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All is made _for humans and humans are made for all.
John Kalamaras

To my parents...

[

John Kalamaras along with his (two out of five) grandchildren, Antigoni and John Kalamaras
(Porto Heli 1990).

John Kalamaras (1915-2005) has served as an officer in the Greek Navy and during
World War II he was a Radio Operator-Maintener in Warships. In 1942, he was tortured, in
his own home, in order to provide classified information and just after that, he was found
moribund in the bathtub shown in the photo. He did not give in torturing and later on, he
denied to accept the money award which was offered to all the War Heroes, due to the fact
that he considered that he should not been paid for doing his duty.






'Ofla givat yia 1ov avdp®no KL 0 Avdpw®Tog yia ofla.
Ioavuvng Kadauapag

Z10U¢g YOUVElg Lov...

(S

Iodavvng KaAlapapdg padi pe ta (8vo aro ta mévie) eyyovia tou, Avuyovn kat Iavvn KaAapapa
(ITopto XA 1990).

O Iwavvng Kadapapdg (1915-2005) vninpétnoe og adtopatikog tou [Todspikou Nautikou
Kat katd ) Sidpreia tou B’ ITaykoopiou IToAépou ftav acuppatiotng o roAspika mioia. To
1942, Baocaviotnke oto 1610 tou 10 ortitt yia va dmoel anoppnteg mAnpodopieg Kat petd aro
Atyo BpéBnke etopoBavatog oty praviépa o @aivetal oty etoypadia. Asv uriEKuye oto
Baocaviopd kat oAU apyotepa apvnOnke va dexBel tv xpnuatky anodnpi®orn mou mpoodep-
9nke oe 0Aoug 10ug Hpweg IToAépou, Aoy® tou 6Tl Sewpovoe nwg dev Sa émpene va mAnpwOet
EMMITAL0V, Y1laTi éKave amiAd 1o Kabrkov Tou.
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MepiAnyn

H peldén evepyov Satopov nupnvikov avildpdoewv verpoviev rapouctalet dwaitepo evoia-
@épov tooo yla v Baowkr) ‘Epeuva ng [Mupnvikng duokng kat g ACTpoQuUoIKIg, 000 Kat
yla tov topéa v Epappoyev otnv mupnvikn texvoloyia, ) dooerpia, v 1aIpKn KAl
Bropunxavia. ITo ocuykekprpéva, ta nepapatika dedopéva evepywv Statopmv eival avaykaia
yla 1oV €AEYX0 TOV MUPNVIKOV POVIEA®V Kl TOV aKP1B8l] TIPOcd1oplond 1OV MAPAPETPROV TOUG.
[iaitepa o1 evepyEg H1ATONEG TOV 100EPOV KATACTACERDV ITAPEXOUV MTANPOPOPIES Yia 1) PEAEN
TOU UNXAviopou arodiéyepong tou oUVOEToU Tuprva, AOY® Tou OTL O EIMOIKIONOS TOUS £5ap-
Tdtatl dpeoa arnd 10 OV T®V EVEPYEIAKAOV OTaO@V TTOU TpodPOod0ToUV TIG 10011EPEIG KATAOTACELS
KaBwg KAl anod v KAtavour T®V OIliv otnv MePloxr] tou ouveyxous. I'a autoug toug Adyoug
xpeladoviatl mupnvika dedopéva upning akpibelag o peyalo evepyelako @Acpa, roU onpepa
bev untapyouv otig Baocelg Sedopévmv.

'Eto1, oromog g rapovoag 51atpiBrg sivat 1 MEPAPATIKL KAl Je@PNTIKY PEALT TOV EVEP-
yov Statopov tev aviibpaoewmv 197 Au(n,2n) 9% Au, 19110, 2n) 1r, 191110, 3n) %1 kat
1931r(n,2n)9%Ir pe ) p£0060 g evepyoroinong, KaBMS Kat 0 avedptnTog MEPAPATIKOG ITP00-
810p10110G TV evepywVv Slatopav yia t1g 6U0 100pepels OTAOPES TOV MAPAYOHEVOV TTUPTVAV :
197 Au(n,2n) M9 Au™2 kat 1r(n,2n) 9012,

Ot elpapatikeég PeTtpnoelg mpaypatoronibnkav oto Epyaoctiplo tou Enmtaxuvey 5.5 MV
Tandem T11/25 tou EKE®E “"Anuokpitog” yia evépyeieg d¢opng verpoviov aro 15.3 €ng 20.9
MeV, pe ) pébodo tng evepyoroinong. H nmapaywyr) 1oV Velpoviov £yive PEowm Tng aviidpa-
ong *H(d.n)*He (D-T) Kat 1 evepYEIaKT) KATAVOWT] TOUG £xel 1181 peAetnOel, péow g pebdou
moAAarAng evepyornoinong (multiple foil activation). H pon tov vetpoviev, n omnoia sivatl ana-
paitntn yia tov rmpocdloplopd g evepyou dlatopng v 51 aviildpdoenmv, unoloyidetal Péow
TOV EVEPYROV S1aTOpOV aviidpdoenv avapopdg: 2TAl(n,0)**Na kat **Nb(n,2n)?? Nb™. Metd 10
EPAg T®V AKTIVOBOANOE®V, 1] EVEPYOTTA T®V U0 PEALT SEYHATOV KAl TOV OTOX®OV avadopdig
HETPHOnKe PEO® (PACHIATOOKOITAG-Y HE AVIXVEUTEG urteprabapou yeppaviou (HPGe).

Tig melpapatikeg perprjoelg ouvodsuoav Monte Carlo mpocopoldoelg TV MEPAPATIKOV
Satagewv. Tuvdudotmkav o1 kwdikeg NeuSDesc kat MCNP5 yia v ripocopoiwon tg 61ado-
ong g 6¢opng v verpoviov, eved MCNP5 npocopowwoeig xpnotponow)dnkav emiong, yla tov
pood1op1lopd g evéoanoppodnong IV aktivav-y péoa ota aktvoBoAnBévia detypata. Xta



viii

miaiowa g napovoag SiatpiBrig, pia mpoodata epapoopievn) PEB0dog xpnopionoribnke ya
1OV IPOC0610p1o10 TG EvepyoU Siatorg g aviibpaong 1931r(n,2n)"%Ir, i oroia poAvvetat ané
mv avtidpaon r(n,7)2%Ir nou evepyonoieital and xapndosvepyelakd, ApAoITiKA VETPOVIAL.

ErurAéov, vdoror)fnkav dempntikoi UrtoAoylopol v evepyov Statopov twv 5L avudpaoe-
wv evilagpépovtog, ota mAaiotla g Sewpiag Hauser-Feshcbach, xpnowponowwviag 11g teAeutaieg
ek600e1g 10V Kobikwv EMPIRE kat TALYS. Ot Ssmpntikoi UTIOAOY101101 Tpaypatono)fnkav
Y1a éva PeyAalo eUP0g EVEPYELRDV, PETASU 1078 xat 35 MeV, pie oKoro XPNOoIo1ROvIag Tig idieg
MAPAPETPOUG, VA YIVEL I AVAIAPAY®YT] TNG EVEPYOU dlatopr|g yia dSiapopa kavdaldia avudpaoe-
@v, onwg (n, elastic), (n,2n), (n,3n), (n,p), n,o) kat (n,total). H avanapayoyn tov evepywv
BlATOPOV TV aviiBpdoemy Mou 08Nyouv ot 100pEPeis kataotdosg, 27Au(n,2n)?Au™? ka
BlIrn,2n) 12, cuvéomoe onpavikd rneploptojtd otoug Ye@PTIKOUS UTIOAOYIO10UG, AGY®
MG PeYAAng eualobnoiag t1oug o PIKPEG aAAAyEg TOV TIHOV TOV ITIAPAPEIPOV £10060U (input
parameters).



Abstract

Neutron induced reaction cross sections are of considerable importance for technological
applications such as nuclear technology, dosimetry, medicine and industry. Also, they
play a significant role in Nuclear Physics and Astrophysics fundamental research. More
specifically, cross section experimental data is necessary when the nuclear models need to
be checked and their parameters be accurately determined. Especially, cross sections of
isomeric states provide important supplementary information for the study of the compound
nucleus de-excitation mechanism due to the fact that their population directly depends on
the spin of the levels from which the isomeric states are fed and on the spin distribution
in the continuum. For the aforementioned reasons, highly accurate nuclear data in a wide
energy range, that does not exist in the databases, is needed.

Thus, the purpose of the present thesis is the experimental and theoretical study of the
cross sections of the 7 Au(n,2n)*Au, 1 1r(n,2n) °Ir, 19 1r(n,3n)1%°1r and 1231r(n,2n)1%21r re-
actions, as well as the independent experimental cross section determination for the two iso-
meric states of the produced nuclei, namely the: 197 Ayi(n,2n) % Au™2 and 911r(n,2n) 9012
ones. The measurements were performed at the 5.5 MV Tandem T11/25 Accelerator Lab-
oratory of NCSR “Demokritos" for neutron beam energies ranging from 15.3 to 20.9 MeV
using the activation technique. The neutrons were produced by means of the 3H(d,n)*He
(D-T) reaction and their energy distribution has already been studied, implementing the
multiple foil activation technique. The neutron flux, which is necessary for the determina-
tion of the cross sections of the six reactions, is determined relative to the 2’Al(n,a)%*Na
and 93Nb(n,2n)92me reference reaction cross sections. After the end of the irradiations,
the induced activity in the target and reference foils was measured by y-ray spectroscopy,
using High Purity Germanium detectors (HPGe).

The experimental measurements are accompanied by Monte Carlo simulations of the
experimental setups. A combination of the MCNP5 and NeuSDesc codes is implemented for
the simulation of the neutron beam transfer, while the MCNP5 code is also used in order
to determine the vy-ray self-absorption in the irradiated samples. In the framework of the
present thesis, a recently applied methodology was implemented for the determination of the
19311(n,2n)92Ir reaction cross section which is contaminated by the 1911r[n,7)1921r reaction



which is activated by low energy parasitic neutrons.

Furthermore, the study concerning the six reactions is accompanied by theoretical cross
section calculations performed in the framework of the Hauser-Feshcbach theory, using the
latest versions of the EMPIRE and TALYS codes. The theoretical calculations are carried
out over a wide energy range between 10~% and 35 MeV in order to reproduce several
experimental reaction channels using the same parametrization, such as the (n, elastic),
(n,2n), (n,3n), (n,p), (n,@) and the (n,total) ones. The reproduction of the cross section for the
two isomeric states of the produced nuclei in the 197 Au(n,2n) 5 Au™? and 911r(n,2n) 012
reactions constitutes a significant constraint due to their enhanced sensitivity for small
changes in the input parameter values.
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Ektrerapévn NepiAnn

Elwcaywyn

H peldén mupnvikev avidpdoemv VEIPOVI®V mapouoctddetl 181aitepo evoladpEpov 1000 yia v
Baowkr 'Epeuva g Mupnvikng Puoikng kat g ACTPOPUOIKIG, 000 Kal yld TOV TOPEd TRV
Egappoywv otnv upnviky texvodoyia, t doowpetpia, v atpikn kat ) opnyavia [1, 2].
Ao v enoxr] mou avakalupbnke 1o verpovio [3], Eyvav mpoomdbeleg yia Ty KAtavonorn
G enibpacng ToU € 10TOUG, Ol OIMOoieg 08NyNoav oIV XPron IOV VEIPOVI®V yld TNV AVIHE-
TOITION TOU Kapkivou. Ze avtiBeon pe ta @optiopéva oopdtda 1) td @eTtovida, rou odnyouv oe
apeon anedeubBEP®on NAEKTPOVIOV, Ta VEIpovia AaAAnNAermbpouv e TOUG TTUPLVEG TOU OTOXOU
Kal Iapayouv 1oikida €i6n @optiopévev copatiov, orneg mpeIovd, ooPdtld a 1 Kat Bapute-
pa ocopdua. ‘Etol, n katavonon g adAnlenibpaong verpoviou-ruprva eivatl avaykaia yua
1oV akp1Br) urodoylopo g doong kat 1o oxediaopo piag Sepaneiag [4]. Emopéveg, pia and
TG ONHAVIIKEG £dpapoyEg g dootpeTpiag eival n XpHon g o€ VOooKopeia ou edpappoiouv
verpovikeg epaneieg. 'Eva addo 9épa eivatl o1, kabog mepvouv 1a Xpovia, 1 avaykrn yla tmyv
Slaxeiplon v padlevepy®mv MUPNVIKGOV ATTOBANTOV TTOU MEPIEXOUV MAOUTOVIO KAl AAAEG aKTL-
videg, yivetat 6Ao kat 1o €viovr). Ot akTvideg eKMEPMOUV verpodvia gite anod v aubéppunin
oxdaon Toug, elte anod avudpaocelg (a,n) [5]. Qg ex toUToU, 0 AKP1B81|S UTIOAOYI0110G TOV VETPOVIOV
IOU EKTIEPITOVIAL AITO Td TUPNVIKA arntoBAnta £ival oAU oNnNpavilkog, T000 yla 1o reptBaiiov,

000 Kal yld Toug avlpwroug.

[Srartépa o1 avtibpaocelg katwdAiou (n,xn) os 10o0ToTIa TOU AU KAt ToU Ir, Tou peAstoviat oty
napovoa d1atpiBr, mpoteivovial yia doopetpia vpnlosvepyelakmv verpoviov [6-8]. H xpron
51a00peTIKAOV PASIOXNUIKAOV AVIXVEUTOV KAl S1aPOPETIKOV MUPNVIKGOV aVIISPACE®V EIMITPETTEL
TOV TIPOCO10PIoPO HAPOPWV EVEPYEIAKAOV TIEPIOXMOV TOU PACHUATOS TG POI|G TV VETPOVI®V OF
VETpOVIKA epiBaAdovia (. avudpaaotrpeg ouvining) Kat yt autd xpetadovial akpibr) Ssdopéva
evepywv dtatopov. H nmabnukn pébodog tng Sooperpiag verpoviov mou Aettoupyel evepyortot-
wvtag KatdAAnAa vAkd (oniwg Au kat Ir), mou ouvBeg avapépovial g “aviXveutég EVEPYOITO-
inong” ("activation detectors"), €xet arodeiyBei wg 1 o guaicdn petaiy AAA@V PETPNTIKOV
opydavav. I'a napadetypa, otov oxedlaopo MPOoEITIKOV S00THETP®V, Ol “AVIXVEUTEG EVEPYOITO-
inong” Sewpouvtal o1 o KatdAAnAol yia i) dootperpia verpovinv, AOY® TOU OTL £€X0UV PEYAAD



gualodnoia Kat XapnA®vouv 10 KATWIEPo 0p1o Tng 600ng rmou propet va avixveubei. Ipémet
va onpewwdei ot 18aitepa o1 evepyeg Sratopég v avidpdoswv (n,2n), addd katl yevikotepa
w0V (n,xn), otov Au, oupneptdapBavoviatl oy Aiota IMupnvikeov Asdopévev Ilpatng Ilpote-
pawdtntag tou Opyaviopou ITupnvikrg Evépyeliag (NEA Nuclear Data High Priority Request
List).

Extog amno tig napandve Texvoloyikég Epappoyég tov aviibpaocenmv (n,xn) otov Au Kat oto
Ir, untdpxouv kat ddda dépata mou adopouv auotnpd oty Baowkr ‘Epsuva tng [Mupnvikng
duokng. Ot MAPAYOHIEVOL TIUPHVES artd Tig avudpdoeig (n,2n) otov 27Au xat oo 1Ir, éxouv
1oopepelg otadpeg upndou ortiv. Ot evepyeg Slatopég TV tedeutaiav, divouv onpaviikeg mn-
POMOPIeg Yia T PEAET TOU PIXAVIOHOU ATIOd1EYEPOTG TOU 0UVOETOU ITUpnva, 51011 0 EMOIKIOPOG
TOUG £gaptdtal Apeoda ard 1o OITiV TV EVEPYEIAK®MV OTadp®V mou Tpopodotouv Tig 1001EPEiS Ka-
1Taotdoelg Kab®G KAl anod v KATtavour TV OV OInVv MEPLoXr ToU ouveXoug. ErmutAéov, ocov
apopd OTIg EVEPYES O1ATONEG TOV 100PEP®V KATAOTAOE®V, TA UIAX0via relpapankd dedopéva
eite mapouotddouv onuaviikeég S1adpopég petadu toug, eite eivat eAAutry. 't autd 1o Adyo, ta véa
6edopéva eival anapaitta kat akopa, da doocouv pia ®Onon ot MEPAPATIKEG £PAPOYES,
epooov divouv 1 duvatdtnta piag apeong Kat Atyotepo XpovoBopag avaduong, Aoye Tev Hi-
KPOTEP®V XPOVav Nuidwng (oe ouykplon pe ) Pfaoikn) otabun) mou epniéxkovial. Extog autov,
1a véa Kat akpBr) repapatika dedopéva ivatl moAv onpavikda yia v aglodoynon (evaluation)
TV EVEPYOV S1ATOP®V AUV TV avildpdoewv, epocov Bev UrdpXouv aSloAoyHoelg yia autég
1§ avuidpaocelg. Mia akopa cuvelopopd tng rapoucag H1atpiBbrg otV MEPAPATIKY] QUOIKTY), &-
tval n mpoodata epappoopévy nEBodog avaluong rou Xpnotpornow)fnke yla tov rpoodloptopo
g evepyou dlatopng tng aviibpaong 1931r(n,2n) 921, Aoy® ng poéAuvong amnod v aviidbpaon
1r(n,7)%Ir. Aut) n pébodog, 51000@VEL TOV APIOPO TRV YEYOVOT®V IOV XP1OIHOoteital yia
TOV UTTOAOY10P0 TNG evEPYOU Slatopng, dote va AngOouv unmoyrn 1a yeEyovotd IoU IIPOKUITIOUV
anod XapnAoevepyelkd, MAPACITIKA VETPOVIA KAl PIopet va edpappioobel oe kABe pETpnon mou
ylvetatl pe povoevepyelakr) deopr, oe datageig mou dev €xouv ) Suvatdtnta tng PETPNOoNG ToU
Xpovou mrong tev verpoviov (TOF - Time of Flight).

BiBAloypadia xat Néeg Metprioetlg
Zta mAaiola tng mapouoag 818axrtopikng dratp1Brig pedetr|Onkav ot &g €51 avubpdaoeig:

o 197Au(n,2n)!?%Au
o 197Aum,2n)19% Au™2
o 91rmn,2n)101r

o 9rn,2n)1901m2
o Ylr(n,3n)'%Ir

o) 193Ir(n,2n)1921r

Kat ta urnapyovia rielpapatnkd dedopéva otnv BBAoypagia [9], yia v kabe pia, gaivoviat
oto Zxnpua 3.
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Figure 3: Ielpapatkd dedopéva mou unidpxouv otnyv 81ebvn BBAoypagia [9] yia tg evepyég
Siatopég (cross section)tov £61 avuibpdoemv mou pedetovial ota miaiowa g rmapovoag diatpt-

png:
(a)197Au(n,2n)196Au,
(c) 191Ir(n,2n)1901r,

(e) r(n,3n)'Ir and () *°Ir(n,2n)'*%Ir.

Ta npacwva onpeia eivatr adiég perpnoetg g opadag Mupnvikng duokng tou EMII

()7 Aun,2n)*Au™?,
(d) 'Ir(n,2n)' 012,

(101,

ou Snpooteubnkav 1o 2007 kat 2011, amo tov N. IMatpovn k. a [11] kat tov A. Towyyavny k.

tpood10p1000UV 01 evePYEG O1ATONEG 08 UWPNAOTEPES EVEPYELEG VETPOVIDV.

a [12], avtiotoixa. H mapouoa epyacia amotedel ouvéxelda g IPONYOUEVHG, 1€ OKOIO vad



Ma evépyeleg dveo aro 15 MeV, 116vo TEVIE O€T PETPHOE®V UmapXouv otnv BiBAtoypadpia

[13-17] ka1 ta avtiototxa Sedopéva rmapouctalouv onuavikeég dtapopég petagyu toug. Ta v
gvepy6 Slatopr) g avtibpaong M Mr(n,2n) Ir, yia 1o dBpotopa g Bacikng Kat mg mpodtg
petactaboug otdbung (g+m1) (BAére Zxrpa 3c¢) povo €861 oet petprioewv undpyouv [11,18-22],
Ta ortoia £Xouv Alya melpapatika onpeia yla evépyeleg nave amno 15 MeV. Mia akopa xeipotepn
nepineon, sivat aut) mg 8evtepng petaotabous otadpng tou rwpnva OIr (Sxfpa 3d), 66t
rtapodo 1ou urndpxouv duo oet Sedopévav [21, 23] oto evepyelako eupog petady 15 kat 18
MeV, napoucialouv onpavikeg dapopég Petadu toug, eve yla Heyalutepeg evépyeleg, Oev
unidpyouv kabBoAou nelpapatika Sedopéva. ‘Ocov adopd otV evepyo dratopr) g aviidbpaong
OlIrn,3n)'%1Ir (Zxgpa 3e), undpxouv pdvo &0 et 5eBOPEVOV O OAO TO EVEPYEIAKO £UPOG,
pe Afya melpapatikd onpeia. Tédog, yua v aviibpaon 3Ir(n,2n)'"%Ir (Sxfpa 3f), €& ost
6edopévav undpyxouv oy PiBAloypadia [18-21, 24, 25], adAd n mAsoyndia 1@V onpeiov
Bpioketal otnv reptloxr) tou rmiate. [Ma evépyeleg Kat® aro 13 kat ndave aro 16 MeV, sivai
gpdaveg ot xperadoviatl Kat aAda Mmelpapatika onpeia.

Enopéveg, 0 okorog tng napoucag 61atpiBrg eival 0 MEPapatikog rpoodloplopog v
evepyov Slatopmv tov €61 apandve avudpdoenv, yla evépyeleg déopung verpoviov petadu 15
kat 21 MeV. EmurnAéov, ota mAaiola autrng mg epyaciag, avadubnkav nelpapankda dedopéva
rou eixav Angdei to 2005 kat 2006, pe Séopeg verpoviov petagu 10 kat 11.3 MeV, e16ikda ya
mv evepyo Sratopr) g avtidpaong 3Ir(n,2n)?%Ir. Ta 6e6opéva rmou eixav AngOei ano tg idieg
axktvoBoAfoetg yia v aviidpaon 1r(n,2n), Snpooeubnkav o 2007 and tov N. Hatpaovn k.
a [11].

IIeipapatiroe Mépog

O1 perproeig npaypatonoin®nkav oto Epyaoctriipilo tou Emitayxuvir) Tandem 5.5 MV tou EKEDE
"Anpokpttog” otnv ABrva (BAéne Zxrpa 4).

Zxnpa 4: Epyaotpio tou Ermmitaxuvir) Tandem 5.5 MV tou EKEDE "Anuokpttog” otnv Afrva
[26].

H napayoy1 tov 1IoVoevePYEIaK®V SEomV VETPOVIRV £y1ve NEO® NG aviidpaong 3H(d,n)*He (D-
T). H peydAn tpr Q (Q = 17.59 MeV) kat o Xapndog atopikog apifpog €xouv oav anotéAeopa
TV ATTOS0TIKY TAPAY®DYI] UPNAOEVEPYEIAKRDV VETPOVIOV, V1A XAINAEG EVEPYEIEG E10EPYOEVOV
Seutepiov [27]. H evepyog diatoprn) g avtidpaong D-T @aivetat oto Zxnpa 5 yia éva eupu
(PACHA EVEPYELDV.

TG petprostg g rapouoag d1atpibrg, ot evépyeleg Tov deutepinv Kupavonkav arno 1 é¢wg 4.3
MeV, eve 1 evepyog Siatopn) g aviidpaong yla autég Tig evEPYELEG @aivetatl oto Zxnpa 6.
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Zxnpa 5: Iepapaukd dedopéva kat n kaprmudn a§lodoynong g B1BAobrikng ENDF/B-VI
yla v evepyo Siatoprn) g aviibpaong 3H(d,n)*He (D-T), ouvaptrioet g evépyelag g 6Eoung
beutepiav [9,28].
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Zxnpa 6: Iepapaukd debopéva kat n kaprmudn a§lodoynong g B1BAoOrkng ENDF/B-VI
yia mv evepyd Satonr) g avtidpaong *H(d,n)*He (D-T), cuvaptrost tng evépyelag g S£0UNG
Oeutepinv, eotiaopéva otnv rieploxr) evéiapépoviog [9, 28].

AGie1 va avapepbei OT1, OVOEVEPYEIAKT] TINYT VETPOViwV gival auty) rou Sivel éva paopa
VETpOVI®V TIOU arotedeital ano pia moAu Aertr] Kopudrn, oe pia evépyewa. Tétowa verpovia
PIopouv va IpoKUYPouUv Povo aro avidpdoelg duo-copatiov, yt autd otv mpdln eKtog ano
Ta VEIPOVIA NG KUPLAG EVEPYELAS ITAPAYOVIAL EMMITAL0OV verpdvia "umoBabpou” [29]. Autd ta
VETPOVA, avapEéPOVIal KAl @G MTAPAOITIKA, £VR) SEKIVOUV artd evépyeleg JepHIKOV VETPOVIRV Kat
@Bavouv £ng pepka MeV [30].
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Zxnpa 7: H dxpn g ypappng aktivoBOAnong otov melpapatiko Xpo tou Epyaotnpiou tou
Emtayuvir) Tandem 5.5 MV otov "Anpoxpito”.

Ot avuibpdaoelg Iou PItopouv va odnyrjoouv otnV mapayeyn apaclilik®v VEIPOVIOV ITapouot-
alovtat otov ITivaka 1:

[Tivakag 1: Ot faoikég avtibpAoelg MApAy®ynS MAPACITIKGOV VEIpoviav, padl pe tnv rpocAsuon
TOUG, TA EVEPYELOKA KATOOALA Kal TI§ aviiotolxeg Tipeg Q. 'OAeg ot Tipég utoBetBnkrayv anod v
B1BA1001kn NNDC amno tov "urtodoyiot) tipov Q" (@-value calculator) [31].

[IpogAeuon Avtidpaon KatopAt Kupua Evépyela Aéopng T Q

(MeV) Netpoviov (MeV) * (MeV)

Stox0g (Epguteuon) 2H(d,n)*He 0.000 - 3.269
Tt6x06 (Built up) 2¢(dn)'3N 0.328 14.960 -0.281
Tpappr AktvoBodnong  90(d.n)'"F 1.829 17.710 -1.625
Avtuibpaoeig AlaAuong 3H(d.np)*H 3.710 20.304 -2.225
Avuibpaoeig AlaAuong 3H(d,2n)3He 4.984 21.841 -2.988
Avudpaoeig AtdAuong 3H(d.nd)’H 10.435 - -6.257
Avudpaoeig AtdAuong 3H(d.2np)’H 14.145 - -8.482
Avudpdoeig Adduong  °H(d,3n)2p **  17.876 - -10.707

* H xupla evépyela tng 6éopng verpoviov urodoyiotnke pe tov kodika NeuSDesc, o oroiog
Aettoupyel yia evépyeteg Heopng Seutepinv pexpt 10 MeV.
** Ot evépyeleg KatwPAiou kat o1 ipég Q ulobetOnkav amo v avapopa [32].



[Tpoxkeévou va tapakoAoubeital kat va kataypdagetat n Stakvpavon g dEopng tov ve-
TPOVIOV KATA 11 S1dpKela 1@V aktivoBoAroemv, Evag anapldpuntng tpipOoprovxou Bopiou (BF3,
BAéme Txnua 8) Torobetr)OnKe oe arnootacn ~3 m aro Vv Iy TV VEIPOVIEV.

Zxnua 8: AntapiOuntg BF3 mou xpnowonoieitat yia tmyv rmapakoAoubnorn 1ov S1akupavosmv
g 6£01nNG TV VETPOVIRV, Katd ] S1ApKEld TOV AKTIVOBOANCERDV.

Ta 6edopéva tou BF3 amobnkevoviav avd taktd Xpovikd S1aotpiata PEo® EVOG TIOAUKAVAAIKOU
avadut (MCS) kat autr) ) mAnpodopia ou apopd otg aotadeieg g deopng (BAgmne Zxnua 9),
AfpOnKe UNOYP”N OTNV AVAAUOT TIOU £Y1VE PETAYEVECTEPA, WOTE VA Yivel 1 arapaitntn 610pbwon
Y1la TOUg MMUPrveg TIoU TaphXOnkav rat anodieyédnkav katd ) Sidpkrela g artivoBoAnong

(mapayovtag fe).

N
n

= = g
< 9] <
1 1 1
1 1 1

BF, detector (x 10’ counts)
e
T

0.0 M ] v 1 M I M 1 v ) M I v I M
00 05 1.0 1.5 2.0 25 3.0 35 4.0
Time (x 10° sec)

Zxnpa 9: Ot dwakupdvoelg g 6éopng verpoviov yia v aktvoBoAnon ota 20.0 MeV. H
artvoBoAnor dupkreoe 36480 s kat ta 6edopéva tou anapBunt) BF3 anobnkevotav kabe 40
s.
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[Mpénetl va onpewwbet ot o anapOunmg BF3 Asttoupyel p1Ovo 0§ PETPNTHS VETPOVIOV KAl e
propel va rapéxel minpogopia, oUTE yid TV EVEPYELL TOV VEIPOVIOV, AAAd OUTE Yid To TAR00g
toug. H amoéAutn porn t@v UPnAoeveEPYEIAKOV VETPOVI®V UTIOAOYI{eTal PEO® TV avilidpAoerv
avadopdg, eve ot miaiola g napovoag d1atpiBrg avartuxOnke pia peBodog avaiuong ya

TNV TIOOOTIKI] KAl ITO0TIKY] EKTIPNOT] TNG XAPNAOEVEPYEIAKIG TIEPIOXNS TOV VETPOVI®V.

Zta miaiola autrg g epyaociag éywvav €61 aktivoBoAroeig oto Epyaotrplo tou Ermtayuvtr
Tandem 5.5 MV oto EKE®E "Anpokpttog”, ot AETTOPEPEIEG TOV OMTOI®V Iapouciadovial otov

ITivaka 2.

[Mivakag 2: H evépyela 6opung tov deutepiav (Fy), n evépyela déoung tov vetpoviav (Fy), to
TUTIKO pevpa g 6éopung Seutepinv () kat n Sidpkela g KABe aktivoBoAnong.

Eq4 E, I Adapxkela
(MeV) (MeV) (1A) (h)
1.0 15.34+ 05 1.5 26.1
1.5 171 £0.3 1.0 96.1
2.0 1794+ 0.3 0.3 9.7
2.7 1894+0.3 0.5 27.8
3.5 20.0 £ 0.2 0.2 10.1
4.3 209+ 0.2 0.3 32.4

[Tpokepévou va pedetnBei 1 Eopun TV VETPOVIEV 0t H1APOPES EVEPYEIAKEG TIEPIOXES, XPTO1HO-
nowOnkav avidpdoelg pe dradopetikd evepyelakd katapAia (BAcme IMivaka 3).

[Mivakag 3: Xpovolr Nuiwrg, EVEPYEIEG AKTIVOV-Y, EVIACEIS TOV ITIO EVIATIKGOV AKTIVOV-Y KAl
evepyelakd katodAia (threshold), 1000 1OV perpovpevev atildpdcewv, 000 Katl TOV AVIlIOpACEDV

avagpopdag.
Avtidpaon Ty /2 E, L, Ethreshold  Ethreshold™
(keV) (%) (MeV) (MeV)
Avubpaoeig Tipog PETPNON
Y7Aum,2n)'%Au 6.183d  355.7 87.0 8.11 8.25
19111, 2n) M01r 11.78 d 518.6 34.0 8.07 8.20
O11r(n,3n)'"%1r 13.2d 245.1 6.0 14.48 15.00
931r(n,2n)'%Ir  73.829d 316.5 82.86 7.81 8.00
Avuibpaoeig avadopdag

27Al(n,0)**Na 14.9590h 1368.6 100 3.25 6.75
“Nb(n,2n)”?Nb™  10.15d  934.5 99.15 8.93 9.09

Y7Aum,)%Au 2.6941d  411.8 95.62 0.0 0.0
WInmn,in)m™ 4.486h  336.2 45.9 0.0 0.5

* Aut) ] OTNA1 AVTIOTOXEL OTIG EVEPYELEG TV VETPOVIOV ITAVEK AITO TIG 0TI0ieg 01 avildpdoelg £Xouv
apket evepyo dlatopn oote va divouv uwnAoug pubpoug svepyormoinong (reaction rates).
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H 61dtadn tov otdoxmv rmou aktivoBoArOnkav riapouoiddetat oto Txfua 10 yia kabe aktivoBOAn-

on. L& KAOe MePII®OT, Xpnotponoonkav vypning kabapotntag @uAlda Al, Au kat Ir (mayxoug

0.4-0.5 mm kat S wapérpou 13-14 mm), evo ta deiypata mpog pETpnon tonobet)dnKrav Kovia

oe delypata avapopdg, MPOKEPEVOU va eival duvatog o akplBrg UTIOAOY10110G TG VETPOVIKHAG

por|g. A&ilel va onpelwdei, 611 Katd ) 61apKela TV AKTIVOBOAN0E@V TTOU IPAYIATOIIOW)0nKav

ota rmAaiola g apovoag didaktopikng dratpiBrig, kdrmoa ermrtAéov deiypata torobetrOnxav

otg Swatderg (6riwg Am, Hf xat Er, BAéme Txnpa 10), ta ormoia sivalr pépog S1apopetikav

epyaoiav Kat dev apopouv v rapovoa diatpibr).

Tritium
flange

N

Al, Aug Alc Hf4 AI§ Ir4 A9 In2 Nb2

@*”*IHIIIIIIH

(b)

(©

(@

(e)

®

N/ L

i A

[

Alg Aul Hf3 Al6 Ir2 Al-B

1.8 cm [ 1:Pb
[///]:Am source

Alg Au2 Ir2 Alpn ErB AI8 Aull

— 11T

All Au2 AlI0 Ir4 Nbl Hf4 Al4 Cdl Aul Cd2

e N EEEEEREN

AlS Au62 Ir2 Hf4 Al3 Nbl In2 Al

=TT

Al2 Aul TIr4 Hf3 Al10 Nb2 Inl Al6

=TT

AN

Zxnpa 10: Lxnpatky avanapdotaort) TV MEPAPATIKOV §1atdéemv Katd 1) §1apKela 1oV aKtl-
voBoAnoewv ot evépyeleg Séopng verpoviwv: (a) 15.3 MeV, (b) 17.1 MeV, (c) 17.9 MeV, (d) 18.9
MeV, (e) 20.0 MeV xat (f) 20.9 MeV, avtictoixa.
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Erurméov, 6ev undpyel Kevo petady v Staboxikov otdxmv, addd mapouoidadovial €101 Oto
Zxnua 10 ywa Adyoug eukpivelag. Axkoua, ta Seiypata Cdl kat Cd2 oto Zxrpa 10d toroBe-
ONKav PIpootd Kat riowm aro 1o deiypa Aul, og aroppodntég XAPNAOEVEPYEIAKROV VETPOVIRV.

'Onwg pativetat oto Zxnpa 10, 6Aot o1 gtdxo1 TorodetOnKav o andotacr ~2 cm aro oV otoxX0
tou TiT, wote va Bpiokovial evidg yeoviakou avoiypatog +19°, omou n 8éopn twv verpoviov
propet va SewpnOel povoevepyelakr) (BAcne Zxfpa 11).

22 a 1 i 1 i 1 i 1 i 1 a 1 i 1 i 1 i
21] —E,=1.0MeV [
] ——E,=15MeV
20 ——E,=20MeV [
194 —E,=27MeV [
] E,=35MeV [

——E,=43MeV

Neutron Energy (MeV)
G

12. -t rrr>r- 11T -
0 20 40 60 80 100 120 140 160 180
Angle

Zxfpa 11: H evépyela 1@V VETPOVIOV OUVAPTHOEL TG YRViag, yia KaBe aktiBoAnor, ouppeva
pe mv Kvnpatkny mg aviidpaong D-T (mpdypappa "Cire", [Tapdptnpa A, Avagopa [33]).

Zta Ixfuata 12a kat 12b mapovoiddovial getoypadieg mou ANednkav mpiv v évapin tev
aktvoBoAnocenv ota 15.3 kat 17.1 MeV, avtiotoika.

(a) AktivoBoAnor pe verpovia evépyelag 15.3 MeV. (b) AktivoBoAnorn pe 17.1 MeV verpovia.

Zxnpa 12: detoypagieg ou AnepOnkav mpiv v €vapdn 1oV aktivoBoAnomv.

H pedén tng evePYEIAKAG KATAVOUNS TOV VETPOVIOV MPAYHATOIOONKE PE TOUG KOOIKEG
NeuSDesc [34] kat MCNP5 [35]. Ot evépyeteg tov verpoviev, kabmg Kat ot aBeBatotniég toug,
napouotadovral otov Iivaka 2 kat oto Lxnua 13, evod ta anotedéopata oV IIPOCOHOIN0ERV,
1a oroia CUPPGOVOUV HE TG MEIPAPATIKA TTPOOSI0PIOEVEG POEG TV VETPOVIOV 08 KABE aKTIVO-
BoAnon, apouoiadoviat oto xHpa 14 padl pe t1g mMeEpapatikeg THEG TG P0G T®V VETPOVIRV.
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Zxnua 13: H xUpla Kopudr) OT0 EVEPYEIOKO QACHA T®V VETPOVIOV Yld TIS aKTIVOBOANOElg O
evépyeieg (a) (15.3 £ 0.5) MeV, (b) (17.1 £ 0.3) MeV, (c) (17.9 £ 0.3) MeV, (d) (18.9 £ 0.3) MeV,
(e) (20.0 4= 0.2) MeV xat (f) (20.9 £ 0.2) MeV, oupdeva pe 1ov kwdika NeuSDesc [34]. Emiong,
Sivovtal o1 mapapetrpot nou 1ot xOnoav otov kwdika NeuSDesc yia kdBe aktivoBoAnon, eKTog

and my yevia eKIoprg te@v verpoviov (neutron emission angle) kat to péoo pevpa (typical

deuteron beam current), ta oroia frav 0° kat 1 pA avtiotoixa, oe kdOe nepirmwon. H axtiva

tou aviyveutr) (detector radius) 9emprOnke g 1 axktiva 10U P®TOU (0g OXEOT PE TNV TV TV

VETPOVI®V) otdx0U Al, v 01 arootdoelg Ao Tov 0TOX0 ToU TPLTiou uloBetrOnkav amo 1o Zxnpa

10 xat augnbnkav katd 3 mm, ta Oroia AviloTolKoUV OT0 UrdoTp@ia tou otdxou (Cu, riayoug

1 mm) kat oto maxog 1ou napabupou g eAaviéag (Al, 2 mm).
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4.5 T T T T T

35k

25F

15}

(d)

1.0

® Experimental
O Simulated ]

All Au2 Al10 Ir4 Nbl Hf4 Al4 Cdl Aul Cd2

Irradiation at E“ =20.0 MeV

7 L} L} T L) T L} T L)
® Experimental
6 O Simulated T
St % ° o i
o
of ¢ % -
3F J
2k i
(e)
1 L 'l L 1 '} L '} 1
Al5 Au62 Ir2 Hf4 Al13 Nbl In2 AM4
Irradiation at En =20.9 MeV
4-0 L] L) L} L} L L} L} L]
® Experimental
351 O Simulated b
3.0F % o o <
o
25F 4
$ 3 - ;
2.0 F 4
15F 4
()
1.0 1 I} 1 1 1 1 1 1

Al2 Aul Ir4 Hf3

Al10 Nb2 Inl Al6

Zxnpa 14: Ileipapatikd POoO10PIoPEVEG POEG VETPOVIOV OTOUG OTOX0UG avadopdsg KAl POESG
VETPOVI®V AT IIPOCOUO0IHN0ElS PE Tov Kadika MCNP5 yla 11§ aktivoBoAnoelg o eVEPYELEG Ve-
tpoviev: (a) (15.3 £ 0.5) MeV, (b) (17.1 £+ 0.3) MeV, (c) (17.9 £+ 0.3) MeV, (d) (18.9 £ 0.3)
MeV, (e) (20.0 4 0.2) MeV xat (f) (20.9 4 0.2) MeV. Ot anootdoeig 1oV npatev otoxov Al ano
Vv @AAavida Pe Tov OToX0 TOU IPITIoU OTIS YEHEIPieg TTou npooopotwbnkav ivat: (a) 2.0 cm,
(b) 2.0 cm, (c) 2.0 cm, (d) 1.9 cm, (e) 1.8 cm kat (f) 1.7 cm, avtictorxa. 1o Zxfpa 14d, n
IIPOCOPOIWHEVE POL| TV VETpOovinv dev urodoyiotnke yia ta uAda Cd1l kat Cd2, epooov toro-
Yet)OnKav oto prpootd Kat miow PéPog Tou otoxou Aul ®g aroppodntég XapnAoevepyElarmv
VETPOVIQV.
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'Onwg gaivetal oto Zxnua 14, 1a anotedéopata 10V IPOCOHOIMOE®V £X0UV ITOAU KAAL cupdevia
HE 1a MEPApPatika yia O0AEg T aKTIVOBOANOEG.

Metd 10 Iépag T@V AKTIVOBOANOE®V, 1] EVEPYOTNTA TOV UMO HeATn otoxwv (Au, Ir) kat tev
OTOX®V avapopdg, PEIPNOnKe Pe aviXveuteg yeppaviou uwning kabapottag (HPGe) oxetikng
aviyveutikng anodoong 100, 80, 56 kat 16%.

L

e .

Zxnpa 15: O aviyveutrg yeppaviou pe 100% OXeTIKY aViXVEUTIKY] artodoar), 0 0TI010g £1Xe Ka-
TAAANAn Swpdxkion, dote va pewwdel n ouvelodpopd g aktivoBoAiag uroBabpou otTig PETPTOELS.

O1 pETPOEIg NG EVEPYOTNTAS OARMV TV OTOX®V £ytvav oe arnootaon 10 cm anod 10 mapabupo
TOU AVIXVEUTH], OOTe va pnv xpetadovial 610p0aoelg yia @awvopeva cuooopeuong (pile-up) 1
abpotong (summing) maApov. Zinv idia andotaor torobetOnKe pia onpelaky mnyx 152Ey,
Y1 TOV UTTOAOY10H0 TG ArtoAUtg anddoong tou Kabe aviyveutt). Lto Zxnpa 16 nmapouoiddetat
éva rmko Sidypappa andAutng anodoong aviXveutr), ITOU AVIIOTOLXEL OTOV AVIXVEUTH] TOU
Zxnpatog 15.

25- L] ] 1 ] ) 1 ] i
=
E 50
>} U~ -
)
=
2
o
= 15} i
@
2
=
g 1.0 -
<

0.5} 4

0 200 400 600 800 1000 1200 1400 1600
Energy (keV)

Zxnua 16: H antoAutn anodoon ocuvaptr)oet TG EVEPYELAS TOV AKTIVAOV-Y, Y1 TOV AVIXVEUT] OXE-
TIKAG aviyveutikng arnodoong 100% tou Zxnpatog 15. H KOKKIv YpaPPOOKIAOHUEVT TIEPIOXT)
6nAwvel 1a Sraotrpata gprmotoouvng (condidence bands) eviog 95%.

Turmka @dopata aktiveov-y Tov otdxev Au kat Ir, ta omoia AfpOnKav petd 1o mépag v
aKtvoBoAroemv pe avixveutég yeppaviou (HPGe), mapoucialoviat oto Zxnpa 17.
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Zxnua 17: ddopata axtivov-y mou Anednkav petd 10 1€Aog ToV aKtivoBoAnosmv ota: (a)
15.3 MeV, (b) 15.3 MeV, (c) 15.3 MeV, (d) 15.3 MeV, (e) 20.9 MeV ka1 (f) 17.1 MeV, yua tov
TMIPOCO10PIOPO TOV EVEPYMV S1ATOPOV TRV avIdpaoemV !

(@) 197Au(n,2n)*°Au™?, (b) 7Au(n,2n)! %6 AuItmitm2,

(© 'r(n.2n) 12, (d) 'r(n,2n) Ors tmiH0-086m2,

(€) r(n,3n)8%r kat () 1931r(n,2n)2Ir.
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AvdaAuon Asdopévov

Ot melpapatikeg evepyés Slatopég tov €61 uno pedétn avudpdoswv uroAoyiodnkav arod 1n
oxéon:

_ N’Ymeasured (E'Y i I’Y : F : D ) fC : N’T) reference C 1
Omeasured — Oreference * : I -F-D N S OF ) (1)
VYreference 67 tiy ’ : fC : T) measured

orou N, eival 10 0AoKANpeuA NG KOPUPIS TOV AKIIVOV-Y OT0 @dopa mnou Angoinke pe tov
avixveutr) yeppaviou (HPGe), €, eival n anéAutn anoboor T0U aviXVveutr] OTnv avtiotoixn evép-
yeia, I, eivai n évtaon g axktivag-y kat F eivat évag 610p0w0tikég mapayoviag rmou urnoAoyidetat
péo® mpooopowwoewv Monte Carlo (MCNP5 [36]) yia v evoanoppodnor) tov aKIiveav-y oto
betypa. EmumAéov, xpnoworoteitat évag 610p00TiKOg rapdyoviag yla tov TPOIo ANYng tov
dedopévav:

D= e*)\'tl - e*A'tZ (2]

orou t; kat ty gival ta xpovikd Sactpata nou pecoAaBouv amo 10 1€A0G g AKTIVOBOANONG
HEXPL TNV apXI Kat 10 TEAOG TG METPNONG HE TOV AVIXVEUTH] yeppaviou, aviiotolya kat A givat
n otaBepd amnodiEyepong Tou mapaywpevou rmuprva. Ot Siakupdvoeig g 8€oung Kat ot na-
PAYWHEVOL TTUPIVEG TTOU HlaoTi®wvidl Katd v didpKela g aktivoBoAnong Aapbdavovial urnoyn
péo® tou apayovta f.:

Jo2 e f(t) dt At

3
0B f(t)dt )

fc:

orovu {(t) eivat n por 1wV verpoviev oe Tuxaieg povadeg, onwg Sivetat amo tov aviyveutr) BFs, ava
Taktd xpovikd Sraotpata dt kat tp eivat n Sidpkela g aktivoBoAnong. Akopa, o apldpog tev
TTUPLVOV TOU 0toX0U, N, untodoyiotnke péow g dopbwpévng padag (m) ya myv apbovia tou
Ka0Oe 10otorou (Abund), tov paliké apduo A kat tov apOué tou Avogadro péow g oxéong:

m - Abund
N, = N, 2 @
A
O napayovtag Cy, TIOU aviiototyel otov Adyo g pOrg TV VETPOVI®V OTOV OTOX0 avadopdg Ipog
1) POI] OTOV UTIO PEAET OTOXO:

Cp = Lreference (5)

(I)measured

UTTIOAOY10TNKE Pe KaAn] oUpd®via PE0K MIEIPAPATIK®OV ATIOTEAEOPATOV KAl ITPOCORo1woemv Monte
Carlo, pe xprnon tou kodika MCNP5. EmmAéov, ot Tipég ng evepyou dtatopng tng aviidpa-
ong avagopdag 2'Al(n,a)**Na (o, ference) U100etONKav ano my B1BA1obnkn dedopéveov IRDFF
1.05 [28]. Ta 6edopéva mmou xprnotpono}fnkayv yla g arodleyEpoelg 1oV apayOPIeEVaV Iu-
PHV®V, TO00 Y1d TIG UTTO PeAET avidpdoetlg, 600 Kal yla Tig aviidpdoelg avadopdag, ouvoyifoviat
otov ITivaxa 4.
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[Tivakag 4: Asdopéva mou yprnotponofnkav yla tg anodieyepoelg oV MAPAYOHIEVAV TTU-

PHVGV.
Avtidpaon Ty /o Ev (keV) Iy (%) Avagpopd

197 Ay (n, 2n) 196 Ay g +md+m2 6.183 d 355.7 87.0 [37]

333.0 22.9 [37]

426.0 7.0 [37]

197 Au(n, 2n) 196 Au™2 9.6 h 147.8 43.0 [37]
188.3 37.4&34.0 [37] &[38]

Olp(n,2n) 90 +m1+0.086m2 17 78 ¢ 518.6 34.0 [39]

558.0 30.1 [39]

569.3 28.5 [39]

1911p(n,2n) 190 M2 3.087 h 616.5 90.14 [39]

502.5 89.38 [39]

19111, 3n) 1891 13.2d 245.1 6.0 [39]

1931r(n,2n) 1 921r 73.829d 316.5 82.86 [39]

468.1 47.84 [39]

308.5 29.7 [39]

27Al(n,a)?*Na 14.959h 1368.6 100 [37]

Mia ouvoyn tev aBeBalothiov 0AeV 1oV BacikoOv Peyebdv mou XPnolpiornolovvial yid tov
ipood1oplopo g evepyou diatopng Sivetar otov ITivaxka 5.

[Tivakag 5: Zuvoyrn aBeBalot|tav.

Meéyebog ABeBarotnta (%)
Evépyela vetpoviav 1-3
Pon vetpovieov 4-7
Z1atiotiky] 0T0Ug 0TOX0Ug avadopdg 1-2
Z1atiotky] 0t0Ug Umo PEAET OTOX0UG 1-29
Amnodoorn Tou avixveutr 2-11
Evepyog diatopr) aviidpaong avapopag 3
Yo pedétn evepyog Satopn (Zuvodikr aBeBaiotnta) 5-30

'Onwg @atvetatl orov [livaka 5, n kuplapxn aBeBaldtnta eival autr) g OTATIOTKAG T®V UITO
peAétn otoxwv, 1 oroia odeidetat eite o XapnAég Tipég g evepyou diatopng (otnv repintwon
g avtidpaong 1Ir(n,3n)), eite oe onpavuky emuéAuven ané dAAn avtidpaon (ot mepirte-
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on g avtidpaong *3Ir(n,2n)). ErmmAéov, n aBeBaidtta g anddoong Tou avixveutr] eivat
ONMAVIIKI] O€ KATIOEG TIEPUTTROOELS, £PpO0oOV TTOKIAEL arto 2 €émg 11%, avaloya pe v rpooap-
poyn (fit) tov nepapatkov §e6opévav g andAutng anddoong ToU aviXveutr] HE oUVAPTNOT)
g IAEA (BAéne Appendix C) Kat v eVEPYELAKT) TIEPLOXT). AUTEG o1 aBeBalotnieg eKUPNONKav
péo® {wvav eprtiotoouvng oe eminedo 95%. EmumAéov, n aBeBaiotnta g pong I@V VEIPOVIRV
ouprnieptAapBavetatl otnv ouvoldikn aBeBatotta Kat eival 500U onuavtiky, adpou arotelei 1o
4-7%. H aBeBaidinia 1oV evepy®v S1aTop®V TOV avilidpdoenv avapopds dewpndnke 3% oe
KAOe mepim@on, EVO AUT) 1§ OTATIOTIKAG TOV OTOX®V avapopdg propet va SempnBel apeAntéa
(1-2%).

ZUyKeKpIEVA Yia TV avaluorn g evepyou dlatoprg g aviibpaong 1931r(n,2n)%Ir, pia
ermnAéov 610p0won ePpappoobnke A0ym tng ermpoluvong amno v aviidpaon 191Ir(n,’y)192lr, n
ortola evepyoroteital and xapndoevepyelakd, mapaottika verpovia. Mia pébodog avaiuong
epappoodnke npdéopata, n omnoia Paocifetal oe evnuepopéveg BBA10ONKeg evepywv datopcdv
Kat og ipogopolnoetg pe tov kKodika MCNP5. H pébodog autr) propet va mapouotaoctet og tpia
Bhpata:

1. TIpopoidoeig pe MCNP5
[Tpaypatorolouviat IPoCoPoIRNCELS g nelpapatikg didragng aktivoBoAnong, otig oro-
1eg 1 yewpepia OAng g MEPAPATIKNG TMEPIOXNG MEPLypAdeTal pe Aemtopépeta (BAéme
TZxnua 18).

Quadrupole

/
<+ Paraffin blocks '

«— BF;
detector

N

\Char'ged Particles Line

Neutron Line

™~ Water tanks

Al box
N

Charged Particles Line L 1

HV Power Supply Units -

Zxnupa 18: Zxnua 3-61aotdoenv mou avanapiotd v KAToWn g MEPAPATIKAG TIEPLOXSG OTO
epyaotnplo tou erutayuvit) Tandem oto EKE®E “Anpiokpitog”, onwg neptypddetat pe tov Kodi-
ka MCNPS5.

AUTEG Ol TIPOCOHIOIWOELG TIPAYHATONIOOUVIAL Yid KAAN OTATIOTIKY), 10? mpoocopowpéva



20

oopatidua (n extédeon Sapkel ~ 11 d yla kabe aktivoBoAnon) KAt e XAPNAO EVEPYELAKO
0P10 H1AKOIG NG TAPAKOAOUONONG TOV VETIPOVIOV (10~ MeV).

2. ErmBeBainon péoe mg aviidpaong 27 Au(n, )

To arotéAdeopa g MPOCooiRoNS @aivetal oto Tyxfpa 19.

10_] | hhbton Bhdionn Bhhiion Bichdiinn Bhhiion Hichdioon Bhhiions Hichiunn Bhhiions Bichiion Bhhiions Bichbinn BAd

1024 — Neutron Flux at the first Al foil
33 (in front of Au foil)
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Zxnua 19: Evepyelakr] KAtavor) tg Pong IOV VEIPOVIOV oUd@VA HE TV IIPOCOHN0I®)0T) HE TOV

KOd1ka MCNP5, yua v aktivoBoAnon ota 15.3 MeV.

Autn n katavopr] (Exnpa 19) kavovikoroleital £101 ®OTe va oUPQ®VEL e 1o Ieipapa kat
auTo ermTuyxavetal péow g aviidpaong 27 Au(n,)'*8Au. H oxéon rou xpnowporoteitat

yla v Kavovikoroinon eivat n akoloubn:

n
n experimental 2 D
¢no7‘malized (Ez) ( ) = ) cm= s

5 - Scale Factor  (6)
cm=s Ei=sMev @menp (Ei)

Au

n
experimental (%) €lval 1) repapanxka I'IpOO'SlOplO'].lSVl’] POI] TWV VETPOVIWV ITOU

OTI0U ¢
IPOCETIECAV OTOV OTOX0 TOU AU KATA 1) S1APKEL NG AKTVOBOANONG KA ¢ ey (£;) etvar
N | kavovikonownpévy (unnormalized) por| @V verpoviav, oniog Hivetatl armo tov Kadika
MCNP5. H apyxikr) tpt) ou Scale Factor gival 1 xkat uniapxet oty E§. 6 yua va &iop-
dmoel yla mapaottikd VeTpovia mou 8ev €Xouv ouprneplAndOel otV IPOCOP0IDoT], OTING
verpovia aro avidpaocelg (d,n) ota VAIKA NG YPAPHNS aKTvOBOANONG KAl VETPOVIA A0
mv avtidpaon D(d,n) mou nipaypatornoteital Aoy® Seutepiav ou €Xouv epdputeubel otov

otoxo TiT.

XPNoonowvIag 10 @ normalized (i), 0 avapevopevog pubpog evepyoroinong (expected
reaction rate, RR) urntodoyiletat and v oxéon:

RR expected — Z U(EZ> : (bnormalized (Ez> (7]
E;
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orou o (E;) eivat n evepyog Siatopry tng aviidpaong 197Au(n,’y)lgé;Au o€ KAOe evepyelako
draotnpa (BAéne Zxnua 20). Ilpérnet va onpelmdel 011 ta evepyelaka Sraotrpata €Xouv
U00etnBei ano v PiBAoBrkn ENDF/B-VIIL.1 [28].

9
L —

} — ENDF/B-VIL1 for "’Au(n,g)**Au

Cross section (b)

asnd ocend ool oound ool ol ool ool soned aoned ol ool aoed sond ool soud o

8 4
10 i A B B s B B B B B

10”10“’10 10 107 10° 10° 10 10° 102 10" 10° 10’
Energy (MeV)

Figure 20: Evepyog Siatopn g avtidpaong 7 Au(n,y)'?8Au cuvaptrjoet g evépyeiag tov
verpoviov. H kapmudn adiodoynong aviiotoixet oty BiBAoOrxkn ENDF/B.VIIL.1 [28].

ErumAéov, o pubuodg evepyortoinong propei va rpoodioptobei nelpapatikd (experimental
reaction rate) péow g akodoubng oxéong:

AN,
RR experimental — W_Z,\tlg) ®)

orou N, eivat o apBpog v mupnvev mou napnxbnoav katd ) SidpKela g AKTIVO-

BoAnong kat Hivetat anod v oxéon:

Ny

Ny=—-2L—
P e, I1-F-D

9)

Zuvbuadoviag g e§lomoelg 8 Kat 9, 10 0AOKANP®UA ToU apldpol eV aktivev-y, N,
Sivetal wg £€ng:
I-F-D-N; (1—eMB) - RR cyper;
Ex T experimental

N, = N (10)

EVG O avaPEVOREVOS aplOpog axtivav-y, Ny ezpected» XPNOTHOTIOIMVIAG IV TIPOCOHOIR-
Hévn por) TV VETpoviwy eivat:

.J-F-D-N. (1—e*B).RR p
Ny expected = 2 T ( X ) expecte an

‘OAa ta peyédn oy EE. 11 avuxkabiotdvial pe autd 1mou avilototXouv oty avaluor)
g aktivag-y ota 411.8 keV, mou ekmépnetal Katd v anodiéyeporn tou ruphva %8 Au,
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n teAikr) tar tou Scale Factor sméyetatl £101 0ote 10 0AOKANpOUA TS aKIivag-y ota
411.8 keV va avartapdyetat eviog ToU rnelpapatikou opdipatog. ‘Etot, o 1eAikdg 0Kormog

etvat va oup@avel 10 Ny cxpected 1€ T0 Ny caperimental Y@ TNV aKTiva-y ota 411.8 keV.

H nelpapatkd mpoobiopiopévn tpty ou Scale Factor ¥prolponoisital oto €ropevo
Brpa, wote va yivouv ot anapaitnteg 610p000e1g yia Tov UITOAOY1oP0 g evepyou Siato-
png g avtidpaong 31r(n,2n)?Ir, 1 oroia poAvverat ané mv r(n, ) %Ir.

. Zuvelopopd g avtidpaong r(n,y)

Mia kavovikoroinorn avaloyn pe autnv rnou epappoobnke oto deutepo Pripa, epappole-
TAl IIPOKEPIEVOU va TIP0od10p1oBel 11 POL| TV VETPOVI®V OTOV OTOX0 ToU Ir, oupgeva pe

v oxéon:

2
- - cm- s - Scale Factor (12)
E;=8MeV qucnp (E’L)

n
n gg;perimental ( ) : Qbmcnp (Ez)
¢n07'malized (Ez) ( )

cm? s

Ir

n
experimental (%) €lval 1) repapanxka I'IpOO'SlOplO'].lSVl’] POI] TWV VETPOVI®V ITOU

OrI0U ¢
IPOCEMECAV OTOV 0TOXO0 Tou Ir Katd ) Slapkela g aktvoBOANONS, ¢ menp (E;) eivat n
B kavovikorowpévn (unnormalized) porn tev vetpoviev, oriwg divetat anod tov KOdika
MCNP5 kat o Scale Factor €xet mipoodiopiobei oto mponyoupevo Brjpa. Emopévag, n

KATAVOI) NG PO1G TV VETPOoViRV eival yvootr (BAéme Zynpa 21).

107 B R B i B e e e B B B a

g 106i —— Neutron Fluence at the Al foil 1
§ 1051; (in front of Ir foil) _’
E 10°4 1
S 2 10°4 )
E. 1 L
E E 104 1
= 1 3 ]

T T 10 1
2 0 3 3
ER i, 4 bl 15
LWy LU IR 1
4 10'2'! 1
107 Jrrrrmprrrmy—rremy—r vy T r———

1010 10° 10® 107 10° 10° 10 10° 102 10" 10° 10'

Energy (MeV)

Zxnpa 21: Kavovikomounpévy) Katavops g Porng TRV VEIPOVIOV oUVAPTHOEl TG EVEPYELAG,

oupgeva pe myv EE. 12, yia v aktuvoBoAnor ota 15.3 MeV.

[Tapopoing pe 1o deutepo Pripa, o avapevopevog pubuog svepyoroinong (expected reac-
tion rate) yia tmv avtidpaon 191Ir(n,’y]mlr Sivetat amo v oxéon:

RR expected — Z U(Ez) : anormalized (Ez) (13]
E;

émou o (E;) eivat n evepyog Siatopr) g aviidpaong Ir(n,7)!?%Ir oe kaPe evepyelaxd
Stdotnua (BAéne Zxnua 22).
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9
R

10§ — ENDF/B-VILI for “r(n,g)"”’Ir

Cross section (b)
U
=)
ol ol
asend sonnd sonnd oound ooend ool sound oonnd ooond ooond sound sound ooend ooend sond sod o

MALLL BRALL BRALL BRALL BRALL AL ERALL. mAl

S —
1010 10° 10® 107 10° 10° 10™ 107 107> 10" 10° 10
Energy (MeV)

Lxgua 22: Evepyog Statopn mg avtidpaong 1r(n, 1) 92Ir cuvaptroet g evépyetlag tov ve-
tpoviev. H kaprtuAn agloddynong avuotoixel otv BiBAodrkn ENDF/B.VII.1 [28].

Enopéveg, oupgeva pe ty ES. 11, pnopei va unoAoyiotet 10 IV, correction. TO OO0 avi-
oto1Xel otov aplBpo TV YEYOVOT®V ITOU MPETEL va apailpebouv aro Tov OUVOAIKO aplBpo
YEYOVOT®V OTO (Aoid, TTPOKEIPNEVOU va 610p0mOel n ouveloPpopd TV XaPNAOEVEPYEIAK®V,
TIAPACITIK®V VEIPOVIDV:

eyv-I-F-D-N, (1—eMB)-RR cppected
N'y correction — Nq/ expected — L ( I\ ) s (14)

'‘OAa ta peyebn oy ES. 14 avuotoiyouv og autd tng avdaluong tov Sedopévav tov
POV IO 10XUPRV aktiveov-y (316.5, 468.1 avd 308.5 keV) mou ekmépmnovial Katd v

arodiéyepon tou rprva P2Ir.

'E101, ta Xprjopa yeyovota yid Tov Ipood1oplopo g evepyou S1atopr)g ival ta aKOAou-
Ya:

N, = N’y spectrum — N’y correction (1 5)

To oxet1k0 0PAANA TOU Ny correction FE@PNONKeE 1610 e T0 OXETIKO OPAANA TOU Ny cxperimental
yla mv aktiva-y ota 411.8 keV, eva n aBeBaiotnta tou tedikou, dopbouévou N, Bpébn-

KE ATI0 TNV TETPAYDVIKI] AOpo1or) TV SU0 EmMPEPOUS OPAAPATOV.

O1 e 1KEG, TIEIPAPATIKEG TIHEG TV EVEPYHOV S1ATOPOV TTOU IIPOEKUYPAV ATTO TO OTAO1011€EV0 1ECO
0po 6U0 1] TPV MEPAPATIKOV TV (avddoya pe tov apibfpod 1oV aktivev-y ou avaiudnkav

o€ KGO TepII®OoT) rapouctadovial yla 0Aeg 11§ uro peAét aviidpdoeig otov IMivaka 6.



[Mivakag 6: Tlelpapatikeég tpég otabpiopévou PEooOU Opou evepymv dlatopov yia tg €61 und pedétn avudpdaoelg. Ta Sedopéva otg yapniég

evépyeteg verpoviav (10-11.3 MeV) yia v evepyo Siatour] ng avtidpaong 3Ir(n,2n) Anednkav to 2005-2006, a6 tov N. Tatpaovn K. d, aAAd dev

ouprneplAneOnkav otnv avagopd [11]. Ot anapaitnteg 610pO0MOEIS Yia TNV CUVEICHOPA TV TTAPACITIKGOV VEIPOVI®V MPAYHATono|dnkav ota miaiota

g rapouoag 61atpiBrg, PECK MPOooPolwoenV Pe Tov KOadika MCNP5. EmmAfov, 6cov adpopd otig aviidpdoelg He XProrn otoXou Au, OTig XaPnAgg

evépyeieg verpoviov (10-11.3 MeV), ta anoteAéopata Snpooteubnkav to 2011 aro tov A. Towyydavn k. a [12].

E, Zrabpiopévot pécot opot evepyov dtatopav (b)

(MeV) 197Au(n,2n]196Au 197Au(n,2n)196Aum2 197Au(n,2n]196Aum2 * 191Ir(n,2n)1901r 1911r(n,2r1]1901rm2 191Ir(n,E‘»n)lgglr 193Ir(n,2n]1921r
10.0 - - - - - - 1.290 £+ 0.083
10.5 - - - - - - 1.590 + 0.100
11.0 - - - - - - 1.931 £0.119
11.3 - - - - - - 1.953 £ 0.120
15.3 1.995 + 0.093 0.163 £ 0.009 0.172 £+ 0.010 1.786 + 0.076 0.179 4+ 0.008 - 1.830 £+ 0.076
17.1 1.772 + 0.086 0.196 £+ 0.012 0.212 £ 0.013 1.465 + 0.072 0.203 £+ 0.015 0.167 £ 0.043 | 1.390 £ 0.068
17.9 1.651 + 0.080 0.213 £ 0.014 0.223 £ 0.015 1.291 + 0.082 0.210 £ 0.012 - -

18.9 1.394 + 0.064 0.195 £+ 0.013 0.204 £ 0.013 0.991 £ 0.052 0.178 = 0.010 0.716 £ 0.179 | 0.769 *+ 0.082
20.0 1.049 + 0.091 0.169 4+ 0.020 0.178 4+ 0.013 0.731 4+ 0.091 0.134 4+ 0.013 - -

20.9 0.716 £+ 0.056 0.120 4+ 0.013 0.126 4+ 0.014 0.479 4+ 0.037 0.086 + 0.007 1.096 + 0.198 | 0.270 4+ 0.053

* O1 evidoelg TOV AKTIVEV-Y U100etiOnkav armo tmyv avagpopd [38].

e
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Ocwpntiroi Yriodoyiopoi

Ext66 amo tig nelpapatikég PeIpnoetg, ota miaiola g napouoag datpibrg eyvav Sewpntikoi
urtoAoylopot evepywv datopev pe xpron v kodikev EMPIRE 3.2.2 [40,41] xkat TALYS 1.8
[42, 43], 1600 yia tg €6 und pedétn avudpdoeslg, 000 Kat yia adda kavdAia rmou apopouv
otoug 1610ug TTUprveg-otd)0Ug, oTiwg (n,elastic), (n,3n), (n,p), (n,a) kat (n,total). O1 Sewpnukoi
untoAoylopot vAorot)Onkav oe £va PeyaAo eUpog eveyelnv (€ng 35 MeV) yia 1peig diapopetikoug
TTUPI)VEG-OTOX0UG, TOUG 197 Au, M9 r kat 193Ir. Tpeig Paockol pnxaviopol aviidpacewmv AfpOnkav
unoyn Kat otoug §Uo0 KOSIKEG, 01 aviidpAoelg CUVOETOU TTUPN VA, Ol AVTIOPACELS TIPOICOPPOTTiAg
Kat ot apeoeg. O 1ed1KOg OKOIog Sev r)tav va yivel ouykpilon petadu twv 6Uo kadikev, addd va
Bpebetl 0 BEATIoTOG OUVOUAONOG TTAPAPETPGOV Yia KaBe KOd1Ka, 0 oroiog va Hivel 1Kavorouuka
arnoteAéopata oe CUYKP1on e Ta undpyxovia nelpapatika dedopéva g kabe avtibpaong yua
Srapopa ravaiia e§6dou. ISiaitepn mpoooyr) 60ONKe OTI§ MEPUTIVOELLS TOV EVEPYMV S1ATONGOV

TV 100PEP®V KATAOTACERV.

Ztov mapakat® mmivaxka (BAsme ITivaxka 7) divoviatl o1 BAcIKEG EVIOAEG TTOU XP1O0TIOI)0n-
Kav ota apxeia €100dou tou kOdika EMPIRE yia 11 avudpdoelg 1@V VETpoviov pe ta Ipia

1o0Tora mou peAetnOnkav.

[Tivakag 7: EvioAég kat Tij1€g mou Xpnotporno)fnkav oto apyxeio £1606ou tou kadika EMPIRE.

EMPIRE 3.2.2
EvioAn Twn ya:
197Au 1911r 19311.
LEVDEN 0 0] 0]
DIRECT (0] 0 0]
HRTW 3 3 3
GSTRFN 1 1 1

OMPOT (n) | 401 401 401

OMPOT (p) | 5405 | 5405 | 5405

OMPOT (c) | 9600 | 9600 | 9600
PCROSS 2.2 2.99 2.0

Ot evepyég Gratopég v avidpdoemv ouvBetou muprva urnoloyiotnkav ota miaiola wmg
Yewpiag Hauser-Feshbach [44]. H mpoxkabopiopévn (default) emdoyr) tou kodika EMPIRE
XPNolponow)fnKe yla v meptypadr] tng IMUKVOTNTAG TOV EVEPYEIAKOV KATAOTACE®V OUNP®-
va pe 1o BeAuopévo 'evikeupévo Ipoturo Yrieppeuotou (Enhanced Generalized Superfluid
Model - EGSM [45]). Ta va AngBel undyn 1 cUoXETION TOU KavaAlou £10060U [i€ ta Kavaiia
£€06ou otnv eAdaotikr) okéSaor], epappoodnke 1o poviédo twv Hofmann, Richert, Tepel kat Wei-
denmuller model (HRTW) yia tig 610p000€1g ToU €Upoug tewv Stakupdvoenv (width fluctuation
corrections), yla evépyeleg €10epXOHEVROV VETpOViaV pExpt 3 MeV. 'Ocov apopd Otnv eKITOUTTY)
axtivev-y, ot avtiotolxeg ouvaptroeig (y-ray strength functions) nieprypadnkav pe tporornotn-
péveg Lorentzians (MLO1) pe napapérpoug SiaBéopieg otnv P1BA100O1kn dedopévav RIPL-3 [46].
Ot 1IapdpeTpot TOU OITtiKoU duvapikou ya ta egepxopeva rpatdvia utobetrfnkav and v Pi-
BA0Onkn RIPL-3, pe xpron tov rapapépev v A. J. Koning k. a [47], eve ot mapapetpot
wwv V. Avrigeanu k. a [48] xpnowpornofnxkav yla ta egepxopeva oopatidia a. IMpoxeyiévou
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va ermdeyel 10 oruiko Suvapiko ya ta egepxopeva verpovia and v PiBAodnxkn RIPL-3, 6Aa
1a Sbéomia yia kabe 1o6torno Suvapika Soxkipdodnkav kat teAkd avto v D. Wilmore .
a [49] emAéxOnke ©G 1o 110 KAatdAAnAo Kal yla ta 1pia wootoria. EmmAéov, n cuvelopopd teov
aviidpaoemv TPoicopportiag mepypAPnKe Pe 10 KAAOIKO Poviedo tov e§itoviov [50, 51], péow
g uropoutivag PCROSS [52] mou eivat SiabBéoun otov koddika EMPIRE. Ztoug napandave
urtoAoylopoug, ot ouviedeotég 1adoong (transmission coeflicients) uvnioAoyioBnkav pe xprnon
UTIOPOUTIVOV OTTTIKGV poviedwv (kwdikag ECIS06 [53, 54]) ou eivat Siabéopeg otov kadika

EMPIRE. Emiong, npémnet va onpetwbel ot xpnotponodnkav odpaipikd omtkd Suvapikda.

Ztov napakatwe mivaka (BAéne ITivaka 8) divoviat o1 facikég evioAég TIou Xprjotporno)0n-
Kav ota apyeia e1006ou 1ou kwdika TALYS yia 1ig aviidpdoeig 1oV VEIpoViov P ta Tpia tootorna

mou peAstOnkav.

[Tivakag 8: EvioAég kat T1j1€g mOU Xpnotponow)fnkav oto apXeio £10060u tou kodika TALYS.

TALYS 1.8
EvtoAég Twég yua:
197 A4 191y, 1931,
Idmodel 3 3 3
alimit 79 198 16.827 | 77 192 16.4 | 77 194 20.6
alimit 79 197 16.736 | 77 191 16.3 | 77 193 20.0
alimit 79 196 16.645 | 77 190 16.1 | 77 192 20.2
alimit 79 195 16.554 | 77 189 16.1 -
spherical n n n
widthfluc 3 3 3
widthmode 2 2 2
gammax 4 4 4
strength 1 1 1
jlmomp n n n
alphaomp 6 6 6
preequilibrium y y y
preeqmode 3 3 3
preeqgspin 3 3 3
rspincut 1.5 0.7 0.7
spincutmodel 1 2 2
cstrip a2 a2 a2

'‘Ooov adopd otoug Se®pnTKoUGg urtodoylopoug pe tov kodika TALYS, ot evepyég dratopeg
10V aviidpacemv ouvbeTou TUpnva unoAoyiobnkav kat rmaAl ota miaiola g Yewpiag Hauser-
Feshbach [44], ev® 01 TTUKVOTNTEG EVEPYEIAKAOV KATAOTACERDV IEPYPAPNKaAV PECK ToU evikeu-
pévou Ipoturnou Yrieppeuotou (Generalised Superfluid Model - GSM). To eUpog TG KAtavoung
T@V OTPOPOPPGV TG ITUKVOTTAS KATAOTAcE®V (spin cut-off parameter, 02) mepypagnxe eite
P€0® NG OXEoNg:

(spincutmodel 1) (16)

« «
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Eite péow g oxéong:

U
o’ =cy] = (spincutmodel 2) (17)
o

OTI0U ¢ gival pia otabepd, «r eival ) MAPAPETPOG TTUKVOTHTAG KATACTACE®V, 1] ortoia kabopiletat
€lTe amo MEPAPATIKEG TIANPOPOopieg, €ite aro eupiéng S1adebopéveg ocuotnPATIKEG, (v €ival 1)
AOUPITIOTIKY] TIAPAPETPOG TTUKVOTNTAG KATAOTACE®V, 1] OTT0id MTPOKUITIEL € TIEPITTTOOT TTOU Hev
undpyouv @awvopeva Aoy ( a=a(E— o) ) kat

U=FE-A (18)

orou F eivail n evépyela Siéyepong kat A eivatl pia spmneipiky napapetpog mou oxetidetal pe
Vv evépyela ouleudng Kat AapBdavel urown ta @AIVOPEVA TEPITIOU-APTIOU aplBpoy VOUKAgo-
viov tou ruprva. Erumdéov, 1 napdpetpog o2 noAAardaotdotmke pe KatdAAnAo rapdyovia
(0.7 < rspincut < 1.5), ®Ote va emTuyxdAveal 1KAVOIIOUTIKY] AVAIAPAY®YY] T®V IEPAPATL-
KOV 6edopévav g evepyou Slatopr|g, €1861KA yla TG TEPUTIMOEIS TRV 100HEP®V KATACTAGERDV.
H aouprmetky mapdperpog rmukvotntag KAtaotdoenVv () yia Toug ePmAEKOPIEVOUS OUVOETOUG
TUPLVeg TIoU @aivoviat otov Iivaka 8 dnAnbnkav Eexmplotd péonm tng napapétpou alimit, kat
o1 Tég uloBet|OnKav amo tg avagpopesg [55] kat [46]. Aopbwoeig yia 1o eUpog drakupdavoe-
wv (width fluctuation corrections) éywvav péom tou povieéhou HRTW yua verpovia evépyeiag
péxpt 3MeV. 'Ocov agpopd otnv EKIIONIT) AKTIVOV-Y, ANPpOnKav unoypn petaBacelg e ITOAUTIO-
AkotnTa €06 4 KAt xpnowponowfnkav katdAAnleg ouvaptoeig (strength functions) ot onoieg
UTIOAOYI0TNKAV HMIKPOOKOIKA arto tov S. Goriely, cupgova pe 1o poviédo tov Hartree-Fock-
Bogolyubov mou efaptatat anod v deppokpaocia. Ta ta e§epxdpeva mpwidvia Kat verpovia,
Xpnotporow)Onke 1o oruiko duvapiko v Koning kat Delaroche [47], eve yia ta oeopatida
a utoBetBnkav ot mapdaperpot arno toug Avrigeanu kK. a [56]. T'a tg avudpdoeig npoicop-
portiag XPnotponotr}fnKe 10 POVIEAO TRV €§1TOVIOV, VO 1] KATAVONI) T®V OV yid TOUg Iapa-
yopevoug 1uprnveg aro avidpaocelg mpoicopportiag Baciotnke oTig ITUKVOTNTEG KATAOTACE®V
oopatndiou-omnrg (particle-hole state densities). I'a 11ig avtidpdoelg anoyvpveong (stripping)
Kat upaprayng (pick-up) egepxopevev copatdiov a katd v rpoicopportia Xpnotponotr|tnke
£€vag TMOAAATAAC1a0TIKOG TIAPAYOVTIAS HEO® NG EVIOANG cstrip a [57]. 'Ocov agopd otig dpeoeg
avtudpaoetg, xpnotpono|tnke n pEBodog twv ouleuypévav [58] KavaAl®v pe onTtiKo SUvapiko
yla mapapopdpepévoug upnveg. Ot ouviedeotég §1adoong umodoyiotnkav PEC® TOU KOd1Ka
ECISO06.

Ta amotedéopata OV Ye@PNTIKOV UTOAOYIOP®OV Yla 0Asg T1ig avuidpdoelg rmapouotadoviat
otnVv EMOPEVH eVOTNTa, Padl pe ta undpyxovia nelpapatkd dsdopéva, alda kat pe ta nepapa-
TIKA anoteAéopata g rnapouodag diatpibng.

ArnoteAéopata Kat Tupnepacpata

MetprjOnkav ot evepyég dratopég tov avidpdosav 7 Au(n,2n)2Au, 97Au(n,2n)?Au™?,
19111, 2n) 190 g tm1+0.086 m2 - 1917y 9p)1961m2 - 19l 30)1891r ka1 19%1r(n,2n) 2%Ir, ya €8
evépyeleg g H¢oung verpoviwv oto eupog 15.3-20.9 MeV kat ta anoteAéopata mapovotadoviat
ota Zxnpata 23a-23f padi pe ta 16n vndapyovia dedopéva otn PBAoypadia [9] kat pe v
Kaprudn a§odoynong ENDF/B-VIL. 1 [28] (o drtoteg avudpdoelg unapye).
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Zxnpa 23: Iepapatika anotedéopata yia g evepyeg 61atopég tov €61 avilbpdoemv mou jie-
pOnkav ota miaiola g rnapouvocag SiatpiBrig, padi pe mpolUnapyovia mnelpapatkda 6edo-
péva [9] kat v kaprnudn agodoynong ENDF/B-VIL. 1 [28] (yia oroleg aviibpdoetg undpxey):

@ 97 Au(n.2n)'%Au, (b) 97Aum.2n)%Au"2, () 19r(n,2n) 1909 +m1+0.086 m2
(d) r(n,2n) %12 | (e) 1911r(n, 3n) %1 xat () 1231r(n,2n)1221r. Sto Zxfpa b ta KOKKiva onueia
£XOUV MPOKUYEL XPTOTHOIOIOVIAS T1G TIEG TV EVIACE®V TV aktivev-y (Iy) tng avagopag [38],
eve ta pride onpeta pe ug upés (I,') g avagopdg [37]. Lta Exfpata ¢ xat e ta dedopéva
HE TOoV aotepioKo avilotolKouv Otnv OAIKY evepyo Otatoprn (n,2n) tou kaBe kavaldiou, eve 1a
uriddotrta otnv evepyod diatoprn) v otabpev g+ml.
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Ta nelpapatikd anotedéopata yua v evepyo Siatopr) 1ou abpoiopatog 1OV 100PEP®Y Ka-
TA0TACE®V KAl G Baciknig (Zxnua 23a) akoAouBouv 1) YEVIKI] TAOT TV MPOYEVESTIEPRDV TIELPA-
HATKOV onpeiov o 0Ao 10 evepyelako eupog. Eidika yua v neploxr) tou nmiawe (~14 MeV),
10 onpeio ota 15.3 MeV urodeikvuetl 0Tl 1 Tidn g evepyou Siatopng Ppioketal petady v
UYPNAOTEPOV KAl XAPNAGTEP®V TEIPAPATIK®OV onpeiav. ‘'Ocov adopd otnyv evepyo diatoprn) g
petactaboug (Exnpa 23b), 1o nelpapatiko onpeio ota 15.3 MeV cupgwvel pe toug Ghorai k.
a [14] xat Tewes k. a [13] eviog tov nielpapatkov aBeBatotov. Ta uniddona onpeia, petaguy
17.1 rat 20.9 MeV, Bpiokoviat Atyo 1o ynAd oe oxéon pe ta rmponyoupeva dedopiéva, v
10 onpueio ota 20.9 MeV akodoubel v tdon tewv onueiov ota 19.5, 19.76 kat 22.6 MeV tov
Majerle k. & [17], Prestwood k. a [16], kat Uno k. & [15], avtiotoixa. Ot Tiég t@v evep-
YoV §1aT0PGOV TTOU MIPOEKUYPAV XPNOTHOTIOMVIAG TIS TIHESG TOV EVIACE®V TRV SU0 ITo 10XUP®V
axtiveov-y (147.8 kat 188.3 keV) and v avagpopa [38], Bpiokovial eAappng mo ynid anod ta
aroteAéopata mou UroAoyiofnKkav Xpnolponoioviag Tig aviiotolxeg eviaoelg g P1BAo0nkng
Lund [37]. TTapdAa autd, oupdeVOUV HETAEU TOUG £VIOS TV MEPAPATIKOV aBsBalotitov Kat
UTIOBE1IKVUOUV OTL TO KEVIPOEISEG NG KANUITUANG NG £vePYou diatopng Ppioketal mepirou ota
17 MeV, kat ox1 ota 15 MeV, onwg pnopouoce va dewpnBel pe Bdon ta nadaiotepa dedopéva.

‘Ocov apopd otV evepyd Slatopn] g avtidpaong P1Ir(n,2n)!901pg+m1+0.086 m2

, Td TEpa-
patukd arotedéopata (Zxnua 23c¢) akoAouBouv Tr YEVIKE TAOH TRV IIPOYEVECTEPRV ONHEI®V OF
0lo 1o evepyelako eupog. E8ika 1o onpeio ota 15.3 MeV, arnmokaAuIttel 0Tt 1] T TG EVEPYOU
dlatoprg otnv reP1oXr] 10U MAAT® Ppiokeral Kovid otig Kevipikeg Tipeg 1oV Filatenkov [19] k. a,
Konno k. & [24] kat Temperley k. a [20] xat 0xt 1600 Kovtd ota onpeia twv Herman k. a [21],
Bayhurst k. ¢ [18] kat Qaim k. & [59] (mapdAo rmou kdrowa onpeia tou teAeutaiov ouppVoOUV
pe ta onpela g nmapovoag diatpibrg). 'Etot, n tpr) g evepyou S1atolrng otV MEPLOXE] TOU
rmlat® Ppiloketal Mo XapniAd arod tny PEon T IoU UModeIkvUETal ano v KAapnuin aglo-
Aoynong ENDF/B-VII.1 ouv nieploxr] 11-18 MeV. Ta véa onpeia ya v evepyo Siatoprn g
petaoctaboug (Exnpa 25d), Sivouv peyadutepeg TIHEG O OXEON HE TV TAsloYPnPia tov malat-
otep®V HeboPEVRV, VR OCUPPKVOUV He ta debopéva amo toug Bormann k. a [23]. ErumAcov,
UTIOGEIKVUOUV £viova OTL T0 KEVIPOEIDEG TG KAPITUANG TG evepyou Siatopng Ppioketatl repirmou
ota 17 MeV. ‘Ocov apopd oto kavdAt P1Ir(n,3n) (Exhna 23e), Alya nepapatikd onpeia vndp-
xouv otnv BBAoypadia [18,60] kat ta véa dedopéva armo v napouca d1atpibr) rmapouvcialouv
onpavikeg dapopég pe avtd. Paivetar o ta dedopéva twv Bayhurst k. a [18] unepektipouv
Vv evepyo Sratopn Kat ot i) tedevtaia ekvd va au§dvetatl oe evépyeleg NEYaAUTEPEG O OXEOT)
pe v kaprudn agloddéynong ENDF/B-VIIL 1.

H evepydg Siatopry g avtidpaong P3Ir(n,2n)'9%Ir petpribnke oe oktd evépyeieg déopng
verpoviov petagu 10.0 kat 20.9 MeV. Ot petprjoetg otig uwnAotepeg evépyeteg (15.3-20.9 MeV)
vdorno)Onkav ota miaiola g napovoag S1atpBng, Ve AUTEG OTIS XAPNAOTEPEG EVEPYELEG
(10.0-11.3 MeV) éywvav 1o 2005-2006 arnd toug N. Patronis k. a [11]. And avtv v nepa-
patks xkapndvia, povo n avtidpaon PlIr(n,2n) avadvbnke, evéd ta dedopéva g aviidpaong
1931r(n,2n) avaAvbnkav ota maiowa g tapouoag d1atpiBrg pe avavenpévy pebodo kat Eytvav
ol artapaitnteg 610pOMO0ELS Y1a TV CUVEICHOPA TOV XAPNAOEVEPYEIAK®V, TIAPACITIKOV VETPOVIOV
otov ap1Bpod TV YEYovOoT®V, TOU £ival arapaitniog yla tov Ipoodloplopo g evepyou diato-
prg. Ta nmepapatika anotedéopata napouvotadoviatl oto Lxnpa 23f, padl pe mpolnapyovia
S6ebopéva g PBAoypagiag [9] kat v kaumudn adodoynong ENDF/B-VIIL.1 [28]. Ta véa
MEPAPATIKA onpeia akoAouBouv 11 YEVIKI] TACH TV UMOAOUN®V ONHEIRV, TO00 Otr XAPnin,
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000 Kal OtV UYPnAr meploxn evepyeldv. Movo 1o onpeio ota 20.9 MeV sivat xapndotepa oe
oxéon pe ta dedopéva twv Bayhurst k. a [18].

Ta anoteAéopara 1OV Se®PNTIK®OV UTIOAOYIOP®V TTOU €ytvav He toug Koadikeg EMPIRE 3.2.2
xat TALYS 1.8 yia 6iadopa kavddia aviidpdoenv VETPOVioV 1€ ToV mmupnva 197 Au, mapouvot-
aloviai ota Zxnpata 24a-24¢g, padi pe ta mepapatkd anotedéopata g rapovoag datpibng
Kat pe mpoundpyovia Sedopéva ng PiBAoypadiag [9]. 'Onwg gaiveral, kat ot 6U0 KOO1Keg
Sivouv pila apketd KAAr avanapay®yr oV MEpapatkov §eopévav tov evepymv Slatopov yia
0Aa ta kavdlia rmou peAemBnkav. ‘Ocov agpopd otnv evepyod Siatoun g petactaboug (Exhpa
24b), kat ot U0 KWOIKEG MEPTYPAPOUV TIOAU KAAd TV TACI TRV MEPAPATIKOV ONPei®v Kat
oUPP®VOUV P Ta Melpapatika dedopéva ng napovoag diatpBrg otnyv J€or 10U PEYIOTOU TG
£vePYOU S1atopng rmou avagépbnke maparndve. e avtiBeon pe v avagopd [12], dev urr)pde
epdavng avaykn va pewwbet n porr) adpaveiag (effective moment of inertia). e auto to onpeio,
mpErnel va onpeldel ot kat o1 HUo kwdikeg £xouv BeAtiwbel onuavika ta tedevtaia xpovia.
Ext0g armo 10 yeyovog Ot auto propel eUKoAa va rnapatnpndei ouykpivoviag ta anoteAéopata
g tapouvoag dtatpiBrg yla mapddetypa, pe autd rmou dnpooteubnkav 1o 2011 and v opada
pag, ano toug Tsinganis k. d [12], avagpépetat pnra kat oty avagopd [57] yia to TALYS kat
oto eyxepidio xpnong tou EMPIRE [61] (0gA.60). 'Etot, n Siaxeipion 1oV UynAov otpodopuov
oto poviédo EGSM tou EMPIRE ernnpeddet amnoteAeopatikd v KATAVOHI) TRV OV yia eVEp-
yeleg Oieyepong nave anod tv Kpiowarn, os oxéon pe to GSM, eve otov kodika TALYS, pia
HIKPT augnon g Mapapérpou aroKoIt|g toVv ortiv (spin cut-off parameter) péow tng evioArng
rspincut, ftav apketr) yia va @0l EIMITUXT AVAIIAPAY®YI] TG evepyou dlatopng tng deute-
png petaoctaboug. 'Ocov adopd otnv oUVOALKY evepyo diatoprn tng aviidpaong (n,2n), kat ot
8U0 kapruldeg eival anodextég, aAdd 1o TALYS yia evépyeleg 10epXOPEVOV VETPOVIOV TTAVG
ané 15 MeV g@aivetat va euvvoei 1o kavdlt (n,3n) (Zxnpa 24c) oe Bapog tou (n,2n) (ExnHpa
24Db). Ta g evepyeg dlatopég tov avudpacenv pe egepxopeva poptiopéva oopatidia (Exapata
24d xat 24e), kat ot 6U0 KOSIKEG HIVOUV 1KAVOTIOUTIKA ATTOTEAEOPATA TIAPOAO TIOU UIIAPYEL
onpavikn €AAswyrn nepapatnkev dedopévav. EmrmAéov, 1a anotedéopata yla v €AAOTIK)
okédaon (Exnua 24f), kat yia v oAk evepyo Siatopn (Zxnpa 24g), nmapouctdlouv oAy
KalAn oupdevia pe 1a unapyovia nepapatika dedopéva o €va Peyalo UPOG EVEPYELDV.

Ta anotedéopata 1oV YemPNTUKOV UTOAOYIOPU®V TG EVEPYOU d1aToung yia avildpdaoelg ve-
tpoviev pe tov rupnva YHr mapouoiddoviar ota xApata 25a-25f, padl pe ta mEpapatka
arnotedéopata g rapovoag datpBng kat pe polnapyovia dedopéva ng PiBAoypagiag [9].
H avanapayeyn g evepyou Glatoprg yla 0Ad ta KavaAia Imou pedetOnkav eival apketd
kaAr]. ‘Ocov agopd oty evepyd Sratopr) g avtidpaong P Ir(n,2n) 01pg+m1+0.086m2 5y pyiq
25a), kat o1 HUo KaPITUAEG givatl oe KAAr] oupdevia pe ta nelpapatika dedopéva, eve to TALYS
paiveral va urepeKTpd 1o Kavalt (n,3n) (Exnpa 25c¢) kat va vrotipa 1o (n,2n). I[pénet va on-
pewwbel 0T n avanapaywyr) g evepyou dlatopng g aviidpaong 911r(n,2n)901p9+m1+0.086 m2
propouoe va erteuyOetl pie moAAoug cuviuaoHIoUg OMTIIKGOV SUVAIKGV KAl POVIEADV ITUKVOTI)-
1TaG¢ KATAOTAOE®V KAl pe 1oug Uo Kwbikeg. O 10XUPOG MEPLOPIOPOG OTNV €IMAOYL TOU TeAl-
KOU ouvduaopou 1Iav 1] TaUToXPOovI) avalapay®yl IOV EVEPYOV S1ATOH®V T®V AVIIOPACEDV
11r(n,2n) 1901 +mI+0.086 m2 gy 1911r(n,2n)' %12, Sy nepimwon g Sevtepng petaota-
SouUg (Zxfipa 25b), kat o1 U0 KOEIKEG EPIYPAPOUV TIOAU KAAA TNV TAOT TOV MEPAPATIKOV
onpEi®V Kat ) 9€0n ToU Peyiotou g evepyou Swatoung. [Mapdda autd, n kaprmuAn tou EM-
PIRE (prAe) avarnapayet eAappadg KaAutepa v evepyo S1atopr|, 0€ OXE0T] PE TV KAPITUAL ToU
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Zxnpa 24: Evepyég Siatopég yia emta kavaiia
ecobou g aviibpaong n+%"Au. Ta nepapa-
TIKA anotedéopata g rnapovoag diatpbg,
yua ta kavddua (n,2n), padi pe mpolndpyo-
vta nielpapatika dedopéva [9] kar pe ta a-
OTEAE0PATA TOV YE®PNTIKWV UTOAOYIOP®OV 1E
toug kwdikeg EMPIRE 3.2.2 xat TALYS 1.8.
Kd&Be ravdaAl €€66ou mapouoialetal Xoplotd:
(@) 97Au(n,2n)!%%Au, (b) 127Au(n,2n)Au2?,
(© 7Aum,3n)Au, (d) '7Aum,a)*r,

(e) 197Au(n,p)197Ptg+m, (0 197Au(n,elastic) xat
(2 197Au(n,total).
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Lxnpa 25: Evepyég Statopég yua €8 kavadia e£66ou g aviidpaong n+!Ir. TMapouoiddo-
VIal Td MEPAPATIKA anoteAéopata g rnapovoag diatpiBrg, yia ta kavdiwa (n,2n) kat (n,3n),
padi pe mpouUnapyovia mnelpapatkda dedopéva [9] kal pe ta amotedéopatra 1@V Je@pnTKOV
urodoyilopav pe toug Kadikeg EMPIRE 3.2.2 kat TALYS 1.8. KdaBe kavdali e§66ou mapouot-
aletat xwpiotd: (a) 1911, 2n) 190 g +m1+0.086 m2 (1) 1911y 2n)1961rm2 () 1911r(n,3n)1%1r, (d)
191111, ) 188 Re,

(e) 1911r(n,p]1910$ kat () ¥r(n,total). to Yxnpa 25a, ta 6edopéva pe Tov aotepioko avii-
OTIX0UV OV 0AIKY €VEPYO O1ATONT] TOU KavaAlou (n, 2n), eved td UTIOAOUTA AVIIOTIXOUV OTnV
evepyo Siatopn tou abpoiopatog g + m1.
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TALYS (ykpy), 1600 ot XapnArn (Kovid oto KatdgAl) EPLoXL), 000 KAl OV UYPNAL) EVEPYELAKT)
nieploxn. Paivetal 6t av n vrrpxe otov KAdika TALYS n duvatotnta evog moAAanAaciactikou
apAyovia yld Vv oUvelopopd TV aviidpaocewv npoicopportiag, Sa frtav duvato av yivel pia
KAAUtepn meptypadr) g 8e§1ag oupdag g KAPImUAng g evepyou Statopng. Ilpérnet va onpeio-
Y&l 611 n avanapaywyrn g evepyou H1aTtopng Yl autod T0 Kavdadl PEPOVOHEVA, 1Tav KAAUTEPD
X®pig va AngBOel urtoyn n ocuvelopopd IOV aviidpdacewv poicopportiag (pe tov kowdika TALYS).
'Opwg autd 1o oevdptlo de Sa propovoe va yivel arodektod, apevog yiati dev eltvatl avapevopevo
and QUOIKIG ATToYng Kat adeTEPOU YAt UMpXe €vag EMITALOV TTEPIOPIONOG IOV TEONKe arnod
TOV OKOITO VA UTIAPXEL TAUTOXPOVI] avarapaynyr tov 6Uo (n,2n) kavadiov Kal @awvotav mnog
otav BeAtidvoviav ta anotedéopata yla Ty m2, XEpoTEPEUaV td AroteAEopatd g EVEPyoU
Siatoprg tou abpoiopatog g+tm1+0.086 m2.

Y& auto 1o onpeio, npernet va onpeldel ot ) id1a cupnEeP1Popd 6COV aAPopd OTNV EKITONTTY)
IOV VETPOVIOV TapatnprdnkKe otoug Je@PNTIKOUG UTIOAOYIOH0UG TTOU £yvaV HE TOUG KOOIKESG
EMPIRE 3.2.2 xat TALYS 1.8, y1ia Tov YEITOVIKO TTuprjva 197 Au [62]. Erniong, ailel va avapepOet
OT1 0T0UG e®PNTIKOUG UTTOAOY1010UG TToU £ytvav pe tov Kadika EMPIRE yia v eptypadr) tou
oUOTHLATOG n+%g7Au, ermAexOnkav ot idieg mapdperpot orukou duvapikou (Wilmore k. a [49])
Kat 1610 poviédo nmukvotntag kataotdoewv (EGSM) oe oxéon pe autd mou Xprnotpono)dnkav
yla Vv meptypadr] 10U CUCTHHATOG n+%?11r [63], wg autd mou &ivouv TV IO 1KAVOTIOUTIKY)

avanapay®yr] g evepyou H1atopng 0A®V TV UTIO PEAET KAVAAI®OV.

‘Ooov agopd oto kavdt (n,3n), (ZxApa 25c¢) ta anotedéopata Kat 1oV U0 KadIKeV urtoe-
KTupouv ta dedopéva twv Bayhurst k. & [18], aAAd oe ouykptlon pe ta Sedopéva g mapouoag
SratpiBrg, 1dwaitepa ta arnotedéopata ou kedika EMPIRE, rapouoiddouv oAU Kaldr oUpge-
via. Ta ug evepyég Siatopég tov avudpdoenv pe egepxopeva optiopéva ocopartidia (Zxrpata
25d kat 25e), Kat o1 HU0 KWSHIKEG AvaATIAPAYOUV 1KAVOITOUTIKA TG EVEPYEG O1aTONEG, TIAPOAO
TTOU UTIAPXEL ONPAVIIKE €AAE1Pn MEPAPatiKV dedopévav. Akopa, ta anotedéopata Kat 1oV
8U0 KWdIKGV yla v oAk evepyo datour) tng aviibpaong (Exnpa 25f) cupgevouv petady
T0UG, aAAd og aUTV TV MEPIMTOOT UTIAPXEL CNPAVIIKL aVvAYKD yia Ielpapatika dedopéva ya
EVEPYELEG TTAVE® ATTO 10~% MeV. Yniapyouv 8edopéva yla v avtibpaor (n,total) yia éva peyaldo
EVEPYELAKO €UPOg otnv BBAtoypadia, aAdd povo yid v MEPITI®OT TOU QUOIKOU Ir kat ox1 ya
KABOe 10610110 XWp1otd [9, 64].

ErmuAéov, ta arnotedéopata 1oV 9em@pnTKOV UTIOAOYIOH®V Y1d TIS aVvilOpAoelg VEIPOVIRV pe
tov rwprva 3Ir napouoiadoviat ota Txfpata 26a-26d, padi pe ta MEpapatkd onpeia mg
napouoag dtatplBrg kat pe vrndpyovia dedopéva g PBAoypadiag [9]. 'Ocov apopd otnv e-
vepyo Oratopr) g aviidpaong (n,2n) (Exnpa 26a), kat ot 5Uo KOS1IKEG AvATIAPAYOUV ITOAU KaAd
TV TA0T TV MEPAPATIKOV §£60EVROV KAl UTTOSE1IKVUOUV OTL 1] TIL) TG EVEPYOU S1aToprg OtV
TIEPLOXT] YUp® aro ta 14 MeV, omou unidpyxouv dadopa debopéva [18-21, 24, 25], eival kovia
ota xapndotepa onpeia twv Herman k. & [21] kat Temperley k. & [20]. Ta kavdAiwa (n,3n)
kat (n,elastic), yia tov rupriva-otéxo ?3Ir, ev mapouotddoviat Adye tng eAAenpng dedopévev
oty BBAoypadia [9]. Twa 1g evepyeg Hlatopég @V avildpdoemv pe eSepXOHEVA QPOPTITHEVA
oopatibia (Zxrpata 26b kat 26¢), kat o1 HUo KOO1KEG AvATIAPAYOUV 1KAVOTTOUTIKA TNV EVEPYO
Otatopr], TapoAo oU UTIApXEl onpaviiky eéAAewyn dedopévav. EmmAéov, 1a anotedéopata Kat
TV 8U0 KWSIKGV y1a Vv 0A1KY evepyo datour] g avtidpaong (Zxrpa 26d) ocupdpevouy petagu
T0Ug, aAAd umdpxel erelyouoa avaykr yla véd MEPAPATIKA ONpeia Oe evEPYElEG MAVE ATtd
1076 MevV.
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Lxnpa 26: Evepyég Statopés yia téooepa kavadia e€6dou g aviibpaong n+PIr. Iapou-
olddovial ta MEPapPatika anotedéopata g napovoag datpBng ya to kavail (n,2n), padi
pe mpoundpyovia nelpapatika dedopéva [9] xkat pe ta arnotedéopata 1OV YE@PNTIKOV UITOAO-
yiopov pe toug kodikeg EMPIRE 3.2.2 kat TALYS 1.8. KdBe kavalt e€6dou rapouotiadetal

Xwplota:

(@) 31r(n,2n)*?1r, (b) *3Ir(n,a)'*“Re, (c) '3Ir(n,p)'?30s and (d) '*3Ir(n,total). Zto Zxfpa 26a,
1a 6edopéva pe 1oV aotePioKo aVIIoTOLXOUV OtV OAlKY) evepyod 61atojir) ToU KavaAilou (n,2n),
€V Ta undAouta avilotiXouv otV evepyo diatopr| tou abpoiopatog g + ml. Avubétwg, oto
Zxfpa 26b, ta dedopiéva e ToV aoTEPIOKO AVIIOTOLX0UV OtV evepyo Slatopt) g petactaboug
otddung, eve ta umodoira o AUtV TG BA0IKG KATAoTaonG.
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Zuvoyn

Zta mAaiola g nmapovoag 518aKTop1KkAG S1atp1Brig PeTPrOnKav ot evepyEg H1aToEg TV £E1G
avubpdoenv:

o 197Au(n,2n)!%%Au
o Y7Au(n,2n)%Aum?
o 9r(n,2n)101r

o YIrmn,2n)!0rm?
o 191Ir(n,3n)1891r and

o 1931r(n,2n)'9%Ir

ot €41 evépyeleg 6éoung verpoviav, petadu 15.3 kat 20.9 MeV, ©g mpog v evepyo Siatopn] g
avtidpaong 27Al(n,a)**Na. Ot petprioeig IPAYHATOITOONKAV 010 €EPYACTIP0 TOU ETNTAXUVI)
5.5 MV Tandem T11/25 tou EKE®E "Anuoxpitog” otnv ABrjva, péow g pebodou evepyorto-
inong. EmumA¢ov, nelpapatika dsdopéva movu eixav Angdei 1o 2005-2006 arnd toug N. Patronis
K. 4., Pe evépyeleg 6éopng verpoviav otnyv nieploxr] 10.0-11.3 MeV, avadubnkav e161kd yia v
gvepy6 Siatonr] g avtidpaong 3Ir(n,2n)*?Ir. Mpokeévou va avaAubolv autd ta dedopéva
0€ 0AO TO EVEPYELAKO £UPOG, Pia poopata ePAPIIOTHEVT] TEXVIKE] XP1OI0TIOI0NKeE, AOYy® TOU
4T 0 TUPAVAg Mov Tapdyetat and v aviidpaon *3Ir(n,2n), o ?%Ir, napdyetar kat and mv
avtidpaon ?1Ir(n,), n ornoia evepyoroteitat and xapnAoevepyelakd, mapacttikd vetpovia. Au-
) 1 PEBodog Slopbmvel Tov ap1BId TV YEYOVOT®V TTOU £ival anapaitntog yia tov mpocdlopiopo
NG evePYOU Slatopng, yia TV oUveloQopd artd XAPNAOEVEPYELAKA, MTAPAOITIKA verpovia. [To
OUYKEKPLIEVA, Yivovial AETTIOPEPEIG IIPOCOHOIMOELS Y1d TNV EVEPYELAKT] KATAVOUn NG 6Eoung
TV verpovinv, e xpron v kodikev NeuSDesc [34] kat MCNP5 [36], kat i teAeutaia ermt-
BeBaiwvetal péow g avtidpaong 197Au(n,y). EmumAéov, éywvav Sewpntikoi unodoylopol tov
EVEPY®V H1aTOPOV, OE £€va PEYAAO EVEPYELAKO £UPOG, HE XPNOoT oV Kadikov EMPIRE 3.2.2 [40]
kat TALYS 1.8 [42], téo0 yia 11§ avuidpdceig rou petp|fnkav, 000 Kat yla adAa kavaiia e§dédou

OV apopoUVv 0ToUg 1510Ug ITUPIVEG-OTOXOUG.

Ta véa niepapatika onpeia ya ug €51 avudpaoelg ou petpribnkav kat rnpoavapépbnxkav,
napouotddovial oto Lxnpa 23. Ot THEG TRV EVEPY OV S1aTopaV TV avildpacemv 197 Au(n,2n) % Au
Exgna 23a) xat Prmn,2n)'r (Zxnpa 23c¢) akodoubovv T YEVIKE TACH TGOV MPOUIApX0-
viov otnv BBAloypadia Sedopévev kat eldika ta onpeia ota 15.3 MeV, divouv mAnpogopia
Yl Vv TUr) g €vepyou S1atopng oto MAAT®, OIOU UTIAPXOUV ONUAVIKES S1apopég petadu
1OV IEPApatkev onpeiov mg PBAoypadiag. 'Ocov adopd ota Kavadia Imou Ol Iapayope-
vol muprveg Ppiokoviatl oe oopepeis kataotdaoetg, ta P7Aum,2n)'%Au™? (Exfupa 23b) kat
BlIrmn,2n) 012 (Sxfpa 23d), ta véa nepapatkd onpeia arnokaAvITIouy 1600 TO0 KEVIPOEL-
0¢g NG evepyou dlatopng, 6co Kat 1o oxfpa g. Ta véa onpeia yua v evepyo Siatopr) g
avtidpaong Ir(n,3n)'*Ir, nou napouoiadoviat oo TxHua 23e, £XOUV CNIAVIIKEG S1APOPES
e ta unidpyovta otnv PBAoypadia dedopéva tov Bayhurst k. d [18]. ErutAéov, 6cov adopa
otV evepyo datopr) g aviibpaong 1931r(n,2n) %I, (Sxhpa 231) wa véa onpeia dve and ta
15 MeV cupgpamvouv 1€ 1a madaidtepa repapatika dedopéva, eve 1a onpeia oty rePOXr TV
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10 MeV &ivouv Aoy1KEG TIIEG KAl YERIZOUV TO KEVO TIOU UTIHPXE OE EKEIVI] TNV EVEPYELUKT) TIE-
ploxX1n NG evepyou Sratourg. Extog amnd ta véa dedopéva, n tedeutaia aviidpaon eixe 16iaitepo
evBlagpépov 6101 ntav 1 18avikr nepin®or) yia va eAeyxOel n mpoopata epappPoopEvn) TEXVIKY)
oU Xpnotpomnoindnke yia tmv 610p0worn g ouveloPopdg T®V XAPNAOEVEPYEIAKADV VETPOVIDV
otov aplBpo TRV YEYOVOT®V, TIOU £ival anapaitniog yla tov mpocdloplopo g evepyou diato-
prg. Ta anotedéopata auvtig tng pebodoAoyiag nrav Aoyikd Ki €101 autr) 1] TEXVIKL PItopei va
epappoodel oe KAOe PETPN O e POVOEVEPYEIKT] HEOHT VETpOoVinY, Ot epyactrpla ITou dev £Xouv
v duvatotnta g PETPNOoNG TOU XPOVOU ITTHoNg TOUG.

Ta anoteAéopata 1@V 9e@PNTIKOV UTTOAOYIOH®V IOV EVEPYWV dlatopav napouciadovial ota
Zxhpata 24, 25 kat 26. Le yevikeg YpappPEG, Kat ot duo kwdikeg (EMPIRE [40] kat TALYS [42])
£€600av MOAU 1KAVOITOUTIKA ATIOTEAEOPATA KAl E101KA OT1§ TIEPITINOOELS TV Petactabov (Exnpa-
1a 24b kat 25b) pavnke 611 01 KOd1KeG £X0UV PeATinbel ta tedeutaia xpovia. Ta apyeia ei1codou
oU Xpnotponou)fnkav oe kKOs KOSKA yia T avildpAdoelg 1@V VETPOVI®V 0Td 100TOTIa 197 Au,
BIr xat 31, frav oxeboév 6ua (rx poviého TTUKVOTNTAG KATAOTACE®V, OITIIKO OUVAIKO,
poviédo avuibpaocenv rpoicopportiag Ktd.). ITapddo mou autég ot opowdtnteg Sa frav avapie-
VOHEVEG V1A YEITOVIKOUG ITUPNVEG, Il EIMMITUXNG AVATIAPAY®YH] TOV MEPAPATIKOV ONHIEIOV TV
evepy®v Statopov sivatl pia evBappuviiky emBeBainon yia v aroteAeopaTIKOTTA IOV dempn-
TIKOV UTIOAOY1OH®V OE AUTH] TNV TIEPLOXT] Palmv.

EmnA¢ov, Sa ntav 1diaitepa evdrapépov yia 1o peAdov:

o Na yivouv HETprioElS evepydv S1aTOPGOV OE VEITOVIKOUG ITUPHVEG-0TOX0US, orws °Re,
1920S 198Hg KAt 203T1

o Na eAeyx0Oel av pe ) Xp1on 1oV MApAPETPRV MOV eTAEXONKAV Yia TOUG Se®PnTIKOUG UITo-
Aoyilopoug g rtapouoag Statpibrig, Sa Prmopouoe va yivel avanapayoyr) 1oV aviiotoiXov
EVEPY®V S1ATOPWV TRV EUIMAEKOPEVAOV AVIIOPACERDV Y1 VEITOVIKOUG TTUPLVEG, 1€ XPI1OT
v Kadikov EMPIRE kat TALYS.

o Na yivouv petprjoelg evepyortoinong pe avixveutég rmou da PeTpouv v evepyotnta v
otypn g aktvoBoAnong (in beam measurements), ®ote va propouv va petpnOouv mu-
prveg pe MkpOtEPOUg Xpovoug nuideng. IIpokepévou va yivel katt 1€toto, pia ocuototyia
AVIXVEUTQOV yeppaviou da ntav anapaitnty, onwg n ouctotxia GEANIE oto gpyaottjptlo
WNR, oto Los Alamos Neutron Science Center [65], 1] oniwg autfjv g ouvepyaoiag
AGATA [66].

o Na yivouv pEeTprioelg evepyoroinong He TaUTOXPOVI] HEIPNON TOU XPOVOU INONG TRV
verpoviev (time of flight-TOF) oto EKEDE "Anpoxkpttog”, peta v avababiion tou ep-
yaotnpiou kat va gAeyxOel 11 XapnAosvepyelaks) MmePLOX!] TOU PACHATOS TRV VETPOVIQV.
IMa va emteuyBel kAt 1€1010, ivatl arapaitntn pia §€oun verpoviov rmou Sa exkmeprnetal
NaApPKdA, oote va eivatl duvatr) n PETPnon tou XpOvou I ong v verpoviov (start and
stop). [MiBavwg 1 péyiotn dadpoury dev Sa propouvoe va Eerepvaet ta 10 m, addd autr)
1] ATTO0TAOT £1val APKETL] Yid XAPNAOEVEQYEIAKA VETPOVIAL.
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Infroduction

Accurate neutron induced reaction cross sections are of considerable importance for prac-
tical applications in nuclear technology, dosimetry, medicine and industry, as well as for
fundamental research in Nuclear Physics and Astrophysics [1,2].

Since the time of the discovery of the neutron [3], efforts have been made to under-
stand the effects of neutron radiation in tissue and, eventually, to use neutrons for cancer
treatment. In contrast to charged particle or photon irradiations which directly lead to the
release of electrons, neutrons interact with the target nuclei and induce the emission of
several different types of charged particles such as protons, alpha particles or heavier ions.
Thus, a fundamental understanding of the neutron-nucleus interaction is necessary for
dose calculations and treatment planning with the needed accuracy [4]. Hence, one part
of the indispensability of dosimetry concerns the hospitals in which the neutron therapy is
provided.

Another issue is that, as the years pass by, the need for the reprocessing of “high burnup"
nuclear fuels containing plutonium and other higher actinides increases. The latter decay
by spontaneous fission or produce neutrons via («,n) reactions [5]. Therefore, the accurate
determination of the neutron emission by nuclear waste is critical, for both the environment
and the humans.

Especially (n,xn) threshold reactions on Au and Ir isotopes, which are under investiga-
tion in the present thesis, are proposed for high energy neutron dosimetry [6-8]. In order
to determine the neutron fluence in neutron environments (i.e fusion reactor), the use of
different radiochemical detectors and different nuclear reactions allows for a sampling of
different energy regions of a neutron energy spectrum and for this purpose, accurate cross
section data is needed. The passive method of neutron dosimetry which works by activating
appropriate materials (i.e Au and Ir), which are also referred to as “activation detectors", has
been proven to be the most sensitive one, concerning measuring instruments. For exam-
ple, in designing personnel dosimeters, the “activation detectors" are considered the most
appropriate supplement that produces a sensitive neutron dosimeter which can lower the
dose detection limits. It should be noted that especially (n,2n), and generally (n,xn), reaction
cross sections on Au are included in the NEA Nuclear Data High Priority Request List (HPRL),
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since they are essential for improvement and validation of the evaluated data [67, 68].

Apart from the aforementioned technological applications of (n,xn) reactions on Au and
Ir, there are more issues strictly related to the basic research in Nuclear Physics.

The study of neutron threshold reactions is of considerable importance for testing and
improving nuclear model parameters, therefore accurate cross section experimental data
is needed. More specifically, the residual nuclei of the (n,2n) reactions on 97 Au and Yr
present high-spin isomeric states. The cross sections of the latter provide important infor-
mation for the study of the compound nucleus de-excitation mechanism, due to the fact that
the population of isomeric states directly depends on the spin of the levels from which they
are fed and on the spin distribution in the continuum. Moreover, concerning isomeric states
reaction cross sections, the existing data points either present significant discrepancies, or
they are absent. Therefore, the new data could give a boost to experimental applications,
since they offer the possibility for an immediate and less time-consuming activation anal-
ysis, due to the shorter (compared to the ground state’s) half-lives involved. Furthermore,
the existence of accurate experimental data is of crucial importance for the evaluation of
these reaction cross sections, since there are no evaluated data in the libraries, concerning
the production of isomeric states.

Furthermore, the rapid evolution of computational codes and methods the last decade,
allowed for another contribution in experimental physics. Through the use of current com-
putational power, an analysis method, which could not be applied in the past, is imple-
mented in order to determine the 93Ir(n,2n)!?2Ir reaction cross section, which is contam-
inated by the '”'Ir(n,7)'?Ir one. This method corrects the yield that is used for the cross
section determination for the contribution of low energy parasitic neutrons, by using up-
dated evaluated data libraries and Monte Carlo simulations. This method provides a quite
good estimation of the neutron energy distribution over the whole energy range (from 101!
to tens of MeV) and can also be used in any measurement using a quasi-monoenergetic
neutron beam, in facilities which do not possess Time-of-Flight experimental capabilities.

Literature Survey and New Measurements

The six reaction cross sections which were studied in the framework of the present thesis
are the following:

o 197Au(n,2n]196Au
o 197 Au(n,2n) 9 Aum2
o 1M1rn,2n)101r

o 91rn,2n)1901m2
o 191Ir(n,3n)1891r

o 193Ir(n,2n)1921r



Cross section (b) Cross Section (b)

Cross section (b)

M L) M L) v T v T v T v T v T
4.0 F o 2016 Majerle & 1984 Ikeda @ 1980 Frehaut -
& 2016 Filatenkov < 1984 Garlea & 1978 Andersson
O 2013 Vrzalova 3 1983 Daroczy @ 1977 Veeser
@ 2011 Chuanxin # 1982 Csikai o 1975 Bayhurst
3.0 | = 2011 Tsinganis > 1981 Ryves > 1975 Paulsen 4
= 1996 Uno ¥ 1974 Maslov
4 1994 Iwasaki % 1972 Mather
% 1992 Uwamino # 1972 Nethaway
2.0 | x 1992 Belgaid + 1972 Hankla
¥ 1992 Garlea o 1968 Dilg
4 1990 Kimura & 1961 Prestwood
% 1987 Greenwood % 1958 Ashby
10}k ég @ 1953 Paul
&
(a) ,
0.0 " 1 " 1 i g 1 1 i 1 1
0 5 10 15 20 25 35
Energy (MeV)
T ] ) L) ) )
3'5-_ & 2016 Filatenkov © 1993 Konno * |
3.0 2007 Patronis < 1984 Herman
*7 > 2002 Zhang Feng o 1975 Bayhurst |
] & 1972 Qaim *
2.5 | % 1970 Temperley 1
] 1 KFL 1
2.0 W -
kel
1.5 4 .
] ¥
1.0 -
4 o o
0.5 1 0 4
(o)
(© o
0-0 T T T L] ] T
0 5 10 15 20 25 30 35
Energy (MeV)
2 5 i T T M L} L} L] v T i
A 2002 Gongping Li
O 1975 Bayhurst
2.0 4
1.51 ¢ -
1.0 1 4
(e]
0.5 4
o
(e)
(0]
0.0 +—— ——i—— —
0 5 10 15 20 25 30 35
Energy (MeV)

Cross section (b) Cross section (b)

Cross section (b)

41

T T L} T T T
o 2016 Majerle <4 1984 Ghorai
0.3} ¢ 2016 Filatenkov % 1982 Harper <
2011 Tsinganis % 1982 Reggoug
¥ 2011 Chuanxin X 1981 Laurec
* 2002 Yunfeng % 1972 Hankla
% 1996 Uno X 1968 Dilg
0.2 X 1992 Belgaid % 4 1965 Mangal
ﬁ} + ® 1960 Prestwood
® 1960 Tewes
P ot
0.1 Jf ¥ & 1
X
g +F F x4
@ - :
(b) o
00 1 i 1 1 1 N 1 ]
0 5 10 15 20 25 30 35
Energy (MeV)
L} L} T T T T
0.54 ¢ 2016 Filatenkov <& 1972 Qaim -
2007 Patronis % 1970 Temperley |
O 1993 Konno v 1970 Bormann
049 o 1984 Herman % 1961 Khurana
0.3 . e
0.24 ' zv : ]
%? hq.
0.14 4
(d)
0'0 M ) ] T T L) v L)
0 5 10 15 20 25 30 35
Energy (MeV)
) ] v T T T T
3.04 O 2016 Filatenkov
O 1993 Konno *
2.54 % 1984 Herman |
<& 1975 Bayhurst
< 1972 Druzhinin
2.0 : v 1970 Temperley |
(o 4
<]\
1.51 | ‘*}‘0 -
%
1.0 ¢ » -
. & _
0.5 o <
(f)
0.0 T T T v T v T T M L)
0 5 10 15 20 25 30 35
Energy (MeV)

Figure 27: Existing datasets in literature [9] for the six reaction cross sections of interest in
the framework of the present thesis:
@7 Au(n,2n)¥%Au,
(© Ir(n,2n)01r,

()7 Aun,2n)*°Au™?,

(d) 'Ir(n,2n)' 012,
(e) r(n,3n)'%%Ir and (f) *3Ir(n,2n)'*%Ir.

The green data points are previous measurements from our group [10], published in 2007
and 2011, by N. Patronis et. al [11] and A. Tsinganis et. al [12], respectively. The present

work constitutes a continuation of the previous ones in order to determine the cross section
at higher neutron energies.
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The previously existing in literature datasets [9], for each one, are presented in Fig. 27. As
can be seen in Fig. 27a, many cross section datasets [12, 15-19,69-92] exist for the ground
state of the residual nucleus of the %7 Au(n,2n) reaction, which present notable discrepancies
in the plateau region, around 15 MeV. This is not the case for the second isomeric state of
the '96Au nucleus (Fig. 27b), especially at high neutron beam energies. Above 15 MeV only
five datasets exist [13-17] and the corresponding data differ significantly with one another.
Concerning the 19r(n,2n)!?Ir reaction cross section for the sum of the ground and the
first isomeric state (g+m1) (see Fig. 27c), six datasets exist [11, 18-22], which present few
data points above 15 MeV. Going to an even worse case, for the cross section of the second
metastable state of M°Ir nucleus (Fig. 27d), although there exist two datasets [21,23] in the
energy range from 15 to 18 MeV, there are considerable differences among them, while at
higher energies there is a complete lack of experimental data. Regarding the cross section
of the 91Ir(n,3n)'%°Ir reaction (Fig. 27e), there are only two datasets over the whole energy
range above threshold, which provide few data points. Last but not least, the 1931r(n,2n)9%1r
reaction cross section (Fig. 27f ), for which six datasets [18-21, 24, 25] are available in
literature, but the majority of the data points lies in the plateau region. For energies below
13 and above 16 MeV it seems that more experimental data is needed.

Therefore, the purpose of this work was to experimentally determine the cross section of
the six aforementioned reaction cross sections at incident neutron beam energies ranging
from 15 to 21 MeV. Additionally, in the framework of the present thesis, experimental
data obtained in 2005 and 2006, using neutron beams ranging from 10 to 11.3 MeV were
analyzed, especially for the cross section of the 193Ir(n,2n)1921r reaction. The 191Ir(n,2n]
reaction cross section data obtained from the same irradiations were published in 2007 by
N. Patronis et. al [11].



Measured Reactions and Activation Method

In this chapter the energy diagrams for all the studied reactions will be presented, along
with the decay properties of the residual nuclei. Moreover, the basic formalism for the cross
section determination by means of the activation technique will be given.

1.1 The n+'%"Au system

When a high energy neutron, for example 20.8 MeV, impinges on a ’Au nucleus, the
compound nucleus ”®Au is produced in a highly excited state and the possible exit channels
are presented in Fig. 1.1. In the present work the '°”Au(n,2n) reaction channel was studied,

E(MeV)
30
25
21.23
204 20.8 MeV 3n+ CAu
151 1438
2n+ '"°Au
10 4
6.51 6.45
54 n+197Au n+197Au p+197Pt
04 — 053
198 Ay a+ "¢

Figure 1.1: Energy diagram of the n+'97Au system. The atomic masses were adopted from
the National Nuclear Data Center (NNDC) [93] and the calculations are described in detail
in [33].
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Figure 1.2: Simplified decay scheme for the de-excitation of the ground and isomeric states
of the 6Au nucleus. The intensities are obtained from the Lund/LBNL library [37] and all
energies are given in keV.

in which the residual nucleus, namely the 196Au, is unstable and decays by ST emission
(92.5%) to 9Pt and by 5~ (7.5%) to '9®Hg (Fig. 1.2). The decay half-life of the ground
state is 6.183 d and during its de-excitation several y-rays are emitted, with the three most
intense being 355.7, 333.0 and 426.0 keV. As shown in Fig. 1.2, evidently, by measuring
them, the

197Au(n, 2n>196Aug+m1+m2

reaction cross section is determined, which includes the population of the ground, first and
second isomeric states of ' Au nucleus.

In addition, the nucleus can be produced in an excited state and populate one of the two
isomeric states which lie at the excitation energies of 84.66 (m1l) and 595.66 keV (m2),
respectively. The former isomeric state decays with a relatively short half-life of 8.1 s,
therefore it is not easy to measure it separately from the ground state, while the latter has a
half-life of 9.6 h and thus it can be independently determined (with the energies of the two
most intense y-rays from its de-excitation being 147.8 and 188.3 keV).

At this point, it should be noted that the available intensities for the y-rays of the 126 Au™?
metastable differ remarkably from one library to another ( [37]- [39]) (see Table 1.1). In this
respect, an effort on determining the correct intensities, guided by M. Majerle [94], was
recently published [38]. Thus, in the present experimental cross section results for the
197Au(n,2n)196Aum2 reaction, intensity values obtained by the Lund/LBNL library [37] were
adopted, as shown in Fig. 1.2, and cross section values obtained using the intensities of
the work mentioned above [38] are also presented.
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Table 1.1: -ray intensities for the de-excitation of 1?°Au"? residual nucleus [37-39].

Nucleus -y-ray energy ~-ray intensity (%)
(keV) TOI NNDC Modified values

[37] [39] [38]
196 pym2 147.81 43.0 43.5 43.0
188.27 37.4 30.0 34.0

168.37 7.6 7.8 5.9

285.49 4.3 4.4 4.0

316.19 2.89 3.00 2.7

137.69 1.3 1.3 1.5

The decay properties of the daughter nuclei that were used for the cross section determina-
tion are presented in Table 1.2.

Table 1.2: Decay data used for the daughter nuclei.

Reaction T2 Ev (keV) Iv (%) Reference
97 Au(n,2n) %% Augtmi+m2 6183d  355.7 87.0 [37]
333.0 22.9 [37]
426.0 7.0 [37]
197 Ai(n, 2n) 96 Au™2 9.6 h 147.8 43.0 [37]

188.3 37.4 & 34.0 [37] &[38]

1.2 The n+"“Ir system

Natural iridium consists of two isotopes, namely the ?!Ir and the ?3Ir ones, with the latter
being the most abundant (37.3 and 62.7 %, respectively). Due to the fact that natural Ir foils
were used in the present measurements, it is useful to study the two Ir isotopes separately.

1.2.1 The n+*!Ir system

Similarly to section 1.1, when a 20.8 MeV neutron impinges on a Ylr nucleus, the com-
pound nucleus '*?Ir is produced in a highly excited state and the possible exit channels are
shown in Fig. 1.3. In the present work two of the open reaction channels were studied,
namely the 191Ir(n,Zn] and 191Ir[n,3n] ones.

The residual nucleus of the (n,2n) reaction, namely the'®Ir, is unstable and decays via
electron capture (91.4%) and internal conversion (8.6%) to 1900g (Fig. 1.4). The decay half-
life of the ground state is 11.78 d and the de-excitation is accompanied by <y-ray emission
with the energies of the three most intense y-rays being 518.6, 558.0 and 569.3 keV. Due
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Figure 1.3: Energy diagram of the n+9r system. The atomic masses were adopted from
the National Nuclear Data Center (NNDC) [93] and the calculations are described in detail
in [33].

to the fact that the 8.6% of the population of the m2 state decays to the ground state,
the most appropriate summation to represent the experimental scenario in an activation
measurement is given by the following expression [95]:

191 IT‘(’I’L, 211)19017’ g+m1+0.086 m2

Thus, when measuring the 518.6, 558.0 and 569.3 keV ~-ray transitions, the population of
the ground, first and a part of second isomeric states is included in the results.

Furthermore, the nucleus can be produced at an excited state and populate one of the two
isomeric states at the excitation energies of 26.1 (m1) and 376.4 keV (m2), respectively. The
former isomeric state decays with a half-life of 1.12 h by low energy y-ray emission and due
to the y-ray high mass attenuation factor, its de-excitation can not be easily studied. The
latter, having a half-life of 3.087 h, decays to 1990s with a probability of 91.4% and can be
independently determined by measuring the two most intense y-rays (616.5 and 502.5 keV)
emitted during its de-excitation.

The residual nucleus of the (n,3n) reaction on *'Ir, namely '8°Ir, is unstable and decays
by means of electron capture (100%) to 80s (Fig. 1.5) with a decay half-life 13.2 d. During
its de-excitation several y-rays are emitted and the most intense is the 245.1 keV one.

All the decay properties of the daughter nuclei that were used for the cross section
determination are presented in Table 1.3.
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Figure 1.4: Simplified decay scheme for the de-excitation of the ground and isomeric states
of the Ir nucleus. The intensities are obtained from the NNDC Brookhaven National
Laboratory library [39] and from refs. [95,96]. All energies are presented in keV.
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Figure 1.5: Simplified decay scheme for the de-excitation of the ¥®’Ir nucleus. The intensities
are obtained from the NNDC Brookhaven National Laboratory library [39] and all energies

are presented in keV.
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Table 1.3: Decay data used for the daughter nuclei.

Reaction Ty /9 Evy (keV) Iy (%) Reference
Olp(n,2n)t90pg+m1+0.086m2 17 78 4 518.6 34.0 [39]
558.0 30.1 [39]
569.3 28.5 [39]
l1r(n,2n) 1902 3.087h 616.5 90.14 [39]
502.5 89.38 [39]
Yl1r(n,3n)891r 13.2d 245.1 6.0 [39]

1.2.2 The n+'?Ir system

Concerning the neutron interaction on '%3Ir, the compound nucleus (***Ir) is again produced
in a highly excited state and the corresponding energy diagram is presented below (see Fig
1.6).

E(MeV)
30 4
26.86
25 4
204 20.8 MeV 2004
3n+ "'Ir
15 - 13.84
2n+ "Ir
10 1
6.07 6.07 643
51 n+"Ir n+"Ir p+70s
0 068
I94Ir* a N 190Re

Figure 1.6: Energy diagram of the n+'%Ir system. The atomic masses were adopted from
the National Nuclear Data Center (NNDC) [93] and the calculations are described in detail
in [33].

In the present work the 1931r(n,2n) reaction channel was studied, in which the residual
nucleus, namely the 1921r, is unstable and decays via electron capture (4.76%) to 19205 and
by 3~ emission (95.24%) to '9?Pt (see Fig. 1.7). The decay half-life of the ground state
is 73.829 d and the de-excitation is accompanied by ~y-ray emission with the energies of
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Figure 1.7: Simplified decay scheme for the de-excitation of the '?Ir nucleus. The intensities
are obtained from the NNDC Brookhaven National Laboratory library [39] and all energies
are presented in keV.

the three most intense ~-rays being 316.5, 468.1 and 308.5 keV. Due to the fact that the
v-rays involved in the left brach in Fig. 1.7 have low intensities, only the -rays of the right
branch were used. The decay properties of the daughter nucleus that were used for the
cross section determination are presented in Table 1.4.

Table 1.4: Decay data used for the daughter nucleus.

Reaction T1/9 Evy (keV) Iy (%) Reference
19[rm,2n)'%1r 73.829d 3165 82.86 [39]
468.1 47.84 [39]
308.5 29.7 [39]

Another important issue concerning this reaction, is that the '*?Ir nucleus can also be
produced by the 911r(n,v) reaction channel, which is open to low energy parasitic neutrons.
In order to correct for this contribution, a recently applied analysis method was implemented
and is described in 3.4.
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1.3 Activation Method

The activation method is based on the measurement of radiation emitted during the decay
of radioactive nuclei formed by irradiation of a material. When it comes to irradiations using
neutron beams, the method is referred to as Neutron Activation Analysis (NAA) and it can be
categorized according to whether ~-rays are measured during neutron irradiation (Prompt
Gamma NAA - PGNAA) or at some time after the end of the irradiaton (Delayed Gamma NAA
- DGNAA) (see Fig. 1.8). NAA is a very precise and non-destructive technique, mainly used
to determine trace concentrations of elements in samples [97, 98] or to acquire information
on the spatial distribution of a neutron field via neutron activation detectors [99]. In the
present work, the DGNAA was implemented in order to determine the cross section of
neutron induced reactions and the basic formulas are given below.

Neutron

® B B-particle
\ T Neutron
. |, capture
- ._‘- . .
& Radioactive
Compound N  decay
nucleus
G| X * A+1
7 .4
Prompt gamma
radiation
PGAA
ATl X * A+1
711 741X
Decay gamma
radiation
NAA

Figure 1.8: Schematic representation of the Neutron Activation Analysis (NAA) method [100].

When a projectile x impinges on a target nucleus X and a nuclear reaction (x+X — Y+y) with
two products, namely the residual nucleus Y and the ejectile y, takes place, the production
of the radioactive nuclei Y is described by:

dN

g:g.f(t).NT—A-N (1.1)

where
o: the cross section of the X(x,y)Y reaction
f(t): the time dependent x beam flux impinging on the target
N:: the number of the X target nuclei
A: the decay constant of the Y produced nuclei

N: the number of the Y produced nuclei
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The general solution of the differential equation 1.1 is the following (see Appendix A for more
details):

_ [t o N, f(t)+C

N(t) o dt (1.2)
The total x beam flux impinging on the X target during the irradiation time ¢p is:
tp
b = f (t) dt (1.3)

0
Therefore, the number of the produced nuclei during the irradiation time ¢p, can be written

as:
tB _\dt
t)dt
N,(tp) = o N, ® foti—f()e—“B (1.4)
0 ft)dt
where
tB _\dt
t)dt
fc — f() € f( ) e—)\tB (15]

t
o f(t)dt
is a correction factor for the produced nuclei which decayed during the irradiation. Thus, the
number of the produced nuclei during the irradiation is given by the following expression:

N, =0 N, ®f. (1.6)

By using the 1.6 equation, three types of problems can be solved:

o Case 1: (9, N;) known ﬁid> o

o Case 2: (0, N;) known % )

o Case 3: (P, 0) known % N,

Therefore, when measuring a reaction cross section with the activation method relative to a
reference one, two of the aforementioned problems are solved (Case 1 and Case 2).

Step 1: Use the reference reaction (o, N, known) to find @, ference:

(Np)reference
) i (1.7)
reference (0 Nr fo)re ference

Step 2: Find the beam flux ratio in reference and measured foil C'y (very close to 1, can also
be assumed to be equal to 1):

Cq> _ (I)reference (I)measured _ (I)reference (1.8)
(pmeasured C’<I>
Step 3: Find the measured cross section (¢, N, known):
(Np)measured (1.9)

o. d =
measure (NT ) fc)meaSUTed

By combining equations 1.7, 1.8 and 1.9, the measured cross section can be written as:

(Np)measured (NT fc)reference C
P

o d=0
measure reference (Np)reference (NT fc)measured

(1.10)
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Experimental Part

In this chapter, all the available information on the experimental measurements (such as,
neutron facility, parasitic neutrons, neutron monitoring, experimental setups and activation
measurements) will be described in great detail.

2.1 Neutron Facility

The measurements were performed at the 5.5 MV Tandem T11/25 Accelerator Laboratory
of NCSR "Demokritos" in Athens (see Fig. 2.1).

Figure 2.1: 5.5 MV Tandem T11/25 Accelerator of NCSR "Demokritos" in Athens [26].

The quasi-monoenergetic neutron beams were produced by means of the *H(d,n)*He (D-T)
reaction (see Fig. 2.2). The large positive Q-value (Q = 17.59 MeV) and the low atomic num-
ber make it possible to produce high yields of fast neutrons even at low incident deuteron
energies [27].

Deuterium Helium 4
/
L 2
— — + Energy
el °
% ~
Tritium neutron

Figure 2.2: Schematic representation of the D-T reaction [101].

The cross section of the D-T reaction is shown in Fig. 2.3 over a wide energy range.
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Figure 2.3: Experimental data and the ENDF/B-VI evaluation for the cross section of the
3H(d,n)4He (D-T) reaction relative to the deuteron beam energy [9, 28].

In the present measurements, the deuteron beam energies impinging on the T target
varied between 1 and 4.3 MeV, whereas the cross section of the D-T reaction in this energy

range is presented in Fig. 2.4.
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Figure 2.4: Experimental data and the ENDF/B-VI evaluation for the cross section of the

3H(d,n)*He (D-T) reaction relative to the deuteron beam energy, in the energy region of

interest [9, 28].

The Tandem Accelerator transition is reduced for low energy beams, therefore in order

to achieve a sufficient beam current at low beam energy irradiations, the deuteron beam
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was accelerated at a higher energy and then passed through a 10 ym Mo foil placed in
front of the tritium target, as shown in Fig. 2.5. In this way, the decelerated deuterons
impinged on the T target with a higher probability to react with the target atoms, due to
the higher D-T cross section at lower energies. This technique was implemented in two
of the irradiations in order to send 1 and 1.5 MeV deuterons on the T target, instead of
2 and 2.5 MeV respectively. The uncertainty of the neutron energy in all cases (with and
without Mo foils) was estimated by coupling the NeuSDesc [34] and MCNP5 [35] codes and
the corresponding procedure and results are presented in section 2.4.2.

Figure 2.5: The placement of the 10 ym Mo foil in the flange of the T target.

Two solid Ti-tritiated targets consisting of a Ti-T layer on a 1 mm thick Cu backing, for
good heat conduction, were used. The details for each one are presented in the following
table (Table 2.1). More specifically, "Target 1" was placed in the flange so that the deuteron
beam passes through a 10 ym Mo foil before hitting the T target, as shown in Fig. 2.5,
and was used for the measurements at neutron energies between ~ 15-17 MeV. For the
higher neutron energies, "Target 2" was placed in the flange and no foils were used, since
the deuteron beam from the accelerator had enough intensity to produce high neutron flux.
Moreover, the TiT target assemblies were air cooled during all the irradiations.

Table 2.1: The information obtained from the construction company (SODERN [102]) for the
two tritium targets used in the present work.

Name Production Mass T /Ti Tritium Activity
Date (pm/ cm?) Ratio (GBq)
Target 1* 14 June 2007 2123.5 1.543 373.33
Target 2 15 January 2015 2305.0 1.530 400.00

* Target 1 was placed in the flange so that the deuteron beam passes through a 10 ym Mo
foil before hitting the T target.
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4

Figure 2.6: The placement of the T target in the flange. The process took place in an airtight

isolation bag in an outdoor area due to the high T target activity and its high probability to
adhere to air molecules.

Figure 2.7: The end of the irradiation line in the experimental hall of the Tandem Acceletator
Laboratory of NCSR "Demokritos".
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2.2 Parasitic Neutrons

Monoenergetic neutrons can be produced by two-body reactions, however a practical source
will not only produce these primary neutrons, but also "background" neutrons [29]. These
neutrons can also be called "parasitic" and vary in energy from the thermal region up to a
few MeVs [30].

Parasitic neutrons may stem from:

o Break-up

For deuteron energies higher than 3.7 MeV, the break-up reaction cross sections rise
significantly. Therefore, as the deuteron energy increases the 3H(d,np)?’H, 3H(d,2n)3He,
3H(d,nd)2H, 3H(d,2np)2H and 3H[d,3n)2p reactions gradually start to contribute to the
neutron production [32].

o Target

On the Ti-tritiated target, 12¢ nuclei are abundant from the carbon built up process,
due to the presence of C in the beam line and vacuum system. Therefore, secondary
neutrons are produced by the 12C(d,n)13N reaction. Moreover, as shown in previous
publications [2], 2H beam is implanted in the tritium target resulting in background
neutrons from the 2H(d,n)4He reaction [29, 30]. It should be noted that although in
the case of gas targets the contribution from these background neutrons can relatively
easily be determined via gas-in/gas-out measurements, for solid targets the task to
perform a blank measurement using a non tritium containing dummy target is a
somewhat more demanding task [27].

o Beam Line

Neutron producing reactions can also be performed when the deuteron beam inter-
acts with materials of beam pipes, collimators and other surroundings. For example,
parasitic neutrons can be produced via the 10(d,n)'"F reaction, since %0 nuclei are
always present in the beam line due to oxidization processes [30].

o Room

Due to the fact that the neutrons from the D-T reaction are emitted almost isotropically,
there is a high room neutron background. For instance, in the experimental hall of
the Tandem Acceletator Laboratory of NCSR "Demokritos", at ~2 m distance from the
neutron source, there are some water tanks in order to prevent neutrons from exiting
the room. Apart from these, many objects and materials exist in the experimental area,
leading to neutron scattering and thus in a low energy neutron tail in the spectrum.

The main reactions producing parasitic neutrons are presented in Table 2.2 along with their
Q-values and energy thresholds.
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Table 2.2: Main reactions producing parasitic neutrons along with their origin, energy
thresholds and @Q-values. All values were taken from the NNDC @-value calculator [31].

Origin Reaction Threshold Primary Neutron Q-value
(MeV) Beam Energy (MeV) * (MeV)

Target (Implantation) 2H(d,n)*He 0.000 - 3.269
Target (Built up) 12¢(d,n)3N 0.328 14.960 -0.281
Beam Line (Oxidization)  '0(d,n)'"F 1.829 17.710 -1.625
Break-up 3H(d.np)*H 3.710 20.304 -2.225
Break-up 3H(d,2n)3He 4.984 21.841 -2.988
Break-up 3H(d,nd)?H 10.435 - -6.257
Break-up 3H(d,2np)’H  14.145 - -8.482
Break-up 3H(d,3n)2p **  17.876 - -10.707

* The primary neutron beam energies were estimated by means of the NeuSDesc code for
the "Target 2" (see Table 2.1), therefore there is no estimation above 10 MeV deuteron beam
energy.

** The energy threshold and the Q-value for this reaction were adopted from ref. [32].

2.3 Neutron Monitoring

In order to record the neutron beam fluctuations, a BF3 detector (see Fig. 2.8) was placed
at a distance of ~3 m from the neutron source.

Figure 2.8: BF3 detector used for monitoring the neutron beam fluctuations during the

irradiations.
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Figure 2.9: Neutron beam fluctuations for the irradiation at 20.0 MeV neutron beam energy.
The irradiation lasted for 36480 sec and the BF3 detector data were stored every 40 s.

This detector is a proportional counter which employs the following reactions:

10B(n,a) Li Q = 2.792 MeV 6%)
0B(n,a) Li* Q = 2.310 MeV (94%)

while the produced nuclei (‘Li and “He) are detected by losing energy in the gas of the
detector. The aforementioned reactions present high cross section values for low energy
neutrons, while the opposite (low cross sections) holds for high energy neutrons. In this
respect, the BF3 detector was placed inside a paraffin cylinder, so that the neutrons lose a
part of their energy by successive collisions.

The BF3 data were stored at regular time intervals by means of a multichannel scaler and
then the obtained information on the beam instabilities (see Fig. 2.9) was used in the off-line
analysis to correct for the produced nuclei which decayed during the irradiation (factor f.).
More specifically, the regular time intervals are denoted as dt in Eq. 3.3, while the collected
counts during this period are defined by the factor f(¢).

The BF3 detector acts only as a neutron counter, which means that it can not provide
any information neither for the neutron energy, nor for the number of the neutrons. The
absolute neutron flux of the main energy peak in the neutron spectrum is determined
via reference reactions, while in the framework of the present thesis, a recently applied
analysis method was used in order to qualitatively and quantitatively estimate the low
energy parasitic neutrons (see section 3.4).
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2.4 Irradiations

Six irradiations were performed at the neutron facility of the Tandem Acceletator Laboratory
of NCSR "Demokritos". The date on which the measurements were performed, the TiT target
used, the typical beam current, the deuteron energy, the neutron energy and the duration

of each irradiation are presented in Table 2.3.

Table 2.3: Experimental details concerning the irradiations.

Date of Name of Eg4 E, I Irradiation time
measurement TiT target (MeV) (MeV) (nA) (h)
. 10pm
April 2013 Target 1 2.0 M—> 1.0 153+£05 1.5 26.1
o
A 10pum
April 2013 Target 1 2.5 M—> 1.5 17.14+03 1.0 96.1
o
January 2017  Target 2 2.0 179+ 0.3 0.3 9.7
January 2017  Target 2 2.7 189+03 0.5 27.8
March 2015 Target 2 3.5 20.0£0.2 0.2 10.1
March 2015 Target 2 4.3 209 +0.2 0.3 32.4

As shown in Table 2.3, the uncertainty of the lowest neutron energy (15.3 MeV) is larger
than of the rest. This can be attributed not only to the existence of the Mo foils before the
TiT target, but also to the low deuteron energy, since the lower the latter, the higher the
energy loss in the assembly materials. This is also verified by the uncertainties of the higher
neutron energies (i.e 20.0 and 20.9 MeV) which are even smaller, since the deuterons with
higher energies do not lose that much energy in the TiT target. The uncertainies of all the
neutron energies were estimated by coupling the NeuSDesc [34] and MCNP5 [35] codes and
the corresponding procedure and results are presented in section 2.4.2.
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2.4.1 Experimental setup

The experimental setups for each of the six irradiations are presented in Fig. 2.10. In each
case, high purity Al, Au and Ir foils (0.4-0.5 mm in thickness and 13-14 mm in diameter)
were included in the target assembly, while the measured samples were placed near the
reference ones in order to accurately determine the neutron flux. Moreover, during the
irradiations performed in the framework of the present thesis, some more samples were
also placed in the experimental setups (Am, Hf and Er targets, see Fig. 2.10), but the
corresponding data belongs to other separate projects. Furthermore, in order to study
various energy regions of the neutron spectrum, several reactions with different thresholds
were used (see Table 2.4). In this table, the threshold of the measured reactions are also
presented.

Table 2.4: Half-lives, y-ray energies, intensities of the most intense 7-rays and reaction
thresholds for both measured and reference reactions.

Reaction T2 E, L, Ethreshold  Ethreshold™

(keV) (%) (MeV) (MeV)

Measured reactions

Y7Aum,2n)'%Au 6.183d  355.7 87.0 8.11 8.25
11r(n,2n) 01 11.78d 5186 34.0 8.07 8.20
1911y, 3n) 1¥1r 13.2d 245.1 6.0 14.48 15.00
931r(n,2n)!?%lr  73.829d 316.5 82.86 7.81 8.00

Reference reactions

2TAln,)?*Na  14.9590h 1368.6 100 3.25 6.75
9Nb(n,2n)??Nb™  10.15d  934.5 99.15 8.93 9.09
B7Aum,y)'%8Au  2.6941d 411.8 95.62 0.0 0.0
Winm,in)'Pm™ 4.486h 3362 45.9 0.0 0.5

* This column corresponds to the neutron energies above which the reactions have sufficient
cross setions values to give high reaction rates.
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Figure 2.10: Schematic representation of the experimental setups for the irradiations at: (a)
15.3 MeV, (b) 17.1 MeV, (c) 17.9 MeV, (d) 18.9 MeV, (e) 20.0 MeV and (f) 20.9 MeV neutron
beam energies, respectively.

It should be noted that there is no gap between the successive foils, but they are presented
in this way (in Fig. 2.10) for clarity. Moreover, the Cd1 and Cd2 foils in Fig. 2.10d, were
placed in the front and back side of the Aul one as low energy neutron absorbers.

In addition, as shown in Fig. 2.10, all the samples were placed at a distance of ~2 cm
from the Ti-tritiated target, taking into account the 2 mm Al flange window and the 1 mm
Cu backing of the T target. In this way, the angular acceptance of the samples is limited to
+19° where the neutron beam can practically be considered as monoenergetic (concerning
the main peak of the neutron beam and ignoring the parasitic neutron tail) (see Fig. 2.11).
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Figure 2.11: The neutron energy with respect to the angle, for each irradiation, according
to the D-T reaction kinematics.

In Figs. 2.12(a) and 2.12(b), photographs taken before the beginning of the irradiations
(mentioned also in Figs. 2.10(a) and 2.10(b)) are presented, for 15.3 and 17.1 MeV neutron
beam energies, respectively.

(b) Irradiation with 17.1 MeV neutrons.

Figure 2.12: Photographs taken before the beginning of the irradiations.
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2.4.2 Neutron Energy and Neutron Flux

The study of neutron energy spectra generated by deuterons on the Ti-tritiated target was
carried out using the NeuSDesc (Neutron Source Description) code, developed at IRMM [34].
The program takes into consideration the energy loss, energy spread and angular straggling
of the deuterons in the target assembly through the Monte Carlo simulation program SRIM-
2008 and calculates average neutron energies, fluences and resolutions [103]. A typical
NeuSDesc input includes the deuteron energy (E;), the Ti-tritiated target details (Ti thickness
and T/Ti ratio), the entrance foil along with its thickness, the neutron emission angle,
the mean deuteron beam current during the irradiation, the detector radius in which the
neutron fluence is determined and the distance from the Ti-tritiated target. Moreover,
the NeuSDesc program includes the option of creating an MCNP [35] file containing the
description of the neutron field (sdef -source definition- card) at an arbitrary surface in
space. An example of the input parameters used in NeuSDesc to produce the sdef card for
the irradiation at 20.9 MeV is shown in Fig. 2.13.

NeuSDesc ver, 1.0, EC-JRC-IRMM, Aug-2008 . =0 SRR 3
- -
lons and neutrans
Reaction _ Nevtron emission angie: |1 ExIT
€ _|TidnMHe, T/Titarget =P  Compeling reactions . o
— T lon energy i below theshold Al About
fon eneray (ke . B Ien e e Current (ub): |1
Kl [ Ell @ mefmemeerstsem . O
o 10
Ti. Li or LiF thickn. (ug/em2), @ Distance (mm)
T, D/Tiralio: {153 / M =+
MCNP settings e
Neution energies (Mev: Neutron yield data:
00
Maw: |21.166 Mean fuence rate [n/cm2 5] |0.B17E+07 _EIK
[ o] " ] Coordinates for the neutron
Average: EET S| )2 h source o for the entiance Direction of the ion beam [does
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Figure 2.13: NeuSDesc interface. In this figure the input parameters of interest have been
marked and tuned so as to produce the neutron source description card (sdef card) for the
irradiation at 20.9 MeV. The MCNP settings depend on the description of the irradiation
setup in MCNPb5.

The NeuSDesc output file (sdef card)! was used for Monte Carlo simulations by means of
the MCNP5 [36] code to investigate the neutron fluence in the successive foils, by taking
into account the detailed geometry of the experimental setup for each irradiation (Fig. 2.10).
Therefore, the neutron beam energies along with their uncertainties that were presented in
Table 2.3, were determined by coupling the NeuSDesc and MCNP5 codes, by using (in the
NeuSDesc code) the input parameters shown in Fig. 2.14.

It should be noted that the produced sdef card is a text file which has a size of ~8000 lines, therefore it
has not been included in any of the appendices concerning MCNP5 simulations.
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Figure 2.14: The main peak of the neutron energy spectra for the irradiations at (a) (15.3 £
0.5) MeV, (b) (17.1 £ 0.3) MeV, (c) (17.9 £ 0.3) MeV, (d) (18.9 £ 0.3) MeV, (e) (20.0 &+ 0.2) MeV
and (f) (20.9 £ 0.2) MeV neutron beam energies, according to the NeuSDesc code [34]. The
mean neutron beam energy and its error for the six irradiations were estimated by means

of these subfigures. The input parameters used in the NeuSDesc code are also presented,

except for the neutron emission angle and the typical deuteron beam current, which were

assumed to be 0° and 1 pA respectively, in all cases. The detector radius was considered as

the radius of the first (with respect to the neutron source) Al foil and the distance from the

Ti-tritiated target is taken from Fig. 2.10 increased by 3 mm, which correspond to the Cu
backing (1 mm) and the Al flange window (2 mm) thicknesses.
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For example, the end of the irradiation line along with the experimental setup for the irra-
diation at 18.9 MeV neutron beam energy (see Fig. 2.10d) were simulated using the MCNP5
code as shown in Fig. 2.15.

Holder
and
samples

v

Ti-tritiated target —» | ‘

Figure 2.15: Simulated geometry of the irradiation setup at 18.9 MeV neutron beam energy.
The figure is obtained from the Visual Editor of the MCNP5 code. The three last foils (see
also Fig. 2.10d, Cd1, Aul and Cd2) are placed behind the holder with the other foils.

The results of the simulations reproduced very well the experimental fluences for all the
irradiations and both simulated and experimental fluences are presented in Fig. 2.16. The
input files of the MCNP5 code for each irradiation are given in Appendix B. In some of the
simulations the distance of the first Al foil (with respect to the neutron source) from the
tritium flange was increased, compared to the value shown in Fig. 2.10, in order to achieve
the best agreement between experiment and simulation. This modification concerning sim-
ulations is quite fair for two reasons. Firstly, the distances mentioned in Fig. 2.10 may not
be so accurately measured and secondly, this modification does not affect the NeuSDesc
calculations concerning the neutron beam energy and its uncertainty (Fig. 2.14).

From the subfigures (2.16a-2.16f), the necessary quantities for the determination of the
measured reaction cross sections are the following two:

o The experimental neutron fluences in the reference foils placed in front (with respect
to the neutron source) of the measured ones, either Au or Ir (factor @, ference. EQ. 1.7).

o The ratio of the neutron fluences in reference and measured foils (factor C'g, Eq. 1.10).

These quantities lead to the determination of the neutron fluence in the samples of interest,
either Au or Ir (factor ®@,,cqsureds Eq. 1.8). As it was mentioned above, there is a good
agreement between the experimental and simulated neutron fluences of the reference foils
and this indicates that the simulations are successful and can be trusted for the estimation
of the neutron fluence.
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Figure 2.16: Experimental neutron fluences in the reference foils along with the simulated
ones, obtained by means of the MCNP5 code, for the irradiations at (a) (15.3 & 0.5) MeV, (b)
(17.1 + 0.3) MeV, (c) (17.9 = 0.3) MeV, (d) (18.9 &+ 0.3) MeV, (e) (20.0 £ 0.2) MeV and (f) (20.9
+ 0.2) MeV neutron beam energies. The distances of the first Al foil from the Ti-tritiated
target in the simulated geometries are (a) 2.0 cm, (b) 2.0 cm, (c) 2.0 cm, (d) 1.9 cm, (e) 1.8
cm and (f) 1.7 cm, respectively. In Fig. 2.16d, the simulated flux was not estimated for the
Cd1 and Cd2 foils, since they were placed in the front and back side of the Aul one as low
energy neutron absorbers.
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2.5 Measurements

After the end of the irradiations, the induced activity on the Au, Ir and reference foils was
measured using high purity germanium detectors (HPGe) of 100%, 80%, 56% and 16%
relative efficiency. The activity measurements of all samples were carried out at a distance

i » ) - % =
Figure 2.17: The 100% relative efficiency HPGe which is properly shielded to reduce the
contribution of natural radioactivity.

of 10 cm from the detector window, thus there was no need for significant pile-up or true
coincidence summing effect corrections. At the same distance, a 152py point source was
placed in order to determine the absolute efficiency of each detector. In Fig. 2.18, a typical
spectrum of a "?Eu point source is presented, obtained with a HPGe detector of 100%
relative efficiency.
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Figure 2.18: v-ray spectrum of a >’Eu point source obtained with a HPGe detector of 100%
relative efficiency. The acquisition time was 49 min.
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The absolute efficiency curve with respect to the y-ray energy, obtained from the analysis of
the spectrum shown in Fig. 2.18, for the detector shown in Fig. 2.17, is presented in Fig.
2.19.
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Figure 2.19: The absolute efficiency with respect to the y-ray energy for the 100% relative
efficiency HPGe detector shown in Fig. 2.17. The red hatched region denotes the confidence
bands at a 95% level.

Moreover, a typical spectrum obtained after the end of the irradiation is presented in Fig.
2.20. In the following sections, other figures of spectra focused on the energy region of
interest, in each case, will be given. All the ~-ray spectra were analyzed by using the
SPECTRW program [104] developed by C. A. Kalfas.
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Figure 2.20: «-ray spectrum after the end of the irradiation at 15.3 MeV, obtained with a
HPGe detector of 100% relative efficiency. The acquisition time was 19 h.
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2.5.1 !“Au Measurements

For the population of the second isomeric state (m2) of 196 Ay nucleus (see Fig. 1.2 and Table
1.2), the measurements began ~1 h after the end of the irradiations and the corresponding
cross sections were derived from the two most intense vy-rays (147.8 and 188.3 keV) emitted
during the de-excitation of the ' Au™? nucleus [17] (see Fig. 2.21). In this way, the cross
section for this state was independently determined.
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Figure 2.21: Off-beam ~y-ray energy spectrum observed after the neutron irradiation at 15.3
MeV. v-ray transitions from the decay of the second isomeric state (m2) of '?°Au nucleus
have been marked. The acquisition time was 19 h.

Apart from the measurements mentioned above, Au spectra were also taken ~2 d after
the irradiations in order to obtain the cross section of the ground state, after the second
metastable state (T;/o = 9.6 h) had fully decayed to the ground one. These cross section
values were obtained as the weighted average using the integral of the 355.7, 333.0, and
426.0 keV y-ray peaks (see Fig. 2.22). As shown in Fig. 1.2, the population of the ground,
first, and second isomeric states was evidently included in the results (g+m1+m?2) (see also
Appendix D).
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Figure 2.22: Off-beam ~y-ray energy spectrum observed after the neutron irradiation at 15.3
MeV. ~-ray transitions from the decay of the ground plus both isomeric states (g+m1+m2)
of 196Au nucleus have been marked. The duration of this measurement was 19 h.
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2.5.2 91r, ¥1r and "’Ir Measurements

Similarly to '?®Au? measurements, for the population of the second isomeric state (m2)
of the 'Ir nucleus (see Fig. 1.4 and Table 1.3), the measurements began ~1 h after the
end of the irradiations and the corresponding cross sections were independently determined
through the two most intense ~y-rays (616.5 and 518.55 keV) emitted during the de-excitation
of the 012 nucleus (see Fig. 2.23).
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Figure 2.23: Off-beam v-ray energy spectrum observed after the neutron irradiation at 15.3
MeV. y-ray transitions from the decay of the second isomeric state (m2) of '“Ir nucleus

have been marked. The acquisition time was 10 h.

Apart from the aforementioned measurements, Ir spectra were also taken ~2 d after
the irradiations in order to obtain the cross section of the ground state, when the second
metastable state (T;,2=3.087 h) had fully decayed to the ground one. These cross section
values were deduced as the weighted average using the integral of the 518.55, 557.95 and
569.30 keV vy-ray peaks and, as mentioned in section 1.2.1, correspond to the sum of the

population of (g+m1+0.086 m2) levels.
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Figure 2.24: Off-beam ~y-ray energy spectrum observed after the neutron irradiation at 15.3
MeV. v-ray transitions from the decay of the ground plus both isomeric states (g+m1+0.086
m2) of 1°Ir nucleus have been marked. The duration of this measurement was 72 h.
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Regarding the determination of the 191Ir(n,.‘3n) reaction cross section, due to the %Ir
nucleus half-life of 13.2 d (see Fig. 1.5 and Table 1.3), it was crucial to analyze spectra with
the longest available duration, in order to collect more counts in the ~y-ray peak of interest.
The latter was the one emitted at 245.1 keV and a typical spectrum is presented in Fig.
2.25.
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Figure 2.25: Off-beam v-ray energy spectrum observed after the neutron irradiation at 20.9
MeV. The 245.1 keV ~-ray from the decay of the ground state of 189r nucleus has been
marked. The acquisition time was 56 h.

Concerning the 1931r(n,2n) reaction cross section, the population of the ground state
of the '92Ir nucleus (see Fig. 1.7 and Table 1.4) was measured using the same spectra
used for the determination of the 1911r(n,2n)1901r-‘1+mlerZ one, due to the longer acquisition
times involved. These cross section values were obtained as the weighted average using the
integral of the 316.5, 468.1, and 308.5 keV 7-ray peaks (see Fig. 2.26). However, the '9%Ir
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Figure 2.26: Off-beam ~y-ray energy spectrum observed after the neutron irradiation at 17.1
MeV. y-ray transitions from the decay of the ground state of 92Ir nucleus have been marked.
The duration of this measurement was 54 h.

nucleus is also produced by the 191Ir(n,v) reaction, which is always present and open to low
energy parasitic neutrons. Therefore, a recently applied method was implemented, in order
to account and correct for this contribution (see section 3.4).



Data Analysis

3.1 Cross Sections

As mentioned in chapter 1, Eq. 1.10, the experimental cross sections for the six measured
reaction channels were determined using the following expression:

o d=0 . 2 Ymeasured | (6~/ i I“/ -F-D- fc . NT) reference
measure reference N%eference (57 . I’Y -F-D- fc : Nr) measured

where N, is the integral of the vy-ray peak in the spectrum obtained with the HPGe detector,

-Cop (3.1)

€~ is the absolute efficiency of the detector at the corresponding energy, I, is the ~-ray
intensity and F is a factor estimated via Monte Carlo simulations using the MCNP5 code, in
order to correct for the y-ray self-absorption effects in the sample. An additional correction

factor, named D, was necessary for the counting collection,
D= MM — g7 (3.2)

where t; and ty are time intervals from the end of the irradiation to the beginning and
termination of the measurement with each HPGe detector, respectively (see also Appendix
A.1) and A is the decay constant of the residual nucleus. The fluctuations in the beam
flux and the produced nuclei which decayed during irradiation were taken into account by
means of the f. factor (see also section 2.3 and Appendix A).

Jor et fydt
Jo_ €T At
B f(t)dt

where {(t) is the beam flux in arbitrary units as given by the BF3 counter over specific time

fc = (3.3)

intervals (dt) and tp is the irradiation time. Moreover, the number of the target nuclei, N,
was determined via the target mass (m) corrected for the abundance of each isotope (Abund),
the atomic mass A and the Avogadro’s number by means of the relation:

N, = Ny m - fjl;)und (3.4)

The factor Cg, which corresponds to the neutron flux ratio in reference and measured foils
(Eq. 1.8):

Cop = Lreference (3.5)

(I)measured
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was estimated within good agreement both experimentally and with Monte Carlo simulations
implementing the MCNP5 [36] code (see section 2.4.2 and Fig. 2.16). Furthermore, the cross
section values for the 27Al(n,a)?*Na reference reaction (0. ference) Were adopted from the
IRDFF 1.05 library [28] using the available in the ENDF website cross section interpolation
button at a single energy, for the six energies of interest. The decay data of the reference
and measured targets are summarized in Table 3.1.

Table 3.1: Decay data used for the daughter nuclei.

Reaction Ty /9 E~ (keV) Iy (%) Reference
197 Ay (n, 2n) 196 Ay g +md+m2 6.183 d 355.7 87.0 [37]
333.0 22.9 [37]
426.0 7.0 [37]
197 Ay (n, 2n) 196 Au™2 9.6 h 147.8 43.0 [37]

188.3 374 & 34.0 [37] & [38]

Olp(n,2n)90pg+m1+0.086m2 17 78 ¢4 518.6 34.0 [39]
558.0 30.1 [39]

569.3 28.5 [39]

lr(n,2n) 19012 3.087 h 616.5 90.14 [39]
502.5 89.38 [39]

Ol r(n,3n)1891r 13.2d 245.1 6.0 [39]
1931p(n,2n)19%1r 73.829d 316.5 82.86 [39]
468.1 47.84 [39]

308.5 29.7 [39]

27Al(n,a)?*Na 14.959h 1368.6 100 [37]

The values of all the aforementioned factors involved in Eq. 3.1 along with the cross
sections obtained from each ~y-ray of interest for the six studied reactions are presented
analytically in Tables 3.2-3.7 for the six neutron beam energies.



Table 3.2: Experimental cross section values for the 197 Ayi(n,2n) % Au reaction at each neutron energy. The values of all the factors involved in

Eq. 3.1 are also given.

FE, O Au Reference (Al) Measured (Au) Flux Ratio
(MeV) (b) o) N, €y I, F D fe N; N, €y I, F D fe N, Co
Multiply x - 10* 107* 1072 102 10°* 10! 10** 10®* 1072 1072 1072 107! 107! 10* -
Cross sections obtained via the analysis of the 355.7 keV ~-ray peak.
15.3 2.075 | 0.104 3920 54 100 996 74 56 492 |1572.7 13 87.0 883 05 94 4.62 1.025
17.1 1913 | 0.075 3.4 5.1 100 996 1.1 22 373| 1343 06 870 914 09 81 208 1.062
179 1.652 | 0.063 9.0 52 100 99.7 83 8.1 492 | 86.1 1.3 870 878 15 9.8 4.62 1.020
189 1396 | 0.050 11.4 52 100 99.6 58 57 4.07 | 296.3 1.3 870 886 16 94 4.39 1.010
20.0 1.024 | 0.038 4.8 87 100 99.6 80 80 4.49 12.9 22 870 914 08 9.8 2.00 1.035
209 0.710 | 0.031 17.1 87 100 996 82 54 4.81 57.5 22 870 912 08 93 2.08 1.015
Cross sections obtained via the analysis of the 333.0 keV ~-ray peak.
15.3 2.094 | 0.104 392.0 54 100 996 74 56 4.92| 428.1 1.3 229 870 05 94 4.62 1.025
17.1 1989 | 0.075 3.4 5.1 100 996 1.1 22 373 | 38.0 0.7 229 904 09 81 2.08 1.062
179 1.723 | 0.063 9.0 52 100 99.7 83 8.1 492 | 242 1.3 229 863 15 9.8 4.62 1.020
189 1.418 | 0.050 11.4 52 100 996 58 57 4.07| 814 1.3 229 873 16 94 4.39 1.010
20.0 1.171 | 0.038 4.8 87 100 996 80 80 4.49 4.0 23 229 904 08 9.8 200 1.035
209 0.724 | 0.031 17.1 87 100 99.6 8.2 54 4.81 15.9 23 229 90.1 08 93 2.08 1.015
*Cross sections obtained via the analysis of the 426.0 keV ~v-ray peak.
153 1.896 | 0.104 392.0 54 100 996 74 56 492 | 107.0 1.1 70 912 05 94 4.62 1.025
17.1 1.721 | 0.075 3.4 5.1 100 996 1.1 22 3.73 8.8 06 70 936 09 81 2.08 1.062
179 1.550 | 0.063 9.0 52 100 99.7 8.3 8.1 4.92 6.0 1.1 70 908 15 9.8 4.62 1.020
189 1372 | 0.050 11.4 52 100 996 58 57 4.07| 21.6 1.1 70 915 16 94 4.39 1.010
20.9 0.715|0.031 17.1 87 100 99.6 82 54 4.81 4.3 1.9 70 934 08 9.3 2.08 1.015

* The cross section value obtained from the 426.0 keV v-line, at 20.0 MeV incident neutron energy, was excluded due to the low counting

statistics.
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Table 3.3: Experimental cross section values for the 197Au(n,2n)196Aum2 reaction at each neutron energy. The values of all the factors involved
in Eq. 3.1 are also given. In the first two blocks of the table the intensity values were adopted by the Lund/LBNL library [37], while in the third
one were taken from the Ref. [38].

E, O Ay Reference (Al) Measured (Au) Flux Ratio
(MeV) (b) o N, Eny I, F D fe N- N, Eny I, F D fe N- Cs
Multiply x - 102 1073 1072 1072 107! 107' 10** 10® 1072 1072 1072 10! 107! 10* -
Cross sections obtained via the analysis of the 147.8 keV ~-ray peak.
15.3 0.171 | 0.104 3920 54 100 996 7.4 56 492 |306.0 20 430 444 7.0 4.2 4.62 1.025
17.1 0.218 | 0.075 3.4 5.1 100 99.6 1.1 2.2 3.73 8.7 1.0 43.0 543 64 1.4 2.08 1.062
17.9 0.218 | 0.063 9.0 5.2 100 99.7 8.3 81 492 | 190 2.0 43.0 42,5 8.8 72 4.62 1.020
189 0.203 | 0.050 11.4 5.2 100 99.6 5.8 57 4.07| 348 2.0 430 453 7.0 4.4 4.39 1.010
20.0 0.177 | 0.038 4.8 8.7 100 99.6 8.0 80 4.49 6.5 3.5 430 b54.1 64 7.1 2.00 1.035
20.9 0.124 | 0.031 17.1 8.7 100 99.6 8.2 54 481| 168 35 43.0 534 6.6 4.1 2.08 1.015
Cross sections obtained via the analysis of the 188.3 keV ~-ray peak.
15.3 0.156 | 0.104 3920 54 100 996 74 56 492 |3006 18 374 619 7.0 4.2 4.62 1.025
17.1 0.188 | 0.075 3.4 5.1 100 99.6 1.1 2.2 3.73 7.8 1.0 374 703 64 1.4 2.08 1.062
17.9 0.208 | 0.063 9.0 5.2 100 99.7 8.3 81 492 | 175 1.8 374 603 7.7 7.2 4.62 1.020
189 0.188 | 0.050 11.4 5.2 100 99.6 5.8 5.7 4.07 | 34.6 1.8 374 626 7.0 4.4 4.39 1.010
20.0 0.162 | 0.038 4.8 8.7 100 99.6 8.0 80 4.49 5.9 3.1 374 702 64 7.1 2.00 1.035
20.9 0.116 | 0.031 17.1 8.7 100 99.6 8.2 54 4.81)| 157 3.1 374 696 6.6 4.1 2.08 1.015
Cross sections obtained via the analysis of the 188.3 keV ~-ray peak.
Intensity by Ref. [38] adopted.
15.3 0.171 | 0.104 3920 54 100 996 74 56 4.92|300.6 1.8 340 619 7.0 4.2 4.62 1.025
17.1 0.205 | 0.075 3.4 5.1 100 99.6 1.1 2.2 3.73 7.8 1.0 340 703 64 1.4 2.08 1.062
17.9 0.227 | 0.063 9.0 5.2 100 99.7 8.3 81 492 | 175 1.8 34.0 603 7.7 7.2 4.62 1.020
189 0.205 | 0.050 11.4 5.2 100 99.6 5.8 5.7 4.07 | 34.6 1.8 340 626 7.0 4.4 4.39 1.010
20.0 0.177 | 0.038 4.8 8.7 100 99.6 8.0 8.0 4.49 5.9 3.1 340 702 64 7.1 2.00 1.035
20.9 0.127 | 0.031 17.1 8.7 100 99.6 8.2 54 4.81| 157 3.1 34.0 696 6.6 4.1 2.08 1.015
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Table 3.4: Experimental cross section values for the 191Ir(n,2n)1901r reaction at each neutron energy. The values of all the factors involved in

Eq. 4.40 are also given.

E, oIy Reference (Al) Measured (Ir) Flux Ratio
(MeV) (b) o N, Ey I, F D fe N, N, Ey I, F D fe N, Co
Multiply x - 102 107* 1072 1072 10! 107! 102! 10®* 10°® 1072 1072 10! 10! 10% -
Cross sections obtained via the analysis of the 518.6 keV ~y-ray peak.
15.3 1.775 ] 0.104 886 24 100 99.6 4.7 56 4.29 | 2202 96 34.0 954 1.6 9.7 9.08 1.095
17.1 1.491 | 0.075 2.2 1.9 100 99.7 2.3 22 405| 325 96 340 946 1.2 8.9 8.87 1.000
179 1.227 | 0.063 9.0 52 100 99.7 8.3 81 492 | 3.6 9.9 340 957 13 9.9 8.86 1.060
18.9 1.004 | 0.050 9.7 4.6 100 99.6 5.8 57 4.04| 102 99 340 946 12 9.7 9.05 1.062
20.0 0.762 | 0.038 4.8 8.7 100 99.6 8.0 8.0 4.49 1.2 16.9 34.0 954 0.7 9.9 8.88 1.061
20.9 0484 | 0.031 17.1 8.7 100 99.6 8.2 54 4.81 3.3 89 340 944 1.0 9.6 9.07 1.047
Cross sections obtained via the analysis of the 558.0 keV ~y-ray peak.
15.3 1.780 | 0.104 886 2.4 100 99.6 4.7 56 429 | 8.4 9.2 30.1 957 0.7 9.7 9.08 1.095
17.1 1.421 | 0.075 2.2 1.9 100 99.7 2.3 22 405| 159 92 30.1 95.0 0.7 89 8.87 1.000
179 1398 | 0.063 9.0 52 100 99.7 8.3 81 492 | 34 9.4 30.1 957 13 9.9 8.86 1.060
189 0980 | 0.050 9.7 4.6 100 99.6 5.8 57 4.04| 85 9.4 30.1 958 1.2 9.7 9.05 1.062
20.0 0.777 | 0.038 4.8 8.7 100 99.6 8.0 8.0 4.49 1.0 16.0 30.1 95.7 0.7 9.9 8.88 1.061
20.9 0467 | 0.031 17.1 8.7 100 99.6 8.2 54 481 2.7 84 30.1 948 1.0 9.6 9.07 1.047
Cross sections obtained via the analysis of the 569.3 keV ~-ray peak.
15.3 1.809 | 0.104 886 24 100 99.6 4.7 56 4.29 | 177.7 9.0 285 959 1.6 9.7 9.08 1.095
17.1 1.537 | 0.075 2.2 1.9 100 99.7 2.3 22 405)| 266 9.0 285 952 1.2 8.9 8.87 1.000
179 1.287 | 0.063 9.0 52 100 99.7 8.3 81 492 | 3.0 9.3 285 959 13 9.9 8.86 1.060
189 0992 | 0.050 9.7 4.6 100 99.6 5.8 57 4.04| 8.1 9.3 285 959 1.2 9.7 9.05 1.062
20.0 0.666 | 0.038 4.8 8.7 100 99.6 8.0 80 449 | 0.8 15.8 285 956 0.7 9.9 8.88 1.061
20.9 0488 | 0.031 17.1 8.7 100 99.6 8.2 54 481 2.6 83 285 947 1.0 9.6 9.07 1.047
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Table 3.5: Experimental cross section values for the 1911r(n,2n)1901rm2 and 191Ir(n,3n)1891r reactions at each neutron energy. The values of all

the factors involved in Eq. 3.1 are also given.

E, oIy Reference (Al) Measured (Ir) Flux Ratio
(MeV) (b) o Ny Eny I, F D fe N, N, €y I, F D fe N, Cy
Multiply x 103 103 1072 1072 10~' 107! 10** 10® 10=® 1072 1072 107! 107! 10% -
Cross sections for the 'Ir(n,2n)!*°Ir'"*? reaction, obtained via the analysis of the 616.5 keV vy-ray peak.
15.3 0.176 | 0.104 886 24 100 996 47 56 429|170 86 90.14 96.2 3.3 1.5 9.08 1.095
17.1 0.196 | 0.075 2.2 1.9 100 99.7 2.3 22 405| 05 86 90.14 956 1.1 0.4 8.87 1.000
179 0.211 | 0.063 9.0 52 100 99.7 8.3 81 492| 40 88 90.14 962 85 4.1 8.86 1.060
189 0.182 | 0.050 9.7 46 100 996 58 57 4.04| 46 88 90.14 964 7.2 1.7 9.05 1.062
20.0 0.131 | 0.038 4.8 87 100 996 80 80 449| 22 150 90.14 962 76 3.9 8.88 1.061
209 0.084 | 0.031 17.1 8.7 100 99.6 8.2 54 481| 35 150 90.14 955 7.8 1.6 9.07 1.047
Cross sections for the *'Ir(n,2n)!*°Ir'"*? reaction, obtained via the analysis of the 502.5 keV vy-ray peak.
15.3 0.182 | 0.104 886 24 100 996 47 56 429]|19.7 9.8 8938 951 3.3 1.5 9.08 1.095
17.1 0.210 | 0.075 2.2 1.9 100 99.7 2.3 22 405| 06 9.8 8938 942 1.1 0.4 8.87 1.000
179 0.208 | 0.063 9.0 52 100 99.7 8.3 81 492| 44 10.1 89.38 951 85 4.1 8.86 1.060
189 0.172 | 0.050 9.7 46 100 996 58 57 4.04| 49 10.1 8938 951 7.2 1.7 9.05 1.062
20.0 0.138 | 0.038 4.8 87 100 996 80 80 449| 25 172 8938 950 76 3.9 8.88 1.061
209 0.089 | 0.031 17.1 8.7 100 99.6 8.2 54 481| 41 172 89.38 940 7.8 1.6  9.07 1.047
Cross sections for the !Ir(n,3n)!®Ir reaction, obtained via the analysis of the 245.1 keV v-ray peak.

17.1 0.167 | 0.075 2.2 1.9 100 99.7 2.3 22 405| 08 154 60 800 1.0 9.0 8.87 1.000
189 0.716 | 0.050 9.7 46 100 996 58 57 404 | 1.7 156 6.0 83.0 1.1 9.7 9.05 1.062
209 1.096 | 0.031 17.1 8.7 100 99.6 8.2 54 481| 40 270 6.0 795 1.1 9.7 9.07 1.047
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Table 3.6: Experimental cross section values for the 193Ir(n,2n)1921r reaction at each neutron energy. The values of all the factors involved in

Eq. 3.1 are also given.

e

SUO0I109S SSO.I))

E, oI Reference (Al) Measured (Ir) Flux Ratio
MeV)  (b) o N, & I F D f. N N, Exy I, F D f. N Cop
Multiply x - 0% 107* 1072 1072 1072 10! 10%* 10 1072 1072 1072 1072 107! 10% -

Cross sections obtained via the analysis of the 316.5 keV ~y-ray peak.

15.3 1.841 | 0.104 88.6 2.4 100 99.6 4.7 56 429 |2209 1.3 8286 895 2.8 9.9 1.53 1.095
17.1 1.412 | 0.075 2.2 1.9 100 99.7 2.3 22 4.05]0318 13 8286 878 2.1 9.8 1.49 1.000
18.9 0.740 | 0.050 9.7 4.6 100 99.6 5.8 57 404|008 14 8286 898 25 9.9 1.52 1.062
209 0.273 | 0.031 17.1 8.7 100 99.6 8.2 54 4810020 1.3 8286 875 1.9 9.9 1.52 1.047

Cross sections obtained via the analysis of the 468.1 keV ~y-ray peak.

15.3 1.817 | 0.104 88.6 24 100 99.6 4.7 56 4291032 1.0 47.84 945 238 99 1.53 1.095
17.1 1.365 | 0.075 2.2 1.9 100 99.7 2.3 22 4.05]0.147 1.0 47.84 935 2.1 9.8 1.49 1.000
189 0.773 | 0.050 9.7 4.6 100 99.6 5.8 57 4.04|0.043 1.1 47.84 946 25 9.9 1.52 1.062
209 0.265| 0.031 17.1 8.7 100 99.6 8.2 54 481 |0.009 1.0 47.84 933 19 9.9 1.52 1.047

Cross sections obtained via the analysis of the 308.5 keV ~y-ray peak.

15.3 1.834 | 0.104 886 24 100 99.6 4.7 56 4.29|0.796 1.4 29.7 88.8 2.8 9.9 1.53 1.095
17.1 1.397 | 0.075 2.2 1.9 100 99.7 2.3 2.2 4.05]0.114 1.4 29.7 87.1 2.1 9.8 1.49 1.000
18.9 0.810 | 0.050 9.7 4.6 100 99.6 5.8 57 4.04 0034 14 29.7 89.1 2.5 9.9 1.52 1.062
209 0.274 | 0.031 17.1 8.7 100 99.6 8.2 54 4.81 | 0.007 1.3 29.7 86.7 1.9 9.9 1.52 1.047
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Table 3.7: Experimental cross section values for the 193Ir[n,2n]1921r reaction at low neutron beam energies along with the values of all the
factors involved in Eq. 3.1. The data were obtained in 2005-2006 and were analyzed by N. Patronis, while the corrections for the low energy
parasitic neutrons contribution were performed based on the MCNP5 simulations presented in Appendix E.

E, oI Reference (Al) Measured (Ir) Flux Ratio
MeV)  (b) o N, & I, F D f. N. N, & I, F D f. N, Cop
Multiply x - 0% 107% 1072 1072 1072 10°% 10%* 10° 1073 1072 1072 1072 1072 10 -

Cross sections obtained via the analysis of the 316.5 keV ~y-ray peak.
10.0 1.315|0.091 1.8 29 100 996 1.8 85 4.10|1.829 85 8286 845 0.7 99.9 3.09 1.040
10.5 1.607 | 0.099 19 29 100 99.6 1.9 79 4.06|4953 85 8286 845 1.6 99.8 297 1.027
11.0 1951 | 0.106 2.3 2.8 100 996 1.7 81 4.06|278 83 8286 845 0.6 99.8 297 1.023
11.3 2.037 | 0.109 24 2.8 100 996 1.7 82 4.10|3315 83 8286 845 0.6 99.8 3.09 1.024
Cross sections obtained via the analysis of the 468.1 keV ~-ray peak.
10.0 1279 | 0.091 1.8 29 100 996 1.8 85 4.10|0.842 6.4 4784 91.8 0.7 99.9 3.09 1.040
105 1578 |1 0099 19 29 100 996 1.9 79 4.06 | 2301 64 4784 91.8 1.6 99.8 297 1.027
11.0 1.893 | 0.106 2.3 2.8 100 996 1.7 81 4.06|1280 6.3 47.84 91.8 0.6 99.8 297 1.023
11.3 1.896 | 0.109 24 2.8 100 996 1.7 82 4.10|1462 6.3 47.84 91.8 0.6 99.8 3.09 1.024
Cross sections obtained via the analysis of the 308.5 keV ~y-ray peak.
10.0 1.282 | 0.091 1.8 29 100 996 1.8 85 4.10|0.649 8.7 29.7 842 07 999 3.09 1.040
10.5 1591 | 0.099 19 29 100 99.6 1.9 79 4.06 | 1784 87 297 842 1.6 99.8 297 1.027
11.0 1972 | 0.106 2.3 2.8 100 996 1.7 81 4.06|1.023 85 29.7 842 0.6 99.8 297 1.023
11.3 1971 | 0.109 24 2.8 100 996 1.7 82 4.10|1.166 85 29.7 842 0.6 99.8 3.09 1.024

08

sisAreuy vjeq g I191dey)n



3.2. Uncertainties 81
3.2 Uncertainties

An overview of the uncertainties of all the main quantities used for the cross section de-
termination is given in Table 3.8. As shown in the latter, the most dominant uncertainty
is that of the counting statistics in the measured foils, which can be attributed either to
the low cross section values (in the case of the 191Ir(n,Sn] reaction), or to the significant
contamination from other reaction (in the case of the '%3Ir(n,2n)). In addition, the uncer-
tainty of the detector efficiency is large enough in some cases, since it varies from 2 to 11%,
depending on the fit of the experimental absolute efficiency data (by using an IAEA function,
see Appendix C, Eq. C.9) and on the energy region. These uncertainties were estimated
through the confidence bands of the fitting curve at a level of 95%. Furthermore, in the total
uncertainty, the one of the neutron integrated fluence is included and it is also important,
since it corresponds to the 4-7%. The uncertainty of the reference reaction cross section
was assumed in all cases 3%, while the one of the counting statistics of reference foils could
be assumed negligible (1-2%).

Table 3.8: Compilation of uncertainties.

Quantity Uncertainty (%)
Neutron energy 1-3
Neutron integrated fluence 4-7
Counting statistics for reference foils 1-2
Counting statistics for measured foils 1-38
Detector efficiency 2-11

Reference reaction cross section 3

Measured reaction cross section (Total uncertainty) 5-39

In more detail, all the factors involved in Eq. 3.1 were considered uncorrelated. There-
fore, the most significant partial uncertainties, namely those which correspond to o ferences
N. N.

¥

Nmeasured® Nr measured a0d N ¢ ference factors, were summed
up quadratically in order to obtain the total one. The uncertainties are also presented ana-

reference’ 5’Ymeasured ’ 5’Yreference ’

lytically in Tables 3.9-3.13, for each reaction separately.

As mentioned explicitly in Ref. [105], a detailed list of all the uncertainty components,
their value and a specification of existing correlations is the recommended way to present
uncertainties rather than constructing a covariance matrix evaluated by the experimenter.
This is the reason why the uncertainties are presented in this way (Tables 3.9-3.13), while
the correlations between the measurements were taken into account in the next step of
analysis (see section 3.3).
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Table 3.9: The 197Au(n,2n]196Au cross sections obtained from each y-ray (mentioned also
in Table 3.2) along with the total uncertainties (in %) and the uncertainties for the most
significant contributions in Eq. 3.1 at each neutron energy.

E, Cross section Uncertainties (%)

(MeV) (b) Total (NyJaw (N,)ar (INaw N (Ey)aw EDar oa
For the cross sections obtained via the analysis of the 355.7 keV ~-ray peak.
15.3 2.075 4.8 0.1 1.5 0.07 0.45 2.1 2.7 3
17.1 1.913 5.0 1.6 1.5 0.15 0.60 1.6 2.9 3
17.9 1.652 5.3 1.7 1.6 0.07 0.45 2.7 2.7 3
18.9 1.396 5.0 0.2 1.1 0.07 0.55 2.7 2.7 3
20.0 1.024 9.0 2.4 2.1 0.15 0.50 4.8 6.2 3
20.9 0.710 8.7 1.7 0.9 0.15 0.46 4.5 6.2 3
For the cross sections obtained via the analysis of the 333.0 keV ~-ray peak.
15.3 2.094 4.8 0.2 1.5 0.07 0.45 2.1 2.7 3
17.1 1.989 4.8 0.6 1.5 0.15 0.60 1.6 2.9 3
17.9 1.723 5.3 1.4 1.6 0.07 0.45 2.6 2.7 3
18.9 1.418 5.0 0.6 1.1 0.07 0.55 2.6 2.7 3
20.0 1.171 10.8 6.3 2.1 0.15 0.50 4.9 6.2 3
20.9 0.724 8.8 1.9 0.9 0.15 0.46 4.6 6.2 3
*For the cross sections obtained via the analysis of the 426.0 keV vy-ray peak.
15.3 1.896 5.1 1.6 1.5 0.07 0.45 2.2 2.7 3
17.1 1.721 5.0 1.4 1.5 0.15 0.60 1.8 2.9 3
17.9 1.550 6.6 4.2 1.6 0.07 0.45 2.5 2.7 3
18.9 1.372 5.2 1.4 1.1 0.07 0.55 2.5 2.7 3
20.9 0.715 9.8 4.7 0.9 0.15 0.46 4.3 6.2 3

* The cross section value obtained from the 426.0 keV v-line, at 20.0 MeV incident neutron

energy, was excluded due to the low counting statistics.
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Table 3.10: The 197Au(n,2n)196Aum2 cross sections obtained from each ~-ray (mentioned
also in Table 3.3) along with the total uncertainties (in %) and the uncertainties for the most
significant contributions in Eq. 3.1 at each neutron energy.

E, Cross section Uncertainties (%)

(MeV) (b) Total (NyJaw (N,)ar (INaw N (Ey)aw EDar oa
For the cross sections obtained via the analysis of the 147.8 keV ~-ray peak.
15.3 0.171 6.5 0.3 1.5 0.07 0.45 4.8 2.7 3
17.1 0.218 6.3 2.3 1.5 0.15 0.60 3.7 2.9 3
17.9 0.218 7.8 2.8 1.6 0.07 0.45 5.9 2.7 3
18.9 0.203 7.4 1.4 1.1 0.07 0.55 5.9 2.7 3
20.0 0.177 14.3 6.2 2.1 0.15 0.50 10.7 6.2 3
20.9 0.124 13.1 2.7 0.9 0.15 0.46 10.7 6.2 3
For the cross sections obtained via the analysis of the 188.3 keV ~-ray peak.
15.3 0.156 6.6 0.4 1.5 0.07 0.45 4.9 2.7 3
17.1 0.188 6.7 3.2 1.5 0.15 0.60 3.8 2.9 3
17.9 0.208 8.1 3.0 1.6 0.07 0.45 6.2 2.7 3
18.9 0.188 7.8 2.3 1.1 0.07 0.55 6.2 2.7 3
20.0 0.162 15.0 6.8 2.1 0.15 0.50 11.2 6.2 3
20.9 0.116 13.6 3.2 0.9 0.15 0.46 11.2 6.2 3

For the cross sections obtained via the analysis of the 188.3 keV ~-ray peak.

Intensity by Ref. [38] adopted.

15.3
17.1
17.9
18.9
20.0
20.9

0.171
0.205
0.227
0.205
0.177
0.127

6.6
6.7
8.1
7.8
15.0
13.6

0.4
3.2
3.0
2.3
6.8
3.2

1.5
1.5
1.6
1.1
2.1
0.9

0.07
0.15
0.07
0.07
0.15
0.15

0.45
0.60
0.45
0.55
0.50
0.46

4.9
3.8
6.2
6.2
11.2
11.2

2.7
2.9
2.7
2.7
6.2
6.2

W W w w w w
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Table 3.11: The 9'r(n,2n) 19019 +m1+0.086m2 rogq sections obtained from each ~v-ray (men-
tioned also in Table 3.4) along with the total uncertainties (in %) and the uncertainties for
the most significant contributions in Eq. 3.1 at each neutron energy.

E, Cross section Uncertainties (%)

(MeV) (b) Total (N4);r (NJJaz (No)p (NAar ) (E)ar oa
For the cross sections obtained via the analysis of the 518.6 keV ~-ray peak.
15.3 1.775 4.8 1.6 0.3 0.1 0.5 2.6 2.3 3
17.1 1.491 5.5 1.8 2.3 0.1 0.6 2.6 2.4 3
17.9 1.227 8.5 6.7 1.6 0.1 0.5 2.9 2.7 3
18.9 1.004 6.4 3.4 1.2 0.1 0.6 2.9 3.1 3
20.0 0.762 19.5 | 17.2 2.1 0.1 0.5 5.4 6.2 3
20.9 0.484 8.6 4.0 0.9 0.1 0.5 3.0 6.2 3
For the cross sections obtained via the analysis of the 558.0 keV ~-ray peak.
15.3 1.780 4.9 1.6 0.3 0.1 0.5 2.6 2.3 3
17.1 1.421 5.3 1.1 2.3 0.1 0.6 2.6 2.4 3
17.9 1.398 8.7 7.0 1.6 0.1 0.5 2.9 2.7 3
18.9 0.980 6.2 3.1 1.2 0.1 0.6 2.9 3.1 3
20.0 0.777 17.5 | 15.0 2.1 0.1 0.5 5.4 6.2 3
20.9 0.467 9.0 4.9 0.9 0.1 0.5 3.0 6.2 3
For the cross sections obtained via the analysis of the 569.3 keV ~-ray peak.
15.3 1.809 4.9 1.6 0.3 0.1 0.5 2.6 2.3 3
17.1 1.537 5.3 0.9 2.3 0.1 0.6 2.6 2.4 3
17.9 1.287 9.7 8.1 1.6 0.1 0.5 2.9 2.7 3
18.9 0.992 6.3 3.4 1.2 0.1 0.6 2.9 3.1 3
20.0 0.666 19.7 | 17.5 2.1 0.1 0.5 5.4 6.2 3
20.9 0.488 8.9 4.6 0.9 0.1 0.5 3.0 6.2 3
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Table 3.12: The “1Ir(n,2n)'°1r'"2 and 9'1r(n,3n)'®Ir cross sections obtained from each
~-ray (mentioned also in Table 3.5) along with the total uncertainties (in %) and the uncer-
tainties for the most significant contributions in Eq. 3.1 at each neutron energy.

E, Cross section Uncertainties (%)
(MeV) (b) Total (N4);r (NyJaz (NA)p (NDar E)rr (E5)a oAl
For '9'r(n,2n)°Ir™? cross section obtained via the analysis of the 616.5 keV ~-ray peak.
15.3 0.176 4.9 1.8 0.3 0.1 0.5 2.5 2.3 3
17.1 0.196 9.9 8.5 2.3 0.1 0.6 2.5 2.4 3
17.9 0.211 6.7 4.3 1.6 0.1 0.5 2.8 2.7 3
18.9 0.182 5.8 2.4 1.2 0.1 0.6 2.8 3.1 3
20.0 0.131 11.3 7.0 2.1 0.1 0.5 5.3 6.2 3
20.9 0.084 9.4 3.4 0.9 0.1 0.5 5.3 6.2 3
For 9r(n,2n)'°1r™? cross section obtained via the analysis of the 502.5 keV ~-ray peak.
15.3 0.182 4.9 1.8 0.3 0.1 0.5 2.6 2.3 3
17.1 0.210 8.9 7.2 2.3 0.1 0.6 2.6 2.4 3
17.9 0.208 7.2 5.0 1.6 0.1 0.5 2.9 2.7 3
18.9 0.172 6.5 3.7 1.2 0.1 0.6 2.9 3.1 3
20.0 0.138 11.2 6.7 2.1 0.1 0.5 5.3 6.2 3
20.9 0.089 9.6 3.9 0.9 0.1 0.5 5.3 6.2 3
For '9'r(n,3n)'¥Ir cross section obtained via the analysis of the 245.1 keV ~y-ray peak.
17.1 0.167 25.7 | 25.0 2.3 0.1 0.6 3.6 2.4 3
18.9 0.716 25.0 | 24.2 1.2 0.1 0.6 4.3 3.1 3
20.9 1.095 18.1 | 14.8 0.9 0.1 0.5 7.8 6.2 3
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Table 3.13: The '*3Ir(n,2n)!*Ir cross sections obtained from each 7-ray (mentioned also
in Tables 3.6 and 3.7) along with the total uncertainties (in %) and the uncertainties for
the most significant contributions in Eq. 3.1 at each neutron energy. The data at lower
neutron energies (10-11.3 MeV) were obtained in 2005-2006, by N. Patronis et al. but they
were not included in Ref. [11], while the corrections for the low energy parasitic neutrons
contribution were performed based on the MCNP5 simulations presented in Appendix E.

E, Cross section Uncertainties (%)

(MeV) (b) Total (Ny);r (NyJaz (No)pr (NP)ar ) (E))ar oa
For the cross sections obtained via the analysis of the 316.5 keV ~-ray peak.
10.0 1.315 8.3 2.3 2.4 0.3 0.5 4.0 4.0 3.0
10.5 1.607 8.2 1.6 2.3 0.3 0.6 4.0 4.0 3.0
11.0 1.951 8.2 1.6 2.1 0.3 0.6 4.0 4.0 3.0
11.3 2.037 8.1 1.5 2.0 0.3 0.5 4.0 4.0 3.0
15.3 1.841 4.5 0.3 0.3 0.1 0.5 2.1 2.3 3
17.1 1.412 5.2 1.0 2.3 0.1 0.6 2.4 2.4 3
18.9 0.740 16.6 | 15.7 1.2 0.1 0.6 2.8 3.1 3
20.9 0.273 29.0 | 28.0 0.9 0.1 0.5 2.8 6.2 3
For the cross sections obtained via the analysis of the 468.1 keV ~y-ray peak.
10.0 1.279 8.0 2.5 2.4 0.3 0.5 4.0 4.0 3.0
10.5 1.578 7.7 1.7 2.3 0.3 0.6 4.0 4.0 3.0
11.0 1.893 7.7 1.8 2.1 0.3 0.6 4.0 4.0 3.0
11.3 1.896 7.7 1.8 2.0 0.3 0.5 4.0 4.0 3.0
15.3 1.817 4.6 0.5 0.3 0.1 0.5 2.1 2.3 3
17.1 1.365 5.4 1.6 2.3 0.1 0.6 2.5 2.4 3
18.9 0.773 16.7 | 15.9 1.2 0.1 0.6 2.8 3.1 3
20.9 0.265 31.9 | 31.0 0.9 0.1 0.5 2.9 6.2 3
For the cross sections obtained via the analysis of the 308.5 keV ~y-ray peak.
10.0 1.282 8.4 2.9 2.4 0.3 0.5 4.0 40 3.0
10.5 1.591 8.1 1.8 2.3 0.3 0.6 4.0 4.0 3.0
11.0 1.972 8.1 2.0 2.1 0.3 0.6 4.0 4.0 3.0
11.3 1.971 8.1 2.0 2.0 0.3 0.5 4.0 4.0 3.0
15.3 1.834 4.6 0.7 0.3 0.1 0.5 2.2 2.3 3
17.1 1.397 5.6 2.2 2.3 0.1 0.6 2.5 2.4 3
18.9 0.810 18.7 | 17.9 1.2 0.1 0.6 2.9 3.1 3
20.9 0.274 38.9 | 38.2 0.9 0.1 0.5 2.9 6.2 3
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3.3 Weighted Average Cross Sections

The final experimental cross section results for each reaction were deduced using the
weighted average cross sections obtained either by two or by three cross section values,
depending on the number of the analyzed y-ray peaks in each case (see Table 3.14).

Table 3.14: Number of analyzed vy-ray peaks for each measured reaction.

Reaction Analyzed y-rays peaks in keV
7Au(n,2n)%Austmi+m2 - 3557 333.0 426.0
197 Au(n,2n) 9% Au™? 147.8 188.3
Blr(n,2n) 09 +m1+0.086m2 - 518 6  558.0 569.3
l1r(n,2n) 9012 616.5 502.5
* 191 p(n,3n)1891r 245.1
1931r(n, 2n) ' 9%Ir 316.5 468.1 308.5

* Concerning this reaction, it was not necessary to determine the weighted average value,
since the cross sections were deduced only by the analysis of one y-ray peak.

Let’s assume the case in which two cross section values exist, for example:

01 = (‘77"€f17 (Ny)measys (Ny)refys (Ey)measys (Ex)refys (N7 )measys (Nf)refl)

02 = (Urefw (Ny)measg: (Ny)refos (Ey)measys (Ex)refys (N7 )measy s (NT)TefQ)

As it was mentioned in section 3.2, in each parenthesis all the parameters were considered
uncorrelated. Therefore, horizontally there is no correlation. However, the vertical correla-
tions between the two cross section measurements were taken into account by determining
the weighted average and its uncertainty according to Eqs. (27) reported in Ref. [106], which
are the following:

(6022 — Vig) o1 + (8012 — Via) 09

g = 3.6
? 50’12 + (5022 —2Vi9 (3.6
25 2 1,2
5o = | L1 002~ Vo (3.7)
do1” + 6o — 2Vi9

where 01 + do; is the cross section obtained by the analysis of the first v-ray peak along
with its uncertainty, o9 + dog is the cross section obtained by the analysis of the second
~v-ray peak along with its uncertainty and Vj9 is the covariance of o1 and o3 values:

Vig = cov(o1,02)
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The covariance of 01 and oy values can be written as:

fo
Vig = <90ref> Ccov O-Teflao-’refZ) <earef)2 +
fo
COU((N )meas 7<N )meas ) () +
9 meas) 7 ! 7 2 Q(N'y)meas 2

) cov((N,)ret s (Ny)rers) <9(N03)f>2 ;
T ), (e dmenens &) (G )+

57)meas

+

+

9 ref

+

+

> cov((27)re sy (E9)ress) (9(90>2 !

o( 57 ref y)ref

+

(o
(#0v5
(e
(0

) c00((Nr ) meast (N-)meass) <9(N0§’m)2 i

+ <9(N)f>1 coo((N2)retys (Nohress) (wé)o;f)z 5.8

The detailed operations for the determination of the Vo factor are given in Appendix C.

9 T meas

For the cases in which three cross section values exist, for example:

71 = (arefl’ (NV)measl’ (N’Y)T’efl’ (E’Y)measl? (E’Y)T’efla (Nr)measp (NT)refl)
02 = (Ur€f27 (Ny)measqs (Ny)refor (Ey)measos (Ev)refor (Nr)measa (NT),,ef2)
03 — (Urefga (N'y)measga (N’Y)refga (E'y)measga (57)ref3a (Nr>mea537 (NT)T€f3)

the formalism mentioned in Appendix 2 of Ref. [105] was adopted, which is served bet-
ter by using operations between matrices (see Appendix D). According to this formalism, the
weighted average cross section and its uncertainty are given by the following expressions:

O =wi- 01+ w09+ w303 (3.9)

6% = wy (w1 Vi1 + woVay + w3Vay)+
+wa (w1 Via + waVag + w3 Vaa)+
+ws (w1 Vig + waVaz + wsViss3) (3.10)

where the covariances V;; are determined as presented in Eq. 3.8 for i=1 and j=2 and w; are
the weights, which in general form can be written as:

—1
2 V5
J
W = S =T (3.11)
22 Vi
k1
For example, the weight for ¢ = 1, is given by the following expression:

(VaaVaz — Vag?) + (Vag Va1 — VasVia) + (VizVas — VigVas)

(VagVag — Vag?) + (Vi1 Vaz — Vig?) + (Vi1 Vag — Vi2?)+ (3.12)
+ 2 (Vi3Vag — VasVia) + 2 (VigVaz — VaaViz) + 2 (VigVar — VasVin)

w1 =
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The detailed operations for the determination of all the weights and uncertainties are given
in Appendix D.

The weighted average cross sections for each of the six reactions are presented in Table
3.15.



Table 3.15: Experimental weighted average cross section values for the six measured reactions. The new data points at lower neutron energies
(10-11.3 MeV) for the '?3Ir(n,2n) reaction cross section were obtained in 2005-2006, by N. Patronis et al. but they were not included in Ref. [11].
The necessary corrections for the low energy parasitic neutrons contribution were performed based on the MCNP5 simulations presented in
Appendix E. Moreover, concerning neutron induced reactions on Au, in the 10-11.3 MeV energy region, the results were published in 2011, by

A. Tsinganis et al. [12].

E, Weighted Average Cross Section (b)

(MeV) 197Au(n,2n]196Au 197Au(n,2n)196Aum2 197Au(n,2n]196Aum2 * 191Ir(n,2n)1901r 1911r(n,2r1]1901rm2 191Ir(n,E‘»n)lgglr 193Ir(n,2n]1921r
10.0 - - - - - - 1.290 £+ 0.083
10.5 - - - - - - 1.590 + 0.100
11.0 - - - - - - 1.931 £0.119
11.3 - - - - - - 1.953 £ 0.120
15.3 1.995 + 0.093 0.163 £ 0.009 0.172 £+ 0.010 1.786 + 0.076 0.179 4+ 0.008 - 1.830 £+ 0.076
17.1 1.772 + 0.086 0.196 £+ 0.012 0.212 £ 0.013 1.465 + 0.072 0.203 £+ 0.015 0.167 £ 0.043 | 1.390 £ 0.068
17.9 1.651 + 0.080 0.213 £ 0.014 0.223 £ 0.015 1.291 + 0.082 0.210 £ 0.012 - -

18.9 1.394 + 0.064 0.195 £+ 0.013 0.204 £ 0.013 0.991 £ 0.052 0.178 = 0.010 0.716 £ 0.179 | 0.769 *+ 0.082
20.0 1.049 + 0.091 0.169 4+ 0.020 0.178 4+ 0.013 0.731 4+ 0.091 0.134 4+ 0.013 - -

20.9 0.716 £+ 0.056 0.120 4+ 0.013 0.126 4+ 0.014 0.479 4+ 0.037 0.086 + 0.007 1.096 + 0.198 | 0.270 4+ 0.053

* The intensities of the y-rays were adopted by Ref. [38] (see Table 1.1).

06

sisAreuy vjeq g I191dey)n
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3.4 Correction for Low Energy Parasitic Neutrons

In the framework of the present thesis, through the use of current computational power
and updated evaluated data libraries, a recently applied analysis method was implemented
for the determination of the %3Ir(n,2n)'2Ir reaction cross section which is contaminated
by the 191Ir(n,7)1921r one and it will be presented step by step in this section. Due to the
fact that the 1911r(n,’y)1921r reaction is activated by low energy parasitic neutrons, there is
a strong need for both qualitative and quantitative estimation of the low energy neutron
tail. However, once this correction is made, the 1?3Ir(n,2n)!%2Ir reaction cross section can
be accurately determined, since it is a threshold reaction (see Table 2.4) and is not affected
by the low energy tail of parasitic neutrons. At this point, it should be mentioned that
the parasitic neutrons may come from break-up reactions, from the TiT target itself, from
reactions with materials of the beam-line and from scattering in the materials of the room

(see section 2.2 for more details).

3.4.1 MCNP5 simulations

The method is based on simulations of the irradiation setups by means of the MCNP5
code [35, 36]. Although these setups were also simulated as mentioned in section 2.4.2,
in order to determine the main neutron peak energy and the effect of solid angle in the
neutron flux for each target foil, those simulations were not capable of solving the problem
of the low energy neutron tail. Therefore, more simulations were performed, in which the
experimental setups were described in great detail, implementing a very low neutron energy
cut-off (10_11MeV) and were executed for much longer (~ 11 d per run) for better statistics
(an order of magnitude higher number of simulated particles - nps=10?).

Quadrupole

/
<+ Paraffin blocks '

+«— BF;
detector

N

, Charged Particles Line

Neutron Line

™~ Water tanks

Al box
N

Charged Particles Line _

HV Power Supply Units -

Figure 3.1: 3D-figure representing the overview of the experimental hall of the Tandem
Acceletator Laboratory of NCSR "Demokritos", as described in MCNP5.
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More specifically, the geometry of the whole experimental hall of the Tandem Acceletator
Laboratory of NCSR "Demokritos" was introduced in the MCNP5 input file (see Fig. 3.1-3.7).
The walls and the ceiling of the room have been excluded from the following figures, but
they were included in the input file. All the information on the materials and dimensions of
the objects described in simulation was adopted from Ref. [107].

Charged Particles Line

Neutron

Al box \ / Line Paraffin

\ i f" / blocks
-
Water _~ / 1 .

tanks

Charged Particles Line BF;
detector
Lead Quadrupole

“blocks
HV Power Supply Units

Figure 3.2: 3D-figure representing the experimental hall of the Tandem Acceletator Labora-
tory of NCSR "Demokritos" from another point of view.
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Figure 3.3: 3D-figure representing the experimental hall of the Tandem Acceletator Labora-
tory of NCSR "Demokritos" from another point of view.
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the TiT
Deuteron Beam Line -r:r-gglt

l |

T
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with
samples

Stainless steel box

Figure 3.4: 3D-figure representing the irradiation line for the cases that the D-T reaction
was used for the neutron production (irradiations at neutron beam energies ranging from

15.3-20.9 MeV).

] |
Deuteron Beam Line ||

I

Holder with samples

Flange with the
TiT target

Figure 3.5: 3D-figure representing the end of the neutron production line, the flange with
the TiT target and the holder along with the irradiated samples.

The input file of the MCNP5 code including the full geometry of the room for the cases that
the solid Ti-T target was used for the neutron production is given in Appendix E.



94 Chapter 3. Data Analysis

Concerning the measurements performed in 2005 and 2006 at lower neutron beam
energies (10-11.3 MeV), by Patronis et. al [11], there is a slight difference in the geometry
description. Instead of the Ti-T target, a deuterium gas target was used in order to produce
neutrons at lower energies. The gas cell geometry, as described in MCNP5 code, is presented
in Figs. 3.6 and 3.7.

Deuteron Beam Line Deuterium
l gas-cell

Holder with
samples

Figure 3.6: 3D-figure representing the irradiation line for the cases that the D-D reaction
was used for the neutron production (irradiations at neutron beam energies ranging from
10-11.3 MeV).

Deuterium
gas—cell

Deuteron Beam Line

Holder with
samples

Figure 3.7: 3D-figure representing the end of the irradiation line, the deuterium filled gas
cell and the holder along with the irradiated samples.

The input file of the MCNP5 code including the full geometry of the room for the cases that
the deuterium gas cell was used for the neutron production is given in Appendix E.
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3.4.2 Validation with '°"Au(n,") reaction

Once the MCNP5 simulations are completed, the shape of the neutron flux distribution is
known and is presented in Fig. 3.8.
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Figure 3.8: Neutron flux distribution with respect to neutron energy obtained from simula-
tion using the MCNP5 code for the irradiation at 15.3 MeV. The neutron flux was scored at
the Al foil, which was placed in front of the Au one and this is the actual flux hitting the Au
foil.

However, this distribution (Fig. 3.8) has to be normalized in order to comply with the
experiment. The normalization was based on the 197Au(n,v)l%Au reaction, which is sensitive

to the low energy neutron tail, due to the following reasons:

o It is a non threshold reaction (Fixesnoig = 0 MeV), therefore it can be activated by the
low energy neutron tail.

o Its cross section is orders of magnitude higher for low energy neutrons and decreases
significantly above 1 MeV (see Fig. 3.9). The latter means that a low energy neutron
(107'1-107! MeV) has a very significant contribution compared to the high energy one
in the 197Au(n,fy]lggAu reaction yield.

Therefore, the neutron flux distribution was normalized according to the following ex-
pression:

A n
n ¢emq;)em'mental (C’I?’L2 S) ’ gbmcnp (EZ)
anormalized (Ez) < 2 ) = 30
cm=s Fi—sMev Pmenp (Ei)

- Scale Factor (3.13)

Au

n
cxperimental <%> is the experimentally determined neutron fluence which im-

where ¢

pinged on the Au foil during the irradiation and ¢ ey (E;) is the unnormalized neutron
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flux obtained from the MCNP5 simulation. As a first approximation, the ratio in Eq. 3.13
normalizes the neutron flux obtained from the MCNP5 simulation to the neutron flux which
impinged on the Au foil during the irradiation.

The initial value of "Scale Factor" is 1 and exists in Eq. 3.13 in order to correct for parasitic
neutrons that have not been taken into account in the simulation, such as neutrons from
(d,n) reactions on the materials of the beam line and neutrons from the D(d,n) reaction on
the implanted D nuclei in the TiT target (see also section 2.2).

By using the ¢ ,ormatized (Fi), the expected reaction rate (RR) is determined according to
equation:

RR expected = Z O(El) : ¢normalized (Ez) (3.14)
E;

where o (El) is the cross section of the 197Au[n,*y)l%Au reaction at each energy bin (see
Fig. 3.9). It should be noted that the energy binning of the ENDF/B-VII.1 library [28] was
adopted.

9
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Figure 3.9: Cross section of the 197 Au(n,)'?8Au reaction with respect to neutron energy.
The evaluated data are adopted from ENDF/B.VII.1 library [28].

The reaction rate is also experimentally given by the following expression:

AN,

RR experimental = W—ZMB) (3.15)
where N, is the number of the produced nuclei during the irradiation and is given by the
relation:

N.
Ny = ——"1— 3.16
PT T F-D (3.16)

the remaining symbols have been explained in section 3.1.
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By combining Eqs. 3.15 and 3.16, the number of the y-ray peak integral, IV,, can be written
as:

N £y I-F-D-N;, (1 _)\e)\tB) . RRemperimenml (3.17)
while the expected number of y-rays, IV, czpected. Using the simulated neutron flux is:
€y I-F-D-N, (1 — €AtB) : RRezpected
N7 expected = b\

(3.18)

All the quantities in Eq. 3.18 were substituted by those referring to the analysis of the
411.8 keV ~-ray emitted during the de-excitation of the '%¥Au nucleus and the final value
of the Scale Factor was chosen in such a way that the 411.8 keV ~-ray peak integral be
reproduced within its experimental error. Thus, the final purpose is to match the Ny czpected
with the Ny czperimental for the 411.8 keV «-ray peak. In other words, Eq. 3.18 is the "key"
of this method because it leads to the determination of the Scale Factor of Eq. 3.13.

The values of the Scale Factor for the six neutron beam energies (15.3-20.9 MeV) are
presented in Table 3.16 and Fig. 3.10. Only in four of these measurements the ~y-rays
emitted during the de-excitation of the '%2Ir nucleus gave reasonable statistics to allow for
the cross section determination, but since the 411.8 keV ~-ray peak emitted during the
de-excitation of the ' Au nucleus was present in every measurement, the Scale Factor was

determined for all the irradiations.

60 ———m—————7——7——7——T7

50 1 -
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Scale factor
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104 —+- I
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14 15 16 17 18 19 20 21 22
Energy (MeV)

Figure 3.10: The Scale Factor (mentioned in Eq. 3.13) with respect to the neutron beam
energy for the irradiations performed by means of the D-T reaction. In each energy the
Scale Factor was adjusted so as the N, czpected in Eq. 3.18 reproduces the integral of the
411.8 keV ~-ray peak emitted during the de-excitation of the ?*Au nucleus.

As shown in Fig. 3.10, in the energy region below 18 MeV, the Scale Factor is close to 1,
meaning that the parasitic neutrons are well described by the simulations. On the contrary,
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above 18.9 MeV, the Scale Factor increases rapidly, indicating that parasitic neutrons,
which are not taken into account in the simulations, become important. These neutrons
are expected to be produced from the following reactions: 2H(d,n)*He (Epr= 0.0 MeV),
2¢(dn)'3N (Eip,= 0.3 MeV), 1%0(d,n)'"F (Ey,,= 1.8 MeV) and H(d.np)*H (Eyx,,= 3.7 MeV),
which were also mentioned in section 2.2 (see Table 2.2). Obviously, it is not only the
threshold reaction that matters, but also the corresponding cross section shape.

Concerning the irradiations at lower neutron beam energies (10.0-11.3 MeV), the corre-
sponding factors are presented in Table 3.16 and Fig. 3.11.

Scale factor
"

. — .
9.5 10.0 10.5 11.0 11.5 12.0
Energy (MeV)

Figure 3.11: The Scale Factor (mentioned in Eq. 3.13) with respect to the neutron beam
energy for the irradiations performed by means of the D-D reaction. In each energy the
Scale Factor was adjusted so as the N, czpected in Eq. 3.18 reproduces the integral of the
411.8 keV ~-ray peak emitted during the de-excitation of the ?*Au nucleus.

In these cases, where the neutrons are produced by means of the 2H(d,n)?’He reaction,
the situation is much more complicated. There are many reactions that produce parasitic
neutrons, especially at deuteron energies above 4 MeV [32]. Therefore, in the present
irradiations (performed in 2005-2006 by N. Patronis et al. [11]), in which all the deuteron
beam energies were above 7 MeV, the basic reactions that may produce parasitic neutrons
are the following: 2H(d,pn)?H (F,,= 4.45 MeV), 2H(d,2n)’He (E;j,,= 8.9 MeV), "*Mo(d,n) (E
> 4 MeV) and "*Mo(d,2n) (E > 4 MeV). Thus, the Scale Factor values presented in Fig. 3.11
for neutron energies above 10 MeV should be expected. The unexpected point is the one
at 10 MeV which is much higher than the others. This could be attributed to a different
deuteron beam alignment and therefore, it could lead the deuterons to enter the gas cell
slightly off-centered. However, even this was the case, the threshold reactions which were

studied in the past are not affected from the low energy parasitic neutrons.
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Table 3.16: The Scale Factor of Eq. 3.13 for each irradiation adjusted so as the N czpected
reproduces the integral of the 411.8 keV -ray peak emitted during the de-excitation of the
198 Au nucleus within its experimental error.

Neutron Production Reaction F, (MeV)  Scale Factor

2H(d,n)*He (D-D) 10.0 £ 0.1 5.01
10.5 £+ 0.1 3.59
11.0 £ 0.1 4.13
11.3 £ 0.1 3.75
3H(d,n)*He (D-T) 15.3 £ 0.5 0.85
17.1 £0.3 1.52
17.9 £ 0.3 1.35
18.9 £ 0.3 8.85
20.0 £+ 0.2 40.1
20.9 £+ 0.2 45.8

As shown in Table 3.16, the Scale Factor value at F,,=15.3 MeV is 0.85 (<1). The latter
means that the RR c;pecteq is higher than the RR czperimental @and this is not expected, since
the simulation misses some parasitic neutron producing reactions. Therefore, this 15%,
which is due to the uncertainty of the simulated neutron flux, was assumed to be the main
uncertainty of this method. The relative error of the N, cyperimentar for the 411.8 keV ~y-ray
peak was also taken into account, but that did not exceed the 4%. The final uncertainty of
this method was estimated by the quadratic summation of the two aforementioned uncer-
tainties. In Figs. 3.10 and 3.11, the same uncertainty (15-19%) is abusively used for the
presentation of the energy dependence of the Scale Factor (abusively, due to the fact that
the uncertainty actually corresponds to the simulated neutron flux).

The experimentally determined Scale Factor values were then used in order to make the
appropriate corrections for the determination of the 1931r(n,2n)'?%Ir reaction cross section,
which is contaminated by the '°'Ir(n,7)!%?Ir one, as presented in the following section.

3.4.3 Contribution of '°'Ir(n,") reaction

Similarly, in order to determine the neutron fluence distribution in the Ir foil, the normal-
ization was carried out according to the following equation:

2
Cm= s - Scale Factor (3.19)

n
n Q;perimental ( ) : (bmcnp (Ez)
¢normalized (Ez) < ) =

2 30
cm=s B=sMev Pmenp (Ei)

n
Ir . . . . .
where ¢ experimental (m) is the experimentally determined neutron fluence which im-

pinged on the Ir foil during the irradiation and ¢ ;cnp (E;) is the unnormalized neutron flux
obtained from the MCNP5 simulation. The values of the "Scale Factor" for each irradiation
are presented in Figs. 3.10 and 3.11 and were chosen in such a way that the IV, coperimental
for the 411.8 keV ~-ray peak emitted during the de-excitation of the 198Au nucleus was
reproduced within its experimental error.
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Figure 3.12: Normalized neutron fluence distribution with respect to the neutron energy
obtained from Eq. 3.19 for the irradiation at 15.3 MeV.

Since the neutron flux distribution is known, the expected reaction rate for the 191 Ir(n,’y)1921r
is determined according to the equation:

RR expected = Z U(El) : ¢normalized (Ez) (3.20)
E;

where o (E;) is the cross section of the 191Ir(n,7)1921r reaction at each energy bin (see Fig.
3.13).
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Figure 3.13: Cross section of the 191Ir(n,*y]mlr reaction with respect to neutron energy. The
evaluated data are adopted from ENDF/B.VII.1 library [28].

Then, according to Eq. 3.18, one can estimate the N correction. Which is the number of
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counts that have to be subtracted from the total counts in the spectrum, in order to correct
for the contribution of low energy parasitic neutrons:

£y I-F-D- NT (1 — 6)\tB) : RRexpected
~ expected = b\

(3.21)

N’y correction —

All the quantities in Eq. 3.21 were substituted by those referring to the analysis of the three
most intense y-rays (316.5, 468.1 and 308.5 keV) emitted during the de-excitation of the
1921 nucleus.

Therefore, the useful counts for the cross section determination are given as:

(3.22)

N, = N’y spectrum — Nv correction

The relative error of the Ny correction Was assumed to be the same to the relative error of the
Ny experimental for the 411.8 keV y-ray peak, while the uncertainty of the final, corrected IV,
was assumed to be the quadratical summing of the two individual errors.

The results are presented in Tables 3.17 and 3.18 for each irradiation and for each y-ray

separately.

Table 3.17: The N, spectrum» Ny correction and N for the three most intense y-rays (316.5,
468.1 and 308.5 keV) emitted during the de-excitation of the 1921+ nucleus for the irradiations
at neutron beam energies between 10 and 11.3 MeV.

E, MeV) E, (keV)

N. v spectrum

N

N.

Nq/ correction

(%)

7y correction ¥
v spectrum
10.0 £ 0.1 316.5 20809 + 170 | 2517 4+ 387 | 18290 £ 423 12
468.1 9606 + 111 1173 £ 183 | 8433 £ 214 12
308.5 7406 £ 123 920 + 141 6486 £+ 187 12
10.5 £ 0.1 316.5 54241 4+ 276 | 4717 £ 715 | 49524 £ 766 9
468.1 25243 £+ 180 | 2196 £+ 338 | 23047 + 383 9
308.5 19557 + 195 | 1723 £ 260 | 17834 £ 325 9
11.0 £ 0.1 316.5 30474 £ 211 | 2629 £ 395 | 27845 £ 448 9
468.1 14045 £+ 141 | 1246 £ 187 | 12799 £+ 234 9
308.5 11187 &+ 152 | 956 + 144 | 10231 £ 209 9
11.3 £ 0.1 316.5 36105 + 227 | 2959 £+ 454 | 33146 £+ 507 8
468.1 16019 £+ 146 | 1402 £ 215 | 14617 £ 260 9
308.5 12734 + 160 | 1076 £ 165 | 11658 £ 230 8

As shown in Table 3.17, the correction is ~ 10% in all cases and follows the same

behavior to the Scale Factor shown in Fig. 3.11, as expected, since in this energy region

there are many reactions that produce parasitic neutrons.
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Table 3.18: The N, spectrums Ny correction and N for the three most intense y-rays (316.5,
468.1 and 308.5 keV) emitted during the de-excitation of the 1921+ nucleus for the irradiations
at neutron beam energies between 15.3 and 20.9 MeV.

E, MeV) By (keV)  Nygpectrum  Nycorrection N, Dycorrection. o
v spectrum
15.3 £0.5 316.5 222500 £+ 700 | 1613 £ 243 | 220887 £ 741 1
468.1 104000 + 500 764 £ 115 103236 + 513 1
308.5 80200 + 550 583 + 88 79617 £+ 557 1
17.1 £0.3 316.5 32730 £+ 300 902 £ 139 31828 + 330 3
468.1 15140 + 230 431 £+ 66 14709 £ 239 3
308.5 11700 £+ 250 326 £ 50 11374 £+ 255 3
18.9+ 0.3 316.5 16900 + 460 | 8343 £ 1262 | 8557 4+ 1343 49
468.1 8230 £+ 310 3972 £ 601 4258 + 676 48
308.5 6400 £ 400 3015 £ 456 3385 £+ 607 47
20.9 + 0.2 316.5 5300 + 250 3305 + 499 1995 £ 558 62
468.1 2540 £+ 130 1638 + 247 902 £ 279 64
308.5 1920 £ 210 1195 £ 180 725 + 277 62

As shown in Table 3.18, the correction varies from 1% at lower energies, to ~60%
at the higher ones. As it was also mentioned in section 3.4.2, the contribution of the

parasitic neutrons becomes important with increasing energy and that is consistent with
the Scale Factor shown in Fig. 3.10, as expected.

The corrected numbers of counts, N,, shown in the fifth column of Tables 3.17 and

3.18, were used to deduce the cross section of the *3Ir(n,2n)!'%?Ir reaction by means of Eq.
3.1.

The experimentally deduced cross section values for all the studied reactions, in the
framework of the present thesis, are presented in chapter 5, along with the cross section
theoretical calculations that will be discussed in the next chapter.



Theoretical Calculations

In this chapter a brief historical retrospection of statistical models of nuclear decay processes
will be presented, focusing on the mechanisms that are relative to the subject of the present
thesis. Therefore, special attention will be given to the Hauser-Feshbach theory in the frame
of which the cross section theoretical calculations have been carried out using two nuclear
reaction model codes, namely the EMPIRE 3.2.2 [40] and TALYS 1.8 [42]. Moreover, the
optimum input for both codes will be described for the three interactions of interest, namely
the n + "Au, the n + °!Ir and the n + '%Ir ones.

4.1 Historical Elements

o In 1936, N. Bohr pointed out that when a high speed particle « collides with a heavy
nucleus A, a compound system of remarkable stability (compound nucleus C) is formed
[108, 109]. He made a hypothesis, widely known as "the Bohr assumption", in which
the mode of disintegration of the compound system (B+() depends only on its energy,
angular momentum and parity, but not on the specific way in which it has been
produced [110].

a+A—C"—B+p

o At the time of Bohr’s work, the first statistical theory of compound nuclear decay
came in the scene by V. Weisskopf [111, 112]. According to his theoretical context, the
kinetic energy of the emitted particles  is of the same form as the spectrum of particles
evaporated from an ideal fluid and that is the reason why this theory is also known
as the Weisskopf evaporation theory. It constitutes a quantitative implementation of
the Bohr hypothesis and is based on the inverse reaction 5 + B — C*. Some of the
approximations considered in this formulation is that the nucleus B is a stationary
heavy mass and its excitation energy is usually ignored. When the former restriction
was removed, the Weisskopf’s model was improved and lead to the reciprocity theorem
which can be summarised in the following relation:

Jap _ Tpe

= 4.1
2 =2 4.1
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where 0,4 is the cross section of the forward reaction 0,4 4—c+—B+3, 04 the cross
section of the inverse reaction 0gyp_,c*—A+a, Ko the wave number in channel «
and kg the wave number in channel 3. Another approximation of this formulation is
that there is no a priori inclusion of the angular momentum. The latter was the main
drawback of this theory, since the densities of nuclear states are strongly angular
momentum dependent and perhaps the reason why this theory was superseded by
the quantum mechanical Hauser-Feshbach one [110].

In 1949, S. Fernbach, R. Serber and T. B. Taylor proposed the so-called optical model,
a model of elastic scattering, according to which a nucleon incident on a nucleus may
be elastically scattered or it may be absorbed, just like it happens in optics with the
scattering of light by a refracting and absorbing sphere [113].

The experimental verification of the Bohr’s independence hypothesis came in 1950 by
S. N. Ghoshal [114], who used different entrance channels p + 63Cu and a + 9Ni to
form the compound nucleus 647zn.

In 1952, a new class of "fast" nuclear reactions was established, referred as direct ones.
Such reactions happen when the product of the interaction have a high probability to
escape and seemed that Bohr hadn’t considered this point [115, 116].

In the same year (1952), W. Hauser and H. Feshbach proposed their theory [44] which
is similar to the V. Weisskopf’s one but provides a proper quantum mechanical treat-
ment of angular momentum [110]. The optical model is considered as a part of this
model structure and the latter will be described in more detail in section 4.3.1.

At about the same time (1954) the quantum mechanical version of the optical model
was developed and this formulation ended up (among others) to the respective/cor-
responding relation for the transmission coefficients, which constitute an essential
ingredient of the Hauser-Feshbach theory and represent the probability that a given
partial wave (I-wave) is absorbed by the target nucleus [117].

In 1966, another theory was proposed by J. J. Griffin, referred to as the exciton model,
in order to describe the effect of producing incomplete "compound" nuclei. Following
this effect, more statistical theories were developed in order to describe the same
phenomenon by C. K. Cline and M. Blann [118,119], G. D Harp, J. M. Miller and B.
J. Berne [120] and Fabrici et al. [121]. More details on pre-equilibrium emission will
be given in sections 4.2.2 and 4.3.3.

In the early 1970s the availability of heavy ion beams was increased, thus the interest
in the topic of fusion grew rapidly. Fusion is defined as the process in which a com-
pound nucleus composed of the sum of the projectile and target nucleons is formed.
The essential physics can be understood by considering the model proposed in 1975
by D. Glas and U. Mosel [122].
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4.2 Basic reaction mechanisms

The basic nuclear reaction mechanisms that one can distinguish are the following three:
direct, compound and pre-compound ones. These reaction processes can be subdivided
according to time scales or, equivalently, to the number of intranuclear collisions taking
place before emission. Moreover, each mechanism preferentially excites certain parts of the
nuclear level spectrum and is characterized by different types of angular distributions. The
overall situation is presented in Fig. 4.1, where the associated angular distributions show
a gradual transition to isotropy for decreasing outgoing energies [123].

Compound Pre-equilibrium Direct

MSC MSD

Cross section

Incident particle energy

Eout — +«— Reaction time
‘ D

Figure 4.1: Typical energy spectrum of a reaction A(«,3)B with an incident energy of several
tens of MeV. The MSC and MSD processes are described in subsection 4.2.2.

d’6/dQ dE
‘ X
/ -

4.2.1 Compound nucleus reactions

Compound nucleus is an intermediate state after the absorption of an incident particle,
but before the emission of the outgoing one. In more detail, when an incident particle
enters a target nucleus, it has a high probability of interacting with one of the target’s
nucleons, possibly through a simple scattering. The recoils (nucleon and incident particle)
can each make successive collisions with other nucleons and after several such interactions,
the incident energy is shared among many of the nucleons of the combined system of
projectile and target until the equilibrium is reached. The escape from a compound nucleus
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is a statistical phenomenon, since the more random collisions occur, the more high is the
probability for a single nucleon to gain sufficient energy to overcome the nuclear potential,
similar to the mechanism with which molecules evaporate from the surface of a drop of
liquid [124, 125].

This intermediate state is called compound nucleus (C*) and can be symbolized using the
following expression, which was also mentioned in section 4.1:

a+A—C*—B+8

The energy diagram of this reaction process is presented in Fig. 4.2.

ET pc(EC*)
£
6 P pp (Ep»)
B+
T oat+A b
Q(atA—=C" Q (C*=B+p)
1
Compound
Nucleus
C*

Figure 4.2: Schematic representation of the « + A — B +  via the formation of the
compound nucleus C*. pc(FE) is the nuclear level density of the compound nucleus at the
excitation energy Fcox and the same holds for the residual nucleus, with symbols pp(FE)
and Epx*, respectively. €, and €z are the kinetic energies of o and 3 nuclei, respectively, in
the center of mass system.

Some of the characteristics of the compound nucleus reactions will be described below
[124,126]:

o According to Bohr’s assumption (see also section 4.1) the relative probability of a decay
into any specific set of final products is independent of the means of formation of the
compound nucleus.

o The compound nucleus excitation energy (Ec+) is given by the binding energy (Q) and
the available kinetic energy in the center of mass system. Thus,

Ey,,m
Eov=Q+ —2 4 o4 o
(Mo +ma)
where I, , is the bombarding energy in the lab system.

o Due to the fact that in such reactions the incident energy has to be distributed and
reconcentrated, additional time is necessary for the decay of a compound nucleus and
this time is of the order of 1071610718 s.
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o This model works best for low incident energies, where the incident projectile has a
small chance of escaping from the nucleus.

o The exit channel with neutron emission is much more favoured than the charged
particle ones (p, o), as the latter have to overcome the Coulomb barrier.

o In contrast to direct reactions, the products of compound nucleus reactions do not
present an angular distribution. The reason for this, is because the interactions
among the nucleons are random, thus the outgoing particles are expected to be emitted
isotropically.

4.2.2 Pre-equilibrium reactions

Pre-compound or pre-equilibrium reactions constitute an intermediate state between the
one-step direct processes, which involve few degrees of freedom and the compound nucleus
reactions in which the projectile energy is divided between all the nucleons of the compound
nucleus. In some cases, these processes make dominant contributions to the cross sections
of reactions initiated by neutrons of 10-20 MeV [127, 128].

The quantum-mechanical approach of these reactions is the multistep theory, in which it
is assumed that the interaction between the incident nucleon and the target nucleus takes
place in a number of stages of increasing complexity. The projectile enters the nucleus
and collides with a nucleon, producing a two-particle one-hole excitation. The secondary
particles can themselves interact, producing three-particle two-hole excitations and so on.
At each stage there is a finite probability that the reaction proceeds to the next stage, returns
to a previous stage or goes directly to the continuum. The latter possibility corresponds to
pre-equilibrium reactions [128]. A distinction is made for them, in the theory of H. Feshbach
et.al. [129], between multistep compound and multistep direct reactions.

o Multistep Compound (MSC)
In a multistep compound reaction all the particles remain bound during the equilibra-
tion cascade. The phases of the matrix elements (J, parity etc.) which are required in
order to specify a channel, are assumed to be random so that no interference terms
remain after averaging. Thus, the energy averaged cross sections are symmetric about
90°.

o Multistep Direct (MSD)
A multistep direct reaction occurs as the incident energy increases and is more likely
that one particle remains in the continuum and therefore retains a strong memory of
the original direction of the projectile. In this case, there is constructive interference
between matrix elements involving the same change in the momentum of the particle

in the continuum and so the cross sections are forward peaked.
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4.2.3 Direct reactions

The direct reactions are defined to be those processes which connect the initial and final
states in a nuclear reaction without formation of an intermediate compound system [127].
They occur very rapidly, in a time of the order of 10~2?s, while the incident particle interacts
primarily at the surface of the target nucleus. Such reactions are also called peripheral
processes and are most likely to involve one nucleon or very few valence nucleons near the
surface of the target nucleus. Their contribution is important at higher nucleon energies,
where the de Broglie wavelength of the nucleon becomes small enough to "see" individual
nucleons (20 MeV <— 1 fm, whereas 1 MeV <— 4 fm). For incident nucleon energies above
10 MeV, the low lying, discrete states of the residual nucleus are almost completely excited
by direct reaction processes, as shown in Fig. 4.3.

Bs
—_ B2 E3
at+A B, E»
Bo E;
Q (a+tA—=C") E
Residual
nucéeus Q (C*=B+p)
Compound
Nucleus
C*

Figure 4.3: Schematic representation of the way that the low-lying states of the residual
nucleus B can be excited in a direct reaction « + A — B + . The compound nucleus C*
is not formed in this case but is drawn in the sketch because is widely used as an energy

reference for Q-value calculations.

An easy way to distinguish a direct reaction from a compound nucleus one is the sharply
forward peaked angular distribution of the outgoing particles, which has a markedly os-
cillatory behaviour, as shown in Fig. 4.1 [123, 124]. This oscillatory shape enables the
determination of the spin and parity of the residual nucleus.

The following processes can occur via the direct mechanism [127, 130]:

o Elastic scattering
The simplest direct interaction between an incident particle and a target nucleus,
when the particle’s direction of motion and state of polarization is changed, without

loss of energy. For example, (n,n), (p,p). (o, «), etc.

o Inelastic scattering
Occurs when a projectile interacts with a nucleus and gives some of its energy, rais-
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ing it to an excited state. This generally alters the direction of motion and state of
polarization of the projectile. Such reactions are (n,n’), (p,p), (o, ), etc.

o Transfer reactions

o Stripping
A nucleon from the incident particle is transferred to an unfilled state of the
residual (target) nucleus, as happens in reactions like (d,p), (d,n), (t,d), etc.

o Pick-up
A nucleon from a filled or partly filled state of the target nucleus is removed and
transferred to the emitted particle. Such reactions are the (p,d), (n,d), (d,t), etc.

o Knock-out reactions
The incident particle may collide with a nucleon or group of nucleons in the target
nucleus and knock it out. If the incident particle is captured, the reaction is observed
as inelastic scattering or nucleon transfer, and if it escapes, it is a reaction with three
particles in the final state. For example, (d,p), (d,dp), (n,np), (p.pn), (p,2p), (n,2n), etc.

o Charge-exchange reactions
The emitted particle has the same mass as the projectile, so that the net effect is the
transfer of charge like in the following reactions (n.p), (p.n), (t.*He), (*He.t), etc.

o Break-up reactions

In the Coulomb field, at few MeV incident energy, a composite particle may undergo a
break-up into its constituents. The simplest example is a (d,pn) reaction. The break-
up may take place in the Coulomb field specially when the target nucleus has high Z,
without the neutron being captured. This is known as Coulomb breakup. At higher
energies (of the order of 100 MeV or more) the break-up may occur in the nuclear field.
In this process, the proton and neutron may be emitted on the opposite side and the
target nucleus may be left in the ground state or raised to an excited state. These
processes are known as elastic and inelastic break-up respectively [126].

4.3 Basic theoretical models for nuclear reactions

4.3.1 The optical model

The optical model is a simple model which was used in order to describe the elastic scattering
in the presence of absorbing effects. The calculation resembles that of light incident on a
somewhat opaque glass sphere [32, 109, 124, 127, 131]. The scattering is represented in
terms of a complex potential U(r):

U(r) =V(r)+iW(r) 4.2)

where the real part V(r) describes the nuclear interaction of scattering between target and
projectile and the imaginary part W(r) is responsible for the absorption. The standard optical
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model potential may be written in the form [131]:

U(r,E)=—W(r,E) a real volume term,
—iWy(r, E) an imaginary volume term,
—iWp(r, E) an imaginary surface term,
+Vso(r,E)-1-0 a real spin-orbit term,
+iWso(r,E)-1-0 an imaginary spin-orbit term,
+ Ve(r) a Coulomb term, (4.3)

where E is the lab energy of the incident particle in MeV. All components can be separated

in energy-dependent well depths and energy-independent radial parts f, namely

W(r,E) =W (E)f(r,Rv,ay) (4.4)
Wy (r, E) = Wy (E)f(r, Ry, ay) (4.5)
d
WD(T’,E) = —4@DWD<E)%JC<7’, RD,OéD> (4.6]
Vsolr B) = Vso(B) (=) 1 5o, Reoras0) @7
so(r, E) = Vso me) vadrHiso.aso :
A\? 14
Wso(r, E) = Wso(FE) — X;%f(ﬂRSOaOZSO) (4.8)

Using the relations 4.4 - 4.8, Eq. 4.3 becomes:
U(r,E) = Ve(r) = W(E)f(r, Ry, av)

—i (WV(E)f(T’ Ry,ay) — 404DWD(E)%f(7”> RD,OéD)>

2
+VSO(E)( i > lif(T,Rso,%o)'1'0

myc) rdr
) A\? 1d
+ ZWSo(E) o X ;%f(r, Rso, Ozso) -1-0 (4.9)

The form factor f(r, R;, o;) is a Woods-Saxon shape:

1

1+ e(r—Ro)/as (4.10)

f (T7 Ri7 Oéi) -
where the geometry parameters are the radius R;=r; A3, with A being the atomic mass
number, and «; the diffuseness parameters. The Coulomb term V¢ for charged particles is
given by the following relation:

7 2 2
= <3—T2>,f07“ r < Rc

7.5 4.11)
= ,for r > R¢
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with Z(z) the charge of the projectile, and R¢ = rcAl/? the Coulomb radius.

The solutions of the Schrodinger equation that describe sufficiently the elastic scattering
and the absorption of the projectiles have the following form:
) etkr
oo = L Tf(g) (4.12)

where the first term is the incident wave (i.e the incident neutron beam) and the second
one a scattered spherical wave. f(f) is the scattering width, while k¥ = v/2mFE/h the wave
number. From this wavefunction, the scattering differential cross section is:

dQ( ) =1f () (4.13)

In the case of uncharged and spinless particles, where Coulomb and spin-orbit terms do
not exist, the scattering width can be determined by means of the partial wave analysis.
By using the dividing variables method, the solutions of the Schrodinger equation can be

written in the form:

¢ (r,0) = R(r)Y,}, (6,0)

where Y,!, (0, ¢) are the spherical harmonics. Since there is axial symmetry (U = U (r, )),
only the m=0 spherical harmonics terms contribute, therefore Y,fl can be expressed as:

V2041
47

By expanding the asymptotic form of the wavefunction 4.12 for the scattered wave, using

Y2 (0) = P (cos (9))

Legendre polynomials, the wavefunction becomes:

oo
P (cosh) (4.14)
=0
and the scattering amplitude can be written as:
o0
0) => (2 +1) fiP (cost) (4.15)
=0
The Schrodinger equation for the radial part of the wavefunction v; (r) /7 is the following:
d?uy (r) 2m I(1+1)
02 h2 (E—=V(r)u(r)— 7w (ry=20 (4.16)
while its solution has the form:
ikr
ul (T) x iel(kT'—%lﬂ'—l-(sl) x _Sle (4.17]
r kr kr

where ¢; is the phase shift and is determined from the boundary conditions in the limit of
the potential range in order to have a smooth transition from the asymptotic limit to the
nucleus interior and S; = €2 is the partial scattering matrix. It can be proved that the

scattering amplitude can be written as:

oo

1

~ 2ik
=0

(21 4+ 1)(e*% —1) P, (cost) (4.18)
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By integrating Eq. 4.13 over all angles and combining it with Eq. 4.18, the scattering cross
section is given by this expression:

o0

4dr o
O scattering — ﬁ (2[ + 1)‘1 _ 627,51’ .
=0
47 =
= Oscattering — ﬁ (2[ + 1)|1 _ Sl|2 4.19)
=0

while the absorption one by the following relation:

0o
T 9
O absorption = ﬁ Z(2l + 1) (1 _ |e2161| ) N
=0

S
= Oabsorption — ﬁ 2(21 + 1) (1 - |Sl‘2) =
=0

)
7T
= Oabsorption — ﬁ § (2l + 1) ﬂ (4.20)
=0

which defines the transmission coefficient as:
T =1-19) 4.21)

The transmission coefficients constitute an essential ingredient of the Hauser-Feshbach
theory, which will be described in section 4.3.2.

The optical model is particularly important for the study of the direct (fast) contribution.
Although the latter was not that crucial for the present work, it was worthy to briefly mention
the basic knowledge about it (see the subsection 4.2.3).

4.3.2 The Hauser-Feshbach theory

The Hauser-Feshbach theory [44] describes reactions which proceed via the formation of a
compound nucleus. In order to present this model [109, 132], it is convenient to begin with
the Bohr hypothesis which was mentioned in section 4.1 and can be summarized in the
following expression:

ola+A—B+p)=c(la+A—C*)P(C* — B+p) = o048=0aF3 (4.22)

where o, is the cross section for the formation of the compound nucleus and Pg is the
probability for the compound nucleus decay to channel 5. Then, the new independence
hypothesis can be expressed for an arbitrary entrance channel using the transmission co-
efficients, 1, as:

m

Tap(l) = [/@@H 1)Tl(ea)] Ps(l) (4.23)

(0%
While for the inverse reaction involving the same partial wave and the same compound
nucleus excitation energy can be written as:

s

Uﬁa(l) = [k% (2l + 1)Tl(€g) P, (1) (4.24)
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By dividing Eq. 4.23 with 4.24 and assuming that the reciprocity theorem (Eq. 4.1) can be

applied to partial cross sections, the following expression is obtained:
Pu(l) _ Ps(1) Pu(l) _ Ti(ea)
Ti(ea)  Tilep) Ps(l)  Ti(ep)

This equation states that the ratio of probabilities of decay from the compound nucleus for

(4.25)

any pair of channels is equal to the ratio of the corresponding transmission coefficients.
Therefore, for any decay channel 3, the probability of decay will be:

_ Ti(ep)
ZT%Z
~

Ps(l) (4.26)

where the sum in the denominator represents all accessible exit channels 7. In Eq. 4.26,
the energy ¢4 is fixed by the excitation energy of the compound nucleus (E(;) and that of the
final state in the residual nucleus (for instance c3 + E5 = Ef + Qc—3+B)-

If the excitation energy of the residual nucleus E% belongs to the continuum, then it can
be considered that there are Qp(E7;) states at this excitation energy. Moreover, in a small
energy range AE, over which 3 can be considered as constant, the number of states can
be expressed as a function of the nuclear level density pp(E}), as Qp(E}) = pp(Eg) AE.
Similarly, for all accessible exit channels, ~, will be Qr(E}) = pr(E}) AE. Thus, the decay
probability to any one of these states can be written as:

_ Ti(ep) QB(ER)

B0 =57 s
Y

Ps(1)

_ Ti(ep) pp(Ep)
—E}k‘ 4.27)

- Y Typr(ER)
.

Eq. 4.27 combined with the 4.23 one, leads to the basic form of the Hauser-Feshbach
formalism for spinless particles, which follows:

Ti(ea) Ti(ep) PB(ER)
; Ty pr(ET)

s

Uaﬁ(l) = k2 (2l + 1)

(4.28)

If the interacting particles have spin, the expression for the cross section must include spin
weighting factors. Suppose that the spins and angular momenta for the reaction A(a, 5)B
are defined as follows:

a+A — C*— B+ 5
l U
S S J Uy

j=s+8 j=5'+5

The spin of the incident particle, s, and the one of the target nucleus, S, combine to give
the channel spin j, which in turn combines with the orbital angular momentum 1 to give
the total compound nucleus angular momentum J, and similarly for the exit channel.
In order to obtain an expression for the cross section for particles with angular momen-
tum, Eq. 4.28 must be averaged over all the allowed spin combinations in the incident
channel and summed over those in the outgoing channel. The probability that the spins s
and S combine to give a particular j is:
25 +1

(2s+1)(25+1)

P(j) = (4.29)
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and the probability of j combining with 1 to give J is likewise:

2J+1
(27 +1)(20+1)

(4.30)

P(J) =

Therefore, if the transmission coefficients depend only on orbital angular momenta, the
partial cross section to final states of angular momentum S’ in the nucleus B can be written

as:

Ti(ea) Ty () pB(ER, S
sy T @IE 2 Tea) Te(es) pu(Ep. S) o
TR 2s+ (2S5 + 1) > Ty pr(Ey) '
Wﬁl,,ﬂj//

where the unprimed symbols represent quantities associated with the entrance channel
« and primed symbols for the exit channel 5. All the summations are made subject to
the appropriate vector coupling relations. These are symbolised by the triangular relation
A (abc), which means that when angular momenta a and b are coupled to give ¢, they must
satisfy the relation |a — b| < ¢ < (a + b). Thus, the following triangular relations hold:

IS—s|< 5 < (S+59) 8" =5 < j < (8+5)
J—jl< 1 < (J+7) J—j< U < (J+j)
j=l< T <(G+D =< < (D)

The denominator is a summation over all possible exit channels that are allowed with respect
to the conservation of energy principle and to the angular momentum selection rules [127].

4.3.3 The exciton model

Concerning pre-equilibrium reactions, apart from the multistep theories which were briefly
mentioned in section 4.2.2, the simplest one is that of Griffin’s [50,51] and is usually referred
to as the exciton model. According to the latter, the incoming projectile initially interacts
with the target nucleus and gives rise to a single particle state above the Fermi surface,
while a hole is left below. Two examples involving a two particle - one hole (2p-1h) state and
a three particle - two holes (3p-2h) state are shown in Fig. 4.4. The total number of excited
particles, p, and holes h which occupy single particle states above and below Fermi energy,
respectively, is referred to as the number of excitons n = p + h [32,109, 127, 132].
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Figure 4.4: Schematic representation of the excitation of a nucleus in states characterized
by an increasing exciton number. All particles are bound to the potential well and these
processes lead to a fully equilibrated residual nucleus [109].

Such successive interactions lead to an intra-nuclear cascade, which through a sequence
of states characterized by an increasing exciton number and more degrees of freedom, ends
up to the equilibrium. The processes of increasing exciton number meet selection rules
concerning the possible variation of the number of excitons (n), the number of particles (p)
and the number of holes (h), which are the following:

An=0,42, Ap=0,%£1, Ah=0,%1 (4.32)

If a particle has such a high energy as to exceed the effective energy threshold for emission,
it escapes the nucleus (for a neutron is the separation energy, - Q-value, while for proton is
the separation energy plus the Coulomb barrier). Thus, at each stage of the aforementioned
equilibrium process, there is a competition between two decay modes:

o The decay by exciton-exciton interactions to more complex configurations (internal
transitions).

o The decay by emission of particles into the continuum.
The two most important assumptions of this theory are the following:

o All the states having the same particle-hole configuration and the same total energy
and parity are equiprobable.
o All the decay modes are equiprobable.
Another Griffin’s assumption was that the most dominant decay mode was the internal

conversion An = +2. All the probable internal conversions were taken into account later
by the evoluted model by Cline and Blann [118, 119].

According to Griffin’s model [50], the transition rate of a nucleus in a typical n-exciton state
to other states with n’ = n or n’ = n + 2 excitons is given by the Fermi’s Gold Rule:

2 2
Ao = TIMPow(E) = Mphosyie = 1M Py (E) (4.33)
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where |M|? is the average squared matrix element for the n — n’ transition, which is
assumed to be energy-independent and p,y w (E) the density of p’ particle and h' hole states
at excitation energy F which is given by the expression [133, 134]:

g(gE — A ,h/)p'—&-h’—l
pon(E) = np /p DY
IR (p+ = 1)!

(4.34)

1
Ayp = Z(p’2 + %+ — 3K (4.35)

where g is the density of single-particle states in the equispacing model. The quantity A,/
contains the effects of the Pauli exclusion principle and Eq. 4.34 reduces to the Ericson
particle-hole state density if one sets Ap/ n = 0[133].

The probability of finding the nucleus with excitation energy F at time ¢ in a configuration
by n = p + h excitons is called the occupation probability and is symbolized as P(n, E,t).
It satisfies the following relation [118]:

dP(n, E,t)

=Pn—2,E,t) \y_on(E
dt (n 77) 2,()

+ P(TL + 2a E’ t) )‘n+2,n(E)
— P(n, E,t) {\nnt2(E) + A2 + Anc(E)} (4.36)
which integrated over time gives:
—P(TL, E, 0) = tn_2<E) )\n_g’n(E)
+ tn+2(E) )‘n+27n(E)
- tn(E) {)\n,n—i—Q(E) + A77,,71—2 + An,c<E1)} (4.37)

where A, .(E) is the total decay rate for emission to the continuum of whatever particle with
whatever energy and ¢,, is the mean lifetime of an n-exciton state. The former can be written
as:

Ec/,maz
Anc(E) =) /0 Ao(E,ep) dey (4.38)

where €. = € — B is the energy of the particle reduced by its binding energy in the nucleus
and the latter is given by the relation below:

teq
ty = / P(n, E, t)dt (4.39)
0

where t., is the equilibration time necessary to reach a state of statistical equilibrium.

Once the value of P(n, E,t) at t = 0 is given (usually it is P(n, E,t) = d,.,), the set of
equations 4.36 and 4.37 can be solved.

The cross section for emission of particles in channel ¢ is calculated by the following expres-
sion:

teq
oo(E,e.)de. = oR / > P(n, B t) Mo(E, ) dt de. (4.40)
0 n,An=2

where o is the reaction cross section for the incident channel.
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4.4 Nuclear level density models

The nuclear level densities constitute a crucial component of the cross section in the Hauser-
Feshbach theory (see Eq. 4.28 and 4.31), therefore the basic relations for the models that
were finally chosen for the theoretical calculations with EMPIRE 3.2.2 and TALYS 1.8 codes
will be presented in this section. The available models in each code are summarized in Table
4.1.

EMPIRE 3.2.2

Keyword & Value Nuclear Level Density Model
LEVDEN 0 Enhanced Generalized Superfluid Model (EGSM)
LEVDEN 1 Generalized Superfluid Model (GSM)
LEVDEN 2 Gilbert-Cameron Model (GCM)
LEVDEN 3 Hartree-Fock-Bogoliubov (microscopic) (HFBM)

TALYS 1.8

Keyword & Value Nuclear Level Density Model
ldmodel 1 Constant Temperature (CTM) & Fermi Gas Model (FGM)
ldmodel 2 Back-shifted Fermi Gas Model (BFM)
ldmodel 3 Generalized Superfluid Model (GSM)
ldmodel 4 Goriely (microscopic)
ldmodel 5 Hilaire (microscopic)
Idmodel 6 Hartree-Fock-Bogoliubov & Gogny force (microscopic)

Table 4.1: Nuclear level density models available in EMPIRE 3.2.2 and TALYS 1.8 codes
along with the corresponding keywords and values for each code.

4.4.1 The Fermi Gas Model

The Fermi Gas Model (FGM) [135], although it can not be applied by using a specific value
of the keywords presented in Table 4.1, it should be presented, since it is implemented
simultaneously with other models in both codes.

It is based on the assumption that the single particle states which construct the excited
levels of the nucleus are equally spaced and in fact, holds for non-interacting nucleons in
the absence of collective levels [136]. The Fermi gas level density (under the assumption
that the projections of the total angular momentum are randomly coupled) can be written
as:

1 2
127 +1 (J + 2) 7 €D [2\/aU}
p . A -

pr(E, J1I) =

- 7 4.41
2 9vomgs ¥ 202 12 al/ags/a (4.41)

1
where the first factor 5 represents the equiparity distribution, « is the level density param-



118 Chapter 4. Theoretical Calculations

eter, o is the square root of the spin cut-off parameter (both parameters will be discussed in
the subsections 4.4.1.1 and 4.4.1.2) and U is the effective excitation energy which is equal
to:

U=FE-A (4.42)

where A is an empirical parameter related to the pairing energy which is included to account
for the known odd-even effects in nuclei. It is more convenient to discuss about A for each
specific level density model separately in the corresponding section.

The Fermi gas spin distribution is given by the following expression:

1 2
J+ =
2] +1 < )
+ —72 (4.43)

Ri(E,J) = = eop |-~

By summing Eq. 4.41 over all spins and parities the total Fermi gas level density becomes:

s o]

pE(E) = Voro 12 al/Aua/ 4.44)
and also can be written as:
PRUE) = \/217?0 \j% (4.45)
where S is the entropy given by the relation:
S =2at (4.46)
D is the determinant:
D= 1%‘4 a’td (4.47)

and ¢ the thermodynamic temperature:

= \/ﬁ (4.48)
o

4.4.1.1 The level density parameter o

The first formula suggested for the level density parameter « lead to a nuclide-specific
constant value independent of energy [136]. Later, Ignatyuk et. al. [137] recognized that
energy-dependent shell effects should be effectively included through an energy-dependent
expression for a, which was assumed to be the following:

1 — eap[—U ])

(4.49)

= E:~1
aa()a<+5W i
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where « is the asymptotic level density parameter one would obtain in the absence of any
shell effects (d=a(E— )), or in the absence of shell correction energy (6 = 0) and is given
by the form:

& = aA+ BAY? (4.50)
where A is the mass number. The shell correction energy 6\ is defined as:
W (MeV)=M(MeV)— Mrpy(MeV) (4.51)

where M is the nucleus mass and Myp)s the nucleus mass according to the spherical
liquid-drop model (see Ref. [136] for details). The damping parameter v determines how
rapidly «(FE) approaches & and can be written as:

4!

V=SB (4.52)

In Egs. 4.50 and 4.52, «, § and -y; are global parameters that need to be determined to give
the best average level density description over a whole range of nuclides.

For low excitation energies (£ < A) the limiting value of Eq. 4.49 is given by its first order
Taylor expansion:

lim a(E) = a[l +vo6W] (4.53)
U—0

4.4.1.2 The spin cut-off parameter (0?)

The spin cut-off parameter o2

represents the width of the angular momentum distribution
of the level density. The observation that a nucleus possesses collective rotational energy
that can not be used to excite the individual nucleons leads to the general expression for

the continuum:
02 = 0% (E) = Iy 2t (4.54)
a

where the undeformed moment of inertia of the nucleus Ij is defined by its radius R =
1.2A'/3 and the neutron mass in amu mg by the relation:

I (2/5)mo R%2 A
T (he)?

and ¢ is the thermodynamic temperature. It can be proved (see Ref. [136]) that the spin

(4.55)

cut-off parameter can be found using the following expression:

A5/3
0%(E) = 0.013897\/04U (4.56)

An alternative method to determine the spin cut-off parameter, which is needed in case of
low excitation energies (F < A) where Eq. 4.56 is not defined, is obtained from the spins of
the low-lying discrete levels as follows:

Ny
1
o2 = e > Ji(Ji+1) (20 + 1) (4.57)

33 (2J;+1) =N
i=Ny,
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where J; is the spin of discrete level ¢ and 03 is the discrete spin cut-off parameter in the
energy range from a lower discrete level Ny, with energy Fr, to an upper level Ny, with
energy Ey, where the total level density agrees well with the discrete level sequence.

4.4.2 Generalised Superfluid Model (TALYS 1.8, ldmodel 3)

The phenomenological version of the Generalised Superfluid Model (GSM) [138, 139] is char-
acterized by a phase transition from a superfluid behavior at low energy, to a high energy
region which is described by the Fermi Gas Model (FGM) [136]. It automatically provides a
constant temperature-like behavior at low energies, under the so-called critical energy U.,
where pairing correlations strongly influence the level density. The superconductive pairing
correlations are taken into account according to the Bardeen-Cooper-Schrieffer theory [140].
Therefore, the GSM level density has two forms: one below and one above the critical energy
U. [136].

o ForU' < U,,

Where U’ is the effective excitation energy defined as:
U =FE+xAg+$§ (4.58)
where

2, for odd-odd,
X = 4 1, for odd, (4.59)

0, for even-even,

and J is an adjustable shift parameter to obtain the best description of experimental
data per nucleus. The following thermodynamical expressions hold:

Ue = . T? + Eond (4.60)

where . is the critical level density parameter, 7. is the critical temperature and F.,,,4
the condensation energy, which can be written as:

1 —exp(—yac Tc2)

=a |14+ W 4.61
ae=a |1+ 0. T2 (4.61)
T, = 0.567 Ag (4.62)
Bomd = — a0 A2 (4.63)
cond — I2 c 20 .
where the pairing correlation function is given by:
12
Ay = — (4.64)
0 \/Z
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Some useful relations for the determination of the level density are also the following:

S, =2a,T, (4.65)
144
D,=—a} T} (4.66)
™
o2 = 0.01389 A%/3 2 T, (4.67)
«

where S, is the critical entropy, D, is the critical determinant and 02 the critical spin
cut-off parameter.

According to the superfluid Equation Of State (EOS) [138] the temperature 7' can be

written as:
1 -1
T=2T.¢ [Zn W} (4.68)
1-¢
where
U/
2
=1—-— 4.69
¢ U (4.69)
The entropy S can be written as:
T, 9 T. U’
S=58—(1- = S=85—=— 4.70
e (1=9¢7) T U (4.70)
the determinant D as:
o U’
D=D.(1-¢>)(14¢*»? = D=D.— (2~ (4.71)
Ue Ue
and the spin cut-off parameter o2 as:
?=02(1-¢* = 022022, (4.72)
C & *
C
For U’ < U,, the total level density is given by:
1 ed
tot
E) = — (4.73)
pGS]\/[( ) Yo \/E
with all ingredients given by Eqgs. 4.70-4.72. Similar, the level density is:
1
pasm(E, J 1) = 5 Rp(E, J) pésn(E) (4.74)

o ForU' > U,,

The FGM applies, with a different energy shift. The effective excitation energy U’ is
defined as:

U =E— AGM (4.75)
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where
AGTM = Eeconda — XA — ¢ (4.76)

The spin cut-off parameter in the high energy region reads Eq. 4.54, which combined
with Eq. 4.48, gives:

U
o2 — IO% - 4.77)
The level density is given by:
1
pasm(E, J 1) = 5 Rp(E, J) PEsu (E) (4.78)

where

1 /7 exp |:2\/OZU}
T V2o 12 al/AUs/A

p&sn (E) = pH(E) (4.79)

and Rp(E, J) is given by Eq. 4.43.

At the matching energy (F = U. — xYAg — §) the two prescriptions match so that the total
level density is perfectly continuous.

In fact, the term "general” in the GSM was originally added to denote the inclusion of explicit

collective enhancement factors on top of an intrinsic level density ,otGOtS v.int(E) as follows:

pGsar = Krot(B) Kuiv(E) pGsns int(E) (4.80)

where K, (FE) and K,;(E) are the rotational and vibrational enhancement factors respec-
tively. For more details on these factors, see Ref. [42].

4.4.3 Enhanced Generalised Superfluid Model (EMPIRE 3.2.2, LEVDEN 0)

The Enhanced Generalized Superfluid Model (EGSM), which is also referred as "Empire
Global Specific Model", uses the superfluid model below critical excitation energy (U.) and
the Fermi gas model above, as GSM does. The enhancement compared to GSM, as the latter
is implemented in EMPIRE code (LEVDEN 1), relates to the spin distribution above critical
excitation energy, where the FGM is used, and it includes a more accurate treatment of high
angular momenta [61].

More specifically, the spin dependence in GSM is treated as a separate factor character-
ized by a spin cut-off parameter (02), whereas in EGSM the rotational energy is subtracted
from the intrinsic excitation energy. The collective enhancement of the level density is
achieved using the non-adiabatic form of nuclear rotation, therefore it considers the shape
of nucleus in a dynamical situation. In other words, the rotational enhancement depends
on the shape of the nucleus. The deformation is inserted in the level density formulas
through the moment of inertia and through the level density parameter «, which increases
with increasing surface of the nucleus [61].
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In the EMPIRE formalism (see Ref. [61]), the similar to Eq. 4.80 relation for the GSM
level density with rotational and vibrational enhancements included in an adiabatic mode,
is the following:

p(Ea J7 H) = pqp(E7 Ja H) K’rot Qrot Kvib Qvib (4.81)

where K., K,; are the rotational and vibrational enhancement factors, respectively, Qo¢,
Quip are their damping with increasing energy and p,, is the quasi-particle level density

which can be written as:

2
pop(E, T, TT) = 1(2J+1) [_(J—i— 1/2)

2 /8703 “rp 202

The effective excitation energy in EGSM is defined as:

eS
] (4.82)

VD

U =E+ xAg (4.83)
where
2, for odd-odd,
X =4 1, for odd, (4.84)
0, for even-even,
and Ay = 12V/A.
o For U' < U,,

The nuclear level density is given by Eq. 4.81.
o For U' > U,,
An energy shift equal to the condensation energy is introduced:
U*=U — Econd (4.85)

Assuming that the prolate nuclei rotate along the axis perpendicular to the symmetry
axis, the level density can be expressed as:

1 h2 1/2 J thg —5/4
E,JI)=——(—] a4 <U* )
d ) 16v/67 <I> K;J 2Lpy

272 1/2
exrp |2 [04 <U>k _h >] Qrot Kviv Quiv (4.86)
2I€ff

And similarly assuming that the oblate nuclei rotate parallel to the symmetry axis, the
level density is:

E,J1) = - -
2 ) 1667 ( > “

N (e PRI +1) - KN
Z_J<U‘ S

1/2
ETP [2 |:C¥ <U* - hZ[J(J + 1) - K2]>:| ] Qrot Kvib Qvib (4-87]

2| Lesy |
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The summation over the projection of angular momentum, K, accounts for the rota-
tional enhancement, while I,y is the effective moment of inertia. The latter is given
as a function of the parallel and perpendicular moments of inertia and can be written

as:
1 1 (4.88)
Ly Iy Lo ’
In the limit of J >> K, Eqgs. 4.86 and 4.87 are equivalent to:
1(2J+1 J+1/2)2] €5
p(Ea J7 H) = 5 (83) exp |:_ ( 20_2/ ) :| \/5 Koot Qrot Kvib Qvib (4.89)
o

For more details on the rotational and vibrational enhancements, see Ref. [61].

4.5 Theoretical Calculations using the EMPIRE and TALYS codes

In this section, the input parameters that were chosen in order to reproduce the cross section
curves by means of the EMPIRE 3.2.2 [40] and TALYS 1.8 [42] codes will be described in
detail, not only for the (n,2n) measured reactions, but also for additional reaction channels
involving the same target nucleus, such as the (n,elastic), (n,3n), (n,p), (n,«) and (n,total)
ones. However, the figures with the theoretical calculations results will be given in the next
chapter 5, along with the new experimental data points.

4.5.1 Neutron induced reactions on *"Au

The 197Au[n,2n] reaction leads to the formation of two levels of the residual nucleus %6Au,
which present large spin difference (isomeric state, m2 (J™ : 127) and ground state g
(JT : 27)). Due to the existence of the high spin second metastable, is a powerful tool
for obtaining information on the structure of the involved nuclei and thus constitutes an
open field of study [12,57, 141]. Above 15 MeV the contribution of preequilibrium emission
becomes important and the (n,3n) competing reaction channel opens. Thus, the simultane-
ous reproduction of the isomeric cross section along with other channels sets a significant
constraint, rendering theoretical calculations quite sensitive to the choice of specific nuclear
model parameters such as the level density (o) and the spin cut-off (02) ones.

Theoretical cross section calculations were carried out in the incident neutron energy
range between 0.001 and 35 MeV, using the nuclear reaction model codes EMPIRE 3.2.2 [40,
41] and TALYS 1.8 [42,43]. In principle in both codes the three basic reaction mechanisms,
namely the compound nucleus, pre-equilibrium emission and direct reaction ones are taken
into account. The final goal was not to compare the two codes with one another (i.e. by using
the same input parameters), but rather to determine the optimum combination of nuclear
model parameters for each code, which yields the most satisfactory results compared to
all the available existing experimental datasets for seven reaction channels, namely for the
(n,elastic), (n,2n)g4m14m2, M,20)52, (n,30), (n,p), (n,a) and (n,total) ones. Special attention
was devoted to reproduce the cross section of the isomeric production.
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Concerning theoretical calculations with the EMPIRE code, compound nucleus reaction
cross sections were calculated in the framework of the Hauser-Feshbach theory [44]. The
default level density formulation of EMPIRE was used, which is based on the Enhanced
Generalized Superfluid Model (EGSM) [45]. The enhancement compared to the standard
GSM corresponds to a more accurate treatment of high angular momenta that affect the spin
distribution above the critical excitation energy, where the Fermi Gas model is implemented
in both the GSM and EGSM [61]. To account for the correlation between the incident and exit
channels in elastic scattering, width fluctuation corrections were activated implementing the
Hofmann, Richert, Tepel and Weidenmuller model (HRTW) [142] up to an incident neutron
energy of 3 MeV. Concerning the y-ray emission, y-ray strength functions were described via
modified Lorentzians (MLO1) [143] with parameters available in the RIPL-3 database [46].
The optical model parameters for the outgoing protons were taken from RIPL-3 using the
data by A. J. Koning et. al. [47], while parameters obtained by V. Avrigeanu et. al. [48] were
used for the outgoing alphas. In order to choose from RIPL-3 the most suitable neutron
optical model (OM) potential, several tests using different OM potentials [49, 144-151] were
carried out (see Ref. [62]) and finally, the one of D. Wilmore et. al. [49] was chosen as
the most appropriate. The contribution of pre-equilibrium emission effects was imported
in the calculations by implementing the classical approach of the exciton model [50, 51]
by means of the PCROSS module [52] of the EMPIRE code. In the above calculations,
the transmission coefficients were calculated by implementing optical model routines via
the ECISO6 code [53, 54]. It should be noted that in the calculations the direct reaction
channels were suppressed and spherical optical model calculations were performed. The
basic keywords used in the input file of the EMPIRE code are summarized in Table 4.2.

Table 4.2: Basic keywords and the corresponding values used in the input file of the EMPIRE
3.2.2 code in order to reproduce the cross sections of neutron induced reactions on 97 Au.

EMPIRE 3.2.2 for 1"Au
Keyword Value

LEVDEN O
DIRECT O
HRTW 3
GSTRFN 1

OMPOT (n) 401

OMPOT (p) 5405

OMPOT (o) 9600
PCROSS 2.2

Regarding theoretical calculations with the TALYS code, compound nucleus reaction
cross sections were calculated according to the Hauser-Feshbach theory. Continuous exci-
tation spectra of the nuclei at equilibrium deformation were described with level densities
from the Generalised Superfluid Model (GSM). The width of the angular momentum distri-
bution of the level density (spin cut-off parameter, 0?) is given by the following expression:

o =c—<\— (4.90)
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where c is a constant, « is the level density parameter determined either by experimental
information or by global systematics, & is the asymptotic level density parameter one would
obtain in the absence of any shell effects (d=a(E— o0)) and

U=FE-A (4.91)

where E is the excitation energy, A is an empirical parameter related to the pairing energy
which is included to account for the known odd-even effects in nuclei. In order to fairly
reproduce the cross section of the second isomeric state the spin cut-off parameter was
multiplied by a factor of 1.5 (default value 1, see Table 4.3). Moreover, the asymptotic level
density parameters (&) for the 198Au, 197Au, %6Au and '?’Au nuclei were explicitly declared
and the values were taken from literature [55] as mentioned in [12]. Additional width
fluctuation corrections were included for neutrons up to 3 MeV using the HRTW model.
Regarding v emission, transitions with a multipolarity up to 4 were taken into account with
strength functions calculated microscopically by S. Goriely according to the Hartree-Fock-
Bogolyubov temperature dependent model. For outgoing neutrons and protons, the global
optical model parameters by Koning and Delaroche were used [47], whereas for alphas
the parameters by Avrigeanu et. al [56] were adopted. Concerning pre-equilibrium de-
excitation, the exciton model was assumed and the transition rates between exciton states
were approached numerically with optical model collision probability. Furthermore, the
spin distribution for the pre-equilibrium population of the residual nuclei was chosen to be
based on the particle-hole state densities and an additional adjustment was made for the
stripping and pick-up pre-equilibrium processes for « particle emission [57]. As far as the
direct reactions are concerned, no spherical OMP calculations were enforced, thus meaning
that the coupled-channels method [58] was implemented using a deformed optical model
potential. The transmission coefficients were calculated again by means of the ECIS06 code.
In any case the direct reaction mechanism contribution to the cross section did not exceed
8% over the studied energy range, above the Eyp eshoig Of the (n,2n) reaction. The basic
keywords used in the input file of the TALYS code are shown in Table 4.3.

4.5.2 Neutron induced reactions on 'Ir

The 'Ir(n,2n) reaction leads to the population of two levels of the residual nucleus "I,
which present large spin differences (isomeric state, m2 (J™ : 117) and ground state g
(J™ : 47)). Due to the existence of the former (m2), the theoretical study of this reaction is a
powerful tool for obtaining information on the structure of the involved nuclei and therefore
constitutes an open field of study [57]. Above 15 MeV, apart from the energetically allowable
(n,3n) competing reaction channel, an additional contribution to the cross section arises
from the pre-equilibrium emission. As was also mentioned in the previous section, the
simultaneous reproduction of the isomeric cross section along with other channels, sets
a significant constraint, rendering theoretical calculations quite sensitive to the choice of
specific nuclear model parameters such as the level density (a) and the spin cut-off (0?)
ones.

Theoretical cross section calculations were performed for incident neutron energies rang-
ing from 1078 to 35 MeV, by means of the EMPIRE 3.2.2 [40,41] and TALYS 1.8 [42,43]
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Table 4.3: Basic keywords and the corresponding values used in the input file of the TALYS
1.8 code in order to reproduce the cross sections of neutron induced reactions on 197 A,

TALYS 1.8 for 197Au
Keyword Value
Idmodel 3
alimit 79 198 16.827
alimit 79 197 16.736
alimit 79 196 16.645
alimit 79 195 16.554
spherical
widthfluc
widthmode
gammax
strength

jlmomp
alphaomp
preequilibrium
preeqmode
preeqgspin

o1

rspincut
spincutmodel

O P WWS OB = BN WDR

N

cstrip

codes. Similarly to the theoretical calulations of the previous section, the purpose was
to determine the optimum combination of nuclear model parameters for each code and to
achieve a good reproduction of the cross section for the three measured reaction channels
(n,21n)g4m1+0.086m2, (0,2n0)y,2 and (n,3n)) and for three more: (n,p), (n,a) and (n,total). In
both codes, the compound nucleus reaction cross sections were calculated in the framework
of the Hauser-Feshbach theory [44].

The basic keywords used in the input file of the EMPIRE code are presented in Table 4.4.
The description of the compound nucleus level densities was made by using the formalism
of the Enhanced Generalized Superfluid Model (EGSM) [45], while the transmission coeffi-
cients were calculated by implementing optical model routines via the ECISO6 code [53, 54].
Regarding direct reaction channels, spherical optical model calculations were performed
and in order to account for the correlation between the incident and exit channels in elastic
scattering, width fluctuation corrections were activated implementing the Hofmann, Richert,
Tepel and Weidenmuller model (HRTW) [142] up to an incident neutron energy of 3 MeV.
Gamma emission, which is important for nuclear de-excitation in the low energy range,
was described by using Modified Lorentzian (MLO1) ~-ray strength functions by V. A. Plu-
jko [143], with parameters available in the RIPL-3 database [46]. All the available in RIPL-3
neutron optical model potentials [49, 146, 149-159] were tested, but the one introduced by
D. Wilmore et al. [49] was finally chosen, for yielding the most satisfying results on the
simultaneous reproduction of the 19111 (n,2n) 190 g +m1+0.086 m2 ahq 1911r(n,2n) 012 reac-

tion cross sections. It should be noted that this optical model potential [49], is the one
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that was also chosen for yielding the best reproduction of the %7 Au(n,2n)'%Audt™1+m2 and
197Au(n,2n)196Aum2 reaction cross sections.

Table 4.4: Basic keywords and the corresponding values used in the input file of the EMPIRE

3.2.2 code in order to reproduce the cross sections of neutron induced reactions on DIy,

EMPIRE 3.2.2 for 911r
Keyword Value

LEVDEN O
DIRECT O
HRTW 3
GSTRFN 1

OMPOT (n) 401
OMPOT (p) 5405
OMPOT (a) 9600

PCROSS 2.99

Concerning the optical model parameters for the outgoing protons, the data by A. J. Koning
et al. [149] were adopted, while parameters obtained by V. Avrigeanu et al. [48] were used
for the outgoing alphas. Furthermore, the classical exciton model [50,51] was implemented
by means of the PCROSS code [52], which is included in EMPIRE, to account for the pre-

equilibrium emission mechanism.

The basic keywords used in the input file of the TALYS code are presented in Table 4.5,
and as shown in Table 4.3, they are the same to those used in the case of the 197 Au target
nucleus. The nuclear level densities were described according to the Generalised Superfluid
Model (GSM), whereas the asymptotic level density parameters (&) for the 192y, 1917 - 1907,
and ®Ir nuclei were explicitly declared in order to take the values from literature [55] as

mentioned in [11].

Furthermore, direct inelastic scattering was treated by the Distorted Wave Born Approxima-
tion (DWBA) [160], whereas width fluctuation corrections were included for neutrons up to
3 MeV using again the Hofmann-Richert-Tepel-Weidenmuller (HRTW) model. Gamma-ray
transitions with a multipolarity up to 4 were taken into account with strength functions
calculated by the Kopecky-Uhl generalised Lorentzian model. Regarding the optical model
potential for outgoing neutrons, the default option of TALYS was used, implementing the
global parameterization of Koning and Delaroche [149], while for a-particles the parameters
by Avrigeanu et al. [56] were adopted. Concerning pre-equilibrium emission, the exciton
model was assumed and the transition rates between exciton states were approached nu-
merically with the optical model for collision probability. In order to fairly reproduce the
cross section of the second isomeric state the spin distribution for the pre-equilibrium pop-
ulation of the residual nuclei was chosen to be based on the particle-hole state densities
and the spin cut-off parameter was multiplied by a factor of 0.7. Moreover, the spin cut-
off parameter for the ground state level densities was described by means of the following

9 (U
o =cHl — (4.92)
«

model:
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Table 4.5: Basic keywords and the corresponding values used in the input file of the TALYS

1.8 code in order to reproduce the cross sections of neutron induced reactions on '9!Ir,

TALYS for ¥'1r
Keyword Value
ldmodel 3

alimit 77 192 16.4
alimit 77 191 16.3
alimit 77 190 16.2
alimit 77 189 16.1
spherical
widthfluc
widthmode
gammax
strength

jlmomp
alphaomp
preequilibrium
preeqmode
preeqgspin

\]

rspincut
spincutmodel

O NO W W< OB = BN WPB

N

cstrip

where c is a constant, « is the level density parameter determined either by experimental
information or by global systematics and U is the excitation energy given by Eq. 4.91. In
addition, for the stripping and pick-up pre-equilibrium processes of outgoing « particles a

scale factor of 2 was used [57].

4.5.3 Neutron induced reactions on '*°Ir

Due to the fact that the '%3Ir nucleus does not present any long-lived isomeric state, the
interest in theoretical calculations of neutron induced reactions on '*}Ir was focused in
trying to reproduce the involved cross sections by using the same parameters to those used
in the neighboring isotopes !Ir and 1?7 Au.

Theoretical cross section calculations were performed for incident neutron energies rang-
ing from 1078 to 35 MeV, by means of the EMPIRE 3.2.2 [40,41] and TALYS 1.8 [42,43]
codes. In both codes, the compound nucleus reaction cross sections were calculated in the
framework of the Hauser-Feshbach theory [44].

The basic keywords used in the input file of the EMPIRE code are presented in Ta-
ble 4.6. The description of the compound nucleus level densities was made by using the
formalism of the Enhanced Generalized Superfluid Model (EGSM) [45], while the transmis-
sion coefficients were calculated by implementing optical model routines via the ECISO6
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code [53, 54]. Concerning direct reaction channels, spherical optical model calculations
were performed and additional width fluctuation corrections were activated implementing
the Hofmann, Richert, Tepel and Weidenmuller model (HRTW) [142] up to an incident neu-
tron energy of 3 MeV. Gamma emission was described by using Modified Lorentzian (MLO1)
v-ray strength functions by V. A. Plujko [143], with parameters available in the RIPL-3
database [46]. Regarding the optical model parameters for the outgoing protons, the data
by A. J. Koning et al. [149] were adopted, while parameters obtained by V. Avrigeanu et
al. [48] were used for the outgoing alphas. Furthermore, all the available in RIPL-3 neutron
optical model potentials [49, 146, 149-153, 156-159] were tested. Although the (n,2n) chan-
nel was reproduced fairly well by many of them, such as the one introduced by A. Koning
and J. P. Delaroche [149], by R. L. Walter and P. P. Guss [159], by M. B. Chadwick and A. C
Hayes [157] and by D. Wilmore et al. [49], the latter was chosen to be presented in the frame-
work of trying to reproduce all the studied reactions by using the same input parameters in
each code. In order to account for the pre-equilibrium emission mechanism, the classical
exciton model [50,51] was implemented by means of the PCROSS code [52]. Apart from the
(n,2n) reaction channel, the aforementioned parameterization also gave satisfactory results

for the (n,p), (n,a) and (n,total) ones.

Table 4.6: Basic keywords and the corresponding values used in the input file of the EMPIRE

3.2.2 code in order to reproduce the cross sections of neutron induced reactions on '%3Ir.

EMPIRE 3.2.2 for 1?31r
Keyword Value

LEVDEN O
DIRECT O
HRTW 3
GSTRFN 1

OMPOT (n) 401

OMPOT (p) 5405

OMPOT (o) 9600
PCROSS 2.0

The basic keywords used in the input file of the TALYS code are presented in Table 4.7.
The nuclear level densities were described according to the Generalised Superfluid Model
(GSM), whereas the asymptotic level density parameters (&) for the 1941 1931 and 921r
nuclei were explicitly declared in order to take the values from literature [46].

Moreover, direct inelastic scattering was treated by Distorted Wave Born Approximation
(DWBA) [160], whereas width fluctuation corrections were included for neutrons up to 3 MeV
using again the Hofmann-Richert-Tepel-Weidenmuller (HRTW) model. Gamma-ray transi-
tions with a multipolarity up to 4 were taken into account with strength functions calculated
by the Kopecky-Uhl generalised Lorentzian model. Concerning the optical model poten-
tial for outgoing neutrons, the default option of TALYS was used, implementing the global
parameterization of Koning and Delaroche [149], while for a-particles the parameters by
Avrigeanu et al. [56] were adopted. Concerning pre-equilibrium emission, the exciton model
was assumed and the transition rates between exciton states were approached numerically
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Table 4.7: Basic keywords and the corresponding values used in the input file of the TALYS

1.8 code in order to reproduce the cross sections of neutron induced reactions on

193Ir

TALYS for *3Ir

Keyword

Value

ldmodel
alimit
alimit
alimit

3

77 194 20.6
77 193 20.0
77 192 20.2

spherical
widthfluc
widthmode
gammax
strength
jlmomp
alphaomp
preequilibrium
preeqmode
preeqspin

\]

rspincut
spincutmodel

O NO W W< OB = BN WPB

N

cstrip

with the optical model for collision probability. Similarly to the theoretical calculations de-
scribed in the previous section for the !Ir nucleus, the pre-equilibrium population of the
residual nuclei was chosen to be based on the particle-hole state densities, the spin cut-off
parameter was multiplied by a factor of 0.7, the spin cut-off parameter for the ground state
level densities was described by Eq. 4.92 and for the stripping and pick-up pre-equilibrium

processes of outgoing « particles, a scale factor of 2 was used [57].

The results of the theoretical calculations for all the reactions will be presented in the
following chapter, along with the experimental data both from the present work and the
literature.
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Results and Conclusions

In this chapter, the final experimental data mentioned in Table 3.15 will be presented in
Figs. 5.1, 5.2, 5.4, 5.5, 5.6 and 5.8, along with previously existing in literature experimental
data [9] and the ENDF/B-VIIL.1 evaluation [28] (in the cases that it exists). Moreover, the
cross section theoretical calculations results, not only for the measured reaction channels,
but also for several competing ones, will be given in Figs. 5.3, 5.7 and 5.9 along with
previously existing in literature experimental data [9] and the new data points of the present
work.

5.1 Cross sections for neutron induced reactions on °"Au

The 197Au(n,2n]196Au and 197Au[n,2n]196Aum2 reaction cross sections were measured at six
incident neutron energies covering the range from 15.3 to 20.9 MeV and the results are
presented in Figs. 5.1 and 5.2, respectively. The experimental results for the sum of the
ground and isomeric states (Fig. 5.1) follow the general trend indicated by previous data
points over the whole energy range. Especially for the cross section on the plateau region
(~14 MeV) the point at 15.3 MeV reveals that the plateau value lies in between the highest
and the lowest existing experimental points. Regarding the cross section of the second
metastable (Fig. 5.2), the point at 15.3 MeV agrees with Ghorai et al. [14] and Tewes et
al. [13] within experimental uncertainties. The other ones, ranging from 17.1 to 20.0 MeV,
stand a bit higher than those reported in previous datasets, while the point at 20.9 MeV
follows the trend of the points at 19.5, 19.76 and 22.6 MeV by Majerle et al. [17], Prestwood
et al. [16] and Uno et al. [15], respectively. The cross section values obtained using the
modified intensities [38] for the two most intense y-rays (147.8 and 188.3 keV) are slightly
higher than the ones determined using the values from the Lund library [37]. However, they
agree within their experimental uncertainties and in both cases indicate that the centroid
of the cross section curve is formed at ~ 17 MeV and not at 15 MeV as one would deduce
based on previously existing data points.

The results obtained from the EMPIRE 3.2.2 and TALYS 1.8 codes are presented in Fig.
5.3, along with the data points of this work and already existing experimental datasets
from literature [9]. The theoretical calculations from both codes reproduce fairly well all

133
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the studied reaction channels. For the cross section of the total (n,2n) reaction (Fig. 5.3a),
both curves are acceptable, but TALYS probably for incident neutron energies above 15 MeV
seems to slightly favor the (n,3n) channel (Fig. 5.3c) over the (n,2n) one.
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Figure 5.1: Experimental results of the present work, along with previously existing data in
literature [9] and the ENDF/B-VII.1 evaluation [28] (solid curve) for the cross section of the
197Au(n,2n)196Au reaction.
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Figure 5.2: Experimental results of the present work, along with previously existing data
in literature [9] for the cross section of the 197Au(n,2n)196Aum2 reaction. The red points
correspond to the values of the third column of Table 3.15, with v-ray intensities (I,) obtained
from Ref. [37], while the blue ones are the results presented in the fourth column of Table
3.15, using the intensities (I, ") of Ref. [38] (see Table 1.1).
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Regarding the cross section of the second metastable (Fig. 5.3b), both codes seem to
describe very well the trend of experimental data and agree with the ones obtained in the
present work on the position of the cross section maximum that was mentioned above. In
contrast with a previous work from our group, published in 2011 by Tsinganis et al. [12],
there was no prominent need to reduce the effective moment of inertia. At this point, it
should be pointed out that both codes have been considerably improved over the last years.
Apart from the fact that this can be easily noticed when comparing the present results with
previous ones, i.e Ref. [12], it is also explicitly mentioned in the manual of EMPIRE 3.2 [61]
(p.60). Thus, the high angular momenta treatment in the EGSM in EMPIRE code affects
more efficiently the spin distribution above the critical excitation energy, as compared to
the GSM, while in TALYS, a small increase of the spin cut-off parameter via the “Rspincut”
keyword, was sufficient to successfully reproduce the cross section of the second isomeric
state.

As far as charged particle reaction cross sections are concerned (Figs. 5.3d and 5.3e),
both codes yield satisfactory results although there is a certain lack of experimental data
(see Fig. 5.3e). Moreover, results for the elastic (Fig. 5.3f) and total reaction channels (Fig.
5.3g) also exhibit a very good agreement with existing data over a wide energy range.

5.2 Cross sections for neutron induced reactions on '°'Ir

The cross section of the 191Ir(n,2n] reaction for two experimental channels, resulting in the
190pg+m1+0.086 m2 51y q 190[m2 regidual nuclei respectively, as well as the 911¢(n,3n) reaction
cross section were measured at incident neutron beam energies ranging from 15.3 to 20.9

MeV and the results are presented in Figs. 5.4, 5.5 and 5.6, respectively.

The experimental results for the cross section of the 1911r(n,2n]1901r9 +m1+0.086m2 regotion
(Fig. 5.4) follow the general trend pointed out by previous data points over the whole energy
range. Especially the new experimental data point at 15.3 MeV reveals that the cross section
plateau lies near the lowest experimental data existing in literature, meaning close to the
central values given by Filatenkov et al. [19], Konno et al. [24] and Temperley et al. [20]
and not so close to the central values obtained by Herman et al. [21], Bayhurst et al. [18]
and Qaim et al. [59] (although some points of the latter datasets agree within errors with
the present ones). Therefore, the cross section plateau also lies much lower than the mean
value indicated by the ENDF/B-VII.1 evaluation for the 11-18 MeV energy region. Regarding
the cross section of the second metastable state (Fig. 5.5), the new data points result in
a higher cross section compared to the majority of the previously existing datasets, while
they agree only with the data introduced by Bormann et al. [23]. Moreover, they strongly
indicate that the centroid of the cross section curve is formed at ~ 17 MeV. Concerning the
1911(n,3n) reaction channel (Fig. 5.6), only few measurements exist in literature [18, 60]
and the new points present significant discrepancies with them. It seems that the cross
section is overestimated by the data of Bayhurst et al. [18] and furthermore, it seems that
the cross section curve starts to increase at slightly higher energies compared to ENFB/VII. 1
evaluation.

The cross section theoretical calculation results obtained from EMPIRE 3.2.2 and TALYS
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Figure 5.4: Experimental results of the present work, along with previously existing data in
literature [9] and the ENDF/B-VII.1 evaluation [28] (solid curve) for the cross section of the
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Figure 5.5: Experimental results of the present work, along with previously existing data in

literature [9] for the cross section of the 1Ir(n,2n)'9°1r"2 reaction.
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Figure 5.6: Experimental results of the present work, along with previously existing data in
literature [9] and the ENDF/B-VII.1 evaluation [28] (solid curve) for the cross section of the
191111, 3n)891r reaction.

1.8 codes are presented in Fig. 5.7 along with the data points of the present work and
already existing experimental datasets in literature [9]. The reproduction of the cross section
is quite good for all the studied reaction channels. More specifically, regarding the cross
section of the 191Ir(n,2n)1901r9+m1+0.086m2 eqction channel (Fig. 5.7a), both curves are in
very good agreement with experimental data, while TALYS for neutron energies above 15
MeV, seems to slightly favor the (n,3n) channel (Fig. 5.7c) over the (n,2n) one. In the
case of the second isomeric state (Fig. 5.7b), both codes seem to describe well the trend of
experimental data and the position of the cross section maximum. However, the EMPIRE
(blue) curve reproduces the cross section slightly better than TALYS (grey) curve in both
low (near threshold) and high energy regions. It seems that if there was the flexibility of a
multiplication factor in the pre-equilibrium mechanism contribution in the TALYS code, it
would be possible to describe much better the right tail of the cross section curve. It should
be noted that the reproduction of this reaction channel alone, was better without taking into
account the contribution of pre-equilibrium emission (when using the TALYS code). But this
scenario could not be accepted, firstly because it is not physically expected and secondly
because there was an additional constraint introduced by the simultaneous description
of the two measured (n,2n) channels and it seemed that when the result for the m2 level
improved, the result for the cross section of the sum of the levels (g+m1+0.086 m2) presented
increased deviations. It should be noted that the 91Ir(n,2n)1901p9+m1+0.086m2 (145 section
data could be well reproduced by many combinations of optical and level density models
using both codes. The strong constraint for the selection of the final combination of the
parameters turned out to be the simultaneous reproduction of the cross sections for both
ground and second isomeric states.

At this point it should be mentioned that the same behavior concerning the neutron
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Figure 5.7: Cross section of six reaction channels for the n+'"9!Ir interaction. The experi-
mental results of this work for the (n,2n) channels are presented along with existing data in
literature [9] and theoretical calculations obtained with EMPIRE 3.2.2 and TALYS 1.8 codes.

Each reaction channel is shown

separately:

(a) 1911r(n,2n]1901r9+m1+0'086mz, [b) 1911r(n,2n)1961rm2, (C) 19111'(11,31’1)18911', (d) 1911r(n,a)188Re,
(e) 191Ir(n,p)lglos and () 191Ir(n,total). In Fig. 5.7a, the datasets with an asterisk in the end
correspond to the total (n,2n) channel cross section, while the rest correspond to g + m1l

cross section values.
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evaporation was observed when cross section theoretical calculations were carried out by
using the EMPIRE 3.2.2 and TALYS 1.8 codes for the interaction of neutrons with the
neighboring °"Au nucleus [62] (see section 5.1). It is also worth mentioning that in those
cross section theoretical calculations performed with the EMPIRE code for the n+%87Au
system, the same optical model parameters (Wilmore et al. [49]) and EGSM level densities to

those used for the n+%gllr system [63] were chosen for yielding the most satisfactory results.

Concerning the (n,3n) reaction channel (Fig. 5.7c), the results obtained from both codes
seem to underestimate the cross section compared to the data by Bayhurst et al. [18], but
compared to the present work, especially the results of EMPIRE code present a very good
agreement.

Furthermore, concerning the charged particle reaction channels (see Figs. 5.7d, 5.7¢),
both codes seem to reproduce in a quite satisfactory manner the cross sections, although
there is a certain lack of experimental data. In addition, results of both codes for the total
reaction cross section (Fig. 5.7f) agree well with each other, but for this case there is a
certain need for experimental cross section measurements for energies above 10~% MeV.
Cross section data for the (n,total) reaction over a wide energy range exist in literature but
only for the case of natural Ir and not for each isotope separately [9, 64].

5.3 Cross sections for neutron induced reactions on '*Ir

The 193Ir(n,2n)1921r reaction cross section was measured at eight incident neutron beam
energies covering the range between 10.0 and 20.9 MeV.
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—_ 2.5- 0 2016 Filatenkov
2 o 1993 Konno *
= % 1984 Herman
g 201 & 1975 Bayhurst
8 < 1972 Druzhinin
: 1.5 v 1970 Temperley -
8
S 1.0- .
0.5- o 4
o
0.0 — T
0 5 25 30 35

Energy (MeV)

Figure 5.8: Experimental results of the present work, along with previously existing data in
literature [9] and the ENDF/B-VII.1 evaluation [28] (solid curve) for the cross section of the
1931(n,2n)2Ir reaction.
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The measurements at higher energies (15.3-20.9 MeV) were performed in the framework
of the present thesis, while those at lower ones (10-11.3 MeV) were carried out in 2005
and 2006 by N. Patronis et al. [11]. From this experimental campaign, only the !Ir(n,2n)
reaction was analyzed and published [11], while the 1931r(n,2n) data were currently treated
with the necessary corrections for the contribution of low energy parasitic neutrons in the
yield, according to the methodology mentioned in section 3.4. The experimental results
are presented in Fig. 5.8, along with previously existing in literature [9] datasets and the
ENDF/B-VIIL.1 evaluation [28]. The new data points follow the general trend indicated by
previous datasets in both low and high energy regions. Only the point at 20.9 MeV gives a
lower cross section value compared to the data by Bayhurst et. al [18].

The results obtained from the EMPIRE 3.2.2 and TALYS 1.8 codes are presented in Fig.
5.9, along with the data points of this work and already existing experimental datasets from
literature [9]. Regarding the cross section of the (n,2n) reaction (Fig. 5.9a), both curves
reproduce very well the trend of experimental data and also indicate that the cross section
value around 14 MeV, where several datasets exist [18-21, 24, 25], lies near the lowest data
points by Herman et. al [21] and Temperley et. al [20]. The (n,3n) and (n,elastic) channels
of the neutron interaction on '%3Ir are not presented, due to the absence of experimental
data in literature [9].

As far as charged particle reaction cross sections are concerned (Figs. 5.9b and 5.9c),
both codes yield satisfactory results although there is a certain lack of experimental data.
Moreover, results obtained from both codes for the total reaction channel (Fig. 5.9d) agree
well with each other, however there is an urgent need for experimental cross section mea-

surements for energies above 1076 MeV.
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Figure 5.9: Cross section of four reaction channels for the n+!?3Ir interaction. The exper-
imental results of this work for the (n,2n) channel are presented along with existing data
in literature [9] and theoretical calculations obtained with EMPIRE 3.2.2 and TALYS 1.8
codes. Each reaction channel is shown separately: (a) 1931r(n,2n) " 2%Ir, (b) 1%%Ir(n,a)!"Re,
(c) 193Ir(n,p]l%Os and (d) 193Ir[n,total). In Fig. 5.9a, the dataset with the asterisk in the
end correspond to the total (n, 2n) channel cross section, while the rest corresponds to g +
m1l cross section values. In contrary, in Fig. 5.9b, the dataset with the asterisk in the end
corresponds to the cross section of the metastable state, while the other to the cross section

of the ground.
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5.4 Summary and Discussion

In the framework of the present thesis, the:

197Au[n,2n) 196 Ay

e}

o Y7Au(n,2n)'?6Au™?
o 1M1rmn,2n)101r

o 1911r(n,2n) 19012
o 191Ir(n,3n)189lr and

o 193[r(n,2n)'9%Ir

reaction cross sections were measured at six incident neutron beam energies ranging from
15.3 to 20.9 MeV, relative to the 27Al(n,a)?*Na and %’Nb(n,2n)?2Nb™ reference reaction ones.
The new measurements were performed at the 5.5 MV Tandem T11/25 Accelerator Labora-
tory of NCSR “Demokritos" in Athens, by means of the activation technique. Additionally,
experimental data obtained in 2005 and 2006, by N. Patronis et. al, by using neutron
beams in the 10-11.3 MeV energy range were analyzed, especially for the determination of
the 193Ir(n,2n)'?2Ir reaction cross section. In order to analyze the data obtained for the latter
reaction over the whole energy range, a recently developed methodology was implemented
(see section 3.4), due to the fact that the residual nucleus of the 93Ir(n,2n) reaction, namely
the 92Ir, is also produced by the 11r(n,~) one, which is activated by low energy parasitic
neutrons. This method corrects the yield that is used for the cross section determination
for the contribution of low energy parasitic neutrons. More specifically, it is performed by
using detailed simulations for the energy distribution of the produced neutrons, by coupling
the NeuSDesc [34] and MCNP5 [36] codes and it has been verified experimentally through
the 197Au(n,'y) reaction. Furthermore, cross section theoretical calculations were carried out
over a wide energy range, by means of the EMPIRE 3.2.2 [40] and TALYS 1.8 [42] codes, not
only for the measured reaction channels, but also for several additional ones involving the
same target nuclei.

The new data points for the six aforementioned measured reactions are presented in Figs.
5.1, 5.2, 5.4, 5.5, 5.6 and 5.8. The cross section values for the 1°7Au(n,2n)'*°Au (Fig. 5.1)
and 191Ir(n,2n)190Ir (Fig. 5.4) reaction channels follow the general trend of previously existing
datasets and especially the data points at 15.3 MeV provide information on the plateau
cross section value, where the existing data present significant discrepancies. Regarding
the reaction channels in which the residual nuclei are produced in isomeric states, namely
the 197Au(n,2n)!%%Au™?2 (Fig. 5.2) and Olr(n,2n)1%1r™2 (5.5) ones, the new data points
clearly reveal the centroid of the cross section curve and its shape. The new data for the
19111(n,3n)1891r (Fig. 5.6) reaction cross section present significant discrepancies with the
previously existing data introduced by Bayhurst et al. [18]. Concerning the *Ir(n,2n)*?Ir
reaction cross section (Fig. 5.8), the new data above 15 MeV agree with previously existing
datasets, while the results around 10 MeV give reasonable cross section values and fill the
gap that existed in literature [9] in this energy region. Apart from the new data points,
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the last reaction was the perfect test-case for the recently applied methodology (section
3.4) which was implemented in order to correct for the contribution of low energy parasitic
neutrons. The results proved that this methodology works quite well and it can be used
in any measurement with quasi-monoenergetic neutron beams, in facilities which do not
possess Time-of-Flight experimental capabilities.

The cross section theoretical calculations results are presented in Figs. 5.3, 5.7 and
5.9. In general terms, both EMPIRE [40] and TALYS [42] codes gave quite satisfying results
and especially the reproduction of the isomeric states cross sections (Fig. 5.3b and 5.7b)
showed that they have been improved over the last years. The input files used in each code in
order to reproduce cross sections of neutron induced reactions on '?“Au and 'Ir and %31r
target nuclei were almost the same (i.e level density models, optical models, pre-equilibrium
reaction models etc.) Although these similarities in the theoretical parameterization would
be expected for neighboring nuclei, it is still an encouraging confirmation of how successfully
the theoretical models can reproduce the experimental results in this mass region.

Moreover, it would be really interesting for the future:

o To perform new cross section measurements using other neighboring nuclei as targets,
such as 187Re, 19205, 198Hg and 293T1.

o To check if the same parameterization used in the present work could also reproduce
the involved reaction cross sections in the neighboring nuclei, by means of the EMPIRE
and TALYS codes.

o To perform in beam activation measurements, so that residual nuclei with shorter
half-lives (prompt gammas) could also be measured. In order to achieve this, an array
consisting of several HPGe detectors would be needed, i.e the GEANIE array at the
WNR facility at the Los Alamos Neutron Science Center [65] or the detector array of
the AGATA collaboration [66].

o To perform TOF measurements at NCSR “Demokritos", once the facility is upgraded,
and to check the low energy region of the neutron spectrum. To achieve this, a pulsed
neutron beam would be necessary, in order to be able to measure the time of flight of
the neutrons. Probably the flight path could not be larger than 10 m, but this is quite
enough for the low neutron energy region.
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Activation Method

As mentioned in section 1.3, when a projectile x impinges on a target nucleus X and a
nuclear reaction (x+X — Y+y) with two products, namely the residual nucleus Y and the
ejectile y, takes place, the production of the radioactive nuclei Y is described by:

%:U.f(t).NT_A-N (AA.1)

where
o: the cross section of the X(x,y)Y reaction
f(t): the time dependent x beam flux impinging on the target
N.: the number of the X target nuclei
N: the number of the Y produced nuclei

In equation AA.1 the first term describes the production of Y nuclei, while the second one
their decay. Therefore, as would be expected, the production of the Y nuclei is a compe-
tition between creation and decay. In this Appendix, the solution of the above mentioned
differential equation will be described in detail:

%:a-f(t)-NT—)\-N EY
= Cil—];fe”:a'f(t)-NT-e)‘t—)\-N-eAt =
= %GAt+)\'N‘€)\t:O"f(t)'NT'B)\t =
= CZZGM-{—Nd;;\t:O'-f(t)'NT-eM =
d(Nd-te*t) o f(1) N

Y
= /Wdt:/a-f(t)-]\f.r-e)‘tdté

= N(t)eM = /a-f(t)-NT-e“ dt+C (AA.2)
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For an irradiation that lasts for ¢t5 and starts at =0 (where N=0 and ('=0), equation AA.2
becomes:

o Ny [(2eMNf(t)dt
N(tB) = eA(tB*O) :>

tp
= N(tg) =0 N, (/ M f(t) dt) e M =
0

R sy

ey

—oonn ([ stoyae) e b TOD ftB (0)dt Bation11 50— 1 g0
0 P ft)at

tp Adt
Equation 3.3 — fe= fo—f()

ng eMf(t) dt v 0 B f(t)dt
B f(t)dt
= N(tg)=0-N,-®- f. (AA.3)

—\tp

:>N<tB):U-N7—-(I)

This is the main equation (Eq. 1.6) of section 1.3.

The aforementioned formalism is accurate for almost all the studied reactions. However,
in the cases in which the second metastable (m2) decays to the ground one (i.e in the case
of %A, see Fig. 1.2), it has to be adjusted in order to describe this process. It should
be noted that the ground along with the first isomeric state are assumed to be one state.
Therefore, it is:

— =0-f(t) Nt =XA-N+p-Ap-Np, (AA.4)
where
p: is the branching ratio for the decay of metastable to ground

By multiplying Eq. AA.4 with e*!, it becomes:

N
%eAt:U'f(t)'NT 6 —A-N- eAt+p >\ m 6At:>
dN A\ )\t_ At At
= e +AN-eM=0c-f(t) Nr-e" +p- Ay Npp- e =
N . At
= WD) o 1) Mo p A N
thN' At tp
:»/ (dte)dt:/ [a.f@).m-emp-xm-zvm-e”}dt+0 (AA.5)
0 0

For an irradiation that lasts for tp and starts at =0 (where N=0 and C'=0), equation AA.5
becomes:

t
N(tp)eMe = / } [0 f(t)- Ny +p- A - Npp] - e dt (AA.6)
0
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In addition, it is:

B

Ny = 0m - Ny ( f(t) eAmtdt> e AmliB (AA.7)

0

By combining Eqs. AA.6 and AA.7, it is:

tp tp
N(tg)eMe _/ {U-f(t)-NT—l—p-)\m-Jm-NT ( £t e)""tdt> ~e—Am’fB} LN dt =
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(AA.8)

This equation is used instead of Eq. AA.3, in the cases in which a second isomeric state,
with o, cross section, exists and decays to the ground one. In the uncertainty estimation,
this correction was not included, due to the fact that it was considered systematic.
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A.1 Correction factor for the activation measurement

Once the irradiation has finished, the decay of the produced nuclei during irradiation starts,
according to the following formalism:

dN 1 dN 1 dN
— =-A-N=> ——=-) — —dt= [ —\dt = InN = -\t
dt ~ N dt ~ | N / — +C0=

= N(t) =e MY = N(t)=e e (AA.9)

But N(0) = Ny = ¢“ = Ny, so Eq. AA.9 becomes:
N(t) = Ng-e (AA.10)
Eq. AA.10 is the radioactive decay law and gives the number of the radioactive nuclei that

still exist after time ¢.

Therefore, the number of the nuclei that have decayed after a time period ¢; after the end of
the irradiation, can be written as:

N(t1)=No— No-e " = N(t;) = Ny- (1 —e ™) (AA.11)

The same holds for a time period ¢, after the end of the irradiation:

N(t2) = Ng— No-e 2 = N(tz) = Ny - (1 — e ") (AA.12)

Assuming that t; and ¢y correspond to the time periods between the end of the irradiation
and the beginning and termination of the measurement with the HPGe detector, respectively,
the number of the nuclei that decayed during the measurement can be written as:

N = N(t2) — N(t1) = N:No-(l—e#‘t?)—NO-(l—@*)‘tl) =
= N:NO-(l—e_Atl—l—i—e_)‘tQ) =
= N =Ny (e —e ) (AA.13)

N————
D

Therefore, the correction factor for the initial number of the nuclei produced during the

irradiation, which decayed during the measurement with the HPGe detector is:

D =e M1 _ A (AA.14)
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The aforementioned formalism is accurate for almost all the studied reactions. However,
in the cases in which the second metastable (m2) decays to the ground one (i.e in the case
of 1%6Au, see Fig. 1.2), it has to be adjusted in order to describe this process. It should
be noted that the ground along with the first isomeric state are assumed to be one state.
Therefore, it is:

dN
dN
:>E-e)‘t:f)\-Noe)‘t+p-)\m-Nm~e)‘t:>
dN Ny ()=Np - e~ Amt
:>E~e)‘t+)\‘N-e)‘t:p‘)\m~Nm-e)‘t © 0
d(N - eM
jmzp_Am,Nmo,exmt,ext:
thN‘ )\t tB
:s/ AN - e7) )dt:/ P Am - Ny - eAA) gt =
0 dt 0
cOAm)t]!
= N-eM=No=p- Ay Niny - | ——| =
A=A
At Am A=Am) t
= N-eM_Ny=p-Np, - (e m —1);»
A—Am
A
= N — Np-e M =p-Npy - o ";\ (e(’\_Am)t— 1) e M =
- \m
A
= N:No-e_’\t+p-Nm0 B ";\ (e/\t_’\mt_’\t —«f”) =
- \m
A
:>N:N0-e_’\t+p-Nm0-)\ ”i\ (e_Amt—e_”\t) (AA.15)
- \m

Eq. AA.15 gives the number of the radioactive nuclei that still exist after time ¢.

Therefore, the number of the nuclei that have decayed after a time period ¢; after the end of
the irradiation, can be written as:

A
N(t1) = No— No - e M4, Ny - 3 nj\ (e_’\mtl — e_’\tl) (AA.16)
- \m

The same holds for a time period t2 after the end of the irradiation:

Am _ _
N(ta) = No = No- e 4 p- Niny - 7—— (e Amiz e ”2) (AA.17)

Assuming that ¢; and ¢9 correspond to the time periods between the end of the irradiation
and the beginning and termination of the measurement with the HPGe detector, respectively,
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the number of the nuclei that decayed during the measurement can be written as:

N:N(tg)—N(tl)i

= N =Ny— Ny- e A2 +p Npy - —— e Amtz _ efAtg)
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Therefore, the correction factor for the initial number of the nuclei produced during the
irradiation, which decayed during the measurement with the HPGe detector is:

N, A D
D'=D |1 Lo m 11— =" AA.21
PR, A—Am< D)] a2
where
D =e M1 — g7A2 (AA.22)

D,, = e Amtl _ o= Am itz (AA.23)



MCNPS input files - Irradiation setups

The end of the irradiation line along with the Al flange and Ti-tritiated target were numbered
for convenience according to Fig. B.1.

Figure B.1: The end of the irradiation line along with the Al flange and the Ti-tritiated target
divided in surfaces and numbered in order to be described easier in MCNP5 input code
comments.
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156 Appendix B. MCNP5 input files - Irradiation setups

B.1 MCNPS5 input for the irradiation at 15.3 MeV

© 00 N O O &~ W N+~

AR B W W W W W W W WWWNDNNDNDDNNDNDNDNDNE = = = e
N = O © 00 N 0 WNHFOO©OWSNO OO WNHHOOOWSNOOOP WD~ O

e LRl g
1 1 -0.001225 -1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12
#13 #14 #15 #1o6 #17 #18 #19
e mmm—————== Flange———————-
2 2 =2.7 =2 & Al (cylinder 1)
3 2 -2.7 -3 45 -6 S Al (ring 4)
4 2 -2.7 -7 8 9 -5 $ Al (ring 5)
5 2 -2.7 =10 11 12 -13 $ Al (ring 6)
6 2 -2.7 =14 15 12 -16 $ Al (ring 7)
7 2 -2.7 =17 18 19 -20 $ Al (ring 8)
s == Beam pipe—-———————
8 4 -8 -21 22 23 -12 $ Steel (ring 9)
e —oo=os—us Holger=—=======
9 2 -2.7 =27 26 -29 28 $ Al
e —————==== Tritium-————————-
10 3 -8.9 -24 s Cu (cylinder 2)
11 9 -4.506 -25 S TiT (cylinder 3)
c e Follg=—========
12 2 =2.71 =30 § AlA
13 7 -19.282 -31 S AuB
14 2 =2.7 =32 § AlC
15 10 -13.31 -33 $ Hf4
16 2 -2.7 =34 $ Al8
17 11 -22.4 -35 S Ir4
18 2 -2.7 =36 $ Al9
19 8 -8.57 =37 $ Nb2
¢ ======= Outside world-——————
20 0 1 8 Outside world
8 - ———oooooooooooooooeses SN S e
1 so 100 $ Room
e === Flange———————-
2 rcc -0.2 0 0 0.2 0 0 4.5 3 Al (cylinder 1)
3 rcc -0.7 0 0 0.5 0 0 4.5 S Al (ring 4-outer)
4 rcc -0.7 0 0 0.5 0 0 1.425 $ Al (ring 4-inner)
5 px -0.7 S auxilliary surfaces
6 px -0.2 S auxilliary surfaces
7 rcc -2 0 0 1 0 4.5 S Al (ring 5-outer)
8 rcc -2 0 0 1 0 2.5 S Al (ring 5-inner)
9 px -2 S auxilliary surfaces
10 rcc -2.7 0 0 2.7 0 0 5.7 $ Al (ring 6-outer)
11 rcc -2.7 0 0 2.7 00 4.5 $§ Al (ring 6-inner)




43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88

B.1. MCNPS5 input for the irradiation at 15.3 MeV

m2
m3

mé

m5
m7
m8
m9

ml0

12
13

14
15
16
17
18
19
20

21
22
23

24
25

26
27
28
29

30
31
32
33
34
35
36
37

px —-2.7 S
px 0 S
rcc =2.7 0 0
rcc =2.7 0 0
px —-2.05 $
rcc -3.36 0
rcc -3.36 0
px —-3.36 S
px -1.36 S
————— Ir

rcc =5.7 0 O
rcc =5.7 0 O
px -5.7
rcc -0.3 0 O
rcc -0.31 0
rcc 2 0 00
rcc 2 0 00
px 2 S
px 2.5 S
rcc 2 0 0 O
rcc 2.055 0
rcc 2.108 0
rcc 2.162 0
rcc 2.216 0
rcc 2.276 0
rcc 2.31 0 O
rcc 2.362 0

n

7014 -0.7

8016 -0.2

13027

29065

26056

28000

42000

79197

41093

22000

1003

72000

auxilliary surfaces
auxilliary surfaces
====RilAg========
0.68 0 0 7.6 $ Al (ring 7-outer)
0.68 0 0 5.7 $ Al (ring 7-inner)
auxilliary surfaces
02 008.1 S Al (ring 8-outer)
02007.6 S Al (ring 8-inner)
auxilliary surfaces
auxilliary surfaces
radiation line-————-
3005.7 S Steel (ring 9-outer)
300 4.985 s Steel (ring 9-inner)
auxilliary surfaces
==Trltllf========
0.1 0 0 1.425 $ Cu (cylinder 2)
0 0.01 0 0 1.27 $ TiT (cylinder 3)
==holeler=—=—===
00 0.8 S Al (ring inner)
00 1.3 S Al (ring outer)

auxilliary surface

auxilliary surface

==FRllg=========
055 0 0 0.7175 S AlA
0.053 0 0 0.711 s AuB
0.054 0 0 0.7175 S AlC
0.054 0 0 0.706 S Hf4
0.06 0 0 0.68 S Al8
0.034 0 0 0.666 S Ir4
0.052 0 0 0.688 S Al9
0 0.05 0 0 0.6635 s Nb2
Materilalg=—==msmcc=c=cs=ss======
55636 $ Air
31475 18000. -0.012889
=1 & Al
-1 S Cu
-0.74 s Steel
-0.18 24000. -0.08
=1 g Pb
=1 g Au
=1 S Nb
39324 S TiT
60676
=1 § Hf
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90
91
92
93
94
95
96
97
98
99
100
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158 Appendix B. MCNP5 input files - Irradiation setups

mll 77000. -1 s Ir

c @ == Importances————————————"————————

imp:n 1 18r 0O s$ 1, 20
———————————————— Source definition-——-------------—-

c

[...] sdef card from NeuSDesc

c

CHEEEEE Tall oo oemes——s

f4:n 12 13 14 15 16 17 18 19 $ Average neutron flux

e0 0 1le-3 401 18 $ Energy bins for tally

I History cutoff---———-—----—-——-

nps 100000000 S Limiting how long MCNP runs

B.2 MCNPS5 input for the irradiation at 17.1 MeV

1 1 -0.001225 -1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12
#13 #14 #15 #16 #17 #18 #19 #20 #21 #22 #23 #24
#25 #26 #27 #28 #29 #30 #31 #32 #33

@ e Flange=—=—======
2 2 -2.7 -2 S Al (cylinder 1)
3 2 -2.7 -3 45 -6 $ Al (ring 4)
4 2 -2.7 -7 8 9 -5 S Al (ring 5)
5 2 -2.7 =10 11 12 -13 $§ Al (ring 6)
6 2 -2.7 =14 15 12 -16 S Al (ring 7)
7 2 -2.7 =17 18 19 -20 $ Al (ring 8)
c ======== Beam pipe-———————
38 4 -8 -21 22 23 -12 $ Steel (ring 9)
c e Holder——————-
9 2 -2.7 =24 #6 S Al (cylinder 10)
10 2 =2.71 =25 § Al (cylinder 11)
11 2 -2.7 =26 S Al (parallil. 12)
12 2 -2.7 =27 S Al (parallil. 13)
13 2 -2.7 28 29 -30 31 -32 33 -34 5 ouf
s  —o——=—=== Tritium———-————
14 3 -8.9 -35 s Cu (cylinder 2)
15 9 -4.506 -36 S TiT (cylinder 3)
e¢  =—===== Pb shielding———————
16 5 -11.342 -37 $ Pb (cylider 16)
17 5 -11.342 -38 39 40 -41 $ Pb (ring 21)
18 5 -11.342 -42 $ Pb (ring 24)
c  mmm————= Al shielding—-—————-

19 2 -2.7 -43 s Al (cylinder 17)




29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

B.2. MCNPS5 input for the irradiation at 17.1 MeV

20
21
22
23

24

25
26
27
28
29
30
31
32
33

34

14
15
16
17
18
19
20

21
22
23

D NN

=19

-1

rcc
rcc
rcc
px
px
rcc

rcc

rcc
15(0]e)
px
X

rcc
rcc

px
rcc

rcc

£CC

rcc

PX

-2.7 =44 45 46 -47 $ Al (ring 20)
-2.7 -48 S Al (cylinder 19)
-2.7 =49 50 51 =52 $ Al (ring 22)
-2.7 =53 54 52 =55 $ Al (ring 23)
————————— Am source————————
716 -56 S Am (cylinder 18)
————————— FOllg=————===—==
=2.7 =57 § AlF
-2.7 -58 $ AlB
.282 -59 S Aul
8.57 -60 S Nb1l
-2.7 -61 § All
3.31 -62 S Hf3
-2.7 =63 $ Alb
22.4 -64 S Ir2
-2.7 =65 $ A1-B
——————— Outside world-———————
1 3 Outside world
————————————— NI S e N
100 $ Room
————————— Flange————————
-0.2 0 0.2 0 0 4.5 S Al (cylinder 1)
-0.7 0 0.5 00 4.5 S Al (ring 4-outer)
=0.,7 0.5 0 0 1.425 $ Al (ring 4-inner)
-0.7 S auxilliary surfaces
-0.2 auxilliary surfaces
-2 0 1.3 00 4.5 S Al (ring 5-outer)
-2 0 00 2.5 S Al (ring 5-inner)
=2 € auxilliary surfaces
-2.7 0 0O 00 5.7 $ Al (ring 6-outer)
-2.7 0 0 2 O 0 4.5 S Al (ring 6-inner)
=2.7 & auxilliary surfaces
0 s auxilliary surfaces
————————— Rilfg========
-2.7 0 0 0.68 0 0 7.6 $ Al (ring 7-outer)
-2.7 0 0 0.68 0 0 5.7 $ Al (ring 7-inner)
-2.05 S auxilliary surfaces
-3.36 002 00 8.1 S Al (ring 8-outer)
-3.36 002 00 7.6 S Al (ring 8-inner)
-3.36 $ auxilliary surfaces
-1.36 S auxilliary surfaces
————— Irradiation line-————-
-5.7 00 3005.7 s Steel (ring 9-outer)
-5.7 0 0 3 00 4.985 S Steel (ring 9-inner)
-5.7 S auxilliary surfaces
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75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
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24
25
26
27
28
29
30
31
32
33
34

35
36

37
38
39
40
41
42

43
44
45
46
47
48
49
50
51
52
53
54
55

56

57
58
59
60
61
62
63

ECC

rcc

rcc
rcc

rcc

px

rce

ECC
rcc
rcc

Px

rcc
rcc

rcc

px
£CC

rcc

PX

rcc

rcc
rcc
ree
HECE]
£CC
rcc
rcc

Appendix B. MCNP5 input files - Irradiation setups

——————— Holder———-——-
-3.2 -6.625 0 8 0 0 0.85 $ Al (cylinder 10)
3.3 -5.775 0 0 3.617 0 0.15 $ Al (cylinder 11)
4.8 -2.158 -1.5 -3 0 0 0 0.864 0 0 0 3 $ Al 12
4.8 -1.293 -1.5 -3 0 0 0 2.706 0 O O 0.207 $13
1.8 00 300 1.293 $ air (cylinder 14)
1.8 $ auxilliary surfaces
4.8 S auxilliary surfaces
-1.294 s auxilliary surfaces
1.413 s auxilliary surfaces
-1.293 $ auxilliary surfaces
0 3
——————— Tritium-———————-

-0.3 0 0 0.1 0 0 1.425 s Cu (cylinder 2)
-0.31 0 0 0.01L 0 0 1.27 S TiT (cylinder 3)
——————— Pb shielding-—-—————-
2.06 0 0 0.3 00 1.293 $ Pb (cylinder 16)
2.36 0 0 0.84 0 0 1.293 s Pb (ring 21l-outer)
2.36 0 0 0.84 0 0 1 S Pb (ring 21l-inner)
2.36 S auxilliary surfaces
3.2 $ auxilliary surfaces
3.2 0 0 0.325 0 0 1.293 5 Pb (cylinder 24)
———————— Al shielding——————-
2.36 0 0 0.05 00 0.9 s Al (cylinder 17)
2.41 0 0 0.21 0 0 0.9 s Al (ring 20-outer)
2.41 0 0 0.21 0 0 0.615 S Al (ring 20-inner)
2.41 S auxilliary surfaces
2.62 S auxilliary surfaces
2.62 0 0 0.05 0 0 0.9 s Al (cylinder 19)
2.67 0 0 0.3 00 0.9 s Al (ring 22-outer)
2.67 0 0 0.3 00 0.7 S Al (ring 22-inner)
2.67 S auxilliary surfaces
2.97 S auxilliary surfaces
2.97 0 0 0.2 001 s Al (ring 23-outer)
2.97 0 0 0.2 0 0 0.7 S Al (ring 23-inner)
3.17 S auxilliary surfaces

————————— Am source———————-—
2.41 0 0 0.21 0 O 0.615 s Am (cylinder 18)

————————— FOllg=————=—==
2 00 0.06000.6 s AlF
3.525 0 0 0.058 0 0 0.599 S AlB
3.583 0 0 0.038 0 0 0.665 S Aul
3.621 0 0 0.05 0 0 0.664 s Nb1l
3.671 0 0 0.051 0 O 0.649 S All
3.722 0 0 0.048 0 0 0.651 S Hf3
3.77 0 0 0.05 0 0 0.655 $ Al6




121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153

N O Ok 0N

B.3. MCNPS5 input for the irradiation at 17.9 MeV

64 rcc 3.82 0 0 0.04 0 0 0.653 s Ir2
65 rcc 3.86 0 0 0.056 0 0 0.723 S Al-B
c Extra for cylinder 7-————-
66 px —-3.88 S auxilliary surfaces
mode n
G S MEEERILALg— oo
ml 7014 -0.755636 S Air
8016 -0.231475 18000. -0.012889
m2 13027 -1 S Al
m3 29065 =1 g Cu
m4 26056 -0.74 $ Steel
28000 -0.18 24000 -0.08
m5 42000 -1 S Pb
moé 95241 0.008762 S Am
8016 0.601752 13027 0.389486
m7 79197 =1 & Au
m8 41093 =1 & Nb
m9 22000 0.39324 s TiT
1003 0.60676
ml10 77000. =1 g Ir
mll 72000. -1 $ Hf
c @ e Importances————————————"————————
imp:n 1 32r 0O s$ 1, 34
@ - ——oeoesoooooeee Seuree defilmiltilon=—=—=—=============
c
[...] sdef card from NeuSDesc
c
CRE e Tal ly=—emeeeoeeeeeeesoeeesoss

fd:n 25 24 26 27 28 29 30 31 32 33 $ Average neutron flux
e0 0 le-3 40i 18 $
e = —————————=====-= HlgtOry CULOLiL=—=—===============
nps 100000000 $

Energy bins for tally

Limiting how long MCNP runs

161

B.3 MCNPS5 input for the irradiation at 17.9 MeV

g W e eeeeeeoeeeeoeoaees Coll g ma——=
1 1 -0.001225 -1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12
#13 #14 #15 #1606 #17 #18
& e Flange=—=======
2 2 =2.7 =2 §& Al (cylinder 1)
2 -2.7 -3 45 -6 $ Al (ring 4)
4 2 -2.7 -7 8 9 -5 s Al (ring 5)




10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
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-2.7 =10 11 12 -13 $ Al (ring 6)
-2.7 =14 15 12 -16 $ Al (ring 7)
-2.7 =17 18 19 =20 $ Al (ring 38)
———————— Beam pipe-———————
-8 =21 22 23 -12 $ Steel (ring 9)
————————— Holder=—=======
-2.7 =27 26 -29 28 $ Al
————————— Trltlum=———=====
-8.9 -35 $ Cu (cylinder 2)
-4.506 -36 S TiT (cylinder 3)
———————— Foils————————-
=2.7 =57 § AlB
-19.282 -58 $ Au2
-22.4 =59 § Ir2
-2.7 =60 $ AlA
-3.8 -61 $ ErB
-2.7 =63 $ Al8
-19.282 -64 S Aull
——————— Outside world-——————
1 3 Outside world
—————————————————————— SUrtACEf—————— e
so 100 $ Room
————————— Flange————————
rcc -0.2 0 0 0.2 0 O 4.5 5 Al (cylinder 1)
rcc -0.7 0 0 0.5 0 0 4.5 5 Al (ring 4-outer)
rcc -0.7 0 0 0.5 0 0 1.425 $ Al (ring 4-inner)
px -0.7 S auxilliary surfaces
px -0.2 auxilliary surfaces
rcc -2 0 1.3 0 0 4.5 S Al (ring 5-outer)
rcc -2 0 1. 0 2.5 S Al (ring 5-inner)
px -2 $ auxilliary surfaces
rcc —-2.7 0 O 00 5.7 $ Al (ring 6-outer)
rcc -2.7 0 O 00 4.5 s Al (ring 6-inner)
px -2.7 § auxilliary surfaces
px 0 $ auxilliary surfaces
————————— Rilng========
rcc -2.7 0 0 0.68 0 0 7.6 S$ Al (ring 7-outer)
rcc -2.7 0 0 0.68 0 0 5.7 $ Al (ring 7-inner)
px -2.05 S auxilliary surfaces
rcc -3.36 0 0 2 0 0 8.1 S Al (ring 8-outer)
rcc -3.36 0 02 00 7.6 S Al (ring 8-inner)
px -3.36 S auxilliary surfaces
px -1.36 S auxilliary surfaces
————— Irradiation line-—————-
rcc -5.7 0 0 30 0 5.7 $ Steel (ring 9-outer)




54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

B.3. MCNPS5 input for the irradiation at 17.9 MeV

22 rcc -5.7 0 0 3 0 0 4.985 S
23 px -5.7 S auxilliary
e ———eee= Holder-————-——-
26 rcc 2.0 0 0 0.5 0 0 0.8 S
27 rcc 2.0 0 0 0.5 00 1.3 5
28 px 2.0 $ auxilliary
29 px 2.5 $ auxilliary
s == Tritium-———————-
35 rcc -0.3 0 0 0.1 0 O 1.425 S
36 rcc -0.31 0 0 0.01 0 O 1.27
s === Foils————————-
57 rcc 2.0 0 0 0.056 0 0 0.713
58 rcc 2.056 0 0 0.053 0 0 0.71
59 rcc 2.109 0 0 0.033 0 0 0.652
60 rcc 2.142 0 0 0.054 0 0 0.714
61 rcc 2.196 0 0 0.199 0 0 0.648
c  mm——= Extra for cylinder 7
62 px -3.88 S auxilliary
e —ou——=s Extra Foils——————
63 rcc 2.395 0 0 0.057 0 0 0.664
64 rcc 2.452 0 0 0.027 0 0 0.669
mode n
€  —================== Materials———————-
ml 7014 -0.755636 S
8016 -0.231475 18000.
m2 13027 -1 3
m3 29065 -1 3
mé 26056 -0.74 S
28000 -0.18 24000
m5 79197 =1 g
mé 41093 -1 S
m7 22000 39324 $
1003 60676
m8 77000 -1 3
m9 72000 0.6 $ Er203
8016 0.4
c @ mmmmmmmm—————————= Importances—————-—
imp:n 1 17r
€@ - ——————o——oooooes Source definition—-—
c
[...] sdef card from NeuSDesc
©

f4:n 12 13 14 15 16 17 18 $
e0 0 1le-3 1000i 20 $

Averag
Energy

163
Steel (ring 9-inner)
surfaces
Al (ring inner)
Al (ring outer)
surface
surface
Cu (cylinder 2)
S TiT (cylinder 3)
S AlB
S Au2
S Ir2
S AlA
S ErB
surfaces
S AlS
S Aull
Air
-0.012889
Al
Cu
Steel
-0.08
Au
Nb
TiT
Ir

(Hf instead of Er)

e neutron flux
bins for tally
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100 |[¢ = - History cutoff--—————--—----"--"—-
101 |nps 100000000 S Limiting how long MCNP runs

B.4 MCNPS5 input for the irradiation at 18.9 MeV

W EC  —e—ee———o—o—oc—oooo—o=o Cellg=m——m————mmeeeeeeeeeea==e
2 1 1 -0.001225 -1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12
3 #13 #14 #15 #16 #17 #18 #19 #20 #21

4 ¢ === Flange———————

5 2 2 2007 =2 S Al (cylinder 1)

6 3 2 -2.7 -3 45 -6 $ Al (ring 4)

7 4 2 -2.7 -7 8 9 -5 S Al (ring 5)

8 5 2 -2.7 =10 11 12 -13 $ Al (ring 6)

9 6 2 -2.7 =14 15 12 -16 $ Al (ring 7)

10 7 2 -2.7 =17 18 19 =20 $ Al (ring 8)

11 |¢ === Beam pipe-——————-

12 8 4 -8 -21 22 23 -12 $ Steel (ring 9)

kllc 2020200z @=—======= Holder—-————————-

14 9 2 -2.7 =27 26 =29 28 $ Al

5 |j¢  ————————- Tritium————————-

16 10 3 -8.9 -35 S Cu (cylinder 2)

17 11 7 -4.506 -36 $ TiT (cylinder 3)

18 [N Follg=—=—======

19 12 2 -2.7 =57 $ All
20 13 5 -19.282 -58 $ Au2
21 14 2 =-2.7 =59 S A110
22 15 8 -22.4 -60 $ Ir4
23 16 6 -8.57 -61 $ Nb1l
24 17 9 -13.31 -63 S Hf4
25 18 2 -2.7 —-64 S Al4
26 19 10 -8.65 -65 S Cd1l
27 20 5 -19.282 -66 $ Aul
28 21 10 -8.65 -67 $ Cd2
20 [Fe Outside world-——————
30 22 0 1 8 Outside world
31
YW © ——  —====================== SUrfACEg=—===—===================
33 1 so 100 $ Room
34 (¢ ———————— Flange———————-
35 2 rcc -0.2 0 0 0.2 0 0 4.5 5 Al (cylinder 1)
36 3 rcc -0.7 0 0 0.5 0 0 4.5 5 Al (ring 4-outer)
37 4 rcc -0.7 0 0 0.5 0 0 1.425 $ Al (ring 4-inner)
38 5 px -0.7 $ auxilliary surfaces




39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

83

B.4. MCNPS5 input for the irradiation at 18.9 MeV

0 J O

11
12
13

14
15
16
17
18
19
20

21
22
23

26
27
28
29

35
36

57
58
59
60
61

62

63
64

65
66

67

1.959

rcc

rcc

16S(C
ECC

PX

rcc

rcc

px

rce
16ESC

rcc
rcc

rcc
rcc
15(0]e)
16(SCS
£CC

PX

rcc

rcc

box
rcc

box

$ auxilliary surfaces
.300 4.5 s Al (ring 5-outer)
.300 2.5 s Al (ring 5-inner)
=2 § auxilliary surfaces
7 005.7 $ Al (ring 6-outer)
7 00 4.5 S Al (ring 6-inner)
=2.7 § auxilliary surfaces
$

o
o O
[\)

auxilliary surfaces

.68 0 0 7.6 $ Al (ring 7-outer)

.68 0 0 5.7 S$ Al (ring 7-inner)
auxilliary surfaces

00 8.1 S Al (ring 8-outer)

00 7.6 $ Al (ring 8-inner)

-3.36 S auxilliary surfaces

o
w
o
o O
o O
NN

-1.36 S auxilliary surfaces

0 3005.7 $ Steel (ring 9-outer)
0 300 4.985 S Steel (ring 9-inner)
$ auxilliary surfaces

o O

.5 00 0.8 s Al (ring inner)
.5 00 1.3 s Al (ring outer)
auxilliary surface

o O
o O
o O

N P e
w W © o
0

S auxilliary surface

-0.3 00 0.1 0 0 1.425 s Cu (cylinder 2)
-0.31 0 0 0.01L 0 0 1.27 s TiT (cylinder 3)

1.93 0 0 0.052 0 0 0.652 S All
1.982 0 0 0.05 0 0 0.715 S Au2
2.032 0 0 0.052 0 0 0.655 S Al1l0
2.084 0 0 0.032 0 0 0.661 S Ir4
2.116 0 0 0.03 0 0 0.666 S Nbl

-3.88 5 auxilliary surfaces

2.146 0 0 0.051 0 O 0.704 s Hf4

2.197 0 0 0.058 0 0 0.707 S Al4

————————— Call ==——========

2.3 1.003 -0.965 0 -2.006 0 0.107 0 O O O 1.93
0 0 0.029 0 0 0.665 S Aul

————————— B2 ==

2.436 1.012 -0.979 0 -2.024 0 0.103 0 0 0 0 <«

N
1N
(@)
~J
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85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
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mode n

€ ——————c=——s=—o==== Materials——

ml 7014 -0.755636 $
8016 -0.231475 18000.

m2 13027 =1 S

m3 29065 =1 &

m4 26056 -0.74 $
28000 -0.18 24000

mb 79197 =1 &

mo6 41093 -1 S

m7 22000 39324 S
1003 0.60676

m8 77000 -1 S

m9 72000 -1 S

ml0 48000 =1 S

IS i e Importances

imp:n 1 20r
———————————————— Source defini

c

[...] sdef card from NeuSDesc

c

Q@ T oo oooooeoosee e Tally——

f4:n 12 13 14 15 16 17 18 20 $
e0 0 le-3 100001 20 $
@ = =——====——=—===== History cuto

nps 100000000 S Limit

Appendix B. MCNP5 input files - Irradiation setups

Air
-0.012889

Al

Cu

Steel

-0.08

Au

Nb

TiT

Ir
HEf
Ccd

Average neutron flux
Energy bins for tally

ing how long MCNP runs

B.5 MCNPS5 input for the irradiation at 20.0 MeV

e @ semeeeseeseeee e Cells
1 1 -0.001225 -1 #2 #3 #4 #
#13 #14 #15 #16 #17 #1
e memm=e—=—=== Flange
2 2 =2.7 =2 S
3 2 -2.7 -3 45 -6 S
4 2 -2.7 -7 8 9 -5 S
5 2 -2.7 =10 11 12 -13
6 2 -2.7 =14 15 62 -16
7 2 -2.7 =17 18 19 -20
c Beam pip
8 4 -8 —-21 22 23 -12
e =mm====== Holder-
9 2 -2.7 =27 26 -29 28

5 #6 #7 #8 #9 #10 #11 #12
8 #19
Al (cylinder 1)
Al (ring 4)
Al (ring 5)
$ Al (ring 6)
$ Al (ring 7)
S Al (ring 8)
e
$ Steel (ring 9)




15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60

B.5. MCNPS5 input for the irradiation at 20.0 MeV

10
11

12
13
14
15
16
17
18
19

20

14
15
16
17
18
19
20

21
22
23

26
27
28

————————— Tritium
3 -8.9 -35 $§
9 -4.506 -36 S
—======= Foils——-—
2 =2.7 =57 §
7 -19.282 -58 S
11 -22.4 -59 $
10 -13.31 -60 S
2 -2.7 =61 S
8 -8.57 -63 $
12 -7.31 -64 S
2 -2.7 =65 §

0 1 & Outside world
—————————————————————— SUEERCEg=———————e ===

so 100 $ Room

————————— Flange———————-
rcc -0.2 0 0 0.2 0 0 4.5 S Al (cylinder 1)
rcec -0.7 0 0 0.5 0 0 4.5 S Al (ring 4-outer)
rcc -0.7 0 0 0.5 0 0 1.425 $ Al (ring 4-inner)
px -0.7 S auxilliary surfaces
px -0.2 S auxilliary surfaces
rcc -2 0 0 1. 0O 4.5 s Al (ring 5-outer)
rcc -2 0 0 1. 0 2.5 S Al (ring 5-inner)
px -2 $ auxilliary surfaces
rcc —-2.7 0 00 5.7 S Al (ring 6-outer)
rcc —-2.7 0 0 0 0 4.5 S Al (ring 6-inner)
px -2.7 S auxilliary surfaces
px 0 $ auxilliary surfaces

————————— Rl pg========
rcc 2.7 0 0 0.8 0 0 7.6 $ Al (ring 7-outer)
rcc -2.7 0 0 0.68 0 0 5.7 $ Al (ring 7-inner)
px —-2.05 S auxilliary surfaces
rcc -3.36 0 0 2 0 0 8.1 S Al (ring 8-outer)
rcc -3.36 002 00 7.6 S Al (ring 8-inner)
px -3.36 S auxilliary surfaces
px -1.36 S auxilliary surfaces

————— Irradiation line—————-

rcec -5.7 0 0 30 0 5.7 $ Steel (ring 9-outer)
rcc =5.7 0 0 3 0 0 4.985 S Steel (ring 9-inner)
px -5.7 S auxilliary surfaces

——————— Holder-———-———
rcc 1.8 00 0.5 0 0 0.8 S Al (ring inner)
rcc 1.8 00 0.500 1.3 5 Al (ring outer)
px 1.8 $ auxilliary surface

(cylinder 2)
(cylinder 3)
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61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
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m2
m3
m4

mb
m7
m8

m9

ml10
mll

f4:n 12 13 14 15 16 17 18 19 $
e0 0 1e-3 1001 22 S

C

29

35
36

57
58
59
60
61

62

63

64
65

. ]

16(S)S
ECC

rcc

rcc

rcc

rcc

rcc

ECC
rcc
rcc

nps 100000000

Appendix B. MCNP5 input files - Irradiation setups

2.3 $ auxilliary surface
——————— Tritium-———————-
-0.3 0 0 0.1 00 1.425 s Cu (cylinder 2)
-0.31 0 0 0.0L 0 0 1.27 $ TiT (cylinder 3)
———————— FEilllg=———————=
1.8 0 0 0.061 0 0 0.699 s Al5
1.861 0 0 0.037 0 0 0.676 S Aub62
1.898 0 0 0.033 0 0 0.653 S Ir2
1.931 0 0 0.053 0 0 0.703 S Hf4
1.984 0 0 0.061 0 0 0.72 S Al3
—————— Extra for cylinder 7-————-
-3.88 $ auxilliary surfaces
——————— Extra Foils————————
2.045 0 0 0.051 0 O 0.664 S Nb1l
2.096 0 0 0.035 0 0 0.695 5 In2
2.131 0 0 0.058 0 0 0.704 S Al4

————————— Materials———————------"——————
-0.755636 S Air
-0.231475 18000. -0.012889

-1 S Al

=1 g Cu
-0.74 S Steel
-0.18 24000. -0.08

-1 S Pb

-1 S Au

=1 g Nb
39324 S TiT
60676

=1 g Hf

=1 g Ir

=1 g In

————————— Importances——————————"—"—"————"————

1 18r 0 $ 1, 20

Average neutron flux
Energy bins for tally

S Limiting how long MCNP runs
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B.6. MCNPS5 input for the irradiation at 20.9 MeV

B.6 MCNPS5 input for the irradiation at 20.9 MeV

e LRl g
1 1 -0.001225 -1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12
#13 #14 #15 #1o6 #17 #18 #19
e mmm—————== Flange———————-
2 2 =2.7 =2 & Al (cylinder 1)
3 2 -2.7 -3 45 -6 S Al (ring 4)
4 2 -2.7 -7 8 9 -5 $ Al (ring 5)
5 2 -2.7 =10 11 12 -13 $ Al (ring 6)
6 2 -2.7 =14 15 62 -16 $ Al (ring 7)
7 2 -2.7 =17 18 19 -20 $ Al (ring 8)
s == Beam pipe—-———————
8 4 -8 -21 22 23 -12 $ Steel (ring 9)
e —oo=os—us Holger=—=======
9 2 -2.7 =27 26 -29 28 $ Al
e —————==== Tritium-————————-
10 3 -8.9 -35 S Cu (cylinder 2)
11 9 -4.506 -36 S TiT (cylinder 3)
c e Follg=========
12 2 =2.01 =57 § Al2
13 7 -19.282 -58 $ Aul
14 11 -22.4 -59 $ Ir4
15 10 -13.31 -60 S Hf3
16 2 -2.7 =61 $ A110
17 8 -8.57 -63 $ Nb2
18 12 -7.31 -64 S Inl
19 2 -2.7 =65 $§ Al6
¢ ======= Outside world-——————
20 0 1 8 Outside world
8 - ———oooooooooooooooeses SN S e
1 so 100 $ Room
e === Flange———————-
2 rcc -0.2 0 0 0.2 0 0 4.5 3 Al (cylinder 1)
3 rcc -0.7 0 0 0.5 0 0 4.5 S Al (ring 4-outer)
4 rcc -0.7 0 0 0.5 0 0 1.425 $ Al (ring 4-inner)
5 px -0.7 S auxilliary surfaces
6 px -0.2 S auxilliary surfaces
7 rcc -2 0 0 1. 0 4.5 S Al (ring 5-outer)
8 rcc -2 0 0 1. 0 2.5 S Al (ring 5-inner)
9 px -2 S auxilliary surfaces
10 rcc -2.7 0 0 2 0 0 5.7 S Al (ring 6-outer)
11 rcc -2.7 0 0 2 00 4.5 S Al (ring 6-inner)




43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
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m2
m3
mé

mb5
m7

12
13

14
15
16
17
18
19
20

21
22
23

26
27
28
29

35
36

57
58
59
60
61

62

63

64
65

rcc
rcc

PX
rcc
rcc

rcc

rce

TCC
rcc
rcc
rcc
rcc

15(0]e)

box

rcc

Appendix B. MCNP5 input files - Irradiation setups

=2.7 § auxilliary surfaces
0 s auxilliary surfaces
————————— Rilng========
-2.7 0 0 0.68 0 0 7.6 S$ Al (ring 7-outer)
-2.7 0 0 0.68 0 0 5.7 $ Al (ring 7-inner)
-2.05 $ auxilliary surfaces
-3.36 00 2 00 8.1 $ Al (ring 8-outer)
-3.36 002 00 7.6 S Al (ring 8-inner)
-3.36 S auxilliary surfaces
-1.36 S auxilliary surfaces
————— Irradiation line—————-
-5.7 00 3005.7 s Steel (ring 9-outer)
-5.7 0 0 3 00 4.985 s Steel (ring 9-inner)
=5.,7 § auxilliary surfaces
——————— Holder———-——
1.7 0 0 0.500 0.8 5 Al (ring inner)
1.7 00 0.500 1.3 S Al (ring outer)
1.7 $ auxilliary surface
2.2 $ auxilliary surface
——————— Tritium-————-———-
-0.3 0 0 0.1 0 0 1.425 S Cu (cylinder 2)
-0.31 0 0 0.0L 0 0 1.27 s TiT (cylinder 3)
———————— Follg=—========
1.7 0 0 0.056 0 O 0.712 S Al2
1.756 0 0 0.03 0 0 0.664 s Aul
1.786 0 0 0.04 0 0 0.66 S Ir4
1.826 0 0 0.05 0 0 0.65 S Hf3
1.876 0 0 0.053 0 0 0.653 S Al10
————— Extra for cylinder 7-————-
-3.88 S auxilliary surfaces
——————— Extra Foils————————
1.929 0 0 0.043 0 0 0.633 S Nb2
————————— IN2 ============
1.972 -0.526 -0.505 0 1.052 0 0.124 0 0 O O 1.01
2.096 0 0 0.06 0 0 0.688 s Al6
—————————————————— Materials—————-—---"--"-————
-0.755636 S Air
-0.231475 18000. -0.012889
=1 g Al
=1 g Cu
-0.74 S Steel
-0.18 24000. -0.08
=1 § Pb

— ]S Au




89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105

B.6. MCNPS5 input for the irradiation at 20.9 MeV

m8 41093. -1 S
m9 22000. 0.39324 S

1003. 0.60676
ml0 72000. -1 S
mll 77000. -1 3
ml2 49000. -1 3
c === Importances—————————"—"—"—"—"——"——————
imp:n 1 18«r 0 s 1, 20
@ - o—o——oooooeeosoes Sebleee et e ——————
c
[ ] sdef card from NeuSDesc
c
G W e e eeeeeeoeeeemeee Tally=————emeeeeeeeeeeeaa——=
f4:n 12 13 14 15 16 17 18 19 S Average neutron flu
e0 0 1e-3 1001 23 $ Energy bins for tal
@ = —————==——====== Higtory EULOLi=—=================
nps 100000000 $ Limiting how long MCNP run

Nb
TiT

Hf

Ir
In

X

ly

S
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Covariance of 0; and o5 values

As mentioned in section 3.3, the covariance of o; and o2 values is given by the following
expression:

Vip = CO'U(Jl, 0'2) =

fo Oo
= ‘/12 = (00_ f> COU(UT6f17UT€f2) <90_f> +
re ref / o

" ) o0V meays (Vs measy) (9<9") .

(0 )meas Ny )meas
+ (s ). e 5)er) () +
+ (g g ) conl(er e () (i )+
+ (=), e G (75=) +
+ (). oo () (rn— )+
. (H(N))l coo(N7)resys (No)rery) (ﬁa))? CR

As shown in this equation, the covariance of 07 and o2 values depends on seven other
covariances, as many as are the factors which were taken into account in the determination
of the uncertainty of each cross section value.

For the fully correlated factors, the covariance is equal to the square of the corresponding
uncertainty. In this category belong the factors of the following covariances:

0 coV(Trefys Orefsy)

The reference reaction cross section in measurements 1 and 2 is the same (0,cf; =
Orefy), since both measurements are obtained from the same irradiation, which means
same reference (Al) foil and same neutron beam energy. Therefore, it is:

COU(Orefl,Uref2) = 50—7"ef% = 50ref§ = 5Uref2 (C.2)
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174 Appendix C. Covariance of o1 and oy values

o COU((Ny)refp (NW)T€f2>

Since in both measurements the reference foil is the same, the integral of the -
ray peak (1368.6 keV for the 27Al(n,)?*Na reaction) is also the same (V. )Te =
(Ny)refy)). Therefore, it is:

COU((N'V)Tefp (N'y)refQ) (N )refl =4(N )refg 5(N7)ref2 (C.3)

¢} CO’U((Ery)reflv (6’7)7"€f2)

For the same reasons, (¢4)ref; = (€4)refo and thus it is:
2 2 2
cov((ex)ref1> (€y)refq) = 0(y)ref] = 0(ey)refy = 0(&5)ref (C.4)

o COU((NT)T6f17(N7')Tef2)
Similarly, it is (N7 )ref; = (IVr)refo and therefore:

COU((NT)refla (NT)refQ) 5( )refl 5(N7)ref§ = 5(N7)ref2 (C.5)

o COU((NT)measlv (Nr)measg)

Due to the fact that the two vy-rays, that give the two cross section values, are emitted

from the same measured foil (either Au or Ir) it is (N7 )meas; = (Nr)measy and therefore:

CO'U((NT)measp (NT)measg) = 6(N7)meas? = 5(N7)meas§ = 5(Nr>mea52 (C.6)

For the uncorrelated factors, the covariance is equal to zero and in this category belong only
the factors of the following covariance:

o CO’U((N'y)measla (N'y)measg)

It doesn’t matter if the two y-rays are emitted from the same measured foil (either Au
or Ir). The integrals of the y-ray peaks were considered uncorrelated. Therefore, it is:

COU((N'y)measp (N'y)measg) =0 (C.7)

Eq. C.1 by substituting Eqs. C.2-C.7 becomes:

0o 0o
Vig = 4] re 2
12 (90’Tef> Tref (90”#)2 +

a(N ref> S0 dres” («9(15:)f>2 i
) cov((€)meas» (Ey)measy) <9(90)2 T

57)meas

+

_l’_

0 57 meas

(7
(7

b0
Ee €) ref) Eres” (9(%))2 i
(7

_l’_

_l’_

Oo
NT mea52 Y ZVNE N
O(N. 7' meas) 5( ) <9(Nr)meas>2 "

fo
+ N‘r re 2 ( > (C'8]
O(N. ref) ( ) J Q(NT)ref 2
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Now, it remains only the determination of the cov((e)measq» (€y)measo) term. This term is
referred to the correlation of the absolute efficiency of the HPGe detector in which the Au or
the Ir foils were measured, in two different energies. In order to find this covariance, one
has to go back to the efficiency curve.

25F e

Absolute efficiency (x107%)
n

0 200 400 600 800 1000 1200 1400 1600
Energy (keV)

Figure C.1: The absolute efficiency with respect to the v-ray energy for the 100% relative
efficiency HPGe detector. The red hatched region denotes the confidence bands at a 95%
level.

All the absolute efficiency experimental data were fitted by means of a function proposed
by the International Atomic Energy Agency (IAEA), namely the:

A Ay A
e(@)=Ap+ 4 o+ g

- (C.9)

one, where ¢ is the absolute efficiency of the detector and z is the y-ray energy in keV.

In order to find the covariance between two values of the absolute efficiency cov(e(x1),e(x2))
deduced by the same IAEA fitting function, the same formalism with the one used in Ref.
[106] in order to find the covariance for an exponential fitting function (Egs. (37) and (38))
was implemented and is the following:

cov(e(x1),e(x2)) = <0€;>x (ﬁ(}) 5Ao” +

)., (), o
(o)., (o), 7
(o). (@
) () entaan
() () ettt
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sy
E

+
8
VN
>
NE

> cov(Ag, As) +
s

>
h
S

-
D
(L)

cov(Ay, Ag) +

>
e
oy
3
7N
>
m\&?
(Y]

8
N

cov(Aq, As) +

8
S
VR
D
>
E&\m

=
¥

-
D>
V)

cov(Ag, As) +

>
o
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8
7N
>
>
INE

8
N}

_l’_

+
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f—a
>\$
2

cov(Ag, A1) +

+
D
)

cov(Ag, As) +

D

N

o

8

[ V]
VR
>
>\$
[\

8
_

cov(Ayp, As) +

8
[ V)
N
>

(o
Ef\m

8
—

+
D
™

+
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cc‘%
2= ®

NEs
\_/\/\/\_/8\/\_/\_/\/\_/

[}

-

2l®
vvvvwvvv

&)
(V]
N
>
>\$
[\

cov(Aq, Ag) +

S
=

8
-

cov(Ay, As) +

+
7N\
S
>\$
flr
8
[\V)
7N
)
)
=[5

8
-

cov(Ag, As) (C.10)

+
7N
>

>
Sk
~_
&)
V)
7 N
>

>
=5
~__
&)

By substituting the partial derivatives, becomes:

cov(e(xy),e(z2)) = 1-1-040% +

1
+1— cov(Aog, A1) +
Z2
1
1— Ag, A
+ e cov(Ag, Ag) +
1
1— Ap, A
+ e cov(Ayp, As) +
1 1
+ — —5 cov(Ay, A2) +
r1 T2
1 1
+— —5 cov(Ay, A3) +

Z1 X2

1 1
+ 1:712 ?23 cov(Ag, As) +

1
+1— CO’U(A(), Al) +
T

1
+ 1 712 CO’U(AO, AQ) —+
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1
+1 =3 cov(Ayp, As) +

1 1

+ — — cov(Ay, Ag) +
X9 T1
1 1

+—— cov(Aq, As) +
ro T1

+ 1L ou(As, 4y) .11)

1‘22 :L‘13
Eq. C.11 can be summarized to the following expression:

5A,2 5 Ay? §A3?
cov(e(x1),e(x2)) = §A? + o 4 2y

r17y (71 22) (z122)3
+ cov(Ag, A1) <$1 T2
r1 X9

+ cov(Ap, A2)

+ cov(Ag, A3)

+ cov(Ay, A2)

+ cov(Ay, A3)

(C.12)

w

+ cov(Ag, A3) (($1$2)

The covariances cov(A;, A;) between the fit parameters can be found with the Origin Pro-
gram, if the appropriate button is enabled (see Fig. C.2). Eq. C.12 is the one that leads
to the missing covariance in Eq. C.8. So, the latter, by substituting the partial derivatives

becomes:
Vig = 7 5Uref2 72

Oref Oref
o o

- (N’Y)lref 6(N7>T6f2 (Nﬂjref -

* 5(37;‘)171&15 cov(el@r), () 5@5116«15 "
g1 g9

+ (ey)ref s’ (&x)ref -
o o

t W O edmea”
o o

* (NT)lref I(Ne)res” (NT)Qref -

L Ve <5aref>2+<wvme>2+< cov(e(x1),e(x2)) >+
g

g1 02 Oref (Nq/)ref (wl)meas E(xZ)meas
5(87)7‘6f>2 <5(NT)meas>2 <5(N7)ref>2
4 (et )y (S meas ) - (O T res (C.13)
< (57)ref (NT)meas (NT)T‘ef
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B NLFit TAEA)

Appendix C.

Covariance of o1 and o9 values

Dialog Theme

Settings | Code | Parameters

Function 5 election
Data Selection
Fitted Curves

Fird 5.5

Output

|7 NLFit (IAEA)

Bounds

Recalculate

b araal -

Replica
Fit Control

uantities

Residual Analysis

Dialog Theme

Settings | Code | Parameters

Bounds

Function Selection Lawer Bound [
Data Selection Upper Bound [l
Fitted Curves Fit Statistics
Find /1 Fit Surnrnary
ANOWVA
€ Covaniance matrix T
Conelation matrix |
Reszidual Analysis
Covariance  ~|
c_ -
AO Al A2 A3
AD 7.44875E-8 -1.07819E-4 0.03543 -2 85788
A1 -1.07819E-4 016176 -54 38602 443392229
A2 0.03543 -54 38602 8 1893037369 -1.57094E6
A3 -2 B5788 4433 92229 -1.57094E6 1.31964E8

Figure C.2: Guide to find in Origin 2016 the right button to enable the covariance presen-

tation between the fit parameters.

Finally, the covariance V15 can be determined by using Eqs. C.12 and C.13.



Weights and uncertainties for weighted

averages of 01, 02 and o3 values

According to the formalism mentioned in Appendix 2 of Ref. [105], the weighted average
cross section is given by the following expression:

1
2

g
c=2-W' = 5= [g} [wiw2ws] = G =wy 01 +wy -0+ ws- 03
3

(D.1)
where w; are the weights, which in general form can be written as:
i
wi = S (D.2)

The covariances V;; are determined as presented in Eq. 3.8 for i=1 and j=2 (see also Appendix

C). The term ijl corresponds to the matrix element of V! matrix, which lies in the ij
position. It is:

Voo Vas— V3
Va3 V31—V33 Va1
V21V32—V31 Va2

Vi3V32—V33V12
Vi1 Vaz—Vi
V12V31—V32 V11

Vi1 Viz Vis _ 1
V = | Va1 Voo Vag =Vl
V31 Vaa Vas

Vi2Vag—Va2Vis
VigVe1—Va3Vi1 (D.3)
Vll V22 _V122

Thus, according to Eq. D.2, the weight for ¢ = 1, can be written as:

Vit + Vo + V!
w1 = 3 1 I 1 1 1 -l 1 -5 =
Vis + Vi +Vigm + Vo + Vo + V3w + Vo + Vi + Vg
vl oyt 4yt
= wy 1t Vo + Vs

— (D.4)
Vil + Vo + Vgt + 2Vt + 2V +2 V55!

Eq. D.4, by substituting the appropriate matrix elements of V! matrix (Eq. D.3), becomes:
wy = (VaaVas — Vas®) + (VasVa1 — VasVia) + (ViaVas — VisVas)

(VaaVas — Vas®) + (Vi1 Vas — Vis®) + (VirVag — Vio®)+
+ 2 (Vi3Vag — VasVia) + 2 (VigVaz — VaaViz) + 2 (VigVar — VasVin)

(D.5)

D = Denominator
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The denominator of Eq. D.5 is the same for all the weights (i=1,2 or 3), so for convenience
will be symbolized with D. Therefore, the weight for ¢ = 2, can be written as:
Vol + Vot + Vit
Wy = 2 %2 32

_ _ 2 _
Sy = (VigVag — VasVia) + (V11V33D Vis®) + (ViaVis — VasVii) D.6)

And similarly, for ¢ = 3, it is:
Vi + Vag' + V'
= =
w3 D
ViaVag — Vs V; VizVia — VasV; Vi1 Vag — Vig?
o wy = (VigVas 22V13) + (Vi3 12D 23V11) + (Vi1 Vag 127) (D.7)

The uncertainty of the weighted average cross section is given by the following expres-

sion:
1/2
Vi1 Viz Vig w1
o =VW .- V.-WT = o= [w1w2w3]' Va1 Voo Vag -[w2:| =
V31 Vo Vas w3

wi
= 0% = [wiVii+waVar+wsVar  wiVig+wsVar+wsVaa w1 Viz+waVas+wsVas | - [%g]

= 602 = wy (w1 Vi1 + waVar + w3Vi;) +
+ wa (w1 Vig + weVag + w3 Vag)+

+ w3 (w1 Vi3 + we Va3 + w3 Vas) (D.8)

where every term is known.
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MCNPS5 input files - Full room geometry

In this appendix the input file of the MCNP5 code, actually the part of the geometry descrip-
tion, will be presented for the irradiations at 10.0 and 15.3 MeV neutron beam energies.
Concerning the measurements at higher energies (15.3 - 20.9 MeV), since the information
on the sequence of the targets in the experimental setups exists in Appendix B, there is no
need to give the input file for all the irradiations. The same holds regarding the lower ener-
gies (10.0 - 11.3 MeV), due to the fact that the sequence of the targets in the experimental
setup was the same in all the irradiations. Apart from the neutron source description card,
the tally card (more specifically the energy binning) will also be excluded from this appendix,
due to its large size.

E.1 MCNPS5 input for the irradiation at 10.0 MeV (Full room ge-

ometry)
—————————————————————— Coll g ma——=
————————————— Floer ==============
—————— Concrete———————-—
1 8 -2.35 (14 -64 -65 —-67 ):(-14 -64 66 ):
(=14 -64 46 -65 68 ):(-14 -64 -69 46 )
2 1 -0.0014 -14 -64 #1 S Air
c ———Polyethylene———
14 -0.94 -12.2 -12.1 12.6 63 -14
4 12 -7.86 -12.2 -12.1 -63 64 -14 $ Fe
e —e——eeeeee= Walls ——————————————
-2.35 =19 $ Concrete
6 8 -2.35 =20 -24 -12 $ Walls-Accelerator angle
—2.35 120 —1038 =S Walls (without floor)
c e Water —————————————
8 9 -1 -15 :-16 :-17 :-18
c —-——Water tanks——-—
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17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
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10
11

12
13
14

15
16
17

18
19
20
21

25
28
29

30

22
31
32
23

33
34
35
36
37
38

41

12

13
11

12
11
10
18

N

4
2
19
20

9
6
15
15
6
9

1

Appendix E. MCNP5 input files - Full room geometry

-7.86 (-16.2 16.3 17.2 -38 -51 -12.6 ):
(17.2 38 39 -17.3 =51 -12.6 ):(17.3 39 —-42 -40 -12.6
-51 ):(-18.3 -43 18.1 -18.4 -51 -12.6 ):(44 18.4 —-43
16.1 -51 -12.6 ):(-42 16.1 -44 45 -51 -12.6 ) : (45
-15.3 -16.1 15.1 -51 -12.6 ):(-48 -45 15.1 46 -51
-12.6 ):(46 15.4 -15.1 47 -51 -12.6 ):(47 15.2 -15.4
-50 =51 -12.6 ):(-15.2 16.2 -50 15.3 -51 -12.6 ):

(50 -38 16.2 49 -12.6 -51 ):(18.3 —-41 42 -43 -51
-12.6 ):(16.1 -42 -40 18.3 -51 -12.6 )
——————————— Al 0@ ==———=========
-2.7 =26 $ Box behind the source
=2.7 =35 § High voltage behind the wall

—————————— BF3 detector ——————————
-2.7 =34 61 $ Al wall
-0.0028 -62 S BF3
-0.93 62 -61 $ Paraffin
———————— Irradiation Lines ——————-
-8 =37 $ Neutrons
-8 =36 S Charged particles
-8 -218 $ Charged particle (atomic physics)
———————————— other ———————-
-7.86 -219 S Table
-0.93 -220 #5 #7 $ Paraffin blocks
-8.9 -221 #5 #7 $ Quadrupoles
-11.342 -222 #5 #7 $ Pb blocks

-8 -80 81 82 -83 $ Al
-8 -101 102 103 -82 $ Stainless steel
-102 :-81 #25 S Vacuum
——————— Holder—————-
-2.7 =107 106 —-109 108 $ Al
————————— Gas cell-——————-
-10.28 -125 $ Mo

-8 115 -116 S Gas cell wall
-0.000122 -115 #22 #23 $ Deuterium

-21.45 -126 $ Pt
———————— Follg=—=———==—==
-19.282 -117 $ Aud

-2.7 =118 $ Al4
-22.4 -119 $ Ir3
-22.4 -120 $ Ir4

-2.7 =121 $ Al3

-19.282 -122 $ Au3

-0.0014 -25 #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11
#12 #13 #14 #15 #16 #17 #18 #19 #20 #21 #25 #28




63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108

E.1.

MCNP5 input for the irradiation at 10.0 MeV (Full room geometry)

42

12
13

14
65
66
67
68
69
63
64

15
16
17
18

38
39
40
41
42
43
44
45
46
47
48
49
50
51

19
20
24
25
26

34
61
62

e

NN

RN DD DD DNDDNDDNDDNDDNDDNDDNDDND DN

e

#29 #30 #33 #34 #35 #36 #37 #31 #32 #22 #23 #38
25 S Outside World

rpp 0 1768 0 1683 0 667 S Room (inner)

rpp —124 1892 -124 1807 0 717 $ Room (outer)
————————————— FLlEOr ==———=c==—=—====

rpp -50 1818 -50 1733 -80 O

px 300

px 400

py —-100

px —300

px —400

pz -0.2 S Polyethylene

pz -0.65 $ Fe

rep 1 301 1 24 0 250
rpp 26 326 24 49 0 250
rpp 304 326 49 169 0 250
rpp 326 352 36 154 0 250
———————————— Water tanks ————————————-—

rpp 970 1768 265 345 0 250 S Wall (right, back)

c/z 0 1683 300 $

pz 600

rpp —200 2000 -200 2000 -100 1000 $ Boundary

rpp —-150 -10 -30 30 -174 -15 $Box behind the source
—————————— BE3 Cetegtor ==========

rcc 200 0 0 30 0 0 20 S Al wall

Cylinder corner

5 rcc 200 0 0 30 0 0 19.5 S BF'3
5 rcc 200 0 0 30 0 0 1 S Paraffin

———————— Irradiation Lines ——————-—
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109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154

184

36
37
218

219

35
220
221
222

101
102
103

106
107
108
109

115
116
125
126
117
118
119
120
121
122

212

*trl

*tr2

*tr3

*trd

*trb

*tr6

Appendix E. MCNP5 input files - Full room geometry
3 rpp 153 1323 0 30 0 155 S Charged particles
rpp -687 -150 -15 15 -175 -5.8 $ Neutrons

4 rpp 153 953 0 30 0 175 SCharged part. (atom. phys.)

rcc —100 -670 -20 0 O 40 200 S Table

1 rpp 1200 1690 80 170 0 170 $ High vol. beh. wall
1 rpp 500 650 1600 1680 0 150 S Paraffin blocks
6 rpp —-50 50 100 270 -50 50 S Quadrupoles

1 rpp 1700 1768 500 700 0 80 $ Pb blocks

rcc -687 0 0 684.3 0 0 5.7 S Steel (ring 9-outer)
rcc -687 0 0 684.3 0 0 4.985 $ Steel (ring 9-inner)

px —-687 S auxilliary surfaces
——————— Holder————-——-
rcc 6.865 0 0 0.5 0 0 0.8 S Al (ring inner)
rcc 6.865 0 0 0.5 0 0 1.3 S Al (ring outer)
px 6.865 S auxilliary surface
px 7.365 S auxilliary surface
————————— Cas cell=—=—======
rcc -1.985 0 0 3.7 0 0 0.48 $ In
rcc -1.985 0 0 3.7 0 0 0.5 S Oout
rcc -1.985 0 0 0.0005 0 O 0.48 S Mo
rcc 1.695 0 0 0.02 0 0O 0.48 S Pt
———————— Follg=========
rcc 6.865 0 0 0.025 0 0 0.65 S Au
rcc 6.89 0 0 0.05 0 0 0.65 S Al
rcc 6.94 0 0 0.05 0 0 0.65 S Ir
rcc 6.99 0 0 0.05 0 0 0.65 S Ir
rcc 7.04 0 0 0.05 0 0 0.65 S Al
rcc 7.09 0 0 0.025 0 0 0.65 $ Au
——————— Extra for cylinder 7-——————-
px —-3.88 S auxilliary surfaces

——————————————————— Transformations ———————---—-—-—-——~
——————— °-33.85 for x (Room)-———————-
-50 -1397 -175 -33.85 56.15 90 -123.85 -33.85 90 90 90 O
——————— °22.15 for x (Water)-—-—-—————-
-131 -322 -175 22.15 112.15 90 -67.85 22.15 90 90 90 O
———— °40.18 ton x (Charged particles)-—-——-
-850 -60 -175 40.15 130.15 90 -49.85 40.15 90 90 90 O
—-— °20 ton x (Charged particles—- atomic physics)-—-—
-845 -50 -175 10 100 90 -80 10 90 90 90 O
——————— °-50 for x (BF3)—————
250 200 0 -50 40 90 -140 -50 90 90 90 O
——————— °-45 ton z (Quadrupoles)-———————
300 500 0 —-45 90 45 90 0 90 -135 90 -45




155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200

E.1. MCNP5 input for the irradiation at 10.0 MeV (Full room geometry)

mode n

€ ——————c=——s=—o==== Materials————————-"""-""""-—————

ml 7014 -0.78 $ Air
8016 -0.21 18000. -0.01

m2 26056 -0.74 $ Stainless steel
28000 -0.18 24000. -0.08

m3 22000 0.39324 S TiT (Tritium target)
1003 0.60676

m4é 42000 =1 § Mo

m5 41093 -1 S Nb

mé 13027 =1 § Al

m7 79197 =1 g Au

m8 8016 -0.50086 S Concrete (with ENDF-VI)
11023 -0.017197 12000. -0.002579
13027 -0.046002 14000. -0.316853
16000 -0.00129 19000. -0.019347
20000 -0.083405 26054. -0.000711
26056 -0.011454 26057. -0.000266
26058 -3.6e-005

m9 1001 -0.111915 $ Water
8016 -0.888085

ml10 29000 -1 $ Cu

mll 1001 -0.148605 $ Paraffin
6012 -0.851395

ml2 26054 -0.056988 $ Fe (with ENDF-VI)
26056 -0.918697 26057. -0.02141
26058 -0.002905

ml3 5010 -0.0315707 $ BF3
9019 -0.840552 5011. -0.1278773

ml4 1001 -0.143711 Polyethylene
6012 -0.856289

ml5 77000 =1 g Ir

ml6 72000 -1 S Hf

ml7 48000 =1 S cd

ml8 82000 =i Pb

ml9 1002 =1 § Deuterium

m20 78000 =1 & Pt

c @ mmmmmmmm—————————= Importances—————————"—"—"""—"—"——————

imp:n 1 35r 0 s 1, 37

g T ——o—oooosoeoe Cut Tor MEUWLTENG =—=—=——=—=============

cut:n j 0.00000000001

€ ———————=—======= Source definition————-—--—-------——-

€

[ .] sdef card from NeuSDesc

c Gas pressure: 110 kPa

c Gas cell length: 37mm
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201
202
203
204
205
206
207
208
209
210
211
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186 Appendix E. MCNP5 input files - Full room geometry

c 5000 nm Mo (entrance) foil
c D(d,pn)D, D break-up gas target enabled
c

€ === ==================<= Tally—————""""""""""""""—"————
f4:n 33 34 35 36 37 38 $ Average neutron flux

e0 0.00000000001 &

c

[...] energy binning from the ENDF/B-VII.1 library

c

c  mmmm——————————= HlgLOry CULOLL=—=—=—=—============
nps 1000000000 S Limiting how long MCNP runs

E.2 MCNP5 input for the irradiation at 15.3 MeV (Full room ge-

ometry)
—————————————————————— CRll g semas—s
————————————— Floer ==—=====—=======
—————— Concrete————————-
1 8 -2.35 (=14 -64 -65 -67 ):(-14 -64 66 ):
(=14 -64 46 -65 68 ):(-14 -64 —-69 46 )
2 1 -0.0014 -14 -64 #1 S Air
C ===Pelyethyleng===
3 14 -0.94 -12.2 -12.1 12.6 63 -14
4 12 -7.86 -12.2 -12.1 -63 64 -14 S Fe
e —o———ooooes Walls —————————————
-2.35 =19 § Concrete
6 8 -2.35 =20 -24 -12 $ Walls—-Accelerator angle
-2.35 12 -13 S Walls (without floor)
c e Water ——————————————
8 9 -1 -15 :-16 :-17 :-18
c ———Water tanks———
9 12 -7.86 (-16.2 16.3 17.2 -38 =51 -12.6 ):
(17.2 38 39 -17.3 =51 -12.6 ):(17.3 39 —-42 -40 -12.6
-51 ):(-18.3 —-43 18.1 -18.4 -51 -12.6 ):(44 18.4 -43
16.1 -51 -12.6 ):(-42 16.1 -44 45 -51 -12.6 ) : (45
-15.3 -16.1 15.1 -51 -12.6 ):(—-48 —-45 15.1 46 -51
-12.6 ):(46 15.4 -15.1 47 -51 -12.6 ):(47 15.2 -15.4
-50 -51 -12.6 ):(-15.2 16.2 =50 15.3 =51 -12.6 ): (50
-38 16.2 49 -12.6 =51 ):(18.3 —-41 42 -43 -51 -12.6 )
:(l6.1 —-42 -40 18.3 -51 -12.6 )
c  ————e—e=e=s Al 9osR ==—m===c==c=====
10 6 -2.7 =26 S Box behind the source

11 6 =27 =35 § High voltage behind the wall




29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74

E.2. MCNP5 input for the irradiation at 15.3 MeV (Full room geometry)

12
13
14

15
16
17

18
19
20
21

22
23
24
25
26
27

28

29

30

31
32

33
34
35
36
37
38
39
40

41

42

6 -2.7 -34
13 -0.0028 -62
11 -0.93 62 -

2 -8 =37

-8 -36
-8 -218
12 -7.86 =219
11 -0.93 -220
10 =8.9 =221
18 -11.342 -222

6 -2.7 =12

6 =2.7 =713

6 =21 =717

6 =2.71 =80

6 2.7 =94

6 =27 =97

2 =g =101

0 -102

6 -2.7 =107
10 =§.9 =115

3 -4.506 -116

6 2.7 =117

7 -19.282 -118

6 =27 =119
16 -13.31 -120

6 =2.7 =121
15 -22.4 =122

6 =2.7 =123

5 -8.57 -124

1 -0.0014 -25

#13
#24
#35
0 25

BF3 detector

61 S Al wall
$ BF3
61 S Paraffin
— Irradiation Lines —-—————-
S Neutrons
g Charged particles
& Charged particles (atomic physics)
————— Otlher ===—===========
$ Table
#5 #7 S Paraffin blocks
#5 #7 S Quadrupoles
#5 #7 S Pb blocks
————— Flange———————-
S Al (cylinder 1)
74 75 =76 S Al (ring 4)
78 79 =75 S Al (ring 5)
81 82 -83 S Al (ring 6)
95 212 -96 S Al (ring 7)
98 99 -100 S Al (ring 8)
———Beam pipe-—————-
102 103 -82 $ Stainless steel (ring 9)
————Vacuum—————
:—81 #22 #23 #24 #25 #26 #27 #31 #32
===felger=—=====
106 -109 108 s Al
==TEilElum====—===
$ Cu (cylinder 2)
S TiT (cylinder 3)
==FEllg=———=====
$ AlA
$ AuB
$ AlC
$ Hf4
$ Al8
$ Ir4
$ Al9
$ Nb2

#1 #2 #3 #4 #5 #6 #7 #8 #9 #10 #11 #12

#14 #15 #16 #17 #18 #19 #20 #21 #22 #23
#25 #26 #27 #28 #29 #30 #31 #32 #33 #34
#36 #37 #38 #39 #40

S Outside World

187




188 Appendix E. MCNP5 input files - Full room geometry

75 12 1 rpp 0 1768 0 1683 0 667 S Room (inner)
76 13 1 rpp —-124 1892 -124 1807 0 717 $ Room (outer)
77 < Fleoer ==============

78 14 1 rpp -50 1818 -50 1733 -80 0

79 65 px 300

80 66 px 400

81 67 2 py -100

82 68 px —300

83 69 px —-400

84 63 1 pz -0.2 § Polyethylene
85 64 1 pz -0.65 $ Fe

86 ¢  ——————————— Water —————————————-

87 15 2 rpp 1 301 1 24 0 250

88 16 2 rpp 26 326 24 49 0 250

89 17 2 rpp 304 326 49 169 0 250

90 18 2 rpp 326 352 36 154 0 250

e @0 0Z—ec=c=s=es== Water tanks ——————————————

92 38 2 py 50

93 39 2 px 303

94 40 2 py 170

95 41 2 py 155

96 42 2 px 327

97 43 2 px 353

98 44 2 py 35

99 45 2 py 23

100 46 2 py O

101 47 2 px 0

102 48 2 px 302

103 49 2 px 25

104 50 2 py 25

105 51 1 pz 251

106 |[¢c ——————————— Other —————————-———

107 19 1 rpp 970 1768 265 345 0 250 S Wall (right, back)
108 20 1 ¢/z 0 1683 300 S Cylinder corner
109 24 1 pz 600

110 25 1 rpp —-200 2000 -200 2000 -100 1000 $ Boundary

111 26 rpp —-150 -10 -30 30 -174 -15 $Box behind the source
112 [ ettt BIF3 cetector ==========

113 34 5 rcc 200 0 0 30 0 O 20 S Wall (outer)
114 61 5 rcc 200 0 0 30 0 0 19.5 S Wall (inner)
115 62 5 rcc 200 0 0 30 0 0 1 S Gas

116 |[¢c ——————————— Other ——————-———-———

117 35 1 rpp 1200 1690 80 170 0 170 $ High vol. behind wall
118 |[¢  ———————- Irradiation Lines ——————-

119 36 3 rpp 153 1323 0 30 0 155 S Charged particles
120 37 rpp —-687 -150 -15 15 -175 -5.8 $ Neutrons




121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166

E.2. MCNP5 input for the irradiation at 15.3 MeV (Full room geometry)

218

219
220
221
222

72
73
74
75
76
77
78
79
80
81
82
83

94
95
96
97
98
99
100

101
102
103

106
107
108
109

115
116

117
118
119
120
121
122

4 rpp

16(S)S

1 rpp
6 rpp
1 rpp

rcc
rcc

rcc

rcc
rcc
px
rcc
rcc
px
px

rcc

rcc

px

16
ECC

PX

rcc

rcc

rcc
15(0fe)
HECE
£CC
rcc
rcc

153 953 0 30 0 175 s
———————————— Other =——=——=——=======
-100 -670 =20 0 O 40 200 S Table
500 650 1600 1680 0 150 $

-50 50 100 270 -50 50 S Quadrupoles
1700 1768 500 700 0O 80 S Pb blocks
————————— Flange————————

-0.2 0 0 0.2 00 4.5 s Al (cylinder 1)
-0.7 0 0 0.5 00 4.5 S Al (ring 4-outer)
-0.7 0 0 0.5 0 0 1.425 s Al (ring 4-inner)
-0.7 S auxilliary surfaces
-0.2 auxilliary surfaces
-2 00 1. 0O 4.5 s Al (ring 5-outer)
-2 00 1. 0 2.5 s Al (ring 5-inner)
=2 § auxilliary surfaces
-2.7 00 00 5.7 S Al (ring 6-outer)
-2.7 0 0 0 0 4.5 S Al (ring 6-inner)
=2.7 & auxilliary surfaces
0o $ auxilliary surfaces

————————— Ralng========
-3.88 0 0 0.68 0 O 7.6 $ Al (ring 7-outer)
-3.88 0 0 0.68 0 O 5.7 s Al (ring 7-inner)
-3.2 S auxilliary surfaces
-4.5 0 0200 8.1 s Al (ring 8-outer)
-4.5 00200 7.6 S Al (ring 8-inner)
-4.5 $ auxilliary surfaces
=2.5 § auxilliary surfaces

———————— Beam pilpg==—=—====
-687 0 0 684.3 0 0 5.7 S Steel (ring 9-outer)
-687 0 0 684.3 0 0 4.985 $ Steel (ring 9-inner)
-687 S auxilliary surfaces

——————— Holder————-——-

2.0 00 0.50 0 0.8 s Al (ring inner)
2.0 00 0.500 1.3 s Al (ring outer)
2.0 $ auxilliary surface
2.5 § auxilliary surface

——————— Tl lli=——————=
-0.3 0 0 0.1 0 0 1.425 s Cu (cylinder 2)
-0.31 0 0 0.01 0 0 1.27 $ TiT (cylinder 3)

———————— Tollg=—=—=====
2.0 0 0 0.055 0 0 0.7175 s AlA
2.055 0 0 0.053 0 O 0.711 s AuB
2.108 0 0 0.054 0 0 0.7175 s AlC
2.162 0 0 0.054 0 0 0.706 S Hf4
2.216 0 0 0.06 0 O 0.68 S Al8
2.276 0 0 0.034 0 0 0.666 S Ir4

Charged particles

Paraffin blocks

(atom.)
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167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212

190

123
124

212

*trl

*tr2

*tr3

*trd

*tr5

*tr6
mode

ml

m2

m3

m5

mo6

m7/

m8

m9

ml10
mll

ml2

ml3

ml4

mlb

Appendix E. MCNP5 input files - Full room geometry

rcc 2.31 0 0 0.052 0 0 0.688 $ Al9

rcc 2.362 0 0 0.05 0 0 0.6635 S Nb2

——————— Extra for cylinder 7-——————-

px —-3.88 S auxilliary surfaces
——————————————————— TEANSLOEMAL LONG ====================

——————— °-33.85 for x (Room)—-————————
-50 -1397 -175 -33.85 56.15 90 -123.85 -33.85 90 90 90 O
——————— °22.15 for x (Water)-————————
-131 -322 -175 22.15 112.15 90 -67.85 22.15 90 90 90 O
—-——— °40.18 ton x (Charged particles)-—-————
-850 -60 -175 40.15 130.15 90 -49.85 40.15 90 90 90 O
—— °20 ton x (Charged particles— atomic physics)-—--—
-845 -50 -175 10 100 90 -80 10 90 90 90 O
——————— °-50 for x (BEF3)-——————-
250 200 0 =50 40 90 -140 -50 90 90 90 O
——————— °-45 ton z (Quadrupoles)-—-—————-
300 500 0 —-45 90 45 90 0 90 -135 90 -45

—————————————————— Materials————————-"-"——————

7014. -0.78 S Air
8016. -0.21 18000. -0.01

26056. -0.74 $ Steel
28000. -0.18 24000. -0.08

22000. 0.39324 S TiT
1003. 0.60676

41093. =1 & Nb
13027. =1 § Al
79197. =1 § Au
8016. -0.50086 S Concrete (with ENDEF-VI)
11023. -0.017197 12000. -0.002579 13027. -0.046002
14000. -0.316853 16000. -0.00129 19000. -0.019347
20000. -0.083405 26054. -0.000711 26056. -0.011454
26057. -0.000266 26058. -3.6e-005

1001. -0.111915 $ Water
8016. -0.888085

29000. =1 & Cu
1001. -0.148605 $ Paraffin
6012. -0.851395

26054. -0.056988 S Fe (with ENDF-VI)
26056. -0.918697 26057. -0.02141 26058. -0.002905
5010. -0.0315707 $ BF3
9019. -0.840552 5011. -0.1278773

1001. -0.143711 S Polyethylene
6012. -0.856289

77000. -1 3 Ir




213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232

E.2. MCNP5 input for the irradiation at 15.3 MeV (Full room geometry) 191

ml6 72000. -1 3 HEf
ml7 48000. -1 s Cd
ml8 82000. -1 S Pb
e @ mmmssssssssssssEes Importances——————————————~~~————
imp:n 1 40r 0 $ 1, 42

I e Cut for neutrons ——————————"—"—"—————

cut:n j 0.00000000001

QO Q — Q

f4:n 33 34 35 36 37 38 39 40 $ Average neutron flux
e0 0.00000000001 &
0.0000000000110304 &

c

[...] energy binning from the ENDF/B-VII.1 library

c

c === Hlgory CULOLi=—=—==—=============
nps 1000000000 $ Limiting how long MCNP runs

In the description of the complex materials, the spaces between the numbers do not corre-
spond to the real input file. Some spaces have been erased for better presentation of the
numbers.

Concerning the energy binning, the bins from the ENDF/B-VII.1 library [28] for the
197Au(n,y]lgSAu and 191Ir(n,fy]mlr reactions have been merged in order to create a binning
which covers the resonance region for both reactions.
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