8.0-2.1 575(15) 171(4)E+09
3 12.0-8.0 128(4) 28(1)E+09
4 16.0-12.0 155(4) 24(1)E+09

B+ g 25(4)

sum
Time of irradiation [min] 463.13
Integral number of protons on Pb target 1.18(15)E+13

Table 8. Results and approximation of beam profiles [7]

Experiment (Proton energy) [GeV] 0.7 1.0 1.5 2.0
Beam integral [1E13] 1.47(5) 3.40(15) 1.14(6) 1.25(6)
Beam integral on lead target [1E13] 0.88(4) 2.93(13) 1.10(5) 1.18(15)
FWHM (vertical) [cm] 5.91(21) 4.1(3) 3.7(5) 5.4(3)
FWHM (horizontal) [cm] 5.91(21) 2.5(3) 2.4(5) 3.8(3)
Fraction of beam outside Pb target [%] <27 <6 <6 <20
Position (vertical) [cm] -0.4(9) 0.2(2) 0.1(2) 0.3(2)
Position (horizontal) [cm] 0.2(2) 0.0(2) 0.3(2) -1.4(2)
3 Results

Detail results of measurements of y-ray from 23"Np target after irradiation by
secondary neutrons generating on Pb target and uranium blanket during exper-
iment with proton energy 2.0 GeV are given in Tables 9 and 10. Fission prod-
ucts and 238Np were found in this experiment. We can see from Table 10 that
1298b was recognized by means of only one v-ray line and only in one experi-
ment. Gamma-rays with energy less then 500 keV were not observed. Residual
nucleus 2*Na was induced in (n,«) reaction on Al-capsule. The reaction rate
for fission can be established by means of cumulative yields of fission prod-
ucts. These are known in literature for three energies of neutrons: thermal
(E, = 0.025 eV), fast E,, = 500 keV, and high-energy F, = 14 MeV. In
first approximation we summed experimental values R(A,., Z,.) for all observed
fission products. For example when we used protons with energy of 0.7 GeV
we received > p R(A,, Z,) = 5.91 x 10727, Sum of cumulative yields of fis-
sion products in reaction with thermal neutrons calculated from corresponding
residual nuclei, using data from JEFF 3.1 library, is equal to 27.2(45)% if sum of
independent yields is 200%. Then full experimental yields including unobserved
fission products is Rioal yielss = 43(8) x 10727 and Rpgsion = 21.5(40) x 10727,
We calculated R values for fission (TNoF) with different assumptions about the
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Table 9. Residual nuclei produced and observed in 3"Np sample (R factor results);
fission and (n,7) reactions results

Residual R 0.7 GeV R 1GeV R 1.5 GeV R 2 GeV
nuclei [E27] [E27] [E27] [E27]
Sr-92 2.2(3) - 1.50(19) 0.86(18)
Zr-97 0.80(24) 2.10(9) 2.12(7) 1.59(8)

Ru-105 - - 1.97(28) -

Sb-129 - - 1.65(31) 1.11(32)

Te-132 0.56(12) 1.79(18) 1.77(28) 1.47(11)
1-133 0.83(40) 2.14(21) 2.01(24) 1.82(28)
1-135 1.52(22) 1.35(26) 2.36(28) 1.96(18)

TNoF a) 21.2(42) 31.1(72) 42.4(67) 30.4(53)

TNoF b) 20.8(40) 30.8(66) 40.2(58) 29.2(47)

TNOF c¢) 27.0(54) 41.2(90) 46.9(56) 35.3(56)

TNOoF d) 21.9(43) 32.5(75) 41.6(62) 30.4(53)

Np-238 56.1(24) 151(5) 140(3) 133(3)
(n,y)/fiss. a) 2.65(49) 4.86(94) 3.30(49) 4.55(71)
(n,y)/fiss. b) 2.70(46) 4.90(88) 3.48(46) 4.39(66)
(n,y)/fiss. ¢) 2.08(24) 3.67(31) 2.98(23) 3.77(30)
(n,y)/fiss. d) 2.56(47) 4.65(90) 3.37(48) 4.37(65)

a) TNoF (Total Number of Fission per one target nucleus) is calculated using cumulating
yields for E,, = 0.025 eV

b) for E;,, = 500 keV (400 keV for Pu-238)

¢) for F,, = 14 MeV

d)for weighted value of cumulated yields (data from library JEFF 3.1) for E, =
0.025 ¢V, E,, = 500keV, and E,, = 14 MeV

energy of neutrons. It’s evident (Table 12) that TNoF does not differ more than
by 20-30%. The ratio of reaction rates for (n,y)/(n,f) changes with the energy of
protons from value 2.0 to 3.8 for the 23"Np target. We tried to establish the effec-
tive energy of neutrons for fission of 23"Np by the another way. Rssion (7, Er, (7))
was established from every R(i) value separately and from each energy of neu-
trons E, (1) = 0.025 eV, E,(2) = 500 keV, and E,,(3) = 14 MeV. If we would
had only neutrons with energy 14 MeV, then all R (i, E,(3)) will be the same
in framework of errors and the x2 will be closed to 1 when we calculated the
weight mean value. The calculation of weight mean value of Ry for each our
experiment was done for different suggestion about F,,(j), j = 1, 2, 3. Min-
imum x? in all four experiments were found for 2*"Np for E,, = 14 MeV but
for 239Pu for E,, = 0.025 eV, see Table 13. For 23"Np we observed just seven
(experiment with I, = 1.5 GeV) or less fission products, which are lying on
or nearby on expected maxima of an A-distribution, and from that we can just
suggest that the effective energy of neutrons is between 500 keV and 14 MeV.
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Table 10. Results of analyze of ~-ray spectra 23"Np after irradiation with secondary
neutrons. Experiment with £, = 2.0 GeV

Isotope or 1y T /2 Theory or R Number
v-Energy [keV] [%] Experiment [E27] of spectra
Na-24 14.959(1)h 0.087(4) =
1368.63 100 15.0921)h 0.087(4) 9
2754.03 99.9 1493)h 9
Sr-92 2.71(1)h 0.86(18) =
1383.89 90.00 26h 0.86(18) 2
Zr-97 16.91(5) h 1.59(8) —
658.08 98 18.7(16)h 1.56(12) 7
743.35 929 15.9(14) h 1.61(10) 7
Sb-129 4.40(1)h 1.11(32) =
812.80 42.30 1.11(32) 1
Te-132 3.2042)d 1.47(11) =
667.72 101.7 3.4(15)d 1.34(15) 7
772.61 77.9 2.8(6)d 1.66(18) 6
954.58 18.10 1.7(7) 1
I-133 20.8(1) h 1.82(28) —=
529.87 86.3 26(43) h 1.82(28) 6
1-135 6.57(2)h 1.96(18) —
1131.51 22.5 9(6) h 1.79(29) 3
1260.41 28.6 6.5(16)h 1.99(25) 3
1678.06 9.52 2.3(7) 1
Np-238 2.11(2)d 133(3) =
882.63 0.87 1.95(15)d 139(10) 9
918.69 0.59 1.77(22)d 129(11) 10
923.98 2.86 2.01(6)d 136(7) 10
936.61 0.40 2.3(10)d 129(22) 3
941.38 0.54 2.04)d 129(22) 5
962.77 0.70 22(4)d 148(12) 8
984.45 27.8 2.07(4)d 131(6) 11
1025.87 9.6 2.074)d 131(7) 11
1028.54 20.3 2.08(3)d 133(7) 11

Unfortunately, only 5 fission products of 23®Pu were observed due to high activ-
ity of this target before irradiation, small sample mass, different cross-section,
see Figure 5 and Tables ??, and also the y-ray spectra shape. Higher number of
fission products was observed in the 23°Pu sample. The same procedure as in
23TNp case was used to determine the average/total number of fissions per one
target for both plutonium isotopes and for americium as well. We did not ob-
served any fission product when 24! Am sample was measured after irradiation
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Table 11. Relative yields of fission products, reaction 3"Np(n,f)

Energy of neutrons Energy of protons [GeV]
0.0252eV 500 keV 14 MeV 0.7 1.0 1.5 2.0
Fission  Library cumulative yield Weighted cumulative yield
product  Library sum of independent yield Weighted sum of independ. yield
Sr-92 4.17(46) 4.37(18) 4.01092) 4.29 4.28 4.29
4.13(94) 4.33(113) 3.97(104) 4.25 4.24 4.25

Zr-97 5.84(134) 6.11(17) 535(59) 594 500 593 5.93
5.85(180)  6.11(180) 5.35(153) 594 594 593 5.93

Ru-105  2.6561)  3.10(19)  3.45(55) 3.17
2.66(69)  3.12(75)  3.46(73) 3.19

Sb-129  0.97(16)  1.76(41)  3.10(50) 2.05 2.06
0.97(46)  1.76(75)  3.10(66) 2.05 2.06

Te-132 4.53(50) 4.75(19) 3.98(64) 458 458 457 4.57
4.52(82) 4.75(76)  3.98(102) 4.58 458 4.57 4.57

1-133 6.47(414)  6.46(413) 4.450285) 6.03 602 6.0l 6.00
102(272)  6.28(92)  4.44(104) 594 592 591 5.91

I-135 6.90(76)  6.71(19)  4.16(96) 6.17 6.15 6.14 6.13

6.92(129)  6.72(105) 4.15(102) 6.18 6.18  6.15 6.13
Sum 31.545)  33.3(46)  28.545) 270 227 322 29.0
Sum 353(38)  33.129)  28.5(28) 269 226 320 28.8

Table 12. 23"Np — Total number of fission per one proton per second calculated from
each produced isotope (fission product)

0.7 GeV 1 GeV 1.5 GeV 2 GeV
Nuclide Riission[1x10%7]
92Sr 51.3(81) - 35.0(53) 20.1(45)
97Zr 13.5(41) 35.4(23) 35.7(21) 26.8(19)
105Ru - - 62.1(103) -
129Sb - - 80.7(23) 54.0(194)
132Te 12.2(27) 39.1(47) 38.7(66) 32.1(33)
1331 13.8(110) 35.6(230) 33.5(218) 30.3(202)
1351 25.1(40) 21.9(45) 38.4(54) 32.0(38)
Average 17.53 33.67 37.10 28.03
inter. err. 1.89 1.87 1.73 1.42
exter. err. 4.80 3.18 2.27 1.18

of secondary neutrons. We were able to estimate just upper limit for several of
them. In Table 17 the limits and limited ratios R(**'Am)/R(*3Pu) are given.
For 238Pu and 239Pu, these ratios are approximately equal for different residual
nuclei. If we suppose that ratios R(>**Am)/R(?3°Pu) are also approximately
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Table 13. Value of x? received in analysis of average R fission

Proton Energy 0.7 GeV 1.0 GeV 1.5 GeV 2.0 GeV
Neutron Energy ZTNp — x2
0.025 eV 7.6 2.8 2.3 1.7
500 keV 7.5 4.2 22 1.8
14 MeV 32 0.81 0.64 1.3
(weighted) 6.5 2.9 1.7 1.6

239py _ 42
0.025 eV 24 2.5 3.0 20
500 keV 3.1 33 5.1 27
14 MeV 5.6 35 7.9 40

Table 14. Fission cross-section for important isotopes
Fission XS [barn]

En[eV] 238p, 239p, 27Np 241 A1
2.46E-02 18.17 756.92 0.02 3.19
5.00E+05 1.40 1.61 0.46 0.10
1.40E+07 2.72 242 2.16 2.67

Table 15. Residual nuclei produced and observed in 2**Pu sample, R factor results

Residual R 0.7 GeV R 1GeV R 1.5 GeV R 2 GeV
nuclei [E27] [E27] [E27] [E27]
7r-97 - 3.2(3) - 17.7(22)

Ru-105 - - - 23.6(59)
Sb-129 - 0.66(34) - -
1-132 - 3.24(39) - 7.5(31)
1-133 - 2.28(54) - 6.5(24)

Xe-135 - 2.58(52) - 15.0(13)

TNoF a) - 20(7) - 86(16)

TNOoF b) - 23(8) - 94(19)

equivalent for different residual nuclei, then we can assume that

o(**'Am(n, f)) < 2.2-0(**°Pu(n, f)).

More precise estimation of the TNoF can be done if we will know the distribu-
tion of secondary neutrons in space where radioactive targets were placed. As
we didn’t know the experimental neutron spectra well, we performed calcula-
tion of neutron spectra. The latest release of MCNPX (version 2.5.0) was used
to simulate the experimental results. Nuclear reactions of incident protons with
material, the transport, and further reactions of secondary particles are imple-
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Table 16. Residual nuclei produced and observed in 2**Pu sample, R factor results

Residual R 0.7 GeV R 1GeV R 1.5GeV R 2 GeV
nuclei [E27] [E27] [E27] [E27]
Sr-91 1.96(8) 2.14(8) 4.52(18) 5.57(64)
Sr-92 1.19(19) 2.2(3) 4.11(64) 4.14(59)
Y-92 2.39(24) 5.91(58) 7.52(76) 12.12(12)
Zr-97 5.52(51) 3.24(30) 8.82(80) 11.35(10)
Mo-99 5.37(22) 5.38(22) 9.73(39) 13.71(18)
Ru-103 11.03(52) 5.26(25) 10.54(50) 19.57(37)
Ru-105 3.22(13) 4.9(2) 9.08(37) 13.76(25)
Sb-128 0.106(11) 0.129(16) 0.213(27) 0.37(6)
Sb-129 0.66(7) 1.19(12) 2.08(21) 3.2(9)
Te-132 4.18(17) 3.45(14) 4.59(19) 13.81(40)
1-131 - 2.8(1) - 12.8(8)
1-132 - 2.67(63) - 9.5(16)
1-133 6.23(21) 6.08(21) 11.04(38) 16.94(15)
1-135 3.90(10) 4.86(12) 8.78(22) 12.2(4)
Xe-135 5.48(62) 7.67(89) 11.5(13) 38.99(48)
Ce-143 3.29(13) 3.23(13) 7.47(30) 11.4(13)
Ba-140 0.52(16) 4.2(13) 7.4(22) 12.2(18)
La-140 - 0.588(70) - 1.3(2)
TNoOF a) 52(8) 46(3) 52(2) 68(5)
TNoOF b) 55(7) 48(5) 54(3) 71(5)
TNoF ¢) 62(8) 52(4) 60(3) 78(7)

Table 17. Upper limits computed for residual nuclei expected as most probably produced
in 241Am sample, R factor estimation for 2 GeV experiment

Residual Ti/2 2 GeV R upper R(**'Am)
nuclei limit [E27] R(**°Pu)
Sr-91 9.630h <355 <64
Sr-92 2710 h <17.0 <4.1
7r-97 16.900 h <243 <22
Mo-99 2.748 d < 338 <25

Ru-103 39.260 d < 547 <28

Ru-105 4440 h <433 < 3.1
Sb-129 4400 h < 37.0 <12
Te-132 3.204d <49.8 < 3.6
1-133 20.800 h < 56.5 <33
1-135 6.570 h < 36.9 <3.0

Ce-143 33.040 h < 543 <48

mented in the code. The geometrical description of the setup assembly used in
the simulation is seen in Figure 2. In the description are included precise di-
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Figure 7. Flux of neutrons (£, = 2.0 GeV), cross-section of reaction 237Np(n,f), reaction
rate of fission

mensions and physical properties of used materials (lead target, uranium rods
in hexagonal lattice, polyethylene box with cadmium shielding, metal and alu-
minum holders of the target/blanket, wooden plates on which target/blanket is
mounted). Smaller details (screws, small holders) and iron construction outside
the polyethylene box were not taken in the account, after it was found by the
simulations that their influence on the results is negligible.

In the experiment the radioactive samples are located on the top of the second
section of the blanket. For the simulations, the mention place was divided to
four cells with dimensions 36 mm x 36 mm x 1.5 mm and the flux of neutrons
(or protons) averaged over a cell. The flux [particles/MeV-cm?] was calculated
for each cell. The Gaussian shape of real sizes and positions (displacement from
an axis of Pb target, see Table 8) of the proton beam for all 4 energies of protons
was used. The number of incident protons was 3.2 x 107 for each calculation.
In order to speed up the simulations, a small cluster of computers and MCNPX
compiled with the support for MPI were used. The models and libraries used in
simulations were: CEM2k INC model with the LA150N and LA150H libraries
implemented in MCNPX.

Neutron spectra were divided into 52 energy groups from 1 x 107° eV to 2 GeV
(up to each proton energy). We compared calculated neutron fluxes for different
proton energies among each other, see Figure 8 and 9. Maximum of the flux
is in energy group with upper energy limit of a 0.759 MeV for all four proton
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Figure 8. Calculated estimation of secondary neutron spectra (detailed high energy re-
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Figure 9. Calculated estimation of secondary neutron spectra (detailed low energy region)

energies. Ratio of integral calculated fluxes are

D5 (E, = 0.7GeV): ®x(E, = 1.0GeV) : dx(E, = 1.5GeV) :
Py (E, = 2.0GeV) =1:1.728 : 2.613 : 3.287.

The shape of calculated neutron spectra is practically identical in broad energy
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Figure 10. Neutron fluxes comparison (calculated spectra renormalized to 0.7 GeV values
and to their maximum values at F,, = 0.759 MeV)

interval until few MeV, some differences we can see in the high-energy region
of 8—150 MeV. These differences are within the range of 20% [Figure 10]. Dis-
crepancies in the beginning of the spectra (F,, < 1 x 1078 MeV) and in its end
(E, > 150 MeV) are caused by statistics.

In Tables 18-22 are given fluxes of secondary neutrons and protons in different
boxes for all incident proton energy. We can see that neutron flux in box 1 and
4 are almost equivalent for every proton energy and the same is true for box 2
and 3. There is not correlation between the shift of center of proton beams, see
Table 8, and ratios of neutron flux from different boxes. The statistical errors
for proton fluxes are about 20% and in framework of these errors we do not
observed any correlation between the shift of center of proton beam and ratios
of proton fluxes in our boxes. The ratios of neutron spectra for different boxes

Table 18. Flux ratio 1
Neutron flux [n/MeV- cm?]

Box 0.7 GeV 1.0 GeV 1.5 GeV 2.0 GeV
1 0.00794 0.0142 0.0212 0.0266
2 0.0097 0.0173 0.0255 0.0322
3 0.00981 0.0175 0.0253 0.032
4 0.00819 0.0145 0.0208 0.0263

sum 3.56E-02 6.35E-02 9.28E-02 1.17E-01
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Table 19. Flux ratio 2

Proton flux [p/MeV- cm?]

Box 2.0 GeV 1.5 GeV 1.0 GeV 0.7 GeV
1 2.76E-05 1.97E-05 1.53E-05 9.92E-06
2 4.17E-05 5.20E-05 3.26E-05 2.20E-05
3 4.06E-05 4.26E-05 4.11E-05 2.37E-05
4 2.67E-05 1.81E-05 1.68E-05 1.27E-05
sum 1.37E-04 1.32E-04 1.06E-04 6.83E-05
sum p/ sum n 6.83E-02 6.62E-02 5.29E-02 3.42E-02
Table 20. Flux ratio 3
p/n
Box 2.0 GeV 1.5 GeV 1.0 GeV 0.7 GeV
1 1.04E-03 9.29E-04 1.08E-03 1.25E-03
2 1.30E-03 2.04E-03 1.88E-03 2.27E-03
3 1.27E-03 1.68E-03 2.35E-03 2.42E-03
4 1.02E-03 8.70E-04 1.16E-03 1.55E-03
Table 21. Flux ratio 4
Ep [GeV] n 500-p
0.7 0.0356 0.03416
1.0 0.0635 0.0529
1.5 0.0928 0.0662
2.0 0.1171 0.0683
Table 22. Flux ratio 5
E, [GeV] max(Ep)/max(0.7) Int(E),)/Int(0.7)
0.7 1 1
1.0 1.763 1.728
1.5 2.572 2.613
2.0 3.086 3.283

for 2 GeV incident proton energy are given on Figure 11, the same picture can
be seen for the others energy of protons. The shape of neutron spectrum in box
1 is almost equivalent with the shape of neutron spectrum in box 4 and also
P(F,(box 2))~ ®(F,(box 3)). Ratio ®(F, (box 2))/ ®(FE,(box 4)) has wide
maximum about 1.3 at F/,, ~ 0.2 MeV.

In the same energy group division as calculated, we produced group-wise li-
brary cross-sections of sample materials. We used code NJOY 99.112 and li-
brary JEFF 3.1 [8]. We made another imagination and condense neutrons into
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Figure 11. Ratio of neutron fluxes

3 major energy groups (linear division), Figure 12. That was motivated by the
reason that in the literature one can find detail mass distribution of the fission

JEFF-3.1 Pointwise vs. Groupwise Cross-Section Comparison
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Figure 12. Group-wise structure used to TNoF estimation
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Figure 13. Neutron fission cross-section comparison for high-energy region (le4 to
2e7 eV, from JEFF-3.1 library)

products from fission of Pu, Np isotopes with neutrons of three various energies
— thermal (0.025 eV), unresolved-resonance-energy fast neutrons (500 keV) and
high-energy fast neutrons (14 MeV). So that’s why we divided neutrons into
three major energy regions:

e ‘thermal’, ‘epithermal’, and ‘resonance’ groups (a(1) = 1 x 1075 eV to
a(2) = 1.26 x 10° eV)

e ‘resolved’, ‘unresolved’ resonance, and ‘fast’ groups (a(2) = 1.26 X
10° eV to a(3) = 4.57 x 10° eV)

e ‘fast’, ‘high-energy’, and ‘spallation’ groups (a(3) = 4.57x10° to a(4) =
high limit ~ max 2 x 10? eV).

The weight factor of fission by neutron W;(t) with energy in region j is intro-
duced using relation (8).

20D o 4, ) B(En)dE,
[Los(t, E,)®(E,)dE,

w;(t) = ®)

Where j € 3 and t € {?*"Np, 238Pu, 23°Pu, 24! Am}.

We performed manual integration of cross-section and calculated neutron fluxes
in each of 3 groups (product of cross-section and flux of each 52 groups and
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sum-condensation into 3 groups), so we obtained fission yields for these three
energy intervals, Figure 12. Then we calculated group-weights (relative num-
ber of fissions produced by neutrons with energies within the energy intervals),
Table 23. We can see from this table that the weights (w;(t)) for given RA tar-
get nuclei (t) change with energy of incident proton smoothly and very little,
not more then on 10% from E, = 0.7 GeV to E, = 2.0 GeV. For 23"Np the
weight (w1 (2*"Np)) is very small, about 1%, for epithermal region of neutrons
and highest weight for resonance region of neutrons in all four experiments. For
239Py there is high weight of first epithermal group.

Using these weights and library fission yields (JEFF 3.1 camelbacks) we calcu-
lated mean weight yields ({Yeum(t,1)) of fission products (r) for our experimental
conditions, see formula (9).

(Yeum(t0)) = w1(0) - Yeum(tr,1) + wa(t) - Yeum(t1,2) + w3(0) - Yeum(tr,3)  (9)

In such approximation we can assume that ratio between Rex,(t,r) value for each
observed fission product (r) and relative production yield (Yeum(t,r)) obtained by
commented way for the same residual nuclei are constant for given RA-sample
(t=23"Np, 238Pu, 23°Pu) and each proton energy. If we calculate mean weighted
value of ratios <§U;E:3> for all observed residual nuclei we can hope to receive
minimum X2<> value comparing with chi? — values in Table 13. But performed

Table 23. Group-weighted factors for total number of fission calculation (in energy col-
umn is fission rate value)

Energy of Energy of protons
Secondary 0.7 GeV 1.0 GeV 1.5 GeV 2.0 GeV
Neutrons Weight for 23°Pu
Epithermal 9.03E-01 9.00E-01 9.01E-01 9.00E-01
Resonance 8.45E-02 8.67E-02 8.56E-02 8.59E-02
Fast 1.27E-02 1.37E-02 1.37E-02 1.44E-02
Weight for 23%Pu
Epithermal 2.91E-01 2.82E-01 2.85E-01 2.82E-01
Resonance 6.05E-01 6.08E-01 6.04E-01 6.02E-01
Fast 1.04E-01 1.10E-01 1.11E-01 1.15E-01
Weight for 22"Np
Epithermal 1.28E-02 1.20E-02 1.22E-02 1.21E-02
Resonance 7.75E-01 7.69E-01 7.65E-01 7.59E-01
Fast 2.12E-01 2.19E-01 2.22E-01 2.29E-01
Weight for 24! Am
Epithermal 1.89E-01 1.79E-01 1.82E-01 1.81E-01
Resonance 6.04E-01 6.06E-01 6.00E-01 5.95E-01
Fast 2.07E-01 2.14E-01 2.18E-01 2.24E-01
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such calculation we obtained little bit higher 2. then x? for j = 3 energy
neutron region. All observed residual nuclei from 23"Np fission have different
mass number A, it means that all decay chains of nuclei followed to observed
residual nuclei r do not partly cover. Then we can pass from cumulative yield
Youm(t,1) to corresponding sum of independent yield 3, Yinq(t,r), see Table 11,
and from sum of observed independent yields one find the total reaction rate
for all residual nuclei and from them the reaction rate of fission. There is know
that the sum of independent yields is not identical with corresponding cumula-
tive yield and the relation between them depend on half-live of nuclei in decay
chain [4]. The differences between cumulative and sum of independent yields
for observed residual nuclei of 23"Np are negligible except for r="3%I, see Ta-
ble 11. For ?3°Pu were identified several residual nuclei with the same mass
number A:

92SI’*>92Y, 132Te*>1321, 1351H135Xeand140Baﬂl4OLa.

In these cases when we pass from cumulative to sum of independent yields,
several independent yields appear two times, but we must accept only one value,
of course. The total number of fission per one proton per one target nuclei is
now obtained by more sophisticated way, see Table 12. However, values are
very close each other.

Reaction rates of 23”Np(n,7) and 23"Np(n,f) were calculated by means of neu-
tron flux estimated in corresponding boxes see Table 2 and cross-section value
given in library JEFF3.1 [8], see Table 24. It is necessary underline that library
data are finished at F/,, = 20 MeV and when cross-section is high at upper en-
ergy we can received sensitive uncertainty in calculation result. From Table 24
and also from Figures 14, 15, and 16 more or less good agreement is placed
between experimental and calculation R value for 23"Np(n,y) reaction for all

Table 24. Comparison of experimental and calculation reaction rates, r = Reaic/ Rexp

Reaction E, [GeV] 0.7 1.0 1.5 2.0
ZNp R(cal) 6.74E-26 1.13E-25 1.66E-25 2.04E-25
R(exp)  5.61Q24)E-26  1.51(5)E-25 1.40(3)E-25 1.33(3)E-25
(n,y) r 1.20 0.75 1.19 1.53
ZNp R(cal) 4.24E-27 7.75E-27 1.25E-26 1.71E-26
R(exp) 2.2(4)E-26 32(8)E-26  42(6)E-26  3.0(5)E-26
(n,f) r 0.19 0.24 0.30 0.56
239py R(cal) 1.21E-25 2.11E-25 3.12E-25 3.90E-25
R(exp) 5.5(7)E-26 48(5)E-26  54(3)E-26  7.1(5)E-26
(n,f) r 2.20 4.40 5.78 5.50
241 Am R(cal) 5.90E-27 1.08E-26 1.60E-26 2.03E-26
R(exp) < 1.4E-25
(n,f) r >0.15
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Figure 15. Reaction rate of >*"Np(n,y)

incident proton energy. But the dependence of these reaction rates on incident
proton energy is not linear. Experimental values Rggsion for 23"Np are 5 to 2
times higher than calculated for £, = 0.7 GeV to E, = 2.0 GeV. The average

ratio (g—;) is 3.39(44) for our four experiments, but these calculation ones
exp

change monotonically from 15.9 to 11.9 with increasing energy of bombardment
protons.
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Figure 16. Ratio of reaction rates R(n,y)/R(n,f)

4 Conclusion

A large number of absolute nuclide production yields (termed as R-values) from
stable as well as highly radioactive samples were measured on the “E+T” setup
for primary proton kinetic energies in the range 0.7 GeV< E,, <2 GeV. The data
may serve as a viable database for the adjustment of theoretical model com-
puter codes and to compare calculated results for experimental findings. “En-
ergy + Transmutation” is a unique facility and its potential should be used to
do as much experimental work as possible. Using the obtained data, we cal-
culated transmutation of the radioactive samples, see Table 25, in which we
took 10 mA current of the accelerator and irradiation of 30 days. The experi-
mental results presented are the first results of plutonium transmutation at “En-
ergy+Transmutation” target-blanket system. Comparable experimental results
with deuterons and “E+T” are soon expected.

Table 25. Incineration of radioactive nuclei [%] with secondary neutrons produced in
“E+T” setup using protons with various energies and hypothetical current 10 mA

Radioactive 0.7 GeV 1.0 GeV 1.5 GeV 2.0 GeV
Isotope Incineration in 30 days [%]

ZTNp 1.64 3.53 3.66 3.18
238py - 0.34 - 1.42
239py 0.91 0.79 0.90 1.17
241 Am - - - <26
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Abstract. The spallation lead target in the “Energy plus Transmutation” set-up, covered with uranium
blanket, was irradiated by the 1.6 GeV deuteron beam from the Nuclotron accelerator at the Joint Institute
for Nuclear Research in Dubna. The neutrons generated in the subcritical uranium blanket are used to
activate the radioactive uranium and thorium samples outside the blanket. Rates of the (n,v), (n,f) and
(n, 2n) reactions are determined for some residual nuclei. The ratio of the reaction rates R(n,2n)/R(n,f)
is estimated to be 27(9)%. Contributions of the neutrons with energy F, > 20 MeV to the (n,f) reaction
rate is ~ 57% for 2*2Th and ~ 37% for "*'U, respectively. To compare with the experimental results,
the reaction rates are simulated by generating the neutron fluxes employing two different models, the
beam shapes by the MCNPX 2.6.c code and making use of the appropriate libraries of cross-sections. The
transmutation power of the set-up is estimated using the average (n,v) and (n,2n) reaction rates and
compared with some of the results of the TARC experiment.

1 Introduction

The availability of high-energy spallation neutrons broad-
ens the scope of possible investigations related to modifica-
tion of the fuel cycles, transmutation, multi-fragmentation
of the fuel elements, simulation of radiation damage and
development of radiation resistant materials, in particular
in a context of the design and development of Accelerator
Driven Subcritical Systems (ADS) for the transmutation
of long-lived nuclear waste (LLNW) from conventional re-
actors and nuclear weapons [1-3]. It is important that in
the ADS a very high neutron flux is available both for
the transmutation and for the energy production [4]. Re-
call that in the mixed environment of low- and high-energy
neutrons in the ADS, the role of (n, xn) reactions in i) neu-
tron multiplication, ii) energy production, and iii) inciner-
ation of the radioactive nuclides, like 23°Pu from "™ U and
233U from 232Th, is enhanced. Thus, the neutron economy
is expected to be different in the ADS compared to a con-
ventional critical reactor. Thus, there is a renewed inter-
est in measurements of the cross-sections and the reaction
rates of (n,7), (n,f) and (n,zn) reactions [5], motivated

? e-mail: iadam@jinr.ru

also by a need of better understanding (n,an) reactions
with = > 2 and cross-sections for the design of ADS and
the medical applications. This inspired the PDS-XADC [6]
program in Europe and some nuclear countries like USA,
Russia, France, Japan and India have also laid down their
road maps [7] for the development of the ADS. Many other
countries have also initiated their experimental and theo-
retical activities in this direction.

These days the high-energy beams of neutrons are
available at CERN [8] for measurements of point cross-
sections with high precision. The n-TOF facility at CERN
has been in operation for the last 8 years. This facil-
ity makes possible a systematic and very precise study
of neutron-induced reactions in the energy range from
1eV to 250 MeV and has provided measurements of cross-
sections of the capture and fission reactions on a large
number of samples including 232Th, 233,234,235,236,2387]
Z7Np, 241243 Am and 2*°Cm (the data analysis of these
measurements is in progress). Useful information about
the design parameters, such as the transmutation power
of the ADS, can be derived from the measured reaction
rates. Using such data, methods of estimating the trans-
mutation power of ADS-like systems can be developed and
employed to understand their potential to transmute the
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Fig. 1. Simplified front and side views of the “Energy plus Transmutation” set-up inside its shielding as used in our experiment.
Under the uranium assembly layers of 1cm thick iron, 9cm thick wood and 3 cm textolite are used for strong base. On four
sides of the assembly a layer of 1 mm thick cadmium is used for stopping thermal neutrons. This is followed by a thick layer of

the polyethylene grains.

LLNW and to utilize the fertile fuel for the energy pro-
duction. For the physics studies of the ADS, the experi-
ment of Transmutation by Adiabatic Resonance Crossing
(TARC) [9] has been conducted, in which the spallation
neutrons were moderated in the resonance region by a
huge lead assembly to achieve a high transmutation rate.
Similarly, in another experiment known as “Energy plus
Transmutation”, (E+T) [10] at JINR, Dubna, both mod-
eration and amplification of the spallation neutrons takes
place inside the uranium blanket around the spallation
target. In the experiments with E+T assembly, a deuteron
beam is used which has an advantage of getting more sec-
ondary neutrons, even with an energy comparable to the
beam energy.

In the present paper, the method of estimating the
transmutation power of a system from the measured reac-
tion rates of the residual radioactive nuclides of the (n,7),
(n,f) and (n,an) reactions is described. The experimen-
tal results of transmutation power of 232Th and "*'U in
the “E + T” set-up have been obtained and compared
with some of the results of the TARC experiment. Recall
that the basic differences in the two experiments are the
deuteron beam and the uranium blanket in the “E + T
set-up compared to the proton beam and a huge lead mod-
erator in the TARC experiment. Experimental results of
the average reaction rates are also compared with the re-
sults of simulations employing the MCNPX Monte Carlo
code.

In sect. 2 a description of the experimental “E + T
set-up and the deuteron beam profile are given in brief.
Section 3 presents the procedure of measurements and
method of analysis and sect. 4 summarizes our experimen-
tal results. Simulations by Monte Carlo codes and discus-
sions of the results and conclusions are in sects. 5 and 6,
respectively.

2 Experimental set-up and beam intensity

The “Energy plus Transmutation” set-up (figs. 1, 2) is a
system of the lead target and the uranium blanket [10].
The total length of its four sections is 480 mm, the length

Fig. 2. Top view of the “Energy plus Transmutation” set-up
with radioactive samples placed on top of it. Beam enters from
the left side. The samples shown in this figure are assumed to
occupy a volume of 36 x 36 x 1.5 cm? for the sake of simulation
by MCNPX.

of the lead target is 456 mm. The diameter of the lead is
84 mm and its total mass is 28.7 kg. The blanket contains
four sections (see fig. 1). Each section contains 30 uranium
rods and each rod is enclosed in an Al shell. The total mass
of each section is 51.6 kg of natural uranium, so the whole
blanket mass is 206.4 kg. Between each two sections there
are gaps of 8 mm, into which experimental instruments
and detectors may be inserted. Details of the design of the
set-up are discussed at length by Barashenkov et al. [11].
On the top of the second section of the blanket our
nat(J and 232Th samples, a set of other radioactive sam-
ples (1291, 238Pu, 239Pu and 23"Np) and threshold detec-
tors have been placed. The distance d of the 232Th sam-
ple from the center of our set-up is 13.1cm. Our irra-
diated uranium and thorium samples were in the form of
sandwiches of three identical foils (Th-Th-Th and U-U-U).
This arrangement has an advantage of accounting for the
recoiling residual nuclei produced in the middle foil. The
diameter of these foils is 15mm and the weight of mid-
dle U and Th foils is 172mg and 93.2mg, respectively.
The “Energy plus Transmutation” set-up was irradiated
by the deuteron beam with an energy of 1.6 GeV at the
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Table 1. Deuteron beam (Eq = 1.6 GeV) profile determined using three concentric rings and a central disc of Al monitor.

i-th Al D(4) Weight Q(**Na) Activity Nq Na/S Flux
foil [cm] [mg] [s7'] [Bq] [s7'] [em™?] [Naem™2s7]
1 2.1 24 196(6) 60.41 8.18E+07 5.66E+11 2.36E+7
2 8.0 318 1735(42) 534.6 7.24E4-08 3.70E+11 1.55E+7
3 12.0 428 496(13) 152.5 2.07TE4-08 7.89E410 0.33E+47
4 16.0 598 28(2) 8.6 1.17E+07 3.18E+9 1.33E4+5
1
25071
0.1
20 001
K
E L5104 0.001
;. 1e-04
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§ 1e-05
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Fig. 3. Results of the beam profile measurements. On the left-hand side, the average flux density is given in deuterons/cm?/s
(see last column of table 1). On the right-hand side the “real” beam profile received from one track detector is shown.

Nuclotron accelerator in Dubna. The irradiation was per-
formed in December 2006 and lasted roughly 400 minutes.

The total number of deuterons hitting the lead tar-
get is obtained from thin aluminum monitors, which are
processed by the standard gamma spectrometry method.
The Al monitor contains a stack of three thin aluminum
foils of thickness 6.6975mg - cm~2 each. The central foil
was used to register the recoiling product nuclei. The
stack of Al foils was mounted approximately 60cm be-
fore the Pb target in order to avoid activation from
backscattered particles and neutrons [12]. For monitor-
ing purpose the reaction 27Al(d, 3p2n)?*Na was used. The
value of production cross-sections for 24Na at high ener-
gies are available for 2.33 GeV [13], 6 GeV and 7.30 GeV
deuteron energies [14] and they are 15.25+1.5mb, 14.1+
1.3mb and 14.7 + 1.2 mb, respectively. At relativistic en-
ergies two nucleons in deuteron behave approximately
as two separate entities [15]. Thus, the ratio of ex-
perimental values of o(?"Al(1.165 GeV /A d,3p2n)**Na)/
o(?"A1(1.165GeV p,3pn)*Na) is 1.495. In the same
way, for the deuteron energy 0.8GeV/A we got
a(®>"A1(0.8 GeV/A d,3p2n)**Na) to be 16.03mb, taking
the measured value for the proton cross-section to be
o(?"A1(0.81 GeV p,3pn)?*Na) = 10.07(20) mb [16]. The
Al foil was cut into 3 concentric rings with external di-
ameters of 80, 120, and 160 mm and a central disc with
a diameter of 21 mm. We measured these rings and the
central disc in order to determine their activities for de-
ducing the corresponding beam intensity and beam profile
(see table 1 and fig. 3).

The values of the rate production Q(**Na) given in
table 1 were corrected for fluctuations in the beam inten-

sity (ng = 0.9865) and for coincidence summing correction
to be ng = 1.017 for I, = 1368keV and nc = 1.053 for
E, = 2754keV. The error in deuteron fluency corresponds
only to statistical error in the calculation of the Q(?**Na)
value. This error would increase when the systematic er-
ror for the extrapolated values of cross-sections at lower
energies is included, which we have not done here since
only a few experimental data are available in the litera-
ture. In the absence of data for the 0.8 GeV/A deuteron
energy we assumed that the error does not exceed 10%.
The final values of the integral beam intensity are given
in table 2, the integral beam intensity Np hitting the Pb
target is 1.93(25) - 10'3.

The set of our Al monitor give us limited and rather
rough information about the shape of the beam. The
average flux densities of deuterons, see table 1, were fitted
to the Gaussian profile with o(FWMH) = 5.16(16) cm,
see the left side of fig. 3. A more precise analytical
description of the beam shape was obtained from I.V.
Zhuk. The 37 "'Pb foils (0.7 x 0.7 x 0.0.03cm) covered
by fission-track detectors were irradiated by the deuteron
beam in front of the lead target. The width parameters
of the beam spot were determined from the data on a
track density wversus space coordinates of the centroid.
The coordinates of the beam centroid are obtained as
z. = —0.64(3)cm and y. = 0.39(8) cm with respect to
the axis of the set-up with x(FWMH) = 2.87(6) cm and
y(FWMH) = 1.92(19) cm. The details of this method are
given in [17]. These data are treated as the parameters
of the “gauss” beam spot in the simulation of the flux by
MCNPX. The shape of the beam shown on the right side
of fig. 3 was used and call the “real” beam in simulations.
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Table 2. Final values of deuteron beam intensity (Ng) and the integral number of deuterons (Np).

i-th foils Na err. (Nq) Np err. (Np) Fraction
[1/5] [1/5] [integral] [integral] of the sum
142 8.06E+08 2.00E+07 1.93E+13 4.80E+11 78.7(2)%
3+4 2.18E+08 5.74E+07 5.23E+12 1.37E411 21.3(6)%
Sum 10.24E+4-08 7.74E407 2.45E+13 6.17E+11 100%

We performed [18] simulations of the reaction rates for
Au, Al, Bi thin metallic foils placed on top of the blanket.
We found that the shape of the beam does not have
significant effect, as long as it is parallel and symmetric
around the target axis and the beam centre coincides
with the target centre. However, calculations showed that
a 2mm inaccuracy in the beam centre can result in up to
15% inaccuracy in the R(A;, Z,) values of the activation.

3 Measurement procedure and method of
analysis

Neutrons produced in bombardment of the lead target by
the 1.6 GeV deuteron beam are multiplied and moderated
in the U blanket. The escaping secondary neutrons ac-
tivate the samples of " U and 23?Th and the reaction
products are identified by using the gamma spectrome-
try. The gamma-ray measurements have been performed
using the HPGe detectors. We have used the coaxial de-
tector with a relative efficiency of 18.9% and a resolution
of 1.78keV at 1332keV and a planar detector with di-
ameter 36 mm, thickness 13 mm with resolution 335eV at
5.9keV and 580keV at 122keV. All measurements have
been carried out without any filters. First measurements
of the samples were started 2.4 hours after the irradiation
had stopped. The measurement times varied from 0.5 to
24 hours. All measurements have been performed within
29 days. Under these conditions, only those residual nuclei
can be studied which have half-life in the range of half an
hour to one month. A coaxial detector is used to provide
information of peaks ranging from 20keV to 3 MeV and a
planar detector is used for ~ 5keV to 700 keV.

The processing of the measured data of gamma rays
was performed in the interactive mode of the DEIMOS
code [19]. Energy calibration, subtraction of background
gamma-ray lines and single and double escape peaks, effi-
ciency calibration and determination of experimental half-
lives were made by the analysis codes described in [20,21].
Hundreds of gamma-ray lines were analyzed. The identi-
fication of nuclei was made when the energy, half-life and
intensity of peaks agreed with the corresponding values in
the data library [22].

The possibility of the identification of residual nuclei
with mass and atomic number A, and Z, from measure-
ments of the gamma rays depends on the activity of the
residual nuclei and on the gamma-ray intensity per decay
I,(j). The indices j denote the different gamma rays emit-
ted by given nuclei with A;, Z,. Since different reactions
result in the production of residual nuclei with different

decay constants A(A;, Z;), we measured each irradiated
sample several times, and these gamma spectra are la-
beled by indices i (i = 1,2,3,...). In the case of the Al
monitor and the ®*U and 232Th samples the production
rate Q(A;, Zy,1,7) for a given j-gamma-ray following the
beta decay of the respective radioactive nucleus A,, Z,
and for the measured 7 spectrum, can be determined from
the following relation:

Q(Ax, 2y, j,i) =

S(], Z)?’]A(Zt7j)77B(A)nC(.7)nDe treal(i)
e () () (1 = e O)(1 = e Aent®) e (i)

Ata (i)

(1)

where t1, t2(7), treal (i) and tive(7) are the irradiation, cool-
ing, real, and live measurement times. The time #)jy(4) is
defined from the relation tjiye(i) = treal (i) — dead time (),
where the dead time (7) is that part of the real time (i)
in which the gamma-spectrometer counted no gamma rays
registered by the HPGe detector. The coefficient na (Zt, j)
accounts for the self-absorption of gamma ray in the sam-
ple with Z;. The ng()\) is the correction for the fluctua-
tion of the beam intensity and it is determined for each
residual product nucleus. The coefficient nc(j) is the co-
incidence summing correction and the 7p is the correction
for non-point geometry of the measured sample. More de-
tailed explanation of all of these corrections is given in the
appendix.

The average value Q(A;, Z;, 1) for the i-th spectrum is
calculated as the weighted mean value of Q(A,, Z,, 1, ) for
different gamma transitions j. The final Q(A;, Z,) value
is obtained in the same way from all the ¢ spectra. This
procedure is applied both to Al monitor and the samples
of " and 232Th.

From the Al monitors, the numbers of incident
deuterons per second Ny [s7!] is obtained from the fol-
lowing relation:

Q(Ar, Zy)

Ny= 2 Lofn
47 5(A,, Z:)Ng

(2)

Here, o(A,,Z,) is the reaction cross-section [cm?], Ng
is the number of atoms on the surface of the target
[atoms/cm?]. Tt is assumed that all atoms N; along the
thickness are subjected to an interaction with a projec-
tile. Ny = S - Ng, where S is the surface area [cm?].

The absolute rates R(A,, Z;) of the independent and
cumulative reactions in different " U and 232Th samples
were determined as the ratio of the number of produced
residual nuclei A,, Z, per seconds, per the number of
atoms of the sample Ny and per the number of incident
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Table 3. Results of the analysis of the gamma-ray spectra of 232Th after irradiation by secondary neutrons from Eq = 1.60 GeV.
All corrections are included. (+) denotes mixing due to other nuclides.

Isotope Activity [Bq] Ty/2 (Library) Full corr. (R) Number
Energy [keV] L, [%] T2 (exp.) =1nA 1B 7C R(A:, Zy - 7) of spectra

Th-231 56.3(56) 25.520(10) h 1.60(16)E-27

25.646 14.50 27 h 3.1786 1.53(20)E-27 2-X
81.227 0.89 1.1444 7.1(17)E-27 1-X (+)
84.216 6.60 29 h 1.0660 1.72(25)E-27 2-X
80.944 0.94 13(4) d 1.0905 1.21(25)E-26 3-X (+)
Pa-233 42.1(14) 26.967(2) d 3.03(10)E-26

75.354 1.39 1.1385 2.09(46)E-25 1-X (+)
86.814 1.97 1.1117 2.9(13)E-26 1-X
103.941 0.87 23(10) d 1.0851 3.83(32)E-26 5-X
300.110 6.62 19(9) d 1.0175 2.69(25)E-26 5-X
300.110 6.62 23(3) d 1.0151 2.83(18)E 26 5-C
311.890 38.6 33.5(27) d 1.0228 3.35(15)E- 6-X
311.890 38.6 28.2(8) d 1.0171 3.14(15)E 26 5-C
340.710 447 23(8) d 1.0121 2.89(25)E-26 5X
340.710 4.47 25(4) d 1.0110 2.70(17)E-26 5-C
375.450 0.679 20(8) d 0.9792 5.1(16)E-26 2-C
398.620 1.390 16(3) d 0.9228 4.47(46)E-26 5-C (+)
415.760 1.745 17(3) d 0.9680 2.84(27)E-26 5-C
Mo-99 1.04(12) 2.7475(4) d 7.63(89)E-29

140.681 89.43 2.9(26) d 1.0760 8.4(13)E-29 3-X
140.681 89.43 2.6(17) d 1.0770 6.9(13)E-29 3-C

deuterons NNg. For the theoretical calculation of the reac-
tion rate we have used the relation

R(A,, Z,) = /

Egnr (Ath)

oo

0(Ar, Ze, By) - O(Ey)AE, . (3)

Here, ¢(E,) is the neutron flux passing through the sam-
ple and expressed as neutrons/cm?/MeV /deuteron, Fiy,
is the threshold neutron energy of the given reaction.

The transmutation power P(A,, Z,) may be defined as
the quantity of produced masses m(A;, Z;) per unit mass
of the target m(Ay, Zy). In ref. [9] it is called the trans-
mutation rate and is expressed in terms of the normal-
ized activity a(A;, Z;) (without accounting for the decay
of (A;, Z,) nuclei during the irradiation) as follows:

A - a(Ar, Z)
)‘(Arv Z ) (Ata Zt) avo
where N,y is the Avogadro constant. Alternatively, we

can deduce from relation (4) a relation for P(A,, Z;) in
terms of the reaction rate

P(Ar7Zr) = (4)

A
R(A:, Z,) - Ng— - tirr - (5)

P(A,,Z,) = A

The normalized transmutation power for 10° beam par-
ticles can be expressed as Puorm (4r, Zy) = 10°P(A;, Z,)/
Np. Here Np is the integral number of deuterons (Np =
Nd ‘ tirr)-

4 Experimental results

Detailed results of gamma-ray measurements from acti-
vated 232Th and "™ U are given in tables 3 and 4. The data
in bold correspond to the upper variable of the heading
which is also shown in bold. In the last column, numbers
correspond to the spectra from which the gamma ray was
observed, the letter X denotes the planar detector and the
letter C the coaxial detector. The plus sign in brackets (+)
indicates that the given gamma line is a doublet, i.e., its
intensity is a sum of two gamma rays following the beta
decay of different isotopes.

The following observations concern the results given in
tables 3 and 4:

i) The total correction 7 = na 1 nc is higher than unity
for low E,, e.g., it is 3.17 for E, = 25.65keV for 2317,
The major factor responsible for the large value of
is the self-absorption correction (n4), which is equal
to 3.03. For high-energy gammas, 1 drops, e.g., for
E., ~ 300keV it is na ~ 1.01 for **Th and na = 1.02
for matQ,

The summing correction 7¢ depends on the decay
scheme of the product. For example, its highest value
is 1.269 for £, = 954.55keV in the decay of '3%Te.

The beam correction g is close to 1 in the case of
the residual nucleus with higher half-life, e.g., for 13°1
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Table 4. Results of the analysis of the gamma-ray spectra of "*'U after irradiation with secondary neutrons from E4 = 1.60 GeV.
All corrections are included. (+) denotes mixing due to other nuclides.

Isotope Activity [Bq] T1/2 (Library) Full corr. (R) Number
Energy [keV] L, (%] Ty /2 (exp.) =1na B NC R(A:, Z: - §) of spectra

Np-239 849(40) 2.3565(4) d 2.97(14)E-26

106.125 27.2 2.388(15) d 1.121 2.67(12)E-26 6-X
106.125 27.2 2.39(6) d 1.110 2.64(16)E-26 3-C
209.753 3.42 2.36(5) d 1.130 3.77(17)E-26 5-X
209.753 3.42 2.44(10) d 1.092 3.56(21)E-26 3-C
228.183 10.76 2.45(6) d 1.140 3.50(15)E-26 6-X
228.183 10.76 2.49(4) d 1.050 3.36(21)E-26 3-C
277.599 14.38 2.35(3) d 1.099 2.91(13)E-26 5-X
277.599 14.38 2. 45( ) d 1.064 2.96(21)E-26 3-C
315.879 1.60 1.8(3) d 0.933 3.04(25)E-26 4-X
315.879 1.60 2.30(12) d 0.938 2.81(25)E-26 2-C
334.309 2.07 2.04(14) d 0.837 2.47(21)E-26 5X
334.309 2.07 3.2d 0.843 2.03(20)E-26 2-C
Mo-99 14.1(16) 2.7475(4) d 5.74(65)E-28

140.681 89.43 2.72(9) d 1.151 6.05(32)E-28 5-X
140.681 89.43 3.00(15) d 1.152 4.78(36)E-28 4-C
181.063 5.99 0.8d 1.106 1.61(28)E-27 2-X
181.063 5.99 1.148 1.05(19)E-27 1-C
739.500 12.13 1.6d 1.117 7.7(11)E-28 2-C
Te-132 11.5(10) 3.204(2) d 5.46(46)E-28

49.720 15.0 47(11) d 1.793 8.3(3)E-28 6-X
49.720 15.0 1.739 2.3(7)E-27 1-C
228.160 88.0 2.45(6) d 1.068 3.11(15)E-27 6-X (+)
228.160 88.0 2.49(4) d 1.059 1.26(9)E-27 4C (+)
522.650 16.6 8(4) d 1.286 5.7(9)E-28 3-C
630.190 13.3 1.157 3.9(11)E-28 1-C
667.72 101.7 2.47(29) d 1.123 5.5(4)E-28 3-C
772.61 7.9 3.4(5) d 1.096 1.9(4)E-28 3-C
954.55 18.7 4.0(21) d 1.229 5.2(7)E-28 3-C
1-133 35(18) 20.8(1) h 3.2(16)E-28

529.87 86.3 144 h 0.998 5.1(7)E-28 2X
529.87 86.3 20 h 0.998 1.78(22)E-28 2-C
1-135 175(14) 6.57(2) h 7.13(57)E-28

546.557 7.20 1.039 8.0(19)E-28 1-C
1131.511 22.74 1.029 7.2(12)E-28 1-C
1260.409 28.90 0.986 7.0(11)E-28 1-C
1457.560 8.73 0.973 5.3(15)E-28 1-C
1678.027 9.62 0.940 8.5(17)E-28 1-C
1791.196 .77 0.973 7.5(15)E-28 1-C
Xe-135 152(58) 9.14(2) h 8.6(38)E-28

249.760 89.9 16.6(33) h 1.010 5.8(23)E-28 3-X
249.760 89.9 10.7(10) h 1.010 1.37(32)E-27 2-C
Ba-140 3.38(10) 12.752(3) d 6.40(19)E-28

29.964 14.1 3.978 1.4(5)E-27 1-X
328.762 20.3 30(40) d 1.210 9.9(55)E-28 3-C
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Isotope Activity [Bq] T1,2 (Library) Full corr. (R) Number
Energy [keV] L, [%] Ty /2 (exp.) =1nA NB NC R(A:, Z: - j) of spectra
487.021 455 18(11) d 1.108 6.20(59)E-28 3-C
537.261 24.39 17(5) d 1.021 8.9(55)E-28 4-C
1596.210 95.4 11.5(20) d 1.131 6.41(20)E-28 5-C
Ce-143 24.5(54) 33.039(6) h 5.0(11)E-28
57.356 11.7 324 h 1.448 8.7(10)E-28 2-X
57.356 11.7 1.450 6.3(19)E-28 1-C
293.266 42.8 33.6 h 1.049 6.0(8)E-28 2-X
293.266 42.8 103(36) h 1.039 2.8(6)E-28 4-C
664.571 5.69 60 h 1.000 6.9(25)E-28 2-C
(Ty)2 = 6.57 h) ng = 0.97 and for '*?Te (T} =3.2d)  _ 10" a— neutrons i
nB = 0.997. "‘E - - ®—photons E""i
.. . . . 210 \ & protons T e
ii) Results of the reaction rate R are fairly consistent and E < v— pions 51'
complementary for all gamma energies for the given ra- g 10’ | deuterons e
dioactive nuclide. Similarly, results obtained for coax- % 10" -‘--\__.‘ i SR
ial or planar detectors are also in close agreement with % .0 T Eneray oTpnotons (Mev)
each other and this enhances confidence in the anal- 35 10 VPP S —_
ysis of the product. Experimental values of half-lives & 10° FevTve, e
of decay nuclides with errors are in reasonable agree- g 107 e, N
ment with the values available in the literature and * Ny
this justifies our identification of residual nuclides. 10
iii) We have observed seven fission products for ***U and 0 200 400 600 800 1000

only one fission product for 232Th. To explain this, first
notice that the calculated and experimental ratios of
R(n, fission; *#*U) / R(n, fission; 232 Th) ~ 4, see table 6.
Second, the ratio of the mass of " U and of the 232Th
sample is about 2. Altogether, there may be a differ-
ence of one order of magnitude in the observation of
the fission products from "*U and 232Th.

5 Simulations by Monte Carlo codes and
discussion of results

In this section simulations of the neutron fluxes and of the
reaction rates of the produced nuclides are performed with
utmost care of the models available with the codes and
the beam characteristics. The Monte Carlo code MCNPX
v2.6.c [23] is used to simulate the production and trans-
port of secondary particles in the set-up. The particle pro-
duction is handled by several spallation models, which de-
scribe the reaction in two steps, i.e., an intra-nuclear cas-
cade with a pre-equilibrium stage (INC) and with an evap-
oration stage (EVAP). Two combinations of newer models
(out of several included in MCNPX) are used in the sim-
ulation, i.e., i) CEMO03, INC with CEM03 EVAP [24] and
i) INCL4, INC [25] with ABLA EVAP models [26,27].
The “F + T” set-up was implemented in the code
with the parameters given in fig. 1 and the beam param-
eters (displacement and profile) determined from a set
of SSNTD [17] and one track detector. The data from
these detectors were fitted by the Gaussian profile with
oy (FWMH) = 2.87cm and o, (FWMH) = 1.92cm with
beam centroid at x. = —0.64cm and y. = 0.39 cm in the

Energy of particles (MeV)

Fig. 4. The simulated neutron, photon, proton, pion and
deuteron spectra on top of the second section of our set-up
using the INCL model and real beam. The insert is a spec-
trum of photons with energies from 0 to 20 MeV.

simulations and referred to as “gauss”. Similarly, where
the track density from the SSNTD detector is used in
the definition of the beam profile then it is referred to
as “real” see fig. 3 (right side).

For the purpose of simulations, the area above the
second section containing the samples was divided into
four boxes (labeled by 1, 2, 3, 4) along the central
line with dimensions of 36 x 36 x 1.5mm?, see fig. 2,
and the fluxes of neutrons, photons, deuterons, pions
and protons are calculated for each cell in units of
particles/MeV /ecm?. An example of the simulated spec-
tra is shown in fig. 4, in which the total flux of neutrons is
2.86E-2 neutrons/cm?/deuteron. The proton flux is 1000
times lower and the fluxes of pions, deuteron and pho-
ton are 2E+4, 5E+4+5 and 5 times lower than the neu-
tron flux, respectively. In fig. 5 the ratio of the neutron
flux in box 3 to the box 4 for the two cases of simula-
tion —a) INCL + real beam and b) CEM + real beam,
is displayed. Although the difference between these ratios
lies within the statistical uncertainties, we can see that
the ratio ®(Fy,(box 3))/P(E,(box 4)) has a wide maxi-
mum of ~ 1.3 in the energy range F, > 0.2MeV. In
the thermal energy region the high peak corresponding
to the INCL + real beam compared to the values of the
CEM + real beam has no meaning; it is due to very large
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Fig. 6. Ratio of neutron flux simulated in box 3 (upper part of
figure) and box 4 (lower part of figure) with different combina-
tions of models and beam shapes. (CEM/INCL),ca1 marks the
ratio ®(CEM + real) /@(INCL + real), (gauss/real)incr marks
the ratio ?(INCL+gauss) /®(INCL+real) and (gauss/real)cem
marks the ratio #(CEM + gauss)/®(CEM + real). The statisti-
cal uncertainty is shown only for one ratio, (CEM/INCL);ca1,
since for the other two ratios it is almost the same.

statistical errors in both simulations. These errors are not
shown in the figure to avoid complexity.

The neutron flux ratios were calculated taking different
combinations of intra-nuclear models and beam shapes,
e.g., i) INCL + real, ii) INCL + gauss, iii) CEM + real,
and iv) CEM + gauss for the box 3 (where U is placed)
and box 4 (where Th is placed) and are displayed in fig. 6.
The simulation by the INCL model gives more neutrons
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Fig. 7. Fission cross-section [barn], neutron flux [n -
cm ™2 /deuteron] and reaction rate [x1072* - fission/deuteron]
of 2*2Th(n, f).

with energy from 1eV to 1 MeV (from about 20% to 30%)
than the simulation using the CEM model. Considering
the “real” shape of the beam profile the simulation gives
10% and 5% more neutrons with E,, < 1 MeV for the INC
and the CEM models, respectively, than the “Gaussian”
shape of the beam profile.

The reaction rates R(A;,Z;) are calculated by the
convolution of the simulated spectra of produced parti-
cles with the appropriate cross-sections (F4+FM card in
MCNPX). In the MCNP code cross-section data up to
20 MeV are taken from the ENDF/B-VI library and the
missing data of the cross-section of (n,v) and (n,f) re-
actions are taken from the JEFF-3.1 library [28]. Above
20 MeV neutron energy, 1 MeV bins are made for the spec-
tra of produced particles and for spectra above 150 MeV,
50 MeV bins are used. In these cases the numbers of par-
ticles in the bins are multiplied by the appropriate cross-
sections calculated from the TALYS-1.0 code [29,30] up to
200 MeV and from the CEMO03 model [24] above 200 MeV.
Thus, reaction rates of reactions 2*Th(n, ), 2*2Th(n, ),
232Th(n,2n) for the box 3 and " U(n,f) and "**U(n,~)
reactions in box 4 are estimated. The dependence of the
neutron flux, cross-sections and reaction rates on the neu-
tron energy are estimated for all reactions given above,
but to save space only results of (n,f) and (n,~y) reactions
in 232Th are given in figs. 7 and 8, respectively.

To evaluate the experimental values of fission rates
for values available in the data base we have made an-
other distribution by condensing neutrons into two major
groups for the fertile 233U and 232Th and three groups
for the fissile 235U, since mass distributions of the fission
products are available only for three energies of neutrons,
i.e., for the thermal energy of 0.0252eV (only for 23°U),
for the unresolved resonance energy at 400keV and for
the high energy at 14 MeV. From the paper of Batenkov
et al. [31] it follows that fission mass yields in the range
90 to 140 may be predicted within 30% for the proton en-
ergy above 20 MeV up to 96 MeV. It is also well known [32]
that if the same compound nucleus is produced in neutron-
(Ey > 20MeV) and proton- (E, > 20MeV) induced re-
actions, then one expects the characteristic of fission to
be identical. Since data for the yield of fission products at
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Fig. 8. On the left, cross-section [barn], neutron flux [n - cm?/deuteron] and reaction rate [x10™2* - nuclei/deuteron] of ***Th
(n,7) using the INCL + real beam. In the right panel, pointwise cross-sections from the JEFF-3.1 library are compared with

the groupwise cross-sections from the code NJOY 99.122.

Table 5. Group weight factors for calculations of the total
number of fissions.

Energy of

neutrons 22T 25y 238y naty

Epithermal | 6.72- 1077 | 0.636 | 7.12-107° | 4.65- 1073

Resonance 0.663 0.318 0.715 0.712
Fast 0.337 0.046 0.285 0.283

very high energies is not available, we can use the following
three broad energy categories:

— thermal, epithermal and resonance —from a(1) =
E-5eV to a(2) = 1.26E+5¢€V,

— unresolved resonance and fast neutrons —from a(2) =
1.26E+5€V to a(3) = 4.57TE+6eV,

— fast and high-energy neutrons —from a(3) =
4.57TE+6eV up to a(4) = the total deuteron kinetic
energy (1600 MeV),

and calculate the weight factors w;(t) for the energy re-
gions, j = 1,2,3 etc. from the following:

a(j+1)
X o»(t, EH)Q(En)dEn
wj(t) = fa(J) !

a(4
Sl ot B)®(By)dAE,

(6)

where j = 1,2,3 for 22U and j = 2,3 for 233U and 232Th
and ¢ stands for different nuclei in the sample, for ex-
ample 23°U, 238U and 232Th in our case. We performed
integration of products of the cross-section and of the
neutron flux in each region to obtain the weight factors
(see table 5). With the help of these weights w;(t) and
the JEFF-3.1 library of fission yields, Yeum(t,7,j) we es-
timate mean weight yields, Yeum (¢, ), where r stands for
the observed fission product. For our experimental obser-

2.0
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—

I
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Isolope's ID

Fig. 9. The relative ratio of Rexp ("*'U,7)/(Yeum ("**U,7)).
Here on the X-axis 1 = %Mo, 2 = ¥2Te, 3 = 1331, 4 = 13°],
5 = 135Xe, 6 = """Ba, and 7 = "3Ce nuclides.

vations of fission products we have calculated

Yeum (Th, %Mo) = wy(Th) - Yeum(Th, *Mo, 2)
+ws3(Th) - Yeum(Th, *Mo, 3), (7)

Yeum (Unat, 7) = [0.007204(w1 (**°U) - Youu (**°U, r, 1)
“+ws (235U) . Ycum(ZBESU7 T, 2)
+ws (235U) 3 Ycum(235U, T, 3))]
+[0.992742 (w5 (**3V) - Yeum (**%U, 7, 2)
+ws (238U> . Ycum(238U7 T 3))]7 (8)

where r = %Mo, 132Te, 1331, 1351, 135Xe, 10Ba, and *3Ce
for 22U, Tt is found from the data of independent yields in
the JEFF-3.1 library that Yeum (¢, 7, €) for an observed fis-
sion product in the case of "*'U varies only by 13% in the
energy range from FE), = 400keV to 14 MeV. Therefore,
with such approximation we can assume that the ratio
between Rexp(f,7) for each observed fission product (r)
and relative production yield Yeum(t,7) are constant for
the same residual nucleus and for the given sample **U
or 232Th and that comes true as seen through the data in
fig. 9. If all residual nuclei having different mass numbers
A, are observed, it means that all decay chains of nuclei
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Table 6. Comparison of the results of the experiment and of the calculation: INCL —intra-nuclear cascade; CEM —Cascade
Exciton Model; real —the measured shape using the SSNTDs and gauss (Gaussian) —the assumed shape of the beam with
parameters given in sect. 4. Remarks: C-g, sign for CEM-gauss; C-r, for CEM-real; I-g, for INCL-gauss; I-r, for INCL-real.

232, nat
Reaction (n,7) (n,f) (n, 2n) (n,7) (n,f)
Reaction rate, exp. 3.03(10)E-26 5.89(60)E-27 1.60(16)E-27 2.97(14)E-26 2.24(10)E-26
R(CEM-gauss) all Ey, 1.46E-26 1.53E-27 1.18E-27 3.13E-26 6.32E-27
E, > 20MeV [%)] 0.004 52.4 25.9 0.006 32.9
R(CEM-real) all Ey 1.62E-26 1.76E-27 1.10E-27 3.26E-26 6.96E-27
En > 20 MeV [%] 57.4 37.0
R(INCL-gauss) all E, 2.17E-26 1.71E-27 9.05E-28 4.49E-26 6.64E-27
Eu > 20MeV [%)] 58.0 375
R(INCL-real) all Ey 2.49E-26 1.94E-27 9.98E-28 4.67E-26 7.59E-27
Ea > 20MeV [%] 58.2 38.4
R(C-g)/R(C-1) 0.90 0.87 1.07 0.96 0.91
R(C-g)/R(I-g) 0.67 0.89 1.30 0.70 0.95
R(C—)/R(L1) 0.65 0.91 1.10 0.70 0.92
R(I-g)/R(I-r) 0.87 0.88 0.91 0.96 0.87
R(exp)/R(Ir, calc.) 1.22(4) 3.04(30) 1.60(15) 0.64(3) 2.95(13)
R(exp)/R(C-r, calc.) 1.40(5) 3.35(33) 1.45(14) 0.91(4) 3.22(14)

followed up to the observed residual nucleus. Then we can
pass from the cumulative yield to the corresponding sum
of independent yields X, Yinq(¢,7) and from this one can
find total reaction rate for all residual nuclei. This gives
the reaction rate of the fission. It may be understood more
clearly in the following way: a produced nuclide (A,, Z},)
in a reaction may have a sequence of 3-decays and finally
to decay to (A;, Z;), which is registered in the experi-
ment. For all such products (A4,,Z;) from a given tar-
get we find out the experimental fission rates by equat-
ing Rexp{t(nv f)a T} = 2fiexp (Ara Zr)/Ep}/ind (ta Ar7 Zp—n')-
From these partial fission rates we estimate the weighted
fission rate, Rexp{t(n,f)}. In case we are able to identify
several residual nuclides with same A, and different
Z, and Zy, the two sums X,Yina(t, Ar,Zp—,r) and
2Yina(t, Ar, Zp_.q) are expected to be strongly correlated
and in this situation we should accept only one of them
(that with smaller error). As an example, we observed 31
and %%Xe from the ***U and we know that 13°I is accumu-
lated from the decay chain '3°Sn — 3%Sb — 135Te — 135]
and similarly, 13°Xe is cumulated from '3°Sn — !35Sb —

135Te — 135] — 135Xe. In this situation, we accept the
sum of the independent yield for °Xe and not '3°I. The
experimental values Rexp(n,f) for 22Th and "**'U targets
calculated as above are given in table 6.

In table 6 calculated reaction rates are established
summing the partial ones R(A,, Z;, E,) from the lowest-
up to the highest-energy bins of the neutrons. There
are several different combinations of models and beam
shapes and all of them cannot be shown in this paper.
As an example, we present the results for 2*2Th(n, f) and
232Th(n,v) in figs. 7 and 8, respectively, but similar plots
for " U are not shown here. Finally, only the conclusive
results inferred from such plots are given in table 6. Some

columns of the table do not contain numerical values, since
they were very small. Secondly, as the collision of proton
may also lead to fission, we have estimated R(p, fission) for
protons to be 3.57E-29 and 5.18E-29 for the ?*2Th and
nat(J | respectively (making use of the INCL model and
the real beam). These values are only 1.84% and 0.68%
of the full amount of R(n,fission) + R(p, fission). Simi-
larly, for the (n,2n) reactions, R(p,pn) for the ?32Th is
evaluated by means of the same version of simulation and
its value is found to be 1.55E-30, that is 0.155% of the
full value of R(n,2n) + R(p,pn). It is also important to
point out that the evaluation of experimental fission rates
from the reaction rates of different fission products can
have systematic errors, since we have found few fission
products in the case of uranium and only one in the case
of the thorium sample. On the other hand, for the sake
of comparison, the yield of fission products is known with
good accuracy only for three energies of neutrons from the
JEFF-3.1 data library. The systematic errors in the exper-
imental values Rexp(n,f) for 232Th and " U samples are
estimated as follows: we calculate the sum of independent
yields, X, Yina(t, 7, e) for t = 235U, 238U and 232Th for the
two cases of energy ranges defined as e = 1,2 and 3 for
2351 and 2 and 3 for 238U and 232Th. For every case of
the target this sum is normalized to 2, since there are two
fragments in the fission. The sum of the errors in such
yields, X,0{Yina(t,r,e)} lies between 0.364 and 0.462 and
the ratio Xy o {Yina(t, 7, )}/ X Yina(t, r, €) is the systematic
error and is found to be ~ 10%.

The transmutation of 232Th to 233U proceeds mainly in
the low-energy neutron flux through the neutron capture
reactions,

Z32Th(n, ) **3Th(8 ™ -decay, Ty /o = 22.3min)
— 233Pa(B-decay, T) /o = 26.967 d) — ***U.
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Table 7. Comparison of some experimental conditions in TARC [9] irradiated with protons of momentum 3.5 (identified as
particle 1) and 2.75 GeV /c (identified as particle 2) and the present experiment with a deuteron beam of energy 1.6 GeV.

*32Th foils "2y foils
Present TARC Present TARC

(1,7), (1, 20) (m,7) (1, 20) ) )
Weight (no.1) (mg) 93.2 132 158 172 290
Weight (no.2) (mg) 678
Diameter (no.1) (mm) 15 12.7 12.5 15 12.7
Square (n0.2) (mm?) 870
Radial distance (no.1) (mm) 131 1220 ~ 40 138 1070
Radial distance (no.2) (mm) 1500 ~ 85 940
Beam particle deuteron proton proton deuteron proton
Beam energy 1.6 GeV 3.5GeV/c 2.5GeV/c 1.6 GeV 3.5GeV/c
Sum of particle 1.93- 103 2.14 - 10" 1.93- 103 2.14-10%
Sum of particle (no.1) 4.80 - 10"2
Sum of particle (no.2) 9.01-10'2
Irradiation time (h) 6.65 8.5 6.65 8.5

The determination of the production rate of 233Th is
difficult due to its small half-life and its decay scheme.
There are only two gamma rays having intensity more
than 1% per decay, i.e., 29.374keV (I, = 2.5%) and
86.477keV (I, = 2.7%). We have found nine gamma rays
corresponding to the beta decay of 233Pa and this allowed
us to establish the reaction rate R with statistical error
3.3%.

It is important that on the lower-energy side of the
neutron spectrum one can assume that there is uncer-
tainty in estimation of the flux calculated by a code. We
know that in our case (flux simulated by MCNPX at
E, = 0.87¢V) the flux is small (~ 1% of the peak value).
Assuming that such flux exists down up to thermal energy
(0.025eV) the calculated reaction rates of 232Th(n,~),
1atJ(n,y) will be enhanced by 82% and 18.6%, respec-
tively. On the other hand, if this flux was zero in this re-
gion then these reaction rates would decrease by 0.5% and
0.12%, respectively. Another valid reason for these differ-
ences is the fact that the neutron fluxes are estimated from
the Monte Carlo code (see fig. 6) which may not be fully
validated. These shortcomings may only be overcome in
future. In the analysis of data of this experiment all other
corrections are implemented in the best possible way.

We  estimate the normalized transmutation
power of 2*2Th using eq. (5) to be Pyorm(***Pa) =
3.09(13)E-17[g/g] for our set-up. This can be compared
with the TARC data [9] obtained by the irradiation
of a Pb target by protons. In the TARC experiment
secondary spallation neutrons were moderated in Pb
assembly weighing ~ 334 tons having cross-sectional
diameter d ~ 3.3m and length being 3m. The compar-
ison of some of the conditions of the two experiments
with 232Th and "U samples is given in table 7. In
the TARC experiment Pyom (?**Pa) = 3.8(3)E-17 [g/g]
in hole “8” at position z = 22.5cm and =z = 122cm

and Pyorm(?**Pa) = 1.0(2)E-17 [g - g~!] in hole “9” at
z="T.5cm and z = 150 cm (see fig. 111 of [9]).

For the proposed 22?Th fuel the neutron multiplication
from the (n,zn) non-fission reactions is not negligible as
their cross-section is comparable with the fission cross-
section [33]. In our 232Th sample we have observed gamma
peaks corresponding to the (n, 2n) reactions. Furthermore,
the following chain of the reactions leads to the production
of 232U:

32Th(n, 2n)*' Th(8~ -decay, T}/> = 25.52 h)
— *'Pa(B~-decay, Ty, = 32760 y)
— 21U(n,~) — 32U (a-decay, Ty = 68.9y),

which is responsible for the large part of the short-term
radiotoxicity, while 23!Pa is responsible for the long-term
radiotoxicity.

The data obtained from the planar HPGe detector
are used for the study of ?3'Th. The most intensive
gamma-rays with energy 25.646keV (I, = 14.5%) and
the 84.216keV (I, = 6.6%) were seen without any am-
biguity. The average reaction rate as given in table 3 is
1.60(16)E-27. In the case of irradiation of the Th sample
we are able to identify only one fission product (°*Mo).
Nevertheless, for this we have evaluated the reaction rate
of fission of 232Th and it comes out to be Rgsion(**?Th) =
5.89(70)E-27. From eq. (7) the weight yield of Mo comes
out to be 2.593(83)E-2 per fission. The ratio of reaction
rates in our sample R(n,2n)/R(n,f) is 0.27(9) carrying
0.04 as the statistical error and ~ 0.08 as the systematic
error due to the non-availability of data of fission yield at
high energy, ), > 14 MeV. Thus, it may be assumed that
the contribution of the (n,2n) reactions is significant for
the neutron multiplication.

Abanades et al. [9] have measured the Th(n,2n) re-
action and placed Th samples on different distances from
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the center of TARC set-up. Experimental conditions in
the present experiment and the TARC are given in ta-
ble 7. According to the TARC experiment, for sample
1 placed at d ~ 4cm, B(**'Th) = 0.635(63)E-6 and
1.32(13)E-6 for the two gammas, E, = 25.646keV and
84.216 keV, respectively. Similarly, for sample 2 placed
at d ~ 8.5cm B(**'Th) = 1.05(16)E-6 and 2.11(32)E-6,
for £, = 25.646keV and 84.216keV, respectively. It
can be seen that TARC results for the two gamma en-
ergies are different by about 100%. In our experiment
R(**'Th) = 1.53(20)E-27 for E, = 25.646keV and
R(?31Th) = 1.72(25)E-27 for 84.216 keV, respectively, for
the distance d = 13.1cm from the centre of the “Energy
plus Transmutation” set-up. In our case the two values
are comparable (see column 5 of table 3).

The measured transmutation power estimated from
the 23U (n,7)?*°U reaction in our experiment is
Prorm (3°U) 2.87(9)E-17 [g/g] to be compared
with TARC data Phom(?°U) = 1.1(3)E-17 [g/g] and
7.7(2)E-17[g/g] for z = —22.5cm and for the hole 6 and
hole 7 located at d = 107 cm and 94 cm, respectively, from
the centre of the set-up (see also fig. 112, of ref. [9]).

6 Conclusions

Some of the most important conclusions of this study can
be summarized as follows:

i) In this study 32 spectra of activated Th and U sam-
ples including the spectra of Al monitors were taken us-
ing the planar and coaxial gamma detectors. 157 peaks
were observed and analyzed and their energy, intensity,
and the half-lives of corresponding nuclides were es-
tablished. By means of these values the residual nuclei
were identified. Experimental reaction rates of residual
nuclei 233Pa, 231 Th and %Mo for the 232Th sample and
239Np, 991\/[07 132Te7 1331’ 1351’ 135Xe, 140Ba, and 14306
for the "#*U sample were estimated. Comparing the re-
action rates and relative yields of the fission products
the experimental fission reaction rates of 232Th and
natJ were determined for the neutron environment of
the set-up, which is different from the neutron envi-
ronment of the thermal and fast reactors. From the
data of (n,f) reactions given in the last two rows of
the table 6 the ratio, R(exp)/R(I-r,calc.) for the 232Th
and "2*U samples is 3.04(30) and 2.95(13), respectively,
for the INCL model 4+ “real” beam shape. Similarly,
the ratio R(exp)/R(C-r, calc.) is equal to 3.35(33) and
3.22(14) for the #*2Th and "*U samples, respectively,
for the combination of CEM model + “real” beam
shape. From these observations it may be inferred that
there is almost no difference in the predictions of fis-
sion cross-sections, hence the reaction rates by the two
models, i.e., the INCL with ABLA and the CEM with
EVAP. Secondly, the ratio being close to 3 shows that
the library of fission cross-sections calls for upgrade.

ii) Similarly, on comparing the results given in table 6
for the (n,~) reactions in 2*?Th and "*'U it may be
pointed out that deviations of theoretical values from
the experimental values do not exceed 40%. For the
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(n, 2n) reactions the experimental values are higher by
about 45% and 60% compared to the calculated values
using the INCL with ABLA EVAP and the CEM with
EVAP models, respectively. The calculations using the
“real” or “gauss” shapes of the deuteron beam intro-
duce differences from 4% to 13% only in both models.
Ratios of the calculated reaction rates assuming the
CEM with EVAP and the INCL with ABLA EVAP
models along with the “real” shape of the beam vary
from 0.65 to 1.10.

R(n,2n)/R(n,f) for the 2*Th sample being ~ 27%
suggests that the contribution of the (n,2n) reactions
is significant from the point of view of neutron multi-
plication. If it was possible to detect reactions corre-
sponding to the other (n,zn) reactions in our sample
then this study might provide more useful information
about the total neutron contribution of these reactions
and also about the competition between the (n,f) and
(n, zn) reactions as pointed out by Kumar et al. [33].
This suggests the need of more elaborate experiments
where higher order (n,zn) reactions and (n,f) reac-
tions can be studied simultaneously.

It may also be inferred that there is a very little
amount of data on neutron cross-sections of (n,~),
(n,f) or (n,2n) reaction at energy E > 20MeV and
in this situation one has to take data from the well-
validated deterministic codes.

v) The normalized transmutation power of (n,~y) and
(n,2n) reactions on 232Th and the (n,7) reaction on
nat(J are evaluated and compared with the data from
the TARC experiment in table 7. For (n,~) reactions
our values of P, for the samples placed at 13.1cm
from the center of “Energy plus Transmutation” set-
up are comparable with the TARC samples placed
~ 100cm from the center of the TARC set-up. This
difference of distance can be understood from the dif-
ference in the neutron spectra, i.e., much more low-
energy neutrons are there in the TARC than in our
set-up and also from the fact that ~ 70% of the cre-
ated neutrons do not escape the massive Pb target of
TARC. Secondly, the initial proton energy in TARC
experiment is more than two times higher than the
deuteron energy in the “Energy plus Transmutation”
set-up and this results in larger number of neutrons
in the TARC. The normalized transmutation power
of the (n,2n) reaction in 232Th is almost the same in
our case and the TARC, which are placed at 4 cm and
8.5cm from the center of the TARC set-up.

The results of the reaction rates estimated from dif-
ferent gamma-ray energies from the decay of nuclide
show consistency in the present experiment and this
generates confidence in our observations.

iii)

iv)

vi)

Appendix A.
Appendix A.1l. Self-absorption correction

The coefficient na (A, Zt, F(j)), used in relation (1) ac-
counts for the self-absorption of gamma ray in the sample
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Fig. 10. Self-absorption correction, na, for Th and U samples
as a function of F,.

(At, Zy) of thickness d, has been calculated as follows:

 WZuBG) -d
nA(ZtvE(j)) - 1— e*/t(ZtyE(j))'d ’

(A1)

where ©(Zi, E(j)) is the total attenuation coefficient for a
given gamma ray with energy E.(j) in the source material
of the target. The values of attenuation coefficients for
the two elements and different gamma energies are taken
from refs. [34-36] where the precision of calculation is ~
2%. The corresponding 74 are shown as thick points in
fig. 10. The thin curves corresponds to na = {exp(ag +
a1(In E)+az(In E)?...)} =1 and this provides interpolation
between the thick points for the required energy of the
peak. This correction for the gamma ray of energy higher
than 300keV turned out to be less than 1.2% in the Th
target and less than 2.2% in the U target. The dependence
of na(At, Zy, E(j)) on the energy of gamma ray for the
232Th and "#'U target is given in fig. 10.

Appendix A.2. Correction for beam fluctuation

Similarly, the correction for fluctuation of beam intensity
7B (\) has been performed for each residual product with
decay constant, A, using the following relation:

(A =

1 _ e_)\'tirr

Lirr - Ziv{(l/tp(z‘)) SW (i) - et . (1 — e Ato(D)))
(A.2)

)

where t;,, is the total irradiation time and ¢, (%) is the start
and t.(7) is the end time of the i-th pulse. The fraction
W (i) is the number of deuterons in a single i-th pulse
divided by the total number of deuterons. N is the total
number of recorded pulses. All values ti.,, tp(7), te(?) and
W (i), which we need for the calculation of the correction
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due the intensity beam fluctuations, are received from the
protocol about irradiation conditions in our experiment,
see fig. 11.

Appendix A.3. Coincidence summing correction

Coincidence summing correction nc(j) has been calcu-
lated using the “coicorr” program [37]. The code is based
on the expression of the coincidence intensity losses and
summations via matrix evolution method [38]. If we study
the influence of the y — x transition to | — k (fig. 12) we
have to know absolute efficiencies of the full energy peak
of gamma rays equivalent to the transitions E{k and the
total absolute efficiencies of gamma rays equivalent to the
transitions £}, . We know the intensities —the full absolute
intensity of the transition I;; and the absolute intensity of
the accompanying gamma ray I}, where Iy, = I} (14-auz).
In the case of coincidences of y — = and | — k gamma rays
the summing gamma peak occurs in the gamma spectrum
and real peaks corresponding to the y — x transition and
Il — k transition seem to have lower intensity. The total
number of levels is m.

If we neglect angle correlations, then the coincidence
correction of the gamma-peak intensity of the [ — k tran-



172

sition n¢ (7)1, can be derived as

e =
m m—1 k k-1
M, ( )R ZZ%M;)
y>z p=l j>i i=0

-1
+ > M/;C’UUMfk] .
v=k+1

The used symbols are defined as follows:

Mlj;e = Elfkmc and My, = 5kaka7
x—1 d

= 5ml + [ d Z} ﬂ,
( Z:ZI ( ) xl Ilk

where d;; is Kronecker’s delta and the matrix d is defined
as

Cy

0 0 O .0

do 0 0 ...0 I
d=|do da1 0 ...0 /\dlozl/\dlk:+'

SRR 2ow=o Tt

dmO dml dm? ... 0

The expression (A.3) is applicable only for binary coinci-
dences of two gamma rays, however, it was extended to
multiple coincidences and can include also coincidences
with X-rays and annihilation gamma rays [39,40]. The
program reads data from the LUND database [22] and
calculates the matrix of n¢(j) corrections, which are ap-
plied to the results of the R value.
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Abstract—Fission product cross sections of intermediate-energy fission of 23*U were used in order to
construct the charge and mass yield distributions. Enriched target of 2**U was irradiated by proton beam
with energy 660 MeV for several hours at the LNP Phasotron, Joint Institute for Nuclear Research
(JINR), Dubna, Russia. The charge distribution of the fission fragments was analyzed for calculation of
isobaric cross sections. The mass yield curves were expanded into symmetric and asymmetric components
according multimodal fission approach. The fissility values of actinides were calculated at given proton
energy. The obtained results have been compared to the same data for targets 23"Np and 24! Am.
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INTRODUCTION

Fission product cross sections of 24'Am, 238U,
and ?3"Np actinides are the subject of interest, be-
cause they are essential data in management of ra-
dioactive waste from nuclear power plants. Fission
cross section in the intermediate energy range has an
important role as well as the emitted neutron number
per fission reaction and fission neutron spectrum. On
the other hand, experimental studies of fission cross
section are recently available. However, the experi-
mental data are not enough for actinide nuclei, espe-
cially for minor actinides.

The excitation energy of the fissioning system
plays an important role in the dynamics of the fission
process. Asymmetric fission, which is dominant at
low energies, is characterized by a clear-cut man-
ifestation of shell effects [1—6], whereas symmetric
division is consistent with a classical liquid-drop
picture of the fissioning nucleus [7, 8]. Among
various information associated with nuclear fission
phenomenon the problem of mass division has evoked
interest. Particularly, this question is related to the
intermediate energy region between the low and high
energies, where the transition between the different
fission modes (from asymmetric to symmetric) is
supposed. The growth of the actinide fissility at this

*The text was submitted by the authors in English.
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$Yerevan Physics Institute, Armenia.

YDepartment of Nuclear Reactors, Czech Technical Univer-
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energy range, in spite of the wide-spread assumption
about the fission saturation, causes interest to this
question.

According to theoretical presentation, the corre-
lation of different fission channels depends on the
configuration and position of the saddle and scission
points on energy surface [9, 10]. The application of
the hypothesis of the multicomponent fission have
allowed to extract different components on the base
of the decomposition of the mass yield curve [11, 12].

In the present paper the multimodal analysis of
fission has been performed at the research energies
at first. The experimental fragment cross sections
are used to extract the characteristics of the charge
and mass distributions of the fission fragments. The
obtained fission cross section has allowed to estimate
the fissility of actinides at low and intermediate energy
ranges.

EXPERIMENTAL

Bombardment of the 23U target by protons with
energy 660 MeV was performed at LNP Phasotron,
Joint Institute for Nuclear Research (JINR), Dubna,
Russia. Fission fragment cross sections were mea-
sured by vy-ray spectrometry using high-purity Ge
detector. The identification of the fission products was
conducted by means of the definition of the half-
lives, of the energies and intensities of the nuclear ~
transitions of the radioactive fragments [13]. In the
absence of radioactive precursors the cross section
of fission fragments was determined by using the
following form:

AN

- 1
o NpNnk'En(l _ e—)\tl)e—)\tg(l _ e_)\tS)v ( )

1814
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Fig. 1. Mass-yield curves for proton-induced fission of 2**U at E,, = 660 MeV. (W) Experimental points; solid curve is total
fission yield of; (®) Superlong I mode; (o) Standard I mode; (v7) Standard II mode.

where o is the cross section of the reaction product;
AN is the area under the photopeak; N,—the in-
tensity of proton beam (part./s); N,—the number of
target nuclei on unit surface (1/cm?); t;—the irra-
diation time; to—the time of exposure between the
end of irradiation and the beginning of measurements;
t3—the time of measurement; A—the decay constant
(s71); n—the intensity of nuclear ~ transitions; k—
the total coefficient of the ~-ray absorption in the
target and detector materials; e—the detection effi-
ciency. In this way the isotope formation in the nu-
clear reaction is determined as an independent (1)
cross section directly.

To deduce the independent cross section from the
measured radioactivity it is necessary to correct the
contribution from precursors, if the precursor has a
half-life period of the same order or more than daugh-
ter nucleus. Knowing the precursor cross section the
independent cross section of the daughter can be
calculated by the relation from [14]

_ AB 9
9B = (1 _ e_)\Btl)e_)\BtQ(l _ e_)\BtB) ( )
« AN oafan AAAB
N, N, ken AB — A4
(1 _ e—)\Atl)e—)\Atz(l _ e—AAtB,)
X )\2
A
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where symbols A and B refer to, respectively, the
parent and the daughter isotopes; f4p5 designates the
fraction of decay from nuclide A to B; AN determines
the area under the photopeak.

RESULTS AND DISCUSSION

The unmeasurable product cross sections were
estimated in the present paper by means of the frag-
ment charge distribution. Empirically, the charge dis-
tribution of fission products has been well represented
by a Gaussian function, therefore, in the present work
the analysis of the charge distribution is performed by
the following function in the fitting procedure [15]:

vy (Z - 7,)°
oAz = (071')1/2 exp c

where 04 7 is the independent experimental cross
section of the nuclide (Z, A); o(A)—the total iso-
bar cross section for mass number A; Z,—the most
probable charge for isobars, and C—the width pa-
rameter. The isobaric cross sections for different mass
numbers are used for construction of the fission mass
yield. The total mass yield oy =) ,0(A)/2 was
evaluated by summing all isobaric cross sections and

;o 3)
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Table 1. Symmetric, asymmetric, total fission cross sections and the average number of pre-scission neutrons

Target Energy, MeV oy, mb
241Am 660 1763.7 + 265.0 [18]
B8y 660 1226.5 £ 183.9
1110 £ 300 [19]
1040 £ 75 [20]
B7Np 660 1600.0 + 240.0

1520 + 160 [21]
1647 + 100 [22]
1674 + 102 [22]

Table 2. Contribution of symmetric fission mode and pre-
scission neutron multiplicity

Target  Energy, MeV os/of, % Vpre

2L Am 660 84.4+17.0 15.0+2.0
B8y 660 57.0+10.0 12.0+1.7
BTNp 660 81.1+16.0 146+2.0

multiplying by factor 0.5, because in the sum give the
contribution both fragments formed in each fission
event.

The application of the hypothesis of the multicom-
ponent fission allowed to extract the different compo-
nents on the base of the decomposition of the mass
yield curve. According to this model [12], the mass-
yield curve can be decomposed into three distinct fis-
sion components: one symmetric “Superlong [” and
two asymmetric “Standard I”, “Standard II”. “Su-
perlong” mode fragments are strongly elongated with
masses around A¢/2. “Standard I” mode is charac-
terized by influence of spherical neutron shell Ny ~
82 and proton shell Zg ~ 50 in the heavy fragments
with masses My ~ 132—134. “Standard II” mode is
characterized by influence of the deformed neutron
shell closure Ny = 86—88 and proton shell Zg ~ 52
in the heavy fragments with masses My ~ 138—140.

The Gaussians were used for presentation of the
different fission modes with parameters depending on
nuclear characteristics of fission fragment [12, 16].
The mass-yield distribution of the fission fragments
is usually described by five-Gaussian fit of the form

[17](Fig. 1):

- 2
_ Kuag (A~ Ag— Dias) (4)
o145V 2T 207 45
- 2
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Us,mb O’As,mb 0'5/0',45
1487.7 £ 223.0 276.0 +41.0 54+1.0
698.3 £ 104.7 528.2+79.2 1.324+0.2
1298.0 £ 195.0 302.0 £45.0 43+1.0

- 2
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where Ag is the mean mass number, the asymmetric
components are characterized by the positions of the
peaks (Ag =+ D;as), each components are character-
ized by the dispersions aiAs’s(agAS’S) and the nor-
malization factors KiAS’S(K{A&S). The indexes AS,

S designate the asymmetric and symmetric compo-
nents.

The results of the fit allow to determine the total
fission cross section and the cross sections of different
fission components. These data are represented in
Table 1 as well as for 2!Am and 2>"Np from our
recent work [ 18], where the total fission cross sections
are compared with the data from [19—22]. The good
agreement in the overlap energy region is found. The
relative contributions of symmetric fission mode as
well as the average number of neutrons prior to the
fission for investigated nuclei are shown in Table 2.
One can see from Table 2, the symmetric fission gives
the appreciable contribution to the total fission cross
section. With increasing excitation energy of fission-
ing nucleus, the symmetric fission component grows
too, and attributes its to increasing neutron evapora-
tion opening new fission channels, there exists a set of
various fissioning nuclides. Therefore, the symmetric
component is linked with the more neutron-deficient
fissioning systems.

In Fig. 2 the ratio of symmetric to asymmetric
fission (or the valley-to-peak ratio, V/P) depending
on excitation energy (E*) of fissioning nuclei is pre-
sented in the charge range 96 > Z; > 90, including
the present experimental results and data from [17,

Vol.73 No.11 2010
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Fig. 2. Symmetric-to-Asymmetric fission ratio as a function of E* for fission with different probe: (A ) present work; ((J) (n, f)
(17,23, 24],(A) (p, ) 123, 25-28]; (o) (e, ) [23]; (3% ) (v, f) [29-31].

23—31]. Dash range indicates the variation of V/P
above energy E* ~ 25 MeV. The dependence of the
os /0 4s ratio upon the excitation energy can show the
evolution of the fission process. This picture is similar
to reactions induced by different projectiles (protons,
neutrons, photons): at small E* the asymmetric fis-
sion dominates, with growth of £* the probability of a
symmetric mode quickly increases.

Earlier it was shown [27, 28] that the systematiza-
tion of the fission cross sections on an extensive scale
of the mass numbers permits to obtain the simple
expression for the estimation of the different fission
components:

(Z%/A) . =35.5+0.4(Z5 — 90), (5)

cr

where (22 /A), is the “critical” fissility parameter; Z¢
is the charge of fissioning nucleus. It was predicted for
the nuclei with Z2/A > (Z?/A).; the predominance
of the symmetric fission and the asymmetric one
in the cases of Z2/A < (Z2/A).. The (Z2%/A),; Tor
241 Am, 238U, and 2>"Np are equal to 37.5, 36.3, and
36.7, respectively. The mean masses of these fission-
ing nuclei at given proton energy were obtained in our
measurements A ~ 227, Z ~ 95 (Z2/A ~ 39.76 for
2Am), A~ 227, Z ~ 92 (Z%/A ~ 37.29 for 238U);

PHYSICS OF ATOMIC NUCLEI Vol.73 No. 11

A~ 2234, 7 ~93(Z%/A ~ 38.72 for 2"Np), so the
symmetric fission component should increase. It is
necessary to notice that the difference between Z2/A
and (Z2/A). is more for Am and Np nuclei, therefore
symmetric fission in these nuclides is expressed more
strongly. However, the possibility of the asymmetric
fission for all fissioning nuclei remains at intermediate
energy also because of broad mass and excitation
energy distributions.

Our investigation produces the possibility to esti-
mate the fissility for proton-induced fission. To calcu-
late the fissility, the fission cross sections were divided
by their respective total inelastic cross sections oyy,.

For proton-induced fission, we deduced the oy,
value from cascade-evaporation model [32]. The de-
pendences of fissility for nuclei ?*'!Am, 238U, and
Z37Np on excitation energy of fissioning nucleus are
shown on Fig. 3 together with data from different
probes and calculations from [33]. One can see that
the fission probabilities are about the same, indepen-
dently of the tool used to excite the nuclear matter,
and the fissility of the heavier element is getting larger.
The fissility of 24! Am, 238U, and 2*"Np fissioning nu-
clei was less than unity at intermediate energies and
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Fig. 3. Dependences of fissility for nuclei 2** Am, 238U, and 23" Np on excitation energy of fissioning nucleus. Calculations from

[33]: solid curve is 2** Am and 2*"Np, dashed curve is 2**U. Experimental points: () present work for 2*¥U and ( * )from[18]

for 2! Am and 23"Np; open symbols (( % ) 2** Am and 2*"Np, (o) 238U are the systematics of experimental data from different

probes [29, 33].

equals of 0.91 + 0.14, 0.64 + 0.13, and 0.85 £ 0.13,
respectively.

CONCLUSION

The charge and mass distributions of fragments
for proton fission of 238U at proton beam energy
660 MeV have been investigated. The charge and
mass distribution analysis was made. The multimode
fission model has allowed to decompose the total
fission cross section into symmetric and asymmetric
components. The photofission evolution from asym-
metric to symmetric channel was considered.

The strong increasing of the symmetric compo-
nent at high energy of protons is observed. The quan-
titative estimates of the various fission modes are ob-
tained for the first time. Fissility of 24! Am, 238U, and
237Np in interaction at intermediate energies is ob-
tained. The formation of a thermalized highly-excited
nucleus in deep inelastic interaction of intermediate-
energy particles, which decays independently of the

PHYSICS OF ATOMIC NUCLEI

method of formation, allows to speak about univer-
sality of the nuclear fission mechanism.
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Abstract. Spallation neutrons produced in the collision of a 2.33 GeV deuteron beam with a large lead
target are moderated by a thick graphite block surrounding the target and used to activate the radioactive
samples of " U and Th put at three different positions, identified as holes “a”, “b” and “c” in the graphite
block. Rates of the (n, f), (n, 7) and (n, 2n) reactions in the two samples are determined using the gamma
spectrometry. The ratios of the experimental reaction rates, R(n, 2n)/R(n, f), for ***Th and U are
estimated in order to understand the role of the (n, zn) kind of reactions in Accelerator-Driven Sub-
critical Systems. For the Th-sample, the ratio is ~ 54(10)% in the case of hole “a” and ~ 95(57)% in the
case of hole “b” compared to 1.73(20)% for hole “a” and 0.710(9)% for hole “b” in the case of the "*'U
sample. Also the ratio of fission rates in uranium to thorium, **U (n, f)/?3*Th(n, f), is ~ 11.2(17) in the
case of hole “a” and 26.8(85) in hole “b”. Similarly, the ratio 23U (n, 2n)/?**Th (n, 2n) is 0.36(4) for hole
“a” and 0.20(10) for hole “b” showing that 2*>Th is more prone to the (n, xn) reaction than *3*U. All
the experimental reaction rates are compared with the simulated ones by generating neutron fluxes at the
three holes from MCNPX 2.6¢c and making use of the LA150 library of cross-sections. The experimental and
calculated reaction rates of all the three reactions are in reasonably good agreement. The transmutation
power, Prorm as well as Phorm/Pheam Of the set-up is estimated using the reaction rates of the (n, v) and
(n, 2n) reactions for both the samples in the three holes and compared with some of the results of the
“Energy plus Transmutation” set-up and TARC experiment.

1 Introduction

Accelerator-Driven Sub-critical System (ADS) may be
identified as a device for i) transmutation of nuclear

waste [1,2] and ii) production of nuclear energy from a

fertile fuel like thorium [3,4] besides the safety issues
being better than a conventional critical reactor. These

two aspects gave birth to the requirement of new nu-

clear data beyond the reactor neutron energies, developing
Monte Carlo simulation codes for the design and model-

ing and developing experiments for the realization of the
concept of ADS. It may be recalled that in the existing

a

e-mail: vkv19510@gmail.com

databases like ENDF, JEFF, JENDL etc., only few data
are available beyond 20MeV neutron energy. Recently,
simulated data up to ~ 200 MeV [5] from the already ex-
isting Monte Carlo codes like MCNPX [6], FLUKA [7]
and CASCADE (8], deterministic codes like ALICE [9]
and TALYS [10] and the parameterization methods after
proper evaluation [11] have been added in the databases.
In this direction for getting data of cross-sections with bet-
ter precision in the energy range E, < 20MeV and simi-
larly in the energy range of spallation neutrons, a large
number of experimental facilities, namely PNF in Po-
hang [12], n-ToF at CERN [13] and IREN in Dubna [14],
MYRRHA in Belgium [15], SAD [16] and DSAD [17],
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which later on will be identified as the “Energy 4+ Trans-
mutation” set-up at JINR etc., were planned and some
of them are also operational. Similarly, SINQ at PST [18],
KEK in Japan [19], n-ToF at CERN [13] and a cluster of
other research programs are being developed at LANL [20]
for obtaining data, characterization and developing new
materials. We know that from such facilities at neutron
energies beyond 14 MeV, cross-sections of few candidate
materials of ADS have also been reported [21] albeit with
large errors and much better results are expected to come
from the 200m n-ToF facility at CERN in the near fu-
ture. In the meantime, for the expeditious realization of
the transmutation capability of a system based on the
spallation neutrons, a few experiments of transmutation
of long-lived fission products like '2°I and °°Tc by the
TARC experiment [22] at CERN and 2T by the “En-
ergy + Transmutation” (E+T) experiment [23] at JINR
(Dubna) are conducted, and the spectrum averaged trans-
mutation rates are measured. Also, methods of estimation
of the transmutation power of a system are developed us-
ing the data of fission rates of 2*2Th and "*U, and the
transmutation rates using the (n, v) and (n, 2n) reactions
in the neutron field with energy ranging from thermal to
the beam energy are obtained. For obtaining the spectrum
average reaction rate theoretically, the neutron spectrum
may be generated from a Monte Carlo simulation code like
MCNPX and CASCADE and point cross-sections may be
obtained partly from the databases and partly from deter-
ministic codes like TALYS and ALICE. The so-estimated
reaction rates are compared with the experimental data.
This method proved to be very useful both for the vali-
dation of the Monte Carlo simulation codes [24-29] and
to obtain the spectrum average cross-section of a reac-
tion [30].

In the present GAMMA-3 experiment, a huge block
of graphite is used to provide a number of positions of
moderated spallation neutrons generated by the 2.33 GeV
deuteron beam colliding with the lead target where the
transmutation power of the set-up can also be measured
using the data of radio-activity corresponding to various
gamma peaks of the activated samples almost similarly as
in the TARC and E4+T experiments. The deuteron beam
is used mainly for technical reasons. This experiment dif-
fers from the TARC and E+4+T experiments not only with
respect to the beam particle but also because it has a dif-
ferent moderator. In the TARC experiment a thick lead
target, in the E4+T a natural uranium blanket and in the
GAMMA-3 a thick graphite block, are used. The three
experiments provide a first data set of the reaction rates
of (n, ), (n, 2n) and (n, f) reactions at different positions
of the set-up as well as a comparative study for settling
down some of the questions regarding the effectiveness of
the neutron fluxes at different positions for a given trans-
mutation reaction.

2 Experimental details

In the graphite set-up shown in fig. 1, the lead tar-
get of dimensions d(dia.) x I[(length) = 8 x 60cm? is
placed at the centre of the graphite block of dimensions
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Ixwxb=1.1x1.1x0.6m3. The graphite assembly is com-
prised of 25 blocks of different dimensions having several
experimental holes for placing the activation samples and
detectors. 232Th sample is placed in three holes marked as
“a”, “b” and “c” in the block number 14, 9 and 4, respec-
tively as shown in fig. 1. The dimensions of the holes “a”,
“b” and “c” are d x | = 14.6 x 29.6 cm?, 8.8 x 36.3 cm?,
15.4 x 34.1 cm?, respectively. Samples of "*U are placed in
two holes, “a” and “b” while samples of 232Th are placed
in all the three holes. Block number 3, 4 and 5 and sev-
eral other blocks visible in fig. 1 are used for other trans-
mutation samples accompanied with threshold activation
detectors. Uranium and thorium samples were irradiated
in the form of sandwiches of three nearly identical foils
(Th-Th-Th and U-U-U). This arrangement has the little
advantage, compared to a single foil, that some of the nu-
clides produced in the sideward foils may be registered in
the adjoining foil. We used the single (middle) foil and
the double (sideward) foils for separate measurements be-
cause of the difference in self-absorption of the low-energy
gamma rays being much higher compared to that of high-
energy gammas (see fig. 3). The use of a single layer is
preferred for the analysis of low-energy gammas and, for
high-energy gammas, double-layered foils are used. This
also provides improved statistics.

The diameter of these foils is 15 mm and the mass of
the middle U foil is 172.3 mg, that of the middle 232Th
foil is 93.1 mg, while the total mass of the sideward foils
is 334 mg for U and 176.3mg for 232Th.

The set-up was irradiated by a deuteron beam of
2.33 GeV energy at the Nuclotron accelerator in Dubna
in March 2007. The irradiation started at 13h 44m 25s
on the 17th March, 2007 and ended at 15h 01m 20s on
the 18th March, 2007, i.e. it lasted about 25 hours and 17
minutes (=1517 minutes). The recorded intensity profile
of the beam versus time is shown in fig. 2a. From the given
time dependence of the beam, a correction, (7} /2) is cal-
culated for each residual reaction product with half-live,
Ty /o and displayed in fig. 2b. Activation detectors, solid-
state nuclear-track detectors and transmutation samples
are used to measure the spectral fluences of the neutron
field.

An aluminium foil (with thickness 6.7 mg/cm? and di-
ameter 20cm each) was installed at a distance of 3.1m
from the centre of the lead target in order to deter-
mine the beam profile and the number of deuterons hit-
ting the lead target. The deuterons have been moni-
tored using the reaction 27Al(d,3p2n)?*Na [31] through
the gamma spectrometry of the product nuclide ?*Na. Af-
ter irradiation, the monitor foil was cut into four concen-
tric rings with the inner ring having a circle of 2.1cm
diameter, the three following rings having outer diam-
eters as 8.0, 12.0, and 16.0 cm, respectively. The num-
ber of deuterons measured on the two inner rings up to
8 cm diameter was 92(4)% of the total beam, and the in-
teger number of deuterons hitting the Pb target is de-
duced to be Np = 1.7(1) x 10'3. From the track detec-
tors the beam shape (see ref. [23]) is established to be
a Gaussian with parameters, X (FWHM) = 1.5 + 0.1 cm,
Y(FWHM) = 2.4 4+ 0.1cm with the beam center being
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Fig. 1. Graphite assembly (upper left) of dimensions 1.1 x 1.1 x 0.6 m® with the lead target, T, of diameter 8 cm at the centre
and the three experimental holes shown as “a”, “b” and “c” for the irradiation of different samples. A photograph of the cylinder
(upper right) fitted in a hole is shown for clarity. The sample positions inside a hole are shown in the lower left figure as well
as in the photograph. The positions of the samples on the cylinder fitted in a hole are shown in the lower right figure. **U and
282Th are placed at —9° and 4+9° in hole “a”, at —14° and +14° in hole “b” and at —9° and +9° in hole “c”, respectively, from
the centre of the front face of the respective cylinder to the back of the circles. The four circles shown on the cylindrical surface

are for the other samples placed in the experiment.

at X, = 0.7+ 0.1cm, Y. = 0.2 £0.1cm. From the track
detectors the integer number of deuterons turns out to be
~ 1.85 x 10'2 and the percentage of beam hitting the lead
92.2% which agrees with the data obtained from the Al
monitor.

3 Measurement procedure and method of
analysis

We have used a coaxial detector with relative efficiency
18.9% and resolution of 1.78 keV at 1332keV and a planar
detector with diameter 36 mm, thickness 13 mm and reso-
lution 335eV at 5.9keV and 580eV at 122keV. The coax-
ial detector is used to provide information on the peaks
ranging from 20keV to 3 MeV and the planar detector is
used for the range ~ 5keV to 700 keV.

All measurements have been done without any filters.
Various measurement spectra are recorded up to a period
of about one month for time intervals varying between 0.4
to 24 hours.

The measured gamma spectra are analyzed by the in-
teractive mode of the DEIMOS code [32]. A detailed cas-
cade of codes has been used for energy calibration, sub-
traction of background gamma-ray lines and single and
double escape peaks, efficiency calibration and determi-
nation of experimental half-lives for the identification of
several hundreds of gamma-ray lines. Various isotopes and
fission fragments are assigned only when energy, half-life
and intensity of peaks match with the values available in
the literature [33]. For the details of the method of analysis
of gamma peaks the reader is advised to refer to ref. [23].

After the identification and assignment of the element
to a gamma peak the reaction rates have been calculated
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Fig. 2. a) Time dependence of the 2.33 GeV deuteron beam
intensity, as received from the staff of the Nuclotron accelerator
for the whole run. b) Beam corrections for residual nuclei in
increasing order of m, of elements: 341, 133Te, ?La, 12"Sn,
1321 902G, S8, 92y 129G}, 105R, 135X, 128G}, 0B, 9y
91Gy 24Ny, 977y, 133, 112pg, 18T\ 143Ce, 105Ry, 98¢, 238Np,
99Mo, 132Te, 47Sc, 131, 48Sc, %Nb and °*Ru nuclides.

for every identified element with all the relevant correc-
tion factors of self-absorption 7,, beam intensity fluctua-
tions ny, and coincidence summing 7). (see the appendix
in ref. [23]). Values of 7,, n, . have been estimated for
the gamma peaks separately for the two samples of 232Th
and "**U. The self-absorption corrections, 7,, for the two
sideward double layers and the middle single layers of the
232Th and "#*U samples are plotted in figs. 3(a) and (b) for
the low- and high-energy gammas, respectively, and from
both figures it can be clearly seen that, for low-energy
gammas 1), is very high, while for high-energy gammas it
is close to unity. At energies beyond 1000 keV the correc-
tion is less than 1% and monotonously decreases to zero
with increasing energy.

The coincidence summing correction, 7., is calculated
using the software COICOR and the Lund database [33],
and this correction depends also on total efficiency of the
registration of gamma rays including the Compton scat-
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tering tail. The total correction factor, n = nanp1., is given
for each observed peak in tables 1 and 2.

The reaction rate, R(A,,Z,) is defined as the num-
ber of produced residual nuclei, Q(A,, Z,) per atom (N)
of the sample per incident deuteron per second (Ng) as

follows: QA7)
&\ 2r) (1)
N; Ny
The transmutation power, P(A,, Z,) is defined as the
quantity of produced mass m(A,, Z,) per unit mass of the

target m(Ay, Z;) [23] and, on normalization to 10° beam
particles, we can write

R(A,, Z,) =

— 109 P(AT7 Z'f‘)

Pnorm(Ara ZT‘) ND )

(2)
where Np is the integer number of beam particles used in
the irradiation time, tj.,.

4 Experimental results of reaction rates

After following all the detailed procedure related to the
gamma spectrometry technique [23], the results in term of
reaction rate, R, of the measurement of v-rays from both
the samples of 232Th in the three irradiation holes “a”,
“b” and “c” are given in table 1. Table 2 corresponds to
the results of "'U of holes “a” and “b”. All the observed
fission fragments and residual nuclides are listed in the
aforesaid tables. In these tables, the results in boldface
correspond to the upper variable of the heading which,
itself, is shown in boldface. In the two tables, for example,
the average value of all the observed peaks is given in
boldface and the later values corresponding to individual
peak are given in lightface.

From the data displayed in tables 1 and 2 the following
observations can be made. The total number of spectra
of the 232Th and "U samples analyzed to obtain the
above results are 33 and 22, respectively, for all the three
holes “a”, “b”, “c” and several hundreds of gamma-ray
peaks belonging to these spectra are analyzed. After the
complete analysis for "'U in hole “a” and “b”, 11 fission
products, namely 8°mKr, 23Y, %Mo, 93Ru, '©Rh, 131,
132Te, 133], 140Ba, M1Ce and '3Ce are observed along
with 239Np as a result of the (n, ) reaction and 27U as
a result of the (n, 2n) one. In the previous experiment
using the E+T assembly [23], 227U was not observed. For
232Th in hole “a”, a total of 6 fission products, 8°™Kr,
99Mo, 1311, 133Xe, 135Xe and 14! Ce are observed along with
233Pa, i.e. the daughter elements produced upon decay of
233Th as a result of the 2*Th (n, 7) reaction and of 23! Th
as a result of 232Th(n, 2n) are also observed. For 232Th in
hole “b”, all the above-mentioned fission products (except
for %Mo, 133Xe, 135Xe) along with 23*Pa and 23! Th are
observed. Lastly, in case of hole “c”, only *?Mo is observed
as a fission product and 23*Pa as a (n, ) product. One
important observation is that there is consistency in the
reaction rates corresponding to the different gamma peaks
of the same decaying nuclide. Comparison and discussions
of these observations with the results of other experiments
is being postponed to sect. 6.



J. Adam et al.: A study of reaction rates of (n, f), (n, 7) and (n, 2n) reactions in **U and ... Page 5 of 18
18
17 ¢
16 a) —=—Th (0.045 m m)
15 —e—Th(0.085 mm)
PRE 4 U(0.0515 mm)
=12 —~—U(0.0998 mm)
= 11
k> 10 L3
S 9 A
R -
2 6
E o2 ‘\\\:\\\
=]
©o 3 v
2 Egs‘\,\
1 B = = =
0 T T T T T T 1
20 40 60 80 100 120
E, (KeV)
1.6 -
| —=u—Th(0.045 mm)
_ v
1.5 b) e Th(0.085 mm)
< | —4—U(0.0515 mm)
£ 144 v U(0.0998 mm)
8 ]
[T i
8 1.3 .
c 4 A
2 1.2 1
[T
2 1 -
5 1.1- v
5 _ \‘sv
[ ] —
1.0 - Tt = .

0 100 200 300 400

500 600 700 800 9001000
EY(KeV)

Fig. 3. Self-absorption correction factor, 7., for single and double thicknesses of the ?**Th and ™**U samples for a) low gamma
energy range (for Th from 20.47 to 109.65keV and for U from 21.76 to 115.61keV) and b) high gamma energy range (for Th

from 109.65 to 1000keV and for U from 115.61 to 1000keV).

5 Monte Carlo simulations

5.1 Simulation of neutron flux at sample positions

Monte Carlo code MCNPX v2.6.C package of cascade
model INCL4/ABLA and LA150 library is used [6] for
the simulation of the production of neutrons in the col-
lision of a 2.33 GeV deuteron beam with the lead target
and their transport in the graphite set-up. As mentioned
earlier the 232Th samples were irradiated in all the three
holes, namely “a”, “b” and “c” while the samples of "#*U
were irradiated in holes “a” and “b” at the positions as
shown in fig. 1. The results of the simulated neutron flux
(Ed¢/dE) per incident deuteron falling on the samples of
232Th and "*U for the given positions in holes “a”, “b”
and “c” are given in fig. 4. It can be clearly seen from the
figures that there are low- and high-energy humps in the
fluxes and the low-energy hump being pronounced shows
that graphite is a good moderator. It may also be noted
that at all energies, the neutron flux decreases from hole
“a” to “c” because the distance of the holes from the cen-
tre of the Pb target increases gradually.

5.2 Calculation of the reaction rates using the neutron
flux

After simulation of the neutron flux at the positions of the
samples, spectrum average cross-sections for the (n, 7),
(n, 2n) and (n, f) reactions are estimated using the pre-
processing code NJOY 99.112 and the JEFF-3.1 nuclear
data library [34] for the cross-sections of the (n, v) and
(n, f) reactions. Cross-sections of the (n, 2n) reaction are
taken from the MCNPX code itself. The total-reaction
rate is calculated by summing the partial reaction rates
R(A,, Z., E,) for all the energies from the thermal to the
highest energy corresponding to the beam energy.

6 Analysis of the results and conclusions

6.1 Determination of group weight factors for
calculation of the total number of fissions

Samples of U and 232Th are placed at different posi-
tions in the three holes, therefore, the fission takes place
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Table 2. Results of activity [Bq], half life T} /5, average reaction rate (R) for "atlJ after irradiation by secondary neutrons in
the holes “a” and “b”. All corrections are included in 7. * denotes mixing due to another nuclide. Letter “M” corresponds to
the number of y-ray spectra, “X” to planar and “C” to coaxial detectors and “s” and “d” to the single and double layers of the

sample, respectively.

Isotope | Activiy [Bq] n-XsM a-hole b-hole

E, [keV] L, [%] n-CdM |7y, (Lib.) (R) Ty /5 (Lib.) (R) XsM
Ty 2 (Exp.) R Ty )2 (Exp.) R cdM

U-237 22.8(8) 6.75 (1)d | (2.72(9)E-27) | 6.75 (1)d | (7.21(20)E-28)

26.345 2.43 11.67-Xd2 18.27d 7.3(13)E-26*

26.345 2.43 6.374-Xs2 16d 1.89(50)E-26*

59.541 34.5 1.821-Xd6 | 7.5(3)d 2.70(10)E-27 - 7.37(10)E-28 | Xd2

59.541 34.5 1.413-Xs7 8.3(5)d 2.85(15)E-27 16.6h 6.95(13)E-28 Xs2

208.00 21.2 1.199-Xd6 6.7(4)d 2.52(10)E-27

208.00 21.2 1.139-Xs7 7.1(5)d 2.97(12)E-27

208.00 21.2 1.560-Cd3 |  5.7(5)d 1.64(75)B-27

Np-239 | 7200(240) 2.3565(4)d | (3.11(10)E-25) | 2.3565(4)d | (2.08(20)E-25)

44.665 0.13 3.130-Xd4 2.6(3)d 3.66(27)E-25 1.91(21)d 2.70(56)E-25 Xd6

44.665 0.13 2.023-Xs4 3.0(4)d 2.65(22)E-25 1.3(6)d 3.74(75)E-25 Xs3

49.415 0.13 2.674-Xd7 | 5.0(6)d 8.7(22)E-25* 7.5(12)d 6.08(55)E-25* | Xd6

49.415 0.13 1.968-Xs7 | 4.21(29)d 7.1(15)E-25* 5.0(4)d 7.9(34)E-25* Xs7

57.276 0.13 2.184-Xd6 | 1.65(5)d 7.6(16)E-25* 1.49(10)d 6.2(23)E-25* Xd6

57.276 0.13 1.651-Xs7 | 1.78(8)d 8.3(11)E-25* 1.6(1)d 4.8(25)BE-25* Xsb

61.461 1.29 1.690-Xd6 2.28(5)d 3.61(12)E-25 2.44(2)d 1.90(63)E-25 Xd6

61.461 1.29 1.350-Xs7 | 2.47(3)d 2.95(10)E-25 2.36(5)d 2.67(75)E-25 Xs6

61.461 1.29 1.764-Cd3 | 2.26(6)d 2.77(21)E-25

67.846 0.092 1.809-Xd6 | 2.29(11)d 5.9(7) E-25 3.21(1)d 2.71(47)E-25 Xd6

67.846 0.092 1.433-Xs7 | 2.39(18)d 3.89(40)E-25 2.7(5)d 3.24(63)E-25 Xs3

106.125 27.2 1.117-Xs7 | 2.40(11)d 2.94(7)E-25 2.368(27)d 1.86(5)E-25 Xs6

106.125 27.2 1.184-Xd6 2.35(6)d 3.75(10)E-25 2.41(03)d 2.02(6)E-25 Xd6

106.125 27.2 1.172-Cd3 | 2.34(2)d 3.04(14)E-25 3.71(15)d 1.99(3)E-25 Cd3

181.711 0.081 1.181-Xd4 1.81(20)d 3.33(31)E-25

181.711 0.081 1.085-XsH 2.5(3)d 2.74(23)E-25

209.753 3.42 1.092-Xs7 2.39(12)d 3.97(9)E-25 2.38(4)d 3.18(6)E-25 Xs6

209.753 3.42 1.174-Xd6 | 2.32(4)d 4.91(12)E-25 2.41(19)d 3.59(12)E-25 Xd6

200.753 3.42 1.135-Cd4 | 2.43(3)d 4.69(28)E-25 2.20(5)d 2.88(19)E-25 | Cdd4

226.378 0.28 1.113-Xd6 | 2.25(12)d 3.53(19)E-25 2.11(19)d 5.06(83)E-25 Xsb

226.378 0.28 1.069-Xs7 | 2.40(9)d 2.99(16)E-25 3.1(4)d 2.12(47)E-25 Xd6

228.183 10.76 1.087-Xs7 2.48(9)d 3.62(9)E-25* — 2.14(5)E-25* Xs2

228.183 10.76 1.152-Xd6 2.41(4)d 4.53(15)E-25%* 2.53(18)d 3.01(8)E-25* Xd6

228.183 10.76 1.082-Cd4 2.46(6)d 4.14(12)E-25%* 2.10(3)d 2.69(32)E-25* Cd4

254.418 0.11 1.072-Xd5 | 1.98(19)d 3.63(37)E-25 - 1.92(35)E-25 Xd6

254.418 0.11 1.039-XsH 1.35(13)d 3.21(50)E-25 1.6d 2.26(59)E-25 Cd2

254.418 0.11 1.085-Cd1 2.56(4)E-25

277.599 14.38 1.075-Xs7 | 2.38(15)d 3.16(7)E-25 2.32(23)d 1.88(35)E-25 Xs6

277.599 14.38 1.115-Xd6 | 2.35(30)d 3.98(10)E-25 2.39(4)d 1.84(28)E-25 | Xd6

277.599 14.38 1.079-Cd4 | 2.34(19)d 3.38(13)E-25 2.5(6)d 2.15(29)E-25 Cd4
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Table 2. Continued.
Isotope | Activiy [Bq] n-XsM a-hole b-hole
By [keV] Ly [%] n-CdM | 1y, (Lib.) (R) Ty /2(Lib.) (R) XsM
Ty 2 (Exp.) R T, /2(Exp.) R Cdm

285.460 0.79 1.107-Xd5 | 2.26(6)d 2.48(22)E-25 2.42(8)d 1.81(34)E-25 | Xd6
285.460 0.79 1.080-Xs7 | 2.44(6)d 2.78(9)E-25 1.53d 1.66(21)E-25 | Xs2
285.460 0.79 1.135-Cd1 3.61(16)E-25 3.0(17)d 2.53(79)E-25 | Cd3
315.879 1.60 0.923-Xs7 | 2.34 (3)d 2.95(9)E-25 2.35(8)d 1.89(15)E-25 | Xs6
315.879 1.60 0.941-Xd6 | 2. 32(4)d 3.73(22)B-25 2.34(4)d 1.72(6)E-25 Xd5
315.879 1.60 0.946-Cd3 | 2.34(16)d 234(16)E-25 2.34(16)d 2.07(4)E-25 Cd3
334.309 2.07 0.828-Xs7 2.47(4)d 2.99(10)E-25 2.37(08)d 1.98(13)E-25 XsT7
334.309 2.07 0.842-Xd6 | 2.32(5)d 3.65(22)E-25 2.47(7)d 1.67(6)E-25 Xd5
334.309 2.07 0.848-Cdd | 2.34(3)d 3.29(13)E-25 3.1(2)d 2.13(5)E-25 Cd3
Kr-85m 126(5) 4.480(8)h | (1.58(6)E-27) | 4.480(8)h | (9.05(18)E-29)

151.159 75 1.130-Xd2 4.4h 1.63(8)E-27 4.4%9h 1.14(8)E-28 Xd2
151.159 75 1.017-Xs4 | 4.65(13)h 1.52(7)E-27 3.9(5)h 9.04(55)E-29 Xs3
304.870 75 0.923-Xs3 | 3.8(19)h 2.09(37)E-27

Y-93 374(18) 10.18(8)h | (5.60(27)E27)

266.90 7.3 1.011-Xd3 11.0(9)h 5.82(43)E-27

266.90 7.3 1.002-Xs4 | 10.5(9)h 5.47(33)E-27

Zr-97 638(149) 16.74(11)h | (7.5(17)E-27) | 16.744(11)h | (4.69(33)E-27)

743.36 93 0.964-Cd3 | 18(10)h 7.5(17)E-27 12(8)d 469(33)E-27 | Cd3
Mo-99 129(3) 2.7475(4)d | (6.76(18)E-27) | 2.7475(4)d | (3.53(46)E-27)

140.681 89.43 1.081-Xs7 | 2.845(24)d | 6.47(40)E-27 2.94(12)d 3.21(91)E-27 | Xs7
140.681 89.43 1.291-Xd6 2.80(8)d 6.90(26)E-27 2.98(5)d 5.2(15)E-27 Xd5
140.681 89.43 1.292-Cd4 | 3.06(09)d 8.2(21)E-27 2.90(6)d 6.1(24)E-27 Cdd
181.063 5.99 1.092-Xs6 | 4.0(12)d 7.0(6)E-27 2.1(5)d 2.87(20)E-27 | Xsd
181.063 5.99 Xd5 3.23(21)d 6.74(44)E-27

739.500 12.13 1.108-Cd4 | 3.1(7)d 5.52(99)E-27 3.3(2)d 477(28)E-27 | Cdd4
Ru-103 5.0(3) 39.26(20)d | (3.41(12)E-27) | 39.26(2)d | (2.60(37)E-27)
497.080 90.9 1.017-Xd3 27(20)d 3.40(33)E-27 - 3.21(75)E-27 Xd1
497.080 90.9 1.016-Xs3 | 80(70)d 3.49(27)E-27 28(20)d 2.40(43)E-27 | Cd4
497.080 90.9 1.017-Cd3 | 39(4)d 3.39(14)E-27
Rh-105 106(9) 35.36(60)h | (1.40(9)E-27) | 35.36 (6)h | (8.2(9)E-28)

319.14 19 1.031-Xd4 | 65(10)h 1.35(13) B-27 - 9.2(17)E-28 Xd1
319.14 19 1.022-Xs4 34.6(55)h 1.45(13)E-27 - 7.8(11)E-28 Cd1

I-131 21.2(5) 8.021(11)d | (3.02(6)E-27) | 8.021(11)d | (2.26(31)E-27)
284.305 6.14 1.046-Xd2 9.3d 3.9(6)E-27 2.42(8)d 2.29(67)E-27 | Xd5
284.305 6.14 1.022-Xs1 3.8(10)E-27

364.489 81.7 1.047-Xd6 | 8.6(3)d 2.97(9)E-27 9.2(6)d 1.95(52)E-27 | Xd6
364.489 81.7 1.031-Xs6 7.8(7)d 2.99(13)E-27 10.0(14)d 3.08(83)E-27 Xsb
364.489 81.7 1.047-Cd4 | 8.14(13)d 3.07(11)E-27 6.4(17)d 2.24(59)E-27 | Cd4
Te-132 71(20) 3.204(2)d | (3.42(19)E-27) | 3.204(2)d | (3.45(12)E-27)

49.720 15.0 2.486-Xd6 |  5.0(6)d 1.01(47)E-26* - 1.27(7)BE-26* | Xd6
49.720 15.0 Xs7 421(29)d | 7.59(77)E-27*
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Table 2. Continued.

Isotope | Activiy [Bq] n-XsM a-hole b-hole
Ey [keV] ~ [7] -CdM | 7, o (Lib.) (R) Ty /2(Lib.) (R) XsM
Ty 2(Exp.) R Ty 2(Exp.) R Cdm
228.160 88.0 1.041-Xs7 2.49(9)d 3.41(47)E-26%*
228.160 88.0 1.094-Xd6 | 2.49(4)d 3.2(6)E-26* 2.53(18)d 3.00(9)E-26* | Xd6
228.160 88.0 1.085-Cd4 | 2.46(6)d 3.9(14)E-26* 2.10(3)d 2.53(6)E-26* | Cdd
522.650 16.6 1.154-Xs3 5.1(28)d 5.09(43)E-27 -
522.650 16.6 1.167-Xd4 | 3.4(9)d 4.27(33)B-27 - 3.32(5)E-27 Xd6
522.650 16.6 1.286-Cd2 | 2.91(29)d 4.19(28)E-27 3.52(22)E-27 | Cd2
630.190 13.3 1.096-Xd6 | 4.9(2)d 2.94(8)E-27 -
630.190 13.3 1.154-Cd3 | 4.9(2)d 2.99(11)E-27 3.87(8)E-27 Cd2
667.72 101.7 1.084-Xs7 | 3.11(14)d 4.21(15)E 27
667.72 101.7 1.089-Xd5 | 3.42(15)d 4.22(16)E-
667.72 101.7 1.159-Cd3 | 3.07(5)d 3.49(15)E 27 3.3(1)d 2.69(38)E-27 | Cd3
772.61 77.9 0.994-Cd3 | 3.05(8)d 3.55(16)E-27 3.7(2)d 2.80(37)E-27 | Cd3
954.55 18.7 0.993-Cd3 | 5.0(11)d 3.91(26)E-27 3.8(1)d 3.09(27)E-27 | Cd3
1-133 302(7) 20.8(1)h | (6.40(27)E-27) | 20.8(1)h | (3.35(15)E-27)
520.87 86.3 0.969-Xs5 | 20.8(7)h 6.35(22)B-27 - 3.28(5)E-27 Xs2
520.87 86.3 0.980-Xd4 | 21.0(7)h 6.69(22)E-27 21.7 h 3.10(13)E-27 | Xd4
529.87 86.3 0.980-Cd4 22.68 h 5.31(48)E-27 30.96 h 3.84(11)E-27 Cd3
Xe-133 141(21) 5.243(1)d | (1.25(18)E-26x) | 5.243(1)d | (3.9(7)E-27)
80.997 38 1.620.Xd6 | 7.8(5)d 1.33(9)E-26* - 3.6(10)E-27 Xd6
80.997 38 1.301-Xs7 | 13.3(24)d 8.7(19)E-27* 7.4(12)d 4.1(10)E-27 Xs7
160.613 0.066 0.994-Xd2 1.16(36)E-25%*
160.613 0.066 0.912-Xs6 | 4.0(12)d 1.33(18)E-25*
Xe-135 | 649(198) 9.14(2)h | (4.1(12)E-27)
249.770 90 1.000-Xd3 | 12.9(4)h 5.1(21)E-27
249.770 90 0.969-Xsb 15.1(20)h 3.6(15)E-27
Ba-140 28(2) 12.752(3)d | (5.59(19)E-27) | 12.752(3)d | (3.73(32)E-27)
29.964 14.1 7.696-Xd6 |  6.4(16)d 8.7(16)E-27
162.660 6.22 1.266-Xd4 | 6.2(14)d 6.97(44)E-27
162.660 6.22 1.223-Cd4 12.0(8)d 7.3(17)E-27
304.9 4.29 1.132-Cd2 10.70 d 5. 16(47)E-27
328.762 20.3 1.103-Xd4 20(8)d 5.4(8)E-27
328.762 20.3 1.241-Cd3 16.1(2)d 6.59(47)E-27
423.75 3.15 1.025-Cd4 | 8.5(2)d 5. 96(59)E-27 10.3(2)d 4.67(93)E-27 | Cd4
487.021 45.5 1.064-Xd4 21(9) 5.4(7)E-27
487.021 455 1.116-Cd4 | 16.1(2)d 5.06(20)E-27 11(4)d 5.58(53)E-27 | Cd4
537.261 24.39 1.016-Xd4 11.4(21)d 5.72(41)E-27
537.261 24.39 1.040-Cdd | 13.4(1)d 5.93(32)E-27 11(3)d 1.08(63)E-27 | Cd4
815.7 23.28 0.993-Cd4 17(4)d 5.55(79)E-27 11.02(4)d 467(63)E-27 | Cdd
867.8 5.50 1.047-Cd2 - 5.90(83)E-27 3.37d 3.53(10)E-27 Cd2
1596.210 95.4 1.125-Cd4 17(3)d 4.58(55)E-27 13(4)d 775(67T)E-27 | Cdd
Ce-141 10.0(3) 32.501(5)d | (5.65(13)E-27) | 32.501(5)d | (3.88(44)E-27)
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Table 2. Continued.

Isotope | Activiy [Bq] n-XsM a-hole b-hole
By [keV] L [%] -CdM | 1, ,,(Lib.) (R) Ty )2 (Lib.) (R) XsM

Ty 2 (Exp.) R Ty 2(Exp.) R CdM
145.441 48.2 1.275-Xd6 44(7)d 5.53(16)E-27 - 4.31(16)E-27 Xdb
145.441 48.2 1.136-Xs7 65(18)d 5.65(40)E-27 39(10)d 3.26(13)E-27 Xs7
145.441 48.2 1.275-Cd3 | 30.7(25)d 5.93(24)E-27 20(10)d 4.70(20)E-27 Cd4
Ce-143 222(5) 33.039(6)h | (6.49(10)E-27) | 33.039(6)h | (3.44(18)E-27)
57.356 11.7 1.456-Xs6 | 42.7(19)h 1.18(4)E-26* 38.4(6)h 1.41(6)E-26* Xs5
57.356 11.7 1.900-Xd5 | 39.6(12)h 1.34(11)E-26* 38.4(6)h 1.12(4)E-26* Xd5
293.266 42.8 1.021-Xs6 | 32.4(10)h 6.54(19)E-27 31.2(05)h 2.80(9)E-27 Xs3
293.266 42.8 1.054-Xd2 |  32.2(6)h 6.63(19)E-27 35.04(4)h 3.39(12)E-27 Xdd
293.266 42.8 1.044-Cd4 | 37.2(4)h 6.6(14)E-27 40.2(4)h 3.45(6)B-27 Cd3
350.98 3.23 0.828-Xs3 41(12)h 7.3(9)E-27
350.98 3.23 0.850-Xd3 |  89(19)h 7.4(T)E-27
664.571 5.69 1.026-Xd1 6.11(17)E-27
664.571 5.69 0.986-Cd4 16.16(17)h 6.27(79)E-27
721.86 5.39 0.970-Cd2 70.56h 5.3(17)E-27 - 3.74(6)E-27 Cd2

Note: Averaging is done without including the data marked with the sign *. The activities are calculated for the U sample with mass 0.1723 g and

assuming the start of measurement time to be the end of irradiation.

differently since i) the neutron flux is different in these po-
sitions, ii) the rate of fission of 23°U is different than that
of 238U, and iii) all the fission products may not be ob-
served in the experiment. In this situation, the measured
production rate of a fission product needs to be converted
into the total fission rate. As an approximation, we may
know the weight factors of fission as functions of neutron
energy and the position in a set-up. The fission reaction
rate R(t, r, Ey,) of a neutron having energy E), ranging
from the thermal to the maximum projectile energy, inter-
acting with a target “t” and producing a fission product
“r” | corresponds to the cumulative yield Y (t, r, Ey) of the
said product. Thus the measured rate Rexp(t, 1) = > 5

R(t, r, E,) corresponds to the mean cumulative yield
Yeum(t, 1). In case of 235U data both the independent
yield and the cumulative yields are available at 0.025eV,
400keV and 14 MeV. However, for 233U and 232Th the
data are available for 400 keV and 14 MeV. Thus, the full
range of the neutron energy is divided into the following
three ranges and it is assumed that Y., stays roughly
constant in these ranges.

— Thermal, epithermal and resonance from 1 x 107°eV
to 1.26 x 105 eV,

— Unresolved resonance and fast neutrons from 1.26 x
105 eV to 4.57 x 10%eV.

— Fast and high-energy neutrons from 4.57 x 10%eV to
the beam energy, i.e. 2.33 GeV.

Yeum (t, ) for 222Th may be calculated using the following
relation:

Y::um(QSQTha I‘1) = W2 (Th) . Yrcum (232Th7 Iy, 2)
+ws3(Th) - Yeum (***Th, 11, 3), (3)

where, 1, = 8°mKr, Mo, 1311, 133Xe, 135Xe and '*!Ce for
2321,

The weight factor, w; is defined as the fraction of a
fission reaction rate in the j-th energy range. This is cal-
culated using the JEFF-3.1 data library of fission cross-
sections and the neutron flux in different positions of say
232Th in the three holes. For the composite targets like
nat(J to account for the abundance of isotopes the follow-
ing relation is used:

Yeum (6,1) = > aiwi; Yeum (i, 4, 7).
1,J

The weight factors w; for *2Th and reduced group fac-
tors, ayw;; for 25U (i = 1) and ?*U (i = 2) are given
in table 3. The sum of group weight factors > w,; and
Zi’j ajwi; are equivalent to one. In case of nat{y gy =
0.0072 and then w; needs to be calculated for 235U and
as = 0.9928 for 23%U and wa; needs to be calculated as
in the case of 232Th with r = 3™Kr, 22Y, %Mo, °3Ru,
105Ry, 181, 132 133] 1408, 141Ce and 3Ce for U,

Thus, the ratio R/Y is estimated using values of the
experimental reaction rate, Rexpt(t, r) for the r-fission
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Fig. 4. Ed¢/dE per incident deuteron versus neutron energy, Ey at the position of the 232 sample (left) and the ***U sample
(right) in holes “a”, “b” and “c¢” simulated using the Monte Carlo MCNPX Code without the presence of the sample in a hole.

Table 3. Group weight factors wj; for the calculations of total number of fissions.

Range of neutron Energy, j ‘ Z2Th ‘ By ‘ 28y ‘ natyy
(Hole a)
Epithermal 4.24E-06 0.9377 3.301E-05 0.9377
Resonance 0.285 9.063E-04 | 2.087E-02 | 2.178E-02
Fast 0.715 3.972E-04 | 3.992E-02 | 4.032E-02
(Hole b)
Epithermal 3.38E-06 0.9721 2.696E-06 0.9721
Resonance 0.225 3.296E-04 | 7.874E-03 | 8.204E-03
Fast 0.775 1.902E-04 | 1.953E-02 | 1.955E-02
(Hole c)
Epithermal 1.01E-06 0.9737 1.090E-05 0.9737
Resonance 0.133 1.231E-04 | 3.123E-03 | 3.246E-03
Fast 0.869 2.055E-04 | 2.285E-02 | 2.289E-02

fragments and the mean cumulative production yield,
Yeum(t, 1) as determined above. The normalization ratio
R/Y is plotted for "*U and #*2Th in case of the holes “a”
and “b” in fig. 5. From these plots it is observed that for
a given sample, say "'U, the fission fragment ratio R/Y
stays roughly independent of the product “r”.

This in turn gives the reaction rate of fission. It is
a well-known fact that the sum of independent yields is
not equal to corresponding cumulative yield and the rela-
tion between them depends on the half-lives of the nuclei
present in the decay chain [35]. A particular fission prod-
uct (A, Z,.) may be produced in a fission reaction directly
and the same (A], Z!) may also appear on the decay of
another product. Also, it may happen that some of them
are not observed in the gamma-spectrometry because of
their half-life, which may be very short or very long. Thus,
we can use the sum of the independent yields ) Yina(t, r)
instead of the cumulative yield if the decay corrections for

the previous nuclide could be neglected and we calculate
the total reaction rate for the fission from all residual nu-
clei as follows:

200Rexp(t,r)  200Rexp(t, 1)
Z:/:l Yvind (ta r/) chum(tv I‘) .

The experimental values of Reyp (fission) for 22Th in holes
“a”, “b” and “c” and **'U in holes “a” and “b” are cal-
culated. Averaging the value Reyp(fission, t, r) of the in-
dividual fission product we calculate the total fission rate
Rexp(t, fission) and it is given in table 4 for " U and ?32Th
samples in their respective holes. The theoretical reaction
rate are also calculated for all the observed reactions, i.e.
(n, 7), (n, 2n) and (n, fission) for both 232Th and "*'U
samples in the holes “a”, “b” and “c” using the Monte
Carlo MCNPX, JEFF-3.1 and NJOY 99.112 codes, and
displayed along with the experimental values in table 4.
Their discussion is postponed for the next section.

Reyp(fission, t,r) =
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Fig. 5. a) The ratio (Rexp("™'U, 1))/ (Youm (**'U, 1)) for the 11
fission products and b) the ratio (Rexp(Th, r))/(Yeum(Th, 1))
for the 5 fission products normalized over the average of the

ratio taken over “r

“r” are compared for corresponding fission

fragments in holes “a” and “b”.

6.2 Calculation of transmutation power

The transmutation of 232Th to 233U and 23U to #*Pu
by (n, 7) reactions can be written as the following decay

chains:

#32Th(n, 7)**Th(8~ decay, T /2 = 22.3 min)
— 23Pa(B~ decay, Ty jo = 26.967d) — ***U,
#38U(n, v)**U(B~ decay, Ty /o = 23.45min)
— 29INp(B~ decay, T’ j = 2.356d) — 239py.

Similarly for the (n, 2n) reactions in the case of 232Th and
2387

*2Th(n, 2n)**' Th(8~ decay, T}/, = 25.52h)

— 21Pa(B~ decay, T} /o = 32760y) — **'U(n,~)
— 22U(« decay, T/ = 68.9y)
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and, for uranium,

28U(n, 2n) — **7U(B decay, T} /o = 6.75d).

In the experiment, the product nuclides 233Pa, 23'Th,
239Np and 237U have been observed and Pporm has been
estimated using eq. (2) of sect. 3 corresponding to the
(n,7) and (n, 2n) reactions of ?*Th and **'U samples for
the holes “a”, “b” and “c” using the values of Rey, of ta-
ble 4. The Pyorm results of this experiment are displayed
in table 5 along with the results of other experiments, viz.
E+T [23] and the TARC [22] for the sake of comparison.

The following observations can be made from the ex-

perimental and theoretical results:

i)

iii)

The experimental values of the reaction rates Rexps. for
all the three reactions, i.e. (n, ), (n, 2n) and (n, fis-
sion) for both "*U and ?32Th samples decrease as we
go from hole “a” which is closer to the target than the
hole “b” and hole “c”. This is due to the fact that the
neutron flux gets moderated and its magnitude also
decreases with the distance from the target.

In the case of both 232Th and "®'U samples, the value
of the ratio E/C of the (n, ) reaction is much smaller
than unity in the two holes “a” and “b”. In the case
of 232Th in hole “c”, E/C is close to unity, probably
because of the fact that neutrons are highly moderated
and the cross-sections at low energies are well deter-
mined. The reason of inconsistency, in the case of holes
“a” and “b”, may be either due to the cross-sections
or to the simulated neutron flux. Obviously, in the two
holes the flux is nearly similar up to ~ 0.1eV.

In the case of ™U, the value of E/C of (n, fission)
is about 40% less than unity in both holes “a” and
“b”. The situation is rather the opposite in the case
of 232Th, where the ratio F/C ~ 2. From the data in
table 3, we understand that the flux in the three holes
in the case of "®'U is dominated by the epithermal flux
and, if we assume that it is overestimated by a certain
amount and that this may be fixed up in later works,
then this argument solves the problems of both (n,
v) and (n, fission) reactions because the ratios of the
two reactions will move towards unity. In this circum-
stance, a part of the epithermal flux needs to be cut
down and to be added in the thermal region. However,
by this argument of overestimation of epithermal flux
the problem of the E/C ratio of the Th (n, 2n) reaction
cannot be solved. Probably, the reason of this problem
is related to the availability of the cross-sections of (n,
2n) reactions with less precision at an energy higher
than 15MeV. The value of E/C ~ 1 in the case of
238U (n, 2n) may be a matter of chance. This overem-
phasizes the fact that the neutron flux needs to be sim-
ulated with much higher accuracy and certainly there
is the need for experimental determination of the flux
for such experiments.

For 2*2Th in hole “a”, the ratio of Rexp(n, 2n)/Rexp
(n,f) is 54(10)% compared to Riheo(n,211)/ Rineo (1,f) =
64.24%. For the hole “b” the ratio Rexp(n, 2n)/Rexp
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Table 4. Comparison of experimentally measured (E) and calculated (C) reaction rates in the three holes. For the calculations
the JEFF 3.1 library is used.

Hole a
232 natj
Reaction (n, ) (n, f) (n, 2n) 28U (n, v) 244 (n, f) 238U(n, 2n)
Rexpt (E) 3.20(8)E-25 1.40(19)E-26 7.6(8)E-27 3.11(10)E-25 1.57(21)E-25 2.72(9)E-27
1.70(29)E-26*

Real(C) 7.83E-25 5.09E-27 3.27TE-27 1.63E-24 2.54E-25 2.73E-27
E/C 0.409(10) 2.75(37) 2.33(25) 0.191(6) 0.618(83) 0.945(26)
Hole b

232 natj
Reaction (n, ) (n, f) (n, 2n) 28U(n, v) 2t (n, f) 287 (n, 2n)
Rexpt(E) 1.92(5)E-25 3-8(13)E-27 3.6(18)E-27 2.08(20)E-25 1.02(12)E-25 7.21(20)E-28
4.4(13)E-27*

Real(C) 4.04E-25 1.78E-27 7.58E-28 6.07E-25 1.56E-25 7.63E-28
E/C 0.475(12) 2.1(7) 4.7(24) 0.343(33) 0.654(77) 0.945(26)
Hole c

232, nat{y
Reaction (n, ) (n, f) (n, 2n) 28U(n, 7) " U(n, f) 287 (n, 2n)
Rexpt(E) 3.38(16)E-26 5-0(18)E-28 - - - -
5.1(18)E-28*
Real(C) 3.39E-26 2.13E-28 6.84E-29 3.73E-26 1.79E-26 6.61E-29
E/C 0.997(47) 2.4(9) - - - -

* They correspond to the values obtained on inclusion of data from TALYS code at higher than 14 MeV energy and the method of calculation is
explained in appendix A. In the discussions these values are not included as they are with large uncertainties and they are not purely from the

experiment.

Table 5. Comparison of the normalized transmutation power Puorm/Pbeam Of three assemblies, namely graphite-lead target
(Poeam = 0.06979 W), Energy plus Transmutation (Pb target and U blanket) (Ppeam = 0.2064 W) and TARC (Pream =
0.3083 W). The distances of the samples from the centre of their respective assemblies are given as d. The values with the sign

* correspond t0 Phorm-

Assembly Graphite E+T TARC
Hole a Hole b Hole ¢
Z =22.5cm, Z =T.5cm,
Distance d(Th) d ~ 24cm d~ 34cm d ~ 61 cm d ~13cm
X =122cm X =150cm
. o 4.60(11)E-15 2.77(7)E-15 4.86(23)E-16 1.50(7)E-16 1.23(10)E-16 3.2 (6)E-17
- (1) ™) (23 (7) (10) ©)
*3.21(8)E-16 | *1.93(5)E-16 | *3.39(16)E-17 | *3.09(13)E-17 *3.8(3)E-17 *1.0(2)E-17
. 1.09(11)E-16 5.2(26)E-17 7.7(8)E-18
232Th(n7 2n)231Th ( ) ( ) - ( ) B -
*7.6(8)E-18 *3.6(18)E-18 *1.59(16)E-18
. Z = —225cm, | Z =—225cm,
Distance “d”(U) d~19cm d~ 3lcm d ~ 58 cm d~13cm
d=107cm d=94cm
4.48(14)E-15 | 3.00(29)E-15 1.39(5)E-16 3.6(10)E-17 2.50(6)E-16
238U(n,'y) N 239Np ( ) ( ) - ( ) ( ) ( )
*3.12(10)E-16 | *2.09(20)E-16 *2.87(9)E-17 *1.1(3)E-17 *T77(2)E-17
Hole 6 Hole 7
3.89(13)E-17 1.03(3)E-17
238(n, 20) 27U (13) 3) _ - - -~
*2.71(9)E-18 | *7.18(20)E-19




J. Adam et al.: A study of reaction rates of (n, f), (n, v) and (n, 2n) reactions in **U and ...

(n,f) is 95(57)% compared to Ripeo(1n,21)/ Rineo(n,f) =
42.84%. This shows that agreement is reasonably good
in both cases.

In the case of ™U, the ratio Rexp(n, 2n)/Rexp(n, f) is
1.73(20)% and Rcai(n, 2n)/Recar(n, f) is 1.07% in hole
“a” and for hole “b” the ratio Rexp(n, 2n)/Rexp(n, f)
is 0.710(9)% and Rca(n, 2n)/Rea(n, f) is 0.49%. It is
evident that the ratio is very small in the case of hole
“b” compared to hole “a” and the reason may be the
presence of the fissile component 23°U in "**U. This
may be due to the fact that the fission cross-section is
higher at lower neutron energies that are dominant in
hole “b” compared to hole “a”. This is made clear in
next point v).

v) From the ratio of the experimental reaction rates,
nat{J(n, £)/232Th(n, f), being 11.2(17) for hole “a” and
26.8(85) for hole “b” it is clear that there is a higher
flux of moderated neutrons in hole “b” than in hole
“a” which enhances the fission rate of 23°U. Or, in
other words, " U(n, f),/"*U(n, f), ~ 0.65(12) and
Th(n, f),/Th(n, f), ~ 0.27(10) also support the afore-
said view that there is a bigger component of slowed-
down neutrons in hole “b” than in hole “a”.
Similarly, the ratio of the experimental reaction rates
238U(n, 2n)/?32Th(n, 2n) = 0.36(4) for hole “a” and
0.20(10) for hole “b” shows that *?Th is more prone
to the (n, zn) reaction than 238U.

iv)

vi)

The following observations can be made about the nor-
malized transmutation power, P,om (see table 5 for the
data) for both "3U and 232Th in the three holes “a”, “b”
and “c”.

i) Paorm for both 232Th and 238U samples deduced us-
ing the reaction rates of (n, 7) and (n, 2n) reactions
decreases as we go from the hole “a” to “c”, i.e. on
increasing the distance d from the centre of the spalla-
tion neutron source. This is due to the fact that both
the flux and the energy decrease with the distance.
It seems that the flux probably decreases much faster
than the energy because the rate of the (n, 7) reac-
tion should not increase if only the average energy de-
creased.

ii) The transmutation power in the case of the (n, 7) re-

action for 232Th and 23%U independently for holes “a”

and “b” is found comparable and when we compare

it with the E+T and TARC assemblies it is found to
be about an order of magnitude higher than both the

E+T and TARC assemblies results.

The value of P,orm in the case of 232Th (n, 2n) reaction

is ~ 2.1 (11) times higher in hole “a” than in hole “b”

and in the case of 23¥U(n, 2n) it is about 3.78(11) times

higher in hole “a” than in hole “b”. The difference in
the ratio of transmutation powers of hole “a” to hole

“b” in the case of (n, ) reactions of 32Th and 238U

is comparable but in the case of (n, 2n) reactions the

ratio is 2.1(11) for Th and 3.78(16) for 238U. These val-
ues may be considered approximately the same when
the experimental errors are taken into account. The
data of the cross-sections of (n, 2n) reactions given in

iii)
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Fig. 6. Comparison of the cross-sections of ***Th (n, 2n) and
2387 (n, 2n) reactions from the TALYS code.

fig. 6 also show that they are comparable and confirm
the above-mentioned conclusion.

On comparing Phom (n, 2n) for 232Th in the case of
graphite with E4+T assemblies, it may be pointed out
that the transmutation power is about 5 times higher
in the graphite assembly than the E4+T assembly.

iv)

The neutron flux in the graphite assembly in the ir-
radiation positions of the 23?2Th and "*U samples rang-
ing from thermal energy to ~ 1000 MeV shows that it
is equivalent to neither the thermal nor the fast reactor
flux. In this range of energy, three kinds of reactions (n,
7), (n, f) and (n, 2n) have been observed in both 232Th
and "*'U samples. Because of the small neutron flux and
the small amounts of the two samples we could not ob-
serve the higher-order (n, zn) reactions. In this experi-
ment graphite has been used as a moderator while in the
TARC experiment lead acts as a moderator as well as a
neutron multiplier by means of the (n, zn) kind of reac-
tions. Thus, simulation of the neutron flux by a code is
expected to be cleaner in the case of graphite than in that
of lead, due to the fact that lesser uncertainty is involved
from the viewpoint of the cross-sections of high-order (n,
an) reactions.

Another important point about our experiment is that
reaction rates deduced from different gamma peaks show
consistency and we have taken the averages of the reac-
tion rates with the help of only the singular gamma peaks
without any interference of other elements.

Transmutation powers of the set-up are obtained us-
ing the two transmutation reactions, namely (n, ) and
(n, 2n), and compared with the results of the E+T set-up
and the TARC set-up considering reactions rates at the
closest possible distances in the three experiments.

From the data of the reaction rates of (n, 2n) and (n, f)
reactions in the three holes it may be inferred that the two
reactions seems to be complementary, i.e. in certain neu-
tron environments if the reaction rate of (n, f) increases,
then the reaction rate of (n, 2n) decreases and, at the
same time the reaction rate of the 232Th (n, 2n) reaction
is higher than that of the 238U(n, 2n) reaction. The effect
was first pointed out in the simulation data of the CAS-
CADE code in the case of fertile and fissile materials [36].
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Fission of 232Th at different neutron energies
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and b) 14 MeV energies.
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Appendix A.

From the data of the weight factors given in table 3, it
may be noted that the group weight factor for 232Th is
dominant in the case of fast-neutron energy for all three
holes. We also understand that the cross-sections for the
232Th (n, f) reaction are higher in this neutron energy
interval. Since, there is no precise and systematic experi-
mental data available for the independent and cumulative
yields of fission products in the case of high-energy neu-

trons; E, > 14 MeV, so, we have used TALYS for calculat-
ing the cross-section and the independent yields of fission
products for the energies E,, = 0.001, 0.01, 0.1, 0.4, 1.5,
10, 14, 20, 25, 35, 50, 75, 100, 150, 200 MeV in the case of
232Th and other actinides.

In fig. 7 the mass distribution of fission products in the
232Th (n, f) reaction is given at few energies of neutrons
and, in fig. 8, a comparative study of the mass distribu-
tion of fission products calculated using the cross-sections
from the TALLYS code and the experimental (Library) is
shown at two energies, i.e. £, = 400keV and 14 MeV. It
is clear, from fig. 8, that at 400keV, a large discrepancy
is observed between the calculated and the experimental
values, however, at 14 MeV the agreement is much better.
We can assume that such a situation may also exist in
the comparison of the experimental and calculated values
of sums of independent yields in the corresponding chain
products at the two energies.

In this way, we calculated the group weight factors at
energies > 14 MeV and listed them in table 6. Summing
over all the independent yields of nuclides preceding the
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Table 6. Group weight factors w; calculated for the range of energy given in column 1 and in column 2 those neutron energies
for which the yield is calculated using data from the TALYS code are given for the ?**Th. In columns 3, 4 and 5, the calculated

weight factors are given for the three holes.

E; — E, [MeV] E; [MeV] Hole a Hole b Hole ¢
1.00E-10-0.157 2.52E-08 1.95E-06 5.62E-06 6.02E-06
0.157-5.28 0.400 0.162 0.267 0.338
5.28-32.8 14 0.322 0.419 0.377

32.8-60 35,50 0.076 0.058 0.069
60-125 75,100 0.123 0.083 0.076
125-2.33E03 150,200 0.316 0.172 0.140
Sum 1.000 1.000 1.000

Table 7. Sum of independent yields up to the fission product,

r of ?*2Th taken at different energies of neutrons. In the case of

TALYS data the average corresponding to the given set of energies is displayed.

r 0.4 MeV 14 MeV 35, 50 MeV 75, 100 MeV 150, 200 MeV Normalization
(Library) (Library) (TALYS) (TALYS) (TALYS) factor at 14 MeV
TALYS/Library
Mo 2.919 1.953 1.614 1.543 1.395 2.391(120)
1311 1.513 2.306 2.520 2.075 1.582 1.470(87)
138X e 4.532 4.115 3.574 3.256 2.269 1.133(57)
HlCe 7.106 5.722 3.567 2.339 3.079 0.844(57)

Table 8. Deduced reaction rate of the fission of **?Th using
the experimental data of yields from the library at 400 keV and
14 MeV.

Table 9. Deduced reaction rate of the fission ?>>Th using the
experimental data of yields from the library for the two neutron
energies, 400keV and 14 MeV and the data of the calculated

decay chain of the measured fission product, the equiva-
lence Yeum (**?Th,r) = 37, _, Yindep(***Th, r’) also holds

true. Since it is not possible to know the yield for the iso-
meric state from the TALYS code, we have not included
the contribution of #™Ki-like nuclides in the present
calculation and also the contribution from '3°Xe is not
presently included because the cumulative yield is not
equivalent to the sum of the corresponding independent
yields due to large uncertainties in the decay of nuclides
in the chain.

From the data in table 6 it is clear that w; are signifi-
cantly high at higher energies and the division of range of
neutron energy may enhance the accuracy in our calcula-
tions compared to when we consider a very wide range of
energies.

In table 7, the sum of independent yields is given for
the five sets of energy values of the four observed fission

Fission product Holo a Hole b Holo c yields for 35, 50, 75, 100, 150 and 200 MeV.

Rexp X E-28 | Roxp X E-28 | Reyp x E-28 Fission product Hole a Hole b Hole ¢
99Mo 190(42) 50(13) 5.0(18) Rexp X E-28 | Rexp X E-28 | Rexp x E-28
1311 155(63) 132(58) - Mo 236(32) 53(9) 5.1(18)
133%e 144(30) - - 1317 198(74) 142(56)
MlCe 97(34) 25(12) - 133Xe 194(42)
Average 140(19) 38(21) 5.0(18) e 118(52) 25(12)

Average 170(29) 44(13) 5.1(18)

products. In the last column, the ratio of the value at
14 MeV, obtained from the TALYS code, to the value
available in the data library is given to show the differ-
ences in the two values. The values given in columns 3,
4 and 5 are normalized with respect to the ratio given in
the last column.

In table 8, the data of reaction rates deduced using the
method given in sect. 6.1 and the data of the independent
yield at the two energies 400 keV and 14 MeV is presented
for the fission of 232Th placed in the holes “a”, “b” and
“c”. In table 9, similar results are given on including the
data of the yields calculated from the TALYS code. It is
important to point out that, with the inclusion of the cal-
culated data at energies higher than 14 MeV, the reaction
rates are enhanced by ~ 21% for example in case of hole

[19b)

a
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In conclusion it may be stressed that there is a need

for more systematic experimental data at neutron energies
higher than 14 MeV for better calculations in the case of
the application of spallation neutrons in ADS-like systems.
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In this work we present the results for the investigation of intermediate-mass fragment (IMF) production with
the proton-induced reaction at 660 MeV on 2**U and 2’ Np target. The data were obtained with the LNR Phasotron
U-400M Cyclotron at Joint Institute for Nuclear Research (JINR), Dubna, Russia. A total of 93 isotopes, in the
mass range of 30 < A < 200, were unambiguously identified with high precision. The fragment production cross
sections were obtained by means of the induced-activation method in an off-line analysis. Mass-yield distributions
were derived from the data and compared with the results of the simulation code CRISP for multimodal fission.
A discussion of the superasymmetric fragment production mechanism is also given.
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I. INTRODUCTION

Nuclear dynamics is a complex problem where puzzling
aspects of quantum mechanics and the natural difficulties of
many-body systems are interconnected. Besides these factors,
the strong interaction, which is not completely understood
at present time, adds new challenges for calculations in
the nonperturbative regime. Collective nuclear phenomena,
such as fission, particle or cluster evaporation, and nuclear
fragmentation, offer the possibility to study those complex
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features of nuclear dynamics. Aside from the interest in
fundamental nuclear physics, there are many applications
where the knowledge of fragment formation dynamics in
nuclear reactions would be helpful. For instance, information
on intermediate mass fragment (IMF) cross section is relevant
for the design of accelerator-driven systems (ADS) and
radioactive ion-beam (RIB) facilities, as well as in the study
of resistance of materials to radiation.

Fragments in high energy nuclear collisions can be
produced by spallation, fission, and/or multifragmentation
processes. Hufner [1], using the mass number of the fragments
A and their multiplicity M as classification parameters, defined
these processes in the following way:

(1) spallation is the process in which only one heavy fragment
with a mass close to the target mass, Ar, is formed (a
special case of spallation is the so-called deep spallation
where M = 1but A ~ 2A7);

(2) fission is the process in which M =2 and A is around
Ar/2;

(3) multifragmentation is the process where M > 2 and
A < 50.

©2013 American Physical Society
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Emission of light particles, with atomic number Z < 2,
usually dominates the yield of reaction products for light
target nuclei, while for heavy targets spallation and fission
residua also give significant contribution. Thus, by adopting
the definition that IMF are particles with A > 4 but lighter
than fission fragments (A <100), they can be formed through
the following processes: i) Fission of nuclei mass number
in the range of 120-130 [2]; ii) Spallation, including the
emission of IMF, the so-called associated spallation [3]; iii)
Multifragmentation of heavy nuclei [4].

For heavy targets, multifragmentation would be the only
mechanism for the formation of IMF. Indeed, in Ref. [4], it was
found that in the inverse-kinematics reaction of 3.65A MeV
208Pb on 'H, the formation of '’C nucleus presents the
characteristics of multifragmentation, with a possible small
contribution of binary process. The formation of IMF was also
observed in measurements at lower energies, see Refs. [5-7],
but in these cases, the dynamics of the process indicates
a binary decay with no evidence for multifragmentation.
Hence, the study of the production of IMF by reactions
with heavy target nuclei at intermediate energies can give
new information on the nuclear dynamics. In the present
work, our objective is to present new data on the measured
cross sections for residual nuclei in the IMF region, obtained
from reactions induced by 660 MeV protons on heavy target
nuclei, and the corresponding analysis performed with Monte
Carlo calculations using the CRISP code [8,9], as described
below.

II. THEORETICAL ASPECTS OF IMF FORMATION

It is generally assumed that, at intermediate energies,
the nuclear reaction proceeds in two stages. The first stage
would correspond to an incoming fast projectile colliding
with a single nucleon or with several nucleons, transferring
momentum and energy to the nucleus, and leaving the residual
nucleus accompanied by several light particles. The second
stage would correspond to the decay of the residual nucleus,
which is already in statistical equilibrium, by the emission
of nucleons or clusters of nucleons. At high energies, where
the excitation energy per nucleon of the residual nucleus
is E,/A > 3.5 MeV/nucleon, multifragmentation of the
nucleus can take place. This reaction mechanism differs from
evaporation since it describes a sudden breakup of the nucleus
instead of a successive emission of particles.

In the framework described above, the formation of IMF
from heavy targets at intermediate energies could only be
attributed to a process in which fission takes place at some
point in a long evaporation chain (both pre- and postfission),
which is very unlikely. In fact, the fission probability for heavy
nuclei drops very fast as the mass number decreases [10-12],
and thus, a long evaporation chain would lead to lower fissility
nuclei. Another possibility for the formation of IMF would
be a very long evaporation chain leading to light spallation
products. This mechanism is limited by the maximum excita-
tion energy allowed for the nucleus before multifragmentation
becomes dominant, since evaporation would cool the nucleus
before the IMF region is reached. Increasing the excitation
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energy above the 3.5 MeV/nucleon threshold would only
increase the contribution from multifragmentation and, in
this way, the IMF formed in reactions with heavy targets
should be dominated by fragmentation products. Hence, for
excitation energies below the multifragmentation threshold,
the formation of IMF from heavy nuclei would be very
unlikely.

The formation of IMF was observed in the inverse-
kinematics reaction of 28U on proton at 1A GeV [5], where
the cross sections for 254 light nuclides in the element range
of 7 < Z < 37 was measured. Based on a detailed study of
the experimental kinematic information, the authors identified
such nuclides as binary decay products of a fully equilibrated
compound nucleus, whereas clear indications for fast breakup
processes were absent. Although these result are corroborated
by those from Refs. [6,7], they are in contradiction with the
scenario described in Ref. [1]. One possible explanation for
the binary production of IMF from reactions induced on heavy
targets would be by considering highly asymmetric fission
fragments which can still undergo evaporation to form, at
the end, a nuclide in the region of IMFE. This process would
correspond to a modification in the classification given by
Hufner [1] by using a less restrictive definition for fission,
since in this case, the fragment would have mass number
quite different from A7 /2. This superasymmetric mechanism
would corroborate the conjecture that evaporation and fission
are manifestation of a single mechanism, called binary
decay [13,14]. A complete investigation of this possibility
involves the description of the entire process from the primary
interaction of the incident proton up to the evaporation of
nucleons from the fission fragments. Such a task can only be
performed through the Monte Carlo method.

Here we used the CRISP code to calculate all of the
features of the nuclear dynamics during the reaction. CRISP
is a Monte Carlo code for simulating nuclear reactions [15]
where it is assumed that nuclear reactions can be separated
in the two stages already mentioned above: the intranuclear
cascade and the evaporation/fission process. This code has
been developed during the last 25 years, and it has been
successfully used to describe many different reactions. The
main characteristic of the intranuclear cascade calculation
with CRISP is the multicollisional approach [16,17], where
the full nuclear dynamics is considered in each step of
the cascade. In this process the nucleus is modeled by an
infinite square-potential which determines the level structure
for protons and neutrons. The effects of the nuclear potential
are present in the transmission of the particles through the
nuclear surface or through an effective mass according to the
Walecka mean field approximation [18]. The multicollisional
calculation is accomplished by constantly updating all of the
kinematic variables of all particles inside the nucleus, which
opens the possibility for treating more realistically many
nuclear phenomena. For instance, the anti-symmetrization
criteria, which stipulates a strict observation of the Pauli
Principle, allows the separation of the intranuclear cascade
from the thermalization process [19]. The effectiveness of
such an approach can be verified in the processes which
are predominantly dependent on the intranuclear cascade
step, such as kaon production and hypernuclei decay. Such
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processes have been studied with the CRISP code with results
compatible with experiments [20,21]. Also, fission of several
nuclei has been studied in the quasi-deuteron region [19],
where the Pauli blocking mechanism is very important in the
determination of the residual nucleus.

The evaporation/fission competition was first studied with
the CRISP code in Refs. [22-24], giving for the first time
an explanation for the saturation below the unity for the
fissility of heavy nuclei observed in photofission experiments
at intermediate energies [25,26]. After, the code was extended
to simulate reactions at energies up to 3.5 GeV [27], showing
also good agreement with experimental data. After nuclear
thermalization, the competition between fission and evap-
oration processes, which includes neutrons, protons and o
particles, is determined by the ratios between their respective
widths according to the Weisskopf model for evaporation
and to the Bohr-Wheeler model for fission. These ratios are
given by

r E
L = 22 exp{2[(a, E)"* — (anEn)'}, (1)
I, E,
and
r, 2E,
T = F expl2[(ay Eq)'"* — (a, En)'*1). 2)

for evaporation and by

% = Kpexp2lasEpY? = @EN'Y), ()

n
where
[2(asEp)'?* —1]

K; = Koa,
S R T A2 )

“

for fission. The parameters a; stand for the density levels
calculated by Dostrovsky’s parametrization [28] and E; is
given by

E,=E-B, E,=E—B,-V,,
E4=E—By,—Vy E;=E—By,

&)

where B, B, and B,, are the separation energies for neutrons,
protons, and a’s, respectively, and By is the fission barrier. V;
stands for the Coulomb potential.

At each nth step of the evaporation, the excitation energy
of the compound nucleus is modified by

E'"=E"'—B—-V —e¢g, (6)

where ¢ is the kinetic energy of the emitted particle.

If the nucleus undergoes fission, the production of frag-
ments is determined according to the multimodal-random neck
rupture model (MM-NRM) [29], which takes into account the
collective effects of nuclear deformation during fission by the
liquid-drop model and single-particle effects by microscopic
shell-model corrections. The microscopic corrections create
valleys in the space of elongation and mass number, where
each valley corresponds to a different fission mode [29].

According to the MM-NRM, the fragment mass distribu-
tions are determined by the uncorrelated sum of the different
fission modes. In principle, it is supposed that there are three
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distinct fission modes for heavy nuclei: symmetric Superlong
(S) mode and two asymmetric modes standards I (S1) and II
(S2). In the superlong mode, the fissioning system with mass
A ; presents itself at the saddle-point in an extremely deformed
shape with a long neck connecting the two forming fragments,
which will have masses around A /2. The standard I mode
is characterized by the influence of the spherical neutron
shell Ny ~ 82 and of the proton shell Zy ~ 50 in the heavy
fragments with masses My ~ 132—-134. The standard II mode
is characterized by the influence of the deformed neutron shell
closure N = 86-88 and proton shell Zy ~ 52 in the heavy
fragments with masses My ~ 138-140.

The fission cross section as a function of mass number
is then obtained by the sum of three Gaussian functions,
corresponding to the three modes mentioned above [30]:

5(A) = 1 |:K1AS exp <_(A —Ag — DIAS)Z)

27 | o145 2015

Kias < (A_AS+D1AS)2)
+——exp|— 5

O1AS 201AS

Koas < (A—As— D2AS)2)
+ ——exp| — 3

02458 2054

Koas < (A—As+ D2AS)2)
+ ——exp| — 5

0248 2054

K A — Ag)?
+ == exp (—%) } 7

Oy ZO'S

where Ag is the mean mass number determining the center
of Gaussian functions; and K;, o;, and D; are the intensity,
dispersion, and position parameters of the ith Gaussian
functions. The indexes AS, S designate the asymmetric and
symmetric components.

The CRISP code works on an event-by-event basis, and
therefore, the parameter A g in Eq. (1) is completely determined
by the mass of the fissioning nucleus A s, thatis, Ag = A /2.
The positions of the heavy and light peaks of the asymmetric
components in the mass scale are given by the quantities
AS + DiAS = AH and AS — DiAS = AL, where AH and AL
are the masses of the heavy and light fragment, respectively.
The values of Ay + A; = 2Ag are treated as the mass of the
undergoing fission nuclei in the respective channel.

One important observable in the fission process is the charge
distribution of a given isobaric chain with mass number A.
It is assumed that this charge distribution is well described
by a Gaussian function characterized by the most probable
charge Z, of an isobaric chain with mass A (centroid of the
Gaussian function) and the associate width parameter I', of
the distribution as follows [31,32]:

. 2
Z-17,) ) | )

0A
o = —- €X
AZ =gz P r2

where 04 7 is the independent cross section of the nuclide with
charge Z and mass A.
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The values for Z, and I'; can be represented as linear
functions of the mass number of the fission fragments,

Z, = + u2A, 9)
and
I;=y+nrA. (10)

Here p; and y; were determined by considering a systematic
analysis of atomic number distributions of fission fragments.
The values obtained for all parameters used in the present work
are reported in Table II.

It is important to emphasize that the CRISP code has been
used to simulate nuclear reactions of several kinds, such as
those induced by protons [33-35], photons [19,27,36-38],
electrons [39,40], or hypernuclei [21,41,42], with energies
from 50 MeV up to 3.5 GeV, and on nuclei with masses
going from A = 12 up to A = 240 and with several observ-
ables: spallation products, strange particles, fission products,
hyperon-decay particles, fragment mass, and atomic number
distributions. The code has been applied in the study for
development of nuclear reactors [43—45]. Thus, the CRISP code
is a reliable tool to investigate properties of nuclear reactions.
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III. EXPERIMENTAL PROCEDURE

In the following we describe how the data present in this
work have been obtained. A natural uranium target of 0.164
g and 0.0487 mm thick and a neptunium target of 0.742 g
and 0.193 mm thick were exposed to an accelerated proton
beam of 660 MeV in energy from the LNR Phasotron, Joint
Institute for Nuclear Research (JINR), Dubna, Russia [46].
The proton flux was determined by the use of an aluminum
monitor with known cross section [47]. The monitor, the same
size as the target, was irradiated together with the target. The
irradiation time was 27 min and the proton beam intensity was
about 3 x 10'* protons per min. The induced activity of the
targets was measured by two detectors, an HPGe detector with
efficiency of 20% and energy resolution of 1.8 keV (1332 keV
%0Co) for the 233U target and a Ge(L1i) detector with efficiency
of 4.8% and energy resolution of 2.6 keV (1332 keV ®Co)
for the 2*’Np target. The identification of the reaction products
and the determination of their production cross section were
performed considering the half-lives, energies, and intensities
of y transitions of the radioactive fragments.

In the absence of a parent isotope, the cross section of
fragment production for each fragment is determined by using
the following equation:

|
. AN A
o N, N,ken(l —exp(—At))exp(—An)(1 —exp (—At3))’

o

an

where o denotes the cross section of the reaction fragment production (mb); AN is the yield under the photopeak; N, is the
projectile beam intensity (min~'); N, is the number of target nuclei (in 1/cm? units); #; is the irradiation time; #, is the time of
exposure between the end of the irradiation and the beginning of the measurement; #3 is the time measurement; A is the decay
constant (min~'); n is the intensity of y transitions; k is the total coefficient of y-ray absorption in target and detector materials;
and € is the y-ray-detection efficiency.

When the isotope production in the reaction under investigation is direct and independent (I) of the parent nuclei decay, the
cross section is determined by Eq. (11). If the yield of a given isotope receives a contribution from the ¥ decay of neighboring
unstable isobar, the cross section calculation becomes more complicated [48]. If the formation probability of the parent isotope
is known from experimental data or if it can be estimated on the basis of other sources, then the independent cross sections of
daughter nuclei can be calculated by the relation:

j— )\'B
(1 —exp(=Agt))) exp(—Apt)( 1 — exp (—Agt3))

OB

» AN —ouf Aarp (1 —exp(=Aat1)) exp(=Aratz) (1 —exp(—=Aat3))
N, Noken 7" 5 —ha 2
_ (I —exp(—Agt)) exp(—Apnr) (1 — CXP(—)»BI3))>:| (12)
22 ’

where the subscripts A and B in the variables refer to the
parent and daughter nucleus, respectively; the coefficient fap
specifies the fraction of nuclei A decaying to nuclei B (this
coefficient gives the information on how much the 8 decay
affects our data; and f4p = 1 when the contribution from the
B decay corresponds to 100%); and AN is the total photopeak
yield associated with the decays of the daughter and parent
isotopes. The effect of the forerunner can be negligible in some
limit cases, for example, in the case where the half-life of the
parent nucleus is very long, or in the case where the fraction

of its contribution is very small. In the case when parent and
daughter isotopes could not be separated experimentally, the
calculated cross sections are classified as cumulative ones (C).

IV. RESULTS AND DISCUSSION

The mass distribution, as cross sections as a function of
mass number A, for the fragment produced by 660 MeV
proton induced reactions on uranium and neptunium targets
are shown in Figs. 1 and 2. In both distributions a prominent
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FIG. 1. Mass distribution of binary-decay products from the
proton induced reaction at 660 MeV on 238U target. Circles represent
the measured isobaric cross sections from the present work and from
the data taken from Refs. [46,49,50]. The solid line corresponds

to the fission process and the dashed line represents the results of
deep-spallation, both calculated with the CRISP code.

peak is observed around the symmetric fragment mass, which
is indeed composed of fragments from the symmetric fission
mode. The distributions, however, present also a contribution
from two asymmetric modes [8,9]. Here we used the code
CRISP to interpret these experimental distributions.

Some previous analysis for the mass distributions of the
p+2'Np and p+23¥U systems have been performed for the
mass range of 70 < A < 150 [9]. In this work, we have
added new data in the region of intermediate mass fragment
(IMF) corresponding to 30 < A < 70 and data in the region of
150 < A < 200 from Ref. [46]. The measured cross sections
for the fragments in the mass range of 30 < A < 70 are listed
in Table I, where the quoted errors include contributions from
those associated with the statistical significance of experimen-
tal results (2-3%), those in measuring the target thickness
(3%), and those in determining the detector efficiency (10%).

Usually, studies on the production of fission fragments do
not extend to light nuclei and the inclusion of this region in our
analysis can bring up interesting features of the dynamics for
fission fragment production. In fact, theoretical calculations,
based on the mass asymmetry parameter and fission barrier
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FIG. 2. Idem for the 2*'Np target.
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height [5], have shown that, for heavy targets and for reactions
at intermediate or low energies, the cross sections for IMF
are very small. As a consequence most of the experimental
observations for fission available in the literature seem to die
out for atomic numbers below Z = 28.

In Figs. 1 and 2 we can observe a shoulder formed in the
mass region of 30 < A < 70 for both 23U and 2*’Np target
distributions. The presence of IMF in reactions at energy as
low as the one of the present study can hardly be attributed
to multifragmentation. The observation of another shoulder in
theregion of 170 < A < 200, for both distributions, reinforces
the idea of a binary process as the origin of the IMF. These
observations, therefore, are in agreement with the results
obtained by Ricciard et al. [5]. In this work, we present
the results of a study performed with the simulation code
CRISP, where the new experimental data set in the light mass
region is described as a possible product of a fission or
spallation process. To this end, as described in the next section,
we have included an extra superasymmetric fission mode to
the code.

V. SUPERASYMMETRIC FISSION MODE

To take into account the possibility of a superasymmetric
fission, we included another mode, S3, to the CRISP code,
which can be described by the usual Gaussian shape from
MM-NRM,

0(A)3ps = ——

v 2m [ 034s

K A — Ag + Dsys)?
+ Kaas <_( s L 34S) >} (13)
03As 2054

1 |:K3AS < (A—As— D3As)2>
€X —

2
20555

As in the case of the three modes previously analyzed
in Ref. [9], K345, 0345, and Dsyg, are fitting parameters
which allow us to describe the experimental data for fragments
produced through the fission channel. In addition to the fission,
we calculated the mass distributions for fragments produced
by the deep-spallation process. The results are also shown
in Figs. 1 and 2, where we observe, that with the inclusion
of the superasymmetric mode, the experimental data are well
described by the fission mechanism according to the CRISP
calculations. The deep-spallation mechanism gives only a
very small contribution in the region of heavy fragments,
showing that, in fact, the superasymmetric fission is the
relevant mechanism for the production of fragments in the
region of 160 < A < 200.

The best-fit values for the parameters used in the MM-NRM
approach are shown in Table II. The parameters for the S, S1,
and S2 modes were already discussed in Ref. [9]. Therefore,
we focus here on the parameters for S3. The superasymmetric
mode contributes with 0.6% and 1.2% of the total fission cross
section for the 23U and for *’Np targets, respectively. The
total fission cross sections are 1140 mb for 23U and 1360 mb
for 2’Np. The width for the S3 distribution is somewhat
larger than those for S1 and S2, but smaller than that for
S mode. The most striking feature of the superasymmetric
mode is the mass number gap around 60 a.m.u. with respect
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TABLE I. Cross section for the measured IMFs products from reaction induced by 660 MeV protons on 23U and ?*’Np targets.

Element Type Cross section, mb Element Type Cross section, mb

238(y 2INp 238(J 27Np
BMg C 0.0043 +£4.3x107* 0.186 £0.020 S2Fe I 6.5x1074 £ 5.5x1073 0.01 £0.01
#Cpm C 7.7x107* £ 1.5x1073 0.08 £0.02 3Mn I 0.11+£0.01 0.28 £0.03
83 I 0.007 +1.4x107* <0.08 3Co C 0.02£0.002 <0.036
3¢l I 0.04 £0.008 <0.28 S*Mn C 0.154+0.02 0.69 +0.07
¥Cl C 0.053 £ 0.005 0.023 £0.003 %Co I 0.07£0.01 0.03 £0.006
HAr C 0.0037 & 7.4x1074 0.73 £0.07 SNi I <0.002 <0.007
22K C 0.007 £7.0x10~* <0.40 S1Co I 0.059 £ 0.006 0.20£0.02
BK C 0.023 £0.002 0.45+0.06 STNi C 0.0011 £+ 1.1x10~* <0.01
3¢ C 0.012£0.001 0.23£0.02 BComts I 0.17£0.02 0.13£0.02
“Ar C <2.5%x107* 0.089 £0.02 FFe C 0.27+£0.03 1.21+0.12
H“K I 0.031+£5.0x1073 0.22£0.04 0Comts C 0.33£0.03 1.70+£0.20
43¢ I <0.0025 <0.15 Cu C <0.006 <0.053
4gcm I 0.065 £ 0.007 0.12£0.01 1Cu C 0.04 £0.004 <0.057
$K C - 0.24+0.05 Nj C 0.0017 £ 1.7x10~* <0.04
465cm+ts I 0.036 £ 0.004 0.94+0.09 87Zn I 0.10+0.01 0.87+0.17
4Ca C 0.024 £0.002 <0.067 %Ga C <0.02 <0.043
4TS¢ I 0.17£0.02 0.63 £0.06 5Ni C 0.015£0.002 0.20£0.05
8Sc I 0.044 £ 0.004 0.42£0.04 %Ga I 0.051 £0.005 <0.084
By I 0.022 £ 0.002 0.48 £0.05 Ge C <0.003 <0.13
BCr I <0.0014 0.01 £0.001 7Cu C 0.55£0.06 2.10+£0.21
“Cr C 0.025 £ 0.005 0.073 £0.015 7Ga C 0.06 £ 0.006 0.20£0.02
SCr C 0.41£0.04 0.20£0.02 97n™m C 0.041 £0.004 0.80£0.16
S2Mné# I 0.0015+1.5x107* 0.077 £0.008 “Ge C 0.03 £0.003 0.051£0.012
2Mn™ I 0.0085+8.5x107* 0.205£0.03

to the symmetric fragment for both cases studied here. Our
results confirm that IMF at intermediate energies are formed
predominantly through a binary process, and that it is described
by a superasymmetric fission mode.

As shown in the present work, a good description of the
fragment production for the full range of mass of 30 < A <
200 was obtained by considering the fission mechanism. This

TABLE II. Parameters for the mass distribution calculations.

Parameter 28y ZINp
Kias (2.0+5.0)% 1+ 1)%
Oias 35408 45+04
Dias 18.5+04 21.3+04
Koas (19+5)% (7.7+0.8)%
0248 6.0+0.5 6.5+0.6
Dyus 18.0£+0.4 28.3+£0.5
Kiag 0.5+£0.5)% (1.24+0.3)%
Oans 70405 8.040.7
D35 57.0+04 62.0£0.3
K (56 +5)% (79.0£7.0)%
oy 13.0+0.5 13.7+1.0
n1 4.14+0.6 50£0.8
42 0.38+£0.01 0.37+£0.01
Y 0.92+£0.08 0.59+0.02
V2 0.003 £0.001 0.005 £ 0.0002

might indicate that this is, in fact, the actual predominant
mechanism. However, we can not totally exclude the possi-
bility that a description of the experimental data would also
be achieved by considering some other sort of mechanism,
such as evaporation with the inclusion of the associated
spallation and with emission of fragments heavier than the
o particle.

V1. CONCLUSION

The cross sections for fragments produced by the proton-
induced fission on 28U and >*’Np at 660 MeV were measured
at the LNR Phasatron (JINR). The fragment mass distributions
covering the region of 20 < A < 200, allowed the inves-
tigation of the production mechanism for the intermediate
mass fragments (IMF) in the mass range of 20 < A < 70.
It was found that, for each of the IMF observed in the low
mass region, there was a heavier counterpart in the region of
170 < A < 200, indicating that they are actually produced
by a binary process. This hypothesis was tested with the
use of the CRISP code by including an additional superasym-
metric fission mode described according to the MM-NRM
approach. The results show, indeed, that it is possible to
give an accurate description of the fragment production in
the entire mass region of 20 < A < 200 by considering the
evaporation/fission mechanism in the CRISP code with the usual
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fission modes, namely, one symmetric and two asymmetric,
and including a fourth superasymmetric mode. This last mode
produces fragments that are around 60 a.m.u., far from the
symmetric fragment mass, and contributes with 0.6% and
1.2% to the total fission cross section for 22U and 237Np,
respectively. Our results are in agreement with previous results
obtained by Ricciardi et al. [5] evidencing the binary produc-
tion mechanism for the IMF at intermediate energy nuclear
reaction.
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Neutron Spectrum Determination of the p(35 MeV)-Be Source Reaction
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The thick target neutron field of source reaction p + Be was investigated for a proton energy
of 35 MeV. The spectral neutron flux at 0° for two target-to-sample distances was determined by
using the dosimetry foils activation method. The present p(35)-Be white neutron spectra provide
the suitable basis for irradiation experiments and integral tests of nuclear data.

I. INTRODUCTION

The cyclotron based fast neutron generators of the
white- and quasi-monoenergetic spectra are operated at
the Department of Nuclear Reactions of the Nuclear
Physics Institute utilizing the variable-energy proton
beam (up to 37 MeV) and the D5 O (flow), Be (thick), and
"Li(C) target stations [1]. The intensity and energy range
of produced neutron fields are suitable for the integral and
differential validation of the neutron cross-sections within
the ADTT (Accelerator-Driven Transmutation Technol-
ogy) and fusion-relevant (IFMIF — International Fusion
Materials Irradiation Facility) research programs.

In neutron activation experiments, the irradiated sam-
ples are usually fixed in the vicinity of the source tar-
get, and the dimensions of the target and samples are
comparable with the target-to-sample distance. Due to
a lack of differential yield data at requested energy and
angular range, the MCNPX calculations need to be val-
idated against the independent experiments. Recently,
the dosimetry-foils activation method was successfully
used for the validation of an MCNPX prediction of spec-
tral flux characteristics for the p-D2O (thick) reaction
[2, 3]. In the present work, this method was employed to
determine the spectra of the Be(p,zn) source reaction at
the positions of irradiated samples.

* Corresponding author: milan.stefanik@fjfi.cvut.cz

http://dx.doi.org/10.1016/j.nds.2014.08.119
0090-3752/© 2014 Elsevier Inc. All rights reserved.

A. Neutron Activation Method, Reaction Rate

To determine the spectral flux at the position of irradi-
ated samples, the standard multi-foil activation method is
utilized. It makes possible the reconstruction of the neu-
tron spectrum by using the ~y-activities of radionuclides
produced by the activation reactions in a set of activa-
tion foils irradiated in this field. The result of activation
measurements is the reaction rate per one target nuclei
(s71), and is defined as

S\ Lreal g Ateool
— 77 tiive (1)
Noey I, (1 — e~ M) (1 — e~ Abreal )7

Pr

where A is the decay constant, S, the area under the
full energy peak, Ny the number of target nuclei, ¢, the
detection efficiency, I, the intensity per decay, ¢, and
teool the irradiation and cooling time, t,ca and tjye the
real and live time of the spectroscopic measurement, and
1B a correction for beam fluctuation. The reaction rate
is proportional to neutron flux ¢ (cm~2s~'MeV 1) since

Emax
Pr = / o(En)p(Ey) dEy, (2)

Efthresh

where the o is the microscopic activation cross-section.

II. MATERIALS AND METHODS
A. Beryllium Target Station NG-2

Powerful fast neutron sources usually provide intense
neutron beams from proton or deuteron bombardment
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FIG. 1. Beryllium target station of the NG-2 neutron gener-
ator at the NPI with aluminum holder of activation foils.

of a thick beryllium target. In standard operation, the
beryllium target station at NPI (Fig. 1) produces a white
spectrum with spectral yield of 1.2 x 10 n sr~! in the
forward direction for proton energies up to 20 MeV. Dur-
ing operation, the beryllium target, with thickness of 8
min, is cooled by ethanol to a temperature of 5°C. How-
ever, the high energy and high intensity p(35)-Be white
neutron field for activation experiments has been devel-
oped recently, and the neutron spectra are presented in
this work.

B. The p-Be Neutron Source Reaction

During bombardment of the beryllium target by
protons at energy F,=35 MeV, the high energy
neutron spectrum component is mostly produced in
the °Be(p,n)?B reaction to the ground state (Q
—1.85 MeV) and partially to highly excited states (2.3
MeV, 1.4 MeV), while the low energy spectrum compo-
nent is produced in three body break-up processes. The
structure of the low energy spectrum is mainly formed
by the reactions of ?Be(p,np)®Be (Q = —1.67 MeV),
9Be(p,na)Li (@ = —3.54 MeV), and °Be(p,pa)°He
(Q = —2.67 MeV) with subsequent ®He break-up to neu-
tron and a-particle (Q = 0.89 MeV).

Figure 2 shows the MCNPX calculated neutron spec-
tra and its dependence on various thicknesses of beryl-
lium. The neutron spectrum of thin targets (0.25 mm
and 0.5 mm) is produced almost entirely by monoener-
getic protons and consists of well distinguishable peaks
of neutrons from the “Be(p,n)?B reaction to ground and
excited states. By increasing the target thickness, the
proton beam energy degrades by ionizing effects in the
target and induces the neutron production reactions at
lower energies. Due to this effect, the spectrum changes
in shape from semi-monoenergetic peaks to a broad con-
tinuous spectrum.
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FIG. 2. The MCNPX calculated p(35)-Be neutron spectra for
various thicknesses of bare beryllium target without backing.
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FIG. 3. Neutron fields of NG-2 generator at two irradiation
positions measured by multi-foil activation technique at NPI.
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FIG. 4. Spectral neutron yield on the beryllium target mea-
sured by the NE213 scintillation detector in Braunschweig [8].

C. Neutron Field Measurement

The current research program at the NPI requires the
usage of a high energy neutron field above 20 MeV, and
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TABLE I. The C/E ratios for adjusted neutron spectra.

C/E C/E Ethresh
Reaction Position 15 mm|Position 156 mm | (MeV)
ZTAl(n,a)**Na 0.91 0.94 3.25
93Nb(n,2n)%?"Nb 0.99 1.02 9.06
93Nb(n,4n)*Nb - 0.90 29.08
9BNb(n,a)?™Y 0.86 - 0.00
197 Au(n,2n) 9% Au - 1.12 8.11
197 Au(n,3n) % Au 1.12 1.11 14.79
197 Au(n,4n) 't Au 1.02 0.93 23.21
197 Au(n,y) % Au 1.04 1.02 0.00
89Y (n,2n)%Y 0.80 0.87 11.61
89Y (n,7)"™Y 0.88 0.99 0.00
59Co(n,2n)**Co 0.97 0.98 10.63
¥ Co(n,3n)*"Co 0.96 0.94 19.35
59Co(n,p)*Fe 1.13 1.03 1.57
59Co(n,a)**Mn 1.07 0.96 0.00
% Co(n,y)*°Co 1.01 1.01 0.00
150 (n,n’) 5™ n - 1.05 0.34
22 (n,x) P Lu 0.97 1.10 14.51
22 (n,x) 70 Lu 0.97 0.96 0.00
16 u(n,y) " Lu 1.01 1.00 0.00
228 Ti(n,x)*Se 0.98 0.83 1.62
122874 (n,x)*"Sc 1.16 1.14 0.00
28 (n,x)*Se 1.10 1.06 3.28
22¢Ni(n,x)*"Co 1.16 1.14 6.05
22¢Ni(n,x)%° Co 1.18 - 2.12
20N (n,x) " Ni 1.13 1.21 12.43
220 Fe(n,x)* Mn 0.93 1.03 2.97
"2 Fe(n,x)** Mn 0.92 0.96 12.14
2t Fe(n,x)*! Cr 0.84 1.02 0.00
209Bi(n,3n)*""Bi 0.98 0.77 14.42

therefore the operation of a Be-target station (with 8 mm
Be-target) was successfully tested at a proton energy of
35 MeV (beam current of 9.2 pA), which is nearly the
maximum energy provided by the U-120M cyclotron. The

novel p(35)-Be neutron field was developed by utilization
of the multi-foil activation method.

For the neutron spectrum determination at two irradi-
ation positions (15 and 156 mm), eleven activation foils
(Al, Nb, Y, MnNi, Co, In, Lu, Au, Ti, Fe, Bi) were used.
The induced ~-ray activities of irradiated foils were in-
vestigated by the nuclear v-spectrometry technique, and
subsequently the reaction rates were calculated. To un-
fold the neutron spectrum, a modified version of the
SAND-IT [4] code with support for nuclear data from the
EAF-2007 library [5] up to 55 MeV was used. For the
unfolding iterative procedure, the initial guess neutron
spectrum calculated by the MCNPX code [6] using the
ENDF /B-VII proton library [7] was employed.

The unfolded spectra and MCNPX predictions are
shown in Fig. 3; the corresponding C/E ratios are sum-
marized in Table I and assess the uncertainties of the
adjusted spectra. Unfolded spectrum at the 156 mm posi-
tion corresponds well with the MCNPX calculation; how-
ever, at the 15 mm position, the space integration effect of
neutron yield becomes evident. The shape of spectra is in
good agreement with measurements in Braunschweig [8]
(see Fig. 4).

III. CONCLUSIONS

The high intensity p-Be white neutron field was devel-
oped at a proton energy of 35 MeV, the neutron spectra
were determined by activation method for two irradia-
tion positions. The novel p(35)-Be spectra have a flat
shape; the neutrons from the three body break-up process
contribute to the low energy spectrum component. The
spectral shape is in good agreement with time-of-flight
measurement of other authors at lower proton energies.

The p(35)-Be neutron spectra are convenient for cross-
section data validation in the energy range relevant to the
IFMIF, for testing the radiation hardness of electronics,
and for the ADTT research program.
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Abstract

The flux of secondary neutrons generated in collisions of the 660 MeV proton beam with the massive natural uranium spallation
target was investigated using a set of monoisotopic threshold activation detectors. Sandwiches made of thin high-purity Al, Co,
Au, and Bi metal foils were installed in different positions across the whole spallation target. The gamma-ray activity of products
of (n,xn) and other studied reactions was measured offline with germanium semiconductor detectors. Reaction yields of
radionuclides with half-life exceeding 100 min and with effective neutron energy thresholds between 3.6 MeV and 186 MeV
provided us with information about the spectrum of spallation neutrons in this energy region and beyond. The experimental neutron
flux was determined using the measured reaction yields and cross-sections calculated with the TALY'S 1.8 nuclear reaction program
and INCL4-ABLA event generator of MCNP6. Neutron spectra in the region of activation sandwiches were also modeled with the
radiation transport code MCNPX 2.7. Neutron flux based on excitation functions from TALY'S provides a reasonable description
of the neutron spectrum inside the spallation target and is in good agreement with Monte-Carlo predictions. The experimental flux
that uses INCL4 cross-sections rather underestimates the modeled spectrum in the whole region of interest, but the agreement
within few standard deviations was reached as well. The paper summarizes basic principles of the method for determining the
spectrum of high-energy neutrons without employing the spectral adjustment routines and points out to the need for model
improvements and precise cross-section measurements.
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1. Introduction

The Accelerator Driven Systems (ADS) is one of the ways to transmute spent nuclear fuel (SNF) from nuclear
power plants and high level radioactive material, originally planned to be used for military purposes. Such a system
consists of the external particle source, accelerator, spallation target made of a heavy metal, and a blanket consisting
of SNF or other nuclear material. The principle of ADS has been described in details, e.g. (Grand et al. 1985) and
(Bowman et al. 1992). Projects focused on ADS research are realized around the world. For example, in Europe the
MYRRHA project is being built, see more details elsewhere (Abderrahim et al. 2010). The project will be based on
nuclear reactor with ability to operate in both subcritical and critical modes driven by a proton accelerator. Other
projects are planned around the world, for example TEF in Japan - (Sasa 2015) and C-ADS in China (Huang et al.
2015).

An important parameter for transmuting SNF and high-level radioactive material is the neutron spectrum of a
spallation source. Both the spectrum and intensity of the secondary neutron field vary with the position inside the
target. The detection of the secondary neutron field in spallation targets can be done with helium detectors, track
detectors, or threshold activation detectors. Recently, several activation experiments were performed at the Joint
Institute for Nuclear Research (JINR) within the international collaboration E&T-RAW, see e.g. (Zavorka et al. 2015),
(Khushvaktov et al. 2016) and (Adam et al. 2015).

This paper provides a description of two such experiments carried out with the spallation target made of natural
uranium. In these experiments, monoisotopic threshold activation detectors in the form of sandwiches were used for
characterization of neutron field generated in the spallation target. The target was irradiated with a 660 MeV proton
beam. The detectors were placed inside of the spallation target in different positions. The main focus of the
measurement were the (n,xn) reactions leading to the production of radioisotopes with Ty higher than 100 minutes in
the interval of the threshold energies from 3 MeV up to 186 MeV. The energy spectrum of secondary neutron field
was determined across the whole volume of the spallation target.

2. Experimental methods

The experiments were carried out at JINR, at the Dzhelepov Laboratory of Nuclear Problems. The QUINTA target
was composed of five natural uranium cylinders. The cylinders were 36 mm in diameter and 104 mm in length.
Uranium cylinders were clad in 1 mm thick aluminum. The cylinders were fixed in hexagonal aluminum sections with
wall thickness of 5 mm. Sections were separated by 17 mm wide air gaps. The first section had a beam window,
80 mm in diameter, four other sections had no windows. The total weight of the target was 540 kg, where the mass of
metallic uranium was 512 kg. QUINTA is shown in Figure 1. The set-up was surrounded by the 100 mm thick lead
shielding.

2.1. Target irradiation

The irradiation was performed using a synchrocyclotron particle accelerator, called Phasotron. The Phasotron
accelerates protons up to 660 MeV. The protons impinge into the QUINTA target and generate the secondary neutron
field. Two experiments were performed using high purity monoisotopic sandwiches. The samples positions are shown
in Figure 1 b). All samples were fixed on the aluminum plates. The samples of 27Al, 5°Co and % Au were packed like
a sandwich. The 2°°Bi samples were fixed on the right side of the sandwiches at aluminum plates. Figure 2 represents
the sandwich of samples with bismuth. The masses of the samples were about 1.3 g for aluminum, 6 g for the bismuth
samples, 5.5 g for the cobalt samples and 1g for the gold samples. In the first experiment five activation sandwiches
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were irradiated, shown as red dots in Figure 1. b). Other five sandwiches were irradiated in the second experiment,
shown as blue dots in Figure 1 b). The locations of the sandwiches inside spallation target are presented in Table 1.
The number of the protons was calculated from three aluminum monitors in parameters 100x100 mm?. The
2/Al(p,x)**Na reaction was followed and the cross-section corresponding to the proton energy 660 MeV was
(10.8+0.3) mb. The cross-section was calculated as the weighted average from experimental values available in
literature (Aleksandrov et al. 1996, Friedlander et.al 1955, Michel et al. 1986, Morgan et al. 2003 and Taddeucci et
al. 1997). For the first experiment the number of protons was 8.57(28)x10* and the time of irradiation was 4 hours
and 54 minutes. In the second experiment QUINTA target was irradiated for 5 hours and the number of protons was
2.53(5)x10%,
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Fig. 1. Spallation target QUINTA (a) general and (b) side views (red dots - first experiment, blue dots — second experiment).

Table 1. Positions of samples with coordinates.

1% experiment  Sample location 2" experiment ~ Sample location

Sample X(mm) Y (mm) Z(mm) Sample X(mm) Y (mm) Z(mm)
No. 1 0 -80 254 No. 6 0 -80 123
No. 2 0 -120 254 No. 7 0 -120 123
No. 3 0 -120 385 No. 8 0 -80 385
No. 4 0 -80 516 No. 9 0 -80 647
No. 5 0 -120 516 No. 10 0 -120 647

2.2. Samples measurements

After irradiation, the samples were transported to the gamma-ray spectroscopy laboratory YaSNAPP-2. There the
samples were unpacked and their gamma-spectra were obtained with high purity germanium detectors. Table 2 shows
list the reactions and isotopes of interest with their threshold energies, half-lives, gamma-lines and intensity of gamma-
lines. The full-energy peaks of reaction products were measured for a sufficiently long period to minimize statistical
uncertainties. The time of measurement ranged from 10’s of minutes to several days. Each sample was measured at
least six times and the value of the dead time was always held below 10%.

3. Data processing

The main part of the data analysis was performed with the gamma-spectroscopic program DEIMOS32, which was
developed at the Czech Academy of Sciences (Frana 2003). The main principle of the program is based on searching
the gamma-ray energies in the measured spectra and integrating the areas of full-energy peaks. The peak areas are
fitted by the Gaussian function. The experimental reaction rates of the produced residual nuclei are then calculated
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from the measured activity at the end of irradiation. The experimental reaction rate is defined as the number of
produced residual nuclei per one atom in the sample and one incident particle. The experimental reaction rate Rexp, is
calculated as shown in equation (1).

_S(E)Cu(E Bt L L & A, ®

1
N (’Mrr(yl) (’Mirr )
e, (E)  tye Ny Np1-€) 1¢

live

Reo

where S(E,) is the peak area, Caps(E) is the self-absorption correction, Ba is the beam intensity correction, 1, is the
gamma-line intensity per decay, ep(E) is the full-energy peak efficiency, trea is the real measurement time, tje is the
live time of the measurement, Na is the number of atoms in the sample, Np is the number of incident particles during
irradiation, to is the time between end of irradiation and start of the measurement, 1 is the decay constant, ti. is the
time of irradiation, and Ceoisum iS the correction for true coincidence summing, as described elsewhere (Sudar 2002).

The next step was to determine the experimental neutron flux according to equation (2). This equation represents
a general recipe for the reaction rate calculation - an integral of the product of the neutron flux ¢(E») and the cross-
section o(En). The experimental neutron flux was calculated using (n,xn) reactions, which are shown in Table 2. The
experimental values of the neutron flux were compared with the simulation. More information on simulation of the
whole experiment and cross-sections is provided in the next section.

o0
R= [o(E,)o(E,)dE, @)
Eth
Table 2. Residual nuclei with their threshold energies, half-lives, y-lines and intensities.
Reaction TALYS 1.8 INCL4.2  Half-life y-ray energies y-ray intensities
En (MeV) En (MeV) (keV) (%)
*Co(n,p)>Fe 3.6 5.9 44.5 days 1099.3;1291.6  56.5;43.2
ZAl(n,a)*Na 6.6 8.6 15 hours 1368.6; 2754 100; 99.9
YAU(N,2n)CAU 8.4 85 6.18 days 355.7; 332.9 87;22.9
%Co(n,2n)%Co 10.8 12.3 70.9 days 810.8 99
%Co(n,3n)*Co 21 25.1 271.8 days 122.06; 136.5 85.6; 10.7 Au
ZAl(n,2na)®?Na 34.8 329 2.6 years 12745 99.9
29Bj(n,6n)**Bi  40.9 385 11.22 hours 899.15; 374.7 98.8; 82 Al .
9Bi(n,7n)*®Bi  49.1 48 11.8 hours 820.3; 825.2 30; 14.6 Fig. 2. Placement of samples in
29Bi(n,9n)*"Bi  64.6 68.7 108 minutes  629.1; 936.2 24;11.3 the sandwiches.
ZAl(n,x)'Be 186 427.3 53.12 days 477.6 10.5

Two main steps of the determination of the mean neutron flux are shown in equations (3)-(6). A reaction with the
maximum threshold energy, i.e., 2’Al(n,x)"Be, serves as the initial input parameter. Equation (3) shows the first step
of the calculation, in which the threshold energy is that of the 2Al(n,x)’Be reaction (186 MeV) and the Em is the
maximum energy of neutron spectrum, i.e., 660 MeV. In this interval, the reaction rate is calculated by multiplying
the mean value of neutron flux by the integral of reaction cross-section. Finally, as follows from equation (4), knowing
the experimental reaction rate and reaction cross-section allows determining the mean value of the neutron flux in the
given interval of neutron energies.

Emax
R=¢, [on(E)-dE ©)

En (77 Al(n.x)7 Be)

Pn=—F i (@)

fan (E)-dE

En (2" Al (n,%)" Be)
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The @n1 Neutron energy range is calculated from the 2°°Bi(n,9n)?'Bi reaction rate. The range of neutron flux is
taken from the threshold energy of 2%°Bi(n,9n)?°'Bi (64.6 MeV) to the threshold energy for reaction 2’Al(n,x)"Be
(186 MeV). The determination of the threshold energies is explained below. Further calculation of neutron flux is
described in equations (5) and (6). Calculations were repeated for all the measured reaction rates until the lowest
threshold reaction - %°Co(n,p)®Fe in most cases - was reached. More details are provided elsewhere (Adam et al.
2015).

En (*" A (n,x)" Be) Emax
Rn—l = (/7n—l J.Gn—l(E) ’ dE + (Dn J.GH(E) ’ dE (5)
E;, (°°Bi (n,9n)2!Bi) En (*" Al (n,X)" Be)
E

Ru=¢n  Jou(E)-dE
_ En (*" Al (n,X)" Be)
Pna = E;, (¢ Al (n,x)" Be)
[o..(E)-dE

En (*°°Bi (n,9n)*"'Bi)

(6)

4. Simulation of the experiments
4.1. Cross-section calculation

With regard to equations (3-6), the accuracy of the neutron flux determination depends strongly on the quality of
i) measured reaction rates and ii) predictions of excitation functions for neutron induced reactions. At neutron energies
above 20 MeV it is almost inevitable to use physics models for calculation of reaction cross-sections since no
experimental data covers the whole region of interest, i.e., up to 660 MeV. For many years, TALYS and MCNP event
generators have been powerful tools for cross-section prediction with many improvements implemented in the updated
versions released consecutively.

In this work, the latest version of the TALYS-1.8 code (Koning et al. 2015), was used for predicting the cross-
sections employing the Constant temperature and Fermi gas phenomenological level density model. A combination
of the intranuclear cascade model INCL 4.2 (Boudard et al. 2002) and the GSI-KHS_V3p version of the fission-
evaporation model ABLA (Junghans et al. 1998), was selected to calculate the reaction cross-sections using the
GENXS option (Prael 2004) and (Mashnik et al. 2013) of MCNP6 (Pelowitz 2013).

The cross-section calculations were performed in steps of increasing neutron energy. In the case of TALYS, 1 MeV
bins were used from 1 to 100 MeV, and 10 MeV bins were used from 100 to 660 MeV. In the case of MCNP6, 1 MeV
bins were used from 1 to 20 MeV, 2.5 MeV bins were used from 20 to 100 MeV, and 20 MeV bins were used from
100 to 660 MeV. This provided a sufficient amount of information for a smooth interpolation of cross-section data.
The relative uncertainty of the MCNP6 prediction was kept below 3% for all reactions above the effective threshold
energy.

The performance of both models was compared to the experimental data from EXFOR in Figure 3 and Figure 4,
which show the excitation functions of the *”Au(n,2n)'*Au and 5°Co(n,3n)% Co reactions, respectively. In general, a
mutual discrepancy of nuclear models becomes more obvious as the number of neutrons in the output reaction channel
increases. Considering the majority of studied reactions, a relatively close agreement between EXFOR data and
TALYS predictions was observed. Conversely, an obvious disagreement between available experimental data and the
results of INCL4-ABLA simulations is characteristic for some reactions, which reflects the fact that the intranuclear
models are not suitable for calculation of cross-sections below ~ 150 MeV, as already mentioned (Engle et al. 2014).

The excitation functions for (n,x) reactions were also used for calculating the effective threshold energy, which is
defined as the energy at which the cross-section has approximately its average value (Turner 2007). The effective
threshold energies are presented in Table 2. Note that the majority of threshold energies calculated by TALY'S has in
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general lower values. The list of threshold energies determines not only the boundaries of intervals in which the
experimental neutron flux is calculated, but also tally energy bin structure of the neutron flux simulation, as described
in the next subsection.

197 196 59 57,
Au(n,2n) "Au Co(n,3n)" 'Co
T T T — . T
A TALYS 1.8 N
o *  Majerle(2016)
o'k A Vrzalova(2013)| 7 10k
-g v Xiuyuan(1989) =
£ + Bayhurst(1975)| E
= -
2 g
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$ S0k
@« * ?
2 5
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© o ) TALYS 1.8
. H * Majerle(2016)
10°F P A Simeckova(2011)
; ----INCL4
10" 10? 10° 10’ 10* 10°
Energy (MeV) Energy (MeV)
Fig. 3. Experimental and calculated cross-section of ***Au. Fig. 4. Experimental and calculated cross-section of 5’Co.

4.2. Neutron flux simulations

It is important to note that the neutron flux resulting from Monte Carlo simulations does not serve as a guess flux
for spectral adjustment routines. In this work, the neutron energy distribution was calculated in order to draw
comparison between experimental results and code predictions. The use of spectral adjustment methods for the
determination of the spallation neutron flux up to 100 MeV can be found elsewhere (Mosby et al. 2016).

The MCNPX 2.7 radiation transport code (Pelowitz 2011) was used for simulation of the neutron flux in exact
positions of the activation foils. F4 tally was chosen for scoring the flux averaged over a cell. The same set of event
generators as for cross-section predictions, i.e. INCL4-ABLA, was selected for the simulation of the neutron spectrum.
Thus, the experimental neutron flux can be used for direct validation of the above mentioned physics models.

A comparison between the experimentally determined neutron flux and MCNPX predictions is discussed in the
following section.

5. Experimental results and comparison

The results of the experimental neutron flux calculated from reaction rates in aluminum, bismuth, cobalt and gold,
as well as Monte-Carlo simulations are shown in ten figures below (Figure 5 - Figure 14). Each figure describes
comparison between experimental and simulated neutron flux for specific position in the spallation target QUINTA.
The experimental values of the neutron flux are shown as blue points (centers of the individual energy intervals), and
the simulations are shown as red line. The steps of the red line represent threshold energy values of different reactions
used to calculate mean neutron flux. The experimental results were obtained using cross-section predicted by
TALYS 1.8 and physics model INCL 4.2. In the figures, the TALYS-based data were chosen for better agreement
between experiment and calculation for these experimental data (see information below).

Both the experimental uncertainty of reaction rates and the uncertainty in cross-section prediction contribute to the
total uncertainty of the experimental neutron flux. The experimental uncertainty is composed of the uncertainty of
beam integral, statistical uncertainty in determination of the full-energy peak area (usually below 5%) and the
systematic uncertainties of sample weight (0.01%) and detector efficiency (3%).

The highest experimental value of the neutron flux was found to be on the front of the section number three
(Z=254 mm) at position Y=-80 mm from the beam center - see Figure 7. The neutron flux at this position was
calculated in the interval of threshold energies from 3.6 MeV up to 6.7 MeV, for reaction 5°Co(n,p)*Fe, reaching the
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value 1.84(48)x10* (1/(cm?-MeV-proton)). The second lowest flux was detected at the back of the section five
(Z=647 mm) at position -120 mm from the beam center. The neutron flux was calculated for the same interval of the
threshold energies as in previous case and the value of the neutron flux was 1.57(41) x10° (1/(cm?-MeV-proton)).
More information about how the neutron flux changes inside the target is provided in Table 3 and Table 4 which
contain ratios of the flux in the individual threshold sandwiches compared to the maximal neutron flux measured
behind section number two at radial position Y=-80 mm and Y=-120 mm, respectively. Evidently, the experimental
neutron flux decreases with increasing both longitudinal and radial distance. This is mainly due to neutron scattering,
leakage and absorption of neutrons in nuclear reactions.

Table 5 shows the experimental neutron flux at position Z=123 mm and Y=-80 mm (in front of the second target
section). There is some disagreement between the experimental neutron flux based on INCL4-ABLA cross-sections
and flux modeled using the INCL 4.2 event generator (the experiment is rather underestimated). On the other hand,
as already mentioned in Section 4.1, the experimental cross-section did not agree well with the cross-section prediction
for some reactions. For this reason, the TALYS-based data were selected to make a comparison between the
experiment and simulation in the following illustrations.

A decent agreement between the experimental flux (TALYS cross-section) and the results of simulation was
reached within a few standard deviations across the whole target, which proves the practicality and usefulness of the
presented method of neutron spectrum determination. Obviously, any future improvements in cross-section
predictions would significantly increase the accuracy of our method.
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Table 3. Ratios of the neutron flux at position Y=-80 mm compared Table 4. Ratios of the neutron flux at position Y=-120 mm compared

to the highest neutron flux at the 2" section (Z=254 mm). to the highest neutron flux at the 2™ section (Z=254 mm).
Energy interval Ratio of the neutron flux (-) Energy interval Ratio of the neutron flux (-)
Enmin Enmax ~ Z(mm) Z(mm) Z(mm) Z(mm) Enmin Enmax ~ Z(mm) Z(mm) Z(mm)  Z(mm)
(MeV) (MeVv) 123 385 516 647 (MeV) (MeV) 123 385 516 647
3.6 6.7 0.6(3) 0.4(2) 0.28(10) 0.11(4) 3.6 6.7 0.5(2) 0.5(3) - 0.16(6)
6.7 8.4 0.4(2) 0.6(2) - 0.02(1) 6.7 8.4 0.4(2) 0.5(3) - 0.04(1)
8.4 10.8 0.8(3) 0.5(2) 0.16(5)  0.11(3) 8.4 10.8 1.00(34) 0.6(3) 0.3() 0.16(5)
10.8 21 0.5(2) 0.4(2) 0.18(5)  0.07(2) 10.8 21 0.5(2) 0.6(3) 0.22(6) 0.11(3)
21 40.9 - 0.6(1) 0.15(3)  0.12(3) 21 40.9 - - 0.28(5) 0.20(3)
40.9 49.1 0.4(2) 0.4(2) 0.27(2)  0.10(1) 40.9 49.1 0.3(1) 0.5(1) 0.25(2) 0.12(1)
49.1 64.6 0.6(1) 0.9(2) 0.21(1)  0.13(2)
64.6 660 - - 0.27(1)

Table 5. Experimental neutron flux — cross-section calculated by TALYS 1.8 and physics model INCL 4.2.

TALYS 1.8 INCL 4.2
Enmin ENmax Neutron flux Cal/Exp Enmin ENmax Neutron flux Cal/Exp
(MeV)  (MeV)  (1/(cm2-MeV-proton)). () (MeV)  (MeV)  (1/(cm2-MeV-proton)). )
3.6 6.7 1.19(44)E-04 3.16(116) 8.5 12.3 4.26(120)E-05 1.25(35)
6.7 8.4 4.7(16)E-05 2.7(10) 12.3 21.1 1.21(32)E-05 1.4(37)
8.4 10.8 1.02(36)E-04 0.6(2) 21.1 29.6 5.25(114)E-06 1.6(4)
10.8 21 1.03(33)E-05 1.9(6) 29.6 38.5 3.8(8)E-06 1.6(4)
21 34.9 3.4(10)E-06 2.23(64) 38.5 50.8 2.16(47)E-06 1.9(4)
34.9 40.9 6.19(159)E-06 0.9(2) 50.8 68.7 1.07(23)E-06 2.4(5)
40.9 49.1 3.4(8)E-06 1.14(28) 68.7 660 1.8(3)E-07 0.6(1)
49.1 64.6 1.8(4)E-06 1.5(4)
64.6 187 4.01(96)E-07 1.5(4)
187 660 1.6(3)E-07 0.043(9)

6. Conclusion

A set of experiments were performed in order to determine the neutron flux in the spallation target called QUINTA,
which was irradiated by the 660 MeV proton beam at the Joint Institute for Nuclear Research. The secondary neutron
field was monitored by a set of threshold activation detectors in various positions in the target QUINTA. The
experimental values of the neutron flux were found from the specific reactions in monoisotopic materials (aluminum,
bismuth, cobalt and gold) and were compared to the neutron flux simulations carried out in MCNPX 2.7 using the
intranuclear cascade model INCL 4.2. The cross-sections used for calculation of the experimental neutron flux were
calculated with TALY'S 1.8 and with MCNP6 using INCL 4.2. The cross-sections calculated with TALY'S 1.8 showed
better agreement between experimental values and simulations than the physics model INCL 4.2.

The neutron flux was calculated between threshold energies of specific (n,xn) reactions. The highest neutron flux
was detected at the back of second target section (Z=254 mm), at the position 80 mm from the beam center (Y=-
80 mm). The intensity of the secondary neutron field decreased as both the vertical and horizontal distances from the
beam axis increased.

The discrepancies between the experimental and simulated flux were found to be within a few standard deviations
and could be caused by inaccurate predictions of reaction cross-sections. The results indicate that further
improvements in nuclear models should be implemented, especially at higher energies. The results also demonstrate
that those models are in urgent need of new experimental data for their validation, which is particularly important for
research focused on ADS and other applications of spallation neutrons.
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The cross sections of the W (n, )W, 83W(n, p)**Ta and **Gd(n,2n)'3Gd, '°Gd(n,2n)"*° Gd reactions
were measured at the neutron energies 5.08 £ 0.165, 8.96 = 0.77, 12.47 4+ 0.825, and 16.63 & 0.95 MeV.
Standard neutron activation analysis technique and off-line y ray spectrometry were used for the measurement and
analysis of the data. Measurements were done in the energy range where few or no measured data are available.
The results from the present work are compared with the literature data based on the EXFOR compilation. The ex-
perimental results are supported by theoretical predictions using nuclear modular codes TALYS 1.8 and EMPIRE
3.2.2. The predictability of different one-dimensional models available in TALYS 1.8 and Levden models in EM-
PIRE 3.2.2 were tested. A detailed comparison of experimental results with theoretical model calculations is made.

DOI: 10.1103/PhysRevC.96.024608

I. INTRODUCTION

Nuclear reaction cross section data are of prime importance
for reactor technology. When the reactor is in operation, it
produces neutrons that penetrate through several materials,
such as fuel, structural, controlling, and shielding materials,
etc. It is important to have nuclear reaction cross section data
for all these materials, at all possible neutron energies [1], for
the development of the reactor technology. There are numerous
measured nuclear data available in the EXchange FORmat
(EXFOR) library [2]. However, it is important to have more
experimental nuclear data, measured with high accuracy in
the energy range between thermal and 20 MeV for a number
of reactor materials [2]. Tungsten (W) and gadolinium (Gd)
are two such materials. W is selected as a diverter material
for the upcoming fusion device—International Thermonuclear
Experimental Reactor (ITER) [3]. In ITER the DT reaction
generates 14.6 MeV neutrons, which are scattered from the
surrounding materials, thus neutrons will have energies from
thermal to 14.6 MeV [4-9]. These neutrons interact with
the diverter material of the reactor and can open different
nuclear reaction channels. In accelerator driven subcritical
system (ADSs), W is used in different parts, hence it can
face neutrons with higher energies [10]. Further, Gd is an
important rare earth element, which is used in control rods.
Its nitrate form is useful for reactor control through moderator
as liquid poison, as well as a secondary shutdown device in
PHWR reactors [11]. Gadolinium nitrate is more advantageous
due to its properties, such as high thermal neutron capture
cross section, quick burnout, greater solubility, and a more
efficient removal by ion exchange systems compared with
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boron [12]. Hence it is important to have accurate cross section
data for all the tungsten and gadolinium isotopes in the energy
range from thermal to 20 MeV. Accurate experimental data are
also needed to validate the various theoretical nuclear models
[13]. In view of this, in the present work, cross sections for
the "8W(n,1)"8"W, 18W(n, p)'%3Ta, 5*Gd(n,2n)'>*Gd, and
190Gd(n,2n)"7°Gd reactions at the neutron energies of 5.08 £
0.165, 8.96 £0.77, 12.47 £ 0.825, and 16.63 &+ 0.95 MeV
were measured by neutron activation analysis (NAA) and the
off-line y ray spectrometry technique. The above mentioned
reaction cross sections were also calculated by using the
computer codes TALYS 1.8 and EMPIRE 3.2.2. Different
LD models available in TALYS 1.8 and Levden models in
EMPIRE 3.2.2 were used to validate the present experimental
results.

In this paper, the experimental details are discussed in
Sec. II. Section III describes the data analysis. The neutron
flux and average neutron energy calculations used to obtain
reaction cross sections, with suitable corrections incorporated
to obtain accurate cross section results, are also discussed in
this section. Section IV presents the theoretical calculations,
followed by results and discussions in Sec. V. A summary and
conclusions are given in Sec. VI.

II. EXPERIMENTAL DETAILS

The experiment was carried out by using the BARC-
TIFR Pelletron facility in Mumbai, India. The neutrons were
produced using the "Li(p,n)’Be reaction. A proton beam was
targeted on natural lithium foil of thickness 8.0 mg/cm?. The
Li foil was wrapped with 3.7 mg/cm? tantalum in front and
4.12mg/cm? on the back. The energies of the proton beam
were selected to be 7.0, 11.0, 15.0, and 18.8 MeV. The samples
were kept at a distance of 2.1 cm from the Li target in the
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TABLE I. Details of the irradiation in the present experiment.

Irradiation 1

Irradiation 2

Irradiation 3 Irradiation 4

Proton energy (MeV) 18.8
Total irradiation time (h:min) 5:00
Beam current (nA) 150

7.0 15.0 11.0
11:15 7:00 16:05
110 150 120

forward direction. The targets were irradiated for different
irradiation times. The irradiation details are given in Table L.
A schematic view of the irradiation setup is shown in Fig. 1. In
the present measurements, the natural samples of W (99.97%)
in the form of 1.0 mm thick and about a quarter of a circle
with radius of 1 to 3 cm were used. Gd samples were made in
the form of a pellet with radius of 0.65 cm and of thickness
from 0.5 to 1.0 mm using Gd, O3 (99.9%) powder. The weight
of the samples was measured using a digital microbalance
weighing machine. The mass of W samples in different sets of
irradiations were 3.6689 g (irradiation 1), 0.7826 g (irradiation
2), 0.8344 g (irradiation 3), and 0.504 g (irradiation 4). The
samples of Gd were with mass of 0.4071 g (irradiation 1) and
0.9102 g (irradiation 3). In each irradiation, indium (In) and
thorium (Th) foils were used as flux monitors. After a suitable
cooling time, the irradiated samples were mounted on different
Perspex plates and kept in front of the precalibrated high
purity germanium (HPGe) detector. A Baltic company HPGe
detector with 4-K channels MCA and MAESTRO spectroscopic
software was used to measure the y ray spectra from the
irradiated sample. The HPGe detector system was calibrated
using a standard '3?Eu multi-y-ray source. The efficiency of
the detector was also determined at different y energies using
the same source. The y ray activities of the irradiated samples
were measured for different counting times. The prominent
y ray energies emitted from the irradiated samples and other
spectroscopic data are given in Table II. Isotopic abundances
are taken from the literature [14]. The threshold energies of the
reactions are calculated using the Q value calculator provided
online by National Nuclear Data Centre (NNDC) [15]. The
daughter nuclide half-life and details of the emitted prominent
y rays are taken from the literature [16]. Typical y ray spectra
obtained from the irradiated W and Gd samples are shown in
Figs. 2(a)-2(b).

III. DATA ANALYSIS

A. Neutron activation analysis

The experimental data were analyzed by using the standard
neutron activation analysis (NAA) technique. In this technique,

Li target
Proton beam

l

Target

}'—— Neutrons

Ta foils

FIG. 1. Experimental arrangement showing neutron production
using Li(p,n) reaction.

the nuclear reaction rate or the rate of production of daughter
isotopes depends on the number of target nuclei available
and the neutron flux incident on it. This activation method
is generally followed to measure reaction cross section by
irradiating the target isotope with neutrons, when the products
emit characteristic y rays having sufficiently long half-life
and y branching abundances. The cross section of the selected
reactions can be determined using the following equation [17]:

Ay At /tr)

T NoLe(l — e (1 — e rpe

(D
where

A, = number of detected y ray counts;

A = decay constant of product nucleus (s~');

t; = irradiation time (s);

t,, = cooling time (s);

t. = counting time (s);

t, = real time (clock time) (s);

¢ = incident neutron flux (n cm~2s~!);

I,, = branching intensity of y ray;

¢ = efficiency of detector for the chosen y ray;

N = number of target atoms.

In the above equation, the activity (A, ) is measured using an
HPGe detector for different y rays emitted from the daughter
isotopes. Because of the half-lives of the isotopes of interest,
several rounds of y ray counting were done. The dead time
of the detector system was kept below 0.6% during the entire
counting process. The numbers of target nuclei were calculated
from the weight of the sample and isotopic abundances. The
calculation of the neutron flux was done using the y ray spectra
of irradiated In and Th foils. Other standard parameters of the
reactions were taken from the literature [14—16].

B. Neutron flux and average neutron energy

The neutrons were generated by Li(p,n)’Be reactions.
Below 2.4 MeV, this reaction produces monoenergetic
neutrons [18]. Above 2.4 MeV, the first excited state of 'Be
at 0.43 MeV is populated and produces a second group of
neutrons [18,19]. Above 6 MeV, the three body interaction and
other excited states also contribute in the neutron production
along with the main neutron group [18,19]. Although there
are lower energy subgroups of neutrons, the primary (main)
group of neutrons can be used to measure the reaction cross
section as it has higher neutron flux and higher neutron energy
(forming a peak). The reaction cross section measured at this
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TABLE II. Selected nuclear reactions, target isotopic abundance, threshold energy of reaction, product nucleus with half-life, and energies

of prominent y rays with branching intensities.

Threshold
energy (MeV) [15]

Isotopic
abundance (%) [14]

Reaction

Product nucleus

Half-life [16] Prominent y-ray energy (keV);

(branching intensity %) [16]

BSW(n,y) W 28.43 87w 24.0h 479.5(26.6);

685.7(33.2)
2W(n, p)'*2Ta 26.50 1.037 182 114.74 d 1121.3(35.24)
34Gd(n,2n)'3Gd 2.18 8.953 153Gd 240.4 d 103.1(21.1)
10Gd(n,2n)'*Gd 21.86 7.498 199Gd 18479 h 363.5(11.78)
averaged peak energy. The spectrum averaged neutron energy where

can be given as [20]
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FIG. 2. (a) Typical y ray spectra for W target obtained by using
HPGe detector. (b) Typical y ray spectra for Gd target obtained by
using HPGe detector.

Eps = peak forming start neutron energy;
Enax = maximum neutron energy;

E; = energy bin;

¢; = neutron flux of energy bin E;;

E nean = effective mean energy.

The neutron spectra for 7.0, 11.0, 15.0, and 18.8 MeV
were derived by taking data from various available publications
[18-22]. The neutron spectra corresponding to all the four
incident proton energies are shown in Figs. 3(a)-3(d). The
average peak energies obtained by using Eq. (2) are given in
Table II1.

In order to analyze the data, it is necessary to accurately
calculate the neutron flux incident on the target. In the present
experiment, In(n,n’)'">™In and *2Th(n, f)°’Zr monitor
reactions were used for the neutron flux measurement. The
reaction products '>™In and *’Zr have a half-life of 4.486 and
16.749 h respectively [16]. The emitted characteristic y lines
are given in Table IV. Typical y ray spectra obtained from
both the monitors are shown in Fig. 4.

The calculations of the neutron flux incident on the target
were done by using the spectrum averaged neutron cross
section for the monitor reactions by using the relatively recent
data available from the EXFOR data library for W1, n)
[23-26] and for 232Th(n, f) [27-30]. The spectrum averaged

cross section was calculated using the following equation:
Emz\x
£, OipidE 3
Emax ’ ( )
£, GidE

Oav =

where

E\, = threshold energy of the monitor reaction;
Emax = maximum neutron energy;

o; = cross section at energy E; for monitor reaction from
EXFOR [23-30];

¢; = neutron flux of energy bin E; from the Figs. 5(a)-5(d);

0,y = spectrum averaged cross section.

The calculated spectrum averaged cross sections for both
the monitor reactions are given in Table III. The neutron flux
incident on targets for all the four irradiations were calculated
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(b) Neutron Spectra for 11.0 MeV Protons
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FIG. 3. (a)-(d) "Li(p,n)"Be neutron spectra for the 7.0 (a), 11.0 (b), 15.0 (c), and 18.8 (d) MeV proton energies.

using the following activation equation:

_ Ayt /1)
B Noyl,e(1 — e Mi)(1 — eHe)e=Hu

¢ “

All the parameters are same as in Eq. (1).

In the case of a fission reaction monitor, the fission yield
term (Y) will come in the denominator on the right side of the
above Eq. (4). In the cross section calculations, the measured
values of the average neutron flux from both the monitors were
taken, as both these values are in agreement with each other
within the limits of the experimental errors as discussed later
in Sec. V.

C. Cross section correction for lower energy neutrons

In order to measure the cross section for neutrons of
main peak, it is necessary to make corrections due to the
contributions from lower energy neutrons. This correction is
not required when the neutron source is purely monoenergetic,
which is not the present case. As mentioned earlier, in
addition to a primary neutron group, there exist secondary
neutron groups arising due to an excited state of 'Be and
three-body reactions above 2.4 and 6 MeV respectively [18].
These secondary groups produce neutrons at lower energies
and in addition to the primary group neutrons [18,19]. As
the primary neutron exhibits a distinct broad peak always
at much higher energy with a high neutron flux, it can be
considered as a quasimonoenergetic source. It is possible to
remove the contributions to the reaction cross sections due to

TABLE III. The spectrum averaged neutron energies and respective neutron flux from two different monitor reactions.

Irradiation 1

Irradiation 2

Irradiation 3

Irradiation 4

Proton energy (MeV)

Neutron energy from Eq. (2) (MeV)
Spectrum averaged cross section
for In monitor (mb)

Calculated neutron flux from
Wn,n)" ™ In(nem=2s71)
Spectrum averaged

cross section for Th

monitor (mb)

Calculated neutron flux from
B2Th(n, £)Zr (ncm™2s7")

18.8
16.63 £ 0.95
188.94
6.2891 x 107

341.67

6.2885 x 107

7.0 15.0 11.0
5.08 £0.165 12.47 £ 0.825 8.96 £0.77
223.88 253.79 302.85
4.6304 x 10° 1.8054 x 107 1.6009 x 10°
99.04 269.58 220.01
4.5709 x 10° 1.7090 x 10’ 1.5850 x 10°
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TABLE IV. The monitor reaction with the product nucleus and prominent y lines.

Monitor reaction

Product nucleus (half-life) [16]

Prominent y line (branching intensity %) [16]

llSIn(n’n/)IISmIn
232Th(l’l, f)97Zr

15m1y (4.486 h)
97r (16.749 h)

336.24 (45.8)
743.36 (93.0)

low energy neutrons from the primary neutron group by the
process of making a tailing correction. In the present work,
the tailing correction has been done using the method given in
the literature [20].

The cross sections have been calculated using the NAA
Eq. (1) and the neutron flux from monitor reactions. For a
capture reaction, one has to use total neutron flux, but for the
reactions having threshold energy, the neutron flux must be
corrected. To do this, one has to remove the neutron flux from
minimum to threshold energy neutrons, by taking the area
under the neutron spectra. For instance, the 34Gdn,2n)3Gd
reaction has a threshold energy of 8.953 MeV. Hence, the flux
for this reaction must be the area under the curve shown from
“A” (threshold energy) to “B” (maximum neutron energy)
(Fig. 5). This will correct the actual neutron flux used to
produce the desired daughter isotopes. Using this neutron flux,
a set of cross sections of all reactions has been calculated. In
order to remove the effective spectrum average cross section
from the threshold to the minimum energy of the peak of
interest (Eps), theoretical calculations using modular code
TALYS 1.8 have been carried out to obtain the reaction cross
sections versus neutron energy. These calculated cross sections
at different energies are convoluted with the neutron flux as
shown in Fig. 3(a). The spectrum average cross section for each
reaction was calculated from threshold to minimum energy
(Eps), and it is subtracted from the previous cross section
dataset. Thus the final value obtained gives the cross section
for the reaction at the spectrum average neutron peak energy.

Using the above method, the cross sections for the
182W(n,p)182Ta, 186W(n,)/)187W, 154(}(:1(’,1,21/1)153C}d7 and
160Gd(n,2n)159Gd reactions were measured at the neutron
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FIG. 4. Typical monitor reaction y ray spectra using HPGe
detector.

energies of 5.08, 8.96, 12.47, and 16.63 MeV. In the
160Gd(n,Zn)lngd and 158Gd(n,y)lngd reactions, a common
y ray of 363.54 keV (Iy = 11.78%) is emitted. Therefore,
it is necessary to remove this part of the cross section from
this capture reaction. At higher energies, the (n,y) reaction
has a very small contribution compared to the lower energy
neutrons. Since the lower energy neutron part has been already
corrected using the above method, the cross section obtained is
purely due to the (n,2n) reaction. In the same way, the tailing
corrections have been applied for all the reactions studied in
the present work.

IV. THEORETICAL CALCULATIONS

In order to theoretically understand the measured cross
section results, two well-known nuclear reaction modular
codes, TALYS 1.8 and EMPIRE 3.2.2, were used [13]. Both
codes are being used worldwide for nuclear data prediction
for the emission of y, neutron, proton, deuteron, triton, and
other particles. Both codes used the reaction parameters from
the RIPL database [31]. These codes consider the effect
of level density parameters, compound, pre-equilibrium, and
direct reaction mechanisms as a function of incident particle
energy. The optical model parameters were obtained by
using a global potential, proposed by Koning and Delaroche
[32]. The compound reaction mechanism was incorporated
using the Hauser-Feshbach model [33]. The pre-equilibrium
contribution was accounted for by an exciton model that
was developed by Kalbach [34]. In the present work, the

0.020 T T - T - T - r
Neutron Spectra for 15.0 MeV Protons
1 Flux Correction for *Gd(n, 2n) 'Gd

0.015 +

0.010

0.005

Neutron Flux (arbitrary unit)

2 4 6 8 10 12 14
E (MeV)
FIG. 5. Neutron flux correction for the threshold energy reactions,

shown for *Gd(n,2n)"**Gd reaction with threshold energy of
8.953 MeV labeled by A and maximum neutron energy labeled by B.
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FIG. 6. (a)—(d) Present measured cross section for *W(n, )W and '*W(n, p)'®*Ta, **Gd(n,21)'>*Gd and '**Gd(n,2n)"**Gd reactions
compared with EXFOR and predicted cross section data using different theoretical nuclear models of TALYS 1.8 and EMPIRE 3.2.2; The
LEVDE-2 model of EMPIRE 3.2.2 predicts very low values (below 100 mb) of cross sections comparing to other models hence it cannot be

seen in plot of 34Gd(n,2n)*Gd.

calculations have been done with all the default parameters
except changing the LD model and level density parameters.
The present results along with EXFOR data were compared
with these predicted data as shown in Figs. 6(a) and 6(b).

V. RESULTS AND DISCUSSION

The main objective of the present study was to provide a set
of reaction cross section data in the energy range where there
are very few or no measurements available in the literature.
These cross sections are important for the accurate reactor
design and also to improve the existing nuclear database.
Hence the present experimental data for W and Gd isotopes
become more important. Further, in this energy region, the
standard nuclear models play an important role to validate the
present measured experimental data. The major uncertainties
in the present reaction cross sections are given in Table V.

The measured data were supported by the theoretical
predictions using EMPIRE 3.2.2 and TALYS 1.8. There are
different options of level density given in EMPIRE 3.2.2. The
level density parameter values Levden =0, 1, 2, 3, 4 uses

various well known models described in various publications
[31,35-39]. By varying these parameters, the cross section
for the selected reactions from threshold to 20 MeV were
calculated. The predicted and experimental results are shown
in Figs. 6(a)-6(d). In TALYS 1.8, the different LD model
options were varied from LD model 1 to LD model 6 for the
selected nuclear reactions and the experimental cross sections

TABLE V. Major uncertainties incorporated in the present cross
section results.

Parameter Limit (%)
Counting rate <4-5
Efficiency calibration <3
Self-absorption <0.2
Mass <0.001
Neutron flux <6

I, <3
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were compared. The details of these parameters are given in
the TALYS 1.8 manual [39,40].

As shown in Fig. 6(a) for the ¥W(n,y)!8’W reaction,
the Levden = 2 of EMPIRE 3.2.2 gives a relatively better
agreement compared to other Levden values. But at lower
energy the Levden = 2 does not give satisfactory predictions.
Moreover, all other level density models of EMPIRE 3.2.2
show discrepancies with each other and predicts a lower
cross section as compared to the present experimental results.
In the case of TALYS 1.8 analyses, results of all the LD
model options are in good agreement with the data of present
measurements. For the '2W(n, p)lnga reaction, all TALYS
1.8 LD model are in good agreement. The EMPIRE Levden
models show a discrepancy with most of EXFOR and the
present data. For the 154Gd(n,2n)153Gd and 160Gd(n,2n)159Gd
reactions, the experimental results are in good agreement with
both the TALYS 1.8 and EMPIRE 3.2.2 predictions, except
Levden = 2, being listed as a future option in the EMPIRE
input file. Only the measurement at 16.63 MeV neutron energy
of 'Gd(n,2n)'>°Gd is under estimated then the predicted
values. Overall the theoretical predictions support the present
results. The measured cross section values and the different
model predicted values are compared at the same energies
in Table VI. In general, TALYS 1.8, for all the selected
models, gives better agreement compared to EMPIRE 3.2.2
in predicting the present experimental results.

VI. SUMMARY AND CONCLUSIONS

Cross sections for the 182W(n,p)lnga, 186W(n,)/)mW,
154Gd(n,2n)'>*Gd, and ]60Gd(n,2n)159Gd reactions were mea-
sured at the neutron energies 5.08 +0.165, 8.96 + 0.77,
12.47 £ 0.825, and 16.63 + 0.95MeV by using the neutron
activation analysis technique and incorporating standard tail-
ing corrections [18]. The cross sections have been measured in
an energy range where very few or no measurements are avail-
able. The different correction terms are discussed in order to

PHYSICAL REVIEW C 96, 024608 (2017)

achieve accurate cross section results. The spectrum averaged
neutron energy and accurate flux measurements have also been
duly incorporated. The neutron flux at different energies has
been calculated by using two monitor reactions and the values
thus obtained were found to be in good agreement. The average
flux values from the two monitor reactions were taken for cross
sections calculation. The cross sections for the W (n,y)'®’W
reaction have been measured at four different energies. In
the case of '2W(n, p)!®2Ta the cross sections are reported at
8.96 £ 0.77, 12.47 £ 0.825, and 16.63 &= 0.95MeV. For the
154Gd(n,2n)153Gd and 160Gd(n,2n)59Gd reactions, the cross
sections are reported at 12.47 + 0.825, and 16.63 &+ 0.95 MeV
neutron energies. All the measurements have been compared
with the theoretical modular codes TALYS 1.8 and EMPIRE
3.2.2. It may be concluded that TALYS 1.8 gives an overall
satisfactory agreement with the present experimental and
EXFOR results for most of the selected LD model as compared
to EMPIRE 3.2.2 predictions. However, in the case of (n,y)
reaction, Levden =2 of EMPIRE gives somewhat better
predictions as compared to other Levden models in the energy
region above 12 MeV. The cross section data presented in
this work are important for the future fission/fusion reactor
technology.
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Cross sections of nuclear isomers from the interaction of
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Abstract. The paper shows the results of experimental gamma spectra ob-
tained with a thorium 23?Th target and an aluminum collector irradiated at the
JINR Synchrocyclotron with the internal beam of energies of 100 and 600 MeV.
For 22Th there were identified 258 and 222 gamma lines that belong to 45 and
55 nuclides, respectively. For Al - 238, 330 lines and 81, 119 nuclides, respec-
tively. The cross sections of fragmentation of the 2>Th and Al nuclei under
the interaction with protons 100 and 600 MeV was determined. A comparison
of the obtained cross sections of the reaction with theoretical calculations was
performed.

1 Introduction

The interest of the world scientific community in the research of this kind is primarily asso-
ciated with the problem of transmutation of the long-lived radioactive waste and the creation
of subcritical nuclear power plants with the uranium-thorium cycle controlled by Accelerator
Driven Subcritical Systems (ADS). These installations may also partially take on the function
of the radioactive waste disposal. Also of great interest is the ability to use 233U and >*?Th as
nuclear fuel since these isotopes are more common in nature than 2>U.

The purpose is to study the process of separation of 2*Th protons.

The task is processing the experimental y-spectrum experiment performed on the Syn-
chrocyclotron (Phasotron) at JINR, Dubna.

The object of the study is the >*>Th nucleus.

The subject of the research is the reaction of fission and fragmentation of the 2*>Th nu-
cleus under the interaction with protons.

The research methods are the y-spectroscopy of the irradiated target and the collector of
the fragments. For theoretical calculations a Monte Carlo method using the MCNP 6 1.0
program with the CEM model was used.

*e-mail: xholom05 @stud.feec.vutbr.cz
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1.1 JINR

In Russia, a number of studies on the irradiation of small targets on direct proton beams have
been performed in ITEF. These works studied the transmutation of the long-lived waste, pri-
marily '?°T and younger actinides 23"Kr, 22U, 23°Pu, ! Am, have been conducted within the
framework of a broad international collaborative work on the subcritical installation "Energy
plus transmutation”, "QUINTA" and "BURAN" on the Phasotron beam LFBE [1,2].

1.2 MYRRHA

A multipurpose hybrid research reactor for application in the field of high technology is the
setup using fast neutrons with the lead-bismuth coolant and heat capacity of 50-100 MW. It
is designed as a system using an accelerator to operate in subcritical and critical modes. The
reactor is scheduled to be commissioned in 2023 [3].

1.3 Installation of neutron generation in KIPT

The US government supports the development, construction and operation of an ADS system
(neutron source research facility, KHPTI) at the Kharkiv Institute of Physics and Technology
(KPI) of Ukraine under the Russian Research Reactor Fuel Return (RRRFR) program of the
United States Department of Energy.

This device consists of a sub-critical accelerator system that uses the low-enriched ura-
nium oxide with a cooling fluid (water) and the beryllium-carbon reflector. An electron ac-
celerator is used to create a neutron source used by a subcritical device to function. The target
of this installation is in the middle of the tungsten plate or the natural uranium used to create
neutrons that cool water. Tungsten or uranium is the target material for generating neutrons.
Water, like the coolant and the aluminum alloy structure, are used as a target. The target
configuration is designed to place a beam square profile and hexagonal fuel geometry. The
power of the accelerator beam is 100 kW from 100 MeV electrons [4].

2 Experiment

The experiment was preformed on the Phasotron in DLNP, JINR (Fig. 1). The maximum
energy of accelerated protons at Phasotron is 660 MeV.
The main parameters of the Phasotron are:

1. Energy of accelerated protons — T, = (659 + 6) MeV.

2. Energy dispersion — T, = (3.1 + 0.8) MeV.

3. Frequency of proton acceleration cycles (modulation frequency) — 250 Hz.
Emittance at the boundary of the scattered magnetic field of the Phasotron:

1. Horizontal e, = (5,1 + 2,3) cm*mrad.

2. Vertical e, = (3.4 £ 1.4) cm*mrad.

3. Intensity of the extracted proton beam mode "fast" output (pulse duration 30 mks) (2-
2,5) mkA.

4. Intensity of the extracted proton beam in the "slow" output mode (beam extended in
time for 85% of the modulation period (~ 4 mc)) (1.6-2.0) mkA.

5. Extracted proton beam has a microstructure — bunches of particles with a duration of
about 10 ns follow with an interval of about 70 ns.
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Figure 1: Schema of the Phasotron in DLNP, JINR
1 — magnet housing; 2 — vacuum chamber; 3 — duant; 4 — output channel; 5 — Sl-electrode
for beam stretching; 6 — intermediate chamber; 7 — variator; 8 — HF generator; 9 — vacuum
pumps; 10 — samplers; 11 — ion source rod; 12 — the first magnetic elements of the proton
path; 13 — spiral shimmy for the spatial variation of the magnetic field; 14 — magnet excitation

winding

The samples, using a special device, were placed in the ac-
celerator chamber at a radius corresponding to the energy of pro-
tons 100 and 600 MeV at the current of 0.3 uA. The position of
the 100 and 600 MeV beams was determined by placing an alu-
minum foil inside the accelerator and perpendicular to the pro-
ton beam and evaluating the activity of the foil. For the target,
foils of >>Th were used with a thickness of 100 microns and a
weight of 149.5 mg placed between two Al foils with thickness
of 50mkm. The foil area was 1.5 cm?. The target was placed in
such way that the proton beam was hitting the edge of the target
as it shows on Fig. 2. The dimensions of the beam in the cross
section were AX = 2.5 cm and AY = 2.6 cm. To determine the
integral flow of protons falling on the >3>Th samples, an activa-
tion method of 2’ Al with >*Na was used. For this purpose, two
sides of the 232Th were placed close to the 2’ Al foil (50 um). As
a result, for each of the irradiations, an integral proton flow on
samples was determined, which was 7.64-10'2,

X=2.5cm Y=2.6cmi { i
AAA

50mkm
20.5mg

Al

100mkm
149.5mg

Th 232

Figure 2: 232Th target

After irradiation, the samples were removed from the chamber of the Phasotron and
moved to the spectroscopic complex YSNAPP-2, which separately measured the spectra of
y radiation of the 2*>Th and ?’Al foils using the HPGe-detector of the CANBERRA com-
pany with an efficiency of 18% and a resolution of 1.9 keV in the line 1332 keV ®Co. The
measurement time was 1 m,2m, 4 m, 8 m, 16 m, 30 m, 1h, 2h,4 h, 6 h, 12 h, 1d, 2d [5].
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3 Processing of gamma spectra

The processing of the gamma spectra was carried out using the DEIMOS32 program to find
positions of peaks, their areas and other parameters. The identification of the nuclei formed
in 232Th samples as a result of nuclear reactions with protons was carried out using a set
of scripts based on the Ruby programming language (AttCor , EffCor, MidLit5, NonLin64,
PureGam, SepDepe, SigmalJ7, TimeConst, TrueConic, TransCs9). After that, the cross sec-
tions of the obtained isotopes were compared with data from the Los Alamos National Labo-
ratory under the program MCNP6 1.0 (the database of theoretically calculated cross sections
of isotopes CEM100.asc) [6], [7].

4 Results

41 *2Th

For 100 MeV, 45 nuclides were identified. The identified nuclides have a mass number in the
range of 71-224 with spaces in the range of values 100-110 and 150-223. Fig. 1 shows the
dependence of the cross section of the fragmentation of nuclei on the mass number A. The
intervals of the mass number of nuclides correspond to the intervals of the atomic number Z
44, 45 (Fig. 3a) and 61-88 (Fig. 3b).
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Figure 3: Graph of the cross sections for thorium irradiated by 100 MeV protons

As a result of processing of gamma spectra measured for the irradiated thorium target,
222 gamma lines were identified. The comparison of the obtained data with published results
allowed identification of 55 nuclides by energy and half-life. The identified nuclides have a
mass number in the 68-211 range with spaces in the range of values 134—-142 and 143-186.
The spacing of the mass number of nuclides corresponds to spaces of the serial number Z of
54-57 (Fig. 4a) and 58-77 (Fig. 4b). The sections of fragmentation of the 232Th nucleus
under the action of 600 MeV of protons were determined, respectively.
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Figure 4: Graph of the cross sections for thorium irradiated by 600 MeV protons

4.2 Al

The 81 nuclides were identified. The identified nuclides have a mass number in the range of
24-233 with spaces in the range of values Z and A 63-71 (Fig. 5a) and 150-171 (Fig. 5b),
respectively. Fig. 5 shows the dependence of the fragmentation cross section of nuclei on the
mass number A. Fig. 6 shows the dependence of the fragmentation cross section of nuclei on

the serial number Z.

The 119 nuclides were identified. The identified nuclides have a mass number in the
range of 7-237 with spaces in the range of values Z and A 58—69 and 143-167, respectively.
Fig. 6a shows the dependence of the fragmentation cross section of nuclei on the mass number
A. Fig. 6b shows the dependence of the fragmentation cross section of nuclei on the serial

number Z.
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Figure 5: Graph of the cross sections for aluminum irradiated by 100 MeV protons
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Figure 6: Graph of the cross sections for aluminum irradiated by 600 MeV protons

5 Conclusion

The experimental data on the fragmentation of the >*>Th nucleus under the influence of pro-
tons in the energy of 100 and 600 MeV have been processed. The experiment is performed
at the Phasotron in JINR, Dubna. The sections of fragmentation of the 2**Th nucleus have
been obtained depending on the charge and mass number of the reaction fragments. For the
100 MeV 232 Th targets the 258 gamma lines that belong to 45 nuclides and 222 belong to
55 nuclides in case of 600 MeV have been identified. For the Al collector, the 238 gamma
lines belonging to 81 nuclides in case of 100 MeV and 330 lines for 119 nuclides in case of
600 MeV, respectively, have been identified. The incommensurability of the number of lines
for the target and the collector can be explained by the different distribution of fragments by
kinetic energy. For the mass and charge spectra, the separation and fragmentation reactions
are clearly divided.

References

[1] J.H. Khushvaktov, J. Adam, A.A. Baldin, W.I. Furman, S.A. Gustov, Yu.V. Kish,
A.A. Solnyshkin, V.I. Stegailov, J. Svoboda, P. Tichy, V.M. Tsoupko-Sitnikov, S.I. Tyu-
tyunnikov, R. Vespalec, J. Vrzalova, V. Wagner, B.S. Yuldashev, L. Zavorka, M. Zeman,
Applied Radiation and Isotopes 137, 102-107 (2018)

[2] I. Adam, V. Wagner, 1. Vrzalova, L. Zaworka, M. G. Kadykov, V.S. Pronsky, A.A. Sol-
nyshkin, V.I. Steigailov, M. Suhopar, S.I. Tyutyunnikov, V.I. Furman, Zh. Khushvaktov,
V.M. Tsupko-Sitnikov, V.V. Chilap, Applied Radiation and Isotopes 107, 225-233 (2015)

[3] http://www.atomic-energy.ru/news/2012/01/16/30122

[4] M.I. Ayzatskiy, B.V. Borts, A.N. Vodin, P.A. Demchenko, A.Yu. Zelinskiy, .M. Kar-
naukhov, V.A. Kushnir, V.V. Mitrochenko, A.O. Mytsykov, .M. Neklyudov, S.N. Oleynik,
F.A. Peev, G.D. Pugachev, S.A. Soldatov, I.V. Ushakov, Y .Gohar, I. Bolshinsky, Ya.L. Chi,
S.L. Pei, S.H. Wang, W.B. Liu, Problems of atomic science and technology 79, 3-9 (2012)

[5]1 R. Holomb, K. Katovsky, I Adam, M. Zeman, 1. Haysak, A. Solnyshkin, J. Khushvak-
tov, R. Vespalets, in Proccedings of the 2018 19th International Scientific Conference on
Electric Power Engineering (EPE) (Brno: VUT, 2018) 527-531

[6] S.G. Mashnik and A.J. Sierk, LANL Report LA-R-12-01364 (2012)

[7] EB. Brown, LANL Report LA-UR-13-23040 (2013)

https://doi.org/10.1051/epjcont/201920404006


http://www.atomic-energy.ru/news/2012/01/16/30122

